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Abstract 

Glioblastoma is the most common and lethal primary malignant brain tumor in adults.  

The tumor suppressor gene PTEN is deleted, mutated or hyper-methylated in more than 

60% of glioblastoma cases resulting in hyper-activation of the phosphoinositide 3-kinase 

(PI3K) pathway, which leads to sustained PtdIns(3,4,5)P3 signaling, and thereby hyper-

activation of Akt and other effectors.  PI(3,4,5)P3 is also hydrolyzed to PI(3,4)P2 by inositol 

polyphosphate 5-phosphatases such as SKIP, but the role this pathway plays in 

glioblastoma is unknown.  Microarray expression profiling of SKIP in human glioblastoma 

has revealed both increased and decreased SKIP gene expression.  Here we have screened 

PTEN-deficient glioblastoma for SKIP protein expression by immunohistochemistry and 

report that SKIP expression is increased in some cases or decreased relative to normal 

brain.  Using the U-87MG PTEN-deficient cell line we show that SKIP knockdown did not 

further enhance cell proliferation or survival.  However, SKIP over-expression in U-87MG 

cells suppressed anchorage-independent cell growth and growth factor-induced 

PI(3,4,5)P3/Akt signaling.  Although, SKIP knockdown did not affect cell proliferation or 

survival, cell migration was significantly retarded, associated with significantly increased 

PI(4,5)P2 signals, and decreased phosphorylation of the actin-regulatory protein cofilin, a 

PtdIns(4,5)P2-binding protein.  Notably, over-expression of SKIP also inhibited migration of 

U-87MG cells to a similar degree as observed with PTEN reconstitution; however, via 

distinct mechanisms.  PTEN reconstitution promoted sustained lamellipodia generation and 

focal adhesion formation.  In contrast, SKIP over-expression reduced sustained lamellipodia 

formation, talin incorporation into focal adhesions and recruitment of PI(4,5)P2-binding 

proteins to the plasma membrane.  Notably, analysis of two independent ONCOMINETM 

microarray data sets revealed a significant correlation between increased SKIP mRNA 

expression in glioblastoma and improved long-term survival.  Therefore, SKIP expression in 

glioblastoma may affect the local invasion of PTEN-deficient tumors. 
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Introduction 

Primary glioblastoma is the most common malignant tumor of the brain, and affected 

individuals face a poor prognosis despite continuous advancement in diagnostic procedures 

and treatment (1).  Glioblastoma does not typically metastasize to secondary sites, but is 

locally invasive; and the infiltration of glioblastoma cells into adjacent brain tissue contributes 

to malignancy (2).  Dysregulated phosphoinositide 3-kinase (PI3K) signaling is prominent in 

glioblastoma.  PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to 

transiently generate phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) at the plasma 

membrane, leading to the activation of the serine/threonine kinase Akt and other effectors 

that drive cell proliferation, growth and survival (3).  PI(3,4,5)P3 and PI(4,5)P2 also 

cooperatively regulate cytoskeletal reorganization and thereby cell migration via recruitment 

and regulation of actin-binding and membrane-linkage proteins (4). 

PTEN is a phosphoinositide 3-phosphatase that hydrolyzes PI(3,4,5)P3 to generate 

PI(4,5)P2, thus directly opposing PI3K signaling (5).  PTEN deletion, mutation or methylation 

occurs in more than 60% of glioblastoma (6).  Furthermore, PTEN loss in glioblastoma has 

been reported at the DNA, mRNA and protein level (7-10).  PTEN is arguably the primary 

phosphoinositide phosphatase opposing PI3K signaling; however, PI(3,4,5)P3 is also 

degraded by inositol polyphosphate 5-phosphatases (5-phosphatases) to generate 

PI(3,4)P2, which is subsequently hydrolyzed by 4-phosphatases to form PI(3)P (11).  SKIP is 

a widely-expressed 5-phosphatase that degrades both PI(3,4,5)P3 and PI(4,5)P2, generating 

PI(3,4)P2 and PI(4)P respectively (12-17).  Targeted disruption of murine Skip (Inpp5k) is 

embryonically lethal prior to E10.5 for unknown reasons (16).  Expression of SKIP 

suppresses PI(3,4,5)P3 signaling and Akt activation in insulin-responsive cells (14-16), 

however, its role in regulating cancer cell proliferation and migration is unknown.  There is 

some evidence that SKIP shows altered expression in brain cancer.  The SKIP (INPP5K) 

locus 17p13.3 is a region that is deleted or hyper-methylated in astrocytoma, 

medulloblastoma and neuroectodermal tumors (18-20).  Furthermore, large-scale genetic 
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screens reveal SKIP mRNA or DNA levels can be either increased or decreased in 

glioblastoma relative to normal tissue (7, 8, 10, 21-23).  Whether alterations in SKIP 

expression occur in PTEN-null glioblastoma that impact on tumor progression remains 

unexplored.  In this study we screened PTEN-deficient glioblastoma for SKIP protein 

expression and assessed the impact of SKIP knockdown or over-expression in the PTEN-

null U-87MG glioblastoma cell line.  These studies reveal SKIP exhibits altered expression in 

PTEN-null glioblastoma and this may inhibit glioblastoma cell migration via PI(4,5)P2-

dependent regulation of the actin cytoskeleton. 
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Results 

SKIP is differentially expressed in human glioblastoma. 

There is evidence from high-throughput microarray screens comparing gene 

expression in glioblastoma to normal tissue, that the 5-phosphatase SKIP can exhibit either 

increased or decreased expression at the DNA or mRNA level (7, 8, 10, 21-23).  Notably, 

comparative analysis of 7689 genes in 22 cases of glioblastoma revealed SKIP mRNA is 

located in the top 1% of genes with increased expression in glioblastoma compared to 

normal brain tissue (24).  Conversely, it also falls within the top 5% of 8603 genes with 

decreased expression in 28 cases of glioblastoma (25).  However, the protein expression 

profile of SKIP in glioblastoma is unknown and the regulatory role SKIP plays in glioblastoma 

pathogenesis has not been reported.  Therefore, we examined SKIP protein expression 

versus PTEN in 43 cases of clinically-graded human glioblastoma on tissue arrays (US 

Biomax) by immunohistochemical analysis.  The PTEN antibody (clone 138G6; Cell 

Signaling Technologies) has been characterized previously (26).  The SKIP antibody was 

generated and characterized previously (12), and also here (Figure 2b).  Representative 

glioblastoma cases demonstrating PTEN or SKIP antibody immunoreactivity are shown 

(Figure 1a).  Vascular endothelial cells displayed positive immunoreactivity to both PTEN 

and SKIP antibodies that was comparable to normal cerebrum staining, and thus served 

here as an internal positive control (9, 27).  Antibody immunoreactivity was scored according 

to previously established protocols (28).  Glioblastoma cases were graded as +2 when 

staining intensity of tumor cells was equivalent to that of vascular endothelial cells in the 

same section; +1, if tumor cell staining was diminished relative to endothelial cells; and +3, 

where staining intensity of tumor cells was increased relative to endothelial cells 

(Supplementary Figure 1).  Representative images of normal cerebrum tissue with 

immunoreactivity to PTEN or SKIP equivalent to endothelial cell staining (+2) are shown 

(Figure 1ai and Figure 1aiv respectively).  In accordance with previous reports (9), 58.14% 

(25/43) of grade IV glioblastoma cases showed decreased PTEN antibody immunoreactivity 
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compared to endothelial cells (+1) (Figure 1aiii; Table 1).  30.23% (13/43) of glioblastoma 

cases showed reduced SKIP antibody immunoreactivity (+1) (Figure 1avi; Table 1); and 

27.91% (12/43) exhibited increased SKIP antibody staining (+3) (Figure 1avii; Table 1).  

41.86% (18/43) of glioblastoma cases exhibited SKIP antibody staining equivalent to 

endothelial cells (+2) (Figure 1av; Table 1).  No correlation between PTEN and SKIP 

antibody immunoreactivity was detected in this cohort, however, in 25 cases of PTEN-

deficient glioblastoma, 28% (7/25) showed decreased SKIP antibody immunoreactivity 

(Figure 1biv; Table 2); 36% (9/25) exhibited increased SKIP antibody staining (Figure 1bvi; 

Table 2); and 36% (9/25) showed SKIP antibody staining equivalent to endothelial cells 

(Figure 1bv; Table 2).  Thus, although immunohistochemistry cannot accurately quantitate 

protein expression, the variable SKIP immunoreactivity in PTEN-deficient glioblastoma, 

coupled with previous gene array studies that show altered SKIP gene expression patterns, 

suggested SKIP expression may be increased or decreased in glioblastoma, and does not 

correlate with PTEN expression.  Therefore, we investigated the effects of SKIP under or 

overexpression in PTEN-deficient cell lines. 

SKIP-deficiency does not alter glioblastoma cell proliferation or survival. 

We next investigated the impact of SKIP knockdown on PTEN-null glioblastoma cell 

function.  To this end, the effects of siRNA-mediated silencing of SKIP on cell proliferation 

and survival were examined in the PTEN-deficient U-87MG glioblastoma cell line, which 

contains a splice mutation in intron 3 of PTEN, resulting in loss of PTEN protein (29, 30).  

Approximately 80% SKIP knockdown was achieved as assessed by qRT-PCR or SKIP 

immunoblot analysis (Figure 2a-c).  Cell proliferation was determined by quantifying the 

incorporation of the thymidine analogue 5-bromo-2’-deoxy-uridine (BrdU) into newly-

synthesized DNA of proliferating cells.  U-87MG cells, transfected with SKIP siRNA or 

control sequences, were grown in medium containing 10% serum for 24 or 48 h prior to 

BrdU incorporation (Figure 2d).  No difference in the percentage of BrdU-positive cells was 

observed in SKIP siRNA treated cells relative to controls (p=0.47 and p=0.90 after 24 and 48 

h respectively) (Figure 2e).  A feature of transformed cells is the ability to grow in the 
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absence of serum (31), therefore, the effect of SKIP knockdown on cell proliferation under 

serum-free conditions was examined (Figure 2d).  Knockdown of SKIP did not significantly 

alter the percentage of proliferating cells in serum-free conditions, compared to controls 

(p=0.58 after 24 h starvation and p=0.85 after 48 h starvation, Figure 2f).  Since PI3K is 

activated by integrin ligation (32), the effect of SKIP knockdown on cell proliferation was 

examined in response to fibronectin stimulation (Figure 2d).  However, no statistically-

significant difference in cell proliferation was detected in SKIP-knockdown cells relative to 

controls in response to integrin ligation (p=0.13 at 24 h stimulation and p=0.08 at 48 h 

stimulation, Figure 2g). 

We next examined whether SKIP knockdown affects U-87MG cell survival by flow 

cytometry monitoring for annexin-V and propidium iodide staining (33) to detect apoptotic or 

necrotic cells.  Early apoptotic cells were defined as the annexin-V-positive/propidium iodide-

negative population (lower right quadrant) and necrotic or late apoptotic cells as the annexin-

V-positive/propidium iodide-positive cells (upper right quadrant) (Figure 3).  SKIP knockdown 

did not significantly affect the percentage of early apoptotic cells relative to controls over 4 

independent experiments (p=0.15) (Figure 3).  Consistent with these findings, as a readout 

of PI3K activity, SKIP knockdown did not increase Akt-Ser473 or Akt-Thr308 phosphorylation 

(not shown).  Collectively, these data suggest that decreased SKIP expression in PTEN-

deficient glioblastoma is unlikely to further enhance tumor cell survival or proliferation, 

consistent with the contention that SKIP depletion does not further enhance the amplified 

PI3K/Akt signals that occurs as a consequence of PTEN loss. 

SKIP over-expression inhibits anchorage-independent growth without inducing 

anoikis. 

As knockdown of SKIP did not alter glioblastoma cell proliferation or survival, the role 

that SKIP over-expression plays in regulating PTEN-deficient cell proliferation was 

investigated by monitoring anchorage-independent growth, a hallmark of cell transformation 

(34).  Two stable U-87MG cell lines were generated that over-expressed HA-SKIP.  Three 

control cell lines were also generated, stably reconstituted with HA-PTEN to physiological 
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levels (35).  Exogenous PTEN was detected in HA-PTEN-reconstituted clonal cell lines, but 

not in the HA-SKIP expressing cell lines or vector controls (Figure 4a).  A 51 kDa 

immunoreactive polypeptide was detected in all cell lines by anti-SKIP immunoblot analysis, 

consistent with endogenous SKIP (Figure 4a).  HA-SKIP migrated at a slightly higher 

molecular weight than endogenous SKIP as detected by anti-SKIP and anti-HA immunoblot 

analysis and HA-SKIP was expressed at ~3-fold higher levels than endogenous SKIP.  

PTEN suppresses anchorage-independent growth of U-87MG cells (36).  Notably, SKIP 

over-expression also significantly inhibited U-87MG anchorage-independent growth, with 

reduced colony number and size compared to vector controls, similar to PTEN reconstitution 

(Figure 4b and c). 

Anoikis is a form of apoptosis induced by inadequate or inappropriate cell-matrix 

interactions (37).  Resistance to anoikis is critical in tumor cell transformation (38).  We 

evaluated if SKIP over-expression restored anoikis, as reported for PTEN (39-41).  Following 

induction of cell detachment and thus anoikis using polyhydroxyethyl methacrylate (poly-

HEMA) (42, 43), the viability of cells over-expressing SKIP was similar to vector controls, 

whereas PTEN reconstitution significantly increased cell death (Figure 4d).  PTEN-

reconstituted cells exhibited increased PARP cleavage, a marker of apoptosis, however, 

vector controls and SKIP-expressing cells did not (Figure 4e).  Therefore, although both 

SKIP and PTEN suppress anchorage-independent growth, the phosphatases exhibit distinct 

regulation of anoikis. 

SKIP regulates integrin-mediated cell migration. 

Dysregulated cell migration is a feature of cancer (44).  Although glioblastoma rarely 

metastasizes to secondary sites, it is locally invasive, with tumor cells penetrating and 

migrating into surrounding normal brain tissue, contributing to the ineffectiveness of current 

therapies (2).  Therefore, we investigated whether altered SKIP expression, either over-

expression or knockdown, affected U-87MG cell migration.  Integrin ligation activates PI3K 

signaling (32) and regulates PI(4,5)P2 turnover (45).  Emerging evidence indicates that 

dysregulated integrin signaling contributes to disruption of cell-substratum adhesion and 
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uncontrolled cell migration (46).  U-87MG cells exhibit defective cell polarization and 

increased cell migration on fibronectin (47, 48).  We assessed the impact of SKIP over-

expression, in comparison to PTEN reconstitution, on the migration of fibronectin-stimulated 

U-87MG cells into an induced wound using time-lapse microscopy.  24 h after wound 

induction, vector control cells closed the wound to 9.27 µm; however, both PTEN-

reconstituted and SKIP over-expressing cells inhibited wound closure, with wound distances 

remaining at 422.78 µm and 436.36 µm respectively (Figure 5a and b).  Therefore, SKIP 

over-expression suppresses the accelerated migratory phenotype of U-87MG cells to a 

similar extent as PTEN reconstitution.  The position of individual cells was tracked in time-

lapse image series to quantify directional cell movement (Figure 5d).  Vector control cells 

extended multiple membrane projections into the wound leading edge (Figure 5c, middle 

panels, asterisk), moving rapidly, but randomly into the wound (Figure 5d and supplementary 

movie Figure5video1.mov), consistent with previous studies in which PTEN-deficient cells, 

with elevated PI(3,4,5)P3 signals, exhibit polarization defects (49, 50).  In contrast, PTEN-

reconstituted cells exhibited broad directional lamellipodia at the leading edge (Figure 5c, 

right panels, open arrows) and migrated persistently into the wound area (Figure 5d and 

supplementary movie Figure5video2.mov), but the migration speed was reduced by ~57%, 

relative to vector controls (Figure 5e).  In contrast, SKIP-expressing cells migrated 

predominantly parallel to the induced wound, remaining in contact with neighboring cells 

(Figure 5d and supplementary movie Figure5video3.mov).  The average speed of SKIP 

over-expressing cells was reduced by ~95% compared to vector controls (Figure 5e).  

Sporadically, cells projected elongated lamellipodial projections into the wound area (Figure 

5c, left panels, closed arrows), which subsequently retracted, a phenotype indicative of 

defective uropod release.  Therefore in glioblastoma cells over-expressing SKIP, sustained 

extension of lamellipodia was not maintained and failure of persistent directional migration 

was associated with an inability of the uropod to retract and detach from the substratum.  

Therefore, although both PTEN reconstitution and ectopic expression of SKIP in U-87MG 
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cells suppressed cell migration, differences in the migratory properties of these cells were 

revealed. 

Since a subset of PTEN-deficient glioblastoma exhibited reduced SKIP protein 

expression (Figure 1biv), we also assessed the impact of SKIP knockdown on U-87MG 

cellular migration.  U-87MG cells transfected with control siRNA closed the wound to 188.70 

µm (Figure 6a and b).  Surprisingly, wound closure was inhibited in SKIP-knockdown cells 

(wound distance 474.23 µm) (Figure 6a and b).  The position of individual cells was tracked 

in time-lapse image series to quantify directional cell movement (Figure 6d).  Control siRNA 

cells extended multiple membrane projections at the wound leading edge (Figure 6c, left 

panels, asterisks), and moved rapidly but randomly into the wound area (Figure 6d and 

Supplementary movie Figure6video1.mov).  In contrast, SKIP-knockdown cells were hyper-

elongated and oriented parallel to the wound edge (Figure 6c, right panels, closed arrows), 

with cell migration predominantly confined within this axis (Figure 6d and Supplementary 

movie Figure6video2.mov) and migration speed reduced by 68.8% (Figure 6e).  We also 

assessed the migratory capacity of two other PTEN-deficient glioblastoma cell lines that 

express SKIP (U-251 MG and DBTRG-05MG cells) after SKIP siRNA knockdown 

(Supplementary Figure 2a and b).  Notably, SKIP knockdown significantly retarded wound 

closure in these glioblastoma cell lines, comparable to the results observed in U-87MG cells 

(Supplementary Figure 2c).  Thus, either over-expression or knockdown of SKIP in U-87MG 

cells suppressed integrin-mediated cell migration. 

SKIP regulates integrin-mediated cytoskeletal reorganization. 

Directional cell migration requires cytoskeletal reorganization, de novo actin 

nucleation and turnover of adhesion complexes (51).  PI(3,4,5)P3 and PI(4,5)P2 

cooperatively regulate cytoskeletal remodeling and thereby cell migration.  By degrading 

PtdIns(3,4,5)P3, PTEN significantly influences cytoskeletal reorganization and directional cell 

migration (49), but this has yet to be shown for SKIP, which hydrolyzes both PI(4,5)P2 and 

PI(3,4,5)P3 (17).  We therefore examined the effect of SKIP over-expression or depletion on 

U-87MG cytoskeletal reorganization.  Vector control cells exhibited filamentous actin (F-
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actin) polymerization on fibronectin and multiple cell projections consistent with filopodia 

(Figure 7a, arrow).  SKIP over-expressing U-87MG cells showed multiple filopodial 

projections (Figure 7a), but reduced F-actin staining, with cell spreading reduced by 9.8% 

(Figure 7a and b).  We also observed a similar actin phenotype when SKIP was 

overexpressed in U-251 MG and DBTRG-05MG cells (Supplementary Figure 3a).  In 

contrast, PTEN-reconstituted cells showed an angular morphology, decreased filopodia, 

prominent F-actin polymerization and a 25.4% increase in cell spreading (Figure 7a and b).  

Therefore, although both PTEN and SKIP inhibit cell migration, this is mediated by distinct 

cytoskeletal effects.  SKIP knockdown enhanced cell spreading by 25.4% and increased U-

87MG cell F-actin and cortical actin polymerization (Figure 7a and b), a phenotype rescued 

with the co-transfection of siRNA-resistant murine Skip cDNA (Supplementary Figure 4a).  

Similar results were observed in U-251 MG and DBTRG-05MG cells with SKIP siRNA 

knock-down (Supplementary Figure 3a).  To exclude off-target effects, two independent 

SKIP siRNA oligonucleotides were used, resulting in similar cytoskeletal phenotypes in U-

87MG cells (Supplementary Figure 4b).  The PI3K inhibitor LY294002 prevented cell 

spreading and F-actin polymerization in both control and SKIP-knockdown U-87MG cells, 

indicating these processes are downstream of PI3K (Supplementary Figure 4c).  Focal 

adhesion formation was assessed using antibodies against the focal adhesion protein 

paxillin; or talin, which links actin filaments to the cytoplasmic domain of β-integrins (52).  U-

87MG vector control cells exhibited prominent paxillin or talin staining at focal adhesions, 

which was reduced in both number and intensity in SKIP-expressing cells (Figure 7a, c and 

d).  In contrast, PTEN-reconstituted cells exhibited increased paxillin- or talin-stained focal 

adhesions (Figure 7a, c and d), consistent with studies showing PTEN depletion in HeLa 

cells decreases F-actin and focal adhesion formation following fibronectin stimulation (53).  

Focal adhesion formation was also increased in density and number in SKIP-knockdown U-

87MG cells, relative to controls (Figure 7a, c and d) and also in U-251 MG and DBTRG-

05MG cells with SKIP knock-down (Supplementary Figure 3b).  Thus, both SKIP over-

expression and knockdown significantly reduce integrin-mediated U-87MG cell migration, but 
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with opposing effects on focal adhesion formation and talin incorporation into these 

complexes. 

SKIP and PTEN differentially regulate integrin-induced PI3K signaling. 

The role of PI3K signaling in SKIP-mediated regulation of cell migration was 

determined in response to integrin ligation, which increases plasma membrane PI(3,4,5)P3 

accumulation, leading to sustained Akt activation (32).  PTEN reconstitution in U-87MG cells 

suppresses fibronectin-mediated Akt activation, by dephosphorylating PI(3,4,5)P3 signals 

(41).  Fibronectin-stimulated PI(3,4,5)P3 effector plasma membrane recruitment was 

examined in U-87MG cells transfected with plasmids encoding GFP-pleckstrin homology 

domain of Bruton’s tyrosine kinase (GFP-PH/Btk), which binds PI(3,4,5)P3 with high affinity 

(54).  Within 30 min fibronectin stimulation, plasma membrane recruitment of GFP-PH/Btk 

was detected in vector controls (Figure 8a).  A decrease (~2-fold) in plasma membrane 

biosensor recruitment was observed in PTEN-reconstituted cells (Figure 8b).  In contrast, 

SKIP did not impair biosensor plasma membrane recruitment, which was comparable in 

intensity and duration to vector controls (Figure 8a and b).  Akt activation was assessed as a 

readout of PI(3,4,5)P3 generation by phospho-Akt-Ser473 immunoblot analysis.  Phospho-

Akt-Ser473 was not detected in serum-starved U-87MG cell suspensions, but increased upon 

fibronectin ligation in vector controls by 15 min (Figure 8c).  PTEN reconstitution reduced 

Akt-Ser473 phosphorylation 2–5 fold compared to controls following fibronectin stimulation 

(Figure 8c and d); however, ectopic expression of SKIP had no significant effect (Figure 8c 

and d).  Therefore, PTEN but not SKIP, regulates integrin-stimulated PI(3,4,5)P3 effector 

recruitment and Akt activation in U-87MG cells, which was not anticipated as SKIP 

suppresses insulin-stimulated PI(3,4,5)P3/Akt signaling in muscle cells (14).  Here, HA-SKIP 

localized to the plasma membrane in response to fibronectin stimulation (Supplementary 

Figure 4d), suggesting SKIP can access its PI(3,4,5)P3 substrate.  We therefore assessed if 

SKIP could suppress growth factor-stimulated PI3K/Akt signaling in U-87MG cells.  In 

response to EGF stimulation, increased GFP-PH/Btk at the plasma membrane was detected 

within 10 min in vector controls (Figure 9a).  PTEN decreased EGF-induced GFP-PH/Btk 
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plasma membrane accumulation ~2-fold (Figure 9b).  Importantly, HA-SKIP also attenuated 

EGF-mediated plasma membrane GFP-PH/Btk recruitment (~1.5-fold) (Figure 9b).  

Consistent with this, both SKIP and PTEN reduced basal Akt-Ser473 phosphorylation and 

EGF-stimulated Akt-Ser473 phosphorylation 2–3-fold relative to vector controls (Figure 9c and 

d).  Therefore ectopic expression of SKIP can suppress PI3K/Akt signaling in response to 

growth factors/mitogens, but not integrin ligation, for unknown reasons.  SKIP regulation of 

integrin-induced PI3K/Akt signaling was further examined in SKIP-knockdown cells.  

Depletion of SKIP in PTEN-null U-87MG cells did not further increase Akt activation (not 

shown), suggesting PI(3,4,5)P3 signals are maximal in this cellular context of PTEN 

deficiency. 

SKIP regulates integrin-induced PI(4,5)P2 signals. 

Cytoskeletal dynamics and cell migration are also regulated by PI(4,5)P2, a SKIP 

substrate.  Therefore we assessed fibronectin-mediated plasma membrane recruitment of 

GFP-PH/PLCδ, which binds PI(4,5)P2 with high specificity and affinity (55).  Vector controls 

showed GFP-PH/PLCδ plasma membrane localization after 30 min fibronectin ligation 

(Figure 10a).  In contrast, ectopic expression of SKIP suppressed plasma membrane GFP-

PH/PLCδ association in U-87MG cells (Figure 10a and b).  Conversely, plasma membrane 

PI(4,5)P2 signals were increased in SKIP-knockdown U-87MG cells relative to controls 

(Figure 10c and d) and were also increased in U-251 MG and DBTRG-05 MG cells 

(Supplementary Figure 5a and b), as assessed by anti-PI(4,5)P2 immunofluorescence 

microscopy.  We also assessed PI(4,5)P2 signals by the co-expression of GFP-PH/PLCδ 

and consistent with PI4,5)P2 antibody staining, showed increased localization of the 

biosensor at the plasma membrane relative to cytosolic fluorescence in U-87MG cells 

(Figure 10e and f) and U-251 MG cells with SKIP siRNA knockdown (Supplementary Figure 

5c).  Cofilin regulates actin remodeling during cell migration, binding both monomeric and F-

actin with high affinity, accelerating actin monomer dissociation and increasing actin filament 

severing (56).  Cofilin binds PI(4,5)P2, however, extensive overlap of the PI(4,5)P2 and actin-

binding sites of cofilin prevents mutual binding (57, 58).  Cofilin binding to PI(4,5)P2 recruits 



15 
 

the protein to the plasma membrane, where subsequent PI(4,5)P2 hydrolysis releases high 

localized cofilin concentrations.  Cofilin is inactivated by phosphorylation at Ser3 by LIMK 

(59, 60), which prevents the protein binding to either actin or PI(4,5)P2, thus PI(4,5)P2 

sequesters cofilin in its active state only.  Cofilin phosphorylation, as a readout of PI(4,5)P2 

signals, was examined by immunoblot analysis in integrin-stimulated cells.  SKIP depletion 

reduced cofilin-Ser3 phosphorylation 2-fold following fibronectin stimulation (Figure 10g and 

h), revealing SKIP regulates PI(4,5)P2 signals that sequester cofilin at the plasma 

membrane, preventing its phosphorylation and inactivation by LIMK, so that it remains in an 

active state to promote actin remodeling.  Therefore, SKIP suppresses fibronectin-stimulated 

PI(4,5)P2-dependent signaling to the actin cytoskeleton to impede glioblastoma cell 

migration. 

Increased SKIP mRNA levels are associated with increased long-term survival of 

glioblastoma patients. 

As SKIP overexpression or siRNA knockdown reduced glioblastoma cell migration, 

we investigated whether altered SKIP mRNA transcription was associated with a survival 

advantage in glioblastoma.  Two independent data sets from ONCOMINETM 

(www.oncomine.org), one a glioblastoma cohort in the Cancer Genome Atlas (TCGA), which 

contains greater than 400 cases; and a second cohort containing ~80 glioblastoma from the 

Murat study (23) were interrogated.  SKIP mRNA levels in glioblastoma were grouped 

according to outcome data, specifically survival at 1, 3 or 5 years (Murat et al., 2008; TCGA 

Brain 2013).  Graphical representation of the microarray data sets is shown in Figure 11.  

Increased SKIP mRNA levels positively correlated with increased survival at 5 years for the 

Murat study (p=0.008) (Figure 11a), and at 3 and 5 years for the TCGA data set (p=0.0005 

and 0.002 respectively) (Figure 11b).  Therefore increased SKIP expression is associated 

with prolonged long-term survival in a subset of patients. 
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Discussion 

PTEN is frequently deleted in glioblastoma multiforme, contributing to tumor growth 

and progression.  In this study we established the novel finding that SKIP protein levels can 

be either increased or decreased in PTEN-deficient glioblastoma; one third of PTEN-

deficient glioblastoma exhibited elevated SKIP protein and one third reduced SKIP protein 

expression as assessed by immunohistochemistry.  This is consistent with large-scale 

microarray data that have reported increased or decreased SKIP mRNA or DNA levels in 

glioblastoma relative to normal tissue (7, 8, 10, 21-23).  Here we addressed the potential 

impact of altered expression of the 5-phosphatase SKIP in PTEN-null glioblastoma cell lines.  

Our study identifies that SKIP plays a significant role in regulating integrin-mediated 

migration of PTEN-deficient glioblastoma cells.  The locally invasive capacity of glioblastoma 

is a critical prognostic predictor.  Both PTEN reconstitution and SKIP over-expression or 

knockdown in glioblastoma cells significantly reduced integrin-mediated cancer cell 

migration, mediated by distinct cytoskeletal remodeling.  Analysis of two independent 

ONCOMINETM microarray data sets revealed a significant correlation between increased 

SKIP expression in glioblastoma and improved long-term survival.  Increased expression of 

SKIP may be associated with a survival advantage in a subset of glioblastoma associated 

with prolonged survival, consistent with the in vitro effects we observed in cultured 

glioblastoma cell lines with SKIP overexpression, including suppression of cell proliferation, 

anchorage-independent cell growth and cell migration.  Prolonged survival beyond three 

years in glioblastoma is a rare event and in studies to date appears to be influenced by age, 

choice of medical treatment and the presence of specific DNA mutations and/or DNA 

methylation. 

PI(3,4,5)P3 and PI(4,5)P2 play complex roles in directing cytoskeletal reorganization, 

and thereby cell migration, via interaction with actin-regulatory proteins.  In general terms, 

increased PI(4,5)P2 signals, via the localized activation of type I phosphatidylinositol 4-

phosphate 5-kinases (PIP5Ks), promotes actin polymerization, cytoskeletal reorganization 
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and cell migration (61-65), by regulating the localization and/or activity of cytoskeletal 

remodeling proteins (66).  Additionally, PI(4,5)P2 directs integrin-mediated bidirectional 

signaling via interaction with the focal adhesion-associated protein talin, which binds the 

cytoplasmic domain of integrin β subunits and regulates integrin affinity for extracellular 

ligands (67-71).  PI(3,4,5)P3 directs cell polarity, defines the leading edge of migrating cells, 

and mediates actin reorganization via interaction with several Rho guanine nucleotide 

exchange factors (GEFs) and Rho GTPase activating proteins (GAPs) (51).  PTEN regulates 

cell migration via degradation of PI(3,4,5)P3, in combination with auto-dephosphorylation of 

its lipid-binding C2 domain (72-74). 

SKIP's role in regulating cancer cell migration has not been previously examined.  In 

our studies, live cell imaging and single cell tracking revealed prominent migratory defects in 

U-87MG cells with either SKIP over-expression or siRNA knockdown.  We propose the 

molecular basis for SKIP-mediated regulation of glioblastoma cell migration on a background 

of PTEN deficiency and elevated PI(3,4,5)P3 signals is mediated via the degradation of 

PI(4,5)P2.  We demonstrated here increased PtdIns(4,5)P2 plasma membrane signals in 

SKIP-knockdown cells, and in contrast decreased PI(4,5)P2 plasma membrane signals upon 

integrin stimulation in U-87MG cells over-expressing SKIP.  This is consistent with in vitro 

studies with respect to the substrate specificity and catalytic properties of SKIP that report a 

ten-fold decrease in KM/VMAX for PI(4,5)P2 as compared to PI(3,4,5)P3 (17).  SKIP decreased 

integrin-stimulated F-actin polymerization and focal adhesion complexity and density, events 

that are directed by PI(4,5)P2.  The formation and maturation of focal adhesion complexes is 

enhanced by the recruitment of PIP5Kγ to focal adhesions through an interaction with the 

focal adhesion protein talin, increasing kinase activity, and thus the localized generation of 

PI(4,5)P2 (75, 76).  The stability of focal adhesions is further promoted upon binding of talin 

to PI(4,5)P2, inducing conformational change in the protein and promoting its association 

with β1 integrin subunits (69).  However, negative regulators of PI(4,5)P2 in actin cytoskeletal 

signaling that oppose PIP5Kγ in cancer are still emerging and here we identify SKIP as a 

candidate for this role.  PLC-β2, which degrades PI(4,5)P2, is highly up-regulated in breast 
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cancer and plays a critical role in cell migration and mitosis (77).  Here we report that the 

focal adhesion localization of talin was decreased in SKIP-expressing cells, and conversely, 

was increased upon SKIP depletion.  In addition, SKIP expression suppressed the 

recruitment of PI(4,5)P2 effectors in response to integrin ligation, and in SKIP-knockdown 

cells, elevated plasma membrane accumulation of PI(4,5)P2 signals correlated with reduced 

phosphorylation of cofilin.  Lamellipodia generation is promoted and sustained by the 

accumulation of PI(4,5)P2, Cdc42 and N-WASP in phosphoinositide-rich lipid microdomains 

within the plasma membrane (78).  Interestingly, lamellipodial protrusions in SKIP over-

expressing U-87MG cells were initiated but not sustained, consistent with the contention that 

under these conditions, SKIP degrades PI(4,5)P2 to inhibit glioblastoma cell migration.  In 

contrast, PTEN-mediated hydrolysis of PI(3,4,5)P3 generates PI(4,5)P2, an allosteric 

activator of PTEN (79).  The PI(4,5)P2 binding motif at the amino-terminal of PTEN localizes 

the enzyme to the plasma membrane and regulates its activity during chemotaxis (80). 

In PTEN-deficient cells, PI(3,4,5)P3 signals and Akt activation are both increased and 

sustained.  Here, knockdown of SKIP in PTEN-deficient cells did not further increase 

PI3K/Akt signaling.  This does not exclude the possibility that SKIP degrades PI(3,4,5)P3 in 

vivo, as this has been shown in insulin-sensitive cells (14), and here ectopic expression of 

SKIP reduced growth factor-stimulated PI(3,4,5)P3 biosensor recruitment, Akt-Ser473 

phosphorylation and anchorage-independent growth.  Therefore, we conclude that in PTEN-

deficient cells, PI(3,4,5)P3 signals are maximal and cannot be further amplified, even with 

loss of SKIP, a known PI(3,4,5)P3 5-phosphatase.  In addition, interestingly we observed that 

SKIP showed little ability to regulate PI3K/Akt signaling in response to integrin activation, 

despite showing SKIP plasma membrane recruitment, implying the enzyme can access its 

phosphoinositide substrate.  The molecular basis for these observations remains unclear 

and is the subject of ongoing investigations. 

In conclusion, our investigations reveal SKIP is a significant regulator of glioblastoma 

cell migration and increased expression of SKIP may confer a survival advantage.  We 

propose that in the context of PTEN depletion, and consequent elevation of PI(3,4,5)P3 
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signals, SKIP regulates cytoskeletal reorganization and glioblastoma cell migration via 

hydrolysis of PI(4,5)P2. 
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Materials and Methods 

Antibodies and constructs 

GFP-PH/Btk and GFP-PH/PLCδ constructs provided by Tamas Balla (NIH, Bethesda, MA).  

Antibodies include:  SKIP (12), PTEN (Merck-Millipore; Billerica, MA), HA (Covance; 

Princeton, NJ), β-tubulin (Life Technologies; Mulgrave, Australia), talin (Sigma-Aldrich; St. 

Louis, MO), paxillin (BD Biosciences; San Diego, CA), and PI(4,5)P2 (Echelon Biosciences, 

Salt Lake City, UT).  All other antibodies purchased from Cell Signaling Technology; 

Danvers, MA. 

Immunohistochemistry of human glioblastoma tissue 

Antigen retrieval of SKIP or PTEN on human glioblastoma tissue arrays (US Biomax, 

Rockville, MD) was performed at 120⁰C; 10 min; 10 mMTris/1 mM EDTA (pH 9); or 120⁰C; 

30 min; 10 mM citrate (pH6) respectively, followed by incubation with anti-SKIP (12) (2 

µg/mL), or anti-PTEN (1:50 dilution; clone 138G6) overnight at 4⁰C.  Images obtained by 

light microscopy (AX70 Provis; Olympus, Center Valley, PA) with 10× UPlanApo NA0.4 dry 

or 40× UPlanApo NA1.00 oil immersion objective lenses and digitally-captured (Olympus 

DP70). 

Generation of stable cell lines and transient transfections 

U-87 MG, U-251 MG and DBTRG-05MG cells were obtained from ATCC or ECACC.  U-

87MG cells were electroporated with full-length HA-SKIP-pCI-Neo and stable clones 

selected in G418 (1.5 mg/mL; A.G. Scientific, San Diego, CA).  Retroviral-mediated 

generation of HA-PTEN-pBABE(puro) U-87MG cell lines performed as described (35).  U-

251 MG or DBTRG-05MG cells were transiently transfected with full-length HA-SKIP-pCI-

Neo or HA-pCI-Neo using Lipofectamine 2000 (Life Technologies) according to 

manufacturer’s instructions.  U-87 MG, U-251 MG or DBTRG-05MG cells were transiently 

transfected with one of two siRNA oligonucleotides (Qiagen; Venlo, Netherlands) using X-
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tremeGENE siRNA transfection reagent (Roche Diagnostics; Castle Hill, Australia) according 

to manufacturer’s instructions.  SKIP siRNA#1: 5’-GCCAAGUGUCGUCCACAUA-3’.  SKIP 

siRNA#2: 5’-GGAAUUAGCCGCUUAAAUATT-3’. 

Quantitative RT-PCR 

RNA was isolated (RNeasy® RNA extraction kit; Qiagen) and reverse-transcribed 

(AffinityScript QPCR cDNA Synthesis Kit; Integrated Sciences, Chatswood, Australia).  

cDNA was analyzed using SKIP primers (Hs_SKIP_1_SG QuantiTect® Primer Assay; 

Qiagen), with β-actin (Hs_ACTB_1_SG QuantiTect® Primer Assay; Qiagen) or GAPDH 

(Hs_GAPDH_1_SG QuantiTect® Primer Assay; Qiagen) as endogenous controls.  Cycling 

was performed using Brilliant II SYBR® Green QPCR master mix (Integrated Sciences) with 

Rotor-Gene™3000 (Corbett Research, Sydney, Australia).  Differential expression was 

determined using the comparative ∆∆CT method (81). 

Cell Proliferation Assay 

Cells were maintained in media containing 10% FBS; in serum-free media; or plated onto 

fibronectin-coated (10 μg/mL) plates, prior to treatment with BrdU according to 

manufacturer’s instructions (Roche Diagnostics).  Images were obtained by fluorescence 

microscopy (Olympus IX71) with a 10× Cplan FL NA0.3 RC1 dry objective lens. 

Fluorescence-activated cell sorting (FACS) 

Cells were collected with 1mM EDTA and incubated with annexin-V-FLUOS (Roche 

Diagnostics) according to manufacturer’s instructions.  Data were collected (FACSCalibur® 

flow cytometer; BD Biosciences) and analyzed (CELLQuest; BD Biosciences or FlowJo 7; 

Treestar Inc. software).  FITC and propidium iodide emissions were acquired through 515 

and >600 nm bandpass filters respectively.  A minimum of 5000 events per analysis was 

recorded. 
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Soft agar studies 

Colony formation was evaluated by overlaying 0.7% agarose with DMEM supplemented with 

10% FBS and 0.3% agarose containing 2 × 103 cells.  After 14 days colonies were stained 

with 0.1% gentian violet. 

Localization of plasma membrane PI(3,4,5)P3 and PI(4,5)P2 

Cells were transfected with GFP-PH/Btk (54) or GFP-PH/PLCδ (55) using Lipofectamine 

(Life Technologies).  Serum-starved adherent cells were treated with 100 ng/mL EGF (BD 

Biosciences).  Alternatively, cells were collected with EDTA (1 mM), held in suspension for 

30 min, prior to plating onto fibronectin-coated coverslips (10 μg/mL).  Single z-plane images 

obtained by confocal laser scanning microscopy (FV1000, Olympus; TCS-NT SP5, Leica) 

with a 60× Plan-Apochromat NA1.4 or 40× HCX Plan-Apochromat NA1.25 λBL oil immersion 

objective lens and analyzed using Image J software (82).  Quantification of plasma 

membrane GFP-PH/Btk or GFP-PH/PLCδ recruitment was determined by measuring the 

average pixel fluorescence intensity within an area of defined size drawn over 3 distinct 

areas of the plasma membrane (5 × 10 pixels) or the average of 3 boxes (10 × 10 pixels) in 

the cytosol, and expressed as ratios of plasma membrane to cytosolic pixel fluorescence 

intensity (83). 

Immunoblot analysis 

Serum-starved adherent cells were treated with EGF (100 ng/mL).  Alternatively, cells were 

detached with EDTA (1 mM), held in suspension for 30 min, and plated onto fibronectin-

coated plates (10 μg/mL).  Nonidet P-40 (NP-40)-soluble cell fractions or whole cell lysates 

were resolved by SDS-PAGE.  Relative protein levels were assessed by densitometry 

(GelPro analyzer or ImageQuant TL software, GE Healthcare). 

Anoikis Induction 

Anoikis was induced by polyhydroxyethyl methacrylate (poly-HEMA) culture as previously 

described (42).  Serum-starved cells were plated onto poly-HEMA-coated plates at a density 
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of 1 × 105 cells/mL.  Cell viability was determined by Trypan blue exclusion.  Triton X-100 

soluble cell fractions, prepared from 48 h poly-HEMA cell cultures, were subjected to 

immunoblot analysis. 

Indirect immunofluorescence 

Serum-starved cells were collected with 1 mM EDTA and plated onto fibronectin-coated (10 

μg/mL) cover-slips.  Focal adhesion formation was assessed with paxillin or talin antibodies.  

F-actin was visualized with Texas Red or Alexa Fluor® 488-conjugated phalloidin (Life 

Technologies).  Plasma membrane PI(4,5)P2 accumulation was assessed as previously 

described (84).  Single z-plane images were obtained by confocal laser scanning microscopy 

(TCS-NT SP5, Leica) with 40× HCX Plan-Apochromat NA1.25 λBL or 100× HCX Plan-

Apochromat NA1.4 CS oil immersion objective lenses.  Quantification was performed in 

more than 90 cells over a minimum of 3 independent experiments using Image J software 

(82), determined by measuring the average pixel fluorescence intensity within an area of 

defined size drawn over 3 distinct areas of the plasma membrane (5 × 10 pixels) or the 

average of 3 boxes (10 × 10 pixels) in the cytosol, and expressed as ratios of plasma 

membrane to cytosolic pixel fluorescence. 

Cell migration 

Cells were grown to confluence on fibronectin-coated (10 μg/mL) tissue culture plates prior 

to wound induction.  Phase contrast images were collected at 37°C; 5%CO2 (AF6000LX; 

Leica) using a 10× NA0.30 PH1 dry objective lens at 30 min time intervals.  Image 

processing was performed using MetaMorph (Molecular Devices Corporation, Sunnyvale, 

CA) or Image J software (82). 

ONCOMINE data 

The ONCOMINE database was searched for data sets in which SKIP mRNA levels in 

glioblastoma were grouped according to patient survival.  Primary sources for the 

glioblastoma data from ONCOMINETM (www.oncomine.org) were from Murat et al., 2008 
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(23) and TGCA Brain 2013.  Data sets were identified and representative box plots shown to 

illustrate the difference in SKIP mRNA transcription within cohorts.  All data are log 

transformed and median-centered.  Significance between median SKIP mRNA levels was 

determined by a two-tailed Mann Whitney test. 

Statistical analysis 

Statistical significance of comparison between the means of two groups was assessed using 

the Student’s t test for unpaired data.  Significance of multiple comparisons of sample means 

was performed by one-way ANOVA followed by a Tukey post-hoc test.  Comparison of 

median survival between groups was performed by a two-tailed Mann-Whitney test.  p 

values less than 0.05 were considered statistically significant. 



25 
 

 

Conflict of Interest 

The authors declare no conflict of interest. 



26 
 

 

Acknowledgements 

We thank Dr. Tamas Balla (NIH, Bethesda, MA) for kindly providing the GFP-PH/Btk and 

GFP-PH/PLCδ constructs and Dr. Jelena Becanovic for assistance with ONCOMINETM data 

analysis.  This work was supported by the National Health & Medical Research Council 

(NH&MRC), Australia, grant number 384083.  The authors would like to thank the 

Biochemistry Imaging Facility, Department of Biochemistry and Molecular Biology, Monash 

University and the Monash Micro Imaging Facility for technical advice with image acquisition 

and analysis.  Tony Tiganis is a NHMRC research fellow. 



27 
 

 

Supplementary information accompanies the paper on the Oncogene website 

(http://www.nature.com/onc). 



28 
 

References 

 

References 

 

1. Filippini G, Falcone C, Boiardi A, Broggi G, Bruzzone MG, Caldiroli D, et al. 

Prognostic factors for survival in 676 consecutive patients with newly diagnosed primary 

glioblastoma. Neuro-Oncology 2008;10(1):79-87. 

2. Rao JS. Molecular mechanisms of glioma invasiveness: The role of proteases. 

Nature Reviews Cancer 2003;3(7):489-501. 

3. Franke TF. PI3K/Akt: Getting it right matters. Oncogene 2008;27(50):6473-6488. 

4. Zhang L, Mao YS, Janmey PA, Yin HL. Phosphatidylinositol 4, 5 Bisphosphate and 

the Actin Cytoskeleton 

Phosphoinositides II: The Diverse Biological Functions. In: Balla T, Wymann M, York JD, 

editors.: Springer Netherlands; 2012. p. 177-215. 

5. Davies EM, Sheffield DA, Tibarewal P, Fedele CG, Mitchell CA, Leslie NR. The 

PTEN and Myotubularin Phosphoinositide 3-Phosphatases: Linking Lipid Signalling to 

Human Disease. Subcell Biochem 2012;58:281-336. 

6. Koul D. PTEN signaling pathways in glioblastoma. Cancer Biology and Therapy 

2008;7(9):1321-1325. 

7. Beroukhim R, Getz G, Nghiemphu L, Barretina J, Hsueh T, Linhart D, et al. 

Assessing the significance of chromosomal aberrations in cancer: Methodology and 

application to glioma. Proceedings of the National Academy of Sciences of the United States 

of America 2007;104(50):20007-20012. 

8. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, et al. Tumor stem cells 

derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype 

and genotype of primary tumors than do serum-cultured cell lines. Cancer Cell 

2006;9(5):391-403. 



29 
 

9. Sano T, Lin H, Chen X, Langford LA, Koul D, Bondy ML, et al. Differential expression 

of MMAC/PTEN in glioblastoma multiforme: Relationship to localization and prognosis. 

Cancer Research 1999;59(8):1820-1824. 

10. Sun L, Hui AM, Su Q, Vortmeyer A, Kotliarov Y, Pastorino S, et al. Neuronal and 

glioma-derived stem cell factor induces angiogenesis within the brain. Cancer Cell 

2006;9(4):287-300. 

11. Dyson JM, Fedele CG, Davies EM, Becanovic J, Mitchell CA. Phosphoinositide 

phosphatases: just as important as the kinases. Subcell Biochem 2012;58:215-79. 

12. Gurung R, Tan A, Ooms LM, McGrath MJ, Huysmans RD, Munday AD, et al. 

Identification of a novel domain in two mammalian inositol-polyphosphate 5-phosphatases 

that mediates membrane ruffle localization: The inositol 5-phosphatase SKIP localizes to the 

endoplasmic reticulum and translocates to membrane ruffles following epidermal growth 

factor stimulation. Journal of Biological Chemistry 2003;278(13):11376-11385. 

13. Ijuin T, Mochizuki Y, Fukami K, Funaki M, Asano T, Takenawa T. Identification and 

characterization of a novel inositol polyphosphate 5- phosphatase. Journal of Biological 

Chemistry 2000;275(15):10870-10875. 

14. Ijuin T, Takenawa T. SKIP negatively regulates insulin-induced GLUT4 translocation 

and membrane ruffle formation. Molecular and Cellular Biology 2003;23(4):1209-1220. 

15. Ijuin T, Takenawa T. Regulation of Insulin Signaling and Glucose Transporter 4 

(GLUT4) Exocytosis by Phosphatidylinositol 3,4,5-Trisphosphate (PIP3) Phosphatase, 

Skeletal Muscle, and Kidney Enriched Inositol Polyphosphate Phosphatase (SKIP). J Biol 

Chem 2012;287(10):6991-9. 

16. Ijuin T, Yu YE, Mizutani K, Pao A, Tateya S, Tamori Y, et al. Increased insulin action 

in SKIP heterozygous knockout mice. Molecular and Cellular Biology 2008;28(17):5184-

5195. 

17. Schmid AC, Wise HM, Mitchell CA, Nussbaum R, Woscholski R. Type II 

phosphoinositide 5-phosphatases have unique sensitivities towards fatty acid composition 

and head group phosphorylation. FEBS Letters 2004;576(1-2):9-13. 



30 
 

18. Biegel JA, Burk CD, Barr FG, Emanuel BS. Evidence for a 17p tumor related locus 

distinct from p53 in pediatric primitive neuroectodermal tumors. Cancer Research 

1992;52(12):3391-3395. 

19. Rood BR, Zhang H, Weitman DM, Cogen PH. Hypermethylation of HIC-1 and 17p 

allelic loss in medulloblastoma. Cancer Research 2002;62(13):3794-3797. 

20. Saxena A, Clark WC, Robertson JT, Ikejiri B, Oldfield EH, Ali IU. Evidence for the 

involvement of a potential second tumor suppressor gene on chromosome 17 distinct from 

p53 in malignant astrocytomas. Cancer Research 1992;52(23):6716-6721. 

21. Bredel M, Bredel C, Juric D, Harsh GR, Vogel H, Recht LD, et al. High-resolution 

genome-wide mapping of genetic alterations in human glial brain tumors. Cancer Research 

2005;65(10):4088-4096. 

22. Liang Y, Diehn M, Watson N, Bollen AW, Aldape KD, Nicholas MK, et al. Gene 

expression profiling reveals molecularly and clinically distinct subtypes of glioblastoma 

multiforme. Proceedings of the National Academy of Sciences of the United States of 

America 2005;102(16):5814-5819. 

23. Murat A, Migliavacca E, Gorlia T, Lambiv WL, Shay T, Hamou MF, et al. Stem cell-

related "self-renewal" signature and high epidermal growth factor receptor expression 

associated with resistance to concomitant chemoradiotherapy in glioblastoma. Journal of 

Clinical Oncology 2008;26(18):3015-3024. 

24. Yamanaka R, Arao T, Yajima N, Tsuchiya N, Homma J, Tanaka R, et al. 

Identification of expressed genes characterizing long-term survival in malignant glioma 

patients. Oncogene 2006;25(44):5994-6002. 

25. Nutt CL, Mani DR, Betensky RA, Tamayo P, Cairncross JG, Ladd C, et al. Gene 

expression-based classification of malignant gliomas correlates better with survival than 

histological classification. Cancer Research 2003;63(7):1602-1607. 

26. Chalhoub N, Zhu G, Zhu X, Baker SJ. Cell type specificity of PI3K signaling in Pdk1- 

and Pten-deficient brains. Genes and Development 2009;23(14):1619-1624. 



31 
 

27. Baeza N, Weller M, Yonekawa Y, Kleihues P, Ohgaki H. PTEN methylation and 

expression in glioblastomas. Acta Neuropathologica 2003;106(5):479-485. 

28. Carico C, Nuño M, Mukherjee D, Elramsisy A, Dantis J, Hu J, et al. Loss of PTEN is 

not associated with poor survival in newly diagnosed glioblastoma patients of the 

temozolomide era. PLoS ONE 2012;7(3). 

29. Furnari FB, Lin H, Huang HJS, Cavenee WK. Growth suppression of glioma cells by 

PTEN requires a functional phosphatase catalytic domain. Proceedings of the National 

Academy of Sciences of the United States of America 1997;94(23):12479-12484. 

30. Steck PA, Pershouse MA, Jasser SA, Yung WKA, Lin H, Ligon AH, et al. 

Identification of a candidate tumour suppressor gene, MMAC1, at chromosome 10q23.3 that 

is mutated in multiple advanced cancers. Nature Genetics 1997;15(4):356-362. 

31. Kaplan PL, Anderson M, Ozanne B. Transforming growth factor(s) production 

enables cells to grow in the absence of serum: An autocrine system. Proceedings of the 

National Academy of Sciences of the United States of America 1982;79(2 I):485-489. 

32. King WG, Mattaliano MD, Chan TO, Tsichlis PN, Brugge JS. Phosphatidylinositol 3-

kinase is required for integrin-stimulated AKT and Raf-1/mitogen-activated protein kinase 

pathway activation. Molecular and Cellular Biology 1997;17(8):4406-4418. 

33. Koopman G, Reutelingsperger CPM, Kuijten GAM, Keehnen RMJ, Pals ST, Van 

Oers MHJ. Annexin V for flow cytometric detection of phosphatidylserine expression on B 

cells undergoing apoptosis. Blood 1994;84(5):1415-1420. 

34. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000;100(1):57-70. 

35. Klingler-Hoffmann M, Bukczynska P, Tiganis T. Inhibition of phosphatidylinositol 3-

kinase signaling negates the growth advantage imparted by a mutant epidermal growth 

factor receptor on human glioblastoma cells. International Journal of Cancer 

2003;105(3):331-339. 

36. Li DM, Sun H. PTEN/MMAC1/TEP1 suppresses the tumorigenicity and induces G1 

cell cycle arrest in human glioblastoma cells. Proceedings of the National Academy of 

Sciences of the United States of America 1998;95(26):15406-15411. 



32 
 

37. Frisch SM, Francis H. Disruption of epithelial cell-matrix interactions induces 

apoptosis. Journal of Cell Biology 1994;124(4):619-626. 

38. Guadamillas MC, Cerezo A, del Pozo MA. Overcoming anoikis - pathways to 

anchorageindependent growth in cancer. Journal of Cell Science 2011;124(19):3189-3197. 

39. Davies MA, Lu Y, Sano T, Fang X, Tang P, LaPushin R, et al. Adenoviral transgene 

expression of MMAC/PTEN in human glioma cells inhibits Akt activation and induces 

anoikis. Cancer Research 1998;58(23):5285-5290. 

40. Koul D, Parthasarathy R, Shen R, Davies MA, Jasser SA, Chintala SK, et al. 

Suppression of matrix metalloproteinase-2 gene expression and invasion in human glioma 

cells by MMAC/PTEN. Oncogene 2001;20(46):6669-6678. 

41. Tamura M, Gu J, Danen EHJ, Takino T, Miyamoto S, Yamada KM. PTEN 

interactions with focal adhesion kinase and suppression of the extracellular matrix-

dependent phosphatidylinositol 3-kinase/Akt cell survival pathway. Journal of Biological 

Chemistry 1999;274(29):20693-20703. 

42. Duxbury MS, Ito H, Zinner MJ, Ashley SW, Whang EE. Focal adhesion kinase gene 

silencing promotes anoikis and suppresses metastasis of human pancreatic 

adenocarcinoma cells. Surgery 2004;135(5):555-562. 

43. Folkman J, Moscona A. Role of cell shape in growth control. Nature 

1978;273(5661):345-349. 

44. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell 

2011;144(5):646-674. 

45. Hinchliffe KA, Irvine RF, Divecha N. Aggregation-dependent, integrin-mediated 

increases in cytoskeletally associated PtdInsP2 (4,5) levels in human platelets are controlled 

by translocation of PtdIns 4-P 5-kinase C to the cytoskeleton. EMBO Journal 

1996;15(23):6516-6524. 

46. Guo W, Giancotti FG. Integrin signalling during tumour progression. Nature Reviews 

Molecular Cell Biology 2004;5(10):816-826. 



33 
 

47. Gu J, Tamura M, Pankov R, Danen EHJ, Takino T, Matsumoto K, et al. Shc and FAK 

differentially regulate cell motility and directionality modulated by PTEN. Journal of Cell 

Biology 1999;146(2):389-403. 

48. Tamura M, Gu J, Takino T, Yamada KM. Tumor suppressor PTEN inhibition of cell 

invasion, migration, and growth: Differential involvement of focal adhesion kinase and 

p130(Cas). Cancer Research 1999;59(2):442-449. 

49. Iijima M, Devreotes P. Tumor suppressor PTEN mediates sensing of chemoattractant 

gradients. Cell 2002;109(5):599-610. 

50. Li Z, Dong X, Wang Z, Liu W, Deng N, Ding Y, et al. Regulation of PTEN by Rho 

small GTPases. Nature Cell Biology 2005;7(4):399-404. 

51. Cain RJ, Ridley AJ. Phosphoinositide 3-kinases in cell migration. Biology of the Cell 

2009;101(1):13-29. 

52. Frame M, Norman J. A tal(in) of cell spreading. Nature Cell Biology 2008;10(9):1017-

1019. 

53. Mise-Omata S, Obata Y, Iwase S, Mise N, Doi TS. Transient strong reduction of 

PTEN expression by specific RNAi induces loss of adhesion of the cells. Biochemical and 

Biophysical Research Communications 2005;328(4):1034-1042. 

54. Várnai P, Bondeva T, Tamás P, Tóth B, Buday L, Hunyady L, et al. Selective cellular 

effects of overexpressed pleckstrin-homology domains that recognize Ptdlns(3,4,5)P3 

suggest their interaction with protein binding partners. Journal of Cell Science 

2005;118(20):4879-4888. 

55. Várnai P, Balla T. Visualization of phosphoinositides that bind pleckstrin homology 

domains: Calcium- and agonist-induced dynamic changes and relationship to myo-

[3H]inositol-labeled phosphoinositide pools. Journal of Cell Biology 1998;143(2):501-510. 

56. Van Troys M, Huyck L, Leyman S, Dhaese S, Vandekerkhove J, Ampe C. Ins and 

outs of ADF/cofilin activity and regulation. European Journal of Cell Biology 2008;87(8-

9):649-667. 



34 
 

57. Gorbatyuk VY, Nosworthy NJ, Robson SA, Bains NPS, Maciejewski MW, dos 

Remedios CG, et al. Mapping the Phosphoinositide-Binding Site on Chick Cofilin Explains 

How PIP2 Regulates the Cofilin-Actin Interaction. Molecular Cell 2006;24(4):511-522. 

58. Zhao H, Hakala M, Lappalainen P. ADF/cofilin binds phosphoinositides in a 

multivalent manner to act as a PIP(2)-density sensor. Biophysical Journal 2010;98(10):2327-

2336. 

59. Arber S, Barbayannis FA, Hanser H, Schnelder C, Stanyon CA, Bernards O, et al. 

Regulation of actin dynamics through phosphorylation of cofilin by LIM- kinase. Nature 

1998;393(6687):805-809. 

60. Yang N, Higuchi O, Ohashi K, Nagata K, Wada A, Kangawa K, et al. Cofflin 

phosphorylation by LIM-kinase 1 and its role in Rac-mediated actin reorganization. Nature 

1998;393(6687):809-812. 

61. Huang S, Lifshitz L, Patki-Kamath V, Tuft R, Fogarty K, Czech MP. 

Phosphatidylinositol-4,5-bisphosphate-rich plasma membrane patches organize active 

zones of endocytosis and ruffling in cultured adipocytes. Molecular and Cellular Biology 

2004;24(20):9102-9123. 

62. Kisseleva M, Feng Y, Ward M, Song C, Anderson RA, Longmore GD. The LIM 

protein Ajuba regulates phosphatidylinositol 4,5-bisphosphate levels in migrating cells 

through an interaction with and activation of PIPKIα. Molecular and Cellular Biology 

2005;25(10):3956-3966. 

63. Sasaki J, Sasaki T, Yamazaki M, Matsuoka K, Taya C, Shitara H, et al. Regulation of 

anaphylactic responses by phosphatidylinositol phosphate kinase type I α. Journal of 

Experimental Medicine 2005;201(6):859-870. 

64. Shibasaki Y, Ishihara H, Kizuki N, Asano T, Oka Y, Yazaki Y. Massive actin 

polymerization induced by phosphatidylinositol-4-phosphate 5-kinase in vivo. Journal of 

Biological Chemistry 1997;272(12):7578-7581. 



35 
 

65. Watt SA, Kular G, Fleming IN, Downes CP, Lucocq JM. Subcellular localization of 

phosphatidylinositol 4,5-bisphosphate using the pleckstrin homology domain of 

phospholipase C δ1. Biochemical Journal 2002;363(3):657-666. 

66. Di Paolo G, De Camilli P. Phosphoinositides in cell regulation and membrane 

dynamics. Nature 2006;443(7112):651-657. 

67. Calderwood DA, Ginsberg MH. Talin forges the links between integrins and actin. 

Nature Cell Biology 2003;5(8):694-697. 

68. Hynes RO. Integrins: Bidirectional, allosteric signaling machines. Cell 

2002;110(6):673-687. 

69. Martel V, Racaud-Sultan C, Dupe S, Marie C, Paulhe F, Galmiche A, et al. 

Conformation, Localization, and Integrin Binding of Talin Depend on Its Interaction with 

Phosphoinositides. Journal of Biological Chemistry 2001;276(24):21217-21227. 

70. Takenawa T, Itoh T. Phosphoinositides, key molecules for regulation of actin 

cytoskeletal organization and membrane traffic from the plasma membrane. Biochimica et 

Biophysica Acta - Molecular and Cell Biology of Lipids 2001;1533(3):190-206. 

71. Yin HL, Janmey PA. Phosphoinositide Regulation of the Actin Cytoskeleton. In; 2003. 

p. 761-789. 

72. Leslie NR, Yang X, Downes CP, Weijer CJ. PtdIns(3,4,5)P(3)-dependent and -

independent roles for PTEN in the control of cell migration. Curr Biol 2007;17(2):115-25. 

73. Liliental J, Moon SY, Lesche R, Mamillapalli R, Li D, Zheng Y, et al. Genetic deletion 

of the Pten tumor suppressor gene promotes cell motility by activation of Rac1 and Cdc42 

GTPases. Current Biology 2000;10(7):401-404. 

74. Raftopoulou M, Etienne-Manneville S, Self A, Nicholls S, Hall A. Regulation of Cell 

Migration by the C2 Domain of the Tumor Suppressor PTEN. Science 2004;303(5661):1179-

1181. 

75. Di Paolo G, Pellegrini L, Letinic K, Cestra G, Zoncu R, Voronov S, et al. Recruitment 

and regulation of phosphatidylinositol phosphate kinase type 1γ by the FERM domain of 

talin. Nature 2002;420(6911):85-89. 



36 
 

76. Ling K, Doughman RL, Firestone AJ, Bunce MW, Anderson RA. Type Iγ 

phosphatidylinositol phosphate kinase targets and regulates focal adhesions. Nature 

2002;420(6911):89-93. 

77. Bertagnolo V, Benedusi M, Brugnoli F, Lanuti P, Marchisio M, Querzoli P, et al. 

Phospholipase C-β2 promotes mitosis and migration of human breast cancer-derived cells. 

Carcinogenesis 2007;28(8):1638-1645. 

78. Golub T, Caroni P. PI(4/5)P2-dependent microdomain assemblies capture 

microtubules to promote and control leading edge motility. Journal of Cell Biology 

2005;169(1):151-165. 

79. Campbell RB, Liu F, Ross AH. Allosteric Activation of PTEN Phosphatase by 

Phosphatidylinositol 4,5-Bisphosphate. Journal of Biological Chemistry 2003;278(36):33617-

33620. 

80. Iijima M, Huang YE, Luo HR, Vazquez F, Devreotes PN. Novel Mechanism of PTEN 

Regulation by Its Phosphatidylinositol 4,5-Bisphosphate Binding Motif Is Critical for 

Chemotaxis. Journal of Biological Chemistry 2004;279(16):16606-16613. 

81. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. 

Nucleic Acids Research 2001;29(9). 

82. Abràmoff MD, Magalhães PJ, Ram SJ. Image processing with imageJ. Biophotonics 

International 2004;11(7):36-41. 

83. Ooms LM, Fedele CG, Astle MV, Ivetac I, Cheung V, Pearson RB, et al. The inositol 

polyphosphate 5-phosphatase, PIPP, is a novel regulator of phosphoinositide 3-kinase-

dependent neurite elongation. Molecular Biology of the Cell 2006;17(2):607-622. 

84. Hammond GRV, Schiavo G, Irvine RF. Immunocytochemical techniques reveal 

multiple, distinct cellular pools of PtdIns4P and PtdIns(4,5)P2. Biochemical Journal 

2009;422(1):23-35. 

 



37 
 

 

Figure Legends 

Figure 1:  SKIP is differentially expressed in human glioblastoma. 

Representative images of PTEN (ai, aii, aiii) or SKIP (aiv, av, avi, avii) antibody 

immunoreactivity of normal cerebrum or clinically-graded samples of grade IV human 

glioblastoma tumor sections.  Vascular endothelial cells displayed positive immunoreactivity 

to both PTEN and SKIP antibodies and were utilized here as an internal positive control.  

Antibody immunoreactivity was scored according to previously established protocols (9).  

Glioblastoma cases were graded as +2 if the staining intensity of tumor cells was equivalent 

to that of vascular endothelial cells; +1, if tumor cell staining was diminished relative to 

endothelial cells; and +3, if the staining intensity of tumor cells was increased relative to 

endothelial cells.  (ai) Normal cerebrum with PTEN antibody immunoreactivity equivalent to 

endothelial cells (grade = +2).  (aii) Glioblastoma section with PTEN antibody 

immunoreactivity equivalent to endothelial cells (grade = +2).  (aiii) Glioblastoma section 

with decreased PTEN antibody immunoreactivity relative to endothelial cells (grade = +1).  

(aiv) Normal cerebrum with SKIP antibody immunoreactivity equivalent to endothelial cells 

(grade = +2).  (av) Glioblastoma section with SKIP antibody immunoreactivity equivalent to 

endothelial cells (grade = +2).  (avi) Glioblastoma section with decreased SKIP antibody 

immunoreactivity relative to endothelial cells (grade = +1).  (avii) Glioblastoma section with 

increased SKIP antibody immunoreactivity relative to endothelial cells (grade = +3).  Scale 

bar, 100 μm.  (bi, bii, biii) Representative images of PTEN-deficient grade IV human 

glioblastoma sections, showing decreased PTEN antibody immunoreactivity relative to 

endothelial cells (grade = +1).  (biv) PTEN-deficient grade IV human glioblastoma sections 

exhibiting decreased SKIP antibody immunoreactivity relative to endothelial cells (grade = 

+1).  (bv) PTEN-deficient glioblastoma showing SKIP antibody immunoreactivity equivalent 

to endothelial cells (grade = +2).  (bvi) PTEN-deficient glioblastoma displaying increased 
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SKIP antibody immunoreactivity relative to endothelial cells (grade = +3).  Scale bar, 100 

μm. 

Figure 2:  SKIP deficiency does not alter glioblastoma cell proliferation. 

(a) mRNA was extracted from U-87MG cells transfected with control or one of two 

independent SKIP siRNAs.  mRNA was analyzed by qRT-PCR and graphically represented 

as mean percent mRNA ± s.e.m. of four independent experiments.  Statistical analysis was 

performed with one-way ANOVA followed by Tukey post hoc test.  **p<0.01, compared to 

control siRNA.  (b) NP-40 soluble fractions 48 h post-transfection were subjected to 

immunoblot analysis using the indicated antibodies.  (c) Quantification of SKIP protein was 

determined by densitometry relative to β-tubulin, expressed as mean percentage SKIP 

expression ± s.e.m. of four independent experiments, standardized to non-transfected 

control cells.  Statistical analysis was performed with one-way ANOVA followed by Tukey 

post hoc test.**p<0.01 compared to control siRNA.  (d) Cell proliferation in SKIP-knockdown 

U-87MG cells was assessed by BrdU incorporation.  Representative fluorescent images of 

U-87MG cells transfected with SKIP siRNA or scrambled control, grown in DMEM containing 

10%(v/v) serum; serum-free media; or plated on fibronectin for 24 or 48 h prior to BrdU 

incorporation.  Fixed cells were incubated with affinity-purified antibodies directed to BrdU 

and counter-stained with propidium iodide.  Scale bar, 20 μm.  (e,f,g) Quantification of cell 

proliferation was determined by counting the number of BrdU-positive cells in six separate 

fields relative to total cell number, expressed as mean percentage BrdU incorporation ± 

s.e.m. of three independent experiments.  Statistical analysis was performed with one-way 

ANOVA followed by Tukey post hoc test.  p values not significant. 

Figure 3:  SKIP deficiency does not alter glioblastoma cell survival. 

U-87MG cells were transiently transfected with SKIP siRNA or scrambled siRNA sequences.  

Assessment of cell death was determined over 48 h by fluorescent activated cell sorting 

(FACS) analysis on four separate occasions.  Early apoptotic cells, the annexin V-FITC-

positive/propidium iodide-negative population of cells, are reported in the lower right 

quadrant. Necrotic or late apoptotic cells, the annexin V-FITC-positive/propidium iodide-
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positive population of cells, are reported in the upper right quadrant.  Percentage cell 

populations are depicted in each quadrant.  Statistical analysis was performed with one-way 

ANOVA followed by Tukey post hoc test.  p values not significant. 

Figure 4:  SKIP over-expression inhibits anchorage-independent growth without 

inducing anoikis. 

(a) Antibiotic selection was used to generate stable U-87MG cell lines expressing HA-PTEN 

or HA-SKIP.  NP-40 soluble fractions of U-87MG cell lines were subjected to immunoblot 

analysis using the indicated antibodies.  (b) Colony formation of U-87MG cell lines grown in 

soft agar, stained with 0.1%(w/v) gentian violet after 14 days.  Scale bars, 5mm.  (c) Colony 

counts of three independent experiments, expressed as mean ± s.e.m.  Statistical analysis 

was performed with one-way ANOVA followed by Tukey post hoc test.  **p<0.01 compared 

to vector controls.  (d) Serum-starved cells were plated onto poly-HEMA-coated plates for 

24-72 h.  Cell viability was quantified by Trypan blue exclusion, expressed as mean ± s.e.m. 

of three independent experiments.  Two independent cell lines per construct were analyzed.  

Statistical analysis was performed with one-way ANOVA followed by Tukey post hoc test.  

*p<0.05 compared to vector controls.  (e) Triton X-100 soluble cell fractions of 48 h poly-

HEMA-treated cell cultures were resolved by SDS-PAGE and subjected to immunoblot 

analysis using the indicated antibodies. 

Figure 5:  SKIP regulates integrin-mediated cell migration. 

(a) Fibronectin-mediated cell migration in U-87MG stable cell lines was assessed by scratch 

wound induction in real time at 30 min time intervals over 24 h.  Phase contrast microscopy 

images at 0 or 24 h.  Scale bar, 125 μm.  (b) Wound distances at 30 min intervals were 

expressed as mean ± s.e.m. of three independent experiments.  (c) Phase contrast 

microscopy images of migrating U-87MG stable cell lines at the wound edge.  Closed white 

arrows represent elongated cell morphology; white asterisks represent multiple and multi-

directional pseudopodia; white open arrows represent broad directional lamellipodia.  Black 

arrow denotes direction of migration.  Scale bar, 60 μm.  (d) Individual cell migration was 

tracked over time (MetaMorph, Molecular Devices Corporation) and depicted as the ratio of 
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axial (y-axis) to tangential (x-axis) motility.  A minimum of 20 representative cells for each U-

87MG clonal cell line for three independent experiments are depicted.  (e) Cell velocity over 

three independent experiments is graphically depicted (MetaMorph, Molecular Devices 

Corporation) as mean ± s.e.m.  Statistical analysis was performed with one-way ANOVA 

followed by Tukey post hoc test.  **p<0.01 compared to vector control cells. 

Figure 6:  SKIP regulates integrin-mediated cell migration. 

(a) Cell migration was assessed by scratch wound induction in real time at 30 min time 

intervals over 24 h in U-87MG cells transfected with either control or one of two independent 

SKIP siRNAs.  Phase contrast images shown at 0 or 24 h.  Scale bar, 125 µm.  (b) Wound 

distances at 30 min intervals are expressed as the mean ± s.e.m. of three independent 

experiments.  (c) Phase contrast images of U-87MG cells at the wound leading edge.  White 

asterisks represent multiple and multi-directional pseudopodia; closed white arrows 

represent elongated cell morphology parallel to the wound edge.  Black arrow denotes 

direction of migration.  Scale bar, 60 µm.  (d) Individual cell migration was tracked over time 

using MetaMorph software and depicted as the ratio of axial (y-axis) to tangential (x-axis) 

motility.  Figure depicts a minimum of 20 representative cells of three independent 

experiments.  (e) Cell velocity over three independent experiments is graphically depicted as 

mean ± s.e.m.  Comparison between the means was assessed using the Student’s t test for 

unpaired data.  *p<0.05 compared to control siRNA. 

Figure 7:  SKIP regulates integrin-mediated cytoskeletal reorganization. 

(a) Serum-starved stable U-87MG cell lines or siRNA transfectants were plated onto 

fibronectin (10 μg/mL) for 60 min.  F-actin was stained with Alexa Fluor 488-conjugated 

phalloidin (upper panels).  Arrow represents filopodial projections.  Focal adhesion formation 

was visualized using antibodies to paxillin (middle panels) or talin (lower panels).  For over-

expression studies, two independent cell lines per construct were analyzed.  For siRNA 

studies, cells were transfected with control, or one of two independent SKIP siRNAs.  Scale 

bar, 25 μm.  (b) Cell area was calculated for >200 cells for four independent experiments 

and expressed as the mean ± s.e.m. total cell area (µm2).  The number of paxillin- (c) or 
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talin-containing (d) focal adhesions was counted for >100 cells for three independent 

experiments and expressed as the mean ± s.e.m. total focal adhesion number per cell.  

Statistical analysis was performed with one-way ANOVA followed by Tukey post hoc test.  

*p<0.05; **p<0.01; ***p<0.001 compared to controls. 

Figure 8:  SKIP and PTEN differentially regulate integrin-induced PI3K signaling. 

(a) Serum-starved U-87MG cell lines expressing GFP-PH/Btk (54) were plated onto 

fibronectin-coated (10 μg/mL) coverslips for 30 or 45 min.  Arrows indicate GFP-PH/Btk 

plasma membrane localization.  Scale bar, 60 μm.  (b) Graph represents ratios of mean ± 

s.e.m. GFP-PH/Btk fluorescence intensities at the plasma membrane relative to cytosol.  

Two independent clonal cell lines per construct were analyzed, > 90 cells per cell line were 

scored for three independent transfections.  Statistical analysis was performed with one-way 

ANOVA followed by Tukey post hoc test.  *p<0.05 compared to vector control cells.  (c) 

Suspended serum-starved cells were plated onto 10 µg/mL fibronectin for 0-120 min.  NP-40 

soluble fractions were subjected to immunoblot analysis with the indicated antibodies.  (d) 

Quantification of Akt phosphorylation was determined by densitometry relative to total Akt or 

β-tubulin protein levels, expressed as mean ± s.e.m. of a minimum of five independent 

experiments, standardized relative to vector controls at each time point, arbitrarily assigned 

a value of one.  Two independent clonal cell lines per construct were analyzed.  Statistical 

analysis was performed with one-way ANOVA followed by Tukey post hoc test.  **p<0.01 

compared to vector control cells. 

Figure 9:  SKIP inhibits growth factor-mediated PI3K signaling. 

(a) Serum-starved U-87MG cell lines expressing GFP-PH/Btk (54) were stimulated with EGF 

(100 ng/mL) for 0-20 min.  Arrows indicate plasma membrane localization of GFP-PH/Btk.  

Scale bar, 40 μm.  (b) Graph represents ratios of mean ± s.e.m. GFP-PH/Btk fluorescence 

intensities at the plasma membrane relative to cytosol.  Two independent clonal cell lines per 

construct were analyzed, > 90 cells per cell line were scored for three independent 

transfections.  Statistical analysis was performed with one-way ANOVA followed by Tukey 

post hoc test.  *p<0.05, compared to vector control cells.  (c) Serum-starved adherent U-
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87MG cell lines were stimulated with 100 ng/mL EGF for 0-10 min.  NP-40 soluble fractions 

were subjected to immunoblot analysis using the indicated antibodies.  (d) Quantification of 

Akt phosphorylation was determined by densitometry relative to total Akt protein, expressed 

as mean ± s.e.m. of a minimum of three independent experiments and standardized to 

vector control cells at each time point, arbitrarily assigned a value of one.  Two independent 

clonal cell lines per construct were analyzed.  Statistical analysis was performed with one-

way ANOVA followed by Tukey post hoc test.  **p<0.01 compared to vector control cells. 

Figure 10:  SKIP regulates integrin-induced PI(4,5)P2 signals. 

(a) Serum-starved stable U-87MG cell lines expressing GFP-PH/PLCδ (55) were plated onto 

fibronectin (10 μg/mL) for 30 or 60 min.  Arrows indicate GFP-PH/PLCδ plasma membrane 

localization.  Scale bar, 40 μm.  (b) Graph represents mean ± s.e.m. GFP-PH/PLCδ 

fluorescence intensities at the plasma membrane relative to cytosol.  Two independent cell 

lines per construct were analyzed, > 60 cells per cell line were scored for three independent 

transfections.  Statistical analysis was performed with one-way ANOVA followed by Tukey 

post hoc test.  *p<0.05, compared to vector control cells.  (c) U-87MG cells were transfected 

with control or one of two independent SKIP siRNAs.  48 h post-transfection, serum-starved, 

suspended cells were plated onto fibronectin (10 μg/mL) for 60 min.  PI(4,5)P2 accumulation 

at the plasma membrane was assessed by indirect immunofluorescence using antibodies to 

PI(4,5)P2.  Scale bar, 25 μm.  (d) Graph represents mean ± s.e.m. PI(4,5)P2 fluorescence 

intensities at the plasma membrane relative to cytosol.  >90 cells were analyzed for four 

independent transfections.  Comparison between the means was assessed using the 

Student’s t test for unpaired data.  *p<0.05 compared to control siRNA.  (e) SKIP or control 

siRNA U-87MG cells expressing GFP-PH/PLCδ were plated onto fibronectin (10 μg/mL) for 

60 min.  Scale bar, 25 μm.  (f) Graph represents mean ± s.e.m. GFP-PH/PLCδ fluorescence 

intensities at the plasma membrane relative to cytosol.  >90 cells were analyzed for three 

independent transfections.  Comparison between the means was assessed using the 

Student’s t test for unpaired data.  **p<0.01 compared to control siRNA.  (g) Serum-starved 

suspended siRNA transfected cells were plated onto fibronectin (10 μg/mL) for 15 min.  



43 
 

Whole cell lysates were subjected to immunoblot analysis using the indicated antibodies.  (h) 

Graph shows cofilin-Ser3 phosphorylation relative to total cofilin protein, determined by 

densitometry, standardized relative to control siRNA at time = 0, arbitrarily assigned a value 

of one, and expressed as mean ± s.e.m. of four independent experiments.  Statistical 

analysis was performed with one-way ANOVA followed by Tukey post hoc test.  **p<0.01 

compared to control siRNA. 

Figure 11:  Increased SKIP mRNA levels are associated with increased long-term 

survival of glioblastoma patients. 

Two independent data sets (Murat et al., 2008; TCGA Brain 2013) correlating SKIP mRNA 

transcript levels in glioblastoma with 1, 3 or 5 year survival were obtained from 

ONCOMINETM (www.oncomine.org).  All data are log transformed and median-centered.  

The 25th-75th percentiles are indicated within the closed blue box; the median is indicated by 

the solid line; the 10th and 90th percentiles are indicated by the bars.  Closed circles above 

and below plots show sample maximum and minimum values.  The number of glioblastoma 

samples present in each group is shown within parentheses.  Statistically significant 

differences in the median levels of SKIP mRNA transcription in glioblastoma outcome data 

reported as alive or dead at 1, 3 or 5 years was determined by a two-tailed Mann Whitney 

test.  (a) Increased SKIP mRNA levels correlate with increased glioblastoma 5-year survival, 

p=0.008 (Murat et al., 2008); (b) Increased SKIP mRNA levels correlate with increased 

glioblastoma survival at 3 and 5 years, p=0.0005 and 0.002 respectively (TCGA Brain 2013). 

Supplementary Figure 1. 

Representative images of PTEN (i, ii) or SKIP (iii, iv, v) antibody immunoreactivity of 

clinically-graded samples of grade IV human glioblastoma tumor sections.  Vascular 

endothelial cells displayed positive immunoreactivity to both PTEN and SKIP antibodies 

(arrows) and were utilized here as an internal positive control.  Antibody immunoreactivity 

was scored according to previously established protocols (9).  Glioblastoma cases were 

graded as +2 if the staining intensity of tumor cells was equivalent to that of vascular 

endothelial cells; +1, if tumor cell staining was diminished relative to endothelial cells; and 
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+3, if the staining intensity of tumor cells was increased relative to endothelial cells.  Scale 

bar, 100 μm. 

Supplementary Figure 2. 

(a) NP-40 soluble fractions of U-87MG, U-251 MG or DBTRG-05MG cells were subjected to 

immunoblot analysis using SKIP or GAPDH antibodies.  (b) mRNA was extracted from U-

251 MG or DBTRG-05MG cells transfected with control or SKIP siRNA.  mRNA was 

analyzed by qRT-PCR and graphically represented as mean percent mRNA ± s.e.m. of three 

independent experiments.  Comparison between the means was assessed using the 

Student’s t test for unpaired data.  **p<0.01, ***p<0.001, compared to control siRNA.  (c) 

Cell migration was assessed by scratch wound induction in real time at 30 min time intervals 

over 64 h in U-251MG or DBTRG-05MG cells transfected with either control or SKIP siRNA.  

Phase contrast images shown at 0 or 64 h.  Scale bar, 125 µm. 

Supplementary Figure 3. 

(a) U-251 MG or DBTRG-05MG cells transiently expressing HA or HA-SKIP; or siRNA 

transfectants were plated onto fibronectin (10 μg/mL) for 60 min.  F-actin was stained with 

Alexa Fluor 488-conjugated phalloidin.  Scale bar, 25 μm.  Cell area was calculated for >90 

cells for three independent experiments and expressed as the mean ± s.e.m. total cell area 

(µm2).  Statistical analysis was performed with one-way ANOVA followed by Tukey post hoc 

test.  *p<0.05, **p<0.01, ***p<0.001.  (b) Focal adhesion formation in U-251 MG or DBTRG-

05MG siRNA transfectants plated on fibronectin (10 μg/mL) for 60 min was visualized using 

antibodies to paxillin.  Scale bar, 25 μm. 

Supplementary Figure 4. 

(a) U-87MG cells transfected with control, or one of two independent SKIP siRNAs, were co-

transfected with siRNA-resistant murine Skip cDNA or vehicle alone, and plated on 

fibronectin (10 μg/mL) for 60 min.  F-actin polymerization was assessed by Alexa Fluor 488-

conjugated phalloidin staining.  Scale bar, 25 μm.  (b) U-87MG cells were transfected with 

control, or one of two independent SKIP siRNAs and plated on fibronectin (10 μg/mL) for 60 

min.  Filamentous actin was stained with Alexa Fluor 488-conjugated phalloidin (upper 
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panels).  Focal adhesion formation was visualized using antibodies to paxillin (middle 

panels), or talin (lower panels).  Scale bar, 25 μm.  (c) U-87MG cells transfected with 

control, or one of two independent SKIP siRNAs, were plated on fibronectin (10 μg/mL) in 

medium containing 10 µM LY294002 or vehicle for 60 min.  F-actin polymerization was 

assessed by Alexa Fluor 488-conjugated phalloidin staining.  Scale bar, 25 μm.  (d) Serum-

starved parental U-87MG cells were plated onto fibronectin (10 μg/mL) for 30 or 60 min and 

were processed for indirect immunofluorescence utilizing antibodies to SKIP (12).  Arrows 

indicate plasma membrane localization of SKIP.  Scale bar, 10 µm. 

Supplementary Figure 5. 

(a) U-251 MG or (b) DBTRG-05MG cells were transfected with control or SKIP siRNA.  48 h 

post-transfection, suspended cells were plated onto fibronectin (10 μg/mL) for 60 min.  

PI(4,5)P2 accumulation at the plasma membrane was assessed by indirect 

immunofluorescence using antibodies to PI(4,5)P2.  Scale bar, 25 μm.  Relative fluorescence 

intensity of PI(4,5)P2 at the plasma membrane relative to the cytosol was expressed as 

mean ± s.e.m.  >90 cells were analyzed for three independent transfections.  Comparison 

between the means was assessed using the Student’s t test for unpaired data.  **p<0.01 

compared to control siRNA.  (c) SKIP or control siRNA U-251 MG cells expressing GFP-

PH/PLCδ were plated onto fibronectin (10 μg/mL) for 60 min.  Scale bar, 25 μm.  Graph 

represents mean ± s.e.m. GFP-PH/PLCδ fluorescence intensities at the plasma membrane 

relative to cytosol.  >90 cells were analyzed for three independent transfections.  

Comparison between the means was assessed using the Student’s t test for unpaired data.  

**p<0.01 compared to control siRNA. 

Supplementary Movie Legends. 

Cell migration was examined in real time in stable U-87MG cell lines or SKIP-knockdown 

cells.  Cells were grown to confluence on fibronectin-coated (10 µg/mL) tissue culture plates, 

prior to wound induction.  Cell migration into the wound area was imaged using phase 

contrast microscopy (Leica AF6000LX) with a 10× NA0.30 PH1 dry objective lens at 30 min 

time intervals over a minimum period of 30 h.  Figure5video1_Vector OE.mov: U-87MG 
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vector control cell line; Figure5video2_PTEN OE.mov: U-87MG cell line reconstituted with 

HA-PTEN; Figure5video3_SKIP OE.mov: U-87MG cell line expressing HA-SKIP; 

Figure6video1_Control siRNA.mov: U-87MG cells transfected with control siRNA; 

Figure6video2_SKIP siRNA.mov: U-87MG cells transfected with SKIP siRNA. 


































