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The carbohydrate sulfotransferase 6 (chst6) gene is linked to macular cor-

neal dystrophy (MCD), a rare disease that leads to bilateral blindness due

to the accumulation of opaque aggregates in the corneal stroma. chst6

encodes for a keratan sulfate proteoglycan (KSPG) specific sulfotransfer-

ase. MCD patients lose sulfated KSPGs (cKS) in the cornea and the

serum. The significance of serum cKS loss has not been understood. Zebra-

fish cornea structure is similar to that of humans and it contains high levels

of sulfated cKS in the stroma. Here, zebrafish chst6 is shown to be

expressed in the cornea and head structures of the embryos. An animal

model of MCD is developed by generating chst6 mutant animals with

CRISPR/Cas9-mediated gene editing. The dramatic decrease in cKS epi-

topes in the mutants was shown with ELISA and immunofluorescence.

Morphological defects or alterations of jaw cartilage were detected in a

minor fraction of the mutant larvae. Loss of cKS epitopes and morpholog-

ical defects was fully rescued with wild-type chst6. Mutant adult zebrafish

displayed all clinical manifestations of MCD, while a fraction also dis-

played jaw and skeleton defects. Opaque accumulations formed in the eye,

which were alcian blue positive. Loss of cKS in the corneal stroma and a

decrease in corneal thickness were shown. Interestingly, alteration of trans-

forming growth factor beta-induced (BIGH3) expression which was not

described in patients was also observed. This is the first report of an MCD

model in a genetically tractable organism, providing a preclinical model

and insight into the importance of KSPG sulfation for proper skeletal

morphogenesis.
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Introduction

The composition and organization of the extracellular

matrix (ECM) in the corneal stroma is essential to its

transparency [1]. The keratocytes are the main architects

of this ECM. They produce proteoglycans (PGs) and col-

lagens which form a perfectly aligned lattice that remains

hydrated and transparent in homeostasis. PGs play a key

role in the maintenance of the corneal transparency by

interacting closely with collagen bundles in the eye and

regulating their sizes and alignment [2,3]. PGs are complex

molecules, which diversify the structure and roles of their

core proteins by the type(s), number, linkage type, length,

and sulfation of the glycosaminoglycan (GAG) side chains

[4]. Keratan sulfates (KS) are highly sulfated glycosamino-

glycans (GAGs) that contain long repeats of Galactose

(b1 > 4)-N-Acetylated Glucosamine (Gal-GlcNAc) disac-

charide repeats. They are found in keratan sulfate proteo-

glycans (KSPGs) such as lumican, keratocan, and in some

complex proteoglycans such as aggrecan that carry more

than one type of GAG [5]. The importance of keratan sul-

fates and their sulfation status in the cornea extracellular

matrix are exemplified by diseases cornea plana type 2

and macular corneal dystrophy (MCD) that are linked to

mutations in keratocan and carbohydrate sulfotransferase

6 (chst6), respectively [6,7]. Macular corneal dystrophy is

characterized by opaque aggregates that begin to accumu-

late in the cornea in early teen years and gradually

increase to finally cause bilateral vision loss by the 4th

decade of life which is treated with corneal transplantation

[8]. Lack of preclinical in vivo models is a limitation for

development and testing of treatment strategies.

Macular corneal dystrophy is caused by mutations

in chst6 gene which encodes for a N-acetylglucosa-

mine-6-O-sulfotransferase (GlcNAc6-ST), the major

enzyme for sulfation of KSPGs (MIM #217800) [9].

Lack of sulfated corneal keratan sulfate (cKS) in cor-

neal stroma is common for MCD type I and type II,

whereas MCD type I patients also lack cKS in serum

[10,11]. Since the amount of cartilage proteoglycans is

considered to be more than 100-fold of corneal

KSPGs, serum cKS sulfate is considered to be a result

of cartilage KSPG breakdown [12]. The cKS quantita-

tion is done with an antibody that recognizes fully sul-

fated Gal-GlcNAc epitopes; therefore, the type of the

PG is not defined; however, aggrecan is the most

abundant cartilage PG that carries KS [13]. Although

MCD type I patients were reported to lack sulfated

KSPGs in the cartilage, no clinical symptoms in carti-

lage were reported to date [12,14].

Corneal KSPGs are in contact with collagen fibrils, and

abnormalities in bundle sizes and organization of collagen

fibrils are detected in MCD patient samples [2,15,16]. The

negative charge of the sulfate groups is proposed to be

important for the hydration of the corneal ECM and col-

lagen bundle size control by physical force [3]. Although

an in vitro model via inhibition of sulfotransferases in cul-

tured goat primary corneal cells was proposed, lack of

ECM containing collagen bundles and PGs that are

tightly organized is a major limitation of this 2D model

[17]. Experimental demonstration of the disease mecha-

nisms is yet to be done, since there are no in vivo disease

models available. In humans, highly similar chst5 and

chst6 genes encode for intestinal and corneal specific

GlcNAc6-ST enzymes, respectively. On the other hand,

mice have only chst5 as the ortholog of these two genes. It

was not possible to mimic MCD in mice although null

mutants of chst5 were generated [18], which may be

explained by the fact that mouse cornea contains predom-

inantly chondroitin sulfate PGs, whereas 80% of human

corneal PGs are KSPGs [18]. Zebrafish has a chst6 gene

and it is in a unique position to model MCD, since the

structure of the cornea is well conserved. Zebrafish cor-

neal stroma is composed of keratocytes and precisely

organized collagen lattices [19,20]. Importantly, 80% of

the PGs in the zebrafish cornea are KSPGs [21]. More-

over, in zebrafish the main corneal KSPGs, lumican and

keratocan, are conserved and stromal localization of cKS

is detected as of larval stages [19,22,23].

No previous study described expression and function

of chst6 in zebrafish, while expression of chst6 in

embryonic zebrafish is reported in ZFIN [24]. Expres-

sion of the fully sulfated KSPGs in the Meckel’s carti-

lage and ceratohyal cartilage was shown in 4-day-old

zebrafish, suggesting that CHST6 may be functional in

the cartilage tissue as well [25]. Here, loss-of-function

chst6 mutant zebrafish lines were generated, and the

gene–phenotype relationship in macular corneal dys-

trophy was demonstrated [26]. Systemic effects of chst6

mutation were demonstrated. A small fraction of

mutants developed early morphological defects, jaw or

skeleton deformations in larval or adult stages. The

chst6 mutant zebrafish were shown to develop macular

corneal dystrophy symptoms at macroscopic, molecu-

lar, and histopathological levels.

Results

Carbohydrate sulfotransferase 6 expression

during development

Whole mount in situ hybridization revealed that chst6

is expressed in head structures and the trunk, at 24

and 30 h postfertilization (hpf). At 60–72 hpf, chst6

374 The FEBS Journal 292 (2025) 373–390 ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Zebrafish macular corneal dystrophy model M. Basol et al.

 17424658, 2025, 2, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.17337 by T

urkey C
ochrane E

vidence A
id, W

iley O
nline L

ibrary on [24/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



expression becomes enhanced in the anterior tissues

including the brain, eye, and jaw. At this stage, corneal

layers are formed in the zebrafish eye [19]. Close-up

images show strong chst6 expression in the eye, and

sections of the stained sample show expression in the

retina and cornea of the larval eye (Fig. 1).

Zebrafish chst6 mutants were generated via

CRISPR/Cas9-mediated gene editing

In MCD patients, over one hundred variants of the

chst6 gene were reported. These mutations are distrib-

uted to the entire coding sequence of chst6, without any

definite hotspot [27]. To choose the best target for

CAS9, the structure of the CHST6 protein (Uniprot ID:

Q9GZX3) was homology-modeled via SWISS-MODEL

by using the crystal structure of Mycobacterium avium

sulfotransferase protein (PDB ID: 2Z6V) as a template.

The protein has a transmembrane domain (6–26) that

ensures Golgi localization and a luminal sulfotransfer-

ase domain (27–395) (Fig. 2A). To predict the enzyme

active site, the homology-modeled structure was ana-

lyzed by the PYMOL software (Schr€odinger LLC, New

York, USA). It was found that the 1st and 2nd 30-phos-
pho-50-adenylyl sulfate (PAPS) binding sites form a sul-

fate passageway in the folded enzyme, while the arginine

in the 1st PAPS binding region (WRSGSSF) was found

to bind the SO4 donor, suggesting it is the enzyme active

site (Fig. 2B). This site is fully conserved among several

vertebrate species including the zebrafish, and all resi-

dues but the first W are found to be mutated in patients

[27]. Based on this knowledge, deletion or inactivation

of 1st PAPS site was chosen as a strategy to generate

chst6 mutants. Guide RNAs (gRNAs) were designed

with CRISPRscan to induce (a) a 50 bp deletion span-

ning the 1st PAPS site, (b) a double strand break (DSB)

before the 1st PAPS binding site, (c) an early double

strand break, and (d) deletion of the coding sequence

(Fig. 2C) [28].

gRNA1 and gRNA2, that are predicted to target

base pairs coding for 42 and 58 residues, respectively,

were designed for deleting the 1st PAPS region.

Resulted deletion mutations were identified by gel

mobility shift of a PCR product that amplified 522 bp

genomic DNA covering the target sites (Fig. 2A,D).

The indel mutations induced with use of gRNA1 alone

were detected with a T7 Endonuclease I mismatch

assay (Fig. 2A,E). Although the highest scoring gRNA

(gRNA5) targeted the 5th residue, no mutant alleles

were obtained with this gRNA. Only one founder fish

was obtained when gRNA5 and gRNA3 were used

together, despite several trials. The targeted deletion

Fig. 1. The expression pattern of chst6 in zebrafish embryos. Whole mount in situ hybridization revealed expression of chst6 in the body of

(A) 24 hpf, (B) 30 hpf, (C) 60 hpf, and (D) 72 hpf zebrafish. (E) Close-up image of the 72 hpf larval head shows strong expression in the

brain and eye (arrow). The experiment was repeated three times and n = 15 for each stage. (F) Section of larvae post-in situ hybridization

shows chst6 expression in the cornea (arrow); (G) larvae stained with negative control sense probe did not show any signal in the eye.

(H) Representative images of 72 hpf larvae stained with chst6 sense probe (negative control). Scale bars: 100 lm.
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was screened by PCR of the entire coding sequence

(cds), and a 150–160 bp DNA band was expected;

however, the detected band was larger (Fig. 2F). DNA

sequence analysis revealed that a 943 bp deletion

occurred in the chst6 gene, and deletion started at

284th bp, 250 bp downstream of the predicted gRNA5

cut site leaving the 1. PAPS domain intact (Fig. 2G,

H). Attempts to obtain homozygous adults failed and

it was not possible to establish a mutant fish stock.

Use of gRNA1 and gRNA2 together or gRNA1 alone

both resulted in successful mutagenesis of the targeted

regions, leading to generation of 6 and 13 founder fish,

carrying PAPS deletion (pd) or indel frameshift (f)

mutations, respectively. Sanger sequencing showed that

pd4 and pd5 alleles have deletions very close to the

predicted DSB sites (Fig. 2I). The calculated protein

sequences showed that the deletion resulted in frame-

shift and truncation of the protein prior to 1st PAPS

domain (Fig. 2J). Among the frameshift mutants, f42

has 6 nucleotide deletion at the gRNA1 predicted cut

site and this caused a frameshift prior to the 1st PAPS

domain and truncation at 71 residues. These three

mutant alleles were further characterized.

Low penetrance developmental defects were

observed in chst6 mutant zebrafish

Mutant larvae displayed morphological defects at low

penetrance, which were fully rescued by wt mRNA

injection (Fig. 3A,B). Morphology of embryos obtained

from chst6pd4/pd4 homozygous parents is reported in

Fig. 3. Majority of embryos displayed normal morphol-

ogy, 33% had mild bending at the anterior end of the

tail, 16% had severe defects including bending of the

anterior trunk; hearth and yolk edema at 2 days postfer-

tilization (dpf), and these phenotypes became more

severe at 5 dpf. At 5 dpf, the severely affected larvae

were nearly lethal with prominent edema in heart and

yolk, underdeveloped head, and grossly curved trunk.

The morphological defects were fully rescued when wt

chst6 mRNA was injected to 1-cell stage embryo, with

100% of the mutants showing normal morphology at 2

and 5 dpf. Similar phenotypes were observed in all three

alleles. Since the larvae with severe defects did not sur-

vive, the larvae with normal or mild morphology were

raised. Lethality was observed in the larval-to-juvenile

stages; however, it was less pronounced in the next gen-

erations. To understand the penetrance of the pheno-

type, the morphology analysis was repeated in the

progeny of homozygous mutants chst6pd4/pd4,

chst6pd5/pd5, and chst6f42/f42 at different generations.

Occurrence ratio of severe and mild body deformations

varied across tested alleles and generations (Fig. 3C–E).
Interestingly, a decrease in the penetrance was observed

in more recently acquired generations (Fig. 3C–E). It is
important to note that the developmental defects are

seen in the progeny of adults with normal morphology.

To check whether the penetrance is higher when het-

erozygous parents were used, the survival rates of

previously reared stocks were analyzed (Table 1).

Twenty-four out of 50 chst6pd5/pd5 larvae obtained

from heterozygous F1 parents (stock03) died before

reaching adulthood, and only 3 of the survivors were

homozygous. On the other hand, only 2 out of 75 lar-

vae died before reaching adulthood when the heterozy-

gous parents of a later generation (stock40) were

Fig. 2. chst6 mutagenesis strategy. (A) Graphical representation of chst6 gene cds. Carbohydrate sulfotransferase domain (turquoise), 1st

PAPS (magenta), and 2nd PAPS (yellow) and transmembrane (black) domains are colored. Primers used for generating the PCR product for

genotyping of PAPS domain mutants (forward 1, reverse 1); cds deletion mutant or Sanger sequencing (forward 1, reverse 2); and gRNA

binding sites are indicated. (B) Model of zebrafish CHST6 sulfotransferase domain indicating localization of 1st PAPS (a.a. 49–55, magenta)

and 2nd PAPS (a.a. 202–210, yellow) and SO4 interaction with Arg53. Model was generated with the PYMOL Software. (C) Mutagenesis

strategies and used gRNA annotations are shown. gRNA1 was used for the inactivation of the 1st PAPS domain by indel generation,

gRNA1 and gRNA2 were used together to induce deletion of the 1st PAPS domain, gRNA5 was used to induce early indel before the

transmembrane domain, and gRNA3 and gRNA5 were used together to induce deletion of the coding sequence. (D–F) Representative

agarose gel images of genotyping analyses; (D) PAPS deletion (pd) mutation leads to generation of a 50 bp shorter mutant fragment. Lanes:

marker, wt, heterozygous mutant, test fish 1, 2, 3, and 4 PCR products, (E) gRNA1 induced indel/frameshift (f) mutations were detected

with T7EI assay. Presence of mutant DNA strand leads to formation of a mismatch and digestion by T7E1. Lanes: marker, wt control, wt

digested, fish 1 control, fish 1 digested, fish 2 control, fish 2 digested PCR products. (F) F1 embryos obtained from founder fish of the cds

deletion (del5) mutation were genotyped with PCR. chst6 genomic region was amplified with forward 1 and reverse 2 primers.

Heterozygous embryo 1 had 3 bands (wt, mutant, and heteroduplex), whereas embryo 2 had only the short band, and nonmutant embryo

3 had the wt DNA band. Short band was expected to be 150–160 bp, but a longer band was detected. Red asterisk shows 500 bp marker

band in all gels. (G–J) Sequence alignments of obtained mutants with wt chst6 (NM_001130621) were generated with CLUSTAL OMEGA web

tool. gRNA binding sequences are indicated with arrows on top, predicted DSB site is indicated with red vertical arrow, 1st PAPS coding

sequence is highlighted with magenta, PAM sequence is underlined, and start codon is indicated with a green asterisk. (G) DNA sequence,

(H) protein sequence alignment of del5 mutant to wt, multiple sequence alignment of (I) DNA sequence, (J) protein sequence of

homozygous mutants (chst6pd4/pd4, chst6pd5/pd5, and chst6f42/f42) with wt.
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crossed, and 20 of these adults (stock56) were homozy-

gous (Table 1, Fig. 3D). Similarly, 14 out of 50

chst6f42/f42 larvae obtained from heterozygous F1 par-

ents (stock05) died before reaching adulthood and 10

of these adults (stock20) were homozygous (Table 1,

Fig. 3E). When the heterozygous parents of a later

generation chst6f42/f42 (stock69) were incrossed, 7 out

of 50 fish died before reaching adulthood and 11

adults (stock76) were homozygous (Table 1, Fig. 3E).

Next, currently available heterozygous stocks were

crossed in large numbers to assess the occurrence of

severe phenotypes (Table 2, Fig. 3D,E). The latest gen-

eration of chst6pd4/pd4 (stock79) or chst6pd5/pd5

(stock80) yielded 6 (out of 669) and 3 (out of 990)

severe embryos when incrossed, respectively

(Table 2, Fig. 3D). When embryos of two different

heterozygous generations, stock61 and stock81, were

compared side by side, 3 (out of 145) and 3 (out of

1080) embryos displayed severe phenotype (Table 2).

In summary, a decrease in the penetrance was also

observed when heterozygous breeders were used. All

of the following experiments were conducted with ani-

mals from at least two different generations.

The zebrafish chst6 mutants lost sulfated keratan

sulfates

In order to test for loss of function in the mutants, the

5D4 cKS antibody which recognizes the fully sulfated

Gal-GlcNAc epitopes of keratan sulfate was used [19].

Immunofluorescence staining showed that cKS signal

is lost in the head of the mutants (Fig. 4A–C). The

loss of cKS was a full penetrance phenotype in all gen-

erations and alleles of the chst6 mutant zebrafish.

Enzyme-linked immunosorbent assay (ELISA) was

used to quantify cKS in the whole-body larval lysates.

The total amount of cKS per larva was 65.7 picogram

(pg) in wt larvae, while it was 15.4, 17.7, and 25.9 pg

per chst6pd4/pd4, chst6pd5/pd5, and chst6f42/f42 larvae,

respectively (Fig. 4D). Corneal cKS was detected in

the eye of 4 dpf wt larvae, but cKS was not present

in the eyes of any of the mutant lines (Fig. 4E–G).

Loss of cKS in the cornea was rescued when wt chst6

mRNA was injected into the zygotes of homozygous

mutants (Fig. 4H).

Loss of CHST6 function led to skeletal defects in

some zebrafish

The effects of cKS loss in cartilage and jaw cartilage

of zebrafish larvae were investigated by alcian blue

staining. The chondrocyte stacking and shape of car-

tilage tissue was normal; however, mutants displayed

an increase of the angle at the joint that connects

two ceratohyal cartilage (Fig. 5A–C). The distance

between Meckel’s cartilage and ceratohyal joint was

increased in some mutants at 8 dpf, and both

Fig. 3. Low penetrance morphological defects were observed in the mutant embryos. (A, B) Morphology of the wt, mutant, and mRNA-

injected mutant embryos was analyzed at 2 and 5 dpf. Scale bars: 1 mm. (A) While majority of embryos displayed normal morphology, 33%

had mild bending at the anterior end of the tail, 16% had severe defects including bending of the anterior trunk, hearth, and yolk edema at

2 dpf (left), and these phenotypes became more severe at 5 dpf (right) and they were nearly lethal with prominent edema in heart and yok,

underdeveloped head, and grossly curved trunk (n = 113). (B) The morphological defects were fully rescued when wt chst6 mRNA was

injected to 1-cell stage embryo, with 100% of the mutants has normal morphology at 2 and 5 dpf (n = 68). (C) Penetrance of morphological

defect phenotype was analyzed at different generation in all three alleles, and ratios are shown in graphs. The defects were observed in

< 5% of the mutants in generation (gen)2 and gen3 (n = 54, 84 and 226 for gen1, gen2, and gen3 of chst6pd4/pd4; n = 119 and 44 for gen1

and gen3 of chstpd5/pd5; n = 290 and 84 for gen1 and gen3 of chst6f42/f42, respectively). The breeding schemes for zebrafish mutant lines

are illustrated in (D) for chst6pd4/pd4 and chst6pd5/pd5, (E) for chst6f42/f42 mutant lines. Generations depicted in graphs (in C) are defined in the

crossing schemes. Circled cross indicates inbreeding. D and E were created with BioRender.com

Table 1. Survival analysis of progeny obtained from heterozygous

breeders.

No.

Genotype

of parents

Stock

no. of

parents

No. of

larvae

at 6 dpf

No. of adult

fish at

3 months

No. of

homozygous

fish

1 chst6pd5/+ Stock03 50 26 3

2 chst6pd5/+ Stock40 75 73 20

3 chst6f42/+ Stock05 50 36 10

4 chst6f42/+ Stock69 50 43 11

Table 2. Embryo morphology analysis of progeny obtained from

heterozygous breeders.

No.

Genotype of

parents

Stock no. of

parents

No. of

larvae 5 dpf

No. of larvae

with severe

morphology

1 chst6pd4/+ Stock79 669 6

2 chst6pd5/+ Stock80 997 3

3 chst6f42/+ Stock61 145 3

4 chst6f42/+ Stock81 1080 3
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phenotypes were most enhanced in the mutant larvae

carrying the f42 allele of chst6 (Fig. 5D). The plots

show that some mutants diverge from the median

considerably. Similarly, when the fish reached adult-

hood, only some of the chst6 mutants had abnormal

jaw appearance. Interestingly, chst6f42/f42 homozygous

fish had a protruding mouth phenotype, whereas

others had an open mouth phenotype (Fig. 5E).

Next, we analyzed the shape of trunks and the skele-

tal structure in adult mutants (Fig. 5F,G). As stated

above, only the larvae with severe morphology did

not survive beyond 5 dpf; therefore, normal looking

or mildly affected larvae were raised. Most mutants

developed to have normally shaped trunks. However,

several fish with misshaped posterior were observed

with bent spine, narrow posterior end caudal fin, or

Fig. 4. chst6 loss-of-function mutant phenotypes are rescued with wt mRNA. Loss of function was tested with cKS antibody using

immunofluorescence and ELISA. (A) cKS epitopes are detected in the brain and otic vesicle of wt larvae at 4 dpf. The cKS signal is

decreased in (B) chst6pd4/pd4 (C) chst6f42/f42 mutant larvae. (D) Total cKS in larval whole-body extracts were measured and displayed in the

graph, and mean � std values are wt: 66.36 � 24.30 pg, chst6pd4/pd4: 15.46 � 6 pg, chst6pd5/pd5: 17.83 � 4.09 pg, chst6f42/f42:

25.81 � 18.59 pg (n = 50, 3 replicates for each group, one-way ANOVA was used for statistical analysis). Corneal cKS signal is detected in

wt (E). Lost in all mutants (F) chst6pd4/pd4, (G) chst6f42/f42 eye IF stainings are shown as examples. (H) cKS staining is rescued when wt

mRNA is injected into 1-cell stage mutant embryos. P < 0.05 (*) Scale bars: 60 lm.
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no caudal fin at all (Fig. 5F). These differences were

reflected also in the skeletal structure as revealed by

alizarin red staining of the bone (Fig. 5G). The jaw

and skeletal defects were rare but observed in differ-

ent generations tested.

Macular corneal dystrophy symptoms were

reproduced in zebrafish chst6 mutants

Opaque aggregates were detected in mutants (Fig. 6).

This phenotype was seen earliest at 8 months

Fig. 5. Skeletal defects in chst6 mutant zebrafish. (A–D) Alcian blue staining reveals defect in the lower jaw cartilage. (A) Lateral view,

(B) dissected lower jaw of wt and chst6pd4/pd4 larvae. cb, ceratobranchial cartilage; ch, ceratohyal; mk, Meckel’s cartilage; red dashed lines:

the connecting angle of ch cartilages. (C, D) Graphs showing the angle between the ch and the distance between mk and ch joints of (C)

wt (n = 23) and chst6pd4/pd4 (n = 32) 5 dpf larvae; P = 0.0494 (angle), P = 0.1444 (distance), (D) wt (n = 37) and chst6f42/f42 (n = 34); wt

(n = 21), and chst6pd4/pd4 (n = 21) 8 dpf larvae. P = 0.0013 (angle, wt vs chst6f42/f42). P = 0.0053 (angle, wt vs chst6pd4/pd4). P < 0.001

(distance, wt vs chst6f42/f42). P = 0.1789 (distance, wt vs chst6pd4/pd4). Multiple t-test was used for statistical analysis, nonsignificant (ns),

P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). (E) Representative images of adult zebrafish with different face morphologies. (F) Representative

images of adult zebrafish with different trunk phenotypes. (G) Alizarin red staining showing representative images of various skeletal

phenotypes observed in mutant zebrafish. Scale bars: 300 lm (A), 2 mm (E, F). Images shown in E–G are representative images from

different alleles. No correlation between certain phenotypes and alleles was observed.
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postfertilization (mpf), the incidence of MCD pheno-

type increased over time, and most homozygous

mutants developed opaque deposits between the ages

of 14–20 mpf (Fig. 6A–D). The opaque eye phenotype

was tracked in all three alleles in two generations and

this phenotype was consistent, regardless of the general

morphology of the fish (Fig. 6E–G). These aggregates

impaired vision which was demonstrated by a reduced

response of mutant fish to food, dispersed on the sur-

face of water (Fig. 6H–J, Videos S1–S3).
Paraffin sections of adult fish were stained with

alcian blue and periodic acid Schiff. In the cornea of

wt zebrafish, the epithelium was stained strongly posi-

tive with alcian blue, while some positive foci were

detected in the stroma (Fig. 7A). The stroma of

mutants was compact, and blue deposits were detected

Fig. 6. chst6 mutant zebrafish develop MCD and impaired vision. Macroscopic analysis of (A) wt, (B) chst6pd4/pd4, (C) chst6pd5/pd5, and (D)

chst6f42/f42 alleles. Eyes of young (11–14 mpf) adults of gen2 (left), old (21–30 mpf) adults of gen1 (right) are shown. Scale bar: 300 lm.

(E–G) Incidence of opaque corneal aggregates homozygous mutants of two generations over time (E) Green bar: females, blue bar: males,

dashed bars indicate occurrence of opaque aggregates. (E) chst6pd4/pd4, (F) chst6pd5/pd5, and (G) chst6f42/f42. (H–J) The vision test was

performed with wt and homozygous chst6 mutants. Swim paths and durations were tracked. Track was ended if the fish reached food and

time stamp is displayed at the end of each track. (H) wt fish swam for 2.4 and 3.4 s until it reached the food (n = 3). (I) chst6pd4/pd4 swam

for 33.3 and 41.9 s without noticing the food (n = 3). (J) chst6f42/f42 swam for 21.6 and 25 s without noticing the food (n = 3).
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(Fig. 7B). Some mutants had degenerated posterior

stroma and Descemet’s membrane and blue deposits

on this level (Fig. 7C). Although the stroma was thin-

ner in most mutants, some lost stroma almost

completely (Fig. 7D), one very old mutant (30 mpf)

carrying the chst6f42/f42 allele had atypical cornea

structure, which has an overgrown and irregular epi-

thelium and very thick cornea (Fig. 7E).

Another characteristic of MCD is loss of cKS in the

corneal stroma. While cKS was present in the corneal

stroma of wt zebrafish, it was completely lost in all

homozygous mutants (Fig. 8A–D). TGF-beta induced

protein (BIGH3) is an epithelial marker in the human

cornea. BIGH3 was present in the epithelium and at

low levels in the stroma of zebrafish adult eye of wt

fish. In the mutants, BIGH3 expression in the corneal

epithelium was not affected, whereas it was lost in the

stroma of chst6pd4/pd4, chst6pd5/pd5, and decreased in

the stroma of chst6f42/f42 homozygous mutants

(Fig. 8E–H). The thickness of the cornea was

measured in cryosections and found to be decreased in

all mutants (Fig. 8I,J).

Discussion

Macular corneal dystrophy patients were reported to

have different mutations causing enzyme loss-of-

function. Conservation among species and frequency

of mutagenesis for each residue was reported [27].

Density of the mutations was highest between 46 and

77. aa, with 25 out 32 residues mutated in multiple

patients, and 23 of these mutated residues are identical

in zebrafish CHST6 protein [27]. By analyzing the

homology model of CHST6 protein, we showed that

R53 located in 1st PAPS domain binds the sulfate

donor, hence is most likely to be the enzyme active

site. We also confirmed the accuracy of our modeled

structure with later published AlphaFold predicted

model (AF-Q9GZX3-F1). Inactivation of 1st PAPS by

introduction of an indel via gRNA1 or a deletion via

Fig. 7. Histopathology of the corneal tissue in the mutant zebrafish. Alcian blue/periodic acid–Schiff-stained eye sections of (A) wt, (B)

chst6pd4/pd4, (C) chst6f42/f42, (D) chst6pd5/pd5, and (E) chst6f42/f42 are shown (n = 7). Left column: 109 overview, scale bars: 200 lm; middle

column: 409 close-up overview, scale bars: 50 lm; right column: 1009 zoom, scale bars: 20 lm. Serial sections were taken from each eye,

and different slices were shown in the middle and right columns. Collagen in stroma is stained pink with periodic acid–Schiff,

mucopolysaccharides are stained blue with alcian blue, and nucleus is stained light purple with hematoxylin. e, epithelium; s, stroma. White

arrows indicate alcian blue-positive aggregates.
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gRNA1 and gRNA2 targeted CAS9 both resulted in

successful mutagenesis and generation of loss-of-

function mutants. Our attempts to generate mutants

with deletion of the entire coding sequence were not

successful. Even though the designed gRNA5 had the

highest score according to specific algorithms that was

developed based on empiric data, the deletion did not

occur at the 5th a.a. as predicted. Instead, a fairly

large deletion that started from 89th a.a. was gener-

ated, suggesting that either the DSB was not possible

at this locus or it was repaired. The dynamics of Cas9

catalytic activity has been shown to vary at different

target sites, and the chromosome openness at the tar-

get is proposed to be a factor, which may be the case

here [29,30]. The fact that only heterozygous zebrafish

were obtained with the large chst6 deletion may indi-

cate a vital role for integral chst6 genomic region for

survival.

Loss of function in the chst6 mutants was proven by

loss of enzyme activity as measured via the 5D4 cKS

antibody. Quantification with ELISA showed that the

amount of cKS was decreased strongly in whole body

of mutant larvae but did not completely disappear. In

the zebrafish, genome chst2 and chst6 are the only

genes encoding keratan sulfate N-acetylated glucos-

amine sulfotransferases. Although neither of these two

genes were studied in depth, chst2 expression was

reported in the central nervous system [31]. The

remaining cKS may be due to the activity of chst2a

and/or chst2b genes. Immunofluorescence staining

showed that corneal localized sulfated keratan sulfate

signal was lost in the mutant larvae, and this was res-

cued when wt mRNA was injected to 1-cell stage

embryos. Similarly, in adult zebrafish stromal cKS sig-

nal was completely lost in homozygous chst6 mutants.

The cKS loss was detected as of 4 dpf in all mutant

zebrafish lines in all generations, which indicates that

cKS loss precedes the vision loss.

In humans, chst6 is predominantly present in cor-

nea, whereas chst5 takes on the same function in the

intestine. We showed that chst6 expression is initially

ubiquitous in 24–30 hpf embryos, whereas it becomes

Fig. 8. Corneal keratan sulfate (cKS) is

reduced and BIGH3 expression is altered in

the cornea of the adult mutant fish. Corneal

sections stained with anti-cKS, anti-BIGH3,

and DAPI are shown. (A) cKS (red) is

detected in the corneal stroma of wt, but

not detected in the mutant cornea as seen

in images of (B) chst6pd4/pd4, (C) chst6pd5/

pd5, (D) chst6f42/f42 mutant eye sections.

Grayscale images of cKS signal are shown

next to the overlay image; anti-cKS (red),

DAPI (blue). (E) A strong stromal and weak

epithelial BIGH3 (green) signal is detected

in the cornea of the wt fish. BIGH3 is

detected only in the epithelium of (F)

chst6pd4/pd4 and (G) chst6pd5/pd5 mutants

and (H) epithelium and stroma layers of the

chst6f42/f42 mutant cornea. Scale bars:

80 lm. (I) Thickness of cornea (n = 5) and

(J) corneal epithelium was measured from

IF-stained cryosections represented in A–H

(n = 5). Multiple t-test was used for the

statistical analysis. Data are presented as

the mean � std. P < 0.05 (*), P < 0.01 (**),

P < 0.001 (***), and P < 0.0001 (****) vs

the wt group.
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restricted to the head region by 72 hpf. Expression in

the eye and cornea was detected at 72 hpf, which cor-

responds to a stage of corneal layer specification in

zebrafish eye [19]. In parallel to the expression of chst6

in the head and cornea, sulfated keratan sulfate was

detected in these tissues of 4 dpf wt zebrafish and lost

in the chst6 mutants. These findings suggest that zeb-

rafish chst6 gene gained additional functions outside of

cornea. Supporting this, a small portion of mutant

embryos were malformed and did not survive. The

morphological defects were seen in all alleles gener-

ated, and detailed report was deposited [32]. Both the

cKS expression and morphological defects were res-

cued with wt mRNA injection which proves that the

phenotypes are specifically due to chst6 inhibition.

The low penetrance of morphological defects among

the mutants and presence of variable phenotypes indi-

cates a complex regulatory mechanism. Keratan sulfate

proteoglycans and all proteoglycans have tremendous

diversity in structure due to not only the core proteins

but also the diversity of disaccharide chain length and

degree of sulfation. They have complex roles including

regulation of the ECM stiffness and chemokine diffu-

sion in the ECM, but also interact with various pro-

teins and regulate their activities in health and disease

[33,34]. Therefore, the low penetrance and variable

phenotypes seen in chst6 mutant zebrafish can be a

result of an interplay between several factors which is

beyond the scope of this manuscript and the mecha-

nisms will be explored in future.

Some MCD patients also display loss of cKS in the

serum indicating a systemic effect which is not yet

understood completely [35]. Indeed, there are three

variants of MCD in humans, characterized by immu-

nophenotype. Type 1 patients have no detectable kera-

tan sulfate in either the serum or cornea. In type 1A

patients, keratan sulfate is absent in the serum but

stroma shows immunoreactivity to keratan sulfate

antibodies, whereas in MCD type 2, normal amounts

of keratan sulfate are detected in the serum and

stroma [36]. The source of serum cKS is not directly

proven, since the antibody is specific to the sulfated

form of Gal-GlcNAc but does not discriminate

between different core proteins of KSPGs. The serum

CKS is thought to be result of cKS breakdown in the

cartilage and earlier reports showed loss of cKS in

the cartilage tissues of MCD patients albeit with no

clinical manifestations [11,12,37]. Since it was previ-

ously shown that cKS epitopes are expressed in the

jaw cartilage of zebrafish larvae at 8 dpf, we explored

the structure of jaw cartilage in mutants. We found an

enlargement of the angle between to ceratohyal carti-

lages, and an increase of distance between the

Meckel’s cartilage and ceratohyal joint in a small pro-

portion of the mutants. This is in parallel to the low

penetrance of gross morphological defects. Interest-

ingly, allele f42 induced more significant change in the

jaw phenotypes in larvae, and when these fish were

raised to adulthood, some of them developed a promi-

nent protruding mouth phenotype with both upper

and lower lips being extended to front. Other mutants

had open mouth phenotypes. Even though the

healthy-looking larvae were selected at 5 dpf and

raised to adulthood, some fish developed tail and body

shape deformations over time and some adults had

minor/major defects mainly at the posterior end. The

last few vertebrae appeared stacked closer, and junc-

tions were not properly spaced. In severe cases, poste-

rior end was truncated and the caudal fin did not

form. The defects in the vertebrae are reminiscent of

skeletal defects reported in patients with mucopolysac-

charidosis IVA disease in which KSPG accumulation

is observed due to a defect in KSPG breakdown [38].

In the zebrafish MCD model described here, different

mutant alleles were characterized through different gen-

erations and loss of keratan sulfate sulfation, and for-

mation of opaque aggregates in the cornea was

consistently observed. Formation of opaque aggregates

in the eye occurred in adulthood as early as 8 months

postfertilization, and incidence of opacity increased as

the fish became 14 months or older. cKS signal in the

corneal stroma was completely lost, and the alcian blue

deposits were detected in both the corneal epithelium

and stroma of the mutant zebrafish. Moreover, the

thickness of cornea was reduced in mutants, and more

pronounced thinning was detected in the epithelium.

These structural changes in zebrafish cornea reflect the

MCD patient symptoms well. In humans, the corneal

deposits are not present at birth, but become visible in

the 1st decade or around adolescence. The grayish white

punctate opacities merge into larger areas over time,

causing the entire corneal stroma to become cloudy. The

corneal stroma between the deposits is also hazy, so that

the vision is disturbed and necessitates corneal trans-

plantation around 3rd–4th decades [39].

Few aspects of MCD in zebrafish differ from that of

human. In zebrafish MCD, females developed opaci-

ties earlier than males; however, no gender predilection

was reported in humans. BIGH3 was found to be

expressed in the corneal stroma of wt adult zebrafish,

whereas in humans, it is solely epithelial [19]. Interest-

ingly, BIGH3 expression was lost or decreased in the

stroma of chst6 homozygous mutants. In humans,

mutations in the BIGH3 gene encoding for keratoe-

pithelin protein have been described in different cor-

neal dystrophies such as granular corneal dystrophy,
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lattice corneal dystrophy, and their different clinical

subtypes, but not the MCD [40]. Yet, a link between

KSPGs and TGFb is proposed by several studies.

Induction of TGFb by lumican was shown in a joint

fibrosis model [41]. Moreover, an interaction between

lumican and TGFb pathway was reported in tumor

progression and STRING database shows a direct

interaction between lumican and TGFbI [42,43]. Our

finding in zebrafish cornea also indicates a close rela-

tionship between KSPGs and TGFbI (BIGH3) distri-

bution in the ECM of zebrafish, which is a concept to

be explored further.

In conclusion, an in vivo zebrafish model of MCD was

developed by CRISPR/Cas9-mediated mutagenesis of

chst6 gene. To our knowledge, this is the first report of

an MCD animal model and first study showing that zeb-

rafish cornea can be used to model stromal corneal dys-

trophies. The zebrafish chst6 mutants also showed

skeletal defects shedding light on the poorly understood

roles of KSPG sulfation in the skeletal tissues. Patient

symptoms and structural changes in the MCD cornea

were well reproduced in the zebrafish model which paves

the way to use this as a preclinical test model.

Methods

Zebrafish maintenance

Zebrafish were reared under standard conditions in Izmir

Biomedicine and Genome Center (IBG) Zebrafish Facility.

Wild-type AB strain was used to generate the mutant lines.

All experiments were approved by the IBG local ethics

committee (IBG-HADYEK) with protocols number 202323

and 21/2019. Homozygous mutants were outcrossed to wt

to clean the background and avoid inbreeding. The cross-

ing schemes are reported in the Results section.

In situ hybridization and rescue experiment

Whole mount in situ hybridization was done as published

before [44]. The coding sequence of chst6 was amplified with

forward 50 ATCGTGCTCGAGATGGCAAA 30, reverse 50

AATGCACAAATGCCCCAGAA 30 primers and cloned

into pGEM-T vector (#A3600; Promega, Madison, WI,

USA). A full-length antisense probe was synthesized from

this plasmid. A short probe was synthesized from a PCR

product generated with forward 50 ATGCTGCGCTGGA-

GAGTGT 30 and reverse 50 TAATACGACTCACTA-

TAGGGAATGCACAAATGCCCCAGAA 30 primers. The

probes were transcribed with TranscriptAid T7 High Yield

Transcription kit (#KO441; Thermo Scientific, Waltham,

MA, USA) using DIG RNA Labeling Mix (#11277073910;

Roche, Basel, Switzerland). For the rescue experiment, the

chst6 coding sequence was subcloned into pCS2 plasmid

and linearized with NotI and mRNA was synthesized

with mMESSAGE mMACHINETM SP6 Transcription Kit

(#AM1340; Invitrogen, Carlsbad, CA, USA). mRNA

(400 ng�lL�1) was injected into the zygotes.

Generation of mutants with CRISPR/Cas9

Guide RNA (gRNA) sequences were designed with the

CRISPRscan web tool, and gRNAs were synthesized accord-

ing to published protocols [28,45]. Cas9 mRNA was synthe-

sized from plasmids [28,46]. pCS2-nCas9n was a gift from W.

Chen (Addgene plasmid #47929; http://n2t.net/addgene:

47929; RRID: Addgene_47 929). pCS2-nCas9n-nanos

30UTR was a gift from A. Giraldez (Addgene plasmid

#62542; http://n2t.net/addgene:62542; RRID: Addgene_

62 542). Injection mix was prepared with 250 ng�lL�1 of

Cas9 mRNA, 50 ng�lL�1 of each gRNA, 0.005% phenol red

in RNAse-free ultrapure water, and delivered to the embryo

at one-cell stage. nCas9n-nanos UTR was used for gRNA3

and gRNA5 injections to reduce lethality.

Verification of mutagenesis and genotyping

For genotyping, DNA lysates of fin clips from individual

fish, single or pooled embryos (up to 8) were prepared as

described previously [47]. A 522 bp portion of the genomic

DNA was amplified with forward 1: 50 CCACTGCTAA

TGTCGTGATGTT 30 and reverse 1: 30 CGCAGTGCTTT

TTGCAGTCT 50 primers, for genotyping. Deletion muta-

tions were identified by shift of mobility on agarose gel. Small

indel mutations were identified by the T7 Endonuclease I

(#MO302L; New England Biolabs, Ipswich, MA, USA) mis-

match assay, according to the product manual. A 1.3 kb por-

tion of genomic DNA was amplified with forward 1: 50

CCACTGCTAATGTCGTGATGTT 30 and reverse 2: 30

CGCAGTGCTTT-TTGCAGTCT 50 primers for Sanger

sequencing. Primers were designed with the SNAPGENE soft-

ware version 5.2.5.1 (GSL Biotech LLC., Boston, MA,

USA). The sequence alignment was performed with the CLUS-

TAL OMEGA (EMBL-EBI, Hinxton, UK) software.

Quantification of cKS with ELISA

Five days postfertilization larvae were collected and

snap-frozen with liquid nitrogen. Frozen larval pellet (50

larvae) was crushed manually with a micro pestle, in 50 lL
PBS that contains 1 lL protease inhibitor cocktail

(#ab201111; Abcam, Cambridge, MA, USA). Tissue debris

was removed with centrifugation at 13 800 g, 4 °C for

5 min. Total protein was calculated by the bicinchoninic

acid assay (#23227; Thermo Fisher Scientific, Waltham,

MA, USA). Fifty microliter of standard, blank, and sam-

ples were loaded into the antibody-coated wells. ELISA

was performed using the kit manufacturer’s (#MBS288502;

MyBioSource, San Diego, CA, USA) protocol. Fifty larvae
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per replica of each group were used, and average of three

replica was calculated. The standard graph was plotted

with the nonlinear 4-parameter sigmoidal curve method,

and the concentration of samples was calculated using the

EXCEL (Microsoft, Redmond, WA, USA) software.

Whole mount alcian blue staining

The larvae were fixed with 4% paraformaldehyde (PFA)

O/N, at 4 °C. The larvae were dehydrated by passing

through 25% – 50% – 75% and 100% ethanol series pre-

pared in PBS with 0.1% Tween. 1 mg�mL�1 alcian blue

(#ab145250; Abcam Limited, Cambridge, UK) working solu-

tion was prepared in 70/30 (v/v) ethanol/glacial acetic acid

(GAA) mixture. Larvae were kept in the alcian blue working

solution for O/N at room temperature. The samples were

washed with 100% GAA 2 times for 30 min each, to stop the

staining. Transfer to ethanol was done by immersing in 70/30

(v/v), 30/70 (v/v) GAA/ethanol, and 100% ethanol for

30 min each. Rehydration was done with 5 min washes in

75% – 50% – 25% – 0% ethanol in PBS. Bleaching solution

(0.5% KOH, 3% H2O2 in water) was applied until the eyes

became yellowish. The samples were washed three times with

PBS and treated with 1% trypsin/PBS (#T1426; Sigma

Aldrich, Burlington, MA, USA) until the background was

cleared. Samples were washed thoroughly with PBS and

mounted as whole or dissected for imaging. Imaging was

done with SZX10 stereomicroscope and CKX41 compound

microscope (Olympus, Tokyo, Japan).

Statistical analysis

Statistical analyses were performed using the GRAPHPAD

PRISM 10.0 (GraphPad Software, Boston, MA, USA). Nor-

mal distributions of the groups were assessed using the

Shapiro–Wilk and D’Agostino–Pearson tests. The unpaired

t-test was used for groups with normal distribution, while

the Mann–Whitney U test was used for groups with anor-

mal distribution.

Immunofluorescence staining

The larvae were fixed with 4% PFA for overnight at 4 °C,
washed with PBS and then dehydrated with 25% – 50% –
75% – 100% methanol, and kept in 100% methanol at

�20 °C for up to 24 h. The larvae were transferred to PBS

and washed with 19 PDT (PBS, 0.1% Tween-20, 0.3%

Triton-X, 1% DMSO), two times for 30 min each. Then,

samples were incubated for 1 h at 37 °C with 10 lg�lL�1

proteinase K (#P-480; Gold Biotechnology, St. Louis, MO,

USA) or 0.5 U�mL�1 chondroitinase (#C3667; Thermo

Fisher Scientific, Waltham, MA, USA). Chondroitinase

treatment was necessary for the cKS stainings of the zebra-

fish larvae. Standard staining protocol was used as published

before [48]. Immunofluorescence staining of adult cornea was

performed on cryosections. One eye of euthanized zebrafish

was surgically removed and fixed in %4 formaldehyde and

O/N at room temperature, and rest of the fish body was used

for paraffin embedding. Fixed eye tissue was rinsed with PBS

and immersed in 30% sucrose for 3 days at 4 °C until eyes

sank to the bottom of the tube. Next, tissue was transferred

into OCT (#4583; Sakura, Torrance, CA, USA) and kept at

�20 °C for 30 min and �80 °C O/N. Fourteen micrometer

sections were taken with a cryostat (#CM 1950; Leica, Buf-

falo Grove, IL, USA) and transferred onto slides

(#J1800AMNZ; Epredia, Portsmouth, NH, USA).

Slides were stored at �80 °C, until further processing. Immu-

nofluorescence staining slides were done as described previ-

ously [49]. 5D4 anti-keratan sulfate (#MAB2022, 1 : 200;

Millipore, Burlington, MA, USA), BIG-H3 (#2719S, 1 : 200;

Cell Signaling Technology, Danvers, MA, USA) and goat

anti-mouse, Alexa Fluor 594 (#8890S, 1 : 400; Cell Signaling

Technology, Danvers, MA, USA), and goat anti-mouse

Alexa Fluor 488 (#4408S, 1 : 400; Cell Signaling Technol-

ogy) were used as primary and secondary antibodies.

Histopathology

Euthanized zebrafish were fixed in 10% neutral buffered for-

malin (NBF, #HT501128; Sigma Aldrich, Burlington, MA,

USA) for at least 6 days. Following fixation, the fish were

treated with a 0.35 M EDTA/PBS solution for 5 days to

soften the bones. Tissue was passed through ethanol series

(70%, 80%, 96%, 100%, 100%) to dehydrate. Samples were

incubated in fresh xylene (#1082972500; Merck, Darmstadt,

Germany) two times for 45 min, paraffin for 1 h at 65 °C.
After processing, whole body or heads were embedded in

paraffin using a base mold. Blocks were frozen at �20 °C for

at least 3 h. Five micrometer thick sections were placed on

poly-L-lysine-coated slides (#ANT-MS90PS01W; Laborant,

Istanbul, Turkey). Alcian blue/periodic acid–Schiff staining
(#04-163802; Bio-Optica, Milan, Italy) was performed

according to the manufacturer protocol.

Imaging of adult eye

Adult zebrafish were anesthetized using 0.04% ethyl

3-aminobenzoate methanesulfonate salt (#A5040; Supelco,

Bellefonte, PA, USA). The zebrafish eyes were imaged with

an Olympus SZX10 stereomicroscope with 49 magnifica-

tion, with top illumination. After examination, the fish

were promptly returned to the system water. Procedure was

repeated every 2 months.

Vision test with adult fish

Wild-type and mutant adult fish in their rearing tanks were

kept in equal numbers, and time for adjustment to environ-

ment was given to fish before food was dispersed. Video

recordings were taken 1 min before and after feeding. The
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second in which the feed was dispersed was considered time

zero. The time it takes for the fish to reach the food was

recorded, and the path of each fish to reach the food was

tracked with AVIDEMUX software (https://avidemux.

sourceforge.net/).
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online in the Supporting Information section at the end
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Video S1. Vision test video of three wild-type fish (age:

22 months) from Fig. 6H.

Video S2. Vision test video of three chst6pd4/pd4 fish

(age: 23 months) from Fig. 6I.

Video S3. Vision test video of three chst6f42/f42 fish

(age: 33 months) from Fig. 6J.
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