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Introduction

Abstract

Advanced renal cell carcinoma (RCC) remains an incurable disease, and newer
anticancer drugs are needed. Bisebromoamide, a novel cytotoxic peptide, was
isolated from the marine cyanobacterium Lyngbya species at our laboratory in
2009. This compound specifically inhibited the phosphorylation of ERK in
platelet-derived growth factor-activated normal rat kidney cells. The aim of this
study was to evaluate the effect and elucidate the potential mechanism of Bise-
bromoamide actions on human RCC cells. Two renal cancer cell lines, 769-P
and 786-0O, were used. The effects of Bisebromoamide were analyzed employing
assays for water-soluble Tetrazolium-1 salts. Apoptosis was determined by flow
cytometric TUNEL analysis. Cell-cycle distributions were analyzed by flow
cytometry using BrdU/propidium iodide (PI) staining. Kinases of the phosphat-
idylinositol 3-kinase (PI3K)/Akt/mammalian target of Rapamycin (mTOR)
pathway and Raf/MEK/ERK pathway were analyzed by Western blotting. After
Bisebromoamide treatment for 48 and 72 h, cell viability was significantly
decreased in both cell lines at 1 and 10 umol/L. After treatment with 1 umol/L
Bisebromoamide for 72 h, apoptosis and the increased percentage of cells in
the sub-G1 phase were observed in both cell lines. Bisebromoamide inhibited
the phosphorylation of ERK and Akt in both cell lines tested. Similar effects
were demonstrated for phosphorylation of mTOR and p70 S6. Bisebromoamide
is a promising potential agent against RCC due to its ability to inhibit both the
Raf/MEK/ERK and PI3K/Akt/mTOR pathways.

idylinositol 3-kinase (PI3K)/Akt/mammalian target of Ra-
pamycin (mTOR) pathways, play central roles in many

Therapeutic options used in patients with advanced renal
cell carcinoma (RCC) were limited, but this has changed
dramatically in the last few years [1-5]. Previously, tradi-
tional chemotherapy, hormonal therapy, or radiation was
not effective in the treatment of advanced RCC, and
immunotherapy provided only limited benefit. Improve-
ments in our understanding of the molecular basis of RCC
have led to the development of targeted agents tailored to
inhibiting intracellular signal transduction pathways that
drive angiogenesis, tumorigenesis, and progression. Two
signaling pathways, namely Raf/MEK/ERK and phosphat-

types of tumor cell proliferation, and can lead to aberrant
signaling and uncontrolled proliferative diseases [6]. There-
fore, we focused on these two pathways which were known
to be upregulated in many types of cancer, including RCC.

BAY 43-9006 targeting Raf, as well as vascular endo-
thelial growth factor (VEGF), and RAD001 and CCI-779
targeting mTOR are currently in widespread clinical use
for patients with advanced RCC. Their common bio-
logical targets were von Hippel-Lindau (VHL)/hypoxia
inducible factor/VEGF pathway to inhibit angiogenesis,
and Raf/MEK/ERK and PI3K/Akt/mTOR pathways to

32 © 2013 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.



K. Suzuki et al.

inhibit cancer cell proliferation. Although these targeted
agents have improved objective response rates and
progression-free survival as compared with prior standard
of care agents, advanced RCC remains an incurable
disease and newer anticancer drugs are needed.

A novel cytotoxic peptide, Bisebromoamide, was iso-
lated from the marine cyanobacterium Lyngbya species
harvested in Okinawa, Japan, at our laboratory in 2009
[7, 8]. This compound specifically inhibited the phos-
phorylation of ERK in platelet-derived growth factor-
activated normal rat kidney cells. As the ERK pathway is
upregulated in many types of cancers, we consider this
extract from Lyngbya species to have the potential to inhi-
bit RCC cell proliferation. We aimed to evaluate the
direct antitumor effect and elucidate the potential mecha-
nism of Bisebromoamide actions on human RCC cells.

Materials and Methods

Reagents

Bisebromoamide was obtained from marine cyanobacte-
rium Lyngbya species collected at Bise in Okinawa. The
isolation procedure was described in a previous report [7].
This agent was solubilized in DMSO and stored in the
dark at 4°C until use. Rabbit polyclonal antibodies against
total ERKs (t-ERKs), phospho-specific ERKs (p-ERKs),
phospho-specific p70 S6 kinase (p-p70 S6 kinase) at
Thr389 or Thr421/Ser424, phospho-specific mTOR
(p-mTOR) at Ser2448 or Ser2481, total MEK (t-MEK),
total PDK1 (t-PDK1), total PI3K (t-PI3K), phospho-
specific PI3K (p-PI3K), and cleaved caspase-3 were
obtained from Cell Signaling Technology (Beverly, MA).
Rabbit monoclonal antibodies against total Akt (t-Akt),
phospho-specific Akt (p-Akt) at Ser473, total mTOR
(t-mTOR), total p70 S6 kinase (t-p70 S6 kinase), phospho-
specific MEK (p-MEK), phospho-specific PDK1 (p-PDK1),
total epidermal growth factor receptor (t-EGFR), and phos-
pho-specific EGFR (p-EGFR) were also obtained from Cell
Signaling Technology. A mouse monoclonal antibody against
f-actin was purchased from Sigma (St. Louis, MO).

Cell lines and cultures

The two renal cancer cell lines, 769-P and 786-O (pur-
chased from American Type Culture Collection [ATCC],
Rockville, MD), were cultured in RPMI 1640 medium
(Invitrogen, Groningen, the Netherlands) with 10% fetal
bovine serum and streptomycin. These cells were estab-
lished from clear cell RCC [9]. Clear cell RCC represents
80-90% of all RCCs, and most of recent molecular-
targeted drugs target clear cell RCC. About 70% of clear
cell RCC features mutation or inactivation of the VHL

© 2013 The Authors. Published by Blackwell Publishing Ltd.
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tumor suppressor gene. As 769-P and 786-O cells have
VHL mutation in each different mechanism [10], we
selected the two renal cancer cell lines in our study.

Cell viability assay

For testing sensitivity to Bisebromoamide at different
concentrations (0.1, 1, and 10 umol/L), cells were seeded
in flat-bottomed 96-well plates. After 24 h, the culture
medium was replaced with medium containing the
reagents and then incubated for another 48 or 72 h. Cell
viability was determined employing an assay for water-
soluble Tetrazolium (WST)-1 salts (Takara, Shiga, Japan).
At the end of the incubation period, WST reagents were
added to each well and incubated for 1 h. Cell viability
was estimated colorimetrically by reading color intensity
in a plate reader at 570 nm. Relative viability was calcu-
lated as a percent of the control. Each experiment was
performed in triplicate.

Cell lysate preparation

Cells were placed on ice and rinsed twice with ice-cold
phosphate-buffered saline, scraped off the plate, and then
lysed in 100 uL ice-cold RIPA buffer (20 mmol/L tris HCI,
pH 74, 150 mmol/L NaCl, 2 mmol/L ethylene
diaminetetraacetic acid, 1% NP-40, 1% Na deoxycholate,
0.1% SDS, 50 mmol/L NaF, 1 mmol/L sodium orthovana-
date, 1 mmol/L phenylmethylsulfonyl fluoride, 10 ug/mL
aprotinin, and 10 pug/mL leupeptin) containing protease
inhibitors. Protein concentrations in the supernatants were
determined by the dye-binding method according to manu-
facturer’s instructions (BioRad Laboratories, Hercules, CA).

Western blotting

Fifty micrograms of total protein was separated by SDS-
polyacrylamide gel electrophoresis on 12.5% acrylamide
gel and transferred to nitrocellulose membranes. Non-
specific binding was blocked in tris-buffered saline containing
5% nonfat dry milk before incubation with the primary
antibodies. After washing, the blots were incubated with
peroxidase-labeled secondary antibody (Dako Denmark
A/S, Glostrup, Denmark). Signals were detected using
enhanced chemiluminescence reagents with the ECL
Plus™ Western Blotting Detection System and then
analyzed. Intensity was quantified using the LAS 3000
imaging system (Fujifilm, Tokyo, Japan).

Detection of apoptosis by flow cytometry

After treatment with Bisebromoamide (1 umol/L) for
72 h, adherent and nonadherent cells were pooled and

33



Bisebromoamide, an Extract from Lyngbya Species

fixed. Breaks at the 3-OH DNA end were detected using
the TUNEL technique with an ApoTag® Plus Fluorescein
In Situ Apoptosis Detection Kit according to supplier’s
instructions (Chemicon, Temecula, CA). Fluorescein
isothiocyanate-labeled cells were analyzed by flow cyto-
metry using an Epics® Altra™ flow cytometer (Beckman
Coulter, Fullerton, CA). The proportions of cells at differ-
ent cell-cycle phases were assessed by the incorporation of
BrdU/propidium iodide (PI) (Sigma) staining. After RCC
cells had been exposed to the culture medium containing
Bisebromoamide (1 umol/L), the cells were stained with
FITC-labeled BrdU and PI, and analyzed using a flow
cytometer. Each experiment was performed in triplicate.

Statistical analysis

All values are expressed as means + standard error (SE).
Statistical analysis was performed by Student’s t-test with
P < 0.05 considered significant.

Results

Effects of Bisebromoamide on the viability
of renal cancer cells

After treatment with Bisebromoamide (0.1, 1, and
10 umol/L) for 48 and 72 h, cell viability was significantly
decreased in both cell lines at 1 and 10 umol/L (Fig. 1A
and B). A probit analysis of the dose-response functions
showed the ICs, value after 72 h to be 1.54 + 0.16 umol/L
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for 769-P cells and 2.09 £+ 0.08 umol/L for 786-O cells.
Based on these results, we decided to treat both cell lines
with 1 umol/L for 72 h in the following experiments.

Induction of apoptosis by Bisebromoamide
in RCC cell lines

To determine whether the treatment of cells with Bisebro-
moamide may lead to apoptotic cell death, flow cytometric
TUNEL analysis was performed. After treatment with
1 umol/L  Bisebromoamide for 72 h, apoptosis was
observed in both cell lines (Fig. 2A and B). Apoptosis was
seen in only 0.48 £ 0.08% of untreated 769-P cells and
1.1 £ 0.34% of untreated 786-O cells. Bisebromoamide at
1 umol/L for 72 h resulted in apoptosis in 32.0 &+ 12.1% of
769-P cells and 46.5 = 4.71% of 786-O cells. Furthermore,
cell-cycle distributions were analyzed by flow cytometry
using BrdU/PI staining. Treatment of cells with Bise-
bromoamide increased the percentage of cells in the sub-G1
phase (Fig. 3A and B). Expressions of cleaved caspase-3 in
the two RCC lines were evaluated using Western blotting
(Fig. 7A and B). After 24 h of incubation, expressions of
cleaved caspase-3 were increased in both cell lines tested.

Bisebromoamide inhibits phosphorylation
of ERK, Akt, mTOR, and p70 S6

Expressions of t-ERKs and p-ERKs in the two RCC lines
were evaluated using Western blotting. After 24 h of incu-
bation, Bisebromoamide downregulated the expressions of
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Figure 1. Effects of Bisebromoamide on the viability of renal cancer cells (A and B). Cells were treated with various concentrations of
Bisebromoamide, and cell viability was assessed by water-soluble Tetrazolium (WST)-1 assay. Bisebromoamide dose-dependently (1-10 umol/L)
and time-dependently (48-72 h) inhibited proliferation of all cell lines. Bars represent SE. The single asterisk indicates P < 0.05 as compared with
untreated cells. Data shown are the averages of three experiments per cell line.
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Figure 2. Detection of apoptosis by flow cytometric TUNEL analyses (A and B). Two renal cancer cell lines were untreated or treated with

1 umol/L Bisebromoamide for 72 h. The cells were then stained using the TUNEL method to identify apoptotic cells. The cells with log
fluorescence intensity >101 were considered positive for apoptosis.
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Figure 3. Cell-cycle analysis by flow cytometric propidium iodide analysis (A and B). A sub-G1 peak indicative of apoptosis was obtained in both
cell lines treated with 1 umol/L Bisebromoamide for 72 h.
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p-ERKs at 1 umol/L, while having little effect on t-ERKs
in both cell lines (data not shown). Time-response experi-
ments showed that Bisebromoamide inhibited the phos-
phorylation of ERK and Akt in both cell lines tested,
whereas there were no evident effects on the expressions
of t-ERKs and t-Akt (Fig. 4A and B). Similar effects were
recognized with phosphorylation of mTOR (Ser2448 and
Ser2481) and phosphorylation of p70 S6 (Thr389 and
Thr421/Ser424) in both cell lines (Fig. 5A and B).

Bisebromoamide has little effect on the
upstream kinases of ERK and Akt

Expressions of MEK, PDK1, PI3K, and EGFR in the two
RCC lines were evaluated using Western blotting (Figs. 6
and 7A and B). Time-response experiments showed that
Bisebromoamide had little effect on the phosphorylation
of MEK, PDK1, PI3K, and EGFR in both cell lines tested.

Discussion

In this study, we have demonstrated that Bisebromoamide
has a cytotoxic effect on human RCC lines, and cytotoxic
activity was apoptotic rather than necrotic. In addition,

A 769-P

Oh 3h 6h 12h 24 h
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we showed that this compound suppressed cell prolifera-
tion in both cell lines by inhibiting the PI3K/Akt/mTOR
pathway as well as the Raf/MEK/ERK pathway. These
results suggest that Bisebromoamide inhibits two main
signaling pathways, both of which play central roles in
tumor cell proliferation. On the other hand, this drug did
not inhibit the phosphorylation and expression of EGFR,
MEK, PI3K and PDKI, and upstream receptors of Raf/
MEK/ERK and PI3K/Akt/mTOR pathways. These results
do not imply that Bisebromoamide would inhibit the
expression or activation of EGFR. Rather, Bisebromo-
amide would inhibit the activation of ERK and Akt, not
MEK, PI3K, and PDKI1. Therefore, we consider that the
target of Bisebromoamide would be, at least in this study,
ERK and Akt in renal cancer cells.

The Raf/MEK/ERK signal transduction pathway is
present in all eukaryotic cells. This pivotal pathway relays
extracellular signals to the nucleus via a cascade of spe-
cific phosphorylation events involving Raf, MEK, and
ERK to regulate fundamental cellular processes, including
proliferation, differentiation, and cell survival [11]. The
Raf/MEK/ERK pathway contributes to inducing growth
factors involved in cell proliferation, as well as influencing
apoptotic pathways, allowing cells to respond with the
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Figure 4. Effect of Bisebromoamide on the activation of ERKs and Akt in two renal cancer cell lines (A and B). Cells were treated with 1 umol/L
Bisebromoamide for 24 h. Changes in the expressions of ERKs and Akt were analyzed by Western blotting. Bisebromoamide downregulated the
expression of p-ERKs as well as that of p-Akt in both cell lines. There were no effects on the expressions of t-ERKs and t-Akt.
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Figure 5. Effect of Bisebromoamide on the activations of mammalian target of Rapamycin (mTOR) and p70 S6 kinase in two renal cell carcinoma
lines (A and B). Cells were treated with 1 umol/L Bisebromoamide for 24 h. Changes in the expressions of mTOR and p70 S6 kinase were
analyzed by Western blotting. Bisebromoamide downregulated the expression of p-mTOR (Ser2448 and Ser2481) as well as that of p-p70 S6
kinases (Thr389 and Thr421/Ser424), whereas there were no effects on the expressions of t-mTOR and t-p70 S6 kinase.
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Figure 6. Effect of Bisebromoamide on the activations of MEK and PDK1 in two renal cell carcinoma lines (A and B). Cells were treated with
1 umol/L Bisebromoamide for 24 h. There was little effect on the phosphorylation of MEK and PDK1 in both cell lines.
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Figure 7. Effect of Bisebromoamide on the activations of epidermal growth factor receptor (EGFR), phosphatidylinositol 3-kinase (PI3K), and
cleaved caspase-3 in two renal cell carcinoma lines (A and B). Cells were treated with 1 umol/L Bisebromoamide for 24 h. There was little effect
on the phosphorylation of EGFR and PI3K in both cell lines. Cleaved caspase-3 was upregulated after 12-h incubation in both 769-P and 786-0

cells.

aggressive growth behavior characteristic of RCC [12].
And this pathway has important antiapoptotic effects in
RCC, thereby providing an attractive target for interven-
tion [13]. Accordingly, inhibiting this pathway might lead
to induce apoptosis. Moreover, phosphorylation of ERK
is an independent prognostic factor in RCC. The associa-
tion between activation of mitogen-activated protein
kinases (MAPKs) and the carcinogenesis of human RCCs
was first reported by Oka et al. [14] in 1995. They
reported that MAPK activation was detected more fre-
quently in high-grade than in low-grade RCCs, suggesting
that constitutive activation of the MAPK cascade may
play an important role in the carcinogenesis of RCCs,
and that increased activation of MAPK could be associ-
ated with higher malignant potential in tumors. Campbell
et al. [15] showed phosphorylation of ERK to be an inde-
pendent prognostic factor in RCC that was associated
with advanced and aggressive pathological features and to
predict the onset of metastasis in patients with localized
disease. On the other hand, the PI3K/Akt/mTOR pathway
regulates several normal cellular functions that are also
critical for tumorigenesis, including cellular proliferation,
growth, survival, and mobility. This pathway is constitu-
tively activated in various human malignancies, including
kidney, prostate, breast, thyroid cancer, and others [16],

© 2013 The Authors. Published by Blackwell Publishing Ltd.

and activation of this pathway plays a critical role in
tumor progression [17]. Akt, which activates the mTOR
pathway, is a subfamily of the serine/threonine protein
kinases and has been implicated as being crucial in con-
trolling the balance between cell survival and apoptosis
[18]. Horiguchi et al. [19] demonstrated elevated activa-
tion of Akt to have a significant association with higher
grade metastatic disease and poor survival in RCC. These
results support our observation that Bisebromoamide
induces apoptosis of RCC lines by inhibiting phosphory-
lation of both ERK and Akt.

Bisebromoamide is a novel cytotoxic peptide which was
shown to specifically inhibit the phosphorylation of ERK.
However, in this study, we demonstrated that this new drug
acts as a multitarget kinase inhibitor that may directly block
tumor growth by inhibiting several other kinases such as
ERK, Akt, and mTOR in human RCC lines.

Effective inhibitors specific for many of the key compo-
nents of the Raf/MEK/ERK or PI3K/Akt/mTOR pathway
have been developed. For example, CI-1040, an oral MEK
inhibitor, shows antitumor activity in patients with
advanced non—small-cell lung, breast, colon, and pancre-
atic cancer [20]. Sorafenib, or BAY 43-9006, which targets
Raf/MEK/ERK pathway, produced significant tumor
growth inhibition and a reduction in 786-O tumors [21].
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And this inhibition of angiogenesis correlated with
increased level of tumor apoptosis. The oral kinase inhibi-
tor of Raf is already in widespread clinical use for patients
with advanced RCC [5]. NVP-BEZ235, which targets
PI3K/Akt/mTOR pathway, induced growth arrest in 786-O
that was associated with inhibition of Akt and S6 phos-
phorylation as well as the induction of apoptosis and
reduction in markers of tumor cell proliferation [2]. This
drug is an inhibitor of PI3K and mTOR kinase activity,
which effectively and specifically blocks dysfunctional acti-
vation of the PI3K pathway, inducing G1 arrest [1]. Ever-
olimus (RADO001) and Temsirolimus (CCI-779) are
inhibitors of mTOR, and both are already in widespread
clinical use for patients with advanced RCC [3, 4]. Thus,
specific inhibitors have been devised and some are cur-
rently in clinical trials or already in use. However, none
of these drugs inhibits more than one pathway.

Although VEGF and mTOR inhibitions have dramati-
cally improved outcomes for patients with metastatic
RCCs, the goal of cure remains elusive. Our findings have
important implications for metastatic RCC therapy
because they provide a rationale for dual inhibition of the
Raf/MEK/ERK and PI3K/Akt/mTOR pathways. Previous
reports indicated the efficacy of combining Raf/MEK/ERK
inhibitors with PI3K/Akt/mTOR inhibitors. Carracedo
et al. [22, 23] demonstrated that mTORCI inhibition
leads to Akt activation through upregulation of receptor
tyrosine kinases, and the combination of mTORC1 and
MAPK inhibitors enhanced the growth inhibitory effect of
rapamycin in several human cancer cell lines. Further-
more, Roulin et al. reported that combining NVP-
BEZ235 with sorafenib increased antitumor efficacy as
compared with either drug alone in RCC lines. To our
knowledge, there are no previously reported drugs that
inhibit both the Raf/MEK/ERK and the PI3K/Akt/mTOR
pathways, which can be administered as a single agent in
human RCC. In conclusion, Bisebromoamide suppresses
RCC proliferation and potentiates apoptosis by inhibiting
both the Raf/MEK/ERK and the PI3K/Akt/mTOR path-
ways. Bisebromoamide may thus be a promising agent for
the treatment of RCC.

Acknowledgments

Hiroshi Nakazawa and Yukiko Nakashima provided techni-
cal assistance. This study was performed as a research pro-
gram of the Project for Development of Innovative Research
on Cancer Therapeutics (P-Direct), Ministry of Education,
Culture, Sports, Science and Technology of Japan.

Conflict of Interest

None declared.

38

K. Suzuki et al.

References

1. Maira, S. M, F. Stauffer, J. Brueggen, P. Furet, C. Schnell,
C. Fritsch, et al. 2008. Identification and characterization
of NVP-BEZ235, a new orally available dual
phosphatidylinositol 3-kinase/mammalian target of
rapamycin inhibitor with potent in vivo antitumor activity.
Mol. Cancer Ther. 7:1851-1863.

2. Cho, D. C., M. B. Cohen, D. J. Panka, M. Collins, M.
Ghebremichael, M. B. Atkins, et al. 2010. The efficacy of
the novel dual PI3-kinase/mTOR inhibitor NVP-BEZ235
compared with rapamycin in renal cell carcinoma. Clin.
Cancer Res. 16:3628-3638.

3. Motzer, R. J., B. Escudier, S. Oudard, T. E. Hutson, C.
Porta, S. Bracarda, et al. 2008. Efficacy of everolimus in
advanced renal cell carcinoma: a double-blind,
randomised, placebo-controlled phase III trial. Lancet
372:449-456.

4. Atkins, M. B., M. Hidalgo, W. M. Stadler, T. F. Logan, J.
P. Dutcher, G. R. Hudes, et al. 2004. Randomized phase II
study of multiple dose levels of CCI-779, a novel
mammalian target of rapamycin kinase inhibitor, in
patients with advanced refractory renal cell carcinoma. J.
Clin. Oncol. 22:909-918.

5. Ratain, M. J., T. Eisen, W. M. Stadler, K. T. Flaherty, S. B.
Kaye, G. L. Rosner, et al. 2006. Phase II placebo-controlled
randomized discontinuation trial of sorafenib in patients
with metastatic renal cell carcinoma. J. Clin. Oncol.
24:2505-2512.

6. Chappell, W. H., L. S. Steelman, J. M. Long, R. C. Kempf,
S. L. Abrams, R. A. Franklin, et al. 2011. Ras/Raf/MEK/
ERK and PI3K/PTEN/Akt/mTOR inhibitors: rationale and
importance to inhibiting these pathways in human health.
Oncotarget 2:135-164.

7. Teruya, T., H. Sasaki, H. Fukazawa, and K. Suenaga. 2009.
Bisebromoamide, a potent cytotoxic peptide from the marine
cyanobacterium Lyngbya sp.: isolation, stereostructure, and
biological activity. Org. Lett. 11:5062-5065.

8. Sasaki, H., T. Teruya, H. Fukazawa, and K. Suenaga. 2011.
Revised structure and structure-activity relationship of
bisebromoamide and structure of norbisebromoamide
from the marine cyanobacterium Lyngbya sp. Tetrahedron
67:990-994.

9. American Type Culture Collection (ATCC), Rockville,
MD. Available at http://www.atcc.org/ (accessed 21
November 2012).

10. Shinojima, T., M. Oya, A. Takayanagi, R. Mizuno, N.
Shimizu, and M. Murai. 2007. Renal cancer cells lacking
hypoxia inducible factor (HIF)-lalpha expression maintain
vascular endothelial growth factor expression through
HIF-2alpha. Carcinogenesis 28:529-536.

11. Kolch, W. 2000. Meaningful relationships: the regulation
of the Ras/Raf/MEK/ERK pathway by protein interactions.
Biochem. J. 351(Pt 2): 289-305.

© 2013 The Authors. Published by Blackwell Publishing Ltd.



K. Suzuki et al.

12.

13.

14.

15.

16.

17.

18.

Staehler, M., K. Rohrmann, N. Haseke, C. G. Stief, and M.

Siebels. 2005. Targeted agents for the treatment of
advanced renal cell carcinoma. Curr. Drug Targets 6:835—
846.

Stadler, W. M.. 2005. Targeted agents for the treatment of
advanced renal cell carcinoma. Cancer 104:2323-2333.
Oka, H., Y. Chatani, R. Hoshino, O. Ogawa, Y. Kakehi, T.
Terachi, et al. 1995. Constitutive activation of mitogen-
activated protein (MAP) kinases in human renal cell
carcinoma. Cancer Res. 55:4182—4187.

Campbell, L., R. Nuttall, D. Griffiths, and M. Gumbleton.
2009. Activated extracellular signal-regulated kinase is an
independent prognostic factor in clinically confined renal
cell carcinoma. Cancer 115:3457-3467.

Porta, C., and R. A. Figlin. 2009. Phosphatidylinositol-3-
kinase/Akt signaling pathway and kidney cancer, and the
therapeutic potential of phosphatidylinositol-3-kinase/Akt
inhibitors. J. Urol. 182:2569-2577.

Nicholson, K. M., and N. G. Anderson. 2002. The protein
kinase B/Akt signalling pathway in human malignancy.
Cell. Signal. 14:381-395.

Franke, T. F.,, D. R. Kaplan, and L. C. Cantley. 1997. PI3K:

downstream AKTion blocks apoptosis. Cell 88:435—437.

© 2013 The Authors. Published by Blackwell Publishing Ltd.

19.

20.

21.

22.

23.

Bisebromoamide, an Extract from Lyngbya Species

Horiguchi, A., M. Oya, A. Uchida, K. Marumo, and M. Murai.
2003. Elevated Akt activation and its impact on clinicopathological
features of renal cell carcinoma. J. Urol. 169:710-713.

Rinehart, J., A. A. Adjei, P. M. Lorusso, D. Waterhouse, J.
R. Hecht, R. B. Natale, et al. 2004. Multicenter phase II
study of the oral MEK inhibitor, CI-1040, in patients with
advanced non-small-cell lung, breast, colon, and pancreatic
cancer. J. Clin. Oncol. 22:4456—4462.

Chang, Y. S., J. Adnane, P. A. Trail, J. Levy, A. Henderson,
D. Xue, et al. 2007. Sorafenib (BAY 43-9006) inhibits
tumor growth and vascularization and induces tumor
apoptosis and hypoxia in RCC xenograft models. Cancer
Chemother. Pharmacol. 59:561-574.

Carracedo, A., L. Ma, J. Teruya-Feldstein, F. Rojo, L.
Salmena, A. Alimonti, et al. 2008. Inhibition of mMTORC1
leads to MAPK pathway activation through a PI3K-
dependent feedback loop in human cancer. J. Clin. Invest.
118:3065-3074.

Roulin, D., L. Waselle, A. Dormond-Meuwly, M. Dufour,
N. Demartines, and O. Dormond. 2011. Targeting renal
cell carcinoma with NVP-BEZ235, a dual PI3K/mTOR
inhibitor, in combination with sorafenib. Mol. Cancer
10:90-101.

39



