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The invasive behavior of glioblastoma is essential to its aggressive
potential. Here, we show that pleckstrin homology domain inter-
acting protein (PHIP), acting through effects on the force trans-
duction layer of the focal adhesion complex, drives glioblastoma
motility and invasion. Immunofluorescence analysis localized PHIP
to the leading edge of glioblastoma cells, together with several
focal adhesion proteins: vinculin (VCL), talin 1 (TLN1), integrin beta 1
(ITGB1), as well as phosphorylated forms of paxillin (pPXN) and focal
adhesion kinase (pFAK). Confocal microscopy specifically localized
PHIP to the force transduction layer, together with TLN1 and VCL.
Immunoprecipitation revealed a physical interaction between PHIP
and VCL. Targeted suppression of PHIP resulted in significant down-
regulation of these focal adhesion proteins, along with zyxin (ZYX),
and produced profoundly disorganized stress fibers. Live-cell imag-
ing of glioblastoma cells overexpressing a ZYX-GFP construct dem-
onstrated a role for PHIP in regulating focal adhesion dynamics. PHIP
silencing significantly suppressed the migratory and invasive capac-
ity of glioblastoma cells, partially restored following TLN1 or ZYX
cDNA overexpression. PHIP knockdown produced substantial sup-
pression of tumor growth upon intracranial implantation, as well as
significantly reduced microvessel density and secreted VEGF levels.
PHIP copy number was elevated in the classical glioblastoma sub-
type and correlated with elevated EGFR levels. These results dem-
onstrate PHIP’s role in regulating the actin cytoskeleton, focal
adhesion dynamics, and tumor cell motility, and identify PHIP as a
key driver of glioblastoma migration and invasion.

PHIP | glioblastoma | invasion | motility | angiogenesis

Gliomas represent one of the most lethal tumor types, with a
median survival of 15–16 mo for patients with high-grade

(grade IV) gliomas (glioblastoma), and account for over 15,000
deaths each year in the United States (1). The marked histo-
pathological heterogeneity of glioblastomas has led to efforts to
classify them according to various molecular alterations (2, 3).
Glioblastomas have been classified at the molecular level using
defined somatic mutations or copy number alterations. Thus, a
significant proportion of gliomas harbor mutations in TP53,
IDH1, or NF1, or amplification of EGFR (4–6). The integration
of gene expression profiling with mutational analysis has iden-
tified three major molecular subtypes of IDH-WT glioblastoma:
classical, mesenchymal, and proneural (7). The proneural sub-
type is typified by alterations in PDGFRA. The mesenchymal
subtype is associated with NF1 mutations, and alterations in the
PI3K-AKT pathway (8). The classical subtype is characterized by
EGFR amplifications (3). While this scheme has proved ex-
tremely useful in glioblastoma classification, to date, identifica-
tion of novel targets for therapy has proved elusive.
The aggressive behavior of glioblastomas is driven in part by

their migratory and invasive characteristics, capable of in-
filtrating diffusely into normal brain parenchyma (9). During
invasion, glioblastoma cells become polarized, and their leading

edge is characterized by dynamic cytoskeletal rearrangements,
regulated by integrins, FAK, and AKT. In addition to a highly
motile phenotype, glioblastomas are highly angiogenic, which
further enhances glioma cell survival (9). Development of suc-
cessful targeted interventions for glioblastoma will require the
identification of factors that mediate these essential features of
its aggressiveness. Recently, we demonstrated a role for PHIP in
the progression of human breast and lung cancer (10) as well as
of human melanoma, by virtue of its effects on tumor cell in-
vasion and angiogenesis (11, 12). PHIP was initially localized to
the nucleus and shown to mediate proliferative responses fol-
lowing activation of the type I insulin-like growth factor receptor
(IGF1R) in pancreatic islet cells (13). In the current study, we
examine the role of PHIP in the progression of human glio-
blastoma, and describe previously uncharacterized cellular lo-
calization and functions that enable key roles for PHIP in
driving glioblastoma progression, identifying it as a rational
target for therapy.

Significance

Glioblastoma has an extremely poor prognosis, driven by its
invasive and angiogenic potential. The development of effec-
tive therapies for glioblastoma will require the identification of
molecular factors that promote these hallmarks. Our results
show that PHIP drives glioblastoma motility, invasion, and
angiogenesis. These functions are enabled by localization of
PHIP to focal adhesions. PHIP regulates expression of focal
adhesion proteins and physically interacts with vinculin,
mechanisms by which it promotes tumor cell motility and in-
vasion. The presence of elevated PHIP copy number in distinct
molecular glioblastoma subtypes provides additional support
for its importance to glioblastoma biology. These studies also
identify PHIP as a compelling target for glioblastoma therapy.
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Results
To evaluate the role of PHIP in glioblastoma progression, we
utilized two effective shRNAs targeting PHIP in human mela-
noma, breast and lung cancer cells (10). We initially generated
U-251 human glioblastoma cells stably expressing either a con-
trol shRNA targeting firefly luciferase (luc) or anti-PHIP
shRNA#1. Stable shRNA expression resulted in 89.8% re-
duction in PHIP expression by qRT-PCR (SI Appendix, Fig. S1A)
and 55% decrease by Western blot analysis (SI Appendix, Fig.
S1B). We used a proteome profiler human phospho-kinase array
to identify signaling pathways altered following stable PHIP
knockdown, and detected marked reduction in the phosphory-
lation level of several kinases that promote tumor progression,
including pAKT (∼70% inhibition) (SI Appendix, Fig. S1C).
Levels of pPXN (Y118) and pFAK (Y925) were also suppressed
(by 35% and 32%, respectively) in U-251 cells expressing anti-
PHIP shRNA (SI Appendix, Fig. S1C). AKT and PXN promote
tumor cell motility and invasion following IGF1R pathway acti-
vation (14), and pAKT was down-regulated following PHIP
knockdown in melanoma (11), breast and lung cancer cells (10).
Decreased expression of pAKT and pPXN was confirmed using
Western analysis (SI Appendix, Fig. S1B).
Given the down-regulation of pFAK and pPXN following

PHIP silencing, we analyzed the expression and localization of
PHIP, together with that of several proteins involved in cell
motility and cytoskeletal organization using fluorescence mi-
croscopy. Surprisingly, the pattern of immunopositivity and
quantitative analysis of pixel intensity indicated prominent
staining for PHIP at the leading edge of motile U-251 cells,
suggesting its localization with focal adhesion proteins (SI Ap-
pendix, Figs. S2 and S3). In addition, PHIP silencing suppressed
the expression levels of pFAK (Y925) and ITGB1, as shown by
quantitative immunofluorescence (SI Appendix, Figs. S2 and S3),
as well as expression of TLN1, VCL, pPXN (Y118), and ZYX
(Fig. 1 A–D and SI Appendix, Fig. S3). The PHIP protein has
previously been localized to the nucleus of normal pancreatic β
cells (13). Its localization at the leading edge of cancer cells,
together with its downstream regulation of focal adhesion pro-
teins, including ZYX, has not been previously reported. Visu-
alization of stress fibers using rhodamine phalloidin revealed a
strikingly disorganized F-actin pattern in U-251 cells stably
expressing anti-PHIP shRNA (Fig. 1E), indicating a role for
PHIP in regulating assembly of the cytoskeletal apparatus.
We then determined the precise localization of PHIP within

the focal adhesion complex. Recent studies have indicated that
focal adhesions are organized into three distinct domains with
unique protein compositions (reviewed by ref. 15): 1) a distal tip
(the integrin signaling layer) facing the leading edge, composed
of integrins, FAK, and PXN; 2) a proximal tip (the actin regu-
latory layer) that interacts with the stress fiber, composed of
α-actinin, ZYX, and vasodilator-stimulated phosphoprotein
(VASP); and 3) a force transduction layer spanning these two
layers, composed of talin and VCL. Confocal microscopy of U-
251 cells, together with analysis of the colocalization coefficient
of PHIP immunopositivity against TLN1, VCL, pPXN, pFAK,
and ITGB1, demonstrated that PHIP specifically colocalizes with
TLN1 and VCL in the force transduction layer (Fig. 2 A and B).
Given this colocalization, we assessed whether PHIP interacted
with either of the proteins in the force transduction layer.
Coimmunoprecipation analysis of cytoplasmic extracts of U-251
cells revealed a physical interaction between PHIP and VCL.
Both immunoprecipitated fractions were positive by Western
blot analysis, for their counterpart, indicating that PHIP binds to
VCL (Fig. 2C).
We then assessed the functional effects of suppressing PHIP

expression on glioblastoma progression. Initially, qRT-PCR
analysis indicated down-regulation of several focal adhesion

genes at the RNA level (Fig. 3A). This was accompanied by
significantly reduced U-251 cell migration in the Transwell
Boyden chamber assay (∼86% reduction, P < 0.05, Fig. 3B), in a
wound-healing assay (Fig. 3C), and significantly decreased U-251
cell invasion into Matrigel (66% reduction, P < 0.05, Fig. 3D).
Detailed analysis of U-251 cell motility revealed that PHIP
down-regulation significantly suppressed the migratory capacity
of these cells, as evidenced by the distance traveled within the
in vitro 2D environment (P < 0.0001, Fig. 3E and Movies S1 and
S2), suggestive of contact inhibition of locomotion (16).
Since the polarization of motile cells is tightly controlled by

the organization of stress fibers, including recruitment of ZYX,
we used GFP-tagged ZYX to visualize the role of PHIP in reg-
ulating focal adhesion dynamics in glioblastoma cells. Initially,
conventional immunofluorescence showed that upon PHIP
down-regulation, the pattern of immunopositivity for ZYX was
drastically affected, wherein anti-PHIP shRNA-expressing U-251
cells presented a disorganized and weak signal when compared
to control cells. Live-cell imaging of GFP-tagged ZYX provided
further support for the static imaging provided by immunofluo-
rescence. At the leading edge of motile cells, areas of positivity
from GFP-tagged ZYX (the site of ZYX recruitment along the
actin filaments) showed a specific pattern of movement along the
axis perpendicular to the direction of motile cells (Movies S3 and
S4). Plotting these areas as points of positivity (based on pixel
intensity for GFP fluorescence) against time revealed a periodic
pattern, analogous to assembly and disassembly of the focal
complex, that was absent in cells expressing anti-PHIP shRNA
(Fig. 3F). Because ZYX is a marker of focal adhesion matura-
tion (17), these results provide support for PHIP as an important
regulator of focal adhesion assembly, which is vital for the for-
mation of stable focal adhesion points and for maintaining the
invasive phenotype of glioblastoma cells.
We then assessed whether any of the proteins down-regulated

following targeted suppression of PHIP are involved in mediat-
ing its effects on glioblastoma migration and invasion. Lentiviral
infection of GFP-ZYX cDNA or transfection of a plasmid
encoding TLN1 cDNA in U-251 cells stably expressing anti-PHIP
shRNA significantly restored their migratory and invasive ca-
pacity, respectively (Fig. 3 G and H). Thus, the proinvasive and
promigratory roles of PHIP in glioblastoma are mediated, at
least in part, by TLN1 and ZYX.
In addition, shRNA-mediated targeting of PHIP resulted in

significant inhibition of U-251 colony formation (P < 0.05,
Fig. 3I). This was accompanied by a reduction in the number of
glioblastoma cells in S phase (Fig. 3J), as well as by decreased
expression of CCND1 (SI Appendix, Fig. S1B), which operates
downstream of AKT to promote tumor cell proliferation (18).
Several of the effects observed in U-251 cells were confirmed
using a second anti-PHIP shRNA (shRNA#2, SI Appendix, Fig.
S1 D–H).
Having shown a role for PHIP in the progression of U-251 cells

in culture, we next assessed its function in vivo, using a murine
xenograft model. First, subcutaneous (s.c.) injection of U-251
transformants stably expressing anti-PHIP shRNA#1 in the flanks
of nude mice resulted in a significant decrease in tumor growth
(P < 0.05, Fig. 4A). Importantly, two of the mice (40%) injected
with the U-251 transformants expressing anti-PHIP shRNA
showed complete regression of their tumor (Fig. 4A). This was
accompanied by a significant reduction in weights of anti-PHIP
shRNA-expressing tumors (P < 0.05, Fig. 4B). Next, we evaluated
the in vivo growth potential of U-251 transformants when injected
intracranially in nude mice. There was a dramatic (85%) reduction
in tumor size (as determined by the cross-sectional area occupied
by the tumor) observed in the brains of mice injected with U-251
cells expressing the anti-PHIP shRNA when compared to the
brains of control animals (P < 0.05, Fig. 4C).
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As glioblastomas are highly angiogenic (9), CD31 immunos-
taining was used to evaluate intratumoral microvessel density
following PHIP knockdown. Tumors expressing anti-PHIP shRNA
showed a significant (51.6%) reduction in the number of CD31-
positive vessels (P < 0.05, Fig. 4D), accompanied by a significant
reduction in secreted VEGF levels, as measured by enzyme-linked
immunosorbent assay (ELISA) (P < 0.05, Fig. 4E).
To further analyze the impact of PHIP in glioblastoma pro-

gression, we assessed the consequences of PHIP silencing in a
second cell line. Stable expression of anti-PHIP shRNA#1 in
LN-18 cells resulted in a pronounced decrease in PHIP expres-
sion by qRT-PCR (Fig. 5A) and Western blot analysis (Fig. 5B),
accompanied by suppression of RNA expression of several focal
adhesion genes (Fig. 5A). Qualitative and quantitative immu-
nofluorescence analyses confirmed the localization of PHIP at
the leading edge of LN-18 cells and demonstrated significantly
reduced expression of ITGB1, pFAK (Y925), VCL, TLN1,
pPXN (Y118), and ZYX following PHIP silencing (SI Appendix,
Figs. S4–S6). Qualitative analysis of stress fibers showed a dis-
organized F-actin pattern in LN-18 cells following stable PHIP
knockdown (SI Appendix, Fig. S5C). The decreased expression of
pAKT and pPXN was confirmed using Western blot analysis
(Fig. 5B). PHIP silencing significantly reduced LN-18 cell mi-
gration in the Transwell Boyden chamber (62.6% reduction, P <
0.05, Fig. 5C), in a wound assay (Fig. 5D), and in time-lapse (P <
0.0001, Fig. 5E), as well as significantly reduced LN-18 cell in-
vasion into Matrigel (50.4% reduction, P < 0.05, Fig. 5F). Len-
tiviral infection of GFP-ZYX cDNA in LN-18 cells stably
expressing anti-PHIP shRNA significantly restored their migra-
tion capacity (Fig. 5G). PHIP targeting resulted in significant
inhibition of LN-18 colony formation (P < 0.05, Fig. 5H) and was
accompanied by a reduction in the number of cells in S-phase

(Fig. 5I) and by decreased CCND1 expression (Fig. 5B). Again,
live-cell imaging of GFP-tagged ZYX at the leading edge of LN-
18 cells showed a specific and periodic pattern of movement
along the axis perpendicular to the direction of motile cells that
was not apparent in cells expressing anti-PHIP shRNA (Fig. 5J
and Movies S5 and S6). Confocal microscopy of LN-18 cells
confirmed the colocalization of PHIP with TLN1 and VCL in the
force transduction layer (SI Appendix, Fig. S5 D and E). Several
of these effects were confirmed following PHIP silencing with
shRNA#2 (SI Appendix, Fig. S7 A–E).
In addition, several of PHIP’s functional properties were con-

firmed in U-87 human glioblastoma cells. Stable shRNA expres-
sion resulted in decreased PHIP expression by qRT-PCR (SI
Appendix, Fig. S7F) and immunofluorescence analysis (SI Appen-
dix, Fig. S7 G and H), resulting in reduced pAKT expression
(54.7% reduction, SI Appendix, Fig. S7I), invasion (50.4% re-
duction, P < 0.05, SI Appendix, Fig. S7J), and colony formation
(P < 0.05, SI Appendix, Fig. S7K) when compared to control U-87
cells expressing the anti-luc shRNA. Subsequently, the impact of
shRNA-mediated PHIP knockdown on U-87 cell progression was
demonstrated using shRNA#2 (SI Appendix, Fig. S7 L–N).
Having shown a role for PHIP in the progression of three

established human glioblastoma cell lines, we next assessed its
function in a patient-derived primary glioblastoma culture. We
generated short-term transformants of human primary patient-
derived 3832 cells expressing anti-luc or anti-PHIP shRNA. Ex-
pression of anti-PHIP shRNA in 3832 cells resulted in a signif-
icant decrease in PHIP expression by immunofluorescence
analysis (Fig. 6A and SI Appendix, Fig. S8A), accompanied by
significantly reduced expression of TLN1 (Fig. 6A and SI Ap-
pendix, Fig. S8B) and ZYX (Fig. 6B and SI Appendix, Fig. S8C),
and associated with significantly reduced tumor cell motility
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Fig. 1. Qualitative immunofluorescence analysis of PHIP and focal adhesion proteins in U-251 stable cells. Images representing immunofluorescent detection
of PHIP and pPXN (Y118) (A), TLN1 (B), ZYX (C), VCL (D), and F-actin (E) in U-251 transformants stably expressing anti-luc shRNA or anti-PHIP shRNA#1. DAPI
staining was used to counterstain the nuclei (Scale bars: 20 μm.) White arrows point to the leading edge of cells. Quantification of the immunofluorescence
results, including statistical analysis, is provided in SI Appendix, Fig. S3.
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(P < 0.05, Fig. 6C and Movies S7 and S8), invasion (P < 0.05,
Fig. 6D), and proliferation (P < 0.05, Fig. 6E).
We next examined PHIP expression in glioma progression. We

performed immunohistochemical analysis of PHIP protein ex-
pression in a tissue microarray containing 10 normal human
brain tissue specimens, 58 low-grade gliomas, and 50 glioblas-
tomas and scored the specimens for intensity of PHIP immu-
nostaining on a 0–3 scale. High PHIP expression (defined as a
score of 3) was not observed in either normal brain tissue or in
low-grade gliomas but was present in a significantly higher pro-
portion (8/50, or 16%) of glioblastomas (P < 0.001, Fig. 7A).
These results suggest PHIP as a potential marker of glioma
progression.
In addition, we assessed PHIP levels in distinct molecular

subtypes of glioblastoma (3, 6–8). Recent studies have demon-
strated PHIP copy number elevations in melanoma, including its
association with and enrichment in distinct molecular subtypes
(19). We thus assessed PHIP copy number in glioblastoma using
fluorescence in situ hybridization (FISH). As aldehyde-based
fixatives (formalin, paraformaldehyde, and glutaraldehyde) may
alter tissues and induce autofluorescence and given that brain
tissue contains a variety of autofluorescent proteins such as lip-
ofuscin and lipofuscin-like granules (20), FISH analysis of PHIP
copy number could not be reliably performed in formalin-fixed
and paraffin-embedded glioblastoma samples. Thus, FISH
analysis was performed on a cohort of 25 fresh frozen glio-
blastoma cases in which transcriptomic analysis was utilized
to classify the tumors into the three major molecular subtypes
of glioblastoma (i.e., classical, proneural, and mesenchymal,
SI Appendix, Table S1). Elevated PHIP copy number (defined
as mean copy number of ≥ 3.0, Fig. 7B) was present in 20% of
the glioblastomas analyzed and was observed in both classical
and proneural subtypes. PHIP copy number was significantly
different in the three glioblastoma subtypes (P < 0.05, ANOVA),
with the highest levels observed in the classical subtype (Fig. 7C
and SI Appendix, Table S1). Given that classical glioblastomas
are characterized by enhanced EGFR levels (whether through
amplification or overexpression), we assessed the potential
association between PHIP copy number and 1) EGFR copy number

(Fig. 7D) and 2) EGFR expression, separately, in this cohort.
There was a significant association between mean PHIP and
mean EGFR copy number. Eighty percent of cases with EGFR
amplification had elevated PHIP copy number compared with
25% of cases without EGFR amplification (P = 0.04, Fig. 7E).
Similarly, there was a significant association between mean
PHIP copy number and mean EGFR RNA expression level
(Fig. 7F), as 83.3% of cases with high EGFR expression had
elevated PHIP copy number compared with 25% of cases with low
PHIP copy number (P = 0.03). In addition, PHIP expression in-
creased significantly following EGF stimulation of serum-starved
U-251 and LN-18 cells (Fig. 7G and SI Appendix, Fig. S8 D–F).
Finally, shRNA-mediated suppression of PHIP (Fig. 7H and SI
Appendix, Fig. S8G) in 218, a low-passage primary classical glio-
blastoma line, resulted in reduced expression of TLN1 (Fig. 7H
and SI Appendix, Fig. S8H) and ZYX (SI Appendix, Fig. S8 I and
J), and was accompanied by significantly reduced invasion into
Matrigel (SI Appendix, Fig. S8K).

Discussion
In this work, we explored the potential role of PHIP in me-
diating glioblastoma progression. Previously, PHIP was shown
to exert a proinvasive role in melanoma, another neuro-
ectodermal tumor (11). Immunofluorescence analysis of glio-
blastoma cells revealed immunopositivity for PHIP specifically
at the leading edge of motile tumor cells. Prior studies had
demonstrated that the PHIP protein localizes to the nucleus of
pancreatic islet cells (13). The expression of PHIP at the
leading edge of glioblastoma cells suggested its colocalization
with various focal adhesion proteins, each with a demon-
strated role in tumor progression (21–24). Beyond its coloc-
alization with focal adhesion proteins, PHIP silencing resulted
in significantly reduced expression of several focal adhesion
proteins, suggesting an important role for PHIP in regulating
assembly of the cytoskeletal apparatus. This hypothesis was
initially suggested by a proteome profiler array, which showed
a direct effect of PHIP suppression on pPXN and pFAK ex-
pression. Confocal microscopy indicated a precise colocaliza-
tion of PHIP with TLN1 and VCL in the force transduction
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layer. Coimmunoprecipitation analysis revealed a direct physical
interaction between PHIP and VCL, demonstrating a function
for the PHIP protein in supporting the actin cytoskeleton, as well
as providing a mechanistic basis for its regulation of glioblastoma
motility and invasion.

The force transduction at the leading edge of migrating cells is
regulated by an organized and conserved nanoscale architecture of
a “molecular clutch,” consisting of the structural proteins TLN
and VCL, as well as other mechanosensitive protein–protein in-
teractions (15). TLN-mediated integrin activation is well understood,
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as is TLN’s role in the formation of focal adhesions with PXN
and VCL (25). In addition, TLN1 protects β1-integrins from
proteasomal degradation (26). Integrin immobilization in focal
adhesions requires simultaneous binding to both TLN and the
ECM. As TLN binds F-actin flowing away from the leading edge,
it activates integrins and triggers the assembly of dynamic na-
scent focal adhesions. TLN plays vital roles in linking activated
integrins to the actin cytoskeleton, sensing and reinforcing the
response to mechanical force and regulating focal adhesion
formation and turnover. Depletion of TLN in glioblastoma cells
resulted in decreased traction forces and migratory capability
(27). In prostate cancer cells, TLN1 regulated adhesion, migra-
tion, and invasion (28). Previously, TLN1 expression was signif-
icantly suppressed following PHIP silencing in melanoma, breast,
and lung cancer cells (10) and has now been extended to glio-
blastoma cells. In addition, overexpression of TLN1 cDNA alone
rescued the invasive capability of U-251 cells following PHIP
knockdown.
VCL is a highly conserved cytoskeletal scaffold protein that

localizes to focal adhesions and is essential to regulating focal
adhesion assembly and disassembly. VCL interacts with many
focal adhesion proteins. Its interaction with F-actin regulates
motility, mechanotransduction, and adhesion dynamics at the
leading edge of motile cells. VCL recruitment stabilizes focal
adhesions by simultaneously binding to TLN and F-actin and
helps to mechanically reinforce the talin–actin linkage. Expres-
sion of a mutant form of VCL resulted in reduced motile forces
(29). Our demonstration of colocalization as well as a physical
interaction between PHIP and VCL suggest a docking function
for PHIP in the force transduction layer, providing a mechanism
by which it supports the cytoskeletal apparatus.

FAK and PXN are also important components of focal ad-
hesions, as focal adhesions containing ITGB1, FAK, and PXN
form in the protruding lamellipodia. FAK-mediated phosphor-
ylation of PXN is critical for focal adhesion turnover at the
leading edge of migrating cells (30). PXN proteolysis has been
shown to negatively regulate focal adhesion dynamics and cell
migration (31). An important feature of this study was PHIP’s
regulation of expression of several focal adhesion proteins, both
at the RNA and protein levels. The PHIP protein contains two
bromodomains, implicating it in chromatin remodeling (10,
32–35), thereby providing a potential mechanism by which PHIP
can regulate expression of these focal adhesion proteins.
A strong link between PHIP and adhesion dynamics was

demonstrated by the effects of the anti-PHIP shRNA on ZYX
and stress fibers. ZYX is a zinc-binding phosphoprotein that
concentrates at focal adhesions along the actin cytoskeleton,
thereby functioning as a key messenger in the signal transduction
pathway that mediates adhesion-stimulated changes in gene ex-
pression, resulting in the cytoskeletal organization of actin bun-
dles (36, 37). PHIP’s regulation of ZYX suggests not only that
the recruitment of ZYX along the actin filaments can be or-
chestrated by PHIP, but also indicates a more broad-based role
for PHIP in modulating the mechanotransduction signaling
cascade required for glioblastoma cell motility. Previously, it has
been shown that suppression of ZYX expression can result in
tumor regression by affecting cytoarchitecture and motility in
oral squamous cell carcinoma cells (38). The effects on stress
fiber organization observed here following PHIP targeting are
analogous to those described following ZYX targeting. Further,
live-cell imaging of ZYX-GFP–expressing glioblastoma cells
showed a profound disorganization of ZYX spikes and stress
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fibers following PHIP silencing, demonstrating an important role
for PHIP in regulating focal adhesion dynamics in glioblastoma
cells. As rapid actin polymerization is the major force that reg-
ulates cell shape and migration (39), the changes in the actin
cytoskeleton following PHIP silencing identify PHIP as a cell
adhesion effector protein that, by regulating the expression and
recruitment of focal adhesion proteins, can drive glioblastoma
cell migration and invasion. Intriguingly, PHIP’s ortholog in
Drosophila has also been implicated in migration (40), suggesting
the evolutionary conservation of PHIP’s role in regulation of
cell motility.
Beyond its impact on glioblastoma cell motility and invasion,

targeted suppression of PHIP also resulted in significant sup-
pression of glioblastoma proliferation. This was accompanied by
reduced expression of pAKT and CCND1, providing a pathway
by which PHIP promotes tumor cell proliferation. Further evi-
dence for a role for PHIP in glioblastoma progression was pro-
vided by the dramatic reductions observed in growth of U-251
cells following both s.c. and intracranial tumor cell implantation.
The in vivo suppression of glioblastoma growth was associated
with significantly reduced microvessel density, further supported
by reduced VEGF levels. Ample evidence exists to link IGF1R/
PI3K pathway activation to promotion of tumor angiogenesis
(41). Thus, PHIP promotes multiple hallmarks of glioblastoma
aggressiveness, including tumor cell motility and invasion, as well
as proliferative and angiogenic potential.
Taken together, our observations identify PHIP as a key

mediator of glioblastoma progression, as well as a rational
therapeutic target, given the identification of small molecule

inhibitors of PHIP (42). Our results were further supported by
analysis of PHIP levels in brain tissues, demonstrating high
PHIP expression only in glioblastomas, as opposed to normal
brain tissue or low-grade gliomas. Moreover, PHIP copy num-
ber was significantly different in the three molecular subtypes
of glioblastoma and was enriched in the classical subtype (3, 7).
Accordingly, there was a significant increase in PHIP copy
number in tumors with either elevated EGFR copy number or
expression. These studies using fresh frozen primary tumor
samples further demonstrate PHIP’s importance to glioblas-
toma pathophysiology and were supported by functional studies
assessing regulation of PHIP expression in a low-passage clas-
sical glioblastoma line. Furthermore, EGF stimulation of glio-
blastoma cells resulted in increased PHIP expression. Since
targeting of EGFR in glioblastoma patients has not yet dem-
onstrated a clinical benefit (43), our studies suggest the po-
tential therapeutic utility of cotargeting PHIP and EGFR.
Ultimately, whether PHIP targeting prolongs survival associ-
ated with glioblastoma awaits the further development of phar-
macological inhibitors of PHIP.
In conclusion, our results show important mechanistic roles

for PHIP in regulating tumor cell motility and invasion, pro-
cesses fundamental to the aggressive phenotype of glioblas-
toma. These functions are facilitated by PHIP copy number
elevations, as well as PHIP’s localization to the leading edge of
tumor cells, enabling its interaction with VCL and its activation
of the focal adhesion apparatus. These studies assign an im-
portant role to PHIP in regulating focal adhesion dynamics and
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identify PHIP as a rational therapeutic target to block the
lethal invasive progression of glioblastoma.

Materials and Methods
Experimental details and methods can be found in SI Appendix, including
sources of cell lines and cell culture conditions, assays of cell cycle, pro-
liferation, migration and invasion, transfections, construction of lentiviral
vectors and procedures for virus production, infection and generation of
stable transformants, and animal studies. Details of microscopy and image
processing for FISH, live-cell imaging and image analysis using AxioVision
software or ImageJ, and fixed-cell imaging and image analysis are described
in SI Appendix. Methods for Western blot, cytoplasmic and nuclear frac-
tionation, coimmunoprecipitation, qRT-PCR, ELISA, immunostaining of tissue

arrays, human phospho-kinase profiling, and statistics are also described in
SI Appendix.

Data Availability Statement. All data generated in this study are included in
the paper and SI Appendix.
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