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Figure 8. Suppression of dys-
plastic. fumor phenotype by
transgenic expression of Sox77.
Histologic examination of gastric
tumors: in. Gan (A), Gan K719+
Sox17: (B), K19-C2mE (C), and
K19-Sox17/G2mE (D) mice.
H&E (feft), Ki-67 immunostaining
(center), ‘and PAS-Alcian biue
staining. (ight). (A left) Asterisks
indicate: capillary. vessels. (B-D
centery Asterisks indicate Ki-67~
positive : proliferating - cells: that
aligned in gland neck. (B-D right)
Asterisks and arrowheads ‘indi-
cate PAS-positive: and  Alcian
blue-positive: mucous: cells; re-
spectively. Barsindicate 100 um.

o
K19-Sox17/C2mE o K19-CZmE o Gan K19-Sox17

(Figure 8A), which was consistent with previous re-
ports.Z3! In gastric tumors of Gan K19-Sox17 mice, Ki-67-
positive proliferating cells aligned at the gland neck of
hyperplastic tumors, and the number of PAS-Alcian
blue-positive mucous cells increased (Figure 8B), which
were similar to the characteristics of metaplastic hyper-
plasia of K19-C2mE mice?® (Figure 8C). Gan mice develop
dysplastic tumors caused by simultaneous activation of
Wnt and PGE, pathways. Accordingly, it is possible that
Sox17 expression suppressed Wnt activity to the level
insufficient for dysplastic tumor development in Gan
K19-Sox17 mice, thus resulting in development of a PGE,-

dependent gastric phenotype. Moreover, K19-Sox17/C2mE
mice developed metaplastic hyperplasia but not dysplas-
tic tumors (Figure 8D), thus indicating that the induc-
tion of Sox17 and PGE, pathways without the activation
of Wnt/B-catenin signaling is not sufficient for gastric
tumor development.

Discussion

. Accumulating evidence indicates that activation
of Wnt/B-catenin signaling is one of the direct causes of
gastric and intestinal tumor development.*-7 It has been

Figure 7. Suppression of gastric tumor development by transgenic expression of Sox77. (A) Schematic construction of transgenic vector. Pm,
Pmel; B, BamHl; Xb, Xbal. (B) Western blotting resuits of Sox17 in gastric mucosa of wild-type (WT), K19-Sox17 (T g)linenc. 5 and no. 9, normal smail
intestine (SN as a negative control, and ApcA77€ mouse polyps (SP) as a positive control. B-Actin was used for internal control, (C) Immunostaining
for Sox17 in gastric mucosa of wild-type and K79-Sox 17 mice. Asterisks indicate localization of Sox1 7-expressing epithelial cells. Bars indicate 100
pm. (D) The relative mRNA levels of Cd44 and Ephb3 in Gan (red) and Gan K19-Sox17. mice (biue) to the wild-type level (black). *P < .05. (B)
Representative photographs of stomach of Gan mouse and Gan K19-Sox17 mouse, and the relative tumor height .in Gan K19-Sox17.(Gan/Sox17)
to that in Gan mice (mean * SD). (F) Representative photographs for apoptotic cells in Gan and Gan K19-Sox77 mouse tumors, and relative Ki-67
labeling index in Gan K19-Sox 17 tumors (Gan/Sox17) to that in Gan mouse tumors. Arrowheads indicate apoptotic cells on the tumor surface:

(Eand:F) P < .05,
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shown" that the expression of several Sox family genes,
including Sox2, Sox9, and Sox17 are induced by Wnt/B-
catenin signaling.32-34 In the present study, we found that
activation of Wnt signaling causes: Sox17 expression in
gastric cancer cells and that Sox17 is induced in benign
gastric tumors. Because Sox17 antagonizes Wnt/B-cate-
nin signaling, it is thus conceivable that the Wnt activa-
tion: level in the early stage of tumorigenesis is parti-
ally suppressed by Sox17 but is sufficient for benign
tumor development. Importantly, transgenic expression
of Sox17 in the Gan mouse stomach suppressed dysplastic
tumor formation. Suppression of the dysplastic pheno-
type of Gan K19-Sox17 mouse tumors is possibly caused
by. repression of Wnt/B-catenin signaling. Namely, over-
expression of Sox17 suppresses: Wnt/B-catenin signaling
activity to the level ‘insufficient for tumor formation.
Therefore, it is possible that Sox17 induction level at the
early stage of tumorigenesis is strictly regulated to main-
tain the Wnt/B-catenin activity for dysplastic tumor de-
velopment.

However; Sox17 expression is dramatically suppressed
in most- human ‘gastric cancer cells possibly through
promoter methylation, which may result in an increase of
Wnt/f-catenin signaling activity in comparison to that in
benign tumors. We also confirmed SoxI17 down-regula-
tion in human colon cancer tissues. Recently, it has been
suggested that promotion of Wnt/B-catenin signaling is
required for malignant progression of colon cancer.?
Consistently, we found that Sox17 transfection reduced
the colony formation efficiency in: gastric cancer cells.
Accordingly, it is possible that down-regulation of Sox17
contributes to malignant behavior through promotion of
Wnt/B-catenin signaling both in the stomach and colon.
Therefore, induction of tumor suppressor Sox17 at the
early stage of tumorigenesis can be considered as a self:
protection system against malignant tumor develop-
ment. :

In the present study, we found drastic changes of Sox17
expression during the course of intestinal tumorigenesis
in Apc716 and cis-ApcA716 Smad4 mice. The previous ge-
netic studies indicate that mutations in both Apc and
Smad4 cause malignant tumor development in the intes-
tine.?835 However, because Sox17 down-regulation was
tightly associated with invasive tumor phenotype in ¢is-
ApcA7'6 Smad4 mice, it is conceivable that Sox17 suppres-
sion in addition t6 Apc and Smad4 mutations is required
for ‘malignant progression to adenocarcinoma. Because
Sox17 down-regulation was found only in the cis-Apcd76
Smad4 mouse: tumors but not: in Apcd’ polyps, it is
possible that disruption of the transforming growth fac-
tor-f3 pathway contributes to suppression of Sox17 ex-
pression. .

Sox17 is: required for definitive endoderm  develop-
ment, which gives rise to gut formarion.?021:26 Moreover,
it ‘has: been shown that B-catenin is also essential for
definitive endoderm formation.3¢ We have shown here
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that Sox17 continuously expresses in. the stomach and
intestine during organogenesis. Importantly, Wnt signal-
ing is also activated. in the gastrointestinal tract of em-
bryonic and neonatal stages. These results suggest that
cooperation of Sox17 and Wnt/B-catenin pathway plays a
role also in the morphogenesis of the gastrointestinal
tract, Dysregulation: of ‘morphogen  signals, such as
Notch, Hh, or. Wnt; in adult tissues often results in
pathologic conditions, such as tumor development.?” We
herein show that the Sox17 target genes, which encode
molecules that play a role in the definitive endoderm
development, are induced in Gan mouse tumors: Al-
though Sox17 induction is not sufficient for tumorigen-
esis; as found in K19-Sox17 or K19-Sox17/C2mE mice, it is
possible that the activation "of both' Wnt- and Sox17-
target molecules cooperatively causes gastric tumor de-
velopment:

In coniclusion, Sox17 is induced at the early stage of
tumorigenesis caused by Wnt/B-catenin activation, and
Sox17 together with Wnt/B-catenin signaling may play'a
role in tumor development through induction of target
genes. At the same time, Sox17 may play a preventive role
against malignant - progression through : repression of
Wnt activity. Therefore, it is conceivable that induction
and down:regulation of Sox17 expression is important for
tumor initiation and malignant progressiomn, respectively,
in the course of gastrointestinal tumorigenesis.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournaliorg, and at doi:
10.1053/j.gastro.2009.06,041.
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Introduction

Although  several strategies ‘are available for producing a wide
variety of genomic alterations in the mouse, the same cannot be said
of the rat. Rat ES cells [1,2] and induced pluripotent stem cells (iPS)
[3,4] are available, but the culture conditions for these cells and the
miethodology for mducing homologous recombination are imperfect
[5]. Rat spermatogonial stem cells (SSC) have also been isolated and
cultivated i vifro but their yield proved unsatisfactory in terms of their
ability to undergo homologous recombination [6,7].. Besides these
methods’ which' are: based on the i vitro genetic engineering of
pluripotent stem cells, transposon-mediated mutagenesis [8] and N-
ethyl-N-nitrosourea (ENU) mutagenesm [9,10) have been used with
some success for producing mutations in the rat genome. We recently
reported on a high-throughput gene-driven strategy which uses the
tnutagen ENU and the Mu-transposition reaction (MuT-POWER)
to rapidly detect induced mutations. This was in addition to our
investigation of intracytoplasmic sperni injection (ICS) for recovering
heterozygous genotypes of interest out of a large sperm cell repository
[11,12). However, even if a large number of mutant strains already
exists or’ may potentially: be  available, ' targeted - modification or
disruption of specific DNA regions is difficult to achieve. Even in the

@ PLOS ONE | www.plosone.org

, ! oratory model the ina 1hty to utlhze germ !me-competent rat.
embryonic stem (ES) ceHs has been a major drawback for studles that aim to elucidate gene functions. Recently; zinc- finger
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locus, where orthologous humariand ‘mouse mutatlons cause X linked severe combmed immune defi iciency (X-SCID). CO-I!‘UECUOH w
tofthe pronucleus offemhzed oocytes ylelded genetlcally modifie ed offsprmg atrates
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ouble-stranded breaks and thereby mduce targ eted -

ly. transmntted‘ ,

CID rats that were established
rapy as well as model systems for.

case of our gene-driven strategy, X-linked miutations are impossible to
obtain because of the breeding protocol which is used [11].
Recently, ‘3 novel gene-targeting: technology which' employs
zinc-firiger mucleases (ZFNs) has been proven to. work successfully
in plants, Caenorhabditis “elegans, frogs, drosophila, zebrafish, and
human: ESCs and iPSCs [13,14,15]. ZFNs are chimeric proteins
that consist of a specific DNA-binding domain which is made of
tandem zinc finger-binding motifs that are fused to a non-specific
cleavage domain of the restriction endonuclease. Foll. ZFNs can
create site-specific double-stranded breaks which are repaired via
non-homologous end joining (NHEJ), a process that results in the
arbitrary addition or deletion of base pairs. Consequently; repair
by NHE] is mutagenic and results in a knockout. Recently, it was
reported that a single injection of DINA or messenger RINA that
encodes specific ZFNs into one-cell transgenic rat embryos that
express GFP could lead to a high frequency of animals that do not
express the transgenic marker as a consequence. of homologous
recombination . at the  GFP site [16}. Here, we report on an
experiment ‘that involved using ZEN technology. The aim of the
experiment was to inactivate the gene that encodes the interleukin
2 ‘receptor gamma (//Zrg), which is essential for signaling by
interleukins such as I1-2; 1L~4, 1L-7, 1L-9, 1L-15, and 1L-21. In

January 2010 | Volume 5| Issue 1'| e8870



addition, the gene. is. involved in. the X-linked form of  severe
combined immunodeficiency (X-SCIDY, one of the most common
forms of human SCID [17,18]. A major motivation for performing
this' experiment was the ‘observation ‘that although' SCID mouse
animal models are the most commonly used in research on drug
development, an X-SCID immunodeficient' rat- model’ would
complement mouse models through the additional advantage of
being employed for testing the pharmacodynamics and toxicity of
potential therapeutic compounds. Following the results of research
involving Prkd; SCID [19,20] and lI27g X-SCID mice [21,22,23];
11215 X-SCID rats should have a very low level of NK cell activity
and thereby make xenotransplantation more ‘successful:

Results

Injection of /l2rg ZFN-encoding mRNA into rat embryos
Of 443 ZFN-injected’ embryos; 230 (51.9%) were transferred
" into the oviducts of pseudopregnant female rats; and 54 (24.3%) of

a ' c

rat l12rg

SUIBI0I 18614 oUI7
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CARAANAAAA
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5 R Ry
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XSCID Rats Generated by ZFNs

these embryos. were . successfully carried to.term- as. shown'in
Figure 1a, b and Table 1. Sequence analysis of the ZFN target site
of these 54 founder animals revealed that 5 males and 8 females
(24.1%) carried a variety of mutations including from 3 to1,097 bp
deletions and a 1 bp insertion in the region which overlapped the

_ ZFN target site as seen in Figure 1¢'and Figure SI. Four out of five

of the males carried different biallelic mutations at the Il27g locus
despite them ctily having one X chromosome. - This suggests that
mosaicism was induced by the ZFN treatment, a situation which is
frequently observed in the DNA of transgenic founders. Three of
the affected females had a monoallelic homozygous mutation; four
had' heterologous  or mosaicism - biallelic.' mutations; -and ' the
remainder had. three different mosaic. mutations.  The normal
F344-allele was not found in the affected founder animals. Most of
these mutations were expressed as frameshifts or splicing errors
and resulted in no or very little JL2RG mRINA being expressed as
shown in Figure 1d probably due to nonsense-mediated decay.
Western blotting with antibodies against the C-terminal domam of
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Figure 1 Injection of //l2rg ZFN-encoding mRNA into rat embryos induced targeted loss-of-function mutations. (a) Schematic
representation of the rat /l2rg gene. Exons are represented as blue boxes. Regions used to design the ZFN templates are printed.in red for the left ZEN
and green for the right ZFN. The magnified views illustrate the binding sites for the ZEN pairs. Please see Figure $4 for further details; (b).Schematic
representation of the method used for ZFN-targeted mutagenesis in rat embryos. (¢) Sequencing assay for ZFN-induced mutations in the /f2rg-
targeted region. Multiple deletions or insertions depicted usmg red dashes or letters, respectively, are aligned along the wild-type sequences shown
on the top line. {d) RT-PCR analysis of IL2RG mRNA expression in the spleen of control F344, founder (GO), and G 1 rats. GAPDH expression was used as
an internal control. (e) Western blotting for IL2RG protein in the spleen of control F344, founder (G0), and G1 rats. B-actin was used as a loading
control. (f} ELISA for serum 1gG; IgA; and 1gM levels in control F344, founder (GO), and G1 rats. *P<0.01, **P<0.001, and ***P<0.0001, indicated for
each group in comparison: with control £344 for independent sample Student t-tests.

doi:10.1371/journal.pone,0008870.g001
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XSCID Rats Generated by ZFNs

Table 1. Injection of ZFN-éncoding mRNA into fertilized oocytes.

Mutants (%)

Strain Qocyte state Injected oocytes Transferred oocytes (%) Born {%)
F344/5tm Fresh 234 200 0205019 2088
Cryopreserved® 57:4) O8910.(31.6 Q2 (111
Fresh 182 129 (683) 016011 (209) 404 296)
TM/Kyo Fresh 27 12 444) o101 (67) o1 (50.0)
Total 443 230 (51.9) 027027 (243) o598 (281

doi:10,1371/journal pone.0008870.1001

IL2RG did not reveal any protein in the founder animals as seen
in Figure le: :

To clarify. whether the: ZFNs: only induced mutations in the
targeted region, we checked 16 sites that showed a high rate of
similarity with the targeted site at the sequence level with no more
than 6 to 7 bp mismatches as illustrated in Table S1. Insertions or
deletions were not observed at any of these off-target sites among
the 13 ZFN-miodified founders. This confirms that ZFNs can be
reliably and efficiently used: to produce mutant alleles at loci of
interest. Although we cannot exclude the possibility that the ZFNs
may: have cleaved : unknown ' off-target  sites, such undesired

mutations can subsequently be easily excluded from the genome

of the carrier animals by backerossing to the parental strain or
another background strain.

Germ line transmission of ZFN-modified genetic changes

To assess the transmission of ZFN-modified genetic changes to
the next generation, we crossed the founder animals with the
background strain F344/Stm as depicted in Table S2. All 38
offspring consisting of 18 males and 20 females that were obtained
from the founder females mated with the F344 males had one of
the  maternal * mutations. This * indicates - that - ZFN-induced
mutations were: faithfully: transmitted through the germ line. In
the offspring that were obtained from- the founder males; there
were two cases where only one of the paternal bialleles was
transmitted or both alleles were transmitted. This suggests that
mosaicism occurred not only in somatic cells but also'in the germ
line of the founder animals. PCR analysis of genomic DNA
isolated from several types of tissues indicated that somatic
mosaicism occurred in the progenitors but not in their offspring as
shown in Figure S2.

We intercrossed the GO founders to produce hemizygous males
{(iZrg - /1) and homozygous females (I/21g” /112rg™) for the ZEN-
mduced ' mutation listed  in - Table 'S3' to ‘characterize the
immunodeficient phenotypes of the X-SCID rats. The hemizygous
males and: homozygous females appeared normal at birth and
developed well as shown in Figure 2a. RT-PCR and Western blot
assays was performed on these G1 rats and the results showed a
complete loss. of expression of the liZrg gene as detailed in
Figures 1d, e. ELISA for serum immunoglobulin: {Ig) levels
revealed reduced IgG, diminished IgA, and increased: IgM levels
in the G1 rats as noted in Figure 1f.

Characterization of ll2rg-deficient X-SCID rats

Gross and microscopic analyses at five weeks of age showed that
the X-SCID rats underwent abnormal lymphoid development as
depicted in Figure 2. The thymus of X-SCID rats was extremely
hypoplastic as seen in Figure 2b and consisted of an ‘epithelial
rudiment: without any lymphocytes as seen: in Figure 2d; The
spleen was moderately decreased in size as noted in Figure 2¢; and
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®Injected oocytes were cultured in KRB overnight and cryopreserved at the two-cell stage.

the white pulp was severely hypoplastic and the red pulp contained
miyeloid cells as shown in Figure 9f, Peripheral lymph nodes and
Peyer’s patches were not identified by necropscopy. In the
peripheral blood (PB) profiles, the numbers of white blood cells
(WBCs) was reduced compared to those of control rats as detailed
in Table S4. Differential counts of WBCs showed a dramatic
decrease in leukocytes in the X-SCID. rats (Table S5). Flow
Cytometry analysis of cell populations isolated from PB, bone
marrow (BM), and the spleen also revealed a dramatic decrease in
the number of the lymphacytes as seen in Figure 2h and Figure S3.
‘The number of CD4™ CD8* T-cells was markedly diminished and
the number of CD4'CD8  T-cells was decreased although some
cells were present in PB, BM and the spleen. The numbers of
CD37 CD45RA* B-cells and CD3 CD16la" NK cells were
markedly diminished in PB and BM, but some cells were presenit
in: the spleen. Heterozygous females exhibited normal lymphoid
development ‘and were  indistinguishable from normal control
females (data not shown).

Xenotransplantation of human tumor cells

These immunodeficient phenotypes of the X-SCID. rats were
very similar to those of the previously reported X-SCID mice and
were characterized by a nearly complete lack of T-cells, B-cells
and NK cells [21,22,23]." Since X-SCID - mice  cannot reject
transplanted tissues: from other species including humans, we
tested //2rg-deficient rats as a host for: xenotransplantation of
human ovarian cancer tumor cells. All X-SCID rats developed
tumors within 14 days after injection of the cells (6/6, 100%),
while control F344 rats showed no tumor growth (0/6, 0%) as seen
in Figure 3a, b. The tumors were: confirtned by histological
analysis as depicted in Figure 3¢ and by PCR with primers that
were used to amplify the human MHG class 1T DOB2 region (data
not shown). These observations illustrate the impaired immune
system function of X-SCID rats and suggest that the animals may
be important models for cancer and transplantation research.

Discussion

In this study, we proved that targeted gene disruption  using
ZEN technology works well and provides for several advantages
and possibilities when used in rats. First and foremost, knockout
rats can be created in a four- to six-month time frame and with
high efficiency at more than 20%. This is more favorable than the
ES cell-based method for mice that usually takes 19-18 months.
Given  the high rate of germ line transmission, preliminary
phenotypic  analysis ‘can be performed on G1 animals after
intercrossing the initial GO founders, thereby saving time and
effort. Second, gene-targeting with ZFNs does not seem to be
strain-dependent (unpublished  data) and accordingly - can: be
performed with any mbred strain. This is of great advantage
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Figure 2 Abnormal lymphoid development in X-SCID rats. (a) Photograph of five: week-old male X-SCID: (i2rg”7Y) and F344 (+/Y) rats. (B)
Thymus of X-5CID and F344 rats. (c) Spleen of X-5CID and F344 rats. (d, e} Histological analysis of the thymus of X-SCID (X40) and F344 (X40) rats.The
thymus of the X-SCID rat was severely hypoplastic and consisted of an epithelial cell sheet. (f, g) Histological analysis of the spleen of X-SCID (X100)
and F344 (X100) rats. In the X-SCID spleen, the white pulp was virtually devoid of lymphocytes and the red pulp was occupied by a variety of myeloid
elements. (h) Dot plots representing CD3, CD45RA and CD161a for differentiation of T-, B- and NK cell sub-populations; and CD3, CD4'and CD8 for
demarcation of T-cell sub-populations in peripheral blood lymphocyte cells. The numbers shown in the quadrants areé mean percentages. The circled

areas indicate cell populations that are referred to in the text.
doi:10.1371/journal:pone.0008870.g002

since’ other techniques like ENU mutagenesis differ in  their
efficiency when used with different strains. This provides a straight
forward strategy for directly employing targeted gene disruption in
the existing strain, thereby bypassing tedious and time-consuming
backcrossing steps that generally take two to three years to
complete. Third, ZFNs can be used to induce a wide variety of
allelic changes covering small or wide deletions or insertions. They
may be used to produce frameshifts or small in-frame deletions
such as the 3-bp deletion that we observed: Given the reports on
successful ZFN-targeted gene modification or correction by
homologous  recombination  in mammalian  cell = cultures
[15,24,25], ‘it should be feasible to archive targeted knock-in
technologies that have thus been far inaccessible without rat ES
cells. Finally, since ZFN technology does not rely on using species-
specific embryonic stem cell lines, it should be possible to adapt it
to- other mammalian species such as pigs, cattle, and monkeys,
where it is possible to harvest and manipulate fertilized embryos.

The X-SCID rats established in this study provide not only. a
valuable in vivo model for evaluating: drug treatment or gene
therapy - approaches, but also a system for assaying novel
anticarcinogenic effects on transplanted malignancies. There is a
growing need for animal models with which to carry out i vive
studies using human cells; tissues or organs as chimeras such as
humanized models [26,27,28]. X-SCID and SCID" mice homo-
zygous for Il2rg- and Prkde- alleles with. a- non-obese diabetic
background are a powerful tool for the xenotransplantation of
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* human tissues or potentially human ES/iPS cells: This could lead

to: advances: in ‘our understanding’ of human hematopoiesis,
immunology, cancer biology, infectious diseases, and regenerative
medicine  [29,30,31].  Humanized rats, if generated by ZFN
technology, could be powerful tools for pre-clinical testing during
drug development and be better models in variots fields of
translational research:

Materials and Methods

Animals .

All animal care and experiments conformed to the Guidelines
for Animal Experiments of Kyoto University, and - were approved
by the Animal Research Committee of Kyoto University. F344-
I2pt™%° X.SCID. rats are deposited at: the National Bio
Resource Project for the Rat in Japan (www.anim.med.kyoto-u.
acjp/nbr). :

ZFN constructs

Custom-designed ZFNs plasmids for: the rat l/2rg gene were
obtained from Sigma-Aldrich. The design; cloning; and validation
of the ZFNs was performed by Sigma-Aldrich [32]: ZFN design
involved using an archive of pre-validated two-finger and one-
finger modules 1 [32;33]. The target region was scanned for
positions where modulesexist in the archive. This allowed the
fusion of two or three such molecules to generate a five-finger
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Figure 3. Tumor development from the xenotransplantation of
human ovarian cancer cells. (a) Growth curve of tumor develop-
ment after subcutaneous injection of A2780 human ovarian cancer cells
in: F344. and X-SCID ‘rats. *P<0.07, **P<0.001, and. ***P<0.0001,
indicated in:comparison with control F344. (b} The tumors became
large and: grew quickly about 11 days after injection in X-SCID rats but
not in F344 rats. (¢} Histology. of the xenotransplanted: tumors that
formed in X-SCID.rats (X400).. No lymphocytic infiltration. was detected
in the tumors.
doi:10.1371/journal.pone.0008870.g003

protein that recognizes a 15 bp site on the top strand and. the

fusion of two to three different modules that recognize a 15 bp site -

on the bottom strand that lies 5-6 bp. away. Measurements of
ZFNs' for gene disruption activity: were performed - using the
Surveyor endonuclease (CEL-1} assay as described elsewhere [34].
Final candidate ZFNs were designed to recognize a site within the
boundary between exon 2 and intron 2 of the /I2ig gene as shown
m Figure S4.

Microinjection of ZFN mRNA

To prepare ZFN mRNA, ZFN-encoding expression plasmids
were linearized with Xl and extracted with phenol-chloroform
by the standard method. Messenger RNA was  transcribed 'in
vitro using -a MessageMax™>! T7 mRNA  transcription - kit
(Epicentre) and polyadenylated using a A-Plus'™ Poly(A)
polymerase tailing: kit (Epicentre). The resulting mRINA was
putified ‘using a MEGACIear™" kit (Epicentre) and finally
resuspended inRNase-free water at 10 ng/pl for each ZFN.
Approximately 2-3 pL of capped mRNA were injected into the
male pronuclei of zygotes by the same method that was: used to
microinject. DNA. Pronuclear stage: embryos were collected
from F344/Stm and TM/Kyo females six weeks of age that had
been super-ovulated by injecting them with eCG (Serotropin,
Asuka Pharmaceutical Co.) and hCG (Gonatropin, Asuka
Pharmaceutical Co.).. They were mated with males of the same
respective strain. The mRINA solution was injected and embryos
were cultured in’ KRB at: 37.5°C with 5% CO, and 95%
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humidified ‘air to promote their recovery. The embryos that
survived. ‘were transferred: to the oviduct of pseudopregnant
females (Crlj:WI, 8-12wks).

Analysis of genome editing at ZFN target sites

Genomic DNA: was extracted from the tail; brain, heart; and
liver. using a. GENEXTRACTOR:: TA-100, automatic : DNA
purification system (Takara). PCR for each was carried out in'a
total volume of 15 ul under the following conditions for 35 cycles:
94°C for 3 min for 1 cycle; 94°C for 30 sec, 60°C for 30 sec, and
72°C for 1 min. - The final reaction mixture for each contained
100 ng of genomic DNA, 200 uM of each dNTP, 1.0 mM MgCl,, -
0.66 pM of each primer, and 0.4 U of Tag DNA polymerase
(GibcoBRL).

For editing the ZFN cleavage site in the genome at the /i2ig
locus; three primer sets were designed to amplify small 292-bp,
middle 1509-bp;, and large 3158-bp fragments as shown in Figure
S4., The PCR products were directly sequienced using the BigDye
terminator v3.1 cycle sequencing mix and the standard protocol
for an Applied Biosystems 3130 DNA Sequencer.. The products
were also subcloned into the pCR4-TOPO ' vector {Invitrogen),
and plasmid DNA was prepared and sequenced on a 3130 DNA
Sequencer. All new  sequence data ‘is: deposited in GenBank
(GU294902-GU294925).

Off-target site analysis

Off-target sites with the highest degree of similarity were
identified by searching the rat genome (RGSCv3.4) for matches
with the cornsensus sequence of each ZFP with appropriate spacing
of 5-6 bp. A list of these target sites is provided in Supplementary
Table 1. PCR primers were designed to flank the off-target sites as
detailed in. Table S6. Reactions were performed for the founder
animals. and the PCR products: were: directly sequenced on the
3130 DNA Sequencer. s

RT-PCR and Western blotting

Total RINA was extracted using Isogen reagent (Nippon Gene)
from the spleen of five week-old rats. First strand ¢cDNA was
synthesized from 5 {ig of total RINA that had been treated using
DNase by using the oligo(dT)12-18 primer and Superscriptll
reverse transcriptase (Invitrogen). PCR. was performed with' the
primers for [12rg described in Figure S4 and with the Gapdh 5'-
GGCACAGTCAAGGCTGAGAATG-3" and 5'-ATGGTGGT-
GAAGACGCCAGTA-3'. Western blotting was carried out using
the cell lysates from the spleens of five week-old rats by the
standard method. Signals were detected with antibodies against rat
IL2RG (M-20, Santa Cruz Biotechnology) and B-actin (AC-40,
Sigma Aldrich).

Immunofluorescence and histological analyses

Complete necroscopy examinations were performed on_ five
week-old. [[2rg-deficient -and - wild-type male  and female rats.
Peripheral blood: specimens were collected from the caudal vena
cava.: Serum: immunoglobulin (Ig) levels were  measured by
enzyme-linked  immunosorbent” assay (ELISA) using Rat IgG,
IgA and IgM ELISA  Quantitation: kits' (Bethyl Laboratories).
Blood  parameters for a complete: blood' cell: ‘count; a “WBC
differential, and a reticulocyte count were measured using ADVIA
2120 flow cytometry (Block Scientific). For histopathology; tissues
were fixed in Bouins fluid and embedded in paraffin. The
embedded tissues were then sectioned at 5-7 yim thickness at
room' temperature ‘and stained with: hematoxylin and eosin to
permit evaluation by light microscopy:.

January 2010 | Volume 5 | lssue' 1 | e8870




Flow “cytometric analyses of cell populations isolated from
bone marrow, the spleen and peripheral blood were carried out
using IOTest Anti-Rat CD3-FITC/CD45RA-PC7/CD161a-APC
(Beckman Coulter) to differentiate’ T-, B- and  NKcell sub-
populations and IOTest Anti-Rat CD3-FITCG/CD4-PC7/CD8:
APC (Beckman: Coulter) to enumerate T-cell: sub-populations.
Anti-CD45 monoclonal antibodies (Beckman Coulter) were used
for the intracellular staining of lymphocytes, Mouse IgM, IgG1
and IgG2a antibodies (Beckman' Coulter) were used: as' isotype-
matched controls.. The ' cell samples: were: treated with FcR-
blocking reagent (Miltenyi Biotec) for 10 minttes, stained with the
fluorochrome-conjugated: antibodies for 30 minutes, and washed
three times with PBS/10% . FCS.' Stained cell 'samples were
analyzed with a four-color FACS flow cytometer (FACSCalibur,
Becton Dickinson) using CellQuest software (Becton Dickinson),

Tumor cell xenotransplantation

The human ovarian cancer cell line A2780 was purchased from
the European Collection of Cell Cultures (ECACC). Cells were
cultured - in . RPMI1640  medium  (GIBCO) with - 10% - heat-
inactivated FBS (Hyclone). Subcutaneous  injections of 2 x10°
A2780 cells with Matrigel (Becton Dickinson) were performed on
five week-old female rats. Tumors were measured by length (¢) and
width (§) in millimeters using calipers, and tumor volumes (V) were
calculated according to the relationship ¥=ab"/2, where g was the
longer of the two measurements.. Human-specific: PCR primers
were designed to amplify major histocompatibility complex class I1
DQ; beta 2 (HLA-DQB2) at exon 4 as follows: 5'-CCTAGG-
GTGGTCAGACTGGA-3' and 5'-AAAATCCCCCAAAACA-
AAGG:3!:

Supporting Information

Figure S1 PCR ‘analysis of 13 mutant founders for the zinc-
finger nuclease (ZFN) target site. For the analysis of the ZFN target
site at the 1(2rg locus, three primer sets were used to amplify small
(8, 292-bp), middle (b, 1509-bp), and large (¢, 3158-bp) fragments
for PCR. See Figure S4 for further details. PCR fragments were
electrophoresed through a' 1:4% agarose gel. M: DNA molecular
weight marker ¢X174-Haelll digest.

Found at: doi:10.1371/journal pone.0008870.:s001 (9.19 MB
TIF)

Figure 82 PCR analysis of genomic DNA isolated from several
tissues. ‘Three primer sets were used to amplify small (a, 292-bp),
middle (b, 1509-bp), and large (c, 3158-bp) fragments for PCR.
See Figure S4 for further details. Genomic DNA (T tail, B: brain,
H: heart, L: liver) was used as a template for PCR in zinc-finger
nuclease-modified founders (numbers 28, 35, 40, and 53) and G1
rats.. PCR fragments were electrophoresed  through: a  1-4%
agarose gel. M: DNA molecular weight marker: ¢X174-Haelll
digest or Lambda DINA-HindIII digest.

Found at: ~doi:10.1371/journal.pone.0008870.5002  (6.28 MB
TIF)
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Involvement of JNK pathway in the promotion of the
early stage of colorectal carcinogenesis under high-

fat dietary conditions

H Endo,' K Hosono," T Fujisawa,' H Takahashi,' M Sugiyama,’ K Yoneda,' Y Nozaki,'
K Fujita,' M Yoneda,! M Inamori,' K Wada,? H Nakagama,® A Nakajima'

ABSTRACT

Background and aims: The molecular mechanisms
underlying the promotion of colorectal carcinogenesis by a
high-fat diet {HFD)-remain unclear; We investigated the role
of the insulin-signal pathway and the ¢c-Jun N-terminal
kinase {JNK]). pathway, which reportedly play crucial roles in
insulin resistance, during colorectal carcinogenesis in the
presence of hyperinsulinaemia induced by a HED.
Methods: Azoxymethane-induced: aberrant crypt foci
formation and cell proliferation in the colonic epithelium
were compared between mice fed'a normal diet {ND) and
mice fed:a HFD. A western blot analysis was performed
to-elucidate the mechanism affecting. colorectal carcino-
genesis by a HFD.

Results: The number of aberrant crypt foci and the
colonic epithelial cell proliferative activity were: signifi-
cantly higher-in the HFD: group than in the ND group.
While the plasma insulin level was_ significantly higher in
the HFD group than in the ND group, a western blot
analysis revealed the inactivation of Akt, which is located
downstream of the insulin receptor, in the colonic
epithelia of the HFD group. On the other hand, JNK
activity was significantly: higher in the HFD. group than in
the ND group. A JNK specific inhibitor significantly
suppressed the increase in epithelial cell: proliferation only
under-a HFD, but not under a ND.

Conclusions: Colonic cell proliferation was promoted via
the JNK pathway in the presence of a HFD but notin the
presence of a ND. This novel mechanism may explain the
involvement of the UNK pathway in:the effect of dietary
fat intake on colon carcinogenesis.

Colorectal cancer is a major cause of morbidity and
mortality = worldwide.!  Recently, = associations
between  obesity  and ‘metabolicabnormalities,
which ‘are caused by a high intake of dietary fat
and ‘physical inactivity, and an elevated risk of
colorectal cancer have: been: reported.?? Many
epidemiological studies have provided evidence of
a relation between dietary fat intake and an
increased risk of colorectal cancer.” Most animal
experimental studies have shown. that a high-fat
diet’ (HFD) leads to an' increased number of
chemically induced: aberrant  crypt: foci (ACE)?
which are identifiable lesions in experimental colon
carcinogenesis, - and: tumours® in - the colon. The
possibility “that an elevated plasma’insulin level
promotes colorectal cancer has also been debated.”
Some studies support the hypothesis that insulin,
when exogenously administered; acts as an impor-
tant ‘growth factor for colonic: epithelial cells.” *
However, whether an elevated plasma insulin level
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might enhance the proliferative state through the
activation-of an insulin’ signalling pathway down-
stream of the insulin receptor, such as the phospha-
tidylinositol 3-kinase (PISK)/Akt signailing pathway,
in the colon = a non-classical insulin target tissue —
remains unclear.' Furthermore, adipocytokines also
act -as positive or  negative ‘modulators of colonic
epithelium and tumours.”* * We previously reported
that adiponectin suppressed colorectal carcinogenesis
only under a HED condition.”” Despite accumulating
evidence, the molecular mechanisms underlying the
influence of ‘a high ‘intake of. dietary fat on the
promotion of colorectal carcinogenesis are not fully
understood. The identification and evaluation of the
relation between colorectal cancer and a high intake
of dietary fat will be critical for preventive strategies
against colorectal cancer in the near future

Recent studies have demonstrated that c-Jun N-
terminal kinase (JNK) plays a crucial role in obesity
and insulin resistance.” JNK is activated in obesity,
in part because of lipotoxic stress.” Hirosumi et al*
reported abnormally elevated JNK activity levels in
the liver, muscle and adipose tissues of mice fed a
HED. Most of the molecular mechanisms of JNK
activity and their relation to insulin resistance have
been studied 'in' the liver and: adipose tissues of
various: models of obesity,. but. little is. known
about the action of JNK in colonic epithelial cells.
We postulated  that JNK might provide a link
between dietary fat intake and colorectal cancer.

The JNK pathway represents. one subgroup of
mitogen-activated protein kinases (MAPK}) that is
activated primarily by cytokines and exposure to
environmental stress.'>’A major target of the JNK
signalling pathway is the activator protein-1 (AP-1)
transcription factor, which is activated, in part, by
the phosphorylation of c-Jun and related molecules.'
JNK has been implicated in'the pathogenesis of
cancer. in various tissues in oncogenic. transforma-
tion and cell profiferation.”” Genetic and pharmaco-
logical approaches have been used to evaluate the
potential importance of JNK in tumour formation
and growth.”®  Growth inhibition  has ' been
observed in response to the JNK inhibitor and anti-
sense oligonucleotides: in: multiple myeloma: cells”
and breast cancer cells.” Nateri er aP*' used a mouse
madel of intestinal tumorigenesis to show: that the
ablation of the c-Jun gene or the mutation of the
JNK- phosphorylation ‘sites on ¢-Jun reduced . the
tumour number and size. These oncogenic functions
of ¢-Jun are dependent on the N-terminal phosphor-
ylation of ¢c-Jun by JNK, implicating JNK ‘as: a
potential oncogene in the intestine. Several studies
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Figure 1 Enhanced proliferative activity of colonic epithelial cells in the presence of a high-fat diet. {A) ACF experiment protocol. Mice (6 weeks old)
were divided into a normal diet group {n = 15) and a high-fat diet group (n = 15). Mice in each group were given two weekly intraperitoneal injections
of 10 mg/kg of AOM. Six weeks after the start of the normal diet or high-fat diet, the mice were killed. (B} Changes in the body weights of mice fed a
normal diet (broken line, n = 15) and mice fed a high-fat diet {solid line, n = 15)-and treated with AOM. *Significant differences were observed between
the normal diet and high-fat diet groups at all time points except for the initial measurement. *p<<0.01. (C} Average numbers of ACs and ACF for mice
fed a normal diet (n = 9) and mice fed a high-fat diet (n = 9). Each column represents the mean with the SEM; *p<0.05: (D} Stereomicroscopic
observations of ACF in colon specimens from each group. Samples were stained with 0:2% methylene blue. Scale bar: 100 jim. (E} Average BrdU
labelling index in each group in the ACF formation experiment. BrdU was administered intraperitoneally 1 h before the mice were killed. Both indices
were expressed as the percentage of positively stained nuclei to the total number of nuclei counted in the crypts of the colon. Each bar represents the .
mean with the SEM of 9 mice/group. **p<0.01. (F) Representative immunohistochemical staining for BrdU in each group. Scale bar; 100 um. ACs,

aberrant crypts; ACF, aberrant crypt foci; AOM, azoxymethane; BrdU, 5-bromodeoxyuridine.

have demonstrated that colonic tumours of human origin exhibit
an elevated expression of JNK/c-Jun* * However, the involve-
ment of the JNK/c-Jun pathway in colon carcinogenesis under a
HED condition has not been previously reported.

Therefore, in this study, we investigated the activity of the
insulin signalling pathway and the functional role of the INK/c-Jun
pathway in colorectal carcinogenesis and epithelial cell proliferation
in the presence of hyperinsulinaemia induced by a HED. This novel
mechanism: may explain the ‘involvement of the JNK/¢-Jun

pathway in the effect of dietary fat intake on colon carcinogenesis:

MATERIALS AND METHODS

Animals and diets

C57Bl/6]. mice were. purchased from CLEA: Japan (Tokyo,
Japan). The animals were fed, either a normal diet (ND) ora
HED until the end of the study. The compositions of the ND
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(ME; Oriental Yeast Co., Tokyo, Japan) and the HED (High Fat
Diet 32; CLEA Japan, Tokyo, Japan) have been previously
described.” Three to five mice were housed per metallic cage,
with sterilised: softwood chips used as- bedding, in a barrier-

sustained animal room air-conditioned at 24 (SD2)'C and 55%
humidity under a 12 h light/dark cycle.

Analysis of aberrant crypt foci

Six-week-old male mice were divided: into.a ND group and a
HED group. ‘Mice in each group were given two weekly
intraperitoneal “injections of " 10 mg/kg 'of ‘azoxymethane
(AOM) (Sigma, St. Louis; Missouri, USA) and were killed: at
6 weeks following the initiation of AOM injection (fig 1A). The
entire colon was removed, gently flushed with saline to remove
any faecal contents, opened longitudinally, and fixed in 10%
neutralised formalin; the numbers of ACF and aberrant crypts
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Table 1 Blood plasma levels of various metabolites in mice fed a normal diet or a high-fat diet

Normal diet . High-fat diet

SP600125 {—) SP600125 (+) SPE00125 (=) SP600125. {+)
Glucose {mg/di} 81.80 {2.20} 76,50 {2.93) 180.00 (8.63)** 143.00:(10.54)%
Insulin {ng/mi} 1.89 {0.32) 1.96 (0.44) 3.38 (0.52)* 1.54 {0.50)1
Triglycerides {mg/dl) 57.43 (5.21) 55.00 (6.21) 77.68 {10.31) 61.66 (5.81)
Cholesterol {mg/dl} 87.86 (5.96) S 77.85 {2.94) 120.14 {5.62)* 92.97 (5.43)1%
TNFor {pg/mi) 41.49{7.19) 32.62 (0.64) 36.18 {0.75) 35.29 {2.03)

Data represent the mean {SEM}: of 6-9' mice/group.
*p<<0.05, **p<0.01 compared: with mice fed a normal diet.

p<0.05, 11p<0.01 compared with mice fed a HFD treated (—) with SP600125.

TNFg, tumour necrosis factor o

(ACs) were then counted as described previously.* To facilitate
the counting, the colons were stained with 0.2% methylene blue
solution and were observed using stereomicroscopy.

Assay for assessing the proliferative activity of colonic epithelial
cells

We evaluated the 5-bromodeoxyuridine (BrdU) labelling index to
determine the proliferative activity of the colonic epithelial cells.
BrdU  (BD" Biosciences; New Jersey, USA) “was: diluted - in
phosphate-buffered - saline at | mg/ml" and was administered
intraperitoneally at a dose of 50 mg/kg, 1 h before the mice were
killed. - The immunohistochemical detection' of BrdU was per-
formed: using &' commercial kit (BD Biosciences). The BrdU
labelling index was expressed as the ratio of the number of
positively stained nuclei to the total number of nuclei counted in
the crypts of the colon. The criteria for crypt selection included the
presence of a clearly visible and continuous cell column on each
side of the crypt. Twenty crypts were evaluated in each mouse;

Plasma lipid levels and insulin resistance

The levels of plasma: triglycerides, cholesterol, insulin, insulin-
like growth factor-1. (IGF-1), tumour necrosis factor o (TNFx)
and blood glucose were measured using a WAKO enzyme-linked
immunosorbent assay (ELISA) kit (Wako Pure Chemical, Osaka,
Japan) (n=10 from each group). We measured the plasma
concentrations of triglycerides and cholesterol according to the
manufacturer’s instructions.

Immunoblotting

The extracted protein was separated using sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and the separated
ptoteins were transferred to a polyvinylidene difluoride (FVDE)
membrane (Amersham, London, UK). The membranes were
probed with primary: antibodies specific for phospho-JNK, JNK,
phospho-extracellular signal regulated kinase (ERK), ERK, phos-
pho-p38 MAPK, p38 MAPK, phospho-c-Jun; ¢Jun, phospho:
insulin receptor substrate-1 (IRS-1) (Ser307), IRS-1, phospho-Akt
(Ser473), Akt,  phospho-mammalian target of rapamycin
(mTOR), mTOR, phospho-p70 ribosomal S6 kinase (S6K); S6K
(Cell Signalling Technology, Danvers, Massachusetts; USA) and
glyceraldehyde-3-phosphate dehydrogenase. (GAPDH) (Trevigen,
Gaithersburg, Maryland, USA). Horseradish-peroxidase-conju-
gated secondary -antibodies and the ECL detection kit
(Amersham) were used for the detection of specific proteins.

Gene expression analysis .

Total RNA was extracted from the colonic epithelium using the
RNeasy: Mini Kit (Qiagen, Hilden,. Germany). For real-time
reverse transcription polymerase chain reaction, total RNA: was

Gut 2009;58:1637-1643. doi:10.1136/4ut-2009.183624

reverse-transctibed: into cDNA ' and amplified using’ real-time
quantitative polymerase chain reaction using the ABI PRISM 7700
System (Applied Biosystems, Foster City California, USA). Probes
and primer pairs specific for cyclin Df-and fraciin were purchased
from Applied Biosystems. The concentrations of the target genes
Wwere determined using the competitive computed tomography
method and the values were normalised to the internal control.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays were performed according
to a previously described method.” Briefly, nuclear: extracts
from colonic tissue were prepared and gel shift assays using an
AP-1 consensus oligonucleotide (Promega; Madison, Wisconin,
USA) were performed. Samples were separated: using 4%
polyacrylamide gel electrophoresis: (PAGE), and the: gels were
dried and exposed to radiograph film.

Effect of the JNK inhibitor SP600125 on the induction of ACF
formation :

The JNK inhibitor anthra[1,9-cd}pyrazol-6(2H)-one (SP600125)
was purchased from Calbiochem (San Diego; Calfornia, USA).
C57BI/6) mice (6 weeks old) were intraperitoneally injected with
SP600125 (10 or 50 mg/kg) or vehicle (5% dimethyl sulfoxide
(DMSQ), 20% Cremophor EL, 75% saline) daily until the end of
the experiment. The mice were fed the ND or the HFD and
received AOM injections according to the ACE protocol:

Statistical analysis

Statistical analyses of the number of ACF, the BrdU labelling
index, and the blood test results were conducted using the
Mann-Whitney U test. Other statistical analyses were per-
formed using the Student t test. Values of p<0.05 were regarded
as denoting statistical significance.

RESULTS

Enhanced formation of aberrant crypt foci and increase in the
cell proliferative activity in mice fed a high-fat diet

To examine the effect of a HFD on the promotion of colonic
epithelial cell proliferation, the formation of chemically induced
ACE (defined as clusters of ACs) was examined in the colon
specimens ‘as a marker of early stage colorectal carcinogen-
esis?* ¥ The proliferative activity of the colonic epithelial cells
was also determined using the BrdU labelling index. The ACE
experimental protocol is shown in fig TA: The numbers of ACF
and ACs were significantly higher in mice fed a HED than in
those fed a ND'(fig 1C). The macroscopic characteristics of the
ACE in the ND and HED groups are shown: in fig 1D; no
morphological differences in the ACE were observed between
the ND.and the HFD groups. Furthermore, a significant increase
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Figure 2~ JNK activity and the signalling
pathways for both insulin resistance and
cell proliferation. A western blot analysis
for phosphorylated and total IRS-1 (A),
Akt (B}, JNK (C}, c-Jun (D}, ERK {E}, p38
MAPK: (F), mTOR (G) and S6K {H} in colon
specimens from mice fed a normal diet
{n:=5) and mice fed a high-fat diet

{n= 5). Representative western blotting
images are shown. Right panel: graphs
showing the ratios of the phosphorylated
protein level to the total protein level. (I}
Real time reverse transcription
polymerase chain reaction analysis for
the ‘gene expression of cyclin D1 in colon
specimens from mice fed a normal diet
{n = 6) and mice fed a high-fat diet

{n'= 6} Each column represents the
mean: with the SEM; *p<<0.05,
**p<0.01. (J) Electromobility shift assay
autoradiogram shows the marked
induction of AP-1 DNA binding under
high-fat diet conditions. Lane 1, free
probe alone (no nuclear extracts); lane 2,
normal diet; lane 3, high-fat diet. ERK;
extra-cellular signal-related kinase; IRS-1,
insulin receptor substrate-1; JNK, ¢-Jun
N-terminal kinase; MAPK, mitogen-
activated protein kinase; mTOR,
mammalian target of rapamycin; S6K; p70
ribosmal S6 kinase.
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in the BrdU index was observed in the HED group, compared
with in the ND group (fig 1EF). These results indicate that the
proliferative activity of the colonic epithelial cells was promoted
by the HED, resulting in an increase in the number of ACF.
The body weights were significantly higher in the HED group
than in the ND group after 1 week of treatment (that is, at
7.weeks of age), and this differerice was maintained until the
end of the study (fig 1B). We next investigated the blood plasma
levels of various metabolites in the ND and HED groups. The
levels of fasting plasma glucose, insulin, TNFz; lipids and IGE-1
were meastred and: are shown in table: 1 and supplementary
fig 1.: Compared with the ND: group, the HFD group had
significantly higher fasting plasma glucose, insulin cholesterol
and TGE-1 levels. Meanwhile, the plasma TNFE# and triglyceride
levels were not significantly different between the two groups.

The JNK pathway is activated in the colonic epithelium of mice
fed a high-fat diet

To ¢larify the mechanisms undetlying the enhanced prolifera-
tive activity of the colonic epithelial cells in the HFD group, we
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investigated the expression levels of various potential: target
proteins in colon specimens prepared from the ND-and HFD
groups. Because -the plasma insulin level was significantly
increased in the HED group, we first speculated that an insulin
signalling pathway downstream of the insulin receptor; such as
the PIBK/Akt signalling pathway, might: be involved in' the
promotion of colonic epithelial cell proliferation in the presence
of a HED. Akt plays an important role in a variety of biological
processes including cell survival, cell growth; and oncogenesis’™
and is activated by insulin via the phosphorylation of IRS-1.
Surprisingly, the results of a western blot analysis revealed that
the amount of phosphorylated Akt was lower in the HFD group
than in the ND group (fig 2B). However, a significant increase in
the level of phosphorylated IRS-1 was observed in the HFD
group, compared with in the ND group (fig 2A). These results
imply  the existence of insulin resistance in ‘the colonic
epithelium. ‘The phosphorylation of IRS-1 has emerged as a
key event in insulin resistance.” Indeed, a large number of
protein kinases have been shown to cause the phosphorylation
of JRS-1; including JNK;* ERK,” mTOR,* and S6K.™ Therefore,
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we next examined the expression levels of these proteins. No
differences in the protein levels of phosphorylated ERX, p38
MAPK, mTOR and S6K were observed between the HED and
ND groups (fig 2E-H). On the other hand, significant increases
in the levels of phosphorylated JNK and ¢-Jun were observed in
the HED group, compared with in the ND group (fig 2C,D). The
expressions’ of JNK and c-Jun in the colonic: epitheliim were
confirmed using a western blot analysis and an immunohisto-
chemical analysis (supplementary fig 2). Some studies have
reported: that Akt suppresses the [NK pathway.™ ** Moreover,
the mRNA level of cyclin D1 was significantly higher in the
HED group than:in the ND group (fig- 2I). The JNK/c-Jun
pathway is a critical component of the proliferative response
and induces G0 to G1 cell cycle progression in many cell types;”
furthermore, cyclin D1, which is a regulator of the G1 to S phase
transition; has emerged as an important target for the JNK/c-
Jun pathway in driving proliferation.® We next directed our
attention to the AP-1 transcription factor; which is the target of
the JNK sighalling pathway and, as mentioned: eatlier; is an

important transcription factor involved in oncogenic. transfor- -

mation and: cell proliferation.. Our data clearly indicated an
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impressive increase in the activation of AP-1 in the. HFD group -
(fig 2J), indicating that the JNK/c-Jun pathway was activated in
the colonic ‘epithelia of these animals:

Inhibition of JNK suppresses colonic epithelial cell proliferation
in'mice fed a high-fat diet

To confirm the direct involvement of the JNK pathway in the
promotion of colonic epithelial cell proliferation in the presence
of a HED, we used a specific JNK inhibitor, SP600125, in the
ACF experiment: ACF formation and the BrdU labelling index
were significantly suppressed by SP600125 in the HFD group in
a dose dependent manner, but no effect was observed in the ND
group (fig:3B-D). Furthermore, the JNK:inhibitor attenuated
the increase in the protein levels of phosphorylated c-Jun in the
colons: of ‘mice i the HFD group (fig: 3A).: These results
indicated that the activation of the JNK pathway played
important: roles’ in the increase in epithelial cell proliferation
observed in the mice fed a HED' and might play an important
role in promoting colonic epithelial cell proliferation in mice fed
a HFD: The fasting plasma glucose, insulin and: cholesterol
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Figure 3. Suppression of colonic epithelial cell hyper-proliferation by JNK inhibitor in the presence of a high-fat diet. Mice (6 weeks old) were fed a
normal diet or a high-fat diet and were injected intraperitoneally with the JNK inhibitor; SP600125 {10 or.50 mg/kg) or. with the vehicle only daily until
the end of the experiment. The mice in each group were also given two weekly intraperitoneal injections: of 10 mg/kg of AOM. (A} Western blot
analysis of phosphorylated and total c-Jun in colon specimens. from mice treated (+) or not treated (=} with SP600125. Right panel: graphs showing
the ratios of the phosphorylated protein levels to the total protein levels. Each column represents the mean with the SEM of 6 mice/group; *p<<0.05,
compared with mice treated (—) with SP600125. (B) Average numbers of ACF in the mice fed a normal diet and the mice fed a high-fat diet treated (+}
or not treated (=) with SP600125. Each column represents the mean with the SEM of 6 mice/group; **p<c0.01. (C) The average BrdU labelling index
decreased.in mice fed a high-fat diet in a dose dependent manner, but not in mice fed a normal diet. Each column represents the mean with the' SEM of
6 mice/group; *p<<0.05, **p<<0.01. (D} Representative immunchistochemical staining for BrdU in each group. Scale bar: 100 um. ACF; aberrant crypt
foci; AOM, azoxymethane; BrdU, 5-bromodeoxyuridine; JNK, c-Jun N-terminal kinase.
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levels were significantly reduced by SP600125 in the HED group,
but no effect .was observed. in the ND group (table 1). The
plasma: TNFa and’ triglyceride levels  after: treatment with
SP600125 were similar between the two groups.

DISCUSSION

Previous  studies have  provided: evidence of an association

between dietary. fat intake and an increased risk of colorectal

carcinogenesis,” " but the molecular mechanisms underlying the
promotion of  colorectal ' carcinogenesis by a HFD remain
unclear. In the present study, we showed ‘a significant
enhancement in the formation of ACF and an increase in the
proliferative activity of the colonic epithelial cells in the HFD
group, compared with in the ND group. Additionally, we
demonstrated the activation of the JNK/c-Jun pathway and the
inactivation of Akt in colonic epithelial cells in the HED group.
Furthermore, a JNK specific inhibitor significantly suppressed
the increase in epithelial cell proliferation only in the HFD
group, suggesting that [NK/c-Jun may play an important role in
promoting colorectal carcinogenesis and epithelial cell prolifera-
tion in the presence of a HED.

Animal models exhibiting high-fat-induced hyperinsulinaemia
provide a unique opportunity to explore the potential molecular
mechanisms underlying the promotion of colorectal carcinogen-
esis ‘and epithelial cell proliferation by a HFD. Insulin is now
known to be an important growth factor for colonic epithelial
cells;”* and the insulin receptor has been detected in normal
colorectal ‘epithelium and cancer tissue.”® The insulin-signal
transduction pathway can be mediated by the activation of IRS:
I/PISK/Akt signalling and is involved in the regulation of gene
expression and mitogenicity. Therefore, we first speculated that
PISK/AKt activation might be involved in the promotion of
colonic cell proliferation in the presence of a HFD because the
plasma insulin level was elevated in the HFD group. However, our
results surprisingly showed that the Akt activity was decreased in
the HED group compared with in the ND group, whereas a
significant increase in the level of phosphorylated IRS-1 was
observed in the HED group, compared with in the ND group.
These results suggested that, in vivo, HFD induced insulin
resistance in the colonic epithelium, causing the inhibition of
PI3K/Akt signalling (supplementary fig 3). These molecular
mechanisms of insulin resistance have been studied in the liver
and adipose tissues of various models of diabetes,”” with results
that are compatible with the presently reported results. Thus, we
next examined signalling pathways involved in both msulin
resistance and proliferation, including the JNK pathway.

We observed an increased in JNK/c-Jun activity in colonic
epithelial cells from the HED group. Therefore, we investigated
the effect of SP600125, a specific JNK inhibitor, on the colonic
epithelium to determine the direct involvement of JNK
activation in colon carcinogenesis and epithelial proliferation
under ‘a HED condition. The inhibition of JNK activation
reportedly improves insulin resistance.”” Our results indeed
demonstrated that SP600125 attenuated the blood glucose and
plasma insulin: levels;. suggesting ' that this inhibitor might
suppress colonic epithelial cell proliferation in: the presence of a
HFD via some indirect effects; such as the amelioration of
insulin resistance. However, a western blot analysis for colonic
epithelial protein 'in" the 'HFD ‘group clearly 'showed the
attenuation of JNK activity after treatment with: SP600125.
Furthermore, the ' increase in ACF formation and the BrdU
labelling index were distinctly restored by SP600125 in the HED.
Therefore, these results imply that insulin resistance and the
promotion of colonic epithelial proliferation in the presence of a
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HFD occur via independent mechanisms, Our. data. strongly
suggest that a HFD promotes the JNK/¢-Jun pathway, resulting
in the promotion of cell proliferative activity and; consequently,
the promotion of colon carcinogenesis.

We “also investigated: the activation of the mTOR/S6K
pathway in colonic epithelial cells to elucidate the involvement
of this pathway in cell proliferation in the presence of a HFD.
The important role of mTOR in mammalian cells is related to
its. control of mRNA " translation:” The targets for mTOR
signalling ‘are protéins involved in the control of the transla-
tional machinery; these targets include S6K; which regulates the
initiation: and -elongation’ phases-of translation.”’ Regarding
upstream: control, mTOR is regulated by signalling pathways
linked  to ~several ~oncoproteins - or tumour  suppressots.”
Recently, the mTOR/S6K: pathway, which is similar to the
JNK pathway, has emerged as a critical signalling pathway in
the development of insulin resistance.” ‘Although the excess
nutrient levels associated with an obese state can lead to the
activation ‘of mTOR/S6K and the desensitisation of insulin
signalling,” we found no-differences in the colonic: epithelial
protein levels of phosphorylated mTOR and S6K between the
HED and ‘ND groups in ‘the present study. Furthermore, we
previously reported that treatment with rapamycin; an mTOR
specific inhibitor, did not reduce the BrdU labelling index ot
ACE formation in mice fed a HED.” These results indicate that
the ‘activation of the mTOR pathway may not play an
important role: in- the increase in' colonic  epithelial cell
proliferation in the presence of a-HFD condition (supplemen-
tary fig 4).

Adipocytokines, such as free fatty acid and tumour necrosis
factor o have been reported to be potent JNK activators;* *
although the molecular pathways involved in ‘their action
remain - unclear. . Several - studies - have - demonstrated  that
transforming  growth - factor B (TGEP) regulates the JNK
sighalling pathway.” TGFps are known to act as inhibitors of
cell proliferation:” recently, however, the elevated expression of
TGEPs has been suggested to be responsible for oncogenesis.™
Raju ¢r al? showed that TGFPs were upregulated in colonic
tumours and a select subset of ACE and that dietary fat
modulated TGFp expression in colonic tumours and mucosae.
In the present study, however, the expression levels of TGFfs in
the colonic epithelium were not elevated in the HFD group
{data not shown). Further studies are warranted to investigate
whether the JNK signalling pathway via TGEB might play an
important role in colon carcinogenesis and epithelial prolifera-
tion under a HFD condition.

This study presents a novel mechanism explaining the
involvement of the JNK pathway in the effect of dietary fat
intake on colorectal carcinogenesis and epithelial cell prolifera-
tion. Importantly, JNK activation was associated with the
promotion of. colonic cell proliferative activity only in ‘the
presence of a HED, but not in the presence of a ND. At present,
an elevated plasma insulin level is thought to possibly enhance
the proliferative state. through the activation of an insulin
signalling pathway downstream of the insulin receptor, such as
the PI3K/Akt signalling pathway, in-the colon.! Currently,
however, in: vivo' imechanistic evidence ~ has ‘confirmed  this
hypothesis to be insufficient.® Our in vivo results: suggested
that 'a- HFD 'induced insulin- resistance” and an' abnormally
elevated level of JNK activity in the colonic epithelial and that
the activated JNK pathway- promoted: colorectal epithelial cell
proliferation. - This: study. therefore demonstrated  that JNK
activation' is- one: of 'several possible: mechanisms: underlying
the promotion of colonic cell proliferative activity and the early
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stage of colon carcinogenesis in the presence of a HFD. We
propose that JNK/c-Jun may be a novel therapeutic target for
the - prevention  of. colorectal cancer in- obese: populations
consuming a HFD. In the future, continued investigations are
needed to elucidate the JNK activators and the precise role of

JNK activation in the process of colorectal carcinogenesis under
the HFD conditions.
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Chronic myelogenous leukemia (CML) is a hematological malignancy
that begins as indolent chronic phase (CP) but inevitably progresses
to fatal blast crisis: (BC). . p210BCR/ABL; a chimeric protein: with
enhanced kinase activity, initiates CML CP, and additional genetic
alterations ' account for progression to BC, but the precise
mechanisms underlying disease evolution are not fully understood.
In the present study, we investigated: the possible contribution of
dysfunction of Bcl11b, a zinc-finger protein required for thymocyte
differentiation; and of H2AX, a histone protein involved in' DNA
repair; to the transition from CML CP to:BC. For. this purpose, we
crossed: CML CP-exhibiting  p270BCR/ABL transgenic (BA'Y") mice
with: Bc/11b heterozygous: (Bc/71b*-) mice and H2AX heterozygous
(H2AX*"): mice. Interestingly, p210BCR/ABL  transgenic, Bcl11b
heterozygous (BAY Bcl11b*") mice and p210BCR/ABL transgenic,
H2AX heterozygous (BAY"H2AX*") mice frequently developed CML
BC with T-cell phenotype and died in a short period. In addition,
whereas p210BCR/ABL was expressed in all of the leukemic tissues,
the expression of Bcl11b and H2AX was undetectable in several
tumors, which was attributed to the loss of the residual normal allele
or the lack of mRNA expression. These results indicate that Bcl11b
and H2AX function as tumor suppressor and that haploinsufficiency
and acquired loss of these gene products cooperate with p210BCR/ABL
to develop CML BC. (Cancer Sci 2009; 100: 1219-1226)

Chronic myelogenous leukemia (CML) is a disorder of
hematopoietic stem cells, characterized by excessive and
uncontrolled proliferation of differentiated myeloid cells.
Clinically, CML undergoes two different stages.!-> In the initial
stage, chronic phase (CP), the leukemic cells retain the ability
to differentiate into mature granulocytes and are sensitive fo
conventional therapies. However, after several years’ duration of
CP, the disease inevitably accelerates and ultimately progresses to
the terminal stage, blast crisis (BC), which exhibits aggressive
proliferation of immature blast cells and is resistant to intensive
therapies."Y

The cytogenetic hallmark of CML CP is t(9;22)(q34;q11)
(known as Philadelphia chromosome, Ph), which generates a
BCR-ABL fusion gene encoding a 210-kDa chimeric protein
(p210BCR/ABL).1-2 p210BCR/ABL possesses a constitutively
active tyrosine Kinase activity, which plays an essential role in
the initiation of the disease.I"¥ Although Ph is the unique and
sole chromosomal abnormality in CP, additional and non-
random chromosomal abnormalities are frequently observed in
BC,; indicating that secondary genetic. events account for the
disease progression.™™¥

To understand the pathogenesis of the disease, it is necessary
to establish animal models that express p2I/0BCR/ABL and
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recapitulate the clinical course of CML. For this purpose, we
generated transgenic mice expressing p2/0BCR/ABL under the
control of the mouse TEC promoter.t The p210BCR/ABL ftrans-
genic (hereafter, designated as BA®") mice reproducibly exhibited
a myeloproliferative disorder closely. resembling human CML
CP.? In addition; by crossing BA¥- mice with p33 heterozygous
mice and: Dok-1/Dok-2 knockout mice; we showed that the loss
of p53 and absence of Dok-1/Dok-2 accelerated the disease and
caused CML BC.®® Furthermore, by applying retroviral insertional
mutagenesis to BA'®" mice, we demonstrated that overexpression
and enhanced: kinase activity of p210BCR/ABL and altered
expression of Notchl contribute to CML BC."” These results
demonstrated that the BA'.- mouse is not only regarded as a model
for CML. CP, but is also useful for investigating the molecular
mechanisms underlying the progression from CP to BC:
Chromosomal and molecular analyses have revealed that several
mechanisms are implicated in this process, such as: (i) loss of
tumor suppressor; (i1) differentiation arrest; and (iii) chromosomal
instability. Indeed, as an example of (i), we demonstrated that
loss of pS53 cooperates with p210BCR/ABL and induces CML
BC.%9 In the present report, as candidate genes for (ii) and (iii),
we chose Bclllb (also known as Rifl and Ctip2), encoding a
transcription factor required for thymocyte differentiation,® and
H2AX, encoding a histone protein involved in DNA repair,®! and
examined the possible contribution that dysfunction of these gene
produces for the disease progression of CML.. For this purpose,
we ‘crossed BA¥" mice with mice heterozygous for. Belllb
(Bcll1b*) ‘or  H2AX (H2AX'") and generated BA® Bclllb*:
mice and BA®"H2AX*- mice. Interestingly, both types of double
transgenic mouse frequently developed CML BC and died in a
short period. The pathological, flow cytometric, molecular; and

‘chromosomal analyses of the diseased mice are described.

Materials and Methods

Mice. p2/0BCR/ABL transgenic, Bcll1b heterozygous, and H2AX
heterozygous mice were generated as described previously.#319
Crossing and genotyping of the mice were carried out as
described previously.® All of the mice were kept according to
the guidelines of the Institute of Laboratory Animal Science,
Hiroshima University.

Pathological analysis. Autopsies were carried out on dead or
moribund animals. Peripheral blood smears were stained with
Wight-Giemsa. After gross examination, tissues were fixed in
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