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ABSTRACT

Proto-oncogenes, also known as cellular oncogenes, plays a
vital role in regulating normal cell growth. Their malfunction
can lead to cancer, highlighting their significance. Most
oncogenes encode intracellular proteins involved in signal
transduction pathways and belong to closely related
gene families. Families like erbB, ros, and fms encode
membrane receptors with tyrosine kinase activity. Src family
oncogenes, also tyrosine kinases, act as kinase subunits for
independent receptors. Intracellular signaling occurs through
phosphorylation of substrates such as phosphatidylinositol
pathway kinases and cytoplasmic kinases. Ras oncogenes,
conserved GTP-binding proteins, modulate signaling from
membrane kinases. Oncogenes coding for nuclear DNA-
binding proteins, phosphorylated by kinases like raf, regulate
gene expression through dimerization. DNA-binding
proteins, such as helix-loop-helix proteins (myc, MyoD,
myogenin) and leucine zipper proteins (fos, jun), influence
cell growth. Antioncogenes, like Rb and p53, counteract
growth by inhibiting it.

Keywords: GTP-binding proteins, Helix-loop-helix proteins,
Intracellular signaling, leucine zipper proteins, Tyrosine kinase
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activity
INTRODUCTION

Oncogenes code for proteins that play a vital role in cell
growth regulation and are involved in the onset of cancer.
Proto-oncogenes, or cellular oncogenes, ensure proper
regulation of cell division and differentiation during normal
growth. Alterations like mutations, translocations, or viral
effects can lead to their dysfunction, resulting in abnormal
cell growth-a hallmark of cancer.

HISTORICAL CONTEXT OF THE RETROVIRUS GENE

Retroviruses, which have RNA instead of DNA as their
genetic material, were pivotal in the discovery of oncogenes.
Upon infection, retroviruses replicate by converting their
RNA into viral DNA (V-DNA) using a reverse transcription
process. This V-DNA, flanked by long terminal repeats (LTRs),
integrates randomly into the host genome as a “provirus.”
The host then transcribes the viral DNA, producing viral
RNA and proteins as though they were part of its genome.
Occasionally, viral RNA may incorporate host DNA
sequences, producing hybrid RNA and fusion proteins. This
phenomenon, known as transduction, allows retroviruses to
acquire and transmit host genetic material, some of which
may have oncogenic potential. The discovery of cellular
homologs to viral oncogenes revealed that normal regulatory
genes, when disrupted, could drive cancer, thus offering a
strategy to study cellular proliferation and differentiation.

TERMINOLOGY

Proto-oncogenes, also known as normal cellular oncogenes,
are denoted as c-”onc.” However, transforming oncogenes are
not labeled as c-"onc,” even if they originate from mutations,
deletions, or other changes in cellular genes. When the
function of a gene product is unknown, nomenclature often
reflects the source (e.g., c- for cellular, v- for viral) and the
viral homolog’s identity (e.g., v-src from the Rous sarcoma
virus). Typically, the gene is better understood than the
protein product, as researchers often focus on oncogene
sequence homology to uncover regulatory mechanisms.
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Proteins encoded by oncogenes are named after the oncogene
or their molecular weight (e.g., Myc protein or pp60c-src).
Similar names, like ras and ros, do not imply related genes.

CELLULAR CONTROL & THE PROCESS OF SIGNAL
TRANSDUCTION

Cellular oncogenes typically encode proteins involved in
intracellular signal transduction. These oncogene products
facilitate the reception of extracellular signals, transmission
across the cytoplasm, and modulation of gene expression
in the nucleus to elicit a cellular response. While the
understanding of these regulatory pathways is growing,
significant uncertainties remain.

Oncogene families represent distinct components of signal
transduction pathways, enabling tissue-specific responses
to stimuli through differential gene family expression.
This discussion explores these families at various signal
transduction stages.

Signal transduction, often reliant on phosphorylation
cascades, enables external stimuli to cross membranes, reach
the nucleus, and influence gene expression. Receptors with
tyrosine kinase activity or associated kinases initiate these
cascades. Phosphorylated cytoplasmic kinases, including
serine kinases, activate DNA-binding proteins.

The phosphatidylinositol (PI) pathway, involving lipid
phosphorylation, offers an additional mechanism for
membrane kinases to activate cytoplasmic kinases. Adrenergic
pathways can regulate kinase activity through protein kinase
C or protein kinase A. Similarly, oncogenes resembling G
proteins, components of adrenergic pathways, contribute to
transduction, albeit differently.

Steroid and thyroid hormones bypass typical pathways,
directly entering cells due to their lipophilic nature and binding
nuclear receptors that regulate gene expression. Cross-talk
between kinase pathways and hormone-receptor interactions
influences gene regulation through phosphorylation.

Protein-protein interactions, including transient complexes
and dimers, are pivotal in signal transduction. These
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interactions ultimately regulate DNA-binding protein activity
in the nucleus, facilitating changes in gene expression.

ONCOGENE FAMILIES
TYROSINE KINASE MEMBRANE RECEPTORS

Certainoncogenes encode families of membranereceptors with
tyrosine kinase activity that respond to peptide hormones or
growth factors. These include receptors similar to the insulin
receptor, platelet-derived growth factor (PDGF) receptor,
epidermal growth factor (EGF) receptor, and fibroblast
growth factor (FGF) receptor. These receptors share structural
features, including glycosylated extracellular ligand-binding
domains, a membrane-spanning domain, and a cytoplasmic
tyrosine kinase domain. Ligand binding induces structural
changes that activate tyrosine kinase activity, leading to signal
transduction via tyrosine phosphorylation of intracellular
substrates. Autophosphorylation of the receptor itself often
further modifies receptor function.

The Insulin receptor-like family includes the insulin receptor,
insulin-like growth factor (IGF) receptor, and oncogenes
such as ros, met, and trk. These receptors consist of four
subunits: two extracellular subunits for ligand binding and
two transmembrane subunits with tyrosine kinase activity.
The extracellular ?-subunit has a cysteine-rich ligand-
binding region, while the ?-subunit’s intracellular domain
contains the tyrosine kinase and autophosphorylation sites.
Autophosphorylation enhances kinase activity, removing
insulin dependence, while phosphorylation by protein kinase
C on serine and threonine residues reduces insulin binding
and tyrosine kinase activity.

Another oncogene family encodes receptors similar to the
EGF receptor, such as neu, erbB2, and erbB3. The EGF
receptor is composed of a single polypeptide chain with
cysteine-rich extracellular ligand-binding domains. Tyrosine
phosphorylation of the cytoplasmic domain activates the
kinase, similar to autophosphorylation in insulin receptors.
Serine and threonine phosphorylation can inhibit EGF
receptor kinase activity.
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Additional families include PDGF and CSF receptors, as well
as receptors for FGF and flg oncogenes. These receptors have
extracellular domains resembling immunoglobulins, with the
PDGF and FGFreceptor families featuring interrupted tyrosine
kinase domains. The interruptions are variable but do not
impact kinase activity directly, though autophosphorylation
in these regions may play a role in substrate interaction.

All tyrosine kinase membrane receptors form functional
dimers. The insulin receptor exists as ?-? dimers, while EGF
receptors form dimers upon ligand binding, facilitating
autophosphorylation and receptor activation. Some ligands,
like PDGF, form dimers (e.g., PDGF-A and PDGEF-B), which
bind to specific receptor isoforms with varying affinities. This
dimer assembly allows cells to modulate their response to
signals efficiently by controlling a few genes.

NON-RECEPTOR TYROSINE KINASES

Non-receptor tyrosine kinases, such as those from the
src family (src, fgr, fin, lyn, Ick, and yes), are membrane-
associated proteins that share similarities with receptor
tyrosine kinases, although they do not have intrinsic receptor
activity. These kinases likely function as kinase subunits for
receptors without their own kinase activity.

The Ick oncogene serves as a representative model for src
family tyrosine kinases. In T lymphocytes, the CD4 surface
protein interacts with MHC II antigens, and when it binds
with p56lck (the product of Ick), the complex activates the
kinase activity of p56lck, leading to the phosphorylation of
the T cell receptor subunit. This activation only occurs when
p56lck is bound to CD4, not when CD4 is uncomplexed.

The src family proteins, like pp60src and p56lck, lack a
transmembrane domain but are membrane-associated via
myristic acid at their amino terminus. They have both serine
and tyrosine phosphorylation sites, similar to receptor kinases.
Tyrosine phosphorylation at two distinct sites regulates the
activity of src proteins-one stimulates and the other inhibits
kinase activity. These phosphorylation events are mainly
intermolecular, involving src proteins or other kinases. The
inhibition of pp60src and p56lck by tyrosine phosphorylation
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near the catalytic domain is not fully understood, but the
phosphatase CD45 plays a key role in regulating the activity
of these kinases by dephosphorylating specific sites.

Additionally, src proteins undergo serine phosphorylation
at various sites, with minimal effect from protein kinase A
and protein kinase C. However, cyclin-dependent kinase
(p34cdc2) increases pp60src’s tyrosine kinase activity through
serine phosphorylation during mitosis. This phosphorylation
may regulate the interaction between src proteins and
receptor subunits.

The src family proteins also contain two regions, SH2 and
SH3, which are crucial for their function and share similarities
with other oncogene products and regulatory proteins. For
example, the abl protein, a tyrosine kinase, contains SH2
and SH3 domains and can localize to the cytoplasm or
nuclear membrane. These domains are also present in the
regulatory regions of other proteins, such as ras GAP and
phospholipase C. In src proteins, the SH2 domain activates
kinase activity, while mutations in this region reduce activity.
Conversely, mutations in the SH3 domain lead to oncogenic
transformation, indicating its role in negatively regulating
kinase activity. The presence of SH2 and SH3 domains in
various proteins suggests a shared regulatory mechanism,
potentially involving interactions between different proteins.

SUBSTRATE OF TYROSINE KINASE

Tyrosine phosphorylation, once considered a rare event, is
now understood to occur in various proteins, even though
it represents less than 0.1% of total phosphoproteins. While
many proteins can be phosphorylated at low levels in vitro
under non-physiological conditions, up to 50 proteins are
phosphorylated in response to oncogenes that encode for
tyrosine kinases. The challenge in identifying key tyrosine
kinase substrates arises due to the overwhelming background
of serine and threonine phosphorylation (90% and 10%,
respectively) and the diversity of phospho-tyrosine proteins.
This complexity is further compounded by the fact that
proteins like the EGF receptor and erbB2, though structurally
similar and both part of the same oncogene family, activate

364



Blueprints of Life: Unlocking the Power of Modern Biotechnology

distinct mitogenic pathways.

Membrane-associated  tyrosine kinases phosphorylate
several types of proteins. Common mechanisms include
autophosphorylation by the kinase itself or intermolecular
phosphorylation by another membrane-bound kinase.
Membrane-bound proteins and cytoplasmic proteins
such as serine kinases and metabolic enzymes may also
be regulated by tyrosine phosphorylation. Phosphatases
that dephosphorylate serine or tyrosine residues can be
phosphorylated to reverse kinase activation. Since both
receptor and non-receptor kinases are membrane-associated,
membrane proteins are likely candidates for phosphorylation.

Enzymes in the phosphatidylinositol (PI) pathway are also
substrates for tyrosine kinases, although the exact effects
of their phosphorylation remain unclear. These include PI
kinase, which produces phosphatidylinositol phosphate,
and phospholipase C, which generates diacylglycerol and
inositol triphosphate. Both enzymes are phosphorylated and
form complexes with activated membrane receptors, such
as the PDGF and EGF receptors. Activation of PI kinase or
phospholipase C results in protein kinase C activation, a
serine/threonine kinase that might inhibit receptor tyrosine
kinase activity.

The protein pp85, a substrate for src or PDGF receptor-
mediated tyrosine phosphorylation, has been linked to
PI kinase activity in src-transformed cells. This protein
exists in various forms in different tissues, and differential
phosphorylation may lead to distinct activities. This could
explain unexpected findings, such as pp85 generating novel
PI phosphates not recognized by phospholipase.

Several cytoplasmic serine/threonine kinases are also
phosphory lated by tyrosine kinases, including microtubule-
associated protein kinase (MAP kinase) and casein kinase II.
MAP kinase, activated by insulin-mediated phosphorylation,
may be identical to pp42, a protein responsive to multiple
growth factors. Casein kinase II, involved in various cell
functions, is activated by insulin, IGF-I, and EGF and plays
a role in Alzheimer’s disease. It can phosphorylate various
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cytoplasmic and nuclear enzymes, including the myc protein
and the insulin receptor tyrosine kinase.

The raf protein, a serine kinase encoded by the raf oncogene,
is phosphorylated by tyrosine kinases such as PDGF, EGF,
or FGF receptors. Raf can form a complex with membrane
receptor tyrosine kinases, PI kinase, and phospholipase C.
This large complex may function as a multifunctional signal
transfer particle, with various members binding at multiple
sites, as deletions in the PDGF receptor gene can block PI
kinase binding without affecting raf or phospholipase C
binding.

NUCLEOTIDE BINDING PROTEINS OF GUANINE

Guanine nucleotide-binding proteins, such as those in the ras
family, play a significant role in cellular processes and are
associated with the cell membrane. These proteins are not
kinases but are involved in the activation of the ras oncogene
product through the ras GTPase activating protein (GAP).
The ras family includes several genes, such as ha-ras, ki-ras,
N-ras, ral, and others, with high homology between them.
Although their exact function is still unclear, ras proteins
likely participate in cellular signal transduction between
membrane-bound oncogenes like src or fms and cytoplasmic
kinases like raf, possibly through activation of protein kinase
C independently of the PI pathway.

Ras proteins are attached to the cell membrane via a carboxyl
terminal palmitic acid, and this attachment site is crucial
for their oncogenic activation. For example, exchanging
palmitic acid for myristic acid at the amino terminal can
activate ras oncogenically. These genes are highly conserved
across species, with mammalian and yeast ras genes being
functionally interchangeable. Ras overexpression leads
to enhanced cell growth and lower serum requirements,
resembling the behavior of transformed cells, though
without full transformation. Ras overexpression also results
in the production of PDGF and TGEF-?, while reducing
responsiveness to external PDGF. Such abnormalities are
often seen in transformed cells, indicating that ras plays a role
in transformation processes.
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Ras proteins function through guanine nucleotide binding,
much like G-proteins in adrenergic signaling. The active
form, P21ras, binds GTP, while the inactive form binds GDP.
The GTPase activity of P21ras is low but is activated by the
GTPase Activating Protein (ras-GAP). Unlike adrenergic
G-proteins, which release GDP in response to hormones,
p21ras releases GDP with the help of a releasing factor (rus-
GRF). The ras activation-deactivation cycle involves GTP,
GAP, and GRF proteins. Although GAP is present in higher
concentrations than P21ras, the regulatory role of GAP is still
not fully understood, and it may be regulated by ras rather
than the other way around.

A portion of GAP is phosphorylated, possibly indicating a
regulatory function. GAP can be phosphorylated by src or
by PDGF or EGF receptors in response to growth factors.
Phosphorylated GAP can bind to the PDGF receptor and other
proteins like PI kinase, phospholipase C, and raf. However,
GAP binding is not essential for the interaction of these
proteins, suggesting that GAP may influence their function.
Additionally, GAP can form complexes with other tyrosine-
phosphorylated proteins, pointing to complex interactions
among membrane-bound oncogenes. Another ras family
member, rap-I, can block v-ras oncogenic transformation,
similar to how inhibitory and stimulatory G-proteins function.
Rap protein has its own GTPase activity and is not activated
by rap-GTPase activating protein

CYTOPLASMIC KINASES

Cytoplasmic kinases are important in the signal transduction
pathway, linking the membrane to the nucleus. Several
oncogenes encode cytoplasmic serine kinases, with raf (also
known as mil). The mos oncogene, a cytoplasmic kinase, is
expressed exclusively in germ cells and plays a role in oocyte
meiosis. The abl oncogene, a cytoplasmic tyrosine kinase,
may also associate with the nuclear membrane. Raf kinase is
activated by PDGF through tyrosine phosphorylation and can
also form a complex with the PDGF receptor. Interestingly,
raf can also be activated by insulin (within 2 to 6 minutes)
through serine phosphorylation, suggesting the involvement
of an intermediate kinase like MAP or casein kinase. Although
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raf substrates are not well-defined, cytoplasmic kinases may
target nuclear oncogenes like myc, fos, ski, and myb for serine
phosphorylation.

In addition to their role in activating signaling pathways,
cytoplasmic kinases may also help deactivate receptors.
Many membrane-bound tyrosine kinases interact with the PI
pathway, leading to the activation of protein kinase C (PKC).
Both PKC and protein kinase A can phosphorylate serine
residues on receptors, causing their inactivation. Receptor
deactivation can occur through various mechanisms,
including decreased ligand binding affinity, inhibition of
tyrosine kinase activity, or enhanced internalization of the
receptors.

NUCLEAR BINDING PROTEINS

Nuclear binding proteins encoded by oncogenes playsacrucial
role in the final stage of signal transduction, as they bind to
DNA. These proteins are often serine phosphoproteins, and
their phosphorylation carried out by cytoplasmic kinases like
raf or nuclear kinases like abl. Oncogenes that produce DNA-
binding proteins belong to various families with distinct
mechanisms but share some key characteristics. Many of
these genes, known as “immediate early genes,” are involved
in regulating the expression of other genes. These genes are
usually expressed at low levels in resting cells but are rapidly
activated by growth factors or other mitotic signals. Their
expression does not require protein synthesis, suggesting
that the necessary regulatory pathways are already in
place, allowing the cell to respond to stimuli and alter gene
expression without needing new proteins to be made.

The Induction of these “immediate early genes” can occur
within 1 to 2 hours after a stimulus, and their response is
brief. The mRNA for these genes has a short half-life, typically
around 15 to 30 minutes, with the level of mRNA being
regulated by changes in transcription or reduced stability,
often due to AT-rich 3’ ends. The protein products from these
genes also have short half-lives, ranging from 15 to 90 minutes

A useful way to categorize DNA-binding proteins is based
on their binding mechanism. These categories include helix-
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loop-helix (HLH) proteins, leucine zipper proteins, and
zinc finger proteins. A key regulatory feature within these
classes is the ability to form homodimers or heterodimers.
Heterodimers regulate target gene expression differently
from homodimers, and various heterodimers exhibit distinct
activities. The formation of symmetrical dimers-almost but
not entirely symmetrical in the case of heterodimers-aligns
with the frequent presence of palindromic consensus binding
sequences for these DNA-binding proteins.

HELIX-LOOP-HELIX PROTEINS

Helix-Loop-Helix (HLH) proteins, such as myc, myf, MyoD,
myogenin, CEBP, and E12, belong to a class of oncogenes.
These proteins have two regions that form amphipathic
helices, separated by a loop. These regions are important for
dimer formation, which influences DNA binding specificity,
though the regions themselves do not directly bind DNA.
The DNA binding region is highly basic and essential for the
protein’s function, and in some cases, proteins lacking this
region are inhibitory. For example, a dimer missing a basic
DNA-binding region (like ID:myoD) would not be active
because the DNA-binding region would be asymmetrical.

Some HLH proteins, such as MyoD and myogenin, are crucial
in muscle development, while others, like CEBP, are expressed
in tissues related to lipid or cholesterol metabolism. Myc, one
of the most studied HLH proteins, is highly expressed in
proliferating cells and overexpression leads to hyperplasia.
Although myc expression decreases during differentiation,
this decrease is not required for differentiation, as cells can
still differentiate with overexpressed myc. The relationship
between HLH gene expression and differentiation is
complex, likely due to dimer formation. For example, MyoD,
although highly expressed in myoblasts, does not initiate
muscle protein synthesis until it forms a homodimer. This
is facilitated by the ID protein, which lacks the basic DNA
binding region and forms a heterodimer with MyoD, allowing
for the homodimer to form once ID levels decrease during
differentiation. Alternatively, other HLH heterodimers, like
MyoD-E12, can enhance DNA binding and promote muscle
protein synthesis.
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LEUCINE ZIPPER PROTEINS

Leucine zipper proteins, including fosand various jun proteins,
are part of a family that forms dimers through interactions in
a region with high homology, known as the leucine zipper.
This region contains four to five leucine heptad repeats.
The DNA binding domain is highly basic, similar to that in
HLH proteins. Although these leucine zipper proteins share
structural similarities, their effects on DNA binding can vary.
They may be expressed in response to signals from protein
kinase C or protein kinase A. Expression is also regulated by
the proteins themselves, though the nature of this regulation
differs. For instance, fos protein inhibits its own expression,
while jun protein promotes its own. Both fos and jun are
phosphoproteins, but the specific role of phosphorylation in
their regulation is not fully understood.

Proteins encoded by the fos and jun oncogenes share
significant homology with the AP-1 transcription factor and
may bind to AP-1 or related proteins. AP-1 is a key member of
a large family of transcription regulators. Fos and jun proteins
can activate genes with AP-1 binding sites, and the fos gene
regulates its own expression through AP-1 sites. Additionally,
fos and jun proteins activate fat-specific element 2 (fse2),
which is involved in glycerol phosphate dehydrogenase
expression during early adipocyte differentiation. The impact
of fos protein binding to AP-1 sites varies depending on the
dimer formed. A jun:fos dimer activates transcription at AP-1
sites, while a jun:fos dimer represses it. This illustrates how
different heterodimers can have opposing effects, particularly
since jun and junB levels can fluctuate significantly. For
example, in BC3H1 muscle cells treated with TGF-?, jun
protein levels increase 2.5 times within 15 minutes, but
junB levels rise about 20-fold, favoring the formation of the
repressive junB:fos complex despite an increase in jun protein.

ZINC FINGER PROTEIN: HORMONE RECEPTORS FOR
STEROIDS AND THYROID

Steroid and thyroid hormone receptors belong to a group
of DNA-binding proteins that form dimers. This family
includes receptors like the glucocorticoid, mineralocorticoid,
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progesterone, estrogen, androgen, vitamin D3, and thyroid
hormone receptors, among others. These proteins have
separate regions for DNA binding, hormone binding, and a
domain that regulates their activity. Unlike HLH or leucine
zipper proteins, the zinc-containing domain in these receptors
is responsible for DNA binding, not dimer formation. The
binding consensus sequence of these proteins is longer
than that of HLH or leucine zipper proteins, and different
members of the family have varied effects when binding to
this sequence. The v-erb-A oncogene, a fusion protein from
a virus, is a well-known example of an oncogenic member of
this family, as it shares DNA binding and hormone binding
domains with thyroid hormone receptors.

These receptors are regulated by phosphorylation, similar
to HLH and leucine zipper proteins. Phosphorylation,
potentially mediated by nuclear serine kinases like the abl
protein, usually enhances hormone binding and is induced
by hormones, though this has not been fully confirmed.
Hormone binding also triggers dimer formation, suggesting
that phosphorylation and dimerization may be linked.
Multiple phosphorylation sites can lead to different receptor
forms with varying binding affinities, which may prevent
functional dimer formation. The physiological significance
of this regulation is clearer for steroid and thyroid hormone
receptors, as they are involved in well-understood endocrine
pathways. For instance, insulin or EGF can increase estradiol-
induced progesterone receptor induction, possibly through
phosphorylation of the estrogen receptor. This process
typically occurs during the estrous cycle but is inhibited
during starvation, when insulin is low, and estrous cycling is
inappropriate.

Several oncogenes are involved in the response to steroid or
thyroid hormone receptors, explaining the role of steroids in
tumor promotion. For example, glucocorticoids affect Ras
and abl, while estrogen increases the expression of proteins
like fos, myc, H-ras, and erb B. On the other hand, thyroid
hormones reduce the levels of fos, myc, and ras in cardiac
muscle.
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Myb : DNA-BINDING PROTEIN

The myb oncogene product is mainly expressed in
hematopoietic cells and functions as a DNA-binding protein,
with no evidence of dimer formation. Phosphorylation
directly regulates its DNA-binding ability. Specifically, a
serine phosphorylation, mediated by casein kinase II, inhibits
DNA binding in a reversible manner. Casein kinase II plays
critical roles in both the cytoplasm and nucleus and is inhibited
by phosphorylation. This suggests that when a growth factor
activates a receptor tyrosine kinase, it phosphorylates and
inhibits casein kinase II. As a result, reduced casein kinase
II activity leads to dephosphorylation of myb protein by
nuclear phosphatases, enabling it to bind DNA and promote
transcription for protein synthesis from a target gene.

ANTI-ONCOGENES : TUMOUR SUPPRESSING GENES

Tumor suppressor genes, also known as anti-oncogenes, have
the opposite function of oncogenes by inhibiting growth rather
than promoting it. While oncogenes stimulate cell growth
and must be carefully regulated for normal cell function,
mutations or deletions in tumor suppressor genes can lead to
uncontrolled cell growth, a hallmark of cancer. For instance,
the retinoblastoma gene (Rb) and p53 gene both serve to
inhibit growth, and mutations or deletions in these genes can
result in cancerous transformation. The Rb gene is crucial
for preventing growth in certain cancers like retinoblastoma,
and p53 is involved in regulating cell cycles, with mutations
found in a significant number of colon cancers.

Both Rb and p53 are proteins that bind to DNA and can act as
transcriptional inhibitors to suppress growth-related genes.
They interact with transforming viral proteins, indicating a
shared regulatory mechanism. Rb can be phosphorylated, but
only its dephosphorylated form can bind to viral proteins like
large T antigen, which prevents cell growth. Phosphorylation
of Rb in normal cells removes this inhibition and promotes
cell cycle progression, supporting the idea of phosphorylation
playing a key role in regulating growth signals, especially as
cells transition from the G1 to S phase.
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CONCLUSION

The review paper offers a detailed overview of the role
oncogenes that plays in cellular regulation and signal
transduction. It highlights how oncogenes are involved in
essential cellular processes like cell growth and differentiation,
and how their malfunction can contribute to cancer. The
review also underscores the complexity of oncogene activity,
with various oncogene families playing roles at different
stages of signal transduction.

The paper discusses several families of oncogenes, such as
tyrosine kinase membrane receptors, non-receptor tyrosine
kinases, guanine nucleotide-binding proteins, cytoplasmic
kinases, and nuclear binding proteins. These families are
integral to signal transduction, and their disruption can lead
to oncogenic transformation.

A central theme of the paper is the significance of protein-
protein interactions in oncogene function. It highlights how
processes like dimerization, phosphorylation, and other
post-translational modifications regulate oncogene activity.
The review also points out the intricate nature of oncogene
regulation, with numerous feedback loops and regulatory
pathways involved.

References

Ackerman, P. C.V.C. Glover and N. Osheroff. 1990
Stinmilation of casein kinase-1I by epidermal growth- factor.
Relationship between the physiologi logical activity of the
kinase and the phosphorylation state of its beta subunit. Proc.
Natl. Acad. Sci. USA 87:821.

Agostinis, P. 1. Goris, L. Pions and W. Merlevide.
1987. Regulation of cassin kinase 2 by phosphorylation/
depbosphorylation. Biochem. 1. 248:785.

Angel, P., K. Hatton, T. Smeal and M. Karin, 1989. The
Jun prou-oncogene is positively autoregalsted by its product
jun/AP-1. Cell 57:875. Aunechio M. 1. DiDomenico and H.
Nola 1987. Oestradiol stimulates tyrosine phosphorylation

and hormone binding activity of its own receptor in a cell-free
system. EMBO 1. 6:2923.

373



Blueprints of Life: Unlocking the Power of Modern Biotechnology

Barbona, M. S., C. fidmonds, C. Fisher, J. T. Schiller, D.
R. Lowy and K. H. Vousden. 1990. The region of the HPV B7
oncoprotein homologous to adenovirus ELA and 5V40 large
T-antigen contains separate domains fne RB hinding and casein
kinase II phosphorylation EMBO ] 9:153.

Bargmann, CIM. C. Hang and R. A. Weinberg. 1986. The
neu oncogene encodes an epidermal growth factor receptor-
related protein. Nature 319:226.

Benezra, R., R. L. Davis, D. Lockshon, D. L. Turner and H.
Weintraub. 1990. The protein id: A negative regulator of helix-
loop-helix DNA binding proteins. Cell 61:49.

Berridge, M. ].1987. Inositol triphosphate and diacylglycer-
ol: Two Interacting second messengers. Annu. Rev. Biochem.
56:159.

Birkenmeier, E, H., B. Gwynn, S. Howard, J. Jerry, J. L.
Gordon, W. H. Landschulz and S. L. McKnight. 1989. Tissue-
specific expression, developmental regulation, and genetic
mapping of the gene encoding CCAAT/ enhancer binding
protein. Genes Dev. 3:1146.

Bishop, J. M. 1985. Viral oncogenes. Cell 42:23.

Bishop, J. M. 1986. Cellular oncogenes and retroviruses.
Annu. Rev. Biochem. 52:301.

Blackshear, P. J.,, D. M. Haupt, H. App and U. R. Rapp.
1990. Insulin activates the Raf-1 protein kinase. J. Biol. Chem.
265:12131.

Bolen, J. B. and A. Veillette. 1989. A function for the Ick
proto-oncogene. Trends Biochem. Sci. 14:404.

Bollag, G. E., R. A. Roth, ]J. Beaudoin, D. Mochly, O.
Rosen and D. E. Koshland, Jr. 1986. Protein kinase C directly
phosphorylates the insulin receptor in vitro and reduces its
protein-tyrosine kinase activity. Proc. Natl. Acad. Sci. USA
83:5822.

Bos, J. L. 1989. RAS oncogenes in human cancer A review.
Cancer Res. 49:4682.

Brawerman, G. 1987. Determinants of messenger RNA
stability. Cell 48:5.

Brown, K. D. 1987. Mechanisms of action of cell growth-
promoting pertides and polypeptides: role for inositol lipid
hydrolysis. J. Anim. Sci. 65(Suppl. 2):140.

374



Blueprints of Life: Unlocking the Power of Modern Biotechnology

Carbone, M. and A. S. Levine. 1990. Oncogenes, antion-
Cogenes, and the regulation of cell growth. Trends

Endocrinol. Med. 1:248. Carpenter, G. and S. Cohen. 1990.
Epidermal growth factor. J. Biol. Chem. 265:7709.

Chabot, B., D. A. Stephenson, V. M. Chapman, P. Besmer
and A. M. Bemstein. 1988. The proto-oncogene c-kit encoding
a transmembrance tyrosine kinase receptor maps to the mouse
W locus. Nature 335:88.

Chackalaparampil, I. and D. Shalloway. 1988. Altered
phosphorylation and activation of pp60- during fibroblast
mitosis. Cell 52:801.

Christy, R. J.,, V. W. Yang, J. M. Nitambi, D. E. Geiman,
W. H. Landshulz, A. D. Friedman, Y. Nakabeppu, T. J. Kelly
and M. D. Lane. 1989. Differentiation-induced gene expression
in 3T3-L1 preadipocytes: CCAAT/ enhancer binding protein
interacts with and activates the promoters of two adipocyte-
specific genes. Genes Dev. 3:1323.

Cohen, B., Y. Liu, B. Druker, T. M. Roberts and B. S.
Schaffhausen. 1990. Characterization of pp85, a target of
oncogenes and growth factor receptors. Mol. Cell. Biol. 10:2909.

Cohen, P. 1989. The structure and regulation of protein
phosphatases. Annu. Rev. Biochem. 58:453.

Cooper, J. A. 1990. Oncogenes and anti-oncogenes. Curr
Opinions Cell Biol. 2:285.

Cooper, J. A. and A. MacAuley. 1988. Potential positive
and negative autoregulation of p60-r by intermolecular
autophosphorylation. Proc. Natl. Acad. Sci. USA 85: 4232.

Conghlin, S. R., J. A. Esconbedo and L. T. Williams. 1990.
Role of phosphatidylinositol kinase in PDGF receptor signal
transduction. Science 243:1191.

Curran, T. and B. R. Pranza. 1988. Fos and jun: the AP-1
connection. Cell 55:395.

Czech, M. 1989. Signal transmission by the insulin-like
growth factors. Cell 59:235.

Davis, R. L., P. Cheng, A. B. Lassar and H. Weintraub.
1990. The MyoD DNA binding domain contains a recogni- tion
code for mascle-specific gene activation, Cell 60: 733.

DePinho, R., L. Mitrock, K. Hatton, P. Ferrier, K.
Zimmerman, E. Legouy, A. Tesfaye, R. Collum, G. Yancopoulos,

375



Blueprints of Life: Unlocking the Power of Modern Biotechnology

P. Nisen, R. Kriz and F. Alt. 1987. Myc family of oncogenes. J.
Cell. Biochem. 33:257.

DiFore, P. P., O. Segatto, W. G. Taylor, S. A. Aaronson and
J. H. Pierce. 1990. EGF Receptor and erbB-2 Tyrosine Kinase
Domains Confer Cell Specificity for Mitogenic Signaling.
Science 248:79.

Edelman, A. M., D. K. Blumenthal and E. G. Krebs. 1987.
Protein serine/threonine kinases. Annu. Rev. Biochem 56:567.

Edmondson, D. G. and E. N. Olson. 1989. A gene with
homology to the myc similarity region of MyoD1 is expressed
during myogenesis and is sufficient to activate the muscle
differentiation program. Genes Dev. 3:628.

Endo, T. and B. Nadal-Ginard. 1986. Transcriptional and
posttranscriptional control of c-myc during myogene- sis: Its
mRNA remains inducible in differentiated cells and does not
suppress the differentiated phenotype. Mol. Cell. Biol. 6:1412.

Evans, R. M. 1988. The steroid and thyroid-hormone
receptor superfamily. Science 240:889.

Fisch, T. M., R. Prywes and R. G. Roeder. 1989. An
AP-1 binding site in the o-fos gene can mediate induction by
epidermal growth factor and 12-0-tetradecanoyl phor- bol-13-
acetate. Mol. Cell Biol. 9:1327.

Franklyn, J. A. and M. C. Sheppard. 1989. Thyroid and
steroid hormone regulation of proto-oncogene expres- sion.
Trends Endocrinol. Med. 1:35.

Gilman, A. G. 1987. G proteins: Transducers of receptor-
generated signals. Annu. Rev. Biochem. 56:615.

Glass, C. K., J. M. Holloway, O. V. Devary and M. G.
Rosenfeld. 1988. The thyroid hormone receptor binds with
opposite transcriptional effects to a common sequence motif in
thyroid hormone and estrogen response elements. Cell 54:313.

Grande, J., M. Perez and E. Itarte. 1988. Phosphorylation of
hepatic insulin receptor by casein kinase II. FEBS Lett. 232:130.

Green, M. R. 1989. When the Products of Oncogenes and
Anti-Oncogenes Meet. Cell 56:1.

Greenfield, C., L. Hills, M. D. Waterfield, W. Federwisch,
A. Wollmer, T. Blundell and M. McDonald. 1989. EGF binding
induces a conformational change in the external domain of its
receptor. EMBO J. 8:4115.

376



Blueprints of Life: Unlocking the Power of Modern Biotechnology

Hall, A.1990s. The cellular functions of small GTP-binding
proteins. Science 249:635.

Hall, A.1990b. ras and GAPwho’s controlling whom? Cell
61:921.

Ham, J. and M. G. Parker. 1989. Regulation of gene
expression by nuclear hormone receptors. Curr. Opinions Cell
Biol. 1:503.

Hanks, S. K., A. M. Quinn and T. Hunter. 1988. The protein
kinase family: Conserved features and deduced phylogeny of
the catalytic domains. Science 241:42.

Hard, T., E. Kellenbach, R. Boelens, B. A. Maler, K.
Dahlman, L. P. Freedman, J. Carlstedt-Duke, K. R. Yamamoto,
J. Gustafsson and R. Kaptein. 1990. Solution structure of the
glucocorticoid receptor DNA- binding domain. Science 249:157.

Hardie, D. G. 1989. Protein phosphorylation and
dephosphorylation. Curr. Opinions Cell Biol. 1:220. Hart, C.
E., J. W. Forstrom, J. D. Kelly, R. A. Seifert, R. A. Smith, R.
Ross, M. J. Murray and D. F. Bowen-Pope. 1988. Two classes of
PDGEF receptor recognize different isoforms of PDGEF. Science
240:1529.

Honegger, A. M., R. M. Kris, A. Ullrich and J. Schlessinger.
1989. Evidence that auto-phosphorylation of solubi- lized
receptors for epidermal growth factor is mediated by

intermolecular cross phosphorylation. Proc. Natl. Acad. Sci.
USA 86:925.

Hunter, T. 1987. A thousand and one protein kinases. Cell
50:823.

Hunter, T. 1989. Protein modification: phosphorylation
on tyrosine residues. Curr. Opinions Cell Biol. 1:1168. Limoto,
D. S., E. Masliah, R. Deteresa, R. D. Terry and T. Saitoh. 1990.
Aberrant casein kinase-II in alzheimers- disease. Brain Res.
507:273.

Jackson, T., M. F. Allard, C. M. Sreenan, L. K. Doss, S.
B. Bishop and J. L. Swain. 1990. The c-myc proto- oncogene
regulates cardiac development in transgenic mice. Mol. Cell.
Biol. 10:3709.

Jones, N. 1990. Transcriptional regulation by dimerization:
Two sides to an incestuous relationship. Cell 61:9.

Kamps, M. P. and B. M. Sefton. 1988. Identification of
multiple novel polypeptide substrates of the v-src, v- fps,

377



Blueprints of Life: Unlocking the Power of Modern Biotechnology

v-roz and v-erb-B oncogenic tyrosine protein kinases utilizing
antisera against phosphotyrosine. Oncogene 2:305.

Kaplan, D. R., D. K. Morrison, G. Wong, F. McCormick
and L. Williams. 1990. PDGF ?-receptor stimulates tyrosine
phosphorylation of GAP and association of

GAP with a signaling complex. Cell 61:125. Kazlauskas,
A.and ]. A. Cooper. 1989. Autophosphoryla- tion of the PDGF
receptor in the kinase insert region regulates interactions with
cell proteina. Cell 58:1121.

Kelvin, D. J., T. P. Yamaguchi, G. Simard, H. H. Tai, A.
L. Suc-A-Quan, G. T. Sue-A-Quan and J. A. Connolly. 1989. A
model for the modulation of muscle cell determination and
differentiation by growth factors. Biochem. Cell Biol. 67:575.

Kingston, R. E. 1989. Transcription control and differentia-
tion: the HLH family c-myc and C/EBP. Corr. Opinions Cell
Biol. 1:1081.

Kitayama, H., Y. Sugimoto, T. Matsuzaki, Y. Ikawa and M.
Noda. 1989. A ras-related gene with transformation suppressor
activity. Cell 56:77.

Kouzarides, T. and E. Ziff. 1989. Leucine zippers of fos, jun
and GCN4 dictate dimerization specificity and thereby control
DNA binding. Nature 340:568.

Kovacina, K. 5., K. Yonezawa, D. L. Brautigan, N. K.
Tonks, U. R. Rapp and R. A. Roth. 1990. Insulin activates the
kinase activity of the Raf-1 proto- oncogene by increasing its
serine phosphorylation. J. Biol. Chem. 265:12115.

Kumar, R., S. Sukumar and M. Barbacid. 1990. Activation
of ras oncogenes preceding the onset of neoplasia. Science
248:1101.

Kumar, V. and P. Chambon. 1988. The estrogen receptor
binds tighly to its responsive element as a ligand- induced
homodimer. Cell 55:145.

Lane, D. P. and S. Benchimol. 1990. P53: oncogene or anti-
oncogene? Genes Devel. 4:1.

Lau, L. F. 1990. Growth factors and growth control. Cell
Biol. 2:280.

Lefkowitz, R. J. and M. G. Caron. 1986. Regulation of

adrenergic receptor function by phosphorylation. Curr. Topics
Cell. Reg. 28:209.

378



Blueprints of Life: Unlocking the Power of Modern Biotechnology

Li Li, ].-S.H. and E. N. Olson. 1990. Different members
of the jun proto-oncogene family exhibit distinct patterns of
expression in response to type ? transforming growth factor. J.
Biol. Chem. 265:1556.

Lascher, B., E. Christenson, D. W. Litchfield, E. G. Krebs
and R. N. Eisenman. 1990. Myb DNA binding inhibited by
phosphorylation at a site deleted during oncogenic activation.
Nature 344:517.

Liischer, B., E. A. Kuenzel, E. G. Krebs and R. N. Eisenman.
1989. Myc oncoproteins are phosphorylated by casein kinase II.
EMBO J. 8:1111.

Macara, I. G. 1989. Oncogenes and cellular signal
transduction. Physiol. Rev. 69:797.

Macara, 1. G. and A. Wolfman. 1989. Signal transduction
and the ras gene family: molecular switches of unknown
function. Trends Endocrinol. And Med. 1:26. Madaule, P. and
R. Axel. 1985. A novel ras-related genefamily. Cell 41:31.

McCormick, F. 1989. Ras GTPase activating protein: signal
transmitter and signal terminator. Cell 56:5.

Meisenhelder, J., P. G. Suh, S. G. Rhee and T. Hunter.
1989. Phospholipase C-y is a substrate for the PDGF and EGF
receptors in vivo and in vitro. Cell 57:1109.

Morris, ].D.H., B. Price, A. C. Lloyd, A.]. Self, C. J. Marshall
and A. Hall. 1989. Scrape-loading of Swiss 3T3 cells with Ras
protein rapidly activates protein kinase C in the absence of
phosphoinositide hydroly- sis. Oncogene 4:27.

Morrison, D. K., D. R. Kaplan, J. A. Escobedo, U. R. Rapp,
T. M. Roberts and L. T. Williams. 1989. Direct activation of
the serine/threonine kinase activity of Raf-1 through tyrosine
phosphorylation by the PDGF receptor. Cell 58:649.

Morrison, D. K., D. R. Kaplan, U. Rapp and T. M. Roberts.
1988. Signal transduction from membrane to cytoplasm: growth
factors and membrane-bound oncogene products increase Raf-

1 phosphorylation and associated protein kinase activity. Proc.
Natl. Acad. Sci. USA 85:8855.

Marre, C., P. S. McCaw and D. Baltimore. 1989a. A new
DNA binding and dimerization motif in immunoglobu- lin
enhancer binding, daughterless, MyoD and myc proteins. Cell
56:777.

379



Blueprints of Life: Unlocking the Power of Modern Biotechnology

Murre, C., P.S. McCaw, H. Vaessin, M. Caudy, L. Y. Jan, Y.
N. Jan, C. V. Cabera, J. N. Buskin, S. D. Hauschka, A. B. Lassar,
H. Weintraub and D. Baltimore. 19896. Interactions between
heterologous helix-loop-helix proteins generate complexes that
bind specifically to a common DNA sequence. Cell 58:537.

Nunez, E. A. 1989. The erb-A family receptors for thyroid
hormones, steroids, vitamin D and retinoic acid: characteristics
and modulation. Current Opinions Cell Biol. 1:177.

Panganiban, A. T. 1985. Retroviral DNA Integration. Cell
42:5.

Parker, C. S. 1989. Transcription factors. Current Opinions
Cell Biol. 1:512.

Pasquale, E. B. and S. J. Singer. 1989. Identification of a
developmentally regulated protein-tyrosine kinase by using

anti-phosphotyrosine antibodies to screen a CDNA expression
library. Proc. Natl. Acad. Sci. USA 86:5449.

Pawson, T. 1988. Non-catalytic domains of cytoplasmic
protein-tyrosine kinases regulatory elements in signal
transduction. Oncogene 3:491.

Pierce, J. H. 1989. Oncogenes, growth factors and
hematopoietic cell transformation. Biochim. Biophys. Acta
989:179.

Pimentel, E. 1989. Oncogenes (2nd Ed.). Vol. 1 and 2. CRC
Press, Boca Raton, FL.

Ralph, R. K., S. Darkin-Rattray and P. Schofield. 1990.
Growth-related protein kinases. BioEssays 12:121.

Ransone, L. ]J. and I. M. Verma. 1989. Association of nuclear
oncoproteins fos and jun. Current Opinions Cell Biol. 1:536.

Rauscher, F.J., D. R. Cohen, T. Curran, T.J. Bos, P. K. Vogt,
D. Bohmann, R. Tijian and B. R. Franza, Jr. 1988a. Fos associated
protein p39 is the product of the jun proto-oncogene. Science
240:1010.

Rauscher, F.J., L.. C. Sambucetti, T. Curran, R. J. Distel and
B. M. Spiegelman. 1988b. A common DNA binding site for Fos
protein complexes and transcription factor AP-1. Cell 52:471.

Reidel, H., T. J. Dull, A. M. Honegger, J. Schlessinger
and A. Ullrich. 1989. Cytoplasmic domains determine signal
specificity, cellular routing characteristics and influence ligand
binding of epidermal growth factor and insulin receptors.

380



Blueprints of Life: Unlocking the Power of Modern Biotechnology

EMBO J. 8:2943.

Robertson, M. 1988. Molecular associations and conceptual
connections. Nature 334:100.

Rosen, O. M., R. Herrera, Y. Olowe, L. M. Petruzzelli and
M. H. Cobb. 1983. Phosphorylation activates the insulin receptor
tyrosine protein kinase. Proc. Natl. Acad. Sci. USA 80:3237.

Rosenthal, N. 1989. Muscle cell differentiation. Curr.
Opinions Cell Biol. 1:1094.

Rossomando, A. J., D. M. Payne, M. J. Weber and T. W.
Sturgill. 1989. Evidence that pp42, a major tyrosine kinase
target protein, is a mitogen-activated serine/ threonine protein
kinase. Proc. Natl. Acad. Sci. USA 86:6940.

Ruta, M., W. Burgess, D. Givol, J. Epstein, N. Neiger, J.
Kaplow, G. Crumley, C. Dionne, M. Jaye and ]. Schlessinger.
1989. Receptor for acidic fibroblast growth factor is relaed to
the tyrosine kinease encoded by the fins-like gene (FLG). Proc.
Natl. Acad. Sci. USA 86:8722.

Sagata, N., N. Watanabe, G. F. Vande Woulde and Y.
Ikawa. 1989. The c-mos proto-oncogene product is a cytostatic

factor responsible for meiotic arrest in verebrate eggs. Nature
342:512.

Sager, R. 1989. Tumor suppressor genes; The puzzle and
the promise. Science 246:1406.

Sassone-Corsi, P., L. J. Ransone, W. W. Lamph and I. M.
Verma. 1988a. Direct interaction between fos and jun nuclear

oncoproteins: role of the ‘leucine zipper” domain. Nature
336:692.

Sassone-Corsi, P., ]J. C. Sisson and I. M. Verma. 1988b.
Transcriptional autoregulation of the proto-oncogene fos.
Nature 334:314.

Sassoon, D., G. Lyons, W. E. Wright, V. Lin, A. Lassar,
H. Weintraub and M. Buckingham. 1989. Expression of two
myogenic regulatory factors, myogenin and MyoD1 during
mouse embryogenesis. Nature 341: 303.

Schuh, S. M. and J. S. Brugge. 1988. Investigation of factors
that influence phosphorylation of pp60- on tyrosine 527. Mol.
Cell Biol. 8:2465,

Seifert, R. A., C. E. Hart, P. E. Phillips, J. W. Forstrom, R.
Rosa, M. J. Murray and D. F. Bowen-Pope. 1989. Two different

381



Blueprints of Life: Unlocking the Power of Modern Biotechnology

subunits associate to create isoform-specific platelet-derived
growth factor receptors. J. Biol. Chem. 264:8771.

Sherr, C.]J., C. W. Rettenmier, R. Sacca, M. F. Roussel, A. T.
Look and E. R. Stanley. 1985. The c-fms proto- oncogene product
isrelated to the receptor for the mononuclear phagocyte growth
factor, CSF-1. Cell 41: 665.

Shier, P. and V. M. Watt. 1989. Primary structure of
a putative receptor for a ligand of the insulin family. ]J. Biol.
Chem. 264:14605.

Sibley, D.R., J. L. Benovic, M. G. Caron and R. ]. Lefkowitz.
1987. Regulation of transmembrane signal- ing by receptor
phosphorylation. Cell 48:913.

Sigal, I. S. and J. B. Gibbs. 1989. Oncogenes. Current
Opinions Cell Biol. 1:286.

Sluyser, M. 1990. Steroid/thyroid receptor-like proteins
with oncogenic potential: a review. Cancer Res. 50:451.

Spiegelman, B. M., R. ]. Distel, H. S. Ro, B. S. Rosen and B.
Satterberg. 1988. Fos protooncogene and the regulation of gene
expression in adipocyte differentiation. J. Cell Biol. 107:829.

Storms, R. W. and H. R. Bose, Jr. 1989. Oncogenes,
protooncogenes, and signal transduction: toward a unified
theory? Adv. Virus Res. 37:1.

Struhl, K. 1989. Helix-turn-helix, zinc-finger, and leucine-
zipper motifs for eukaryotic transcriptional regulatory proteins.
Trends Biochem. Sci. 14:137.

Tonks, N., H. Charbonneau, C. D. Diltz, E. H. Fischer and
K. A. Walsh. 1988. Demonstration that the leukocyte common
antigen CD45 is a protein tyrosine phospha- tase. Biochemistry
27:8695.

Ullrich, A. and ]. Schlessinger. 1990. Signal transduction
by receptors with tyrosine kinase activity. Cell 61:203.

Van Etten, R. A., P. Jackson and D. Baltimore. 1989. The
mouse Type IV c-abl gene product is a nuclear protein, and
activation of transforming ability is associated with cytoplasmic
localization. Cell 58:669.

Veillette, A., M. A. Bookman, E. M. Horak, L. E. Samelson
and J. B. Bolen. 1989. Signal transduction through the CD4
receptor involves the activation of the membrane tyrosine-
protein kinase p56lck. Nature 338:257.

382



Blueprints of Life: Unlocking the Power of Modern Biotechnology

Vogt, P. K. and T. J. Bos. 1989. The oncogene jur and
nuclear signalling. Trends Biochem. Sci. 14:172. Watt, R. A.,
A. R. Shatzman and M. Rosenberg. 1985. Expression and
characterization of the human c-myc DNA-binding protein.
Mol. Cell. Biol. 5:448.

Weinberg, R. A. 1989. The action of oncogenes in the
cytoplasm and nucleus. Science 230:770.

Weinberger, C., C. C. Thompson, E. S. Ong, R. Lebo, D.
J. Gruol and R. M. Evans. 1986. The c-erb-A gene encodes a
thyroid hormone receptor. Nature 324:641.

Westermark, B. and C. H. Heldin. 1989. Growth factors
and their receptors. Curr. Opinions Cell Biol. 1:279.

Whitman, M. C.,, P. Downa, M. Keeler, T. Keller and L.
Cantley. 1988. Type I phosphatidylinositol kinase makes a
novel phosphatidylinositol-3-phosphate. Na- ture 332:644.

Wolfman, A. and I. G. Macara. 1990. A cytosolic protein
catalyzes the release of GDP from p21, Science 248: 67.

Wright, W.E., D. A.Sassoonand V. K. Lin. 1989. Myogenin,
a factor regulating myogenesis, has a domain homologous to
MyoD. Cell 56:607.

Yarden, Y. and A. Ullrich. 1988. Growth factor receptor
tyrosine kinases. Annu. Rev. Biochem. 57:443.

383



