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Congenital corneal opacities (CCO) are a group of blinding corneal disorders, where the underlying molecular
mechanisms are poorly understood. Phenotyping through specialized imaging and histopathology analysis,
together with assessment of key transcriptomic changes (including glycosaminoglycan metabolic enzymes) in
cornea(s) with CCO from a case of Fanconi anemia is the approach taken in this study to identify causal
mechanisms. Based on our findings, we propose a novel mechanism and two key players contributing to CCO.

1. Introduction

Congenital corneal opacities (CCO) are rare corneal conditions with
an incidence of about 2.2-3 per 100,000 [1,2]. It can be divided into
primary and secondary corneal diseases [3], where the former are
congenital and latter can either be congenital or acquired. Corneal
transplantation is the standard treatment modality. However, they have
a particularly high failure rate in the pediatric population due to com-
plications such as rejection, infection, scar formation, or glaucoma [4].
Alternative treatment modalities are therefore clearly needed through
better understanding of CCO at the molecular level.

Diagnosis of CCO sub-types has significantly improved through im-
aging techniques [2,3,5-7]. An early report found 40% of CCO diagnoses
were incorrect when evaluated by ultrasound biomicroscopy (UBM) and
that histopathological analysis would usually confirm the correct type
identified by the imaging technique [2]. An example of the former
comes from studies showing that sclerocornea (total corneal opacifica-
tion) were correctly diagnosed by UBM to be Peters’ anomaly, the most
common CCO sub-type seen in the clinic [2,8-10].

Development of the cornea and molecular players underpinning CCO
are poorly understood. Gene expression profiling is a technique that has
been effective in identifying targets in the development of ocular tissues
and congenital diseases in the lens [11], cornea [12], and retina [13].
RNA-Seq is the most recent platform and is considered better than the

usually employed microarrays, as it accurately quantifies RNA tran-
scripts directly [14,15]. However, it has rarely been performed for pe-
diatric tissues of ocular origin. We report a case using UBM, anterior-
OCT (Optical coherence tomography) and histological analysis to
confirm CCO from a pediatric case of Fanconi anemia (FA). This is a rare
(1-5 cases/million), autosomal recessive disorder arising from excess
chromosomal breakage, where the characteristics are progressive
pancytopenia, elevated risk for tumors (leukemia and solid), and
congenital abnormalities - short stature, limb malformations (radial
aplasia, thumb aplasia/hypoplasia, or duplicated thumb), skin
pigmentation and abnormalities in cardiac, renal, gastrointestinal,
endocrine and neuronal development [16]. Ocular manifestations in
48% of cases primarily include short-almond-shaped palpebral fissures,
hyper- or hypotelorism, ptosis, microphthalmia and epicanthal folds,
with isolated cases of congenital glaucoma, cataract, uveal or optic disc
vasculopathy, retinoblastoma [17] and corneal clouding [18].
Comparative RNA-Seq analysis of the opaque cornea from our patient
with FA to demonstrate gene expression differences in the affected tis-
sue, including metabolic enzymes of glycosaminoglycans, leads us to a
novel mechanism in causation of CCO and uncovering of two related
players underpinning CCO.
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2. Case report

A female pediatric patient diagnosed with FA and poor vision was
referred to a pediatric ophthalmologist (K.K.N.) for evaluation at the Eye
Center of Children’s Hospital of Pittsburgh. The patient, at 23 months-
old, presented with blurred vision, microphthalmia, peripheral scleral-
ization, microcorneas (Fig. 1A), a visible ectropion uvea, and pendular
nystagmus. Upon examination under anesthesia (EUA), she had clear
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evidence of anterior segment developmental anomalies (ASDA), where
the right cornea was more opaque (Fig. 1B) and displayed a distinct
central leukoma. The patient had normal flash visual evoked potentials
(VEP). Anterior OCT findings in the right eye showed dehiscence of the
Descemet membrane (Fig. 1C) and in the left eye an area of irregularity
in the central cornea (Fig. 1D), and hyper-reflective regions observed in
both stroma confirmed regions of haze (Fig. 1C-D). UBM revealed iri-
diocorneal adhesions in both eyes (Fig. 1E-G). Axial lengths were 15 mm

Fig. 1. A-B, microcornea, peripheral scleralization, and corneal opacity in each of the right and left eyes; C—D, dehiscence of the Descemet membrane in the right
eye (arrow) and central posterior segment irregularity in the left eye cornea by OCT, with hyper-reflective regions in both stroma demonstrating corneal haze; and E-
G, iridiocorneal adhesions displayed in both eyes (arrows in F-G for left eye) by ultrasound biomicroscopy (UBM). H, Paraffin-embedded hematoxylin and eosin-
stained section of the patient’s cornea reveals disruption of the lamellar architecture and absence of Bowman'’s layer. There is central stromal thinning, and only
peripheral segments of normal thickness Descemet’s membrane are noted (arrowhead). I, Higher magnification image of the peripheral cornea reveals abnormal
stromal architecture accompanied by blood vessels (arrows) as noted in the clinical photographs. Endothelial cells are only focally noted (arrowhead) and Descemet’s
membrane is attenuated and often difficult to discern. J, Periodic acid-Schiff staining reveals the presence of unusually thin Descemet’s membrane (arrowheads) that

is sometimes split (asterisk) or detached from the stroma (color).
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OS and 14.5 mm OD. Her raised intracranial pressure was treated with
ventriculoperitoneal (VP) shunts. She had a lid lift on her left lid and,
thereafter, a left fixation preference. Penetrating keratoplasty (PKP),
with 6 mm donor trephine on a 5 mm host cornea, and four peripheral
iridotomies were performed on the right eye. The patient started on
antibiotic/steroid combination drops eight times daily, with eye oint-
ment at night and cyclopentolate (1%) three times daily. Three months
later, her right eye was treated for esotropia by right medial rectus
recession (4 mm) and lateral rectus resection (5 mm). She began to
prefer right eye for fixation. The last VEP showed same signal amplitude,
but slight increase in latency maybe due to her aversion to spectacles.
Systemic anomalies included short stature, absent radius, microcephaly,
dysplastic kidneys, which are established signs for Fanconi anemia [19],
in addition to bilateral congenital hip dislocation (CHD), a closed atrial-
septal defect (ASD) leaving a patent foramen ovale (PFO), and corpus
collosum partial agenesis. The ocular family history noted cataracts and
nystagmus, and non-ocular noted cancer and rheumatoid arthritis.

The pathology report on the right eye opaque cornea revealed five
notable observations: extensive regions lacking Bowman’s membrane
(Fig. 1H), central corneal thinning, disorganization and vascularization
of the corneal stroma (Fig. 1I), irregular and attenuated Descemet’s
membrane with paucity of corneal endothelial cells (Fig. 1I-J), and
keratinization of the corneal epithelium. The first three findings
confirmed the relevant OCT observations (Fig. 1C-D).

The patient was diagnosed with Fanconi anemia based on positive
DEB (patient: 3.66; normal: 0-0.3) and MMC (patient: 4.26; normal:
0.06-0.24) chromosome breakage tests. The FA gene sequencing panel
showed a heterozygous mutation in FANCD2 (c.1278 + 31278 +
6delAAGT), in addition to single allele mutations of unknown clinical
significance in FANCC (c.77C > T (p.S26F) and FANCM (c.4516-5_4516-
2delCTTA.

3. Materials and methods
3.1. Clinical procedures

Case note of patient presenting at UPMC Children’s Hospital of
Pittsburgh were retrospectively reviewed, including best corrected vi-
sual acuity (BCVA), refraction, intraocular pressure (IOP), fundus
appearance, and anterior segment phenotype. Slit-lamp biomicroscopy,
electrophysiological and optical coherence tomography (OCT) findings
were also recorded.

3.2. Tissue samples

Control tissues for the study were taken from an age-matched eyeball
(The San Diego Eye bank®). The donor eyeball, at 3 yrs. 10-month-old,
was from a male with history of autosomal dominant polycystic kidney
disease (ADPKD) associated with Caroli syndrome. Affected patient
(ACo), from which informed consent was obtained, and normal donor
(Co) corneal tissues were extracted and collected in accordance with the
protocol approved by the University of Pittsburgh Institutional Review
Board (PRO13090514).

3.3. RNA extraction

Cornea from donor eyeball and affected corneal tissue from the pa-
tient (extracted during surgery) were immediately submerged in 1.5 ml
RNAlater (Thermo Fisher Scientific Inc.) aliquots in 2 ml tubes, placed on
ice, and stored at —20 °C. Each tissue was cut to small pieces (~ 2 mm),
washed with PBS and 600 pl buffer RLT with p-mercaptoethanol at 1/
10th volume added (Qiagen RNAeasy Mini kit). They were efficiently
disrupted using MagNA Lyser Green Beads (prewashed in concentrated
nitric acid) and the MagNA lyser instrument (Roche) using 3 cycles of
20 s disruption and 20 s on ice. Resulting lysates were centrifuged for 2
mins at full speed, supernatants pipetted into fresh 1.5 ml microfuge
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tubes, and homogenized using the QIAshredder columns (2 mins spin at
13,000 rpm). Supernatants were loaded onto RNeasy mini spin columns,
centrifuged (15 s at 8000 rpm), columns washed, buffered and then
RNase-free water added prior to 1 min centrifugation at 8000 rpm to
elute tissue RNA. The last step was repeated using 30 pl of RNase-free
water. Yield and purity of eluents were assessed using the Nano-drop
2000C (Thermo Fisher Scientific Inc).

3.4. RNA library preparation, HiSeq sequencing and data-mining

RNA library preparations, sequencing reactions, and data conversion
were conducted at GENEWIZ, LLC. (South Plainfield, NJ, USA; see
Supplementary data).

Quality control of RNA-Seq reads were assessed using three criteria:
percentage of sample total reads with Phred scores between 30 and 40
(measure base-calling reliability, where score of 30-40 indicates
99.9-99.99% accuracy of a base call [20]), GC content bias, and 70-90%
of reads mapping to the human reference genome (hg38) [21]. The CLC
Genomics workbench 9.5 program (CLC Bio, Aarhus, Denmark, htt
p://www.clcbio.com/) was used to map genes to hg38 (https
://genome.ucsc.edu/ cgi.bin/hgGateway?db = hg38). Gene expression
value for each gene, the TPM (Transcripts Per Kilobase Million), was
normalized for total exon-length and total number of matches in an
experiment (i.e. uniquely mapped reads to genes are counted and non-
unique matches are distributed per ratio to genes) [22]. T-tests were
performed in logotransformed data to identify genes with significant
differences in expression between phenotypes (p value < 0.05, and >
+1.5-fold differences between phenotypes), and filtered genes were
examined by functional analysis using the Ingenuity Pathway Analysis
(IPA; Ingenuity Systems, Mountain View, CA; www.ingenuity.com).
Comparative transcriptome analysis was performed by comparing our
misregulated gene lists to compendium of gene expression studies
curated in the correlation engine BaseSpace (Illumina, Inc., San Diego,
CA). Common gene expression variation lists between studies were
generated by placing misregulated gene lists into a Venn diagram using
the web program: Bioinformatics & Evolutionary Genomics (http://
bioinformatics.psb.ugent.be/ webtools/Venn/).

4. Results

4.1. Corneal transcriptome of FA patient confirms opaque profile at
molecular level and fibrosis

To determine the molecular underpinnings of CCO in FA, we chose
comparative RNA-Seq analysis of our affected patient cornea (ACo)
versus an age-matched normal donor cornea (Co).

Examination of the Co transcriptome confirmed it represents cornea
at the molecular level, as it contains three corneal-enriched keratins in
the top 20 highly-expressed genes (KRT12, KRT5, and KRT3 [23,24])
and other corneal-specific genes (including the corneal-specific crys-
tallin ALDH3A1 [25], CLU that is highly-expressed in the corneal
epithelium [26] and the highly-specific corneal stromal stem cell marker
NT5E (CD73) [27]; Table S1). Twelve genes in the top 20 highly-
expressed genes are members of the ATP-generating mitochondrial
genes, which we suggest are primarily expressed by the corneal endo-
thelium to maintain corneal dehydration and, thus, transparency
through ionic pumps [28]. The above findings in the Co transcriptome
strongly suggest it represents corneal tissue.

Comparative RNA-Seq analysis was conducted to confirm cloudy
corneas, at the molecular level in the ACo transcriptome. We focused on
corneal stroma-specific genes, as this layer exhibited regions of haze in
our patient (Fig. 1C-D, H, I). Out of the 20 highly expressed genes in the
normal cornea (Table S1), 3 keratins (KRT12, KRT5, KRT3) were
downregulated (Table 1). Both KRT12 and KRTS5 lead to fibrosis when
downregulated [29,30], as do KRT6A and KRT17 when upregulated
[31]. Collagens, the next large group of stromal extracellular matrix
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Table 1

Corneal genes of the stroma misregulated in the ACo transcriptome of the pa-
tient. Abbr: ACo, affected cornea; FC, fold-change; n, number; SLRP, small
leucine-rich proteoglycan.

Gene Category Function in the cornea ACo FC
KRT12 Keratins Mutations cause Leads to fibrosis -5.87
Meesmann epithelial when
corneal dystrophy misregulated
KRT5 forms cytoskeleton -2.68
with KRT12
KRT6A poorly studied 2.98
KRT17 putative corneal stem 8.02
cell marker
KRT78
KRT80
KRT3
KRT14
Poorly studied -8635.43
Poorly studied -2589.38
Mutations cause Meesmann epithelial -3.52
corneal dystrophy
Leads to regeneration of tissue when 2.06
upregulated
COL4A4 Collagens ~ Mutations in COL4A5 (X-linked), or COL4A3 -13.80
COL12A1 and COL4A4 (autosomal recessive) result in -6.32
COL4A3 basement membrane disruption and are -5.29
COL4A5 associated with corneal opacities. -2.97
COL6A2 -6.03
COL6A1 -2.89
COL3A1 5.33
Mutations lead to collagen VI-like 2.35
COL5A1 syndromes, which generally leads to extreme
corneal thinning and fragility.
COL1A1 Upregulation of these genes results in 2.28
immune responses leading to fibrosis in
many organs and tissues, such as kidney,
liver, lungs and skin. Col5 is a minor collagen
that usually intercalates with Coll, a major
collagen.
LAMAS5 Laminin Mutation causes complex ECM syndrome. -14.61
LUM SLRP Class II SLRP member, made of keratan 3.67

sulfate proteoglycans, and recognized as
major component of the corneal stroma. It
contributes to correct formation of collagen
fibrils and promotes cell adhesion and
migration. In tissue fibrosis (e.g. lung, colon),
lumican upregulation promotes fibrocyte
differentiation.

(ECM) proteins, were observed to be mainly downregulated, but one
group was upregulated (COL3A1, COL5A1, COL1A1). This group of
collagens are known to lead to fibrosis when overexpressed [32-34].
LUM (SLRP family member) was found to be significantly upregulated,
which consequently also results in a fibrotic response [35].

We next analyzed expression variation in enzymes associated with
either glycosaminoglycan (GAG) metabolism or glycosylation (Table 2),
particularly downregulated expression as their effects are known. We
found all GAG chains (chondroitin sulfate (CS), dermatan sulfate (DS),
keratan sulfate (KS), heparan sulfate (HS)) are affected, which report-
edly leads to corneal clouding/opacities (GUSB, IDUA, GALNS) [36-38].
For anabolic enzymes, CHST1 and CHST6 (KS chains) were significantly
downregulated which both contribute to corneal thinning when their
expression is reduced [39,40]. Analysis of upregulated GAG metabolic
enzymes associated with HA, only HYALI (3.35) and HAS2 (75.27) were
significantly upregulated. The former generates pro-inflammatory hya-
luronan fragments [41], whilst the latter partakes in fibrosis of various
tissues when upregulated [42]. We found COLGALT2 as the only
glycosylation enzyme concerned with collagen glycosylation that was
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significantly affected. With glycoprotein glycosylation in the corneal
stroma [43], we found twice as many o-glycosylation enzymes at serine/
threonine bases (B3GALT4, GALNT7, ST6GALNAC6, B3GAL NT2,
B4GALNT3, GALNT18) are downregulated than those involved in n-
glycosylation at asparagine bases (B4GALT5, A4GALT, B4GALT4). Both
lead to diminished lubrication of the corneal surface and subsequent
epithelial keratinization.

To summarize, results from expression variation in the ACo tran-
scriptome confirm an opaque cornea due to downregulation of corneal-
specific genes that lead to opacities (KRT12, KRT3, COL4A4, COL4A5,
COL4A3, GUSB, IDUA, GALNS), corneal thinning (COL12A1, COL6A2,
COL6A1, CHST1, CHST6) and keratinization of the corneal epithelium
(B3GALT4, GALNT7, ST6GALNAC6, B3GALNT2, BAGALNT3, GALNT18,
B4GALTS5, A4GALT, B4GALT4). In addition, the ACo transcriptome
shows an abundance of fibrotic/inflammatory responses (down-
regulation of KRT12, KRT5, KRT6A, KRT17, CHI3L1, CLU and upregu-
lation of COL3A1, COL5A1, COL1A1, LUM, HAS?2).

4.2. Comparison of patient corneal transcriptome variation to those from
anemia-related studies uncovers two important genes in fibrosis and
wound-healing

To identify the cause of the corneal fibrosis event in our patient
corneas, we employed comparative transcriptome variation analysis
(COTVA). This technique has been greatly facilitated by the creation of
the Illumina BaseSpace® correlation engine, which permits large-scale
pairwise comparisons of variation in a study transcriptome to those
from 22,562 other gene expression studies [44]. Using this correlation
engine, ACo transcriptome variation compared favorably with those
from two anemia-related studies (Fig. S1). The first study (GSE17233),
analyzing peripheral blood transcriptome variation between one normal
individual and two FA patients with undescribed ocular anomalies [45],
had 67 common upregulated genes (p-value = 0.0035) and 240 down-
regulated genes in common (p-value = 1.1e-19) (Fig. S1A). The other
study (GSE56088), analyzing erythroid progenitor cell transcriptomes
cultured for 7 days between beta-thalassaemia patients and healthy
controls, had 776 common upregulated genes (p-value = 1.7e-15) and
968 downregulated genes (p-value = 5.3e-18) (Fig. S1B). Common
misregulated genes amongst these 3 studies were identified by placing
each study misregulated genes into a Venn diagram format (Fig. S1C).
Analysis of the resulting eighteen common genes (Table S2) uncovered
the top common downregulated gene as ZBTB7B, which is a zinc finger
transcription factor that prevents fibrosis by repressing type I collagen
genes- established marker of fibrosis [46-48]. GRN, a growth factor and
potent regulator of wound-healing [49], is another key common
downregulated gene.

4.3. Confirmation of ZBTB7B as anti-fibrotic and GRN as wound-healing
agents in the cornea

We looked at expression of both genes amongst four ocular tissues,
specifically the cornea, lens, optic nerve and retina, and both were found
to be significantly highly expressed in the cornea relative to the other
tissues (Fig. 2A). To analyze their expression during cornea develop-
ment, we searched publicly available gene expression studies in the
NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.
gov/geo/). Two microarray analyses (GSE121044 and GSE43155)
were identified that follow gene expression across embryonic and
postnatal stages of mouse corneal development [50,51]. We found both
genes increased expression during the prenatal stages (from GSE121044;
Fig. 2B), where both peaked at ~E15.5 (from GSE43155; Fig. 2C) but
ZBTB7B also increased steadily during the postnatal period.

A search in NCBI GEO for gene expression studies of the corneal
epithelia in connection to fibrosis and wound-healing revealed 2 rele-
vant studies. Dataset GSE43381 identifies genes enriched in mouse
cornea, bladder, esophagus, lung, proximal small intestine, skin,
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Table 2
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Glycosaminoglycan (GAG) catabolic and anabolic enzymes, in addition to glycosylation enzymes, misregulated in the ACo transcriptome. Abbr: ACo, affected
cornea; CS, chondroitin sulfate; DS, dermatan sulfate; E, embryonic day; FC, fold-change; n, number; HS, heparan sulfate; KS, keratan sulfate; MPS, mucopoly-

saccharidosis; PG, proteoglycan.

Y -
Gene ig % =<3  Corneal mutant phenotype (A)/null phenotype ~ ACo FC
22 FOUSE (B)/corneal function (C) (n)
(SR Y-SR
A.  GALNS KS, CS corneal clouding in MPS IVa (Morquio syndrome B) -1961.16
NAGLU o HS clear corneas in MPS III (Sanfilippo B syndrome) if basement -992 .84
% membranes normal
IDUA ”§ DS, HS corneal clouding in MPS I (Hurler-Scheie syndrome) -5.63
GUSB S CS, DS, HS corneal opacity in MPS VII (Sly syndrome) -4.15
HYALI HA unknown 3.35
B. CHST7 CS unknown -704.71
CSGALNACT? CS, DS -11.34
CHPF? CS normal and fertile -6.34
CHSTIS CS DS -3.13
HAS2 HA 9.5-10 75.27
HS6ST2 .i“')‘ HS normal till 20 months and fertile -567.73
NDST?2 % HS normal and fertile -7.93
HS6STI § HS E15.5 -2.66
B3GAT3 HS, CS 8-cell stage embryonic -2.61
NDSTI HS before or at birth lethal -2.55
HS2S8T1 HS neonatal period -2.35
CHSTI KS corneal thinning when downregulated 2110621
CHST6 KS corneal thinning in Macular Corneal Dystrophy (MCD) 213
C. COLGALT? glycosylation of collagen -3.61
B3GALT4 -2277.63
GALNT7 o -28.73
ST6GALNACG g . ‘ -10.96
B3GALNT?2 ,(_ﬂ% O-glycosylation of proteins -6.95
B4GALNT3 S -5.13
GALNTIS %1; -3.43
B4GALTS -2.48
A4GALT N-glycosylation of proteins -2.22
B4GALT4 -2.14

stomach, and trachea epithelia [51]. We found, unexpectedly, high
expression of ZBTB7B and GRN in the cornea, lung and trachea epithelia
relative to those found in the bladder, esophagus, and stomach epithelia
(Fig. S2A—B). Expression of several important anti-inflammatory
players that prevent fibrosis, IL4, IL10, IL13 and TNFa, were also
found to follow the same pattern (Fig. S2A). These results suggest
ZBTB7B and GRN are highly expressed in those tissues where anti-
inflammatory responses are significant.

This above finding led to two hypotheses, where the first was that
downregulation of the anti-fibrotic factor ZBTB7B in injured corneas
leads to fibrosis in the tissue that subsequently leads to opacities.
Confirmation of this theory comes from the microarray-based study on
chemical burns (silver nitrate application) to mice cornea that results in
representative gene expression changes in the lacrimal gland [52]. Both

corneas became opaque, and corresponding gene expression changes in
the lacrimal gland reflective of expression variation in the cornea were
examined post-injury compared to non-injured mice. We uncovered
significant downregulation in ZBTB7B (—2.65) in the lacrimal gland 8
hrs post-injury (Fig. S2C), thus confirming our hypothesis that ZBTB7B
downregulation in corneal injury may contribute to opacities in the
tissue. A study comparing scleroderma (fibrotic skin) fibroblasts to
normal ones where the fibrotic marker COL1A1 was shown to be upre-
gulated upon ZBTB7B and Sp1 downregulation [53] further confirms our
hypothesis, because the ACo transcriptome also shows downregulation
of ZBTB7B, Sp1 and upregulation of COL1A1 (Fig. S2D).

In the second hypothesis, we propose GRN is important for wound-
healing in damaged corneas. A study showing this comes from anal-
ysis of corneal wound-healing after ethyl pyruvate addition to culture
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Fig. 2. A, Expression data for ZBTB7B and GRN in ocular tissues of pediatric donor eye through RNA-Seq; B, ZBTB7B and GRN expression during early corneal
development in the mouse from E10.5 — E16.5 (GEO dataset: GSE121044); C, ZBTB7B and GRN expression in the mouse corneal epithelia from E14.5-2 yrs. (GEO
dataset: GSE43155). Abbreviations: Co, cornea; CoE, corneal epithelium; E, embryonic day; P, postnatal day; pNC, periocular neural crest; SK, stromal keratocytes. *

represents p < 0.05; ** represents p < 0.005.

medium where prior TGFB1 treatment leads to corneal keratocytes
forming myofibroblasts [54]. Subsequent ethyl pyruvate addition leads
to modifying the TGFf1-driven transition of keratocytes to myofibro-
blasts by inhibiting upregulation of profibrotic genes, thus replicating
the wound-healing response. We identify a significant increase in GRN
expression in the dataset after ethyl pyruvate addition (Fig. S2E), thus
confirming GRN in the cornea contributes to wound-healing.

5. Discussion

This is the first report of RNA-Seq gene expression analysis on an
opaque cornea from a patient with FA. Clinical examination revealed
bilateral microcornea in the patient (Fig. 1A), which has been reported
in 55-100% of FA seen in the clinic [17,55] whereas CCO has not been
previously described in FA. External exam and anterior-OCT established
corneal haze in both eyes with increased opacity in the right cornea
(Fig. 1B, C-D). Histopathology analysis confirmed the anterior-OCT
findings (Fig. 1C-D) that the haze was in the corneal stroma (Fig. 11),
in addition to uncovering corneal membranes were disrupted (Fig. I-J),
central cornea was irregular, and the epithelium was keratinized.

Findings of opacity in the corneal stroma directed our subsequent
RNA-Seq analysis towards proteins highly expressed there (Table 1),
which was determined from those that were found to be highly

expressed in a normal cornea (Table S1). Certain keratins (KRT12, KRT5,
KRT3) were downregulated and some upregulated (KRT6A and KRT17),
as were specific collagens (COL3A1, COL5A1, COL1A1), which previous
studies demonstrated lead to fibrosis [29-34]. The SLRP family member
LUM, proven to result in fibrosis when upregulated [35,56], was also
over-expressed. These findings suggested the patient cornea has un-
dergone opacity-generating fibrosis, which has been proven in the
cornea when infected, injured or post-surgery [57,58].

Features of the patient corneal histopathology were confirmed in the
transcriptome when we analyzed expression variation in GAG meta-
bolism or glycosylation enzymes (Table 2). This approach was taken as
major fibrous proteins and proteoglycans in the corneal stroma [59] are
either heavily dependent on glycosylation or contain GAGs respectively.
We found catabolic enzymes targeted all GAG chains and produce
corneal haze when downregulated (GUSB, IDUA, GALNS) [36-38].
NAGLU is the only exception, which has exhibited opaque corneas in
MPS III only upon massive HS accumula- tion where basement mem-
brane disruption was also evident [60]. Interesting anabolic enzymes
were those targeting KS chains (CHST1 and CHST6), which cause
corneal thinning when downregulated [39,40]. Nine members of o- and
n-glycosylation enzymes were downregulated (B3GALT4, GALNT7,
ST6GALNAC6, B3GALNT2, B4GALNT3, GALNTI18), which results in
epithelial keratinization from decreased corneal surface lubrication
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[43]. Upregulated GAG metabolic enzymes were associated with hya-
luronan metabolism, HYALl1 and HAS2; the first generates pro-
inflammatory hyaluronan fragments [41] and the second partakes in
tissue fibrosis when upregulated [42], thus adding further evidence on
opacity-causing fibrosis in the patient cornea.

To determine molecular players of fibrosis in the patient cornea, we
conducted comparative transcriptome analysis using the Illumina
BaseSpace® correlation engine. Two anemia-related studies had a sig-
nificant correlation with the affected cornea transcriptome
(Fig. S1A—B)), which were considered reasonable as blood and parts of
the cornea (i.e. stroma) are derived from embryonic mesoderm [61]. For
the same reason, fibrotic genes could be identified from these compar-
isons without corneal opacities being prevalent in FA or anemia-related
disease. When common misregulated genes between these datasets were
placed in a Venn diagram (Fig. S1C), ZBTB7B and GRN were identified
(Table S2) that play roles as anti-fibrotic and wound repair factors,
respectively [47,62].

We showed that ZBTB7B and GRN are highly expressed, together
with anti-inflammatory markers (IL4, IL10, IL13 and TNFa), in tissue
epithelia where fibrosis would be considered fatal (lungs and trachea
[63,64]) in contrast to epithelia where fibrosis is not fatal (bladder and
stomach) (Fig. S2A—B). We also show that they are both highly
expressed in the cornea (Fig. 2A), therefore indicating their importance
in preventing fibrosis and, therefore, blindness by opacity formation. In
demonstrating ZBTB7B has a role in preventing fibrosis and corneal
opacities, we focused on a study in which rabbit eyes were exposed to
chemical burns through silver nitrate application and reflective gene
expression changes in the cornea were monitored by gene expression
analysis of the lacrimal glands [52]. Gene expression changes in the
lacrimal glands reflective of those in the cornea has long been proven
[65-70]. Our processing of the raw data from lacrimal gene expression
changes to show reduction of ZBTB7B in this model of chemical burns-
inducing corneal opacities (Fig. S2C—D) is thus evident that decrease
in the factor may play a role in CCO causation. For GRN role in wound-
healing, we choose a TGFf1-induced fibrosis study where conversion of
keratocytes to myofibroblasts was reversed by ethyl pyruvate addition
[54]. We uncovered that GRN is increased (Fig. S2E) in the wound-
healing type reversal, therefore suggesting it could be involved in
wound-healing of the cornea.

Expanding the number of CCO cases to demonstrate basement
membrane disruption and analyze gene expression through RNA-Seq
technologies to establish opacity-causing fibrosis would be a necessary
step forward in confirming our hypothesis for CCO causation. Studies of
mice where ZBTB7B/GRN would be specifically reduced in the devel-
oping cornea to induce opacity-causing fibrosis and rescuing the ensuing
corneal opacity through over-expression of GRN/ZBTB7B would prove
the roles of these factors in corneal opacity.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgmr.2021.100712.
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