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Abstract
Chemokines and their receptors play essential roles in the development and function of multiple
tissues. Chemokine expression, particularly CXCL12 and its receptor CXCR4, has prognostic
significance in several cancers apparently due to chemokine mediated growth and metastatic spread.
These observations provide the rationale for pursuing CXCR4 inhibition for cancer chemotherapy.
However, the multiple homeostatic functions of CXCR4 may preclude global inhibition as a
therapeutic strategy. Here I review CXCR4 signaling and how it might differ in normal and
transformed cells with special emphasis on the role that altered CXCR4 counter-regulation might
play in tumor biology. I propose that CXCR4 mediates unique signals in cancer cells as a consequence
of abnormal counter-regulation and that this results in novel biological responses. The importance
of testing this hypothesis lies in the possibility that targeting abnormal CXCR4 signaling might
provide an anti-tumor effect without disturbing normal CXCR4 functions.
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Normal development depends upon chemokines and their receptors [1–4]. In many instances,
tumor progression also appears to require chemokines, particularly CXCL12 and its receptor
CXCR4 [5]. This creates a therapeutic challenge. CXCR4 inhibition has significant anti-tumor
effects in vivo [6,7] but prolonged CXCR4 antagonist therapy, as would be required in cancer
treatment, has significant toxicity that is attributable to disturbed CXCR4 homeostatic
functions [8,9]. The effects of CXCL12 on cancer cells may be distinguishable from those on
normal cells. Herein, I will review the early events in normal CXCR4 signaling as well as the
mechanisms of CXCR4 counter-regulation. I will examine data that indicates CXCR4 signaling
in cancer is dysregulated, resulting in novel biological responses in cancer cells. Understanding
these differences in signaling may provide the leverage to develop therapies that correct
abnormal CXCR4 signaling while leaving homeostatic CXCR4 functions intact.

CXCR4 signaling in normal cells
CXCR4, like all chemokine receptors belongs to the superfamily of seven transmembrane
domain heterotrimeric G protein-coupled receptors (GPCR). There are a plethora of potential
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intracellular events that can occur downstream of CXCR4 activation. Here I will summarize
only the early events; those that involve direct interactions with the ligand bound receptor
(Figure 1).

CXCR4 signaling: The early events
Reminiscent of receptor tyrosine kinase signaling, CXCR4, and other GPCRs signal as receptor
dimers [10]. Studies utilizing tagged CXCR4 constructs and bioluminescent and fluorescent
resonance energy transfer techniques have demonstrated that CXCR4 exists as a homodimer
under basal conditions and in the absence of CXCL12 [11–13]. Addition of CXCL12 promotes
modest increases in bioluminescence resonance energy transfer (BRET) or fluorescence
resonance energy transfer (FRET). This has alternately been interpreted to indicate either
increased numbers of CXCR4 dimers or ligand-induced conformational changes, productive
of more efficient energy transfer. The latter interpretation is supported in elegant studies
performed by Percherancier et al. on the effects of CXCL12 and MCP-1 on heterodimers of
their receptors CXCR4 and CCR2 [13]. In these experiments, BRET revealed CXCR4 and
CCR2 heterodimers under basal conditions. When heterodimers composed of CXCR4-Rluc
and CCR2-YFP receptor protomers were treated with MCP-1, BRET signal increased. When
the opposite orientation heterodimer (CXCR4-YFP/CCR2-Rluc) was assayed, MCP-1 caused
a significant decrease in BRET signal. As it is unlikely that these signal changes result from a
difference in the number of heterodimers, these data suggest that the physical relationship
between the luciferase and YFP moieties is affected by ligand and that the requisite
directionality of energy transfer from Rluc to YFP results in similar ligand-induced
conformational changes producing opposite effects on energy transfer. These studies support
a model of GPCR signaling in which ligand-induced conformational changes in preformed
receptor dimers is an initial step in receptor signaling. In addition they suggest caution when
interpreting changes in resonance energy transfer signals.

CXCL12 binding to CXCR4 results in rapid tyrosine phosphorylation of the receptor in a JAK
kinase dependent fashion [10]. In a series of experiments using pharmacological inhibitors of
JAK kinases it was shown that the rapid recruitment of JAKs (JAK1, JAK2, JAK3 or TYK2)
was required for CXCL12-induced calcium mobilization [10], as well as PI3 Kinase activation
and tyrosine phosphorylation of focal adhesion proteins [14]. Inhibition of JAK kinases with
AG490 or WHI-P131 abolished CXCL12 induced chemotaxis of CTS cells, thymocytes and
primary hematopoietic progenitors [10,14,15]. Additionally, JAK3-deficient thymocytes and
bone marrow progenitors exhibited impaired directed migration along a CXCL12 gradient
[15]. Finally, JAK2-deficient γ2A cells have impaired CXCL12-induced Goci recruitment and
calcium flux [16].

The studies described above suggest that JAK activity is essential to CXCR4 function.
However, the importance of JAK kinases to CXCR4 signaling is called into question by
additional data acquired in JAK2 and JAK3 deficient cells as well as HEK293 cells engineered
to overexpress wildtype and dominant negative forms of JAK2 and JAK3 in which there are
no effects of altered JAK expression on CXCL12-induced calcium flux or chemotaxis [17].
The basis for these discrepancies is unclear but a number of relevant factors can be identified.
The use of pharmacological agents may be associated with non-specific effects resulting in the
inhibition of non-target kinases. Differences in the level of expression of CXCR4 and
downstream mediators of its signals could produce different results. In this regard, the JAK3
deficient thymocytes used by Soldevila et al. express lower than normal levels of CXCR4
protein and may exhibit deficient responses on this basis [17]. However, in the studies by
Soriano et al., cells with similar levels of surface CXCR4 expression exhibited differing
responses to CXCL12 that were correlated with differences in JAK expression or activity. Thus
this potentially important pathway that could couple CXCR4 to cytokine signaling, tyrosine

Rubin Page 2

Semin Cancer Biol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



kinase pathways and immediate transcriptional responses through the STAT family of
transcription factors needs to be better defined.

CXCR4 and G proteins
The family of chemokine receptors can couple to multiple Gα proteins [18,19]. In the process
of Gα activation, ligand-bound CXCR4 functions as a guanine nucleotide exchange factor or
GEF, promoting the exchange of GDP for GTP within the Gα subunit [20]. This enables the
association of Gα and the Gβγ subunits with their respective effectors.

There are over 20 known Gα subunit isoforms produced from 16 different genes in addition to
5 Gβ and 14 Gγ genes and subunits [21,22]. The alpha subunits can be classified based on
sequence homology into 4 groups: Gα(s/olf), Gα(i/o/ro/cone/gust/z), Gα(q/11/14/16) and Gα(12/13)
(see [23] for review). The number of possible heterotrimers is large and several observations
suggest that G proteins with specific subunit compositions have non-redundant functions in
mediating GPCR signals. For example, somatostatin and muscarinic acetylcholine receptor
regulation of L-type calcium channels requires heterotrimeric G proteins comprised with
Gγ3 and Gγ4, respectively [24]. With regards to CXCR4 signaling, Holland et al. recently
observed that CXCR4 mediated signals and invasive behaviors are differentially activated in
breast cancer cells as a consequence of the stability of CXCR4-Gα-Gβγ complexes [25]. They
suggest that varying biological responses to CXCL12 could result from changes in expression
of G protein subunits with differing affinities for CXCR4.

Maghazachi was the first to show that CXCR4 could couple to multiple Gα isoforms [26]. By
treating permeabilized NK cells with blocking antibodies directed against specific Gα subunits,
he was able to demonstrate that SDF-induced chemotaxis and calcium flux involved coupling
to Go or Gq. Interestingly, these studies also showed that CXCR4 could induce calcium flux
through interaction with Gs. In HEK293 cells engineered to co-express CXCR4 and specific
Gα proteins, Ling et al. found that CXCR4 could stimulate GTPγ-S loading of Gαi2 as well as
Gαo1 [20]. Finally, Tan et al. demonstrated that CXCR4 must couple with Gi to activate Rac
but with Gα13 in order to activate Rho in Jurkat T cells [27]. Clearly there is still much to know
about how specific heterotrimeric G protein composition contributes to cell-specific responses
to CXCL12 and what role altered patterns of G protein subunit expression plays in disease.

G protein signaling
The exchange of GTP for GDP on the Gα subunit of heterotrimeric G proteins results in
conformational changes that expose effector interacting domains on the Gα subunit and the
obligate Gβγ dimer which initiate Gα and Gβγ signaling [28]. The duration of these signals is
determined by the rate of GTP hydrolysis to GDP, and re-establishment of the non-signaling
conformation of the αβγ heterotrimer. As described below the rate of hydrolysis is determined
by the intrinsic GTPase activity of Got proteins and the actions of a family of GTPase activating
proteins known as the Regulators of G protein Signaling or RGS proteins.

Gα-dependent signals
While specific βγ isoforms influence heterotrimeric G protein signaling, the core properties of
G protein action are determined by the identity of the involved Gα subunit. Some alpha subunits
are expressed in a tissue-specific fashion, such as the restriction of Gαolf to the olfactory
epithelium. While others, such as Gαi/o are more ubiquitous in their activity (see [23] for
review).

Each class of Gα protein operates through specific effectors. Many commonly assayed
functions of CXCR4 like chemotaxis and adenylyl cyclase (AC) inhibition are sensitive to
treatment with Pertussis Toxin indicating they involve Gα proteins belonging to the i/o group.
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It is not clear what effectors are directly regulated through interaction with Gαo, but Gαi is a
direct inhibitor of ACs 1, 3, 5, 6, 8 and 9 [21]. The inhibition of AC and suppression of cAMP
alters PKA and EPAC activation [29] and is critical to CXCL12-induced chemotaxis,
proliferation and survival signaling [7,30,31]

CXCL12-induced calcium flux, requires activation of phospholipase Cβ (PLCβ) and is also
inhibited by Pertussis Toxin [32,33]. Gαq is the only alpha subunit capable of activating
PLCβ and it is insensitive to Pertussis Toxin [34,35]. Thus, PLCβ activation must occur either
via Gi/o βγ subunit function (see below), or as a consequence of sequential Gαi − Gαq effects.
This kind of sequential G protein signaling occurs upon activation of the β-adrenergic receptor
where initial Gαs activity results in increased cAMP levels and protein kinase A mediated
phosphorylation of the receptor. This phosphorylation event allows the β-adrenergic receptor
to switch to a Gi-coupled phase of signaling with enhanced ability to activate the MAP kinase
pathway [36]. Calcium flux is an important regulator of calmodulin, CAM kinase and
calcineurin. Alterations in the amplitude and time-course of calcium transients can promote
differentiation or proliferation through the activation of NFAT or CREB, respectively [31,
37,38].

Finally, the Gα12/13 family can also be engaged by CXCR4 and couple it with a great breadth
of effectors. Several of these interactions have significant relevance to tumor biology.
Gα12/13 proteins can directly stimulate Bruton’s tyrosine kinase [39]. Bruton’s Tyrosine Kinase
is an inhibitor of Fas-mediated apoptosis and thus may contribute to genesis of leukemia and
has recently gained attention as a therapeutic target [40]. Both Gα12 and Gα13 have also been
shown to promote the release of β-catenin through interaction with cadherins [41]. This may
be especially relevant to neuroectodermal tumors as β-catenin activation is increased in
medulloblastoma and melanoma [42,43]. Finally, CXCR4 mediated chemotaxis requires
activation of Rho and Rac. While Gαi is necessary for Rac activation (most likely through
Gβγ, see below) G12/13 is required as a direct activator of Rho through modulation of Rho-
guanine nucleotide exchange factors [44,45]. This pathway may be especially important to
CXCR4’s function in cancer as constitutive activation of Rho-GTPase activity endows the
PAR-1 GPCR with transforming ability [46].

Gβγ-dependent signals
While initial views of Gβγ function focused on its role in the juxta-membrane localization of
Gα and its negative regulation of Gα activity through guanine-nucleotide dissociation inhibitor
(GDI) functions, it is now clear that Gβγ plays a more critical and active role in the mediation
of GPCR signaling (see [22] for review). Through direct interactions Gβγ can regulate multiple
AC isoforms, ion channels, PLCβ and several critical kinases. The impact Gβγ has on cell
biology may be influenced by the relative abundance of specific GPCRs and their coupled
heterotrimeric G proteins. In this regard, the greater amount of Gi/o in neural tissues as
compared to other heterotrimeric G proteins might imply that Gβγ signaling is particularly
important to CXCR4’s role in development and oncogenesis within the neuroectoderm. Central
to Gβγ function is the direct activation of PI3 kinase. This occurs through the interaction of
Gβγ with p101, a protein associated with the p110 catalytic subunit of class I PI3 Kinase
[47]. PI3 kinase is a critical regulator of survival signaling through direct modulation of
effectors of apoptosis and by regulating transcription of pro-apoptotic and pro-survival genes
[48]. The importance of PI3 kinase activation to oncogenesis is underscored by the frequency
with which the primary negative regulator of its function, PTEN, is mutated or deleted in cancer
[49,50].

GPCRs can also activate a second primary regulator of proliferation and survival, the MAP
kinase pathway [51,52]. The mechanism of MAP kinase pathway activation appears to be
secondary to PI3 kinase activation [53]. The increase in inositol triphosphate that follows PI3
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kinase activation enhances the activation of non-receptor tyrosine kinases such as Src [54,
55]. Src in turn phosphorylates Shc resulting in increased Shc-Grb2-Sos formation and
activation of Ras and the MAP kinase pathway [56,57]. These pathways are essential for
CXCR4-mediated proliferation; survival and chemotaxis, identifying Gβγ function as central
to CXCR4’s role in cancer [31].

Heterotrimeric G protein independent signals
Ligand-bound CXCR4, like all GPCRs, is a substrate for a family of serine/threonines kinases
known as G protein Receptor Kinases or GRKs [58,59]. GRK-mediated phosphorylation of
CXCR4 creates a binding site for β-arrestins. The binding of β-arrestin to CXCR4 promotes
the uncoupling of ligand-bound receptor from heterotrimeric G proteins (see discussion of
desensitization below) and CXCR4 internalization. The consequence of this sequence of events
is inhibition of CXCL12-induced GTP-γS loading and termination of AC inhibition and cAMP
suppression [60]. The CXCR4- β-arrestin complex binds the monomeric GTPase Raf [61]
potently activating the Erk1/2 MAP kinase pathway. In addition β-arrestin recruits and
activates Ask1 and the p38 MAP kinase pathway [62]. Activation of both the Erk1/2 and p38
pathways is especially important for CXCL12-induced chemotaxis and its role in metastasis
[63]. In other receptor systems arrestins have also been shown to bind to and activate Src
[64] and c-Jun NH2-terminal kinase 3 [65].

In addition to modulating chemotactic responses, arrestins appear to block GPCR-induced
apoptosis. In mouse embryonic fibroblasts lacking arrestins 2 and 3, activation of multiple
GPCRs with their cognate ligands, including FPR, IL-8, angiotensin II and vasopressin
receptors resulted in caspase 9 and 3 dependent cytochrome c release and apoptosis [66].
Apoptosis induced in the absence of arrestins required receptor phosphorylation and was not
the simple result of sustained receptor activation (lack of desensitization). Interestingly,
activation of CXCR4 in MEFs null for arrestin 2 and 3 did not induce apoptosis.

Counter-regulation of CXCR4 signaling
CXCR4 signaling is counter-regulated at multiple levels. These counter-regulatory
mechanisms can shape CXCR4 effects by diminishing one aspect of signaling, such as AC
inhibition while enhancing another such as Erk1/2 activation. In addition, counter-regulation
constrains CXCR4 signals, preventing excessive or inappropriate activation of downstream
pathways. In this section I will review the primary modes of CXCR4 counter-regulation in
anticipation of discussing abnormal counter-regulation as the basis for CXCR4 function in
cancer.

GTPase activity is enhanced by RGS proteins
The activated, GTP-bound state of Gαi is terminated by the intrinsic GTPase activity of the
alpha subunit, which is stimulated by RGS proteins [67]. These proteins serve as the frontline
against excessive heterotrimeric G protein signaling and thus are critical to the maintenance
of normal GPCR function. There are more than 30 members of the mammalian RGS family
of proteins [68]. While initial assessments of their role focused on the relatively simple
acceleration of GTP hydrolysis by Gα GTPases, more recently their interactions with additional
signaling intermediaries has been characterized and yielded a more comprehension picture of
how RGS proteins modulate GPCR and other protein signaling.

The best-described roles for RGS regulation of CXCR4 function are in the development of
lymphocytes and megakaryocytes. RGS1 [69], RGS 13 [70,71] and RGS 16 [71,72] exhibit
developmental regulation that inhibits CXCR4 signaling and CXCL12-induced chemotaxis at
critical stages of T cell maturation. Similarly RGS 16 expression inhibits CXCL12-induced
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chemotaxis in mature megakaryocytes [73]. With regard to the neuroectoderm, RGS2 and
RGS4 are highly expressed in the brain and have been shown to modulate pain perception and
neurotransmitter signaling [68,74].

Desensitization serves as a switch between heterotrimeric G protein dependent and
independent pathways

GRK-mediated CXCR4 phosphorylation promotes association of the receptor with β-arrestin
and clathrin, resulting in receptor internalization in a dynamin-dependent fashion and a shift
in downstream signals [75–77]. This aggregate process is referred to as receptor desensitization
[58,59] and the net effect is an inhibition of G-protein dependent signaling reflected in
decreased GTP-γS loading, decreased calcium flux and loss of AC inhibition [60,78]. In
addition, desensitization and β-arrestin binding activates Raf and Ask1 resulting in the further
stimulation of the Erk 1/2 and p38 MAP kinase pathways. Desensitization initiated by CXCL12
binding is referred to as homologous desensitization while desensitization initiated by
activation of other receptors is referred to as heterologous desensitization.

Multiple serine and threonines in the carboxy-tail and third cytoplasmic loop of CXCR4 can
be phosphorylated. Orsini et al. found that phosphorylation of serines 338/339 were essential
for homologous desensitization [75]. Woerner et al. found that only serine 339 and not serine
338 was phosphorylated in a CXCL12-dependent manner [79]. The importance of the carboxy
tail to arrestin-mediated internalization is also indicated by studies of C-terminal truncations
of CXCR4 [80].

GRKs involved in CXCR4 desensitization appear to vary in a cell type specific fashion.
Targeted deletion of GRK6 results in failed CXCL12-induced neutrophil and lymphocyte
chemotaxis [81,82]. GRK2 activity correlates with CXCR4 phosphorylation and cAMP
regulation in astrocytes [30], and Balabanian et al. demonstrated that GRK3 also regulates
CXCR4 desensitization [83].

The effects of arrestin on GTP-γS loading and cAMP accumulation require arrestin interaction
with the carboxy-tail of CXCR4 and are abrogated by truncation of the receptor [60]. The
effects of arrestin on CXCR4 internalization and Erk activation do not require the carboxy tail
and instead appear to result from arrestin interaction with the 3rd cytoplasmic loop [60,80].
This has particular significance to the pathological increase in CXCL12-induced chemotaxis
observed in the immunodeficiency disorder WHIM syndrome [83–85].

CXCR4 signaling in cancer
CXCR4 function in cancer and normal cells differs. For example, CXCL12 induces apoptosis
in primary cultures of neonatal astrocytes but promotes growth through enhanced survival in
cultures of astrocytoma cells [7,30]. Similarly, neuroblastoma [86] and melanoma [87] cells
exhibit proliferation in response CXCL12 while growth of their normal counterparts is not
known to do so. In each of these neuroectodermal cancers the level of CXCR4 expression has
prognostic significance suggesting that the acquisition of this novel cancer-promoting effect
is related, in part, to increased receptor numbers and/or an increase in the strength of receptor
signals [87–90]. However, under normal circumstances excessive activation of CXCR4 is
stringently counter-regulated and increased receptor activation alone may not be enough to
drive abnormal CXCL12-induced cancer growth. In this final section I will consider whether
dysregulation of CXCR4 signaling results in the genesis of novel biological effects. The
importance of recognizing and understanding dysregulated CXCR4 signals lies in the
therapeutic opportunity it affords. As extended inhibition of CXCR4 signaling has thus far
proved toxic [8,9], it may be that normalization, rather than inhibition of CXCR4 would provide
therapeutic benefit with fewer side effects.
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The work of multiple investigators has led to the hypothesis that the CXCL12-CXCR4 pathway
plays a significant role in astrocytoma biology [7,79,89,91–93]. An important validation of
this hypothesis is the prognostic significance of CXCL12 and CXCR4 expression. Bian at
al. found that patients with CXCR4-positive high-grade gliomas had significantly reduced
survival compared to patients with gliomas that did not express CXCR4 [89]. Similarly,
Calatozzolo, et al, found that CXCL12 expression was a more powerful predictor of time-to-
progression than histological subtype in oligodendroglioma or oligoastrocytoma [91].

Among the potential mechanisms whereby increased CXCR4 expression could alter the nature
of cellular responses is by modifying the relative abundance of CXCR4 homo- and hetero-
dimers. The presence of homo- and hetero-dimers of chemokine receptors at baseline suggests
that “normal” chemokine effects could result from the balance of signals initiated from both
dimer species. Alterations in the numbers of CXCR4 molecules could therefore shift the
balance towards homodimers or result in the formation of rare, low-affinity heterodimers with
receptor types that do not normally pair with CXCR4 when receptor numbers are lower.

Changes in the balance of homo- and hetero-dimers as well as the formation of novel
heterodimers could have significant effects on signaling and biology. Heterodimers formed
between CXCR4 and CCR2 and between CXCR4 and δ-opioid receptor are present under basal
conditions in primary isolates of T lymphocytes and blood mononuclear cells, respectively
[94,95]. In both instances the presence of heterodimers has a significant effect on response to
each ligand. While the presence of CXCR4 - δ-opioid receptor heterodimers had no effect on
response to CXCL12 alone, co-stimulation with the enkephalin δ-opioid agonist DPDPE
blocked all CXCL12-induced signaling and inhibited chemotaxis in vivo as measured by the
accumulation of mononuclear cells in peritoneal fluid after intraperitoneal injection of the
combined receptor agonists [95]. This was not due to heterologous desensitization as no
increase in CXCR4 phosphorylation was detected in MonoMac-1 cells after DRDPE treatment.
Rather, it appeared that co-stimulation of the heterodimer resulted in a silent receptor.
Similarly, Mellado et al. showed that co-stimulation of CCR2-CCR5 heterodimers with CCL5
and CCL2 led to novel Gαq/11 activation that was relatively resistant to regulation by
desensitization [96]. This was in contrast to Gαi mediated signals which originated from
homodimers of CCR2 and CCR5, which were readily desensitized. Thus changes in the level
of CXCR4 expression alone, or in combination with changes in other chemokine receptors
could alter the profile of receptor homo- and hetero-dimers. This in turn could alter signaling
in more than one chemokine dependent pathway and might even result in the acquisition of
novel signals not possessed by any of the component receptors when functioning as
homodimers.

Even in the absence of an altered receptor dimer profile, the opportunity to distort CXCR4
functions exists through modulation of the counter-regulatory mechanisms. Consistent with
the known role of Gi-dependent signals in chemotaxis, loss of RGS expression or function
generally results in increased chemotactic responses. This was demonstrated in lymphocytes
and could have implications in leukemia and lymphoma (see above). RGS4 is expressed in
neuroblastoma cells where it inhibits signaling through Gαi and Gαq [97]. RGS2 is expressed
in pheochromocytoma derived PC12 cells where it interacts with microtubules and promotes
neurite outgrowth in response to nerve growth factor [98]. Loss of RGS attenuates the
differentiating effects of NGF, a function that could be relevant to transformation within the
neuroectoderm. Unexpectedly, increased RGS 3 and 4 expression enhanced U373 glioma cell
adhesion and migration [99] suggesting that the role of CXCR4 in cancer may not be a simple
matter of more or less CXCR4 signaling.
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Astrocytes, pre-cancerous astrocytes and astrocytoma cells
The activation of CXCR4 in the setting of RGS deficiency can still be counter-regulated
through the process of desensitization. To determine whether such dysregulation of CXCR4
signaling was important to tumorigenesis, Warrington et al. examined a spectrum of cells, from
normal to malignant, derived from the astrocytoma lineage. As an intermediate between normal
and malignant they utilized astrocytes with complete loss of the tumor suppressor
neurofibromin. Neurofibromin is mutated in the autosomal dominant disorder
neurofibromatosis Type 1, which predisposes affected patients to multiple cancers including
benign and malignant astrocytomas [100].

Significant differences in wildtype and Nf1−/− astrocyte responses to CXCL12 were evident
in in vitro studies. Primary cultures of wildtype neonatal astrocytes exhibited an increase in
apoptosis while Nf1−/− astrocytes displayed a decrease in apoptosis when treated with
CXCL12 [30]. These opposed effects were dependent upon differences in CXCL12-induced
cAMP suppression. Loss of neurofibromin resulted in diminished CXCR4 desensitization and
prolonged AC inhibition. The molecular basis for altered desensitization was increased Erk-
mediated phosphorylation and inhibition of GRK2 in Nf1−/− astrocytes. This resulted in a
decrease in CXCL12-induced CXCR4 phosphorylation. Inhibition of Erk activation with the
MEK inhibitor PD98059 led to re-activation of GRK2 and normalization of CXCL12-induced
CXCR4 phosphorylation and cAMP responses. These data were consistent with studies that
identified abnormal suppression of cAMP as the basis for CXCL12-induced medulloblastoma
and glioblastoma growth [7,79]. Together these results suggest that altered CXCR4 counter-
regulation gives rise to novel CXCR4 signals and functions, productive of abnormal growth
promoting effects.

Alterations in GPCR desensitization play a pathophysiological role in other diseases and
cancers. Beautiful work done by Balabanian et al. demonstrated that mutation of the carboxy-
tail of CXCR4 alters its internalization without abrogating its interaction with arrestins. This
leads to aberrant activation of arrestin from the cell surface and enhanced chemotaxis, which
contributes to the disease [83–85].

Model for CXCR4 function in cancer
Available data suggest a model for CXCR4 function in cancer in which the kinetics and
magnitude of heterotrimeric G protein dependent and independent phases of signaling are
altered by increased levels of receptor expression, coupled with altered counter-regulation.
Normally, these phases of CXCR4 signaling have limited overlap as rapid desensitization and
internalization terminate the heterotrimeric G protein phase of signaling and initiate the β-
arrestin phase of signaling (Figure 2). I propose a model in which altered desensitization results
in a greater overlap between these phases of signaling as the heterotrimeric G protein
component is prolonged while the β-arrestin dependent component initiates. This overlap in
pathway activation generates a novel signal and novel cellular response such as the survival
response exhibited by Nf1−/− astrocytes and malignant astrocytoma cells. This model makes
several predictions. First, CXCR4 function in cancer may not be a simple recapitulation of its
role in development. Second, over-expression of CXCR4 in otherwise intact cells may not have
profound effects on growth. Further, knockout of CXCR4 in genetically engineered mouse
models of cancer may not affect tumorigenesis as normal CXCR4 signals do not contribute to
transformation. One test of this hypothesis will be altering CXCR4 counter-regulation in
tumor-prone mice and determining whether this will increase tumor frequency.

It will be essential to explore these possibilities as differences between normal and tumor
CXCR4 signaling and function may provide a critical therapeutic opportunity. Currently, the
application of CXCR4 antagonist therapy for cancer is limited by excessive toxicity of global
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CXCR4 inhibition. If correction of abnormal CXCR4 signaling were possible without
inhibition of global CXCR4 signaling, there may be therapeutic benefit without excessive
toxicity.
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Figure 1. Ligand-Bound CXCR4 Dimers Signal Through Diverse Mediators
A hypothetical dimer of CXCR4 is shown engaging Gαi and Gαq as well as Gβγ and β-arrestin
(βAR). Each of these proteins transduce major components of CXCR4 signaling including:
GαI inhibition of adenylyl cyclase (AC) and suppression of cAMP levels, Gαq - activation of
phospholipase-β (PLC) and calcium flux, Gβγ - activation of PI3 kinase, MAP kinase (MAPK)
as well as Src kinase and the monomeric G protein Rho. βAR – activation of MAPK, ASK1,
Src and JNK.
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Figure 2. Altered CXCR4 Signaling Results in Novel cellular Response
In normal cells CXCR4 signaling can be considered as occurring in two phases or humps; the
heterotrimeric G protein dependent and β-arrestin dependent phases. Cellular responses are
determined by whether signal strength exceeds a threshold (white line). Under normal
circumstances the two phases of CXCR4 signaling are temporarily distinguishable as the rapid
desensitization of AC inhibition or calcium flux is coincident with the onset of β-arrestin
dependent signals. I propose that altered desensitization results in greater overlap between these
phases of signaling as the heterotrimeric G protein dependent component is extended into the
β-arrestin dependent component. The resultant merge of the two phases into one phase or hump
results in an entirely novel signal and cellular response such as the abnormal survival response
in astrocytoma cells.
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