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Dominant missense mutations in ABCC9 cause Cantú 
syndrome
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Cantú syndrome is characterized by congenital hypertrichosis, 
distinctive facial features, osteochondrodysplasia and 
cardiac defects. By using family-based exome sequencing, 
we identified a de novo mutation in ABCC9. Subsequently, 
we discovered novel dominant missense mutations in ABCC9 
in 14 of the 16 individuals with Cantú syndrome examined. 
The ABCC9 protein is part of an ATP-dependent potassium 
(KATP) channel that couples the metabolic state of a cell 
with its electrical activity. All mutations altered amino 
acids in or close to the transmembrane domains of ABCC9. 
Using electrophysiological measurements, we show that 
mutations in ABCC9 reduce the ATP-mediated potassium 
channel inhibition, resulting in channel opening. Moreover, 
similarities between the phenotype of individuals with Cantú 
syndrome and side effects from the KATP channel agonist 
minoxidil indicate that the mutations in ABCC9 result in 
channel opening. Given the availability of ABCC9 antagonists, 
our findings may have direct implications for the treatment of 
individuals with Cantú syndrome.

Cantú syndrome, also known as hypertrichotic osteochondrodys-
plasia (MIM 239850), is characterized by congenital hypertrichosis, 
distinctive facial features and cardiac defects1. The cardiac manifes-
tations include patent ductus arteriosus, cardiomegaly, hypertrophy 
and pericardial effusion. Other clinical findings are macrosomia 
at birth, macrocephaly, deep palmar and plantar creases, recurrent 

upper and lower respiratory infections and skeletal dysplasia. On 
the basis of the first report of two affected siblings, the disorder 
was presumed to be an autosomal recessive disorder1, but, in more 
recent studies, Cantú syndrome is clearly recognized as an autosomal 
dominant condition. Cantú syndrome is a rare disorder, with only 
33 individuals with Cantú syndrome reported in the literature1–12.

We performed exome sequencing in a child with Cantú syndrome 
and his unaffected parents. We tested for an autosomal de novo inher-
itance pattern by looking for heterozygous variant calls present in the 
child but absent in both parents. After mapping the raw sequencing 
reads against the reference genome (Supplementary Table 1) and 
applying variant calling filters, we identified 8,710 variants. After 
filtering against dbSNP132 and our in-house database and follow-
ing application of a biological filter, five variants were considered 
for confirmation by Sanger sequencing in the child-parent trio. Out 
of these variants, a single de novo missense mutation in ABCC9 was 
confirmed (Supplementary Fig. 1). The encoded p.Arg1154Gln vari-
ant is most likely damaging (predicted to be probably damaging, 
deleterious and deleterious by Polyphen-2, Condel and SIFT, respec-
tively, using the Variant Effect Predictor tool (ENSEMBL version 67)) 
and highly conserved (Genomic Evolutionary Rate Profiling (GERP) 
scores of 4.33 (35 way)).

Next, we sequenced ABCC9 in 15 additional Cantú syndrome 
cases, including 9 new and 6 previously published individuals with 
this syndrome (Supplementary Table 2). Sanger sequencing of the 
coding regions of ABCC9 in these 15 individuals revealed 13 single 
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domains of ABCC9 are located intracellularly. Interaction between 
the Kir and SUR subunits takes place in both cytoplasmic and trans-
membrane regions19. Nucleotide binding is believed to result in con-
formational changes in the ABCC9 domains, resulting in opening 
of the potassium channel20. All mutations affected residues in or 
close to the transmembrane part of the protein, with the exception 
of the mutation affecting Asp207 (Supplementary Table 4). This 
residue is in the L0 loop, which is believed to directly interact with 
the potassium channel subunit13. The mutations appear to disturb 
the structure of the KATP channel complex. Notably, Pro432 is located 
in an a helix and forms only one of the two intrahelical hydrogen 
bonds, thus enabling kinking of the helix. The p.Pro432Leu alteration 
would render hinge-bending motion more difficult, thereby inhibit-
ing conformational changes. A defect in one ABCC9 subunit out of 
the four present in a KATP complex is predicted to disturb channel 
functioning21, thereby providing an explanation for the dominant 
effects observed in Cantú syndrome.

heterozygous missense variants in ABCC9 (Table 1), bringing the 
total number of variants identified in ABCC9 to 14 in the 16 Cantú 
syndrome cases (Fig. 1 and Supplementary Table 2). We were unable 
to find a variant in subjects 11 and 13, despite sequencing the full 
ABCC9 ORF. Both subjects did not have cardiac phenotypes. Subject 
11 had the most prominent and subject 13 the least prominent hair 
phenotype of all 16 individuals with Cantú syndrome included in 
this study (Supplementary Note). All variants affected highly con-
served regions of the protein, and the majority are predicted to have 
a deleterious effect on protein function by several different predic-
tion programs (Supplementary Table 3). None of these mutations 
were present in >5,000 publicly available whole-exome sequences 
(National Heart, Lung, and Blood Institute (NHLBI) Exome 
Sequencing Project (ESP)). For seven affected individuals, genetic 
material from both parents was available (Supplementary Fig. 2). 
Absence of the variant in both parents in these trios indicated that 
the variant arose in a de novo manner. In one male subject with Cantú 
syndrome, the mutation in ABCC9 was inherited from an affected 
mother (Supplementary Table 2, subjects 2 and 3). Taken together, 
our findings show that Cantú syndrome is caused by dominant mis-
sense mutations in ABCC9.

ABCC9 (also known as SUR2) is located on human chromosome 
12p12.1 and encodes a transmembrane protein of 1,549 amino acids. 
The ABCC9 protein is part of an ATP-sensitive potassium channel 
complex; a functional complex that consists of four subunits of a pore-
forming potassium channel (KCNJ8 (also known as Kir6.1) or KCNJ11 
(also known as Kir6.2)) and four regulatory ABCC9 subunits13,14. 
ABCC9 is widely expressed, and two spliced forms with tissue-specific 
expression have been reported: SUR2A (expressed in cardiac and skel-
etal muscle) and SUR2B (expressed in vascular smooth muscle and 
hair follicles)14,15. The ABCC9 splice variants differ only in their last 
exon. Heterozygous mutations in the exon unique to SUR2A have been 
linked to dilated cardiomyopathy16 and atrial fibrillation17. All muta-
tions identified in individuals with Cantú syndrome were located in 
more upstream exons and, hence, affect both spliced forms (Fig. 1b).

KATP channels are sensitive to intracellular ATP/Mg-ADP ratios and 
therefore couple the metabolic state of a cell to its electrical activity18. To 
gain insight into the effect of the mutations in ABCC9, we constructed 
a molecular model of the protein (Fig. 2a). The nucleotide-binding  

table 1  summary of detected heterozygous missense mutations 
in ABCC9
Subject Chr. Genomic alterationa cDNA alteration Protein alteration

9 12 g.22086822C>T c.178C>T p.His60Tyr

7 12 g.22068797C>A c.621C>A p.Asp207Glu

10 12 g.22063786G>T c.1138G>T p.Gly380Cys

5 12 g.22063116C>T c.1295C>T p.Pro432Leu

12 12 g.21998575T>C c.3058T>C p.Ser1020Pro

16 12 g.21997830T>C c.3116>C p.Phe1039Ser

15 12 g.21997785C>A c.3161>A p.Ser1054Tyr
2,3 (child and 
mother)

12 g.21995374G>A c.3347G>A p.Arg1116His

14 12 g.21995375C>T c.3346C>T p.Arg1116Cys

4 12 g.21995261C>T c.3460C>T p.Arg1154Trp

1,6,8 12 g.21995260G>A c.3461G>A p.Arg1154Gln

Chr., chromosome. None of the mutations were present in publicly available 
databases, including dbSNP135, the NHLBI Exome Sequencing Project (ESP) 
and our in-house database consisting of more than 60 exomes of Dutch origin.
aGenomic positions are based on Build GRCh37/hg19.

a

b
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p.His60Tyr
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p.Arg1116His
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Figure 1  Clinical presentation of subjects with 
Cantú syndrome and mutations in ABCC9.  
(a) From left to right, pictures of subjects 3 
(2 years), 4 (2 d), 5 (8 months), 7 (5 years), 
8 (7 years), 10 (7 months) and 14 (1 d) at 
the indicated ages. Informed consent for 
publication of photographs was obtained from 
all subjects or their parents. (b) Schematic of 
ABCC9 protein structure including domains: 
TMD0, transmembrane domain 0, with five 
predicted transmembrane helices; TMD1, 
with six transmembrane helices; NBD1, 
nucleotide-binding domain 1; TMD2, with six 
transmembrane helices; and NBD2. All mutated 
residues are indicated. An asterisk indicates 
the variant that was present in the child of an 
affected mother.
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syndrome and the side effects of minoxidil treatment indicate that the 
mutations in ABCC9 result in channel opening. In addition to ago-
nists, several antagonists of KATP channels, such as glibenclamide and 
tolbutamide, have also been described. These channel blockers are 
used chronically for the treatment of diabetes. We believe that these 
observations may provide a starting point from which to develop new 
therapies to alleviate cardiac symptoms. Topical application of such 
blockers, under careful monitoring to exclude systemic absorption, 
may relieve the hair growth phenotypes in individuals with Cantú syn-
drome. Individuals with neonatal diabetes due to activating mutations 
in ABCC8 (also known as SUR1) successfully switched from insulin 
treatment to treatment with an oral sulfonylurea (also a channel antago-
nist), showing that a mutated KATP channel can effectively be blocked 
in clinical practice23.

In summary, we show that Cantú syndrome is caused by heterozygous 
missense mutations in ABCC9. Our electrophysiological experiments 
and the phenotypic overlap of individuals with Cantú syndrome and the 
side effects of minoxidil treatment indicate that the mutations result in 
dominant channel opening. Further studies are required to determine 
whether KATP channel antagonists can alleviate some of the symptoms 
of Cantú syndrome.

URLs. Integrative Genomics Viewer (IGV) browser for data visual-
ization, http://www.broadinstitute.org/igv; Variant Effect Predictor,  
http://www.ensembl.org/tools.html; Exome Variant Server, NHLBI 
Exome Sequencing Project (ESP), http://evs.gs.washington.edu/EVS/; 
MAXC software, http://www.stanford.edu/~cpatton/downloads.htm; 
full description of modeling, http://www.cmbi.ru.nl/~hvensela/ABCC9/; 

To study the effect of mutations in ABCC9 on potassium channel func-
tion, we performed inside-out patch clamp experiments using human 
embryonic kidney cells co-expressing KCNJ11 and ABCC9, which 
results in a KATP channel makeup resembling that of ventricular channels.  
With expression of wild-type ABCC9, typical inward rectifier KATP (IKATP) 
channel behavior was observed. Application of Mg-ATP inhibited IKATP 
in a dose-dependent manner, with half-maximal inhibitory concentration 
(IC50) values of 0.07 ± 0.01 (s.e.m.) mM for both inward and outward com-
ponents (Fig. 2b,c). In contrast, ABCC9 p.Arg1154Gln (0.88 ± 0.19 and  
0.76 ± 0.12 mM for inward and outward components, respectively), 
ABCC9 p.Pro432Leu (1.18 ± 0.18 and 1.25 ± 0.16 mM) and ABCC9 
p.Arg1116His (0.28 ± 0.05 and 0.24 ± 0.04 mM) mutant channels showed 
reduced ATP sensitivity. For wild-type and all three mutant channels, 
complete blockade of activity was observed with 10 mM Mg-ATP. These 
results show that Cantú syndrome–related mutations in ABCC9 reduce 
ATP-dependent inhibition of the IKATP channel constituted by Kir6.2-
SUR2A. In addition to aberrant regulation in the IKATP subunit configura-
tion tested, we expect that abnormal functioning of channels configured 
by other combinations of Kir6 and mutated SUR2 subunits will contribute 
to the wide variety and penetrance of Cantú syndrome characteristics.

An unexpected phenotypic overlap between individuals with Cantú 
syndrome and those treated with the drug minoxidil has been noted9. 
Minoxidil was developed as an antihypertensive vasodilator; however, 
potent side effects of hirsutism and pericardial effusions limited its use. 
Nowadays, the topical application of minoxidil is one of the most widely 
used treatments for male baldness. Minoxidil functions as a KATP chan-
nel agonist through direct binding to the ABCC9 subunit22. The simi-
larities between the phenotypic characteristics of individuals with Cantú  
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Figure 2  Topology and biophysical effect of ABCC9 
mutations. (a) Molecular model of the ABCC9 protein. 
The ABCC9 protein is shown in ribbon presentation. 
Gray boxes represent the lipid bilayer. Mutated residues 
are colored red and are shown in ball presentation. The 
first 176 amino-acid residues could not be modeled at 
sufficient resolution and were omitted from the model. 
(b) Representative current traces of inside-out patch 
clamp experiments on human embryonic kidney cells 
expressing wild-type (WT) and mutant KATP channels 
elicited by a voltage ramp protocol. Each panel contains 
traces in the presence of 0 (C), 0.1, 1 and 10 mM  
Mg-ATP. Rundown was less than 5%. (c) Effect of  
Mg-ATP concentration on KCNJ11-ABCC9 channel 
current of the inward (at –80 mV) and outward (at  
+50 mV) components. Wild-type ABCC9, n = 8; ABCC9 
p.Arg1154Gln, n = 7; ABCC9 p.Pro432Leu, n = 6; 
ABCC9 p.Arg1116His, n = 5. Error bars, s.e.m. *, statistically significant differences in IC50 relative to wild-type protein (P < 0.00001, two-way 
ANOVA, Tukey’s HSD post hoc test); **, statistically significant differences in IC50 relative to wild-type protein (P < 0.00001, two-way ANOVA, Tukey’s 
HSD post hoc test); ***, statistically significant differences in IC50 relative to wild-type protein (P = 0.004, t test).
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sequence data at Sequence Read Archive, http://www.ebi.ac.uk/ena/data/
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METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/naturegenetics/.

Accession codes. Sequence data have been deposited at the European 
Molecular Biology Laboratory (EMBL)–European Bioinformatics 
Institute (EBI) Sequence Read Archive under accession ERP001180. 

Note: Supplementary information is available on the Nature Genetics website.
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Sanger sequencing validation. The coding sequences of ABCC9, KCNJ8 
and KCNJ11 genes were sequenced using standard Sanger sequencing. 
Primer sequences are summarized in Supplementary Table 5.

Protein modeling. We built a homology model of ABCC9 using the 
experimentally solved structure of mouse mutlidrug resistance protein 
(Protein Data Bank (PDB) 3g5u). An automatic modeling script with 
standard parameters in the WHAT IF & YASARA Twinset was used for 
modeling. The identity between ABCC9 and the template was 20% over 
1,363 residues. The percentage identity is very low, which means that the 
model provides an overview of the global structure of the protein but 
cannot be used for detailed mutation analysis. A detailed description of 
the protein modeling settings and results is provided (see URLS).

Patch clamping experiments. HEK293T cells cultured on glass cov-
erslips were cotransfected with 0.5 mg of pcDNA-KIR6.2, 0.5 mg of 
pcDNA-SUR2A (wild type or mutant) and 0.25 mg of pEGFP1 expres-
sion constructs. Patch clamp measurements were performed using an 
AxoPatch 200B amplifier controlled by pClamp 9 software (Molecular 
Devices). Patch pipettes were made with a Sutter P-2000 puller (Sutter 
Instrument) and had resistances of 2–3 MW. Inside-out experiments 
were performed with a bath solution containing 131 mM KCl, 1 mM 
EGTA, 1 mM MgCl2, 7.2 mM K2HPO4 and 2.8 mM KH2PO4 brought to 
pH 7.20 with KOH. The pipette solution contained 145 mM KCl, 1 mM 
CaCl2, 1 mM MgCl2 and 5 mM HEPES brought to pH 7.40 with KOH. 
To evaluate the ATP-dependent inhibition of wild-type and mutant 
IKir6.2-SUR2A channel currents, inside-out patch clamp measurements 
of IKir6.2-SUR2A activity were performed as described previously28. 
Excised membrane patches were placed close to the inflow region of the 
recording chamber. Currents were elicited using a ramp protocol, ranging 
from –100 to 100 mV in 5 s, starting from a holding potential of –40 mV.  
After recording control traces in bath solutions without Mg-ATP, excised 
membrane patches were exposed to bath solution containing 0.01, 0.03, 
0.1, 0.3, 1, 3 or 10 mM Mg-ATP. The concentration of free Mg2+ (1 mM) 
and Mg-ATP were calculated with the MAXC standard program (see 
URLs). Fractional block of outward and inward current was calculated 
using current level at +50 mV and –80 mV, respectively, and values 
obtained with experimental solutions were normalized to correspond-
ing values from the previously recorded control trace. The data obtained 
from each recording were fitted by Hill equation using Microcal Origin 
(ver.8, Microcal Software) to estimate IC50 values. Each data point is 
shown as mean ± s.e.m., and significance was estimated by one-way 
ANOVA test.

Nucleotide changes encoding the p.Arg1154Gln, p.Pro432Leu and 
p.Arg1116His alterations were engineered into the ABCC9 expres-
sion construct using the QuikChange II XL Site-Directed Mutagenesis 
Kit (Stratagene) and custom-designed mutagenesis primers. Sanger 
sequencing was performed to confirm the presence of introduced muta-
tions (the sequences of all primers are available upon request).
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ONLINE METHODS
Clinical samples. Informed consent for whole-exome sequencing 
as a part of the diagnostic process (approved by the Medical Ethical 
Committee of the University Medical Center Utrecht) was obtained 
for subject 1 and his parents. Informed consent for Sanger sequencing 
analysis was obtained for all subjects included in this study. Informed 
consent to publish clinical photographs was obtained for subjects 3, 4, 
5, 7, 8, 10, 13 and 14 (Fig. 1a and Supplementary Note).

Multiplexed whole-exome next-generation trio sequencing. Genomic 
DNA was isolated from peripheral lymphocytes of subject 1 and his parents 
according to standard procedures. The concentration of genomic DNA was 
determined using Qubit Quant-iT (Invitrogen), and high-quality DNA (2 mg) 
 from each member of the child-parent trio was used for the preparation 
of a barcoded fragment library, followed by multiplexed enrichment and 
sequencing on the SOLiD next-generation sequencing platform24. In 
brief, the DNA was fragmented using the Covaris S2 System (Applied 
Biosystems), yielding approximately 150-bp short fragments. After frag-
mentation, the DNA was end repaired and phosphorylated at the 5ʹ end 
using the End-It DNA End-Repair Kit (EpiCenter) and purified with the 
Agencourt AMPure XP system (Beckman Coulter Genomics). DNA was 
then ligated to double-stranded truncated adaptors compatible with the 
SOLiD next-generation sequencing platform using the Quick Ligation Kit 
(NEB). After purification, each sequencing library was nick translated, bar-
coded and amplified in a single PCR assay. The intensity of library bands 
was examined on a 2% agarose gel (Lonza FlashGel System). Amplified 
library fragments in the range of 175–225 bp in size were selected on a 4% 
agarose gel and purified using a QIAquick Gel Extraction Kit (Qiagen). 
Libraries from the child-parent trio were pooled in equimolar concen-
trations and were enriched using the Agilent SureSelect Human All 
Exon 50Mb Kit (Agilent Technologies). Enriched library pool fragments 
were amplified using 12 PCR cycles and elongated to a full-length adap-
tor sequence required for SOLiD sequencing. SOLiD sequencing was 
performed according to the instructions in the SOLiD 4 manual to pro-
duce enough 50-bp reads to obtain sufficient coverage for a single allele 
in each library. Sequencing and mapping statistics are summarized in 
Supplementary Table 2. Evenness scores were calculated as described25.

Sequencing, variant detection and analysis. Raw sequencing reads 
were mapped against the human reference genome GRCh37/hg19 using 
our custom pipeline based on the Burrows-Wheeler Alignment (BWA) 
algorithm26. Sequence data were submitted to the EMBL-EBI Sequence 
Read Archive (see URLs). Single-nucleotide variants (SNVs) and small 
indels (≤7 nt) were called by our custom analysis pipeline as described27 
(all scripts are available upon request). The criteria for variant detec-
tion were set to enable discovery of de novo heterozygous variants. We 
required that variants should minimally be supported by two read seeds 
(first 25 bp, the higher quality portion of a read), and we set the cutoff 
for coverage to a minimum of ten reads and the cutoff for non-reference 
allele percentage to 15%. A maximum of five clonal reads (defined as 
reads with an identical start site) were included in the analysis. All com-
mon and rare polymorphisms present in Ensembl62 were flagged as 
known, and variants present in our in-house database (data from ~60 
whole exomes) were considered to represent sequencing errors or Dutch 
population–specific variants; other variants were considered to be novel, 
consistent with an ultra-rare disease. For each variant, the genomic loca-
tion, amino-acid change, effect on protein function, conservation score 
and output from prediction programs (Polyphen, Polyphen-2, SIFT and 
Condel) were collected and subsequently used for prioritization of the 
candidate variants.
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http://www.rcsb.org/pdb/explore/explore.do?structureId=3g5u

