1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
VitamHorm. 2013 ; 93: 323-351. d0i:10.1016/B978-0-12-416673-8.00005-8.

Alpha-Actinin 4 and Tumorigenesis of Breast Cancer

Kuo-Sheng Hsu and Hung-Ying Kao?
Department of Biochemistry, School of Medicine, Case Western Reserve University (CWRU),
The Comprehensive Cancer Center of CWRU, Cleveland, Ohio, USA

Abstract

Alpha-actinins (ACTNs) were originally identified as cytoskeletal proteins which cross-link
filamentous actin to establish cytoskeletal architect that protects cells from mechanical stress and
controls cell movement. Notably, unlike other ACTNs, alpha-actinin 4 (ACTN4) displays unique
characteristics in signaling transduction, nuclear translocation, and gene expression regulation.
Initial reports indicated that ACTN4 is part of the breast cancer cell motile apparatus and is highly
expressed in the nucleus. These results imply that ACTN4 plays a role in breast cancer
tumorigenesis. While several observations in breast cancer and other cancers support this
hypothesis, little direct evidence links the tumorigenic phenotype with ACTN4-mediated
pathological mechanisms. Recently, several studies have demonstrated that in addition to its role
in coordinating cytoskeleton, ACTN4 interacts with signaling mediators, chromatin remodeling
factors, and transcription factors including nuclear receptors. Thus, ACTN4 functions as a
versatile promoter for breast cancer tumorigenesis and appears to be an ideal drug target for future
therapeutic development.

1. INTRODUCTION

Alpha-actinins (ACTNS) are ubiquitously expressed proteins known to be cross-linked with
filamentous actin (F-actin) to maintain cytoskeletal integrity and to control cell movement
(Sjoblom, Salmazo, & Djinovi¢-Carugo, 2008). ACTNSs localize to cell-cell and cell-matrix
contact sites, cellular protrusions, and stress fiber-dense regions and regulate diverse
signaling pathways by linking membrane receptors with the cytoskeleton (Edlund, Lotano,
& Otey, 2001; Otey & Carpen, 2004; Pavalko, Otey, Simon, & Burridge, 1991). Four ACTN
family members, numbered 1-4, are present in humans (Beggs et al., 1992; Honda et al.,
1998) and highly conserved in other mammals (Arimura et al., 1988; Fyrberg, Kelly, Ball,
Fyrberg, & Reedy, 1990). ACTNSs can be categorized as “muscle” or “non-muscle” due to
their tissue-specific function and expression patterns (Oikonomou, Zachou, & Dalekos,
2011). ACTN2 and ACTNS3 are muscle specific and are major components of contractile
machinery connecting with actin filaments at Z lines in striated muscles or at dense bodies in
smooth muscle cells (Mills et al., 2001). In contrast, ACTN1 and alpha-actinin 4 (ACTN4)
are ubiquitously expressed. ACTN1 and ACTN4 share 80% and about 90% similarity in
nucleotide and amino acid sequence, respectively (Honda et al., 1998). Despite the high
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level of similarity in their protein sequences, ACTN1 and ACTN4 are found in different
subcellular compartments and are function distinct (Honda et al., 1998; Quick & Skalli,
2010). ACTNL1 localizes with stress fibers and is present in adherent junctions, suggesting a
major function in cytoskeleton regulation. By contrast, ACTN4 is more widely distributed in
the cell compared to ACTN1 (Honda et al., 1998). In addition to stress fibers, ACTN4 is
found in membrane ruffles and inhibition of PI3 kinase (PI3K) promotes ACTN4 nuclear
translocation in breast cancer and several cancer cell lines (Araki, Hatae, Yamada, &
Hirohashi, 2000; Honda et al., 1998). These observations strongly implicate ACTN4 as a
mediator of signal transduction and a regulator of gene expression. Indeed, histological
analyses of cancer tissues show a strong correlation between ACTN4 expression and
tumorigenesis in several types of cancers, though the detailed mechanism is still elusive
(Honda et al., 2005; Welsch et al., 2009; Yamamoto et al., 2007). It was demonstrated that
ACTNA4 functions as a transcriptional coactivator of nuclear receptors and interacts with
other DNA binding transcription factors (Fig. 13.2; Babakov et al., 2008; Hayashida et al.,
2005; Jasavala et al., 2007; Khurana, Chakraborty, Cheng, Su, & Kao, 2011; Khurana et al.,
2012). Additionally, elevated expression of ACTN4 in cancer cells has been suggested as a
biomarker for malignant cell invasion and drug resistance (Fellenberg, Dechant, Ewerbeck,
& Mau, 2003; He et al., 2011; Kikuchi et al., 2008; Zhou et al., 2012). In this chapter, we
focus on the function of ACTN4 in intracellular signal transduction, especially related to
breast cancer tumorigenesis.

2. OVERVIEW OF ACTNs

2.1. The evolutionarily conserved domain organization

All four ACTN family members, ACTN1-4, share a similar structural organization and are
known to cross-link F-actin to maintain cell morphology and control cell movement (Otey &
Carpen, 2004). The first member of ACTN, ACTNL1, was identified 40 years ago because of
its abundance in the striated muscle contractile apparatus (Maruyama & Ebashi, 1965). In
humans, ACTN2 is preferentially expressed in cardiac and oxidative muscle fiber with some
expression in brain, while ACTN3 is mainly detected in type Il (fast) muscle fibers (Mills et
al., 2001). In contrast, ACTN1 and ACTN4 are ubiquitously expressed with distinct tissue
expression patterns, subcellular localizations, and biological functions from the muscle
ACTNSs (Edlund et al., 2001; Honda et al., 1998; Otey & Carpen, 2004). Although the major
biological functions of muscle and nonmuscle ACTNSs are different, their overall functional
domain organization and F-actin attachment characteristics are conserved (Sheterline,
Clayton, & Sparrow, 1995). The full-length protein structure has not been solved, but a
schematic depiction of ACTNSs can be created based on known structures of the individual
domains (Fig. 13.1A; Atkinson et al., 2001; Djinovi¢-Carugo, Young, Gautel, & Saraste,
1999; Franzot, Sjoblom, Gautel, & Djinovi¢ Carugo, 2005; Sjéblom et al., 2008; Tang,
Taylor, & Taylor, 2001). Each ACTN is composed of three major structural domains, an N-
terminal calponin-homology (CH) repeat, a central region consisting of four spectrin repeats
(SR), followed by a C-terminal calmodulin (CaM)-like domain consisting of two EF-hand
motifs (Sjoblom et al., 2008). The functional F-actin-associated ACTN unit is composed of
two antiparallel 90° twisted single peptides (Ylanne, Scheffzek, Young, & Saraste, 2001).
Actin-binding domain (ABD) at both ends can bind F-actin. The middle SR domain links the
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N-terminal ABD domain and C-terminal CaM-like domain to build a complete rod-shaped
molecule by two mediate flexible neck structures (Atkinson et al., 2001; Djinovic-Carugo,
Gautel, Ylanne, & Young, 2002; Djinovi¢-Carugo et al., 1999; Franzot et al., 2005; Sjéblom
et al., 2008). The SR domain typically consists of four SR motifs, named after their
homology to the actin-binding spectrin family (Djinovic-Carugo et al., 2002). These provide
structural elasticity and mechanical strength for ACTNs (Kusunoki, MacDonald, &
Mondragdn, 2004; Otey & Carpen, 2004). In addition to its physical function in cytoskeletal
architecture, the SR repeats also serve as a protein—protein interaction platform and provide
ACTN member-specific functions in signal transduction (Oikonomou et al., 2011; Trulsson
etal., 2011; Ylanne et al., 2001). Notably, the conserved negatively charged surface of the
ACTN rod has the potential to interact with membrane phospholipids and the cytoplasmic
domains of various transmembrane receptors (Fig. 13.1A; Fraley, Pereira, Tran, Singleton,
& Greenwood, 2005; Fukami, Sawada, Endo, & Takenawa, 1996; Otey, Pavalko, &
Burridge, 1990; Ylanne et al., 2001).

2.2. Tissue expression and subcellular distribution

In muscle cells, ACTN2 and ACTN3 are predominantly localized in sarcomeric Z-discs
(Masaki, Endo, & Ebashi, 1967). They bind F-actin filaments and interact with sarcomeric
proteins to cross-link adjacent sarcomeres and maintain the overall cytoskeletal organization
during muscle contraction (Squire, 1997). In contrast, nonmuscle ACTN1 and ACTN4 are
widely expressed. ACTN4 is expressed at a lower level than ACTN1 in most nonmuscle
cells with the exception of kidney cells (Oikonomou et al., 2011). Interestingly, ACTN4
expression is higher in motile cells than in static cells (Araki et al., 2000; Honda et al.,
1998). In general, both ACTN1 and ACTN4 localize in stress fibers and focal adhesions. In
stress fiber, nonmuscle ACTNs cross-link with F-actin to organize filamentous frame
networks which provide a mechanical platform in maintaining cell shape (Fig. 13.1B;
Edlund et al., 2001; Pavalko & Burridge, 1991). In focal adhesion sites, the rod-shaped
ACTNSs cooperate with membrane-associated cytoskeletal proteins including vinculin, talin,
tensin, and zyxin to link actin filaments with membrane-bound integrin receptors (Otey &
Carpen, 2004; Pavalko et al., 1991, 1995). Although ACTN1 and ACTN4 share
approximately 80% and 86% similarity in DNA and protein sequence, respectively, they
exhibit different characteristics and functions (Honda et al., 1998). For example, ACTN4
harbors fewer calcium (Ca2*)-binding motifs than ACTN1 and hence the interaction
between ACTN1 and F-actin is more sensitive to Ca2* (Imamura et al., 1994; Nikolopoulos
et al., 2000). Additionally, although both ACTN1 and ACTN4 localize in stress fibers and
focal contacts, ACTNL1 is concentrated in adhesion junctions, whereas ACTN4
predominantly accumulates at dorsal circular ruffles and also can be found in the nucleus
(Fig. 13.1B; Araki et al., 2000; Honda et al., 1998; Knudsen, Soler, Johnson, & Wheelock,
1995). This suggests that these two nonmuscle ACTNs may function in distinct signaling
and cellular processes.

2.3. ACTN4 regulation and function

The subcellular distribution and binding partners of ACTN1 and ACTN4 strongly suggest
that they link signaling and gene regulation to cell movement, the cell cycle, and cell
proliferation (Honda et al., 1998; Khurana et al., 2011; Kumeta, Yoshimura, Harata, &
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Takeyasu, 2010; Otey & Carpen, 2004). The activity of nonmuscle ACTNSs is controlled by
four major mechanisms, processing by calpain protease, phosphorylation by kinases, binding
to phosphatidylinositol intermediates, and Ca?* binding (Otey & Carpen, 2004).

Calpain, a Ca?*-sensitive protease, predominantly localizes in focal adhesions where it
cleaves various focal adhesion proteins, including ACTNs (Carragher, Fincham, Riley, &
Frame, 2001; Carragher, Levkau, Ross, & Raines, 1999; Sprague, Fraley, Jang, Lal, &
Greenwood, 2008). The calpain-mediated ACTN proteolysis has been implicated in focal
contact protein disassembly, which triggers sequential rear adhesion detachment for cell
migration (Dourdin et al., 2001; Laukaitis, Webb, Donais, & Horwitz, 2001). Several
kinases, including tyrosine receptor kinases and cytoplasmic serine/threonine kinases,
interact with ACTNSs and phosphorylate it at different sites for various functions (Sjéblom et
al., 2008). MEKK1 colocalizes with and binds to ACTNSs in stress fibers and focal adhesions
to facilitate calpain-mediated ACTNSs proteolysis (Christerson, Vanderbilt, & Cobb, 1999;
Cuevas et al., 2003). The regulatory subunit of PI3K, p85, also directly binds to ACTNs
(Shibasaki, Fukami, Fukui, & Takenawa, 1994). Instead of direct targeting, activated PI3K
disrupts ACTN:actin and ACTN:integrin interactions and promotes cytoskeletal remodeling
(Fraley et al., 2005; Greenwood, Theibert, Prestwich, & Murphy-Ullrich, 2000).
Furthermore, the PI3K downstream kinase, Akt, also interacts with ACTN4 (Ding et al.,
2006; Vandermoere et al., 2007). This interaction is required for Akt activation and Akt-
mediated cell survival through recruiting Akt to membrane ruffles (Fig. 13.2; Ding et al.,
2006). In addition to serine/threonine kinases, integrin-activated focal adhesion kinase
(FAK) phosphorylates Y12 on the ABD of ACTN, thereby reducing its affinity with F-actin
(Izaguirre et al., 2001). Moreover, phosphorylation of ACTN4 at Y4 and Y31 by an
epithelial growth factor (EGF) downstream kinase also reduces ACTN4:F-actin interaction
(Fig. 13.2; Shao, Wu, & Wells, 2010). These observations indicate that extracellular signals
are capable of regulating cytoskeletal architect by modulating ACTN4:F-actin interaction.

Two intracellular secondary messengers, phosphatidylinositol and Ca2*, bind to ACTN4 via
the ABD and EF-hand motifs, respectively (Fukami et al., 1996; Nikolopoulos et al., 2000).
Binding of phosphatidylinositol 3,4,5-trisphosphate (PIP3) or phosphatidylinositol 4,5-
diphosphate (PIP2) also regulates the susceptibility of ACTNs to calpain-1 and -2-mediated
proteolysis (Sprague et al., 2008). However, binding of Ca* to ACTN4 blocks its actin-
binding activity. Differential Ca2* sensitivity between ACTN1 and ACTN4 may play a role
in tuning ACTN-mediated cytoskeleton organization (Nikolopoulos et al., 2000). Increasing
PIP3 production by PDGF-activated PI3K blocks the ACTN4:integrin interaction, thereby
disassembling focal adhesion structures (Greenwood et al., 2000). A further study suggested
that the abundant PIP2 functions as a regulator to control the dynamics of ACTN:F-actin
interaction. However, PI3K transiently produces PIP3 and regulates local ACTN:integrin
binding, hence facilitating reorganization of focal adhesions (Fraley et al., 2005; Greenwood
et al., 2000).

In addition to its well-established cytoplasmic function, ACTN4 is also found in the nucleus
in some types of cells (Honda et al., 1998). Notably, inhibition of PI3K or depolymerization
of actin filaments promotes ACTN4 nuclear accumulation, indicating that cytoplasmic

signaling controls ACTN4 nuclear translocation and function. In tumor necrosis factor alpha
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(TNF-a) and EGF-treated epithelial carcinoma, the nuclear translocation of ACTN4 occurs
with NF-kB, although the biological significance of this interaction remains elusive (Fig.
13.2; Babakov et al., 2008). Recently, Kumeta et al. (2010) found that the central SR domain
of ACTNA4 facilitates its nuclear translocation through the nuclear pore complex, whereas
the chromosome region maintenance-1 promotes ACTN4 nuclear export. The distribution of
cytoplasmic and nuclear ACTN4 is altered during cell cycle progression (Kumeta et al.,
2010). In the nucleus, ACTN4 interacts with the INO80 complex and the rRNA
transcriptional machinery to regulate a subset cell cycle-related genes (Kumeta et al., 2010).
This suggests that ACTN4 also plays a role in cell cycle progression. In addition, ACTN4 is
capable of interacting and cooperating with nuclear receptors, including vitamin D receptor,
retinoic acid receptor alpha, estrogen receptor alpha (ER-a), and androgen receptor (AR)
(Fig. 13.1A; Jasavala et al., 2007; Khurana et al., 2011, 2012).

3. THE FUNCTION OF ACTN4 IN BREAST CANCER

Breast cancer is a complex disease because it can be genetically heterogeneous and contains
a variety of cell types. For a number of years, breast cancer researchers have tried to
categorize these diverse tumors into different classes and identify distinct biomarkers in
each subtype for clinical prognosis and therapeutic targets. Based on their responses to
hormones and receptor status, breast cancer can be broadly classified into four major
subtypes: (1) luminal A and (2) B breast cancer subtypes that are estrogen receptor (ER)-
positive but distinct from different genetic mutation backgrounds; (3) human epidermal
growth factor receptor 2 (HER2)-positive breast cancer; (4) basal-like breast cancer that is
ER-, HER2-, and progesterone receptor (PR)-triple negative (Perou et al., 2000). Based on
this molecular portrait of breast cancer and subsequent studies (Brenton, Carey, Ahmed, &
Caldas, 2005; Kao et al., 2009; Perou et al., 2000), ER and HER2 have been considered the
two major therapeutic targets for the treatment of breast cancer. The former is a hormone-
responsive nuclear receptor that regulates specific genes involved in mammary cell
proliferation and survival. Upon estrogen binding to ER in the cytoplasm, it translocates to
the nucleus where it binds DNA sequence called estrogen response elements. This ligand-
bound ER then recruits coregulators to turn on or off the expression of genes that promote
mammary cell differentiation and proliferation. HER2 is a membrane-bound tyrosine kinase
receptor possessing mitogenic activity that promotes mammary cell proliferation. Notably,
ACTNA4 has been shown to potentiate ER transcription activity (Khurana et al., 2011), while
the HER?2 activator, EGF, is known to modulate ACTN4 function (Shao, Wu, et al., 2010).

ACTN4 was first discovered based on its association with cell motility and breast cancer
invasion (Honda et al., 1998). The same report showed that ACTN4 is ubiquitously
expressed and was found in virtually every carcinoma they examined (Honda et al., 1998),
suggesting that ACTN4 may play an important role in tumorigenesis. In contrast to ACTN1
localization, ACTN4 not only colocalizes in stress fibers but also is dispersed in the
cytoplasm and the nucleus in fibroblasts (Fig. 13.1B; Honda et al., 1998). In some cancer
cells that lack stress fibers, ACTN4 is distributed in the cytoplasm and accumulates at the
edge of cell extended filopodia (Honda et al., 1998). Furthermore, B-catenin, a key
oncogenic protein in colorectal cancer tumorigenesis, can bind ACTN4 and their
colocalization in cytoplasm is elevated in the infiltrative colorectal cancer (Hayashida et al.,
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2005). The location, the expression pattern, and the ability of ACTN4 to enhance cell
movement imply a function in cancer cell migration and metastasis. Importantly, ACTN4
was found exclusively in the nucleus of several breast and other cancer cell lines (Honda et
al., 1998). Nuclear ACTN4 is regulated by PI3K and its abundance in the nucleus correlates
with the malignant grade of breast cancer. Indeed, Khurana et al. demonstrated that ACTN4
is a transcriptional coactivator of ER-a, a critical nuclear hormone receptor in breast cancer
tumorigenesis (Khurana et al., 2011). Since ACTN4 has a dual function in regulating gene
expression and cytoskeletal organization, in this section, we will discuss the detailed
mechanisms by which ACTN4 is regulated in breast cancer cells and how it promotes breast
cancer proliferation and metastasis, respectively (Fig. 13.2).

3.1. ACTN4 promotes breast cancer proliferation

3.1.1 ACTN4 is a transcriptional coactivator of ER-a—The early observation that
ACTN4 was also found in the nucleus of breast cancer cells suggested a role of ACTN4 in
the nucleus. The first evidence that ACTN4 plays a role in transcriptional regulation was
suggested by the findings that ACTN4 interacts with class Il histone deacetylases (HDACs)
and myocyte enhancer factor 2s (MEF2s) and functions as a coactivator for MEF2s
(Chakraborty et al., 2006). Through sequence analyses, Khurana et al. further demonstrated
that ACTN4 harbors a functional nuclear receptor interacting motif (or NR box), LXXLL,
within its CH1 domain (Khurana et al., 2011). The ability of ACTN4 to activate ER-a
reporter activity and ER-a target gene expression depends on the NR box. In ER-a positive
MCEF-7 breast cancer cells, estradiol (E2) promotes recruitment of ACTN4 to the promoter
of pX2, an ER-a target gene (Khurana et al., 2011).

The fact that ACTN4 regulates ER-a-mediated transcriptional activation suggested that
ACTN4 may also play a role in E2-mediated regulation of cell proliferation. Indeed,
knockdown of ACTN4 in MCF-7 breast cancer cells significantly decreased E2-mediated
induction of ER-a target genes, such as pS2 and PR, and abolished estrogen-mediated
cancer cell proliferation (Khurana et al., 2011). Therefore, at least in some breast cancer
subtypes, ACTN4 functions as a transcriptional coactivator to potentiate ER-a-mediated
gene expression and cell proliferation. Together, these findings established a critical role of
ACTNA4 in transcriptional regulation and cell proliferation by ER-a.

3.1.2 Histone deacetylase 7 (HDAC7) and ACTN4 in breast cancer proliferation
—Through a yeast-two hybrid screen, Chakraborty et al. (2006) isolated ACTN4 as a novel
interacting protein bound to transcriptional corepressor HDAC7. HDACY belongs to class
Ila HDACs known to mediate repression activity of MEF2s, a family of master transcription
factors implicated in heart development, blood vessel development, neuron differentiation,
and muscle differentiation (Dressel et al., 2001). Further domain-mapping studies indicated
that there is a reciprocal protein—protein interaction between, MEF2, HDAC?7, and ACTN4.
Chakraborty et al. (2006) showed that the N-terminal MADS domain of MEF2s is capable
of interacting with HDAC7 or ACTN4, while amino acids 72-172 of HDACY interacts with
MEF2 or ACTNA4. Similarly, the C-terminal CaM-like domain of ACTN4 is required to bind
HDACY and MEF2. Indeed, a point mutant, L112A in HDACY abolished its ability to bind
MEF2 and ACTN4 (Chakraborty et al., 2006). Functionally, ectopic expression of wild-type
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ACTN4, but not the mutant defective in MEF2A or HDAC?7 binding, disrupts the
association between HDAC7 and MEF2 and abolishes HDAC7-mediated transcription
repression on MEF2 target genes (Chakraborty et al., 2006). These data suggest that ACTN4
and MEF2 binding sites on HDACY largely overlap. ACTN4 in the nucleus may compete
with HDACY for MEF2 binding, thereby further relieving the repressive effect of HDAC7
on MEF2-stimulated genes (Chakraborty et al., 2006). MEF2-bound ACTN4 functions as a
coactivator to potentiate MEF2-mediated transcription activation. Taken together, these data
support a model in which ACTN4 antagonizes HDAC7-mediated MEF2 repression activity
by competing with HDAC7 for MEF2 binding. This Ying-Yang effect is reminiscent of
corepressor and coactivator action in signal-dependent transcriptional regulation. Indeed, the
interplay between HDAC7 and ACTN4 in MEF2 target gene regulation is recapitulated in
E2-mediated transcriptional regulation and breast cancer cell proliferation. In MCF-7 breast
cancer cells, HDAC7 and ACTN4 associate with ER-a target gene promoters in a largely
mutual exclusive pattern such that HDAC7 and ACTN4 do not associate with ER-a target
genes simultaneously (Khurana et al., 2011). In contrast to the outcome following ACTN4
knockdown, knockdown of HDAC7 enhances MCF-7 cell growth, releases repression, and
further promotes E2 activity for MCF-7 cell proliferation (Khurana et al., 2011). These data
provide a model that accounts for elevated expression of ACTN4 observed in some breast
cancers. It facilitates the switch from HDAC7-bound ER-a to ACTN4-bound ER-a and
thereby contributes to increased cell proliferation.

3.1.3 NF-xB and ACTNA4 in breast cancer cell proliferation—The Rel family of
transcription factors includes the heterodimeric NF-kB that mediates the activity of multiple
signaling pathways regulating cell proliferation, survival, and drug resistance (Ahmed, Cao,
& Li, 2006; Piva, Belardo, & Santoro, 2006). Under nonstimulated conditions, the inhibitor
of kappa B (I-xB) sequesters NF-xB in the cytoplasm. Signal-induced activation of the I-
kB-kinase (IKK) complex promotes ubiquitination-dependent degradation of 1-xB, releasing
cytoplasmic NF-xB to translocate to the nucleus and bind specific DNA sequences that
activate target gene expression (Karin & Ben-Neriah, 2000). In breast cancer, aberrant NF-
kB activation has been observed predominantly in ER-a-negative breast cancer cell lines
compared to ER-a-positive breast cancer cell lines (Nakshatri, Bhat-Nakshatri, Martin,
Goulet, & Sledge, 1997; Pratt et al., 2003). Other studies suggest that NF-xB activation
promotes ER-a-negative breast cancer survival, while inhibition of NF-xB in these cells
inhibits cancer cell proliferation and induces apoptosis (Biswas et al., 2004; Liu et al., 2003).
Although the role of NF-xB in ER-a-positive breast cancer is controversial, ablation of NF-
kB activity in ER-a-positive or ER-a-negative breast cancer could be a plausible therapeutic
approach for endocrine treatment-resistant breast cancer in the future.

In the cytoplasm, F-actin colocalizes with NF-xB, suggesting a potential mechanismfor
theregulation of NF-xB nuclear translocation following cytoskeletal alternations (Are,
Galkin, Pospelova, & Pinaev, 2000; Rosette & Karin, 1995). ACTN4 colocalizes with p65/
RelA subunit of NF-xB in stress fibers and membrane lamellae in unstimulated epithelial
carcinoma cells (Babakov et al., 2008). Upon TNF-a and EGF stimulation, a majority of
ACTN4 and p65/RelA cotranslocates into the nucleus (Fig. 13.2; Babakov et al., 2008).
Additionally, disassembly of p65/RelA- and ACTN4-associated actin filaments by
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cytochalasin D also results in nuclear translocation of p65/RelA and ACTN4 (Babakov et
al., 2008). While it was proposed that cytoplasmic ACTN4 regulates p65/RelA activity and
its nuclear translocation, experimental evidence is still lacking to support this hypothesis.

Since intratumoral and intravascular stress promote cancer cell survival, angiogenesis, and
metastasis, Downey et al. proposed that ACTN4, as a stress-sensitive cytoskeletal
component, senses the extracellular stress to facilitate malignant cancer cell progression.
Indeed, depletion of ACTNA4 significantly reduces experimental pressure-induced cell
proliferation (Downey, Craig, & Basson, 2011). Furthermore, the experimental pressure
enhances ACTN4 and NF-kB association, implying that this interaction has the potential to
respond to pathological pressure and promote cancer cell proliferation (Downey et al.,
2011). Interestingly, depletion of ACTN4 by siRNA did not block pressure-induced NF-xB
activation. In summary, these observations suggest that ACTN4 interacts with NF-xB in
response to extracellular stimuli, but the functional significance of this interaction in
tumorigenesis warrants further investigation.

3.1.4 ACTN4 and AKT-1 in breast cancer cell proliferation—Akt is a serine/
threonine kinase originally identified through its similarity to retroviral oncogene v-Akt
(Staal, Hartley, & Rowe, 1977). Overexpression of Akt is often found in breast cancer but
not in normal mammary epithelial cells (Stal et al., 2003). A major pathway to activate Akt
is through PI3K-Akt axis. Upon extracellular stimuli, activated membrane-bound receptor
tyrosine kinases induce PI3K activation and subsequent PIP3 production. The latter is a
second lipid messenger that promotes Akt recruitment to cell membranes for activation
(Castaneda, Cortes-Funes, Gomez, & Ciruelos, 2010). As described earlier, binding of PIP3
to ACTNSs increases their susceptibility to calpain-1 and -2-mediated proteolysis (Sprague et
al., 2008). Aberrant activation of Akt is a well-known mechanism for initiating
tumorigenesis and subsequent cancer cell survival, and hence targeting Akt is a potential
therapy for cancer treatment (Luo, Manning, & Cantley, 2003).

Through a retrovirus-based protein-fragment complementation assay, ACTN4 was shown to
interact with Aktl in mammalian cells (Ding et al., 2006). Under starvation conditions, the
ACTN4-Akt complex is dispersed throughout the cytoplasm. Upon serum stimulation in
HeLa cells, the complex surrounds nucleus with some preference for membrane ruffles
(Ding et al., 2006). The serum-dependent ACTN4-Akt complex membrane translocation
requires the presence of the PI3K downstream signal mediator, PIP3 (Fig. 13.2).
Interestingly, knockdown of ACTN4 largely reduces Akt membrane translocation and
phosphorylation and further enhances the abundance of the cyclin-dependent kinase
inhibitor, p27XiPL which is negatively regulated by Akt (Ding et al., 2006). These
observations suggest a sequential signaling relay between PI3K and Akt via ACTN4. The
overall effect of ACTN4 depletion results in reduced cell proliferation, at least partially
because of a loss of ACTN4-mediated Akt activation. Using a proteomic approach, ACTN4
was also shown to coimmunoprecipitate with Akt by anti-Akt antibodies in MCF-7 breast
cancer cells, suggesting that ACTN4—-Akt complex-mediated cell growth and survival in
HeLa cells can be recapitulated in an ER-a-positive breast cancer cell line (Vandermoere et
al., 2007).
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3.2. ACTN4 enhances breast cancer metastasis

As an actin-binding protein, it is not surprising that ACTN4 regulates cell motility and
cancer metastasis. Histological investigations of ACTN4 expression levels in staged
malignant cancers demonstrate a strong correlation between cytoplasmic ACTN4 expression
and tumor grade (Honda et al., 1998, 2005; Kikuchi et al., 2008; Koizumi et al., 2010;
Yamamoto et al., 2007). In invasive cancers, ACTN4 largely accumulates at the leading
edge of invasive front. Knockdown of ACTN4 in several invasive cancers significantly
attenuates their migration and metastatic ability (Barbolina et al., 2008; Koizumi et al.,
2010; Yamada et al., 2010). Conversely, constitutive expression of ACTN4 in colorectal
cancer enhances cell motility and promotes metastasis in a mouse model (Honda et al.,
2005). These data support the hypothesis that high ACTN4 expression and its distinct
pattern of cytoplasmic accumulation contribute toward a gain in metastatic potential.

In most malignant carcinoma cell lines, including epithelial A431 and invasive breast
carcinoma R27, ACTN4 is diffusively distributed in the cytoplasm and cannot be detected in
stress fibers since most malignant carcinomas lose substantial cytoskeletal fiber structure
(Honda et al., 1998). Accumulation of ACTN4 in focal clusters was observed when cells
exhibited an extended morphology poised for movement (Honda et al., 1998). Comparing
ER-a-positive MCF-7 and R27, a tamoxifen-resistant MCF-7 subcell type, ACTN4
exhibited a different subcellular distribution pattern in which ACTN4 was detected in the
nucleus in MCF-7 and in the cytoplasm in R27 (Honda et al., 1998). However, we observed
ACTNA4 in both nucleus and cytoplasm in MCF-7 cells (Khurana et al., 2011). Further
clinical investigation indicates that ACTN4 predominantly localizes in the nucleus of low-
infiltrative breast cancer and shows an exclusively cytoplasmic distribution in invasive
mammary lobular carcinoma (Honda et al., 1998). Based on these observations, it was
proposed that ACTN4 potentially contributes to cancer metastatic progression and a poor
survival rate in patients with breast cancer of the nonnuclear ACTN4 subtype (Honda et al.,
1998).

A clear picture of how cytoplasmic ACTN4 controls breast cancer migration and the nature
of the upstream stimuli that trigger ACTN4-mediated breast cancer metastasis is still not
well established. Metastasis is a complicated process in which distal tumor dissemination
occurs after cancer cells in the primary tumor experience epithelial-mesenchymal transition
(EMT) to disrupt intercellular junctions, reorganize the actin cytoskeleton, and increase cell
motility for initial cancer cell spreading (Sarri0 et al., 2008). Several stromal and endocrine
growth factors, including insulin-like growth factor I (IGF-1), fibroblast growth factor, EGF,
and angiogenin (ANG), regulate ACTN or ACTN4 binding to its cytoskeletal working
partners and hence result in cell morphological changes and cytoskeletal reorganization,
both of which may facilitate the metastatic process (Guvakova, Adams, & Boettiger, 2002;
Shao, Wu, et al., 2010; Vandermoere et al., 2007; Wei, Gao, Du, Su, & Xu, 2011). In most
breast cancers, the separation of invasive carcinoma from nearby adherent epithelium is an
early step for metastases. Short-term IGF-1 stimulation in MCF-7 breast cancer cells causes
cell morphological changes, loss of cell-cell contacts, and subsequent induction of cell
separation (Guvakova et al., 2002). In the early transition state, IGF-1 treatment activates
IGF-1R downstream PI13K, which disassembles stress fibers and facilitates ACTN and actin
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reorganization in a PIP3-dependent manner (Fig. 13.2; Guvakova et al., 2002). Both ACTNs
and actin accumulate in the newly formed microspike structures at the border of separating
cell—cell adherent regions. The scenario of IGF-1-induced ACTN reorganization in breast
cancer cell separation resembles the accumulation of cytoplasmic ACTN4 in the protrusion
edge of other metastatic cancer cells (Guvakova et al., 2002; Honda et al., 1998, 2005).
Upon disruption of cell-cell adhesion, the subsequent cellular cytoskeletal reassembly
promotes forward filopodia formation and rear detachment, both of which enhance cell
migration. In normal macrophages and highly motile cells, ACTN4 accumulates in circular
dorsal ruffles and extended filopodia to trigger cell forward movement (Fig. 13.1B; Araki et
al., 2000; Shao, Wang, Pollak, & Wells, 2010). The same is true in mobile cancer cells.
Downregulation of ACTN4 in fibroblasts and carcinomas blocks cell filopodia formation
and contractility (Agarwal et al., 2013; Shao, Wang, et al., 2010), suggesting that ACTN4
not only increases cell forward spread but also assists cell detachment. Indeed, ACTN4
interacts with integrins, the major adherence receptors, and disruption of ACTN4:integrin
interactions facilitates the motile cell detachment step (Kobayashi, Kamiie, Yasuno,
Ogihara, & Shirota, 2011; Trulsson et al., 2011). In addition to its involvement in the
detachment step in matile cells, the disassembly of ACTN4—integrin complexes may also
play an important role in dissociation of cell-cell adhesion and cell-extracellular matrix
junction in EMT. Integrins are key components that link extracellular matrix to intercellular
contacts (Kobayashi et al., 2011; Pavalko et al., 1991). Along this line, in invasive colorectal
cancer, downregulation of E-cadherin, a starting feature in the loss of intercellular contacts
enhances p-catenin and ACTN4 interaction that results in their relocation in the protrusion
region for cell movement (Fig. 13.2; Hayashida et al., 2005). The EGF induces ACTN4
phosphorylation and reduces its cross-link with actin to facilitate ACTN4-mediated
cytoskeleton reorganization (Fig. 13.2; Shao, Wu, et al., 2010). Recently, ANG was reported
to interact with ACTN4 and regulate ACTN4-associated cytoskeleton reorganization, focal
adhesion, and cell migration (Wei et al., 2011). Taken together, ACTN4 can be viewed as a
motility promoter, causing reorganization in the motile apparatus following growth factor
exposure, resulting in enhanced cell migration and metastasis.

3.3. ACTN4 potentiates drug resistance for breast cancer therapy

Recent studies suggest that ACTN4 plays a role in drug resistance in cancer therapy. Using a
proteomic approach to analyze samples prepared from 39 HER2-positive and triple-negative
chemo-resistant breast cancer (TNCBC) patients, He and his colleague found elevated
ACTN4 in TNCBC. They proposed that ACTN4 is one of the top 30 proteins associated
with neoadjuvant chemotherapy resistance in docetaxel and carboplatin-treated TNCBC (He
etal., 2011). Misregulation of ER-a-associated coregulators has been shown to enhance ER-
a-positive breast cancer resistance to adjuvant endocrine therapy (Smith, Nawaz, &
O’Malley, 1997; Stanya, Liu, Means, & Kao, 2008; Su et al., 2008). In another study, using
high-performance liquid chromatography Mass spectrometry, Zhou et al. found that ACTN4
had higher expression levels in tamoxifen-resistant MCF-7 than the parental cells,
suggesting that ACTN4 may promote cell mobility or enhance transcription activity to
enhance tumor survival against tamoxifen therapy (Zhou et al., 2012).
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Induction of several NF-kB target genes enhances cancer survival against radio-, chemo-,
and endocrine therapy (Ahmed et al., 2006; Zhou, 2005). For example, activated NF-xB
induces the expression of MnSOD, an anti-oxidant enzyme, to promote radiation-induced
adaptive responses in radio-resistant MCF-7 cells (Guo et al., 2003). The HER2-PI3K-Akt
axis has been shown to potentiate multiple drug resistance in breast cancer cells
(Knuefermann et al., 2003), in part, by activating the antiapoptotic Bcl-2 family (Datta et al.,
1997; Stal et al., 2003). Notably, overexpression of oncogenic HER2 enhances NF-«xB
activity via PI3K—Akt by a non-canonical, IKK-independent pathway in mammary gland
tumors (Pianetti, Arsura, Romieu-Mourez, Coffey, & Sonenshein, 2001). Inhibition of either
PI3K-Akt or NF-xB activity significantly enhances sensitivity of breast cancer cells to small
molecule drugs or radiotherapy (Guo et al., 2003; Liang et al., 2003). As mentioned earlier,
ACTNA4 potentiates Akt function and promotes Akt-mediated cell survival by recruiting Akt
to membrane ruffles (Ding et al., 2006; Vandermoere et al., 2007). Moreover, ACTN4 may
regulate NF-xB-mediated stress responses (Babakov et al., 2008; Downey et al., 2011). In
summary, these observations strongly support the notion that ACTN4 is a potential
candidate for drug targeting for the treatment of adjuvant therapy-resistant breast cancer.

4. ACTN4 AND OTHER CANCERS

In addition to breast cancer, ACTN4 is also found aberrantly expressed in many other types
of cancers (Table 13.1). Recent studies further suggest its role in the initiation of tumors and
subsequent malignancy. The contribution of ACTN4 in other cancers is similar to that
described in breast cancer. It enhances cancer cell proliferation, survival, migration, and
metastasis. In this section, we discuss ACTN4 in several other cancers. Table 13.1 lists the
major findings on oncogenic activity of ACTN4 in ovarian, prostate, colorectal, and
pancreas cancers.

4.1. Colorectal cancer

By histochemical analyses, it was found that 70% of tested colorectal cancers showed higher
ACTNA4 expression compared to normal intestinal epithelium (Honda et al., 2005). Most
ACTNA4-associated colorectal cancers harbor an aggressive propensity due to their lack of
the epithelial marker E-cadherin and differentiated glandular structure (Honda et al., 2005).
To further determine the role of ACTN4 in colorectal cancer malignancy, a stable colorectal
cancer cell line expressing ACTN4 was established and showed higher extended
morphology and migration activity (Honda et al., 2005). Using an animal model and clinical
specimens, it was concluded that elevated expression of ACTN4 facilitates colon cancer
EMT and promotes metastasis via lymph node colonization (Honda et al., 2005). In a later
report, it was shown that the association of ACTN4 and [3-catenin is regulated by E-cadherin
(Hayashida et al., 2005). In E-cadherin-positive non-infiltrative colorectal cancer, the
colocalization of ACTN4 and j3-catenin was mainly observed in the nucleus. However, it
was localized to membrane ruffles when E-cadherin was knocked down (Hayashida et al.,
2005). In addition, elevated ACTN4 increased -catenin colocalization at the leading edge of
protrusion in DLD-1 colorectal cancer (Hayashida et al., 2005). In clinical colorectal cancer
tissues, the subcellular distribution of B-catenin and ACTN4 was similar to those observed in
aggressive cancer cell lines and showed overlap around membrane ruffles in the leading
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invasive border (Hayashida et al., 2005). In summary, ACTN4 plays an important role in the
promotion of colorectal cancer cell migration through E-cadherin-and p-catenin-associated
pathways. It may control cell proliferation by affecting 3-catenin’s subcellular localization
and function.

cancer

Ovarian epithelial carcinoma is a major type of ovary cancer that shows a poor prognosis
and outcome for patient therapy (Shih & Kurman, 2004). Increased expression of
cytoplasmic ACTN4 has been observed in high-grade ovarian cancer in tissue microarray
analyses (Yamamoto et al., 2007). Similar to those described in breast cancer, predominant
nuclear ACTN4 is found in low-grade ovarian tumor (Yamamoto et al., 2007). These data
imply that the role of ACTN4 in cytoskeleton assembly is highly correlated with ovarian
cancer metastasis. Knockdown of ACTN4 in epithelial ovarian carcinoma resulted in
significantly decreased cell migration (Barbolina et al., 2008). It was hypothesized that high
expression of ACTN4 in ovarian cancer may result from the duplicated amplicon including
ACTN4 in chromosome 19 of those advanced cancer cells (Yamamoto et al., 2009). In
summary, current data support a role of ACTN4 in ovarian cancer metastasis, but the direct
link and detailed mechanisms require further investigation.

4.3. Pancreatic cancer

Pancreatic cancer causes a higher mortality compared to other types of cancer but shows a
better survival rate when surgery or other interventions are executed at an early stage. The
etiology of this indocile tumor is still mysterious. Therefore, it is important to establish
biomarkers to serve as early prognostic indicators. Histological and proteomic studies have
indicated that ACTN4 is highly expressed in malignant pancreatic tissue and the
surrounding stroma (Kikuchi et al., 2008; Pan et al., 2009). The increased expression of
ACTNA4 in pancreatic tumors is, in part, caused by the amplification of ACTN4 gene on
chromosome 19 (Kikuchi et al., 2008). Injection of BXPC3 pancreatic cancer cells after
ACTN4 knockdown in nude mice showed lower invasive growth compared to the control
group (Kikuchi et al., 2008), indicating a role of ACTN4 in promoting pancreatic cancer
invasiveness and proliferation. In total, these findings provide a strong rationale to
understand ACTN4’s function in pancreatic tumorigenesis as a potential prognostic marker
and for drug development.

4.4, Prostate cancer

Two groups have reported opposite activity of ACTN4 in the regulation of prostate cancer
cells. In a study by Hara et al. (2007), ACTN4 expression was found to be lower in most
prostate cancers than in normal prostate epithelial cells. Using a colony formation assay,
they observed that over-expression of ACTN4 in androgen-independent prostate cancers,
such as 22RV1 and PC-3, decreased colony formation, indicating that ACTN4 possesses
tumor suppressor activity in these cells. These authors proposed that ACTN4 tumor
suppression activity is related to its ability to regulate endocytosis. Surprisingly, Jasavala et
al. (2007) found that ACTN4 showed high expression in malignant prostate tissue and
exhibited distinct cytoplasmic and nuclear localization patterns during tumor progression.
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They further demonstrated that ACTN4 interacts with AR, a major nuclear receptor critical
for prostate development and tumorigenesis, and functions as a coregulator to control AR
transactivation activity (Jasavala et al., 2007). Therefore, it is likely that ACTN4 contributes
to prostate tumorigenesis due to its coactivator function in AR-dependent transcriptional
regulation. Whether the conflicting conclusions on ACTN4 in prostate cancer are due to the
examinations in different prostate cancer types requires further experiments.

5. CONCLUSION AND FUTURE DIRECTION

Breast cancer is the most common cancer among women and ranked as the second leading
cause of death in women among all cancers, except lung cancer (http://www.cdc.gov/cancer/
breast/). While intensive efforts have been devoted to developing therapeutic agents
targeting known breast cancer oncoproteins, such as ER-a and HER?2, it is well established
that some patients will develop resistance to these drugs (Osborne & Schiff, 2011;
Pohlmann, Mayer, & Mernaugh, 2009). Therefore, identifying new drug targets and
understanding the mechanisms underlying drug resistance are critical to combat drug-
resistant breast cancer. ACTN4 seems to be one such drug target.

Since ACTN4 has the ability to bind ER-a, oncogenic transcription factors and chromatin
remodeling factors (Fig. 13.1A; Babakov et al., 2008; Chakraborty et al., 2006; Downey et
al., 2011; Jasavala et al., 2007; Khurana et al., 2011), it may function as a transcription
coactivator to promote cell proliferation via induction of antiapoptotic, proproliferation, and
prosurvival genes (Fig. 13.2). Transcriptional coactivators in breast cancer are known to
play a role in adjuvant endocrine therapy resistance (Smith et al., 1997; Stanya et al., 2008;
Su et al., 2008). Therefore, it might be beneficial in cancer therapy if one can identify
ACTNA4 binding partners related to breast cancer and exploit these interactions. There is
substantial evidence that knockdown of ACTN4 decreases cancer cell migration and lowers
cancer metastasis (Table 13.1; Barbolina et al., 2008; Koizumi et al., 2010; Yamada et al.,
2010). However, few reports identify upstream signals in breast cancer that are important for
stimulating ACTN4 activity to increase cell migration. To this end, the PI3K-Akt axis has
been shown to induce ACTN4-mediated cytoskeletal reorganization which subsequently
facilitates cell migration (Fig. 13.2; Honda et al., 1998; Sprague et al., 2008). Additionally,
FAK or EGF downstream kinases may regulate the ACTN4:F-actin interaction to increase
cell migration (lzaguirre et al., 2001; Shao, Wu, et al., 2010). Although these two pathways
are known to promote ACTN4-mediated cell migration, the upstream signaling in breast
cancer cells that drives this process still needs validation.

While several studies have proposed that ACTN4 participates in cancer resistance to
adjuvant therapy (He et al., 2011; Zhou et al., 2012), direct evidence of its role in cancer cell
survival is still missing. Further investigation into the function of ACTN4 in cell survival
may help the development of therapeutic agents that alleviate drug resistance.

In summary, ACTN4 has dual functions that may contribute to cancer cell proliferation and
migration due to its localization in both the nucleus and cytoplasm. Histologic data suggest
that accumulation of ACTN4 in the leading edge of cancer cell protrusion coincides with
cancer malignant transition (Hayashida et al., 2005; Honda et al., 1998, 2005). Along this
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line, we hypothesize a role of nuclear ACTN4 as an initiator of early benign tumor
formation and that shuttling to the cytoplasm facilitates late malignant stages such as
metastasis. As such, understanding the mechanisms underlying nucleocytoplasmic shuttling
of ACTNA4 is of particular importance.

Finally, although the majority of studies indicate that ACTN4 is a proto-oncogene (Table
13.1), several reports have suggested that ACTN4 suppresses tumor formation. This is
particularly true in prostate cancer and neuroblastoma (Hara et al., 2007; Nikolopoulos et al.,
2000). This issue requires an in-depth investigation in order to clarify these conflicting
conclusions.
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Figure 13.1.

(A) A schematic representation of the structural domains of ACTN. The N-terminal CH
repeat constitutes a functional actin-binding domain (ABD), which can also bind to
phosphoinositide and calcium. Following the ABD, four SRs form a rod-shaped structure
that connects to the EF motif-integrated CaM-like domain. A list of ACTN binding partners
is also shown under the corresponding domains. Among these binding partners, the proteins
annotated in red are validated ACTN4 binding partners. Shown at the bottom are ACTN
binding partners of which the interaction domains were not mapped. (B) A cartoon depicting
a moving cell demonstrating the detailed localization of ACTN4 in stress fiber and adhesion
sites. F-actin is shown in green and ACTN4 is shown as a brown line or a twisted cherry-
like shape. Inside the cells, ACTN4 cross-links with F-actin to form stress fibers or locates
in other motile apparatus components or in the nucleus. Close to the focal adhesion sites,
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ACTNA4 directly links integrins with F-actin or other adhesion molecules, such as vinculin or
talin.
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Figure13.2.
A summary of key ACTN4-associated oncogenic pathways. In the nucleus, ACTN4

functions as a transcriptional coactivator to potentiate expression of nuclear receptor target
genes, some of which promote cancer cell proliferation and survival. ACTN4 also interacts
with NF-xB and chromatin remodeling factors, but the functional significance of these
associations is currently not clear. In the cytosol, activated PI3K induces an association
between ACTN4, Akt, and PIP3. Once anchored to PIP3, Akt is activated, thereby inhibiting
apoptosis and promoting cell proliferation and migration. As a cytoskeletal protein, the
interactions of ACTN4 and its cytoskeletal binding partners are subject to regulation by
several signals. For example, loss of E-cadherin in colorectal cancer results in an increase in
an ACTN4:B-catenin interaction which subsequently facilitates cytoskeletal reorganization
and cancer cell migration. Similarly, disruption of the ACTN4:integrin or ACTN4:F-actin
interactions results in acceleration of cytoskeletal reorganization and subsequent increases in
cell migration.
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A summary of known ACTN4 function in various cancers
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Cancer type Associated oncogenic factor  Observations and proposed function References

Breast ER Akt Transcriptional coactivator; promote cell Honda et al. (1998),
proliferation, survival, and metastasis Khurana et al. (2011), and

Vandermoere et al. (2007)

Bladder N.D. High ACTN4 mRNA and protein levels are Koizumi et al. (2010)
found in bladder cancer; knockdown of ACTN4
attenuates bladder cancer invasive ability

Colorectal cancer B-Catenin Increased ACTN4 found in 70% of colon cancer;  Downey et al. (2011),
overexpression of ACTN4 elevates colon cancer ~ Hayashida et al. (2005),
cell migration and metastasis; loss of epithelial and Honda et al. (2005)
marker, B-cadherin, in colon cancer increases -
catenin~ACTN4 association which may
contribute to metastasis

Epithelial carcinoma NF-xB NF-xB and ACTN4 interact in the cytoplasm of Bolshakova et al. (2007)
epithelial cancer; translocate into nucleus upon
EGF and TNF-D stimuli

Esophageal and oral cancer  N.D. High expression of ACTN4 is found in advanced ~ Fu et al. (2007),
oral and neck cancers; knockdown of ACTN4 Hatakeyama et al. (2006),
decreases oral carcinoma invasive ability; and Yamada et al. (2010)
ACTN4 serves as a metastasis biomarker

Hepatocellular carcinoma CD81-PI4KIIB CD81-P14KIIp axis lowers hepatocellular Mazzocca et al. (2008)
carcinoma cell motility via sequestering ACTN4
in CD81 enriched vesicle

Glioblastoma N.D. Knockdown of ACTN4 alters cytoskeleton Henry et al. (2011) and Sen
organization and reduces glioma motility etal. (2009)

Neuroblastoma N.D. *Qverexpression of ACTN4 in BE(2)-C human *Nikolopoulos et al. (2000)
neuroblastoma cell line suppresses colony
formation, tumor suppressor

Lung carcinoma N.D. *Overexpression of ACTN4 (K122N) in lung *Menez et al. (2004)
carcinoma loses ACTN4 tumor suppression
ability

Small cell lung cancer N.D. Expression of a spliced isoform of ACTN4 is Honda et al. (2004)
found in patient with small cell lung cancer; may
be considered as a diagnostic biomarker

Ovary N.D. High expression of ACTN4 is found in advanced  Barbolina et al. (2008) and
ovary cancer; knockdown of ACTN4 in ovary ‘Yamamoto et al. (2007,
cancer reduces cell migration ability 2009)

Pancreas N.D. High expression of ACTN4 correlates with Kikuchi et al. (2008) and

advanced pancreatic cancer; knockdown of
ACTN4 in pancreatic cancer reduces cancer
invasive growth ability

Pan et al. (2009)

In this table, the reported ACTN4-associated cancers are updated. Asterisks mark the studies in which ACTN4 is proposed to be a tumor
suppressor. ACTN4 binding partners, which have been shown to facilitate ACTN4-mediated tumorigenesis, are listed.
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