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1. ABSTRACT

Through its ability to regulate the activity of a
large number of transcription factors, the Ras pathway is
able to control several transcriptional programs leading to
proliferation, differentiation, metabolism, cytoskeletal
reorganization and immune response. Cyclic AMP (cAMP)
is a ubiquitous intracellular second messenger whose major
intracellular target in eukaryotes is protein kinase A (PKA).
Wide evidence for cross talk between the Ras and cAMP-
PKA pathways is available. After reviewing some features
of Ras and PKA signalling that are relevant for cancer
biology, we re-analyze available genome-wide expression
data for genes encoding proteins of the downstream branch
of the PKA pathway in human tumor cell lines as a
function of the mutational state of the Ras pathway. The
observed Ras-dependent pattern of regulation of the
analyzed genes may contribute to explain how the cAMP-
PKA axis is involved in oncogenic processes induced by
Ras.
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2. INTRODUCTION

Ras proteins belong to the large superfamily of
small GTPases, which are activated in response to various
extracellular stimuli. For instance, Ras proteins are
activated in response to growth factor stimulation and
subsequently bind numerous effector proteins leading to the
activation of signalling cascades. The activation of Ras
proteins is tightly controlled in normal cells, while defects
in Ras signalling may result in malignant transformation. In
fact, activating mutations of one of the three major Ras
family members (H-ras, N-ras, and K-ras) are found in
30% of all human tumors (1). Upon activation, Ras proteins
engage multiple downstream effectors through which they
control cellular signalling pathways responsible for growth,
migration, adhesion, cytoskeletal integrity, survival and
differentiation. Aberrant regulation of effectors, brought
upon by oncogenic Ras proteins mediates several key
aspects of malignant transformation, including deregulated
cell growth and evasion from apoptosis (2, 3). However,
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Table 1. Mutational analysis of Ras related cancers

Cancer type H-Ras K-Ras N-Ras
% % %
Biliary tract 0 33 1
Breast 1 5 1
Cervix 9 8 1
Endometriun 1 14 1
Haematopoietic and Lymphoid | 0 5 12
tissue
Large intestine 0 32 11
Liver 0 7 4
Lung 1 18 1
Ovary 0 15 4
Pancreas 0 60 2
Prostate 6 8 1
Skin 5 2 19
Small Intestine 0 20 0
Soft Tissue 7 12 6
Stomach 4 6 2
Thyroid 4 3 7
Urinary tract 12 4 3
Percentage of mutated form of Ras proteins in several

cancer types. The mutation data were obtained from the
Sanger Institute Catalogue of Somatic Mutations in Cancer.
Web Site indicated in text.

the precise role of individual Ras effectors in
transformation and tumorigenesis is still poorly understood

4.

The Ras signalling cascade modulates various
cellular processes and crosstalks to several signalling
pathways. Here we review recent evidence pointing to a
crosstalk between the Ras pathway and transcriptional
regulation of genes encoding proteins of the downstream
branch (i.e. from adenylyl cyclase to PKA itself) of the
cAMP-PKA pathway (5-7). Such crosstalk appears to be
relevant for the tumorigenic processes, since deregulation
of the cAMP-PKA pathway has been strongly linked to
onset of endocrine tumors and, to a lesser extent, of non
endocrine tumors. We will not focus on the signal
transduction connections between the two pathways that
have been recently reviewed by other authors (8-10).

3. RAS GENES AND PROTEINS IN MAMMALIAN
CELLS

The mammalian H-ras, N-ras and K-ras genes
code for closely related small guanine triphosphate
hydrolases [(GTP)ases] acting as critical components of
signalling pathways involved in the control of cellular
proliferation, survival or differentiation. The transforming
potential of ras genes was first identified in rats more than
40 years ago (4); since then, ras activating mutations have
been identified in about 30% of human cancers (11). Ras
proteins switch between an inactive GDP-bound state and
an active GTP-bound state. Conformational changes caused
by GTP binding increase the affinity for the effectors that is
reversed by GTP hydrolysis. Guanine nucleotide exchange
factors (GEF) stimulate GDP dissociation, allowing rapid
GDP replacement by GTP, whose intracellular
concentration is higher than that of GDP while GTPase
activating proteins (GAPs) stimulate intrinsic GTPase
activity of Ras up to 10.000-fold (12). Oncogenic Ras
mutations may interfere with the ability of GAPs to interact
with Ras, or make GDP/GTP exchange active in the
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absence of GEF, resulting in constitutively active (i.e.,
GTP-bound) Ras proteins (13, 14). The presence of
multiple Ras activators (15-17) and inhibitors (18, 19)
allows to fine tune Ras activation in response to a wealth of
signals (20-22). Notably, most GEFs are modular, multi-
domain proteins able to activate other GTPases beside Ras
thus effectively allowing integrative regulation of GTPase
function (23-25).

3.1. Tissue specificity of the three Ras isoforms

The three ras genes appear to be ubiquitously
expressed in mammals, although differences in expression
levels are reported for each gene depending on the tissue
and/or developmental stage under consideration (26, 27).
Ras isoforms were initially assumed to be functionally
redundant due to their high degree of sequence
homology; however, many studies pointed out specific
roles for each isoform. Indeed, preferential activation of
specific Ras isoforms in particular malignancies (1), the
different transforming potential of transfected ras genes
depending on the recipient cell line (28-30), or the
distinct sensitivities exhibited by different Ras family
members for inhibition by GAPs (31, 32), activation by
GEFs (33, 34), or for interaction with various
downstream effectors (35-37), suggested otherwise.
Early evidence for isoform specific roles came from the
analysis of the mutation rates of Ras isoforms associated
with different types of cancer. In fact, a strong bias in
favour of mutation of only one of the three major ras
genes in tumors of different cellular origins exists
(Table 1) (Catalogue Of Somatic Mutations In Cancer,
http://www.sanger.ac.uk/genetics/CGP/cosmic/ and (38)).
Activating mutations of individual Ras isoforms are
strongly linked to certain cancers; for example, almost
90% of pancreatic and 50% of colon cancers have
mutated K-Ras, whilst acute leukemias often possess
activated N-Ras (1). Moreover N-Ras mutations occur in
approximately 20% of human melanomas, whereas H-
Ras and K-Ras mutations are rare. K-Ras mutations
have been found preferentially in adenocarcinomas and
are common in cholangiocarcinomas, colorectal
malignancies and in the adenocarcinoma of the lung
(39), whereas H-Ras and N-Ras mutations are rare. H-
Ras mutations can be found in cutaneous squamous cell
carcinomas and in squamous head and neck tumors.
Finally, N-Ras mutations are found most frequently in
acute leukemias (mainly of the myeloblastic cell type)
and in the myelodysplastic syndromes (40). Activated
ras genes have been detected in pre-malignant lesions as
well, suggesting a potential role in tumor initiation (41-44).

More compelling evidence comes from knockout
mice, which revealed that H-, N- and double N-, H-
homozygous ras knockouts apparently develop normally
with no detrimental impact on long-term survival (45, 46).
Similarly, the K(A)-ras splice variant is dispensable for
mouse development (47); in contrast, K(B)-ras knockout
mice died during embryogenesis between days 12 and 14
(48, 49). These results indicate that only K(B)-ras is
required during embryogenesis and that there must be
redundancy in signalling between the other isoforms during
this period.
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More information about cell specific activity of the three
Ras isoforms has been suggested by recent discovery of
germline mutations in the K-ras and H-ras genes in
individuals diagnosed with Noonan and cardio—facio—
cutaneous (CFC) and Costello syndromes respectively.
Indeed it has now become clear that features of such
syndromes (short stature, relative macrocephaly, facial
anomalies, learning difficulties) that are found in these
three related disorders, are a result of constitutive activation
of the Ras—Raf-extracellular signal-regulated and mitogen-
activated protein kinase pathway and that the different
expression patterns of the various Ras isoforms can
influence clinical phenotypes when these isoforms are
mutated in the germline cells, underlining a critical role of
Ras signalling in human tissue-specific development (50).

An important feature of Ras isoforms, confirmed by several
reports, is their differential localization due to several post-
translational modifications. Indeed the long-held view that
Ras only operates at the plasma membrane has been
challenged by several studies that point to Ras signalling
from the surface of the Golgi, endosomes, mitochondria
and Endoplasmic Reticulum (51-54). Briefly we can state
that H-Ras and K(B)-Ras represent the two most surface-
localized isoforms in most cells, whereas in many cell
types, N-Ras is a prominent endomembranous component.

4. ONCOGENIC RAS PROTEINS INDUCE
TRANSFORMATION BY ACTIVATION OF
SIGNALING PATHWAYS AND

TRANSCRIPTIONAL RESPONSES

Oncogenic Ras proteins have been associated
with the onset of several types of tumors and they achieve
their transforming capacity by uncontrolled activation of
downstream targets. Until now more than ten distinct
functional classes of proteins have been implicated as
effectors of the small GTPase Ras, but the best studied are
Raf kinases, type I phosphoinositide (PI) 3-kinases, Ral-
guanine nucleotide exchange factors (Ral-GEFs), the Rac
exchange factor Tiaml, and phospholipase C (3) (Figure
1A). These proteins are involved in several physiological
cellular processes (proliferation, differentiation, survival,
metabolism) and they have been found mutated in several
tumors (2, 4).

Raf and phosphatidylinositol 3-kinase (PI3K)
were the first two identified Ras effectors and the main
focus of research investigating Ras function (55). Raf
promotes cell proliferation and differentiation through
the MAP kinase (MAPK) pathway (56), at the same time
as PI3K generates anti-apoptotic signalling, directly or
through Akt pathway activation (57, 58). Both signalling
pathways can activate two different signals distinct for
their answer timing. Indeed both MAPK and PI3K are
able to activate phosphorylation cascades that lead, as
primary effect, to post-translational modification of
several substrates (membrane targets, cytosolic targets,
cytoskeletal targets and nuclear targets), which rapidly
activate functional processes. Early response to Ras
signalling is quite fast: for instance in resting cells
stimulated with mitogens, Ras-GTP level increases within
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2 minutes from stimulation with serum (59). Raf-1
undergoes transient activation within 2-3 minutes, and
rapidly activates the mitogen-activated protein kinase
(MAPK) cascade whose most downstream component,
ERK, rapidly moves into the nucleus where it
phosphorylates nuclear proteins notably transcription
factors (60, 61) whose activity can be controlled by
regulating their sub-cellular localization, expression,
stability, ability to bind to other components of
transcriptional complexes and to DNA, and their ability
to remodel chromatin structure (62). Transcription
factors that are under the control of MAPK pathway
include members of the ETS family (i.e. Ets-1, Ets-2,
PU-1), MADS box family (i.e. MEF2A, MEF2C, Spl),
Zinc Finger family (i.e. GATA-2 and GATA-4), bZip
family (i.e. Fra-1, c-Jun, JunB, JunD, ATF-2, c-Fos and
CREB), bHLH family (i.e. c¢-Myc, MITF), Nuclear
Hormone Receptor (i.e. PR, GR and ER) as well as other
transcription factors (i.e., SMADI1, STATI1) and
coregulatory proteins (i.e., CBP, p300) (60, 61, 63).

Like ERKs, Akt and other targets of PI3K
signalling can phosphorylate and activate transcription
factors (57, 64). Akt protein can control several
transcription factors directly or indirectly. Direct targets are
the forkhead box proteins, FOXO, and the cell cycle
inhibitor, MIZ1, both inhibited upon AKT-mediated
phosphorylation. AKT-dependent regulation of p53,
nuclear factor B (NFkB), c-MYC, activator protein 1 (AP1)
and beta -catenin is indirect (65).

It is commonly assumed that developmental and
oncogenic signalling pathways achieve their phenotypic
effects primarily by directly regulating the transcriptional
profile of cells. The PI3K-Akt pathway, however, has a
direct effect also on the translational efficiency of specific
existing mRNA species. In fact, several authors have
shown that this mechanism of protein production control
provides a highly specific, robust, and rapid response to
oncogenic and developmental stimuli (66-72). The mRNAs
so affected, identified as target of this pathway, encode
proteins involved in cell-cell interaction, signal
transduction, and growth control. Furthermore, a large
number of transcription factors are controlled at this level
as well. To what degree this translational control is either
necessary or sufficient for tumor formation or maintenance
remains to be determined.

The relative importance of each effector pathway
in Ras-induced tumor formation has been initially studied
in cell cultures expressing partial loss-of-function mutant
Ras proteins that lose ability to interact with specific
effectors (73). The physiological significance of these
studies may be limited by the difficulty of using
exogenously expressed, artificially activated constructs in
cultured cells to mimic the amplitude and duration of Ras
effector activation in naturally occurring human tumors.
More recent studies took advantage of mouse models of
carcinogenesis (39, 74-85) and suggested that while
multiple arms of oncogenic Ras signalling (i.e., MAPK,
RalGEF and PI3K) are required for tumor initiation,
oncogenic activation of the downstream PI3K/Akt pathway
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Figure 1. The Ras and PKA pathways. A, Ras-GDP proteins, following activation of tyrosine kinase receptors (TRK) by growth
factors (GF), are activated through GDP/GTP exchange. In such an active form they are able to bind and regulate many effectors
proteins. In the figure are represented the main routes so far identified and the cellular processes in which each effector is

involved. The effectors and the processes in which they are involved, are colour-coded. B, Diagrammatic scheme of PKA
pathway. G protein-coupled receptors (GPCR), following stimulation by several stimuli, activate adenylyl cyclase (AC), which
will convert ATP in cAMP increasing its intracellular concentration. cAMP acting as second messenger, is able to turn on PKA,
in different cellular compartments, depending of localization of ACs or/and by the sequestering activity of AKAP proteins. The
catalytic subunits of PKA, through its phosphorylation activity, will trigger several cellular processes (green line) and in
particular will activate the transcription factor CREB (red line), that ultimately will participate to a transcriptional remodelling
able to influence several cellular processes (i.e. cell cycle).

is sufficient for tumor maintenance. Indeed once a tumor is
formed, the activation of the PI3K pathway maintains
tumor growth also in the absence of oncogenic Ras. In a
similar manner, activation of the MAPK and RalGEF

pathways is required for tumor maintenance and, once a
tumor is established, it has been found that cells depend
upon these two pathways for continued tumor growth
(86-88).
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5. PKA PATHWAY AND CANCER

Cyclic AMP (cAMP) is an ubiquitous
intracellular messenger that regulates numerous cellular
functions. Its synthesis is stimulated by G-protein-coupled
receptors (GPCRs). Indeed upon binding of their
extracellular ligands, each of these receptors activates one
or more types of heterotrimeric G protein, so named
because of its three distinct subunits (Go,, G and Gy), the
first of which binds either GDP or GTP. The active state of
Ga is achieved when it binds GTP. Once stimulated by
GPCRs, the Ga subunit dissociates from its two partners,
GB and Gy, and activates a number of cytoplasmic
enzymes, among which there are adenylyl cyclases (AC)
which convert ATP into cAMP. cAMP breakdown is
catalyzed by phosphodiesterases (PDEs) belonging to a
superfamily of at least 22 members in mammalian cells
(PDE1 to PDEI11 and their isoforms). Intracellular
concentration of cAMP therefore results from the fine
balance between the activities of cyclases and PDEs. A
major function of cAMP in eukaryotes is activation of
cAMP-dependent protein kinase (PKA), a tetramer
composed of two catalytic PRKAC (C) and two pseudo-
substrate regulatory PRKAR (R) subunits that upon cAMP
binding dissociate from the C subunits that are so activated
(reviewed in (89-91)). Different subunit isoforms
(PRKAR1A, PRKARIB, PRKAR2A, and PRKAR2B)
have different affinity for cAMP thus originating
holoenzymes (PKA type I (R1,C,/R1,C,) or PKA type 11
(R2,C,/R2,C,) with different subunit composition and
affinity for cAMP and thus get activated at either low or
high local concentrations of cAMP in the cell. When
PRKARI subunits are up-regulated, cAMP sensitivity of
PKA increases and thereby lowers the threshold for
activation of cAMP-mediated downstream effects. The four
types of regulatory subunits have different expression
patterns in mammals. While PRKARIA has ubiquitous
distribution, PRKARI1B is expressed primarily in brain,
testis and B- and T-lymphocytes (92, 93). Similarly,
PRKAR2A has ubiquitous distribution, while PRKAR2B is
expressed in brain, adipose, and some endocrine tissues
(89, 94, 95). PKA types I and II are differentially targeted
in the cell through binding to the A kinase-anchoring
proteins (AKAP, reviewed in (96)). Recent evidence
suggests that PKA type I is associated with growth and
proliferation whereas PKA type II is associated with
increased differentiation and decreased proliferation (97,
98) (Figure 1B).

Increase in cAMP leads to dissociation of enough
PRKAC to allow the translocation of free catalytic subunit
into the nucleus and phosphorylation of cAMP response
element binding protein (CREB). Such phosphorylation
event induces cellular gene expression by activating the
transcription factor CREB. The importance of CREB for
several physiological events has been confirmed by the
high number of targets since now identified: up to 4000
genes involved in several cellular processes (99).

The cAMP/PKA pathway has been reported to
stimulate cell growth in many cell types while inhibiting it
in others (reviewed in (8, 9)). Data collected from literature
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about some PKA-related genes, indicate an involvement of
PKA in neoplastic transformation and tumor growth,
especially in the onset and maintenance of endocrine
tumors (hormone-responsive tissues), mainly of the
corticotroph axis (pituitary and adrenal cortex) and the
thyroid (100-102).

A considerable number of authors have identified
specific correlations between G protein-coupled receptors
and several tumors (endocrine and non-endocrine). For
example, a recent examination of publicly available gene
expression data identified a variety of types of GPCRs that
are overexpressed in diverse types of cancer tissues (103).
Causal relationships have been established by the discovery
of the transforming abilities of certain GPCRs (104) and
heterotrimeric G-proteins (105-107). Such receptors are
able to influence several characteristics of tumor phenotype
(protein  translation,  survival, cell proliferation,
angiogenesis) by interfering with signal transduction and
specifically by activation of Ras-related pathways
(reviewed in (108)).

5. 1. Adenylyl cyclases and Phosphodiesterases

Adenylyl Cyclases (AC) are central molecules
that dictate the compartmentalization of the cAMP message
through their ability to produce the second messenger
cAMP in discrete domains of the cell with specific local
consequences. Several authors suggested an increased
activity of AC during malignant transformation of human
endocrine tumours (106, 109, 110).

PDEs have been extensively reviewed recently
(111-113), but their pathophysiological regulation remains
an open research field. Many Authors showed an increased
activity and/or expression of PDE, notably PDE3, 4 and 11
in several cancer cell line (114-119). Such observations
suggested the use of PDEs inhibitors for cancer therapy.
Indeed, it has been observed that elevation of cAMP by
nonspecific PDE inhibitors delays growth in several human
prostatic cancer cell lines and induces terminal
differentiation in some of the lines (120, 121). Treatments
with specific or nonspecific PDE inhibitors result in growth
inhibition in small-cell lung carcinoma (122), acute
promyelocytic leukemia (123) and malignant glioma cells
(124). PDE inhibitors induce apoptosis in BCLL cells (125,
126), inhibit colon cancer motility (127). On the contrary a
positive effect on the proliferation of human malignant
melanoma cells has been shown (128).

5. 2. Protein kinase A

The PRKARIA protein and mRNA have been
found to be up-regulated in a series of cell lines and human
and rodent neoplasms, suggesting its involvement in
tumorigenesis and its potential role in cell cycle regulation,
growth, and/or proliferation (reviewed in (6, 129)).
However, mice with increased levels of PRKAR1A protein,
due to a compensation effect (130, 131) such as the
PRKARIB-/~, PRKAR2A—/—, and PRKAR2B—/— mice,
did not show an increased frequency of tumors; it has to be
noted that such null mice, showed respectively no change
(PRKARIB) and decreased (PRKAR2A, PRKAR2B)
levels of PKA activity (132-135), which can be the cause of
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absence of tumors. More recently, using conditional and
antisense transgene mouse models for PRKARITA (the null
mice are embryonic lethal), it has been shown that haplo-
insufficiency of PRKARIA leads to an increase in kinase
activity associated with multiple tumor appearance (in
endocrine and other tissues) and tendency to carcinogenesis
(136-138). PRKAR1A-inactivating mutations (germline or
somatic mutations) have been found to cause primary
pigmented nodular adrenocortical disease, the Carney
complex, a multiple neoplasia syndrome, and sporadic
endocrine tumors (139-144). Moreover PRKAR1A null mouse
embryonic fibroblasts (MEFs), showing a constitutive PKA
activation, became immortalized in correlation with up-
regulation of D-type cyclins (145) and showed a decreased
autophagy, a mechanism that, in some cases, has been
associated with transformation inhibition (146).

As reviewed in (147), in many cancer cell lines
and tissues an altered ratio - as compared to normal
counterpart - between PRKAR1 and PRKAR2 regulatory
subunits has been identified at the level of mRNA or
protein or activity. Although until now it is not possible to
define PRKARIA subunit as a tumor suppressor or an
oncogene, its selective targeting in therapeutic and
antitumour strategies, based on the up-regulation of
PRKARIA in several cancers, has become very attractive.
Indeed several studies indicated that inhibition of PRKARIA
expression through antisense oligonucleotides resulted in
growth arrest of several tumor cell lines (148, 149). On the
contrary, overexpression of PRKAR2B inhibits cancer cell
growth and induces a reverted phenotype in various cancer cell
lines (150, 151). Thus, uncontrolled proliferation and
malignant transformation have been associated with mainly
altered PRKARI expression or changes in the ratio of PKA-I
and —II (131, 134, 149, 152-159). PRKACA protein has been
shown to be a direct transcriptional target of c-MYC, and
proposed to be a crucial component of the program by which
constitutive ¢-MYC expression contributes to cell
transformation (160).

5. 3. Protein kinase A anchoring proteins

AKAPs are a group of structurally diverse proteins,
which have the common function of binding to the
regulatory subunit of PKA and confining the holoenzyme
to discrete locations within the cell. An interesting
correlation between AKAP proteins and oncogenesis has
been found analyzing polymorphic variation of two
AKAPs, 10 and 13, associated with increased familial
breast cancer risk (161, 162). Both proteins are involved in
targeting regulatory subunits of protein kinase A to specific
cell sites, and specifically AKAP 10 to the mitochondria
and AKAP13 to the plasma membrane. Moreover AKAP13
has been shown to be involved as upstream effector of
RhoA signalling. The authors suggested that polymorphic
AKAP13 variant could stimulate a constitutive activation
of such signalling that could favour the malignant
progression, while polymorphism in AKAP 10 influences
the binding to PKA in an isoform-specific manner,
favouring the binding and the activity of PRKARIA. A
correlation has also been found between AKAP3 mRNA
levels and poor prognosis in epithelial ovarian cancer.
Indeed in all the patients analyzed an increased level of its
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mRNA has been showed, compared to normal tissues, and
its high expression is associated with worse survival (163).

5.4.CREB

Several lines of evidence obtained from the study
of leukemia, fusion oncoproteins, viral oncoproteins,
endocrine tumors and CREB signalling support the notion
that CREB is involved in oncogenesis (reviewed in (7)).
Constitutive activation of CREB transcriptional activity has
been shown in Peutz—Jeghers syndrome (PJS), an
autosomal dominant disorder due in 80% of the patients to
a mutation in the Lkbl protein and characterized by
predisposition to malignancies of the epithelial tissues. The
absence of Lkbl leads to constitutive activation of CREB,
suggesting such activation in these cells or tissues as highly
relevant to cancer predisposition in PJS (164). Together,
the observations reported above demonstrate that PKA
pathway has a relevant role also in non-endocrine tumors
and that oncogenic alterations of Ras pathways may
regulate the transcription of PKA-related genes and modify
at post-translational level the PKA-related proteins,
inhibiting or activating specific answers linked to tumor
progression and persistence.

6. PKA- RAS CROSS-TALK

Although a full description of the mechanisms
underlying Ras and cAMP crosstalk relating to signal
transduction is outside the scope of this review, we have to
point out that the Ras and cAMP pathways are involved in
several different cellular processes and have been shown
both in vitro and in vivo, depending on the cell contest and
the kind and duration of stimuli, that they may crosstalk for
specific activity of both pathways.

G protein-coupled receptors regulate the Ras
pathway, both in a PKA-dependent way - as described
above - and in a PKA-independent way. As extensively
reviewed in (165), this receptor family is able to cross-talk
with the Ras pathways inducing both proliferation and
other cellular processes (cytoskeletal reorganization,
transcriptional activation) through regulation of RhoGEF
(guanine nucleotide exchange factor for Rho), PKC,
RasGRP and RasGRF (guanine nucleotide exchange factors
for Ras), PI3K and Src proteins.

While no literature data have been found for a
transcriptional effect of Ras proteins on family members of
the AC family, conflicting results have been published on
the ability of oncogenic and viral Ras proteins to either
stimulate (166-171) or inhibit (172-174) AC activity in
different cell lines (thyroid, epithelial, kidney, fibroblast).
Little information is available about the effect of mitogenic
stimuli on PDEs mRNA expression. An involvement of
MAPK or PI3K pathways in the regulation of PDE activity
has been reported, suggesting that mitogenic stimulation
may regulate PDE4s expression directly (175) or inducing
cAMP elevation which ultimately regulate PDE4s
expression (176) and that Erk2 (p42(MAPK)
phosphorylation activity has a relevant role in their
regulation (177).
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Figure 2. Ras and PKA pathway crosstalk. Activated Ras and PKA proteins control proliferation by regulating the activity of Raf
family members (C-Raf and B-Raf). While Ras always induces cell proliferation by binding to Raf proteins, PKA can inhibit or
stimulate proliferation depending of the stimuli and the cellular contest. Indeed stimuli inducing cell proliferation arrest and
differentiation will inhibit the cAMP-PKA-C-Raf axis (green line), while stimuli inducing cell proliferation will activate the
cAMP-PKA-B-Raf axis (red line). Latter axis has been shown to be controlled directly by PKA activity or through other proteins
as Src and Rap-1. Oncogenic mutations in proteins of Ras pathway, appear able to interfere with the capacity of PKA to control
both roads, influencing the PKA-pathway related genes expression level or/and interfering with the signal transduction regulate

by PKA.

Evidence collected by analyzing normal or
immortalized cell lines indicates that PKA is able to
uncouple Ras activation from C-Raf activation, thus
leading to inhibition of cell proliferation (9). On the other
hand, a convincing model for cAMP stimulation of
proliferation (or differentiation) is still missing. cAMP has
been reported to induce proliferation through several
proteins (B-Raf, Rapl, Src and others): among these a
major role has been ascribed to B-Raf (Figure 2). cAMP is
reported to induce proliferation rather than growth
inhibition, in several tumors where oncogenic activation of
B-Raf has been identified (i.e. melanoma and thyroid
cancer).

Searching in the catalogue of human somatic
mutations for PRKARIA in non endocrine tissues, no
mutation was identified for this gene. However, in normal
human lymphocytes, with  PRKARIA inactivation, an
increased proliferation and decreased apoptosis, both
associated with B-Raf, MAPK/ERK kinase 1/2 and c-Myc
activation and c-Raf inhibition, have been shown (178),
suggesting that wild type B-Raf is a target mediating
proliferative effect of the PKA pathway (see previous
paragraph). Notably, strategies to control proliferation of
cancer cells by inhibition of PRKAR1A appear particularly
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effective in cell lines carrying a mutated ras gene (HL-60,
MDA-MB-468, MDA-MB-231, HCT-15), pointing out to a
fundamental role of such subunit in Ras-dependent
transformation.

AKAPI12, also known as Gravin, has been shown
to be down-regulated by oncogenic forms of Src and Ras,
and its overexpression is able to induce the attenuation of
critical Src and Ras-induced proliferative and pro-
angiogenic gene expression, acting as a tumor suppressor
(179, 180). The expression of AKAP12/Gravin is often lost
in tumor cells; it is likely that Gravin normally provide
gating functions critical for the regulation of mitogen- and
cytoskeletal signalling during contact inhibition. AKAP12
is tyrosine phosphorylated in vivo in response to short-term
treatment with EGF, PDGF or serum (181, 182).

A direct link between CREB activation and Ras
is the Raf/Erk, pathway one of the main pathways
stimulated by Ras. Although the CREB transcription
factors are not directly phosphorylated by Erk1/2, they are
phosphorylated and transactivated by the Erk1/2-activated Rsk
protein (183, 184). Another link between Ras pathway and
regulation of CREB activation has also been suggested through
another target of Ras, PI3K-Akt pathway. Without entering in
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Table 2. NCI60 cell lines with predicted active pathways by mutational analysis

Tumor Ras pathway related mutations PI3K pathway related mutations Other pathway related | Not  analyzed
Type mutations mutations
Breast HS578T, MDA-MB231, MD-MB435 MCF7, T47, - MDA-N, BT549
CNS - SF295, SF359, SNB19, U251 SF268, SNB75 -
Colon HCC2998, HCTI116, HCTI1S5,  SW620, | KMI2 -
COL0O205, HT29
Leukemia CCRF-CEM, RPMI-8226, HL60, MOLT4, SR
K562
Melanoma SK-MEL2, LOXIMVI, Ml4, MALME-3M,
SK-MEL28, SK-MEL5, UACC257, UACC62
Lung A549, HOP62, NCI-H23, NCI-H460 - EKVX, NCI-H226, NCI- | HOP92
H322, NCI-H522
Ovarian OVCARS, OVCARS SKOW3, IGROV1 OVCAR3, OVCAR4
Prostate - PC3, DU145 -
Renal 786-0, RXF-393 A498, ACHN, CAKI-1,
SNCI12C, TK10, U031
Unknown ADR-RES - -

The 60 cell lines reorganized in 4 categories, as described in the text, on the basis of the most representative mutation of each cell

line: Cell lines carrying mutations able to interfere with Ras-Raf-MAPK pathway (Ras pathway related mutations -Ras, Raf,
ERBB?2 and PDGFRA-); Cell lines carrying mutations able to interfere with PI3K-Akt pathway (PI3K pathway related mutations
- PI3KC, PTEN and Lkbl1-); Cell lines carrying no somatic mutations interfering with the two above pathways (Other pathway
related mutations); Cell lines for which no somatic mutations interfering with the two above pathways have been searched (Not

analyzed mutations).

the details of such regulation, we can state that Lkbl
regulates negatively CREB activation and the TOR
pathway through a phosphorylation cascade (185), while
the same TOR pathway is positively regulated by PI3K-
Akt proteins (186), effect associated with human cancer.
Moreover several Authors showed that activation of Akt
is able to prevent activation of AMPK by Lkbl and
therefore that a competitive effect between these two
pathways for signalling cascade exists (187, 188). Such
observations may indicate that PI3K-Akt pathway plays
a role as activator of CREB as well as happens in Lkbl
deficient cells. Furthermore, another target inhibited by
Akt, GSK-3 kinase, has been shown to be able to
phosphorylate  CREB, enhancing CRE-mediated
transcription that again suggests a role of such PI3K-Akt
both in positive and negative control of CREB activity
(189, 190).

7. REGULATION OF GENE TRANSCRIPTION BY
RAS PATHWAYS: THE cAMP-PKA PATHWAY

In the past, multiple strategies have been used
to check the functionality of Ras proteins in cells. The
development of genomic and proteomic analysis tools
has opened the way to more exhaustive, genome-wide
studies aimed at characterizing transcriptional networks
associated to the function of specific Ras proteins both
in physiological and pathological conditions. So far,
most studies on Ras-related genomic profiling have been
performed to characterize cell lines transformed by
various oncogenic Ras forms (191-203) and although
most work has been focused on K-Ras, a comparison of
isoform-specific regulation of gene expression revealed
an almost complete functional overlap between the Ras
isoforms. However, the physiological significance of
these studies may be limited by the difficulty of using
exogenously expressed, artificially activated constructs
in cultured cells to mimic the amplitude and duration of
Ras effector activation in naturally occurring human
tumors.
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7.1. 60 human cancer cell lines (NCI60) as a tool to
study PKA pathway transcriptional regulation by
oncogenic Ras

The amazing volume of molecular data resulting
from the rapid spread of post-genomic techniques has
highlighted the importance of computational analysis as a
key link between data generation and the formulation of
new hypotheses (204). Gene-expression profiling has been
applied extensively in cancer research. As a first step to
identify = regulatory mechanisms underlining gene-
expression profiles it is required to extract, filter, cross-
reference and structure information from cancer-related
data sets.

The NCI60 cell collection is composed of 60 human
cancer cell lines that are most commonly used in cancer
research and drug screening. They have been employed by
several Authors and for different purposes to analyze and
identify transcriptional profiles regulated in cancer cells and
such results are available in public databases (12, 205, 206).

The NCI60 cell collection includes cell lines
derived from colorectal, renal, ovarian, breast, prostate,
lung and central nervous system cancers, as well as
leukemias and melanomas. Comparative analysis, by
transcriptional profiles, between these cell lines and their
tumor of origin has indicated that for 51 of 59 cell lines
there is a good correlation (206, 207). Since they represent
a more physiological model to study gene profiles in cancer
cells, being stabilized cell lines with features strongly
similar to cancer tissues, we reviewed the information
present in public databases about the 60 cell lines, to
identify transcriptional signatures for PKA-related genes
due to oncogenic mutations of the Ras proteins and their
effectors. The 60 cell lines were sorted according to
mutational status, using the information provided by
Catalogue  Of  Somatic  Mutations In  Cancer
(http://www.sanger.ac.uk/genetics/CGP/cosmic/) (Table 2),
and divided in four main categories based on percentage of
incidence of selected mutations:
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Table 3. Gene expression profiling datasets on NCI60 cell lines and normal tissues analyzed in this study

Reference Samples Sample Size URL for Data Downloading

207 NCI60 cell lines - http://discover.nci.nih.gov/

260, 261 Breast 3 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

260, 261 CNS 16 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

261 Colon 2 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

260, 261 Blood 1 http://www.biotechnologycenter.org/hio/

260, 261 Lung 8 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

260, 261 Skin 3 http://genet.cchme.org/

260, 261 Ovary 7 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

260, 261 Prostate 9 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

260, 261 Kidney 8 http://www.ncbi.nlm.nih.gov/
http://www.biotechnologycenter.org/hio/

To generate a comparison between NCI60 cell lines and normal tissues, the gene expression profiles from several public
Microarray Database (as indicated in the last column) were downloaded. For each expression profile it has been indicated the
tissue of origin (Samples) and the number of transcriptional profiles (Sample Size) of each tissue used for the comparisons with
the NCI60 datasets. Experiments are described in the literature referenced on the left column (Reference).

1. Cell lines carrying mutations able to interfere with Ras-
Raf-MAPK pathway (i.e., mutations in genes encoding
Ras, B-Raf, ERBB2, PDGFRA), 29 cell lines.

2. Cell lines carrying mutations able to interfere with PI3K-
Akt pathway (i.e., mutations in genes encoding PI3KCA,
PTEN and Lkb1), 13 cell lines.

3. Cell lines carrying no somatic mutations interfering with
the two above pathways (i.e., mutations in genes encoding
for CDKN2A, p53), 14 cell lines.

4. Cell lines for which no somatic mutations interfering
with the two above pathways have been searched (i.e., no
mutational analysis was performed), 4 cell lines.

To survey the transcriptional profile of PKA
pathway-related genes (adenylyl cyclases,
phosphodiesterases, A-kinase anchor proteins, PKA
catalytic subunits and PKA regulatory subunits) in such
cellular collection, we identified and gathered the
transcriptional profile for 41 genes belonging to the PKA
pathway and compared them to the expression profiles of
primary normal tissues, collected from several databases
(Table 3 and unpublished data). Such analysis permitted the
identification of 23 cancer-specific regulated transcripts
that were de-regulated in the vast majority of the 60 cancer
cell lines (Figure 3). Moreover our analysis allowed the
recognition of a different capacity of the 3 main categories
above described (first, second and third) to regulate the
expression of some PKA related genes. Indeed considering
all regulated genes (both up-and down-regulated) in all the
cell lines for each category, we observed that 73% and 27%
were up-regulated and down-regulated respectively by Ras
pathway; 60% and 40% were up-regulated and down-
regulated respectively by PI3K pathway and conversely,
only 13% were up-regulated and 87% down-regulated for
the third category. Such striking result seemed to confirm a
capacity of Ras pathway and to some extent of PI3K
pathway to up-regulate some of the PKA pathway related
genes, in contrast to what we observed in cell lines with the
other mutations that clearly down-regulate the same

pathway. Moreover comparisons with similar gene
expression profile screenings done by other Authors
through over-expression of oncogenic Ras proteins in cell
and organism models (191-203), confirmed some of our
findings and indicated the necessity of a high number of
samples to better define transcriptional signatures.

7.1.2. Data mining for PKA pathway-related gene
promoters

To go beyond from individual genes to biological
processes, as the case of the relation between oncogenic
Ras proteins and PKA pathway gene regulation, several
recent methods have been applied (208-210). Such methods
use the gene profiles as the basic building blocks for further
analysis. These methods aim to collect a higher-order and
more interpretable characterization of transcriptional
changes. Moreover, by considering coherent changes in
expression in larger modules, they can identify patterns that
are too subtle to discern when considering expression
profiles of individual genes in isolation.

Cellular processes are regulated by a variety of
mechanisms, occurring at every step in the process of going
from DNA to functional proteins. Transcriptional
regulation, directly observed in gene-expression data,
controls the production of mRNA transcripts.

The Ras pathway regulates transcription by
multiple mechanisms involving a variety of post-
translational modifications of transcription factors, dynamic
assembly of nucleoprotein complexes and re-localization of
transcription  regulatory proteins in target cells.
Understanding how the regulation of gene networks is
orchestrated is an important challenge for characterizing
complex biological processes.

Important components in this process are cis-
regulatory elements in a target gene's promoter region,
trans-acting factors that bind to these DNA motifs and
signaling molecules that modulate this process based on
exogenous and endogenous signals. Genes expressed in the
same tissue under similar conditions often share a common
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Figure 3. Coloured representation of the 23 cancer-specific regulated transcripts that have been found de-regulated in the vast
majority of the 60 cancer cell lines. The colours of the dendrogram represent the Signal Log Ratio (SLR) (Fold Change is equal =
25R) of each gene as calculated by Authors, with the rows (genes) and the columns (cell lines). For each mRNA the SLRs for the
60 cancer cells are showed. Data from 64 hybridizations were used, one for each cell line plus two additional independent
representations of each of the cell lines K562 and MCF7. These two cell lines are represented in triplicate. The data have been
organized on the basis of the most representative mutation of each cell line in way to identify 4 categories (see text for details):
Cell lines carrying mutations able to interfere with Ras-Raf-MAPK pathway (Ras, Raf, ERBB2 and PDGFRA) (—); Cell lines
carrying mutations able to interfere with PI3K-Akt pathway (PI3KCA, PTEN and Lkbl) (—); Cell lines carrying no somatic
mutations interfering with above two pathways (—); Cell lines for which no somatic mutations interfering with the two above
pathways have been searched (—). The different cell lines are coloured in agreement with their tissue of origin as represented in
the legend on the right of the Figure. The colour scale used to represent the SLR value is shown.

organization of at least some of these regulatory binding identified. Mostly these transcription factors are involved
elements. In this way the organization of promoter motifs in growth-related signal transduction pathways, among
represents a "footprint" of the transcriptional regulatory which Ras is a main actor, and their over-expression can
mechanisms at work in a specific biological context and have positive or negative effects on proliferation (212-215).
thus provides information about signal and tissue specific Moreover, a more recent work showed a direct activity of
control of expression. As previously described, many FOX family (FOXC2, D1 and D2) transcriptional factors
transcription factors are linked to the activation of Ras members in the regulation of PRKARI1A expression both at
pathways, for this reason we interrogated several databases transcriptional and at post-transcriptional levels (216, 217).
and we searched in the literature to identify studies about This activity has been shown to be positively regulated by
PKA pathways gene-related promoters. Direct evidences, Akt protein, a known Ras target protein.
experimentally verified by different molecular approaches,
have been found for 13 genes belonging to the PKA The promoter of PRKARIB has been identified
pathway: PRKARI1A, PRKARIB, PRKACA, AKAPI, and studied in human and mouse: binding sites for Jun and
AKAP9, PDE4D, PDESA, PDE6A, PDE6B, PDE7A, p53 (human) and Oct-1, Egrl and Pax1 (mouse) have been
PDESA, ACS8 and CREB. found. These binding sites have been experimentally
verified by Electrophoretic Mobility Shift Assay, functional
PKA type I regulatory subunit A (PRKARIA) analysis and Northern blot (218, 219). The direct
expression has been studied in different cell models by involvement of members of AP-1 family, as Jun, in growth
analyzing its mRNA expression and by using its putative factor-dependent transcriptional regulation and its relation
promoter region. In its promoter, binding sites for activator with Ras pathways has been described by several authors
protein-1 and 2 (AP-1 and AP-2) and Sp1 (211) have been (215, 220). Egr-1 is an early responsive gene linked to
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mitogenic stimulation directly regulated by MAPK
pathway (221-224). A weaker correlation has been found
between Oct-1, Pax1 and Ras pathway.

PRKAR2B promoter has been studied in
particular in Sertoli cells (human). Some reports identified
binding sites for Spl transcription factor, NF-1, Myec,
C/EBPbeta, able to induce the PRKAR2B promoter, USF1
and USF2. Interestingly, overexpression of USF2, but not
USF1, led to inhibition of both cAMP- and C/EBPbeta-
mediated induction of PRKAR2B (225-227). The USF
family members participate to several gene regulation
networks, including stress and immune responses, cell
cycle and proliferation, lipid and glucid metabolism, but no
clear evidence associates them to Ras pathway. On the
contrary, for Spl (228-230), Myc (231, 232), C/EBPbeta
(233) and NF-1 (234) a large amount of data about their
correlation with Ras pathway have been reported.

The promoter of Protein kinase, cAMP-
dependent, catalytic, alpha (PRKACA) has been identified
both in human and mouse, but only few information have
been produced for human promoter. Indeed, one paper
describes the presence of binding sites for USF1 and USF2
transcription factors (235).

AKAP1, AKAP9 and AKAPI0 promoters
contain binding sites for c-Myc as shown by computational
analysis and ChIP experiments in several human cell lines
(236, 237). C-Myc regulation by Ras pathways has been
reported above. Moreover, a single study indicates the
presence in the promoter of AKAP12 of binding sites for
Serum Response Factor transcriptional factors (238).

Several promoters of Phosphodiesterase protein
family have been isolated and to some extent studied. All
the studies have been performed on sequences of human
promoters and in particular the PDESA, PDE6A, PDE6B
and PDE7A promoters have been better characterized. In
the PDESA promoter binding sites for Jun and AP-2 have
been found (239, 240); in PDE6A and PDE6B promoters
binding sites for Spl (241) and Sp4 (242, 243) respectively
and in PDE7A promoter, Ets2 and NFKB1 binding sites
(244). We already discussed the importance of Ras
pathway in the activation of Jun and AP-2 transcription
factors. Sp family has been shown to be regulated by post-
translational mechanisms by Ras pathway (245, 246) as
well as Ets2 (247, 248) and NFkB (249-251), and each of
these transcriptional factors has been associated with
several cellular responses (proliferation, survival,
apoptosis) and transformation.

The cyclic AMP response element (CRE)-
binding protein CREB promoter has been identified in
human, mouse and rat. Analysis done on human promoter,
experimentally confirmed, identified binding site for c-Myc
(237) and Spl (252). Further information about such
promoter has been produced in mouse and rat cells which
allowed the identification of binding site for NFkB (253).

An important regulative mechanism of the PKA
pathway is the feedback control. Indeed as well as the
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cAMP produced by Adenylyl Cyclases activate PKA
kinase activity, PKA is able to inhibit the pathway,
activating by phosphorylation the Phosphodiesterases,
which ultimately induce hydrolysis of cAMP switching off
the pathway. Moreover a huge amount of data have been
published regarding the capacity of PKA to activate
specific transcription factors by phosphorylation: cyclic
AMP response element (CRE)-binding protein CREB, the
cAMP response element modulator (CREM), the activating
transcription factor 1 (ATF-1) and a repressor, ICER
(inducible cAMP early repressor) (99), that, to a certain
extent, has been shown to regulate PKA pathway-related
genes transcription. Some of the promoters, already
discussed above, have been shown to have CRE binding
sites. Moreover, two interesting recent publications, have
identified and characterized in different cellular contexts
and by several approaches, through a genome-wide
approach, target genes that are regulated by CREB (254,
255). The authors have identified and proofed by ChiP
analysis (PRKAR1A, PDE7B) the presence of CRE site in
PRKARIA, in PDE7B, AKAPS, PDE4C and ACS. In the
latter case they did not observe binding by Chip analysis,
but another report has shown that its activation is mediated
specifically via the canonical CRE site (256). Binding sites
for CREBI have been found in PDE7A (244), PDE4D
(257) and experimentally confirmed. Moreover analysis of
the promoter of CREB gene showed the presence of several
CRE binding sites (258, 259).

An important role in the activation of these
CREB family transcription factors play the stimuli able to
induce their phosphorylation and consequently their
activation. In fact as reviewed in (99) not only the protein
kinase A is involved in this function but also several
growth factors (NGF, FGF, IGF-1, PDGF, EGF), survival
signals and hypoxia that often activate the Ras pathway,
pointing out an essential role of the latter pathway also in
gene transcriptional regulation by CREB family
transcription factors of PKA-related genes.

8. CONCLUSIONS AND PERSPECTIVES

The NCI60 cancer lines have proved increasingly
popular in recent years as a convenient tool for the
application of genome-wide techniques that are often
impractical on human biopsies. The pattern of gene
expression identified in the NCI60 cell lines, as described
by several Authors, provides basic information necessary
for a better understanding of the differences that underlie
cancer phenotypes. At the same time, more and more
animal models are becoming available. Most of the
resulting data may remain largely unused because genome-
wide data are often intrinsically noisy and because of
heterogeneity of expression between individual tumor cell
lines. This requires both validation of data at the
experimental level and the development of computational
methods able to de-noise, filter and structure “crude” data
revealing hidden information. By way of example, and as
summarized in Figure 4, we could show that sorting of the
NCI60 cell lines in sub-groups related to somatic
mutational activation of genes encoding component of the
Ras pathway (i.e. Ras, Raf and PI3KCA) allowed to
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Figure 4. Understanding the oncogenic Ras pathway cancer biology and its cross-talks by multilevel analysis. A scheme of the
workflow that allowed uncovering of an observed Ras-dependent pattern of regulation of genes encoding components of the

cAMP-PKA pathway (see text for details).

uncover a hitherto unrecognized Ras-dependent pattern of
regulation of genes of cAMP/PKA pathway. It is expected
that deeper computational integration of transcriptional data
with other genome-wide techniques, including - but not
limited to - proteomics, interactomics and metabolomics,
will allow better and better extraction of hidden
information. Ultimately, development  of  such
computational methods and their recursive integration with
genome-wide and hypothesis-driven investigations should
reconcile experiments from cell cultures, animal models
and human tumor samples and contribute to explain at an
integrative, systems level how the cAMP-PKA axis is
involved in oncogenic processes induced by oncogenic
forms of Ras.

9. ACKNOWLEDGEMENTS

We apologize to the many researchers whose
work could not be cited due to space limitations and to the
specific focus of this review. Work in our laboratory is
supported by grants MIUR-FAR to M.V. and F.C.. C.B.
and D.G. are supported by INGENIO fellowship. We thank
Professor Lilia Alberghina for critical reading and

5268

comments.
10. REFERENCES

1. J. L. Bos: ras oncogenes in human cancer: a review.
Cancer Res 49,4682-9 (1989)

2. J. Downward: Signal transduction. Prelude to an
anniversary for the RAS oncogene. Science314,433-4
(2006)

3. J. Downward: Targeting RAS signalling pathways in
cancer therapy. Nat Rev Cancer3,11-22 (2003)

4. M. Malumbres and M. Barbacid: RAS oncogenes: the
first30 years. Nat Rev Cancer3,459-65 (2003)

5. Y. S. Cho-Chung, M. Nesterova, K. G. Becker, R.
Srivastava, Y. G. Park, Y. N. Lee, Y. S. Cho, M. K. Kim,
C. Neary and C. Cheadle: Dissecting the circuitry of
protein kinase A and cAMP signaling in cancer genesis:

antisense,  microarray, gene overexpression, and
transcription factor decoy. Ann N Y Acad Sci 968,22-36
(2002)

6. 1. Bossis and C. A. Stratakis: Minireview: PRKARIA:
normal and abnormal functions. Endocrinology 145,5452-8
(2004)



7. Y. T. Siu and D. Y. Jin: CREB-a real culprit in
oncogenesis. Febs J 274,3224-32 (2007)

8. N. Dumaz and R. Marais: Integrating signals between
cAMP and the RAS/RAF/MEK/ERK signalling pathways.
Based on the anniversary prize of the Gesellschaft fur
Biochemie und Molekularbiologie Lecture delivered on5
July2003 at the Special FEBS Meeting in Brussels. Febs J
272,3491-504 (2005)

9. P.J. Stork and J. M. Schmitt: Crosstalk between cAMP
and MAP kinase signaling in the regulation of cell
proliferation. Trends Cell Biol 12,258-66 (2002)

10. F. C. Mei, J. Qiao, O. M. Tsygankova, J. L. Meinkoth,
L. A. Quilliam and X. Cheng: Differential signaling of
cyclic AMP: opposing effects of exchange protein directly
activated by cyclic AMP and cAMP-dependent protein
kinase on protein kinase B activation. J Biol Chem
277,11497-504 (2002)

11. J. L. Bos: The ras gene family and human
carcinogenesis. Mutat Res 195,255-71 (1988)

12. K. Scheffzek and M. R. Ahmadian: GTPase activating
proteins: structural and functional insights18 years after
discovery. Cell Mol Life Sci 62,3014-38 (2005)

13. A. Wittinghofer, K. Scheffzek and M. R. Ahmadian:
The interaction of Ras with GTPase-activating proteins.
FEBS Lett410,63-7 (1997)

14. K. Scheffzek, M. R. Ahmadian, W. Kabsch, L.
Wiesmuller, A. Lautwein, F. Schmitz and A. Wittinghofer:
The Ras-RasGAP complex: structural basis for GTPase
activation and its loss in oncogenic Ras mutants. Science
277,333-8 (1997)

15. G. W. Reuther and C. J. Der: The Ras branch of small
GTPases: Ras family members don't fall far from the tree.
Curr Opin Cell Biol12,157-65 (2000)

16. J. Colicelli: Human RAS superfamily proteins and
related GTPases. Sci STKE2004, RE13 (2004)

17. L. A. Quilliam, J. F. Rebhun and A. F. Castro: A
growing family of guanine nucleotide exchange factors is
responsible for activation of Ras-family GTPases. Prog
Nucleic Acid Res Mol Biol 71,391-444 (2002)

18. S. Donovan, K. M. Shannon and G. Bollag: GTPase
activating proteins: critical regulators of intracellular
signaling. Biochim Biophys Acta 1602,23-45 (2002)

19. A. Bernards and J. Settleman: GAPs in growth factor
signalling. Growth Factors23,143-9 (2005)

20. T. Pawson: Protein modules and signalling networks.
Nature 373,573-80 (1995)

21. J. Schlessinger: Cell signaling by receptor tyrosine
kinases. Cell 103,211-25 (2000)

22. D. Bar-Sagi and A. Hall: Ras and Rho GTPases: a
family reunion. Cel/ 103,227-38 (2000)

23. C. Zhao, G. Du, K. Skowronek, M. A. Frohman and D.
Bar-Sagi: Phospholipase D2-generated phosphatidic acid
couples EGFR stimulation to Ras activation by Sos. Nat
Cell Biol 9,706-12 (2007)

24. T. S. Freedman, H. Sondermann, G. D. Friedland, T.
Kortemme, D. Bar-Sagi, S. Marqusee and J. Kuriyan: A
Ras-induced conformational switch in the Ras activator
Son of sevenless. Proc Natl Acad Sci U S A 103,16692-7
(2006)

25. M. A. Lemmon, and K. M. Ferguson: Signal-dependent
membrane targeting by pleckstrin homology (PH) domains.
Biochem J 350 Pt1,1-18 (2000)

5269

26. J. Leon, 1. Guerrero and A. Pellicer: Differential
expression of the ras gene family in mice. Mol Cell
Biol7,1535-40 (1987)

27. A. 1. Su, T. Wiltshire, S. Batalov, H. Lapp, K. A.
Ching, D. Block, J. Zhang, R. Soden, M. Hayakawa, G.
Kreiman, M. P. Cooke, J. R. Walker and J. B. Hogenesch:
A gene atlas of the mouse and human protein-encoding
transcriptomes. Proc Natl Acad Sci U S A101,6062-7
(2004)

28. J. Maher, D. A. Baker, M. Manning, N. J. Dibb and L.
A. Roberts: Evidence for cell-specific differences in
transformation by N-, H- and K-ras. Oncogene 11,1639-47
(1995)

29. J. L. Oliva, N. Zarich, N. Martinez, R. Jorge, A.
Castrillo, M. Azanedo, S. Garcia-Vargas, S. Gutierrez-
Eisman, A. Juarranz, L. Bosca, J. S. Gutkind and J. M.
Rojas: The P34G mutation reduces the transforming
activity of K-Ras and N-Ras in NIH3T3 cells but not of H-
Ras. J Biol Chem 279,33480-91 (2004)

30. W. Li, T. Zhu and K. L. Guan: Transformation potential
of Ras isoforms correlates with activation of
phosphatidylinositol3-kinase but not ERK. J Biol
Chem?279,37398-406 (2004)

31. F. McCormick: Coupling of ras p21 signalling and GTP
hydrolysis by GTPase activating proteins. Philos Trans R
Soc Lond B Biol Sci336,43-7; discussion47-8 (1992)

32. G. Bollag and F. McCormick: GTPase activating
proteins. Semin Cancer Biol,3199-208 (1992)

33. M. K. Jones and J. H. Jackson: Ras-GRF activates Ha-
Ras, but not N-Ras or K-Ras4B, protein in vivo. J Biol
Chem?273,1782-7 (1998)

34. J. Downward: Control of ras activation. Cancer Surv27,87-
100 (1996)

35.J. Yan, S. Roy, A. Apolloni, A. Lane and J. F. Hancock:
Ras isoforms vary in their ability to activate Raf-1 and
phosphoinositide3-kinase. J Biol Chem273,24052-6 (1998)

36. A. B. Walsh and D. Bar-Sagi: Differential activation of the
Rac pathway by Ha-Ras and K-Ras. J Biol Chem276,15609-15
(2001)

37.J. F. Hancock: Ras proteins: different signals from different
locations. Nat Rev Mol Cell Biol4,373-84 (2003)

38. M. A. Jackson, I. Lea, A. Rashid, S. D. Peddada and J. K.
Dunnick: Genetic alterations in cancer knowledge system:
analysis of gene mutations in mouse and human liver and lung
tumors. Toxicol Sci90,400-18 (2006)

39. K. P. Janssen, M. Abal, F. El Marjou, D. Louvard and S.
Robine: Mouse models of K-ras-initiated carcinogenesis.
Biochim Biophys Actal756,145-54 (2005)

40. C. Parikh, R. Subrahmanyam and R. Ren: Oncogenic
NRAS, KRAS, and HRAS Exhibit Different Leukemogenic
Potentials in Mice. Cancer Res67,7139-46 (2007)

41. C. Caulin, T. Nguyen, M. A. Longley, Z. Zhou, X. J. Wang
and D. R. Roop: Inducible activation of oncogenic K-ras
results in tumor formation in the oral cavity. Cancer
Res64,5054-8 (2004)

42. B. W. Liston, A. Gupta, R. Nines, P. S. Carlton, L. A.
Kresty, G. K. Harris and G. D. Stoner: Incidence and effects of
Ha-ras codonl2 G-->A transition mutations in preneoplastic
lesions induced by N-nitrosomethylbenzylamine in the rat
esophagus. Mol Carcinog32,1-8 (2001)

43. R. H. Hruban, A. D. van Mansfeld, G. J. Offerhaus, D.
H. van Weering, D. C. Allison, S. N. Goodman, T. W.



Kensler, K. K. Bose, J. L. Cameron and J. L. Bos: K-ras
oncogene activation in adenocarcinoma of the human
pancreas. A study of82 carcinomas using a combination of
mutant-enriched polymerase chain reaction analysis and
allele-specific  oligonucleotide hybridization. A4Am J
Pathol143,545-54 (1993)

44. S. A. Nair, M. B. Nair, P. G. Jayaprakash, T. N.
Rajalekshmy, M. K. Nair and M. R. Pillai: ras and c-myc
oncoproteins during tumor progression in the uterine
cervix. Tumori84,583-8 (1998)

45. L. M. Esteban, C. Vicario-Abejon, P. Fernandez-
Salguero, A. Fernandez-Medarde, N. Swaminathan, K.
Yienger, E. Lopez, M. Malumbres, R. McKay, J. M. Ward,
A. Pellicer and E. Santos: Targeted genomic disruption of
H-ras and N-ras, individually or in combination, reveals the
dispensability of both loci for mouse growth and
development. Mol Cell Biol21,1444-52 (2001)

46. H. Umanoff, W. Edelmann, A. Pellicer and R.
Kucherlapati: The murine N-ras gene is not essential for
growth and development. Proc Natl Acad Sci U S
A92,1709-13 (1995)

47. S. J. Plowman, D. J. Williamson, M. J. O'Sullivan, J.
Doig, A. M. Ritchie, D. J. Harrison, D. W. Melton, M. J.
Arends, M. L. Hooper and C. E. Patek: While K-ras is
essential for mouse development, expression of the K-
ras4A splice variant is dispensable. Mol Cell Biol23,9245-
50 (2003)

48. L. Johnson, D. Greenbaum, K. Cichowski, K. Mercer,
E. Murphy, E. Schmitt, R. T. Bronson, H. Umanoff, W.
Edelmann, R. Kucherlapati and T. Jacks: K-ras is an
essential gene in the mouse with partial functional overlap
with N-ras. Genes Dev11,2468-81 (1997)

49. K. Koera, K. Nakamura, K. Nakao, J. Miyoshi, K.
Toyoshima, T. Hatta, H. Otani, A. Aiba and M. Katsuki: K-
ras is essential for the development of the mouse embryo.
Oncogenel5,1151-9 (1997)

50. S. Schubbert, G. Bollag and K. Shannon: Deregulated
Ras signaling in developmental disorders: new tricks for an
old dog. Curr Opin Genet Dev17,15-22 (2007)

51. A. Mor and M. R. Philips: Compartmentalized
Ras/MAPK signaling. Annu Rev Immunol24,771-800
(2006)

52. S. J. Plowman and J. F. Hancock: Ras signaling from
plasma membrane and endomembrane microdomains.
Biochim Biophys Actal746,274-83 (2005)

53. U. Ashery, O. Yizhar, B. Rotblat and Y. Kloog:
Nonconventional trafficking of Ras associated with Ras
signal organization. Traffic7,119-26 (2006)

54. B. Rotblat, O. Yizhar, R. Haklai, U. Ashery and Y.
Kloog: Ras and its signals diffuse through the cell on
randomly moving nanoparticles. Cancer Res66,1974-81
(2006)

55. P. Rodriguez-Viciana, B. M. Marte, P. H. Warne and J.
Downward: Phosphatidylinositol3' kinase: one of the
effectors of Ras. Philos Trans R Soc Lond B Biol
Sci351,225-31; discussion231-2 (1996)

56. M. M. McKay and D. K. Morrison: Integrating signals
from RTKs to ERK/MAPK. Oncogene26,3113-21 (2007)
57.F. Chang, J. T. Lee, P. M. Navolanic, L. S. Steelman, J.
G. Shelton, W. L. Blalock, R. A. Franklin and J. A.
McCubrey: Involvement of PI3K/Akt pathway in cell cycle
progression, apoptosis, and neoplastic transformation: a

5270

target for cancer chemotherapy. Leukemial7,590-603
(2003)

58. R. A. Anderson, 1. V. Boronenkov, S. D. Doughman, J.
Kunz and J. C. Loijens: Phosphatidylinositol phosphate
kinases, a multifaceted family of signaling enzymes. J Biol
Chem?274,9907-10 (1999)

59. R. Marais, Y. Light, C. Mason, H. Paterson, M. F.
Olson and C. J. Marshall: Requirement of Ras-GTP-Raf
complexes for activation of Raf-1 by protein kinase C.
Science280,109-12 (1998)

60. R. J. Davis: Transcriptional regulation by MAP kinases.
Mol Reprod Dev42,459-67 (1995)

61. Y. D. Shaul and R. Seger: The MEK/ERK cascade:
From signaling specificity to diverse functions. Biochim
Biophys Actal773,1213-26 (2007)

62. C. A. Hazzalin, and L. C. Mahadevan: MAPK-
regulated transcription: a continuously variable gene
switch? Nat Rev Mol Cell Biol3,30-40 (2002)

63. R. Treisman: Regulation of transcription by MAP
kinase cascades. Curr Opin Cell Biol8,205-15 (1996)

64. F. Chang, L. S. Steelman, J. T. Lee, J. G. Shelton, P. M.
Navolanic, W. L. Blalock, R. A. Franklin and J. A.
McCubrey: Signal transduction mediated by the
Ras/Raf/MEK/ERK pathway from cytokine receptors to
transcription factors: potential targeting for therapeutic
intervention. Leukemial7,1263-93 (2003)

65. A. G. Bader, S. Kang, L. Zhao and P. K. Vogt:
Oncogenic PI3K deregulates transcription and translation.
Nat Rev Cancer5,921-9 (2005)

66. V. K. Rajasekhar and E. C. Holland: Postgenomic
global analysis of translational control induced by
oncogenic signaling. Oncogene23,3248-64 (2004)

67. E. C. Holland, N. Sonenberg, P. P. Pandolfi and G.
Thomas: Signaling control of mRNA translation in cancer
pathogenesis. Oncogene23,3138-44 (2004)

68. E. C. Holland: Regulation of translation and cancer.
Cell Cycle3,452-5 (2004)

69. A. T. Parsa and E. C. Holland: Cooperative
translational control of gene expression by Ras and Akt in
cancer. Trends Mol Med10,607-13 (2004)

70. M. J. Clemens: Targets and mechanisms for the
regulation of translation in malignant transformation.
Oncogene23,3180-8 (2004)

71. F. Meric and K. K. Hunt: Translation initiation in
cancer: a novel target for therapy. Mol Cancer Ther1,971-9
(2002)

72. J. Spence, B. M. Duggan, C. Eckhardt, M. McClelland
and D. Mercola: Messenger RNAs under differential
translational control in Ki-ras-transformed cells. Mol
Cancer Res4,47-60 (2006)

73. G. A. Repasky, E. J. Chenette and C. J. Der: Renewing
the conspiracy theory debate: does Raf function alone to
mediate Ras oncogenesis? Trends Cell Biol14,639-47
(2004)

74. M. C. Humble, C. S. Trempus, J. W. Spalding, R. E.
Cannon and R. W. Tennant: Biological, cellular, and
molecular characteristics of an inducible transgenic skin
tumor model: a review. Oncogene24,8217-28 (2005)

75. J. C. Hengstler, E. O. Bockamp, M. Hermes, M.
Brulport, A. Bauer, W. Schormann, I. B. Schiffer, C.
Hausherr, L. Eshkind, C. Antunes, A. Franzen, K.
Krishnamurthi, E. Lausch, R. Lessig, T. Chakrabarti, D.



Prawitt, B. Zabel and C. Spangenberg: Oncogene-blocking
therapies: new insights from conditional mouse tumor
models. Curr Cancer Drug Targets6,603-12 (2006)

76. C. Parikh, R. Subrahmanyam and R. Ren: Oncogenic
NRAS rapidly and efficiently induces CMML- and AML-
like diseases in mice. Blood108,2349-57 (2006)

77. S. Orsulic, Y. Li, R. A. Soslow, L. A. Vitale-Cross, J.
S. Gutkind and H. E. Varmus: Induction of ovarian cancer
by defined multiple genetic changes in a mouse model
system. Cancer Cell1,53-62 (2002)

78. E. L. Jackson, N. Willis, K. Mercer, R. T. Bronson, D.
Crowley, R. Montoya, T. Jacks and D. A. Tuveson:
Analysis of lung tumor initiation and progression using
conditional expression of oncogenic K-ras. Genes
Dev15,3243-8 (2001)

79. L. Johnson, K. Mercer, D. Greenbaum, R. T. Bronson,
D. Crowley, D. A. Tuveson and T. Jacks: Somatic
activation of the K-ras oncogene causes early onset lung
cancer in mice. Nature410,1111-6 (2001)

80. Y. Bai, H. Edamatsu, S. Maeda, H. Saito, N. Suzuki, T.
Satoh and T. Kataoka: Crucial role of phospholipase
Cepsilon in chemical carcinogen-induced skin tumor
development. Cancer Res64,8808-10 (2004)

81. A. Gonzalez-Garcia, C. A. Pritchard, H. F. Paterson, G.
Mavria, G. Stamp and C. J. Marshall: RalGDS is required
for tumor formation in a model of skin carcinogenesis.
Cancer Cell7,219-26 (2005)

82. A. Malliri, R. A. van der Kammen, K. Clark, M. van
der Valk, F. Michiels and J. G. Collard: Mice deficient in
the Rac activator Tiam1 are resistant to Ras-induced skin
tumours. Nature417,867-71 (2002)

83. S. Gupta, A. R. Ramjaun, P. Haiko, Y. Wang, P. H.
Warne, B. Nicke, E. Nye, G. Stamp, K. Alitalo and J.
Downward: Binding of ras to phosphoinositide3-kinase
pl10alpha is required for ras-driven tumorigenesis in mice.
Cell129,957-68 (2007)

84. K. Mercer, S. Giblett, S. Green, D. Lloyd, S. DaRocha
Dias, M. Plumb, R. Marais and C. Pritchard: Expression of
endogenous oncogenic V600EB-raf induces proliferation and
developmental defects in mice and transformation of primary
fibroblasts. Cancer Res65,11493-500 (2005)

85. D. Dankort, E. Filenova, M. Collado, M. Serrano, K. Jones
and M. McMahon: A new mouse model to explore the
initiation, progression, and therapy of BRAFV600E-induced
lung tumors. Genes Dev21,379-84 (2007)

86. A. T. Baines, K. H. Lim, J. M. Shields, J. M. Lambert, C.
M. Counter, C. J. Der and A. D. Cox: Use of retrovirus
expression of interfering RNA to determine the contribution of
activated k-ras and ras effector expression to human tumor cell
growth. Methods Enzymol407,556-74 (2005)

87. K. H. Lim and C. M. Counter: Reduction in the
requirement of oncogenic Ras signaling to activation of
PI3K/AKT pathway during tumor maintenance. Cancer
Cell8,381-92 (2005)

88. M. O'Hayer K and C. M. Counter: A genetically defined
normal human somatic cell system to study ras oncogenesis in
vivo and in vitro. Methods Enzymol407,637-47 (2005)

89. B. S. Skalhegg and K. Tasken: Specificity in the
cAMP/PKA signaling pathway. Differential
expression,regulation, and subcellular localization of
subunits of PKA. Front Biosci5, D678-93 (2000)

5271

90. J. J. Michel and J. D. Scott: AKAP mediated signal
transduction. Annu Rev Pharmacol Toxicol42,235-57
(2002)

91. A. Feliciello, M. E. Gottesman and E. V. Avvedimento:
The biological functions of A-kinase anchor proteins. J Mol
Biol308,99-114 (2001)

92. C. H. Clegg, G. G. Cadd and G. S. McKnight: Genetic
characterization of a brain-specific form of the type I
regulatory subunit of cAMP-dependent protein kinase.
Proc Natl Acad Sci U S A85,3703-7 (1988)

93. J. D. Scott: Cyclic nucleotide-dependent protein
kinases. Pharmacol Ther50,123-45 (1991)

94. K. Tasken, B. S. Skalhegg, K. A. Tasken, R. Solberg,
H. K. Knutsen, F. O. Levy, M. Sandberg, S. Orstavik, T.
Larsen, A. K. Johansen, T. Vang, H. P. Schrader, N. T.
Reinton, K. M. Torgersen, V. Hansson and T. Jahnsen:
Structure, function, and regulation of human cAMP-
dependent protein kinases. Adv Second Messenger
Phosphoprotein Res31,191-204 (1997)

95. B. S. Skalhegg and K. Tasken: Specificity in the
cAMP/PKA signaling pathway. differential expression,
regulation, and subcellular localization of subunits of PKA.
Front Biosci2, d331-42 (1997)

96. D. L. Beene and J. D. Scott: A-kinase anchoring
proteins take shape. Curr Opin Cell Biol19,192-8 (2007)
97. C. L. Neary, M. Nesterova, Y. S. Cho, C. Cheadle, K.
G. Becker and Y. S. Cho-Chung: Protein kinase A isozyme
switching: eliciting differential cAMP signaling and tumor
reversion. Oncogene23,8847-56 (2004)

98. Y. S. Cho-Chung and T. Clair: The regulatory subunit
of cAMP-dependent protein kinase as a target for
chemotherapy of cancer and other cellular dysfunctional-
related diseases. Pharmacol Ther60,265-88 (1993)

99. B. Mayr and M. Montminy: Transcriptional regulation
by the phosphorylation-dependent factor CREB. Nat Rev
Mol Cell Biol2,599-609 (2001)

100. D. Rosenberg, L. Groussin, X. Bertagna and J.
Bertherat: cAMP pathway alterations from the cell surface
to the nucleus in adrenocortical tumors. Endocr Res28,765-
75 (2002)

101. D. Rosenberg, L. Groussin, E. Jullian, K. Perlemoine,
X. Bertagna and J. Bertherat: Role of the PKA-regulated
transcription factor CREB in development and
tumorigenesis of endocrine tissues. 4nn N Y Acad
Sci968,65-74 (2002)

102. M. Rivas and P. Santisteban: TSH-activated signaling
pathways in  thyroid tumorigenesis. Mol Cell
Endocrinol213,31-45 (2003)

103. S. Li, S. Huang and S. B. Peng: Overexpression of G
protein-coupled receptors in cancer cells: involvement in
tumor progression. /nt J Oncol27,1329-39 (2005)

104. 1. P. Whitehead, I. E. Zohn and C. J. Der: Rho
GTPase-dependent transformation by G protein-coupled
receptors. Oncogene20,1547-55 (2001)

105. N. Dhanasekaran and J. M. Dermott: Signaling by the
G12 class of G proteins. Cell Signal8,235-45 (1996)

106. V. Radhika and N. Dhanasekaran: Transforming G
proteins. Oncogene20,1607-14 (2001)

107. C. A. Landis, S. B. Masters, A. Spada, A. M. Pace, H.
R. Bourne and L. Vallar: GTPase inhibiting mutations
activate the alpha chain of Gs and stimulate adenylyl



cyclase in human pituitary tumours. Nature340,692-6
(1989)

108. R. T. Dorsam and J. S. Gutkind: G-protein-coupled
receptors and cancer. Nat Rev Cancer7,79-94 (2007)

109. C. Ledent, J. F. Denef, S. Cottecchia, R. Lefkowitz, J.
Dumont, G. Vassart and M. Parmentier: Costimulation of
adenylyl cyclase and phospholipase C by a mutant
alphalB-adrenergic  receptor transgene promotes
malignant transformation of thyroid follicular cells.
Endocrinology138,369-78 (1997)

110. L. Vallar: Oncogenic role of heterotrimeric G
proteins. Cancer Surv27,325-38 (1996)

111. A. Lerner and P. M. Epstein: Cyclic nucleotide

phosphodiesterases as targets for treatment of
haematological malignancies. Biochem J393,21-41
(2006)

112. C. Lugnier: Cyclic nucleotide phosphodiesterase
(PDE) superfamily: a new target for the development of
specific therapeutic agents. Pharmacol Ther109,366-98
(2006)

113. L. Hirsh, A. Dantes, B. S. Suh, Y. Yoshida, K.
Hosokawa, K. Tajima, F. Kotsuji, O. Merimsky and A.
Amsterdam: Phosphodiesterase inhibitors as anti-cancer
drugs. Biochem Pharmacol68,981-8 (2004)

114. D. Marko, K. Romanakis, H. Zankl, G.
Furstenberger, B. Steinbauer and G. Eisenbrand:
Induction of apoptosis by an inhibitor of cAMP-specific
PDE in malignant murine carcinoma cells
overexpressing PDE activity in comparison to their
nonmalignant counterparts. Cell Biochem Biophys28,75-
101 (1998)

115. D. Marko, G. Pahlke, K. H. Merz and G.
Eisenbrand: Cyclic3',5'-nucleotide phosphodiesterases:
potential targets for anticancer therapy. Chem Res
Toxicol13,944-8 (2000)

116. W. N. Hait and B. Weiss: Increased cyclic
nucleotide phosphodiesterase activity in leukaemic
lymphocytes. Nature259,321-3 (1976)

117. S. Vatter, G. Pahlke, J. W. Deitmer and G.
Eisenbrand: Differential phosphodiesterase expression
and cytosolic Ca2+ in human CNS tumour cells and in
non-malignant and malignant cells of rat origin. J
Neurochem93,321-9 (2005)

118. T. Murata, K. Shimizu, M. Narita, V. C.
Manganiello and T. Tagawa: Characterization of
phosphodiesterase3 in human malignant melanoma cell
line. Anticancer Res22,3171-4 (2002)

119. D. Ekholm, J. C. Mulloy, G. Gao, E. Degerman, G.
Franchini and V. C. Manganiello: Cyclic nucleotide
phosphodiesterases (PDE)3 and4 in normal, malignant,
and HTLV-I transformed human lymphocytes. Biochem
Pharmacol58,935-50 (1999)

120. T. Goto, H. Matsushima, Y. Kasuya, Y. Hosaka, T.
Kitamura, K. Kawabe, A. Hida, Y. Ohta, T. Simizu and
K. Takeda: The effect of papaverine on morphologic
differentiation, proliferation and invasive potential of
human prostatic cancer LNCaP cells. Int J Urol6,314-9
(1999)

121. Y. J. Bang, F. Pirnia, W. G. Fang, W. K. Kang, O.
Sartor, L. Whitesell, M. J. Ha, M. Tsokos, M. D.
Sheahan, P. Nguyen, W. T. Niklinski, C. E. Myers and
J. B. Trepel: Terminal neuroendocrine differentiation of

5272

human prostate carcinoma cells in response to increased
intracellular cyclic AMP. Proc Natl Acad Sci U S
A91,5330-4 (1994)

122. S. H. Shafer, S. H. Phelps and C. L. Williams:
Reduced DNA synthesis and cell viability in small cell lung
carcinoma by  treatment  with  cyclic =~ AMP
phosphodiesterase inhibitors. Biochem Pharmacol56,1229-
36 (1998)

123. M. C. Guillemin, E. Raffoux, D. Vitoux, S. Kogan, H.
Soilihi, V. Lallemand-Breitenbach, J. Zhu, A. Janin, M. T.
Daniel, B. Gourmel, L. Degos, H. Dombret, M. Lanotte and
H. De The: In vivo activation of cAMP signaling induces
growth arrest and differentiation in acute promyelocytic
leukemia. J Exp Med196,1373-80 (2002)

124. T. C. Chen, P. Wadsten, S. Su, N. Rawlinson, F. M.
Hofman, C. K. Hill and A. H. Schonthal: The type IV
phosphodiesterase inhibitor rolipram induces expression of
the cell cycle inhibitors p21(Cipl) and p27(Kip1), resulting
in growth inhibition, increased differentiation, and
subsequent apoptosis of malignant A-172 glioma cells.
Cancer Biol Ther1,268-76 (2002)

125. M.Sarfati, V. Mateo, S. Baudet, M. Rubio, C.
Fernandez, F. Davi, J. L. Binet, J. Delic and H. Merle-
Beral:  Sildenafil and vardenafil, types5 and6
phosphodiesterase inhibitors, induce caspase-dependent
apoptosis of B-chronic lymphocytic leukemia cells.
Blood101,265-9 (2003)

126. R. Ogawa, M. B. Streiff, A. Bugayenko and G. J.
Kato: Inhibition of PDE4 phosphodiesterase activity
induces growth suppression, apoptosis, glucocorticoid
sensitivity, p53, and p21(WAF1/CIP1) proteins in human
acute lymphoblastic leukemia cells. B/00d99,3390-7 (2002)
127. K. Murata, T. Sudo, M. Kameyama, H. Fukuoka, M.
Muka, Y. Doki, Y. Sasaki, O. Ishikawa, Y. Kimura and S.
Imaoka: Cyclic AMP specific phosphodiesterase activity
and colon cancer cell motility. Clin Exp Metastasis18,599-
604 (2000)

128. M. Narita, T. Murata, K. Shimizu, T. Nakagawa, T.
Sugiyama, M. Inui, K. Hiramoto and T. Tagawa: A role for
cyclic nucleotide phosphodiesterase4 in regulation of the
growth of human malignant melanoma cells. Oncol
Rep17,1133-9 (2007)

129. Y. S. Cho-Chung, S. Pepe, T. Clair, A. Budillon and
M. Nesterova: cAMP-dependent protein kinase: role in
normal and nmalignant growth. Crit Rev Oncol
Hematol21,33-61 (1995)

130. P. S. Amieux, D. E. Cummings, K. Motamed, E. P.
Brandon, L. A. Wailes, K. Le, R. L. Idzerda and G. S.
McKnight: Compensatory regulation of Rlalpha protein
levels in protein kinase A mutant mice. J Biol
Chem272,3993-8 (1997)

131. M. Nesterova, K. Noguchi, Y. G. Park, Y. N. Lee and
Y. S. Cho-Chung: Compensatory stabilization of Rllbeta
protein, cell cycle deregulation, and growth arrest in colon
and prostate carcinoma cells by antisense-directed down-
regulation of protein kinase A Rlalpha protein. Clin Cancer
Res6,3434-41 (2000)

132. E. P. Brandon, S. F. Logue, M. R. Adams, M. Qi, S. P.
Sullivan, A. M. Matsumoto, D. M. Dorsa, J. M. Wehner, G.
S. McKnight and R. L. Idzerda: Defective motor behavior
and neural gene expression in Rllbeta-protein kinase A
mutant mice. J Neuroscil8,3639-49 (1998)



133. G. S. McKnight, D. E. Cummings, P. S. Amieux, M.
A. Sikorski, E. P. Brandon, J. V. Planas, K. Motamed and
R. L. Idzerda: Cyclic AMP, PKA, and the physiological
regulation of adiposity. Recent Prog Horm Res53,139-59;
discussion160-1 (1998)

134. Y. S. Cho-Chung, M. Nesterova, S. Pepe, G. R. Lee,
K. Noguchi, R. K. Srivastava, A. R. Srivastava, O. Alper,
Y. G. Park and Y. N. Lee: Antisense DNA-targeting
protein kinase A-RIA subunit: a novel approach to cancer
treatment. Front Biosci4, D898-907 (1999)

135. P. S. Amieux and G. S. McKnight: The essential role
of RI alpha in the maintenance of regulated PKA activity.
Ann N Y Acad Sci968,75-95 (2002)

136. L. S. Kirschner, D. F. Kusewitt, L. Matyakhina, W. H.
Towns,2nd, J. A. Carney, H. Westphal and C. A. Stratakis:
A mouse model for the Carney complex tumor syndrome
develops neoplasia in cyclic AMP-responsive tissues.
Cancer Res65,4506-14 (2005)

137. K. J. Griffin, L. S. Kirschner, L. Matyakhina, S.
Stergiopoulos, A. Robinson-White, S. Lenherr, F. D.
Weinberg, E. Claflin, E. Meoli, Y. S. Cho-Chung and C. A.
Stratakis: Down-regulation of regulatory subunit typel A of
protein kinase A leads to endocrine and other tumors.
Cancer Res64,8811-5 (2004)

138. K. J. Griffin, L. S. Kirschner, L. Matyakhina, S. G.
Stergiopoulos, A. Robinson-White, S. M. Lenherr, F. D.
Weinberg, E. S. Claflin, D. Batista, I. Bourdeau, A.
Voutetakis, F. Sandrini, E. M. Meoli, A. J. Bauer, Y. S.
Cho-Chung, S. R. Bornstein, J. A. Carney and C. A.
Stratakis: A transgenic mouse bearing an antisense
construct of regulatory subunit typelA of protein kinase A
develops endocrine and other tumours: comparison with
Carney complex and other PRKARIA induced lesions. J
Med Genet41,923-31 (2004)

139. 1. Bourdeau, L. Matyakhina, S. G. Stergiopoulos, F.
Sandrini, S. Boikos and C. A. Stratakis:17q22-24
chromosomal losses and alterations of protein kinase a
subunit expression and activity in adrenocorticotropin-
independent macronodular adrenal hyperplasia. J Clin
Endocrinol Metab91,3626-32 (2006)

140. 1. Bossis, A. Voutetakis, L. Matyakhina, S. Pack, M.
Abu-Asab, 1. Bourdeau, K. J. Griffin, N. Courcoutsakis, S.
Stergiopoulos, D. Batista, M. Tsokos and C. A. Stratakis: A
pleiomorphic GH pituitary adenoma from a Carney
complex patient displays universal allelic loss at the protein
kinase A regulatory subunitl A (PRKARIA) locus. J Med
Genet41,596-600 (2004)

141. J. Bertherat, L. Groussin, F. Sandrini, L. Matyakhina,
T. Bei, S. Stergiopoulos, T. Papageorgiou, 1. Bourdeau, L.
S. Kirschner, C. Vincent-Dejean, K. Perlemoine, C.
Gicquel, X. Bertagna and C. A. Stratakis: Molecular and
functional analysis of PRKARIA and its locus (17q22-24)
in sporadic adrenocortical tumors:17q losses, somatic
mutations, and protein kinase A expression and activity.
Cancer Res63,5308-19 (2003)

142. L. S. Kirschner, F. Sandrini, J. Monbo, J. P. Lin, J. A.
Carney and C. A. Stratakis: Genetic heterogeneity and
spectrum of mutations of the PRKARIA gene in patients
with the carney complex. Hum Mol Genet9,3037-46 (2000)
143. L. Cazabat, B. Ragazzon, L. Groussin and J. Bertherat:
PRKARIA mutations in primary pigmented nodular
adrenocortical disease. Pituitary9,211-9 (2006)

5273

144. F. Sandrini, L. Matyakhina, N. J. Sarlis, L. S.
Kirschner, C. Farmakidis, O. Gimm and C. A. Stratakis:
Regulatory subunit type I-alpha of protein kinase A
(PRKART1A): a tumor-suppressor gene for sporadic thyroid
cancer. Genes Chromosomes Cancer35,182-92 (2002)

145. K. S. Nadella and L. S. Kirschner: Disruption of
protein kinase a regulation causes immortalization and
dysregulation of D-type cyclins. Cancer Res65,10307-15
(2005)

146. M. Mavrakis, J. Lippincott-Schwartz, C. A. Stratakis
and I. Bossis: Depletion of type IA regulatory subunit
(Rlalpha) of protein kinase A (PKA) in mammalian cells
and tissues activates mTOR and causes autophagic
deficiency. Hum Mol Genet15,2962-71 (2006)

147. Y. S. Cho-Chung: Role of cyclic AMP receptor
proteins in growth, differentiation, and suppression of
malignancy: new approaches to therapy. Cancer
Res50,7093-100 (1990)

148. Y. S. Cho-Chung: Antisense protein kinase A RI
alpha-induced tumor reversion: portrait of a microarray.
Biochim Biophys Actal697,71-9 (2004)

149. M. V. Nesterova and Y. S. Cho-Chung: Antisense
protein kinase A Rlalpha inhibits7,12-
dimethylbenz(a)anthracene-induction of mammary cancer:
blockade at the initial phase of carcinogenesis. Clin Cancer
Res10,4568-77 (2004)

150. A. Budillon, A. Cereseto, A. Kondrashin, M.
Nesterova, G. Merlo, T. Clair and Y. S. Cho-Chung:
Point mutation of the autophosphorylation site or in the
nuclear location signal causes protein kinase A RII beta
regulatory subunit to lose its ability to revert
transformed fibroblasts. Proc Natl Acad Sci U S
A92,10634-8 (1995)

151. M. Nesterova, H. Yokozaki, E. McDuffie and Y. S.
Cho-Chung: Overexpression of RII beta regulatory
subunit of protein kinase A in human colon carcinoma
cell induces growth arrest and phenotypic changes that
are abolished by site-directed mutation of RII beta. Eur
J Biochem235,486-94 (1996)

152. M. V. Nesterova and Y. S. Cho-Chung:
Chemoprevention with protein kinase A Rlalpha
antisense in DMBA-mammary carcinogenesis. Ann N Y
Acad Sci1058,255-64 (2005)

153. Y. S. Cho-Chung and M. V. Nesterova: Tumor
reversion: protein kinase A isozyme switching. Ann N Y
Acad Sci1058,76-86 (2005)

154. Y. S. Cho-Chung, Y. G. Park, M. Nesterova, Y. N.
Lee and Y. S. Cho: CRE-decoy oligonucleotide-
inhibition of gene expression and tumor growth. Mol
Cell Biochem?212,29-34 (2000)

155. M. Nesterova and Y. S. Cho-Chung:
Oligonucleotide sequence-specific inhibition of gene
expression, tumor growth inhibition, and modulation of
cAMP signaling by an RNA-DNA hybrid antisense
targeted to protein kinase A Rlalpha subunit. Antisense
Nucleic Acid Drug Dev10,423-33 (2000)

156. G. Tortora, R. Caputo, V. Damiano, R. Bianco, G.
Fontanini, S. Cuccato, S. De Placido, A. R. Bianco and
F. Ciardiello: Combined blockade of protein kinase A
and bcl-2 by antisense strategy induces apoptosis and
inhibits tumor growth and angiogenesis. Clin Cancer
Res7,2537-44 (2001)



157. G. Tortora, R. Caputo, V. Damiano, G. Fontanini, D.
Melisi, B. M. Veneziani, F. Zunino, A. R. Bianco and F.
Ciardiello: Oral administration of a novel taxane, an
antisense oligonucleotide targeting protein kinase A, and
the epidermal growth factor receptor inhibitor Iressa causes
cooperative antitumor and antiangiogenic activity. Clin
Cancer Res7,4156-63 (2001)

158. R. K. Srivastava, A. R. Srivastava, P. Seth, S. Agrawal
and Y. S. Cho-Chung: Growth arrest and induction of
apoptosis in breast cancer cells by antisense depletion of
protein kinase A-RI alpha subunit: p53-independent
mechanism of action. Mol Cell Biochem195,25-36 (1999)
159. H. Wang, Q. Cai, X. Zeng, D. Yu, S. Agrawal and R.
Zhang: Antitumor activity and pharmacokinetics of a
mixed-backbone antisense oligonucleotide targeted to the
Rlalpha subunit of protein kinase A after oral
administration. Proc Natl Acad Sci U S A496,13989-94
(1999)

160. K. J. Wu, M. Mattioli, H. C. Morse,3rd and R. Dalla-
Favera: c-MYC activates protein kinase A (PKA) by direct
transcriptional activation of the PKA catalytic subunit beta
(PKA-Cbeta) gene. Oncogene21,7872-82 (2002)

161. M. Wirtenberger, S. Tchatchou, K. Hemminki, R.
Klaes, R. K. Schmutzler, J. L. Bermejo, B. Chen, B.
Wappenschmidt, A. Meindl, C. R. Bartram and B.
Burwinkel: Association of genetic variants in the Rho
guanine nucleotide exchange factor AKAP13 with familial
breast cancer. Carcinogenesis27,593-8 (2006)

162. M. Wirtenberger, J. Schmutzhard, K. Hemminki, A.
Meindl, C. Sutter, R. K. Schmutzler, B. Wappenschmidt,
M. Kiechle, N. Arnold, B. H. Weber, D. Niederacher, C. R.
Bartram and B. Burwinkel: The functional genetic variant
Ile646Val located in the kinase binding domain of the A-
kinase anchoring proteinl0 is associated with familial
breast cancer. Carcinogenesis28,423-6 (2007)

163. S. Sharma, F. Qian, B. Keitz, D. Driscoll, M. J.
Scanlan, J. Skipper, K. Rodabaugh, S. Lele, L. J. Old and
K. Odunsi: A-kinase anchoring protein3 messenger RNA
expression correlates with poor prognosis in epithelial
ovarian cancer. Gynecol Oncol99,183-8 (2005)

164. T. J. McGarrity and C. Amos: Peutz-Jeghers
syndrome: clinicopathology and molecular alterations. Cell
Mol Life Sci63,2135-44 (2006)

165. T. Gudermann, R. Grosse and G. Schultz:
Contribution of receptor/G protein signaling to cell growth
and transformation. Naunyn  Schmiedebergs Arch
Pharmacol361,345-62 (2000)

166. A. Spina, A. Di Donato, G. Colella and G. Illiano:
Increased adenylate cyclase activity in rat thyroid epithelial
cells expressing viral ras genes. Biochem Biophys Res
Commun142,527-35 (1987)

167. A. M. Spina, E. Chiosi, S. Naviglio, F. Valente, M.
Marchese, A. Furgi, S. Metafora and G. Illiano: ras
oncogene-induced transformation of a rat seminal vesicle
epithelial cell line produces a marked increase of adenylate
cyclase and protein kinase C activities. FEBS Lett331,150-
4 (1993)

168. L. Konishi-Imamura, M. Tohda, M. Noda, H. Nakano
and Y. Nomura: GTP-binding proteins and adenylate
cyclase activity in v-Ki-ras transformed NIH/3T3 fibroblast
cells. Biochem Biophys Res Commun153,1214-22 (1988)

5274

169. L. Konishi-Imamura, M. Noda and Y. Nomura:
Alteration by v-Ki-ras in NaF, cholera toxin and forskolin-
induced adenylate cyclase activation in NIH/3T3 fibroblast
cells. Biochem Biophys Res Commun146,47-52 (1987)

170. D. J. Franks, J. F. Whitfield and J. P. Durkin: Viral
p21 Ki-RAS protein: a potent intracellular mitogen that
stimulates adenylate cyclase activity in early G1 phase of
cultured rat cells. J Cell Biochem33,87-94 (1987)

171. D. J. Franks, J. F. Whitfield and J. P. Durkin: A viral
K-RAS protein increases the stimulability of adenylate
cyclase by cholera toxin in NRK cells. Biochem Biophys
Res Commun147,596-601 (1987)

172. G. Colletta, D. Corda, G. Schettini, A. M. Cirafici, L.
D. Kohn and E. Consiglio: Adenylate cyclase activity of v-
ras-k transformed rat epithelial thyroid cells. FEBS
Let1228,37-41 (1988)

173. A. Levitzki, J. Rudick, 1. Pastan, W. C. Vass and D. R.
Lowy: Adenylate cyclase activity of NIH3T3 cells
morphologically transformed by ras genes. FEBS
Lett197,134-8 (1986)

174. S. K. Beckner, S. Hattori and T. Y. Shih: The ras
oncogene product p21 is not a regulatory component of
adenylate cyclase. Nature317,71-2 (1985)

175. H. Liu, D. Palmer, S. L. Jimmo, D. G. Tilley, H. A.
Dunkerley, S. C. Pang and D. H. Maurice: Expression of
phosphodiesterase4D (PDE4D) is regulated by both the
cyclic AMP-dependent protein kinase and mitogen-
activated protein kinase signaling pathways. A potential
mechanism allowing for the coordinated regulation of
PDE4D activity and expression in cells. J Biol
Chem?275,26615-24 (2000)

176. X. Jiang, M. Paskind, R. Weltzien and P. M.
Epstein: Expression and regulation of mRNA for
distinct isoforms of cAMP-specific PDE-4 in mitogen-
stimulated and leukemic human lymphocytes. Cell
Biochem Biophys28,135-60 (1998)

177. M. D. Houslay and G. S. Baillie: The role of ERK2
docking and phosphorylation of PDE4 cAMP
phosphodiesterase isoforms in mediating cross-talk
between the cAMP and ERK signalling pathways.
Biochem Soc Trans31,1186-90 (2003)

178. A. J. Robinson-White, W. W. Leitner, E. Aleem, P.
Kaldis, I. Bossis and C. A. Stratakis: PRKARIA
inactivation leads to increased proliferation and
decreased apoptosis in human B lymphocytes. Cancer
Res66,10603-12 (2006)

179. 1. H. Gelman, Q. Xi and C. C. Kumar:
Reexpression of the major PKC substrate, SSeCKS,
correlates with the tumor-suppressive effects of
SCHS51344 on rat-6/src and rat-6/ras fibroblasts but not
on rat-6/raf fibroblasts. Ann N Y Acad Sci886,221-4
(1999)

180. P. J. Nelson, K. Moissoglu, J. Vargas, Jr., P. E.
Klotman and I. H. Gelman: Involvement of the protein
kinase C substrate, SSeCKS, in the actin-based stellate
morphology of mesangial cells. J Cell Scil12 (Pt3),361-70
(1999)

181. I. H. Gelman: The role of SSeCKS/gravin/AKAP12
scaffolding proteins in the spaciotemporal control of
signaling pathways in oncogenesis and development. Front
Biosci7, d1782-97 (2002)



182. W. Xia and I. H. Gelman: Mitogen-induced, FAK-
dependent tyrosine phosphorylation of the SSeCKS
scaffolding protein. Exp Cell Res277,139-51 (2002)

183. J. Xing, D. D. Ginty and M. E. Greenberg:
Coupling of the RAS-MAPK pathway to gene activation
by RSK2, a growth factor-regulated CREB kinase.
Science273,959-63 (1996)

184. A. Bonni, A. Brunet, A. E. West, S. R. Datta, M. A.
Takasu and M. E. Greenberg: Cell survival promoted by
the Ras-MAPK signaling pathway by transcription-
dependent and -independent mechanisms.
Science286,1358-62 (1999)

185. Y. Katoh, H. Takemori, X. Z. Lin, M. Tamura, M.
Muraoka, T. Satoh, Y. Tsuchiya, L. Min, J. Doi, A.
Miyauchi, L. A. Witters, H. Nakamura and M. Okamoto:
Silencing the constitutive active transcription factor
CREB by the LKBI1-SIK signaling cascade. Febs
J273,2730-48 (2006)

186. D. A. Altomare and J. R. Testa: Perturbations of
the AKT signaling pathway in human cancer.
Oncogene24,7455-64 (2005)

187. C. L. Soltys, S. Kovacic and J. R. Dyck: Activation
of cardiac AMP-activated protein kinase by LKBI
expression or chemical hypoxia is blunted by increased
Akt activity. Am J Physiol Heart Circ Physiol290,
H2472-9 (2006)

188. A. I. Jimenez, P. Fernandez, O. Dominguez, A.
Dopazo and M. Sanchez-Cespedes: Growth and
molecular profile of lung cancer cells expressing ectopic
LKBI1: down-regulation of the phosphatidylinositol3'-
phosphate kinase/PTEN pathway. Cancer Res63,1382-8
(2003)

189. T. R. Salas., S. A. Reddy, J. L. Clifford, R. J.
Davis, A. Kikuchi, S. M. Lippman and D. G. Menter:
Alleviating the suppression of glycogen synthase
kinase-3beta by Akt leads to the phosphorylation of
cAMP-response  element-binding protein and its
transactivation in intact cell nuclei. J  Biol
Chem278,41338-46 (2003)

190. C. J. Fiol, J. S. Williams, C. H. Chou, Q. M. Wang,
P. J. Roach and O. M. Andrisani: A secondary
phosphorylation of CREB341 at Ser129 is required for
the cAMP-mediated control of gene expression. A role
for glycogen synthase kinase-3 in the control of gene
expression. J Biol Chem269,32187-93 (1994)

191. J. Zuber, O. I. Tchernitsa, B. Hinzmann, A. C.
Schmitz, M. Grips, M. Hellriegel, C. Sers, A. Rosenthal
and R. Schafer: A genome-wide survey of RAS
transformation targets. Nat Genet24,144-52 (2000)

192. R. Brem, U. Certa, M. Neeb, A. P. Nair and C.
Moroni: Global analysis of differential gene expression
after transformation with the v-H-ras oncogene in a
murine tumor model. Oncogene20,2854-8 (2001)

193. F. Chiaradonna, D. Gaglio, M. Vanoni and L.
Alberghina: Expression of transforming K-Ras oncogene
affects mitochondrial function and morphology in mouse
fibroblasts. Biochim Biophys Actal757,1338-56 (2006)

194. F. Chiaradonna, E. Sacco, R. Manzoni, M. Giorgio,
M. Vanoni and L. Alberghina: Ras-dependent carbon
metabolism and transformation in mouse fibroblasts.
Oncogene25,5391-404 (2006)

5275

195. P. A. Croonquist, M. A. Linden, F. Zhao and B. G.
Van Ness: Gene profiling of a myeloma cell line reveals
similarities and unique signatures among IL-6 response, N-
ras-activating mutations, and coculture with bone marrow
stromal cells. Blood102,2581-92 (2003)

196. S. Ohnami, K. Aoki, K. Yoshida, K. Hatanaka, K.
Suzuki, H. Sasaki and T. Yoshida: Expression profiles of
pancreatic cancer cell lines infected with antisense K-ras-
expressing adenoviral vector. Biochem Biophys Res
Commun309,798-803 (2003)

197. S. Vasseur, C. Malicet, E. L. Calvo, C. Labrie, P.
Berthezene, J. C. Dagorn and J. L. Iovanna: Gene
expression profiling by DNA microarray analysis in mouse
embryonic fibroblasts transformed by rasV12 mutated
protein and the E1A oncogene. Mol Cancer2,19 (2003)
198. A. Sweet-Cordero, S. Mukherjee, A. Subramanian, H.
You, J. J. Roix, C. Ladd-Acosta, J. Mesirov, T. R. Golub
and T. Jacks: An oncogenic KRAS2 expression signature
identified by cross-species gene-expression analysis. Nat
Genet37,48-55 (2005)

199. H. Jo, H. Zhang, R. Zhang and P. Liang: Cloning
oncogenic ras-regulated genes by differential display.
Methods16,365-72 (1998)

200. I. M. Seiden-Long, K. R. Brown, W. Shih, D. A.
Wigle, N. Radulovich, I. Jurisica and M. S. Tsao:
Transcriptional targets of hepatocyte growth factor
signaling and Ki-ras oncogene activation in colorectal
cancer. Oncogene25,91-102 (2006)

201. S. Bloethner, B. Chen, K. Hemminki, J. Muller-
Berghaus, S. Ugurel, D. Schadendorf and R. Kumar:
Effect of common B-RAF and N-RAS mutations on
global gene expression in melanoma cell lines.
Carcinogenesis26,1224-32 (2005)

202. J. Qian, J. Niu, M. Li, P. J. Chiao and M. S. Tsao:
In vitro modeling of human pancreatic duct epithelial
cell transformation defines gene expression changes
induced by K-ras oncogenic activation in pancreatic
carcinogenesis. Cancer Res65,5045-53 (2005)

203. K. Paz, N. D. Socci, E. van Nimwegen, A. Viale
and J. E. Darnell: Transformation fingerprint: induced
STAT3-C, v-Src and Ha-Ras cause small initial changes
but  similar  established profiles in mRNA.
Oncogene23,8455-63 (2004)

204. E. S. Lander: Array of hope. Nat Genet21,3-4
(1999)

205. U. Scherf, D. T. Ross, M. Waltham, L. H. Smith, J.
K. Lee, L. Tanabe, K. W. Kohn, W. C. Reinhold, T. G.
Myers, D. T. Andrews, D. A. Scudiero, M. B. Eisen, E.
A. Sausville, Y. Pommier, D. Botstein, P. O. Brown and
J. N. Weinstein: A gene expression database for the
molecular pharmacology of cancer. Nat Genet24,236-44
(2000)

206. H. Wang, S. Huang, J. Shou, E. W. Su, J. E. Onyia, B.
Liao and S. Li: Comparative analysis and integrative
classification of NCI60 cell lines and primary tumors using
gene expression profiling data. BMC Genomics7,166
(2006)

207. D. T. Ross, U. Scherf, M. B. Eisen, C. M. Perou, C.
Rees, P. Spellman, V. Iyer, S. S. Jeffrey, M. Van de Rijn,
M. Waltham, A. Pergamenschikov, J. C. Lee, D. Lashkari,
D. Shalon, T. G. Myers, J. N. Weinstein, D. Botstein and P.



O. Brown: Systematic variation in gene expression patterns
in human cancer cell lines. Nat Genet24,227-35 (2000)

208. E. Segal, N. Friedman, D. Koller and A. Regev: A
module map showing conditional activity of expression
modules in cancer. Nat Genet36,1090-8 (2004)

209. E. Huang, S. Ishida, J. Pittman, H. Dressman, A. Bild,
M. Kloos, M. D'Amico, R. G. Pestell, M. West and J. R.
Nevins: Gene expression phenotypic models that predict
the activity of oncogenic pathways. Nat Genet34,226-30
(2003)

210. D. R. Rhodes, J. Yu, K. Shanker, N. Deshpande, R.
Varambally, D. Ghosh, T. Barrette, A. Pandey and A. M.
Chinnaiyan:  Large-scale meta-analysis of cancer
microarray data identifies common transcriptional profiles
of neoplastic transformation and progression. Proc Natl
Acad Sci U S 4101,9309-14 (2004)

211. R. Solberg, M. Sandberg, V. Natarajan, P. A.
Torjesen, V. Hansson, T. Jahnsen and K. Tasken: The
human gene for the regulatory subunit RI alpha of cyclic
adenosine3',5'-monophosphate-dependent protein kinase:
two distinct promoters provide differential regulation of
alternately  spliced messenger ribonucleic  acids.
Endocrinology138,169-81 (1997)

212. G. D. Maurer, J. H. Leupold, D. M. Schewe, T. Biller,
R. E. Kates, H. M. Hornung, U. Lau-Werner, S. Post and
H. Allgayer: Analysis of specific transcriptional regulators
as early predictors of independent prognostic relevance in
resected colorectal cancer. Clin Cancer Res13,1123-32
(2007)

213. J. L. Merchant, M. Du and A. Todisco: Spl
phosphorylation by Erk2 stimulates DNA binding. Biochem
Biophys Res Commun254,454-61 (1999)

214. A. R. Black, J. D. Black and J. Azizkhan-Clifford: Spl
and kruppel-like factor family of transcription factors in
cell growth regulation and cancer. J Cell Physiol188,143-

60 (2001)
215. K. Milde-Langosch: The Fos family of transcription
factors and their role in tumourigenesis. Eur J

Cancer41,2449-61 (2005)

216. M. K. Dahle, L. M. Gronning, A. Cederberg, H. K.
Blomhoff, N. Miura, S. Enerback, K. A. Tasken and K.
Tasken: Mechanisms of FOXC2- and FOXDI1-mediated
regulation of the RI alpha subunit of cAMP-dependent
protein kinase include release of transcriptional repression
and activation by protein kinase B alpha and cAMP. J Biol
Chem?277,22902-8 (2002)

217. M. K. Dahle, H. K. Knutsen, K. A. Tasken, R. Pilz
and K. Tasken: Cyclic AMP regulates expression of the RI
alpha subunit of cAMP-dependent protein kinase through
an alternatively spliced5' UTR. Eur J Biochem268,5920-9
(2001)

218. C. H. Clegg, N. R. Koeiman, N. A. Jenkins, D. J.
Gilbert, N. G. Copeland and M. G. Neubauer: Structural
features of the murine gene encoding the RI beta subunit of
cAMP-dependent protein kinase. Mol Cell Neurosci5,153-
64 (1994)

219. C. H. Clegg, H. S. Haugen and L. F. Boring: Promoter
sequences in the RI beta subunit gene of cAMP-dependent
protein kinase required for transgene expression in mouse
brain. J Biol Chem271,1638-44 (1996)

220. K. Milde-Langosch, H. Roder, B. Andritzky, B. Aslan,
G. Hemminger, A. Brinkmann, C. M. Bamberger, T.

5276

Loning and A. M. Bamberger: The role of the AP-1
transcription factors c-Fos, FosB, Fra-1 and Fra-2 in the
invasion process of mammary carcinomas. Breast Cancer
Res Treat86,139-52 (2004)

221. M. Guha, M. A. O'Connell, R. Pawlinski, A. Hollis, P.
McGovern, S. F. Yan, D. Stern and N. Mackman:
Lipopolysaccharide activation of the MEK-ERKI1/2
pathway in human monocytic cells mediates tissue factor
and tumor necrosis factor alpha expression by inducing
Elk-1 phosphorylation  and  Egr-1 expression.
Blood98,1429-39 (2001)

222. W. K. Wong, X. M. Ou, K. Chen and J. C. Shih:
Activation of human monoamine oxidase B gene
expression by a protein kinase C MAPK signal transduction
pathway involves c-Jun and Egr-1. J Biol Chem277,22222-
30 (2002)

223. C. Hodge, J. Liao, M. Stofega, K. Guan, C. Carter-Su
and J. Schwartzz Growth hormone stimulates
phosphorylation and activation of elk-1 and expression of
c-fos, egr-1, and junB through activation of extracellular
signal-regulated kinases1 and2. J Biol Chem273,31327-36
(1998)

224. M. Rim, S. A. Qureshi, D. Gius, J. Nho, V. P.
Sukhatme and D. A. Foster: Evidence that activation of the
Egr-1 promoter by v-Raf involves serum response
elements. Oncogene7,2065-8 (1992)

225. 1. S. Singh, Z. Luo, M. T. Kozlowski and J.
Erlichman: Association of USF and c-Myc with a helix-
loop-helix-consensus motif in the core promoter of the
murine type II beta regulatory subunit gene of cyclic
adenosine3',5'-monophosphate-dependent protein kinase.
Mol Endocrinol8,1163-74 (1994)

226. H. K. Knutsen, K. Tasken, W. Eskild, J. S. Richards,
R. C. Kurten, P. A. Torjesen, T. Jahnsen, V. Hansson, S.
Guerin and K. A. Tasken: Characterization of theS'-
flanking region of the gene for the cAMP-inducible protein
kinase A subunit, Rllbeta, in Sertoli cells. Mol Cell
Endocrinol129,101-14 (1997)

227. M. K. Dahle, K. Tasken and K. A. Tasken: USF2
inhibits C/EBP-mediated transcriptional regulation of the
Rllbeta subunit of cAMP-dependent protein kinase. BMC
Mol Biol3,10 (2002)

228. E. Benasciutti, G. Pages, O. Kenzior, W. Folk, F. Blasi
and M. P. Crippa: MAPK and JNK transduction pathways
can phosphorylate Spl to activate the uPA minimal
promoter element and endogenous gene transcription.
Blood104,256-62 (2004)

229. D. S. Atkins, M. R. Basha and N. H. Zawia:
Intracellular signaling pathways involved in mediating the
effects of lead on the transcription factor Spl. /nt J Dev
Neurosci21,235-44 (2003)

230. I. C. Sroka, R. B. Nagle and G. T. Bowden:
Membrane-typel matrix metalloproteinase is regulated by
spl through the differential activation of AKT, JNK, and
ERK pathways in human prostate tumor cells.
Neoplasia9,406-17 (2007)

231. R. C. Sears: The life cycle of C-myc: from synthesis to
degradation. Cell Cycle3,1133-7 (2004)

232. R. Sears, F. Nuckolls, E. Haura, Y. Taya, K. Tamai
and J. R. Nevins: Multiple Ras-dependent phosphorylation
pathways regulate Myc protein stability. Genes
Dev14,2501-14 (2000)



233. X. Mo, E. Kowenz-Leutz, H. Xu and A. Leutz: Ras
induces mediator complex exchange on C/EBP beta. Mol
Cell13,241-50 (2004)

234. G. Nebl, N. Mermod and A. C. Cato: Post-
transcriptional ~ down-regulation of  expression of
transcription factor NF1 by Ha-ras oncogene. J Biol
Chem269,7371-8 (1994)

235. S. Barradeau, T. Imaizumi-Scherrer, M. C. Weiss and
D. M. Faust: Muscle-regulated expression and determinants
for neuromuscular junctional localization of the mouse
Rlalpha regulatory subunit of cAMP-dependent protein
kinase. Proc Natl Acad Sci U S A98,5037-42 (2001)

236. P. C. Fernandez, S. R. Frank, L. Wang, M. Schroeder,
S. Liu, J. Greene, A. Cocito and B. Amati: Genomic targets
of the human c-Myc protein. Genes Dev17,1115-29 (2003)
237. Z. Li, S. Van Calcar, C. Qu, W. K. Cavenee, M. Q.
Zhang and B. Ren: A global transcriptional regulatory role
for c-Myc in Burkitt's lymphoma cells. Proc Natl Acad Sci
U S A100,8164-9 (2003)

238. J. W. Streb and J. M. Miano: AKAPI12alpha, an
atypical serum response factor-dependent target gene. J
Biol Chem?280,4125-34 (2005)

239. C. S. Lin, S. Chow, A. Lau, R. Tu and T. F. Lue:
Identification and regulation of human PDESA gene
promoter. Biochem Biophys Res Commun280,684-92
(2001)

240. C. S. Lin, S. Chow, A. Lau, R. Tu and T. F. Lue:
Regulation of human PDES5SA?2 intronic promoter by cAMP
and cGMP: identification of a critical Spl-binding site.
Biochem Biophys Res Commun280,693-9 (2001)

241. M. K. Mohamed, R. E. Taylor, D. S. Feinstein, X.
Huang and S. J. Pittler: Structure and upstream region
characterization of the human gene encoding rod
photoreceptor cGMP phosphodiesterase alpha-subunit. J
Mol Neuroscil0,235-50 (1998)

242. L. E. Lerner, Y. E. Gribanova, M. Ji, B. E. Knox and
D. B. Farber: Nrl and Sp nuclear proteins mediate
transcription of rod-specific cGMP-phosphodiesterase beta-
subunit gene: involvement of multiple response elements. J
Biol Chem?276,34999-5007 (2001)

243. L. E. Lerner, Y. E. Gribanova, L. Whitaker, B. E.
Knox and D. B. Farber: The rod cGMP-phosphodiesterase
beta-subunit promoter is a specific target for Sp4 and is not
activated by other Sp proteins or CRX. J Biol
Chem?277,25877-83 (2002)

244. M. Torras-Llort and F. Azorin: Functional
characterization of the human phosphodiesterase7Al
promoter. Biochem J373,835-43 (2003)

245. N. Pore, S. Liu, H. K. Shu, B. Li, D. Haas-Kogan, D.
Stokoe, J. Milanini-Mongiat, G. Pages, D. M. O'Rourke, E.
Bernhard and A. Maity: Spl is involved in Akt-mediated
induction of VEGF expression through an HIF-1-
independent mechanism. Mol Biol Cell15,4841-53 (2004)
246. J. Milanini-Mongiat, J. Pouyssegur and G. Pages:
Identification of two Spl phosphorylation sites for p42/p44
mitogen-activated protein kinases: their implication in
vascular endothelial growth factor gene transcription. J Biol
Chem277,20631-9 (2002)

247. C. E. Foulds, M. L. Nelson, A. G. Blaszczak and B. J.
Graves: Ras/mitogen-activated protein kinase signaling
activates Ets-1 and Ets-2 by CBP/p300 recruitment. Mol
Cell Biol24,10954-64 (2004)

5277

248. B. S. Yang, C. A. Hauser, G. Henkel, M. S. Colman,
C. Van Beveren, K. J. Stacey, D. A. Hume, R. A. Maki and
M. C. Ostrowski: Ras-mediated phosphorylation of a
conserved threonine residue enhances the transactivation
activities of c-Etsl and c-Ets2. Mol Cell Bioll6,538-47
(1996)

249. K. W. Lee, M. S. Kim, N. J. Kang, D. H. Kim, Y. J.
Surh, H. J. Lee and A. Moon: H-Ras selectively up-
regulates MMP-9 and COX-2 through activation of
ERK1/2 and NF-kappaB: an implication for invasive
phenotype in rat liver epithelial cells. Int J
Cancer119,1767-75 (2006)

250. B. Y. Kim, R. B. Gaynor, K. Song, A. Dritschilo and
M. Jung: Constitutive activation of NF-kappaB in Ki-ras-
transformed prostate epithelial cells. Oncogene21,4490-7
(2002)

251. T. S. Finco and A. S. Baldwin, Jr.: Kappa B site-
dependent induction of gene expression by diverse inducers
of nuclear factor kappa B requires Raf-1. J Biol
Chem?268,17676-9 (1993)

252. S. A. Shell, C. Fix, D. Olejniczak, N. Gram-Humphrey
and W. H. Walker: Regulation of cyclic adenosine3',5'-
monophosphate response element binding protein (CREB)
expression by Spl in the mammalian testis. Biol
Reprod66,659-66 (2002)

253. F. J. Delfino and W. H. Walker: NF-kappaB induces
cAMP-response element-binding protein gene transcription
in sertoli cells. J Biol Chem274,35607-13 (1999)

254. X. Zhang, D. T. Odom, S. H. Koo, M. D. Conkright,
G. Canettieri, J. Best, H. Chen, R. Jenner, E.
Herbolsheimer, E. Jacobsen, S. Kadam, J. R. Ecker, B.
Emerson, J. B. Hogenesch, T. Unterman, R. A. Young and
M. Montminy: Genome-wide analysis of cAMP-response
element binding protein occupancy, phosphorylation, and
target gene activation in human tissues. Proc Natl Acad Sci
U S A102,4459-64 (2005)

255. S. Impey, S. R. McCorkle, H. Cha-Molstad, J. M.
Dwyer, G. S. Yochum, J. M. Boss, S. McWeeney, J. J.
Dunn, G. Mandel and R. H. Goodman: Defining the CREB
regulon: a genome-wide analysis of transcription factor
regulatory regions. Cell119,1041-54 (2004)

256.J. L. Chao, Y. G. Ni, C. A. Bolanos, Z. Rahman, R. J.
DiLeone and E. J. Nestler: Characterization of the mouse
adenylyl cyclase type VIII gene promoter: regulation by
cAMP and CREB. Eur J Neuroscil6,1284-94 (2002)

257. D. Wang, C. Deng, B. Bugaj-Gaweda, M. Kwan, C.
Gunwaldsen, C. Leonard, X. Xin, Y. Hu, A. Unterbeck and
M. De Vivo: Cloning and characterization of novel PDE4D
isoforms PDE4D6 and PDE4D7. Cell Signall5,883-91
(2003)

258. T. E. Meyer, G. Waeber, J. Lin, W. Beckmann and J.
F. Habener: The promoter of the gene encoding3',5'-cyclic
adenosine monophosphate (cAMP) response element
binding protein contains cAMP response elements:
evidence for positive autoregulation of gene transcription.
Endocrinology132,770-80 (1993)

259. E. Coven, Y. Ni, K. L. Widnell, J. Chen, W. H.
Walker, J. F. Habener and E. J. Nestler: Cell type-specific
regulation of CREB gene expression: mutational analysis
of CREB promoter activity. J Neurochem71,1865-74
(1998)



260. R. Shyamsundar, Y. H. Kim, J. P. Higgins, K.
Montgomery, M. Jorden, A. Sethuraman, M. van de Rijn,
D. Botstein, P. O. Brown and J. R. Pollack: A DNA
microarray survey of gene expression in normal human
tissues. Genome Biol6, R22 (2005)

261. P. M. Haverty, Z. Weng, N. L. Best, K. R. Auerbach,
L. L. Hsiao, R. V. Jensen and S. R. Gullans: Hugelndex: a
database with visualization tools for high-density
oligonucleotide array data from normal human tissues.
Nucleic Acids Res30,214-7 (2002)

Key Words: Ras, oncogene, cAMP, PKA, Transcriptional
Regulation, Transformation, Cancer, Review

Send correspondence to: Dr. Ferdinando Chiaradonna,
University of Milano-Bicocca, Piazza della Scienza 2,
20126 Milano Tel: 390264483526, Fax: 390264483552, E-
mail: ferdinando.chiararadonna@unimib.it

http://www.bioscience.org/current/vol13.htm

5278



