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Both feeder cells and Rho kinase inhibition are required for the conditional reprogramming and
immortalization of human epithelial cells. In the present study, we demonstrated that the Rho
kinase inhibitor Y-27632, significantly suppresses keratinocyte differentiation and extends life span
in serum-containing medium but does not lead to immortalization in the absence of feeder cells.
Using Transwell culture plates, we further demonstrated that physical contact between the feeder
cells and keratinocytes is not required for inducing immortalization and, more importantly, that
irradiation of the feeder cells is required for this induction. Consistent with these experiments,
conditioned medium was shown to induce and maintain conditionally immortalized cells, which was
accompanied by increased telomerase expression. The activity of conditioned medium directly
correlated with radiation-induced apoptosis of the feeder cells. Thus, the induction of conditionally
reprogrammed cells is mediated by a combination of Y-27632 and a diffusible factor (or factors)
released by apoptotic feeder cells. (Am J Pathol 2013, 183: 1862e1870; http://dx.doi.org/10.1016/
j.ajpath.2013.08.009)
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The combination of irradiated feeder cells and a Rho kinase
(ROCK) inhibitor Y-27632 conditionally reprograms adult
keratinocytes and nonkeratinocyte epithelial cells to an in-
definite proliferative state without the use of exogenous viral
or cellular gene expression.1,2 Even epithelial cells that are
entering senescence proliferate immediately when trans-
ferred to the inductive conditions, which consist of F medium
containing the ROCK inhibitor Y-27632 and irradiated Swiss
3T3-J2 mouse fibroblasts.3e6 Our research group recently
demonstrated that these culture conditions induce an undif-
ferentiated, adult stem cell-like state and that this transition
reflects a reprogramming of all cells in the culture population,
rather than the selective outgrowth of a small subpopulation.7

Perhaps equally important, the conditionally reprogrammed
cells (CRCs) exhibited normal differentiation when the
feeder cells and Y-27632 were removed, which demonstrates
their maintenance of lineage commitment.1,2,7 Although the
mechanism for the generation of CRCs is still unclear,
the combination of feeder cells and Y-27632 appears to
stigative Pathology.
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provide two distinct activities that promote unrestricted cell
proliferation: induction of telomerase and cytoskeletal
remodeling and/or interference with the p16/Rb pathway.1,2

Calcium- and serum-containing medium rapidly induces
terminal differentiation in keratinocytes.8e11 However,
coculturing keratinocytes with feeder cells allows the
keratinocytes to bypass these signals for terminal differ-
entiation and to proliferate until they reach cell crisis.
Including Y-27632 in the coculture enables the
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Radiation Induces Fibroblast Factor
keratinocytes to bypass cell crisis and proliferate indefi-
nitely. In the present study, we showed that Y-27632
contributes to the suppression of keratinocyte differentia-
tion in the presence of calcium and serum. Moreover,
we used both a Transwell culture system and conditioned
medium to demonstrate that direct physical contact
between the feeder cells and keratinocytes is not required
for the induction of conditional reprogramming and
immortalization.

In general laboratory practice, fibroblast feeder cells are
mitotically inactivated by irradiation to prevent their over-
growth of keratinocytes in coculture.5,12e14 Here, we
demonstrate that, in addition to preventing fibroblast over-
growth, irradiation of the feeder cells is critical for the
production and/or release of one or more diffusible factors
that are essential for conditional reprogramming and
immortalization. (Hereafter, reference to factors in the plural
incorporates the possibility of a single factor.)

Materials and Methods

Culture and Irradiation of J2 Cells

Swiss 3T3-J2 mouse fibroblasts7 were maintained at 37�C
and 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum, 100 mg/mL
penicillin, 100 mg/mL streptomycin, and 100 mg/mL
glutamine (complete DMEM; Life Technologies, Carls-
bad, CA). Cultures were passaged when 90% confluent
using a 1:4, 1:8, or 1:16 dilution and were given fresh
medium every 2 to 3 days. Suspensions of cells in
complete DMEM were irradiated at 30 Gy (3000 rads).
After irradiation, the cells were plated at a density of
approximately 70% in complete DMEM and were
allowed to attach for at least 2 hours before addition of
keratinocytes.

Keratinocyte Cell Culture

Primary human foreskin keratinocytes (HFKs) were iso-
lated from neonatal foreskins as described previously.15

For direct-contact coculture, HFKs were seeded on a
feeder layer of lethally irradiated J2 fibroblasts5 in F me-
dium. The F medium consisted of 25% Ham’s F-12
nutrient mix (Life Technologies) and 75% complete
DMEM, supplemented with 25 ng/mL hydrocortisone,
5 mg/mL insulin, 0.1 nmol/L cholera toxin (Sigma-Aldrich,
St. Louis, MO), 250 ng/mL Fungizone (Thermo Fisher
Scientific, Waltham, MA), 0.125 ng/mL epidermal growth
factor, and 10 mg/mL gentamicin (Life Technologies). In
most experiments, cells were cultured in the presence of
the ROCK inhibitor Y-27632,1 at a final concentration of
5 mmol/L (Enzo Life Sciences, Farmingdale, NY). In the
absence of feeder cells, HFKs were grown either in F
medium containing Y-27632 or in keratinocyte growth
medium (KGM) (Life Technologies).
The American Journal of Pathology - ajp.amjpathol.org
For indirect cocultures, 1.1 � 106 irradiated or nonirra-
diated J2 feeder cells were seeded on 0.4-mm pore-size
Transwell polycarbonate membranes and HFKs were grown
on the corresponding 75-mm polystyrene cell culture receiver
dishes (Corning Life Sciences, Tewksbury, MA). Growth
curves were constructed by plotting population doublings
over time.16

Short-term proliferation assays were performed by seed-
ing 5.0 � 103 HFKs in six-well tissue culture plates in
medium with or without Y-27632. After 6 to 8 days, the
cultures were fixed with trichloroacetic acid and stained
with sulforhodamine B (Sigma-Aldrich) as described pre-
viously.17 Fixed, stained cultures were imaged by scanning
and then were solubilized in 10 mmol/L unbuffered Tris for
spectrophotometric quantification of the dye at 564 nm.17

Cell counting was performed using a Countess automated
cell counter (Life Technologies) according to the manufac-
turer’s protocol.

Passaging Epithelial Cells in Direct Cocultures with
Feeder Cells

To remove J2 feeder cells, keratinocyte cocultures were
rinsed with Dulbecco’s PBS and treated with 0.05%
trypsineEDTA (Life Technologies) for 30 seconds at
room temperature. The culture vessel was then gently
rocked until the feeder cells detached, and the feeder cells
were removed by aspiration. The keratinocytes were
washed with Dulbecco’s PBS and treated with tryp-
sineEDTA for 3 to 5 minutes at 37�C. The keratinocytes
were detached by gentle tapping, and the trypsin was
neutralized by adding Dulbecco’s PBS containing 10%
fetal bovine serum. After centrifugation, the keratinocytes
were suspended in F medium and plated on freshly irra-
diated feeder cells.

Preparation of Conditioned Medium

Irradiated feeder cells (1.0 � 107 to 1.5 � 107) were plated
in 175-cm2 tissue culture flasks (BD Biosciences, San Jose,
CA) in 30 mL of F medium. The medium was collected
3 days later and was centrifuged at 1000 � g for 5 minutes
at 4�C. The resulting supernatant was passed through a
0.22-mm pore-size Millex-GP filter unit (EMD Millipore,
Billerica, MA). Conditioned F medium was frozen and
store at -80�C. Three volumes of conditioned F medium
were mixed with one volume of fresh F medium; this
mixture was supplemented with 5 mmol/L Y-27632
before use.

RT-qPCR

Total RNA was isolated using TRIzol reagent (Life Technol-
ogies) and treated with an Ambion DNA-free kit (Life Tech-
nologies) according to the manufacturer’s protocol. cDNA
synthesis and quantitative real-time RT-PCR (RT-qPCR)
1863
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Figure 1 Y-27632 inhibits calcium- and serum-induced keratinocyte differentiation. A: Y-27632 stimulates keratinocyte proliferation in medium con-
taining calcium and serum. HFKs were seeded at 5.0 � 103 per well in six-well tissue culture plates under four culture conditions: KGM, F medium (F), F medium
with Y-27632 (FþY), and F medium with Y-27632 in coculture with a layer of lethally irradiated J2 feeder cells (FþJ2þY). The cells were harvested and counted
8 days later. The experiment was performed four times independently; results from one representative experiment are shown. B: Y-27632 inhibits expression of
differentiation-associated genes in the presence of calcium and serum. 5.0 � 106 HFKs were plated in 10-cm tissue culture dishes under three culture
conditions. The cells were harvested 2 days later, and RT-qPCR was used to measure levels of mRNAs characteristic of keratinocyte differentiation. Data are
expressed as means � SD.
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were performed as described previously,18 using iCycler
MyiQ and iQ SYBR Green SuperMix (Bio-Rad Labora-
tories, Hercules, CA). The following forward and reverse
primers were used: involucrin, 50-TCCCAGCAACA-
CACACTGCC-30 and 50-TGCTCAGGCAGTCCCTTTA-
CAG-30; p21, 50-ATGTCAGAACCGGCTGGGGA-30 and
50-GCCGTTTTCGACCCTGAGAG-30; and GAPDH, 50-
TCTCCTCTGACTTCAACAGC-30 and 50-GAAATGAGC-
TTGACAAAGTG-30. hTERT mRNA was quantitatively
measured using published primers and methods.18 All data
were normalized to levels of GAPDH.

Caspase 3/7 Assay

2.0 � 104 irradiated feeder cells were cultured in 96-well
plates for 0, 1, 2, or 3 days using DMEM (100 mL per
well; Life Technologies). To assay the activity of caspases 3
and 7, 100 mL of Caspase Glo 3/7 reagent (Promega,
Madison, WI) was added to the wells, rocked at 500 rpm for
30 seconds and incubated for 30 minutes at room temper-
ature. Next, 100-mL aliquots of the resulting cell lysates
were transferred to a white 96-well plate (Sigma-Aldrich)
for measurement of luminescence using a Veritas micro-
plate luminometer and software (Turner Biosystems, Sun-
nyvale, CA).

Statistical Analysis

Standard deviation (SD) was calculated using IQ5 2.0
Standard Edition Optical System software version
1864
2.0.148.060623 (Bio-Rad Laboratories) based the values
from three experiments or replicates.
Results

Y-27632 Inhibits Keratinocyte Differentiation Induced
by Calcium and Serum

Keratinocytes typically are cultured in low-calcium, serum-
free medium19 or are cocultured in high-calcium, serum-
containing F medium with lethally irradiated feeder cells.5

We have previously shown that the ROCK inhibitor Y-
27632 enhances keratinocyte proliferation and indefinitely
prevents differentiation in the presence of F medium and
feeder cells.1 To determine the effects of Y-27632 on the
proliferation and differentiation of keratinocytes in the
absence of feeder cells, HFKs were cultured for 8 days
either in low-calcium, serum-free KGM or in F medium in
the presence or absence of Y-27632 and feeder cells. There
was a significant reduction in HFK proliferation in F me-
dium without feeder cells or Y-27632 (6-fold increase in
cells from the initial inoculum) versus KGM (34-fold in-
crease) (Figure 1A). Conversely, the addition of Y-27632
stimulated proliferation 98-fold, which was similar to the
112-fold proliferation seen in the presence of Y-27632 and
feeder cells. These results suggest that Y-27632 acts directly
on the HFKs to promote proliferation via suppression of
differentiation induced by calcium and serum.
The ability of Y-27632 to inhibit keratinocyte differen-

tiation was analyzed in more detail by measuring the level
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Feeder cells are required for conditional immortalization of
keratinocytes. HFKs were passaged for up to 100 days under three culture
conditions: KGM, FþY, and FþYþJ2. Y-27632 alone did not induce con-
ditional immortalization. Two independent experiments with two different
HFK strains are shown (p2, top; p3, bottom).

Radiation Induces Fibroblast Factor
of mRNAs associated with keratinocyte differentiation in
KGM, F medium, and F medium containing Y-27632
(Figure 1B). As expected, transcript levels for the kerati-
nocyte differentiation markers involucrin,20e22 loricrin,23,24

Mad,25,26 p21,27,28 and Hes-1,29,30 as well as for the cell
deatherelated gene DAPK1,31,32 increased 2.5-fold to 20-
fold when HFKs were transferred from KGM to F me-
dium for 2 days. Importantly, including Y-27632 in the F
medium significantly, and in some cases completely, sup-
pressed these increases (Figure 1B).
Figure 3 Conditional immortalization of keratinocytes does not
require physical contact with feeder cells. A: In the indirect coculture
system, HFKs were plated on the bottom of the companion dish, and
irradiated feeder cells were seeded on the Transwell polycarbonate
membrane suspended 1 mm from the bottom. Cells shared the same me-
dium, but were not in direct contact. B: HFKs were cultured in direct
contact with irradiated feeder cells or in the indirect coculture system
without contact for more than 90 days in the presence of Y-27632 in
two independent experiments (top and bottom panels). HFKs showed
similar rates of proliferation and conditional immortalization in both
culture systems. HFKs grown in KGM served as a negative control for
immortalization.
Feeder Cells Are Required for the Conditional
Immortalization of Keratinocytes in Medium
Containing Serum and Calcium

Because Y-27632 inhibited keratinocyte differentiation, we
asked whether it could immortalize HFKs in F medium in
the absence of feeder cells. To investigate this possibility,
we performed long-term (100 days) cell culture experiments
with two strains of HFKs at passages 2 and 3 (p2 and p3) in
KGM, in F medium containing Y-27632, or in F medium
containing Y-27632 and feeder cells (Figure 2). HFKs
cultured in KGM survived for the shortest period (16 days
and 12.6 population doublings). Y-27632 dramatically
extended this proliferative capacity (65 days and 36.6
population doublings); however, only HFKs cocultured with
The American Journal of Pathology - ajp.amjpathol.org
feeder cells in the presence of Y-27632 could be propagated
indefinitely with no decrease in the rate of proliferation.
Therefore, Y-27632 inhibits terminal differentiation and
promotes transient cell proliferation, but cannot bypass
signals of senescence or crisis.

Conditional Reprogramming and Immortalization Does
Not Require Physical Contact between Keratinocytes
and Feeder Cells

To determine whether direct contact between feeder cells
and HFKs is necessary for conditional immortalization, we
used an indirect coculture system that makes use of Trans-
well permeable support inserts to physically separate the
feeder cells from the HFKs while providing the HFKs ac-
cess to the putative factors released by the feeder cells
(Figure 3A). The two strains of HFKs could be passaged
indefinitely (at least 100 days and 80 to 90 population
1865
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Figure 4 Irradiation of feeder cells induces diffusible factors that
conditionally immortalize keratinocytes. HFKs were cocultured with lethally
irradiated or nonirradiated J2 feeder cells for more than 70 days in the
Transwell indirect coculture system in the presence of Y-27632. Only irra-
diated feeder cells supported conditional immortalization of the HFKs. The
experiment was performed in duplicate, using HFKs at p5 (A) or p9 (B).
Conditional immortalization was more rapidly observed with the late-
passage HFKs.

Palechor-Ceron et al
doublings) in F medium containing Y-27632, regardless of
whether they were in direct contact with irradiated feeder
cells (Figure 3B). Moreover, the HFKs exhibited similar
rates of proliferation in the two culture systems. HFKs
cultured in KGM, which served as negative control for
conditional immortalization, stopped growing after 16 days
(12 population doublings). These results clearly demonstrate
that the conditional immortalization of HFKs does not
require direct physical contact with feeder cells, and imply
that the feeder cells release one or more diffusible factors
that cooperate with Y-27632 to promote keratinocyte pro-
liferation and survival.

Irradiation of Feeder Cells Is Required for Production
of Diffusible Factors That Contribute to Conditional
Reprogramming and Immortalization

The use of irradiated fibroblast feeder cells to maintain
keratinocytes in coculture is well documented.5,6 Irradiation
is necessary to prevent the fibroblasts from overgrowing the
more slowly proliferating epithelial cells. Because our in-
direct coculture system physically separates the feeder cells
and keratinocytes, we used this technique to investigate
1866
whether irradiation of the feeder cells is required for the
production and/or release of diffusible factors that enable
conditional immortalization of the keratinocytes. HFKs at
p5 were cocultured with irradiated or nonirradiated feeder
cells plated on Transwell inserts for 70 days (Figure 4A).
HFKs grown with irradiated feeder cells continued to pro-
liferate at a nearly constant rate throughout the experiment,
whereas those cultured with nonirradiated feeder cells lost
their proliferative capacity and entered senescence after 40
days. In a similar experiment using HFKs at p9, irradiated
feeder cells again supported indefinite proliferation, whereas
the growth rate of HFKs cultured with nonirradiated feeder
cells decreased immediately and proliferation ceased alto-
gether after the third passage (Figure 4B). These results
indicate that irradiation is a vital element in conditional
immortalization and is required to stimulate the feeder cells
to produce and/or release one or more essential factors.

Conditioned Medium Substitutes for Feeder Cells in
Conditional Reprogramming and Immortalization

To confirm that diffusible factors contribute to conditional
immortalization, we sought to demonstrate that conditioned
medium collected from cultures of irradiated J2 feeder cells
could substitute for feeder cells in immortalization assays.
First, however, it was important to ascertain, using a short-
term proliferation assay, whether Y-27632 is necessary for
the release of immortalizing factors by the feeder cells.
HFKs were cultured for 6 days in conditioned F medium
that was collected from irradiated feeder cells after 3 days in
the presence or absence of Y-27632. Then, Y-27632 was
added after collection to a portion of the conditioned me-
dium made in its absence (Figure 5). Conditioned medium
made without Y-27632 (Figure 5A) gave rise to relatively
small colonies of HFKs. In contrast, both the conditioned
medium made in the presence of Y-27632 (Figure 5A) and
the conditioned medium to which Y-27632 was added after
collection (Figure 5A) stimulated proliferation fourfold
(Figure 5B). Therefore, Y-27632 does not enhance the
release of feeder factors that suppress keratinocyte differ-
entiation and promote proliferation.
We tested the ability of conditioned medium to condi-

tionally immortalize keratinocytes in the presence of
Y-27632 by culturing late-passage (p10 and p11) HFKs for
55 days using three different conditions: F medium contain-
ing Y-27632, direct coculture in F medium with irradiated
feeder cells and Y-27632, and conditioned F medium con-
taining Y-27632 (Figure 6A). Conditioned medium was as
effective as direct coculture with irradiated feeder cells for
rescuing these HFKs from senescence and inducing rapid,
indefinite proliferation in the presence of Y-27632. Similarly,
both conditioned medium and direct coculture with irradiated
feeder cells conditionally immortalized early-passage (p2)
HFKs and induced similar rates of proliferation (in the
presence of Y-27632), over a period of 87 days and 60
population doublings (Figure 6B). These results corroborate
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Conditioned medium supports conditional immortalization. A:
Conditioned medium rescues late-passage HFKs undergoing senescence.
Late-passage HFKs (p10, top; p11, bottom) cultured in F medium con-
taining Y-27632 (as in Figure 2) were plated in F medium using three
different conditions: in the presence of Y-27632 (FþY), in the presence of
irradiated feeder cells and Y-27632 (Feeders þ Y), and in medium condi-
tioned by irradiated feeder cells containing Y-27632 (Conditioned medium þ
Y). Y-27632 alone was unable to rescue the HFKs from rapidly undergoing
senescence. In the presence of Y-27632, both irradiated feeder cells and
conditioned medium were equally able to rescue HFKs from senescence. The
experiment was performed in duplicate with two different strains of HFKs
(top and bottom panels). B: Conditioned medium conditionally immortalizes
keratinocytes. Early-passage HFKs (p2) were cultured for more than 80 days
(60 population doublings) in F medium containing Y-27632 in direct contact
with irradiated feeder cells or in conditioned F medium containing Y-27632.
Under both conditions, the HFKs were efficiently immortalized and exhibited
similar rates of proliferation.

Figure 5 Y-27632 is not required for the production of diffusible fac-
tors that stimulate keratinocyte proliferation. A: Conditioned F medium was
collected from irradiated feeder cells in the absence or presence of Y-27632
or with Y-27632 added to the conditioned medium immediately before use.
HFKs (5.0 � 103) were plated in these various media in six-well tissue
culture plates and were grown for 6 days. Conditioned medium without
Y-27632 did not stimulate proliferation of the HFKs to the extent of that
produced with Y-27632 or with Y-27632 added after collection. B: For
quantification of the proliferation assay, the fixed and stained cells in A
were solubilized, and absorbance at 564 nm was measured. CM, conditioned
F medium; OD, optical density.

Radiation Induces Fibroblast Factor
our earlier finding that physical contact with irradiated feeder
fibroblasts is not required for the conditional immortalization
of keratinocytes, but that diffusible factors released by the
feeder cells are essential to this process.

Conditioned Medium Induces Telomerase Expression

It has been reported that telomerase is a critical element in
cell immortalization and, moreover, that telomerase is
The American Journal of Pathology - ajp.amjpathol.org
overexpressed in HFKs cocultured with feeder cells,33 but
not in HFKs exposed to Y-27632 in the absence of feeder
cells.1 Because we have shown that irradiated feeder cells
release diffusible factors that are essential for conditional
immortalization of keratinocytes, we asked whether these
factors increase telomerase expression. RT-qPCR was
used to measure levels of the telomerase catalytic subunit
hTERT in HFKs cultured in KGM, in F medium with
irradiated feeder cells, or in conditioned F medium with
and without Y-27632 (Figure 7A). The level of hTERT
expression was relatively low in KGM, but increased
approximately ninefold both in the presence of irradiated
feeder cells and in conditioned medium, irrespective of
1867
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Figure 7 Conditioned medium induces telomerase. A: Conditioned
medium induces telomerase expression. Levels of hTERT mRNA were
measured in HFKs cultured in serum-free medium (KGM), cocultured with
irradiated feeder cells in F medium, or cultured in conditioned F medium
with and without Y-27632. hTERT was induced equally well by feeder cells
and by conditioned medium, irrespective of Y-27632. B: Levels of hTERT
mRNA were measured in F medium or conditioned medium, both in the
presence of Y-27632. F medium did not fully induce telomerase expression.

Figure 8 Activity of conditioned medium correlates with apoptosis of
irradiated feeder cells. A and B: Conditioned medium and unconditioned F
medium (control) were used to culture 5.0 � 103 HFKs in six-well tissue
culture plates in the presence of Y-27632. Cells were counted after 6 days
to assess proliferation. A: Activity of conditioned medium dramatically
increased 24 hours after irradiation. Irradiated J2 feeder cells (1.0 � 107 to
1.5 � 107) were plated with 30 mL of F medium in 175-cm2 tissue culture
flasks. Conditioned medium was collected after 24, 48, 72, or 96 hours. B:
Conditioned medium was collected from a single flask of irradiated J2 cells
every 24 hours (through 96 hours), with replacement of fresh F medium
after each collection. C: Apoptosis of feeder cells dramatically increased 24
hours after irradiation. Irradiated J2 feeder cells (2.0 � 104) were plated in
each well of a 96-well tissue culture plate. Activity of caspases 3 and 7 was
measured at 0, 24, 48, and 72 hours after irradiation. RLU, relative lumi-
nescence units.

Palechor-Ceron et al
Y-27632. Elevated hTERT expression was not simply a
response of the HFKs to F medium, because expression
was threefold greater in conditioned F medium, compared
with nonconditioned F medium (Figure 7B). Therefore,
diffusible factors released by irradiated feeder cells induce
telomerase (through unknown mechanisms), suggesting a
possible mechanism by which the feeder cells promote
conditional immortalization.

Activity of Conditioned Medium Correlates with
Apoptosis of Feeder Cells after Irradiation

Although the conditioned medium routinely used in im-
mortalization experiments was collected 3 days after irra-
diation of the feeder cells, it was important to define the
kinetics of conditioning. Therefore, medium collected from
cultures of J2 cells at 0, 24, 48, 72, and 96 hours after
irradiation was tested for its ability to stimulate HFK pro-
liferation over a period of 6 days in the presence of Y-27632
(Figure 8A). Essentially no stimulatory activity was detected
at 24 hours after irradiation, but activity had increased
sharply (eightfold) by 48 hours and continued to increase
slightly at 72 hours and at 96 hours. The same general trend
was observed if medium was collected at 24-hour intervals
from a single culture of irradiated J2 cells with replacement
of fresh medium after each collection (Figure 8B). Thus, the
observed kinetics of conditioning not only validate our use
of 3 days for the routine preparation of conditioned medium,
but also interestingly show that there is a 24-hour delay after
1868
irradiation before essential factors are released by the feeder
cells.
Because irradiation causes DNA damage and triggers

apoptosis,34e36 we compared the timing of apoptosis in
irradiated feeder cells to the activity of conditioned medium.
Using the activity of caspases 3 and 7 as a marker for
apoptosis, we found that the onset of apoptosis closely
parallels the release of conditioning factors. Activity of
caspases 3 and 7 activity increased dramatically between 24
and 48 hours after irradiation and increased slightly from 48
hours to 72 hours (Figure 8C). The correlation between
apoptosis of irradiated feeder cells and the release of feeder
factors that promote conditional immortalization suggests
ajp.amjpathol.org - The American Journal of Pathology
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Radiation Induces Fibroblast Factor
that irradiation induces these factors and/or that the factors
are released from dying cells.
Discussion

We have earlier shown that irradiated feeder cells and the
ROCK inhibitor Y-27632 reprogram primary human kera-
tinocytes to proliferate indefinitely.1,2 With the present study,
we establish that this cellular reprogramming is a direct result
of one or more diffusible factors released from the irradiated
feeder cells. Moreover, we show that these factors induce
telomerase expression in the keratinocytes, suggesting a
possible mechanism by which feeder cells promote condi-
tional immortalization. We show that, in the absence of
feeder cells, Y-27632 inhibits calcium- and serum-induced
differentiation and transiently increases proliferation but
cannot overcome cell crisis and senescence and thus cannot
allow keratinocytes to be propagated indefinitely. Growing
epithelial cells of interest in coculture is a complex proce-
dure, requiring the irradiation and plating of feeder cells
followed by seeding of the plates with epithelial cells.
Eventually, the feeder cells need to be replaced, because they
are postmitotic and do not survive longer than 3 to 4 days.
From our experiments using Transwell permeable culture
inserts, it is clear that direct physical contact between
epithelial cells and feeder cells is not required for conditional
immortalization. Therefore, the coculture system can be
simplified greatly by replacing feeder cells with medium that
has been conditioned by irradiated feeder cells.

It is important to note that irradiation of the feeder cells is
essential for the production and/or release of the factors that
impart activity to conditioned medium. These factors are
released only after a 24-hour delay after irradiation and
continue to be released for the next 72 hours. The timing of
this release correlates with the onset of radiation-induced
apoptosis of the feeder cells, as evidenced by a dramatic
increase in activity of caspases 3 and 7 activity after 24
hours. It is well established that apoptotic cells release
factors that promote proliferation in surrounding cells dur-
ing wound healing and tissue regeneration in mice,37 Xen-
opus laevis,38 Planaria species,39 Hydra species,40 and
Drosophila melanogaster.41 Irradiated mouse fibroblasts
stimulate the proliferation of epithelial, neural, and mesen-
chymal stem/progenitor cells in coculture; however, irradi-
ated fibroblasts deficient in caspases 3 and 7 are largely
defective for this activity.37 Moreover, both Casp3�/� and
Casp7�/� mice exhibit slower healing of skin excision
wounds and significantly reduced liver regeneration after
partial hepatectomy.37 Although it would have been infor-
mative to add chemical inhibitors of the caspase cascade to
the J2 feeder cells to determine whether they abrogate the
production of the relevant soluble factors, these inhibitors
cannot be removed from the conditioned medium and would
have interfered with the interpretation of the experimental
data. Our research group is designing studies to generate J2
The American Journal of Pathology - ajp.amjpathol.org
feeder cells with genetic knockdown of the above caspases,
which should clarify their potential role in this phenomenon.

We expect that the use of conditioned medium will
significantly enhance the applicability of CRCs to biomed-
ical research. Not only would it simplify long-term main-
tenance of CRC cultures, but use of conditioned medium
could also greatly increase the use of CRCs to investigate
the underlying genetic heterogeneity of cancers and allow
for drug sensitivity and other testing to be performed in the
absence of growth-arrested but metabolically active feeder
cells.

Acknowledgments

We thank Drs. Anton Wellstein, Anna Riegel, Priscilla
Furth, Hang Yuan, Anatoly Dritschilo, Ewa Krawczyk,
Bassem Haddad, and Dan Hartmann for valuable discus-
sions during the course of this study.

References

1. Chapman S, Liu X, Meyers C, Schlegel R, McBride AA: Human
keratinocytes are efficiently immortalized by a Rho kinase inhibitor.
J Clin Invest 2010, 120:2619e2626

2. Liu X, Ory V, Chapman S, Yuan H, Albanese C, Kallakury B,
Timofeeva OA, Nealon C, Dakic A, Simic V, Haddad BR, Rhim JS,
Dritschilo A, Riegel A, McBride A, Schlegel R: ROCK inhibitor and
feeder cells induce the conditional reprogramming of epithelial cells.
Am J Pathol 2012, 180:599e607

3. Guerra L, Capurro S, Melchi F, Primavera G, Bondanza S,
Cancedda R, Luci A, De Luca M, Pellegrini G: Treatment of “stable”
vitiligo by timed surgery and transplantation of cultured epidermal
autografts. Arch Dermatol 2000, 136:1380e1389

4. Pellegrini G, Ranno R, Stracuzzi G, Bondanza S, Guerra L, Zambruno G,
Micali G, De Luca M: The control of epidermal stem cells (holoclones) in
the treatment of massive full-thickness burns with autologous keratino-
cytes cultured on fibrin. Transplantation 1999, 68:868e879

5. Rheinwald JG, Green H: Serial cultivation of strains of human
epidermal keratinocytes: the formation of keratinizing colonies from
single cells. Cell 1975, 6:331e343

6. Rheinwald JG, Hahn WC, Ramsey MR, Wu JY, Guo Z, Tsao H, De
Luca M, Catricalà C, O’Toole KM: A two-stage, p16(INK4A)- and
p53-dependent keratinocyte senescence mechanism that limits repli-
cative potential independent of telomere status. Mol Cell Biol 2002,
22:5157e5172

7. Suprynowicz FA, Upadhyay G, Krawczyk E, Kramer SC, Hebert JD,
Liu X, Yuan H, Cheluvaraju C, Clapp PW, Boucher RC Jr.,
Kamonjoh CM, Randell SH, Schlegel R: Conditionally reprogrammed
cells represent a stem-like state of adult epithelial cells. Proc Natl Acad
Sci USA 2012, 109:20035e20040

8. Hennings H, Michael D, Cheng C, Steinert P, Holbrook K, Yuspa SH:
Calcium regulation of growth and differentiation of mouse epidermal
cells in culture. Cell 1980, 19:245e254

9. Menon GK, Grayson S, Elias PM: Ionic calcium reservoirs in
mammalian epidermis: ultrastructural localization by ion-capture
cytochemistry. J Invest Dermatol 1985, 84:508e512

10. Sermadiras S, Dumas M, Joly-Berville R, Bonté F, Meybeck A,
Ratinaud MH: Expression of Bcl-2 and Bax in cultured normal human
keratinocytes and melanocytes: relationship to differentiation and
melanogenesis. Br J Dermatol 1997, 137:883e889

11. Vicanová J, Boelsma E, Mommaas AM, Kempenaar JA, Forslind B,
Pallon J, Egelrud T, Koerten HK, Ponec M: Normalization of
1869

http://refhub.elsevier.com/S0002-9440(13)00594-4/sref1
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref1
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref1
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref1
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref2
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref2
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref2
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref2
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref2
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref2
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref3
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref3
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref3
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref3
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref3
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref4
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref4
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref4
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref4
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref4
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref5
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref5
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref5
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref5
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref6
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref6
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref6
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref6
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref6
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref6
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref7
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref7
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref7
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref7
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref7
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref7
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref8
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref8
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref8
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref8
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref9
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref9
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref9
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref9
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref10
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref10
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref10
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref10
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref10
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref11
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref11
http://ajp.amjpathol.org


Palechor-Ceron et al
epidermal calcium distribution profile in reconstructed human epidermis
is related to improvement of terminal differentiation and stratum cor-
neum barrier formation. J Invest Dermatol 1998, 111:97e106

12. Cuono C, Langdon R, McGuire J: Use of cultured epidermal autografts
and dermal allografts as skin replacement after burn injury. Lancet
1986, 327:1123e1124

13. Compton CC, Hickerson W, Nadire K, Press W: Acceleration of skin
regeneration from cultured epithelial autografts by transplantation to
homograft dermis. J Burn Care Rehabil 1993, 14:653e662

14. Hickerson WL, Compton C, Fletchall S, Smith LR: Cultured epidermal
autografts and allodermis combination for permanent burn wound
coverage. Burns 1994, 20:S52eS55. discussion S55eS56

15. Schlegel R, Phelps WC, Zhang YL, Barbosa M: Quantitative kerati-
nocyte assay detects two biological activities of human papillomavirus
DNA and identifies viral types associated with cervical carcinoma.
EMBO J 1988, 7:3181e3187

16. Mather JP, Roberts PE: Introduction to Cell and Tissue Culture:
Theory and Technique. New York, Plenum Press, 1998

17. Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D,
Warren JT, Bokesch H, Kenny S, Boyd MR: New colorimetric cyto-
toxicity assay for anticancer-drug screening. J Natl Cancer Inst 1990,
82:1107e1112

18. Liu X, Roberts J, Dakic A, Zhang Y, Schlegel R: HPV E7 contributes
to the telomerase activity of immortalized and tumorigenic cells and
augments E6-induced hTERT promoter function. Virology 2008, 375:
611e623

19. Pillai S, Bikle DD, Hincenbergs M, Elias PM: Biochemical and
morphological characterization of growth and differentiation of normal
human neonatal keratinocytes in a serum-free medium. J Cell Physiol
1988, 134:229e237

20. Cline PR, Rice RH: Modulation of involucrin and envelope compe-
tence in human keratinocytes by hydrocortisone, retinyl acetate, and
growth arrest. Cancer Res 1983, 43:3203e3207

21. Crish JF, Howard JM, Zaim TM, Murthy S, Eckert RL: Tissue-specific
and differentiation-appropriate expression of the human involucrin
gene in transgenic mice: an abnormal epidermal phenotype. Differ-
entiation 1993, 53:191e200

22. Younus J, Gilchrest BA: Modulation of mRNA levels during human
keratinocyte differentiation. J Cell Physiol 1992, 152:232e239

23. Steinert PM, Marekov LN: The proteins elafin, filaggrin, keratin in-
termediate filaments, loricrin, and small proline-rich proteins 1 and 2
are isodipeptide cross-linked components of the human epidermal
cornified cell envelope. J Biol Chem 1995, 270:17702e17711

24. Segre JA: Epidermal barrier formation and recovery in skin disorders.
J Clin Invest 2006, 116:1150e1158

25. Lymboussaki A, Kaipainen A, Hatva E, Västrik I, Jeskanen L,
Jalkanen M, Werner S, Stenbäck F, Alitalo R: Expression of Mad, an
antagonist of Myc oncoprotein function, in differentiating keratino-
cytes during tumorigenesis of the skin. Br J Cancer 1996, 73:
1347e1355

26. Werner S, Beer HD, Mauch C, Lüscher B, Werner S: The Mad1
transcription factor is a novel target of activin and TGF-beta action in
keratinocytes: possible role of Mad1 in wound repair and psoriasis.
Oncogene 2001, 20:7494e7504
1870
27. Nguyen BC, Lefort K, Mandinova A, Antonini D, Devgan V, Della
Gatta G, Koster MI, Zhang Z, Wang J, Tommasi di Vignano A,
Kitajewski J, Chiorino G, Roop DR, Missero C, Dotto GP: Cross-
regulation between Notch and p63 in keratinocyte commitment to
differentiation. Genes Dev 2006, 20:1028e1042

28. Jerome-Morais A, Rahn HR, Tibudan SS, Denning MF: Role for
protein kinase C-alpha in keratinocyte growth arrest, [Erratum
appeared in J Invest Dermatol 2010, 130:908]. J Invest Dermatol 2009,
129:2365e2375

29. Rangarajan A, Talora C, Okuyama R, Nicolas M, Mammucari C,
Oh H, Aster JC, Krishna S, Metzger D, Chambon P, Miele L,
Aguet M, Radtke F, Dotto GP: Notch signaling is a direct determinant
of keratinocyte growth arrest and entry into differentiation. EMBO J
2001, 20:3427e3436

30. Iso T, Kedes L, Hamamori Y: HES and HERP families: multiple effectors
of the Notch signaling pathway. J Cell Physiol 2003, 194:237e255

31. Bialik S, Kimchi A: The death-associated protein kinases: structure,
function, and beyond. Annu Rev Biochem 2006, 75:189e210

32. Raveh T, Droguett G, Horwitz MS, DePinho RA, Kimchi A: DAP
kinase activates a p19ARF/p53-mediated apoptotic checkpoint to
suppress oncogenic transformation. Nat Cell Biol 2001, 3:1e7

33. Fu B, Quintero J, Baker CC: Keratinocyte growth conditions modulate
telomerase expression, senescence, and immortalization by human
papillomavirus type 16 E6 and E7 oncogenes. Cancer Res 2003, 63:
7815e7824

34. Huang Q, Li F, Liu X, Li W, Shi W, Liu FF, O’Sullivan B, He Z,
Peng Y, Tan AC, Zhou L, Shen J, Han G, Wang XJ, Thorburn J,
Thorburn A, Jimeno A, Raben D, Bedford JS, Li CY: Caspase 3-
mediated stimulation of tumor cell repopulation during cancer radio-
therapy. Nat Med 2011, 17:860e866

35. Nijhuis EH, Poot AA, Feijen J, Vermes I: Induction of apoptosis by
heat and gamma-radiation in a human lymphoid cell line; role of
mitochondrial changes and caspase activation. Int J Hyperthermia
2006, 22:687e698

36. Furlong H, Mothersill C, Lyng FM, Howe O: Apoptosis is signalled
early by low doses of ionising radiation in a radiation-induced
bystander effect. Mutat Res 2013, 741e742:35e43

37. Li F, Huang Q, Chen J, Peng Y, Roop DR, Bedford JS, Li CY:
Apoptotic cells activate the “phoenix rising” pathway to promote
wound healing and tissue regeneration. Sci Signal 2010, 23:ra13

38. Tseng AS, Adams DS, Qiu D, Koustubhan P, Levin M: Apoptosis is
required during early stages of tail regeneration in Xenopus laevis. Dev
Biol 2007, 301:62e69

39. Hwang JS, Kobayashi C, Agata K, Ikeo K, Gojobori T: Detection of
apoptosis during planarian regeneration by the expression of apoptosis-
related genes and TUNEL assay. Gene 2004, 333:15e25

40. Chera S, Ghila L, Dobretz K, Wenger Y, Bauer C, Buzgariu W,
Martinou JC, Galliot B: Apoptotic cells provide an unexpected source
of Wnt3 signaling to drive hydra head regeneration. Dev Cell 2009, 17:
279e289

41. Huh JR, Guo M, Hay BA: Compensatory proliferation induced by cell
death in the Drosophila wing disc requires activity of the apical cell
death caspase Dronc in a nonapoptotic role. Curr Biol 2004, 14:
1262e1266
ajp.amjpathol.org - The American Journal of Pathology

http://refhub.elsevier.com/S0002-9440(13)00594-4/sref11
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref11
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref11
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref11
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref12
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref12
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref12
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref12
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref13
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref13
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref13
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref13
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref14
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref14
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref14
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref14
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref14
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref15
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref15
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref15
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref15
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref15
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref16
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref16
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref17
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref17
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref17
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref17
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref17
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref18
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref18
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref18
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref18
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref18
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref19
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref19
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref19
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref19
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref19
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref20
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref20
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref20
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref20
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref21
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref21
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref21
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref21
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref21
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref22
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref22
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref22
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref23
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref23
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref23
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref23
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref23
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref24
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref24
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref24
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref25
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref25
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref25
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref25
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref25
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref25
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref26
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref26
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref26
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref26
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref26
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref27
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref27
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref27
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref27
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref27
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref27
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref28
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref28
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref28
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref28
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref28
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref29
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref29
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref29
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref29
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref29
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref29
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref30
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref30
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref30
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref31
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref31
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref31
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref32
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref32
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref32
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref32
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref33
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref33
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref33
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref33
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref33
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref34
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref34
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref34
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref34
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref34
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref34
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref35
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref35
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref35
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref35
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref35
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref36
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref36
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref36
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref36
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref36
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref37
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref37
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref37
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref38
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref38
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref38
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref38
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref39
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref39
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref39
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref39
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref40
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref40
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref40
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref40
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref40
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref41
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref41
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref41
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref41
http://refhub.elsevier.com/S0002-9440(13)00594-4/sref41
http://ajp.amjpathol.org

	Radiation Induces Diffusible Feeder Cell Factor(s) That Cooperate with ROCK Inhibitor to Conditionally Reprogram and Immort ...
	Materials and Methods
	Culture and Irradiation of J2 Cells
	Keratinocyte Cell Culture
	Passaging Epithelial Cells in Direct Cocultures with Feeder Cells
	Preparation of Conditioned Medium
	RT-qPCR
	Caspase 3/7 Assay
	Statistical Analysis

	Results
	Y-27632 Inhibits Keratinocyte Differentiation Induced by Calcium and Serum
	Feeder Cells Are Required for the Conditional Immortalization of Keratinocytes in Medium Containing Serum and Calcium
	Conditional Reprogramming and Immortalization Does Not Require Physical Contact between Keratinocytes and Feeder Cells
	Irradiation of Feeder Cells Is Required for Production of Diffusible Factors That Contribute to Conditional Reprogramming a ...
	Conditioned Medium Substitutes for Feeder Cells in Conditional Reprogramming and Immortalization
	Conditioned Medium Induces Telomerase Expression
	Activity of Conditioned Medium Correlates with Apoptosis of Feeder Cells after Irradiation

	Discussion
	Acknowledgments
	References


