International Journal of

Molecular Sciences
Article

Impact of UVR Exposure Pattern on Squamous Cell
Carcinoma-A Dose–Delivery and Dose–Response
Study in Pigmented Hairless Mice
Catharina M. Lerche *

ID

, Katrine Togsverd-Bo, Peter A. Philipsen and Hans Christian Wulf

Department of Dermatology, Bispebjerg Hospital, University of Copenhagen, Bispebjerg Bakke 23,
DK-2400 Copenhagen, Denmark; ktogsverdbo@dadlnet.dk (K.T.-B.); peter.alshede.philipsen@regionh.dk (P.A.P.);
h.wulf@regionh.dk (H.C.W.)
* Correspondence: catharina.margrethe.lerche@regionh.dk; Tel.: +45-2147-0444
Received: 30 November 2017; Accepted: 14 December 2017; Published: 16 December 2017

Abstract: Cumulative lifetime ultraviolet radiation (UVR) is an important factor in the development
of squamous cell carcinoma. This study examines the impact of UVR exposure pattern on tumor
development. Hairless C3.Cg/TifBomTac immunocompetent pigmented mice (n = 351) were
irradiated with 12 standard erythema doses (SED)/week, given as 2 SED ×6, 3 SED ×4, 4 SED
×3, or 6 SED ×2 (dose–delivery study) or 0, 0.6, 1.2, 2, 3 or 4 SED ×3/week (dose–response study).
All mice were irradiated until development of 3 tumors of 4 mm each. Pigmentation was measured
once monthly. In the dose–delivery study, the median time until tumor development was independent
of dose fractions. In the dose–response study, higher UVR doses resulted in faster tumor appearance.
When the weekly UVR dose was decreased from 12 to 6 SED, the cumulative UVR dose needed
for tumor development was reduced by 40%. In conclusion, delivery schedules of a fixed weekly
UVR dose did not affect tumor development. When using different weekly UVR doses, longer time
to tumor development was observed using lower UVR doses. Lower weekly UVR doses however
resulted in lower cumulative UVR doses to induce tumors in hairless pigmented mice.
Keywords: dose–delivery; dose–response; photocarcinogenesis; skin cancer; pigmentation; hairless
mice; squamous cell carcinoma; SCC; UV radiation

1. Introduction
Sunlight is the most important carcinogen for non-melanoma skin cancer, and especially squamous
cell carcinomas (SCC), due to the cumulative effect of long-term ultraviolet radiation (UVR) in both
humans and mice [1,2]. UVR exposure pattern differs among e.g., rural and urban children [3,4],
occupations and outdoor sports activities [4]. Accordingly, it is often discussed whether the
cumulative UVR represents the only health and safety parameter of importance for the development of
keratinocyte cancers in humans, as well as whether the pattern of UVR exposure matters [5]. However,
prospective investigations concerning UVR exposure pattern and skin cancer are, for obvious reasons,
not possible to conduct in humans.
Studies on UVR exposure patterns in humans and mice are reviewed by Martin et al., and show
erythema-induction in human skin to be independent of exposure pattern, being only determined
by the total administered radiant daily exposure; a concept termed reciprocity [6]. Studies of the
importance of UVR exposure patterns on skin cancer in mice have mainly been conducted on
hairless albino mice [7–9], but also, in some cases, on mice able to develop pigmentation [10,11].
In contrast to the erythema data on human skin, reciprocity has not been shown to hold in murine
skin cancer studies [6]. For murine skin, therefore, carcinogenic effectiveness increases as irradiance is
reduced or fractionated. Surprisingly, some studies show no or very little protection of induction of
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2. Results
The irradiation regimens for the dose–delivery and dose–response study are shown in Table 1.
2. Results
The UVR spectrum used in the study is shown in Figure 2.
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* Mice in group 3 and 10 are not identical, even though they have received the same dose regimen.

Figure 2. UVR spectra (a) Spectrum of the UVR used in this study, consisting of one Philips TL12 tube
Figure 2. UVR spectra (a) Spectrum of the UVR used in this study, consisting of one Philips TL12 tube
placed between five Bellarium-S SA-1-12 tubes; (b) Spectra from UVR used in this study (blue) and
placed between five Bellarium-S SA-1-12 tubes; (b) Spectra from UVR used in this study (blue) and
solar UVR at equator (orange) measured in the Spring, clear sky, solar height of 88° with an ozone
solar UVR at equator (orange) measured in the Spring, clear sky, solar height of 88◦ with an ozone
layer of 250 DU and a UV-index of 11.6 (0.9 × 11.6 = 10.4 SED/h.
layer of 250 DU and a UV-index of 11.6 (0.9 × 11.6 = 10.4 SED/h.
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All UVR-irradiated mice except one developed tumors within the 500 day irradiation period.
All histologically examined tumors histologically examined were SCCs. None of the mice in the
non-irradiated Group 5 developed tumors. Table 2 shows the time until 50% of the mice in a given
group had developed tumors, and the cumulative dose at the start of tumor development. There was
no difference in weight development among the various groups of mice.
Table 2. Number of days until tumor development in 50% of the mice in each group. In the
dose–delivery study, the median time until tumor development and the cumulative dose at tumor
development did not differ among Groups 1–4, but there was a difference in pigmentation between
Group 1 and Groups 3–4, as well as between Group 2 and Groups 3–4, (p < 0.001). In the dose–response
study, the median time until tumor development and the cumulative UVR dose at tumor onset were
significantly different in all the groups (Groups 6–10, p < 0.005). Pigmentation at the time of the first
tumor was identical in all the groups, except for Group 5 (p < 0.0001). Standard erythema dose (SED).
Interquartile range (Q1 = 75th percentile and Q3 = 25th percentile), arbitrary units (AU).
Study

Group

Irradiation
Regimen

Median Days to 1st
Tumor (Q3 –Q1 )

Mean Cumulative UVR
Dose (SED) at Time Point of
Tumor Development (SD)

Pigmentation (AU) at the
Time Point of Tumor
Development (SD)

Dose–delivery

1
2
3
4

2 SED 6×/week
3 SED 4×/week
4 SED 3×/week
6 SED 2×/week

155 (141–183)
176 (155–183)
169 (155–176)
169 (169–190)

273 (34.1)
297 (41.2)
279 (27.9)
303 (52.1)

316 (69)
412 (69)
586 (107)
658 (153)

Dose–response

5
6
7
8
9
10

0 SED
0.6 SED 3×/week
1.2 SED 3×/week
2 SED 3×/week
3 SED 3×/week
4 SED 3×/week

No tumor
453 (433–468)
284 (257–313)
206 (191–237)
185 (171–199)
178 (150–196)

No tumor
113 (12.1)
145 (17.4)
182 (23.7)
235 (27.7)
293 (39.4)

No pigmentation
489 (134)
487 (122)
428 (124)
426 (125)
648 (133)

2.1. Dose–Delivery
2.1.1. Time to Tumor and Cumulative Dose at Tumor Appearance
In the dose–delivery study, the median time until tumor development did not differ among
Groups 1–4 (155, 176, 169, and 169 days, p ≥ 0.083) (Table 2 and Kaplan–Meier plot in Appendix).
Mean cumulative dose at tumor development was likewise similar (Table 2).
2.1.2. Pigmentation
The development of pigmentation during the dose–delivery study is shown in Figure 3a. Groups 1–2
showed slower development in pigmentation compared to Groups 3–4, but reached almost the same
level of pigmentation at the end of the study. The cumulative pigmentation at tumor development,
henceforth called pigmentation, was calculated as the area under the curve (AUC) from the start of
the experiment until the development of the first 1 mm tumor. (Table 2—Groups 1–4). There was no
significant difference in pigmentation within Groups 1–2 and Groups 3–4, but there were significant
differences between Group 1 and Groups 3–4, as well as between Group 2 and Groups 3–4 (p < 0.001).
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Figure 3. Mean development in pigmentation during (a) Dose–delivery study (Groups 1–4); (b) Dose–
Figure 3. Mean development in pigmentation during (a) Dose–delivery study (Groups 1–4);
response study (Groups 6–10). Error bars indicate ± standard deviation (SD).
(b) Dose–response study (Groups 6–10). Error bars indicate ± standard deviation (SD).

2.2. Dose–Response
2.2. Dose–Response
2.2.1. Time to Tumor
2.2.1. Time to Tumor
In the dose–response study, there were significant differences in median time to tumor
In the dose–response study, there were significant differences in median time to tumor
development among groups (Groups 6–10, p < 0.005) (Table 2, and a Kaplan–Meier plot in Appendix).
development among groups (Groups 6–10, p < 0.005) (Table 2, and a Kaplan–Meier plot in Appendix).
The dose–response study shows a curved line between the dose and carcinogenic response when the
The dose–response study shows a curved line between the dose and carcinogenic response when the
mice were irradiated with different weekly UVR doses (Figure 4a). This relationship is linearized by
mice were irradiated with different weekly UVR doses (Figure 4a). This relationship is linearized by
taking the logarithmic function of the dose and time to tumor development (Figure 4b).
taking the logarithmic function of the dose and time to tumor development (Figure 4b).
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Figure 4. Dose–response curves (Groups 6–10) (a) Standard erythema doses (SED) per week as a
Figure 4. Dose–response curves (Groups 6–10) (a) Standard erythema doses (SED) per week as a
function of median days until development of the first tumor; (b) Log10 SED per week as a function
function of median days until development of the first tumor; (b) Log10 SED per week as a function
of log10 median days until development of the first tumor (y = −0.48X + 2.72, R2 = 0.802); (c) Log10
of
log10week/pigmentation)
median days until development
tumor
(y =until
−0.48X
+ 2.72, R2 = 0.802);
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3. Discussion
Hairless mice constitute an internationally accepted model for the investigation of
photocarcinogenesis and mice and humans exhibit similar responses to UVR [23–26]. This study
investigated the carcinogenic effect of a few high UVR exposures compared with multiple smaller
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3. Discussion
Hairless mice constitute an internationally accepted model for the investigation of
photocarcinogenesis and mice and humans exhibit similar responses to UVR [23–26]. This study
investigated the carcinogenic effect of a few high UVR exposures compared with multiple smaller
exposures (dose–delivery). Furthermore, the carcinogenic effect of very low, to higher but still tolerable
doses of UVR, was also investigated (dose–response). Both studies were conducted in murine skin
able to develop pigmentation.
3.1. Dose–Delivery
In the dose–delivery part of the study, we compared the effect of the same weekly UVR dose given
as few high exposures, or as multiple smaller exposures, on photocarcinogenesis and pigmentation.
We discovered that regardless of exposure pattern, equivalent weekly doses were equally carcinogenic,
since we observed no difference in time to tumor development or cumulative dose by the time of first
tumor appearance, despite a difference in pigmentation (Groups 1–4) (Figure 3a). Mice receiving a
few high exposures of UVR had accelerated development in pigmentation (Groups 3–4) than mice
receiving multiple smaller exposures (Groups 1–2). This finding is in accordance with previous reports
describing longer time to development of pigmentation after suberythemal versus erythemal UVR
doses [27]. However, the observed difference in pigmentation between Groups 1–2 and Groups 3–4
was apparently not enough to affect carcinogenesis. Previous studies in albino mice have shown that
with a fixed weekly dose, fractionation increases the carcinogenic effect [9,28–30]. This could be due to
an accumulation of DNA photodamage in the group with many suberythemal exposures, which has
also been shown to occur in humans [31]. It could also be due to thickening of stratum corneum on
exposure to UVR, which has a protective effect against further photodamage [32].
A weakness of our study setup is that we gave a weekly dose of 12 SED, which might be too high,
according to the dose–response curve in Figure 4, even though 12 SED per week is less than 2 SED per
day, and a dose that many people receive in their daily life [33]. We know from previous studies that
these mice are able to develop tumors already after only 130 days, in combination with a chemical.
Since it is thus possible to lower time to tumor appearance further, the model was not saturated in this
study [22]. Nonetheless, it might have been better to administer a weekly dose of, for example, 6 SED
in different fractioned doses, if the object was to observe a possible difference in tumor development.
In conclusion, the dose–delivery study showed that exposure pattern for a fixed weekly UVR dose
did not affect the tumor response. Therefore, we chose to irradiate the mice 3 times per week in the
following dose–response study.
3.2. Dose–Response
Dose–response studies have mostly been conducted in hairless albino mice, and have shown a
linear relationship between (a) time to tumor appearance and log dose [9,10], or (b) log time to tumor
appearance and log dose [28]. Similarly, our dose–response study also shows a linear relation between
log time to tumor and log weekly dose, R2 = 0.802 (Figure 4b). In Figure 4c, we have adjusted the dose
for the individual pigmentation of each mouse in the study, resulting in an effective dose reaching
each mouse. The R2 -value increases to 0.826 in Figure 4c, compared with 0.802 in Figure 4b. We chose
doses from 1.8 to 12 SED per week with a maximum of 4 SED per irradiation. One dose of 4 SED
corresponds to the minimal erythema dose (MED) in mice and most Danes. The ambient UVR around
noon on a Danish summer day (latitude 56◦ N) is 6 SED/h [33]. We did not use doses higher than
12 SED per week, since this would have increased the risk of skin damage and wounds in our mice.
On the other hand, decreasing the dose below 1.8 SED per week would have resulted in a very long
time until tumor development, and the risk of mice dying before this occurred increased.
Development of SCCs is believed to depend on UVR dose accumulated over a lifetime, and the
relationship between dose and carcinogenic response is often thought to be linear, while exposure
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pattern is of less importance. In this murine model, SCC is dependent on the lifetime accumulated UVR.
However, this study shows that mice receiving lower weekly UVR doses tolerate lower cumulative
UVR doses before tumor development (R2 = 0.810, Figure 5). Thus, as UVR dose rises, the increase in
carcinogenesis gets smaller, mostly because the level of pigmentation is especially induced by higher
UVR doses. This is in agreement with previous publications stating that the tumor response of albino
and pigmented SKH hairless mice is similar at low daily exposures, but that tumor development is
less accelerated by increasing the daily exposure in the pigmented mice [8,10]. This could be due to
the pigmented mice adapting far better to the higher daily exposures than albino mice [8]. The effect
of pigmentation is confirmed by multiple regression analysis showing that both UVR doses and
pigmentation are significant factors for cumulative dose at time of tumor development. If we adjust
for pigmentation, thereby obtaining a more correct UVR dose (Figure 5—grey line), it still appears
that the mice receiving lower weekly UVR doses develop tumors after lower cumulative UVR doses,
but after longer time, and not as pronounced as before. When the weekly UVR dose is decreased from
12 to 6 SED, the cumulative UVR dose at tumor development is 40% lower, and when corrected for
pigmentation, the cumulative UVR dose is 15% lower. From a previous publication on this mouse
strain, it is known that the epidermis is about 2–3 times thicker after 6 SED/3 times per week for
several months [17]. Thus, our findings could be explained by thickening of stratum corneum and
epidermis by higher UVR doses [17,32].
A weakness of this study could be that groups were not treated simultaneously. Despite this,
two groups receiving identical UVR doses (Groups 3 and 10) did not differ in time to tumor development
(p = 0.455), cumulative UVR dose at tumor development (p = 0.211), or pigmentation (p = 0.143).
Therefore, lack of concomitant treatment did not appear to affect results.
4. Materials and Methods
4.1. Animals
A total of 351 female C3.Cg/TifBomTac immunocompetent mice, aged 10–23 weeks at the
beginning of the experiment, were obtained from Taconic (Ry, Denmark). The mice were sedated
with 0.05 mL HypDorm (fentanyl citrate 0.158 mg/mL, fluanisone 5 mg/mL, midasolam 2.5 mg/mL),
and tattooed with consecutive numbers on the abdomen. Each group (Table 1) was housed in
separate boxes with free access to water and standard laboratory food. The mice were kept on a
12 h light/dark cycle in a 23–24 ◦ C facility. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of The Danish Animal
Experiments Inspectorate. The protocol was approved by the Danish Animal Experiments Inspectorate
(permit number: 2004/561-823 approval date: 24 February 2004 ) and our Institutional Animal Care
and Use Committee.
4.2. Light Sources
The UVR doses were expressed in standard erythema doses (SED) [34]. Irradiation regimens for
the dose–delivery and dose–response studies are shown in Table 1. The UVR source consisted of one
Philips TL12 tube (Philips, Eindhoven, The Netherlands) placed between five Bellarium-S SA-1-12
tubes (Wolff System, Atlanta, GA, USA) emitting 10.7% in the UVB range (erythema–weighted 97.4%)
(Figure 2). The UVR emission spectra were measured with a spectroradiometer (Solatell Sola-Hazard
4D Controls Ltd., Cornwall, UK). Mice were irradiated through the wire lids on the tops of the cages,
with a maximum of 25 mice per cage. UVR doses were given at fixed times.
4.3. Study Design
Mice were divided into groups (Table 1) and examined weekly for the presence of tumors.
The size of each tumor was determined using calipers, and along with location, was recorded. For all
experiments, the first four tumors on the back with a diameter of at least 1 mm were mapped separately
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for each animal. The duration of time until tumor development was defined as the number of days
that passed until the first tumor of 1 mm in diameter appeared and later grew to 4 mm in diameter [35].
We did not record the total number of tumors, since tumors often grow into each other and form a
carpet-like layer in which single tumors cannot be counted. The mice were sacrificed after development
of one tumor with a diameter of 12 mm or 3 tumors with diameter of at least 4 mm, or after 500 days.
4.4. Pathology
The dorsal skin was removed and fixed in 4% buffered formaldehyde. A pathologist examined a
minimum of two randomly selected mice from each UVR-irradiated group to confirm the diagnosis of
squamous cell carcinoma.
4.5. Weight and Pigmentation
Weight and pigmentation were measured monthly. To quantify pigmentation, the mice were
placed in a dark room under a bank of 6 Philips TL08 fluorescent UVA tubes (Philips, Eindhoven,
The Netherlands) and the color of the pigmented skin was compared on a Kodak Gray Scale with
20 different, equally spaced shades (pigmentation degrees), from white to black [36].
4.6. Statistics
Time until tumor development was analyzed using a Kaplan–Meier plot (Appendix), and the
groups were compared using log-rank tests (Mantel–Cox). Pigmentation was analyzed by calculating
the area under the curve from study start until tumor development, because measurements are less
accurate once tumors have appeared. Group comparisons of cumulative dose at tumor development
and pigmentation at tumor development were performed using a one-way ANOVA test, followed by
a post hoc test of individual comparisons using t-tests with Bonferroni correction.
Multiple regression analyses were performed to investigate whether pigmentation and irradiation
dose were important factors for the cumulative dose at the start of tumor development. Non-linear
regression (curve fit) was performed to assess the best relation between the cumulative dose and
the irradiation dose. For all calculations, a p-value < 0.05 was considered statistically significant.
All analyses were performed using IBM SPSS 22.0 for Windows (SPSS Inc., Chicago, IL, USA).
5. Conclusions
In conclusion, UVR exposure pattern was of no importance for tumor development using the
same weekly UVR doses in the dose–delivery study. As expected, the dose–response study further
showed that higher weekly UVR doses resulted in accelerated tumor development. Interestingly
however, at the time of tumor appearance, cumulative UVR dose was smaller using low weekly
UVR doses compared with the higher doses. At higher UVR doses, mice became more pigmented,
providing increased protection against UVR’s carcinogenic effect. When we adjusted for pigmentation,
lower UVR doses still led to lower cumulative UVR doses at tumor appearance, although the tendency
was much less pronounced than before correction.
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Figure A2. Dose–response study: A Kaplan–Meier plot showing tumor-free survival (Groups 6–10).
Figure A2. Dose–response study: A Kaplan–Meier plot showing tumor-free survival (Groups 6–10).

Figure
Dose–response
A Kaplan–Meier
plotsignificant
showing differences
tumor-freeinsurvival
(Groups
TheA2.
Kaplan–Meier
plot study:
demonstrates
that there are
time until
tumor6–10).
The Kaplan–Meier plot demonstrates that there are significant differences in time until tumor
The development
Kaplan–Meier
plot the
demonstrates
that there
are1.2,
significant
differences
time until tumor
between
5 groups irradiated
with 0.6,
2, 3 or 4 SED
3×/week, pin
< 0.005.
development between the 5 groups irradiated with 0.6, 1.2, 2, 3 or 4 SED 3×/week, p < 0.005.
development between the 5 groups irradiated with 0.6, 1.2, 2, 3 or 4 SED 3×/week, p < 0.005.
References
References
1.
1.
2.
2.

MacKie, R.M. Long-term health risk to the skin of ultraviolet radiation. Prog. Biophys. Mol. Biol. 2006, 92,
MacKie, R.M. Long-term health risk to the skin of ultraviolet radiation. Prog. Biophys. Mol. Biol. 2006, 92,
92–96.
92–96.
Lerche, C.M.; Poulsen, T.; Wulf, H.C. Neonatal mice do not have increased sensitivity to induction of
Lerche, C.M.; Poulsen, T.; Wulf, H.C. Neonatal mice do not have increased sensitivity to induction of
squamous cell carcinomas. Photodermatol. Photoimmunol. Photomed. 2012, 28, 26–33.
squamous cell carcinomas. Photodermatol. Photoimmunol. Photomed. 2012, 28, 26–33.

Int. J. Mol. Sci. 2017, 18, 2738

12 of 13

References
1.
2.
3.

4.

5.
6.
7.
8.
9.
10.
11.

12.
13.

14.

15.
16.

17.

18.
19.
20.

21.

MacKie, R.M. Long-term health risk to the skin of ultraviolet radiation. Prog. Biophys. Mol. Biol. 2006,
92, 92–96. [CrossRef] [PubMed]
Lerche, C.M.; Poulsen, T.; Wulf, H.C. Neonatal mice do not have increased sensitivity to induction of
squamous cell carcinomas. Photodermatol. Photoimmunol. Photomed. 2012, 28, 26–33. [CrossRef] [PubMed]
Bodekaer, M.; Petersen, B.; Philipsen, P.A.; Heydenreich, J.; Thieden, E.; Wulf, H.C. Sun exposure patterns of
urban, suburban, and rural children: A dosimetry and diary study of 150 children. Photochem. Photobiol. Sci.
2015, 14, 1282–1289. [CrossRef] [PubMed]
Thieden, E.; Philipsen, P.A.; Heydenreich, J.; Wulf, H.C. UV radiation exposure related to age, sex, occupation,
and sun behavior based on time-stamped personal dosimeter readings. Arch. Dermatol. 2004, 140, 197–203.
[CrossRef] [PubMed]
Schindl, A.; Rosado-Schlosser, B.; Trautinger, F. Reciprocity regulation in photobiology. An overview.
Hautarzt 2001, 52, 779–785. [CrossRef] [PubMed]
Martin, J.W.; Chin, J.W.; Nguyen, T. Reciprocity law experiments in polymeric photodegradation: A critical
review. Prog. Org. Coat. 2003, 47, 292–311. [CrossRef]
Blum, H.F. Environmental radiation and cancer. Science 1959, 130, 1545–1547. [CrossRef] [PubMed]
De Gruijl, F.R. Health effects from solar radiation. Radiat. Prot. Dosim. 1997, 72, 177–196. [CrossRef]
Forbes, P.D.; Blum, H.F.; Davies, R.E. Photocarcinogenesis in hairless mice: Dose-response and the influence
of dose-delivery. Photochem. Photobiol. 1981, 34, 361–365. [CrossRef] [PubMed]
Davies, R.E.; Forbes, P.D. Retinoids and photocarcinogenesis: A review. J. Cutan. Ocul. Toxicol. 1988, 7, 241–253.
[CrossRef]
Reeve, V.E.; Greenoak, G.E.; Boehm-Wilcox, C.; Canfield, P.J.; Gallagher, C.H. Effect on topical 5-methoxypsoralen
on tumorigenesis induced in albino and pigmented hairless mouse skin by UV irradiation. J. Photochem. Photobiol.
B 1990, 5, 343–357. [CrossRef]
Van, W.H.; Van der Putte, S.C.; Toonstra, J.; van der Leun, J.C. UVA-induced tumours in pigmented hairless
mice and the carcinogenic risks of tanning with UVA. Arch. Dermatol. Res. 1990, 282, 289–294.
Lerche, C.M.; Philipsen, P.A.; Poulsen, T.; Wulf, H.C. Topical tacrolimus in combination with simulated solar
radiation does not enhance photocarcinogenesis in hairless mice. Exp. Dermatol. 2008, 17, 57–62. [CrossRef]
[PubMed]
Lerche, C.M.; Philipsen, P.A.; Poulsen, T.; Wulf, H.C. Topical hydrocortisone, clobetasol propionate,
and calcipotriol do not increase photocarcinogenesis induced by simulated solar irradiation in hairless
mice. Exp. Dermatol. 2010, 19, 973–979. [CrossRef] [PubMed]
Ravnbak, M.H.; Wulf, H.C. Pigmentation after single and multiple UV-exposures depending on UV-spectrum.
Arch. Dermatol. Res. 2007, 299, 25–32. [CrossRef] [PubMed]
Cui, R.; Widlund, H.R.; Feige, E.; Lin, J.Y.; Wilensky, D.L.; Igras, V.E.; D’Orazio, J.; Fung, C.Y.; Schanbacher, C.F.;
Granter, S.R.; et al. Central role of p53 in the suntan response and pathologic hyperpigmentation. Cell 2007,
128, 853–864. [CrossRef] [PubMed]
Lerche, C.M.; Philipsen, P.A.; Poulsen, T.; Wulf, H.C. Topical pimecrolimus and tacrolimus do not accelerate
photocarcinogenesis in hairless mice after UVA or simulated solar radiation. Exp. Dermatol. 2009, 18, 246–251.
[CrossRef] [PubMed]
Agar, N.; Young, A.R. Melanogenesis: A photoprotective response to DNA damage? Mutat. Res. 2005,
571, 121–132. [CrossRef] [PubMed]
Lerche, C.M.; Philipsen, P.A.; Poulsen, T.; Wulf, H.C. Photocarcinogenesis and toxicity of benzoyl peroxide
in hairless mice after simulated solar radiation. Exp. Dermatol. 2010, 19, 381–386. [CrossRef] [PubMed]
Togsverd-Bo, K.; Lerche, C.M.; Poulsen, T.; Haedersdal, M.; Wulf, H.C. Reduced ultraviolet irradiation
delays subsequent squamous cell carcinomas in hairless mice. Photodermatol. Photoimmunol. Photomed. 2009,
25, 305–309. [CrossRef] [PubMed]
Togsverd-Bo, K.; Lerche, C.M.; Poulsen, T.; Wulf, H.C.; Haedersdal, M. Photodynamic therapy with topical
methyl- and hexylaminolevulinate for prophylaxis and treatment of UV-induced SCC in hairless mice.
Exp. Dermatol. 2010, 19, e166–e172. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2017, 18, 2738

22.

23.
24.

25.
26.

27.

28.
29.
30.
31.

32.
33.
34.
35.
36.

13 of 13

Lerche, C.M.; Philipsen, P.A.; Sehested, M.; Wulf, H.C. Photocarcinogenesis of topical tazarotene and
isotretinoin alone and in combination with valproic acid in hairless mice. Exp. Dermatol. 2008, 17, 972–974.
[CrossRef] [PubMed]
Forbes, P.D. Relevance of animal models of photocarcinogenesis to humans. Photochem. Photobiol. 1996,
63, 357–362. [CrossRef] [PubMed]
Forbes, P.D.; Beer, J.Z.; Black, H.S.; Cesarini, J.P.; Cole, C.A.; Davies, R.E.; Davitt, J.M.; De Gruijl, F.; Epstein, J.;
Fourtanier, A.; et al. Standardized protocols for photocarcinogenesis safety testing. Front. Biosci. 2003,
8, d848–d854. [CrossRef] [PubMed]
Benjamin, C.L.; Melnikova, V.O.; Ananthaswamy, H.N. P53 protein and pathogenesis of melanoma and
nonmelanoma skin cancer. Adv. Exp. Med. Biol. 2008, 624, 265–282. [PubMed]
Cole, C.A.; Davies, R.E.; Forbes, P.D.; D’Aloisio, L.C. Comparison of action spectra for acute cutaneous
responses to ultraviolet radiation: Man and albino hairless mouse. Photochem. Photobiol. 1983, 37, 623–631.
[CrossRef] [PubMed]
Coelho, S.G.; Choi, W.; Brenner, M.; Miyamura, Y.; Yamaguchi, Y.; Wolber, R.; Smuda, C.; Batzer, J.; Kolbe, L.;
Ito, S.; et al. Short- and long-term effects of UV radiation on the pigmentation of human skin. J. Investig.
Dermatol. Symp. Proc. 2009, 14, 32–35. [CrossRef] [PubMed]
De Gruijl, F.R.; Van Der Meer, J.B.; van der Leun, J.C. Dose-time dependency of tumor formation by chronic
UV exposure. Photochem. Photobiol. 1983, 37, 53–62. [CrossRef] [PubMed]
Gibbs, N.K.; Young, A.R.; Magnus, I.A. Failure of UVR dose reciprocity for skin tumorigenesis in hairless
mice treated with 8-methoxypsoralen. Photochem. Photobiol. 1985, 42, 39–42. [CrossRef] [PubMed]
Willis, I.; Menter, J.M. Effect of varying dose of UV radiation on mammalian skin: Simulation of decreasing
stratospheric ozone. J. Investig. Dermatol. 1983, 80, 416–419. [CrossRef] [PubMed]
Sheehan, J.M.; Cragg, N.; Chadwick, C.A.; Potten, C.S.; Young, A.R. Repeated ultraviolet exposure affords the
same protection against DNA photodamage and erythema in human skin types II and IV but is associated
with faster DNA repair in skin type IV. J. Investig. Dermatol. 2002, 118, 825–829. [PubMed]
Willis, I.; Menter, J.M.; Whyte, H.J. The rapid induction of cancers in the hairless mouse utilizing the principle
of photoaugmentation. J. Investig. Dermatol. 1981, 76, 404–408. [CrossRef] [PubMed]
Lerche, C.M.; Philipsen, P.A.; Wulf, H.C. UVR: Sun, lamps, pigmentation and vitamin D. Photochem. Photobiol. Sci.
2017, 16, 291–301. [CrossRef] [PubMed]
Diffey, B.L.; Jansen, C.T.; Urbach, F.; Wulf, H.C. The standard erythema dose: A new photobiological concept.
Photodermatol. Photoimmunol. Photomed. 1997, 13, 64–66. [CrossRef] [PubMed]
Lerche, C.M.; Philipsen, P.A.; Wulf, H.C. X-rays and photocarcinogenesis in hairless mice. Arch. Dermatol. Res.
2013, 305, 529–533. [CrossRef] [PubMed]
Hansen, A.B.; Bech-Thomsen, N.; Wulf, H.C. In vivo estimation of pigmentation in ultraviolet-exposed
hairless mice. Photodermatol. Photoimmunol. Photomed. 1995, 11, 14–17. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

