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PREFACE

tween the world outside of the cell and the cellular machinery that

coordinates changes in cytoskeletal structure, regulates cell division,
responds to DNA damage, and executes programmed cell death. Mutational
activation of these kinases subverts normal cellular controls on these pro-
cesses and leads to human leukemia. The book is a compilation of what we
presently know about the cellular and molecular mechanisms by which Abl
family kinases function in development and how dysregulation of these pro-
cesses causes leukemia in humans and developmental defects in animals.

Protein kinases transmit information by phosphorylating specific sub-
strates in response to discrete stimuli. The activity of Abl family kinases is
normally kept under very tight control in cells, but can be induced by di-
verse stimuli, including growth factor or adhesion receptor engagement, DNA
damage, and oxidative stress. In Chapter 1, Oliver Hantschel and Giulio
Superti-Furga begin our book with a scholarly discussion of how Abl family
kinase activity is regulated by intra- and intermolecular interactions. This
theme is continued in Chapter 2 by Ann Marie Pendergast as she summa-
rizes pioneering work from her lab examining how Abl family kinases be-
come activated by growth factor receptors. Keith Tanis and Martin Schwartz
complement this discussion by reviewing how Abl family kinases mediate
signaling from integrin adhesion receptors in Chapter 3.

Upon activation by various stimuli, Abl family kinases interact with
downstream effector pathways to execute diverse cellular functions. Two
principal functions of Abl family kinases are the regulation of programmed
cell death and the control of cytoskeletal dynamics. In Chapter 4, Jean
Wang, Yosuke Minami, and Jiangyu Zhu rigorously explore work from their
lab and others detailing with the signaling pathways by which Abl regulates
cell death. I review examples where Abl family kinases have been shown to
regulate cell morphogenesis and review the biochemical mechanisms by which
Abl and Arg control F-actin rearrangements in Chapter 5. Shahin Emami
and Rich Klemke in Chaper 6 enrich this discussion by reviewing how Abl
family kinases coordinate these cytoskeletal pathways to control directed cell
migration.

Oncogenic activation of Abl family kinases causes leukemia in verte-
brates. Ruibao Ren in Chapter 7 provides a comprehensive discussion of
oncogenic variants of Abl family kinases, the cell types they target, and the
mechanisms by which they lead to cancer.

Genetic studies have shown that Abl family kinases are important regu-
lators of cell development and morphogenesis, particulatly in the hemato-
poietic and nervous systems. In Chapter 8, Eva Moresco examines the ge-
netic studies that implicate Abl family kinases in diverse aspects of vertebrate

ﬁ bl family nonreceptor tyrosine kinases serve as essential relays be



development. Cheryl Thompson and David Van Vactor review the pathways
and mechanisms by which Abl family kinases control axon and dendrite
morphogenesis in Chapter 9.

This book will provide the reader with an exciting entry into the cellular
functions of Abl family kinases and the developmental and disease processes
that depend on their function. Students who read this book will gain expo-
sure to an uniquely interdisciplinary field that engages structural biologists,
chemists, cell and molecular biologists, medical oncologists, geneticists, and
neuroscientists. Each author has also offered his or her unique perspective
on future challenges in their discipline. The good news for students is that
despite everything we have learned about Abl family kinases in the past 30+
years, there are many fundamentally important problems that remain to be
solved.

Anthony J. Koleske
New Haven, Connecticut, U.S.A.
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CHAPTER 1

Mechanisms of Activation of Abl
Family Kinases

Oliver Hantschel* and Giulio Superti-Furga

Abstract

vidence that has accumulated over the last years points to c-Abl and Arg (ABL1 and
EABLZ) as being particular forms of the Src family of kinases. Just as much as or even

more than the Src kinases, Abl members are built to be able to couple protein-protein
interaction with protein tyrosine kinase catalytic output. This stems from the constant compe-
tition between self-inhibitory inframolecular interactions (mostly via the SH3 and SH2 do-
mains) and generally activating éntermolecular interactions with ligands. Ligand engagement
both regulates and, in turn, is regulated by the level of activity of the kinase domain. A series of
post-translational modifications act on this balance and allows the integration of catalytic ac-
tivity, localization and multiprotein complex assembly functions. Most excitingly, the majority
of the principles appearing to govern c-Abl and Atg are still operational in the Bcr-Abl onco-
genic counterpart and affect the efficacy of small molecular ATP-competitors.

The Abl family of tyrosine kinases is regulated by a complex set of intramolecular interactions
that impinge both directly and indirectly on the Abl kinase domain and lead to effective inhibi-
tion of tyrosine kinase activity both in vitro and in vivo. Even a partial, albeit persistent, disrup-
tion of these autoinhibitory constraints results in cell transformation and different forms of can-
cer in humans. The fusion-proteins Bcr-Abl, Tel-Abl and v-Abl are three well-characterized examples
in this respect. Here, the kinase activity is mostly switched on, contributing to the deregulation of
cell growth. On the other hand, the controlled activation of Abl kinases is required for a large
number of normal cellular processes. The most important ones are of central interest to many
research groups and are discussed extensively in other chapters of this book. In this chapter, we
provide an overview of the mechanisms by which multiple cellular proteins transiently activate
Abl kinases to perform cellular functions. We present the entire set of mechanisms that lead to
Ab activation, grouping the numerous studies on physiological stimuli acting on Abl into dis-
tinct activation categories. The recently obtained insights into the structure of autoinhibited Abl
is integrared and is used as guide to explain the different molecular mechanisms.

Structure and Regulation of c-Abl

The state of low catalytic tyrosine kinase activity of c-Abl and Arg is the result of particular
restraints on the kinase domain imparted by other regions of the protein. This is exemplified by
the fact that the kinase domain alone has a 10-100-fold higher catalytic activity than the
full-length protein (Superti-Furga laboratory, unpublished observation). These addirional regions
of the protein mediate both intra-, as well as intermolecular interactions that either directly or

*Corresponding Author: Oliver Hantschel—Center for Molecular Medicine of the Austrian
Academy of Sciences Lazarettgasse 19/3 1090 Vienna, Austria.
Email: ohantschel@cemm.oeaw.ac.at

Abl Family Kinases in Development and Disease, edited by Anthony Koleske.
©2006 Landes Bioscience and Springer Science+Business Media.
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Figure 1. Structures of regulated c-Abl and c-Src. Rlbbon represention of regulated c-Abl in complex with
the kinase inhibitor PD166326 (left; PDB entry 1OPK,') compared to regulated c-Src in complex with the
ATP analogue AMP-PNP (right; PDB entry 2SRC,*%). The SH3, SH2 and kinase domains are shown in
yellow, green and blue, respectively. The SH2-kinase domain linker is shown in red, the SH3-SH2 con-
nector in purple and the carboxy-terminal helices al and ol of c-Abl in dark red. The P-loop and the
activation loop areyellow and green, respectively. In c-Src, the SH2 domain binds the tyrosine-phosphorylated
tail emerging from the kinase domain, whereas in c-Abl, the SH2 domain is closely docked to the kinase
domain. The myristoyl group of c-Abl binds to a deep hydrophobic pocket in the kinase domain and induces
a conformational switch (dark red helices) that allows docking of the SH2 domain. The structure figures
were prepared using PyMol

indirectly impose a restriction on the kinase domain. A major contribution to autoinhibition
of c-Abl is provided by a series of intramolecular interactions of the SH3 and SH2 domains of

c-Abl, which bind to the distal face of the kinase domain, opposite of the substrate- and
ATP- bmdmg sntes, and actasa “clamp” that keeps the kinase domain in a conformation of low
catalytic activity.'® This domain arrangement in c-Abl closely resembles that seen in the struc-
tures of regulated Src-family kinases* (Fig. 1).

The SH3 domain binds the linker segment that connects the SH2 and the kinase domain
(the SH2-kinase linker, which adopts a polyproline type II helix) and the small lobe of the
kinase domain.” The SH2 domain, on the other hand, forms a tight protein—protein interface
with the large lobe of the kinase domain." As observed in structures of the isolated kinase
domain, the kinase domain alone would not be compauble with SH2-domain docking, as the
C-terminal helix oI clashes with the SH2 domain.! A crystal structure of the isolated kinase
domain in complex with a myristoylated peptide corresponding to the very amino terminus of

<-Abl showed that binding of the myristoyl group to a deep hydrophobic pocket in the C-lobe
can break the al-helix and form another helix, oI’. This helix has a very different orientation
and thereby renders the docking site accessible for the SH2 domain® (Fig. 1). In turn, binding
of the myristoyl group to the pocket seems to be absolutely essential for adopting an assembled,
autoinhibited conformation of c-Abl 1b, and forms of c-Abl 1b that lack the myristoyl group
therefore show constitutive tyrosine kinase activity.®

Besides their role as intramolecular regulators of kinase activity, both the SH3 and SH2
domains have been shown to interact with a large number of other proteins (reviewed in ref. 9).
Binding of the SH3 and SH2 domains to their respective ligands in these proteins and thereby
disrupting the intramolecular Ab! interactions appear to be a widely used mechanism of Abl
activation.
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Activation of Abl by SH3 Domain Ligands

The Abl SH3 domain participates in a sandwich interaction, binding the SH2-kinase linker,
which adopts a g)olyproline type II helix, between itself and the amino-terminal lobe of the
kinase domain.”! In addition to the data from the crystal structures and molecular dynamics
simulation,' mutagenesis of the SH3-domain, the SH2-kinase linker or the small (amino-terminal)
lobe of the kinase domain show that perturbance on any participant in this intramolecular
interaction leads to activation of Abl kinase- and transformation activity.”*'®!" As for Src-family
kinases, the kinase domain of Abl needs to be able to adopt the proper conformation in order for
the linker and SH3 domain to “dock”. In ¢-Src and in Lck, the kinase domain stabilized in a
state of high-activity by, for example, phosphorylation of the activation loop is less prone to
support SH3/linker docking, "4 This three-way interaction ensures high specificity to the “sand-
wich”. Interestingly, recent evidence suggests that the SH3-linker-kinase interaction is at least
partly maintained in the otherwise highly de-regulated Ber-Abl. !>

In order to disrupt the intramolecular interaction of the SH3-domain with the linker, com-
petition with a proline-rich ligand that is provided in trans, i.c., by another protein, can result
in activation. Many examples for proteins that contain SH3-domain ligands and are able to
activate c-Abl have been studied in detail, including c-Cbl, c-Jun, Dok-R, RFX1 and $T5.16:20
Unfortunately, many of these studies fail to show that upon mutation of the PxxP motif Abl
activation is impaired. In addition, activation in vitro with an SH3 domain ligand peptide has
not yet been reported, probably due to the low level of affinity of SH3 peptide ligands for their
respective binding site. Most SH3 domain-dependent activators are, in turn, also phosphory-
lated by c-Abl. These phosphorylated residues could bind to the Abl SH2 domain, thereby
further activating c-Abl kinase activity.

Activation of Abl by SH2 Domain Ligands

SH2 domains bind tyrosine-phosphorylated peptides in a particular sequence specific con-
text, as these domains contain two surface pockets, one that recognizes the phospho-tyrosine
and a second one that binds to specific residues that are located downstream of the
phospho-tyrosine.'"?2

The SH3 domain of Abl is already bound to its respective ligand in autoinhibited Abl. In
contrast, the SH2 domain has no ligand engaging the phospho-tyrosine-binding pocket in
autoinhibited c-Abl. This is due to the tight protein-protein interface of the SH2 domain with
the carboxy-terminal lobe of the kinase domain, which is stabilized by a network of interlock-
ing hydrogen bonds and partly occludes access to the SH2 domain, as the kinase domain masks
the binding sites for the residues that are immediately upstream of the phospho-tyrosine.'
Based on the Abl crystal structures, binding of phosphopeptides to the SH2 domain in
autoinhibited c-Abl was predicted to disrupt the SH2-kinase domain interface and possibly
result in kinase activation.’

In support of this, and similar to the situation for ¢-Stc, tyrosine-phosphorylated peptides
that were derived from c-Abl substrates are capable of activating c-Abl in vitro. A
concentration-dependent increase in c-Abl activity was observed and required an intact
SH2-domain.® This unexpected finding offered an explanation for the repeatedly observed
activation of ¢-Abl by high concentration of substrates. Examples found in the literature in-
clude Abl interactor 1 (Abi-1), Nck, paxillin, Cbl, y-PAK, Cables and possibly also p73, c-Ctk,
Ena (enabled), and disabled.!®2*34 Furthermore, this may form the basis for the described
nuclear tyrosine phosphorylation circuit involving c-Abl, its substrate c-Jun and the MAP-kinase
JNK.'7 SH2 domain-dependent interactions of c-Abl with activated EphB2 and Trk receptor
tyrosine kinases,>> as well as the B-cell recepror ancillary protein CD19%” were also described
and are likely to reflect the activation mechanism of c-Abl by receptor tyrosine kinases. How-
ever, for most of the examples presented above, the phosphorylation site in the substrates/
activators has not been mapped and confirmed by mutating the site. Therefore, the precise
molecular mechanism awaits further analysis.
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This ability of SH3 ligands (low affinity) and SH2 ligands (high affinicy only after
phoshorylation) to activate c-Abl raises many important questions. What is the typical order of
events? What is the trigger and what the “stabilizing” event? Mechanistically, substrates of
<-Abl may initially be phosphorylated through the basal kinase activity of c-Abl or other ki-
nases and initiate a positive feedback loop, which involves SH2 domain-dependent activation
of c-Abl kinase activity and results in facilitated substrate recruitment, thereby shifting c-Abl
into an active conformation and preventing it from reassuming the regulated, inhibited con-
formation (Fig. 2). In line with this, efficient phosphorylation by c-Abl seems to require a
functional SH2 domain'®? and forms of c-Abl with a SH2 domain mutation display reduced
in vitro kinase activity (Superti Furga laboratory, unpublished observation).

Similar to its role in kinases of the Src-family, the Abl SH2 domain also appears to be
important for processive phosphorylation as substrates that contain multiple phosphorylation
sites are more efficiently phosphorylated than substrates with only single phosphorylation
sites. 4! Although differencly interpreted in the past, a “priming” site may initially be phos-
phorylated through the basal kinase activity of c-Abl or other kinases and initiate the positive
feedback loop described above (Fig. 2). The substrate specificity of nonreceptor tyrosine ki-
nases and the binding specificity of their associated SH2 domain strongly correlate.*43 This
means that good Abl substrates are also good binders to the Abl SH2 domain and vice versa.
This supports the known concept of coevolution of SH2-binding and kinase specificities.*?
However, it is important to note though that most Abl phosphorylation sites that are found in
physiological substrates do not match the optimal substrate sequence.

Interestingly, most of the proteins that were shown to activate c-Abl by binding of a PxxP
motif to the Abl SH3 domain also become phosphorylated by Abl and subsequently serve as
SH2 domain-dependent activators. Vice versa, most proteins that act as SH2 domain-dependent
activators also contain SH3 domain ligands. Is simultaneous SH3 and SH2 binding an obliga-
tory mechanism for most interactors? It will be interesting to test the relevance of the proper
“spacing” between the phosphotyrosine and the SH3 binding determinant. Is there a typical
distance? Does engagement by the SH2 domain and SH3 domain necessarily occur in cis on
the same substrate/activator molecule? The outcome is in all cases a release of the SH3-SH2
domain clamp from the kinase domain resulting in efficient and localized activation of c-Abl.
Although this dual role was shown only for a few cases yet, we hypothesize that it represents the
general mechanism of how Abl substrates/activators act. Therefore, both activation parameters
seem to be intimately connected and in most cases the order of events is indistinguishable
under the current low resolution level of our analyrtical tools.

Activation of Abl by Phosphorylation

One of the major differences between c-Abl and its oncogenic counterparts is that c-Abl is
normally not phosphorylated on tyrosine residues. The activation loop of the Abl kinase do-
main folds into the active site and prevents binding of both the substrate and ATR* In most
kinases, phosphorylation of one or more residues in the activation loop stabilizes it in a confor-
mation that serves as a binding platform for the peptide substrate and facilitates the
phosphotransfer reaction.> In c-Abl, phosphorylation of Tyr412 in the activation loop is coupled
to a concomitant increase in catalytic activity and can occur by an autocatalytic mechanism in
trans. *47 Furthermore, treatment of cells with platelet-derived growth factor (PDGF) results
in activation of c-Abl through measurable Tyr412 phosphorylation by Src-family kinases. 464847
Besides Tyr412, the second proline of the PXXP motif of the SH2-kinase linker to which the
c-Abl SH3 domain binds, is replaced with a tyrosine (Tyr245) that can be phosphorylated.
Mutatio{bosg Tyr245 inhibited the autophosphorylation-induced activation of wild-type c-Abl
by 50%."

In addition to phosphorylation on Tyr412 and Tyr245, active forms of c-Abl, such as c-Abl
that is activated by constitutively active Stc, as well as Ber-Abl and v-Abl are phosphorylated on
more than 20 residues (reviewed in refs. 3,51-53 and Superti-Furga laboratory, unpub-
lished results). Interestingly, besides tyrosine residues, many serine and threonine residues are
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Figure 2. SH2-domain dependent positive feed-back loop on catalytic activity of c-Abl. From top to
bottom, the cartoon shows a possible order of event in the activation of c-Abl by SH2 domain engage-
ment. An initial phosphorylation event may arise through basal activity of the enzyme and accessibility
of a particular substrate to the Abl kinase domain. Any of the positive events listed in Figure 3 may apply
as well, as, for example, engagement of the SH3 domain by a binder competing with the intramolecular
interactions. Once, phosphorylated, a substrate may engage the SH2 domain of the Abl kinase, leading
to a higher and more stable level of activity. This in turn, may result in phosphorylation of additional sites
within the same substrate molecule or of adjacent proteins. These sites may represent even better or just
additional binding partners for the same or other Abl proteins. SH2-domain dependent “processive”
phosphorylation has been described previously in vitro as well as in vivo.3*4! Engagement of a tyrosine

phosphatase may efficiently oppose the process.
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also phosphorylated. For the vast majority of these phosphorylation events, the responsible kinase
is unknown. Moreover, the functional consequences of these phosphorylation events on activity,
structure and regulation of c-Abl have not yet been studied systematically. In particular, whether
a possible phosphorylation event would be able to initiate activation by itself or whether it would
merely stabilize an activated conformation of ¢-Abl is not understood. Mapping of the phospho-
rylation sites on the structure of autoinhibited c-Abl shows that many of these sites are not easily
accessible by a cognate kinase and conformational changes are required to accommodate the
phosphate group. This suggests that most phosphorylation events in c-Abl might rather stabilize
a conformation associated with activity, rather than being able to initiate activation per se.

Once c-Abl is activated, its kinase activity can be downregulated by different mechanisms.
Recruitment of PEST-type phospho-tyrosine phosphatases via the SH3-domain containing
adaptor protein PSTPIP1 leads to dephosphorylation and subsequent downregulation of Abl
kinase activity, presumably by acting on Tyr 412 in the activation loop.>* In addition, activated
forms of c-Abl are rapidly degraded by ubiquitin-dependent proteasomal degradation, whereas
the wild-type protein is more stable.’® Indeed, inhibition of the 26S proteasome lead to an
increased level of c-Abl protein.

Activation by Oligomerization

Activation of kinases by proximity-induced trans-phosphorylation has emerged as the most
important mechanism in the activation of recepror tyrosine kinases.’® In the oncogenic fusion
protein Ber-Abl, an N-terminal coiled-coil domain causes tetramerization of the protein, which
leads to an activation of Abl kinase activity.’”*® Other oncogenic Abl fusion proteins, such as
Tel-Abl and v-Abl are multimerizing via the PNT (pointed) domain and the Gag domain,
respectively. Moreover, direct fusion of the Ber coiled-coil domain or other dimerization mortifs
to c-Abl leads to activation of kinase activity.”’°*¢! Conversely, deletion of the coiled-coil
domain reduces kinase activity, transformation and oncogenicity of Ber-Abl.'337:62

Regulation of Bcr-Abl

Several different point mutations in the Abl kinase domain lead to clinical resistance to
STI-571/Gleevec in CML patients expressing Ber-Abl.®> Many of these point mutations inter-
fere with the drug-binding directly by sterically blocking the drug binding site. On the other
hand, resistance murations that are more distal to the drug-binding site seem to lead to resis-
tance by allosteric mechanisms, stabilizing an active conformation of the Abl kinase domain
that is not recognized by Gleevec. A systematic investigation of Ber-Abl resistance mutations
provided considerable insight into the mechanisms that underlie the regulation and potential
structural domain arrangements in Ber-Abl. 112 distinct amino-acid substitutions that lead to
STI-571-resistant forms of Ber-Abl have been identified in an unbiased genetic screen in cul-
tured cells.* Recovery of almost the complete set of clinically-observed STI-571-resistance
mutations validated the approach. Probably one of the most exciting turns in recent times has
been the realization that residues conferring STI-571 resistance are identical to residues that
deregulate c-Abl kinase activity.” 8116566 This strongly implies that mutation of residues that
are crucial for ¢-Abl autoinhibition is capable of rendering Ber-Abl resistant to STI-571, and
indicates that mechanisms governing Ber-Abl regulation might be identical to those observed
in c-Abl. Bcr-Abl can thus be viewed as a form of ¢-Abl for which the equilibrium is shifted far,
but not fully, towards the very high end of the spectrum of activity. This interpretation is also
supported by the observation that point mutations in either the SH3 ligand-binding site or the
SH2-kinase-domain-linker could restore kinase activity, transformation and leukaemogenesis
to dimerization-defective Bcr—Abl."

Conclusions

From everything we have learned so far, it appears that the Abl family of tyrosine kinases are
not merely regulared by dramatic on/off switches and the view of an autoinhibited and an
active conformation appears to be an oversimplification. Rather, the proteins are capable of
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Figure 3. Abl kinases at equilibrium between states of high and low activity, with forces acting on the
equilibrium. We envisage c-Abl at constant equilibrium between a self-constrained, essentially
auto-inhibited conformation associated with low catalytic activity (left) and a much less constrained
conformation where most of the intra-molecular interactions are replaced with interaction with external
ligands and the kinase domain has a higher catalytic output. Listed on the left and right side of the cartoon
are all those events that we currently believe may pull and push the equilibrium towards the one or the
other state of activity. Of the “forces” likely to shift c-Abl into the more inert and inactive conformation
much less is known than in the activating events. The PTP-PEST phosphatase is not listed separately as
there ate reasons to believe to be a prototypic Tyr 412 phosphatase.”’ We know faitly little about the
protein kinases and phosphatases governing the phosphorylation state of the 20 or so sites found to be
phosphorylated in various forms of Abl (see refs. 3,51-53). However, it is plausible that some of these sites
will affect the activity of the enzyme in a negative way. How the various individual proteins reported to
affect Abl activity negatively may act, remains to be determined. At least in principle, some of these
proteins may act on the activity equilibrium of the cartoon by, for instance, “bridging” the catalytic and
regulatory domains thus stabilizing the inactive conformation.®” The N-myristoyl-transferase is men-
tioned in the list, as the c-Abl 1b form requires the myristate at its N-terminus to adopt the inhibited
conformation.® We know more on the events and interactions that are believed to act positively on the
activity of Abl kinases (list on the right, see main text for details). Very speculative is the suggestion of
the existence of proteins able to bind the myristate moiety at the N-terminus of the c-Abl protein, and
“sequestering” it from the internal pocket, leading to activation. Just as unproven is the existence of
possible proteolytic events, relieving c-Abl from the constraints mediated by the “cap” region or the
SH2-catalytic domain linker. Such events would result in activation of c-Abl. The most straightforward
mechanisms of activation, however, appear to either involve phosphorylation or engagement of the SH3
and/or SH2 domains. Several considerations, including ones on accessibility, suggest that phosphoryla-
tion of Tyr 412 should be the most direct mechanism of activation, while phosphorylation of Tyr 245 in
the SH2-catalytic domain linker may rather act by stabilizing an already “primed” active configuration.

integrating different types and degrees of protein-protein interaction as well as different types
and degrees of post-translational modification into a continuum of activity levels, from “very
low” (fully inhibited) to “very high” (fully activated) (Fig. 3). Activating and inhibiting pro-
teins that bind to the various domains and sequence motifs of c-Abl, as well as kinases and
phosphatases that alter its phosphorylation status may tip the balance further in one or the
other direction (Fig. 3). If, as we assume, the kinase domain can adopt a wide series of interme-
diate conformations resulting in different activity levels, then most regulatory events can be
envisaged as forces that shift the equilibrium between fully inhibited and fully activated. The
large set of intramolecular interactions that have been described in the last several years seem to
have evolved for the precise purpose of coupling environmental cues to activity. Rather harsh
interferences with this well-balanced system, like the loss of regulatory motifs and domains, or
changes in the oligomerization state of the protein by fusion events, as in the oncogenic v-Abl,
Tel-Abl and Ber-Abl, are necessary to shift the equilibrium towards a more active conformation.
On the other end of the spectrum, small-molecule inhibitors like STI-571/Gleevec trap c-Abl
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in an inactive conformation with the activation loop not phosphorylated and the intramolecu-
lar regulatory machinery assembled as shown by the crystal structures.

Future Perspectives

Clearly, among the features that require future attention are the quantitative aspects of
regulation and acrivation of Abl family kinases. What is their actual concentration in the differ-
ent cellular compartments? What is the stoichiometry of the different interactors? What is the
stoichiometry of the post-translational modifications? Whar are the kinetic parameters for the
distinct forms of Abl in the different configurations? Of all parameters affecting the activity of
Abl kinases, which are the ones having the strongest effect? Is there a hierarchy in these effects
(which are dominant, additive, synergistic, or mutually exclusive)? Another significant and
hitherto relatively neglected aspect concerns the temporal and spatial aspects of these activa-
tion mechanisms. It will also be important to study at the structural-molecular level how pro-
teins reported to contribute to the inhibited conformation of c-Abl may act.®” Moreover, there
are reasons to suspect, from anecdotal unexplained experimental findings, that yet other
intramolecular interactions occur within the entire c-Abl molecule that await further
investigation. Finally, it will be very important to obtain three-dimensional insight into the
conformation that c-Abl adopts in its activated state.

Judging from the very exciting last few years, it is likely that studies on c-Abl activation
mechanisms will remain at center stage of signal transduction and molecular oncology
research. From a better understanding of the inhibition and activation mechanisms of c-Abl
and its highly active counterpart Ber-Abl, we can expect both further insights into the molecu-
lar mechanism-of-action of anti-Ber-Abl small molecule inhibitors and possibly even suggestions
for improved therapeutic strategies.
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CHAPTER 2

Role of Abl Family Kinases in Growth
Factor-Mediated Signaling

Ann Marie Pendergast*

Abstract
( : onstitutive activation of the Abl nonreceptor tyrosine kinases can occur as a result of
structural alterations of the Ab/I and AbL2 genes, which leads to the development of
leukemia. Tight control of the activities of the endogenous Abl kinases is critical for
normal development and maintenance of normal homeostasis. Recent work has revealed that
the Abl kinases are activated by diverse cell surface receptors, and function to couple the acti-
vated receptors to signaling pathways such as those important for the regulation of cytoskeletal
dynamics.

The c-Abl (Abl1) tyrosine kinase was identified over two decades ago as a proto-oncoprotein
deregulated in human, mouse and feline leukemias.! Only recently have the normal functions
of c-Abl and the related Arg (AbI2) tyrosine kinases begun to be elucidated. Abl kinases have
been shown to regulate cytoskeletal reorganization, cell migration, and responses to DNA damage
and oxidative stress.

Whereas Abl kinases are activated constitutively as a result of structural alterations in leuke-
mias, we showed that normal Abl kinases are transiently activated by growth factor stimula-
tion. Both c-Abl and Arg are activated by stimulation of cells with platelet-derived growth
factor (PDGF) or epidermal growth factor (EGF).>? The mechanism of Abl kinase activation
by growth factor receptors requires activation of two types of receptor-associated enzymes: Src
kinases and phospholipase C-y1 (PLC-y1).2* Src kinases phosphorylate Abl family proteins in
the activation loop of the kinase domain, and at a second site in the inter-linker region between
the kinase and SH2 domains.>* Although Src kinases are necessary, they are not sufficient for
activation of Abl kinases by PDGF (Fig. 1). We showed that PLC-y1 is also required for
PDGF-mediated activation of both c-Abl and Arg,*>> Our data revealed that the PLC-y1 sub-
strate, phosphatidyl inositol bisphosphate (PIP;) inhibits the activity of Abl kinases in
vitro and in cells,” and that decreasing cellular levels of PIP, by PLC-y1-mediated hydrolysis
produces dramatic activation of the endogenous Abl family kinases.>® Our data is consistent
with the notion that PIP, or a molecule bound to PIP, functions to stabilize the inactive
conformation of the Abl kinases. Depletion of cellular levels of PIP, by PLC-y1 releases
inhibitory interactions and leads to Abl kinase activation, which is further augmented by direct
phosphorylation by Src family kinases (Fig. 1).

More recently we showed that Abl family kinases are recruited to the PDGF receptor
(PDGFR) within minutes after stimulation with the PDGF ligand, and that the Ab} kinases are
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Figure 1. Activation of Abl Kinases by PDGF Signaling. Stimulation of the PDGF receptor (PDGFR)
results in tyrosine phosphorylation of the cytoplasmictail of the receptor and recruitment of SH2-containing
signaling proteins such as Src and PLC-Y1 to specific tyrosine phosphorylated sites. Recruitment and
activation of both Src and PLC-Y1 is required for maximal activation of Abl family kinases by PDGE
Activation of Abl kinases requires hydrolysis of PIP2 by PLC-Y1 and tyrosine phosphorylation of Abl kinases
by Src. Activation of Abl kinases downstream of the PDGER plays a role in the transmission of signals
leading to cytoskeletal reorganization and cell proliferation.

phosphorylated by the activated PDGER.? The Abl kinases bind to the tyrosine phosphorylated
PDGEFR via the Abl SH2 domain. The Abl kinases in turn phosphorylate the PDGFR (Fig. 1).
The functional consequences of the reciprocal phosphorylation of Abl kinases and the PDGFR
remain to be determined. Nevertheless, we have shown that activation of c-Abl by PDGF is
physiologically significant, as mouse embryo fibroblasts (MEFs) derived from c-Abl knockout
mice are deficient in their ability to undergo cytoskeletal reorganization in response to PDGF
compared to wild-type control MEFs.” This deficit is rescued by reexpression of wild-type
c-Abl in the null MEFs.? Subscquent work by Scita et al demonstrated that MEFs derived from
Abl/Arg-double knockout mice are markedly deficient in their ability to form ruffles in re-
sponse to PDGF and that this defect correlates with decreased Rac activation in cells lackmg
c-Abl and Arg Moreover, we showed that c-Abl functions downstream of PLC-Y1 in the
regulation of chemotaxis towards PDGF in endothelial cells and fibroblasts.>* Unexpectedly,
we observed that while reexpression of c-Abl in Abl/Arg—null MEF:s rescues the ability of PLC-y1
to increase PDGEF- medlated chemotaxis, reexpression of Arg in these cells fails to rescue the
chemotaxis defect.? Thus, although both c-Abl and Arg kinases are activated downstream of



Role of Abl Family Kinases in Growth Factor-Mediated Signaling 13

‘11";1'1 [

e ﬁ |
\\‘- /: PO "> P, DA |
(,‘:W‘; v T '

M7 == () @

NFAT and CD28RE/AP

Other Targets

[1.-2 ———» Proliferation

Figure 2. Role of Abl Kinases downstream of T cell receptor (TCR) stimulation. Activation of the TCR by
antigen results in activation of the Lck tyrosine kinase. This leads to phosphorylation of the ITAM of the
TCRE chain and the recruitment and phosphorylation of the Zap70 tyrosine kinase. Abl kinases are
activated by TCR engagement, and this activation requires Lck. Activation of the Abl kinases leads to
phosphorylation of Zap70 on tyrosine 319, and also results in enhanced tyrosine phosphorylation of the
LAT adaptor, which leads to recruitment and enhanced tyrosine phosphorylation of PLC-y1. Hydrolysis
of PIP2 by PLC-y1 induces activation of protein kinase C, Erk, and calcium-dependent pathways leading
to activation of NFAT and CD28RE/AP elements of the IL-2 promoter. Enhanced IL-2 production is
critical for T cell proliferation. Activation of Abl kinases is likely to affect other pathways through phospho-
rylation of other targets in antigen-stimulated T cells.

the PDGFR, they have nonredundant function during PLC-Y1-dependent chemotaxis towards
PDGE

In addition to their role in the regulation of cytoskeletal responses downstream of the activated
PDGFR, we, and others found that Abl kinases also function to regulate PDGF-dependent
mitogenesis.>”® Cells that are null for c-Abl exhibit delayed S-phase entry after PDGF stimu-
lation compared to the same cells reconstituted with physiological levels of c-AbL.>® Similarly,
c-Abl/Arg-deficient fibroblasts exhibit decreased PDGF-induced proliferation and function
downstream of Stc in this pathway.”

Recruitment and activation of Abl family kinases by receptor kinases has now been
extended to the MuSK and Eph receptor tyrosine kinases.”1® Abl kinases are activated follow-
ing stimulation of MuSK by agrin, and i Jn tum the activated Abl kinases phosphorylate and
activate the MuSK receptor kinase.” We showed that Abl kinases are required for
MuSK-dependent clustering of acetylcholine receptors.’ This finding revealed a novel
post-synaptic role for Abl family kinases as direct post-synaptic signaling components
downstream of MuSK at the neuromuscular junction.

In addition to activation by receptor tyrosine kinases, Abl kinases are also activated by cell
surface receptors lacking kinase activity such as the cransmembrane-type Semaphorin 6D (Sema
6D). Activation of Sema 6D by the Plexin Al receptor leads to recruitment of the Abl protein
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to the cytoplasmic tail of Sema 6D, and subsequent Abl kinase activation.'! Abl kinases appear
to have a role downstream of Sema 6D for the induction of cardiac cell migration into the
trabeculae.!! Abl kinases have also been linked to adhesion receptors such as the Netrin
receptor Frazzled and the Roundabout (Robo) receptors.'>!? However, activation of Abl
kinases by engagement of these receptors has not yet been demonstrated.

Homozygous loss of both c-Abl and Arg in mice results in embryonic lethality.'* The mice
most likely die of hemorrhage and present elevated numbers of apoptotic cells in all tissues of
the body. The embryos from mice lacking both c-Abl and Arg exhibit neurulation defects,
which may be linked to alterations in the actin cytoskeleton. The pleitropic phenotypes of Abl/
Arg-double knockout mice may be due to interrupted signaling linking diverse cell surface
receptors to pathways critical for the regulation of cytoskeletal dynamics, cell survival and
proliferation.

Among the most striking phenotypes of c-Abl knockout mice are a variety of immune
phenotypes, including splenic and thymic atrophy, lymphopenia, and increased susceptibility
to infection.!>!® Only recently have the molecular mechanisms responsible for these
phenotypes been revealed. We showed that engagement of the T cell recepror (TCR) results in
activation of the endogenous Abl kinases and that this activation is dependent in part on the
activation of the Src family kinase Lck!” (Fig. 2). The activation of Abl kinases by the TCR is
reminiscent of the activation of Abl kinases by growth factor receptor tyrosine kinases such as
the PDGFR, which also requires Src family kinase activity.>? Following activation of the Abl
kinases in response to TCR engagement, the Abl kinases phosphorylate the Zap70 tyrosine
kinase and the transmembrane adaptor linker for activation of T cells (LAT)?” (Fig, 2). Loss of
Abl kinase activity by treatrment with a pharmacological inhibitor or genetic ablation of Abl
and Arg in primary T cells results in markedly decreased tyrosine phosphorylation of LAT and
Zap70 on tyrosine 319.!7 Significantly, we showed that Abl kinases are required for cell
proliferation and IL-2 production in response to TCR stimulation of primary T cells.!”
Similarly, B cells derived from c-Abl null or mutant mice exhibit reduced proliferation follow-
ing stimulation of the B cell receptor (BCR).'®!° Thus, Abl kinases play a role in the activation
of signaling pathways downstream of immunoreceptors in T and B cells, and function to
modulate cell proliferation, and possibly other cellular responses in these cells (Fig. 2). These
findings are consistent with the immunological phenotypes of Abl-deficient mice, and more
recently, the observed immunosupression in patients treated with a pharmacological inhibitor
of the Abl kinases.”®

In summary, it is now increasingly evident that Abl kinases play critical roles downstream of
cell surface receptors in the regulation of cell proliferation, survival, adhesion and motility.
Future work is likely to reveal additional roles for the Abl kinases during development and in
pathological conditions.

Acknowledgements

I thank present and past members of the Pendergast lab for their important contributions
towards advancing our understanding of the function of the Abl family of tyrosine kinases. In
particular, I thank Dr. Patricia Zipfel for her outstanding intellectual and experimental
contributions. I also thank Dr. Zipfel for figure preparation. The work in my laboratory was
supported by NIH grants CA70940, AI056266, and NS050392.

References

1. Pendergast AM. The Abl family kinases: Mechanisms of regulation and signaling. Adv Cancer Res
2002; 85:51-100.

2. Plattner R, Kadlec L, DeMali KA et al. C-Abl is activated by growth factors and Src family kinases
and has a role in the cellular response to PDGF. Genes and Dev 1999; 13:2400-2411.

3. Plattner R, Koleske AJ, Kazlauskas A et al. Bidirectional signaling links the Abelson kinases to the
platelet-derived growth factor receptor. Mol Cell Biol 2004; 24:2573-2583.

4. Tanis KQ, Veach D, Duewel HS et al. Two distinct phosphorylation pathways have additive ef-
fects on Abl family kinase activation. Mol Cell Biol 2003; 23:3884-3896.



Role of Abl Family Kinases in Growth Factor-Mediated Signaling 15

o W

10.
11.

12.

13.

14.

19.

20.

. Plattner R, Irvin BJ, Guo S et al. A new link between the c-Abl tyrosine kinase and phosphoinositide

signaling through PLC-y1. Nat Cell Biol 2003; 5:309-319.

Sini P, Cannas A, Koleske AJ et al. Abl-dependent tyrosine phosphorylation of Sos-1 mediates
growth-factor-induced Rac activation. Nat Cell Biol 2004; 6:268-274.

Furstoss O, Dorey K, Simon V et al. C-Abl is an effector of Src for growth factor-induced c-myc
expression and DNA synthesis. EMBO ] 2002; 21:514-524.

. Plattner R, Pendergast AM. Activation and signaling of the Abl tyrosine kinase. Cell Cycle 2003;

2:A8-A9.

. Finn AJ, Feng G, Pendergast AM. Postsynaptic requirement for Abl kinases in assembly of the

neuromuscular junction. Nat Neurosci 2003; 6:717-723.

Yu HH, Zisch AH, Dodelet VC et al. Multiple signaling interactions of Abl and Arg kinases with
the EphB2 receptor. Oncogene 2001; 20:3995-4006.

Toyofuku T, Zhang H, Kumanogoh A et al. Guidance of myocardial patterning in cardiac devel-
opment by Sema 6D reverse signaling. Nat Cell Biol 2004; 6:1204-1211.

Forsthoefel DJ, Liebl EC, Kolodziej PA et al. The Abelson tyrosine kinase, the trio GEF and
Enabled interact with the Netrin receptor Frazzled in Drosophila. Development 2005;
132:1983-1994.

Rhee J, Mahfooz NS, Arregui C et al. Activation of the repulsive receptor Roundabout inhibits
N-cadherin-mediated cell adhesion. Nat Cell Biol 2002; 4:798-805.

Koleske AJ, Gifford AM, Scott ML et al. Essential roles for the Abl and Arg tyrosine kinases in
neurulation. Neuron 1998; 21:1259-1272.

. Tybulewicz VL, Crawford CE, Jackson PK et al. Neonatal lethality and lymphopenia in mice with

a homozygous disruption of the c-abl proto-oncogene. Cell 1991; 65:1153-1163.

. Schwartzberg PL, Stall AM, Hardin JD et al. Mice homozygous for the abl™ mutation show poor

viability and depletion of selected B and T cell populations. Cell 1991; 65:1165-1175.

. Zipfel PA, Zhang W, Quiroz M et al. Requirement for Abl kinases in T cell receptor signaling.

Current Biol 2004; 14:1222-1231,

. Zipfel PA, Grove M, Blackburn K et al. The c-Abl tyrosine kinase is regulated downstream of the

B cell antigen receptor and interacts with CD19. ] Immunol 2000; 165:6872-6879.

Hardin JD, Boast S, Schwartzberg PL et al. Abnormal peripheral lymphocyte function in c-abl
mutant mice. Cell Immunol 1996; 172:100-107.

Wange RL. TCR signaling: Another Abl-bodied kinase joins the cascade. Current Biol 2004;
14:R562-R564.



CHAPTER 3

Regulation of Cell Adhesion Responses
by Abl Family Kinases
Keith Quincy Tanis* and Martin Alexander Schwartz

Abstract

ntegrins are cell surface receptors that mediate the interactions of cells with each other and
Iche extracellular matrix. In this chapter, we review experiments indicating that the Abl

family of nonreceptor tyrosine kinases, Abl and Arg in vertebrates, are important media-
tors of cellular responses to integrin engagement. During the early stages of cell spreading,
integrins trigger the activation of Abl family kinases and their association with multiple focal
adhesion proteins. These events lead to phosphorylation of several cytoskeletal regulatory
proteins and changes in cell morphology and motility. Integrins may also utilize Abl family
kinases to regulate nuclear processes such as gene expression, cell cycle progression and cell
survival. Defects in the proper modulation of cell adhesive responses by Abl family kinases are
thought to contribute to the progression of chronic myelogenous leukemia and could potentially
undetlie other human diseases and behavioral disorders.

Introduction

Cells live in a meshwork of proteins and polysaccharides known as the extracellular matrix
(ECM). The ECM directs many aspects of localized cell behavior such as proliferation, differ-
entiation, migration and polarity that are required for tissue organization and function. The
interactions of cells with the ECM as well as with neighboring cells are mediated through
several classes of cell surface adhesion molecules including integrins, cadherins, immunoglobu-
lins, proteoglycans, and selectins.

Integrins are the principle receptors for binding most ECM proteins such as fibronectin,
collagen, vitronectin, and laminin.' Integrins are heterodimers consisting of one o and one
B-subunit. Eighteen different ct-subunits and eight different B-subunits have been identified
and are known to combine into 24 a8 heterodimers.*> Each integrin recognizes a specific set
of ECM proteins and cell-surface ligands.* Ligand binding to integrins results in changes in
integrin conformation and clustering, and recruitment of numerous signaling and cytoskeletal
proteins.>>” The resulting aggregates of ECM proteins, integrins, cytoskeletal proteins and
signaling molecules can form several different types of adhesions including focal complexes,
focal adhesions, podosomes or fibrillar adhesions.® These integrin-mediated adhesions com-
prise hubs where adhesion, signaling, cytoskeletal reorganization, and mechanical stresses all
interacr to drive diverse functions including cell shape, polarity, motility, survival, prolifera-
tion, and differentiation.”>”?
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Figure 1. Regulation of Abl family kinase signaling by integrin receptors. Following integrin engagement,
Abl is recruited from the nucleus to focal adhesions, is phosphorylated and activated, and associates with
multiple proteins including paxillin, VASP and Grb2. Following activation, Abl phosphorylates Dok1
to promote its association with Nck, and phosphorylates Crk to disrupt Crk-Cas complexes. Abl may also
phosphorylate paxillin upon integrin engagement. Integrins activate Arg to phosphorylate the Rho
inhibitor, p190RhoGAP. Through these and yet unidentified interactions, Abl family kinases produce
adhesion-dependent changes in cytoskeletal dynamics to induce membrane protrusions and neurite
elaboration while inhibiting cell migration. As cells stably adhere, Abl returns to the nucleus, activated
and primed to mediate DNA damage responses.

Research conducted over the last decade has revealed that the Abl family nonreceptor ty-
rosine kinases, Abl and Arg in vertebrates, are important mediators of integrin signaling (Fig.
1). Integrins regulate the subcellular localization, binding interactions and kinase activity of
Abl family kinases to evoke both cytoskeletal and nuclear responses to cell adhesion. In this
chapter, we review the currently known connections between Abl family kinases and cell adhe-
sion responses.

The Bcr-Abl Fusion Protein Causes Defects in Integrin Function

The first link between Abl family kinases and cell adhesion came from studies of the Bcr-Abl
fusion protein. Ber-Abl is expressed as a result of a chromosomal translocation between chro-
mosomes 9 and 22, and is the causative agent of nearly all cases of chronic myelogenous leuke-
mia (CML).!%!2 Expression of Ber-Abl causes multiple abnormalities in cell adhesion and
integrin signaling pathways.'>'¥ Hematopoietic progenitors from CML patients exhibit de-
creased adhesion to stromal layers and fibronectin but increased adhesion to laminin and col-
lagen type IV.'>18 These changes have been hypothesized to mediate premature release of Ber-Abl
cells into the circulation. However, several groups have observed increased cell adhesion to
fibronectin when Bcr-Abl is introduced into hematopoietic cell lines.!>!*2! These differences
likely result from differences in cell type, length of adhesion, cytokines and culture conditions.
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Ber-Abl transformed cells also exhibit enhanced and persistent motility on fibronectin-coated
surfaces.?2 While adhesion to fibronectin inhibits cell cycle pro ression in normal hematopoi-
etic cells, this regulation is lost in Ber-Abl transformed cells. 3,2 Conversely, adhesion to ECM
proteins is normally required for DNA proliferation in fibroblasts, but this requirement is
relieved by expression of Ber-Abl without diminishing the requirement for growth factors or
serum.?® Overall, the disruption of integrin function by Bcr-Abl is suspected to contribute to
the abnormal trafficking and expansion of CML progenitors.

Several properties of Ber-Abl contribute to the disruption of normal integrin signaling.
Fusion of Ber to Abl hyperactivates Abl kinase activity and results in the phosphorylation of
several focal adhesion proteins including paxillin, FAK, vinculin, talin, tensin, CRKL, p130Cas
and Cb1.263® Constitutive phosphorylation of at least some of these proteins by Ber-Abl can
interfere with proper signaling in response to integrin engagement. For example, Ber-Abl in-
duces constitutive association of CRKL with paxillin and p130Cas, and distupts the associa-
tion of p130Cas and tensin.**3! In addition to its elevated tyrosine kinase activity, direct
cytoskeletal interactions mediated by Abl’s C-terminal filamentous (F)-actin binding domain
contribute to the effects of Ber-Abl on cell adhesion.'®3 Ber-Abl's effects on adhesion also
require the Ber coiled-coil domain,*? most likely because this domain mediates oligomeriza-
tion of Ber-Abl to enhance Abl kinase activity and the association of Ber-Abl with actin fila-
ments.*>** Finally, deletion of the Abl proline-rich region in Bcr-Abl reduces the adhesion
defects caused by Ber-Abl, sug&esting that interactions between Ber-Abl and SH3-domain con-
taining proteins are involved.

Abl Family Kinases Mediate Cellular Responses
to Integrin Engagement

Many of the interactions between Ber-Abl and focal adhesion components likely result
from changes in localization, binding partners, substrate affinities, and kinase activity caused
by the fusion of Ber and Abl. However, these observations raised the question whether normal
Abl family kinases are involved in physiological integrin signaling. Indeed, genetic, pharmaco-
logical, and biochemical analyses have revealed that Abl family kinases are important mediators
of both the cytoskeletal and nuclear responses to integrin engagement (Fig. 1).

Cytoskeletal Responses

Abl stimulates the formation of actin microspikes and Arsg promotes lamellipodial protru-
sions and retractions in fibroblasts spreading on fibronectin.*>*® Abl family kinases also modu-
late neuronal morphology in response to integrin engagement. When cultured on the integrin
ligand laminin-1, cortical neurons from both 26/ "~ mice and arg‘/ " mice exhibit reduced neurite
outgrowth and branching relative to wild type neurons.?”%® In contrast, zrg”" and wild type
neurons elaborate neurites similarly when cultured on poly-ornithine, a substrate that does not
engage integrin receptors.®® Further, laminin-1 mediated neurite outgrowth and branching in
wild type neurons is prevented either by inhibiting B1 integrins with echistatin or Abl family
kinases with STI571.% Together, these experiments indicate that Abl family kinases are re-
quired for integrin-mediated neurite outgrowth and branching, and that they contribute to the
regulation of protrusive structures in fibroblasts adhering to ECM proteins.

Ab! family kinases also regulate fibroblast motility on integrin ligands. Deletion of Abl or
inhibition of Abl and Arg kinase activity with STI571 results in enhanced cell migration on
fibronectin, while over-expression of Abl inhibits fibroblast migration on fibronectin.>®% This
inhibitory effect was linked to phosphorylation of a negative regulatory tyrosine on Crk.*®
Phosphorylation of this site prevents Crk from binding to p130Cas and thereby decreases Rac

activation and cell migration.38’4°
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Nuclear Responses

Although Arg is confined to the cytoplasm, Abl localizes to both the cytoplasm and the
nucleus.*"* In the nudleus, Abl is involved in cellular responses to DNA damage, cell cycle
progression and apoptosis.®>46 Abl is activated by DNA damage in adherent cells but not in
suspended cells.*” Decreased Abl activity in suspended cells correlates with stabilization of the
p53 homolog p73 and decreased apoptosis after DNA damage.*” These data reveal a surprising
synergy between integrin pathways and the nuclear pathways that regulate the response to
DNA damage.

Ab] Family Kinases Are Recruited to Sites of Adhesive Contact

Abl is found in the nucleus and diffusely in the cytoplasm in stably adhered or suspended
fibroblasts.*!*2 However, during fibroblast attachment to the ECM proteins fibronectin,
vitronectin, or collagen, Abl exits the nucleus and colocalizes with integrins at newly formed
sites of adhesion (Fig. 1).%2 Levels of Abl in the nucleus are lowest 20 minutes after adhesion to
ECM proteins and then slowly return to the levels observed in stably attached cells.*? These
effects are specific to integrin-mediated adhesion as fibroblast adhesion to goly-L-lysinc does
not induce Abl export from the nucleus or localization to sites of adhesion.*?

The mechanisms that trigger integrin-mediated export of Abl from the nucleus and the
localization of Abl to focal adhesions have not been determined. As described below, Abl asso-
ciates with several focal adhesion proteins upon integrin engagement and these interactions
may recruit Abl to focal adhesions. It remains to be determined whether Arg, like Abl, is re-
cruited to sites of focal contact.

Integrin Engagement Activates Abl Family Kinases

Abl kinase activity, measured in immunoprecipitates, declines about 3-fold upon detach-
ment of stably adherent fibroblasts.> Upon reattachment to fibronectin or to an antibody
against integrin Os, Abl kinase activity transiently increases 4- to 5-fold and then returns to the
plateau level observed in stably adherent cells.*? Fibroblast adhesion to fibronectin also stimu-
lates Arg kinase activity with similar magnitude and kinetics as Abl (K.Q.T. and Anthony ].
Koleske, unpublished). In contrast, no change in Abl*2 or Arg (K.Q.T. and Anthony J. Koleske,
unpublished) kinase activity is observed when fibroblasts adhere to poly-L-lysine. Further,
integrin-mediated phosphorylation of the Arg substrate gal90RhoGap is prevented by STI571
or by genetic deletion of Arg in fibroblasts or neurons.* Together, these experiments indicate
that the kinase activities of both Abl and Arg are activated upon integrin engagement by ECM
proteins (Fig. 1).

As mentioned earlier, Abl returns to the nucleus at later times after adhesion.*? While en-
hanced Abl kinase activity is observed in the cytoplasmic pool within 5 minutes of cell adhe-
sion to fibronectin, Abl kinase activity in the nucleus does not increase until after 20 minutes
of cell adhesion, which parallels the transport of Abl back to the nucleus.*? Together, these data
suggest that upon integrin engagement, nuclear Abl is exported to the cytoplasm where it is
activated and then returned to the nucleus. This mechanism may allow Abl to relay signals
from integrin receptors directly to the nucleus to mediate integrin regulation of gene expres-
sion, cell cycle progression, differendation or survival.

It is poorly understood how integrins activate Abl and Arg. A recent study suggested that
Abl and Arg activation by adhesion may be mediated in part by the release from inhibitory
interactions with F-actin.*? F-actin was found to inhibit Abl kinase activity in vitro, and dele-
tion of Abl’s F-actin binding domain enhanced the in vivo kinase activity of Abl and reduced
its adhesion-dependence.”” On the other hand, adhesion to fibronectin has been shown to
stimulate Abl phosphorylation.’® Although the sites of phosphorylation have not been
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determined, Abl and Arg contain multiple phosphorylation sites that activate their kinase ac-
tivities.”">? Adhesion-dependent phosphorylation of Abl requires Abl kinase activity, implying
either that it results from autophosphorylation or that Abl kinase activity is needed to recruit
another kinase to phosphorylate Abl.>® However, it remains to be determined whether phos-
phorylation mediates adhesion-dependent activation of Abl.

Tyrosine kinases play a key role in relaying signals from integtin receptors. The focal adhe-
sion kinase (FAK) is activated during integrin-mediated adhesion.>® Src kinases, which phos-
phorylate and activate Abl and Arg following stimulation of growth factor receptors, are re-
cruited to activated FAK where they promote phosphorylation of numerous proteins including
the Abl substrates, paxillin and Cas 325456 PLC-y1 also contributes to the activation of Abl and
Arg by growth factors, and is recruited and activated by FAK upon integrin engagement.*®8
Further studies are needed to determine whether FAK, Stc or PLC-y1 participate in the activa-
tion of Abl and Arg by integtin receptors.

The specific integrin receptors that regulate Abl and Arg also remain to be carefully deter-
mined. An antibody that crosslinks 05 integrins activates Abl kinase activity, suggesting that
the 0sP; fibronectin receptor can activate Abl.“2 Other data implicate Abl and Arg in neuronal
responses to laminin-1 which binds multiple integrins including o;B; and 0f3; in neurons
(Eva M.Y. Moresco and Anthony J. Koleske, unpublished).?”>> Abl localization to adhesion
sites is observed in fibroblasts plated on collagen and vitronectin, which implicates integrins
0B and o, B3.42 Thus, Abl family kinases are most likely regulated by multiple integrin recep-
tors, but detailed analysis of kinase regulation by these receptors remains to be carried out.
Determining the spectrum of integrin receptors and their ligands that regulate Abl and Arg will
give important insights into the physiological processes that utilize the cell adhesion responses
mediated by Abl family kinases.

Abl Family Kinases Interact with Multiple Proteins
upon Integrin Engagement

Upon fibroblast adhesion to ECM proteins, Abl family kinases are known to associate with
multiple proteins and to phosphorylate several substrates (Fig 1). These interactions are de-
scribed below and likely contribute to the ability of Abl family kinases to regulate the cytoskeletal
and nuclear responses to integrin engagement.

Paxillin

Paxillin is an adapter protein that localizes to focal adhesions and modulates cell motility and
gene expression.®”®! Plating suspended fibroblasts on fibronectin stimulates transient
co-immunoprecipitation of paxillin and AbL.>® This association is lost at later times of adhesion.

Immunoprecipitated Abl can phosphorylate paxillin in vitro, and its ability to do so is
enhanced following cell adhesion to fibronectin.>® It is not known which paxillin tyrosines are
phosphorylated by Abl, whether Abl or Arg phosphorylate paxillin in vivo, or what physiologi-
cal consequences these phosphorylation events may have. However, as tyrosine phosphoryla-
tion of paxillin recruits multiple proteins to focal adhesions and regulates cell motility, Abl
phosphorylation of paxillin has the potential to regulate these events. %!

VASP

The vasodilator-stimulated phosphoprotein (VASP) regulates actin polymerization and lo-
calizes to focal adhesions and to the leading edge of membrane protrusions.? Abl co-immuno-
precipitates with VASP in adherent cells, and this association is enhanced during the early
stages of cell spreading when Abl kinase activity is elevated.%® Although the consequences of
this interaction remain to be determined, VASP may localize Abl to adhesive structures and/or
to membrane protrusions, and may mediate the membrane protrusive effects of Abl and Arg.
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Grb2

Another protein that co-immunoprecipitates with Abl specifically during cell spreadin
is Grb2, an adapror protein that couples cell-surface receprors to MAP kinase signaling.
Integrin-mediated activation of MAP kinase signaling regulates cell-cycle progression and
migration.®"®” Over-expression of kinase-inactive Abl decreases the activation of Erk2 upon
integrin engagement, suggesting that Abl may contribute to integrin activation of MAP
kinase signaling.%* Abl induces phosphorylation of the Grb2-associated guanine
nucleotide-exchange factor Sos-1 during growth factor stimulation, resulting in Rac activa-
tion and membrane ruffles.%® This suggests that Abl may also contribute to the activation of
Sos-1 and Rac during integrin engagement, although this hypothesis remains to be tested.

Dokl

Dok! (down stream of tyrosine kinases) is hyper-phosphorylated on tyrosine in Ber-Abl
transformed cells and was recently found to be an in vivo substrate of Abl in wild type fibro-
blasts.>*6%7! Abl mediated phosphorylation of Dokl is enhanced by adhesion to fibronectin,
and is required for Abl-induced filopodial extensions during cell spreading.>® Abl/Dok1-medi-
ated filopodial extensions require Nck, an adaptor protein that under some circumstances can
induce localized actin polymerization.>’%73 Phosphorylation of Dokl by Abl stimulates the
association of Dokl and Nck.% Together, these experiments suggest that upon activation by
integrin receptors, Abl phosphorylates Dokl to promote its association with Nck and the for-
mation of filopodial extensions.

P190RboGap

The 190-KDa GTPase activating protein for Rho (p190RhoGAP) was recently identified
as an Arg substrate.*® RhoA promotes the formation of focal adhesions and actin stress fibers.”*
Phosphorylation of pl190RhoGAP upon fibroblast adhesion to ECM proteins increases its
GAP activity towards RhoA.”” This results in transient RhoA inactivation to promote efficient
cell spreading.”” Integrin-induced phosphorylation of pl90RhoGAP and inactivation of Rho
was previously found to be mediated by Stc and FAK.””7 However, Arg is also required for
integrin-mediated pl 90RhoGAP phosphorylation in both fibroblasts and neurons.*® The rela-
tionship between Arg and FAK/Stc in this pathway remains to be investigated. Arg mediated
inactivation of Rho contributes to the formation of membrane protrusions, and may explain
the increased actin stress fibers observed in arg”” fibroblasts. >4+

Crk

Although it has not been shown explicitly, Abl and Arg are likely to also phosphorylate the
Crk adapter protein following activation by integrins. Both Crk and Abl associate with paxillin
following integrin engagement, potentially positioning Crk to be phosphorylated by Abl.>%78
As mentioned previously, Abl phosphorylates Crk at an inhibitory tyrosine that disrupts the
Crk-p130Cas complex and decreases cell migration, 3840

-1

Cell adhesion or exposure to growth factors induces the translocation of the actin binding
protein Lasp-1 from the cell periphery to focal adhesions.”” Abl was recently reported to phos-
phorylate Lasp-1 upon activation by DNA damage or oxidative stress, and phosphorylation of
Lasp-1 by Abl was found to prevent its translocation to focal adhesions.”® This effect is specific
to stress pathways, since activation of Abl by cell adhesion or growth factors did not result in
detectable phosphorylation of Lasp-1 or prevent Lasp-1 relocalization.”® In this study, loss of
Lasp-1 from focal adhesions was linked to increased apoptosis in response to stresses, suggest-
ing that Abl promotes cell death partly by inhibiting an integrin-dependent survival pathway
mediated by Lasp-1.
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Together, these studies indicate that integrins modulate the interactions of Abl family ki-
nases with multiple proteins that regulate focal adhesion signaling and cytoskeletal dynamics.
It should be noted that these identified interactions represent only a few pieces to a complex
puzzle. Additional proteins and signaling events likely contribute to the adhesive responses
mediated by Abl family kinases.

Concluding Remarks and Future Challenges

The findings discussed in this chapter clearly indicate that Abl family kinases are function-
ally relevant mediators of cellular responses to integrin engagement. During the early stages of
cell spreading, integrins trigger the association of Abl family kinases with multiple focal adhe-
sion proteins and elevate the kinase activities of Abl and Arg to promote the phosphorylation
of several cytoskeletal regulatory proteins. By modulating cytoskeletal dynamics in response to
integrin engagement, Abl and Arg produce adhesion dependent changes in cell morphology
and motility. Integrins may also utilize Abl family kinases to regulate nuclear processes such as
gene expression, cell cycle progression and cell survival. However, much remains to be learned
about the biochemical mechanisms whereby Abl family kinases link integrin receptors to down-
stream cellular responses and about the physiological consequences of these signaling events.

A comprehensive understanding of the cell adhesion responses mediated by Abl family
kinases and their biological significance requires the completion of several future challenges.
The first challenge is to determine how Abl family kinase signaling is regulated by adhesive
cues. This includes determining the specific integrin receptors that regulate Abl and Arg and
the biochemical mechanisms by which they transiently induce Abl and Arg relocalization, ki-
nase activation, and signaling protein interactions. It should also be determined how integrins
coordinate with other stimuli to regulate Abl and Arg. It will be particularly interesting to
determine how cell adhesion regulates the activation of Abl by DNA damage and whether
growth factor and integrin receptors cooperate to produce additive enhancements of Abl and
Arg signaling cascades. The second challenge is identify the complete list of Abl and Arg signal-
ing interactions regulated by adhesion and the biochemical mechanisms whereby these interac-
tions produce downstream cellular responses. The third challenge is to understand the physi-
ological consequences of these cellular responses and how they impact the function of tissues.

The last and most important challenge is to determine how defects in the cell adhesion
responses of Abl family kinases contribute to human disease. As discussed above, improper
regulation of integrin signaling cascades by Ber-Abl likely contributes to the abnormal expan-
sion and trafficking of CML progenitors. The inability to properly respond to adhesive cues
may also explain some of the defects observed in mice lacking Abl or Arg.®*#2 For example,
mice lacking Arg exhibit multiple behavior abnormalities such as reduced mating and aggres-
sion that may result from the reduced dendrite arborization observed in these mice (Eva M.Y.
Moresco and Anthony J. Koleske, unpublished data).®* Reduced dendrite arbors are also ob-
served in several human disorders such as mood disorders, and mental retardation syndromes.?*%>
More work is required to determine whether defects in Abl family kinase signaling contribute
to these or other human disorders.
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CHAPTER 4

Abl and Cell Death

Jean Y.J. Wang,* Yosuke Minami and Jiangyu Zhu

Abstract

he Abl tyrosine kinase contains nuclear-import and -export signals and undergoes

nucleo-cytoplasmic shuttling in proliferating cells. The nuclear Abl is activated by DNA

damage or tumor necrosis factor to promote cell death through transcription-dependent
and -independent mechanisms. The oncogenic BCR-ABL tyrosine kinase is defective in nuclear
import and functions as an inhibitor of apoptosis in the cytoplasm. If allowed to function in
the nucleus, BCR-ABL also induces cell death. Abl interacts with several different types of
death effectors. However, the precise mechanism by which Abl tyrosine kinase regulates cell
death remains to be determined.

Introduction

The mammalian Abl tyrosine kinase is ubiquitously expressed: Abl mRNA and protein are
found in all tissues and cell types examined, from embryonic stem cells to mature spermatids.
This nonreceptor tyrosine kinase has been shown to function as a transducer of a variety of cell
extrinsic and intrinsic signals including those from §rowth factors, cell adhesion, inflammatory
cytokines, oxidative stress, and DNA damage.'” Activated Abl tyrosine kinase regulates
cytoskeletal function, cell cycle progression, myogenic differentiation and cell death. This di-
verse array of biological activities is dictated by several modular functional domains, which
determine the subcellular localization and the interaction partners of Abl (Fig. 1).

The N-terminal region of Abl resembles the Src-family of tyrosine kinases in that it con-
tains the Src-homology (SH) 3, 2, and tyrosine kinase domains. These N-terminal domains
assemble through intra-molecular interactions into an auto-inhibited conformation with low
catalytic activity.* The C-terminal region of Abl, not found in Src-family members, contains
three nuclear localization signals (NLS), one nuclear export signal (NES), binding sites for
G-actin and F-actin as well as binding site for double stranded A/T-rich DNA (Fig. 1). Several
cellular proteins, including the retinoblastoma protein (RB) and F-actin that interact with the
kinase domain or the C-terminus respectively, can further inhibit Abl kinase activity by enforc-
ing the auto-inhibited conformation.’”’ Yet other cellular proteins binding through the SH3
domain or the proline-rich linker (PRL) in the C-terminal region of Abl can activate its kinase
activity.2’3 78 Therefore, formation and disruption of Ab! interactions with inhibitory or stimu-
latory cellular proteins underlie the regulation of this tyrosine kinase.>

The accumulated observations on Abl have suggested it to have a wide range of biological
activities (discussed in the companion chapters of this book). We have previously proposed
that Abl protein may be partitioned into different signaling complexes, each of which subjects
Abl kinase to regulation by a specific signal.!"? The partitioning of Abl may also affect its
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of Medicine, Moores Cancer Center, School of Medicine, University of California San Diego,
La Jolla, California 92093, U.S.A. Email: jywang@ucsd.edu
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Figure 1. Schematics of Abl functional domains. The human ABL (la) and murine Abl (type IV) is
myristoylated at the N-terminus. Intramolecular interactions among the myristoyl-group, the CAP, the
SH3 domain, the SH3-SH2 linker, the SH2 domain, the SH2-kinase linker and the kinase domain have
been demonstrated by crystallography to establish an auto-inhibited conformation that inactivates Abl
kinase. This auto-inhibited conformation is disrupted in BCR-ABL fusion protein through the loss of
myristoylation and part of the CAP. In addition, an N-terminal coiled-coil in BCR causes the formation of
BCR-ABL oligomers, further enhancing auto-phosphorylation and the constitutive activation of kinase
activity. The C-terminal region of ABL contains subcellular location cues, including three nuclear localiza-
tion signals (NLSs) and a nuclear export signal (NES). In the cytoplasm, ABL associates with actin. In the
nucleus, ABL associates with DNA. A number of cellular proteins directly interact with ABL through its
SH3, SH2, kinase domains, the proline-rich motifs or the actin-binding domain to regulate its kinase
activity or to serve as its substrates. Three caspase cleavage sites are found in the C-terminal region of ABL.
These cleavage events would disrupt the nucleo-cytoplasmic shuttling of ABL. The cell death regulatory
function of ABL is critically dependent on its subcellular localization.

biological output, which would be dictated by locally available substrates and/or downstream
effectors. This “partitioning” model for Abl function can accommodate the many biological
functions that have been linked to Abl and explain the collection of pleiotropic and incom-
pletely penetrant defects associated with Ablknockout mice. While the idea of partitioning
Abl maybe comforting, it is not satisfying. The selective agglomeration of the Abl functional
domains in one protein, in theory, should have a higher purpose than to simply assign this
tyrosine kinase to a disparate array of functions. The cumulative information has suggested two
prominent biological themes for Abl function: the first is on actin dynamics and the second is
in the regulation of cell death. In this chapter, we will focus the discussion on Abl’s role in
regulating programmed cell death.

Abl in Genotoxin-Induced Cell Death
DNA Damage Activates Abl Kinase

The mammalian Abl tyrosine kinase is activated by a variety of physical or chemical agents
that damage the cellular DNA. Tonizing radiation, cytarabine (AraC), methyl methanesulfonate
(MMS), mitomycin C (MMC), cisFlatin, camptothecin, etoposide and doxorubicin have all
been found to stimulate Abl kinase."'? However, UV irradiation does not appear to increase
the kinase activity of AbL.” Activation of Abl kinase by genotoxic agents has been observed in
fibroblasts, fibrosarcoma cells, thymocytes, lymphoblasts, and cell lines derived from colon,
breast and liver cancers.

The increase in Ab! activity is detected by immune complex kinase assay, in which Abl is
immunoprecipitated from cell lysates and then used to phosphorylate recombinant substrates
purified from bacteria as GST-fusion proteins, including GST-CTD (C-terminal repeated
domain of mammalian RNA polymerase I1),'3"> GST-Crk, 18 and GST-CtkCTD.”"” With
this kinase assay, a genotoxin-induced increase in activity is detectable with Abl from nuclear
extracts but not from cytoplasmic or total cellular extracts.”?® A 3-fold increase in Abl kinase
measured by such an assay could be due a general 3-fold increase in the catalytic activity of
every Abl molecule or a 100-fold increase in 3% of the Abl. This uncertainty renders “negative”
results, i.e., lack of increase in Abl kinase activity, difficult to interpret. It is formally possible
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that genotoxic agents may activate a small fraction of the cytoplasmic pool of Abl to a level that
is not detectable by the immune complex kinase assay. Despite this uncertainty, activation of
nuclear pool of Abl tyrosine kinase by genotoxic agents has been reproducibly observed.

The mechanism by which genotoxic agents activate the nuclear Abl kinase has not been
fully elucidated. Ir has been shown that nuclear Abl tyrosine kinase cannot be activated by
ionizing radiation in ATM-deficient human and mouse cells.?’?> ATM is a member of PI3/
P14 kinase family. Its mutation underlies ataxiatelangiectasia (A-T)—the genetic disease pre-
disposing to cancer.?® The ATM kinase is activated by ionizing radiation (IR) and plays an
essential role in orchestrating cellular responses to IR.2*? The fact that IR cannot activate the
nuclear Abl tyrosine kinase in ATM-deficient cells places Abl downstream of ATM in the DNA
damage signal transduction pathway. IR-induced activation of Abl is abolished by the muta-
tion of a single serine residue (Ser465) in the Abl kinase domain.?? Although the Abl-Ser465Ala
protein has kinase activity that is activated by cell adhesion,?? it is not activated by IR or
cisplatin, suggesting this phosphorylation to be a general requirement for Abl activation by
genotoxins. Serd65 of Abl is located in the C-lobe of the kinase domain and situated in a
characteristic SQ motif that is preferentially phosphorylated by ATM and its related PIKK.?!-22
Phosphorylation of Abl by ATM has been observed in vitro. However, in vivo phosphorylation
of Abl at Ser465 by ATM has yet to be demonstrated.

Activation of nuclear Abl tyrosine kinase by cisplatin requires not only ATM but also a
functional mismatch repair system, as cisplatin does not activate Abl kinase in MLH 1-deficient
human colon cancer cells.?® Mismatch repair proteins, including MSH2, MSH6, MLH1, and
PMS?2, are involved not only in DNA repair but also in DNA damage signal transduction.?”?8
The MSH2/MSHG heterodimer can bind to platinum-adducts in DNA.?**® Together with
MLH1 and PMS2, these MMR proteins may recruit proteins such as ATR and ATM to ini-
tiate DNA damage signal transduction. This model would explain the requirement for both
MLH]1 and ATM in activating nuclear Abl tyrosine kinase in response to cisplatin.

Abl Interaction with DNA Repair Proteins

In addition to ATM and MLH1, Abl interacts with several other proteins involved in DNA
repair and damage signal transduction, including DNA-PK, BRCA1, RAD9, RAD51, RADS2,
WRN, UV-DDBI1, and TOP1 (Table 1).

DNA-PK is another member of the PIKK-family of protein kinases that are activated by
DNA damage. DNA-PK plays a critical role in nonhomologous end joining repair of double
stranded breaks. Recent results have implicated DNA-PK in apoptotic response to DNA dam-
age.>!33 DNA-PK is not required for Abl activation by IR.** It appears that Abl can modulate
the kinase activity of DNA-PK through as yet undefined mechanism and with unknown bio-
logical consequences.

It has been proposed that Abl participates in DNA repair, because it can interact with
several proteins and enzymes involved in double-stranded break repair (DNA-PK, BRCAL,
RADS51, RAD52). If Abl were involved in DNA repair, it would not likely to play an essential
role because Abl-knockout cells do not exhibit the characteristic phenotype of repair-deficient
cells, i.e., hypersensitivity to ionizing radiation or other genotoxins that induce double stranded
breaks. We have measured clonogenic survival of Abl-knockout cells as a function of radiation
dose repeatedly without observing any indication of hypersensitivity. These observations sug-
gest Abl to be dispensable for DNA repair and its interaction with repair proteins may serve to
transduce “repair” signal rather than regulate the repair process.

Abl in DNA Damage-Induced Apoptosis

Activation of the Abl tyrosine kinase by DNA damage has been linked in mammalian cells
to the induction of apoptosis. In human cancer cell lines, activation of Abl kinase can be
correlated with the activation of p53 and its related p73 proteins, leading to the stimulation of
apoptosis in response to ionizing radiation (IR) or chemotherapeutic agents {e.g., cisplatin).?®3>3
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Table 1. ABl-interacting proteins relevant to the control of cell death

Name* Gene ID* Molecular Function Function Relative to ABL  Ref.

ATM 472 Protein kinase belonging to the PI-3  Phosphorylation and 21,22,
kinase super-family involved activation of ABL kinase 120,121
in DNA damage signal transduction

ATR 545 ATM-related protein kinase involved Interaction with BCR-ABL 122
in DNA damage signal transduction  appears to impair ATR
and DNA replication function

BRCAT1 672 A nuclear scaffolding protein with Interaction with ABL and 123
E3-ligase activity and involved in phosphorylation of its
DNA repair and DNA damage C-terminus by ABL kinase
signal transduction

DDB1 1643 The large subunit of a heterodimeric  Phosphorylation by ABL 124
DNA damage-binding protein kinase to suppress UV-DDB
involved in the repair of activity
UV-adducts in DNA

MDM2 4193 E3-Ubiquitin ligase required for the  Phosphorylation by ABL 65,66
degradation of p53 kinase to neutralize its

degradation of TP53
NCSTN 23385 A protein with DHHC zinc Interaction with and co- 91
(APH2) finger domain localization of ABL to ER
to induce cell death
POLR2A 5430 RNA polymerase |1 Phosphorylation of its 14,15,
C-terminal domain (CTD) 74,125
by ABL kinase to regulate
transcription

PRKDC 5591 The catalytic subunit of DNA- Phosphorylation by ABL 34,126,

(DNAPK) dependent protein protein kinase linked to inhibition of 127
(DNA-PK) belonging to the PI-3 DNA-PK activity
kinase super-family, involved in
non-homologous end joining repair
of double stranded breaks.

RAD51 5888 Catalyzes strand evasion during Phosphorylation by ABL 128,129
homologous recombination, similar  kinase correlates with its
to E. coli RecA and Saccharomyces  nuclear foci formation
cerevisiae Rad51.

RAD52 5893 A cofactor of Rad51 in the strand Phosphorylation by ABL 130,131
invasion reaction during kinase correlates with its
homologous recombination nuclear foci formation

RADYA 5883 A subunit of the 9-1-1 complex that  Phosphorylation by ABL 85

resembles the homo-trimeric PCNA
DNA clamp. It also possesses 3’ -5’
exonuclease. The 9-1-1 complex is
involved in the recognition of
damaged DNA to stimulate repair
and signaling pathways

kinase at its BH3 domain
enhances the binding of
the BH3 domain to Bcl-xL

Continued on next Page
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Table 1. Continued

Name* Gene ID* Molecular Function Function Relative to ABL  Ref.

RB1 5925 The retinoblastoma tumor suppressor  Binding to ABL kinase 45,50,
protein, a nuclear scaffolding domain and inhibits ABL 132-135
protein involved in transcription activity
regulation.

TOP1 7150 Topoisomerase | Phosphorylation and 136

activation by ABL kinase

TP53 7157 A transcription factor and Phosphorylation by ABL 67,137
a tumor suppressor kinase to increase its

transcriptional activity

TP73 7161 A transcription factor belonging Phosphorylation by ABL 26,35,36
to the p53-family kinase to increase protein

stability and transcription
activity

WRN 7486 A member of the RecQ subfamily Phosphorylation by ABL 138
and the DEAH (Asp-Glu-Ala-His) kinase to inhibit its

subfamily of DNA and RNA exonulcease and helicase
helicases, loss of WRN causes activities
premature aging.
NFKB 4792 Inhibitor of NF-kB Phosphorylation by ABL 76
1A that retains NF-kB kinase to induce its
in the cytoplasm nuclear accumulation
and inhibition of NF-xB
PRDX1 5052 A member of the peroxiredoxin Oxidative stress-induced 139
family of antioxidant enzymes, protein inhibitor of ABL
which reduce hydrogen peroxide kinase

and alky| hydroperoxides.

*Nomenclatures (in alphabetical order) and IDs of the corresponding human genes are given in
conformation to the Entrez Gene database of NCBI.

Fibroblasts derived from Ab/lknockout mice showed reduced apoptotic response to several
genotoxins, including cisplatin, camptothecin, cytosine arabinose and doxorubicin.*®*® Mouse
embryo fibroblasts do not undergo apoptosis in response to IR; hence, the contribution of Abl
to IR-induced apoptosis could not be assessed in this experimental system. We have observed
reduced apoptotic response to IR with Ablknockout mouse thymocytes (Wood LD, Wang
JY], unpublished observation). However, IR-induced apoptosis of neuroblasts in the develop-
ing central nervous system is not reduced in Ab/null mice although this response is dependent
on ATM and p53.%

Taken together, the accumulated evidence supports the conclusion that activation of Abl by
genotoxins can lead to the stimulation of apoptosis. However, Abl’s pro-apoptotic function
appears to be dependent on the type of genotoxins and the cellular context. In this regard, the
Abl of C. elegans does not contribute to IR-induced apoptosis. In C. elegans, IR only induces
apoptosis in germ cells, and this response is dependent on the worm p53.%! Knockout of worm
Abl sensitized C. elegans germ cells to IR, * suggesting Abl to protect these cells from IR-induced
apoptosis. The Abl-mediated protection could be due either to its ability to stimulate DNA
repair or its ability to inhibit p53-dependent apoptosis. At present, it is not known if worm Abl
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also interacts with DNA repair proteins such as RAD51 and RAD52. Because mammalian Abl
must be activated in the nucleus to stimulate apoptosis (see below) and the worm Abl appears
to be exclusively localized to the cytoplasm,*? protection by Abl of apoptosis in IR-treated C.
elegans germ cells may represent the cytoplasmic function of Abl.

Abl in TNF-Induced Cell Death
Activation of Abl by TNF

Tumor necrosis factor (TNF) is an inflammatory cytokine that coordinates the systemic
responses to infection and injury. The type-I receptor for TNF (TNFRI) is ubiquitously ex-
pressed in all mammalian cell types. Upon stimulation by TNE, this receptor activates several
signal transduction pathways to regulate a diverse array of cellular processes. including pro-
grammed cell death. Activation of apoptosis by TNF is mediated through a caspase-dependent
signal transduction pathway, in which TNFRI activates initiator caspases {caspase-8 and 10) to
cleave downstream targets, either the effector caspases (caspase-3, 6, 7) or Bcl-family proteins
to induce mitochondrial leakage of cytochrome C and AIE***¢ With cultured mammalian
cells, stimulation with TNF alone is not sufficient to activate initiator caspases. TNF-induced
apoptosis is generally induced by the combined treatment with TNF and cycloheximide (CHX).

Treatment of mouse fibroblasts or human U937 myeloid leukemia cells with TNF/CHX
causes a measurable increase in the activity of nuclear Abl tyrosine kinase.*>%¢ In U937 cells,
TNF/CHX also activates JNK.# It was shown that Abl and JNK activation by TNF/CHX was
independent of each other in these leukemia cells.®® Interestingly, Abl activation by TNF/CHX
does not occur when caspase is inhibited. Therefore, Abl activation is downstream of caspase
activation in TNF/CHX-activated pathways. We have found that Abl tyrosine kinase activa-
tion by TNF/CHX requires the cleavage/degradation of the retinoblastoma protein, RB.** The
RB protein is cleaved and degraded in apoprotic cells in a caspase-dependent manner.?’48
Caspase can cleave RB at several sites. Mutation of a C-terminal caspase site in RB can prevent
its cleavage/degradation; and preservation of this caspase-resistant RB-MI protein reduces the
apoptotic response to TNF/CHX.*’ The casgase-site mutation has been introduced into the
mouse Rb-1 allele to create the Rb-MI mice.*” The Rb-MI mice show increased resistance to
endotoxin, which induces excessive inflammation to cause septic shock.*’ The intestinal epi-
thelial cells of Rb-MI mice show reduced apoptosis during endotoxic shock.* Fibroblasts de-
rived from Rb-MT mouse embryos also show reduced apoprotic response to TNF/CHX under
conditions when TNFRI is stimulated.*” While TNF/CHX activates nuclear Abl tyrosine ki-
nase in wild type and Rb-knockout fibroblasts, Abl activation is not observed in R6-MI fibro-
blasts.* These results are consistent with the previous finding that RB binds to and inhibits the
nuclear Abl kinase.’® Thus, RB cleavage/degradation is a prerequisite for Abl activation in
response to TNE/CHX.

The observation that TNF/CHX can still activate Abl in Ré-knockout cells suggests that RB
loss is necessary but not sufficient to fully stimulate Abl kinase activity.*> Given the fact that Abl
can adopt an auto-inhibitory conformation,’ it may not be surprising that its dissociation from
RB is but the first step towards the full activation of its catalytic function.>>! The mechanism by
which TNF activates nuclear Abl kinase downstream of RB degradation is presently unknown.

Cleavage of Abl Protein by Caspase

The Abl protein also contains several caspase cleavage sites that are distributed in the large
C-terminal region (Fig. 1). Cleavage at the most C-terminal of these sites eliminates the nuclear
export signal. As a result, cleavage of nuclear Abl at this site would prevent its export leading to
its nuclear accumulation.>? As discussed below, the pro-apoptotic function of Abl only mani-
fested when it is activated in the nucleus. Thus, caspase cleavage-mediated nuclear accumula-
tion of Abl could enhance the apoptotic response.
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While cleavage of the C-terminal region can alter the subcellular distribution of Abl, it
does not lead to kinase activation.”? As discussed above, activation of nuclear Abl requires
the cleavage/degradation of RB. RB binds to the kinase domain of Abl to prevent Abl activa-
tion.”® Therefore, caspase cleavage of Abl C-terminal region is not likely to disrupt the in-
hibitory effect of RB. Whether Abl cleavage by caspase is required for the activation of its
kinase by TNF/CHX remains to be determined.

Abl Contributes to TNF-Induced Apoptosis

The suggestion that Abl plays a role in TNF-induced apoptosis came from the observation
that imatinib (STI1571, Gleevec), a chemical inhibitor of Abl kinase, attenuates TNF-induced
cell death in human U937 myeloid leukemia cells.*® Imatinib also inhibited TNF-induced
apoptosis in embryo fibroblasts derived from Rb-knockout mice.®> Further evidence for Abl
involvement in TNF-induced apoptosis came from genetic studies. Rb-knockout fibroblasts
undergo apoptosis when stimulated by TNF alone, without the need for CHX. Ré/Abl-double
knockout fibroblasts showed reduced apoptotic response to TNF when compared with R6”
"Abl*"* fibroblasts prepared from littermate embryos.*> Ablknockout fibroblasts display afoptotic
response to TNF/CHX, which is greatly enhanced by the restitution of Abl expression.*> More-
over, thymocytes explanted from Ablknockout mice are more resistant to TNF-induced death
than wild type thymocytes from literate mice.* Taken together, these results establish Abl as a
death signal transducer in TNF-induced apoptosis.

It should be noted that imarinib does not attenuate death induced by TNF/CHX in all cell
types. Thus, TNF/CHX can induce Abl-dependent and Abl-independent cell death. The basis
for the differential requirement of Abl in TNF-induced apoptosis is presently not understood.
Interestingly, while Abl-knockout cells showed a reduced death response to TNE their apoprotic
response to FAS-ligand was comparable to that of wild type cells (Cho S, unpublished). Al-
though FAS recepror and TNFRI both activate the initiator caspases to commence death signal
transduction, the mechanism of initiator caspase activation by FAS is different from that by
TNERI.?*>* The variable requirement for Abl in TNF-induced death in different cell lines,
and the lack of involvement of Abl in FAS-mediated cell death indicate that Abl may not be a
general transducer of death signal downstream of initiator caspases. Instead, Abl may function
to amplify death signal from TNFRI but only under certain cell context.

Nucleo-Cytoplasmic Abl Shuttling Matters in Cell Death

As discussed above, apoptotic stimuli such as DNA damage or TNF activate the nuclear
pool of Abl kinase. The Abl protein undergoes nucleo-cytoplasmic shuttling in proliferating
cells,”>® but nuclear import of Abl is blocked in terminally differentiated myotubes™” and in
the malignant anaplastic thyroid cancer cells.*® Inhibition of Abl nuclear import can be corre-
lated with resistance to genotoxin-induced apoptosis in differentiated myocytes and in anaplas-
tic thyroid cancer cells. >’ Interestingly, the oncogenic BCR-ABL tyrosine kinase, when trapped
in the nucleus, can also stimulate cell death.’® These observations have suggested that Abl
kinase must be activated in the nucleus to stimulate apoptosis.*

The BCR-ABL protein does not undergo nuclear import despite the fact that it contains all
three NLS from ABL (Fig. 1).38 Therefore, the three NLS are masked or inactivated in the
BCR-ABL protein. We have found that imatinib, when bound to the kinase domain of
BCR-ABL, can cause the unmasking or activation of the NLS leading to nuclear import. How-
ever, imatinib does not cause nuclear accumulation of BCR-ABL because the NES drives nuclear
export at a faster rate than import.? The NES of ABL interacts with Crm1/Exportin-1, which
is sensitive to inactivation by leptomycin B (LMB), a bacterial metabolite that binds to Crm1/
Exportin-1 with a high affinity and selectivity.”® Treatment of cells with LMB causes the nuclear
accumulation of ABL, but not BCR-ABL because BCR-ABL does not undergo nuclear im-
port.”® When cells are treated with imatinib and LMB, BCR-ABL accumulates in the nucleus.’®
The combined treatment with imatinib and LMB causes irreversible and complete killing of
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Figure 2. ABL subcellular location and the direction of its translocation are important in the regulation of
cell death. Activation of cytoplasmic ABL by extracellular matrix (ECM) or growth factors (e.g., PDGF)
is not sufficient to activate cell death. Because constitutively activated ABL mutants do not undergo nuclear
import, we propose that activated cytoplasmic ABL is prohibited from entering the nucleus. The ABL NLSs
may only be accessible to the nuclear import machinery when ABL adopts an inactivate conformation. The
nuclear ABL is inactivated by its association with RB. Upon release from RB, either through RB phospho-
rylation or degradation, nuclear ABL can become activated by signals generated from damaged DNA or
tumor necrosis factor (TNF) receptor. Activated nuclear ABL can stimulate cell death by
transcription-dependent (through p73 and/or RNA polymerase II) mechanism. Activated nuclear ABL can
exit to the cytoplasm and stimulate cell death by transcription-independent mechanism.

BCR-ABL-transformed cells, supporting the nuclear requirement for activated ABL kinase in
inducing cell death.?®

In recent unpublished studies, we have examined the pro-death function of Abl proteins that
are either exclusively cytoplasmic (NLS-mutated), exclusively nuclear (Nuc),’® or shuttling (wild
type). These Abl proteins are activated by an inducible dimerization strategy.”® When expressed
in an appropriate cell context, dimerization of wild type or Abl-Nuk is sufficient to activate
programmed cell death (XD Huang and JY] Wang, unpublished). However, dimerization of
cytoplasmic Abl does not initiate cell death (XD Huang and JY] Wang, unpublished). This result
demonstrates the requirement for Abl nuclear import in the induction of apoptosis. Interestingly,
we found the wild type (shutding) Abl is more efficient than the exclusively nuclear (Nuc) Abl in
killing cells. Moreover, blocking the export of wild type Abl with LMB reduces its death-inducing
activity (XD Huang and JY] Wang, unpublished). Taken together, the current results suggest that
nuclear import and export of Abl both contribute to cell death. However, the direction of Abl
shutting matters: Abl must be activated in the nucleus to stimulate cell death, and nuclear exit of
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activated Abl can further enhance the death response (Fig. 2). This model would suggest that Abl
may activate cell death effectors in the nucleus and the cyroplasm.

Death Effectors Regulated by Abl
Effectors That Regulate Transcription: p53, Mdm2, p73 and RNAPII
Abl and p53

Transcriptional regulation of death effectors is an important mechanism in the control of
apoptosis. The best-known example is the transcriptional up-regulation of pro-apoptotic BH3
proteins, e.g., Puma and Noxa, by p53 in response to DNA damage. Indeed, IR-induced
apoptosis in the developing central nervous system (CNS) is abrogated in ATM-knockout,
p53-knockout or Puma-knockout mice.**%*%! The cumulative evidence strongly supports the
induced expression of Puma to be an essential mechanism in IR-induced apoptosis. Activation
of p53 by IR requires the ATM kinase, which not only phosphorylates p53 but also phospho-
rylates Mdm2, an inhibitor of p53.5%4 Disruption of p53/Mdm2 complex by ATM-mediated
phosphorylation events contributes to p53 activation and the induction of the expression of
genes such as Puma and Noxa.

The functional interaction of Abl and p53 is suggested by several observations. Abl appears
to phosphorylate Mdm2 and thus neutralizes its inhibitory effect on p53.5%%¢ The human ABL
protein might directly associate with p53 to enhance its transactivating function.®” Excessive
overproduction of Abl causes the inhibition of DNA replication in mouse fibroblasts, and this
cytostatic effect of Abl is abrogated by the inactivation of p53, either through gene knockout or
through the expression of HPV-EG oncoprotein.®*®? Thus, Abl is likely to activate p53 and
causing p53-dependent Gl-arrest.

However, activated Abl tyrosine kinase can stimulate death in p53-knockout fibroblasts,
suggesting p53 is dispensable in Abl-initiated apoptosis.® Moreover, genotoxins can activate
the endogenous Abl kinase to stimulate p53-independent cell death response.”® As discussed
above, we have found that Ab/-knockout does not affect IR-induced CNS apoprosis, which is
critically dependent on p53.% These results suggest the pro-apoprotic function of Abl and p53
can be unlinked. Of course, we cannot rule out the possibility that Abl may activate the apoptotic
function of p53 in cell types other than embryo fibroblasts or neuroblasts.

Abl and p73

Interestingly, the induction of pro-apoptotic gene expression in the developing CNS not only
requires p53, but also requires its related family members p63 and p73.”! Ectopic expression of
p73 can up-regulate Puma.”* Therefore, the transcriptional regulation of death efforts appears to
involve p53 and p73. The Abl tyrosine kinase may contribute to the transcriptional regulation of
pro-apoptotic gene expression because it has been linked to the regulation of p53 and p73.

The interdependence between Abl and p73 in apoptosis activation has been observed in
many cell types following exposure to genotoxins or to TNE The Abl tyrosine kinase is re-
quired for DNA damage to activate p73 in fibroblasts and carcinoma cells.2¢357 DNA
damage-induced stabilization of p73 protein is dependent on Abl.?® DNA damage-induced
acetylation of p73, mediated by the p300 acetyl-transferase, is also dependent on Abl.”? Acti-
vated Abl tyrosine kinase does not induce cell death in p73-knockout fibroblasts, but its
pro-apoptotic function can be restored through the reexpression of p73.% Ectopic expression
of p73 does not induce apoptosis in Abl-null cells, but its pro-apoptotic function can be re-
stored through the reexpression of Abl.%® In anaplastic thyroid cancer cells that exclude Abl
from the nucleus, genotoxins cannot activate the endogenous p73 protein to induce apoptosis.>®
However, this resistance phenotype can be overcome by the expression of Abl-Nuk, which is
engineered ro enter the nucleus constitutively.’® Activation of nuclear Abl kinase by genotoxins
in fibroblasts requires integrin signals.”® Likewise, activation of p73 by genotoxins is also de-
pendent on cell adhesion in these fibroblasts.”® As discussed above, Abl-knockout thymocytes
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are resistant to TNF-induced apoptosis.> Interestingly, p53-knockout thymocytes remain
sensitive to TNE, however, p73-knockout thymocytes share the phenotype of Aéfknockout
thymocytes by being resistant to TNF-induced death.®®

Taken together, the cumulative results have demonstrated a strong linkage between Abl and
p73 in the activation of programmed cell death. The precise mechanism by which Abl causes the
stabilization and activation of p73 has not been elucidated. Stimulation of p73-dependent
transcription by Abl is likely to play an important role in DNA damage-induced apoptosis.”
However, TNF-induced apoptosis does not require new gene expression. Therefore, how nuclear
Abl and p73 contribute to the transcription-independent apoptotic response is presently unclear.”!

Abl and RNA Polymerase II

In addition to the activation of p53 and p73, nuclear Abl tyrosine kinase can directly regu-
late transcription through the phosphorylation of RNA polymerase IT (RNAPII). The catalytic
subunit of eukaryotic RNAPII contains a C-terminal repeated domain (CTD) with the con-
sensus sequence YSPTSPS repeated 52 times in the mammalian CTD. Activation of nuclear
Abl tyrosine kinase by DNA damage leads to the tyrosine phosphorylation of the CTD!41574
and this event can be associated with increased transcription.'®> Whether tyrosine phosphoryla-
tion of the RNAPII-CTD contributes to the pro-apoptotic function of Abl remains to be
determined.

Abl and NF-kB

NF-xB protects cells from TNF-induced death.”” Constitutive inhibition of NF-kB through
the genetic modification of its inhibitor-IkB enhances cell death to TNFa.*® Thus, TNF-induced
apoptosis is inhibited rather than activated by transcription. The IxB inhibitor of NF-xB has
been shown to interact with Abl and consequently acquire phosphorylation on its tyrosine 305
from Abl kinase activity.”® Tyrosine phosphorylation to a degree stabilizes IxB, resulting in
substantial accumulation of IkB protein in the nucleus to suppress NF-xB transcriptional
activity. The abatement of NF-xB-dependent signaling by Abl exacerbates TNF-induced
apoptosis,”® which ties in well with previous results on the requirement of Abl in cell death by

TNFa.®
Transcription-Independent Effectors: RADY, Caspase-9 and Aph2
Abl and Nuclear Factors That Stimulate Cytochrome C Release

Current data suggest that nuclear Abl to act upstream of mitochondria, stimulating the
release of apoptototic factors, such as cytochrome C* (Preyer M, Wang JY]J, unpublished).
As discussed above, Abl can activate the transcription of BH3-only proteins through p53
and/or p73 to stimulate cytochrome C release. However, TNF can kill cells through
transcription-independent mechanism. Because nuclear activation of Abl contributes to
TNF-induced cell death, this suggests Abl may also activate apoptosis through
transcription-independent mechanism.

Recent results have identified four nuclear proteins, which when translocated to the cyto-
plasm, can activate mitochondria—dezpendem apoptosis. These proteins are p53 itself,”””’8
TR3,7%# histone H1.2,%! and Rad9.8? As discussed above, Abl has been linked to the stabiliza-
tion of p53.55% It will be of interest to determine whether Abl can stimulate the cytoplasmic
accumulation of p53 to regulate apoptosis through transcription-independent mechanism. We
have found that Abl and p73 are required for TNF to kill cells.** At present, it is not known if
p73 can stimulate transcription-independent apoptosis.”! Because p73 also contains nuclear
import and export signals,® it will be of interest to determine whether it also plays a cytoplas-
mic role in activating apoptosis. At present, there is no evidence linking Abl to TR3 or histone
H1.2, although the latter has been shown to mediate in part DNA damage-induced apoptosis.!

The mammalian Rad9 protein, the ortholog of the fission yeast Rad9 gene product,
contains a BH3-domain at its N-terminus.®? It has been demonstrated that this Rad9-BH3
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domain can interact with the anti-apoptotic Bcl-2 and Bcl-xL proteins, neutralizing their
effects, and promoting mitochondrial release of cytochrome C.°* The N-terminal BH3 do-
main of Rad9 appears to be released into the cytoplasm following caspase-dependent cleavage
in staurosporine-treated cells.®* It has been reported that Abl can interact with Rad9 following
DNA damage, phosphorylating a tyrosine residue in the Rad9 BH3 domain and thereby stimu-
lating the interaction between Rad9 and Bcl-2/Bcl-xL.8 Despite these results, the knockout of
Rad9 in mouse ES cells have been shown to sensitize rather than protect cells from
genotoxin-induced death.8¢8 This phenotype is consistent with the fact that Rad9 is a compo-
nent of the 9-1-1 complex, a DNA clamp that is specifically loaded unto damaged DNA and
plays a critical role in DNA damage sensing and DNA repair.®®8 As discussed above, DNA
repair proteins can participate in DNA damage signal transduction. The mismatch repair pro-
teins can correct replication errors but they can also stimulate cell death. Because Rad9 is a
sensor of damaged DNA, it is formally possible that Rad9 may stimulate cell death through its
SH3 domain under conditions of persistent damage. The pro-apoptotic function of Rad9 may
be overshadowed by the pro-repair function of Rad9 in the knockout cells. The potential in-
teraction between Abl and Rad9 in DNA damage-induced apoptosis is interesting but
the relevance of this pathway awaits further demonstration.

Abl Interaction with Other Cytoplasmic Death Effectors

A recent report showed that Abl could phosphorylate caspase-9 in its pro-domain in human
U937 cells or mouse fibroblasts upon exposure to cytosine arabinose (AraC), a nucleoside
analog that inhibits DNA replication.”® Tyrosine phosphorylation of caspase-9 appeared to
enhance apoptotic response to IR or AraC, because ectopic expression of tysoine-mutated
caspase-9 reduced cell death.® Abl also interacts through its C-terminus with Aph2 (Abl-philin
2), a resident of the endoplasmic reticulum (ER).”" Aph2 is a novel protein with DHHC
zinc-finger motif. Its over-expression mildly prompts cell death, an effect synergistically en-
hanced by the coexpression of Abl.”' The lack of information on Aph2 at present makes it
difficult to interpret this interesting observation.

Oncogenic BCR-ABL in Cell Death Regulation

Cytoplasmic BCR-ABL Promotes Cell Survival

The pro-death activity of Abl tyrosine kinase appears to be at odds with the finding that
deregulated Abl kinase, such as Gag-Abl of Abelson murine leukemia virus and BCR-ABL of
chromic myelogenous leukemia, have oncogenic functions. In particular, BCR-ABL tyrosine
kinase has a strong pro-survival function that is well established by a large body of literature
(Table 2). Expression of BCR-ABL in a variety of factor-dependent hematopoietic cell lines
leads to the acquisition of factor independence.”*® For example, BCR-ABL obviates the re-
quirement of interleukin 3 (IL-3) in murine pro-B Ba/F3, myeloid NFS/N1.H7 and 32Dcl3
lines,”?*%> and the requirement for GM-CSF in human Mo7e megakaryocytic cells.”
BCR-ABL also induces VEGE a pro-survival factor, in Ba/F3 cells.”® High levels of osteopontin
(OPN), which activates NE-kB in favor of cell survival,”” are linked to BCR-ABL expression in
32D cells. The induction of survival factors, combined with the activation of Ras, PI3-kinase
and Akt/PKB, Jak2 and Stat5 in BCR-ABL transformed cells establish a cellular environment
that is highly resistant to a wide variety of pro-apoptotic stimuli, including DNA damage
(Table 2).

BCR-ABL also suppresses the functions of pro-apoptotic proteins to afford further protec-
tion against cell death. Endogenous p53 protein level decreases from the persistent tyrosine
kinase activity of BCR-ABL in FDCP-mix mouse born marrow cells.”® The marked decrease in
p53 protein expression may be explained by the concomitant increase in the expression of
Mdm?2 protein, the E3 ubiquitin ligase targeting p53 for degradation.”” BCR-ABL, through a
hitherto unknown mechanism, stimulates mdm2 RNA translation to the effect of p53
down-regulation.”® Besides up-regulating Bcl-2 and Bcl-xL anti-apoptotic proteins,'%0-102
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Table 2. Effect of BCR-ABL on cell death induced by a variety of agents

Name Categories Experimental System Ref.

Agents (Death protected by BCR-ABL)

TNFo inflamatory cytokine HL-60/BCR-ABL 118

TRAIL inflamatory cytokine HL-60/BCR-ABL, K562 140

4-hydroperoxy alkylating agent BaF3/BCR-ABL, FDC-P1/BCR-ABL 141

-cyclophosp-

hamide (4-HC)

Anti-Fas Ab Protagonistic Fas antibody =~ HL-60/BCR-ABL, K562/Fas 142,143

or FasL and ligand

Ara-C A Pyrimidine nucleoside HL-60/BCR-ABL, FDCP-Mix 144-146
analog inhibiting the A4/BCR-ABL, MO7e/BCR-ABL, K562

synthesis of DNA
Camptothecin  topoisomerase | inhibitor UT-7/BCR-ABL, HL-60/BCR-ABL, K562 145,147

Ceramide sphingolipid HL-60/BCR-ABL 144

Cisplatin DNA covalent adduct BaF3/BCR-ABL 148,149

(CDDP) formation and cross-linking

Cytochrome C  activator of apoptosome 32D/BCR-ABL, K562, Rat-1 104

Fibroblast/BCR-ABL

Daunomycin DNA intercalation BaF3/BCR-ABL, FDC-P1/BCR-ABL, 141,150

(Daunorubicin) MO7e/BCR-ABL

Etoposide topoisomerase Il inhibitor ~ BaF3/BCR-ABL, FDC-P1/BCR-ABL, 141,144,

HL-60/BCR-ABL,UT7/Bcr-Abl, K562 147

Hydroxyurea  An inhibitor of ribonucleo- FDCP-Mix A4/BCR-ABL, 146,150
side diphosphate reductase MO7e/BCR-ABL, K562

Mitomycin C~ DNA covalent adduct BaF3/BCR-ABL 149
formation and crosslinking

Mitoxantrone  DNA intercalation K562 151

Nocodazole promoter of tubulin HL-60/BCR-ABL 152
depolymerization

Paclitaxel promoter of microtubule K562 153
assembly

Staurosporine  protein kinase inhibitor HL-60/BCR-ABL 145

UV radiation genotoxin MO7e/BCR-ABL, 4A2+/BCR-ABL 154

Vincristine Inhibitor of microtubule HL-60/BCR-ABL 155
formation

VM26 topoisomerase i HL-60/BCR-ABL 100

(teniposide) inhibitor

Y-iradiation genotoxin BaF3/BCR-ABL, FDC-P1/BCR-ABL, 156

32D/BCR-ABL,CML CD34+ cells
Agents (Death NOT protected by BCR-ABL)

Actinomycin D inhibitor of transcription HL-60/BCR-ABL, K562 157
Apicidin/ HDAC inhibitors HL-60/BCR-ABL, K562, LAMA-84, 108-110,
LAQ824/SAHA primary CML-BC cells 158

Continued on next Page
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Table 2. Continued

Name Categories Experimental System Ref.
Arachidonic prostaglandin H7.bcr-abl A54, primary CML 159,160
acid CD34+ cells
Arginine butyric acid derivative K562 161
butyrate
As;O3 oxidative stress inducer HL-60/BCR-ABL, MO7¢/BCR-ABL, 105,106,

K562, primary CML CD34+ cells 162
As4S4 oxidative stress inducer K562, primary CML cells 163
Bortezomib/ proteasome inhibitors KBM5/BCR-ABL, KBM7/BCR-ABL, Z- 111
Tripeptidyl 119/KBM5/BCR-ABL, K562, LAMA-84
aldehyde
Cepharanthine  biscocrourine alkaloid K562 164
Cycloheximide inhibitor of translation HL-60/BCR-ABL, K562 165
Genasense antisense oligonucleotide ~ TF-1-R/BCR-ABL 115
against Bcl-2
Gerdanamycin/  Hsp90 inhibitors FDC-P2/BCR-ABL, HL-60/BCR-ABL, 107,166,
17-AAG K562 167
H,0, oxidative stress inducer BaF3/BCR-ABL 168
Hyperthermia ~ NA Primary CML cells, 169,170
IFN-o inflammatory cytokine FDCP-Mix/BCR-ABL, MO7e/BCR-ABL, 171-173
K562
Lyn siRNA downregulation of Lyn K562, EM-2, EM-3, LAMA-84, primary 116
kinase CML-BC cells
Nitric oxide oxidative stress inducer K562, KCI22, KYO, LAMA-84, 174
(NO) primary CML CD34+ cells
NK cells, cellular defense K562 69,175
LAK cells
PBT-3 Hepoxilin analog K562 176
Perillyl monocyclic monoterpene  FDC-P1/BCR-ABL, 32D/BCR-ABL, 177,178
alcohol K562
Pyrrolo-1,5- benzoxazepine derivative K562 151
benzoxazepine
Rapamycin mTOR inhibitor BaF3/BCR-ABL 13
SCH66336 farnesyl transferase BaF3/BCR-ABL, primary CML cells 179-181
inhibitor
Telomestatin telomerase inhibitor K562, OM9;22, primary CML cells 182,180
Ubenimex/ aminopeptidase K562 184
Actinonin inhibitors

Agents (Death sensitized by BCR-ABL)

TNF-a inflamatory cytokine BaF3/BCR-ABL 119
TRAIL inflamatory cytokine CML and Ph1(+)ALL derived cell lines 142
Ceramide sphingolipid BaF3/BCR-ABL 119
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BCR-ABL prevents pro-apoptotic Bax and Bad ‘proteins from translocating to mitochondria so
as to abrogate potentially apoptotic responses. %> Recently, BCR-ABL was shown to prevent
caspase-9 activation despite the release of cytochrome C from the mitochondria.!

Nuclear BCR-ABL Stimulates Cell Death

As discussed above, the discrepancy between the pro-survival function of BCR-ABL kinase
and the pro-apoptotic function of Abl kinase has been resolved. BCR-ABL is an exclusively
cytoplasmic protein and does not undergo nuclear import.>*® From the cytoplasmic location,
BCR-ABL stimulates mitogenic signal transducers to promote cell proliferation and cell sur-
vival. If BCR-ABL is allowed into the nucleus, it induces cell death and can cause the complete
eradication of leukemic cells®® (Minami Y, Wang JYJ, unpublished).

As mentioned above, our recent results have suggested that both nuclear and cytoplasmic
Abl contribute to the activation of programmed cell death (Huang XD, Wang JY], unpub-
lished). Induced dimerization of nuclear Abl is required to initiate the process, which can then
be promoted by participation of the cytoplasmic Abl (Fig. 2) Induced dimerization of the
cytoplasmic Abl, although contributing to cell death, cannot by itself initiate the death re-
sponse (Fig. 2). These results have prompted us to consider the possibility that cytoplasmic
BCR-ABL tyrosine kinase might also contribute to cell death under some death stimulating
conditions. We therefore examined the literature for agents that can kill BCR-ABL transformed
cells (Table 2).

Agents That Kill BCR-ABL Transformed Cells

It is clear that BCR-ABL-transformed cells are sensitive to killing by a number of agents
(Table 2). Generally speaking, these agents can act through two different mechanisms. The
more obvious mechanism of death is by agents that interfere with the pro-survival function of
BCR-ABL. This can be achieved either through the direct inhibition of BCR-ABL expression/
activity or by blocking a critical survival pathway activated by BCR-ABL. The best known
example of such an agent is imatinib, which inhibits the BCR-ABL kinase to neutralize its
pro-survival function. The second and less obvious mechanism is for an agent to kill
BCR-ABL-transformed cells by initiating a death pathway that coopts BCR-ABL to facilitate
cell death.

Inspection of the agents listed in Table 2 suggests many exert their toxic effects by the more
obvious mechanism, i.e., to neutralize BCR-ABL. Among them are arsenic trioxide, which hin-
ders BCR-ABL translation,'%>1% 17-allylamino 17-demethoxygeldanamycin (17-AAG), an an-
tagonist of Hsp90, which shifts BCR-ABL from Hsp90 to Hsp70 and induces the proteasomal
degradation of BCR-ABL.!% Several other agents, e.g., inhibitors of histone deacetylase and
proteasomes, also kill BCR-ABL transformed cells by down-regulating the expression of this
oncoprotein.!® 112 On the other hand, rapamycin,'>1' anti-sense oligonucleotide against
Bcl-2'"% and siRNA against Lyn kinase''® kill BCR-ABL transformed cells without affecting
BCR-ABL expression. Rapamycin is an inhibitor of mTOR, a protein kinase activated by
BCR-ABL and known to promote cell survival. Anti-sense oligonucleotides against Bcl-2 sensi-
tizes a number of different types of leukemic cells to death, possibly through the destruction of
Bcl-2, an important anti-apoptotic protein that maintains mitochondrial integrity. The Src-family
of tyrosine kinases, such as Lyn, may contribute to the activation of BCR-ABL kinase.!'” Thus,
knockdown of Lyn by siRNA may interfere with the pro-survival activity of BCR-ABL.!¢

At present, there is no direct evidence yet to support the hypothesis that some agents can
kill BCR-ABL transformed cells by the second mechanism, i.e., by recruiting the cytoplasmic
BCR-ABL as a collaborator in causing cytotoxicity. It is interesting to note that discrepant
results have been obtained regarding the sensitivity of BCR-ABL-transformed cells to TNFa.
With BCR-ABL expressing HL-60 cells, protection from TNFa-induced apoptosis has been
reported''® (Table 2). However, with BCR-ABL-transformed BaF3 cells, sensitization to TNFai-
and ceramide-induced death has been reported’! (Table 2). As discussed above, the Abl ty-

rosine kinase contributes to TNFo-induced death.*> The observation that certain
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BCR-ABL-transformed cells are more sensitive to death induced by TNFa suggests that cyto-
plasmic BCR-ABL may also have pro-death function that can be stimulated under the appro-
priate cell context, e.g., following the exposure to TNFot.

Conclusions and Future Prospects

The current evidence strongly supports a role for Abl tyrosine kinase in the regulation of
cell death. In the developing embryos of R knockout mice, apopotosis in the emerging central
nervous system and the embryonic liver can be rescued by the knockout of A6/ (Borges H,
Huntons IC, Wang JY], manuscript in preparation). Thus, Rb suppresses the apoptotic func-
tion of Abl during embryonic development. Activation of the Abl apoptotic function is con-
trolled at several levels- its nuclear imporr, its interaction with inhibitors such as Rb and activa-
tors such as mismatch repair proteins and ATM. Nuclear Abl exerts its pro-apoptotic effects
through the p53-family of transcription factors-p53 and p73. Whether Abl also interacts with
and regulates the third member-p63 is presently unknown and needs to be investigated. Nuclear
export of Abl appears to further enhance apoptosis, although activation of cytoplasmic Abl
alone is not sufficient to induce cell death. Interestingly, the constitutively active BCR-ABL
kinase, which is exclusively cytoplasmic, is a strong inhibitor of apoptosis. It is unclear if cyto-
plasmic Abl has anti-apoptotic function in mammalian cells. The worm Abl, presumably only
present in the cytoplasm, has been shown to protect against ionizing radiation-induced death
in germ cells. Many questions remain regarding the cell death regulatory function of Abl ty-
rosine kinase. The most challenging among them is how the death-regulatory function and the
cytoskeleton-regulatory function of Abl are coordinated to regulate embryogenesis and tissue
homeostasis throughout adult life.
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CHAPTER 5

Regulation of Cytoskeletal
Dynamics and Cell Morphogenesis
by Abl Family Kinases

Anthony J. Koleske*

Abstract
belson (Abl) family nonreceptor tyrosine kinases are essential regulators of cell
A morphogenesis in developing metazoan organisms. Mutant animals that lack Abl
kinases exhibit defects in epithelial and neuronal morphogenesis. In cultured cells,
the vertebrate Abl and Abl-related gene (Arg) proteins promote formation of actin-based
protrusive structures, such as filopodia and lamellipodia. Abl family kinases act as relays
that coordinate changes in cytoskeletal structure in response growth factors and adhesion re-
ceptor activation. These cytoskeletal rearrangements are achieved through the ability of these
kinases to control the Rho and Rac GTPases and to stimulate assembly of protein complexes
that activate nucleation of actin filaments by the Arp2/3 complex. Abl and Arg also contain
extended C-termini that bind directly to F-actin and microtubules and may mediate interac-
tions between these cytoskeletal networks in cells. Arg, for instance, can promote the coopera-
tive assembly of an F-actin-rich scaffold in cells, which may serve as a base for the elaboration
of actin-rich protrusive structures in cells.

Introduction

Changes in cell shape and migration are powered by dynamic rearrangements of the actin
cytoskeleton. These changes are coordinated in space and time by protein machines that regu-
late actin filament polymerization/depolymerization, organize actin filaments into bundles or
networks, and push or pull on these actin superstructures. These actin-based machines are
controlled by signals from cell surface receptors that provide continuous updates on the extra-
cellular physicochemical environment.

Abelson (Abl) family nonreceptor tyrosine kinases are essential regulators of cytoskeletal
rearrangements in developing metazoan organisms. Abl family kinases act as relays that coordi-
nate changes in cytoskeletal structure 