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Glioblastoma is the most common primary intrinsic brain tumor and remains incurable despite maximal therapy. Glioblastomas
display cellular hierarchies with self-renewing glioma-initiating cells (GICs) at the apex. To discover new GIC targets, we used
in vivo delivery of phage display technology to screen for molecules selectively binding GICs that may be amenable for targeting.
Phage display leverages large, diverse peptide libraries to identify interactions with molecules in their native conformation. We
delivered a bacteriophage peptide library intravenously to a glioblastoma xenograft in vivo then derived GICs. Phage peptides
bound to GICs were analyzed for their corresponding proteins and ranked based on prognostic value, identifying VAV3, a Rho
guanine exchange factor involved tumor invasion, and CD97 (cluster of differentiation marker 97), an adhesion G-protein-
coupled-receptor upstream of Rho, as potentially enriched in GICs. We confirmed that both VAV3 and CD97 were preferentially
expressed by tumor cells expressing GIC markers. VAV3 expression correlated with increased activity of its downstream
mediator, Rac1 (ras-related C3 botulinum toxin substrate 1), in GICs. Furthermore, targeting VAV3 by ribonucleic acid
interference decreased GIC growth, migration, invasion and in vivo tumorigenesis. As CD97 is a cell surface protein, CD97
selection enriched for sphere formation, a surrogate of self-renewal. In silico analysis demonstrated VAV3 and CD97 are highly
expressed in tumors and inform poor survival and tumor grade, and more common with epidermal growth factor receptor
mutations. Finally, a VAV3 peptide sequence identified on phage display specifically internalized into GICs. These results show a
novel screening method for identifying oncogenic pathways preferentially activated within the tumor hierarchy, offering a new
strategy for developing glioblastoma therapies.
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Glioblastoma represents the most common primary brain
tumor with a median survival of 15 months despite maximal
surgical resection, chemoradiation and adjuvant temozolo-
mide treatment.1 Like many solid tumors, glioblastomas
display a cellular hierarchy with self-renewing cells that can
initiate secondary tumors that phenocopy the parental tumors
from which they were derived.2–4 Although the tumor-initiating
cell (TIC) hypothesis remains controversial because of
unresolved issues in TIC identification and characterization,5

these cells are functionally defined through secondary tumor
initiation in vivo.2–4 The significance of glioma-initiating cells
(GICs) is supported by observations that these cells are
relatively resistant to conventional therapies,6 preferentially
invade into normal brain7 and promote tumor angiogenesis.8

GICs express stem cell markers and undergo aberrant

differentiation in vivo to form heterogeneous tumors similar
to the tumors from which they were derived. The derivation of
GICs has proven to be complicated because glioblastoma is a
heterogeneous disease with extensive inter- and intratumoral
variability in genetics and transcriptional profiles.9 The
demonstration of a cellular hierarchy requires the ability to
prospectively enrich or deplete tumorigenic cells, leading to
substantial effort to identify cell surface markers or other
biomarkers that inform the cellular hierarchy. The first GIC
marker identified was CD133 (cluster of differentiation marker
133; Prominin-1) based on its expression on neural stem
cells,4 but – not surprisingly in this heterogeneous cancer –
CD133 is not universally informative for all tumors.10

Alternative GIC markers – CD44,11 CD15/SSEA-1,12

L1 cell adhesion molecule,13 CD49f/integrin a614 – have
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demonstrated utility but every marker is context dependent.
Many studies have failed to consider that these molecules
mediate interactions between a cell and its microenvironment,
so the removal of a cell from its native environment leads to
rapid loss of information. Based on this background, we
adapted phage display technology as a screening method for
the identification of GICs in vivo.

Originally developed as a method to study protein–ligand
interactions, phage display uses randomly generated deoxy-
ribonucleic acid (DNA) sequences to create highly diverse
(410)10 peptide libraries displayed on the surface of
filamentous phages.15 Phage display has identified novel
ligands and cell-specific markers on intact cells in their native
conformation and environment.16 Peptides identified by
phage display can form the basis of therapeutic or diagnostic
reagents.15 Previous discovery studies utilizing phage display
have mainly focused on targeting whole tumors or tissue types
via specific peptide binding.15–18 Here we describe phage
display as a method for identifying peptides that selectively
bind to a tumor cellular subset.

Results

In vivo phage display screen identifies a unique set of
peptide sequences specific to GICs. Along with others,
we have demonstrated that components of the tumor
microenvironment (hypoxia, restricted nutrition, acidic stress
and extracellular matrix) contribute to the maintenance of the
tumor cellular hierarchy.14,19,20 We therefore sought to
investigate potential molecular interactions in GICs within
the tumor microenvironment. As noted above, CD133 has
been extensively used in studies as a putative GIC
enrichment,4 with some conflicting results.10 However,
CD133 has proven informative to dichotomize secondary
tumor initiation and sphere formation in the tumor model we
selected for the current screen. To validate CD133 as a GIC
marker in our model, we enriched for CD133-positive cells
from primary human glioblastoma specimens and performed
functional assays for self-renewal, stem cell marker expres-
sion and tumor propagation.14,19–21 Upon tumor develop-
ment, the phage library was injected intravenously to permit
cellular phage binding in vivo (Figure 1a). After 24 h, the
tumor was dissected and dissociated after library injection.
Of note, phage display has been previously shown to remain
stable for this duration.17

To identify phages bound and internalized into GICs, cellular
fractions were isolated followed by sequencing to identify the
corresponding peptide. Thirty-two unique (non-identical) pep-
tides were identified (Supplementary Table 1). Querying these
candidate peptides with the National Center for Biotechnology
Information (NCBI) Basic Local Alignment Search Tool
(BLAST) (blast.ncbi.nlm.nih.gov), we identified the genes
containing peptide sequences that most closely matched those
of each phage. As peptide sequences can match more than
one protein, we interrogated tumors with RNA sequencing data
deposited as part of the glioblastoma TCGA and compared the
expression of isoform transcripts indicated by protein BLAST
analysis (Figure 1b). Normalized RNAseq reads indicated that
our top hit, SSQPFWS, is most likely associated with the VAV3
guanine exchange factor (Figure 1c). To prioritize the analysis

of identified targets, we used bioinformatic analysis with
associated survival information. We selected 10 published
annotated data sets of glioblastoma expression for which
survival correlation was available.22–31 As a result of different
expression profiling platforms, not all databases contained all
genes for an associated peptide sequence. Owing to its
breadth and high number of tumors analyzed, the
REMBRANDT database was given significant weight. The
top 15 targets are shown in Figure 1d. Several targets or related
family members have been previously associated with cancer,
including VAV3, CD97 (TM7LN1), ataxin 2-like protein
(ATXN2L), ras-related protein 31 (RAB31) and ubiquitin-
associated protein (UBAP2). These results suggest that
in vivo phage display using patient-derived glioma xenografts
can inform cancer target identification.

VAV3 is expressed more highly in GICs. Phage display
peptide sequences bind to presented molecules. The targets
identified in our screen represent potential binding partners
(i.e., ligands) of possible primary GIC targets, not the actual
receptors on the cell surface. Therefore, these molecules
require direct validation to determine a potential direct
relationship to GICs. We initially chose to primarily focus on
VAV3 due its strong negative correlation with patient survival
and frequent expression in cancers, including prostate
cancer32 and glioblastoma.33,34 In five of eight glioma
expression databases, elevated VAV3 expression informed
statistically significant poor prognosis. VAV3 serves as a
guanine exchange factor to activate the Rho GTPase
pathway to promote invasion, proliferation and survival.35

Using patient-derived xenografts (08-387 and 4121), we
immunofluorescently stained for VAV3 with putative GIC
markers, (sex determining region y)-box 2 (Sox2) and
oligodendrocyte lineage transcription factor 2 (Olig2)
(Figures 2a–d). VAV3 was consistently present in the
cytoplasm of glioma cells that co-expressed Olig2 and
Sox2, consistent with its expression in GICs.

To further ascertain relative expression levels of VAV3
within GICs as compared with matched, non-GICs, we
derived populations that enriched or depleted for cells that
expressed stem cell markers, formed spheres by in vitro
limiting dilution and were tumorigenic in vivo by limiting dilution
as previously described.14,19–21 We then measured VAV3
gene transcript levels using quantitative real-time polymeriza-
tion chain reaction (qRT-PCR). VAV3 was expressed more in
GICs than non-GICs (Figure 2e), which was also demon-
strated at the protein level by immunoblotting (Figure 2f).

VAV3 knockdown in GICs in vitro reduces cell growth,
tumor sphere formation and migration. To interrogate the
functional role of VAV3 in GICs, two non-overlapping short
hairpin ribonucleic acid (shRNA) sequences were used to
knockdown VAV3. Knockdown of VAV3 expression was
confirmed at the mRNA level by qRT-PCR (Figure 3a) and
protein level by immunoblotting (Figure 3b). VAV3 was
critical to GIC growth as VAV3 knockdown significantly
reduced cell growth beginning 5 days after knockdown
(Figure 3c). Furthermore, VAV3 shRNAs also impaired
tumorsphere formation by in vitro limiting dilution assay
(Figure 3d).
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Figure 1 In vivo phage display identifies GIC-specific peptide sequences. (a) Schematic diagram of in vivo phage display methodology. Freshly dissociated xenografted
human glioblastoma cells were subcutaneously implanted into the flank of BALB/c-nu mice. Mice bearing tumors were injected with the phage library through the tail vein. GICs
were purified from tumor and bound phages were isolated and sequenced. (b) Peptide sequences obtained using phage display and their corresponding genes were
determined by the NCBI BLAST Search function (blast.ncbi.nlm.nih.gov). Analysis of TCGA RNAseq data reveals VAV3 as the most likely phage target for the sequence
SSQPFWS. Log scale expression of 73 602 assembled isoform transcripts from TCGA RNA sequencing data were ordered by mean expression of 169 patient tumors with
available data. The top scoring sequences by protein BLAST analysis are indicated. (c) Mean number of normalized RNAseq reads, representing expression, of indicated
targets identified by protein BLAST is displayed for the sequence SSQPFWS. Both analyses indicate that VAV3 has markedly higher expression in patient glioblastomas than
any other potential target. (d) The number of significant prognostic data sets indicates the number of data sets within Oncomine with a statistically significant prognostic
survival association with the associated gene (i.e., increased gene expression is associated with significantly decreased survival). Identified genes were then queried in the
Rembrandt database to determine the median survival (in months) associated with low versus high expression of the respective gene as well as the statistical significance
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VAV3 stimulates RhoG-mediated formation of lamelli-
podia and invadopodia to increase to tumor invasion and
migration.36 Therefore, we tested the hypothesis that VAV3
contributes to the invasive and migratory properties of GICs
by performing a wound-healing assay. Using time-lapse
microscopy, we determined that VAV3 knockdown decreased
GIC migration by over twofold (Figures 3e and f). Further,
VAV3 knockdown decreased the invasion rate in a Matrigel
Boyden Chamber by at least fivefold compared with controls
in two tumor models (Figures 3g and h).

VAV3 knockdown in GICs delays in vivo tumor
development and prolongs survival. As the tumor micro-
environment strongly regulates GIC maintenance and tumor

growth, we investigated VAV3 function in GICs in vivo. GICs
isolated from two different human specimens were trans-
duced with non-targeting (NT) shRNA or VAV3 shRNA then
implanted into the brains of immunocompromised mice. Mice
that received GICs with VAV3 knockdown lived longer
compared with mice injected with control GICs (Figures 4a
and b). In a parallel cohort of mice, we harvested tumor-
bearing brains when the first mouse displayed neurologic
signs indicating tumor development. Mice that received NT
shRNA developed large intracranial tumors whereas those
that received GICs transduced with VAV3 shRNA had no
detectable tumors (Figures 4c and d). We also monitored
intracranial tumor growth during weeks 3–5 using biolumi-
nescent tumor cells. We found more rapid growth and larger
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Phage display identifies novel GIC targets
JK Liu et al

1328

Cell Death and Differentiation



08-387 LDA

Non-targeting shRNA

VAV3 shRNA1

VAV3 shRNA2

15

20

a

08-387

Days

A
T

P
 X

10
^-

7 
M

10

5

0

A
T

P
 X

10
^-

7 
M

4

Non-targeting shRNA

VAV3 shRNA1

VAV3 shRNA2

Days

6

8
4121

0
21 43 65 87 9 8 921 43 65 7

2*** ***

C
el

l M
rig

ra
tio

n 
(P

ix
el

s)

C
el

l M
rig

ra
tio

n 
(P

ix
el

s)

e

NT VAV3
shRNA1

VAV3
shRNA2

0 
ho

ur
s

24
 h

ou
rs

f

NT
VAV3

shRNA1
VAV3

shRNA2
NT VAV3

shRNA1
VAV3

shRNA2

0

5

10

15

20

***

***

0

2

4

6

**

***

0

100

200

300

400

***

***
0

20

40

60

80

100

******

A
ve

ra
ge

 In
va

si
on

 R
at

e 
(c

el
ls

/fi
el

d)

NT VAV3
shRNA1

VAV3
shRNA2

NT VAV3
shRNA1

VAV3
shRNA2

g h

NT
VAV3

shRNA1
VAV3

shRNA2

08
-3

87
41

21

A
ve

ra
ge

 In
va

si
on

 R
at

e 
(c

el
ls

/fi
el

d)

c

R
el

at
iv

e 
G

en
e 

E
xp

re
ss

io
n

0

0.5

1.0

1.5

R
el

at
iv

e 
G

en
e 

E
xp

re
ss

io
n

0

0.5

1.0

1.5

***

******
**

NT VAV3
shRNA1

VAV3
shRNA2

NT VAV3
shRNA1

VAV3
shRNA2

08-387 4121

08-387 4121

08-387 Cell Migration

08-387 4121

β-actin

08-387 4121

NT VAV3
shRNA1

VAV3
shRNA2

NT
VAV3

shRNA1
VAV3

shRNA2

VAV3

GIC Cell Invasion

****

***
***

b

0 20 40 60 80 100

−1.5

−2.5

−2.0

−1.0

−0.5

0.0

number of cells
lo

g 
fr

ac
tio

n 
no

nr
es

po
nd

in
g

NT shRNA
VAV3 shRNA2

d

Figure 3 VAV3 is necessary for GIC growth, migration and invasion. VAV3 knockdown in GICs using two non-overlapping shRNA constructs results in decreased VAV3
mRNA expression quantified by qRT-PCR (a) and protein expression measured by immunoblot (b). VAV3 shRNA transduced into GICs caused decreased growth assessed
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and representative images of 08-387 GICs at 0 and 24 h (f), as well as decreased numbers of invading GICs (g and h). *P¼ 0.05; **P¼ 0.002; ***P¼ 0.0001
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tumors among those mice that received tumor cells treated
with NT shRNA relative to those with VAV3 knockdown
(Figures 4e–g). Collectively, these results indicate that VAV3
contributes to in vivo GIC tumor growth.

Elevated VAV3 expression is associated with poor
glioblastoma prognosis. To further dissect the clinical
significance of VAV3 in glioblastoma, we interrogated several
databases. A strong caveat of these studies is that these
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Figure 5 Bioinformatic analysis reveals VAV3 expression correlates with clinically relevant properties of glioma. (a) Analysis of VAV3 expression and genetic copy number
variation. Tumors with high VAV3 expression are more likely to be of the classical subtype, and more likely to have alterations in EGFR, CDKN2A or QKI. VAV3 high tumors
are also less likely to have alterations in RB1, PIK3CA, KIT or PDGFRA. Red indicates high expression of VAV3 (top row) or copy number amplification (bottom rows), whereas
blue indicates low expression of VAV3 (top row) or copy number loss (bottom rows). (b) Analysis of VAV3 expression and genetic mutation indicates that VAV3 high tumors
(red) are more likely to have mutations (indicated in green) in EGFR. Conversely, VAV3 low tumors (blue) are more likely to have mutations in TP53, ATRX, IDH1 and
phosphatase and tensin homolog. These results suggest that VAV3 expression is associated with the classical glioblastoma subtype, thereby potentially allowing for more
effective anti-VAV3 treatment in a specific subset of patients. (c–f) VAV3 has a statistically significantly greater expression in glioblastoma versus non-malignant brain (c), in
glioblastoma versus WHO grade III glioma (d), in glioblastoma versus other brain tumor histology (e) and in recurrent versus primary glioblastoma (f). Among patients with
glioblastoma, high expression of VAV3 was associated with significantly shorter survival as compared with low expression as seen in Murat (g), Freije (h), Phillips (i),
REMBRANDT (j) and TCGA data sets (k). Within the TCGA subgroups, VAV3 expression correlated with survival in mesenchymal (l) and proneural (n), but not classical (m)
patients
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data sets use a bulk tumor analysis that contains a mixture of
GICs, non-GICs and stromal elements. Therefore, the
expression of any gene is likely complicated in its association
with GIC biology. Utilizing bioinformatics databases from

TCGA, REMBRANDT and Oncomine, we correlated VAV3
expression and copy number alterations (Figure 5a), com-
mon mutations (Figure 5b), tumor type, grade or recurrence
(Figures 5c–f), and patient survival (Figures 5g–n).
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Glioblastoma has recently been classified into four sub-
groups by expression profiling: proneural, neural, classical
and mesenchymal.37 The proneural subgroup has been
further subdivided into the glioma-CpG island methylator
phenotype (G-CIMP) associated with mutations of isocitrate
dehydrogenase 1 (IDH1) versus IDH1 wild type.38 VAV3
displayed an extremely strong association with the classical
subtype (P¼ 10� 43) with lower association with mesen-
chymal tumors and the weakest with G-CIMP tumors. We
consulted the gene expression signatures published used to
delineated the classical subtype and found that VAV3 was a
member of the signature.37 Based on this finding, we were
not surprised to find that VAV3 expression strongly corre-
lated with epidermal growth factor receptor (EGFR) copy
number and mutation as these are hallmarks of the classical
subtype.37 Higher VAV3 expression was significantly asso-
ciated EGFR amplification (Po0.001), CDKN2A amplifica-
tion (Po0.001) and EGFR mutations (P¼ 0.048). VAV3
expression was anti-correlated with mutations common in
proneural tumors (IDH1, tumor protein 53 gene (TP53) and
alpha thalassemia/mental retardation syndrome x-linked
(ATRX)). In addition, high VAV3 expression displayed a
trend toward increased probability of neurofibromatosis type
1 mutations (P¼ 0.065). These results suggest that VAV3
may function most strongly in classical glioblastomas,
thereby informing the precise application of anti-VAV3
treatment in a specific subset of patients.

Further analysis demonstrates that VAV3 has greater
expression in glioblastoma versus non-malignant brain
(Figure 5c), in higher tumor grade (Figure 5d) and in
glioblastoma versus other glioma histologies (Figure 5e).
VAV3 has higher expression in recurrent glioblastoma
compared with primary glioblastoma (Figure 5f). To further
examine the correlation of VAV3 expression with patient
outcome, we generated Kaplan–Meier survival curves from
additional data sets.23,28,29,31 Consistently, high VAV3
expression was associated with significantly shorter survival
(Figures 5g–k). To determine if VAV3 was more closely
associated with prognosis in one of the Verhaak TCGA
classified glioblastoma subtypes,37 we segregated the data
and found that while VAV3 was significantly associated with
survival in the proneural and mesenchymal subtypes (Figures
5l and n). As VAV3 expression is used to classify tumors in the
classical subtype,37 all classical tumors have relatively high
expression so no significant association occurred in the
classical subtype (Figure 5m). Furthermore, among the VAV
family only VAV3 expression was found to have a significant
association with survival, whereas VAV1 and VAV2 did not
(data not shown).

CD97 is expressed more highly in GICs and enriches for
cells with GIC properties. To determine if any other targets
found on our screen could be functionally important, we
interrogated the TCGA database and performed a correlative
analysis expression between targets in individual tumors
(Figure 6a). Only three correlations were found to have an
R-value of 40.5 (VAV3-CD97, POGZ-UBAP2 and POGZ-
HNRNPU). VAV3 and CD97 accounted for two of the top
three targets found on our screen that correlated with poor
patient prognosis (Figure 6b). The correlative levels of CD97

and VAV3 were strongly associated with glioblastoma subgroup
(classical4mesenchymal4neural4proneural4G-CIMP). Like
VAV3, CD97 is a component of the classical glioblastoma gene
expression.37 The co-expression of CD97 and VAV3 also
informs poor prognosis (Figure 6c).

CD97 (TM7LN1) is an adhesion G-protein-coupled receptor
commonly expressed in hematopoietic cells and smooth
muscle.39 Like VAV3, CD97 also activates the RhoGTPase
pathway.39 CD97 has been recently shown to promote
migration and invasion in glioblastoma.40,41 To confirm that
CD97 was expressed in xenograft glioblastoma tissue and
preferentially expressed within the GICs, we performed
immunofluorescent staining on a xenografted tumor speci-
men. CD97 co-stained with the GIC marker, Sox2, in
glioblastoma specimens (Figure 6d). To further ascertain
relative expression levels, we performed immunofluorescent
staining of CD97 on GICs as compared with matched non-
GICs. In two tumor specimens (08-387 and 4121), we found
substantially greater CD97 expression in the GICs (data not
shown). These data suggest that CD97 is found in glio-
blastomas localized preferentially within the GIC population.

CD97 is a cell surface protein permitting its potential use as
a selection marker. We therefore interrogated CD97 as a
potential method to enrich for sphere formation using four
different patient-derived glioblastoma xenografts. In each of
the models, cells CD97-positive displayed increased sphere
formation (Figure 6e). These results further strengthened the
utility of our original screen.

CD97 is associated with the classical glioblastoma
subtype and poor patient prognosis. To determine the
clinical significance of CD97, we performed a bioinformatics
analysis (Figure 7). Like VAV3, CD97 strongly associates
with the classical glioblastoma subtype and inversely with
G-CIMP tumors. CD97 tumors are associated with increased
EGFR and reduced CDKN2A in copy number (Figure 7a)
with EGFR mutations similarly associated (Figure 7b). Owing
to its anti-correlation with G-CIMP, tumors with high CD97
expression are less likely to have TP53, IDH1 or ATRX
mutations (Figure 7b). CD97 is overexpressed in glio-
blastoma relative to normal brain (Figure 7c) and increases
with tumor grade and astrocytic histology (Figures 7d and e).
No difference with recurrent tumors is noted (Figure 7f).
CD97 is associated with poor patient outcome, with very
strong correlation in proneural glioblastoma, but not as
consistently as VAV3 (Figures 7g–n). Collectively, these data
support a clinical importance to CD97 in glioblastoma.

Phage display peptide sequence identifies functional
GICs. Phage display peptide sequences have been used as
discovery tools and also can be used directly as tools for
diagnosis and therapy.15,17,18,42 Although bound phage
peptide sequences can be traditional extracellular ligands,
phage particles can also bind and internalize; thus, making
possible identification of intracellular binding proteins to cell
surface receptors. To determine the location of interaction as
VAV3 is predominantly localized in the cytoplasm, we
performed flow cytometric analysis of non-permeabilized
GICs and detected binding of an anti-VAV3 antibody
compared with an isotype control (data not shown),
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suggesting that VAV3 is at least transiently present on the
cell surface. As VAV3 appears as a promising target, we
investigated the utility of the identified VAV3 peptide as tool
in GIC identification. In the first set of studies, we used

functionally validated matched GIC and non-GIC cultures
from two tumor models to determine peptide internalization.
In both these models, the fluorescently labeled VAV3 peptide
identified on phage display was internalized into GICs with
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minimal internalization into non-GICs (Figures 8a–d), sug-
gesting a high specificity of the VAV3 peptide. Based on
these results, we investigated the potential of the VAV3

peptide to identify GICs. We exposed bulk, unsorted glioma
cultures from three tumors to the fluorescently labeled VAV3
peptide then sorted two populations using fluorescence-activated
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cell sorting (FACS) based on peptide internalization.
Consistent with GIC functions, cells with VAV3 peptide
internalization were significantly more likely to form spheres
(Figure 8e). Thus, our initial phage display not only informs
target discovery but also directly provides tools that may be
leveraged for GIC identification.

Discussion

The limited efficacy of cytotoxic agents (ionizing radiation and
chemotherapy) and failure of targeted therapeutics for the
treatment of glioblastoma has prompted the development of
agents that target highly resistant GIC populations. Based on
the similarities between TICs and normal stem cells (embryo-
nic and tissue-specific), TIC-targeting agents have focused on
core stem cell regulatory pathways: Notch, hedgehog, wnt,
phosphoinositide 3-OH kinase.43 In some cancer types, anti-
TIC agents have demonstrated efficacy in early clinical trials,
albeit with resistance and toxicity.44 Along with others, we
have envisioned the identification of novel TIC molecular
targets with limited dependence in normal cells. For example,
we recently reported that GICs are dependent on inducible
nitric oxide synthase (iNOS, NOS2) but iNOS is dispensable
for normal cells.21 Screens for GIC regulators have included
gene expression profiling, chemical screens or RNA inter-
ference.45–47 Recently, we reported the use of cell-based
aptamer screening to identify several aptamers that selec-
tively identify self-renewing, tumorigenic cells.48 Methods for
identifying and subsequent targeting of target molecules are
limited by cost, relatively small numbers of pre-determined
antigen targets, and limited utility in cells and tissues in their
native state. As the critical interactions between GICs and
their microenvironment support the use of in vivo screens,
here we demonstrate in vivo phage display identification of
peptide sequences that bind to molecules and pathways
specific to GICs. Our screening method identified known
markers of GICs, including Olig2.49 As GICs have been
identified as potentially invasive into normal brain, we also
identified prominent regulation of mediators of cell invasion,
including VAV3, CD97 and Rac1.

Phage display informs the identification of peptides that
bind to specific targets, that is, potential ligands. In our screen,
we identified two potentially useful targets that both regulate
invasion. GIC models have demonstrated in vivo tumor cell
invasion in contrast to standard cell lines, suggesting that
GICs or their progeny contribute to the invasion of glioma into
normal brain. To date, the direct molecular link between tumor
invasion and GIC survival has not been evident so our studies
have a potential to inform such interaction. In a recent report,

we found that the platelet-derived growth factor receptor-b
(PDGFRb) is specifically expressed by GICs and regulates
invasion through signal transducer and activator of transcrip-
tion 3 (STAT3) activity.50 This study suggests that Rac1 may
be another key signaling node. Further studies will directly
address the utility of targeting Rac1 that may integrate several
upstream pathways similar to the role of STAT3 integrating
upstream kinase activity from growth factor receptors
(EGFR,51 and PDGFRb),50 cytokine receptors (interleukin-6
receptor)52 and non-receptor tyrosine kinases (bone marrow
X-liked kinase)53 that can substitute for one another when a
single pathway is disrupted.

No clear link between the expression of VAV3 or CD97 and
the tumor hierarchy has been previously described but reports
have suggested that both may mediate invasion in
glioma,34,40,41 yet the mechanisms remain unclear. CD97
binds and amplifies the activity of the LPA receptor54 as well
as the decay-accelerating factor (CD55),55 a regulator of
complement activity. Unlike VAV3, CD97 is a direct cell
surface protein supporting its potential utility in prospective
studies of GICs. As CD97 expression has been linked to other
cancer types, including thyroid, breast, gastric, and ovarian
cancers, suggesting that CD97 may be useful to investigate in
TICs of other tumor types.

One challenge in the use of phage display in discovery is
that it generally identifies ligands for the proteins that are the
direct targets of binding. Although VAV3 and CD97 appear to
be strongly linked to GICs by preferential expression and
function, our findings may represent only an initial discovery
as further studies will be required to identify the direct target of
binding on GICs that could serve as TIC selection markers.
Consideration of prior molecular links may be informative in
these future directions. VAV3 binds to several targets as
noted above, including IQGAP, which has already been
reported as a specific GIC target.56 Other potential targets
include growth factor receptors, several of which promote the
growth of GICs. Interacting partners of CD97 are less certain
and may involve the integration of inflammatory signals (LPA
or complement). As NF-kB (nuclear factor kappa-light-chain-
enhancer of activated B cells) has been linked to maintenance
of GICs,57 our studies may provide novel upstream signals
that contribute to the activation of this critical pathway.

It is useful to note that many studies in stem cell biology
stress the cell autonomous aspects of stem and progenitor
cells, but all cells in a multicellular organism are responsive to
their environment.58 Stem cells actively maintain tissues
undergoing continuous turnover, for example, the intestine, or
serve as a reserve population responsive to injury. The core
stem cell regulator pathways permit readout of a cellular

Figure 7 Bioinformatic analysis reveals CD97 expression correlates with clinically relevant properties of glioma and alterations associated with VAV3 expression.
(a) Analysis of CD97 expression and genetic copy number variation. Tumors with high CD97 expression are more likely to be classical glioblastoma subtype, and more likely to
have alterations in EGFR, CDKN2A or QKI. CD97 high tumors are also less likely to have alterations in RB1, KIT or PDGFRA. Red indicates high expression of CD97 (top row)
or copy number amplification (bottom rows), whereas blue indicates low expression of CD97 (top row) or copy number loss (bottom rows). (b) Analysis of CD97 expression and
genetic mutation indicates that CD97 high tumors (red) are more likely to have mutations (indicated in green) in EGFR. Conversely, CD97 low tumors (blue) are more likely to
have mutations in TP53, ATRX and IDH1. These results are consistent with both increased CD97 expression in classical subtype tumors and are similar to alterations found in
VAV3 high-expression tumors. (c–f) CD97 was found to have statistically significantly greater expression in glioblastoma versus non-malignant brain (c), in glioblastoma
versus WHO grade III glioma (d) and in glioblastoma versus other brain tumor histology (e); however, there was no association with CD97 in recurrent versus primary
glioblastoma (f). Among patients with glioblastoma, high expression of CD97 was associated with significantly shorter survival as compared with low expression as seen in
Freije (h), Phillips (i), REMBRANDT (j) and TCGA data sets (k); however, the analysis did not reach significance in Murat (g) data set. Within the TCGA subgroups, CD97
expression correlated with survival in classical (m) and proneural (n), but not mesenchymal (l) patients
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context. Although tumors act as selfish organ systems, they
generally retain features of the tissues from which they were
derived, including cellular hierarchies. In particular, tumors will
often display common aspects to one another in low oxygen,
nutrients and pH with each of these environmental cues

stimulating a stem cell-like state. These observations raise a
critical need for target screens to be performed in vivo to
maximize the potential for a positive and selective result in the
tumor milieu. We leveraged one system to identify targets that
were preferentially expressed in the stem-like tumor cells and
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contributed to their growth and invasion, while also being
linked to poor patient outcome. Early studies suggest that the
peptide sequences may also be used for the identification and
perhaps selective targeting of TICs, but these studies await
further development. The identification of GIC regulators of
invasion may be particularly useful as the invasive front is
often resistant to conventional therapies and contributes to
residual disease after surgical resection. In conclusion, the
development of advanced molecular discovery techniques
with improved tumor models may enrich for molecular targets
with greater impact.

Materials and Methods
Isolation and culture of cells. Glioblastoma tissues were obtained from
excess surgical materials from patients at the Cleveland Clinic after review from a
neuropathologist in accordance with an approved protocol by the Institutional
Review Board. To prevent culture-induced drift, patient-derived xenografts were
generated and maintained as a source of tumor cells for study.6,14,19,21,48 GICs
and non-GICs were derived immediately after dissociation or after transient
xenograft passage in immunocompromised mice using prospective sorting
followed by assays to confirm stem cell marker expression, sphere formation
and secondary tumor initiation.6,14,19,21,48 In the models used in these studies,
CD133 has previously identified functional GICs. Therefore, in experiments with
matched GIC or non-GIC cultures, we segregated CD133 marker-positive and
marker-negative populations using CD133/2-APC-conjugated antibody (293C3,
Miltenyi Biotech, Auburn, CA, USA) by magnetic bead separation, as previously
described.6,14,19,21,48 The GIC phenotype of these cells was validated by stem cell
marker expression (CD133, Olig2, Sox2), self-renewal (serial tumorsphere
passage) and tumor propagation.14,19,21,48

In vivo biopanning of phage library. The Ph.D. � 7 Phage Display
Peptide Library Kit (New England BioLabs, Ipswich, MA, USA) was used to
complete these experiments. Methods were completed as per the manufacturer’s
protocol. To adapt phage display into an in vivo tumor, we selected a flank tumor
model to permit the recovery of a large number relatively pure tumor cells. Bulk
glioblastoma cells were implanted into the flanks of BALB/c nu/nu mice under a
Cleveland Clinic Foundation Institutional Animal Care and Use Committee
approved protocol as previously described.6,14,19,21,48 The flank tumor grew until it
reached 1 cm in diameter, then the phage display library was injected via the tail
vein of the mouse and allowed to circulate and bind to cellular targets for 24 h. The
tumor was then harvested, dissociated and separated into GICs and non-GICs as
described above. Tumor cells exposed to phage in vivo were then lysed to allow
for isolation and purification of phage that had been internalized. Collected phages
were transduced into E. coli and grown overnight to allow phage amplification.
Transduced bacteria were placed on an Xgal/IPTG plate, and bacterial plaques
that were successfully transduced appeared blue because of the lacZ-alpha gene
in the phages. Plaques containing the phage genome were then sequenced to
identify the phage peptide.

Immunofluorescent staining. Cells or 10mm thick slices of xenografted
brain tissue were fixed in 4% paraformaldehyde and immunolabeled
using the following antibodies: VAV3 (Millipore, Billerica, CA, USA), CD97
(Santa Cruz Biotechnology, Dallas, TX, USA), Olig2 (R&D Systems, Minneapolis,
MN, USA) and Sox2 (R&D Systems). Primary antibodies were incubated
overnight at 4 1C, followed by species appropriate secondary antibodies (Alexa
488 and 568; Invitrogen Molecular Probes, Eugene, OR, USA) with incubation for
1 h. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI), and slides
were then mounted using Fluoromount (Calbiochem, San Diego, CA, USA).
Images were taken using a Leica DM4000 Upright microscopy (Leica,
Buffalo Grove, IL, USA).

Fluorescent peptide staining/sorting. Cells were treated with the
fluorescent-tagged (5-fluorogen activating protein (Fap)) peptide SSQPFWS that
corresponds to the VAV3 protein. In all, 1 mg/ml of peptide was incubated with GICs or
non-GICs for 15 min at 37 1C, and then washed 3–5 times with PBS. Cells were either
fixed with paraformaldehyde and the nuclei counterstained with DAPI, or sorted by
FACS and functionally assayed for neurosphere formation by limiting dilution.

Vectors and lentiviral transfection. Lentiviral clones to express shRNA
against VAV3 (shRNA1 sequence—50-CCGGCCAGTAGATTATTCTTGCCAACTC
GAGTTGGCAAGAATAATCTACTGGTTTTTG-30 and shRNA2 sequence—50-CCGGC
GAAGTTGTTGTCTAGCAGAACTCGAGTTCTGCTAGACAACAACTTCGTTTTTG-30) or
an NT shRNA (SHC002) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
The NT vector contains an shRNA insert that does not target human or mouse genes,
serving as a negative control for off-target effects in experiments. Two of the five
VAV3 shRNAs with non-overlapping sequences that had the best relative knockdown
efficiency were used for all experiments. Lentiviral particles were generated in 293T
cells with the pPACK set of helper plasmids (System Biosciences, Mountain View,
CA, USA) in stem cell medium. Viral stocks were concentrated via precipitation using
the PEG-8000, and then subsequently titered using the manufacturer’s protocol.

Quantitative RT-PCR. Total cellular RNA was isolated using the RNeasy kit
(Qiagen, Venlo, The Netherlands) and reverse transcribed into cDNA using the
SuperScript III Reverse Transcription kit (Invitrogen, Carlsbad, CA, USA).
Quantitative reverse transcription PCR was performed per the manufacturer’s
protocol on an Applied Biosystems 7900HT cycler using SYBR Green Master mix
(SA Biosciences, Valencia, CA, USA) and gene-specific primers as follows: b-actin
forward (50-AGAAAATCTGGCACCACACC-30) and reverse (50-AGAGGCGTA
CAGGGATAGCA-30), VAV3 forward (50-ACAAGGAGCCAGAACATTCAG-30) and
reverse (50-TTGCACAGAAGTCATACCGAG-30).

Western blotting. Cells were collected and lysed in hypotonic buffer with
nonionic detergent (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40, 50 mM NaF
with protease inhibitors), incubated on ice for 15 min and cleared by centrifugation at
10 000 g at 4 1C for 10 min. Protein concentration was determined using the Bradford
assay (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein were
mixed with reducing Laemmli loading buffer, boiled and electrophoresed on NuPAGE
Gels (Invitrogen), then transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore). Blocking was performed for 30 min with 5% nonfat dry milk in tris-buffered
saline and Tween 20 and blotting performed with primary antibodies for 16 h at 4 1C.
Antibodies included rabbit monoclonal anti-VAV3 (Millipore, cat # 07-464) and goat
polyclonal anti-Olig2 (R&D Systems, cat # AF2418).

Rac1 activation assay. Cells were cultured in adherent conditions overnight
followed by lysis on ice using an Mg2þ lysis/wash buffer. Pull-down of the
activated Rac1 was performed using the Rac/cdc42 Assay Reagent according to
the manufacturer’s protocol (Millipore, cat # 17-441). After collecting the agarose
beads, and resuspended in reducing buffer, samples were then loaded into
polyacrylamide gels for electrophoresis and transferred to PVDF membranes. The
membranes were blocked with 3% nonfat dry milk in PBS and incubated with 1mg/ml
of anti-Rac1 antibody overnight at 4 1 C. Secondary antibody used was a goat
anti-mouse horseradish peroxidase-conjugated IgG.

Proliferation and neurosphere formation assay. Cell proliferation
assay using Cell-Titer Glow (Promega, Madison, WI, USA) and neurosphere
formation were measured as previously described.14,19,21

Wound assay. To assess cellular migration, monolayer wound-healing assay
was performed as previously described.59 Briefly, GIC cells were transfected with
VAV3 shRNA1, VAV3 shRNA2 or NT control shRNA. Cells were plated as a
confluent monolayer over a strip of polydimethylsiloxane. On removing the strip, it
creates a virgin surface over which the cells are able to migrate. Cells were
monitored for 24 h using time-lapse microscopy.

Invasion assay. To determine the invasiveness of GICs, we used BD BioCoat
Matrigel invasion chambers (BD Biosciences, Franklin Lakes, NJ, USA). GICs were
transduced with VAV3 shRNA1, VAV3 shRNA2 or NT control shRNA 48 h before
analysis. Before use, the invasion chambers were rehydrated using neurobasal
media (without any growth factors) for 2 h at 37 1C. Cells were then transferred to
the invasion chamber (50 000 cells per well). Cells were allowed to invade through
the Matrigel for 36–48 h toward neurobasal media supplemented with growth factors
(epidermal growth factor and fibroblast growth factor). Chambers were then fixed in
4% paraformaldehyde for 15 min, stained with crystal violet dye and washed in PBS.
Cells were counted using an AMG EVOS XL microscope (Life Technologies, Grand
Island, NY, USA).

In vitro limiting dilution assay. For in vitro limiting dilution assays, cells
were sorted by FACS with decreasing numbers of cells per well (20, 10, 5 and 1)
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plated in 96-well plates. Extreme limiting dilution analysis was performed using
software available at http://bioinf.wehi.edu.au/software/elda, as previously described.60

Intracranial tumor formation in vivo. GICs were transduced with
lentiviral vectors expressing VAV3 or a NT control shRNA for the knockdown
experiments. Following puromycin selection, 1000 cells were engrafted
intracranially into BALB/c nu/nu mice under a Cleveland Clinic Foundation
Institutional Animal Care and Use Committee approved protocol. Animals were
then maintained until neurological signs were apparent, then killed. The brains
were harvested and fixed in 4% formaldehyde, cryopreserved in 30% sucrose, and
then cryosectioned. Sections were stained with hematoxylin and eosin. In parallel
survival experiments, animals were monitored until they developed neurological
signs.

Bioinformatic analysis of VAV3 expression in human gliomas.
Multiple, independent brain tumor microarray databases annotated with patient
survival were used to correlate survival and VAV3 gene expression in malignant
glioma biopsies, including the Cancer Genome Atlas (TCGA, cancergenome.
nih.gov),22 National Cancer Institute’s Repository for Molecular Brain Neoplasia
Data23 (REMBRANDT, https://caintegrator.nci.nih.gov/rembrandt/) as well as
Oncomine22,24–31 (https://www.oncomine.org). Within REMBRANDT, the cutoff
for upregulation of gene expression was defined as expression that is 42-fold
relative to the mean value in normal tissue, whereas gene downregulation was
defined as expression o0.5-fold relative to the mean expression. For correlations
between genes, TCGA data were downloaded and analyzed using R
(www.r-project.org). Pairwise correlation analysis of targets was performed using
TCGA data (accessed at https://tcga-data.nci.nih.gov/tcga/ tcgaHome2.jsp) in R
software (https://www.R-project.org/). The function ggpairs, available through the
GGally package, was utilized to generate plots and determine pairwise correlation
coefficients (http://CRAN.R-project.org/package=GGally).

Statistical analysis. All grouped data are presented as mean±S.D.
Differences between groups were assessed by Student’s t-test or analysis of
variance using GraphPadInStat software (GraphPad Software, La Jolla, CA, USA).
Kaplan–Meier curves were generated and log-rank analysis was performed using
MedCalc software (Ostend, Belgium). *Po0.05; **Po0.01; ***Po0.001.
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