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Abstract

Pseudoxanthoma elasticum (PXE) and generalized arterial calcification of infancy (GACI)
are clinically distinct genetic entities of ectopic calcification associated with differentially
reduced circulating levels of inorganic pyrophosphate (PPi), a potent endogenous inhibitor
of calcification. Variants in ENPP1, the gene mutated in GACI, have not been associated
with classic PXE. Here we report the clinical, laboratory, and molecular evaluations of ten
GACI and two PXE patients from five and two unrelated families registered in GACI Global
and PXE International databases, respectively. All patients were found to carry biallelic vari-
ants in ENPP1. Among ten ENPP1 variants, one homozygous variant demonstrated unipa-
rental disomy inheritance. Functional assessment of five previously unreported ENPP1
variants suggested pathogenicity. The two PXE patients, currently 57 and 27 years of age,
had diagnostic features of PXE and had not manifested the GACI phenotype. The similarly
reduced PPi plasma concentrations in the PXE and GACI patients in our study correlate
poorly with their disease severity. This study demonstrates that in addition to GACI, ENPP1
variants can cause classic PXE, expanding the clinical and genetic heterogeneity of herita-
ble ectopic calcification disorders. Furthermore, the results challenge the current prevailing
concept that plasma PPi is the only factor governing the severity of ectopic calcification.

Author summary

Biallelic inactivating mutations in the ENPPI gene cause generalized arterial calcification
of infancy (GACI), a frequently fatal disease characterized by infantile onset of widespread
arterial calcification and/or narrowing of large and medium-sized vessels often resulting
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in the early demise of affected individuals. Significantly reduced, almost zero plasma levels
of a potent and endogenous calcification inhibitor, inorganic pyrophosphate (PPi), is
thought to be the underlying cause of vascular calcification in GACI. Mutations in ENPP]
have not been found in patients with pseudoxanthoma elasticum (PXE), another genetic
multisystem ectopic calcification disorder caused by mutations in the ABCC6 gene. This
study reports that ENPP1 mutations can also cause PXE with more favorable clinical out-
comes. In addition, it was previously thought that plasma PPi levels correlate with vascular
calcification severity. However, we here show that vascular calcification severity does not
correlate with plasma PPi levels. The results suggest that in addition to PPi, the long-
believed determinant of ectopic calcification, additional mechanisms may be at play in
regulating ectopic calcification.

Introduction

ABCC6 and ENPPI encode proteins that are required for the generation of inorganic pyro-
phosphate (PPi), a potent endogenous inhibitor of calcification [1], and pathogenic variants in
both genes have been associated with syndromes of ectopic calcification [2]. Biallelic inactivat-
ing variants in ENPPI or ABCC6 cause generalized arterial calcification of infancy type 1
(OMIM 208000) and type 2 (OMIM 614473), respectively, rare autosomal recessive disorders
that are nearly indistinguishable and often diagnosed by prenatal vascular calcification [3-5].
Arterial calcification and intimal hyperproliferation frequently lead to stenoses and early
demise of affected infants by six months of age [6,7]. Loss-of-function variants in ABCC6 also
cause pseudoxanthoma elasticum (PXE; OMIM 264800), an autosomal recessive disorder
characterized by late-onset yet progressive ectopic calcification in the skin, eyes, and arterial
blood vessels [8]. In contrast to GACI, the clinical manifestations of PXE are usually not recog-
nized until early adulthood or at adolescence, either diagnosed by practicing dermatologists
finding yellowish papules of the skin that progressively coalesce to make a leathery plaque on
flexor areas, or by the patient presenting with a retinal bleed. The skin manifestations usually
signify later development of vascular complications [8].

The ENPPI gene encodes a type II transmembrane glycoprotein, the principal enzyme that
generates extracellular PPi by hydrolysis of adenosine triphosphate (ATP). Reduced plasma
PPi concentration, at approximately 0-10% of control subjects, is the basis for vascular calcifi-
cation in ENPP1-deficiency [9]. ABCCS, a hepatic plasma membrane transporter, works
upstream of ENPP1 by facilitating the extracellular release of ATP, the substrate of ENPP1,
thus contributing to PPi generation as well [10,11]. As a result, plasma PPi levels in patients
with PXE and Abcc6 knockout murine models of PXE are reduced to approximately 30-50%
of controls [10,12-14]. While GACI and PXE are considered PPi deficiency disorders, the
plasma PPi concentrations, reduced to different extents, were thought to correlate with the
onset and disease severity in these conditions [15,16].

Natural history studies of patients with GACI due to ENPP1-deficiency indicate that many
who survive the critical first year of life experience some resolution of arterial calcification but
also can later develop autosomal recessive hypophosphatemic rickets type 2 (ARHR2; OMIM
613312) [5]. In addition, some GACI patients with ENPP1-deficiency, diagnosed prenatally or
neonatally with vascular calcification, have been reported to develop skin lesions and/or
angioid streaks, features that occur in PXE [3,5,17]. These manifestations, however, appear
later in adult life. Despite the considerable genotypic and phenotypic overlap between PXE
and GACI, ENPP] variants have not been associated with classic PXE. Here we report the
results of clinical, laboratory, and molecular evaluations of ten patients with GACI1 in five
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distinct families and two patients with PXE in two unrelated families, all carrying biallelic vari-
ants in ENPPI. The results show that in addition to GACI, ENPPI variants can also cause PXE,
expanding the phenotypic and genotypic overlap between GACI and PXE.

Results
Clinical features and biochemical findings of GACI patients

A total of 10 affected patients from five distinct families (families #1-5) with clinical manifesta-
tions consistent with GACI with or without ARHR2 were examined. These individuals are
members of GACI Global. The nuclear pedigrees of these families are shown in Fig 1, and
their clinical characteristics are shown in Fig 2 (panels a to e), and detailed in the S1 Text.
These patients were diagnosed with GACI prenatally or neonatally due to extensive arterial
calcification that was frequently associated with arterial stenosis, with or without ARHR2 at
the time of examination. Reduced serum phosphorus levels, elevated alkaline phosphatase, and
elevated or high-normal FGF23 were found in patients with ARHR2 (S1 Table), a finding fre-
quently encountered in GACI patients beyond infancy [3,6,18]. Five out of 10 patients died

of cardiac complications within four years of life, consistent with the often fatal outcome of
these patients documented previously [3,6,18]. None of the 10 GACI patients had evidence of
PXE-like skin lesions or retinopathy, i.e., peau d’orange, angioid streaks, or optic disc drusen.

a b c Family #3
Family #1 Family #2
‘O ¢.1441C>T, p.R481W +/- -/-
€.2713_2717delAAAGA o= +/-
¢.876_880delTAAAG +/- +/- c.1756G>A, p.G586R  +/- +/- A8 | ARAK 5 A 6
1 2 3
% % CALMCST, pRABIW +/- N +/- /- -/- +/- +/-
.876_880deITAAAG ++ c.1756G>A, p.G586R  +/- +/+ | c.2713_2717delAAAGA  +/- of= +/- +/-  */- +/-
d.5mo d.<1d a.3yr a.49d d.38d a.8yr
d Family #4 e Family#5 |1 Family #6
ENPP1, c.656G>A, p.G219E  +/- -/- | ¢.1530G>C, p.L510F - +/-
[ | ENPP1, c.71545G>T /- +/- v
ABCC6, c.2477T>C, p.L826P  -/- +/-
O Many children AN 10
4th cousin ¢.1530G>C, p.L510F +/+ x +/- -/-
] [ a.57yr
ENPP1, c.656G>A, p.G219E +/- = f2 Annotated Variants Patient #11|Mother| Father
ENPP1, c.7T15+5G>T +/- Total annotated SNVs 82428 | 92444 | 69000
ABCC6, c.2477T>C, p.L826P +/- Exonic/splicing variants 21718 20447 | 20731
€.241G>T, p.V81L a.8yr Removal of synonymous 10991 | 11154 [ 10487
9 N Homozyg ]
ami heterozygous
Family #7 & 4622 | 4647 | 4623
Removal of variants shared 208
by obligate carriers
c2116>T, pvsiL” ++ i MAF, <=3 and cADD 4
d 4 yE a2yr d:3mo : 12 ;:;L?:zowvﬁhzohenot e of
f3 patient i B ENEES,
Chré ROH
.1530G>C, p.L510F
1A:104467207-113010562 A B C °© B
w —— — Chr6:132194155
cAH2A>G, pATIC  +/- | B:125139473-139695061 m—x—v
€.2596G>A, p.E866K  +/- : I ‘ ‘ ‘ l ‘ ‘ H‘ ‘ ‘ ‘ ‘
a.27yr [l c:142384082-153365100

Fig 1. Nuclear pedigrees of families with a diagnosis of GACI or PXE. (a-e), GACI families #1-5; (f-g), PXE families #6-7. Patient identifier (#1 through 12)
was placed above their symbol. The variants identified in the ENPPI and ABCC6 genes in the individual family members are indicated below each individual:

+/+, variants present in both alleles; +/-, heterozygous; -/-, homozygous for the wild-type allele. Unless otherwise noted, all variants were found in ENPPI. The
stepwise bioinformatic filtering of exome sequencing data for variant detection in family #6 was narrowed to ENPPI (panel f2). The uniparental inheritance of
the ¢.1530G>C (p.L510F) variant in ENPP] in patient #11 was shown in one Run of Homozygosity (ROH; blue region) on Chromosome 6 inherited from her

mother (panel £3). d, died; a, alive.

https://doi.org/10.1371/journal.pgen.1010192.9001
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Patient #1 Patient #3 Patient #3

a2

Coronal Aorta PERIPH

Patient #11

Fig 2. Clinical features in individuals with GACI and/or hypophosphatemic rickets, or PXE. Patient #1: (al) Prenatal
ultrasound of the upper abdomen at 35 weeks of gestation showed calcification along the wall of the aorta (green arrows) and
proximal superior mesenteric artery (green arrowheads); (a2) Chest X-ray (inverted) at three days after birth showing calcification
in the right pulmonary artery (green arrows) and subtle circumferential calcification throughout the descending and abdominal
aorta (green arrowheads). Patient #3: (b) Three days after birth CTA showed extensive calcification of the abdominal aorta (green
arrows) extending into bilateral iliac arteries (green arrowheads) and right renal artery (yellow arrow). There is also abnormal
calcification of the left proximal femoral epiphysis (yellow arrowhead). Patient #6: (c1) Fetal ultrasound at 28 weeks of gestation
showed extensive circumferential calcification involving the mid to distal aorta extending to the common iliac arteries (green
arrows) with luminal narrowing (green arrowhead); (c2) Coronal ultrasound at 14 days of age showed reduced calcification now
limited to the aortic bifurcation (green arrows) and the common iliac arteries (green arrowhead); (c3) At four months of age CTA
showed stenosis of the abdominal aorta (green arrow), celiac (yellow arrowhead) and superior mesenteric arteries (green
arrowhead); (c4) X-ray of both knees at 24 months revealed symmetric widening of the medial distal femoral epiphysis (green
arrows). Patient #8: (d1) X-ray showed extensive calcification of both axillary arteries (green arrows) and dystrophic scapular
calcification of the shoulders (green arrowheads); (d2) Abdominal CTA showed calcification of abdominal aorta (green arrow)
extending into bilateral iliac arteries (green arrowheads). Patient #10: (e1) CTA At 6.5 years of age showed left renal artery stenosis
and dilation (green arrow), abdominal aorta stenosis (green arrowhead), and a beaded right renal artery yellow arrow); (e2) X-ray
of both knees showed rough cupping of the posterior end of bilateral tibial shaft (green arrowheads). Patient #11: (f1)
Pseudoxanthomatous skin lesions on the neck (green arrows) at 57 years of age; (f2) The presence of angioid streaks (green arrow)
and cherry red spot (yellow arrow) in the left eye of patient #11. Patient #12: (g1) Pseudoxanthomatous skin lesions on the neck
(green arrows) at 27 years of age; (g2, g3) SPECTRALIS Multicolor Tacking Laser Tomography at 23 years of age demonstrated
angioid streaks in both eyes (green arrows).

https://doi.org/10.1371/journal.pgen.1010192.9g002

Clinical features and biochemical findings of PXE patients

Previously, it has not been demonstrated that pathogenic variants in ENPPI can cause classic
PXE phenotype. In this study, two adult subjects, patients #11 and #12, from unrelated families
(#6 and #7), had confirmed diagnoses of PXE and biallelic ENPPI sequence variants.

Family #6 had one affected subject of German descent, patient #11, a female aged 57 years
(Fig 1F). Since 42 years of age, she has been a member of PXE International, the premier
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Table 1. Phenodex scores of patients diagnosed with PXE.

Patient Age (years)

#11 11
30
57
#12 8
17
27

https://doi.org/10.1371/journal.pgen.1010192.t001

Phenodex scores
Skin (S) Eye (E) Vascular (V) Cardiac (C) Gastrointestinal (GI)
1 0 0 0

NN = NN O

1 0
1 0
3 0
3 0
3 0

o oo o o
o oo o o

organization that advocates for affected individuals and families with PXE. Around age 11, she
noticed lesions and papules on her neck, wrist, elbow crease, and groin that have not signifi-
cantly progressed in severity in the ensuing years (Fig 2F1). Histopathology of the lesional skin
revealed calcification in the dermis, the characteristic feature of PXE. At the age of 30 years,
she had peau d’orange and angioid streaks in both eyes (Fig 2F2), and at age 55, she had an
ocular stroke and lost vision in her left eye. Cardiac and vascular examinations did not reveal
anomalies. Blood work was normal (S1 Table). Only skin and eye had manifestations with Phe-
nodex scores (Table 1; Detailed Phenodex scoring in each organ system [19]-S1: papules/
bumps; S3: lax and redundant skin; E1: peau d’orange; E2: angioid streaks). The height of the
patient, mother, and father was 5’17, 5°, and 6’, respectively. There was no evidence of bowed
legs or rickets.

The proband in Family #7, a 27-year-old male, patient #12 of Caucasian and African Amer-
ican descent, was adopted at birth (Fig 1G). He has been a member of PXE International since
he was 12. The adoptive parents are clinically healthy. Patient #12 noticed papules and bumps
on the neck and around the umbilicus at age 6 years. His skin was lax and redundant with loss
of recoil (Fig 2G1). A biopsy was taken from the lesional skin when he was age 8 years. A min-
eralization-specific stain, von Kossa, revealed calcium phosphate deposition in the mid dermis,
characteristic of PXE. Peau d’orange was noticed at age 8 in his right eye. At age 10, he had
angioid streaks in both eyes (Fig 2G2 and 2G3). Only skin and eye were affected with Pheno-
dex scores (Table 1). His height is 6" and no evidence of bowed legs or rickets. Multiple blood
analyses from 14 to 21 years of age showed normal mineral homeostasis (S1 Table).

Identification of ENPPI variants in GACI and PXE patients

GACI patient #1 had a homozygous ¢.876_880delTAAAG (p.S292Rfs*4) variant in ENPPI
(Fig 1A). This variant was not previously described. Parents are heterozygotes of this variant
and clinically healthy. GACI patient #2 was homozygous for c.1756G>A (p.G586R) (Fig 1B), a
previously reported variant in ENPPI [3,20]. Parents and an older son are heterozygotes. Due
to family history of GACI, sequencing of fetal DNA demonstrated that patient #3 was homozy-
gous for ¢.1756G>A, leading to the diagnosis of GACI prenatally (Fig 1B). Siblings #4, #5 and
#6 with GACI had compound heterozygous, c.1441C>T (p.R481W) and
¢.2713_2717delAAAGA (p.K905Afs*16) variants, in ENPPI (Fig 1C). Both variants have been
previously reported [3,20]. Parents and three other children are heterozygotes. Sibling GACI
patients #7, #8, and cousin #9 were homozygous for a previously unreported variant,
¢.241G>T (p.V8I1L), in ENPPI (Fig 1D). Parents are heterozygotes, and twin sisters have wild-
type alleles. GACI patient #10 had previously unreported compound heterozygous variants,
c.656G>A (p.G219E) (paternal) and ¢.715+5G>T (maternal), in ENPPI as well as one hetero-
zygous ABCC6 variant, ¢.2477T>C (p.L826P), inherited from his unaffected mother (Fig 1E).
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Biallelic variants in ENPPI were also identified in two patients diagnosed with classic PXE,
patients #11 and #12. A previously unreported homozygous variant, ¢.1530G>C (p.L510F),
was identified in patient #11 (Fig 1F1). One previously reported variant, c.1412A>G (p.
Y471C) [20], and one previously unreported variant, c.2596G>A (p.E866K), were identified
in patient #12 (Fig 1G).

Uniparental disomy, upd(6)mat, in one family affected by PXE

Unexpectedly, variant segregation analysis in family #6 revealed Mendelian inconsistency for
the ¢.1530G>C (p.L510F) variant in ENPP1. While patient #11 was homozygous for this vari-
ant, her mother was heterozygous, and her father was homozygous for the wild-type allele (Fig
1F1). Exome sequencing of the genomic DNA of patient #11 and her parents was performed
for multiple purposes. First, we used exome sequencing to interrogate the presence of the
¢.1530G>C (p.L510F) variant in ENPP]I, initially identified by a 29-gene ectopic calcification
sequencing panel. Over 82,000 variants were annotated. Subsequent bioinformatic analyses
included variant filtering for exonic and/or splice site variants, removal of synonymous and
benign synonymous variants with CADD scores less than 20, removal of variants with minor
allele frequency higher than 0.001, and removal of variants shared by the parents. Four candi-
date variants in each of the four genes, RAPGEF2, ENPP1, SRCIN1, and MRPHS, survived the
stepwise bioinformatic filtering (Fig 1F2). The ENPPI gene is the only one known to cause
ectopic calcification among the four candidate genes. The variant in ENPP1I, ¢.1530G>C (p.
L510F), was confirmed in patient #11. Secondly, we used exome sequencing for kinship analy-
sis of patient #11 and her father. By algorithm, the estimated kinship coefficiency of 0.177-
0.354 indicates a first-degree relationship [21]. The kinship coefficiency was calculated as
0.205 between patient #11 and her father, thus suggesting a first-degree relationship and
excluding non-paternity. Finally, we used exome sequencing to investigate the possibility of
uniparental disomy (UPD) in patient #11 — whether the ¢.1530G>C (p.L510F) variant on
Chromosome 6 was inherited maternally (Fig 1F3). Maternal UPD on Chromosome 6 was
identified based on variant alleles with these features: heterozygous in mother’s DNA, homo-
zygous in the patient’s DNA, and homozygous wild-type allele in the father’s DNA. Three
Runs of Homozygosity (ROH) spanning 8.5 Mb, 14.6 Mb, and 11.0 Mb on Chromosome 6
were identified in patient #11’s DNA, and the ¢.1530G>C (p.L510F) variant in ENPPI was
located in the second ROH (Fig 1F3). Variants in these ROH segments were identical to those
in the mother’s DNA, and variants in regions outside of the three ROHs showed biparental
inheritance. No ROH was found in the father’s DNA. Thus, the inheritance pattern of mixed
maternal UPD, upd(6)mat, was established in family #6.

Bioinformatic analyses of ENPP1 variants

A total of ten ENPPI variants were identified in 10 GACI patients and 2 PXE patients (Table 2).
These variants are rare with minor allele frequency lower than 0.02% in the general population
genetics databases—gnomAD and BRAVO. The aggregated predictions were deleterious for
three variants only, c.656G>A (p.G219E), ¢.1756G>A (p.G586R), and ¢.715+5G>T. However,
discrepancies were observed when various prediction tools were used. The American College of
Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP) classifies
the majority as variants of unknown significance (VUS) and three, ¢.876_880delTAAAG,
c.1441C>T (p.R481W) and ¢.1756G>A (p.G586R), as likely pathogenic (LP). All variants had
CADD scores above 20, predicted to be among the top 1% most deleterious to the human
genome. These CADD scores were greater than the ENPPI gene-specific CADD score of 13.13
with 95% confidence interval [22], suggesting the intolerance of these variants.
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Table 2. In silico predictions of ENPPI variants and comparison with experimental results. The five previously unreported variants in ENPPI were italic and
underlined.

Variant Bioinformatic analyses Experimental results
Population data: Prediction outcome by ENPP1 Subcellular | NPP activity PPiin Pathogenicity
No. of homozygous; expression | localization | (relative to the medium
MAF (%) (relative to the WT protein) | (relative to the
gnomAD | BRAVO | Aggregated ACMG/  CADD = WT protein) WT protein)
outcome AMP score

Deletions (n = 2)

.876_880delTAAAG, p. - - - LP 34.0 | Notexpressed - Complete loss | Complete loss | Pathogenic
S292Rfs"4

c.2713_2717delAAAGA, | 0;0.0209 0; - VvUS 36.0 - - Significantly - Pathogenic

p-K905Afs*16 0.0015 reduced
Missense variants (n = 6)

c.656G>A, p.G219E - - Deleterious VvUsS 28.3 Similar IC Complete loss | Complete loss | Pathogenic

c.1412A>G, p.Y471C 0; 0.0085 0; Uncertain VvUS 24.7 Similar PM Significantly | Residual level Pathogenic
0.0087 reduced

c.1441C>T, p.R481W | 0;0.0008 - Uncertain Lp 26.3 - - Significantly - Pathogenic
reduced

Partial skipping of exon 15 (128 bp)

¢.1530G>C, p.L510F - 0; Uncertain VvusS 22.8 Similar PM +1IC Significantly | Significantly Pathogenic
0.0004 reduced reduced
c.1756G>A, p.G586R | 0;0.0004 0; Deleterious LP 27.3 Significantly IC Complete loss | Complete loss | Pathogenic
0.0015 reduced
€.2596G>A, p.E866K | 0;0.0035 0; Uncertain VvuUsS 26.9 Similar PM Significantly | Completeloss | Pathogenic
0.0045 reduced
Splicing variants (n = 2)
c.241G>T, p.V8IL - - Uncertain VvUS 244 Complete skipping of exon 2 (73 bp) Pathogenic
c.715+5G>T - - Deleterious VvUS 25.7 Complete skipping of exon 6 (98 bp); no protein synthesized Pathogenic

https://doi.org/10.1371/journal.pgen.1010192.t002

Functional characterization of five previously unreported ENPP1 variants

In previous studies, five of the variants, c.1756G>A (p.G586R), c.1441C>T (p.R481W),
€.2713_2717delAAAGA, c.1412A>G (p.Y471C) and ¢.2596G> A (p.E866K), were found to be
pathogenic [7,20,23]. In addition, the ¢.1441C>T (p.R481W) variant was also found to cause
partial skipping of exon 15 [7]. We analyzed the functional consequences of the five remaining,
previously unreported variants, as described below.

RT-PCR followed by Sanger sequencing using patient #7’s blood leukocytes showed that
the ¢.241G>T variant (VUS) in exon 2 caused skipping of exon 2 (Fig 3A). The ¢.715+5G>T
variant (VUS), identified in patient #10, was found to cause skipping of exon 6 in an in vitro
mini-gene splicing assay (Fig 3B). Skipping of exon 2 or 6 is predicted to result in out-of-frame
translation and generation of truncated and non-functional ENPP1 protein.

The functionality of the c.656G>A (p.G219E) (VUS), ¢.876_880delTAAAG (LP) and
¢.1530G>C (p.L510F) (VUS) variants was analyzed in transfected HEK293 and COS7 cells.
The results showed that all three variants had deleterious effects on the ENPP1 protein. Specifi-
cally, the mutant proteins carrying p.G219E and p.L510F were expressed at similar levels to
the wild-type (WT) protein, whereas no protein was detected for c¢.876_880delTAAAG (Fig
3C). The WT protein was localized predominantly on the plasma membrane (PM), the physio-
logic location of ENPP1 (Fig 3D). The p.G219E mutant showed intracellular localization (IC)
while the p.L510F mutant showed both plasma membrane and intracellular localization (Fig
3D). The p.G219E and ¢.876_880delTAAAG mutants completely abolished enzyme activity,
whereas p.L510F showed significantly reduced, about 60% of the WT protein (Fig 3E). Upon
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Fig 3. Functional characterization of five previously unreported ENPPI variants, ¢.241G>T (p.V81L), ¢.715

+5G>T, ¢.656G>A (p.G219E), ¢.1530G>C (p.L510F) and ¢.876_880delTAAAG. (a) Sanger sequencing of RT-PCR
products from leukocytes in patient #7 carrying the ¢.241G>T variant showed skipping of exon 2. (b) The splicing of

ENPPI mini-gene pre-mRNA from transfected HEK293 cells was assessed by RT-PCR using a forward primer specific
to the mini-gene and a reverse primer targeting the vector’s Flag-tag sequence, which allows splicing of the mini-gene-
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produced transcripts to be studied. Sanger sequencing of RT-PCR products showed normal splicing for the wild-type
construct and exon 6 skipping for mutant ¢.715+5G>T ENPPI mini-gene. (c) Western blot of ENPP1 protein
expression in transfected HEK293 cells. ENPP1 monomers migrate as doublets at 118 kDa and 128 kDa on
SDS-PAGE. Beta-actin was used as internal loading control. n = 3 independent experiments. (d) ENPP1 localization
(red fluorescence) in transfected COS7 cells. Phalloidin, a peptide specific to actin filaments which are frequently
found attached to or near the plasma membrane, was stained in green fluorescence to define plasma membrane. n =3
independent experiments. Scale bar = 50 um. (e) ENPP1 enzyme activity in transfected HEK293 cells, three cultures
per group. “P < 0.001, compared with the wild-type construct. n = 3 independent experiments. “P < 0.001, compared
with the wild-type construct. Data were presented as mean + SEM. (f) Extracellular PPi generation in medium of
transfected HEK293 cells 20 min after adding 20 uM GTP. Data represent % of PPi generated by the WT
ENPPI-transfected cells. n = 3 independent experiments. P < 0.01, “P < 0.001, compared with the wild-type
construct. Data were presented as mean + SEM.

https://doi.org/10.1371/journal.pgen.1010192.9003

addition of 20 pM GTP in media of transfected cells, extracellular PPi in cells transfected with
the WT construct increased significantly (Fig 3F). Extracellular PPi levels in cells expressing
the p.G219E and ¢.876_880delTAAAG mutants were low, similar to the empty vector (Fig 3F).
The p.L510F mutant was still able to generate PPi, but its amount was significantly lower than
the WT protein (Fig 3F).

Collectively, all ENPPI variants were functionally assessed to be pathogenic (Table 2).

Circulating concentrations of PPi in GACI and PXE patients carrying
biallelic ENPPI variants

Plasma PPi concentrations were determined in patients #3, 6, 11, and 12, all harboring biallelic
pathogenic variants in ENPPI. The results demonstrated that these individuals, regardless of
the diagnosis of GACI or PXE, showed significantly reduced PPi plasma concentrations (Fig
4). Heterozygotes had intermediate levels of PPi. A family member, the father of patient #11,
carrying homozygous wild-type alleles, had PPi concentration similar to healthy controls

(Fig 4).

Discussion

GACI, regardless of ABCC6- or ENPP1-deficiency, is a life-threatening arterial calcification
disease with a poor prognosis. Although there are several reports of long-term survivors into
their third to fifth decade [3,6,24], a large proportion of children with GACI die within the
first six months of life. Death is related to cardiovascular collapse, including myocardial infarc-
tion, congestive heart failure, persistent pulmonary hypertension, and multi-organ failure.
GACI survivors with ENPP1-deficiency develop ARHR2 with short stature and skeletal defor-
mities [3,18]. It was suggested that ARHR?2 is FGF23-mediated [3], and the elevated serum
FGF23 levels in several GACI patients in the current study support this hypothesis. Elevated
serum FGF23 levels may also be a response of cells to circulating calciprotein particles, which
are associated with vascular calcification [25]. ABCCé6-associated PXE has a different clinical
course with late-onset and more favorable clinical outcomes than GACI. Though fully pene-
trant, clinical features of PXE, including skin, eye, and vasculature lesions, do not usually pres-
ent until adolescence or early adulthood. In contrast to GACI, individuals affected by PXE
have normal life expectancy in the overwhelming number of cases, without evidence of skeletal
anomalies.

Studies over the past few years have indicated that ENPP1- and ABCC6-deficiency are asso-
ciated with considerable clinical pleiotropy. Specifically, some patients with ENPPI variants
develop hypophosphatemic rickets without a prior clinical history of GACI [26,27], while
nearly all patients with ABCC6 variants present with PXE without a history of GACI [2]. In the
current study, while all the patients harbor biallelic ENPP]I variants, their varied clinical
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Fig 4. Plasma PPi concentrations in individuals with GACI or PXE and family members. Individuals with biallelic
ENPP] pathogenic variants, regardless of the diagnosis of GACI or PXE, had barely detectable PPi plasma
concentrations. ENPPI heterozygotes had intermediate PPi plasma concentrations. The physiologic PPi plasma
concentrations were obtained from 9 healthy control volunteers. Data represent mean + SEM.

https://doi.org/10.1371/journal.pgen.1010192.g004

expression was highlighted by them seeking support from different advocacy organizations.
Among the 10 GACI patients enrolled in GACI Global, eight presented with extensive calcifi-
cations of large and medium-sized arteries in the prenatal or neonatal period, while two GACI
patients, #7 and #10, had arterial stenosis without evidence of vascular calcification. This is not
surprising as regression of vascular calcification has been documented in patients with GACI
[24,28]. By contrast, two adult patients #11 and #12 had classical PXE, and both were enrolled
in the PXE International registry. From a clinical point of view, these patients do not differ
from the typical PXE patients with ABCC6-deficiency. Our studies demonstrate that in addi-
tion to GACI and rickets, ENPP1-deficiency can also present as classical PXE, a finding that
extends the clinical spectrum of ENPP1-associated diseases. Moreover, because the two
ENPP] variants identified in PXE patient #12 had previously been described in patients diag-
nosed as GACI [20,23], there does not appear to be a genotype-phenotype explanation for the
variation in these two clinical presentations.

In this study, we identified five previously unreported ENPPI variants. We also report origi-
nal findings of UPD inheritance of a previously unreported homozygous variant, ¢.1530G>C
(p.L510F). The ¢.241G>T and ¢.715+5G>T variants were functionally determined to cause
aberrant splicing, although ¢.241G>T (p.V81L) was initially thought to be a missense variant.
In contrast to splicing variants, different ENPPI coding variants have different outcomes on
the protein’s functionality. These include reduced protein abundance, impaired cellular locali-
zation, compromised stability and/or conformational changes, reduced enzyme activity, and
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ability to generate PPi. Although the c¢.1530G>C (p.L510F) mutant had reduced enzyme activ-
ity and PPi generation, its residual activity was probably attributed to the partial localization
on the plasma membrane. Therefore, the p.L510F variant appears to be a candidate for allele-
specific therapy in correcting the misfolded, otherwise functional protein, as previously dem-
onstrated for ABCC6 [29-31].

While plasma PPi concentrations in patients with ABCC6-deficiency were reduced to
approximately 30-50% of controls, patients with ENPP1-deficiency had a further reduction to
approximately 0-10% of controls. It is not clear why the same ENPPI variants can result in dif-
ferent diagnoses of either PXE or GACI since our patients’ plasma PPi concentrations were
equally low. Several potential mechanisms may explain the phenotypic heterogeneity and the
poor correlation between plasma PPi concentrations and disease severity. First, environmental
factors and genetic modifiers may influence the disease severity of ectopic calcification [2,32].
Second, circulating PPi may be a poor proxy of the local PPi concentrations which may be
more important in preventing tissue calcification. Unfortunately, we cannot currently measure
extracellular PPi levels in tissues. Third, in addition to PPi, ENPP1-mediated hydrolysis of
ATP also produces adenosine monophosphate. The pathophysiologic role of adenosine mono-
phosphate in the disease process of GACI was recently reported [9]. Furthermore, the potential
dysregulation of extracellular nucleotide metabolism, for example, ENPP1-mediated disrup-
tion of pyrimidine synthesis known to regulate tissue repair, may play a role in ectopic tissue
calcification [33]. The concept of ENPP1-deficiency has evolved dramatically over the past sev-
eral decades: what once considered an exclusively fatal arterial disease with poor prognosis is
now recognized as a complex, multi-systemic process with a broad phenotypic spectrum span-
ning from infantile vascular calcification associated with early demise, to hypophosphatemic
rickets in survivors, and as indicated in this study, to typical late-onset PXE with more favor-
able prognosis and normal life expectancy.

In conclusion, the phenotypic spectrum of ENPP1-deficiency is much broader than was
previously anticipated. In addition to GACI, we show that the late-onset skin and ocular phe-
notypes of patients with ENPP1-deficiency can be indistinguishable from typical PXE with
ABCC6-deficiency. The divergent phenotypes in patients with ENPP1-deficiency cannot be
explained exclusively by plasma concentrations of PPi which were reduced to the same extent.
The results suggest that although PPi is a major determinant of ectopic calcification, additional
yet unidentified mechanisms may play a role in the regulation of ectopic calcification.

Materials and methods
Ethics statement

All patients were enrolled with written or verbal informed consent/assent into this study with
approval from the institutional review board at Children’s Hospital of Philadelphia (Approval
number 12-008863) or Genetic Alliance (Approval number PXE001 for PXE International).
Formal consent was obtained from the parent/guardian for child participants. Patients with
GACI and PXE were registered in the databases of GACI Global and PXE International, advo-
cacy organizations for GACI and PXE, respectively. We used the Phenodex score, an interna-
tional standard to assess phenotypes in five organ systems: skin (S), eyes (E), gastrointestinal
(G), cardiac (C), and vasculature (V), to determine the clinical severity of PXE [19].

Variant detection and bioinformatics

Genomic DNA was extracted from saliva (DNA Genotek Inc) or peripheral blood leukocytes
(Qiagen, Valencia, CA). Variant detection was performed by Sanger sequencing of the entire
coding region and intron/exon boundaries of the ABCC6 and ENPPI genes, exome sequencing
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(MyGenostics, Beijing, China), next-generation sequencing of hypophosphatemic rickets-tar-
geted genes including ENPPI (Exeter Clinical Laboratory, Leeds, UK), or next-generation
sequencing of ectopic calcification-associated 29 gene panel including ABCC6 and ENPPI
[34]. Exome sequencing and stepwise bioinformatics were performed according to previously
reported approaches [35,36]. The kinship analysis was done using VCFtools—relatedness2 on
the merged Variant Call Format files [21]. The screening for Runs of Homozygosity (ROH) of
more than 4 Mb and establishment of patterns of UPD in trio samples were performed accord-
ing to the previously described method, with slight modifications [37].

ENPP] variant nomenclature was based on NC_000006.12 (NM_006208). The variant
nomenclature followed the recommendations of the Human Genome Variation Society
(http://www.hgvs.org/mutnomen/). The number of individuals carrying the specific variant as
homozygous and the minor allele frequency in the general population was extracted from
Genome Aggregation Database (gnomAD) (gnomad.broadinstitute.org) and BRAVO (https://
bravo.sph.umich.edu/freeze8/hg38/) consisting of over 120,000 and 130,000 apparently healthy
individuals, respectively. The recommended ENPPI gene-specific MAF threshold is 0.1%
(https://franklin.genoox.com/clinical-db/home). Various in silico prediction programs
(https://franklin.genoox.com/clinical-db/home) and the Combined Annotation Dependent
Depletion (CADD) score were used to assess the effects of variants on the protein function
[38,39]. Classification of variants follows the latest guidelines of the American College of Medi-
cal Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP), which classi-
fies variants as benign (B), likely benign (LB), variants of unknown significance (VUS), likely
pathogenic (LP), and pathogenic (P) [40,41]. The ENPPI gene-specific CADD score within the
95% confidence interval was calculated using the mutation significance cutoff method [22].

RNA analysis of the ¢.241G>T (p.V81L) variant in ENPPI

Total RNA was extracted from patient #7’s peripheral blood cells after venous blood collection
in a PAXgene Blood RNA tube (BD Diagnostics, Franklin Lakes, NJ) followed by RT-PCR and
Sanger sequencing.

In vitro mini-gene splicing assay of the ¢.715+5G>T variant in ENPP1

WT and ¢.715+5G>T mutant mini-gene segments spanning from exon 5 to exon 7 of human
ENPP] were cloned into the pCMV-3Tag-3a vector (Genscript, Piscataway, NJ). Human
embryonic kidney (HEK293) cells were transfected with WT or mutant constructs using
FuGENE HD (Promega, Madison, WI). Cells were collected 48 hours post-transfection for
RNA extraction and RT-PCR followed by bidirectional Sanger sequencing of different tran-
script isoforms.

Functional assessment of ¢.656G>A (p.G219E), ¢.1530G>C (p.L510F), and
¢.876_880delTAAAG variants in ENPP1

The full-length WT ¢cDNA and mutant human ENPPI cDNA entailing each of the three vari-
ants, c.656G>A, ¢.1530G>C, and ¢.876_880delTAAAG, were cloned into a pcDNA3.1(+) vec-
tor (GenScript). HEK293 and Cercopithecus aethiops kidney (COS7) cells were transfected
using jetPEI (Illkirch, France). We measured the activity of nucleotide phosphodiesterase
(NPP) 24 hours after transfection of HEK293 cells using pNP-TMP as substrate [7,20]. Expres-
sion of human ENPP1 protein was detected by Western blot using a rabbit anti-human

ENPP1 antibody, #5342, 1:1,000 (Cell Signaling, Boston, MA). An anti-human -actin anti-
body, #4970, 1:1,000, was used to normalize protein loading (Cell Signaling). The cellular local-
ization of the ENPP1 protein was analyzed in transfected COS7 cells using a monoclonal anti-
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human ENPP1 antibody, 1:100 (3E8, kind gift from Dr. Fabio Malavasi, Torino, Italy). Cells
were stained with fluorescein isothiocyanate labeled phalloidin, #P5282, 1:40 (Sigma-Aldrich,
Taufkirchen, Germany), to visualize plasma membrane localization. The PPi concentration in
the medium of transfected HEK293 cells was measured 20 min after incubation with 20 uM
GTP. PPi was quantified as previously described [10,12].

Biochemical analyses

The serum concentrations of calcium, phosphorus, alkaline phosphatase, fibroblast growth
factor 23, parathyroid hormone, and 25-hydroxyvitamin D3 were retrieved from patients’
medical records. Whole blood was collected into CTAD and transferred to EDTA tubes (BD
Diagnostics), followed by depletion of platelets by filtration through a Centrisart I 300-kDa
mass cutoff filter (Sartorius, New York, NY). Determination of PPi concentration in platelet-
free plasma was performed as previously described [10,12].

Statistical analysis

Statistical analyses were performed using ordinary one-way ANOVA. Statistical significance
was considered with P < 0.05. All statistical analyses were completed using Prism 8 (Graph-
Pad, San Diego, CA).

Supporting information

S$1 Text. Clinical features and biochemical findings of GACI patients.
(DOCX)

S1 Table. Biochemical findings of patients with ENPPI variants.
(DOCX)

Acknowledgments

We thank all the affected individuals and families for their participation. We thank Dr. Hansel
J. Otero at Children’s Hospital of Philadelphia, and Dr. Meisam Sargazi in Alzahra Eye Hospi-
tal Research Center at Zahedan University of Medical Sciences, Zahedan, Iran, for interpreta-
tions of clinical images. We thank Mary Peckiconis at PXE International for assistance in
obtaining the participants’ medical records, and Dr. Talat Mushtaq at Leeds Children’s Hospi-
tal in UK for assistance with the clinical findings in family #4.

Author Contributions
Conceptualization: Qiaoli Li.

Data curation: Douglas Ralph, Yvonne Nitschke, Michael A. Levine, Matthew Caffet, Tamara
Wourst, Amir Hossein Saeidian, Leila Youssefian, Sharon F. Terry, Frank Rutsch, Jouni
Uitto, Qiaoli Li.

Formal analysis: Douglas Ralph, Yvonne Nitschke, Michael A. Levine, Matthew Caffet,
Tamara Wurst, Amir Hossein Saeidian, Leila Youssefian, Hassan Vahidnezhad, Sharon F.
Terry, Frank Rutsch, Jouni Uitto, Qiaoli Li.

Funding acquisition: Jouni Uitto, Qiaoli Li.

Investigation: Douglas Ralph, Yvonne Nitschke, Michael A. Levine, Matthew Caffet, Tamara
Wourst, Amir Hossein Saeidian, Leila Youssefian, Hassan Vahidnezhad, Sharon F. Terry,
Frank Rutsch, Jouni Uitto, Qiaoli Li.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010192  April 28, 2022 13/16


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010192.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010192.s002
https://doi.org/10.1371/journal.pgen.1010192

PLOS GENETICS

ENPP1 variants in PXE

Methodology: Qiaoli Li.

Project administration: Qiaoli Li.

Resources: Michael A. Levine, Sharon F. Terry, Jouni Uitto, Qiaoli Li.
Software: Douglas Ralph, Amir Hossein Saeidian, Leila Youssefian, Qiaoli Li.
Supervision: Qiaoli Li.

Validation: Qiaoli Li.

Visualization: Qiaoli Li.

Writing - original draft: Qiaoli Li.

Writing - review & editing: Douglas Ralph, Yvonne Nitschke, Michael A. Levine, Matthew
Caffet, Tamara Wurst, Amir Hossein Saeidian, Leila Youssefian, Hassan Vahidnezhad, Sha-
ron F. Terry, Frank Rutsch, Jouni Uitto, Qiaoli Li.

References

1. Ralph D, van de Wetering K, Uitto J, Li Q. Inorganic pyrophosphate deficiency syndromes and potential
treatments for pathologic tissue calcification. Am J Pathol. 2022; 192(5):762—70. https://doi.org/10.
1016/j.ajpath.2022.01.012 PMID: 35182493

2. LuoH, Faghankhani M, Cao Y, Uitto J, Li Q. Molecular genetics and modifier genes in pseudoxanthoma
elasticum, a heritable multisystem ectopic mineralization disorder. J Invest Dermatol. 2021; 141
(5):1148-56. https://doi.org/10.1016/}.jid.2020.10.013 PMID: 33341249

3. Ferreira CR, Hackbarth ME, Ziegler SG, Pan KS, Roberts MS, Rosing DR, et al. Prospective phenotyp-
ing of long-term survivors of generalized arterial calcification of infancy (GACI). Genet Med. 2021; 23
(2):396—407. https://doi.org/10.1038/s41436-020-00983-0 PMID: 33005041

4. LiQ, Brodsky JL, Conlin LK, Pawel B, Glatz AC, Gafni Rl, et al. Mutations in the ABCC6 gene as a
cause of generalized arterial calcification of infancy: genotypic overlap with pseudoxanthoma elasticum.
J Invest Dermatol. 2014; 134(3):658-65. https://doi.org/10.1038/jid.2013.370 PMID: 24008425

5. Nitschke Y, Baujat G, Botschen U, Wittkampf T, du Moulin M, Stella J, et al. Generalized arterial calcifi-
cation of infancy and pseudoxanthoma elasticum can be caused by mutations in either ENPP1 or
ABCC6. Am J Hum Genet. 2012; 90(1):25-39. https://doi.org/10.1016/j.ajhg.2011.11.020 PMID:
22209248

6. Rutsch F, Boyer P, Nitschke Y, Ruf N, Lorenz-Depierieux B, Wittkampf T, et al. Hypophosphatemia,
hyperphosphaturia, and bisphosphonate treatment are associated with survival beyond infancy in gen-
eralized arterial calcification of infancy. Circ Cardiovasc Genet. 2008; 1(2):133—40. https://doi.org/10.
1161/CIRCGENETICS.108.797704 PMID: 20016754

7. Rutsch F, Ruf N, Vaingankar S, Toliat MR, Suk A, Hohne W, et al. Mutations in ENPP1 are associated
with ’idiopathic’ infantile arterial calcification. Nat Genet. 2003; 34(4):379-81. https://doi.org/10.1038/
ng1221 PMID: 12881724

8. Neldner KH. Pseudoxanthoma elasticum. Clin Dermatol. 1988; 6(1):1-159. https://doi.org/10.1016/
0738-081x(88)90003-x PMID: 3359381

9. NitschkeY, YanY, Buers |, Kintziger K, Askew K, Rutsch F. ENPP1-Fc prevents neointima formation in
generalized arterial calcification of infancy through the generation of AMP. Exp Mol Med. 2018; 50
(10):1-12. https://doi.org/10.1038/s12276-018-0163-5 PMID: 30369595

10. Jansen RS, Duijst S, Mahakena S, Sommer D, Szeri F, Varadi A, et al. ABCC6-mediated ATP secretion
by the liver is the main source of the mineralization inhibitor inorganic pyrophosphate in the systemic cir-
culation-brief report. Arterioscler Thromb Vasc Biol. 2014; 34(9):1985-9. https://doi.org/10.1161/
ATVBAHA.114.304017 PMID: 24969777

11. Jansen RS, Kucukosmanoglu A, de Haas M, Sapthu S, Otero JA, Hegman IE, et al. ABCC6 prevents
ectopic mineralization seen in pseudoxanthoma elasticum by inducing cellular nucleotide release. Proc
Natl Acad Sci U S A. 2013; 110(50):20206—11. https://doi.org/10.1073/pnas.1319582110 PMID:
24277820

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010192  April 28, 2022 14/16


https://doi.org/10.1016/j.ajpath.2022.01.012
https://doi.org/10.1016/j.ajpath.2022.01.012
http://www.ncbi.nlm.nih.gov/pubmed/35182493
https://doi.org/10.1016/j.jid.2020.10.013
http://www.ncbi.nlm.nih.gov/pubmed/33341249
https://doi.org/10.1038/s41436-020-00983-0
http://www.ncbi.nlm.nih.gov/pubmed/33005041
https://doi.org/10.1038/jid.2013.370
http://www.ncbi.nlm.nih.gov/pubmed/24008425
https://doi.org/10.1016/j.ajhg.2011.11.020
http://www.ncbi.nlm.nih.gov/pubmed/22209248
https://doi.org/10.1161/CIRCGENETICS.108.797704
https://doi.org/10.1161/CIRCGENETICS.108.797704
http://www.ncbi.nlm.nih.gov/pubmed/20016754
https://doi.org/10.1038/ng1221
https://doi.org/10.1038/ng1221
http://www.ncbi.nlm.nih.gov/pubmed/12881724
https://doi.org/10.1016/0738-081x%2888%2990003-x
https://doi.org/10.1016/0738-081x%2888%2990003-x
http://www.ncbi.nlm.nih.gov/pubmed/3359381
https://doi.org/10.1038/s12276-018-0163-5
http://www.ncbi.nlm.nih.gov/pubmed/30369595
https://doi.org/10.1161/ATVBAHA.114.304017
https://doi.org/10.1161/ATVBAHA.114.304017
http://www.ncbi.nlm.nih.gov/pubmed/24969777
https://doi.org/10.1073/pnas.1319582110
http://www.ncbi.nlm.nih.gov/pubmed/24277820
https://doi.org/10.1371/journal.pgen.1010192

PLOS GENETICS

ENPP1 variants in PXE

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Huang J, Snook AE, Uitto J, Li Q. Adenovirus-mediated ABCC6 gene therapy for heritable ectopic min-
eralization disorders. J Invest Dermatol. 2019; 139(6):1254—63. https://doi.org/10.1016/}.jid.2018.12.
017 PMID: 30639429

Li Q, Huang J, Pinkerton AB, Millan JL, van Zelst BD, Levine MA, et al. Inhibition of tissue-nonspecific
alkaline phosphatase attenuates ectopic mineralization in the Abcc6-/- mouse model of pxe but not in
the Enpp1 mutant mouse models of GACI. J Invest Dermatol. 2019; 139(2):360-8. https://doi.org/10.
1016/}.jid.2018.07.030 PMID: 30130617

Li Q, Kingman J, van de Wetering K, Tannouri S, Sundberg JP, Uitto J. Abcc6 knockout rat model high-
lights the role of liver in PPi homeostasis in pseudoxanthoma elasticum. J Invest Dermatol. 2017; 137
(5):1025-32. https://doi.org/10.1016/}.jid.2016.11.042 PMID: 28111129

Li Q, van de Wetering K, Uitto J. Pseudoxanthoma elasticum as a paradigm of heritable ectopic mineral-
ization disorders: Pathomechanisms and treatment development. Am J Pathol. 2019; 189(2):216-25.
https://doi.org/10.1016/j.ajpath.2018.09.014 PMID: 30414410

Uitto J, Li Q, van de Wetering K, Varadi A, Terry SF. Insights into pathomechanisms and treatment
development in heritable ectopic mineralization disorders: Summary of the PXE International Biennial
Research Symposium-2016. J Invest Dermatol. 2017; 137(4):790-5. https://doi.org/10.1016/j.jid.2016.
12.014 PMID: 28340679

Li Q, Schumacher W, Jablonski D, Siegel D, Uitto J. Cutaneous features of pseudoxanthoma elasticum
in a patient with generalized arterial calcification of infancy due to a homozygous missense mutation in
the ENPP1 gene. Br J Dermatol. 2012; 166(5):1107—11. https://doi.org/10.1111/j.1365-2133.2012.
10811.x PMID: 22229486

Ferreira CR, Kintzinger K, Hackbarth ME, Botschen U, Nitschke Y, Mughal MZ, et al. Ectopic calcifica-
tion and hypophosphatemic rickets: Natural history of ENPP1 and ABCC6 deficiencies. J Bone Miner
Res. 2021; 36(11):2193-202. https://doi.org/10.1002/jbmr.4418 PMID: 34355424

Pfendner EG, Vanakker OM, Terry SF, Vourthis S, McAndrew PE, McClain MR, et al. Mutation detec-
tion in the ABCC6 gene and genotype-phenotype analysis in a large international case series affected
by pseudoxanthoma elasticum. J Med Genet. 2007; 44(10):621-8. https://doi.org/10.1136/jmg.2007.
051094 PMID: 17617515

Stella J, Buers I, van de Wetering K, Hohne W, Rutsch F, Nitschke Y. Effects of different variants in the
ENPP1 gene on the functional properties of ectonucleotide pyrophosphatase/phosphodiesterase family
member 1. Hum Mutat. 2016; 37(11):1190-201. https://doi.org/10.1002/humu.23057 PMID: 27467858

Manichaikul A, Mychaleckyj JC, Rich SS, Daly K, Sale M, Chen WM. Robust relationship inference in
genome-wide association studies. Bioinformatics. 2010; 26(22):2867—73. https://doi.org/10.1093/
bioinformatics/btq559 PMID: 20926424

Itan Y, Shang L, Boisson B, Ciancanelli MJ, Markle JG, Martinez-Barricarte R, et al. The mutation signif-
icance cutoff: gene-level thresholds for variant predictions. Nat Methods. 2016; 13(2):109—-10. https:/
doi.org/10.1038/nmeth.3739 PMID: 26820543

Omarjee L, Nitschke Y, Verschuere S, Bourrat E, Vignon MD, Navasiolava N, et al. Severe early-onset
manifestations of pseudoxanthoma elasticum resulting from the cumulative effects of several deleteri-

ous mutations in ENPP1, ABCC6 and HBB: transient improvement in ectopic calcification with sodium

thiosulfate. Br J Dermatol. 2020; 183(2):367—72. https://doi.org/10.1111/bjd. 18632 PMID: 31646622

Ciana G, Trappan A, Bembi B, Benettoni A, Maso G, Zennaro F, et al. Generalized arterial calcification
of infancy: two siblings with prolonged survival. Eur J Pediatr. 2006; 165(4):258—63. https://doi.org/10.
1007/s00431-005-0035-6 PMID: 16315058

Akiyama Kl, Miura Y, Hayashi H, Sakata A, Matsumura Y, Kojima M, et al. Calciprotein particles regu-
late fibroblast growth factor-23 expression in osteoblasts. Kidney Int. 2020; 97(4):702—12. https://doi.
org/10.1016/j.kint.2019.10.019 PMID: 32001068

Levy-Litan V, Hershkovitz E, Avizov L, Leventhal N, Bercovich D, Chalifa-Caspi V, et al. Autosomal-
recessive hypophosphatemic rickets is associated with an inactivation mutation in the ENPP1 gene.
Am J Hum Genet. 2010; 86(2):273-8. https://doi.org/10.1016/j.ajhg.2010.01.010 PMID: 20137772

Lorenz-Depiereux B, Schnabel D, Tiosano D, Hausler G, Strom TM. Loss-of-function ENPP1 mutations
cause both generalized arterial calcification of infancy and autosomal-recessive hypophosphatemic
rickets. Am J Hum Genet. 2010; 86(2):267-72. https://doi.org/10.1016/j.ajhg.2010.01.006 PMID:
20137773

Sholler GF, Yu JS, Bale PM, Hawker RE, Celermajer JM, Kozlowski K. Generalized arterial calcification
of infancy: three case reports, including spontaneous regression with long-term survival. J Pediatr.
1984; 105(2):257-60. https://doi.org/10.1016/s0022-3476(84)80123-7 PMID: 6747757

Le Saux O, Fulop K, Yamaguchi Y, llias A, Szabo Z, Brampton CN, et al. Expression and in vivo rescue
of human ABCC6 disease-causing mutants in mouse liver. PLoS One. 2011; 6(9):e24738. https://doi.
org/10.1371/journal.pone.0024738 PMID: 21935449

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010192  April 28, 2022 15/16


https://doi.org/10.1016/j.jid.2018.12.017
https://doi.org/10.1016/j.jid.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30639429
https://doi.org/10.1016/j.jid.2018.07.030
https://doi.org/10.1016/j.jid.2018.07.030
http://www.ncbi.nlm.nih.gov/pubmed/30130617
https://doi.org/10.1016/j.jid.2016.11.042
http://www.ncbi.nlm.nih.gov/pubmed/28111129
https://doi.org/10.1016/j.ajpath.2018.09.014
http://www.ncbi.nlm.nih.gov/pubmed/30414410
https://doi.org/10.1016/j.jid.2016.12.014
https://doi.org/10.1016/j.jid.2016.12.014
http://www.ncbi.nlm.nih.gov/pubmed/28340679
https://doi.org/10.1111/j.1365-2133.2012.10811.x
https://doi.org/10.1111/j.1365-2133.2012.10811.x
http://www.ncbi.nlm.nih.gov/pubmed/22229486
https://doi.org/10.1002/jbmr.4418
http://www.ncbi.nlm.nih.gov/pubmed/34355424
https://doi.org/10.1136/jmg.2007.051094
https://doi.org/10.1136/jmg.2007.051094
http://www.ncbi.nlm.nih.gov/pubmed/17617515
https://doi.org/10.1002/humu.23057
http://www.ncbi.nlm.nih.gov/pubmed/27467858
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1093/bioinformatics/btq559
http://www.ncbi.nlm.nih.gov/pubmed/20926424
https://doi.org/10.1038/nmeth.3739
https://doi.org/10.1038/nmeth.3739
http://www.ncbi.nlm.nih.gov/pubmed/26820543
https://doi.org/10.1111/bjd.18632
http://www.ncbi.nlm.nih.gov/pubmed/31646622
https://doi.org/10.1007/s00431-005-0035-6
https://doi.org/10.1007/s00431-005-0035-6
http://www.ncbi.nlm.nih.gov/pubmed/16315058
https://doi.org/10.1016/j.kint.2019.10.019
https://doi.org/10.1016/j.kint.2019.10.019
http://www.ncbi.nlm.nih.gov/pubmed/32001068
https://doi.org/10.1016/j.ajhg.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20137772
https://doi.org/10.1016/j.ajhg.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20137773
https://doi.org/10.1016/s0022-3476%2884%2980123-7
http://www.ncbi.nlm.nih.gov/pubmed/6747757
https://doi.org/10.1371/journal.pone.0024738
https://doi.org/10.1371/journal.pone.0024738
http://www.ncbi.nlm.nih.gov/pubmed/21935449
https://doi.org/10.1371/journal.pgen.1010192

PLOS GENETICS

ENPP1 variants in PXE

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pomozi V, Brampton C, Fulop K, Chen LH, Apana A, Li Q, et al. Analysis of pseudoxanthoma elasti-
cum-causing missense mutants of ABCCS6 in vivo; pharmacological correction of the mislocalized pro-
teins. J Invest Dermatol. 2014; 134(4):946-53. https://doi.org/10.1038/jid.2013.482 PMID: 24352041

Pomozi V, Brampton C, Szeri F, Dedinszki D, Kozak E, van de Wetering K, et al. Functional rescue of
ABCCS deficiency by 4-phenylbutyrate therapy reduces dystrophic calcification in Abcc6-/- mice. J
Invest Dermatol. 2017; 137(3):595-602. https://doi.org/10.1016/j.jid.2016.10.035 PMID: 27826008

De Vilder EYG, Martin L, Leftheriotis G, Coucke P, Van Nieuwerburgh F, Vanakker OM. Rare modifier
variants alter the severity of cardiovascular disease in pseudoxanthoma elasticum: identification of
novel candidate modifier genes and disease pathways through mixture of effects analysis. Front Cell
Dev Biol. 2021; 9:612581. https://doi.org/10.3389/fcell.2021.612581 PMID: 34169069

Li S, Yokota T, Wang P, Ten Hoeve J, Ma F, Le TM, et al. Cardiomyocytes disrupt pyrimidine biosynthe-
sis in nonmyocytes to regulate heart repair. J Clin Invest. 2022; 132(2). https://doi.org/10.1172/
JCI149711 PMID: 34813507

Saeidian AH, Youssefian L, Huang J, Touati A, Vahidnezhad H, Kowal L, et al. Genetic heterogeneity of
heritable ectopic mineralization disorders in a large international cohort. Genet Med. 2022; 24(1):75—
86. https://doi.org/10.1016/j.gim.2021.08.011 PMID: 34906475

Uitto J, Saeidian AH, Youssefian L, Vahidnezhad H. Interpretation of genomic sequence variants in her-
itable skin diseases: A primer for clinicians. J Am Acad Dermatol. 2021 Jun 9;S0190-9622(21)01114-2.
https://doi.org/10.1016/j.jaad.2021.06.013 Online ahead of print. PMID: 34118299

Youssefian L, Niaziorimi F, Saeidian AH, South AP, Khosravi-Bachehmir F, Khodavaisy S, et al. Knock-
down of SDRIC?7 impairs epidermal barrier function. J Invest Dermatol. 2021; 141(7):1754-64 e1.
https://doi.org/10.1016/}.jid.2020.11.030 PMID: 33422619

Scuffins J, Keller-Ramey J, Dyer L, Douglas G, Torene R, Gainullin V, et al. Uniparental disomy in a
population of 32,067 clinical exome trios. Genet Med. 2021; 23(6):1101-7. https://doi.org/10.1038/
541436-020-01092-8 PMID: 33495530

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general framework for estimating
the relative pathogenicity of human genetic variants. Nat Genet. 2014; 46(3):310-5. https://doi.org/10.
1038/ng.2892 PMID: 24487276

Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M. CADD: predicting the deleteriousness of
variants throughout the human genome. Nucleic Acids Res. 2019; 47(D1):D886—-D94. https://doi.org/
10.1093/nar/gky1016 PMID: 30371827

Nykamp K, Anderson M, Powers M, Garcia J, Herrera B, Ho YV, et al. Sherloc: a comprehensive refine-
ment of the ACMG-AMP variant classification criteria. Genet Med. 2017; 19(10):1105-17. https://doi.
org/10.1038/gim.2017.37 PMID: 28492532

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015; 17(5):405-24.
https://doi.org/10.1038/gim.2015.30 PMID: 25741868

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010192  April 28, 2022 16/16


https://doi.org/10.1038/jid.2013.482
http://www.ncbi.nlm.nih.gov/pubmed/24352041
https://doi.org/10.1016/j.jid.2016.10.035
http://www.ncbi.nlm.nih.gov/pubmed/27826008
https://doi.org/10.3389/fcell.2021.612581
http://www.ncbi.nlm.nih.gov/pubmed/34169069
https://doi.org/10.1172/JCI149711
https://doi.org/10.1172/JCI149711
http://www.ncbi.nlm.nih.gov/pubmed/34813507
https://doi.org/10.1016/j.gim.2021.08.011
http://www.ncbi.nlm.nih.gov/pubmed/34906475
https://doi.org/10.1016/j.jaad.2021.06.013
http://www.ncbi.nlm.nih.gov/pubmed/34118299
https://doi.org/10.1016/j.jid.2020.11.030
http://www.ncbi.nlm.nih.gov/pubmed/33422619
https://doi.org/10.1038/s41436-020-01092-8
https://doi.org/10.1038/s41436-020-01092-8
http://www.ncbi.nlm.nih.gov/pubmed/33495530
https://doi.org/10.1038/ng.2892
https://doi.org/10.1038/ng.2892
http://www.ncbi.nlm.nih.gov/pubmed/24487276
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1093/nar/gky1016
http://www.ncbi.nlm.nih.gov/pubmed/30371827
https://doi.org/10.1038/gim.2017.37
https://doi.org/10.1038/gim.2017.37
http://www.ncbi.nlm.nih.gov/pubmed/28492532
https://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
https://doi.org/10.1371/journal.pgen.1010192

	ENPP1 variants in patients with GACI and PXE expand the clinical and genetic heterogeneity of heritable disorders of ectopic calcification.
	Let us know how access to this document benefits you
	Recommended Citation
	Authors

	ENPP1 variants in patients with GACI and PXE expand the clinical and genetic heterogeneity of heritable disorders of ectopic calcification

