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The c-Myc Oncogene Maintains Corneal Epithelial
Architecture at Homeostasis, Modulates p63 Expression,
and Enhances Proliferation During Tissue Repair
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PURPOSE. The transcription factor c-Myc (Myc) plays central regulatory roles in both self-
renewal and differentiation of progenitors of multiple cell lineages. Here, we address its
function in corneal epithelium (CE) maintenance and repair.

METHODS. Myc ablation in the limbal–corneal epithelium was achieved by crossing a
floxed Myc mouse allele (Mycfl/fl) with a mouse line expressing the Cre recombinase
gene under the keratin (Krt) 14 promoter. CE stratification and protein localization were
assessed by histology of paraffin and plastic sections and by immunohistochemistry of
frozen sections, respectively. Protein levels and gene expression were determined by
western blot and real-time quantitative PCR, respectively. CE wound closure was tracked
by fluorescein staining.

RESULTS. At birth, mutant mice appeared indistinguishable from control littermates;
however, their rates of postnatal weight gain were 67% lower than those of controls.
After weaning, mutants also exhibited spontaneous skin ulcerations, predominantly in
the tail and lower lip, and died 45 to 60 days after birth. The mutant CE displayed an
increase in stratal thickness, increased levels of Krt12 in superficial cells, and decreased
exfoliation rates. Accordingly, the absence of Myc perturbed protein and mRNA levels
of genes modulating differentiation and proliferation processes, including �Np63β, Ets1,
and two Notch target genes, Hey1 and Maml1. Furthermore, Myc promoted CE wound
closure and wound-induced hyperproliferation.

CONCLUSIONS. Myc regulates the balance among CE stratification, differentiation, and
surface exfoliation and promotes the transition to the hyperproliferative state during
wound healing. Its effect on this balance may be exerted through the control of multiple
regulators of cell fate, including isoforms of tumor protein p63.
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The epidermis and other ectoderm-derived stratified
epithelia function as a barrier of solute or pathogen

infiltration. This function depends on (1) the capacity to
rapidly expand the cell population and migrate to seal any
externally generated interruption of the epithelial contin-
uum, and (2) the proper, stepwise maturation of the epithe-
lial cells as they progress from the base to the apical strata
locations. These functions are supported by a general plan
for self-renewing tissues that is based on the existence
of long-lived, rare populations of stem cells (SCs) local-
ized at specialized basal niches.1–4 The SCs give rise to
rapidly proliferating cells within the basal compartment at
slow rates under steady-state conditions or at accelerated
rates when the environmental conditions require it (e.g.,
during CE repair). After a number of cycles, these latter
cells initiate their terminal differentiation (TD) program and
hence are referred to as transiently amplifying cells (TACs).

Thus, the SC–TAC–TD balance underpins the status of many
tissues, including the epidermis, stratified epithelium of the
cornea,5 simple columnar epithelium of the gastrointesti-
nal tract6,7 and hematopoietic system.8 The specific TD
paths confer to each of these tissues its specific nature or
phenotype.

The oncogene c-Myc (Myc) has emerged as a critical
factor in the control of the balance between SC and TAC.
In mice epidermis9–11 and the hematopoietic system,12,13

Myc overexpression causes extemporal SC proliferation with
the promotion of SC-to-TAC transition. This is poised to
result in gradual exhaustion of the SC population. In the
epidermis, excess Myc accelerates the rate of TAC genera-
tion, which leads to an abnormal accumulation of cells in
the final stages of terminal differentiation.11,14 On the other
hand, ablation ofMyc is also disruptive. In the hematopoietic
system, it prevents the SC-to-TAC transition, resulting in the
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accumulation of SCs within the bone marrow with a
concomitant decrease in the ability by the blood progeni-
tor cells to generate critical blood lineage precursors.12,15,16

Due to what are likely to be similar Myc effects in strat-
ified epithelia, conditional knockout mice in which Myc
was constitutively ablated in keratin (Krt) 5–expressing
tissues, the skin becomes thin and fragile, tearing off in
areas of mechanical friction.17 The skin of these mice also
displayed long-healing spontaneous lesions and delayed
healing capability following a mechanical wound.17 Intrigu-
ingly, in other constantly self-renewing epithelia such as
the intestine, the absence of Myc seems to be inconse-
quential for the homeostasis of the mature intestinal epithe-
lium.18 Thus, it remains conceptually challenging to recon-
cile the contrasting function of Myc opposing concur-
rent pro-growth and pro-differentiative effects in different
tissues.

The corneal epithelium (CE) is a fast-renewing epithelium
of ectodermal origin. Two of the most distinctive features are
the segregation of SCs to the limbal region19–22 and the diver-
gence of terminal differentiation from the keratinized or
para-keratinized, denucleated phenotype, characteristic of
most stratified epithelia, to a fully keratinization-free, secre-
tory epithelial phenotype.23,24 These distinct characteristics
make this tissue a unique paradigm to address the role of
Myc in maintaining the balance among SC, TAC, and the
TD cell compartments. Prior studies inducing gain or loss
of Myc function in ectoderm-derived epithelia in mice via
the Krt5 promoter did not investigate the phenotype of the
Krt5-positive ocular surface epithelia.9,17 Thus, we generated
a Myc knockout mouse for tissues expressing Krt14, a gene
co-expressed with Krt5 in all stratified epithelia. Our stud-
ies demonstrate that, in the limbal corneal epithelium, Myc
plays a major role in the activation of precursor cell prolifer-
ation and a subtle but consequential role in the coordination
of cellular maturation during the stratification of terminally
differentiated cells. Biochemical studies have identified the
overexpression of isoforms of the tumor protein p63 (TP63)
and the differentiation-associated gene Ets1, as well as Hey1
and Maml1, two Notch target genes, as potential mediators
of these effects.

MATERIALS AND METHODS

Generation of Krt14 Conditional Knockout Mice

The mouse strain Myctm2Fwa, here referred to as Mycfl/fl,25

maintained in a FVB genetic background was outcrossed
to the Tg(KRT14-cre)1Amc/J strain (here referred to as
K14-cre), obtained from The Jackson Laboratory (018964;
Bar Harbor, ME, USA)26 maintained on mixed C57BL/6 and
129 genetic backgrounds. F1 siblings were intercrossed or
backcrossed to Mycfl/fl to obtain the desired mutant geno-
type. Thus, littermates had a mixed background resulting in
a white, brown, or black coat color. Genotypes other than
K14-cre; Mycfl/fl (here referred as CKO) were considered
to be controls. Genotyping of the animals was performed
by PCR on genomic DNA from tail clippings using the
following primers: K14-cre_F, 5′-accagagacggaaatccatcgctc-
3′; K14-cre_R, 5′-tgccacgaccaagtgacagcaatg-3′; Myc_F, 5′-cc-
gaccgggtccgagtccctatt-3′; and Myc_R, 5′-gcccctgaattgct-
aggaagactg-3′. Presence of mutant mice in a typical litter of
eight to 10 littermates followed a Mendelian distribution.
All animal procedures were performed in accordance with
the guidelines and approval of the Institutional Animal

Care and Use Committee at the Icahn School of Medicine at
Mount Sinai and the Johns Hopkins School of Medicine and
adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Wound-Healing and Cell Proliferation

Corneal epithelial wound was induced as previously
described.27,28 Briefly, a corneal epithelial wound was
induced in anesthetized mice using an Algerbrush (Ambler
Surgical, Exton, PA, USA). To monitor wound size, fluo-
rescein was applied to the wounded eye. After every
procedure, eyes were treated with bacitracin antibiotic
ointment (Fera Pharmaceuticals, Locust Valley, NY, USA).
Eyes were photographed with a Leica L2 stereomicroscope
(Leica Camera, Wetzlar, Germany) at 0, 24, 43, and 118
hours after wounding. Twenty-four hours after induction
of the wound, mice were injected with a single intraperi-
toneal injection of 50 mg/kg of 5-bromo-2-deoxyuridine
(BrdU; Sigma-Aldrich, St. Louis, MO, USA). Mice were
sacrificed after 2 hours, and corneas were collected. After
fixation for 40 minutes with 4% paraformaldehyde (PFA)
in PBS, corneas were incubated in 2-N HCl at 37°C for
25 minutes, and the pH was adjusted to 7.4. Corneas
were then immunolabeled using a rat anti-BrdU antibody
(1:200, ab6326; Abcam, Cambridge, UK), flat-mounted
in 4′,6-diamidino-2-phenylindole (DAPI)-complemented
VectaShield (Vector Laboratories, Burlingame, CA, USA), and
images were captured with a Zeiss LSM880 laser confocal
microscope.

Histology and Immunostaining

For histological analysis, tissues were collected immedi-
ately after euthanasia by CO2 asphyxiation, fixed overnight
in 4% paraformaldehyde (PFA) in PBS, and embedded in
paraffin. Hematoxylin and eosin (H&E) or hematoxylin
staining was performed following standard procedures.
For plastic sections, corneas were processed as previ-
ously described.27,29 After embedding in Epon (Electron
Microscopy Sciences, Hartfield, PA, USA), 1-μm semi-thin
sections were cut with an ultramicrotome (Leica Ultracut
UCT) and stained with methylene blue. The CE thickness
was measured at the center of the cornea in five mice per
group. For immunostaining, corneas were collected, fixed in
4% PFA in PBS for 20 minutes or 24 hours, and embedded
in Tissue-Tek optimal cutting temperature compound (OCT;
Sakura Finetek, Torrance, CA, USA) or in paraffin, respec-
tively. OCT-embedded corneas were cryosectioned into
5-μm-thick sections that were hydrated and post-fixed for
5 minutes with 4% PFA in PBS at room temperature. After
blocking with 2% BSA and 0.1% Triton X-100 in PBS for
1 hour, sections were incubated overnight with anti-Ki-
67 (1:300, ab15580; Abcam), rabbit monoclonal anti-TP63
(1:100, M00167-1; Boster Bio, Pleasanton, CA, USA), or
anti-�Np63 (1:200, ab735; Abcam) antibodies (Abs). After
three 15-minute washes, sections were reacted with the
appropriate Alexa Fluor 488 conjugated goat anti-rabbit
(1:200, A-11034; Thermo Fisher Scientific, Waltham, MA,
USA) or anti-mouse (1:200, A-11001; Thermo Fisher Scien-
tific) Abs for 1 hour, washed three times for 15 minutes, and
mounted with coverslips in DAPI-complemented mounting
medium (VectaShield). Sections of paraffin-embedded tissue
were deparaffinized or incubated in hot citrate buffer and
immune-stained for Krt12 using rabbit polyclonal anti-K12
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Abs at 2 μg/mL targeting either the N- or the C-terminus
of the protein (a generous gift from Winston Kao, PhD,
Department of Ophthalmology, University of Cincinnati,
Cincinnati, OH, USA) as previously described.30

Confocal images were acquired with a Zeiss LSM800 or
LSM880 confocal microscope. Quantification of the apical
Krt12 signal was determined by measuring the length of
the staining at the surface of the CE cross-sections using
the “line” function in Fiji (ImageJ; National Institutes of
Health, Bethesda, MD, USA).31 Quantification of the Krt12
signal across the CE cross-sections was determined using
the “plot profile” function in Fiji. For each cornea, 15 31-μm-
wide line intensity profiles were recorded every 100 μm of
a cornea cross-section length. The average intensity of each
pixel was then plotted as a line graph rendering in Prism
(GraphPad, San Diego, CA, USA) for each genotype. The
signal intensity values for each genotype were normalized to
the maximal intensity recorded. Quantification of the Ki67
and BrdU immunostaining was determined using the “cell
count” function in Fiji. The TP63 and �Np63 immunofluo-
rescence signals were recorded by acquiring confocal images
using identical microscopy settings. Pixel intensity gener-
ated by a single fluorochrome was quantified using Fiji on
original confocal images acquired using identical settings.
The number of independent replicates, each comparing one
CKO specimen versus a randomly selected control litter-
mate, and the P values (Student’s t-test; *P < 0.05 and
**P < 0.01) are given in the figure legends. Student’s two-
tailed test was performed using Excel (Microsoft, Redmond,
WA, USA).

Corneal Desquamation Assay by Dead Cell
Labeling

Eyes were enucleated and incubated for 12 minutes in
0.4% trypan blue stain (Gibco Laboratories, Gaithersburg,
MD, USA). Eyes were then fixed for 30 minutes with 3%
glutaraldehyde, 1% PFA in 0.1-M sodium cacodylate buffer.
Corneas were dissected, flat-mounted in PBS, and imaged
with a Zeiss Axioplan 2 microscope.

Western Blot

Corneal epithelia were removed from the corneal surface
using a dulled #15 scalpel, dissolved in 60 to 90 μL sample-
loading buffer, boiled for 4minutes, and centrifuged at
15,000g for 10 minutes. Equal volumes of supernatant were
separated by 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) under reducing condi-
tions and electro-transferred to a polyvinylidene difluo-
ride membrane (EMD Millipore, Billerica, MA, USA). The
membrane was blocked with 5% skim milk in PBS contain-
ing 0.1% Tween 20 and were then incubated at 4°C for
18 hours with 1:500 dilutions of primary Abs against Myc
(1:1000, 13987, Cell Signaling Technology Danvers, MA,
USA); phospho (p)-Ser62-Myc (1:200, 13748; Cell Signaling
Technology); �Np63 (1:200, 619001; BioLegend, San Diego,
CA, USA; �Np63 (1:200, 67825; Cell Signaling Technology);
TAp63 (1:200, 938101; BioLegend); ETS1 (1:200, PA584591,
Invitrogen, Waltham, MA); Notch1 (1:200, 14578581, Invit-
rogen, Carlsbad, CA, USA); Notch1 (1:200, 3608; Cell
Signaling Technology); Krt14 (1:2000, MA511599; Invitro-
gen); or Krt12 (1:2000, PA567945; Invitrogen). After three
washes, the membranes were incubated at room temper-

ature for 1 hour with the appropriate goat anti-mouse
or anti-rabbit horseradish peroxidase-conjugated secondary
Abs (Thermo Fisher Scientific). Finally, the membranes
were washed three times and protein bands were detected
using enhanced chemiluminescence (ECL) reagent (Amer-
sham Biosciences, Buckinghamshire, UK). All membranes
were stripped and re-probed with a mouse monoclonal
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
Ab (MA5-15738; Invitrogen) to provide a normalizing
reference.

Real-Time Quantitative RT-PCR

Enucleated eyes were incubated overnight in 5 mg/mL
Dispase (Invitrogen) in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12) and HEPES
(Gibco) at 4°C. The CE was peeled off and total RNA
was isolated using the RNeasy Micro Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
RNA was reverse transcribed from 100 μg of total RNA
using Invitrogen SuperScript III Reverse Transcrip-
tase and oligo(dT) primers as previously described.27,29

RT-PCR was performed using a mix of cDNA, SYBR
Green reagent (Qiagen), and 10 μM of primers. The
sequences of primers for p63 isoforms were selected using
Primer3 Output program technology (Massachusetts Insti-
tute of Technology, Cambridge, MA, USA) and were as
follows: �Np63 forward, 5′-GGAAAACAATGCCCAGACTCA-
3′; �Np63 reverse, 5′-GTCACGCTATTCTGTGCGTG-3′;
TAp63 forward, 5′-CACCCAGACAAGCGAGTTCCT-3′;
TAp63 reverse, 5′-CACTGAGGTCTGAGTCTTGCAT-3′;
p63α forward, 5′-TCCGACATGCCATCTGGAAG-3′; p63α
reverse, 5′-GCATCGATCACACGTTCACC-3′; p63β forward,
5′-TGGCTGGAGACATGAATGGAC-3′; and p63β reverse, 5′-
CAGACTTGCCAAATCC. These primers were designed from
the reference sequences in the GenBank database, acces-
sion numbers AF075439 (�Np63α), AF075436 (TAp63α),
and AF075435 (TAp63β). Primers for Ets1, Notch1, and
Gapdh have been previously published and were as
follows: Ets1 forward, 5′-CCCTGGGTAAAGAATGCTTCC-
3′; Ets1 reverse, 5′-GCTGATGAAGTAATCCGAGGTG-
3′32; Notch1 forward, 5′-AGTGTGACCCAGACCTTGTGA-
3′; Notch1 reverse, 5′-AGTGGCTGGAAAGGGACTTG-
3′33; Hey1 forward, 5′-GCTGAGATCTTGCAGATGAC-3′;
Hey1 reverse, 5′-CAACTTCGGCCAGGCATTCC-3′; Hes1
forward, 5′-GTCAACACGACACCGGACAA-3′; Hes-1 reverse,
5′-CCTTCGCCTCTTCTCCATGA-3′; Maml1 forward, 5′-
GCACAGCGCGGTCATGGAGC-3′; Maml1 reverse, 5′-
GCGCTTGGCCTTGGCCTGGA-3′27; Gapdh forward, 5′-
AGGTCGGTGTGAACGGATTTG-3′; and Gapdh reverse,
5′-GGGGTCGTTGATGGCAACA-3′.34 The reactions were
carried out in an ABI PRISM 7900HT Sequence Detection
System (Applied Biosystems, Foster City, CA, USA) using a
PCR program consisting of 40 cycles of 95°C for 15 seconds,
55°C for 15 seconds, and 72°C for 30 seconds. Data were
analyzed using the 2-��Ct method, with Gapdh transcript as
a reference.

Statistical analysis and quantification

Data were statistically analyzed using the Student’s t-tests
from at least three independent experiments using Microsoft
Excel 2017. Error bars represent mean ± SD. P < 0.05 was
considered significant.
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RESULTS

The CKO Mouse Displays Postnatal Growth Delay
and Maturation Abnormalities in Multiple
Stratified Epithelia

In order to ablate Myc in ectoderm-derived stratified epithe-
lia, we crossed mice with floxed Myc allele (Mycfl/fl)25

with the Tg(KRT14-cre)1Amc/J (K14-cre) transgenic line26 in
which the Cre expression is driven by the promoter of the
Krt14 gene to obtain the mutant mouse line K14-cre;Mycfl/fl

(hereafter referred to as CKO). The Mycfl/fl and K14-cre alle-
les were maintained on FVB and mixed C57BL/6 and 129
genetic backgrounds, respectively. Thus, littermates had a
mixed background, resulting in white, brown, or black coat
color. White coat mice persisted throughout generation F5.
The phenotypes presented in this study remained consis-
tent in CKO mice of the 52 litters generated for this study
covering a total of seven generations. However, white-coat
CKO mice obtained in F2 and F3 displayed a more severe
phenotype with regard to the lower lip and the eyelid when
compared with CKO mice with a darker coat (Figs. 1, 2); no
differences in severity and/or penetrance were detected for
the phenotypes affecting the tail, coat pattern, and ocular
surface in mutants of any coat color from any generation
(Fig. 1). Moreover, no differences in severity and/or pene-
trance were observed for the phenotypes between male and
female mice, so both sexes were included in this study.

At birth, the overall external morphology and the body
weight of the CKO mice appeared indistinguishable from
those of the control littermates, including K14-cre, K14-
cre;Mycfl/+,Mycfl/+, andMycfl/fl genotypes (Fig. 1A). However,
starting from postnatal day 7 (P7), the weight of the CKO
mice increased at rates that were ∼50% lower than those
displayed by the control littermates (Figs. 1A, 1B). Addi-
tionally, mutant mice exhibited abnormalities of the epider-
mis and other ectodermal-derived epithelia. The organized
arrangement of the body hair and the periodicity of the
pigmentation observed in the control were both disrupted
in the mutant (see insets in Figs. 1Bi–1Biv). Most of the
CKO mice obtained for this study developed exudating abra-
sions in the skin of the tail between P30 and P40 (Fig.
1B). Such abrasions were not observed in any control litter-
mates. A consistent and striking abnormality in CKO mice
was a visible degeneration of the lips; in particular, the
lower lip of the CKO mice was largely receded and translu-
cent and frequently displayed a blood exudate (Fig. 1C). In
CKO mice with a white coat, which in mixed-background
mice is an indication of abundant albino FVB genetic back-
ground,35 the gross lip degeneration was more extensive,
with overt degeneration extending to the upper lip (Fig.
1C). These defects were not apparent at birth; rather, they
developed and became more pronounced during postnatal
development and growth. The CKOmice died spontaneously
between 6 and 8 weeks of age, thereby limiting experimen-
tation in adult animals.

To further assess the nature of epithelial abnormalities
caused by the absence of Myc we analyzed histological
sections of the tail, mouth, and ocular surface of CKO and
control mice. In the tail, the epidermis of the CKO mouse
displayed an abnormally abundant pattern of exfoliation of
the cornified layers (Fig. 1D, top frames). The macroscopic
tail abrasion observed in the mutant showed in Figure 1B
was underpinned by a loss of epidermal continuity (Fig. 1D,
bottom frame, arrows).

To track the lip degeneration we first examined neonatal
(P2) heads (Fig. 1E, top frames). At this stage, the muco-
cutaneous epithelium of the control and CKO littermates
appeared indistinguishable. In contrast, after 7 weeks, the
lip zone of the CKO mouse displayed a thin, undersized
mucocutaneous epithelium loosely attached to the under-
lying dermis, whereas in the control specimen this area of
the lip was characterized by a heavily layered and corni-
fied epithelium (Fig. 1E, middle frames and insets). The
bottom frames in Figure 1E show two examples of the transi-
tion between the intact skin and heavily abraded lip zones.
For these images, because the acquired cellular complex-
ity of the exposed dermis hindered epithelial visualization
under transmitted light, H&E staining was visualized by
epifluorescent illumination using an Alexa Fluor 488 filter
set.

Thus,Myc ablation in Krt14-expressing tissues appears to
play an essential role in epithelial stratification/maturation.
These findings are consistent with previous studies where
Mycwas ablated in Krt5-expressing epithelia.17 These results
also suggest that the severity of a specific phenotype such
as abrasion of the lip can vary as a possible function of a
specific genetic background.

The Absence of Myc Leads to Abnormal CE
Stratification

To further investigate the nature of the stratifica-
tion/maturation phenotype described above in complex
epithelia, we focused on the CE. In addition to being a lining
of critical importance for vision, the CE provides unique
advantages for the study of the effects of gene expression
perturbation on the homeostasis and repair of stratified
epithelia. First, the CE is easily accessible for physical manip-
ulation, and second, it presents a relatively simple architec-
ture and growth and differentiation dynamics, occasionally
referred to as the X, Y, Z model.22 Overt differentiation along
the basal cells is linked to the transition of migrating cells
from the limbus, where stem cells reside, to the avascular
corneas. At a steady state, the supply of progeny from SCs,
the centripetal migration, and upward movement (stratifi-
cation) of the latter are designed to match the rate of cell
exfoliation at the surface of the cornea. The four to six cell
layers of stratification can be partitioned into three cell zones
according to cell morphology: the basal layer with cuboidal
cells, the early suprabasal layers with wing-shaped cells, and
the late or upper squamous layers composed of flat cells that
are approaching the stage of devitalization and desquama-
tion.

Western blot analysis of isolated CE revealed that Myc
was expressed in the CE of wild-type mice but was unde-
tectable in the CE of CKO mice, confirming the efficiency of
tissue-specific Myc ablation in our mutant (Fig. 2A). Cross-
sections of paraffin-processed corneas stained with H&E and
hematoxylin only (Figs. 2B, 2C) revealed a thicker CE in the
mutant than in the control. Specifically, we found that, in
the CE of the mutant, the number of suprabasal cell layers
was higher than that found in the CE of the control (Figs.
2B, 2C). In contrast, at the limbus, where the mouse epithe-
lium consists of only one or two layers of undifferentiated
cells, there were no detectable differences between mutant
and control mice (Fig. 2D). These observations suggest a
delay in the transition from basal/suprabasal cell layers to
flattened cells during epithelial maturation.
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FIGURE 1. Main phenotypic manifestations of the K14-cre;Mycfl/fl mouse. (A) Weight gain for male and female K14Cre;Mycfl/ fl versus control
littermates (mean ± SD; n = 4 CKO females, 8 control females, 4 CKO males, and 6 control males). (B) Dorsal view of 7-week-old CKO and
control littermates. Insets Bi and Bii show disorganization of the hair pattern; insets Biii and Biv show a loss of pigmentation periodicity
and spontaneous development of abrasions in the tail. (C) Lip degeneration in black and white mixed-background CKO mice. Pronounced
abrasions at the mucocutaneous junctions develop in 100% of these CKO mice by the second or third week of life. The extent of the abrasions
is more pronounced in white-background CKO mice, where it extends to the upper lip (bottom micrographs). (D) Histological defects in
the tail of adult mice. (Top frames) The desquamation pattern observed in cross-sections of the tail in the epidermis (arrowheads) of the
CKO is markedly more abundant than the one observed in the control. (Bottom frame) A histological section at the intersection between
the epithelialized and abraded area of the tail in the CKO mouse. Arrows point to the epidermal ends of the abrasion. (E, top frames)
neonatal mice heads. There are no evident overt differences in mucocutaneous epithelia between the CKO and control mice. (Center frames)
The CKO epithelium is only one or two layers thick, and the Krt layer is very thin compared with that of the control (see insets). (Bottom
frames) Skin side of the mucocutaneous zone; epifluorescent visualization of H&E staining. Arrowheads indicate desquamation areas. Arrows
point to the epidermal ends of the tail abrasion shown in Biv. EPI, epithelium; ns, not significant (P ≥ 0.05, Student’s t-test). *P < 0.05,
**P < 0.001, ***P < 0.0001, ****P < 0.00001. Scale bars: 500 μm.
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FIGURE 2. Ablation of Myc results in abnormal CE thickness and strata organization. (A) Myc western blot of isolated CE from control
and CKO mice corneas. (B–D) Hematoxylin-only staining of cross-sections of central corneas (B, C) and the limbus (D) from mice at P21.
(E) Semi-thin cross-sections of corneas embedded in epoxy resin from mice at P21. Representative micrographs (left) and mean central CE
thickness (right side) are shown (mean ± SD, n = 3). (A–E) Images show that, in the CKO mice, the normal flattening of the cells at the
surface of the CE was delayed, generating thicker strata incorporating extra superficial nucleated layers. (F) Representative micrographs of
the corneal surface of P55 mice following whole eye exposure to 0.4% trypan blue in PBS for 5 minutes. In the CKO corneas, the frequency
of staining profiles corresponding to overtly devitalized cells is less than 1/5 of the frequency of control corneas (mean ± SD, n = 3/group).
ns, not significant (P ≥ 0.05, Student’s t-test). *P < 0.05, **P < 0.001.

To confirm the differences in stratification observed
by H&E staining, we obtained plastic sections from
glutaraldehyde-fixed corneas. This approach allows preserv-
ing tissue architecture and dimensions close to the in vivo
tissue condition.27 Plastic cross-sections show that the aver-
age thickness of the whole CE of the mutant was 30% higher
than that of the control (Fig. 2E). At the cellular level, the
main morphological difference in the CE stratification of
the mutant appeared to originate from a reduction of the
normal flattening of the maturing stratifying cells as they
approached the surface position (Fig. 2E). Next, we further
investigated the possibility that morphological differences
between mutant and control CE of cells near the surface
may translate into differences in the desquamation process.
Timely maturation and desquamation are critical for the
maintenance of an uninterrupted epithelial surface that is
refractory to pathogen attachment, stabilizes the tear film,
and presents a high resistance to passive fluid infiltration.36

Cell removal from the cornea surface also induces Z0-1
synthesis and stratal distribution.37

Because devitalization of cells at the CE surface precedes
desquamation, we have determined the number of fully devi-
talized surface cells in CKO and control mice using trypan
blue surface staining in live CE as described in Methods and
in Sokol et al.38 The corneal surface of the control contained
a substantial number of well-defined stained nuclei. In
contrast, staining of the CKO cornea under identical condi-
tions generated a fuzzy and weak stain profile of superficial
cells (Fig. 2F). Moreover, the number of superficial cells with
stained nuclei detected in control corneas was at least three
times larger than the number detected in the mutant (Fig.
2F). The difference in surface staining could reflect a pertur-
bation in the rate of surface cell devitalization or the rate
of exfoliation of the devitalized cells. Taken together, these
findings suggest that the perturbation in stratal dynamics in

the mutant may extend to affect the phenotype of the surface
cells and affect rates of CE desquamation.

Myc Deficiency Delays CE Repair and Impairs
Wound-Healing–Induced Hyperproliferation But
Not Proliferation Rates at Homeostasis

Because CKO mice display an increase in CE thickness we
investigated the role of Myc in CE proliferation. We exam-
ined rates of cell division and Myc expression in the CE at
homeostasis and during repair in both mutant and control
mice. In control littermates, a nominal limbus-to-limbus
(1.5-mm diameter) Algerbrush-generated debridement
closed in approximately 24 hours; in contrast, in the CKO,
a similar circular wound was reduced by only 40% after
24 hours and did not completely close even 5 days after
wounding (Fig. 3A). Proliferation rates were assessed by
monitoring BrdU incorporation in flat corneal mounts of
mice injected 2 hours prior to the analysis.27

Consistent with the differences in CE wound closure, the
proliferation rates of CE basal cells, assessed by counting
BrdU+ versus BrdU– nuclei 24 hours post-wounding, under-
went a threefold increase (from 7% to 21%) in the control but
only a twofold increase (from 6% to 13%) in the CKO. Thus,
the increase of proliferation rates induced by wounding in
the CE of the CKOmice was half that of the control mice (Fig.
3B). In contrast, at homeostasis, proliferation rates detected
in the mutant CE were indistinguishable from those of the
control. This latest result was also confirmed in corneal
cross-cryosections of both CKO and control mice by staining
of Ki-67, a nuclear marker for cell proliferation, at CE steady
state (Fig. 3C).

To relate the differential impact of Myc ablation on the
homeostatic and wound response conditions, we examined
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FIGURE 3. CE wound-healing response in the absence of Myc. (A) Wound closure of the CE in 2-month-old mice of a circular Algerbrush-
generated corneal debridement with a diameter of 1.5 mm. The wound size was visualized by fluorescein staining, and rates of wound closure
were quantified over time as indicated (n = 3/group). (B) Representative images of stained flatmounts showing BrdU (green) incorporation
at the corneal periphery in intact corneas or 24 hours after debridement (wounded). The proliferation rate was determined by normalizing
the number of BrdU-positive nuclei to the total number of DAPI-stained nuclei (mean ± SD, n = 2/group). (C) Ki-67 staining of cross
cryosections at the periphery of intact corneas. The ratio between stained basal cells expressing Ki67 (red) and DAPI-stained nuclei (blue)
was quantified. Note that in the intact CE there were no differences in the Ki67 stain and BrdU incorporation rates between control and
CKO littermates (mean ± SD, n = 3/group). (D) Western blots for Myc and p-(Ser62)-Myc (pMyc) in isolated CE before and 24 hours after
1.5-mm-diameter corneal debridement relative to two similar experiments. Note that, before debridement, the activated Myc, p-(Ser62)-Myc,
levels were not detectable in one experiment (lower panels) but were faintly visible in another (higher panels). ns, not significant (P ≥ 0.05,
Student’s t-test). *P < 0.05, **P < 0.001, ***P < 0.0001, ****P < 0.00001. Scale bars: 25 μm.

the status of Myc protein in intact and wounded wild-type
mice CE. Myc activity depends on its activation by phospho-
rylation on Ser62. Western blots against this epitope in intact
CE yielded an extremely faint signal in two independent
samples (Fig. 3D). This suggests that only a very small frac-
tion of the total Myc appears to be phosphorylated and thus
active in the intact tissue. In contrast, during wound healing,
the amount of p-(Ser62)-Myc was markedly elevated in wild-
type CE collected 24 hours after wounding, whereas the total
amount of the Myc protein remained unchanged or under-
went only a minimal increase (Fig. 3D). Thus, p-(Ser62)-Myc
levels undergo a significant increase during wound healing
and are positively correlated with the occurrence of wound-
healing–induced hyperproliferation.

Myc Ablation Modifies Krt12 Stratal Distribution
and Enhances �Np63, ETS1, and Components of
the Notch Signaling Pathway

The phenotypic abnormalities observed in the stratified
epithelia of the CKO mice suggest an inability to undergo
timely differentiation steps associated with stratal matura-
tion. Thus, we examined the spatial expression of Krt12,
the corneal-specific cytokeratin associated with CE differ-

entiation (Fig. 4A). Immunofluorescence labeling of cross-
sections of paraffin-embedded corneas from CKO and
control mice with two distinct anti-Krt12 antibodies revealed
no differences in intensity and distribution of Krt12 at the
basal cell layer (Fig. 4A). In contrast, flat Krt12 high-intensity
staining superficial cells covered ∼50% of the CE outer
surface in the CKO but only ∼10% of the control CE. A
possible explanation of this CKO feature is that the coordina-
tion of cellular maturation, devitalization, and exfoliation is
delayed or perturbed in the CKO, resulting in longer perma-
nence of surface cells in a vital state, as already suggested
by the reduction of trypan blue surface staining (Fig. 2F).

Given the overt differences in the patterns of stratal matu-
ration, we examined the levels of gene and protein expres-
sion of three factors that have been associated with changes
in stratified epithelial differentiation. The TP63 gene, which
generates transactivating (TAp63) and N-terminally trun-
cated transcripts (�Np63), in its various isoforms is involved
in all stages of epithelial development, preservation of prolif-
erative capacity, and differentiation of the CE.39,40 ETS1
has been shown to delay epidermal differentiation.41 In
contrast, Notch1 acts as a differentiation inducer in both
the epidermis and the CE42 and has been reported to be
repressed by ETS133 and by the epithelial-specific �Np63
isoform.43
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FIGURE 4. Expression and localization of TP63 isoforms and other selected factors associated with CE homeostasis and stratification in
absence of Myc. (A, left panel) CE immunostaining of Krt12 (red) and DAPI (blue) on cross-sections of the paraffin-embedded cornea.
The Abs utilized were directed to either the N- or the C-terminus of the Krt12 protein. Krt12 accumulation at the CE surface observed
in the mutant using either Ab was severely reduced in the CE of the CKO. Bar graphs represent the percentage of Krt12 apical staining
along the CE length of cornea cross-sections (mean ± SD, n = 3). (A, right panel) Line-intensity profile plot of Krt12 fluorescence signal
across a CE cross-section. The y-axis represents the average intensity of 15 line-intensity scans (31 μm wide) from the basal membrane (BM)
to the apical side of the CE taken every 100 μm along the length of each cornea section. The x-axis represents the length of the line scan
from the BM to the apical side of the CE (n = 3). (B) CE immunostaining with Ab directed to the epithelial-specific �Np63 (n = 4/group).
(C) CE immunostaining with the pan (TP) p63 Abs (n = 2 control and 4 CKO). The bar graphs in B and C describe the mean ± SD values of
p63 intensities (green fluorescence) over the whole epithelium, normalized by the corresponding nuclear stain (blue fluorescence). (D, left
panel) GAPDH-normalized CKO/control chemiluminescence signal ratios (mean ± SD). Number of independent replicates for each protein
are indicated on top of the bars. Myc ablation led to a fourfold increase of �Np63 and about twofold increases in ETS1 and Notch 1. Krt14
and Krt 12 displayed no substantial differences in two duplicates and were not quantitated. (E) Level of expression of p63 isoforms relative
to Gapdh in the wild-type mouse (mean ± SD, n = 3/group). (F) Expression of p63 isoforms and genes involved in the CE differentiation.
Data are represented as the fold change in the CKO relative to the control (n = 3/group). ns, not significant (P ≥ 0.05, Student’s t-test).
*P < 0.05, **P < 0.001. Scale bars: 25 μm.

Immunostaining of corneal cross cryosections with an
antibody directed to �Np63 stained the basal CE cells in
both mutant and control samples, but the fluorescence signal
in the mutant was about two times more intense than
the one detected in the control (Fig. 4B). A similar result

was obtained by using a pan-anti-TP63 Ab recognizing all
TP63 isoforms, including the �Np63 isoform (Fig. 4C). We
could not obtain a reliable and specific immunofluores-
cent signal for the TAp63 isoform using commercially avail-
able Abs. Protein levels were determined by western blot
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and immunostaining. Representative results of immunoblots
and means ± SDs of the CKO/control expression ratios are
shown in Figure 4D. Compared with the control, the CE
of the mutant displayed protein levels of Ets1, Notch1, and
�Np63 that were higher by 1.8-, 2.0-, and 4.1-fold, respec-
tively (Fig. 4D). In contrast, levels of the TAp63 protein
remained unchanged. Additionally, it is pertinent to mention
that the film exposure time required to generate a band for
TAp63 of an intensity similar to that of the �Np63 band
was about 20 times longer, suggesting that TAp63 is only
a minor component of the total amount of TP63 (Fig. 4D).
Finally, despite the differences in strata distribution (Fig. 4A),
Krt14 and Krt12 protein levels of the mutant CE were indis-
tinguishable from those of the control (Fig. 4D).

To further assess the expression of TP63 isoforms and
other genes associated with CE differentiation, we measured
variations of their mRNA levels by RT-qPCR (Figs. 4E, 4F).
In wild-type CE, the mRNA levels of �Np63 were approxi-
mately 20 times higher than those of TAp63 (Fig. 4E). More-
over, and as shown for the human CE,44 the α isoform was
largely the predominant C-termini isoform of TP63 (Fig.
4E).45 Despite the remarkable increase seen in the western
blots, there was no change in the level of �Np63 mRNA
between the mutant and the control CE (Fig. 4F). Consis-
tent with the increase of ETS1 protein levels, we detected a
threefold increase in Ets1 mRNA in the CKO compared with
the control (Fig. 4F). Finally, contrary to the increase of the
Notch1 protein in the mutant, the amount of Notch1 mRNA
remained unchanged between mutant and control CE (Fig.
4F). Finally, we detected a twofold increase in the mRNA of
two Notch target genes, Hey1 and Maml1, in the mutant CE
compared with control (Fig. 4F). Thus, taken together, our
results show that the absence of Myc in the CE leads to defec-
tive localization and expression of several markers involved
in maintaining the normal CE architecture at homeostasis.

DISCUSSION

Our results indicate that the ablation of Myc in Krt14-
expressing epithelial linings leads to disturbances of multi-
ple stratified epithelia. The mucocutaneous junction of the
lip and the epidermis of the tail display a reduction in the
thickness of the protective cross-linked cytokeratin (kera-
tinized) layer. This decreased protection may, in conjunc-
tion with mechanical stress or physical friction, lead to the
observed tail and lip abrasions. The latter may have a crit-
ical effect on animal survival. The reduced weight gain in
CKO mice starts by the second week of life and could be
the result of an inability of the pups to initially compete
for their mother’s milk. Mucocutaneous abrasion could also
hinder the consumption of solid food later on. In any event,
the premature death of all CKO mice, whether as a result of
malnutrition or other causes, placed a time limit of 7 weeks
on our study. Overall, these changes in keratinization
suggest that the main effect of Myc ablation in the keratiniz-
ing epithelia is to delay the final stages of cell maturation.

The epidermal features found in our CKO mice
appear consistent with those previously reported for
Krt5Cre;Mycflox/flox mice.17 In this mutant, the skin also devel-
oped postnatal abrasions. However, the severe lip abra-
sions, the reduced growth rates, and the premature death
displayed by our CKO mice were not reported for the
Krt5Cre;Mycflox/flox mouse. The differences between the two
mutants could likely be attributed to a well-documented
effect of genetic background on the penetrance of a given

phenotype.46–48 The differential impact of Myc ablation on
lip lesions of brown and white coat mutants is consistent
with this possibility; however, the de novo expression of
Krt5 and Krt14 in the different ectoderm-derived epithelia
may also play a role in generating phenotypic differences.49

The nature of the abnormalities detected in the skin
prompted us to investigate the function of Myc in the context
of CE differentiation, renewal, and repair. In the CE, Myc
ablation caused no detectable effect on the proliferation of
basal cells at rest. This result is consistent with the pres-
ence of very low levels of the active form of Myc, p-(Ser62)-
Myc, in the CE at homeostasis (Fig. 3D). In contrast, we
detected high levels of activated Myc during wound heal-
ing and found that the rates of wound closure were signif-
icantly reduced in the absence of Myc. Thus, phosphory-
lated Myc appears unlikely to play any substantial role in the
slow proliferation existing under the rest state. Nevertheless,
subtle, difficult-to-detect localized changes in Myc phospho-
rylation may be critical for coordination between the rates
of surface cell sloughing and basal proliferation that ensure
the constancy of the stratal thickness at homeostasis. On
the other hand, elevated levels of p-(Ser62) during wound
healing are consistent with the critical role of Myc for the
activation of hyperproliferation and hence the strong effect
of Myc ablation on the wound closure rate. A role of Myc in
the migration rate of basal cells is also plausible and remains
to be examined.

At steady state, effects of Myc ablation were observed
solely at the apex of the stratum. At the histological level,
the normal flattening of cells during their migration toward
the corneal surface was less pronounced in the mutant
CE and exfoliation appeared to be delayed, resulting in a
thicker epithelium. A retardation of the spontaneous devi-
talization process was suggested by the reduction in the
percent of surface cells showing distinct trypan blue stain-
ing.37,50 Based on the differences in patterns of Krt12 stain-
ing at the surface, the delay seemed to result in the reten-
tion of vital cells at the surface, which under normal Myc
expression undergo timely devitalization. In summary, Myc
ablation seems to delay CE terminal differentiation, which
is consistent with findings relative to the opposite scenario
showing thatMyc overexpression in keratinocyte accelerates
epidermal differentiation.9

Using western blot and RT-qPCR, we were able to identify
perturbances in the expression of three proteins prospec-
tively associated with CE or epidermis differentiation: p63,
EST1, and Notch1. Regarding p63, the measurements indi-
cated that (1) as in humans, the predominant isoform found
in the CE is �Np63α51; (2) Myc ablation caused a dramatic
increase of �Np63 levels at steady-state; (3) the increase in
�Np63 protein levels reflected increased p63 in a substan-
tial fraction of the total basal cell nuclei; and (4) this increase
does not derive from an increase in �Np63 gene expression.
Thus, the absence of Myc could favor the stabilization of
synthesized �Np63. This truncated form of p63 is essential
for maintenance of the proliferative capacity of the precur-
sor cells in multiple ectodermal derived cells.52 In the human
CE, high expression levels of �Np63 have been reported to
be associated with the less differentiated state of the basal
cells at the limbus.51,53,54 Thus, the high accumulation of
this isoform may directly or indirectly cause a slowing of
earlier differentiation that leads, ultimately, to decompen-
sation of final maturation stages. To our knowledge, this
is the first report of an effect of Myc on the levels of this
critical regulator of epithelial cell survival and proliferative
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potential. The near absence of activated Myc at homeosta-
sis of an intact epithelium presents a challenge in trying to
establish a link among Myc ablation, changes in differentia-
tion, and enhanced p63 stability. It is possible that at rest a
brief Myc activation takes place, resulting in minimal levels
detected by western blot. Alternatively, unphosphorylated
Myc may exert an effect through its ability to bind to numer-
ous partners.55

The increase of Ets1 transcript and protein levels detected
in the mutant as a consequence of Myc ablation is consis-
tent with the reported delay of terminal epidermal differ-
entiation in mice overexpressing Ets1.33 Our results also
show that Myc deficiency leads to an accumulation, although
modest, of Notch1 in the CE of the CKO mouse; however,
given that Notch1 is associated with the stratified layers, the
increase of Notch1 protein could be due to an increase in
the suprabasal cell mass. In support of this possibility, the
levels of the Notch1 transcript found in the CE of the mutant
were indistinguishable from those of the control. More-
over, we found that the expression of target genes of the
Notch signaling pathways, including Hey1 and Maml1 but
not Hes1, is elevated in Myc-deficient CE. In the CE, Notch
has been shown to play a critical role in cell differentiation,
maintenance of the epithelial barrier, and cell fate deter-
mination of limbal stem cells.56–59 Importantly, although
constitutive activation of the Notch pathway by transgenic
expression of the active Notch1 intracellular domain (NICD)
in the mouse CE or by recombinant Jagged1, leads to the
upregulation of Notch1, Hes1, and other Notch target genes,
it does not appear to alter cell proliferation and differentia-
tion nor the overall morphogenesis and strata organization
of the CE at homeostasis in vivo and in vitro.60,61 This obser-
vation strongly supports the possibility that the morphologi-
cal defects of the CE observed at homeostasis in the absence
of Myc are not resulting from the upregulation of a subset
of Notch target genes including Hey1 and Maml1 nor by the
increase of the Notch1 protein levels. On the other hand,
overexpression of NICD promotes and accelerates CE wound
closure, possibly due to a more rapid wound-induced early
proliferation response.61 In contrast, in this study, we found
that the absence of Myc delayed wound closure, probably
because Myc during wound-induced proliferation response
acts upstream of Notch.

Given the phenotype and protein disturbances observed
in the CE, it will be intriguing to examine whether they
also occur in other stratified epithelia. On para- or fully
keratinized tissues, late-stage differentiation involves the
formation of a hardy cross-linked envelope. Failure to fully
develop such a protective layer may be enough to allow
development of the devastating breaks in the oral mucosa
observed in the CKO mouse. In conclusion, we have uncov-
ered a dual role of Myc in maintaining the normal thick-
ness and architecture of murine CE at homeostasis and
promoting basal cells hyperproliferation during CE repair.
The causative relationships or interplay among the three
proteins that undergo expression changes as a result of Myc
ablation (�Np63, Notch1, and Est1) require further analysis,
possibly using a well-established in vitro cellular system.62
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