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RESEARCH ARTICLE
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Abstract
Aldehyde dehydrogenase 1A1 (ALDH1A1) and ALDH3A1 are corneal crystallins. They pro-

tect inner ocular tissues from ultraviolet radiation (UVR)-induced oxidative damage through

catalytic and non-catalytic mechanisms. Additionally, ALDH3A1 has been postulated to

play a regulatory role in the corneal epithelium based on several studies that report an

inverse association between ALDH3A1 expression and corneal cell proliferation. The

underlying molecular mechanisms and the physiological significance of such association

remain poorly understood. In the current study, we established Tet-On human corneal epi-

thelial cell (hTCEpi) lines, which express tetracycline-inducible wild-type (wt) or catalyti-

cally-inactive (mu) ALDH3A1. Utilizing this cellular model system, we confirmed that human

ALDH3A1 decreases corneal cell proliferation; importantly, this effect appears to be partially

mediated by its enzymatic activity. Mechanistically, wt-ALDH3A1, but not mu-ALDH3A1,

promotes sequestering of tumor suppressor p53 in the nucleus. In the mouse cornea, how-

ever, augmented cell proliferation is noted only in Aldh1a1-/-/3a1-/- double knockout (DKO)

mice, indicating in vivo the anti-proliferation effect of ALDH3A1 can be rescued by the pres-

ence of ALDH1A1. Interestingly, the hyper-proliferative epithelium of the DKO corneas dis-

play nearly complete loss of p53 expression, implying that p53 may be involved in

ALDH3A1/1A1-mediated effect. In hTCEpi cells grown in high calcium concentration,

mRNA levels of a panel of corneal differentiation markers were altered by ALDH3A1 expres-

sion and modulated by its enzyme activity. In conclusion, we show for the first time that: (i)

ALDH3A1 decreases corneal epithelial proliferation through both non-enzymatic and enzy-

matic properties; (ii) ALDH1A1 contributes to the regulation of corneal cellular proliferation

in vivo; and (iii) ALDH3A1 modulates corneal epithelial differentiation. Collectively, our stud-

ies indicate a functional role of ALDH3A1 in the maintenance of corneal epithelial
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homeostasis by simultaneously modulating proliferation and differentiation through both

enzymatic and non-enzymatic mechanisms.

Introduction
As the anterior most segment of the mammalian eye, the cornea represents the first line of
defense against external insults. The structure and function of the cornea is integral in impart-
ing deturgescence and transparency for normal vision. The corneal epithelium exists in a con-
stant state of turnover through the lifetime of a mammal. The processes of cell proliferation in
the basal layers, differentiation in the superficial layers, post-mitotic terminal differentiation
and cell death at the surface are all critically balanced to achieve corneal epithelial homeostasis
and transparency [1].

The corneal proteome as proposed by the "refracton" hypothesis [2, 3] shares many similari-
ties with the lens proteome in expressing high concentrations (5–40%) of water-soluble
enzymes called 'crystallins' in a taxon-specific manner, which are essential in preserving ocular
transparency. In other tissues however, the same gene encoding the lens crystallin specifies
either a stress protein or a metabolic enzyme with no associated refractive function. Termed as
gene sharing, it has been proposed that this phenomenon of a distinct protein with multiple
functions may also be extended to the transparent cornea due to the abundant expression of
similar water-soluble enzymes/crystallins in the corneal epithelium [4, 5]. The aldehyde dehy-
drogenases ALDH1A1 and ALDH3A1, analogous to lens crystallins, are abundantly expressed
in the cornea and shown to play a vital structural role in preserving corneal transparency as
well as a metabolic role in protection against ultra-violet radiation damage [6, 7]. It has further
been discovered that both catalytic and non-catalytic activities of these proteins contribute to
their metabolic and structural functions in the cornea. Catalytically, ALDH1A1 and ALDH3A1
protect the cornea by (i) eliminating reactive aldehydes, such as 4-hydroxy-nonenal (4-HNE)
and malondialdehyde (MDA), arising from UVR-initiated reactive oxygen species and lipid
peroxidation [8], (ii) scavenging free radicals through the cysteine residues on the surface of
ALDH3A1 and (iii) producing the antioxidant NADPH [9]. Non-catalytically, the enzyme sup-
ports corneal transparency similar to lens crystallins, through chaperone activity [10].

A novel regulatory role of ALDH3A1 was first identified when the proliferation rate of
human corneal epithelial (HCE) cells was observed to decrease with expression of ALDH3A1.
These cells displayed increased population doubling time and decreased plating efficiency and
DNA synthesis relative to cells not expressing ALDH3A1 protein [11]. Cyclins A, B and E, E2F
and p21 were down-regulated, retinoblastoma protein was dephosphorylated and cyclin-
dependent kinase activity was also reduced [11]. Interestingly, transfected ALDH3A1 translo-
cated to the nucleus, suggesting a role for this protein in mitotic regulation [8, 11, 12]. Consis-
tent with this proposed regulatory role, primary human corneal epithelial cells grown in
culture progressively lose ALDH3A1 expression. Similarly, in corneal wound healing models in
vivo, ALDH3A1 expression is down-regulated immediately after injury, coinciding with the
period of active proliferation of basal cells around the site of injury [13]. In this study, we
explored the anti-proliferative effect of ALDH3A1 in the human telomerase-immortalized cor-
neal epithelial (hTCEpi) cells and knockout mouse models of ALDH3A1 and/or ALDH1A1.
Our results confirmed the growth retardation effects of ALDH3A1 and suggested a role of
ALDH3A1 in modifying differentiation programs in the corneal epithelium and importantly
the involvement of both catalytic and non-catalytic properties of ALDH3A1.
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Materials and Methods

Cell culture
The parental human telomerase-immortalized corneal epithelial (hTCEpi) cell line has been
characterized previously [14]. We obtained this cell line from Dr. Jester’s laboratory at the Uni-
versity of California Irvine. hTCEpi cells were routinely maintained in serum-free keratinocyte
growth media (KSFM) (with 0.15 mM Ca2+) supplemented with bovine pituitary extract
(BPE), insulin, hydrocortisone, penicillin, streptomycin, amphotericin B and human epidermal
growth factor (hEGF) (KGM™-CD from Lonza Clonetics, Walkersville, MD). Unless specified
elsewhere, cells were passaged every 4 days using 0.25% trypsin-EDTA and 0.25 mg/ml soy-
bean trypsin inhibitor (Invitrogen, Carlsbad, CA) and cultured in T75 tissue culture flasks (Fal-
con Labware; BD Biosciences, Bedford, MA) incubated at 37°C in 5% CO2.

Construction of lentiviral expression constructs
The full-length cDNA of human wild-type ALDH3A1 was amplified by PCR and subcloned
into an entry plasmid pENTR-3A1wt using the pENTR™Directional TOPO1 Cloning Kit
(Invitrogen, CA) according to the manufacturer’s protocol. Another entry plasmid, pENTR-
3A1mu, harboring a C244A mutation (TGT!GCT) was generated using the Site-directed
Mutagenesis kit (Invitrogen, CA) according to the manufacturer’s protocol. The two entry
plasmids were then used to generate the lentiviral expression constructs pLEnti4/TO/V5-
3A1wt (pLenti-3A1wt) and pLEnti4/TO/V5-3A1mu (pLenti-3A1mu) via homologous recom-
bination between the entry clone and the pLenti4/TO/V5-DEST vector according to the manu-
facturer’s protocol. Coding sequences in the final expression constructs were verified by DNA
sequencing.

Production of lentiviral particles
293FT cells (Invitrogen, CA) were seeded at 80% confluence in a 60 mm dish (Falcon Labware;
BD Biosciences, Bedford, MA) and allowed to attach overnight. On the day of transfection, the
cells were at 95% confluency and were then incubated for 8 hr with the transfection mixture
containing 2 μg pLenti plasmids, 6 μg ViraPower Packaging Mix™ and 20 μl Lipofectamine
2000 reagent. The pLenti plasmids included pLenti6/TR (the plasmid expressing the tetracy-
cline repressor (TR)), pLenti-3A1wt, pLenti-3A1mu or pLenti4/TO/V5-DEST (empty vector
control). During the incubation, the cells were kept in 3% Opti MEMmedium (Invitrogen,
CA). At the end of the incubation period, the medium was replaced by regular growth medium
(high glucose DMEM (4.5 g/l) / 10% FBS). Seventy-two hrs later the medium (5 ml) containing
the lentivirus particles was collected and centrifuged at 1000xg to remove cell debris. The
supernatant was filtered and stored at -80°C for future use.

Generation of stably transduced hTCEpi cell lines expressing
tetracycline-inducible ALDH3A1
hTCEpi cells were first transduced with viral particles of the pLenti6/TR clone and selected in
growth medium containing 3 μg/ml blasticidin for 3–4 wk. Surviving single-cell colonies were
examined for tetracyclin repressor (TR) expression by Western blot. The pLenti6/TR colony
expressing the highest level of TR was subsequently transduced with viral particles of the
pLenti-3A1wt, pLenti-3A1mu or pLenti4/TO/V5-DEST clones. Cells were then selected in
growth medium containing 3 μg/ml blasticidin and 100 μg/ml zeocin for 3–4 wk. Surviving sin-
gle-cell colonies were examined for ALDH3A1 expression following tetracycline (TET; 0.01–
1.0 mg/L) treatment. The three cell lines were designated as hTCEpi-TR-3A1wt (tetracycline-
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regulated wild-type ALDH3A1-expressing cells), hTCEpi-TR-3A1mu (tetracycline-regulated
mutant (catalytically-inactive) ALDH3A1-expressing cells), and hTCEpi-TR-Lenti (mock con-
trol cells).

ALDH3A1 enzymatic activity assay
Determinations of ALDH activity were carried out using a spectrophotometer (Beckman
Instruments, Fullerton, CA) by monitoring NADPH production at 340 nm as previously
described [12]. Enzyme activities are presented as nmoles of NADPH produced/min/mg of
total protein. Results are reported as mean ± S.E of three biological replicates.

Cell proliferation assay
Following 4.5 wk culturing of hTCEpi cells, cumulative population doublings (CPD) and popu-
lation doubling times (PDT) were determined as follows. Cells were seeded in 100 mm culture
dishes (2 x 105 cells/dish) and treated with or without tetracycline (1 μg/ml, Invitrogen) in
10 ml of culture media (control). After 4 d, cells were trypsinized and viable cells were counted
using trypan blue exclusion on a hemocytometer. Consecutively, 2 x 105 cells were transferred
to a new dish and this process repeated for a total of 8 passages, i.e., for 32 d until treated cells
showed decreasing cell numbers and could not be plated further at the same density. CPD
was calculated as: CPD = ln [NE/NB] / ln 2 + CPDo (NE: end cell count; NB: cell count in the
beginning; CPD: CPDo at previous passage). PDT at each passage was calculated as PDT = ln
(2)/Growth rate. Growth Rate = number of doublings that occur per unit of time, i.e., the slope
of the cumulative population doublings curve. Results are reported as mean ± S.E of three bio-
logical replicates for each data point.

Animals
Generation of Aldh1a1-/- and Aldh3a1-/- single knock-out (KO) and Aldh1a1-/-/Aldh3a1-/-

double knock-out (DKO) mice has been previously described [15–17]. All three lines have
been re-derived into the C57BL/6J background. C57BL/6J wild-type (WT) mice were pur-
chased from the Jackson’s Laboratory. All animal experiments were approved by and con-
ducted in compliance with Institutional Animal Care and Use Committee of the University of
Colorado Anschutz Medical Campus (approved protocol #: B33411(01)1D). Mice were main-
tained in a temperature-controlled room (21–22°C) on a 12 hr light/dark cycle and supplied
with food and water ad libitum. Six-10 mice from each genetic strain (3–6 mo of age) were
euthanized by carbon dioxide followed by cervical dislocation. All efforts were made to mini-
mize suffering. Whole eyes were removed for use immediately in protein extraction or fixed in
paraformaldehyde and paraffin-embedded for immunohistochemical analysis.

5-bromo-2'-deoxyuridine (BrDU) labeling and immunohistochemistry
For BrDU labeling of mouse corneal epithelial cells, a dose of 100 mg/kg BrDU in Dulbecco's
phosphate-buffered saline (DPBS) was administered (i.p.) to WT and DKOmice. Two hr
thereafter, mice were euthanized by carbon dioxide inhalation. The eyes were immediately
removed, fixed in 4% paraformaldehyde and embedded in paraffin according to standard pro-
cedures. Sagital sections (5 μm) were then deparaffinized, rehydrated and blocked for endoge-
nous peroxidase activity by incubation in 1% H2O2. For antigen retrieval, slides were boiled in
10 mM sodium citrate containing 0.05% Tween-20 (pH 6.0) for 15 min and subsequently incu-
bated with pre-activated RNase A (100 μg/ml in 50mM Tris, pH 7.5, Roche, Indianapolis, IN)
for 30 min. The RNA-free DNA was then denatured in 4N HCL at room temperature for
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5 min. The pH was then neutralized with 50 mM Tris (pH 7.5) and the tissue section was blocked
with Tris-NaCl blocking buffer (TNB, 0.10 M Tris.HCl, 0.15 MNaCl, 0.5% blocking reagent
(Roche, Indianapolis, IN)) solution in a humidified chamber. For p53 and Ki-67 staining, the
RNAse treatment and DNA denaturation steps above were omitted. Primary antibodies (Anti-
BrDU antibody 1:100 BD Biosciences, San Jose, CA; Anti-Ki-67, 1:100; Anti-p53 (FL-393) 1:50,
SantaCruz, CA) were diluted in TNB, placed on the section and incubated at 4°C overnight. Fol-
lowing washing in DPBS, the tissue section was incubated for 1 hr with horseradish peroxidase
(HRP)-conjugated secondary antibody (1:500) after which the signal was amplified by incubation
in biotin-tyramide solution (Perkin Elmer, Waltham, MA) for 5 min. Slides were washed and
incubated in streptavidin-conjugated HRP for 30 min at RT (25°C). 3-Amino-9-ethylcarbazole
(AEC) (BD Biosciences, Bedford, MA) was applied to the section to facilitate visualization of the
labeled protein. Immunohistochemical images were captured on a digital camera (Nikon
DS-Fi1-L2) fitted to a microscope (Nikon Eclipse E200). Corneal sections from the same animal
were hematoxylin and eosin (H&E) stained according to standard procedure.

The corneoscleral junction was used to define the limit of the cornea from limbus to limbus.
The mouse cornea was circular and regions from central and peripheral cornea were visualized
at 10X magnification. A 1280 X 960 pixel frame was chosen on central and peripheral cornea
(200X magnification) of each mouse to count both BrDU-positive cells and the total number of
cells from corresponding H&E-stained sections. The number of cells staining positive for
BrDU (NB) was expressed as a percentage of the total number of cells stained by hematoxylin
(NH) as NB/NH x 100. Results are presented as mean ± S.E. (N = 3). Total Ki-67 positive nuclei
in the entire length of the corneal epithelium of each mouse sagittal eye section were counted
at 10X magnification. Results are presented as mean ± S.E. (N = 3).

High calcium-induced differentiation in hTCEpi cells
hTCEpi cells were incubated in vehicle (KSFM growth media) with 0.15 mM calcium for 4 d
(i.e., until cells reached 80% confluency) or in vehicle with 1.15 mM calcium for 7 d (i.e., at
which time cells were post-confluent and differentiated). The media was changed every other
day in both conditions. For relative mRNA quantification: hTCEpi-TR-Lenti, hTCEpi-TR-
3A1wt or hCTEpi-TR-3A1mu cells were seeded at 3 x 104 cells/ml in 6-well plates and incu-
bated for 4d in medium containing (i) low (0.15 mM) calcium or (ii) low (0.15 mM) calcium
+ TET (1 mg/L) to induce ALDH3A1 expression. Cells were then harvested for total RNA. The
same experiment was conducted in cells incubated in medium containing (i) high (1.15 mM)
calcium or (ii) high (1.15 mM) calcium + TET (1 mg/L) for 7 d after which total RNA was
extracted from cells. The relative mRNA levels represent the amount of mRNA expression nor-
malized to GAPDH.

Real time–quantitative PCR (Q-PCR)
Total RNA was isolated (RNeasy kit; Qiagen, Valencia, CA) from cultured cells and quantified
using Nanodrop 2000 UV/Vis spectrophotometer (Thermo fisher, Waltham, MA). Using 1 μg
of total RNA, reverse transcription was carried out using Maxima H minus First strand cDNA
synthesis kit (Thermo fisher, Waltham, MA) with Oligo dT primers. Q-PCR was performed
with a thermal cycler (IQ5, Biorad, Hercules, CA) using Power SYBR1 Green PCRMaster
Mix (Life technologies, NY) and Primetime qPCR assays (IDT, San Jose, CA). PCR primer sets
for respective genes are presented in S1 Table. The final concentration of the primers in the
PCR reaction was 500 nM. ALDH3A1 mRNA abundance was quantified by fitting Q-PCR
data to a standard curve of copy numbers generated from an ALDH3A1 cDNA construct as
previously described [18]. For other genes, relative mRNA expression levels in fold change are
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reported after normalization to the housekeeping gene GAPDH using the comparative CT

method [19].

Preparation of cell lysates
For ALDH3A1 activity assay: Cells were washed twice with ice-cold PBS and sonicated for 30 s
in lysis buffer containing 25 mM Tris/0.25 M sucrose (pH 7.4), 0.5 μg/ml leupeptin, 0.5 μg/ml
aprotonin, 1 μg/ml pepstatin, and 100 μg/ml phenylmethanesulfonyl fluoride (Sigma Chemical
Co.), using a Branson sonifier 250 (VWR Scientific, Willard, OH, USA). The lysates were
cooled on ice for 3–5 min and the sonicating-cooling cycle was repeated four more times.
Finally, cell lysates were centrifuged at 10,000 × g for 30 min at 4°C and supernatant was used
freshly for activity assay. For Western blotting: Enucleated eyes were pooled from age-matched
mice of each genotype (WT, ALDH1A1 KO, ALDH3A1 KO and DKO), and the corneas were
dissected away from the remainder of the eye (10–12 eyes for each genotype). The corneal
endothelium was removed by light scraping and the corneal button was homogenized in radio-
immunoprecipitation assay buffer in a sonifier for 30s. The lysates were cooled on ice for 3–5
min and the sonicating-cooling cycle was repeated for four more times. The lysate was centri-
fuged at 10,000×g for 30 min at 4°C and supernatant was collected. Cultured cells were washed
in ice-cold PBS and scraped into RIPA buffer (Pierce, Rockford, IL) supplemented with HaltTM

protease inhibitor cocktail (Thermo fisher, Waltham, MA) and homogenized and centrifuged
for supernatant as noted above for whole cell lysates. Subcellular fractionation on the cultured
cells was performed using the NE-PERTM kit (Pierce, Rockford, IL) per the manufacturer’s
instructions. The total protein in the supernatant was quantified using the BCA method
(Pierce, Rockford, IL).

Western blot analysis
Ten to 30 μg of protein was subjected to SDS-PAGE and transferred onto a PVDF (Millipore,
Billerica, MA) membrane, blocked with 5% non-fat dry milk in TBS-T (0.1% Tween 20) for
2 hr at room temperature. Membranes were incubated overnight at 4°C with primary antibod-
ies against p53 (FL-393, 1:200, Santa Cruz, CA), phosphor-p53-Ser 15 (#9284, 1:1000; Cell sig-
naling Technology, Beverly, MA) or ALDH3A1 (1:2, mouse monoclonal). They were then
washed with TBS-T and probed with the appropriate HRP-conjugated secondary antibodies
(1:5000, Jackson ImmunoResearch Laboratories, West Grove, PA). Blots were re-probed for
β-actin (1:10,000, Sigma, St. Louis, MO), GAPDH (1:300, Santa Cruz, CA) and PARP-1 (1:200,
Santa Cruz, CA). β-actin was used as total loading control. GAPDH and PARP-1 were used as
cytosolic and nuclear fractionation controls, respectively. Blots were visualized using ECL-plus
chemiluminescent substrate (Pierce, Rockford, IL) on the STORM™ Imager (GE Life Sciences,
Cleveland, Ohio) in blue fluorescence mode. Densitometry on representative images was con-
ducted using ImageQuant TL software (GE Life Sciences, Cleveland, Ohio), where respective
protein expression was normalized to their respective loading controls, β-actin, GAPDH and
PARP-1. The respective fold changes were then normalized to the protein expression in
untreated control samples (wild-type or hTCEpi-TR-lenti). Blots are representative of two
independent experiments.

Statistics
Data are presented as the mean ± standard error (N = 3~6). For BrDU labeling, student’s
unpaired t-test was used to test for statistical significance between DKO andWT sections. For
cell proliferation study, a two-way ANOVA was used to identify differences between cumula-
tive cell numbers at every passage, with cell line and tetracycline treatment as variables. A
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Student’s unpaired t-test was used to determine differences between TET-treated and untreated
(control) groups for cumulative population doublings and for population doubling time. Eval-
uation of differences between multiple treatment groups in Q-PCR were conducted using a
two-way ANOVA on ΔCt of gene expression, with cell line and tetracycline treatment in low
and high calcium conditions included as variables. All pair-wise multiple comparison proce-
dures between means were performed using the Holm-Sidak method. In all experiments,
p< 0.05 was considered significant.

Results

Characterization of Tet-On hTCEpi-ALDH3A1 cell lines
Previously, virally transformed corneal epithelial cell lines have been used as models in study-
ing corneal epithelial biology. However, genetic instability and lack of normal growth and dif-
ferentiation makes them inadequate to study mechanisms governing corneal homeostasis [20].
We used parent hTCEpi cells, which lack endogenous expression of ALDH3A1 and were
shown to stratify, differentiate and desquamate in vitro [14]. We established stable cell lines
that, upon tetracycline treatment, express either wild-type ALDH3A1 (hTCEpi-TR-ALD-
H3A1wt) or mutant ALDH3A1 (hTCEpi-TR-ALDH3A1mu). Mutant ALDH3A1 carries a
C244A mutation, where the catalytic cysteine residue was replaced with alanine thus abolishing
its catalytic activity [18, 19]. To establish a mock-control cell line, we initially developed
hTCEpi-TR-LacZ cells, which express bacterial β-galactosidase under the control of tetracy-
cline. For unknown reasons, these cells failed to thrive in culture beyond third passages (data
not shown). We therefore used the parental hTCEpi-TR-Lenti cells as the control cell line for
our studies. We assayed the transduced cell lines for expression of ALDH3A1 mRNA, protein
and catalytic activity. No ALDH3A1 mRNA, protein or catalytic activity was observed at any
tetracycline concentration in hTCEpi-TR cells (Fig 1A–1C). In hTCEpi-TR-ALDH3A1wt cells,
tetracycline elicited a dose-dependent increase in ALDH3A1 mRNA (Fig 1A), protein (Fig 1B)
and activity (Fig 1C). Dose-dependent increases in ALDH3A1mu mRNA (Fig 1A) and protein
(Fig 1B) were also induced by tetracycline treatment of hTCEpi-TR-ALDH3A1mu cells,
whereas no enzyme activity was detectable in these cells. Since the highest expression of
mRNA, protein (ALDH3A1wt or ALDH3A1mu) and activity (which plateaued after 0.1 mg/L
TET) were noted at a dose of 1 mg/L TET, all additional experiments involving these trans-
duced cells were performed at this concentration.

Wild-type and mutant ALDH3A1 expression correlates with decreased
corneal epithelial proliferation
In order to examine the effect of ALDH3A1 on cell proliferation, transduced cell lines were
treated continuously with TET (1 mg/L) to induce sustained ALDH3A1 expression over
8 passages (4-day per passage). TET treatment had no effect on the proliferation rate of
hTCEpi-TR-Lenti control cells (Fig 2A). By contrast, TET decreased the proliferation rate
of hTCEpi-TR-3A1wt cells beginning at passage 4 (day 12) as reflected by the reduced cumula-
tive population doubling (PD) numbers (Fig 2B). A similar phenomenon was observed for
hTCEpi-TR-3A1mu cells except that the growth retardation was observed at a later passage
(day 20) (Fig 2C). Overall PD time (hour) was calculated based on the growth curve within this
32-day culturing period (Fig 2A–2C, insets). Compared with hTCEpi-TR-Lenti control cells,
the PD times were increased for both hTCEpi-TR-3A1wt and hTCEpi-TR-3A1mu expressing
cells by 1.8- and 1.3-fold, respectively. Importantly, the PD times of 3A1wt cells were signifi-
cantly higher than that of 3A1mu cells (P = 0.042).
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p53 expression in hTCEpi-TR cell lines
Very high levels of cytoplasmic p53 were noted in corneal epithelia of various vertebrates,
including rodents [21, 22]. Cytoplasmic p53 in mouse corneal epithelium was found to be func-
tionally active and responsive to UV-induced DNA damage, exclusively through post-transla-
tional stabilization [23]. P53 also plays an indirect role in corneal wound healing [24, 25]. To
explore a role of p53 in ALDH3A1 mediated effects, we examined p53 expressions in Tet-On
hTCEpi-TR cell lines by Western blotting analysis (Fig 3A & 3B). As expected, TET-induced
expression of ALDH3A1 wt and mutant proteins was detected in both cytosolic and nuclear
fractions from respective cell lines. TET treatment per se did not change p53 expression as seen
in hTCEpi-TR-lenti cells. However, endogenous p53 expression (in untreated cells) was much
higher in two ALDH3A1-expressing cell lines than in control cells. Interestingly, overexpres-
sion of ALDH3A1wt reduced cytosolic, but not nuclear, p53 accumulation, whereas overex-
pression of ALDH3A1mu decreased p53 levels in both subcellular compartments.

Dual loss of ALDH1A1 and ALDH3A1 correlates with increased
proliferation of corneal epithelium in vivo
Ki-67 is a marker for actively cycling cells. Immunohistochemistry (IHC) of corneal epithelium
of WT, 1A1 KO, 3A1 KO and DKOmice for this marker showed a significant increase in pro-
liferating corneal epithelial basal cells only in DKO animals (Fig 4A & 4B) relative to the wild-
type animals. The differences in Ki-67 positive cell count between 3A1 KO and DKOmice
were not significant. However, the difference may have been more significant had more ani-
mals been used.

Increased proliferation in DKO corneal epithelium was further confirmed by BrDU incor-
poration staining (Fig 5A–5C), which is indicative of DNA synthesis in proliferating cells. In
addition, we investigated the potential differences in proliferation between the central and
peripheral epithelium. H&E staining of the cornea revealed no differences in total cell numbers
in central or peripheral regions between WT and DKO corneas (Fig 5A). However, corneas
from DKOmice had increased levels of BrDU incorporation into the nuclei of the basal layers
and suprabasal layers of both central and peripheral epithelial cells, relative to WT mice (Fig
5B & 5C).

Dual loss of ALDH1A1 and ALDH3A1 leads to loss of p53 expression in
vivo
IHC analyses of the corneas showed a prominent decrease in p53 positive staining in the epi-
thelial cell layers of DKO mice, although no change was observed in either ALDH1A1 KO or
ALDH3A1 KOmice (Fig 6A) compared to the WT controls. The staining was predominantly
cytosolic with some perinuclear staining in basal cell layer. Consistent with IHC staining,
Western blotting revealed loss of total and phosphorylated p53 proteins in DKO mice (Fig 6B).

Fig 1. Characterization of Tet-On hTCEpi-ALDH3A1 cell lines. hTCEpi cell lines were transduced with
viral particles to stably express wild-type ALDH3A1 (hTCEpi-TR-ALDH3A1wt), mutant (catalytically-inactive)
ALDH3A1 (hTCEpi-TR-ALDH3A1mu) or no ALDH3A1 (hTCEpi-TR-Lenti) under the control of a tetracycline-
sensitive repressor. Following tetracycline treatment (0–1.0 mg/L) for 72 hr, (A) induction of ALDH3A1mRNA
was measured by Q-PCR; mRNA abundance in copy numbers is presented as mean ± standard error (n = 3).
(B) Induction of ALDH3A1 protein was determined byWestern blotting. (C) ALDH3A1 catalytic activity was
assayed by measuring NADPH production using benzaldehyde as a substrate; data are presented as
mean ± standard error (n = 3).

doi:10.1371/journal.pone.0146433.g001
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ALDH3A1 expression modifies the expression profile of selective
corneal differentiation markers
To explore a potential role of ALDH3A1 in modulating corneal epithelial differentiation, we
assayed the mRNA levels of a panel of corneal differentiation markers in Tet-On hTCepi cells
undergoing high calcium (1.15 mM) induced differentiation. Cells from all three lines revealed
similar morphological changes under high calcium culture condition for one week (data not
shown). In high cellular concentration of Ca, mRNA levels of induced ALDH3A1 did not change
in hTCEpi-TR-3A1wt cells, but decreased in hTCEpi-TR-3A1mu cells (S1 Table). Additionally,
these cells exhibit differential expression patterns of examined marker genes (Table 1).

Keratin expression is often associated with differentiation in epithelial cells and is primarily
controlled at the level of transcription. Keratin 3 (K3) and keratin 12 (K12) are differentiation
markers specific for corneal epithelial cells. High calcium (Table 1, A) alone induced a ~3-fold
induction of K3 mRNA in all three cell types. In low calcium culture conditions (Table 1B),
TET treatment induced a 4-fold increase in K3 mRNA in hTCEpi-TR-3A1wt cells only. No
such induction occurred in hTCEpi-TR-Lenti or hTCEpi-TR-3A1mu cells. Upon TET treat-
ment in high calcium conditions (Table 1C), wild-type and mutant cells both showed a dra-
matic increase in K3 mRNA expressions (50- and 30-fold) over their respective control
treatments. Similar pattern was observed for the K12 transcript. High calcium alone
(Table 1A) caused a much higher induction (8-fold) in hTCEpi-TR-3A1wt cells relative to that
in control and hTCEpi-TR-3A1mu cells (2-fold). Under low calcium conditions (Table 1B),
TET treatment caused a 2-fold increase in K12 mRNA only in hTCEpi-TR-3A1wt cells and
had no such effect in either control or mutant cells. By contrast, under high calcium conditions
(Table 1C), TET treatment induced a drastic increase in K12 mRNA levels in hTCEpi-TR-
3A1wt (80-fold) and to a lesser extend in hTCEpi-TR-3A1mu cells (20- fold).

Connexin 43 (Cx43) and desmoglein 2 (DSG2) respectively are late and early differentiation
markers for corneal epithelium. High calcium conditions (Table 1A) alone induced a 2- to 3-
fold induction of Cx43 mRNA in all three cell lines. Under low calcium conditions (Table 1B),
TET treatment had no effect on Cx43 mRNA expression in any of these cells; whereas under
high calcium conditions (Table 1C), TET treatment increased Cx43 mRNA mildly (1.3- to
2-fold) in all of the cell lines. This is likely due to the primary effect of high calcium, not
because of ALDH3A1 expression. For DSG2, neither high calcium or TET treatment condi-
tions caused any change in DSG2 mRNA expression in any of the three cell lines.

Keratin 14 (K14) is a squamous epithelial proliferative marker, expressed in basal corneal
epithelial cells. Under high calcium condition alone (Table 1A) K14 mRNA was induced 2-fold
in hTCEpi-TR-Lenti cells, but much higher in hTCEpi-TR-3A1wt (10-fold) and hTCEpi-TR-
3A1mu (6-fold) cells. Under low calcium conditions (Table 1B), TET treatment had no effect

Fig 2. Overexpression of wild-type andmutant ALDH3A1 retards hTCEpi cell proliferation. The effect
of ALDH3A1 on cell proliferation was investigated in Tet-On hTCEpi cell lines induced to express (A) no
ALDH3A1 (hTCEpi-TR-Lenti), (B) wild-type ALDH3A1 (hTCEpi-TR-3A1wt) or (C) catalytically-inactive
mutant ALDH3A1 (hTCEpi-TR-3A1mu). Cells were seeded in 100 mm culture dishes (2.0 x 105 cells/dish)
and treated with (+TET) or without (-TET) tetracycline (1μg/ml). After 4 d, cells were trypsinized and viable
cells were counted using trypan blue exclusion on a hemocytometer. Consecutively, 2.0 x 105 cells were
transferred to a new dish and this process repeated for a total of 8 passages, i.e., for 32 d until treated cells
showed decreasing cell numbers. Cumulative population doubling (PD) number at each passage was
calculated as: CPD number = ln [NE/NB] / ln 2 + CPDo (NE: end cell count; NB: cell count in the beginning;
CPD: CPDo at previous passage). Results are reported as mean + standard error from n = 3 experiments.
Error bars are contained within the symbols. *p < 0.05, Students unpaired t-test, compared to PD numbers of
untreated cells (-TET) at the same passage. ^p < 0.05, Students unpaired t-test, compared to the PD time (hr)
of untreated cells (-TET).

doi:10.1371/journal.pone.0146433.g002
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Fig 3. Subcellular levels of p53 protein in hTCEpi-TR cell lines. (A) Cytosolic and nuclear fractions from cell lysates of hTCEpi-TR-ALDH3A1wt and
hTCEpi-TR-ALDH3A1mu cells treated with vehicle (-TET) or tetracycline (1μg/ml) (+TET) were immunoblotted for p53, ALDH3A1, GAPDH or PARP1
expression. (B) Relative levels of ALDH3A1 (upper panels) and p53 (lower panels) expression by densitometry analysis of immunoblots. Results are
expressed as the fold of untreated cells (-TET) after correction for respective loading controls (GAPDH for cytosolic extracts; PARP-1 for nuclear extracts).
Data are presented as mean + S.E.M (N = 3). *p <0.05, Students unpaired t-test, compared to untreated cells (-TET) of the same cell line. #p <0.05, Students
unpaired t-test, compared to treated (+TET) ALDH3A1wt cells.

doi:10.1371/journal.pone.0146433.g003
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on K14 mRNA in any cell lines. However, under high calcium conditions (Table 1C), TET
treatment drastically decreased K14 mRNA expressions in both hTCEpi-TR-3A1wt and
hTCEpi-TR-3A1mu cells, indicating that ALDH3A1 protein overexpression irrespective of
activity may have mediated this effect. Involucrin (IVL) is a terminal differentiation marker,
expressed in the most superficial stratified epithelia of the skin and cornea cells. It provides
mechanical support and protection against pathogen invasion and mechanical shear stress. In
this study, high calcium condition alone (Table 1A) increased greatly the IVL mRNA levels in
all three cell lines. The magnitude of the increase was less in hTCEpi-TR-3A1mu cells (35-fold)
compared to hTCEpi-TR-3A1wt or hTCEpi-TR-Lenti cells (> 100-fold). In low calcium condi-
tions (Table 1B), TET treatment decreased IVL mRNA expression only in hTCEpi-TR-3A1wt
cells, suggesting ALDH3A1 activity may be required in this effect. Under high calcium condi-
tions (Table 1C), TET treatment decreased IVL mRNA in hTCEpi-TR-3A1wt and hTCEpi-
TR-3A1mu cells to a comparable degree, suggesting ALDH3A1 protein and not just activity is
functional in down-regulating IVL expression.

Fig 4. Ki-67 immunohistochemistry of corneal tissues. (A) Representative images of Ki-67 IHC of corneal
tissues fromWT, 1A1 KO, 3A1 KO and DKOmice; scale bar = 50μm. Red staining reflects nuclear staining of
Ki-67 (arrows). (B) Number of Ki-67-positive nuclei was counted in the central cornea. Data are presented as
mean + standard error (N = 4–6). *p < 0.05, Students unpaired t-test, compared to WT.

doi:10.1371/journal.pone.0146433.g004
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Discussion
The mammalian cornea draws a close parallel with their abundant and taxon-specific expres-
sion of aldehyde dehydrogenases or “corneal crystallins”. ALDH3A1 has been shown to
directly absorb UV light, protect against lipid peroxidation, replenish antioxidant NADPH,

Fig 5. BrDU labeling of corneal epithelial cells. (A) Representative H&E staining of corneas fromWT and DKOmice; scale bar = 50 μm. Higher
magnification images of central (C- dotted box) and peripheral (P-solid box) cells are shown in the right panels; scale bar = 5 μm. (B) Representative images
of BrDU immunostaining of corneas fromWT and DKOmice; scale bar = 100 μm. Higher magnification of central (C) and peripheral (P) corneas are shown in
the right panels; scale bar = 25μm. (C) The numbers of total cells (left panel) in the central and peripheral regions of corneal epithelium were counted in WT
and DKOmice. The numbers of BrDU-positive cells (right graph) in these regions were counted and expressed as a percentage of total cells in the same
visual field. Data represent the mean ± standard deviation (N = 3). *p < 0.05, Students unpaired t-test, compared to WT.

doi:10.1371/journal.pone.0146433.g005
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scavenge reactive oxygen species and possess chaperone-like activity. The proven enzymatic
and non-enzymatic nature of this enzyme and its high concentration in mammalian corneal
epithelium supports the idea that gene sharing has allowed corneal ALDHs to take on multiple
roles in maintaining corneal function. In this study, we report additional evidence supporting a
novel regulatory role for ALDH3A1 in the maintenance of corneal epithelial homeostasis,
through modulating cell proliferation and differentiation programs. One line of evidence sup-
porting the hypothesis that ALDH3A1 plays a role in controlling cell proliferation can be
found in the developing mouse. During active proliferation in the cornea at post-natal day 9,
ALDH3A1 expression is non-existent. At post-natal day 14 (just before the eyelid opening),
expression of ALDH3A1 is drastically up-regulated; this is a time when corneal cell prolifera-
tion is reduced [26] and the cornea has reached normal thickness [27].

Our data showing increased BrDU and Ki-67 labeling in Aldh1a1-/-/3a1-/- DKOmice, espe-
cially in basal layers of the epithelium, the site of corneal epithelial proliferation further sup-
ports the negative modulation of cell growth by ALDHs. This is surprising since it was

Fig 6. p53 expression in mouse corneas. (A) Representative image of IHC staining for p53 in the corneas
fromWT, 1A1 KO, 3A1 KO and DKOmice; scale bar = 50μm. Cell populations under examination included
the epithelium (Ep), stroma (S) and endothelium (En). (B) Western blotting for ALDH3A1, ALDH1A1, total
p53, and phosphorylated p53 (phos-p53 (S15)) in the mouse corneal whole cell lysates. Amounts of proteins
loaded were 2 μg for ALDH3A1, 10 μg for ALDH1A1 and 20 μg for p53 and phos-p53. GAPDH and β-actin
were used as loading controls.

doi:10.1371/journal.pone.0146433.g006
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expected that Aldh3a1-/- KOmice would have the highest proliferation, especially given that in
wild-type mice the relative expression of ALDH3A1 is higher than that of ALDH1A1. That
only simultaneous loss of both ALDHs contributes to increased proliferation suggests that
these ALDHs may compensate for each other. Accordingly, we propose that both corneal
ALDHs are required as a check against excessive proliferation, which in pathological corneas
was shown to be detrimental to transparency.

Our prior investigation suggesting a regulatory role for ALDH3A1 was conducted in
immortalized corneal epithelial cells (HCE). These cells however, are known to have altered
cell cycle control pathways as a result of SV-40 large T antigen-induced genomic aberrations
and heterogeneity [20]. hTCEpi cells have normal cell cycle control and hence chosen as a bet-
ter model to delineate the mechanism underlying ALDH3A1-induced growth retardation.
Through the use of newly developed Tet-On inducible hTCEpi cell lines, we show that induc-
tion of ALDH3A1 in these cells led to decreased cell proliferation and, for the first time, we
demonstrate that this regulatory effect ascribes partially to the catalytic activity of the enzyme.
One likely explanation is that ALDH3A1 may also function through protein-protein interac-
tions with cell cycle modulators.

The regulatory protein p53, often referred to as the ‘guardian of the genome’, is a transcrip-
tion factor promoting cell cycle arrest, DNA damage repair and apoptosis. Under conditions of
stress, p53 is stabilized and accumulates in the nucleus primarily due to post-translational
modification (e.g. phosphorylation) [28–30]. High p53 levels have been demonstrated in the
cytosol of corneal and conjunctival epithelium of normal cornea of several species [21, 22].
Although previously thought to be inactive [22], a recent study in mouse primary corneal epi-
thelial cells showed that cytosolic p53 can be phosphorylated to functionally induce apoptosis
in response to UV irradiation [23]. In these studies, no change in p53 transcription was noted,

Table 1. Relative abundance of mRNA of corneal differentiation markers.

K3 K12 CX43 DSG-2 K14 IVL

A. -TET (ratio of high Ca/low Ca)

TR-Lenti 3.1 ± 1.5 2.7 ± 0.4 2.9 ± 0.2 1.4 ± 0.1 2.3 ± 0.1 105 ± 15

TR-3A1wt 2.5 ± 0.7 8.5 ± 1.7 a,b 1.9 ± 0.3 1.8 ± 0.2 9.2 ± 3.1 a 142 ± 32 b

TR-3A1mu 2.8 ± 0.9 2.5 ± 0.3 2.5 ± 0.4 1.3 ± 0.1 6.3 ± 0.3 a 35 ± 5 a

B. Low Ca (ratio of +TET/-TET)

TR-Lenti 1.1 ± 0.3 0.9 ± 0.2 0.9 ± 0.2 1.1 ± 0.1 1.1 ± 0.1 0.9 ± 0.1

TR-3A1wt 3.9 ± 0.7a,b 2.3 ± 0.8 a,b 1.0 ± 0.2 1.0 ± 0.1 1.2 ± 0.3 0.2 ± 0.05 a,b

TR-3A1mu 1.3 ± 0.2 1.1 ± 0.2 1.1 ± 0.3 1.0 ± 0.2 1.3 ± 0.2 1.4 ± 0.2

C. High Ca (ratio of +TET/- TET)

TR-Lenti 0.8 ± 0.1 0.9 ± 0.1 1.3 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.8 ± 0.1

TR-3A1wt 52 ± 15 a 95 ± 31 a,b 2.0 ± 0.4 1.3 ± 0.1 0.15 ± 0.03 a 0.13 ± 0.03 a

TR-3A1mu 29 ± 9 a 31 ± 12 a 1.5 ± 0.2 1.1 ± 0.2 0.13 ± 0.02 a 0.2 ± 0.05 a

mRNA expression was measured by Q-PCR in hTCEpi cell lines that express no ALDH3A1 (TR-Lenti) or wild-type ALDH3A1 (TR-3A1wt) or inactive

mutant ALDH3A1 (TR-3A1mu) induced by tetracycline (TET) treatment (1 mg/L) for 7 days. During this period, cells were incubated with medium

containing either 0.15 mM calcium (Low Ca) or 1.15 mM Calcium (High Ca). The relative mRNA abundance is reported as the ratio of expression between

conditions as specified after normalization with housekeeping gene GAPDH. Data represent mean ± standard error (N = 3). Under the same category, by

Student’s unpaired t-test with Holm-Sidak adjustment
a: P < 0.05, when compared with TR-Lenti cells
b: P < 0.05, when compared with TR-3A1mu cells. K3, keratin 3

K12, keratin 12; CX43, connexin43; DSG-2, hemi desmosome protein desmoglein 2; K14, keratin 14; IVL, involucrin.

doi:10.1371/journal.pone.0146433.t001
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suggesting that p53 localization in the nucleus was the result of rapid transit of cytoplasmic
p53 into the nucleus [28]. In hTCEpi cells overexpressing wild-type ALDH3A1, p53 was
decreased in the cytosol, but was stabilized in the nucleus. Fully functioning of this effect
requires the catalytic activity of ALDH3A1, as indicated by the observation that p53 was
decreased in both the cytoplasm and the nucleus in cells overexpressing mutant ALDH3A1.
On the other hand, p53 and phospho-p53 expression was nearly absent in the corneas from
mice deficient in both ALDH1A1 and ALDH3A1, but was preserved in the corneas from mice
deficient in either ALDH isozyme. Taken together, our results suggest that both ALDH1A1
and ALDH3A1 may be modulating p53 expression in vivo in the cornea through mutual com-
pensation and p53 might be involved in the anti-proliferation effects of ALDH3A1 and
ALDH1A1.

Cellular proliferation and differentiation are two key elements in the maintenance of corneal
epithelium homeostasis. Previous and this current study clearly show that ALDH3A1 plays an
inhibitory role in epithelial proliferation. To date, little is known about ALDH3A1-mediated
effects on corneal epithelial differentiation. As mentioned earlier, a PAX6 binding site has been
identified in the Aldh3a1 promoter sequence in the mouse cornea [27]. In heterozygous small
eye Pax6(+/-)mice, decreased PAX6 results in a reduction in ALDH3A1 mRNA levels in the
cornea [27]. Reduced PAX6 also correlates with specific defects in actin, Keratin 12 and desmo-
plakin localization, cell junctional complexes and causes increased oxidative stress [31]. This
hints at the possibility of ALDH3A1 serving as a signal transduction molecule for PAX6 in reg-
ulating differentiation programs.

In the present study, we adopted a high calcium-induced differentiation model using
ALDH3A1 Tet-On hTCEpi cells and observed a significant effect of ALDH3A1 on the expres-
sion profile of various corneal epithelial differentiation markers. Specifically, two corneal epi-
thelial specific markers, namely K3 and K12, were markedly up-regulated upon ALDH3A1
expression under high calcium culturing condition and the enzymatic activity of ALDH3A1
likely contributes partially to this effect. It should be noted that, in parent hTCEpi cells, airlift-
ing is required to induce stratification and K3/K12 protein expression [14]. Thus, our results
indicate that induced ALDH3A1 expression may act downstream of stratification and
upstream of induced K3/K12 expression. Two cell-cell junction proteins CX43 and DSG2 were
not significantly altered by ALDH3A1 expression regardless of its enzyme activity or differenti-
ating status. In contrast, two markers of epidermal differentiation, namely K14 and IVL, were
induced by high calcium alone in hTCEpi cells, but were greatly suppressed by ALDH3A1
expression, irrelevant to its enzymatic capacity. Taken together, this result is suggestive of a
potential role of ALDH3A1 in contributing to cellular commitment to corneal epithelium and
away from epidermal differentiation. The molecular details of this ALDH3A1-mediated effect
warrant future studies.

In summary, this study provides evidence supporting a novel regulatory role for ALDH3A1
in corneal homeostasis by modulating proliferative and differentiation programs. Mechanisti-
cally, ALDH3A1 expression may target expression of specific genes involved in anti-prolifera-
tion and pro-differentiation (Fig 7). Many of these actions of ALDH3A1 appear to occur, in
part, dependently of its catalytic activity. As yet, protein-protein interactions for ALDH3A1
have not been reported, although such interactions are predicted for other members of the
ALDH superfamily, e.g. ALDH16A1 and ALDH1A1 through coiled-coil domains [32, 33] in
the protein structure. It would therefore be interesting to investigate ALDH3A1–protein inter-
actions in corneal epithelial cells. It is anticipated that the insights gained about the novel role
of ALDH3A1 in regulating corneal epithelial homeostasis may ultimately translate into the
development of more effective therapeutic interventions for corneal pathologies, such as dry
eye, injury or infection-based corneal scarring and haze.
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Fig 7. Scheme of proposed regulatory function of ALDH3A1 in corneal epithelial cells. ALDH3A1 in
corneal epithelial cells retards proliferation by transcriptional regulation of cell cycle modulators. Wild-type
ALDH3A1 contributes to p53 sequestration into the nucleus, while protecting it from degradation. ALDH3A1
protein also contributes to differentiation through association with transcription factors involved in regulating
mRNA levels of differentiation specific markers.
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