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ABSTRACT 

Pseudoxanthoma elasticum (PXE), a heritable multi-system ectopic mineralization disorder, is 

caused by inactivating mutations in the ABCC6 gene. The encoded protein ABCC6, a 

transmembrane transporter, has a specialized efflux function in hepatocytes by contributing to 

plasma levels of PPi, a potent inhibitor of mineralization in soft connective tissues. Reduced 

plasma PPi levels underlie the ectopic mineralization in PXE. In this study, we characterized the 

pathogenicity of three human ABCC6 missense variants using an adenovirus-mediated liver-

specific ABCC6 transgene expression system in an Abcc6-/- mouse model of PXE. Variants 

p.L420V and p.R1064W were found benign as they had abundance and plasma membrane 

localization in hepatocytes similar to the wild-type human ABCC6 transgene, normalized plasma 

PPi levels and prevented mineralization in the dermal sheath of vibrissae in muzzle skin, a 

phenotypic hallmark in the Abcc6-/- mice. In contrast, p.S400F was shown to be pathogenic as it 

failed to normalize plasma PPi levels and had no effect on ectopic mineralization despite normal 

expression and proper localization in hepatocytes. These results demonstrated that adenovirus-

mediated hepatic ABCC6 expression in Abcc6-/- mice can provide a model system to effectively 

elucidate the multifaceted functional consequences of human ABCC6 missense variants 

identified in patients with PXE. 
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INTRODUCTION 

The ABCC6 gene encodes the putative transmembrane efflux transporter ABCC6 which is 

predominantly expressed in hepatocytes. Loss-of-function mutations in ABCC6 result in 

pseudoxanthoma elasticum (PXE), a late onset ectopic mineralization disorder, with clinical 

manifestations in the skin, eyes, and cardiovascular system (Bergen et al., 2000, Le Saux et al., 

2000, Ringpfeil et al., 2000). Inactivating mutations in ABCC6 can also cause generalized 

arterial calcification of infancy (GACI type II), an early onset and severe vascular calcification 

disorder in infants (Li et al., 2014, Nitschke et al., 2012). The lack of ABCC6 expression in 

clinically affected tissues suggests the long-range effects of the transporter in the liver. While the 

substrate of ABCC6 remains unknown, early studies demonstrated that PXE is a metabolic 

disorder caused by defective ABCC6 transport activity in the liver resulting in reduced 

circulating levels of an anti-calcifying factor, placing ABCC6 at a pivotal role in the regulation 

of connective tissue mineralization (Jiang et al., 2009). Recent data demonstrated that hepatic 

ABCC6 facilitates the extracellular release of adenosine triphosphate (ATP) which provides a 

crucial source of systemic inorganic pyrophosphate (PPi), a potent endogenous mineralization 

inhibitor (Jansen et al., 2014, Jansen et al., 2013). The role of ABCC6-mediated ATP release was 

supported by the observations of reduced levels of PPi in the plasma of Abcc6-/- mice and rats as 

well as in patients with PXE (Jansen et al., 2014, Li et al., 2019, Li et al., 2017). Thus, absence 

of ABCC6-dependent ATP release and reduced plasma PPi levels are critical pathogenic features 

of PXE. 

        To date, more than 300 distinct variants in the ABCC6 gene have been identified in PXE 

patients, however, the pathogenicity of many of these variants is unclear (Luo et al., 2020). With 

the exception of p.R1141* and del23-29, two predominant recurrent pathogenic variants in 
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ABCC6, all other variants are rare and private often limited to a single family or individual, and 

consequently, traditional approaches to establish pathogenicity, such as variant segregation within 

a pedigree or identification of independent families, are infeasible.  

        Missense variants are the most frequent and account for more than 50% of all types of variants 

in ABCC6 (Legrand et al., 2017, Li et al., 2009). The annotation of missense variants has primarily 

relied on the predictions by in silico algorithms. However, these programs do not often provide 

consistent predictions. In addition, many of them are classified as variants of unknown significance 

(VUS), posing a huge dilemma in genetic counselling (Verschuere et al., 2021). Due to the 

metabolic nature of PXE and the biological role of hepatic ABCC6 in systemic PPi homeostasis, 

the establishment of the link between ABCC6 functionality in the liver and mineralization in distal 

tissues requires specialized assays. In this study, we experimentally assessed the outcomes of three 

human ABCC6 missense variants, p.S400F, p.L420V, and p.R1064W, for which in silico 

predictions are uncertain. Utilizing an Abcc6-/- mouse model of PXE (Klement et al., 2005), the 

pathogenicity of these variants was assessed for the abundance and localization of their 

corresponding mutant proteins, as well as plasma PPi levels and the extent of tissue mineralization. 

The adenovirus-mediated liver-specific human ABCC6 transgene expression system provided a 

useful approach to determine whether a missense variant in ABCC6 is disease-associated. 

 

RESULTS 

In silico predictions of the pathogenicity of human ABCC6 missense variants 

A number of computational programs with different algorithms and metrics were used to predict 

the pathogenicity of three human ABCC6 missense variants, p.S400F, p.L420V, and p.R1064W 

(Table 1). First, p.S400F and p.L420V are rare with a minor allele frequency (MAF) < 0.005% in 
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the ExAC and gnomAD general population databases. In contrast, p.R1064W has a high MAF of 

2% with 86 healthy individuals homozygous for this sequence variant. Second, we analyzed the 

predictions of these variants from Franklin which lists over ten different prediction algorithms 

including MutationTaster, PolyPhen-2, and Sift, which are commonly used to predict whether a 

variant affects the function of the protein. The aggregated prediction is disease-causing for all 

three variants although discrepancies occur among these algorithms. Third, p.S400F and 

p.L420V are classified as variants of unknown significance (VUS) and 3-U (3-unknown) 

following the latest guidelines set forth by the American College of Medical Genetics and 

Genomics/Association for Molecular Pathology (ACMG/AMP) and Sherloc, respectively 

(Nykamp et al., 2017, Richards et al., 2015). ACMG/AMP classifies p.R1064W as pathogenic 

(P), however, Sherloc annotates it as benign (1-B). Lastly, the damaging score of each variant 

was calculated using the Combined Annotation–Dependent Depletion (CADD), a recently 

developed method combining more than 60 diverse annotations into a single measure (CADD 

score) (Kircher et al., 2014, Rentzsch et al., 2019). While the program does not declare a single 

universal cut-off value, a score of 20 and 10 indicates the variants are among the top 1% and 

10%, respectively, most deleterious to the human genome. The uncertainty and inconsistency of 

current predictions prompted us to investigate the pathogenicity of these missense variants in 

vitro and in an ABCC6 gene-specific experimental system in vivo. 

 

In vitro characterization of human ABCC6 missense variants 

To determine whether missense variants affect expression of the mutant ABCC6 protein, 

adenovirus vectors carrying either wild-type (WT) human ABCC6 cDNA or variant p.S400F, 

p.L420V, and p.R1064W, were generated and transduced into mouse liver hepatoma cells at 
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different multiplicities of infection (MOI). Transduced cells demonstrated dose-dependent 

expression of WT and mutant human ABCC6 proteins (Figure 1).  

 

In vivo characterization of human ABCC6 missense variants 

Recombinant adenovirus carrying human ABCC6 cDNA, either WT or p.S400F, p.L420V and 

p.R1064W, was administered intravenously to Abcc6-/- mice on Rag1-/- immunodeficient 

background (Huang et al., 2019). Injection of the adenoviruses were initiated in these mice at six 

weeks of age, a time point of the earliest stages of ectopic mineralization (Klement et al., 2005). 

Each mouse received 4x108 infectious unit (IFU), the same dose that was shown to normalize 

plasma PPi levels by the WT human ABCC6 protein (Huang et al., 2019). One week after 

injection, some of these mice were euthanized and their livers were collected for the 

determination of ABCC6 expression by immunostaining with an antibody against human 

ABCC6. The abundance of all three ABCC6 mutant proteins was indistinguishable from the WT 

human ABCC6 protein (data not shown). As missense variants may affect protein stability due to 

alterations in intracellular trafficking, the abundance and localization of the corresponding 

mutant ABCC6 proteins was also analyzed four weeks after injection (Figure 2). The levels of 

mutant human ABCC6 proteins were sustained up to four weeks, similar to the WT protein. In 

addition, dual immunostaining with antibodies against human ABCC6 and Na,K-ATPase, a 

plasma membrane marker at the basolateral side of hepatocytes, demonstrated co-localization for 

WT and all three ABCC6 mutants (Figure 2). To further quantify human ABCC6 at the protein 

level, Western blot was performed with total proteins extracted from mouse livers. The Abcc6-/-

Rag1-/- mice, four weeks after injection of recombinant adenoviruses, showed levels of ABCC6 

which correlated with immuno-labeling of liver tissues from these mice (Figure 3).  
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         The outcome measures of plasma PPi levels and the degree of ectopic mineralization were 

evaluated in these mice four weeks after injection, at ten weeks of age (Figure 4). The results 

corroborated our early finding that the WT human ABCC6 protein restored plasma PPi level in 

the Abcc6-/-Rag1-/- mice to that in WT mice (Figure 4b), suggesting that the reconstituted human 

ABCC6 protein compensated for the loss of the endogenous mouse protein by contributing PPi 

from the liver to the circulation. The degree of mineralization of the dermal sheath of vibrissae in 

the muzzle skin, an early and reliable biomarker in the overall mineralization process in Abcc6-/-

Rag1-/- mice, was examined by two independent assays. One piece of muzzle skin was processed 

for histopathological evaluation. Another piece of muzzle skin was quantified for the calcium 

content. A mineralization-specific stain, von Kossa, showed robust mineralization in the dermal 

sheath of vibrissae in the uninjected Abcc6-/-Rag1-/- control mice or mice administered with a 

promoterless vector (PL) (Figure 4a). The Abcc6-/-Rag1-/- mice receiving adenovirus carrying 

WT human ABCC6 cDNA showed little, if any, ectopic mineralization in the muzzle skin 

(Figure 4a), with the calcium content indistinguishable from those in WT mice negative for 

ectopic mineralization (Figure 4c).  

        Plasma PPi levels in mice expressing p.L420V and p.R1064W mutant proteins were similar 

to the WT mice or Abcc6-/-Rag1-/- mice expressing the WT human ABCC6 protein (Figure 4b). 

Consequently these mice did not develop ectopic mineralization (Figure 4a,c). In contrast, 

p.S400F mutant failed to normalize plasma PPi levels and did not prevent ectopic mineralization 

in Abcc6-/-Rag1-/- mice (Figure 4). These results suggest that p.L420V and p.R1064W are benign 

variants while p.S400F is a pathogenic variant in ABCC6. 

 

Comparison of bioinformatics predictions with the experimental results 
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Although predicted to be disease-causing (aggregated outcome) with a high CADD score over 

20, yet with conflicting ACMG/AMP and Sherloc classifications (Table 1), the p.R1064W 

variant was shown to be benign in this functional study. While the CADD score is modest 

(12.75), but predicted to be VUS by ACMG/AMP and 3-U by Sherloc, p.L420V was found to be 

benign as well. In contrast, variant p.S400F with ACMG/AMP and Sherloc classifications as 

VUS and 3-U, respectively, CADD score over 30, our functional study suggests it is pathogenic. 

The discrepancy between bioinformatics predictions was also highlighted when PopViz, a 

recently developed program to allow a quantitative gene-centric prediction (Zhang et al., 2018), 

was used to categorize these variants (Figure 5). The CADD score of mutation significance cut-

off (MCS) for the ABCC6 gene with 95% confidence interval is 4.327, suggesting that variants 

with CADD score over 4.327 are more likely intolerant (Itan et al., 2016). Using this gene-

specific score of 4.327 and recommended MAF of 0.00418 as thresholds, p.S400F and p.L420V 

(MAF < 0.00418 and CADD score > 4.327) are regarded as likely pathogenic or pathogenic 

while the pathogenicity of p.R1064W (MAF > 0.00418 and CADD score > 4.327) is less certain. 

Our functional studies provided compelling results that p.S400F is pathogenic, and that p.L420V 

and p.R1064W are benign.  

 

DISCUSSION 

It has been a dilemma concerning the connection between mutations in the ABCC6 gene, 

expressed primarily in the liver, and ectopic mineralization in the skin, eyes, and the arterial 

blood vessels of peripheral tissues. PXE is determined to be a metabolic disorder resulting from 

hepatic ABCC6-dependent transporter defect leading to reduced concentration of a circulating 

anti-calcifying factor (Jiang et al., 2009). It was later discovered that hepatic ABCC6 promotes 
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ATP externalization toward extracellular milieu, albeit with an unknown mechanism (Jansen et 

al., 2014, Jansen et al., 2013). ATP is rapidly transformed by ENPP1, an ectonucleotide 

pyrophosphatase/phosphodiesterase providing PPi in the circulation. PPi, a source of cell energy, 

is also an important circulating and tissue anti-calcifying factor. Micromolar concentration of PPi 

is sufficient to inhibit the deposition of hydroxyapatite crystals in the connective tissues in the 

presence of millimolar concentration of phosphate and calcium (Fleisch et al., 1966). ABCC6-

dependent PPi deficiency is a major determinant of ectopic mineralization in PXE.  

        While significant progress has been made in understanding of the pathomechanisms of 

PXE, the pathogenicity of ABCC6 variants that continue to be identified in patients with PXE, 

are largely uncharacterized. The majority of variants in ABCC6 are missense variants. The ideal 

method to determine whether a suspected missense variant impairs protein abundance and 

cellular localization is to analyze the protein in the relevant tissues from individuals carrying the 

variants. However, this approach has significant limitations for ABCC6 variants due to the 

metabolic nature of PXE. It is impossible to obtain liver biopsies from individuals carrying these 

variants, as liver is the organ that expresses ABCC6 (Belinsky and Kruh, 1999, Scheffer et al., 

2002). A few functional studies attempted to examine a few human ABCC6 missense variants in 

experimental settings (Jin et al., 2015, Le Saux et al., 2011, Pomozi et al., 2014). These studies 

analyzed the subcellular localization of the mutant human ABCC6 protein in transfected 

MDCKII (Madin-Darby canine kidney) cells, and in mouse liver by transient expression of the 

mutant proteins via hydrodynamic tail vein injection of plasmid DNA. The abundance of the 

mutant protein, a fundamental property that underlies the function of a protein, was not analyzed 

in these studies. In addition, the transport activity of mutant ABCC6 was analyzed in Sf9 insect 

cells using glutathione-conjugated N-ethylmaleimide and Leukotriene C4 as artificial substrates 
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(Le Saux et al., 2011). A zebrafish embryo system was used to evaluate whether the mutant 

human ABCC6 mRNA could rescue the abcc6 morpholino-induced developmental phenotype (Li 

et al., 2010). Transduction of hepatocytes by hydrodynamic tail vein injection with plasmid DNA 

provided only a transient, up to several days with low-level expression of ABCC6 in mouse 

liver. Consequently, long-term evaluation of the ABCC6-dependent PPi levels in plasma and 

ectopic mineralization of connective tissues was impossible. Thus, we developed a liver-specific 

system with high and sustained ABCC6 transgene expression to objectively evaluate the 

pathogenicity of human ABCC6 missense variants in a mouse model of PXE which recapitulates 

the histopathologic and clinical features of human PXE. 

        In this study, we took advantage of the adenovirus-mediated liver-specific human ABCC6 

transgene expression in the Abcc6-/-Rag1-/- mouse model of PXE. This approach allows us not 

only to evaluate the abundance and subcellular localization of the mutant human ABCC6 protein 

but also to examine the downstream functional consequences of plasma PPi levels and 

spontaneous ectopic mineralization. The experimental results reconciled the discrepancy of 

bioinformatics predictions, including the use of ABCC6 gene-level thresholds for variant-level 

predictions (Itan et al., 2016). Of many available human ABCC6 missense variants, these three 

variants were chosen as they are classified as VUS or with conflicting predictions. It should be 

noted that while refinement of VUS using Sherloc increases the number of likely pathogenic and 

pathogenic ABCC6 missense variants, a significant number of variants still remain as VUS, as is 

the case for p.S400F and p.L420V (Verschuere et al., 2021). Variant p.R1064W was reported in 

several independent studies to be a pathogenic variant in patients with PXE (Hosen et al., 2015, 

Hosen et al., 2014, Miksch et al., 2005). However, our functional assessment of this variant 

suggests it is benign. 
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        One of the limitations of the study relates to the use of the human ABCC6 cDNA (~4.5 Kb) 

instead of genomic DNA (~75 Kb) in the adenovirus vector. As such, the variants are not in their 

native ABCC6 gene structure. In addition, the expression of the human ABCC6 transgene in mice 

may not fully reflect the functionality of this protein in human. While the in silico bioinformatics 

analyses can only provide a supporting criteria for sequence variants, our in vivo trans-species 

mouse model system has similar limitations. Therefore, the variant-associated clinical decision-

making should be made with caution. Finally, the natural substrate of ABCC6 has not been 

identified. Plasma PPi was used as a surrogate marker of ABCC6 transport activity in the liver. 

However, our prior studies suggested that PPi deficiency is the major but possibly not the only 

cause in PXE; additional, yet unidentified tissue-specific factors might play a role (Zhao et al., 

2017). Nevertheless, the analysis of the ultimate ectopic mineralization in the mouse model 

bridges the gap between a not fully-understood hepatic transporter and the clinical phenotypes in 

distant tissues.  

        In conclusion, we show that adenovirus-mediated liver-specific human ABCC6 protein 

replacement in an ABCC6-deficient mouse model of PXE represents a useful and relevant model 

system to evaluate the functional consequences of ABCC6 missense variants. Pathogenic variants 

in ABCC6 can cause both PXE and GACI type II, two clinical entities at the two ends of a 

clinical spectrum of ectopic tissue mineralization (Luo et al., 2020). Solely relying on 

bioinformatics predictions will result in mis-classification of the variants, hampering clinical 

diagnosis and presymptomatic testing in individuals with family history of PXE and GACI type 

II. In the next-generation sequencing era, with a large number of variants being identified, their 

functional characterization in appropriate model systems is of paramount importance towards 

unambiguous annotations.  
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MATERIALS AND METHODS 

Bioinformatics analysis 

Recommendations of the Human Genome Variation Society (http://www.hgvs.org/mutnomen/) 

were followed for variant nomenclature. The +1 corresponds to the A nucleotide in the ATG 

translation initiation codon of the ABCC6 reference sequence (GeneBank accession no. 

NM_001171.5). The allele frequency in the general population was extracted from Exome 

Aggregation Consortium (ExAC) (ExAC.BroadInstitute.org) and Genome Aggregation Database 

(gnomAD) (gnomad.broadinstitute.org) consisting of over 60,000 and 120,000 unrelated healthy 

individuals, respectively, sequenced in population genetic studies. Various in silico prediction 

programs with different metrics were used to assess the effect of variants on possible changes in 

the protein function (https://franklin.genoox.com/clinical-db/home). Classification of variants 

follows the guidelines of the latest American College of Medical Genetics and 

Genomics/Association for Molecular Pathology (ACMG/AMP), and Sherloc version 4.2 

(Nykamp et al., 2017, Richards et al., 2015). ACMG/AMP classifies variants as benign (B), 

likely benign (LB), variants of unknown significance (VUS), likely pathogenic (LP), and 

pathogenic (P). Sherloc further refines the classification using a semi-quantitative 0-5 scoring 

system: number 5 denotes the evidence being “very high” and number 0 denotes the evidence 

being “low”. In addition, the Combined Annotation Depletion score (CADD) was used to assess 

the deleteriousness of sequence variants (https://cadd.gs.washington.edu/) (Kircher et al., 2014, 

Rentzsch et al., 2019).  

        The ABCC6 gene-centric prediction of sequence variants was performed by plotting the 

CADD score versus the minor allele frequency (MAF) for each variant using PopViz server 

http://exac.broadinstitute.org/
http://gnomad.broadinstitute.org/
https://cadd.gs.washington.edu/
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(Zhang et al., 2018). The ABCC6-gene specific mutation significance cut-off (MCS) within the 

95% confidence interval and the recommended threshold for minor allele frequency (MAF) were 

calculated using the MCS method (Itan et al., 2016).  

 

Vector design and manufacturing 

Human ABCC6 coding sequence (NP_001162.4) was cloned into pENTR™/D-TOPO vector 

(Life Technologies, Grand Island, NY). Constructs with individual missense variants were 

generated using the Quick Change XL site-directed mutagenesis kit (Stratagene, La Jolla, CA), 

according to the manufacturer’s instructions. To avoid nucleotide errors introduced during 

mutagenesis, the full-length ABCC6 cDNAs were sequenced (GenScript, New Brunswick, NJ). 

The wild-type or mutant ABCC6 cDNAs were recombined into the E1 region of the 

pAd/CMV/V5-DEST vector (Thermo Fisher, Grand Island, NY) containing E1- and E3-deleted 

human adenovirus serotype 5 (Ad5), as described previously (Huang et al., 2019).  

     

In vitro transduction 

The mouse liver hepatoma cells (ATCC, Manassas, VA) were transduced with recombinant 

adenoviruses carrying wild-type or mutant ABCC6 cDNAs at different multiplicities of infection 

(MOI). Human ABCC6 expression were detected 36 hours post transduction by immunostaining 

using human ABCC6-specific antibody M6II-7 (Cell Sciences, Newburyport, MA), as 

previously described (Huang et al., 2019). The transduction efficiency was quantified by the 

percentage of positively stained cells. 

     

Mice and injections 
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The Abcc6tm1JfK mouse was described previously and referred to as Abcc6-/- (Klement et al., 

2005). The Abcc6-/- mice on immunodeficient Rag1tm1Mom/J mouse background (referred to as 

Rag1-/-) (The Jackson Laboratory, Bar Harbor, ME) were used to test the pathogenicity of 

ABCC6 missense variants. In all groups, six-week-old Abcc6-/-Rag1-/- mice were intravenously 

injected with recombinant adenoviruses at 4x108 IFU per mouse. Mice were euthanized one and 

four weeks afterwards. All mice, including the wild-type (WT) C57BL/6J mice and the Abcc6-/-

Rag1-/- mice congenic on the C57BL/6J background, were maintained on a standard rodent diet. 

All protocols were approved by the Institutional Animal Care and Use Committee of Thomas 

Jefferson University. 

 

Immunostaining of the human ABCC6 protein  

Immunostaining of liver was performed on 6 µm frozen sections. The rat monoclonal anti-human 

ABCC6 antibody M6II-7 (Cell Sciences), 1:100 dilution, was used to identify the human 

ABCC6 protein. A mouse monoclonal antibody, 1:100 dilution, was used to label the basolateral 

plasma membrane marker Na,K-ATPase (Abcam, Cambridge, MA). The Alexa Fluor 488 

donkey anti-rat and Alexa Fluor 594 goat anti-mouse secondary antibodies (Life Technologies), 

both at 1:400 dilution, were used. Primary and secondary antibodies were incubated at 4°C 

overnight and at room temperature for 1 hour, respectively. Images were acquired using A1R+ 

Nikon confocal microscope (Nikon Instruments Inc., Melville, NY). 

 

Western blot 

Total proteins from mouse liver were prepared and separated on 8% SDS-PAGE. An anti-

ABCC6 antibody M6II-7 (Cell Sciences), 1:500, was used to detect the human ABCC6 protein. 
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A mouse monoclonal anti Na,K-ATPase antibody, 1:500, was used as a plasma membrane 

marker for equal protein loading. The membrane was incubated with secondary antibodies, 

1:20,000, and scanned with an Odyssey Infrared Imager (LI-COR Biosciences, Lincoln, NE). 

The bands were quantified by densitometry using the LI-COR software.  

 

Histopathological analysis 

Left muzzle skin biopsies from euthanized mice were collected and processed for 

histopathology. Paraffin sections were examined for calcification by von Kossa staining 

(American Mastertech Scientific, Inc., Lodi, CA).  

 

Chemical quantitation of calcium  

Right muzzle skin biopsies were decalcified in 250 µL 1.0 mol/L HCl for 48 hours at room 

temperature. Solubilized calcium was determined using a colorimetric assay kit (Stanbio 

Laboratory, Boerne, TX). The values were normalized to tissue weight.  

 

Plasma collection and PPi assay 

Whole blood was collected by cardiac puncture and determination of PPi concentration in 

plasma was performed as previously described (Huang et al., 2019).  

 

Statistical analysis 

The data were analyzed using multivariable linear regression with multiple group comparison 

corrections. Statistical significance was reached with P < 0.05. All statistical analyses were 

completed using Prism 8 (GraphPad, San Diego, CA). 
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FIGURE LEGENDS 

 

Figure 1. Recombinant adenovirus transduction showed dose-dependent human ABCC6 

protein expression in vitro. Mouse liver hepatoma cells were transduced with recombinant 

adenoviruses carrying either WT human ABCC6 cDNA or missense variants (p.S400F, p.L420V, 

and p.R1064W) under the control of a CMV promoter. Cells were stained with a human 

ABCC6-specific antibody 36 hours after transduction. Dose-dependent human ABCC6 

expression (Green fluorescence) was detected in cells transduced with recombinant adenoviruses 

at 12.5 to 100 MOI. Scale bars, 200 µm. Blue indicates DAPI staining of nuclei. The data were 

presented as mean ± SD. *P < 0.01 compared with MOI 12.5 in each group. CMV, 

cytomegalovirus; MOI, multiplicity of infection; WT, wild-type. 

 

Figure 2. Intravenous administration of recombinant adenovirus showed ABCC6 

expression in the liver of Abcc6-/-Rag1-/- mice. A group of 8-12 Abcc6-/-Rag1-/- mice at 6 weeks 

of age were administered a single injection of 4x108 IFU recombinant adenoviruses carrying 

either WT human ABCC6 cDNA or missense variants (p.S400F, p.L420V, and p.R1064W). The 

mice were analyzed at four weeks after injection. Immunostaining showed robust expression of 

human ABCC6 (Green fluorescence). Dual labeling with human ABCC6 (Green fluorescence) 

and Na,K-ATPase (Red fluorescence) showed co-localization in the basolateral plasma 

membrane of hepatocytes for both WT and mutant proteins. Scale bars, 24 µm. Blue indicates 

DAPI staining of nuclei. IFU, infectious unit; WT, wild-type. 
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Figure 3. Demonstration of human ABCC6 expression in mouse liver by Western blot. (a) 

Six-week-old Abcc6-/-Rag1-/- mice received 4x108 IFU recombinant adenoviruses carrying either 

WT human ABCC6 cDNA or missense variants (p.S400F, p.L420V, and p.R1064W) driven by a 

CMV promoter. ABCC6 expression in the liver was analyzed in these mice four weeks after 

injection, at ten weeks of age. The blot was stained with an anti-human ABCC6 antibody. A 

plasma membrane marker, Na,K-ATPase, served as internal loading control. Note the negative 

expression of human ABCC6 protein in the liver of uninjected Abcc6-/-Rag1-/- mice. (b) 

Quantification of ABCC6 carrying p.S400F, p.L420V, and p.R1064W by scanning densitometry, 

normalizing by their respective Na,K-ATPase, revealed that the corresponding ABCC6 

abundance was 93%, 91%, and 95%, respectively, of the WT human ABCC6 protein. CMV, 

cytomegalovirus; IFU, infectious unit; WT, wild-type. 

 

Figure 4. Functional outcome measures of variants p.S400F, p.L420V, and p.R1064W. 

Abcc6-/-Rag1-/- mice at six weeks of age received 4x108 IFU recombinant adenoviruses carrying 

either WT human ABCC6 cDNA or missense variants (p.S400F, p.L420V, and p.R1064W) 

driven by a CMV promoter, or WT human ABCC6 cDNA without a promoter (PL). The mice 

were analyzed four weeks after injection, at ten weeks of age. (a) Ectopic mineralization in the 

dermal sheath of vibrissae was analyzed by von Kossa histopathologic stains. Arrows indicate 

ectopic mineralization. Scale bars, 400 µm. (b) Plasma PPi levels. (c) The calcium content in the 

muzzle skin. The data were presented as mean ± SD. n= 8-12 mice per group. *P < 0.01 

compared with WT control mice. #P < 0.01 compared with uninjected Abcc6-/-Rag1-/- mice. 

CMV, cytomegalovirus; IFU, infectious unit; M, mol/L; PL, promoterless; PPi, inorganic 

pyrophosphate; WT, wild-type; KO, knockout. 
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Figure 5. The plot of CADD versus MAF of ABCC6 variants p.S400F, p.L420V, and 

p.R1064W.  

While the conventional CADD score cutoff for a variant is 20 (dashed line), the ABCC6 gene-

specific mutation significance cutoff (MSC) with 95% confidence interval is 4.327 (thick dashed 

line). The recommended ABCC6 gene-specific MAF threshold is 0.00418 (thick dashed line). 

MAF for each variant was obtained from gnomAD (aggregated; 

http://gnomad.broadinstitute.org, n = 125,748 exomes and 15,708 genomes). There are four 

groups of variants on the plot: 1) variants with CADD scores > 4.327 and MAF < 0.00418 (pink 

area, top left); 2) variants with CADD scores < 4.327 and MAF < 0.00418 (light yellow area, 

bottom left); 3) variants with CADD scores > 4.327 and MAF > 0.00418 (light blue, top right); 

4) variants with CADD scores < 4.327 and MAF > 0.00418 (light green, bottom right).  
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