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Abstract

Bcl-xL is one of several antiapoptotic proteins regulated by signal transducer and activator of

transcription 3 (Stat3). We have recently shown that Stat3 is required for chemically-induced and

ultraviolet B (UVB)-induced skin carcinogenesis. In this study, the functional role of Bcl-xL in

skin carcinogenesis was investigated using skin-specific Bcl-xL-deficient mice. In this model, Bcl-

xL expression is disrupted in the basal compartment of mouse epidermis using the bovine keratin 5

(K5) promoter to drive expression of Cre recombinase (K5.Cre × Bcl-xL
fl/fl mice). A significant

increase in apoptosis induced by either UVB irradiation or 7,12-dimethylbenz[a]anthracene

(DMBA) treatment was observed in the epidermis of Bcl-xL-deficient mice. Furthermore, an

increase in apoptotic cells was noted in hair follicle keratinocytes, including those located in the

bulge region. Cell proliferation was not affected by Bcl-xL deficiency following exposure to either

UVB or 12-O-tetradecanoylphorbol-13-acetate (TPA). Bcl-xL-deficient mice were more resistant

than wild-type controls to skin tumor development with delayed onset and reduced number of

tumors using either UVB or the DMBA/TPA two-stage regimen. Moreover, Bcl-2, Mcl-1, and

survivin protein levels were increased in the epidermis of Bcl-xL-deficient mice in the absence of

stimuli. Furthermore, levels of these antiapoptotic proteins were also high in skin tumors from

Bcl-xL-deficient mice that developed in response to either UVB or two-stage carcinogenesis

protocols. Collectively, these studies demonstrate that Bcl-xL plays a role early in skin

carcinogenesis through its anti-apoptotic functions to enhance survival of keratinocytes, including

bulge region keratinocyte stem cells, following DNA damage.
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Introduction

Apoptosis, a distinct form of programmed cell death, is a critical mechanism that eliminates

unwanted and unnecessary cells without causing inflammation. It is involved in normal
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physiological functions, development, differentiation, and the maintenance of tissue and

organ homeostasis through tight regulation of cell turnover [1–4]. In addition, apoptosis

plays an important role in removing damaged cells produced by exposure to environmental

factors, such as ultraviolet (UV)-radiation and chemicals. Abnormalities in apoptotic cell

death due to genetic defects and aberrant signaling pathways can lead to various diseases

including cancer [5–7]. Members of the B-cell lymphoma-2 (Bcl-2) family of proteins are

key regulators primarily of the intrinsic apoptotic pathways that regulate mitochondrial outer

membrane permeabilization for cytochrome c release [3, 8]. There are approximately 20

members of the Bcl-2 family that are functionally either pro- or anti-apoptotic [4, 8]. Bcl-xL

is a Bcl-2 family member involved in maintaining cellular homeostasis through inhibition of

both intrinsic and extrinsic apoptotic pathways [reviewed in 9].

Bcl-2 was the first proto-oncogene identified that derives its oncogenic activity by inhibiting

cell death rather than by stimulating proliferation, and it is involved in various types of

human cancer including prostate, lung, and skin cancers [9–12]. Inhibition of Bcl-2 has been

shown to reduce tumor cell survival [13–16]. Studies of the role of Bcl-2 in skin

carcinogenesis have produced conflicting results. In this regard, transgenic mice

overexpressing Bcl-2 under the control of a human K1 promoter were more resistant to cell

death induced by UVB irradiation and 7,12-dimethylbenz[a]anthracene (DMBA) treatment

[17]. Furthermore, these mice developed papillomas with a significantly greater frequency

and shorter latency compared with control littermates [17]. In contrast, transgenic mice

overexpressing Bcl-2 under the control of a human K14 promoter were more resistant to

both UVB- and chemically-induced skin carcinogenesis with skin tumor development

occurring at a significantly lower frequency than control littermates [18].

Several studies have also revealed a significant role for Bcl-xL in many human cancers

[reviewed in 5, 9, 19–21]. In skin carcinogenesis, it is thought that Bcl-xL is involved in the

response of keratinocytes to both UV and chemical exposure as well as in skin tumor

development [reviewed in 9]. For example, inhibition of Bcl-xL by antisense

oligonucleotides in human keratinocytes resulted in an increased sensitivity to apoptosis

induced by UVB irradiation or cisplatinum treatment [22]. Further, this increased sensitivity

in Bcl-xL-deficient keratinocytes was enhanced by treatment with wortmannin, an inhibitor

of phosphatidylinositol-3 kinase (PI3K), compared with wild-type keratinocytes [23],

suggesting that cooperation between Bcl-xL and PI3K-Akt signaling could enhance

keratinocyte cell survival. Transgenic mice overexpressing Bcl-xL under the control of the

human K14 promoter were resistant to apoptosis induced by UVB irradiation compared with

wild-type littermates [24]. These Bcl-xL transgenic mice also developed a two-fold greater

number of papillomas and developed invasive squamous cell carcinomas (SCCs) earlier and

more frequently than control mice [25]. These studies suggested that inhibition of apoptosis

through Bcl-xL overexpression contributed to increased formation of skin tumors and

possibly enhanced progression of these tumors [25].

Recently, our laboratory has shown that Stat3 deficiency leads to dramatic inhibition of both

two-stage chemical carcinogenesis as well as UVB-induced carcinogenesis in mouse skin

[26, 27]. Stat3 deficiency leads to increased apoptosis in keratinocytes in response to DNA

damage induced by either DMBA or UVB, which contributes to decreased susceptibility to
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skin carcinogenesis by these agents [26–28]. In addition, Stat3 is required for proliferation

during the tumor promotion stage of skin carcinogenesis [26–28]. Bcl-xL is a Stat3-regulated

gene [29, 30] and levels of this protein are significantly reduced in keratinocytes of Stat3-

deficient mice [27, 28, 31]. These data suggest that Bcl-xL may mediate some of the effects

of Stat3 during epithelial carcinogenesis. In the current studies, we investigated the

functional role of Bcl-xL in both two-stage chemical carcinogenesis and UVB-induced

carcinogenesis in mouse skin using keratinocyte-specific Bcl-xL-deficient mice. Through

these studies, we provide direct evidence that Bcl-xL is a critical antiapoptotic protein that

contributes to the survival of DNA-damaged keratinocytes, including stem/progenitor cells

located in hair follicles, during the initiation stage of skin carcinogenesis. In addition, the

results suggest that Bcl-xL may mediate some of the effects of Stat3 during epithelial

carcinogenesis, again primarily during the initiation stage. Finally, upregulation of other

antiapoptotic proteins (e.g., Bcl-2, mcl-1 and survivin) may partially compensate for loss of

Bcl-xL during skin carcinogenesis in skin specific Bcl-xL-deficient mice.

Materials and methods

Generation of experimental animals

The generation and characterization of skin specific Bcl-xL-deficient mice (K5.Cre × Bcl-

xL
fl/fl) has been previously described [23]. Bcl-xL

fl/fl mice were originally generated on a

C57BL/6 genetic background. The Bcl-xL
fl/fl alleles were crossed for at least 10 generations

onto the FVB/N genetic background. Female K5.Cre × Bcl-xL
fl/fl mice and non-transgenic

littermates at 7–8 weeks of age were used for the described experiments. The dorsal skin of

each mouse was shaved 48 hours before UVB irradiation or DMBA treatment; only those

mice in the resting phase of the hair cycle were used. Newborn K5.Cre × Bcl-xL
fl/fl or wild-

type littermates were used to generate primary cultures of mouse keratinocytes.

Keratinocyte culture and DMBA treatment in vitro

Primary cultures of keratinocytes were generated and cultured from wild-type and Bcl-xL-

deficient neonates as previously described [32] using keratinocyte growth medium

(Cambrex Inc., Walkersville, MD). Two days after incubation (37°C, 5% CO2), cells were

60 to 70% confluent, at which time they were treated with DMBA at a final concentration of

30 nM. After twelve hours of incubation, keratinocytes with morphological changes

characteristic of apoptosis such as cell ballooning, nuclear condensation, and bleb formation

were counted under a phase-contrast microscope as previously described [23]. Cells were

counted from at least three nonoverlapping fields. The percentage of apoptotic cells was

calculated as follows: [number of apoptotic cells/(number of apoptotic cells plus number of

viable cells)] × 100.

RNA interference (RNAi) and apoptosis assay

Primary keratinocytes obtained from wild-type neonates were grown overnight to ~40%

confluence and transfected with ON-TARGETplus SMART pool short interfering RNA

(siRNA) specific for mouse Bcl-xL or ON-TARGETplus siCONTROL non-targeting pool

siRNA as a control (Dharmacon Inc., Layfayette, CO). Transfection was peformed with

Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA). Forty-eight hours after siRNA
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transfection, cells were irradiated with UVB at 800 J/m2. Twelve hours later, apoptotic

keratinocytes were detected using an In Situ Cell Death Detection Kit (Roche Diagnostics

Co., Indianapolis, IN). Cells were counted microscopically in at least three nonoverlapping

fields. The percentage of apoptotic cells was determined as described above.

UVB irradiation in vivo

Westinghouse FS20 sun lamp bulbs with a peak emission at 313 nm were used for UVB

irradiation. The fluence rate was measured with an IL1400A Radiometer/Photometer

coupled to a SEL240/UVB-1/TD detector (International Light, Inc., Newburyport, MA).

Each mouse was held in individual compartments of a plastic cage on a rotating base to

prevent any differences in fluence across the UV light bulbs. An UVB-transparent lid

covering the radiation chamber was used to filter out the small amount of UVC radiation

emitted from these lamps.

Flow cytometry

Primary keratinocytes were irradiated with UVB at 800 J/m2 to analyze sub-G1 DNA

content by fluorescence-activated cell sorting (FACS). Twelve hours after UVB irradiation,

cultured cells were harvested and fixed with 70% ethanol for 24 hours. The cells were

suspended in 100 µl phosphate-citrate buffer for 30 minutes, washed, and suspended in a

final volume of 0.3 mL of PBS. After the addition of propidium iodide (Calbiochem, San

Diego, CA) and RNase (Sigma-Aldrich) to the cell suspensions, immunofluorescence was

measured with a BD FACSAria Flow Cytometer (BD Biosciences, San Jose, CA). The

percentage of cells below the G1 peak (sub-G1 fraction) was measured using Multicycle AV

software (Phoenix Flow Systems, La Jolla, CA) to determine the apoptotic cell population.

Analysis of epidermal apoptosis following UVB irradiation or DMBA treatment

To analyze UVB-induced epidermal apoptosis, groups of mice (n = 3) were irradiated with

UVB at 1,200 J/m2 and sacrificed 24 or 48 hours after irradiation. Skin sections were stained

with an antibody to the active form of caspase-3 (R&D Systems Inc.) and then treated with

biotinylated anti-rabbit IgG and HRP-conjugated ABC reagent (BD Biosciences –

Pharmingen, Los Angeles, CA). Apoptotic interfollicular and follicular keratinocytes were

counted microscopically in at least three nonoverlapping fields in saggital sections from

each mouse. To analyze DMBA-induced epidermal apoptosis, groups of mice (n = 3) were

treated with a single application of DMBA (25, 100, or 1,000 nmol) or acetone, sacrificed 24

or 48 hours after treatment, and assessed as described above.

Immunohistochemistry of DNA photoproducts

Groups of mice (n = 3) were irradiated with UVB at 1,200 J/m2 and sacrificed 24 or 48

hours after irradiation. After sacrifice, the dorsal skin was removed and fixed in 10%

neutral-buffered formalin. To detect UVB-induced cyclobutane pyrimidine dimers (CPDs),

skin sections were deparaffinized, rehydrated in xylene followed by graded ethanol (100%,

95%) and endogenous peroxidase activity was blocked with 3% hydrogen peroxide in water

for 10 minutes. Skin sections were then boiled in 1 mM EDTA buffer (pH 8.0) for 10

minutes, cooled slowly, and preincubated for 10 minutes at room temperature with Biocare
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blocking reagent (Biocare Medical Co., Concord, CA). Slides were incubated with primary

mouse monoclonal CPD antibody (Kamiya Biomedical Co., Seattle, WA) at 1:80,000

dilution for 1 hour at room temperature followed by incubation with biotinylated rabbit anti-

mouse antibody, streptavidin-horseradish peroxidase conjugate for detection, and developed

with diaminobenzidine as a substrate. Photoproduct-positive keratinocytes were counted

microscopically in at least three nonoverlapping fields in sections from each mouse and

calculated as the percent of the number of photoproduct-positive cells/cm.

Confocal microscopy

Mice were irradiated with UVB at 1,200 J/m2 and sacrificed 24 hours after irradiation. Skins

were removed and fixed in formalin followed by embedding in paraffin. Skin sections were

stained with K15 (Neomarkers Inc, Fremont, CA) and CD34 (BD Pharmingen, San Jose,

CA) as described by Trempus et al. [33]. Skin sections were also stained with active

caspase-3 (R&D Systems, Minneapolis, MN) antibodies as previously described [26, 27].

Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 488 donkey anti-rat IgG and Alexa Fluor

594 goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) were used as secondary antibodies for

K15, CD34 and caspase-3, respectively. Slides were mounted using mounting medium with

DAPI (Vector Laboratories, Inc., Burlingame, CA). Fluorescent images were then analyzed

on a confocal microscope (Zeiss 510 META).

Analysis of epidermal thickness and cell proliferation following UVB irradiation or TPA
treatment

To analyze UVB-induced epidermal thickness and cell proliferation, groups of mice (n = 3)

were irradiated with UVB at 1,200 J/m2 and sacrificed 24 or 48 hours after irradiation. Mice

were injected intraperitoneally with 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich, St.

Louis, MO) at 100 µg/g body weight in PBS 30 minutes prior to sacrifice. Dorsal skin was

then fixed in formalin and embedded in paraffin prior to sectioning of 4 µm and stained with

hematoxylin and eosin. To determine epidermal cell proliferation, sections were stained with

an anti-BrdU antibody (BD Biosciences – Pharmingen), followed by treatment with

biotinylated anti-mouse IgG, and horseradish-peroxidase conjugated ABC reagent (Vector

Laboratories). Epidermal cell proliferation (labeling index; LI), was determined as follows:

A minimum of 500 basal cells was counted and calculated as the percent of the number of

BrdU-positive cells/500 basal cells. Epidermal thickness was measured from 50

interfollicular sites per each group. To analyze TPA-induced epidermal thickness and cell

proliferation, groups of mice (n = 3) were treated with a single application of TPA (6.8

nmol) or acetone, sacrificed 24 or 48 hours after treatment, and assessed as described above.

UV skin carcinogenesis

An incrementally graded UV protocol previously described [34] was modified and used to

reduce ear papilloma formation. Bcl-xL-deficient (K5.Cre × Bcl-xL
fl/fl, n=11) and control

(K5.Cre × Bcl-xL
wt/wt, n=15) mice were exposed to 2,200 J/m2 of UVB three times per

week for weeks 1–6, 2,600 J/m2 of UVB for weeks 7–8, 3,000 J/m2 of UVB for weeks 9–10,

3,600 J/m2 of UVB for weeks 11–12, 4,050 J/m2 of UVB for weeks 13–14, and 4,500 J/m2

of UVB for weeks 15–30. UVB irradiation was stopped at 31 weeks and mice were kept
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without treatment until 43 weeks. Mice were monitored for tumor formation weekly. Skin

tumors that developed on dorsal skin and ear were counted following the first tumor

appearance. At the termination of the experiment, mice were sacrificed and tumors were

collected for histopathologic evaluation and for Western blot analysis.

Two-stage skin carcinogenesis

Bcl-xL-deficient (n=11) and wild-type littermates (n=11) were initiated with DMBA (25

nmol dissolved in 0.2 mL acetone; Sigma-Aldrich). Two weeks after DMBA treatment,

mice were treated topically with TPA (6.8 nmol TPA dissolved in 0.2 mL acetone; LC

Laboratories, Woburn, MA) twice a week for 21 weeks. Mice were monitored for tumor

formation weekly. Skin tumors were counted following the first tumor appearance. Tumors

were collected at the end of the study for histopathologic evaluation and for Western blot

analysis.

Preparation of protein lysates and Western blot analysis

Preparation of protein lysates and Western blot analysis were performed as described

previously [31].

Results

Bcl-xL deficiency sensitizes epidermal keratinocytes to UVB-induced apoptosis

Previous studies showed that Bcl-xL overexpression in the epidermis increased resistance to

UVB-induced apoptosis [24]. To further investigate the role of Bcl-xL in UVB-induced

apoptosis, primary keratinocytes were transfected with 20 nM Bcl-xL siRNA and then

irradiated with UVB. The apoptotic response in cultured mouse keratinocytes transfected

with Bcl-xL siRNA was higher compared to keratinocytes transfected with mismatch control

siRNA in the absence of UVB irradiation. Following UVB irradiation, keratinocytes

transfected with Bcl-xL siRNA showed a significant increase in apoptosis compared with

keratinocytes transfected with control siRNA (Figure 1A). Furthermore, the number of

apoptotic cells was significantly increased in cultured keratinocytes derived from Bcl-xL-

deficient mice following UVB irradiation compared with keratinocytes from wild-type mice

(Figure 1B).

In addition to the studies using cultured keratinocytes, apoptosis was also evaluated in skin

sections from UVB-irradiated mice. In this regard, caspase-3-positive cells in the epidermis

of control and Bcl-xL-deficient mice following UVB irradiation were observed in both the

hair follicles as well as interfollicular epidermis. Figure 2A shows a representative

caspase-3-stained section from Bcl-xL-deficient mice following treatment with UVB. In this

skin section, caspase-3 stained cells can be seen in the interfollicular epidermis (arrowheads)

as well as the hair follicles (arrows). In the hair follicles of this section, the caspase-3

positive cells appear to be located either above the sebaceous glands or in the isthmus

(below the sebaceous gland but above the bulge region). As shown in Figure 2B and 2C, the

number of apoptotic cells was significantly increased in both interfollicular epidermis and

hair follicles of Bcl-xL-deficient mice following UVB irradiation compared with epidermis

from wild-type mice. Note also that there was a much greater proportion of apoptotic cells
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observed in the interfollicular epidermis compared to the follicular epidermis following

UVB exposure in skin of both genotypes. Further analysis using confocal microscopy

indicated that a proportion of caspase-3 positive cells observed in hair follicles also

expressed K15, a marker for bulge region keratinocyte stem cells (KSCs). As shown in

Figure 3A, in some cases the K15/caspase-3 positive cells appeared to be localized in the

bulge region of hair follicles. In addition, some caspase-3 positive cells were positive for

CD34 and also appeared to be localized in the bulge region (Figure 3B). Finally, some

caspase-3 positive cells were clearly localized in the isthmus as noted above and did not

stain positive for K15 (Figure 3C). Collectively, the data in Figures 2 and 3 suggest that Bcl-

xL protects keratinocytes, including stem/progenitor cell populations located in the hair

follicles from UVB-induced apoptosis.

UVB exposure causes DNA damage and mutations in runs of tandemly located pyrimidine

residues of DNA, and induces primarily cyclobutane pyrimidine dimers (CPDs) and

pyrimidine (6-4) pyrimidone photoproducts (6-4 PPs) [35–37]. To examine whether Bcl-xL

plays a role specifically in the survival of photoproduct-positive cells following UVB

irradiation, control and Bcl-xL-deficient mice were irradiated with UVB and the CPD-

positive cells in the epidermis and hair follicles were quantified. As shown in Figure 4, there

was a decrease in CPD-containing cells in the interfollicular epidermis and hair follicles of

both wild-type and Bcl-xL-deficient mice 48 hours after UVB irradiation. Furthermore, there

was a significantly greater decrease in CPD-positive cells in Bcl-xL-deficient mice 48 hours

after UVB exposure compared to wild-type mice. Although the data shown in Figure 4

represents the combined data for both the interfollicular epidermis and hair follicles, changes

in the number of CPD containing cells in both compartments followed a similar pattern (data

not shown). Thus, Bcl-xL status in vivo influenced the survival of CPD-containing

keratinocytes, which is consistent with the conclusion that Bcl-xL influences survival of UV-

photoproduct containing cells that arise shortly after exposure to UVB.

Bcl-xL deficiency sensitizes epidermal keratinocytes to DMBA-induced apoptosis

Previous studies showed that overexpression of Bcl-xL in mouse epidermis inhibited

apoptotic cell death induced by DMBA [25]. To further investigate the role of Bcl-xL in

DMBA-induced apoptosis, primary keratinocytes from control and Bcl-xL-deficient mice

were treated with DMBA at a concentration of 30 nM. The number of apoptotic cells was

significantly increased in Bcl-xL-deficient keratinocytes compared with control

keratinocytes after DMBA treatment (Figure 5A).

Similar to the results observed using cultured keratinocytes, topical application of DMBA to

Bcl-xL-deficient mice resulted in a significant, dose-dependent increase in the number of

epidermal cells undergoing apoptosis compared with that in control mice, as analyzed by

caspase-3 staining (Figure 5B; data shown for interfollicular epidermis only). As shown in

Figure 5C, apoptotic cells were again observed in both the interfollicular epidermis and hair

follicles. Similar to the results with UVB treatment, Bcl-xL-deficient mice displayed a

significantly elevated number of apoptotic cells at 24 and 48 hours after topical treatment

with 100 nmol of DMBA in both the interfollicular epidermis as well as the hair follicles

(Figure 5D and 5E, respectively). Analysis of caspase-3-stained cells in skin sections from
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Bcl-xL-deficient mice revealed that a greater proportion of the caspase-3-positive cells in

epidermis of Bcl-xL-deficient mice induced by DMBA treatment were localized in the hair

follicles (Figures 5C and 5E). This is in contrast to the results with UVB-treated mice where

a greater proportion of apoptotic cells was observed in the interfollicular epidermis as noted

above. Nevertheless, in both cases there was an increase in apoptotic cells seen in the hair

follicles of the Bcl-xL-deficient mice. Similar to the results shown in Figures 2 and 3 for

UVB treated mice, the apoptotic cells in the hair follicles appeared to reside in several

different locations, including above the sebaceous glands and in the isthmus as well as the

bulge region. The latter was assessed by confocal microscopy analysis and again showed

that a proportion of the caspase-3 positive cells in the hair follicles induced by DMBA

treatment also expressed K15 and/or CD34 and appeared to reside in the bulge region (data

not shown). Collectively, these data indicate that Bcl-xL plays a role in survival of

keratinocytes, including stem/progenitor cells, following DNA damage induced by both

UVB and DMBA.

Bcl-xL deficiency does not influence epidermal proliferation induced by UVB irradiation or
TPA treatment

In mouse skin, UVB irradiation causes an initial increase in apoptosis followed by

keratinocyte proliferation and epidermal hyperplasia. To explore the impact of Bcl-xL

deficiency on this response, wild-type and Bcl-xL-deficient mice were irradiated with a

single dose of UVB at 1,200 J/m2 and epidermal hyperplasia (as assessed by epidermal

thickness) and cell proliferation (as assessed by BrdU labeling) were measured at 24 and 48

hours after exposure. Epidermal thickness was increased in both wild-type and Bcl-xL-

deficient mice in response to UVB irradiation, but no significant difference was found

between genotypes at either timepoint (Figure 6A and B). Similarly, BrdU-positive cells

were increased in the epidermis of both wild-type and Bcl-xL-deficient mice 24 and 48

hours after UVB irradiation (Figure 6C). Again, no differences were seen between the two

genotypes.

We also investigated the impact of Bcl-xL deficiency on keratinocyte proliferation and

epidermal hyperplasia induced by TPA. For these experiments, TPA was given as a single

topical treatment of 6.8 nmol and mice were sacrificed 24 and 48 hours later. Keratinocyte

proliferation and epidermal hyperplasia induced by TPA treatment were significantly

increased in both wild-type and Bcl-xL-deficient mice at 24 and 48 hours after TPA

treatment (Figure 6D–F). Similar to the results obtained following UVB exposure, there

were no differences seen in either epidermal hyperplasia (Figure 6E) or keratinocyte

proliferation (Figure 6F) in Bcl-xL-deficient versus wild-type mice following TPA

treatment. Collectively, these results indicate that Bcl-xL deficiency does not significantly

affect epidermal cell proliferation or hyperplasia induced by either UVB irradiation or TPA

treatment.

Impact of Bcl-xL deficiency on both UVB and two-stage skin carcinogenesis

To further investigate the role of Bcl-xL in skin carcinogenesis, wild-type and Bcl-xL-

deficient mice were subjected to either a UVB skin carcinogenesis protocol (Figure 7A and

B) or a two-stage skin carcinogenesis protocol (Figure 7C and D). As shown in Figure 7A
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and B, Bcl-xL-deficient mice were less susceptible to skin carcinogenesis induced by UVB

exposure compared to wild-type littermates. In this regard, the first skin tumor was observed

in Bcl-xL-deficient mice after 27 weeks of UVB irradiation, whereas wild-type mice started

to develop skin tumors after 21 weeks of UVB irradiation. Ninety-five percent of wild-type

mice developed tumors on the ear and back skin by the end of the experiment, whereas only

70% of the Bcl-xL-deficient mice had developed tumors (Figure 7A). This difference was

statistically significant after 15 weeks and for the remainder of the experiment. (p < 0.05, χ2

test). Furthermore, the average number of skin tumors per mouse in Bcl-xL-deficient mice

was lower than in wild-type mice (p < 0.05 by Mann-Whitney U Test, Figure 7B). All

tumors that developed in both types of mice were diagnosed as SCCs by the end of the

observation period. Representative sections are shown in Figure 8A (top panel). In addition,

immunohistochemical analyses showed Bcl-xL expression in tumors from wild-type mice,

but little or no expression in tumors from Bcl-xL-deficient mice (again, see Figure 8A,

bottom panels).

Similar results were obtained in a two-stage skin carcinogenesis experiment using DMBA as

the initiator and TPA as the promoter. As shown in Figure 7C and D, Bcl-xL-deficient mice

were more resistant to two-stage skin carcinogenesis with reduced tumor formation when

compared to wild-type littermates. In this regard, there was no significant difference in

tumor incidence between wild-type and Bcl-xL-deficient mice; i.e., 100% vs. 90%,

respectively after 21 weeks of promotion with TPA (Figure 7C). However, there was a

significant reduction in the average number of papillomas per mouse in Bcl-xL-deficient

mice compared to wild-type mice (p < 0.05 by Mann-Whitney U Test, Figure 7D).

Expression of antiapoptotic proteins is increased in the epidermis and skin tumors from
Bcl-xL-deficient mice

In addition to Bcl-xL, the Bcl-2 family contains other survival factors, such as Bcl-2 and

myeloid cell factor-1 (Mcl-1) [38]. Previous comparative studies have shown that apoptotic

pathways inhibited by one antiapoptotic member can also be inhibited by other antiapoptotic

members [2], indicating some degree of functional overlap allowing reciprocal regulation of

cell survival. For example, it was shown that expression of a Bcl-xL transgene was able to

rescue Bcl-2 deficiency in mature T lymphocytes of Bcl-2-deficient mice [39]. Recent

studies have also suggested that survivin, an important cell survival factor, is involved in

skin carcinogenesis [40, 41]. During the initial characterization of skin-specific Bcl-xL-

deficient mice it was noted that Bcl-2 levels were significantly elevated [23]. To evaluate the

levels of Bcl-2 and other antiapoptotic proteins in the epidermis of Bcl-xL-deficient mice,

Western blot analysis was performed using lysates prepared from epidermis and from skin

tumors induced by either UVB irradiation or the DMBA/TPA two-stage protocol. As shown

in Figure 8B, the levels of Bcl-2, Mcl-1, and survivin were higher in the epidermis of Bcl-

xL-deficient mice compared with wild-type mice. This was seen in the absence of any

treatment. Notably, the levels of these three antiapoptotic proteins were also higher in skin

tumors that developed in Bcl-xL-deficient mice compared to wild-type mice regardless of

the protocol used to induce the tumors (Figure 8C and D). These results suggest that

increased expression of other antiapoptotic proteins may partially compensate for the loss of
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Bcl-xL expression in Bcl-xL-deficient mice and this compensation may reduce the overall

impact of Bcl-xL deficiency on skin carcinogenesis.

Discussion

We have demonstrated that Bcl-xL plays a role in skin carcinogenesis induced by both

chemicals as well as UVB irradiation. In this regard, Bcl-xL deficiency significantly

increased sensitivity of mouse keratinocytes to both DMBA and UVB-induced apoptosis in

culture as well as in mouse epidermis in vivo. In addition, increased sensitivity of follicular

keratinocytes, including those located in stem/progenitor cell populations (which included

those in the bulge region), was observed in Bcl-xL-deficient mice after exposure to either

DMBA or UVB irradiation. Further studies demonstrated that Bcl-xL deficiency led to a

more rapid loss of CPD-containing keratinocytes in epidermis in vivo consistent with the

hypothesis that the antiapoptotic function of Bcl-xL protects keratinocytes against DNA

damage-induced apoptosis early after exposure to skin carcinogens. Bcl-xL deficiency did

not affect epidermal proliferation after exposure to either UVB or TPA suggesting little or

no effect on the promotional phase of skin carcinogenesis. Finally, evaluation of the

susceptibility of skin specific Bcl-xL-deficient mice to skin carcinogenesis demonstrated

reduced sensitivity to both two-stage DMBA/TPA and UVB-induced skin carcinogenesis.

These results support the conclusion that Bcl-xL is a Stat3 regulated gene that plays a role

primarily during the initiation stage of epithelial carcinogenesis through its effects on

survival of keratinocytes following DNA damage by DMBA or UVB irradiation.

In this study, we showed that Bcl-xL deficiency in mice increased susceptibility of

keratinocytes to both UVB- and DMBA-induced apoptosis. This increased sensitivity was

seen both in cultured keratinocytes as well as in mouse epidermis in vivo. Previous studies

from our laboratory showed that a significant proportion of apoptotic cells observed in

Stat3-deficient mice following treatment with DMBA were localized in or near the bulge

region of the hair follicles [26], suggesting that Stat3-mediated antiapoptotic gene regulation

might be critical for maintaining the survival of bulge region KSCs after DMBA-induced

DNA damage. Recent studies from our laboratory have also revealed that a significant

number of apoptotic cells induced by UVB exposure in Stat3-deficient mice can be observed

in or near the bulge region of the hair follicles [27]. In the current study, we also observed a

proportion of apoptotic keratinocytes in the hair follicles. These apoptotic cells appeared to

be located above the sebaceous glands, in a region between the sebaceous gland and the

bulge region (called the isthmus) as well as in the bulge region of hair follicles in skin of

both wild-type and Bcl-xL-deficient mice following UVB irradiation (Figures 2 and 3) and

treatment with DMBA (Figure 5 and data not shown). Bcl-xL deficiency increased the

overall incidence of apoptotic cells in these regions of the hair follicles.

Considerable evidence has accumulated implicating bulge region KSCs as targets for the

development of skin tumors, especially with regard to two-stage chemical carcinogenesis

[reviewed in 42, 43]. In addition, Nijhoff et al. [44] recently identified a novel murine

progenitor cell population localized to a previously uncharacterized region above the bulge

region. Cells in this region react with antibodies to the thymic epithelial progenitor marker

MTS24. MTS24 positive cells do not express CD34 or K15 but possess a high proliferative
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capacity similar to bulge region KSCs and may in fact be derived from the latter [44].

Furthermore, other stem/progenitor cells that do not express MTS24 or K15/CD34 may also

reside in the same region called the upper isthmus [45]. Collectively, these data indicate that

Bcl-xL plays a role in survival of epidermal keratinocytes including those located in one or

more hair follicle stem/progenitor cell compartment following DNA damage induced by

either DMBA or UVB.

In the current study, we also examined the relationship between UV-photoproduct

containing cells (i.e. CPD containing cells) and UVB-induced apoptosis in vivo following

UVB irradiation. Recently, Nijhoff et al. [46] reported that UV-photoproducts (CPDs and

6-4 PPs) accumulated in epidermal basal cells including putative stem/progenitor cells

following chronic UVB exposure to skin of SkH-1 hairless mice. Furthermore, we have

recently found that keratinocytes containing both 6-4 PPs and CPDs can be observed in the

interfollicular epidermis as well as hair follicles after only a single exposure to UVB [27]. In

addition, in our previous study UV-photoproduct containing cells in the hair follicles

appeared to persist longer than those in the interfollicular epidermis. Furthermore, we found

that UV-photoproduct containing cells disappeared faster from Stat3-deficient mice

compared to wild-type and K5.Stat3C transgenic mice. As shown in Figure 4 of the current

study, we found that Bcl-xL deficiency led to a more rapid disappearance of CPD-containing

keratinocytes. This was true for CPD containing cells located in both the interfollicular

epidermis and hair follicles (data not shown). These data further support the hypothesis that

Bcl-xL may mediate, at least in part, some of the effects of Stat3 during the initiation of

epithelial carcinogenesis.

We also examined whether Bcl-xL deficiency impacted epidermal proliferation following

exposure to either UVB or TPA. Pena et al. [24] previously reported that overexpression of

Bcl-xL under control of the K14 promoter did not affect cell proliferation or differentiation

in the epidermis. In addition, expression of the Bcl-xL transgene did not affect wound

healing. As shown in Figure 6 of the current study, Bcl-xL deficiency did not impact

epidermal hyperplasia or cell proliferation following either UVB irradiation or TPA

treatment. Thus, unlike Stat3, which regulates a number of critical cell cycle regulatory

genes (e.g., cyclin D1, c-myc, etc.) [47, 48] involved in epidermal proliferation following

UVB or TPA treatment, Bcl-xL does not affect these pathways or epidermal proliferation.

The current data indicate a primary role of Bcl-xL in epithelial carcinogenesis during early

events related to the initiation of tumors through effects on keratinocyte (including stem/

progenitor cell) survival following DNA damage.

Evaluation of the susceptibility of Bcl-xL-deficient mice to carcinogenesis induced by either

a UVB or DMBA/TPA protocol demonstrated that they were moderately resistant to skin

tumor formation compared with control littermates (Figure 7). However, inhibition of tumor

formation observed in Bcl-xL-deficient mice was not as dramatic as that observed in Stat3-

deficient mice [26, 27]. In this regard, skin-specific Stat3-deficient mice were completely

resistant to two-stage (DMBA/TPA) skin carcinogenesis. Furthermore, very recently we

employed an inducible system to specifically delete Stat3 at the time of initiation or during

promotion [31]. Deletion of Stat3 at the time of initiation led to a significant reduction in

papilloma formation. Thus, the overall impact of Bcl-xL deficiency on skin carcinogenesis
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induced by both two-stage and UVB protocol is less than observed with Stat3 deficiency.

This is likely due to several mechanisms. First, Stat3 increases both cell survival and

proliferation through its transcriptional regulation of multiple genes as noted above, whereas

Bcl-xL appears to have an impact primarily on keratinocyte survival. Second, Stat3 increases

cell survival by regulating a series of antiapoptotic proteins, whereas Bcl-xL is one of a

family of antiapoptotic proteins regulated by Stat3. Thus, other antiapoptotic proteins

regulated by Stat3 may compensate for the loss of Bcl-xL expression through redundant

functions. As noted in the Introduction, evidence suggests that Bcl-2 and survivin play a role

in mouse skin carcinogenesis [17, 18, 40] through their functions as antiapoptotic proteins.

Bcl-2, survivin and Mcl-1 are known to be regulated by Stat3 [49–51]. Consistent with this

idea, levels of Bcl-2, Mcl-1, and survivin were increased in the epidermis and in skin tumors

of Bcl-xL-deficient mice compared with control littermates (Figure 8). Therefore, elevated

levels of one or more of these proteins may function to limit the impact of Bcl-xL loss in

keratinocytes.

Finally, we reported that overexpression of a constitutively active form of Stat3 (i.e., Stat3C)

under control of the bovine K5 promoter enhanced susceptibility to two-stage DMBA/TPA

skin carcinogenesis [52] as well as UVB skin carcinogenesis [27]. In the course of these

studies, we noted that elevated Stat3 activity in the epidermis of these mice significantly

enhanced malignant progression. In fact, by 20 weeks of promotion with TPA essentially all

tumors in a two-stage skin carcinogenesis protocol were diagnosed as SCCs. Pena et al. [25]

reported that overexpression of Bcl-xL in epidermis enhanced malignant conversion during a

two-stage DMBA/TPA skin carcinogenesis protocol. Thus, the possibility exists that

elevated Bcl-xL levels that occur in epidermis of Stat3C mice [27] might contribute to the

enhanced tumor progression seen in these mice. Ongoing experiments are further exploring

this possibility using a system to inducibly delete Bcl-xL in papillomas as we have recently

described for inducible deletion of Stat3 [31].

In conclusion, Bcl-xL appears to play a significant role in skin carcinogenesis through its

effects on survival of DNA-damaged keratinocytes. The current studies focused on early

events associated with both chemically-induced as well as UVB-induced carcinogenesis.

The ability of Bcl-xL to protect keratinocytes, including putative stem/progenitor cells (e.g.,

bulge region KSCs) implies a major role in the initiation phase of skin tumor development.

Bcl-xL may mediate some of the effects of Stat3 during epithelial carcinogenesis and may

represent a novel target for cancer prevention as recently suggested [9].
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UVB ultraviolet B

K5 keratin 5

DMBA 7,12-dimethylbenz[a]anthracene

TPA 12-O-tetradecanoylphorbol-13-acetate

Bcl-2 B-cell lymphoma-2

PI3K phosphatidylinositol-3-kinase

SCC squamous cell carcinoma

KSCs keratinocyte stem cells

RNAi RNA interference

siRNA short interfering RNA

FACS fluorescence-activated cell sorting

CPD cyclobutane pyrimidine dimer

BrdU 5-bromo-2-deoxyuridine

6-4PP pyrimidine (6-4) pyrimidone photoproduct

Mcl-1 myeloid cell factor-1
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Fig. 1. Response of Bcl-xL-deficient keratinocytes to UVB-induced apoptosis in vitro
(A) Percentage of apoptotic cells in keratinocytes irradiated by UVB at 800 J/m2 after

inhibition of Bcl-xL expression by siRNA. DNA strand breaks were quantified in individual

keratinocytes by fluorescence microscopy 12 hours after UVB irradiation. (B) Percentage of

apoptotic cells in control and Bcl-xL-deficient cultured keratinocytes after UVB irradiation

as assessed by FACS analysis. Apoptotic cells were defined as the relative sub-G1

population 12 hours after UVB irradiation. *P < 0.05 and **P < 0.01, Mann-Whitney U test.
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Fig. 2. Response of Bcl-xL-deficient keratinocytes to UVB-induced apoptosis in vivo
(A) Representative caspase-3 staining of epidermis from Bcl-xL-deficient mice after UVB

irradiation. Scale bar: 20 µm. (B–C) Quantitation of the number of caspase-3-positive cells

per centimeter of epidermis from wild-type and Bcl-xL-deficient mice after UVB irradiation.

Groups of mice (n = 3) were irradiated at 1,200 J/m2 and sacrificed 24 or 48 hours after

irradiation. *P < 0.05 and **P < 0.01 by Mann-Whitney U test. (B) Interfollicular epidermis

(IFE). (C) Hair follicles (HF)
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Fig. 3. Co-localization of K15 or CD34 and active caspase-3 in bulge region keratinocytes of
K5.Cre × Bcl-xL

fl/fl mice
Mice were irradiated at 1,200 J/m2 and sacrificed 24 hours after irradiation. (A) Left panel

(a) shows a wide view of the skin section with merged images of DAPI (blue), K15 (green),

and caspase-3 (red). The skin section contains two adjacent hair follicles. The right hair

follicle has a hair shaft and a sebaceous gland while the left hair follicle is a follicle in

telogen phase with bulge region keratinocytes that stained positive for K15 (green) and

caspase-3 (red) (marked with arrows). Magnified views of the selected section in the left

panel (area bordered by white rectangle) are shown in panels b (DAPI), c (K15), d

(caspase-3) and e (merged). (B) Merged images of DAPI (blue), CD34 (green, bracketed),

and caspase-3 (red). The arrow indicates a keratinocyte that is positive for both CD34 and

caspase-3, which is located in the bulge region of the hair follicle. (C) Merged images of

DAPI (blue), K15 (green), and caspase-3 (red). The arrows indicate keratinocytes that are
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positive for caspase-3 but are localized in the area above the bulge region of the hair

follicles.
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Fig. 4. Impact of Bcl-xL-deficiency on levels of CPD-containing keratinocytes
Groups of mice (n=3) were irradiated with 1,200 J/m2 and sacrificed 24 and 48 h after UVB

exposure. Data shown are percentage of CPD-positive cells per 10 millimeters of epidermis

and include CPD positive cells from both the interfollicular epidermis and hair follicles of

control (wild-type) and Bcl-xL-deficient mice). *P < 0.05 by Mann-Whitney U test.
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Fig. 5. Response of Bcl-xL-deficient keratinocytes to DMBA-induced apoptosis both in vitro and
in vivo
(A) Quantitation of apoptotic cells in cultured keratinocytes derived from control (wild-type)

and Bcl-xL-deficient mice following a single treatment of DMBA at a final concentration of

30 nM. Cell morphology was evaluated 12 hours after treatment. (B) Apoptotic index was

assessed by determination of the number of caspase-3-positive cells per centimeter of

interfollicular epidermis (IFE) in wild-type and Bcl-xL-deficient mice after treatment with

DMBA. *P < 0.05 and **P < 0.01 by Mann-Whitney U test. Groups of mice (n = 3)

received a single topical treatment of DMBA at the indicated doses and were sacrificed 24

Kim et al. Page 22

Mol Carcinog. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hours after treatment. (C) Representative section of caspase-3 staining of epidermis from

Bcl-xL-deficient mice 24 hours after DMBA treatment. Scale bar: 20 µm. (D–E) Groups of

mice (n = 3) received a single topical dose of 100 nmol of DMBA and were sacrificed either

24 or 48 hours after treatment. (D) Interfollicular epidermis (IFE). (E) Hair follicles (HF).

*P < 0.05 by Mann-Whitney U test.
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Fig. 6. Impact of Bcl-xL on UVB- and TPA-induced epidermal hyperproliferation
(A–C) Groups of mice (n = 3) were irradiated with a single dose of UVB of 1,200 J/m2 and

were sacrified 24 or 48 hours after irradiation. (A) Representative hematoxylin and eosin (H

and E) staining of the epidermis from wild-type and Bcl-xL-deficient mice. Scale bar: 50

µm. (B) Quantification of epidermal thickness in skin sections from wild-type and Bcl-xL-

deficient mice irradiated by UVB. (C) Quantification of BrdU-positive cells from the

epidermis of wild-type and Bcl-xL-deficient mice after UVB irradiation. (D–F) Groups of

mice (n = 3) were treated topically with a single application of TPA and sacrificed 24 or 48
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hours after treatment. (D) Representative H and E staining of the epidermis from wild-type

and Bcl-xL-deficient mice. Scale bar: 50 µm. (E) Quantification of epidermal thickness in

skin sections from wild-type and Bcl-xL-deficient mice following treatment with TPA. (F)

Quantification of BrdU-positive cells in the epidermis of wild-type and Bcl-xL-deficient

mice after treatment with TPA.
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Fig. 7. Responsiveness of Bcl-xL-deficient mice to both UVB- and chemically-induced skin
carcinogenesis
(A and B) Groups of mice (wild-type, n=15; Bcl-xL-deficient, n=11) were exposed to UVB

three times a week for 30 weeks. (A) Percentage of mice without skin tumors. (B) Average

number of skin tumors per mouse (the mean±s.e.m). (C and D) Groups of mice (wild-type,

n=11; Bcl-xL-deficient, n=11) were initiated with 25 nmol of DMBA and, after two weeks,

were treated with twice-weekly applications of 6.8 nmol TPA for the duration of the

experiment. (C) Percentage of mice without skin tumors. (D) Average number of skin

tumors per mouse (the mean±s.e.m.).
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Fig. 8. Comparison of expression of antiapoptotic proteins in the epidermis and skin tumors of
wild-type and Bcl-xL-deficient mice
(A, top panels) Hematoxylin and eosin (H and E) stained sections of representative skin

tumors. (A, bottom panels) Immunohistochemical staining of Bcl-xL in these same skin

tumors. Scale bar: 20 µm (B) Western blot analysis of Bcl-xL and other antiapoptotic

proteins in untreated epidermis from wild-type and Bcl-xL-deficient mice. (C) Western blot

analysis of Bcl-xL and other antiapoptotic proteins in skin tumors from wild-type and Bcl-

xL-deficient mice induced by UVB irradiation. (D) Western blot analysis of Bcl-xL and

other antiapoptotic proteins in skin tumors from wild-type and Bcl-xL-deficient mice
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induced by the DMBA/TPA protocol. Protein lysates were prepared from epidermis and

from pooled skin tumors and subjected to Western blot analysis. β-actin was used to

standardize protein loading.
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