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ABSTRACT

p190RhoGAP (p190) is a RhoGTPase activating protein which regulates a variety
of biological events by enhancing Rho-mediated hydrolysis of RhoGTP to RhoGDP.
Multiple lines of evidence suggest that p190 can function as a tumor suppressor, although
its mechanism of action remains unknown. p190 has also been implicated in the
apoptotic process as both protein and mRNA levels are upregulated upon apoptotic
initiation in rat prostate cells undergoing apoptosis. To gain insights into its mechanism
of action as a tumor suppressor, an overexpression approach was taken. Previous studies
revealed that overexpression of p190 in epithelial transformed cells led to a
multinucleated phenotype. Chromatin condensation, a marker of apoptosis, was also
frequently observed. In contrast, overexpression of p190 in non-transformed fibroblasts
led to a dendrite-like phenotype, in addition to chromatin condensation.

Work presented in this dissertation revealed that the primary phenotype of p190
overexpression is apoptosis, which occurs in a caspase- and Rho-dependent manner.
p190 overexpression also preferentially induced multinucleation in transformed cells and
dendrite-like formation in non-transformed cells, indicating that the secondary
phenotypes are determined by transformation status and may act as intermediate
phenotypes in the p190-apoptotic pathway. Preliminary data revealed that the NF-xB
pathway may be responsible for the differential response to p190 overexpression and that

apoptosis may proceed through a JINK-Bim/Mcl-1 pathway regardless of transformation



status. Finally, we show that p190 conferred docetaxel sensitivity to breast cancer cells
through its down regulation of Rho.

In addition to apoptosis, p190 regulates progression through cytokinesis.
Previous work demonstrated that p190 overexpression induces multinucleation as a result
of decreased RhoGTP levels at the cleavage furrow. This study demonstrates that p190
overexpression inhibited myosin Il activation, which is required for completion of
cytokinesis. p190 overexpression also reduced anillin localization to the cleavage
furrow, and silencing of anillin prevented p190 localization to the cleavage furrow.
Further studies revealed that p190 and anillin physically interact and regulate the
localization of each other in a contractility-dependent manner. Together the data from
this study further define the role of p190 in cytokinesis and clarify p190’s role as a tumor

SUPPressor.
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Chapter 1
Introduction:

To date, more than one hundred distinct types of cancers exist, many of which
are comprised of multiple subtypes (Kimura et al., 1996). Tumorigenesis, or the process
of tumor formation, is a multi-step process based on genetic alterations which cause the
transformation of normal cells into highly malignant cells. Hanahan and Weinberg
(Hanahan and Weinberg, 2000) defined “.....six essential alterations in cell physiology
that collectively dictate malignant growth.”. These alterations are self-sufficiency in
growth signals, insensitivity to growth-inhibiting signals, evasion of apoptosis, limitless
replicative potential, sustained angiogenesis, and tissue invasion and metastasis. While it
IS not necessary that a tumor have all six of these alterations, it is generally accepted that
the presence of a single alteration cannot alone lead to malignant transformation; it is a
combination of these six that proves deleterious. In other words, cancer is not due to a
single mutation, but a series of progressive mutations that cooperate to promote un-
inhibited cell growth. Multiple types of proteins contribute to the aforementioned
processes, including kinases, transcription factors, G-protein coupled receptors,
phosphatases, chaperones, and small-G proteins.

Thirty years after the identification of the first three oncogenes, Ras (Harvey,
1964), c-Src (Tal et al., 1977), and the Epidermal Growth Factor Receptor (EGFR)
(Anderson et al., 1980; Vennstrom and Bishop, 1982), these proteins continue to be a
major focus of cancer research. While one is a small-G protein (Ras), one is a cytosolic

kinase (Src), and the third is a receptor tyrosine kinase (EGFR), all are instrumental in



3
many of the six previously mentioned “essential alterations in cell physiology” necessary
for malignant transformation. Unfortunately modern medicine has only developed drugs
to two of the three oncogenes; c-Src and EGFR, while targeting Ras has proved much
more elusive. In fact, developing drugs to inhibit kinase activity is where the majority of
cancer research has been focused for the last thirty years. At this date there are currently
1,309 active oncology clinical trials for kinase inhibitors, and 1,540 oncology clinical
trials for monoclonal antibodies to receptor tyrosine kinase inhibitors. Conversely there
are only 109 active clinical trials for gene therapy and no active clinical trials targeting
either transcription factors or small-G proteins (Institute, 2011).

Rho, a member of the Ras superfamily of GTPases, functions in, apoptosis,
angiogenesis, invasion, and metastasis (Karlsson et al., 2009). More importantly,
multiple activators of Rho have been classified as oncogenes, while several of Rho’s
negative regulators are considered tumor suppressors. Additionally, Rho and Rho family
members are up-regulated in a variety of tumors and are often associated with poor
prognosis. (Vega and Ridley, 2008) Given all of this, the Rho family of proteins or their
effectors might be a promising new direction for cancer therapy to go.

Rho:

Rho was originally isolated from the mollusk Aplysia californica in 1985
(Madaule and Axel, 1985) and is the prototype for the Rho family of proteins. There are
20 members of the Rho family, grouped into 8 subfamilies: the prototypical Rho
subfamily contains RhoA, RhoB, and RhoC; the Rac subfamily consists of Racl, Rac2,

Rac3, and RhoG; subfamily 3 comprises Cdc42, TC10/RhoQ, and TCL/RhoJ; the fourth



subfamily includes CHP/RhoV, WRCH1/RhoU; RhoH is alone in the fifth subfamily;
subfamily 6 contains RhoBTB1 and RhoBTB2; the Rnd subfamily consists of Rnd1,
Rnd2, and Rnd3; and finally the last subfamily contains RIF/RhoF and RhoD (Heasman
and Ridley, 2008). Rho orthologs have been identified in protozoa, fungi, nematodes,
insects, and vertebrates, by comparative genome analysis, although no ortholog has ever
been found in plants (Miyoshi J., 2009).

Regulation of Rho:

Within this subfamily, Rho A, B, and C share greater than 50% overall sequence
homology to each other, including the same amino acid sequence in their effector domain
(amino acids 32-41). More importantly, they are all regulated in the same manner
(Kaibuchi et al., 1999; Nobes and Hall, 1994). Rho GTPases are controlled by GTP
binding. All GTPases act as molecular switches cycling between an active GTP-bound
state and an inactive GDP-bound state (Fig. 1). In the active state, RhoGTPases bind
effector molecules to activate them. The activities of the GTPases are controlled by three
different molecules; guanine nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs). GEFs activate
Rho by catalyzing the exchange of GDP for GTP. While Rho molecules have a high
affinity for both GTP and GDP alike, their intrinsic GTPase activity is slow (t1/, is about
5-10 min.) (Haeusler et al., 2003; Piekny et al., 2005). For this reason, they need GAPs
to stimulate their intrinsic GTPase activities and activate the switch. The role of the GDI
is to block the activation of the GTPase, keeping it in the inactive GDP-bound form (Jaffe

and Hall, 2005; Schmidt and Hall, 2002).



Figure |




Figure 1: The Rho activation cycle

The activity of Rho is regulated by three classes of proteins: guanine nucleotide
exchange factors (GEFs), GTPase-activating proteins (GAPS), and guanine nucleotide
dissociation inhibitors (GDI). Rho binds GTP with the aid of GEF’s, which exchange
GDP with GTP, activating the protein. GAP’s stimulate the intrinsic GTPase activity of
Rho, promoting hydrolysis of GTP to GDP, inactivating the protein. GDI’s prevent GDP
release, thereby maintaining Rho in the inactive state. While active, Rho can regulate
actin stress fiber and focal adhesion formation, membrane ruffling, neurite retraction,
smooth muscle contraction, cytokinesis, cell morphology, motility, and survival,

primarily through regulation of the cytoskeleton.



Rho molecules contain two important domains, switch 1 and switch 2. Switch 1,
or the effector domain, comprises amino acids 31-42 and is involved in the activation of
downstream signaling molecules. Switch 2, amino acids 63-79, undergoes a
conformational change to a closed position upon GDP binding (Wittinghofer and Nassar,
1996). When GDP is exchanged for GTP, this switch moves to an open, active
conformation (Bishop and Hall, 2000; Jaffe and Hall, 2005).

To date, 70 RhoGEFs have been identified in mammals (Vega and Ridley, 2008).
GEFs activate Rho by stimulating the release of GDP in exchange for GTP. Catalysis is
necessary, since the concentration of GDP is five times greater than GTP in the cell
(Cerione and Zheng, 1996; Kaibuchi et al., 1999). The vast majority of GEFs contain a
Dbl-homology (DH) domain and a Pleckstrin-homology (PH) domain tandem repeat
(Cerione and Zheng, 1996). The DH domain of GEFs interact with the switch 1 region of
the Rho molecule, while the PH domain is responsible for localizing the protein to the
plasma membrane (Ron et al., 1991; Whitehead et al., 1995).

GAP molecules counter the action of GEFs by stimulating Rho’s innate GTPase
activity (Moon and Zheng, 2003). There are currently 60 known mammalian RhoGAP’s
(Vega and Ridley, 2008), all of which contain a related GAP homology domain, roughly
140 amino acids in length (Kaibuchi et al., 1999). GAPs interact with RhoGTPases at
both switch 1 and 2, which constitute the GTP-binding core of the protein (Moon and
Zheng, 2003). Every GAP contains an arginine residue proposed to interact with GIn63
of the Rho molecule. This arginine donates an electrical charge which stabilizes the GIn

residue, properly orienting a water molecule for hydrolysis of the y-phosphate (Gamblin



and Smerdon, 1998). In this way, GAPs increase Rho’s ability to hydrolyze GTP and
down regulate their activity.

The multiplicity of RnoGEFs and RhoGAPs suggests that the different regulators
of Rho may have different biological functions. Conversely, only 3 RhoGDIs have been
identified (Vega and Ridley, 2008). Active RhoGTP is prenylated at the C-terminus,
which targets the protein to the cell membrane (Isomura et al., 1991; Katayama et al.,
1991; Takai et al., 1995). RhoGDI masks the prenyl modification of Rho, sequestering it
in the cytosol of the cell, preventing it from being activated by RhoGEFs. Moreover,
RhoGDI can also extract RhoGDP from the membrane, keeping it locked in its GDP
bound form (Isomura et al., 1991). In cells, Rho is primarily found as RhoGDP in
complex with RhoGDI (Takai et al., 1995).

Rho protein activation is also regulated by post-translational modifications. All
Rho family members contain a CAAX motif at their C-termini, which is essential for
many post-translation modifications (Glomset and Farnsworth, 1994). A prenyl group,
like the geranylgeranyl group, is added to the cysteine in this motif and is necessary for
localization to the membrane and subsequent activation (Horiuchi et al., 1991; Katayama
etal., 1991). Phosphorylation of Rho can also affect its activity. Specifically,
phosphorylation at Ser188 by PKA prevents its association with the plasma membrane,
enhances its affinity for RhoGDI and protects it from degradation (Ellerbroek et al.,
2003; Forget et al., 2002; Lang et al., 1996; Rolli-Derkinderen et al., 2005). Furthermore,
ubiquitination of Rho promotes proteosomal degradation of the protein (Ozdamar et al.,

2005; Wang et al., 2003).



Finally, Rho’s activity can be modulated by bacterial toxins. The C3 exoenzyme
family of toxins includes the Clostridium limosum transferase, which ADP-riboslyates
Rho at Asn 41. This ribosylation is thought to interfere with Rho’s ability to interact with
its downstream targets, effectively inhibiting its function (Aktories et al., 1989; Sekine et
al., 1989). Other bacterial toxins which affect the activity of Rho are the Clostridium
difficile toxins A and B. These toxins inactivate Rho by glycosylating the protein at
Thr37 (Just et al., 1994; Just et al., 1995). Finally, multiple studies have found that the
activities of some Rho family members can affect the activities of other Rho family
members. Specifically, Rho activation is inversely correlated with the activation of Racl
and Cdc42. This is regulated primarily through the activation of GEFs and GAPs, which
are activated or inactivated by one RhoGTPase to alter the activity of another
RhoGTPase (Karlsson et al., 2009; Miyoshi J., 2009; Vega and Ridley, 2008). However,
the major regulation of Rho proteins continues to be through the activity of GEFs, GAPs,
and GDls.

Functions of Rho:

RhoGTPases directly and indirectly regulate a myriad of targets, including
serine/threonine kinases, tyrosine kinases, lipid kinases, lipases, phosphatases, oxidases,
and scaffold proteins (Jaffe and Hall, 2005). Rho functions in so many pathways that 1%
of the human genome encodes proteins that either regulate or are regulated by direct
interaction with members of the RhoGTPase family (Kaibuchi et al., 1999). Through its
multiple targets, Rho functions in cell morphology determination (Paterson et al., 1990),

smooth-muscle contraction (Hirata et al., 1992), formation of stress fibers and focal
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adhesions (Nobes and Hall, 1994; Ridley and Hall, 1992), cell motility (Takai et al.,
1995; Takaishi et al., 1994), cytokinesis (Kishi et al., 1993; Mabuchi et al., 1993), cell-
cycle progression (Khosravi-Far et al., 1995; Olson et al., 1995; Yamamoto et al., 1993),
axon guidance and extension (Jalink et al., 1994; Nishiki et al., 1990), transformation
(Qiuetal., 1997; Qiu et al., 1995a; Qiu et al., 1995b), gene expression (Hill et al., 1995;
Perona et al., 1993), vesicle trafficking (Caron and Hall, 1998; Komuro et al., 1996;
Lamaze et al., 1996), and development (Glise and Noselli, 1997) (Miyoshi J., 2009)
(Figure 1).

Rho carries out these functions through the activation of its many effector
proteins, which include Rho-kinase/ROK/ROCK, myosin light chain phosphatase, citron
kinase, mDia, and LIM-kinase (LIMK) (Kaibuchi et al., 1999; Van Aelst and D'Souza-
Schorey, 1997). Rho can also affect gene transcription through the SRF (serum response
factor)-actin sensor, which is a promoter found in many genes whose products comprise
the cytoskeleton (Jaffe and Hall, 2005; Miralles et al., 2003). As Rho functions in so
many essential functions, it is of no surprise that alterations in the RhoGTPase pathways
have been implicated in a variety of malignancies.

Rho and Cancer:

RhoGTPases function in the acquisition by cancer cells of unlimited proliferation
potential, survival and evasion of apoptosis, tissue invasion, and the establishment of
metastases (Vega and Ridley, 2008). Unlike its family member Ras, no activating
mutations of RhoGTPases have been reported in cancers. However, an increase in

expression in hepatocellular carcinoma, bladder cancer, esophageal squamous cell
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carcinoma, head and neck squamous cell carcinoma, ovarian carcinoma, gastric
carcinoma, testicular carcinoma, colorectal carcinoma, non-small cell lung cancer, breast
cancer, pancreatic ductal adenocarcinoma, prostate carcinoma, melanoma, oral squamous
cell carcinoma, chronic myelogenous leukemia, non-Hodgkin’s lymphoma, multiple
myeloma, acute myeloid leukemia, hairy cell leukemia, and diffuse large-cell lymphoma
is often seen (Karlsson et al., 2009). Additionally, increased expression of RhoA and
activity in hepatocellular carcinoma and breast cancer correlates with poorer prognosis
(Fukui et al., 2006; Karlsson et al., 2009; Li et al., 2006). Rho activation also regulates
production of MMPs (Matrix Metalloproteinases), thereby affecting matrix remodeling
and tumor cell invasion (Braga et al., 1999).

Rho- and Rac-transformed murine fibroblasts can develop distant metastases in
the lung, spleen, lymph nodes, and other tissues when injected into immuno-
compromised mice (del Peso et al., 1997; Gomez del Pulgar et al., 2005), and the
overexpression of a constituently active Rho is tumorigenic in syngeneic mice (Perona et
al., 1993; van Leeuwen et al., 1995). Recently, overexpression of wild type RhoA was
shown to increase metastasis of ovarian cancer cells injected into the peritoneal cavity of
mice, providing further evidence to the notion that overexpression of wild type RhoA is
sufficient to promote tumorigenesis (Horiuchi et al., 2008). Furthermore, Rho signaling is
necessary for aberrant growth promoted by several oncogenic pathways, including the
EGFR (Boerner et al., 2000; Kim et al., 1998), IGFR (Sachdev et al., 2001), MET (Royal

et al., 2000), RET (Barone et al., 2001), and G-protein coupled receptors (Whitehead et
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al., 2001) (Gomez del Pulgar et al., 2005). RhoA, Racl, and Cdc42, are also crucial for
Ras-induced transformation (Qiu et al., 1997; Qiu et al., 1995a; Qiu et al., 1995b).

However, it is not just the RhoGTPases that are mis-regulated in cancer tissues.
The upstream and downstream regulators of these pathways can also function aberrantly
in malignant cells. Many RhoGEFs are well established oncogenes, including Dbl, Ost,
Ect-2, and Vav-1 (Hoffman and Cerione, 2002), while RhoGAPs play roles in tumor
suppression, like p190RhoGAP (Ludwig et al., 2009) and DLC-1 (Gomez del Pulgar et
al., 2005). Finally, ROCK, a downstream effector of RhoA (Jordan et al., 1999), and
PAK, a downstream effector of Rac1/Cdc42 (Schnelzer et al., 2000), are reported to be
upregulated in some cancers. Aberrant signaling within the RhoGTPase signaling
pathways is thought to be especially detrimental, because these pathways regulate many
crucial biological processes, including migration, cell cycle progression and survival.
Rho and Cytokinesis:

One of the primary cellular processes regulated by Rho is cytokinesis. This is
evidenced by the fact that depletion or inactivation of RhoA leads to cytokinesis failure
(Drechsel et al., 1997; Jantsch-Plunger et al., 2000; Kishi et al., 1993; Piekny et al.,
2005). Cytokinesis is a coordinated series of events that occurs in late mitosis. Itis
initiated by specification of the cleavage plane and followed by furrow assembly and
ingression, midbody formation, and cell separation. These events result in the production
of two daughter cells with an equal complement of chromosomes and membrane.
(Glotzer, 2001; Prokopenko et al., 2000; Zeitlin and Sullivan, 2001). Cytokinesis requires

the spatial and temporal control of actin and myosin which are controlled by Rho (Piekny
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et al., 2005). Specifically, Rho controls cytoplasmic division through the regulation of
the contractile ring, which contracts to separate the two daughter cells. The contractile
ring is comprised of an actin and myosin network that forms under the surface of cells
undergoing cell division (Drechsel et al., 1997; Kaibuchi et al., 1999; Kishi et al., 1993;
Mabuchi et al., 1993).

RhoA localizes to the cleavage furrow formation site (Nishimura et al., 1998;
Takaishi et al., 1995), and the inhibition of RhoA activity prevents cleavage furrow
formation (Kishi et al., 1993; Mabuchi et al., 1993). During the later stages of mitosis,
RhoGTP levels increase at the contractile ring (Kimura et al., 2000; Maddox and
Burridge, 2003; Yoshizaki et al., 2004). This increase is necessary for cleavage furrow
formation and function (Bement et al., 2005; Bement et al., 2006; Su et al., 2009),
suggesting that increased Rho activity at the equatorial midzone during cytokinesis is
required for cell division.

Rho has three main effector proteins that participate in this process: mDia, a
member of the formin family, Rho-dependent kinase (ROCK), and citron kinase (Piekny
et al., 2005). mDia has three isoforms, mDial, mDia2, and mDia3, which belong to the
family of Diaphanous-related formins (Goode and Eck, 2007); however, only mDia2 is
believed to play a role in cytokinesis (Miki et al., 2009; Watanabe et al., 2008). Binding
to active Rho relieves mDia’s autoinhibition by competing with the N-terminal DID
(Diaphanous inhibitory domain), preventing its association with mDia’s C-terminal DAD
(Diaphanous autoinhibitory domain) (Alberts, 2001) (Fig. 2A). This relief of

autoinhibition exposes the core FH1 and FH2 (formin-homology) domains of mDia
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Figure 2: Activation of Rho effectors

A: Activation of mDia. mDia is normally autoinhibited by the N-terminal DID
binding the C-terminus. This conformation blocks the FH1 and FH2 domains in the
center of the protein and prevents actin polymerization by mDia. When Rho is active, it
binds the N-terminal RBD and overlaps into the DID. This prevents association between
the DID and the DAD and relieves mDia’s autoinhibition. DID= Diaphonous inhibitory
domain, DAD=Diaphonous autoinhibitory domain, FH=Formin-homology, RBD=Rho-
binding domain

B: Activation of ROCK and citron kinase. The CR domain binds and inhibits the
kinase domain. Active Rho binds the RBD in the center of the protein and relieves the
autoinhibition of the enzymes. This allows the kinase domain of each protein to interact
with their downstream effectors. CR=Cysteine rich, PH=Pleckstrin homology domain,

RBD=Rho-binding domain.
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which promote actin polymerization (Otomo et al., 2005a; Piekny et al., 2005; Rose et al.,
2005). Once the FH2 domain has been exposed, mDia becomes elongated and dimerizes
to create a ring-like molecule that makes contact with multiple actin subunits. This event
promotes the association of two actin monomers and creates a binding site for a third
monomer (Otomo et al., 2005b; Shimada et al., 2004; Xu et al., 2004). The formin dimer
then remains associated with the barbed end of the actin filament, capping it, while still
allowing for recruitment of additional actin monomers, in this way facilitating actin
polymerization (Kovar and Pollard, 2004). These actions are necessary for the formation
of the contractile ring, as was evidenced when depletion of mDia led to a disruption in
furrow formation and phenotypes similar to actin depletion.

In addition to its role in actin nucleation, mDia functions in the stabilization of
MTs (DeWard and Alberts, 2008; Fukata et al., 2003; Narumiya et al., 2009), which is a
Rho-dependent process (Cook et al., 1998; Palazzo et al., 2001). Depletion of mDial
destabilizes MTs (Goulimari et al., 2005; Yamana et al., 2006). The mechanism by
which mDia promotes MT stabilization is still not completely understood; however, it is
known that mDia binds two plus end MT-tip interacting proteins, EB1 and APC.
Evidence suggests that binding of these proteins at the growing end stabilizes MTs (Wen
et al., 2004). A second possible mechanism has also been proposed based upon the data
that the FH2 domain of mDia2 binds directly to MTs (Bartolini et al., 2008). This theory
puts forth the idea that mDia binds along the length of the filament, stabilizing it, and
suggests that dimerization of mDia allows bundling of MT, further promoting

stabilization (Bartolini et al., 2008; DeWard and Alberts, 2008). While the mechanism of
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regulation may not be completely understood, the connection and biological effect of Rho
activation on MT stabilization through mDia has been well documented.

Another target of Rho, ROCK, regulates furrow ingression by activating myosin
I and promoting actin filament polymerization (Riento and Ridley, 2003). Two isoforms
of Rho dependent kinases (ROCK), ROCK I, and ROCK Il have been described
(Nakagawa et al., 1996). ROCKSs are serine/threonine kinases that are autoinhibited in
their native state. The N-terminus of the protein contains the kinase domain, while the C-
terminus has a Pleckstrin Homology (PH) domain with an internal cysteine-rich domain.
The kinase domain binds to the cysteine-rich domain within the PH-domain, maintaining
the protein in an inhibited form. (Amano et al., 1999) In the center of the protein is the
Rho binding domain (RBD). When Rho is bound to GTP, it binds ROCK at the RBD,
resulting in release of the kinase domain and the cysteine rich domain and ultimately
activation of ROCK (Alberts et al., 1998) (Fig. 2B). Activated ROCK can lead to
increased polymerization of actin filaments through the activation of LIM kinases.
ROCK phosphorylates LIMK1 at Thr508 (Ohashi et al., 2000) and LIMK2 at Thr505
(Sumi et al., 2001), which in turn phosphorylate and inactivate cofilin, an actin-
depolymerizing protein (Agnew et al., 1995). In this way ROCK phosphorylation of
LIMK prevents actin depolymerization.

Actin is only one component, albeit a major one, of the actomyosin network that
provides the mechanical force responsible for contraction of the cleavage furrow. The
other major member of the network is myosin 11, whose activity is also regulated by

ROCK. Myosin Il is a hexamer containing two heavy chains, each with an ATPase
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activity, two essential light chains, and two regulatory light chains (rMLC).
Phosphorylation of Ser19 on the rMLC stimulates assembly of myosin Il into filaments
and activates the actin-dependent ATPase activity of the motor. This phosphorylation
and subsequent activation of myosin Il drive cleavage furrow contraction (Matsumura,
2005; Piekny et al., 2005). ROCK is one of multiple kinases that can directly
phosphorylate Ser19 of rMLC resulting in its activation (Amano et al., 1996). ROCK
also phosphorylates and inactivates the phosphatase responsible for dephosphorylating
rMLC at Ser19, myosin light chain phosphatase, thus further promoting contraction
(Kimura et al., 1996).

The final Rho target in this process is citron kinase, another serine/threonine
kinase, which also phosphorylates rMLC. The structure of citron kinase is very similar to
ROCK, in that it has an N-terminal kinase domain, a middle coiled-coil domain, which
contains the RBD, and a C-terminal PH-domain (Madaule et al., 2000). Citron kinase
phosphorylates rMLC at Ser19 and at Thr18 as well, the latter of which is thought to be
critical for increasing myosin’s activity (Yamashiro et al., 2003). Activity of citron
kinase is required for completion of cytokinesis, as mutation or deletion of the protein
results in cytokinesis failure (Di Cunto et al., 2000; Echard et al., 2004; Shandala et al.,
2004). However ROCK and citron kinase do not have redundant activities in cytokinesis.
Several studies suggest that ROCK plays a role in regulating the rate of contractile ring
ingression, while citron kinase functions in contraction of the cleavage furrow and
cytokinesis completion (Matsumura, 2005; Piekny et al., 2005). In fact, ROCK may not

be required for cytokinesis, as the ROCK inhibitor, Y-27632, neither blocks initiation nor
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the completion of cytokinesis, though it does slow contraction of the cleavage furrow
(Kosako et al., 2000; Madaule et al., 2000).

While mDia, ROCK, and citron kinase are the most well studied targets of Rho,
they are not the only effectors of Rho that affect the cell-cycle. Rho can also influence
the activity of cyclin-dependent kinases (CDKs) during G1, as well as promote
organization of microtubules and the actin cytoskeleton during M phase (Jaffe and Hall,
2005). As additional evidence of Rho’s importance for the completion of cytokinesis, its
activity has been shown to increase during the process (Bishop and Hall, 2000; Glotzer,
2001; Prokopenko et al., 2000). While it is evident that Rho is critical for cytokinesis, it
is important to remember that Rho also functions in many different aspects of cellular
function, including adhesion and motility.

Rho and Apoptosis:

Conversely, inactive RhoGTPases also have effects on the cell. Many groups
have found that prolonged inactivation of the RhoGTPases, Rho, Racl, or Cdc42, leads
to aberrant cellular function and ultimately cell death. Treatment of cerebellar granule
neurons with Clostridium difficile toxin (Tox B), a specific Rho family inhibitor, leads to
cytochrome c release and the activation of both caspases-9 and -3. Similar outcomes
were seen when dominant negative Racl was introduced into neurons, which led to
apoptosis via a c-Jun-dependent pathway (Le et al., 2005). Transfection of dominant
negative Racl or Cdc42 into Balb/c 3T3 murine fibroblasts resulted in p53-mediated
apoptosis (Lassus et al., 2000). Moorman and colleagues specifically inhibited RhoA in

EL4 T lymphoma cells with C3 toxin, resulting in 95% cell death (Moorman et al., 1996).
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The final piece of evidence that control of RhoGTPase activity is necessary for cell
survival comes from the fact that cell lines stably expressing RhoGAPs (resulting in
inactive Rho) cannot be generated, presumably due to the deleterious effects on RhoGTP
levels.

Attempts to characterize molecular pathways leading to apoptosis that are
initiated by Rho inactivation have yielded many candidates, including a decrease in Akt
activity (Khwaja et al., 2006; Stepan et al., 2004), a decrease in NF-«xB activity
(Hippenstiel et al., 2002b; Liu et al., 2004), and an increase in p53 activity (Costello et
al., 2000; Li et al., 2002), among others. Taken together, these pieces of evidence
underscore the idea that control of RhoGTPase activity is necessary for cell survival.
Rho and Neurite Regulation:

The three main RhoGTPase family members, RhoA, Racl, and Cdc42 exhibit
antagonistic effects on neurite regulation, with Rho promoting neurite retraction and
Racl and Cdc42 promoting neurite outgrowth (Koh, 2006). For example constitutively
active Rho induces neurite retraction in PC12 and N1E115 cells (Koh, 2006; Tigyi et al.,
1996), while Rho inactivation by C3 toxin, or dominant negative Rho results in neurite
outgrowth (Jalink et al., 1994; Koh, 2006; Kozma et al., 1995). Neurite outgrowth in
N1E115 cells requires activation of both Racl and Cdc42, and expression of dominant
negative forms of either protein inhibits formation of neuritic processes (Sarner et al.,
2000). Interestingly, neurite extension induced by Rho inhibition can be blocked by
concomitant expression of dominant negative Cdc42 (Kozma et al., 1997), thus

highlighting the inter-relationship between the two proteins. Regulators of each of these
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proteins can also promote or inhibit neurite extension. GEFs specific for Racl and
Cdc42 such as Tiam1, STEF, and FIR, all promote neurite extension, as do RhoGAP’s
such as p190RhoGAP. In contrast, the Rho GEFs, GEF KIAA03880 and Kalirin,
stimulate neurite retraction, similar to the Racl and Cdc42 GAP, RICS (Koh, 2006).
These observations underscore the fact that RhoGTPases regulate the growth and
retraction of neurite process and that members of the family function in opposing ways to
do so.

Neurite outgrowth and retraction are also regulated by the interplay between actin
and myosin (Georges et al., 2008; Koh, 2006; Luo, 2002). Actin dynamics are controlled
primarily by two proteins: Arp2/3, which regulates its polymerization; and cofilin, which
regulates its depolymerization (Luo, 2002). Arp2/3 can be activated by N-WASP, a
downstream effector of Cdc42 (Miki et al., 1998; Rohatgi et al., 1999), and
SCAR/WAVE, a target of Racl (Kim et al., 2006; Machesky et al., 1999; Miki et al.,
1998). Cofillin, on the other hand, is inhibited by LIMK (Agnew et al., 1995), a known
substrate of PAK (Edwards et al., 1999). PAK is one of the major effectors for both Racl
and Cdc42 (Jaffe and Hall, 2005). Through PAK and other downstream effectors, Racl
and Cdc42 promote, regulate, and maintain actin polymerization, a key element of neurite
outgrowth. In this way activation of Racl and Cdc42 promote neurite extension.

Although the mechanism by which Rho induces neurite retraction is not yet
completely understood, the prevailing theory is that ROCK activates rMLC to activate
myosin, thereby increasing the speed of retrograde flow of actin, resulting in greater actin

depolymerization (Luo, 2002). Evidence supporting this model is provided by the
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finding that ROCK activation induces neurite retraction, a similar phenotype seen with
increased MLC phosphorylation. Additionally, treatment with a ROCK inhibitor blocks
both neurite retraction and MLC phosphorylation (Hirose et al., 1998). Finally, when
Rho levels are maintained at below basal levels, an increase in the activation of Racl and
Cdc42 is observed (Luo, 2002; Moorman et al., 1999), ultimately resulting in neurite
extension. These observations support the idea that Rho inactivation induces neurite
outgrowth through two mechanisms. First, Rho inactivation increases Racl and Cdc42
GTP levels which promote actin polymerization and neurite extension. Second, Rho
inactivation reduces myosin activity through ROCK, decreasing retrograde flow of actin,
further promoting neurite extension through increased actin polymerization at the neurite
tip.
p190RhoGAP:

As discussed above, GTPase Activating Proteins (GAPS) stimulate the intrinsic
GTPase activity of the Rho proteins leading to the inactivation of Rho (Hall, 1990;
Kaibuchi et al., 1999; Takai et al., 1995). The first RnoGAP protein was described in
1991 (Diekmann et al., 1991), and since then about 60 GAP-domain containing proteins
have been identified (Vega and Ridley, 2008). The RhoGAP family of proteins is
defined by the presence of a GAP domain, which is comprised of approximately 150
amino acids that share a minimum of 20% sequence identity (Moon and Zheng, 2003).
The GAP domain is characterized by nine a-helices and a loop structure containing an
arginine finger (Gamblin and Smerdon, 1998). The arginine finger inserts into the

phosphate-binding pocket of the small-G protein target to activate the intrinsic GTPase
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activity (Nassar et al., 1998). Mutation of the arginine ablates this activity and results in
a dominant negative GAP protein. This mutant is capable of binding its respective small-
G protein but is unable to stimulate the small-G’s GTPase activity (Li et al., 1997).

Structure of p190:

Among the 60 defined GAPs is a 190 kD protein termed p190RhoGAP (p190).
p190 has a high affinity for Rho, although it can also regulate Rac1 and Cdc42 to a much
lesser degree (Kaibuchi et al., 1999; Ridley et al., 1993; Settleman et al., 1992a). p190
regulates actin cytoskeleton dynamics by inactivating RhoA (Chang et al., 1995; Ridley
et al., 1993), one demonstration of this occurred when microinjection of p190 into Swiss
3T3 cells blocked Rho-mediated actin stress fiber formation (Ridley et al., 1993).

The p190RhoGAP family is comprised of only two members, p190RhoGAP-A
(p190-A) (Settleman et al., 1992b) and p190RhoGAP-B (p190-B) (Burbelo et al., 1995),
each encoded by a different gene. The gene encoding p190-A localizes to human
chromosome 19q13.3 (Tikoo et al., 2000), while p190-B is located at the ArhGAPS locus
on 14qg12 (Burbelo et al., 1998). The two 190 kDa proteins share 50% sequence identity
and function as GTPase activating proteins (GAPs) for the Rho family of small GTPases.
p190-A was identified six years before p190-B, and hence many initial reports refer to
the protein as simply p190RhoGAP. Unless otherwise noted, this dissertation describes
attributes ascribed to p190-A and to p190, which is assumed to mean p190-A. p190-A,
like p190-B, is composed of three major domains (Fig. 3) an amino (N)-terminal GTP-

binding domain (GBD), a large middle domain that contains numerous protein—protein
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Figure 3

Structure of p190RhoGAP
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Figure 3: Schematic representation of p190RhoGAP
p190 is a RhoGTPase activating protein (GAP) that consists of a N-terminal GTP-
binding domain (GBD), a Middle Domain, and a GAP domain. Phosphorylation at
Y1105 activates the protein. The MD domain has been arbitrarily divided into 3 sections
(Secl, Sec2, and Sec3). The GAP domain is specific for Rho family members and
contains the arginine finger, R1283. Adjacent to the GAP domain is a proline rich

region.
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interaction motifs and a single major site of tyrosine phosphorylation, Tyr 1105 (Roof et
al., 1998), and a carboxyl (C)-terminal GAP domain (Riento et al., 2005). The N-terminal
GBD of p190-A binds GTP in a specific and saturable manner (Foster et al., 1994; Roof
et al., 2000), but to date, no binding partners specific for the GTP-bound state have been
identified, nor has an intrinsic GTPase activity of the region been confirmed. Thus, the
significance of GTP binding to this domain remains unclear. However, the GBD, in
conjunction with the first third of the middle domain, regulates p190 degradation during
the last phase of cell division (cytokinesis) (Manchinelly et al., 2010; Su et al., 2009) and
contains a preponderance of ubiquitination sites, several of which are critical for this
purpose. Finally, Roof et al. found that Src-mediated phosphorylation of the N-terminal
GBD of p190 alters the protein's ability to bind GTP (Roof et al., 2000), which affects the
GAP activity of p190 (Tatsis et al., 1998).

The middle domain contains several diphenylalanine (FF) motifs that bind RNA-
binding proteins, including the transcription factor TF-11 (Jiang et al., 2005; Mammoto et
al., 2009), numerous putative Src homology 3 (SH3)-domain binding tracts, a plethora of
consensus sites for phosphorylation of serines and threonines, and one dominant
phospho-tyrosine site, Tyr 1105, which serves as the major binding site for p120RasGAP
(Hu and Settleman, 1997; Roof et al., 1998). Phosphorylation of Tyr 1105 by Src family
kinases and other tyrosine kinases results in activation of p190's RhoGAP activity and
inhibition of the RasGAP activity of bound p120RasGAP (Haskell et al., 2001a; Koehler
and Moran, 2001; Settleman et al., 1992a). This event co-regulates signaling through the

Ras (upregulated) and Rho (down regulated) pathways. Finally, the middle domain binds
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RhoE, which in turn activates the GAP activity of p190, decreasing cellular Rho-GTP
levels (Fortier et al., 2008; Wennerberg et al., 2003). This pathway is functional in many
cell types, but is particularly well studied in muscle, where RhoE regulates myoblast
alignment prior to myotube formation.

In vitro, the C-terminal GAP domain functions in a hierarchical fashion to
activate the intrinsic GTPase activity of Rho family members (Rho > Rac > Cdc42) in a
reaction that converts activated, GTP-bound small GTPase to its inactive, GDP-bound
state. Like many RhoGAP proteins, the active site of p190 is dependent upon the
presence of an arginine finger located at Arg 1283. Mutation of this site inactivates the
catalytic activity of p190 and results in a dominant-negative protein (Li et al., 1997). In
intact cells, p190 preferentially targets Rho (Ridley et al., 1993), and inactivation of Rho
by p190 impairs Rho-dependent cytoskeleton re-arrangements (Chang et al., 1995; Ridley
et al., 1993). These processes are regulated by Rho effectors, such as ROCK, citron
kinase, mDia and others (Narumiya et al., 2009; Narumiya and Yasuda, 2006).

Requlation of p190:

The activation of p190 was originally found to be dependent upon
phosphorylation at Y1105 by Src (Haskell et al., 2001a; Roof et al., 1998; Settleman et
al., 1992Db). Since then, a variety of tyrosine kinases and other enzymes have been shown
to regulate p190. Tyrosine kinases Fyn (Liang et al., 2004; Wolf et al., 2001), breast
tumor kinase (Brk) (Shen et al., 2008), focal adhesion kinase (FAK) (Holinstat et al.,
2006), Fgr (Continolo et al., 2005), v-abl Abelson murine leukemia viral oncogene 2

(ABLZ2; also called ABL-related gene (Arg) (Hernandez et al., 2004; Shimizu et al.,
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2008), and the TEL-ARG oncogenic fusion protein (Palmi et al., 2006), all directly
activate p190. While, v-FMS (Trouliaris et al., 1995), NADPH oxidase (Nox-1)
(Shinohara et al., 2007), angiotensin Il (Rattan et al., 2003; Schieffer et al., 1996), Gays
(Bartolome et al., 2008), protein kinase C (PKC) (Brandt et al., 2002), and the p110A
isoform of phosphatidylinositol 3-kinase (PI3K) (Papakonstanti et al., 2007) indirectly
increase either the tyrosine phosphorylation of p190 and/or its activation. While these are
the pathways that have been implicated in p190 activation, other groups have looked
farther upstream at the activation of p190. A major pathway for p190 activation occurs
through engagement of various integrins, such as agP; (Nakahara et al., 1998), o431
(Moyano et al., 2003), asp; (Bass et al., 2008; Wickstrom et al., 2003), and 3, (Dib et al.,
2001), along with soluble fibronectin, type I collagen, or laminin treatment (Svoboda et
al., 1999). p190 is also activated upon cadherin engagement (Noren et al., 2003), plexin
activation (Barberis et al., 2005), and filamin accumulation (Janiak et al., 2006).
Furthermore, treatment with epidermal growth factor (EGF) (Chang et al., 1995; Haskell
et al., 2001b), vascular endothelial growth factor (VEGF) (Singleton et al., 2008) or
PDGF (Chiarugi et al., 2000a) leads to an increase in p190RhoGAP activity through
phosphorylation at Y1105 by c-Src.

Phosphorylation at Y1105 promotes binding to p120RasGAP (p120), allowing for
further RhoGAP activation (Bradley et al., 2006; Chang et al., 1995; Sharma, 1998).
However, this binding is not required for activation, as p190 is still active even when
binding to p120 is inhibited (Tsubouchi et al., 2002). Furthermore, the presence of

p120RasGAP can indirectly increase the tyrosine phosphorylation status of p190,
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possibly through the mitogen-activated protein kinase (MAPK) pathway (van der Geer et
al., 1997). Within the structure of p190 there are two closely linked tyrosine-containing
peptides surrounding Y1087 and Y1105 that can bind simultaneously to the two tandem
SH2 domains of p120RasGAP upon p190 phosphorylation. This binding can lead to an
increase in the accessibility of p120RasGAP’s SH3 domain, and an increase in the
binding of the complex’s downstream targets (Hu and Settleman, 1997). Therefore, p190
often goes through two steps of activation, phosphorylation at Y1105 and binding to
p120RasGAP, which further stimulates activation.

While tyrosine phosphorylation promotes activation of p190, multiple
mechanisms can decrease its activity. Some serine/threonine phosphorylations can down
regulate the activity of p190 (Maddox and Burridge, 2003), as evidenced by a decrease in
activation upon glycogen synthase kinase-33 (GSK-3p) phosphorylation (Jiang et al.,
2008). Different phospholipids have also been shown to inhibit the RhoGAP activity of
p190 and increase its RacGAP activity, although the biological processes regulated by
this conversion are still not known (Ligeti et al., 2004; Ligeti and Settleman, 2006).
Whereas the tyrosine phosphorylation of p190 increases activation, the
dephosphorylation of p190 can lead to a decrease in activity. Several different
phosphatases have been implicated in the negative regulation of p190RhoGAP, including
protein tyrosine phosphatase 20 (PTP20) (Shiota et al., 2003) and protein tyrosine
phosphatase receptor type z (Ptprz) (Tamura et al., 2006), which have been shown to
dephosphorylate Y1105. LMW-PTP (Chiarugi et al., 2000b) and protein tyrosine

phosphatase PEST (PTP-PEST) (Sastry et al., 2006) have also been shown to
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dephosphorylate p190-A, but details of the exact residue are not known. Interestingly,
p190 activation by phosphorylation is sensitive to the redox state of the cell. Racl
activation results in the production of reactive oxygen species (ROS), which inactivate
the low molecular weight-protein tyrosine phosphatase (LMW-PTP), inhibiting p190
dephosphorylation, and increasing the activity of p190RhoGAP (Nimnual et al., 2003).

In this way, Racl activation is thought to decrease activation of Rho.

Aside from phosphatase activity, a decrease in the activity of p190 can also be
due to down regulation of one of the activation pathways of p190. For example, Thy-1
(Barker et al., 2004), Src-associated in mitosis (Sam68) (Huot et al., 2009), caveolin-1
(Grande-Garcia et al., 2007), and receptor for activated protein kinase C (RACK1)
(Miller et al., 2004) all inhibit Src activation, resulting in a decrease in p190 activation.
Furthermore, while most isoforms of PKC have been shown to activate p190 (Brandt et
al., 2002), inhibition of PKCA increases activity of p190, suggesting that PKCA may also
negatively regulate p190, at either the FF domain, or the GTPase domain (Fordjour and
Harrington, 2009). Recently ROCK was found to regulate Rho activity in a positive feed
back loop involving p190. Specifically, endothelin-1 treatment activates RhoA, which
stimulates ROCK. ROCK, in turn phosphorylates p190 at Ser1150 resulting in a
decrease in p190’s activity, thus maintaining Rho activation (Mori et al., 2009). While
multiple kinases and phosphatases modify p190 and alter its activation, the primary
regulation of activity remains phosphorylation at Y1105.

Functions of p190:
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Through Rho-dependent and independent mechanisms, p190 regulates both actin
and microtubule dynamics, which modulate a variety of cellular processes, including
cell-substratum interaction (Bass et al., 2008; Shiota et al., 2003) cell—cell adhesion
(Playford et al., 2008; Wildenberg et al., 2006), cell spreading (Arthur and Burridge,
2001), motility and migration (Barker et al., 2004; Jiang et al., 2008; Shimizu et al.,
2008), invasion (Bartolome et al., 2008; Nakahara et al., 1998), cell-fate determination
and angiogenesis (Mammoto et al., 2009), vascular permeability (Holinstat et al., 2006;
Mammoto et al., 2007), cell-cycle progression (Maddox and Burridge, 2003; Su et al.,
2003; Su et al., 2009), death (Morrissey et al., 1999), and neuronal
differentiation/development (Billuart et al., 2001; Brouns et al., 2000; Lamprecht et al.,
2002; Liang et al., 2004; Sfakianos et al., 2007; Zhang and Macara, 2008). Like Rho, it
too has been implicated in tumorigenesis, specifically as a tumor suppressor, given that
p190 regulates cell-cycle progression, apoptosis, and invasion and migration.
p190 and Tumor Suppression:

Like many tumor suppressors, the exact mechanism by which p190 controls
unregulated cell growth is still unknown. However, like its counterpart, the RhoGAP
Deleted in Liver Cancer (DLC-1), mounting evidence suggests that p190 does function as
a tumor suppressor. The gene for p190-A has been mapped to chromosome 19q13.3, a
region that is rearranged in pancreatic, ovarian, thyroid, and brain cancers (Tikoo et al.,
2000). Overexpression of p190 can inhibit PDGF-induced gliomas in a mouse model
(Wolf et al., 2003), and the N- and C-terminal domains independently suppress Ras-

induced transformation in NIH3T3 cells (Wang et al., 1997). In mouse models,
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Morrissey et. al. found that p190 expression was increased in apoptotic epithelial cells
following castration (Morrissey et al., 1999). Mammoto et. al. demonstrated that p190
inhibits angiogenesis in both mice and tissue culture by sequestering the transcription
factors, TF-11 and GATAZ, in the cytosol and inhibiting the production of VEGFR
(Mammoto et al., 2009). Finally, p190 also inhibits metastasis and invasion. A
p190/Rho chimera reduced human pancreatic cancer invasion and metastasis (Kusama et
al., 2006), while p190 activation inhibited invasion of melanoma cells (Molina-Ortiz et
al., 2009). Taken together, these findings suggest that p190RhoGAP may be a tumor
suppressor protein that functions through Rho.
p190 and Cytokinesis:

p190 levels are modulated during cell cycle progression, like many negative

regulators of the cell cycle (Su et al., 2003). Since the primary target of p190 is RhoA,
and the activity of Rho is known to increase during cytokinesis, we posit that p190 levels
or activity should decrease during the process. If p190 cannot be decreased due to
overexpression in breast cancer cells, failure to complete cytokinesis and multinucleated
cells result (Su et al., 2003). To test this hypothesis levels of endogenous p190 were
measured throughout the cell-cycle, and a significant decrease in p190 levels upon entry
into mitosis were observed (Su et al., 2003). Further investigation revealed that p190 is
degraded in a ubiquitin-dependent manner and that this down regulation is required for
completion of cytokinesis. Specifically, when endogenous p190 was knocked down and
a non-degradable mutant was re-introduced at endogenous levels, cytokinesis failure was

seen (Manchinelly et al., 2010). Recently, a group in Japan identified an activator of the
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anaphase-promoting complex (APC), Cdh1, as the protein responsible for targeting p190
for mitotic degradation (Naoe et al., 2010).

During cytokinesis active Rho localizes to the cleavage furrow (Piekny et al.,
2005), where the remaining p190 that is not degraded also localizes (Su et al., 2003).
FRET analysis and real time microscopy indicated that cells with appropriate amounts of
p190 during cytokinesis have high levels of RhoGTP at the cleavage furrow and are able
to successfully complete cytokinesis. However, upon overexpression of p190, a
significant decrease in RhoGTP levels can be visualized at the cleavage furrow,
ultimately resulting in failure of cytokinesis and multinucleation (Su et al., 2009). p190-
induced multinucleation is dependent upon the GAP function of the molecule
(Manchinelly et al., 2010; Su et al., 2003) and can be rescued by co-overexpression of a
RhoGEF, Ect2 (Mikawa et al., 2008), indicating that p190’s function in cytokinesis is
through its regulation of Rho’s activity. However, the pathways that p190 regulates
downstream of Rho still remain to be identified.
p190 and Apoptosis:

The link between p190 and apoptosis was first made when Morrissey et. al.
reported an increase in both p190 protein and mRNA levels in epithelial cells undergoing
apoptosis following castration of rats (Morrissey et al., 1999). At that time it was not
known if the increase in p190 levels was causative or an effect of the ensuing apoptosis.
Since then, multiple labs have overexpressed p190 in epithelial cells, fibroblasts, and
neuronal cell lines of transformed and non-transformed status, and have noticed that cells

which overexpress p190 often display chromatin condensation (B. Dukes & S.J. Parsons,
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unpublished data; personal communications), a hallmark of apoptosis (Kerr et al., 1972).
Additionally, many labs have attempted to generate a cell line which stably overexpresses
p190; however, all attempts yielded cells which eventually died (S. Diaz & S.J. Parsons,
unpublished data; personal communications). Together all of these data suggest that
p190 may play a role in regulating apoptosis; however, this had not been experimentally
determined. Therefore, a major part of this dissertation work was devoted to addressing
the role of p190 in initiating apoptosis, and how the transformation status of a cell
affected the outcome.

It is important to note that established, immortalized cell lines are used throughout
this study, yet they are classified as transformed or non-transformed cells. The criteria
used to determine the transformation status of a cell line was based upon the guidelines
established by the American Tissue Culture Collection in 1990 (Schaeffer, 1990). In vivo
tumorgenicity and in vitro soft agar assay are two ways to assess the neoplastic properties
of an established cell line. Colony formation in soft agar indicates anchorage
independent growth, while tumor formation in mice indicates tumorigenicity. A cell line
must be tumorigenic and have soft agar colony formation to be considered transformed.
Even though established cell lines are immortalized, generally through transfection of
viral genes, if they did not display both criteria they were considered non-transformed for
the purposes of this study.
p190 and Neurite Outgrowth:

Studies in knock-out mouse models have demonstrated a clear role for p190 in

neuronal development. For example, mice expressing a partial knock-out mutant of



35
p190RhoGAP-A lacking the N-terminal GBD domain exhibit significant defects in neural
development and abnormalities in forebrain hemisphere fusion, ventricle shape, optic cup
formation, neural closure, and layering of cerebral cortex cells brought about by
excessive actin polymerization in cells of the neural tube floor plate (Brouns et al., 2000).
These mice also exhibit defects in axon guidance, with 95% of them dying within 2 days
of birth, while the remaining 5% are runted and die within 3 weeks (Brouns et al., 2001).
However, Nemeth et.al. recently generated a full-length p190 null mouse and found that
they die within one week of birth from encephalopathy and spina bifida (Nemeth et al.,
2010). Mice lacking p190-B have defects in the formation of major forebrain
connections, which inhibit neurogenesis and ultimately survival of the mice. These mice
also display a thinning of the neocortical intermediate zone with defects in neuronal
differentiation and/or axonal outgrowth, along with impaired neuronal differentiation
(Matheson et al., 2006). These effects of p190 deletion in animals are consistent with the
known action of Rho in neurite retraction discussed above. Given the role of Rho in
neurite retraction, we asked whether p190 would also regulate this process (Koh, 2006).

In support of this hypothesis, Liang et.al. found that overexpression of p190 in
oligodendrocyte precursor cells resulted in dendrite formation, a phenotype similar to
expression of DNRho, CARacl, or CACdc42, and that this phenotype was dependent
upon activation of p190 by Fyn (Liang et al., 2004). Other upstream regulators of p190
have also been implicated in this phenomenon, including Arg (Sfakianos et al., 2007),
PAR-6 (Zhang and Macara, 2008), and Src (Jeon et al., 2010a; Jeon et al., 2010b). That

p190 induces dendrite formation through its down regulation of Rho is supported by
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reports of p190-induced dendrite-formation resulting in a decrease in Rho activation
(Billuart et al., 2001; Sfakianos et al., 2007; Zhang and Macara, 2008). These studies
also reported a decrease in ROCK activation, with a corresponding decrease in rMLC
phosphorylation (Billuart et al., 2001). Together, these findings suggest that p190 can
stimulate dendrite extension by decreasing myosin Il activity, decreasing retrograde flow,
enhancing the growth of actin filaments at the tip of the dendrite, and promoting dendrite
elongation.

Apoptosis:

Apoptosis, or programmed cell death, is a process wherein cells play an active
role in their own death. Apoptosis is a form of “suicide” that occurs while the cell is in
the context of an otherwise healthy environment, such as in a developing fetus. Necrosis,
on the other hand is a passive cell death process, brought about by a hostile environment
(Isaacs, 1993; Kerr et al., 1972; Wyllie et al., 1980). In apoptosis, the outer cell
membrane generally remains intact, while in necrosis, the cell membrane is disrupted and
releases cellular constituents into the surrounding environment (Isaacs, 1993; Kerr et al.,
1972; Wyllie et al., 1980). Many inducers of apoptosis exist, but some of the most
prominent ones in the literature are, fibroblast-associated ligand (FasL), tumor necrosis
factor (TNF), TNF-related apoptosis inducing ligand (TRAIL), growth factor starvation,
genotoxic agents (y-irradiation), and oxidative stress (Kukhta et al., 2003; Medema et al.,
1993). Apoptosis is a precisely choreographed series of steps, beginning with cell
shrinkage, membrane inversion with the exposure of phosphatidylserine, membrane

blebbing, nuclear fragmentation, chromatin condensation, and DNA fragmentation, after
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which the remainder of the cell is digested by intracellular enzymes and other cells
(Green and Reed, 1998; Medema et al., 1993). Apoptosis can be triggered by one of two
pathways; at the mitochondria, via an intrinsic pathway (caspase-9) (Hockenbery et al.,
1990), or at the plasma membrane, via an extrinsic pathway (caspase-8 and -10) (Zapata
et al., 2001), although both converge to a final pathway that results in cleavage of
caspase-3 (Ghobrial et al., 2005) (Fig. 4). Caspases, or cysteine proteases, act as the
death effector molecules in this process. They are synthesized as inactive proforms and
upon activation by the apoptosome, or DISC (Death-inducing signaling complex)
formation, cleave substrates at cysteine residues next to aspartate residues. Signal
amplification is achieved by caspases cleaving each other at identical sequences
(Degterev et al., 2003; Fulda and Debatin, 2006). Active/cleaved caspases then degrade
downstream targets, which include protein kinases, cytoskeletal proteins, DNA repair
proteins, and inhibitory subunits of endonucleases, all of which ultimately leads to the
morphological manifestation of apoptosis (Ghobrial et al., 2005; Mancini et al., 1998;
Thornberry and Lazebnik, 1998). Caspase activation is regulated by IAP’s (inhibitors of
apoptosis) that directly bind and inhibit caspases, preventing cleavage, activation, and
progression of apoptosis (Liston et al., 2003).

Intrinsic:

The intrinsic or mitochondrial pathway is initiated by intracellular stress stimuli
such as genotoxic agents or oxidative stress (Kukhta et al., 2003; Medema et al., 1993).
These stimuli result in permeabilization of the outer mitochondrial membrane which

releases cytochrome ¢, Smac/DIABLO, Omi/HtrA2, and endonuclease G into the cytosol
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Figure 4: Mitochondrial apoptotic pathway

A: Direct binding model. Bax and Bak are constitutively active and inhibited by
the anti-apoptotic Bcl-2 proteins, Bcl-2, Bel-w, Bcl-X,, and Bfl-1. The free pro-
apoptotic BH3 only proteins, Bid, Bim, and Puma, bind and sequester the Bcl-2 proteins.
This frees Bax and Bak from inhibition allowing them to oligomerize at the mitochondria
and induce MOMP, resulting in cytochrome c release, binding to Apaf-1 and caspase-9

and activation of the caspase cascade, leading to apoptosis.
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Figure 4

B: Displacement
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Figure 4: Mitochondrial apoptotic pathway

B: Displacement model. The pro-apoptotic BH3-only proteins are divided into
activator (Bid and Bim) and inhibitor (Bik, Bad, and Noxa) proteins. Both Bax and Bak,
along with activator pro-apoptotic proteins Bid and Bim, are inhibited by anti-apoptotic
Bcl-2 proteins. Inhibitor pro-apoptotic BH3-only proteins bind and sequester anti-
apoptotic Bcl-2 proteins, freeing Bax, Bak, Bid, and Bim. Before Bax and Bak can
oligomerize, they need to be activated by Bid and Bim. Once activated they oligomerize
at the mitochondria and induce MOMP. This stimulates release of cytochrome ¢ which

binds to Apaf-1 and caspase-9, activates the caspase cascade, and results in apoptosis.
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(Fulda and Debatin, 2006; Saelens et al., 2004). Mitochondrial outer membrane
permeabilization (MOMP) is controlled by Bcl-2 family member proteins (Green and
Kroemer, 2004). Twenty or more members make up this family, which is defined by the
presence of one or more Bcl-2 homology (BH) domains (Cory and Adams, 2002) and
includes the anti-apoptotic proteins Bcl-2, Bcl-X,, and Bcl-w (Skommer et al., 2007;
Willis and Adams, 2005), or pro-apoptotic proteins Bax, Bak, Bad, Bim, and Bid
(Coultas et al., 2003; Guo et al., 2001; Kataoka et al., 2001; Ke et al., 2001; Skommer et
al., 2007). Within the pro-apoptotic family are two distinct groups: 1) Those that are
structurally very similar to the anti-apoptotic proteins, especially in the BH1, BH2, and
BH3 regions, such as the multi-domain Bcl-2 proteins, cytosolic Bax, and the
mitochondrially located Bak; and 2) The BH3 only proteins, including Bad, Bim, Noxa,
Bik, and Bid, which are homologous to the Bcl-2 proteins only in the short BH3 region
(Skommer et al., 2007).

There are currently two prevailing theories as to how the Bcl-2 family proteins
initiate apoptosis, the direct binding model or the displacement model (Skommer et al.,
2007; Thomas et al., 2010). The direct binding model (Fig. 4A) proposes that the multi-
domain pro-apoptotic proteins, Bax and Bak, are constitutively active, and inhibited by
their association with the anti-apoptotic Bcl-2 proteins. Upon apoptotic stimulation the
pro-apoptotic BH3 proteins, which exist in an unbound state, are thought to bind to the
hydrophobic pocket of the anti-apoptotic Bcl2 proteins and release their repressive hold
on Bax or Bak (Willis and Adams, 2005). This allows Bax and Bak to oligomerize at the

mitochondria, resulting in a change in the MOMP and the subsequent release of
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cytochrome c and other pro-apoptotic factors (Cory and Adams, 2002; Ghobrial et al.,
2005; Skommer et al., 2007). Cytosolic cytochrome c then binds to Apaf-1 and caspase-
9 to form the apoptosome complex (Cain et al., 2000; Fulda and Debatin, 2006). It is this
complex that initiates caspase-3 cleavage and the ensuing caspase cascade that results in
cell death.

The displacement model divides the BH3 pro-apoptotic proteins into inhibitor
proteins, like Noxa, Bad and Bik, and activator proteins, such as Bid and Bim. This
model proposes that Bax and Bak need to be stimulated by the activator BH3 proteins
before they can induce MOMP. In a healthy cell the anti-apoptotic Bcl-2 proteins are
bound to Bax, Bak, and activator BH3 proteins, Bid and Bim. Upon apoptotic
stimulation, inhibitor BH3 proteins (Noxa, Bad, and Bik) bind anti-apoptotic Bcl-2
proteins, displacing the activator BH3 proteins. This frees the activator BH3 proteins so
they can bind Bak and Bax, activate them to oligomerize, and initiate MOMP and the
caspase-cleavage cascade (Akgul, 2009; Skommer et al., 2007; Thomas et al., 2010).
Bim:

Bim, or B-cell Lymphoma-2 Interacting Mediator of cell death, was discovered in
1998 by two separate labs (Pinon et al., 2008). The first used Bcl2 as bait in a
bacteriophage A cDNA screen (O'Connor et al., 1998), while the other identified Bim in a
yeast two hybrid screen with Mcl-1 as bait (Hsu et al., 1998). Since then Bim has been
established as a potent regulator of apoptosis, specifically involved in apoptosis induced
by cytokine withdrawal, UV radiation, cell detachment, and taxol treatment (Akiyama et

al., 2009; Strasser, 2005; Sunters et al., 2003). Many different isoforms of Bim have
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been identified (O'Connor et al., 1998; U et al., 2001); however, the three most studied
are the 196 a.a Bimg_ (Extra Long), the 140 a.a. Bim_(Long), and the 110 a.a Bims
(Short) (O'Connor et al., 1998; U et al., 2001)), all of which are cytotoxic. Of the three,
Bimg, is the most abundant and widely expressed isoform. Upon serum withdrawal, this
isoform undergoes the most dramatic post-translational modifications of the three in the
form of phosphorylation. Bimg, expression often precedes the appearance of Bim,_ and
Bims, suggesting that Bimg_ may be a precursor to the shorter isoforms (Ewings et al.,
2007; Weston et al., 2003).

Bim shows little sequence similarity to the other Bcl-2 family member proteins
except for a 9 amino acid region of the BH domain which defines the family (O'Connor
etal., 1998). Like other BH3 proteins, Bim contains a hydrophobic C-terminal domain
and a transmembrane domain that is needed for localization and insertion into intra-
cellular membranes, including the mitochondria (Akiyama et al., 2009; O'Connor et al.,
1998; Pinon et al., 2008). Bim can bind and either inactivate all anti-apoptotic Bcl-2
proteins, which include Bcl-2, Bcl-w, Bel-X, Al, and Mcl-1 (Skommer et al., 2007), or
lead to the degradation of these proteins, as is the case for Mcl-1 and Al (Pinon et al.,
2008). However, Bim can also bind and activate the pro-apoptotic protein Bax (Pinon et
al., 2008).

In healthy cells, Bim associates with microtubules (MTs) through its Dynein
Light Chain 1 (DLC1) domain. Upon either UV radiation or loss of cell attachment, Bim
disassociates from the MTs and can be found in complex with various Bcl-2 proteins at

the mitochondria (Puthalakath et al., 1999; Puthalakath et al., 2001). One mechanism by
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which this event is thought to be mediated is by phosphorylation of Bim on Thrl112 by
JNK. This residue lies within the DLC1 domain, and evidence suggests that
phosphorylation at this site may compromise the protein-protein interaction between Bim
and MT’s. Phosphorylation would thus promote disassociation and increase Bim’s
affinity for Bcl-2 proteins or Bax (Hubner et al., 2008; Lei and Davis, 2003).

Conversely, some evidence suggests that ERK phosphorylation at Ser55, 65, and 73 may
target Bim for proteasomal degradation and promote cell survival (Hubner et al., 2008;
Strasser, 2005).

Mcl-1:

Myeloid cell leukemia (Mcl-1) was identified as an immediate-early gene
expressed during phorbol ester-induced differentiation of ML-1 myeloid leukemia cells
(Kozopas et al., 1993) and was the second Bcl-2 family member to be identified (Thomas
etal., 2010). Itis the largest of the Bcl-2 proteins at 350 amino acids and is the only
family member to contain multiple PEST domains (Kozopas et al., 1993). These
domains, which are defined by the presence of proline (P), glutamic acid (E), serine (S),
and threonine (T) residues, are common features of labile proteins (Akgul, 2009; Thomas
etal., 2010). However Mcl-1 does share high structural and functional homology to both
Bcl-2 and Bcl-X|_ at its three BH domains. This homology allows Mcl-1 to bind other
family members and in this way carry out its biological function (Lutz, 2000), which it
does in two ways. First, Mcl-1 binds Bax and Bak, preventing oligomerization. For this
interaction, the C-terminal transmembrane domain of Mcl-1 is required for localization

and insertion into the mitochondrial membrane (Akgul et al., 2000). Mcl-1 can also
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interact with the BH3 proteins Bim, NOXA, Bid, Puma, and Bik, sequestering them from
the mitochondria and prohibiting their activation of Bax and Bak (Chen et al., 2005). In
these ways Mcl-1 carries out its function as an anti-apoptoic Bcl-2 protein.

Mcl-1 has a very short half-life and upon apoptotic induction is rapidly down
regulated (Akgul, 2009; Thomas et al., 2010), possibly as a mechanism of freeing pro-
apoptotic proteins, and further promoting apoptosis. Mcl-1 expression levels and
function are regulated by ubiquitin-mediated degradation, caspase cleavage, and
phosphorylation (Akgul, 2009; Thomas et al., 2010). JNK has been shown to
phosphorylate Mcl-1 at Thr92, Ser121, Ser159, and Thr163. ERK and GSK-3f have also
been identified as kinases targeting Mcl-1. While most studies indicate that
phosphorylation at these residues stabilizes Mcl-1 and promotes survival, numerous
reports conclude that INK phosphorylation at Thr163 results in degradation of Mcl-1 and
promotes apoptosis (Inoshita et al., 2002).

Taxanes:

Taxanes are a class of anti-mitotic drugs used to treat Kaposi’s sarcoma, breast,
ovarian, prostate, gastric, and non-small cell lung cancer, among others (Baker et al.,
2009). Taxanes were originally isolated from the bark of the Pacific yew Taxus
brevifloia in 1962 (Wani et al., 1971). However it was not until an NCI screen on plant
extracts in the 1970’s that this extract was found to have anti-cancer activity (Schiff et al.,
1979). Today, taxanes are produced by a semisynthetic method from 10-deacetylbaccatin
I11, a compound extracted from the needles of the European yew Taxus baccata. Taxanes

are now classified into two main drug groups for use in the clinic: paclitaxel (Taxol),
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which was approved for clinical use in 1992; and docetaxel (Taxotere), which was
approved for use in 1996. Both Taxol and Taxotere are hydrophobic compounds with a
taxane ring required for binding microtubules (MTs) (Francis et al., 1995; Yue et al.,
2010). Binding of taxanes to MTs promotes MT polymerization in high concentrations
of the drug and stabilizes MTs in low concentrations (Andreu et al., 1992; Buey et al.,
2005; Jordan et al., 1993). However, docetaxel has a higher affinity for the taxane-
binding site of MT than paclitaxel and as such has a different effect on cancer cells.
While paclitaxel induces cell-cycle arrest at the G2-M phase, docetaxel induces maximal
apoptosis during S-phase. Additionally, while both drugs cause significant side effects in
the form of neutropenia, mucositis, neuropathy, and myelosuppression, docetaxel-
induced neuropathy appears less frequently and is less severe than that of paclitaxel.
(Montero et al., 2005)

Taxanes promote cell-cycle arrest and ultimately cell death by altering MT
dynamics. Microtubules are long hollow tubes composed of molecules of tubulin, which
is itself a heterodimer between o-tubulin and B-tubulin (Luduena, 1998; Verdier-Pinard et
al., 2003). The a- and B-tubulin heterodimers polymerize to create protofilaments, 13 of
which create the hollow cylinder known as a microtubule (Jordan and Wilson, 2004).
These tubes can then grow or shrink by addition or removal of tubulin subunits, an event
that is dependent on GTP (Nogales, 2001). Because MT are composed of tubulin dimers,
the filaments are polarized, with the B-tubulin at the plus end, or the fast growing end,
and the a-tubulin associated with the minus end, or the slow growing end. Both a- and -

tubulin bind GTP; however, only the B-subunit hydrolyses GTP upon incorporation into
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the polymer. During polymerization, GTP hydrolysis lags behind by one subunit, which
forms a GTP cap and stabilizes the molecule, thus promoting MT growth at the plus end.
However, when the rate of subunit addition decreases and GTP hydrolysis catches up
with the formation of the GTP cap, the cap is destabilized, resulting in MT
depolymerization. The constant polymerization and depolymerization of MTs is known
as dynamic instability, and this constant fluctuation is of vital importance to progression
of the cell cycle (Gascoigne and Taylor, 2009; Jordan and Wilson, 2004).

During prometaphase, after the breakdown of the nuclear envelope, MTs probe
the cytoplasm to attach to chromosomes at their kinetochores. This process, termed
congression, connects chromosomes to the mitotic spindle and ensures proper alignment
of chromosomes at the metaphase plate (Hayden et al., 1990). During this process, MTs
emanate from the mitotic spindle and are extremely dynamic, growing up to 5-10 um and
then shortening almost completely. The presence of just one chromosome that is unable
to achieve bipolar attachment is enough to trigger the spindle-assembly checkpoint
(SAC) and prevent the cell from transitioning to anaphase. The cell will then remain
blocked in metaphase and eventually undergo apoptosis (Jordan et al., 1996; Musacchio
and Salmon, 2007).

In the presence of MT inhibitors, like taxanes, chromosomes are often captured at
the spindle poles and unable to align at the metaphase plate. This event blocks the cell at
the metaphase-anaphase transition and activates the SAC (Kelling et al., 2003). Taxanes
inhibit MT depolymerization by binding along the length of the polymer and stabilizing

the molecule. This binding occurs in the N-terminal 31 amino acids of the B-tubulin
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subunit within the MT polymer (Rao et al., 1994), specifically requiring Arg282, His227,
and Asp224 of B-tubulin (Nogales et al., 1999; Rao et al., 1999). Taxanes are thought to
gain access to their binding sites by diffusing through small openings in the MT
(Nogales, 2001). By an unknown mechanism, taxane binding stabilizes the MT polymer.
One hypothesis suggests that binding induces a conformational change in the tubulin
heterodimer which increases its affinity for neighboring tubulin molecules (Jordan et al.,
1996; Nogales, 2001), thereby inhibiting depolymerization and ultimately resulting in
apoptosis.

As previously discussed in this dissertation, active Rho promotes MT
polymerization through mDia. However, studies have found that mDial can remain
active in the presence of low RhoGTP levels (Arakawa et al., 2003; Ishizaki et al., 1997).
Titration studies with the C3 endotoxin to inhibit Rho or the Y-27632 ROCK inhibitor
with constitutively active mDia suggest an antagonistic relationship between ROCK and
mDial (Morii and Narumiya, 1995; Tsuji et al., 2002; Watanabe et al., 1999). Results
from these studies suggest that mDial is still active in the presence of decreased Rho
activity, which can promote MT stabilization. This event can activate Rac through Src
(Sahai and Marshall, 2002), which can then feedback to further decrease Rho and ROCK
activity. Furthermore, Rac activation can decrease Rho activity by activating p190
through the inactivation of its phosphatase LMW-PWP (Nimnual et al., 2003). In this
way, MT polymerization, through mDia, can decrease both Rho and ROCK activity.

Given these complex relationships, it follows that drugs which alter microtubule

dynamics might affect Rho and its downstream effectors. Such was first demonstrated in
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1996 when Enomoto treated Balb/c 3T3 cells with the MT depolymerizing drugs,
colcemid and vinblastine, and noticed the rapid formation of actin stress fibers.
However, treatment with taxol, a MT polymerizing agent, completely abrogated the
formation of actin stress fibers, a phenotype mimicked by microinjection of the C3 Rho
inhibitor (Enomoto, 1996). Since then, multiple groups have found that treatment with
MT depolymerizing agents like colchicine, nocodazole, and vinblastine activate Rho,
which is necessary for their action. The requirement for Rho was supported by the
finding that MT depolymerization can be reduced by treatment with the ROCK inhibitor,
Y-27632 (Chitaley and Webb, 2002; Niggli, 2003). Conversely, treatment with taxol
results in MT polymerization and a decrease in Rho activation and ROCK activity
(Birukova et al., 20044a; Birukova et al., 2004b; McGee et al., 2003; Ren et al., 1999).
This in turn, inhibits the activation of myosin Il, specifically through a decrease in levels
of myosin light chain phosphatase (Birukova et al., 2004b; Niggli, 2003; Verin et al.,
2001). While the activation of Rho in response to MT depolymerization has been well
established, how its activation induces apoptosis in response to depolymerization of MTs
is still poorly understood.

What is known about taxol-induced apoptosis is that it is mediated through the
pro-apoptotic BH3 protein, Bim. Treatment of cells with taxol results in an increase in
Bim, possibly through the phosphorylation of the MAPK pathway (Bull et al., 2010; Li et
al., 2007; Tan et al., 2005) and the FOXO transcription factor (Sunters et al., 2003).
Recently, it was found that treatment of breast cancer cells with taxol displaces Bim from

anti-apoptotic proteins, allowing Bim to activate Bax and Bak and initiate apoptosis



51
(Kutuk and Letai, 2010). Accordingly, overexpression of Bim increases a cell’s
sensitivity to taxol-induced apoptosis, while knockdown of Bim confers taxol resistance
(Janssen et al., 2007; Li et al., 2005). Moreover, increased levels of endogenous Bim in
various NSCLC cell lines correlates with increased susceptibility to taxol-induced
apoptosis (Li et al., 2005).

While treatment with taxol increases expression of the pro-apoptotic protein Bim,
it decreases expression of the anti-apoptotic protein, Mcl-1. Expression of Mcl-1 is
decreased upon taxol treatment in lymphoma, multiple myeloma, and ovarian carcinoma
cell lines (Jazirehi and Bonavida, 2004; Poruchynsky et al., 2001), and the stability of the
protein parallels the cell’s sensitivity to the drug (Poruchynsky et al., 2001). Knockdown
of Mcl-1 increases the amount of taxol-induced apoptosis in cell lines (Skoda et al., 2008;
Yamanaka et al., 2006) and mice (Wertz et al., 2011). However, when Mcl-1 cannot be
degraded, due to a mutant E3 ligase, taxol resistance is conferred (Wertz et al., 2011).
The stability of Mcl-1 in response to taxol may also be regulated by JINK
phosphorylation. Taxol treatment of human monocytic leukemia cells increases Mcl-1
phosphorylation by JNK, which corresponds with a decrease in expression levels
(Poruchynsky et al., 2001). Recently, Wertz et.al. found that INK phosphorylation can
simulate taxol-dependent degradation of Mcl-1 through the E3 ligase FBW7 (Wertz et al.,
2011). Together these data suggest that taxol stabilizes MT polymerization, which
inactivates the Rho-ROCK pathway and up regulates the MLC phosphatase to decrease

myosin Il activation. While we do not currently understand how myosin Il inactivation
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leads to apoptosis, it is known that increased Bim expression and decreased Mcl-1
expression are required for taxol-induced apoptosis.

Extrinsic:

The extrinsic apoptotic pathway utilizes the caspase-8, caspase-3 pathway.
Caspase-8 is activated through death receptors. Death receptors are members of the
tumor necrosis factor (TNF) receptor gene superfamily that consists of more than 20
proteins, including CD95 (APO-1/Fas), TNF receptor 1, and TNF-related apoptosis-
inducing ligand-receptor 1 (TRAIL) (Ashkenazi, 2002; Fulda and Debatin, 2006;
Walczak and Krammer, 2000). When a death stimulus, such as FasL (Fas Ligand)
activates this pathway, its specific receptor is activated (FasL receptor [CD95]) and
trimerizes, recruiting adaptor proteins such as Fas-associated death domain (FADD) from
the cytosol (Walczak and Krammer, 2000). This complex recruits caspase-8 to form the
death-inducing signaling complex (DISC) (Kischkel et al., 1995). Oligomerization of
caspase-8 upon DISC formation leads to self-cleavage, which can then activate
downstream effector caspases (Fulda and Debatin, 2006). In some cases the amount of
caspase-8 cleavage is insufficient to yield a robust apoptotic response. To circumvent
this problem caspase-8 can also cleave Bid to its active form, tBid, which translocates to
the mitochondria and causes release of cytochrome c and cleavage of caspases-9 and -3
(Fulda et al., 2002; Scaffidi et al., 1998).

Effectors:
The extrinsic and intrinsic pathways are major mediators of apoptosis; however, it

is also known that apoptosis can be initiated by proteins such as p53, JNK, p38, Akt, and
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NF-kB, all of which have been implicated in apoptosis mediated by Rho family members.
The exact apoptotic initiating mechanisms of these proteins have yet to be fully
determined; however, much evidence supports the concept that activation of p53, p38,
and JNK or decreased levels of Akt leads to apoptosis though the intrinsic pathway.
Decreased levels/activation of Akt can reduce its inhibitory effect on FKRHL, capsase-9
and Bad, resulting in apoptosis (Cantley, 2002; Ghobrial et al., 2005). NF-kB’s role in
apoptosis is more complicated, as it can be both pro-and anti-apoptotic. While most
known NF-«xB pathways function in survival by activating IAP, BCL-X_, and FLIP, NF-
kB is also activated in response to some apoptotic stimuli. Activated NF-«B can
transcriptionally activate pro-apoptotic factors, such as c-myc and p53, to initiate the
intrinsic pathway, or it can increase FasL production to induce an extrinsic apoptotic
response.
p53:

p53 was discovered in 1979 as an SV40 large T-antigen binding protein (DeLeo
et al., 1979) and is considered the quintessential tumor suppressor protein (Brady and
Attardi, 2010; Farnebo et al., 2010). The ancestral function of p53 is to trigger apoptosis
in response to DNA damage to preserve the integrity of the germ line (Lu et al., 2009).
However, as organisms evolved, the protein also evolved to gain more functions
including; apoptosis, senescence, cell-cycle arrest, DNA repair, autophagy, metabolism,
angiogenesis, and fertility (Brady and Attardi, 2010; Brooks and Gu, 2010). To promote
these biological functions, p53 is activated by a variety of stimuli, which include DNA

damage, hypoxia, oncogene expression, nutrient deprivation, and ribosome dysfunction
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(Brady and Attardi, 2010; Brooks and Gu, 2010; Farnebo et al., 2010). Upon activation
p53 forms tetramers, translocates to the nucleus, and promotes transcription of mMRNA
and microRNA which give rise to specific biological outcomes (Kruse and Gu, 2009;
Laptenko and Prives, 2006). What is transcribed upon p53 activation depends not only
upon the cell-type and environment, but also upon the nature of the stress which activates
the protein. For instance severe stress on the cell may lead to an apoptotic response
which will induce the transcription of Bax, FasL, Noxa, or Puma (Riley et al., 2008;
Zilfou and Lowe, 2009), or it may lead to cellular senescence through the transcription of
p21 or PML (Kortlever et al., 2006; Riley et al., 2008). Conversely, if the cellular stress
is less severe, p53 activation may result in either cell-cycle arrest or DNA repair through
the transcription of Reprimo, 14-3-3, and GADDA45 (Brady and Attardi, 2010).

p53 is structurally similar to most other transcription factors, in that it contains

transcriptional activator domains which enhance the transcription of its target genes
(Gamper and Roeder, 2008; Joerger and Fersht, 2007). The central core of the protein is
the DNA binding domain, which binds to sequence-specific regions of the DNA
(response elements) (Liu and Kulesz-Martin, 2006). At the C-terminus of the molecule
are the tetramerization domain and a basic, lysine-rich domain, which facilitates selection
of its response elements. This basic domain is also subject to a multitude of post-
translational modifications which affect the protein’s activation, stability, and sequence-
specific DNA binding. These modifications include phosphorylation, acetylation,
ubiquitination, methylation, sumoylation, and neddylation (Amaral et al., 2010; Riley et

al., 2008). Some of the proteins reported to phosphorylate and activate p53 are ATM,
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Chk1, Chk2, JNK, and p38 (Amaral et al., 2010; Bartkova et al., 2005; Gorgoulis et al.,
2005). Normally p53 is bound and sequestered in the cytoplasm by the E3 ligase,
MDM2, which associates with p53 at the transactivation domain. MDM2 ubiquitinates
p53, resulting in its constant down regulation, keeping the endogenous levels of p53 low
in a healthy cell (Brady and Attardi, 2010; Brooks and Gu, 2010). However, upon
cellular stress, ATM or other kinases phosphorylate p53, promoting dissociation from
MDM2. This stabilizes the protein, leading to a nuclear accumulation of the protein and
transcription of p53 target genes (Bartkova et al., 2005; Farnebo et al., 2010; Gorgoulis et
al., 2005). However, p53 has also been reported to have pro-apoptotic function
independently of its transcriptional activity. Although it is still not fully understood, the
current model suggests that p53 regulates the stability and expression of various Bcl-2
family member proteins in the mitochondrial membrane (Brady and Attardi, 2010;
Brooks and Gu, 2010).
p38:

p38 is a member of the mitogen associated protein kinase (MAPK) family of
proteins, which include ERK, JNK, and p38 (Keshet and Seger, 2010; Raman et al.,
2007). The ERK pathway is generally thought to be involved in cell proliferation, while
the other two pathways function mainly in apoptosis (Chang and Karin, 2001; Olson and
Hallahan, 2004; Rennefahrt et al., 2005; Xia et al., 1995). The MAPK proteins are
activated by a cascade of kinases starting with a membrane-proximal serine/threonine
kinase (MAPKKK/MAP3K) that phosphorylates and activates a second kinase

(MAPKK/MKK). This second kinase is a dual-specific kinase which phosphorylates the
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sequence Thr-X-Tyr, with the X being specific for each of the respective MAPK family
members and is located in the activation loop. Phosphorylation of the activation loop
leads to a conformational change that alters the alignment of the hemispheric halves of
the folded protein and enhances its access to subsequent substrates. The ability of the
third and final kinase (ERK, JNK, or p38) to phosphorylate its downstream targets leads
to a biological outcome, such as growth or apoptosis. (Ashwell, 2006; Bellon et al.,
1999; Canagarajah et al., 1997; Wilson et al., 1996) p38 is predominantly phosphorylated
by MKK 3 and 6 within minutes of exposure to tumor necrosis factor-a (TNF-a),
interleukin-1 (IL-1), heat shock, cytokines, or high osmolarity (Kim et al., 2002;
Rennefahrt et al., 2005). MKK3/6 are themselves activated by Mlk1-3, DIk, Lzk,
Mekk1-4, Takl, Askl-2, and Tpl-2 (Feng et al., 2009; Wagner and Nebreda, 2009). In
many cellular contexts these latter proteins are activated by active Racl or Cdc42 (Hall,
2005; Verma et al., 2002), which is associated with decreased Rho activity (Georges et
al., 2008; Koh, 2006).

p38 induces apoptosis either through the regulation of its downstream
transcription factors, such as p53, ATF2, Elk1, C/EBPB, MSK1, and MNK1-2, or by
directly interacting with Bcl-2 proteins (Cuenda and Rousseau, 2007; Ono and Han,
2000). p38 phosphorylates Bcl-2, decreasing its anti-apoptotic ability (De Chiara et al.,
2006), while p38 phosphorylation of Bax promotes its translocation to the mitochondria
and initiates MOMP (Capano and Crompton, 2006; Choi et al., 2006).

JNK:
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JNK, or Jun N-terminal kinase, is another member of the MAPK family of
proteins that is best known for its role in promoting apoptosis. It is regulated in the same
way as p38, by a cascade of kinases. It is activated in response to inflammatory
cytokines, environmental stress, heat shock, DNA damage, and DNA and protein
synthesis inhibition (Kyriakis and Avruch, 2001). These stimuli activate JNK through
the upstream kinases MEK 4 and 7, which are in turn activated by many of the same
kinases as p38 (Kyriakis and Avruch, 2001; Raman et al., 2007). Like p38, JNK is often
activated by Racl or Cdc42 (Coso et al., 1995).

Also similar to p38, JNK promotes apoptosis in two ways, i.e., through regulation
of transcription factors and Bcl-2 proteins. JNK phosphorylation can lead to an increased
activity of p53, EIk1, ATF2, and FOXO (Wagner and Nebreda, 2009; Weston and Davis,
2007). JNK also activates c-Jun, which leads to the formation of the transcription factor
AP-1, of which TNFa, FasL, and Bak, are all target genes (Fan and Chambers, 2001).
Through phosphorylation, JNK has also been reported to inactivate Bcl-2 (Srivastava et
al., 1999; Yamamoto et al., 1999) and activate Bid (Madesh et al., 2002) and Bad
(Tsuruta et al., 2004). Furthermore, JNK phosphorylation of Bim releases the protein
from the dynein and myosin V motor complex, allowing it to act as a pro-apoptotic
protein (Lei and Davis, 2003). Finally, taxol-treatment increases JNK expression, and
silencing of JNK confers resistance to taxol-induced apoptosis (Kolomeichuk et al.,
2008). Thus, JNK activity mediates the apoptotic response of a cell through regulation
and phosphorylation of transcription factors, and Bcl-2 proteins.

Akt:
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Akt is a serine/threonine kinase which was discovered as a retroviral oncogene in
1991 (Bellacosa et al., 1991). Akt functions in protein synthesis, energy metabolism, and
most notably, survival (Duronio, 2008; Miyamoto et al., 2009). Activation of receptor
tyrosine kinases or G-protein coupled receptors activates PI3K, which results in an
increase in PIP; production. Akt is recruited to the plasma membrane in response to the
increase in PIP3 where it can be phosphorylated at Thr308 by its upstream kinase, PDK1
(Sarbassov et al., 2005; Williams et al., 2000). Once activated, Akt dissociates from the
plasma membrane to interact with its cytosolic targets, mTOR, GSK-3f, and FOXO,
which function in translation, protein degradation, and transcription (Matsui and
Rosenzweig, 2005; Morisco et al., 2000; Shioi et al., 2002; Skurk et al., 2005).

Akt is considered to be a pro-survival protein. This was first recognized when
inhibition of the Akt pathway alone resulted in cell death (Scheid et al., 1995; Yao and
Cooper, 1995). Akt maintains cell survival and preserves the mitochondrial outer
membrane potential by directly or indirectly regulating the expression of the Bcl-2 family
of proteins. As an indirect mechanism, Akt phosphorylates FOXO, resulting in its
sequestration in the cytoplasm and degradation (Brunet et al., 1999). This prevents
transcription of the pro-apoptotic proteins Bim and Fas L (Dijkers et al., 2000; Suhara et
al., 2002). Akt is also an upstream regulator of the NF-kB pathway. By phosphorylating
IKKa, Akt can stimulate its degradation and promote expression of the anti-apoptotic
proteins Bcl-2, Bcl-X, and the caspase-8 inhibitor FLIP by nuclear NF-kB (Ozes et al.,
1999; Romashkova and Makarov, 1999). Akt can also activate p53 by phosphorylating

its inhibitor, MDM2, and promoting MDM2 degradation (Mayo and Donner, 2001).
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Direct regulation of the stability and/or expression of the Bcl-2 proteins by Akt has also
been described. Phosphorylation of Bad on Ser136 by Akt inactivates the pro-apoptotic
protein by promoting it association with 14-3-3 (Blume-Jensen et al., 1998). Akt can also
inactivate Bax through phosphorylation of Ser183 which prevents the conformation
change required for translocation and insertion into the mitochondrial members (Gardai
etal., 2004). All of these actions of Akt result in either the activation of anti-apoptotic
proteins or inactivation of pro-apoptotic proteins. Thus, inactivation of Akt inactivates
the anti-apoptotic proteins and activates the pro-apoptotic proteins, ultimately resulting in
cell death.
NF-xB:

Deciphering the role of NF-«B in apoptosis has been perplexing, as NF-kB
activity was originally reported to increase after exposure to DNA-damaging agents or
TNFa exposure (Baichwal and Baeuerle, 1997). However, it is now believed that the
increase in NF-«xB activation is a recovery response by the cell in an attempt to salvage
the damage induced by stress, inflammation, UV irradiation, or cytokines and prevent
apoptosis (Baichwal and Baeuerle, 1997; Plantivaux et al., 2009). In contrast, there are
reports of NF-kB activation promoting apoptosis (Kasibhatla et al., 1999; Lin et al., 1999;
Zheng et al., 2001). As such, it appears that NF-«xB has roles in promoting both cell
survival and death. Nonetheless, the best characterized role of NF-kB is in cellular
survival.

In healthy cells, NF-kxB is sequestered in the cytoplasm by IkBa, which masks its

nuclear localization sequence (Zandi et al., 1997). When the cell is under stressful
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conditions, the IkB kinase complex (IKK) phosphorylates IxBa, targeting it for
degradation. NF-xB can then translocate to the nucleus where it binds DNA as a
heterodimer containing a p50 subunit and a p65 transactivator subunit, RelA. Once
bound to DNA NF-kB can activate the transcription of its target genes (Baichwal and
Baeuerle, 1997; Plantivaux et al., 2009). NF-«B promotes survival primarily through the
transcription of the anti-apoptotic proteins, Bcl-2 and Bcl-X, (Ozes et al., 1999;
Romashkova and Makarov, 1999), or caspase inhibitors, c-IAP1 c-1AP2, or c-FLIP
(Bakkar and Guttridge, 2010; Kucharczak et al., 2003). However, NF-kB can also
promote apoptosis through increased expression of pro-apoptotic proteins Fas, FasL,
DR4-6, p53, and Bcl-xS (Bakkar and Guttridge, 2010; Kucharczak et al., 2003).

Rho:

It has been known for years that the inactivation of Rho results in cell death, as
has already been discussed in this dissertation. However the apoptotic signaling
pathways that are activated upon down regulation have yet to be elucidated. Treatment
with Clostridium difficile toxins induces cytochrome c release (Matarrese et al., 2007;
Nottrott et al., 2007), while inactivation of Rho through a variety of other methods
decreases Bcl-2 (Badr et al., 2010; Costello et al., 2000; Fromigue et al., 2006; He et al.,
2008; Hippenstiel et al., 2002a), Bcl-X (Badr et al., 2010), and Mcl-1 (Hippenstiel et al.,
2002a) expression. Accordingly, several labs have reported that inhibition of Rho
increases Bim expression (Le et al., 2005; Loucks et al., 2006) and activates Bid cleavage
(Brito et al., 2002; Hippenstiel et al., 2002a). JNK, which is known to regulate the

stability of both Bim and Mcl-1, can be activated upon prolonged decrease in Rho
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activity (Le et al., 2005). However, an increase in p38 activation has also been reported
when Rho is not geranylated, and hence is not activated (Khan et al., 2011; Schulz et al.,
2009). p53 has also been implicated in the Rho inactivation apoptotic pathway, as an
increase in p53 is seen upon a decrease in Rho and ROCK activation (Costello et al.,
2000; Li et al., 2002).

Alternatively several reports implicate the pro-survival pathways, Akt and NF-xB,
in Rho inactivation-induced apoptosis. Multiple methods of inactivating Rho result in
either a decrease in IkBa phosphorylation or NF-kB DNA binding, suggesting a decrease
in the pro-survival signals resulting from this pathway (Badr et al., 2010; Denoyelle et al.,
2001; Hippenstiel et al., 2002b; Khan et al., 2011; Liu et al., 2004). However the most
commonly reported pathway to be altered by Rho inactivation is Akt. Whether the Rho
pathway is inactivated by bacterial toxins, sSiRNA, post-translational modifications,
RhoGDI expression, or ROCK inhibition a significant decrease in Akt activation has
been reported by multiple labs (Badr et al., 2010; Dreger et al., 2009; Hamid et al., 2007;
Khwaja et al., 2006; Krijnen et al., 2010; Qi et al., 2008; Reuveny et al., 2004; Schulz et
al., 2009; Stepan et al., 2004; Weiss et al., 1999). Finally, an increase in FasL production
has also been seen upon Rho or ROCK inhibition (Ramaswamy et al., 2007;
Sarrabayrouse et al., 2007).

While many reports have described activation of different apoptotic signaling
pathways upon Rho inactivation, each study has used a different method to down regulate
Rho. As such, this could have different effects on the cell, based upon Rho expression

levels, localization, post-translational modifications, or modifications of Rho’s upstream
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or downstream effectors. Additionally, there is a great deal of cross-talk between the
apoptotic signaling pathways. For instance, Akt can activate p53 and inactivate the NF-
kB pathway, while INK and p38 can activate the p53 pathway and inactivate the
pathways downstream of Akt and NF-kB. All of these reasons could contribute to the
numerous, sometimes confusing results reported regarding the apoptotic pathways
responsible for the death of a cell upon loss of Rho activation.

Cytokinesis:

Cytokinesis is the final step in cell division where ingression of the cleavage
furrow results in two separate daughter cells. The process initiates in anaphase and
continues throughout telophase when membrane invagination at the equatorial cell cortex
occurs. Cytokinesis is completed when intercellular membrane abscission separates
daughter cells (Glotzer, 2001). The contractile forces required for furrow ingression are
provided by a ring of filamentous actin and myosin Il that is juxtaposed to the cell
membrane at the equator of the dividing cell. Assembly and proper regulation of this
contractile ring is critical for achieving proper cell division and is under the control of the
small GTPase RhoA (Piekny et al., 2005) (Fig. 5). Rho’s role in cytokinesis has already
been discussed in this dissertation, and so will not be described here. Instead, this section
will focus on regulators of cytokinesis that are upstream and downstream of Rho.
Microtubules:

In 1961, Raymond Rappaport displaced the mitotic spindle with a glass bead and
found that the cleavage furrow and all subsequent cleavage furrows formed in response to

the location of the mitotic spindle (Rappaport, 1961). These studies suggested that the
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Figure 5: Cytokinetic pathways

Pathways active in cytokinesis. Daughter cells are separated by contraction of the
actomyosin network, a ring of actin and myosin Il filaments. Location of the cleavage
furrow is initiated by signals emanating from the microtubules. (Upper panel) The
centralspindlin, composed of the kinesin motor protein, MKLP1 and MgcRacGAP, are
activated by Aurora B. Upon activation, this complex activates the RhoGEF, Ect2.
RhoGTP levels are maintained by the dichotomous relationship between Ect2 and
p190RhoGAP. When active, Rho organizes actin polymerization through mDia, myosin
Il activation through ROCK and citron kinase, and microtubule polymerization through
mDia. Anillin is a scaffold protein which binds actin, myosin Il, Ect2, MgcRacGAP,
mDia, ROCK, and Rho. Whether anillin and p190 associate is not currently known.

Possible anillin complexes are shown around the actomyosin ring. (Lower panel)
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positioning of the cleavage furrow was not determined by chromosomes or cytoplasm but
by the location of microtubules. Today, there is some debate as to whether the cue for
cleavage furrow positioning is determined by aster MTs or the mitotic spindle, and there
are three leading theories. The first theory, called polar or astral relaxation, proposes that
astral MTs provide an inhibitory signal to the cortical regions of the cell. This results in
inhibition of contraction and establishes a gradient of cortical tension with the highest
tension and cortical furrowing located at the center of the cell. The second theory is
based on the classic Rappaport experiments and is termed astral stimulation. This model
suggests that furrowing is determined by the equatorial zone where MT asters converge
at the cortex. Itis proposed that a subpopulation of mitotic asters position the cleavage
furrow through the delivery of specific factors that move along the MTs. The last model
is a refinement of the astral stimulation model. This model, called the central spindle
stimulation model, puts forth the idea that cleavage furrow formation is determined by
the position of the central spindle. (Oliferenko et al., 2009; von Dassow, 2009) The
merits and pitfalls of each of these models are beyond the scope of this dissertation;
however, it is clear from each that positioning cues from MTs establish the position of the
cleavage furrow.

However, positioning of the cleavage furrow is not the only thing altered if MTs
in the mitotic spindle are displaced. Active Rho is concentrated at the cleavage furrow in
what is called the Rho zone. The width of the Rho zone correlates almost exactly with
the width of the central spindle. Lengthening or contracting of the mitotic spindle also

results in a corresponding alteration in the width of the Rho zone. Moreover, if the
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central spindle is displaced from one side of the cell to another, Rho activity quickly
dissipates from the old Rho zone, and an increase in Rho activation is seen at the new
corresponding appropriate position relative to the new spindle (Bement et al., 2005).

This phenomenon is most likely regulated through the activity of the centralspindlin
complex, comprised of the plus-end-directed kinesin MKLP1, and the RhoGAP,
MgcRacGAP (Mishima et al., 2002). This complex is required for activation of the
cytokinetic RhoGEF, Ect2 (Somers and Saint, 2003; Zhao and Fang, 2005b), which is
required for the activation of Rho at the cleavage furrow (Yuce et al., 2005). All three
proteins, MKLP1, MgcRacGAP, and Ect2, are required for the completion of cytokinesis
(Kamijo et al., 2006; Nishimura and Yonemura, 2006; Yuce et al., 2005). Through action
of the motor component of MKLPL1 in anaphase, the centralspindlin complex accumulates
at the cleavage furrow. Thus, MKLP1 is thought to localize the complex to the cleavage
furrow (Nishimura and Yonemura, 2006).

Downstream of Rho, several lines of evidence suggest that the mDia proteins may
have some function in the regulation of MT dynamics during mitosis. mDial localizes to
the mitotic spindle and is thought to regulate its position (Ishizaki et al., 2001; Kato et al.,
2001). mDia3 is required for bipolar MT attachment and chromosome segregation
(YYasuda et al., 2004), while mDia2 has been found to associated with taxol-stabilized
MTs (Palazzo et al., 2001). However, little is currently known about the exact
mechanisms of action of the mDia proteins in these processes.

Aurora B:
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Three members of the Ser/Thr Aurora kinases family have been described.
Aurora A, B, and C share 70% sequence identity in the catalytic domain (Carmena et al.,
2009; Kollareddy et al., 2008). However, despite this similarity, they have very distinct
functions in mitosis. Aurora A functions primarily in mitotic entry and centrosome
maturation (Barr and Gergely, 2007), while Aurora B is the catalytically active member
of the Chromosomal Passenger Complex (CPC) and is required for cytokinesis (Carmena
etal., 2009). Aurora C is the newest member of the family, and its functions are still
under investigation; however, the data at present suggest it may have similar functions as
Aurora B (Kollareddy et al., 2008).

Aurora B is a 343 amino acid bipolar protein, with a 3-strand N-terminal involved
in regulation of the protein and an a-helical C-terminus which acts as a docking site for
its various substrates (Sessa et al., 2005). The kinase domain and activation loop are
located in the center of the protein (Brown et al., 2004). Activation of Aurora B is
dependent upon binding to specific protein cofactors, which can induce a conformational
change in the activation loop of Aurora B and trigger the kinase activity. This
conformational change puts Aurora B into an intermediate state; however, the protein is
not fully active until a threonine residue in the T (activation)-loop is auto-phosphorylated
(Bishop and Schumacher, 2002; Honda et al., 2003).

Aurora B functions in spindle assembly, tension promotion of bi-oriented
chromosomes, spindle assembly checkpoint, sister chromatid cohesion, and cleavage
furrow ingression and cytokinesis (Carmena et al., 2009). To carry out so many diverse

mitotic functions, Aurora B localization is very dynamic and has been very well defined.
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During prophase, Aurora B localizes along the chromosome arms and at the centromeres,
from prometaphase to metaphase it is confined to the inner centromere region, and in
anaphase it moves to the central spindle and cortex, eventually accumulating in the
midbody during telophase (Lens et al., 2010).

Aurora B activity and localization are regulated by Borealin, Survivin, and
INCEP, all of which together make-up the CPC (Chromosomal Passenger Complex)
(Carmena et al., 2009; Lens et al., 2010). Borealin is thought to promote clustering
which may lead to Aurora B auto-activation at the centromere (Kelly et al., 2007; Sessa
et al., 2005), while Survivin targets the CPC to centromeres (Vader et al., 2006). INCEP
is the scaffold protein which keeps this complex together and allows for complete
activation of Aurora B through a positive feedback loop (Bishop and Schumacher, 2002;
Sessa et al., 2005). Some evidence suggests that Aurora B promotes completion of
cytokinesis through the indirect activation of Rho. Aurora B phosphorylates and
activates the centralspindlin complex, which activates Ect2 and ultimately Rho
(Minoshima et al., 2003; Mishima et al., 2002). Interestingly, when Aurora B is depleted,
the kinesin-like protein of the central spindle responsible for the complex’s localization
(MKLP1) is no longer found at the cleavage furrow, and cytokinesis does not proceed
(Giet and Glover, 2001; Kaitna et al., 2000; Severson et al., 2000). Inhibition or
depletion of Aurora B also results in defects in chromosome congression, abnormal
chromosome segregation, failure to induce the SAC, and ultimately cytokinesis failure as
evidenced by the presence of multinucleated cells (Adams et al., 2001; Ditchfield et al.,

2003; Hauf et al., 2003; Kallio et al., 2002)
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Anillin:

Anillin is a scaffold protein of 190 kDa, required for the completion of
cytokinesis (D'Avino, 2009; Hickson and O'Farrell, 2008a; Piekny and Maddox, 2010).

It contains multiple nuclear localization sequences (NLS), SH3 binding sites, a PH
domain, Rhotekin binding domain, and an anillin Homology Region (AHR) (Oegema et
al., 2000). Anillin was first identified in 1989 by F-actin affinity chromatography (Miller
etal., 1989). Since then, anillin has been shown to bind mDia2 (Watanabe et al., 2010),
myosin Il (Straight et al., 2005), F-actin (Oegema et al., 2000), MgcRacGAP (Zhao and
Fang, 2005b), Ect2 (Zhao and Fang, 2005b), Rho (Piekny and Glotzer, 2008),
microtubules (Sisson et al., 2000), and the APC (Zhao and Fang, 2005a).

Anillin is a cell-cycle regulated protein whose expression is highest during
mitosis and falls dramatically upon entry into interphase through ubiquitin-mediated
degradation by the APC. As the cell progresses through interphase, anillin levels slowly
increase, peaking in mitosis (Field and Alberts, 1995; Monzo et al., 2005; Zhao and Fang,
2005a). Anillin is also phosphorylated in a mitosis-specific manner; however, the
significance of the phosphorylation is still not understood (Field and Alberts, 1995;
Monzo et al., 2005). It is known, however, that anillin contains putative phosphorylation
sites for the kinases Cdk1, Aurora B, and Polo-like Kinase 1 (A.S. Maddox, unpublished
observations). The localization of anillin is also regulated in a cell-cycle dependent
manner. During interphase, the NLSs restrict anillin to the nucleus of the cell (Field and
Alberts, 1995; Oegema et al., 2000). In mitosis, concurrent with breakdown of the

nuclear envelope, anillin localizes to peripheral stress fibers (Kinoshita et al., 2002).
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After the onset of anaphase, anillin rapidly accumulates at the cortex, where it associates
with various cytokinetic regulators. Anillin remains enriched at the cleavage furrow
throughout cytokinesis and accumulates in the midbody towards the end of mitosis (Field
and Alberts, 1995; Field et al., 2005; Silverman-Gavrila et al., 2008).

While anillin is a scaffold protein for actin and myosin, it does not appear to act
as a recruiting factor for either protein (Hickson and O'Farrell, 2008b; Kinoshita et al.,
2002; Straight et al., 2003), instead acting as a contractility organizer. This is
exemplified by the fact that anillin binds only active myosin (phosphorylated on the
rMLC) (Straight et al., 2005) and that binding of anillin to active myosin Il promotes the
organization of myosin into discrete intact rings (Field et al., 2005). Importantly,
depletion of anillin alters the temporal and spatial stability of myosin at the cell equator
during cytokinesis. Specifically, knockdown of anillin does not inhibit the formation of
the cleavage furrow, nor does it inhibit initial contraction; however, without anillin the
organization of the actomyosin ring cannot be maintained, and the furrow begins to
oscillate back and forth across the equator, eventually resulting in cytokinetic failure
(Piekny and Glotzer, 2008; Straight et al., 2005; Zhao and Fang, 2005a). There also
appears to be a feedback loop from the actomyosin network regulating the localization of
anillin, in that perturbation of myosin Il activation results in anillin mislocalization from
the cleavage furrow (Kinoshita et al., 2002).

While myosin 1l is activated by the Rho pathway during cytokinesis and binds
anillin (Piekny and Glotzer, 2008), there is some confusion as to whether Rho recruits

anillin to the cleavage furrow or anillin recruits Rho. A study by Piekny and Glotzer in
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2008 found that anillin depletion results in a mislocalization of Rho away from the
cleavage furrow. However, depletion of either Rho or Ect2 resulted in a decrease in
anillin localization at the cleavage furrow (Piekny and Glotzer, 2008). Furthermore,
knockdown of Rho causes anillin to maintain its metaphase distribution around the entire
cells cortex, a phenotype similar to inactivation of Ect2 (D'Avino et al., 2008; Somma et
al., 2002). Together these findings suggest that active Rho and anillin are required for the
activation and organization of the actomyosin network of the cleavage furrow. If,
however myosin is not phosphorylated and activated, due to a down regulation of Rho, a
mislocalization of anillin can result.
Actomyosin Network:

Cytokinesis is mediated by the ingression of the contractile ring, which is a band
of actin and non-muscle myosin 11 filaments cross-linked to the cell membrane. The
actomyosin network begins to form in anaphase with positional cues from the
microtubules, and constriction begins in telophase. (D'Avino et al., 2005; Glotzer, 2001;
von Dassow, 2009) Constriction occurs as myosin walks along actin fibers in an ATP
hydrolysis-dependent manner. Rayment et.al. proposed a model for actomyosin
contraction in muscle based upon myosin movement on actin cables and the three
dimensional structure of myosin (Rayment et al., 1993; Sheetz and Spudich, 1983a;
Sheetz and Spudich, 1983b). In an inactive muscle the myosin head is bound to the actin
filament, and in response to appropriate cues an ATP molecule binds to the myosin head
causing an immediate change in conformation, which releases the myosin head from the

actin filament. At this point, ATP hydrolysis occurs, causing the myosin head to be
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displaced by about 5nm. Although the ATP nucleotide is hydrolysed, both products,
ADP and the inorganic phosphate, remain bound to the myosin head. The newly
positioned myosin head weakly binds a new actin molecule on the actin filament, which
triggers the release of the inorganic phosphate produced by ATP hydrolysis. The
phosphate release stimulates the force-generating conformational change in myosin,
which walks the molecule down the actin filament and increases the association between
the two proteins. At the end of this cycle myosin is now in a position to bind another
ATP nucleotide and begin the process again (Rayment et al., 1993).

Myosin 11 is a hexamer composed of two 230 kDa heavy chains, two 20kDa
regulatory light chains, and two 17kDa essential light chains which stabilize the heavy
chains. The globular heads of the heavy chains bind both ATP and actin and are
connected to the rest of the molecule by the neck domain. The neck domain acts as a
lever and provides the mechanical force responsible for the motor action of the protein. It
is also at the neck region that both light chains bind. The neck domain is followed by
long a-helical coiled-coil domains, which are responsible for the dimerization of the
protein. (Niederman and Pollard, 1975; Vicente-Manzanares et al., 2009) Myosin is
activated by phosphorylation of the regulatory light chain on Ser19. This
phosphorylation greatly increases the ATPase activity of myosin in the presence of actin
by controlling the conformation of the myosin head; however, it has little to no effect on
the affinity for actin (Sellers et al., 1982; Wendt et al., 2001). Phosphorylation of the
heavy chain in either the coiled-coil or tail region results in dissociation of the myosin

complex from actin or completely inhibits the formation of the complex (Bosgraaf and
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van Haastert, 2006; Vicente-Manzanares et al., 2009). Cells which are not able to form
myosin filaments cannot complete cytokinesis in suspension (Egelhoff et al., 1990).

Myosin 11 was first thought to play a role in cleavage furrow contraction when
Yamakita et. at. reported that the activating phosphorylation, Ser19, decreased during
metaphase, but increased 20-fold during cytokinesis and was practically undetectable
during interphase, suggesting that the myosin activity was critical during cytokinesis
(Yamakita et al., 1994). Since then, active myosin has been found to accumulate at the
cleavage furrow during anaphase and telophase (Matsumura et al., 1998), and myosin
activation is required for completion of cytokinesis (Jordan and Karess, 1997), as
overexpression of a non-phosphorylatable form of myosin results in failure of cytokinesis
(Komatsu et al., 2000).

Perspectives:

The biological role of Rho and its negative regulator p190 have been described as
they are currently found in the literature. Through its inactivation of Rho, p190 regulates
progression through cytokinesis and neurite growth; however, the role p190 plays in
apoptosis, if any, is still not clearly defined. Overexpression studies designed to
understand the biological role of p190 indicated that the protein might induce apoptosis.
This hypothesis was strengthened when chromatin condensation, a hallmark of apoptosis,
was observed in cells that overexpressed p190. These studies also revealed that p190
overexpression results in multinucleation in epithelial transformed cells and dendrite-like
formation in non-transformed fibroblasts. In further support of the hypothesis that p190

might initiate apoptosis, attempts to generate a cell line that stably overexpressed p190
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failed. Therefore, the goal of this dissertation was to investigate the role of p190 in
mediating apoptosis and understand how apoptosis was related to the other phenotypes
observed upon p190 overexpression.

This dissertation shows that p190 overexpression results in caspase- and Rho-
dependent apoptosis, possibly mediated through the secondary phenotypes,
multinucleation and dendrite-like formation, which are dependent upon transformation
status of the cell (multinucleation in transformed cells and dendrite-like formation in non-
transformed cells). Preliminary data suggest that the differential response to p190
overexpression may be due to the differential activation of the NF-xB pathway in
transformed vs. non-transformed cells. Evidence is also provided that p190-induced
apoptosis may activate the JNK-Bim/Mcl-1 apoptotic pathway. Finally, studies reveal
that p190 confers sensitivity to docetaxel through its down regulation of Rho.

The multinucleation phenotype elicited upon p190 overexpression suggested that
increased levels of p190 result in failure to complete cytokinesis. Further studies
revealed that multinucleation was a consequence of insufficient RhoGTP levels at the
cleavage furrow, which result in failure of the daughter cells to separate. However, how
p190 overexpression affected the downstream targets of Rho was still unknown, and this
question became a major point of investigation in this dissertation. Studies revealed that
decreased RhoGTP levels resulting from p190 overexpression diminish myosin 11
activation, which is required for completion of cytokinesis. p190 overexpression also
prevents anillin localization to the cleavage furrow, while silencing of anillin results in

p190 mislocalization. This yin and yang suggests that anillin is required for p190
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localization, but a feedback loop maintains the localization of anillin. The feedback
signal may be a contractility signal, as p190 and anillin physically interact in a
contractility-dependent manner. As a whole, these studies more accurately define the
role of Rho and p190 in cytokinesis and apoptosis. These data also provide further
evidence for p190’s role as a tumor suppressor and strengthen the Rho pathway as a

cancer therapeutic target.
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Chapter 2
Materials and Methods:

Reagents:

The following chemicals were used throughout this study: Thymidine,
Nocodazole, DAPI, (all from Sigma, St. Louis, MO), Blebbistatin (Calbiochem, San
Diego, CA), and Doxycycline (Clontech, Mountain View, CA). All monoclonal and
polyclonal antibodies used in this work and their sources and concentrations are
identified in Tables 2 and 3 of this chapter.

Cell culture and synchronization:

MDA-MB-231, MDA-MB-468, BT-549, MCF7, HelLa, C3H10T1/2, NIH-3T3,
vSrc NIH-3T3, and vSrc Ratl cells were maintained by serial passage in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Carlsbad, CA) containing 10% fetal calf
serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37°C in a 5% CO,, humidified
environment. MDA-MB-468 Tet-on cells were maintained in DMEM with 10% fetal
calf serum (Gibco), 1% penicillin/streptomycin, 130 ng/ml puromycin (Sigma), and 400
pg/ml geneticin (G418) (Sigma). MDA-MB-361 cells were cultured in Leibovitz’s L-15
Medium (Gibco) containing 20% fetal calf serum (Gibco) and 1% penicillin/streptomycin
(Gibco). MCF10A cells were maintained in DMEM/F12 (Gibco) with 5% Horse Serum
(Gibco), 1% penicillin/streptomycin (Gibco), 100 pg/ml EGF (Sigma), 1 mg/ml
hydrocortisone (Sigma), 1 mg/ml cholera toxin (Calbiochem, Gibbstown, NJ), and 10
mg/ml insulin (Sigma). RWPE-1 cells were grown in Keratinocyte Serum Free Medium

(Gibco), with L-glutamine (Gibco), 0.2 ng/ml EGF, and 25 pg/ml bovine pituitary extract



78
(Gibco). Cell lines were obtained from American Tissue Culture Collection (Manassas,
VA) except for v-Src NIH3T3 and v-Src Rat-1 cells, which were gifts from Dr. J.T.
Parsons. Cells were synchronized for arrest in mitosis by treatment with 50 ng/mL
nocodazole for 14-16 hrs, released from the nocodazole block for 40 mins, and harvested
by mitotic shake off at indicated times. G1 arrest was achieved by treatment with 2 mM
thymidine for 14-16 hrs, release for 8 hrs, followed by an additional treatment of 14-16
hrs of 2 mM thymidine, at which time cells were collected for analysis.

Transient transfection:

MDA-MB-468, HelLa, NIH-3T3, vSrc NIH-3T3, and vSrc Ratl cells were
transfected with Polyfect Transfection Reagent (Qiagen Inc., Valencia, CA), and
C3H10T1/2 cells were transfected using Superfect Transfection Reagent (Qiagen Inc.).
Fugene Transfection Reagent (Roche, Indianapolis, IN) was used to transfect MCF10A
and MCF7 cells, while RWPE-1 cells were transfected with Lipofectamine Plus
Transfection Reagent (Invitrogen, Eugene, OR). All cells were transfected according to
the manufacturer’s protocol. Plasmids used were: pKH3 plasmid encoding triple HA-
tagged p190 (gift from Dr. lan Macara), or the indicated p190 mutants; pTriEX plasmid
encoding CARho (Q63L) or DNRho (T19N); or GFP plasmid containing GFP-p190 or
CA MLC (phosphomimetic T18D, S19D). Cells were plated in either 200mm or 6-well
dishes (Corning). Mock-transfected cells were treated with transfection reagents alone.
When two or more plasmids were co-transfected, total plasmid levels were equalized
with empty vector. Vector control experiments were performed with empty pKH3 HA-

vectors or empty GFP vectors with equivalent amount of vector for each experiment.
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siRNA transfection:

The p190 RNAI oligos were double stranded and custom made by Dharmacon to
silence the expression of human p190-A protein by targeting a unique sequence at the N-
terminus of the protein. The sequence of the double stranded oligos was 5° AAG AUG
CAC AUU GUG GAG CAG 3’. The Anillin RNAIi oligo was from the Dharmacon
ANLN ON-TARGETplus SMARTpool targeted to human Anillin. Cells were treated
with the p190 siRNA oligos (200 pmol), or the Anillin siRNA oligos (200 pmol) using
the RNAiIMax reagent (Invitrogen), as per the manufacturer’s instructions. After 24 hrs,
cells were either treated with Dox to induce HA-p190 expression or fixed for confocal
microscopy as described below.

Mutant constructs:

The AGAP, AGBD, Middle Domain, and GAP-only domain mutants of p190
were constructed using primers purchased from Integrated DNA Technologies, Inc
(Table 1). pkH3 triple-HA tagged full-length p190RhoGAP plasmid served as the
template for PCR amplification. Using restriction sites for BamHI and EcoRlI full-length
p190 was excised, and the amplified deletion mutants were ligated into the pkH3 vector
using the Rapid DNA Ligation Kit (Roche). All mutants obtained by PCR were
confirmed by sequencing prior to use. Verified plasmids were purified from competent

DH5a E.Coli using Maxi-prep (Qiagen) according to manufacturer’s protocol.
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Mutant Sense primer sequence Anti-sense primer sequence

AGAP CGGGATCCATGATGATGGCA | GCGAATTCTCAATCACTCCCAAC
AGAAAGCAA ACTGAAGCT

AGBD | CGGGATCCTTTGTTGTACTT GCGAATTCTCAAGAAGACAACTG
GAAGAGACA ATTTTC

Middle | CGGGATCCTTTGTTGTACTT GCGAATTCTCAATCACTCCCAAC

Domain | GAAGAGACA ACTGAAGCT

GAP CGGGATCCATACCCATTTTC GCGAATTCTCAAGAAGACAACTG

ATTGAAAGA ATTTTC

Immunofluorescence:

For phenotypic studies, cells were seeded on coverslips (Fisher, Pittsburgh, PA) in

6-well dishes (Corning) at the following densities to accommodate different time points

of analysis: 24 hrs, 7.5 x 10° cells/well; 48 hrs, 5 x 10° cells/well; or 72 hrs, 2.5 x 10

cells/well. The next day cells were transfected as described above and at the designated

times were fixed for 5 min with 4% paraformaldehyde and permeated with 0.2% Triton-

X 100 for 20 min at room temperature. Slides were blocked for 1 hr at room temperature

in 20% filtered goat serum in phosphate buffered saline (PBS) (0.14M NacCl, 4.2mM

NayHPQOy, 2.7mM KCI, and 1.5mM KH,PO,4 pH 7.3) and incubated with primary mouse

antibody aHA.11 mAb (Covance, Berkeley, CA) (2 ug/ml in 20% goat serum) to detect
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HA-p190, followed by Alexafluor 594-conjugated goat anti-mouse 1gG (Jackson Immuno
Research Laboratories, Inc., West Grove, PA) for 1 hr at room temperature. To test for
apoptosis, cells were stained for DNA fragmentation using TUNEL, In Situ Cell Death
Kit, Fluorescein (Roche), as per the manufacturer’s protocol. For all
immunofluorescence (IF) studies, cells were stained for DNA with 2 ug/ml DAPI
(Sigma-Aldrich) in PBS for 3 min. Cover slips were mounted on slides and viewed on a
Leica-Leitz DM RBE microscope equipped with a Sensys camera (Photometric,
Beaverton, OR) controlled by Inovision software (ISee, Raleigh, NC). Mutant p190, Z-
VAD, CA-Rho, dose-dependent, Image J, and Docetaxel studies were visualized using
the same protocol 48 hrs post-transfection.

Quantification of p190 overexpression by immunofluorescence pixel intensity:

Cells were seeded, transfected with HA-p190 plasmid, and prepared for IF 48 hrs
post transfection as described above. Images of p190-overexpressing cells exhibiting
normal morphology, multinucleation, or dendrite-like formation were captured with a
Photometric’s Sensys camera controlled by Inovision’s ISee software. Exposure times
were consistent for each channel throughout individual experiments, and no images were
altered after capture. The area of a cell was outlined using the phase image to determine
the region of interest (ROI). The ROI was then applied to the HA-p190 image to
determine the average pixel intensity within the ROI, represented as a random numerical
value. These values were then grouped by phenotype, and an average pixel intensity for

each phenotype was determined using the cells analyzed from one individual experiment.
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Between 10-40 cells per phenotype were analyzed for each experiment. Average pixel
intensities were then normalized to normal morphology, which was set to 1.

Time-lapse microscopy:

Four x 10° MDA-MB-468, MCF10A, NIH-3T3, or vSrc NIH-3T3 cells were
plated in 0.17mm Delta T dishes (Fisher Scientific) and transfected with 3ug (MDA-MB-
468, NIH-3T3, vSrc NIH-3T3) or 2ug (MCF10A) GFP-p190RhoGAP plasmid using
Polyfect (Qiagen Inc.) or Fugene (Roche) Transfection Reagent as per the manufacturer’s
protocol. Twenty four hrs later cells were incubated for 30 min at 37°C in 5% CO; in the
dark with 2ug Hoechst 33342 (Molecular Probes, Invitrogen Detection Technologies,
Eugene, OR) in serum free DMEM (Gibco) to visualize the DNA. Cells were maintained
for the next 24 hrs in Leibovitz’s L-15 medium (Gibco). GFP-p190 expressing cells were
identified by immunofluorescence microscopy of live cells. DIC images were captured
every 10 min (starting time 24 hrs. post-transfection) with a Nikon Eclipse TE200
microscope equipped with a heated stage and a Hammamatsu CCD camera controlled by
Improvision’s Openlab software.

Confocal Microscopy:

HeLa cells were grown to 60% confluency in normal growth media, treated with
Nocodazole for 14-16 hours to induce mitotic arrest, and released for 40 minutes onto
poly-L-lysine-coated coverslips in culture dishes supplemented with fresh media. After
release, cells were fixed for 20 min with 4% paraformaldehyde, permeabilized for 5 min
with 0.2% Triton X-100 and blocked with 20% goat serum at room temperature for 1 hr.

After blocking, samples were incubated with appropriate primary antibodies (see Table 2)
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for 1 hr at room temperature. Coverslips were mounted onto glass microscope slides
using ProLong® Gold antifade reagent with DAPI as the mounting medium. After
overnight drying at 4°C, cells were analyzed in a Zeiss LSM510 confocal head (Carl
Zeiss Microlmaging GmbH) mounted on an Axiovert 200 wide-field fluorescence
microscope, fitted with a purple diode laser for 405 nm excitation; an argon laser with
458, 477, 514, and 488 nm lines; a 543 nm HeNe laser; and a 633 nm HeNe laser.
Images were captured using the accompanying LSM software (Carl Zeiss Microlmaging
GmbH).

Table 2: Antibodies for Confocal Microscopy

Antibody Company Type Dilution
p190 BD Transduction Mouse mADb 1:200
Lab
Anillin Santa Cruz Rabbit pAb 1:250
MLC Il (MY-21) Sigma Mouse IgM 1:200
p-MLC Il Cell Signaling Rabbit pAb 1:100
Aurora B (AIM-1) BD Transduction Mouse mADb 1:200
Lab
Phalloidin AF Molecular Probes Mouse mADb 1:1000
Conj 647
AF 594 Conj GaM Molecular Probes Goat 1:1000
AF 594 Conj GoR Molecular Probes Goat 1:1000
AF 647 Conj GoaM Molecular Probes Goat 1:1000
AF 488 Conj GoaM Molecular Probes Goat 1:1000
AF Conj 568 Molecular Probes Goat 1:1000
GalgM




84

Western blotting:

Cells were seeded at the following densities per time of analysis: Mock, 1.6 x 10°
cells/2100mmplate; 24 hrs, 1.8 x 10° cells/100mm plate; 48 hrs, 1.6 x10° cells/100mm
plate; or 72 hrs, 1.4 x 10° cells/200mm plate and transfected as described above with HA-
p190RhoGAP plasmid. At the indicated times, cells were lysed and sonicated. Cell
debris was removed by centrifugation at 13,000 x g for 10 min at 4 °C. Protein was
quantified using the BioRad Protein Assay (BioRad, Hercules, CA). 50 ug protein per
treatment group was separated on an SDS-PAGE gel and transferred to a Nitrocellulose
membrane (Whatman, Dassel, Germany), which was then blocked for 1 hr at room
temperature. The blocked membrane was washed three times with TBST buffer
(9.98mM Tris, 150.58mM NaCl, 0.1% Tween-20 [Fisher Scientific, ]) and incubated
overnight at 4 °C with the respective primary antibodies listed in Table 3 below.
Membranes were again washed three times with TBST buffer and incubated for 1 hr at
room temperature with HRP (horseradish peroxidase)-conjugated anti-mouse or anti-
rabbit IgG secondary antibody (1:5,000) (Amersham Biosciences, Piscataway, NJ), or
anti-mouse IgM secondary antibody (1:5,000) (Rockland). Antigen-antibody complexes
were visualized by ECL (enhanced chemiluminescence) (Amersham Biosciences),
radiographed, and quantified by densitometric analysis using AlphaEase FC.

Table 3: Antibodies for Western blot and Immunoprecipitation

Antibody Company Type Dilution

p190 (8C10) S. Parsons Lab Mouse mADb 1:4,500 in 5% milk
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p190 BD Transduction Mouse mADb 1:1,000 in 5% milk

HA.11 (18B12) Col\_/zzce Mouse mADb 1:1,000 in 5% milk

Caspase-3 (8G10) Cell Signaling Rabbit mAb 1:1,000 in 5% milk

Akt Cell Signaling Rabbit pAb 1:1,000 in 5% milk

p-Akt Cell Signaling Rabbit pAb 1:1,000 in 5% milk

p38 (L53F8) Cell Signaling Mouse mADb 1:1,000 in 5% BSA

p-p38 (28B10) Cell Signaling Mouse mADb 1:1,000 in 5% BSA

JNK Cell Signaling Rabbit pAb 1:1,000 in 5% BSA

p-JNK (G9) Cell Signaling Mouse mADb 1:1,000 in 5% BSA

IKB Cell Signaling Mouse mADb 1:1,000 in 5% BSA

p-1IKB Cell Signaling Mouse mADb 1:1,000 in 5% BSA

p53 (1C12) Cell Signaling Mouse pAb 1:1,000 in 5% BSA

p-p53 Cell Signaling Rabbit pAb 1:1,000 in 5% BSA

Bim (C34C5) Cell Signaling Rabbit mAb 1:1,000 in 5% milk

Mcl-1 (D35A5) Cell Signaling Rabbit mAb 1:1,000 in 5% milk

MLC Il (MY-21) Sigma Mouse IgM 1:1,000 in 5% BSA
& 3%milk

p-MLC Il Rockland Rabbit pAb 1:1,000 in 5% BSA

Anillin Santa Cruz Rabbit pAb 1:1,000 in 5% milk

Actin Sigma Mouse mADb 1:10,000 in 5% milk
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Immunoprecipitation:

Cell lysates were prepared as described above and incubated with 5 pg of the
indicated immunoprecipitating antibody overnight. After primary antibody incubation,
immunecomplexes were precipitated by protein G agarose (Invitrogen) and separated by
centrifugation at 5,000 rpm for 1 min. After cold PBS washes, SDS sample buffer was
added to each sample, boiled for 5 mins, and subjected to Western blotting analysis, as

described above.
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Chapter 3:
The Tumor Suppressor, p190RhoGAP, Differentially Initiates Apoptosis and

Confers Docetaxel Sensitivity.

INTRODUCTION:

Through GTP binding, RhoGTPases directly and indirectly regulate a myriad of
down-stream effectors, including Rho kinase (ROCK) and mDia, which in turn regulate
actomyosin and microtubule cytoskeletal dynamics (Hall, 2009). Numerous biological
processes are modulated by Rho’s effects on cytoskeletal dynamics including
proliferation, migration, differentiation, and survival (Heasman and Ridley, 2008). Of
particular importance to the work described in this report are the roles Rho plays in
cytokinesis (proliferation) (Kishi et al., 1993) and neurite retraction/extension
(differentiation) (Jalink et al., 1994).

Due to their multiple functions in cells, aberrant expression or function of any of
the RhoGTPases can result in malignant transformation. Overexpression of several
members of the Rho family of GTPases, their upstream regulators, or downstream
effectors has been observed in a variety of malignancies, including; pancreatic, breast,
brain, and prostate cancer (Aznar et al., 2004). It has also been shown that Rho- and
Rac1-transformed murine fibroblasts develop distant metastases in the lung, spleen,
lymph nodes, and other tissues when injected into immuno-compromised mice,
suggesting a role for these GTPases in malignant progression (Gomez del Pulgar et al.,
2005).

RhoGAPs are a large family of proteins that stimulate the intrinsic GTPase

activity of the Rho proteins, leading to Rho inactivation. To date, 67 GAP domain-
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containing proteins have been identified (Hall, 2009), among which is p190RhoGAP
(p190). p190 is a multi-domain protein with an N-terminal GTP Binding Domain
(GBD), a Middle Domain containing critical phosphorylation and protein-protein
interaction motifs, and a C-terminal region that includes the GAP domain (Ludwig et al.,
2009). Through inactivation of Rho, p190 plays a critical role in regulating actin
cytoskeleton dynamics (Ridley et al., 1993) in response to growth factors (Chang et al.,
1995), integrin engagement (Arthur and Burridge, 2001), and v-Src transformation
(Fincham et al., 1999). In these processes, Src phosphorylates p190 at tyrosine 1105
(Y1105) and promotes p190 binding to p120RasGAP, enhancing p190’s RhoGAP
activity and Rho inactivation (Haskell et al., 2001a). As a result of its negative regulation
of Rho, p190 has also been shown to negatively control tumor growth (Wolf et al., 2003),
transformation (Wang et al., 1997), metastasis, invasion (Kusama et al., 2006), and
angiogenesis (Mammoto et al., 2009), suggesting that it may function as a tumor
suppressor in vivo (Ludwig et al., 2009).

Previous studies designed to understand the tumor suppressive role of p190
employed an overexpression approach. In epithelial cells (MDA-MB-468),
overexpression of p190 resulted in multinucleation (Su et al., 2003), suggestive of an
involvement in mitosis, while in fibroblasts or neuronal cells overexpression produced a
dendritic-like phenotype (Tatsis et al., 1998), implicating a role in differentiation. This
chapter describes for the first time that p190 is also a regulator of apoptosis, that the
multinucleation and dendritic phenotypes can be intermediates to apoptosis, and that

p190 functions through Rho and its downstream effectors (including caspases) to mediate
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this process. Furthermore, we found that elevated levels of p190 can sensitize breast
cancer cells to docetaxel-induced apoptosis, consistent with its function as a tumor
suppressor.

RESULTS:

p190RhoGAP overexpression leads to apoptosis.

To test for the ability of p190 to regulate apoptosis and to assess the frequency of
apoptosis relative to multinucleation and dendrite-like formation, HA-tagged p190 was
transiently transfected into MDA-MB-468 cells, a transformed cell of epithelial origin,
and allowed to express for 24, 48 or 72 hrs. Cells were then immuno-stained for HA to
identify those overexpressing p190 and tested for apoptosis via TUNEL
immunofluorescence. Concurrently, we quantitated the occurrence of the two other
p190-reported phenotypes: multinucleation (2 or more nuclei), postulated to occur in
epithelial cells, and dendrite-like formation (protrusions the length of the cell body or
greater), postulated to occur in fibroblasts. As seen in Fig. 6A, upon p190 overexpression
in MDA-MB-468 cells, all three phenotypes (multinucleation, dendrite-like formation,
and apoptosis) were observed. Of interest was the finding that the predominant
phenotype was apoptosis at all times examined, occurring in 30% of the cells that
overexpressed p190 (Fig 6B) at 72 hrs post transfection, with a secondary phenotype of
multinucleation (9%), and only 3% of cells displaying dendritic processes, a phenomenon
which had been reported previously only in non-transformed fibroblasts or neuronal cell
lines (Tatsis et al., 1998; Troller et al., 2004). To investigate whether p190

overexpression could invoke the same pattern of morphological changes in a non-
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Figure 6: p190RhoGAP overexpression leads to apoptosis in MDA-MB-468 cells.

A: Immunofluorescent images of MDA-MB-468 cells transiently overexpressing
HA-p190 represent the three observed phenotypes: multi-nucleation, dendrite-like
formation, and apoptosis. Panels a-c: DAPI-stained DNA; panels d-f: triple HA-tagged
p190; panels g-i: TUNEL, and panels j-1: phase. Arrows identify p190 overexpressing
cells that are multinucleated (panels a, d, g, and j), dendritic-like (panels b, e, h, and k), or
apoptotic (panels c, f, i, and ).

B: Quantitation of the respective phenotypes observed in mock-treated, vector-
control (VC) or p190-transfected MDA-MB-468 cells. Results are expressed as the mean
percent total cells (Mock or VVC) or cells positive for HA-p190 that exhibited the

observed phenotypes +/- standard error of the mean (SEM), n>3.
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transformed epithelial cell line, the same experiment was performed with MCF10A cells.
Again all three phenotypes were observed (Fig. 7A), and apoptosis was the most common
phenotype at all time points, with 30% apoptosis at 72 hrs post transfection. However, in
contrast to the transformed epithelial cell line, p190 overexpression elicited a secondary
phenotype of dendrite like-formation (8%), with only a few cells displaying
multinucleation (3%) (Fig. 7B).

To determine whether this same pattern would hold true for a pair of transformed
and non-transformed fibroblasts, the preceding protocol was repeated in vSrc transformed
NIH-3T3 cells (Fig. 8A) and NIH-3T3 cells (Fig. 9A). In both cell lines apoptosis was
the most abundant phenotype at all times observed with 34% in vSrc NIH-3T3s (Fig. 8B)
and 32% in NIH-3T3 (Fig. 9B) at 72 hrs post transfection. In the transformed cell line
(vSrc NIH-3T3), multinucleation was the second most common phenotype (16%) with
only a small percentage of cells displaying dendrite-like extensions (4%). Conversely,
the non-transformed cell line (NIH-3T3) exhibited more dendrite-like protrusions (18%)
than multinucleated cells (5%). Based on these results, it appears that transformation
status determines the phenotype rather than fibroblast or epithelial cellular lineage.

To further examine the relationship between the transformation status of the cell
and the secondary phenotype induced by p190 overexpression, an eight cell line (Table 4)
survey was performed using two non-transformed epithelial cells (MCF10A and RWPE-
1), two transformed epithelial cells (MDA-MB-468 and HelLa), two non-transformed
fibroblasts (NIH-3T3 and C3H 10T1/2) and two transformed fibroblasts (vSrc

transformed NIH-3T3 and vSrc transformed Rat-1). All cell lines were transiently
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Figure 7: p190RhoGAP overexpression leads to apoptosis in MCF10A cells.

A: Immunofluorescent images of MCF10A cells transiently overexpressing HA-
p190 represent the three observed phenotypes: multi-nucleation, dendrite-like formation,
and apoptosis. Panels a-c: DAPI-stained DNA; panels d-f: triple HA-tagged p190; panels
g-i: TUNEL, and panels j-I: phase. Arrows identify p190 overexpressing cells that are
multinucleated (panels a, d, g, and j), dendritic-like (panels b, e, h, and k), or apoptotic
(panelsc, f, i, and I).

B: Quantitation of the respective phenotypes observed in mock-treated, vector-
control (VC) or p190-transfected MCF10A cells. Results are expressed as the mean
percent total cells (Mock or VVC) or cells positive for HA-p190 that exhibited the

observed phenotypes +/- standard error of the mean (SEM), n>3.
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Figure 8: p190RhoGAP overexpression leads to apoptosis in vSrc NIH-3T3 cells.

A: Immunofluorescent images of vSrc NIH-3T3 cells transiently overexpressing
HA-p190 represent the three observed phenotypes: multi-nucleation, dendrite-like
formation, and apoptosis. Panels a-c: DAPI-stained DNA; panels d-f: triple HA-tagged
p190; panels g-i: TUNEL, and panels j-1: phase. Arrows identify p190 overexpressing
cells that are multinucleated (panels a, d, g, and j), dendritic-like (panels b, e, h, and k), or
apoptotic (panels c, f, i, and ).

B: Quantitation of the respective phenotypes observed in mock-treated, vector-
control (VC) or p190-transfected vSrcNIH3T3 cells. Results are expressed as the mean
percent total cells (Mock or VVC) or cells positive for HA-p190 that exhibited the

observed phenotypes +/- standard error of the mean (SEM), n>3.



98

Dendrite-like
Formation

Figure 9 A Multinucleation Apoptosis

DAPI

HA-
p190RhoGAP

TUNEL

Phase

% Phenotype/p190 Pos.
2
(=]

25

15 - OMultinucleation

10 4 @ Dendrite Formation
-k B Apoptosis
0 oo

Mock vC 24hrs 48 hrs 72 hrs




99
Figure 9: p190RhoGAP overexpression leads to apoptosis in NIH-3T3 cells.

A: Immunofluorescent images of NIH-3T3 cells transiently overexpressing HA-
p190 represent the three observed phenotypes: multi-nucleation, dendrite-like formation,
and apoptosis. Panels a-c: DAPI-stained DNA; panels d-f: triple HA-tagged p190; panels
g-i: TUNEL, and panels j-1: phase. Arrows identify p190 overexpressing cells that are
multinucleated (panels a, d, g, and j), dendritic-like (panels b, e, h, and k), or apoptotic
(panelsc, f, i, and I).

B: Quantitation of the respective phenotypes observed in mock-treated, vector-
control (VC) or p190-transfected NIH3T3 cells. Results are expressed as the mean
percent total cells (Mock or VVC) or cells positive for HA-p190 that exhibited the

observed phenotypes +/- standard error of the mean (SEM), n>3.
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Table 4: Cell lines used in this study

Cell lines were grouped according to transformation status (transformed or non-
transformed) and lineage (epithelial cell or fibroblast). Epithelial, non-transformed cell
lines used were the breast cells, MCF10A, and the prostate cells, RWPE-1. Transformed
epithelial cell lines used were the breast cancer cell lines, MCF7 and MDA-MB-468.
The fibroblasts used in this study were the non-transformed mouse cell lines, C3H
10T1/2 and NIH-3T3, and the cell lines transformed by vSrc, vSrc Ratl and vSrc NIH-

3T3.
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transfected with HA-tagged p190RhoGAP for 24, 48, or 72 hrs, stained for expression of
HA-p190 and TUNEL, and scored for the frequency of multinucleation, dendrite-like
formation, and apoptosis by immunofluorescence. As seen in Figure 10, apoptosis was
the primary phenotype in all cell lines. However, the secondary phenotype was
determined by transformation status, with transformed cells exhibiting a greater
frequency of multinucleation than dendrite-like formation, and non-transformed cells, the
reverse. These results indicate that overexpression of p190 induces apoptosis, regardless
of cell type or transformation status while the secondary phenotype (multinucleation or
dendrite-like formation) depends upon the transformation status of the cell.

p190-induced multinucleation and dendrite-like formation can result in apoptosis.

These findings raised the question of whether the two secondary morphologies,
multinucleation and dendrite-like formation, could result in apoptosis, or if they
represented distinct phenotypes. To initially address this question, we re-examined our
previous experiments to determine what percentage of multinucleated cells were
apoptotic and by so doing determine whether the phenotypes were mutually exclusive
events. Figure 11 shows that at 72 hrs post transfection approximately 80% of cells
overexpressing p190 and exhibiting a multinucleated phenotype stained positively for
TUNEL in the three cell lines tested. This result indicated that the majority of p190-
induced multinucleated cells were undergoing apoptosis, suggesting that multinucleation
may be a concomitant or intermediate phenotype in the p190-induced apoptotic pathway.
Attempts to detect dendritic cells that also stained positively for TUNEL were

unsuccessful, suggesting that either dendrite-like formation and apoptosis were mutually
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Figure 10: The secondary phenotype of p190 overexpression is transformation-
dependent.
Quantitation of the respective phenotypes observed in the indicated cell lines
overexpressing p190 for 72 hrs. Cells were transfected and analyzed as in Figures 5-8.
Results are expressed as the mean percent cells positive for HA-p190 that exhibited the

observed phenotypes +/- SEM, n>3. E=epithelial cell, F=fibroblast.
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Figure 11: p190-induced multinucleated cells are also apoptotic.

A: Quantitation of p190 overexpressing cells that exhibit a multinucleated
phenotype that are also apoptotic at 24, 48, and 72 hrs. Cells were transfected and
analyzed as in Figures 5-8. Results are expressed as the mean percent cells positive for
HA-p190 and multinucleation that exhibited apoptosis +/- SEM, n>3.

B: Immunofluorescent images of MDA-MB-468 cells transiently overexpressing
HA-p190 are both multinucleated and apoptotic. Image in a: DAPI-stained DNA; b:
triple HA-tagged p190; c: TUNEL, and panel d: phase. Arrow identifies p190

overexpressing cell that is multinucleated and apoptotic.
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exclusive events, or that TUNEL positivity and dendrite processes could not be detected
simultaneously. TUNEL stains double stranded breaks within the DNA, which is
expected to occur after cellular condensation. Thus, it is possible that p190-apoptotic
cells lose their dendritic phenotype as a result of cellular condensation.

To directly address the question of whether multinucleation and dendrite-like
formation led to apoptosis, we used real-time microscopy to follow p190-induced
phenotypic changes over time. GFP-tagged p190 was transiently transfected into MDA-
MB-468 (Figs. 12A) cells to assess multinucleation and into NIH-3T3 (Figs. 13A) and
MCF10A cells to assess dendrite-like formation. Twenty-four hrs post transfection, p190
positive cells were identified, and DIC images were captured every 10 mins for the next
24 hrs. Apoptosis was defined as cellular condensation and membrane blebbing. Figure
12A shows that p190-expressing multinucleated cells (solid arrows) underwent apoptosis
within 3 hrs (panels d-e), followed by the p190-positive mononucleated cells (dashed
arrows) (panel f), and the non-p190 overexpressing cells, which did not undergo
apoptosis until near the end of the time course. (Eventually all cells, regardless of their
p190 status, died from CO, deprivation due to the extended time required for video
microscopy.) Quantifying the time to apoptotic induction for the three groups of cells
from multiple experiments, a significant difference in the number of minutes to apoptotic
induction was observed between the various groups, with the p190 overexpressing
multinucleated cells displaying the shortest time to apoptosis (Fig. 12B).

Similar results were seen with the dendritic-like phenotype in NIH-3T3 and

MCF10A cells (Fig. 13A). The dendritic NIH-3T3 cell seen in Fig. 13 (solid arrow)
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Figure 12: p190-induced multinucleation can result in apoptosis.

A: Still images from real-time microscopy of MDA-MB-468 multinucleated cells
undergoing apoptosis. Panel a shows GFP-tagged p190 24 hrs post transfection. Solid
arrows indicate p190 multinucleated cells; dashed arrows indicate p190 mono-nucleated
cells. Panel b depicts Hoechst 33342-stained images of DNA taken 24 hrs post
transfection. Panels c-h represent the DIC images taken at designated times.

B: Multinucleated, p190 overexpressing MDA-MB-468 cells initiate apoptosis
more rapidly than p190 mono-nucleated cells or non-overexpressors. The first image, 24
hrs post transfection, was defined as time-0, and a cell was measured as positive for
apoptotic initiation at the first sign of cellular condensation. Cells were grouped as non-
p190-overexpressing (normal, n=25), p190-overexpressing mononucleated (2N, n=14), or
p190-overexpressing multinucleated (4N or greater, n=7), and results are expressed as the
mean time in min to apoptosis +/- SEM. *=p< 0.005 as compared to Non-p190

overexpressing, **=p<0.05 as compared to p190 overexpressing mononucleated (2N).
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Figure 13: p190-induced dendrite-like formation can result in apoptosis.

A : Still images from real-time microscopy of a NIH-3T3 dendritic cell
undergoing apoptosis. Panel a shows GFP-tagged p190 24 hrs post transfection. Solid
arrow indicates a p190 dendritic cell, and the dashed arrow indicate a p190 cell with
normal morphology. Panel b depicts Hoechst 33342-stained images of DNA taken 24 hrs
post transfection. Panels c-h represent the DIC images taken at designated times.

B: Dendritic, p190-overexpressing NIH-3T3 or MCF10A cells initiate apoptosis
more rapidly than p190 normal morphology or non-p190 overexpressing cells. Cells
(NIH-3T3, MCF10A) were grouped as non-p190-overexpressing (normal, n=23, 28),
p190-overexpressing mononucleated normal morphology (n=12, 7), or p190-
overexpressing dendritic (n=8, 4), and results are expressed as the mean time in min to
apoptosis +/- SEM. Statistical significance was determined within individual cell lines.
*=p< 0.005 as compared to non-p190 overexpressing, **=p<0.05 as compared to p190
overexpressing normal morphology.

Images (Su et al., 2003) were also taken of vSrc NIH-3T3 and vSrc Rat1 cells;
however, all cells began apoptosis within 2 hours of the time course, whether or not they
had been transfected with p190RhoGAP, most likely due to the pro-apoptotic nature of

vSrc (Frame, 2004).



112
began the apoptotic process within 10 mins of the experiment (panel d), while the p190
overexpressing “normal” morphology cell (arrowhead) began apoptosis after 6 hrs. Non-
p190 overexpressing cells did not initiate apoptosis until 14 hours. Quantification
revealed (Fig. 13B) a similar pattern as that seen for multinucleation (Fig. 13B).

Together these data indicate that multinucleation and dendrite-like formation can result in
apoptosis and suggest that these phenotypes may be priming or sensitizing stages in the
p190-induced apoptotic pathway. However, these findings do not preclude the possibility
that p190 may induce apoptosis independently of multinucleation or dendrite-like
formation.

p190-induced apoptosis is caspase-dependent.

To determine whether p190-induced death was mediated by caspases, 4 cell lines
(MDA-MB-468, MCF10A, vSrc NIH-3T3, and NIH-3T3) were transiently transfected
with HA-p190 and examined at 24, 48, and 72 hrs for caspase-3 cleavage by Western blot
analysis. As seen in Figure 14A-D, caspase-3 cleavage was detected at all time points
following p190 overexpression, indicating apoptosis. To determine whether caspase
cleavage was required for apoptosis, cells were treated with the pan-caspase inhibitor, Z-
VAD 1 hr post-transfection. Forty-seven hours later cells were immuno-stained for HA
to identify those overexpressing p190 and tested for apoptosis via TUNEL
immunofluorescence. Figure 14E shows that apoptosis was significantly reduced in all
cell lines treated with Z-VAD, indicating that p190-induced apoptosis is caspase-

dependent
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Figure 14: p190-induced apoptosis is caspase-dependent.

A: MDA-MB-468 cells were transfected with HA-p190 or Mock-treated, and
extracts were subjected to Western blotting as described in Materials and Methods. UV-
treated cells were used as a positive control for caspase cleavage. Mock and UV-treated
cells were collected at the 48 hr time point.

B-D: MCF10A (B), vSrc NIH-3T3 (C), and NIH-3T3 (D) cells were treated as in
panel A.

E: Cells were transiently transfected with HA-tagged p190. One hr post-
transfection cells were treated with 50uM Z-VAD-FMK (BD Pharmingen) and scored for
the respective phenotype 47 hrs later. Results are expressed as mean percent of p190
overexpressing cells that exhibited the indicated phenotype +/- SEM, n>3. Statistical
significance was determined within individual cell lines; *=p<0.005 comparing Z-VAD

treated to Z-VAD non-treated partner.
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Based upon real-time images (Fig. 12 & 13), we speculated that multinucleation
and dendrite-like formation may be priming intermediate phenotypes leading to p190-
induced apoptosis. If that were the case, then inhibiting apoptosis would result in an
accumulation of the intermediate phenotypes, without a significant change in the
percentage of p190 overexpressing cells exhibiting normal morphology. When all cell
lines were transiently transfected with p190, and treated with Z-VAD, a decrease in
apoptosis was seen, along with an increase in multinucleation and dendrite-like
formation; however no change in p190 positive normal morphology cells was seen.
Together these results further support the conclusion that multinucleation and dendrite-
like formation may be intermediate phenotypes to p190-induced apoptosis.

p190-induced phenotypes are dose-dependent.

To determine if p190-induced apoptosis was an experimental artifact of transient
transfection, p190 was overexpressed in the Dox-inducible Tet-on cell line described in
Su et.al. (Su et al., 2003). p190 overexpression by Dox induction (which increased p190
levels two-fold), also induced caspase-3 cleavage (Fig. 15, lane 2), suggesting that
apoptosis is a result of p190 overexpression and not an experimental artifact. In support
of this, reconstitution of endogenous levels of p190 with Dox-inducible p190 after
silencing of endogenous p190 abolished caspase-3 cleavage (Fig. 15, lane 4). These
results suggest that apoptosis is due to the overexpression of p190 and may be dose-
dependent.

To further explore the possibility that p190-induced apoptosis is dose-dependent,

increasing amounts of HA-p190 plasmid were transfected into MDA-MB-468 cells for 48
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Figure 15: p190-induced caspase-3 cleavage in tet-on MDA-MB-468 cells is dose-
dependent.

Western blot of HA-p190 and caspase-3. Dox-inducible (Tet-on) MDA-MB-468
cells were transfected with 200 pM of Luc or p190 siRNA for 24 hrs, followed by
addition of 1 pug Dox to the Luc siRNA treatment group and 0.5ug Dox to the p190
SiRNA treatment group for another 24 hrs to achieve equal levels of HA-p190 expression.
Controls in each siRNA-treated group were left untreated by Dox. Cells were then lysed
and subjected to Western blot analysis to determine the levels of total and HA-p190 and
full-length and cleaved caspase-3, as described in Materials and Methods. Values noted

for total p190 were normalized to actin.
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hrs. Both the amount of p190 in the cell (Fig. 16A) and apoptosis (Fig. 16B), as
measured by TUNEL immunofluorescence, increased with 0.5 pg, 2 pug, and 4 pg of HA-
p190 plasmid. These results were compared to the amount of p190 expressed (Fig. 16A)
and the corresponding apoptosis (Fig. 16B) induced by 2 pg of Dox treatment in the Dox-
inducible cell line. Figure 16A & B shows that 2 pug of Dox treatment induce nearly
equivalent levels of p190 expression as 2 ug HA-p190 plasmid (that amount used
throughout this study), and both treatments elicit the same amount of apoptosis (~20%).
These data confirm the results shown in Figure 15, namely, that apoptosis is due to
overexpression of p190 and is dose-dependent.

These findings raised the question of whether the secondary phenotypes may also
be dose-dependent. To test this possibility, Image J pixel intensity analysis was
performed on the four cell lines described above to determine the relative amount of
exogenous p190 in cells exhibiting multinucleated, dendrite-like formation, or normal
morphology. Figure 17 shows that cells with dendritic-like processes expressed 2.75 to 4
fold higher amounts of exogenous p190 than cells with a normal morphology in all cell
lines tested. Conversely, multinucleated cells expressed about half as much exogenous
p190 as normal morphology cells. These results suggest that the secondary p190-induced
phenotypes, like apoptosis are dose-dependent.

p190-induced dendrite-like formation may be due to a G1 arrest.

The multinucleation phenotype we observed suggested that p190 overexpression

induces a block in mitosis. This block correlated with decreased p190 levels presumably
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Figure 16: p190-induced apoptosis of tet-on MDA-MB-468 cells is dose-dependent.

A: Western blot of total- and HA-p190. Dox-inducible (Tet-on) MDA-MB-468
cells were mock-treated or treated with 0.5, 2.0, or 4.0 pg Doxycycline to induce
exogenous p190 expression, while parental MDA-MB-469 cells were transiently
transfected with 2ug of HA-p190 according to Materials and Methods. HA- and total
levels of p190RhoGAP were determined by densitometric analysis of Western blots
prepared 48 hrs. post treatment. Indicated levels of p190 were normalized to actin as
described in Materials and Methods.

B: Quantitation of apoptosis in MDA-MB-468 and Dox-inducible MDA-MB-468
cells. Apoptosis was detected by TUNEL immunofluorescence in the treatment groups
described above. Results are expressed as the mean percent cells overexpressing p190

that are TUNEL positive +/- standard error of the mean (SEM), n=3.



Figure 17

4.5 -

I
in

Relative amount of p190
]

0.5

|3}

—
th

Normal

Multinucleation

Dendrite

121

BMDA-MB-468 (E)
EMCF10A (E)
=vSrc NTH-3T3 (F)
ONIH-3T3 (F)



122
Figure 17: p190-induced multinucleation and dendrite-like phenotypes are dose-
dependent.

Quantitation of Image J pixel intensity analysis. MDA-MB-468, MCF10A, vSrc
NIH-3T3, and NIH-3T3 cells were transiently transfected with HA-p190 for 48 hrs,
fixed, and stained for HA-p190 and DNA. Images were captured, and pixel intensity was
determined as described in Materials and Methods. Values for normal morphology were
setto 1. Results are expressed as the mean pixel intensity value for each phenotype +/-

standard error of the mean (SEM) relative to normal morphology, n>3.
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due to ubiquitin-mediated degradation of p190 as previously demonstrated (Manchinelly
etal., 2010; Su et al., 2003). However, a block before mitosis, in G1, could result in an
accumulation of p190, since the protein would still be expressed from the plasmid, but no
degradation would occur. Therefore, a block in G1 could explain the increased levels
seen in Fig. 17. Because dendrite-like formation occurs primarily in non-transformed
cells, which have intact cell-cycle checkpoints, we hypothesized that the non-transformed
cells were unable to bypass these checkpoints and were therefore arrested in G1. This
arrest would result in more cells accumulating p190 and displaying dendrite-like
processes. To test this theory, a G1 arrest was induced in transformed cells (which are
postulated to have disabled checkpoints) with a double thymidine block and concurrent
p190 overexpression for 48 hrs, and the incidence of dendrite-like formation was
assessed. Figure 18 shows that when transformed cells were arrested in G1 and p190 was
overexpressed, a significant increase in the number of cells exhibiting dendrite-like
formation was observed. These results suggest that p190-induced dendrite-like formation
may be a result of a block in G1.

p190-induced phenotypes are Rho-dependent.

Because p190 is a negative regulator of Rho, we hypothesized that the three
phenotypes were Rho-dependent. To examine this, two approaches were taken. First,
deletion and point mutants of p190 were generated (Fig. 19A), and each mutant’s ability
to induce multinucleation, dendrite-like formation, or apoptosis was determined by

immunofluorescence. Prior to this analysis, mutants were shown to be expressed at
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Figure 18: G1 arrest increases incidence of dendrite-like formation in transformed
cells.

Quantitation of dendrite-like formation in transformed cells. MDA-MB-468 and
vSrc NIH-3T3 cells were either arrested in G1 with a double thymidine block, or not
arrested, and both groups were transiently transfected with HA-p190 for 48 hrs. Cells
were fixed, stained for HA-p190 and DNA, and the occurrence of cells exhibiting
dendrite-like formations was determined. Results are expressed as the mean percent cells

overexpressing p190 that have dendritic-like protrusions, n=1.
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Figure 19: p190-induced phenotypes are dependent on the RhoGAP activity.

A: Diagram of the p190RhoGAP mutants: Full-length (FL), AGAP, AGBD,
Middle Domain (MD), dominant negative GAP inactive R1283A, and GAP-only Domain
(GAP).

B: Western blot analysis of HA-p190RhoGAP mutants: MDA-MB-468 cells
were transfected with plasmids encoding the indicated mutants of p190, and 48 hrs later
cell lysates were immunoblotted with anti-HA antibody.

C: Effect of p190 mutations on induction of apoptosis. Indicated cells were
transfected and analyzed 48 hrs later as in Fig. 1. Results are expressed as the mean

percent of p190 overexpressing cells that were TUNEL positive +/- SEM, n>3.
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Figure 19: p190-induced phenotypes are dependent on the RhoGAP activity.

D: Effect of p190 mutations on induction of multinucleation. Indicated cells were
transfected and analyzed 48 hrs later as in Fig. 1. Results are expressed as the mean
percent of p190 overexpressing cells that were positive for multinucleation, +/- SEM,
n>3.

E: Effect of p190 mutations on induction of dendrite-like formation. Indicated
cells were transfected and analyzed 48 hrs later as in Fig. 1. Results are expressed as the
mean percent of p190 overexpressing cells that were positive for dendritic processes, +/-

SEM, n>3.
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nearly equivalent levels (Fig. 19B) and to exhibit appropriate GTPase activities (Haskell
et al., 2001a; Mikawa et al., 2008; Su et al., 2009). Figure 19C shows that transient
transfection of these mutants into the 4 indicated cell lines result in a significant decrease
in the amount of apoptosis seen with those mutants that were unable to down regulate
Rho (AGAP, Middle Domain, and R1283A— GAP inactive) as compared to the full length
(FL) and AGBD proteins. In contrast, the isolated GAP domain showed a significant
increase in the amount of apoptosis in all cell types, suggesting that p190-induced
apoptosis is elicited through p190’s regulation of Rho. Similar patterns were seen with
both multinucleation and dendrite-like formation (Figs. 19D & E, respectively),
indicating that these phenotypes also required the RhnoGAP domain of p190.

The second approach to test the Rho-dependency of the p190-induced phenotypes
was to determine the ability of CARho to rescue the effects of p190 overexpression.
Figure 20 shows that when equivalent molar amounts of CARho (Q63L) were co-
transiently transfected with p190 into the four cell lines, a rescue of all three phenotypes
was seen.

p190 confers docetaxel sensitivity through Rho.

Rho activity can be modulated by drugs that regulate both microtubule (MT)
polymerization and depolymerization (Niggli, 2003). Docetaxel, an agent that inhibits
depolymerization of MT, is frequently employed therapeutically for a variety of cancers
(Baker et al., 2009), suggesting that both Rho and p190 might play a role in docetaxel-
mediated apoptosis. To address this question, a panel of breast cancer cell lines was

examined to determine the relative levels of endogenous p190 in each, as compared to the
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Figure 20: p190-induced phenotypes are Rho-dependent.

Rescue of p190-induced phenotypes by CARho. Indicated cells were co-
transfected with equivalent molar amounts of p190 and CARho (Q63L) or with
p190RhoGAP alone and cultured for 48 hrs. Where indicated, only cells expressing
FLp2190 alone or both FLp190 and CARho were assessed for apoptosis, multinucleation,
or dendrite-like formation. Results are expressed as the mean percent HA-p190 or HA-
p190/CARho expressing cells that exhibited the indicated phenotype +/- SEM, n>3.
Statistical significance is determined within individual cell lines: *=p<0.005 or

**=p<0.05, comparing presence of CARho to its absence in p190 overexpressing cells.
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non-transformed MCF10A cell line (Figs. 21A). Figure 21B shows that when these cell
lines were treated with increasing doses of docetaxel for 24 hrs and tested for apoptosis
by TUNEL immunofluorescence, a direct relationship was seen between the level of
endogenous p190 and sensitivity of the cell line to docetaxel-induced apoptosis. To
further investigate whether p190 and Rho levels or activities altered sensitivity to
docetaxel-induced apoptosis, MDA-MB-468 cells were transiently transfected with
CARho (Q63L), DNRho (T19N), FLp190, or DNp190 (R1283A) for 24 hrs. Cells were
then treated with either 10 nM or 100 nM docetaxel for an additional 24 hrs, and
apoptosis was determined by TUNEL immunofluorescence. Figure 22A shows that
CARho and DNp190, which increase the activation status of Rho, decreased docetaxel-
induced apoptosis, while DNRho and FLp190, which decrease Rho activity, increased
docetaxel-induced apoptosis. Interestingly, in MDA-MB-231 cells, a breast cancer cell
line with low levels of endogenous p190 and a relatively moderate apoptotic response to
docetaxel, the overexpression of p190 resulted in a significantly more profound effect at
both the 10 nM and 100 nM dosages (Fig. 22B). Accordingly, silencing of p190 reduced
docetaxel-induced caspase-3 cleavage (Fig. 23), suggesting that p190 plays an integral
role in docetaxel-induced apoptosis. Taken together these results indicate that p190
confers enhanced sensitivity to docetaxel through its ability to down-regulate Rho.

DISCUSSION:

Multiple lines of evidence indicate p190RhoGAP can function as a tumor
suppressor. It has been mapped to chromosome 19g13.3, a region deleted or rearranged

in pancreatic, glioma, ovarian, and thyroid tumors (Tikoo et al., 2000). p190 suppresses
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Figure 21: Amount of endogenous p190 determines sensitivity to docetaxel.

A: Quantitation of levels of endogenous p190 in the indicated cell lines. p190
levels were quantified as described in Materials and Methods. Values were related to -
actin and then normalized to p190 levels in MCF10A cells, which were set to 1. Results
are expressed as the mean fold over MCF10A levels +/- SEM, n>3. Inset: Representative
immunoblot of endogenous p190 in the indicated breast cancer cell lines.

B: Quantitation of docetaxel-induced apoptosis in breast cancer cell lines.
Indicated cells were treated with increasing amounts of docetaxel for 24 hrs, and
apoptosis was determined by TUNEL immunofluorescence. Results are expressed as the

mean percent of apoptotic cells +/- SEM, n>3.
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Figure 22: p190 confers docetaxel sensitivity through Rho in breast cancer cell
lines.

A: Quantitation of apoptotic MDA-MB-468 cells transiently overexpressing
mutants of Rho or p190 and treated with docetaxel. MDA-MB-468 cells were mock
treated or transfected with VC, CARho, DNRho, FLp190, or DNp190 encoding plasmids.
Twenty-four hrs later cells were treated with 10 nM or 100 nM docetaxel for another 24
hrs. Apoptosis was determined by TUNEL immunofluorescence. Results are expressed
as the mean percent total cells (VC) or cells overexpressing p190 or Rho that were
apoptotic +/- SEM, n>3. *=p<0.005 as compared to VC.

B: Quantitation of apoptosis in MDA-MB-231 cells transiently overexpressing
p190RhoGAP and treated with docetaxel. MDA-MB-231 cells were mock treated or
transfected with VC or p190 plasmids. Twenty-four hrs later cells were treated with
10nM or 100nM docetaxel for another 24 hrs. Apoptosis was determined by TUNEL
immunofluorescence. Results are expressed as the mean percent total cells (Mock or VC)
or cells positive for HA-p190 that were apoptotic +/- SEM, n>3. *=p<0.005 as compared

to Mock treated.
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Figure 23: p190 is necessary for docetaxel-induced caspase-3 cleavage.

Western blot of docetaxel-induced caspase-3 after p190 knockdown in MDA-
MB-468 cells. Cells were either mock-treated or treated with p190 siRNA as described
in Materials and Methods, and 24 hrs. later 100 nM docetaxel was added to both
treatment groups. Twenty-four hrs post docetaxel treatment, cells were lysed and
subjected to Western blot analysis to determine levels of total p190, full-length caspase-3,

and cleaved caspase-3. Actin was used as a loading control.
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Ras-induced transformation in NIH-3T3 cells (Wang et al., 1997), and overexpression
inhibits PDGF-induced gliomas in a mouse model (Wolf et al., 2003). A Rho/p190
chimera reduces human pancreatic cancer invasion and metastasis in mice (Kusama et al.,
2006), while p190 negatively regulates angiogenesis (Mammoto et al., 2009). Like other
tumor suppressor proteins, p190 has been implicated in apoptotic initiation. Specifically,
epithelial prostate cells of mice undergo programmed cell death following castration.
This correlates with an increase in p190 mRNA and protein levels upon apoptotic
initiation (Morrissey et al., 1999). While these studies are supportive of apoptosis as a
tumor suppressive activity of p190, they do not directly test the question.

The current study was conducted to determine whether p190 functions as a tumor
suppressor by inducing apoptosis and to elucidate the relationship between apoptosis and
the secondary p190-induced phenotypes, multinucleation and dendrite-like formation.
We demonstrated that p190 induces apoptosis and further showed that overexpression
most frequently results in apoptosis in all cell lines tested. Surprisingly, the secondary
phenotype was found to be dependent upon transformation status rather than fibroblast or
epithelial cellular origin. Specifically, the secondary phenotype of p190 overexpression
in transformed cells was multinucleation, an outcome that suggests a defect in mitosis or
cytokinesis, as previously shown by our lab (Su et al., 2003). Transformed cells are
known to harbor flaws in cell cycle checkpoints, allowing transit through cell cycle in the
presence of strong arrest signals (such as aberrant RhoGTP levels due to p190
overexpression). We postulate that transformed cells overexpressing p190 are able to

bypass one or more checkpoints before undergoing apoptosis or failing to complete
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cytokinesis. In support of this hypothesis are the findings that multiple cell cycle
checkpoint proteins have pro-apoptotic function, many of which have been implicated in
Rho-induced apoptosis, including p53 (Muller et al., 2006), CDK1 (Maddika et al.,
2007), and the cyclins D (Sofer-Levi and Resnitzky, 1996), B (Porter et al., 2000), and E
(Mazumder et al., 2002). Thus, fidelity of cell cycle checkpoints may be one factor that
determines the route to apoptosis in cells of different malignant status that harbor
dysregulated Rho signaling.

The secondary phenotype prevalent in non-transformed cells was dendrite-like
formation. Studies in neuronal cells expressing CARho revealed that Rho induces neurite
retraction, through ROCK activation. Conversely, Rho inactivation results in neurite
outgrowth (Koh, 2006). The effect of Rho’s activation status on neurite outgrowth
supports observations reported here regarding p190-induced dendrite-like formation in
non-transformed cells. While we do not have a complete understanding of the
mechanism of p190-induced dendrite (neurite) formation, quantitation of the amount of
p190 overexpressed suggests that cells with a dendritic phenotype have 4 times more
p190 than p190-overexpressing cells with a normal phenotype. Non-transformed cells
are assumed to have intact cell cycle checkpoints; accordingly, perturbations within the
cell are sensed, and cell cycle progression is arrested. While arrested, p190 could still be
transcribed and translated, leading to an accumulation of the protein. The p190-dendritic
cells are often mono-nucleated with normal sized nuclei, suggesting they have not
entered the S phase of the cell cycle and may have been arrested in G1. In support of this

theory, forcing a G1 arrest in transformed cells increased the incidence of dendrite-like
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formation, suggesting that G1 arrest may be a defining characteristic for the differential
effect of p190 overexpression on transformed vs. non-transformed cells. Activation of
the p53/p21 cell cycle checkpoint is consistent with a G1/S block (Agarwal et al., 1995).
Indeed, several reports have implicated p53 in Rho-inactivation induced apoptosis
(Costello et al., 2000), suggesting that p190-induced apoptosis in non-transformed cells
may be elicited through the p53 pathway.

Real-time microscopy revealed that both secondary phenotypes result in apoptosis
and do so more readily than p190-overexpressing cells with a normal morphology.
Inhibition of apoptosis by the pan caspase inhibitor, ZVAD, increased both
multinucleated and dendritic-like cells, consistent with the hypothesis that the two
secondary phenotypes may be priming intermediates which lead to apoptosis. CARho
rescued p190-induced apoptosis, along with multinucleation and dendrite-like formation,
suggesting that all three phenotypes are Rho-dependent, a conclusion supported by a
structure/function analysis with mutants of p190. The Rho-dependency of all three p190-
induced phenotypes raises the question of whether the same signaling pathways
downstream of Rho can generate the different phenotypes. We would posit that the
pathways utilized by transformed vs. non-transformed cells are distinct, due to the fact
that different secondary phenotypes are preferentially evoked. Prolonged inactivation of
Rho can result in apoptosis (Hippenstiel et al., 2002a); however, reports are conflicting
regarding which apoptotic signaling pathways are activated. For example, Akt has been
implicated (Khwaja et al., 2006) along with the NK-kB (Hippenstiel et al., 2002b), JINK

(Park et al., 2009), p38 (Schulz et al., 2009), ERK (Khwaja et al., 2006), and p53
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pathways (Costello et al., 2000). However, it is not clear whether these pathways are
specific to transformed or non-transformed cells. Further work is needed to clarify the
mechanisms of Rho-induced apoptosis in cells with different transformation status with
the goal of minimizing bystander effects of potential p190/Rho-based therapeutics.

Finally, we showed that p190 sensitized cells to docetaxel-induced apoptosis in a
Rho-dependent manner. Rho is a master regulator of both actomyosin and microtubule
dynamics (Hall, 2009). Dysregulation of these cytoskeletal elements can give rise to the
phenotypes described in this report. Two main effector proteins mediate Rho’s
modulation of cytoskeletal processes; mDia, and ROCK (Piekny et al., 2005). Rho
activates mDia to facilitate actin nucleation and polymerization in addition to
microtubule alignment and stabilization (Narumiya and Yasuda, 2006). Rho’s activation
of ROCK results in actin filament (Ichetovkin et al., 2000) and microtubule stability
(Takesono et al.) through its regulation of myosin Il (Verin et al., 2001). The activation
of both mDia and ROCK are required for actin stress fiber formation, a phenotypic
characteristic of Rho activation (Watanabe et al., 1999), which is abolished with the
overexpression of p190 (Begum et al., 2004; Chang et al., 1995). The fact that Rho is an
important cytoskeletal regulator prompted us to test whether p190 affected the efficacy of
docetaxel, a chemotherapeutic agent used to treat breast, lung, prostate, gastric, and head
and neck cancers (Baker et al., 2009). Taxanes bind along the entire length of
microtubules and prevent their depolymerization. This action results in failure of the
mitotic spindle to effect chromosomal segregation, leading to mitotic catastrophe and

ultimately cell death (Earhart, 1999).
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The literature suggests a close link between Rho, ROCK and microtubule
disrupting agents. In cells treated with MT de-polymerizing agents, Rho and ROCK
activity increases (Niggli, 2003), whereas a MT stabilizer decreases Rho and ROCK
activity (Birukova et al., 2004a). Conversely, CARho and ROCK induce MT
depolymerization (Birukova et al., 2004a), while the ROCK inhibitor Y-27632 results in
MT stability (Takesono et al.). Additionally, a myosin Il inhibitor stabilizes microtubules
(Takesono et al.), prompting investigators to look at the role of myosin Il in MT
regulation. They found that cells treated with MT destabilizing drugs exhibit an increase
in rMLC phosphorylation (Verin et al., 2001), while Taxol treatment abolishes rMLC
phosphorylation (Yin et al.), suggesting that MT organization is regulated through a
Rho/ROCK/myosin Il pathway. Our work shows that the sensitivity of MDA-MB-468
and MDA-MB-231 breast cancer cells to docetaxel-induced apoptosis is modulated
through Rho and p190, possibly through the ROCK and rMLC pathway.

For over 30 years the cancer biology field has focused on kinases as therapeutic
targets, while transcription factors, G-protein coupled receptors, and small-G proteins
have received considerably less attention, despite the fact that they play important roles in
the genesis and progression of tumors. Rho, for example, is up-regulated at the RNA or
protein level in many solid tumors (Gomez del Pulgar et al., 2005); yet only one
clinically available drug is targeted to the pathway at this time. The drug Fasudil (Olson,
2008), a ROCK inhibitor, is currently used in the treatment of cardiovascular diseases.
Recently, however, several groups have shown that Fasudil may have a promising future

as a cancer therapeutic. Fasudil treatment can inhibit liver, lung, and breast tumor
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progression (Ying et al., 2006), reduce glioma invasion and growth (Deng et al.), and
decrease ovarian tumor burden in mice (Ogata et al., 2009), all of which support the
concept of targeting Rho and its regulators as cancer therapeutics. We have shown that
both p190 and Rho are important modulators of at least one chemotherapeutic agent,
docetaxel. Cells with elevated levels of p190 were more sensitive to docetaxel,
suggesting that analysis of p190 levels may predict response rates and decrease off-target
effects of drugs that target Rho and the Rho pathways which regulate microtubule and

actin dynamics.
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Chapter 4:
Apoptotic Signaling Requlated by p190

INTRODUCTION:

RhoA is a member of the RhoGTPase family whose primary function is
regulation of cytoskeletal dynamics (Hall, 2005). When active, Rho regulates a variety of
cellular functions ranging from cell morphology (Paterson et al., 1990), axon guidance
and extension (Jalink et al., 1994; Nishiki et al., 1990), smooth-muscle contraction
(Hirata et al., 1992) and formation of stress fibers and focal adhesions (Nobes and Hall,
1994; Ridley and Hall, 1992), to cytokinesis (Kishi et al., 1993; Mabuchi et al., 1993),
cell-cycle progression (Khosravi-Far et al., 1995; Olson et al., 1995; Yamamoto et al.,
1993), transformation (Qiu et al., 1997; Qiu et al., 1995a; Qiu et al., 1995b), and survival
(Miyoshi J., 2009). Of these, Rho’s role in survival and apoptosis is the least well
defined.

Many groups have found that prolonged inactivation of RhoGTPases leads to
aberrant cellular function and ultimately cell death. Treatment of cerebellar granule
neurons with Clostridium difficile toxin (Tox B), a specific Rho family inhibitor, leads to
cytochrome c release and the activation of both caspases-9 and -3. Dominant negative
Racl, can also initiate apoptosis in these same cells in a c-Jun dependent manner (Le et
al., 2005), while dominant negative Racl or Cdc42 induces apoptosis in Balb/c 3T3
murine fibroblasts in a p53-dependent manner (Lassus et al., 2000). Specific inhibition
of RhoA by C3 toxin in EL4 T lymphoma cells results in 95% cell death by apoptosis

(Moorman et al., 1996). Finally, cell lines stably expressing a RhoGAP have yet to be
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generated, presumably due to deleterious effects on RhoGTP levels. Together, these
findings support the conclusions that the Rho pathway is a critical regulator of cell death
and survival.

The link between p190 and apoptosis was first suggested when Morrisey reported
an increase in both p190 protein and mRNA levels in epithelial cells undergoing
apoptosis following castration of rats (Morrissey et al., 1999). At that time it was not
known if the increase in levels was causative or an effect of the ensuing apoptosis. Since
then, p190 overexpression has been shown to initiate caspase-dependent apoptosis
through its down regulation of Rho (Ludwig and Parsons, 2011). Interestingly,
overexpression of p190 also elicits two other phenotypes; multinucleation, seen most
often in transformed cells, and dendrite-like formation, more commonly seen in non-
transformed cells. Both phenotypes can result in apoptosis and may serve as
intermediates, priming the cells for p190-induced apoptosis. However, aside from the
role of Rho in p190-induced apoptosis, little is known about the apoptotic signaling
pathways activated upon overexpression of p190RhoGAP.

Attempts to molecularly characterize apoptosis initiated by Rho inactivation have
yielded many candidate pathways, including a decrease in active Akt (Khwaja et al.,
2006; Stepan et al., 2004) or NF-xB (Hippenstiel et al., 2002b; Liu et al., 2004), and an
increase in p53 (Costello et al., 2000; Li et al., 2002), p38 (Khan et al., 2011; Schulz et
al., 2009), and JNK (Le et al., 2005). Some groups have reported an increase in Bim
levels (Le et al., 2005; Loucks et al., 2006), while others have seen a decrease in Mcl-1

expression levels (Hippenstiel et al., 2002a). It is clear that decreased Rho activity is
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detrimental for cell survival; however, what specific signaling molecules regulate this
effect appear to be quite complex and are still poorly defined. Given the importance of
Rho activation in tumorigenesis and the need for new drug targets, the implications of
Rho-targeted apoptosis are profound. By understanding the apoptotic signaling
mechanisms responsible for inducing apoptosis upon inactivation of Rho, new drug
targets may be identified.

In this study we show that inactivation of Rho through overexpression of
p190RhoGAP resulted in an increase in the NF-kB pathway in transformed cells, but a
decrease of this pathway in non-transformed cells, suggesting that NF-xB may be key to
the differential apoptotic phenotypes seen in transformed vs. non-transformed cells. We
also report that all cells, regardless of transformation status, exhibited a significant
increase in JNK activation upon p190 overexpression. Finally we show that p190-
induced apoptosis increased the cytotoxic isoforms of Bim, Bim_ and Bims, while
decreasing cellular levels of the anti-apoptotic protein, Mcl-1. Together, these data
suggest that INK, Bim, and Mcl-1 function in p190-induced apoptosis regardless of
transformation status, while NF-xB may play a role in the differential secondary
phenotypes seen with p190 overexpression.

RESULTS:

Overexpression of p190 does not activate p53 or p38, or down requlate Akt.

Apoptosis can be initiated by increased levels or activation of pro-apoptotic
proteins, such as p53 or p38, or the inactivation of pro-survival proteins, like Akt. To

gain insights into the pathway by which p190 initiates apoptosis, two transformed (MDA-
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MB-468 and vSrc NIH-3T3) and two non-transformed (MCF10A and NIH-3T3) cell
lines were transiently transfected with HA-p190RhoGAP for 12, 24, 36, and 48 hrs., and
the activation status (as judged by altered protein levels or specific phosphorylation) of
each of the above-mentioned proteins was determined by Western blot. Figure 24 depicts
representative blots of 3-5 experiments showing that neither the levels nor
phosphorylation status of p53, p38, or Akt changed significantly upon p190
overexpression in MDA-MB-468 (Fig. 24A), vSrc NIH-3T3 (Fig. 24B), MCF10A (Fig.
24C), or NIH-3T3 (Fig. 24D) cells. These data suggest that neither the p53 nor the p38
apoptotic pathways are activated upon p190 overexpression, while the Akt pathway
remains active and its suppression of pro-apoptotic proteins remains intact.

IKB is differentially activated by p190 in transformed cells vs. non-transformed cells.

p190 overexpression can induce apoptosis through different intermediate
phenotypes (multinucleation and dendrite-like formation) depending upon the
transformation status of the cell (Ludwig and Parsons, 2011). We therefore asked
whether these different phenotypes corresponded to differential activation of apoptotic
signaling pathways. To address this question, the same four cell lines analyzed above
were again transiently transfected with HA-p190 for 12, 24, 36, and 48 hrs, and Western
blot analysis was used to determine the levels of phospho-IKB and total IKB as a read-
out for the activation of the pro-survival NF-kB pathway (Bakkar and Guttridge, 2010).
Figure 25 shows a marked increase in the phosphorylation of IKB with time in the
transformed cell lines, MDA-MB-468 (Panel A) and vSrc NIH-3T3 (Panel C). This

phosphorylation promotes ubiquitin-mediated degradation of IKB and allows NF-«xB to
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Figure 24: Overexpression of p190 does not activate p53, or p38, or down regulate
Akt.

A: Western blot of p53, p38, and Akt activation. MDA-MB-468 cells were
transfected with HA-p190 or Mock-treated, and extracts were subjected to Western
blotting with the indicated antibodies as described in Materials and Methods. Cells were
lysed at 12, 24, 36, and 48 hrs after transfection. Mock time point was collected at 48
hrs. Western blots shown are representative of n>3.

B-D: MCF10A (B), vSrc NIH-3T3 (C), and NIH-3T3 (D) cells were treated as in

panel A.
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Figure 25: IKB is differentially regulated by p190 in transformed vs. non-
transformed cells.

A: Western blot of phosphorylated and total IKB. MDA-MB-468 cells were
transfected with HA-p190 or Mock-treated, and extracts were subjected to Western
blotting as described in Materials and Methods. Cells were lysed at 12, 24, 36, and 48
hrs and total and phospho-levels of IKB were normalized to Actin (mean of n>3 are
shown below the blot). Mock time point was collected at 48 hrs. Western blots shown
are representative of 3 or more experiments.

B-D: MCF10A (B), vSrc NIH-3T3 (C), and NIH-3T3 (D) cells were treated as in
panel A.

E: Quantitation of specific phospho-IKB in MDA-MB-468, MCF10A, vSrc NIH-
3T3, and NIH-3T3 cells upon p190 overexpression. Cells were treated as described in A
and the ratio of pIKB to IKB was determined. Results are expressed as the mean fold
over Mock treatment, +/- SEM, n>3. *=p<0.05 as compared to Mock. Solid

line=transformed cells, dashed line=non-transformed cells.
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translocate to the nucleus and transcribe pro-survival factors (Kucharczak et al., 2003).
In accordance with the increase in IKB phosphorylation, a significant decrease in total
IKB was seen upon p190 overexpression (Panel A & C), resulting in a striking fold
increase in pIKB vs. total IKB (Panel E). This finding suggests that the NF-kB pathway
plays a role in p190-induced apoptosis. However, NF-kB regulates both pro-apoptotic
and pro-survival pathways, and thus it remains to be determined which are activated upon
p190 overexpression. NF-kB can initiate apoptosis by increasing expression of FasL,
Fas, DR4-6, and p53, all of which initiate apoptosis. However, increased activation of
the NF-kB pathway through decreased IKB protein could also represent a response
similar to that seen with TNF-a treatment. It is hypothesized that this pathway is
activated upon apoptotic stimuli as a rescue mechanism to prevent cell death. (Bakkar
and Guttridge, 2010)

Conversely, phosphorylation of IKB in the non-transformed cell lines, MCF10A
(Panel B) and NIH-3T3 (Panel D) decreased, while levels of total IKB remained
unchanged or increased. In contrast to transformed cells, the ratio of pIKB to IKB
decreased (Panel E). These results suggest that NF-kB is excluded from the nucleus in
non-transformed cells. NF-xB nuclear exclusion decreases expression of pro-survival
factors, such as caspase inhibitors and the anti-apoptosis proteins Bcl-2 and Bel-X,
(Kucharczak et al., 2003), tipping the balance between cell survival and death towards
apoptosis. These results also suggest that in non-transformed cells, p190 disables the
pro-survival actions of the NF-kB pathway, eventually inducing apoptosis. Taken

together, these data further support the idea that p190-induced apoptosis is differentially
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regulated in transformed vs. non-transformed cells, and this difference may be regulated
through the NF-«xB pathway.

p190 overexpression activates JNK.

JNK is a pro-apoptotic protein that is activated (by phosphorylation) in response
to cytokines and DNA damage (Kyriakis and Avruch, 2001). Examination of its
phosphorylation in response to p190 overexpression revealed that all cells, regardless of
transformation status, exhibited an increase in JNK activation at all time-points examined
(Fig. 26A-D). Quantification revealed an increase in JNK activation between 1.5-4 fold,
depending upon the time examined and cell line (Fig. 26E). These data suggest that INK
may play an active role in p190-induced apoptosis.

p190 overexpression modulates Bim and Mcl-1 levels.

JNK can phosphorylate Bim, promoting its dissociation from microtubules and
activating its pro-apoptotic function (Hubner et al., 2008; Lei and Davis, 2003).
Conversely, several reports indicate that JNK phosphorylation of the anti-apoptotic
protein, Mcl-1, promotes its degradation (Wertz et al., 2011). Additionally, both an
increase in Bim expression and a decrease in Mcl-1 protein have been reported following
exposure to taxol, a microtubule depolymerizing agent (Bull et al., 2010; Jazirehi and
Bonavida, 2004). Chapter 3 details how a cell’s sensitivity to taxol is dependent upon the
amount of endogenous p190 within the cell and that p190 can sensitize breast cancer cells
to taxol through its down regulation of Rho (Ludwig and Parsons, 2011). Given this
information, we hypothesized that p190-induced apoptosis may be mediated through the

Bcl-2 family proteins, Bim and/or Mcl-1. To assess this possibility, MDA-MB-468 cells
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Figure 26: p190 overexpression activates JNK.

A: Western blot of phosphorylated and total INK. MDA-MB-468 cells were
transfected with HA-p190 or Mock-treated, and extracts were subjected to Western
blotting as described in Materials and Methods. Cells were lysed at 12, 24, 36, and 48
hrs and total and phospho-levels of INK were normalized to Actin (mean of n>3 are
shown below the blot). Mock time point was collected at 48 hrs. Western blots shown
are representative of 3 or more experiments.

B-D: MCF10A (B), vSrc NIH-3T3 (C), and NIH-3T3 (D) cells were treated as in
panel A.

E: Quantitation of specific phospho-JNK in MDA-MB-468, MCF10A, vSrc NIH-
3T3, and NIH-3T3 cells upon p190 overexpression. Cells were treated as described in A
and the ratio of pJNK to JKN was determined. Results are expressed as the mean fold
over Mock treatment, +/- SEM, n>3. *=p<0.05 as compared to Mock. Solid

line=transformed cells, dashed line=non-transformed cells.
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were transiently transfected with HA-p190, and 48 hrs later the levels of Mcl-1 and the
three isoforms of Bim were assessed by Western blot analysis. As seen in Fig. 27A a
significant decrease in Mcl-1 was seen upon p190 overexpression, suggesting that p190-
induced apoptosis may be mediated through Mcl-1 inactivation.

Bim has three isoforms, Bimg, Bim, and Bims. While Bimg_ is the most
abundant, it may be a precursor for the more toxic isoforms, Bim_ and Bims (Ewings et
al., 2007; Weston et al., 2003). Figure 27A shows that p190 overexpression slightly
decreased the levels of Bimg,, which corresponded to increased levels of the cytotoxic
isoforms, Bim_ and Bims, as compared to mock-transfected cells. Together these data
suggest that p190-induced apoptosis increases Bim and Bims levels, while decreasing
the levels of the anti-apoptotic protein, Mcl-1. Both of these events promote release of
cytochrome c from the mitochondria and caspase-3 cleavage, a cellular response of p190
overexpression (Chapter 3). Results shown in Figures 26 and 27, thus, provide a possible
mechanism for p190-induced apoptosis.

DISCUSSION:

RhoGTPases have been implicated in the progression and metastasis of multiple
tumor types (Karlsson et al., 2009). Unfortunately, targeting this pathway has proven
difficult, due to both the regulation of RhoGTPases and the complexity of the
downstream signaling pathways involved. Prolonged inhibition of Rho results in
apoptosis; however, how a cell activates this process, and the mechanisms involved in

regulating this response are still poorly defined. To validate the Rho pathway as a cancer
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Figure 27
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Figure 27: p190 overexpression activates Bim and Mcl-1.

A: Western blot of Bim and Mcl-1 expression. MDA-MB-468 cells were mock
transfected or transfected with HA-p190 and lysed 48 hrs later. Cell extracts were
subjected to Western blot analysis as described in Materials and Methods to determine
expression levels of Bimg,, Bim, Bims, and Mcl-1. Western blots shown are
representative of n=3

B: Quantitation of Bimg, Bim,, Bims, and Mcl-1 in MDA-MB-468 cells upon
p190 overexpression. Cells were treated as described in A and levels of Bimg., Bim,,
Bims, and Mcl-1 were normalized to Actin. Results are expressed as the mean fold levels
of indicated protein over Mock treatment, +/- SEM, n=3. *=p<0.05 as compared to

Mock.
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target, a better understanding of the regulators and activators involved in Rho-induced
apoptosis is needed.

p190RhoGAP, a negative regulator of Rho, induces apoptosis in both transformed
and non-transformed cells upon overexpression. p190-induced apoptosis is regulated
through p190’s down regulation of Rho and is mediated through caspase-3 cleavage
(Chapter 3). Interestingly, p190 overexpression in transformed cells preferentially elicits
a multinucleated phenotype due to a failure to successfully complete cytokinesis (Su et
al., 2003) (Chapter 5). Conversely, p190 overexpression in non-transformed cells tends
to result in dendrite-like formation. This phenotype appears to coincide with increased
expression of p190, which may indicate G1 arrest. However overexpression of p190 in
all cells, regardless of transformation status, ultimately results in apoptosis, suggesting
that multinucleation and dendrite-like formation may be intermediate phenotypes,
eventually leading to p190-induced apoptosis. (Chapter 3) This raises the possibility that
different apoptotic signaling pathways are activated upon p190 overexpression in
transformed and non-transformed cells. The current study was undertaken to define how
p190 elicits apoptosis, and thus enhance our knowledge of Rho-induced apoptosis, as
well as determine if p190 activates the same pathways in transformed and non-
transformed cells alike.

Previous studies focused on characterizing the apoptotic response seen with
prolonged inactivation of Rho have yielded several candidate apoptotic pathways,
including p53, p38, JNK, Akt, and NF-kB. Our studies showed no significant change

p53, p38 or Akt in any cell lines examined upon overexpression of p190 (Fig. 24A-D),
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suggesting that these pathways are not involved in p190-induced apoptosis. However,
alterations in the NF-kB and JNK pathways were observed.

Figure 25 shows that the activity of IKB, a regulator of the NF-«kB pathway, was
modulated upon p190 overexpression, suggesting that this pathway may function in
p190-induced apoptosis. Interestingly, the level of IKB activity was dependent upon the
transformation status of the cell, similar to the secondary phenotypes of p190
overexpression. IKB phosphorylation increased in response to elevated p190 expression
in transformed cells, which correlated with decreased levels of IKB. However, decreased
pIKB was observed in non-transformed cells. 1KB binds and sequesters NF-kB in the
cytoplasm. Phosphorylation and degradation of IKB releases NF-kB, allowing it to
translocate to the nucleus where it can bind kB DNA binding sites and promote
transcription of a variety of proteins such as the caspase inhibitors, c-1AP1, c-1AP2,
XIAP, and c-FLIP (Kucharczak et al., 2003). NF-«B also promotes transcription of the
anti-apoptotic Bcl-2 proteins, Bcl-2, Bcl-X, and Bfl-1. (Bakkar and Guttridge, 2010)
Interestingly, NF-«kB has been reported to promote expression of apoptotic proteins as
well. From as early as 1998, NF-kB has been implicated in the transcription of FasL,
TRAIL, Fas, DR4-6, p53, and the pro-apoptotic protein Bcl-Xs (Bakkar and Guttridge,
2010). Since NF-kB can enhance expression of pro-apoptotic proteins, it is possible that
the increase in IKB phosphorylation and the corresponding decrease in its protein levels
that we see in transformed cells could signify promotion of cell death. In support of this

notion, NF-kB activation has been reported to induce apoptosis in T cells (Kasibhatla et
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al., 1999; Lin et al., 1999; Zheng et al., 2001) and rat neuronal cells (Barkett and
Gilmore, 1999).

However, an increase in the NF-xB pathway could also signify a protective
response by the cell to apoptotic stimuli, similar to that seen upon TNF-a treatment. NF-
kB activity increases after treatment of TNF-a, and for many years this was believed to
be a pro-apoptotic response. However, experiments in fibroblast and macrophages
showed that cells with mutant NF-kB were more sensitive to TNFa treatment and died
within 8 hrs, whereas wild type cells normally survived treatment (Beg and Baltimore,
1996). These and similar experiments with silencing or inhibition of the NF-xB pathway
indicate that NF-kB is activated to increase pro-survival proteins in an attempt to prevent
apoptosis (Baichwal and Baeuerle, 1997). Therefore, the decrease in IKB levels seen
upon p190 overexpression, which indicate activation of the NF-kB pathway, could
represent a survival response. Which proteins will be up-regulated upon NF-xB
activation, are not completely understood. It has been suggested that recruitment of
different transcriptional co-factors determine whether NF-xB will promote transcription
of pro-survival or pro-apoptotic proteins (Barkett and Gilmore, 1999). Another theory is
that different subunits of NF-kB may have differential effects on the expression pattern
regulated by NF-«B. In either case, p190 overexpression clearly induces degradation of
IKB in transformed cells, which is hypothesized to promote translocation of NF-kB to the
nucleus. The ultimate biological outcome of this event, and how it affects p190-induced
apoptosis in transformed cells remains to be determined; however, there is clearly an

effect of p190 on IKB itself, which suggests an involvement of the NF-xB pathway.
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Conversely, p190 overexpression in non-transformed cells decreased IKB
phosphorylation and increased expression of the protein, suggesting stability of the
IKB/NF-kB complex and sequestration of NF-«B from the nucleus (Fig. 25B, D & E).
This inactivation would result in a decrease in the pro-survival factors normally
controlled by NF-kB and eventually lead to apoptosis. Indeed, inhibition of NF-«xB in a
variety of cell types results in apoptosis, primarily through a decrease in the anti-
apoptotic proteins Bcl-2, Bcl-X, and Bfl-1 (Bakkar and Guttridge, 2010; Kucharczak et
al., 2003; Namba et al., 2007). Such studies would indicate that p190-induced apoptosis
in non-transformed cells may be due to a decrease in expression of pro-survival factors
regulated by NF-«B. In support of this hypothesis, some studies suggest that Rho
activation may promote degradation of IKB and NF-«kB translocation to the nucleus
(Cowell et al., 2009; Riganti et al., 2008; Shimada and Rajagopalan, 2010; Wang and
Kitajima, 2007). Through Rho’s activation of ROCK (Shimada and Rajagopalan, 2010;
Wang and Kitajima, 2007), both IKB and NF-kB are phosphorylated, either directly, or
indirectly through the Akt pathway (Cowell et al., 2009). This phosphorylation leads to
activation of the NF-«B pathway and increased expression of pro-survival proteins. In
this way p190 overexpression could decrease Rho and ROCK activation and result in
stabilization of the IKB protein and decreased NF-kB signaling.

Additionally, NF-«kB can regulate expression of cyclins D and E, important
mediators of G1 progression. p190 overexpression in non-transformed cells therefore,
could decrease levels of cyclin D or E through NF-«xB regulation and induce a G1 block.

As discussed in Chapter 3, a G1 block would prevent p190 degradation, resulting in p190
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accumulation, the dendritic phenotype, and ultimately cell death. In fact, knockdown of
certain subunits of NF-xB from B cells results in G1 arrest (Hsia et al., 2002; Kontgen et
al., 1995; Pohl et al., 2002). Together these data suggest that in non-transformed cells,
p190 overexpression decreases IKB. This inhibition may decrease cyclin D expression
and induce a G1 arrest, resulting in the dendrite-like phenotype. Decreased NF-«xB
signaling would also result in decreased levels of pro-survival proteins and caspase
inhibitors, ultimately leading to apoptosis.

Chapter 3 revealed that p190 overexpression can sensitize cells to docetaxel-
induced apoptosis. Taxane treatment, either with paclitaxel or docetaxel, also induces
activation of the NF-xB pathway (Huang et al., 2002; Huang et al., 2000; Kubo et al.,
2005), a phenomenon similar to that seen with p190 overexpression in transformed cells.
This increase in activation is most likely a pro-survival response, as inhibition of the
pathway can increase taxol-induced apoptosis (Kang et al., 2009; Lee et al., 2009; Zhang
et al., 2009). This latter result would suggest that the degradation of IKB induced by
p190 overexpression in transformed cells may be a pro-survival. This response differs
from non-transformed cells where the NF-kB pathway may play an active role in p190-
induced apoptosis by decreasing expression of pro-survival proteins as a result of
decreased Rho-ROCK activation. Interestingly, NF-kB may also be differentially
activated in response to taxane treatment in transformed vs. non-transformed cells. IKB
and NF-kB phosphorylation, NF-«kB localization to the nucleus, and NF-kB DNA binding
are all decreased in non-transformed cells (Bava et al., 2005; Li et al., 2010; Spencer et

al., 1999). All together, these data suggest that the NF-kB pathway may be responsible
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for the differential effects of p190 overexpression in transformed vs. non-transformed
cells, in that the pathway has a direct role in p190-induced apoptosis in non-transformed
cells, and an in-direct role in transformed cells. These data also strengthen the
connection between the p190-Rho pathway and docetaxel-induced apoptosis.

In addition to the NF-«xB pathway, p190 overexpression also activated JNK. In
both transformed and non-transformed cells JNK activity increased at all time points
examined (Fig. 25), suggesting that JNK may be involved in p190-induced apoptosis in
both of these cell types. It is well-established that JNK can be activated by both Racl and
Cdc42 (Coso et al., 1995; Keshet and Seger, 2010). As was discussed in Chapter 1, the
activation of RhoGTPase proteins is often inversely related, meaning that a decrease in
Rho activation often results in an increase in Racl and Cdc42 activation (Bustos et al.,
2008; Pestonjamasp et al., 2006; Rosenfeldt et al., 2006). This inverse relationship may
be responsible for the increase in JNK activity resulting from Racl and Cdc42 activation.

JNK can initiate apoptosis by phosphorylating and activating the pro-apoptotic
protein Bim (Hubner et al., 2008; Lei and Davis, 2003). In concordance with these
reports, increases in both Bim,_ and Bimsg levels were found in MDA-MB-468 cells after
48 hrs of p190 overexpression (Fig. 4A-C). Bim_ and Bimg are the more cytotoxic
isoforms of Bim, and evidence suggests that BimEL may be a precursor to Bim, and
Bims (Ewings et al., 2007; Weston et al., 2003), thus explaining the slight decrease in
Bimg, seen with p190 overexpression.

In addition, expression levels of the anti-apoptotic protein, Mcl-1, decreased upon

overexpression of p190, a response similar to that seen upon taxol treatment (Jazirehi and
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Bonavida, 2004). While controversial, several studies indicate that JNK phosphorylation
of Mcl-1 ultimately results in its degradation (Wertz et al., 2011; Yu et al., 2001).
Inhibition of this phosphorylation prevents Mcl-1 degradation and confers taxol
resistance to cells (Wertz et al., 2011). Together, our preliminary results suggest that
p190-induced apoptosis may also be mediated through a JNK-Bim/Mcl-1 pathway,
although more studies need to be done to both validate and clarify this pathway.

Finally, it is important to note that the JNK and NF-«B pathways can regulate one
another. It is well established that activation of the NF-kB pathway can inhibit JNK
activation, although most of these studies are in response to TNF-a treatment
(Kucharczak et al., 2003; Namba et al., 2007). However, it is possible that such a cross-
talk exists in non-transformed cells, whereby decreased NF-«xB activity promotes
increased activation of JNK, whose activity is normally repressed under healthy
conditions. In this way, the signal initiating from NF-xB could differentiate the apoptotic
signal from JNK seen in transformed vs. non-transformed cells. However, currently we
have no evidence for this type of interaction in our system, and more studies are needed
to determine if NF-xB repression promotes or allows JNK-induced apoptosis in non-
transformed cells.

Together, the data in this Chapter suggest that p190-induced apoptosis may be
mediated through a INK-Bim/Mcl-1 pathway in all cells; however, the NF-xB pathway
may play a role in the differential responses seen in transformed and non-transformed

cells. While all of these results are preliminary and no strong conclusions can be drawn,



169
these pathways are now implicated and provide a starting ground for further

experimentation.
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CHAPTER 5

Regulation of pMLC Il and Anillin in Cytokinesis by
P190RhoGAP
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Chapter 5:
Regulation of pMLC Il and Anillin in Cytokinesis by p190RhoGAP

INTRODUCTION:

Cytokinesis is the final step in cell division where ingression of the cleavage
furrow results in separation of two daughter cells. The process initiates in anaphase,
continues throughout telophase when membrane invagination at the equatorial cell cortex
occurs, and is completed upon membrane abscission (Glotzer, 2001). The contractile
forces required for furrow ingression are provided by a ring of filamentous actin and
myosin |l that is juxtaposed to the cell membrane at the equator of the dividing cell.
Assembly and regulation of this contractile ring is critical for achieving proper cell
division, which is under the control of the small GTPase RhoA (Piekny et al., 2005).

As described in the overall Introduction to this dissertation, RhoA is a molecular
switch that cycles between active (GTP-bound) and inactive (GDP-bound) states.
Transitions between activation states are facilitated by GEFs (activators), GAPs
(inactivators), and GDIs (inactivators). RhoA localizes to the cleavage furrow formation
site (Nishimura et al., 1998; Takaishi et al., 1995), and inhibition of RhoA activity
prevents cleavage furrow formation (Kishi et al., 1993; Mabuchi et al., 1993). During the
latter stages of mitosis, RhoGTP levels increase at the contractile ring (Kimura et al.,
2000; Maddox and Burridge, 2003; Yoshizaki et al., 2004). This increase in is necessary
for cleavage furrow formation and contraction (Bement et al., 2005; Bement et al., 2006;
Su et al., 2009), suggesting that increased Rho activity at the equatorial midzone during

cytokinesis is required for cell division.
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Active RhoA mediates contractile ring assembly through its downstream
effectors, mDia2, ROCK and Citron Kinase (Piekny et al., 2005). mDia2 functions as an
actin nucleator that induces the polymerization of long, unbranched actin filaments
(Watanabe et al., 2008), along with microtubule alignment and stabilization (Narumiya
and Yasuda, 2006). ROCK and citron kinase both activate the contractile mechanism of
myosin Il by phosphorylating Ser19 of the regulatory light chain of myosin 11 (MLC 1)
(Matsumura, 2005). Upon phosphorylation of Ser19 on MLC II, myosin Il crosslinks
with newly created actin filaments to form a fully functional contractile ring (Vavylonis
etal., 2008; Wu et al., 2006). Activation of MLC 11 triggers its motor activity and
provides the mechanical force required for furrow contraction and ingression (Bresnick,
1999).

Actomyosin filaments are assembled on a network of cytoskeletal proteins at the
cell cortex that act as a scaffold and connect the filaments to the plasma membrane.
Anillin, an actin-binding protein of 120kDa in mass, is a crucial component of this
scaffold and is required for cytokinesis (Oegema et al., 2000; Zhao and Fang, 2005b).
Anillin has been shown to interact with actin, myosin Il, microtubules, mDia, Ect2,
MgcRacGAP, and RhoA (Piekny and Maddox, 2010). Additionally, overexpression of
anillin increases Rho activation, suggesting that anillin functions in the regulation of Rho
during cytokinesis (Suzuki et al., 2005). Together, these findings support the conclusion
that anillin plays a vital role in linking the structural components of the contractile ring to

Rho-regulated signaling proteins and events that govern cytokinesis.
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In addition to Rho and anillin, a number of other proteins are involved in the
regulation of cytokinesis. Microtubules form the mitotic spindle that provides the
framework for chromosome segregation and the signals for positioning of the cleavage
furrow formation site at the equatorial midzone, thereby directing contractile ring
formation (Bement et al., 2005). Aurora B, as a member of the chromosomal passenger
complex (CPC), is essential for assembly and stability of the bipolar mitotic spindle,
chromosome-kinetochore attachment and chromosome segregation through its regulation
of the spindle assembly checkpoint (SAC) (Ruchaud et al., 2007). Moreover, through its
interactions with the centralspindlin complex, Aurora B mediates the recruitment of the
RhoGEF Ect2 to the cleavage furrow where it activates RhoA, initiating the downstream
signaling pathways that direct contractile ring establishment and function (Zhao and
Fang, 2005a).

In opposition to Ect2’s activity at the cleavage furrow is p190RhoGAP (p190), a
negative regulator of RhoGTP activity (Ludwig et al., 2009). p190 localizes to the
cleavage furrow during cytokinesis where it associates with Ect2 (Mikawa et al., 2008).
Because of the cyclical nature of RhoA activation, this paradoxical association between
Rho’s activating and inactivating enzymes is important for the careful regulation of
RhoGTP levels needed for cell division. Furthermore, proteasome-dependent
degradation of p190 in late mitosis provides an additional mechanism by which the
necessary increase in RhoGTP levels is achieved (Manchinelly et al., 2010; Su et al.,
2003). Overexpression of p190 therefore results in decreased RhoGTP levels at the

cleavage furrow and multinucleation, a phenotype indicative of cytokinesis failure (Su et
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al., 2009). However, the mechanism of p190 action and identification of which
components of the contractile ring are affected by p190 are unknown.

Thus, a greater understanding of RhoA regulation and its effect on downstream
targets is required before the complex nature of cytokinesis is clearly revealed. Here, we
use a p190 overexpression approach to test its effect on cytokinesis and identify affected
downstream Rho effectors or pathways. In this study, we show that p190 overexpression
results in decreased cleavage furrow localization of anillin and activated myosin Il, the
latter determined by decreased phosphorylation of its regulatory light chain (pMLC 1) at
Ser19. We also find that p190 and anillin co-localize during cytokinesis, and that anillin
is required for p190 localization to the cleavage furrow. Moreover, we report that
endogenous p190 interacts with endogenous anillin in mitotic cell extracts in a
contractility-dependent fashion, providing clues to their potential involvement in a
contractility pathway that can regulate anillin association with p190, localize both anillin
and p190 to the cleavage furrow, and ultimately regulate the activation status of Rho in
the cleavage furrow and successful completion of cytokinesis.

RESULTS:

Overexpression of p190 does not affect the cytokinetic localization of RhoA, Actin,

Aurora B or Microtubules.

Successful completion of cytokinesis requires the proper localization and
activation of several proteins which are critical for cell division, including RhoA, anillin,
Actin, Aurora B, and microtubules. To determine the mechanism by which p190

overexpression causes cytokinesis failure and induces multinucleation, HeLa cells were
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mock-transfected or transiently transfected with GFP-p190 plasmids, and the effect of
this treatment on the localization of the aforementioned proteins was assessed by
confocal immunofluorescence microscopy. Figure 28A-C revealed that after p190
overexpression RhoA (Panel A) and actin (Panels A-C) continued to localize to the cell
cortex at the cleavage furrow, where they are normally observed after anaphase onset.
Likewise, Aurora B (Panel B) localization followed its usual pattern as a chromosomal
passenger complex protein, i.e., it was found associated with the metaphase plate and
remained at the equator of the cell after anaphase onset, aligned with the spindle
midzone, the future site of cleavage furrow formation. Microtubules also formed
functional mitotic spindles and appeared unaffected by p190 overexpression (Panel C).
As described in Materials and Methods, similar results were found with vector-
transfected cells as described for Mock-treated cells. Together, these data indicate that
p190 overexpression and its corresponding decrease in Rho activation (Su et al., 2009)
does not affect the localization of mitotic RhoA, actin, Aurora B, or microtubules.

MLC activation is requlated by p190 and required for completion of cytokinesis

Examination of myosin localization revealed that p190 overexpression did not
affect its ability to localize to the cleavage furrow (Fig. 29A). However, activation of
myosin, as determined by phosphorylation of the regulatory light chain, was altered upon
overexpression of p190 (Fig. 29B). In mock-treated and vector transfected cells, a clear
enrichment of active, phosphorylated myosin light chain Il (pMLC II) is found at the
cleavage furrow and cortex. With overexpression of p190, the accumulation of pMLC 11

at both sites is abrogated. Quantification revealed that the majority (68%) of mock-
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Figure 28: p190RhoGAP overexpression does not affect the cytokinetic localization
of RhoA, Actin, Aurora B, or Microtubules.

Images of RhoA (A), Aurora B (B), microtubules (C) or actin (A-C) localization
during cytokinesis. HelLa cells were either Mock-treated or transiently transfected with
GFP-empty plasmid or GFP-p190 plasmid, synchronized with Nocodazole, fixed, and
immuno-stained for the indicated proteins and DNA as described in Materials and
Methods. Mock and vector only transfected cells gave similar results. Images shown are

representative of n>30.
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Figure 29
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Figure 29: p190 regulates MLC Il phosphorylation in the cleavage furrow.

A: Images of total- and phospho-myosin light chain 1l (pMLC I1) localization
during cytokinesis. HelLa cells were either Mock-treated of transiently transfected with
GFP-empty plasmid or GFP-p190 plasmid. Cells were synchronized with Nocodazole,
fixed, and stained for total mMLC II, pMLC I, and DNA as described in Materials and
Methods. Mock and vector only transfected cells gave similar results. Images shown are
representative of n>30.

B: Quantitation of HelLa cells exhibiting enrichment of phospho-MLC 11 at the
cleavage furrow during cytokinesis. Cells were prepared as above, and results are
expressed as the mean percent of total cytokinetic cells (Mock) or cytokinetic cells
positive for GFP-p190 with localization of phospho-MLC Il at the cleavage furrow +/-
SEM, n>3 with n>30 cells per experiment. *=p<0.001 as compared to Mock treated.

C: Western blot of total MLC Il and pMLC Il during cytokinesis. Mitotic
populations of HelLa cells were either Mock-treated or transiently transfected with HA-
p190 plasmid. Twenty four hrs post-transfection, cells were lysed and levels of total
MLC II, pMLC II, and HA-p190 were assessed by Western blot analysis as described in
Materials and Methods. Actin was immunoblotted as a loading control.

D: Quantitation of specific pMLC Il. Total- and phospho-MLC 11 levels were
quantified densitometrically as described in Materials and Methods and normalized to
Actin. The ration of pMLC ll/total MLC Il was then determined and normalized to the
ratio in Mock-treated cells, which was set to 1. Results are expressed as the mean fold

ratio over that of Mock treated cells +/- SEM, n>3. *=p<0.05 as compared to Mock.
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treated cells displayed enrichment of pMLC Il at the cleavage furrow, while only 9.5% of
p190 overexpressing cells exhibited such enrichment. Western blot analysis of mitotic
cells, either mock-treated or overexpressing p190, further corroborated results obtained
from confocal microscopy (Fig. 29C & D).

To determine if the decrease in pMLC Il might be a mechanism by which p190
overexpression was inducing cytokinesis failure, a rescue experiment with mutationally
activated MLC was conducted. HeLa cells were transfected with p190, a constitutively
active form of MLC (CA MLC), or the two together, and scored for cytokinesis failure as
assessed by multinucleation. This form of MLC has phospho-mimetic residues at
threonine 18 and serine 19, resulting in constant activation (Vicente-Manzanares et al.,
2009). Figure 30 shows that p190 overexpression alone induced cytokinetic failure
(Panel A, image b & Panel B), while CA MLC alone did not (Panel A, image ¢ & Panel
B). However, concomitant overexpression of p190 and CA MLC reduced p190-induced
multinucleation (Panel A, images d-f & Panel B), suggesting that p190-regulated MLC
activation is required for completion of cytokinesis. Together, these results indicate that
a potential mechanism by which p190 overexpression causes cytokinesis failure is by
decreasing the phosphorylation levels of MLC Il at the cleavage furrow and cortex, thus
inactivating the molecular motor of myosin Il and inhibiting initiation and/or sustained
contractility.

p190 and anillin regulate each other’s localization

As a molecular scaffold, anillin creates a molecular complex where effector and

substrate proteins are placed within close proximity to one another, allowing for efficient
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Figure 30
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Figure 30: p190 mediates its effects on cytokinesis through pMLC II.

A: Images of HelLa cells Mock-treated or transiently transfected with HA-p190 or
constitutively active (CA) MLC Il plasmids singly or in combination. Molar equivalents
of plasmid were transfected, levels being augmented with empty vector where
appropriate. Merged, representative images are shown of Mock-treated DNA alone (a),
HA-p190 (b), and CA MLC Il (c) single transfections. HA-p190 (d), CA MLC Il (e), and
Merge (f) images are shown of the dual transfection. Forty-eight hrs after transfection
cells were fixed and stained as described in Materials and Methods. Images shown are
representative of n=3.

B: CA MLC Il rescues p190-induced multinucleation. HeLa cells were prepared
as described above, and the occurrence of multinucleation was assessed by
immunofluorescence. Results are expressed as the mean percent total cells (Mock) or
cells positive for HA-p190 and or CA MLC I that were multinucleated +/- SEM, n>3

with n>100 cells per experiment. *=p<0.005 as compared to Mock-treated.
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completion of cytokinesis (Piekny and Glotzer, 2008). While anillin is a well-established
scaffold protein, its role in recruiting proteins to the cleavage furrow is still unclear. For
example, anillin regulates localization of Rho to the cleavage furrow, as exemplified by
mislocalization of Rho upon knockdown of anillin. However, by an unknown
mechanism, active Rho is also required for anillin localization to the cleavage furrow, as
determined by anillin mislocalization silencing of either Rho or Ect2 (Piekny and
Glotzer, 2008). This finding suggests that a feedback mechanism may be involved,
wherein Rho-dependent signals may feedback to anillin, thus affecting anillins
localization. Because anillin performs such an essential role in cytokinesis, and Rho
activity is required for proper anillin localization, we examined whether p190
overexpression in HeLa cells affected anillin localization to the cleavage furrow by
confocal microscopy imaging. Figure 31A-B demonstrate that p190 overexpression
resulted in a decrease in anillin localization to the cleavage furrow in approximately 42%
of p190 overexpressing cells as compared to mock-treated or vector transfected cells,
suggesting that p190 may play a role in Rho-regulated anillin localization to the cleavage
furrow.

That Rho affects localization of anillin to the cleavage furrow is well documented,;
however, the effect of p190 on anillin’s localization remains unclear. Figure 32 shows
confocal images of endogenous anillin and p190 at all stages of cytokinesis. Results
reveal that both proteins co-localize at the cleavage furrow throughout cytokinesis.
However, silencing of anillin with siRNA resulted in a mislocalization of p190 (Fig. 33),

and ultimately failure of cytokinesis (Straight et al., 2005; Zhao and Fang, 2005a)
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Figure 31: p190 overexpression reduces localization of anillin to the cleavage
furrow.

A: Images of anillin and actin localization during cytokinesis. HeLa cells were
either Mock-treated or transiently transfected with GFP-empty plasmid or GFP-p190
plasmid. Cells were synchronized with Nocodazole, fixed, and stained for anillin, actin,
and DNA as described in Materials and Methods. Mock and vector only transfected cells
gave similar results. Images shown are representative of n>30.

B: Quantitation of HeLa cells with anillin accumulation at the cleavage furrow
during cytokinesis. Cells were prepared as above, and results are expressed as the mean
percent of total cytokinetic cells (Mock) or cytokinetic cells positive for GFP-p190 with
anillin accumulation at the cleavage furrow +/- SEM, n=6, with n>5 cells per experiment.

*=p<0.001 as compared to Mock-treated.
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Figure 32: p190 and anillin co-localize during cytokinesis.

Images of p190 and anillin during each stage of cytokinesis. HeLa cells were
fixed and stained for endogenous p190, endogenous anillin, and DNA as described in
Materials and Methods. Confocal images were captured of cells at all stages of

cytokinesis. Images shown are representative of n>30.
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Figure 33: Anillin is required for p190 localization to the cleavage furrow.

A: Images of p190 and anillin during cytokinesis. Anillin was silenced by
SiRNA transfection of HelLa cells as described in Materials and Methods. Thirty-six hrs
later, cells were fixed and stained for endogenous p190, endogenous anillin, and DNA as
described in Materials and Methods. Images shown are representative of n>30.

B: Western blot of anillin silencing. HeLa cells were treated as described in A,

lysed, and subjected to Western blot analysis.
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and (data not shown), suggesting that anillin mediates p190’s localization during
cytokinesis, which is known to be required for cytokinetic completion (Manchinelly et
al., 2010). Together, these results from figures 32 and 33 suggest that p190 and anillin
regulate each other’s localization to the cleavage furrow, similar to Rho and anillin.

Since anillin and p190 play crucial roles during cytokinesis, the feedback mechanism
between these two proteins has the potential for significant effects on cytokinesis.

The association between anillin and p190 is contractility dependent

Anillin also binds both actin and myosin and is thought to increase the interaction
between the cytoskeletal components responsible for cleavage furrow contraction (Piekny
and Maddox, 2010). In this way anillin is postulated to act as a “contractility organizer”.
We hypothesized that because p190 and anillin regulate localization of one another at the
cleavage furrow, this regulation could be mediated through a potential interaction
between the two proteins. Such a possibility was examined by co-immunoprecipitation
of endogenous proteins in asynchronous and mitotic HelLa cells. Figure 34 revealed that
endogenous p190 and anillin associated in a cytokinesis-specific manner.

Biochemical signals provided by increased RhoGTP levels initiate the contractile
deformation of the cleavage furrow that permits progression through cytokinesis and
eventual cell division. To avoid errors in the process, a feedback mechanism has been
proposed that involves pMLC Il (Effler et al., 2007). Because p190 negatively regulates
RhoA (Su et al., 2009) and myosin Il activity at the cleavage furrow (Fig. 29) and
endogenously associates with anillin during mitosis (Fig. 32), we hypothesized that the

p190-anillin interaction could be involved in a contractility feedback loop and may be
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Figure 34: Contractility regulates association between anillin and p190 during
cytokinesis.

Immunoprecipitation of anillin and p190 in Asynchronous or mitotic HelLa cells.
HeLa cells were either untreated or synchronized with Nocodazole. Each mitotic or
asynchronous group was then either mock-treated or treated with 50 M of blebbistatin
for 40 min to inhibit myosin association with actin. Immunoprecipitations (IPs) were
performed as described in Materials and Methods, with anti-rabbit 1gG as a negative
antibody control. Extracts were subjected to Western blot analysis and levels of
endogenous p190 and anillin were detected. Western blots shown are representative of

n>3. WCL=Whole cell lysate.
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sensitive to perturbations in contractility. To test this hypothesis we disrupted the
contractile forces required for ingression of the cleavage furrow by treating synchronized
HeLa cells with the myosin Il inhibitor blebbistatin, and determining if the p190-anillin
complex was affected. Figure 34 shows that the interaction between p190 and anillin was
lost when contractility was decreased by blebbistatin treatment. Together, these results
show that p190 is capable of disrupting anillin localization, possibly through p190-anillin
complex formation. Furthermore, the sensitivity of this association to blebbistatin
suggests that the p190-anillin complex may be part of a feedback mechanism that
regulates contractile forces in the cleavage furrow through the modulation of RhoGTP
levels and myosin Il activation. That blebbistatin treatment is well-documented to induce
multinucleation (Durcan et al., 2008) further supports this hypothesis.

DISCUSSION:

Cytokinesis is a critical process in the cell cycle, which is regulated by numerous
proteins whose mechanism of action and associations are complex. The results outlined
in this report focus on one such regulator, pP190RhoGAP. We report that overexpression
of p190 results in decreased activity of myosin Il in the cleavage furrow and cortex, as
determined by a reduction in phosphorylation of myosin light chain Il (pMLC I1), and
decreased anillin localization to the cleavage furrow during cytokinesis. We further
demonstrate that p190 and anillin regulate the localization of the reciprocal protein in a
possible feedback mechanism. This mechanism may be dependent upon downstream
effectors of Rho, as anillin regulates Rho’s accumulation in the cleavage furrow (Piekny

and Glotzer, 2008), and p190 regulates Rho’s activity (Mikawa et al., 2008). These
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effects on Rho’s downstream targets could then feed back to regulate the anillin/p190
complex and contractility.

Previous studies have shown that p190 negatively affects cytokinesis in a
RhoGAP-dependent fashion (Manchinelly et al., 2010; Mikawa et al., 2008; Su et al.,
2003). Throughout the years, numerous studies have confirmed the critical involvement
of RhoA in cytokinesis and have shown that its inhibition results in cytokinesis failure
(Kishi et al., 1993; Mabuchi et al., 1993). Many of those studies have made use of
dominant negative mutants, inhibitors, and RNAI to ablate RhoA activity and analyze its
role in cytokinesis (Drechsel et al., 1997; Jantsch-Plunger et al., 2000; O'Connell et al.,
1999). The present study also employs a Rho-inhibitory approach but with a significant
difference. First, it utilizes a naturally occurring negative regulator of Rho, p190, and
second, rather than a complete inactivation, an attenuation of Rho activity is achieved by
p190 overexpression. Previous work in our laboratory demonstrated, by FRET analysis,
that overexpression of p190 results in decreased RhoGTP levels at the cleavage furrow
during cytokinesis (Su et al., 2009) but not a complete inactivation of Rho signaling, as
observed in C3 endotoxin- and Rho siRNA-treated cells.

This partial decrease affords us an opportunity to ask further questions regarding
Rho signaling in cytokinesis, including which, if any, downstream effectors of Rho are
more sensitive to decreased RhoGTP levels at the cleavage furrow. The primary
effectors of Rho activation in cytokinesis are mDia, ROCK and Citron Kinase (Narumiya
and Yasuda, 2006). mDia directs actin nucleation needed for contractile ring formation,

while ROCK and Citron kinases phosphorylate MLC Il, among other substrates, and thus
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stimulate myosin I11-dependent contractility. Our results consistently showed normal
actin localization and enrichment at the cleavage furrow in cells overexpressing p190
(Fig. 28A-C), suggesting that mDia function is not significantly dampened by a decrease
in RhoGTP levels during cytokinesis. However, the observation that decreased pMLC 11
levels occur after p190 overexpression (Fig. 29) suggests that the RhoA-activated
kinases, ROCK and Citron, and their downstream pathways are more susceptible to
disturbances in RhoGTP levels at the cleavage furrow. Both ROCK and Citron kinase
target the same residue, Ser19, in MLC Il and therefore we are unable to identify which
of these two effectors is most affected upon p190 overexpression. Because overall
phosphorylation levels detected by a phospho-specific antibody are decreased, it is
possible that the activity or localization of both kinases is affected.

During cytokinesis, anillin concentrates at the equatorial cell cortex (Fig. 31),
where it co-localizes with Rho, Ect2, actin, myosin and numerous other proteins (Piekny
and Maddox, 2010). Our results indicate that overexpression of p190 affects anillin
localization in nearly half of transfected cells (Fig. 31A-B). These results are in
accordance with, and further support, previous studies reporting that a pool of active
RhoA is necessary for proper anillin localization to the equatorial cell cortex (Piekny and
Glotzer, 2008). Specifically, silencing of Ect2 prevents proper anillin localization as it
results in a complete loss of RhoGTP at the cleavage furrow. As previously noted, p190
overexpression does not completely ablate RhoGTP levels but instead attenuates them.
Fitting with the current model of anillin localization, the overexpression of p190 mediates

a moderate decrease in RhoGTP levels during early cytokinesis which in turn results in a
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concomitant increase in the number of observed anillin mislocalization events.
Additionally, we show that in mock-treated cells anillin and p190 co-localize at the
cleavage furrow (Fig. 31), similar to the pattern seen with anillin and Rho co-localization
(Piekny and Glotzer, 2008). However, when anillin is silenced, p190 becomes dispersed
throughout the cytoplasm, suggesting that anillin is required for correct localization of
p190 during cytokinesis (Fig. 33).

Since both p190 and anillin localize to the cleavage furrow and both are
associated with Rho, we hypothesized that p190 could be interacting with anillin.
Furthermore, we believed that an interaction between the two proteins was likely, as
anillin associates with numerous other cytokinesis-related proteins and serves as an
anchor for the contractile ring machinery. Our results show that the endogenous proteins
do interact by co-immunoprecipitation (Fig. 34) during cytokinesis, when both proteins
localize to the cleavage furrow, as observed by immunofluorescence microscopy. Itis
possible that this interaction is a means by which p190 is localized and “anchored” at the
equatorial cortex where it is then well placed to carry out its regulatory functions toward
RhoGTP enriched in that zone.

Biochemical signals provided by increased RhoGTP levels initiate the contractile
deformation of the cleavage furrow that permits progression through cytokinesis and
eventual cell division. To ensure that membrane furrowing is proceeding appropriately,
feedback mechanisms allowing correction of errors which may occur during the process
are required. Such feedback mechanisms are proposed to follow changes in cell shape

and contractility at the cleavage furrow and involve myosin 11 (Effler et al., 2007).
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Anillin acts as a bridge between contractile ring structural components and the
biochemical signal transducer that regulates them. In this way, anillin is well positioned
to act as a convergence point between both biochemical and contractility inputs, and as
such, is considered a contractility organizer. Because p190 negatively regulates RhoA
(Su et al., 2009) and myosin Il activity at the cleavage furrow (Fig. 29) and endogenously
associates with anillin during mitosis (Fig. 34), we hypothesize that the p190-anillin
interaction could be involved in a contractility feedback loop and may be sensitive to
perturbations in contractility. This raises the possibility that anillin is required for p190
recruitment to the cleavage furrow. During cytokinesis, Rho signals to its downstream
effectors, activating contraction of the actomyosin ring. Strong contraction signals
feedback to the anillin-p190 complex, keeping the two proteins in complex and anillin
localized to the cleavage furrow. However, a decrease in RhoGTP levels, due to p190
overexpression, would result in a decrease in contraction of the actomyosin ring (due to
decreased myosin Il activation) which feeds back to the anillin-p190 complex, possibly
resulting in mis-localization of anillin. In this way anillin could mediate the localization
of p190, while overexpression of p190 would result in occlusion of anillin from the
cleavage furrow.

Actomyosin filaments are assembled on a network of cytoskeletal proteins at the
cell cortex that act as a scaffold and connect the filaments to the plasma membrane.
Anillins’ interaction with a myriad of cytokinetic regulators, both cytoskeletal and
signaling molecules, places it in a unique position to act as a regulator of contraction

during cytokinesis (Piekny and Maddox, 2010). Contraction is achieved by active
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myosin 2 “walking” along actin fibers, ultimately leading to ingression of the cleavage
furrow (Matsumura, 2005). Both the polymerization of actin and the activation of
myosin 2 are controlled by appropriate levels of RhoGTP (Piekny et al., 2005), which
allow for completion of cytokinesis. Perturbation of RhoGTP levels, either an increase or
a decrease, results in incomplete cytokinesis (Mikawa et al., 2008; Piekny et al., 2005).

Because anillin and p190 physically interact in a contractility-, cytokinetic-
dependent manner, their association may be a means to detect proper or sufficient
contractility of the actomyosin ring at the cleavage furrow and act in a feedback loop to
regulate Rho activation. Figure 35 is a model in which optimal RhoGTP levels are
ensured by the contractility sensing nature of the p190-anillin complex. During
cytokinesis, RhoGTP is enriched at the cleavage furrow by specific localization of Ect2
and decreased levels of p190RhoGAP, resulting in activation of mDia, ROCK, and
Citron Kinase. This in turn leads to actin polymerization and myosin Il activation,
allowing the cleavage furrow to contract and successfully complete cytokinesis. While
contractility is strong, reduced levels of p190 that remain in mitotic cells associate with
anillin at the cleavage furrow and maintain RhoGTP at biologically appropriate levels.
(Fig. 35A)

However, if RhoGTP levels decrease, (as in the case of p190 overexpression) a
cascade of events are initiated that ultimately result in a decrease in actin polymerization
and myosin activation. This event would result in a decrease in the contractility forces of
the cleavage furrow, incomplete cytokinesis, and onset of multinucleation. In such a

situation, weak contractility forces would feedback to the p190-anillin association,
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Figure 35: Proposed model of cleavage furrow dynamics.

A: In normal dividing cells p190 is partially degraded in late mitosis, and only a
small pool persists (~30% of interphase levels). Remaining p190 is localized to the
cleavage furrow and found in association with the molecular scaffold anillin. Decreased
p190 levels allow RhoGTP levels to appropriately increase and activate of actomyosin
contractility through its downstream effectors. The contractility of the actomyosin ring
feeds back to the p190-anillin complex, signaling for continued association and

completion of cytokinesis.
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Figure 35: Proposed model of cleavage furrow dynamics.

B: Overexpression of p190 leads to decreased RhoGTP levels and weak
contractility of the actomyosin network through decreased activation of Rho’s
downstream effectors. Less contractility at the cleavage furrow feeds back to the anillin-
p190 interaction, resulting in dissociation between the two proteins and releasing p190
from the cleavage furrow complex. This, in turn, releases Rho from GAP mediated
down-regulation, restoring RhoGTP levels to normal levels, activation of downstream
effectors, and contractility of the actomyosin network. These events ultimately result in

cleavage furrow ingression and successful completion of cytokinesis.
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inducing dissociation between the two proteins (such as seen in Fig. 34). Since anillin
also binds Rho, the dissociation between p190 and anillin may lead to a dissociation
between p190 and Rho. This would allow a RhoGEF, like Ect2, to have a greater
influence on RhoGTP levels, restoring them to biologically appropriate levels, re-
activating downstream cascades and completing of cytokinesis. (Fig. 35B) In such a
manner, the p190-anillin association could regulate myosin-mediated contractility.
However, mislocalization of anillin would prevent transmission of the signal, inhibiting
the feedback loop, and preventing biologically appropriate levels of RhoGTP from being
restored and progression through cytokinesis.

Together, our results provide additional insight into the events involving RhoA
during cytokinesis. We propose that decreased p190 levels during cytokinesis,
previously reported by our laboratory (Manchinelly et al., 2010; Su et al., 2003), allow
for RhoA-dependent phosphorylation of MLC I, inducing myosin activity and cleavage
furrow contraction, which in turn facilitate the interaction between p190 and anillin at the
equatorial cortex. This interaction allows p190 to exert appropriate levels of inhibitory
activity toward RhoA and prevent uncontrolled Rho activation, mediated by
Ect2RhoGEF. Association of anillin with p190 ensures that Rho activity is kept at an
optimal level and in a proper location, as it is well known that either constitutive

activation or inhibition of the Rho signaling pathway results in cytokinesis failure.
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Summary and Perspectives
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Chapter 6
Summary and Perspectives:

Summary:

It was first hypothesized that p190 may have a role in apoptosis when attempts to
generate a cell line stably expressing p190 failed. This result raised the idea that
increased levels of p190, and the ensuing decrease in RhoGTP levels, may be detrimental
to the cell. To study the biological role of p190, investigators employed an
overexpression system and reported the formation of dendritic protrusions in neuronal
and fibroblast cells (Liang et al., 2004; Troller et al., 2004) and multinucleation in
epithelial cells (Su et al., 2003). Chromatin condensation, a hallmark of apoptosis was
also described (unpublished data). The initial goals of this study were to determine if
increased levels of p190 in a cell could indeed initiate apoptosis and to determine if the
other reported phenotypes, dendrite-like formation and multinucleation, were exclusive to
either fibroblasts or epithelial cells.

The current study demonstrates that p190 overexpression primarily results in
dose-dependent and caspase-mediated apoptosis. However, p190 also induces secondary
phenotypes, multinucleation and dendrite-like formation, in all cell lines examined.
Using a panel of transformed and non-transformed, fibroblast and epithelial cells, it was
determined that the frequency of the secondary phenotypes of p190 overexpression were
dependent upon the transformation status of the cell, not cell lineage, as had been
previously thought. In transformed cells, p190 overexpression preferentially induces

multinucleation, a phenotype indicative of a defect in progress through cytokinesis.
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However non-transformed cells more often form dendrite-like protrusions upon p190
overexpression. Additionally, all three phenotypes, apoptosis, multinucleation, and
dendrite-like formation, are dependent on p190’s down-regulation of Rho. These
findings were not surprising, since Rho had previously been shown to function in neurite
retraction, cytokinesis, and survival (Miyoshi J., 2009). However, how p190
overexpression differentially induced the secondary phenotypes in transformed vs. non-
transformed cells was still not understood. Figure 36 is a proposed model for p190-
induced apoptosis in transformed (Fig. 36A) and non-transformed (Fig. 36B) cells
compiling the data gathered from Chapters 3 and 4 and further discussed below.

Real-time microscopy and caspase inhibition studies raised the possibility that
multinucleation and dendrite-like formation may be intermediate phenotypes, eventually
leading to p190-induced apoptosis. These results imply that the apoptotic signaling
pathways activated in response to p190 overexpression are different in transformed and
non-transformed cells. In an attempt to understand these pathways, apoptotic signaling
pathways implicated in apoptosis initiated by prolonged inactivation of Rho were
screened for changes in activation upon overexpression of p190. All cell lines examined
display an increase in JNK activation, suggesting a role for this protein in p190-induced
apoptosis. An increase in Bim_ and Bims expression levels are also observed, which
correspond with a decrease in Mcl-1 levels. Both Bim and Mcl-1 have been reported to
be downstream targets of JNK, and their phosphorylation by JNK promotes apoptosis
(Hubner et al., 2008; Lei and Davis, 2003; Wertz et al., 2011). However, further

investigation needs to be done to determine if this pathway is required for p190-induced



Figure 36

p190

Cas pase-3

l

APOPTOSIS

207



208
Figure 36: Proposed model for p190 overexpression in transformed and non-
transformed cells.

A: In transformed cells p190 overexpression inhibits Rho activation, inducing
cytokinesis failure and multinucleation. Overexpression of p190 promotes IKB
degradation which would activate the NF-xB pathway. NF-«kB can promote the
expression of pro-apoptotic proteins and induce apoptosis. p190 overexpression also
activates JNK, increases levels of the pro-apoptotic protein Bim and decreases levels of
the anti-apoptotic protein Mcl-1. JNK may regulate the apoptotic function of each of
these proteins by affecting their stability through phosphorylation. The resulting

increased ratio of Bim to Mcl-1 induces cleavage of caspase-3 and eventually apoptosis.
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Figure 36: Proposed model for p190 overexpression in transformed and non-
transformed cells.

B: In non-transformed cells p190 overexpression inhibits Rho activation,
inducing dendrite-like formation, which may be a result of arrest in G1. Overexpression
of p190 also inhibits IKB degradation, which would inactivate the NF-kB pathway and
promote apoptosis through reduced expression of pro-survival proteins. p190
overexpression also activates JNK, increases levels of the pro-apoptotic protein Bim and
decreases levels of the anti-apoptotic protein Mcl-1. Active NF-xB can inhibit JINK
activity, so decreased NF-«kB, through p190 overexpression, may further promote JNK

activation and enhance apoptosis through caspase-3 cleavage.
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apoptosis, or if it is simply an effect of the apoptotic pathway. Intriguingly,
overexpression of p190 has opposing effects on IKB, a regulator of the NF-kB pathway,
in transformed and non-transformed cells, suggesting that the NF-«B pathway may play a
role in the differential responses seen in the two cell types. What role NF-kB plays in
p190-induced apoptosis and if this pathway may be responsible for the differential
response seen in transformed and non-transformed cells needs to be further examined
before any significant conclusions can be made about the role of the NF-xB pathway in
the p190 pathway.

Docetaxel is a microtubule depolymerizing drug used for treatment of numerous
cancers (Baker et al., 2009). The fact that Rho can both regulate organization of
microtubules and be modulated by microtubule dynamics (Birukova et al., 2004b; Niggli,
2003) prompted the idea that p190 might play a role in docetaxel-induced apoptosis.
Results in Chapter 3 indicate that breast cancer cell lines with more endogenous p190 are
more sensitive to docetaxel-induced apoptosis, while cell lines with less p190 are more
resistant. Accordingly, introducing either full length p190 or DNRho increases the
amount of docetaxel-induced apoptosis, while introducing DNp190 or CARho has the
opposite effect, measured either by TUNEL immunofluorescence or caspase-3 cleavage.
That p190 plays an integral role in docetaxel-induced apoptosis is evidenced by the
finding that knocking-down p190 significantly decreases caspase-3 cleavage by
docetaxel.

While the majority of this dissertation focused primarily on the role of p190 in

apoptosis, p190 also plays an instrumental role in cell-cycle progression. This is
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exemplified by the fact that knock-down of p190 results in arrest at G2 (Maddox and
Burridge, 2003) (and unpublished results), while overexpression ultimately results in
failure to complete cytokinesis (Su et al., 2003; Su et al., 2009). p190 expression levels
are normally down regulated upon entry into mitosis in a ubiquitin-dependent manner,
and this degradation is required for successful completion of cytokinesis (Manchinelly et
al., 2010). If p190 levels are not decreased, RhoGTP levels at the cleavage furrow are
diminished, resulting in unsuccessful abscission of the cleavage furrow (Su et al., 2009).
How p190 affects Rho during cytokinesis is well understood; however, how p190 affects
the downstream effectors of Rho involved in cytokinesis was undetermined until our
study. We found that p190 overexpression decreases the activity of myosin Il, without
altering localization of actin, microtubules, Rho, or Aurora B, and that active myosin 11
was required for completion of cytokinesis. Increased expression levels of p190 also
inhibit localization of the scaffold protein, anillin to the cleavage furrow. Confocal
images of endogenous anillin and p190 show that both proteins co-localize to the
cleavage furrow at all stages of cytokinesis. Knockdown of anillin results in
mislocalization of p190 to the cleavage furrow, suggesting that anillin is required for
p190 localization to the cleavage furrow. However, given the fact that both proteins
regulate localization of the other, a feedback loop may be responsible for anillin’s
continued localization to the cleavage furrow. This feedback may be dependent upon
contractility signals, as p190 and anillin are shown to physically interact in a mitotic- and

contractility-dependent manner.
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Perspectives:
p190-induced apoptosis:

Work presented in this dissertation established that p190 overexpression induced
caspase-dependent apoptosis due to decreased Rho activity. Overexpression of p190 also
elicited secondary phenotypes of multinucleation in transformed cells and dendrite-like
formation in non-transformed cells. Moreover, evidence suggested that p190-induced
apoptosis was mediated through the secondary phenotypes, indicating that they may act
as intermediate steps in the p190-induced apoptotic pathway. If the secondary
phenotypes are indeed intermediate steps, then understanding the differences between
multinucleation and dendrite-like formation upon p190 overexpression may provide clues
as to the apoptotic signaling pathways activated by overexpression of p190 in
transformed and non-transformed cells.

To more directly address this question, apoptosis rescue experiments could be
performed by inhibiting the secondary phenotypes to decrease the amount of p190-
induced apoptosis. Z-VAD experiments presented in Chapter 3 reveal that inhibiting
apoptosis increases the incidence of the secondary phenotypes, suggesting an
accumulation of an intermediate stage. However, inhibiting the intermediate phenotypes
to inhibit p190-induced apoptosis would more directly address the question. Chapter 5
shows that p190-induced multinucleation is due to a decrease in myosin Il activation, and
that this phenotype could be rescued with a CA MLC mutant. If p190-induced
multinucleation is an intermediate step leading to p190-induced apoptosis in transformed

cells, then p190 co-transfection with CA MLC would rescue p190-induced apoptosis,
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indicating that multinucleation is an intermediate step in the p190-apoptotic pathway.
Similar results would be expected by inhibiting dendrite-like formation in non-
transformed cells. DNRacl or DNCdc42 stimulate neurite retraction through decreased
activation of their downstream effectors and increased activation of Rho (Sarner et al.,
2000). Co-transfection of these mutants with p190 should reduce p190-induced apoptosis
if dendrite-like formation is an intermediate step. This information would more firmly
establish the two phenotypes as intermediate steps and help define p190-induced
apoptotic pathways in transformed and non-transformed cells.

However, to understand the different apoptotic signaling pathways activated by
p190 overexpression in transformed vs. non-transformed cells, we need to have a greater
understanding of the signaling differences between the two secondary phenotypes. Data
presented in Chapter 3 and previous publications from our lab indicate that p190
overexpression in transformed cells results in a block in mitosis and cytokinesis failure,
in the form of multinucleated cells (Manchinelly et al., 2010; Mikawa et al., 2008; Su et
al., 2003; Su et al., 2009). Data in Chapter 3 also suggested that p190 overexpression in
non-transformed cells elicits a G1 arrest. However, further experimentation needs to be
done to fully understand the differential role of p190 overexpression in transformed vs.
non-transformed cells. Pixel intensity analysis indicates that cells with dendrite-like
protrusion have around 4-times more exogenous p190 than cells with normal
morphology. Conversely multinucleated cells have about half as much exogenous p190
as normal morphology cells. Our lab has previously shown that p190 is degraded upon

entry into mitosis (Manchinelly et al., 2010; Su et al., 2003), which would explain the
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decrease in p190 levels in transformed, multinucleated cells. If, however, cells never
progress to mitosis due to a block in G1, p190 levels could accumulate. The increase in
p190 would decrease RhoGTP levels and promote dendrite-like extension, a well-
established phenomenon of decreased RhoGTP levels (Jalink et al., 1994; Koh, 2006;
Kozma et al., 1997).

In support of this hypothesis, Figure 18 in Chapter 3 shows that in transformed
cells, forcing a block in G1 increases the incidence of dendrite-like formation. While this
is only one experiment and needs to be repeated, it further supports the idea that p190-
induced dendrite-like formation is due to a block in G1. A corollary to this experiment
would be to bypass the G1 arrest in non-transformed cells by knocking down p27. p27 is
a negative regulator of the cyclin D-CDK4 complex, whose activation is required for
progression through G1 (Jackson et al., 2002). By inhibiting p27, cells can bypass the G1
block in the presence of arrest signals and promote cell cycle progression (Nakayama et
al., 1996; Polyak et al., 1994). If p190-induced dendrite-like formation is a result of p190
accumulation due to G1 arrest, then forcing non-transformed cells out of G1 by silencing
p27 should rescue this phenotype. These experiments would attempt to switch the
phenotype with regard to the transformation status, and by doing so, provide evidence
that the differential effects of p190 overexpression in transformed vs. non-transformed
cells may be due to cell-cycle checkpoints, which are known to be compromised in
cancer cells. If p190 overexpression, through the Rho pathway, elicits apoptosis by

activating different cell-cycle checkpoints in transformed vs. non-transformed cells, this
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pathway could be exploited as a useful tool for cancer treatment once the signaling
pathways are fully understood.

Another strategy to determine if p190 overexpression induces G1 arrest in non-
transformed cells is to analyze cell cycle stages by flow cytometry. If p190
overexpression is inducing a block in G1, then a greater percentage of non-transformed
cells should be in G1 than transformed cells upon p190 overexpression. This would
quickly address the question as to whether or not p190 overexpression induced a G1
block in non-transformed cells. Another way to address this question would be through
the use of immunofluorescence. If the dendrite-like phenotype is a result of arrest in G1,
then cells with dendrite-like formations should either express cyclin D or have decreased
Rb phosphorylation, both of which indicate that a cell is in G1. Normally, in a
population of cycling cells, the majority of cells are in G1. However, if dendrite-like
formation occurs as a result of G1 arrest, then almost 100% of dendritic-like cells should
either express cyclin D or have decreased Rb phosphorylation. These experiments would
directly test the correlation between cell cycle stage and p190-induced dendrite-like
formation.

It is, however, possible that results of the proposed experiments would indicate
that either the secondary phenotypes do not act as intermediate steps or they are not
initiated by cues from cell-cycle checkpoints. If either is the case, it is still possible that
p190-induced apoptosis may activate different signaling pathways in transformed vs.
non-transformed cells, given the fact that p190 clearly has differential effects on

morphology. As such, another way to address the question would be to investigate the
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activation of known apoptotic proteins implicated in Rho-induced apoptosis. Such an
approach was taken in Chapter 4, and results revealed that NF-kB was differentially
activated by p190 overexpression in transformed and non-transformed cells.

NF-kB plays a role in cell survival, death, and cell cycle progression (Bakkar and
Guttridge, 2010; Kucharczak et al., 2003), but how this pathway functions in p190-
induced apoptosis needs to be more fully investigated. Data presented in Chapter 4
indicate that upon p190 overexpression IKB is degraded in transformed cells, activating
the NF-kB pathway, and stabilized in non-transformed cells, inhibiting the pathway.
These findings imply that apoptosis is initiated through decreased expression of NF-«xB-
dependent pro-survival factors in non-transformed cells. However, this dissertation
provides no direct evidence for this theory. Experiments need to be performed examining
the expression levels of Bcl-2, Bcl-X, Bfl-1, XIAP, c-1AP, and c-FLIP. A decrease in
any of these proteins would suggest an involvement of the NF-xB pathway in p190-
induced apoptosis in non-transformed cells. If any of these proteins do have decreased
levels as a result of p190 overexpression, a rescue experiment with co-overexpression of
p190 and the identified protein would indicate a direct involvement in p190-induced
apoptosis. Additionally, the NF-xB pathway itself should be examined. This could be
done using a constitutively active subunit of NF-kB or knocking down IKB. Either
method would promote NF-«B translocation to the nucleus and increase expression of its
pro-survival targets. If NF-xB is in fact involved in p190-induced apoptosis, either

method should rescue the apoptotic response resulting from p190 overexpression.
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How the NF-kB pathway may be involved in p190-induced apoptosis in
transformed cells also needs to be more closely examined. Several groups have shown
that NF-kB can promote expression of Fas, FasL, p53, DR4-6, and TRAIL, so expression
levels of all of these proteins should be examined after p190 overexpression. A similar
experiment as described above would again indicate involvement of both the identified
protein and the NF-kB pathway. However in this case, knocking down the identified
protein to decrease apoptosis would indicate its involvement in p190-induced apoptosis.
Additionally, either knocking down NF-«B, using a proteasomal inhibitor to prevent
degradation of IKB or using a non-degradable mutant of IKB, would inhibit expression of
NF-kB dependent proteins and could prevent p190-induced apoptosis. Conversely, an
increase in NF-xB activation upon apoptotic stimulation could also be a pro-survival
response by the cell to prevent cell death. In this case, the pro-survival proteins
mentioned in the above paragraph would increase, and their expression levels should be
examined. If p190 overexpression is activating the pro-survival pathway in transformed
cells, inhibiting this pathway might increase the amount of apoptosis reported upon
overexpression of p190.

Unlike NF-xB, JNK activity increases in transformed and non-transformed cells
alike. However, it is not known if p190-induced apoptosis requires the pro-apoptotic
functions of INK. If INK is required for p190-induced apoptosis, inhibiting the activity
of INK with the chemical inhibitor SP600125 should rescue p190-induced apoptosis.
This would provide more direct evidence for the role of INK in p190-induced apoptosis.

Additionally, knockdown of JNK with siRNA should give similar results. It is possible
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that inhibiting JNK activity would not affect p190-induced apoptosis, which would
indicate that while JNK may be activated in response to p190 overexpression, it is not
required for p190-induced apoptosis. In this case, the roles of Bim and Mcl-1 in p190-
induced could be examined.

Chapter 4 also reported an increase in the expression levels of Bim_ and Bims,
along with a decrease in Mcl-1. While these findings suggest that both proteins may play
a role in p190-induced apoptosis, more direct evidence is needed. If silencing Bim
rescued p190-induced apoptosis, this would suggest a requirement for this protein in the
apoptotic response seen with p190 overexpression. Conversely, inhibiting the
degradation of Mcl-1, with either a non-degradable mutant or proteasomal inhibition
should decrease apoptosis upon overexpression of p190. If apoptosis is decreased, more
direct evidence for the role of Mcl-1 in p190-induced apoptosis would be provided. If
neither rescue experiment succeeds in reducing p190-induced apoptosis, such a result
would suggest that Bim and Mcl-1 are not required and other Bcl-2 proteins may be
mediating caspase-3 cleavage. In that case the role of Bcl-2 and Bcl-X, proteins which
have been implicated in apoptosis due to prolonged inactivation of Rho, could be
examined for changes in expression levels by Western blot analysis.

Finally, current literature suggests that JNK phosphorylation of Bim promotes its
pro-apoptotic function (Hubner et al., 2008; Lei and Davis, 2003), while JINK
phosphorylation of Mcl-1 results in its degradation (Wertz et al., 2011). If INK
phosphorylation, as a result of p190 overexpression is mediating the alterations of Bim

and Mcl-1 levels, then inhibition of JNK should also inhibit the increase in Bim, and
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Bims, while stabilizing Mcl-1. Additionally, mutants of both Bim and Mcl-1 are
available that are mutated at the JNK phosphorylation sites. Co-transfection of p190 with
each mutant protein, which act as dominant negative mutants, should rescue p190-
induced apoptosis if either protein is required for the apoptotic response.

Understanding the apoptotic pathways activated in response to p190
overexpression and the corresponding decrease in Rho activation could provide new
targets for cancer therapy. As discussed in Chapter 1, RhoGTPases are involved in the
malignant progression of numerous tumors; however, only one drug targets a Rho
effector. Fasudil, a ROCK inhibitor, is used for cardiovascular diseases. However, new
data suggest that the drug may have a promising future in the treatment of cancer (Olson,
2008). By understanding how a decrease in Rho activation promotes apoptosis we could
more accurately trigger apoptosis. Additionally, if p190 overexpression and decreased
Rho activation activate different apoptotic signaling pathways in transformed cells vs.
non-transformed cells, this may allow physicians to more accurately target transformed
cells and minimize off-target effects. In this way, targeting the p190-Rho pathway may
prove to not only provide new pathways for drug development but also minimize killing
of non-tumorigenic cells.

To this point, the discussion in this chapter has focused on identifying new targets
for drug discovery; however, this dissertation also presents data which indicate that p190
can sensitize breast cancer cells to the action of a well-established chemotherapeutic
drug, docetaxel. These preliminary data suggest that cell sensitivity to docetaxel, and

theoretically, paclitaxel, is dependent upon the amount of endogenous p190 in the cell.
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To further study this relationship, a retrospective study of archival patient samples could
be done to determine the levels of endogenous p190 and correlate that to the response to
taxanes. These data would provide additional information regarding the levels of p190
and docetaxel responses. With this information, physicians might then have another
prognostic marker to help determine which drugs a patient would respond best to and
how to tailor treatments to best suit their patients.

Chapter 3 also provided data which suggest that altering the levels of active Rho
through expression of p190 can modulate a cell’s response to docetaxel; however, events
downstream of Rho are still uncharacterized. If the increased sensitivity to docetaxel is
through the Rho effector, ROCK, than using the ROCK inhibitor Fasudil, in combination
with taxanes, may improve a patient’s response to taxane-induced apoptosis. This could
be determined by treating cells in tissue culture with taxanes in combination with the
ROCK inhibitor Y-27632 or constitutively active and dominant negative mutants of
ROCK. If decreased ROCK activity increases taxane-induced apoptosis in tissue culture,
this relationship could be further explored in mouse models looking at combination
treatments of Fasudil and taxanes on breast, ovarian, prostate, gastric, and lung cancer
(cancers that taxanes are currently used for treatment). If promising results are found
with mouse models, the combination of Fasudil and taxanes could progress to a Phase |
clinical trial.
p190-induced multinucleation:

p190 also plays a significant role in progression through cytokinesis. This

function was first demonstrated when overexpression of p190 resulted in cytokinesis
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failure (Su et al., 2003). Since then, our lab has demonstrated that p190 modulates
RhoGTP levels in concert with Ect2 (Mikawa et al., 2008) at the cleavage furrow (Su et
al., 2003). Normally, p190 levels are down regulated upon entry into mitosis, and this
down regulation is required for completion of cytokinesis (Manchinelly et al., 2010; Su et
al., 2009). In the presence of continued p190, RhoGTP levels are decreased at the
cleavage furrow, which inhibits abscission and prevents completion of cytokinesis (Su et
al., 2009). However, how p190 overexpression affects the downstream effectors of Rho
were not understood when this dissertation work was initiated.

Data presented in Chapter 5 shows that p190 overexpression in HeLa cells
decreases myosin Il activation at the cleavage furrow and that this activation is required
for completion of cytokinesis. However, these data do not address which downstream
target of Rho is responsible for decreased MLC Il phosphorylation. Two effectors of
Rho can activate myosin 1l, ROCK and Citron Kinase. Further clarification is needed to
determine which kinase is responsible for the decrease in myosin Il activation, as both
kinases phosphorylate MLC at Ser19. The literature suggests that while ROCK
activation is important for cytokinesis, it is not required, as treatment with the ROCK
inhibitor Y-27632 does not inhibit progression through cytokinesis (Kosako et al., 2000;
Madaule et al., 2000). To determine which kinase is responsible for the decrease in MLC
Il phosphorylation, co-transfection of p190 with either a constitutively active mutant of
ROCK or Citron kinase should rescue the decrease in MLC Il phosphorylation and
multinucleation. Whichever mutant kinase increases MLC 11 phosphorylation levels over

p190 alone would suggest it is responsible for the decrease seen upon p190
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overexpression. It is also possible that neither mutant could rescue the decrease in MLC
Il phosphorylation. Such a result would argue that the decrease in MLC 11
phosphorylation levels may be mediated through an increase in the MLC phosphatase,
which is inactivated by ROCK. By co-transfecting p190 with a DN MLC phosphatase
mutant and assessing if there is an effect on MLC Il phosphorylation, we could determine
if this protein was involved in the decreased activation of myosin Il upon p190
overexpression.

Finally, the association between p190 and anillin is a novel and interesting finding
suggesting a contractility feedback loop to maintain biologically appropriate levels of
RhoGTP during cytokinesis. This study provides evidence that when contractility
decreases, due to decreased RhoGTP levels, the interaction between anillin and p190 is
lost. This result suggests that the interaction between p190 and Rho might also be
compromised in the presence of weak contractility signals. To further explore this
hypothesis, one could directly examine the interaction between p190 and Rho under high
and low contractility conditions. A dot-blot assay of the GAP domain of p190 and
CARNho show that both proteins physically interact (Li et al., 1997). If the addition of
blebbistatin during cytokinesis disrupts this interaction between p190 and Rho, such a
result would indicate that the contractility feedback loop which disrupts the p190 anillin
interaction also affects the association between p190 and Rho, presumably to increase
RhoGTP levels.

While the previous experiment investigates the interaction between p190 and

Rho, it does not address the biological effect of this interaction. A decreased interaction
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between p190 and Rho would allow an increased signal from the RhoGEF, Ect2, and
increase RhoGTP levels, ultimately increasing contractility to promote completion of
cytokinesis. This hypothesis can be addressed in a variety of ways. A Rho pull down
assay shows that p190 overexpression decreases RhoGTP levels (Mikawa et al., 2008).

In the presence of decreased contractility, RhoGTP levels should increase, if the feedback
signal results in a p190-Rho dissociation and increased RhoGTP levels. Additionally, if
decreased contractility during cytokinesis increases the influence of Ect2, FRET analysis
using the Rho biosensor (Su et al., 2009) would show that cells overexpressing p190 and
treated with blebbistatin have increased RhoGTP levels over cells simply overexpressing
p190. These experiments could address the biological effect of decreased contractility on
the p190-Rho association and how that affects the levels of RhoGTP.

Together the results presented in this dissertation increase our understanding of
the biological functions of p190RhoGAP and provide further insight into the molecular
mechanisms of cytokinesis. Furthermore, this work provides evidence for an exciting
role for p190 and Rho in cancer therapy and suggests a novel means of specifically

targeting tumorigenic cells.
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