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Abstract

AIM: To investigate if azathioprine could reduce ad-
enoma formation in Apc””*, a mouse model of sporadic
intestinal tumorigenesis.

METHODS: Azathioprine was administered via drink-
ing water (estimated 6-20 mg/kg body weight per day)
to Apc"™”* and wildtype mice. Control animals received
vehicle only (DMSO) dissolved in drinking water. At 15
wk of age all mice were sacrificed and intestines of
Apc™* were harvested for evaluation of polyp number.
Azathioprine induced toxicity was investigated by im-
munohistochemical analysis on spleens.
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RESULTS: All azathioprine treated mice showed signs
of drug-associated toxicity such as weight loss and de-
velopment of splenic T-cell lymphomas. Although this
suggests that the thiopurine concentration was clearly in
the therapeutic range, it did not reduce tumor formation
(48 £ 3.1 adenomas vs 59 + 5.7 adenomas, P = 0.148).

CONCLUSION: We conclude that in the absence of
inflammation, azathioprine does not affect intestinal tu-
morigenesis.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Treatment with thiopurines is associated with a
reduced risk of developing colorectal cancer in patients
with inflammatory bowel disease. The molecular target
of azathioprine, Racl has recently been implicated as a
critical player during sporadic intestinal tumorigenesis.
Here, we investigated the potential preventive role of
azathioprine in Apc’””, a mouse model of sporadic
intestinal tumorigenesis. Even though all azathioprine
treated mice showed signs of drug-associated toxicity,
it did not reduce tumor formation. We therefore con-
clude that in the absence of inflammation azathioprine
does not affect intestinal tumorigenesis.
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INTRODUCTION

The thiopurines azathioprine and 6-mercaptopurine are
widely used to induce and maintain remission of in-
flammatory bowel disease (IBD)""". In addition to their
immunosuppressive effects, exposure to thiopurines is
associated with a substantially reduced risk of developing
colorectal cancer in patients with IBD™,

The presumed mechanism of action of thiopurines
is through selective inhibition of the GTPase RAC1"*",
This member of the Rho family of GTPases acts as a
key-component in diverse signaling pathways and plays

a critical role in many cellular processes such as prolif-
eration, apoptosis and migration, Tt has recently been
shown that Racl signaling plays a key role in intestinal
adenoma formation downstream of the mutation in
Apd”. The Ape gene is frequently mutated in intestinal
adenomas and carcinomas and patients with familial ad-
enomatous polyposis (FAP) catry a germline mutation in
one copy of the APC gene!’. Apc‘W”/ " mice carry a germ
line mutation in Ape similar to patients with FAP and can
be used to model FAP specifically or Apc dependent ad-
enoma development more in general''".

Since Racl signaling plays a critical role in intestinal
tumorigenesis and thiopurines are widely used drugs that
inhibit Racl activity, we reasoned that thiopurines may
protect against the development of intestinal tumorigen-
esis. Here we tested this hypothesis by treating Apc™"*

mice with azathioprine.

MATERIALS AND METHODS

Mouse experiments

The protocol of this study was approved by the animal
ethics committee of the University of Amsterdam (per-
mit number ALC102806). Ap™ " and littermate wild
type C57B/6] mice of five weeks old (12 males and 12

females of each genotype) were ordered at the Jacksons

Laboratory. Upon arrival animals were given drinking
water in which azathioprine (Sigma Aldrich A4638) was
dissolved at 0.04 mg/mL as previously described by oth-
ers"?. The estimated dose was 6-20 mg/kg body weight
per day, given that a mouse weighs approximately 20-30
g and drinks approximately 4-8 mlL of water per day'"?.
Control animals received vehicle only (DMSO) dissolved
in drinking water. We expected mice to develop a mean
of 60 polyps (with 10% standard deviation) and reasoned
that azathioprine could only be clinically applicable if the
polyp number would be reduced by at least 25%. At a P
of 0.05 (alpha 0.025) and power of 0.8, the sample size

was calculated for 6 animals by group.

Histological analysis

After paraffin embedding, 4 um sections were made and
used for routine hematoxylin eosin staining. Immuno-
histochemistry was performed as described previouslym
using the following antibodies: anti-Cd3 (Dako, rabbit
polyclonal, A0452), B220. Anti-Cd45R (Biolegend/ITK,
rat monoclonal, 103202), anti-Ki67 (Monosan, Rabbit

Baishidenge ~ WJG | www.wjgnet.com

16684

monoclonal, MONX10284), anti-f3-catenin (transduction
laboratories, mouse monoclonal, 610154). Histological
evaluation of spleens was performed by an expert pa-

thologist (M]).

Statistical analysis

All data are presented as mean * SE. For animal expeti-
ments, the Mann-Whitney test was used. For the analysis
of adenoma size distribution, a two-way ANOVA was
used.

RESULTS

Treatment with azathioprine results in severe toxicity in
mice

Two weeks after the start of azathioprine administration
(dissolved in the drinking water at 0.04 mg/mlL), Ap™*
and wild type female mice started to lose weight and be-

came moribund whereas female control mice treated with

solvent only continued to gain weight (Figure 1A and B).
According to local animal research guidelines we eutha-
nized mice losing more than 15% of initial weight, result-
ing in termination of the entire group of 12 female mice
receiving azathioprine by the end of the fourth week of
treatment. In contrast, male mice did not show any symp-
toms of drug-associated toxicity at this time point. Post
mortem investigation showed signs of profound anemia
with discoloration of extremities and internal organs
of all azathioprine treated female mice. Upon examina-
tion of the intestines, we did not identify polyps in these
9-wk-old animals.

In order to reduce potential drug toxicity in the re-
maining male animals, we lowered the azathioprine dose
to 0.02 mg/mlL. at four weeks after the start of treatment.
Although the body weight of male mice remained stable at
first, we eventually observed weight loss in male animals.
To prevent further deterioration of the mice, we termi-
nated the experiment at fifteen weeks of age (Figure 1C).

Azathioprine treatment results in the development of
splenic T-cell lymphomas

We observed enlargement of the spleen in all azathio-
prine treated mice (both controls and Ap™ " mice), but
in none of the control animals (Figure 2A). The develop-
ment of splenic lymphomas is a known adverse effect
of azathioprine treatment in both humans and mice"".
We therefore performed further histological evaluation
of samples of azathioprine treated control and Ap™""*
mice. All spleens of azathioprine treated animals showed
an expanded red pulp with a pleomorphic population
of lymphocytic blasts that displayed prominent varia-
tion in nuclear size, contour and atypical mitoses (Figure
2B). This is diagnostic of a diffuse lymphoproliferative
disease. We performed immunohistochemical staining to
further analyze the composition of these infiltrates. This
showed that the pre-existent peri-arteriolar B- and T-cell
areas were preserved while the red pulp was diffusely

infiltrated by Cd3 positive atypical lymphocytes (Figure
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Figure 1 Treatment with azathioprine results in severe drug associated
toxicity. A: Weight curve of female mice. All azathioprine treated female mice
had to be sacrificed three to four weeks after start of the treatment due to pro-
gressive weight loss; B: Survival curve of female mice; C: Weight curve of male
mice. After 9 to 10 wk of treatment male mice started to show signs of toxicity.
Veh: Vehicle; Aza: Azathioprine.

2C). Analysis of proliferation using Ki67 showed that
proliferative activity in germinal centers was retained as
expected, whereas splenic T-cell lymphomas exhibited
a near 100% proliferative index (Figure 2D). P—catenin
did not show nuclear labeling in either Aps"™ " or wild
type mice (Figure 2D). This suggests that the lymphomas
developed in an Apc independent manner. This is consis-

tent with the fact that no difference was observed in the
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severity of lymphoma development between control and

Min/+ .
Apé "I* mice

Azathioprine treatment does not affect adenoma
development in Apc"™ mice

We next assessed if intestinal adenoma development was
affected by the administration of azathioprine. Animals
that had received azathioprine (# = 6) did not exhibit a
significant decrease in polyp numbers compared to Ape-
M7 mice that had received vehicle only (# = 6) (48 * 3.1
adenomas »s 59 * 5.7 adenomas respectively, P = 0.148,
Figure 3A). Furthermore, analysis of adenoma localiza-
tion and size did not show any difference between aza-
thioprine and vehicle treated animals (Figure 3B and C).
Based on these results we concluded that azathioprine
treatment did not affect the incidence or progression of
adenoma development in AhWH animals.

DISCUSSION

Use of thiopurines is associated with a reduced risk of
developing colorectal cancer in patients with IBD but
their role in sporadic tumor formation has thus far not
been investigated. In our study, treatment of mice with
the highest tolerable azathioprine dose, results in severe
drug associated toxicity both in A])f‘W/+ and wild type
mice. Azathioprine treated animals suffered from pro-
found weight loss and displayed development of splenic
lymphomas. Nonetheless, even at this high dose, azathio-
prine treatment did not affect .4pc dependent intestinal
adenoma development in mice.

In humans, the major side effects of treatment with
azathioprine are gastrointestinal complaints such as
nausea and abdominal painm, hepatotoxicity“(’], pancre-
atitis'” and bone marrow depression''”. We observed
substantial toxicity in all azathioprine treated mice. Sur-
prisingly, this resulted in significant more morbidity in
female mice compared to males. Azathioprine induced
toxicity is related to activity of the enzyme thiopurine
S-methyltransferase (TPMT)"*". Therefore the defi-
ciency of TPMT enzyme activity may cause increased
sensitivity to azathioprine induced toxicity™*. In accor-
dance to this it was recently shown that TPMT enzyme
activity was lower in females than compared to males™.
Although we did not assess TPMT activity in our experi-
ments, this may explain why female mice were more vul-
nerable to azathioprine than males.

Thiopurine use is also associated with an increased
relative risk but small absolute risk in development of
lyrnphornasm’zﬂ. Also in our hands mice display a re-
markable susceptibility to develop azathioprine-induced
lymphomas. This suggests that the azathioprine may have
been overdosed in our experiment or that mice have an
increased susceptibility to lymphoma development. Un-
fortunately we have so far been unable to determine drug
levels in mouse blood in our institute. However, since
overdosing would more likely result in overestimation of
the protective effect of azathioprine, it is unlikely to ex-
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Figure 2 Azathioprine treatment results in the development of splenic T cell lymphomas. A: Representative image of vehicle and azathioprine treated mice
showing splenic enlargement and discolored liver and kidneys in azathioprine treated animals; B: Representative photomicrographs of the morphology of the splenic
infiltrates. The images show a highly atypical and pleomorphic population of lymphocytic blast-like cells with prominent variation in nuclear size and contour (left
panel), atypical mitoses (middle panel, top right) and admixed giant cells (right panel); C: Splenic architecture. Peri-arteriolar B and T cell areas are preserved (B220
and Cd3 top panel), while the red pulpa is effaced by a Cd3 positive atypical infiltrate, diagnostic of T-cell lymphoma; D: Ki67 staining shows limited proliferative activ-
ity in pre-existent germinal centers; the surrounding atypical infiltrate demonstrates a nearly 100% labeling index. 3-catenin does not show nuclear labeling in either
genotype.
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Figure 3 Azathioprine treatment does not affect adenoma development in Apc”™ mice. Total adenoma number in azathioprine (n = 6) and vehicle treated (n = 6)

mice (A). Localization (B) and size (C) of adenomas did not differ between vehicle and azathioprine treated mice. Veh: Vehicle; Aza: Azathioprine.
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plain the lack of effect on adenoma development.

The lack of effect of azathioprine on adenoma devel-
opment in our experiments could be due to pleiotropic
effects on cellular signaling by azathioprine. Another
potential difference between the genetic loss of Racl sig-
naling as investigated by Myant ez al” and treatment with
azathioprine is that genetic deletion of Rar? occurred
concurrent with loss of Apc whereas the Ap™* mice
in our experiments carried a germline 4pc mutation. The
effect of Racl inhibition could be mediated at the eatliest
stages of adenoma development. Since we started azathi-
oprine treatment at the age of five weeks, it may be that
precursor lesions were already established before the ini-
tiation of azathioprine treatment. Although azathioprine
is known to reduce Racl signaling in humans, we can
not formally exclude that in mice Racl signaling remains
unaltered during azathioprine treatment. The reduced
risk of developing colorectal cancer in patients with IBD
treated with thiopurines was observed in a retrospec-
tive analysis of 2578 patients in which 1% developed
advanced neoplasia (high grade dysplasia or colorectal
cancet). Whether this association is the result of a better
control of inflammation in thiopurine treated patients,
a direct effect on inflammation driven carcinogenesis or
potential confounding factors will be hard to elucidate.
The results from our current study suggest that azathio-
prine may not prevent ~4pc dependent sporadic intestinal
tumorigenesis.

COMMENTS

Background

Treatment with thiopurines is associated with a reduced risk of developing
colorectal cancer in patients with inflammatory bowel disease. If thiopurines can
also reduce adenoma formation in the absence of inflammation remains thus
far unknown.
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and carcinomas and patients with familial adenomatous polyposis (FAP).
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a critical player during sporadic intestinal tumorigenesis. Given the extensive
clinical experience with thiopurines, this may thus be a candidate for chemopre-
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Peer review

In this experimental study some evidence is given that azathioprine does not

Baishidenge ~ WJG | www.wjgnet.com

16688

min/+

reduce adenoma formation in the Apc
tumorigenesis.

mouse model of sporadic intestinal

REFERENCES

1 Lewis JD, Schwartz JS, Lichtenstein GR. Azathioprine for
maintenance of remission in Crohn’s disease: benefits outweigh
the risk of lymphoma. Gastroenterology 2000; 118: 1018-1024
[PMID: 10833475 DOI: 10.1016/50016-5085(00)70353-2]

2 Gong]J, ZhulL, Guo Z, LiY, Zhu W, LiN, Li J. Use of thiopu-
rines and risk of colorectal neoplasia in patients with inflam-
matory bowel diseases: a meta-analysis. PLoS One 2013; 8:
e81487 [PMID: 24312308 DOI: 10.1371/journal.pone.0081487]

3 Vermeire S, Ferrante M, Rutgeerts P. Recent advances: Per-
sonalised use of current Crohn’s disease therapeutic options.
Gut 2013; 62: 1511-1515 [PMID: 24037876 DOI: 10.1136/
gutjnl-2012-303958]

4 Frei P, Biedermann L, Nielsen OH, Rogler G. Use of thiopu-
rines in inflammatory bowel disease. World | Gastroenterol
2013; 19: 1040-1048 [PMID: 23467510 DOI: 10.3748/wjg.v19.
i7.1040]

5 van Schaik FD, van Oijen MG, Smeets HM, van der Hei-
jden GJ, Siersema PD, Oldenburg B. Thiopurines prevent
advanced colorectal neoplasia in patients with inflammatory
bowel disease. Gut 2012; 61: 235-240 [PMID: 21602529 DOI:
10.1136/ gut.2011.237412]

6 Tiede I, Fritz G, Strand S, Poppe D, Dvorsky R, Strand D,
Lehr HA, Wirtz S, Becker C, Atreya R, Mudter ], Hildner K,
Bartsch B, Holtmann M, Blumberg R, Walczak H, Iven H,
Galle PR, Ahmadian MR, Neurath MF. CD28-dependent
Racl activation is the molecular target of azathioprine in
primary human CD4+ T lymphocytes. | Clin Invest 2003; 111:
1133-1145 [PMID: 12697733 DOI: 10.1172/JCI16432]

7 Poppe D, Tiede I, Fritz G, Becker C, Bartsch B, Wirtz S,
Strand D, Tanaka S, Galle PR, Bustelo XR, Neurath MF. Aza-
thioprine suppresses ezrin-radixin-moesin-dependent T cell-
APC conjugation through inhibition of Vav guanosine ex-
change activity on Rac proteins. | Immunol 2006; 176: 640-651
[PMID: 16365460 DOI: 10.4049/jimmunol.176.1.640]

8  Lawson CD, Burridge K. The on-off relationship of Rho and
Rac during integrin-mediated adhesion and cell migration.
Small GTPases 2014; 5: €27958 [PMID: 24607953]

9 Myant KB, Cammareri P, McGhee EJ, Ridgway RA, Huels
DJ, Cordero ]B, Schwitalla S, Kalna G, Ogg EL, Athineos D,
Timpson P, Vidal M, Murray GI, Greten FR, Anderson KI,
Sansom O]J. ROS production and NF-xB activation triggered
by RACI facilitate WNT-driven intestinal stem cell prolifera-
tion and colorectal cancer initiation. Cell Stem Cell 2013; 12:
761-773 [PMID: 23665120 DOI: 10.1016/j.stem.2013.04.006]

10 Stoffel EM, Kastrinos F. Familial colorectal cancer, be-
yond Lynch syndrome. Clin Gastroenterol Hepatol 2014; 12:
1059-1068 [PMID: 23962553]

11 Moser AR, Pitot HC, Dove WF. A dominant mutation that
predisposes to multiple intestinal neoplasia in the mouse.
Science 1990; 247: 322-324 [PMID: 2296722 DOI: 10.1126/sci-
ence.2296722]

12 Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from
animal to human studies revisited. FASEB ] 2008; 22: 659-661
[PMID: 17942826 DOI: 10.1096/£j.07-9574LSF]

13 Heijmans J, Wielenga MC, Rosekrans SL, van Lidth de Jeude
JE, Roelofs J, Groothuis P, Ederveen A, de Jonge-Muller ES,
Biemond I, Hardwick JC, D’"Haens G, Hommes DW, Muncan
V, van den Brink GR. Oestrogens promote tumorigenesis
in a mouse model for colitis-associated cancer. Gut 2014; 63:
310-316 [PMID: 23408349]

14 Chalastanis A, Penard-Lacronique V, Svrcek M, Defaweux
V, Antoine N, Buhard O, Dumont S, Fabiani B, Renault
I, Tubacher E, Fléjou JF, Te Riele H, Duval A, Muleris M.
Azathioprine-induced carcinogenesis in mice according to
Msh2 genotype. | Natl Cancer Inst 2010; 102: 1731-1740 [PMID:

November 28, 2014 | Volume 20 | Issue 44 |



15

16

17

18

19

JRaishideng®

Wielenga MCB et a/. Azathioprine does not reduce adenoma formation

20923998 DOI: 10.1093/jnci/ djq389]

Elsone L, Kitley ], Luppe S, Lythgoe D, Mutch K, Jacob S,
Brown R, Moss K, McNeillis B, Goh YY, Leite MI, Robertson
N, Palace J, Jacob A. Long-term efficacy, tolerability and
retention rate of azathioprine in 103 aquaporin-4 antibody-
positive neuromyelitis optica spectrum disorder patients: a
multicentre retrospective observational study from the UK.
Mult Scler 2014; 20: 1533-1540 [PMID: 24647557 DOI: 10.1177
/1352458514525870]

Anelli MG, Scioscia C, Grattagliano I, Lapadula G. Old and
new antirheumatic drugs and the risk of hepatotoxicity. Ther
Drug Monit 2012; 34: 622-628 [PMID: 23128910 DOI: 10.1097/
FTD.0b013e31826a6306]

Weersma RK, Peters FT, Oostenbrug LE, van den Berg AP,
van Haastert M, Ploeg R], Posthumus MD, Homan van der
Heide JJ, Jansen PL, van Dullemen HM. Increased incidence
of azathioprine-induced pancreatitis in Crohn’s disease com-
pared with other diseases. Aliment Pharmacol Ther 2004; 20:
843-850 [PMID: 15479355 DOI: 10.1111/j.1365-2036.2004.02197.
X]

Maddocks JL, Lennard L, Amess J, Amos R, Thomas RM. Aza-
thioprine and severe bone marrow depression. Lancet 1986; 1:
156 [PMID: 2867372 DOI: 10.1016/S0140-6736(86)92291-9]
Carvalho AT, Esberard BC, Frées RS, Rapozo DC, Grinman
AB, Simao TA, Santos JC, Carneiro AJ, Ribeiro-Pinto LF, de
Souza HS. Thiopurine-methyltransferase variants in inflam-
matory bowel disease: prevalence and toxicity in Brazilian
patients. World | Gastroenterol 2014; 20: 3327-3334 [PMID:
24696613 DOI: 10.3748 / wjg.v20.i12.3327]

WJG | www.wjgnet.com

20

21

22

23

24

25

26

P- Reviewer: Crenn PP, Gassler N, lizuka T

16689

Fujita K, Sasaki Y. Pharmacogenomics in drug-metabolizing
enzymes catalyzing anticancer drugs for personalized can-
cer chemotherapy. Curr Drug Metab 2007; 8: 554-562 [PMID:
17691917 DOI: 10.2174/138920007781368890]

Chisick L, Oleschuk C, Bernstein CN. The utility of thiopu-
rine methyltransferase enzyme testing in inflammatory bowel
disease. Can | Gastroenterol 2013; 27: 39-43 [PMID: 23378982]
Chen D, Lian F, Yuan S, Wang Y, Zhan Z, Ye Y, Qiu Q, Xu H,
Liang L, Yang X. Association of thiopurine methyltransfer-
ase status with azathioprine side effects in Chinese patients
with systemic lupus erythematosus. Clin Rheumatol 2014; 33:
499-503 [PMID: 24322830 DOI: 10.1007/s10067-013-2441-x]
Cooper SC, Ford LT, Berg JD, Lewis MJ. Ethnic variation of
thiopurine S-methyltransferase activity: a large, prospective
population study. Pharmacogenomics 2008; 9: 303-309 [PMID:
18303966 DOI: 10.2217/14622416.9.3.303]

Kandiel A, Fraser AG, Korelitz Bl, Brensinger C, Lewis JD.
Increased risk of lymphoma among inflammatory bowel dis-
ease patients treated with azathioprine and 6-mercaptopu-
rine. Gut 2005; 54: 1121-1125 [PMID: 16009685 DOI: 10.1136/
gut.2004.049460]

Toader E, Ciortescu L. Is there a risk for lymphoma or extraco-
lonic cancer in patients with inflammatory bowel disease? Rev
Med Chir Soc Med Nat lasi 2013; 117: 368-374 [PMID: 24340518]
Khan N, Abbas AM, Lichtenstein GR, Loftus EV, Bazzano
LA. Risk of lymphoma in patients with ulcerative colitis
treated with thiopurines: a nationwide retrospective co-
hort study. Gastroenterology 2013; 145: 1007-1015.e3 [PMID:
23891975]

S- Editor: Ma N
L- Editor: A E- Editor: Ma S

November 28, 2014 | Volume 20 | Issue 44 |



JRnishideng®

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wijgnet.com/esps/helpdesk.aspx
http:/ /www.wjgnet.com

ISSN1007-9327

““‘ “l Il
© 2014 Baishideng Publishing Group Inc. All rights reserved.




