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Summary: The recent widespread application of Cre/
loxP technology has resulted in a new generation of
conditional animal models that can better recapitulate
many salient features of human disease. These models
benefit from the ability to monitor the expression and
functionality of Cre protein. We have generated a condi-~
tional {Cre/loxP dependent) LacZ reporier rat (termed
the LacZb41 rat) to monitor Cre in transgenic rats.
When LacZ541 rats were bred with another transgenic
rat line expressing Cre recombinase under the control

of the CAG promoter, LacZ/Cre double transgenic -
embryos displayed ubiquitous expression of LacZ, and .

when LacZ541 rats were bred with transgenic rats
expressing Cre/loxP-dependent oncogenic H- or K-ras,
LacZ was expressed in the lesions resuiting from the
activation of the oncogene. The LacZ541 rat enables
evaluation of the performance of Cre-expressing
systems which are based upon iransgenic rats or
somatic gene transfer vectors and provides efficient
and simple lineage marking. genesis 00:00-00. © 2013
Wiley Periodicails, inc.

Key words: rat; transgenic; reporter; 8-galactosidase; Cre;
loxP

The rat is an important murine model for studies in on-
cology, physiology, pathobiology, toxicology, neurobiol-
ogy, and a variety of other disciplines (Jacob and
Kwitek, 2002). The rat is of valuc in these fleids
because it is larger than the mouse and because a pleth-
ora of organ-specific physiologic and disease models
have been developed for it over the last century

Surgical procedures can be performed more easily than
in mice and disease models sometimes more closely
reflect the sitvation encountered in humans. The
importance of the rat as a biological model has led to an
intense effort to also establish it as a strong genetic
model.

Genetically engineered animals are invaluable in
assessing the role of genes in complex processes such
as tumorigenesis and embryonic development. The
recent widespread apphication of Cre/loaP technology
(Rajéwsky et al., 1996 has resulted in a new generation
of conditional animal preclinicai models that can better
recapitulate many salient features of human discase.
Cre expression achieved by classic transgencsis or tar-
geting to an appropriate locus can be tissue specific,
temporally restricted or inducible (Feil ef al., 1996). For
example, we have established a transgenic rat carrying
a human Hras®'?Y or Kras®'?Y oncogene regulated by
the Cre/loxP system (Hras250 and Kras301 rats)
(Tanaka ef al., 2010; Ueda ¢ al., 2006) in which

Additional Supporting information may be found in the online version of
this article.
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| 770 bp
4 ) &=

op ioxpP

Cre recombinasse

!

a foxP

fLacZ Cre

c

LacZ/Cre

1770 bp

534 bp

b

LacZ/Cre

FiG. 1. Cre-mediated activation of the lacZ gene in rats. {(a} The transgene is comprised of a CAG promoter, a cassette for the neomycin

resistance gene flanked by loxP sites, and a sequence containing the LacZ open reading frame. Cre recombinase activity results in Cre-
mediated recombination of the transgene and removal of the neo-coriing region and its associated mRNA polyadenylation signal, generat-
ing a functional LacZ expression unit. pA, SV40 searly poly(A) site; GpA, rabbit-g-giobin poly(A) site. Arrows indicate primers for the detec-
tion of recombination of the transgene. (b) Mating a heterozygous male LacZ541 transgenic rat with a homozygous female Cre-expressing
transgenic rat resulted in progeny in which recombination of the LacZ transgene had occurred. The LacZ541 transgenic embryo was used
as the negative control. PCR analysis showed that a 534-bp band is present in the LacZ/Cre double transgenic embryo, but not in the LacZ
or Cre transgenic embryos. The neomycin cassette of the LacZ transgene in the LacZ/Cre embryo was removed by Cre recombinase. {c) X-
Gal staining of fibroblast cells derived from LacZ {ieff}, Cre friridie} and LagZ/Cre (right) heterozygous embryos. (d) Whole mount X-Gal

staining of E14 LacZ {left), Cre‘érigm) and LacZ.{{.?re {botiom} hetarozgfgous littermate embry;rs. A sagittal section of the LacZ/Cre embryo is

also shown.

pancreatic carcinogenesis is initiated by targeted activa-
tion of the transgene by injecting Cre-carrying adenovi-
rus into the pancreatic ducts and acini through the
common bile duct. This rat model provides a powertul
research tool for examining the cytogenesis of pancre-
atic ductaf adenocarcinoma.

In Cre/floxP-based experimental systems, it is impor-
tant to monitor Cre activity at the desired time points
and to verify the presence or absence of Cre activity
during development. Such systems have been devel
oped for the mouse: investigators have generated trans-
genic mouse lines in which B-galactosidase (facZ)
expression is conditional on Cre-dependent removal of
an intervening segment (Akagi ef al., 1997, Araki ef al.,
1993; Soriano, 1999; Tsien ef «f., 1996), allowing Cre
activity to be linked to lacZ activity. In the rat, a re-
porter line based on a DsRed/GFP doublereporter
ransgene uader the control of the Cre/floxP system has

also been established (Sato et af., 2004). In this report
we describe another reporter line, the LacZ541 rat,
which carries a lacZ gene regulated by the Cre/loxP sys-
tem. The advantage of LacZ is ease of visualization in
sitee and in section and whole mount preparatjons. The
LacZ541 rat ensbles evaluation of the performance of
Cre-expressing systems and provides efficient and sim-
ple ineage marking.

Reporter rats were generated by incorporating a
transgene in which the CAG promoter is separated
from a lacZ open reading frame by za stuffer sequence
(necomycin resistant gene) flanked by JoxP sites (Fig.
1A) which stops transcription of lacZ. A line was estab-
fished (SD-Tg(CAG-HacZ)541Hisu, LacZ541) in which
the transgene was transmittable to descendant genera-
tions. In these rats, Cre-mediated recombination
removes the stop sequence, generating a functional
LacZ expression unit and allowing cxpression of
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LacZ

B-galactosidase in all cell types in which the CAG pro-
moter is active. Heterozygous male LacZ541 transgenic
rats were bred with homozygous female NCre rats (Sato
et ai., 2004): The NCre rat was made by incorporating 2
rransgene in which the CAG promwoter directly controls
expression of Cre, and consequently, NCre rats express
Cre ubiquitously. When the NCre rat was bred to the
DsRed/GFP reporter rat. Cre deleted the DsRed
sequence in the progeny resulting in ubiquitous expres-
sion of GFP (Sato ¢f al., 2004). Results of crossing the
deleter NCre rat line with heterozygous LacZ541 rats
are shown in Figure 1. Genomic DNA was isolated from
the embryonic yolk sac and subjected to PCR. In
1acZ541 embryos, a 1770-bp band corresponding to
the unmodified transgene was detected, while in LacZ/
Cre compound embryos, PCR generated a 334-bp band
corresponding to the recombinant transgenc (Fig. 1b);
Cre embryos do not have the LacZ transgene. Embryos
were dlso collected at embryonic day 14 and stained
with X-Gal for LacZ activity. Rat embryonic fibroblast
cells and embryos heterozygous for both LacZ and Cre
alleles displayed ubiquitous staining, whereas wild-type
(data not shown), heterozygous LacZ and Cre embryos
did not show any staining (Fig. 1c¢,d). These results
demonstrate that in LacZ541 transgenic rats, Cre indu-
ces recombination of the transgene resufting in CAG
promoter driven expression of the lacZ gene. The
LacZ541 rats did pot display an overt phenotype and
were bred to obtain viable and fertile homozygous
transgenic progeny. The LacZ541 transgenic rat is avail-
able from the National BioResource Project for the Rat
in Japan (NBRP Rat No: 0569) (http://www.agim.med.-
kyoto-u.ac.jp/NBR/).

To examine the expression of LacZ in adult organs,
LacZ/Cre double transgenic (LacZ/Cre) rats
ated by breeding heterozygous lacZ541 rats with
homozygous female NCre rats. -Major organs were
removed from LacZ/Cre, LacZ, and Cre rats and the
LacZ expression pattern and intensity was determined
by X-Gal staining (Figs. 2 and 3, and Supporting Infor-
mation Fig. §1). Skeletal muscle and myocardium exhib-
ited strong lacZ expression in LacZ/Cre rats. The
expression pattern and intensity of LacZ is summarized
in Table 1. The expression pattern of LacZ in LacZ/Cre
rats was almost the same as the expression pattern of
LacZ in CAG/LacZ-DA rats: in CAG/LacZ-DA rats, the
expression of LacZ is directly driven by the CAG pro-
moter (Inoue ef gl., 2005). The LacZ/Cre rat embryo
clearly showed widespread lacZ expression. However,
somie adult organs, inchuding the liver, were negative,
Because CAG promoter can be activated in stem cells
including fertilized eggs, Cre is expected to remove the
stop sequence in the CAG-neo-lacZ transgene and
aflow lacZ transcription to occur ubiquitously in the
early embryo, and PCR analysis confirmed that recombi-
nation had occurred in all of the organs listed in Table 1

FCEe gOner-

LacZ/Cre

- Brain

- Stomach

. Bmall inlestine

e G OIOT e

- Skeletal muscle—

FIG. 2. Cre-mediated recombination in the adult organs. Whole
mount X-Gal staining of the adult organs of LacZ and LacZ/Cre
double transgenic rats, Tissues were stained overnight (brain) or
for 3 h (other organs). Note that the olfactory bulb and cerebslium
of the LacZ rat brain is light green because of endogenous B-ga-
lactosidase activity; the olfactory bulb and cersbelium of the LacZ
rat brain did not stain blue/green when staining was limited to 3 h
{not shown).

(Supporting Information Fig. §2). This indicates that the
recombination frequency in these tissues was not
related with LacZ expression and activity. Lack of LacZ
expression, for example in the liver, could be because
the site of transgene integration is not permissive for
expression in the adult liver, or CAG promoter activity
might be low in the adult liver of LacZ541 rats.

To examine whether the LacZ541 rat is usetul for car-
cinogenesis studies, we used the LacZ541 rat to investi-
gate the expression of the oncogenic Hras©'?Y
transgene in a rat model of pancreatic cancer. Qur rat
models of pancreatic cancer use three different Cre

1D bharathi.s Time: 16:30 | Path: /ixinchnasjn/01journals/Wiley/3B2/DVGH#/V0iG0000/13C005/APPFile/dW-DVG#130005
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LacZ

LacZ/Cre

FIG. 3. LacZ expression in the adult tissues of LacZ and LacZ/Cre rats. Frozen sections were stained with X-gal. (@) and {b), Liver; (¢) and

regulated human ras®*?Y transgenes to induce cancer,
Hras“!?", Kras®'?, and HA-tagged Kras®'?" (Fukama-
chi ez al., 2009; Tanaka et al., 2010; Ueda et al., 2006},
with specific targeting of pancreatic cancer being
achieved by injecting a recombinant adenovirus vector
carrying Cre recombinase (AxCANCre) into the pancre-
atic duct via the common bile. “Cells infected with
AXCANCre express the oncogenic ras®' Y ransgene
when Cre removes the stop sequence which lies
berween the CAG promoter and the rus'>Y open read-
ing frame. In the experiment described below, we used
the Hras®?" (Hras230) and HA-Kras®'?" (Kras301)
rats.

In the HA-Kras®'?Y rat, expression of the oncogenic
transgene can be investigated by techniques, such as
immunohistochemistry, which target the HA tag (Fuka-
machi ez al., 2009; Tanaka ef af., 2010). In the Hras®'?
rat, on the other hand, there are only two amino acid
differences between the sequences of endogenous ras
and the transgenc: therefore, immunohistochemistry
cannot be used to investigate the expression of the on-
cogenic transgene in this rat. We generuted HA-
Kras®'?V/LacZ and Hras"'*V/LacZ double transgenic
rats (Kras/LacZ and Hras/LacZ rats) by breeding
1acZ541 rats with Kras301! or Hras250 rats. Kras/LacZ
and Hras/LacZ rats were injected with AxXCANCre, and

Myodardium 5o oo T b

Table 1
Pattern of LacZ Expression in Organs From LacZ/Cre-Tg Rats

Organ LacZ expression
: +

Skeletathuscie = o +++
Bloou vessels oo

tung

Liver

Spleen
Pancreas
Kidney
Adrenal grand
Stomach
Smali intestine
Colon

Ovary
Uterus

+
IR

+
RO S

*, weakly positive; + miidly positive; ++, moder-
-+, strongly positive,

-, negative;
ately positive; +

3 weeks after injection, the animals were killed. Multi-
ple grossly visible whitish nodules were observed
throughout the pancreas in all of the Kras/LacZ and
Hras/LacZ rats. Histological examination showed that
these nodules were adenocarcinomas, 4s in our previ-
ous reports (Tanaka ef al., 2010; Ueda et al., 2006). In
Kras/LacZ rats, double immunofluorescence staining
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FIG. 4. Analysis of LacZ expression in pancreas ductal adenocarcinoma of ras/LacZ double transgenic rats. (a) Colocalization of LacZ
{green) and HA-Kras®'? (red) in pancreatic lesions of the Kras/LacZ rat. {b) immunofiuorescence staining of p-galactosidase in the pan-
creas shows LacZ positive cells {green) clustered in ductal lesicns of the Hras/i.acZ rat. Bar = 50 um.

for LacZ and HA showed that the expression pattern of
LacZ closely resembled that of HAKras®'?Y (Fig. 4a),
demonstrating that in HA;Krassz/LacZ double trans-
genic rats, the expression of the LacZ and HA-Kras®'?Y

transgenes is linked; in ¢ells which are infected by

AXCANCre and express Cre, Cre generally ‘activates
both the HA-Kras®'?Y transgene and the lacZ trans-
gene. Thus, LacZ can be used to monitor the expression
of Cre/loxP-dependent transgenes. Therefore. the
expression of the oncogenic transgene in Hras®'?Y rats
can be investigated using the LacZ541 reporter rat. In
Hras/LacZ rats, immunostaining for LacZ revealed LacZ
positive cells in the pancreas and these cells were clus-
tered in ductal lesions (Fig. 4b). Because the cells
expressing LacZ also express Hras®'?Y, these resuits
indicate that expression of oncogenic Hras®'?Y gives
rise to these lesions.

Until recently, a key genetic technology available for
the mouse but not for the rat was the production of ank
mals in which specified genes were disrupted (knock-
out animals) (Jacob and Kwitek, 2002). Pluripotent rat
embryonic stem cell lines which are capable of produc-
ing genetically engineered rats have now been estab-
lished (Buchr e al., 2008; Kawamata and Ochiya, 2010;
Li ef ¢l., 2008). This crucial development, together with

other recent advances in genetic engineering, such as
the cloned rat (Zhou et al.. 2003), induced pluripotent
stem (iPS) cells (Li et ad., 2009; Liao et al., 2009), nucle-

‘ases (ZFN/TALEN) (Geurts et al., 2009; Tesson et al.,

2011 Tong et al., 20} 2). and knockown/conditional
knockdown by SIRNA (Dann ¢f al., 2006), make geneti-
cally engineered rats powerful, innovative tools to
advance biomedical research.

In conclusion, we have constructed a reporter line of
rats that express LacZ only in cells expressing Cre
recombinase and their daughter cells. The advantage of
LacZ is the ease of visualization #r sifuz and in section
and whole mount preparations. The LacZ541 rat is an
efficient and simple system for monitoring Cre expres-
sion and evaluating the performance of Cre-expressing
systems which are based upon transgenic rats or $o-
matic gene transfer vectors.

MATERIALS AND METHODS

Animals

For the generation of transgenic rats conditionally
expressing lLacZ, the CALNLZ switching unit was
obuined from Riken Bioresources Center DNA Bank
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(RDB1680) (Kanegae ef af., 1995), and the purified cas-
sette was injected into the pronuciei of Sprague-Dawley
rat zygotes (CLEA Japan, Tokyo, Japan). Technigues
used for the generation of transgenic rats were the
same as those reported previously (Asamoto ef al,
2000). A total of 313 injected eggs were transplanted
into pseudo-pregnant Sprague-Dawley rats. Of 33
potential transgenic rats screened, 8 female rats were
shown by PCR to carry the transgene. Transgenic foun-
der rats were mated with Sprague-Dawley rats, and off-
spring were screened for the presence of the transgene
by PCR analysis of genomic DNA isolated from tail biop-
sies at the age of 3 weeks. Homozygous transgenic rats
were identified by semiquantitave PCR, and then con-
firmed by genetic testing.

Transgenic rats expressing Cre recombinase regu-
lated by the CAG promoter (W-Tg(CAG-cre)81jmsk)
(NCre rat) were supplied by the National BioResource
Project for the Rat in Japan (Xyoto, Japan, httpiy//
www.anim.med.kyoto-u.ac.jp/NBR/). Because the trans-
gene is located on the X chromosome, homozygous
female NCre rats were used in this study. :

Male HAK#asC'?Y or Hras®'?Y transgenic (Kras301
or Hras250) rats were established in our laboratory pre-
viousty (Fukamachi ef af., 2009; Tanaka ot ai., 2010;
Ueda et af., 2006). ,

All animal experiments were conducted according to
the “Guidelines for Animal Experiments of the Nagova
City University Graduate School of Medicat Sciences.”

Detection of Recombination of the Transgene

Genomic DNA was extracted using standard methods
(Laird et al., 1991). Genomic DNA was used as the tem-
plate for PCR reactions forsletecting transgene recombi-
nation. The primers (Fig. 1, arrows) used were: 5-
CGTGCTGGTIGTTGTGL ,
moter region), 5 TCCTGTAGCCAGCTTTCATCAR' (in
the LacZ coding region).

X-Gal Staining

Transgene expression in NCre x LacZ341 progenv
was determined by X-gal staining. Embryos or dissected
tissues were fixed in 4% paraformaldehyde for 1 hr at
£°C, and then washed three times in rinse solution (2
mM MgCl,, 0.01% sodium deoxycholate, 0.02% NP-40
in PBS). Specimens were treated with staining solution
(i mg mi~' XGal, 5 mM K;[FeCNgl, 5 mM
K iFeCNGI3H,0 in rinse solution) overnight (brain) or
for 3 h (other organs) at 37°C.

Frozen sections were fived in fxative solution (0.2%
ghataraidehyde, 2 mdM MgCl,, 5 mM EGTA in PBS) for 5
min at £°C, and then washed three times in rinse solu-
tion. Then they were treated with staining solution.
The slides were counterstained with Kernechtrot solu-
tion (Nuclear fast red). After staining, samples were

‘MA) dily
STCER (in the CAG pro-

rinsed in distilled water three times, dehydrated with
ethanol, cleared in xylene and mounted.

Cell Culture

Rat embryonic fibroblast cells (fEFs) were isolated
from 14.5-day-postcoitum 7, rat embryos. Embryos
were separated from maternal tissues and yolk sac and
the internal organs were removed. The remaining tis-
sues were finely minced and incubated with gentle agi-
tation at 37°C for 10 min in 0.25% trypsin-EDTA. The
cell suspension was then passed through an 18G needle
and further incubated at 37°C for 15 min. The superna-
tant containing rEFs was plated in DMEM supplemented
with 10% fetal bovine serum. The rEFs were fixed in for-
malin containing glutaraldehyde (2% formalin, 0.2% giu-
taraldchyde in PBS) for 5 min at 4°C. The fixed cells
were treated with X-Gal staining solution at 37°C.

Tumor Induction, Immunochistochemistry and
Immunofluorescence

Pancreas tumors were induced as described previ-
ously (Fukamachi er al., 2009; Tanaka e? al., 2010; Ueda
et al., 2006). Bricfly, purified adenovirus vector carrying
Cre recombinase (AXCANCre) was injected into the
pancreatic duct through the common bile duct. Ani-
mals were killed 3 weeks after injection of recombinant
AxCANCre. Pathological examination was performed as
described previously (Tanaka et @l., 2010). Paraffin sec-
tion slides were treated with 0.1% trypsin for 20 min at
37°C and boiled for 10 min in citrate buffer before incu-
bation with primary antibody: B-galactosidase (lacZ)
antibody (AB9361, Abcam, Temecula, CA) diluted
1:100; HA-Tag antibody (6E2; Cell Signaling, Danvers,
212100, Slides were incubated with second-
ary antbodics conjugated with Alexa Fluor488 (LacZ)
and 546 (HA-Tag) (Molécular Probes, Eugene, OR).
Nuclei were counterstained with TO-PRO-3 (Molecular
Probes). Images were obtained with a FLUOVIEW
FV300 confocal microscope (Olympus, Tokyo, Japan).

ACKNOWLEDGMENTS

The author thank Dr T. Shirai (Nagoya City University)
for assistance with histological examination, Dr. L Saito
(University of Tokyo) for the pCALNLZ plasmid, Dr |
Miyazaki (Osaka University) for the CAG promoter, the
National BioResource Project—Rat (uttp//www.anin.-
med.kyotow.ac jp/NBR/} for providing rat strain.

LITERATURE CHTED

Akagi X, Sandig V, Vooijs M, Van der Valk M, Giovannini
M, Strauss M, Berns A. 1997. Cre-mediated somatic
site-specific recombination in mice. Nucleic Acids
Res 25:1766-1773.

iD: pharathi.s Time: 16:31 | Path: /ixinchnasin/01journals/Wiley/3B2/DVG#Vol00000/130005/AFPPFiie/dW-DVE#130005



J_ID: 28t Customer A_iD: DVVG22371 Cadmus Art: DV(G22371 Ed. Ref. No.: 2012-0038.R1 Date: 30-January-13 Stage: Page: 7

7 FUKAMACHI £T AL.

Araki K, Arakd M, Mivazaki §, Vassalli B 1995, Site-spe-
cific recombination of a transgene in fertilized eggs
by transient expression of Cre recombinase. Proc
Natl Acad Sci USA 92:160-164.

Asamoto M, Ochiya T, Tortyarna-Baba H, Ota T, Sekiva T,
Terada M, Tsuda H. 2000. Transgenic rats casrryving
human c-Ha-ras proto-oncogenes are highly suscep-
tible to Nmethyl-N-nitrosourea mammary carcino-
genesis. Carcinogenesis 21:243-249.

Buehr M, Mecek 8, Blair K, Yang J, Ure }, Silva J, McLay R,
Hall J, Ying QL, Smith A. 2008. Capture of authentic
embryonic stem cells from rat blastocysts. Celi
135:1287-1298.

Dann CT, Alvarado AL, Hammer RE, Garbers DL. 2006.
Heritabie and stable gene knockdown in rats. Proc
Natl Acad Sci USA 103:11246-11251,

Feil R, Brocard J, Mascrez B, LeMeur M, Metzger D,
Chambon P 1996. Ligand-activated site-specific
recombination in mice. Proc Natl Acad Sci US;
93:10887-10890.

Fukamachi K, Tanaka H, Hagiwara Y, Ohara H, joh T,
ligo M, Alexander DB, Xu J, Long N, Takigahira M,
Yanagihara K, Hino O, Saito 1, Tsuda H. 2009. An
animal model of preclinical diagnosis of pancreatic
ductal adenocarcinomas. Biochem Biophys Res
Commun 390:636-641.

Geurts AM, Cost GJ, Freyvert Y, Zeitler B, Miller JC,
Choi VM, Jenkins 88, Wood A, Cui X, Meng X, Vin-
cent A, Lam 8. Michalkiewicz M, Schilting R, Foeck-
ler J, Kalloway S, Weiler H, Menoret 5, Anegon I,
Davis GD, Zhang L, Rebar EJ, Gregory PD, Urnov
FD, Jacob HJ, Buclow R. 2009. Knockout rats via
embryo microinjection of zinc-finger nucleases. 8ci-
ence 325:433.

inoue H, Ohsawa |, Mum};a%‘ni T,,Kimnmﬁ, Hakamata Y, -

Sato Y, Kaneko T, Takahashi M, Okada T, Ozawa K,
Francis J, Leone P, Kobayashi 82005, Development
of new inbred transgenic strains of rats with LacZ or
GFP. Biochem Biophys Res Commun 329:288-295.

Jacob HJ, Kwitek AE. 2002. Rat genctics: Attaching
physiology and pharmacology to the genome. Nat
Rev Genet 3:33-42.

Kanegae Y, Lee G, Sato Y, Tanaka M, Nakai M, Sakaki T,
Sugano §, Saite 1. 1995, Efficient gene activation in
mammalian celis by using recombinant adenovirus
expressing site-specific Cre recombinase. Nucleic
Acids Res 23:3810-3821.

Kawamata M, Ochiya T. 2010. Generation of genctically
modified rats from embryonic stem celis. Proc Natl
Acad Sci USA 107:14223-14228.

Laird PW, Zijderveld A, Linders K, Rudnicki MA, Jae-
nisch R, Berns A, 1991. Simplified mammalan DNA
isolation procedure. Nucleic Acids Res 19:4293,

Li 2 Tong C. Mchrian-Shai R, Jia L, Wu N, Yan Y, Maxson
RE, Schuize EN, Song H, Hsieh CL. Pera ME Ying
QL. 2008. Germline competent embryvonic stem
cells derived from rat blastocysts. Cell 135:1299-
1310.

Li W, Wei W, Zhu 8, Zhu J, Shi Y, Lin T, Hao E, Havek 4,
Deng H, Ding 8. 2009. Generation of rat and human
induced pluripotent stem cells by combining
genetic reprogramming and chemical inhibitors.
Cell Stem Cell 4:16-19.

Lino J, Cui C, Chen §, Ren , Chen §, Gao Y, Li H, Jia N,
Cheng 1, Xiao H, Xiao L. 2009. Generation of
induced pluripotent stem cell lines from aduit rat
cells. Cell Stem Cell 4:11-15.

Rajewsky K, Gu H, Kuhn R, Betz UA, Muller W, Roes J,
Schwenk E 1996. Conditional gene targeting. J Clin
Invest 98:600-603.

Sato Y, Endo H, Ajiki T, Hakamata Y, Okada T, Murzkami
T, Kobayashi E. 2004. Establishment of Cre/LoxP
recombination sysiem in transgenic rats. Biochem
Biophys Res Commun 319:1197-1202.

Soriano P 1999. Generalized lacZ expression with the
ROSA26 Cre reporter strain. Nat Genet 21:70-71.
Tanaka H, Fukamachi X, Futakuchi M, Alexander DB,
Long N, Tamamushi 8, Minami X, Seino S, Ohara H,
Joh T, Tsuda H. 2010. Mature acinar cells are refrac-
tory to cgrcinoma development by targeted activa-
tion of Ras oacogene in adult rats. Cancer Sci

101:341-346.

Tesson L, Usal C, Menoret S, Leung E, Niles B], Remy 8,
Santiago Y, Vincent Al, Meng X, Zhang L, Gregory
PD, Anegon I, Cost GJ. 2011. Knockout rats gener-
ated by embryo microinjection of TALENs. Nat Bio-
techiol 29:695-696.

Tong €, Huang G, Ashton C, Wu H, Yan H, Ying QL.
2012. Rapid and Sftedtive gene targeting in rat
embryonic stem cells by TALENS. ] Genet Genom
39:275-280.

Tsien JZ, Chen DE Gerber D, Tom C, Mercer EH, Ander-
son DJ, Mayvford M, Kandel ER, Toncgawa $. 1996.
Subregion- and cell type-restricted gene knockout in
mouse brain. Cell 87:1317-1326.

Ueda S, Fukamachi K, Matsuoka Y, Takasuka N, Take-
shita E Naito A, ligo M, Alexander DB, Moore MA,
Saito 1, Ochiva T, Tsuda H. 2006. Ductal origin of
pancreatic adenocarcinomas induced by conditional
activation of a human Ha-ras oncogene in rat pan-
creas. Carcinogenesis 27:2497-2510.

Zhou Q, Renard JB Le Friec G, Brochard V, Beaujean N,
Cherifi Y, Fraichard A, Cozzi J. 2003. Generation of
fertile cloned rats by regulating cocyte activation.
Science 302:1179.

1D: bharathi.s Time: 16:31 | Path: fixinchnasjn/01journals/iWiley/382/DVGH#/Voi00000/130005/APPFile/JW-DVG#130005

B



-

J.iD: 28t Customer A_ID: DVG22371 Cadmus Art DVG22371 Ed. Ref. No.: 2812-0058.R1 Date: 30-January-13

AGI: Please confirm thar all author names are OK and are set with first name G, surname last

AQZ: Kindly provide the depariment name for affiiation

[

iD: bharathi.s Time: 16:31 | Path: //xinchnasin/01journals/Wilsy/3B2/DVG#/Voi00000/130005/APPFile/JW-DVG#13C005

tage:



S8 Scientific

Journal of Cancer Therapy, 2013, 4, 420-425 '
+4% Research

doi:10.4236/jct.2013.42A051 Published Online February 2013 (http://www scirp.org/journal/jct)

Animal Model of Lung Metastasis of Hepatocellular
Carcinoma: A Tool for the Development of
Anti-Metastatic Therapeutics

Mitsuru Futakuchi

Department of Molecular Toxicology, Graduate School of Medical Sciences, Nagoya City University, Nagoya, Japan.
Email: futakuch@med.nagoya-cu.acjp

Received December 19™, 2012; revised January 18", 2013; accepted January 27% 2013

ABSTRACT

We observed that N-nitrosomorpholine (NMOR) given after a multi-carcinogenic treatment induces liver carcinomas
with 56% lung metastasis. An additional treatment with diethylnitrosamine (DEN) with NMOR further enhanced the
incidence of hepatocellular carcinoma (HCC) with lung metastasis. We have further revised the duration of NMOR
treatment to establish an animal model with a simple experimental protocol and an appropriate experimental duration to
facilitate investigation exploring the mechanisms of HCC metastasis and development of anti-metastatic therapeutics.
We observed that DEN exposure followed by a 16-week treatment with NMOR to be a most efficient protocol for the
induction of HCC metastasizing to the lung. In this review, we will discuss about the usefulness of animal models for
induction of highly metastatic HCC and the assessment of the efficacy of anti-metastatic therapeutics. Additionally, we
will also discuss use of these models in analysis of individual steps in the metastatic process by using non-steroidal
anti-inflammatory drugs, aspirin and indomethacin, two nuclear factor kappa B (NF-xB) inhibitors, pentoxifylline and

N-acetyl-L-cysteine.
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1. Introduction

Despite the continuous improvements in early diagnosis
and therapy for early stage cancer, most deaths from
cancer occur due to metastases [1]. Once metastatic dis-
ease has developed, aggressive treatment such as sys-
temic chemotherapy is required since surgical removal of
all metastatic foci is not feasible [2]. Therefore, it is nec-
essary to identify and develop novel treatment strategies
for preventing cancer metastasis.

Tumor metastasis is a multistage process during which
malignant cells spread from the primary tumor to discon-
tiguous organs [3]. It involves invasion, transport, arrest,
adherence, extravasation, growth in different microen-
vironments, which are treated clinically with different
strategies depending on the tumor histiotype and meta-
static location [4].

To study the mechanisms underlying metastasis, many
tools and models have been developed. Most of them use
cancer cell lines or transplantable tumors, injected into
blood vessels or intraperitoneal cavity, or transplanted
into the cecum, spleen or subcutis [5-7]. These models
have provided very useful tools for analysis of individual
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steps in the metastatic process. However, in order to as-
sess the efficacy of therapeutic treatments for advanced
cancers with metastasis, it is necessary to develop animal
cancer models for natural course of metastasis, which
feature frequent metastasis of primary tumors to distant
organs. Thus, comprehensive analysis is required to de-
velop anti-metastasis agents.

2. Establishment of an in Vivo Highly
Metastatic Rat HCC Model

We have previously shown by chance that N-nitroso- .
morpholine (NMOR) given after a multi-carcinogenic
treatment with N-diethylnitrosamine (DEN), N-methyl-
nitrosourea (MNU), N-butyl-N-(4-hydroxybutyDnitros-
amine (BBN), 1, 2-dimethyl-hydrazine (DMH), and 2,
2’-dihydroxy-di-N-propylnitrosaminee (DHPN) induces
liver carcinomas with frequent lung metastasis [8]. We
attempted to establish an animal model with a simple
experimental protocol and an appropriate experimental
duration which would facilitate further study of the
mechanisms of metastasis and antimetastatic agents (Fig-
ure 1) [9].

NMOR and DEN have been widely used as hepato-
carcinogens in animal models, and the induced malignant
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Figure 1. Protocol for an in vivo highly metastatic rat HCC
model We had established an in vivo lung metastasis model
of HCC induced by two hepato-carcinogens, DEN and 120
ppm NMOR. This model allows us to apply chemical sub-
stance in the intervening period to investigate modifying
factors, particularly those leading to inhibition of lung me-
tastasis formation, We attempted to establish an animal
model with a simple experimental protocol and an appro-
priate experimental duration which would facilitate further
study of the mechanisms of metastasis and antimetastatic
agents.

tumors have been well characterized [10-12]. Lung
metastasis by induced HCC in rats given either DEN or
NMOR has been reported by Lijinsky et al. [13,14]. In
our previous study, treatment with NMOR alone or with
DEN followed by 8-weeks NMOR resulted HCC induc-
tion (Figure 2(a)) with only few lung metastases (Figure
2(b)) [9]. In contrast, DEN followed by 16 or 22-weeks
NMOR treatment was associated HCC (Figure 2(c))
with higher frequencies of lung metastases (Figure 2(d)),
with a duration dependence of NMOR treatment [9].
Histologically, we observed not only large metastatic
nodules, but also extravasation in the lung at week 22.
These findings suggest that a multi step process of meta-
stasis (including invasion, transport, arrest, adherence,
extravasation, and tumor cell proliferation) proceeded
between weeks 16 and 22. Therefore, using this model,
chemical substances could be applied in the intervening
period to investigate modifying factors, particularly those
leading to inhibition of lung metastasis formation.

Change in the expression of cadherin, a major adhe-
sion molecule of epithelia [15-17], has been implicated in
carcinogenesis because loss is frequent in human and
murine high grade epithelial cancers [18-20]. In the
previous study, we found that pan-cadherin expression to
be decreased in the order of adenoma, HCC and ad-
vanced HCC. The quantitative difference of cadherin
expression was observed between the HCC with me-
tastasis and that without metastasis. These results suggest
that down-regulation of cadherin expression may occur
as an early event of carcinogenesis with decrease with in
line with hyperplasia, adenoma and HCC.

Detection of circulating tumor cells in the blood may
give us the evidence that tumor cells had already entered
in the circulation before microscopic metastasis lesions
were detected, and circulating tumor cells were also
assessed in relation to HCC development and lung
metastasis formation [21]. For detection of circulating
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Figure 2. HCC and lung metastasis formation (a) Treat-
ment with NMOR alone or with DEN followed by 8-weeks
NMOR resulted HCC induction in week14; (b) In week 14,
we observed only few lung metastases; (c) DEN followed by
14-weeks NMOR treatment induced multiple HCC; (d) We
observed not only large metastatic nodules, but also ex-
travasation in the lung at week 22,

tumor cells, RT-PCR has been utilized [22-24], and we
found CK-8 expression have been demonstrated to be
positive in blood. Through the travel in the circulation,
only a smali percentage of tumor cells (<0.01%) released
from a primary tumor survive and arrest in the capillary
beds of distant organs producing a successful metastasis
[25]. Survival in the circulation appears to be responsible
for this inefficiency due to immune factors in the blood,
and this response may be the reason why tumor cells are
circulating in the blood while no microscopic metastasis
was found.

3. Suppression of Lung Metastasis by
Aspirin but Not Indomethacin in an in
Vivo Model of Chemically-Induced HCC

Because the metastatic cascade is a continuous process
which begins with proliferation of the primary tumor and
ends with proliferation of the metastatic foci [26], we hy-
pothesized interference with cell proliferation might pre-
vent metastasis formation. Nonsteroidal anti-inflamma-
tory drugs (NSAIDs) such as aspirin (ASP) and indo-
methacin (IM) are well known as potential chemopreven-
tive agents through their modulation of levels of pro-
staglandins, PGE2, and cyclooxygenase (COX) in the
colon and also other organs [27,28].

We have demonstrated that ASP but not IM signifi-
cantly reduced the severity of lung metastasis, but not the
average number. This indicates that the effect of ASP
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was marginal [29]. We also demonstrated that only ASP
suppressed lung metastasis formation although ASP and
IM exerted inhibitory effects on cell proliferation of
HCCs [29]. Thus, it is suggested that inhibition of cell
proliferation per se may not be involved in the mecha-
nism of inhibition of lung metastasis by ASP.

Epidemiological studies revealed that NSAIDs, such
as ASP and IM, which suppress COX activity, possess
considerable potential as chemopreventive agents for
colorectal cancer [30,31]. Constitutive expression of
COX-2 has been demonstrated to lead to phenotypic
changes that alter the metastatic potential of colorectal
cancer cells [32], and COX-2 inhibitor was found to
exert inhibitory effects on metastasis formation of
various cancer [33,34]. However, our data demonstrated
that IM did not suppress lung metastasis formation in
spite of down-regulation of COX-2 [29], indicating no
direct involvement of this enzyme in the inhibitory ef-
fect on HCC metastasis. In addition, neither ASP nor
IM exerted any apparent influence on cadherin expres-
sion within HCC [29]. Therefore, the mechanism of
inhibition by ASP might be mainly in a stage of the
metastatic cascade after the primary site, such as at-
tachment to the vascular endothelium or re-invasion or
re-proliferation in the lung.

The attachment of a cancer cell to the vascular endo-
thelium is a complex phenomenon involving a number of
cell adhesion molecules (CAMs). Among these latter,
E-selectin, ICAM-1 and VCAM-1 are considered to play
primary roles in hematogenous metastasis [35,36]. Induc-
tion of Eselectin, ICAM-1 and VCAM-1 is mediated by
the transcription factor nuclear factor-kappa B (NF-xB)
[37,38]. ASP has been shown to inhibit NF-xB depen-
dent transcription [39], and these transcriptions appear
not to be related to the inhibition of COX activity, since
IM was ineffective [40]. In the previous study, ASP sig-
nificantly suppressed the expressions of ICAM-1 and
VCAM-1 [29], indicating a probable role of inhibition of
attachment of tumor cells to the vascular endothelium.
Therefore, a stronger inhibitor of NF-xB might be ex-
pected to have a stronger inhibitory effect on lung me-
tastasis formation.

4. Suppression of Metastasis by Nuclear
Factor KappaB Inhibitors in an in Vivo
Lung Metastasis Model of HCC

In order to evaluate the suppressive effects of NF-xB
inhibitors, we examined three examples, pentoxifylline
(PTX) [41], Nacetyl-L-cysteine (NAC) [42], and ASP
[39], in our in vivo lung metastasis model. PTX, widely
used as a hemorheological agent in the treatment of pe-
ripheral vascular disease, was earlier shown to suppress
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lung metastasis formation by B16F10 melanoma [43] and
NAC inhibits VEGF production in human melanoma cell
lines [44], invasion of endothelial cells [45], and invasion
of human bladder cancer cells through the suppression of
MMP-9 [46]. ASP has been demonstrated to inhibit an-
giogenesis [47] and HGF- induced invasiveness of HepG2
human hepatoma cells [48].

Among the NF-xB inhibitors, PTX exerted the
strongest effects on lung metastasis formation and NAC
had rather less influence, while ASP did not significantly
reduce lung metastasis [49]. Although PTX and NAC
suppressed lung metastasis, they did not improve the
survival rates. This was mainly because the increase in
the mortality rates owing to bleeding from primary HCC
diminished the decrease that resulted from suppression of
lung metastasis. Thus, the increase and decrease were not
significant, and treatment with NF-«B inhibitors did not
affect the incidences and multiplicities of HCCs in liver.
Therefore, further studies are necessary to elucidate the
reasons why PTX and NAC did not affect the survival
rates.

To evaluate the degree of inhibition of NF-xB tran-
scription, inhibitor of ¥B (IxB) protein levels in HCCs
were evaluated by western blotting. The IxB family has
been shown to control the function of NF-xB complexes
[50,51], and IkB protein has been shown to activate NF-
kB when it is phosphorylated or cleaved by proteasomes
through a ubiquitine- dependent pathway [52,53]. We
demonstrated that IxB protein expression was suppressed
by test compounds in the order of PTX, NAC and ASP.
Therefore, these results suggest that the mechanism of
reduction of lung metastasis formation observed in this
study may involve inhibition of NF-xB transcription.

The contribution of NF-xB to the process of metastasis
has been explored in relation to CAMs and VEGF expre-
ssion was found to be significantly suppressed by NF-xB
signaling blockade [54], and promoted by coactivation of
NF-xB [55]. PTX significantly suppressed expression of
VEGF-A splicing variants with heparin-, heparin-sulfate-,
and extracellular matrix-binding domains. These results
suggest that the mechanism of the suppression of lung
metastasis by PTX involves suppression of VEGF-A
with heparin-binding domains. On the other hand, NAC,
which had less influence on lung metastasis formation
than PTX, suppressed VEGF-A variants with and with-
out the heparin-binding domain. Therefore, whether NF-
xB controls only VEGF-A with heparin-binding domains
remains to be elucidated.

5. Conclusions

Our rat model presented here provides an excellent tool
for rapid induction of metastatic HCC. To our know-
ledge, this is the first model to reflect the natural course
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