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Pseudoxanthoma elasticum (PXE) is a rare autosomal recessive disease clinically
characterised by early cutaneous alterations, and by late clinically relevant ocular, and
cardiovascular manifestations. ABCC6 genetic tests are used to confirm clinical PXE
diagnosis, but this strategy may be rather challenging when only one ABCC6 pathogenic
variant is found. A next-generation sequencing approach focusing on 362 genes related
to the calcification process and/or to inherited retinal diseases was performed on a
patient with clinical PXE diagnosis (skin papules and laxity, angioid streaks, and atrophy)
who was carrier of only one ABCC6 rare sequence variant. Beside ABCC6, several
rare sequence variants were detected which can contribute either to the occurrence
of calcification (GGCX and SERPINF1 genes) and/or to ophthalmological manifestations
(ABCA4, AGBL5, CLUAP1, and KCNV2 genes). This wide-spectrum analysis approach
facilitates the identification of rare variants possibly involved in PXE, thus avoiding invasive
skin biopsy as well as expensive and time-consuming diagnostic odyssey and allows to
broaden and to deepen the knowledge on this complex rare disease and to improve
patients’ counselling, also with a future perspective of personalised medicine.
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INTRODUCTION

Pseudoxanthoma elasticum (PXE; OMIM#264800) is an inherited disorder characterised by
calcified elastic fibres (1). The skin, around puberty, is affected by papules in flexural areas
and these alterations are the first clinical signs that are investigated and diagnosed by
dermatologists. Skin plaques and/or skin laxity may further develop during disease progression
(2). Ophthalmological manifestations (i.e., peau dorange, angioid streaks, and comet lesions)
remain clinically silent for at least three decades. Choroidal-neovascularization (CNV) and
possibly also dystrophy and atrophy are added over time leading to progressive loss of visual
acuity (3, 4). Vascular complications are represented by peripheral artery disease, claudication
intermittent and in few cases by stroke, transient ischemic attack, and heart attack (5).
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PXE patients are typically carriers of two pathogenic variants
in the ABCC6 gene, even though in ~10% of clinically affected
patients only one sequence variant can be detected. Moreover,
there are a number of pathologic conditions, overlapping the
PXE phenotype, where other genes, as y-glutamyl carboxylase
(GGCX) or ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1), have a pathogenic role (6-8).

In addition, the heterogeneity of the PXE phenotype in terms
of number of organs involved, of disease onset and severity
suggested the involvement of modifier genes (9).

Within this context, PXE diagnosis as well as patients’
counselling can benefit from the use of next-generation
sequencing technologies allowing to facilitate and to broaden the
identification of genes that can be involved in the disease.

CASE REPORT

A 56-year-old female showed papules on neck and axillae as
well as marked skin laxity and redundance (i.e., neck, axillae,
periumbelican area, groyne, and inner thighs) (Figure 1A).
Ophthalmological examinations revealed angioid streaks
and peau d’orange. The right eye exhibited CNV requiring
2 treatments with intravitreal anti-VEGF injections, a large
peripapillary atrophy and a small juxtafoveal scar. Optical
coherence tomography demonstrated also
retinal pigment epithelium (RPE)-Bruch’s membrane complex
abnormalities nasally to the fovea (Figures 1B-E).

Clinical laboratory tests (i.e., alkaline phosphatase, calcium,
phosphorus, magnesium, zinc, iron and blood clotting factors)
were within reference ranges.

Unexpectedly, molecular analysis of the ABCC6 gene by
Sanger sequencing detected only a monoallelic pathogenic
variant (c.4198G>A) (10). Multiplex ligation-dependent probe
amplification was negative.

In order to investigate the involvement of other genes, we
conducted a whole exome sequencing analysis, performed
as already described (11), focusing on 362 genes of which
41 (Supplementary Table 1) have been associated with
calcification-related diseases, according to UniProtKB, or
with the mineralization process (8, 9), whereas 321 genes
(RetNet, https://sph.uth.edu/retnet/) were known as causative of
inherited retinal diseases (e.g., macular degeneration, Stargardt
disease, retinal atrophy). Using a human genomic variant
search engine (VarSome; https://varsome.com) (12), detected
rare sequence variants (RSV) were classified as benign, likely
benign, uncertain significance, likely pathogenic and pathogenic,
according to the guidelines of American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology (13). RSVs classified as benign or likely benign are
not shown. Furthermore, for each detected RSV, an additional
search was also performed in PubMed looking for functional
studies of altered sequences and for the occurrence of known
gene interactions.

Table 1 shows rare sequence variants found in patient.

A new RSV was detected on GGCX (c.193A>G) and was
classified as likely pathogenic by VarSome.

examination

Patient was also carrier of a RSV in the Serpin
Family F Member 1 gene (SERPINFI) (c.200G>A) that
was classified of uncertain significance by VarSome.
Interestingly, this RSV determines the substitution of
Arg in position 67 with Gln. Searching of the literature
revealed that, according to mutagenesis analysis studies,
Arg67GIn and Arg69GIn have a biological significance

inducing an alteration of the nuclear import of the
protein (15).
Furthermore, a detected monoallelic ABCA4 variant

(c.1928T>G) was reported as likely pathogenic in VarSome and
in the literature (14, 16).

Finally, a non-sense pathogenic RSVs were found in CLUAPI
(c.465T>A), whereas missense RSV were detected in the AGBL5
(c.2227T>G) and KCNV2 (c.349G>A) genes. These last two
variants were classified of uncertain significance by VarSome.

DISCUSSION AND CONCLUSION

PXE is a multisystemic disease, although dermatologists, due to
early cutaneous manifestations, are frequently the first physicians
to be involved, and therefore even single case reports are
instrumental to deepen the knowledge on the challenging
complexity of this rare disease.

In particular, the GGCX gene encodes a y-glutamyl
carboxylase, an enzyme required for the activation of vitamin
K-dependent proteins (e.g., blood coagulation factors and matrix
Gla protein-MGP). The carboxylated form of MGP is a key
factor in preventing ectopic calcification and reduced y-glutamyl
carboxylase activity implies a decreased carboxylation of MGP,
thus favouring pathologic mineralization. Mutations in GGCX
have been described in patients with retinitis pigmentosa, cutis
laxa, and pseudoxanthoma elasticum-like skin manifestations
(17). Moreover, RSVs in ABCC6 and GGCX have been reported
in a family with PXE without coagulation disorder (6). Blood
coagulation tests performed on our patient did not reveal
decreased levels of vitamin K-dependent clotting factors,
consistently with the observation that a single RSV on GGCX
gene is not sufficient to reduce the clotting factor activity (18).
Our data support the occurrence of a GGCX and ABCC6 PXE
digenic inheritance (6).

Interestingly, we found a RSV in SERPINFI gene, which
encodes PEDF (pigment epithelium-derived factor), a molecule
that, depending on cell type and tissue context, can modulate
the expression of osteogenic genes (e.g., ALP, Runx2, BMP-2)
as well as angiogenesis, being a potent inhibitor of ocular blood
vessels’ growth. We have already demonstrated the accumulation
of PEDF in the calcified skin (19, 20), and alterations in
PEDF expression/secretion have been also correlated to the
development of CNV and to the pathophysiology of retinal
diseases (21). PEDF is both a secreted extracellular and
intracellular protein and mutagenesis studies on Arg residues
in position 67 and 69 showed that nuclear import of PEDF
is compromised and therefore the anti-angiogenic function of
PEDF may be modified (15), further supporting the possible
involvement of this molecule in PXE.
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membrane complex.

FIGURE 1 | (A) Skin plagques and skin laxity in the axillary area. (B,C) Colour fundus photographs of the posterior pole of the right and left eye, respectively. A large
peripapillary atrophic area (B) and angioid streak passing through the fovea (C) are evident. (D,E) Optical coherence tomography examinations of the right and left
eye, respectively. The atrophy of the retinal pigment epithelium (RPE) is evident in the right eye (arrowheads). Arrows show the abnormalities of the RPE-Bruch’s

TABLE 1 | List of rare sequence variants found in patient in heterozygous state.

Gene/Chr- Nucleotide/Amino Freq ExXAC Freq GnomAD Freq 1000G dbSNP VarSome Calcification-related RetNet References
Exon acid change genes gene

ABCA4 c.1928T>G 0.001346 0.00172 0.0010 rs61754024  LP ] (14)
Chr1-Ex13 p.Val643Gly

ABCC6 c.4198G>A 0.000009 / / rs63751241 P 0 O (10)
Chr16-Ex29  p.Glu1400Lys

AGBL5 c.2227T>G 0.000058 0.00006 / rs779635578 VUS o This study
Chr2-Ex12 p.Ser743Ala

CLUAP1 C.465T>A / / / / P o This study
Chr16-Ex5 p.Tyr1565Ter

GGCX c.193A>G / / / / LP 0 This study
Chr2-Ex2 p.Met122Val

KCNV2 €.349G>A 0.00017 0.000064 0.0002 rs200353727 VUS o This study
Chro-Ex1 p.Gly117Ser

SERPINF1 €.200G>A 0.000025 / / rs753681259 VUS 0 (15)
Chro-Ex3 p.Arg67GIn

Chr, chromosome; Freq, frequency; EXAC, Exome Aggregation Consortium, GnomAD, Genome Aggregation Database; 1000G, 1000 Genomes; /, no data available; dbSNP, single
nucleotide polymorphism database; VarSome, https.//varsome.com; LR, likely pathogenic; R, pathogenic; VUS, uncertain significance; RetNet, https://sph.uth.edu/retnet/.

The ABCA4 gene encodes an ATP-binding cassette
transporter expressed in the RPE and acting as an inward-
directed retinoid flipase. RSVs in this gene determine damage
to photoreceptors and to the RPE, causing retinal dystrophies
(i.e., from mild fundus flavimaculatus to cono-rod dystrophy,
age-related macular degeneration-2, retinitis pigmentosa-like
phenotypes, up to retinal atrophy) (14) that have been also
described in PXE patients. A recent study reported a patient
with two rare variants in the ABCC6 gene and homozygosity for
ABCA4 RSV suggesting a synergic interaction causing alterations
of RPE and/or of photoreceptor function and mineralization of
the Bruch’s membrane (22). Although the inheritance of these
retinal diseases follows an autosomal recessive pattern, some
Authors have suggested that patients with only a single rare
ABCA4 variant can represent a subgroup of age-related macular
degeneration or of a late-onset Stargardt’s disease (23, 24).

Multigene analysis also detected RSVs in CLUAPI1, AGBL5,
and KCNV2 genes, which are responsible for Leber congenital
amaurosis, retinitis pigmentosa, and cone dystrophy, respectively
(https://sph.uth.edu/retnet/). At present, these genes and/or their
products have been never related to PXE, nevertheless we cannot
rule out the possibility that, in combination with mutations
in other genes, these variants may play a role in patients
ophthalmological manifestations.

In conclusion, rare sequence variants in GGCX and ABCC6 or
in ABCA4 and ABCC6 have been sporadically reported in single
PXE patients (6, 22), whereas no association has been observed
between SERPINFI and ABCC6 genes. For the first time, all these
four genes are described in a patient clinically diagnosed as PXE,
reinforcing the hypothesis that RSVs in these genes, but possibly
also in other genes, may contribute to the development and
progression of multisystemic clinical manifestations and to the
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heterogeneity of the PXE phenotype acting in a complementary
and/or synergic manner either as causative or as modifier genes.

Physicians may experience difficulties when facing rare
diseases with clinical overlapping phenotypes and obstacles may
arise for the appropriate recognition of clinical manifestations
and for reaching a final diagnosis. Therefore, within this
context, PXE patients, as well as their medical doctor, can
benefit from the use of multigene analyses which can: (i)
facilitate the identification of rare sequence variants involved
in the disease, thus avoiding invasive approaches (i.e., skin
biopsy required to reveal elastic fibre mineralization when
ABCC6 test does not confirm clinical diagnosis), as well
as expensive and time-consuming diagnostic odyssey before
reaching a final diagnosis; (ii) deepen the knowledge on the
disease in order to better understand the heterogeneity of
phenotypic features and of diseases progression and (iii) improve
patients’ counselling also in a future perspective of personalised
medicine approaches.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author/s.

REFERENCES

1. Boraldi E, Tonelli M, Gheduzzi D, Ronchetti IP, Quaglino D. Identification of
mineralized elastic fibers on wet samples by SEM. Microsc Res Tech. (2005)
67:296-9. doi: 10.1002/jemt.20212
2. Neidner KH. Cutaneous manifestations. Clin
6:14-28. doi: 10.1016/0738-081X(88)90007-7
3. Murro V, Mucciolo DP, Giorgio D, Pavese L, Boraldi F, Quaglino D, et al.
Adaptive optics imaging in patients affected by Pseudoxanthoma elasticum.
Am ] Ophthalmol. (2020) 224:84-95. doi: 10.1016/j.2j0.2020.12.007
4. Boraldi F, Murro V, Lofaro FD, Mucciolo DP, Costa S, Pavese L,
et al. Phenotypic features and genetic findings in a cohort of Italian
Pseudoxanthoma elasticumn patients and update of the ophthalmologic
evaluation score. J Clin Med. (2021) 10:2710. doi: 10.3390/jcm10122710
5. Lefthériotis G, Omarjee L, Le Saux O, Henrion D, Abraham P, Prunier F, et al.
The vascular phenotype in Pseudoxanthoma elasticum and related disorders:
contribution of a genetic disease to the understanding of vascular calcification.
Front Genet. (2013) 4:4. doi: 10.3389/fgene.2013.00004
6. Li Q, Grange DK, Armstrong NL, Whelan AJ, Hurley MY, Rishavy
MA, et al. Mutations in the GGCX and ABCC6 genes in a family
with pseudoxanthoma elasticum-like phenotypes. J Invest Dermatol. (2009)
129:553-63. doi: 10.1038/jid.2008.271
7. Nitschke Y, Baujat G, Botschen U, Wittkampf T, du Moulin M, Stella J, et al.
Generalized arterial calcification of infancy and pseudoxanthoma elasticum
can be caused by mutations in either ENPP1 or ABCC6. Am ] Hum Genet.
(2012) 90:25-39. doi: 10.1016/j.ajhg.2011.11.020
8. Boraldi F, Lofaro FD, Costa S, Moscarelli P, Quaglino D. Rare co-occurrence
of beta-thalassemia and pseudoxanthoma elasticum: novel biomolecular
findings. Front Med. (2020) 6:322. doi: 10.3389/fmed.2019.00322
9. Luo H, Faghankhani M, Cao Y, Uitto ], Li Q. Molecular genetics
genes in pseudoxanthoma elasticum, a heritable
multisystem ectopic mineralization disorder. ] Invest Dermatol. (2020)
141:1148-56. doi: 10.1016/j.jid.2020.10.013

10. Chassaing N, Martin L, Mazereeuw J, Barri¢ L, Nizard S, Bonafé J-L, et al.
Novel ABCC6 mutations in pseudoxanthoma elasticum. J Invest Dermatol.
(2004) 122:608-13. doi: 10.1111/j.0022-202X.2004.22312.x

Dermatol.  (1988)

and modifier

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committees (Project ID: 2018/13014). The
patient provided her written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

All authors contributed to the analysis of the data, contributed to
manuscript revision, read, and approved the submitted version.

FUNDING

This study was supported by PXE Italia Odv, Grant No.
E96C18000600007. LP was a recipient of a fellowship by PXE
Italia Odv.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2021.726856/full#supplementary-material

Supplementary Table 1 | List of genes responsible for calcification-related
diseases or playing a role in the calcification process.

11. Boraldi F Lofaro FD, Romano O, Grilli A, Losi L, Moscarelli P, et al.
Exome sequencing and bioinformatic approaches reveals rare sequence
variants involved in cell signalling and elastic fibre homeostasis: new
evidence in the development of ectopic calcification. Cell Signal. (2019)
59:131-40. doi: 10.1016/j.cellsig.2019.03.020

12. Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Aguilera M, Meyer
R, et al. VarSome: the human genomic variant search engine. Bioinformatics.
(2019) 35:1978-80. doi: 10.1093/bioinformatics/bty897

13. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al.
Standards and guidelines for the interpretation 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)
17:405-24. doi: 10.1038/gim.2015.30

14. Schulz HL, Grassmann E Kellner U, Spital G, Rither K, Jigle H,
et al. Mutation spectrum of the ABCA4 gene in 335 stargardt disease
patients from a multicenter german cohort-impact of selected deep
intronic variants and common SNPs. Invest Ophthalmol Vis Sci. (2017)
58:394-403. doi: 10.1167/i0vs.16-19936

15. Anguissola S, McCormack W], Morrin MA, Higgins WJ, Fox DM,
Worrall DM. Pigment epithelium-derived factor (PEDF) interacts with
transportin SR2, and active nuclear import is facilitated by a novel nuclear
localization motif. PLoS ONE. (2011) 6:¢26234. doi: 10.1371/journal.pone.00
26234

16. Eisenberger T, Neuhaus C, Khan AO, Decker C, Preising MN, Friedburg
C, et al. Increasing the yield in targeted next-generation sequencing
by implicating CNV analysis, non-coding exons and the overall
variant load: the example of retinal dystrophies. PLoS ONE. (2013)
8:€78496. doi: 10.1371/journal.pone.0078496

17. Kariminejad A, Bozorgmehr B, Najafi A, Khoshaeen A, Ghalandari M,
Najmabadi H, et al. Retinitis pigmentosa, cutis laxa, and pseudoxanthoma
elasticum-like skin manifestations associated with GGCX mutations. J Invest
Dermatol. (2014) 134:2331-8. doi: 10.1038/jid.2014.191

18. Ghosh S, Kraus K, Biswas A, Miiller J, Buhl A-L, Forin E et al. GGCX
mutations show different responses to vitamin K thereby determining the
severity of the hemorrhagic phenotype in VKCFDI1 patients. ] Thromb
Haemost. (2021) 19:1412-24. doi: 10.1111/jth.15238

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 726856


https://www.frontiersin.org/articles/10.3389/fmed.2021.726856/full#supplementary-material
https://doi.org/10.1002/jemt.20212
https://doi.org/10.1016/0738-081X(88)90007-7
https://doi.org/10.1016/j.ajo.2020.12.007
https://doi.org/10.3390/jcm10122710
https://doi.org/10.3389/fgene.2013.00004
https://doi.org/10.1038/jid.2008.271
https://doi.org/10.1016/j.ajhg.2011.11.020
https://doi.org/10.3389/fmed.2019.00322
https://doi.org/10.1016/j.jid.2020.10.013
https://doi.org/10.1111/j.0022-202X.2004.22312.x
https://doi.org/10.1016/j.cellsig.2019.03.020
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1167/iovs.16-19936
https://doi.org/10.1371/journal.pone.0026234
https://doi.org/10.1371/journal.pone.0078496
https://doi.org/10.1038/jid.2014.191
https://doi.org/10.1111/jth.15238
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Lofaro et al.

Multigene Analysis and PXE

19.

20.

21.

22.

23.

24.

Boraldi F, Losi L, Quaglino D. Pigment epithelial-derived factor: a new
player in the calcification of dermal elastic fibre? Br J Dermatol. (2017)
177:¢44-6. doi: 10.1111/bjd.15223

Taverna D, Boraldi F De Santis G, Caprioli RM, Quaglino D. Histology-
directed and imaging mass spectrometry: an emerging technology in
ectopic calcification. Bone. (2015) 74:83-94. doi: 10.1016/j.bone.2015.
01.004

Chen Y, Yang J, Geng H, Li L, Li ], Cheng B, et al. Photoreceptor degeneration
in microphthalmia (Mitf) mice: partial rescue by pigment epithelium-
derived factor. Dis Model Mech. (2019) 12:dmm035642. doi: 10.1242/dmm.
035642

Mahroo OA, Fujinami K, Moore AT, Webster AR. Retinal findings
in a patient with mutations in ABCC6 and ABCA4. Eye. (2018)
32:1542-3. doi: 10.1038/s41433-018-0106-3

Fritsche LG, Fleckenstein M, Fiebig BS, Schmitz-Valckenberg S, Bindewald-
Wittich A, Keilhauer CN, et al. A subgroup of age-related macular
degeneration is associated with mono-allelic sequence variants in the ABCA4
gene. Invest Ophthalmol Vis Sci. (2012) 53:2112-8. doi: 10.1167/iovs.11-
8785

Westeneng-van Haaften SC, Boon CJE Cremers
LH, den Hollander AI, Hoyng CB. Clinical

FPM, Hoefsloot
and  genetic

characteristics of late-onset Stargardt’s disease. Ophthalmology. (2012)
119:1199-210. doi: 10.1016/j.0phtha.2012.01.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Lofaro, Mucciolo, Murro, Pavese, Quaglino and Boraldi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Medicine | www.frontiersin.org

August 2021 | Volume 8 | Article 726856


https://doi.org/10.1111/bjd.15223
https://doi.org/10.1016/j.bone.2015.01.004
https://doi.org/10.1242/dmm.035642
https://doi.org/10.1038/s41433-018-0106-3
https://doi.org/10.1167/iovs.11-8785
https://doi.org/10.1016/j.ophtha.2012.01.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	From Clinical Diagnosis to the Discovery of Multigene Rare Sequence Variants in Pseudoxanthoma elasticum: A Case Report
	Introduction
	Case Report
	Discussion and Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


