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Abstract: Understanding the regulatory mechanisms underlying corneal epithelial cell (CEC) prolif-
eration in vitro may provide the means to boost CEC production in cell therapy for ocular disorders.
The transcription factor ∆Np63 plays a crucial role in the proliferation of CECs, but the underlying
mechanisms is yet to be elucidated. TP63 and ∆Np63 are encoded by the TP63 gene via alternative
promoters. We previously reported that both ∆Np63 and activating transcription factor (ATF3) are
substantially expressed in cultured CECs, but the regulatory relationship between ∆Np63 and ATF3 is
unknown. In the present study, we found that ∆Np63 increased ATF3 expression and ATF3 promoter
activity in cultured CECs. The deletion of the p63 binding core site reduced ATF3 promoter activity.
CECs overexpressing ATF3 exhibited significantly greater proliferation than control CECs. ATF3
knockdown suppressed the ∆Np63-induced increase in cell proliferation. Overexpression of ATF3 in
CECs significantly elevated protein and mRNA levels of cyclin D. The protein levels of keratin 3/14,
integrin β1, and involucrin did not differ between ATF3-overexpressing CECs, ATF3-downregulated
CECs, and control cells. In conclusion, our results suggest that ∆Np63 increases CEC proliferation
via the ∆Np63/ATF3/CDK pathway.

Keywords: tumor protein p63 ∆N isoform; activating transcription factor 3; cyclin-dependent kinases;
corneal epithelial cell; cell proliferation

1. Introduction

The corneal epithelium is made up of terminally differentiated keratinocytes that are
constantly replaced by newly divided cells derived from corneal epithelial stem cells [1].
Because they are localized in the limbus, corneal epithelial stem cells are also known as
limbal stem cells (LSCs). LSCs have a high proliferation potential, infinite self-renewal
ability, and are capable of migrating forward to the cornea to promote corneal epithelial
cell (CEC) proliferation [1,2]. The TP63 gene encoded two major protein isoforms, TAp63
and ∆Np63, via distinct promoters; both proteins are critical transcription factors for the
regulation of epidermal keratinocyte proliferation and differentiation [3]. LSCs express
the transcription factor ∆Np63 [4], which plays an important role in LSC proliferation
through the cis-transcriptional regulation of cell cycle modulators during epidermal devel-
opment [5]. Furthermore, ∆Np63 may act as a master regulator of these cells by controlling
the switch between proliferation and differentiation [6]. The signal transducer and activator
of transcription 3 (STAT3) upregulates ∆Np63; knockdown of STAT3 expression downreg-
ulates ∆Np63, resulting in the suppression of cell proliferation but the promotion of cell
differentiation [6]. Elucidation of the role of ∆Np63 in CEC proliferation may broaden our
understanding of the regulatory mechanisms responsible for LSC proliferation.
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In our previous study [7], six candidate TFs were identified based on putative TF
binding sites in the ∆Np63 promoter: paired box protein 6 (Pax-6), early growth response
protein 1 (EGR1), CCAAT increaser binding protein beta (CEBPB), jun proto-oncogene
(JUN), activating transcription factor 3 (ATF3), and AT-rich interaction domain 5B (ARID5B).
We found that silencing ATF3 did not alter the expression level of ∆Np63, suggesting that
∆Np63 is not a downstream effector of ATF3, although both ∆Np63 and ATF3 are involved
in the regulation of CEC proliferation [7]. ATF3, a member of the ATF/cyclic AMP response
element-binding (CREB) family of TFs [8,9], upregulates cyclin-dependent kinases (CDKs;
cyclin E and cyclin D) to increase cell proliferation [10,11]. Thus, the ATF3/CDK pathway
may participate in the regulation of CEC proliferation.

The clinical application of cell therapy and tissue engineering requires the expansion
of cell populations. The use of cultured cells for cell therapy has some disadvantages that
should be carefully examined and minimized, such as the loss of cell function caused by
excessive differentiation and aging and the risk of canceration [12,13]. The DNA binding
site for TF tumor protein p63 is highly homologous to that of p53 (about 60%) [14]; therefore,
direct transfection of overexpressed p63 may increase the risk of cross-reaction with p53
and cancer induction. We previously demonstrated that STAT3 is an upstream regulator
of ∆Np63 [6]. Hence, it is reasonable to assume that the genetic manipulation of STAT3
may prevent cross-reactivity between TF tumor protein p63 and p53. Furthermore, the
identification of downstream effectors responsible for ∆Np63-mediated CEC proliferation
may also provide insights into the development of genetic manipulation methods to
enhance CEC proliferation in vitro. Such a methodological approach may rule out the
possibility of cross-reactivity between p63 and p53 and facilitate the development of reliable
cell culture systems and cell therapy.

Both ∆Np63 and ATF3 are substantially expressed in CECs; however, ∆Np63 is not
a downstream effector of ATF3 [7]. Whether ∆Np63 is an upstream regulator of ATF3
remains to be investigated. To determine the regulatory relationship between ∆Np63
and ATF3, we hypothesize that ATF3 expression is regulated by ∆Np63 in CECs and
that ATF3 participates in ∆Np63-mediated CEC proliferation. In the present study, we
observed that the ectopically expressed ∆Np63 increases the expression of ATF3 in cultured
CECs, resulting in the promotion of CEC proliferation. These findings suggest that the
∆Np63/ATF3/CDK signaling pathway plays a crucial role in CEC proliferation.

2. Materials and Methods
2.1. Cell Cultures

Human tissues were obtained in accordance with the principles of the Declaration of
Helsinki, and the study protocol was approved by the Institutional Review Board of Chang
Gung Memorial Hospital (IRB no. 201901773B0). Human limbal/peripheral corneal tissue
was collected within 6 h after corneal transplantation. Rabbit tissues were obtained from the
healthy eyes of 2-month-old New Zealand white rabbits. The protocol was approved by the
Institutional Animal Care and Use Committee of Chang Gung Memorial Hospital Animal
Center. The rabbit eyelids were sterilized with povidone-iodine, and the limbal/corneal
tissue was separated from the superficial limbal/corneal stroma using lamellar keratectomy.

Human and rabbit limbal tissues containing CECs and the corneal stroma were cul-
tured in limbal epithelium growth medium (LEGM)/DMEM/Ham’s F12 supplemented
with 20 mM HEPES, 5% FBS, 0.5% DMSO, 2 ng/mL mEGF, and 1 µg/mL bovine in-
sulin. The medium was renewed every 2 days. The CECs were harvested on day 14 and
subsequently seeded into new culture dishes in LEGM.

2.2. Construction of ATF3 Promoter Luciferase Vectors

The sequences of the human ATF3 promoter (+12 to −1249, sequence according
to GenBank: U37542.1) with and without the region of the p63 binding site (p63 motif:
5′-CCCCCAGGCCTGGGCAGGTT-3′ were obtained using the p63scan algorithm soft-
ware (Radboud University, Nijmegen, The Netherlands, http://www.ncmls.eu/bioinfo/
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p63scan/ accessed on 1 May 2012) [15,16] and synthesized and cloned into a pGL3-Basic
vector (Promega, Madison, WI, USA). The promoters were inserted in the sense orienta-
tion between the KpnI and SacI sites to create ATF3 promoter luciferase report vectors
(wt-HuATF3 and del-HuATF3).

2.3. Analysis of ATF3 Promoter Activity

Human and rabbit CECs were co-transfected with the appropriate luciferase reporter
and β-galactosidase (β-gal) plasmid for 48 h. After transfection, the cells were washed with
ice-cold 1 × PBS, and ATF3 promoter activity was assayed according to the manufacturer’s
instruction (Promega). Luciferase activity was quantified using the tFB12 luminometer
(Berthold Detection Systems, Pforzheim, Germany), and the β-gal activity was determined
using a Sunrise ELISA reader (Tecan, Salzburg, Austria). Luciferase activity was normalized
to β-gal activity before analysis.

2.4. Establishment of Expression Vectors and siRNAs

The pCMV-ATF3 plasmid (SC108959) carrying an ATF3 (NM_001674) human untagged
clone was purchased from OriGene Technologies (Rockville, MD, USA). ATF3 siRNA
(si-ATF3) was purchased from Santa Cruz Biotechnology (sc-29757; Santa Cruz, CA, USA).
∆Np63 siRNA (si-∆Np63) with the sequence 5′-CCAUGAGCUGAGCCGUGAA-3′ [6],
which was obtained from MWG-Biotech AG (Ebersberg, Germany).

2.5. Transfection with Plasmids or siRNAs

For the human ATF3 promoter assay, human CECs (1 × 106 cells) were mixed with
1.5 µg of pGL3 and 1.5 µg of β-gal plasmids. For the rabbit ATF3 promoter assay, rabbit
CECs (1 × 106 cells) were mixed with 2.5 µg of pGL3 and 2.5 µg of β-gal plasmids. For
the rabbit ATF3 overexpression assay, rabbit CECs (1 × 106 cells) were mixed with 6 µg
of ATF3 plasmids. For human si-∆Np63 assays, human CECs (1 × 106 cells) were mixed
with 2.5 µg of si-∆Np63 and 2.5 µg of si-ATF3. After the addition of 100 µL of nucleofection
solution, each cell/DNA mixture was transferred to a 2 mm electroporation cuvette. After
nucleofection, 500 µL of prewarmed medium was added to the cuvette, and the cells were
transferred into a 12-well plate containing 2 mL of fresh medium. After being incubated
for 16 h, the medium was replaced with fresh medium to remove the dead cells.

2.6. Infection with ∆Np63 Adenoviral Vectors

An adenoviral ∆Np63 overexpression vector (Ad-∆Np63) was constructed as previ-
ously reported [17]. A recombinant adenovirus carrying the green fluorescent protein gene-
encoding gene (Ad-GFP) served as a control vector. The adenoviral particles were titered
using a QuickTiter Adenovirus Titer ELISA Kit (Cell Biolabs, Inc., San Diego, CA, USA),
and Ad-GFP was used to evaluate the efficiency of CEC adenoviral transduction. CECs
were infected with Ad-∆Np63 or Ad-GFP vectors. The viral stock (25 µL; 8 × 107 IFU/mL)
was added into 0.5 mL of Opti-MEM, and 2 mL of preincubated Opti-MEM was added
followed by a 6 h incubation period.

2.7. Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR) Assay

qRT-PCR was performed using TOOLS 2X SYBR qPCR Mix (BIOTOOLS,
New Taipei City, Taiwan) in an ABI StepOne System (Applied Biosystems, Waltham, MA,
USA). The qPCR protocol consisted of 40 amplification cycles and a melt-curve analysis at
60 ◦C for 1 min. The primer sequences for all genes studied are listed in Supplementary
Table S1. The amplification curves and Ct values were analyzed using Step One v2.0
software (Applied Biosystems, Waltham, MA, USA). GAPDH served as an internal control.
All experiments were performed in triplicate, and the qPCR results were analyzed using
the delta-delta Ct method.
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2.8. Western Blot Assays

Total protein was extracted from cultured cells using Tissue Protein Extraction Reagent
supplemented with protease and phosphatase inhibitors (Pierce, Rockford, IL, USA). After
protein quantification using Coomassie Brilliant Blue, 10 µg of protein per sample was
loaded onto a 10% SDS-PAGE gel. After electrophoresis, the proteins were transferred
to a PVDF membrane (Pierce). After 1 h blocking in 5% nonfat milk in PBST at room
temperature, the membrane was incubated with primary antibodies overnight at 4 ◦C,
followed by 1 h incubation with secondary antibodies at room temperature. ECL Western
Blotting Detection Reagents and an Analysis System Kit (GE Healthcare, Amersham, UK)
were used to visualize the proteins. The primary antibodies used in this study included
those against ∆Np63, ATF3, cyclin A, cyclin B, cyclin D, cyclin E, p27Kip1, p21Cip1, keratin
3, keratin 14, integrin β1, involucrin, and GAPDH (Santa Cruz Biotechnology). Image Lab
image acquisition and analysis software (Bio-Rad Laboratories, Hercules, CA, USA) was
used to quantify band intensity. The intensity of the protein of interest was normalized to
that of GAPDH for each sample.

2.9. Proliferation Assays

Cell proliferation was assessed using cell counting, bromodeoxyuridine (BrdU) la-
beling, and Ki-67 immunofluorescence. The cells were seeded into 6-well culture plates
(3.5 × 103 cells/well), and the medium was renewed on the next day. The cells were
harvested and counted using a hemocytometer daily from day 1 to day 4.

The BrdU labeling assay was performed using a Cell Proliferation Kit (GE Healthcare).
After the 4-day incubation, cells were labeled with BrdU for 24 h and then fixed with
100% methanol for 15 min. The cells were sequentially incubated with anti-BrdU primary
antibodies and DNase I for 1 h and with secondary antibodies (Alexa Fluor 488; Invitrogen,
San Diego, CA, USA) for 30 min at room temperature, followed by Hoechst 33,342 staining.

In another experiment, after the 4-day incubation, the cells were fixed with
100% methanol for 15 min. The fixed cells were sequentially incubated with anti-Ki67
primary antibodies (MIB-1; Dako, Glostrup, Denmark) for 1 h and with secondary anti-
bodies (Alexa Fluor 594; Invitrogen) for 1 h at room temperature, followed by Hoechst
33,342 staining. The cells were observed under a confocal laser fluorescence microscope
(TCS SP2-MP system; Leica, Wetzlar, Germany).

2.10. Microarray Analysis

Total RNA was extracted from the cells using an RNeasy column (Qiagen, Valencia,
CA, USA) and RNase-free DNase. Oligo-dT served as the primer for reverse transcription.
The cDNA derived from control CECs was labeled with Cy3, while the cDNA of ∆Np63-
overexpressing CECs was labeled with Cy5. After purification using a cDNA cleanup spin
column (Affymetrix, Santa Clara, CA, USA), the labeled cDNA was dissolved in 50 mL of
saline citrate (15 mM sodium citrate in 150 mM NaCl) and then hybridized using a human
whole-genome oligo array chip (Agilent Technologies, Palo Alto, CA, USA). Microarray
image acquisition and analysis were performed as previously described [7].

2.11. Statistical Analysis

Continuous data were analyzed using paired t-tests. All statistical analyses were
carried out using SAS/STAT version 8 (SAS Institute, Cary, NC, USA). The results are
expressed as the mean ± SD from three independent experiments. p < 0.05 was considered
statistically significant.

3. Results
3.1. ∆Np63 Increases ATF3 Expression by Regulating ATF3 Promoter Activity in CECs

To determine the effects of ∆Np63 overexpression on CEC proliferation, we carried
out microarray analysis in ∆Np63-overexpressing human CECs. As shown in Table 1, ATF3
was upregulated (log2 = 3.764) in ∆Np63-overexpressing CECs compared to control CECs.
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As validated by qRT-PCR, overexpression of ∆Np63 also significantly upregulated ATF3
expression in CECs (Figure 1A). Western blot results indicated that the protein level of ATF3
was significantly higher in ∆Np63-overexpressing (Ad-∆Np63-infected) CECs than that
in control CECs (Figure 1B). These findings indicate that ∆Np63 upregulates the mRNA
expression of ATF3 in CECs, resulting in increased ATF3 protein expression.

Table 1. ATF3 expression is upregulated in ∆Np63-overexpressing CECs.

Gene Symbol Entrez Gene No. Gene Description Array (log2)

ATF3 467 Activating transcription factor 3 3.764
JUN 3725 Jun oncogene 1.621

EGR1 1958 Early growth response 1 1.391
PAX6 5080 Paired box protein 6 0.893

CEBPB 1051 CCAAT/enhancer-binding protein beta 0.820
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Figure 1. ∆Np63 upregulates ATF3 expression in CECs. (A) Human CECs were infected with Ad-
∆Np63 or Ad-GFP (control) for 6 h. Cells were harvested 2 days after infection, and total RNA was
extracted to analyze the mRNA expression level of the genes; (B) Human CECs were treated with
si-∆Np63, Ad-∆Np63, or control plasmids (si-control + Ad-GFP). The Cells were harvested 2 days
after transfection, and the cell lysates were used to assess the protein levels of ∆Np63 and ATF3 via
western blot analysis. ** p < 0.01 versus control.

To determine whether ∆Np63 is involved in the regulation of the ATF3 promotor, p63
motif analysis software (p63scan algorithm) [15] was used to analyze the ATF3 promoter
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region (0 to−2000), and a predicted ∆Np63 binding site was identified (Figure 2A). We then
examined whether ∆Np63 increases ATF3 expression via altering ATF3 promoter activity
in CECs. The ATF3 promoter activity was significantly higher in HuLmP1 cells (human
CECs) and RaLmP1 cells (rabbit CECs) co-transfected with wt-HuATF3 and Ad-∆Np63
than in those transfected with wt-HuATF3 (pGL3 luciferase reporter vector containing
ATF3 promoter +12 to −1249) (Figure 2B). The ATF3 promotor activity decreased when the
∆Np63-binding site was deleted (del-HuATF3) (Figure 2B).
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Figure 2. ∆Np63 increases ATF3 promoter activity in CECs. (A) The p63-binding sites in the human
ATF3 promoter region (−1249 to +12) were deduced using p63 motif analysis software (p63scan
algorithm). Position weight matrices (matrix sites) were matched to identify p63 motifs (−1044 to
−1025); (B) Human (HuLmP1) or rabbit (RbLmP1) CECs were co-transfected with β-gal plasmids
(a transfection control) and either pGL3-Basic, wt-HuATF3, del-HuATF3, wt-HuATF3+Ad-∆Np63
or del-HuATF3+Ad-∆Np63 for 16 h. After 48 h of transfection, the cells were harvested and their
luciferase activity and β-gal activity were measured. ** p < 0.01.
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3.2. ∆Np63 Promotes CEC Proliferation in an ATF3-Dependent Manner

The extent to which the ∆Np63-mediated induction of ATF3 expression was associated
with cell proliferation in rabbit CECs was investigated using time course experiments. As
shown in Figure 3A, there were significantly more ATF3-overexpressing CECs than control
CECs on day 4. In addition, significantly more BrdU- and Ki-67-positive cells were observed
among the ATF3-overexpressing CECs compared to the control cells on day 4 (Figure 3B).
Knockdown of ATF3 significantly reduced the number of ∆Np63-overexpressing CECs
compared to their counterpart cells without ATF3 knockdown on day 4 (Figure 3C). Taken
together, ATF3 expression is critical to CEC proliferation, and ATF3 knockdown blocks
∆Np63-mediated CEC proliferation.
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Figure 3. ∆Np63 induces cell proliferation through an ATF3-dependent pathway. (A) Rabbit CECs
were transfected with pCMV-ATF3 or control plasmids for 16 h. After transfection, cells were
harvested and counted on days 1, 2, 3, and 4; (B) Cells were harvested on day 4 and analyzed for
proliferation via BrdU assay and Ki-67 staining. Scale bar: 100 µm; (C) Ad-∆Np63-infected rabbit
CECs were transfected with si-ATF3 or si-control for 16 h. Cells were harvested and counted on days
1, 2, 3, and 4 after transfection. ** p < 0.01.

3.3. ATF3 Induces the Expression of Cyclin D in CECs

Next, we evaluated the extent to which ATF3 regulates the expression of cell cycle-
related genes, including cyclin A, cyclin B, cyclin D, cyclin E, p27Kip1, and p21Cip1, in human
CECs using qRT-PCR. The results revealed that ATF3-overexpressing human CECs exhib-
ited a significantly higher level of cyclin D mRNA than control cells (Figure 4A). ATF3
overexpression did not significantly affect the mRNA levels of cyclin A, cyclin B, cyclin
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E, p27Kip1, or p21Cip1. The cyclin D1 protein level was significantly increased in ATF3-
overexpressing human CECs compared to that of control cells (Figure 4B). In contrast, the
protein level of p27Kip1 was significantly decreased in ATF3-overexpressing human CECs,
although the mRNA level of p27Kip1 was not influenced (Figure 4B).
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3.4. ATF3 Did Not Affect the Expression of Keratinocyte Differentiation-Related Proteins in CECs

The extent to which ∆Np63/ATF3 signaling regulates keratinocyte differentiation
in human CECs was then evaluated. As shown in Figure 5, the levels of keratinocyte
differentiation-related proteins (keratin 3, keratin 14, integrin β1, and involucrin) did
not differ significantly between ATF3-overexpressing CECs, ATF3-silenced CECs, and
control cells. These findings suggest that ATF3 may not participate in the regulation of
CEC differentiation.
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Figure 5. ATF3 did not alter the expression of keratinocyte differentiation-related proteins in human
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Cells were harvested on day 4 after transfection and assessed for the expression of keratinocyte-
differentiation–related proteins via western blot analysis.

4. Discussion

∆Np63 was previously shown to be highly expressed in the limbal epithelium and a
critical regulator of the differentiation and proliferation of corneal epithelial stem cells [6,18,19].
Our previous study investigated the transcriptional regulation of ∆Np63 by TF candidates
(PAX6, EGR1, CEBPB, JUN, ATF3, and ARID5B) and the roles of those TF candidates in the
regulation of CEC proliferation [7]. The present study expands upon these findings and
demonstrates that ∆Np63 increased ATF3 promoter activity, thereby upregulating ATF3
mRNA expression. ∆Np63 promoted CEC proliferation in an ATF3-dependent manner,
and ATF3 knockdown inhibited ∆Np63-mediated CEC proliferation. ATF3 regulated
the expression of the cell-cycle–related proteins cyclin D1 and p27Kip1 in CECs, thereby
increasing CEC proliferation. However, ATF3 may not be involved in the regulation of
CEC differentiation.

Kouwenhoven et al. [15,16] identified the presence of the ∆Np63 DNA-binding profile
(5′-NNCNNGNNNNNNCNNGNNN-3′) in a physiologically relevant human cell system
and identified several candidate target genes (DLX5, DLX6, FOXQ1, ZNF143, MAFK,
MAFB, SP100, HBP1, TFAP4, ASCL2, VDR, and RXRA) and regulatory elements controlled
by ∆Np63. Perez et al. [20] found that ∆Np63 binds preferentially to DNA fragments
conforming to the 20 bp sequence 5′-RRRC(A/G)(A/T)GYYYRRRC(A/T)(C/T)GYYY -3′.
In the present study, we found a ∆Np63 binding site within the ATF3 promoter (−1043
to −1023) that is involved in the ∆Np63-induced increase in ATF3 promoter activity. As
shown in Figure 2B, we observed that CECs transfected with del-HuATF3 and infected
with Ad-∆Np63 had higher promoter activity than those transfected with wt-HuATF3 alone.
Thus, we hypothesize that ectopically expressed ∆Np63 may also affect the gene expression
of regulators other than ATF3 to some degree and may indirectly increase the promoter
activity of ATF3 through trans-regulation. Moreover, since our promoter construct covers
the ATF3 promoter ranging from +12 to −1249, the possible involvement of ∆Np63 binding
sites further upstream in the ATF3 promoter (cis regulation) cannot be ruled out. However,
because the deletion of the ∆Np63 binding site (−1044 to−1025) significantly decreased the
stimulatory effect of ectopically expressed ∆Np63 on CEC proliferation, we believe that the
current findings still support the conclusion that ∆Np63 increases ATF3 promoter activity.
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Overexpression of ∆Np63 has been shown to downregulate the expression of the cell
cycle inhibitor p27Kip1 and increase proliferation in human nasopharyngeal carcinoma
cells [21]. Furthermore, activated ATF3 elevates the mRNA expression of cyclin D1 in
hepatocytes [22]. However, evidence indicating that ATF3 suppresses the transcription of
target genes also has been reported [8]. Thus, the effects of ATF3 on cell physiology vary
depending on cell type. For example, ATF3 has been demonstrated to both promote [22,23]
and suppress [24,25] cell cycle progression and cell proliferation, as well as mediating
both anti- and pro-apoptotic effects [25,26]. The findings of the present study further
confirm the relationship between these key regulators during cell proliferation. Our data
show that ∆Np63 increased ATF3 expression by upregulating transcription and that ATF3
regulated the expression of cyclin D and p27 Kip1, resulting in the promotion of CEC
proliferation. Notably, both the mRNA and protein levels of cyclin D were increased in
ATF3-overexpressing CECs. However, the protein level of p27 Kip1 was reduced in ATF3-
overexpressing CECs, while the mRNA level of p27Kip1 was not affected in these cells. These
findings imply that ATF3 affects the transcription of cyclin D and the protein stability of p27
Kip1 to induce CEC proliferation. Certainly, this possibility merits further investigation. As
shown in Figure 3C, the overexpression of ∆Np63 promoted CEC proliferation by 170% on
day 4; however, the lack of an appropriate control group (infected with AD-GFP) represents
a limitation of this study.

ATF3 downregulates the gene expression of cyclin A and cyclin D1 and activates
RUNX2-dependent transcription in maturing chondrocytes [27]. The induction of ATF3
stops cell proliferation and results in the terminal differentiation of chondrocytes [27]. In
contrast, the findings of the present study show that ATF3 overexpression did not affect the
expression of the keratinocyte differentiation-related proteins, such as keratin 3, keratin 14,
integrin β1, and involucrin, in human CECs, but promoted CEC proliferation. In addition
to ATF3 overexpression/knockdown, the CECs should be treated with or without a com-
mercially available keratinocyte differentiation inducer in order to confirm that there is no
effect of ATF3 overexpression on keratinocyte differentiation in future studies. On the other
hand, our previous study showed that STAT3 increases the proliferation of rabbit CECs in
a ∆Np63-dependent manner [6]. Inhibition of the ∆Np63 signaling pathway was shown
to reduce cell proliferation; however, cell differentiation was concomitantly increased via
the repression of integrin β1 expression and promotion of involucrin expression [6]. Given
these findings, we suggest that STAT3 may act upstream of ∆Np63/ATF3/CDK signaling
to induce CEC proliferation and that suppression of this signaling pathway also increases
keratinocyte differentiation.

∆Np63 plays an important role in LSC stem cell function and the regulation of CEC
proliferation [4,6]. Our previous studies have shown that the exposure of cultured LSCs
to an amniotic membrane (AM) maintained the constant expression of ∆Np63 and the
undifferentiated phenotype (K3−, K14+) [28] and that, after prolonged passaging, cultured
LSCs could be used in cell therapy for ocular surface repair [29]. AM has been proven to
contain multiple components, including Laminin 5 and HC-HA/PTX3, and can be used
as a niche for adult stem cells to amplify stem cell populations [30,31]. Commercial AM
products (such as AmnioGraft) are already available for use as ocular transplantation tissue
grafts to repair tissue damage caused by ocular surface inflammation [32]. However, human
AM products are expensive because of the mandatorily required safety confirmation of the
preparation process.

Technological advancements in genetic engineering have increased its potential clinical
applications over the past decade (e.g., RNA vaccines, cancer vaccines) [33,34]. Cell
proliferation can be boosted by manipulating gene regulation, and cultured LSCs have a
potential use in cell therapy for the treatment of corneal disorders. Although STAT3/∆Np63
interaction regulates the switch between CEC proliferation and differentiation, the direct
genetic manipulation of ∆Np63 may elevate the risk of carcinogenesis because of the
high degree of homology between the DNA binding sites in p63 and p53. The results
of the present study demonstrate that the genetic manipulation of ATF3, a downstream
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regulator of ∆Np63, is a feasible alternative for boosting CEC proliferation in culture and to
circumvent the possible cross-reactivity between p63 and p53. In addition to the low risk of
canceration, the current findings indicate that ATF3 activation promotes CEC proliferation
but not differentiation. Therefore, larger numbers of CECs with proliferation potential may
be generated by stimulating ATF3 promoter activity. In summary, the current findings
provide insights for the development of safe methods to boost CEC proliferation in culture
for the purpose of cell therapy.

5. Conclusions

We identified a novel molecular mechanism (∆Np63/ATF3/CDK pathway) underly-
ing the regulation of CEC proliferation. ∆Np63 upregulates ATF3 mRNA expression by
increasing ATF3 promoter activity, and ATF3 protein subsequently regulates the expression
of cyclin D and p27 Kip1, resulting in an increased proliferation of CECs. The genetic
manipulation of ATF3, a downstream effector of∆Np63, avoids the risk of cross-reactivity
between p63 and p53, which may represent an effective means to boost the expansion of
CECs in vitro for cell therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jpm13040700/s1, Table S1: Primer list for reverse transcriptase PCR.

Author Contributions: Conceptualization, Y.-J.H., W.-C.W. and H.-C.C.; Methodology, Y.-J.H., Y.-J.J.M.,
H.-Y.H., H.-K.D.M. and C.-M.C.; Validation, Y.-J.H., W.-C.W. and H.-C.C.; Investigation, Y.-J.H.,
Y.-J.J.M., H.-Y.H., H.-K.D.M., C.-M.C. and H.-C.C.; Formal analysis, Y.-J.H. and H.-C.C.; Visualization,
Y.-J.H. and H.-C.C.; Writing original draft, Y.-J.H.; Writing—Review and Editing, Y.-J.H. and H.-C.C.;
Supervision, H.-C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the Chang Gung Memorial Hospital [CRRPG3M0071]
and the Ministry of Science and Technology, Taiwan [MOST 111-2314-B-182A-067 -MY3].

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Chang Gung Memorial Hospital (IRB
No. 201901773B0). The eye bank has been anonymized, and the informed consent is not applicable
with the permission of IRB. The animal study protocol was approved by the Institutional Animal Care
and Use Committee of Chang Gung Memorial Hospital Animal Center (IACUC No. 2018121201).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Acknowledgments: The authors thank the Microscopy Core Laboratory at Chang Gung Memorial
Hospital, Linkou, for providing technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schlötzer-Schrehardt, U.; Kruse, F.E. Identification and characterization of limbal stem cells. Exp. Eye Res. 2005, 81, 247–264.

[CrossRef] [PubMed]
2. Dua, H.S.; Azuara-Blanco, A. Limbal Stem Cells of the Corneal Epithelium. Surv. Ophthalmol. 2000, 44, 415–425. [CrossRef]

[PubMed]
3. Soares, E.; Zhou, H. Master regulatory role of p63 in epidermal development and disease. Cell. Mol. Life Sci. 2017, 75, 1179–1190.

[CrossRef]
4. Pellegrini, G.; Dellambra, E.; Golisano, O.; Martinelli, E.; Fantozzi, I.; Bondanza, S.; Ponzin, D.; McKeon, F.; De Luca, M. p63

identifies keratinocyte stem cells. Proc. Natl. Acad. Sci. USA 2001, 98, 3156–3161. [CrossRef]
5. Candi, E.; Dinsdale, D.; Rufini, A.; Salomoni, P.; Knight, R.A.; Mueller, M.; Krammer, P.H.; Melino, G. TAp63 and DeltaNp63 in

cancer and epidermal development. Cell Cycle 2007, 6, 274–285. [CrossRef] [PubMed]
6. Hsueh, Y.J.; Chen, H.C.; Chu, W.K.; Cheng, C.C.; Kuo, P.C.; Lin, L.Y.; Ma, H.K.; Chen, J.K. STAT3 regulates the proliferation and

differentiation of rabbit limbal epithelial cells via a DeltaNp63-dependent mechanism. Investig. Ophthalmol. Vis. Sci. 2011, 52,
4685–4693. [CrossRef] [PubMed]

7. Hsueh, Y.J.; Kuo, P.C.; Chen, J.K. Transcriptional regulators of the DeltaNp63: Their role in limbal epithelial cell proliferation. J.
Cell. Physiol. 2013, 228, 536–546. [CrossRef]

https://www.mdpi.com/article/10.3390/jpm13040700/s1
https://www.mdpi.com/article/10.3390/jpm13040700/s1
https://doi.org/10.1016/j.exer.2005.02.016
https://www.ncbi.nlm.nih.gov/pubmed/16051216
https://doi.org/10.1016/S0039-6257(00)00109-0
https://www.ncbi.nlm.nih.gov/pubmed/10734241
https://doi.org/10.1007/s00018-017-2701-z
https://doi.org/10.1073/pnas.061032098
https://doi.org/10.4161/cc.6.3.3797
https://www.ncbi.nlm.nih.gov/pubmed/17264681
https://doi.org/10.1167/iovs.10-6103
https://www.ncbi.nlm.nih.gov/pubmed/21447682
https://doi.org/10.1002/jcp.24160


J. Pers. Med. 2023, 13, 700 12 of 13

8. Hai, T.; Hartman, M.G. The molecular biology and nomenclature of the activating transcription factor/cAMP responsive
element binding family of transcription factors: Activating transcription factor proteins and homeostasis. Gene 2001, 273, 1–11.
[CrossRef]

9. Persengiev, S.P.; Green, M.R. The role of ATF/CREB family members in cell growth, survival and apoptosis. Apoptosis Int. J.
Program. Cell Death 2003, 8, 225–228. [CrossRef]

10. Eaton, E.M.; Hanlon, M.; Bundy, L.; Sealy, L. Characterization of C/EBPbeta isoforms in normal versus neoplastic mammary
epithelial cells. J. Cell. Physiol. 2001, 189, 91–105. [CrossRef]

11. Tamura, K.; Hua, B.; Adachi, S.; Guney, I.; Kawauchi, J.; Morioka, M.; Tamamori-Adachi, M.; Tanaka, Y.; Nakabeppu, Y.; Sunamori,
M.; et al. Stress response gene ATF3 is a target of c-myc in serum-induced cell proliferation. EMBO J. 2005, 24, 2590–2601.
[CrossRef] [PubMed]

12. Herberts, C.A.; Kwa, M.S.; Hermsen, H.P. Risk factors in the development of stem cell therapy. J. Transl. Med. 2011, 9, 29.
[CrossRef] [PubMed]

13. Lidzbarsky, G.; Gutman, D.; Shekhidem, H.A.; Sharvit, L.; Atzmon, G. Genomic Instabilities, Cellular Senescence, and Aging: In
Vitro, In Vivo and Aging-Like Human Syndromes. Front. Med. 2018, 5, 104. [CrossRef] [PubMed]

14. Yang, A.; Kaghad, M.; Wang, Y.; Gillett, E.; Fleming, M.D.; Dötsch, V.; Andrews, N.C.; Caput, D.; McKeon, F. p63, a p53 Homolog
at 3q27–29, Encodes Multiple Products with Transactivating, Death-Inducing, and Dominant-Negative Activities. Mol. Cell 1998,
2, 305–316. [CrossRef]

15. Kouwenhoven, E.N.; van Heeringen, S.J.; Tena, J.J.; Oti, M.; Dutilh, B.E.; Alonso, M.E.; de la Calle-Mustienes, E.; Smeenk, L.;
Rinne, T.; Parsaulian, L.; et al. Genome-Wide Profiling of p63 DNA–Binding Sites Identifies an Element that Regulates Gene
Expression during Limb Development in the 7q21 SHFM1 Locus. PLoS Genet. 2010, 6, e1001065. [CrossRef] [PubMed]

16. Kouwenhoven, E.N.; Oti, M.; Niehues, H.; van Heeringen, S.; Schalkwijk, J.; Stunnenberg, H.G.; van Bokhoven, H.; Zhou, H.
Transcription factor p63 bookmarks and regulates dynamic enhancers during epidermal differentiation. EMBO Rep. 2015, 16,
863–878. [CrossRef]

17. Cheng, C.C.; Wang, D.Y.; Kao, M.H.; Chen, J.K. The growth-promoting effect of KGF on limbal epithelial cells is mediated by
upregulation of DeltaNp63alpha through the p38 pathway. J. Cell Sci. 2009, 122, 4473–4480. [CrossRef]

18. Di Iorio, E.; Barbaro, V.; Ruzza, A.; Ponzin, D.; Pellegrini, G.; De Luca, M. Isoforms of DeltaNp63 and the migration of ocular
limbal cells in human corneal regeneration. Proc. Natl. Acad. Sci. USA 2005, 102, 9523–9528. [CrossRef]

19. Kawasaki, S.; Tanioka, H.; Yamasaki, K.; Connon, C.J.; Kinoshita, S. Expression and tissue distribution of p63 isoforms in human
ocular surface epithelia. Exp. Eye Res. 2006, 82, 293–299. [CrossRef]

20. Perez, C.A.; Ott, J.; Mays, D.J.; A Pietenpol, J. p63 consensus DNA-binding site: Identification, analysis and application into a
p63MH algorithm. Oncogene 2007, 26, 7363–7370. [CrossRef]

21. Chiang, C.T.; Chu, W.K.; Chow, S.E.; Chen, J.K. Overexpression of delta Np63 in a human nasopharyngeal carcinoma cell line
downregulates CKIs and enhances cell proliferation. J. Cell. Physiol. 2009, 219, 117–122. [CrossRef] [PubMed]

22. Allan, A.L.; Albanese, C.; Pestell, R.G.; LaMarre, J. Activating Transcription Factor 3 Induces DNA Synthesis and Expression of
Cyclin D1 in Hepatocytes. J. Biol. Chem. 2001, 276, 27272–27280. [CrossRef] [PubMed]

23. Perez, S.; Vial, E.; van Dam, H.; Castellazzi, M. Transcription factor ATF3 partially transforms chick embryo fibroblasts by
promoting growth factor-independent proliferation. Oncogene 2001, 20, 1135–1141. [CrossRef] [PubMed]

24. Allen-Jennings, A.E.; Hartman, M.G.; Kociba, G.J.; Hai, T. The roles of ATF3 in glucose homeostasis. A transgenic mouse model
with liver dysfunction and defects in endocrine pancreas. J. Biol. Chem. 2001, 276, 29507–29514. [CrossRef] [PubMed]

25. Lu, D.; Wolfgang, C.D.; Hai, T. Activating transcription factor 3, a stress-inducible gene, suppresses Ras-stimulated tumorigenesis.
J. Biol. Chem. 2006, 281, 10473–10481. [CrossRef] [PubMed]

26. Nobori, K.; Ito, H.; Tamamori-Adachi, M.; Adachi, S.; Ono, Y.; Kawauchi, J.; Kitajima, S.; Marumo, F.; Isobe, M. ATF3 inhibits
doxorubicin-induced apoptosis in cardiac myocytes: A novel cardioprotective role of ATF3. J. Mol. Cell. Cardiol. 2002, 34,
1387–1397. [CrossRef]

27. James, C.G.; Woods, A.; Underhill, T.M.; Beier, F. The transcription factor ATF3 is upregulated during chondrocyte differentiation
and represses cyclin D1 and A gene transcription. BMC Mol. Biol. 2006, 7, 30. [CrossRef]

28. Wang, D.-Y.; Hsueh, Y.-J.; Yang, V.C.; Chen, J.-K. Propagation and phenotypic preservation of rabbit limbal epithelial cells on
amniotic membrane. Investig. Opthalmol. Vis. Sci. 2003, 44, 4698–4704. [CrossRef]

29. Tsai, R.J.-F.; Li, L.-M.; Chen, J.-K. Reconstruction of Damaged Corneas by Transplantation of Autologous Limbal Epithelial Cells.
N. Engl. J. Med. 2000, 343, 86–93. [CrossRef]

30. Tseng, S.C.; Chen, S.-Y.; Mead, O.G.; Tighe, S. Niche regulation of limbal epithelial stem cells: HC-HA/PTX3 as surrogate matrix
niche. Exp. Eye Res. 2020, 199, 108181. [CrossRef]

31. Cheng, C.Y.; Sun, C.C.; Yu, W.H.; Hsieh, H.L.; Ma, D.H.; Pang, J.H.; Yang, C.M. Novel laminin 5 gamma 2-chain fragments
potentiating the limbal epithelial cell outgrowth on amniotic membrane. Investig. Ophthalmol. Vis. Sci. 2009, 50, 4631–4639.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0378-1119(01)00551-0
https://doi.org/10.1023/A:1023633704132
https://doi.org/10.1002/jcp.1139
https://doi.org/10.1038/sj.emboj.7600742
https://www.ncbi.nlm.nih.gov/pubmed/15990869
https://doi.org/10.1186/1479-5876-9-29
https://www.ncbi.nlm.nih.gov/pubmed/21418664
https://doi.org/10.3389/fmed.2018.00104
https://www.ncbi.nlm.nih.gov/pubmed/29719834
https://doi.org/10.1016/S1097-2765(00)80275-0
https://doi.org/10.1371/journal.pgen.1001065
https://www.ncbi.nlm.nih.gov/pubmed/20808887
https://doi.org/10.15252/embr.201439941
https://doi.org/10.1242/jcs.054791
https://doi.org/10.1073/pnas.0503437102
https://doi.org/10.1016/j.exer.2005.07.001
https://doi.org/10.1038/sj.onc.1210561
https://doi.org/10.1002/jcp.21656
https://www.ncbi.nlm.nih.gov/pubmed/19089994
https://doi.org/10.1074/jbc.M103196200
https://www.ncbi.nlm.nih.gov/pubmed/11375399
https://doi.org/10.1038/sj.onc.1204200
https://www.ncbi.nlm.nih.gov/pubmed/11314051
https://doi.org/10.1074/jbc.M100986200
https://www.ncbi.nlm.nih.gov/pubmed/11371557
https://doi.org/10.1074/jbc.M509278200
https://www.ncbi.nlm.nih.gov/pubmed/16469745
https://doi.org/10.1006/jmcc.2002.2091
https://doi.org/10.1186/1471-2199-7-30
https://doi.org/10.1167/iovs.03-0272
https://doi.org/10.1056/NEJM200007133430202
https://doi.org/10.1016/j.exer.2020.108181
https://doi.org/10.1167/iovs.08-3060
https://www.ncbi.nlm.nih.gov/pubmed/19420329


J. Pers. Med. 2023, 13, 700 13 of 13

32. Kennedy, J.B.; Larochelle, M.B.; Pedler, M.G.; Petrash, J.M.; Enzenauer, R.W. The effect of amniotic membrane grafting on healing
and wound strength after strabismus surgery in a rabbit model. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 2018, 22, 22–26.e1.
[CrossRef] [PubMed]

33. Tran, A.P.; Tassone, D.; Ding, N.S.; Nossent, J. Antibody response to the COVID-19 ChAdOx1nCov-19 and BNT162b vaccines
after temporary suspension of DMARD therapy in immune-mediated inflammatory disease: An extension study (RESCUE 2).
RMD Open 2023, 9, e002871. [CrossRef]

34. Ramos da Silva, J.; Bitencourt Rodrigues, K.; Formoso Pelegrin, G.; Silva Sales, N.; Muramatsu, H.; de Oliveira Silva, M.;
Porchia, B.; Moreno, A.C.R.; Aps, L.; Venceslau-Carvalho, A.A.; et al. Single immunizations of self-amplifying or non-replicating
mRNA-LNP vaccines control HPV-associated tumors in mice. Sci. Transl. Med. 2023, 15, eabn3464. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jaapos.2017.08.007
https://www.ncbi.nlm.nih.gov/pubmed/29225157
https://doi.org/10.1136/rmdopen-2022-002871
https://doi.org/10.1126/scitranslmed.abn3464
https://www.ncbi.nlm.nih.gov/pubmed/36867683

	Introduction 
	Materials and Methods 
	Cell Cultures 
	Construction of ATF3 Promoter Luciferase Vectors 
	Analysis of ATF3 Promoter Activity 
	Establishment of Expression Vectors and siRNAs 
	Transfection with Plasmids or siRNAs 
	Infection with Np63 Adenoviral Vectors 
	Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR) Assay 
	Western Blot Assays 
	Proliferation Assays 
	Microarray Analysis 
	Statistical Analysis 

	Results 
	Np63 Increases ATF3 Expression by Regulating ATF3 Promoter Activity in CECs 
	Np63 Promotes CEC Proliferation in an ATF3-Dependent Manner 
	ATF3 Induces the Expression of Cyclin D in CECs 
	ATF3 Did Not Affect the Expression of Keratinocyte Differentiation-Related Proteins in CECs 

	Discussion 
	Conclusions 
	References

