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The transcription factor IRF-1 has been implicated in
tumor suppression: IRF-1 suppresses cell transformation
and mediates apoptosis in vitro. Here we show that the
loss of IRF-1 alleles per se has no effect on spontaneous
tumor development in the mouse but dramatically ex-
acerbates previous tumor predispositions caused by the
c-Ha-ras transgene or by nullizygosity for p53. Grossly
altered tumor spectrum, as compared to p53-null mice,
was also observed in mice lacking both IRF-1 and p53,
and cells from these mice show significantly higher mu-
tation rate. Qur results suggest that IRF-1 is a new mem-
ber of the tumor susceptibility genes.
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The transcription factor IRF-1 (interferon regulatory fac-
tor-1) was originally identified as a regulator of the in-
terferon (IFN) system (Miyamoto et al. 1988). More re-
cent studies using IRF-1-null (IRF-1-/-) mice have re-
vealed that IRF-1 has a crucial role in many aspects of
host defense: It is essential in IFN-induced antiviral and
antibacterial responses (Kamijo et al. 1994; Kimura et al.
1994), in the Th1-type adaptive immune response, and in
the development of natural killer (NK) cells (Lohoff et al.
1997; Taki et al. 1997; Ogasawara et al. 1998).
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Accumulating evidence has also suggested that IRF-1
controls tumor susceptibility. Transformed phenotypes
of c-myc- or fosB-expressing cells, for example, can be
suppressed by ectopic expression of IRF-1 (Tanaka et al.
1994b). Furthermore, unlike primary mouse embryonic
fibroblasts (MEFs) from wild-type mice, MEFs from mu-
tant mice homozygous for IRF-1 deficiency undergo
transformation upon expression of an activated form of
c-Ha-ras (Tanaka et al. 1994a). In addition, IRF-1 is es-
sential to DNA damage-induced apoptosis in proliferat-
ing T lymphocytes and MEFs expressing an activated
form of c-Ha-ras (Tanaka et al. 1994a; Tamura et al.
1995). Interestingly, IRF-1 also regulates DNA damage-
induced cell cycle arrest in collaboration with the tumor
suppressor p53 through transcriptional activation of the
p21WAFL/CIPL gene (Tanaka et al. 1996).

The human IRF-1 gene has been mapped to 5q31.1
(Willman et al. 1993). Genetic as well as epigenetic al-
terations in IRF-1 gene expression have been reported in
human cancers. Defects in one or both IRF-1 alleles ac-
companied by deletion or translocation of 5q have been
observed in acute leukemia (Willman et al. 1993). In ad-
dition, loss of functional IRF-1 mRNA expression due to
skipping of specific exons has been reported in [20% of
patients with myelodysplastic syndrome (MDS) or overt
leukemia developing from MDS (Harada et al. 1994).
More recently, frequent loss of heterozygosity at the
IRF-1 locus has been reported in human gastric and
esophageal cancer patients (Ogasawara et al. 1996;
Tamura et al. 1996), among whom an inactivating point
mutation in the IRF-1 gene was detected on the residual
allele in at least one case of gastric cancer (Nozawa et al.
1998).

Although these observations lend support to the role
of IRF-1 in tumor suppression, no systematic analysis
has been carried out as to how the loss of IRF-1 affects
tumor susceptibility in vivo. Moreover, subsequent to
that in traditional tumor suppressor genes, interest has
also grown in a class of tumor susceptibility genes that
may suppress tumor development by indirect means
(Demant 1992; Ghebranious and Donehower 1998; Kin-
zler and Vogelstein 1998). On this basis, we considered it
valuable to examine to what extent loss-of-function mu-
tation in IRF-1 alleles would affect tumor susceptibility.
In this study we investigated the role of IRF-1 in tumor
suppression in mice carrying null mutations in IRF-1
alleles (IRF-17/~ mice), with otherwise wild-type back-
ground and with backgrounds predisposed to tumor de-
velopment owing to either expression of the c-Ha-ras
transgene or null mutations in p53 alleles.

Results and Discussion

We first conducted a long-term investigation of sponta-
neous tumor development in a large cohort of IRF-17/-
mice. Only 2% of IRF-17/~ mice (6/315) developed tu-
mors, characterized as malignant fibrous histiocytoma-
like sarcoma, up to 200 days after birth (Figs. 1A and 2A).

1240 GENES & DEVELOPMENT 13:1240-1245 © 1999 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/99 $5.00; www.genesdev.org



A
wild-type
100~ (n=625)
IRF-17-
80 -| (n=315)
S 60
£ /
3 | p537°
g 40 (n=254)
20 1
IRF-17-p537/-
0 T T T 1 (n=335)
0 50 100 150 200
Days
B
p537/-
IRF-1"/-p537
¥
0 50 100
Percentage
death with single tumor
B death with multiple tumors
] death without tumor
[ survival for 200 days
C —
ps3 N
M S
IRF-1"/-p537- NN
0 5'0 1(')0 1:50

Number of tumors per 100 mice

sarcoma (unknown origin)

Il other tumors
(ganglioneuroblastoma
medulloblastoma)

] thymic lymphoma
generalized lymphoma
angiosarcoma

B immature teratoma

Figure 1. Survival rate, cause of death, and histology of tumors
in subject mice. (A) Survival curves of wild-type, IRF-1~/~, p53~/-,
and IRF-17/~p53~/~ mice followed up to 200 days by the Kaplan—
Meier method. Mice were sacrificed upon becoming apparently
moribund. (n) Total number of mice in each genotype. At 200
days, 2% of IRF-1/~ mice, 56% of p53~/~ mice, and 96% of
IRF-1/-p53~/~ mice developed tumors; 0.2% of wild-type mice
died before 200 days, but no tumors were found. (B) The first 100
mice of each genotype were monitored for up to 200 days and
autopsied to assess for the presence and number of tumors. (C)
Raw numbers of histological types of tumors in p53~/~ and IRF-
17/-p53~/~ mice. Data shown are from the same cohort of 100
mice as in B. The bar patterns for tumor types are shown in B
and C.

Although no tumor development was observed in wild-
type littermates (0/625) during the same period (Fig. 1A),
the difference between the two groups was not statisti-
cally significant (P = 0.12, Wilcoxon test). These findings
thus indicated that the loss of IRF-1 expression per se
provides little if any contribution to spontaneous tumor
development. The question then arose as to whether the
loss of IRF-1 affects tumor susceptibility when combined
with other changes in oncogenes or tumor suppressor
genes.

IRF-1 affects tumor susceptibility

In view of our previous finding that IRF-1-deficient
MEFs expressing activated c-Ha-ras undergo transforma-
tion and become resistant to DNA damage-induced
apoptosis (Tanaka et al. 1994a), we examined the effect
of loss-of-function mutation in the IRF-1 gene on tumor
development in mice carrying the human c-Ha-ras gene.
IRF-1-/~ mice were crossed with mice carrying five to six
copies of normal human c-Ha-ras gene (rasH2 mice;
Saitoh et al. 1990) to generate rasH2 mice with an IRF-
1-null background. All mice were sacrificed at 6 months
after birth. Whereas only 7% (2/30) of rasH2 mice het-
erozygous for the IRF-1 mutation (IRF-1"/~/rasH2 mice)
developed tumors during this period, a total of 44% (12/
27) of IRF-17/~/rasH2 mice developed tumors in various
organs, among which angiosarcomas were found most
frequently (76%; 19 of 25 tumors; Table 1). This tumor
spectrum is similar to that described originally in rasH2
mice (Saitoh et al. 1990). These results suggest that loss
of IRF-1 contributes to tumor development in conjunc-
tion with the c-Ha-ras gene in vivo.

We next investigated the relationship between IRF-1
and p53 on tumor expression. One of the best character-
ized mouse models for tumor suppression, which are no-
table for spontaneous tumor development, is the p53-
deficient mouse (Jacks 1996; Ghebranious and Done-
hower 1998). Because IRF-1 cooperates with p53 in
regulation of the cell cycle (Tanaka et al. 1996) and both
IRF-1 and p53 are essential to oncogene-induced apopto-
sis (Tanaka et al. 1994a), we were particularly interested
to determine if combined loss-of-function mutations in
the IRF-1 and p53 alleles would affect tumor develop-
ment in any way. That is, if IRF-1 functions only as a
mediator in some of the p53 pathways, we would not

Figure 2. Histological analysis of representative tumors ob-
tained from IRF-1-/~ and IRF-1-/-p53~/~ mice (hematoxylin and
eosin staining). (A) Malignant fibrous histiocytoma-like sar-
coma characteristically found in IRF-1/~ mice. Tumor chiefly
consists of atypical spindle-shaped cells. (B) Angiosarcoma in an
IRF-1/-p53~/~ mouse. Atypical tumor cells surround individual
or groups of erythrocytes and also form neoplastic blood vessels.
(C) Immature teratoma in testis of a male IRF-1~/-p53~/~ mouse.
Tumor consists of immature adenomatous, adipose-like, and
chondroid tissue components. (D) Ganglioneuroblastoma in an
IRF-1/-p53~/~ mouse. The spinal cord (right) is invaded by neu-
ron-like tumor cells with enlarged nuclei and prominent
nucleoli (left). This type of tumor was not observed in singly
null mice. Original magnifications: (A,C,D) 500x; (B) 600x.
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Table 1. Tumors observed in IRF-1"/-/rasH2 and IRE-1*/-/rasH2 mice by 6 months

velopment observed in IRF-17/-

of age 537/~ mice may be due to combina-
Mouse line Organ tion of the loss of tumor suppression
(tumor incidence)* Case Sex Tumor type (no. of sites) by p53 and impairment of the IRF-1-
controlled tumor surveillance sys-
IRF-1"" [rasH2 1 M angiosarcoma skin tem. To test this possibility, we next
(12/27; 44%) sarcoma (NOS)P abdomen (4) generated  IRF-17/"p53~/~ < p537/-
2 M anglosarcoma Skm chimeric mice by aggregation of re-
papilloma skin . .
3 M angiosarcoma skin (2), spleen, spective embryqs (sge MaFenals ‘rfmd
liver Methods for details), in which the im-
4 M angiosarcoma skin (2 munological disorders due to IRF-I
5 M angiosarcoma skin (2) deficiency were no longer detectable
6 M angiosarcoma skin (2) due to the contribution of cells con-
7 M angiosarcoma spleen taining wild-type IRF-1 genes (i.e.,
8 F angiosarcoma skin p53~/~ cells; data not shown). In these
9 F angiosarcoma skin mice, cells more susceptible to tu-
10 F angiosarcoma skin morigenesis could be assessed by ex-
i ; 1}; ziiigzzizgﬁz ili(éiey amination of the genotype of the de-
veloped tumors. PCR was done to
IRF-1*/-/rasH2 1 M papilloma skin confirm [b0% chimerism of the two
(2/30; 7%) 2 M angiosarcoma skin genotypes in peripheral blood leuko-

“Number of tumor-bearing mice/total number of mice. Tumors larger than 5 mm in

diameter were diagnosed as positive.
PNot otherwise specified.

expect superimposition of IRF-1 null mutations to alter
tumor susceptibility of p53~/~ mice. To address these
issues, we generated mice carrying null mutations for
both IRF-1 and p53 alleles (IRF-1~/~p53~/~ mice). Results
showed that whereas only 56% (137/254) of p53~/~ mice
showed tumor development within 200 days, tumor in-
cidence increased to 96% (322/335) in IRF-1"/"p53~/~
mice (Fig. 1A). Furthermore, death due to tumors was
observed at a much earlier age in IRF-17/"p53~/~ mice
(Fig. 1A), and the frequency of multiple tumors in indi-
vidual mice was increased approximately sevenfold (Fig.
1B). Moreover, the spectrum of developed tumors was
also significantly altered in IRF-1~/"p53~/~ mice; the in-
cidence of generalized lymphoma, angiosarcoma, and
immature teratoma were notably increased, whereas
that of thymic lymphoma was decreased (Fig. 1C). It is
noteworthy that the doubly deficient mice developed tu-
mors that were not observed in singly null mice, namely
ganglioneuroblastoma and medulloblastoma (Fig. 1C).
Histopathological data for some of these characteristic
tumors are presented in Figure 2B-D.

Taken together, the early onset of tumorigenesis, in-
creased tumor incidence, enhanced multiplicity, and no-
table alteration of the tumor spectrum in IRF-1-/"p53~/~
mice suggested again that the loss of IRF-1 affects tumor
susceptibility in mice. Moreover, the results suggest that
IRF-1 manifests tumor suppressor activity in vivo
through a mechanism(s) distinct from those for p53; that
is, IRF-1 is not hypostatic to p53 in affecting tumor pre-
disposition.

It has been reported that IRF-1~/~ mice show several
immunological disorders, most notably a severe defect in
the development of NK cells (Ogasawara et al. 1998). It
was therefore conceivable that the accelerated tumor de-
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cytes and tail tissues isolated from
these chimeric mice at a stage before
any tumor development was detect-
able, and Southern blot analysis was
done at sacrifice to confirm this chi-
merism in non-tumor-bearing tissues (data not shown).
As summarized in Table 2, of 12 tumors developed in 10
chimeric mice, 9 were found to originate in IRF-17/~
p53~/~ cells and only 3 in p53~/~ cells. We also compared
tumor incidence between IRF-17/"p53~/~ < wild-type
and p53~/~ & wild-type aggregation chimeric mice. As
expected, IRF-1/"p53~/~ « wild-type chimeric mice de-
veloped more tumors (mostly lymphomas) and died ear-
lier than p53~/~ « wild-type chimeric mice (data not
shown). Thus, IRF-1-/"p537/~ cells appear to be intrinsi-
cally more susceptible to tumorigenesis than p53~/ cells
in vivo, and the enhanced tumor-prone phenotype of
IRF-1"/"p53~/~ mice may be directly attributable to the
profound oncogenic potential of IRF-1-/"p53~/~ cells.
Given that tumors develop from cells that have ac-
quired genetic alterations in critical tumor suppressor
genes and oncogenes, increased susceptibility to muta-
tions is an important factor in tumorigenesis (Strauss
1998). To gain further understanding of the tumor-prone
phenotype of IRF-1/"p53~/~ cells, we next examined the
frequency of mutations induced by DNA-damaging
agents that lead to ouabain resistance (Oua’) in MEFs.
Whereas wild-type and IRF-1/~ MEFs showed no Oua®
colony formation when treated with cisplatin, p53~/-
MEFs formed a significant number of Oua’ colonies. In-
terestingly, the number of Oua* colonies increased ap-
proximately fourfold in IRF-1-/-p53~/~ MEFs (Fig. 3A).
IRF-1"/"p53~/~ MEFs also showed a high frequency of
Oua* colony formation when treated with N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG), a DNA alkylating
mutagen, whereas wild-type and singly null MEFs
showed no significant colony formation (Fig. 3B). Fur-
thermore, whereas p53~/~ MEFs showed sensitivity to
cisplatin in a dose-dependent manner, as reported previ-



Table 2. Origin of tumors observed in IRF-17/p537/~ « p53~/~ chimeric mice

IRF-1 affects tumor susceptibility

ously, further work will be required

to elucidate the mechanism by which

Case Sex Stldr:;sifl Tumor type OGfeglor;ﬁJ; IRF-.l 'deficiengy af'fec’ts tumor sus-
ceptibility, by identifying the critical
1 M 71 thymic lymphoma IRF-17"p537~  target gene(s) of this transcription fac-
2 M 90 thymic lymphoma IRF-17"p537"~  tor.
3 F 95 thymic lymphoma pgg:ﬁ: Efforts have been made to investi-
D e Ty s involvd n tmorsuscep
5 M 08 lipoma IRF-1-p53-/- tibility by anglyzmg their genetic
6 M 110 sarcoma (NOSP) P53~ changes in various human cancers.
7 M 113 angiosarcoma IRF-17/-p53-/- Phenotypes in mice mutated for tu-
8 M 131 angiosarcoma IRF-1-/-p53~/- mor suppressor genes provide further
9 M 153 generalized lymphoma IRF-1""-p53~7- understanding of their roles in tumor
10 M 190 thymic lymphoma IRF-17/-p537~  development in vivo (Jacks 1996;
generalized lymphoma IRF-17"p537~  Ghebranious and Donehower 1998).

2The genotype of each tumor was determined by PCR or Southern blot analysis of the
IRF-1 and p53 alleles as described (Matsuyama et al. 1993; Tsukada et al. 1993).

PNot otherwise specified.

ously (Hawkins et al. 1996), this sensitivity was in-
creased further in the IRF-1/-p53~/~ MEFs (data not
shown). This increase in Oua’ colony numbers by cispla-
tin and MNNG treatment and hypersensitivity to cispla-
tin in IRF-17/-p53~/~ MEFs suggest that IRF-1 may be
involved in DNA repair systems in combination with
p53, such as nucleotide excision repair, base excision
repair, and other repair mechanism by O°-methylgua-
nine-DNA methyltransferase (Tanaka and Wood 1994;
Sekiguchi et al. 1996). However, we found no gross al-
terations in the expression of genes known to be in-
volved in these repair systems by loss of IRF-1 (data not
shown); hence, the mechanism by which IRF1 mediates
regulation of DNA repair remains to be characterized.
The accumulation of genetic alterations can be aug-
mented by inappropriate regulation of apoptosis and cell
growth (Sherr 1996; Evan and Littlewood 1998). In this
context, it is already known that activated IRF-1~/~ T
lymphocytes (splenocytes) are resistant to apoptosis
upon +y-irradiation (Tamura et al. 1995). As expected,
IRF-17/-p53~/~ splenocytes were also resistant to radia-
tion-induced apoptosis, which occurred normally in
p537/~ splenocytes (data not shown). Next we compared
the growth profiles of MEFs among the four genotypes.
MEFs grew better in the absence of p53, but loss of IRF-1
showed no significant effect on growth rate in log phase.
Interestingly, p53~/~ MEFs showed even higher satura-
tion density when IRF-1 was additionally absent (Fig.
3C). Thus, the combined loss of IRF-1 and p53 in MEFs
results in acquisition of abnormal growth capacity, sug-
gesting that the impairment in cell cycle machinery in
p53~/~ MEFs is further affected by the additional loss of
IRF-1. The pl6™*®“a/retinoblastoma (Rb)-linked path-
way has been proposed as a major mechanism of cell
cycle regulation that is distinct from the p53-dependent
pathway (Sherr 1996; Haber 1997). However, the expres-
sion of p16™¥42 CDK4, cyclins D1, D2, and D3, and Rb
proteins in MEFs were not significantly altered by loss of
IRF-1 (H. Nozawa, unpubl.), suggesting that IRF-1 regu-
lates the cell cycle through an as yet unknown mecha-
nism(s) distinct from the p16™%42/Rb pathways. Obvi-

Moreover, multiple loss-of-function
mutations in these genes can facili-
tate tumor development, as demon-
strated through the generation of
mice with compound mutations of genes such as p53,
Rb, ataxia-telangiectasia mutated (atm), and adenoma-
tous polyposis coli (Apc) (Williams et al. 1994; Reitmair
et al. 1996; Westphal et al. 1997). In these cases, how-
ever, mutation in a single gene (heterozygous or homo-
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Figure 3. Cellular abnormalities in IRF-1-/-p53~/~ MEFs. (A,B)
Mutation frequency in MEFs treated with cisplatin (0.05 ng/ml
for 72 hr; A) or MNNG (5 um for 3 hr; B). The numbers of Oua®
colonies/10° MEF cells were plotted. Plating efficiencies of
p53~/~ and IRF-17/"p53~/~ MEFs were similar ((D0%). (C) Rep-
resentative growth curves of MEFs. Cells were plated at a den-
sity of 10° cells/35-mm dish at passage 4, and cell number
counted (bars indicate s.D.). Experiments performed on at least
four clones of each genotype showed the results to be essentially
reproducible. Mean doubling times in log phase for wild-type
and IRF-1-/~ MEFs were similar (66.6 + 39.8 and 56.9 + 18.6 hr,
respectively). p53~/~ and IRF-1-/-p53~/~ MEFs showed similar
growth rates (mean doubling time, 22.9 + 2.5 and 25.0 + 4.3 hr,
respectively). Saturation density of MEFs of each genotype was
11.0+ 2.5 x 10° (wild-type, O), 8.6+ 1.9 x10° (IRF-17/-, @),
26.8 + 4.4 x 10° (p537/, ), and 35.4 = 3.4 x 10° cells (IRF-17/
p537/-, M.
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zygous) induces a cancer-predisposing phenotype (Done-
hower et al. 1992; Jacks et al. 1992; Barlow et al. 1996). In
addition, many of the tumor suppressor genes appear to
be essential for development, as introduction of nullizy-
gosity in these genes causes embryonic lethality (Jacks
1996; Ghebranious and Donehower 1998). In contrast,
the loss of IRF-1 per se does not have an immediate vis-
ible effect on tumor development in vivo. Rather, its
effect becomes apparent when combined with other ge-
netic abnormalities. It has been demonstrated that a tu-
mor modifier, Mom1, affects the susceptibility of intes-
tinal tumors in mice carrying the Apc™™ mutation (Di-
etrich et al. 1993; Gould and Dove 1997); whereas loss of
IRF-1 increases tumor incidence of many organs in mice
carrying the c-Ha-ras transgene or nullizygosity for p53.
In this context IRF-1 may belong to a new class of tumor
susceptibility gene. Given that the risk of tumor inci-
dence is increased significantly when IRF-1 is function-
ally inactivated in combination with other genetic alter-
ations, it is conceivable that the loss of IRF-1 may also be
involved in the process of development of human can-
cers.

Materials and methods

Generation of mutant mice

To generate IRF-1/~ mice carrying human c-Ha-ras transgenes, IRF-1-/~
mice (Matsuyama et al. 1993) were mated with rasH2 mice (Saitoh et al.
1990) to produce IRF-1-null (IRF-17/~/rasH2) or heterozygous (IRF-1*/~/
rasH2) mice carrying ras transgenes.

Murine IRF-1 and p53 genes are both located on chromosome 11 (Rot-
ter et al. 1984; Buckwalter et al. 1992). To generate IRF-1-/"p53~/~ mice,
IRF-1-/~ mice and p53~/~ mice (Tsukada et al. 1993) were crossed, and
offspring were mated with C57BL/6 mice to obtain mice carrying a chro-
mosome 11 containing both the targeted IRF-1 and p53 loci in cis-con-
figuration by meiotic recombination. Heterozygous animals were inbred
to obtain mice homozygous for the null IRF-1 and p53 alleles. Wild-type,
IRF-17/~ and p53~/~ mice of the same background were used for compari-
sons.

Generation of chimeric mice

Aggregation chimeric mice were produced according to methods de-
scribed elsewhere (Nagy and Rossant 1993). Briefly, eight-cell stage em-
bryos derived from IRF-17/-p537/-, p53~/~ and wild-type mice cryopre-
served by the vitrification method were collected and the zonae pelluci-
dae was removed by acid Tyrode’s solution. To generate IRF-1-/"p53~/~
« p537/~ chimeric mice, IRF-17/"p537/~ and p53~/~ embryos were aggre-
gated at a ratio of 1:1 and at the blastocyst stage transferred into the uteri
of pseudopregnant recipients. Similarly, IRF-1-/-p53~/ « wild-type and
537/~ o wild-type chimeric mice were generated by aggregation of IRF-
17/-p537/~ and wild-type embryos, and p53~/~ and wild-type embryos,
respectively.

Histology
Tissue specimens were fixed in 10% buffered formalin, blocked in par-
affin, sectioned at 4 um, and stained with hematoxylin and eosin.

Cell culture and cell proliferation assay

Primary MEFs were isolated from embryos at 12-14 days of gestation and
maintained as described previously (Tanaka et al. 1994a). MEFs were
plated on 35-mm dishes at passage 4 (1 x 10° cells per dish) and cultured.
Saturation density was determined as the maximum cell number during
3 weeks of culture.

Mutation frequencies of MEFs treated with mutagens

MEFs were treated continuously with 0.05 pg/ml cisplatin (Sigma, St.
Louis, MO) for 72 hr, or 5 pm MNNG (Sigma), for 3 hr and incubated in
mutagen-free medium for 6 days. Cells (1 x 10°) were then replated on
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100-mm dishes and cultured in DMEM supplemented with 10% FCS
containing 3 mm ouabain (Sigma) for 8 weeks.
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