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Phosphatidylinositol-4,5-bisphosphate (PIP;) is an abundant phospholipid that contributes to second mes-
senger formation and has also been shown to contribute to the regulation of cytoskeletal dynamics in all
eukaryotic cells. Although the o, 3, and y isoforms of phosphatidylinositol-4-phosphate-5-kinase I (PIP5KI)
all synthesize PIP2, mammalian cells usually contain more than one PIP5KI isoform. This raises the ques-
tion of whether different isoforms of PIP5KI fulfill different functions. Given the speculated role of PIP, in
platelet and megakaryocyte actin dynamics, we analyzed murine megakaryocytes lacking individual PIP5KI
isoforms. PIPSKIy~/- megakaryocytes exhibited plasma membrane blebbing accompanied by a decreased
association of the membrane with the cytoskeleton. This membrane defect was rescued by adding back wild-
type PIP5KIy, but not by adding a catalytically inactive mutant or a splice variant lacking the talin-binding
motif. Notably, both PIPSKIf- and PIP5KIy~/- cells had impaired PIP, synthesis. However, PIPSKI-null
cells lacked the membrane-cytoskeleton defect. Furthermore, overexpressing PIPSKIf in PIPSKIy~/- cells
failed to revert this defect. Megakaryocytes lacking the PIP5KIy-binding partner, talinl, mimicked the mem-
brane-cytoskeleton defect phenotype seen in PIPSKIy~/- cells. These findings demonstrate a unique role for
PIP5KIy in the anchoring of the cell membrane to the cytoskeleton in megakaryocytes, probably through
a pathway involving talin. These observations further demonstrate that individual PIP5KI isoforms fulfill

distinct functions within cells.

Introduction
In contrast to the head group of other phospholipids, the head
group of phosphatidylinositol can be phosphorylated reversibly
at the 3,4, or 5 position to generate a family of phosphoinositides.
This process was initially described by Mabel and Lowell Hokin
over 40 years ago and is essential to signal transduction within all
eukaryotic cells (1). Arguably, the best-studied phosphoinositide
signaling pathway is the hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PIP,) by phospholipase C in the synthesis of the
second messengers inositol-1,4,5-trisphosphate (IP3) and diacyl-
glycerol (DAG) (2-4). For many years, this was assumed to be the
sole function of this phosphoinositide. However, PIP, was subse-
quently identified as a substrate for phosphatidylinositol-3'-kinase
in the generation of additional second messengers. More recently,
it has been demonstrated that PIP, directly binds and regulates
the activity of cytoskeletal proteins such as profilin and gelsolin
(5-10). By directly binding proteins, PIP, regulates signaling cas-
cades required for diverse cellular processes, such as actin assembly
and vesicle trafficking.

The canonical pathway that leads to PIP, synthesis is mediated
by the phosphorylation of phosphatidylinositol-4-phosphate by

Nonstandard abbreviations used: PIP,, phosphatidylinositol-4,5-bisphosphate;
PIPSKI, phosphatidylinositol-4-phosphate-5-kinase I.
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phosphatidylinositol-4-phosphate-5-kinase I (PIPSKI) (11-13).
Three genes encode the 3 isoforms of PIPSKI, known as PIPSKIa,
PIPSKIP, and PIPSKIy. In addition, PIP5KIy has 2 splice vari-
ants. Although they are all capable of synthesizing PIP,, these
isoenzymes have significantly dissimilar primary structures, are
expressed at different levels in different tissues, and appear to
localize within different compartments within the cell (14-20).
For example, PIPSKIa localizes in membrane ruffles (15), while
PIP5KIP localizes near endosomes (16), and PIP5KIy is targeted
to focal adhesions and nerve terminals (17-19). Since most cells
possess more than 1 isoform of PIPSKI, it appears likely that these
isoforms have overlapping, but not identical, functions.

In most cells, it is thought that the total concentration of PIP,
neither rises nor falls significantly after agonist stimulation (21).
Since the same agonists stimulate the consumption of PIP, by
phospholipase C and phosphatidylinositol-3'-kinase, this implies
that rapid (and perhaps localized) synthesis of PIP, must occur
to compensate for these losses. Recently, some evidence has sug-
gested that local synthesis of PIP, occurs within discrete regions
of the cell membrane (17, 18, 22, 23). However, definitive evidence
of localized PIP, production has been difficult to obtain. We spec-
ulate that the different isoforms of PIPSKI are activated within
different subdomains of cells. This allows individual isoforms to
generate PIP, within discrete regions of the cell that fulfills specific
functions. To test this hypothesis, we studied cells lacking indi-
vidual isoforms of PIPSKI.

Volume 118

Number2  February 2008



PIP5Kly +/+ PIP5KIy -/-

Results

Platelets, like other hematopoietic cells, undergo rapid bursts
of both PIP; synthesis and actin cytoskeletal reorganization fol-
lowing agonist stimulation (24). We have previously shown that
PIP5KIP and PIP5KIy are the dominant type I PIPSK isoforms in
platelets responsible for PIP, synthesis (25). Given the hypothe-
sized role for PIP; synthesis in platelet actin dynamics (24), and
the known role of PIPSKIy in cytoskeletal signaling (25), we gener-
ated a murine line containing a null mutation within the PIPSKIy
gene (26). Although an independently derived PIPSKIy-knockout
line dies perinatally (27), we found that mice homozygous for the
PIPSKIy”- mutation died at E11.5. This early prenatal lethality of
the PIPSKIy~/- embryos precluded studies of hematopoietic cells
derived from the bone marrow or liver (26). Therefore, we analyzed
yolk sac progenitor cells that were treated with thrombopoietin
ex vivo and differentiated into megakaryocytes. After 5 days in
culture, many of the nonadherent cells were multinucleated, and
approximately 70% expressed CD41, a marker for the megakaryo-
cyte lineage. This demonstrated that the majority of yolk sac pro-
genitor cells had differentiated into platelet precursor cells and
that PIPSKIy is not required for this differentiation.

Megakaryocytes derived from PIPSKIy/- embryos were layered
over immobilized fibrinogen for 30 minutes, and F-actin levels
were quantitated after phalloidin staining. There was no evidence
of an effect of the PIP5KIy”/- mutation on the quantities of total
F-actin in resting and stimulated fibrinogen-adherent megakaryo-
cytes or in cells that were analyzed in suspension in the absence of
integrin stimulation (data not shown.)

Impaired membrane-cytoskeletal association in PIPSKIy~~ megakaryo-
cytes. To investigate the effects on actin dynamics, the extension
and contraction of membranes during cell adhesion of wild-type
and knockout megakaryocytes was observed in real time. Wild-
type megakaryocytes (Figure 1A and Supplemental Movie 1; sup-
plemental material available online with this article; doi:10.1172/
JCI34239DS1) and PIPSKIy*/- megakaryocytes (data not shown)
actively formed and contracted lamellipodia and rapidly spread
upon the immobilized matrix. In contrast, PIPSKIy~/- megakary-
ocytes extended membrane blebs rather than normal sheet-like
lamellipodia (Figure 1B and Supplemental Movie 2). The cells
continuously extended and contracted these membrane blebs but
eventually spread as much as wild-type cells. Since membrane blebs
were not seen in PIPSKIB~/~ or PIPSKIB*/~ megakaryocytes (data
not shown), this phenotype was specific to the loss of PIPSKIy.

This blebbing phenotype was similar to that seen in a well-char-
acterized M2 melanoma cell line with defective anchoring of the

The Journal of Clinical Investigation

hetp://www.jci.org

research article

Figure 1

PIP5Kly"- megakaryocytes have defective attachment of
the cell membrane to the cytoskeleton. Yolk sac progenitor
cells were differentiated into megakaryocytes by culturing in
thrombopoietin for 5 days. The membranes of wild-type (A)
and PIP5KIy~- (B) megakaryocytes were stained with GFP-
PLCd PH domain, and the cells were layered over immobi-
lized fibrinogen. Shown are confocal images of the plasma
membrane morphology of PIP5KIy++ and PIP5KIly"- mega-
karyocytes. Similar results were seen when fluorescent non-
specific lipophilic dye, Vybran DIO, was substituted for GFP-
PLC6 PH. Real-time images of cells can also been seen in
Supplemental Movies 1 and 2.

membrane to the cytoskeleton due to a lack of filamin A (28). This
observation is also consistent with the previous suggestion that
PIP, contributes to the stable association of the membrane with
the cytoskeleton (29). Therefore, we reasoned that PIPSKIy7/- mega-
karyocytes might have a defect in their ability to anchor their mem-
branes to the cytoskeleton, accounting for the blebbing phenotype.
To analyze these cells for a failure to anchor their membranes, we
used laser tweezers to mechanically pull the cell membrane apart
from the cytoskeleton. A fibrinogen-coated microscopic latex bead
moved by a focused laser beam was allowed to repeatedly touch
a megakaryocyte attached to a poly-L-lysine-coated glass surface.
When the fibrinogen-coated bead interacted and attached to a cell,
it either formed an irreversible contact or the bead was capable of
being ruptured away from the cell with the forces generated by the
laser trap (up to 150 pN.) Wild-type megakaryocytes and platelets
(data not shown) had rigid membranes that resisted stretching by
surface-bound beads that were pulled away from the membrane by
the optical trap. The upper tracing in Figure 2A demonstrates the
variable forces (downward signals) required to detach the fibrino-
gen-coated bead from the cell membrane upon repeated touching
and separation. Observation of this interaction in real-time dem-
onstrated that at all times the wild-type megakaryocyte membrane
remained rigid (Supplemental Movie 3).

Fibrinogen-coated beads also bound PIPSKIy/- megakaryocytes,
but these cells did not exhibit rigid membranes. Instead, the mem-
brane of PIPSKIy~- megakaryocytes had enough flexibility to allow
it to remain attached to the bead when it was pulled away from the
cell. As a result, the membrane formed an elongating tether that
extended from the cell body to the fibrinogen-coated bead (Figure
2B). In the lower tracing of Figure 2A, the first downward signal
reflected the moment of tether formation by the oscillating bead.
Therefore, its magnitude was equivalent to the force needed to tear
the membrane part off of the underlying cytoskeletal proteins. The
average force required to disrupt the membrane from the cyto-
skeleton of a PIPSKIy”/- megakaryocyte was 63 + 16 pN (n = 17).
This value is commensurate with the forces required to disrupt
the membrane-cytoskeleton connection in a neutrophil (30). Since
wild-type megakaryocytes and platelets have rigid membranes that
resist tethering, a comparable number cannot be determined for
these cells within the power limit of the optical trap.

The interaction between fibrinogen-coated beads and PIPSKIy~/-
megakaryocytes was further observed in real time and demon-
strated that laser beam-induced oscillation of the bead resulted in
simultaneous cooscillation of the membrane tether (Supplemen-
tal Movie 4). If a PIPSKIy~/ cell tethered to the trapped fibrinogen-
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coated bead was moved away from the trapped bead up to several
tens of micrometers, the bead ultimately sprang back toward the
cell once the laser trap was released (Supplemental Movie 5). The
percentages of tether formation in analyzed cells are shown in Fig-
ure 3A. The majority of interactions between fibrinogen-coated
beads and PIPSKIy”/- megakaryocytes resulted in tether formation,
yet this phenomenon was rarely seen in wild-type megakaryocytes
or in PIPSKIy*/- megakaryocytes. There was a strong correlation
between cells that had membrane blebs and those that allowed for
the formation of membrane tethers. In contrast to the loss of the
PIPSKIy isoform, loss of PIPSKIP did not result in membrane teth-
ers (Figure 3A and Supplemental Movie 6).

Primary sequence analysis suggested that PIP5KIa is more
homologous with PIPSKIP than it is with PIP5KIy. Since PIPSKIf
is not required for the integrity of the connection between the cell
membrane and the cytoskeleton, we hypothesized that this process
would also not require PIP5SKIa. Although platelets and megakary-
ocytes contain very little PIP5SKIa., we analyzed the anchoring of
the cell membrane to the cytoskeleton in megakaryocytes derived
from the femurs of adult PIPSKIo:/~ mice. As shown by the optical
trap results displayed in Figure 3B, PIPSKIa-null megakaryocytes
did not have a defect in their ability to anchor their cell mem-
brane to the underlying cytoskeleton. Together with the results
814
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Figure 2

Loss of PIP5KIly disrupts the association of the membrane to the cyto-
skeleton. Progenitor cells that were differentiated into megakaryocytes
were analyzed for their ability to form membrane tethers by an optical
trap pulling on a fibrinogen-coated membrane-attached bead. (A) Data
traces of successive force signals produced during repeated contacts
of a fibrinogen-coated latex bead with a wild-type megakaryocyte.
PIP5KIy++ megakaryocytes possessed a cell membrane firmly bound
to the cytoskeleton. At the moment of contact of a bead with a wild-type
cell, the bead exerted a small positive compressive force on the cell
(left part of upper panel). When the bead attached to the cell was pulled
away, the force on the bead increased in the negative direction until the
attachment bond was ruptured. At this point, the force rapidly returned
to zero. If no attachment occurred, there was no negative rupture force
signal. The lower panel shows a tracing derived from a PIP5KIly~~
megakaryocyte. Initially, the bead freely oscillated and exerted
no force signals while it approached the cell with 10-nm steps. After
the fibrinogen-coated bead bound to the cell, the optical trap pulled
it away. The first downward signal reflects the force needed to tear
the membrane part off of the underlying cytoskeleton. Further positive
and negative signals reflect cooscillation of the bead and the tethered
membrane, which was typical for the PIPKy-null megakaryocytes. (B)
DIC microscopy demonstrated that PIP5KIy~- megakaryocytes formed
membrane tethers by pulling on a murine fibrinogen-coated bead that
was touched to the surface of the cell and then moved apart.

observed with PIPSKIB-null megakaryocytes, these data show that
the PIP5KIy isoform fulfills a distinct role within these cells by
contributing to the stable association between the cell membrane
and the cytoskeleton.

PIP2 synthesized by PIPSKIy, but not by PIPSKIP, is required for the
anchoring of the cell membrane. We next analyzed whether PIP, pro-
duction within the PIPSKIy/- megakaryocytes contributed to
the blebbing phenotype and membrane flexibility observed in
Figure 3A. Using retroviruses to express proteins within the cells,
we found that the membrane phenotype was completely reverted
by adding back GFP fused to wild-type PIPSKIy (Figure 3C). In
contrast, the addition to these cells of a GFP fused to a catalyti-
cally inactive PIP5SKIy mutant failed to revert the membrane-cyto-
skeleton defect. These data show that the lipid kinase activity of
PIP5KIy regulates the membrane phenotype.

Although basal levels of PIP, were normal in PIPSKIy”/- megakary-
ocytes, we found that these cells did have mildly decreased PIP; lev-
els following agonist stimulation (Figure 4). Surprisingly, PIPSKIf-
null megakaryocytes that lack the membrane abnormality had at
least as great of a defect in PIP, synthesis (Figure 4). Furthermore,
overexpression of PIPSKIB in PIPSKIy/- megakaryocytes failed to
rescue the cytoskeletal defect (Figure 3C). This demonstrates that
production of PIP, by PIPSKIy is required to preserve the integrity
of the membrane cytoskeleton, but PIP, synthesized by PIPSKIf in
megakaryocytes does not contribute to this process. This suggests
that local PIP, synthesis by PIPSKIy is required to preserve the struc-
tural integrity of the cellular membrane within these cells.

Talin interacts with PIPSKIy, but not with PIPSKIy A636-661, in mega-
karyocytes. Observations initially made by Ling et al. and Di Paolo
et al. demonstrated that PIPSKIy can associate with talin, a pro-
tein involved in cell membrane attachment to the environment
(17, 18). The critical region of PIPSKIy essential for the associa-
tion with talin has been localized to the terminal 26 amino acids
of PIPSKIy and was absent in a naturally occurring splice variant
of this enzyme. This splice variant, PIPSKIy A636-661 has kinase
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Figure 3

PIP5KIy, but not other PIP5KI isoforms, is required for stable interaction between the membrane and the cytoskeleton. (A) The ability of differ-
ent genotypes of megakaryocytes to form membrane tethers is shown. The total number of interactions analyzed for each cell genotype were:
PIP5KIy=-, 91; PIP5KIy*~-, 68; wild-type, 11; PIP5KIB*-, 12; and PIP5KIB--, 22. (B) The ability of megakaryocytes derived from adult PIP5KIa.-null
or control mice to form membrane tethers is shown. For these experiments, the number of interactions analyzed were 345 (PIP5Kla.7-) and 83
(wild-type). (C) Shown is the tether formation in a PIP5KIy~- megakaryocyte rescued by infection with retroviruses that induced expression of
GFP fused to either wild-type PIP5KIy (n = 151), a catalytically inactive mutant PIP5Kly D316A R447A K448A (PIP5KIy KD, n = 126), the PIP5KIy
splice variant (PIP5Kly A636-661, n = 132) lacking the terminal 26—amino acid talin binding domain, or PIP5KIf (n = 71). The control bar on the
left (no rescue) shows the tether formation in PIP5KIy~- megakaryocytes infected with empty retrovirus (n = 15). The statistical analysis was

performed using the 2 test.

activity comparable to the full-length protein (17). GFP fused
to either full-length wild-type PIPSKIy or PIP5KIy splice variant
A636-661 demonstrated grossly similar membrane-associated dis-
tributions when expressed in primary megakaryocytes (data not
shown). We analyzed whether the talin-binding region of PIPSKIy
was critical for its ability to promote a stable association of the
cell membrane with the underlying cytoskeleton. In cells express-
ing PIPSKIy A636-661, membrane tethers could be formed with
fibrinogen-coated beads just as readily as in PIPSKIy/- cells (Figure
3C). Therefore, expression of the PIPSKIy splice variant A636-661
failed to rescue the membrane-cytoskeleton defect in PIPSKIy”/~
cells. This indicates that the PIPSKIy variant that cannot bind talin
also does not contribute to the stable association between the cell
membrane and the cytoskeleton.

Loss of talin1 mimics the PIPSKIy~/~ phenotype. The data show that
both the catalytic activity of PIPSKIy and its ability to colocalize
with talin are critical to maintain the integrity of the connection
between the cell membrane and the cytoskeleton. This suggests
a model by which PIP5KIy synthesizes PIP; in proximity to talin,
and the local synthesis of PIP, then regulates the ability of talin
to anchor the cell membrane to the cytoskeleton. If this model is
correct, then it stands to reason that loss of talin should create a
membrane defect similar to that induced by the loss of PIPSKIy.
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Talin1 is the only talin isoform in platelets and megakaryocytes
(31). Mice homozygous for a conditional loss of the talinl gene
(Tln17f) have been previously described (32). These animals were
crossed with transgenic mice containing Cre recombinase under
the control of the megakaryocyte- and platelet-specific PF4 pro-
moter to generate mice lacking talinl only in these cells (33, 34).
We expanded megakaryocytes harvested from femurs of Tin1%f;
PF4Cre* and TIn1/f;PF4Cre- mice. For comparison, megakaryo-
cytes derived from femurs of the parental C57BL/6 line were also
expanded. As predicted, TIn1%f;PF4Cre* megakaryocytes had no
talin1 detected on immunoblots (Figure SA). Interestingly, Tln 171
PF4Cre~ megakaryocytes had significantly reduced talinl when
compared with C57BL/6 wild-type megakaryocytes (Figure SA) but
still more talinl than was present in TIn1#%,PF4Cre* cells (Figure
5A). Although the cause of the hypomorphic phenotype in Tln17f;
PF4Cre- megakaryocytes is unclear, it is potentially attributable to
impaired transcriptional efficiency induced by the loxP site in the
5" untranslated region of the TIn1 gene. This hypomorphic pheno-
type of the Tln1";PF4Cre- megakaryocytes allowed a comparison of
cells expressing normal, low, or absent levels of talin1 expression.

Tin1f; PF4Cre* megakaryocytes that completely lacked talinl
were morphologically similar to PIPSKIy~/- cells and displayed a
blebbing phenotype (Figure 5B). Experiments using the optical
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trap confirmed that talin1-null cells have impaired anchoring of
the cell membrane to the underlying cytoskeleton (Figure 5C).
Remarkably, TIn1/f;PF4Cre- megakaryocytes that had low levels
of talin1 expression had an intermediate phenotype in the opti-
cal trap and sometimes allowed for the formation of membrane
tethers (Figure 5C). These results are consistent with the model
that talin is part of the mechanism by which PIPSKIy regulates the
association of the cell membrane with the cytoskeleton.

Discussion
These data demonstrate that PIPSKI isoforms have overlapping,
but not completely redundant, functions within cells. Loss of
either PIPSKIf or PIP5KIy led to a global decrease in PIP, synthe-
sis within megakaryocytes. However, only PIPSKIy was required
for the attachment of the plasma membrane to the underlying
cytoskeleton. The interaction between the cell membrane and
the cytoskeleton was critical for the extension and contraction of
membrane extensions such as filopodia and lamellipodia.

This observation suggests 2 alternative hypotheses as to why
PIP5KIB does not completely compensate for the loss of PIPSKIy.
First, activation of specific PIPSKI isoforms may be regulated
differently. Local signals generated around regions of rupture
of the plasma membrane from the cytoskeleton might stimulate
PIPSKIy but not the other PIPSKI isoforms. Regional changes in
hydrostatic pressure could serve to generate such a signal (35). In
this model, PIP5KIy replaces the PIP; that has been locally utilized
by its interactions with PIP,-binding proteins or PIP,-modifying
enzymes. In addition to PIPSKIy rapidly synthesizing PIP,at a rate
that balances the local consumption by enzymes (phospholipases,
phospholipid kinases, and inositol phosphatases), this model
assumes that PIPSKIy can also synthesize enough PIP; to com-
pensate for the regional loss of the phospholipid due to diffusion
within the membrane.

An alternative hypothesis to explain our data is that different
PIPSKI isoforms contribute to compartmentalized pools of PIP,
that control different aspects of platelet and megakaryocyte actin
dynamics. It is possible that PIP5KIo and PIPSKI synthesize the
pool of PIP; that contributes to general second messenger forma-
tion, while PIPSKIy generates PIP,, which is required for the stable
association of the membrane with the cytoskeleton.

Hinchliffe et al. were among the first to suggest that independent
pools of PIP, may contribute to distinctly different cellular func-
816
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Figure 4

Loss of either PIP5KIB or PIP5KIly impairs PIP, synthesis. PIP5KIB~~
and PIP5KIy=- progenitor cells were differentiated into megakaryo-
cytes and incubated for 2 hours with free 32P prior to stimulation with
thrombin. Cells were lysed, fractionated by thin-layer chromatography,
and analyzed for their relative PIP, concentrations. Data was normal-
ized to the concentration of PA. The graph shows the mean + SEM
for 6 experiments.

tions (36). PIP; concentration at the plasma membrane is relatively
constant, although regional increases in PIP, have been speculated
to occur in actin-rich membrane ruffles and sites of phagocytosis
(22, 23). Local synthesis of 3-phosphorylated phosphoinositides
generated by phosphatidylinositol-3'-kinase exert biologic effects
regionally by establishing gradients of specific phospholipids (37).
Consistent with this model of regional phosphoinositide synthe-
sis, it is conceivable that gradients of PIP, could also contribute to
actin dynamics at the leading edge of cells.

Some investigators have proposed that local synthesis of PIP,
cannot keep up with diffusion. The argument that PIP, will dif-
fuse away faster than it can be produced presumes that all PIP; is
unbound and free to diffuse. However, numerous proteins situ-
ated proximal to the cytoskeleton, including many actin-binding
proteins, can bind and retain PIP,. Some of these proteins, such
as GAP43, MARCKS, and Cap23, could trap PIP; in the regions of
local synthesis (38, 39). Recently, Cho et al. measured the lateral
diffusion coefficient for fluorescently labeled PIP and PIP, deliv-
ered by patch pipettes to small areas of membrane within cells (40).
Using this model, the diffusion coefficient of PIP, was determined
to be 0.00039 um?/s, a coefficient over 10,000-fold lower than that
of PIP. This demonstrates that within the cellular environment,
the lateral diffusion of PIP, can be quite slow. Thus local synthesis
of this phospholipid could have significant regional effects. Given
the discrete localization of PIPSKIy to talin-rich structures (17, 18,
41-44) and the disparate contribution of PIPSKI isoforms to PIP,-
dependent cytoskeletal integrity (Figure 3 and Supplemental Fig-
ures 5 and 6), our data support the model that local PIP; synthesis
by PIP5KIy regulates regional cytoskeletal dynamics. At this point,
we can not state whether our findings are explained by PIPSKIy
synthesizing a true compartmentalized pool of PIP;, or whether
PIP5KIy can locally synthesis PIP; at a rate that is able to compen-
sate for regional consumption and membrane diffusion.

Our observations complement data first proposed by Sheetz and
colleagues, which demonstrated that marked disruption of PIP,
by overexpression of phospholipid-sequestering polypeptides or
inositol phosphatases, or by pharmacologic activation of phos-
pholipase C, reduces the adhesion energy between the cell mem-
brane and the cytoskeleton (29, 45). The structural mediators of
this PIP,-driven signal are less clear, but candidate proteins are
vinculin, talin, and filamin. PIP, can directly associate with the
tail region of vinculin and thereby activate vinculin to promote
the connection between integrins and the actin cytoskeleton (46).
Because of its proximity to focal adhesions, PIPSKIy could be
poised to locally regulate this function of vinculin.

It is also possible that PIP5KYy is required to regulate the link-
age between filamin and the cytoskeleton. Filamin is a widely
expressed protein that can promote high-angle branching of actin
filaments and contributes to the regulation of integrins (28, 47,
48). Stossel and colleagues have demonstrated that filamin con-
tributes to the linkage between actin and the cell membrane (49).
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Furthermore, absence of filamin A in a melanoma cell line leads
to a blebbing phenotype similar to that seen in PIP5SKy-null cells.
Filamin A can also compete with talin for binding to some cell sur-
face receptors (50). Since PIP5Ky can directly bind to talin, it may
be well positioned to locally synthesize PIP,, which might regulate
filamin-talin dynamics.

Talin is another candidate effector proposed for PIP5KIy. Talin
has been demonstrated to bind PIP,, integrins, and actin (51).
Talin, like other FERM family members, binds PIP; and helps
to link the actin cytoskeleton with the cell membrane (52-54).
Previous reports have shown that, under certain circumstances,
PIPSKIy can associate with talin (17, 18, 41-43). The structures of
several talin fragments interacting with peptides corresponding
to PIPSKIy have recently been published (44, 55). Consistent with
this interaction between full-length PIPSKIy and talin, we have
found that expression of the shorter splice variant of PIP5KIy that
fails to associate with talin in megakaryocytes is also insufficient
to rescue the phenotype observed in PIPSKIy~/- cells (Figure 3).
Furthermore, it is remarkable that talin1-null megakaryocytes
display a membrane defect identical to cells lacking PIPSKIy. This
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Figure 5

Talin1-null megakaryocytes mimic cells lacking PIP5KIly. Megakaryo-
cytes were derived from the femurs of adult wild-type mice (C57BL/6)
or from conditionally targeted talin1 mice with (TIn1%1;PF4Cre+) or with-
out (TIn1"1;:PF4Cre-) a Cre transgene. (A) Immunoblot showing level
of talin and actin expression in megakaryocytes of different genotypes.
(B) DIC images of wild-type (C57BL/6) and talin1-null (TIn1%1;PF4Cre*+)
megakaryocytes demonstrate that loss of talin1 results in the forma-
tion of membrane blebs. (C) The ability of different megakaryocytes to
form membrane tethers is shown. For these experiments, the number
of cells analyzed was C57BL/6 (n = 66), Tin1";PF4Cre- (n = 227), and
TIn1%%:PF4Cre* (n = 178). The results show that the stable anchoring
of the cell membrane to the cytoskeleton correlates with talin levels.

finding is consistent with work published by M. Sheetz and col-
leagues analyzing talin1-null fibroblasts (54, 56). Thus in contrast
to other PIPSKI isoforms, PIPSKIy may be uniquely poised to gen-
erate locally high concentrations of PIP, that regulate talin. Our
data support this model that talin is vital for the ability of PIPSKIy
to connect the cytoskeleton with the cell membrane.

Finally, could the ability to form membrane tethers contribute
to the normal biology of cells? Recently, Ruggeri and colleagues
demonstrated that under conditions of physiologic shear, plate-
lets adherent to immobilized von Willebrand Factor stretched and
formed tethers of membrane (57). This process ultimately results
in the rupture of the tethers to release microparticles of membrane
containing exposed phosphatidylserine. The exposure of platelet
membrane phosphatidylserine is a critical aspect of the coagulation
cascade. It is possible that regulation of microparticle formation is
indirectly mediated in part by PIP2 synthesized by PIPSKIy.

Work done by the S. Jackson group has demonstrated that plate-
lets form membrane tethers as they are allowed to adhere to a matrix
composed of von Willebrand Factor (58-60). Although these teth-
ers are only present transiently, they are speculated to slow the slid-
ing of platelets along this matrix enough to allow receptors to bind
and support firm adhesion. Therefore, platelet tether formation
could be a critical step in both platelet-matrix and platelet-platelet
adhesive interactions. Whether PIP5KIy or PIP, directly contribute
to this phenomenon is not yet known. It is conceivable that down-
regulation of PIP5KIy-mediated PIP2 synthesis allows tether forma-
tion and thereby supports platelet adhesion.

In summary, our data demonstrate that PIP5SKIy-mediated PIP,
production plays a central role in cytoskeletal dynamics. The
PIPSKIy~/- phenotype could be attributable to either deficient
binding of PIP; to cytoskeletal regulating proteins or insufficient
phospholipid second messenger formation. Future studies of these
phospholipid signals should provide greater insights and under-

standing of fundamental cytoskeletal dynamics.

Methods

Targeted PIPSKIo, PIPSKIP, PIPSKIy, and talinl murine lines. Targeting of
the PIP5KIa and PIP5KIy genes and conditional targeting of the talinl
(TIn1f) genes have been previously described (26, 32, 61). To generate
megakaryocyte and platelet-specific talin1-null animals, TIn 1%/ mice were
paired with mice transgenic for Cre recombinase under the control of PF4
(33). Berkeley Bay Genomics Group provided ES cell lines (XE248) contain-
ing disruption of one allele of the PIPSKIf gene by B-geo random insertion
mutagenesis (62). Using PCR-, Southern blotting-, and sequencing-based
strategies, we identified the specific site of insertion of the (3-geo cassette
within the first intron of this gene. Generation of chimeric mice was per-
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formed at the Transgenic Core Facility at the University of Pennsylvania.
PIPSKIB-null mice were born and appeared developmentally normal. A
complete description of these mice will be described elsewhere. RT-PCR
and immunoblotting indicate that the PIPSKIB-gene trap induces a com-
plete null mutation (data not shown).

Culture of megakaryocytes. The yolk sacs of E10.5 embryos were dissected
and disaggregated with collagenase. Hematopoietic progenitor cells were
differentiated with thrombopoietin over 5 days into promegakaryocytes
and megakaryocytes. In experiments using PIPSKIa- or talin-null cells,
megakaryocytes were harvested from the femurs of adult mice. In an alter-
native method, G418-selected PIPSKIf /- or PIPSKIy7/- ES cells were differ-
entiated into megakaryocytes as described by Shattil and colleagues (63).
For some experiments, megakaryocytes were infected with an adenovirus
or retrovirus that directed the expression of GFP-fusion proteins. Anti-
talin 8d4 and anti-actin ACS5 antibodies used for immunoblotting of mega-
karyocyte lysates were from Sigma-Aldrich.

Confocal microscopy. Megakaryocytes were layered onto opaque fibrino-
gen-coated DT4 dishes. Cells were imaged at 37°C under a x60/1.4 NA oil
immersion lens (Nikon) using an Ultraview-LCI spinning disk confocal
(PerkinElmer) attached to a Nikon TE-300 inverted light microscope. The
Vybrant DiO (Invitrogen) or GFP was excited with the 488-nm line of the
Argon ion laser (Melles-Griot), the RGB Dichroic mirror was used to trans-
mit the laser light and reflect the emitted light, and a 525/50-nm barrier
filter was used to reduce background fluorescence. Images were acquired
using the temporal mode of the Imaging Suite software version 4.0 (Perki-
nElmer) with an Orca-ER digital CCD camera (Hammamatsu Photonics).
Images were typically collected at 20-second intervals.

Membrane tethering using laser tweezers. A custom-built laser tweezers setup
was used to form membrane tethers by pulling on a fibrinogen-coated bead
that was touched repeatedly to the surface of a cell (64). Mouse fibrinogen
(Sigma-Aldrich) was covalently bound to 1.87-um carboxylate-modified
latex beads (Bangs Laboratories). The mixture of the cells and the beads
was inserted into a flow microscope chamber in the culture medium con-
taining 1 mM MnCl; to activate the integrins, and the cells were allowed to
settle on the polylysine-coated bottom of the chamber for 5-10 minutes.
Near a cell that was firmly attached to the bottom, a bead was trapped and
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the microscope focus was adjusted so that the bead and cell centers were
approximately the same distance from the bottom surface. The position of
the laser trap was then oscillated in a triangular waveform with a frequency
of 1 Hz and a constant peak-to-peak amplitude of 2 wm (0.2 pN/nm trap
stiffness; loading rate, 800 pN/s). The bead position was sensed and digi-
tized at the rate of 2,000 scans per second. Control and calibration of the
instrument and data analysis were carried as described previously (64).
The frequency of tether formation was calculated by pooling together data
from all experiments performed with cells having the same genotype.

In the rescue experiments, fusion proteins composed of GFP and various
PIPSKI polypeptides were added back to PIPSKIy”/- megakaryocytes by use
of retroviruses. Inspection of GFP fluorescence indicated heterogeneity of
expression levels within each batch of analyzed cells. Because of this het-
erogeneity, a reviewer blinded to the genotypes analyzed only GFP-bright
cells in the optical trap-based model system.

Statistics. The %2 test was used to compare the incidence of tether forma-
tion across the groups of cells of different genetic types. P values of less

than 0.05 were considered statistically significant.
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