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ABSTRACT

Background/Objective: Tumoral calcinosis (TC) is a rare, arcane, and debilitating disorder of phosphate
metabolism manifesting as hard masses in soft tissues. Primary hyperphosphatemic TC has been
shown to be caused by pathogenic variants in the genes encoding FGF23, GALNT3, and KLOTHO. We
report a case of massive TC mechanistically associated with phosphatonin resistance associated with
heterozygous alterations in the sterile alfa motif domain—containing protein-9 gene (SAMD®9), alfa 2-
Heremans-Schmid glycoprotein gene (AHSG), FSHD region gene 2-family member-C gene (FRG2C),
and fibroblast growth factor receptor-4 gene (FGFR4).

Case Report: Amiddle-aged Malay woman with systemic sclerosis presented with painful hard lumps of her
axillae, lower limbs, and external genitalia. She was eucalcemic with mild hyperphosphatemia associated
with reduced urinary phosphate excretion. Magnetic resonance imaging revealed calcified soft tissue
masses. Paradoxically, the serum intact FGF23 level increased to 89.6 pg/mL, corroborated by Western blots,
which also showed overexpression of sFRP4 and MEPE, consistent with phosphatonin resistance.

heterozygous calcinosis gene Discussion: Whole genome sequencing identified 2 heterozygous alterations (p.A454T and p.T479M)
alterations in SAMD9, 2 heterozygous alterations (p.M248T and p.S256T) in AHSG, a frameshift alteration
(p.Arg156fs) in FRG2C, and a heterozygous alteration (p.G388R) in FGFR4, all of which are associated

with calcinosis. Nonsynonymous alterations of FRP4 and MEPE were also detected.
Conclusion: This highlights that the simultaneous occurrence of alterations in several genes critical in
phosphate homeostasis may trigger massive TC despite their heterozygosity. These findings should
prompt functional studies in cell and animal models to reveal mechanistic insights in the patho-

genesis of such crippling mineralization disorders.

© 2023 AACE. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: AHSG, alpha 2-Heremans-Schmid glycoprotein gene; Amino acids, Ala (alanine), Arg (arginine), Ser (serine), Thr (threonine), Gly (glycine), Met (methi-
onine); ClinVar, public archive of interpretations of clinically relevant variants; CREST, calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclerodactyly and tel-
angiectasia; CRISPR-Cas9, clustered regularly interspaced short palindromic repeats-CRISPR associated protein 9; CT, computed tomography; DNA bases, A (adenine), T
(thymine), C (cytosine), G (guanine); ELISA, enzyme-linked immunosorbent assay; FEPi, fractional excretion of phosphate index; FGF23, fibroblast growth factor subtype 23;
FGFR1-3, fibroblast growth factor receptor subtypes 1 to 3; FGFR4, fibroblast growth factor receptor-4 gene; FRG2C, FSHD region gene 2-family member C gene; GALNT3,
Udp-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 3; HFTC, hyperphosphatemic familial tumoral calcinosis; kDa, kilodalton; KLOTHO,
name originated from Klotho, one of the 3 Fates of Greek mythology who spins the thread of human life; MEPE, matrix extracellular phosphoglycoprotein; MRI, magnetic
resonance imaging; NFTC, normophosphatemic familial tumoral calcinosis; POg4, inorganic phosphate; Ras GTPase, rat sarcoma guanine triphosphatase; sFRP4, secreted
frizzled related protein 4; SAMD9, sterile alpha motif domain-containing protein-9 gene; SNP, single nucleotide polymorphism; TC, tumoral calcinosis.
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Introduction

Described over a century ago, tumoral calcinosis (TC) is a rare,
arcane, and debilitating disorder of phosphate metabolism mani-
festing as hard masses in soft tissue."? Primary normophosphate-
mic familial tumoral calcinosis (NFTC) occurs largely among Middle
Eastern people, whereas primary hyperphosphatemic familial tu-
moral calcinosis (HFTC) has a predilection for those of African
descent.® Both forms exhibit autosomal recessive Mendelian ge-
netics. The sex ratio is equal, and disease starts in childhood or
adolescence.® Secondary TC can occur in hyperparathyroidism,
hypervitaminosis D and severe hyperphosphatemia from uremia;
resolution after parathyroidectomy with daily hemodialysis has
been documented.*> The differential diagnosis includes topha-
ceous gout, myositis ossificans, calcific myonecrosis, synovial
osteochondromatosis, calcinosis universalis, and calcinosis cir-
cumscripta. Serum biochemistry typically shows normal or mildly
elevated phosphate and alkaline phosphatase levels with normo-
calcemia and abnormally increased 1,25-dihydroxyvitamin D levels
and tubular reabsorption of phosphate.® Radiologically, amorphous
calcifications on plain roentgenography are observed, whereas
computed tomography shows “sedimentation sign” and magnetic
resonance imaging reveals bright, alternating high signal intensity
and signal voids with fluid levels. Scintigraphy shows intense
radionuclide uptake in these masses.® Histologically, encapsulated
masses with septations comprising calcium phosphate, carbonate/
hydroxyapatite with granulomatous multinucleated giant cells, and
epithelioid elements are observed microscopically.” HFTC is asso-
ciated with pathogenic variants in genes encoding fibroblast
growth factor-subtype 23 (FGF23), GALNTS3 (responsible for FGF23
glycosylation), and KLOTHO (coreceptor for FGF23 signaling).® An
acquired autoimmune form has been reported.” More recently,
drug-induced TC due to pemigatinib, an FGFR1-3 inhibitor for
cholangiocarcinoma with FGFR gene fusion/rearrangement, has
been described.'

Case Report

A 53-year-old Malay woman with systemic sclerosis presented
with progressively enlarging masses over her body (Fig. A). She
noticed these lesions 3 years prior, which began as small painless
lumps 1 to 2 cm over her left axilla. These “tumorous lumps”
grew, some ulcerating painfully through the skin. Surgical extir-
pation was attempted at her left axilla; however, new lumps
surfaced elsewhere, including her left upper arm, right thigh,
buttocks, and vulva. Wound healing was impaired by a persis-
tently sterile calcareous discharge through a small sinus. Apart
from her Middle Eastern ancestry and nonconsanguineous par-
ents, her family history was unremarkable. Physical examination
revealed massive lumps up to approximately 15 x 20 cm over her
posterolateral right thigh, axillae, posterior trunk, and vulval and
gluteal regions with a “rocky” consistency. Sclerodermatous facies
with CREST syndrome were noted. Clinical biochemistries (Table)
included serum and urine calcium, serum and urine inorganic
phosphate, serum intact parathyroid hormone, and serum 25-
hydroxycholecalciferol.

Her fractional excretion of phosphate index, computed as
follows:

Fractional excretion of phosphate index = (PO4 [urine]/PO4
[serum]) x (creatinine [serum]/creatinine [urine]) x 100, equals
(13.9/1.6) x (40/5.9) x 100 = 5.89% (normal, 10%-20%), suggestive of
phosphatonin activity deficiency. Magnetic resonance imaging
showed calcified masses in her right medial upper to mid-thigh
with dimensions up to 10 x 15 cm across (Fig. B).
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Highlights

e SAMD9, AHSG, FRG2C and FGFR4 are genes linked to
massive tumoral calcinosis

e High circulating phosphatonins with hypophosphatemia im-
plies phosphatonin resistance

e Heterozygotes of several calcinosis-associated genes can
develop tumoral calcinosis

Clinical Relevance

Massive tumoral calcinosis is an extremely rare, arcane, and
debilitating disorder that appear bizarre to both affected pa-
tients and their clinicians alike. Ectopic metastatic calcification,
extraosseous ossification, and heterotopic mineralization are
relevant initial clinical diagnostic considerations. However, in
the diagnostic workup, it is reasonable to evaluate for phos-
phatonins, including fibroblast growth factor-subtype 283, friz-
zled-related protein-4, and matrix extracellular
phosphoglycoprotein, and examine for alterations of GALNT3
and KLOTHO. This case illustrates that when none of these are
involved, other less commonly involved genes, such as SAMD?9,
AHSG, FRG2C, and FGFR4 alterations, may have to be
considered. Multiple heterozygous alterations of calcinosis-
related genes may cause hyperphosphatemia via phosphatonin
resistance. Its orphan disease status qualifies for more funding
to support research that generates insights on its etiology and
pathogenesis to help elucidate the function of these proteins
with the hope that effective novel therapeutic biologics and
drugs may emerge in the near future.

The circulating intact FGF23 level by enzyme-linked immuno-
sorbent assay increased to 89.6 pg/mL, corroborated by FGF23 on
Western blots, which also showed overexpression of 2 other
phosphatonins, secreted frizzled-related protein-4 (FRP4) and
matrix extracellular phosphoglycoprotein (MEPE), relative to a
healthy age-/sex-matched control (Fig. C and E). Such hyper-
phosphatoninemia should have expectedly induced phosphaturia
and intractable hypophosphatemia. Instead, a paradoxical pheno-
type of hyperphosphatemia with diminished urinary phosphate
excretion was observed, suggesting phosphatonin resistance.
Plausible mechanisms include FGF23 resistance due to nonfunc-
tional FGFR or inactivating alterations of KLOTHO. Alternatively,
mutant FGF23, FRP4, and/or MEPE lacking phosphatonin action
could be responsible.

Whole genome next-generation sequencing revealed 2 hetero-
zygous alterations in the sterile alfa motif domain—containing
protein-9 gene (SAMD9) (Fig. F). The first alteration (single-nucle-
otide variation [SNV] [formerly SNP] rs117649834) was c.1360G>A
(p.Alad454Thr), likely benign with respect to NFTC. The second
alteration (SNV rs78564070) was c.1436C>T, (p.Thr479Met), re-
ported in ClinVar as benign. Although the threonine residue at
position Thr479 is only conserved in humans and chimpanzees, the
alanine residue at position Ala454 is highly conserved across spe-
cies (Fig. G). Additional alterations in alfa 2-Heremans-Schmid
glycoprotein gene (AHSG), FSHD region gene-2-family member-C
gene (FRG2C), and fibroblast growth factor receptor-4 gene (FGFR4)
were also found. For AHSG, there were 2 heterozygous alterations.
The first alteration (SNV rs4917) was c.743T>C (p.Met248Thr),
which was reported previously in ClinVar as benign with respect to
the *“alopecia-intellectual disability syndrome 1.” The second
alteration (SNV rs4918) was ¢.767G>C (p.Ser256Thr), which was
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Fig. A, Posterolateral aspect of the right thigh showing multiple bulky subcutaneous masses. B, Magnetic resonance imaging revealed extraosseous calcified masses in the location
of the right thigh in this coronal view. Western blot analysis of the circulating levels of the phosphatonins fibroblast growth factor-subtype 23 (FGF23) (C), secreted frizzled-related
protein-4 (sFRP4) (D), and matrix extracellular phosphoglycoprotein (MEPE) (E) in the control and patient plasma samples. F, lllumina HiSeq whole genome sequencing analysis of
the heterozygous p.A454T and p.T479M alterations in the SAMD9 gene. The reverse-direction sequence was given for the HiSeq sequencing reads. G, Conservation of Samd9 protein
sequences in different species, as determined by Clustal Omega sequence alignment. The location of the heterozygous p.A545T (left) and p.T479M (right) alterations are indicated by
arrows. H, Images showing the region of the FRG2C gene that contained the c.465delG (p.Arg156Alafs*10) alteration. The normal FRG2C sequence (left) and patient FRG2C sequence
(right) are provided. The arrow indicates the g base pair that was deleted, which resulted in a frameshift and an early stop codon (*).

also previously reported in ClinVar as benign with respect to the
“alopecia-intellectual disability syndrome 1.” For FRG2C, the alter-
ation (SNV rs144577984), yet to be reported in ClinVar, was
c.465delG (p.Arg156Alafs*10), a frameshift alteration that creates a
new reading frame ending at a premature stop codon at position 10
(Fig. H), likely impacting its protein function. The FGFR4 alteration
(SNV rs351855) was c.1162G>A (p.Gly388Arg), reported in ClinVar
as “uncertain significance, benign (conflicting evidence).” Apart
from 1 neutral nonsynonymous alteration each in FRP4 and MEPE,
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both encoding phosphatonins, no deleterious alterations of other
phosphatonin genes or their receptors were identified, including
FGF23, KLOTHO, and GALNT3.

Discussion
SAMDS, a gene located on chromosome 7q21.2, encodes a 1589-

amino-acid-long cytoplasmic protein (molecular weight, approxi-
mately 184.3 kd) expressed in a broad range of tissues with



M.KS. Leow, J. Ang, X. Bi et al.

Table
Clinical Biochemistries of Relevance to This Patient
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Analyte Patient’s values

Reference intervals

Serum calcium

Urinary calcium <0.3
Serum phosphate 1.6
Urinary phosphate 139
Serum magnesium 0.7
Serum urea 2.8
Serum creatinine 40
Urine creatinine 59

Creatinine clearance

Calcium-phosphate product (Ca x POy4) 3.8
Fractional excretion of phosphate index 5.89%
Serum intact PTH 4.4
Serum intact FGF23 89.6
Serum 1,25-dihydroxyvitamin D 24

2.38 (adjusted for serum albumin)

96 mL/min (BSA, 1.37 m?)

2.10-2.60 mmol/L
0.05-7.25 mmol/L
0.80-1.50 mmol/L
14.5-43.9 mmol/L
0.7-1.0 mmol/L
2.8-9.3 mmol/L
40-75 pmol/L
1.1-20.3 mmol/L
62-139 mL/min/BSA (1.73 m?) (for the ages of 50-59 y)
<4.4 mmol?/L?
10%-20%

0.8-6.8 pmol/L
30-46 pg/mL
20-50 pg/L

Abbreviations: BSA = body surface area; FGF23 = fibroblast growth factor-subtype 23; PTH = parathyroid hormone.

functions yet to be fully defined although its alterations are asso-
ciated with NFTC seemingly confined to the Jewish Yemenite
population.'" Remarkably, Yemen is located in the Middle East, and
our patient coincidentally was of Arabian extraction based on her
ancestry. Unlike NFTC, the effects of 2 heterozygous alterations in
our patient manifested much later. A late disease onset implies the
requirement for gene-environmental interactions and effects of
aging for a phenotype to manifest. This includes background
concomitant disease, diet, and the exposome. These 2 SAMD9 var-
iants we report are novel and have never been published. Both
SAMD9 variants have been reported as “likely benign” for NFTC on
ClinvVar (https://www.ncbi.nlm.nih.gov/clinvar/), although no
functional evidence is provided to support this. SAMD9 is known
to be involved in tissue response to injury and plays a role in
dystrophic calcification. To date, SAMD9 has only been implicated in
NFTC but not in HFTC.

Her serum calcium-phosphate solubility product of 3.8 mmol?/L?
was close to the saturation threshold of 4.4 mmol?/L? established to
heighten the risk of mineral crystallization and systemic calciphy-
laxis.'>'> Her SAMDS9 alterations may have synergized with systemic
sclerosis, the latter being known to cause calcinosis (CREST syn-
drome)."* Her whole genome sequencing data also revealed het-
erozygous alterations in 3 more genes newly associated with TC,
namely, AHSG, FRG2C, and FGFR4. Interestingly, it is increasingly
being recognized that differences in specific alterations site(s)
within diseases-causing genes(s) can dictate disease inheritance
patterns (dominant vs recessive).!” Thus, a heterozygous alteration
may occasionally manifest a disease phenotype due to an autosomal
dominant behavior. Additionally, double alterations in a gene
resulting in more than 1 amino acid residue substitution carry a
greater chance of structural alteration that impacts function, which
implies that the sum of 2 otherwise “relatively benign” alterations
may occasionally yield a pathogenic phenotype.'®!” AHSG, localized
to chromosome 3q27.3, encodes fetuin-A, a major inhibitor of sys-
temic calcification.'® The level of fetuin-A is inversely correlated
with the serum phosphate in a dose-dependent relationship with
the number of copies of the AHSG2 allele (ie, homozygous vs het-
erozygous; double missense alterations Thr248 and Thr256 are
denoted by AHSG1, whereas alterations Met248 and Ser256 are
denoted by AHSG2)." Our patient can, thus, be similarly genotyped
as AHSG1/2, which was correlated well with her mildly elevated
phosphate level, based on the serum phosphate-genotype regres-
sion plot by Osawa et al.'® Although no functional evidence is pro-
vided on ClinVar, both AHSG variants have been reported as “benign”
with respect to the alopecia-intellectual disability syndrome 1.
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However, no interpretation for this variant in the context of TC has
ever been reported, thus making our case possibly the first to
associate these 2 alterations with HFTC. As for FRG2C, localized to
chromosome 3p12.3, this gene encodes a 30.8-kd protein with his-
tone demethylase function that negatively regulate Ras GTPase ac-
tivity recently associated with HFTC, thereby lending credence to a
relevant functional consequence in our patient for the frameshift
alteration with subsequent premature stop codon we found. FGFR4,
on chromosome locus 5q35.2, encodes the FGF receptor-type 4,
which exhibits multiple functions including phosphate regulation.
FGFR4 alterations can lead to aberrant FGF23 signaling, which may
precipitate HFTC.?? Finally, the nonsynonymous alterations in FRP4
and MEPE probably diminished phosphatonin activity, hence
resulting in loss of negative feedback and compensatory reciprocal
overexpression on Western blots. Our case illustrates how multiple
alterations in 4 genes associated with calcinosis plus defective FRP4
and MEPE phosphatonins in scleroderma can trigger massive TC.
The predilection for calcinosis in scleroderma itself should not be
underestimated, given that up to 40% of patients with scleroderma
are affected by calcinosis.'*

Conclusion

Functional elucidation of these alterations could be aided by
precise CRISPR-Cas9 gene-editing experiments, siRNA targeted
against calcinosis-linked genes in animal models or in vitro tissue
calcification assays. As genome sequencing of the patient’s parents
was not performed, we cannot deduce if the alterations were
inherited from 1 or both parents. Its orphan disease status qualifies
massive TC for more funding to support research with the hope that
effective novel therapeutic biologics and drugs may emerge in the
near future.
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