
Development of a Sox2 reporter system modeling cellular
heterogeneity in glioma

Kevin Stoltz, Maksim Sinyuk, James S. Hale, Qiulian Wu, Balint Otvos, Kiera Walker, Amit Vasanji, Jeremy N. Rich,
Anita B. Hjelmeland, and Justin D. Lathia

Department of Cellular and Molecular Medicine, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, Ohio (K.S., M.S.,
J.S.H., B.O., J.D.L.); Department of Stem Cell Biology and Regenerative Medicine, Lerner Research Institute, Cleveland Clinic
Foundation, Cleveland, Ohio (Q.W., J.N.R.); Department of Biological, Geological, and Environmental Sciences, Cleveland State
University, Cleveland, Ohio (M.S., J.D.L.); Department of Cell, Developmental and Integrative Biology, University of Alabama at
Birmingham School of Medicine, Birmingham, Alabama (K.W., A.B.H.); Image I.Q., Cleveland, Ohio (A.V.); Case Comprehensive Cancer
Center, Cleveland, Ohio (J.N.R., J.D.L.)

Corresponding Authors: Justin D. Lathia, PhD, Department of Cellular and Molecular Medicine, Lerner Research Institute, Cleveland Clinic
Foundation, 9500 Euclid Ave, NC 10, Cleveland, OH 44195 (lathiaj@ccf.org); Anita Hjelmeland, PhD, Department of Cell, Developmental, and
Integrative Biology, University of Alabama at Birmingham, 1900 University Boulevard, THT948, Birmingham, AL 35294 (hjelmea@uab.edu).

See the editorial by Zinn et al, on pages 327–328.

Background. Malignant gliomas are complex systems containing a number of factors that drive tumor initiation and progression,
including genetic aberrations that lead to extensive cellular heterogeneity within the neoplastic compartment. Mouse models
recapitulate these genetic aberrations, but readily observable heterogeneity remains challenging.

Methods. To interrogate cellular heterogeneity in mouse glioma models, we utilized a replication-competent avian sarcoma-leu-
kosis virus long terminal repeat with splice acceptor/tumor virus A (RCAS-tva) system to generate spontaneous mouse gliomas
that contained a Sox2-enhanced green fluorescent protein (EGFP) reporter. Glial fibrillary acidic protein-tva mice were crossed with
Sox2–EGFP mice, and tumors were initiated that contained a subpopulation of Sox2–EGFP-high cells enriched for tumor-initiating
cell properties such as self-renewal, multilineage differentiation potential, and perivascular localization.

Results. Following implantation into recipient mice, Sox2–EGFP-high cells generated tumors containing Sox2–EGFP-high and
Sox2–EGFP-low cells. Kinomic analysis of Sox2–EGFP-high cells revealed activation of known glioma signaling pathways that
are strongly correlated with patient survival including platelet-derived growth factor receptor beta, phosphoinositide-3 kinase,
and vascular endothelial growth factor. Our functional analysis identified active feline sarcoma (Fes) signaling in Sox2–EGFP-
high cells. Fes negatively correlated with glioma patient survival and was coexpressed with Sox2-positive cells in glioma xenografts
and primary patient-derived tissue.

Conclusions. Our RCAS-tva/Sox2-EGFP model will empower closer examination of cellular heterogeneity and will be useful for iden-
tifying novel glioma pathways as well as testing preclinical treatment efficacy.
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Gliomas are the most common malignant and lethal primary
adult brain tumors and are characterized by an invasive pheno-
type and a high degree of cellular heterogeneity. Gliomas
encompass a class of tumors ranging in malignancy from benign
pilocytic astrocytoma to highly lethal glioblastoma (GBM).1

Despite aggressive treatment, which includes surgical resection
followed by radiation and chemotherapy, recurrence is nearly

universal.2 The median survival time for patients diagnosed
with high-grade astrocytoma (WHO grade III and IV)
and grade III oligodendroglioma is 1 year and 3.5 years, respec-
tively.2,3 Due to this poor prognosis, there is an immediate need
to develop more effective therapeutics for these tumors.

Difficulties with glioma treatment are in part due to the high
degree of cellular heterogeneity found within these tumors.
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Generation of intratumoral heterogeneity is associated with
tumor initiating cells (TICs), a subpopulation capable of recon-
stituting the parental tumor upon secondary transplantation
into recipient mice.4 – 7 TICs can self-renew or differentiate to-
ward multiple lineages to maintain the heterogeneity of the
original tumor and can survive both chemo- and radiotherapies
to drive recurrence following treatment.8 – 10 TICs reside in dis-
tinct microenvironments or niches that provide instructive sig-
nals controlling the balance between self-renewal and
differentiation.11 In gliomas, the perivascular and hypoxic nich-
es contribute to maintenance of a TIC phenotype.12,13 Because
current treatment options are mainly effective against
non-TICs, the development of multimodal treatments that tar-
get TICs in combination with conventional therapies has the
potential to greatly impact patient survival.

One important intracellular marker associated with TICs is
sex determining region Y box 2 (Sox2), a member of the high
mobility group box family of transcription factors. Sox2 is fre-
quently amplified or overexpressed in gliomas14,15 and is a
component of a core set of 4 transcription factors capable of
reprogramming differentiated GBM cells towards a TIC
state.16 Sox2 depletion inhibits proliferation and self-renewal
in neurosphere formation assays14,17 and prevents differentiat-
ed GBM cells from acquiring TIC phenotypes.18 Additional evi-
dence suggests that tight control of endogenous Sox2 levels
may be required to control cell fate and promote tumorigene-
sis19 and that targeting of Sox2 decreases TIC tumorigenic po-
tential.17 Furthermore, overexpression of Sox2 increased GBM
cell migration and invasion, while targeting of Sox2 inhibited
GBM motility.14 This essential role for Sox2 in GBM is also pre-
sent in other brain tumors including medulloblastoma, in
which Sox2-positive cells drive tumor recurrence in the sonic
hedgehog molecular subtype.20 These data strongly suggest
the importance of understanding Sox2 effects on TIC pheno-
types and brain tumor biology.

The paradigm for investigating GBM relies on interrogation of
tumor cells via culture-based assays or genetically engineered
mouse models. Both methods have been useful for examining
tumor progression but are deficient at accurately modeling the
complexity found in primary tumors. Mouse models, such as a
replication-competent avian sarcoma-leukosis virus long termi-
nal repeat with splice acceptor/tumor virus A (RCAS-tva), in-
duce de novo glioma formation in an in vivo environment.21

By expressing tva from a cell-type-specific promoter, oncogenic
mutations can be delivered via avian retrovirus with a high de-
gree of cell specificity. For example, overexpression of constitu-
tively active epidermal growth factor receptor (EGFR) in a glial
fibrillary acidic protein (GFAP)-tva background leads to the de-
velopment of gliomas by transforming glial progenitors and
mature astrocytes.21 RCAS delivery of platelet-derived growth
factor beta (PDGF-b) in GFAP –tva-expressing astrocytes in-
creases proliferation and dedifferentiation and promotes glio-
ma formation in approximately 40% of animals.22 GFAP-tva
models have uncovered key aspects of tumor progression, pro-
viding benefits for target identification and as models for eval-
uation of preclinical therapies.23 Although the GFAP-tva models
have yet to recapitulate the cellular hierarchy associated with
TIC models observed in human patients,24 reporter systems
in mouse models have been shown to be effective for evaluat-
ing intratumoral heterogeneity including reporters based on

stem cell factors.10,20 Together, these data suggest the impor-
tance of developing a Sox2 reporter mouse model of glioma to
evaluate intratumoral heterogeneity.

To accomplish this goal, we constructed a reporter system
for glioma intratumoral heterogeneity by crossing GFAP-tva
mice21 with mice expressing enhanced green florescence pro-
tein (EGFP) under the control of the endogenous Sox2 promot-
er.25 Prior characterization of Sox2-EGFP mice determined that
EGF-positive neural progenitors express Sox2 protein and sug-
gested the importance of Sox2 as a neural stem cell marker as-
sociated with self-renewal and multilineage differentiation.25

Using the GFAP –tva-positive/Sox2 –EGFP-positive mice with
avian retroviral introduction of PDGFb, we found that tumors
contained a Sox2–EGFP-high subpopulation that localized to
a perivascular niche, differentiated to multiple cell lineages,
and could self-renew.4,5,12 This reporter system facilitates the
interrogation of Sox2 signaling and biology in malignant glio-
mas as well as the examination of cellular heterogeneity.

Materials and Methods

Generation of GFAP-tva–positive/Sox2–EGFP-positive Mice

GFAP-tva and Sox2-EGFP mice were maintained as previously
described21,26 and crossed to generate GFAP-tva/Sox2-EGFP
double-positive mice. All animal studies were done in accor-
dance with approved Cleveland Clinic Institutional Animal Use
and Care Committee (IACUC) protocols. GFAP –tva-positive/
Sox2–EGFP-positive mice were genotyped by PCR amplification
of genomic DNA using the following primers:

Sox2-EGFP primers:
IMR0872: 5′-AAGTTCATCTGCACCACCG-3′

IMR1416: 5′-TCCTTGAAGAAGATGGTGCG-3′

IMR7338: 5′-CTAGGCCACAGAATTGAATTGAAAGATCT-3′

IMR7339: 5′-GTAGGTGGAAATTCTAGCATCATCC-3′

IMR1111: 5′-CTGCTGCCCGGTAACGTGACCCG-3′

GFAP-tva primers:
IMR1112: 5′-GCCCTGGGGGAAGGTCCTGCCC-3′

Common: 5′-AGAGCTCCGGGTTCTCTCTC-3′

WT: 5′-GGGAGGAAGGAACTCCACTC-3′

Cycling conditions consisted at 948C for 3 minutes; 30 cycles at
948C for 30 seconds, 668C for 1 minute, and 728C for 1 minute
plus an annealing step of 728C for 10 minutes.

Generation of Sox2–EGFP-high Glioma Cells and
Allografts

DF1 cells (spontaneously transformed chicken fibroblasts, ATCC
CRL-12203) were transfected with RCAS-PDGF virus as previ-
ously described21 and used to initiate tumors in GFAP–tva-
positive/Sox2–EGFP-positive mice. Mice were allowed to survive
until the development of neurological signs, at which point
tumor-bearing brains were harvested and tumors microdis-
sected based on gross appearance. Tissue was dissociated to
single cells using a papain-based dissociation system (Wor-
thington Biochemical), and Sox2–EGFP-high glioma cells were
subsequently isolated via flow cytometry. To generate allo-
grafts, 5000 Sox2–EGFP-high glioma cells were injected into
the right forebrains of 4–6 week-old athymic nude mice in
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accordance with a Cleveland Clinic IACUC-approved protocol
and treated as above.

Cell Culture Conditions

Sox2–EGFP-high glioma cells were maintained as tumorspheres
in Neurobasal medium (Life Technologies) supplemented with
B27, EGF, and basic fibroglast growth factor (bFGF), 20 ng/mL
each). Differentiation of Sox2–EGFP-positive cells was performed
in Dulbecco’s Modified Eagle’s medium supplemented with 10%
fetal bovine serum (FBS).

Immunohistochemical Staining

Fluorescence imaging was performed as previously de-
scribed.26 Human GBM and intracranial xenografts were fixed
in 4% paraformaldehyde, incubated overnight in 30% sucrose,
and embedded in optimal cutting temperature (OCT) com-
pound (Tissue Tek). Samples were sectioned at a thickness of
10 mm for subsequent staining analysis. Sox2 was detected
using endogenous fluorescence, and blood vessels were visual-
ized by anti-rat CD31 antibody (Abcam). Proximity of Sox2-
positive cells to blood vessels was evaluated across at least 3
histological sections and calculated based on the distance
from the center of the cell to the edge of the CD31-positive
blood vessel. Phospho-feline sarcoma (p-Fes) was detected
using an anti-rabbit antibody (Y713, Sigma) in parallel with
Sox2 using an anti-mouse Sox2 antibody (R&D Systems) and
stained with the relevant fluorescent secondary antibodies.
For in vitro staining, cells were fixed in 4% paraformaldehyde
and stained as described above. Human TICs were enriched
on the basis of CD133 expression as previously described.8 Nu-
clei were counterstained with Hoechst 33342 prior to visualiza-
tion using an SP-5 confocal microscope with a 63×objective
(Leica Microsystems) for in vivo analysis and an EVOS micro-
scope with a 10×objective (Life Technologies) for in vitro anal-
ysis. Images were assembled using Photoshop software
(Adobe).

Tumorsphere Formation Assay

Tumorsphere formation assays were performed as previously
described.26 Briefly, Sox2–EGFP-high and -low cells were plated
in decreasing numbers to 1 cell/well. The number of wells with
tumorspheres was determined after 14 days, and the percent-
age of TICs was determined using ELDA software (http://bioinf.
wehi.edu.au/software/elda/).

In Vivo Tumor Initiation

For in vivo tumor initiation analysis, Sox2–EGFP-high and -low
cells were enriched by flow cytometry as described above and
sorted into Neurobasal medium (containing no B27 or growth
factors) to recover for an hour. Cells were then counted, and
2000 cells from each group were transplanted into the right
cortex of athymic nude mice as previously described.8 Mice
were monitored for the development of neurological signs, at
which time they were euthanized, and the presence of a
tumor was confirmed.

Differentiation Analysis

Loss of EGFP signal as a result of serum-induced differentiation
over 7 days was achieved by sequential imaging using an EVOS
microscope. Phase contrast and EGFP-filtered images were
merged using Adobe Photoshop. Following differentiation,
EGFP cells were fixed to chamber slides with 4% PFA for 15 min-
utes. Subsequently, cells were blocked in phosphate-buffered
saline (PBS) containing 10% normal goat serum and 0.1% Tri-
ton X-100 for 30 minutes at room temperature and then at 48C
overnight. Immunostaining for the differentiation markers b3
tubulin (Abcam) and GFAP (Sigma) was performed with
mouse IgG1 antibody and relevant secondary antibodies. Nu-
clei were counterstained with Hoechst 33342. To quantify
changes in EGFP expression during differentiation, Sox2–
EGFP-high glioma cells were imaged every 6 hours during
serum-induced differentiation in an IncuCyte Zoom kinetic im-
aging system (Essen Biosciences) that quantified EGFP signal
intensity.

In Vitro Lineage Tracing

Six-well plates were coated with 1.6% Geltrex overnight. Fol-
lowing removal of Geltrex and 2 PBS washes, Sox2–GFP-positive
glioma cells were plated at 100 000 cells/well. Images were
captured in 15 minute intervals over the course of 72 hours.

Kinome Screen

The multiplex in vitro kinase assay was performed using Pam-
Chips with PamGene Evolve Software on the PamStation12 at
the University of Alabama at Birmingham Kinome Core. For
this experiment, subcutaneous tumors were initiated from allo-
grafted Sox2–EGFP-positive cells infected with a constitutive
EF1a-RFP reporter to label tumor cells. Resulting tumors were
dissociated using papain, allowed to recover for �2 hours,
and then sorted via flow cytometry for Sox2 –GFP-high/
RFP-positive and Sox2–GFP-low/RFP-positive cells. Immediately
after sorting, collected cells were centrifuged, washed in PBS,
and lysed without any intervening cell culture. Lysates were
generated using M-PER mammalian protein extraction reagent
(Pierce) and loaded at 15 mg/well onto PamChips for reaction
with 144 known tyrosine peptides. A median signal intensity
of each spot was measured and normalized by subtracting
background over time, and data were analyzed using BioNavi-
gator Microarray software. To identify differentially phosphory-
lated peptides, qualitative phosphorylation curve differences
that exceeded overall trends were assessed. Kinase pathway
analysis was completed with GeneGo MetaCore software.

Bioinformatics Analysis

To determine the level of total Fes expression in human tissue,
the human protein atlas (www.proteinatlas.org, accessed April
14, 2014) was interrogated. Association between gene expres-
sion and glioma patient survival was examined using the Na-
tional Cancer Institute Repository for Molecular Brain
Neoplasia Data (NCI REMBRANDT, https://caintegrator.nci.nih.
gov/rembrandt, accessed April 14, 2014), where survival was
evaluated based on high (142 patients) and low (70 patients)
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expression from an intermediate value. Where high is twice and
low is half of the intermediate value.

Flow Cytometric Analysis

To determine the coexpression between p-Fes and Sox2, xeno-
grafted cells were fixed with 4% paraformaldehyde and stained
as described above. Cells were analyzed using BD Fortessa (BD
Biosciences), and a minimum of 10 000 events were collected
per group. Isotype control antibody staining was analyzed to
establish positive gates.

Statistical Analysis

For analysis, reported values were mean values+standard
deviation from studies performed using least 3 biological repli-
cates. Unless otherwise stated, 1-way ANOVA was used to cal-
culate statistical significance; P values are detailed in the text
and figure legends. Patient survival analysis was performed
using the NCI REMBRANDT database, where survival was calcu-
lated by log-rank analysis.

Results
Mouse models of glioma have been limited in highlighting dis-
tinct cell populations within the tumor. Because the GFAP-tva
system can reproducibly generate de novo gliomas in mice
and Sox2 is characterized as a TIC marker important for glioma
growth and tumorigenic potential, we sought to generate a
system to model intratumoral heterogeneity using Sox2-EGFP
in GFAP-tva mice. We crossed GFAP–tva-positive and Sox2–
EGFP-positive mice (Fig. 1A) and confirmed the presence of
both tva and EGFP in resulting progeny (Fig. 1B). GFAP-tva and

Sox2-EGFP could be distinguished from wild-type GFAP and
Sox2 by differences in PCR amplicon size when separated on
an agarose gel. Tumors were initiated in GFAP-tva/Sox2-EGFP
mice by orthotopic injection with chicken fibroblast (DF1) cells
containing RCAS-PDGFb virus.

Sox2–EGFP-high glioma cells isolated from mice bearing
neurological symptoms were orthotopically injected into im-
munocompromised mice to confirm their tumorigenic capacity
and generate allografts for further use (Fig. 2A and B). Sox2-
EGFP cells were also confirmed to express endogenous Sox2
both in vivo and in vitro (Supplementary material, Fig. 1). Het-
erogeneity in resulting allografts was confirmed by
fluorescence-activated cell sorting analysis and fluorescent mi-
croscopy, which showed 22%–35% Sox2–EGFP-positive glio-
ma cells (Fig. 2C–E), which is within the range of
Sox2-positive cells in xenografts27 as well as in GFAP-tva
mice.28 Additionally, this heterogeneity appeared to be intrinsic
to the tumor, as we did not observe Sox2-EGFP cells in the nor-
mal brain parenchyma outside of the previously reported neu-
rogenic niche locations.25 To determine if Sox2–EGFP-positive
cells may be supported by specific tumor microenvironments,
we determined whether the EGFP-positive population was
found adjacent to blood vessels in a perivascular niche.12 We
stained tumor sections for the endothelial cell marker CD31
and examined Sox2-EGFP localization by fluorescent microsco-
py. Sox2–EGFP-high glioma cells preferentially associated with
the vasculature compared with Sox2–EGFP-low cells, and 20%
of Sox2–EGFP-positive cells were located ,10 mm from a blood
vessel (Fig. 2F and G). These results indicate that PDGF overex-
pression leads the formation of gliomas in GFAP–tva-positive/
Sox2–EGFP-positive mice and that Sox2–EGFP-high cells give
rise to Sox2–EGFP-high and Sox2–EGFP-low tumor cells. Addi-
tionally, these data indicate that Sox2–EGFP-high cells prefer-
entially localize adjacent to the vasculature.

Since Sox2 is a previously established TIC marker, we next
determined whether Sox2–EGFP-high glioma cells were en-
riched for TIC phenotypes, including the ability to self-renew
and differentiate. In vitro limiting-dilution analysis, which as-
sesses self-renewal, proliferation, and survival, revealed in-
creased tumorsphere formation in EGFP-high cells compared
with EGFP-low cells (Fig. 3A). To further validate this finding,
we sorted Sox2-EGFP cells based on expression of integrin a6,
a marker known to enrich for TICs in human cells.26 Integrin
a6-high cells were also enriched for tumorsphere formation
(Fig. 3A), demonstrating that sorting on TIC markers enriches
for self-renewal in a subpopulation of GFAP-tva/Sox2-EGFP
cells. To evaluate if Sox2–EGFP-high cells were more tumori-
genic than Sox2–EGFP-low cells, we transplanted 2000 sorted
cells from each group into recipient mice. We found no signifi-
cant difference in tumor initiation capacity between Sox2–
EGFP-high and -low cells, with Sox2–EGFP-low cells giving rise
to tumor slightly faster. This is consistent with previous reports
using the GFAP-tva model in which the population of cells that
has increased self-renewal displayed reduced tumor initiation
capacity in vivo.29

Multilineage differentiation is a process involving downregu-
lation of stem cell factors such as Sox2 and increased expres-
sion of differentiation factors such as the astrocyte marker
GFAP or the neuronal marker b3-tubulin.4 To determine wheth-
er Sox2 –EGFP-positive glioma cells behave similarly, we

Fig. 1. PDGF overexpression induces tumor formation in GFAP–
tva-positive/Sox2 –EGFP-positive mice. (A) Schematic of breeding
strategy yielding GFAP–tva-positive/Sox2–EGFP-positive mice bearing
gliomas initiated via PDGF overexpression. The Holland GFAP–
tva-positive and RCAS-PDGF model system was modified to include a
transgene in which one copy of the Sox2 allele was replaced with
EGFP. (B) GFAP–tva-positive/Sox2–EGFP-positive mice were genotyped
to confirm the presence of EGFP and tva.
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Fig. 2. Sox2–EGFP-high glioma cells give rise to heterogeneous tumors and display perivascular localization. (A) Schematic demonstrating
propagation of Sox2–EGFP-high glioma cells through intracranial injection into athymic nude mice to generate an allograft. (B) Representative
histology of an allografted tumor showed by hematoxylin and eosin staining. (C) Analysis of tumor cells immediately after dissociation
demonstrated that Sox2–EGFP-positive glioma cells make up a fraction of the bulk tumor. (D) Representative immunofluorescent images of
allografts resulting from Sox2–EGFP-positive glioma cells. Images demonstrate intratumoral heterogeneity with respect to Sox2-EGFP
expression. (E) Quantification of the percentage of Sox2–EGFP-high glioma cells in immunofluorescent images of tumor sections. (F)
Representative immunofluorescent images demonstrating perivascular localization of Sox2–EGFP-high glioma cells in allografts. (G) Analysis of
blood vessel proximity showing that Sox2–EGFP-high glioma cells preferentially associate with the tumor vasculature. Scale bar represents 50 mm
for panel D and 10 mm for panel E. Data represent mean+standard deviation, ***P , .001 as assessed by 1-way ANOVA.
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differentiated Sox2–EGFP-high tumorspheres using FBS. Over
the course of one week, we observed gradual loss of EGFP signal
and concomitant changes in morphology (Fig. 3C and D). After
7 days of FBS treatment, EGFP glioma cells stained positive for
b3-tubulin and GFAP (Fig. 3C). Quantification of EGFP expression
revealed a gradual loss of EGFP signal intensity over the dura-
tion of the differentiation, with expression dropping by 60%
(Fig. 3D). This loss in EGFP was confirmed at the single cell
level, and we observed a concomitant decrease in EGFP and en-
dogenous Sox2 over a serum-induced differentiation time
course (Supplementary material, Fig. 2). These data demon-
strate that Sox2–EGFP-high cells lose signal upon differentia-
tion, indicating that they can report the stem cell state.

Aberrant signaling is a hallmark of cancer cells, and the am-
plification and overexpression of Sox2 in glioma cells suggests
the importance of Sox2-regulated pathways for tumor mainte-
nance and progression. Although changes in gene expression
can provide valuable information for downstream target iden-
tification, the ability to target protein function, and particularly
kinases, through small molecule inhibitors has the potential to

provide a more direct route to therapy development. To deter-
mine whether kinase activity differed between Sox2–EGFP-high
and Sox2–EGFP-low glioma cells, we subjected lysates from
cells sorted for EGFP directly from allografts, without interven-
ing cell culture, to kinomic analysis with a focus on tyrosine
phosphorylation. We observed several peptides at which phos-
phorylation occurred at a higher frequency in Sox2–EGFP-high
cells such as Fes, a nonreceptor tyrosine kinase,30 PDK1,
PDGFRb, and RET (Table 1, Fig. 4A). To determine if these pep-
tides were informative for clinical outcome in glioma, we used
the NCI REMBRANDT to correlate expression with patient sur-
vival (Fig. 4B). Expression of Fes, PDK1, and PDGFRb each
strongly correlated with poor survival. Because PDK1 and
PDGFRb have previously been described in glioma,31,32 we fo-
cused on Fes for further analysis.

Fes has been recently identified as both an oncogene in leu-
kemia, breast, and prostate cancers and a tumor suppressor in
colorectal cancer.33 – 36 To examine Fes signaling in human tu-
mors, we stained for an autophosphorylation site of Fes
(Fes-Y713) and Sox2 in a primary patient specimen and

Fig. 3. Sox2–EGFP-positive glioma cells display some functional characteristics of cancer stem cells. (A) In vitro limiting-dilution assay to
determine self-renewal in Sox2–EGFP-high cells sorted for EGFP and integrin a6 expression. (B) Kaplan-Meier survival curve demonstrates no
difference in tumor initiation between Sox2–EGFP-high (green line) and -low (black line) glioma cells. (C) Representative images of
tumorsphere-forming Sox2–EGFP-high glioma cells in the absence or presence of the prodifferentiation agent fetal bovine serum (FBS). Sox2–
EGFP-high glioma cells lost EGFP expression in the presence of 10% FBS and gave rise to neural (b3 tubulin-positive) and astrocyte
(GFAP-positive) lineages. (D) Quantification of EGFP signal over one week of differentiation in the presence of 10% FBS. Graph is representative
of quadruplicate samples.
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xenografted tumor. We detected phospho-Fes coexpressed
with Sox2 in both glioma xenografts and glioma patient tissue
(Fig. 4C and D). We confirmed this coexpression using flow cy-
tometry and found that the majority of p-Fes positive cells ex-
pressed Sox2 ranging from 62%–96% across 3 GBM xenografts
(Fig. 4D, Supplementary material, Fig. 3). We evaluated if p-Fes
was enriched in TIC by comparing p-Fes and Sox2 expression in
CD133-positive and –negative cells and found an enrichment
of p-Fes in CD133-positive cells (Supplementary material,
Fig. 4). Finally, we evaluated Fes expression in The Human
Genome Atlas and found that total Fes was preferentially ex-
pressed in glioma compared with normal brain (Supplementary

material, Fig. 5). This analysis indicates that Sox2–EGFP-high
cells contain signaling aberrations that are informative for
human glioma prognosis.

To further analyze signaling pathways preferentially activated
in Sox2–EGFP-positive cells, phosphopeptides from the kinomic
analysis were mapped to the Shortest Paths network (Fig. 5A).
Predicted involvement of several key elements in glioma progres-
sion was indicated, such as phosphatase and tensin homolog
(PTEN), RAC-alpha serine/threonine-protein kinas (Akt), and
c-Src.37 Additionally, Sox2–EGFP-positive phosphopeptides
were used to predict upstream kinases in their respective signal-
ing pathways (Fig. 5B). PTEN and c-Src also appear in this map,

Table 1. Protein tyrosine kinase peptides altered with increased Sox2

Protein Phosphorylated Tyr Percent Increase Correlation with Glioma Survival

Feline sarcoma (Fes) 713 65.3% Negative correlation
Phosphatidylinositol 3-kinase (PI3K) regulatory subunit alpha 607 69.7% No correlation
3-phosphoinositide-dependent protein kinase 1 (PDK1) 9 78.7% Negative correlation
Beta-type platelet-derived growth factor receptor precursor (PDGRFb) 579, 581 66.2% Negative correlation
Proto-oncogene tyrosine-protein kinase receptor ret precursor (RET) 1029 66.7% No correlation

Fig. 4. Sox2–EGFP-high cells are preferentially enriched for known glioma signaling pathways. (A) Kinetics of PDGFRb and Fes phosphorylation in
cells sorted for EGFP expression. (B) Kaplan-Meier plot showing patient survival is strongly correlated with Fes expression. Immunofluorescent
staining (C and D) of p-Fes and Sox2 expression in primary patient-derived tissue (08-0457, C) and human-derived xenograft (T4121, D)
samples show an overlap between p-Fes and Sox2. Flow cytometric analysis (E) confirms elevated Sox2 expression in p-Fes positive cells (as
indicated by red cells). Scale bar represents 10 mm.
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along with other key drivers of glioma formation including p53
and members of the Janus kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway.37,38 These data indi-
cate that Sox2–EGFP-high cells can be used to identify novel el-
ements of gliomagenesis as possible therapeutic targets.

Discussion
Examination of the pathology of cancer requires experimental
paradigms that accurately represent the original disease state.
Culture-based assays yield useful information in the initial stag-
es of discovery, but they are insufficient for recapitulating key
aspects of tumorigenesis including spatial orientation, scaffold-
ing, vascularization, and cellular heterogeneity. Xenograft mod-
els have proven to be useful for delineating the efficacy of
preclinical therapies, but they too fail to fully recapitulate the
initial stages of tumor development and stromal interactions
between tumor cells and their native microenvironment. In

contrast, spontaneous tumorigenesis models using transgenic
mice allow orthotopic de novo tumor formation that most
closely resembles human tumorigenesis. Moreover, using cell
type-specific systems, transformation events can be restricted
to a desired cell population. We have modeled intratumoral
heterogeneity in malignant gliomas with respect to TICs by in-
troducing a Sox2-EGFP reporter into a GFAP-tva background.

Modifications of the RCAS/tva model have allowed examina-
tion of the role of tumor suppressor deletions such as p53,
Nf1,23 PTEN,39 and Ink4a/Arf concomitant with hyperactive
growth factor signaling.40 These models have proven useful
for uncovering aberrant signaling molecules associated with
glioma formation23,39,40 and have provided evidence that the
GBM cell of origin may arise from neural stem cells in the sub-
ventricular zone of the adult brain.41 A recent study sought to
examine glioma cellular heterogeneity by expressing VenusYFP
from the ID1 promoter in an RCAS–tva/Arf2/2 background.29

Surprisingly, the results identified a population of Id1-low
cells that do not undergo self-renewal but are rather enriched
for tumor formation in an orthotopic transplantation model.
Interestingly, our results indicated no difference in tumor for-
mation between cells sorted for EGFP expression (Fig. 3B).
While we cannot eliminate the possibility that loss of a Sox2 al-
lele to allow EGFP expression differentially impacts glioma for-
mation and tumorigenic potential, we believe that our data, in
combination with the literature, indicate a mouse model-
specific phenotype. There is an extensively well-characterized
link between self-renewal and tumor initiation potential in
human patient-derived xenografts.5,8

Although not informative for tumor initiation, Sox2-EGFP
cells maintained many of the several TIC phenotypes. Impor-
tantly, a pure population of Sox2–EGFP-high cells gave rise to
a heterogeneous tumor characterized by both Sox2–EGFP-high
and Sox2 –EGFP-low cells. The ability to visualize Sox2–
EGFP-high cells in a heterogeneous tumor is a powerful tool
that opens the possibility for spatiotemporal examination of
these cells in vivo.27 Our lineage tracing analysis indicated
that we could successfully examine TIC cell division at an indi-
vidual cell level, a methodology that could mimic conditions
observed in an in vivo setting.

We have provided evidence that Sox2–EGFP-high cells reside
in the perivascular niche, indicating that these cells may also be
useful for studying other TIC niches such as the hypoxic tumor
core and the invasive edge of the tumor. Furthermore, we have
demonstrated that Sox2–EGFP cells can act as a reporter for
cell differentiation. This property makes them well suited for
assessing preclinical therapies that disrupt the TIC state. Simi-
larly, our lineage tracing analysis indicated that we can suc-
cessfully examine TIC cell division at an individual cell level.
This analysis could be expanded to include various culture con-
ditions that mimic those observed in the native tumor
microenvironment.

Results from the kinomic analysis of Sox2 –EGFP-positive
cells identified pathways that are preferentially upregulated in
TICs and correlate strongly with patient survival. Our identifica-
tion of increased PDGFRb, PI3K, and VEGF signaling in Sox2–
EGFP-high cells confirmed previous reports of their roles in TIC
maintenance.42 – 44 These data indicate that Sox2-EGFP cells
are useful for examining TICs at the subcellular level. Addition-
ally, the effect of preclinical treatments that target a specific

Fig. 5. Kinomic analysis establishes active signaling networks in Sox2–
EGFP-high cells. (A) Signaling map based on top hits from kinomic
analysis. Proteins from the kinomic screen are denoted by a red circle,
agonistic relationships are denoted by green arrows, and antagonistic
relationships are denoted by a red arrow. (B) Map of kinase activity
predicted by kinomic analysis.
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signaling node could immediately be tied to the TIC state by
simple visualization of EGFP signal intensity.

In addition to previously identified glioma markers, our
kinomic screen revealed increased Fes activity in Sox2–
EGFP-high cells. Fes and its homolog Fer are the only 2 mem-
bers of a class of nonreceptor tyrosine kinases distinguished
by an N-terminal F-BAR domain. Fes expression is normally
limited to myeloid, vascular endothelial, and neuronal cells,
where it induces differentiation, proliferation, angiogenesis,
and inflammation.38,45 Little is known about the role of Fes in
malignant glioma, but it has been identified as an oncogene
in leukemia and in solid tumors of the breast and pros-
tate.33,34,36,46 Conversely, Fes has also been linked to tumor
suppression in colorectal cancer.35 We validated the kinomic
and bioinformatics analyses by detecting Fes in a patient-
derived xenograft cell line and multiple primary patient
samples.

The identification of Fes in our kinomic screen reveals a novel
role for this class of nonreceptor tyrosine kinases in glioma. The
role of Fes in cancer progression is yet to be defined, but our
data suggest that Fes may contribute to gliomagenesis based
on its low expression in the non-neoplastic brain and elevation
in GBM. Based on its expression in Sox2-positive cells, Fes may
contribute to the maintenance of these cells. Fes is expressed
ubiquitously and has been shown to play a role in multiple can-
cer types including prostate, breast, and colon, where it has
been tied to IL-6/STAT3 signaling, integrin-dependent metasta-
sis, and cell-cycle progression, respectively.47 – 49 Fer was also
shown to be important in PDGFR-induced STAT3 activation in
mouse fibroblast cells and tumor growth in PDGFb-transformed
cells, indicating that Fer may be active in cancers with increased
PDGFR signaling.50 The results of our kinomic analysis indicate
that our model can be used to identify novel TIC signaling
pathways.

TICs present a unique challenge in treating malignant glio-
mas. Surgical resection in the brain is insufficient to remove all
cancer cells, and the TICs left behind are thought to drive tumor
recurrence. This problem is compounded by TIC resistance to
postsurgical chemo- or radiotherapies.8 – 10 Recent findings
have indicated that chemotherapy has the potential to induce
self-renewal in glioma cells,51 further underscoring the impor-
tance of determining glioma recurrence mechanisms. By faith-
fully modeling the TIC state in vivo, therapies can be developed
that effectively target these cells. Using a well-established
mouse model, we created a system that identifies TICs in ma-
lignant glioma by expression of a Sox2-EGFP reporter. We have
demonstrated that Sox2–EGFP-high cells are phenotypically
similar to patient-derived TICs with respect to niche location,
differentiation, modes of cell division, and self-renewal. Taken
together, our novel model system utilizing Sox2 –EGFP-high
cells in a GFAP-tva background can be used as a tool for validat-
ing several aspects of glioma initiation and maintenance, iden-
tifying novel glioma signaling abnormalities, and evaluating
preclinical treatments.
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