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Mutational spectrum of the SLC4A11 gene in autosomal recessive
congenital hereditary endothelial dystrophy
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Prasad Eye Ingtitute, Hyderabad, India

Purpose: Autosomal recessive congenital hereditary endothelial dystrophy (AR-CHED or CHED?) is a bilateral corneal
disorder manifesting at birth or in early childhood. CHED2 is caused by mutations in the sodium bicarbonate transporter-
like solute carrier family 4 member {3.C4A11) gene on chromosome 20p13. We screened 42 unrelated families with
CHED2 in order to establish the spectrum of mutatior& ®4A11 and to look for genotype-phenotype correlations.

Methods: Forty-two families (49 affected and 73 unaffected members) with recessive CHED were recruited according to
predefined diagnostic criteria. Clinical data including age at onset and presentation, pre- and post-operative visual acu-
ities, and presence of nystagmus were taken from patient records. Histopathologic parameters such as corneal thickness,
Descemet membrane thickness, and endothelial cell counts were assessed on corneal sections. DNA from patients was
screened for sequence changes by polymerase chain reaction (PCR)-amplification of coding r&hicaslafand

single strand conformation polymorphism analysis followed by sequencing. Sequence changes found were tested in 50
unrelated normal controls.

Results: Twenty-seven different mutations were identified in 35 unrelated families, 19 of which were not previously
reported. The mutations identified consisted of 13 missense, 5 nonsense, 7 deletions, 1 complex (deletion plus insertion)
mutation, and 1 splice site mutation. Both mutant alleles were identified in 33 families and only one mutant allele in two
families. No correlations were evident between clinical or histopathologic paramet&sCa#d1 mutations.

Conclusions: These data add to the mutational repertoi®.@4A11 and establish the high degree of mutational hetero-
geneity in autosomal recessive CHED.

Congenital hereditary endothelial dystrophy (CHED) isbrane, a degenerated corneal endothelium with multinucle-
a corneal disorder that results from degeneration and dysfunated cells, and a thickened Descemet’s membrane due to ab-
tion of the endothelial cells. It manifests clinically as diffuse,normal and accelerated secretion by the endothelial cells [3,4].
bilateral corneal edema accompanied by corneal clouding with  The locus for CHED2 maps to chromosome 20pl13 as
visual loss in the presence of an otherwise normal anteri@hown by studies on families from different populations [5-
segment. The corneal endothelium regulates corneal hydrd}. Mutations in the sodium bicarbonate transporter-like sol-
tion by forming a barrier between the corneal stroma and thete carrier family 4 member 18(C4A11) gene are respon-
aqueous humor that limits the amount of water entering theible for CHED2 [8,9]. Mutations i®LC4A11 are also re-
stroma and by actively pumping out water from the stromaponsible for Harboyan syndrome, a disorder involving con-
into the aqueous humor. An essential part of the pump mechgenital corneal endothelial dystrophy and perceptive deafness
nism is the Na/K ATPase-driven ion pump [1]. Loss of endot{CDPD) [10].
helial cell function results in excess water entering the stroma S.C4A11 (also known as BTR1 (bicarbonate transporter
causing disruption of the collagen fibrils, light scattering, andelated protein-1), NaBC1) was identified and cloned on the
opacification. basis of its homology with bicarbonate transporter proteins,

CHED has both autosomal dominant (locus CHED1and found to be widely expressed in several tissues [11]. The
OMIM 121700) as well as autosomal recessive (locus CHEDZLC4 (solute carrier family 4) family of genes code for inte-
OMIM 217700) modes of transmission. Autosomal recessivgral membrane proteins with 10-14 transmembrane segments.
CHED manifests at birth or within the first year of life and These proteins function as Cl-HC@xchangers, Na/HCO
shows little or no progression. The autosomal dominant formotransporters, or Nalriven CI-HCQ exchangers [12].
of CHED generally presents itself later, but clinical manifes-SLC4A11 was subsequently recognized as the mammalian
tations of both dominant and recessive forms overlap [2]. Hisaomolog of the borate transpor®®R1 in Arabidopsisfunc-
tological features of CHED-affected corneas include diffuseioning as a Na+-coupled borate transporter that conducts Na+
epithelial and stromal edema, defects in the Bowmans memand H+ in the absence of borate and as an electrogenic Na-
borate cotransporter in presence of borate [13,14].
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lar Genetics Laboratory, L.V. Prasad Eye Institute, Hyderabad 50tmilies for mutations in theLC4A11 gene in order to iden-
034, India; Phone: 91-40-30612345; FAX: 91-40-2354 8271; emailtify the range of pathogenic mutations and to look for geno-
chitra@Ivpei.org type-phenotype correlations.
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METHODS ferent age groups such as 0-5 years, 5-10 years, 11-15 years,

Patients and controls: The study had the approval of the In- and 16-20 years were obtained from histopathology eyeball
stitutional Review Board of the L. V. Prasad Eye Institute angpecimens of patients with retinoblastoma, uveal melanoma,
conformed to the tenets of the declaration of Helsinki. Pamalignant melanoma, and cryptococcal granulomatous lesions
tients underwent complete ophthalmic examination and twof choroid. Corneal thickness as measured in normal controls
ophthalmologists evaluated clinical parameters independentlghowed no significant difference in range between the age
Diagnosis of CHED was made in all cases by clinical andjroups selected. Values obtained for normal thickness of the
histopathological criteria. Affected individuals were diagnosedM in different age groups were: 3u6or less for 0-5 years;
at ages ranging from <1 to 24 years. Inclusion criteria for pa4.3u or less for 6-10 years; 7,0or less for 11-15 years; 8.7
tients recruited for the study were the presence of a cloudy or less for >16 years. Thickness of DM of CHED corneas
cornea from birth to 10 years of age with increased cornealas categorized into grades based on ranges of normal thick-
thickness and bilateral corneal edema, a normal corneal diamess for age-matched controls to facilitate correlations
eter, normal intraocular pressures, histopathological featur¢bl=normal;+= borderline; 1+ to 4+=increasing thickness).
as evaluated on corneal buttons, of thickening of the
Descemet’'s membrane, and changes in endothelial cell count RESULTS
and/or morphology. Forty-nine patients and 73 unaffected famAll families had the recessive form of CHED as suggested by
ily members from 42 unrelated families were enrolled in theslinical examination and/or history of the disease in parents
study. Informed consent was obtained from all participantand siblings of the probands. Mutations were identified in 41
for clinical and molecular genetic studies. Genomic DNA wagpatients from 35 unrelated AR CHED families. We found 27
extracted from 4-8 ml of blood samples obtained from all thaifferent mutations, which were absent in a control popula-
patients and the unaffected family members and from 50 ution of the same ethnic origin as determined by restriction
related normal controls of Indian origin who were free of corenzyme digests or SSCP analysis on 100 chromosomes.
neal disease. Cosegregation of mutations with disease was verified in cases

Mutational screening: The SLC4A11 gene is 10.3 kb in  where family members were available (shown in Table 1). Out
length and consists of 19 exons which code for an 891 amiraf the 27 mutations, there were seven deletions, one complex
acid- residue protein. For amplification of t8eC4A11 cod-  mutation (deletion plus insertion), five nonsense mutations,
ing regions, 19 primer pairs were designed for amplifyingl3 missense mutations, and one substitution involving a splice
exons and adjacent intronic regions. All polymerase chain resite (Table 1). Twenty-three of thirty-five families with muta-
actions (PCR) were done (thermal cycler PTC 200; MJ Retions were consanguineous.
search, Watertown, MA) using 75 ng genomic DNA irnu25 Six deletions involved exons and were found in probands
reaction containing 1X PCR buffer, 208 dNTPs, 0.5uM from 8 of 35 families. Four deletions are predicted to cause
of each primer, 4% dimethyl sulfoxide (DMSO), and Tdd  frameshifts (listed in Table 1). Two were inframe deletions;
polymerase. Single strand conformation polymorphism (SSCRhese were a four-amino acid deletion (p.Glu293_Glu296del)
was performed according to the protocol described previousin CH-31 and a single amino acid deletion (p.Asp797del) in
[15]. CH-50. Two families, CH-36 and CH-47, had an intronic de-

Samples that showed variation in SSCP as compared witetion of 19 bp within intron 7 (c.996+26C_+44Cdel19bp) in
normal controls were subjected to direct sequencing of PCie absence of any other changes detected. One complex mu-
products. PCR products were purified and sequencetation (deletion plus insertion) was found in family CH-12
bidirectionally. The sequences were compared with the pulfTable 1). Among the eight families with deletions, two fami-
lished cDNA sequence & C4A11 (GenBank NM_032034) lies were non-consanguineous (CH-42, CH-50). In CH-42, a
and mutations identified were evaluated for their presence aingle heterozygous single base deletion leading to a frame-
absence in DNA samples from 50 unrelated normal contrahift was identified in the absence of a second mutation. The
individuals using restriction enzymes where appropriate. Fdiomozygous inframe deletion (p.Asp797del) in CH-50 was
mutations without changes in restriction enzyme sites, SSCiBund to be heterozygous in both parents of the proband. More
or sequencing was used for screening of controls. than one parent or unaffected relative was tested in four of six

Clinical and histopathological features. Quantitative as- consanguineous families with deletions and they were found
sessments of thickness of cornea, of Descemets membraioebe heterozygous for the mutations identified in probands.
(DM), and endothelial cell counts were taken on PAS-staineth two families (CH-5 and CH-31), only one parent was tested
corneal sections by image capture and analysis using tl{€able 1) and found to be heterozygous.
Axiovision digital imaging software (Axiovision AC Rel 4.5) Five nonsense mutations (Arg112X, Arg605X, Glu632X,
from Carl-Zeiss AG (Hallbergmoos, Germany). For thicknes$5In803X, and Arg875X) were found in nine probands and of
of cornea/DM, thickness was measured at three points in thikese probands, affected individuals were apparently homozy-
central cornea (magnification 4X for cornea, 100X for DM)gous in five families all of which reported parental consan-
and the average reading was taken for each specimen. Endgtinity (Table 1). Compound heterozygosity for nonsense and
helial cell counts were done at a magnification 40X on onenissense changes was seen in three families, all of which were
section from each patient. These values were compared witton-consanguineous (CH-40, CH-30, CH-21). The compound
data on age-matched normal corneas. Normal corneas for difeterozygous changes in these probands were tested for
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cosegregation in both parents as well as two other unaffectggdus missense changes (Thr401Lys+Leu473Arg). One unaf-
relatives in CH-40, in both unaffected parents in CH-30, anéected parent of the proband from family CH-17 was tested
in one parentin CH-21. All parents tested had single heterozgnd found heterozygous for one of these alleles indicating that
gous changes confirming that the two mutations found in eadhe two mutations were itrans. In eight families with ho-
of the probands were inans. In family CH-28 (Table 1), a mozygous changes, only one unaffected parent or relative was
single heterozygous change leading to mutation Arg605X wassted and found to be heterozygous for the changes found in
found and we did not identify the second mutant allele by théhe probands (Table 1). In five families with homozygous
methods used. missense changes, two or more unaffected relatives including
The 13 identified missense changes identified werdoth parents were tested for cosegregation of mutations.
Arg209Trp, Ser213Leu, Arg233Cys, Thr401Lys, Gly418Asp, A homozygous splice site mutation (c.1091-1G>C) was
Leud73Arg, Serd489Leu, Thr584Lys, Arg755Trp, Arg755GIn,found in one affected from family CH-53, affecting the con-
Pro773Leu, Val824Met, and Arg869Cys (Table 1). Among theserved splice acceptor dinucleotide AG at the intron 8-exon 9
probands with missense mutations, 13 were apparently hfsnction.
mozygous and four were compound heterozygous. Compound No changes were found in seven families (four consan-
heterozygosity for missense+nonsense mutations was fougdineous, three non-consanguineous). Six of these families
in three families (CH-21, CH-30, and CH-40, discussed abovehad a single affected member while one family had two af-
One proband (family CH-17) had two compound heterozyfected (not shown).

TABLE 2. M UTATIONS AND PHENOTYPIC FEATURES OF PATIENTS WITH AUTOSOMAL RECESSIVE CONGENITAL HEREDITARY ENDOTHELIAL DYSTROPHY

Sanpl e Fam |y Age at onset Post-op VA

nunber number Miutation in SLC4ALl (first graft) Cor nea DM (RE, LE) Nyst agnus
1 CH 34 Tyr 47Ser f sX69 At birth (20) + 4+ 20/ 125, 20/ 100 Y
2 CH- 42 d y103Val f sX13 NA (7) + 1+ 20/ 125, 20/ 200 Y
3 CH 2 Arg158d nf sX4 At birth (9) + 4+ 20/ 60, 20/30 -
4 CH5 Ar g158d nf sX4 NA (13) + * 20/ 40 -
5 CH 19 Val 208Al af sX38 At birth (5) + 2+ 20/ 125 Y
6 CH 45 Val 208Al af sX38 At birth (20) + 1+ CF1. 5M Y
7 CH 31 4 u293_d u296del At birth (8) + N 20/ 25, 20/ 40 -
8 CH 50 Asp797del At birth (6) + 1+ 20/ 50 -
9 CH 12 Leud40Val f sX6 At birth (9) + 4+ 20/ 70, 20/ 60 -
10 CH 52 Argl12X At birth (-) NA NA NA -
11 CH 40 Argl12X+Pro773Leu At birth (<1) + N NA -
12 CH 21 Argl12X+Thr 584Lys At birth (4) + 1+ 20/ 80 Y
13 CH 63 Ar g605Xx At birth (<1) + 2+ NA -
14 CH- 65 Ar g605Xx At birth (4) + 2+ 20/ 40, 20/50 -
15 CH 28 Ar g605Xx At birth (9) + N CF1M 20/ 70 -
16 CH- 48 d u632X At birth (12) + 4+ 20/ 80 -
17 CH 38 G n803X At birth (7) + 4+ NA -
18 CH- 30 Ar g755d n+Ar g875X At birth (2) + 2+ 20/ 40 -
19 CH 3 Arg209Tr p NA (11) + 4+ 20/ 50, 20/ 40 -
20 CH 20 Arg209Tr p At birth (18) + 4+ 20/ 400 Y
21 CH1 Ser 213Leu At birth (10) + 2+ 20/ 400, 20/ 125 Y
22 CH 27 Arg233Cys At birth (6) + 2+ 20/ 50, 20/40 -
23 CH 61 G y418Asp At birth (<1) + N NA Y
24 CH 17 Thr 401Lys+Leud73Ar g At birth (18) + 2+ NA, 20/ 100 -
25 CH 49 Ser 489Leu At birth (<1) + + FFL -
26 CH 16 Thr 584Lys At birth (2) + + 20/ 100, 20/ 400 Y
27 CH 11 Arg755Trp 6 years (10) + 2+ 20/ 50, 20/ 80 -
28 CH 57 Pro773Leu At birth (-) NA NA NA -
29 CH 8 Val 824Met At birth (9) + 3+ 20/ 30, 20/20 -
30 CH 33 Val 824Met NA (16) + N 20/ 50, NA -
31 CH- 58 Ar g869Cys At birth (5) + 1-2+ 20/ 400 Y
32 CH 32 Arg869Cys NA (13) + 1+ NA

33 CH- 36 c. 996+26C_+44Cdel 19bp At birth (<1) + N 20/ 200, NA Y
34 CH 47 c. 996+26C _+44Cdel 19bp At birth (6) + N-1+  20/50, 20/100

35 CH- 53 c.1091-1GC NA (24) + N 20/ 200, 20/160 Y

Families and mutations listed in Table 1 are shown here with corresponding age at onset (given in years) and of fipstrgrafi€ses) and

the thickness of cornea and Descemets membrane. “NA” indicates not available. Mutations for the last three patientstistad ansl

indicated in cDNA. Thickness of the Descemets membrane (DM) is graded as given in text. Corneal thickening is denoteaf [yM+”. F
thickness, N indicates normaljndicates borderline thickening, and grades 1+ to 4+ represent increasing thickness as compared with corneas
from age-matched normal controls. Visual acuities (VA) listed correspond to the best VA obtained after the first corriRl-ggtit.eye,

LE-left eye, CF-counting fingers, FFL-fixing and following light. Nystagmus is shown as present (Y) or absent (-).
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Clinical and histopathologic parameters of the patientd/ultiple sequence alignment of members of $h€4 family
were assessed and are shown in Table 2. Clinical parametémsm different species to examine the degree of evolutionary
taken into account were age at onset, post-operative visi@onservation of these residues showed that the mutated resi-
after the first graft, and presence of nystagmus. Histopathaues identified are well conserved except for Arg209 and
logical parameters examined on the patients’ original corne&er213 (not shown). These two residues are predicted to lie
were the thickness of cornea and of Descemets membrane awithin the NH-terminal cytoplasmic domain of the protein
endothelial cell counts. Endothelial cell counts were found t¢Uniprot). Both missense changes, Arg209Trp and Ser213Leu,
be reduced significantly (about 10 fold) in all patients as cominvolve non-conservative substitutions and may be speculated
pared with age-matched controls and are not detailed hert®.be unfavorable to the structure of the protein. The Blosum-
Corneal thickness as measured on formalin-fixed sections w&9 score for substitution of Arg to Trp is -5 and that for serine
not graded for severity due to the likelihood of artefactuato leucine is -4, suggesting that these substitutions are unlikely
changes in thickness during processing of the eyeballs. Thicke occur. The high degree of conservation of the residues mu-
ness of Descemet’s membrane in the CHED patients studi¢ated and the nonconservative nature of the substitutions in-
varied from 3um to 30um and was graded for extent of thick- volved added support to the conclusion that these missense
ness taking into account the age at surgery and normal valugisanges are likely to be pathogenic mutations rather than rare
for DM thickness for the particular age group (shown in Tablgolymorphisms. Cosegregation analyses were not complete
2). No apparent correlations were found between DM thickin families where only one parent or relative was available. In
ness or post-operative visual acuities (after first corneal grafguch cases, the observed homozygosity for mutations espe-
and the type or location of mutationsShC4A11 (Table 2).  cially in non-consanguineous families may represent either
Better visual outcomes (as reflected by a post-operative virue homozygosity or compound heterozygosity for a missense
sual acuity of 20/50 or better) showed no correlation withmutation and a large deletion or non-amplification of the sec-
mutation type or location and were found in association wittond allele.
frameshift mutations (CH-2, CH-5), in-frame deletions (CH-  Anintronic deletion of 19 bp (+26 to +44) in intron 7 was
32, CH-50), nonsense mutations (CH-65, CH-30), and midound in patients of two families (CH-36 and CH-47, Table
sense mutations (CH-3, CH-27, CH-8, CH-33). The worsd). It was absent in 100 normal chromosomes. Splice enhanc-
outcomes for visual acuities (VA of 20/100 or worse) wereers both within exons as well as introns are known to regulate
again not associated with types or locations of mutations. Theplicing of mMRNA. A class otis elements (intronic splice
duration of disease (time interval between the onset of diseasahancers, ISEs) with G-repeat sequences regulates splice site
and surgery), which may be expected to have an impact on teelection of small introns of vertebrate genes [16]. Mutations
visual outcome, showed considerable variation in our seriesf these ISEs, located 28-45 nucleotides (nt) into IVS3 (92 nt
ranging from <1 year to 18 years (Table 2). However, visudbng) of the human GH-1 gene, have been reported to cause
outcomes in this series did not necessarily correlate with dgkipping of the adjacent exon and result in autosomal domi-
ration of disease. Durations of disease in patients with pooreant form of isolated growth hormone deficiency (IGHD-II)
post-operative visual acuities (VA of 20/100 or more) rangedi17]. The intronic deletion identified in the present study is in
from <1 year (CH-16) to 18 years (CH-34, CH-20; see Tabl@tron 7, which is a small intron of 87 base pairs and contains
2). It is possible that graft-related factors contributed to th&-repeats within the deleted sequence. We hypothesize that
final visual outcome. Nystagmus, which is an indicator of sesequences affected by the deletion in intron Bdi4All
vere visual loss, was present in 12 out of 35 unrelated patierftsnction in mRNA splicing and the deletion may therefore
with mutations. Again these patients were heterogeneous withisrupt splicing.
respect to types of mutations (Table 2). The age at onset of Among the 35 families with identified mutations, 29 fami-

disease was similar in most cases, being at birth. lies had apparent homozygous changes and 23 of these were
consanguineous. Four families had compound heterozygous
DISCUSSION changes and two families had single heterozygous changes

Screening of th&LC4A11 gene identified 27 mutations (of within the coding region ddLC4A11. The simplest explana-
which 19 mutations are previously unreported) in 35 unretion for the detection of a single mutant allele in two families
lated patients with CHED2. Ten mutations are predicted t¢CH-28 and CH-42) and no mutations in the coding region of
result in a premature termination of the encoded protein anLC4A11 in seven families is failure of the SSCP method to
may be expected to cause instability of the mutant mRNA adetect all changes. Data obtained so far suggest that recessive
protein. Two of the six deletions found were in-frame deleCHED is genetically homogeneous and that mutations in
tions, one was a deletion of four amino acids (in CH-31) preSLC4A11 are responsible for the phenotype [8,9,18]. Itis un-
dicted to be in the NiHterminal cytoplasmic domain of the likely that these cases represent dominant CHED since family
protein (Uniprot) and the other was a deletion of a single aminbistory did not show affected members in previous genera-
acid, Asp797 (in CH-50) predicted to be in the transmembran@ns. However, the possibility of locus heterogeneity for re-
domain 11/12 [11]. cessive CHED cannot be ruled out altogether at present.
Eight missense changes found in this study were not re- This study adds 19 mutations to the 34 different muta-
ported earlier (Arg209Trp, Ser213Leu, Arg233Cys,tions inS_C4A11 reported to date [8-10,18,19] with a total of
Thr401Lys, Gly418Asp, Leu473Arg, Thr584Lys, Pro773Leu).53 mutations in this gene in 76 families including those who
1331
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participated in this study. Recurrent mutations found in three  congenital hereditary endothelial dystrophy (CHEDZ2) to chro-
or more families identified from various studies so far include =~ mosome 20 by homozygosity mapping. Genomics 1999; 61:1-

Arg112X (present study, Table 1), p. Arg158GInfsX4 (this_ 4 . _
study, [10]), and Arg605X (this study, [8,9]). 7. Mohamed MD, McKibbin M, Jafri H, Rasheed Y, Woods CG,

. . .. Inglehearn CF. A new pedigree with recessive mapping to
Phenotypes of CHED patients in our study showed varia CHED2 locus on 20p13. Br J Ophthalmol 2001; 85:758-9.

tions in the extent of the thickening of DM, in the presence 0§ \sihana EN Morgan P, Sundaresan P, Ebenezer ND, Tan DT
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