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Abstract

As a major component of the epidermal tissue, a primary keratinocyte has served as an essential tool not only for the study of
pathogenesis of skin-related diseases but also for the assessment of potential toxicities of various chemicals used in cosmet-
ics. However, its short lifespan in ex vivo setting has been a great hurdle for many practical applications. Therefore, a number of
immortalization attempts have been made with success to overcome this limitation. In order to understand the immortalization
process of a primary keratinocyte, several key biological phenomena governing its lifespan will be reviewed first. Then, various
immortalization methods for the establishment of stable keratinocyte cell lines will be explained. Finally, its application to a three-
dimensional skin culture system will be described.
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INTRODUCTION limitation, many attempts to immortalize primary keratinocytes

have been made with success. As a result, established stable

Skin plays an important role as a first-line of defense keratinocyte cell lines have been widely applied to study vari-

against chemicals as well as infectious attacks from outer en- ous aspects of skin biology as well as to be used as toxicity
vironments. Skin mainly consists of dermal and epidermal tis- assessment tools in cosmetic industry.

sues. Epidermis, the outermost layer of the skin, is composed In this review paper, we would like to explain several key bi-

of a basal layer, which is located at the bottom of epidermis ological phenomena governing a lifespan of primary keratino-

and a suprabasal layer, which is located at the upper part of
epidermis. Depending on differentiation and stratification sta-
tus, a suprabasal layer is further divided into three different Differentiation
sub-layers. They include spinous, granular, and cornified lay-
ers (Fig. 1). While other cell types such as melanocytes and

Langerhans cells are also present, keratinocytes are by far the Cornified layer

major component of the epidermal tissue (more than 95%). Suprabasal { Granular layer
Only those keratinocytes located at the basal layer of the layer )
epidermis are able to maintain a stem cell-like property, thus Epidermis Spinous layer

supporting a continuous cell division. Once they start a dif-
ferentiation program, they gradually exit from a cell cycle and
enter into a terminally-differentiated state (Fig. 1). Due to their
important roles in skin biology, keratinocytes have served as
an essential tool not only for the study of pathogenesis of skin- Normal

related diseases but also for the assessment of potential tox- keratinocytes
icities of various chemicals used in cosmetics. However, their

Basal layer

Fig. 1. Schematic diagram of normal keratinocytes in different lay-

short lifespan in ex vivo setting has been a daunting barrier ers of the epidermal tissue. A direction and levels of epithelial dif-
for many skin-related applications. In order to overcome this ferentiation are indicated with an arrow.
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Fig. 2. Step-wise transformation of normal primary keratinocytes
into immortalized ones via bypass of mortality stage 1 (M1, replica-
tive senescence) and 2 (M2, cellular crisis). Typical cellular chang-
es, which are associated with M1 and M2, are also described.

cytes including replicative potential and cellular senescence to
understand their immortalization process at molecular levels.
Then, we would like to describe and compare various aspects
of several immortalization methods, which have been used
frequently to establish stable keratinocyte cell lines. Finally,
we would like to conclude this review by discussing on how to
apply either normal or immortalized keratinocytes to the estab-
lishment of a three-dimensional skin culture.

REPLICATIVE POTENTIAL AND CELLULAR
SENESCENCE

Unlike germline and stem cells, somatic cells have a limited
lifespan. They grow slowly and stop cell division when cultured
in vitro for a certain period of time. Leonard Hayflick first de-
scribed this finite replicative potential of normal cells in culture
a half century ago (Hayflick, 1965). Therefore, this phenom-
enon has been often referred to as the “Hayflick limit” (Ohtani
et al., 2009). Typical human primary keratinocytes possess an
in vitro lifespan of around 15-20 population doublings (PDs)
in serum-free and chemically defined media (Stoppler et al.,
1997; Kiyono et al., 1998). When normal cells encounter the
so-called “Hayflick limit”, they enter a viable state of perma-
nent quiescence, which is often termed as cellular senes-
cence (Hayflick and Moorhead, 1961). Continuous replication
of typical primary human cells appears to be prevented by two
discrete events: mortality stage 1 (M1) and mortality stage 2
(M2) (Fig. 2). M1 and M2 are often designated as “replicative
senescence” and “cellular crisis” stages, respectively (Dimri
et al., 1995; Coates, 2002; Cong et al., 2002). Cells entering
replicative senescence first cease to respond to exogenous
mitogenic stimuli and acquire increased cellular adhesion to
the extracellular matrix while losing cell-cell contacts. They
also shows the enlarged and flattened cell morphology, the
increased lysosomal biogenesis (Shelton et al., 1999; Serrano
and Blasco, 2001; Narita et al., 2003; Ben-Porath and Wein-
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berg, 2004, 2005), the development of multiple nuclei (Stewart
and Weinberg, 2002), and the formation of heterochromatic
foci (Fridman and Tainsky, 2008). In addition to prolonged in
vitro culture of primary cells, various types of cellular stresses
including telomere erosion, DNA damage, overexpression of
tumor suppressor genes or oncogenes, oxidative stress, con-
tinuous mitogenic stimuli, and a variety of chemicals can also
induce senescence (Drayton and Peters, 2002; Ben-Porath
and Weinberg, 2005). Despite different nature of each stress,
replicative and stress-induced senescence seem to share at
least some similar molecular pathways to execute their final
outcome, which is a blockage of cell division.

ROLE OF TELOMERES IN CELLULAR SENESCENCE

Telomeres are special structures at the ends of mammalian
chromosomes that ‘cap’ the chromosomes and provide a pro-
tective function such as preventing end-to-end chromosomal
fusions (Greider and Blackburn, 1996). Due to the inability of
a typical DNA polymerase to perform complete replication of
DNA ends, cell loses around 50-200 base pairs of telomeric
DNA during each round of cell division. This unprotected chro-
mosomal DNA end seems to release a signal to the cell to
induce replicative senescence. Since critical telomere short-
ening is recognized as a double-stranded DNA break (d'Adda
di Fagagna et al., 2003), this unfavorable genetic alternation
eventually triggers a classical DNA damage response involv-
ing a number of protein which sense and repair genetic de-
fects (Fridman and Tainsky, 2008). However, unrepairable se-
vere terminal telomere shortening eventually leads to cellular
crisis, a final anti-proliferative state characterized by massive
cell death. Therefore, telomeres seems to play an essential
role of ‘division-counting clocks’ in determining the lifespan of
cells (Cong et al., 2002; Harley, 2002).

IMMORTALIZATION OF PRIMARY KERATINOCYTES

A small number of cells within the population may acquire
the ability to escape from cellular crisis and form an immortal-
ized cell line. Different kinds of primary cells are able to avoid
senescence and become immortal through a variety of cellular
events including telomere length stabilization, epigenetic gene
silencing by selective promoter methylation, oxidative DNA
damage, inactivation of cell cycle regulatory genes, overex-
pression of a cellular or viral oncogenes (Fig. 3) (Berube et
al., 1998; Bringold and Serrano, 2000; Lundberg et al., 2000;
Neumeister et al., 2002; Itahana et al., 2003). p16™<4A, pRb,
p14ARF p53, and p21°"®! are representative cell cycle regulato-
ry genes, which are frequently inactivated for immortalization.
Overexpression of cellular oncogenes such as c-MYC and
Bmi-1 is also shown to be associated with cellular immortal-
ization. In addition, T antigen from simian virus 40 (SV40), E6
and E7 from human papillomavirus (HPV), and E1A and E1B
from adenovirus are well-characterized viral oncogenes which
induce immortalization of host cells.

Cells that have a lifespan of 20-50 passages under in vitro
culture conditions are mostly blast cells, such as fibroblasts
and retinoblasts. Cells that have a lifespan of less than 10
passages under in vitro culture conditions are typically epi-
thelial cells, such as breast and ovarian epithelial cells and
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keratinocytes. In many epithelial cells, epidermal growth factor
(EGF) has been shown to be able to increase their lifespan to
10-20 passages before senescence. In general, drug selec-
tion is not necessary for primary cells that have less than 10
PDs as the immortalization process will select for the clones
capable of growing indefinitely. In case of human keratino-
cytes, spontaneous immortalization rarely occurs, and thus,
following immortalized keratinocyte cell lines including NM1
(Baden et al., 1987), HaCaT (Boukamp et al., 1988), and NIKS
(Allen-Hoffmann et al., 2000) remain exceptions. Ideally im-
mortalized keratinocytes are those that are not only capable
of extended proliferation, but also possess identical or at least
a similar genotype and phenotype to their parental epidermal
tissue. Nevertheless, immortalized keratinocyte cell lines turn
out to have several undesirable genetic abnormalities, such
as mutations in p53 (Lehman et al., 1993) or aneuploidy iso-
chromosomes (Allen-Hoffmann et al., 2000). In spite of these
genetic defects, immortalized keratinocytes seem to maintain
some aspects of normal keratinocytes, since they do not grow
over one another in cell culture (contact inhibition), do not form
colonies in soft agar (anchorage-dependent growth), do not
form tumors when injected into immune-deficient rodents, and
depend on exogenous growth factors for their growth (Cowl-
ing and Cole, 2007; De Filippis et al., 2008; Stepanenko and
Kavsan, 2012). These normal cell-like properties of immortal-
ized keratinocytes enable them to be used as a substitute for
primary keratinocytes in various skin research fields.

CRITICAL PATHWAYS FOR PREVENTION OF
IMMORTALIZATION

Cellular senescence pathways are believed to have mul-

tiple layers of regulation with additional redundancy to pre-
vent spontaneous cellular immortalization (Smith and Pereira-
Smith, 1996). Senescent cells express activated forms of DNA
damage response proteins, which are the central activators
of p53 in response to DNA damage (d'Adda di Fagagna et
al., 2003; Herbig et al., 2004). At replicative senescence,
signaling by shortened telomeres results in activation of the
p53 and pRb pathways. Stress imposed by inadequate cul-
ture conditions also induces senescence due to accumulation
of p16™K4A Growth in different media, or on a layer of feeder
cells, has been reported to delay p16™K“* induction and con-
sequently prevent the onset of cellular crisis (Herbert et al.,
2002).

Then, what kinds of proteins and which molecular pathways
play key roles in induction of senescence and prevention of
immortalization? According to results from several proteomics-
based studies, genes in the cell cycle control, interferon induc-
tion, insulin growth factor pathway, MAP kinase pathway, and
oxidative stress pathway were identified as critical regulators
of senescence and immortalization (Fridman et al., 2006;
Fridman and Tainsky, 2008). In addition to immortalization,
perturbation of p53, pRb, protein phosphate 2A, telomerase,
Raf, and Ral guanine nucleotide exchange factor (Ral-GEF)
pathways are also found to be required for the full tumorigenic
conversion of normal human cells (Rangarajan et al., 2004).

p16"**A/pRb AND p14*%/p53 PATHWAYS

Immortalization induced by a number of oncogenic viruses
is intimately associated with inactivation of cell cycle check-
point proteins such as p16™<*A p14ARF and p21°™1. SV40 T
antigen, HPV EG6 or E7, and adenovirus E1A or E1B are well-
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characterized viral oncogenic proteins, whose transforming
activities depend on disruption of pRb and p53 tumor suppres-
sor proteins. This virus-induced inactivation of tumor suppres-
sor proteins leads to restoration of telomerase activity, result-
ing in telomere ends stabilization. There is also a link between
pRb inactivation, cell aneuploidy, and chromosome instability.
The signaling pathways activated by various cellular stresses
are also funneled to the pRb and p53 proteins. Therefore, pRb
and p53 can be regarded as two central players governing
replicative senescence (Fig. 3). pRb is found at senescence
in its active, hypophosphorylated form, in which it binds to the
E2F protein family members to repress their transcriptional ac-
tivation of several target genes involved in G1/S phase transi-
tion (Narita et al., 2003). Growth-suppressive activity of pRb
is apparently maintained independently of p53 (Beausejour
et al., 2003). Therefore, p53 can induce senescence of hu-
man cells through a pathway independent of the pRb family
(Smogorzewska and de Lange, 2002).

p16™K4A is an inhibitor of cyclin D/cyclin-dependent kinase
(CDK) 4, 6 complexes. p16™«“ is solely responsible for the
induction of an early, stress-induced, senescence stage in ke-
ratinocytes (Foster et al., 1998; Kiyono et al., 1998; Rheinwald
et al., 2002). Of note, p16™k*A is one of the most frequently
inactivated genes in human tumors (Rocco and Sidransky,
2001). While p53 and p21°®! act to initiate the senescence
response, p16™N<* seems to act to maintain this state. The
p16™K“ response is found to be more enhanced in human
cells than in mouse cells, and provides an additional safety
layer to prevent tumor development. Similarly, a constitutively
active p16-insensitive CDK4 mutant was shown to overcome
replicative senescence (Ramirez et al., 2003).

The p14ARF activates p53 by sequestering MDM2 (Mouse
double minute 2 homolog), an E3 ubiquitin ligase, in the nu-
cleolus, thereby preventing MDM2-mediated targeting of p53
for proteolytic degradation (Fig. 3). Mouse embryo fibroblasts
may preferentially rely on the p14%F/p53 pathway (Carnero et
al., 2000), whereas human keratinocytes employ the p16"™<4A/
pRb pathway to enforce the senescence program (Kiyono et
al., 1998; Munro et al., 1999). Therefore, regardless of species
and tissue tropisms, the integrity of both the p16™K44/pRb and
p14*RF/p53 pathways appears to be essential for oncogene-
induced senescence (Serrano et al., 1997; Palmero et al.,
1998).

HOW TO IMMORTALIZE KERATINOCYTES

Primary cells can be immortalized artificially by different
kinds of methods including overexpression of telomerase,
inactivation of cell cycle regulatory genes, overexpression of
viral oncogenes, and inhibition of a specific host kinase. We
would like to explain and compare various kinds of immortal-
ization methods with a special focus on keratinocyte immor-
talization.

Overexpression of telomerase

Human telomerase is comprised of two core components:
a human telomerase RNA component (hnTERC) and a protein
catalytic subunit (human telomerase reverse transcriptase,
hTERT). Human foreskin keratinocytes (HFKs) grown on fi-
broblast feeders maintain elevated telomerase activity and
lower levels of p16™k4A for 60 PDs before senescing at 81 PDs.
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In most primary human cells, hTERT and telomerase activity
are either absent or present at levels that are insufficient for
telomere maintenance (Kim et al., 1994; Shay and Bacchetti,
1997; Masutomi et al., 2003). In addition, its expression is re-
stricted to the early stages of embryonic development, and in
the adult, to rare cells of the blood, skin and digestive tract.
Therefore, overexpression of hnTERT has been envisioned as
an attractive approach to extend lifespan of normal cells.

Telomerase may assist in immortalization bypassing two
separate events including replicative senescence and cellular
crisis (Cukusic et al., 2008). Ectopic expression of hnTERT was
shown to restore telomere length in fibroblasts and several
other cell types and allows early passage cultures of cells to
circumvent senescence and become immortalized (Bodnar
et al., 1998; Vaziri and Benchimol, 1998). In some cases,
like foreskin fibroblasts and retinal pigment epithelial cells,
telomerase activity was sufficient for complete immortaliza-
tion (Bodnar et al., 1998). However, most of normal human
fibroblast lines cannot be immortalized by ectopic expression
of hTERT alone (Kiyono et al., 1998; Jarrard et al., 1999). In-
troduction of hTERT sometimes induce apoptosis in primary
epithelial cells and other cells that have a lifespan of less than
10 passages. In many cases, other uncharacterized factors
need to be supplemented together for full immortalization (Ki-
yono et al., 1998). This was also true for primary keratinocytes
since telomerase expression alone was not sufficient for their
efficient immortalization. The ectopic expression of hTERT in
keratinocytes, mammary epithelial cells, and other cell types
restores telomerase enzymatic function and telomere lengths
but still does not allow these cells to bypass senescence (Ki-
yono et al., 1998; Dickson et al., 2000). This indicates the
existence of a cell type-specific regulation of the cellular se-
nescence program for each type of cells (Kiyono et al., 1998;
Dickson et al., 2000). Therefore, immortalizing capabilities of
telomerase seem to be only limited to a subset of cell types.

Nevertheless, an hTERT-induced immortalization process
possesses some advantages. (Herbert et al. 2002). The en-
zyme telomerase can immortalize cells without causing can-
cer-associated changes or altering phenotypic properties of
normal primary cells (Jiang et al., 1999; Morales et al., 1999;
Ouellette et al., 2000). These unfavorable cancer-like changes
may include a loss of contact inhibition, reduced growth factor
requirements, inhibition of differentiation, genomic instability,
aneuploidy, as well as disruptions of cell cycle checkpoints.
Primary human cells immortalized with hTERT alone tend to
have a relatively ‘normal’ phenotype. Primary human cells,
which were immortalized by hTERT, remain diploid, differ-
entiated, contact-inhibited, non-tumorigenic and anchorage-
dependent. In addition, they are genomically stable, possess
functional cell cycle checkpoints, and express functional p53,
pRb, and p16™Nk4 (Jiang et al., 1999; Morales et al., 1999;
Yang et al., 1999; Ouellette et al., 2000; Yudoh et al., 2001;
Herbert et al., 2002; Ramirez et al., 2003; Lee et al., 2004).
Thanks to these desirable properties of hTERT-induc1989ed
immortalization, this method has been combined with a num-
ber of other immortalization approaches described below.

Inactivation of p16™¥** and p14%

Since replicative senescence occurs after approximately
20 PDs via activation of the p16™K“/pRb pathway, p16™<4A
function must be disrupted in order to achieve immortaliza-
tion (Kiyono et al., 1998; Dickson et al., 2000). Importance of
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Fig. 4. Schematic diagram on how to immortalize primary keratinocytes by a retroviral transduction of HPV E6 and E7 oncogenes.

inactivation of p16'*4/pRb pathway for immortalization was
further evidenced by prevention of replicative senescence by
using HPV E7, which targets pRb for degradation (Foster and
Galloway, 1996). Spontaneous reduction in p16™< expres-
sion due to promoter methylation has been also documented
to expedite cellular immortalization. (Foster et al., 1998; Ki-
yono et al., 1998; Wong et al., 1999). In addition, inactivation
of p1447F also seems to assist immortalization of primary hu-
man keratinocytes by maintaining cells in the stem cell com-
partment (Maurelli et al., 2006) since p14*%F binds directly to
and sequesters MDM2, resulting in inhibition of the capacity
of MDM2 to induce degradation of the p53 tumor suppressor
protein (Fig. 3).

Retroviral transduction of HPV E6 and E7

A number of high risk type HPVs play an etiological role in
development of most of cervical cancers. Among HPV pro-
teins, E6 and E7 are regarded as central players for the onco-
genic conversion of host keratinocytes through their specific
inactivation of p53 and pRb tumor suppressor genes via their
accelerated ubiquitin-mediated degradation. HPV E7 is able
to immortalize human keratinocytes at a very low efficiency
when cultured in serum-free synthetic medium (Klingelhutz
and Roman, 2012). Abrogation of pRb function by HPV E7
blocks p16™k“A-mediated senescence (Fig. 3). Human corneal
cells were also immortalized by using the HPV16 E6/E7 onco-
genes for ophthalmologic issues (Schulz et al., 2013). Use of
HPV E6 and E7 turned out to have advantage over other im-
mortalization methods since tissue-innate features have been
shown to be better preserved in the descending cell lines,
which were immortalized by HPV E6 and E7 than those by
other methods (Durst et al., 1987; Hawley-Nelson et al., 1989;
Flores et al., 1999). In addition, human mammary epithelial
cells (HMECs), which were immortalized by HPV E6 and E7,
are shown to stay at pre-neoplastic stage. Therefore, they do
not grow in an anchorage-independent manner or produce tu-

mors when implanted in immune-deficient mice (Wazer et al.,
1995; Ratsch et al., 2001).

In regards to a potential linkage to immortalization by hTERT,
HPV EG6 protein, via direct binding, was shown to increase c-
MYC efficiency in activating the hTERT promoter. Therefore,
replicative senescence can be bypassed by HPV E6 or induc-
tion of telomerase activity (Shay et al., 1993; Kiyono et al.,
1998). HPV E6 protein was also able to induce telomerase
activity through its transcriptional activation of the hTERT pro-
moter via p53-independent regulatory mechanisms (Klingel-
hutz et al., 1996; Veldman et al., 2001). In this regard, wild-
type hTERT protein can functionally replace the HPV E6
protein, which cooperates with the HPV E7 protein in the
immortalization of primary keratinocytes (Miller et al., 2013).
Interestingly, HPV E7 protein and hTERT proteins defective
for telomere maintenance were also able to cooperate to im-
mortalize human keratinocytes (Miller et al., 2013). This sug-
gests that the uncharacterized function of hTERT, which is not
required for telomerase maintenance, plays a critical role in
hTERT-induced immortalization.

For an efficient immortalization of primary keratinocytes,
overexpression of HPV E6/E7 by retroviral transduction has
been a method of choice so far thanks to its capacity to pre-
serve normal cell-like properties in immortalized cells. A sche-
matic diagram on how to use a retroviral transduction to induce
immortalization of target cells was shown in Fig. 4. First, cDNA
encoding HPV EG6/E7 is cloned into a retroviral vector. Then,
this cloned retroviral vector is transfected into 293T packag-
ing cells together with other retroviral envelope or packaging
vectors, followed by harvesting of retroviruses, which are en-
coding HPV E6/E7, in the supernatant. Then, primary kerati-
nocytes, which are typically isolated from human foreskin tis-
sues, are infected with these harvested retroviruses. Through
a drug selection, immortalized keratinocytes, which are stably
expressing HPV E6/E7, are isolated and propagated.
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Various immortalization methods in combination with
telomerase overexpression

Efficient immortalization of primary human cells was achi-
eved by p16™A-gpecific short hairpin RNA or Bmi-1, combined
with introduction of hTERT (Haga et al., 2007). This suggests
that both inactivation of p16'™*A and expression of telomer-
ase were required to immortalize keratinocytes (Kiyono et
al., 1998; Dickson et al., 2000; Lundberg et al., 2000). As ex-
plained previously, catalytically inactive hTERT was also able
to cooperate with HPV E7 in mediating bypass of the senes-
cence blockade and induction of cellular immortalization. This
indicates that a telomerase-independent activity of hTERT can
collaborate with E7 in the immortalization of primary human
cells. Additional inactivation of the p16™K44/pRb pathway by E7
or down-regulation of p16™<* expression by promoter meth-
ylation was shown to be required for efficient immortalization
(Foster and Galloway, 1996; Foster et al., 1998; Kiyono et al.,
1998; ltahana et al., 2003). These data further emphasize
fundamental roles of the intact p16™**4/pRb and p14*%/p53
pathways in preventing immortalization of cells by enforcing
replicative senescence as well as cellular crisis.

Use of Rho kinase inhibitor

In order to achieve efficient immortalization of primary cells,
a pharmacological approach using small molecules has been
an attractive alternative with much convenience compared
with a genetic manipulation. In this regard, identification of a
certain Rho kinase (ROCK) inhibitor as a potent immortaliza-
tion inducer was a highly anticipated and appreciated discov-
ery. Treatment with an ROCK inhibitor, Y-27632 was shown
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to greatly increase long-term proliferation of primary human
keratinocytes and, unexpectedly, enabled them to efficiently
bypass senescence and become immortal without detectable
cell crisis. Co-culture with fibroblasts was necessary to immor-
talization by Y-27632. Keratinocytes that had been previously
cultured with the ROCK inhibitor retained their capacity to
differentiate normally into a stratified epithelial tissue. Kerati-
nocytes, which were immortalized by an ROCK inhibitor, dis-
played characteristics typical of primary keratinocytes. They
had a normal karyotype and an intact DNA damage response.
They were able to differentiate into a stratified epithelium. In
this case, culture with feeder fibroblasts and exposure to a
Rho kinase inhibitor were required for efficient immortaliza-
tion of keratinocytes (Chapman et al., 2010). This suggests
that the ROCK inhibitor and feeder cells induce the conditional
reprogramming of epithelial cells toward immortalization (Liu
et al., 2012).

IMMORTALIZATION OF KERATIONCYTES BY
RETROVIRAL TRANSDUCTION APPLICATION TO
A THREE-DIMENSIONAL SKIN CULTURE SYSTEM

In order to grow differentiating epithelial tissues that mimic
many important morphological and biochemical aspects of
a normal skin, a three-dimensional skin culture system was
introduced (Ozbun and Patterson, 2014). This technique is
often called an organotypic raft culture due to its apparent
floating nature with growing keratinocytes on top of a dermal
equivalent, which consist of fibroblasts and a collagen lattice
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(Fig. 5A). Epithelial stratification and differentiation is induced
when this keratinocyte-dermal matrix is placed at the air-liquid
interface. Organotypic raft culture promotes stratification and
full differentiation of keratinocytes, which are evidenced by
gradual loss of nuclei upon differentiation and expression of
various keratinocyte differentiation markers in each distinct
epidermal layer (Fig. 5B). Several types of modified three-
dimensional skin culture systems were developed by differ-
ent companies and their commercialized products have been
used to test irritancy and corrosiveness of cosmetic materials.
However, due to the limited supply of primary keratinocytes
necessary for generation of organotypic raft cultures, prices of
these commercialized products are relatively high. Therefore,
immortalized keratinocytes will be valuable tools as a substi-
tute for normal primary keratinocytes in mass production of
three-dimensional skin cultures with a consistent quality.

CONCLUSION

In order to understand the immortalization process of pri-
mary keratinocytes, we first reviewed several key biological
phenomena governing their lifespan. Then, we explained vari-
ous immortalization methods for the establishment of stable
keratinocyte cell lines. Finally, we described application of
immortalized keratinocytes to a three-dimensional skin cul-
ture system. Better understanding of cellular senescence at
molecular level will enable us to immortalize various kinds of
primary cells with ease. This unlimited supply of immortalized
cells with normal cell-like properties will be essential not only
for regenerative medicine but also for the economic develop-
ment of a three-dimensional skin culture system.
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