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Activated ras genes have been frequently identified in
both benign and malignant human tumors, including
keratoacanthoma and squamous cell carcinoma. In
this study, we developed two lines of transgenic rab-
bits in which the expression of EJras has been spe-
cifically targeted to the rabbit epidermal keratino-
cytes, using the upstream regulatory region of
cottontail rabbit papillomavirus. All of the F1 trans-
genic progenies developed multiple keratoacantho-
mas at about 3 days after birth. The rabbits developed
an average of 20 tumors, which usually reached the
size of approximately 1 cm in diameter and then
spontaneously regressed in about 2 months, similar
to keratoacanthoma regression in humans. In addi-
tion, up to 18% of the rabbits then developed squa-
mous cell carcinoma at about 5 months of age. The
expression of EJras was detectable in all of the kera-
toacanthomas and squamous cell carcinomas. These
results strongly support the involvement of the ras
oncogene in both the initiation and regression of
keratoacanthoma, and in the development of squa-
mous cell carcinomas. These novel transgenic rab-
bits, with their consistent tumorigenic phenotype at
an early age, high similarity to the human lesions,
and easy accessibility for examination, manipulation,
biopsy, and treatment, should provide a unique
model system for studying ras activation-related tu-
mor initiation, regression, and progression, and for
evaluating antitumor therapies. (Am J Pathol 1999,
155:315–324)

Ras genes encode a family of plasma membrane-bound
proteins (p21ras) that function as intermediates in cell
signal transduction pathways. These proteins play a piv-
otal role in regulating cell growth and differentiation in
nearly all studied eukaryotic cell types.1 The activity of
ras proteins as regulating switches is strictly controlled
by cycling between active GTP-bound and inactive GDP-
bound states.2 The active and inactive cycling of the
p21ras proteins may be broken because of a point mu-
tation at position 12, 13, or 61 of the proteins, which has
been found in both experimental and spontaneous tu-
mors. This cellular transformation property is considered
to be due to the extended life and resultant accumulation
of p21ras proteins in the active GTP state,3 which leads to
tumorigenesis due to loss of regulatory control of cell
proliferation and differentiation. However, many aspects
of ras mutation-related neoplasia still remain to be eluci-
dated, especially the dual roles of activated ras genes in
cell growth stimulation or differentiation, and its correla-
tion with tumor initiation, regression, and progression.

It is well known that carcinogenesis is a complex mul-
tistep process that usually involves mutation and/or inap-
propriate expression of certain cellular genes, such as
the mutational activation of proto-oncogenes and the in-
activation of tumor suppressor genes. Among the onco-
genes, activated ras genes have been found in a wide
variety of human tumors, and ranges from 10–20% Ha-
ras activation in bladder carcinomas to 85–100% Ki-ras in
colorectal and pancreatic tumors.4 Activated Ha-ras is
also frequently found in skin tumors. It was reported that
30% of human keratoacanthomas and 13% of squamous
cell carcinomas (SCCs) contained specific mutations (A-
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to-T transversion) in codon 61 of the c-Ha-ras oncogene.5

Another study reported that 40% of the human skin can-
cers studied contained mutations in codon 12 of Ha-ras.6

These results clearly indicate the involvement of acti-
vated Ha-ras genes in the development of both benign
and malignant skin tumors. The roles of activated Ha-ras
in skin tumor development are further supported by ani-
mal studies, including carcinogen-treated animals7–11 and
transgenic animals.12–17 Mouse skin carcinogenesis as a
biological model has been used to study Ha-ras activa-
tion-related skin tumors for many years. The Sencar mice
are the most widely used model for studying so-called
two-stage carcinogenesis because of their sensitivity to
the carcinogens 7, 12-dimethylbenz(a)anthracene
(DMBA) and 12-O-tetradecanoylphorbol-13-acetate
(TPA).8 At the molecular level, mutation of Ha-ras (A-to-T
transversion) in codon 61 has been identified as one
initiating event in skin tumors by the carcinogens, most
notably DMBA.7,9,11 Similar results have also been ob-
tained from studies of DMBA-treated rabbits.10 In most of
the present transgenic mouse lines, the animals usually
develop hyperplasia, hyperkeratosis, and papillomatosis
at sites of wounding or abrasion.18 Only a few z-globin–
v–Ha-ras mice13 and the transgenic rabbits that carried
both EJras and the cottontail rabbit papillomavirus
(CRPV) genome16 developed carcinomas. Based upon
these studies, it has been generally accepted that acti-
vation of ras oncogenes plays important roles in neoplas-
tic induction, and that malignant progression requires the
participation of additional cellular and genetic factors.
For example, mutation of the tumor suppressor gene p53
confers the single greatest known selective advantage
favoring cancer formation, and it has been found in many
human cancers,19 including skin cancer.20 It has been
shown that normal p53 protein can suppress the trans-
formation of primary cells by E1a and ras oncogene.21

However, it is still not well understood how the activated
ras genes initiate neoplasia and are also involved in
regression in some cases, but progression in other cases
of the initiated tumors. A recent study involving the tar-
geted expression of a mutant Ha-ras in epidermal cells of
transgenic mice by a truncated keratin 5 promoter sug-
gests that the nature of cells in which tumor initiation
occurs is a major determinant of malignant progres-
sion.17 This study showed that the benign tumors derived
primarily from cells located within hair follicles have a risk
of malignant conversion. This contrasts with the effects
seen in previous studies of targeted Ha-ras expression to
other epidermal cells in which malignant conversion is
rarely observed.12,14,15

The relationship between keratoacanthoma and squa-
mous cell carcinoma (SCC) has been debated for several
decades.21 Because of its rapid growth, occasional me-
tastasis, and high histological similarity to SCC, kerato-
acanthoma has been suggested to be a type of SCC.22

However, it seems to have been generally accepted that
keratoacanthoma is a common benign skin tumor in hu-
mans and occurs about one-third to 1.8 times as often as
SCC.23 Although keratoacanthoma resembles SCC his-
tologically and can metastasize in some cases,22 most of
the keratoacanthomas regress spontaneously within a

few months after an initial period of rapid growth. The
causes of keratoacanthoma and SCC are still uncertain.
However, it is known that the incidences of both kerato-
acanthoma and SCC show parallel increases with in-
creased sun exposure.24 In correlation with this, a rela-
tively high incidence of the mutated Ha-ras oncogene has
been found in keratoacanthomas from both human and
experimental models,5, 10 and in human and animal cu-
taneous SCC.16, 25–27 These findings further suggest that
ras oncogenes play important roles in all steps of tumor
initiation, regression, and progression, and that addi-
tional cellular factors appear to be involved in the malig-
nant progression. However, the mechanisms of the ras-
related regression of keratoacanthoma and progression
of SCC are still not well understood.

In this study, the EJras oncogene was targeted to be
expressed in the rabbit epidermal keratinocytes, and all
of the transgenic rabbits developed keratoacanthomas at
an early age. Approximately 18% of them developed
SCC several months later. The ras-associated keratoac-
anthomas and SCCs that developed in the rabbits have
tumor morphology and behavior that closely resemble
those of the tumors that develop in humans. These trans-
genic rabbits should provide an excellent model system
for studying the roles of ras oncogenes in tumor initiation,
regression, and progression. It may also be useful to
study the relationship and differential diagnoses between
keratoacanthoma and SCC that have challenged pathol-
ogists for many years.

Materials and Methods

Preparation of DNA Constructs

This study was designed to target the expression of
activated human T24(EJ) c-Ha-ras (EJras)28 to the rabbit
epidermis by the upstream regulatory region (URR) of
cottontail rabbit papillomavirus (CRPV). EJras has a point
mutation in codon 12 that results in the substitution of
valine for glycine at that position in the p21 protein.28 To
prepare the construct URR-EJras (Figure 1A) for making
transgenic rabbits, a plasmid of pGEM3zf(2) URR-EJras
was constructed in our laboratory. The CRPV URR frag-
ment was obtained by polymerase chain reaction (PCR),
using the wild CRPV genome contained in the plasmid
PLAII-CRPV as template. The fragment covering the
CRPV sequence from nucleotide (nt) 7241 to nt 128 is
known to contain the regulatory elements required for
regulating the replication and transcription of the viral
coding genes in rabbit epidermal keratinocytes.29, 30 The
two ends of the URR fragment were designed to have the
restriction sites SalI (59) and BamHI (39) by the PCR
primers: the sense primer 59-CGCGTCGACAGAAAGT-
TCCTAAATCAAAG-39 (underlined is SalI site), and the
antisense primer 59-GGATCCGCGGCAGAAATTCCT
GGCAATGC-39 (underlined is BamHI site). The URR frag-
ment was then cloned into the SalI/BamHI site of the
polylinker of pGEM3zf(2) (Promega) to form the plasmid
pGEM3zf(2)URR. To create the plasmid pGEM3zf(2)URR-
EJras, the fragment of EJras coding region with the ends of
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BamHI (59) and EcoRI (39) was cloned into the BamHI/EcoRI
site of pGEM3zf(2)URR. The fragment of EJras coding
region was also obtained by PCR, using the wild-type
EJras genome as the template, and the BamHI (59) and
EcoRI (39) ends were introduced by the PCR primers: the
sense primer 59-CGCGGATCCCCCTGAGGAGCGAT-
GACGGA-39 (underlined is BamHI site), and antisense
primer 59-CGGAATTCCGCCGAAAACCAAGATCAAGA-39
(underlined is the EcoRI site). The EJras coding region
contains the sequence from nt 1652 to nt 3758, which
contains all four exons, three introns, and the polyade-
nylation signal of EJras. A 2.9-kb fragment containing the
entire URR-EJras sequences was released by SalI and
EcoRI and fractionated by gel electrophoresis on a 0.8%
agarose gel. The URR-EJras fragment was then purified
by a Gene Clean kit (Bio 101, La Jolla, CA) and resus-
pended in TE buffer (10 mmol/L Tris and 0.25 mmol/L
EDTA) for microinjection.

Generation of Transgenic Rabbits

The procedure for producing transgenic rabbits was
based on the techniques previously described,31, 32 with

some modifications in our laboratory.16 New Zealand
White rabbits were purchased from Covance Research
Products (Denver, PA). For inducing superovulation, 120
U of pregnant mare’s serum gonadotropin (PMSG) and
150 U of human chorionic gonadotropin (hCG) were in-
travenously injected into female donor rabbits on day 1
and day 4, respectively. The rabbits were mated with a
fertile male on day 4 immediately before the administra-
tion of hCG. Before harvest of fertilized eggs on day 5, the
rabbits were euthanized by intravenous injection of an
overdose of pentobarbital (100 mg/kg), and oviducts
were collected. One-celled embryos were collected by
flushing the oviducts with phosphate-buffered saline
(PBS) supplemented with 20% fetal calf serum (FCS).
Microinjection of the URR-EJras DNA fragment (5 mg/ml)
into the male pronucleus of fertilized eggs was con-
ducted immediately after the collection. The injected
eggs were incubated about 1 hour after microinjection
and then transplanted into the oviduct of pseudopreg-
nant recipient rabbits that had been mated with a sterile
(vasectomized) male at the same time that the donors
were mated. The surgery for embryo transplantation was
by laparotomy while the rabbits were under halothane
anesthesia.

Identification of Transgenic Rabbits

DNA samples (10 mg/ml), isolated from ear biopsies,
were digested with appropriate restriction enzymes, elec-
trophoresed on a 0.8% agarose gel, and blotted to Zeta-
probe nylon membrane (BioRad, Richmond, CA) for
Southern blot analysis, using the manufacturer’s protocol.
DNA probe for hybridization was prepared by random
hexamer [32P]dATP labeling of the URR-EJras fragment
(Figure 1A), via the Multiprime DNA Labeling System
(Amersham, Arlington, IL). Both the hybridization and
washes of blots were performed under stringent condi-
tions, as recommended by the manufacturer’s protocol.
Briefly, the blotted membranes were hybridized with 1 3
106 cpm of probe/ml in the solution containing 1.53 SSPE
(203 SSPE equals 3.5 mol/L NaC1, 0.2 mol/L Na2HPO4,
and 0.002 mol/L EDTA), 0.1% SDS, and 10% dextran
sulfate at 68°C overnight. After completion of hybridiza-
tion, the membranes were washed at room temperature
for 15 minutes in each of the following washing solutions:
23 SSC (0.3 mol/L NaC1 and 0.03 mol/L trisodium ci-
trate)/0.1% SDS, 0.53 SSC/0.1% SDS and 0.13 SSC/
0.1% SDS. A last wash was done in 0.13 SSC/0.1% SDS
at 65°C for 30 minutes. Signals were visualized by ex-
posing the hybridized blots to Kodak XAR-5 film with
DuPont intensifying screens at 270°C.

Northern Blot Analysis

Total cellular RNA was extracted from homogenized tis-
sue samples by the acid guanidinium isothiocyanate-
phenol-chloroform technique.33 The RNA samples (15
mg) were electrophoresed in 1.2% formaldehyde agarose
gel and blotted to the Zeta-probe nylon membrane (Bio-
Rad) with 10% SSC buffer by capillary action. The pro-

Figure 1. A: diagram showing the structure of the URR-EJras transgene. The
URR-EJras transgene contains a 0.76-kb regulatory fragment (URR) from
CRPV and a 2.1-kb coding sequence of EJras. The fragment of CRPV URR
(diagonal box) was ligated to the coding sequence of EJras, which contains
all of the exons (black box), introns (open box), and a 39 flanking sequence
carrying the polyadenylation signal as indicated. B: Southern blot analysis of
EJras in the transgenic founders. Each lane contains 10 mg DNA, which was
isolated from the biopsies of the rabbit ear skin and digested by BamHI and
EcoRI. DNAs were isolated from transgenic founders TR-ras1 (lane 1) and
TR-ras2 (lane 2) and four nontransgenic rabbits (lanes 3 to 6). DNA in lane
7 was the SalI- and EcoRI-released URR-EJras DNA reconstructed with nor-
mal rabbit skin DNA as a control. The two fragments produced by BamHI
(EcoRI does not cut unintegrated URR-EJras) digestion in lane 7 indicate the
appropriate separation of URR (0.76 kb) and the EJras coding sequence (2.1
kb). The fragment patterns shown in lanes 1 and 2 indicate that the TR-ras 1
rabbit may contain a single copy of integrated URR-EJras, and the TR-ras 2
rabbit contains multiple copies of the integrated URR-EJras, with head-to-tail
tandem repeats.
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cedures of probe preparation, blot hybridization and
washes, and signal visualization were the same as de-
scribed for the Southern blot.

Western Blot Analysis

Protein isolation and Western blot analysis were carried
out essentially as previously described.34 Total proteins
in homogenized tumor and normal tissues were extracted
in a lysis buffer supplemented with proteinase inhibitor.
The protein content was determined by using the Bio-Rad
protein assay. The protein samples (50 mg) were fraction-
ated on 12% SDS-PAGE and transferred to nitrocellulose
membrane (Schleicher and Schuell, Nashua, NH). The
immunoblotting was carried out using pan-ras (Val12)
(Oncogene Research Products), a monoclonal antibody
raised against a Val12 peptide. This antibody reacts spe-
cifically with Val12 Ha-ras but not Gly12 or Asp12 ras p21
protein.35 The blot was blocked with 1% Tween 20 and
5% nonfat dry milk, and then visualized using the en-
hanced chemilumine-scence (ECL) system with horse-
radish peroxidase-conjugated goat anti-mouse IgG anti-
body (Amersham).

Necropsy and Histopathology

A complete gross examination was performed, and all
organs were carefully dissected and examined. Gross
lesions were recorded and photographed. All organs and
tissues were collected and fixed in 10% neutral buffered
formalin. Bone structures were briefly decalcified in a
mild buffered acid solution. Tissues were embedded in
paraplast embedding medium, sectioned at 5 mm,
stained with hematoxylin and eosin (H&E), coverslipped,
and examined histologically. Selected tissues were em-
bedded in Spur’s Resin, sectioned at 2 mm, and stained
with toluidine blue. The following tissues were routinely
examined histologically: colon, cecum, ileum, jejunum,
duodenum, stomach, pancreas, spleen, liver, gall blad-
der, kidney, adrenal, urinary bladder, testicles or ovaries,
uterus, skeletal muscle, salivary glands, lymph nodes,
trachea, esophagus, thyroid and parathyroid, heart, lung,
thymus, brain, spinal cord, pituitary gland, bone, bone
marrow, external ear canal, middle ear, cochlea, eyes,
lacrimal glands, nasal passages, skin, and any other
tissue that contained a suspected lesion. Some of the
animals were anesthetized by halothane inhalation anes-
thesia, and tissue specimens were collected from tumors
that had been surgically biopsied.

Result

Establishment of EJras Transgenic Lines

To create transgenic founders, the DNA construct of
URR-EJras was injected into rabbit embryos at the single-
cell stage. Two transgenic founders carrying the intact
transgene (Figure 1B) were detected among 18 rabbits
derived from the injected embryos. The transgenic
founders, named TR-ras1 and TR-ras2, were born with

the same appearance as their normal littermates. Al-
though the two founders have different copies of the
transgene and different locations of the transgene inser-
tion as shown by Southern blot analysis, they have similar
phenotypes. Multiple, small discrete tumors were ob-
served on the rabbit skin at the age of about 20 days.
Most tumors reached the size of about 1 cm in diameter
and then spontaneously regressed.

Both of the transgenic founders are male, which pro-
vides a major advantage in establishing transgenic lines
and producing enough F1 progeny for experiments in a
short period. To produce F1 progeny, transgenic
founders were mated with normal females. Ninety-one of
200 F1 progenies (46%) derived from the TR-ras1 breed-
ing were positive for the transgene, and 14 of 40 progeny
(35%) derived from the TR-ras2 breeding were transgen-
ics. These breeding results indicate that the transgene in
both TR-ras1 and TR-ras2 can be transmitted to the F1
generation through germ cells. The transmission rate of
TR-ras1 (46%) is consistent with Mendel’s law. The trans-
mission rate of TR-ras2 is obviously lower than 50%.
There are two possibilities for this low transmission rate:
1) the rabbit is a chimera for the transgene, or 2) the
transmission rate may increase with a larger number of
F1 progeny produced by breeding the founder.

Tumor Behavior and Gross Morphology

Although the two transgenic founders were found to have
tumors at around 20 days of age, all F1 transgenic prog-
eny had small skin tumors at about 3 days after birth. It is
possible that we overlooked small skin tumors in the two
transgenic founders before 20 days of age. We have
performed necropsies or surgical biopsies of tumors from
38 rabbits (28 females and 10 males) ranging from 18
hours to 438 days of age. The initial tumors could be
identified at 1 to 3 days as multiple, small discrete nod-
ules that were smooth and raised to about 1 to 3 mm in
diameter. Skin tumors continued to form, and the rabbits
usually had 5 to 10 nodules within a week, and carried
about 20 tumors by 20 days of age. Although more tu-
mors were usually found on ears, head, and dorsum, the
sites for tumor development were random. The tumors
occurred on almost all parts of the skin, including the
pinna and external ear canal, and adjacent to the nose.
The tumor development was independent of the wound-
ing stimulus, because the F1 progeny had observable
nodules as early as 1 day of age and there was no tumor
development from the ear tagged or biopsied sites.

By 15 to 20 days of age, most tumors reached the size
of about 1 cm in diameter and were covered by a crusty
red or black exudate due to the occurrence of tumor
necrosis. The tumor necrosis always started from the
central part of the tumors. By this age, tumors could be
found on almost all areas of skin, but they began to be
covered by fur growth and were more obvious on the
head and ears. On section, the tumors all formed a flat
border adjacent to the layer of subcutaneous panniculus
muscle. A central necrotic crater was obvious and was
surrounded by firm, gray homogeneous tissue. Almost all
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tumors then spontaneously regressed in about 2 months.
With the regression of most initial tumors, the rabbits had
only a few persistent papillomas and/or hyperplastic skin
lesions.

At this time, approximately 200 rabbits have been born
from breeding F1 or F2 transgenic rabbits in line TR-ras1
to normal rabbits. Of those, 91 (46%) contained the EJras
transgene, and all spontaneously developed multiple ker-
atoacanthomas. Among 65 of the rabbits that survived
more than 2 months, 12 (18.5%) have gone on to develop
SCC between 60 days and 270 days of age (average 5
140 days). SCC developed on the ear (six animals), back
(three animals), abdomen (two animals), shoulder (one
animal), hip (one animal), and foot (one animal). Two
rabbits, at 60 and 225 days of age, developed SCC on
both the ear and back, and on the ear and shoulder,
respectively. Three of four rabbits that were examined by
necropsy had metastatic disease. Among the 12 rabbits
that developed SCC, six were males and six were fe-
males.

Histopathology of the Tumors

We examined multiple keratoacanthomas from each of 38
rabbits at the following ages: day 1 (five animals), day 3
(nine animals), days 6–14 (seven animals), days 15–23
(12 animals), and days 30–438 (five animals). The earli-
est histological examination of the tumors was made 18
hours after birth. At that time, the tumors were associated
in length and width with hair follicles (Figure 2A). At 3
days of age, the tumors had spread significantly in all
directions, effacing normal dermal features (Figure 2B).
There were also small areas of apoptotic necrosis of
neoplastic cells, with acantholysis, acantholytic cells, and
red blood cells within cystic areas of the tumor (not
shown).

At 10 days of age the tumors had a well-developed
central core of necrosis that was open to the surface. The
tumor margins compressed adjacent adnexal structures,
forming a characteristic lip at the margins of the tumor.
There were numerous heterophils within the areas of
necrosis and within the dermis adjacent to neoplastic
cells. By 15 to 20 days of age, the tumors were typical of
young, rapidly growing keratoacanthomas, having fully
developed the characteristic necrotic central core (Fig-
ure 3A and B). At 60 days of age, the regressing tumors
had become flattened and hyperkeratotic and began to
resemble cutaneous papilloma (Figure 3C). The persis-
tent tumors were usually observed at the areas adjacent
to the nose and ear tips, and some resembled peduncu-
lated papillomas. A few of these tumors have persisted
up to 6 months. Although some rabbits had both kerato-
acanthoma as well as SCC at necropsy, we have not yet
clearly documented malignant progression directly from
the previous tumors.

We examined tumors from 12 rabbits between 60 and
270 days of age (average age 5 140 days) that devel-
oped SCC confirmed by histopathology. Three of the four
rabbits that were examined by necropsy had metastases
to lungs (Figure 4A), regional lymph nodes (2/3), heart

(2/3), urinary bladder (1/3), mediastinum (1/3), spleen
(1/3), kidney (1/3), pancreas (1/3), stomach (1/3), small
intestine (1/3), large intestine (1/3), abdomen and mes-
entery (1/3), mammary gland (1/3), salivary gland (1/3),
tongue (1/3), and iris and ciliary body within the eye (1/3).
Metastases were not found in the two rabbits that each
developed two separate SCCs on different areas of the
body. The tumors were graded according to a modifica-
tion of Broders classification36 and classified into grade 2
(2/12) (Figure 4B), grade 3 (9/12) (Figure 4C), and grade
4 (2/12) (Figure 4D).

Expression of the Transgene

As expected, the URR-EJras transgene induced tumors
specifically in the rabbit skin. To confirm the correlation
between the expression of EJras and tumor induction,
total cellular RNA isolated from keratoacanthomas and
other organ tissues was analyzed by Northern blot, using

Figure 2. Photomicrographs of keratoacanthomas from transgenic rabbits at
1 and 3 days of age. A: At 18 hours after birth the small mass of epithelial cells
appeared to be associated with hair follicles, although the overlying epider-
mis was also slightly thickened. The cells within the tumor were arranged in
small clusters that were separated by blood vessels and connective tissue.
Some of the cells contained cytoplasmic vacuoles, suggesting sebaceous
differentiation. At higher power (not shown) intercellular bridges were vis-
ible between cells. B: At 3 days the tumor cells had spread laterally to replace
and compress hair follicles and were contiguous with the overlying epider-
mis. The neoplastic cells shown squamous differentiation, including clusters
of “glassy cells” and keratin horn formation. Notice the clusters of neoplastic
cells that have invaded the deeper areas of the dermis separate from the main
tumor mass (arrow). Toluidine blue and H&E stains, respectively. Original
magnification, 350.

Epidermal Neoplasia in EJras Transgenic Rabbits 319
AJP July 1999, Vol. 155, No. 1



the EJras DNA probe. The transcript of EJras was de-
tected only in the tumors, but not in any other tissues,
such as tongue, kidney, spleen, and brain (Figure 5A). In
addition, the expression of EJras p21 protein in kerato-
acanthoma and skin was also detected by Western blot,
using the monoclonal antibody pan-ras (Val12), which
reacts specifically with the Val12 Ha-ras but not with the
normal Gly12 Ha-ras p21 protein.35 It has been known
that the amino acid sequence of the rabbit Ha-ras p21
protein is almost identical to the sequence of human p21,
and both of them contain glycine in codon 12 of the
normal sequence.37 Consistent with the Northern analy-
sis, the expression of EJras protein was also shown in all
of the tested keratoacanthomas, but not normal rabbit
skin (Figure 5B). These results clearly indicate that tumor
development in the rabbit skin was induced because of
the expression of EJras oncogene under the regulatory
control of CRPV URR.

The transcription of EJras was also detectable in the
SCC (Figure 6), which indicates the involvement of EJras
expression in the development of SCC. However, it ap-
pears that there was no significant difference in EJras
transcription between keratoacanthomas and SCCs,
which will be further studied.

Discussion

The tissue specificity of infectious agents is known to be
determined by factors intrinsic to the cell phenotype. It
has also been shown, but is not as well recognized, that
the cell phenotype within skin plays an important role in
the response of skin to carcinogens. Cottontail rabbit
papillomavirus (CRPV) is a strict species- and tissue-
specific virus that infects the skin of cottontail and do-
mestic rabbits and induces papillomas that may progress
to carcinomas in the infected skin.38 Previous studies
suggest that this specificity is determined by regulatory
elements within the upstream regulatory region (URR) of
the virus genome.29, 30 The tissue specificity of CRPV
URR is further confirmed in our novel transgenic rabbits.
Furthermore, an interesting finding in these transgenic
rabbits is that the tumor development appears to origi-
nate from hair follicles, the origin of keratoacanthoma.
This observation is consistent with the result of a recent
study, which shows that hair follicle stem cells are the
primary target cells of CRPV.39 It appears that CRPV URR
targets the expression of EJras in the follicle cells, which
initiates the neoplasia in our transgenic rabbits. It has
been shown, in mice and rabbits, that the progress of the
hair growth cycle over the trunk created linear bilaterally
symmetrical bands of active hair growth, whereas the
remainder of the skin remained quiescent.40 Many differ-
ences were found between the active and quiescent
zones. Hair follicles in the active zones showed signifi-
cantly more mitoses than did follicles in the quiescent
zones. Proliferative lesions could also be induced more
readily in areas of active hair growth. Inoculation of
Shope papillomavirus into skin showing active hair
growth and quiescent skin resulted in the development of
larger and more numerous tumors in the active skin than

Figure 3. Photomicrographs of histological changes of regressing and almost
regressed keratoacanthomas. A: The entire tumor from a 20-day-old trans-
genic rabbit at 31.5 original magnification. Notice the characteristic necrotic
central core (c) and the wall of epithelial cells that extend laterally under the
epidermis (arrow). Typically the tumors terminated at the panniculus muscle
(arrowhead), which on section gave the tumors a flattened side that was
evident grossly as well as histologically. B: The same tumor at 330 original
magnification. Notice the multiple cords and clusters of neoplastic epithelial
cells that have invaded deeper areas of dermis. The neoplastic cells shown
squamous differentiation, including keratin production (arrow), dyskerato-
sis, and intercellular bridges, which are not seen at this magnification. Small
clusters of cells at the leading edge of the tumor were associated with a
fibrous connective tissue response. The neoplastic cells were not found to
invade past the layer of panniculus muscle (m) in any of the specimens
examined. C: An almost totally regressed tumor from a 60-day-old transgenic
rabbit at 350 original magnification. Notice the papillary projections of
epidermal cells and hyperkeratosis that resembles papilloma. H&E stain.

320 Peng et al
AJP July 1999, Vol. 155, No. 1



in quiescent skin.41 A recent study demonstrates that
damage to the hair follicle might initiate the expression of
Ha-ras oncogene and result in tumor development origi-
nating from the hair follicle of Ha-ras transgenic mice.42

Moreover, evidence from a number of studies suggests
that a population of epithelial cells within hair follicles may
be the stem cells, which are more sensitive to chemical
carcinogenesis.

17, 42, 43
These studies and the phenotypes

shown in our transgenic rabbits support the possibility
that follicle epidermal stem cells become capable of
giving rise to tumors through acquisition of sufficient ge-
netic alteration and may play a central role in skin carci-
nogenesis.

In the past, many experimental skin carcinogenesis
studies have not considered the effect of the hair follicles
and their growth patterns on tumor development.44 Hair
follicle growth activity represents a burst of concentrated
proliferative activity compared to the stratum corneum of
the epidermis and the sebaceous glands, which produce
continuously but require only a low maintenance of mi-
totic activity. The generation of hair requires rates of
proliferation and growth of epithelial cells that are far
greater than those of the epidermis. Hair follicle epithe-
lium is normally the most active of epidermal tissues to
which cutaneous carcinogenic chemicals have access.
By using experimental carcinogenesis studies in rabbits,
it was shown that the type of tumor produced is depen-
dent upon the state of the hair growth cycle.45 Tumors
may retain not only some of the appearances, but also
some of the properties and functions of the tissue from
which they originate. The rapid growth and regression
exhibited by the deeper part of the hair follicle during the
hair follicular cycle parallels the rapid growth, appear-
ance, and regression of keratoacanthoma. It also indi-
cates that keratoacanthoma is still under the control of the
normal forces governing the growth of the hair follicle and
the factors that set into motion the process of regres-
sion.41 Therefore, keratoacanthoma within the skin of
transgenic rabbits may respond to the effects of experi-
mental stimulation and inhibition of hair follicle growth.
Because the most important difference between kerato-
acanthoma and SCC is spontaneous regression of kera-
toacanthoma, the identification of mechanisms of kerato-
acanthoma regression may represent a significant step in
understanding the development of SCC and a possible
avenue for treatment development. When viewed from
this perspective, these transgenic rabbits in which SCC
follows keratoacanthoma appear somewhat analogous to
the relationship of SCC after the CRPV induction of cuta-

Figure 4. Photomicrographs of metastatic lesion and SCC with different
grades. A: Metastatic lesion within lung from a transgenic rabbit that devel-
oped SCC. Notice the sheets of poorly differentiated neoplastic epithelial
cells that have replaced lung, and the focal tumor necrosis. B: Cutaneous SCC
from a transgenic rabbit that resembles grade II squamous cell carcinoma.
Notice the clusters and cords of neoplastic epithelial cells with squamous
differentiation separated by desmoplastic connective tissue. C: Cutaneous
SCC from a transgenic rabbit that resembles grade III squamous cell carci-
noma. Notice the sheets of poorly differentiated neoplastic epithelial cells
with occasional intracellular keratin production. D: Cutaneous SCC from a
transgenic rabbit that resembles grade IV squamous cell carcinoma. Notice
the sheets of poorly differentiated neoplastic epithelial cells that show slight
whorl patterns. H&E stain. Original magnification, 350.
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neous papillomas. The carcinomas that develop after
CRPV induced papillomas and the carcinomas that orig-
inate in the transgenic rabbits after regression of kerato-
acanthoma may both represent malignant transformation
of hair follicle keratinocytes, which by current definition is
squamous cell carcinoma.22 The occurrence of both be-
nign and malignant keratinocyte tumors within the same
animal both associated with EJras provides for excellent
controls in an animal model.

Wounding is known to be a fairly powerful stimulus to
tumor formation in carcinogen-treated skin and is an
efficient initiator of hair regrowth.41 It has been reported
that transgenic mice carrying K10 or HK1 gene promoter
controlled mutant Ha-ras had tumor growth only at sites of
wounding and scratching.12, 15 However, tumor develop-
ment in our transgenic rabbits was independent of
wounding stimulus because the tumors were present at
birth and there was no tumor growth observed at the ear
tagged or biopsied sites. Similarly, skin tumors sponta-
neously developed in transgenic mice expressing a mu-
tant Ha-ras under the control of truncated keratin 5 gene
promoter (K5ras).17 This variation probably resulted from
the different regulatory elements used and the different
cells that were targeted. Results from our transgenic
rabbits and the K5ras mice indicate that the activated
Ha-ras gene is enough to initiate the development of
benign lesions in some types of cells without the neces-

sity for a wounding stimulus as a second event. This is
also supported by the studies of other transgenic mice
carrying activated ras gene that produced lesions in
Harderian gland,46 pancreas,47 and other organs14 when
the ras gene expression was targeted to the cells of these
organs by different promoters. Therefore, the tumorigen-
esis of mutant ras genes may be strongly related to the
targeted cell types and cell growth characteristics.12, 17

However, it remains to be determined why EJras expres-
sion and keratoacanthoma induction spontaneously oc-
curred in some sites of the rabbit skin but not in other
sites, and why keratoacanthoma development has been
seen only during the first cycle of hair growth in rabbits.
One possibility is that, as discussed above, only a small
population of follicular epidermal stem cells were in-
volved in neoplasia.

Although the EJras oncogene can initiate the develop-
ment of benign skin tumors during the rapid growth
phase of skin and hair in new born rabbits, it does not
appear to be able to maintain the lesions and induce
malignant progression by itself. Most of the keratoacan-
thomas are prone to regression after development of the
first hair coat in rabbits. This phenomenon is consistent in
both our transgenic rabbits and most ras transgenic mice
with skin lesions.12 Tumor regression was also observed
in Ha-ras oncogene-related human and rabbit keratoac-
anthomas.5, 10 The phenomenon of spontaneous regres-
sion is strong evidence for the involvement of both hair
follicle influence and ras oncogenes in the early stages of
keratinocyte neoplasia. Because the function of CRPV
URR and EJras expression may be related to hair follicle
activity during hair growth, it can be imagined that the
regression may be related to discontinued expression of
EJras because of the recession of the hair follicle activity.
Therefore, stimulation of hair follicle activity by hair pluck-
ing or other methods may be able to reinduce EJras
expression and result in tumor growth again. It is known
that many carcinogens stimulate mitotic activity, so that

Figure 5. Detection, of EJras expression in transgenic rabbits. A: EJras
mRNA was analyzed by Northern blot hybridization to 32P-labeled EJras DNA
probe. Total cellular RNAs (15 mg/lane) were isolated from keratoacanthoma
(lane 1), tongue (lane 2), kidney (lane 3), spleen (lane 4), and brain (lane
5) of a F1 progeny in the TR-ras transgenic line. Lane 6 is RNA isolated from
the URR-EJras-transfected rabbit epidermal keratinocytes. The EJras tran-
script (1.2 kb) was detected only in keratoacanthoma (lane 1) and positive
control (lane 6), but not in any of the normal organ tissues (lanes 2 to 5).
The transcription of GAPDH is shown as loading control of RNA in each lane.
The GAPDH hybridization was carried out after the previous probe on the
same membrane was stripped off. The mRNA size was determined in com-
parison to the relative mobility of mRNA standards. B: The p21ras (Val12)
protein was detected by Western blot with monoclonal antibody pan-ras
(Val12). This antibody specifically recognizes the activated Ha-ras p21 with
valine at the position of the codon 12, but not the normal Ha-ras with glycine
at the same position. Lanes 1 to 4 are proteins isolated from keratoacantho-
mas of F1 progeny in the TR-ras1 transgenic line, and lane 5 is protein from
normal rabbit skin. The Val12 p21 Ha-ras protein is shown in all of the tested
keratoacanthomas, which is consistent with the results shown by the North-
ern bolt analysis. Prestained molecular mass standards (kd) are shown on
the left.

Figure 6. Northern blot analysis of EJras transcription in tumors of TR-ras1
transgenic rabbits. Each lane contains 15 mg total cellular RNA. Lanes 1 to 3
are RNAs isolated from SCCs of 3 transgenic rabbits, and lanes 4 to 7 are
RNAs isolated from keratoacan-thomas of four transgenic rabbits, respec-
tively. RNA in lane 8 was isolated from the normal skin of a rabbit, and RNA
in lane 9 was isolated from URR-EJras-transfected rabbit epidermal keratin-
ocytes. The probe and hybridization were the same as described in Figure 5.
The transcription of GAPDH is shown as loading control of RNA in each lane.
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any suitable proliferation stimulus may awaken dormant
neoplastic cells to tumor formation.41

Additional possibilities are the influence of tissue bar-
riers or of the blood supply to the tumors. We observed,
in our transgenic rabbits, that there are increased num-
bers of small-caliber vessels associated with the tumors,
and tumor regression usually started with necrosis of the
tumor center when the tumors reached a size of about 1/2
cm in diameter in about 10 days. It is possible that ras
expression-regulated angiogenesis was not enough to
support the rapid tumor growth, and this resulted in tumor
necrosis and regression, although it has been reported
that oncogenic H-ras can stimulate tumor angiogenesis
by up-regulation of vascular endothelial growth factor
(VEGF).

48, 49
Another possibility is the induction of tumor

necrosis factor-a (TNF-a) expression at a later stage that
results in apoptotic cell death.50 Although it has been
reported that expression of H-ras oncogene can inhibit
the cellular susceptibility to apoptosis,51, 52 this might be
true only at an early stage of tumor development or
during the oncogenic cooperation between ras genes
and some other tumor genes. It will be interesting to study
the correlation between the ras gene expression and
TNF-a expression/tumor necrosis or VEGF expression at
various stages of tumor development. Further under-
standing of these reactions may be important for the
prevention of malignant progression.

It is well known that activated Ha-ras genes require the
cooperation of additional oncogenic factors for malignant
transformation of epidermal cells. For example, our pre-
vious transgenic rabbits that carried both CRPV genome
and EJras developed SCC, and the rabbits that carried
CRPV genome alone developed only papillomas.16 This
has been further confirmed by the regression of kerato-
acanthomas in our current transgenic rabbits carrying
only EJras targeted to epidermis by URR of CRPV. How-
ever, SCC also occurred in about 18% of our transgenic
rabbits and developed in K5ras transgenic mice,17 al-
though the origin and development of SCC in these ani-
mals remain to be elucidated. Further studies are needed
to determine whether the SCCs progress directly from
keratoacanthomas or if they are independent of each
other. Mapping of keratoacanthomas in a larger number
of rabbits may determine if SCC appears as progression
of the benign tumors. Northern blot analysis indicates that
there is no significant difference in EJras transcription in
keratoacanthomas and SCCs that developed in the rab-
bits. This result suggests that some intrinsic factors, or
genetic variation among the animals, may play important
roles in ras oncogene-related malignant progression. An
important candidate among the possible factors is the
inactivated p53 tumor suppressor gene due to mutations,
the most common genetic alteration in human cancers.19

The mutations in p53 are the most frequently found gene
in cutaneous SCCs20, 53, 54 but appear not to be common
in keratoacanthomas.55 In addition, several studies have
suggested that mutant p53 can act in cooperation with
v-Ha-ras to inhibit negative growth regulation by TGF-
a.56, 57 Therefore, interesting results may be obtained by
analysis of p53 status in the rabbits with keratoacantho-
mas and SCCs.

In summary, these results clearly indicate that the
EJras oncogene is sufficient to initiate the development of
keratoacanthoma in newborn rabbits and that the tumors
regress spontaneously after the development of the first
coat of hair. EJras is also clearly associated with the
development of a lesser number of SCCs within a few
months in the transgenic rabbits. Therefore, these rabbits
should provide a useful in vivo system for studying the
important mechanisms of mutant Ha-ras gene-related tu-
mor initiation, regression, and progression. They may
also become useful in the assessment of tumor preven-
tion and antitumor therapies.
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