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Chapter 2

Early and late effects of the
immunosuppressants rapamycin
and mycophenolate mofetil on

UV carcinogenesis
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Abstract

Increased skin cancer risk in organ transplant recipients has been experimentally emulated
with enhanced UV carcinogenesis from administering conventional immunosuppressants.
However, a newer generation immunosuppressive drugs, rapamycin (Rapa) and
mycophenolate mofetil (MMF), have been shown to impair angiogenesis and outgrowth
of tumor implants. To ascertain the overall effect on UV carcinogenesis, Rapa and MMF
were admixed into the food-pellets of hairless SKH1 mice receiving daily sub-sunburn
UV dosages. With immunosuppressive blood levels neither of the drugs affected onset
of tumors (<2mm), but in contrast to MME Rapa significantly increased latency of large
tumors (>4mm, medians of 190 vs 125 days) and reduced their multiplicity (1.6 vs 4.5
tumors per mouse at 200 days). Interestingly, tumors (>2mm) from the Rapa-fed group
showed a reduction in UV-signature p53 mutations (39% vs 90%) in favor of mutations
from putative base oxidation. This shift in mutation spectrum was not essentially linked to
the reduction in large tumors as it was absent in large tumors similarly reduced in number
when feeding Rapa in combination with MME possibly owing to an antioxidant effect
of MME. Significantly fewer tumor cells were Vegf-positive in the Rapa-fed groups, but a
correspondingly reduced expression of Hif-1a target genes (Vegf, Ldha, Glutl, Pdkl) that
would indicate altered glucose metabolism with increased oxidative stress was not found.
Remarkably, we observed no effect of the immunosuppressants on UV-induced tumor onset,
and with impaired tumor outgrowth Rapa could, therefore, strongly reduce skin carcinoma

morbidity and mortality in organ transplant recipients.
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Introduction

One of the most remarkable feats of modern Western medicine in the last century has
undoubtedly been organ transplantation. However, as the initially leading mortality from
immunologic and non-immunologic graft failure diminished and life expectancy of organ
transplant recipients increased, other complications have risen. A major complication,
which worsens as the graft survival is extended, is posttransplant malignancy, among which
skin carcinomas are most prominent! 2. The carcinomas tend to be more aggressive in organ
transplant recipients, causing substantial mortality?, and the abundance of precursor lesions
(actinic keratoses) can have serious blemishing effects.

4, and

Skin carcinomas among white Caucasians are clearly related to solar UV exposure
so are the skin carcinomas in organ transplant recipients? >, as reflected by predominant
occurrence in sun-exposed skin. A striking observation is that the ratio of squamous cell
carcinoma (SCC) over basal cell carcinoma (BCC) in the general population ranges around
1:3, whereas the ratio is reversed in organ transplant recipients. In the Netherlands it was
estimated that about 40% of the renal transplant recipients will have contracted at least one
skin carcinoma by 20 years after transplantation®; in Australia this percentage is already

exceeded after 9 years”.

From classic animal experiments it is known that UV-induced skin cancers are antigenic
and subject to elimination by the immune system, but a sub-carcinogenic course of UV
irradiations can suppress the rejection and even induce specific tolerance toward the tumor®.
Hence, the dramatic increase of skin carcinomas in immune suppressed allograft recipients
was immediately attributed to the lack of adequate cellular immunity directed against the skin
carcinomas. Experiments by Australian groups® ! confirmed that the immunosuppressants
azathioprine and cyclosporine sped up UV carcinogenesis in a hairless mouse model.
However, Kelly et al. also showed that these classical immunosuppressants adversely affected
repair of UV-induced DNA damage in skin cells!!. Moreover, this group recognized that
azathioprine led to photosensitization of the DNA to long wavelength UV-A radiation, thus
increasing the DNA damage caused by (solar) UV exposure!2. This photosensitization has
been confirmed and studied in greater detail more recently!3. Besides lowering DNA repair,
cyclosporine was found to impair apoptotic responses to UV irradiation in BALB/c mice'4,
and these disruptive effects from calcineurin inhibitors, like cyclosporine, were confirmed in
human keratinocytes!”. Aside from immunosuppression per se, these drug-specific adverse
effects from classical immunosuppressants on skin cells are bound to increase the skin

carcinoma risk related to (solar) UV exposure.
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A new generation of immunosuppressants may not have these drawbacks. In contrast to
the traditional immunosuppressants, mycophenolate mofetil (MMF) and rapamycin
(Rapa) impair the outgrowth of tumor inoculations!®1?. Although MMF (or rather its
metabolite mycophenolic acid), like azathioprine, interferes with purine synthesis, MMF
does not give rise to incorporation of (6-thio-guanine) pseudo-bases that photosensitize
DNA. Furthermore, Rapa operates through an entirely different mechanism, by blocking
mTor (mammalian target of rapamycin) up-stream from 4Ebp1 and S6K in the Akt ‘survival

20

pathway’?, thus regulating translation. The anti-angiogenic effect of Rapa is linked to both

a reduction in production of Vegf-a in tumor cells and a diminished endothelial response!”.
Transcription of Vegf-a can be driven by Hif-1a which in turn is under translational control
of mTor?!-24, Furthermore, Rapa reportedly causes apoptosis in p53-null cells?> and impairs
tumor outgrowth in p53-null mice?®. As skin carcinomas raised by chronic UV exposure

27 one might expect a Rapa-driven selective apoptotic

show an abundance of p53 mutations
response in these p53-mutant cells, which could lower the initiation rate of UV-induced skin

carcinomas.

Considering these important differences between classical and novel immunosuppressants,
a systematic approach to assess the skin carcinoma risk in appropriate models appears to be
urgently needed. Here, we pose the question of how MMF and Rapa would affect the overall
process of UV carcinogenesis. Both MMF and Rapa are expected to impair the outgrowth
of UV-induced primary skin tumors, but Rapa may also lower the rate of initiation of these
tumors. A net beneficial effect would distinguish these novel suppressants from azathioprine
and cyclosporine, which have been shown to enhance UV carcinogenesis in experiments
with immunocompetent hairless mice!?. Using the same hairless mouse model, we assessed

the effect of Rapa and MMF treatment on UV carcinogenesis.

Materials and Methods

The mice

SKH-1 hairless mice (Charles River, Maastricht, The Netherlands) entered the experiment at
8 weeks of age; both male and female mice were used. The animal room was illuminated
with yellow fluorescent tubes (Philips TL40W/16, Eindhoven, The Netherlands) that did
not emit any measurable UV radiation. The animals were housed individually in Macrolon
type 1 cages (Techniplast, Bugguggiate, Italy) under a 12 h light-12 h dark cycle at 23°C,
60% humidity. Standard chow was supplied in ample amounts (55-60 g/mouse/week), and

drinking water was available ad libitum. Cage enrichment was absent to prevent shielding
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of the animals from UV exposure. All experiments were performed in accordance with

legislation and approval of the medical center’s ethics committee.

Groups on diets with admixtures of Rapa and MMF

To avoid repeated i.p. injections of the immunosuppressants, exploratory experiments
with admixtures of the drugs to standard mouse chow were performed?®. For the present
experiment ssniff GmbH (Soest, Germany) supplied the food with Rapa at 20 mg/kg and
MMF at 660 mg/kg. Four diet groups were formed: Rapa (n=10), MMF (n=10), Rapa and
MMF (n=12) and a control group (n=10) fed the standard chow without admixtures. No
apparent differences in food intake were observed between the four groups. With roughly
50 g/wk of food intake by a 30 g mouse, we estimated a weekly intake of Rapa at about
30 mg/kg and MMF at about 1 g/kg. All diets stocks were refrigerated to inhibit degradation.

UV irradiation

The four groups were started on their respective diets 1 week before subjecting them to
a regimen of daily UV exposure. TL-12/40W tubes (Philips, Eindhoven, The Netherlands;
54% output in UVB - 280 to 315 nm - and 46% output in UVA - 315 to 400 nm) were used
for daily UV exposure. The lamps were mounted over the cages with grid covers to allow
undisturbed exposure of the mice. The lamps were automatically switched on daily from
12.30 to 12.50 h. The threshold dose for a sunburn reaction (minimal edemal dose, MED)
in the hairless SKH-1 mouse was ~500]/m? UV under these lamps. The lamps were dimmed
both electronically and by insertion of perforated metal sheets to expose the mice daily to
250 J/m? of UV radiation (0.5 MED).

Tumor assessment

The mice were inspected weekly for tumors which were registered for each mouse individually
on maps (thus recording location, size, form and coloration/vascularisation). First smallest
perceptible (<1mm in diameter) lesion had to be observed at least in two successive checkups
to be confirmed and counted. Upon removal of animals from the experiment, tumors were

isolated from animals of each group for further analysis as described below.

Histology and Immunohistochemistry

All stainings were performed on formalin-fixed and paraffin-embedded sections (5pm) of
skin containing tumors. Hematoxylin and eosin (H&E) staining was performed for tumor
staging. The following antibodies were used forimmunohistochemistry: rat anti-mouse Vegf-a

antibody (RELIATech, Braunschweig, Germany), rabbit anti-Hif-1a. (Novus, Littleton/CO,
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USA), rabbit anti-phospho-4Ebp1 (Thr 37/46, 236B4; Cell Signaling, Danvers/MA, USA),
rabbit anti-phospho-S6 ribosomal protein (Ser235/236, 91B2; Cell Signaling, Danvers/MA,
USA), rat anti-mouse CD34 (clone MEC 14.7; Acris Antibodies, Herford, Germany), using
standard protocols and detection by diaminobenzidine. Staging and (immune-)histological
evaluation of tumors from each group were performed by a blinded pathologist (Dr. A.
Gaumann, University of Regensburg) who is experienced in mouse and human pathology,

including diagnosis of actinic keratoses as proper precursors of squamous cell carcinomas?®.

RNA and cDNA preparation

Excised samples of tumors, non-tumor dorsal skin, and ventral skin were treated with
RNAlater-ICE (Ambion), snap-frozen in liquid nitrogen and stored in a freezer at -80°C.
A biopsy of maximally 8 mm3 in volume was taken from every tumor by manual excision
under a stereomicroscope. The biopsies were homogenized using a rotor stator homogenizer
(Ultra-Turrax T8, IKA, Staufen, Germany), followed by RNA extraction with RNeasy mini kit
(Qiagen, Valencia, Ca, USA). 0.5ug of total RNA was reverse-transcribed using the iScript
cDNA Synthesis kit (Bio-Rad).

Mutational analysis

Tumor cDNA was used to amplify the entire coding sequences of the p53 transcript by RT-
PCR in two overlapping fragments (1t amplicon with primers CCTGGCTAAAGTTCTGTAGC
forward and GCCTGTCTTCCAGATACTCG reverse, and 2™ amplicon with CCTGTCATCT-
TTTGTCCCITC forward and GCAGAGACCTGACAACTATC reverse). RT-PCR was performed
with iQ SYBR Green SuperMix (Bio-Rad, Hercules, Ca, USA) on an iQ5 thermocycler (Bio-
Rad). The reaction mixture was heated to 95°C for 3 min and amplification was carried out
for 40 cycles of 95°C for 30 sec, 60°C for 30 sec and 72°C for 1 min. The RT-PCR products
were completely sequenced in both directions. Cycle-sequencing was performed using ABI
PRISM Big Dye Terminators v 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster city,
Ca, USA) and sequencing products were run on an ABI PRISM 3730 Analyzer (Applied
Biosystems). Mutation Surveyor (SoftGenetics LLC) software was used for analysis of the

sequencing files.

Real-time quantitative RT-PCR analysis

Tumors, as well as dorsal and ventral skin were analyzed for Ldha, Pdk1, Glutl, Vegf-a by real-
time quantitative RT-PCR?° (primer pairs: TGTCTCCAGCAAAGACTACTGT forward, GACT-
GTACITGACAATGTTGGGA reverse for Ldha; AGGCGGCITTGTGATTTGTATITATG forward,
TGTAITGTCTGTCCIGGTGAITTCG reverse for Pdkl; GGGCTGCCAGGITCTAGTC forward,
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CCTCCGAGGTCCTTICTCA reverse for Glutl; AAGGAGAGCAGAAGTCCCATGA forward,
CACAGGACGGCTITGAAGATGT reverse for Vegf-a)30. B-actin was used as the cellular
housekeeping gene for normalization3!. PCR reaction settings were 95 °C for 3 min, then 40

cycles at 95°C for 15 s and 58°C for 45 s; melting curves were also examined after each run.

Statistical tests

Kaplan Meier plots of tumor-free survival were analysed by %2 tests (Graphpad Prism 3.0).
Differences in pair-wise comparisons of tumor yields were analysed with Mann Whitney
U tests, and Univariate Analysis of Variance was used to test simultaneously for group and
gender effects on tumor yields (SPSS 12.0.1). Immunohistological scores and tumor staging
was analyzed by pair-wise comparisons using Mann Whitney Rank Sum tests (SigmaPlot9.0/
SigmaStat3.1). Differences in p53 mutations between the diet groups were calculated by y?

tests. p<0.05 was considered to indicate a significant difference.

Results

Response to diets

Animals in the 4 groups showed no differences in weight, and gained weight from the start
of the experiment up to 16 weeks (control males from 30.0 + 2.4 g [+SD] t0 33.8 + 29 g
females from 25.5 + 1.6 t0 27.9 + 1.8 g). Blood levels of Rapa (33 + 11 ng/ml, n=6) and MMF
(mycophenolic acid at 2.9 + 0.8 mg/l, n=3) were measured after 1 week on food containing

the drugs, and were similar to those previously reported?°.

Tumors

The animals showed no signs of sunburn throughout the experiment. This regimen of
daily UV exposure of hairless mice was found to induce endophytic tumors which grow
out to carcinomas?®. Benign papillomas (exophytic - often pedunculated - cauliflower-like
tumors) were a small minority (<10%). These earlier findings were confirmed by pathology
on tumors from the different groups. In summary, almost all tumors larger than 4mm were
(invasive) SCC, whereas a substantial proportion of smaller tumors were SCC precursors,
e.g. in situ carcinomas (Figure 1). No basal cell or spindle cell carcinomas were found.

Papillomas were not included in the analyses of tumor induction.
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Figure 1: Histopathology of tumors smaller and larger than 4 mm in diameter; quartets of bars
representing control (white bar), MMF (light gray), Rapa (black), and Rapa/MMF (dark gray)
groups.

Tumor latency times

Figure 2 shows the tumor-free survival in the 4 different diet groups with tumor detection
threshold set at 4 different diameters: minimal perceptible at a few tenths of a mm, 1 mm,
2mm and 4mm. No differences were evident between the four groups for tumors with
diameters up to 1mm. For tumors >2mm, the Rapa group clearly showed an increase in the
time of tumor-free survival (p=0.0025 when compared with control). And for tumors >4mm
the differences between the four groups are very distinct, with the control group developing
the tumors most rapidly (with a median latency time, t,of around 125 days), followed
by the MMF group (t,=140 d, not significantly different from controls), the MMF/Rapa
group (t,,=170 d, p=0.0004 vs controls), and, lastly, the Rapa group (t_ =190 d, p=0.0021 vs
controls); i.e., the Rapa group showed a delay of about 50% when compared to the control
group. No overall differences in latency times between males and females were detected

(p=0.34).
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Tumor multiplicity

Aside from how quickly a first tumor appears, the number of tumors that an individual
mouse develops is an important measure of severity. And, with small experimental groups
like in the present study (n=10-12), counting the number of tumors increases the numerical
strength of the analysis. The average number of tumors per mouse is referred to as ‘tumor
yield’ These yields in the 4 different diet groups are depicted in Figure 3 with the threshold
for tumor detection set at 4 different diameters: either minimal perceptible at a few tenths
of amm, 1mm, 2mm or 4mm (i.e. all tumors with diameters at or over the threshold were

counted).

With the tumor detection threshold set at minimal perceptible lesions no discernible
differences were observed up to 130 days. For tumors >1 mm there was a significant
difference at 139 days between the Rapa group and the control group (10.4 vs 19.2 tumors/
mouse, p=0.003). For tumors >2mm there was an even larger relative difference at that time
point (1.6 vs 6.9 tumors/mouse, p=0.002) and at subsequent time points. The yields of
the largest tumors (24mm) showed the clearest differences. At day 202 the Rapa group had
developed significantly fewer large tumors than the control group (1.6 vs 4.5 tumors/mouse,
p=0.005), as did the Rapa/MMF combination group (1.8 vs 4.5 tumors/mouse, p=0.007).
MMEF appeared to have little effect as there was only a minor difference between the control
group and the MMF group (4.5 and 3.6 tumors/mouse, respectively, n. s.), and virtually
no difference between the Rapa and Rapa/MMF groups (1.6 and 1.8 tumors/mouse, n. s.).
Again, no overall differences were found between males and females in tumor yields (for

diameters >1mm p=0.35 at day 139, and >4mm p=0.89 at day 202).

Angiogenesis and Vegf-a staining

Although it has been shown that the outgrowth of implanted tumors can be hampered by
an anti-angiogenic effect of Rapa or MMF1% 17 26 we could not detect any differences in the
density of vessels in the tumor samples from the different groups (either by counting the
number of vessels or by quantifying vessel endothelial cells stained with CD34; data not
shown). Like in the tumor implants, we did, however, observe significantly less expression
of Vegf-a in the tumor cells from the Rapa group (Figure 4). The tumor stroma, on the other
hand, did not show any difference in Vegf-a staining (data not shown). Interestingly, at
this advanced stage of tumor growth (diameters >2-4 mm) we could not detect any clear
reduction by Rapa in the levels of activated mTor effector proteins (phospho-S6 ribosomal
protein, nuclear 4Ebp1 and Hif-1o; data not shown) which showed substantial variation in

immunohistochemical staining between the tumors.

32 m Chapter 2



"WAS 11dap SINSIYM ‘I9J9WIBIP UT WUIH JB SIOWN)
10 [oued Y311 TamO] pue ‘wwig Je s1own) 10§ [dued 3o 1omo] ‘wwi | Je stown) 10§ [ued JySu 1oddn “Ia1aWweIp Ul W G°( 1B parewnsd siown) ajqndadiad
[ewrurw 10§ [pued 1o 12ddn :SI919WEIP JUIYIP § 1B 1S UONDIAIP IowN) 10§ P[oysaIy) Yy} Yim sdnoid 191p ¢ 3y Ul Sp[I& 10wy Jo $)o[J :€ aingid

(sAep ur) awn

07 00T 08T 091 O¥L 0TI  00L 091 0ST OFI Ol 0TI OIT 00l 06
1 1 1 1 1 1 1 1 1 -l = ! TIO.O
6T
; L0'S
6L
001
wwg<
e AT,
=
3
<]
091 0ST OFL O€I 0TI OIl 001 06 091 0ST 0¥T OET 0TI OIL 00 06 =
1 1 1 1 1 - ‘_‘.\ L & l TIO 1 1 1 1 1 1 1 | TIO m
L g L g
Lot Lol
-Gl LSl
e RIWN -
I Loz Loz
edey - Lt Lt
[0DUOD) —y—
wwts s s

Early and late effects of the immunosuppressants rapamycin and mycophenolate mofetil on UV carcinogenesis m 33



B *
.
—
100 A o ®
g
o 80 A A
o)
0
b
g 60
e
)
g 40
Z
]
[a W)
5 201 w %
0 - w%w

control MMF Rapa Rapa + MMF

Figure 4: Vegf-a expression in tumors: (A) typical examples of tumor sections histochemically
stained for Vegf-a; (B) graphical presentation of Vegf-a expression in tumors from the 4
experimental groups; * p=0.005 vs control.
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Mutation analysis of p53 in tumors

Mutations in p53 occur early in UV carcinogenesis and they show a UV signature, i.e., C to
T transitions at dipyrimidine sites*. We inspected whether the immunosuppressants could
have affected the p53 mutation spectrum by metabolic effects from Rapa, or by anti-oxidant
effects or effects on purine synthesis from MME Figure 5 gives a graphical summary of
percentages of UV signature mutations in p53 in tumors (>2mm) from the four experimental
groups (table 1 gives a more detailed overview). The control group clearly showed the
expected mutation pattern with predominantly UV signature mutations. The mutation
spectrum from the MMF group showed no significant change. But the Rapa group showed a
clear reduction in percentage of UV signature mutations (39% vs an average of 90% in the
other groups, p=0.007 by %? test). The relative increase in G>T and T>G mutations could
be caused by oxidative damage3?, and the T>C transitions possibly originate from thymine
glycols as oxidation products33. Interestingly, combining Rapa with MMF again produced a

p53 mutation spectrum dominated by UV signature mutations, comparable to the control

group.

100% A
80% A
60% A non-UVB typical

20% - B UVB typical

20% A

0%

control MMF Rapa Rapa +
MMF

Figure 5: Graph of the percentage of UV signature mutations (C to T transition at dipyrimidine
site) among the p53 mutations in tumors from the 4 experimental groups.

The Warburg effect

A possible source of reactive oxygen could be the mitochondria by effects of Rapa on
the respiration of tumor cells. Tumors have been reported to have shifted their glucose
consumption from oxidative phosphorylation to aerobic glycolysis to lactate, which is
dubbed the Warburg effect and can be driven by Hif-1034. We hypothesized that Rapa could
reduce the Warburg effect by lowering the level of Hif-1a or by interfering with Hif-1a
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activation®?, and thus enhance oxidative phorphorylation and the release of reactive oxygen
species (ROS) from mitochondria. Therefore, we measured expression of Hif-1a target
genes>*: Glutl, Pdkl, Ldha, and Vegf-a, where Glutl is a glucose transporter, Pdk1 blocks
pyruvate’s entry into the Krebs cycle, and Ldha catalyses the conversion of pyruvate and
NADH to lactate and NAD. We found no differences between mRNA levels from these genes
in tumors taken from the Rapa and control groups, as shown in Figure 6. However, we did
observe interesting differences between UV-exposed skin, unexposed skin and tumors. In
contrast to Ldha and Vefg-a, both Glut1 and Pdk1 were upregulated in UV-exposed dorsal skin
when compared to unexposed ventral skin. But in the tumors Glut1 and Pdk1 expression was
low and Ldha and Vegf-a expression was high. These data do not reflect any unison effect of

Hif-1a on the expression of these four target genes.

Table 1: Mutation analysis of p53 in tumors

Mouse #. Tumor # Codon  Mutation Amino acid Not UV-typical
Control
1.1 62 ctcCga>ctcTga R>R/X
1.2 82 gccCCt>gecTTt P>P/F
1.3 124 tCt>tTt S>S/F
2.1 142 tTg>tCg L>S/L v
2.1 149 cctCea>cctTca P>P/S
3.1 149 cctCca>cctTca P>P/S
2.2 210 tttCge>tttTge R>C
3.2 210 tttCge>tttTge R>R/C
4.1 210 tttCge>tttTge R>C
1.2 238 tCe>tTc S>S/F
3.2 239 tGe>tTe C>C/F v
5.1 270 gttCgt>gttTgt R>C
1.2 270 gttCgt>gttTgt R>R/C
1.3 270 gttCgt>gttTgt R>R/C
3.1 275 tgcCet>tgcTet P>P/S
1.1 373 tCt>tTt S>S/F
Rapa
6.1 110 ggcTte>ggcCtc F>L/F v
7.1 142 ttGtgg>ttTtgg L>L/F v
8.1 210 tttCge>tttTge R>C
9.1 239 tGo>tTc C>C/F v
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Mouse #. Tumor # Codon  Mutation Amino acid Not UV-typical
9.1 247 cCt>cGt P>P/R v
7.1 261 aacCtt>aacTtt L>L/F
10.1 262 cTg>cCg L>P/L v
10.1 267 tTt>tCt F>F/S v
7.1 270 gttCgt>gttTgt R>R/C
1.1 272 tgTgce>tgGgec C>W/C v
1.1 275 cCt>cTt P>P/L
12.1 275 cCt>cTt P>P/L
10.2 intron4  AG mutant heterozyg. del. v

MMF
13.1 149 cctCea>cctTea P>P/S
14.1 210 tttCge>tttTge R>C
13.2 210 tttCge>tttTge R>R/C
15.1 210 tttCge>tttTge R>R/C
13.2 270 gttCgt>gttTgt R>R/C
13.3 270 gttCgt>gttTgt R>R/C
16.1 275 tgcCet>tgclct P>S
16.2 275 tgcCet>tgcTcet P>S
14.1 294 tgcCcet>tgcAct P>T/P v
14.1 307 acCtgc>acTtge T>T/T

MMF + Rapa
17.1 77 accCet>accTet P>P/S
18.1 92 tCt>tTt S>S/F
19.1 95 cCt>cTt P>P/L
20.1 109-110  ggCTtg>ggTGtg G>G, F>V/F v
18.2 149 cCa>cTa P>P/L
21.1 155 gtcCgce>gtcTge R>R/C
19.2 175-176 caCCat>caTAat H>H, H>N/H v
23.1 210 tttCge>tttTge R>C
21.1 261 aacCtt>aacTtt L>L/F
18.1 270 gttCgt>gttTgt R>R/C
22.1 270 gttCgt>gttTgt R>R/C
21.2 275 tgcCet>tgcTet P>P/S
19.1 275 tgcCet>tgcTet P>P/S
19.2 heterozyg. splicemutant exon7-exonl12 v
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Figure 6: Expression of Vegf-a, Ldha, Glutl and Pdk1 as target genes of Hif-1o in comparison to
B-actin in various tissue samples from Rapa-fed and control mice; error bars depict SEM (Rapa and
control tumors, each n=9; UV-exposed skin from Rapa n=7 and control group n=4; unexposed
control ventral skin n=3).

Discussion

In contrast to earlier findings with azathioprine and cyclosporine® !0, the newer-age
immunosuppressants Rapa and MMF did not enhance UV carcinogenesis. In the case of
Rapa, it had the opposite effect of strongly impairing the development of large tumors
(>2mm). This impairment can be attributed to the known anti-tumor, or more specifically,
anti-angiogenic effects of Rapa'®!7. At dosages which maintained allogeneic heart grafts
in mice, Rapa thus inhibited outgrowth of tumor implants whereas cyclosporine was
found to enhance angiogenesis and strongly stimulate tumor outgrowth!8. Rapa could
even block the pro-angiogenic effect from cyclosporine. In the present study the inhibition
of tumor outgrowth by Rapa appeared to be reflected in a significant reduction of Vegf-a
positive tumor cells. However, the Vegf-a expression in tumor stroma did not appear to
be significantly reduced, which leaves the question whether tumor cells and stroma were
equally important in releasing Vegf-a into the interstitial compartment. Interestingly, we did
not find 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 vascularisation and resistance
to Rapa while those that lagged behind were most sensitive to the anti-angiogenic effect
of Rapa. MMF was also reported to impair tumor growth and angiogenesis!®, but its effect
on tumor implants appeared to be highly variable, possibly owing to differences in bio-
availability of its metabolite mycophenolic acid!®. This may correspond to the slight - but

not significant - delay in onset of tumors (>2mm) we observed in the MMF-fed animals.
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Our data differ from those obtained by Duncan et al3>® who found that Rapa (sirolimus)
increased the number of tumors by about 50% at the end of the experiment in which Rapa
treatment started 10 weeks after weekly UV exposures. They reported some effects of MMF
and Rapa on malignancy and average tumor size, but not any dramatic reduction in the
number of large tumors, like we report here. In a subsequent study the same group did
report a reduction in the number of tumors when Rapa was given after 15 weeks of UV
irradiation and irradiation was discontinued37; at that point the mice had already developed
an average of about 5 tumors per animal. In contrast to our experiments, their experiments
were not optimal to detect any effect on tumor onset. Their experimental protocols differed
substantially from ours, not only in the timing UV exposures and administration of Rapa,
but also in the route of applying Rapa, i.e. by i.p. injection. At effective immunosuppressive
dosages (1.5 mg/kg/day), the efficacy of Rapa against tumor growth was found to be much
enhanced by regular release (continuous infusion) in comparison to a massive bolus dose

delivered by injection (once every 3 days)38.

The concept that immunosuppressive agents should, by their very nature, enhance UV-
induced skin carcinogenesis®-1° is not supported by the present experiment (nor by the
aforementioned experiments in references 36 and 37). Our data show no enhancement at
all from immunosuppressive dosages of MMF and Rapa, neither on early stages nor on late
stages of tumor development. Early experiments did show some systemic effects on small
tumors in hairless mice attributable to altered immunity: prior UV-driven induction of small
tumors on a limited area of skin, speeded up later UV tumorigenesis in a distant, formerly
shielded, area of skin°. It should, however, be noted that the immune effects involved
in UV carcinogenesis are complicated: besides a UV-induced (transient) suppression of
immunisation, there is also an induction of specific tolerance toward UV-induced tumors®
40-43 1V carcinogenesis was actually delayed in CD80/CD86 double null mice lacking in
tolerance induction*?. Although immune deficient mice did develop skin tumors more
rapidly upon UV exposure than their proficient counterparts, these immune deficient mice
were found to develop the tumors even faster when they had been thymically-reconstituted*4.
Suppression of T cell-mediated immunity can, therefore, have differential and competing
effects on UV carcinogenesis, including both inhibitory and enhancing effects. Whether
the lack of effect of Rapa and MMF in the present experiments on UV induction of small
tumors is due to a complete lack of immunogenicity of small tumors, or whether it is due
to an ‘accidental’ cancelation of T cell-mediated effects, remains to be determined. Although

UV-induced immunosuppression has been reported to be affected by estrogen receptor
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signaling®>, we have found no gender effect in our experiments, in agreement with an earlier

report?’.

P53 mutations appear to be involved in the earlier stages of tumor development??. Our
suspicion that Rapa might selectively induce apoptosis in the p53-mutated cells, and
thus slow down the rate at which tumors are initiated, is not supported by our data as we
found no effect the onset of the smallest perceptible tumors (<1mm). 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. We
found a dramatic shift in the types of mutations in tumors from the Rapa-fed group. This
shift could have been due to an increase in ROS. Rapa did not cause such a shift when
combined with MME which may be attributable to the known anti-oxidant activity of MMF.4¢
We investigated the expression of target genes of Hif-1a to ascertain whether the Warburg
effect and its suppression by Rapa could be responsible for changes in oxidative stress in the
tumors. Although we did not find any effect of Rapa on the expression of these four marker
genes, we did find striking differences in their expression in skin depending on UV exposure
and in the tumors. In UV-exposed skin, the Pdk1 expression was increased, which implies
a block of pyruvate entry into the Krebs cycle, shutting down oxidative phosphorylation
and associated ROS formation in the mitochondria. Moreover, the increase in Glutl may
be related to anti-oxidant effects by transport of vitamin C*7. We found Ldha to be highly
expressed in the tumors which indicated that the Warburg effect was probably operative as
Ldha catalyzes the conversion of pyruvate to lactate. Since Pdk1 expression was low in the
tumors from the control and Rapa groups, oxidative phosphorylation may also have been

active in the tumors, which may thus have switched on both glucose-metabolizing pathways.

In conclusion, the present experimental data show that immunosuppressants do not
necessarily enhance UV carcinogenesis, and can even lower the tumor burden. It has been
already demonstrated that Rapa can impair the outgrowth of tumor implants, but our data
provide evidence of the same effect on primary skin carcinomas induced by chronic UV
exposure. Clinical data are beginning to emerge that also point to a lowered cancer risk when
immunosuppressive medication is switched to Rapa*8->°. Hence, further experimentation
is urgently called for to better understand the pro- and anti-carcinogenic effects of various
immunosuppressants, and eventually, to apply adequate immunosuppressive regimens

while minimizing the long-term carcinogenic risk in organ transplant recipients.
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