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Abstract

Earlier studies have already established that the chemical carcinogen 7, 12-dimethylbenz(a)
anthracene (DMBA) can initiate cutaneous squamous cell carcinoma (cSCC) formation via hair 
follicle stem cells in murine models. However tumour development requires additional topical 
application of a promoter agent. In this study, it was investigated if DMBA can function as 
a complete carcinogen to produce cSCCs in hairless SKH1-hr mice that have abnormal hair 
follicles. The DMBA application regimen was optimised to improve the yield of malignant 
cSCCs over benign skin tumours in SKH1-hr mice. The results showed than DMBA at 30 μg 
in 100 μl once a week and 15 mg in 100 ml twice a week produced skin tumours after just 
7 – 8 weeks. However mice exposed to these two regimes could be studied only until week 
14 as it resulted in a heavy tumour yield leading to early euthanasia, while the all tumours 
were found to be benign. It was seen that lowering DMBA dose to 15 μg in 100 ml just once 
a week produced tumours at a slower rate but allowed the mice to be studied further till 
week 27. Despite the slower tumour induction rate, this low dose DMBA regime yielded a 
high percentage of malignant tumours (59%) after just 23 weekly applications. In addition, 
the histomorphological changes and expression of markers for Ras activation (p-Erk1/2), basal 
or undifferentiated keratinocytes (keratin 14), proliferation (Ki67), tumour suppression (p53) 
and apoptosis (cleaved caspase 3) were assessed at different stages of skin carcinogenesis. 
Keratin 14 and Ki67 showed an increased expression that started in early keratinocyte 
proliferation stages and continued to increase with further tumour progression. In contrast, 
p53 and cleaved caspase 3 were detected only towards the late malignant stages of skin 
carcinogenesis. Interestingly p-Erk1/2 showed a marked shift from an expression in terminally 
differentiated keratinocytes in normal mice skin to proliferating compartments in cSCCs. This 
hairless and immunocompetent mice model of cSCC induction using DMBA can be reliably 
replicated and be further developed into a highly valuable model for biomedical research on 
skin cancer diagnosis and therapy.
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6.1 | Introduction 

In the past few decades, the global incidence of cSCC has been on the rise [1,2] due to a) a 
longer life expectancy leading to an ever increasing geriatric population who are particularly 
at a higher risk for cSCC [3], and most likely for a major remaining part due to b) increased 
ultraviolet (UV) exposure from the sun and tanning beds [4-7], and c) improved awareness, 
registration and reporting of incidences [2]. The progression of cSCCs to terminal or morbid 
stages occurs – at least in part – due to genetic instability and a cumulative build up of 
irreversible genetic mutations in skin. Emulating the tumour progression in animal models 
provides insight into the process and the possibility of preventive or therapeutic interventions. 
 Various murine strains have been utilised for the development of skin cancer models. 
Notable murine strains that have been investigated for this purpose include SENCAR, 
CD-1, C57BL/6, BALB/c and DBA/2 mice [8-10]. The introduction of hairless strains of mice 
in the 1960s-70s has proved highly advantageous to skin cancer research [11,12]. This is 
mainly because hair depilation, which is time consuming and can cause inflammation 
in skin, is rendered unnecessary for hairless mice. As a result the carcinogen and potential 
chemopreventive/chemotherapeutic compounds can be applied topically to hairless skin 
with ease. Moreover, tumours can be easily identified and observed from their earliest stages, 
in contrast to the conventional hairy murine models. In addition, the varying effects of hair 
cycle on skin carcinogenesis are minimised. 
 Among the various hairless murine strains commercially available, outbred albino SKH1-hr 
mice are the most widely used in dermatologic research [11]. The popularity of the SKH1-hr 
mice for experimental carcinogenesis is predominantly because of the following factors: (a) 
UV-induced tumours formed in these mice resemble cSCCs in man at the morphologic and 
molecular levels , (b) the strain is nonpigmented and therefore enables easy visualisation of 
cutaneous response to carcinogens and (c) the SKH1-hr mice are thymic and immunocompetent 
which makes the onset and progression of skin cancer in these models more comparable to 
humans in contrast to immunocompromised hairless murine strains such as SHO, SHC and 
SHrN.
 The use of the various aforementioned murine strains in skin cancer models has clearly 
confirmed the sequential, multistage nature of skin carcinogenesis, which conceptually 
involves the following stages:
(i) Initiation: This is the first stage of carcinogenesis during which the normal keratinocytes 

undergoes the first somatic mutation and by which the cell is conditioned for further 
tumorigenesis. Murine skin carcinogenesis initiation is generally accomplished by a single 
exposure to a subcarcinogenic dose of the initiator agent (mutagen and carcinogen). 
This step is irreversible and occurs within 2 weeks of exposure to the initiator agent. 

(ii) Promotion: The next stage of skin carcinogenesis involves repeated and chronic exposure 
to a “promoter”, a non-mutagenic and hyperproliferation inducing agent. In contrast to 
the initiation stage, the promotion step is lengthier and reversible. The promotion stage 
lasts 10 – 40 weeks. 
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(iii) Malignant progression: The promotion stage is sometimes followed by malignant 
transformation manifested by the invasive nature of the tumour and commonly linked 
to genetic instability and chromosomal aberrations. This stage can be enhanced by an 
additional post-promotion application of a mutagen (initiator) [13].

The most commonly used initiator agents are 7, 12-dimethylbenz(a)anthracene (DMBA), 
benzo(a)pyrene, N-methyl-N-nitrosourea (MNU), bis(chloromethyl)ether, cisplatinum. 
b-propiolactone and UV irradiation while the promotion stage of carcinogenesis can be 
achieved with 12-O-tetradecanoylphorbol-13-acetate (TPA), chrysarobin, benzoyl peroxide, 
UV irradiation or just skin wounding [8]. 
 SKH1-hr mice skin cancer models generally use UV as a complete carcinogen, assumed to 
include both initiating and promoting activities. In SKH1-hr mice, complete carcinogenesis 
has so far been attained only using UV irradiation [14]. Earlier studies have shown that at 
subacute daily exposures, first tumours (1 mm diameter) are induced in 7 – 8 weeks, and 50% 
of the animals are tumour-bearing in 11 weeks [15]. These small tumours were benign actinic 
keratoses – precursor lesions of cSCCs. At 19 weeks 50% of the animals had tumours with 
diameters > 4 mm, and those tumours were mostly malignant cSCCs.
 The two stage chemical carcinogenesis protocol using DMBA as the initiator and TPA 
as the promoter produces skin tumours with comparable latency times. The DMBA-TPA 
protocol in SENCAR strain mice produced skin tumours as early as 6 weeks with malignant 
transformation occurring at 18 weeks [16]. However it must be noted that efficiency and speed 
of DMBA-TPA carcinogenesis protocol again relies highly on the murine strain [8]. Two stage 
chemical carcinogenesis has not been utilised for the SKH1-hr mice; although Nijhof et al. [17] 
had used UV and TPA as initiator and promoter respectively, in SKH1-hr to investigate whether 
p53-mutant clones could thus be induced in the skin. Van Schanke et al. used neonatal DMBA 
initiation followed by chronic UV exposure as promotion on SKH2-hr pigmented cross bred 
hairless mice to raise melanomas, but it resulted mostly in papillomas and cSCCs [18] . 
 One limitation of the two stage DMBA-TPA protocol is that it tends to initially produce 
more benign papilloma and hyperplastic lesions (possibly actinic keratosis-like lesions when 
evaluated by human pathologists) that regress upon discontinuation of TPA. On the other 
hand, certain studies have shown that DMBA can function as a complete carcinogen [19-
24]. Since the carcinogenic action of DMBA is mainly exerted by mutation induction in the 
quiescent stem cells [8,25,26] present in hair follicle bulge region, it is not clear whether skin 
carcinogenesis with only DMBA would be successful in SKH1-hr mice that possess abnormal 
hair follicles. 
 In this study, we have investigated if a cSCC model can be successfully established in 
SKH1-hr mice by using DMBA as a complete carcinogen. This study first tried to identify the 
susceptibility of SKH1-hr mice to complete carcinogenesis with DMBA, by utilising different 
DMBA dosing regimes in a pilot study. The DMBA ‘dose of choice’ was then adopted for a main 
study wherein the course of skin tumour formation and malignant transformation was studied. 
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This main study was therefore used to histopathologically observe the various types of skin 
lesions induced by DMBA over time in SKH1-hr mice. Additionally in order to understand 
the various molecular changes involved in complete carcinogenesis with DMBA in SKH1-hr 
mice, expression of various nuclear and cytoplasmic markers such as phosphorylated Erk1/2 
(p-Erk1/2), keratin 14, Ki67, p53 and cleaved caspase 3 were investigated.

6.2 | Materials and Methods

6.2.1 | Pilot Study
This experimental animal protocol was discussed and approved by the Animal Research 
Committee of the Erasmus University, Rotterdam. The pilot study was essential to determine 
the susceptibility of SKH1-hr mice to carcinogenesis using only DMBA. Moreover it helped in 
determining the time-frame for onset of tumour formation and the optimal DMBA dosage 
regimen for the main study. In the pilot study, 25 female albino SKH1-hr mice aged 6 – 8 
weeks (Charles River Laboratories, Someren, the Netherlands) were housed under standard 
housing conditions and fed ad libitum. The mice were randomly and equally distributed 
over five groups. In the first group, the mice were left untreated, while the mice were treated 
topically with acetone once a week in the second group (Sigma Aldrich Chemie, Zwijndrecht, 
the Netherlands). In the third and fourth group, mice were treated similarly with a weekly 
topical application of 0.15 mg and 0.3 mg of DMBA (Sigma Aldrich Chemie, Zwijndrecht, 
the Netherlands) dissolved per ml of acetone. In the fifth group, the mice were exposed to 
biweekly topical application of 0.15 mg DMBA dissolved per ml of acetone. In all cases, the 
topical application measured 100 µl per mice. The grouping of the mice is shown in Table 1. 
 The mice were clinically examined every week post the first topical DMBA application, in 
terms of skin changes, time of first tumour appearance, number of tumours and tumour size. 
All tumours with diameter greater than 1 mm were included for the total tumour count per 
mice group at each time point. Increased tumour load (total tumour volume exceeding 2 cm3 
per mouse), weight loss of more than 20% from the starting weight, signs of respiratory or 
circulatory distress was considered as criteria for euthanasia. Euthanasia was performed by 
cervical dislocation of mice that were anaesthesised by isofluorane inhalation. After euthanasia, 
dorsal skin or skin tumour biopsies were fixed in standard 10% buffered formalin solution and 
evaluated histopathologically. The optimal carcinogen dose for the main study was primarily 
finalised based on the dosing regime efficiency to produce malignant skin lesions (final stage 
of carcinogenesis) in the mice, without resulting in a heavy benign papilloma load. A heavy 
benign papilloma load leads to premature euthanasia of the mouse for ethical reasons, even 
if the mouse has not met the malignant transformation end point. The tumour rate formation 
between the different groups were compared using 2-tailed student t-test for unequal 
variance, with p-value < 0.05 being considered significant.
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Table 1 | Various DMBA dosing regimes used for the pilot study.

Categories Reagent and Concentration Frequency

Group 1, n = 5 mice Untreated (control) -

Group 2, n = 5 mice Acetone treated (control) at 100 µl/mice Once a week

Group 3, n = 5 mice 15 mg DMBA per mice 
(0.15 mg DMBA/ml acetone at 100 µl/mice)

Once a week

Group 4, n = 5 mice 30 mg DMBA per mice 
(0.30 mg DMBA/ml acetone at 100 µl/mice)

Once a week

Group 5, n = 5 mice 15 mg DMBA per mice 
(0.15 mg DMBA/ml acetone at 100 µl/mice)

Twice a week

6.2.2 | Main study
After determining the optimal DMBA dosing regime, 64 SKH1-hr hairless female mice aged 6 
– 8 weeks were utilised for the main study. The mice were randomly divided into three groups: 
Group 1 (untreated), Group 2 (acetone treated) and Group 3 (treated with DMBA dosage 
determined from the pilot study). After 4, 7, 11, 14, 17, 20, 23 and 27 weeks from the first 
topical application, 2 untreated, 2 acetone treated and 4 DMBA treated mice were sacrificed at 
each time point. Following euthanasia, the total number of tumours formed in DMBA treated 
mice at each time point was counted, based on the tumour diameter as (i) > 1 mm and < 2 mm, 
(ii) > 2 mm and < 4mm and (iii) > 4mm. These values were then plotted in terms of number 
of weekly DMBA application. As in the pilot study, the dorsal skin or skin tumour biopsies 
were fixed in standard 10% buffered formalin solution, processed and sent for histopathologic 
evaluation by a certified veterinarian pathologist. 
 The histopathologic diagnosis given by the pathologist was eventually converted into 
a numerical score in a semi-quantitative manner as shown in Table 2. The scores obtained 
from untreated, acetone and DMBA treated mice were averaged for each selected time point 
(weeks of DMBA or acetone application). The averaged pathology scores were then plotted 
versus weeks of treatment received by the group.
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Table 2 | Quantitative histopathology scoring system.

Histopathological feature Scoring system Score

Acanthosis (Hyperplasia) None – 0 

Mild – 1 

Moderate – 2 

Severe – 3 

Hyperkeratosis None – 0 

Mild – 1 

Moderate – 2 

Severe – 3

Parakeratosis None – 0 

Mild – 1 

Moderate – 2 

Severe – 3

Stage of carcinogenesis Normal – 0 

Preneoplastic – 15 

Neoplastic – 30 

Malignant transformation No – 0

Progression to invasion – 15 

Complete malignant transformation – 30 

Differentiation in tumour Well differentiated – 3 

Moderately differentiated – 5 

Poorly Differentiated – 10

Cellular Atypia (Dysplasia) None – 0 

Mild – 1 

Moderate – 3 

Severe – 5

Mitotic Activity None – 0 

Mild – 1

Moderate – 2 

Severe – 3

Invasion None – 0 

Local invasion – 5 

Distal invasion – 10 

Inflammation None – 0 

Mild – 1 

Moderate – 2 

Severe – 3

Total Maximum – 100 



110 | Chapter 6

6.2.3 | Comparison of mean epidermal thickness of clinically normal control and 
DMBA treated skin
H&E slides were digitally scanned using the Nanozoomer 2.0 HT (Hamamatsu Photonics, 
Hamamatsu, Japan). Epidermal thickness was measured from the digital scans obtained from 
H&E slides of clinically normal skin taken from untreated, acetone treated and DMBA treated 
mice using the NDP 2.0 software. The mean epidermal thickness was then compared between 
each group. The changes in mean epidermal thickness for untreated, acetone treated and 
DMBA treated mice was also studies with respect to weeks of DMBA application. 

6.2.4 | Immunohistochemistry for p-Erk 1/2, keratin 14, Ki67, p53 and cleaved 
caspase 3
5 µm thick paraffin slices were obtained on standard slides from the formalin fixed and 
processed murine skin biopsies. The slides were de-paraffinised by standard protocol and then 
subject to heat induced antigen retrieval in 10 mM Trisodium citrate solution pH 6.0 (Sigma 
Aldrich, Zwijndrecht, the Netherlands) for 20 minutes at 95ºC. The slides were then allowed 
to cool for another 20 minutes. After triple washing with 1X phosphate buffered solution 
containing 0.1% Tween (PBS-T), the slides were incubated with a endogenous peroxidase 
blocking solution composed of 3% hydrogen peroxide in 1X PBS-T. Following this the tissue 
sections were incubated with a solution of 5% bovine serum albumin (BSA) in 1X PBS-T for 30 
minutes to minimise non-specific antibody binding. 
 The tissue sections were later incubated with primary antibodies for the respective 
antigens/markers for 1 hour. The negative control slides were plainly incubated with 1X PBS-T. 
The primary antibodies used were polyclonal rabbit anti-mouse antibodies for phosphorylated 
Erk 1/2 (Cell Signaling, Leiden, the Netherlands) at 1:100 dilution, keratin 14 (Thermo Scientific, 
Dreieich, Germany) at 1:400 dilution, Ki67 (Monosan, Uden, the Netherlands) at 1:200 dilution, 
CM5 for wild and mutant p53 (Monosan, Uden, the Netherlands) at 1:200 dilution and cleaved 
caspase 3 (Cell Signaling, Leiden, the Netherlands) at 1:50 dilution. Tissue sections were 
subsequently incubated first with the secondary goat anti-rabbit biotinylated antibody at 
1:200 dilution (DakoCytomation, Heverlee, Belgium) and then Streptavidin conjugated with 
horseradish peroxidase at 1:300 dilution (ITK Diagnostics, Uithoorn, the Netherlands) for 30 
minutes at each step. These steps were preceded and succeeded by triple washings in 1X 
PBS-T. The primary antibodies, biotinylated secondary antibodies and streptavidin conjugated 
with HRP were all diluted in 1X PBS-T. The slides were finally incubated in 2% solution of 
3, 3’ diaminobenzidine (DAB) (Sigma Aldich Chemie, Zwijndrecht, the Netherlands) in 1X 
PBS containing 0.01% hydrogen peroxide for 5 minutes. The DAB colouring reaction was 
stopped by immersing the slides in deionised water, following which the tissue sections were 
counterstained in haematoxylin. The slides were then dehydrated successively with standard 
protocol and coverslipped using Permount mounting medium. While all 5 markers were 
assessed in a qualitative manner, quantitative scoring was additionally performed for Ki67 by 
counting the total number of Ki67 positive keratinocytes per mm of interfollicular epidermis. 
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This was performed only on clinically normal skin from control mice and DMBA treated 
mice to evaluate if DMBA applications contributed to early proliferation related changes in 
interfollicular murine epidermis.

6.3 | Results

6.3.1 | Pilot Study
The mice from the control groups 1 and 2 (untreated and acetone treated) did not show 
any skin changes or tumour formation throughout the pilot study. The first DMBA-induced 
tumour with diameter > 1 mm was visible at week 7 for mice from group 5 (15 μg DMBA/mice 
biweekly). This was succeeded by appearance of similar sized tumours in mice from group 4 
(30 μg DMBA/mice weekly) at week 8. All mice from groups 4 and 5 were tumour positive by 
week 10. Mice from group 3 (15 μg DMBA/mice weekly) were the last to develop skin tumours 
at week 10 and all mice from this group contracted tumours at week 14. Till week 14, the rate 
of tumour formation for group 5 was significantly faster than group 3 with a p-value = 0.03, 
while group 4 was more rapid than group 3 as well but not significantly (p-value = 0.07). There 
was no significant difference observed in the rate of tumour formation between group 4 and 
5 (p-value = 0.29) till week 14.

Figure 1 | Graph showing the variation of total tumour count in different groups at each time point 
(* and ** denotes euthanasia for mice from group 4 and 5 due to increased tumour load for mouse – 
maximal total tumour volume permitted per mouse was 2 cm3); for total tumour count in each group, 
all tumours with diameters > 1 mm were considered.

As seen from the graph in Figure 1, the tumour yield increased quite considerably for mice from 
Group 4 and 5 and met euthanasia criteria by week 14. Due to euthanasia performed because 
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of heavy tumour yield, the mice from these groups could not be followed beyond week 
14. The tumour formed in these mice had diameters ranging from 1 mm to 4 mm. Tumours 
biopsied at this stage were found to be mainly benign papillomas. No malignant lesions 
were observed at this time point. Therefore the DMBA dosage used for group 4 and 5 was 
considered unsuitable for the main study, as it produced high amount of benign skin tumours 
too quickly. In contrast, mice from Group 3 could be followed up to week 23 following which 
they were euthanised. Biopsies obtained from tumours taken at that time point comprised of 
both benign papillomas and malignant lesions as cSCC. It should be noted that this particular 
DMBA dose regime allowed the murine model to be followed through all skin carcinogenesis 
stages up to the malignant transformation endpoint, without resulting in a heavy tumour load 
for the mice. Therefore weekly topical application of 15 μg DMBA per mouse was selected as 
the standard carcinogenesis protocol for the main study.

6.3.2 | Main Study
In the main study, mice were subjected to the protocol of weekly topical application of 15 μg 
DMBA per mouse as optimised in the pilot study. The first visible tumours (> 1 mm diameter) 
were detected during inspection at 11th week of DMBA application. The total number of 
tumours counted at each time point for DMBA treated mice increased with subsequent weeks 
of DMBA application as seen in Figure 2. Tumours that appeared initially were mainly > 1 mm 
and < 2 mm in diameter. These smaller tumours predominated from week 11 to week 17 of 
DMBA applications. From week 20 onwards, slightly bigger tumours with diameter > 2mm and 
< 4 mm formed majority of the tumours and this trend was observed till the last time point 
of the study, i.e. week 27. Large tumours with diameter > 4mm first appeared at week 17 and 
showed a gradual upward trend with subsequent weeks of DMBA application.

Figure 2 | Total tumour count according to tumour diameters in DMBA treated mice at each time point 
of DMBA application. 
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As the mice were euthanised at regular time points, it was possible to histopathologically 
evaluate the tumours at those corresponding time points. All counted tumours were biopsied 
at weeks 11, 14 and 17. Due to high tumour yield from week 20 to week 27, not all tumours 
counted in mice could be biopsied and diagnosed. From all tumours with similar size and 
appearance, only two or three tumours were eventually biopsied. Therefore percentage of 
tumours biopsied and diagnosed was 36% at 20 weeks, 37% at 23 weeks and 14% at 27 weeks. 
All tumour biopsies taken at 11 weeks of DMBA application were benign or non-invasive in 
nature and consisted mainly of papillomas and acanthomas that had no atypia. At 14 weeks, 
benign tumours constituted 75% of the lesions, while the remaining 25% tumours were 
categorised premalignant. The former included keratoacanthomas and papillomas with no 
atypia, while the latter included Bowenoid lesions (squamous cell carcinoma-in situ or SCCIS) 
and papillomas with atypia. However no invasive or malignant tumours were observed during 
this time period. Malignant transformation of skin tumours was first observed only after 17 
weeks of DMBA application. These included keratoacanthomas, acanthomas and papillomas 
progressing to dermal invasion or cSCCs. The percentage of malignant tumours diagnosed 
increased with subsequent weeks of DMBA application as seen in Figure 3. 

Figure 3 | Percentage of skin tumour biopsies diagnosed benign, premalignant and malignant at each 
time point of DMBA application. It should be noted that at week 27 all the tumours biopsied were 
malignant, but only 17% of the counted tumours were biopsied eventually due to the heavy tumour 
yield at that time point. 

The histopathological evaluation of clinically normal skin biopsies from the control groups 
(untreated and acetone treated mice) showed the typical architecture of murine skin tissue as 
seen in Figure 4a. However the skin in control SKH1-hr hairless mice also showed characteristic 
histological features associated with the strain such as – (a) presence of multiple dermal cysts 
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lined by keratinised epithelium, (b) presence of utriculus which is an ampuliform structure 
connected to the skin surface and is lined by hyperkeratotic epithelium, (c) absence of melanin 
pigments, (d) sebaceous gland hyperplasia and (e) dermal inflammation characterised by 
infiltration of mast cells. Clinically normal skin obtained from DMBA treated mice either 
showed (i) no changes when compared to control murine skin samples or (ii) they exhibited 
mild to moderate epidermal hyperplasia (acanthosis) as seen in Figure 4b. These features of 
epidermal hyperplasia could be observed quite early in DMBA treated mice after just 4 weeks 
of DMBA application. In addition, the epidermal hyperplasia observed in DMBA-treated skin 
was more focal in nature and not diffuse. However epidermal hyperplasia or acanthosis seen 
in this stage was not associated with atypia or dysplastic features.
 In the period from 12 – 17 weeks of DMBA application, the tumours that were biopsied 
from DMBA treated mice included – papillomatous hyperplasia (Figure 4c), acanthomas 
(Figure 4d), papillomas (Figure 4e) and keratoacanthomas (Figure 4g). From week 17 onwards, 
histopathological evaluations revealed the presence of premalignant Bowenoid lesions 
(squamous cell carcinoma-in situ or SCCIS) (Figure 4f ) or full blown malignant cSCC (Figure 
4i). This time period was also increasingly associated with pre-existing benign lesions such as 
papillomas, acanthomas or keratoacanthomas turning invasive (Figure 4h).

Figure 4 | H&E images of skin biopsies obtained from untreated, acetone treated and DMBA treated 
mice. The histopathological diagnosis were given as : (a) normal mice skin (in SKH1-hr mice), (b) mice 
skin with moderate hyperplasia (acanthosis), (c) papillomatous hyperplasia, (d) exophytic acanthoma, 
(e) papilloma, (f) Bowenoid lesion (squamous cell carcinoma in situ), (g) keratoacanthoma, (h) 
keratoacanthoma with progression to invasive carcinoma and (i) moderately differentiated cSCC. Mice 
from all three groups showed normal skin as in (a), while features as seen from (b) to (i) was seen only 
in DMBA treated mice.
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When the pathologist’s diagnosis was converted to a semiquantitative score with a maximal 
value of 100, the control murine skin score averaged at 2.75 ± 1.17 for untreated skin and 
2.65 ± 1.02 for acetone treated skin. On the other hand DMBA induced benign tumours 
scored higher at about 36.90 ± 2.70, while invasive or malignant lesions scored the highest 
at approximately 75.82 ± 3.70. The histopathological score obtained from the diagnosis of 
the biopsies when plotted as a function of time (weeks of DMBA application) also showed 
differences in the trend lines for DMBA treated mice when compared to the controls. The 
scores for biopsies from untreated and acetone treated mice stayed consistently between 
1.5 – 3.75 at all time points. The scores for biopsies from DMBA treated mice were similar to 
the control mice up to week 7, following which it demonstrated an upward trend from week 
11 onwards as seen in Figure 5. On the other hand, the standard deviation of the scores was 
quite high, especially at week 17, 20 and 23 of DMBA applications. This could arise due to 
the different types of lesions (benign and malignant) being diagnosed at each time point, 
resulting in a high variability of the score per time point. This variability decreases for the 27th 
week of DMBA application as all the lesions were diagnosed to be malignant at this time point.

Figure 5 | Variation of histopathology score in time (weeks of topical application) for untreated, 
acetone treated and DMBA treated mice. The y-bars denote the standard deviation of the mean value.

6.3.3 | Mean epidermal thickness in control and DMBA treated mice skin
The mean epidermal thickness was assessed in terms of weekly topical applications received 
by mice as shown in Figure 6 (a-f ). Mean epidermal thickness in control mice did not differ 
significantly from weeks 4 to weeks 27. In contrast to the control mice, DMBA treated clinically 
normal murine skin showed a gradual increase in epidermal thickness with successive weekly 
DMBA applications as seen in Figure 7. It is notable that the mean epidermal thickness in 
DMBA treated mice skin was significantly higher by about 40% compared to control mice after 
just 4 weekly DMBA applications. The increase was even higher at 92% and 135% after 11 
weeks and 23 weekly DMBA applications respectively.
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Figure 6 | Epidermis in clinically normal skin of SKH1-hr mice after 4, 11 and 23 weeks of treatment with 
acetone (a, c, e) and DMBA (b, d, f). 

Figure 7 | The variation of mean epidermal thickness in time (weeks of topical application) for clinically 
normal untreated, acetone treated and DMBA treated mice skin. Y-bars in the graphs denote the 
standard deviation from the mean value.



6

117Investigation of DMBA as a complete carcinogen in development of cSCC in hairless mice | 

6.3.4 | Immunohistochemistry in control and DMBA treated murine skin
6.3.4.1 | Markers for H-ras activation (p-Erk1/2)
The immunohistochemical staining for p-Erk1/2 showed a unique pattern in clinically normal 
murine skin obtained from control mice. As seen in Figure 8, the staining pattern for p-Erk 1/2 
was particularly strong in the suprabasal and infundibular regions of the present hair follicles. 
In the interfollicular epidermis, p-Erk1/2 stained strongly all the flattened keratinocytes in the 
terminally differentiated layer underneath stratum corneum (i.e. stratum granulosum). The 
pattern was similar to DMBA treated skin with hyperplasia, with occasional positive staining of 
keratinocytes in suprabasal and basal layers of skin as well. In the DMBA induced lesions, p-Erk1/2 
staining had an irregular pattern, localised preferentially in differentiated keratinocytes when 
compared to proliferating keratinocytes. This staining pattern was consistent for papillomas, 
keratoacanthomas, acanthomas and SCCIS. On the other hand, p-Erk 1/2 was preferentially 
strong in the proliferating zones in tumours undergoing malignant transformation (as shown 
for acanthoma with dermal invasion in Figure 8) and cSCC.

6.3.4.2 | Marker for basal keratinocyte or undifferentiated keratinocytes (keratin 14)
Keratin 14 was strongly positive in the cytoplasm of proliferative cells in (a) the hair follicle 
and (b) the stratum basale layer in normal interfollicular epidermis skin of control mice as 
seen in Figure 8. However staining became weaker in the suprabasal layer and was absent in 
the outer layer with flattened keratinocytes (stratum granulosum). In contrast to normal mice 
skin, skin with hyperplasia from DMBA treated mice showed moderate to strong keratin 14 
positive staining in all layers of the epidermis as seen in the representative image in Figure 8. 
Keratin 14 staining was also positive in all the DMBA induced tumours, irrespective of whether 
the lesion was benign, turning invasive or malignant. The staining intensity of keratin 14 in the 
proliferating regions of the tumour was also found to be stronger compared to the staining 
intensity observed in the differentiated zones of the tumour.

6.3.4.3 | Proliferative marker (Ki67)
As seen in the corresponding image in Figure 8, Ki67 staining was nuclear in nature in 
comparison to the cytoplasmic staining of keratin 14. Similar to keratin 14 staining, Ki67 
staining was positive in the stratum basale layer of normal murine epidermis and highly 
increased in the proliferating regions in benign, premalignant and malignant DMBA induced 
tumours. 
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Although Ki67 stain was present in the basal layer of epidermis, it can be seen from Figure 9a 
and 9b that not all basal keratinocytes were Ki67+ in untreated and acetone treated normal 
murine skin. On the other hand, more basal keratinocytes were Ki67+ in the epidermis of 
DMBA treated normal skin as shown in Figure 9c, even though there was no visible epidermal 
thickening or proliferation. In DMBA treated murine skin with hyperplasia, Ki67+ keratinocytes 
were even more frequent and expanded into the suprabasal layer as well as shown in Figure 
9d. 

Figure 9 | Immunohistochemical staining for Ki67 at 11 weeks after initiation of the study in (a) 
untreated normal skin, (b) acetone treated normal, (c) DMBA treated normal skin and (d) DMBA treated 
skin with hyperplasia. 

Figure 10 | Comparison of number of Ki67+ cells per mm of mice epidermis in untreated normal, 
acetone treated normal, DMBA treated normal skin and DMBA treated skin with hyperplasia. The 
y-bars in the graphs denote the standard deviation from the mean value. (* and ** denote a p-value 
< 0.01 with respect to the control murine skin)
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Upon quantifying the number of Ki67+ cells per mm of interfollicular epidermis of mice skin, 
it was found that DMBA treated normal mice epidermis had about twice as many Ki67+ cells 
than untreated and acetone treated normal epidermis as seen in the graph shown in Figure 
10. The increase in Ki67+ keratinocytes per mm of interfollicular epidermis was even greater 
for DMBA treated skin with hyperplasia and was four times higher compared to normal skin 
from the control mice. 

6.3.4.4 | Markers for tumour suppression (p53) and apoptosis (cleaved caspase 3)
Upon analysing for tumour suppressor markers such as p53, occasional p53+ stained cells 
could be observed in control mice skin, DMBA treated skin with hyperplasia and benign 
skin tumours like papillomas and keratoacanthomas. The number of p53+ stained cells was 
notably higher in benign lesions that were turning invasive as seen in Figure 8. The strongest 
p53 staining was observed in the proliferative zones of cSCC. On the other hand, the staining 
for apoptotic marker such as cleaved caspase 3 was positive only for cSCC biopsies in a highly 
localised manner and absent in all other samples.

6.4 | Discussion

6.4.1 | Susceptibility of SKH1-hr mice to complete carcinogenesis by DMBA
The outbred albino SKH1-hr mice are the most widely used for translational cancer 
research, among all commercially available strains. These mice are highly susceptible to 
photocarcinogenesis, probably due to the corrupted hairless gene (‘hr’) itself. This was 
demonstrated in C3H, another hairless mice strain by Davies et al. [27], where hairless mice 
were shown to be more vulnerable to photocarcinogenesis than haired mice of the same strain. 
However multistage chemical carcinogenesis is not commonly employed for hairless mice, 
probably due to the fact that DMBA functions mainly as an initiator by inducing irreversible 
mutations in the stem cells of active hair follicles [8,28] which are sparse or abnormal in hairless 
mice. However certain studies have demonstrated that hairless mice can still be susceptible 
to chemical carcinogenesis [29-31]. However, it has been thus far not known if SKH1-hr mice 
are susceptible to carcinogenesis by using DMBA as a complete carcinogen, i.e. with assumed 
initiator and promoter activities. While carcinogenesis by DMBA only has been shown earlier 
in various other mice strains [19-23,32], this study aimed to demonstrate it in SKH1-hr mice for 
the first time, and optimise the dose regimen for the yield of malignant cSCCs. 
 The pilot study data clearly shows that the hairless SKH1-hr mice were highly prone 
to skin carcinogenesis with just DMBA applications in all three test groups. It maybe that 
despite the sparsity of active hair follicles or presence of abnormal hair follicles in SKH1-hr 
mice, DMBA may still be able to initiate carcinogenesis from the interfollicular epidermis to 
a lesser extent [8] or rudimentary pilosebaceous appendages [31]. Another notable finding 
was that increased frequency of DMBA applications produced skin tumours faster (p-value of 
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significance = 0.03) in SKH1-hr mice. Although increasing the DMBA dose concentration per 
application increased the rate of tumour formation, the difference was not as significant (p = 
0.07) when compared to increasing the frequency of DMBA application. This finding implies 
that the frequency of DMBA application has more influence than the concentration of DMBA 
in terms of tumour formation rate. This finding was in agreement with the finding of Iversen 
et al. [23], where 50 doses of 1 μg DMBA application resulted in 100% of mice developing skin 
tumours in comparison with 1 dose of 51.2 μg DMBA application that produced skin tumours 
in only 40% of the mice. 
 However, the interplay between frequency of carcinogen application and the carcinogen 
concentration per application needs to be tailored for an optimal murine cancer model. In 
this study, it was found that although higher dosing frequency of DMBA or higher DMBA 
concentration per application produced tumours faster, all the produced tumours were benign 
in nature. The resultant heavy tumour load led to premature euthanasia to prevent animal 
discomfort and hence did not allow the mice to be studied towards further stages of malignant 
transformation. Therefore a more suitable route to achieve a complete carcinogenesis model 
in SKH1-hr mice would be to adopt weekly DMBA applications at a lower concentration range 
such as 10 μg – 15 μg DMBA per mouse. However, the same protocol would need to be modified 
for another hairless mice strain depending upon its sensitivity to complete carcinogenesis by 
DMBA.
 On the other hand, it should be noted that skin in SKH1-hr mice is also characterised by 
dermal inflammation [11] and increased risk for follicular cystitis. Therefore it is not known 
if this pre-existing dermal inflammation could contribute to the susceptiblility of SKH1-hr 
mice towards experimental carcinogens when compared to other mice strains. However this 
hypothesis needs to be validated with further investigations.

6.4.2 | Higher carcinoma yield with DMBA only carcinogenesis in SKH1-hr mice 
skin.
The early visible tumours measuring between 1 mm – 2 mm diameter that formed after 
11 weeks of DMBA applications consisted mainly of papillomas and acanthomas. This was 
in agreement with earlier studies that used UV and DMBA-TPA carcinogenesis in different 
murine strains [8,9,14,33]. Tumours with diameter between 2 mm and 4 mm were seen from 
week 14, but predominated from week 20 onwards. These tumours were either benign like 
keratoacanthomas or premalignant like SCCIS and papillomas with atypia. Larger diameter > 
4 mm comprised of either benign lesions such as keratoacanthoma or malignant ones such 
as acanthomas progressing to invasion or cSCCs. The malignant tumours were first observed 
after 17 weekly DMBA applications. In addition, 59% of the biopsied tumours were diagnosed 
malignant after 23 weekly DMBA applications. However it should be noted that although 
keratoacanthomas regularly progresses to cSCC in murine models, these lesions rarely turn 
malignant in humans. Therefore cancer model outcomes which involve keratoacanthomas 
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turning invasive in mice should not ideally be extrapolated for human skin carcinogenesis, as 
done in the case of benign papillomas turning malignant [11]. 
 The results in this study show that tumour formation with weekly DMBA application in 
SKH1-hr mice was slower than that with UV carcinogenesis as shown in earlier studies [15]. 
However, this hairless immunocompetent skin cancer model relied only on low dose weekly 
DMBA applications and succeeded in producing a high malignant carcinoma yield (50% at 
20 weeks and 59% at 23 weeks) that is comparable to UV carcinogenesis [15,34] and clearly 
higher than that produced by multistage chemical carcinogenesis using DMBA-TPA [35]. 
This finding may be explained by the study of Iversen et al. [19] where it was seen that after 
DMBA initiation, mice developed more carcinomas upon frequent application with 10 nmol 
of DMBA when compared to those that received 10 nmol of TPA. The underlying mechanism 
hypothesised is that DMBA always remains an initiator at low dose levels, but functions as a 
complete carcinogen at higher doses [36]. However it is still not clear if repeated applications 
of DMBA actually serve the role of a classic tumour promoter. Since the changes of a promoter 
are reversible, discontinuation of the promoter should result in regression of the tumours, as 
in the case of TPA and other promoters [8,11]. Therefore, in order to validate the role of DMBA 
as a promoter, future studies should investigate if skin tumours would regress upon cessation 
of DMBA applications. On the other hand, DMBA is known to cause irreversible mutations 
and it is highly probable that repeated or chronic DMBA application functions more like 
successive tumour initiation steps with cumulative irreparable mutations over time. In that 
sense, carcinogenesis arising from multiple DMBA application could be synergistic and may 
resemble skin carcinogenesis arising from repeated UV exposures. However the signature 
mutations induced by UV and DMBA are different, as the former involves mutations of the 
p53 gene via cyclobutane pyrimidine dimers [37] and the latter causes mutational activation 
of the H-ras gene [38]. Therefore further experiments are required to study the similarity or 
dissimilarity of complete carcinogenesis by UV and DMBA in parallel for the hairless SKH1-hr 
mice. 

6.4.3 | DMBA induces epidermal hyperplasia in SKH1-hr mice skin
Earlier studies have reported epidermal hyperplasia induced by DMBA in oral cavity of 
hamsters [39] and rat mammary tissues [40,41]. In conventional mice skin cancer models, the 
role of DMBA has been limited to that of an initiator, while epidermal hyperplasia was typically 
induced by the promoters such as TPA [8,16] or UV [42]. The possibility of DMBA solely being 
able to induce epidermal hyperplasia in hairless mice skin still remains largely unexplored. One 
of the other important histomorphological findings in this study conducted on SKH1-hr mice 
was that repeated application of DMBA itself was capable of inducing epidermal hyperplasia. 
DMBA induced hyperplasia was observable in SKH1-hr mice skin after just 4 weeks of DMBA 
applications and was further elevated after subsequent weekly applications. 
 Another notable feature observed in this study was that DMBA induced hyperplasia in mice 
skin was focal in nature and did not resemble the diffuse epidermal hyperplasia associated with 
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UV irradiation in SKH1-hr mice skin [43]. While this finding has not been reported earlier for 
SKH1-hr mice, similar hyperplastic foci in interfollicular epidermis of skin from SENCAR strain 
mice subject to DMBA-TPA carcinogenesis protocol has been reported by Binder et al. [44]. 
That study suggested that these hyperplastic foci were clusters of initiated keratinocytes that 
potentially served as precursors for papilloma generation. This distinction in the epidermal 
hyperplasia pattern induced by chemical carcinogenesis and UV irradiation, again suggests 
that initiation and proliferation of keratinocytes occur in a different manner for the two types 
of mice skin cancer models.
  
6.4.4 | Role of p-Erk 1/2 and keratin 14 in differentiation and proliferation 
associated with DMBA induced skin carcinogenesis
Extracellularly regulated kinases or Erks belongs to the family of mitogen activated protein 
kinases (MAPK) that is very crucial for major cytoplasmic signal transduction pathways. Erks 
have been known to play a pivotal role in differentiation, proliferation, cell migration, UV 
responses, integrin- and growth factor-mediated signaling, and responses to mechanical 
stretching in the epidermis [45,46]. The Erk pathway is eventually responsible for promoting 
epidermal differentiation, which is achieved by (a) promoting production of the RNA splicing 
machinery and nuclear envelope components and (b) suppressing steroid synthesis and 
mitochondrial energy production [46]. 
 Several studies show that continual phosphorylation of Erk1/2 (p-Erk1/2) resulted in 
keratinocyte proliferation. In contrast, the study by Seo et al. has shown that murine epidermal 
keratinocyte differentiation occurred through protein kinase C activation with p-Erk1/2 [41]. It 
may then be assumed that p-Erk1/2 can drive mice keratinocytes towards differentiation in the 
absence of a carcinogenic stimulus. This may explain the expression p-Erk1/2 predominantly 
in the terminally differentiated corneocytes underneath stratum corneum of untreated 
and acetone treated mice skin. The positive expression of p-Erk1/2 in the suprabulbar and 
infundibular region near the hair follicle on the other hand maybe connected to its role 
associated with proliferation, differentiation and migration of keratinocytes. Since p-Erk1/2 
is highly interconnected to pathways involved in proliferation, differentiation, migration 
and inflammation, it could explain the irregular distribution of p-Erk1/2 positive cells in 
DMBA induced tumours in SKH1-hr mice. In this study, it was seen that p-Erk1/2 expression 
were preferentially localised to the differentiated keratinocytes in benign lesions such as 
papillomas, acanthomas and keratoacanthomas, while it was highly positive in the region 
of actively dividing keratinocytes in cSCC or benign lesions that were turning invasive. This 
implies that p-Erk 1/2 is more of a pro-differentiation agent in early benign skin neoplasms. 
It could be possible that role of p-Erk1/2 may get altered towards anti-differentiation and 
hyperproliferation of keratinocytes upon malignant conversion of these benign tumours. 
 Keratin 14 belongs to the type 1 keratin family of intermediate filament proteins. Along with 
keratin 5, keratin 14 is strongly expressed in basal keratinocytes in skin. As the keratinocytes 
differentiate and move upwards towards the suprabasal layers, keratin 14 expression is down 
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regulated [47]. This is consistent with the results of this study where keratin 14 staining in 
the control mice skin was strong in the stratum basale and got progressively weaker for the 
suprabasal and stratum corneum layers. In contrast to the control normal skin, DMBA treated 
skin with hyperplasia showed positive keratin 14 staining extending to the suprabasal layers 
as well. Similar findings have also been reported in DMBA induced hamster cheek pouch 
carcinogenesis [48] and human hyperplastic epidermis [49]. In the DMBA induced tumours, 
irrespective of whether it was benign or malignant, keratin 14 stain was strong in the actively 
dividing zones and weak in the inactive differentiated zone. This again confirms the role of 
keratin 14 being an indicator of proliferation during different stages of skin carcinogenesis.

6.4.5 | Role of proliferation marker Ki67 in DMBA induced skin carcinogenesis
It is known that Ki67 is expressed broadly in late G1 (growth 1), S (DNA synthesis), G2 (growth 
2) and M (mitotic) stage of the cell cycle [50-52], i.e. it labels cycling cells actively contributing 
to cell proliferation. It was observed that Ki67 displayed nuclear staining only in a fraction 
of keratin 14+ cells in the control mice skin. It could be because Ki67- basal keratinocytes 
cells are probably in the resting phase or G0 phase of the cell cycle [50,53]. In this study, a 
marked increase in the number of Ki67+ basal keratinocytes in the interfollicular epidermis 
of DMBA treated skin was observed when compared to the control samples. Moreover, these 
observations were made on DMBA treated skin which still appeared normal histologically 
with no features of hyperplasia. This clearly suggests that DMBA application caused ‘resting’ 
basal keratinocytes to proceed for further cell division. This may be a possible explanation 
on how repeated DMBA applications could trigger epidermal proliferation resulting in the 
hyperplastic or papillomatous stage of carcinogenesis. An earlier study conducted by Olsen 
et al. observed early changes in cell division kinetics after low dose applications of DMBA on 
hairless mice skin [32]. However these changes were transient and not necessarily related to 
carcinogenicity, as the study was followed for only up to 3 days. 

6.4.6 | Role of tumour suppressor p53 and apoptotic marker cleaved caspase 3 in 
DMBA induced skin carcinogenesis
In the control samples, skin with hyperplasia and benign skin tumours, p53+ve cells were 
occasionally seen. It is likely that these cells may be expressing wild p53 which was detected 
by the CM-5 polyclonal antibody employed in this study, as CM-5 detects both wild and 
mutant tumour suppressor p53. On the other hand, there was a notable increase in p53+ cells 
in benign tumours that were turning malignant and cSCC. It is possible that the p53 expressed 
in these tumours may belong to the mutant variant of p53. However, to specifically identify 
incidence of mutant p53 positive cells, the PAb240 monoclonal antibody should be employed; 
or the presence of p53 mutation can be directly determined by sequence analysis. Cleaved 
caspase 3 on the other hand, showed positive staining only in the stage of cSCC.
 The absent expression of tumour suppressor p53 and apoptotic marker cleaved caspase 3 
during the early stages of DMBA induced skin carcinogenesis in this study could be because 
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the early keratinocyte responses involving p53 and cleaved caspase 3 may have been missed. 
In a very interesting study performed by Berg et al. on SKH1-hr mice, it was shown that the 
levels of p53+ve cells peaked as early as 24 hours and then reduced to baseline values within 
72 hours following a single UVB exposure [54]. Similarly Rebel et al. demonstrated that cleaved 
caspase 3 expression could be observed for 6 – 48 hours after UV irradiation, but was not 
detectable after 7 days [55]. Therefore it is probable that the early cellular stress response 
via p53 and cleaved caspase 3 expression would have been missed in this study where the 
earliest time point of assessment was as late as 4 weeks after the first DMBA application. On 
the other hand, Kemp et al. demonstrated that tumour supressor p53 played no role in the 
early initiation and promotion stage of multistage chemical carcinogenesis, and played an 
important role only in the malignant progression stage of skin cancer [56]. This theory may 
also explain the minimal p53 expression in early stages and increase in p53 only in later stages 
following malignant progression observed in this study. However, it would be informative to 
study if the first DMBA application on skin elicits a response within 24 – 72 hours in a manner 
similar to UV irradiation as described in earlier studies [54,55].

6.5 | Conclusion

In this particular study a murine skin cancer model with the complete spectrum of skin 
carcinogenesis was established in hairless and immunocompetent mice strain (SKH1-hr 
mice). This was accomplished using a simple carcinogenesis protocol that utilised only 
weekly DMBA applications. This cancer model would be extremely useful for the purposes 
of refining diagnostic imaging or for chemotherapeutic and chemopreventive drug trials. 
Upon evaluating keratinocyte differentiation markers like p-Erk1/2 and keratin 14, it was 
observed that in normal SKH1-hr mice epidermis, p-Erk1/2 was generally expressed in 
terminally differentiated keratinocytes, while in malignant lesions p-Erk1/2 was localised to 
the proliferating keratinocytes. In contrast, keratin 14 was retained in undifferentiated actively 
proliferating keratinocytes in normal skin as well as skin lesions progressing towards cSCC. 
Tumour suppressor p53 and apoptotic marker cleaved caspase 3 was evidently increased only 
in malignant tumours. Moreover the study also demonstrated that repeated application of 
DMBA caused an increase in Ki67+ basal keratinocytes and eventually epidermal hyperplasia, 
suggesting that multiple DMBA exposure can directly cause epidermal proliferation in mice 
skin. However additional studies are needed to verify if these epidermal changes are reversible 
for validating the specific role of DMBA as a classic promoter.
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