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1. Introduction

The Rho family of GTPases belongs to the superfamily named “Ras-like” proteins, which
consists of over 150 varieties in mammals [1]. Significant progress has recently been made in
understanding the biological functions mediated by this family of small (~21 kDa) G proteins
(guanine nucleotide-binding proteins). Rho GTPases affect crucial biological processes such
as transcriptional regulation, cell cycle progression, apoptosis and membrane trafficking [2,
3]. Thus far, a total of 23 Rho proteins have been identified [4], among which RhoA, Racl and
Cdc42 are characterized in detail. Rho GTPases are also involved in the cytoskeleton formation
of the cell via the regulation of actin dynamics [5, 6]. RhoA induces stress fiber formation and
focal adhesion assembly, thereby regulating cell shape, attachment and motility, whereas Racl
promotes extension of lamellipodia and membrane ruffling [7]. Cdc42 has been shown to play
a role in the formation of filopodia [8].

Like other small G proteins of the Ras-like protein family, Rho GTPases act by switching
between an inactive GDP-bound and an active GTP-bound form, with the latter form capable
of interacting with a myriad of downstream effectors (so far, more than 70 proteins have been
identified [4]) to be activated by them. The activation of Rho GTPases is stimulated by guanine
nucleotide exchange factors (GEFs) that exchange GDP for GTP and is inhibited by GTPase-
activating proteins (GAPs) that hydrolyze the GTP to GDP [9]. Rho GTPases are also negatively
regulated by guanine nucleotide dissociation inhibitors (GDIs), which bind to the GDP-bound
form and not only prevent nucleotide exchange, but also remove Rho GTPases from the plasma
membrane to the cytoplasm [4, 10, 11]. Taken together, cell morphology requires spatiotem-
porally restricted regulation of Rho GTPases through these regulatory proteins. Nonetheless,
detailed insight into regulation of Rho GTPases has not been provided.
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The effect on the wide spectrum of biological functions suggests the involvement of Rho
GTPases and their regulators in cancer progression. Findings from extensive in vitro and in
vivo studies shows that deregulated signaling of Rho GTPases may lead to tumorigenesis [12]
and thus Rho GTPases are taken as potential targeting candidates for cancer therapy [13]. Since
no constitutively active Rho mutants have been reported in human cancers, it is likely that
aberrant Rho GTPase signaling in malignancy is caused by the alterations of their regulators
[4, 12]. Extensive studies so far have revealed that regulators of Rho proteins are over- or
underexpressed in various types of human cancer cells [14-17]. The most common alteration
reported for Rho regulators in cancer is inactivation of RhoGAPs, especially of the START-
GAP/DLC family RhoGAPs [18]. “START” stands for “steroidogenic acute regulatory protein
(STAR)-related lipid transfer” and “DLC” stands for “Deleted in Liver Cancer (DLC),” a gene
(or its product) found to be commonly deleted in liver tumors. The START-GAP/DLC family
proteins have become the focus of attention on their roles in tumorigenesis. This type of genetic
loss was also found in a number of other cancers [17, 19-21].

START-GAP1/DLC1 was originally cloned from rat cDNA library as a binding partner of
phospholipase C-01 (PLCd1) [22]. It has been shown that the C-terminal region of START-
GAP1/DLC1 and the PH domain of PLC?1 are responsible for the interaction [23, 24]. START-
GAP1/DLC1 enhances the activity of PLCd1, which generates two second-messengers, inositol
1,4,5-trisphospate (Ins(1,4,5)P;) and diacylglycerol via hydrolysis of phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P,). Ins(1,4,5)P; is accepted by receptors on ER, resulting the eleva-
tion of intracellular calcium concentration, whereas diacylglycerol acts as the activator for PKC
[25, 26]. Indeed, microinjection of START-GAP1/DLC1 into the cytosol elevated intracellular
calcium concentration [23].

As mentioned in detail in the following sections, each member of the START-GAP/DLC multi-
domain protein family contains one GAP domain for Rho GTPases. Overexpression of START-
GAP1/DLC1 in cultured cells was first to demonstrate induction of drastic morphological
changes accompanied by the disruption of actin stress fibers and elevation of intracellular
Ca® concentrations [23]. START-GAP1/DLC1 was therefore originally designated ARP
(adaptor for both Rho and PLC) [22], but later the name p122RhoGAP (or just p122) was used
to avoid confusion with another ARP (actin related proteins) [23, 24, 27, 28]. We have then
introduced the new name, START-GAP]1, based on the characteristic domain structure of this
Rho GTPase family [29-32]. Meanwhile the antioncogenic properties of the protein family have
beenrevealed and the DLC nomenclature was introduced [21]. In this chapter, the combination
of both the structure- and function-based nomenclatures is used throughout, since the use of
either of them would not be appropriate to reflect the fundamental properties of the protein
family accurately.

In the following sections we will focus on the structure, localization and expression-function
relationship of the START-GAP/DLC family proteins in physiological conditions and in
human diseases.
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2. The START-GAP/DLC gene family

In mammalian genome, there are three genes encoding structurally-related RhoGAPs con-
taining the START domain (Figure 1). There are three groups of START domain-containing
RhoGAP proteins in vertebrates, while a worm (Caenorhabditis elegans) or a fly (Drosophila
melanogaster) possesses only one START-containing RhoGAP.
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Figure 1. A phylogenetic analysis of the START domain-containing RhoGAPs generated with a “Treeview” after CLUS-
TAL W analysis (http://clustalw.ddbj.nig.ac.jp/). Modified from Kawai et al. [31].

2.1. Human START-GAP/DLC genes and their expression in various tumor cells

There are about 70 human genes encoding RhoGAPs that share a conserved GAP domain and
are capable of switching off the Rho signal [33]. The START-GAP1/DLC1 (also named as
STARD12 or ARHGAP7?) gene is localized on chromosome 8p21-22 and encodes a 1,091-amino
acid protein with a molecular mass of 122 kDa. Using the quantitative RT-PCR method, Ko et
al. have reported that START-GAP1/DLC1 is widely expressed in normal tissues, with high
abundance in the lung and ovary, and moderately in the thyroid, spleen, intestine and kidney
[34]. START-GAP1/DLC1 has also been known as a tumor suppressor gene product. It is
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frequently underexpressed or not expressed in several tumor cells and inhibits cell growth,
invasion and metastasis [35, 36]. Studies have indicated that downexpression of START-GAP1/
DLC1 either by genomic deletion or DNA methylation [37] is associated with a variety of cancer
types including lung [38], breast, prostate, kidney, colon, uterus, ovary, and stomach [38] [39]
[40]. These phenotypes require the GAP activity of START-GAP1/DLC1 [35].

Negative regulation of the Rho/Rho-kinase (ROCK)/myosin light chain (MLC) pathway in
hepatocellular carcinoma (HCC) cell lines by START-GAP1/DLC1 was shown to be RhoGAP-
dependent [23, 41, 42]. The RhoGAP defective mutant failed to inhibit stress fiber formation
in HCC lines [41], whereas the overexpression of START-GAP1/DLC1 resulted in morpho-
logical change with disruption of actin stress fibers [23, 42]. Using various cancer cell models,
START-GAP1/DLC1 was shown to inhibit cell proliferation, suppress cell migration and
invasion, and induce apoptosis [35, 36, 41, 43-45]. Restoration of START-GAP1/DLC1 expres-
sion in metastatic cell lines has been shown to cause the inhibition of cell migration and
invasion as well as a significant reduction in metastases in nude mice [45].

Underexpression of START-GAP1/DLC1 was associated with either heterozygous deletions
of the START-GAP1/DLC1 gene or hypermethylation of the gene promoter region [17, 37,
46-49]. This protein is therefore thought to be under the epigenetic regulation for expression.

The START-GAP1/DLC1 gene is transcribed from two different promoters, resulting in
transcripts encoding three isoforms [47]. To date, most of studies on START-GAP1/DLC1 have
focused on the so-called isoform 2. Low et al. have recently identified a new isoform of START-
GAP1/DLC1, isoform 4 (DLC1-i4), using 5'-RACE method [50]. This novel isoform encodes a
1,125-amino acid protein with distinct N-terminus as compared with other three isoforms.
Similar to them, DLC1-i4 is expressed ubiquitously in normal tissues and immortalized normal
epithelial cells, suggesting a role as a major START-GAP1/DLC1 transcript. Differential
expression of the four START-GAP1/DLC1 isoforms, however, is found in tumor cell lines:
Isoform 1 (the longest isoform) and isoform 3 (short and probably nonfunctional) share a
promoter and are silenced in almost all cancer and immortalized cell lines, whereas isoform 2
and isoform 4 utilize different promoters and are frequently downregulated. Isoform 4 is
significantly downregulated in multiple carcinoma cell lines, including nasopharyngeal,
esophageal, gastric, breast, colorectal, cervical and lung carcinomas. Ectopic expression of
DLC1-i4 suppresses tumor cell colony formation. Differential expression of the isoforms
suggests interplay in modulating the complex activities of START-GAP1/DLC1 during
carcinogenesis.

There are two additional members of the START-GAP/DLC family. START-GAP2/DLC2 (or
STARD13) gene is located on chromosome 13q12 [51] and START-GAP3/DLC3 (or STARDS8/
KIAA0189) gene is located on the X chromosome at q13 band [31, 52]. The START-GAP2/
DLC2 encodes a 1,113-amino acid protein with a molecular mass of 125 kDa, whereas the
protein product of the START-GAP3/DLC3 transcript has 1,103 amino acids with a molecular
mass of 121 kDa. START-GAP2/DLC2 has a broad tissue distribution, with the highest levels
in the brain, heart and liver [15, 53]. Human START-GAP2/DLC2 protein shares 51% identity
and 64% similarity to human START-GAP1/DLCI1 at the level of the amino acid sequence [51].
Introduction of human START-GAP2/DLC2 into mouse fibroblasts suppress Ras signaling and
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cell transformation in a GAP dependent manner, suggesting the role of START-GAP2/DLC2
for growth suppression and carcinogenesis [51].

START-GAP3/DLC3 is also detected in a variety of human tissues with high abundance in the
lung, kidney and placenta [53].

Following the findings of dysregulation of the START-GAP1/DLC1 gene function in a variety
of solid tumors, downregulation of START-GAP2/DLC2 and START-GAP3/DLC3 genes was
also shown to be involved in human cancer development.

START-GAP2/DLC2 was found to be downregulated in breast, lung, ovarian, renal, uterine,
gastric, colon, rectal, and liver tumors [15, 52, 54]. The comparison of START-GAP1/DLC1 and
START-GAP2/DLC2 gene expression in the same cell lines revealed that START-GAP2/DLC2
is more frequently downregulated than START-GAP1/DLC1 in HCC cell lines [15]. Moreover,
the overexpression of START-GAP2/DLC2 suppresses cell proliferation, motility and anchor-
age-independent growth in the human hepatoma cell line, HepG2 [55]. START-GAP2/DLC2
was also reported to have an inhibitory effect on the growth of breast cancer cells in vitro [56].

Decreased START-GAP3/DLC3 expression in primary tumors from kidney, lung, uterine,
ovary and breast has been reported [52]. Kawai et al. have demonstrated that START-GAP3/
DLC3 serves as a GAP for both RhoA and Cdc42 in in vitro assays. Furthermore, the overex-
pression of START-GAP3/DLC3 in HeLa cells disrupts actin stress fibers and changes cell
morphology in a GAP-dependent manner [31]. Ectopic expression of START-GAP3/DLC3 in
human breast and prostate cancer cell lines inhibits cell proliferation, colony formation and
growth in soft agar [52].

The structures of the three human START-GAP/DLC transcripts are depicted in Figure 2.
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Figure 2. Schematic representation of the START-GAP/DLC family proteins. Each member of the family comprises of
three distinct domains, namely the sterile a motif (SAM), RhoGAP (GAP) domain and START (steroidogenic acute regu-
latory protein (STAR)-related lipid transfer) domain.
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2.2. Gene knockout studies of START-GAP/DLC proteins

Using a mouse model a gene knockout study of START-GAP1/DLC1 has been carried out [57].
The mouse START-GAP1/DLC1 gene was inactivated by homologous recombination. Mice
heterozygous for the targeted allele were phenotypically normal, but homozygous mutant
embryos did not survive beyond 10.5 days postcoitum. Cultured fibroblasts from START-
GAP1/DLC1-deficient embryos displayed alterations in the organization of actin filaments and
focal adhesions [57]. In addition, a gene knockdown of START-GAP1/DLC1 in the background
of c-myc overexpression promotes the formation of liver tumors [58].

Although the START-GAP1/DLC1 gene deficient mice were embryonic lethal, deletion of the
START-GAP2/DLC2 gene from mice resulted in survival to adulthood, indicating that the gene,
unlike the START-GAP1/DLC1 gene, was dispensable for embryonic development [59].
Neither did the authors observe a higher incidence of liver tumor formation in the START-
GAP2/DLC2 gene knockout mice. Nevertheless, they reported smaller phenotype with less
formation of adipose tissue [59].

To the best of our knowledge, no reports describing the gene knockout study of the START-
GAP3/DLC3 gene are currently available.

2.3. Homologs of the START-GAP/DLC family

Asmentioned earlier, there are homologs of the mammalian START-GAP/DLC family proteins
in invertebrates in the BLAST database. A Drosophila ortholog of START-GAP1/DLCI,
Crossveinless-c (Cv-c or RhoGAP88C), was identified in search for genes that regulate Drosophi-
la morphogenesis [60]. The function of Cv-c has been revealed to be a key regulator for
unidirectional growth of dendritic branches of the fly via downregulating the activity of Rhol,
the Drosophila Rho GTPase [61]. In the Cv-c mutant, two subclass of multidendritic sensory
neurons formed dorsally directed branches; however, dendritic branches had a difficulty in
growing along the anterior—posterior (A-P) body axis, suggesting that Cv-c contributes to
sprouting and subsequent growth of the A-P-oriented branches through negative regulation
of Rhol [61]. Thus Cv-c plays a key role in directional dendritic growth presumably via its
RhoGAP activity, localizing the GAP activity to sites undergoing cytoskeleton rearrangements
during morphogenesis.

3. Structure and function of the domains

The START-GAP/DLC family proteins are composed of multi-domain structures. START-
GAP/DLC proteins have three distinct domains: The sterile a motif (SAM) localized at its N-
terminus, a conserved RhoGAP (GAP) domain in the middle and the steroidogenic acute
regulatory (StAR)-related lipid transfer (START) domain at the C-terminus [51-53]. (Figure 2)

Although the START-GAP/DLC family proteins contain a potential lipid-binding START
domain, the proteins are produced in soluble forms. The intracellular localization of these
proteins, therefore, is determined by their specific interactions with target proteins resided at
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various cellular structures. Each domain of the START-GAP/DLC family proteins may
contribute to different subcellular localization patterns.

3.1. The GAP domain

The biological activity of START-GAP1/DLC1 is mainly executed by the GAP domain
(~150-200 amino acid), which promotes the hydrolysis of GTP bound to the Rho GTPases. This
catalytic activity is mediated by the ‘arginine-finger” present in the GAP domain [62]. START-
GAP1/DLC1 and START-GAP3/DLC3 contain a conserved ‘arginine-finger” at position 677
and 688, respectively [52, 53]. In in vitro assays both the full-length START-GAP1/DLC1 and
the isolated GAP domain reveal activity on RhoA, RhoB and RhoC, to a lesser extent on Cdc42,
and no activity on Racl [17, 32, 63]. By inactivating these small GTPases, START-GAP1/DLC1
affects cell morphology and control actin cytoskeletal remodeling [22, 23]. Similar to START-
GAP1/DLC1, both START-GAP2/DLC2 and START-GAP3/DLC3 contain a RhoGAP domain
and exhibit the GAP activity for RhoA and Cdc42 but not Racl in vitro [31, 32, 51].

3.2. The sterile o motif (SAM)

The SAM domain (~70 amino acids) has been found in signaling proteins (e.g., p53 related
proteins p73 and p63, Eph-related tyrosine kinases and Ets transcription factors) [64, 65]. The
SAM domain is thought to act as a protein interaction module via homo- or hetero-oligome-
rization with other SAM domains [64]. As an example, the EphA2 receptor that plays key roles
in many physiological and pathological events including cancer has the SAM domain.
Recently, a structural study of the EphA2 receptor SAM domain has validated structural
elements relevant for the heterotypic SAM-SAM interactions: two SAM domains interact with
a head-to-tail topology characteristic of several SAM-SAM complexes [66]. The SAM domain
even interacts with RNA [67].

Structural studies of the SAM domain of START-GAP2/DLC2 have suggested that it binds to
lipids such as phosphatidylglycerol [68]. Nevertheless, we know little about exact roles of the
SAM domain in START-GAP/DLC function. Kim et al. have shown that the expression of the
amino-terminal domain of START-GAP1/DLC1 acts as a dominant negative and profoundly
inhibits cell migration by displacing endogenous START-GAP1/DLC1 from focal adhesions
[69]. The SAM domain of START-GAP1/DLCI may serve as an autoinhibitory domain for
intrinsic RhoGAP catalytic activity. Eukaryotic elongation factor-1A1 (EF1A1) was found to
be a target of the SAM domain of START-GAP1/DLC1 [70]. EF1A1 is involved in protein
synthesis [71] and also in transporting (-actin mRNA [72]. EF1A1 is a regulator of cell growth
and the cytoskeletal network controlling the actin network through its G-actin-binding activity
[73], F-actin-bundling activity [74] and by stabilizing microtubules [75]. EF1A1 is overex-
pressed in various human cancers, including pancreas, lung, prostate, breast and colon cancers
[71]. The SAM domain of START-GAP1/DLC1 adopts a four-helix fold similarly to the SAM
domain of START-GAP2/DLC2, but it utilizes a unique motif on a hydrophobic surface to bind
directly to EF1A1 [70]. Importantly, the SAM domain is necessary for START-GAP1/DLC1 to
translocate EF1A1 to the membrane periphery and ruffles upon fibroblast growth factor
stimulation, acting as an auxiliary oncogenic switch to the GAP domain [70].
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3.3. The START domain

The START domain (~210 amino acids) is a well-conserved lipid binding domain, which is
primarily found in proteins that transfer lipids between organelles and are involved in lipid
metabolism as well as in modulation of signaling events involved in lipid processing [76, 77].
The mammalian START domain protein family is well characterized and is composed of 15
members that are classified into 6 subfamilies based on the sequence and ligand specificity:
STARD1/3 and STARD4/5/6 subfamilies bind cholesterol and oxysterols, STARD2 (PCTP:
phosphatidylcholine transfer protein)/7/10/11(CERT: ceramide transfer protein) subfamily
binds phospholipids and ceramides/sphingolipids, STARD14 binds possibly fatty acids. They
all may have roles in non-vesicular lipid transport. STARD14/15 subfamily consists of proteins
with the thioesterase activity such as the Acyl-CoA thioesterase (ACOT) family proteins. The
START-GAP/DLC family proteins fall into the STARD8/12/13 subfamily [76, 77]. Lipid binding
properties of START-GAP1/DLC1 (STARD12), START-GAP2/DLC2 (STARD13) and START-
GAP3/DLC3 (STARDS) have not well characterized yet.

Among these proteins, STARD1 (or steroidogenic acute regulatory protein, StAR) and STARD3
(or metastatic lymph node 64 kDa protein, MLN64) appear to be the most well characterized
[78]. Both STARD1 and STARD3 bind cholesterol [79], and are also known to play a role in
lipid transport into mitochondria [80, 81]. In particular, STARD1 localizes to the mitochondria
and stimulates the translocation of cholesterol from the outer to the inner mitochondrial
membranes [79]. It has been suggested that STARD1 is an essential component in steroid
hormone production in steroidogenic cell [82, 83]. It is noteworthy, therefore, that START-
GAP2/DLC2 has been found to localize in mitochondria and was found in proximity to the
lipid droplets through the START domain [84]. Future research is required in order to establish
the lipid ligand of the START domain of START-GAP2/DLC2 and clarify whether the START
domain plays a role in mitochondrial lipid transport. START-GAP2/DLC2 also mediates
ceramide activation of phosphatidylglycerolphosphate (PGP) synthase and drug response in
Chinese hamster ovary cells [85].

The crystal structures for the START domains of human STARD3/MLN64 (PDB entry:
IEM2) [86] and murine STARD4 (PDB entry: 1JSS) [87] were the first to be solved and
showed an a-f helix-grip fold with a nine-stranded anti-parallel (3-sheet forming a U-
shaped hydrophobic cleft that binds the ligand and is flanked by N- and C-terminal o
helices. The C-terminal a helix is proposed to serve as a ‘cap’ to the ligand-binding site,
with lipid access to the binding pocket requiring a conformational change in the START
domain and movement of the C-terminal helix. To date, the crystal structures for a limited
number of the START domain-containing proteins were solved: human STARD1/StAR (PDB
entry: 3POL) [88], human STARDS5 (PDB entry: 2R55) [88], human STARD2/PCTP (PDB
entry: 1LN1) [87], STARD11/CERT (PDB entry: 2E3R) [89], human STARD13/START-GAP2/
DLC2 (PDB entry: 2PSO) [88] and human STARD14 (PDB entry: 3FO5) [88]. The data
confirm the basic helix-grip fold structure across the five mammalian subfamilies that
defines this family of proteins [88].
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3.4. The FAT region

Between the SAM and GAP domains there is a long unstructured region (~190 amino acids)
termed the FAT (focal adhesion targeting) region, due to the fact that its presence deter-
mines of focal adhesion localization of the START-GAP/DLC proteins [27]. START-GAP1/
DLC1, START-GAP2/DLC2 and START-GAP3/DLC3 are recruited to focal adhesion sites
via their FAT sequence, which binds to the Src homology 2 (SH2) domains of focal adhesion
proteins and interacts with tensins [32, 43, 90]. The same region of START-GAP1/DLCI,
however, has been found to possess the ability to interact with the PTB domain of tensin2
[30, 91, 92] and tensinl [43]. The role of the interaction with the PTB domain in the
localization of START-GAP1/DLC1 to focal adhesions remains controversial and requires
further investigation. Using pull-down assay, Kawai et al. reported the interaction be-
tween the other members of the START-GAP/DLC family, START-GAP2/DLC2 and START-
GAP3/DLC3, and tensin2 PTB [30].

Since the START-GAP/DLC family proteins are rich in serine residues, especially in their
FAT regions, it is natural to propose that these proteins could be phosphorylated by the
AGC (protein kinases A, G, and C) family protein kinases. Indeed, a numerous potential
phosphorylation motifs by these kinases can be found in the START-GAP/DLC family
proteins. Protein kinase B (PKB or Akt) is among the member of the kinase family. Since
PKB/Akt plays an essential role in the actions of growth factors as well as the regulation
of many other cellular processes, such as apoptosis and anoikis, neuronal development and
degeneration, and the cell cycle [93], its involvement in function of the START-GAP/DLC
family proteins is argued [94].

Hers et al. have demonstrated that Ser*? in the FAT region of rat START-GAP1/DLC1 is
phosphorylated upon insulin stimulation of intact cells and that this site is directly phos-
phorylated in vitro by PKB/Akt and ribosomal S6 kinase (RSK1), another member of the AGC
family of protein kinases [95], suggesting the phosphorylation via both the PKB/Akt and
MAPK kinase (MEK)/extracellular signal-regulated kinase (ERK)/RSK pathways by growth
factors. In other words, this site has the potential to integrate the activities of two different
signal transduction pathways in a manner dependent on the cellular context. As Ser** falls
within the FAT region, its phosphorylation may be involved in regulating the targeting of
STASRT-GAP1/DLC1 to focal adhesions. However, despite the profound morphological
changes, both S*?A and 5D mutants showed similar localizations to focal adhesions as the
wild-type STASRT-GAP1/DLCI. The function of the phosphorylation in signaling events
downstream of PKB/Akt, such as GLUT4 translocation, the activation of RhoA effectors and
cellular transformation, therefore awaits further studies.

A recent report by Ko et al. [96] has also postulated a central role of PKB/Akt phosphorylation
of human START-GAP1/DLC1 in the regulation of its tumor suppressive activity, but it argues
against the results obtained from the previously-mentioned study on rodent STASRT-GAP1/
DLC1. Although human START-GAP1/DLC1 has three characteristic phospho-PKB/Akt
substrate motifs, the authors showed that only Ser*” was phosphorylated by PKB/Akt. Only
active PKB/Akt was able to interact with STASRT-GAP1/DLC1. Since phosphorylated START-
GAP1/DLC1 forms a more stable interaction with PKB/Akt, there seems to be a cooperative
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increase in binding. Furthermore, Ko et al. showed that unphosphorylated START-GAP1/
DLC1 is sufficient to suppress proliferation and anchorage-independent cell growth. Using a
ras transformed, p53-deficient murine hepatoma line, the authors demonstrated that only wild-
type START-GAP1/DLC1 or a phosphorylation-dead mutant (5°”A) was able to inhibit tumor
formation in nude mice, whereas the S°’D mutant, simulating constitutive phosphorylation,
did not inhibit tumor growth. PKB/Akt, suggesting that all START-GAP/DLC family members
may share common mechanisms of post-translational regulation, also phosphorylated human
START-GAP2/DLC2 in the corresponding motif.

The central region of START-GAP1/DLC1 containing the FAT region was reported to target
caveolae by interacting with caveolin-1 [28, 92].

4. Regulation of intracellular localization

Generally, members of the START-GAP family, START-GAP1/DLC1, START-GAP2/DLC2
and START-GAP3/DLC3, START-GAP/DLCs do not localize evenly in the cytoplasm. Rather,
they are localized in the specialized place in intracellular spaces. All three members are
localized to focal adhesions of attached cells. A conserved region among them (the FAT region),
responsible for targeting to focal adhesions, has now been identified. It is now established that
the tensin family, which is the major component of the focal adhesion complex, is responsible
for recruiting the START-GAP/DLC family proteins to focal adhesions. Nevertheless, many
proteins are now revealed to interact with START-GAP/DLCs. Vinculin, another member in
the focal adhesion complex, can also interacts with the START-GAP/DLC family proteins. In
addition, PLC?1 interacts with all three isoforms of START-GAP/DLCs and make a molecular
complex in lipid rafts upon stimulation with extracellular stimuli. Moreover, 14-3-3 binds to
START-GAP1/DLC1. Binding of 14-3-3 proteins often sequesters the target protein in a
particular subcellular compartment and the release of 14-3-3 proteins then allows the target to
be relocated. Since START-GAP1/DLC1 has a nuclear localization signal (NLS) sequence and
found in the nucleus, it is suggested that it also interacts with importins.

Thus expected function of the START-GAP/DLC family proteins varies from one cell type to
next, depending on the spatiotemporal regulation according to the binding proteins. Never-
theless, as a whole, they regulate cell shapes and motility via remodeling of actin cytoskeleton.

4.1. Focal adhesion targeting via interaction with tensin and vinculin

START-GAP1/DLC1 islocalized in focal adhesions via the FAT region located in its N-terminal
half and interacts with tensin family proteins, that constitutes focal adhesion components.
Evidences that the interaction between START-GAP1/DLC1 and tensin2 occurs in a PTB
domain-dependent manner have been provided. It was revealed that FAT3, the third subre-
gion of the FAT region divided into five (39 amino acids), binds directly to the PTB domain of
tensin2 [30]. This interaction does not require protein phosphorylation, since the interaction
was detected with proteins expressed in bacterial expression system.
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Figure 3. START-GAP1/DLC1 contributes to at least two signaling pathways. START-GAP1/DLC1 consists of about 11
hundred amino acids (for rat: 1,083 and for human: 1, 093) and contain the sterile a motif at the N-terminus, which is
known to function in protein-protein interaction. In the C-terminal half there are "GAP domain” followed by the
START domain, which is generally thought as a lipid binding or transfer domain. The GAP domain shows a GTPase-
activating function, specific for Rho family GTPases, RhoA and Cdc42 but not Rac1 [31], converting “the active, GTP-
bound form” to “the inactive, GDP-bound form.” The GAP activity of START-GAP1/DLC1 therefore may be implicated
in control of the cytoskeleton, cell polarity and cell migration. As for phosphoinositide signaling, one of the down-
stream effectors of RhoA is PIP5K that generates PtdIns(4,5)P,. So by inhibition of activated Rho, PtdIns(4,5)P, genera-
tion is expected to be reduced. The C-terminal half of START-GAP1 is responsible for stimulation of PLC81 and breaks
down PtdIns(4,5)P,. This not only causes the generation of two second messengers, Ins(1,4,5)P; and diacylgrycerol, but
also alters the activity of several PtdIns(4,5)P,-dependent actin-regulating proteins. As a whole, in microenvironment
surrounding active START-GAP1/DLC1, RhoA and Cdc42 are inacitvated and a loss of PtdIns(4,5)P, is expected. The
region between the SAM and GAP domains is rich in serine residues and does not fall on any known protein domains
and has been thought to form disordered conformation.

START-GAP2/DLC2 and START-GAP3/DLCS3, as well as STRT-GAP1/DLC1, bind to the PTB
domain of tensin2, presumably due to the presence of highly conserved residues in the center
of FAT3. Deletion of this sub-region abrogates the interaction with the tensin PTB domain. The
tensin2 PTB domain seems to determine the subcellular localization of FAT3. Nevertheless,
our study with deletion mutants revealed that FAT3 is essential but not sufficient for the focal
adhesion localization of START-GAP1/DLC1. These results suggest that the interaction
between the tensin PTB domain and FAT3 contributes to START-GAP1/DLC1 localization but
only partially. Other factors could affect the START-GAP1/DLC1 localization.
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Amino acid sequence of START-GAP3/DLC3 contains a segment similar to the START-GAP1/
DLC1 tensin binding site (**>*STYDNL?*?®) and full-length START-GAP3/DLC3 was shown to
bind the SH2 and PTB domains of tensinl1 [43].

We noticed that tensin2 does not always colocalize with START-GAP1/DLC1 and that this
interaction was insufficient for targeting START-GAP1/DLC1 to focal adhesions. We thereby
explored if there is another molecule that interacts with START-GAP1/DLC1 by the GST pull-
down assay using GST-START-GAP1/DLC1 transfected HeLa cells. As a result, we found that
START-GAP1/DLC2 can bind with the C-terminus (730-1066) of vinculin. Moreover, START-
GAP1/DLC1 and vinculin were found colocalized in foal adhesions. The domain in START-
GAP1/DLC1 required for interaction with vinculin was narrowed down to residues 460-470
including an LD motif, a motif in paxillin required for interaction with vinculin. A deletion
mutant and point mutants of this motif were fully localized to focal adhesions, although they
lost binding ability to vinculin. It is likely that when START-GAP1, vinculin and tensin2 form
a stable complex, they are localized to focal adhesions.

PtdIns(4,5)P, has an important role in regulating cytoskeleton assembly by inducing confor-
mational changes in actin binding proteins such as vinculin and talin [97]. Thus, START-GAP1/
DLC1 could influence cytoskeletal dynamics by altering local PtdIns(4,5)P, levels by activating
PLC?1 in the vicinity of focal adhesions as well as by regulating Rho GTPase activity there.

4.2. Raft localization via interaction with PLC61

The C-terminal region of START-GAP1/DLC1 covering the GAP and START domain is known
to interact with PLC81, enhancing its activity [22]. Although START-GAP1/DLC1 binds with
PLC81, it is not usually localized at the plasma membrane where PLC01 targets itself through
its PH domain under unstimulated conditions.

Caveolae are plasma membrane domains that appear as flask-shaped invaginations at the cell
surface and are enriched in cholesterol and sphingolipids. Yamaga et al. have shown that
endogenous START-GAP1/DLC1 was found to sediment with caveolin-1 in low density
cholesterol-rich membrane fractions [28], and both endogenous and exogenous START-GAP1/
DLC1 were co-immunoprecipitated with caveolin-1 [28, 92]. Since multiple functions have
been proposed for caveolae [98] and caveolin-1 has been found in membrane subdomains other
than caveolae, including focal adhesions [98] the physiological significance of the interaction
between START-GAP1/DLC1 and caveolin-1 requires further investigation.

In their previous study [28], Yamaga et al. provided supportive evidences for START-GAP1/
DLC1 localization in caveola, which is cholesterol-enriched membrane microdomain, using an
expression system of GFP-tagged proteins, an immunoprecipitation assay and a sucrose
density gradient centrifugation analysis of cell lysates. GFP-tagged START-GAP1/DLC1 was
observed as patch-like structures at the cell surface and in the cytoplasm of attached cells. The
patches were dependent on the levels of the membrane cholesterol and co-localized with
caveolin-1. START-GAP1/DLC1 interacts with caveolin-1 in vivo and is fractionated into low-
density caveolin-enriched membrane fractions. These results support the idea that START-
GAP1/DLC1 is targeted to caveolae via binding to caveolin-1. Yamaga et al. also found the C-
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terminal half of START-GAP1/DLC1 was responsible for its patch-like distribution. The
authors found amino acid sequences that resemble putative caveolin-binding motifs
(DXDXXXXD, DXXXXDXXD or PXPXXXXDXXD), where @ is an aromatic residue and X is
any amino acid [99] in the N-terminal region (“WLRVTGFPQY* and
SWTFQRDSKRWSRLEEFDVF!!!) and in the GAP domain (*°YVNYEGQSAY®*® and
PFLQIYQY”!) of START-GAP1/DLCI. Since GFP-tagged START-GAP1/DLC1-534AC does
not seem to reside in caveolin-1-containing membranes, the sequences in the N-terminal region
may not function as caveolin-binding motifs. Either (or both) the sequence(s) in the GAP
domain, however, could be important for caveolin-1 binding and therefore responsible for the
distribution of START-GAP1/DLC1. It is therefore possible that the RhoGAP domain of
START-GAP1/DLC1 contributes not only to the catalytic activity but also to the intracellular
localization of START-GAP1/DLCI1. The exact roles of the N-terminal region have to be
clarified. GFP-tagged START domain was also observed as patches, but unlike GFP-tagged
full-length protein or GFP-tagged GAP domain, it was just partially co-localized with caveo-
lin-1. The patch-like localization of GFP-tagged START domain was similar to the distribution
of cholesterol visualized by filipin, a fluorescent molecule that specifically binds to free
cholesterol. The result suggests that the START domain can associate with cholesterol but it is
not sufficient to recruit START-GAP1/DLC1 to caveolin-1-enriched membrane microdomains.

Recruitment and activation of PLC91 in lipid rafts by a muscarinic agonist was examined using
PC12 cells [24]. Sucrose density gradient centrifugation analyses of cell lysates revealed that
only a small amount of PLCd1 was recovered in low-density membrane fractions. The amount,
however, significantly increased when cells were treated with a muscarinic agonist carbachol.
Immunoprecipitation studies demonstrated that carbachol also enhanced the interaction
between PLCd1 and START-GAP1/DLCI1, which is constitutively localized in lipid rafts. The
PH domain of PLC?1 is likely responsible for the interaction. Since carbachol elevates intra-
cellular Ca*levels in PC12 cells, Yamaga et al. next examined whether a rise of intracellular
Ca?* levels participates in the carbachol-induced raft recruitment of PLCd1. After treatment
with a Ca* ionophore ionomycin PLCd1 was also translocated to lipid rafts in PC12 cells.
Chelating extracellular Ca** by EGTA did not inhibit the carbachol-induced translocation of
PLC?1 to lipid rafts, whereas treatment of cells with thapsigargin to block the intracellular
Ca?* mobilization inhibited its translocation. These results suggest that PLC91 is recruited to
lipid rafts and binds to preexisting START-GAP1/DLC1 in Ca** dependent manner, and this
process can be triggered by external stimuli activating GPCRs (Figure 4).

Although the physiological function and significance of START-GAP1/DLC1 in caveolar
localization remain unclear, it appears that caveolae are one of the compartments whereby
START-GAP1/DLC1 may exhibit its tumor-suppressive role and possibly vasoregulatory role
which will be mentioned in Section 7, and affect the cytoskeletal reorganization by its RhoGAP
activity.

4.3. START-GAP2/DLC2 localization in mitochondria

Apart from focal adhesion localization, START-GAP/DLCs could be localized in mitochondria.
Ng et al. has disclosed that START-GAP2/DLC2 is targeted to mitochondria through the
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START domain using Huh-7 hepatoma cells [84]. They could observe the expression of ectopic
START-GAP2/DLC2 in the cytoplasm especially in a punctate structure, suggesting that
START-GAP2/DLC2 was concentrated in cytoplasmic speckles. It is noteworthy that the
localization patterns of full-length START-GAP2/DLC2, START-GAP2/DLC2-ASAM lacking
the N-terminal SAM domain and START-GAP2/DLC2-START, that consists of only from the
START domain were very similar, indicating that the START domain is responsible for the
intracellular localization. Analysis of the amino acid sequence has revealed that no noticeable
localization signal in the START domain. START-GAP2/DLC2-START was in dot-like
structure throughout the cytosol, although some cells showed aggregates in the perinuclear
region, while START-GAP2/DLC2-ASTART, a mutant lacking the START domain, was found
to distribute homogenously in the cytoplasm. Notably, almost all START-GAP2/DLC2 signals
overlapped those of mitochondria, but not all mitochondria were targeted by START-GAP2/
DLC2. They also biochemically fractionated mitochondrial fraction from myc-tagged START-
GAP2/DLC2 expressed Huh-7 cells and found that it was found in both the cytoplasmic and
mitochondrial fraction. Taken together, the START domain plays a pivotal role in intracellular
localization and function of START-GAP2/DLC2. Whether these results could also apply for
endogenous START-GAP1/DLC1 or START-GAP3/DLC3 in other cell types awaits future
experiments.

4.4. START-GAP2/DLC2 localization around lipid droplets

In addition to demonstrate the mitochondrial localization of START-GAP2/DLC2, Ng et al.
also examined whether START-GAP2/DLC2 and/or the START domain of START-GAP2/
DLC2 can interact with intracellular lipids [84]. Since localization pattern of START-GAP2/
DLC2 and its START domain are very similar, they examined whether lipophilic dyes such as
Nile red and Sudan III overlap with signal of the START domain of START-GAP2/DLC2. The
speckles containing the START domain were localized around the lipid droplets stained by
Nile red. Nevertheless, the two signals did not overlap substantially with each other, despite
that a major portion of the START domain was found to be in proximity to the lipid droplets.
The authors suggested that the START domain of START-GAP2/DLC2 likely serves a lipid
related function in the cell and it targets START-GAP2/DLC2 to areas proximal to the lipid
droplets [84].

4.5. START-GAP1/DLC1 localization in the nucleus

Recently, using lung carcinoma cells Yuan et al. showed that START-GAP1/DLC1 harbors a
functional bipartite nuclear localization signal (NLS) in serine-rich domain in the FAT region,
which works together with the GAP domain to mediate START-GAP1/DLC1 nuclear import
and subsequent apoptosis [38]. The potential NLS sequence was found as amino acids
P RRENSSDSPKELKRRNS*! including a pat7 NLS spanning residues **PKELKRR** [100]. A
deletion mutant START-GAP1/DLC1-A372 lacking the N-terminus 372 amino acids accumu-
lates in the nucleus, suggesting the presence of nuclear export signal (NES) in this region,
whereas mutants with disruption of this NLS sequence could only localize in the cytosol.
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The function of START-GAP1/DLC1 in the nucleus remains to be defined. Some Rho GTPases
have C-terminal polybasic region that could be function as an NLS [101]. Therefore these
GTPases may serve as substrates for START-GAP1/DLC1 in the nucleus. In the nucleus
START-GAP1/DLC1 may also interact with non-GTPase substrates such as PLCd1 [22], which
is under nuclear import-export equilibrium and accumulate in the nucleus under specific
phases of the cell cycle [102, 103] or extracellular stimuli that causes aberrant increase in
intracellular Ca* [103-106]. Nuclear translocation of START-GAP1/DLC1 was proposed to be
associated with apoptosis by a yet unknown mechanism [38].

START-GAP1/DLC1 interacts with 14-3-3 proteins, resulting inhibition of the GAP activity and
block nucleo-cytoplasmic shuttling [100]. In GST pull-down assays, START-GAP1/DLC1
interacted with all 14-3-3 isoforms except 14-3-30. The other six 14-3-3 isoforms are ubiqui-
tously expressed, readily form homo- and heterodimers, and could therefore potentially
participate in the regulation of START-GAP1/DLC1 function. 14-3-3 proteins often regulate
cellular processes by modulating target protein localization. The pat7 NLS spanning residues
of START-GAP1/DLC1, **PKELKRR*”, was demonstrated to be masked by phorbolester-
induced phosphorylation and the 14-3-3 interaction. Inactivation of this NLS by exchange of
critical arginine residues impaired but did not prevent nuclear import of START-GAP1/DLC1.
This suggests the presence of another NLS that contributes to START-GAP1/DLC1 nuclear
shuttling.

Taken together, it was suggested that START-GAP1/DLCI1 functions both as a cytoplasmic and
nuclear tumor suppressor.

5. Negative regulation of carcinogenesis not dependent on the RhoGAP
activity

5.1. RhoGAP activity-dependent pathway

As mentioned earlier, the START-GAP/DLC family proteins may exert their suppressive
function by decreasing the levels of active, GTP-bound Rho proteins or inhibiting the GDP-
GTP cycling process, affecting cytoskeletal remodeling, cell shape, motility, proliferation and
apoptosis. Nevertheless, molecular mechanisms through which START-GAP/DLC family
proteins are capable of suppressing cell motility and cell growth are still unclear.

Holeiter et al. have shown that enhanced migration of cells lacking START-GAP1/DLC1 is
dependent on the Rho effector, Dial, and does not require the activity of ROCK [107]. Leung
et al. provide evidence for a key mechanism through which the START-GAP/DLC family
proteins act as tumor suppressors [108]. In this study, the authors demonstrated that the
expression of START-GAP2/DLC2 is involved in the inactivation of the Raf/MEK/ERK/RSK
pathway, which is crucial for cell proliferation. This inhibitory activity of START-GAP2/DLC2
is attributed to RhoGAP function [108].

By binding to PLC61, START-GAP1/DLC1 enhances the hydrolysis of PtdIns(4,5)P,, which
interacts with a variety of actin regulatory proteins that affect the actin cytoskeleton [22, 23,
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28]. In addition to the PLCd1 activation and the modulation of RhoGAP activities, proper focal
adhesion localization and interaction with tensins have been demonstrated to be essential for
the growth-suppression function of START-GAP1/DLC1 [43, 90, 92, 109].

START-GAP1/DLC1 overexpression induces a significant reduction of stress fibers and
filopodia, as well as membrane blabbing and cellular decomposition, nuclear condensation or
fragmentation in NCI-H358 cells known as highly sensitive cells to tumor suppression
functions of START-GAP1/DLC1 [110]. These effects were due to the collapse of actin cytos-
keleton during apoptosis [111].

To overcome the embryonic lethality of homozygous START-GAP1/DLC1 knockdown [57],
Zender et al. combined in vivo RNAi and a “mosaic’ mouse model of HCC to address the
impact of the loss of START-GAP1/DLC1 on liver carcinogenesis [112]. Genetically modified
liver progenitors (p537 cells infected with a retrovirus expressing c-myc and another
expressing a START-GAP1/DLC1 shRNA) were transplanted into the liver of syngenic mice
to assess their ability to generate tumors in situ. In contrast to control shRNA, START-
GAP1/DLC1 shRNA accelerates the formation of liver tumors, which mimics aggressive
HCC. Conversely, reintroduction of START-GAP1/DLC1 in hepatoma cells co-expressing
oncogenic Ras results in a dramatic reduction of tumor growth in situ. This study demon-
strates that START-GAP1/DLC1 loss, when combined with other oncogenic lesions,
efficiently promotes the development of HCC.

Activation of RhoA, and thereby of its downstream effector ROCK, is both necessary and
sufficient to promote HCC in vivo. Therefore, START-GAP1/DLC1, due to its RhoGAP activity,
is capable to antagonize the activities of RhoA and its downstream effectors in HCC [58, 113,
114]. Moreover, RhoA is required for tumorigenesis induced by the loss of START-GAP1/DLC1
and constitutively active RhoA mimics loss of START-GAP1/DLC1 in promoting HCC in the
‘mosaic’ mouse model [58].

START-GAP1/DLC1 was also implicated in tumor metastasis. The expression levels of START-
GAP1/DLC1 mRNA are significantly lower in highly invasive tumors than in less invasive
ones [115]. Restoration of START-GAP1/DLC1 expression in vitro reduces the migration and
the invasiveness of HCC cells [35, 41, 113]. This mechanism also seems to be dependent on
RhoGAP activity and its downstream effectors ROCK and MLC [42].

Finally, reexpression of START-GAP1/DLC1 in HCC cells downregulated the expression of
osteopontin and matrix metalloproteinase-9, which are found overexpressed in most primary
metastatic liver tumors [114]. START-GAP1/DLC1 restoration also suppresses the distant
dissemination of cells from subcutaneous tumors developing after inoculation of HCC cell
lines in mice. This process is also dependent on the RhoA activity and reorganization of actin
cytoskeleton in tumor cells [114].

5.2. RhoGAP activity-independent pathway

Angiogenesis is another form of cancer development. In addition to its direct effect via
activation of Rho pathway, START-GAP1/DLC1 is responsible for regulation of angiogenesis
in an indirect manner [116]. START-GAP1/DLC1 negatively regulates angiogenesis in a
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paracrine fashion. START-GAP1/DLCl1 silencing promoted pro-angiogenic responses through
vascular endothelial growth factor upregulation, accompanied by the accumulation of
hypoxia-inducible factor 1 and its nuclear localization.

6. Stability of START-GAP/DLCs

Stability of proteins may also contribute to the expression levels of the START-GAP/DLC
family proteins. Generally, degradation of proteins is controlled by ubiquitination-dependent
and independent proteolysis. START-GAP1/DLC1 seems to be ubiqutinylated and processed
at least partly by ubiquitinylation-dependent proteasomal degradation [117]. Nevertheless,
the sites and the mode of ubiquitinylation (mono- or poly-) on the molecule are unclear. In
addition, a proinflammatory protein SI00A10, a key cell surface receptor for plasminogen and
a regulator of proteolysis, was found to be a novel binding partner of START-GAP1/DLC1
[118]. SI00A10 colocalizes with START-GAP1/DLC1 in the cytoplasm via interaction between
the C-terminus of S100A10 and the central domain of START-GAP1/DLCI, regulating tumor
cell invasion [118]. These results strongly suggest that proteolysis dependent on post-tran-
scriptional modification of START-GAP1/DLC1 plays an important role in the regulation of
its tumor suppressive activity.

7. Possible roles of START-GAP1/DLC1 in the development of vascular
diseases

Recently, another potential role of START-GAP1/DLC1 in the pathogenesis of a human disease
has emerged. It has been known that the PLC activity with its effect on the regulation of
intracellular Ca?* levels has potential roles in cardiac regulation. PLC91 activity has shown to
be enhanced in patients with coronary artery spasm, CSA (coronary spastic angina) [119,
120]. In this context, a new finding that START-GAP1/DLC1 protein levels and mRNA levels
in fibroblasts from Japanese patients with CSA were enhanced compared with levels in control
subjects is noteworthy [121]. The authors also found in the START-GAP1/DLC1 promoter
analysis, the -228G/A and -1466C/T variants found associated with CSA patients using 5'-
RACE method revealed the increase in luciferase activity [121]. The incidence of -228G-A was
more frequent in male patients with CSA than in male control subjects, suggesting that this
variant is a possible candidate responsible for upregulation of START-GAP1/DLC1 protein in
CSA. Thus, it was postulated that START-GAP1/DLC1 is up-regulated in patients with
coronary spasm, possibly by mutations in the promoter region, causing increased [Ca*']; to
acetylcholine, and thereby seems to be related to enhanced coronary vasomotility.

As stated in the earlier section, START-GAP1/DLC1 plays two important roles in signaling
pathways: One of the dual functions is the ability to enhance the PtdIns(4,5)P,-hydrolyzing
activity of PLC®81 and the other is the GAP activity specific for RhoA and Cdc42. The former
leads to both the protein kinase C-mediated pathway and Ca*-dependent pathway, resulting
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in enhanced myosin light chain phosphorylation that plays an important role in the constrictor
response of the coronary artery smooth muscle to transmitters such as serotonin and histamine.
Homma and Emori showed that recombinant PLC?1 catalyzes the hydrolysis of PtdIns(4,5)P,
in a Ca*-dependent manner; in the presence of START-GAP1/DLC1, its activity is 5- to 10-fold
increased in the range of physiological Ca* concentration [22]. Thus, it is conceivable that
upregulation of START-GAP1/DLC1 protein observed in patients with CSA is responsible for
the high activity of PLCd1. These results are consistent with the previous finding of the H*"R
variant of PLCd1, in which the conformational change is associated with upregulation of
PLC®1 activity [120]. These characteristics seem to explain the pathogenesis of CSA in which
both the basal vascular tone and the vasoconstrictor response to the diverse stimuli were
enhanced. Previously, PLC activity was shown to positively correlate not only with basal
coronary artery tone but also with the maximal and averaged constrictor responses of the
coronary artery to acetylcholine [119]. This finding also suggests a critical role of START-GAP1/
DLC1 protein in the genesis of coronary spasm.

The START-GAP1/DLC1 protein has another function, a GAP activity for Rho GTPases.
Alterations in RhoA/ROCK pathway have been implicated in the development of a variety of
cardiovascular diseases, including hypertension, atherosclerosis, and cerebral and coronary
vasospasm [122, 123].

It was reported that the ROCK inhibitor fasudil attenuated the constrictor response of the
coronary artery to ACh and prevented the occurrence of chest pain in patients with CSA [124].
By its GAP activity, START-GAP1/DLC1 may antagonize the development of coronary spasm
like the ROCK inhibitor. On the other hand, Ca* mobilization induced by PLC1 activation
may upregulate Rho and ROCK in the vascular smooth muscle [125]. Thus, the role of START-
GAP1/DLC1 in the regulation of Rho is complicated, and the relation of START-GAP1/DLC1
to the genesis of coronary spasm via Rho activity remains to be determined.

The mechanisms of enhancement of START-GAP1/DLC1 promoter activity by the -228G/A
variant may be related to transcription factor SP because this variance causes loss of binding
to SP1 in its region [121]. Upregulation of START-GAP1/DLC1 protein in the coronary arteries
of CSA patients should be confirmed. It remains unclear whether upregulation of START-
GAP2/DLC2 or START-GAP3/DLCS3 is associated with CSA.

Regarding the caveola localization of START-GAP1/DLCI, the recent report by Nuno et al.
that RhoA colocalization with caveolin-1 in caveolae regulates vascular contractions to
serotonin is of interest [126]. Caveolins are not only structural components of caveola micro-
domains, but also regulate assembly and activation of a variety of receptors and signaling
molecules such as PtdIns(4,5)P,, glucose transporter 4 (GLUT4), epidermal growth factor
receptors (EGFR) and endothelial nitric oxide synthase (eNOS). Localization of RhoA to
caveolae versus noncaveolar lipid rafts differentially regulates its activation and contractions
to RhoA-dependent agonists with greater activation associated with its localization to
noncaveolar rafts. Presumably, translocalization of START-GAP1/DLC1 to caveolae by
agonists reported by Yamaga et al. [24, 28] may also contribute to modulate the activity of
RhoA/ROCK pathway in vascular cells.
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Figure 4. Roles of START-GAP1/DLC1 in a lipid raft/caveola and its possible involvement in the pathogenesis of coro-
nary vasospasm. When G protein coupled receptors (GPCRs) such as muscarinic receptors are activated by agonists
they initially stimulate B-type PLC resulting in the production of Ins(1,4,5)P5 from PtdIns(4,5)P,. Ins(1,4,5)P5 binds to the
receptors (IP3R or ER Ca? pump) at the intracellular Ca?* stores such as ER and mobilizes Ca?* from the stores. PLCS1 is
localized at the plasma membrane and in the cytosol in unstimulated cells, whereas START-GAP1/DLC1 is localized in
lipid rafts via binding with cholesterol (or with caveolin if the lipid rafts are caveolae). The agonist-induced primary
increase in Ca?* recruits PLC81 into lipid rafts from other parts of the plasma membrane or from the cytosol by un-
known mechanisms. PLC81 in the lipid rafts then binds START-GAP1/DLC1 to be activated in the presence of Ca?*, re-
sulting in a robust hydrolysis of PtdIns(4,5)P, that forms clusters in lipid rafts. Released Ins(1,4,5)P; then empties the
internal Ca?* stores via activation of IP3R followed by stimulation of TRP channels, a component of store-operated
channels (SOCs) to increase Ca?* influx (secondary Ca?*). Thus the recruitment of PLC81 to rafts confers a general posi-
tive feedback mechanism for phosphoinositide/Ca?* signaling in the cells. START-GAP1/DLC1 also modulates the
RhoA/ROCK signaling pathway. Modified from [24].

8. Conclusion

The START-GAP/DLC family proteins are a group of Rho GTPases whose aberrant function
suggests dysregulation of numerous cell processes that can develop diseases such as cancers
and vascular spasm. Both in vitro and in vivo studies have provided strong evidence that
START-GAP/DLCs have roles in regulating actin cytoskeleton organization. Binding to tensins
and other molecules may target the RhoGAP activity of the START-GAP/DLCs to particular
subcellular domains. Accumulating reports indicate that the START-GAP/DLC proteins are
regulated in various ways at a genetic level by gene deletion, at an epigenetic level by the
aberrant promoter methylation, or at a cellular level by the regulation of localization and
stability. More information is required on the mechanisms responsible for these regulations,
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including post-translational modifications such as phosphorylation and ubiquitination. In
addition, dissection of the interacting partners of START-GAP/DLCs by proteomic analyses
will reveal detailed signaling pathways that regulate cell shape, motility and proliferation.
Future studies on the difference among START-GAP/DLCs may reveal which member of this
family plays a key role in individual types of cancer or in vascular abnormality and whether
restoration of the proper function of the START-GAP/DLCs is capable of restraining cell
transformation or abnormal signaling. These efforts would result in identification of the
member that becomes the subject of future studies as a potential drug target for therapy.

Nomenclature

CSA: cardiac spastic angina, DLC: deleted in liver cancer, GAP: GTPase activating protein,
HCC: hepatocellular carcinoma, Ins(1,4,5)P;: inositol 1,4,5-trisphospate (IP;), NLS: nuclear
localization signal, PLC: phosphoinositide-specific phospholipase C, PKB: protein kinase B,
PtdIns(4,5)P,: phosphatidylinositol 4,5-bisphosphate (PIP,), ROCK: Rho-kinase, START:
steroidogenic acute regulatory protein (STAR)-related lipid transfer

Acknowledgements

I am grateful to my collaborators who co-authored several papers introduced in this chapter
with me. Work in our laboratory was supported by grants from the Japan Society of Promotion
of Science (Grant-in-Aid for Scientific Research: #19570184 and #22501016), University of
Hyogo Special Grant for Research and Education (FY2012) and Narishige Zoological Science
Award (FY2012).

Author details

Hitoshi Yagisawa’
Address all correspondence to: yagisawa@sci.u-hyogo.ac.jp

Graduate School of Life Science, University of Hyogo, Hyogo-ken, Japan

References

[1] Boureux A, Vignal E, Faure S, Fort P. Evolution of the Rho family of ras-like GTPases
in eukaryotes. Molecular biology and evolution. 2007;24(1):203-16.



3]

[4]

[5]

[6]
[7]

[8]

(]

[10]

[11]

[12]

[13]

[14]

START-GAP/DLC Family Proteins: Molecular Mechanisms for Anti-Tumor Activities
http://dx.doi.org/10.5772/55268

Ridley AJ, Hall A. The small GTP-binding protein rho regulates the assembly of focal
adhesions and actin stress fibers in response to growth factors. Cell. 1992;70(3):
389-99.

Ridley AJ, Paterson HF, Johnston CL, Diekmann D, Hall A. The small GTP-binding
protein rac regulates growth factor-induced membrane ruffling. Cell. 1992;70(3):
401-10.

Grise F, Bidaud A, Moreau V. Rho GTPases in hepatocellular carcinoma. Biochim Bi-
ophys Acta. 2009;1795(2):137-51.

Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and vesicle
trafficking. Trends Cell Biol. 2006;16(10):522-9.

Hall A. Rho GTPases and the actin cytoskeleton. Science. 1998;279(5350):509-14.

Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy G, et al. Cell
migration: integrating signals from front to back. Science. 2003;302(5651):1704-9.

Wennerberg K, Der CJ. Rho-family GTPases: it's not only Rac and Rho (and I like it).
J Cell Sci. 2004;117(Pt 8):1301-12.

Moon SY, Zheng Y. Rho GTPase-activating proteins in cell regulation. Trends Cell Bi-
ol. 2003;13(1):13-22.

Zheng Y. Dbl family guanine nucleotide exchange factors. Trends Biochem Sci.
2001;26(12):724-32.

Olofsson B. Rho guanine dissociation inhibitors: pivotal molecules in cellular signal-
ling. Cell Signal. 1999;11(8):545-54.

Ellenbroek SI, Collard JG. Rho GTPases: functions and association with cancer. Clini-
cal & experimental metastasis. 2007;24(8):657-72.

Mardilovich K, Olson MF, Baugh M. Targeting Rho GTPase signaling for cancer ther-
apy. Future oncology. 2012;8(2):165-77.

Xu XR, Huang J, Xu ZG, Qian BZ, Zhu ZD, Yan Q, et al. Insight into hepatocellular
carcinogenesis at transcriptome level by comparing gene expression profiles of hepa-

tocellular carcinoma with those of corresponding noncancerous liver. Proc Natl Acad
Sci U S A. 2001;98(26):15089-94.

Ullmannova V, Popescu NC. Expression profile of the tumor suppressor genes
DLC-1 and DLC-2 in solid tumors. Int ] Oncol. 2006;29(5):1127-32.

Plaumann M, Seitz S, Frege R, Estevez-Schwarz L, Scherneck S. Analysis of DLC-1
expression in human breast cancer. ] Cancer Res Clin Oncol. 2003;129(6):349-54.

Wong CM, Lee JM, Ching YP, Jin DY, Ng IO. Genetic and epigenetic alterations of
DLC-1 gene in hepatocellular carcinoma. Cancer Res. 2003;63(22):7646-51.

189



190

Future Aspects of Tumor Suppressor Gene

[18]

[19]

[21]

[22]

[23]

[24]

[29]

Lahoz A, Hall A. DLCI: a significant GAP in the cancer genome. Genes Dev.
2008;22(13):1724-30.

Wistuba, II, Behrens C, Virmani AK, Milchgrub S, Syed S, Lam S, et al. Allelic losses
at chromosome 8p21-23 are early and frequent events in the pathogenesis of lung
cancer. Cancer Res. 1999;59(8):1973-9.

Chinen K, Isomura M, Izawa K, Fujiwara Y, Ohata H, Iwamasa T, et al. Isolation of
45 exon-like fragments from 8p22-->p21.3, a region that is commonly deleted in hepa-
tocellular, colorectal, and non-small cell lung carcinomas. Cytogenet Cell Genet.
1996;75(2-3):190-6.

Yuan BZ, Miller MJ, Keck CL, Zimonjic DB, Thorgeirsson SS, Popescu NC. Cloning,
characterization, and chromosomal localization of a gene frequently deleted in hu-
man liver cancer (DLC-1) homologous to rat RhoGAP. Cancer Res. 1998;58(10):
2196-9.

Homma Y, Emori Y. A dual functional signal mediator showing RhoGAP and phos-
pholipase C-delta stimulating activities. EMBO J. 1995;14(2):286-91.

Sekimata M, Kabuyama Y, Emori Y, Homma Y. Morphological changes and detach-
ment of adherent cells induced by p122, a GTPase-activating protein for Rho. ] Biol
Chem. 1999;274(25):17757-62.

Yamaga M, Kawai K, Kiyota M, Homma Y, Yagisawa H. Recruitment and activation
of phospholipase C (PLC)-deltal in lipid rafts by muscarinic stimulation of PC12
cells: contribution of p122RhoGAP/DLC1, a tumor-suppressing PLCdeltal binding
protein. Adv Enzyme Regul. 2008;48:41-54.

Rebecchi M], Pentyala SN. Structure, function, and control of phosphoinositide-spe-
cific phospholipase C. Physiol Rev. 2000;80(4):1291-335.

Nishizuka Y. Protein kinase C and lipid signaling for sustained cellular responses.
Faseb J. 1995;9(7):484-96.

Kawai K, Yamaga M, Iwamae Y, Kiyota M, Kamata H, Hirata H, et al. A PLCdeltal-
binding protein, p122RhoGAP, is localized in focal adhesions. Biochem Soc Trans.
2004;32(Pt 6):1107-9.

Yamaga M, Sekimata M, Fujii M, Kawai K, Kamata H, Hirata H, et al. A PLCdeltal-
binding protein, p122/RhoGAP, is localized in caveolin-enriched membrane domains
and regulates caveolin internalization. Genes Cells. 2004;9(1):25-37.

Kawai K, Iwamae Y, Yamaga M, Kiyota M, Ishii H, Hirata H, et al. Focal adhesion-
localization of START-GAP1/DLC1 is essential for cell motility and morphology.
Genes Cells. 2009;14(2):227-41.



[30]

[31]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

START-GAP/DLC Family Proteins: Molecular Mechanisms for Anti-Tumor Activities
http://dx.doi.org/10.5772/55268

Kawai K, Kitamura SY, Maehira K, Seike ], Yagisawa H. START-GAP1/DLC1 is local-
ized in focal adhesions through interaction with the PTB domain of tensin2. Adv En-
zyme Regul. 2010;50(1):202-15.

Kawai K, Kiyota M, Seike ], Deki Y, Yagisawa H. START-GAP3/DLC3 is a GAP for
RhoA and Cdc42 and is localized in focal adhesions regulating cell morphology. Bio-
chem Biophys Res Commun. 2007;364(4):783-9.

Kawai K, Seike J, Iino T, Kiyota M, Iwamae Y, Nishitani H, et al. START-GAP2/DLC2
is localized in focal adhesions via its N-terminal region. Biochem Biophys Res Com-
mun. 2009;380(4):736-41.

Tcherkezian ], Lamarche-Vane N. Current knowledge of the large RhoGAP family of
proteins. Biol Cell. 2007;99(2):67-86.

Ko FC, Yeung YS, Wong CM, Chan LK, Poon RT, Ng IO, et al. Deleted in liver cancer
1 isoforms are distinctly expressed in human tissues, functionally different and un-
der differential transcriptional regulation in hepatocellular carcinoma. Liver Int.
2010;30(1):139-48.

Zhou X, Thorgeirsson SS, Popescu NC. Restoration of DLC-1 gene expression indu-
ces apoptosis and inhibits both cell growth and tumorigenicity in human hepatocel-
lular carcinoma cells. Oncogene. 2004;23(6):1308-13.

Yuan BZ, Zhou X, Durkin ME, Zimonjic DB, Gumundsdottir K, Eyfjord JE, et al.
DLC-1 gene inhibits human breast cancer cell growth and in vivo tumorigenicity.
Oncogene. 2003;22(3):445-50.

Yuan BZ, Durkin ME, Popescu NC. Promoter hypermethylation of DLC-1, a candi-
date tumor suppressor gene, in several common human cancers. Cancer Genet Cyto-
genet. 2003;140(2):113-7.

Yuan BZ, Jefferson AM, Millecchia L, Popescu NC, Reynolds SH. Morphological
changes and nuclear translocation of DLC1 tumor suppressor protein precede apop-

tosis in human non-small cell lung carcinoma cells. Exp Cell Res. 2007;313(18):
3868-80.

Ullmannova V, Popescu NC. Inhibition of cell proliferation, induction of apoptosis,
reactivation of DLC1, and modulation of other gene expression by dietary flavone in
breast cancer cell lines. Cancer Detect Prev. 2007;31(2):110-8.

Zheng SL, Mychaleckyj JC, Hawkins GA, Isaacs SD, Wiley KE, Turner A, et al. Evalu-
ation of DLC1 as a prostate cancer susceptibility gene: mutation screen and associa-
tion study. Mutat Res. 2003;528(1-2):45-53.

Wong CM, Yam JW, Ching YP, Yau TO, Leung TH, Jin DY, et al. Rho GTPase-activat-
ing protein deleted in liver cancer suppresses cell proliferation and invasion in hepa-
tocellular carcinoma. Cancer Res. 2005;65(19):8861-8.

191



192

Future Aspects of Tumor Suppressor Gene

[42]

[43]

[44]

[45]

[47]

[48]

[49]

[50]

[51]

[53]

Wong CC, Wong CM, Ko FC, Chan LK, Ching YP, Yam JW, et al. Deleted in liver
cancer 1 (DLC1) negatively regulates Rho/ROCK/MLC pathway in hepatocellular
carcinoma. PLoS One. 2008;3(7):e2779.

Qian X, Li G, Asmussen HK, Asnaghi L, Vass WC, Braverman R, et al. Oncogenic in-
hibition by a deleted in liver cancer gene requires cooperation between tensin bind-
ing and Rho-specific GTPase-activating protein activities. Proc Natl Acad Sci U S A.
2007;104(21):9012-7.

Ng IO, Liang ZD, Cao L, Lee TK. DLC-1 is deleted in primary hepatocellular carcino-
ma and exerts inhibitory effects on the proliferation of hepatoma cell lines with delet-
ed DLC-1. Cancer Res. 2000;60(23):6581-4.

Goodison S, Yuan J, Sloan D, Kim R, Li C, Popescu NC, et al. The RhoGAP protein
DLC-1 functions as a metastasis suppressor in breast cancer cells. Cancer Res.
2005;65(14):6042-53.

Kim TY, Jong HS, Song SH, Dimtchev A, Jeong SJ, Lee JW, et al. Transcriptional si-
lencing of the DLC-1 tumor suppressor gene by epigenetic mechanism in gastric can-
cer cells. Oncogene. 2003;22(25):3943-51.

Seng TJ, Low JS, Li H, Cui Y, Goh HK, Wong ML, et al. The major 8p22 tumor sup-
pressor DLC1 is frequently silenced by methylation in both endemic and sporadic
nasopharyngeal, esophageal, and cervical carcinomas, and inhibits tumor cell colony
formation. Oncogene. 2007;26(6):934-44.

Guan M, Zhou X, Soulitzis N, Spandidos DA, Popescu NC. Aberrant methylation
and deacetylation of deleted in liver cancer-1 gene in prostate cancer: potential clini-
cal applications. Clin Cancer Res. 2006;12(5):1412-9.

Zhang Q, Ying J, Zhang K, Li H, Ng KM, Zhao Y, et al. Aberrant methylation of the
8p22 tumor suppressor gene DLC1 in renal cell carcinoma. Cancer Lett. 2007;249(2):
220-6.

Low JS, Tao Q, Ng KM, Goh HK, Shu XS, Woo WL, et al. A novel isoform of the 8p22
tumor suppressor gene DLC1 suppresses tumor growth and is frequently silenced in
multiple common tumors. Oncogene. 2011.

Ching YP, Wong CM, Chan SF, Leung TH, Ng DC, Jin DY, et al. Deleted in liver can-
cer (DLC) 2 encodes a RhoGAP protein with growth suppressor function and is un-
derexpressed in hepatocellular carcinoma. ] Biol Chem. 2003;278(12):10824-30.

Durkin ME, Ullmannova V, Guan M, Popescu NC. Deleted in liver cancer 3 (DLC-3),
a novel Rho GTPase-activating protein, is downregulated in cancer and inhibits tu-
mor cell growth. Oncogene. 2007;26(31):4580-9.

Durkin ME, Yuan BZ, Zhou X, Zimonjic DB, Lowy DR, Thorgeirsson SS, et al.
DLC-1:a Rho GTPase-activating protein and tumour suppressor. ] Cell Mol Med.
2007;11(5):1185-207.



[54]

[55]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

START-GAP/DLC Family Proteins: Molecular Mechanisms for Anti-Tumor Activities
http://dx.doi.org/10.5772/55268

Xiaorong L, Wei W, Liyuan Q, Kaiyan Y. Underexpression of deleted in liver cancer 2
(DLC2) is associated with overexpression of RhoA and poor prognosis in hepatocel-
lular carcinoma. BMC Cancer. 2008;8:205.

Leung TH, Ching YP, Yam JW, Wong CM, Yau TO, Jin DY, et al. Deleted in liver can-
cer 2 (DLC2) suppresses cell transformation by means of inhibition of RhoA activity.
Proc Natl Acad Sci U S A. 2005;102(42):15207-12.

Nagaraja GM, Kandpal RP. Chromosome 13q12 encoded Rho GTPase activating pro-
tein suppresses growth of breast carcinoma cells, and yeast two-hybrid screen shows
its interaction with several proteins. Biochem Biophys Res Commun. 2004;313(3):
654-65.

Durkin ME, Avner MR, Huh CG, Yuan BZ, Thorgeirsson SS, Popescu NC. DLC-1, a
Rho GTPase-activating protein with tumor suppressor function, is essential for em-
bryonic development. FEBS letters. 2005;579(5):1191-6.

Xue W, Krasnitz A, Lucito R, Sordella R, Vanaelst L, Cordon-Cardo C, et al. DLC1 is
a chromosome 8p tumor suppressor whose loss promotes hepatocellular carcinoma.
Genes Dev. 2008;22(11):1439-44.

Yau TO, Leung TH, Lam S, Cheung OF, Tung EK, Khong PL, et al. Deleted in liver
cancer 2 (DLC2) was dispensable for development and its deficiency did not aggra-
vate hepatocarcinogenesis. PLoS One. 2009;4(8):e6566.

Denholm B, Brown S, Ray RP, Ruiz-Gomez M, Skaer H, Hombria JC. crossveinless-c
is a RhoGAP required for actin reorganisation during morphogenesis. Development.
2005;132(10):2389-400.

Sato D, Sugimura K, Satoh D, Uemura T. Crossveinless-c, the Drosophila homolog of
tumor suppressor DLC1, regulates directional elongation of dendritic branches via
down-regulating Rhol activity. Genes Cells. 2010;15(5):485-500.

Ahmadian MR, Stege P, Scheffzek K, Wittinghofer A. Confirmation of the arginine-
finger hypothesis for the GAP-stimulated GTP-hydrolysis reaction of Ras. Nat Struct
Biol. 1997;4(9):686-9.

Healy KD, Hodgson L, Kim TY, Shutes A, Maddileti S, Juliano RL, et al. DLC-1 sup-
presses non-small cell lung cancer growth and invasion by RhoGAP-dependent and
independent mechanisms. Mol Carcinog. 2008;47(5):326-37.

Stapleton D, Balan I, Pawson T, Sicheri F. The crystal structure of an Eph receptor
SAM domain reveals a mechanism for modular dimerization. Nat Struct Biol.
1999;6(1):44-9.

Chi SW, Ayed A, Arrowsmith CH. Solution structure of a conserved C-terminal do-
main of p73 with structural homology to the SAM domain. EMBO J]. 1999;18(16):
4438-45.

193



194

Future Aspects of Tumor Suppressor Gene

[66]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

[76]

[77]

[78]

Mercurio FA, Marasco D, Pirone L, Pedone EM, Pellecchia M, Leone M. Solution
structure of the first Sam domain of Odin and binding studies with the EphA2 recep-
tor. Biochemistry. 2012;51(10):2136-45.

Qiao F, Bowie JU. The many faces of SAM. Science's STKE : signal transduction
knowledge environment. 2005;2005(286):re7.

Li H, Fung KL, Jin DY, Chung SS, Ching YP, Ng IO, et al. Solution structures, dy-
namics, and lipid-binding of the sterile alpha-motif domain of the deleted in liver
cancer 2. Proteins. 2007;67(4):1154-66.

Kim TY, Healy KD, Der CJ, Sciaky N, Bang Y], Juliano RL. Effects of structure of Rho
GTPase-activating protein DLC-1 on cell morphology and migration. J Biol Chem.
2008;283(47):32762-70.

Zhong D, Zhang ], Yang S, Soh U], Buschdorf JP, Zhou YT, et al. The SAM domain of
the RhoGAP DLC1 binds EF1A1 to regulate cell migration. J Cell Sci. 2009;122(Pt 3):
414-24.

Thornton S, Anand N, Purcell D, Lee J. Not just for housekeeping: protein initiation
and elongation factors in cell growth and tumorigenesis. Journal of molecular medi-
cine. 2003;81(9):536-48.

Liu G, Grant WM, Persky D, Latham VM, Jr., Singer RH, Condeelis J. Interactions of
elongation factor lalpha with F-actin and beta-actin mRNA: implications for anchor-
ing mRNA in cell protrusions. Mol Biol Cell. 2002;13(2):579-92.

Murray JW, Edmonds BT, Liu G, Condeelis ]. Bundling of actin filaments by elonga-
tion factor 1 alpha inhibits polymerization at filament ends. J Cell Biol. 1996;135(5):
1309-21.

Gross SR, Kinzy TG. Translation elongation factor 1A is essential for regulation of the

actin cytoskeleton and cell morphology. Nature structural & molecular biology.
2005;12(9):772-8.

Moore RC, Durso NA, Cyr R]. Elongation factor-lalpha stabilizes microtubules in a
calcium/calmodulin-dependent manner. Cell motility and the cytoskeleton.
1998;41(2):168-80.

Alpy F, Tomasetto C. Give lipids a START: the StAR-related lipid transfer (START)
domain in mammals. ] Cell Sci. 2005;118(Pt 13):2791-801.

Clark BJ. The mammalian START domain protein family in lipid transport in health
and disease. The Journal of endocrinology. 2012;212(3):257-75.

Iyer LM, Koonin EV, Aravind L. Adaptations of the helix-grip fold for ligand binding
and catalysis in the START domain superfamily. Proteins. 2001;43(2):134-44.

Soccio RE, Adams RM, Romanowski M], Sehayek E, Burley SK, Breslow JL. The cho-
lesterol-regulated StarD4 gene encodes a StAR-related lipid transfer protein with two



[80]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

START-GAP/DLC Family Proteins: Molecular Mechanisms for Anti-Tumor Activities
http://dx.doi.org/10.5772/55268

closely related homologues, StarD5 and StarDé6. Proc Natl Acad Sci U S A.
2002;99(10):6943-8.

Strauss JF, 3rd, Kishida T, Christenson LK, Fujimoto T, Hiroi H. START domain pro-
teins and the intracellular trafficking of cholesterol in steroidogenic cells. Mol Cell
Endocrinol. 2003;202(1-2):59-65.

Zhang M, Liu P, Dwyer NK, Christenson LK, Fujimoto T, Martinez F, et al. MLN64
mediates mobilization of lysosomal cholesterol to steroidogenic mitochondria. J Biol
Chem. 2002;277(36):33300-10.

Stocco DM. StAR protein and the regulation of steroid hormone biosynthesis. Annu
Rev Physiol. 2001;63:193-213.

Lavigne P, Najmanivich R, Lehoux JG. Mammalian StAR-related lipid transfer
(START) domains with specificity for cholesterol: structural conservation and mecha-
nism of reversible binding. Subcell Biochem. 2010;51:425-37.

Ng DC, Chan SF, Kok KH, Yam JW, Ching YP, Ng IO, et al. Mitochondrial targeting
of growth suppressor protein DLC2 through the START domain. FEBS Lett.
2006;580(1):191-8.

Hatch GM, Gu Y, Xu FY, Cizeau ], Neumann S, Park JS, et al. StARD13(Dlc-2) Rho-
Gap mediates ceramide activation of phosphatidylglycerolphosphate synthase and
drug response in Chinese hamster ovary cells. Mol Biol Cell. 2008;19(3):1083-92.

Tsujishita Y, Hurley JH. Structure and lipid transport mechanism of a StAR-related
domain. Nat Struct Biol. 2000;7(5):408-14.

Romanowski MJ, Soccio RE, Breslow JL, Burley SK. Crystal structure of the Mus
musculus cholesterol-regulated START protein 4 (StarD4) containing a StAR-related
lipid transfer domain. Proc Natl Acad Sci U S A. 2002;99(10):6949-54.

Thorsell AG, Lee WH, Persson C, Siponen MI, Nilsson M, Busam RD, et al. Compara-
tive structural analysis of lipid binding START domains. PLoS One. 2011;6(6):e19521.

Kudo N, Kumagai K, Matsubara R, Kobayashi S, Hanada K, Wakatsuki S, et al. Crys-
tal structures of the CERT START domain with inhibitors provide insights into the
mechanism of ceramide transfer. Journal of molecular biology. 2010;396(2):245-51.

Liao YC, Si L, deVere White RW, Lo SH. The phosphotyrosine-independent interac-
tion of DLC-1 and the SH2 domain of cten regulates focal adhesion localization and
growth suppression activity of DLC-1. J Cell Biol. 2007;176(1):43-9.

Chan LK, Ko FC, Sze KM, Ng IO, Yam JW. Nuclear-Targeted Deleted in Liver Cancer
1 (DLC1) Is Less Efficient in Exerting Its Tumor Suppressive Activity Both In Vitro
and In Vivo. PLoS One. 2011;6(9):e25547.

195



196

Future Aspects of Tumor Suppressor Gene

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

Yam JW, Ko FC, Chan CY, Jin DY, Ng IO. Interaction of deleted in liver cancer 1 with
tensin2 in caveolae and implications in tumor suppression. Cancer Res. 2006;66(17):
8367-72.

Brazil DP, Yang ZZ, Hemmings BA. Advances in protein kinase B signalling: AKTion
on multiple fronts. Trends Biochem Sci. 2004;29(5):233-42.

Whuestefeld T, Zender L. DLC1 and liver cancer: the Akt connection. Gastroenterolo-
gy. 2010;139(4):1093-6.

Hers I, Wherlock M, Homma Y, Yagisawa H, Tavare JM. Identification of p122Rho-
GAP (deleted in liver cancer-1) Serine 322 as a substrate for protein kinase B and ri-
bosomal S6 kinase in insulin-stimulated cells. ] Biol Chem. 2006;281(8):4762-70.

Ko FC, Chan LK, Tung EK, Lowe SW, Ng IO, Yam JW. Akt phosphorylation of Delet-
ed in Liver Cancer 1 abrogates its suppression of liver cancer tumorigenesis and
metastasis. Gastroenterology. 2010.

Niggli V. Regulation of protein activities by phosphoinositide phosphates. Annu Rev
Cell Dev Biol. 2005;21:57-79.

Parton RG, Simons K. The multiple faces of caveolae. Nat Rev Mol Cell Biol.
2007;8(3):185-94.

Couet ], Li S, Okamoto T, Ikezu T, Lisanti MP. Identification of peptide and protein
ligands for the caveolin-scaffolding domain. Implications for the interaction of caveo-
lin with caveolae-associated proteins. The Journal of biological chemistry.
1997;272(10):6525-33.

Scholz RP, Regner J, Theil A, Erlmann P, Holeiter G, Jahne R, et al. DLC1 interacts
with 14-3-3 proteins to inhibit RhoGAP activity and block nucleocytoplasmic shut-
tling. J Cell Sci. 2009;122(Pt 1):92-102.

Williams CL. The polybasic region of Ras and Rho family small GTPases: a regulator
of protein interactions and membrane association and a site of nuclear localization
signal sequences. Cell Signal. 2003;15(12):1071-80.

Stallings JD, Tall EG, Pentyala S, Rebecchi MJ. Nuclear translocation of phospholi-
pase C-deltal is linked to the cell cycle and nuclear phosphatidylinositol 4,5-bisphos-
phate. ] Biol Chem. 2005;280(23):22060-9.

Yagisawa H, Okada M, Naito Y, Sasaki K, Yamaga M, Fujii M. Coordinated intracel-
lular translocation of phosphoinositide-specific phospholipase C-delta with the cell
cycle. Biochimica et biophysica acta. 2006;1761(5-6):522-34.

Okada M, Taguchi K, Maekawa S, Fukami K, Yagisawa H. Calcium fluxes cause nu-
clear shrinkage and the translocation of phospholipase C-deltal into the nucleus.
Neurosci Lett. 2010;472(3):188-93.



[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

[113]

[114]

[115]

[116]

[117]

START-GAP/DLC Family Proteins: Molecular Mechanisms for Anti-Tumor Activities
http://dx.doi.org/10.5772/55268

Yamaga M, Fujii M, Kamata H, Hirata H, Yagisawa H. Phospholipase C-deltal con-
tains a functional nuclear export signal sequence. The Journal of biological chemistry.
1999;274(40):28537-41.

Yagisawa H, Yamaga M, Okada M, Sasaki K, Fujii M. Regulation of the intracellular
localization of phosphoinositide-specific phospholipase Cdelta(1). Advances in en-
zyme regulation. 2002;42:261-84.

Holeiter G, Heering J, Erlmann P, Schmid S, Jahne R, Olayioye MA. Deleted in liver
cancer 1 controls cell migration through a Dial-dependent signaling pathway. Can-
cer Res. 2008;68(21):8743-51.

Leung TH, Yam JW, Chan LK, Ching YP, Ng IO. Deleted in liver cancer 2 suppresses
cell growth via the regulation of the Raf-1-ERK1/2-p70S6K signalling pathway. Liver
Int. 2010.

Chan LK, Ko FC, Ng IO, Yam JW. Deleted in liver cancer 1 (DLC1) utilizes a novel
binding site for Tensin2 PTB domain interaction and is required for tumor-suppres-
sive function. PLoS One. 2009;4(5):e5572.

Yuan BZ, Jefferson AM, Baldwin KT, Thorgeirsson SS, Popescu NC, Reynolds SH.
DLC-1 operates as a tumor suppressor gene in human non-small cell lung carcino-
mas. Oncogene. 2004;23(7):1405-11.

Hacker G. The morphology of apoptosis. Cell Tissue Res. 2000;301(1):5-17.

Zender L, Spector MS, Xue W, Flemming P, Cordon-Cardo C, Silke J, et al. Identifica-
tion and validation of oncogenes in liver cancer using an integrative oncogenomic
approach. Cell. 2006;125(7):1253-67.

Kim TY, Lee JW, Kim HP, Jong HS, Jung M, Bang YJ. DLC-1, a GTPase-activating
protein for Rho, is associated with cell proliferation, morphology, and migration in
human hepatocellular carcinoma. Biochem Biophys Res Commun. 2007;355(1):72-7.

Zhou X, Zimonjic DB, Park SW, Yang XY, Durkin ME, Popescu NC. DLC1 suppress-
es distant dissemination of human hepatocellular carcinoma cells in nude mice
through reduction of RhoA GTPase activity, actin cytoskeletal disruption and down-
regulation of genes involved in metastasis. Int ] Oncol. 2008;32(6):1285-91.

Song L], Ye SL, Wang KF, Weng YQ, Liang CM, Sun RX, et al. [Relationship between
DLC-1 expressions and metastasis in hepatocellular carcinoma]. Zhonghua Gan Zang
Bing Za Zhi. 2005;13(6):428-31.

Shih YP, Liao YC, Lin Y, Lo SH. DLC1 negatively regulates angiogenesis in a para-
crine fashion. Cancer Res. 2010;70(21):8270-5.

Chung GE, Yoon JH, Lee JH, Kim HY, Myung SJ, Yu §J, et al. Ursodeoxycholic acid-
induced inhibition of DLC1 protein degradation leads to suppression of hepatocellu-
lar carcinoma cell growth. Oncol Rep. 2011;25(6):1739-46.

197



198

Future Aspects of Tumor Suppressor Gene

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Yang X, Popescu NC, Zimonjic DB. DLC1 interaction with SI00A10 mediates inhibi-
tion of in vitro cell invasion and tumorigenicity of lung cancer cells through a Rho-
GAP-independent mechanism. Cancer Res. 2011;71(8):2916-25.

Okumura K, Osanai T, Kosugi T, Hanada H, Ishizaka H, Fukushi T, et al. Enhanced
phospholipase C activity in the cultured skin fibroblast obtained from patients with

coronary spastic angina: possible role for enhanced vasoconstrictor response. Journal
of the American College of Cardiology. 2000;36(6):1847-52.

Nakano T, Osanai T, Tomita H, Sekimata M, Homma Y, Okumura K. Enhanced ac-
tivity of variant phospholipase C-deltal protein (R257H) detected in patients with
coronary artery spasm. Circulation. 2002;105(17):2024-9.

Murakami R, Osanai T, Tomita H, Sasaki S, Maruyama A, Itoh K, et al. p122 protein
enhances intracellular calcium increase to acetylcholine: its possible role in the patho-
genesis of coronary spastic angina. Arterioscler Thromb Vasc Biol. 2010;30(10):
1968-75.

Kandabashi T, Shimokawa H, Miyata K, Kunihiro I, Kawano Y, Fukata Y, et al. Inhib-
ition of myosin phosphatase by upregulated rho-kinase plays a key role for coronary
artery spasm in a porcine model with interleukin-1beta. Circulation. 2000;101(11):
1319-23.

Sato M, Tani E, Fujikawa H, Kaibuchi K. Involvement of Rho-kinase-mediated phos-
phorylation of myosin light chain in enhancement of cerebral vasospasm. Circulation
research. 2000;87(3):195-200.

Masumoto A, Mohri M, Shimokawa H, Urakami L, Usui M, Takeshita A. Suppres-
sion of coronary artery spasm by the Rho-kinase inhibitor fasudil in patients with
vasospastic angina. Circulation. 2002;105(13):1545-7.

Sakurada S, Takuwa N, Sugimoto N, Wang Y, Seto M, Sasaki Y, et al. Ca2+-depend-
ent activation of Rho and Rho kinase in membrane depolarization-induced and re-

ceptor stimulation-induced vascular smooth muscle contraction. Circulation
research. 2003;93(6):548-56.

Nuno DW, England SK, Lamping KG. RhoA localization with caveolin-1 regulates
vascular contractions to serotonin. American journal of physiology Regulatory, inte-
grative and comparative physiology. 2012;303(9):R959-67.



