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Host defense consists of two main aspects, namely, immune
response to invading pathogens and suppression of tumor devel-
opment. A family of transcription factors, IFN regulatory factors
(IRFs), has recently gained much attention in terms of its critical role
in linking these two aspects of host defense, wherein IRF5 was
previously shown to play a critical role in the induction of proin-
flammatory cytokines by activation of Toll-like receptors. In the
present study, using IRF5 gene-targeted mice (Irf5�/� mice), we
demonstrate another facet of the IRF5 function in the regulation of
immune response and tumor suppression. We show that IRF5 is
critical for antiviral immunity by showing that Irf5�/� mice are
highly vulnerable to viral infections, accompanied by a decrease in
type I IFN induction in the sera. Furthermore, we show that Irf5�/�

fibroblasts are resistant to apoptosis upon viral infection, resulting
in an enhanced viral propagation. Finally, we provide evidence that
IRF5 is critical for the induction of apoptosis, but not in cell cycle
arrest, in response to DNA damage and that IRF5 functions as a
tumor suppressor by acting on a pathway that may be distinct from
that for p53. These results, together with the dual regulation of
IRF5 gene expression by IFN signaling and p53, may provide a new
link in the transcriptional network underlying antiviral immunity
and tumor suppression.

apoptosis � IRF � p53

An efficient and regulated cellular response is central to host
defense, and it is coordinated by a genetic regulatory

network in which a given transcription factor controls the
expression of a set of diverse target genes depending on the cell
type and/or the nature of cellular stimuli. Signaling in the
immune system elicited by infection with viruses or bacteria
usually leads to the production of type I IFN and inflammatory
cytokines, resulting in the elimination of these pathogens (1, 2).
Yet another important aspect of immune signal is the induction
of apoptosis, which may be termed an altruistic suicide, which
inhibits the further spread of infectious pathogens (3). This
apoptotic response is highly similar to the response to genotoxic
agents, such as ionizing radiation and certain anticancer drugs,
which also induce cellular apoptosis, that is, one of the hallmarks
of tumor suppression (4, 5). Indeed, recent studies have ex-
panded the concept of a close relationship between the immune
signaling system and oncogenesis (6, 7).

IFN regulatory factor (IRF) family members have been im-
plicated as critical transcription factors that sense various envi-
ronmental stresses and induce various genes required for an
adequate cellular response (8–12). The first family member to be
characterized was IRF1, which plays a critical role in the
induction of both antiviral immunity and apoptosis of cells
exposed to DNA-damaging agents (13, 14). Indeed, IRF1 co-
operates with the tumor suppressor p53 to induce cell cycle arrest
through the induction of p21WAF1/Cip1, and IRF1 induces apo-
ptosis of cells expressing an oncogene. In addition, IRF8 (also
known as the IFN consensus sequence binding protein; ICSBP)
is critical to the induction of IL-12 in response to microbial

infections, and it also contributes to suppression of cell trans-
formation in hematopoietic cells (15).

IRF5 is an essential transcription factor that acts downstream
of Toll-like receptors (TLRs), where IRF5 directly interacts with
MyD88, an essential adaptor of TLRs, and regulates the TLR-
dependent induction of proinflammatory cytokines, such as IL-6
and IL-12 (9). Several studies, employing overexpression or
RNA interference assays using cultured cell lines, have suggested
that IRF5 plays a role in inducing antiviral responses (16) as well
as stress-induced cell cycle arrest and apoptosis (17–19); how-
ever, it remains to be determined in detail how these responses
are affected in primary cells carrying a null mutation in the Irf5
alleles.

In this study we first examined the role of IRF5 in viral
infection using gene-targeting mice. We show that Irf5�/� mice
are highly vulnerable to viral infections. Virus-infected Irf5�/�

mice exhibited a significant decrease in the induction levels of
serum type I IFN and IL-6, and the virus-mediated induction of
these cytokines was also partially impaired in Irf5�/� macro-
phages in vitro. Interestingly, mouse embryonic fibroblasts
(MEFs) from Irf5�/� mice showed normal type I IFN production
by these viruses, but they did not readily undergo virus-induced
apoptosis, allowing a more efficient virus replication than WT
MEFs. We also rigorously examined the role of IRF5 in cell cycle
arrest and apoptosis of MEFs and adduce evidence that IRF5 is
critical to the induction of apoptosis, but not cell cycle arrest, in
response to DNA damage. Furthermore, we demonstrate a
tumor-suppression activity of IRF5 via a pathway that is pre-
sumably distinct from that of p53. We will discuss our results,
along with those previously reported by others, in the light of the
complexities of the transcriptional network underlying the im-
mune and antioncogenic responses induced by IRF5 and p53.

Results
IRF5 Is Essential for the Host Defense Against Viral Infection. We first
examined whether IRF5 is involved in host defense against
infections by DNA and RNA viruses. WT and Irf5�/� mice were
infected with vesicular stomatitis virus (VSV) or herpes simplex
virus type 1 (HSV-1), and the survival of these mice was
monitored daily. As shown in Fig. 1a, Irf5�/� mice showed a
much higher vulnerability than WT mice to VSV and HSV-1
infections: 0% and 33% of Irf5�/� mice survived, whereas 67%
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and 83% of WT mice survived 14 days after VSV and HSV-1
infections, respectively. We also analyzed the induction levels of
IFN-�, IFN-�, and IL-6 by ELISA. As shown in Fig. 1b, Irf5�/�

mice showed a significant decrease in IFN-� induction level
compared with WT mice and, although not as pronounced as
IFN-�, significant decreases in IFN-� and IL-6 induction in the
sera at 3 h or 12 h after infection.

Because IRF5 is expressed at high levels in splenocytes (9, 20),
we next purified CD11b� splenic macrophages from WT and
Irf5�/� mice and examined IFN-�, IFN-�, and IL-6 production
in response to viral infections by ELISA. The production of these
cytokines by macrophages infected with VSV or HSV-1 was
markedly decreased in Irf5�/� cells compared with WT cells (Fig.
1c). Interestingly, when the same experiment was carried out by
using MEFs, we observed an essentially normal production of
these cytokines in the Irf5�/� background, despite the efficient
nuclear translocation of IRF5 in virus-infected MEFs [Fig. 1d
and supporting information (SI) Fig. 6 a and b]. Therefore, it
appears that the contribution of IRF5 to type I IFN and IL-6
production is cell-type-dependent, where IRF5 participates in
cytokine induction in cells such as macrophages that express
IRF5 at higher levels than MEFs. Taking together the above and
previous results, the serum type I IFN level in virus-infected
mice is largely if not entirely dependent on hematopoietic cells
(see Discussion).

IRF5-Dependent Apoptosis of Virus-Infected Cells. Does the decrease
in serum type I IFN induction level in the virus-infected Irf5�/�

mice totally account for their vulnerability? To further assess the
role of IRF5 in antiviral immunity, we infected Irf5�/� MEFs
with VSV or HSV-1, and virus titer was monitored in the
supernatant of infected cells. We observed that the virus titer
was markedly higher in the Irf5�/� MEFs than in WT MEFs (Fig.
2a). Interestingly, when we determined the number of viable
cells by crystal violet staining, we found that Irf5�/� MEFs were
more resistant to cell death upon infection with VSV or HSV-1
than WT MEFs (Fig. 2b). WT MEFs infected with VSV
eventually underwent apoptosis as revealed by annexin V stain-
ing, and this apoptotic response was markedly suppressed in
Irf5�/� MEFs (Fig. 2 c and d). On the other hand, the virus-
induced apoptosis of Irf3�/� MEFs was similar to that of MEFs
from a littermate WT mouse (Fig. 2c). These results indicate that
IRF5, not IRF3, plays a critical role in the induction of apoptosis
of MEFs in response to viral infections and suggest that this
function of IRF5, at least in part, accounts for the vulnerability
of Irf5�/� mice to viruses, as shown in Fig. 1a.

The induction of type I IFN and IL-6 in MEFs against VSV
infection is mediated by retinoic acid-inducible gene I (RIG-I),
an essential molecule that senses intracellular virus-derived
RNA and evokes antiviral responses (21, 22). Thus, it was of
interest to examine the role of RIG-I in virus-induced apoptosis,
that is, whether the activation of IRF5 by VSV for the induction
of apoptosis depends on the RIG-I pathway. Interestingly, Ddx58
(RIG-I gene)-deficient MEFs exhibited the apoptotic response
similar to those from a heterozygous littermate mouse on VSV
infection (Fig. 2c). Thus, IRF5 may be activated by a RIG-I-
independent pathway for the induction of apoptosis.

IL-6 levels were measured by ELISA. Each point represents an individual mouse.

*, P � 0.05; **, P � 0.005. (c) CD11b� splenic macrophages from WT and Irf5�/�

mice were infected with VSV or HSV-1 at the indicated multiplicity of infection
(M.O.I.) for 24 h. Cytokine concentrations in the supernatants were measured
by ELISA. (d) WT and Irf5�/� MEFs were infected with VSV or HSV-1 for 24 h.
Cytokine concentrations were measured by ELISA. Results shown are the
means � SD of triplicate determinations for c and d.

a

b

c

d

Fig. 1. Role of IRF5 in the host defense against viral infections. (a) WT and
Irf5�/� mice (six mice per group) were infected with VSV (Left) or HSV-1 (Right).
The survival of these mice was monitored daily for 14 days. (b) Sera from each
mouse in a were collected at 3 and 12 h after infection, and IFN-�, IFN-�, and
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Role of IRF5 in Cell Cycle Arrest and Apoptosis in Response to
Genotoxic Stresses. The balance between cell cycle arrest and
apoptosis is critical to the host’s ability to eliminate cancerous
cells, while saving the normal cells. IRF5 has been implicated in
the induction of cell cycle arrest and apoptosis in response to
genotoxic stresses (17–19). Indeed, IRF5 undergoes nuclear
translocation upon DNA damage (ref. 17 and our unpublished
data). This finding, together with the above results, prompted us
to examine in detail whether IRF5 also contributes to DNA-
damage-induced cell cycle arrest and apoptosis. Irf5�/� MEFs
were subjected to ionizing irradiation or treated with adriamycin
and subjected to cell cycle analysis; WT MEFs and MEFs
deficient in the p53 gene (Trp53�/� MEFs) were treated simi-
larly. In contrast to Trp53�/� MEFs, which showed a low G0/G1

rate (29% upon ionizing irradiation; 13% upon adriamycin
treatment), WT and Irf5�/� MEFs were substantially arrested in
the G0/G1 phase of the cell cycle after irradiation or adriamycin
treatment (Fig. 3a). These results indicate that IRF5 is dispens-

able for DNA-damage-induced cell cycle arrest at least in these
experimental settings. Consistently, a normal induction of
p21WAF1/Cip1 mRNA was observed in Irf5�/� MEFs upon ioniz-
ing irradiation, collectively indicating a dissociation of the IRF5
function from that of p53 (Fig. 3b).

To examine the role of IRF5 in the regulation of oncogenesis,
we next induced DNA damage in WT or Irf5�/� MEFs express-
ing the activated oncogene Ha-ras by x-ray irradiation: it has
been reported that the expression of an activated oncogene can
sensitize cells to undergo apoptosis in response to DNA damage,

a

b

d

c

Fig. 2. IRF5 is required for apoptotic response against viral infections. (a) A
total of 1 � 105 WT (open bars) and Irf5�/� (filled bars) MEFs were infected with
VSV or HSV-1 (multiplicity of infection of 1) for 24 h, and virus titers of the
supernatant were determined. Results shown are the means � SD of triplicate
determinations. (b) WT (open circles) and Irf5�/� (filled circles) MEFs were
infected with serially diluted VSV or HSV for 36 h. After infection, cells were
fixed and their viability was evaluated by crystal violet staining. (c and d) WT
and mutant MEFs were left untreated or were infected with serially diluted
VSV for 24 h, and apoptotic responses were monitored by annexin V and
propidium iodide staining. The percentages of propidium iodide-negative
and annexin V-positive cells are shown in c. One representative example of
three for each group is shown. A representative histogram of annexin V
binding of VSV-infected WT or Irf5�/� MEFs (gated on PI-negative cells) is
shown in d.
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c
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Fig. 3. Role of IRF5 in DNA damage-induced apoptosis. (a) WT, Irf5�/�, and
Trp53�/� MEFs were left untreated (Top), �-irradiated (5 Gy; Middle), or
treated with 0.5 �g/ml adriamycin (Bottom) for 24 h, and then the cells were
stained with PI and analyzed by flow cytometry to measure DNA content. (b)
The steady-state mRNA levels of p21WAF1/Cip1 were measured by RNA blotting
in WT and mutant MEFs after irradiation or adriamycin treatment. (c) WT and
mutant MEFs expressing activated Ha-ras were �-irradiated (20 Gy). After 48 h,
the percentage of annexin V-FITC-positive cells was determined by flow
cytometry. One representative example of three is shown.
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one of the hallmarks of tumor suppression (23, 24). As shown in
Fig. 3c, Ha-ras-expressing Irf5�/� MEFs did not readily undergo
apoptosis (14% annexin V�), whereas a substantial number of
WT MEFs expressing the same oncogene undergo apoptosis
(38% annexin V�). The resistance of Irf5�/� MEFs to apoptosis
is similar to that of Trp53�/� MEFs (9% annexin V�) (Fig. 3c).
Thus, on the basis of these findings, both IRF5 and p53 are
required to induce apoptosis in oncogene-expressing cells in
response to DNA damage.

IRF5 Deficiency Predisposes Cells to Tumorigenic Transformation. The
above findings prompted us to examine the transforming and
tumorigenic properties of Ha-ras-expressing Irf5�/� MEFs and
Trp53�/� MEFs. As shown in Fig. 4a, Irf5�/� MEFs formed many
colonies in methylcellulose gel almost as efficiently as Trp53�/�

MEFs, whereas WT MEFs formed few colonies (Fig. 4a Left). It
may be worth noting that, under the same culture conditions,
both mutant MEFs formed a notable number of colonies without
Ha-ras expression (Fig. 4a Right). Furthermore, when Ha-ras-
expressing Irf5�/� MEFs were injected s.c. into nude mice,
tumors developed within 2 weeks (Fig. 4b and Table 1). In
contrast, WT MEFs showed no such property, even though the
Ha-ras gene was expressed at similar levels (data not shown).
Thus, the loss of IRF5 function predisposes primary fibroblasts
to an oncogene-induced transformation.

Induction of IRF5 and Proapoptotic Genes. It has been reported that
IRF5 is induced by viral infections or p53 activation (19, 25). As
shown in Fig. 5a, the IRF5 mRNA induction by VSV is normal
in Trp53�/� MEFs, but is completely abrogated in MEFs from
mice deficient in IFNAR1 (Ifnar1�/� MEFs), a component of the
type I IFN receptor complex. These data indicate that the
virus-dependent IRF5 gene induction depends on the type I IFN
signal but not on p53. Conversely, IRF5 mRNA induction by
DNA damage induced by x-ray or adriamycin is p53-dependent
but IFN-independent (Fig. 5a). Thus, IRF5 expression is under
dual, mutually independent, control mechanisms, so as to evoke
immune and antitumor responses of a cell.

In view of the fact that the p53-dependent apoptosis is
mediated, at least in part, by the induction of proapoptotic genes
such as Noxa and Puma (26–28) and that the IRF5 gene is
up-regulated by p53, we examined whether these proapoptotic
genes are also regulated by IRF5. As shown in Fig. 5b, RNA

blotting revealed that all these genes were normally induced in
response to x-ray irradiation. These findings suggest that IRF5
regulates proapoptotic gene(s) other than the above-mentioned
genes to induce apoptotic response to DNA damage.

Discussion
The IRF family of transcription factors has gained much atten-
tion for its contribution to the regulation of the immune system
and oncogenesis (8, 9, 11–15). Thus far, little is known about the
function of IRF5 of this family, although it has gained much
attention in the context of the TLR-mediated gene induction
program (9, 29). Our present study using gene-targeted mice
clearly revealed the function of IRF5 beyond the context of TLR
signaling, namely, its cell-type-dependent contribution to type I
IFN induction and apoptosis in response to viral infection or
DNA damage. On the basis of the present findings, one may infer
the following events: IRF5 is transcriptionally induced by viral
infection through type I IFN signaling or by DNA damage
through activated p53; and then, induced IRF5 is activated by an
as yet unknown TLR-independent mechanism presumably in the
cytoplasm and translocates to the nucleus to induce type I IFN
and proapoptotic gene(s).

IRF5 plays a critical role in the induction of type I IFN and
IL-6 in response to viral infections, particularly in hematopoietic
cells, in which IRF5 is expressed at high levels. Because virus-
mediated type I IFN induction is entirely dependent on IRF7
(11, 30), we infer that activated IRF5 might form a heterodimer
with IRF7 to act on type I IFN promoters. However, we cannot
rule out an indirect effect of IRF5, and this issue needs to be
clarified. Considering the finding that RIG-I and a serine
threonine kinase, Tank-binding kinase 1 (TBK1), are essential
for the type I IFN gene induction against VSV infection (22),
IRF5 may be activated by RIG-I and TBK1. Indeed, our
preliminary data showed that IRF5 may be modified and de-
tected as a shifted band by immunoblot analysis using lysate from
cells cotransfected with TBK1 and IRF5. Interestingly, however,
VSV-mediated apoptosis is induced independent of RIG-I (Fig.
2c), indicating that IRF5 might also be activated by a RIG-I-
independent signaling pathway. Although further careful anal-
ysis is required to gain further insight into IRF5-dependent
apoptosis, we infer that this RIG-I-independent pathway, pos-
sibly via ataxia-telangiectasia mutated (ATM)/ATM- and Rad3-
related (ATR) pathways, might involve an as yet unidentified

a 

b 

Fig. 4. Tumorigenic transformation caused by IRF5 deficiency. (a) WT,
Irf5�/�, and Trp53�/� MEFs expressing activated Ha-ras were seeded on soft
agar and incubated for 3 weeks. The number of colonies was counted. Results
shown are the means � SD of triplicate determinations. (b) WT and mutant
MEFs expressing activated Ha-ras were injected s.c. into BALB/c nude mice.
Tumor sizes were evaluated 4 weeks after injection. Two representative mice
from each sample are shown.

Table 1. Tumorigenicity in nude mice

Genotype
Tumor size

(length � width � height), mm

WT ND
ND
ND
ND
ND
ND

Irf5�/� 8� 8� 1
12� 9� 1
12� 5� 1
10� 7� 1
9� 9� 4
8� 8� 4

Trp53�/� 23�18�16
28�24�15
25�14�13

WT, IRF5�/�, and Trp53�/� MEFs were infected with pGDV12ras retrovirus.
Two days after infection, 1 � 106 MEFs were injected s.c. to nude mice to test
the tumorigenicity of the cells. Tumor size was determined by caliper mea-
surements after 4 weeks of injection. ND, not detected.
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sensing system activated by severe cellular stresses caused by
viral infections. This notion may corroborate with the reports
that genotoxic stresses induce the activation of p53 via ATM/
ATR and that the virus-activated p53 is also critical to antiviral
host defense (3).

It is well documented that when cells are exposed to genotoxic
stress, a choice between two major fates, life or death, is made
(4, 5). As this decision is crucial, many regulatory mechanisms
are in place to ensure an appropriate choice. The survival
response is coupled to the induction of cell cycle arrest at
checkpoints in different phases of the cell cycle (4, 5). This
permits DNA repair, which may be associated with the induction

of genes promoting cell survival. In contrast, the induction of
distinct molecular events that culminate in the activation of
common cell death pathways mediates cell death (4, 5). The final
outcome is probably determined by the type and amount of
damage to the genome. The tumor suppressor p53, activated in
response to DNA damage, induces both of these cellular re-
sponses. Therefore, a key question is how do cells regulate the
balance of p53 activities to ensure that healthy cells survive and
genetically damaged cells that might lead to tumor formation are
eliminated. IRF5 is transcriptionally induced through the acti-
vation of p53, and indeed Irf5�/� cells showed a similar pheno-
type to Trp53�/� cells, indicating that IRF5 is essential to the
apoptotic response. In contrast, unlike previous reports (17, 19),
our findings indicate that the induction of the p21WAF1/Cip1 gene
and the induction of cell cycle arrest normally occur in Irf5�/�

cells. Therefore, although IRF5 is one of the target genes of p53,
it seems to be selectively involved in apoptosis but not in cell
cycle arrest. We therefore infer that IRF5 is a key member of the
molecular switch that evokes either cell cycle arrest or apoptosis.
Furthermore, the induction of the known p53-dependent proapo-
ptotic genes is normally observed in the absence of IRF5 (Fig.
5b), suggesting the presence of an as yet unknown gene activation
program for apoptosis mediated by IRF5. Finally, in the light of
our present and previous findings, it will be of great interest to
examine the status of the IRF5 gene and its expression in human
cancers as well as immunodeficiencies.

Materials and Methods
Mice and Cell Culture. The generation of Irf3�/�, Irf5�/�, and
Trp53�/� mice was described previously (3, 9, 30). Ifnar1�/� mice
were purchased from B & K Universal Group, and BALB/c nude
mice were from CLEA Japan (Osaka, Japan). MEFs were
prepared following a standard procedure. Ddx58-deficient
MEFs were kindly provided by O. Takeuchi and S. Akira (Osaka
University, Osaka, Japan). Splenic CD11b� cells were collected
by using CD11b MicroBeads and a MACS column (Miltenyi
Biotec, Bergisch Gladbach, Germany).

Viral Infections. VSV and HSV-1 were prepared as described
previously (30). Mice were intravenously infected with 1 � 108

pfu of VSV or 1 � 107 pfu of HSV-1, and blood was collected
at 3 and 12 h after infection. Levels of IFN-�, IFN-�, and IL-6
were monitored by commercial ELISA kits according to the
manufacturer’s instructions (ELISA kits for IFN-� and IFN-�
were from PBL Biomedical Laboratories, Piscataway, NJ, and a
kit for IL-6 was from R&D Systems, Minneapolis, MN). The t
test was used for statistical analysis. For in vitro infection,
cultured cells were infected with serially diluted VSV or HSV-1
for the indicated time periods. Virus titers in the supernatants
were determined by standard plaque assay, and cell viability was
assessed by crystal violet staining as described previously (3).

RNA Analysis. RNA extraction, RT-PCR, and RNA blot analysis
were performed as described previously (3). Quantitative real-
time RT-PCR analysis was performed by using a LightCycler and
SYBRGreen system (Roche, Indianapolis, IN). Data were
normalized by the level of G3PDH expression in each sample.
The following oligonucleotide primers were used: G3PDH,
5�-CTCATGACCACAGTCCATGC-3� and 5�-CACATTGGG-
GGTAGGAACAC-3�; IRF5, 5�-TAGAGGCTACCCAGGAG-
CAA-3� and 5�-GCCCACTCCAGAACACCTTA-3�. For RNA
blot analysis, equal amounts of total RNA (5 �g) were loaded in
each lane. Probes for Noxa, Puma, and p21WAF1/Cip1 were
previously described (3). Signal quantification was done by using
NIH image software.

Apoptosis Assay and Cell Cycle Analysis. Cells were subjected to
�-radiation (20 Gy) or treated with adriamycin (0.5 �g/ml;

a

b

P
N

Fig. 5. Normal induction of Noxa and Puma in Irf5�/� cells. (a) WT, Ifnar1�/�,
and Trp53�/� MEFs were left untreated, infected with VSV (multiplicity of
infection of 1), �-irradiated (20 Gy), or treated with 0.5 �g/ml adriamycin for
the indicated time periods. The induction of IRF5 mRNA was analyzed by
quantitative real-time RT-PCR. (b) WT and mutant MEFs were �-irradiated for
the indicated periods. Noxa and Puma mRNA levels were determined by RNA
blotting.
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Sigma, St. Louis, MO). After a 24-h incubation, cells were
stained with annexin V coupled to fluorescein isothiocyanate
(MBL, Nagoya, Japan) and propidium iodide (PI) (2 �g/ml) in
accordance with the manufacturer’s instructions. Analysis was
performed with a FACSCalibur (BD Biosciences, San Jose, CA).
Cell cycle analysis was performed by using the CycleTEST PLUS
DNA Reagent Kit according to the manufacturer’s instructions
(BD Biosciences).

Transformation Assay. The expression of activated Ha-ras was
mediated by retroviral gene transfer, wherein the pGDV12ras
was used as described previously (3). MEFs expressing activated
Ha-ras were seeded into 60-mm dishes at 1 � 105 cells per dish
in a suspension of 1.3% methylcellulose gel dissolved in DMEM

supplemented with 10% FCS on top of a bed composed of 0.53%
agarose in the same culture medium. The number of colonies
formed was determined 3 weeks after seeding. For the tumor-
igenicity assay, 1 � 106 MEFs expressing activated Ha-ras were
injected s.c. in the flanks of 6-week-old BALB/c nude mice.
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