
Journal of Cellular Biochemistry 92:1–5 (2004)

FASTTRACK

Inactivated Tumor Suppressor Rb by Nitric Oxide
Promotes Mitosis in Human Breast Cancer Cells

Ziv Radisavljevic*

Department of Cancer Cell Biology, Harvard University, School of Public Health,
Boston, Massachusetts 02115

Abstract Inactivation of tumor suppressor protein retinoblastoma (Rb) is important mechanism for the G1/S
transition during cell cycle progression. Human breast cancer cells T47D release great amount of nitric oxide (NO), but its
relation to tumor suppressor Rb is unknown. In this study, it is shown that NO induces phosphorylation and inactivation of
Rb tumor suppressor protein, increasing G2/M phase and cell proliferation of breast cancer cells T47D. NO did not induce
changes in p53 ser-15 phosphorylation, the mostphosphorylated site of p53 during its activation. Thesedata indicate that NO
induces cell proliferation through the Rb pathway. NO phosphorylates and inactivates tumor suppressor protein Rb inducing
mitosis by the p53 independent pathway in breast cancer cell. J. Cell. Biochem. 92: 1–5, 2004. � 2004 Wiley-Liss, Inc.

Key words: breast cancer; Rb; p53; signaling; mitosis; nitric oxide

The retinoblastoma tumor suppressor (Rb)
protein controls the G1/S transition [Weinberg,
1995]. The Rb regulates proliferation of mam-
malian cells by maintaining the integrity of
the G1/S checkpoint. In majority of human
malignancies aberrancies occur in Rb-pathway
[Senderowicz, 2000]. In the middle-to-late G1

phase to progression to S phase of the cell cycle
upon mitogenic stimulation, Rb protein is
phosphorylated and inactivated [Hatakeyama
and Weinberg, 1995]. All human tumors have
inactivated either the Rb or p53 pathway. The
p53 tumor suppressor protein is latent and
highly labile transcriptional factor and acti-

vated by wide range of cellular stresses includ-
ing DNA damage [Levine, 1997]. The protective
role of p53 in normal cells depends on its ability
to function as transcriptional factor, activated
in response to DNA damage [Alarcon et al.,
1999]. Activated p53 moves to the nucleus,
binds to DNA and coordinates a change in the
balance of gene expression leading to growth
arrest or apoptosis, event that prevent the growth
or survival of damaged cells [Oren, 1999]. The
phosphorylation of p53 ser-15 is strongly as-
sociated with the response to DNA damage
[Kapoor et al., 2000]. Breast cancer cells have
great production of NO that contributes to
the cancer growth and spread [Vakkala et al.,
2000]. In this report, it was shown that NO
phosphorilates and inactivates Rb tumor sup-
pressor protein inducing increase in mitosis.

MATERIALS AND METHODS

Materials

In this study, the materials were used: L-
Arginine (L-Arg) hydrochloride crystalline
(Sigma, St. Louis, MO), NG-monomethyl-L-
arginine mono acetate salt (L-NMMA), an
inhibitor ofNO synthase (CalBiochem, La Jolla,
CA), polyclonal rabbit antibodies Rb and
phoshorylated-Rb (ser-795), p53 and phos-
phorylated-p53 (ser-15) from Cell Signaling
(Beverly, MA).
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Cell Culture

Human breast cancer cell lines T47D were
obtained from American Type Culture Col-
lections. The T47D cells were maintained in
RPMI-1640 (Cellgro, Herndon, VA) supplemen-
ted with 10% fetal bovine serum (FBS), 5%
penicillin/streptomycin, 5% glutamine, bovine
insulin at 0.2 U/mL (GIBCO, Grand Island,
NY). Cell line was grown at 378C with 5% CO2.

Experimental Procedure

Experiments were performed as described
previously [Radisavljevic, 2003]. Briefly, cancer
cell lines T47Dwere on starvation for 1 daywith
0.1% FBS and then cells were treated with
100 mM of L-arginine in presence of 0.1% FBS/
RPMI-1640 or with 50 mMof L-NMMA in 60mm
tissue culture dish (Corning, NY). Cells were
washed with PBS (Cellgro) and lysed with SDS
sample buffer (125 mM Tris-HCl, pH¼ 6.8, 4%
SDS, 20% glycerol, 1 mM orthovanadate and
with 0.02% bromphenol blue) for protein analy-
sis, or cells were harvested for flow cytometry
analysis. Protein concentration of thewhole cell
extract was determined by the Bratford assay
(BioRad, Hercules, CA).

Cell Proliferation Assay

Cell proliferation in thepresence orabsence of
the L-arginine was determined using the Cell
Proliferation Reagent WST-1 (tetrazolium salt)
[Scudiero et al., 1988; Ji et al., 2002]. Briefly,
cells were cultured in 0.1% FBS/RPMI-1640
(100 ml) in flat bottom 96-well tissue culture
plates at density of 5� 104/well at 378Cwith 5%
CO2 for 16 h. At the indicated times, the WST-1
reagent (10 ml) was added to each well and
incubated in a humidified atmosphere for 1 h.
The absorbance of the stable formazan product
in viable cells (tetrazolium salt, WST-1 was
cleaved by mitochondrial dehydrogenases) was
measured at 450 nm using a colorimetric micro-
plate reader.

Flow Cytometry

Humanbreast cancer cells T47Dwere treated
for 16 h and then were washed with PBS and
harvested with trypsin 0.05% in concentration
of 1� 106/ml and fixed with 70% alcohol. Cells
then were washed in 30% ethanol, pelleted and
resuspended in 0.05% BSA/PBS and then DNA
was stained with propidium iodide 50 mg/ml
with RNAse-A at 40 mg/ml for 30 min at room

temperature, and analysed by using a Becton
Dickinson flow cytometer for relative DNA
content based on red fluorescence levels, and
thedistribution of cells indifferent phases of cell
cycle was calculated using Cell FIT software
(Becton Dickinson, San Jose, CA).

Western Blotting

Equal amounts of protein lysate extracted
from breast cancer cell lines T47D (100 mg) were
resolved by 8% SDS polyacrylamide gel electro-
phoresis and electrotransfered for 2 h into
polyvinylidene difluoride membrane (PVDF)
(BioRad). Blots were blocked with 5% non-fat
drymilk in PBSwith 0.1%Tween-20 for at least
2 h at 48C. Blots were then incubated overnight
with primary antibody at 48C (1:1000 in 5% non
fat milk and PBS with 0.1% Tween-20 followed
by three washes with PBS and 0.1% Tween-20
at room temperature 10 min each. HRP-con-
jugated secondary antibody (1:20,000) was
added to the blots and incubated for 1 h at room
temperature. Blots were washed three times
with PBS and 0.1% Tween-20 and reactivity
recorded by enhanced chemiluminiscence (En-
hanced Luminal Reagent NEN, Life Science
Products, Inc., Boston, MA), according to the
manufacturer’s instruction.

RESULTS

Endogenously produced NO (from substrate
L-arginine), induced phosphorylation and inac-
tivation of tumor suppressor Rb. Phosphoryla-
tion of Rb ser-795 protein was followed during
cell cycle progression of breast cancer cells
T47D. Phosphorylation of Rb at position ser-
795 in control T47D cells occurs at 11 h which
represents late S phase and dephosphorylated
in G1 and early S phase (Fig. 1A, upper panel).
However, NO significantly increased Rb phos-
phorylation after first hour of stimulation and
continue hyper phosphorylation of Rb through
G1 and S phase through G2/M phase of cell cycle
(Fig. 1A, low panel). Changes of protein phos-
phorylation of tumor suppressor p53 ser-15,
were not observer during NO stimulation
(Fig. 1B). NO induced significant (P< 0.001)
increase in G2/M phase and cell proliferation
(P< 0.001) of breast cancer cells T47D during
16 h of cell cycle progression as result of in-
activated Rb tumor suppressor protein by NO
(Fig. 2A,B). This proliferative effect was abol-
ished by L-NMMA, a specific inhibitor of NOS.
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These data provide insight into the pathway
that links NO with Rb tumor suppressor phos-
phorylation and inactivation. Also, this finding
elucidate role of NO in inducing mitosis of
breast cancer cells. These results suggest that
NO is negative regulator of tumor suppressor
Rb activity in breast cancer cells.

DISCUSSION

In this study, it was demonstrated that tumor
suppressor protein Rb was phosphorylated and
inactivated by NO without involvement of p53
tumor suppressor. This inactivation of Rb sup-
ports progression in cell cycle leading to increas-
ed G2/M phase and cell proliferation of breast
cancer cells. It is known that Rb is phosphory-
lated and inactivated by a family of serine/

threonine kinases such as cyclin-dependent
kinases (Cdk) [Morgan, 1997]. Cdk2 in combi-
nation with cyclin E is responsible for progres-
sion from G1 into S phase and Cdk2/cyclin A is
required for progression through S phase and
cdc2/cyclin B is necessary for M phase of cell

Fig. 1. NO phosphorylates and inactivates Rb. A: NO induced
phosphorylation (P*) of Rb tumor suppressor protein at position
ser-795 and activates cell cycle progression in human breast
cancer cells T47D. B: NO had no effect on phosphorylation
(P*) of p53 tumor suppressor protein at position ser-15, most
phosphorylated site of p53 during its activation. The data shown
in this figure is representative of three experiments.

Fig. 2. NO induces mitosis of breast cancer cells. Human breast
cancer cells were treated for 16 h with L-arginine (L-Arg, 100 mM)
and assessed for A: G2/M phase of cell cycle progression by
flow cytometry, and (B) cell proliferation by proliferation assay.
This effect was abolished by L-NMMA 50 mM, a specific inhibitor
of NOS. Results are expressed as the mean� SD of six indepen-
dent experiments.
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cycle [Sherr, 1996]. Recently, it was shown that
Rb inactivation was mediated by p38 kinase
which is independent of Cdk activity [Nath
et al., 2003]. Loss inRb function results from the
phosphorylation of this tumor suppressor pro-
tein, however, activation of Rb protein through
dephosphorylation arises in cells upon exit
from M phase and in response to DNA damage
[Senderowicz, 2000]. Phosphorylated Rb is
unable to bind and inactivate its downstream
target the transcriptional factor E2F, leading to
transactivation of E2F-dependent genes and
progression to S phases [Dyson, 1998]. Increas-
ed proliferation of breast cancer cells was
observed with high cyclin D1 and elevated Rb
phosphorylation with its inactivation or with
high cyclin E protein and defective p53 [Loden
et al., 2002].

Mutations in the p53 tumor suppressor gene
occur in approximately 50% of all human
tumors, making it the most frequent target for
genetic alterations in cancer, however, activat-
ed p53 leading to cell cycle arrest and apoptosis
[Oren, 1999]. Phosphorylation of p53 ser-15
affects the p53-MDM2 interaction [Dumaz and
Meek, 1999]. MDM2 regulates the activity of
p53 when bound to the N-terminal transactiva-
tion domain and inhibits the ability of p53 to
interact with transcriptional factor TATA-bind-
ingprotein [Thut et al., 1997]. In this report, p53
wasnot affected byNO-inducedmitosis through
Rb pathway.

The human breast carcinoma cell line T47D
has high NOS activity [Harris et al., 2002] and
produces a great amount of NO [Kampa et al.,
2001]. The T47D cells express both iNOS and
eNOS [Harris et al., 2002]. Physiological level of
NO trigger entry into S phase and facilitate
mitosis [Plachta et al., 2003]. Advanced-stage of
human breast invasive carcinoma is correlated
with a higher expression of iNOS and high level
of NO in cancer cells which contributes to
the promotion of apoptosis and angiogenesis in
breast carcinoma patients [Mortensen et al.,
1999; Reveneau et al., 1999; Vakkala et al.,
2000]. In contrast, NO suppression induces
apoptosis through the FOXO3a/ROCK kinase
pathway (PI3K/Akt/caspase-3 independent
pathway) in breast cancer cells mediated by
FOXO3a (FKHRL1), a downstream protein
from ROCK kinase where NO is negative re-
gulator of ROCK kinase which phosphorylates
and activates FOXO3a protein [Radisavljevic,
2003]. NO suppression also blocks cell mi-

gration induced by angiogenic promoters
[Radisavljevic et al., 2000]. On the other hand,
NOdecreases ubiquitination anddegradationof
hypoxia inducible factor-1a (HIF-1a), a regula-
tor of metabolic adaptation to hypoxia, involved
in angiogenesis and highly expressed in hy-
poxic area in tumor distinct from microvessels
[Metzen et al., 2003]. Previously, I have
reported that NO alone does not increase phos-
phorylation of Akt, a signaling pathway involv-
ed in cell survival and migration [Radisavljevic
et al., 2000; Radisavljevic, 2003], and in this
report is shown that NO induced cell prolifera-
tion though the Rb pathway and NO inhibitor
prevented cancer cell proliferation.

These results elucidate signaling mechanism
in cell proliferation of human breast cancer cells
mediatedby tumor suppressorRbproteinwhich
is phosphorylated and inactivated by NO pro-
moting mitosis in breast cancer cells. This
finding may have clinical applications in che-
motherapeutic approach of breast carcinoma
and supports examining NO inhibitor as poten-
tial chemotherapeutic agent.

REFERENCES

Alarcon R, Koumenis C, Geyer RK, Maki CG, Giaccia AJ.
1999. Hypoxia induces p53 accumulation throughMDM2
down-regulation and inhibition of E6-mediated degrada-
tion. Cancer Res 59:6046–6051.

Dumaz N, Meek DW. 1999. Serine15 phosphorylation
stimulates p53 transactivation but does not directly in-
fluence interaction with HDM2. EMBO J 18:7002–7010.

Dyson N. 1998. The regulation of E2F by pRB-family
proteins. Genes Dev 12:2245–2262.

Harris SR, Schoeffner DJ, Yoshiji H, Thorgeirsson UP. 2002.
Tumor growth enhancing effects of vascular endothelial
growth factor are associated with increased nitric oxide
synthase activity and inhibition of apoptosis in human
breast carcinoma xenografts. Cancer Lett 179:95–101.

Hatakeyama M, Weinberg RA. 1995. The role of RB in cell
cycle control. Prog Cell Cycle Res 1:9–19.

Ji YS, Johnson BH, Webb MS, Thompson EB. 2002.
Mutational analysis of DBD a unique antileukemic gene
sequence. Neoplasia 4:417–423.

KampaM, Hatzoglou A, Notas G, Niniraki M, Kouroumalis
E, Castanas E. 2001. Opioids are non-competitive
inhibitors of nitric oxide synthase in T47D human breast
cancer cells. Cell Death Differ 8:943–952.

Kapoor M, Hamm R, Yan W, Taya Y, Lozano G. 2000.
Cooperative phosphorylation at multiple sites is required
to activate p53 in response to UV radiation. Oncogene 19:
358–364.

Levine AJ. 1997. p53, the cellular gatekeeper for growth
and division. Cell 88:323–331.

Loden M, Stighall M, Nielsen NH, Roos G, Emdin SO,
Ostlund H, Landberg G. 2002. The cyclin D1 high and
cyclin E high subgroups of breast cancer: separate

4 Radisavljevic



pathways in tumorogenesis based on pattern of genetic
aberrations and inactivation of the pRb node. Oncogene
21:4680–4690.

Metzen E, Zhou J, JelkmannW, Fandrey J, Brune B. 2003.
Nitric oxide impairs normoxic degradation of HIF-1a by
inhibition of prolyl hydroxylases. Mol Biol Cell 14:3470–
3481.

Morgan DO. 1997. Cyclin-dependent kinases: engines,
clocks, and microprocessors. Annu Rev Cell Dev Biol 13:
261–291.

Mortensen K, Skouv J, Hougaard DM, Larsson LI. 1999.
Endogenous endothelial cell nitric-oxide synthase mod-
ulates apoptosis in cultured breast cancer cells and is
transcriptionally regulated by p53. J Biol Chem 274:
37679–37684.

Nath N, Wang S, Betts V, Knudsen E, Chellappan S. 2003.
Apoptotic and mitogenic stimuli inactivate Rb by differ-
ential utilization of p38 and cyclin-dependent kinases.
Oncogene 22:5986–5994.

Oren M. 1999. Regulation of the p53 tumor suppressor
protein. J Biol Chem 274:36031–36034.

PlachtaN, Traister A,WeilM. 2003. Nitric oxide is involved
in establishing the balance between cell cycle progression
and cell death in the developing neural tube. Exp Cell Res
288:354–362.

Radisavljevic Z. 2003. Nitric oxide suppression triggers
apoptosis through the FKHRL1 (FOXO3a)/ROCK kinase
pathway in human breast carcinoma cells. Cancer 97:
1358–1363.

Radisavljevic Z, Avraham H, Avraham S. 2000. Vascular
endothelial growth factor up-regulates ICAM-1 expres-
sion via the phosphatidylinositol 3 OH-kinase/AKT/nitric
oxide pathway and modulates migration of brain mi-
crovascular endothelial cells. J Biol Chem 275:20770–
20774.

Reveneau S, Arnould L, Jolimoy G, Hilpert S, Lejeune P,
Saint-Giorgio V, Belichard C, Jeannin JF. 1999. Nitric
oxide synthase in human breast cancer is associated
with tumor grade, proliferation rate, and expression of
progesterone receptors. Lab Invest 79:1215–1225.

Scudiero DA, Shoemaker RH, Paull KD, Monks A, Tierney
S, Nofziger TH, Currens MJ, Seniff D, Boyd MR. 1988.
Evaluation of a soluble tetrazolium/formazan assay for
cell growth and drug sensitivity in culture using human
and other tumor cell lines. Cancer Res 48:4827–4833.

Senderowicz AM. 2000. Small molecule modulators of
cyclin-dependent kinases for cancer therapy. Oncogene
19:6600–6606.

Sherr CJ. 1996. Cancer cell cycles. Science 274:1672–1677.
Thut CJ, Goodrich JA, Tjian R. 1997. Repression of p53-

mediated transcription by MDM2: A dual mechanism.
Genes Dev 11:1974–1986.

Vakkala M, Kahlos K, Lakari E, Paakko P, Kinnula V,
Soini Y. 2000. Inducible nitric oxide synthase expression,
apoptosis, and angiogenesis in in situ and invasive breast
carcinomas. Clin Cancer Res 6:2408–2416.

Weinberg RA. 1995. The retinoblastoma protein and cell
cycle control. Cell 81:323–330.

Rb Inactivation by Nitric Oxide 5


