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presented here suggest that this approach may not be successful.
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Tyrosine  kinases  are  a  large  family  of 
enzymes that phosphorylate target pro-
teins,  resulting  in  either  activation  or 
inactivation of these proteins. This family 
includes many peptide receptors as well 
as nonreceptor proteins and is well repre-
sented in oncogenic fusion proteins, such 
as the BCR-ABL protein, which is gener-
ated from the Philadelphia chromosome. 
These proteins activate multiple signaling 
pathways, including those involving PI3K, 
phospholipase Cγ, MAPK, and STAT acti-
vation and the generation of reactive oxy-
gen species. The study by Nissen et al. in 
this  issue  of  the  JCI  demonstrates  that 
activation  of  a  combination  of  several 
tyrosine kinase receptors results in a high-

ly angiogenic and metastatic phenotype 
and that the functions of these tyrosine 
kinase receptors is nonredundant in vivo 
(1). These findings may help explain why 
tyrosine kinases have been successful pri-
marily in early malignancies but less so in 
advanced cancers.

In  the  first  decade  of  the  twenty-first 
century, the focus in the field of oncology 
has been on developing of targeted therapy 
against tyrosine kinases. This began with 
the use of  the  tyrosine kinase  inhibitor 
imatinib,  which  has  shown  impressive 
activity against chronic myelogenous leu-
kemia (CML), and has subsequently been 
successful in the treatment of other malig-
nancies including gastrointestinal stromal 
tumors and mastocytosis (2). Other spe-
cific tyrosine kinase inhibitors have since 
appeared, including sorafenib, which was 
designed to inhibit the mutant B-raf onco-
gene in melanoma (3), in addition to both 
small  molecule  and  antibody-mediated 
inhibitors of EGFR (4). EGFR, a member 

of the tyrosine kinase receptor family, is 
expressed  in a wide variety of epithelial 
tumors in humans, including breast can-
cer and non–small cell carcinoma of the 
lung, calling attention to it as a druggable 
target. More recently, clinical results have 
identified some of  the shortcomings of 
such targeted therapies. While  imatinib 
is highly effective against early CML, it is 
less effective against blast crisis CML (2). 
Sorafenib was found to be relatively inef-
fective against melanoma in clinical trials 
(3), and EGFR tyrosine kinase inhibitors 
have been found to be most efficacious 
only in a small subset of patients — often 
female Japanese nonsmokers with bron-
choalveolar  histology  (4,  5).  While  one 
response to these  failures has been sus-
tained  efforts  to  identify  more  potent 
inhibitors, the study by Nissen et al. (1) 
should give drug developers pause. These 
authors show that it is the nonredundancy 
of tyrosine kinases such as FGF receptor 1  
(FGFR1)  and  PDGFR,  rather  than  the 
potency of the tyrosine kinase inhibitor, 
that is the main enemy of targeted therapy 
in cancer. Yet there is room for optimism 
if  one  uses  combination  or  sequential 
tyrosine kinase inhibitor therapy instead 
of targeted monotherapy. Thus a “dirtier” 
approach to tyrosine kinase therapy is sug-
gested, referring to the use of both promis-
cuous tyrosine kinase  inhibitors, which 
inhibit more than one tyrosine kinase as 
well as a combination of tyrosine kinase 
inhibitors, and other signaling inhibitors, 
such as rapamycin.
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Demonstration of synergy between 
multiple receptor tyrosine kinases
Folkman was the first to hypothesize that 
tumors  produce  proangiogenic  factors, 
which promote local tumor growth, inva-
sion,  and  metastasis  (6).  This  observa-
tion, in addition to the ability to culture 
microvascular endothelial cells, led to the 
purification of the first known angiogenic 
factors, FGF2 (also known as basic FGF) 
and VEGF, both of which signal through 
tyrosine kinase receptors (6). It has been 
assumed  that  tumors  synthesize  mul-
tiple angiogenic and growth factors, but 
this production has been assumed to be a 
redundancy that only becomes functional 
if a tumor is challenged with an inhibitor 
of a specific tyrosine kinase, in which case 
the tumor can display resistance by switch-
ing its dependence to an alternate growth/
angiogenic factor. The findings reported by 
Nissen et al. (1) demonstrate that tyrosine 
kinases play a nonredundant role in the 
stimulation of angiogenesis and metasta-
sis in normal tumor physiology, even when 
tumors  are  not  challenged  by  tyrosine 
kinase inhibitors. Furthermore, the coex-
pression of two growth factors (FGF2 and 
PDGF-BB)  in mice was shown to confer 
properties not seen with overexpression of 

either growth factor independently. While 
FGF2 and PDGF-BB signal through tyro-
sine kinases that show activation similar 
to PI3K and Ras, these growth factors may 
show differential activation of molecules in 
downstream signaling pathways, including 
reactive oxygen species, Akt, and phospho-
lipase D (7, 8). In certain circumstances, 
FGF2 stimulates phospholipase D strongly 
and Akt poorly, while PDGF-BB is a potent 
activator of Akt (9–11).

In  their  study,  Nissen  et  al.  (1)  have 
elegantly shown a synergy in vitro and in 
vivo between PDGF-BB and FGF-2 in the 
stimulation of angiogenesis, recruitment 
of an embryonic vascular phenotype, and 
an  enhancement  of  metastasis.  First,  in 
murine corneal neoangiogenesis studies, 
the coimplantation of FGF2 and PDGF-
BB led to tumor-like neovascularization, 
as opposed  to  the effect of either FGF2 
or PDGF-BB alone. Implantation of these 
growth  factors  individually  resulted  in 
attenuated vessels that rapidly regressed. 
Second,  they  demonstrated  that  FGF2 
induces both the transcription of PDGF-
BB in endothelial cells and the elevations 
of phosphorylated MAPK and phospho-
lipase Cγ, both of which are required for 
optimal  tumorigenesis.  Third,  murine 

fibrosarcoma cells coexpressing FGF2 and 
PDGF-BB exhibited rapid tumor growth in 
vivo and the development of primitive vas-
cular plexuses in the tumors, reminiscent 
of what is observed in human tumors. Sur-
prisingly, the vessels in the tumors were not 
highly invested with pericytes (which nor-
mally envelop and stabilize the vessel exte-
rior). Despite the known chemoattractant 
effects of PDGF on pericytes (12), pericyte 
recruitment was inhibited and tumor ves-
sels appeared to be disorganized. Finally, 
the incidence of pulmonary metastases was 
increased  in  tumors  coexpressing  FGF2 
and PDGF-BB in comparison with tumors 
expressing  a  single  growth  factor  (1). 
While the minimum requirements for the 
transformation of human cells have been 
elucidated in several tissue types, the ratio-
nale for a solid tumor to express multiple 
growth factors in the absence of selective 
pressure remains poorly understood.

Advanced tumors activate signaling 
through several pathways
Many human tumors overexpress tyrosine 
kinase receptors, including common epi-
thelial tumors such as those in lung and 
breast  tissue  (13, 14). While overexpres-
sion of growth factors that signal through 

Figure 1
Coexpression of FGF2 and PDGF-BB results 
in activation of nonredundant signaling path-
ways in advanced solid tumors (1). FGF2 and 
PDGF-BB both activate tyrosine kinase recep-
tors (FGFR1 and PDGFR-β, respectively) that 
in turn activate PI3K signaling, yet differ in 
their downstream consequences. PDGF-BB 
is a well-known stimulator of Akt, which can 
activate reactive oxygen species (superoxide 
[O2

–] and hydrogen peroxide [H2O2]) through 
induction of cytochrome b558 genes, result-
ing in the induction of HIF1α and HIF2α and 
eventually VEGF, a potent endothelial cell 
chemoattractant, and Ang-2, which likely 
mediates a repulsive effect that prevents peri-
cyte–endothelial cell stabilization of neoangio-
genic vessels. FGF2 is a potent activator of 
phospholipase D, that acts as an alternative 
survival factor to Akt. Blockade of PDGF by a 
specific tyrosine kinase inhibitor may promote 
FGF2 signaling, while blockade of FGF2 sig-
naling may promote PDGF-BB–mediated sig-
naling. Blockade of both FGF2 and PDGF-BB 
with a promiscuous tyrosine kinase inhibitor or 
other dirty compound may be more effective 
than targeted tyrosine kinase inhibitor mono-
therapy in blocking tumor growth.
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tyrosine kinase receptors is sufficient to 
transform even human cells (7), breast and 
lung cancers often demonstrate additional 
mutations, including mutations in K-ras 
in lung cancer and loss of PTEN in Her2-
positive breast cancer, even in the absence 
of selective pressure (15, 16). Indeed, the 
presence of K-ras mutations in lung cancer 
predicts a poor response to EGFR antago-
nists despite the biochemical activity of the 
antagonist on the relevant receptor (17, 18). 
Several forms of signaling redundancy have 
been characterized at the biochemical level. 
First, we have previously observed the com-
mon activation of reactive oxygen species 
(e.g., superoxide, hydrogen peroxide) with 
Akt and MAPK activation in cell types that 
have lost the p16 tumor suppressor gene 
(19–21). These tumors arise in the presence 
of carcinogenic stimuli that induce reac-
tive oxygen species such as chronic inflam-
mation or viral infection. Reactive oxygen 
species drive NF-κB activation and trigger 
downstream effectors such as the angio-
genic growth factor angiopoietin 2 (Ang-2) 
(Figure 1) (22). Ang-2 may play a critical 
role in the development of the primitive 
vascular plexuses observed by Nissen et al. 
(1) as well as in human tumors. Conversely, 
cells with mutations in the tumor suppres-
sor gene p53 often do not have increased 
Akt  levels  but  activate  another  survival 
signal, the generation of phospholipase D 
(23, 24). While tumors with mutant p53 
express tyrosine kinase receptors, they sur-
vive serum deprivation, a potential form of 
tyrosine kinase inhibition, through activa-
tion of phospholipase D and Ras (23).

The resistance of tumor cells to targeted 
therapy with  tyrosine kinase  inhibitors, 
due to the presence of multiple tyrosine 
kinase receptors or coexpression of tyro-
sine kinase receptors with oncogenic Ras 
or mutant PTEN, may appear to be a bleak 
outcome, but there is room for optimism 
because the response to targeted therapy is 
predictable and thus vulnerable. In a pre-
vious study of Epstein-Barr virus–induced 
Burkitt lymphoma, we demonstrated that 
treatment of these cells with N-acetyl cys-
teine resulted in an inhibition of NF-κB as 
expected, but also in a compensatory acti-
vation of p42/44 MAPK (20). While block-
ade of NF-κB may not have an immediate 
effect on tumor growth in vitro or in vivo, 
it may sensitize cells to MAPK inhibition. 
Similarly, sorafenib has been found to be 
ineffective against advanced melanoma (3), 
and we have recently demonstrated that 
aggressive melanoma involves both MAPK 

signaling as well as Akt/reactive oxygen 
species/NF-κB  signaling  (21).  Blockade 
of reactive oxygen species may make cells 
more sensitive to MAPK blockade and sen-
sitize cells to sorafenib. Finally, tyrosine 
kinase blockade in advanced solid tumors 
with mutant p53 may lead to activation of 
phospholipase D and sensitize tumor cells 
to phospholipase D blockade.

Screening  by  immunohistochemistry 
for  a  small  panel  of  markers  may  allow 
the oncologist and pathologist to deter-
mine  optimal  therapy.  The  presence  or 
absence of mutant p53 may help determine 
whether a tumor uses a reactive oxygen spe-
cies–dependent or –independent signaling 
pathway. The presence of Ang-2 may also 
suggest that a tumor is using a reactive oxy-
gen species–dependent pathway (22). Along 
with the use of stains already utilized for 
the detection of tyrosine kinase receptor 
signaling, both the presence of a mutation 
and the response to targeted therapy can be 
determined. Finally, the efficacy of targeted 
therapy can be improved against advanced 
malignancies. The current study by Nissen 
et al. (1) is the first to show a synergistic 
interaction of 2 growth factors that play a 
nonredundant role in tumor angiogenesis 
and metastasis. First, FGF2 and PDGF-BB  
in  combination  play  a  role  in  organiz-
ing tumor neovasculature that is distinct 
from the effect of the presence of either 
growth factor alone. A possible mediator 
of this combined effect may be Ang-2, a 
growth factor known to antagonize peri-
cyte investment of blood vessels (25, 26). 
Of interest, Ang-2 is known to be a poor 
prognostic factor in multiple cancers (27, 
28). Second, the demonstrated effects of 
reciprocal interaction of multiple growth 
factors provides a cautionary note against 
the development of more potent and more 
specific tyrosine kinase inhibitors. The data 
reported here by Nissen et al. suggest that 
the use of dirtier (i.e., more promiscuous) 
tyrosine kinase receptors, or a combination 
of therapy with tyrosine kinase inhibitors 
and other signaling inhibitors (i.e., rapamy-
cin, farnesyltransferase inhibitors) may be 
more efficacious in the treatment of cancer 
than ultraspecific and ultrapotent tyrosine 
kinase inhibitors.
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