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Abstract
In the 30 years since its discovery, tyrosine phosphorylation has emerged as a fundamentally
important mechanism of signal transduction and regulation in all eukaryotic cells, governing many
processes, including cell proliferation, cell cycle progression, metabolic homeostasis, transcriptional
activation, neural transmission, differentiation and development, and aging. Perturbations in tyrosine
phosphorylation underlie many human diseases, and in particular cancer, and this has prompted the
development of inhibitors of tyrosine kinases implicated in disease, a number of which have been
approved for clinical use. The following is a brief personal reflection on some of the salient findings
over the past 30 years that led to the development of tyrosine kinase inhibitors for disease therapy.

Introduction
A fortuitous observation made in the summer of 1979 during our studies of polyomavirus
middle T and v-Src associated kinase activities led to the discovery of tyrosine phosphorylation
as a new type of protein modification [1-3]. Over the past 30 years amazing progress has been
made in elucidating how tyrosine phosphorylation regulates protein function, and in developing
therapeutic drugs that antagonize the activity of tyrosine kinases that are aberrantly activated
in cancer.

Historical perspective
Following the 1979 discovery that Src is a tyrosine kinase, the number of distinct tyrosine
kinases grew rapidly, accelerated by the advent of rapid DNA sequencing technology and PCR.
All the cloned tyrosine kinases proved to have a related catalytic domain sequence containing
a series of conserved motifs, later shown to be involved in catalysis, which are largely shared
with those in the catalytic domains of the serine/threonine kinases. Progress in understanding
the function of tyrosine phosphorylation was equally rapid (see time line in Figure 1). The early
observation that ligand binding induced a rapid increase in EGF and PDGF receptor tyrosine
kinase (RTK) autophosphorylation implied an important role for tyrosine phosphorylation in
growth factor signaling and proliferation, and by extension in oncogenesis through hijacking
of growth factor tyrosine phosphorylation signaling pathways. A key step in understanding
how RTKs initiate intracellular signaling was the discovery that phosphotyrosine (P.Tyr)
residues on activated RTKs are recognized by a phosphodependent-binding domain, the SH2
domain, in a manner dictated by the primary sequence of the amino acids immediately
downstream of the P.Tyr [4]. The recruitment of SH2 domain proteins to autophosphorylated
RTKs at the plasma membrane is critical for initiating and propagating downstream signaling.
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SH2 domain proteins can have a variety of functions, including adaptor proteins to recruit other
signaling proteins, enzymes that act on membrane molecules, such as phospholipases,
cytoplasmic tyrosine kinases that relay signals, E3 ubiquitin ligases, and transcription factors.
Proteins containing a second type of P.Tyr-binding domain, PTB, were also found to be
involved in RTK signaling. Subsequently, other P.Tyr-binding domains have been identified,
including a subset of catalytically-dead protein phosphatases in the protein-tyrosine
phosphatase (PTP) and the dual-specificity phosphatase (DSP) families, the C2 domain of
PKCδ, and pyruvate kinase M2.

There are two classes of tyrosine kinase. Receptor tyrosine kinases are type I transmembrane
proteins possessing an N-terminal extracellular domain, which can bind activating ligands, a
single transmembrane domain, and a C-terminal cytoplasmic domain that includes the catalytic
domain. Nonreceptor tyrosine kinases lack a transmembrane domain; most are soluble
intracellular proteins, but a subset associate with membranes via a membrane-targeting
posttranslational modification, such as an N-terminal myristoyl group, and can act as the
catalytic subunit for receptors that lack their own catalytic domain. RTKs comprise 58 of the
90 tyrosine kinases in the human genome [5]. Most of them are activated through binding of
their extracellular domain to specific protein ligands, such as growth factors and cytokines,
some of which are themselves membrane anchored proteins. Ligand binding elicits RTK
oligomerization and subsequent activation of the cytoplasmic catalytic domain by
transphosphorylation of Tyr in the activation loop or juxtamembrane domain, resulting in
tyrosine phosphorylation of recruited cytoplasmic proteins, thereby transducing extracellular
signals across the plasma membrane. Nonreceptor tyrosine kinases, acting as catalytic subunits
of receptors that lack a kinase domain, are activated in a similar fashion through ligand-induced
oligomerization or conformational reorganization of the receptors they are bound to.

Signaling specificity downstream of each receptor tyrosine kinase system is dictated by the
sequences embedding the tyrosine phosphorylation sites on the receptor proteins themselves
or their associated subunits, whose phosphorylation leads to recruitment of a spectrum of SH2/
PTB proteins dependent on the repertoire expressed in the cell. Specific cellular responses
result from the integration of the constellation of signaling pathways that are activated
downstream of the different SH2/PTB proteins, and include both cytoplasmic and nuclear
responses. Important signaling pathways activated by RTKs include the Ras/ERK MAP kinase
cascade and the PI-3 kinase pathway. Indeed, the discovery of PI-3 kinases emerged from the
study of a lipid kinase activity associated with tyrosine kinases, and the first MAP kinase
cascade was discovered biochemically as series of activities stimulated by EGF or insulin upon
activation of their respective receptor RTKs.

Tyrosine phosphorylation proved to be not only involved in growth factor receptor signaling,
but also in many other cellular processes, including cell adhesion via integrin signaling,
metabolic regulation through the insulin RTK, in cell cycle control through inhibitory tyrosine
phosphorylation of CDKs, transcriptional activation through tyrosine phosphorylation of latent
cytoplasmic STAT family transcription factors, in neural transmission, and even in aging via
the IGF-1R, to mention but a few processes regulated by tyrosine phosphorylation. Tyrosine
kinases play a particularly important role in development and cellular differentiation in
metazoans, and in evolutionary terms, tyrosine kinases proper are found in all metazoans,
consistent with their playing major role in cell-cell signaling and transmembrane signal
transduction, a critical function for establishment of a multicellular organism.

The Tyrosine Kinome
The availability of complete genome sequences afforded the possibility of using bioinformatics
tools to predict the total numbers of protein kinase genes in an organism, and in particular the
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complement of tyrosine kinases. In general, tyrosine kinases represent 10-15% of total protein
kinase genes in a typical metazoan organism. For instance, in C. elegans 90 out of 454 total
protein kinase genes encode tyrosine kinases, and in humans 90 of the 525 protein kinase genes
are tyrosine kinases [5,6]. Of the 90 human tyrosine kinases 58 are RTKs; four of these RTKs
are predicted to lack catalytic activity (e.g. ErbB3) [5]. Opposing the action of the tyrosine
kinases are 108 protein phosphatases that can remove phosphate from P.Tyr in proteins [7].
Tyrosine kinases do not have a strong preference for the primary sequence embedding the
target tyrosine, although a predilection for acidic residues within the four amino acids in either
side of the Tyr has been deduced for individual kinases using degenerate peptide library
approaches [8]. Instead, the target specificity of tyrosine kinases is dictated in large part by
second site interactions between the kinase and a potential substrate, such as that mediated by
SH2 domains, and also by a shared subcellular localization. In general, PTPs also lack a tight
primary sequence specificity for the target P.Tyr, although in a few cases the catalytic domain
has a pocket for a second acidic residue. Moreover, there is not a one to one relationship
between tyrosine kinases and phosphatases, and, like the tyrosine kinases, the action of PTPs
is limited by their secondary interactions with potential targets and by their subcellular
localization.

The Evolution of Tyrosine Phosphorylation
Some intriguing insights into the evolutionary origins of tyrosine phosphorylation have come
from the recent analysis of the kinome of the choanoflagellate Monosiga brevicollis, a single-
cell ocean-dwelling organism [9-11]. Surprisingly, M. brevicollis has a tyrosine
phosphorylation network as complex as that of humans with 128 predicted tyrosine kinases.
However, only seven of these tyrosine kinases are orthologous to the tyrosine kinases found
in metazoans [9]. There had been speculation that tyrosine phosphorylation must have arisen
as a signaling system in a single cell organism that then gave rise to the first metazoans. Indeed,
choanoflagellates lie close to the base of the metazoan lineage, and could have given rise to
metazoans. However, the enormous divergence in tyrosine phosphorylation networks between
choanoflagellates and simple metazoans suggests it is more likely that both choanoflagellates
and metazoans arose from a common progenitor with a simpler tyrosine phosphorylation
system. Of course, this begs the question as to how tyrosine phosphorylation arose and acquired
its signaling function [11]. Tyrosine phosphorylation is known in prokaryotes, and a class of
bacterial tyrosine (BY) kinase has been characterized [12]. However, the BY kinases are not
related to the eukaryotic tyrosine kinases in either sequence or structure. Conventional PTPs
and Cdc25 family PTPs are present in the yeasts, which lack true tyrosine kinases, but their
function is to dephosphorylate the regulatory tyrosine phosphates on CDKs and MAPKs.
Nonetheless, the existence of PTPs may have been critical in allowing the evolution of a new
class of protein kinase with specificity for tyrosine, which in the absence of enzymes that
dephosphorylate P.Tyr could be deleterious. The other key component of tyrosine
phosphorylation-based signaling is a domain that can bind specifically to P.Tyr residues in
other proteins. Like PTPs, proteins with SH2 domains are also found in organisms, such as
yeast and slime molds, that lack tyrosine kinases proper, but whether the SH2 domain arose
de novo as a P.Tyr-binding domain, or whether it was derived from a domain that binds other
acidic moieties is unknown. In this regard, it is interesting to note that the conserved yeast Spt6
protein has a divergent SH2 domain that binds to P.Ser2 in the CTD repeat of the large subunit
of RNA polymerase II [13].

In discussions about the evolution of tyrosine phosphorylation, a common question is “Why
tyrosine?”. Like Ser/Thr phosphate esters, the P.Tyr phosphate ester linkage has a relatively
high bond energy, and the equilibrium constant for most protein kinases is close to 1, meaning
that kinases can catalyze the reverse reaction in the presence of ADP and remove phosphate
from the phosphorylated residue in a target protein to generate ATP. Perhaps the major reason
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why P.Tyr was selected is that the SH2 domain binding energy for a P.Tyr residue is higher
than that for P.Ser or P.Thr, because of the contribution of contacts that can be made with the
phenolic ring in addition to interactions with the phosphate. Despite the relatively large number
of tyrosine kinases, P.Tyr accounts for <1% of phosphate esterified to proteins [2]. There are
several reasons for this. Unlike P.Ser/Thr, P.Tyr rarely plays a structural role in proteins, and
is primarily regulatory. In addition, most tyrosine kinases are tightly negatively regulated, and
only activated under specific conditions. Finally, PTPs have a very high turnover rate, and, in
consequence, P.Tyr residues have a very short half life, unless protected by binding to SH2/
PTP domains.

Structural Basis of Signal Transduction by Tyrosine Phosphorylation
Tremendous insights into the mechanistic underpinnings of tyrosine phosphorylation signaling
have come from three-dimensional structures obtained for tyrosine kinases and phosphatases,
SH2 and PTP domains, etc. These structures have illuminated the mechanisms of activation of
tyrosine kinases, through dimerization, and auto/transphosphorylation-induced
conformational changes, the novel catalytic mechanism used by PTPs, and the selectivity of
SH2 domains and PTP domains for specific primary sequences containing P.Tyr. Insights into
how tyrosine kinase activity is negatively regulated by phosphorylation and by other proteins
has also come from structures; for example, the Grb14 BPS domain bound to the insulin
receptor catalytic domain [14], and a fragment of MIG6 bound to the EGF receptor catalytic
domain [15]. As yet there are few structures of tyrosine kinases interacting with their substrates,
although the Csk/c-Src structure [16], the APS SH2 domain bound to the P.Tyr residues in the
insulin receptor activation loop [17], and FGFR2 catalytic domain dimer caught in the act of
transphosphorylation [18], and the twin SH2 domains of PLCγ1 bound to the FGFR1 catalytic
domain are examples [19]. As structures of multidomain fragments of tyrosine kinases bound
to their substrates are reported, another emerging theme is the intricacy of the intra- and
intermolecular interactions between the domains, which has important implications for
regulation and substrate specificity. For instance, SH2 domains not only interact with specific
P.Tyr residues, but also with proteins via other surface loops (e.g. the Abl SH3 domain binds
to the Crk SH2 domain via a PXXP motif in the DE loop [20], and the SAP SH2 domain binds
to the SH3 domain of FynT [21]).

Tyrosine Kinase Substrates
A true understanding of the roles of tyrosine phosphorylation requires a knowledge of the
proteins that are phosphorylated by the activated tyrosine kinases in question. Early attempts
to identify substrates for tyrosine kinases involved screening for alkali-stable phosphoproteins
on two-dimensional gels and analysis of candidate substrates from 32P-labeled cells expressing
an oncogenic tyrosine kinase or after stimulation with a growth factor that activates an RTK.
The development of anti-P.Tyr antibodies was a major advance, and allowed rapid
identification of potential substrates in unlabeled cells and tissues. Affinity purification with
P.Tyr-binding domains also yielded substrates. In each case, the site of tyrosine
phosphorylation had to be identified, usually by mutagenesis and peptide mapping, and then
functional studies carried out to determine the effects of tyrosine phosphorylation. Excluding
autophosphorylation sites on tyrosine kinases, which tend to predominate, a catalogue of over
a hundred substrates was established. In general, tyrosine phosphorylation has been found to
induce protein-protein interaction through the binding of proteins with SH2/PTB domains to
the tyrosine phosphorylated protein, thus propagating a signal. However, there are some
examples where tyrosine phosphorylation regulates catalytic activity; this may involve
intramolecular interactions between the P.Tyr moiety and an SH2 domain (e.g. c-Src and
SHP2), but there are cases where tyrosine phosphorylation acts to change activity through an
allosteric mechanism, such as PLCγ1.
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The current catalogue of characterized tyrosine phosphorylated protein, however, appears to
represent a significant underestimate of the prevalence of tyrosine phosphorylation. Recent
mass spectrometry-based phosphoproteomic analyses for P.Tyr-containing peptides in
different cell types and tissues under different conditions have revealed hundreds of tyrosine
phosphorylation sites occupied in a single cell type in response to a stimulus that activates a
tyrosine kinase [22-26](see also the PhosphositePlus, Phosida, and Phospho.ELM web
resources, among other phosphoproteomic databases). Among these are sites in previously
identified signaling proteins, but there are also cytoskeletal proteins, proteins involved in RNA
metabolism, and even glycolytic enzymes, such as enolase, which ironically was among the
first v-Src substrates to be identified 25 years ago. While the consequences of phosphorylation
of these Tyr in the new targets await functional characterization, the roles of tyrosine
phosphorylation are obviously more varied than we originally thought.

Tyrosine Kinases and Disease: The Development of Inhibitors
Hand in hand with our understanding of the functions of tyrosine phosphorylation came the
realization that aberrant tyrosine phosphorylation plays a critical role in a number of diseases.
Indeed, 51 of the 90 tyrosine kinases are implicated in cancer either through mutation or under-
or overexpression [27], and a fair number of PTPs and DSPs have also been implicated in
disease. The initial discovery that several viral oncoproteins are constitutively active tyrosine
kinases that transform cells through tyrosine phosphorylation, led to an immediate interest in
the possibility of developing inhibitors that would block the action of such kinases [28]. This
interest was heightened with the discovery that the oncoprotein driving chronic myelogenous
leukemia is a fusion protein between BCR and c-ABL, BCR-ABL, which has constitutive
tyrosine kinase activity. This was followed by the finding that ERBB2 is overexpressed in a
subset of breast cancers. Natural product tyrosine kinase inhibitors (TKIs) were identified in
the early 1980’s, and programs to develop synthetic small molecule tyrosine kinase inhibitors
were initiated in industry at CIBA-Geigy and in academic groups, including Levitzki’s, in the
mid-1980’s [29]. Progress was encouraging, but developing inhibitors with true drug-like
properties proved more difficult. The first success grew out of an earlier program at CIBA-
GEIGY to develop protein kinase C inhibitors, which provided the 2-phenylaminopyrimidine
scaffold. An early tyrosine kinase target was the PDGF receptor, where an inhibitor could be
useful in treating restenosis. Synthesis of a series of 2-phenylaminopyrimidine derivatives led
to the PDGFR-selective CGP53716, and to CGP57148B, which inhibits PDGFR and v-Abl in
vitro and in vivo equally potently, as well as c-KIT. CGP57148B became known as STI571
(Signal Transduction Inhibitor), and once it entered clinical trials for CML was given the
generic name imatinib (when formulated as the mesylate salt, imatinib is marketed by Novartis
as Gleevec™ (USA) or Glivec™ (Europe). Imatinib went into clinical trials in 1998, and
because of the stunning effectiveness in treating chronic phase CML, imatinib was approved
for the treatment of CML on May 10, 2001 [30].

In the interim, other pharmaceutical and biotech companies had been developing inhibitors for
tyrosine kinases known to be activated in cancer or which are critical for the development of
tumor vasculature. In relatively, quick succession a series of TKIs have been approved for
treatment of cancer: gefitinib (Iressa™) and erlotinib (Tarceva™), both EGFR inhibitors
approved for NSCLC therapy, sunitinib (Sutent™); a split RTK inhibitor that was approved
for treatment of renal carcinoma and imatinib-resistant CML, dasatinib (Sprycel™), a mixed
Src/Abl inhibitor approved as an alternative therapy that works for some imatinib-resistant
CML; lapatinib (Tykerb™), an EGFR/ERBB2 inhibitor approved for breast cancer therapy;
and nilotinib (Tasigna™), a derivative of imatinib that is significantly more potent and
selective. In addition to the TKIs, humanized monoclonal antibody (MAb) drugs that counter
the activity of RTKs involved in cancer have also been approved: trastuzumab (Herceptin™),
an anti-ERBB2 MAb that was the first approved drug that antagonizes a tyrosine kinase (1998);
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cetuximab (Erbitux™)and panitumumab (Vectibix™), EGFR neutralizing MAbs; and
cevacizumab (Avastin™), an anti-VEGF MAb. Many additional TKIs directed against other
target tyrosine kinases are currently in cancer clinical trials. For instance, HGF receptor (MET),
FAK, IGF-1R, SYK, FLT3, SRC, VEGFR2, and JAK2 inhibitors, among others, are in cancer
trials, and many of these are sure to be approved for clinical use within the next few years.

Tyrosine Kinase Inhibitors; Looking Forward
Many of the first generation TKIs are not very selective, often having many kinase targets in
addition to the target tyrosine kinase [31-33]. In large part this stems from the fact that
appropriate counterscreens were not available for the majority of protein kinases at the time
when these inhibitors were being developed. In addition, the technology for developing
selective kinase inhibitors has improved significantly, particularly with the use of structure-
and fragment-based design methods. Nevertheless, off-target specificities did not preclude the
development of these first generation TKIs as drugs, and indeed a combination of on-target
and off-target effects may partly underlie the effectiveness of these TKIs in some
circumstances, particularly when there is redundancy in the tyrosine kinases that are activated
in a tumor. The multikinase specificity of imatinib has been put to great use in the treatment
of tumors that depend on mutationally activated c-KIT or PDGFRα RTKs, such as
gastrointestinal stromal tumors (GIST). Moreover, a virtue is now being made of broad
inhibitor specificity through the development of multikinase inhibitors.

The effectiveness of TKIs in cancer therapy provides strong support for the idea that individual
tumors can be dependent on a single activated tyrosine kinase. However, there is also emerging
evidence for redundancy among driver RTKs in cancer, such that inhibition of one tyrosine
kinase may result in upregulation or activation of a second RTK that can serve the same function
[34,35]. This suggests that the use of combinations of TKIs or multikinase inhibitors may be
more effective. The “addiction” of cancers to specific signaling pathways is now being explored
by screening the sensitivity of large numbers of tumor cell lines to approved protein kinase
inhibitors [36]. In general, the most sensitive lines prove to contain activating mutations in the
target kinase. For instance, the NSCLC cell lines most sensitive to erlotinib have activating
EGFR mutations, and the melanoma, thyroid, and colorectal carcinoma lines sensitive to a
RAF inhibitor have mutant B-RAF [36]. Kinome-wide resequencing studies on large numbers
of tumor cell lines and primary tumors have become another avenue for pinpointing mutant
kinases driving the tumor phenotype that have not previously been implicated in cancer
[37-39]. The use of phosphoproteomic analysis of P.Tyr-containing peptides also has the
potential to uncover activated tyrosine kinases in cancer [40]. Finally, kinome-wide siRNA
screens of tumor cell lines harboring defined oncogenic mutations for protein kinase
dependence are yielding interesting and distinct patterns of kinase dependency that highlight
essential signaling pathways and provide kinase targets for inhibition that may not necessarily
be mutant in the cancer [41-45].

Despite the success of the first generation of TKIs , resistance to the drugs is a frequent event,
and in the great majority of cases this is found to be due to point mutations within the catalytic
domain that render it resistant to inhibition. This has been particularly well worked out in the
case of imatinib-resistant CML, where a large number of point mutations that render BCR-
ABL resistant to imatinib has been identified through sequencing [46]. The most common is
T315I, a mutation in the so-called gatekeeper residue, which blocks imatinib binding to the
catalytic cleft because the bulkiness of the Ile side chain results in a steric clash. Mutation of
the equivalent residue in EGFR, T790, to Met also commonly underlies the resistance of
NSCLC with mutant EGFR [47,48] to treatment with the EGFR inhibitor erlotinib [49]. The
propensity of tumors to generate resistant variants due to their genetic instability has demanded
the generation of TKIs that can inhibit the mutant forms (e.g. sunitinib for imatinib-resistant
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GIST, and dasatinib and nilotinib for imatinib-resistant CML). In addition, prospective studies
are now routinely carried out to determine what sort of mutations will render a target tyrosine
kinase resistant to an inhibitor that is in clinical trials, so that a head start on developing second
generation inhibitors can be made. In practice, it may prove beneficial to start therapy with a
combination of inhibitors targeting the same tyrosine kinase, analogous to triple therapy for
HIV, to reduce the chances of the tumor developing a resistant form of the kinase.

Looking forward, we can expect continuing development of second generation TKIs to
circumvent the problem of resistance to first generation compounds. Allosteric inhibitors,
which interact with sites outside the kinase domain catalytic cleft, are likely to become
commonplace. In this regard, small molecule inhibitors that interact with the extracellular
domains of RTKs and prevent dimerization are likely to be developed. Molecular diagnosis of
individual tumors for activated tyrosine kinases will be used to define which TKIs to use for
treatment. For therapeutic purposes, we need to learn how to use TKIs in the right combination
with other signal transduction inhibitors, and with chemotherapeutic drugs, and to optimize
dosing and scheduling to treat cancers more effectively. It will also be critical to elucidate the
rules underlying the crosstalk and feedback mechanisms that lead to activation of redundant
tyrosine kinase pathways upon inhibition of a single tyrosine kinase in cancer. Undoubtedly,
TKIs will also be approved for use in the treatment of other types of disease, e.g. inflammatory
and immune-related conditions, although this raises issues about the safety profiles appropriate
for long term use of TKIs.

Coda
The last thirty years have been an exciting ride and we have learned an amazing amount about
the functions and evolution of tyrosine phosphorylation. However, there is still much more to
do and the next thirty years of research on tyrosine phosphorylation promises to hold more
insights and surprises, as well as applications of this knowledge to benefit the human condition.
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Figure 1.
Timeline of some important discoveries in tyrosine phosphorylation
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