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Glioblastoma (GBM) is the most common and aggressive primary malignant brain tumor affecting adults, with a median survival of
approximately 21 months. One key factor underlying the limited efficacy of current treatment modalities is the remarkable
plasticity exhibited by GBM cells, which allows them to effectively adapt to changes induced by anticancer therapeutics.
Moreover, GBM tumors are highly vascularized with aberrant vessels that complicate the delivery of antitumor agents. Recent
research has demonstrated that GBM cells have the ability to transdifferentiate into endothelial cells (ECs), illustrating that
GBM cells may use plasticity in concert with vascularization leading to the creation of tumor-derived blood vessels. The
mechanism behind this transdifferentiation, however, remains unclear. Here, we show that treatment with temozolomide (TMZ)
chemotherapy induces time-dependent expression of markers for glioma stem cells (GSCs) and immature and mature ECs. In
addition, GBM tumors growing as orthotopic xenografts in nude mice showed increased expression of GSC and EC markers
after TMZ treatment. Ex vivo FACS analysis showed the presence of immature and mature EC populations. Furthermore,
immunofluorescence analysis revealed increased tumor-derived vessels in TMZ-recurrent tumors. Overall, this study identifies
chemotherapeutic stress as a new driver of transdifferentiation of tumor cells to endothelial cells and highlights cellular plasticity
as a key player in therapeutic resistance and tumor recurrence.

1. Introduction

Both standard and novel therapies for glioblastoma (GBM),
the most aggressive primary adult brain tumor, have largely
failed to improve outcomes for patients. While the current
standard of care—surgical resection followed by radiation
and temozolomide (TMZ) chemotherapy—initially reduces
tumor volume, therapy-resistant tumors invariably develop
[1]. One factor known to contribute to GBM’s intractability
is the close relationship between GBM tumor cells and sur-
rounding blood vessels [2]. GBM is a highly vascularized can-

cer and contains excessive levels of vascular endothelial
growth factor (VEGF) [3, 4]. Blood vessels provide a protu-
morigenic environment, closely intertwine with the tumor
cells, and enhance many critical aspects of their survivorship
including maintaining the niche necessary for therapy-
resistant glioma stem cells as well as promoting the invasive
capacity of these tumor cells [5–8]. Recent work has shown
that, in addition to liaising with surrounding blood vessels,
GBM tumors can generate their own vessels in a process
termed vascular mimicry where GBM cells transdifferentiate
into functional endothelial cells [9–13]. Critically, the extent
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of vascular mimicry negatively correlates with patient prog-
nosis [14]. However, the influence of standard of care therapy
on vascular mimicry remains poorly understood.

Our group and others have previously shown that thera-
peutic stress can activate cellular plasticity in GBM, leading
to enrichment of the glioma stem-like cell (GSC) population.
GSCs are characterized by heightened self-renewal capacity
and elevated resistance to therapy [15–20]. Critically, our
work demonstrated that this conversion utilizes hypoxia-
inducible factors (HIF), which are stabilized during che-
motherapeutic stress [21]. Hypoxia canonically leads to
activation of angiogenesis [22], and current evidence sug-
gests that a similar process may drive vascular mimicry
[23, 24]. Because of this, we set out to examine how thera-
peutic stress influences transdifferentiation and vascular
mimicry. Using a mix of patient-derived xenograft cell lines
and murine models, we analyzed how treatment with TMZ,
the most commonly used antiglioma chemotherapy, influ-
ences the expression of GSC and endothelial cell (EC)
markers. This analysis revealed that chemotherapy induces
the formation of a subpopulation of tumor cells expressing
both GSC and intermediate EC markers as well as another
population expressing GSC and mature EC markers. Tube
formation assays and analysis of orthotopic xenografts con-
firmed that therapy increases transdifferentiation and the
formation of tumor-derived vessels.

2. Materials and Methods

2.1. Cell Lines and Culture. U251 and A172 human glioma
cell lines were procured from the American Type Culture
Collection (Manassas, VA, USA). These cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone,
Thermo Fisher Scientific, San Jose, CA, USA) supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals,
Lawrenceville, GA, USA) and 2% penicillin-streptomycin
antibiotic mixture (Cellgro, Herndon, VA, USA; Mediatech,
Herndon, VA, USA).

Patient-derived xenograft (PDX) glioma specimens
(GBM43, GBM12, and GBM6) were obtained from Dr. C.
David James at Northwestern University and maintained
according to published protocols [25].

2.2. Animals. Athymic nude mice (nu/nu; Charles River,
Skokie, IL, USA) were housed according to all Institutional
Animal Care and Use Committee (IACUC) guidelines and in
compliance with all applicable federal and state statutes
governing the use of animals for biomedical research.
Briefly, animals were housed in shoebox cages. Food and
water were available ad libitum. A strict 12-hour light-dark
cycle was maintained.

Intracranial implantation of glioblastoma cells was
performed as previously published [21]. Briefly, animals
received prophylactic injection of buprenex and metacam
via intraperitoneal (i.p.) injection, followed by an i.p. injec-
tion of ketamine/xylazine anesthesia mixture (Henry Schein;
New York, NY, USA). Sedation was confirmed by foot pinch.
Artificial tears were applied to each eye, and the scalp was
sterilized repeatedly with betadine and ethanol. The scalp

was then bisected using a scalpel to expose the skull. A drill
was used to make a small burr hole above the right frontal
lobe (approximately 1 mm in diameter). The animals were
then placed into a stereotactic rig, and a Hamilton syringe
loaded with the cells was brought into the burr hole. The nee-
dle point was lowered 3 mm from the dura, and injection
of 5 μL of cell mixture took place over one minute. The nee-
dle was then raised slightly and left undisturbed for 1 minute
to ensure proper release of the cell mixture. After this minute,
the syringe was carefully removed. The animal’s head posi-
tion was maintained, and the skin of the scalp was closed
with sutures (Ethicon; Cincinnati, OH, USA).

Drug treatments were initiated seven days after intracra-
nial implantation. Animals received i.p. injections of either
TMZ (2.5 mg/kg-10 mg/kg) or equimolar DMSO. Injections
were performed daily for five consecutive days.

For ex vivo FACS experiments, all mice were sacrificed 5
days after the last injection of TMZ. For recurrent xenograft
model experiments, 3 groups in total were created: one con-
trol group, one primary group, and one recurrent group.
All groups followed the same treatment plans; however, the
primary group animals were euthanized 3 days following
the cessation of TMZ treatment for analysis of cells that were
exposed to but had not yet developed resistance to TMZ.
Control and recurrent animals were monitored daily for
signs of sickness, including reduction in body weight, low-
ered body temperature, lack of grooming, hunched appear-
ance, and behavioral signs by a blinded experimenter.
Animals were euthanized when, in accordance with IACUC
protocols and at the recommendation of animal health care
technicians or staff veterinarians, it was determined that they
would not survive until the next day. Animal sacrifices were
performed according to Northwestern University guidelines.
For those brains utilized for FACS analysis, please see Flow
Cytometry in Materials and Methods.

2.3. Flow Cytometry. For in vitro experiments, cells were col-
lected at serial time points after the beginning of treatment
with TMZ or DMSO (days 2, 4, 6, and 8), and fresh surface
staining was performed. Live cells were collected and rinsed
in PBS. For uptake experiments, cells were then incubated
with appropriate antibodies. After 30-minute incubation at
4°C, cells were washed with PBS thoroughly. Preincubated
QDOTs were then added to each well and allowed to incu-
bate at room temperature for 4 minutes. After a final PBS
wash, cells were analyzed using the flow cytometer.

In vivo studies began with the sacrifice of tumor-bearing
mice and immediate removal of the whole brain. Brains were
washed in ice-cold PBS and then bisected down the longi-
tudinal fissure, and the right brains (tumor-bearing) were
passed through a 70 μM strainer. These single cell suspen-
sions were then incubated in ACK lysis buffer (Lonza; Walk-
ersville, MA, USA) for 5 minutes at 20-25°C to lysis any
blood cells. After washing with PBS, cells were stained as in
the in vitro experiments. Human leukocyte antigen (HLA)
staining was used to identify human tumor cells. All cells
were collected in PBS supplemented with 1% bovine serum
albumin (BSA; Fisher Scientific, Fair Lawn, NJ, USA) and
sodium azide and kept on ice until read.
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Figure 1: Continued.
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2.4. Immunofluorescence Staining. Following euthanasia,
mice were perfused with ice-cold PBS. The brains were then
frozen in cryoprotectant on dry ice and subsequently stored
at -80°C. Samples were sectioned (8 μm) and then stained
according to previously described protocols [26]. Briefly, sec-
tions were thawed for 30 minutes at room temperature. They
were then washed with PBS 3 times for 5 minutes to remove
any remaining cryoprotectant. Sections were fixed in 4%
PFA at room temperature for 15 minutes and were subse-
quently washed 3 times in PBS for 5 minutes each. Next, sec-
tions were blocked and permeabilized in a 10% BSA solution
with Triton-X (Thermo Fisher Scientific) for 1.5 hours at
room temperature. Sections were incubated overnight at 4
degrees with primary antibodies diluted in 1% BSA+Triton-
X (Thermo Fisher Scientific). The next morning, sections
were washed 3 times for 10 minutes each in PBS. Following
these washes, secondary antibodies diluted in 1% BSA+
Triton-X were added (Thermo Fisher Scientific). Sections
were incubated in the secondary antibodies for 2.5 hours
at room temperature and were then washed in PBS 3
times for 10 minutes each. Finally, samples were mounted
with a DAPI-containing mounting media (Invitrogen) and
imaged by fluorescence microscopy (Leica). Images were
compiled and analyzed in ImageJ.

2.5. LDL Uptake Assay. GBM cells treated with either
DMSO or TMZ and following treatment were incubated
with fluorescently labeled LDL protein and incubated for
4 hours. After incubation, cells were prepared for FACS
according to standard protocols. Measurement of fluores-
cence uptake was then recorded and different cellular pop-
ulations were analyzed.

2.6. Tube-Forming Assay. GBM cells were cultured as appro-
priate. For more information, please see Cell Lines and Cul-
ture. Experimental GBM cells were treated for 8 days with
DMSO or TMZ in EBM, EGM, or DMEM media. (EBM

and EGM media are optimized for growth of endothelial
cells). On day 8 of treatment, 100 μL of freshly thawed Matri-
gel was used to coat the wells of a 96-well plate in order to
create a gel substrate. The experimental GBM cells were then
plated into the wells at low densities. Cells were incubated at
37 degrees for 16 hours and were subsequently imaged by a
blinded experimenter. The number of tubes per field was
counted for each well to determine the tube-forming capacity
of the cells.

2.7. Statistical Analysis. All statistical analyses were per-
formed using the GraphPad Prism Software v4.0 (GraphPad
Software; San Diego, CA, USA). In general, data were pre-
sented as mean (SD) for continuous variables and number
(percentage) for categorical variables. Differences between
two groups were assessed using Student’s t-test or the
Wilcoxon rank sum test as appropriate. Difference among
multiple groups was evaluated using analysis of variance
(ANOVA) with Tukey’s post hoc test or Mann-Whitney U
test followed by Bonferroni correction as appropriate. Sur-
vival curves will be graphed via the Kaplan-Meier method
and compared by log-rank test. All tests were two-sided
and a p value < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. TMZ Treatment Alters the Expression of Markers for
Glioma Stem-Like Cells and Both Intermediate and Mature
Endothelial Cells. To begin our investigation of potential con-
nections between therapeutic stress and transdifferentiation,
we performed flow cytometry analysis on a panel of human
GBM cells treated with a physiological dose of TMZ (50
μM) or equimolar DMSO [27–30]. After 8 days, expression
of the GSC markers CD133 and CD15 was assayed, as well
as levels of CD105 and CD144, intermediate endothelial cell
(EC) markers, and CD34 and CD31, markers of mature ECs
(Figure 1) [31–33]. In all three PDX lines and GBM cell lines
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Figure 1: TMZ treatment induces expression of endothelial makers in patient-derived GBMs. A panel of human glioma cell lines (A172 and
U251) and patient-derived xenograft cells (GBM43, GBM12, and GBM6) was treated with TMZ (50 μM) or equimolar DMSO (CTRL). After
8 days, cells were analyzed by flow cytometry for the percentage of cells positive for (a) CD133, a maker of glioma stem cells (GSC); (c) CD105
and (e) CD144, markers of intermediate endothelial cells; and (d) CD34 and (e) CD31, markers of mature endothelial cells. To confirm the
induction of a GSC population, cells were analyzed for CD133 and CD15. In addition, the population of cells positive for both CD133 and
each endothelial marker was analyzed (d, f, h, j). Bars represent the means of three independent experiments, and error bars show the
standard error measure. The effect of TMZ was compared in each cell line by the Student t-test with Tukey’s post hoc test.
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Figure 2: Continued.
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tested, TMZ increased CD133 expressing cells, consistent
with our previous studies [21, 26], as well as the percentage
of cells CD133+CD15+ (Figures 1(a) and 1(b)). Basal expres-
sion of ECmarkers varied across different cell lines, reflecting
the well-established heterogeneity of GBM [34, 35]. TMZ
treatment induced the expression of EC markers in all cell
lines, except CD144 expression in GBM12. Critically, exam-
ination of the subpopulation of GBM cells positive for both
CD133 and each EC marker revealed the presence of a GSC+-

EC+ population following TMZ exposure (Figures 1(c)–1(j)).
Clearly chemotherapeutic stress influences the expression of
EC markers, potentially generating a population of GSCs en
route to obtaining an EC phenotype.

Our next step was to assess how therapeutic stress
affected specific subpopulations of cells. We performed flow
cytometry sorting on a panel of human GBM cells. Cells were
isolated based on whether they were positive or negative for
the stem surface marker CD133 and whether they were
positive or negative for EC markers CD31 and CD34.
Three populations of cells were isolated—double negative
(CD133-, EC-), double positive (CD133+, EC+), and unsorted
(Figure 2(a)). Each population was treated for 8 days with 50
μM TMZ or equimolar DMSO. After 8 days, flow cytometry
was used to analyze the expression of CD133 (a stem cell
maker), CD144 (an intermediate EC marker), and CD34
(a mature EC marker). In each population, TMZ increased
the CD133/CD144 expression as well as the total CD144
expression (Figures 2(b) and 2(c)). This suggests an upregu-
lation in the number of cells transitioning from stem cells to
ECs as well as an upregulation in ECs. Furthermore, in each
population, TMZ increased the CD133/CD34 expression as
well as the total CD34 expression, suggesting a concomitant
increase in the number of cells transitioning to a mature
EC state and an upregulation in mature ECs (Figures 2(c)
and 2(d)). The change seen across all three populations

reflects the high level of plasticity that has been previously
described in GBM. Even the double negative population,
when exposed to therapeutic stress, is able to dedifferentiate
to a stem-like state and then redifferentiate down an endo-
thelial cell pathway.

To further investigate this plasticity, we developed a
promoter-reporter system that identifies GSCs with high
specificity [21]. A Sox2 promoter was linked to an RFP
reporter, and human GBM cell lines were transfected with
the plasmid (Figure 2(e)). Cells were treated with 50 μM
TMZ or equimolar DMSO for 8 days. Flow cytometry
showed that the population of Sox2+/CD133+ cells and the
population of CD133+ cells were significantly increased after
therapeutic stress, suggesting that therapeutic stress does
indeed promote stemness and further showing the plasticity
of GBM cells. Similar methods were used to assess the level
of CD105/Sox2 coexpression and CD34/Sox2 coexpression,
confirming that the number of immature ECs and mature
ECs is also upregulated after therapeutic stress (Figures 2(f)
and 2(g)). Overall, these data show that therapeutic stress
alters the expression of markers and promotes GSCs and dif-
ferentiation down an EC pathway.

3.2. Functional Validation of Therapeutic Stress-Induced EC.
While expression of EC markers is interesting, it does not
confirm that chemotherapeutic stress is actually inducing
the formation of functional vessels capable of ferrying blood
to the tumor. In order to examine the functional effects of
TMZ on GBM cells, we first performed a Dil-Ac-LDL uptake
assay, where acetylated (Ac), fluorescently labeled low-
density lipoprotein (LDL) that specifically binds to a receptor
on the surface of the endothelial cells delivering cholesterol
via endocytosis was used to evaluate the functionality of the
therapeutic stress-induced endothelial-like GBM cells. PDX
cells GBM43 were cultured in media containing TMZ in
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Figure 2: TMZ treatment induces expression of endothelial markers in both GSC+/EC+ and GSC-/EC- populations. The PDX line GBM43
was treated with 50 μM TMZ or equimolar DMSO after being divided into 3 populations—EC+/GSC+, EC-/GSC-, or unsorted (a). After 8
days, cells were analyzed by flow cytometry for the percentage of cells positive for (b) CD133/CD144, reflecting cells transitioning from a
stem state to an immature EC state; (c) CD144, reflecting cells in an immature EC state; (d) CD133/CD34, reflecting cells transitioning
from a stem state to a mature EC state; and (e) CD34, reflecting cells in a mature EC state. To confirm the results, a promoter-reporter
system that is highly specific for Sox2 expression (another GSC marker) was also used (f). After treatment for 8 days, flow cytometry was
used once more to determine the population of cells positive for (g) Sox2/CD133 and CD133, reflecting the GSC state; (h) Sox2/CD105
and CD105, reflecting the transition to immature ECs and the immature EC state, respectively; and (i) Sox2/CD34 and CD34, reflecting
the transition to mature ECs and the mature EC state, respectively. Bars represent the means of three independent experiments, and error
bars show the standard error measure. The effect of TMZ was compared in each population by the Student t-test with Tukey’s post hoc test.
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Figure 3: TMZ increases population of immature and mature endothelial cells with functional endothelial cell properties. A Dil-Ac-LDL
uptake assay was performed, where acetylated (Ac), fluorescently labeled low-density lipoprotein (LDL) specifically binds to a receptor on
the surface of the endothelial cells delivering cholesterol via endocytosis. (a) FACS analysis was performed at day 2 and day 8 post-TMZ
exposure to evaluate the uptake of Dil-Ac-LDL by the CD105- (a) and CD31- (b) positive cells. (c) The PDX line GBM43 was treated with
50 μM TMZ or equimolar DMSO and then plated in EGM (optimized endothelial cell media with 2% FBS and VEGF for rapid
proliferation), EBM (EGM media without any supplement and growth factors), or DMEM media. Results show that EGM media
independently promoted tube formation which was significantly augmented in the presence of TMZ. In addition, while DMEM media
alone did not promote tube formation, the addition of therapeutic stress significantly increased tube formation. Images were taken and
analyzed by a blinded experimenter. Bars represent the means of three independent experiments, and error bars show the standard error
measure. Tubes were quantified based on the number of tubes per field with images taken across the plate of cells. The effect of various
treatments was compared across cells by the Student t-test with Tukey’s post hoc test.
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the presence of Dil-Ac-LDL. FACS analysis was performed at
day 2 and day 8 post-TMZ exposure to evaluate the uptake of
Dil-Ac-LDL by the CD105- (Figure 3(a)) and CD31-
(Figure 3(b)) positive cells. Next, we performed a tube-
formation assay, where PDX GBM cells were plated in the
presence of different media types (EGM, EBM, and DMEM)
and treated with either DMSO or TMZ (50 μΜ) for 8 days.
They were then transferred to Matrigel and grown overnight.
Live cells were imaged by a blinded experimenter and tubes
were counted (Figure 3). EGM induced formation of tubes,
as expected; this increase was further activated by treatment
with TMZ. However, cells growing in DMEM (which is not
a tube-activating media) showed significant tube formation

when exposed to TMZ as well. These results, combined with
the previously described FACS data, strongly suggest that
chemotherapy induces GBM cells to form blood vessels,
independent of other factors.

3.3. Orthotopic Xenografts Treated with TMZ Exhibit
Increased EC Marker Expression in Tumor Cells. Thus far,
all described experiments have been performed in vitro. To
determine if these effects are actually observed when cells
are growing in vivo, PDX GBM cells were implanted in the
brains of athymic nude mice (150,000 cells/mouse). Five days
later, animals were treated with TMZ at doses of 2.5, 5, or
10 mg/kg body weight; control animals were treated with
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Figure 5: Continued.
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equal volumes of DMSO. Treatments occurred daily for a
total of five days. Five days after completion of treatment,
mice were sacrificed and ex vivo flow cytometry was per-
formed. CD45 status was used to exclude mouse cells from
analysis. Interestingly, we observed an inverse relationship
between dose of chemotherapy and expression of CD133
alone. An inverse relationship was also observed between
TMZ dose and percentage of cells positive for both CD133
and EC markers (Figure 4). This was true for both CD105,
a marker of intermediate ECs, and CD31, a marker of mature
endothelial cells. Further exploration showed that this
inverse relationship was also demonstrated in vitro across a
range of dosing from 50 to 300 micromolar TMZ with the
exception of CD133 and CD31 double positive cells at day 4

(Figure S2). These results confirm that therapeutic stress
induces the expression of EC markers in GBM and suggest
that expression of these markers is dynamic and could be
dose and time dependent.

3.4. Recurrent Tumors Contain Elevated Numbers of Tumor-
Derived Vessels. These first mouse experiments dealt with
what happens during the time period just after treatment
with TMZ. However, the clinical course of GBM involves a
longer period of time between administration of chemother-
apy and the onset of lethal recurrence. In order to investigate
the effects of TMZ on tumor-derived ECs and any temporal
elements of this process, we turned to our primary and recur-
rent mouse models of GBM. Mice were injected with tumor
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Figure 5: Recurrent GBM tumors exhibit increased expression of endothelial cell markers relative to primary tumors in vivo. (a) Schematic
representation of experimental design. PDX GBM43 cells were implanted intracranially in the right cerebral hemisphere of athymic nude
mice. Five days later, treatment was initiated, with three groups of mice receiving TMZ (2.5 mg) or equimolar DMSO. Mice were given
the drug each day for five consecutive days and then were sacrificed three days following therapy. A second TMZ group was allowed to
progress until tumor symptoms developed. Tumor cells were then analyzed by FACS. (b) Tumor cells were identified via use of a human-
leukocyte antigen conjugated to Pacific Blue (PB). (c) Quantification of FACS analysis for percentage of cells positive for both CD133, a
glioma stem cell marker, and CD105 or CD144, markers of intermediate endothelial cells. Note that these populations only reflect human
cells. (d) Quantification of FACS analysis for percentage of cells positive for both CD133, a glioma stem cell marker, and CD34 or CD31,
markers of mature endothelial cells. (e) Flow cytometry plots showing the expression of CD105 and CD144 in mice with implanted
tumors treated with DMSO, mice treated with TMZ and sacrificed after 3 days, and mice treated with TMZ and sacrificed at the endpoint.
(f, g). Quantification of flow cytometry showing a significant increase in the expression of immature EC markers CD105 and CD144 in
mice treated with TMZ that developed recurrent brain tumors. The means of all mice were compared by one-way ANOVA with multiple
comparisons. ∗p < 05, ∗∗p < 01, and ∗∗∗p < 001. N = 5mice/group.
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Figure 6: Recurrent PDX GBM43 tumors contain elevated tumor-derived vessels. Recurrent PDX GBM43 was established as described. (a)
Brains containing tumors were removed and subjected to immunofluorescence (IF) analysis for CD105 with an antibody specific to the
human antigen, a marker of intermediate endothelial cells and laminin, which indicates functional vessels. Tumors were identified via
DAPI nuclear staining. (b) IF staining for CD31, a marker of mature endothelial cells and laminin. Images taken at 20x magnification.
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cells as before and, after five days, treated with DMSO or
TMZ (2.5 mg/kg). Some DMSO- and TMZ-treated mice
were sacrificed after 3 days, while the remaining TMZ mice
were sacrificed upon visible symptoms of tumor burden,
thereby mimicking lethal recurrent tumors. Mice were eutha-
nized and tumor cells analyzed by ex vivo FACS, using
human leukocyte antigen (HLA) to identify human cells
and avoid detection of murine blood vessels (Figures 5(a)
and 5(b)). Analysis of CD133, CD105, and CD144 revealed
that recurrent tumors have significantly increased subpopu-
lations of tumor cells expressing both CD133 and an inter-
mediate EC marker (Figure 5(c)). In addition, examination
of CD31 and CD34 levels showed that TMZ also leads to
the formation of tumor cells expressing mature EC markers
(Figure 5(d)).

It is possible that some non-GSCs may also undergo tran-
sition to ECs or that some GSCs, in the process of conversion
to an EC state, lose their CD133 expression. We therefore
examined the expression of both immature and mature EC
cells, regardless of CD133 expression. FACS analysis showed
that TMZ treatment generates a subpopulation expressing
both CD105 and CD144, suggesting ongoing conversion of
tumor cells to ECs. It also showed a subpopulation of mature
endothelial cells (Figures 5(e) and 5(f)).

Finally, to confirm that expression of these EC markers
actually represents the formation of tumor-derived blood
vessels, DMSO control tumors and recurrent TMZ-treated
brains were stained for EC markers. This immunofluores-
cence showed that TMZ treatment does in fact increase
expression of CD105 in tumor-derived blood vessels, as
well as levels of Von Willebrand factor (VWF), a marker
of functional vessels (Figure 6, Supplementary. Figure 1).
In all, these data strongly support our FACS analysis and
show that TMZ treatment increases the formation of tumor-
derived blood vessels.

4. Conclusions

Ongoing research continues to highlight GBM’s ability to
adapt to its environment as a key factor limiting the success
of therapies. This study joins this chorus of studies and iden-
tifies a new connection between standard of care therapy and
the generation of tumor-derived blood vessels. Our data
demonstrate that (1) TMZ increases the expression of both
GSC and EC markers and induces the formation of a subpop-
ulation of GSC+EC+ cells, (2) these TMZ-induced endothelial
cells generate tubes in vitro, (3) orthotopic xenografts also
exhibit dose-dependent increases in the expression of EC
markers following treatment, and (4) following treatment with
TMZ, recurrent xenografts contain significantly more tumor-
derived ECs and vessels. In sum, these results suggest that
standard of care therapy promotes cellular plasticity leading
to the generation of GBM-ECs and tumor-derived blood
vessels. This process may represent a key portion of GBM’s
therapy response and contribute to lethal tumor recurrence.

These results confirm that GBM cells can not only attain
a variety of tumor cell phenotypes but also transdifferentiate
into tumor-supporting cells. In addition to endothelial cells
[9, 10, 13], GBM cells can also become vascular pericytes

[36]. Activation of this process by TMZ chemotherapy
increases the number of tumor cells working towards the
generation of new blood vessels.

In addition, our study offers a new perspective on the
long-established role of hypoxia in GBM. Brain tumors, with
their elevated VEGF levels and excessive vascularization,
exhibit a high degree of regional microenvironmental het-
erogeneity, with hypoxic pockets [37, 38]. These areas are
associated with GSCs and tumor aggression [5, 39]. Acti-
vation of hypoxia signaling has been shown to promote
dedifferentiation during therapy [21, 40]. Critically, the
work done in our lab has demonstrated that TMZ treat-
ment increases the HIF response element expression in a
recurrent model of glioma and this can lead to an acquisi-
tion of GSC status [21].

A key question surrounding the tumor-derived endothe-
lium is the extent to which this process occurs. Our results
suggest that up to 20% of tumor cells becomemature endothe-
lial cells. While not overwhelming, it is more than likely that
this transdifferentiation acts in combination with tumor-
activated neoangiogenesis to ensure ample blood flow.

Another critical question generated by these results is the
potential mechanism governing this process. It has been
shown that radiation causes increased secretion of VEGF
[41]. Analysis of the patient’s CSF confirmed that recurrent
GBM tumors exhibited markedly elevated levels of VEGF,
relative to primary GBM tumors [42]. This secretion has
been linked to both neoangiogenesis and activation of the
GSC state [3]. The therapeutic stress of radiation is known
to induce secretion of VEGF in GBM [41], suggesting
another possible connection. In addition, chemokine signal-
ing by IL-8 has been linked to the induction of cellular plas-
ticity and poor prognosis in GBM patients [43, 44]. Further
research will delineate the role of specific signaling axes in
vascular mimicry.

Finally, it remains an open question to what extent non-
tumor cells surrounding the tumor contribute to the genera-
tion of tumor-derived vessels. It is well established that
endothelial and tumor cells participate in robust bidirectional
communication [5, 6, 39]. Therefore, we speculate that signals
from surrounding endothelial cells may contribute to the ini-
tiation of processes that generate tumor-derived vessels with
one caveat. The core component of this study deals with GSCs
and their response to TMZ treatment by inducing expression
of vascular markers. We do not expect to see the mouse cell
population contributing to GSC especially due to the differ-
ence in species; therefore, this effect can be discounted.

GBM tumors continue to show a remarkable ability to
adapt to therapy. These results corroborate reports of this
adaptation and highlight a potential new mechanism—for-
mation of tumor-derived blood vessels. This result sheds
light on the obstacles blocking the successful development
of novel therapies against GBM.
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Supplementary Materials

Figure S1: recurrent GBM tumors contain elevated tumor-
derived vessels. (a) Brains containing tumors were removed
and subjected to immunofluorescence (IF) analysis for
CD105, a marker of intermediate endothelial cells and lami-
nin, which indicates functional vessels. Tumors were identi-
fied via DAPI nuclear staining. (b) IF staining for VWF, a
marker of mature blood vessels, and laminin. Images taken
at 63x magnification. Figure S2: increasing doses of TMZ
(50, 200, and 300 micromolar) alter CD133 expression levels
as well as CD105 and CD31 expression in GSC population.
(a) Representative FACS plots demonstrating CD133 APC
fluorophore plotted against CD105 Pacific Blue Fluorophore.
Cells treated with DMSO and TMZ are shown and quadrant
percent is included. (b) Total percent of parent population of
CD133 in DMSO and TMZ dosing conditions across days 2
and 4. (c) CD133 and CD105 double positive cells shown
across DMSO and TMS doses for days 2 and 4. (d) CD133
and CD31 double positive cells shown across DMSO and
TMZ doses for days 2 and 4. ∗p < 05, ∗∗p < 01, ∗∗∗p < 001,
and ∗∗∗∗p < 0001. (Supplementary Materials)
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