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Proangiogenic stimulation of bone marrow endothelium engages mTOR and is
inhibited by simultaneous blockade of mTOR and NF-«B

Lara F. Costa, Mercedes Balcells, Elazer R. Edelman, Lee M. Nadler, and Angelo A. Cardoso

Most bone marrow (BM) malignancies
develop in association with an angio-
genic phenotype and increased numbers
of endothelial cells. The molecular mecha-
nisms involved in the modulation and
recruitment of BM endothelium are largely
unknown and may provide novel thera-
peutic targets for neoplastic diseases.
We observed that angiogenic stimulation
of BM endothelial cells activates mTOR
and engages its downstream pathways
4E-BP1 and S6K1, which are inhibited by
the mTOR-specific blockers rapamycin

and CCI-779. Both mTOR blockers signifi-
cantly inhibit growth factor— and leuke-
mia-induced proliferation of BM endothe-
lium by inducing G¢/G; cell-cycle arrest.
This effect is associated with down-
regulation of cyclin D1 and cdk2 phos-
phorylation, and up-regulation of the cdk
inhibitors p27kiP! and p21¢iP!. Under condi-
tions that reproduce the biomechanical
fluidic environment of the BM, CCI-779 is
equally effective in inhibiting BM endothe-
lial-cell proliferation. Finally, simulta-
neous blockade of mTOR and NF-kB path-

ways synergize to significantly inhibit or
abrogate the proliferative responses of
BM endothelial cells to mitogenic stimuli.
This study identifies mTOR as an impor-
tant pathway for the proangiogenic stimu-
lation of BM endothelium. Modulation of
this pathway may serve as a valid thera-
peutic intervention in BM malignancies
evolving in association with an angio-
genic phenotype. (Blood. 2006;107:
285-292)
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Introduction

The formation of new vessels in normal and pathologic conditions
requires the activation of quiescent endothelial cells (ECs), a
process triggered by proangiogenic factors that are generally
elevated in cancer patients.> Bone marrow endothelial cells
(BM-ECs) and their precursors play important roles in the neovas-
cularization associated with malignancies developing in the bone
marrow (BM)33 and seem to be implicated in cancers evolving in
other tissues.®” Of interest, ECs purified from tumor-infiltrated BM
exhibit an activated, angiogenic phenotype.® Studies in a leukemia
model showed that specific targeting of the EC markedly inhibited
tumor development, suggesting a critical role for the BM endothe-
lium in leukemia biology.” More recently, it has been shown that
endothelial microdomains in the BM play important roles in leukemia-
cell homing and maintenance.'” Taken together, these studies suggest
that BM endothelium plays an important role in the development and
maintenance of tumors evolving in the BM, and that strategies targeting
BM-ECs may provide a therapeutic advantage.

A significant number of reports have evaluated the molecular
events and pathways involved in EC responses to extrinsic stimuli.
PI3K/Akt, MAPK/ERK, Jak/STAT, and small GTPases, as well as
NF-«B pathways,!!"13 seem to play significant roles in the endothe-
lial-cell responses to mitogenic stimuli and in the switch to an
angiogenic phenotype. How these multiple, distinct signals are
integrated within ECs needs further evaluation. Moreover, most
signaling studies were performed in umbilical vein endothelial

cells (HUVECs), and little is known on the signaling machinery
activated in other ECs, particularly in BM-ECs. This is relevant, as
ECs from different tissues/organs, and even within the same tissue,
possess variable phenotypic, metabolic, and functional properties,
including their responsiveness to extrinsic stimuli.'*!> For ex-
ample, BM-ECs differ from HUVECS in their ability to support
adhesion of hematopoietic progenitors'® and cancer cells.!” Also,
ECs from different tissue beds respond differentially to biomechani-
cal stimuli,'® which translates into activation of distinctive transcrip-
tional profiles and results in different functional phenotypes.'?

The mammalian target of rapamycin (mTOR) pathway coordi-
nates cell growth and cell-cycle progression by integrating growth
factor signals and nutrient availability,?>?! modulating the protein
translation machinery through inhibition of 4E-BP1 and activation
of S6K1 and its substrate S6 ribosomal protein (S6RibP). The
mechanism(s) involved in growth factor stimulation of mTOR
pathway are still a matter of controversy. However, recent studies
indicate that mTOR nutrient sensing ability crosstalks with PI3K-
regulated growth factor signaling. In this model, PI3K lays both
upstream and in parallel to mTOR and shares common downstream
targets.202! The mTOR-specific blocker rapamycin exerts antitu-
mor activity by disrupting tumor angiogenesis.?>?* Also, mTOR
blockade by rapamycin induces PKB/Akt degradation,’* whereas
VEGF-induced activation of PI3K/Akt/mTOR stabilizes PKB/AKkt,
promoting EC survival.
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Here, we show that activation of BM endothelium by proangio-
genic factors triggers mTOR, activating its downstream pathways
4E-BP1 and S6KI1. Specific blockade of mTOR by rapamycin or
CCI-779 abrogates the cytokine- or leukemia-promoted stimula-
tion of mTOR pathway in BM-ECs and inhibits their proliferation
by modulating critical mediators of cell-cycle progression. The
inhibitory effects of CCI-779 on BM-ECs are also observed under
flow conditions that recapitulate the biochemical environment of
the BM. Finally, simultaneous blockade of mTOR and NF-kB
pathways results in the synergistic inhibition of BM endothelium.

Materials and methods

Endothelial cells and leukemia specimens

BM-ECs were isolated from the BM of healthy donors by purification with
CD105 microbeads (Miltenyi, Auburn, CA), followed by culture in
EGM2-MV medium (Cambrex, Walkersville, MD; containing FGF-2,
VEGEF, EGF, IGF-1, and 5% fetal bovine serum [FBS]) at 37°C, 5% CO,.
Phenotypic and functional studies confirmed the endothelial lineage of
these cells. Cells were used at passages 2 to 5. Diagnostic plasmas were
collected from children with acute lymphoblastic leukemia (ALL). Appro-
priate informed consent was obtained in accordance with the Declaration of
Helsinki and the guidelines of the Dana-Farber Cancer Institute’s Institu-
tional Review Board. Leukemia plasmas used were “angiogenic,” as
demonstrated by their ability to stimulate BM-EC proliferation and
morphogenesis and to promote angiogenesis in a Matrigel-plug assay (J.
Pedro Veiga, L.EC., and A.A.S., manuscript submitted, “Leukemia-
stimulated bone marrow endothelium promotes leukemia cell survival,”
October 2005). HUVECs and bovine aortic ECs (BAECs) were obtained
from Cambrex and Cell Systems (Kirkland, WA), respectively.

BM-EC proliferation

Proliferation was measured using an MTS-based assay (CellTiter Prolifera-
tion Assay; Promega, Madison, WI). BM-ECs (1.5-2 X 103 cells/well) were
cultured in 96-well plates in EGM2-MV medium. For measuring BM-EC
responses to tumor stimuli, cells were seeded in EBM2 basal medium
(Cambrex) prior to the addition of leukemia plasma (10% vol/vol). In
experiments with inhibitors, rapamycin (Calbiochem, La Jolla, CA),
CCI-779 (kindly provided by Wyeth, Madison, NJ), SC514 (Calbiochem),
or the appropriate controls were used at the concentrations indicated.
Cultures were carried out for 48 to 72 hours, after which MTS was added
and plates were incubated at 37°C for 3 hours. Absorbance was measured at
490 nm in a SpectraMax spectrophotometer (Molecular Devices, Sunny-
vale, CA). All conditions were tested in triplicate.

Cell-cycle analysis and apoptosis

Cell-cycle analysis was performed using bivariate distributions of bromode-
oxyuridine (BrdU; BD Pharmingen, San Diego, CA) incorporation versus
DNA content measured by propidium iodide (PI; Molecular Probes,
Eugene, OR). BM-ECs stimulated with EGM2-MV or leukemia plasma
were treated with rapamycin (10 and 100 ng/mL) or CCI-779 (10 nM) for
12 hours prior to addition of BrdU (10 wM). Cells were harvested at 6, 12,
or 24 hours; fixed in 70% ethanol; and preserved at 4°C. BrdU-labeled cells
were treated with 2 N HCI and stained with anti-BrdU Ab (BD Pharmingen)
followed by goat anti-mouse fluorescein isothiocyanate (FITC)—conjugated
antibody (Southern Biotechnology, Birmingham, AL) and 50 pg/mL PL
Samples were acquired in a Cytomics FC500 flow cytometer (Beckman-
Coulter, Fullerton, CA). Apoptosis was determined using standard Annexin
V/PI staining (BD Pharmingen), according to the manufacturer’s
specifications.

Immunoblotting

BM-EC lysates were prepared from cells cultured under the experimental
conditions and time periods indicated. Cells were washed with cold PBS
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and lysed on the plate with 500 L lysis buffer (50 mM Tris [pH 7.6-8.0],
150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1% Protease inhibitor cocktail [Sigma, St Louis, MO], 1% Phospha-
tase inhibitor cocktail-1 (Sigma), 1% Phosphatase inhibitor cocktail-2 o,
and 1% PMSF). Following centrifugation at 16 000g, lysates were concen-
trated using Microcon10 columns (Millipore, Billerica, MA). For analysis
of cell-cycle regulators, cells were trypsinized and washed twice in cold
phosphate-buffered saline (PBS), and cell pellets were lysed using the same
lysis buffer. Equal amounts of protein were resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE, 4%-15% gradient
gels; BioRad, Melville, NY) and blotted onto nitrocellulose membranes
(BioRad). Membranes were probed with Abs for the following: Phospho-4E-
BP1(Ser65), Phospho-eIF-4G(Ser1108), Phospho-p70S6kinase(Thr389),
Phospho-S6RibP(Ser235/236), S6RibP, Phospho-Akt/PKB(Ser473), Phos-
pho-IkBa(Ser32), cyclin D1 (DCS6), Phospho-cdk2(Thr160) (Cell Signal-
ing, Beverly, MA); p21/Cipl/WAF-1 (Upstate Biotechnology, Lake Placid,
NY); p27/Kipl (BD Biosciences, San Jose CA); and Actin (Sigma-Aldrich,
St Louis, MO). Immunodetection was performed using horseradish peroxi-
dase—conjugated Abs specific for mouse IgG, rabbit IgG, or goat IgG
(Promega). Blots were developed by chemoluminescence using either
Western Lightning reagent (Perkin Elmer, Boston, MA), followed by X-ray
film exposition, or ChemiGlow reagent (Alpha Innotech, San Leandro, CA)
with blot images acquired in a FluorChem 8900 Imaging System (Alpha
Innotech).

BM-EC proliferation in perfusion bioreactor

The perfusion bioreactor!® is composed of 12 independent channels of
Silastic laboratory tubing (Dow Corning, Midland, MI) forming closed
loops, each divided into 3 segments: (1) a 40-cm inlet-length silicone rubber
tubing; (2) a 9-cm length test segment seeded with BM-ECs; and (3) a
40-cm outlet-length silicone rubber tubing. A programmable peristaltic
Ismatec pump (Cole-Parmer, Vernon Hills, IL) built in across the side wall
of an incubator (37°C, 5% CO,) propels the media from 1.5 to 177 mL/min
at a maximum pressure of 22 psi. A custom-developed analog circuit
designed to generate a 0 to 5 VDC square waveform, with a 60% duty cycle,
allows the regulation of the flow profile. An ultrasound flowmeter
(Transonic Animal Research, Ithaca, NY) is used to monitor instantaneous
and average volumetric flow. Three distinct flow patterns were generated
for the experiments: venouslike (steady flow of 2 dyn/cm? SS), arterial-like
(1 Hz pulsatile flow of 18 dyn/cm? SS), and BM-like flow (steady flow of
0.5dyn/cm? SS).

Prior to cell seeding, test segments were rinsed with successive
20-minute incubations in 0.2% SDS solution (Fluka, Munich, Germany)
and distilled water in an ultrasonic bath. After autoclave sterilization, the
Silastic tubes were coated with 100 pwg/mL fibronectin (Sigma) in PBS for 2
hours while rotating at 2.33 X 10~°g at 37°C. For EC seeding (BM-ECs,
HUVECs, or BAECs), cells were added to the fibronectin precoated tubing
at 3500 cell/cm? and cultured for 24 hours in EGM2 media, while rotating
axially at 10 rph. The initial attached cell number was determined 24 hours
after seeding using a Beckman-Coulter cell and particle counter (day 0).
EC-seeded tubes were either placed within the perfusion system and
exposed to a defined flow (venouslike, arterial-like, or BM-like flow) or
mounted in the system without flow as a sham control for the duration of the
experiment (up to 4 days). Final cell number was measured after trypsiniza-
tion using a particle counter (Beckman-Coulter, Miami, FL). The results are
presented as the ratio between cell number at day 0 and the final cell number
at the conclusion of the experiment. The effect of CCI-779 on cell
proliferation was studied by adding 100 nM CCI-779 to the perfusate in the
bioreactor for the whole duration of the experiment. Independent channels
without CCI-779 were carried out as negative controls.

Dose effect and statistical analysis

To determine potential synergism between inhibition of mTOR and NF-kB
signaling, dose response curves were defined using the MTS assay and the
data analyzed using CalcuSyn software (Biosoft, Ferguson, MO), a widely
used tool to quantify the effects of drug combinations and to determine
potential synergisms. This algorithm performs multiple drug dose-effect
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Figure 1. Cytokine and leukemia stimulation of BM-ECs triggers the mTOR
pathway. Quiescent BM-ECs were stimulated and analyzed for activation of mTOR
downstream substrates (S6RibP, 4E-BP1) and activation of Akt/PKB by Western blot.
(A) BM-ECs cultured overnight in EBM + 1% FBS were stimulated for 15 and 30
minutes with a cocktail of proangiogenic cytokines (FGF-2, VEGF, IGF-1, and EGF).
Data are representative of 2 BM-EC donors tested and 2 independent experiments.
(B) Cells were cultured overnight in EBM2 and stimulated for 15 minutes with 10%
vol/vol of plasma from leukemia patients. The arrow indicates the correct band. Three
representative cases of 7 patients tested.

calculations using the median effect methods described by Chou and
Talalay?® and calculates combination index values that are indicative of
synergy, additivity, or antagonism between 2 agents. Combination indexes
of 0.1 to 0.3 units are defined as “strongly synergistic”; 0.3 to 0.7, as
“synergistic”; and 0.7 to 0.85, as “moderately synergistic.”

Statistical significance was determined by the paired ¢ test (2-tailed),
using GraphPad Prism software (version 4.0a; GraphPad Software, San
Diego, CA). Differences between study groups were considered statistically
significant when P values were less than or equal to .05.

Results

Stimulation of BM endothelium activates mTOR pathway and is
abrogated by rapamycin or CCI-779

To define putative molecular targets in human BM endothelial
cells, we evaluated the role of the critical signaling integrator
mTOR? in BM-EC responses to potent angiogenic stimuli. Quies-
cent BM-ECs were stimulated with a cocktail of proangiogenic
cytokines, which have been shown to be elevated in cancers
evolving in the BM and that play significant roles in the biology of
such cancers.!*2627 This stimulation triggered activation of mTOR
pathway by increasing the phosphorylation of its downstream
substrates S6RibP and 4E-BP1 (Figure 1A). In basal conditions,
phosphorylation levels of these molecules were either low or
absent (Figure 1A-B). We also evaluated whether plasma from
leukemia patients, which contains proangiogenic factors, activates
mTOR signaling in BM-ECs. We have shown previously that
leukemia plasma, but not plasma from healthy donors, stimulates
BM-EC proliferation and promotes de novo angiogenesis in vivo
(J. Pedro Veiga, L.E.C., and A.A.S., manuscript submitted). We
observed that stimulation of BM-ECs with leukemia plasma also
resulted in marked phosphorylation of both S6RibP and 4E-BP1
(Figure 1B), an effect seen in all cases tested (n = 7). Since
Akt/PKB has been identified as a critical mediator of mTOR
activation,?%?! we evaluated whether these stimuli also engaged the
PI3K/Akt pathway in BM-ECs. As shown in Figure 1A-B,
proangiogenic stimuli triggered activation of Akt/PKB, demon-
strated by the markedly increased phosphorylation of residue
Ser473, a crucial event for the transduction of Akt/PKB signals.?®
Rapamycin/FKBP12 complexes specifically interact with
mTOR, blocking the activation of its downstream substrates.”> We
observed that rapamycin (10 ng/mL or higher) effectively inhibited
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the cytokine-mediated phosphorylation of S6K1, S6RibP, and, to a
lesser degree, 4E-BP1 in BM-ECs (Figure 2A). No effect was
observed in the activation pattern of Akt/PKB (Figure 2A). Similar
findings were observed when BM-ECs were treated with the
rapamycin analog, CCI-779. Significant inhibition or abrogation of
mTOR signaling was attained at 10 nM (Figure 2B). Equivalent
experiments were performed on BM-ECs stimulated with leukemia
plasma, and both rapamycin (Figure 2C) and CCI-779 (Figure 2D)
reduced or abrogated tumor-promoted phosphorylation of mTOR
targets. These results indicate that rapamycin or CCI-779 can
effectively inhibit or prevent the transduction of mTOR signals
stimulated by recombinant cytokines or, more importantly, by
tumor stimuli.

mTOR blockade by rapamycin or CCI-779 inhibits BM-EC
proliferation through cell-cycle arrest

Since rapamycin and CCI-779 inhibited mTOR molecular events
triggered by stimulation of BM-ECs, we assessed the impact of
mTOR blockade on the proliferation and survival of these cells. At
doses that effectively block activation of mTOR substrates, rapamy-
cin (10 ng/mL, P < .02) and CCI-779 (10 nM, P < .005) signifi-
cantly inhibited BM-EC proliferation induced by recombinant
cytokines (Figure 3A-B). This inhibition was dose dependent, with
a plateau at 10 to 10° ng/mL for rapamycin and at 10 X 103 to
5 X 10° nM for CCI-779. These effects were not due to solvent
toxicity (DMSO; data not shown), which was evident only at doses
corresponding to the highest amount of rapamycin tested (103
ng/mL). Of importance, in all cases tested (10 and 8, respectively),
rapamycin (100 ng/mL, P < .001) and CCI-779 (100 nM, P < .001)
were equally effective in inhibiting the mitogenic activity of
leukemia plasmas on BM-ECs (Figure 3C and D, respectively). Of
note, the inhibition of plasma-mediated BM-EC proliferation
required a 10-fold higher dose of rapamycin (100 ng/mL) or
CCI-779 (100 nM) than that induced by recombinant cytokines,
indicating that the leukemia milieu may protect BM-ECs from
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Figure 2. Rapamycin and CCI-779 effectively inhibit cytokine- or leukemia-
triggered mTOR signaling. Quiescent BM-ECs were stimulated for 15 minutes with
cytokine media/EGM2 (A-B) or 10% vol/vol leukemia plasma (C-D) and analyzed by
Western blot for activation of mTOR downstream substrates (S6K1, S6RibP, 4E-BP1,
elF-4G), and activation of Akt/PKB in the presence of mTOR blockers—rapamycin
(A,C) or CCI-779 (B,D). (A) Three BM-EC donors tested. (B) Representative of 4
BM-EC donors tested. (C) Three cases of 5 patients tested. (D) One representative
case of 7 patients tested.
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and CCI-779 treatment in both cytokine-stimulated (rapamycin,

5 Cytokines c ALL Plasma . . .
£ 1 g P <.03; CCI, P<.02) and leukemia-stimulated (rapamycin,
{ e Ewm P <.001; CCI, P < .001) cells. These studies indicate that block-
c
g ® < w ade of mTOR signaling in BM-ECs prevents cell-cycle progres-
E o g w sion, thus effectively inhibiting cell proliferation.
’% 2: % P To determine the molecular mechanisms by which mTOR
& 2 000101 1 010010 10°10° & ° 0 04 10 100 10° blockade mediates cell-cycle arrest in BM-ECs, we analyzed for
RAPAMYCIN (ng/mL) RAPAMYGIN {ngimL) changes in the expression levels or phosphorylation status of
B . D key players in the cell cycle: cyclin DI, cdk2, and the cdk
Emw Cytokines Fm AL Pleama inhibitors p27%P! and p21¢P!. Quiescent BM-ECs were stimu-
g ™ lated with proangiogenic cytokines for 12 or 24 hours in the
< :: £® presence or absence of rapamycin. Cell-cycle progression in
o 2] . . . .
T a 2 “ BM-ECs was accompanied by increased expression of cyclin D1
f; 2 R and phosphorylation of cdk2, which were inhibited by rapamy-
a’ i 3 cin (Figure 4C). Blockade of mTOR activation by rapamycin
0 00101 1 10 10010 5x10 10 0 o1 1 10 100 10

CCI- 779y CCI-779(0m) also prevented the cytokine-mediated down-regulation of p27kip!

ol . . .
Figure 3. Rapamycin and CCI-779 inhibit cytokine- and leukemia-induced and p21P!, which was evident at 12 hours (Figure 4C). In
BM-EC proliferation. BM-ECs were cultured in cytokine media/EGM2 (A-B) or 10%  contrast, at 24 hours, cytokine-stimulation of BM-ECs resulted

vol/vol leukemia plasma after a period of starvation (C-D); proliferation was measured iy ipncreased levels of both p27kipl and pZ]cipl’ which was
using an MTS assay. Rapamycin (RAPA; A,C) and CCI-779 (B,D) were tested at the b ted b . Th b . indicate that
indicated doses. As control for putative solvent toxicity, DMSO was tested at aprogate Yy Tapamycin. €s¢ observations indicate a

concentrations equivalent to those present in the respective doses of RAPA, withno  inhibition of mTOR prevents molecular events essential for the

significant toxicity observed up to the DMSO amount presentin 104 ng/mLofthedrug (G 1-S transition in BM-ECs, highlighting the critical role of
(data not shown). Results presented as proliferation index in percentage of control : : :
condition = SEM of experiments using BM-ECs from 4 to 6 different donors. Plasmas mTOR s1gna11ng in these cells.
from 8 to 10 different leukemia patients were used.

mTOR blockade inhibits BM-EC proliferation in conditions

L L . recapitulating the BM fluid mechanic environment
inhibitory agents. A similar effect was observed in tumor B cells,

with autologous leukemia plasma promoting their resistance to  The biomechanical environment modulates a wide spectrum of
DNA-damaging agents.’® To evaluate whether mTOR blockade  cellular functions in tissues, and ECs subjected to blood flow must
affected the assembly of BM-ECs into capillary-like structures, react to rapid changes in fluid shear stress, cyclic stretch, and
which recapitulates a morphogenetic event critical in angiogenesis, pressure.’® Since exposure of ECs to distinct biomechanical
experiments were performed using rapamycin at 10 to 10* ng/mL.  conditions translates into activation of different transcriptional
No significant inhibition of cytokine- or leukemia-promoted BM-EC  profiles,>! we investigated the effect of mTOR blockade on the
morphogenesis was observed (data not shown), suggesting that BM-EC proliferation under conditions that most closely recapitu-
mTOR signaling is not essential for polarization and functional late the biomechanical environment of the BM. We started by
differentiation of these cells in Matrigel. evaluating the proliferation of BM-ECs under different hemody-

To define the mechanisms mediating the inhibitory effects of namic conditions in a perfusion bioreactor, in comparison with
mTOR blockers in BM-ECs, apoptosis and cell-cycle analyses venous ECs (HUVECSs) and arterial ECs (BAECs). Of interest,
were performed. No significant induction of cell apoptosis by ~BM-ECs showed optimal proliferation at steady flow, 0.5 dyn/cm?
rapamycin was observed, even at higher doses (1000 ng/mL; (Figure 5A; P < .001 vs venouslike flow; P < .005 vs arterial-like
84.4 = 4.3% viable cells in rapamycin vs 85.8 = 2.9 in control flow; P <.001 vs no flow), a flow regime that more closely
DMSO; P > .5). Cell-cycle analysis using BrdU incorporation  reproduces the fluid mechanical environment of the BM.3233 In
showed that the antiproliferative effects of rapamycin (Figure 4A)  contrast, no significant effect on BM-EC proliferation was ob-
and CCI-779 (Figure 4B) were mediated through modulation of served under flow regimes that support optimal expansion of
BM-EC cell-cycle progression. Significant increases in cells ar-  venous ECs (2 dyn/cm?; steady) or arterial ECs (18 dyn/cm?; 1 Hz
rested in Gy/G; were observed in BM-ECs cultured with rapamycin  pulsatile) (Figure 5A). We then used the bioreactor to test the
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Figure 4. Rapamycin and CCI-779 induce Go/G; arrest of BM-ECs. Cell-cycle analyses were performed at 24 hours, using flow cytometry bivariate distributions of BrdU
incorporation versus DNA content (Pl). BM-ECs were stimulated with cytokine media/EGM2 or 10% vol/vol leukemia plasma and treated with rapamycin (10, 100 ng/mL) (A) or
with CCI-779 (10 nM) (B). Data represent mean = SEM of experiments using BM-ECs from 3 different donors and 10 different ALL patients. *Significance level of P < .05 using
a 2-tailed paired ttest. (C) BM-ECs were cytokine/serum deprived for 12 hours (EBM) and then stimulated with cytokine media/EGM2 with or without rapamycin (10 ng/mL) for
12 or 24 hours. Protein levels of cyclin D1, p27XP?, and p21¢P! and the phosphorylation status of cdk2 were determined by Western blot. Arrow indicates correct band. Results
are representative of 3 (12-hour time point) or 5 (24-hour time point) different BM-ECs tested.
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efficacy of the mTOR blocker CCI-779 on the BM-EC response to
cytokines. As shown in Figure 5B, CCI-779 (10 or 100 nM;
40%-48% inhibition; P < .005) markedly inhibited BM-EC prolif-
eration, with an efficacy comparable with that observed under no
flow conditions (Figure 2A). These results demonstrate that
blockade of mTOR pathway is an effective strategy to target
BM-ECs even at flow conditions that recapitulate their biomechani-
cal microenvironment.

Blockade of mTOR and NF-«kB pathways synergize to
effectively inhibit BM endothelial cells

NF-kB pathway plays an important biologic role and may consti-
tute a molecular target for tumor-associated angiogenesis.'!'1?
Cytokine stimulation of BM-ECs engages this pathway as shown
by the phosphorylation of the inhibitory protein IkB-o at Ser32
(Figure 6A), an essential step in the activation of NF-«kB.3*
Therefore, we evaluated whether blockade of NF-kB signaling
could strengthen the inhibitory effects of mTOR blockade in
BM-ECs. The IKK-2 inhibitor SC-514 inhibits Ik B-a phosphoryla-
tion (Figure 6A), an effect that is more pronounced when combined
with mTOR blockade. Of importance, inhibition of NF-kB path-
way by SC-514 decreases the mitogenic effect of cytokines on
BM-ECs, in a dose-dependent manner (Figure 6B). At optimal
inhibitory doses for both agents, combination of SC-514 (75 uM or
100 wM) and rapamycin (10 ng/mL) significantly inhibits BM-EC
proliferation (Figure 6B, right panel; P <.02 and P <.0l),
abrogating the mitogenic effect of this cytokine cocktail (85% to
95% reduction in cell proliferation). To determine potential syner-
gism/antagonism in the activity of these drugs on BM-ECs, 2
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Figure 5. Antiproliferative effects of mTOR blockade are equally effective under
BM-like biomechanical conditions. (A) HUVECs, BAECs, and BM-ECs were
cultured for 24 hours in a 12-channel perfusion bioreactor in cytokine media/EGM2
and subjected to venouslike (2 dyn/cm?, steady flow), arterial-like (18 dyn/cm?, 1 Hz
pulsatile flow), or BM-like flow (0.5 dyn/cm?, steady flow). As control, cells subjected
to no-flow conditions were also tested. The results are presented as the ratio between
the number of seeded cells and the final number of collected cells (cell proliferation
expressed as fold increase). Error bars indicate SD. *Significance level of P < .005
compared with arterial-like flow. ASignificance level of P < .001 compared with
venouslike flow or no flow. (B) BM-ECs were cultured for 3 days in the perfusion
bioreactor under BM-like flow conditions in cytokine media/EGM2 alone (Control) or
with CCI-779 (10 or 100 nM). Data represent the percentage of proliferation inhibition
of drug-treated versus untreated BM-ECs, and error bars indicate SD. The results
were obtained with BM-ECs from 3 different donors. *Significance level of P < .005
using a 2-tailed paired ttest.

Control
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constant ratio combination curves were generated, using their
respective effective doses (combination A: 10 ng/mL rapamycin
and 75 pM SC-514, 2-fold dilutions; or combination B: 10 ng/mL
rapamycin and 100 pM SC-514, 1.5-fold dilutions; Figure 6C and
Table 1). Data were analyzed using the CalcuSyn algorithm to
retrieve combination index (CI) values and to determine whether
the effects of drug combination were synergistic, additive, or
antagonistic. At higher doses, the inhibitory effect of the combined
blockade of mTOR and NF-«kB is moderately synergistic (Table 1;
7 < CI < .85 for both combinations). Of interest, at lower doses
(Table 1; combination B: 4.44 ng/ml/44.44 pM and 66.67
ng/mL/66.67 uM of rapamycin/SC-514, respectively), these agents
synergize (.3 < CI <.7) to significantly inhibit BM-EC prolifera-
tion (P < .01), with more than 80% reduction of BM-EC prolifera-
tion. These results demonstrate that simultaneous blockade of
mTOR and NF-kB pathway effectively inhibits or abrogates the
proliferative responses of BM-ECs to mitogenic stimuli.

Discussion

We identified mTOR signaling as a molecular event triggered
during functional responses of BM endothelium to proangiogenic
stimuli and showed that simultaneous blockade of mTOR and
NF-kB signaling synergizes to significantly inhibit BM-EC prolif-
eration. We also showed that the mTOR blocker CCI-779 is equally
effective in inhibiting BM-ECs under flow conditions that recapitu-
late the biomechanical environment of the BM.

An obstacle to the generalization of signal transduction and
functional studies to different endothelial cells is the diversity of
molecular signatures, phenotypes, and responsiveness to biome-
chanical stimuli of ECs from distinct types, vascular beds, or
tissues.!+13-35:36 For example, the differential activation of STAT
proteins by VEGF in distinct ECs suggests the existence of
different regulatory mechanisms in these cells.’’*% Also, gene-
profiling analyses of purified ECs from 2 distinct organs showed
differential expression of genes involved in signal transduction,
including growth factor receptors, receptor tyrosine kinases, tran-
scription factors, and transcription repressors.® It is possible that
this diversity is even more pronounced between BM endothelial
precursors and “mature” ECs, as the former have the ability to
undergo distinct programs of cell differentiation and specification.
It has been shown that endothelial precursors respond differentially
to angiogenic stimuli (VEGF) during differentiation.*’ Also, molecu-
lar events critical for EC differentiation and cell-type specification,
such as Notch signaling, Sonic hedgehog, and the Ephrin-Eph axis,
have different effects on distinct endothelium, modulating their
responses to proangiogenic stimuli.?*4! We have recently observed
that engagement of Notch signaling through DIl4 differentially
affects EC proliferation and cell-cycle progression, in a manner
that is EC-type specific and intensity dependent (M. Jodo Tavares
and A.A.C.; “Delta-4—induced Notch signaling as negative regula-
tor of endothelium”; manuscript submitted October 2005). There-
fore, studies are necessary to dissect the molecular circuitry
that critically mediates or regulates BM endothelium, namely,
on decisions affecting release from quiescence, proliferation,
differentiation, morphogenesis, and, in defined conditions, exit
from the BM.

mTOR is an integrator of signaling cascades that regulates
protein synthesis and RNA biogenesis affecting critical cell func-
tions, such as cell-cycle progression, cell growth, and prolifera-
tion.?Y Therefore, it is an obvious candidate target for interventions
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aiming at disrupting tumor cells and their tumor-supportive micro-
environment. The direct antitumor effect of mTOR blockade in
tumor models of distinct cancers, including B-ALL and other BM
malignancies, substantiates this concept.*>* A few studies also
reported that blockade of mTOR, in different tumor models,
abrogates tumor-induced angiogenesis, inhibiting metastatic and
primary tumor size.?>* In our studies in bone marrow ECs, we
observed that mTOR blockade by rapamycin or CCI-779 signifi-
cantly inhibited cell proliferation but did not affect BM-EC
morphogenesis in a Matrigel assay, in response to either recombi-
nant growth factors or leukemia plasma (data not shown). This is in
contrast with studies showing that rapamycin inhibits VEGF-
promoted tubelike formation by HUVECs in Matrigel.?> Whether
these differences are due to EC type or distinct experimental
conditions is unclear. However, our observations are in concor-
dance with reports showing that (1) the formation of capillary-like
structures in Matrigel does not involve cell division and is
associated with down-regulation of events critical for cell prolifera-
tion,* and (2) actin reorganization processes, which are required
for EC morphogenesis,*’ are controlled by the rapamycin-

Table 1. Blockade of mTOR and NF-kB signaling synergize to
effectively inhibit BM-ECs

RAPA, ng/mL SC-514, pM cl
Combination A
1.25 9.375 0.411
25 18.75 0.423
5 375 0.577
10* 75* 0.758
Combination B
2.96 29.6 0.352
4.44 44.44 0.472
6.67 66.67 0.630
10* 100* 0.762

RAPA indicates rapamycin; Cl, combination index.
*Highest dose combination.

SC-514 SC-514
100uM

insensitive mTOR complex 2 and do not involve the rapamycin-
sensitive mTOR complex 1.4

Mechanistically, we show that growth factor stimulation of
quiescent BM-ECs induces cell-cycle progression by up-regulating
cyclin D1 expression and cdk2 phosphorylation, an effect reversed
by mTOR blockade. These results are consistent with previous
reports in murine ECs and smooth muscle cells.*>° However, in
their system, mTOR blockade decreases p21°P! expression, suggest-
ing that this cdk inhibitor (cdki) is not implicated in the rapamycin-
triggered cell-cycle arrest. In BM-ECs, cell-cycle progression was
accompanied by down-regulation of the cdki p21¢P! and p27%P!, an
effect that was prevented by mTOR blockade at a 12-hour time
point, but not at 24 hours. Our data point to the involvement of
p21¢P! and p27%r! in BM-EC early responses to proangiogenic
cytokines, and suggest that the inhibitory effects of rapamycin on
cell-cycle progression are, at least partially, mediated through the
modulation of these cdki’s.

Since blockade of mTOR in BM-ECs induces cell-cycle arrest
but does not seem to promote significant EC apoptosis, a possible
interventional strategy is the combination of mTOR blockers with
known cytotoxic agents or other signaling inhibitors. This strategy
offers the potential advantages of strengthening the blockade of
crucial survival signals and of preventing drug resistance associ-
ated with signaling redundancy or cross talk between distinct
pathways.>! NF-«kB has been implicated in the tumorigenic process,
including in tumor angiogenesis. It promotes angiogenic/metastatic
gene expression in colorectal cancer,”> where NF-kB/RelA and
VEGF are significantly overexpressed,'> and mediates the up-
regulation of the proangiogenic factors IL-8/CXCL8 and VEGF in
prostate cancer cells.”> In BM endothelium, stimulation by proan-
giogenic stimuli triggers activation of NF-kB, which is reversed by
the combination of IKK2-specific inhibitor SC-514 and rapamycin
(Figure 6A; L.F.C. and A.A.C., unpublished observations, January
2004); mTOR blockade alone shows no effect on NF-kB activa-
tion. A study in HUVECSs showed that mTOR blockade accelerates
thrombin-induced NF-kB activity in these cells.”* Whether this
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reflects differences in the overall signaling machinery engaged by
these distinct stimuli (proangiogenic cytokines vs thrombin) or
variability between the ECs tested (BM-ECs vs HUVECsS) is
unknown. As mTOR and NF-kB pathways represent distinct
signaling cascades transducing activating stimuli into BM-ECs,
their simultaneous blockade was likely to strengthen their indi-
vidual impact on EC proliferation. The demonstration that block-
ade of NF-«kB synergizes with rapamycin to effectively inhibit
BM-EC proliferation suggests new therapeutic possibilities for
targeting ECs and tumor angiogenesis. The synergistic effects of
the simultaneous blockade of these pathways may also allow the
use of lower doses of inhibitors of mTOR and NF-kB, with lower
risk of undesirable side effects. It has been reported previously that
mTOR blockers synergize with other agents to more effectively
inhibit malignant cells,>>*¢ but no comparable studies have been
reported on endothelial cells. This report is the first demonstration
that mTOR and NF-«kB blockade targets a critical component of the
tumor microenvironment in cancers evolving in the BM.

Although genetic factors play essential roles in vascular devel-
opment and EC differentiation, these cell fate decisions are
modulated by extrinsic factors.*!”7 The mechanical environment
dictates a wide spectrum of cellular functions in tissues, with
mechanical signals translated into functional responses through the
engagement of signaling events regulating cell-cycle progression,
migration, and cell-fate decisions.!®%%5 The mitogenic responses
of ECs to angiogenic stimuli are significantly influenced by
hemodynamic and rehologic conditions. While aortic ECs exhibit
signaling peaks under pulsatile, high shear stress flow conditions,'8
venous ECs are most active at steady, lower shear stress conditions.
To our best knowledge, this is the first demonstration that BM-ECs
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optimally proliferate under laminar flow conditions that more
closely reflect the BM fluid mechanical environment (0.5 dyn/cm?
shear stress steady flow) and show suboptimal expansion under
venoustype or arterial-type conditions. The demonstration that
blockade of mTOR by CCI-779 is effective in inhibiting BM-EC
proliferation to angiogenic stimuli validates the use of the
perfusion bioreactor as a valuable tool for evaluating the
efficacy of antiangiogenic agents, under experimental condi-
tions that more closely reproduce the biomechanical environ-
ment of distinct ECs. This is particularly relevant as it has been
proposed that angiogenic intervention may be more effective if
tailored for the specific EC type.®°

The present study demonstrates that BM endothelial cells’
response to proangiogenic stimuli engages mTOR signaling and
that its specific targeting significantly inhibits BM-EC prolifera-
tion. Blockade of the mTOR pathway may represent an effective
strategy to target not only the malignant cell*3#+6! but also its
tumor-permissive BM microenvironment. Further studies are nec-
essary to explore the synergistic effects of mTOR and NF-«kB
inhibition in the angiogenesis evolving in association with BM
tumors, and to assess their therapeutic potential in these
malignancies.

Acknowledgments

We thank Drs W. Nicholas Haining and Ana Limén for the critical
reading of the paper. We thank Dr J. Andres Yunes for suggestions
and technical advice.

References

1.

Moehler TM, Ho AD, Goldschmidt H, Barlogie B.
Angiogenesis in hematologic malignancies. Crit

mains for tumour engraftment. Nature. 2005;435:
969-973.

an integrator of nutrient and growth factor signals
and coordinator of cell growth and cell cycle pro-

Rev Oncol Hematol. 2003;45:227-244. 11. Patel S, Leal AD. Gorski DH. The homeobox gression. Oncogene. 2004;23:3151-3171.

2. Poon RT, Fan ST, Wong J. Clinical implications of gene Gax inhibits angiogenesis through inhibition 21. Hay N, Sonenberg N. Upstream and downstream
circulating angiogenic factors in cancer patients. of nuclear factor-kappaB-dependent endothelial of mMTOR. Genes Dev. 2004;18:1926-1945.

J Clin Oncol. 2001;19:1207-1225. cell gene expression. Cancer Res. 2005;65:1414- 22, Guba M, von Breitenbuch P, Steinbauer M, et al.

3. Perez-Atayde AR, Sallan SE, Tedrow U, Connors 1424. Rapamycin inhibits primary and metastatic tumor
S, Allred E, Folkman J. Spectrum of tumor angio- 12. YuHG, Zhong X, Yang YN, et al. Increased ex- growth by antiangiogenesis: involvement of vas-
genesis in the bone marrow of children with acute pression of nuclear factor-kappaB/RelA is corre- cular endothelial growth factor. Nat Med. 2002;8:
lymphoblastic leukemia. Am J Pathol. 1997;150: lated with tumor angiogenesis in human colorec- 128-135.

815-821. tal cancer. Int J Colorectal Dis. 2004;19:18-22. 23. Guba M, Yezhelyev M, Eichhorn ME, et al. Rapa-

4. Gunsilius E. Evidence from a leukemia model for 13. Munoz-Chapuli R, Quesada AR, Angel Medina M. mycin induces tumor-specific thrombosis via tis-
maintenance of vascular endothelium by bone- Angiogenesis and signal transduction in endothe- sue factor in the presence of VEGF. Blood. 2005;
marrow-derived endothelial cells. Adv Exp Med lial cells. Cell Mol Life Sci. 2004;61:2224-2243. 105:4463-4469.

Biol. 2003;522:17-24. 14. Garlanda C, Dejana E. Heterogeneity of endothe- 24. Riesterer O, Zingg D, Hummerjohann J, Bodis S,

5. De Raeve H, Van Marck E, Van Camp B, lial cells: specific markers. Arterioscler Thromb Pruschy M. Degradation of PKB/Akt protein by
Vanderkerken K. Angiogenesis and the role of Vasc Biol. 1997;17:1193-1202. inhibition of the VEGF receptor/mTOR pathway in
bone marrow endothelial cells in haematological 15. Aird WC. Endothelial cell heterogeneity. Crit Care endothelial cells. Oncogene. 2004;23:4624-4635.
malignancies. Histol Histopathol. 2004;19:935- Med. 2003;31:5221-5230. 25. Chou TC, Talalay P. Quantitative analysis of
950. 16. Netelenbos T, Drager AM, van het Hof B, et al. dOS?—effect relationships: Fhe_c.ombined effects of

6. Lyden D, Hattori K, Dias S, et al. Impaired recruit- Differences in sulfation patterns of heparan sul- multiple drugs or enzyme inhibitors. Adv Enzyme
ment of bone-marrow-derived endothelial and fate derived from human bone marrow and um- Regul. 1984;22:27-55.
hematopoietic precursor cells blocks tumor an- bilical vein endothelial cells. Exp Hematol. 2001; 26. LeRoith D, Roberts CT Jr. The insulin-like growth
giogenesis and growth. Nat Med. 2001;7:1194- 29:884-893. factor system and cancer. Cancer Lett. 2003;195:
1201. 17. Simpson MA, Reiland J, Burger SR, et al. Hyalu- 127-137.

7. LiH, Gerald WL, Benezra R. Utilization of bone ronan synthase elevation in metastatic prostate 27. Wu X, Qureshi A, Liu H, Yin J, Qian X, Ruijie X.
marrow-derived endothelial cell precursors in carcinoma cells correlates with hyaluronan sur- Epidermal growth factor in acute promyelocytic
spontaneous prostate tumors varies with tumor face retention, a prerequisite for rapid adhesion leukemia treated with retinoic acid. Int J Hematol.
grade. Cancer Res. 2004,;64:6137-6143. to bone marrow endothelial cells. J Biol Chem. 1995;62:83-89.

8. Vacca A, Ria R, Semeraro F, et al. Endothelial 2001;276:17949-17957. 28. Scheid MP, Marignani PA, Woodgett JR. Multiple
cells in the bone marrow of patients with multiple 18. Balcells M, Fernandez Suarez M, Vazquez M, phosphoinositide 3-kinase-dependent steps in
myeloma. Blood. 2003;102:3340-3348. Edelman ER. Cells in fluidic environments are activation of protein kinase B. Mol Cell Biol. 2002;

9. Iversen PO, Sorensen DR, Benestad HB. Inhibi- sensitive to flow frequency. J Cell Physiol. 2005; 22:6247-6260.
tors of angiogenesis selectively reduce the malig- 204:329-335. 29. Sehgal SN. Sirolimus: its discovery, biological
nant cell load in rodent models of human myeloid 19. Barbee KA. Role of subcellular shear-stress dis- properties, and mechanism of action. Transplant
leukemias. Leukemia. 2002;16:376-381. tributions in endothelial cell mechanotransduc- Proc. 2003;35:7S-14S.

10. Sipkins DA, Wei X, Wu JW, et al. In vivo imaging tion. Ann Biomed Eng. 2002;30:472-482. 30. Wickremasinghe RG, Ganeshaguru K, Jones DT,
of specialized bone marrow endothelial microdo- 20. Fingar DC, Blenis J. Target of rapamycin (TOR): et al. Autologous plasma activates Akt/protein



292

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

COSTAet al

kinase B and enhances basal survival and resis-
tance to DNA damage-induced apoptosis in B-
chronic lymphocytic leukaemia cells. Br J Haema-
tol. 2001;114:608-615.

Garcia-Cardena G, Comander J, Anderson KR,
Blackman BR, Gimbrone MA Jr. Biomechanical
activation of vascular endothelium as a determi-
nant of its functional phenotype. Proc Natl Acad
Sci U S A. 2001;98:4478-4485.

Mazo IB, von Andrian UH. Adhesion and homing
of blood-borne cells in bone marrow microves-
sels. J Leukoc Biol. 1999;66:25-32.

Dimitroff CJ, Lechpammer M, Long-Woodward D,
Kutok JL. Rolling of human bone-metastatic pros-
tate tumor cells on human bone marrow endothe-
lium under shear flow is mediated by E-selectin.
Cancer Res. 2004;64:5261-5269.

Traenckner EB, Pahl HL, Henkel T, Schmidt KN,
Wilk S, Baeuerle PA. Phosphorylation of human |
kappa B-alpha on serines 32 and 36 controls |
kappa B-alpha proteolysis and NF-kappa B acti-
vation in response to diverse stimuli. EMBO J.
1995;14:2876-2883.

Ghitescu L, Robert M. Diversity in unity: the bio-
chemical composition of the endothelial cell sur-
face varies between the vascular beds. Microsc
Res Tech. 2002;57:381-389.

Torres-Vazquez J, Kamei M, Weinstein BM. Mo-
lecular distinction between arteries and veins.
Cell Tissue Res. 2003;314:43-59.

Bartoli M, Gu X, Tsai NT, et al. Vascular endothe-
lial growth factor activates STAT proteins in aortic
endothelial cells. J Biol Chem. 2000;275:33189-
33192.

Korpelainen El, Karkkainen M, Gunji Y, Vikkula
M, Alitalo K. Endothelial receptor tyrosine kinases
activate the STAT signaling pathway: mutant
Tie-2 causing venous malformations signals a
distinct STAT activation response. Oncogene.
1999;18:1-8.

Pai JT, Ruoslahti E. Identification of endothelial
genes up-regulated in vivo. Gene. 2005;347:21-
33.

Lawson ND, Vogel AM, Weinstein BM. Sonic
hedgehog and vascular endothelial growth factor
act upstream of the Notch pathway during arterial

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

BLOOD, 1 JANUARY 2006 - VOLUME 107, NUMBER 1

endothelial differentiation. Dev Cell. 2002;3:127-
136.

Yancopoulos GD, Davis S, Gale NW, Rudge JS,
Wiegand SJ, Holash J. Vascular-specific growth
factors and blood vessel formation. Nature. 2000;
407:242-248.

Panwalkar A, Verstovsek S, Giles FJ. Mammalian
target of rapamycin inhibition as therapy for he-
matologic malignancies. Cancer. 2004;100:657-
666.

Avellino R, Romano S, Parasole R, et al. Rapa-
mycin stimulates apoptosis of childhood acute
lymphoblastic leukemia cells. Blood. 2005;106:
1400-1406.

Brown VI, Fang J, Alcorn K, et al. Rapamycin is

active against B-precursor leukemia in vitro and
in vivo, an effect that is modulated by IL-7-medi-
ated signaling. Proc Natl Acad Sci U S A. 2003;

100:15113-15118.

Guba M, Koehl GE, Neppl E, et al. Dosing of
rapamycin is critical to achieve an optimal antian-
giogenic effect against cancer. Transpl Int. 2005;
18:89-94.

Grove AD, Prabhu VV, Young BL, et al. Both pro-
tein activation and gene expression are involved

in early vascular tube formation in vitro. Clin Can-
cer Res. 2002;8:3019-3026.

Connolly JO, Simpson N, Hewlett L, Hall A. Rac
regulates endothelial morphogenesis and capil-
lary assembly. Mol Biol Cell. 2002;13:2474-2485.

Sarbassov DD, Ali SM, Kim DH, et al. Rictor, a
novel binding partner of mTOR, defines a rapa-
mycin-insensitive and raptor-independent path-
way that regulates the cytoskeleton. Curr Biol.
2004;14:1296-1302.

Vinals F, Chambard JC, Pouyssegur J. p70 S6
kinase-mediated protein synthesis is a critical
step for vascular endothelial cell proliferation.
J Biol Chem. 1999;274:26776-26782.

Braun-Dullaeus RC, Mann MJ, Seay U, et al. Cell
cycle protein expression in vascular smooth
muscle cells in vitro and in vivo is regulated
through phosphatidylinositol 3-kinase and mam-
malian target of rapamycin. Arterioscler Thromb
Vasc Biol. 2001;21:1152-1158.

. Vignot S, Faivre S, Aguirre D, Raymond E.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

mTOR-targeted therapy of cancer with rapamycin
derivatives. Ann Oncol. 2005;16:525-537.
Agarwal A, Das K, Lerner N, et al. The AKT/I
kappa B kinase pathway promotes angiogenic/
metastatic gene expression in colorectal cancer
by activating nuclear factor-kappa B and beta-
catenin. Oncogene. 2005;24:1021-1031.

Levine L, Lucci JAlll, Pazdrak B, et al. Bombesin
stimulates nuclear factor kappa B activation and
expression of proangiogenic factors in prostate
cancer cells. Cancer Res. 2003;63:3495-3502.
Minhajuddin M, Fazal F, Bijli KM, Amin MR, Rah-
man A. Inhibition of mammalian target of rapamy-
cin potentiates thrombin-induced intercellular ad-
hesion molecule-1 expression by accelerating
and stabilizing NF-kappa B activation in endothe-
lial cells. J Immunol. 2005;174:5823-5829.
Wendel HG, De Stanchina E, Fridman JS, et al.
Survival signalling by Akt and elF4E in oncogen-
esis and cancer therapy. Nature. 2004;428:332-
337.

Mohi MG, Boulton C, Gu TL, et ak. Combination
of rapamycin and protein tyrosine kinase (PTK)
inhibitors for the treatment of leukemias caused
by oncogenic PTKs. Proc Natl Acad Sci U S A.
2004;101:3130-3135.

Weinstein BM. Vessels and nerves: marching to
the same tune. Cell. 2005;120:299-302.
Shreiber DI, Barocas VH, Tranquillo RT. Temporal
variations in cell migration and traction during fi-
broblast-mediated gel compaction. Biophys J.
2003;84:4102-4114.

Mauney JR, Sjostorm S, Blumberg J, et al. Me-
chanical stimulation promotes osteogenic differ-
entiation of human bone marrow stromal cells on
3-D partially demineralized bone scaffolds in
vitro. Calcif Tissue Int. 2004;74:458-468.

Wang HU, Chen ZF, Anderson DJ. Molecular dis-
tinction and angiogenic interaction between em-
bryonic arteries and veins revealed by ephrin-B2
and its receptor Eph-B4. Cell. 1998;93:741-753.
Barata JT, Cardoso AA, Nadler LM, Boussiotis
VA. Interleukin-7 promotes survival and cell cycle
progression of T-cell acute lymphoblastic leuke-
mia cells by down-regulating the cyclin-depen-
dent kinase inhibitor p27(kip1). Blood. 2001;98:
1524-1531.



