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Abstract

Purpose

To identify the genetic basis of posterior polymorphous corneal dystrophy (PPCD) in families
mapped to the PPCD1 locus and in affected individuals without ZEB1 coding region mutations.

Methods

The promoter, 5 UTR, and coding regions of OVOL2 was screened in the PPCD family in
which linkage analysis established the PPCD1 locus and in 26 PPCD probands who did not
harbor a ZEB1 mutation. Copy number variation (CNV) analysis in the PPCD1 and PPCD3
intervals was performed on DNA samples from eight probands using aCGH. Luciferase
reporter assays were performed in human corneal endothelial cells to determine the impact
of the identified potentially pathogenic variants on OVOL2 promoter activity.

Results

OVOL2 mutation analysis in the first PPCD1-linked family demonstrated segregation of the
¢.-307T>C variant with the affected phenotype. In the other 26 probands screened, one het-
erozygous coding region variant and five promoter region heterozygous variants were identi-
fied, though none are likely pathogenic based on allele frequency. Array CGH in the PPCD1
and PPCD3 loci excluded the presence of CNV involving either OVOL2 or ZEB1, respec-
tively. The ¢.-307T>C variant demonstrated increased promoter activity in corneal endothe-
lial cells when compared to the wild-type sequence as has been demonstrated previously in
another cell type.

Conclusions

Previously identified as the cause of PPCD1, the OVOLZ2 promoter variant c.-307T>C was
herein identified in the original family that established the PPCD1 locus. However, the failure
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to identify presumed pathogenic coding or non-coding OVOL2 or ZEB1 variants, or CNV
involving the PPCD1 and PPCD3 loci in 26 other PPCD probands suggests that other
genetic loci may be involved in the pathogenesis of PPCD.

Introduction

Posterior polymorphous corneal dystrophy (PPCD) is an autosomal dominant disorder char-
acterized by the presence of characteristic corneal endothelial opacities as well as corneal
steepening. While the majority of affected individuals are thought to be asymptomatic, the per-
centage of individuals who require corneal transplantation for corneal edema is estimated to
be approximately 20%-25%, significantly higher than previously believed.[1] PPCD demon-
strates genetic heterogeneity, having been mapped to both chromosome 10 (PPCD3 locus)
and 20 (PPCD1 locus). To date, approximately 30% to 40% of PPCD cases have been attributed
to 40 unique heterozygous nonsense and frameshift mutations and hemizygous copy number
variants involving the zinc finger E-box binding homeobox 1 gene (ZEBI) on chromosome 10
that likely result in ZEBI haploinsufficiency.[2-12] However, the identification of the genetic
basis of PPCD1 (MIM ID #122000) has proven to be more elusive, in spite of the fact that link-
age to the PPCD1 locus was reported almost a decade before linkage to the PPCD3 locus was
described.[13, 14]

A 3.6 cM (1.8 Mb) interval is shared between four PPCD families that demonstrated link-
age to the pericentromeric region of chromosome 20.[13, 15-20] However, mutational anal-
ysis of the coding sequence and exon-intron boundaries of the 32 positional candidate genes
from the shared interval failed to identify a pathogenic mutation in one of the four families
linked to the PPCD1 locus.[15-17, 19-23] Given this, we employed a targeted next-genera-
tion sequencing approach to identify potentially pathogenic non-coding variants in these 32
positional gene candidates. We identified 11 single-nucleotide variants (SNV) in nine genes
that met our criteria of possible pathogenicity. Four of the SNVs were located in three differ-
ent protein coding genes, three of which (OVOL2 ¢.327C>A, OVOL2 c.-307T>C, and THBD
¢.351A>@G) segregated with the affected status when additional family members who did not
undergo NGS were screened. Of these, only ¢.-307T>C, in the promoter region of the ovo-
like zinc finger 2 (OVOL2) gene, was novel, and was not identified in 100 controls. [24]
Davidson and colleagues recently reported the identification of ¢.-307T>C and two other
novel OVOL2 promoter region variants (c.-274T>G and c.-370T>C) in two British and 16
Czech PPCD families, which include two of the four families that have been previously
mapped to the PPCD1 locus.[25] In addition, another OVOL2 promoter region variant (c.-
339_361dup) was identified in a family originally reported with autosomal dominant con-
genital hereditary endothelial dystrophy (CHED) mapped to the CHED1 locus, which
overlaps the PPCD1 locus.[25] OVOL2 is a transcription factor that has been shown to
downregulate ZEB1 expression, thereby suppressing EMT and driving mesenchymal-to-epi-
thelial transition (MET) instead.[26, 27] Reporter activity assays using OVOL2 promoter
constructs each containing one of the four identified variants demonstrated increased in
vitro reporter gene expression compared to the wild type promoter in HEK293 cells.[25]
Thus, Davidson and colleagues proposed that PPCD-associated OVOL2 promoter variants
cause increased OVOL2 expression and the encoded protein subsequently represses ZEB1I
expression, leading to a PPCD phenotype similar to PPCD3, in which ZEBI truncating muta-
tions likely result in ZEBI haploinsufficiency.[4, 12]
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Herein, we present the results of sequencing the 5 UTR and promoter region of OVOL2 in
the family originally linked to the PPCD1 locus on chromosome 20, as well as in 26 PPCD pro-
bands in whom a ZEBI truncating mutation was not identified.[13] We also report the results
of copy number variation (CNV) analysis in the PPCD1 and PPCD3 loci to identify the cause
of PPCD in individuals without either an OVOL2 or a ZEB1 5° UTR, promoter, or coding
region mutation. In addition, we present the results of in vitro promoter assays in human cor-
neal endothelial cells to confirm the functional impact of the pathogenic OVOL2 promoter var-
iant in the affected cell type.

Materials and Methods

This study followed the Declaration of Helsinki and was approved by the Institutional Review
Board at the University of California at Los Angeles (UCLA IRB# 94-07-243-(14-33A), 02-10-
092-(4,11),11-000020). Informed written consent was obtained from all subjects in this study.

Patient selection and DNA collection

Individuals with PPCD were examined with slit lamp biomicroscopic imaging and the diagno-
sis of PPCD was made based upon previously described clinical characteristics.[3] After
informed consent was obtained, genomic DNA was purified from peripheral blood leukocytes
using the FlexiGene DNA Isolation Kit (Qiagen, Valencia, CA) or extracted from buccal epi-
thelial cells using the Oragene Saliva Collection Kit (DNA Genotek, Ottawa, Canada) accord-
ing to the manufacturer’s instructions.

ZEB1—Polymerase chain reaction (PCR) and Sanger sequencing

Each of the nine exons of ZEBI, including an alternative exon 1, as well as the 1 kb region
upstream of the initiation methionine (ATG), were amplified using previously described prim-
ers and conditions.[8] Following purification of the PCR products, sequencing reactions were
performed using a previously described protocol and then analyzed on an ABI-3100 Genetic
Analyzer (Applied Biosystems).[8] Sequences for the 1 kb region upstream of translational
start site were compared to the ZEBI RefSeqGene sequence (GenBank accession number
NG_017048.1). Based on the annotation of ZEBI transcript NM_030751.5, the promoter
region was defined as the sequences upstream of the transcriptional start site (c.-452) and the
5" UTR was defined as the region between the transcriptional start site (c.-452) and the transla-
tional start site (c.1). Coding region nucleotide sequences (including the donor and acceptor
splice sites) were read manually by comparison to the ZEBI cDNA sequences (GenBank acces-
sion number NM_030751 and NM_001128128.2). The description of the identified sequence
variants adhered to the Human Genome Variation Society (HGVS) nomenclature guidelines.

OVOL2—Polymerase chain reaction (PCR) and Sanger sequencing

Each of the four OVOL2 coding exons and the 1.8kb region upstream of the OVOL2 transla-
tional start site (containing both the 5 UTR and promoter) were amplified and screened using
previously described primer sequences as well as custom designed primers (S1 Table).[25]
Based on Genbank OVOL2 transcript NM_021220.3, the promoter region was defined as the
sequences upstream of the transcriptional start site (c.-248) and the 5" UTR was defined as the
region between the transcriptional start site (c.-248) and the translational start site (c.1). PCR
reactions were performed using GoTaq"™ Green Master Mix (Promega, Madison, WI), 240
nM of each forward and reverse primer and 20-40 ng of genomic DNA. Thermal cycling was
performed using a C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA). For the promoter
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and 5" UTR screening, reactions were cycled with the following program: initialization at 95°C
for 3 minutes; 38 cycles of denaturing, annealing, and extension at 95°C for 25 seconds, 60°C
for 25 seconds, 72° for 45 seconds, respectively; and final elongation at 72°C for 10 minutes.
For the OVOL2 coding region screening, reactions were cycled with the following program:
denaturation at 95°C for 3 minutes; 38 cycles of annealing and extension at 95°C for 25 sec-
onds, 52°C for 25 seconds, 72° for 30 seconds; and elongation at 72°C for 10 minutes. Prior to
sequencing, 15-30 ng of each amplicon was purified by treatment with 5 units of Exonuclease
I'and 0.5 units of Shrimp Alkaline Phosphatase (USB Corp., Cleveland, OH), followed by incu-
bation at 37°C for 15 minutes and inactivation at 80°C for 15 minutes. Sanger sequencing of
the purified PCR template was performed by Laragen Sequencing & Genotyping (Laragen
Inc., Culver City, CA).

CNV analysis in PPCD1 and PPCD3 loci

Genomic DNA samples from eight PPCD probands in whom a ZEBI mutation was not identi-
fied were submitted to the UCLA Clinical Microarray Core for array comparative genome
hybridization (aCGH) to identify copy number variation (CNV) using a custom Agilent
8x60K array (Agilent Technologies, Inc., Santa Clara, CA). The custom array was designed for
the interrogation of: a 16.7 Mb region (hg19: 17.3 Mb- 34.0 Mb) on chromosome 20 encom-
passing the refined PPCD1 interval and approximately 2.7Mb (0.54 Mb 5" and 2.17 Mb 3’)

of flanking sequence; and a 5.2 Mb region (hg19: 29.1Mb- 34.3 Mb) on chromosome 10 con-
taining the ZEB1 gene (31.6 Mb- 31.8 Mb) and 5 Mb (2.5 Mb 5’ and 2.5 Mb 3’) of flanking
sequence.[18] The array utilized 52,828 oligonucleotide probes spread over the two loci. Data
analysis was performed using the Agilent CytoGenomics 3.0 software. The raw data files are
available from the GEO DataSets database (accession number GSE84940; National Center for
Biotechnology Information [NCBI], Bethesda, MD, USA).

Dual-luciferase OVOL2 promoter activity assay

Immortalized human corneal endothelial cells (HCEnC-21T) were seeded at 50% confluency
into 24-well plates. The following day, the cells were transfected using Lipofectamine™ LTX
(Life Technologies) according to the manufacturer’s recommendations. To test the impact of
the OVOL2 c.-307T>C variant on promoter activity, HCEnC-21T cells were transfected with
250 ng of either a OVOL2 PV, OVOL2 P <**7">€, or empty (pGL3-Basic) promoter lucifer-
ase construct (generously provided by Dr. Alison J. Hardcastle of the University College Lon-
don).[25] To measure differences in transfection efficiency between wells, 250 ng of pGL4.75
[hRluc_CMV] (Promega) was added to each transfection for a total of 500 ng of plasmid DNA
per transfection. Forty-eight hours post-transfection, cells were lysed with 100 uL of Passive
Lysis Buffer (Promega). Protein levels from cell lysates were quantified using the Pierce™ BCA
Protein Assay Kit (Life Technologies) and FilterMax F5 microplate reader (Molecular Devices,
Sunnyvale, CA). Promoter activity was measured using the Dual-luciferase™ Reporter Assay
System (Promega) according to manufacturer’s instructions. Each trial was normalized to
Renilla firefly luminescence in order to account for variability in transfection efficiency.

Statistical analyses

The probability and corresponding 95% confidence interval of the identified variant, c.-
1409G>C, found within the screened probands was estimated based on the observed fre-
quency in the probands and from the observed frequency of same variant in the population
assuming binomial distribution of allele frequencies.
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Results

Screening of ZEB1 coding, 5’UTR, and promoter regions in PPCD
probands

We have previously reported the absence of presumed pathogenic variants in the non-coding
1 kb region (containing both the 5 UTR and promoter) upstream of the ZEBI translational
start site in 31 PPCD probands without a ZEBI coding region mutation.[8] After six addi-
tional PPCD probands without a ZEBI coding region mutation were identified, we screened
the 1 kb upstream of the initiation methionine in these six individuals. The known single
nucleotide polymorphism (SNP) c.-803G>C (rs3737180; minor allele frequency (MAF)
0.316) was identified in the heterozygous state in two individuals, one of whom also demon-
strated a second known SNP (c.-933T>G (rs3737179; MAF 0.316)) in the heterozygous state.
Of the 37 DNA samples from these individuals without a ZEBI promoter, 5 UTR, or coding
mutation, 27 had sufficient DNA to analyze the 1.8kb region upstream of the OVOL2 transla-
tional start site.

Exclusion of pathogenic OVOL2 coding, 5’UTR, and promoter region
variants in genetically unresolved PPCD probands

Of the 27 probands who had sufficient DNA to perform screening of the OVOL2, one proband
(P1) is a member of the family that we mapped to the PPCD1 locus and in which we identified
a OVOL2 promoter variant (c.-307T>C) that segregated with the affected phenotype.[18, 24]
Screening of the 1.8 kb region upstream of the translational start site of OVOL2 in the remain-
ing 26 PPCD probands in whom a ZEBI truncating mutation was not identified revealed five
different heterozygous variants in eight probands, while the remaining 18 probands did

not demonstrate any heterozygous variants within either the OVOL2 promoter or 5 UTR
(Table 1). Of the five identified variants, only one, c.-61G>A, was either novel or rare

(MAF <0.01). However, the c.-61G>A variant, identified in a single proband (P3), was not
identified in his affected father, indicating that it was not causative of PPCD. The only variant
identified in more than one proband, c.-1409G>C, has a global MAF of 0.0541. Although the
observed frequency of the c.-1409G>C variant in the 27 probands who had sufficient DNA to
perform screening of the OVOL2 promoter (6/54 chromosomes corresponding to an observed
MAF of 0.111) was double the global MAF of 0.0541, the difference was not statistically signifi-
cant (p = 0.064). Given this, and as the global minor allele frequency is much higher than the
population prevalence of PPCD, the c.-1409G>C variant is very unlikely to be pathogenic.
Screening of each of the four OVOL2 coding exons in the 27 probands revealed only one het-
erozygous variant (c.327C>A), which was identified in three probands. As the ¢.327C>A vari-
ant has a MAF of 0.0403, much higher than the population prevalence of PPCD, this variant is
also very unlikely to be pathogenic.

Identification and segregation of OVOL2 promoter variant ¢.-307T>C in
the family originally mapped to the PPCD1 locus on chromosome 20

The 1.8 kb region upstream of the translational start site of OVOL2 was screened in affected
and unaffected members of the family with PPCD that was the first to be mapped to the
PPCDI1 locus on chromosome 20 (Fig 1).[13] Within the promoter region, the c.-307T>C var-
iant was identified in each of the 20 affected family members and was not identified in 12 of
the 14 unaffected members who were screened (Fig 1).

PLOS ONE | DOI:10.1371/journal.pone.0169215 January 3, 2017 5/11



@° PLOS | ONE

Confirmation of OVOL2 Promoter Mutation in PPCD1

Table 1. OVOL2promoter and 5’ UTR variants identified in 27 probands with PPCD.

Proband ID # of Probands Identified Variant Gene Region Heterozygosity RS number MAF
P1* 1 c.-307T>C Promoter Heterozygous rs869320629 N/A
P2 1 c.-1388C>G Promoter Heterozygous rs73252038 0.0323
c.-186G>A 5 UTR Heterozygous rs73252036 0.0313
c.-72G>A 5 UTR Heterozygous rs538188467 0.0142
P3 1 C.-61G>A** 5"UTR Heterozygous Novel N/A
P4 -P9 6 c.-1409G>C Promoter Heterozygous rs41276412 0.0541
P10-P27 18 None identified - - - -

* Proband belongs to a family previously mapped to the PPCD1 locus;
** Variant was not present in the proband’s affected parent

doi:10.1371/journal.pone.0169215.t001

No copy number variation identified in PPCD1 or PPCD3 loci

CNV analysis within the PPCD1 and PPCD3 loci was performed in eight of the 27 PPCD
probands without a ZEBI or OVOL2 coding, 5° UTR, or promoter region mutation to evalu-
ate for the presence of a potentially pathogenic structural variation. In the PPCD1 locus, 11
CNVs (4 gains and 7 losses) were identified in five of the eight probands, ranging in size
from 134 to 14,007 base pairs (S2 Table). Three of the 11 CNVs involved protein-coding
genes: two overlapping CNV gains in intron 1 of XRN2, with one gain present in one (1/8)
proband, and the second gain present in three (3/8) probands; and a loss in intron 2 of
PIGU, which was identified in three (3/8) probands. There were no identified CNVs within
OVOL2. In the PPCD3 locus, CNV were identified in eight genomic regions, although none
involved ZEBI.
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Fig 1. Pedigree of the original family mapped to the PPCD1 locus. Females are represented by circles, males by squares. Affected individuals are
shown with filled symbols and unaffected individuals are shown with open symbols. Diagonal lines across symbols indicate individuals who are deceased.
An asterisk (*) indicates individuals who underwent OVOLZ2 promoter screening by Sanger sequencing.

doi:10.1371/journal.pone.0169215.9001
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OVOL2 promoter variant ¢.-307T>C variant increases OVOLZ2 promoter
activity

Dual-luciferase reporter assays were performed to determine the effect of the c.-307T>>C variant
on OVOL2 promoter activity in human corneal endothelial cells. Immortalized human corneal
endothelial cells, HCEnC21T, were transfected with a luciferase reporter construct containing
either no promoter (empty), an OVOL2 wild-type promoter (OVOL2 P V™), or an OVOL2 pro-
moter harboring the c.-307T>C mutation (OVOL2 P e-307T>Cy ‘While both OVOL2 P and
OVOL2 P < °77>C were able to drive the expression of luciferase, OVOL2 P “*""> produced
significantly higher levels of luciferase expression when compared to the OVOL2 P™ (Fig 2).

Discussion

The recent identification of OVOL2 promoter mutations associated with PPCD by Davidson
and colleagues as well as our group has led us to screen the OVOL2 5 UTR and promoter
region in the family in which linkage analysis established the PPCD1 locus on chromosome 20
and in an additional 26 probands in whom a ZEBI truncating mutation was not identified.[24,
25] We identified the same c.-307T>C variant within affected members of the family that
Heon and colleagues mapped to the PPCD1 locus as in the family that we subsequently
mapped to an overlapping interval.[13, 18] Although the c.-307T>C was found in two unaf-
fected family members (VI-3 and VI-4), these two individuals were first evaluated in their
twenties and were not available for re-examination. Therefore, their affected status cannot be
confirmed. In this pedigree, the average age at the time of diagnosis of PPCD was 25 years,
with a range between 4 and 40 years.[13] Given that the c.-307T>C variant segregates with the
affected phenotype in the other 32 affected and unaffected individuals screened, as well as in
the 29 individuals in our PPCD1-linked family, the overwhelming likelihood is that these two
individuals are in fact affected.[24] This variant has now been demonstrated to segregate with
the affected phenotype in three unrelated families that have all been mapped to the PPCD1
locus. Given this, as well as the fact that three other variants in the OVOL2 promoter have been
shown to segregate with the affected phenotype in two other families with PPCD (including
the fourth family previously mapped to the PPCD1 locus) and one family initially diagnosed
with autosomal dominant CHED that was mapped to the region on chromosome 20 contain-
ing OVOL2, promoter mutations in OVOL2 have been convincingly associated with PPCDI1.
[24, 25]

Our failure to identify a presumed pathogenic OVOL2 or ZEBI coding region or promoter
mutation or CNV involving either gene in 26 PPCD probands indicates that other genes may
be associated with PPCD. In the PPCD mouse, a chromosomal inversion flanked by deletions
involving Csrp2bp and Dzank1 has been identified in the portion of chromosome 2 that is syn-
tenic to the human PPCD1 locus.[28, 29] The investigators reported the upregulation of two
Csrp2bp fusion transcripts and Ovol2, which is located 37 kb from Csrp2bp and 66 kb from the
breakpoint of the chromosomal inversion. While it is possible that the identified genetic rear-
rangement leads to PPCD1 in the mouse through upregulation of Ovol2 expression, as is the
case in humans, the authors provide compelling evidence for the disruption of Csrp2bp as
being causative for PPCD1 in the mouse.[28, 29] However, we did not detect CNV involving
the human ortholog CSRP2BP in any of the 8 probands analyzed for CNV. Although identifi-
cation of other affected pedigrees of sufficient size to perform whole exome sequencing and
CNV analysis to identify additional genetic loci should be performed, we also plan to perform
and encourage other investigators to perform sequencing of presumed OVOL2 and ZEBI regu-
latory sequences to identify other potentially pathogenic sequence variants.
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Fig 2. The ¢.-307T>C variant increases OVOL2 promoter activity. OVOL2 promoter constructs containing
either wild type (OVOL2 P ") or mutant (OVOL2 P ¢-397>C) promoter sequences were transfected into
HCENC-21T cells and the relative luciferase activities of each construct was measured. The OVOL2 P &397T>C
promoter construct produced significantly higher levels of luminescence compared to the OVOL2 P wr
construct. (* p value < 0.05, n = 3, error bars = SEM).

doi:10.1371/journal.pone.0169215.g002

Additional studies will also need to be performed to elucidate the role of OVOL2 in the cor-
neal endothelium, and to determine whether OVOL?2 acts to repress the expression of ZEBI, as
it does in corneal epithelial cells. OVOL2 maintains the epithelial cell state by repressing mes-
enchymal genes such as ZEB1.[27] When cotransduced with PAX6, OVOL2 induces the tran-
scriptional profile of corneal epithelial cells in fibroblasts, suggesting that OVOL2 may serve as
a master regulator of the epithelial cell state.[27] In contrast, the roles, if any, that OVOL2
plays in corneal endothelial cell differentiation, function, and dysfunction are virtually
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unstudied. Here, we demonstrate that the c.-307T>C variant in OVOL2 results in enhanced
promoter activity in corneal endothelial cells compared to the wild-type sequence. As it has
been previously reported that OVOL2 represses ZEBI expression, our promoter activity results
are consistent with the hypothesis that PPCD-associated OVOL2 promoter mutations lead to
PPCD by causing OVOL2 overexpression and subsequent ZEB1 insufficiency.[26, 27] In silico
analyses have predicted PPCD-associated OVOL2 promoter mutations cause a gain or loss of
putative transcription factor binding sites, potentially leading to OVOL2 dysregulation.[24, 25]
Further investigation into the effects of PPCD-associated OVOL2 and ZEBI mutations on the
expression of these transcription factors, the endothelial transcriptome and corneal endothelial
morphology and function are ongoing, and are anticipated to clarify whether both PPCD1 and
PPCD3 share a common molecular pathway.

Supporting Information

S1 Table. Primers used for OVOL2 promoter, 5’ UTR, and exon screening.
(XLSX)

S2 Table. Copy number variants detected by aCGH in 8 probands with posterior polymor-
phous corneal dystrophy.
(XLSX)

Acknowledgments

Support provided by National Eye Institute Grants R01 EY022082 (A.J.A.), P30 EY000331
(core grant), the Walton Li Chair in Cornea and Uveitis (A.J.A.), the Stotter Revocable Trust
and an unrestricted grant to Stein Eye Institute from Research to Prevent Blindness.

Author Contributions
Conceptualization: DDC RFF AJA.

Funding acquisition: AJA.

Investigation: DDC RFF AEC KMG MZ EMH EMS.
Methodology: DDC RFF AJA.

Project administration: DDC RFF AJA.
Resources: AJA EMS.

Supervision: AJA.

Visualization: DDC RFF.

Writing - original draft: DDC RFF AJA.
Writing - review & editing: DDC RFF AJA EH.

References

1.  Weiss JS, Moller HU, Aldave AJ, Seitz B, Bredrup C, Kivela T, et al. IC3D classification of corneal dys-
trophies—edition 2. Cornea. 2015; 34(2):117-59. doi: 10.1097/ICO.0000000000000307 PMID:
25564336

2. Krafchak CM, Pawar H, Moroi SE, Sugar A, Lichter PR, Mackey DA, et al. Mutations in TCF8 cause
posterior polymorphous corneal dystrophy and ectopic expression of COL4A3 by corneal endothelial
cells. Am J Hum Genet. 2005; 77(5):694—708. doi: 10.1086/497348 PMID: 16252232

PLOS ONE | DOI:10.1371/journal.pone.0169215 January 3, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169215.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169215.s002
http://dx.doi.org/10.1097/ICO.0000000000000307
http://www.ncbi.nlm.nih.gov/pubmed/25564336
http://dx.doi.org/10.1086/497348
http://www.ncbi.nlm.nih.gov/pubmed/16252232

@° PLOS | ONE

Confirmation of OVOL2 Promoter Mutation in PPCD1

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Aldave AJ, Yellore VS, Yu F, Bourla N, Sonmez B, Salem AK, et al. Posterior polymorphous corneal
dystrophy is associated with TCF8 gene mutations and abdominal hernia. Am J Med Genet A. 2007;
143A(21):2549-56. doi: 10.1002/ajmg.a.31978 PMID: 17935237

Liskova P, Evans CJ, Davidson AE, Zaliova M, Dudakova L, Trkova M, et al. Heterozygous deletions at
the ZEB1 locus verify haploinsufficiency as the mechanism of disease for posterior polymorphous cor-
neal dystrophy type 3. Eur J Hum Genet. 2015.

Liskova P, Tuft SJ, Gwilliam R, Ebenezer ND, Jirsova K, Prescott Q, et al. Novel mutations in the ZEB1
gene identified in Czech and British patients with posterior polymorphous corneal dystrophy. Hum
Mutat. 2007; 28(6):638.

Vincent AL, Niederer RL, Richards A, Karolyi B, Patel DV, McGhee CN. Phenotypic characterisation
and ZEB1 mutational analysis in posterior polymorphous corneal dystrophy in a New Zealand popula-
tion. Mol Vis. 2009; 15:2544-53. PMID: 19997581

Nguyen DQ, Hosseini M, Billingsley G, Heon E, Churchill AJ. Clinical phenotype of posterior polymor-
phous corneal dystrophy in a family with a novel ZEB1 mutation. Acta Ophthalmol. 2010; 88(6):695-9.
doi: 10.1111/j.1755-3768.2009.01511.x PMID: 19432861

Bakhtiari P, Frausto RF, Roldan AN, Wang C, Yu F, Aldave AJ. Exclusion of pathogenic promoter
region variants and identification of novel nonsense mutations in the zinc finger E-box binding homeo-
box 1 gene in posterior polymorphous corneal dystrophy. Mol Vis. 2013; 19:575-80. PMID: 23559851

Lechner J, Dash DP, Muszynska D, Hosseini M, Segev F, George S, et al. Mutational spectrum of the
ZEB1 gene in corneal dystrophies supports a genotype-phenotype correlation. Invest Ophthalmol Vis
Sci. 2013; 54(5):3215-283. doi: 10.1167/iovs.13-11781 PMID: 23599324

Liskova P, Palos M, Hardcastle AJ, Vincent AL. Further genetic and clinical insights of posterior poly-
morphous corneal dystrophy 3. JAMA Ophthalmol. 2013; 131(10):1296-303. doi: 10.1001/
jamaophthalmol.2013.405 PMID: 23807282

Evans CJ, Liskova P, Dudakova L, Hrabcikova P, Horinek A, Jirsova K, et al. Identification of six novel
mutations in ZEB1 and description of the associated phenotypes in patients with posterior polymor-
phous corneal dystrophy 3. Ann Hum Genet. 2015; 79(1):1-9. doi: 10.1111/ahg.12090 PMID:
25441224

Chung DW, Frausto RF, Ann LB, Jang MS, Aldave AJ. Functional impact of ZEB1 mutations associated
with posterior polymorphous and Fuchs’ endothelial corneal dystrophies. Invest Ophthalmol Vis Sci.
2014; 55(10):6159-66. doi: 10.1167/iovs.14-15247 PMID: 25190660

Heon E, Mathers WD, Alward WL, Weisenthal RW, Sunden SL, Fishbaugh JA, et al. Linkage of poste-
rior polymorphous corneal dystrophy to 20g11. Hum Mol Genet. 1995; 4(3):485-8. PMID: 7795607

Shimizu S, Krafchak C, Fuse N, Epstein MP, Schteingart MT, Sugar A, et al. A locus for posterior poly-
morphous corneal dystrophy (PPCD3) maps to chromosome 10. Am J Med Genet A. 2004; 130A
(4):372—7. doi: 10.1002/ajmg.a.30267 PMID: 15384081

Hosseini SM, Herd S, Vincent AL, Heon E. Genetic analysis of chromosome 20-related posterior poly-
morphous corneal dystrophy: genetic heterogeneity and exclusion of three candidate genes. Mol Vis.
2008; 14:71-80. PMID: 18253095

Gwilliam R, Liskova P, Filipec M, Kmoch S, Jirsova K, Huckle EJ, et al. Posterior polymorphous corneal
dystrophy in Czech families maps to chromosome 20 and excludes the VSX1 gene. Invest Ophthalmol
Vis Sci. 2005; 46(12):4480—4. doi: 10.1167/iovs.05-0269 PMID: 16303937

Liskova P, Gwilliam R, Filipec M, Jirsova K, Reinstein Merjava S, Deloukas P, et al. High prevalence of
posterior polymorphous corneal dystrophy in the Czech Republic; linkage disequilibrium mapping and
dating an ancestral mutation. PLoS One. 2012; 7(9):e45495. doi: 10.1371/journal.pone.0045495 PMID:
23049806

Yellore VS, Papp JC, Sobel E, Khan MA, Rayner SA, Farber DB, et al. Replication and refinement of
linkage of posterior polymorphous corneal dystrophy to the posterior polymorphous corneal dystrophy 1
locus on chromosome 20. Genet Med. 2007; 9(4):228-34. doi: 10.1097GIM.0b013e31803c4dc2 PMID:
17438387

Aldave AJ, Yellore VS, Vo RC, Kamal KM, Rayner SA, Plaisier CL, et al. Exclusion of positional candi-
date gene coding region mutations in the common posterior polymorphous corneal dystrophy 1 candi-
date gene interval. Cornea. 2009; 28(7):801—7. doi: 10.1097/IC0O.0b013e31819672fb PMID: 19574904

Lai IN, Yellore VS, Rayner SA, D’Silva NC, Nguyen CK, Aldave AJ. The utility of next-generation
sequencing in the evaluation of the posterior polymorphous corneal dystrophy 1 locus. Mol Vis. 2010;
16:2829-38. PMID: 21203404

Aldave AJ, Yellore VS, Principe AH, Abedi G, Merrill K, Chalukya M, et al. Candidate gene screening for
posterior polymorphous dystrophy. Cornea. 2005; 24(2):151-5. PMID: 15725882

PLOS ONE | DOI:10.1371/journal.pone.0169215 January 3, 2017 10/11


http://dx.doi.org/10.1002/ajmg.a.31978
http://www.ncbi.nlm.nih.gov/pubmed/17935237
http://www.ncbi.nlm.nih.gov/pubmed/19997581
http://dx.doi.org/10.1111/j.1755-3768.2009.01511.x
http://www.ncbi.nlm.nih.gov/pubmed/19432861
http://www.ncbi.nlm.nih.gov/pubmed/23559851
http://dx.doi.org/10.1167/iovs.13-11781
http://www.ncbi.nlm.nih.gov/pubmed/23599324
http://dx.doi.org/10.1001/jamaophthalmol.2013.405
http://dx.doi.org/10.1001/jamaophthalmol.2013.405
http://www.ncbi.nlm.nih.gov/pubmed/23807282
http://dx.doi.org/10.1111/ahg.12090
http://www.ncbi.nlm.nih.gov/pubmed/25441224
http://dx.doi.org/10.1167/iovs.14-15247
http://www.ncbi.nlm.nih.gov/pubmed/25190660
http://www.ncbi.nlm.nih.gov/pubmed/7795607
http://dx.doi.org/10.1002/ajmg.a.30267
http://www.ncbi.nlm.nih.gov/pubmed/15384081
http://www.ncbi.nlm.nih.gov/pubmed/18253095
http://dx.doi.org/10.1167/iovs.05-0269
http://www.ncbi.nlm.nih.gov/pubmed/16303937
http://dx.doi.org/10.1371/journal.pone.0045495
http://www.ncbi.nlm.nih.gov/pubmed/23049806
http://dx.doi.org/10.1097GIM.0b013e31803c4dc2
http://www.ncbi.nlm.nih.gov/pubmed/17438387
http://dx.doi.org/10.1097/ICO.0b013e31819672fb
http://www.ncbi.nlm.nih.gov/pubmed/19574904
http://www.ncbi.nlm.nih.gov/pubmed/21203404
http://www.ncbi.nlm.nih.gov/pubmed/15725882

@° PLOS | ONE

Confirmation of OVOL2 Promoter Mutation in PPCD1

22,

23.

24,

25.

26.

27.

28.

29.

Heon E, Greenberg A, Kopp KK, Rootman D, Vincent AL, Billingsley G, et al. VSX1: a gene for posterior
polymorphous dystrophy and keratoconus. Hum Mol Genet. 2002; 11(9):1029-36. PMID: 11978762

Yellore VS, Rayner SA, Emmert-Buck L, Tabin GC, Raber |, Hannush SB, et al. No pathogenic muta-
tions identified in the COL8A2 gene or four positional candidate genes in patients with posterior poly-
morphous corneal dystrophy. Invest Ophthalmol Vis Sci. 2005; 46(5):1599-603. doi: 10.1167/iovs.04-
1321 PMID: 15851557

Le DJ, Chung DW, Frausto RF, Kim MJ, Aldave AJ. Identification of Potentially Pathogenic Variants in
the Posterior Polymorphous Corneal Dystrophy 1 Locus. PLoS One. 2016; 11(6):e0158467. doi: 10.
1371/journal.pone.0158467 PMID: 27355326

Davidson AE, Liskova P, Evans CJ, Dudakova L, Noskova L, Pontikos N, et al. Autosomal-Dominant
Corneal Endothelial Dystrophies CHED1 and PPCD1 Are Allelic Disorders Caused by Non-coding
Mutations in the Promoter of OVOL2. Am J Hum Genet. 2016; 98(1):75-89. doi: 10.1016/j.ajhg.2015.
11.018 PMID: 26749309

Roca H, Hernandez J, Weidner S, McEachin RC, Fuller D, Sud S, et al. Transcription factors OVOL1
and OVOL2 induce the mesenchymal to epithelial transition in human cancer. PLoS One. 2013; 8(10):
€76773. doi: 10.1371/journal.pone.0076773 PMID: 24124593

Kitazawa K, Hikichi T, Nakamura T, Mitsunaga K, Tanaka A, Nakamura M, et al. OVOL2 Maintains the
Transcriptional Program of Human Corneal Epithelium by Suppressing Epithelial-to-Mesenchymal
Transition. Cell Rep. 2016; 15(6):1359-68. doi: 10.1016/j.celrep.2016.04.020 PMID: 27134177

Shen AL, O’Leary KA, Dubielzig RR, Drinkwater N, Murphy CJ, Kasper CB, et al. The PPCD1 mouse:
characterization of a mouse model for posterior polymorphous corneal dystrophy and identification of a
candidate gene. PLoS One. 2010; 5(8):e12213. doi: 10.1371/journal.pone.0012213 PMID: 20808945

Shen AL, Moran SA, Glover EA, Drinkwater NR, Swearingen RE, Teixeira LB, et al. Association of a
Chromosomal Rearrangement Event with Mouse Posterior Polymorphous Corneal Dystrophy and
Alterations in Csrp2bp, Dzank1, and Ovol2 Gene Expression. PLoS One. 2016; 11(6):e0157577. doi:
10.1371/journal.pone.0157577 PMID: 27310661

PLOS ONE | DOI:10.1371/journal.pone.0169215 January 3, 2017 11/11


http://www.ncbi.nlm.nih.gov/pubmed/11978762
http://dx.doi.org/10.1167/iovs.04-1321
http://dx.doi.org/10.1167/iovs.04-1321
http://www.ncbi.nlm.nih.gov/pubmed/15851557
http://dx.doi.org/10.1371/journal.pone.0158467
http://dx.doi.org/10.1371/journal.pone.0158467
http://www.ncbi.nlm.nih.gov/pubmed/27355326
http://dx.doi.org/10.1016/j.ajhg.2015.11.018
http://dx.doi.org/10.1016/j.ajhg.2015.11.018
http://www.ncbi.nlm.nih.gov/pubmed/26749309
http://dx.doi.org/10.1371/journal.pone.0076773
http://www.ncbi.nlm.nih.gov/pubmed/24124593
http://dx.doi.org/10.1016/j.celrep.2016.04.020
http://www.ncbi.nlm.nih.gov/pubmed/27134177
http://dx.doi.org/10.1371/journal.pone.0012213
http://www.ncbi.nlm.nih.gov/pubmed/20808945
http://dx.doi.org/10.1371/journal.pone.0157577
http://www.ncbi.nlm.nih.gov/pubmed/27310661

