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Abstract
We have shown that the ectopic expression of Interferon Regulatory Factor (IRF-1) results in
human cancer cell death accompanied by the down-regulation of the Inhibitor of Apoptosis
Protein (IAP) survivin and the induction of the cyclin-dependent kinase inhibitor p21WAF1/CIP1. In
this report, we investigated the direct role of p21 in the suppression of survivin. We show that
IRF-1 down-regulates cyclin B1, cdc-2, cyclin E, E2F1, Cdk2, Cdk4, and results in p21-mediated
G1 cell cycle arrest. Interestingly, while p21 directly mediates G1 cell cycle arrest, IRF-1 or other
IRF-1 signaling pathways may directly regulate survivin in human cancer cells.
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1. Introduction
The nuclear transcription factor Interferon Regulatory Factor (IRF)-1 was originally
identified as a regulator of the human interferon (IFN)-β gene [1], and studies have shown
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its important role in both innate and adaptive immunity [2–4]. We have shown that the
ectopic expression of IRF-1 promotes breast cancer cell death in vitro that is associated with
the down-regulation of the inhibitor of apoptosis protein (IAP) survivin. In addition, we
showed that the treatment of tumor-bearing mice with a recombinant adenovirus expressing
IRF-1 resulted in the suppression of tumor growth in vivo in mouse models of breast
carcinoma [5,6]. Resected tumor specimens from IRF-1 treated mice were characterized by
IRF-1-positive and survivin-negative cells [6]. Delineating the direct or indirect mechanisms
by which IRF-1 suppresses the expression of survivin provides insight into the regulation of
survivin in cancer and facilitates the development of novel molecular targeted treatment
approaches. In this current report, we begin to investigate the signaling events that are
triggered by IRF-1 expression in cancer cells.

Studies have associated the induction of IRF-1 with cell cycle arrest [7,8]. In the human lung
carcinoma cell line, A549, for example, infection with the measles virus resulted in IRF-1
up-regulation and G0/G1 cell cycle arrest [9]. Similarly, the activation of IRF-1 induced G1
cell cycle arrest in myc/ras-expressing NIH3T3 transformed cells that was mediated by the
transcriptional down-regulation of cyclin D1 [10].

In addition, other studies have shown increased expression of both IRF-1 and the well-
characterized cyclin-dependent kinase (Cdk) inhibitor p21WAF1/CIP1 (referred to as “p21”
hereafter). Treatment of human hepatocellular carcinoma cells with transforming growth
factor (TGF)-β1, for example, resulted in growth inhibition and the increased expression of
both IRF-1 and p21 [11,12–14].

Cdk inhibitors can interact with cyclin/cyclin-dependent kinases including Cdk2 complexes
that control the G1/S phase transition resulting in cell cycle arrest [12–14]. In clinical trials
for the treatment of patients with malignant midgut carcinoids with a known inducer of
IRF-1, interferon-alpha (IFN-α), inhibition of cell proliferation occurred via cell cycle arrest
at the G1-S phase that may be mediated by the induction of p21 and IRF-1 [15].
Transfection of cells with antisense IRF-1 suppressed p21 induction and partially released
cells from growth arrest [16].

While p53 is known as a primary regulator of p21 [13,17,18], other p53-independent
mechanisms may promote its activity [19–21]. Direct binding of IRF-1 to the IRF-E binding
site within the human p21 gene promoter, for example, has been shown [22]. In addition,
IRF-1 is able to activate the p21 promoter independent of p53 during DNA damage [7].

Taken together, these studies support the contention that IRF-1 may mediate cell cycle arrest
through the induction of p21. Moreover, IRF-1 mediated cell cycle arrest may be an
important element in the suppression of tumor growth. In our previous studies, we showed
that IRF-1 expression results in the induction of p21, and the reduced expression of survivin
[6]. Survivin has been identified as the fourth top transcriptome in cancers of the breast,
brain, colon, lung and melanoma [23]. Among 60 human tumor cell lines used for the NCI’s
anticancer drug screening program, the highest relative levels of survivin were present in
lung and breast cancer cell lines [24]. It functions to inhibit tumor cell death and several
studies have shown that patients with survivin-positive tumors have significantly shorter
overall survival [25–36]. Survivin disruption using dominant negative constructs, antisense
survivin oligonucletides, short interfering RNA, and more recently microRNA (miRNA)-
mediated RNA interference sensitizes tumor cells to apoptosis [37–44]. In this current
report, we confirm the transcriptional up-regulation of p21 by IRF-1 and show that the
IRF-1 induced G1 cell cycle arrest in tumor cells is mediated by p21. We evaluate the
expression of Cdks in IRF-1 infected cells and show the decreased mRNA and protein levels
of Cdk2, Cdk4 and cyclin E1, all involved in the G1 to S transition checkpoint. Suppression
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of E2F1 is also observed, and the decreased expression appears to be mediated by p21.
Because p53-induced p21 and p21 alone has been shown to mediate the repression of
survivin [44], we also investigated whether IRF-1-induced p21 plays a critical role in the
down-regulation of survivin. We show that in p21 knockdown tumor cells, G1 cell cycle
arrest is abrogated. Survivin expression, however, appears to be down-regulated by IRF-1 in
both the wild-type and p21-deleted cancer cells. Collectively, these data suggest that p21
does not play a direct role in the down-regulation of survivin in IRF-1-expressing cells.
When IRF-1 expression is abrogated by siRNA, however, the down-regulation of survivin is
not observed suggesting that IRF-1 may directly regulate survivin. IRF-1 expression also
results in the down-regulation of both cyclin B1 and cdc2 proteins, which are known to
maintain survivin protein expression and stability. Taken together, IRF-1 induces p21-
mediated cycle cell arrest, but other IRF-1-triggered signaling pathways promote the down-
regulation of survivin.

2. Materials and methods
2.1. Cell Lines and Culture

The MDA-MB-468 and SK-BR-3 human breast cancer cell lines, the H1299 human lung
adenocarcinoma, the AGS and N87 gastric cancer cell lines were purchased from the
American Type Culture Collection (Manassas, VA). The MDA-MB-468 and SK-BR-3
breast cancer cells were propagated in Dulbecco’s Modified Eagle’s Medium (DMEM,
BioWhittaker, Inc., Walkersville, MD) and Ham’s F-12 (Invitrogen Life Technologies,
Carlsbad, CA) media at a 1:1 ratio supplemented with 10% fetal bovine serum (FBS), L-
glutamine and antibiotics. The H1299, AGS, and N87 tumor cells were propagated in RPMI
(BioWhittaker, Inc., Walkersville, MD) supplemented with 10% FBS, L-glutamine and
antibiotics. The HCT116 p21 −/− human colon cancer cell line was generously provided by
L. Zhang with the permission of B. Vogelstein and was propagated in DMEM with 10%
FBS, L-glutamine and antibiotics. All cell cultures were maintained in a humidified
atmosphere of 5% CO2/95% air at 37°C.

2.2. Adenoviral Infection
Construction of adenoviral vectors and infection procedures utilized to infect human cancer
cell lines have been previously described [6]. Briefly, cells were washed in PBS, and serum-
free Opti-MEM (Invitrogen Life Technologies, Carlsbad CA) media were added.
Recombinant adenoviruses were added at the indicated multiplicities of infection (MOIs)
and cells were incubated at 37°C at 5 % CO2. Previous experiments were conducted to
determine the MOIs necessary to achieve similar IRF-1 protein expression in each cell line.

2.3. Immunoblotting Analysis and Antibodies
Immunoblotting was performed as has been previously described [6]. Briefly, whole cell
lysates were quantified and separated by SDS–PAGE and transferred onto a nitrocellulose
membrane. Loading of equal protein amounts was assessed by the staining of the
nitrocellulose membranes with 0.1% Ponceau S (Sigma, St. Louis, MO) in 5% acetic acid,
and by probing membranes with β-actin. Nonspecific binding was blocked with PBS-T (14
mM sodium phosphate, monobasic, monohydrate; 88 mM dibasic sodium phosphate,
anhydrous; 100 mM NaCl; and 0.1% Tween 20) containing 5% nonfat milk for 1-h
incubation with agitation at room temperature. Cyclin D, Cyclin E, Cdk 2, Cdk 4, Cdk 6
antibodies were purchased from Abcam Inc. (Cambridge, MA). Cdc2, cyclin B1, p21 and
IRF-1 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-human
survivin was purchased from R&D Systems, Inc. (Minneapolis, MN). Protein bands were
visualized with Supersignal (West Pico Chemiluminescent Substrate; Pierce Biotechnology
Inc., Rockford, IL) according to the manufacturer’s instructions. The bands were exposed on
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Kodak film (Eastman Kodak, Rochester, NY) to detect the chemiluminescence signals.
Densitometric analyses of resultant protein bands were conducted using the ImageQuant TL
software (Piscataway, NJ) and values were normalized against the β-actin control.

2.4. Cell Cycle Analysis
Cells were incubated with BrdU (BD Pharmingen, San Diego, CA) for three hours prior to
being harvested with 0.25% trypsin, rinsed in PBS, and fixed in 70% ultra cold ETOH while
vortexing. Cells were then incubated with FITC-anti BrdU and stained with propidium
iodide according to the manufacturer’s instructions (BD Pharmingen, San Jose, CA). Cell
cycle was assessed by flow cytometric analysis using a Becton Dickinson FACSort (Becton
Dickinson, St Louis, MO). For PI staining alone, cells were harvested using 0.25% trypsin,
rinsed in PBS, and fixed in 80% ultra cold ETOH. Cells were then washed and resuspended
in PBS prior to treatment with 200 μg/mL DNase free RNase A followed by 30 μg/mL
propidium iodide (BD Pharmingen) for 30 minutes at room temperature. A minimum of
10,000 cells per sample were recorded using the Beckman Coulter XL-MCL™ (Beckman
Coulter, Inc., Fullerton, CA) flow cytometer. Cellular debris and doublets were excluded.
Cells were then assayed for cell cycle arrest and these data were analyzed via ModFit LT™

software (Verity Software House, Topsham, ME). Percentages of cells in each phase of the
cell cycle were calculated. Cell cycle analyses were also repeated in triplicate using MDA-
MB-468 breast cancer cells either uninfected or infected with Ad-Ψ5 or Ad-IRF-1 at a MOI
of 10. Average values and standard deviation statistical analyses were computed.

2.5. Transient Transfection of siRNA
Transient transfection of siRNA for human IRF-1 was described previously [46].

2.6. shRNA Plasmid Vector Construction
shRNA specific for human p21 was designed according to the manufacturer’s protocol for
designing shRNA hairpins encoded by the shRNA expression vector pSilencer CMV 4.1
(Ambion, Inc., Austin, TX). The target sequence was attained from a predesigned and
verified siRNA purchased from Ambion (pre-designed and validated siRNA ID #1621). The
55 nucleotide oligo encoding the human p21 specific shRNA was designed by utilizing
Ambion’s online tool. The sense and antisense oligonucleotides were annealed and ligated to
the BamHI and Hind III sites of pSilencer 4.1-CMV (Ambion) to form the neomycin
selectable vector pSilencer 4.1-CMV-p21 shRNA. The inserts were confirmed by
sequencing. The pSilencer 4.1-CMV-NEG containing non-specific shRNA was utilized as a
negative control (Ambion Co., Austin, TX).

Stable clones were generated by transfecting the plasmids using FuGene (Roche, Basel,
Switzerland) per the manufacturer’s protocol followed by the selection of clones with 600
μg/mL of G418 (Mediatech, Inc., Herndon, VA). At least 10 independent clones were
isolated using sterile cloning rings and these were subsequently propagated. The stable cell
lines were then screened for p21 knockdown following stimulation with 1000 U/ml of IFN-γ
for 24 hours.

2.7. Quantitative real time RT-PCR
Primers were designed using <http://frodo.wi.mit.edu/> by entering the cDNA sequence for
each gene of interest from the NCBI website into the Primer3 input screen and selecting
against a human mispriming library. Primer sequences were synthesized by Invitrogen
(Carlsbad, CA): β-actin forward primer agaaaatctggcaccacacc, reverse primer
ccatctcttgctcgaagtcc; p21/CDKN1A forward primer gacaccactggagggtgact, reverse primer
ggattagggcttcctcttgg; Cdk2 forward primer ttgtcaagctgctggatgtc, reverse primer
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cgagtcaccatctcagcaaa; Cdk4 forward primer ctgaccgggagatcaaggta, reverse primer
ctggtcggcttcagagtttc. RNA was extracted from 4 × 106 cells cultured in 100 mm × 20 mm
tissue culture plates using TRIzol® (Invitrogen, Carlsbad, CA) and chloroform. The RNA
was then purified by using the RNeasy kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. Samples were prepared using the Stratagene 1-step Brilliant II
SYBR Green QRT-PCR kit (Cedar Creek, TX). RT-PCR was performed with the Stratagene
Mx3000P. Relative quantities were assessed in comparison with the ROX reference dye and
a β-actin (Invitrogen, Carlsbad, CA) housekeeping normalizer. The RT2Profiler™ PCR
Array: Human Cell Cycle was purchased from SuperArray (Frederick, MD) and the
manufacturer’s instructions were followed including the use of the corresponding first strand
cDNA synthesis kit and the master mix from SuperArray. RNA from Ad-Ψ5 infected cells
was used as a control.

2.8. Statistics
Data are presented as means ± standard error of the mean or standard deviation with
representative experiments depicted in each figure. Comparisons between values were
analyzed using analysis of variance (ANOVA) for comparison between the uninfected, Ad-
Ψ5 vector control, and the Ad-IRF-1 infected cell cohorts. Student’s t test was utilized to
compare the mean values between cell cohorts, i.e., Ad-IRF-1 and Ad-IRF-1 + p21.
Standard deviations were computed for cell cycle analyses of MDA-MB-468 cells either
uninfected or infected with Ad-Ψ5 or Ad-IRF-1.

3. Results
3.1. IRF-1 Induces G1 Arrest in Human Breast Cancer Cells

Having shown that the ectopic expression of IRF-1 resulted in tumor cell death and the
induction of p21 expression in MDA-MB-468 breast cancer cells [6], cell cycle arrest was
evaluated in each of the cell cohorts by FITC-BrdU labeling and propidium iodide staining.
The sub-G0/G1 (apoptotic) fraction was gated out before analysis. Bivariate staining and the
assessment of the G1, S, and G2 fractions are shown in Fig. 1A. The multiplicities of
infection (MOI) of 2.5, 5, and 10 were selected to determine the effect of the level of IRF-1
expression on cell cycle progression (Fig. 1B). The resultant increase in IRF-1 expression
with increased MOI is also shown (Fig. 1C). There is a marked decrease in the S phase
fraction in the Ad-IRF-1 infected cells compared with the uninfected and Ad-Ψ5 infected
control cell cohorts. The cell cycle arrest that is observed in the Ad-IRF-1 infected cells
occurs in a dose-dependent manner. There is a slight increase in the G2 fraction in the Ad-
IRF-1 infected cells (Fig. 1B) that is similar to that observed in the Ad-Ψ5 infected control
cell cohort, hence, this increase is unlikely related to IRF-1 expression. These experiments
were also repeated in triplicate using a MOI of 10 (Table 1). Collectively, these data show a
significant increase in the G1 fraction in the Ad-IRF-1 infected cells compared with the
uninfected cell cohort. The increase in the G1 fraction in the Ad-IRF-1 infected cell cohort
is highlighted when compared to the corresponding Ad-Ψ5 control cells, thus, further
confirming that IRF-1 causes G1 arrest.

3.2. IRF-1 Regulates Cyclin and Cyclin Dependent Kinase Expression
The ectopic expression of IRF-1 effectively induced the expression of the cyclin-dependent
kinase inhibitor p21 and G1 cell cycle arrest. The expression of other cell cycle related
genes was evaluated in the MDA-MB-468/Ad-IRF-1 infected breast cancer cells utilizing a
cell cycle specific gene array that uses real-time RT-PCR. We report the results of the
screening array that were subsequently confirmed by either quantitative real-time RT-PCR,
Western immunoblotting, or both, in Table 2. p21 is seen to be markedly increased in the
cell cycle specific gene array. Interestingly, p21 is known to effectively inhibit Cyclin E/
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Cdk2 complexes that lead to G1 arrest, and both Cyclin E1 and Cdk2 appear to be down-
regulated at the transcriptional level. p21 has also been shown to inhibit Cyclin D/Cdk4 or 6
complexes [48]. While neither cyclin D1 nor cyclin D2 appear to be transcriptionally down-
regulated, the down-regulation of Cdk4 is observed. Reduced expression of Cdk2 and Cdk4
mRNA was confirmed by quantitative real-time RT-PCR (Fig. 2A), and the suppression of
Cdk2 and Cdk4 is statistically significant with p<0.05 by ANOVA. Furthermore, by
Western immunoblotting, we show that ectopic IRF-1 expression results in decreased
protein expression of Cdk2, Cdk4, and Cyclin E1 (Fig. 2B).

3.3. IRF-1 Induces p21-Independent of p53 Status in Tumor Cells
Previously, we showed that the ectopic expression of IRF-1 induces p21 protein expression
in MDA-MB-468 and SK-BR-3 p53 mutant human breast cancer cell lines [6]. Using
quantitative real-time RT-PCR, we show that p21 up-regulation occurs at the transcriptional
level and a marked increase in p21 mRNA in MDA-MB-468/Ad-IRF-1 infected breast
cancer cells is observed (Fig. 3A). Repetition of these experiments showed an average
increase of 28 fold up-regulation of p21 mRNA upon the ectopic expression of IRF-1 when
compared to the normalized uninfected (NI) control cell cohorts. Similar increases in p21
mRNA were also observed in the p53 null human non-small-cell lung cancer cell line,
H1299, when compared to the normalized no infection control (NI, Fig. 3A). To further
confirm that p21 up-regulation by IRF-1 is independent of p53 status, an additional p53
mutated gastric cancer cell line, N87, as well as the p53 wild-type gastric cancer cell line,
AGS, were infected to express IRF-1. Similar to the MDA-MB-468 and H1299 cancer cell
lines, an increase in p21 protein expression was observed in the N87 gastric cancer cell line
(Fig. 3B). A baseline level of p21 expression is observed in the p53 wild-type AGS gastric
cell line that is slightly increased by the ectopic expression of IRF-1. These findings are
similar to the results that we reported for the wild-type p53 breast cancer cell line MCF-7
[6]. These data are consistent with the function of IRF-1 as a nuclear transcription factor
with regulatory elements in the promoter region of p21.

3.4. p21 mediates IRF-1 induced G1 arrest but not Down-Regulation of Survivin
To determine the direct effect of the induction of p21 on cell cycle arrest in cancer cells that
express IRF-1, we used p21 siRNA to abrogate the induced increase in p21 expression. We
confirmed that siRNA to p21 was effective in inhibiting p21 expression in the human non-
small-cell lung cancer H1299 cell line infected with Ad-IRF-1 (Fig. 4A). Western
immunoblotting of H1299/Ad-IRF-1 infected cell lysates show the upregulation of p21 that
is subsequently reduced by approximately 26-fold when cells are transfected with p21
siRNA. The scrambled control siRNA, Si Neg, was ineffective in suppressing p21
expression. We furthered these results by evaluating cell cycle effects of IRF-1 in the
absence of or in the presence of p21 siRNA by propidium iodide staining. Similar to the
MDA-MB-468 breast cancer cells, the ectopic expression of IRF-1 in H1299 cells induces a
G1 cell cycle arrest (Fig. 4B). Suppression of p21 using siRNA profoundly abrogated the G1
arrest in the H1299 cell line. p21 siRNA decreased the G1 fraction to a level comparable to
the uninfected and the Ad-Ψ5 infected control cell cohorts. In addition, the S fraction was
increased in the p21 siRNA transfected/Ad-IRF-1 infected cells that was comparable to the
uninfected and the Ad-Ψ5 infected cells. Collectively, p21 siRNA abrogated the effect of
IRF-1 on G1 arrest in H1299 cells.

Hypophosphorylated retinoblastoma (Rb) protein binds and inhibits proteins including the
E2F family transcription factors that promote cells to enter the S-phase [48–49]. Upon Rb
phosphorylation by Cdks, Rb releases E2F proteins that subsequently assist proliferation and
progression from G1 to S phase. p21 has been shown to prevent cyclin/Cdk complexes from
phosphorylating Rb [50]. Western immunoblotting shows that E2F1 is decreased in H1299
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cells infected with both Ad-p21 and Ad-IRF-1 (Fig. 4C). The transfection reagent or the Si
Neg controls did not affect the observed decrease in E2F1. p21 siRNA restores E2F1
expression in Ad-IRF-1 infected cells that appears to confirm that p21 mediates the decrease
in E2F1 protein by ectopic expression of IRF-1. Cyclin D1 was also evaluated and similar to
the MDA-MB-468/Ad-IRF-1 infected cells (Fig. 2 and Table 2) a change in the expression
of cyclin D1 was not observed in H1299 cancer cells (Fig. 4C).

The direct effect of the induction of p21 on cell cycle arrest in MDA-MB-468 breast cancer
cells that express IRF-1 was also assessed by generating p21 knockdown MDA-MB-468
clones by transfection with p21 shRNA. The control clone denoted as c4 (Fig. 5A) was
generated by stable transfection with the vector expressing non-specific shRNA and was
renamed p21Neg. IFN-γ has been shown to upregulate p21 [51]. Since differences in p21
protein were difficult to assess at baseline, we cultured the different clones with IFN-γ.
While several p21 knockdown clones were confirmed, the most profound reduction in p21
was observed in the p21c11 clone (Fig. 5A). To investigate the direct effect of p21 in
mediating G1 cell cycle arrest in Ad-IRF-1 infected MDA-MB-468 breast cancer cells, the
p21c11 clone was infected with a higher MOI of Ad-IRF-1 to achieve IRF-1 expression
comparable to the p21Neg/Ad-IRF-1 control cells. As seen in Fig. 5B, there is a marked
suppression of p21 protein in p21c11 versus p21Neg control cells. Similar to the H1299
non-small-lung cancer cell line, E2F1 is decreased by IRF-1 expression in the control
p21Neg cells, but decreased expression is not observed in the p21c11 cells (Fig. 5B).
Furthermore, G1 cell cycle arrest was observed in the control p21-positive cells that express
IRF-1, but G1 arrest was not observed in the p21 knockdown p21c11 cells (Fig. 5C). Similar
results were obtained using the p21c15 clone (data not included).

We have previously shown that the ectopic expression of IRF-1 in breast cancer cells
resulted in the induction of p21 and reduced levels of survivin [6]. Furthermore, Lohr et al.
showed that the suppression of survivin in HCT116 human colon cancer cells was mediated
by p21 [45]. To determine whether p21 played a direct role in the down-regulation of
survivin in Ad-IRF-1 infected cells, we evaluated the expression of survivin in the control
and p21 knockdown cell cohorts that were either uninfected or infected with Ad-Ψ5 or Ad-
IRF-1 adenoviruses. Reduction in survivin protein expression are usually seen at the 36 h
time point, and the most profound decrease was observed at 48 h post IRF-1 infection in
MDA-MB-468 breast cancer cells [6]. Despite the absence of expression at 24 h (Fig. 5D),
IRF-1 induced p21 expression is seen in the shRNA knockdown clones at the 48 h time
point, although expression is less than the control cell cohorts (Fig. 5D). Survivin expression
is decreased in all three cohorts at the 48 h time point. Since p21 was virtually undetectable
at the 24 h time point and less detectable than the control cell cohorts at the 48 h time point,
it is conceivable that this low level of expression of p21 plays a role in the down-regulation
of survivin. It should be noted that survivin expression is slightly higher in the MDA-
MB-468 cells infected with IRF-1 at the 48 h time point when compared with the p21c11
clone infected with IRF-1. Taken together, these data do not support the contention that p21
plays a critical role in survivin regulation.

To further evaluate the role of p21 in survivin expression, we utilized IFN-γ to assess the
expression of p21, IRF-1, and survivin in the MDA-MB-468 breast cancer cells. As seen in
Fig. 6A, IFN-γ induced IRF-1 expression and suppressed the protein expression of survivin
in IFN-γ treated cells. We also evaluated survivin expression in MDA-MB-468 breast cancer
cells transfected with siRNA against IRF-1. Suppression of survivin was abrogated in
siIRF-1 transfected cells when compared with lipofectamine and siNull control transfected
cells suggesting that IRF-1 may play a direct role in down-regulating survivin.
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Survivin expression was also evaluated in the p21 knockdown MDA-MB-468 clones. Prior
to culture with IFN-γ, survivin expression was comparable in both the p21Neg control and
p21c11 p21 knockdown cell cohorts (Fig. 6B). Despite similar expression of IRF-1 and
marked suppression of p21 expression in the p21cll clone compared with the p21Neg clone,
survivin expression was reduced at the 48 h time point in both the p21Neg and p21c11
clones cultured with IFN-γ (Fig. 6B).

In addition, to further confirm that survivin expression could be decreased by IRF-1 in the
complete absence of p21 protein, we utilized the HCT116 human colon cancer cell line that
has p21 deleted by homologous recombination. In these HCT116 p21−/− cells, the p21 gene
is deleted at both alleles and there should be a complete absence of p21 protein expression.
We confirmed the absence of p21 in HCT116 p21−/− cancer cells by western
immunoblotting in uninfected, Ad-Ψ5, or Ad-IRF-1 infected cells (Fig. 7A). In the absence
of p21, the ectopic expression of IRF-1 resulted in the reduced expression of survivin (Fig.
7B). Collectively, these data show that p21 does not play a major role in the down-
regulation of survivin in these cancer cells.

3.5. Reduction in Cdc2 in Ad-IRF-1 Infected Breast Cancer Cells
p21 is not a critical regulator of survivin expression in these IRF-1-expressing cancer cells,
hence, we investigated the expression of molecules that have been shown to maintain
survivin expression and stability [52–53]. The mitotic kinase complex cdc2-cyclin B1 has
been shown to be required for survivin phosphorylation on the Thr34 residue [54]. To
investigate whether cdc-2 and cyclin B1 are down-regulated in IRF-1 infected cells, MDA-
MB-468 and SK-BR-3 human breast cancer cells were harvested at varying time points post
infection. Cdc-2 expression is comparable in both the uninfected or Ad-Ψ5 infected cell
cohorts. Cdc-2 expression is reduced in the Ad-IRF-1-infected cells, and the most profound
decrease in expression is observed at the 48 h post infection time point (Fig. 8A). There is an
over three-fold decrease in cdc-2 expression in the MDA-MB-468/Ad-IRF-1 and SK-BR-3/
Ad-IRF-1 infected cells when compared with the uninfected and Ad-Ψ5 infected cell cohorts
at the 48 h time point post infection (Fig. 8A and Fig. 8B). We also investigated whether
cyclin B1 is present in these cells. Cyclin B1 is highly expressed in various tumors [55–58]
and oncogenes such as c-myc and H-ras have been shown to induce the cyclin B1 promoter
that may contribute to chromosomal instability [59–60]. There is a decrease in the protein
level of cyclin B1 at the 48 h time point in the MDA-MB-468/Ad-IRF-1 cells when
compared with the Ad-Ψ5 infected control cell cohort. A greater than a five-fold decrease in
cyclin-B1 in the SK-BR-3/Ad-IRF-1 infected cells is observed at the 36 h post infection
time point when compared with the uninfected and the SK-BR-3/Ad-Ψ5 infected control
cells. Taken together, cyclin B1 and cdc2, both of which are known to be involved in
survivin expression and activation, are decreased in breast cancer cells that express IRF-1.

4. Discussion
Previously, we reported that the ectopic expression of IRF-1 in human breast cancer cells
results in tumor cell death and the suppression of tumor growth in xenogenic mouse models
of breast carcinoma that was associated with the reduced expression of the IAP survivin.
The cyclin dependent kinase inhibitor, p21, was upregulated in both the Ad-IRF-1 infected
p53 mutant MDA-MB-468 and SK-BR-3 human breast cancer cell lines [6].

p21 is known to induce G1 cell cycle arrest and has been shown to be upregulated by IFN γ
[48]. IRF-1 binding sites have also been identified in the promoter region of p21 [22].
Moreover, IRF-1 and p21 upregulation have been associated in many studies of cell cycle
arrest [61,62]. The precise signaling mechanisms that result in cell cycle arrest, however,
have not been fully delineated. Given these observations, in this current report, we begin to
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investigate the signaling events triggered by IRF-1 and determine whether IRF-1 induces
cell cycle arrest via a p21-mediated mechanism.

To confirm and characterize the cell cycle arrest associated with the ectopic expression of
IRF-1 and subsequent p21 upregulation, double staining with PI and FITC-αBrdU in
uninfected, control Ad-Ψ5, or Ad-IRF-1 infected BrdU-pulsed cancer cells was conducted.
Indeed, we show that a G1 cell cycle arrest results from the ectopic expression of IRF-1 in
both MDA-MB-468 breast cancer cells and H1299 non-small-cell lung cancer cells.
Moreover, our studies clearly confirm the transcriptional upregulation of p21 in these cancer
cells by IRF-1. Increased expression of p21 in observed in the MDA-MB-468, H1299, and
N87 cancer cells that are all p53 mutated or deleted, hence, increased expression of p21 is
independent of p53 status.

We also evaluated the expression of cyclins and cyclin dependent kinases. Ad-IRF-1
infected MDA-MB-468 breast cancer cells had reduced protein levels of Cdk2, Cdk4, and
cyclin E. Transcriptional repression of Cdk2 and Cdk4 were also confirmed by quantitative
real time RT-PCR.

To determine the role of IRF-1-induced p21 in cell cycle arrest, p21 knockdown MDA-
MB-468 breast cancer and H1299 lung cancer cell lines were generated. G1 cell cycle arrest
was abrogated in IRF-1-expressing p21-knockdown clones, indicating that p21 plays an
important role in mediating G1 arrest in these cancer cells. By immunoblotting E2F1 that
promotes cells to enter the S-phase [48–49] is reduced in IRF-1-expressing cells and
abrogation of p21 restores E2F1 expression, thus, supporting p21-mediated repression of
E2F1.

Our previous studies showed that the ectopic expression of IRF-1 in human breast cancer
cells resulted in the induction of p21 and the down-regulation of survivin in both the p53
mutant MDA-MB-468/Ad-IRF-1 and SK-BR-3/Ad-IRF-1 human breast cancer cell lines
[6]. We utilized RNA interference technology to evaluate the role of p21 expression in
mediating the down-regulation of survivin. Despite the marked decrease in p21 protein in
p21c11 cells compared with the p21control cell cohort, survivin expression appeared to be
decreased in p21c11 MDA-MB-468 p21 knockdown cells when cultured with either IFN-γ
that induces IRF-1 expression or direct expression with Ad-IRF-1. Furthermore, the ectopic
expression of IRF-1 results in the suppression of survivin in the human colon cancer cell
line, HCT116 p21−/−, where the p21 gene is deleted at both alleles. Interestingly, we
observed an increase in survivin expression in MDA-MB-468 breast cancer cells that were
transfected with siRNA to IRF-1. IRF-1 may, thus, play a direct role in the down-regulation
of survivin. This observation warrants further investigation.

Taken together, p21 does not appear to directly mediate survivin down-regulation in this
context. Other studies have shown that p53-induced suppression of survivin was mediated
by p21 [45]. It has also been shown that p21 was strongly induced in HCT116 p53−/− or
HCT116 p53+/+ human colon cancer cells that were treated with lexatumumab, that binds
with TRAIL-R2, in combination with the histone deacetylase (HDAC) inhibitor,
Suberoylanilide hydroxamic acid (SAHA) [63]. While survivin expression was decreased in
the SAHA treated p21+/+ clone, the expression of survivin remained constant in the p21−/−

clone supporting the contention that p21 is required for the suppression of survivin in these
cells [63]. It appears that other independent or overlapping signaling pathway(s) may exist
to down-regulate survivin and promote cell death in Ad-IRF-1-expressing cancer cells.

Phosphorylation on Thr34 via the mitotic kinase complex cdc2-cyclin B1 is required to
maintain survivin expression and stability in cancers cells [54]. Mutations in the Thr34

residue abrogates survivin phosphorylation and results in tumor cell apoptosis in vitro [54]
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and the inhibition of tumor growth in vivo [64,65]. Phosphorylation of cdc2 may regulate
survivin by increasing its protein stability at mitosis [52]. The cdc2-cyclin B1 kinase
complex is activated via a series of phosphorylation and dephosphorylation pathways. Cdc2
is phosphorylated on Thr161 by cdc2-activating kinase (CAK) and dephosphorylated on Thr
14 by cdc25c [66,67]. This active cdc-2 bound to cyclin B1 is now able to phosphorylate
survivin. We evaluated the expression of these signaling molecules by Western
immunoblotting. Our results show that cdc-2 is indeed down-regulated in Ad-IRF-1 infected
MDA-MB-468 and SK-BR-3 breast cancer cells. Similarly, other studies have shown that
the anti-HIV proviral transcription factor, tetra-O-methyl nordihydroguaiaretic acid (M4N),
was able to cause growth arrest and apoptosis in malignant cells by the suppression of Cdc2
and survivin [68]. In contrast to our studies, however, the protein level of cyclin B1
remained constant.

We observed that cyclin B1 was down-regulated in breast cancer cells that express IRF-1.
Studies show that the high expression of cyclin B1 is associated with an aggressive
phenotype and it is an independent prognostic factor in breast cancer [69]. In addition,
studies specifically targeting cyclin B1 show that its depletion results in the inhibition of the
kinase activity of Cdc2, induction of G2/M cell cycle arrest, the suppression of tumor cell
proliferation, and apoptosis [70].

Taken together, our data show that IRF-1 promotes tumor cell death, the suppression of
tumor growth, and cell cycle arrest. While IRF-1 induction of p21 results in G1 cell cycle
arrest in the cancer cell lines that we have evaluated, p21 does not appear to directly mediate
the observed down-regulation of survivin. We did observe reduced expression of both cdc-2
and cyclin B1 which are known to regulate survivin expression. Moreover, our data suggest
that IRF-1 may directly regulate survivin. These results warrant further investigation. Other
mechanisms may be mediated by IRF-1 to promote decreased expression of survivin. We
are actively investigating these signaling pathways. The precise delineation of these IRF-1
signaling events will facilitate the identification of molecules that may be selectively
targeted to down-regulate survivin and promote tumor cell death, thus, leading to novel
molecular therapeutic strategies for the treatment of patients with cancer.
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Figure 1.
IRF-1 induces a dose-dependent G1 arrest in human breast cancer. (A) MDA-MB-468
human breast cancer cells were either not infected (NI), or infected with the control Ad-Ψ5
or Ad-IRF-1 recombinant adenoviruses at varying multiplicities of infection (MOI) and cell
cycle arrest at 24 h was evaluated by FITC-BrdU labeling and propidium iodide staining. An
example of the bivariate cell cycle output data is shown. Increases in BrdU are associated
with S phase while PI staining indicates either one or two copies of DNA corresponding
with G1 or G2 phases. Percentage of cells in each phase can then be calculated. (B) MDA-
MB-468 cells were either not infected (NI) or infected with either Ad-Ψ5 or Ad-IRF-1 at the
indicated MOIs. Cells were fixed in ETOH, permeabilized, and stained with FITC-αBrdU
and propidium iodide (PI). Cell cycle analysis was then performed and percentages of cells
in each phase, G1, S, and G2 are shown as assessed by two dimensional analyses as seen in
A. (C) MDA-MB-468 cells were either not infected (NI) or infected with either Ad-Ψ5 or
Ad-IRF-1 at the indicated MOIs. Infected cells were harvested 24 h after infection, and
immunoblotting was conducted as described in Materials and Methods.
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Figure 2.
Ectopic expression of IRF-1 suppresses Cdk2, Cdk4, and Cyclin E1 expression. (A) MDA-
MB-468 breast cancer cells were either uninfected (NI), or infected with the Ad-Ψ5 control
or Ad-IRF-1 adenovirus at MOI 25. Lysates were harvested at 24 hours post infection.
Quantitative real-time RT-PCR was performed as described in Materials and Methods, and
relative quantities of cdk2 and cdk4 were computed by utilizing the MxPro™ software.
These experiments were repeated twice with comparable results. * denotes p<0.05 by
ANOVA. (B) MDA-MB-468 breast cancer cells were either uninfected or infected with Ad-
Ψ5 control or Ad-IRF-1 at a MOI of 10. Cellular lysates were prepared and Western
immunoblotting was conducted as has been described in Materials and Methods. Blots were
probed for Cdk2, Cdk4, cyclin E, and β-actin.
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Figure 3.
IRF-1 induces the upregulation of p21 mRNA and protein expression in cancer cells. (A)
MDA-MB-468 human breast cancer cells and H1299 human non-small-cell lung cancer
cells were not infected (NI), or infected with the control Ad-Ψ5 vector or Ad-IRF-1
adenoviruses at MOI 25. 24 h post infection, cell pellets were lysed with TRIzol® and RNA
was purified with the Qiagen RNeasy kit. Quantitative real time RT-PCR was performed as
described in Materials and Methods. Relative quantities of p21 mRNA were computed by
MxPro™ quantitative PCR software (Stratagene, La Jolla, CA). * denotes p<0.005 by
ANOVA. (B) MDA-MB-468 and H1299 cancer cell lines were infected as described in A.
AGS and N87 gastric cancer cells were infected at MOI 50. 24 h post infection, cells were
harvested and immunoblotting was performed as described in Materials and Methods.
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Figure 4.
p21 mediates IRF-1 induced G1 arrest in human non-small-cell lung cancer. (A) H1299 lung
cancer cells were either untransfected or transfected with a control siNeg, or siRNA to p21.
Untransfected cells treated with the transfection reagent (T.R.) siPORT™ Amine are
included as an additional control. 24 hours post transfection the cells were either not
infected, or infected with Ad-Ψ5 or Ad-IRF-1 recombinant replication defective
adenoviruses at a MOI of 25. 24 hours post infection, cells were harvested and
immunoblotting was performed as described in Materials and Methods. (B) H1299 cells
were treated as in A, and 24 hours post infection, cells were fixed in 80% ETOH,
permeabilized, and stained with propidium iodide. Cells were then assayed for cell cycle
arrest and these data were analyzed via ModFit LT™ software. ANOVA analysis was
utilized to compare the means between no infection NI, Ad-Ψ5, and Ad-IRF-1, while the
Student’s t test compared means between Ad-IRF-1 and Ad-IRF-1 + p21 siRNA (* = p<0.05
for both analyses). These experiments were conducted in triplicate. (C) H1299 cells were
transfected as in A, and subsequently infected with Ad-Ψ5, Ad-IRF-1, or Ad-p21 at a MOI
of 25. Cells were harvested 24 h post infection and immunoblotting was conducted as has
been described in Materials and Methods. These experiments were repeated twice with
comparable results.
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Figure 5.
p21 mediates IRF-1 induced G1 arrest but not suppression of survivin in breast cancer cells.
(A) MDA-MB-468 cells were stably transfected with either control scrambled shRNA
(p21Con.) or shRNA to p21. Clones were expanded under G418 selection. Independent
clones were selected and stimulated with 1000 U/mL of IFNγ for 24 hours. Cells were
harvested and Western immunoblotting was performed as described in Materials and
Methods. (B) p21 control and p21c11 clones from A were either not infected or infected
with Ad-Ψ5 or Ad-IRF-1 at MOIs of 5 and 10 respectively resulting in equivalent IRF-1
expression. 24 hours post infection, cells were harvested and immunoblotting was conducted
as described in Materials and Methods. (C) p21 control and p21c11 clones were either NI or
were infected with Ad-Ψ5 or Ad-IRF-1 at MOI of 10 and 25 respectively. 48 hours post
infection, cells were harvested and fixed in 80% ETOH. Cells were subsequently
permeabilized, stained with PI, and cell cycle analysis was conducted. ANOVA analysis
within each of the uninfected, Ad-Ψ5, or Ad-IRF-1 cell cohorts was utilized to compare
means, while the Student’s t test compared the means between the p21 control and p21c11
cell clones infected with the same virus. ‡ = p<0.001 by ANOVA * = p<0.05 by Student’s t
test. (D) Parental MDA-MB-468 control cells, p21Neg control cells, and p21c11 knockdown
cells were either not infected (NI) or infected with Ad-Ψ5 or Ad-IRF-1. Cells were
harvested at the 24 and 48 h time points. IRF-1, p21, survivin, and β-actin were assessed by
Western immunoblotting as described in Materials and Methods.
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Figure 6.
p21-independent suppression of Survivin in human breast cancer cells. (A) MDA-MB-468
cells were either not transfected or transfected with a control siNeg, or siRNA to IRF-1.
Untransfected cells were treated with the transfection reagent Lipofectamine (Lipo). 24 h
post transfection, the cells were either not treated (NT) or cultured with 1000 U/mL of IFN-
γ. 24 h post treatment, cells were harvested and immunoblotting was performed as described
in Materials and Methods. (B) p21 psilencer control and p21c11 p21 knockdown MDA-
MB-468 clones were either untreated or cultured with 1000 U/mL of IFNγ. Cells were
harvested at the 24 and 48 h time points and Western immunoblotting was conducted as has
been described in Materials and Methods.
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Figure 7.
Survivin expression is down-regulated in Ad-IRF-1 infected HCT116 p21−/− human colon
cancer cells. (A) HCT 116 p21−/− cells were infected at MOI of 10 and cells were harvested
at the indicated time points post infection. IRF-1, p21, and β-actin were assessed by
immunoblotting as described in Materials and Methods. On a separate gel run at the same
time HCT116 wild type cell lysates were assessed for p21 expression and used as a positive
control. * marks a non-specific band that was used to align the separate blots run and stained
at the same time. Molecular weight markers were also used for alignment. A p21 band is
absent in the HCT116 p21−/− cells regardless of infection. (B) Survivin is decreased by the
ectopic IRF-1 expression in HCT116 p21−/− cells. HCT116 p21−/− cells were either
uninfected or infected with Ad-Ψ5 or Ad-IRF-1. Cells were harvested at the indicated time
points post infection and IRF-1, survivin, and β-actin were assessed by immunoblotting as
described in Materials and Methods.
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Figure 8.
Ectopic expression of IRF-1 results in the down-regulation of cdc-2 and cyclin B1 in human
breast cancer cells. (A) The human breast cancer cell line, MDA-MB-468, was either
uninfected (NI) or infected with the Ad-Ψ5 or Ad-IRF-1 as has been previously described.
Cells were harvested at various time points post infection and Western immunoblotting was
conducted as has been described in Materials and Methods. (B) The SK-BR-3 human breast
cancer cell line was either uninfected (NI) or infected with the Ad-Ψ5 or Ad-IRF-1 as has
been previously described.
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