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Intratumor heterogeneity is a primary feature of high-grade gliomas, complicating their

therapy. As accumulating evidence suggests that intratumor heterogeneity is a conse-

quence of cellular subsets with different cycling frequencies, we developed a method for

transcriptional profiling of gliomas, using a novel technique to dissect the tumors into

two fundamental cellular subsets, namely, the proliferating and non-proliferating cell frac-

tions. The tumor fractions were sorted whilst maintaining their molecular integrity, by

incorporating the thymidine analog 5-ethynyl-20-deoxyuridine into actively dividing cells.

We sorted the actively dividing versus non-dividing cells from cultured glioma cells, and

parental and clonally derived orthotopic tumors, and analyzed them for a number of tran-

scripts. While there was no significant difference in the transcriptional profiles between

the two cellular subsets in cultured glioma cells, we demonstrate w2e6 fold increase in

transcripts of cancer and neuronal stem cell and tumor cell migration/invasion markers,

and w2-fold decrease in transcripts of markers of hypoxia and their target genes, in the

dividing tumor cells of the orthotopic glioma when compared to their non-proliferative

counterparts. This suggests the influence of the brain microenvironment in transcriptional

regulation and, thereby, the physiology of glioma cells in vivo. When clonal glioma cells

were derived from a parental glioma and the resultant orthotopic tumors were compared,

their transcriptional profiles were closely correlated to tumor aggression and consequently,

survival of the experimental animals. This study demonstrates the resolution of intratu-

mor heterogeneity for profiling studies based on cell proliferation, a defining feature of can-

cers, with implications for treatment design.
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1. Introduction individual tumors with potential implications for treatment
Brain tumors present some of themost challenging neoplastic

pathologies (Siegel et al., 2014) with low level of patient sur-

vival and very few therapeutic options (Omuro and

DeAngelis, 2013). One reason for the poor survival and low ef-

ficacy of therapy is the high level of intratumor heterogeneity

(Anido et al., 2010; Furnari et al., 2007; Zheng et al., 2008).

Differing genetic and epigenetic profiles (Bozic et al., 2010;

Hatzimichael and Crook, 2013), diverse microenvironment-

acquired and host-derived phenotypic plasticity (Antoniou

et al., 2013; Catalano et al., 2013; Mimeault and Batra, 2013),

and varied clones (Greaves and Maley, 2012) underlie the het-

erogeneity within individual tumors. These intratumor popu-

lations are each defined by its own molecular identity, where

the profiles are not mutually exclusive, yet the expression of

specific gene subsets may confer different growth pathways.

Therefore, to gain an insight into the predominant factors

driving cell proliferation and growth intratumorally, the cells

undergoing proliferation need to be isolated for their indepen-

dent molecular characterization. The ability to secure this

data in tumors has been unavailable to date.

The use of thymidine analogs to detect cell proliferation is

an established clinico-histopathologic method for predictive

tumor intervention (Hoshino et al., 1993; Quinn and Wright,

1990). Unique among them is 5-ethynyl-20-deoxyuridine
(EdU), primarily due to the chemical nature of its detection

where the conjugation of the fluorescent probe is rapid and

biocompatible (Cavanagh et al., 2011; Chehrehasa et al.,

2009; Salic and Mitchison, 2008). EdU incorporates in all

dividing cells in vitro and in vivo, including gliomas

(Diermeier-Daucher et al., 2009; Ross et al., 2011; Salic and

Mitchison, 2008), and its labeling proficiency is equivalent to

that of 5-bromo-20-deoxyuridine (Buck et al., 2008; Cavanagh

et al., 2011; Chehrehasa et al., 2009). EdU is compatible with

flow cytometry and multi-fluorescence imaging (Cappella

et al., 2008; Chehrehasa et al., 2009), making it an ideal candi-

date to fractionate dividing cells for molecular analysis

(Cavanagh et al., 2011).

In this study, we separated the actively dividing and non-

proliferative tumor cells using EdU, under RNA preserving

conditions, for their transcriptional profiling, under two con-

ditions: cultured cells and cells isolated from an orthotopic

model. Our results show differences in the transcriptional

profiles of the actively dividing and non-proliferative cells

fractionated from in vitro in comparison to those from ortho-

topic tumors, such as cancer stem cell surface markers, genes

of neuronal stem cell/pluripotency, tumormigration/invasion

markers, and markers of hypoxia and their target genes. Sub-

sequently, parental and clonally derived tumors were tested

for transcriptional differences in key genes/pathways.

Markers included cancer stem cell surface markers; markers

of hypoxia and their target genes; genes involved in glioma

migration and invasion, and genes of neuronal stem cell/plu-

ripotency. These genes are likely to underlie the differences in

tumor phenotype in mice as observed in this study. This

approach of dissecting intratumor heterogeneity on the basis

of cell proliferation, and subsequently genetically profiling the

cells, provides a novel way to define the molecular identity of
design.
2. Materials and methods

2.1. Cell culture

Human glioma cells DGli36 overexpressing the truncated

mutant EGFRvIII, kindly provided by Dr. M. Sena-Esteves (Uni-

versity of Massachusetts, Boston, MA, USA), were grown un-

der standard tissue culture condition in the selection media

consisting of DMEM supplemented with 10% fetal bovine

serum (FBS) and in the presence of puromycin (1 mg/ml).

DGli36-GFP cells were derived from pMAX-GFP-transfected

cells (Amaxa) using LipofectAmine (Invitrogen) according to

the manufacturer’s instructions and were grown in selection

media containing geneticin (500 mg/ml). Clones 1 and 2 were

derived from single cells of DGli36-GFP by limiting dilution

and cultured and maintained in a similar manner. Cells of

nomore than 6 passages (3e4 weeks in culture from the initial

single-cell plating) were used.
2.2. EdU labeling for the detection of dividing cells in
culture

To label dividing cells in vitro, cells in culturewere treatedwith

10 mM EdU at different timepoints (c.f. Figure 1), harvested by

dissociation using Accutase (StemPro), incubated for 30min at

4 �C in a 1 ml ‘click’ reaction mixture consisting of DEPC-

treated PBS containing 10 mM Alexa647-azide, 1 mM copper

sulfate and 20 mg/ml sodium ascorbate, and subsequently

washed twice with cold PBS. The ‘click’-reacted cells and re-

agents used before, during and after the detection process,

were kept at 4 �C until further analysis or experimentation.
2.3. Identifying dividing cells in orthotopic tumor model

All animal work was carried out with the approval of the Grif-

fith University Animal Ethics Committee under the guidelines

of the National Health and Medical Research Council of

Australia. To prepare an orthotopic model of glioma in vivo,

5� 105 cells were stereotactically injected into the caudate pu-

tamen of NOD/SCIDmice at the following coordinates: bregma

(0,0), 2.0 mm lateral, 2.5 mm depth, using a stereotaxic frame

(Kopf instruments). Tumor growth was monitored using

weight loss as a parameter. For survival studies, mice were

humanely euthanized when endpoint criteria are satisfied ac-

cording to ethical guidelines. To label the tumor with EdU

in vivo for imaging,mice harboring tumorswere injected intra-

peritoneally with 50 mg/kg EdU 4 h before being sacrificed.

Whole brains were collected following perfusion fixation

with 4% formaldehyde (PFA) and incubated in a 4% PFA solu-

tion overnight prior to the washing steps with PBS. The brains

were subsequently embedded in OCT, sectioned at 10 mm us-

ing a cryotome, and mounted on Superfrost slides (Thermo

Scientific). Tissue sections were washed twice with 0.1%

Tween-20 in PBS (PBT) before and after treating with DMSO
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http://dx.doi.org/10.1016/j.molonc.2015.09.001
http://dx.doi.org/10.1016/j.molonc.2015.09.001


Figure 1 e Detection and isolation of EdU-labeled cells in vitro. The EdU-labeling timepoint of 2 h is sufficient to label and detect 50% of

proliferating DGli36 cells in vitro as shown by fluorescence microscopy (A) and quantified (%Pos) by flow cytometry detection (MFI) (B). (C)

Fluorescence image of in vitro cultured cells treated with EdU for 2 h show distinct EdU-labeled cells (red) that co-localize with Ki67 (white). All

the detected EdU-labeled cells are Ki67 positive (white arrows). (D) At 2 h of EdU labeling, proliferating (EdUD) and non-dividing (EdUL)

DGli36 cells were clearly and distinctly separated by FACS. Data shown are average values of triplicate experiments ± S.D. (MFI: mean

fluorescence intensity as measured by flow cytometry).
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for 15min and subsequently incubated in 1ml of the ‘click’ re-

action mixture for 45 min.

Fluorescence labeling for characterizing the glioma ortho-

topic tumors was performed using standard immunofluores-

cence labeling with antibodies against Ki67 (Millipore),

human nuclei (Millipore), CD44 (Abcam), OCT4 (Abcam), glial

fibrillary acidic protein (GFAP) (Dako) and IBA1 (Wako), and
combined with EdU fluorescence chemistry and fluorescence

in situ hybridization to detect mouse microsatellite DNA

repeat sequences. Stained sections were subsequently

mounted on coverslips using Vectashield mounting medium

with DAPI (406-diamidino-2-phenylindole 2HCl, Vector Labo-

ratories). Images were captured using an Axioimager Z1 epi-

fluorescence microscope with Apotome and an Axiocam
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Mrm camera (Carl Zeiss) and Olympus FV1000 laser scanning

confocal microscope (Olympus).

To prepare tumors for fluorescence activated cell sorting

(FACS), freshly harvested tumors collected from EdU-

injected mice were dissociated into single cells by 1 h enzy-

matic digestion (1 mg/ml collagenase/dispase/DNAse) (Roche)

under constant stirring at 37 �C. Single cells derived from the

dissociated tumors were ‘click’-reacted to detect EdU and pre-

pared for FACS sorting as described previously for cultured

cells.
2.4. Isolation of dividing cells

For the isolation of EdUþ and EdU� cells by FACS, labeled and

‘click’-reacted cells prepared in vitro and from dissociated tu-

mor samples were sorted into EdUþ and EdU� fractions using

an inFlux v7 Sorter (BD Biosciences). Cell pellets obtained

from sorted fractions were immediately lysed with RLT lysis

buffer and kept frozen at �80 �C until processing for RNA

extraction.
2.5. Gene profiling of the isolated dividing and non-
dividing cells

RNA was isolated and extracted from lysed cell pellets ob-

tained from FACS-sorted cells using the RNeasy extraction

kit (QIAGEN), and RNA quality and quantity assessed using

the Agilent 2100 Bioanalyzer electrophoresis system (Nano

RNA chip) and NanoDrop spectrophotometer (NanoDrop

Technologies) (>100 ng/ml, RIN � 5.0). Total RNA (1 mg) was

reverse-transcribed using the Revertaid First-Strand Synthe-

sis System (Fermentas); quantification of mRNA levels was

accomplished using the EcoTM real-time PCR system (Illu-

mina) (15 min at 95 �C followed by 40 cycles of 15 s at

95 �C, 20 s at 60 �C and 20 s at 72 �C) with EvaGreen qPCR

kit (Solis Biodyne). Individual genes and their corresponding

primers are listed in the Supplementary Table S4. The

DDC(t) method was used to compare mRNA expression levels

between samples.
2.6. Histology

For the histological characterization of mouse tumors, stan-

dard hematoxylin and eosin (H&E) staining procedure was

employed on sections obtained from formalin-fixed paraffin

embedded (FFPE) brain samples harvested frommice intracra-

nially grafted with DGli36-GFP cells. Standard immunohisto-

chemical technique was performed to detect Ki67 (Millipore),

CD44 (Abcam), and OCT4 (Abcam). Images were captured us-

ing the Olympus BX60microscope and an Olympus DP50 color

camera.
2.7. Statistical analysis

Statistical analysis was performed using Prism 5.0 (Graphpad

Software). Non-paired parametric data were compared with

Student’s t-test and a p-value of <0.05 was considered statis-

tically significant. The data are representative of three inde-

pendent experiments.
3. Results

3.1. Detection and isolation of dividing DGli36 cells in
culture for RNA extraction

We have previously characterized the EdU labeling of prolifer-

ating cells in cultured cells in vivo and in utero (Chehrehasa

et al., 2009), demonstrating its use in tracking neurogenesis.

The procedure includes permeabilization of the cells with

saponin and paraformaldehyde fixation followed by their in-

cubation with the ‘click’ reaction cocktail composed of a

fluorophore-conjugated azide, copper sulfate and a buffer so-

lution.While the detection of labeled DNA is robust andworks

well for imaging and quantification of proliferating cells, the

process damages RNA, rendering it unusable for molecular

profiling.

We therefore developed a ‘click’ reaction cocktail and reac-

tion protocol to minimize RNA degradation making the

method amenable for the extraction of good quality RNA.

Using this modified ‘click’ protocol, EdU-treated cells showed

strong nuclear fluorescence (Figure 1A), similar in extent and

intensity to our previously published work (Chehrehasa

et al., 2009).

To determine the optimum EdU labeling timepoint for

DGli36 cells in culture, in particular where 50% of the cells

are undergoing division, the cells were treated with 10 mM

EdU for 1e6 h and, subsequently, the EdU-labeled cells were

quantified. Distinct nuclear fluorescence in dividing cells

was detected at all timepoints (Figure 1A), with 50% labeling

of dividing cells at 2 h (Figure 1B). Cells treated with EdU for

2 h have stable percentage of EdU-labeled cells with no detect-

able change for up to 4 h (Figure S1), suggesting that the 2 h

timepoint is optimal for labeling proliferating cells in vitro.

Cell imaging demonstrates all EdU-labeled cells to be Ki67 pos-

itive (Figure 1C), further validating the proliferative status of

labeled cells at 2 h.

Employing the 2 h-labeling timepoint and the modified

‘click’ method for EdU detection, DGli36 cells were FACS-

sorted into EdU-positive (EdUþ) and EdU-negative (EdU�) frac-
tions (Figure 1D). Images of the cellular fractions post-sorting

showed intact cells with clear nuclear fluorescence in the

EdUþ fraction (Figure 1D, middle panel). Further analysis of

EdUþ and EdU� cells showed a distinct separation of the two

populations with no overlay (Figure 1D, right panel), confirm-

ing successful fractionation of DGli36 cells into EdUþ and EdU�

cells. Most importantly, the total RNA extracted from the

sorted fractions was of sufficient quantity

(concentration > 100 ng/ml) and adequate purity (based on

A260/A280 ratios > 1.8) for molecular assays (Table S1).
3.2. EdU labeling of orthotopic DGli36 tumors for
molecular characterization of dividing and non-dividing
tumor cells

To provide the glioma cells with growth environment which

includes hostetumor interactions, an orthotopic tumormodel

was established in NOD/SCID mice. DGli36-GFP cells were

injected into the caudate putamen and the growth pattern of

the tumors monitored. A nodular lesion in the brain localized

http://dx.doi.org/10.1016/j.molonc.2015.09.001
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primarily at the injection site was evident in mice intracrani-

ally grafted with tumor cells (Figure 2A). H&E staining of the

brain lesion demonstrated a localized tumor in the right hemi-

sphere of the brain with extensive necrosis and invasive tu-

mor margin typical of glioma (Figure 2B).

To label proliferating cells with EdU in the tumor model, a

single dose of EdU (50 mg/kg) was injected intraperitoneally

in mice harboring intracranial tumors 4 h prior to sacrifice.

For the anatomical analysis of these tumors, whole brain

samples were collected, sectioned and ‘click’-reacted to

detect dividing cells which had incorporated EdU. Fluores-

cence imaging of the brain sections clearly demarcated

EdUþ proliferative zones and EdU� non-proliferative zones

within the tumor parenchyma (Figure 2C). Higher resolution

imaging of a region of the brain lesion demonstrated abun-

dant EdU-labeled cells (red) in the hypercellular GFP-

expressing lesion that co-stained with DAPI (Figure 2D). At

higher magnification, EdU labeling was localized discretely

to the nuclei of GFP-positive cells (Figure 2E), demonstrating

EdU uptake by proliferating cells in the orthotopic glioma

model.
Figure 2 e Detection and isolation of EdU-labeled cells in the orthotopic

(demarcated by arrows) in NOD/SCID mice intracranially grafted with DG

distinctly showing a hypercellular region with areas of necrosis (N), presenc

cells (arrows and inset), typical of glioma. (C) Fluorescence image of a who

negative non-proliferative (N) regions. (D) A section of the brain lesion dis

hypercellular proliferative area demarcating a tumor that is derived from th

tumor lesion showing EdU-labeled cells with distinct nuclear fluorescence (

cells dissociated from freshly harvested tumors and ‘click-reacted’ for EdU d

a subset of which are GFP-positive. (G) FACS sorting of single-cell disso

fractions.
To characterize cellular phenotypes within the tumor,

multiple labeling immunofluorescence together with fluores-

cence in situ hybridization and EdU histochemistry was used

on orthotopic grafts (Figures S2 & S3). These anatomical tech-

niques cause extensive degradation of cellular RNA content

and were therefore unsuitable for RNA expression profiling.

For molecular analysis of the proliferating and non-

proliferating tumor cells, we fractionated tumor cells based

on EdU uptake. Mice with tumors were injected with EdU,

and freshly harvested tumors dissociated into single cells

and ‘click’-reacted using the modified procedure (Figure 2F).

Based on GFP fluorescence and DAPI staining, majority of

the dissociated cells were identified as being tumor cells

(GFP-positive), many of which were distinctly labeled with

EdU (red) (Figure 2F), corroborating the histological data.

When these GFP-expressing cells were sorted into EdUþ and

EdU� fractions using FACS, over 50% of GFP-positive cells

were in division (Figure 2G, left panel). Representative images

from post-sorted cells revealed intact cells that express GFP

and are either EdUþ or EdU� (Figure 2G, right panel). As with

the in vitro-sorted cells, the total RNA extracted from the
glioma model. (A) A gross lesion in the brain resembling a tumor

li36-GFP cells. (B) Representative H&E staining of the lesion

e of blood vessel (BV), and invasive tumor margin (TM) with mitotic

le section of a tumor showing EdU-labeled proliferative (P) and EdU-

tinctly expressing GFP in a DAPI- and EdU-rich region indicating a

e intracranially grafted DGli36-GFP cells. (E) High-power image of a

red) that co-localizes with DAPI. (F) Fluorescent image of individual

etection showing EdU fluorescence (red) that co-localizes with DAPI,

ciated tumors into GFP-expressing EdUD and EdUL tumor cell

http://dx.doi.org/10.1016/j.molonc.2015.09.001
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sorted tumor fractions was of sufficient quantity

(concentration > 100 ng/ml) and of adequate purity (based on

the A260/A280 ratios> 1.8, 28S/18S ratio>1.30 and the RIN value

being > 4.30) (Table S1).

3.3. Correlation of the presence of EdU labeled cells with
cell division

In sections of orthotopic tumor, the EdU-labeled cell numbers

were correlated to the expression of Ki67, a clinical marker for

determining the ‘proliferation index’. The cells, when co-

stained for both EdU and Ki67, showed a high degree of co-

localization (Figure 3A, B). Similarly, RNA from the separated

EdUþ and EdU� tumor cells enabled us to determine the prolif-

erative status of the fractionated cell subsets. Quantitative

real time PCR (qPCR) from the fractionated RNA samples

showed a significantly higher expression of Ki67 transcripts

in the EdUþ fraction in vitro and in vivo (Figure 3C; Figure 4).

The gene transcription data correlated with the quantified

protein expression (Figure 3B, C).

3.4. Transcriptional profiling reveals differential gene
expression between dividing and non-dividing cell fractions
in an orthotopic glioma model but not in cultured cells

qPCRwas utilized to profile the expression of selected genes in

the fractionated EdUþ and EdU� cells under two conditions:

cultured cells and cells isolated from the orthotopic model. To

verify the reliability of this approach and the accuracy of the

interpretationof the results, all qPCR readingswerenormalized
Figure 3 e EdUD tumor fraction represents proliferative Ki67 positive tumo

localization of EdU (red) and Ki67 (white) staining within the tumor paren

with Ki67 gene expression (C) in the respective tumor sub-fractions. The s
to four reference ‘house-keeping’ genes (actin, GAPDH, P0,

OAZ1). The genes of interest were considered differentially

expressed when statistical significance was achieved for the

expression of mRNAs between EdUþ and EdU� samples upon

normalization using all four reference genes.

DGli36 cells were used in the study since they express a

mutant variant of EGFR (EGFRvIII). Using specific primers

against the mutant EGFRvIII gene (Ji et al., 2006), the isolated

cells were demonstrated to be xenograft-derived. Similarly,

primers against Ki67 were used to confirm the proliferative

status of the cells. As anticipated, the expression of EGFRvIII

was similar in the EdUþ and EdU� factions (Figure 4, Table

S2), whilst the expression of the Ki67 gene in the EdUþ fraction

was significantly greater than in the EdU� fraction, both in

cultured cells and cells isolated from the orthotopic tumor.

These results confirm the origin of the tumor to be DGli36 cells

as well as their proliferative status.

The EdUþ and EdU� sub-populations of cultured cells and

cells from the orthotopic tumor were screened for the expres-

sion ofmarker genes that are known to play a role in brainma-

lignancies (Table S2) (Cooper et al., 2012; Fatoo et al., 2011;

Huang et al., 2010). These included the cancer stem cell

(CSC) surface markers CD15, CD24, CD44, CD90, CD133,

L1CAM and a6-integrin; markers of hypoxia HIF1a and HIF2a

and their target genes GLUT-1 and GLUT-3, and a transcrip-

tional regulator of mesenchymal transition CEBPD that is

highly associated with necrosis (Cooper et al., 2012); markers

involved in glioma tumor migration and invasion MMP2 and

MMP13; and neuronal stem cell (NSC) markers of pluripotency

Nanog, Nestin, OCT4 and SOX2.
r cell population. (A) Multifluorescence imaging showing nuclear co-

chyma. Their co-expression quantified (B) to show direct correlation

ymbol ‘***’ denotes statistical significance at p < 0.001.

http://dx.doi.org/10.1016/j.molonc.2015.09.001
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Figure 4 e Genes differentially expressed between EdUD and EdUL cells in the orthotopic tumor model but not in vitro. Template cDNAs

prepared from RNA extracts of FACS-sorted fractions were used to determine whether genes implicated in brain tumors are differentially

expressed in EdUD and EdUL fractions. Shown are in vitro (cultured DGli36-GFP cells) and in vivo (DGli36-GFP tumor cells) gene expression

profiles of EdUD- and EdUL-sorted fractions acquired by qPCR and normalized to actin (A), GAPDH (B), P0 (C), and OAZ1 (D). Genes were

considered differentially expressed upon achieving statistical significance between EdUD and EdUL fractions for all reference genes. The symbols

‘*’, ‘**’, and ‘***’ denote statistically significant differences with p < 0.05, p < 0.01, and p < 0.001, respectively.
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There was no significant difference in the expression

pattern of these marker genes in dividing vs. non-dividing

(EdUþ and EdU�, respectively) glioma cells grown in culture

(Figure 4AeD, left panels). Interestingly, we found profound

differences in the expression of most markers in the EdUþ
and EdU� cells when isolated from freshly prepared ortho-

topic tumors. While we observed a w2e6 fold increase in

expression of NSC, CSC, and tumor migration and invasion

markers in EdUþ tumor cells compared to their EdU� counter-

parts, the markers of hypoxia and their target genes including

http://dx.doi.org/10.1016/j.molonc.2015.09.001
http://dx.doi.org/10.1016/j.molonc.2015.09.001
http://dx.doi.org/10.1016/j.molonc.2015.09.001


Figure 5 e Level of differential expression between EdUD and EdUL cells reflects clonal variation in mice survival post-orthotopic grafting. Two

distinct clonal sub-lines established from parental DGli36 cells by limiting dilution show distinct morphology (A). Parental and clonal sub-lines

were treated with EdU for 2 h and EdU-labeled cells detected by FACS (B), and proliferative capacity determined by cell counting (C). (D)

Fluorescence imaging of parental and clonal sub-lines at 2 h EdU-treatment showing distinctly co-localized EdU (red) and Ki67 (white).
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CEBPD were w2-fold down-regulated in EdUþ cells

(Figure 4AeD, right panels; Table S2).

This marked difference in the same cell populations grown

in vitro vs. those derived from intracranial graftsmay be driven

by heterogeneity in the growth environment in vivo, e.g. the

presence of activated glial cells of host origin, interacting

closely with tumor cells. Histological data derived from the

orthotopic grafts show both astrocytes and microglia

(Figure S2AeB) from the host infiltrating the tumor paren-

chyma with the activated microglia proliferating within the

tumor matrix (Figure S2C). Close to 16% (�3.83) of the cells

within the tumor were of host origin of which about 40%

(5.89% � 0.89 of total cells) were dividing (Figure S3).

Collectively, these data clearly demonstrate a substantial

difference in the expression of key marker genes in prolifer-

ating vs. non-proliferating tumor cells isolated intratumorally

from an orthotopic model of glioma while these differences

were not observed in these two sub-populations in cultured

glioma cells.

3.5. Sub-clones of a parental tumor acquire unique gene
expression profiles reflective of tumor aggressive state

To investigate the genetic divergence in cell subsets within a

tumor (intratumor heterogeneity), we profiled EdUþ vs. EdU�

cells in sub-clones isolated from the DGli36 parental line.

Compared to the parental line, the sub-clones were morpho-

logically distinct (Figure 5A), with similar in vitro proliferative

capacity and EdU-labeling of Ki67-positive cells at 2 h

(Figure 5BeD). However, they differed significantly in median

survival of the host mice following their orthotopic intracra-

nial implantation (Figure 5E). To further characterize the

observed clonal differences, we profiled the differential

expression of fractionated EdUþ and EdU� subsets in each tu-

mor using the same set of marker genes and found that the

clonal variation in survival is directly correlated to the level

of differential expression between the EdUþ and EdU� tumor

subsets in the CSC, NSC and tumor migration markers

(Figure 5F; Table S3).

Furthermore, using this profiling approach, we identified

CD15 and CD44 to be significantly more expressed in the

EdUþ cells of clone 1, the most aggressive tumor, compared

to clone 2 and to the parental tumors (Figure 5F; Table S3),

which were relatively benign. These results demonstrate the

value of using profiling based on cell proliferation to charac-

terize sub-clonal variations in tumor fractions due to the

well-known intratumor heterogeneity in brain cancer.
4. Discussion

For many years histology has been the basis to ‘grade’ and

‘stage’ brain malignancies as a guide for therapeutic
(E) Parental and clonal sub-lines show distinct variation in mice survival f

marked differences in the level of differential expression between EdUD- and

sub-lines. The symbol ‘*’ denotes statistical significance between parental DG

All data were normalized to the respective EdUL fraction (broken line) and

genes (actin, GAPDH, P0, OAZ1).
intervention (Louis et al., 2007). It is only recently that molec-

ular profiling for determining therapeutic strategies for these

lesions has been considered (Mischel et al., 2003a, 2003b;

Verhaak et al., 2010). Currently, whole biopsy homogenates

are used to profile brain tumors allowing their broad genetic

classification, as convincingly demonstrated by the cancer

genome atlas project (NIH, USA). Notably, the tumor sub-

fractions with different cycling frequencies that contribute

to oncogenesis and resistance to treatment (Deleyrolle et al.,

2011; Pece et al., 2010) have not been isolated intratumorally

for their profiling assays.

The importance of profiling tumors based on cell prolifera-

tion lies in the different therapeutic approaches that may

arise if intratumoral fractions with differences in molecular

signatures were detected. Furthermore, it is possible that a

causal factor for phenotypic heterogeneity of gliomas arise

from differences in the proliferative capacity of resident tu-

mor cells. Here we applied a method that dissects tumors

into highly proliferative and relatively non-proliferating frac-

tions. Importantly, whilst the highly proliferative and rela-

tively non-proliferating glioma cells in vitro did not differ

significantly in the expression profile of a number of marker

genes, these same cells showed considerable upregulation or

downregulation of these markers in the proliferating tumor

cells in vivo. Thus, the two fractions, when derived from the

same tumor, have different molecular profiles when subject

to different growth conditions, convincingly linking prolifera-

tive cells with intratumor heterogeneity.

The method we established utilizes the thymidine analog

EdU that effectively and unambiguously labels proliferating

cells in vitro and in vivo (Chehrehasa et al., 2009) (Figures 1,

2CeE). The reaction conditions were modified and optimized

to ensure RNA of sufficient quality can be prepared without

impeding its capacity to detect the EdU-labeled cells

(Figure 1; Table S1). Notably, our RNA preparations are of bet-

ter quality than that reported for archived samples, such as in

FFPE (Ludyga et al., 2012), a routinely used source of RNA for

gene profiling (Farragher et al., 2008; Fedorowicz et al., 2009).

Moreover, to avoid artifactual findings common in qPCR, we

validated the procedure by normalizing the data sets to 4

reference genes (Figure 4; Table S2). Validation with the selec-

tion marker for DGli36 cells (EGFRvIII) confirmed the human

origin of the fractionated subsets. Further validation with

the proliferative marker Ki67 suggests that the EdUþ fraction

at the labeling timepoint employed represents a high propor-

tion of Ki67-positive cells, thereby validating the use of EdU as

a clinically-relevant proliferationmarker for pull-down assays

in vitro and in vivo at designated timepoints (Figures 1C, 3, 4,

5D).

Conceivably, an important aspect of this work is the

unique ability to profile the gene expression of the actively

dividing and relatively non-proliferative subsets intratumor-

ally, since it is possible, using EdU, to clearly discern
ollowing stereotactic implantation. (F) Gene expression profiles show

EdUL-fractionated tumor subsets in parental DGli36 cells and clonal

li36 cells and the clonal sub-lines and ‘y’ between clone 1 and clone 2.

presented as a combined average upon normalization to four reference
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http://dx.doi.org/10.1016/j.molonc.2015.09.001
http://dx.doi.org/10.1016/j.molonc.2015.09.001


M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 2 6e1 3 7 135
proliferative and non-proliferative tumor zones in the ortho-

topic grafts (Figure 2C). We applied the newly established

method to assess the fractionated proliferating (EdUþ) and

non-dividing (EdU�) cells for markers of relevance to brain

malignancies (Cooper et al., 2012; Huang et al., 2010; Inoue

et al., 2010; Seidel et al., 2010; Singh et al., 2003). While it is

not surprising that the transcriptional signatures of these tu-

mor subsets are significantly different from each other, to our

knowledge this is the first report showing that it is technically

feasible to isolate a population of highly proliferative cells for

their molecular characterization, with comparisons made to

the histologically discernible tumor regions. In this case, the

different transcriptional profiles observed in the fractionated

subsets allowed an insight into the molecular character of

the two highly distinct and phenotypically different tumor re-

gions. We show that the NSC and CSCmarkers, and the tumor

invasion markers MMP2 and MMP13 are transcriptionally

upregulated in the EdU-positive fraction, and this increase in

transcripts can be correlated to the EdU-demarcated prolifer-

ative tumor zones. In contrast, the opposite is true formarkers

of hypoxia (HIFs) and several genes they regulate (GLUT-1,

GLUT-2), and for CEBPD (Figure 2C; Figure 4; see

Supplementary Material, Table S2). It is important to note

that these differences were observed in the context of a single

tumor, and can be histologically correlated to the phenotypi-

cally different areas of proliferative and non-proliferative

zones within the tumor (Figure 2C), thereby corroborating

the notion of intratumor heterogeneity.

Interestingly, the differences in the observed gene expres-

sion were only evident upon grafting the cells into the mouse

brain and not under in vitro conditions. Although various re-

ports have documented the importance of using in vivo over

in vitro models in the functional aspect of glioma migration

(Senner et al., 1999), and more so in orthotopic models for

gene expression profiling (Camphausen et al., 2005), we pro-

vide here the first report on the influence of the brainmicroen-

vironment on the molecular profiles of the proliferating

glioma cells. We unambiguously demonstrate a close associa-

tion of non-malignant glial cells with tumor cells, where acti-

vated astrocytic and microglial cells invade the tumor matrix

and undergo replication (Figure S2). It is important to note

however that the in vitro cells were cultured in media contain-

ing serum. This might have cellular differentiation effects

potentially contributing to the similar transcripts observed

in the fractionated cells in vitro.

Although a complete mechanistic explanation of these ob-

servations is beyond the scope of this study, our results are

substantiated by several independent studies. For instance,

several reports document a direct role of cancer and neuronal

stem cell markers, together with glial cell interaction, in tu-

mor cell proliferation (Badie and Schartner, 2001; Chou et al.,

2013; Suetsugu et al., 2006). Moreover, some of these markers

are shown to localize in the highly proliferative regions

(Annovazzi et al., 2011) contrary to HIFs, whose expression is

mainly confined in the perinecrotic/hypoxic tumor regions

(Seidel et al., 2010). Interestingly, a direct correlation, and in

some cases synergistic molecular interactions between CSC/

NSC marker expression, proliferative capacity and tumor

invasiveness have been documented in glioblastoma (Inoue

et al., 2010; Zbinden et al., 2010). Taken together, the gene
profiles we observed in the respective tumor subsets corrobo-

rate such reports. The important difference is that we per-

formed the analysis in fractions of the tumor, whereby the

prior observations on differential expression patterns were

confined to a single tumor. Our approach shows the whole

process occurring within a single tumor. This has the power

to resolve individual differences among tumor cohorts of the

same type/grade/stage and even molecular subtypes. This

was demonstrated by its ability to detect differences between

sub-clonal tumors sharing the same parental lineage, but

conferring different median survival in mice (Figure 5).

The unique ability to detect differing transcriptional profiles

in sub-clones might be relevant to tracking changes in the tu-

mor clonal architecture, as sub-clonal dominance are known

to change due to the influence of selection pressures during tu-

mor evolution/oncogenesis and, more importantly, during the

course of treatment (Greaves and Maley, 2012). Such shifts in

clonal dominance are accompanied by subsequent changes in

the molecular anatomy of the dynamically adapting tumor,

particularly its proliferating subset driving tumor growth.

Label retention experiments have demonstrated the exis-

tence of ‘quiescent’ low-cycling cells (Deleyrolle et al., 2011).

Presumably, because of the short labeling timepoint, the ma-

jority of cells lie within the non-proliferative tumor fraction.

The frequency of low-cycling true ‘quiescent’ cells is highly

variable between samples and often contentious (Baker,

2008). For this reason, correlating the molecular character of

the relatively non-proliferative sub-fraction as a representa-

tion of the ‘quiescent’ population must be approached with

caution. The accuracy of the representation largely depends

on the population size of the true quiescent cells, which can

be highly variable between samples. Notably, the use of

some of the reported markers of CSC, presumably enriched

in the quiescent population is still controversial as described

in recent studies on human gliomas (Beier et al., 2007; Chen

et al., 2010; Patru et al., 2010). In any case, the non-

proliferative subset offers a valuable general overview of the

molecular character of that part of the tumor that is not in

active cell division.

Dissecting tumors into highly proliferative and relatively

non-proliferative sub-fractions, therefore, offers a novel

profiling methodology that is far more advantageous than us-

ing whole tissue homogenates, primarily because it allows for

direct characterization of the drivers of active growth, while at

the same time offering a glimpse of the general ‘quiescent’

character of the non-proliferative tumor part. The differences

between the two sub-fractions, phenotypically and molecu-

larly, contribute in part to intratumor heterogeneity. The abil-

ity of our profiling approach, at least in principle, to resolve

intratumor heterogeneity based on cell proliferation makes

it possible to directly define themolecular signatures of active

growth that is unique for each tumor, and whose targeting

may present an efficient, ‘personalised’ anti-cancer strategy.
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