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Abstract

IFNs have been ascribed to mediate antitumor effects. IFN
regulatory factor-1 (IRF-1) is a major target gene of IFNs. It
inhibits cell proliferation and oncogenic transformation. Here,
we show that 60% of all mRNAs deregulated by oncogenic
transformation mediated by c-myc and H-ras are reverted to
the expression levels of nontransformed cells by IRF-1. These
include cell cycle–regulating genes. An indirect target is cyclin
D1. Activation of IRF-1 decreased cyclin D1 expression and
cyclin-dependent kinase 4 kinase activity concomitant with
change in the levels of hyperphosphorylated retinoblastoma
protein. These effects are mediated by inhibition of the
mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase pathway and a transcriptional repression of
cyclin D1. As shown by in vitro assays and tumor growth in nude
mice, IRF-1–mediated effects on cell cycle progression were
found to be overridden by ectopic expression of cyclin D1.
Conversely, decrease of cyclin D1 by RNA interference experi-
ments prevents transformation and tumor growth. The data
show that cyclin D1 is a key target for IRF-1–mediated tumor-
suppressive effects. [Cancer Res 2007;67(7):2972–81]

Introduction

IFN regulatory factors (IRF) are a family of transcription factors
whose activity is implicated in a wide variety of biological processes
including growth regulation, pathogen responses, immune activa-
tion, and inflammation (1, 2). IRF-1 is a transcriptional activator that
binds to specific DNA sequences in promoters of genes that exert
multiple effects, including cell growth inhibition (3, 4).
Interestingly, IRF-1–mediated inhibition of proliferation is much

stronger in oncogenically transformed cells than in nontrans-
formed cells. The inhibition of transformation by different
oncogenes and the growth-suppressive effects in different kinds
of cancer cells suggest that a key pathway is targeted by IRF-1 (5, 6).
IRF-1 has been identified as a tumor suppressor. It is lost,

mutated, or rearranged in several cancers including hematopoietic,
gastric, and breast cancers (7, 8). Consistent with its role as a tumor
suppressor, it was previously shown that a variety of transformed
cell types respond to forced expression of IRF-1 by inhibition of cell
proliferation and reversion of the transformed phenotype (9). IRF-1
suppresses tumor growth by two mechanisms: an intrinsic effect

and an enhanced immune cell recognition of the tumor (6, 10–12).
However, loss of IRF-1 expression is not associated with increased
rates of spontaneous tumor development in mice (13).
To resolve the mechanism by which IRF-1 inhibits oncogenic

transformation, we created a cell line in which the expression of
two cooperating oncogenes (c-myc and c-H-ras) can be transcrip-
tionally regulated by doxycycline. Depending on the presence of
doxycycline, these cells behave normal or oncogenically trans-
formed. In these cells, IRF-1 is expressed as a h-estradiol–
activatable IRF-1hER fusion protein. After IRF-1 activation, the
oncogene-mediated acceleration of the cell cycle is reverted. A
complete IRF-1–mediated reversion of the oncogenic phenotype is
observed in soft agar growth assays, and inhibition of tumor
growth is observed in nude mice as long as IRF-1 is active (6).
To identify the target genes of IRF-1 action, we used microarray

analysis. Our data revealed that IRF-1 reverts 60% of all genes that
are deregulated by the myc/ras–mediated transformation. Activa-
tion of IRF-1 resulted in a decreased expression of the central G1-S
phase regulator cyclin D1. This effect is mediated by inhibition of
the upstream mitogen-activated protein kinase (MAPK) kinase/
extracellular signal-regulated kinase (ERK) pathway. IRF-1–medi-
ated effects on cell cycle progression were found to be eliminated
by ectopic expression of cyclin D1. Consistent with this, decrease of
cyclin D1 expression by RNA interference (RNAi) experiments
prevents transformation by myc/ras expression, showing that
cyclin D1 is the key to myc/ras–mediated transformation. Our
findings show that IRF-1 mediates its tumor-suppressive effects by
inhibiting oncogene-induced cyclin D1 expression.

Materials and Methods

Plasmids. Constructions were carried out by standard procedures (14).
The constitutive expression vector for IRF-1-hER and the bicistronic construct

for tetracycline-regulatable c-myc and H-ras expression (pHBTMR) was
described earlier (6). pBabe-cyclin D1 was provided by B. Law (Vanderbilt

University School of Medicine, Nashville, TN). Cyclin D1 promoter luciferase

plasmid (�1745D1-luc) was obtained from R.G. Pestell (Thomas Jefferson,

University, Philadelphia, PA). The constitutive expression vector for Renilla
luciferase pBCRluc has been previously described (15). pSuperCd1a was

obtained from M.F. Olson (The Beatson Institute for Cancer Research,

Glasgow, United Kingdom) (16). Lentiviral plasmids pHR-SIN-SR and dcH1-

GL4-SR for shRNA delivery were kindly provided by M. Scherr (Hannover
Medical School, Hannover, Germany) (17). For generating dcH1-cd1a-SR, the

H1-shRNA cassette from pSuperCd1a was released from pSuperCd1a plasmid

by digestion with SmaI and HincII, and the resulting fragment was

subsequently blunt-end ligated into the SnaBI site of pHR¶-SIN-SR.
Cells and cell culture. The pHBTMR plasmid and the IRF-1 fusion

protein encoding plasmid were stably engineered into NIH3T3 cells (myc/

rasNIH3T3IH; refs. 6, 9). Cells were grown in DMEM (Sigma, Taufkirchen,
Germany) plus 10% of estrogen-free FCS, antibiotics, glutamine, and

doxycycline (2 mg/mL; Sigma) as indicated, IRF-1hER fusion protein was

activated by h-estradiol (1 Amol/L; Merck, Darmstadt, Germany). For
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generation of stable cell lines, DNA was transfected using calcium-
phosphate coprecipitation.

DNA microarray hybridization and data analysis. Total RNA was

isolated from cells of two independent experiments by using TRIZOL

(Invitrogen, Karlsruhe, Germany). The quality and integrity of the total RNA
were confirmed by using the Agilent Technologies 2100 Bioanalyzer (Agilent

Technologies, Palo Alto, CA). Biotin-labeled target synthesis was done by the

manufacturer (Affymetrix, Memphis TN). About 12.5 Ag of each biotinylated
cRNA preparation were fragmented and placed in a hybridization cocktail
that contained four biotinylated hybridization controls (BioB, BioC, BioD,

and Cre) as recommended by the manufacturer. All samples were

hybridized to the same lot of Affymetrix MGU74A for 16 h. The GeneChips

were washed, stained with streptavidin-phycoerythrin, and read by using an
Affymetrix GeneChip fluidic station and scanner.

Analysis of microarray data was done by using the Affymetrix Microarray

Suite 5.0, Affymetrix MicroDB 3.0, and Affymetrix Data Mining Tool 3.0. For
normalization, all array experiments were scaled to a target intensity of 150.

Filtering of the results was done as follows: genes were considered as

regulated when their fold change is z1.5 or less than or equal �1.5; the
statistical variable for a significant expression level of each duplicate is
>0.95. Original data files for all three arrays were uploaded in MIAME format

for expression arrays at GEO accession no GSE 6505. Additionally, the signal

difference of a certain gene should be >50. The cluster analysis was done

with the TIGR Multiple Experiment Viewer (18). The signals were
normalized before clustering. Experiments were clustered into a hierarchi-

cal tree that uses the Euclidean distance measurement and average linkage

algorithm. Genes were clustered by using k-means algorithm with
Euclidean distance measurement.

Preparation of recombinant lentiviral supernatants and lentiviral
transduction. VSV.G-pseudo-typed lentiviral particles were generated by
calcium phosphate cotransfection of 293T cells. Lentiviral preparations were
titered in triplicate by serial dilutions of 4 � 104 NIH3T3 cells in 24-well

plates. The proportion of RFP-positive cells was determined 48 h after

transduction by fluorescence-activated cell sorting (FACS) analysis (Becton

Dickinson, Heidelberg, Germany). Lentiviral supernatants were used to
transduce myc/rasNIH3T3IH cells. Cells were incubated for 16 h with the

lentiviral supernatants and 2 Ag/mL polybrene. Infected RFP-positive cells
were isolated by FACS (Becton Dickinson).
Transfection and dual luciferase assay. �1745D1-luc were transfected

using Metafectene (Biontex, Martinsried, Germany) together with pBCRluc.

A total of 1 Ag DNA was transfected. Forty-eight hours after transfection,
cell lysates were prepared, and the activities of firefly and Renilla luciferase
were assayed using the Dual Luciferase kit (Promega, Madison, WI). Signals

were normalized for transfection efficiency to the internal Renilla luciferase

controls. All experiments were done at a minimum of three times before

calculating mean and SD as shown in the figures.
Colony formation assay. Anchorage-independent growth capacity was

determined by assessing the colony formation efficiency of cells suspended

in soft agar. Cells (1 � 103) were seeded in 50 AL of 0.3% overlay agar in

microtiter plates coated with 50 AL of 0.6% underlay agar. The induction

medium was added to the top (50 AL per well). Colonies were counted 1 to 3
weeks after plating. Mean values of triplicates were plotted.

Western blot analysis and antibodies. Western blot analysis was

accomplished according to standard procedures using enhanced chemilu-

minescence detection (Amersham, Munich, Germany). The following

primary antibodies were used: estrogen receptor (HC-30), cyclin D1 (C-20),

cyclin E (M-20), cyclin-dependent kinase 4 (CDK4; H-22) from Santa Cruz

Biotechnology (Santa Cruz, CA); cyclin D3 (clone 1) from Becton Dickinson;

MEK (#9122), phosphorylated Ser15 MEK (#9121), retinoblastoma protein

(pRb; 4H1), phosphorylated pRb (Ser807/811), ERK (#9102), anti–phosphor-

ylated Ser15 ERK (#9101) from Cell Signaling (Danvers, MA); actin (Ab-1)

from Oncogene (Cambridge, United Kingdom). Horseradish peroxidase–

conjugated anti-rabbit and anti-mouse antibodies (Amersham) were used as

secondary antibodies.

Cell proliferation and metabolic activity. Cell numbers were

measured by counting cells 6, 12, 24, 48, 72, and 97 h after seeding. For

determination of metabolic activity, 2 � 103 cells per well were seeded into

microtiter plates, and serial dilutions (1:1) were done allowing several
independent measurement points. Cells were treated with the indicated

concentration of h-estradiol. Metabolic activity was determined using the
WST kit (Roche, Mannheim, Germany) following the manufacturer’s

instructions. For determination of metabolic activity and proliferation,
mean values of triplicates were plotted.

CDK4 kinase assay and cell cycle analysis. Kinase assays were done as
previously described (19, 20). CDK4 was immunoprecipitated with anti-

CDK4 antibody (Santa Cruz Biotechnology) and 100 AL Protein A/G Agarose
(Santa Cruz Biotechnology). Rb (amino acids 769–921; Santa Cruz

Biotechnology) was used as substrate. All kinase assays were done twice.

For cell cycle analysis, cells were grown to 70% confluence, collected, and

fixed with 80% methanol. The fixed cells were resuspended in PBS
containing 50 mg/mL of each RNase A and propidium iodide (20 Ag/mL).
Stained cells were analyzed for relative DNA content by a FACScan analyzer

(Becton Dickinson). The percentage of cells residing in the sub-G1, G0-G1, S,
and G2-M phases was determined using the ModFit software.

Reverse transcription-PCR/RNA extraction and reverse transcrip-
tion-PCR. Total RNA was extracted from myc/rasNIH3T3IH cells by using

the RNeasy kit (Qiagen, Hilden, Germany). RNA was reverse transcribed
using the SuperScript First-Strand Synthesis kit (Invitrogen). Levels of cyclin

D1 and actin cDNA were detected by real-time PCR on the LightCycler

(Roche). Expression levels were standardized for the housekeeping gene

b-actin . To assess the specificity of the amplified PCR product, melting
curve analysis was done. The following primers are used for cyclin D1

(5¶-AGTGCGTGCAGAAGGAGATT-3¶ and 5¶-CACAACTTCTCGGCAGTCAA-
3¶) and actin (5¶-TGGAATCCTGTGGCATCCATGAAAC-3¶ and 5¶-TAAAACG-
CAGCTCAGTAACAGTCCG-3¶).
Tumor growth in nude mice. Male 8-week-old NMRI nude mice

(Harlan, Borchen, Germany) were used. Mice were divided into six

experimental groups ( five mice for each group). 17h-Estradiol releasing
pellets (50 mg E2, 60-day release; Innovative Research of America, Sarasota,

FL) were implanted into the back of mice 3 days before cell injection. Cells

(1 � 106) in 0.1 mL PBS were injected s.c. into the flanks of the mice. Tumor

sizes were measured and recorded twice a week using calipers. Data are
presented as mean values of the tumor sizes.

Results

Expression of IRF-1 reverts the expression of genes
deregulated by transformation. IRF-1 mediates proliferation
inhibition and reversion of the transformed phenotype of
oncogenic cells. To uncover molecular alterations initiated by
IRF-1 action, gene expression profiles of myc/ras–expressing
NIH3T3IH cells were established. The cells for this analysis were
engineered to express the oncogenes c-myc and c-Ha-ras under the
control of the tetracycline-repressible promoter. IRF-1 is expressed
as an estradiol-activatable IRF-1hER fusion protein. Treatment of
these cells with h-estradiol leads to the activation of IRF-1 (6). The
action of oncogenes and IRF-1 is shown in Fig. 1A . Although
oncogene expression increased proliferation, concomitant activa-
tion of IRF-1 eliminated the proliferation-enhancing effect of
oncogene activation.
We have shown earlier that expression of IRF-1 in transformed

cells led to the accumulation of the cells in the G1 phase of the cell
cycle (6). In the nontransformed state, the majority of cells (78%)
are in the G1 phase. The transformed cells are characterized by a
high portion of cells in S and G2-M phases of the cell cycle and a
reduced proportion in the G1 phase (59%). Activation of IRF-1 in
nontransformed cells had only little effects on cell cycle
distribution. However, when IRF-1hER was activated in trans-
formed cells, there was a significant reduction of cells in S and G2-
M phase and a corresponding increase in the G1 phase of cell cycle
from 59% to 84%. Twenty-four hours after IRF-1 activation, the cell
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cycle distribution of transformed cells was indistinguishable from
nontransformed cells (Fig. 1B). As shown earlier, IRF-1 reverted the
tumorigenic phenotype of c-myc– and c-H-ras–transformed cells
(6). No colonies grew in doxycycline-containing plates when
expression of the oncogenes was repressed (Fig. 1C). In the
absence of doxycycline, oncogene expression was induced, leading
to cell growth in soft agar and the formation of colonies. Additional
treatment of these cells with h-estradiol to activate IRF-1
prevented soft agar growth. The data confirm the activity of IRF-
1 as an efficient negative regulator of growth, cell cycle progression,
and oncogenic transformation. Little effects of IRF-1 are detectable
in the nontransformed state.
To identify genes that are involved in IRF-1–mediated effects,

samples for expression profiling were taken before and 48 h after
IRF-1 activation from myc/ras–expressing and nonexpressing cells.

This late time point was chosen because short-term activation of
IRF-1 does not revert the transformed phenotype. It is assumed
that these profiles reflect direct as well as indirect effects of IRF-1;
1,347 genes were deregulated by oncogene expression >1.5-fold
(Table S1). Surprisingly, 60% of these genes were reverted to the
expression levels of nontransformed cells by activation of IRF-1 for
48 h (Fig. 1D , clusters 1 and 3). Among those different functional
groups identified, one group contained cycle-regulating genes.
Consistent with the cell cycle–inhibitory function of IRF-1 in
transformed cells, nearly all cell cycle–regulating genes deregulated
by transformation were found to be reverted by IRF-1 expression,
suggesting that IRF-1 action influences the expression of a
dominant factor. Because of the key role of cyclin D1 in cell cycle
progression and neoplastic transformation, we examined its
expression in relation to IRF-1 activity.

Figure 1. Effects of IRF-1 on proliferation,
transformation, and gene expression.
NIH3T3 cells expressing the oncogenes
c-myc and c-H-ras under the control of a
doxycycline-dependent promoter and a
h-estradiol–activatable IRF-1hER fusion
protein were used (myc/rasNIH3T3IH).
A, proliferation was measured in
nontransformed (+ dox ) and transformed
(� dox ) cells at different time points
after activation of IRF-1 with 1 Amol/L
h-estradiol (+ E2). Cell numbers were
determined at the indicated time points.
B, for cell cycle analysis, cells were
harvested, fixed at the indicated time
points, stained with propidium iodide,
and subjected to flow cytometry. C, for
determination of anchorage-independent
growth capacity of c-myc /c-H-ras–
transformed NIH3T3IH cells, cells were
distributed in soft agar plates in the
nontransformed or transformed state and/
or IRF-1 activation by h-estradiol (E2 ).
Images of plates incubated for 2 weeks.
D, expression profile analysis. RNA
from nontransformed, transformed, and
transformed cells in which IRF-1 was
activated for 48 h (� dox /+ E2) were
isolated and analyzed . Hierarchical cluster
analysis of all 1,347 genes deregulated by
myc/ras–mediated transformation.
Columns, cluster of genes with a similar
expression pattern; row, single gene. Red,
up-regulation; green, down-regulation;
black, no change.
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IRF-1 down-regulates cyclin D1 expression. Expression levels
of proteins involved in the transition of the G1 and S phase of the cell
cycle were determined (Fig. 2A). Cyclin D1was expressed at low levels
in nontransformed cells. Expression of the oncogenes strikingly
enhanced cyclin D1 levels. IRF-1 activation in the nontransformed
state changed expression levels of cyclin D1 onlymarginally, but IRF-1
activation in myc/ras–expressing NIH3T3 cells resulted in a marked
decrease in cyclin D1 protein (Fig. 2A). Down-modulation of cyclin D1
expression became apparent 24 to 48 h after IRF-1 activation and
reached levels found in nontransformed cells. In addition, the
expression of cyclin D3 is not influenced by IRF-1. To evaluate the
specificity of cyclin D1 down-regulation by IRF-1, expression levels of
cyclin E and CDK4 were determined because they also play an
important role for G1-S transition (Fig. 2B). Interestingly, Western
blot analysis indicated that the cyclin E and CDK4 levels remained
unaltered. In addition, the expression level of cdk2 is decreased
48 h after IRF-1 activation (data not shown). Because of the
significant earlier down-regulation of cyclin D1 in comparison with
cdk2, we conclude that cyclin D1 inhibition is responsible for IRF-1–
mediated effects in transformed cells.
We determined whether down-regulation of cyclin D1 by IRF-1 is

relevant for other transformed cell lines. Expression of IRF-1 in

mouse liver carcinoma cell line BNL1ME led to proliferation
inhibition, accumulation in the G1 phase of the cell cycle, and
inhibition of soft agar growth (Fig. S2B–D). In addition, expression of
IRF-1 led to decreased cyclin D1 expression levels (Fig. S2A). These
data confirm that, specifically, cyclin D1 is inhibited by IRF-1 in
transformed cells.
IRF-1 inhibits promoter activity of the cyclin D1 gene. Down-

regulation of cyclin D1 expression can occur at different levels (21).
First, amounts of cyclin D1 mRNA in IRF-1–expressing cells were
analyzed by quantitative PCR. Cells in the transformed state
expressed 2-fold higher amounts of cyclin D1 mRNA compared
with the same cells in the nontransformed state (Fig. 2C). No
effects of IRF-1 activation on the cyclin D1 mRNA level were seen
in the nontransformed cells (data not shown). In transformed cells,
cyclin D1 mRNA levels were significantly reduced by IRF-1 in a
time-dependent manner (i.e., the amount of cyclin D1 mRNA was
similar to the level of nontransformed cells 48 h after IRF-1
activation). A reporter plasmid containing the cyclin D1 promoter
upstream of the luciferase gene (�1745 CD1-Luc) was transiently
transfected into myc/ras–transformed NIH 3T3 cells to test if IRF-1
activation down-regulates the activity of the cyclin D1 promoter.
Cyclin D1 promoter activity was measured at different time points

Figure 2. IRF-1 activation causes decreased protein and mRNA levels of cyclin D1 in transformed cells and inhibits its promoter activity. Nontransformed (+ dox ) and
transformed (� dox ) myc/rasNIH3T3IH were cultured for the indicated times in the absence (� E2) or presence of h-estradiol (+ E2) to activate IRF-1. A, immunoblot
analysis of cyclin D1 (cycD1) and cyclin D3 (cycD3). Equal amounts of total cell lysate were electrophoresed and immunoblotted using antibodies directed against
the indicated proteins. Membranes were stripped and reprobed with anti-actin antibody to control protein loading of the samples. B, immunoblot analysis of cyclin
E (cycE ) and CDK4. C, quantitative reverse transcription-PCR analysis was done using primers specific for cyclin D1 and actin with total RNA prepared from
nontransformed and transformed cells after activation of IRF-1 by h-estradiol for different time periods. Cyclin D1 data were normalized using actin levels as standard.
Data were presented as fold changes in cyclin D1 levels relative to mRNA values obtained in nontransformed cells without IRF-1 activation. D, NIH3T3 cells
transformed by the expression of c-myc and c-H-ras oncogenes were transfected with CD1-luc or 3xISRE-luc vector together with an IRF-1 or an IRF-1 mutant
(M6 ) expression plasmid. Transfection efficiency was normalized by cotransfection of a constitutive expressing Renilla luciferase plasmid (pBCRluc). IRF-1 was
activated by h-estradiol treatment at the indicated time points. Relative luciferase values are normalized to activities obtained without IRF-1 activation. Columns,
mean of average from three independent experiments done in triplicate; bars, SE.
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after transfection. Its activity was reduced to 40% 48 h after
transfection (Fig. 2D, left), whereas an ISRE promoter is activated
by IRF-1 (Fig. 2D, right). Expression of a mutant IRF-1 that is
defective in DNA binding (M6) did not inhibit cyclin D1 or activate
the expression of the ISRE promoter. Hence, IRF-1 down-regulates
cyclin D1 expression predominantly at the transcriptional level.
IRF-1 alters signaling pathways upstream of cyclin D1

induction. Down-regulation of cyclin D1 transcription occurs as
late as 24 to 48 h after IRF-1 transfection, suggesting an indirect
action of IRF-1. Accordingly, we did not find any IRF-E element in
the sequence within a 3,000-bp region of the cyclin D1 promoter
(data not shown). We therefore focused on signaling pathways
promoting cyclin D1 expression that might be affected by the
expression of IRF-1. Activation of the Ras/Raf/MAPK pathway is
linked to the transcriptional induction of cyclin D1 (19, 22).
Inhibition of cyclin D1 gene transcription could result from an
inactivation of the MAPK pathway. In nontransformed cells, the
activated forms of MEK and ERK were rarely present (Fig. 3A
and B). Expression of the oncogenes c-myc and H-ras led to an
activation of MEK and ERK. Activation of IRF-1 in myc/ras–
transformed NIH3T3 for 48 h resulted in a marked decrease in the
activated forms of MEK and ERK. To determine whether inhibition
of MEK can lead to decreased cyclin D1 levels, the MEK inhibitor
PD98059 was added to transformed cells. A reduction in cyclin D1
level similar to IRF-1–expressing cells was detected (Fig. S1). We
further investigated whether the inhibition of MEK activation could
inhibit proliferation, cell cycle progression, and transformation.
Transformed cells in the presence of PD98059 showed inhibition of
proliferation, an increase in G1 population, and a reduced number
of soft agar colonies compared with control cells. In contrast, cells
treated with the p38 inhibitor SB202190 showed no differences to
control cells. In addition, treatment of BNL1ME cells with the MEK
inhibitor PD98059 led to down-regulation of cyclin D1, proliferation
inhibition, G1 phase accumulation, and inhibition of soft agar
growth (Fig. S1A–D). Therefore, a reduction of MEK/ERK activation
could be responsible for the decrease in D-type cyclin protein levels.
IRF-1 inhibits CDK4 activity and affects the phosphorylation

status of pRb. Cyclin D1 is a regulatory subunit of the CDK4
holoenzyme that phosphorylates and thereby inactivates the tumor
suppressor pRb. This is a critical event in G1 phase to allow cells to
pass through the cell cycle checkpoint and enter S phase. We
examined whether down-regulation of cyclin D1 by IRF-1 was
accompanied by inactivation of CDK4. D-type CDK activity was
measured by an in vitro kinase assay. The activity of the
immunoprecipitated CDK4 reached a strong inhibition after
24 and 48 h of IRF-1 activation (Fig. 3C). To confirm the effects of
IRF-1 on CDK4 activity, we determined the phosphorylation status
of pRb, one of its major targets. Mitogen-induced pRb phosphor-
ylation was reduced 24 h and completely lost 48 h after IRF-1
activation (Fig. 3D). The decline of CDK4 activity and the inhibition
of pRb phosphorylation showed a similar time course compared
with IRF-1–mediated repression of cyclin D1. IRF-1 thus induces
cell cycle arrest by down-regulating cyclin D1 expression that
inhibits CDK4 activity and concomitant change in the level of
hyperphosphorylated pRb.
Forced expression of cyclin D1 attenuates the effects of

IRF-1 on cell cycle progression. The described results indicate
that IRF-1 activity leads to the accumulation of cells in G1 to
repression of cyclin D1 transcription. Cyclin D1 overexpression
should therefore override the growth-inhibiting effects of IRF-1. To
test this hypothesis, stable cyclin D1 expression was established in

Figure 3. IRF-1 activation results in reduced protein levels of activated MEK1
and ERK and decreased CDK4 activity. Time course analysis of MEK, ERK,
and pRB phosphorylation and CDK4 activity after IRF-1 activation.
Nontransformed (+ dox ) and transformed (� dox ) myc/rasNIH3T3IH were
cultured for the indicated time points in the absence or presence of
h-estradiol (E2 ) to activate IRF-1. Equal amounts of total cell lysates
were electrophoresed and immunoblotted with the indicated antibodies.
The membranes were stripped and reprobed with anti-actin antibody.
A, immunoblot analysis of MEK1 and activated MEK1 (P-MEK1 ).
B, immunoblot analysis of ERK1/2 and activated ERK1/2 (P-ERK1/2 ).
The ratio of ERK1/2 and activated ERK1/2 was calculated by Image Quant.
C, analysis of CDK4 activity after IRF-1 activation. IRF-1 was activated for
the indicated time periods by h-estradiol treatment in the nontransformed and
the transformed state. Cell lysates were immunoprecipitated with antibodies
directed against CDK4 or unspecific IgG. The immunoprecipitates were
incubated with GST-RB in kinase buffer in the presence of [g-32P]ATP.
Phosphorylation of GST-RB was detected by autoradiography. Heavy
chain of the antibody was used as loading control (HCh ). M, marker.
D, phosphorylation of pRb was studied by subject cell lysates to immunoblot
analyses with an antibody that recognizes pRb, or an antibody specific for
phosphorylated Ser780 (P-pRb ). The membranes were stripped and reprobed
with anti-actin antibody to control protein loading.
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the myc/rasNIH3T3IH cell line. Cyclin D1 was still strongly
expressed after repression of oncogene expression (Fig. 4A).
Interestingly, activation of IRF-1 led to a decrease of cyclin D1
protein expression, indicating that cyclin D1 expression was also
regulated by protein stability. Nevertheless, cyclin D1 expression
levels after IRF-1 activation was higher in nontransformed than in
transformed cells. Compared with mock-transfected cells, the
metabolic activity of cells constitutively expressing cyclin D1 cells
was higher. Activation of IRF-1 in the nontransformed cells had
only marginal effects on cell growth (Fig. 4B). IRF-1–mediated
growth inhibition was partially but not completely overcome by
overexpressing cyclin D1 in myc/ras–transformed cells: prolifera-
tion inhibition by IRF-1 was only 33% in cyclin D1–overexpressing
transfectants compared with 64% in mock transfectants. Thus,
down-regulation of cyclin D1 plays a critical role in IRF-1–
mediated proliferation inhibition.
Forced expression of cyclin D1 on the cell cycle distribution was

analyzed by FACS (Fig. 4C). Overexpression of cyclin D1 in
nontransformed cells led to a cell cycle distribution typical for
transformed cells. Activation of IRF-1 mediated a small increase of
cells in the G1 phase but not to the same extent as in
nontransformed cells. In addition, IRF-1 failed to inhibit cell cycle
distribution in c-myc/H-ras–transformed cells overexpressing
cyclin D1. These results confirm that inhibition of cell cycle
progression by IRF-1 is mainly mediated by down-regulation of

cyclin D1. Soft agar assays with cyclin D1–overexpressing cells were
done to investigate whether IRF-1 still can suppress the trans-
formed phenotype. In agreement with earlier published data,
overexpression of cyclin D1 in the nontransformed state led to the
formation of soft agar colonies (Fig. 4D). However, fever cells were
able to form colonies compared with myc/ras–expressing cells.
Activation of IRF-1 decreased the number of colonies but was not
able to revert this oncogenic phenotype completely. Although
cyclin D1 overexpression enhanced colony formation in the
transformed state, only a minor decrease was detected due to
IRF-1 activation. Thus, cyclin D1 expression also counteracted this
phenotype of IRF-1. The data confirm that down-regulation of
cyclin D1 contributes to the antitumor activity of IRF-1.
Inhibition of endogenous cyclin D1 simulates IRF-1–like

effects. To determine whether cyclin D1 expression is a key target of
IRF-1, cyclin D1 protein levels were knocked down by RNAi. This was
done by lentiviral transduction of short hairpin RNAs directed
against cyclin D1 (shCycD1) or against unspecific (shGL4) target
sequences. Lentiviral transduction of shGL4 had no effect on
endogenous cyclin D1 expression. Expression of shCycD1 in
transformed cells, however, drastically decreased the levels of cyclin
D1 (Fig. 5A). Although in control cells activation of oncogene
expression increased the metabolic activity 2.5-fold, knockdown of
cyclin D1mRNA strongly decreased the oncogenic effect to a 1.4-fold
stimulation (Fig. 5B). Accordingly, the effect of IRF-1 activity in the

Figure 4. Overexpression of cyclin D1
attenuates IRF-1–mediated effects on
proliferation and transformation. The
conditionally transformed myc/rasNIH3-
T3IH cell line was stably transfected with a
cyclin D1 expression plasmid (CycD1 ) or
was mock transfected (mock ). IRF-1 was
activated by h-estradiol (E2) treatment
for the indicated times in c-myc– and
H-ras–expressing (� dox ) and
nonexpressing (+ dox) cells. A, Western
blot analysis of cyclin D1. B, cell
proliferation was determined by
analyzing the metabolic activity of
mock-transfected and cyclin
D1–overexpressing cells. Metabolic activity
of cells in the transformed state
(� dox, � E2) was set to 100%. C, cyclin
D1 expression decreased accumulation
of cells in the G1 phase after IRF-1
activation. For cell cycle analysis, cells
were harvested, fixed, stained with
propidium iodide, and subjected to flow
cytometry. D, cell cycle analysis of cyclin
D1–overexpressing cells. Cells were
distributed in soft agar plates in
nontransformed or transformed state.
IRF-1 was activated by h-estradiol. Images
of plates that were incubated for 2 wks.
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cyclin D1 knockdown cells was significantly reduced. This was
confirmed by cell cycle analysis data (Fig. 5C). These data confirm
that cyclin D1 is an important mediator of myc/ras transformation
and a major target molecule for IRF-1. Knockdown of cyclin D1 also
inhibited soft agar growth in myc/ras–transformed cells (Fig. 5D).
The number of colonies in these cultures was 10-fold lower than in
mock-transfected cells. Concomitant activation of IRF-1 led to the
complete elimination of colonies. Down-regulation of cyclin D1 in
BNL1ME cells by shRNA led to proliferation inhibition, accumula-
tion in the G1 phase of the cell cycle, and inhibition of soft agar
growth (Fig. S2B–D). The results from the knockdown experiments
confirmed the role of cyclin D1 in some transformation and its
reversion by IRF-1.
Cyclin D1 expression is essential for tumor formation.

Tumor transplantation experiments in nude mice were done to
determine whether the down-regulation of cyclin D1 was respon-
sible for IRF-1–mediated inhibition of tumor formation. We have
previously shown that IRF-1 expression prevents tumor growth of
myc/ras–transformed cells in nude mice (6). Overexpression of
cyclin D1 in tumor cells also led to tumor formation. The mice
developed tumors with the same kinetics compared with mice
injected with cells that were transformed by the expression of the
oncogenes c-myc and H-ras (Fig. 6). Activation of IRF-1 in cyclin D1–
overexpressing cells had no effect on their tumor growth, indicating
that the loss of cyclin D1 down-regulation was essential for tumor

growth. Down-regulation of cyclin D1 by shRNA expression
prevented tumor growth in nude mice. In contrast, cells that
expressed unspecific control shRNA grew to tumors in nude mice.
These data indicate that cyclin D1 is a critical target for tumor
formation, and that the tumor suppressor IRF-1 inhibits cyclin D1
expression, thereby preventing tumor formation.

Discussion

Cancers are characterized by several genetic alterations that can
contribute to the establishment of a transformed phenotype. Tumor
cells acquire uncontrolled mitogen-independent progression
through the cell cycle. D cyclins control cell cycle progression by
binding and activating CDK4 and CDK6, which then initiate phos-
phorylation of pRb (reviewed by ref. 23). Cyclin E-CDK2 collaborates
with cyclin D–dependent kinases to phosphorylate pRb. Phosphor-
ylated pRb loses its transcriptional repressor function of E2F,
which leads to transcriptional activation of E2F target genes, like
cyclin E and cyclin A , that are required for S-phase entry.
Aberrant overexpression of D cyclins has been linked to loss of

cell cycle control and a wide variety of malignancies. Genetic
models in mice have further emphasized the importance of cyclin
D1 in both development and tumorigenesis (24, 25). Several reports
highlight the role of D type cyclins as critical downstream targets of
other oncogenes. Cyclin D1 knockout mice are completely resistant

Figure 5. Decreased expression of Cyclin
D1 by shRNA simulates IRF-1 activation.
The conditionally transformed myc/
rasNIH3T3IH cell line was stably infected
with lentiviruses expressing shRNAs
against an unspecific sequence (shGL4 )
or cyclin D1. IRF-1 was activated by h-
estradiol (E2 ) treatment for indicated time
periods in c-myc– and H-ras–expressing
(� dox ) and nonexpressing (+ dox ) cells.
A, cell lysates were prepared and
analysed by Western blotting for cyclin D1.
The membranes were stripped and
reprobed with anti-actin. B, cell growth was
determined as metabolic activity.
Metabolic activity of cells not expressing
the oncogenes c-myc /H-ras (� dox ) was
set at 100%. C, cell cycle analysis of cells
expressing a cyclin D1 shRNA. For cell
cycle analysis, cells were harvested, fixed,
stained with propidium iodide, and
subjected to flow cytometry. D, anchorage-
independent growth of cells. Cells were
distributed in soft agar plates that contain
(+) or lack (�) doxycycline and/or
h-estradiol. Images of plates that were
incubated for 2 wks.
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to skin and mammary tumors induced by ras and ErbB-2
expression (26, 27).
Expression of IRF-1 in tumor cells results in a dramatic inhibition

of their proliferation and tumorigenicity as shown earlier (6, 7). To
define themolecular mechanism by which IRF-1 mediates its tumor-
suppressive effects, gene expression profiling was done. Of the 1,347
genes that are differentially regulated by transformation, 60% were
changed to the expression level of nontransformed cells by IRF-1.
Among them, cyclin D1 was found. We showed that IRF-1 inhibits
proliferation by negatively regulating the cell cycle at the level of G1-S
phase transition and thereby prevents tumor growth. IRF-1–induced
cell cycle arrest is accompanied by a loss of cyclin D1 accumulation
and can be attenuated by cyclin D1 overexpression. Loss of cyclin D1
by shRNA expression prevents the action of IRF-1. IRF-1 thus
mediates its tumor-suppressive function by the down-regulating
cyclin D1.
Down-regulation of cyclin D1 has clinical significance because

many human neoplasias exhibit cyclin D1 deregulation. For
example, in 50% of human breast cancer, overexpression of cyclin
D1 is seen (28). Overexpression of cyclin D1 in transgenic mice
results in increased proliferation, tissue hyperplasia, and tumori-
genesis (29, 30). In contrast, decrease of cyclin D1 expression
reduces tumorigenicity in nude mice (31). Our data stress the
critical importance of cyclin D1 for tumor growth in vivo because
down-regulation of cyclin D1 by shRNA prevents tumor growth.
Thus, enhanced cyclin D1 expression is essential for myc/ras–
induced transformation. IRF-1 mediated down-regulation of cyclin
D1 prevents tumor growth in nude mice, showing that cyclin D1 is
a target of IRF-1–mediated tumor suppression.
Overexpression of cyclin D1 overcomes the antitumor effect

of IRF-1. Activation of IRF-1 in cyclin D1–overexpressing cells

does not inhibit proliferation or transformation. Hence, IRF-1
inhibits transcription of the cyclin D1 gene but does not affect
cyclin D1 function. This confirms down regulation of cyclin D1
transcription.
Cyclin D1 binds to CDK4/6 to inhibit the function of pRb by

phosphorylation. Cyclin E/CDK2 collaborates with cyclin D–
dependent kinases in repressing pRb. Activation of IRF-1 affects
phosphorylation of pRb. Because the expression level of cyclin E
and CDK4 is not affected by IRF-1, we conclude that the effect on
pRb phosphorylation is mediated by the down-regulation of cyclin
D1. The function of CDK4 must be inhibited by the low
concentration of cyclin D1.
The IRF-1–induced accumulation of transformed cells in G1 could

also be mediated by high p21Cip1 expression in tumor cells. In
addition to regulating the kinase activity of CDK4 and CDK6, D
cyclins have a number of activities that do not depend on the
catalytic activity of their partner kinase. Cyclin D1-CDK4/6
complexes are able to activate cyclin E-CDK2 complexes by titration
of the CDK inhibitors p21Cip1 and p27Kip1 (32). p21Cip1 interacts with
cyclin/CDK complexes (19) and may inhibit their activity (33). It has
been reported that IRF-1, in cooperation with p53, induces p21Cip1

leading to a G1 arrest (34). IRF-1 binds to IRF-E elements in the
human p21Cip1 promoter (35). In breast cancer cells MDA-MB-468
and SK-BR-3, in which p53 is mutated, IRF-1 up-regulates p21Cip1

(36). Furthermore, N-Ras–induced growth suppression in myeloid
cells is mediated by IRF-1 (37). However, analysis of p21Cip1 protein
expression in our experimental model of c-myc/ras–transformed
cells showed no alteration after IRF-1 activation (6). The transcrip-
tion factor c-myc in association with Miz1 inhibits the expression of
CDK inhibitors p21Cip1 and p15Ink4b (38). We therefore consider it
unlikely that this cell cycle suppressor is involved in the growth-
inhibitory effects of IRF-1 in the system described here.
Apart from its role as transcriptional activator, IRF-1 has also been

implicated in repression of certain genes. For example, increased
expression of IRF-1 leads to the repression of SLIPI . The effect seems
to be mediated by ISRE-like sites in its promoter (39). IRF-1 also
leads to the down-regulation of the Cdk2 promoter. However, this is
mediated by down-regulation of SP1 protein levels (40). Recently, a
repressor domain in the IRF-1 protein was identified that mediates
repression of Cdk2 expression by direct action on its promoter (41).
However, in our system, down-regulation of cdk2 occurs not until
48 h after IRF-1 activation (data not shown), which strongly argues
for an indirect mechanism.
Accumulation of cyclin D1 is tightly regulated through multiple

mechanisms, including promoter activation, mRNA stability,
initiation of translation, and protein stability. Regulation at the level
of mRNA accumulation can occur through destabilizing elements in
its 3¶ untranslated region. AU-rich elements on the distal region of
the cyclin D1mRNA are positively regulated by prostaglandin A2 and
negatively regulated by phosphatidylinositol 3-kinase (42, 43).
Posttranslational control of cyclin D1 levels is mediated by
phosphorylation-dependent polyubiquitination and degradation by
the 26S proteosome (44). Here, we show by reverse transcription-
PCR data that IRF-1 results in a decrease in cyclin D1 mRNA.
Additionally, we found that IRF-1 decreases cyclin D1 promoter
reporter activity (Fig. 2), indicating that IRF-1 plays a role in
regulation cyclin D1 transcription. Interestingly, down-regulation of
cyclin D1 transcription occurs as late as 24 h after the initiation of
IRF-1 activation. Because estradiol activation of the constitutively
expressed IRF-1 fusion protein occurs within minutes, the late
reaction suggests that this inhibition is an indirect effect of IRF-1 on

Figure 6. Regulation of cyclin D1 by IRF-1 is essential to prevent tumor
growth in vivo . Tumor cells (1 � 106) were injected s.c. in NMRI nude mice.
Estradiol-releasing pellets (+ E2 pellet ) were implanted for IRF-1 activation, or
mice were left untreated. A, tumor growth in nude mice. B, percentage of
tumor-free mice. Tumor-free: tumor <0.5 mm.
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the cyclin D1 promoter, most probably mediated by thus far
unknown IRF-1 target genes. In fact, we did not find any IRF-1–
binding consensus sequence within a 3,000-bp region of the cyclin
D1 promoter. It is known that ERK activity is critical for the
transcriptional induction of the cyclin D1–encoding gene (45). The
cyclin D1 promoter containsmultiple regulatory elements, including
activator protein-1, nuclear factor-nB, and others, that play a role in
transcription of the gene (46, 47). Because activation of IRF-1 inhibits
phosphorylation of MEK and ERK (Fig. 3), it is probable that down-
regulation of the cyclin D1 expression involves the ERK signaling
cascade. IRF-1 activation inhibits cell cycle progression preferen-
tially in transformed cells with high cyclin D1 expression.
Accordingly, only little effects of IRF-1 activity on cyclin D1
expression were detected in nontransformed cells. It is assumed
that the low constitutive levels of cyclin D expression are
independent of the activation of the MAPK pathway. This supports
the view that IRF-1 is primarily acting on the MAPK pathway and
through this on cyclin D1 expression.
Specific down-regulation of cyclin D1 is an interesting strategy

for the therapy of tumors transformed by cells whose oncogenicity
depends on cyclin D1. Down-regulation of cyclin D1 expression
induces the inhibition of proliferation and the reversion of the
transformed phenotype. Therefore, IRF-1 activation could be an
attractive antitumor strategy. Our data indicate that IRF-1 can
suppress tumor development only by down-regulation of cyclin D1.
Earlier studies showed that IRF-1 can be a potent inducer of
apoptosis (9, 34). Overexpression of IRF-1 prevents tumor growth of

breast cancer cells in mice (12, 48). These findings strongly
implicate IRF-1 as a tumor suppressor gene that acts independent
of p53 to control apoptosis.
In addition to IRF-1–mediated effects on the growth and

apoptosis of tumor cells, IRF-1 can also enhance immunogenicity
of cells. Although the mechanism how IRF-1 mediates this effect is
not fully understood, the up-regulation of MHC class I and II
molecules is important. IRF-1 activation induces IFNs and
cytokines that are involved in tumor-suppressive and immuno-
modulatory functions. Previously, we showed that IRF-1 induces
significant therapeutic antitumoral immune responses and primes
immunity against tumor-specific antigens (11). Therefore, IRF-1 is
able to control tumor growth by two principle mechanisms, a
direct antitumor growth effect mediated by down-regulation of
cyclin D1 and an indirect one by enhancing recognition of the
tumor cells.
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11. Kröger A, Ortmann D, Krohne TU, et al. Growth
suppression of the hepatocellular carcinoma cell line

Hepa1-6 by an activatable interferon regulatory factor-1
in mice. Cancer Res 2001;61:2609–17.
12. Kim PK, Armstrong M, Liu Y, et al. IRF-1 expression
induces apoptosis and inhibits tumor growth in mouse
mammary cancer cells in vitro and in vivo . Oncogene
2004;23:1125–35.
13. Nozawa H, Oda E, Nakao K, et al. Loss of
transcription factor IRF-1 affects tumor susceptibility
in mice carrying the Ha-ras transgene or nullizygosity
for p53. Genes Dev 1999;13:1240–5.
14. Sambrook J, Fritsch EF, Maniatis T. Molecular
cloning: a laboratory manual. Cold Spring Harbor
(NY): Cold Spring Harbor Laboratory; 1989.
15. Hennecke M, Kwissa M, Metzger K, et al. Composi-
tion and arrangement of genes define the strength of
IRES driven translation in bicistronic mRNAs. Nucleic
Acids Res 2001;29:3327–34.
16. Coleman ML, Marshall CJ, Olson MF. Ras promotes
p21(Waf1/Cip1) protein stability via a cyclin D1-
imposed block in proteasome-mediated degradation.
EMBO J 2003;22:2036–46.

17. Scherr M, Battmer K, Ganser A, Eder M. Modulation
of gene expression by lentiviral-mediated delivery of
small interfering RNA. Cell Cycle 2003;2:251–7.

18. Saeed AI, Sharov V, White J, et al. TM4: a free, open-
source system for microarray data management and
analysis. Biotechniques 2003;34:374–8.

19. Xiong Y, Hannon GJ, Zhang H, Casso D, Kobayashi R,
Beach D. p21 is a universal inhibitor of cyclin kinases.
Nature 1993;366:701–4.

20. Liu B, Preisig PA. Compensatory renal hypertrophy is
mediated by a cell cycle-dependent mechanism. Kidney
Int 2002;62:1650–8.

21. Agami R, Bernards R. Distinct initiation and
maintenance mechanisms cooperate to induce G1 cell
cycle arrest in response to DNA damage. Cell 2000;102:
55–66.

22. Musgrove EA, Lee CS, Buckley MF, Sutherland RL.
Cyclin D1 induction in breast cancer cells shortens G1
and is sufficient for cells arrested in G1 to complete the
cell cycle. Proc Natl Acad Sci USA 1994;91:8022–6.

23. Sherr CJ, Roberts JM. Living with or without cyclins
and cyclin-dependent kinases. Genes Dev 2004;18:
2699–711.

24. Fantl V, Stamp G, Andrews A, Rosewell I, Dickson C.
Mice lacking cyclin D1 are small and show defects in eye
and mammary gland development. Genes Dev 1995;9:
2364–72.

25. Sicinski P, Donaher JL, Parker SB, et al. Cyclin D1
provides a link between development and oncogenesis
in the retina and breast. Cell 1995;82:621–30.
26. Yu Q, Geng Y, Sicinski P. Specific protection against
breast cancers by cyclin D1 ablation. Nature 2001;411:
1017–21.
27. Lee RJ, Albanese C, Fu M, et al. Cyclin D1 is required
for transformation by activated Neu and is induced
through an E2F-dependent signaling pathway. Mol Cell
Biol 2000;20:672–83.
28. Hall M, Peters G. Genetic alterations of cyclins,
cyclin-dependent kinases, and Cdk inhibitors in human
cancer. Adv Cancer Res 1996;68:67–108.
29. Robles AI, Larcher F, Whalin RB, et al. Expression of
cyclin D1 in epithelial tissues of transgenic mice results
in epidermal hyperproliferation and severe thymic
hyperplasia. Proc Natl Acad Sci U S A 1996;93:7634–8.
30. Wang TC, Cardiff RD, Zukerberg L, Lees E, Arnold
A, Schmidt EV. Mammary hyperplasia and carcinoma
in MMTV-cyclin D1 transgenic mice. Nature 1994;369:
669–71.
31. Arber N, Doki Y, Han EK, et al. Antisense to cyclin D1
inhibits the growth and tumorigenicity of human colon
cancer cells. Cancer Res 1997;57:1569–74.
32. Cheng M, Sexl V, Sherr CJ, Roussel MF. Assembly of
cyclin D-dependent kinase and titration of p27Kip1
regulated by mitogen-activated protein kinase kinase
(MEK1). Proc Natl Acad Sci U S A 1998;3:1091–6.
33. Niculescu AB, Chen X, Smeets H, Hengst L, Prives C,
Reed SI. Effects of p21(Cip1/Waf1) at both the G1/S and
the G2/M cell cycle transitions: pRb is a critical
determinant in blocking DNA replication and in
preventing endoreduplication. Mol Cell Biol 1998;18:
629–43.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/7/2972/2579891/2972.pdf by guest on 19 M

ay 2023



IRF-1 Mediates Down-Regulation of Cyclin D1

www.aacrjournals.org 2981 Cancer Res 2007; 67: (7). April 1, 2007

34. Tanaka N, Ishihara M, Lamphier MS, et al. Cooper-
ation of the tumour suppressors IRF-1 and p53 in
response to DNA damage. Nature 1996;382:816–8.
35. Coccia EM, Del Russo N, Stellacci E, et al. Activation
and repression of the 2–5A synthetase and p21 gene
promoters by IRF-1 and IRF-2. Oncogene 1999;18:2129–37.
36. Pizzoferrato E, Liu Y, Gambotto A, et al. Ectopic
expression of interferon regulatory factor-1 promotes
human breast cancer cell death and results in reduced
expression of survivin. Cancer Res 2004;64:8381–8.
37. Passioura T, Dolnikov A, Shen S, Symonds G. N-ras -
induced growth suppression of myeloid cells is mediat-
ed by IRF-1. Cancer Res 2005;65:797–804.
38. Wanzel M, Herold S, Eilers M. Transcriptional
repression by myc . Trends Cell Biol 2003;13:146–50.
39. Nguyen H, Teskey L, Lin R, Hiscott J. Identification of
the secretory leukocyte protease inhibitor (SLPI) as a
target of IRF-1 regulation. Oncogene 1999;18:5455–63.

40. Xie RL, Gupta S, Miele A, et al. The tumor suppressor
interferon regulatory factor 1 interferes with SP1
activation to repress the human CDK2 promoter. J Biol
Chem 2003;278:26589–96.

41. Eckert M, Meek SE, Ball KL. A novel repressor
domain is required for maximal growth inhibition by
the IRF-1 tumor suppressor. J Biol Chem 2006;281:
23092–102.

42. Dufourny B, van Teeffelen HA, Hamelers IH,
Sussenbach JS, Steenbergh PH. Stabilization of cyclin
D1 mRNA via the phosphatidylinositol 3-kinase path-
way in MCF-7 human breast cancer cells. J Endocrinol
2000;166:329–38.

43. Lin S, Wang W, Wilson GM, et al. Down-regulation of
cyclin D1 expression by prostaglandin A(2) is mediated
by enhanced cyclin D1 mRNA turnover. Mol Cell Biol
2000;20:7903–13.

44. Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen
synthase kinase-3beta regulates cyclin D1 proteolysis and
subcellular localization. Genes Dev 1998;12:3499–511.

45. Bar-Sagi D, Hall A. Ras and Rho GTPases: a family
reunion. Cell 2000;103:227–38.
46. Guttridge DC, Albanese C, Reuther JY, Pestell RD,
Baldwin AS. NF-kappaB controls cell growth and
differentiation through transcriptional regulation of
cyclin D1. Mol Cell Biol 1999;19:5785–99.
47. Tetsu O, McCormick F. Beta-catenin regulates
expression of cyclin D1 in colon carcinoma cells. Nature
2000;398:422–6.
48. Bouker KB, Skaar TC, Riggins RB, et al. Interferon
regulatory factor-1 (IRF-1) exhibits tumor suppressor
activities in breast cancer associated with caspase
activation and induction of apoptosis. Carcinogenesis
2005;26:1527–35.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/7/2972/2579891/2972.pdf by guest on 19 M

ay 2023


