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Elucidating the molecular basis of PPCD: Effects of decreased
ZEBI1 expression on corneal endothelial cell function
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Purpose: To investigate the functional role that the zinc e-box binding homeobox 1 (ZEBI) gene, which underlies the
genetic basis of posterior polymorphous corneal dystrophy 3 (PPCD3), plays in corneal endothelial cell proliferation,
apoptosis, migration, and barrier function.

Methods: A human corneal endothelial cell line (HCEnC-21T) was transfected with siRNA targeting ZEBI mRNA. Cell
proliferation, apoptosis, migration, and barrier assays were performed: Cell proliferation was assessed with cell count-
ing using a hemocytometer; cell apoptosis, induced by either ultraviolet C (UVC) radiation or doxorubicin treatment,
was quantified by measuring cleaved caspase 3 (cCASP3) protein levels; and cell migration and barrier function were
monitored with electric cell-substrate impedance sensing (ECIS).

Results: ZEBI knockdown in HCEnC-2IT cells transfected with siRNA targeting ZEBI did not result in a significant
difference in cell proliferation when compared with control. Although knockdown of ZEBI in HCEnC-21T cells sensi-
tized the cells to UV-induced apoptosis, ZEBI knockdown did not alter the cells’ susceptibility to doxorubicin-induced
apoptosis, as measured with cCASP3 protein levels, compared with controls. Similarly, no difference was observed
in cell migration following ZEBI knockdown. However, cell barrier function increased significantly following ZEBI
knockdown.

Conclusions: The corneal endothelium in PPCD3 is characterized by morphologic, anatomic, and molecular features
that are more consistent with an epithelial-like rather than an endothelial-like phenotype. Although these characteristics
have been well documented, we demonstrate for the first time that susceptibility to UV-induced apoptosis and cell bar-
rier function are significantly altered in the setting of reduced ZEBI. The significance of an altered cellular response to
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apoptotic stimuli and increased cell barrier function in the pathobiology of PPCD remains to be fully elucidated.

Posterior polymorphous corneal dystrophy (PPCD) is a
genetically heterogeneous, autosomal dominant disease that
alters corneal endothelium morphology with a concomitant
reduction in visual acuity. Clinical symptoms vary from
asymptomatic to significant stromal edema requiring corneal
transplantation in about 20—-25% of cases [1,2]. PPCD has
been mapped to two genetic loci, the first on chromosome
20 (PPCD1) and the second on chromosome 10 (PPCD3), in
which mutations in the ovo-like 2 (OVOLZ2; Gene ID: 58495,
OMIM: 616441) and zinc e-box binding homeobox 1 (ZEBI;
Gene ID: 6935; OMIM: 189909) genes have been identified,
respectively [2-7]. Nonsense, frameshift, and copy number
mutations in ZEBI associated with PPCD are predicted to
reduce the amount of available wild-type ZEBI and lead to
ZEBI haploinsufficiency, which is the underlying presumed
cause of PPCD3 [8-17]. OVOL2, which is not expressed in
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the corneal endothelium, encodes a transcription factor that
suppresses the transcription of ZEBI [18,19]. Thus, in PPCDI,
it is predicted that the identified c.-307T>C mutation in the
OVOL?2 promoter leads to ectopic expression of OVOL?2 in the
corneal endothelium and subsequent repression of ZEB/ tran-
scription, effectively resulting in ZEBI haploinsufficiency.

The human corneal endothelium expresses several
markers associated with the mesenchymal phenotype (e.g.,
CDH? [Gene ID: 1000; OMIM: 114020], VIM [Gene ID:
7431; OMIM: 193060], and ZEBI) and lacks the expression
of markers associated with the epithelial phenotype (e.g.,
CDHI [Gene ID: 999; OMIM: 192090] and OVOL?2). ZEB1
and OVOL2 are transcription factors that have demonstrated
an inverse relationship in corneal epithelial cells and cancer
cell lines with respect to cell states along the bidirectional
epithelial to mesenchymal transition (EMT) spectrum,
with increasing levels of ZEBI tipping the balance toward
the mesenchymal state, and increasing OVOL2 levels
tipping the balance toward the epithelial cell state [20,21].
ZEBI1 and OVOL2 constitute a mutually inhibitory circuit
for mediating bidirectional EMT, a process important in
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embryogenesis, tissue maintenance, and promoting stem
cell properties [21,22]. In addition, ZEB1 and OVOL2 have
been shown to coordinate the pathologic progression of EMT
and mesenchymal to epithelial transition (MET) in cancer
[21,23]. Similarly, OVOL2 maintains the corneal epithelial
phenotype by coordinated repression of ZEB1 expression and
subsequent expression of CDH1 and repression of CDH2 [20].
These patterns of MET-associated gene expression are similar
to those observed in PPCD: increased CDHI and decreased
CDH? expression with concomitant decreased ZEBI expres-
sion compared with age-matched controls [24]. In PPCD,
corneal endothelial cell (CEnC) metaplasia is characterized
by the appearance of epithelial-like features, such as strati-
fication of the normal endothelial monolayer, the expression
of epithelial cell-associated keratins, and downregulation of
endothelial-specific genes [24-26]. Reduced ZEBI expression
in PPCD results from ZEBI haploinsufficiency due to either
ZEBI truncation (PPCD3) or ectopic OVOL2 expression
(PPCD1). ZEBI haploinsufficiency is possibly involved in
genetically unresolved cases of PPCD as well, with a reduc-
tion in ZEBI levels sufficient to cause PPCD irrespective of
the underlying genetic context.

We hypothesize that PPCD is a disease characterized by
dysregulation in ZEBI-dependent gene expression, which is
predicted to alter CEnC function and response to mediators
of key cellular processes (e.g., cell proliferation, migration,
apoptosis, and cell barrier function). While documenting
the changes that occur at the transcriptome level in PPCD
was the focus of a separate study, we describe the effects of
decreased ZEBI levels on CEnC function, providing insight
into the role of ZEBI in CEnC function and the dysfunction
that characterizes PPCD [24].

METHODS

Corneal endothelial cell culture: Cell culture—grade plastic
flasks were coated with 40 pg/cm? chondroitin sulfate A
(Sigma-Aldrich, St. Louis, MO) and 40 ng/cm? laminin
(L4544; Sigma-Aldrich) in Dulbecco's PBS (1X; 138 mM
NaCl, 2.67 mM KCI, 8 mM Na,HPO,-7H,0, 1.5 mM KH,PO,,
pH 7.2) for 2 h. Telomerase-immortalized human corneal
endothelial cells (HCEnC-21T) were grown in a 1:1 mixture
of F12-Ham’s medium and M199 medium (Life Technologies,
Grand Island, NY), supplemented with 5% (v/v) fetal bovine
serum (Atlanta Biologicals, Flowery Branch, GA), 20 pg/ml
human recombinant insulin (Life Technologies), 20 pg/ml
ascorbic acid (Sigma Aldrich), 10 ng/ml recombinant human
fibroblast growth factor (FGF)-basic (Peprotech, Rocky Hill,
NIJ), 100 pg/ml penicillin (Life Technologies), and 100 pg/
ml streptomycin (Life Technologies) [27]. The cell line was
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maintained in a humidified chamber containing 5% CO,.
The HCEnC-21T cell line was generated from a cadaveric
donor cornea, and the establishment and characterization of
this cell line were described in 2012 [27]. In that report, the
authors demonstrated that the cell line retains human corneal
endothelial cell function and the expression of corneal endo-
thelial-associated genes. In addition, we recently performed
transcriptomic analysis of the HCEnC-2IT cell line (obtained
directly from the laboratory that generated the line) and
demonstrated that the HCEnC-2IT cell line expresses genes
specific to the human corneal endothelium (i.e., no expres-
sion in the human corneal epithelium and keratocytes) to a
greater extent than two other corneal endothelial cell lines
[28]. Moreover, the HCEnC-21T cell line was established
by retroviral transduction of the human telomerase reverse
transcriptase (TERT, Gene ID: 7015; OMIM: 187270) gene,
which is highly expressed in this cell line but absent in ex
vivo and primary HCEnC [28].

STR analysis for the authentication of the HCEnC-2IT cells:
Genomic DNA was isolated from HCEnC21T cells using the
FlexiGene DNA Kit (Qiagen, Valencia, CA) and submitted
to Laragen Sequencing and Genotyping (Laragen, Culver
City, CA) for short tandem repeat (STR) analysis. Authen-
tication was performed using the PowerPlex® 16 System
(Promega, Madison, WI), a multiplex STR system that allows
for the analysis of 16 loci and complies with ANSI/ATCC
ASN-0002-2011 guidelines for cell line authentication. The
STR profile obtained for the HCEnC-2IT cells was compared
with the STR profiles available in the German Collection of
Microorganisms and Cell Cultures database (DSMZ GmbH,
Braunschweig, Lower Saxony, Germany; Appendix 1 and
Appendix 2). As STR analysis was not performed for the
HCEnC-21T cells by the originating laboratory (personal
communication), a comparison with the DSMZ STR profile
database did not identify a perfect match. However, the
HCEnC-21T STR profile demonstrated similarity (78%
match) to the STR profile for a human mammary gland/
breast epithelium (184B5; American Type Culture Collection,
Manassas, VA) but did not reach the threshold (>80%) for
relatedness.

Selection of and corneal endothelial cell transfection with
ZEBI siRNAs: An initial test of three ZEBI siRNAs was
performed to determine the ability of each siRNA to knock
down ZEBI protein levels. HCEnC-21T cells were transfected
with 10 nM of ZEBI siRNA (siRNA-A: rArCrArArGrArUrA-
rCrUrArGrCrUrCrArGrArArGrGrArGTA, siRNA-B: rArCr-
ArArUrArCrArArGrArGrGrUrUrArArArGrGrArArGCT
or siRNA-C: rGrGrCrCrUrArCrArArUrArArCrUrArGr-
CrArUrUrUrGrUTG; OriGene Technologies, Rockville, MD).
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All transfections were performed using Lipofectamine® LTX
(Life Technologies) according to the manufacturer’s recom-
mendations. A scrambled siRNA (OriGene Technologies) was
used as a control. Detection of ZEB1 with western blotting
demonstrated that ZEBI siRNA-A and siRNA-C produced the
most robust reduction of the ZEBI protein (Appendix 3), and
thus, they were used in subsequent experiments.

Determination of ZEBI knockdown with western blotting:
Before each functional assay was performed, the efficacy of
ZEBI siRNA-mediated knockdown of the ZEBI protein in
the HCEnC-2IT cells was confirmed with western blotting.
In brief, whole-cell protein lysates were prepared by lysing
HCEnC-21T cells with radioimmunoprecipitation assay
(RIPA) buffer. Ten micrograms of total protein were resolved
with sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS—PAGE) and transferred on a 0.45 um polyvinyli-
dene difluoride (PVDF) membrane. ZEB1 was detected using
an anti-ZEBI1 antibody (3396; Cell Signaling, Beverly, MA),
and detection of alpha tubulin (TUBA) using an anti-TUBA
antibody (3873; Cell Signaling) was used as a loading control.
Secondary antibodies conjugated to horseradish peroxidase
(HRP) were used for substrate (Luminata™ Forte HRP
substrate; Millipore) conversion to the chemiluminescence
signal (Table 1). Chemiluminescence was visualized with
the exposure of Hyperfilm (GE Healthcare Bio-Sciences,
Marlborough, MA). Densitometric analysis for alpha tubulin
(50 kDa) and ZEBI1 (125 kDa) protein levels was performed
using ImagelJ software [29].

Corneal endothelial cell proliferation assay: HCEnC-21T
cells were reseeded at 10% confluence 24 h after transfection.
The number of cells (N) was counted using a hemacytometer.
Cell numbers were obtained at 3 (defined as N ), 24, 48, and
72 h (N) after seeding. Cell numbers were normalized and
graphed as the ratio N/N,.

Corneal endothelial cell apoptosis assays: HCEnC-21T
cells were reseeded 24 h after transfection. At 48 h post-
transfection, the cells were irradiated with 50 mJ/m? of UVC
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radiation using a Stratagene Stratalinker 1800. Whole-cell
protein lysates were prepared at 0, 2, 4, 6, and 8 h after UVC
radiation treatment. Apoptosis was also induced by treating
cells with 2.5 uM doxorubicin hydrochloride (Sigma-Aldrich)
for 0, 6, 10, 14, and 18 h. Whole-cell protein lysates were
prepared at each time point.

Assessment of apoptosis induction with detection of caspase
3 cleavage: Apoptosis was measured with western blotting
for the appearance of cleaved caspase 3 (cCASP3) products,
which are generated upon proteolytic activation of zymogenic
caspase 3 [30]. Whole-cell protein lysates were prepared by
lysing HCEnC-2IT cells with RIPA buffer. Ten micrograms
of total protein were resolved with SDS—PAGE and trans-
ferred onto a 0.45 pm PVDF membrane. cCASP3 proteins
were detected using anti-cCASP3 (9661; Cell Signaling), and
TUBA, used as a loading control, was detected using an anti-
TUBA antibody (3873; Cell Signaling; Table 1). Secondary
antibodies conjugated to HRP were used for substrate conver-
sion to the chemiluminescence signal (Luminata™ Forte
HRP substrate; Millipore; Table 1). Chemiluminescence was
visualized with the exposure of Hyperfilm (GE Healthcare
Bio-Sciences, Marlborough, MA). Densitometric analysis for
alpha tubulin (50 kDa) and cCASP3 (14 kDa (non-specific),
17 kDa (active), and 19 kDa) protein levels was performed
using Image]J software.

Corneal endothelial cell wound healing (migration) assay:
8WIE electric cell-substrate impedance sensing (ECIS)
Cultureware™ disposable electrode arrays (Applied
BioPhysics, Troy, NY) were stabilized with F99 medium
according to the manufacturer’s protocol and then were
coated with 40 pg/cm? chondroitin sulfate A (Sigma-Aldrich)
and 400 ng/cm? laminin (Sigma-Aldrich) in PBS for 2 h.
Twenty-four hours after transfection, the HCEnC-21T cells
were reseeded at 100% confluency in the stabilized electrode
arrays. The arrays were incubated at 37 °C for an additional
24 h, allowing cells to attach to the electrodes. At 24 h after
reseeding, a circular gap in the cell layer above each electrode

TABLE 1. ANTIBODIES USED FOR WESTERN BLOT.

Target Immunogen

protein Isotype species Clonality Dilution Vendor Catalog number
Primary antibodies

ZEBI1 rabbit [gG  human mono 1:500 Cell Signaling Technology 3396
cCASP3 rabbit [gG  human poly 1:100 Cell Signaling Technology 9661
TUBA mouse IgG  human mono 1:4000 Cell Signaling Technology 3873
Secondary antibodies

Rb-IgG goat IgG rabbit poly 1:40000 Millipore API132P
Ms-1gG goat IgG mouse poly 1:40000 Millipore AP124P
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was generated by applying the cell wounding module to the
electrode array at a current of 1400 pA, a frequency of 60,000
Hz, and a duration of 20 s. Cell migration across the gap was
monitored by measuring the resistance (ohms) at the elec-
trode using an ECIS Z6 and 16W array station with ECIS
software (Applied BioPhysics).

Corneal endothelial cell barrier assay: 8W10E+ ECIS
Cultureware™ disposable electrode arrays (Applied
BioPhysics) were stabilized with F99 medium according to
the manufacturer’s protocol. The arrays were subsequently
coated with 40 pg/cm? chondroitin sulfate A (Sigma-Aldrich)
and 400 ng/cm? laminin (Sigma-Aldrich) in PBS for 2 h.
Forty-eight hours after transfection, HCEnC-21T cells were
reseeded at 100% confluency in the coated and stabilized
electrode arrays. The arrays were incubated at room tempera-
ture for 1 h, allowing the cells to attach to the electrodes.
Measured in ohms, cell resistances at multiple frequencies
were monitored using an ECIS Z6 and 16W array station with
ECIS software (Applied BioPhysics). To describe three prop-
erties (cell attachment to a growth surface, cell—cell contact,
and plasma membrane composition) of cells in a monolayer,
modeling of the impedance spectra obtained with ECIS was
performed using the ECIS software, which utilizes previously
described fundamental electrophysiology principles [31]. The
modeling results in the ability to describe the constraint of
current flow within the subcellular space (i.e., resistance to
current flow as a consequence of cell attachment to a growth
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surface; alpha), constraint of current flow within the intercel-
lular space (i.e., resistance to current flow as a consequence
of the density of cell—cell contacts; Rb), and the capacitance
of the cell membrane (i.e., capacitance as a result of the
composition and morphology of the plasma membrane; Cm).

Statistical analyses: All statistical analyses performed and
graphs generated using GraphPad Prism software (GraphPad
Software, La Jolla, CA). Unless otherwise noted, all results
are representative of a minimum of three replicates.

RESULTS

Reduced ZEBI expression does not alter corneal endothe-
lial cell proliferation: ZEBI protein levels were markedly
reduced in the HCEnC-21T cells by transfection with either
of two different siRNAs targeting ZEB!I (siRNA-A or siRNA-
C). ZEBI protein levels were measured with western blotting
at 48 h post-transfection, when the cells were reseeded for the
cell proliferation assay (Figure 1A). Cell proliferation was
measured and calculated as a ratio of cell number at time
N, (where t = 24, 48, or 72 h) divided by the cell number
at N, (Figure 1B). The ZEBI reduction in the HCEnC-21T
cells did not result in a statistically significant difference in
cell proliferation at 24, 48, or 72 h compared with scrambled
siRNA control (sc-siRNA).

A. B-127 1 sc-siRNA
1 [ ZEB1 siRNA-A
10{ [l ZEB1 siRNA-C

& v w
© Z 2
Z > >
> > O

TUBA ZEB1

24hr
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Figure 1. Cell proliferation in
HCEnC-21T cells transfected with
siRNA. Cells were transfected
with scrambled siRNA (sc-siRNA),
ZEBI siRNA-A, or ZEBI siRNA-C.
A: ZEBI knockdown was demon-
strated by western blotting for
ZEBI1, with TUBA used as a loading
control. B: Cell quantities at 24, 48,
and 72 h (N)) were compared to the
initial quantity (N,), and plotted as

the ratio N/N. Results represent

12 independent data points (n=12).
Error bars = standard error of the
mean (SEM).

72hr
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Reduced ZEBI expression increases corneal endothelial cell
susceptibility to UV-induced, but not doxorubicin-induced,
apoptosis:

UVC-induced apoptosis—The ZEBI protein levels
were markedly reduced in the HCEnC-2I1T cells transfected
with either ZEBI siRNA-A or ZEBI siRNA-C compared to
the sc-siRNA transfected cells at 48 h post-transfection (i.e.,
0 h UVC) and at each 2 h time point following UVC irra-
diation (Figure 2A—C). Although siRNA-A produced greater
knockdown of ZEBI in the HCEnC-21T cells compared with
ZEBI siRNA-C, siRNA-C (and not siRNA-A) made the cells
more susceptible to UV-induced apoptosis. The active 17 kDa
cCASP3 (and the non-specific 14 kDa) protein levels were
statistically significantly increased 6 and 8 h after UVC
irradiation with siRNA-C compared with siRNA-A and
sc-siRNA (Figure 2D,E). However, no statistically significant
difference was noted in the 19 kDa cCASP3 protein levels at
any time point after transfection with siRNA-A or -C (Figure
2F).

Doxorubicin-induced apoptosis—The HCEnC-2IT cells
transfected with either siRNA-A or siRNA-C were observed
to have markedly lower ZEBI protein levels compared to the
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sc-siRNA transfected cells at 48 h post-transfection (i.e., 0
h doxorubicin [DOX]) and at each 2 h time point following
DOX treatment (Figure 3A—C). Although the 17 and 19 kDa
cCASP3 (and the non-specific 14 kDa) protein levels were
higher in the siRNA-A transfected cells than in the sc-siRNA
transfected cells at the 10, 14, and 18 h time points following
DOX exposure, the difference was not statistically signifi-
cant at any of the time points (Figure 3D—F). Similarly, the
differences between the 17 and 19 kDa cCASP3 (and the non-
specific 14 kDa) protein levels in the siRNA-C transfected
cells and the sc-siRNA transfected cells were not statistically
significantly different at any time point (Figure 3D—F).

Reduced ZEBI expression does not alter corneal endothelial
cell migration: The effect of reduced ZEBI protein levels on
corneal endothelial cell migration was assessed with ECIS.
Transfection of HCEnC-21T cells with siRNA-C resulted
in markedly reduced ZEBI protein levels compared to cells
transfected with sc-siRNA (Figure 4A). Forty-eight hours
following transfection and 24 h after seeding at 100% conflu-
ence on an ECIS electrode array, a high current was applied
to clear a central circular area. Thereafter, migration of the
cells into the cleared zone was measured for up to 12 h (24-36
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Figure 2. Quantification of UV-induced apoptosis in ZEB1 knockdown cells. A, B: HCEnC-21T cells were transfected with ZEBI siRNA-A,
ZEBI siRNA-C, or scrambled siRNA (sc-siRNA) and exposed to ultraviolet (UV) light for 0, 2, 4, 6, and 8 h. Apoptosis was assessed by
the appearance of cleaved caspase 3 (cCASP3) with western blotting. C: ZEB1 knockdown was assessed with western blotting, quantified,
and graphed. Abundance of the 14 kDa (D; non-specific), 17 kDa (E; active), and 19 kDa (F) fragments of cCASP3 was quantified with
western blotting and graphed. Results represent three independent experiments (n = 3). Error bars = standard error of the mean (SEM), and

**p<0.01 and ***p<0.001.
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Figure 3. Quantification of DOX-induced apoptosis in ZEB1 knockdown cells. A, B: HCEnC-21T cells were transfected with ZEBI siRNA-A,
ZEBI siRNA-C, or scrambled siRNA (sc-siRNA), and exposed to DOX for 0, 6, 10, 14, and 18 h. Apoptosis was assessed by the appearance
of cleaved caspase 3 (cCASP3) with western blotting. C: ZEBI knockdown was assessed with western blotting, quantified, and graphed.
Abundance of the 14 kDa (D; non-specific), 17 kDa (E; active), and 19 kDa (F) fragments of cCASP3 was quantified with western blotting
and graphed. Results represent three independent experiments (n = 3). Error bars = standard error of the mean (SEM).

h range). No statistically significant difference was observed
in the cell migration rate in the HCEnC-21T cells transfected
with ZEBI siRNA-C compared with the sc-siRNA transfected
cells (Figure 4B).

Reduced ZEBI expression increases corneal endothelial cell
barrier function: The impact of reduced ZEBI expression on
corneal endothelial cell barrier function was assessed with
ECIS. The HCEnC-2IT cells were transfected with either
ZEBI siRNA-C or sc-siRNA, with markedly reduced ZEBI
protein levels in the ZEBI siRNA transfected cells (Figure
5A). Forty-eight hours post-transfection, cells were seeded at
100% confluence on an electric impedance array, and elec-
trical resistance was measured for 48 h. Impedance (ohms)
measured for the ZEBI siRNA transfected cells was statisti-
cally significantly higher from 30 to 48 h compared with the
control cells (p<0.05; Figure 5B). Modeling of the impedance
spectra demonstrated a statistically significant increase in
cell attachment resistance (alpha) observed at early (920 h)
and late (38—46 h) phases for the ZEBI siRNA-C transfected
cells compared with the control cells (p<0.05; Figure 5C).
In addition, a statistically significant increase in inter-endo-
thelial cell resistance (Rb) was observed between 7 and 48 h
for the ZEBI siRNA-C transfected cells compared with the
control cells (p<0.05; Figure 5D). No statistically significant
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difference was observed in the plasma membrane capacitance
(Cm; Figure 5E).

DISCUSSION

Posterior polymorphous corneal dystrophy was first reported
in 1916, with the description of the appearance of “bullous”
lesions on the posterior surface of the cornea [32]. Other
clinical features associated with PPCD (e.g., iridocorneal
adhesions, glaucoma, and keratoconus) were described over
the next several decades [1,33-37]. Histopathologic, electron
microscopic, and immunologic studies revealed that the
corneal endothelium in PPCD is characterized by epithelial-
like characteristics, including a multilaminar organization,
desmosomal junctions, dense microvilli, sparse mitochondria,
and the expression of keratin proteins [1,26,37-39]. In a recent
study of the corneal endothelial transcriptome in PPCD, we
identified ectopic or increased expression of many corneal
epithelial-associated genes (e.g., KRT12 [Gene ID: 3859;
OMIM: 601687], DSG3 [Gene ID: 1830; OMIM: 169615], and
CDH]), decreased expression of many endothelial-associated
genes (e.g., VIM and CDH?2), and decreased expression of
many corneal endothelial-specific genes (e.g., ETNPPL
[Gene ID: 64850; OMIM: 614682], PIP5K 1B [Gene ID: 8395;
OMIM: 602745], and LRRNI) identified in a previous study
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Figure 4. The impact of ZEBI reduction on cell migration in HCEnC-21T cells. A: HCEnC-21T cells were transfected with either ZEB!
siRNA-C or scrambled siRNA (sc-siRNA), and knockdown of ZEB1 was validated with western blotting. B: Transfected HCEnC-21T
cells were seeded to 100% confluence on an electric cell-substrate impedance sensing (ECIS) electrode array. A high current (arrow) was
applied to the circular electrode underneath the central region of the cell monolayer, thus clearing the circular area. Migration of cells into
the cleared area was monitored for 12 h after wounding by measuring impedance (ohms) across the electrode at 4,000 Hz. Three wells for
each condition were measured; n = 3. Error bars = standard error of the mean (SEM).

[24,28]. In addition, endothelial cells dissociated from PPCD
corneas and grown in culture demonstrated the same features
observed in ex vivo tissue, with the added observation that
the PPCD endothelial cells possess a higher capacity for
proliferation [40]. Recently, studies using in vivo confocal
microscopy have observed polymorphic endothelial cells with
hyperreflective nuclei in PPCD-affected individuals [41,42].
Taken together, these findings support the conclusion that
the corneal endothelium in PPCD demonstrates an epithelial
phenotype.

Although the evidence to support the assertion that
PPCD endothelium possesses an epithelial-like phenotype
is compelling, the process by which the cells gain their
epithelial nature has yet to be elucidated. However, cell state
transition (CST) is an integral process during embryogenesis
and generation/maintenance of all human tissues, with misdi-
rection of this process implicated in many pathologic contexts
(e.g., congenital malformations, fibrosis, and cancer) [43-45].
CST gives rise to distinct cell states and may provide the
most plausible explanation for the apparent epithelialization
of the corneal endothelium in PPCD. CST can be generally
classified as either a process of EMT or the reverse, MET.
EMT is characterized by a “cadherin switch” in which an
epithelial cell undergoing EMT “switches” from expressing

CDHI (epithelial (E)-cadherin) to expressing CDH2 (neural
(N)-cadherin), and the reverse in the case of MET [46,47].
Distinct epithelial and mesenchymal gene expression
profiles have been described with vimentin (VIM), a type
IIT intermediate filament protein, often coexpressed with
CDH2 in mesenchymal cells [22]. The fact that ZEB1 and
OVOL2 are key players in CST and that mutations in the
genes that encode these transcription factors cause PPCD and
presumably lead to the appearance of an epithelial cell-like
phenotype of the corneal endothelium suggests that CST, or
MET in particular, is involved in the development of PPCD
[20,21,23,48,49]. Although CEnCs are not true mesenchyme,
they express markers associated with the mesenchymal cell
state (e.g., ZEBI1, VIM, and CDH2) and the degree to which
CEnCs resemble true mesenchyme may be dependent on the
level of expression of proteins promoting the mesenchymal
phenotype, namely, ZEBI1. Genetic evidence supports ZEBI
haploinsufficiency as the cause of PPCD, which suggests that
in order for ZEBI to maintain the CEnC phenotype, ZEB1
must be expressed above a certain threshold [17]. Thus, the
absence or the reduction of endogenous ZEBI1 levels below
this threshold in CEnC presumably leads to an epithelial
phenotype [50]. In contrast, increased levels of ZEB1 are
associated with the transition of cultured primary CEnC to
a fibroblastic phenotype. The transition of primary CEnC to
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a fibroblastic (i.e., mesenchymal) cell state in culture may
be caused by enzymatic/mechanical dissociation of cell—cell
contacts and cell-substrate adhesions and activation of Wnt
signaling [S1]. This transition is associated with increased
expression of the mesenchymal proteins ZEB1, CDH2,
and VIM and a concomitant decrease in the tight junction
protein TJP1 (or ZO1) compared with ex vivo CEnC [28].
Taken together, these observations implicate ZEBI, a master
regulator of cell state transitions, as playing a significant role
in CEnC CST.

Endothelial to mesenchymal transition (EnMT) in
the human cornea and transforming growth factor beta 1
(TGFBI)-induced EMT in a mouse cell line demonstrated
increased cell proliferation and migration and decreased
susceptibility to apoptosis associated with the mesenchymal
cell state compared with the endothelial and epithelial cell
states [52,53]. Thus, a mesenchymal to endothelial transi-
tion (MEnT) or MET may be predicted to elicit the reverse
response in these cell processes. Consistent with this, ZEBI
knockdown has been reported to lead to a decrease in cell
proliferation and increased susceptibility to apoptosis in

© 2017 Molecular Vision

human and mouse cell lines, with ZEB1 overexpression
eliciting the opposite result [48,54]. However, an increase
in corneal endothelial cell proliferation has previously been
reported in late-gestation stage Zebl null mice, along with
increased expression of cytokeratin, CDH1, and COL4A3
[50]. In addition, increased proliferation of the endothelium
has also been described as a clinical manifestation of PPCD.
The effect of altered ZEBI expression in a given cell type
depends on whether ZEBI functions to activate or repress
transcription of the target genes in that particular cell type.
This, in turn, depends on several factors, including the
recruitment of cofactors (corepressors and coactivators)
and the presence of canonical Wnt signaling (TCF7L2/
beta-catenin), which changes ZEBI from a repressor to an
activator of transcription [55-57]. Thus, although we hypoth-
esized that reduced levels of ZEB1 would lead to an altera-
tion of CEnC proliferation, apoptosis, migration, and barrier
function, it was difficult to predict what the effect would be
in CEnCs. We found that reduced ZEBI protein expression in
CEnCs did not alter either cell proliferation or cell migration,
suggesting that other factors may be involved in regulating
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Figure 5. The impact of ZEBI1 reduction on cell barrier function in in HCEnC-21T cells. A: HCEnC-21T cells were transfected with ZEB]
siRNA-C or scrambled siRNA (sc-siRNA), and knockdown of ZEB1 was confirmed with western blotting. B: Impedance (ohm) at 4,000
Hz, interendothelial resistance (Rb), cell attachment resistance (alpha), and plasma membrane capacitance (Cm) were measured for 48 h
after seeding on electric cell-substrate impedance sensing (ECIS) electrode arrays. Three wells for each condition were measured; n =
3. Error bars = standard error of the mean (SEM). Statistical significance (p<0.05) is noted for a range when two or more sequential time

points demonstrated statistical significance.
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the proliferative and migratory capacity of endothelial cells
in PPCD.

The observation that ZEB1 knockdown in CEnCs leads
to an increased susceptibility to UVC-induced apoptosis (i.c.,
increased levels of the active 17 kDa fragment of cleaved
CASP3) is consistent with previous studies in other cell
types that have demonstrated ZEBI acts as a suppressor of
apoptosis and that a reduction of ZEBI1 sensitizes cells to
apoptotic stimuli [48,54,58]. However, this effect is depen-
dent on the type of apoptotic stimuli because although
UVC and DOX induce apoptosis via DNA damage, a lack
of impact on cCASP3 levels after DOX treatment suggests
that DOX-induced cleavage of caspase 3 occurs in a ZEBI-
independent manner. Nevertheless, although apoptosis has
not been described as playing a role in the pathogenesis of
PPCD, apoptosis may be associated with the observed vari-
able reduction in CEnC density [15,38,59].

© 2017 Molecular Vision

The most important functional property of the corneal
endothelium is to maintain corneal deturgescence, a rela-
tively dehydrated state of the corneal stroma that is essential
to the maintenance of corneal clarity [60,61]. Disruption of
the CEnC barrier and/or its pump function leads to corneal
edema, which characterizes advanced cases of PPCD. In
the present study, we observed that reduced ZEBI results
in an increase in CEnC barrier function, due to increased
substrate attachment and intercellular adhesion. Compared
with the corneal endothelium, which is functionally classified
as a “leaky membrane,” corneal epithelial cells demonstrate
greater resistance to fluid flow due to significantly higher
expression of tight-junction proteins, which regulate intercel-
lular barrier function [28,62,63]. Thus, the observation that
CLDNI [Gene ID: 9076; OMIM: 603718] and FI1IR/JAMI
[Gene ID: 50848; OMIM: 605721], epithelial-associated
tight junction genes, are increased in the PPCD endothelium
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Figure 6. Hypothetical model of the mechanism underlying the progression of genotype to phenotype in posterior polymorphous corneal

dystrophy.
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may explain the increased resistance observed in our PPCD
cell model [24]. In addition, desmosomes, which are typi-
cally epithelial-specific complexes that form dense cell—cell
contacts, are present in the skin, normal corneal epithelium,
and PPCD endothelium but not in the normal endothelium
[1,37,38,64,65]. Because paracellular fluid flow is integral
to corneal endothelial cell pump function, changes in the
integrity and complexity of the endothelial intercellular clefts
will alter the dynamics of water flow [66,67]. Dysregulation
of CEnC pump function may also be caused by the altered
expression of solute transporters, which are important in
establishing the gradients that regulate water flow across the
endothelium [24,66,67]. In PPCD, CEnC pump function may
also be disrupted by the tendency for the endothelium to adopt
a multilaminar organization, which may result in an addi-
tional physical barrier to fluid flow. As CEnC permeability is
presumably decreased in PPCD, endothelial decompensation
leading to the need for keratoplasty in approximately one-
quarter of affected individuals is most likely due to impair-
ment of the CEnC pump function.

In this study, we report that ZEBI knockdown in CEnCs
leads to increased apoptosis and barrier function, which may
explain some of the characteristic features of PPCD. Although
we did not observe differences in cell proliferation and migra-
tion, their role in PPCD remains an open question because
our cell-based system did not consider potential roles in
embryogenesis, specifically in differentiation of endothelial
precursors. In addition, the in vivo microenvironment may
possess factors that modulate CEnC properties for which we
could not account in our cell-based system. Nevertheless, we
speculate that the observed differences are a consequence of
CST, specifically, endothelial to epithelial transition (EnET),
which we propose as a subtype of MET (Figure 6). However,
we acknowledge that further investigation is needed to
determine the full significance of the present results to the
pathobiology of PPCD.

APPENDIX 1.

To access the data, click or select the words “Appendix 1.”
Note: Bold numbers are inconsistent alleles between the
HCEnC-21T cells and the best match cell line. BM, best
match. *Breast epithelia have the cell line ID number 184BS5.

APPENDIX 2.

To access the data, click or select the words “Appendix
2. Electropherograms of analyzed STR alleles using the
PowerPlex® 16 System. STRs are indicated in gray boxes
above each electropherogram. Numbers under STR peaks
refer to allele sizes in repeat units. Single numbers (single

© 2017 Molecular Vision

peak) indicate a homozygous STR locus, and two numbers
(double peaks) indicate a heterozygous STR locus. The
gender (female) of the donor was defined by the single peak
amplicon at approximately 106 bp resulting from amplifica-
tion of the X- and Y-specific amelogenin locus. The absence
of more than two alleles at each locus suggests that the cell
line consists of a pure population of homogenous cells.

APPENDIX 3.

To access the data, click or select the words “Appendix 3.”
Selection of ZEBI siRNA molecules was performed by
assessing the efficacy of each to knock down ZEBI protein
expression in corneal endothelial cells. HCEnC-21T cells
were transfected with ZEBI siRNA-A, -B and -C, and a
scrambled siRNA (sc) was used as a control. Cells were lysed
at 24, 48 and 72 h post siRNA transfection and ZEBI levels
were assessed by western blotting. ZEBI siRNAs A and C
demonstrated robust knock down of ZEB1 expression at 48
and 72 h and thus were used for functional assays. TUBA was
used as a protein loading control.
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