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Summary and general discussion
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The overall aim of the study was to provide experimental data which could contribute 

toward minimizing the (skin) carcinogenic risk from immunosuppressive drugs. The 

immediate objective of the experiments described in this thesis was to determine modulating 

effects of immunosuppressants on the responses of skin cells to UV irradiation, and UV 

induction of skin carcinomas and precursor lesions. Hence, we have determined the effects 

of the immunosuppressants at several stages of tumor development. Comparison of the 

different immunosuppressants on their effects on tumor development should contribute 

to lowering skin cancer risk from immunosuppressive regimens. Unexpectedly, none of 

the immunosuppressants fed in long-term tolerable dosages (assessed by blood cell counts 

and/or condition of the animals) enhanced UV carcinogenesis (chapters 2 and 4). CsA 

even delayed UV carcinogenesis (chapter 4). Evidently, these mouse experiments did not 

simulate the enhanced risk of skin carcinogenesis in human organ transplant recipients. 

Our experiments suggest that immunosuppressants do not necessarily accelerate UV 

carcinogenesis. Feeding CsA in bolus dosages (by gavage) instead of evenly in the diet 

reproduced the speeding up of UV carcinogenesis as found by Kelly et al.1 (chapter 5). Thus, 

our experiments demonstrated the potential importance of the dose schedule and ensuing 

profi les in blood levels of the immunosuppressive drug. However, even in bolus dosages of 

CsA the impact on experimental UV carcinogenesis did not appear to match the dramatic 

increase in risk of skin carcinoma in human organ transplant recipients (60- to 100-fold 

increase2). This suggests that the mouse model we used was not quite adequate, either 

because mice react differently (e.g. lower rate of DNA repair) or the model is incomplete, 

e.g. most prominently by the absence of an actual graft (absence of continuous antigenic 

stimuli and possible tolerance).

Interestingly, the close correspondence between the induction of mut-p53 cell clusters 

and skin carcinomas reported earlier by our group3, 4 was not observed when feeding 

immunosuppressants like CsA and Rapa (chapters 3 and 4). These results indicate that 

the large majority of mut-p53 cell clusters are probably not potential precursors of skin 

carcinomas, in contrast with earlier conclusions3, 5. Consequently, the frequency of mut-p53 

cell clusters in the skin is not a reliable predictor of skin carcinoma risk, again invalidating 

earlier inferences3, 4.

Thus, our study has yielded four unanticipated major fi ndings:

a) Immunosuppressants per se do not necessarily enhance UV carcinogenesis and in this 

respect dose scheduling can be of major importance.
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b) The mouse model with administration of immunosuppressants appears inadequate 

in simulating the increase in risk of squamous cell carcinomas in human organ 

transplant recipients.

c) Mut-p53 cell clusters in majority are not potential precursors of squamous cell 

carcinomas.

d) Early local carcinogenic effects from various immunosuppressants as expressed by 

p53 mutation frequencies in the UV-exposed mouse skin (or rather the lack of such 

effects) are not predictive of the overall effects on UV carcinogenesis. This latter 

fi nding indicates that systemic and not local effects are of major importance for the 

effects of immunosuppressants on UV carcinogenesis.

In the following paragraphs the effects of immunosuppressive drugs on UV-response 

in normal skin, p53 mutations, mutant-p53 overexpressing cells and skin tumors are 

discussed in more detail. Consequences of these effects for the model of UV-induced tumor 

development are discussed, followed by concluding remarks and future directions. 

Effects of immunosuppressants on epidermal regeneration and responses 

to UV in human skin equivalents

Some immunosuppressants have direct adverse effects on skin cells, which could contri-

bute to carcinoma risk. CsA affects DNA repair6, 7 and has been shown to impair apoptotic 

responses induced by UV in normal human keratinocytes6 and mice8. Aza enhances 

DNA damage by photosensitization9. In chapter 3 and 4 we systematically compared 

the impacts of the immunosuppressants on epidermis and responses to UV exposure in 

human skin equivalents (HSEs). Epidermal regeneration (formation of an epidermis 

by seeded keratinocytes) in HSEs was impaired by Rapa. HSEs treated with Rapa show a 

thin epidermis with only a few cell layers, as well as a decreased proliferation index and 

reduced expression of the hyperproliferation associated markers K16 and K17. Decreased 

proliferation may be relevant to wound-healing problems associated with Rapa treatment 

in transplantation patients10. None of the other immunosuppressants showed any effect on 

epidermal regeneration. 

The apoptotic response after UV exposure in HSEs was increased after Rapa treatment. In 

our mouse experiments (chapter 3) we did, however, not see any signifi cant increases in 

apoptosis in Rapa-treated mice which could be attributable to a wide variation in responses. 

In HSEs CsA pre-treatment caused a decrease in the apoptotic response after UV irradiation, 

confi rming earlier results in cell cultures6. 



110  Chapter 6

We found HIF1 accumulation to be inhibited by Rapa in keratinocytes after UV exposure 

of HSEs, while the apoptotic response was increased by Rapa. Previously it has been shown 

that HIF1 is upregulated after hypoxia11 and UV irradiation12, 13 and that Rapa can prevent 

hypoxia-induced HIF1 accumulation14. Here we have shown that Rapa is also able to 

inhibit UV-induced HIF1 accumulation (chapter 3). HIF1 is known to inhibit or induce 

apoptosis depending on the cell type, and inhibition of HIF1 accumulation may therefore 

be involved in the pro-apoptotic effect of Rapa in HSEs15, 16. 

Immunosuppressants and UV-induced p53 mutations

In chronically UV-irradiated skin, clusters of cells expressing mutated p53 (mut-p53 cell 

clusters) develop. These cell clusters harbor similar mutations in the p53 gene as the skin 

tumors that arise later17. Also the development of these cell clusters correlated with skin 

tumor development in several studies3, 4, therefore these cell clusters are generally regarded 

as precursor lesions for squamous cell carcinomas that arise after continued UV exposure3, 

17-19. Immunosuppressants do not affect the mutational frequency of p53 in chronically UV 

irradiated non-tumor skin in mice (chapter 4). Deep sequencing of two mutational hotspots 

in the p53 gene (codons 270 and 275) showed that many cells harbor a mutated allele of 

p53. There was no clear effect of the immunosuppressive treatments on the frequencies of 

mutated p53 alleles. On average, 5% of the alleles sequenced were mutated in a stretch of 40 

bp, corresponding to 10% of the cells when assuming heterozygously mutated cells (total 

mutations in p53 were therefore estimated to amount 20%). These results are in agreement 

with a recent deep sequencing study of human skin from mid-life individuals that revealed 

that persistent p53 mutations had accumulated in 14% of the epidermal cells20. In contrast 

to the mutational frequencies, immunosuppressants did affect formation of mut-p53 cell 

clusters. CsA and Aza increased the formation of mut-p53 cell clusters in mice, whereas 

Rapa inhibited mut-p53 cell cluster formation (chapters 3 and 4). The lower number of 

UV-induced mut-p53 cell clusters formed in the skin of Rapa-treated mice might be caused 

by early enhanced apoptosis or decreased proliferation, but Ki-67-positive cells were not 

decreased in Rapa-treated mice. A previous study by our group showed no effect of Aza 

on mut-p53 cell cluster formation in mice21, but Aza was administered by i.p. injections 

in those experiments, and the measurement was limited to one time point with relatively 

large error margins in the counts. The discrepancy between p53 mutational frequencies and 

mut-p53 cell cluster formation is discussed below.
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Immunosuppressants and UV-induced tumor development in mice

Effects of immunosuppressants on UV-induced skin cancer were determined in daily UV-

irradiated mice fed with drug-containing chow (chapters 2 and 4). Surprisingly, none of 

the immunosuppressants increased UV-induced tumor development. Remarkably, tumor 

induction was delayed by CsA treatment. Proliferation of epidermal keratinocytes (e.g. 

through TGF-) was not affected by CsA, making it unlikely that reduced keratinocyte 

proliferation caused the tumor delay. A pioneering study on the effect of CsA on UV 

carcinogenesis showed a shorter tumor latency time compared to controls1. With a different 

experimental setup, Wulff et al. showed that CsA treatment (by repeated i.p. injections) 

reduced the rate of new tumor development in mice22, in agreement with our results. 

We found that Rapa had no effect on the development of small tumors, but impaired 

the development of large tumors (chapter 2). This impairment can be attributed to the 

known anti-tumor, or more specifi cally, antiangiogenic effects of Rapa23, 24. At dosages 

that maintained allogeneic heart grafts in mice, Rapa was described to inhibit outgrowth 

of tumor implants whereas CsA enhanced angiogenesis and strongly stimulated tumor 

outgrowth25. Rapa could even block the proangiogenic effect from CsA. In chapter 2 the 

inhibition of tumor outgrowth by Rapa appeared to be refl ected by a signifi cant reduction of 

Vegf-a positive tumor cells. Interestingly, we did not fi nd any clear effect on the vasculature 

of tumors that grew in the Rapa-fed groups, but these tumors may be presumed to have been 

selected for their vascularization and resistance to Rapa whereas those that lagged behind 

were most sensitive to the antiangiogenic effect of Rapa. Other UV carcinogenesis studies 

with different treatment schemes have shown either lower tumor yields22 or higher tumor 

yields26 in Rapa-treated mice, indicating that treatment schemes can have important effects 

on the outcomes of the tumorigenesis experiments.

P53 mutational spectra in SCCs 

P53 mutations appear to be involved in the early stages of tumor development3. Our 

hypothesis that Rapa might selectively induce apoptosis in the p53-mutated cells, and thus 

slow down the rate at which tumors are initiated, was not supported by our data because 

we found no effect on the onset of the smallest perceptible tumors (<1mm) (chapter 2). To 

check further for local effects of the immunosuppressants on the epidermal cells that might 

have affected UV carcinogenesis (e.g., disturbed metabolism by Rapa), we investigated the 

p53 mutation spectrum of the tumors, which is normally dominated by the UV signature 

mutations (i.e. C>T transition on a dipyrimidine site)27. We found a dramatic shift in the 

types of mutations in tumors from the Rapa-fed group. Since Rapa-insensitivity can be 

acquired via increased cellular oxidative stress28 it is possible that only tumors with high 
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levels of endogenous oxidative stress could grow into large tumors, hence causing the altered 

mutational spectrum. The antioxidant effect of MMF29 may have prevented formation of 

non-UV-type mutations in tumors of mice on a combination diet with Rapa and MMF, 

although tumor development was not different in mice on combined MMF and Rapa diet 

than on Rapa diet. We further determined in chapter 3 that this shift in the type of mutations 

occurs only in tumors >2mm and not in mut-p53 cell clusters or skin tumors <2mm in mice 

treated with Rapa. It can therefore be concluded that the altered mutational spectrum is a 

late event in tumor development. Either it occurred after the initial development of small 

tumors, or a specifi c selection of small tumors with altered mutational spectra grew into 

large tumors, corresponding to the lower yield of large tumors in Rapa-fed mice. 

Discrepancies between effects of immunosuppressants at different 

stages of tumor development in mice

There was no clear effect of the immunosuppressive treatments on the frequencies of mutated 

p53 alleles, in contrast with effects on mut-p53 cell cluster formation. Deep sequencing 

of the mutational hotspot in the p53 gene (codons 270 and 275) showed that many cells 

(~20%) harbor a mutated allele of p53 before the occurrence of tumors. The percentage of 

skin area containing mut-p53 cell clusters was much lower, approximately 6% in control 

mice. It can therefore be concluded that a minority of the cells harboring a mutated p53 

show overexpression of mut-p53 in cell clusters. This puts the effects of Rapa, CsA and Aza in 

a different perspective. A mutation in p53 is apparently not suffi cient to cause overexpression 

of the p53 protein in mut-p53 cell clusters30, in agreement with what we found in mut-p53 

mice (chapter 3). Tumors may arise from a larger pool of p53-mutated cells that do not 

overexpress the protein. Development of mut-p53 cell clusters and SCCs was not strictly 

correlated in our experiments. When mice were treated with CsA, numbers of mut-p53 cell 

clusters were clearly increased compared to controls, but CsA delayed tumor onset. Rapa 

on the other hand reduced mut-p53 cell clusters without any effect on the onset of small 

tumors. Numbers of mut-p53 cell clusters had in previous studies always shown a good 

correlation with the rate of tumor development with chronic UV irradiation3, 4, 31. Since 

most SCCs harbor mutations in the p53 gene, p53 mutations were considered early events in 

SCC formation and therefore mut-p53 cell clusters were thought to be precursors of SCCs 

(Chapter 4 fi gure 5A)18, 32. However, a retrospective study did not establish differences in 

numbers of mut-p53 cell clusters between skin from patients with solitary versus multiple 

skin carcinomas33. As we found that immunosuppressants can have opposing effects on 

mut-p53 cell clusters and SCC formation, this suggests that mut-p53 cell cluster formation 

cannot be used as a simple indicator of tumor risk. As most mut-p53 cell clusters are 
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not genuine precursors of SCC, another oncogenic early event is likely to drive early UV 

carcinogenesis. The necessity of another oncogenic event might also explain the absence 

of an increased SCC risk among Li-Fraumeni patients, i.e. people heterozygous in germline 

mutations in p53. These results open up an alternative perspective on the developmental 

stages of skin carcinomas, in which mut-p53 cell clusters do not contribute to skin carcinoma 

risk (Chapter 4 fi gure 5B).

Dose schedule of CsA determines effect on experimental UV 

carcinogenesis

In order to systematically compare different immunosuppressive drugs on their skin cancer 

risk, several mouse studies have previously been performed. Mouse experiments aimed at 

mimicking the skin cancer promoting effect of CsA on transplantation patients have resulted 

in different outcomes. A pioneering study showed enhanced UV-induced skin carcinogenesis 

with CsA when the drug was administered through force feeding and UV exposure was 

performed twice weekly1. A more recent study showed that CsA administration resulted in 

larger UV-induced skin tumors compared to control when CsA was administered via i.p. 

injections daily and UV exposures thrice weekly26. Another study from this group showed 

that CsA decreased UV-induced tumor development when CsA treatment is started and UV 

treatment was discontinued when the fi rst tumors had occurred22. In chapter 4 we showed 

that CsA inhibited UV-induced tumor formation when CsA was administered in the food 

and with daily UV exposures. In all these studies the hairless SKH1 mice were used. The main 

differences between these studies were the experimental procedures regarding UV irradiation 

and CsA administration, which suggests that the exact experimental protocol determines the 

effect of CsA on UV-induced skin cancer development. These differential outcomes led us to 

the hypothesis that when mice are force-fed CsA and repeatedly UV irradiated at times when 

they have high CsA blood levels that this would increase UV carcinogenesis. In chapter 5 we 

set out to assess the effects of CsA on UV carcinogenesis in mice using different experimental 

procedures. No effect of CsA on UV carcinogenesis was apparent in mice treated with dietary 

CsA after a period of UV exposures. An increase in tumor development occurred in UV-

exposed mice that were CsA treated by gavage. This confi rmed the results of the earlier 

experiments by Kelly et al.1. However, there was no difference in tumor development in 

mice UV irradiated during CsA peak blood levels or trough blood levels, indicating that 

CsA blood level during UV exposures bore no relevance to the increased UV carcinogenesis. 

Evidently, a more evenly administered CsA lowers (the risk of) UV carcinogenesis. 
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Concluding remarks and future perspectives

The studies described in this thesis confi rm the potential that Rapa, or Rapa analogs like 

everolimus, may have for decreasing skin cancer in organ transplant recipients. Inhibition 

of tumor growth by Rapa should be further exploited in immunosuppressive treatment of 

organ transplant recipients, and by generating proper analogs this benefi cial effect might be 

retained while eliminating adverse side effects. 

We have shown that most mut-p53 cell clusters are not genuine precursors of SCCs. It 

remains likely that SCCs develop from mut-p53 cell clusters, since mutation of the p53 

gene is an early event in tumor development34. The effects of immunosuppressants on the 

development of mut-p53 cell clusters without correspondingly altering tumor onset make 

it possible to use these drugs in identifying a novel oncogenic event that drives early UV 

carcinogenesis.

The studies described here have shown that the mouse models of UV carcinogenesis with 

immunosuppressants may be basically unsuitable to emulate the increased risk of cutaneous 

SCC in organ transplant recipients. But it is also possible that the models lack an essential 

component like the graft. Considering the strong immunogenic and tolerogenic effects from 

a graft and likely interference thereof with skin tumor immunity, it would appear probable 

that inclusion of a graft in the model will have a great impact. 

Table 1: Effects of immunosuppressants on cellular processes in non-immunological cells, based 
on majority view of literature. 

CsA Tac Aza MMF Rapa

Proliferation ↓ 35-37 ↓ 37, 38 ↓ 39-42 ↓ 43, 44

Photogenotoxicity ↑ 9

DNA repair ↓ 6, 7, 45-47 ↓ 6, 47

Apoptosis ↓ 6, 8 ↓ 6 ↑/↓ 48-52

Angiogenesis ↑ 24, 25 ↓ 53, 54 ↓ 39, 55, 56 ↓ 24, 25, 53

Legend: ↓ = inhibitory effect, ↑ = positive effect
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