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ABSTRACT

Macular corneal dystrophy (MCD) is an autosomal recessive disease featured by bilateral progressive stromal
clouding and loss of vision, consequently necessitating corneal transplantation. Variants in CHST6 gene have
been recognized as the most critical genetic components in MCD. Although many CHST6 variants have been
described until now, the detailed mechanisms underlying MCD are still far from understood. In this study, we
integrated all the reported CHST6 variants described in 408 MCD cases, and performed a comprehensive
evaluation to better illustrate the causality of these variants. The results showed that majority of these variants
(165 out of 181) could be classified as pathogenic or likely pathogenic. Interestingly, we also identified several
disease causal variants with ethnic specificity. In addition, the results underscored the strong correlation
between mutant frequency and residue conservation in the general population (Spearman’s correlation
coefficient = -0.311, P = 1.20E-05), thus providing potential candidate targets for further genetic manipulation.
The current study highlighted the demand of further functional investigations to evaluate the causality of
CHST6 variants, so as to promote earlier accurate diagnosis of MCD and future development of potential
targets for genetic therapy.

INTRODUCTION

Macular corneal dystrophy (MCD; OMIM 217800) is
an autosomal recessive disease featured by bilateral
progressive stromal clouding and loss of vision, finally
necessitating corneal transplantation [1, 2]. Cases of
MCD have been recognized worldwide, while it is
found to have high prevalence in India, Saudi Arabia,
and Iceland [3]. The clinical symptoms usually manifest
in the first decade of life, presented by a diffuse central
stromal haze that progressively extends to the periphery
of the cornea, which yields loss of corneal transparency
and decreased vision. It is reported that MCD
constitutes 10% to 75% of the corneal dystrophies that
demand corneal grafting [4]. Generally, MCD could be
divided into three immunophenotypes (MCD types IA, I

and II) depending on the levels of keratan sulfate (KS)
that detected in the serum and in the cornea. Patients
with MCD type I lack KS in the serum and cornea,
whilst patients with MCD type II contain detectable KS
both in the serum and cornea [5]. The third type, IA, in
which sulfated KS can be detected in the keratocytes
instead of the serum and the cornea, has also been
described [6].

Keratan sulfate plays a central role in maintaining corneal
transparency. It is the major component of keratocan and
lumican that are critical in collagen fibril organization.
The sulfation of keratin in cornea is mediated through the
corneal isoform of carbohydrate sulfotransferase 6
(CHST®6), an enzyme which functions in catalyzing the
transfer of a sulfate group to the GIcNAc residues of
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keratan [7]. The CHST6 (OMIM 605294) gene spans
approximate 23 kb of the short arm of chromosome 16
(16g23.1) and consists of 4 exons and a 1,187 bp open
reading frame. The encoded protein CHST6 contains 395
amino acids with a molecular weight of 44 kDa. Like
other members of the carbohydrate sulfotransferase
family, it includes a short cytosolic tail at the N-terminal,
a single transmembrane span, and a C-terminal domain.
The sulfate donor PAPS binding site that located in the
C-terminal domain determines carbohydrate specificity in
vivo [8]. Deficiency in CHST6 may generate unsulfated
polyactosamine chains that are less water-soluble than
the fully sulfated keratan sulfate, and result in
malformations in fibril organization in the cornea, which
finally leads to progressive corneal opacification in MCD
patients [9].

Variants in CHST6 gene have been recognized as the
most critical genetic components in MCD. To date,
more than 100 frameshift, nonsense, or missense
variants in CHST6 were described in patients with MCD
I/IA. In MCD 1I patients, large rearrangements and
deletions in the upstream of CHST6 were initially
reported, followed by subsequent identification of
mutations within the coding region of CHST6 [4, 9-45].
However, substantial genetic heterogeneity still exists,
and there is no study systematically evaluating CHST6
variants in MCD patients, in particular with regards to
genotype-phenotype correlation and informing on the
significance of specific variants.
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In the current study, we conducted a comprehensive
evaluation of all 181 CHST6 variants described in
MCD patients, and then classified the pathogenicity of
those variants according to the American College of
Medical Genetics and Genomics (ACMG) guidelines
[46].

RESULTS
The spectrum of CHST6 variants

Totally, we retrieved information of 436 MCD cases
reported in 38 articles. Most of these cases were Asian
ethnicity (65%, 284 families), followed by Europeans
(21%), Americans (12%) and Africans (2%, Figure 1).
The age of disease onset in these reported MCD patients
was highly variable, ranging from 6 to 57 years old,
with the average onset age of 25.2+11.8 years old. The
number of females and males were almost identical,
with no obvious gender preference. Four hundred and
eight MCD cases were found to harbor potential
pathogenic CHST6 variants. Among them, 270 cases
had homozygous CHST6 variants, 98 cases carried
compound heterozygous variants, and 40 cases have
only a single variant. A total of 181 unique CHST6
variants were previously reported, including 128
missense, 29 frameshift, 17 nonsense, and 4 non-
frameshift variants, together with 3 deletions and/or
rearrangements in the upstream region of CHST6
(Supplementary Table 1).
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Figure 1. Population distribution of CHST6 variants found in patients with macular corneal dystrophy (MCD). Pie-chart showing
the number of MCD patients carrying CHST6 variants in different countries and the percentage in the general population (middle).
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Frequent CHST6 variants

The most frequently described CHST6 variant was
p-L200R, which was observed in 37 cases. This mutation
was only described in Europeans and Americans, and
many of the affected cases (23/37) were compound
heterozygous for this mutation. The second most frequent
variant was located at position 211, which has been
observed in 21 cases. Three types of amino acid
substitutions, including p.R211G, p.R211Q and p.R211W
were identified here. Interestingly, these mutations were
mainly found in Asian populations, except for a
homozygous p.R211W mutation that was reported in three
Turkish cases, as well as a compound heterozygous
p-R211Q mutation found in a Germany patient. Of note,
these frequent variants were located quite close to the
sulfate donor (PAPS) binding site, implying their potential
roles in affecting protein function. In general however,
most of CHST6 variants were identified in only one or a
few patients, indicating the substantial genetic
heterogeneity of MCD caused by CHST6 variants. A
complete list of CHST6 variants with nucleotide and
predicted amino acid changes was shown in
Supplementary Table 1. The position of these variants,
with regard to key domains, was illustrated in a schematic
representation of the CHST6 protein (Figure 2).

Protein sequence alignment revealed that at least half of
the reported CHST6 variants that caused amino acid
changes are conserved among various vertebrate species
(Figure 3). Further, the normalized conservation score
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of each residue in the CHST6 protein was calculated
using the empirical Bayesian method, as implemented
in the Consurf Server (Shown in Supplementary Table
4), and compared with its mutated frequency detected in
MCD patients. Both of the two measurements were
transformed into z-scores before comparison. It was
interesting to find that the number of patients who
carried CHST6 variants at each position was sig-
nificantly correlated with the conservation score of the
corresponding  residue  (Spearman’s  correlation
coefficient =-0.311, P =0.000012, shown in Figure 4).

Pathogenicity classification of all CHST6 variants

All the reported CHST6 variants were classified based
on the ACMG guidelines as described in Materials and
Methods part. Finally, 62 variants were classified as
pathogenic, 103 variants as likely pathogenic and 16 as
being of uncertain significance.

Among the 49 protein-truncating variants, 32 of them
were leading to a frameshift (including large deletions)
and 17 were nonsense mutations. Majority of the
truncating variants were rare, because only nine of them
existed in the gnomAD database, with the frequency
lower than 4.67E-05. Protein truncating variants were
considered to be pathogenic if they caused a termination
of the protein before residue 298, since the p.Q298X
variant has already been classified as pathogenic by the
ClinVar database. It thus showed that 41 of them were
classified to be pathogenic.

_ p.T228D _ pw33se
[RWaseX _ p.R334C
p.
p.C246W ~ P.H335fs
[ p.A247fs p.E34TX
p.S248R o A352fs

p.H249R
p.E254X
p.L264fs
p.Y268C
p.L276P
p.L293F
— p.P297fs
p.H308Y
p.G309X
p.V320L

=

p.L353fs

p.E364fs

p.R211Q
p.Q18fs . .C1658 L ‘R211W p.Y358D
p.ciesy ||l P Moot
p-Q:_ﬂz)z(R - 165w | ([l o.a206v B
E ra2p - .C149G AT —p.C34sfs
P < . .G149Y g-:ggg{s —p.C3495
P31fs . ! L p.c3soy
3 p.R205W P
p.P3IL . v
pP31S Lp.netT - p.A128V P p.CasiH
S35% Lp.LSQH L p.A128T p.P204fs p.Q331X
b3zt B Qs8R b pF121S Rt p.Q298fs
P- 'S |-p.Q58R F pF12iL  pr173p o [[FP-P204R '0298X
g-l;ggf: - p.a58X T pF121fs oy a7ap J|frep204Q P
p.R50S—| |- P-F55L tpclozy p.P204G F p.E274Q
F Cp. R17TH L
el :sgii | psoets :.R177G- ~P-D203E p.E274K
p- L p.ssay I-p.S98L p.R177C | PD203Y - p.R272S
p.R93H- ~p.S98W L p.D203N L p.R272H
P-R93S-- p.RI7P | p.R202fs |-p.D221Y
—p.RO7C “pR202S L pp22ie

Figure 2. Schematic representation of position of CHST6 variants and its protein domains. The sulfotransferase domain (residue
42-356) was labeled in cyan, and the two PAPS binding sites (residue 49-55 and 202-210) were labeled in carmine.
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Yvy vy Y VY Y vy | B MR AAAAA|

Human MWLPRVSSTAVTALLLAQTFL---LLFLVSRPGPSSPA--GGEARVHVLVLSSWRSGSSF 55
Chimpanzee MWLPRVSSTAVTALLLAQTFL---LLFLVSRPGPSSPA--GGEARVHVLVLSSWRSGSSF 55
Mouse MRLPRFSSTVMLSLLMVQTGI---LVFLVSRQVPSSPA--GLGERVHVLVLSSWRSGSSF 55
Chicken MARIRISSTIITLLVMVQTGF---LLFMYARYNSFTPHSEEKSSQVHILILSSWRSGSSF 57
Frog MVRFRALNVIVAGFFLLQTIF---LLVIYSR-NTVLPDAETKTEKVHLLILSSWRSGSSF 56
Zebrafish MLRWRVSKAAVLSVLFAQAVTVGLLYGWYSRPNI--QNVTQPEGKVHVLLLSSWRSGSSF 58
* * .. 08 cet ¥ *  * skkgkgkkkkkhkkkkk
YYYY YV VYV VYVYY VY Y \AAJ \AJ vy Y
Human VGQLFNQHPDVFYLMEPAWHVWTTLSQGSAATLHMAVRDLVRSVFLCDMDVFDAYLPWRR 115
Chimpanzee VGQLFNQHPDVFYLMEPAWHVWTTLSQGSAATLHMAVRDLVRSVFLCDMDVFDAYLPWRR 115
Mouse VGQLFSQHPDVFYLMEPAWHVWDTLSQGSAPALHMAVRDLIRSVFLCDMDVFDAYLPWRR 115
Chicken VGQLFSQHPSVFYLMEPAWHVWVTMYQNSAKVLHMAVRDLVRSVFLCDMSVFDAYMPWKR 117
Frog IGQIFSQHPDVFYLMEPAWHVWMSMFQNNAKTLHMAVRDLIRSVFLCDMSVFDAYIPKRM 116
Zebrafish LGQVFSQHPDVFYLMEPAWHVWMTINQSGARSLRMAVRDTIRSIFQCDMSVMDSYIRQPQ 118
skk gk kkk Kkhkkkkkkkkhkhkhk g3 k_ Kk hygkkkkk ghkkgk Kkkk kgkgkg
Y YYVY VY VY YV V VY A Y
Human NLSDLFQWAVSRALCSPPACSAFPRGAISSEAVCKPLCARQSFTLAREACRSYSHVVLKE 175
Chimpanzee NLSDLFQWAVSRALCSPPACSAFPRGAISSEAVCKPLCARQPFSLAREACRSYSHVVLKE 175
Mouse NISDLFQWAVSRALCSPPVCEAFARGNISSEEVCKPLCATRPFGLAQEACSSYSHVVLKE 175
Chicken NLSDLFQWAVSRALCSAPACDSFQRTDVTSEMACKTLCGRYPFSKVEEACKTYSHVVIKE 177
Frog NVSELFQWSVSRALCSYPACSHFNREDITNETVCKVVCGRNSFSKIEESCNTYSHIVLKE 176
Zebrafish NISNLFMWSHSRALCSPPACLQTPRDQISIEQDCKKHCGKSNLKLAESACQSYSHVVLKE 178
Kokakk kg kkkkkk Kk ok * gy ok kk K, : Lotk gkkkgkgkk
vy y Y Yy yvvyy LA Y vy Y Y
Human VRFFNLQVLYPLLSDPALNLRIVHLVRDPRAVLRSREQTAKALARDNGIVLGTNGTWVEA 235
Chimpanzee VRFFNLQVLYPLLSDPALNLRIVHLVRDPRAVLRSREQTAKALARDNGIVLGTNGTWVEA 235
Mouse VRFFNLQVLYPLLSDPALNLRIVHLVRDPRAVLRSREQTAKALARDNGIVLGTNGTWVEA 235
Chicken VRFFDLKVLYPLLTDPSLNLKIIHLVRDPRAVVKSREQSVKALARDNGIVLSTNGTKVE- 236
Frog VRFFDLKVLYPLLTDPSLNLKIIHLVRDPRAVAKSREQAMKALTRDNGIVLNTNGTKVD- 235
Zebrafish VRFFELESLYSLLQDPTLNVRIIHLVRDPRAVFRSRDRSYKALVKDSNIVLEMANIP-EK 237
hkkkghks Kk kk khkshkgokghkkkkkhhkk skkgss *kkk_ sk _kkk . :
\BRAAA) Y Y Y vy Y
Human DPGLRVVREVCRSHVRIAEAATLKPPPFLRGRYRLVRFEDLAREPLAETRALYAFTGLSL 295
Chimpanzee DPGLRVVREVCRSHVRIAEAATLKPPPFLRGRYRLVRFEDLAREPLAEIRALYAFTGLSL 295
Mouse DPRLRVVNEVCRSHVRIAEAALHKPPPFLODRYRLVRYEDLARDPLTVIRELYAFTGLGL 295
Chicken DSKYKVMQEICRSHVQIYETATLKPPSFLKDRYLMIRFEDLVRDPLSEISEMYKFADLSL 296
Frog DVRYDVLREVCRSHVQMYETAMDKAPSFLKGRYMLVRYEDVVRDPLREINQMYEFSNLKL 295
Zebrafish DKPYRVLQEICRSHVRIYETAMLKAPSFLKGRYKMIRYEDLVHNTQAEIEAMYEFIGLEM 297
* kg kygkkkkkgs kgk Kk Kk kkg Kkk ggkgkkg, s * gk kK g
A/ \AJ yvyw Y
Human TPQLEAWIHNITHGSGPGARREAFKTSSRNALNVSQAWRHALPFAKIRRVQELCAGALQL 355
Chimpanzee TPQLEAWIHNITHGSGPGARREAFKTSSRNALNVSQAWRHALPFAKIRRVQELCAGALQL 355
Mouse TPQLOTWIHNITHGSGPGARREAFKTTSRDALSVSQAWRHTLPFAKIRRVQELCGGALQL 355
Chicken TPTLKSWVYNITHGQGPGKKKEAFKITSRDAVNVSQAWRNVLSFQKIKKIQEVCKGAINM 356
Frog TAKLKSWIYNITHGVGPGSKKEAFKTTSRNAANVSQAWRKDLSFQKIQKIQNICKGAMNL 355
Zebrafish TETLQEWIYRITHGKGKGTKKEAFDITSRNAEDVSMAWRTTLPFEKVQRIQDVCKGAMSL 357
* kg kgg. kkkk Kk Kk gyekkk, gkkgk _kk kkk Kk Kk kggggkggk kkg,g
Y Y
Human LGYRPVYSEDEQRNLALDLVLPRGLNGFTWASSTASHPRN- 395
Chimpanzee LGYRPVYSEDEQRNLALDLVLPRGLNGFTWASSTASHPRN- 395
Mouse LGYRSVHSELEQRDLSLDLLLPRGMDSFKWASSTEKQPES - 395
Chicken LGYQLVDSEKEQRDLSLDLVLPRRONQFSWSSFNPKN———— 393
Frog LGYQFIDSEKEQKDMSMDFVLPRRHYQF SWLPNNDKK—-—-— 392
Zebrafish LGYSTVDSEKEQKMMDLDLMKPRERYKFKWLPPKSTTAAKL 398
*kk g Kk Kkkg 3 skgg ** *, *

Figure 3. Multiple sequence alignment result of CHST6 protein. Protein sequences for CHST6 retrieved from NCBI for human,
chimpanzee, mouse, chicken, frog and zebrafish showed amino acid conservation among different vertebrate species (for mouse, the
sequence of CHST5 was used here). The sulfotransferase domain (residue 42-356) was labeled in cyan, and the two PAPS binding sites
(residue 49-55 and 202-210) were labeled in carmine. Arrowheads indicated amino acid changes caused by reported human mutations.
Strongly conserved positions were labeled with red or orange arrowheads, while weakly conserved ones were labeled with blue or green
arrowheads (annotated by Clustal Omega).
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A total of 128 missense variants in CHST6 were
identified in MCD patients, and 25 of them were
classified as pathogenic by UniProt, and thereby were
counted as strong evidence (PS1) of pathogenicity.
Additional 31 variants occurred at the same amino acid
residue with those established pathogenic variants were
considered to show moderate evidence (PMS5) of
pathogenicity. Meanwhile, all the variants were absent
from controls or at extremely low frequency in general
populations, which was recognized as a moderate piece
of evidence for pathogenicity (PM2). Majority of the in
silico programs tested agreed on the protein-damaging
prediction of these missense variants, and missense
variations in CHST6 were already recognized as a
common cause of the disease, then these evidences can
be counted as supporting (PP2 and PP3). Besides, the
SMART  prediction tool (http://smart.emblheidel
berg.de/) was applied to retrieve CHST6 protein
domains and their location. It was shown that the key
sulfotransferase domain ranged from residue 42 to 356,
thus moderate evidence (PM2) for a variant to be
pathogenic was considered if it occurred within this
domain. Finally, after combining all the information in
the pathogenicity evaluation, 21 missense variants were
classified to be pathogenic, 100 missense variants to be
likely pathogenic and 7 as being of uncertain sig-
nificance. Of note, the most frequently described variant
p.L200R has been classified as likely pathogenic, given
the evidences of PM1, PM2, PP2, PP3 and PP5. The
detailed results of ACMG classification for protein-
truncating variants and missense variants were shown in
Supplementary Tables 2 and 3, respectively.

DISCUSSION

To date, many efforts have been made on the molecular
diagnosis of MCD, and the implementation of next-
generation sequencing (NGS) in clinical diagnosis

‘ l

Amino acid position

greatly helps expand the genetic spectrums of MCD
worldwide. In the current study, we performed a
comprehensive evaluation on all the reported CHST6
variants found in MCD patients, including the
distribution of these variants across populations, the
conservation scores among residues, the correlation
between mutant frequency and residue conservation,
and the potential genotype phenotype correlation.
Accordingly, we further classified all the reported
CHST6 variants based on the ACMG guideline. To our
knowledge, this is the first study comprehensively
analyzing the genetic findings on MCD pathogenesis,
and the current study may help shed light on earlier
accurate diagnosis of MCD and future development of
potential targets for genetic therapy.

In this study, we observed a high prevalence of MCD
in Asians, in particular India, which can be attributed
to the known high rate of consanguinity there [3]. We
also found some causal variants with potential ethnic
specificity, such as variant p.L200R and p.R211G,
which have been discovered in Europeans/Americans
or Asians, respectively. Importantly, we found a
significant correlation between the mutant frequency
and the conservation score of the corresponding
residue. The top-5 most conserved residues were
Ser53, Ser210, Asp203, Arg50, and Arg93, and four
of them were located in the important PAPS binding
site. For the most described variant p.L200R, its
residue conservation score was -1.217, ranked 16.
Currently, there are no animal models available that
mimic human MCD, since the large number of genetic
mutations in CHST6 gene identified in MCD patients
made it difficult to find a single target for genetic
manipulation. However, those most conserved resi-
dues or the highly mutated residues in the general
population might be potential candidates for further
functional studies.

===Conservation score

===Number of patients (%)

Figure 4. The normalized conservation scores (blue curve) for each residue in CHST6 protein and the percentage of reported
MCD patients who carried mutations in the corresponding position (red curve).
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Functionally, owing to the abnormal sulfation caused by
CHST6 variants, the keratin molecules cannot be
metabolized and then were deposited in the cornea [47].
In addition, the collagen fibrils turned to be smaller,
with a decrease in the interfibrillar spacing [48]. They
together contributed to the loss of corneal transparency
in MCD. It has also been demonstrated that CHST6
revealed a protective role on cell survival. For example,
repression of CHST6 increased radiation-induced
apoptosis of human Burkitt’s lymphoma cells [49], and
more relevantly, CHST6 deficiencies were found to
trigger ER stress with considerable GRP78/CHOP
upregulation and cell apoptosis in MCD keratocytes
[23]. All of these evidences collectively highlighted the
pivotal role of CHST6 in many cellular processes, such
as ECM constitution, ER stress, apoptosis and so on.
Individuals with CHST6 variants might experience
similar corneal dystrophy symptoms, but the underlying
mechanisms for their diseases might be different at the
molecular level. For example, conserved variants
located within the 5’PB domain like Arg205 or Asp203
may substantially reduce the ability to combine with
PAPS [50], while other conserved variants with
significant changes on residue polar or physiochemical
property may impact the enzymatic activity. Whether
and how these crucial variants act on different cellular
processes need to be clarified. Therefore, further
functional investigations on some potential key variants
prioritized by this study may help promote the
understanding of MCD pathogenesis to a much more in-
depth level.

Several limitations of this study should also be noted
here. Firstly, among the 408 MCD cases that harbored
pathogenic CHST6 variants, 298 of them carried
homozygous or compound heterozygous variants,
fulfilling the recessive inherited model of MCD.
However, there was still 40 cases carried only one
single heterozygous mutation. It was quite possible that
a second mutation was missed by previous sequencing
methods. Thus, some state of art techniques like
targeted region deep sequencing of the complete gene or
whole genome sequencing can be used. In addition, for
some variants that weighted to be uncertain significance
in this study, additional evidences are required to push
them to robustly meet the criteria of pathogenicity
categories, although these data are not available at this
moment.

Secondly, although we collected clinical information
including age of onset, gender, and disease phenotype
of MCD patients recruited in previous studies, when
available. Unfortunately, approximate two thirds of
patients lacked phenotypic details, and most of previous
studies did not investigate the distribution and reactivity
of the KS in serum and cornea in these MCD patients.

Thus, we were unable to draw any conclusions with
regards to the correlation between CHST6 variants and
MCD immunophenotypes. The available data are still
too scarce to make any correlations, implying the need
for better characterization of this rare disease.

In summary, the current comprehensive evaluation
contributed to the most updated in-silico classification
of all reported CHST6 variants till now. Although the
vast majority of CHST6 variants are likely to be protein
damaging, systematic functional investigations are still
in urgent need to demonstrate the pathogenicity of these
variants.

MATERIALS AND METHODS
Databases and literature search

We retrieved all publications (assessed on Dec 10,
2018) from the following electronic databases: PubMed,
EMBASE, and Medline, using the keywords “mutation”
or “variant” combined with “CHST6” and “corneal
dystrophy”. All the relevant studies, including original
articles, reviews, or case reports were carefully
screened. The inclusion criteria applied in this process
was shown as the following: (1) sequencing studies that
report CHST6 variants found in corneal dystrophy
patients; (2) sufficient data for collecting variants
information and disease phenotype. Reviews or obvious
duplicates were removed. Variant combinations, pa-
tients’ ethnicity, and disease phenotype were collected.
The number of MCD patients included in each study
was recorded. Simultaneously, public databases were
assessed through searches for “CHST6” in ClinVar,
ClinVitae, EmvClass, and Human Gene Mutation
Database (HGMD). Identified variants were compared
with those from the literature search. The whole research
progress was approved by the Ethics Committee of Eye
and ENT Hospital of Fudan University and was
performed following the declaration of Helsinki.

Variant analysis

Each published variant was checked for accuracy and
compared to the corresponding wide-type reference.
When different reference sequences were used among
publications, nucleotide and codon numbers were
converted to ensure that their annotation matched with
reference transcript NM_021615.4 for CHST6. The A of
the ATG translation initiation codon was numbered as
+1 and the initial codon as codon 1. Frequencies of the
variants in control subjects were retrieved from the
Genome Aggregation Database (gnomAD), which
contains 123,136 exomes and 15,496 genomes from
unrelated  individuals worldwide  (http://gnomad.
broadinstitute.org).
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Classification of variant pathogenicity

We evaluated the pathogenicity of all reported CHST6
variants according to the ACMG guidelines, to classify
all variants into one of the five following categories:
benign, likely benign, uncertain significance, pathogenic,
or likely pathogenic. Briefly, all variants were subjected
to the ANNOVAR package (http://www.openbio
informatics.org/annovar/) for variant annotation, to obtain
their allele frequency in public databases, in silico
prediction scores, and other evidence of pathogenicity.
Then, each pathogenic criterion was evaluated to be very
strong (PVS1), strong (PS1-4), moderate (PM1-6), or
supporting (PP1-5), and each benign criterion was
evaluated to be stand-alone (BA1), strong (BS1-4), or
supporting (BP1-6). After weighting these variants based
on the observed evidence of pathogenicity, the criteria
were then combined to choose a classification from the
five-tier system.

Calculating the conservation scores

The conservation scores for all residues of CHST6
protein, as well as their confidence intervals were
calculated by the Consurf package (http://
consurf.tau.ac.il/), using the empirical Bayesian method
with the default parameters. The scores were then
normalized, so that the average score for all residues was
zero, and the standard deviation was one. The lowest
score represented the most conserved position in a protein.

AUTHOR CONTRIBUTIONS

JX and JZ designed the study; JZ, DW, YL, YF and YD
collected the publications and analyzed the data; JZ
drafted the manuscript; JX, DW, YL, YF, and YD
revised the manuscript.

ACKNOWLEDGMENTS

The authors were sponsored by the National Natural
Science Foundation of China (81870630, 81700806,
81670820); the Natural Science Foundation of
Shanghai (17ZR1404400); The sponsor or funding
organization had no role in the design or conduct of
this research.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.
REFERENCES

1. Klintworth GK. Research into the pathogenesis of

macular corneal dystrophy. Trans Ophthalmol Soc U
K. 1980; 100:186-194.

2. Donnenfeld ED, Cohen EJ, Ingraham HJ, Poleski SA,
Goldsmith E, Laibson PR. Corneal thinning in macular
corneal dystrophy. Am J Ophthalmol Case Rep. 1986;
101:112-113.
https://doi.org/10.1016/0002-9394(86)90473-3

3. Aggarwal S, Peck T, Golen J, Karcioglu ZA. Macular
corneal dystrophy: A review. Surv Ophthalmol. 2018;
63:609-617.
https://doi.org/10.1016/j.survophthal.2018.03.004

4. El-Ashry MF, Abd El-Aziz MM, Wilkins S, Cheetham
ME, Wilkie SE, Hardcastle AJ, Halford S, Bayoumi AY,
Ficker LA, Tuft S, Bhattacharya SS, Ebenezer ND.
Identification of novel mutations in the carbohydrate
sulfotransferase gene (CHST6) causing macular
corneal dystrophy. Invest Ophthalmol Vis Sci. 2002;
43:377-382.

5. Yang CJ, SundarRaj N, Thonar EJ, Klintworth GK.
Immunohistochemical evidence of heterogeneity in
macular corneal dystrophy. Am J Ophthalmol Case
Rep. 1988; 106:65-71.
https://doi.org/10.1016/50002-9394(14)76390-1

6. Klintworth GK, Oshima E, al-Rajhi A, al-Saif A,
Thonar EJ, Karcioglu ZA. Macular corneal dystrophy
in Saudi Arabia: a study of 56 cases and recognition
of a new immunophenotype. Am J Ophthalmol.
1997; 124:9-18.
https://doi.org/10.1016/5S0002-9394(14)71637-X

7. Akama TO, Nakayama J, Nishida K, Hiraoka N, Suzuki
M, McAuliffe J, Hindsgaul O, Fukuda M, Fukuda MN.
Human corneal GlcNac 6-O-sulfotransferase and
mouse intestinal GlcNac 6-O-sulfotransferase both
produce keratan sulfate. J Biol Chem. 2001;
276:16271-16278.
https://doi.org/10.1074/jbc.M009995200

8. Musselmann K, Hassell JR. Focus on molecules: CHST6
(carbohydrate sulfotransferase 6; corneal N-
acetylglucosamine-6-sulfotransferase). Exp Eye Res.
2006; 83:707-708.
https://doi.org/10.1016/j.exer.2005.11.020

9. Akama TO, Nishida K, Nakayama J, Watanabe H, Ozaki
K, Nakamura T, Dota A, Kawasaki S, Inoue Y, Maeda
N, Yamamoto S, Fujiwara T, Thonar EJ, et al. Macular
corneal dystrophy type | and type Il are caused by
distinct mutations in a new sulphotransferase gene.
Nat Genet. 2000; 26:237-241.
https://doi.org/10.1038/79987

10. Klintworth GK, Smith CF, Bowling BL. CHST6
mutations in North American subjects with macular
corneal dystrophy: a comprehensive molecular
genetic review. Mol Vis. 2006; 12:159-176.

11. Dudakova L, Palos M, Svobodova M, Bydzovsky J,
Huna L, Jirsova K, Hardcastle AJ, Tuft SJ, Liskova P.

WwWw.aging-us.com 1025

AGING



12.

13.

14.

15.

16.

17.

18.

19.

20.

Macular corneal dystrophy and associated corneal
thinning. Eye. 2014; 28:1201-1205.
https://doi.org/10.1038/eye.2014.164

Liskova P, Veraitch B, Jirsova K, Filipec M, Neuwirth A,
Ebenezer ND, Hysi PG, Hardcastle AJ, Tuft SJ,
Bhattacharya SS. Sequencing of the CHST6 gene in
Czech macular corneal dystrophy patients supports
the evidence of a founder mutation. Br J Ophthalmol.
2008; 92:265-267.
https://doi.org/10.1136/bjo.2007.125252

Nowinska AK, Wylegala E, Teper S, Wroblewska-
Czajka E, Aragona P, Roszkowska AM, Micali A, Pisani
A, Puzzolo D. Phenotype and genotype analysis in
patients with macular corneal dystrophy. Br J
Ophthalmol. 2014; 98:1514-1521.
https://doi.org/10.1136/bjophthalmol-2014-305098

Gruenauer-Kloevekorn C, Braeutigam S, Heinritz W,
Froster UG, Duncker Gl. Macular corneal dystrophy:
mutational spectrum in German patients, novel
mutations and therapeutic options. Graefes Arch Clin
Exp Ophthalmol. 2008; 246:1441-1447.
https://doi.org/10.1007/s00417-008-0836-1

Yaylacioglu Tuncay F, Kayman Kurekci G, Guntekin
Ergun S, Pasaoglu OT, Akata RF, Dincer PR. Genetic
analysis of CHST6 and TGFBI in Turkish patients with
corneal dystrophies: Five novel variations in CHST6.
Mol Vis. 2016; 22:1267-1279.

Sultana A, Klintworth GK, Thonar EJ, Vemuganti GK,
Kannabiran C. Immunophenotypes of macular corneal
dystrophy in India and correlation with mutations in
CHST6. Mol Vis. 2009; 15:319-325.

Sultana A, Sridhar MS, Jagannathan A,
Balasubramanian D, Kannabiran C, Klintworth GK.
Novel mutations of the carbohydrate sulfo-
transferase-6 (CHST6) gene causing macular corneal
dystrophy in India. Mol Vis. 2003; 9:730-734.

Sultana A, Sridhar MS, Klintworth GK,
Balasubramanian D, Kannabiran C. Allelic hetero-
geneity of the carbohydrate sulfotransferase-6 gene
in patients with macular corneal dystrophy. Clin
Genet. 2005; 68:454-460.
https://doi.org/10.1111/j.1399-0004.2005.00517.x

Liu NP, Dew-Knight S, Rayner M, Jonasson F, Akama
TO, Fukuda MN, Bao W, Gilbert JR, Vance JM,
Klintworth GK. Mutations in corneal carbohydrate
sulfotransferase 6 gene (CHST6) cause macular corneal
dystrophy in Iceland. Mol Vis. 2000; 6:261-264.

Liu NP, Smith CF, Bowling BL, Jonasson F, Klintworth
GK. Macular corneal dystrophy types | and Il are
caused by distinct mutations in the CHST6 gene in
Iceland. Mol Vis. 2006; 12:1148-1152.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Warren JF, Aldave AJ, Srinivasan M, Thonar EJ, Kumar
AB, Cevallos V, Whitcher JP, Margolis TP. Novel
mutations in the CHST6 gene associated with macular
corneal dystrophy in southern India. Arch
Ophthalmol. 2003; 121:1608-1612.
https://doi.org/10.1001/archopht.121.11.1608

Niel F, Ellies P, Dighiero P, Soria J, Sabbagh C, San C,
Renard G, Delpech M, Valleix S. Truncating mutations
in the carbohydrate sulfotransferase 6 gene (CHST6)
result in macular corneal dystrophy. Invest
Ophthalmol Vis Sci. 2003; 44:2949-2953.
https://doi.org/10.1167/iovs.02-0740

Wang L, Tang X, Lv X, Sun E, Wu D, Wang C, Liu P.
CHST6 mutation screening and endoplasmatic
reticulum stress in macular corneal dystrophy.
Oncotarget. 2017; 8:96301-96312.
https://doi.org/10.18632/oncotarget.22028

Liu Z, Tian X, lida N, Fujiki K, Xie P, Wang W, Ma Z,
Kanai A, Murakami A. Mutation analysis of CHST6
gene in Chinese patients with macular corneal
dystrophy. Cornea. 2010; 29:883—-888.
https://doi.org/10.1097/ICO.0b013e3181ca2e74

El-Ashry  MF, Abd El-Aziz MM, Shalaby O,
Bhattacharya SS. Molecular genetic study of Egyptian
patients with macular corneal dystrophy. Br J
Ophthalmol. 2010; 94:250-255.
https://doi.org/10.1136/bjo.2009.161810

Paliwal P, Sharma A, Tandon R, Sharma N, Titiyal IS,
Sen S, Vajpayee RB. Molecular genetic analysis of
macular corneal dystrophy patients from North India.
Ophthalmic Res. 2012; 48:28-32.
https://doi.org/10.1159/000334911

Birgani SA, Salehi Z, Houshmand M, Mohamadi MJ,
Promehr LA, Mozafarzadeh Z. Novel mutations of
CHST6 in Iranian patients with macular corneal
dystrophy. Mol Vis. 2009; 15:373-377.

Park SH, Ahn YJ, Chae H, Kim Y, Kim MS, Kim M.
Molecular analysis of the CHST6 gene in Korean
patients  with  macular  corneal  dystrophy:
Identification of three novel mutations. Mol Vis.
structural features]. Arch Soc Esp Oftalmol. 2006;
81:315-320.

https://doi.org/10.4321/50365-66912006000600004

Aldave AJ, Yellore VS, Thonar EJ, Udar N, Warren JF,
Yoon MK, Cohen EJ, Rapuano CJ, Laibson PR, Margolis
TP, Small K. Novel mutations in the carbohydrate
sulfotransferase gene (CHST6) in American patients
with macular corneal dystrophy. Am J Ophthalmol
Case Rep. 2004; 137:465-473.
https://doi.org/10.1016/j.aj0.2003.09.036

Ha NT, Chau HM, Cung le X, Thanh TK, Fujiki K,
Murakami A, Hiratsuka Y, Kanai A. Mutation analysis
of the carbohydrate sulfotransferase gene in

WwWw.aging-us.com

AGING



31.

32.

33.

34.

35.

36.

37.

38.

39.

Vietnamese with macular corneal dystrophy. Invest
Ophthalmol Vis Sci. 2003; 44:3310-3316.
https://doi.org/10.1167/iovs.03-0031

Huo YN, Yao YF, Yu P. Pathogenic mutations of TGFBI
and CHST6 genes in Chinese patients with Avellino,
lattice, and macular corneal dystrophies. J Zhejiang
Univ Sci. 2011; 12:687-693.
https://doi.org/10.1631/jzus.B1100011

Rubinstein Y, Weiner C, Einan-Lifshitz A, Chetrit N,
Shoshany N, Zadok D, Avni |, Pras E. Macular Corneal
Dystrophy and Posterior Corneal Abnormalities.
Cornea. 2016; 35:1605-1610.
https://doi.org/10.1097/1C0.0000000000001054

Gulias-Canizo R, Castaneda-Diez R, Gomez-Leal A,
Klintworth GK, Rodriguez-Reyes AA. [Corneal macular
dystrophy: clinical, histopathologic and ultrastructural
features]. Arch Soc Esp Oftalmol. 2006; 81:315-320.
https://doi.org/10.4321/50365-66912006000600004

Carstens N, Williams S, Goolam S, Carmichael T,
Cheung MS, Buchmann-Moller S, Sultan M, Staedtler
F, Zou C, Swart P, Rice DS, Lacoste A, Paes K, et al.
Novel mutation in the CHST6 gene causes macular
corneal dystrophy in a black South African family.
BMC Med Genet. 2016; 17:47.
https://doi.org/10.1186/s12881-016-0308-0

Ha NT, Chau HM, Cung le X, Thanh TK, Fujiki K,
Murakami A, Hiratsuka Y, Hasegawa N, Kanai A.
Identification of novel mutations of the CHST6 gene
in Vietnamese families affected with macular corneal
dystrophy in two generations. Cornea. 2003; 22:508—
511.

https://doi.org/10.1097/00003226-200308000-00004

Abbruzzese C, Kuhn U, Molina F, Rama P, De Luca M.
Novel mutations in the CHST6 gene causing macular
corneal dystrophy. Clin Genet. 2004; 65:120-125.
https://doi.org/10.1111/j.0009-9163.2004.00191.x

Gonzalez-Rodriguez J, Ramirez-Miranda A,
Hernandez-Da Mota SE, Zenteno JC. TGFBI, CHST6,
and GSN gene analysis in Mexican patients with
stromal corneal dystrophies. Graefes Arch Clin Exp
Ophthalmol. 2014; 252:1267-1272.
https://doi.org/10.1007/s00417-014-2648-9

El-Ashry MF, Abd El-Aziz MM, Shalaby O, Wilkins S,
Poopalasundaram S, Cheetham M, Tuft SJ, Hardcastle
AJ, Bhattacharya SS, Ebenezer ND. Novel CHST6
nonsense and missense mutations responsible for
macular corneal dystrophy. Am J Ophthalmol. 2005;
139:192-193.
https://doi.org/10.1016/j.ajo.2004.07.001

Liu NP, Bao W, Smith CF, Vance JM, Klintworth GK.
Different mutations in carbohydrate sulfotransferase
6 (CHST6) gene cause macular corneal dystrophy

40.

41.

42.

43.

44.

45.

46.

47.

types | and Il in a single sibship. Am J Ophthalmol.
2005; 139:1118-1120.
https://doi.org/10.1016/j.aj0.2004.11.054

Yellore VS, Sonmez B, Chen MC, Rayner SA, Thonar EJ,
Aldave AJ. An unusual presentation of macular
corneal dystrophy associated with uniparental
isodisomy and a novel Leul73Pro mutation.
Ophthalmic Genet. 2007; 28:169-174.
https://doi.org/10.1080/13816810701407925

Patel DA, Harocopos GJ, Chang SH, Vora SC,
Lubniewski AJ, Huang AJ. Novel CHST6 gene
mutations in 2 unrelated cases of macular corneal
dystrophy. Cornea. 2011; 30:664—669.
https://doi.org/10.1097/1C0.0b013e3182012888

lida-Hasegawa N, Furuhata A, Hayatsu H, Murakami
A, Fujiki K, Nakayasu K, Kanai A. Mutations in the
CHST6 gene in patients with macular corneal
dystrophy: immunohistochemical evidence of
heterogeneity. Invest Ophthalmol Vis Sci. 2003;
44:3272-3277.

https://doi.org/10.1167/iovs.02-0910

Kobayashi A, Fujiki K, Fujimaki T, Murakami A,
Sugiyama K. In vivo laser confocal microscopic
findings of corneal stromal dystrophies. Arch Ophthal.
2007; 125:1168-1173.
https://doi.org/10.1001/archopht.125.9.1168

Dang X, Zhu Q, Wang L, Su H, Lin H, Zhou N, Liang T,
Wang Z, Huang S, Ren Q, Qi Y. Macular corneal
dystrophy in a Chinese family related with novel
mutations of CHST6. Mol Vis. 2009; 15:700-705.

Young RD, Akama TO, Liskova P, Ebenezer ND, Allan
B, Kerr B, Caterson B, Fukuda MN, Quantock AJ.
Differential immunogold localisation of sulphated and
unsulphated keratan sulphate proteoglycans in
normal and macular dystrophy cornea using
sulphation motif-specific antibodies. Histochem Cell
Biol. 2007; 127:115-120.
https://doi.org/10.1007/s00418-006-0228-8

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster
J, Grody WW, Hegde M, Lyon E, Spector E,
Voelkerding K, Rehm HL, Committee ALQA. 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; 17:405-424.
https://doi.org/10.1038/gim.2015.30

Musselmann K, Kane B, Alexandrou B, Hassell JR.
Stimulation of collagen synthesis by insulin and
proteoglycan accumulation by ascorbate in bovine
keratocytes in vitro. Invest Ophthalmol Vis Sci. 2006;
47:5260-5266.

WwWw.aging-us.com

1027

AGING



48.

49.

50.

https://doi.org/10.1167/iovs.06-0612

Akhtar S, Alkatan HM, Kirat O, Khan AA, Almubrad T.
Collagen Fibrils and Proteoglycans of Macular
Dystrophy  Cornea: Ultrastructure and 3D
Transmission Electron Tomography. Microsc
Microanal. 2015; 21:666—679.
https://doi.org/10.1017/51431927615000483

Nakayama F, Umeda S, Ichimiya T, Kamiyama S,
Hazawa M, Yasuda T, Nishihara S, Imai T. Sulfation of
keratan sulfate proteoglycan reduces radiation-
induced apoptosis in human Burkitt's lymphoma cell
lines. FEBS Lett. 2013; 587:231-237.
https://doi.org/10.1016/].febslet.2012.12.002

Kakuta Y, Pedersen LG, Pedersen LC, Negishi M.
Conserved structural motifs in the sulfotransferase
family. Trends Biochem Sci. 1998; 23:129-130.
https://doi.org/10.1016/50968-0004(98)01182-7

WwWw.aging-us.com

1028

AGING



SUPPLEMENTARY MATERIAL

Please browse Full Text version to see the data of

Supplementary Tables:

Supplementary Table 1. Summary of variants reported
in CHST6 gene.

Supplementary Table 2. ACMG classification for
missense variants in CHST6 gene.

Supplementary Table 3. ACMG classification for
protein-truncating variants in CHST6 gene.

Supplementary Table 4. The normalized conservation
score of each residue in the CHST6 protein calculated
by the Consurf Server.
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