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Abstract Keratinocytes migrating from a wound edge or
initiating malignant invasion greatly increase their expres-
sion of the basement membrane protein Laminin-322
(Lam332). In culture, keratinocytes initiate sustained
directional hypermotility when plated onto an incompletely
processed form of Lam332 (Lam332′) or when treated with
transforming growth factor beta (TGF-β), an inducer of
Lam332 expression. The development and tissue architec-
ture of stratified squamous and prostate epithelia are very
different, yet the basal cells of both express p63, α6β4
integrin, and Lam332. Keratinocytes and prostate epithelial
cells grow well in nutritionally optimized culture media
with pituitary extract and certain mitogens. We report that
prostate epithelial cells display hypermotility responses
indistinguishable from those of keratinocytes. Several
culture medium variables attenuated TGF-β-induced hyper-
motility, including Ca++, serum, and some pituitary extract
preparations, without impairing growth, TGF-β growth
inhibition, or hypermotility on Lam322′. Distinct from its
role as a mitogen, EGF proved to be a required cofactor for
TGF-β-induced hypermotility and could not be replaced by
HGF or KGF. Prostate epithelial cells have a short
replicative lifespan, restricted both by p16INK4A and

telomere-related mechanisms. We immortalized the normal
prostate epithelial cell line HPrE-1 by transduction to express
bmi1 and TERT. Prostate epithelial cells lose expression of
p63, β4 integrin, and Lam332 when they transform to
invasive carcinoma. In contrast, HPrE-1/bmi1/TERT cells
retained expression of these proteins and normal TGF-β
signaling and hypermotility for >100 doublings. Thus,
keratinocytes and prostate epithelial cells possess common
hypermotility and senescence mechanisms and immortalized
prostate cell lines can be engineered using defined methods to
yield cells retaining normal properties.
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Introduction

Somatic cells possess tissue-specific mechanisms for
regulating the three major behaviors they display: cell
division, differentiated function, and motility. How cells
convert from their normally sessile state to become motile
and which features of this are cell type-specific remain
incompletely understood. During embryogenesis, epithelial
progenitors migrate on surfaces and invade subjacent
mesenchyme to form glands and other structures. In the
adult, keratinocyte motility in the context of wound healing
has received much attention because of the frequency and
morbidity of skin injury and its accessibility to observation.
Another area of active inquiry is how carcinoma cells use
cell migration mechanisms to invade the underlying stroma.

The basal cells of the epidermis and many other epithelia
normally form stable adhesion complexes and hemidesmo-
some anchoring complexes, nucleated by the transmem-
brane protein α6β4, to Laminin-332 (Lam332), a
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heterotrimeric basement membrane protein that they syn-
thesize and secrete beneath themselves (Carter et al. 1990;
Rousselle et al. 1991; Langhofer et al. 1993; Litjens et al.
2006; Tzu and Marinkovich 2008). Keratinocytes at the
edge of a skin wound convert from this sessile state to
initiate sustained directional hypermotility until they have
reepithelialized the exposed dermal surface (Goldfinger et
al. 1999; Nguyen et al. 2000). Wound edge keratinocytes
and invasive squamous cell carcinoma (SCC) cells have
been found to greatly increase Lam332 synthesis (Larjava
et al. 1993; Kainulainen et al. 1997; Kainulainen et al.
1998; Thorup et al. 1998; Skyldberg et al. 1999; Stoltzfus
et al. 2004). We and others have found that Lam332
overexpression begins in premalignant dysplasias of the
cervix, oral mucosa, and epidermis at the final stage before
progression to invasive SCC (Natarajan et al. 2003; Noel et
al. 2005; Svensson-Mansson et al. 2007) and that this is
correlated with induced expression of the cell cycle
inhibitor p16INK4A (Natarajan et al. 2003; Natarajan et al.
2005; Svensson-Mansson et al. 2007).

As a cell culture model of the behavior of wound and
early invasive keratinocytes, normal human keratinocytes
immediately display sustained directional hypermotility
when plated at low cell density on a surface precoated with
a form of Lam332 in which the γ2 chain remains
unprocessed (Lam332′) (Natarajan et al. 2006). Keratino-
cytes plated on uncoated surfaces in medium containing
transforming growth factor beta (TGF-β) become hyper-
motile after about a 1-day lag (Natarajan et al. 2006),
consistent with the induction by TGF-β of increased
Lam332 synthesis (Korang et al. 1995; Kainulainen et al.
1998; Decline et al. 2003; Zapatka et al. 2007), much of
which remains after secretion in the Lam332′ form
(Natarajan et al. 2006). Lam332 overexpression had been
noted for carcinomas arising from other epithelial cell types
that form a Lam332 basement membrane (Pyke et al.
1994), and we reported recently that normal urothelial cells
and tracheobronchial epithelial cells display hypermotility
responses to Lam332′ and TGF-β in culture (Dabelsteen et
al. 2009). These two stratified epithelial cell types share
with keratinocytes expression of the developmentally
important transcriptional regulator p63 (Yang et al. 1998;
Wang et al. 2002).

Prostatic basal epithelial cells share with the basal cells
of stratified epithelia expression of p63, Lam332, and α6β4
integrin (Nagle et al. 1995; Yang et al. 1998) and they
depend upon p63 for development and, in the adult, for
differentiation (Signoretti et al. 2000). The prostate epithe-
lium is developmentally and structurally very different from
stratified surface epithelia, however. Dependent upon
androgen, the prostate develops from the endoderm-
derived urogenital sinus to form a branched tubuloalveolar
gland comprised of a basal cell layer and suprabasal, post-

mitotic secretory cells whose products empty into ducts
connecting to the urethra. Suprabasal prostatic cells cease
expression of p63, Lam332, and α6β4 integrin and begin
to express androgen receptor (AR), which mediates
androgen-dependent expression of differentiation-related
genes. In marked contrast to the development of SCC in
stratified epithelia, neoplastic transformation in the prostate
does not include a Lam332high/p16INK4A+ preneoplastic
stage and invasive prostatic carcinomas do not retain
markers of basal cells, instead resembling, by loss of p63,
Lam332, and β4 integrin expression, a suprabasal cell that
retains division potential (Davis et al. 2001; Weinstein et al.
2002). Thus prostate carcinoma cells become invasive by
mechanisms that do not employ Lam332 or α6β4 integrin.
Whether the motility characteristics of normal prostate
epithelial cells are the same as or different from those of
other p63+ epithelial cell types is therefore of interest.

Normal human prostate epithelial cells can be grown in
culture, expressing proteins characteristic of basal cells
(Peehl 2005). A broad range of culture medium formula-
tions have been used by various investigators (Lechner et
al. 1978; Peehl and Stamey 1986; Peehl et al. 1988; Jarrard
et al. 1999; Sandhu et al. 2000; Berger et al. 2004; Kogan et
al. 2006). In all of these media, normal adult prostate
epithelial cells have a very short replicative lifespan,
restricted, as is the case for other p63+ cell types, by a
p16INK4A-enforced senescence mechanism (Jarrard et al.
1999; Schwarze et al. 2001). Attempts at generating
immortalized lines by telomerase reverse transcriptase
(TERT) expression typically do not result in immortaliza-
tion and in some cases have not yielded lines that stably
retain properties of normal prostate basal cells (Gu et al.
2006; Kogan et al. 2006; Ke et al. 2008). In light of the
differences in tissue structure, differentiation, and transfor-
mation between prostate epithelial cells and stratified,
surface epithelial cells, we have asked whether normal pros-
tate epithelial cells display a hypermotility response, whether
the same factors modulate this response in keratinocytes and
prostate epithelial cells, and whether an immortalized
prostate epithelial cell line could be engineered that stably
retains normal characteristics during serial culture.

Materials and Methods

Cell lines and culture methods. The normal human newborn
foreskin epidermal keratinocyte primary line G5Ep, which
we initiated, was cultured in keratinocyte serum-free
medium (Ksfm; GIBCO/Invitrogen, Carlsbad, CA), supple-
mented as described previously (Dickson et al. 2000;
Rheinwald et al. 2002) with 25 μg/ml bovine pituitary
extract (BPE; GIBCO), 0.2 ng/ml epidermal growth factor
(EGF; R&D Systems, Minneapolis, MN), 0.3 mM CaCl2
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(to bring the [Ca++] to 0.4 mM), and penicillin-streptomycin
(GIBCO). G5Ep has a total replicative lifespan of ∼70
population doublings (PD) and was used for experiments at
30–50 PD. The normal primary epidermal keratinocyte line
strain N (Dickson et al. 2000; Dabelsteen et al. 2009) and its
immortalized derivative N/bmi1/TERT (Dickson et al. 2000;
Dabelsteen et al. 2009) were cultured in Ksfm. The normal
primary human prostate epithelial line HPrE-1 was obtained
from Clonetics/Lonza (Walkersville, MD) and was grown in
PrEGM medium (Clonetics) or in Ksfm.

Human prostate carcinoma cell lines PC3 (Kaighn et al.
1979), MDAPCa-2b (Rajagopal et al. 1998), and LNCaP
(Horoszewicz et al. 1983), obtained from the American
Type Culture Collection by the Harvard Skin Disease
Research Center, were grown in Dulbecco's modified Eagle's
medium (DMEM)/F12 medium (GIBCO) supplemented
with 10% newborn calf serum (Hyclone, Logan, UT). The
rat bladder carcinoma cell line 804G (Izumi et al. 1981),
provided by Jonathan Jones, Northwestern Univ., was
cultured in DMEM +10% newborn calf serum. One-day-
conditioned medium (CM) harvested from confluent 804G
cultures was used as a source of the Lam332′, as confirmed
previously by the Jones and Rheinwald labs (Langhofer et al.
1993; Natarajan et al. 2006). All cell lines were confirmed to
be free of mycoplasma using the Hoechst 33258 staining
method.

TGF-β1 (R&D Systems), EGF (R&D Systems), hepa-
tocyte growth factor (HGF; GIBCO), and keratinocyte
growth factor (KGF; GIBCO) were prepared as 500× or
1,000× concentrated stock solutions dissolved in 4 mM
HCl+0.1% BSA (for TGF-β) or in phosphate buffered
saline (PBS) +0.1% BSA (for EGF, KGF, and HGF) and
were stored frozen between uses.

For replicative lifespan determination, cells were plated at
104 cells/p60 dish, refed every 2–3 d, and subcultured 5–9 d
after each plating, before growth was slowed by density. PD
was calculated as log2 (# cells at subculture/# cells plated).
Cumulative PD was plotted against total time in culture to
determine onset of senescence or immortalization (Dickson
et al. 2000; Dabelsteen et al. 2009).

Hypermotility and growth inhibition assays. As described
(Natarajan et al. 2006), cells were plated in six-well plates
(9 cm2/well; Costar, Acton, MA) in Ksfm + or - various
polypeptide factors. For some experiments wells were
precoated for 30 min at 37°C with 804 GCM as a source
of Lam332′ and then rinsed twice with PBS and once with
Ksfm before plating cells. For some experiments wells were
precoated for 30 min at 37°C with DMEM +10% serum,
then rinsed twice with PBS and once with Ksfm before
plating cells

To assess directional hypermotility, 700 cells/well were
plated and then fixed in −20°C methanol ∼18 h later to

assess Lam322′-induced motility or ∼48 h later to assess
TGF-β-induced motility. Fixed cultures were immuno-
stained with a mouse monoclonal antibody specific for the
γ2 chain of Lam332 (D4B5 (Mizushima et al. 1998),
Chemicon/Millipore, Temecula, CA) using the ABC per-
oxidase method with Nova Red substrate (Vector Labs,
Burlingame, CA). Immunostained cultures were mounted
with coverslips using GEL/MOUNT (Biomeda Corp.,
Foster City, CA). Images were captured on a NIKON
E600 Microscope with a SPOT2 digital camera using
SPOTcam v.3.5.5 software (Digital Instruments, Tonowanda,
NY). About fifteen 20× total magnification fields were
photographed and 100 to 200 individual cells for each
experimental condition were scored for hypermotility based
on the length of the Lam322 tracks they deposited on the
culture dish surface as described (Natarajan et al. 2006): cells
were scored as non-motile (track <500 μm), or hypermotile
(track >500 μm).

To assess mitogenicity of growth factors, wells were
plated at 2,000 or 3,000 cells in Ksfm preparerd with half
the normal concentration of BPE, which we found reduces
background growth in the absence of added mitogen. To
assess Lam332′ or TGF-β growth inhibition, wells plated
with 2,000 cells in regular Ksfm. For both assays, cells
were grown for 6–8 d with refeeding on days 3 and 5, then
trypsinized, counted with a hemacytometer, and average
growth rate calculated as log2 [# cells counted/#cells
plated]/#d=PD/d.

All growth and motility experiments were performed
three different times and results are shown as averages with
error bars indicating standard error of the mean.

Antibodies and immunochemical analysis. For immunoflu-
orescence staining, cultures were fixed with cold 100%
methanol and air-dried. The primary antibodies mouse anti-
laminin γ2 (D4B5 (Mizushima et al. 1998), Chemicon/
Millipore, Temecula, CA), anti-β4 integrin (clone M126,
Abcam, Cambridge, MA), and rabbit anti-p63 (#4892, Cell
Signaling Technology, Beverly, MA) were applied at 1:100
dilution for 30 min and then rinsed in PBS. Alexafour 568
(red fluorescence) and Alexafluor 488 (green fluorescence)
secondary antibodies (Molecular Probes/Invitrogen, Eugene,
OR) were applied for 30 min and then rinsed. Cultures were
coverslip-mounted with Prolong Gold antifade reagent with
DAPI (Molecular Probes/Invitrogen). Cells were photo-
graphed using a Nikon Eclipse Ti microscope and a
SPOTCam digital camera.

For Western blotting, rabbit anti-β-actin antibody A-
2066 (SIGMA, St. Louis, MO) was used at 1:2,000
dilution. Mouse anti-smad2/3 (clone 18, BD Biosciences,
San Jose, CA) and rabbit anti-phospho-smad2(Ser465/467)
antibody (#3108, Cell Signaling Technologies) were used at
1:100 dilution. The D4B5 mouse anti-laminin γ2, 4A4 anti-
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p63 ((Yang et al. 1998), provided by F. McKeon, Harvard
Medical School or obtained from Thermo Scientific,
Fremont, CA), and clone M126 anti-β4 integrin antibodies
were used at 1:500 dilution.

For flow cytometric analysis of p16INK4A expression,
cells were suspended from growing cultures with trypsin/
ethylenediaminetetraacetic acid (EDTA), resuspended in
PBS, fixed by addition of paraformaldehyde to a final
concentration of 1% for 20 min at 4°C, permeabilized by
resuspending in PBS +0.2% Triton X100 for 15 min,
rinsed twice and resuspended in PBS +2% calf serum,
and then resuspended for 30 min each in PBS +0.1%
BSA + mouse monoclonal anti-p16INK4A antibody (G175-
405; Pharmingen/BD Biosciences, San Diego, CA) and
phycoerythrin-conjugated, goat anti-mouse IgG secondary
antibody (SouthernBiotech, Birmingham, AL). At least
10,000 cells of each cell line, gated by forward and side
scatter to subtract fluorescent cell debris, were analyzed for
fluorescence intensity using a BD FACS Canto flow
cytometer (Becton-Dickinson). The data were analyzed using
the FlowJo 7.6 program (Tree Star, Inc., Ashland, OR).

Western blotting. Cultures were lysed in 20 mM Tris buffer
(pH 7.3)+2% sodium dodecyl sulfate (SDS)+EDTA-free
protease inhibitor cocktail (Roche, Indianapolis, IN)+
phosphatase inhibitors (Halt, Thermo Scientific), and then
were sonically disrupted and stored at –80°C until use.
Protein concentrations were determined using the BCA
assay (Pierce, Rockford, IL) with human IgG as standards.
Twenty-micrograms of protein extract diluted in Laemmli
sample buffer was loaded per lane, separated by SDS–
PAGE under reducing conditions using precast 4–20%
gradient gels (Bio-Rad, Hercules, CA), and blotted to
polyvinylidene difluoride membranes (Millipore Corp.,
Billerica, MA). Blots were blocked for 1 h with 10% non-
fat milk in Tris-buffered saline+0.05% Tween 20 and then
incubated with primary and secondary antibodies in 5%
non-fat milk in Tween buffer. Blots were incubated with
primary antibody for 2 h or overnight at 4°C and with
peroxidase-conjugated anti-rabbit or anti-mouse Ig (Dako,
Glostruo, Denmark), for 1 h at room temperature. Blots
were then incubated with Lumi-light western blotting
substrate (Roche, Indianapolis, IN) or SuperSignal West
Femto Substrate (Thermo Scientific, Rockford, IL) and
exposed to BioMaz XAR Film (Kodak, Rochester, NY).
For some experiments, membranes were stripped of anti-
bodies using BlotFresh (SignaGen Labs, Gaithersburg,
MD) and reprobed.

Immunocytochemistry. Cultures were quickly rinsed with
water, fixed for >10 min in −20°C 100% methanol, air-
dried. They then were incubated with D4B5 anti-laminin
γ2 antibody for 30 min at room temperature, rinsed,

incubated with biotinylated secondary antibody for
30 min, rinsed, and incubated with avidin/biotin/peroxidase
complex (ABC) reagent (Vectastain ABC kit, Vector
Laboratories) for 45 min. After rinsing with PBS, cultures
were incubated with NovaRED (Vector Laboratories) for
∼3 min, rinsed in water, and mounted with coverslips using
GEL/MOUNT (Biomeda Corp., Foster City, CA). Images
were captured on a NIKON E600 Microscope with a
SPOT2 digital camera using SPOTcam v.3.5.5 software
(Digital Instruments, Tonowanda, NY).

Retroviral transduction. The amphotropic retroviral pack-
aging cell line Phoenix (Swift et al. 2001) was transfected
with pBABE/bmi1.puro (Dimri et al. 2002) or pWzl.Bsd/
TERT (Wei and Sedivy 1999) plasmid DNA using TransIT-
LT1 transfection reagent (Mirus Bio LCC, Madison, WI).
Keratinocytes and prostate epithelial cells are severely
growth inhibited by exposure to serum, so retroviral
supernatants were obtained in serum-free “1:1 medium”,
which is a 1:1 (v/v) mixture of Ksfm and DF-K medium.
DF-K medium is a 1:1 (v/v) mixture of calcium-free,
glutamine-free DMEM (GIBCO) and Ham’s F12
(GIBCO) +0.2 ng/ml EGF +25 μg/ml BPE +1.5 mM L-
glutamine+pen/strep. Beginning 1 d after transfection,
Phoenix cultures were refed alternately with DMEM+10%
calf serum and 1:1 medium twice daily for 2 d. The
conditioned medium containing shed viral particles (the
retroviral supernatant) was collected, filtered through a
0.45 μm pore-size filter (Nalgene/Thermo Scientific), ali-
quoted, and stored at −80°C until use.

HPrE-1 cells were transduced and drug-selected as
described (Rheinwald et al. 2002; Dabelsteen et al. 2009).
One day after plating 105 cells per 9 cm2 well, cells were
transduced by incubating with retroviral supernatants for 6–
7 in 1:1 medium in the presence of 2 μg/ml polybrene
(Sigma-Aldrich, St. Louis, MO). The transduced cells were
subcultured the next day into p100 dishes in Ksfm+1 μg/ml
puromycin or 5 μg/ml blastocidin (Sigma-Aldrich) for 5 d to
kill untransduced cells.

Results

Effects on growth and motility of culture medium formulation
and pituitary extract. In order to determine whether prostate
epithelial cells display hypermotility responses similar to
those we had found to be attributes of keratinocytes and
other stratified epithelial cell types (Natarajan et al. 2006;
Dabelsteen et al. 2009), we first sought to identify culture
conditions in which both keratinocytes and prostate
epithelial cells would grow well from low plating densities.
Employing a common medium would ensure that any
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observed differences could not be caused by a difference in
some medium component. We compared two serum-free,
BPE-supplemented, nutritionally optimized medium formu-
lations: Ksfm, optimized originally for keratinocyte growth
(Pirisi et al. 1987) and PrEGM, a proprietary formulation
claimed by the manufacturer to be optimized for prostate
epithelial cell growth. Both media stimulated growth of
early-to-mid-lifespan cultures of G5Ep at a rate of ∼0.8 PD/d
and HPrE-1 at ∼0.6 PD/d and both cell types displayed
similar dose-responses for growth inhibition by TGF-β, as
discussed below. G5Ep keratinocytes formed more cohesive
colonies than did HPrE-1 prostate epithelial cells and both
cell types formed less dispersed colonies in the 0.4 mM Ca++

Ksfm medium than in the 0.1 mM Ca++ PrEGM medium
(Fig. 1a). As expected from earlier studies, prostate
epithelial cells shared with keratinocytes expression of the
nuclear transcription factor p63 (Signoretti et al. 2000), β4
integrin (Nagle et al. 1995), and Laminin-332 (Lam332)
(Hao et al. 1996), the latter confirmed by immunostaining
for the Laminin γ2 chain, which is unique to this member
of the family of Laminins (Fig. 1b).

In Ksfm, both HPrE-1 and G5Ep cells responded with
sustained directional hypermotility to the addition of TGF-
β to the medium or when plated on culture dishes precoated
with Lam332′ (Fig. 2a). In contrast, in this first experiment
neither cell type was induced to hypermotility by TGF-β in
PrEGM (Fig. 2a). Subsequent experiments revealed that the
BPE supplied with the first batch of PrEGM we had
obtained was responsible for this result. As shown in
Fig. 2b, both cell types became hypermotile in response to
TGF-β if plated in either medium prepared with BPE that
had been supplied with the Ksfm (BPE1) but not in
medium prepared with BPE that had been supplied with
the PrEGM (BPE2). These two lots of BPE did not
differentially affect cell growth or TGF-β signaling in cells
because control growth rates and the dose–response of
TGF-β growth inhibition were indistinguishable in medium
prepared with BPE1 or BPE2 (Fig. 2c). We found that eight
different lots of BPE provided by the manufacturer of Ksfm
were indistinguishable with respect to growth stimulation
and dose–response of TGF-β growth inhibition, but the
TGF-β-induced hypermotility response in medium supple-
mented with these BPE lots varied greatly (data not shown).

For all subsequent experiments we used either of two BPE
lots that were permissive for TGF-β-induced hypermotility.

Effects of calcium and serum on growth and motility.
Human keratinocytes cultured without fibroblast feeder
cells in semi-defined media grow well in [Ca++] up to

Figure 1. Colony morphology and marker expression by cultured
human keratinocytes and prostate epithelial cells. (a) Phase contrast
images of typical colonies formed by G5Ep keratinocytes and HPrE-1
prostate epithelial cells 1 wk after plating in Ksfm or PrEGM medium.
Note the more stable cell-cell association by both cell types in the
0.4 mM Ca++ Ksfm than in the 0.1 mM Ca++ PrEGM medium and the
less scattered morphology of G5Ep compared to HPrE-1 cells in both
media. Bar in upper left panel, 200 microns. (b) G5Ep and HPrE-1
cultures immunostained for p63, β4 integrin, and the γ2 chain of
Lam332. Note expression of these proteins by all cells of both types
and that Lam332 is detectable in the cytoplasm and deposited by cells
onto the dish surface. Bar in upper left panel, 200 microns.

b
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1.0 mM (Wille et al. 1984), unlike murine keratinocytes
which are irreversibly growth inhibited by [Ca++] >0.1 mM
(Hennings et al. 1980). We have long cultured primary
human keratinocytes in Ksfm medium that we supplement
with additional CaCl2 to bring the [Ca++] to 0.4 mM (Schon
and Rheinwald 1996; Dickson et al. 2000; Dabelsteen et al.
2009). PrEGM has 0.1 mM Ca++ and PFMR-4a, a

published medium formulation optimized for prostate
epithelial cells (Peehl et al. 1988; Peehl 2003), has
0.9 mM Ca++. As expected, keratinocytes and prostate
epithelial cells grew well [Ca++] ranging from 0.1 to 1 mM
(Fig. 3a). Prostate epithelial cells benefited more from
higher [Ca++] than did keratinocytes, perhaps because they
required higher Ca++ to be able to grow as more tightly
packed colonies (Fig. 3b). The dose–response for TGF-β
growth inhibition of both cell types was indistinguishable at
all [Ca++] (data not shown). However, the hypermotility
response to TGF-β was markedly impaired, and to
Lam332′ very modestly impaired, by increased [Ca++]
(Fig. 3c). Of note, more than 10% of cells were hypermotile
when plated in 0.1 mM Ca++ medium under control
conditions, without either TGF-β or Lam332′ (Fig. 3c).
Cells displayed very little constitutive, but robust TGF-β-
and Lam332′-induced, hypermotility in medium containing
0.2 mM Ca++ (data not shown), so 0.2 mM Ca++ was used
for all subsequent motility experiments.

Some medium formulations used for prostate epithelial
cell culture contain 1% serum (e.g., refs. (Jarrard et al.
1999; Kogan et al. 2006)). The addition of even as little as
1% serum to the medium proved to severely growth-inhibit
both cell types when they were plated at low density,
associated with abnormal cell elongation (Fig. 3a, b). The
presence of >1% serum in the medium substantially
reduced TGF-β-induced motility of both types (data not
shown), possibly due all or in part to the deleterious effects
of serum on the health of the cells. In light of our earlier
finding that a substratum-bound component of serum acts
as a cofactor to enhance Lam332′-induced hypermotility of
keratinocytes (Natarajan et al. 2006), we tested the effect of

Figure 2. Ability of epithelial cells to become hypermotile in response
to TGF-β varies among bovine pituitary extract (BPE) lots used as
medium supplement. (a) Typical fields motility assay cultures of G5Ep
and HPrE-1 immunostained for Laminin γ2 to reveal migration tracks.
Cells were plated in Ksfm medium made using the BPE supplement
provided by GIBCO/Invitrogen or in PrEGM medium made using the
BPE supplement provided by Clonetics/Lonza. Some wells received
0.1 ng/ml TGF-β and some wells had been precoated with Lam332’.
Note that G5Ep and HPrE-1 cells were sessile under control
conditions, that Lam332′ induced hypermotility in both media, and
that TGF-β-induced hypermotility only in Ksfm. Bar in upper left
panel, 500 microns. (b) G5Ep and HPrE-1 cells assayed for TGF-β-
induced hypermotility when plated in Ksfm or PrEGM prepared with
two different lots of BPE obtained from the same supplier. The top bar
for each cell line shows the result with no TGF-β. All other bars
show results with 0.1 ng/ml TGF-β added at plating. The average of
replicate experiments is shown with standard error of the mean (SEM)
indicated by error bars. Note that TGF-β-induced hypermotility in
both cell types in both media when supplemented with BPE lot 1 but
not BPE lot 2. (c) G5Ep cells assayed for TGF-β growth inhibition
in Ksfm medium prepared with the same two lots of BPE used in (b)
above. Note the same dose–response for growth inhibition in both
medium preparations.

R
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precoating dishes with 10% serum on growth and motility.
In the absence of TGF-β, cells grew nearly as rapidly on
serum-precoated as on uncoated dishes (Fig. 3d). However,
cells plated on serum-precoated dishes did not become

hypermotile in response to TGF-β (Fig. 3e). This was not
the result of inactivation of TGF-β, as cells were even more
sensitive to the growth inhibitory effects of TGF-β when
plated on serum-precoated dishes (Fig. 3d).

Figure 3. Serum and Ca++ affect growth and TGF-β-induced hyper-
motility differently. (a, b) Effects of [Ca++] and serum on keratinocyte
and prostate epithelial cell growth. a G5Ep and HPrE-1 cells plated at
low density (∼250 cells/cm2) in Ksfm supplemented with 0.1, 0.4, or
1.0 mM Ca++ or with 0.4 mM Ca++ and 1% calf serum. Note that both
cell types grew as well or better in higher [Ca++] but were strongly
inhibited by addition of 1% serum to the medium. Panel b: typical
fields of HPrE-1 cells in the various conditions. Note inability to form
closely packed colonies in low and medium [Ca++] and abnormal
elongation associated with growth inhibition in presence of serum. (c)
Increased sensitivity to TGF-β growth inhibition of keratinocyte and
prostate epithelial cells when plated on serum-precoated dishes. Cells
were plated in Ksfm in wells that were not pretreated or that were

precoated with 10% serum. Note little change in growth rate −TGF-β
and a significant dose–response shift toward increased TGF-β-
induced growth inhibition for both cell types on serum-precoated
dishes. (d) A substratum-bound component of serum blocks TGF-β-
induced hypermotility. G5Ep and HPrE-1 cells were plated + or
−TGF-β in Ksfm with 0.2 mM Ca++ in untreated or serum-precoated
wells. Note lack of hypermotility response to TGF-β of cells in serum-
precoated wells. (e) TGF-β-induced hypermotility is inversely related
to [Ca++] of the medium. G5Ep cells were plated + or −TGF-β or on
Lam332′-precoated surfaces in Ksfm with [Ca++]=0.1 mM, 0.4 mM,
or 1.0 mM. Note that hypermotility induced by TGF-β was greatly
reduced, and that by Lam332′ slightly attenuated, by increasing [Ca++].
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Effects of mitogens on motility induction. As is true for
other p63+ epithelial cell types, prostate epithelial cells
express Lam332 and α6β4 integrin (Nagle et al. 1995). On
tissue culture plastic, keratinocytes form rudimentary
hemidesmosome-like structures called stable adhesion
complexes (SAC), marked by focal concentrations of
α6β4 integrin (Carter et al. 1990; Langhofer et al. 1993).
Phosphorylation of the cytoplasmic domain of β4 integrin
as a downstream effect of EGF receptor stimulation has
been found to induce SAC disassembly (Mariotti et al.

2001). We asked whether in our experimental system cells
require EGF in order to be induced to hypermotility and, if
so, whether this can be distinguished from a general
requirement for mitogen stimulation. As expected from
earlier studies (Marchese et al. 1990; Wilson et al. 1994;
Peehl et al. 1996), KGF was mitogenic for both cell types
and we found that HGF also could substitute for EGF in
stimulating growth (Fig. 4a). TGF-β failed to induce
hypermotility in the absence of added EGF and neither
KGF or HGF could substitute for EGF to make cells
permissive for TGF-β-induced hypermotility (Fig. 4b). In
contrast, Lam332′-induced hypermotility was independent
of EGF (Fig. 4b).

Engineering and characterization of an immortalized
normal prostate epithelial cell line. HPrE-1 proved to have
a rather short replicative lifespan (∼33 PD) in PrEGM or
Ksfm (Fig. 5a). This is substantially less total proliferative
potential than that of newborn foreskin epidermal keratino-
cyte primary lines such as G5Ep but similar to that of many
adult primary lines of keratinocytes and other p63+

epithelial cell types we have studied (Dabelsteen et al.

Figure 4. Specificity for EGF as a cofactor to permit TGF-β-induced
hypermotility. (a) G5Ep and HPrE-1 cells were assessed for
responsiveness to various mitogens by plating at low density in Ksfm
containing half the usual (BPE) and no EGF or supplemented with
0.2 ng/ml EGF, 30 ng/ml HGF, or 30 ng/ml KGF and grown for 7 d.
Note that EGF was the most potent mitogen for both cell types but that
at high concentrations HGF and KGF were also good mitogens,
stimulating progressive growth compared to no added mitogen controls.
(b) G5Ep and HPrE-1 were assessed for hypermotility induced by TGF-
β or by plating on Lam332′ in the same medium + or −mitogens as in
(a). The top pair of bars in the graph shows the result −TGFβ in
medium containing EGF. The middle bars show the effect of TGFβ in
medium with no mitogen vs. with EGF, HGF, or KGF. The bottom bars
show the result of plating cells on uncoated or Lam332′-precoated
dishes in medium without mitogen or + EGF. Note that TGF-β-induced
hypermotility specifically required EGF, whereas Lam332′-induced
hypermotility was independent of added mitogen.

Figure 5. Characteristics of experimentally immortalized human
prostate epithelial cells. (a) HPrE-1 was transduced early in its
lifespan (indicated by the red/green arrow) to express either bmi1 or
TERT. Note that untransduced HPrE-1 cells senesced after 33 PD,
HPrE-1/TERT cells did not become immortalized and senesced after
43 PD, but that HPrE-1/bmi1 cells displayed a long extended lifespan
totaling 63 PD. HPrE-1/bmi1 cells subsequently transduced to express
TERT (at the point in their lifespan indicated by the red arrow) grew
progressively and at a constant growth rate for >115 PD, indicating
immortalization. (b) Flow cytometric analysis of p16INK4A expression
in normal primary and immortalized prostate epithelial cells. G5Ep
keratinocytes at 7th passage (at ∼50 PD of their 70 PD lifespan),
HPrE-1 cells at 5th passage (at ∼22 PD of their 33 PD lifespan),
HPrE-1/bmi1 cells at 9th passage (at ∼45 PD of their 63 PD lifespan),
and immortalized HPrE-1/bmi1/TERT cells at 13th passage (∼65 PD)
were analyzed for p16INK4A expression. Fluorescence intensity of cells
incubated with non-immune IgG isotype control is shown by the black
line and p16INK4A immunofluorescence intensity of the population
shown by the solid red curve. Note p16+ cells indicated by asterisk in
the G5Ep and HPrE-1 panels, representing 17% and 10% of these
populations, respectively, and absence of p16+ cells in the HPrE-1/bmi1
and HPrE-1/bmi1/TERT cultures. (c) Immunofluorescence staining of
HPrE-1/bmi1/TERT cells after 90 PD. Note p63, β4 integrin, and
Lam332 expression in all cells. Bar in left panel, 200 microns. (d)
Western blot analysis of p63, Laminin γ2, and β4 integrin expression.
Total protein extracts of preconfluent cultures were analyzed. Early- and
mid-lifespan cultures of HPrE-1 are shown in the two lanes labeled
HPrE-1. H/b/T: HPrE-1/bmi1/TERT. N/b/T: N/bmi1/TERT. The two
bands of γ2 are the 155 kd unprocessed form and the 105 kd processed,
mature form of this subunit of Lam332. Note expression of p63,
Laminin γ2, and β4 integrin by HPrE-1/bmi1/TERT cells (albeit with
lower levels of Laminin γ2 and β4 integrin than the HPrE-1 parent
line), in contrast to undetectable expression by PC3 and LNCaP prostate
carcinoma cells. The strain N epidermal keratinocyte line and its
bmi1/TERT-immortalized derivative displayed similar levels of p63, β4
integrin, and γ2 expression.

b
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2009). Experimentation with normal prostate epithelial cells
would be facilitated by extending their replicative lifespan
or immortalizing them by methods that do not alter growth
and motility regulatory mechanisms. Previous studies had
found an increase of p16INK4A in senescent primary prostate

epithelial cell cultures (Sandhu et al. 2000) and genetic loss
or epigenetic silencing of the CDKN2A gene, which
encodes p16INK4A and p14ARF, in HPVE6-immortalized
prostate epithelial cell lines (Jarrard et al. 1999). Engineer-
ing keratinocytes to express TERT proved insufficient to

MODULATORS OF EPITHELIAL CELL MOTILITY 849



immortalize them (Kiyono et al. 1998; Dickson et al. 2000),
requiring additional spontaneous heritable events that
prevent or greatly reduce the frequency of p16 expression
to occur in the TERT-expressing cells before they would
grow as immortalized lines. Alternatively, keratinocytes can
be immortalized by engineering them in a multistep
process, first expressing proteins that permit cells to evade
p16INK4A- and p14ARF-mediated controls and then express-
ing TERT (Rheinwald et al. 2002; Dabelsteen et al. 2009).
A previous report (Kogan et al. 2006) found that three of
four primary prostate epithelial cell lines tested failed to
become immortalized following TERT expression and that
the one line that became immortalized had lost p16INK4A

expression. We found that TERT expression was insuffi-
cient to immortalize HPrE-1 (Fig. 5a). The polycomb
protein bmi1, a normal repressor of the CDKN2A locus,
ceases to be expressed by late passage cells, associated with
p16 induction (Jacobs et al. 1999). Engineering cells by
retroviral vector transduction to constitutively express bmi1
has been found to substantially extend the replicative
lifespan of primary human mammary epithelial cells (Dimri
et al. 2002), keratinocytes (Kim et al. 2007; Dabelsteen et
al. 2009), and urothelial and tracheobronchial epithelial
cells (Dabelsteen et al. 2009). HPrE-1, like G5Ep,
continuously generated p16INK4A-expressing, senescent
cells during serial passage (Fig. 5b). Engineering HPrE-1
to express bmi1 prevented p16 expression (Fig. 5b) and
conferred an extended lifespan of ∼25 additional PD
(Fig. 5a). HPrE-1/bmi1 cells became immortalized when
subsequently engineered to express TERT (Fig. 5a) and p16
remained repressed in the HPrE-1/bmi1/TERT line
(Fig. 5b).

Prostate carcinoma differs from carcinomas that arise
from most other p63+ epithelial cell types by the consistent
loss of expression of p63, β4 integrin, and the γ2 chain of
Lam332 during neoplastic progression (Nagle et al. 1995;
Hao et al. 1996; Davis et al. 2001; Weinstein et al. 2002).
We therefore asked whether experimental immortalization
and prolonged serial cultivation of normal prostate epithe-
lial cells would result in loss of these normal markers. We
examined HPrE-1/bmi1/TERT cells at 90–110 PDs (60–80
PD beyond the lifespan limit of the HPrE-1 parent primary
line (see Fig. 5a)). HPrE-1/bmi1/TERT cells continued to
express p63, β4 integrin, and Lam332 (Figs. 5c, d), in
contrast to the prostate carcinoma cell lines PC3 and
LNCaP.

HPrE-1/bmi1/TERT cells remained sensitive to TGF-β-
induced growth inhibition, albeit with a 2- to 3-fold shift in
dose–response relative to the parent HPrE-1 line, in contrast
to the prostate carcinoma cell lines PC3 (Fig. 6a) and
LNCaP (data not shown) which were completely resistant
to TGF-β. HPrE-1/bmi1/TERT cells remained inducible to
hypermotility by TGF-β and by Lam332′ (Fig. 6b) and

displayed a normal smad2 phosphorylation response to
TGF-β (Fig. 6c). PC3 responded to TGF-β with modest
smad2 phosphorylation and very low levels of Laminin γ2
expression. MDAPCa-2b and LNCaP had no detectable
constitutive or TGF-β-inducible smad2 phosphorylation or
γ2 expression. We conclude that human prostate epithelial
cells immortalized by bmi1+TERT expression stably
maintain expression of normal prostate basal epithelial cell
markers and hypermotility and growth arrest responses and
do not acquire features of transformation during long-term
serial culture.

Discussion

Despite the marked differences between the prostate
epithelium and stratified surface epithelia with respect to
embryonic development, tissue structure, pathway to
neoplasia, and properties of invasive carcinomas that arise
from them, prostate epithelial cells proved to display
inducible hypermotility responses identical to those of
keratinocytes and other stratified epithelial cell types. For
several reasons it would not have been predicted that
normal prostate basal cells would display such hyper-
motility responses. The prostate is a gland that does not
appear to require the ability to rapidly repair surfaces
denuded by wounding and, in contrast to stratified surface
epithelia, malignant invasion in the prostate is accom-
plished by cells that no longer express Lam332. Prostate
epithelial cells may use this hypermotility response mech-
anism during embryonic development of the gland and in
the adult it may remain as a vestigial ability, associated with
its expression of Lam332 and cognate integrins.

A consensus has not yet been reached about optimal
culture conditions for human prostate epithelial cells, in
contrast to the field of keratinocyte culture which typically
uses published, commercially available medium formula-
tions (e.g., Ksfm (Pirisi et al. 1987), KGM/MCDB154
(Shipley and Pittelkow 1987), or the fibroblast feeder layer
system (Allen-Hoffmann and Rheinwald 1984; Rheinwald
and Green 1975). Our experiments comparing keratinocytes
and prostate epithelial cells found no advantage for growth
rate or replicative potential of growing either cell type in
the proprietary PrEGM formulation over Ksfm, consistent
with the use of Ksfm as a prostate cell medium by a number
of investigators (e.g., refs. (Berger et al. 2004; Gu et al.
2006)). Importantly, studies by others have shown that
normal prostate epithelial cells cultured in Ksfm retain the
ability to undergo prostate-specific luminal differentiation
(Lamb et al. 2010) and, if engineered to express SV40(LT+
st), HrasV12, TERT, and AR, they form tumors of
histology similar to that of prostate carcinoma if inoculated
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into the prostate of immune-deficient mice (Berger et al.
2004)). We did not compare Ksfm with the non-
commercially available PFMR-4a prostate epithelial cell
medium (Peehl et al. 1988; Peehl 2003) for growth rate or
replicative lifespan, but short lifespans have been noted for
adult-derived normal prostate epithelial cells in this and
other medium formulations (Peehl 2005).

Our results did not support the practice of some
investigators of culturing prostate epithelial cells in 1%
serum-supplemented medium (e.g. refs. (Jarrard et al. 1999;
Kogan et al. 2006). We found strong growth inhibitory
effects of serum at concentrations as low as 0.3–1% for
both keratinocytes and prostate epithelial cells when
cultured from low density platings, which we use for
motility, growth, and replicative lifespan determinations.
Our results were at odds with a report that normal prostate
epithelial cells remain proliferative only if maintained in
medium of [Ca++] <0.4 mM (Dalrymple et al. 2005). We
found that the growth of neither prostate epithelial cells or

keratinocytes was inhibited by [Ca++] between 0.1 and
1 mM and both cell types grew better with moderate to high
[Ca++] than in 0.1 mM Ca++. We conclude from our studies
that culture conditions optimal for prostate epithelial cells
are the same as those for other p63+ epithelial cell types we
have studied (e.g., ref. (Dabelsteen et al. 2009)).

We unexpectedly found that some culture variables that
have little or no effect on cell proliferation have major
inhibiting or attenuating effects on motility induction by
TGF-β. We detected great differences in TGF-β-induced
motility, but not TGF-β-induced growth arrest, in medium
prepared with different production lots of BPE. BPE, a
crude extract of total pituitary gland prepared in large
batches from pools of glands obtained from slaughter-
houses, is provided by culture medium suppliers as a
supplement to the nutrient medium, used in addition to
defined mitogens and other growth-promoting molecules.
We found similar growth-promoting activities of dozens of
BPE lots over a period of many years, but very large

Figure 6. TGF-β-induced responses and TGF-β receptor-dependent
signaling in normal primary and immortalized prostate epithelial cells.
(a) TGF-β-induced growth inhibition. Note that HPrE-1/bmi1/TERT
cells (HPrE-1/b/T) remained sensitive to TGF-β growth inhibition,
although their dose–response was shifted about 3-fold toward reduced
sensitivity compared with HPrE-1 cells. In contrast, PC3 cells were
completely resistant to TGF-β. (b) TGF-β and Lam332′-induced
hypermotility. Note that HPrE-1/bmi1/TERT cells remained sensitive
to TGF-β- and Lam332′-induced hypermotility. (c) Smad2 phosphory-
lation induced by TGF-β in normal primary keratinocytes and prostate
epithelial cells and in experimentally immortalized prostate epithelial
cells. Preconfluent cultures of G5Ep, HPrE-1, and HPrE-1/bmi1/TERT
growing in Ksfm were untreated or treated with 0.1 ng/ml TGF-β for

the final 30 min before lysis and analysis by Western blotting. Note very
low or undetectable constitutive, and TGF-β-activated, smad2 phos-
phorylation in all three cell lines. (d) Defects in TGF-β-induced smad
signaling and p63 and Lam332 expression by prostate carcinoma cell
lines. Preconfluent cultures were untreated or treated with 0.1 ng/ml
TGF-β for the final 24 h before lysis and analysis by Western blotting.
Note absence of p63 expression by the prostate carcinoma lines. The
Laminin γ2 blot was overexposed for HPrE1 to permit detection of very
low levels of γ2 expression and its induction by TGF-β in PC3,
consistent with smad2 phosphorylation stimulated by TGF-β in this
line. In contrast, MDAPCa-2b and LNCaP did not phosphorylate smad2
in response to TGF-β and did not synthesize detectable γ2.
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differences among these lots in the ability of epithelial cells
to be induced to hypermotility by TGF-β. We found that
serum, and even a subfraction of serum that binds to the
culture dish surface, markedly inhibits TGF-β-induced
motility. It is possible that fluctuation from batch to batch
in the amount of residual blood and, therefore, serum
protein, in the pools of pituitary glands used to make the
BPE supplement is too small to make a detectable
difference in cell growth rate but large enough for some
batches to impair motility. We do not know the mechanism
by which increased [Ca++] attenuates TGF-β-induced
motility. Ca++ bridges cell–cell adhesion complexes con-
taining proteins such as E-cadherin but our assays employ
very low density platings and visual inspection of the
cultures when immunostained to measure track lengths
reveals no increase in cell-cell aggregation in high [Ca++]
medium that might impair single cell migration.

This study has revealed an essential and specific role for
EGF as a permissive factor for epithelial cell migration in
response to TGF-β. Our use of an assay that detects and
quantitates sustained directional hypermotility, also termed
persistent or processive migration(Frank and Carter 2004),
permits a clear distinction to made between factors that
induce hypermotility and those that play a permissive role.
The default situation for a normal basal epithelial cell is to
be proliferative, or potentially proliferative, and sessile.
Cells require the continual presence of certain polypeptide
survival factors such as insulin or IGF, common require-
ments of all somatic cells, and mitogenic factors such as
EGF, which often are specific for certain subsets of somatic
cell types. EGF, HGF, and KGF all proved to be good
mitogens for keratinocytes and prostate epithelial cells,
stimulating progressive growth from low density platings.
Our earlier study (Natarajan et al. 2006) detected no
ability of either EGF or HGF to stimulate directional
hypermotility and the present study adds KGF to the list of
epithelial mitogens that do not, by themselves, stimulate
hypermotility.

It was noted long ago that EGF promotes progressive,
long-term proliferation of human keratinocytes in culture in
part by permitting cells in large colonies to move and
spread out so as to permit continued colony expansion
(Rheinwald and Green 1977; Barrandon and Green 1987).
In contrast to KGF, both EGF and HGF cause increased
random cell movement resulting in colony scattering in low
[Ca++] medium (Peehl et al. 1996; Hudson and McCawley
1998; McCawley et al. 1998) and, compared with serum- or
BPE-starved cells, their addition to the medium increases
general cell movement detected in phagokinetic assays
(Cha et al. 1996; Li et al. 2004; Li et al. 2006). These cited
studies have likely detected an important effect of EGF
and HGF receptor activation besides mitogenic signaling,
characterized in other studies as stimulating fyn/src-

mediated phosphorylation of the cytoplasmic tail of β4
integrin to cause disassembly of hemidesmosomes and stable
adhesion complexes (Mariotti et al. 2001; Trusolino et al.
2001; Litjens et al. 2006). Interpreting our results in light of
such a mechanism, cells plated on a Lam332′-coated surface,
which immediately stimulates them to become directionally
hypermotile, may not form stable adhesion complexes at all,
consistent with our result that such migration is EGF-
independent. In contrast, cells plated onto an uncoated
substratum and exposed to TGF-β at the time of plating
become hypermotile after a 1 d lag, temporally associated
with induction of increased Lam332 synthesis and secretion
of unprocessed Lam332′ (Natarajan et al. 2006), (Bouez,
Hercule, Barron, and Rheinwald, unpublished). During the
time before the cells respond to TGF-β by changing mRNA
and protein expression and initiating hypermotility, in the
absence of EGF they may form stable adhesion complexes
that prevent them from becoming migratory. We found no
ability of HGF to replace EGF in rendering cells permissive
for TGF-β-induced hypermotility. The report that concluded
that the HGF receptor (c-met) can accomplish β4 integrin
phosphorylation studied tumor-derived cell lines that natu-
rally, or that were engineered to, overexpress c-met
(Trusolino et al. 2001), so this may not be a function of
HGF in normal epithelial cells.

Coordinate Lam332 and p16INK4A expression is found in
late stages of neoplastic progression in the epidermis and
oral mucosa in vivo (Natarajan et al. 2003), identifying the
stage during neoplastic progression at which p16 acts as a
tumor suppressor during development of SCC. Coexpres-
sion also is found in normal keratinocytes at the leading
edge of wounds and in cultured keratinocytes as they
become senescent, the latter frequently displaying a burst of
hypermotility (Natarajan et al. 2003; Natarajan et al. 2005;
Natarajan et al. 2006). We therefore have speculated that
keratinocytes respond to contact with an abnormal
substratum—presumably the absence of mature Lam332,
by sequentially inducing Lam332 overexpression and p16
expression. No preneoplastic state associated with
Lam332 overexpression has been identified in the prostate
and invasive prostatic carcinomas invariably are found to
have lost Lam332 and β4 integrin expression, so this
cancer must invade by interacting with matrix proteins
other than Lam332. One might predict, therefore, that
induction of p16INK4A would not occur during the process
of prostatic neoplastic progression. However, p16INK4A

deletions/mutations are found in 20–50% of prostate
carcinomas (Jarrard et al. 1997; Perinchery et al. 1999),
indicating that an as yet to be determined step during
neoplastic progression to prostate carcinoma is blocked by
p16 induction.

Induction of p16 expression was identified early on as
being associated with prostate epithelial cell senescence in
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culture and to act as a barrier to immortalization (Jarrard et
al. 1999; Sandhu et al. 2000). Transduction of normal
prostate epithelial cells to express TERT alone has been
found to occasionally yield immortalized lines, associated
with loss of p16 expression (Kogan et al. 2006). We used a
defined method to maintain repression of the CDKN2A
locus—transduction to constitutively express bmi1, a
polycomb protein naturally expressed by early passage
cells that helps to keep the CDKN2A locus in a
transcriptionally inaccessible state (Jacobs et al. 1999).
We and others have used bmi1 to prevent CDKN2A
derepression during serial culture as part of a multistep
method for immortalizing keratinocytes and other p63+

epithelial cell types (Kim et al. 2007; Dabelsteen et al.
2009). The HPrE-1/bmi1/TERT line we generated proved
to retain normal prostate basal epithelial characteristics
during serial culture, including marker expression and
TGF-β pathway signaling and growth inhibition and
hypermotility responses, clearly distinct from prostate
carcinoma cell lines which were deficient in all these
characteristics. This experimentally immortalized line will
be useful for future studies of normal prostate epithelial
growth, differentiation, and motility mechanisms.
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