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Abstract: Phosphatidylinositol-4,5-bisphosphate (PIP2) is an important regulator
of the actin cytoskeleton and plasma membrane functions. It is primarily
synthesized by the type 1 phosphatidylinositol 4 phosphate 5 kinases (PIP5Ks).
Mammals have three PIP5K genes (PIP5K ¢, PIPSKf, and PIP5Ky), and the y
isoform has two ubiquitous 90 kDa and an 87 kDa splice variants. We found that
the depletion of each PIP5K isoform individually by RNA interference (RNA1) or
gene knockout by homologous recombination generated distinct changes in the

actin cytoskeleton and signaling responses. The actin phenotype of the PIP5Ky
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depletion (using pan siRNA, which is directed against a common sequence shared
by the 90 and 87kDa isoforms) in HeLa cells is particularly striking: it results in
increased actin stress fibers, decreased chemotaxis, and increased adhesion to
fibronectin-coated substrates. There is also a striking increase in prominent focal
adhesions (FA). Using real-time IRM, we found that the turnover of FA is 48%
slower in the PIP5SKy depleted cells. Likewise, there is a large decrease in the
dynamic turnover of green fluorescent protein (GFP)-labeled vinculin and paxillin
in FA, as monitored by fluorescence recovery after photobleaching. Since
PIP5KY90 has already been implicated in FA assembly, we depleted it specifically
without depletion of the much more abundant PIP5Ky87 by using a PIP5SKy90
specific targeting sequence not found in PIPSKy87. This fails to produce robust
stress fibers. Overexpression of PIP5SKy87, but not the kinase dead enzyme, is
able to rescue the pan PIP5Ky knockdown actin phenotype in HeLa cells. Thus,
PIP5KYy87 is the major contributor to the pan PIP5Ky depletion/knockout robust
actin and FA phenotype. Similar results were obtained in mouse embryonic
fibroblasts (MEFs) from PIP5Ky-/- mice. We sought to identify the molecular
mechanisms of the PIP5Ky depleted actin phenotype. Inhibitors of myosin, Rho-
associated coiled-coil-containing protein kinase (ROCK), and RhoA GTPase all
decreased the amount of thick actin stress fibers in PIP5SKy RNAI cells,

suggesting that the phenotype is due to abnormal RhoA activation. This is
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confirmed by the finding that RhoA activity is elevated in PIP5SKy depleted/knock
out cells. We hypothesize that PIP5KYy regulates the actin cytoskeleton by

inhibiting Rho, and thus its downstream effectors ROCK and myosin.
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CHAPTER 1: INTRODUCTION

I. PIP5 Kinases Isoforms

The primary route of PIP, synthesis is through the phosphorylation of
phosphatidylinositol 4-phosphate (PI(4)P) by the type I phosphatidylinositol 4
phosphate 5 kinases (PIP5Ks) (Stephens et al., 1991, Whiteford et al., 1997,
Doughman et al., 2003a). Mammals have three PIP5K genes: PIPSK ¢, PIPSKJ,
and PIP5Ky (Ishihara et al., 1996, Ishihara et al., 1998, Loijens et al., 1996).
These lipid kinases contain a highly conserved central catalytic domain of
approximately 400 residues and have non-conserved amino and carboxyl terminal
sequences (Fig. 1). There is increasing evidence that these isoforms have unique
and non-redundant roles, presumably due to the production of discrete pools of

PIP, at distinct locations.

PIPSK«a

PIP5K« -/- mice have a platelet aggregation defect and are less fertile than wild
type mice (Wang et al., 2008). Boronenkov et al. (1998) found that PIP5Ka
localizes to the nucleus where it co-localizes with nuclear speckles. PIPSKa
induces membrane ruffles in a Rac dependent manner (Doughman et al., 2003b),
after recruitment to the plasma membrane by Ajuba (Kisseleva et al., 2005).
PIP5Ka has been shown to interact with (3-arrestin2 upon activation of the $2-
adrenergic receptor (Nelson et al., 2008) and is also required for actin

polymerization during the ingestion phase of Fcy receptor mediated phagocytosis

(Coppolino et al., 2002, Mao et al., 2009).

PIP5K 3



PIP5Kf -/- mice have no striking abnormalities as compared to wild type mice,
but do display an increased Ca®" response and reduced levels of cortical actin
filaments (F-actin) (Sasaki et al., 2005). Additionally, PIP, produced by PIPSKf3
is important for the regulation of clathrin-mediated endocytosis (Padron et al.,
2003), phospholipase D2 (PLD2) activity (Divecha et al., 2000), oxidative stress
induced apoptosis, and cytoskeletal remodeling (Halstead et al., 2006 and Chen et
al., 2009).

PIP5Ky

In humans, it has been reported that a missense mutation that causes a mutation
within the catalytic domain of PIP5KYy results in lethal contractural syndrome
(Narkis et al., 2007). This pheonotype is not replicated in either of the two
independently generated mouse PIP5Ky -/- lines that have been created. One of
them (generated by the Abrams lab) results in PIP5Ky -/- mice which display
embryonic lethality at E11.5 and which by day E9.5 are smaller and have
cardiovascular defects, which appear to be the cause of death (Wang et al., 2007).
In the other line (generated by the De Camelli lab), PIP5K y -/- mice die within 24
hours of birth, possible due to significant neuronal defects that result in an
inability to eat (D1 Paolo et al., 2004). PIP5Ky has two major splice variants,
PIP5Ky87 and PIP5Ky90 (Ishihara et al., 1998). A third isoform, PIP5Ky93, has
been identified that is only expressed in the brain (Giudici et al., 2004).
PIP5Ky87 synthesizes the pool of PIP, involved in G protein coupled receptor
mediated production of IP3 in HeLa and mast cells (Wang et al., 2004, Vasudevan
et al., 2009) and it has been implicated in regulating actin dynamics to promote
clustering of Fcy receptors during the attachment phase of phagocytosis (Mao et
al., 2009). PIP5Ky90, which is enriched in FAs, has an important function in FA

assembly (Di Paolo et al., Ling et al., 2002) and in synaptic vesicle endocytosis



(Nakano-Kobayashi et al., 2007, Morgan et al., 2004). Our studies will focus on
the role of PIP5KYy in the regulation of the actin cytoskeleton and FA disassembly.

Il. PIP5Ky Binding Partners

Talin

The FERM domain of talin binds to the unique c-terminus of PIP5Ky90 and
stimulates the kinase activity of PIPSKy90 (Di Paolo et al., 2005, Ling et al.,
2002). This interaction is regulated by the phosphorylation of PIP5Ky tyrosine
644 by Src and dephosphorylation of serine 650 by Shp-1 (Ling et al., 2003, Lee
et al., 2005, Bairstow et al., 2005, De Pereda et al., 2005, Kong et al., 2006).
HelLa cells depleted of PIP5SKy90 and stimulated with EGF have been shown to
have fewer talin containing adhesions and decreased rates of talin assembly to

adhesions as compared to cells treated with control siRNA (Sun et al., 2007).

PLCy
PLCy binds to PIP5KYy in HeLa cells and EGF stimulation blocks this interaction
(Sun et al., 2007). Recent evidence suggests that PIP5Ky synthesizes a distinct

PIP; pool that is hydrolyzed by PLCy to regulate the release of calcium ions from
ER stores (Vasudevan et al., 2009).

E- and N-cadherins

In A431 epithelial cells, PIP5SKy87 was found to be recruited to the intracellular
junction where it co-localized with E-cadherin (Akiyama et al., 2005). E-cadherin
was later found to directly interact with PIP5Ky (Ling et al., 2007), and N-
cadherin has also been shown to associate with PIP5Ky (Sayegh et al., 2007).

Clathrin Adaptor Proteins



All PIPS Kinases have been reported to weakly interact with the p2 subunit of the
clathrin adaptor protein complex AP-2 via their kinase core domain (Krauss et al.,
2006). PIP5KY90, but not PIPSKy87, strongly interacts with the p subunit of
API1B (Ling et al., 2007), with the 32 subunit of AP-2 (Nakano-Kobayashi et al.,
2007, Thieman et al., 2009), and with the u2 subunit of AP2 (Bairstow et al.,
2006).

Rho Family GTPases

RhoA is known to physically associate with the PIP5SKs (Ren et al., 1996, Oude
Weernink et al., 2004). The activity of PIP5Ks in lysates from mouse fibroblasts
and HEK-293 cells has been shown to be increased in the presence of activated
RhoA (Chong et al., 1994, Oude Weernink et al., 2000). RhoA and ROCK have
been found to regulate the activity of PIPSKs in HEK-293 cells (Oude Weernink
et al, 2000, Oude Weernink et al., 2004). Racl has also been shown to directly
interact with and activate PIP5SKy in a RhoA independent manner (Tolias et al.,
1995, Oude Weernink et al., 2004). Recently, Mao et al. (2009) found new
evidence that, in addition to its role as a downstream effector of RhoA and Rac,

PIP5Ky also acts upstream by increasing Rac and inhibiting RhoA activity.

ARF6

ADP-ribosylation factor 6 (ARF6) interacts with and stimulates the kinase activity
of PIP5y (Aikawa et al., 2003, Krauss et al., 2003). Overexpression of
ARF6Q67L, a constitutively active mutant, causes the translocation of PIP5Ky

from the plasma membrane to endosomal membranes in PC12 cells (Aikawa et

al., 2003).



I11. Effects of PIP5Ky on Cell Motility and Regulation of the Actin
Cytoskeleton

Adhesion and Migration

When overexpressed, both PIP5SKy87 and PIP5Ky90 target to the plasma
membrane, but unlike PIP5Ky87, PIP5SKy90 also localizes to FAs (Di Paolo et al.,
2002, Ling et al., 2002). High level PIP5Ky90 overexpression in NIH 3T3 leads
to a disruption of FAs (Di Paolo et al., 2002). PIP5Ky87, but not PIP5Ky90, has
been reported to play a role in PLD2 stimulated adhesion through increased
integrin 3; and 3, binding to their substrates (Powner et al., 2005). Both
PIP5KYy87 and y90 have been identified as components of the uropod in primary
neutrophils (Lokuta et al., 2007). Overexpression of a PIP5SKy90 kinase dead
mutant in neutrophil-like HL-60 cells inhibited detachment of the trailing edge
(Lokuta et al., 2007). Neuronal cells from PIP5Ky -/- mice have decreased cell
migration through filters in a transwell assay compared to PIP5Ky +/+ cells
(Wang et al., 2007). Sun et al. (2007) found that upon depletion of PIPSKy90 in
HelLa cells, there is decreased migration towards an EGF gradient. This defect
could be rescued by stably expressed wild type PIP5Ky90, but not by a kinase
dead mutant, a mutant unable to bind to talin, or PIP5Ky87. Cells depleted of
only the PIP5SKy90 isoform also showed decreased motility towards a hepatocyte
growth factor gradient, but migration towards an LPA or SDF1a gradient was

unaffected.

Actin

It has long been apparent that the PIP5 kinases have a role in the regulation of the
actin cytoskeleton. Overexpression of any of the three PIP5K isoforms leads to
the formation of actin comets (Rozelle et al., 2000, Padron et al., 2003). Recent

evidence suggests that PIP5Ky90 is essential for association of the cytoskeleton



with the plasma membrane (Wang et al., 2008a) and PIP5Ky has a reported role in
the formation of adherens junctions (Ling et al., 2007). Cytoskeletal effects of
PIP5KYy knock out have been somewhat more contradictory. In cardiocytes from
embryonic PIP5Ky-/- mice, Wang et al. (2007) observed a cytoskeletal defect.
Sarcomeres had disorganized actin which did not associate with fascia adherens.
Mao et al. (2009) found that PIP5K y -/- bone marrow macrophages (from the De
Camilli line) have more F-actin and a more elongated shape. However, in
megakaryocytes derived from the Abrams PIP5Ky -/- mouse line, there is no
detectable change in F-actin levels (Wang et al., 2008a). We will focus on further
elucidating the actin phenotype PIPSKy depleted HeLa cells and PIP5Ky -/- MEF

cells from the De Camili line.

IV. The Role of PIP2 in Focal Adhesions

FAs are sites of attachment of the cell to the extracellular matrix via integrins.
FAs mediate inside-out and outside-in signaling, and are therefore able to sense
and respond to the extra-cellular environment to regulate cell growth,
differentiation, adhesion, and migration (Hynes et al., 1992, Schwartz et al., 1995,
Hynes 1999, Liddington et al., 2002). Recently, sixty-six molecules have been
reported to be peripherally associated with FAs and another ninety have been
identified that can be directly localized to FAs ( Zaidel-Bar et al., 2007). These
including the PIP; regulated cytoskeletal proteins vinculin, talin, and a-actinin
(Zaidel-Bar et al., 2007). Winograd-Katz et al. (2009) recently completed a large
scale screen which investigated the effects of depleting individual FA proteins by
RNAI on cell shape, FA morphology, distribution and cell coverage. This

approach identified many more proteins that influence FA behavior.

Vinculin



Vinculin has long been implicated in the regulation of cell motility and FAs. In
1992, overexpression of vinculin in 3T3 cells was shown to negatively affect cell
motility (Fernandez et al, 1992). Soon thereafter, it was shown that depletion of
vinculin in 3T3 cells by siRNA had an opposite effect on cell motility, i.e. quicker
wound closure than control cells, and that this was coupled with a reduced amount
of spreading and smaller FAs (Fernandez et al., 1993). Vinculin -/- F9 embryonal
carcinoma cells are reported to have decreased spreading and adhesion and
increased motility (Coll et al., 1995). The migratory effects could be rescued by
overexpression of wild type (WT) vinculin (Xu et al., 1998). Similarly,

vinculin -/- MEFs display decreased adhesion and increased migration (Xu et al.,
1998a). In agreement with these results, vinculin -/- immortalized MEFs have
been shown to have greater cell motility, as measured by a wound closure assay,
spread less and at a slower rate, and have smaller FAs that turnover faster than

those of vinculin +/+ MEFs (Saunders et al. 2006).

Interactions between the head and tail of vinculin obstruct the binding sites of
other proteins resulting in auto-inhibition (Bakolitsa et al., 2004, Borgon et al.,
2004). Chen et al. (2005) demonstrated that vinculin in the cytosol is in an auto-
inhibited state and vinculin in FAs primarily exists in the active state.
Overexpression of either the head or tail domain of vinculin alone in vinculin -/-
F9 embryonic carcinoma cells enhanced migratory effects, suggesting a role for
vinculin in repressing cell motility that is dependent upon the auto-inhibitory

interactions between the head and tail domains (Xu et al., 1998b).

Vinculin interacts with PIP; and its two PIP; binding sites have been mapped by
X-ray crystallography to a basic region on helix 3 and a basic collar at the c-
terminus of vinculin (Bakolitsa et al., 1999, Bakolitsa et al, 2004). Binding of

PIP; to vinculin is sufficient to release the auto-inhibition of vinculin (Weekes et



al., 1996, Gilman et al., 1996, Huttelmaier et al., 1998). Overexpression of a
vinculin mutant, which is recruited to FA but is unable to bind to PIP,, in

vinculin -/- MEFs was unable to rescue motility and spreading defects and
resulted in increased FA stability, as measured by interference reflection
microscopy (IRM) (Saunders et al. 2006). These results suggest the importance
of the PIP; and vinculin interaction in the disassembly of FAs. They also
corroborated an earlier report of the effects of overexpression of a WT and mutant
vinculin in B16-FA mouse melanoma cells (Chandrasekar et al., 2005). In these
cells, overexpression of the vinculin mutant that was unable to bind lipids resulted
in defective cell spreading, cell motility, and five times lower overall adhesion

turnerover rates (Chandrasekar et al., 2005).

Talin

Talin is an important component of FAs. It binds to 8 integrin, resulting in
activation of the integrin (Tadokoro et al., 2003, Wegener et al., 2007). The
interation between the talin head domain and tail domain masks the 3 integrin
binding site, but binding of PIP; to the talin head domain relieves this auto-

inhibition and facilitates binding between talin and integrin (Martel et al., 2001,

Goksoy et al., 2008).

There are two talin isoforms. Talin 1 -/- embryonic stem cells are defective in cell
spreading and fail to form actin stress fibers and FAs (Priddle et al., 1998).
However, differentiated talin -/- embryonic strem cells are able to form FAs and
stress fibers (Priddle et al., 1998), possibly due to compensatory effects of talin 2
(Monkley et al., 2001). Indeed, when talin -/- fibroblasts were depleted of talin 2
by siRNA, the cells displayed a loss of FAs and an impairment of sustained cell
adhesion and spreading (Zhang et al., 2008).



a-actinin

a-actinin serves to bind and bundle actin into stress fibers and to link the actin
cytoskeleton to integrin (Otey et al., 1990, Pavalko et al., 1991). PIP; has been
shown to interact with the calponin homology 2 domain of a-actinin (Fukami et
al., 1996, Fraley et al., 2003). When PIP; is bound to a-actinin, it inhibits the
ability of a-actinin to bind and bundle actin (Fraley et al., 2003). Fraley et al.
(2003) created an a-actinin mutant that has dramatically reduced binding to
phosphoinositides. Later, using flourescence recovery after photobleaching
(FRAP), Fraley et al. (2005) demonstrated that the turnover rate of this a-actinin
mutant in FAs is 1.5 times slower than WT a-actinin in rat embryonic fibroblasts.
Pre-incubation of a-actinin with PIP, protects against proteolysis by
chymotrypsin in vitro (Corgan et al., 2004) and recently, it has been shown that
binding of PIP, to a-actinin protects a-actinin from proteolysis by calpain 1

(Sprague et al., 2008).
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Figure 1. (Adapted, with permission, from Mao and Yin 2007.) PIP5Ka.,
PIP5Kf, and PIP5KYy have highly conserved central catalytic domains and non-

conserved amino and carboxyl terminal sequences.
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Figure 2. A simplified model of a FA. PIP, regulated proteins talin, vinculin,
and a-actinin serve to connect the actin cytoskeleton to the cytoplasmic domain
of B integrin which exists as a heterodimer with o integrin. Paxillin is also

enriched at FAs.
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CHAPTER 2: THE UNIQUE CYTOSKELETAL PHENOTYPE
ASSOCIATED WITH THE DECREASE IN PIPSK GAMMA
EXPRESSION

I. Loss of PIP5Ky Results in a Distinct Actin Phenotype

Upon depletion of individual PIP5K isoforms in HeLa cells by siRNA (Padron et
al., 2003), Ying Jie Wang, a former postdoctoral fellow in the Yin lab, found that
there are isoform specific actin phenotypes. Depletion of PIP5Ka results in a
rounder cell with a ring of actin, depletion of PIPSK[} leads to a smaller cell with
less actin, and cells depleted of PIPSKy have very robust stress fibers (Fig. 3A).
The dramatic effect of PIP5Ky depletion, with the marked increase in actin stress
fibers, led me to focus my studies on the phenotype and mechanisms associated

with the loss of PIP5KYy.

To explore PIPSKYy isoform specific effects upon the actin cytoskeleton, I first
repeated Ying Jie Wang’s work and treated HeLa cells with siRNA to PIP5Ky and
then confirmed the efficacy of the depletion via a Western blot (Fig. 3B). Cells
depleted of PIP5KYy have a distinct actin phenotype as visualized with
immunofluorescence. These cells have very robust actin stress fibers and

generally have a more elongated shape (Fig. 3C).

To further validate our findings of the striking actin phenotype in HeLa cells
depleted of PIP5SKy by RNAI, we next utilized MEF cells from PIP5Ky -/- mice
generated by the De Camilli lab (Di Paolo et al., 2004) to determine if they

exhibit a similar phenotype. In initial studies examining the actin cytoskeleton

14



through the use of immunofluorescence, Xiaohui Zhu, a research assistant in the
Yin lab, found the actin phenotype of PIPSKy -/- MEFs to be consistent with that
of PIP5Ky depleted cells. PIP5Ky-/- MEFs had more robust actin stress fibers
than the PIP5Ky +/+ cells (Fig. 3D).

The salient actin cytoskeletal phenotype of PIP5Ky depleted cells based on
immunoflourescence microscopy was corroborated biochemically by fluorometric
F-actin quantitation in cell extracts. I verified that the PIPSKy depleted cells do
indeed contain more filamentous actin than control cells (Fig. 4A). Likewise,
PIP5Ky -/- MEFs have more F-actin than PIP5Ky +/+ MEFs, recapitulating the
RNAIi phenotypes of HeLa cells (Fig. 4B).

Next, [ sought to establish if there was an increase in FAs associated with these
abundant stress fibers. Cells were treated with antibodies against the FA
components paxillin and vinculin and the resulting confocal images allowed me to
visualize the FAs present at the tips of the thick stress fibers. In comparing the
FAs of the control and the PIP5KYy depleted cells, a marked difference can be seen
(Fig. 5). In parallel with the increase in actin stress fibers, FAs in PIP5Ky
depleted cells are more prominent than in control cells; they appear to be larger

and more numerous.

I1. Chemotactic Motility and Adhesion Phenotype

Since depletion of PIP5KYy stabilizes FAs and actin stress fibers, we next
examined the effects upon the motility of these cells. Ying Jie Wang subjected
cells depleted of individual PIP5K isoforms to a transwell chemotactic motility
assay. PIP5Ky depleted cells migrate towards the chemotactic source much

slower than control cells or cells depleted of other PIPSK isoforms (Fig. 6A),

15



suggesting that PIP5SKy is particularly important for chemotaxis. This is in
agreement with previous reports that depletion of either PIPSKy90 or both
PIP5Ky isoforms in HeLa cells results in a negative effect on cell migration
towards an EGF gradient (Sun et al, 2007). Our subsequent line of investigation
focused on the effects upon cell motility in PIP5Ky-/- MEFs. In a wound healing
assay, where confluent MEF monolayers were wounded with a scratch and the
width of the wound was observed, PIP5Ky +/+ MEFs closed the wound
completely after 8 hours, whereas PIP5Ky -/- MEFs did not (Fig. 6B). Moreover,
when the MEF cells were subjected to a transwell assay measuring chemotactic
migration towards serum, we found that fewer PIP5K j~/- MEF cells migrated

through the filter (Fig. 6C), upholding the RNA1 phenotype in HeLa cells.

There have been conflicting reports on the roles of PIP5Ky on cell adhesion.
Previously, it has been reported that upon depletion of PIP5Ky in MDCK cells by
RNAI, the cells lost plasma membrane associated E-cadherin which was
accompanied by an increase in cell spreading (Ling et al., 2007). In PIP5Ky -/-
megakaryocytes, the cells are reported to spread to the same extent as

PIP5Ky +/+ cells and to extend lamellipodia normally (Wang et al., 2008).
However, they generate abnormal plasma membrane blebs (Wang et al, 2008).
Additionally, NIH 3T3 cells overexpressing PIP5SKy87 showed a very slight
decrease in cell spreading (Di Paolo et al., 2005).

I further characterized the phenotype of PIP5Ky deficient HeLa cells on two
facets of cell adhesion: attachment and spreading on fibronectin coated surfaces.
At a concentration of 0.5 pg/ml of fibronectin, the PIP5SKy depleted cells had
spread to a significantly greater extent than the control cells (Fig. 7A).

Differences in cell adhesion were corroborated by the results of a cell attachment

16



assay, in which the quantity of control and PIP5Ky depleted cells attached to
various concentrations of immobilized fibronectin were quantitated through a
colormetric assay (Fig. 7B). We conclude that loss of PIP5Ky in HeLa cells

results in enhanced cell adhesion on fibronectin coated surfaces.

I11. PIP5KYy depleted cells display altered focal adhesion dynamics

Thus far, we have shown that PIP5Ky depleted cells have a distinct phenotype
consisting of abundant actin stress fibers and FAs, decreased chemotactic
motility, and stronger adhesion to fibronectin. I next investigated if this
phenotype is associated with aberrant FA dynamics. I used live cell imaging
approaches to examine FA dynamics quantitatively. First, I used a FRAP assay,
as described by Chandrasekar et al. (2005), to examine the turnover rates of two
GFP-tagged FA components: vinculin and paxillin. Control or PIP5Ky depleted
HeLa cells were transfected with GFP-labeled paxillin or GFP-labeled vinculin.
Individual FAs were photobleached and images were taken every 4 seconds for
about 4 min. Fig. 8A follows the fate of GFP-paxillin in a single FA in a control
cell and another in a PIP5SKy depleted cell. The red arrows indicate the bleached
region. Comparing the top and bottom panels at the 50 and 100 sec. time points,
it’s clear that the FA in the control cell is recovering much quicker than that in the
PIP5Ky depleted cell. I collected the intensity of the bleached region at each time
point and fit the resultant data with a one phase exponential association curve, as
exemplified in Fig. 8B, which provided us with the t1/2 and % recovery. Results
from the FRAP experiments reveal that the PIPSKIy depleted cells have about a 2-
fold longer half-time of fluorescence recovery than control cells for both GFP-

vinculin and GFP-paxillin (Table 1).
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Next, [ monitored the rate of FA turnover by live cell imaging using IRM, as
described by Saunders et al. (2006). In this method, cells were imaged by time
lapse for 60 min. The left upper panels of Fig. 9A depict the first and last time
points of a typical experiment. The dark regions at the bottom of the cells are
FAs. Individual images were filtered and thresholded to display only the dark
FAs as appears in the lower left panels of Fig. 9A. In order to analyze these
images, FA images from each time point were overlayed into a pseudocolor
greyscale. Dark areas within this pseudocolor grayscale are indicative of a FA
with very little variablitiy that has stayed static throughout most of the time
points. Conversely, areas in the pseudocolor grey scale that are very light are
indicative of a more dynamic FA; one that has only been present throughout some
of the time points. The ratio of light grey pixels to dark grey pixels can be
expressed as a FA turnover index (Saunders et al., 2006). PIP5Ky depleted cells
have a FA turnover index of 4.6 as opposed to the control cell FA turnover index
of 2.2 (Fig. 9B, right panels). Thus, the FAs in PIP5KYy depleted cells turn over

48% slower on average than those in control cells.
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Figure 3. PIP5Ky depletion or knockout generates a distinct actin phenotype. (A)
HeLa cells were transfected with siRNA directed against PIP5SKa, PIPSKf,
PIP5KYy pan, PIP5KYy90, or control (Ctrl.). 48 hours (PIPSK[) or 72 hours post-
transfection, cells were analyzed via fluorescence images with FITC-phalloidin
staining. Images were obtained by Dr. Ying-Jie Wang. Data shown is
representative of multiple experiments performed over a period of 2 years. (B and
C) HeLa cells were analyzed 72 hours post-transfection with either PIPSKy pan
siRNA directed against a common region in PIP5Ky90 and y87 or control (Ctrl.)
siRNA. (B) Immunoblot. (C) Fluorescence images with TRITC-phalloidin
staining. (D) Fluorescence images. PIP5Ky +/+ and PIP5Ky -/- MEFs were
stained with TRITC-phalloidin. Images were obtained by Xiaohui Zhu. Data
shown is representative of MEFs isolated from at least three different mice for

each group.
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Figure 4. Cells with decreased or no PIPSKy have more polymerized actin. (A)
HeLa cells were analyzed 72 hours post-transfection with either PIPSKy pan
siRNA directed against a common region in PIP5Ky90 and y87 or control (Ctrl.)
siRNA. Fluorometric F-actin quantitation (mean + s.e.m., n=5). (B) Quantitation
of TX-100 soluble and insoluble actin pools. Two different sets of PIP5K y +/+
and PIP5Ky -/- MEFs were extracted with TX-100, and the amount of actin in the
soluble and insoluble fractions was determined by Western blotting and
densitometry. The ratios of actin in the insoluble fraction (F-actin) to actin in the
soluble fraction (G-actin) are plotted on the Y-axis. Data was obtained by Xiaohui

Zhu.
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Figure 5. PIP5Ky depleted cells have more prominent FAs. HeLa cells were
analyzed 72 hours post-transfection with either PIP5Ky pan siRNA or control
(Ctrl.) siRNA and labeled with phalloidin (green) and antibodies to either paxillin

or vinculin (red). Arrowheads indicate selected FAs.
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Figure 6. PIP5Ky depletion inhibits chemotaxis and wound healing. (A) HeLa
cell transwell chemotactic motility assay. After siRNA transfection, the number of
HeLa cells which migrated from a serum-free compartment towards a serum-
containing compartment was quantitated. Data was obtained by Dr. Ying-Jie
Wang (mean =+ s.e.m., n=3). (B) MEF wound healing assay. Confluent MEF
monolayers were wounded with a scratch and the width of the “wound” (indicated
by the red line) was determined immediately after wounding and 8 hours later.
The black arrowhead indicates the site of initial wounding. Data was obtained by
Xiaohui Zhu. (C) MEF transwell chemotactic motility assay. Images depict cells
that have migrated from the serum-free top well through the filter towards the
serum-containing bottom well. Cells on the lower face of the filter are stained
with crystal violet and appear purple (the black circles are the pores on the filter).
Magnification is 200x. Data was obtained by Xiaohui Zhu.
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Figure 7. PIP5Ky depletion results in enhanced adhesion to fibronectin substrate.
(A) Cell spreading. Cells were allowed to spread on 0.5 pg/ml fibronectin-coated
surface for 1 hour and their diameters were measured at the widest part of the cell
(mean + s.e.m., n=21 cells each). (B) Cell attachment. Cells were seeded on
surfaces coated with increasing amounts of fibronectin for 1 hour and were
stained with crystal violet dye. The intensity of cell-associated dye was

quantitated. Data shown are representative of 3 independent experiments.
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Figure 8. PIP5Ky depleted cells have more static FAs. FRAP of GFP-paxillin or -
vinculin. (A) Representative images of GFP-paxillin expressing cells before and
at varying time points after bleaching. Red arrows indicate the region that was
bleached. (B) Analysis of this experiment was depicted in an exponential curve fit

containing both % recovery and t;,; data.
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Table 1. Summary of GFP-paxillin and GFP-vinculin FRAP data.
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Figure 9. PIP5Ky depleted cells have a lower FA turnover index as determined by
IRM. (A) Method for calculating FA turnover index. Cells were imaged by time
lapse for 60 minutes. IRM images from the first and last time points are displayed
(upper right panels). Individual images were filtered and thresholded to display
only the dark FAs (bottom right panels). Left, images from each time point were
overlayed, and the changes in FA location between frames were scored and
displayed as a pseudocolor greyscale. (B) Turnover index was calculated from the
ratio of light grey pixels to dark grey pixels (areas of high and low FA variability
between time points, respectively). Images from 0 and 60 min. are shown, and the
calculated FA turnover indexes are shown at the right hand corner of the 60 min.

panel (n=15).
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CHAPTER 3: MECHANISTIC INSIGHT INTO THE ROLE OF PIP5SK
GAMMA ON THE STRONG STRESS FIBER AND FOCAL ADHESION
PHENOTYPE

I. Differentiating the Contributions of PIP5Ky87 and PIP5Ky90

In the majority of the experiments in Chapter 2, depletion of PIP5SKy has been
accomplished by siRNA directed against a site common to both the PIP5Ky87 and
PIP5Ky90 splice variants (Fig. 10A). Although quantitative PCR has shown that
PIP5Ky87 is much more abundant than PIP5SKy90 at the mRNA level (Wang et
al., 2004), it is important to evaluate the contributions of the individual variants.
We therefore used siRNA directed against the unique COOH-terminus of
PIP5KY90 to exclusively deplete it (Fig. 10A). Loss of only PIP5Ky90 resulted in
an actin phenotype distinct from the PIP5SKypan phenotype (Fig. 10B). PIP5Ky90
depleted cells do not have the thick actin stress fibers found in PIP5Kypan
depleted cells and they look similar to cells treated with control siRNA.
Furthermore, depletion of PIP5SKy90 alone failed to produce the chemotactic
migration defect that is found when both PIP5Ky splice varients were depleted
(Fig. 6A, compare ypan and y90). These results indicate that the actin and

migration phenotypes may be primarily due to the loss of PIPSKy87.

Continuing our pursuit to distinguish the effects of PIP5SKy87 and 90, I next
analyzed the ability of each splice variant to rescue the actin phenotype.
PIP5Kypan depleted HeLa cells were microinjected (Fig. 11A) or transfected
(Fig. 11B) with GFP-labeled PIP5Ky87, PIP5Ky90, or a PIP5Ky87 kinase dead
(KD) mutant (Fig. 11C). GFP- PIP5Ky87 rescued 86% of cells as compared to
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the 19% rescued by GFP- PIP5SKy87KD or the 16% rescued by GFP alone. This
indicates that while GFP- PIP5Ky87 is sufficient to rescue the actin phenotype of
the PIP5Kypan depleted cells, the GFP-PIPSKy87KD mutant is not, signifying
that the actin rescue is PIP, dependent. Paradoxically, although PIP5Ky90
depletion does not generate robust actin stress fibers, the GFP-PIP5Ky90 was also

able to rescue the actin phenotype.

Simmilar results were obtained by transducing either WT or KD GFP- PIP5Ky87
retrovirus into PIP5Ky -/- MEFs (Fig. 11C). PIP5Ky87 transduction decreased
the robust actin stress fibers in 40% of the PIP5Ky -/- MEFs, while PIP5Ky87KD
did not. Thus, PIP5Ky87 is able to partially rescue and kinase activity appears to
be required for restoring normal actin organization (Fig. 11D). At this time, we
are not sure why the extent of rescue by PIP5Ky87 in the PIP5K y-/- MEF cells is
less than that of the PIP5Ky depleted HeLa cells, but it may be related to lower

levels of overexpression.

I1. The PIP5Ky RNAI Actin Phenotype in HeLa Cells is Mediated Through
the Rho/ROCK/Myosin Pathway

We strove to elucidate the mechanism by which PIP5Ky depletion generates the
characteristic actin phenotype in HeLa cells. Excessive RhoA activation is known
to result in an increase in actin stress fibers and FAs, similar to the phenotype of
PIP5Ky depleted cells (Ridley et al., 1992). RhoA activates its downstream
effector ROCK, which in turn facilitates phosphorylation of myosin light chain,
both by direct phosphorylation and inhibition of a myosin phosphatase (Leung et
al., 1995, Ishizaki et al., 1996, Amano et al., 1996, Matsui 1996, Kimura et al.,
1996, Uehata et al., 1997) (Fig. 14).
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First, I considered the contributions of myosin II by employing blebbistatin
(Straight et al., 2003), a myosin II inhibitor that stabilizes myosin Il in a
conformation with low affinity for actin (Kovacs et al., 2004). Upon myosin
inhibition, the RNA1 actin phenotype was rescued (Fig. 12A). Having discovered
that the stress fiber phenotype appears to be myosin dependent, I continued our
line of inquiry by inhibiting ROCK, an upstream regulator of myosin.
Accordingly, I found that inhibition of ROCK by Y-27632 was also able to rescue
the actin phenotype, implicating ROCK in mediating the actin phenotype (Fig.
12B). To advance our understanding of mechanisms regulating the actin
phenotype, I investigated the function of Rho in this pathway. Treatment of
PIP5KYy depleted cells with C3 transferase, a RhoA inhibitor, rescued the actin
phenotype (Fig. 12C).

Since our results implicated the involvement of Rho and previous studies have
shown that PIP5K y -/- bone marrow macrophages have increased levels of Rho
(Mao et al., 2009), I next examined Rho activation. Using a RhoA G-LISA assay,
I found that PIP5Ky depleted HeLa cells contain more activated RhoA (Fig. 13).
We conclude that PIPSKy depletion induces robust actin stress fibers through

Rho, ROCK, and myosin dependent mechanisms.
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Figure 10. Differentiating the effects of PIPSKIy90 and PIPSKIy87 on the actin
phenotype. (A) Scheme of siRNA targeting sites in PIP5Ky87 and y90.

PIP5Ky pan siRNA is directed against a common region in both variants, while
v90 siRNA is only targeted to the unique COOH-terminus of y90. (B)
Fluorescence images. HeLa cells, after transfection with siRNA, were stained

with TRITC-phalloidin.
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Figure 11. PIPSKy87 is sufficient to rescue the actin phenotype casued by
depletion of both PIP5Ky isoforms. (A and B) Rescue of the PIP5Kypan RNAi
actin phenotype. Cells that had been transfected with PIPSKy pan siRNA were
microinjected (A) or transfected (B) with GFP, GFP-PIP5Ky87, GFP-y87D136K
(kinase dead), or GFP-y90, fixed, and stained with TRITC-phalloidin (A) n=16
cells for control, n=28 for y87, n=7 for y87KD, and n=65 for y90 (B) n=99 cells
for control, n=55 for y87, and n=32 for y87KD. (C) Rescue of the PIP5Ky -/-
MEF actin phenotype. PIPSKy -/- MEF cells were transduced with either GFP-
PIP5KYy87 or y87KD retrovirus, fixed, and stained with TRITC-phalloidin. (D)
Quantitation of rescue data. The actin phenotype of transduced cells was
considered rescued if they had appreciably weaker actin staining than surrounding

cells (n=88 cells for y87 and n=48 for y§7KD).
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Figure 12. Rho/ROCK/Myosin pathway is involved in the PIP5SKy RNAI actin
phenotype in HeLa cells. (A) Blebbistatin, a myosin inhibitor, rescued the actin
phenotype. Cells transfected with siRNA were incubated with 40 uM Blebbistatin
or 1.17% DMSO for 1 hr., fixed, and stained with TRITC-phalloidin. (B) Y-
27632, a ROCK inhibitor, rescued the actin phenotype. PIP5Kypan depleted or
Ctrl. cells were incubated with Y-27632 for 45 min., fixed, and stained with
TRITC-phalloidin. (C) C3 transferase, a RhoA inhibitor, rescued the actin
phenotype. PIP5Kypan depleted or Ctrl. cells were incubated with 2.4 pg/ml cell
permeable C3 transferase for 2 hrs., fixed, and stained with TRITC-phalloidin.
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Figure 13. Loss of PIP5Ky increases the RhoA activation level, as determined by
quantitation of GTP-Rho. PIP5Kypan depleted or Ctrl. HeLa cell lysates were
subjected to a RhoA G-LISA assay. Each individual experiment was done in

triplicate and activity levels were calculated as % of Ctrl. cells (mean + s.e.m.,

n=3).
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CHAPTER 4: MATERIALS AND METHODST

Tissue Culture
Cells were cultured in DMEM with 10% fetal bovine serum, 10mM HEPES,
ImM sodium pyruvate, 100 units/ml penicillin, and 100 pg/ml streptomycin at

37°C in 5% COs..

Transfection
Cells were transiently transfected using Lipofectamine 2000 at a DNA

concentration of 0.4 pg/well of a 12-well plate.

Immunoflourescence

Cells were grown on glass coverslips, fixed with 3.7% formaldehyde,
permeabilized with 0.1% Triton X-100 on ice, and labeled with antibodies in
blocking buffer (1% BSA, 3% donkey serum in PBS). Images were collected
with a Zeiss Laser Scanning Confocal Microscope 510 using a 63X/ 1/3NA
PlanApo objective.

Cell Adhesion Assay

Experiments were preformed similar to Kueng et al. (1998). Wells of a 96 well
plate were incubated with the indicated concentration of fibronectin for 1 hr. at
room temperature. Wells were then incubated with 10 mg/ml heat-denatured
BSA for 1 hr. at room temperature. HeLa cells in serum free media were added to
each well and incubated for 1 hr. at 37°C in 5% CO,. Wells were gently tapped,
fixed with 3.7% paraformaldehyde, washed 3 times with water, and incubated

with 100 pl/well of 0.1% (w/v) crystal violet solution for 1 hr. at room
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temperature. Wells were washed 3 times with water and incubated with 100
pl/well of 10% (v/v) acetic acid for 5 min. while shaking at room temperature.

Absorbance was measured at 595 nm.

Cell Spreading Assay

Experiments were preformed similar to Yamada et al. (1984). Glass coverslips
were coated with the indicated concentration of fibronectin for 1 hr. at room
temperature. Wells were then incubated with 10 mg/ml heat-denatured BSA for 1
hr. at room temperature. HeLa cells in serum free media were added to each well
and incubated for 1 hr. at 37°C in 5% CO,. Cells were fixed and stained with
TRITC-phalloidin and examined by confocal microscopy. Cell diameters were

measured at the widest part of the cell.

Immunofluorescence F-actin Measurement

Experiments were preformed similar to Cox et al. (1996). HeLa cells in a 24-well
plate were fixed with 3.7% formaldehyde, permeabilized with 0.1% Triton X-100,
and labeled with FITC-phalloidin and DAPI in blocking buffer (3% donkey serum
and 1% BSA in PBS). Plates were excited at 360 nm and 480 nm wavelengths
and read at 460 nm and 530 nm respectively. Background autofluorescence was

subtracted and the ratio of FITC/DAPI fluorescence intensity was calculated.

Microinjections

GFP-PIP5K DNA plasmid was diluted to 0.1 pg/ pul with Milli-Q water and
centrifuged for 20 min. to remove particulates and was added to a microinjection
needle. Cells grown on glass coverslips were placed in a 35mm dish and plasmid
was injected into cell nuclei during a 10 min. period. Cells were incubated for 2-4

hrs. at 37°C in 5% CO..
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PIP5K Depletion by Small Interfering RNA (SiRNA)

Cells in a 6-well dish were transfected with 10 nmol siRNA using
Oligofectamine. We use the human PIP5K isoform designation (Mao et al.,
2007). PIP5Ka and y siRNA transfected cells were used 72 hrs. later and PIPSK[(
siRNA transfected cells were used 48 hrs. later. The siRNA sequences used were
the same as in Padron et al. (2003): PIPSKa (nucleotides 1923-1943), PIP5SK]3
(nucleotides 1114-1135), and PIP5Ky (nucleotides 619-639). An siRNA

sequence targeting firefly luciferase (nucleotides 695-715) was used as a control.

Triton Soluble/Insoluble F-actin Fractionation

Fractionation was carried out at 4°C. Cells in a 6-well plate were washed with
wash buffer (20 mM PIPES, 40 mM KCL, 5 mM EGTA, 1 mM EDTA). Cells
were lysed in 200 pl of lysis buffer/well (20 mM PIPES, 40 mM KCL, 5 mM
EGTA, 1 mM EDTA, 1% Triton X 100, protease inhibitor). Cells were lifted and
centrifuged at 14,000 RPM for 25 min. and the pellet was resuspended in 40 pl of
resuspension buffer (20 mM PIPES, 40 mM KCL, 5 mM EGTA, 1 mM EDTA,
1% Triton X 100, protease inhibitor, 100 mM sucrose, 0.2 mM DTT).

RhoA Activity
GTP-RhoA was detected using the colorimetric RhoA G-LISA specific Activator
Assay manufactured by Cytoskeleton, Inc. (Cat #BK124). Either 1.0 or 1.3 pg/ml

total protein concentration was used for the assay.
Interference Reflection Microscopy

Experiments were preformed similar to Saunder et al. (2006). Live HeLa cells

were imaged by time lapse for 1 hr. at 37°C using an Applied Precision
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Deltavision RT deconvolution microscope. Images were processed using Image J

software.

Flourescence Recovery After Photobleaching

Experiments were performed similar to Chandrasekar, et al. (2005). HeLa cells
which had been transfected or microinjected were placed on a 37°C stage and
allowed to equilibrate for 20 min. before viewing. Indicated regions were
photobleached using 50 iterations of the 488 nm laser at 100%. Time lapse
images were collected and the fluorescence intensity of the bleached region at

each time point was calculated using the Metamorph Image software.

Retrovirus Transduction

MEF cells in a 6-well plate were incubated with 0.5 ml virus and 1.5 ml media per
well for 5 hrs. at 37°C in 5% CO,. Two additional ml of media were added and
the plate was incubated over night at 37°C in 5% CO,. Cells were replated onto
coverslips, cultured for another 24 hours, and then fixed and stained with TRITC-

phalloidin.

MEF Cell Preparation
Mef cells were generated by isolating day 15.5 — 16.5 postcoitum mouse embryos,
mincing them, and creating a cell suspension by incubating with 0.25%

trypsin/EDTA and subjecting them to shear force with a 3 cc syringe.
Wound Healing Assay
MEF cells were plated in a 35mm MatTek dish at a density of 5 x 10° cells/dish.

Cells were wounded with a scratch and images were captured at indicated times.

Cell Migration Assay
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Experiments were performed similar to the methods described by Wei et al.
(2002) and Arthur et al. (2001). 0.5 ml of DMEM with 10% fetal bovine serum
was placed in the lower compartment of a 6.5-mm polycarbonate transwell filter
with 8-um pores (Corning Costar, Cat. No. 3442). HelLa cells were resuspended
at a concentration of 2.0 x 10° cells/ml in DMEM with 1% BSA and 100 pl of the
cell suspension were added to the upper surface of the filter. Cells were allowed
to migrate for 4 hrs. at 37°C in 5% CO,. Membrane filters were fixed in 3.7%
formaldehyde and cells were stained with coomassie brilliant blue G. Total
number of cells migrated are the average of 5 fields. MEF cells were assayed
similarly, but with the following changes: the filter was precoated with 5 pg/mL
fibronectin overnight and cells were fixed with methanol and stained with crystal

violet for 20 min. at room temperature.

Antibodies, DNA Constructs, and Reagents

Antibody to PIP5Ky was a gift from Dr. Pietro De Camilli (Yale University).
GFP-vinculin plasmid was a gift from Dr. Susan Craig (Johns Hopkins
University) and GFP-paxillin plasmid was a gift from Dr. Chris Turner (SUNY).
Cell permeable C3 transferase was purchased from Cytoskeleton. HRP-
conjugated secondary antibodies were purchased from GE Healthcare and
fluorescent-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories. Antibody to actin was purchased from Millipore,
antibody to vinculin was purchased from Sigma (Cat #V4505), and antibody to
paxillin was purchased from Upstate (Cat #05-417).
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CHAPTER 5: DISCUSSION AND FUTRE DIRECTIONS

Our data suggests that PIPSKy87 regulates actin stress fiber formation and FA
dynamics. We find that PIP5Ky depleted HeLa cells have more F-actin and more
prominent FAs with slower turnover rates than control cells, are more adherent
and spread more on fibronectin coated surfaces, and display slower chemotactic
migration. These results were recapitulated in PIP5Ky -/- MEFs, which also have

increased F-actin and decreased motility compared to PIP5K y +/+ MEFs.

PIP; plays an essential role in FA dynamics. Sequestering of PIP, by
microinjection of a monoclonal antibody has been shown to inhibit stress fiber
and FA formation (Gilmore et al., 1996) and overexpression of pleckstrin
homology domains to sequester PIP, leads to a decrease in cell adhesion (Martel
et al., 2001). Binding of PIP; to talin enhances the interaction between talin and 3
integrin, an important step in FA formation (Martel et al., 2001, Goksoy et al.,
2008). Expression of mutant vinculin which is unable to bind to PIP; results in
highly stable FAs, indicating the importance of PIP, in FA disassembly
(Chandrasekar et al., 2005, Saunders et al. 2006). The FA phenotype of PIP5Ky
depleted cells indicates that the pool of PIP, produced by PIPSKy87 is particularly
important for FA disassembly.

We find that depletion of PIP5Ky90 alone is not sufficient to cause this
phenotype, suggesting that the PIPSKypan siRNA phenotype is primarily due to
loss of PIP5Ky87. However, paradoxically, forced PIP5Ky90 overexpression is
able to rescue the actin phenotype of PIPSKypan siRNA cells. One potential

explanation for this discrepancy is that PIP5SKy87 is the only isoform critical to
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FA disassembly. Ifthis is the case, it is probable that as PIP5Ky90 is present at
such low levels in HeLa cells initially (Wang et al., 2004), the introduction of
GFP-PIP5Ky90 causes expression levels so high in excess of basal levels that it
results in mislocalization of PIP5Ky90 to discrete areas where normally only

PIP5Ky87 would be recruited.

An alternative possibility is that PIPSKy90 and PIP5Ky87 play redundant roles in
the disassembly of FAs, as suggested by the rescue assays. If this is the indeed
the mechanism, the inability of PIPSKy90 specific depletion to cause the
distinctive actin phenotype may again be explained by the low basal levels of
PIP5KY90 in HeLa cells (Wang et al., 2004). As it is present in such higher
amounts, PIP5Ky87 may be able to compensate for the loss of PIPSKy90.

Although PIP5KY90 is enriched in FA and is known to be important to FA
assembly through its interactions with talin (Di Paolo et al., Ling et al., 2002), far
less is known about the role of PIPSKy87 in FAs. Powner et al. (2005) have
suggested that PIPSKy87 generated PIP; is necessary for initial cell adhesion and
PIP5KY90 is then involved in the ensuing FA formation and maturation. Our
results are significant in that they are some of the first evidence that PIP5Ky87 is
involved in the regulation of FA disassembly. Notably, a kinase dead PIPSKy87
mutant was unable to rescue the actin phenotype of PIP5Kypan depleted HeLa
cells, indicating that the increase in actin stress fibers is due to the loss of PIP,

generated by PIP5SKy87.
Previously, it has been reported that in rat basophilic leukemic-2H3 cells,

overexpression of either PIP5Ky87 or PIP5KY93 led to an increase in adhesion to

a serum coated plate, an effect that was not seen upon overexpression of
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PIP5KY90 or PIPSKy87KD (Powner et al., 2005). Although this is seemingly at
odds with our conclusion that PIP5Ky87 is important for the disassembly of FAs,
the difference may be attributed to either to cell line specific variations or an
indirect result of the method used by Powner et al. (2005). High overexpression

levels of PIP5Ky87 may have resulted in a non-physiological localization pattern.

Although RhoA and Rac1 have long been known to regulate the activity of the
PIP5Ks (Chong et al., 1994, Tolias et al., 1995, Oude Weernink et al., 2000, Oude
Weernink et al., 2004), Mao et al. (2009) provided compelling evidence that
PIP5KYy also acts upstream of Rac and RhoA. They find that PIP5Ky -/- bone
marrow macrophages contain increased amounts of GTP-RhoA and decreased
amounts of GTP-Rac (Mao et al., 2009). Furthermore, manipulation of the Rac
and RhoA activation levels, either through chemical inhibition or vector
expression, is able to rescue a particle attachment defect during phagocytosis that
is caused by the absence of PIP5Ky (Mao et al., 2009). Our finding that RhoA
activity levels are elevated in PIP5Ky depleted cells and C3 transferase, a RhoA
inhibitor, rescues the actin phenotype, are in agreement with the model of Mao et
al. (2009). Although we attempted to examine if there were any salient
differences in Rac activation, the levels of active Rac in our HeLa cells were too
low to detect any discernable changes using a Rac G-LISA assay. We
hypothesize that PIP5Ky regulates the actin cytoskeleton by inhibiting RhoA (Fig.
14).

ROCK is a downstream effector of RhoA (Leung et al., 1995, Ishizaki et al.,
1996, Matsui 1996), and it regulates many important cellular functions. Here we
investigated its role in the robust stress fiber phenotype in PIPSKy depleted cells.
ROCK increases myosin light chain phosphorylation in at least two ways: first, by
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direct phosphorylation of myosin light chain (Amano et al., 1996), and second, by
inactivating myosin phosphatase (Kimura et al., 1996, Uehata et al., 1997).
Myosin II induces contraction of stress fibers, and the mechanical forces regulate
FA formation, maturation, and disassembly (Rottner et al., 1999, Webb et al.,
2004, Gupton et al., 2006). We found that inhibition of ROCK with Y-27632 or
inhibition of myosin with blebbistatin was able to rescue the PIPSKy depletion
actin phenotype. Thus, we conclude that the PIP5Ky depleted actin phenotype is
due to abnormal RhoA activation and occurs in a ROCK and myosin dependent

manner (Fig. 14).

Future studies will be directed toward further elucidating the mechanisms by
which PIP5Ky87 regulates FA turnover. Although it has long been theorized that
internalization of 1 integrin is an important step in FA disassembly, it is only
very recently that this assumption has been experimentally confirmed. Chao et al.
(2009) compared the relative rates of FA disassembly and activated 1 integrin
internalization in human fibrosarcoma cells and found that the time scales were
similar. In addition, they found that inhibition of B1 integrin uptake was
sufficient to block FA disassembly, providing direct evidence that 31
internalization is a critical step in FA disassembly (Chao et al., 2009). Powelka et
al. (2004) find that overexpression of a dominant negative Arf6 in HeLa cells
inhibits B1 integrin recycling. Furthermore, Li et al. (2005) identified Arf-GAP
with coiled-coil, ANK repeat and PH domain protein 1 (ACAP1), a GAP for
Arf6, as a critical regulator of B1 integrin recycling. In addition, Dunphy et al.
(2006) presented evidence that BRAG2, an Arf6 GEF, inhibits the endocytosis of
B1 integrin. Caswell et al. (2008) hypothesize that the regulation of B1 integrin
trafficking by Arf6 is mediated through Arf6 regulation of the PIP5Ks and the
resultant changes in PIP; levels. They suggest that BRAG?2 activation of Arf6
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results in an increase in local membrane PIP; levels and that this leads to
internalization (Caswell et al., 2008). Thus, it is enticing to speculate that the
activity of the PIPSKy87 isoform may play a role in B1 integrin trafficking. This
theory becomes even more attractive when we take into account that integrin
signaling is known to regulate RhoA activity (Ren et al., 1999, Cox et al., 2001).
Future experiments will explore whether there are any differences in the time
scale of B1 integrin internalization between WT cells and cells lacking PIP5Ky. If
no differences are found, it might be of interest to determine if there is any change

in the recycling of endocytosed B1 integrin back to the cell surface.
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Figure 14. (Adapted, with permission, from Stossel et al., 2006.) RhoA regulates
the activity of ROCK and ROCK activates myosin light chain and inhibits myosin
phosphatase. We hypothesize that PIP5SKy regulates the actin cytoskeleton by
inhibiting RhoA, and thus, its downstream effectors ROCK and myosin.
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