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Abstract

Hyperphosphatemic familial tumoral calcinosis (HFTC), secondary to fibroblast growth factor 23 (FGF23) gene mutation,
is a rare genetic disorder characterized by recurrent calcified masses. We describe young Lebanese cousins presenting
with HFTC, based on a retrospective chart review and a prospective case study. In addition, we present a comprehensive
review on the topic, based on a literature search conducted in PubMed and Google Scholar, in 2014 and updated in
December 2017. While the patients had the same previously reported FGF23 gene mutation (homozygous ¢.G367T
variant in exon 3 leading to a missense mutation), they presented with variable severity and age of disease onset (at
4 years in patient 1 and at 23 years in patient 2). A review of the literature revealed several potential patho-physiologic
pathways of HFTC clinical manifestations, some of which may be independent of hyperphosphatemia. Most available
treatment options aim at reducing serum phosphate level, by stimulating renal excretion or by inhibiting intestinal
absorption. HFTC is a challenging disease. While the available medical treatment has a limited and inconsistent effect
on disease symptomatology, surgical resection of calcified masses remains the last resort. Research is needed to determine
the safety and efficacy of FGF23 replacement or molecular therapy, targeting the specific genetic aberration.
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Hyperphosphatemic familial tumoral calcinosis is a rare genetic disorder characterized by recurrent calcified masses, in
addition to other visceral, skeletal, and vascular manifestations. It remains a very challenging disease.

Keywords Calcification - Familial tumoral calcinosis - Fibroblast growth factor 23 (FGF23) - Hyperphosphatemia

Introduction

Hyperphosphatemic familial tumoral calcinosis (HFTC)' is a
rare group of genetic disorders, with shared clinical features. It
was first described in 1898 by the French dermatologist Giard
[1]. Initially reported in patients from African and Middle
Eastern countries, cases of European and American descent
were described thereafter [2—4]. The disorder is characterized
by hyperphosphatemia and recurrent ectopic periarticular calci-
fications, in addition to other visceral and vascular manifesta-
tions, in the absence of any inflammatory or neoplastic disorder
[5]. The disease is secondary to a mutation in the fibroblast
growth factor 23 (FGF23), GALNT3, or KLOTHO genes,
resulting in decreased FGF23 activity [3]. Since FGF23 plays
a significant role in conditioning renal phosphate excretion, a
decrease in its activity results in hyperphosphatemia. The latter
disturbance is, at least in part, responsible of HFTC clinical
manifestations. These symptoms may start as early as in the
first decade, even in the newborn period [6], or it can be delayed
until the third decade.

Objectives

The objectives of this study are to describe the presentation of
two first-degree cousins with HFTC, their prospective data in
response to therapy, and results of their genetic mutation anal-
yses and provide a comprehensive overview on the patho-
physiology of the disease, its manifestations, and a summary
of the available treatment options.

Methods
HFTC patient presentation

The two patients were self-referred to our clinics. We collected
clinical information and laboratory data from the patients,

! 25(OH)D: 25-hydroxyvitamin D; 1;25(0OH),D: 1,25-dihydroxyviatmin D;
AUB-MC: American University of Beirut-Medical Center; BMD: bone mineral
density; CFGF23: C-terminal FGF23; CV: coefficient of variation; DXA: dual
X-ray absorptiometry; FGF23: fibroblast growth factor 23; GFR: glomerular
filtration rate; HFTC: hyperphosphatemic familial tumoral calcinosis; IL-1: in-
terleukin—1; iFGF23: intact FGF23; NaPi2: type II sodium-dependent phosphate
co-transporters; MMP: metalloproteinases; ppGalNacT3: polypeptide N-acetyl-
galactosaminyl-transferase 3; RIA: radio-immunoassay; SD: standard deviation;
TRP: tubular reabsorption of phosphate; TmP: tubular maximum reabsorption
of phosphate; TRPVS: transient receptor potential vanilloid type 5 channel
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reviewed their previous records, and performed a physical
examination at presentation. We obtained additional labo-
ratory studies and scheduled follow-up visits as clinically
indicated. Imaging studies were performed at the
American University of Beirut-Medical Center (AUB-
MC)-Lebanon. Genetic studies were performed at our in-
stitution and FGF23 levels were measured at the National
Institutes of Health, Bethesda, Maryland. Patients and
family members provided written informed consent for
evaluation and mutation analysis. The evaluation and con-
sent form were approved by the Institutional Review
Board at AUB-MC.

Imaging

A bone radiologist (NK) reviewed the radiographs on patient
1 and evaluated the characteristics of the periarticular lesions.
Bone mineral density (BMD) by dual x-ray absorptiometry
(DXA) in both patients was measured at the spine, hip, total
body, and soft tissue buttock mass (the latter on patient 1
only), on Hologic DXA machine Horizon A, V.13.5.3.1
(Hologic, Bedford, MA, USA). Z-scores were derived by
comparison of the patient’s BMD to an age-matched popula-
tion, using a Caucasian database. The mean coefficient of
variation (CV) [standard deviation (SD)] of duplicate BMD
measurements was 0.385 (0.252) at the lumbar spine, 0.483
(0.232) at the total hip, 1.152 (0.822) at the femoral neck, and
0.386 (0.183) at the radius. The BMD of the right buttock soft
tissue mass was compared to that of the rib (a well-defined
trabecular bone area), to the radius (a cortical bone area), and
to the contralateral soft tissue region. We performed further
evaluation of the cardiovascular system in both patients by
multiple detector cardiac computed tomography for coronary
artery calcium score (ICT 256 Philips Amsterdam,
Netherlands), 2D-cardiac echocardiography (GE machine
Vivid E9), and carotid-femoral pulse wave velocity using
Sphymocor CvMS V9.

Histopathology

Histopathology examination of resected calcified masses was
performed on both cases, using H&E staining. While the
slides from patient 1 were read at an outside institution
(Saint George Hospital), the slides from patient 2 (left elbow)
were reviewed at AUB-MC.
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FGF23 assay

The intact FGF23 (iFGF23) and C-terminal FGF23 (CFGF23)
were measured at the Section on Skeletal Disorders and
Mineral Homeostasis, National Institute of Dental and
Craniofacial Research, National Institutes of Health,
Bethesda, MD, USA. This was done with second-generation
ELISA assays (Immutopics International, San Clemente, CA).
The iFGF23 assay measures only the intact protein while the
CFGF23 assay reflects both the intact and C-terminal frag-
ments. Samples for the CFGF23 ELISA were diluted (1:4)
using sample diluent, as recommended by the kit manufactur-
er to assure that values were within the measurable range of
the assay.

PTH and vitamin D metabolite levels

PTH levels were measured at an outside lab using ECLIA/
Cobas 6000 Roche. Vitamin D metabolites were done at
AUB-MC using radio-immunoassay (RIA).

FGF23 mutation analysis

DNA sequencing had already been performed at Indiana
University, for one of the HFTC patients (patient 2) and
showed a homozygous ¢.G367T variant in exon 3 of
FGF23. We targeted this mutation during DNA sequencing
that was performed at AUB-MC for both patients and their
direct family members (parents and siblings). Specifically, the
following primers were used to amplify exon 3: 5’
AGGAGGAGCTGGGGAGTG 3’ (F) and 5" CCCTGTCA
CCTTTCCCATC 3’ (R). The amplicons were resolved on a
1.2% agarose gel. PCR products were purified using the
Qiagen QIAEX II kit (Cat No./ID: 20021) as previously de-
scribed [7] and then sequenced using the ABI3500 platform at
the American University of Beirut Molecular Core facilities.
The sequences were compared to the online databases (the
reference sequence ID for FGF23 is NM_020638).

Literature review

We initially conducted a literature search on PubMed and
Google Scholar in 2014 and then updated the search in
December 2017, without any time restriction. We used the
following terms: familial tumoral calcinosis, hyperostosis
hyperphosphatemic syndrome, calcinosis, FGF23,
hyperphosphatemia, and calcification. We identified addition-
al articles by reviewing the citations of published articles on
the topic and included additional ones as available in the au-
thors’ library.

Results
Patient 1

A 26-year-old Lebanese woman presented for recurrent
masses at the elbow, shoulder, and hip joints. Her medical
history revealed that her symptoms started at the age of
23 years, when she had a right elbow mass that was resected.
At that time, she was discovered to have a high serum phos-
phate level, 6.9 mg/dL (2.44.1 mg/dL), with a maximum
level reported of 7.9 mg/dL. Four months later, she developed
painful debilitating left elbow and left hip masses that im-
paired her normal range of motion and required surgical re-
moval. She was intermittently treated thereafter with acetazol-
amide and sevelamer (medication doses not reported by pa-
tient). Despite medical treatment, her phosphate level
remained above 6 mg/dL. Upon presentation to our institution,
she was complaining of a large right buttock and right elbow
masses. Her height was 171 cm, and her weight was 62 kg.
Physical examination revealed a 4 X 6 cm firm mass on the
extensor surface of the right elbow and a large right buttock
mass of 15 x 13 cm.

Other laboratory tests showed the following: creatinine
0.6 mg/dL (reference range 0.4-1.2 mg/dL), calcium
9.9 mg/dL (reference range 8.3—11 mg/dL), magnesium
2.1 mg/L (reference range 1.5-2.7 mg/L), PTH 19.5 pg/mL
(reference range 15—65 pg/mL), 25-hydroxyvitamin D
[25(0OH)D] 28 ng/mL (reference range 20—80 ng/mL), and
1,25 dihydroxyvitamin D [1,25(0OH),D] 43 pg/mL (reference
range 2046 pg/mL), inappropriately normal in the presence
of hyperphosphatemia. Twenty-four-hour urine studies
showed the following: volume 1450 mL, phosphate 0.28 g/
24 h (reference range 0.4—1.3 g/24 h), calcium 184 g/24 h
(reference range 100-321 mg/24 h), and creatinine 681 mg/
24 h (reference range 600-2000 mg/24 h). The creatinine-
corrected phosphate was 0.41 g/g creatinine and the
creatinine-corrected calcium was 0.27 g/g creatinine.
Calculated tubular maximum reabsorption of phosphate
(TmP) to glomerular filtration rate (GFR) was 7.15 mg/dL
(reference range 2.4-3.6 mg/dL) [8]. Tubular reabsorption of
phosphate (TRP) was estimated at 99%. A full workup for
endocrine, auto-immune, and infectious diseases, including
thyroid and parathyroid disorders, rheumatoid arthritis, anky-
losing spondylitis, sarcoidosis, brucellosis, hepatitis, and par-
vovirus infection, was negative. Since her original visit at
AUB-MC, the patient was prescribed a low-phosphate diet
in consultation with the dietician and advised to take
sevelamer (1600 mg two times a day, then increased to three
times a day), probenecid (250 mg two times a day, then
increased to 500 mg twice a day), and acetazolamide
(250 mg twice a day), in an attempt to normalize the phos-
phate level. Her initial phosphate level was 6.7 mg/dL.
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Periodic blood tests revealed a phosphate ranging between
5.1 and 6.2 mg/dL, and calcium X phosphate product rang-
ing between 46 and 62 mg?/dL? (normal calcium X phos-
phate product < 55 mg®/dL?). The patient had normal am-
bulation and was maintaining normal activities of daily
living.

Imaging findings

Bone mineral density findings Before resection of the right
buttock mass in 2014, BMD results were as follows:
right femoral neck 1.187 g/em? (Z-score +3.0); right
total hip 1.363 g/em?® (Z-score +3.5); left femoral neck
1.037 g/em? (Z-score + 1.7); left total hip 1.236 g/cm?
(Z-score + 2.4); lumbar spine (L1-L4) BMD 1.166 g/cm2
(Z-score +1.1); left forearm 0.847 (Z-score +2.7); and
total body 1.454 g/cm?® (Z-score +3.8); interestingly,
right buttock soft tissue BMD at the area of the enlarging

mass showed a BMD of 0.762 g/cmz, which was close to
bone density at the right ribs 0.764 g/cm” and right fore-
arm 0.775 g/cm?. The left buttock soft tissue BMD was
0 g/cm?, indicating the absence of calcifications. The
right hip calcification-estimated weight, based on bone
mineral content (BMC) findings, was 0.45 kg.

Radiographs Several radiographs of the affected joints
were obtained at different time intervals and revealed
large, periarticular, multilobulated, densely calcified soft
tissue masses of the left shoulder (Fig. 1a), bilateral hips
(Fig. 1b—d), and left elbow (Fig. 1e). Brachial artery cal-
cifications were present at the left elbow region (Fig. le).
There were also interstitial calcifications at the level of
the right ankle (Fig. 1f). Intervertebral disc calcifications
were detected on spine radiographs (Fig. 1g). In addition,
extensive anterior rib cartilage calcifications and deformi-
ties in the posterior arch of ribs at the costo-vertebral

Fig. 1 Radiographs of FTC lesions in patient 1. a—¢ Radiographs were
obtained at different time points. Typical features of tumoral calcinosis
seen as periarticular, multilobulated calcified soft tissue lesions involving
the left shoulder (a), left hip (b), and the right hip (¢) which were less dense
than the other lesions. d MRI of the right hip using short tau inversion
recovery sequence (STIR). The para-articular lesion shows dependent
low-signal intensity material in keeping with calcifications as well as
fluid signal components. Findings are in keeping with calcium and fluid
containing cystic spaces resulting in fluid-calcium levels (sedimentation
sign) (arrow). e Lateral radiograph of the left elbow showing a large
lobulated para-articular mass at the extensor surface of the elbow
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(arrow). Also noted extensive brachial artery calcifications (arrowheads)
extending to its bifurcation. f Lateral radiograph of the right ankle. There
are thin subcutaneous interstitial calcifications (arrows) mainly at the
dorsal (extensor) aspect of the distal leg and ankle. g Lateral radiograph
of the dorso-lumbar spine showing multilevel intervertebral disc
calcifications (arrows). h Coronal reconstructed CT image of the chest
wall, obtained during the calcium score study, showing extensive
anterior rib cartilage calcifications. i Axial CT cut of the chest, obtained
during the calcium score study. There is deformity of the posterior arch of a
right rib at the costo-vertebral junctions (arrow). Note the calcifications of
the anterior rib cartilage (arrowhead)
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Fig. 1 (continued)

junctions were detected on CT chest images obtained dur-
ing CT calcium score study (Fig. 1h, 1).

CT calcium score 256 multidetector computed tomography
(MDCT) of the heart revealed a calcium score of zero. There
was a tiny rim of calcification in the mitral annulus but no
calcification in the aortic valve.

2D-echocardiography Echocardiography revealed normal sys-
tolic and diastolic function and absence of valvular disease.

Pulse wave velocity study Pulse wave velocity (carotid-
femoral) [mean (SD)] was at the upper limit of normal, mea-
sured at 6.2 (0.6) m/s (normal range for age is 3—7.5 m/s).

Histopathologic findings

Right buttock mass revealed multiple large nodular foci of
amorphous calcified material bordered by an abundance of
macrophages and multinucleated giant cells. Elbow mass re-
vealed a fibrous cystic wall lined by a rim of macrophages and
multinucleated giant cells around the calcified material.

Patient 2
A 14-year-old Lebanese girl with a history of a hard neck mass
that was surgically removed at 4 years of age presented to our

clinic for evaluation of recurrent calcified masses. Additional
history included a left elbow mass, which was resected twice
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at the age of 7. It was not until the age of 11 years that she was
discovered to have a high blood phosphate level of 8.5—
9.9 mg/dL (reference range 2.7-5.1 mg/dL). At the age of
13, she underwent resection of left ankle calcification follow-
ed by right wrist mass resection. Accordingly, over the course
of the 10 years, she underwent resection of five soft tissue
masses. Upon presentation to AUB-MC, she was symptomat-
ic with a new left elbow lesion that was increasing in size. Her
height was 169 cm, and her weight was 56 kg. Physical exam
revealed a 5 x 7 cm hard mass at the extensor surface of the
left elbow. Laboratory evaluation revealed the following: cre-
atinine 0.4 mg/dL (reference range 0.4—1.2) mg/dL, calcium
level 10 mg/dL (reference range 8.3—11 mg/dL), ionized cal-
cium 1.3 mmol/L (reference range 1.18—1.3 mmol/L), magne-
sium 2.1 mg/L (reference range 1.6-2.5 mg/L), PTH 21 pg/
mL (reference range 15-65 pg/mL), 25(OH)D 16 ng/mL (ref-
erence range 20—80 ng/mL), and 1,25(OH),D 54.5 pg/mL
(reference range 20-46 pg/mL). Urine studies were not ob-
tained. She was treated with sevelamer and acetazolamide
(doses not reported by the patient). Since her original eval-
uation, she was placed on a low-phosphate diet, and an
escalating regimen that included sevelamer (1600 mg twice
daily, then three times per day), probenecid (250 mg twice
per day, increased to 500 mg twice per day), and aluminum
hydroxide (300 mg three times per day). She did not toler-
ate acetazolamide, which caused severe lower extremity
pain. She was taking aluminum hydroxide intermittently.
While on treatment, her phosphate results have fluctuated
with the lowest value achieved of 6.1 mg/dL. The calcium
X phosphate product ranged between 57 and 85 mg*/dL?
(normal calcium X phosphate product <55 mg?/dL?).
The patient was non-adherent to medical therapy, in part
due to intolerance (as is the case with acetazolamide),
despite multiple attempts at modifying her regimen.
Compliance to a low-phosphate diet was not assessed
formally, as the patient was not following up regularly
with a dietician. The patient had normal ambulation and
was able to maintain normal activities in most of the days,
but occasionally, she suffered from severe acute exacerba-
tions, for few days, during which she was not able to maintain
her regular activities.

Imaging findings

Bone mineral density findings Left femoral neck BMD of
0.659 g/cm?® (Z-score —1.7), left total hip BMD of
0.706 g/cm2 (Z-score —1.9), and a total body BMD of
1.029 (Z-score +0.2).

CT calcium score 256 MDCT of the heart revealed a calcium

score of zero. CT images of the chest wall showed exten-
sive anterior rib cartilage calcifications, unusual for the
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patient’s age (Fig. 2a). The CT also showed symmetrical
deformity of the posterior arches of the ribs at the costo-
vertebral junctions (Fig. 2b), as well as intervertebral disc
calcifications (Fig. 2c¢).

2D-echocardiography The study revealed normal systolic and
diastolic function and absence of valvular disease.

Pulse wave velocity study Pulse wave velocity (carotid-
femoral) [mean (SD)] was normal measured at 4.6 (0.4) m/s
(normal range for her age is not available, normal range for the
age of 20 years 3.5-7.5 m/s).

Histopathology of the resected left elbow lesion

Granular calcium deposits associated with epithelioid histio-
cytes and multinucleated giant cells were identified as shown
in Fig. 3.

Mutation analyses on HFTC patients and their family
members

The family pedigree is shown in Fig. 4. The patients were
first-degree cousins and both their mothers and fathers were
respective siblings (two sisters marrying two brothers from
another family, and the two families, to the best of our knowl-
edge, are not consanguineous). DNA Sanger sequencing anal-
ysis of the FGF23 coding exons revealed a homozygous
¢.G367T variant in exon 3 leading to a p.G123W amino acid
missense mutation in both affected probands (Fig. 5). This
variant was previously reported in a Caucasian female with
tumoral calcinosis [9] . Both parents are heterozygous while
siblings have either a normal genotype or a heterozygous ge-
notype for the ¢.G367T variant. This variant is not found in
the whole exome and genome databases (GnomAD), and the
p-G123W missense mutation is predicted to be probably dam-
aging with a score of 1.00 according to the Polyphen 2 in
silico prediction software [10].

Both parents and siblings in the two families, with the
exception of the two patients, are reported to be asymptomat-
ic, and no laboratory data, other than genetic studies, is avail-
able on any of them at this point.

iFGF23 and CFGF23 measurement on HFTC patients
and their carrier family members

CFGF23 levels were elevated in both patients, reaching 5.5
times the upper limit of normal in patient 1 and 9 times the
upper limit of normal in patient 2 (Table 1). CFGF23 levels
were within the normal range in all other relatives, except for
the father of patient 2, in whom the level was 1.5 times the
upper limit of normal. In the HFTC patients, iFGF23 levels
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Fig. 2 Radiographs of FTC in
patient 2. a Coronal reconstructed
CT image of the chest wall during
the calcium score CT study
showing extensive anterior rib
cartilage calcifications, unusual
for the patient’s age. These are
less than those of the other older
patient. b Axial CT cut of the
chest. There is symmetrical
deformity of the posterior arches
of the ribs at the costo-vertebral
junctions (arrows). Note the
calcifications of the anterior rib
cartilage (arrowheads). ¢ Lateral
reconstructed CT cut of the chest
showing intervertebral disc
calcifications at the level of the
dorsal spine (arrow)

were inappropriately low/normal. iFGF23 level was within
the normal range in all other relatives with the exception of
the mother of patient 1 in whom the level was undetectable.
The ratios [iFGF23 + CFGF23]/iFGF23 were very high in pa-
tients 1 and 2, of 125.6 and 87.1, respectively. In the other
family members, it ranged between 2.7 and 11.8 (Table 1),
higher than the levels previously reported in healthy controls,
0.9 (0.3) [11].

Discussion and review of literature

We presented two cases of HFTC who have the same
genetic mutation but a large discrepancy in the age of

Fig. 3 Histopathologic features of FTC lesion. Granular calcium deposits
(long thin arrow) associated with epithelioid histiocytes (short thin
arrows) and multinucleated giant cells (thick arrows). Hematoxylin and
eosin, x 20

onset of symptomatology, within the same family (4 years
in patient 1 and 23 years in patient 2). HFTC is an auto-
somal recessive disorder, requiring mutations in both al-
leles; mutations can be the same (homozygous) or differ-
ent (compound heterozygote). HFTC is characterized by a
defect in the activity of FGF23 and can be caused by a
loss-of-function mutation in the FGF23 gene (FGF23,
12p 13.3) [12, 13] or a loss-of-function mutation in the
GALNT3 gene (GALNT3, 2q24-q31), both leading to ex-
cessive FGF23 proteolysis [14], or a loss of function mu-
tation in the KLOTHO gene (KL,13q12), which encodes a
co-receptor of FGF23 and results in FGF23 resistance
[15]. Accordingly, mutations in FGF23 and GALNT3 re-
sult in low iFGF23 levels but high CFGF23 levels, sec-
ondary to excessive proteolysis of FGF23 [16], whereas
mutations in KLOTHO result in elevation of both iFGF23
and CFGF23 [17].

Hyperostosis-hyperphosphatemia syndrome (HHS) is
another disease caused by a loss-of-function mutation in
either FGF23 or GALNT3. Previous case reports of HHS
have been described in Lebanon [18]. HHS subjects pre-
sented with long bone pain and were found to have
hyperphosphatemia and cortical hyperostosis demonstrated
on limb x-rays [18, 19]. Subsequently, a number of sub-
jects with clinical features of both HFTC and HHS were
described in the literature and found to have one of the
three known causative mutations of HFTC [20]. Thus,
HFTC and HHS represent different manifestations of the
same disease. In HHS, long bone changes were reported
including diffuse medullary bone sclerosis showing diffuse
low signal on T1-weighted MR sequence [21]. Mild dif-
fuse cortical thickening and uni-lamellated periosteal reac-
tion were also described, with surrounding soft tissue

@ Springer



1994

Osteoporos Int (2018) 29:1987-2009

m o
YN

l

Lono

| S—

¢
e B s

cot o oc@cen

Fig. 4 Family pedigree. Circles represent female subjects; squares
represent male subjects; diamonds represent children from families
without HFTC. The number inside the diamond represents the number
of children per family. Black-filled symbols denote affected individuals

edema on MRI, in particular within the tibia, fibula, and
ulna [21, 22]. These changes show increased radionuclide
uptake on bone scintigraphy [21, 22].

Insights into FGF23/GALNT3/Klotho physiology
and links to HFTC manifestations

The “Appendix” summarizes the phenotype-genotype of case
reports of HFTC published to date, with mutations in GALNT3
gene being the most common [3, 9, 11-13, 19, 20, 22-50].
After synthesis, FGF23 undergoes O-glycosylation and acts
through fibroblast growth factor receptor 1 (FGFR1), and
its signal transduction requires the presence of its co-receptor,
«-Klotho [32, 51-56]. For details on FGF23/GALNT3/
Klotho axis activation, please refer to Fig. 6 [14, 57-59].

Homozygous . .. « RN RV R NS

. , .
LA \J\/\ WAN ANV
FGF23 Exon3, ¢.367G>T, p.G123W

Fig. 5 DNA Sanger sequencing analysis of the FGF23 coding exons in
the HFTC patients and their family members
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(patients), homozygous for FGF23 mutation. Symbols with hashed lines
represent carriers (heterozygous for FGF23 mutation). Empty symbols
represent healthy subjects. Symbols with an oblique line represent a
deceased family member

The kidneys represent the target organ of FGF23 [51],
where the main role of FGF23 is to inhibit phosphate reab-
sorption through decreased expression of type II sodium-
dependent phosphate co-transporters (NaPi2a and NaPi2c)
[60]. In addition, FGF23 inhibits 1,25(0OH),D production
(through decreased expression of CYP27B1) and increases
1,25(0OH),D degradation (through increased expression of
CYP24A1)[51]. Decreases in 1,25(OH),D result in decreased
phosphate absorption [61] through the vitamin D-regulated
phosphate co-transporter (NaPi2b) in the gastrointestinal tract
[51] (Fig. 6).

Studies in animals suggested that FGF23 may target
other organs, including the parathyroid glands [62, 63],
the heart [64], and the bone [65]. In the parathyroid
glands, FGF23 results in the inhibition of PTH secretion
[51, 61]. In the heart, FGF23 results in left ventricular
hypertrophy [64]. In fact, in chronic kidney disease pa-
tients, high FGF23 levels were found to be an indepen-
dent predictor of left ventricular hypertrophy [66]. The
regulatory effect on bone can be derived from FGF23
ablation or overexpression studies in animal models and
is still not clearly defined [67, 68]. FGF23 deficiency
resulted in a decrease in mature osteoblasts and in bone
density [67]. Skeletal mineralization showed a variable
pattern, with areas of increased mineralization and areas
of unmineralized osteoid accumulation, leading to fragile
bone [67]. FGF23 overexpression also inhibits bone min-
eralization [68] (Fig. 6).

Subcutaneous and other tissue calcifications

HFTC is characterized by recurrent cutaneous and subcutane-
ous calcifications (calcium phosphate or hydroxyapatite
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Table 1 Measurement of intact

FGF and FGF23 fragments in C-terminal FGF23 (CFGF23) Intact FGF23 Ratio®
index cases and their family (3 months—17 years <230 RU/mL; (iFGF23) %
members identified as carriers on > 18 years <180 RU/mL) (22-63 pg/mL) '
genetic screening
Index case 1 997 8 125.6
Case 1 father 79 19 5.2
Case 1 mother 100 11 10.1
Case 1 brother 103 29 4.5
Case 1 sister 166 59 3.8
Index case 2! 2152 25 87.1
Case 2 mother 89 0 NA
Case 2 father 280 26 11.8
Case 2 brother 96 56 2.7
Case 2 brother' 129 125 2.0

NA not applicable
! Age < 18 years

2 Ratio in affected subjects reported to range between 10 and 72, and in control subjects, reported values are mean

(SD) 0.99 (0.3) [11]

crystals), typically on the extensor surfaces of the periarticular
skin of large joints, most commonly the hip, followed by the
elbow, shoulder, foot, and wrist, and less commonly at the
scalp, spine, and sacrum [13]. Their location in the
periarticular region, in specific, has been related to the
periarticular forces that result in vascular injury and sy-
novial metaplasia, with mononuclear and osteoclast-like
lining, as demonstrated on histopathologic studies [4, 69].
These lesions are thought to occur in response to repeti-
tive trauma that can be very minimal and often unnoticed
[4, 69]. These calcified masses enlarge (may reach >
1 kg) to become painful, compressing the surrounding
tissue, and preventing normal joint range of motion.
They may ulcerate and can be complicated by infections
[12, 13, 17]. Multiple surgical resections are the last re-
sort [12]. On histopathology, familial tumoral calcinosis
lesions are usually situated in the subcutaneous fat and
deeper structures. They are characterized by intracellular
and extracellular calcium deposits which appear as vari-
ably sized, amorphous, basophilic granular material [5].
The calcium is associated with epithelioid histiocytes and
multinucleated giant cells [5, 44]. Chronic inflammation
and fibrosis are also present [5, 70].

One possible mechanism behind cutaneous calcifications
in HFTC may be illustrated as follows (Fig. 6): increased
phosphate level may directly stimulate FGF7, resulting in
subcutaneous calcifications [14]. Furthermore, in HFTC
patients with GALNT3 mutations, the inhibitory effect of
the polypeptide N-acetyl-galactosaminyl-transferase 3
(ppGalNacT3) on FGF7 is lacking, potentiating further
FGF7 activation and enhancing ectopic calcifications
[14]. Therefore, we can speculate that treatment of

hyperphosphatemia per se in patients with GALNT3 muta-
tion may not be enough to completely resolve dermal le-
sions. Whether the same mechanism applies to patients
with FGF23 and KLOTHO mutations remains unknown.
The wide discrepancy in the aggressiveness of the recur-
rence of additional calcified soft tissue masses between
our patients remains unexplained and may in part be relat-
ed to high calcium X phosphate product (>55 mg?/dL?),
known to be associated with high mortality in chronic
kidney disease patients [71] and difference in FGF7 levels,
in addition to trauma, inflammation, or other potential un-
identified modulators of this biochemical-physical
process.

In addition to subcutaneous calcifications, other areas
of tissue calcifications were described in the literature
(“Appendix™). In particular, subcutaneous interstitial sep-
tal calcifications were noted in the calves [3]. Our first
patient had this finding at her right ankle region (Fig.
1f). Cartilage calcification may also occur. Calcification
of costal cartilage of lower ribs was previously described
briefly by Dumitrescu et al. [3]. Our report is the second
in the literature describing severe costo-chondral calcifi-
cations in a young adolescent with HFTC, most likely
related to the mineral metabolic disorder. In fact, costo-
chondral calcifications are rarely seen in healthy adoles-
cent girls, and when they occur, they are usually mild
[72]. Severe costo-chondral calcifications are related to
infectious etiologies, metabolic disorders, specially hyper-
thyroidism and renal failure, malignancy, and genetic fac-
tors [73]. Other areas of calcifications have also been
reported, including thyroid and costal cartilage, as in our
patients [3]; calcifications of the nucleus pulposus;
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Fig. 6 Molecular pathways illustrating key genes, molecules, and
target organs involved in the physiology of phosphate and the
pathophysiology of HFTC. After synthesis in the osteocytes, the
intact FGF23 (iFGF23), the active form, undergoes O-glycosylation
by a glycosyl-transferase (polypeptide N-acetyl-galactosaminyl-
transferase 3: ppGalNacT3) that protects FGF23 from proteolysis
by pro-protein convertases into inactive fragments (N-terminals and
C-terminals). iFGF23 requires Klotho co-receptor, a facilitator of
intracellular signal transduction to be able to act on its target organs
including the kidneys, the gastrointestinal tract, the parathyroid
glands, and the bones. Conversely, iFGF23 possibly acts
independently of Klotho co-receptor, on the vessels and left
ventricle, through biochemical pathways illustrated on the right side
of the figure. Furthermore, Klotho may have FGF23-independent
activity in the kidneys, resulting in increased renal calcium
reabsorption and phosphate excretion, through the inhibition of the
transient receptor potential vanilloid type 5 channel (TRPVS5), and
the NaPi2a, respectively. In addition, it modulates the action of
several hormones including insulin, insulin growth factor 1 (IGF-
1), and tissue growth factor 3 (TGF-f3), therefore described as an

annulus fibrosus [3]; and dural calcifications [29]. On
bone scintigraphy, such lesions show increased uptake
[21]. Fluid-fluid level reflecting calcium layering in
fluid-filled cysts within the lesions has been described as
a diagnostic finding of HFTC [5, 21, 74] and has been
referred to as the “sedimentation sign,” as in our patient
(Fig. 1d). Although this can be seen on radiographs, it is
much better characterized on CT or MR imaging. On MR
imaging, HFTC lesions show homogeneous or heteroge-
neous low signal on TIl-weighted sequence. On T2-
weighted sequence, they may appear of diffusely low sig-
nal or heterogeneous with both high fluid signal intensity
areas due to fluid and low-signal areas due to the presence
of calcium, with sedimentation sign [5, 21, 74]. Reactive
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“anti-aging gene.” A high phosphate level stimulates FGF23,
ppGalNaCT3, and FGF7. In healthy individuals, FGF23 stimulation
activates the kidney, GI tract, and the parathyroid gland pathways, as
a negative feedback to decrease phosphate level. Stimulation of
ppGalNaCT3 results in FGF23 glycosylation and inhibition of
FGF7; the latter being a protein specifically produced by dermal
fibroblasts, it stimulates matrix metalloproteinase (MMPS§
collagenase, MMP9 gelatinase, and MMP3) and results in
subcutaneous calcification, as shown in one in vitro study.
Therefore, stimulation of ppGalNaCT3 inhibits subcutaneous
calcifications, through inhibition of FGF7, while its downregulation
increases FGF7 excretion [14, 57-59]. Continuous arrows represent
confirmed FGF23 effects; dashed arrows represent FGF23 effects
that are still controversial. FGF7 fibroblast growth factor 7, FGFR1
fibroblast growth factor receptor 1, GI gastrointestinal tract,
ppGalNacT3 polypeptide N-acetyl-galactosaminyl-transferase.’
Independent of phosphate level.? Independent of Klotho, possibly
also independent of hyperphosphatemia.® Based on one study only.*
Effect of FGF23 still controversial

soft tissue edema may be encountered around the lesions
[21] (Fig. 1d).

Vascular and visceral calcifications

Vascular involvement has been reported in HFTC, including
calcifications in the aorta and aortic valve [12], carotid arteries
[41], femoral vessels [24], and arteries in the extremities [12].
The presentation may overlap with pseudo-xanthoma
elasticum that also may present with angioid streaks of the
retina and vascular and skin calcifications, similar to HFTC,
but with more prominent cerebral aneurysmal vasculopathy
[75]. Other manifestations including ocular involvement with
calcifications of eyelid, cornea, retina, and conjunctiva [20,
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37, 45, 76]; renal medullary calcinosis [12]; and testicular
microlithiasis have been reported [34, 40]. Despite the occur-
rence of vascular calcifications, premature coronary artery
disease has not been reported in the literature. Vascular disease
seems to be more often described in HFTC patients with
FGF23 or KLOTHO gene mutations, and only few patients
with GALNT3 mutations were reported to have vascular in-
volvement (“Appendix”). Noteworthy, not all reported cases
have systematically assessed for the presence or absence of
vascular involvement (“Appendix”), therefore, vascular calci-
fications may have been underreported.

It is well known that vascular calcifications represent a
common complication of elevated calcium and/or phos-
phate levels and increased calcium X phosphate product
[77]. However, several other factors regulate this process
including Fetuin A, FGF23, Matrix GLA protein, and
PTH [51, 77]. Accordingly, in addition to high phosphate
levels, HFTC patients have FGF23 deficiency, which may,
by itself, potentiate vascular calcifications [51]. Another
potential mechanism has been recently elucidated in a
family with HFTC, presenting with severe vascular calci-
fications [29]. Mutations in other genes (WntJ5,
TNFRSF11B, SFRPI), known to interact and to encode
proteins that inhibit vascular calcification, were identified,
co-segregating with FGF23 mutation, and acting as gene
modifiers [29]. Such findings might explain the differ-
ences in phenotypes among family members with the
same mutation. Given these potential pathways, vascular
calcifications in HFTC patients may not be completely
prevented by lowering phosphate levels.

Dental and oral abnormalities

Dental abnormalities have been reported with both
FGF23 and GALNT3 mutations and include pulp stones,
absence of pulp chambers, and short bulbous roots
(“Appendix”). These are secondary to dentin abnormal-
ities [78], as a result of hyperphosphatemia [79]. In
addition, gingivitis and other intra-oral mucosa and
extra-oral abnormalities have been described in a
Jewish family [80]. Our patients did not have any of
these findings. Prominent dental abnormalities are com-
monly seen on panoramic radiographs, including
hypercalcification of multiple tooth roots and thistle
shape of the dental pulp [3, 5, 19].

Bone abnormalities

HHS and HFTC represent different manifestations of the
same underlying disorder [19]. Therefore, long bone hy-
perostosis can be frequently present in HFTC patients and
may go undiagnosed as imaging is not often routinely

performed to search for such lesions [19]. Two previous
reports assessed bone density in patients with GALNT3
gene mutations and showed normal results [3, 36]. In
our cohort, Case 1 had a high BMD Z-score, ranging from
1 to 2.8. Indeed, this could have been artifactually in-
creased secondary to subcutaneous calcifications, with
possible residual microscopic material, even after surgical
resection. Patient 2 had a BMD that was within normal for
age with a Z-score ranging from — 1.9 to 0.2; no specific
pattern for cortical or trabecular bone effect could be
identified.

Overview of available therapeutic options

Medical treatment options are limited with inconsistent
improvement, and often failure to normalize phosphate
level or decrease the size of the calcified soft tissue
masses [57]. Evidence behind the use of various drugs
has been provided in case reports and case series.
Decreasing gastrointestinal absorption of phosphate and
increasing phosphate renal excretion are the basis of the
various drug therapies that are currently used (Fig. 6;
Table 2). A combination of two or more drugs is com-
monly prescribed.

A low-phosphate diet is an essential first step, al-
though this recommendation may be very difficult to
implement as phosphate is ubiquitous in the diet [88].
Phosphate binders decrease phosphate absorption in the
gut. Sevelamer [9, 20, 36, 41, 81] and the older phos-
phate binder aluminum hydroxide [2, 9, 19, 35] may
result in a decrease in serum phosphate level, but the
response in the described cases in the literature was
inconsistent [9, 20, 35, 36, 41, 81]. One report on the
use of lanthanum carbonate in combination with
ibandronate showed a decrease in subcutaneous calcifi-
cations [49]. The use of calcium-based phosphate
binders has been described [82], but they are not rou-
tinely used given the risk of increasing serum calcium
and therefore the increased risk of calcification.
Phosphaturic drugs are also described. Acetazolamide
is a carbonic anhydrase inhibitor, frequently prescribed
in HFTC. It increases phosphate loss in urine by renal
tubular acidification and, therefore, may decrease phos-
phate level and/or improve HFTC symptomatology [3,
9, 19, 36, 81, 83, 84]. Probenecid competitively inhibits
phosphate reabsorption and may help decrease serum
phosphate or reduce calcifications [9, 19]. Similar to
phosphate binders, the response to phosphaturic agents
is also variable [3, 19, 36, 81, 83, 84]. Scarce data are
available on the efficacy of bisphosphonates, calcitonin,
and nicotinamide on decreasing phosphate levels or
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Table 2  Drug therapy in FTC, as described in case reports and case series

Drug Starting dose

Maximum dose

Phosphate binders in the gastrointestinal tract
Sevelamer [9, 20, 35, 36, 41, 81]
Aluminum hydroxide [2, 9, 19]

Lanthanum carbonate [49] 750 mg daily
Glycine and calcium carbonate [82]
Phosphaturic drugs

Probenecid! [9, 19]

Acetazolamide® [3, 19, 36, 81, 83, 84].
Nicotinamide [3]

Calcitonin [84-86]

Parathyroid hormone [84]

250 mg BID
500 mg BID

Other treatment options reported in the literature
Bisphosphonate risedronate/ibandronate [2, 49]

800 mg 3 times daily
300 mg 3 times daily

250-500 mg BID

1600 mg 3 times daily
600 mg 3 times daily
3000 mg daily

Reported dose: glycine 180 mg and calcium carbonate 420 mg 2 tablets 3 times daily

Increase 500 mg every 4 weeks to amaximum of
2 g/day
500 mg BID

100 TU daily to 200 IU daily given as 100 IU BID s/c or as continuous s/c infusion (pump)
Intravenous injection over a 15-min period in two doses (30 U at 09:00 h and 300 U at 11:30 h)

Risedronate 35 mg weekly

Ibandronate 150 mg once monthly

Sodium thiosulfate [31, 48]

Interleukin—1 (IL-1) antagonist (canakinumab)/
recombinant IL-1 receptor antagonist (anakinra)
[11] daily

370-833 g daily application
Canakinumab 2 mg/kg every 8 weeks Canakinumab 3 mg/kg every 8 weeks (100 mg)
Anakinra 100 mg subcutaneously

Anakinra 100 mg subcutaneously twice daily

One study reported on the use of intravitreal ranibizumab, resulting in an improvement of ocular disease [87]

BID two times daily, /-1 interleukin—1, s/c subcutaneous

! Uric acid levels at baseline and follow-up can be used as a dose titration marker. Goal is to lower the serum uric acid to below the normal range

2 Monitor serum bicarbonate and titrate acetazolamide up to as high as 500 mg twice daily with a goal of pushing the bicarbonate into the lower end of the

normal range or just below the normal range

reducing the growth of calcified masses [3, 49, 84-86,
89]. The use of topical or systemic steroids [2] and
topical/intra-lesional sodium thiosulfate [31, 48, 90]
has been described. One reported case presenting with
blurred vision, secondary to retinal angioid streaks, was
treated with intravitreal ranibizumab (a vascular epider-
mal growth factor receptor antagonist) [87]. In a recent-
ly published report, treatment of HFTC patients showing
evidence of systemic inflammation with interleukin—
1(IL-1) antagonist (canakinumab) or recombinant IL-1
receptor antagonist (anakinra) resulted in an improve-
ment in their symptomatology [11].

Conclusion

HFTC is a rare group of disorders of calcium/phosphate
homeostasis. It is characterized by recurrent, painful cal-
cified masses that often require surgical resection, when
the response to medical treatment is unsatisfactory.
Despite insight into the molecular basis for the patho-
physiology of the disease, the wide variation in the clin-
ical presentation, severity, and progress remains in large

@ Springer

part unexplained. Research is needed to determine the
safety and efficacy of FGF23 replacement and molecular
therapy directly targeting the specific genetic aberration,
in FGF23 or other related genes. While awaiting the
progress in therapeutic options, mutation analysis re-
mains an important step for counseling in families where
HFTC cases are identified.
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