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Abstract

Ack1 (also known as ACK, TNKZ2, or activated Cdc42 kinase) is a structurally unique non-
receptor tyrosine kinase that is expressed in diverse cell types. It integrates signals from plethora
of ligand-activated receptor tyrosine kinases (RTKs), for example, MERTK, EGFR, HERZ2,
PDGFR and insulin receptor to initiate intracellular signaling cascades. Ackl transduces
extracellular signals to cytosolic and nuclear effectors such as the protein kinase AKT/PKB and
androgen receptor (AR), to promote cell survival and growth. While tyrosine phosphorylation of
AR at Tyr267 regulates androgen-independent recruitment of AR to the androgen-responsive
enhancers and transcription of AR target genes to drive prostate cancer progression,
phosphorylation of an evolutionarily conserved Tyrosine 176 in the kinase domain of AKT is
essential for mitotic progression and positively correlates with breast cancer progression. In
contrast to AR and AKT, Ackl-mediated phosphorylation of the tumor suppressor Wwox at
Tyr287 lead to rapid Wwox polyubiquitination followed by degradation. Thus, by its ability to
promote tumor growth by negatively regulating tumor suppressor such as Wwox and positively
regulating pro-survival factors such as AKT and AR, Ackl is emerging as a critical player in
cancer biology. In this review, we discuss recent advances in understanding the physiological
functions of Ackl signaling in normal cells and the consequences of its hyperactivation in various
cancers.

Receptor tyrosine kinases (RTKSs) respond to cues from the outside environment to activate
specific programs within cells to regulate cell growth, cell proliferation, and cell
differentiation. There is a wealth of information on how the ligand bound RTKs
communicate specific signals by precisely activating a complex network of protein
machinery through single or multiple phosphorylation events (Manning et al., 2002). Each
signal may be amplified several fold and each step is tightly regulated and is kinetically
controlled. Dysfunction of this signaling event is evident in the form of increased levels of
effecter phosphorylation, hyperactivated pathways, enhanced cell growth, and cell
proliferation. Interestingly a group of tyrosine kinases do not directly receive signals from
the extracellular mileu but are rapidly activated. These proteins are referred to as the non-
receptor or cytoplasmic tyrosine kinases (NRPTKSs or cytTKs) (Neet and Hunter, 1996).
Although NRPTKSs do not bind growth factors, they appear to be critical in delivering the
signals of the RTKSs, as their activation is tightly regulated by the activation of the RTKs.
Ackl is one such NRPTK that was initially identified as a tyrosine kinase that specifically
bound the activated form of a small G-protein, Cdcd42 (Manser et al., 1993). However
recent studies have uncovered Cdc42-independent role of Ackl in cell signaling (Mahajan et
al., 2005, 2007, 2010b). This review is focused on mechanisms of Ackl activation and its
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distinctive mode of regulating activities of important cellular proteins, AKT and androgen
receptor (AR) in normal and cancer cells.

Ack1l Structure

Ackl is an atypical non-receptor tyrosine kinase; its relatively large size (1,038 amino acids
or ~ 143 kDa) coupled with the presence of multiple domains distinguishes it from other
nonreceptor tyrosine kinases (Fig. 1). It consists of an amino-terminal sterile a motif or
SAM domain (4-70 amino acids), tyrosine kinase catalytic domain (126-385 amino acids),
a SH3 domain (386-447 amino acids), a Cdc42/Rac interactive binding or CRIB domain
(448-468 amino acids), a large carboxy-terminal region that contains proline-rich sequences
(577-958 amino acids) and ubiquitin-association or UBA domain (963-1,026 amino acids)
(Fig. 1). These multiple domains regulate various functional aspects of Ackl. While the
amino-terminal SAM domain is involved in Ackl membrane targeting, the neighboring
catalytic domain possesses tyrosine kinase activity (Yokoyama and Miller, 2003; Mahajan et
al., 2005, 2010b; Galisteo et al., 2006). Three-dimensional structures have been determined
for the isolated Ackl kinase domain (Lougheed et al., 2004) and the CRIB domain (Mott et
al., 1999), but not for larger constructs or full-length Ackl. Crystallization of the human
Ackl kinase domain structure revealed an interesting feature; a typical kinase fold with an
unusual substrate-binding cleft. The presence of the SH3 domain, carboxy-terminal to the
kinase domain in Ackl is also unusual among families of NRPTKs (Hubbard and Till, 2000;
Blume-Jensen and Hunter, 2001). A point mutation in SH3 domain (W426K) resulted in
enhanced tyrosine autophosphorylation, (Galisteo et al., 2006). Moreover, the isolated SH3
domain bound to Ackl or to the isolated proline-rich region of Ackl. These results suggest
that SH3 domain could play an autoinhibitory role by binding to the proline-rich region by
an intramolecular mechanism, similar to the autoinhibition conferred by the other SH3
domains (Andreotti et al., 1997; Moarefi et al., 1997; Xu et al., 1997; Barila and Superti-
Furga, 1998). The carboxy-terminus proline-rich domain contains a region of homology to
Mig6/RALT/Gene-33 (805-879 amino acids), which acts as a generic RTK binding domain
(Shen et al., 2007; Pao-Chun et al., 2009). The UBA domain binds to ubiquitin to regulate
Ackl polyubiquitination and degradation (Shen et al., 2007; Chan et al., 2009).

Ackl Interacting Proteins

Considering the important role for Ack1 in the cell signaling and its unusual peptide
substrate-binding region, it is not surprising that over the past decade several Ackl
substrates have been uncovered with different physiological outcomes (Table 2). Heat shock
protein 908 (Hsp90B) bound Ackl and treatment of cells with geldanamycin, a Hsp90p3
inhibitor, inhibited Ackl kinase activity and suppressed tumorigenesis (Mahajan et al.,
2005), suggesting that the molecular chaperones, for example, Hsp90p are required for
maintenance of optimal Ackl tyrosine kinase activity. The carboxy-terminus of Ackl
contains a region of homology to Mig6/RALT protein, a protein known to bind and inhibit
the activity of RTKs (Fiorentino et al., 2000; Zhang et al., 2007). One of the functional
outcomes of Ack1-RTK interaction appears to be the modulation of levels of activated RTK
levels, for example, EGFR and AXL, following stimulation with their respective ligands
(Shen et al., 2007; Pao-Chun et al., 2009). Interestingly, Ackl Mig6 homology domain
possesses four tyrosine phosphorylation sites, Tyr826, Tyr857, Tyr866, and Tyr870.
Mutation of Tyr358 in Mig6 abrogates binding to the EGFR kinase domain; Tyr358
corresponds to Tyr826 in Ackl. This opens up intriguing possibility that Ackl
autophosphorylation at Tyr826 (and possibly other sites) upon EGFR binding leads to
transient EGFR—Ack1 complex formation. Whether EGFR directly phosphorylates Ack1 at
Tyr826, Tyr857, Tyr866, and Tyr870 sites remains to be investigated. In this review three
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Ackl interacting proteins AR, AKT, and Wwox have been discussed in greater detail,
primarily due to the pivotal role these proteins play in the development of various cancers.

Ackl Signaling

Purification of tyrosine—phosphoprotein complexes from prostate cancer derived cells
treated with Gasé ligand followed by mass spectrometry first led to the identification of
Ackl as a crucial downstream target of the RTK, MERTK (Mahajan and Earp, 2003;
Mahajan et al., 2005). Subsequently it was observed that Ackl can integrate signals from a
variety of RTKSs in different cell types (Mahajan et al., 2005, 2007, 2010a, 2010b; Galisteo
et al., 2006; Shen et al., 2007; Pao-Chun et al., 2009). Ackl is recruited to the plasma
membrane as a consequence of association with membrane bound activated RTKs which
allows it to undergo autophosphorylation at Tyr284 in the activation loop and activation
(Mahajan et al., 2005, 2010b). Tyr284 is highly conserved and mutation of this tyrosine to
phenylalanine significantly reduces the levels of tyrosine phosphorylation in vivo and kinase
activation, suggesting it to be the primary autophosphorylation site (Yokoyama and Miller,
2003; Mahajan et al., 2005).

Ackl activity is regulated by at least three different mechanisms; (a) Growth factor bound
RTKSs or RTKs amplification/autoactivation facilitating Ackl activation; (b) Ackl gene
amplification causing Ackl autoactivation, and (c) Somatic autoactivating mutations in
Ackl leading to Ackl activation. Details of growth-factor-mediated Ack1 activation is
described above. Ackl gene amplification has been detected in lung, breast, and prostate
cancers (van der Horst et al., 2005). In humans, Ackl gene is located on chromosome 3q29;
array CGH analysis combined with real-time PCR of relative DNA copy number along
chromosome 3 revealed a distinct amplification of the region containing Ackl gene (van der
Horst et al., 2005). While growth factors binding to RTKSs or gene amplification lead to
Ackl kinase activation have been well-studied mechanisms of Ackl activation, somatic
autoactivating mutations in Ack1 were not identified. Recently four somatic missense
mutations and two nonsense mutations have been identified in Sanger COSMIC database
(shown in Table 1 and Fig. 1). Of these, the E346K mutation in the kinase domain, found in
endometrioid carcinoma of the Ovary autoactivates Ackl (Mahajan et al., 2010b). E346K
point mutant not only undergoes autoactivation in serum starved cells, that is, in the absence
of RTK signaling, but is also able to phosphorylate Ackl effectors, for example, AKT and
AR (Mahajan et al., 2010a,b).

Cells with ligand activated RTKSs display transient Ackl Tyr-phosphorylation, however,
almost complete loss of Ackl Tyr-phosphorylation occurs soon after the peak
phosphorylation suggesting that Ackl activity is tightly regulated in cells by its
dephosphorylation (Mahajan et al., 2005, 2007, 2010b). Three tyrosine—protein
phosphatases, PTPN12 (PTP-PEST), PTPRJ (DEP1 or receptor-type tyrosine—protein
phosphatase eta) and PTPRC (CD45) have recently been suggested to be involved in Ackl
Tyr518-dephosphorylation (Barr et al., 2009). Since Tyr518 is not a primary
phosphorylation site, the extent by which it downregulates Ack1 activity is not known.
Whether one or all of these three tyrosine—protein phosphatases could dephosphorylate Ackl
at Tyr284, a primary activation site and downregulate Ackl kinase activity remains to be
seen.

While peak Ackl Tyr-phosphorylation is detected within 5-10 min of EGF treatment, a
significant decrease in Ackl protein levels is observed by 40 min, suggesting that Ackl
levels within cells may be regulated by its degradation in phosphorylation-dependent
manner (Mahajan et al., 2010b). Investigation into the mechanism(s) of Ackl degradation
has lead to the identification of two new Ackl1-binding partners, the E3 ubiquitin ligases
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Nedd4-2 and Nedd4-1 (Chan et al., 2009; Lin et al., 2010). A conserved PPXY-containing
region in Ackl (632—-639 amino acids) binds to Nedd4-related proteins (Chan et al., 2009)
and several other WW domain-containing proteins, including a well-characterized Ack1-
interacting tumor suppressor, Wwox (Mahajan et al., 2005). It was observed that EGFR-
mediated Ackl activation allowed Nedd4-2 and Nedd4-1 to promote Ackl
polyubiquitination and degradation (Chan et al., 2009; Lin et al., 2010). However, the
ubiquitination sites in Ackl targeted by Nedd4-1 or Nedd4-2 ligases have not yet been
identified. Further, it is imperative to determine the Ack1 tyr-phosphorylation site(s) critical
for Ackl ubiquitination and degradation.

Modulation of AR Activity by Ackl

Although, Ackl was initially identified as a soluble cytoplasmic tyrosine kinase, its
recruitment at the plasma membrane and its role in regulating membrane associated proteins
or its compartmentalization within the nucleus to influence nuclear proteins has acquired
considerable significance in recent time. RTKs mediated Ackl activation results in
translocation of Ackl to the nucleus, wherein it phosphorylates AR, a nuclear hormone
(Mahajan et al., 2007). AR is essential for normal as well as malignant prostate cell growth
and is regulated by the binding of its ligand, androgen, or testosterone (Feldman and
Feldman, 2001; Edwards and Bartlett, 2005). Ligand-bound AR forms homo-dimer,
translocates to the nucleus and initiates transcription by binding to the androgen-response
elements (ARE) in the promoter/enhancer regions of target genes. After binding to DNA,
AR/ligand complex recruits RNA polymerase machinery, as well as coactivators to promote
transcription of AR regulated genes. AR plays a crucial role in the development of advanced
metastatic prostate cancer also known as androgen independent prostate cancer or AIPC
(Grossmann et al., 2001; Chen et al., 2004). Since AIPC cells thrive under low circulating
levels of androgen in the presence of functional AR, it was proposed that post-translational
modification of AR, for example, phosphorylation of AR at specific sites may be required
for androgen independence (Culig et al., 1994; Craft et al., 1999; Wen et al., 2000).

In spite of the widely accepted role of AR phosphorylation in androgen-independent growth
of prostate cells, the kinase(s) that activate AR were unknown. Recently, we have
demonstrated that Ackl phosphorylates AR and thus unraveled the molecular basis for
interplay between Ack1/AR signaling in the progression of prostate cancer (Mahajan et al.,
2007). Activated Ackl phosphorylated AR protein at Tyr-267 and Tyr-363 located within
the transactivation domain and promoted AR recruitment to the AREs (Mahajan et al., 2007,
Mabhajan et al., 2010a). Recruitment of Ack1l/AR complex at AREs resulted in androgen-
inducible gene expression in the absence of androgen which promoted androgen-
independent growth of prostate xenograft tumors. Tyrosine 267 appears to be the primary
phosphorylation site as mutation at this residue significantly impaired Ackl-induced AR
activity (Mahajan et al., 2007). Consistent with this observation, the Ackl inhibitor,
AIM-100, was able to suppress pTyr267-AR phosphorylation (Mahajan et al., 2010a).
Further, in ~40% of primary AIPC samples, pTyr-AR expression was correlated with pTyr-
Ackl. Neither was elevated in androgen-dependent prostate cancer or benign prostate
samples (Mahajan et al., 2007). Human prostate TMA analysis demonstrated that the
expression levels of pTyr284-Ackl and pTyr267-AR were significantly increased as disease
progressed to AIPC stages (Mahajan et al., 2010a). Further, patients with high expression of
pTyr284-Ackl were at a higher risk for cancer-related deaths (Mahajan et al., 2010a,b).
Collectively, these evidences suggest that Ackl activated by surface signals or oncogenic
mechanisms directly enhance AR transcriptional function and promotes progression of
prostate cancer to androgen-independent stage.
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AKT Activation by Ackl

Protein kinase AKT is one of the most potent pro-survival signaling molecule that is
aberrantly activated in a variety of human cancers (Manning and Cantley, 2007). AKT
activation occurs when ligand binding to RTK facilitates translocation of AKT to the plasma
membrane (Burgering and Coffer, 1995; Franke et al., 1995; Stokoe et al., 1997; Stephens et
al., 1998) where it is phosphorylated at Thr308 and at Ser473 (Dong and Liu, 2005;
Sarbassov et al., 2005) leading to its kinase activation (Alessi et al., 1996). While RTK/
PI3K/AKT signaling cascade is understood to a broader extent, new evidences are emerging
which indicates that AKT activation can occur in PI3K-independent fashion (Sun et al.,
2001; Hennessy et al., 2005; Gami et al., 2006; Zhao et al., 2006; Carpten et al., 2007;
Stemke-Hale et al., 2008). For instance, about a third of the breast and prostate tumors and
large majority of the pancreatic tumors that exhibit AKT activation, retain normal PTEN and
P13K activity. The molecular mechanism of AKT activation in these tumors that harbor
normal PTEN and PI3K activity is not clear (Tibes et al., 2008).

Recently, we have demonstrated a new signaling mechanism wherein RTK/Ack1 signaling
directly regulates AKT function. Ackl and AKT exist as a complex even in the absence of
growth factors. However, upon activation of RTKSs by growth factors, Ackl is activated
which in turn directly phosphorylates AKT at evolutionary conserved Tyrosine 176. AKT
Tyrl76-phosphorylation is unaffected by LY294002, a PI3K inhibitor, thus opening an
intriguing possibility of PI3K-independent AKT activation in tumors that is mediated by
activated Ackl (Mahajan et al., 2010b). Tyr176, located in the kinase domain, is not only
evolutionarily conserved from unicellular eukaryotes to mammals but also within all the
three AKT isoforms. RTKs activated by their respective ligands, for example, EGF, insulin
and heregulin resulted in Tyr176-phosphorylation of AKT which facilitated AKT
translocation to the plasma membrane leading to AKT activation. Depletion of Ackl
abrogated AKT Tyrl176-phosphorylation, plasma membrane localization and activation
suggesting that Ackl is a key intermediate signaling entity necessary for RTKs mediated
AKT Tyr176-phosphorylation, membrane localization and thus activation (Mahajan et al.,
2010b). Interestingly, in contrast to AKT which bound PIP3, the Tyr176-phosphorylated
AKT bound another membrane phospholipid, phosphatidic acid (PA) which explains AKT
activation in the presence of a PI3K inhibitor (Mahajan et al., 2010b).

FoxO subgroup of transcription factors are phosphorylated by AKT resulting in
relocalization of FoxO proteins from the nucleus to cytoplasm, preventing transactivation of
FoxO-target genes (Greer and Brunet, 2005; Huang and Tindall, 2007; Manning and
Cantley, 2007). FoxO proteins regulate genes involved in cell cycle arrest, cell death and
DNA repair. Ackl-mediated AKT Tyrl176-phosphorylation resulted in translocation of
Ack1/AKT complex to the nucleus. In the nucleus, Tyr176-phosphorylated AKT
phosphorylated FoxO3a and suppressed expression of apoptotic genes and promoted mitotic
progression (Mahajan et al., 2010b). Consistent with this observation, Ackl depletion by
SiRNA lead to 2.5-fold increase in apoptosis (MacKeigan et al., 2005). Collectively, these
data indicate that Ack1l kinase is critical for cell survival.

Ackl as “PDK3”

Ack1/AKT signaling nexus has became highly relevant in breast cancers (Mahajan et al.,
2010b). The expression levels of pTyr284-Ackl and pTyr176-AKT were significantly
increased as breast cancer progressed to metastatic stage. The expression levels of pTyr284-
Ack1 were also significantly increased as prostate cancer progressed to metastatic stage
(Mahajan et al., 2010a). These tumors exhibit significant correlation in their expression
suggesting that upon activation of Ackl, AKT was Tyr176-phosphorylated in situ
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contributing in tumor progression. A significant outcome of these studies was the
observation that those patients that exhibited higher expressions of pTyr284-Ackl and
pTyrl76-AKT were at a higher risk for breast and prostate cancer-related deaths (Mahajan et
al., 2010a,b). AKT is frequently activated in pancreatic cancer which has been shown to be
highly correlated with HER-2/neu overexpression (Schlieman et al., 2003). We noticed that
breast tumors of MMTV-neu mice exhibit significantly higher levels of pTyr284-Ackl and
pTyrl76-AKT but have normal PTEN levels (unpublished data). Thus, tumors that possess
somatic autoactivating mutations or amplification in Ackl kinases could use PI3K/PTEN-
independent mechanisms for AKT activation to promote cell growth and proliferation (Fig.
2). Further, Tyr176-phosphorylation is sufficient for AKT membrane localization followed
by PDK1/PDK2-mediated activation, which defines Ackl kinase activity as “PDK3” (Fig.
2). Collectively, these evidences points out that cells have devised multiple and possibly
mutually exclusive mechanisms to activate AKT. Since a fraction of AKT employs this
alternative mode of activation in normal and prominently in cancerous cells, these data
would shed new light on the quest for understanding the mechanism of AKT inhibition in
cancer cells by small molecule inhibitors.

Identification of Ack1/AKT signaling pathway could be of considerable importance to
researchers working in the field of cancer biology, cell metabolism, lipid signaling and drug
discovery. Large numbers of tumors are reliant upon AKT activation for survival and
growth making it an attractive target for molecular therapeutics (Cheng et al., 2005). The
assay that was used routinely during the development of AKT inhibitors was primarily based
on AKT Ser473-phosphorylation. Identification of RTK/Ackl/AKT signaling nexus and
availability of pTyr176-AKT antibodies will allow researchers to identify a new class of
AKT inhibitors based on AKT Tyrl76-phosphorylation and activation. These novel
inhibitors that block AKT membrane localization and activation could have major
implications in various cancers and cell metabolism related disorders, for example, diabetes
and obesity.

Mouse Models for Ackl

A transgenic mouse model expressing activated Ackl (L487F autoactivating mutation)
under the control of prostate-specific Probasin promoter has recently been developed
(Mahajan et al., 2010b). Ack1 transgenic mice that harbor normal PTEN exhibit Ack1l/AKT
activation resulting in FoxO3a phosphorylation specifically in the prostate gland. These
transgenic mice developed prostatic intraepithelial hyperplasia by 22 weeks and prostatic
intraepithelial neoplasia or mPINs by ~44 weeks. Formation of PINs indicates that Ack1-
mediated AKT activation could be an earlier event in this neoplastic progression as an
alternative to PTEN loss observed in mouse models of prostate cancer (Blanco-Aparicio et
al., 2007). It would be interesting to investigate whether Ackl transgenic mice develop PINs
upon castration, that is, testosterone depletion. Further, these mice would be an excellent
model to test whether Ackl specific inhibitors can mitigate neoplasia of the castration-
resistant prostate cells.

Regulation of Tumor Suppressor Wwox by Ackl

High frequency of loss of heterozygosity of chromosome 16¢23 is observed in prostate,
breast, ovarian, and other cancers (Carter et al., 1990; Bednarek et al., 2000). Wwox gene,
composed of nine exons, has been mapped to 16923 region (Bednarek et al., 2000). Wwox,
a 46-kDa protein, possessing two NH2-terminal WW domains and a COOH-terminal short
chain alcohol dehydrogenase (ADH) domain, is found in adult hormonally regulated tissues,
such as testis, ovary, and prostate (Bednarek et al., 2000). The homozygous knockout mice
spontaneously developed osteosarcomas in juvenile while adult heterozygotes developed
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lung papillary carcinoma, suggesting that Wwox is a tumor suppressor (Ageilan et al.,
2007). In a high-throughput screen in mice for mutations collaborating with either p53 or
p19°RF deficiency, Wivox was found to be disrupted by seven intragenic insertions and
deleted within 10 of the human cell lines (Uren et al., 2008).

In addition to deletion or rearrangement of tumor suppressor genes, loss of protein
expression may also play a role in cancer development. Wwox protein expression is lost or
reduced in 59-63% of invasive breast carcinomas (Guler et al., 2004; Nunez et al., 2005).
Similarly, loss of Wwox protein was observed in 65% of gastric adenocarcinoma and 33%
of gastric cancer cell lines, indicating that high-grade tumors were likely to exhibit lower
levels of Wwox protein or lack the expression entirely. The mechanistic details of loss of
Wwox expression became first evident when Wwox was identified to be an Ackl interacting
protein (Mahajan et al., 2005). Ackl phosphorylated Wwox at Tyr287 which was shown to
be prerequisite for Wwox polyubiquitination and degradation (Mahajan et al., 2005).
Moreover, AIPC tumors display increased tyrosine phosphorylated Ackl and decreased
Wwox, suggesting that activated Ackl regulates Wwox by tyrosine phosphorylation,
polyubiquitination, and degradation (Fig. 2). Tyr287-phosphorylation site in Wwox was
later confirmed in a global survey of tyrosine kinase signaling performed using
phosphoproteomics approach (Rikova et al., 2007). This approach also identified a second
phosphorylation site at Tyr293. Earlier mutation analysis had indicated that Y293F mutant
does not exhibit dramatic decrease in Wwox tyrosine phosphorylation as seen in the case of
Y287F mutant (Mahajan et al., 2005). Taken together, these data suggests that Tyr287 is the
primary and Tyr293 is the secondary phosphorylation site in Wwox. More studies are
needed to fully understand the role of Ackl-mediated Wwox phosphorylation and
subsequent degradation. For example, the site(s) at which Wwox is ubiquitinated is not yet
known and the identity of E3 ubiquitin ligase needed for Wwox ubiquitination is also not
clear.

Ackl Inhibitors

While tyrosine kinase inhibitors or TKIs have emerged as new drugs for treatment of variety
of tumors, TKIs display limited efficacy in certain cancers, including prostate cancer (Canil
et al., 2005; Krause and Van Etten, 2005; Gross et al., 2007; Small et al., 2007; Gravis et al.,
2008). Long-term treatment with AR antagonist, bicalutamide, induced overexpression of
HER2 and increased AKT activity which was suggested to be the main factor responsible
for EGFR inhibitor erlotinib inefficacy (Festuccia et al., 2009). These data indicate that
inhibition of one RTK may not be sufficient for the most tumor regression. Since Ackl is
able to integrate signals from various RTKs, Ack1 inhibitors could effectively block signal
from multiple RTKSs and thus would have significant antiproliferative effects in breast,
ovarian, pancreatic, lung, and prostate cancer patients.

Elucidation of Ackl's role in various cancers lead to screening efforts that resulted in
identification of a small molecule inhibitor of Ackl, 4-amino-5,6-biaryl-furo[2,3-
d]pyrimidine (DiMauro et al., 2007). Although, 4-amino-5,6-biaryl-furo[2,3-d]pyrimidine
was shown to inhibit Ackl kinase activity selectively over Lck (DiMauro et al., 2007),
whether this inhibitor could suppresses activity of Ackl kinase and its physiological
substrate in vivo was not clear. Recently, this inhibitor, renamed as AIM-100, was shown to
suppress both Ackl Tyr284- and AR Tyr267-phosphorylations (Mahajan et al., 2010a).
Significant downregulation of AR Tyr267-phosphorylation blocked its recruitment to
promoters/enhancers of AR-target genes, for example, PSA, TMPRSS2, and NKX3.1.
Further, AIM-100 inhibited the growth of prostate cells by causing cell cycle arrest in GO/
G1 phase suggesting that targeting Ackl may be an unique therapeutic strategy to inhibit
androgen-independent AR activity (Mahajan et al., 2010a). Ability of AIM-100 to inhibit
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autoactivated Ackl (E346K mutant) further indicates that it is effective in repressing both
oncogene induced or ligand modulated Ackl Tyr284- and AR Tyr267-phosphorylations
(Mahajan et al., 2010a).

Conclusion

Ack1 is emerging as a major non-receptor tyrosine kinase that is activated in a variety of
cancers. It regulates activity of a number of proteins by tyrosine phosphorylation especially
proteins critical for cell survival, cell growth, and proliferation. Its downstream effecters
include many important cell survival proteins, for example, AKT, AR, and Wwox. To date
Ack1 inhibitors have not been tested in clinical trials. The development of mouse model of
activated Ackl will facilitate the rapid screening of these compounds before they can be
tested in cancer patients.
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Fig. 1.

Schematic representation of Ackl domain architecture, mutations and interaction regions.
SAM, sterile alpha motif; kinase, kinase domain; SH3, Src homology domain 3; C, Cdc42/
Rac interactive binding domain; Pro, proline rich domain; Mig6, Migé homology domain;
UBA, ubiquitin association domain. Four somatic missense mutations identified in the
COSMIC database are shown as red*. Tyr-phosphorylation sites are indicated in orange.
Protein—protein interaction regions within Ack1 are shown.
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Fig. 2.

Ackl signaling pathway in normal and cancerous cells. Ackl is rapidly activated in normal
and cancerous cells following RTK activation. In tumors, Ackl gene amplification and
autoactivating somatic mutations, E346K, can also lead to its activation. Ackl
phosphorylates AKT, at Tyr176 which facilitates AKT kinase activation and transcriptional
suppression of FoxO-target genes, involved in cell cycle arrest, cell death, and DNA repair.
Ackl-mediated AR activation is shown in the middle. Activated Ackl phosphorylates AR at
Tyr267 and Tyr363. Tyrosine phosphorylated AR translocates to the nucleus and transcribes
AR-regulated genes in the absence of androgen. Regulation of the tumor suppressor, Wwox
is shown to left. Activated Ackl phosphorylates Wwox at Tyr287; Tyr287-phosphorylated
Wwox is polyubiquitinated and degraded. Combined effect of Ackl activation is cell
survival and neoplasia, as seen in Ackl transgenic mouse.
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Table 1

Somatic mutationsin Ackl

Mutation  Typeof mutation Tissue

R34L Missense Lung, adenocarcinoma

R99Q Missense Ovary, mucinous carcinoma
E346K Missense Ovary, endometrioid carcinoma
M409I Missense Stomach, carcinoma

W75* Nonsense Brain, glioma

R84* Nonsense Brain, glioma
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Acklinteracting proteins

Table 2

Page 16

Interacting proteins

Cellular function

Regulatory role

Refs.

AKT/PKB

Androgen receptor (AR)

Cdc42

Clathrin

Dbl

MERTK, EGFR, PDGFR,

AXL ALK, LTK

Grb-2
Hck

HSH2

HSP90B

MCSP: melanoma
chondriotin sulfate
proteoglycan

Nck
Nedd4-1 and Nedd4-2

Nephrocystin

P130Cas

PTPN12, PTPRJ, and
PTPRC

SNX9

WASP: Wiskott-Aldrich
syndrome protein

Wwox

Proto-oncogene

Steroid receptor

GTPase

Trafficking

Guanine nucleotide exchange

factor

RTKs

Adapter protein

Non-receptor tyrosine kinase

Adaptor protein

Chaperone

Cell surface antigen

Adaptor protein

E3-ubiquitin ligase

Epithelial cell organization

Adaptor molecule

Tyrosine phosphatase

Vesicle dynamics

Cdc42 effecter

Tumor suppressor

Phosphorylated at Tyr176 by Ack1, leading to
AKT kinase activation

Phosphorylated at Tyr267 and Tyr363 leading to
androgen-independent transcriptional activation

Direct binding with Ack1 lead to inhibition of
Cdc42 GTPase activity

Associates directly with heavy chain of clathrin
and regulates clathrin distribution

Association with Ackl facilitates GEF activity

Association with Ackl leads to Ackl activation

Association with proline-rich domain of Ackl

Hck SH3 domain interacts with the proline-rich
region of Ackl

Associates with proline-rich region of Ackl and
regulates cytokine signaling

Binds to Ackl and maintains Ackl kinase
conformation

MCSP regulates cell spreading through Ackl and
p130cas

Association with Ackl

Ubiquitination/degradation of Ackl

Partially colocalizes with Ack1 at cell to cell
contacts

Ackl associates with p130Cas via SH3 domain,
phosphorylates it at Tyr165, 249, and 410,
promotes cell migration

Association with Ackl
Binds to Ackl (residues 920-955)

Phosphorylated at Ser242, Tyr256

Phosphorylated at Tyr287 by Ack1 leading to
polyubiquitination and degradation
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