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Isolation and culture of mouse primary epidermal keratinocytes is a common technique
that allows for easy genetic and environmental manipulation. However, due to their limited
lifespan in culture, experiments utilizing primary keratinocytes require large numbers of
animals, and are time consuming and expensive. To avoid these issues, we developed a
method for the immortalization of primary mouse epidermal keratinocytes. Upon isolation
of newborn epidermal keratinocytes according to established methods, the cells were
cultured long-term in keratinocyte growth factor-containing medium. The cells senesced
within a few weeks and eventually, small, slowly growing colonies emerged. After they
regained confluency, the cells were passaged and slowly refilled the dish. With several
rounds of subculture, the cells adapted to culture conditions, were easily subcultured,
maintained normal morphology, and were apparently immortal. The immortalized cells
retained the ability to differentiate with increased calcium concentrations, and were
maintained to high passage numbers while maintaining a relatively stable karyotype.
Analysis of multiple immortalized cell lines as well as primary keratinocyte cultures
revealed increased numbers of chromosomes, especially in the primary keratinocytes,
and chromosomal aberrations in most of the immortalized cultures and in the primary
keratinocytes. Orthotopic grafting of immortalized keratinocytes together with fibroblasts
onto nude mouse hosts produced skin while v-ras™@ infection of the immortalized
keratinocytes prior to grafting produced squamous cell carcinoma. In summary, this
method of cell line generation allows for decreased use of animals, reduces the expense
and time involved in research, and provides a useful model for cutaneous keratinocyte
experimentation.

Keywords: epidermal keratinocytes, immortalization, mouse skin, keratinocyte culture, orthopic skin grafting

Introduction

Breakthroughs in cell culture methodology have facilitated molecular investigations of pathogenesis
of diseases such as cancer. In the field of dermatological research, in particular, methods for
culture of primary mouse keratinocytes have allowed for genetic and environmental manipulation
of cultured keratinocytes for analysis of a variety of cancer-associated responses. Preparation and
culture of primary newborn mouse keratinocytes, first published in 1975 [(1)] and then refined
in subsequent publications using media with reduced calcium concentrations (2, 3), precipitated
research in the fields of cutaneous keratinocyte biology and pathology. This method has over the
last several decades contributed to the elucidation of signaling pathways, such as those involving
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calcium, protein kinase C, and the epidermal growth factor recep-
tor in regulating normal epidermal functions and provided the
molecular basis of our understanding of several skin diseases
[reviewed in Ref. (4)]. In addition, primary keratinocytes have
been critical to identification of oncogenic pathways that con-
tribute to skin cancer development and progression [reviewed
in Ref. (5)]. Lichti et al. (6) also described related methods for
short-term culture of primary keratinocytes from adult mice
and from follicular keratinocytes that expand the possibilities for
keratinocyte research into additional fields.

Despite their contribution to our scientific understanding, cur-
rent methods of mouse keratinocyte culture also present striking
limitations. The short lifespan of primary mouse cultures, and
their inability to be subcultured, generally requires that experi-
ments be completed in a narrow several day window during the
first week after plating (6). This generally necessitates euthanasia
of large numbers of newborn mice for research purposes. For
many laboratories, this translates into frequent labor-intensive
preparation of keratinocytes for culture. In order to utilize cuta-
neous keratinocytes from the many transgenic and knockout
mouse strains currently in use, genetically engineered mouse
colonies must also be maintained, at great expense of time and
money.

We present here a method for the generation of immortalized
cell cultures from primary mouse keratinocytes that avoids some
of the deficiencies of primary culture. Established colonies main-
tain many of the properties of the primary newborn mouse ker-
atinocytes. For example, they are non-tumorigenic, differentiate
with increased calcium, maintain a relatively stable karyotype no
more aberrant than cultured primary keratinocytes, and produce
epidermis upon orthotopic grafting onto nude mouse hosts. This
method of cell line generation allows for decreased use of animals
and reduces the expense and time involved in research.

Materials and Methods

Culture Media

High calcium medium (HiCa) described in Ref. (6), which is
necessary for primary keratinocyte adherence to the plates, was
prepared from Lonza BioWhittaker Minimum Essential Medium
Eagle (EMEM), with Earle’s balanced salt solution, non-essential
amino acids, and L-glutamine without calcium chloride (Walk-
ersville, MD, USA) supplemented with 8% fetal bovine serum
(Atlas Biologicals, Fort Collins, CO, USA), 0.8% Pen Strep (Life
Technologies, Grand Island, NY, USA), and 60 uM CaCl,. For
regular maintenance of the cells, medium with approximately
0.05 mM calcium (LoCa medium) was prepared by supplementing
EMEM with chelexed fetal bovine serum and 0.8% Pen Strep as
described in Ref. (6). For some experiments, the medium was sup-
plemented with epidermal growth factor or keratinocyte growth
factor (KGF) (Life Technologies, Grand Island, NY, USA).

Preparation and Culture of Primary Newborn
Mouse Keratinocytes

Preparation and culture of primary newborn mouse keratinocytes
was performed as described in Ref. (6). In brief, the skin of
euthanized newborn mice 0-3 days old was floated overnight on

0.25% Trypsin/EDTA (Life Technologies, Grand Island, NY, USA)
at 4°C. The epidermis was removed using forceps. Chilled HiCa
medium was added to the epidermis, and it was minced and tritu-
rated, then centrifuged. Cells were counted and plated at a density
of approximately 2 x 10° cells/cm? in HiCa medium. Approxi-
mately 18h later, the medium was removed, the dishes were
washed with PBS, and the cells were refed with LoCa medium. For
concurrent preparation of keratinocytes from mice with mixed
genotypes, the abdominal skin was marked with an identifying
number using a super-permanent marker prior to skinning, or
skins were floated in individual dishes, with the tails reserved at
skinning for genotyping. All experiments involving animals were
performed in accordance with Creighton University’s Institutional
Animal Care and Use Committee.

Immortalization of Primary Cultures

Keratinocytes were prepared and plated as described above in
HiCa medium in six-well plates (Corning Inc., Corning, NY,
USA) at a density of one mouse/plate such that the cells were
confluent within in a few days of plating. Approximately 18h
later, the medium was removed, the cells were rinsed with PBS,
and the cells were refed LoCa medium containing 10 ng/ml KGE
The cells were refed with this medium every 2-3 days. The dishes
were confluent in the first 2 weeks and then senesced, as indicated
by a “pulled taffy” appearance. After several weeks of culture,
viable cells were no longer apparent in the culture dishes. After
approximately a month, occasional healthy keratinocytes were
observed in the mostly empty dishes. These divided slowly to
form small colonies of cobblestone-shaped keratinocytes mor-
phologically similar to primary keratinocytes. When the colonies
became confluent typically after close to 2 months in culture, the
cultures were rinsed with PBS, incubated for several minutes with
0.25% Trypsin-EDTA (Life Technologies, Grand Island, NY, USA)
until the cells detached from the dish, centrifuged for 3-5 min at
800 rpm (0.2 G), the supernatant removed, the cell pellet resus-
pended in HiCa medium with KGE and the cells plated in fresh
dishes without expanding the cultures (i.e., all the cells from one
well were replated in a fresh well of the same size). Eighteen
hours after replating, the cultures were washed with PBS and
refed LoCa medium with 10 ng/ml KGF. The cultures were refed
with this medium every 2-3 days until they were again confluent,
which required several weeks. The cells were then trypsinized as
described above, but this time the cultures were split 1:2. This
process of subculture and regrowth to confluence was repeated
until cells split 1:2 regained confluency within a few days. After
several passages, the concentration of KGF in the medium was
reduced to 5ng/ml and then to 1ng/ml after several more pas-
sages. Aliquots of cells were frozen following standard freezing
protocols with 10% dimethylsulfoxide (DMSO) in LoCa medium
beginning at P2-4.

Immunofluorescence Analysis

Immunofluorescence analysis of Keratin 14 (Covance Research
Products Inc, Dedham, MA, USA), Keratin 1 (Covance
Research Products Inc., Dedham, MA, USA), loricrin (Covance
Research Products Inc., Dedham, MA, USA), Keratin 6
(Covance Research Products Inc., Dedham, MA, USA), or Ki67
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FIGURE 1 | Procedure for the immortalization of mouse keratinocytes.
Primary keratinocytes from newborn mouse skin are plated in medium
containing KGF. The cells undergo senescence, and the culture dish will look
empty. With continued refeeding, the dish will be repopulated with clonal
outgrowths. Once these cells reach confluency, they are replated and slowly
refilled the dish. With continued subculturing, the cells reach confluency
faster, and can be split after trypsinization to expand the culture.

(Abcam, Cambridge, MA, USA) was performed using standard
techniques on cells fixed with 70% ethanol with an Alexa-fluor
488-conjugated secondary antibody (Life Technologies, Grand
Island, NY, USA) and DAPI (4’,6-diamidino-2-phenylindole,
Vector Laboratories, Burlingame, CA, USA) to identify the nuclei.

Viral Infection and Immunoblotting

Immortalized cells were infected with a Cre recombinase-
expressing adenovirus Cre recombinase-expressing (Sigma, St.
Louis, MO, USA) or a control virus in polybrene and harvested
24 hlater [as described in Ref. (7)] for immunoblotting with Erbb2
(Cell Signaling, Danvers, MA, USA), EGFR (Cell Signaling),
GAPDH (Cell Signaling), or Actin (Sigma) antibodies.

Grafting

Immortalized cells from FVB/N or CD-1 mice were infected
with v-ras™ retrovirus from ¥-2 producer cell supernatant as
described in Ref. (8). Viral infection was performed using diluted
supernatant from ¥-2 producer cells in the presence of 4 pg/ml
polybrene. Four million v-ras™-transformed or uninfected
immortalized keratinocytes were combined with 6 x 10° primary
fibroblasts and grafted onto the backs of athymic nude mouse
hosts using a domed grafting chamber as described in Ref. (6, 9).

Results

Development of Immortalized Cells from Primary
Mouse Keratinocytes

Newborn primary mouse keratinocytes were immortalized
according to the protocol described in the Section “Materials
and Methods” and illustrated in Figure 1. The process of
immortalization and development of useful cell populations
required several months and encompassed the steps of primary
cell senescence, formation of single or small colonies of viable
cells, repopulation of the dish by these viable cells, and finally
acquisition of the ability to be subcultured and rapidly regrow
to confluence (Figure 1). With each subculture, less time was
required to regain confluency.

Immortalized cells were not successfully obtained in all cultures
that were initiated. Contamination was a risk factor with these
cells. Excellent sterile technique was essential for this protocol
since it required the maintenance of the cells in the same dish

TABLE 1 | Survival rates of cultures for cell immortalization.

Mouse Initial number of Wells with surviving Percent
wells/mouse clones (no./mouse)* survival (%)

83
17
17
100
17
50
33
67

0 ~NO O, wWN =
[oNoNoNONONONONe
AW O = =0

Overall survival rate: 48% of wells.
*To at least P2.
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for an extended period of time without contamination. The pro-
cess required the addition of supplemental growth factors to the
culture media. Either EGF or KGF supplementation (1-10 ng/ml
culture media) allowed for the generation of immortalized cells,
although KGF supplementation resulted in more frequent immor-
talization. Even with KGF supplementation, immortalized cells
were not obtained from every well or dish plated, and a frac-
tion of the cultures were lost because of contamination. In our
experiments, six wells (one from each of six newborn mice) were
plated for cell line generation from a mouse line. As shown in
Table 1, the rate of survival of the cultures to at least P2 was 48%
in a sample set of data from eight mice, with substantial variation
among replicates (between one surviving well out of six plated and
six wells out of six plated for individual mice).

Cells that survived this process were apparently immortalized,
given that they continued to grow well after as many as 100
subcultures. We have not attempted to passage the cells beyond
this number. The cells were also able to survive freezing for
later culture. These apparently immortalized keratinocytes had
the regular cobblestone appearance typical of primary mouse
keratinocytes even at high passage (Figure 2, left hand pan-
els). Some of the cultures have been passaged over 100 times
while maintaining typical keratinocyte morphology (not shown)
and expression of the basal keratinocyte marker Keratin 14
(Figure 3A) and Keratin 6 (Figure 3D) compared to the nega-
tive control (Figure 3E). During early passages, cells were plated
in HiCa media to promote adhesion. After multiple subcul-
tures, the cells were successfully subcultured and replated without

Low Calcuim

EGFR2 P42

B2F6 P42 ;0,'

B1B2F3 P29

8b P53

Primary
Keratinocytes

FIGURE 2 | Immortalized cells maintain morphologic characteristics of
primary keratinocytes. Immortalized EGFR2 cells generated from an Egf g
mouse on an FVB/N background, immortalized B2F6 cells generated from an
Erbb2™" mouse on an FVB/N background, immortalized B1B2F3 cells
generated from an Egfr”"/Erbb2™" mouse on an FVB/N background,

0.25mM Calcium

High Calcium
e )

immortalized Cdc25A™"/Cret (cell line 8b) keratinocytes on C57/BI6
background, all at the indicated passage numbers (P), or primary keratinocytes
from FVB/N mice were incubated in LoCa medium (left), or for 2 days in

0.25 mM calcium medium (middle), or HiCa medium (right). Phase contrast
photos shown. Scale bar indicates 100 um.

Frontiers in Oncology | www.frontiersin.org

July 2015 | Volume 5 | Article 177


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/Oncology/archive

Hammiller et al. Immortalization of mouse skin keratinocytes

A Keratin 14
Egfr2 B2F6 B1B2F3

o -

Primary Keratinocytes

L
B Keratin 1
Egfr2 B2F6 B1B2F3 Primary Keratinocytes
o - - - -

HiCa

c Loricrin
Egfr2 B2F6 B1B2F3 Primary Keratinocytes
o - - - -

HiCa

D Keratin 6
Egfr2 B2F6 B1B2F3 Primary Keratinocytes

HICa----

Low Ca

E Negative
Egfr2 B2F6 B1B2F3 Primary Keratinocytes
FIGURE 3 | Immortalized cells express keratinocyte markers and mice were treated with LoCa or HiCa media for 48 h, and immuno
differentiate in response to increased calcium. Immortalized EGFR2 fluorescence was performed with the indicated antibodies (green) (A-D) or
cells (P 42), immortalized B2F6 cells (P42), immortalized B1B2F3 cells without primary antibody (E). DAPI indicates nuclei (blue). Scale bar
(P29), immortalized 8b cells (P53), or primary keratinocytes from FVB/N indicates 20 um.
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FIGURE 4 | Proliferation decreases in immortalized cells after serum
deprivation or increased calcium. (A) 8b cells were cultured for 48 h in
media with the indicated serum concentrations and propidium iodide flow
cytometry performed to assess cell cycle phase. N = 1. Experiment is
representative of several that were performed. (B) Immortalized EGFR2 cells

S-phase G,/M phase

B1B2F3

Primary Keratinocytes

(P42), immortalized B2F6 cells (P42), immortalized B1B2F3 cells (P29),
immortalized 8b cells (P53), or primary keratinocytes from FVB/N mice were
treated with LoCa or HiCa media for 48 h, and immunofluorescence was
performed for proliferation marker Ki67 (green). DAPI indicates the nuclei
(blue). Scale bar indicates 20 um.

HiCa. KGF supplementation was gradually reduced to 1 ng/ml for
maintenance, or removed for several days prior to their use in
experiments.

Immortalized cells differentiated in response to increased
calcium concentration. Forty-eight hours in increased calcium
(HiCa medium or medium containing 0.25 mM calcium) resulted
in morphologically evident squamous differentiation (Figure 2,
middle and right-hand panels) in both primary keratinocytes
(bottom row) and in cell lines, and induced the expression of
the differentiation markers Keratin 1 and loricrin (Figures 3B,C,
arrowheads). Some cell lines, for example 8b, were more sensi-
tive to increased calcium (0.25 mM and HiCa) than were others
(EGFR?2, for example) (Figure 2). Cell proliferation, as detected by
Ki67 immunofluorescence, ceased in primary keratinocytes after
48h in HiCa medium (Figure 4B), while proliferation was sub-
stantially decreased in the cell lines in HiCa medium (Figure 4B).
Twenty-four hours serum starvation of subconfluent cultures led
to the accumulation of keratinocytes in Go/G; phases, but not
to complete cell cycle arrest, as shown by propidium iodide flow
cytometry (Figure 4A).

This technique of immortalization of keratinocytes was suc-
cessfully applied to mice of a variety of different backgrounds,
including FVB/N (EGFR2, EGFR3, B2F6, B1B2F3 cells), C57Bl/6
(8B, F7 lines), and CD-1 (M3~/~, M4~/—, M3+, Mat/T)
backgrounds. In addition, immortalized lines were generated
from multiple transgenic mouse lines including v-ras™ transgenic
Tg.AC, Egfr null (M3~/~, M4~/7), Egff (EGFR2, EGFR3),
Erbb2"" (B2F6), Egfi'/Erbb2™" (B1B2F3), and Cdc254™" (F7)
mice. Generation of immortalized keratinocytes from mice with

A B C
EGFR2 Cells B2F6 Cells B1B2F3 Cells
Cre: - + - + - +
EGFR s Erbb2 e EGFR (Il bt

GAPDH s s GAPDH e s ETDD2 8

Actin summem—

FIGURE 5 | Inducible gene deletion in immortalized cells. The indicated
cell lines from Egfr”" FVB/N (EGFR2) (A), Erbb2"" FVB/N (B2F6) (B), or
Egf™/Erbb2™" FVB/N mice (B1B2F3) (C) were treated with a control virus or
Cre recombinase-expressing adenovirus (Cre™), protein extracted 24 h later,
and EGFR and Erbb?2 levels assessed using immunoblotting.

loxP insertion allowed for genetic deletion of the targeted locus
upon adenoviral introduction of Cre recombinase in culture.
Figure 5 shows decreased EGFR and Erbb2 receptor levels after
Cre recombinase expression in lines generated from mice with
floxed Erbb2 (B2F6 cells in Figure 5B) (7), Egfr (EGFR2 cells
in Figure 5A) (10), or both Egfr and Erbb2 (B1B2F3 cells in
Figure 5C) alleles.

Karyotypic Analysis of Immortalized
Keratinocytes

To verify the identity of our immortalized mouse lines, karyotypes
of several immortalized cell populations were obtained. All kary-
otypes were found to be of mouse cells, with some of the lines
from male, indicated by the presence of Y-chromosomes, and
some from female mice (Table 2). Karyotypes of primary mouse
keratinocytes were also obtained from cells after several days of
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TABLE 2 | Karyotypes of immortalized and primary keratinocyte cultures.

Cells Passage Metaphase spread Karyotype Gender Notes
number

Primary PO 4 metaphase spreads with counts of >100 Dicentrics and ascentric Y-chromosomes Multiple aberrations present
keratinocytes chromosomes, multiple rearrangements (MR) fragments present

1 spread, ~800 chromosomes w/MR

1 spread, ~75 chromosomes w/MR

1 spread, 40 XY chromosomes w/MR
Cdc25A 8B P11 4 metaphase spreads with counts of approx. 80 Tetraploid or hypertetraploid Y-chromosomes Chromosomes appeared

3 metaphase spreads with counts of approx. 100 present normal, high copy number
Cdc25A F7 P39 6 metaphase spreads with counts of approx. 80 Tetraploid or hypertetraploid No Y-chromosomes  Chromosomes appeared

1 metaphase spreads with counts of approx. 100 present normal, high copy number
EGFR2 P49 2 metaphase spreads with counts of >100 Multiple chromosome

chromosomes, multiple rearrangements (MR) aberrations observed

1 spread, ~90 chromosomes w/MR making karyotyping difficult

1 spread, ~80 chromosomes w/MR

2 spreads, 50 chromosomes w/MR

1 spread, 40 chromosomes w/MR,

metacentric seen
B2F6 P32 3 metaphase spreads with counts of 63-68 Hyperdiploid Y-chromosomes Many aberrant and normal

4 metaphase spreads with counts of 72—-77 present chromosomes observed
B2F6 PO1 5 metaphase spreads with counts of 65-69 Hyperdiploid Y-chromosomes Many aberrant and normal

present chromosomes observed

culture for comparison purposes. These primary keratinocytes Discussion

had strikingly abnormal karyotypes, with dicentric and acentric
fragments, multiple rearrangements, and increased and irregular
numbers of chromosomes (Table 2). Some of these cells had
more than 100 chromosomes with multiple rearrangements, and
one spread was found to have more than 800 chromosomes. In
contrast, immortalized cell populations were generally tetraploid
or hyperdiploid (Table 2). B2F6 cells, immortalized cells gener-
ated from FVB/N mice with loxP sites flanking Erbb2 exons (7),
were also tested at passage 32 (P32) and P91, and found to have
very similar karyotypes at early and late passage. At both passage
numbers, a hyperdiploid karyotype was present in every spread.
Thus, immortalized cells produced using this method are fairly
stable both genetically and morphologically over many passages.

Orthotopic Grafting onto Nude Mouse Hosts

Orthotopic grafting of immortalized keratinocytes with primary
mouse fibroblasts onto nude mouse hosts was performed to deter-
mine their in vivo phenotype. As shown in Figure 6A, immortal-
ized FVB/N (or CD-1, not shown) keratinocytes produced mildly
hyperplastic epidermis when combined with normal fibroblasts,
indicating that these immortalized cells were not transformed.
v-ras™® infection of the keratinocytes, which typically produces
benign squamous papillomas on nude mouse hosts upon ortho-
topic grafting (11), resulted in squamous cell carcinoma devel-
opment at the graft site (Figure 6B). Grafting of several other
keratinocyte cell lines after v-ras'™ infection similarly produced
squamous cell carcinoma (Figures 6C-E). Six of six grafts of either
M3~/~ or M4™/T cells after v-ras'™ transformation, the lines for
which we have the largest N, produced squamous cell carcinoma
(Figures 6C,D and not shown). The tumors were mostly poorly
differentiated, with the Egfr null tumors exhibiting the most dif-
ferentiation, in at least some microscopic fields, of all lines tested.

In our studies, we found that apparently immortalized mouse
epidermal keratinocytes could be established from a variety of
mouse lines using growth factor supplementation of the medium.
These immortalized cells displayed many of the characteristics
of primary keratinocytes, including a typical cobblestone mor-
phology. The immortalized cells growth arrest and differentiate
in response to increased calcium concentrations, although to a
lesser extent than primary keratinocytes. Once the immortalized
lines were established, they required much less time to maintain
than repeated preparation of primary keratinocytes for experi-
mentation. Immortalized lines could be reproducibly obtained
from the long-term culture of the keratinocytes obtained from
only a few newborn mice. The cells were relatively stable and
grew for more than 100 subcultures. We have not attempted
to culture them beyond this passage number. Thus, this pro-
cedure provides a virtually limitless supply of cells for experi-
mentation and greatly reduces the number of animals needed
for research.

Development of the lines required supplementation of the
medium with a growth factor, either KGF or EGF, consistent
with previous publications documenting clonal outgrowth of
keratinocytes from primary culture upon EGF supplementation
(12). We found that KGF was the more efficient growth factor
for cell immortalization. The more vigorously dividing the pri-
mary cells, the more clones appeared, suggesting that the mito-
genic effect of the growth factors may be an important stimu-
lus allowing for cell immortalization in the cultures. Whether
growth factors provided other stimuli necessary for immortaliza-
tion is not known. The immortalized cells also survived when
the growth factors were removed for several days prior to and
during experimental manipulations. In order to decrease the
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A EGFR3

E

FIGURE 6 | Non-transformed immortalized keratinocytes produce
epidermis in orthotopic skin grafts or squamous cell carcinoma
following introduction of a v-rash? oncogene. Immortalized EGFR3 line
keratinocytes from an Egf’" mouse on an FVB/N background

(N = 3) (A), EGFR3 keratinocytes infected with a v-ras™@-expressing

retrovirus (B), immortalized M3~/— keratinocytes from an Egfr—'~ CD-1
mouse infected with a v—rasH"’—expressing retrovirus (N = 6) (C), immortalized
M41/F keratinocytes from a CD-1 mouse infected with a v-ras™@-expressing
retrovirus (N = 6) (D), or immortalized M4~/— ngr‘/ ~ keratinocytes from an
ngr*/ ~ CD-1 mouse infected with a v-ras"-expressing retrovirus (N = 2)

(E) were mixed with primary dermal fibroblasts and grafted onto the backs of
athymic nude mice. Grafts were removed after 6 months, fixed, sectioned, and
stained with hematoxylin and eosin. Images are representative of multiple grafts
obtained for each group. Scale bars indicate 50 um (left) or 100 um (right).

selection pressures on the cells, our laboratory routinely prepares
immortalized lines from floxed mice, and then introduces Cre
recombinase to delete the targeted gene as part of the experimental
protocol. As shown in Figure 5, this allows for generation of cells
with substantially reduced levels of both EGFR and Erbb2 for
experimentation, even though deletion of both receptors in the
mouse does not allow for survival of the animals (unpublished
observations).

The karyotypes of the immortalized cells were not normal.
However, neither were the karyotypes of primary cultures of cells
after only a few days in culture. After several days in culture,
binucleate keratinocytes are common in primary mouse cultures
(unpublished observations). The striking number of aberrations
present in the primary keratinocyte cultures; which included
a cell with 800 chromosomes, high variability among different
cells, chromosomal fragments, and multiple rearrangements in all
chromosomal spreads prepared; is still somewhat surprising. The
immortalized cells also did not have normal karyotypes, mostly
becoming tetraploid or hyperdiploid, and maintaining that kary-
otype for many passages, although they were more homogeneous
and generally less aberrant than the primary cells. The immor-
talized population EGFR2 [from ngﬁlﬂ mice, see Ref. (10)] had
even more abnormalities, such that their karyotype was difficult
to ascertain, while the CDC25A 8b and F7 populations [from
Cdc25d""/Cre™ and Cdc25a""/Cre™ mice, respectively, see Ref.
(13)] were tetraploid but otherwise fairly normal. The cause of
these differences is not known. As is clear from their karyotypes,
this protocol produces a mixed culture rather than a true clonal
cell line. However, the immortalized cells prepared in this man-
ner have been successfully cloned via dilutional or ring cloning
(not shown).

This protocol of mouse skin keratinocyte immortalization fol-
lows from a rich literature of primary keratinocyte culture exper-
iments and from other examples of protocols able to immortalize
primary mouse skin keratinocytes, most of which use feeder lay-
ers, growth factor or conditioned-media supplementation, and/or
oncogenic or chemical carcinogen-induced transformation to
produce immortalized lines (14-17). As mentioned previously,
Yuspa et al. (12) previously reported EGF supplementation led
to clonal outgrowth of primary keratinocytes, providing the ini-
tial impetus for examining the ability of growth factors to pro-
duce immortalized keratinocyte lines. Following from their work,
Woodworth et al. utilized human papilloma virus (HPV) type
16 E6/E7 infection for immortalization, a protocol that produced
transformed keratinocyte cell lines capable of generating malig-
nant squamous cell carcinoma upon orthotopic grafting (18).
The ability to generate tumors upon grafting depended on the
genetic background of the immortalized cells, with FVB/N mice
producing primarily squamous cell carcinoma (18). In contrast,
spontaneous immortalization of FVB/N or other keratinocytes
upon long-term KGF treatment in our hands produced non-
transformed immortalized lines. Introduction of v-ras™ followed
by treatment with the carcinogen N-methyl-N’-nitro-N-nitroso-
guanidine (MNNG) also allowed for the growth of colonies for
at least a month in culture (18). Use of a feeder layer, as origi-
nally established by Rheinwald and Green for human keratinocyte
culture (19), with the Morris protocol of adult mouse keratinocyte
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culture (20), also allows for spontaneous immortalization of
mouse keratinocytes (21). Limitations of all protocols for skin
keratinocyte immortalization, as for the protocol presented here,
include (1) variation in the immortalized cells due to variation in
the cells’ response, adaptation, and survival during the selection
process and (2) diminished responses to growth arresting and dif-
ferentiation signals. The nature of the cells selected for in various
keratinocyte immortalization protocols is also not clear, although
stem-like cells of the skin have a greater proliferative potential and
are more likely to be clonogenic in culture (22).

In summary, the protocol presented here produced fairly uni-
form cultures of immortalized keratinocytes that retained many
of the features of primary epidermal keratinocyte cultures. Other
advantages of the present protocol include ease of use due to the
elimination of the need for a feeder layer, the lack of carcinogen
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treatment or oncogene introduction such that the immortalized
cells remain untransformed, and a relatively stable karyotype
over many passages. We propose the use of immortalized ker-
atinocytes obtained via this protocol as a means of reducing
(1) the use of animals, (2) investigator time and labor, and (3)
the expense in research into epidermal keratinocyte biology and
pathology.
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