normal liver-derived GP96 and monitored
for long periods for gross measures such as
weight loss, ruftling of fur, life-span, and
more specific parameters such as hepatotox-
icity, no adverse consequences indicative of
autoimmune phenomena have been detect-
ed (20). Further, in a recent phase I study,
in which patients with progressive malig-
nancies were immunized with autologous
cancet-derived GP96 preparations, patients
were followed for over a year specifically for
signs of autoimmunity. No such signs were
detected (19).

Regardless of the method of their induc-
tion or their lack of intentional induction,
cancers are antigenically individually dis-
tinct (21, 22). This antigenic repertoire
may consist of peptides that are rendered
antigenic by the mutations within cancers;
because the mutations are random and
many, a repertoire becomes a fingerprint,
which has little probability of repeating it-
self (1, 22). Immunization with cancer-de-
rived HSP preparations permits access to
the antigenic fingerprint of a cancer with-
out a need for identification of this reper-
toire for each patient’s cancer. Although
immunization with defined cytolytic T lym-
phocyte epitopes that are shared between dif-
ferent cancers is widely perceived as a poten-
tial method of generating common cancer
vaccines (23, 24), immunization with such
epitopes may not elicit protective tumor im-
munity (25). Thus, therapies based on the
complex, dynamic, and individually unique
repertoire of tumor antigens may have advan-
tages for treatment of cancer (I, 22).

REFERENCES AND NOTES

. P. K. Srivastava, Adv. Cancer Res. 62, 153 (1993).

. Z.Liand P. K. Srivastava, EMBO J. 12, 3143 (1993).

. H. Udono and P. K. Srivastava, J. £xp. Med. 178,
1391 (1993).

4. A. Helkema, E. Agsteribbe, J. Wilschut, A. Huck-

riede, Immunol. Lett. 57, 89 (1997).

5. E. Roman and C. Moreno, Immunology 88, 487
{1996).

. N. E. Blachere et al., J. Exp. Med., in press.

. P.K. Srivastava and M. R. Das, Int. J. Cancer 33,417
(1984); P. K. Srivastava et al., Proc. Natl. Acad. Sci.
U.S.A. 83, 3407 (1986), M. A. Palladino, P. K. Sriv-
astava, H. F. Oettgen, A. B. DelLeo, Cancer Res. 47,
5074 (1987); A. M. Feldweg and P. K. Srivastava, Int.
J. Cancer 63, 310 (1995).

8. H. Udono, D. Levey, P. K. Srivastava, Proc. Natl,
Acad. Sci. U.S.A. 91, 3077 (1994).

9. P. Peng, A. Menoret, P. K. Srivastava, J. Immunol.
Methods 204, 13 (1997).

10. N. E. Blachere et al., J. Immunother. 14, 351 (1993).

11. R. Suto and P. K. Srivastava, Science 269, 1585
(1995).

12. T. J. F. Nieland et al., Proc. Natl. Acad. Sci. U.S.A.
93, 6135 (1996).

13. D. Amold, S. Faath, H.-G. Rammensee, H. Schild, J.
Exp. Med. 182, 885 (1995).

14. K. Sugiura and C. C. Stock, Cancer Res. 15, 38
(1955).

15. Y. Tamura and P. K. Srivastava, unpublished data.

16. O. Mandelboim et al., Nat. Med. 11, 1178 (1995).

17. M. Daou, R. Suto, P. K, Srivastava, in C.R.I. Cancer

Vaccines, Cancer Research Institute (CRI), New

York, 7 to 9 October (CRI, New York, 1996).

wN -+

~N o

18. M. J. Skeen, T. M. Shinnick, M. A. Miller, H. K.
Ziegler, J. Immunol. 156, 1196 (1996).

19. S. Janetzki, D. Polla, V. Roseanhauer, H. Lochs,
P. K. Srivastava, in preparation.

20. R. Y. Chandawarkar, M. Wagh, P. K. Srivastava,
unpublished data.

21. A. Globerson and M. Feldman, J. Natl. Cancer Inst.
32, 1229 (1864), M. A. Basombrio, Cancer Res. 30,
2458 (1970).

22. P. K. Srivastava, Semin. Immunol. 8, 295 (1996);

, H. Udono, N. E. Blachere, Z. Li, iImmunoge-
netics 39, 93 (1994).

23. T. Boon and P. van der Bruggen, J. Exp. Med. 183,
725 (1996).

24. D. M. Pardoll, Nature 369, 357 (1994).

25, L. Ramarathinam et al, J. Immunol. 155, 5323
(1995); A. Y. Huang et al., Proc. Natl. Acad. Sci.
U.S.A. 93, 9730 (1996); D. E. Speiser et al., J. Exp.
Med. 186, 645 (1997).

26. All studies involving mice were carried out under

protocols approved by the Institutional Animal Care
and Use Committee of Fordham University.

27. Antibodies against GP96 (8G10.F8.2) and HSP70
(BRM22) were obtained from NeoMarkers {Fremont,
CA).

28. Mice were depleted of CD4+ or CD8* T cells by
intraperitoneal (ip) injection of 250 pl of 1:8 diluted
GK1.5 ascites or YTS-169.4 ascites, respectively.
Injections were continued biweekly. NK cells were
depleted by ip injection of 200 g of purified mono-
clonal antibody NK1.1 every week. Mice in the con-
trol group were injected with 200 g of rat or mouse
lg once per week. The efficiency of depletion was
confirmed by flow cytometry, and the specific deple-
tion was 90 to 100%.

29. We thank S. Porcino for preparing the figures. Sup-
ported by NIH grants CA44786 and CAB4394 and
through an agreement with Antigenics (New York).

3 February 1997; accepted 29 August 1997

Rapid Colorectal Adenoma Formation Initiated
by Conditional Targeting of the Apc Gene

Hiroyuki Shibata, Kaoru Toyama, Hisashi Shioya, Masaki Ito,
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Yusuke Nakamura, Kiyotaka Shiba, Tetsuo Noda*

Familial adenomatous polyposis coli (FAP) is a disease characterized by the devel-
opment of multiple colorectal adenomas, and affected individuals carry germiine
mutations in the APC gene. With the use of a conditional gene targeting system, a
mouse model of FAP was created that circumvents the embryonic lethality of Apc
deficiency and directs Apc inactivation specifically to the colorectal epithelium. foxP
sites were inserted into the introns around Apc exon 14, and the resultant mutant allele
(Apc®8°S) was introduced into the mouse germline. Mice homozygous for Apc8°S were
normal; however, upon infection of the colorectal region with an adenovirus encoding
the Cre recombinase, the mice developed adenomas within 4 weeks. The adenomas
showed deletion of Apc exon 14, indicating that the loss of Apc function was caused

by Cre-foxP-mediated recombination.

Mutations in the APC gene are responsible
for FAP (1), a disease characterized by the
development of thousands of colorectal ad-
enomas (I). FAP patients have germline
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APC mutations, and their tumors show in-
activation of the wild-type allele (2). Inac-
tivation of both APC alleles also occurs
frequently in sporadic colorectal adenomas
(3). These results suggest that APC is a
tumor suppressor gene, although the mech-
anism by which APC mutation leads to
transformation of colorectal epithelial cells
is largely unknown.

Several mouse lines carrying Apc mu-
tations in their germline have been estab-
lished as experimental models for FAP (4).
For example, the Min mouse, which has a
germline mutation in Apc, develops more
than 100 intestinal adenomas, a subset of
which show inactivation of the second
Apc allele (4, 5). However, most of the
tumors in the Min mouse develop in the
small intestine rather than the colon (5),
and it is difficult to study the early events
in tumorigenesis in this model.

To study the initiation stage of colon
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adenoma formation, we have developed
an Apc mutant mouse in which inactiva-
tion of Apc function is achieved by con-
ditional targeting. This model is based on
the Cre-loxP recombination system (6).
We first introduced a pair of loxP sites into
introns 13 and 14 of the Apc gene by
targeted mutagenesis (Fig. 1A) (7). The
targeting vector was introduced into em-
bryonic stem (ES) cells by electroporation,
and two homologous recombinant ES
clones, cl 66 and 76, were obtained (Fig.
1B) (8). The results of Southern (DNA)
blot analyses confirmed that these clones
carry a mutant Apc allele that is produced
by homologous recombination with the
targeting vector (Fig. 1C) (9). Two inde-
pendent mutant mouse lines were estab-
lished from the clones by blastocyst injec-
tion and subsequent breeding of chimeras
(7).

Recombination mediated by the Cre
recombinase deletes a region of Apc en-
compassing exon 14 and induces a frame-
shift mutation at codon 580. We therefore
named this silent mutant allele Apc>8°S
(Fig. 1A). No tumors were observed in
Apc®®S heterozygotes after 1 year. More-

. REPORTS

Table 1. Colorectal tumor incidence in mice infected by rectal infusion with recombinant adenoviruses
encoding the Cre recombinase. Tumor incidence is expressed as number of mice with tumors/number

infected. ND, not done.

Tumor incidence

Genotype of Virus
infected mice 4 weeks 3 months
ApC580S/Apc580S AXCANLacZ ND 0/15
ApC589S/Apc589S AxSRaCre ND 3/5
ADC589S/ApCS8OS AXCANCre 20/24 4/5
ADC5E0S/+ AXCANCre 0/14 ND
+/+ AxXCANCre 0/13 ND

over, although homozygous Apc™™ muta-
tion typically causes embryonic lethality
(10), 66 of the 253 F, offspring obtained
by double heterozygous breeding of F,
mice were identified as homozygous mu-
tants of Apc’®®S without any apparent
phenotype (Fig. 1D) (11). This percentage
of homozygotes (26.1%) is close to that
expected from Mendelian inheritance.
Northern (RNA) blot analysis revealed
that Apc expression in the intestinal tract
of homozygous mutants was ~30% of that
in wild-type mice (Fig. 1E) (12). This was
the only phenotypic alteration observed in

Apc®®S mice, and an equivalent reduction
in the amount of Apc mRNA was not
detected in the brain (Fig. 1E). We also
analyzed Apc protein expression in the
colon of Apc®®S homozygotes by immuno-
histochemistry and found the staining pat-
tern to be indistinguishable from that of
wild-type mice (Fig. 1F) (13). The Apc>8S
homozygotes developed normally and had
no detectable tumors over a 1-year period.
We therefore concluded that the insertion
of the loxP sites and the PGKneo cassette
into the Apc introns did not impair Apc
functions in the mice and that Apc?80S

Fig. 1. Establishment of a mutant mouse line carrying a condi-
tionally targeted Apc allele. (A) Structure of the conditionally
targeted allele of Apc (Apc®89S) and the mutant Apc allele result-
ing from the deletion mediated by Cre-loxP recombination (de-
leted allele, Apc8°P). The targeting vector was constructed by
inserting one loxP site into intron 13 and the other, with a PGK-
neo cassette (Neo), into intron 14, resulting in exon 14 (E14)
flanked by a pair of /oxP sites (open triangles) (7). Positions of
PCR primers used for the detection of each allele are indicated
(P1 to P5). Positions of probes used for Southern blot analysis
with Xba | (X) or Sac | (S) are also shown (probes Ato C). (B) PCR
analysis of the ES clones (8). DNA of J1 ES cells was used as a
negative control (N) and DNA of plasmid pApc3.0 as a positive
control (P) (8). Positive signals are evident for clones 66 and 76
(lanes 1 and 5), but not for the negative clones (lanes 2 to 4). (T)
Southern blot analysis of ES clones (9). ES cell DNA was digest-
ed with Xba | or Sac | and hybridized with three different probes
derived from the Apc gene (probes A and C) or a neo cassette
(probe B). The results shown for cl 66 (lane 1) and J1 ES cells
(lane 2) are representative. (D) Genotypes of F, offspring ob-
tained by double heterozygous breeding of Apc®3°S F, mice
(71). Tail DNAs were analyzed by PCR using primers P3 and P4.
The wild-type allele (W) generates a band of 226 bp, and
Apc®80S (S) generates a band of 314 bp. The results shown for
five offspring— one homozygous mutant (S/S), three heterozy-
gotes (S/W), and one wild-type mouse (W/W)—are represen-
tative. (E) Analysis of Apc expression in Apc58°S mice by North-
ern blotting (72). RNA extracted from the brains or colons of
Apc®8%S homozygotes (S/S) or wild-type mice (W/W) were an-
alyzed. Autoradiograms obtained with two different exposures
are shown. The amount of RNA applied was guantified by prob-
ing with B-actin cDNA. (F) Immunohistochemical analysis of Apc
protein expression in the colon of Apc58°S homozygotes (S/S) or
wild-type mice (W/W) (13). Scale bars, 30 um.
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could serve as a conditional mutant.

We next established a system that al-
lowed controlled expression of Cre recom-
binase in the intestinal epithelium of
Apc8% mice. Recombinant adenoviruses

iy

are efficient agents for gene delivery; they
have broad tissue specificity, and the ex-
pression of the delivered gene is transient,
because the virus does not integrate into
the host genome (14). This feature is im-

Fig. 2. Analysis of A
AxSRaCre, a recombinant
adenovirus expressing Cre
recombinase. (A) Struc- _SAt;‘B-geo

1 in the genome
ture of the gene trap ma of P-geo 42

chinery ‘inserted into the
genome of B-geo 42 cells.
A provirus, consisting of
SA and a B-geo gene
flanked by a pair of loxP
sites located in LTRs, was
integrated in the cellular
DNA and expressed by

; g After the deletion
trapping the expression of

of SA-B-geo

the endogenous gene
(16). Therefore, these cells
were blue when stained
with 5-bromo-4-chloro-3-
indolyl-B-D-galactosidase B
(X-gal). The region flanked
by a pair of loxP sites is de-

MOl

1004 MOI: 1.25

leted as circular DNA from Mock 30 6

the genomic DNA by the ex- kb
pression of Cre recombi-

nase. This recombination 7.5
event can be detected by 6.2
Southern blot analysis using
a probe containing the loxP
sequence. (B) Southem blot
analysis of B-geo 42 cells
infected with AxSRaCre. B-

43

3.0 -—b

geo 42 cells were infected with AxSRaCre at the indicated MOls
(77). Genomic DNA was extracted from cells after incubation for 3
days, digested by Hind lll, and analyzed by Southern blotting. (C)

125 0.25 MO 6

50 -

N

MOI: 30
MOI: 160

Percentage of lacZ-expressing cells

Time course of AxSRaCre-mediated DNA deletion, assessed by 24 48

X-gal staining (78). Samples of B-geo 42 cells were infected with

Hours after AxSRoCre infection

AxSRaCre at the indicated MOls and were processed for X-gal staining after incubation for 24 or 48 hours.
More than 1000 cells in each sample were analyzed, and the number of blue cells was counted.

122

portant because constitutive expression of
the Cre recombinase after recombination
may in itself modify the cellular phenotype.
The Cre recombinase gene, driven by
the SRa promoter, was introduced into an
adenovirus vector from which the E1A
and E1B genes had been deleted, and the
virus (called AxSRaCre) was propagated
in 293 cells, which endogenously express
the E1A gene product (15). The function
of the virally expressed recombinase was
initially analyzed in cultured cells. B-geo
42 cells, established from NIH 3T3 cells
by gene trapping, carry a copy of a recom-
binant provirus containing splice acceptor
sequences (SA) and a fusion gene (B-geo)
consisting of the neomycin resistance gene
(neo) and B-galactosidase gene (lacZ) as
the gene-trap machinery, flanked by a pair
of loxP sites located in 5’ and 3’ long
terminal repeats (LTRs) (Fig. 2A) (16).
This cell line was infected with
AxSRaCre (17), and the results of South-
ern blot analysis confirmed the deletion of
the provirus from the genome of the in-
fected B-geo 42 cells (Fig. 2B). DNA frag-
ments specific for the expected deletion
(4.3 and 6.2 kb) were detected in the
AxSRaCre-infected cells when the multi-
plicity of infection (MOI) was =1.25, and
almost all cells infected at an MOI of 30
had the expected deletion (Fig. 2B). Ex-
amination of lacZ expression (18) in the
infected cells revealed that 100% of the
cells had lost lacZ expression within 48
hours after infection at a MOI of =30
(Fig. 2C). These results indicate that the
virus induced Cre-loxP-mediated recom-
bination immediately after infection.
Before introduction of AxSRaCre into
Apc’8%S mice, we infected cl 66 cells car-

Fig. 3. Analysis of the colorectal region of mice
infected with recombinant adenoviruses. (A) Tu-
mors in the colorectal region of an Apc58°S ho-
mozygote. The mouse was infected with AXCAN-
Cre (20) and killed after 4 weeks. Four tumors are
evident. Scale bar, 3 pm. (B) Histological analysis
of one of the tumors shown in (A) by hematoxylin
and eosin staining. The typical histopathological
appearance of an adenoma is indicated by ar-
rows. Scale bar, 40 pm. (C) Immunohistochemi-
cal analysis of an adenoma shown in (B) with an-
tisera to APC (73). The Apc protein is not ex-

pressed in the cells of the adenoma (arrows) but is present in normal epithelium
(arrowhead). Scale bar, 80 um. (D) A wild-type mouse was infected with AXCAN-
LacZ, which encodes the lacZ driven by the CAGGS promoter, by injection
through the anus. The mouse was killed after 48 hours and the colorectal region
was stained for X-gal (78). Scale bar, 3 um. (E) Histopathological analysis of the
colorectal region of an Apc®8%S homozygote at 10 months after infection with
AxCANCre. The invasion of submucosal vessels by adenocarcinoma cells is
indicated by an arrow. Scale bar, 240 pm.
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rying the Apc’8% allele to confirm that

Cre expression would induce the expected
deletion (17). Of 20 subclones isolated
after infection, 10 had the expected dele-
tion of Apc exon 14, as assessed by South-
ern blotting and sequence analysis of
genomic polymerase chain reaction (PCR)
products (19). We next generated a mu-
tant mouse line by injecting one of these
clones into blastocysts. Reverse transcrip-
tase-mediated PCR analysis of RNA ex-
tracted from intestine and brain of the
mutant mouse carrying this deleted allele,
Apc®8, confirmed the deletion of the
region encoded by exon 14 from the
Apc’8P transcripts, and resulted in a
frame-shift mutation (19). All Apc8°P
heterozygotes developed multiple intesti-
nal tumors, and Apc®*°P homozygotes died
during embryogenesis (19). These results
indicate that Apc function is greatly im-
paired by the Cre-loxP-mediated deletion.

We next attempted to induce Apc mu-
tation by expressing Cre recombinase in
colorectal epithelial cells of Apc®5® ho-
mozygotes. For these experiments, we used
both AxCANCre (20), an adenovirus that
encodes the Cre enzyme with an' artificial
nuclear localization signal, and AxSRaCre.
The viruses were injected into the colorec-
tum of Apc®®® homozygotes through the
anus (21), and tumor formation was ana-
lyzed by necropsy after 3 months. Homozy-
gous mutants infected with AxCANLacZ
(20), a recombinant adenovirus expressing
the lacZ gene, did not develop any tumors.
Colorectal adenomas developed in 80% of
the Apc8% homozygotes infected with Ax-
CANCre (7.1 tumors per mouse on aver-
age) and in 60% of those infected with
AxSRaCre (2.2 tumors per mouse on aver-
age) (Table 1).

To analyze earlier stages of adenoma for-
mation, we next administered AxXCANCre
to Apc®8%S homozygotes, heterozygotes, and
wild-type mice, and analyzed them 4 weeks
after infection. Colorectal tumors were ob-
served in 20 of 24 Apc®®S homozygotes

N1 N2 T1 T2 T3 T4 T5 Té
o aF o
2

|— — — =,

(258 bp)

Fig. 4. Molecular analysis of the mutant Apc allele
of adenomas. Genomic DNA was extracted from
six adenomas (T1 to T6) and adjacent normal
tissues (N1 and N2) by scraping paraffin sections
of the colorectal region of two different Apc80S
homozygotes infected with AXCANCre; analysis
was by PCR using primers P3, P4, and P5 (23). In
all adenomas, DNA fragments of 258 bp, specific
for Apc%89P (D), are evident with complete disap-
pearance of those of 314 bp, specific for Apc580S
(S).
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(Table 1) (Fig. 3A), but were not seen in
any of the 14 heterozygotes nor in any of
the 13 wild-type mice. All of the tumors
were diagnosed as adenomas by histopathol-
ogy (Fig. 3B), and immunohistochemical
analysis (13) showed that intact Apc pro-
tein was not expressed in the adenoma cells
(Fig. 3C). Scrape-PCR analysis of genomic
DNA from these adenomas confirmed that
all adenomas had lost the Apc8%S allele and
contained the Apc?8P allele (Fig. 4). This
finding suggested that Cre-loxP-mediated
inactivation of both Apc alleles was respon-
sible for adenoma development.

The average number of adenomas of
the Apc®8® homozygotes treated with
AxCANCre was 6.7, all occurring within
~3 cm of the anal ring. This localization
may be a result of our infection procedure.
When we infected the colorectal region of
wild-type mice (21) with AxCANLacZ,
we found that essentially the same region
was stained blue (Fig. 3D). About 10 to
20% of the cells displayed enzyme activity,
indicating efficient expression of the gene
transferred by AxCANLacZ. On this basis,
we infer that Apc inactivation by Ax-
CANCere infection may have occurred in a
similar percentage of cells. The fact that
relatively few adenomas were generated
suggests that another event may be neces-
sary for adenoma formation.

When we followed up homozygous mu-
tants that were allowed to live after infec-
tion, five of six mice survived more than 1
year, possibly because of the regional lo-
calization of adenoma formation. By
pathological analysis at necropsy, about
50% of their tumors showed invasion of
the submucosal layer by tumor cells (Fig.
3E) and were diagnosed as adenocarcino-
mas. The conditional gene targeting sys-
tem described here may allow chronolog-
ical analysis of adenoma formation in a
more precise manner than that allowed by
other mouse models.
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