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Background Objectives

Methods

Pseudoxanthoma  elasticum  (PXE)  is  a  hereditary  soft  tissue  mineralization 
(STM)  disorder,  characterized  by  skin,  ocular  and  cardiovascular  symptoms. 
The  disease,  caused  by  ABCC6  and  ENPP1  mutations,  is  known  for  its 
extreme phenotypic variability without any genotype-phenotype correlations 
so far being established. Therefore, modifier genes are extensively studied to 
improve genetic counseling.

๏ Evaluation of the cumulative effects of multiple rare variants on  
 the PXE-related cardiovascular disease

๏ Further unraveling the striking clinical variability in PXE

๏ 12 PXE patients with severe or absent vascular calcification
๏ Severe = extreme calcium scoring via CT-scan (>1000) 

๏ Whole exome sequencing
๏ Comparison of severe group (n°: 6) vs. mild group (n°: 6) 

๏ Assessing mixed effects of rare missense/nonsense/indel  
   variants

๏ Mutational burden tests: C-alpha and SKAT-O analysis,  
    performed 2x: all variants and missense/nonsense only

๏ Functional data mining for top 5 significant genes for each  
   burden test (p<0.01)

๏ Pathway and enrichment analysis by Reactome Database 
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Figure 1. Skin (A-B), ocular (C-D) and cardiovascular (E-F) manifestations of PXE. AS:  angioid 
streaks; CNV: choroidal neovascularization; PAD: peripheral artery disease. 

Results

Severe vs. Mild: n° genes associated with severe group 
based on mutation burden

Key Messages
๏ SKAT-O and C-alpha tests are efficient tests to identify the cumulative modifying effect of variants within a single gene

๏ Pathway analyses can help to identify the cumulative modifying capacity of multiple genes, belonging to the same pathway

๏ The newly identified modifier genes and pathways provide novel targets for future research and will - after validation - aid in                                 
   cardiovascular risk stratification and genetic counseling of PXE patients 

������� �

Inflammasomes
Atherogenic stimuli

Atherosclerosis

NLRP1
Pro-caspase 1

Pro-caspase 5 ASC

IL-18 IL-1B

Inflammation & Apoptosis

PYD
NACHT

PYD

NACHT

PYD NACHT

PYD

NACHT

PY
D

NA
CH

T

PYD

NACHT

PYD

NACHT

PYD
NACHT

PYD

NACHT

PYD NACHT

PYD

NACHT

PY
D

NA
CH

T

PYD

NACHT

PYD

NACHT

PYD
NACHT

PYD

NACHT

PYD NACHT

PYD

NACHT

PY
D

NA
CH

T

PYD

NACHT

PYD

NACHT

Whole Exome Sequencing
C-alpha: 57 genes SKAT-O: 16 genes

๏ Calcium-associated signaling (OTOP2, HCAR3, EFCC1, PCLO)

Gene analysis Pathway analysis

*Pathophysiological link with PXE and/or vascular mineralization

Figure 2. NLRP1 pathway. NLRP1  binds  to  pro-caspase  1, 
which  then  forms  a  large  complex,  i.e.  the 
inflammasome. In this complex caspase 1 is activated, 
which  activates  pro-apoptosis  and  -inflammation 
factors, eventually leading to atherosclerosis.

๏ Apoptosis (BRWD1, NLRP1, NMT2)

๏ Association with vascular disease (TOR2A, NLRP1, FOXN3,  
 SNF407, ULK4, PCLO, TTN, PDE4DIP)

Top 5 significant genes (p<0.01) for 
the 4 burden tests mostly linked to: 

Figure 3. FGFR signaling pathway. Upregulation  of  FGF7 
leads to an induction of  osteogenic  markers,  such 
as  RUNX2  -  known  to  be  upregulated  in  PXE. 
Further,  pan-FGFR inhibition leads to vascular  STM 
and heart defects.  including diastolic dysfunction, 
which  is  also  present  in  PXE.  Finally,  FGFR2 
inhibition  also  leads  to  cardiac  defects.  Targets  in 
this  pathway,  which  were  associated  with  the 
severe group, are PRKAR1A, FGFR1, KSR2.
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Abbreviations figure 2 and 3. AHNAK2: neuroblast differentiation-associated protein nucleoprotein 2; ASC: adaptor 
protein; BRWD1: bromodomain And WD Repeat Domain Containing 1; BSP: bone sialoprotein; ERK: extracellular 
signal-regulated  kinase;  FGF:  fibroblast  growth  factor;  FGFR:  fibroblast  growth  factor  receptor;  HCAR3: 
hydroxycarboxylic Acid Receptor 3; IL-18: interleukin 18; IL-1B: interleukin 1B; KSR2: kinase suppressor of Ras 
2; NLRP1: NACHT, LRR and PYD domains-containing protein 1; OC: osteocalcin; OTOP2: otopetrin 2; PRKAR1A: 
cAMP-dependent protein kinase type I-alpha regulatory subunit; RAF: rapidly accelerated fibrosarcoma – serine/
theronine kinase STM:  soft tissue mineralization; TOR2A: torsin Family 2, Member A
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PATHWAYS TOWARDS ECTOPIC MINERALIZATION

inorganic pyrophosphate



ECTOPIC CALCIFICATION ⎜HEREDITARY DISORDERS
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RARE & COMMON DISORDERS ⎜VARIABILITY
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METASTATIC DYSTROPHIC OSSIFICATION

•Tumoral calcinosis�

•Primary hyperparathyroid.�

•Second. hyperparathyroid.�

•Sarcoidosis�

•Vitamin D intoxication�

•Milk-Alkali syndrome�

•Renal failure�

•Tumor lysis syndrome

•Systemic sclerosis�

•Scleroderma�

•(Hutchinson-Gilford) progeria�

•ACDC-related arterial calcif.�

•Pseudoxanthoma Elasticum�

•GACI�

•Keutel syndrome�

•Basal ganglia calcification�

•Myositis ossificans�

•Fibrodysplasia ossificans �
    progressiva�

•Primary Hypertrophic osteo-�
    arthropathy�

RARE CALCIFICATION DISEASES ⎜CLASSIFICATION 1



RARE CALCIFICATION DISEASES ⎜CLASSIFICATION 2

INTERFERONOPATHY
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PPi DEFICIENCY  ⎜PSEUDOXANTHOMA ELASTICUM (PXE)

Neovascularisation

Papular lesions

Peripheral occlusive disease

PXE affects the skin, eyes and cardiovascular system

Increased skin laxity

Angioid streaks Coronary artery disease

Pattern dystrophy



Calcification-related Calcification-unrelated

Neo-intimal proliferation

Karam et al, 2015

Arteriosclerosis

Coronary occlusions Ischemic stroke

Vascular hypoplasiaDyslipidemia & atherosclerosis

PPi DEFICIENCY  ⎜PSEUDOXANTHOMA ELASTICUM (PXE)
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ACTIVATED DNA DAMAGE RESPONSE

PPi correction does not completely alleviate calcification in animal models
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Van Gils et al, J Clin Med, 2023

A METABOLIC DISORDER ⎜ABCC6 DEFICIENCY



PPi DEFICIENCY  ⎜ GENERALIZED ARTERIAL CALCIFICATION OF INFANCY

In utero ectopic calcification of bloodvessels and hypertrophia  of the vessel wall 

ENPP1

ATP PPi + AMP



PXE can also be caused by mutations in the ENPP1 gene
GACI can also be caused by mutations in the ABCC6 gene

Nitschke et al., 2012

PPi DEFICIENCY  ⎜ THE PXE - GACI SPECTRUM
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ABCC6

p.(Arg765Glu)�
p.(Glu1406Lys)

Identical ABCC6 mutations can cause either PXE or GACI

PSEUDOXANTHOMA ELASTICUM GENERALIZED ARTERIAL CALCIFICATION OF INFANCY

?

PPi DEFICIENCY  ⎜ ROLE OF DISEASE MODIFYING FACTORS 



PPi DEFICIENCY  ⎜ ARTERIAL CALCIFICATION D/T CD73 DEFICIENCY
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INTERFERONOPATHY  ⎜ SINGLETON-MERTEN SYNDROME

DDX58IFIH1

hands and feet at the age of 28 years showed rarefied compact bone,
expanded medullary cavities, deformed metacarpals and metatar-
sals, irregular and elongated distal phalanges that had narrowed
joint cavities and subchondral sclerosis (Fig. 7d,e). There was
subluxation of metatarso-phalangeal and interphalangeal joints,

osteolysis and demineralization of the feet. The ortho-pantomog-
raphy showed loss of numerous teeth, predominantly in the ante-
rior region. The remaining molar teeth showed resorptive
transparency with continued alveolar bone loss within the furca-
tions (Fig. 5c). Mineral salt content measurements of the lumbar

FIG. 7. a,b: Case 1 at 22 years. Note osteopenia, wide metacarpal medullary cavities, mild acro-osteolysis, and subluxation of the hallux and medial
phalanges of fingers. c: Case 3 at 14years. Note osteopenia, subluxations, acro-osteolysis, andwidemedullary cavities of themetatarsal bones. d,e:
Case4at28years. Samemanifestations as inCase3butmoremarked. f,g: Case7at12years. Notemarkeddistal osteolysis,widemedullary cavities
and subungual calcifications.

FIG. 8. Aortic calcification (arrows) evident on a chest X-ray and chest CT scan at 24 years in Case 1 (a,b), and on a chest X-ray at 12 years in Case 7
(c). Note the isthmus narrowing in panel a, and circumferential calcification in panel b.
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Autosomal dominant short stature, bone dysplasia and heart failiure



VK-DEPENDANT DISEASES ⎜VITAMIN K CYCLE
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7 pathogenic variants in the MGP gene
cMGP

ucMGP

VK

VK-DEPENDENT DISEASES  ⎜ KEUTEL SYNDROME

Facial dysmorphia: �

long face�

midface hypoplasia�

small alae

CARDINAL FEATURES

Brachytelephalangism Cartilaginous calcification�

(Peripheral pulmonary stenosis)
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PXE-like with coagulopathy

PXE - PXE-like overlap

PXE-like wt. pigmented retina

Pseudoxanthoma elasticum

Vanakker et al, J Invest Dermatol, 2007

VK-DEPENDENT DISEASES ⎜PXE-LIKE DISORDER WITH COAGULOPATHY



30

PXE-like wt. pigmented retina

47ACTA DERMATOVENEROLOGICA CROATICA

Following these observations, a classification 
based on the morphological pattern of deposits 
could be as follows:
- without vascular involvement
� small scattered deposits (Fig. 10 top, left)

• Examples: calcinosis accompanying some tu-
mors, cysts, local traumas

� nodular and granular (Fig. 10 bottom, left)
• Examples: idiopathic calcinosis of scrotum; 

calcified subepidermal nodule; milia-type 
calcinosis; connective tissue diseases (early) 

� tumoral (Fig. 10 bottom, right)
• Examples: calcinosis of metabolic disorders; 

tumoral calcinosis; connective tissue diseas-
es (advanced).

� widespread dermal deposits (Fig. 10 top, right)
• Examples: calcinosis cutis due to extravasa-

tion of calcium products 
- with vascular involvement
� calciphylaxis

We believe that this type of classification, or a 
similar one, simplifies the morphological information 
given to the clinician. It is also clear regarding the 
clinical action to follow. 

The examples given in each group are, neverthe-
less, just examples. Some cases of calcification ac-
companying malformations or tumors, for instance, 
presented a nodular pattern (94). In such cases, mor-
phological evidence of the subjacent malformation 
gives the clue.

At least, the overlapping between the groups, if any, 
is for sure much less than with the current classification.

Figure 8. Nodular pattern of calcification found on the right 
buttock of a 75-year-old woman (HE, x10). Figure 9. Tumoral pattern of calcification found on the 

shoulder of a 75-year-old woman (a different patient to the 
one presented in Fig. 8) (HE; x2.5).

Figure 10. The four recognized patterns in this classifica-
tion: small deposits (top left); widespread (top right); nodu-
lar (bottom left); and tumoral (bottom right).

References
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PXE - PXE-like overlap

PXE-like with coagulopathy

Pseudoxanthoma elasticum

Kariminedjad, Vanakker et al, J Invest Dermatol, 2014

VK-DEPENDENT DISEASES ⎜PXE-LIKE W/ PIGMENTED RETINOPATHY



PXE - PXE-like overlap

PXE-like with coagulopathy PXE-like wt. pigmented retina

Pseudoxanthoma elasticum

Vanakker et al, Am J Med Genet, 2011

GGCX ⎜DISEASE MODIFYING CAPACITIES



ABCC6 + GGCX ⎜DIGENIC INHERITANCE

Li et al, 2009

Vanakker et al., 2007), and molecular analysis of some of
these patients revealed mutations in the GGCX gene, which
encodes an enzyme required for g-glutamyl carboxylation of
gla proteins (Vanakker et al., 2007). In this report we detail a
family with PXE-like clinical features, and also with
deficiency of vitamin K-dependent clotting factors, particu-
larly Factor X. Strikingly, this family harbors mutations both in
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pulmonary valve replacement procedures. Following an
episode of endocarditis, she had a stroke with vision loss in
the right eye, but rigorous ophthalmologic examination with
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developed focal segmental glomerulosclerosis, thought to
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consistent with PXE on the sides of the neck and in the
axillary areas (Figure 1d). The mother has a fraternal twin
sister (II-3) with similar cutaneous findings (Figure 1e and f).
Neither the mother nor her sister have evidence of a
coagulation disorder (Table 1).
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Figure 1. Cutaneous findings in a family with PXE-like phenotype. Note the loose and sagging skin in the 16-year-old proband (III-3, a–c). The proband’s
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The mutations in the GGCX and ABCC6 genes identified in this family are indicated on the left of panel g. The proband is identified by an arrow.
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As a group not considered a rare disorder�

Part of normal aging process�

Variety of acquired etiologies

BRAIN CALCIFICATIONS⎜BASAL GANGLIA CALCIFICATIONS
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Rare neurodegenerative disorder�

Early onset basal ganglia calcification�

Neuropsychiatric and movement disorders in 3rd-5th decade�

No other mineralisation phenotypes

PFBC ⎜PRIMARY FAMILIAL BASAL GANGLIA CALCIFICATIONS

XPR1 (AD)�

PDGFRB (AD)�

PDGFB (AD)�

MYORG (AR)�
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SNORD118: box C/D snoRNA U8

BRAIN ⎜LEUCO-ENCEFALOPATHY WITH C & C
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Clinical Description
FOP is the most disabling condition of ectopic skeleto-
genesis. Children who have FOP appear normal at birth
except for congenital malformations of the great toes
(Figures 1 and 3).
Typically, during the first decade of life, sporadic epi-

sodes of painful soft tissue swellings (flare-ups) occur

[3] and are commonly mistaken for tumors (Figure 4)
[4]. Although some exacerbations spontaneously regress,
flare-ups can transform skeletal muscles, tendons, liga-
ments, fascia, and aponeuroses through an endochondral
process into ribbons, sheets, and plates of heterotopic
bone (Figures 2 and 5) that span the joints, lock them
in place, and render movement impossible [5,6]. Pro-
gressive episodes of HO occur in specific anatomic pat-
terns, and are typically seen first in the dorsal, axial,
cranial, and proximal regions of the body and later in

Figure 1 Characteristic malformed great toes and hallux
valgus.

Figure 2 Extensive heterotopic ossification on the back of an
FOP patient.

Figure 3 Anteroposterior radiograph of the feet of a three-year
old child showing symmetrical first toe malformations.
Reprinted from reference 14. Authors retain copyright.

Figure 4 Tumor-like swellings on the back representing early
FOP flare-ups.

Pignolo et al. Orphanet Journal of Rare Diseases 2011, 6:80
http://www.ojrd.com/content/6/1/80
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Normal (except for congenital malformation of toes)�

Flare-ups �

       (episodes of painful soft tissue swellings)�

Initially some flare-ups may regress�

Transformation of skeletal muscle, tendons, ligaments, �

       fascia, aponeuroses into heterotopic bone�

NO skin involvement �

        (DD Progressive osseous heteroplasia)�

Limitations in mobility�

Demise�

- Thoracic ossification�

- Severe weight loss (jaw ossification)�

- Spinal ossification

Clinical Description
FOP is the most disabling condition of ectopic skeleto-
genesis. Children who have FOP appear normal at birth
except for congenital malformations of the great toes
(Figures 1 and 3).
Typically, during the first decade of life, sporadic epi-

sodes of painful soft tissue swellings (flare-ups) occur

[3] and are commonly mistaken for tumors (Figure 4)
[4]. Although some exacerbations spontaneously regress,
flare-ups can transform skeletal muscles, tendons, liga-
ments, fascia, and aponeuroses through an endochondral
process into ribbons, sheets, and plates of heterotopic
bone (Figures 2 and 5) that span the joints, lock them
in place, and render movement impossible [5,6]. Pro-
gressive episodes of HO occur in specific anatomic pat-
terns, and are typically seen first in the dorsal, axial,
cranial, and proximal regions of the body and later in

Figure 1 Characteristic malformed great toes and hallux
valgus.

Figure 2 Extensive heterotopic ossification on the back of an
FOP patient.

Figure 3 Anteroposterior radiograph of the feet of a three-year
old child showing symmetrical first toe malformations.
Reprinted from reference 14. Authors retain copyright.

Figure 4 Tumor-like swellings on the back representing early
FOP flare-ups.

Pignolo et al. Orphanet Journal of Rare Diseases 2011, 6:80
http://www.ojrd.com/content/6/1/80
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ECTOPIC CALCIFICATION ⎜GENETICS



PDGFB

DDX58

MMP3

XPR1

LMNA
GBA

TNAPSORT1

PCSK9

ELAM-1

GGCX
GALNT3

IFIH1

APoB

FETUIN-A

SOX2

CCR2
GPX-1

SPP1

MSX1

PDGFRB

ANKH

MSX2

ENPP1

NTE5/CD73

RUNX2

HDAC9

IL6

CALUSLC20A2

OPG
EPHX2

FGF23

MGP
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RANKL

HMGB1

ABCC6

VKORC1

TGM2

BMP2

LDLR�
ApoEPHOSPHO1

HNF1B
SOX9

ACE

ECTOPIC CALCIFICATION ⎜GENOMIC ARCHITECTURE
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Pseudoxanthoma 
elasticum(-like)

Progeria 
syndromes

Arterial calcification 
of infancy

Familial brain 
calcification

Tumoral 
calcinosis

Diabetes mellitus Chronic kidney diseaseMetabolic syndrome Dementia

PREDICT MONITOR PREVENT TREAT
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MGP ABCC6 FGF23

CORONARY ARTERY 
MINERALIZATION

Tumoral calcinosis

CKD-INDUCED 
MINERALIZATION

Pseudoxanthoma elasticum

WARFARIN-INDUCED 
MINERALIZATION

MGP null

Wild-Type

Keutel syndrome

FROM RARE TO COMMON ⎜CLINICAL EXAMPLES



43

TECHNICAL

CLINICAL

ETHICAL

・ Molecular technology choice�

・ Mapping the sequences�

・ Interpretation of genetic variation
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GENOMICS OF CALCIFICATION ⎜CHALLENGES



Expression profile

ATP

ATP

?

ABCC6

ABCC6
5 10 15 20 25 301

ABCC6�

• 31 exons �

• Spanning 73 kb�

• mRNA 4.5 kb open reading frame�

51
ABCC6-Ψ1

9 9

1
ABCC6-Ψ2

4 ABCC6-Ψ1 & Ψ2�

• 16p�

• 99.995% homology�

// //ABCC6Ψ2

3.9 Mb 74.6 Mb 27.2 Mb

1.3 Mb 2.3 Mb

Ψ1

promoter region

ABCC6 LOCUS: 16p13.11

ABCC6

PXE ⎜THE ABCC6 GENOMIC LOCUS



N =  286 missense variants

Verschuere et al. GIM, 2020

0%

25%

50%

75%

100%

class 1 class 2 class 3 class 4 class 5

10%

30%

59%

1%1%

17%
10%

69%

1%3%

Sherloc
ACMG-AMP

class �
1

class �
5

class �
4

class �
2

class �
3

VARIANTS OF UNKNOWN SIGNIFICANCE

133 out of 286 missense variants (47%) are (likely) pathogenic

class 3 LB class 3 U class 3 LP

31%

68%

1%

3�
LP

PXE ⎜ABCC6 MISSENSE VARIANT INTERPRETATION



p.(R391G) p.(V787I)

AF: 0.0078�
Enrichment: 2.89�
p=5x10-4

AF: 0.00057�
Enrichment: 9.53�
p=0.02

Szeri et al. Hum. Mutat., 2022

POPULATION�
GENETICS

20% 10%
ESTIMATED�
PENETRANCE

FUNCTIONAL�
VALIDATION

ABCC6ABCC6 ABCC6

UNDERLYING�
MECHANISM

Third ABCC6 variant in cis�

Second ABCC6 variant in trans�

PXE ⎜INCOMPLETE PENETRANT ABCC6 ALLELES



47

GENOTYPE

PA
TIE
NT
�

DI
AG
NO
SIS
 &
 

CO
UN
SE
LIN
G

PRESYM
PTOM

ATIC 

TEST

H
E
T
E
R
O
Z
Y
G
O
U
S
 

C
A
R
R
IE
R
S

A
LL
E
LE
-S
P
E
C
IF
IC
 

T
R
E
A
T
M
E
N
T

PRE-IMPLANTATION�
GENETIC�
DIAGNOSIS

GENOMICS ⎜CLINICAL APPLICATIONS



48

GENOTYPE

PA
TIE
NT
�

CO
UN
SE
LIN
G

PRESYM
PTOM

ATIC 

TEST

H
E
T
E
R
O
Z
Y
G
O
U
S
 

C
A
R
R
IE
R
S

Heterozygous carriers have a higher cardio- & cerebrovascular risk

GENOMICS ⎜TESTING FAMILY MEMBERS OF A PROBAND



49

1Nollet L, et al. J Med Genet 2021;0:1–9. doi:10.1136/jmedgenet-2020-107565

Original research

Clinical and subclinical findings in heterozygous 
ABCC6 carriers: results from a Belgian cohort and 
clinical practice guidelines
Lukas Nollet    ,1,2 Laurence Campens,3 Julie De Zaeytijd,4 Bart Leroy,4,5 
Dimitri Hemelsoet,6 Paul J Coucke,1,2 Olivier M Vanakker1,2

Phenotypes

To cite: Nollet L, Campens L, 
De Zaeytijd J, et al. 
J Med Genet Epub ahead of 
print: [please include Day 
Month Year]. doi:10.1136/
jmedgenet-2020-107565

 ► Additional supplemental 
material is published online 
only. To view please visit the 
journal online (http:// dx. doi. 
org/ 10. 1136/ jmedgenet- 
2020- 107565).

1Center for Medical Genetics, 
University Hospital Ghent, 
Ghent, Belgium
2Department of Biomolecular 
Medicine, Ghent University, 
Ghent, Belgium
3Department of Cardiology, 
University Hospital Ghent, 
Ghent, Belgium
4Department of Ophthalmology, 
University Hospital Ghent, 
Ghent, Belgium
5Division of Ophthalmology, 
The Children’s Hospital of 
Philadelphia, Philadelphia, 
Pennsylvania, USA
6Department of Neurology, 
University Hospital Ghent, 
Ghent, Belgium

Correspondence to
Dr Olivier M Vanakker, Center 
for Medical Genetics, University 
Hospital Ghent, Ghent, Belgium;  
 Olivier. vanakker@ ugent. be

Received 4 November 2020
Revised 23 February 2021
Accepted 6 March 2021

© Author(s) (or their 
employer(s)) 2021. No 
commercial re- use. See rights 
and permissions. Published 
by BMJ.

ABSTRACT
Background Biallelic pathogenic variants in the 
ATP- binding cassette subfamily C member 6 (ABCC6) 
gene cause pseudoxanthoma elasticum, a multisystemic 
ectopic calcification disorder, while heterozygous 
ABCC6 variants are associated with an increased risk 
of cardiovascular and cerebrovascular disease. As 
the prevalence of pathogenic ABCC6 variants in the 
general population is estimated at ~1%, identifying 
additional ABCC6- related (sub)clinical manifestations 
in heterozygous carriers is of the utmost importance to 
reduce this burden of disease. Here, we present a large 
Belgian cohort of heterozygous ABCC6 carriers with 
comprehensive clinical, biochemical and imaging data. 
Based on these results, we formulate clinical practice 
guidelines regarding screening, preventive measures and 
follow- up of ABCC6 carriers.
Methods The phenotype of 56 individuals carrying 
heterozygous pathogenic ABCC6 variants was 
assessed using clinical (eg, detailed ophthalmological 
examinations), biochemical, imaging (eg, cardiovascular 
and abdominal ultrasound) and genetic data. Clinical 
practice guidelines were then drawn up.
Results We found that ABCC6 heterozygosity is 
associated with distinct retinal alterations (’comet- 
like’) (24%), high prevalence of hypercholesterolaemia 
(>75%) and diastolic dysfunction (33%), accelerated 
lower limb atherosclerosis and medial vascular disease, 
abdominal organ calcification (26%) and testicular 
microlithiasis (28%), though with highly variable 
expression.
Conclusion In this study, we delineated the 
multisystemic ABCC6 heterozygosity phenotype 
characterised by retinal alterations, aberrant lipid 
metabolism, diastolic dysfunction and increased vascular, 
abdominal and testicular calcifications. Our clinical 
practice guidelines aimed to improve early diagnosis, 
treatment and follow- up of ABCC6- related health 
problems.

INTRODUCTION
The human ATP- binding cassette subfamily C 
member 6 (ABCC6) gene encodes the transmem-
brane ABCC6 transporter, which is primarily 
expressed in the liver and kidneys.1 Biallelic loss- of- 
function variants in this gene cause the autosomal 
recessive disorder pseudoxanthoma elasticum (PXE, 
Online Mendelian Inheritance in Man (OMIM) 
#264800), a paradigm for ectopic calcification 

diseases.2 3 PXE is characterised by calcification and 
fragmentation of elastic fibres in the skin, eyes and 
cardiovascular system resulting in a broad range of 
clinical manifestations such as cutaneous yellowish 
papules, ocular angioid streaks and comet lesions, 
and medial vascular calcification.4 The disorder 
is associated with significant morbidity and occa-
sional mortality due to cardiovascular events (eg, 
myocardial infarction and ischaemic stroke).5 6 In 
rare cases, identical biallelic ABCC6 variants may 
result in the early- onset, mostly lethal disorder 
generalised arterial calcification of infancy (GACI; 
OMIM #208000) rather than in PXE. GACI 
patients develop an acute phenotype involving 
calcifications and intimal proliferation in multiple 
arteries, resulting in severe cardiovascular compro-
mise and death in utero or early infancy.7

Although pathogenic ABCC6 alleles follow a 
recessive inheritance pattern, previous studies have 
shown that individuals carrying a heterozygous 
ABCC6 variant are at increased risk of developing 
cardiovascular and cerebrovascular disease without 
exhibiting the typical PXE phenotype.8 9

In a large case–control study in patients suffering 
from premature coronary artery disease (CAD), 
Trip et al 10 found that the heterozygous p.(R1141*) 
nonsense variant was 4.2 times more prevalent 
among patients than among controls. These results 
were confirmed in a Caucasian CAD patient group, 
showing an OR of 10.5 for p.(R1141*) carriers.11 
However, a later study by Hornstrup et al12 failed 
to identify the heterozygous p.(R1141*) variant as a 
significant risk factor for ischaemic vascular disease.

Cardiac and vascular imaging of ABCC6 carriers 
performed by Campens et al13 revealed a signifi-
cantly higher prevalence of diastolic dysfunc-
tion with prolonged deceleration time in carriers 
compared with healthy controls, as well as a higher 
carotid intima–media thickness, suggestive of accel-
erated atherosclerosis in these individuals.

As patients with PXE suffer from severe retinal 
alterations, Gliem et al14 investigated whether 
a similar ocular phenotype could be identified in 
ABCC6 carriers. Non- specific atrophic retinal 
alterations and reticular pseudodrusen were 
more frequently found in carriers compared with 
controls, with increasing prevalence at older age.14

To date, only a handful of studies regarding the 
effects of ABCC6 heterozygosity—mainly focusing 
on cardiovascular disease—have been published. As 
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PRE-IMPLANTATION GENETIC DIAGNOSIS

ABCC6 BEYOND PXE

De Vilder et al. 

Letavernier et al. 
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prenatal (ultra-fast) Mendeliome analysis

Untargeted exome analysis
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ECTOPIC CALCIFICATION ⎜MANAGEMENT



Dermatology Ophthalmology Cardiology Vascular surgery

Psychology Neurology Plastic surgery Radiology

Non-invasive 
vascular surgery Internal Medicine Paediatrics Cardiosurgery

ECTOPIC MINERALIZATION ⎜MANAGEMENT

MULTIDISCIPLINARY

Clinical & molecular genetics
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・No contact sports 

・Avoid ball sports 

・No deep sea diving / mountain climbing 

・No longterm NSAIDs 

・Avoid anti-coagulants 

ECTOPIC MINERALIZATION ⎜PREVENTION



Anti-VEGF 
antibodies

Vascular 
stenting

Subcutaneous 
lipofilling

Early treatment of the complications

ECTOPIC MINERALIZATION ⎜SYMPTOMATIC TREATMENT



ECTOPIC MINERALIZATION ⎜TREATMENT

DISEASE-SPECIFIC TREATMENT

Gene therapy Allele-specific therapy Stem cell treatment

CALCIFICATION-DIRECTED TREATMENT

Stop progression Reverse ectopic calcification Reverse matrix damage



Bisphosphonates�

 PPi supplementation

ENPP1 recombinant protein TNAP inhibition

DTPA-Nanoparticle treatment
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TREATMENT ⎜NANOPARTICLE TREATMENT

www.elastrin.com

http://www.elastrin.com


TREATMENT ⎜NANOPARTICLE TREATMENT

Feldmann et al, IJMS, 2023



ECTOPIC CALCIFICATION ⎜MONITORING



MINERALIZATION ⎜DIAGNOSIS AND MONITORING

PPi



Primary CPP Secondary CPP
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MONITORING ⎜T50 CALCIFICATION PROPENSITY

Nollet et al., J Clin Med, 2022



ECTOPIC MINERALIZATION ⎜INTEGRATIVE APPROACH
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Instagram: @ectopicmineralizationresearch
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www.itnintec.com

http://www.itnintec.com


ECTOPIC MINERALIZATION ⎜TAKE HOME MESSAGES

・MULTIFACETTED PATHOPHYSIOLOGY 

・HEREDITARY & COMMON DISORDERS AS WELL AS AGING  

・DIRECT RELATION TO MORBIDITY AND MORTALITY 

・HIGHLY VARIABLE PHENOTYPES 

・DIAGNOSIS BASED ON COMBINED CLINICAL, MOLECULAR & BIOCHEMICAL EVALUATION 

・SHOULD BE CONSIDERED A SEPARATE AND UNIQUE DISEASE ENTITY 

・OPTIMAL CARE REQUIRES AN INTEGRATIVE MANAGEMENT APPROACH



EMRg ⎜GHENT ECTOPIC MINERALIZATION RESEARCH GROUP
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R @ectopicmineralizationresearch

INTEC ⎜INTERNATIONAL NETWORK ON ECTOPIC CALCIFICATION

www.itnintec.com

ISSEC ⎜INTERNATIONAL SCIENTIFIC SOCIETY OF ECTOPIC CALCIFICATION

CEi
International Scientific Society 


of Ectopic Calcification

www.issec.org


