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Abstract

H-ras, N-ras, and K-ras are canonical ras gene family members frequently activated by point mutation in human cancers and coding for 4
different, highly related protein isoforms (H-Ras, N-Ras, K-Ras4A, and K-Ras4B). Their expression is nearly ubiquitous and broadly conserved
across eukaryotic species, although there are quantitative and qualitative differences of expression depending on the tissue and/or developmental
stage under consideration. Extensive functional studies have determined during the last quarter century that these Ras gene products are critical
components of signaling pathways that control eukaryotic cell proliferation, survival, and differentiation. However, because of their homology and
frequent coexpression in various cellular contexts, it remained unclear whether the different Ras proteins play specific or overlapping functional roles in
physiological and pathological processes. Initially, their high degree of sequence homology and the observation that all Ras isoforms share common
sets of downstream effectors and upstream activators suggested that they were mostly redundant functionally. In contrast, the notion of functional
specificity for each of the different Ras isoforms is supported at present by an increasing body of experimental observations, including 1) the fact
that different ras isoforms are preferentially mutated in specific types of tumors or developmental disorders; 2) the different transforming potential of
transfected ras genes in different cell contexts; 3) the distinct sensitivities exhibited by the various Ras family members for modulation by different
GAPs or GEFs; 4) the demonstration that different Ras isoforms follow distinct intracellular processing pathways and localize to different membrane
microdomains or subcellular compartments; 5) the different phenotypes displayed by genetically modified animal strains for each of the 3 ras loci; and

6) the specific transcriptional networks controlled by each isoform in different cellular settings.
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Introduction
The Ras Subfamily

The 3 canonical members of the Ras
gene family (H-ras, N-ras, and K-ras)
were identified more than a quarter cen-
tury ago because of their frequent onco-
genic activation in human tumors. They
are the founding members of the wider
Ras superfamily including more than
150 small GTPases, divided into at least
5 distinct subfamilies (Ras, Rho/Rac,
Rab, Arf, and Ran) on the basis of pri-
mary sequence relationships. In particu-
lar, the Ras subfamily encompasses the
H-ras, N-ras, and K-ras genes together
with the closely related R-Ras/TC21,
Ral, and Rap loci."”

All Ras superfamily proteins share
very similar molecular structures and a
common ability to bind and hydrolyze
guanine nucleotides. The Ras proteins are
continually cycling between active (GTP
bound) and inactive (GDP bound) con-
formational states dependent on struc-
tural changes occurring mostly in the 2

motile switch I and switch II regions,
which are also responsible for the func-
tional interactions of these proteins with
negative (GAP) and positive (GEF) cel-
lular regulators.**"* The binary behavior
aspects of these proteins enable them to
function as molecular switches in a broad
range of signaling processes related to the
transduction of extracellular signals to
the interior of cells. Oncogenic mutations
at positions 12, 13, or 61 of the H-ras,
N-ras, and K-ras genes are among the
most common genetic lesions in mamma-
lian tumors.'*"'® These mutations result in
significant impairment of the overall
GTPase activity of the carrier Ras pro-
teins and lock them into a constitutively
activated state in which they signal to
downstream effectors, even in the
absence of extracellular stimuli.
Expression of the H-ras, N-ras, and
K-ras genes is nearly ubiquitous and
broadly conserved across species,
although there are specific differences of
expression levels depending on the tis-
sue and the developmental stage under

study.'” In particular, these 3 loci are
known to code for 4 different protein
isoforms (H-Ras, N-Ras, K-Ras4A, and
K-Ras4B), the latter 2 resulting from
alternative splicing of exon 4 of the
K-ras locus.'**?® These 4 Ras isoform
proteins are highly homologous regard-
ing their primary amino acid sequence
(~80%), and the differences among them
concentrated in the so-called hypervari-
able region (HVR) of their C-terminal
domains.***® These mammalian ras
genes are expressed in all cell lineages
and organs, although there are differ-
ences in expression through prenatal and
postnatal development, and certain adult
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tissues preferentially express one or
other member of the family.'**"**

The mammalian Ras subfamily pro-
teins (H-Ras, N-Ras, K-Ras4A, and
K-Ras4B) are highly conserved across
different species and play functionally
significant roles in numerous cellular
processes, including proliferation, dif-
ferentiation, and cell death. The high
number of Ras activators and effectors
identified in mammalian cells places the
Ras proteins at the crossroads of a stag-
gering number of cellular signaling net-
works. Such a central role of Ras gene
products in normal cell signaling is also
consistent with the high frequency of
oncogenic activation of ras genes in
human cancers. The importance of Ras
signaling in tumor initiation and mainte-
nance is emphasized not only by the
prevalence of ras mutations but also by
the deregulation of many of its activator
or effector pathways, thus affecting Ras
pathway activity.*'>***>* Indeed, the
study of the contribution of Ras signal-
ing to tumor development has greatly
improved our current understanding of
the molecular basis for the pathogenesis
of many human cancers.”>>’

Emerging Notions of Specificity

Historically, the high degree of sequence
identity coupled to the early reports
describing the nearly identical ability of
mutated H-ras, N-ras, and K-ras onco-
genes to cause transformation of
NIH3T3 and other cell types and to acti-
vate the same, shared downstream cel-
lular effectors supported for a long time
the idea of functional in vivo overlap-
ping for the protein products of these 3
distinct ras  genes."""?™*®  Indeed,
because of these preconceived notions
of functional redundancy, a majority of
the earlier Ras studies were done using
H-Ras only, with the underlying assump-
tion that the different Ras proteins were
functionally overlapping and inter-
changeable. However, the accumulation
of additional experimental data soon
began to suggest otherwise, supporting
the possibility of distinct functional

roles for each Ras family member.>****

Initial suspicions of the possibility of
functional specificity for each distinct
Ras isoform were raised by observations
such as 1) the prevalent presence of spe-
cific ras oncogenes in particular forms
of human tumors'****; 2) the high con-
servation across mammalian species of
the distinct amino acid sequences of the
different Ras isoforms in their C-terminal
HVRs; or 3) the different patterns of
expression, intracellular processing, and
subcellular location displayed by the
fully processed, mature protein products
of the different ras gene isoforms.

It was apparent from the early begin-
ning studies that different human tumor
types showed preferential oncogenic
activation of specific Ras isoforms.
Thus, K-ras mutations occur at very
high frequency in pancreatic, colon, or
lung cancer, whereas N-ras and H-ras
mutations are extremely uncommon in
those tumors; conversely, N-ras muta-
tions occur in a high percentage of acute
leukemias, whereas H-ras and K-ras
mutations are much less common
there*”* (Fernandez-Medarde and San-
tos, current journal issue). The simplest
interpretation for such observations
would be that the oncogenic H-Ras,
N-Ras, and K-Ras proteins display dif-
ferent biological specificities.

The notion of functional specificity
for the different Ras subfamily protein
isoforms was also consistent with and
supported by the distinct, unique pat-
terns of expression, intracellular pro-
cessing, and subcellular location
described for each of the different Ras
isoforms in various types of cells, tis-
sues, or organisms. Although N-ras,
H-ras, and K-ras are nearly ubiquitously
expressed, the quantitative ratios among
their expressed isoforms may vary
widely depending on the cell lineage,
tissue, or even developmental stage
under analysis. Thus, whereas K-Ras4B
is the most frequently expressed K-ras
isoform under normal conditions,
expression of K-Ras4A is also signifi-
cantly induced during differentiation of
pluripotent embryonic stem cells in

vitro.® In mice, the level of H-ras tran-
scripts is highest in the brain, muscle,
and skin and lowest in the liver; K-ras
transcripts are more abundant in the gut,
lung, and thymus and are rare in skin
and skeletal muscle; finally, N-ras tran-
scripts are more prevalent in the testis
and thymus.'® Differential expression of
these 3 ras genes has also been observed
during mouse embryonic development,
with N-ras expression being highest at
day 10 of gestation and K-ras expression
being lowest toward the end of gesta-
tion."””" In any case, despite the varia-
tions in relative expression levels, all 3
ras genes are concurrently expressed in
most mouse and human tissues.”’**
Comparison of the highly conserved
primary sequences of these 4 highly
homologous Ras protein isoforms shows
that their differences are concentrated in
the HVR of their C-terminal domains***
(Fig. 1). Interestingly, the primary amino
acid sequence of the HVR of the different
Ras gene products is very well conserved
among vertebrate species as distant as the
human and carp, suggesting that such
variability reflects the possible functional
specificity of each specific HVR protein
domain instead of being just a random
phenomenon.” In addition, the specific
differences observed in the processes of
intracellular processing and localization
of the different Ras protein isoforms
newly synthesized in ribosomes may pro-
vide further biological basis for isoform-
specific  function.!”'®2*#15+ Indeed,
although the highly conserved domains
of these Ras isoforms include the same
effector-binding loops and regulatory
regions, the access to their potential inter-
acting partners may be governed to a
large extent through their differing local-
izations within cells.®' The tissue-specific
requirements of the various Ras isoforms
may be explained by the contrasting
abundance of their protein products in
different cell types.'”*"® These require-
ments may also be explained by the dis-
parity in the distribution and the activation
outputs of these isoforms within intracel-
lular membrane compartments of differ-
ent cell types. For example, plasma
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Figure 1. Primary structure of Ras proteins. The structure of Ras proteins includes highly conserved domains responsible for binding and hydrolysis
of guanine nucleotides, functional interaction with activators and effectors, and attachment to membranes. Green boxes refer to the 4 epitopes
responsible for interaction with guanine nucleotides. The red box represents the area of interaction with downstream effectors. The areas represented
by the striped box (switch I) and the squared box (switch Il) undergo conformational changes depending on Ras binding to GDP or GTP. The
unique cysteine residue located in the CAAX box (red) is farnesylated, whereas the immediately upstream cysteine residues (green) located in the

hypervariable region may be palmitoylated.

membrane—tethered K-Ras can induce
transformation, whereas mitochondrial
K-Ras induces apoptosis.” Moreover,
although activated H-Ras is associated
with both the Golgi and the endoplasmic
reticulum (ER), only the ER-associated
form can activate Rafl-Erk signaling.®'
In contrast to the ER-tethered H—Ras,61
the Golgi-associated forms do not induce
transformation,” suggesting that the sub-
cellular distribution of Ras effectors
determines their activation by Ras and, in
turn, regulates Ras functions.

In summary, despite the enormous
body of experimental knowledge accu-
mulated over more than 30 years on dif-
ferent aspects of the Ras gene subfamily
members, there still remain many funda-
mental, unanswered questions regarding
the biology and functional significance
of the different Ras isoforms. Among
these, a critical issue is the complete
clarification, and quantitative character-
ization, of the degree of functional spec-
ificity or overlapping exhibited by the
different Ras isoforms in the various cell
lineages and tissues where they are all
present and simultaneously expressed.

We will focus the following sections
on reviewing experimental evidence from
various Ras research areas, providing sig-
nificant clues to address the issue of func-
tional specificity or redundancy of the

different isoforms of the Ras subfamily.
In particular, we will discuss 1) studies
of Ras function in the context of different
pathological conditions associated with
Ras mutations, including cancer and
hereditary developmental syndromes;
2) studies of the functional role of Ras
proteins in various physiological cellular
contexts; 3) specific aspects of the expres-
sion, biosynthesis, and intracellular
processing of different Ras isoforms;
4) analysis of distinct phenotypes dis-
played by various transgenic and knock-
out strains for each Ras family member;
and 5) analysis of transcriptional net-
works dependent on the presence of spe-
cific Ras isoforms.

Specificity of Ras Isoforms
in Pathological Contexts

The mitogenic potency of the ras gene
products has been very widely docu-
mented in the scientific literature. The
mutationally activated forms of H-ras,
K-ras, and N-ras can efficiently trans-
form cells in vivo and in vitro and have
also been detected in a broad spectrum
of human tumors and developmental
syndromes. The preferential association
of particular ras oncogene isoforms with
specific forms of sporadic tumors
or hereditary syndromes is a powerful

argument favoring the notion of func-
tional specificity of the different Ras
isoforms in each of those different path-
ological settings.

Ras Isoform Mutations
in Human Tumors

The most frequent mechanism of onco-
genic activation involves point muta-
tions affecting the interaction of Ras
with guanine nucleotides. Mutations
detected in naturally occurring ras onco-
genes affect codons 12, 13, 59, and 61.
These mutations result in inhibition of
GTP hydrolysis, either by diminishing
GTPase activity or (for codon 59) by
modulating the rate of guanine nucleo-
tide exchange.*

Oncogenic ras mutations are found in
a great variety of human cancers,
although their incidence varies consider-
ably with tumor type.”**** Qualitatively,
H-ras mutations have been reported in
melanoma, bladder, thyroid, and mam-
mary carcinoma; K-ras mutations have
been found in bladder, ovarian, thyroid,
lung, colon and rectum, and pancreatic
carcinoma; neuroblastoma; rhabdomyo-
sarcoma; and acute nonlymphocytic
leukemia. Finally, N-ras mutations were
also described in melanoma, thyroid car-
cinoma, teratocarcinoma, fibrosarcoma,



[ Ras isoform specificity / Castellano and Santos

| MONOGRAPHS ]

neuroblastoma, rhabdomyosarcoma,
Burkitt lymphoma, acute promyelocytic
leukemia, T cell leukemia, and chronic
myelogenous leukemia™* (Fernandez-
Medarde and Santos, current journal
issue). Quantitative analysis demon-
strates the preferential association of
some of the ras oncogenes with specific
forms of human tumors. Thus, K-ras—
activating missense mutations are fre-
quently detected in non—small cell lung
cancer (15%-20%)," colon adenomas
(40%),"" and pancreatic adenocarcino-
mas (95%)," making it the single most
common mutationally activated human
oncoprotein. Likewise, N-ras mutations
are frequently present in hematological
malignancies (20%-30%) such as acute
myeloblastic leukemia.”** In contrast,
other tumor types do not show any sig-
nificant preference for a specific ras
oncogene isoform. For example, more
than half of malignant thyroid tumors
(poorly differentiated or undifferentiated)
harbor a mutation in K-ras, H-ras, or
N-ras.** Furthermore, mutations in all 3
ras isoforms may occur within the same
tumor in some thyroid adenomas and car-
cinomas, suggesting that each isoform
may contribute to different aspects of
tumoral growth. Simultaneous mutations
in K-ras and N-ras have also been
detected in multiple myeloma.®® Finally,
although ras mutations are rare in breast
cancer, point mutations in H-ras or K-ras
have been detected in primary carcino-
mas and in some mammary tumor-
derived cell lines.*"%

Ras Isoform Mutations
in Developmental Disorders

The implication of aberrant Ras signal-
ing in other noncancerous, pathogenic
disorders including different human
developmental defect syndromes is also
demonstrated by the discovery in
patients of germline mutations in differ-
ent members of the ras gene family or in
other components of Ras signaling path-
ways.***® The developmental disorders
associated with Ras pathway mutations
frequently share phenotypic features

including facial abnormalities, heart
defects, impaired growth and develop-
ment, and in some instances, a predispo-
sition to specific cancers.*>*

Germline mutations in the H-ras and
K-ras genes have been found, respec-
tively, in patients suffering from Costello
syndrome (CS) or Noonan syndrome
(NS)*®™77! " (Fernandez-Medarde ~and
Santos, current journal issue). CS and
NS share some phenotypic features but
also display specific phenotypes of their
own. The NS patients are characterized
by short stature, distinct facial anoma-
lies, a typical spectrum of congenital
heart defects including pulmonic steno-
sis, hypertrophic cardiomyopathy, and
septal defect and developmental
delays.*® The CS patients display some
Noonan-like characters, along with
other unique phenotypic features includ-
ing nasal papillomata, loose skin, and
strong predisposition to tumors, mainly
rhabdomyosarcoma, ganglioneuroblas-
toma, and bladder cancer.®”*®

Different reports have identified
K-ras germline mutations in 2% to 4%
of affected NS individuals.”"" The
K-ras mutations described in NS patients
are spread through different domains of
the primary sequence of K-Ras, includ-
ing the C-terminal region.””’' On the
other hand, about 90% of CS patients
harbor germline mutations in the H-ras
gene. These germline H-ras mutations
affect the same structural domains that
are mutated in cancer.””’® Indeed, a
majority of the H-ras alleles identified
in CS patients introduce amino acid sub-
stitutions in codons 12 and 13 that also
occur as somatic mutations in tumors.
However, the most common substitution
identified in CS (G12S) is uncommon in
cancer.””” Interestingly, some of the
H-ras and K-ras germline mutations
detected in NS and CS patients fall out
of the usual sites of ras oncogenic acti-
vation and affect amino acid residues
located in the C-terminal regions of
these Ras proteins. For example, signifi-
cant numbers of amino acid substitu-
tions in the a-5 helix of K-Ras4B
(including V152G, D153V, and F156I)

have been detected in NS patients.®”"!

Likewise, H-ras germline mutations
causing substitutions such as K117R and
A146T have also been reported in CS
patients.”’® Structural and functional
analyses of this type of mutations in the
C-terminal region suggest that the result-
ing mutant Ras proteins exhibit increased
rate of guanine nucleotide dissociation
favoring the active, GTP-bound Ras
conformation.””’*’® Finally, germline
mutations in N-ras have not yet been
associated with the so-called neurocar-
diofaciocutaneous (NCFC) syndromes.
However, heterozygous germline acti-
vating mutations in N-ras (G13D) have
been found that are linked to selective
immune abnormalities, such as autoim-
mune lymphoproliferative syndrome
and hematological malignancies.”’

Mechanistic Aspects Underlying
Functional Specificity/Redundancy
of Ras Isoforms

An important, still unresolved question
concerns our understanding of the bio-
logical basis for the preferential pres-
ence of particular ras isoform mutations
in the context of specific pathological
conditions such as particular tumors or
other developmental syndromes. Con-
sidering that mutant ras isoforms often
display higher biological potency than
their wild-type counterparts, an interest-
ing hypothesis is that the specific patho-
logical phenotypes are the net result of
exacerbated cellular signaling resultant
from superimposing the signaling out-
comes mediated by the actual cohort of
wild-type and mutated Ras isoforms
present in the affected cell types. It is
very likely that 1) the intrinsically dif-
ferent biological potency of the different
ras isoforms, together with 2) the differ-
ent cellular contexts in which these iso-
forms are expressed, are the essential
factors contributing to determining the
functional specificity or redundancy
observed in each particular case.

Different biological potency of Ras iso-
forms. A number of separate reports have
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documented that the H-Ras, N-Ras, and
K-Ras isoforms display very distinct
transforming potential when transfected
into different, specific cell lines.”*™ For
example, it has been reported that the
H-ras oncogene exhibits consistently
greater transforming ability than onco-
genic N-ras or K-ras when tested in a
range of fibroblast-based transformation
assays.”™” In contrast, the N-ras isoform
showed greater transforming potential
than the other 2 in the human hemopoi-
etic cell line TF-1." As the distinct trans-
forming potential of oncogenic Ras
isoforms does not seem to result from dif-
ferences in expression level or stability of
the encoded Ras proteins, these observa-
tions suggest that there are tissue-specific
components in the different biological
potencies shown by each of the 3 ras
oncogenes.” Consistent with this notion,
a separate report has described the differ-
ential impact of the effector loop muta-
tion P34G on the biological activity of
the 3 Ras isoforms in the context of a
hyperactive mutation (G12V).*' Interest-
ingly, although the P34G mutation maps
to a region showing almost complete
homology among the 3 Ras isoforms,
very different biological phenotypes
and downstream signaling outcomes
were observed depending on the particu-
lar ras isoform under consideration.
Thus, whereas the H-RasV12G34
mutant retained the ability to cause mor-
phological transformation of fibroblasts,
the N-RasV12G34 and K-RasV12G34
mutants were completely devoid of trans-
forming activity. Furthermore, whereas
the actin cytoskeleton of fibroblasts over-
expressing H-RasV12G34 was identical
to that of RasV12-transformed fibro-
blasts, cells overexpressing the N- or
K-RasV12G34 mutants showed an actin
cytoskeleton typical of untransformed
cells.”

Further studies in other biological
settings confirm the different biological
potency of the 3 Ras isoforms.®** For
example, using a bone marrow transduc-
tion/transplantation model, it has been
shown that all H-Ras, N-Ras, and K-Ras
have the potential to induce myeloid

leukemia in mice, but they differ in
terms of their potency and the resulting
disease phenotype.* Thus, oncogenic
N-Ras can induce acute myeloid leuke-
mia (AML)- or chronic myelomono-
cytic leukemia (CMML)-like disease in
mice, whereas expression of oncogenic
K-Ras invariably induces a CMML-like
disease, and oncogenic H-Ras always
induces an AML-like disease in the same
mouse model.* Finally, there is also
experimental evidence indicating that,
besides their mutant, activated counter-
parts, wild-type Ras may also contribute
to transformation.”*® In support of this
notion, it has also been demonstrated that
oncogenic H-Ras requires wild-type
N-Ras for transformation.***”  Other
reports have described the convergence,
in wild-type cells, of separate signals
originated from different Ras isoforms
to generate a common final biological
output. Thus, K-Ras and N-Ras were
reported to jointly exert their influence on
the cytoskeleton by affecting migration,
invasion, and anchorage-independent
growth via a mechanism in which N-Ras
influences adhesion through Raf and
RhoA, whereas K-Ras coordinates motil-
ity by signaling through Akt and Cdc42.%

Effect of cellular context on the func-
tional properties of Ras isoforms. It is
clearly apparent that the biological and
cellular context in which the different
Ras isoforms are expressed plays also a
significant role in determining the
observable, functional properties dis-
played by those isoforms. For example,
there are clear phenotypic differences
associated with oncogenic activation of
either endogenous K-ras or N-ras in vivo
in the colonic epithelium.*® Thus, K-ras
activation in this epithelium stimulated
hyperproliferation in a MEK-dependent
manner and, in the context of an Apc
mutant colonic tumor, led to defects in
terminal differentiation and expansion
of putative stem cells within the tumor
epithelium. In contrast, oncogenic N-ras
did not alter the growth properties of the
epithelium but was able to confer resis-
tance to apoptosis, suggesting that these

functional differences may account,
at least in part, for the high frequency
of K-ras mutations detected in colon
cancer."

Ras protein isoforms appear also to
play a significant role in tumor progres-
sion and the metastatic processes as the
result of their differential involvement in
regulating the turnover of focal adhe-
sions and cell movement.* For example,
some reports have suggested that K-Ras
is more effective than H-Ras in stimulat-
ing cell motility.”””' One contributing
factor might be the preferential activa-
tion of Rac by K-Ras because cell move-
ment requires the coordinated assembly
and disassembly of stress fibers.”” Fur-
thermore, in colon epithelial cells,
K-Ras but not H-Ras disrupts basolat-
eral polarity by altering the expression
of different intercellular adhesion pro-
teins, such as 1 integrin and N-cadherin
among others.”” The preferential ability
of K-Ras to induce loss of cell-cell and
cell-substratum adherence and to stimu-
late cell motility could account for the
highly invasive and metastatic pheno-
type of K-Ras—derived tumor cells.”**

It is clearly established that the fre-
quency of K-ras mutations in human
malignancies is considerably higher as
compared with the other Ras isoforms. It
has also been shown that K-Ras displays
reduced capacity to induce apoptosis
presumably because of its ability to acti-
vate more efficiently the antiapoptotic
cascade.” As the induction of apoptosis
or cell cycle arrest are thought to repre-
sent safeguard mechanisms limiting
tumor growth, the compromised ability
of K-Ras to induce apoptosis might
explain, at least in part, the selective
growth advantage of tumor cells harbor-
ing K-Ras mutations.””

Finally, the embryological origin of
the hosting cells or tissues may also be a
determining factor influencing the actual
phenotypes caused by different Ras iso-
forms. A number of reports have
described that activation of different Ras
isoforms promotes distinct phenotypes
depending upon the cell type in which
they are expressed. Consistent with this
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notion is the reported ability of activated
H-Ras to induce adipocytic or neuronal
differentiation.”™  Oncogenic H-Ras
was also reported to promote tumorigenic
transformation of the bladder and sali-
vary gland,”'* 2 tissues arising from the
transitional zone, a region where endo-
derm and ectoderm meet. On the other
hand, myeloid malignancies, germ cell
tumors, congenital melanocytic nevi, and
cutaneous melanomas, derived from the
neural crest (but not mucosal melanomas,
which are not derived from the neural
crest), are frequently associated with acti-
vated N-Ras.'”""'" Finally, K-Ras muta-
tions are detected at highest frequency in
tissues derived from the endodermal
germ layer, such as pancreas, lung, and
colorectal. In this regard, it has been
recently suggested that the preponder-
ance of K-Ras in tumors might be
explained by the ability of this isoform,
but not of H-Ras or N-Ras, to promote
the expansion of a stem/progenitor cell
population, which subsequently acquires
additional mutations to promote tumor
progression.'™*'% In fact, activated H-ras
induces differentiation, leading to the
cessation of proliferation, and eventual
death, which could explain the absence of
H-ras mutation in those tissues derived
from the endoderm. Activated N-ras
exerts no detectable biological effects in
endodermal progenitor cells.'**'%1%

Specificity of Ras Isoforms
in Physiological Settings

There are also a significant number of
experimental observations supporting the
notion that the different members of the
Ras family play specific cellular roles in a
variety of different physiological set-
tings."*'"” These include 1) the distinct
sensitivities exhibited by individual Ras
isoforms or particular subsets of the Ras
family for functional interactions with the
specific regulators of the Ras GTPase
cycle (GAPs'"? and GEFs'""""?) or with
different downstream effectors participat-
ing in various cellular Ras signaling path-
ways.' 2B Eurthermore, 2)  the
differences observed among different Ras

isoforms regarding their intracellular pro-
cessing pathways and their differential
compartmentalization to specific intra-
cellular compartments or plasma mem-
brane microdomains!7-20-56:58.90.113.115.119-122
provide additional strong evidence
in favor of the notion of functional
specificity.

Differential Interactions with
Regulators and Effectors
of Ras Signaling Pathways

A number of reports have described the
varying degrees of sensitivity exhibited
by different Ras isoforms in their func-
tional interactions with positive and
negative regulators of the Ras cycle,
including various mammalian Ras-
GAP""? and RasGEF isoforms.""'"* For
example, some studies have reported
that Ras-GRF1 is able in vivo to activate
H-Ras and R-Ras but not N-Ras or
K-Ras.'” Other reports have shown the
ability of RasGRP2 to activate N-Ras
and K-Ras but not H-Ras.""! Finally, the
ubiquitously expressed Sos GEF factor
has been reported to be able to induce
GDP/GTP exchange on all 3 N-, H-, and
K-Ras isoforms, but with different
degrees of potency (hierarchy H-Ras >
N-Ras > K-Ras).'**

Regarding their participation in cel-
lular signaling, most Ras isoforms
appear to be able to qualitatively acti-
vate the same effector pathways, but
there are multiple reports documenting
the occurrence of quantitative differences
in their ability to activate particular down-
stream effector pathways.'*>?"! 118 For
example, it is clearly apparent that the
different Ras isoforms vary in their abil-
ity to activate Raf-1 and phosphoinosit-
ide 3-kinase. Consistent with this notion,
K-Ras is reportedly more potent than
H-Ras to induce in vivo activation of
Raf-1, based on the higher efficiency
displayed by K-Ras to cause recruitment
of Raf-1 to the plasma membrane and
subsequent activation of its kinase activ-
ity."® In contrast, similar experiments
show that H-Ras is a considerably more
potent PI3K activator than K-Ras.'®

Other studies have similarly described
quantitative variations in the efficiency of
activation of downstream effects by dif-
ferent Ras isoforms in a number of other
cellular contexts.””'**'* Thus, K-Ras
was also reported to be a much more
potent and efficient activator of Rac-
dependent signaling than H-Ras.”' The
distinct C-terminal HVRs of H-Ras and
K-Ras appear to be the primary determi-
nants conditioning their differential
accessibility to the activators of Rac in
the specific, membrane-bound subcellu-
lar compartments where they are local-
ized."”™'® Likewise, H-Ras and K-Ras
have been reported to induce higher acti-
vation of NF-kB than N-Ras." It has
also been described that H-Ras can
become activated by the cyclopentenone
15-deoxy-A"*"*-prostaglandin J , through
the formation of a covalent adduct that
does not occur with N-Ras or K-Ras. "'

In summary, activation of the differ-
ent Ras isoforms induces a plethora of
cellular responses that depend on 1) the
particular set of effectors that are prefer-
entially activated in each case and 2) on
the intensity and amplitude of such an
activation, which may also itself undergo
positive or negative differential modula-
tion. For example, calmodulin has been
reported to downregulate Ras-ERK sig-
naling."'® Interestingly, only K-Ras (but
not H-Ras or N-Ras) is able to bind
to calmodulin and to inhibit down-
stream Raf and ERK1/2 activation, thus
demonstrating the existence of differen-
tial mechanisms of negative regulation
among different Ras isoforms.''®

Distinct Intracellular Processing and
Subcellular Location of Ras Isoforms

Attachment of Ras proteins to cellular
membranes is indispensable for them to
display their full biological functional-
ity. For this purpose, the newly synthe-
sized, cytosolic, inactive Ras precursors
need to undergo a series of postransduc-
tional modifications in order to attain
full biological activity’”"**"*® (Fig. 2).
The first set of modifications increases
the hydrophobicity at the C-terminus of
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Figure 2. Processing, transport, and localization of Ras proteins. Differences of primary structure and posttranslational modifications are responsible
for the differences of intracellular transport and subcellular localization observed among Ras isoforms. Farnesylation (black squiggle) and palmitoylation
(red squiggle) of newly synthesized H-Ras, N-Ras, and K-Ras4A are the essential signals controlling their traffic via the ER-Golgi secretory pathway
to their specific final plasma membrane destinations. In contrast, farnesylated K-Ras4B follows a different processing pathway and is directly shuttled

to the plasma membrane through a mechanism dependent on the presence of a specific, polybasic lysine-rich sequence at its C-terminal region.

the Ras isoforms through farnesylation of
Cys186 in the CAAX box, which targets
the Ras proteins to the surface of the
ER. This is followed by proteolytic cleav-
age of the —AAX motif and carboxy-
methylation of the resulting C-terminal
cysteine residue.”*"*”"* Interestingly,
K-Ras appears to be more efficiently
methylated than H-Ras or N-Ras,
although the underlying mechanism is
unknown.'” From this point on, at least 2
separate routes of intracellular processing

are specifically followed by the differ-
ent Ras isoforms in order to reach their
final cell membrane destinations. In the
case of H-Ras, N-Ras, and K-Ras4A, a
second set of lipid-modifying process-
ing events is required that involves pal-
mitoylation of Cysresidues immediately
adjacent to the Cys186 of the CAAX
box. The fully processed, palmitoylated
H-Ras, N-Ras, and K-Ras4A proteins
are thus enabled to follow the secretory
pathway, trafficking via vesicles budded

from the Golgi body towards the plasma
membrane.”' These 3 Ras isoforms dis-
play subtle, specific differences when
undergoing this second processing step.
Whereas H-Ras is palmitoylated in
both Cys181 and Cys184, N-Ras and
K-Ras4A are only monopalmitoylated,
respectively, in Cys181 and Cys180.>'
Interestingly, the 2 palmitoyl groups of
H-Ras are not equally significant for
intracellular trafficking: Palmitoylated
Cys181 support sell surface localization,
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whereas monopalmitoylation on Cys184
confines H-Ras to the Golgi apparatus.”'
Palmitoylated H-Ras and N-Ras can be
found on the plasma membrane, the
Golgi, and at least transiently, on the
ER."7"%1% palmitoylated Ras has also
been found on recycling endosomes
derived from the plasma membrane.'**

Unlike farnesylation, palmitoylation
is a reversible process, and the half-life
of palmitoyl groups on the Ras proteins
is very short (20-60 minutes) in com-
parison to that of their host protein moi-
eties (over 20 hours).'”*'* The resulting
cycle of acylation-deacylation enables
Ras proteins to shuttle between the
plasma membrane and the Golgi, thus
providing an alternative regulatory
mechanism to control the specific sub-
cellular compartmentalization of differ-
ent Ras isoforms. 1%

Unlike the other isoforms, K-Ras4B
does not undergo palmitoylation, and its
intracellular processing does not follow
the secretory pathway but involves
direct shuttling from the ER to the
plasma membrane. The mechanism by
which prenylated K-Ras4B bypasses the
conventional Golgi secretory pathway to
reach the plasma membrane is still
poorly understood. The specific polyba-
sic, lysine-rich region in its HVR is
clearly involved in controlling traffick-
ing and membrane anchorage through
electrostatic interaction with anionic
phospholipids of the inner side of the
plasma membrane.'” There is also exper-
imental evidence supporting a role of
microtubules in the process of K-Ras4B
intracellular trafficking to the plasma
membrane.'*"'*

In summary, the specific amino acid
sequence of the C-terminal HVRs of the
different Ras isoforms determines dif-
ferences of posttranslational modifica-
tions and intracellular trafficking that
result in the different subcellular local-
izations that likely account for differ-
ences of biological activity observed as
a result of their functional interactions
with colocalized upstream regulators or
downstream effectors,'7-2>390-11%120.122

As a result of the differences in
their posttranslational modifications, the

palmitoylated and polybasic-targeted Ras
isoform proteins are directed to different
localizations in the plasma membrane,
where they incorporate into nanoclusters
that potentially facilitate Ras-dependent
signaling by concentrating the compo-
nents of specific effector cascades'*
(Fig. 2).

The palmitoyl groups of H-Ras
preferentially target this isoform to
cholesterol-rich microdomains (lipid rafts
and caveolae), thus rendering H-Ras—
dependent signaling potentially sensitive
to perturbations of plasma membrane cho-
lesterol.”” The localization of Ras proteins
within different membrane subdomains is
dynamic and largely depends on the acti-
vation state of these proteins. Thus, H-Ras,
in its active GTP conformation, is known
to redistribute from lipid rafts to bulk
plasma membrane through a mechanism
requiring the HVR, and this change of
membrane domain localization is neces-
sary for efficient activation of downstream
effectors.”’**!* N-Ras also localizes into
the lipid rafts in the plasma membrane, but
it is never associated to caveolae.'” In
addition, N-Ras appears to move in the
opposite direction than H-Ras when acti-
vated.”' At present, it is not known whether
the H- and N-Ras nanoclusters are identi-
cal or share just a limited number of
molecular markers.

K-Ras is normally localized outside
of lipid rafts, irrespective of its bound
nucleotide state.'* The absence of
hydrophobic acyl groups on K-Ras
facilitates its cytosolic shuttling between
the cell surface and intracellular organ-
elles. In addition, the K-Ras polybasic
domain confers to this particular iso-
form the capacity to aggregate the
anionic lipid phosphatidylinositol-4,5-
bisphosphate, a substrate for PI3K,
which is itself a key Ras effector.'”” The
membrane localization of this isoform
can also be altered through phosphoryla-
tion of amino acid residues located
within the polybasic region, which is
known to release K-Ras from the
plasma membrane. For example, PKC-
mediated phosphorylation of this region
was reported to promote localization to
mitochondria, consequently triggering

apoptosis.”> In neurons, the polybasic-
prenyl motif of K-Ras has also been
reported to act as a reversible Ca*'/CaM-
regulated molecular switch releasing
K-Ras from the plasma membrane and
partially redistributing it to internal sites."”'

The occupation of specific subcellu-
lar “niches” by different Ras isoforms,
or just their preferential enrichment at
those locations, is bound to result also in
differential contributions of these differ-
ent Ras proteins to the biological out-
comes of the common, shared cellular
signaling pathways in which they all are
able to participate. Such a variety of dif-
ferential signaling responses attributable
to different Ras isoforms in different
cellular settings allows for a wide range
of possibilities to modulate the intensity
of Ras signaling as well as the spatial
and temporal distribution of those sig-
nals. For example, activation of receptor
tyrosine kinases (RTKs) is known to
result in the internalization of a large
proportion of the surface receptor popu-
lation that may thus be targeted for lyso-
somal degradation.'” It remains to be
determined the extent to which each dif-
ferent Ras isoform is able to cotraffic
with specific, activated receptor com-
plexes, thus facilitating signaling from
the surface of early/recycling endo-
somes. Although both H- and K-Ras can
recruit Raf to the plasma membrane,
high-resolution microscopy has revealed
that the activated K-Ras nanoclusters
retain Raf stably, whereas the activated
H-Ras—Raf interactions are transient.'>
These observations are consistent with
separate reports indicating that K-Ras is
a better activator of the Raf-MAPK cas-
cade than H-Ras.'"®

The differential subcellular localiza-
tion of the Ras isoforms determines also
their preferential interaction with colo-
calized regulatory proteins (GEFs and
GAPs) and effectors, thus facilitating
the generation of distinct functional
effects as a consequence of this
compartmentalized downstream Ras
signaling."** For example, Ras-MAPK
activation driven by H-Ras and N-Ras
displays a delayed and sustained profile
when these isoforms are located at the
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Golgi, but it is transient when the iso-
forms are located at the plasma mem-
brane. The functional differences caused
by different activation kinetics of the
Ras-MAPK pathway are clearly illus-
trated in PC12 cells by the contrasting
effects of EGF (transient activation) or
NGF (sustained activation), leading to
proliferation or differentiation, respec-
tively.'"> Ras signaling from endosomes
and the so-called rasosomes can also pro-
vide an increased intensity of signal.'*®

A number of reports have also noted
the presence of specific Ras isoforms in
less canonical subcellular locations, as
the mitochondria or the nucleus. Thus,
pl19, a H-Ras isoform lacking the C-
terminal HVR, has been reported to
localize to the cytosol and nucleus of
cells, where it apparently functions as a
regulator of the activity of the p73 tumor
suppressor.””” Other studies have also
reported the occurrence of N-Ras— and
K-Ras—mediated signaling in mitochon-
dria.**""*!%* K_Ras phosphorylation at
the HVR was reported to destabilize its
electrostatic interactions with the plasma
membrane, thus promoting its redistri-
bution to mitochondria.®* Mitochondrial
N-Ras and K-Ras have been described
to play a functional role in the mainte-
nance of normal mitochondrial mor-
phology and function."*®

A recent report suggests that deubiq-
uitinating enzymes can also influence
Ras isoform subcellular localization and
activation. It was reported that EGF-
induced expression of USP17 leads to
inhibition of H-Ras and N-Ras localiza-
tion to the plasma membrane, leaving
K-Ras unaffected. However, USP17
seems not to affect N-Ras localization to
the ER and the Golgi.'®

In summary, a multitude of studies
indicate that the subcellular localization
of the Ras isoforms is in a constant state
of spatiotemporal flux, regulated by a
variety of reversible posttranslational
modifications that may greatly impact
on their signaling capacity. Although all
isoforms have been found on a variety of
organelles, the key difference determin-
ing functional specificities might be the

relative proportions of each isoform
present in each location.

Phenotypes of Genetically
Modified Ras Mouse Models

The study of genetically engineered
mouse models has been very instrumen-
tal in order to assess the degree of func-
tional specificity or redundancy exhibited
by different Ras family members in vari-
ous physiological or pathological con-
texts. The earlier Ras animal models
focused mostly on analyzing the specific
contributions of different Ras oncogene
isoforms to various tumoral pathologies.
In particular, since the development of
the Ras oncomouse in 1987 (harboring a
transgenic MMTV—H-ras oncogene con-
struct),'®! a very extensive collection of
different mouse models including consti-
tutive or inducible transgenic, knockout
or knockin strains has been generated and
studied for the purpose of characterizing
the specific functional contributions of dif-
ferent Ras isoforms to the initiation or pro-
gression of various tumor types™'**'"" or
developmental disorders.'”'” The col-
lection of animal models analyzing the
contribution of K-ras genes to the devel-
opment of different forms of tumors is
particularly extensive'"*'”* and is also the
subject of an accompanying review in
this journal issue (O’Hagan and Heyer,
current journal issue).

In contrast to the studies of Ras-
related pathologies, the generation and
analysis of animal models of normal,
wild-type Ras function started only in
the late 1990s. An initial report showed
in 1995 the dispensability of the N-Ras
wild-type locus for normal mouse
growth development.'”® In contrast, 2
later reports described that K-Ras4B is
essential for embryogenesis,'”"'”® as the
embryos carrying homozygous null
mutations in the K-ras locus died at
midgestation (between E12 and E14)
and presented anemia and fetal liver
defects'”’ as well as increased motoneu-
ronal cell death and thinned heart ven-
tricular walls.'”® On the other hand,
mouse strains harboring homozygous

null mutants of the H-ras'""'” or
K-ras4A4"*"'® loci showed normal growth
rates and were indistinguishable from
wild-type control animals, indicating that
these individual genes are also dispensable
for normal mouse development. Simulta-
neous removal of H-ras and N-ras resulted
also in viable, fertile mice that did not
show any obvious phenotypic abnormali-
ties."”” However, in this case, the number
of adult, double knockout animals result-
ing from crosses between heterozygous
N-ras/H-ras animals was lower than
expected according to Mendelian ratios,
suggesting the possibility of partial func-
tional overlapping between N-Ras and
H-Ras in their contribution to full embryo
viability.'” Further insight into the func-
tional relationships between the 3 different
Ras isoforms is now available through the
study of newly developed mouse strains
carrying null H-Ras and N-Ras alleles
along with a floxed K-Ras locus and a
knocked-in inducible Cre recombinase,
which can be rendered Ras-less, devoid
of Ras proteins, by exposure to
4-hydroxytamoxifen (4OHT) or by infec-
tion with adenoviruses expressing a Cre
recombinase.'®

The joint analysis of all available
reports on Ras knockout animal models
indicates that, among all Ras isoforms,
only K-Ras4B is necessary and sufficient
for development of mice to the adult stage.
This notion would be consistent with
K-Ras4B performing specific cellular
functions that are not shared by H-Ras,
N-Ras, or K-Ras4A. Alternatively, the
selective requirement of K-Ras4B for nor-
mal mouse development might reflect a
requirement for expression of this isoform
in a specific cell type(s) during a critical
developmental stage(s).”> This second
possibility is supported by the observation
that mice in which the H-ras coding
sequences are knocked into the K-ras
locus (where native K-Ras protein expres-
sion is abolished and substituted by
H-Ras, expressed under the control of
the K-ras regulatory regions) were born at
the expected Mendelian frequency,
although the adult animals frequently pre-
sented with cardiomyopathies."™ These
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observations suggest that H-Ras may be
able to fully replace the essential
function(s) of K-Ras during embryogene-
sis, when its expression is controlled by
the K-ras promoter, but not during adult
life. More importantly, these findings sug-
gest that the mortality of the K-ras knock-
out mice may not derive from intrinsic
inability of the other isoforms to compen-
sate for K-Ras4B function but rather from
their inability to be expressed in the same
embryonic compartments, or with the
same timing, as K-Ras4B.

Transcriptomic Patterns
Associated with Specific
Ras Isoforms

As the H-Ras, N-Ras, and K-Ras pro-
teins are very similar regarding their
catalytic and effector-binding proper-
ties, most scientific data discussed so far
in this review support the notion that
their functional specificity in processes
of cell growth, development, or cancer is
largely the consequence of their differ-
ential spatiotemporal compartmentaliza-
tion in the different cell contexts where
they are expressed. An additional factor
that can also potentially contribute to
confer functional specificity to specific
Ras isoforms is their proven ability to
modulate distinct transcriptomic profiles
in the particular cell lineages in which
they are expressed. The development of
microarray-based technologies allowing
single-step examination of the complete
genome and protecome landscape of a
cell has allowed us to test and support
such a hypothesis. In particular, these
techniques have been instrumental to
characterize the different patterns of
genomic and proteomic expression aris-
ing in cells as a consequence of 1) the
presence of particular Ras isoforms in
various oncogenic contexts or 2) the
absence of specific Ras genes in the con-
text of knockout cellular models lacking
specific ras genes.'™'* The results of
these analyses support also the notion
that the different Ras genes may condi-
tion the expression of particular tran-
scriptional programs in the cells where
they are expressed.

Genomic and Proteomic Expression
Patterns Associated with the
Presence of Specific Ras Oncogenes

Early studies using suppression sub-
tractive hybridization (SSH) techniques
in immortalized, nontumorigenic rat
embryo fibroblasts and in H-ras—trans-
formed cells identified differential gene
expression profiles that were also instru-
mental to categorize common and dis-
tinct targets in cells transformed by
mutant H-ras, N-ras, or K-ras onco-
genes.'®” The cells transformed by onco-
genic H-ras showed overexpression of
genes linked to invasion and metastasis
and downregulation of genes related to
antiproliferative, anti-invasive, or anti-
angiogenic  processes. A  majority
(>90%) of the transcripts sensitive to
H-ras transformation showed also simi-
lar expression profiles in cells trans-
formed by the other Ras oncogenes.
However, a shorter list of transcripts
could still be identified that appeared to
be differentially regulated by each of the
different Ras oncogene isoforms.'®” The
H-ras oncogene can also induce specific
transcriptional profiles in other cellular
settings. Thus, microarray-based analy-
sis of PB-3c mast cells stably transfected
with oncogenic H-ras revealed a tran-
scriptional profile characterized by
increased expression of genes specifi-
cally affecting tumorigenesis such as
cell adhesion, signaling, or transcrip-
tional regulation and parallel downregu-
lation of a set of interferon-inducible
genes.'”

The existence of differential gene
expression programs specifically driven
by different Ras oncogene isoforms was
also supported by separate studies in
which constitutively active K-ras and
H-ras oncogenes were introduced into
the intermediate-stage colon adenoma
cell line Caco-2."™ In this case, analysis
of the resulting transcriptional patterns
indicated that these 2 Ras oncogenes
regulate different biological processes,
which may separately impact onto the
overall process of colon carcinogenesis.
Thus, oncogenic K-Ras preferentially
modulated expression of genes involved

in cytokine signaling, cell adhesion, and
colonic development, whereas oncogenic
H-Ras was mostly involved with regula-
tion of genes controlling cell morphol-
ogy, an observation consistent with
the epithelial-mesenchymal transition
observed in these cells. The available
data suggest that, in colorectal tumors,
H-RasV12 may be preferentially involved
with regulation of cell transformation
(facilitating mesenchymal morphology,
anchorage-independent proliferation, and
tumor growth in SCID mice), whereas
the contribution of K-RasV12 appears to
be more preferentially focused on elicit-
ing phenotypic changes in the colonic
epithelium that create an environment
conducive to further mutational events
and tumor progression. Separate reports
have also described gene expression pro-
filing in pancreatic cell lines infected
with antisense K-ras or in mouse tumors
derived from RasV12/ElA-transformed
MEFs, 1819

A separate study comparing the tran-
scriptional profiles caused by oncogenic
K-ras in a mouse model of lung cancer
to those of corresponding human lung
tumors harboring K-ras mutations'® has
described  significant  coincidences
between the gene expression patterns of
these 2 distinct biological systems.'®®
Furthermore, whereas a gene expression
signature of K-Ras activation could not
be identified when analyzing human
tumors alone, the integration of data
from the mouse and human systems
uncovered a gene expression signature
of oncogenic K-ras that may be specifi-
cally linked to the development of
adenocarcinomas.'™

Gene expression profiles associated
to the expression of oncogenic N-ras in
myeloma cells have also been character-
ized."” Interestingly, IL6 is a potent
mitogen and activator of Ras signaling
in various myeloma cells and cell
lines."” However, transfection of these
cells with N-ras oncogenes specifically
induced expression of a distinct set of
genes that were not inducible by IL6
treatment or stromal interactions. This
N-Ras—dependent genes set includes
components of Ras signaling pathways
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such as ETV5 and DUSP6,">'® sug-
gesting that the N-Ras oncogene may
activate different downstream targets
than IL6 or, alternatively, prolong acti-
vation of shared signaling pathways,
thus resulting in a different gene expres-
sion outcome.

Massive proteomic analyses have also
been useful to characterize differential
expression profiles associated to specific
Ras oncogenes."”"'"” For example, study
of the MALDI-TOF MS proteomic pro-
files of mouse embryo fibroblasts inde-
pendently transformed by H-Ras, K-Ras,
or N-Ras oncogenes allowed identifica-
tion of a significant number of distinct,
differentially regulated protein spots in
comparison to the normal, control cells."”"
A majority of the individual dysregula-
tions of protein expression detected in the
transformed fibroblasts were specifically
attributable to the presence of one partic-
ular Ras oncogene. Indeed, of 204 differ-
ent dysregulations identified, only 42
were shared in all the fibroblast lines
transformed by any of the 3 Ras onco-
genes assayed, suggesting that each par-
ticular Ras oncogene controls a specific
transcriptional program contributing to
the process of malignant transformation.
Further studies will be needed to ascertain
how the different, specific transcriptional
programs triggered by each individual Ras
oncogene contribute to generating the
shared, final tumoral phenotype of malig-
nant transformation,'*'*

Genomic/Proteomic Expression
Patterns Associated with the Absence
of Specific Ras Isoforms

A complementary approach to identify-
ing specific gene expression programs
controlled by the different Ras isoforms
is the characterization of the transcrip-
tomic profiles of cells devoid of differ-
ent, normal Ras genes. The availability
of single and double knockout mouse
strains for the H-ras and N-ras genes has
been particularly instrumental in this
regard. Analysis of the transcriptional
networks of fibroblasts harboring single
or double null mutations in the H-ras

and N-ras loci clearly indicates that
these 2 isoforms control different tran-
scriptional networks and supports the
notion of different functional roles for
H-Ras and N-Ras in the cells."**'¥
Interestingly, actively growing, unsyn-
chronized cultures of H-Ras and N-Ras
knockout fibroblasts displayed rather
antagonistic transcriptional profiles, and
the transcriptome of cells lacking H-Ras
was significantly closer to that of wild-
type fibroblasts than to that of N-Ras
knockout cells. Likewise, parallel spe-
cific alterations of the cellular transcrip-
tomic profile were also detected in
association with the absence of H-Ras
and/or N-Ras during early stages of the
cell cycle, in cells that had been serum
starved and subsequently stimulated with
FBS."®'% In particular, functional char-
acterization of the different sets of differ-
entially expressed genes identified in
those studies indicated that lack of H-Ras
in cells was consistently associated to
impairment of transcriptional programs
driving processes of cell growth and pro-
liferation.'®*'® On the other hand, similar
functional analyses uncovered the spe-
cific involvement of N-Ras with control
of immune modulation/host defense and
apoptotic responses, observations consis-
tent with a number of previous, separate
studies.'””?" Mechanistic analysis indi-
cates that Statl is an essential transcrip-
tional activator mediating the control of
N-Ras over inflammatory and immune
responses, whereas the modulation of
apoptosis exerted by N-Ras involves
direct regulation of Bax and Perp
expression.'*#1%

The analysis of transcriptional net-
works from Ras knockout cell lines has
also yielded a better understanding of
the contribution of different Ras iso-
forms to cell cycle progression.' 2%
The absolute requirement for Ras activ-
ity at different points between GO and S
phase of the cell cycle had been docu-
mented in a number of early reports.”**>%
The available experimental evidence
indicates that the contribution of Ras
activity is absolutely needed for both the
initial entry into the cell cycle (G0/G1

transition) and for the subsequent
G1 progression, in a process to which
multiple Ras effector pathways can con-
tribute.?'"*"” However, the exact mecha-
nisms underlying the participation of
Ras proteins in cell cycle activation and
progression are still largely undefined,
and it is also unknown whether the dif-
ferent Ras isoforms play specific or
redundant functional roles in such pro-
cesses. Comparison of the transcrip-
tional profiles of cells lacking H-ras and
N-ras, alone or in combination, during
quiescence (serum starved), GO/G1 tran-
sition (1 hour serum stimulation post-
starvation), or G1 progression (8 hours
serum stimulation poststarvation) illus-
trates the differential contributions of
these 2 Ras isoforms regarding their
contribution to cell cycle progression.
Interestingly, absence of N-Ras results
in significant impairment of the tran-
scriptional response to serum during G0/
G1 transition, whereas absence of H-Ras
had an ever more pronounced effect on a
later wave of serum-induced transcrip-
tional activation corresponding to mid-
G1 progression, raising the interesting
possibility of preferential involvement
of N-Ras with the immediate-early cel-
lular responses to serum stimulation and
of H-Ras with the cellular responses
related to growth and proliferation dur-
ing mid-G1 progression.'**'® Analysis
of triple knockout Ras-less MEFs'® has
confirmed the capital role of Ras pro-
teins in control of the cell cycle. Interest-
ingly, the Ras-less MEFs have normal
levels of cyclin D1/Cdk4 and cyclin E/
Cdk2, and these complexes are inactive
and unable to phosphorylate pRB in
vitro, suggesting that, in contrast to cur-
rent hypotheses, Ras signaling does not
induce proliferation in these cells by
inducing expression of D-type cyclins.
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