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PURPOSE. To assess the impact of zinc finger E-box binding homeobox 1 (ZEB1) gene
mutations associated with posterior polymorphous corneal dystrophy 3 (PPCD3) and Fuchs’
endothelial corneal dystrophy (FECD).

METHODS. Thirteen of the 27 previously reported ZEB1 truncating mutations associated with
PPCD3 and the six previously reported ZEB1 missense mutations associated with FECD were
generated and transiently transfected into a corneal endothelial cell line. Protein abundance
was determined by immunoblotting, while intracellular localization was determined by
fluorescence confocal microscopy.

RESULTS. Three of the 13 ZEB1 truncated mutants, and none of the missense mutants, showed
significant decrease in mutant ZEB1 protein levels. Predominant nuclear localization was
observed for truncated ZEB1 mutant proteins with a predicted molecular weight of less than
92 kilodaltons. The two largest mutant proteins that lacked a putative nuclear localization
signal (NLS), p.(Ser638Cysfs*5) and p.(Gln884Argfs*37), primarily localized to the cytoplasm,
while the NLS-containing mutant proteins, p.(Glu997Alafs*7) and p.(Glu1039Glyfs*6),
primarily localized to the nucleus. All the missense ZEB1 mutant proteins were exclusively
present in the nucleus.

CONCLUSIONS. ZEB1 truncating mutations result in a significant decrease and/or impaired
nuclear localization of the encoded protein, indicating that ZEB1 haploinsufficiency in PPCD3
may result from decreased protein production and/or impaired cellular localization.
Conversely, as the reported ZEB1 missense mutations do not significantly impact protein
abundance or nuclear localization, the effect of these mutations on ZEB1 function and their
relationship to FECD, if any, remain to be elucidated.

Keywords: posterior polymorphous corneal dystrophy, Fuchs’ endothelial corneal dystrophy,
ZEB1, corneal endothelium

In the last 10 years, several genes have been identified
through linkage and association studies as playing a role in

the development of corneal endothelial dystrophies, including
the identification of protein truncating mutations in the zinc
finger E-box binding homeobox 1 gene (ZEB1) in posterior
polymorphous corneal dystrophy linked to chromosome 10
(PPCD3).1,2 Once identified, these genes serve as attractive
candidate genes for other corneal endothelial dystrophies with
similar phenotypic features. Thus, screening of ZEB1 in
individuals with Fuchs’ endothelial corneal dystrophy (FECD)
has led to the identification of a half dozen missense mutations
that were predicted to be pathogenic using in silico
analysis.3,4 Krafchak and colleagues1 were the first to report
nonsense and frameshift ZEB1 mutations as the cause of
PPCD3 and identified potential ZEB1 binding sites in the
promoter region of the collagen type IV alpha 3 gene
(COL4A3). Their demonstration of the expression of COL4A3
in the endothelium of an individual with PPCD3, and the
absence of expression in a control individual, led to the initial
theory of the pathogenesis of PPCD3, that is, that ZEB1
truncating mutations lead to ZEB1 haploinsufficiency and the

loss of ZEB1-mediated inhibition of COL4A3 expression.

Krafchak and colleagues1 hypothesized that this resulted in

ectopic COL4A3 expression in the corneal endothelium and

the subsequent development of PPCD, although we subse-

quently demonstrated COL4A3 expression in healthy human

corneal endothelial cells.5 However, what effect these ZEB1

mutations have on the production and function of the

encoded ZEB1 protein, and thus the mechanisms by which

the ZEB1 mutations result in the loss of regulatory inhibition

of COL4A3, have not been investigated. In addition, no

functional studies have been performed to investigate the

effect of the identified ZEB1 truncating and missense

mutations on the production and function of the encoded

protein. Therefore, we transfected a corneal endothelial cell

line with DNA constructs containing ZEB1 cDNA correspond-

ing to the ZEB1 truncating mutations that we have reported in

individuals with PPCD,6,7 as well as with ZEB1 missense

mutations identified in individuals with FECD, to determine

the effect of these mutations on the production and

intracellular localization of the mutant ZEB1 proteins.
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METHODS

ZEB1 Mutagenesis and Plasmid Constructs

We created mutant constructs corresponding to 13 of the 14
truncating mutations in ZEB1 that we have previously
reported (Fig. 1; Table 1).6,7 We excluded the p.(Met1?)
mutant as it was predicted to either not express a protein or
express one not resembling ZEB1. These 14 mutations, which
represent approximately half of the 27 mutations associated
with PPCD3, are present in six of the nine coding exons of
ZEB1, and are located in the same exons as the other 13
reported ZEB1 truncating mutations (Fig. 1).1,8–12 In addition,
we created mutant constructs corresponding to the six
previously reported ZEB1 missense mutations associated with
FECD (Fig. 1; Table 2). All mutant constructs were generated
using mutation-specific primers (Supplementary Table S1) and
the Phusion Site-Directed Mutagenesis kit (Thermo Fisher
Scientific, Waltham, MA, USA). Each mutation was introduced
into a commercially available pReceiver-M49(a,x,y) expression
vector (GeneCopoeia, Rockville, MD, USA) containing ZEB1WT

variant 2 cDNA (National Center for Biotechnology Information
[NCBI] accession no. NM_030751.5) downstream of the
HaloTag sequence. ZEB1MU DNA constructs were generated
and purified using PerfectPrep Spin Mini Kit (5 PRIME; Fisher

Scientific, Pittsburgh, PA, USA) and HiPure Plasmid Filter
Maxiprep kit (Life Technologies, Grand Island, NY, USA). We
confirmed the presence of each mutation by Sanger sequenc-
ing.

Cell Culture and Transfection

Experiments were performed in HCEnC-21T cells, a telome-
rase immortalized human corneal endothelial cell line.13 Cells
were grown on cell culture grade plastic coated with 40 lg/
cm2 chondroitin sulfate A (Sigma-Aldrich Corp., St. Louis, MO,
USA) and 40 ng/cm2 laminin (Sigma-Aldrich Corp.) in
phosphate-buffered saline (PBS) for 2 hours. Cells were
incubated at 378C in 5% CO2 in medium containing a 1:1 ratio
of F10-Ham’s medium and M199 medium (Life Technologies)
supplemented with 5% (vol/vol) fetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA, USA), 20 lg/mL ascorbic
acid (Sigma-Aldrich Corp.), 20 lg/mL insulin (Life Technolo-
gies), 10 lg/mL bFGF (PeproTech, Inc., Rocky Hill, NJ, USA),
and 100 U/mL penicillin and 100 ug/mL streptomycin (Life
Technologies). DNA was transiently transfected into HCEnC-
21T cells using Lipofectamine LTX (Life Technologies) reagent
according to manufacturer’s instructions. As a negative
control, transfection using empty pCMV6-Entry vector (Or-

FIGURE 1. Depiction of the ZEB1 protein. ZEB1 truncating mutations are shown in black font, and ZEB1 missense mutations are shown in red font.
Predicted ZEB1 protein domains and modification sites that overlap with reported ZEB1 mutations are shown. ZF, zinc finger; NLS, nuclear
localization signal; CtBP, C-terminal binding protein.

TABLE 1. Summary of Immunoblotting Results for PPCD3 Truncating Mutations

ZEB1 Protein

Predicted MW, kDa,

Without Halo-Tag

Predicted MW, kDa,

With Halo-Tag Measured MW, kDa

Protein Abundance vs.

ZEB1WT, Ratio

ZEB1WT 124 157 161 1.00

p.(Gln12*) 2 35 37 1.21

p.(Gly150fs) 21 54 60 0.76

p.(Gln214*) 24 57 63 1.2

p.(His230fs) 27 60 65 1.03

p.(Cys311fs) 38 71 73 0.38

p.(Arg325*) 37 70 72 1.07

p.(Glu495fs) 56 89 91 0.63

p.(Val526*) 58 91 93 0.42

p.(Val526fs) 58 91 91 0.1

p.(Ser638fs) 71 104 104 0.99

p.(Gln884fs) 101 134 139 0.05

p.(Glu997fs) 110 143 148 0.05

p.(Glu1039fs) 115 148 155 0.93

The HaloTag adds approximately 33 kDa to the MW of each ZEB1 protein.
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igene Technologies, Rockville, MD, USA) was also performed.
Cotransfection with pcDNA3.1-GFP was performed to control
for transfection efficiency.

Protein Abundance Analysis

HaloTag-ZEB1WT and HaloTag-ZEB1MU constructs were tran-
siently transfected into HCEnC-21T cells, and HaloTag-ZEB1
protein levels were analyzed by immunoblotting with an anti-
HaloTag antibody (Promega, Madison, WI, USA). Whole cell
lysates were prepared using modified-radioimmunoprecipitation
assay (RIPA) lysis buffer containing phosphatase and protease
inhibitors. Five micrograms of total protein was subjected to
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequently transferred onto a 0.45-lm polyvinyli-
dene fluoride membrane. HaloTag-ZEB1 proteins were detected
using a polyclonal anti-HaloTag antibody (Promega) at 1:2000
dilution in Tris-buffered saline, Tween 20 (TBST) containing 5%
skim milk. Immunoblotting for a-tubulin was performed as a
loading control using an anti-a-tubulin (TUBA) antibody (Cell
Signaling, Boston, MA, USA) at 1:4000. As a control for
transfection efficiency, green fluorescent protein (GFP) was
detected with a monoclonal anti-GFP antibody (Life Technolo-
gies). Secondary antibodies (Millipore, Billerica, MA, USA)
conjugated to horseradish peroxidase (HRP) were used at a
dilution factor of 1:30,000. Chemiluminesence was performed
using the Luminata Forte HRP substrate (Millipore), and
luminescence was exposed to Hyperfilm (GE Healthcare Bio-
Sciences, Pittsburgh, PA, USA) followed by densitometric analysis
by ImageJ software.14

Protein Localization Analysis

HaloTag-ZEB1WT and HaloTag-ZEB1MU DNA constructs were
transiently transfected into HCEnC-21T cells grown on laminin-
coated (40 ng/cm2) coverslips. Cells were fixed in 4%
paraformaldehyde (PFA) solution in PBS and permeabilized in
0.25% Triton X-100, then washed with ice-cold PBS and
blocked with PBST (PBSþ0.05% Tween 20) containing 1% BSA
and 10% normal goat serum (NGS). HaloTag-ZEB1 was detected
with rabbit anti-HaloTag primary antibody (Promega), which
was diluted 1:1000 in blocking solution and incubated
overnight at 48C. Cells were washed with PBST three times
and then incubated with an anti-rabbit Alexa Fluor 594 (Life
Technologies) secondary antibody diluted 1:500 in blocking
buffer for 1 hour at room temperature. Cells were washed with
PBST three times and subsequently mounted with DAPI (40,6-
diamidino-2-phenylindole) containing aqueous mounting me-
dium (Vectashield H1200; Vector Laboratories, Burlingame,
CA, USA). Fluorescence was imaged using confocal microsco-
py, and the nuclear-to-cytoplasmic fluorescence ratio was
calculated from the measured fluorescence per pixel value

obtained from a selected region of interest within the nucleus
and cytoplasm for the ZEB1WT and ZEB1MU proteins.

In Silico Protein Analysis of ZEB1

The NCBI Entrez query and the Conserved Domain Database
(CDD) were utilized to determine the presence and location of
putative ZEB1 functional and DNA binding domains.15 The
amino acid sequence for ZEB1, isoform b (NCBI Reference
Sequence: NP_110378.3), was input into PredictProtein
(www.predictprotein.org [in the public domain]) in order to
identify putative binding domains and modification sites.16,17

PolyPhen-2 (v2.2.2r398) and SIFT algorithms were used to
predict the effect of the ZEB1 missense mutations that have
been associated with FECD.18,19

Statistical Analyses

Protein abundance was statistically analyzed using one-way
ANOVA with Dunnett’s multiple comparison test within
GraphPad Prism software (GraphPad Software, La Jolla, CA,
USA).

RESULTS

Selected ZEB1 Truncating Mutations Are Associated
With Significant Reduction in the Corresponding
ZEB1 Protein

To determine the impact of ZEB1 truncating mutations on the
expression of ZEB1 protein, HCEnC-21T cells were transiently
transfected with HaloTag-ZEB1 DNA constructs. Immunoblot-
ting for the HaloTag demonstrated a statistically significant
decrease in abundance of 3 of the 13 ZEB1MU proteins
[p.(Val526fs), p.(Gln884fs), and p.(Glu997fs)] compared with
ZEB1WT (Fig. 2; Table 1). The abundance of ZEB1MU proteins
containing a deletion (nuclear localizaton signal [NLS]del) or
alteration (NLS Lys>Ile and NLS Lys>Ala) of the putative NLS
sequence did not differ significantly from ZEB1WT protein
levels.

Selected ZEB1 Truncating Mutations Are Associated
With Altered Nuclear Localization

Immunofluorescence confocal imaging was performed on
HCEnC-21T cells transiently transfected with HaloTag-ZEB1WT

or HaloTag-ZEB1MU constructs (Figs. 3, 4). As expected for a
transcription factor such as ZEB1 that must localize to the
nucleus to regulate protein expression, ZEB1WT protein
demonstrated exclusive nuclear localization. While ZEB1MU

proteins with a predicted molecular weight equal to or less
than 58 kDa (92 kDa with HaloTag) were primarily localized to

TABLE 2. In Silico Analysis of ZEB1 Missense Mutations Associated With FECD

ZEB1 Mutation

Polyphen-2 Probability Score

& Prediction

SIFT Score

& Prediction

Predicted Modification

Sites That Overlap With

FECD Mutations*

p.(Asn78Thr) 0.013 Benign 0.08 Tolerated N-myristoylation

p.(Pro649Ala) 0.104 Benign 0.11 Tolerated None

p.(Asn696Ser) 0.087 Benign 0.22 Tolerated Asn-glycosylation, N-myristoylation

p.(Gln810Pro) 0.996 Probably damaging 0.18 Tolerated None

p.(Gln840Pro) 0.996 Probably damaging 0.14 Tolerated None

p.(Ala905Gly) 0.997 Probably damaging 0.01 Damaging N-myristoylation

* PredictProtein was used for the identification of protein modification sites.
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the nucleus, weak and diffuse localization in the cytoplasm was

also observed. ZEB1MU proteins just larger than 58 kDa, such as

p.(Cys311Valfs*25) and p.(Arg325*), were exclusively localized

to the nucleus. In contrast, the p.(Ser638fs) and p.(Gln884fs)

ZEB1MU proteins were primarily localized to the cytoplasm,

presumably due to size exclusion from the nucleus and absence

of a putative PKKKMRK nuclear localization signal, predicted

using protein landscape prediction tools to be at residue 892 in

exon 8. ZEB1MU proteins with an intact putative NLS sequence,

p.(Glu997fs) and p.(Glu1039fs), were primarily localized to the

nucleus. Transient transfection with a ZEB1MU construct with a

deleted or altered putative NLS (NLSdel, NLS Lys>Ile and NLS

Lys>Ala) demonstrated exclusive cytoplasmic localization.

ZEB1 Missense Mutations Are Not Associated

With Significant Changes in ZEB1 Protein

Abundance

To determine the impact of ZEB1 missense mutations on ZEB1

protein production and cellular localization, HCEnC-21T cells

were transfected with the HaloTag-ZEB1WT and a set of

HaloTag-ZEB1MU constructs comprising each of the six ZEB1

missense mutations associated with FECD. Immunoblotting for

the HaloTag demonstrated that the missense mutations did not

alter ZEB1 protein production when compared with ZEB1WT

protein levels (Fig. 5).

FIGURE 2. Quantification of ZEB1 mutant proteins associated with PPCD3. HCEnC-21T cells were cotransfected with HaloTag-ZEB1WT or nonsense
HaloTag-ZEB1MU together with a GFP construct. (A) Protein lysates were subjected to SDS-PAGE, and immunoblotting for the HaloTag, GFP, and
TUBA was performed. NLS, nuclear localization signal. Number sign denotes nonspecific bands. White asterisks denote proteins with HaloTag. (B)
Protein abundance was compared to ZEB1WT protein, normalized for transfection efficiency (GFP) and loading (TUBA), and plotted as a ratio of
ZEB1MU to ZEB1WT. Black asterisks denote ZEB1MU protein levels that are statistically different from ZEB1WT levels (P < 0.05, n¼ 3, error bars¼
SEM).
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ZEB1 Missense Mutations Are Not Associated With
Altered Nuclear Localization

Immunofluorescence confocal imaging of HCEnC-21T cells
transiently transfected with HaloTag-ZEB1WT and HaloTag-
ZEB1MU constructs revealed that each ZEB1MU protein
corresponding to a missense mutation demonstrated exclusive
nuclear localization, similar to the ZEB1WT protein (Fig. 6).

FECD-Associated ZEB1 Missense Mutations
Coincide With Predicted Protein Modification Sites

Using the PredictProtein server, we identified putative protein
modification sites within ZEB1, several of which coincide with
the amino acid residues at which missense mutations
associated with FECD have been identified (Fig. 1; Table 2).
Polyphen-2 predicted p.(Gln810Pro), p.(Gln840Pro), and
p.(Ala905Gly) to be probably damaging while SIFT predicted
only p.(Ala905Gly) to be deleterious (Table 2).

DISCUSSION

ZEB1 is integrally involved in epithelial-to-mesenchymal
transition (EMT) and plays critical roles in both development
(e.g., embryonic gastrulation) and disease (e.g., tumorigenesis)
by repressing the transcription of genes important in
maintaining the epithelial phenotype.20–23 ZEB1 has been
shown to repress the transcription of a variety of genes,
including several involved in EMT.24–27 The role of ZEB1 in
corneal endothelial cell function remains unknown, but the
identification of ZEB1 mutations associated with corneal

FIGURE 3. Cellular localization of ZEB1 mutant proteins associated with PPCD3. Truncated ZEB1 mutant proteins (red) with a predicted molecular
weight equal to or less than 58 kDa (91 kDa with HaloTag) primarily localized to the nucleus but also showed diffused cytoplasmic localization,
whereas ZEB1WT protein was exclusively in the nucleus. The p.(Ser638fs) and p.(Gln884fs) proteins were primarily localized to the cytoplasm due
to size exclusion from the nucleus and absence of the putative nuclear localization signal (NLS). With an intact putative NLS sequence, the
p.(Glu997fs) and p.(Glu1039fs) mutants were primarily localized to the nucleus. Nuclei were stained with DAPI (blue). Scale bars: 15 lm.

FIGURE 4. Relative quantification of ZEB1 mutant proteins associated
with PPCD in the nucleus and cytoplasm. A ratio was calculated from
the measured fluorescence per pixel value obtained from a selected
region of interest within the nucleus and cytoplasm for the ZEB1WT and
ZEB1MU proteins. The mutants in between and including p.(Cys311fs)
and p.(Val526fs) were localized primarily in the nucleus, with
p.(Cys311fs) and p.(Arg325*) strongly resembling the results obtained
with the ZEB1WT protein.
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endothelial dystrophies provides evidence that the ZEB1

protein plays an important role in maintaining endothelial cell

function and corneal clarity. All 27 reported PPCD3 mutations

result in the generation of a premature stop codon, which is

predicted to both lead to the truncation of the ZEB1 protein

and result in ZEB1 haploinsufficiency.1,6–10 The six ZEB1

mutations associated with FECD are missense mutations found

at either highly or moderately conserved sites; and it has been

suggested that these ZEB1 missense mutations are hypomor-

phic, inducing a less severe pathogenic phenotype compared

to PPCD.3,4 Our aim in analyzing the 13 PPCD3-associated and

six FECD-associated ZEB1 mutations was to gain insight into

how specific ZEB1 mutations lead to the distinct disease
phenotypes characteristic of PPCD3 and FECD.

Although the consensus is that mutations that truncate
ZEB1 lead to haploinsufficiency and result in PPCD3, there is a
paucity of experimental evidence supporting this hypothesis.
With an approach combining protein abundance and localiza-
tion studies, our data suggest that PPCD3 develops as a
consequence of truncating mutations that hinder ZEB1
function by various mechanisms, including the deletion of
vital functional domains, decreased protein abundance, and/or
improper cellular localization.

As the first group to confirm ZEB1 nuclear localization in
endothelium of ex vivo corneal tissue and primary corneal

FIGURE 5. Quantification of ZEB1 mutant proteins associated with FECD. HCEnC-21T cells were cotransfected with HaloTag-ZEB1WT or missense
HaloTag-ZEB1MU together with a GFP construct. (A) Protein lysates were subjected to SDS-PAGE, and immunoblotting for the HaloTag, GFP, and
TUBA was performed. (B) Protein abundance was compared to ZEB1WT protein, normalized for transfection efficiency (GFP) and loading (TUBA),
and plotted as a ratio of ZEB1MU to ZEB1WT. None of the six FECD-associated missense mutations exhibited significant protein abundance changes.

FIGURE 6. Cellular localization of ZEB1 mutant proteins associated with FECD. Fuchs’ endothelial corneal dystrophy–associated ZEB1 missense
mutations did not affect cellular localization. All six ZEB1 missense proteins (red) properly localized to the nucleus. Nuclei were stained with DAPI
(blue). Scale bars: 15 lm.
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endothelial cells, we also now have identified and confirmed
the existence of the ZEB1 NLS, which we show is sufficient
and necessary for nuclear import of ZEB1.5,28 The ZEB1
mutations p.(Ser638Cysfs*5) and p.(Gln884Argfs*37) are
expected to have intact homeodomains, with p.(Ser638-
Cysfs*5) having no observed reduction in protein abundance.
The observation that these two mutant proteins were
exclusively cytoplasmic can be explained by the fact that
they lack the NLS and are well above the threshold for simple
diffusion into the nucleus (approximately 60 kD).29 Thus,
p.(Ser638Cysfs*5) and p.(Gln884Argfs*37) likely lead to
haploinsufficiency by abrogating nuclear translocation and
not allowing ZEB1 to regulate gene transcription. Although
the exon 7 mutants p.(Cys311Valfs*25), p.(Arg325*),
p.(Glu495Argfs*10), and p.(Val526*) also lack the putative
NLS located in exon 8 and are predicted to be too large to
passively diffuse across the nuclear pores, these mutant
proteins localized primarily to the nucleus. We hypothesize
that an alternative NLS motif (Lys-Lys-Arg) located at residues
274 to 276 is unmasked by the ZEB1 truncating mutations,
thus allowing for the active transport across the nuclear
envelope.

Our results show that ZEB1 truncating mutations can lead to
a significant decrease in protein abundance compared with
ZEB1WT, as was observed with p.(Val526*), p.(Gln884Argfs*37),
and p.(Glu997Alafs*7). This observed decrease in ZEB1 protein
levels is likely the result of nonsense-mediated decay, which has
been previously reported to cause haploinsufficiency in various
heritable disorders associated with heterozygous mutations that
lead to an early stop codon.30–33

The p.(Glu1039Glyfs*6) mutation did not show altered
protein production or cellular localization. In addition, all of
the well-characterized ZEB1 protein domains (zinc finger,
homeodomain, CtBP binding site, and SMAD interacting
domain) are retained.34,35 In spite of this, the mutant protein
does lack the 86 C-terminal amino acids, which may harbor
putative functional domains important to ZEB1 function. Our
in silico protein analysis identified a putative casein kinase 2
(CK2) phosphorylation site at residues 1036 to 1039. Casein
kinase 2 activity is closely linked to the Wnt/b-catenin signaling
pathway, which is implicated in various cellular processes
including cell fate determination and cell proliferation.36

Though validation has yet to be performed, perhaps the loss
of this putative CK2 phosphorylation site causes the inactivity,
and subsequent haploinsufficiency, of ZEB1 in PPCD3.

Lacking the primary putative NLS but still capable of
translocating across the nuclear pores, either by simple
diffusion or with the aid of an alternative putative NLS, ZEB1
truncating mutations p.(Gln12*), p(Gly150Alafs*36),
p.(Gln214*), p.(His230Argfs*7), p.(Cys311Valfs*25),
p.(Arg325*), p.(Glu495Argfs*10), and p.(Val526*) demonstrate
primarily nuclear localization without a statistically significant
decrease in protein abundance. Therefore, these mutations
must mediate their effects on ZEB1 function by means other
than those investigated in this study. Potential mechanisms via
which these mutations may impact ZEB1 function and lead to
PPCD3 are suggested by identification of both the well-
characterized and putative functional domains in ZEB1 using
NCBI’s Entrez query and the CDD (Fig. 1). In general, we
expect the truncation mutations that occur prior to amino acid
residues 581 to 629 to result in the loss of the ZEB1
homeodomain and the C-terminal zinc finger cluster, which
are integral to ZEB1’s DNA binding properties.15,37 ZEB1
contains two zinc finger domain clusters, located at amino
acids 240 to 277 and 918 to 971. It has been previously shown
that multiple zinc finger domains in transcription factors can
work in concert in order to bind to DNA.38 Thus, for ZEB1
truncating mutations that remove the C-terminal zinc finger

cluster or the most C-terminal zinc finger domain, it is plausible
that a loss of DNA binding activity is due to an inability of the
two zinc finger clusters to act in concert.39

Although the data that we present do not indicate a
mechanism whereby the identified ZEB1 missense mutations
associated with FECD lead to impairment of ZEB1 production
or function, we can state that they do not appear to affect ZEB1
protein production or nuclear localization. Additionally, none
of the FECD missense mutations was located in a well-
characterized functional domain of ZEB1, effectively excluding
dysfunction of one of these domains caused by a missense
mutation. However, an in silico ZEB1 protein analysis to
identify other putative or unknown functional domains present
in ZEB1 revealed that three of the six ZEB1 missense mutations
associated with FECD are found within putative ZEB1
regulatory or modification sites (Table 2). In addition, two of
the other three ZEB1 missense mutations are located within a
predicted myristoylation or glycosylation site; these have been
implicated in a wide array of roles that include protein
regulation and signaling (Fig. 1).40–42 Although Riazuddin and
colleagues4 reported that both SIFT and PolyPhen predicted
that each of the five ZEB1 missense mutations they associated
with FECD was pathogenic, we found that only p.(Ala905Gly)
was predicted to be damaging by both programs.

All together, our data suggest that PPCD3 is caused by ZEB1

haploinsufficiency as a result of nonfunctional ZEB1, as a
consequence of either the loss of functional domains or
dysfunction in the regulation and activity of mutant ZEB1. In
contrast, we were not able to identify an effect of the missense
mutations previously identified in FECD patients on ZEB1
protein expression or nuclear localization, although in silico
analyses indicate that the mutations may alter putative ZEB1
regulatory or modification sites.
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