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Carbonic anhydrase IX (CA IX) is a transmembrane enzyme upregulated in several types of tumors includ-
ing glioblastoma multiforme (GBM). GBM is among the most aggressive tumors among gliomas.
Temozolomide (TMZ) therapy combined with surgical or radiation approaches is the standard treatment
but not effective in long term. In this study we tested the treatment with acetazolamide (ATZ), an inhi-
bitor of CA IX, alone or combined with TMZ. The experiments were performed in 2D and 3D cultures
(spheroids) using glioblastoma U251N and human brain tumor stem cells (BTSCs). Several proteins impli-
cated in tumor cell death were also investigated. The key results from these studies suggest the follow-
ing: (1) Cell death of human glioblastoma spheroids and BTSC is significantly increased with combined
treatment after 7 days, and (2) the effectiveness of ATZ is significantly enhanced against BTSC and
U251N when incorporated into nano-carriers. Collectively, these results point toward the usefulness of
nano-delivery of CA IX inhibitors and their combination with chemotherapeutics for glioblastoma
treatment.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Carbonic anhydrase IX (CA IX) is a transmembrane enzyme
upregulated in several types of tumors including glioblastoma
multiforme (GBM). Glioblastoma multiforme (GBM) is a primary
brain tumor which is one of the most common and aggressive
brain tumors [1]. The survival rate with the standard of care, max-
imal surgical resection and radiotherapy in conjunction with
chemotherapy is about 6–12 months [2]. A common feature of
the solid tumors, including glioblastomas, is their hypoxic environ-
ment which results from structurally abnormal and functionally
unstable tumor vasculature, leading to a poor oxygen delivery to
the growing tumors of high oxygen demand [3,4]. To grow and
to survive in this hostile environment, a highly conserved
hypoxia-induced intracellular signaling cascade, regulated by tran-
scription factor hypoxia inducible factor 1 and 2 (HIF1/2), is acti-
vated by the stressful hypoxic cells in the tumors [4]. Activation
of HIF pathway modulates a number of proteins critically involved
in tumor progression [5–7], including CA IX [8–10].
CA IX is an integral transmembrane enzyme which is composed
of 4 domains: the N-terminal proteoglycan domain controlling cell
attachment [11], the extracellular catalytic domain, a hydrophobic
trans-membrane region, and a cytoplasmic tail [12]. CA IX cat-
alyzes the reversible conversion of carbon dioxide to carbonic acid
(CO2 + H2O to HCO3

� and H+). Among all 15 human a-carbonic
anhydrases, CA IX has the highest catalytic activity and the expo-
sure of its catalytic domain to the extracellular domain allows an
indirect contribution to the intra-extracellular pH by production
of bicarbonate, regulated by bicarbonate/chloride exchange
[13,14]. CA IX plays critical roles in tumor cells, including cell sur-
vival and proliferation, stem cell phenotype maintenance [15],
epithelial-mesenchymal transition (EMT) in carcinoma cells [16],
invasion, metastasis [17], and resistance to radiation therapy and
chemotherapy [18–21]. Importantly, the accumulation of acidic
by-products such as lactic acid, produced by highly metabolic can-
cer cells involved in glycolytic metabolism, leads to the presence of
an increasingly acidified intracellular pH and basic extracellular pH
[6,22,23].

Several studies have established that depletion of CA IX gene
expression and inhibition of its catalytic activity in the context of
hypoxia dysregulate pH homeostasis and affect the viability of sev-
eral types of cancer cells in vitro [21,24]. Studies in several human
tumor cell lines with constitutive or upregulated CA IX expression
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in hypoxia, show that selective CA IX inhibitors cause a decrease in
intracellular pH (acidification), and enhancement of the extracellu-
lar pH (alkalinization) [18,25–28].

The objective of this study was to employ glioblastoma cells in
2D and 3D and in spontaneously formed clusters of brain tumor
stem cells, to evaluate effectiveness of CA IX inhibitors, individu-
ally and in combination with the first-line therapeutic anticancer
agent, temozolomide (TMZ) [29]. A combination therapy was par-
ticularly effective against brain tumor stem cells, when acetazo-
lamide (ATZ), a CA IX inhibitor was incorporated into a polymeric
poly(ethylene glycol)-block-poly(lactide-co-glycolide) (PEG-PLGA)
nano-carrier, in 3D spheroid models.
2. Materials and methods

Solutions, media and reagents. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), Hoechst 33342, Rhodamine
B-isothiocyanate, PEG-PLGA, propidium iodide (PI), acetazolamide
(A6011-10G), temozolomide (T2577), and goat serum (G-9023)
were purchased from Sigma-Aldrich (Oakville, ON, Canada).
U251N human glioblastoma cell line was provided by Dr. Josephine
Nalbantoglu (Montreal Neurological Institute, Montreal, QC,
Canada). U251N cell line was originally obtained from the Ameri-
can Type Culture Collection. Human IgG1 anti-CA IX (1.8 mg/mL,
Ab � 150 kDa) was acquired from Dr. Nathan Yoganathan (Kalgene
Pharmaceuticals, Kingston, Ontario). Mouse anti-human CA IX-
MAb was purchased from Abcam� (Cambridge, MA, USA Cat#
ab107257). Cell culture media, penicillin-streptomycin, and heat-
inactivated fetal bovine serum (FBS) were purchased from Invitro-
gen (Burlington, ON, Canada).
2.1. Cell cultures

Brain tumor stem cell (BTSC) 3D-clusters. Human glioblastoma
stem cells (hGSC) were isolated as previously performed by Kelly
et al. and expanded in neurosphere cultures [30]. 48EF and 84EF
were kindly provided by Dr. Samuel Weiss (University of Calgary,
AB, Canada). hGSC spheres were cultured in complete
NeurocultTM-NS-A proliferation medium (NeurocultTM basal medium
containing: NeurocultTM NS-A proliferation supplement, 20 ng/mL
rh EGF, 20 ng/mL rh bFGF, and 2 lg/mL Heparin) from StemCellTM

Technologies Inc. (Vancouver, BC, Canada). When spheres appeared
large enough for passaging (<300 lm in diameter), they were col-
lected in tubes and spun at 1200 rpm for 3 min. To dissociate the
spheres, 800 lL of Accumax� (Millipore�, Burlington, MA, USA)
was added to the cell pellet and incubated for 5 min at 37 �C,
washed with PBS, centrifuged and re-suspended in complete
NeurocultTM-NS-A proliferation medium and seeded at a concentra-
tion of 200,000 cells/flask.

U251N human glioblastoma monolayers were cultured in Dul-
becco’s Modified Eagle Medium (DMEM; Gibco�, Life Technologies
Inc., Burlington, ON, Canada) supplemented with 10% (v/v) FBS
(Gibco�) and 1% (v/v) penicillin–streptomycin (Gibco�). Cells were
seeded 24 h before treatment according to the appropriate density
for the indicated assay (described in detail below). They were
maintained at 37 �C with 5% CO2 and 95% relative humidity.

Spheroid formation. Spheroid cultures were prepared using a
protocol adapted from the liquid overlay system previously estab-
lished by Dhanikula et al. [31]. Confluent U251N monolayer cell
cultures were detached using 0.05% trypsin-EDTA (Gibco), and
seeded at 5000–50,000 cells per well in 96-well plates pre-
coated with 2% agarose (Invitrogen) in serum-deprived DMEM
solution. Spheroids were seeded and maintained in filtered
(0.22 lm) complete DMEM medium for four days before drug
treatment with ATZ (alone or encapsulated in micelles), TMZ and
the MAb-CA IX. 100 lL of filtered, complete DMEM medium was
replaced every four days.

Cell treatment. Confluent monolayer cell cultures were detached
using 0.05% trypsin-EDTA, and seeded in 24-well-plate (Costar�,
Corning Inc., Corning, NY, USA) at 20,000, 10,000 or 5000 cells
per well (for 1, 3, and 6 days treatments, respectively) or seeded
in 6-well plates (Corning Inc.) at 100,000 or 300,000 cells per well
(for 1 and 6 day-treatments, respectively), and treated after 24 h.

For chemical induction of hypoxia, cells were treated with
50 lM cobalt chloride (CoCl2) dissolved in sterile pure water, for
24 h before addition of TMZ (100 lM), ATZ (100 lM), MAb-CA IX
(Kalgene, 5 nM), or their combinations (for 1–6 days). Spheroids
have hypoxic cores; therefore, the same drug concentrations were
used in the absence of CoCl2.

Stock solutions of temozolomide (Sigma-Aldrich; 43 mM) and
acetazolamide (Sigma-Aldrich; 200 mM) were prepared in
dimethyl sulfoxide (DMSO; Sigma-Aldrich), and were added to cells
for a final DMSO concentration of <0.5%. CoCl2 was dissolved in pure
water. MAb-CA IX (Kalgene; 12 lM) stock was dissolved in PBS.

MTT assay. Following treatment, the culture medium was
replaced with serum-deprived DMEM containing thiazolyl blue
tetrazolium (MTT, 0.5 mg/mL; Sigma-Aldrich). The cells were incu-
bated at 37 �C for 60 min to allow for formazan formation, after
which the medium was removed, and dimethyl sulfoxide (DMSO;
500 lL; Sigma-Aldrich) was added to dissolve the formazan crys-
tals. Samples were collected in triplicate, and the absorbance was
measured at 595 nm using a microplate reader (BenchmarkTM;
Bio-Rad, Mississauga, ON, Canada).

XTT assay. BTSCs were plated at 10,000 cells/well in 96 well
overnight in culture media. Drugs (ATZ, TMZ, and ATZ-micelles)
were added to their final concentrations in a final volume of
200 lL. After indicated time of incubation at 37 �C, 50 lL of XTT
was prepared as instructed by the manufacturer (Life Technologies
Inc.) and the mixed XTT solution was added and further incubated
for 2 h at 37 �C. The absorbance at 490 nm was measured on an
EpochTM plate reader (BioTek, Winooski, VT, USA).

Hoechst 33342 and propidium iodide labeling. In monolayer cul-
tures, Hoechst 33342 (10 lM) and propidium iodide (PI, 1.5 lM)
were added to the culture medium following the treatments and
incubated at 37 �C for 60 min. Analysis of the plates was immedi-
ately followed. Cell imaging was conducted using an automated
microscopy platform (OperettaTM High Content Imaging System;
Perkin Elmer, Waltham, MA, USA). Image analysis and cell counting
were performed using the Columbus Image Data Storage and Anal-
ysis platform (Perkin Elmer).

Hoechst 33342 (10 lM) and PI (1.5 lM) fluorescent dyes were
added 4 h prior to measurements in spheroid cultures. Following
treatment, individual spheroids were carefully transferred onto a
microscope slide using a pipette and flattened under a coverslip;
cell number was assessed. A total cell number corresponded to
all Hoechst-labeled nuclei and only cells with damaged plasma
membranes were labeled with PI. Imaging was conducted using a
fluorescence microscope (Leica, Wetzlar, Germany). Fluorescence
intensity and cell numbers were quantified using ImageJ software
[32], and CyQuant� software (Thermo Fisher Scientific, Waltham,
MA, USA).

Caspase-3 activity measurement. EnzCheck caspase-3 assay kit
#2 (E13184, Molecular Probes, Eugene, OR, USA) with some minor
changes to its protocol was used to measure caspase-3 activity as
described below. Following the treatments, the culture medium
was collected. Cells were washed twice with PBS and detached
using 0.05% trypsin-EDTA. The cells were collected and added to
their respective culture medium. They were centrifuged at
12,000 rpm for 4 min. 50 lL of the 1� lysis buffer (1.5 mL of
200 mM TRIS, pH 7.5, 2 M NaCl, 20 mM EDTA, 0.2% TRITONTM X-
100) was added to each pellet and re-suspended. The suspension
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of cells was frozen at �80 �C and thawed subsequently. The cells
were centrifuged at 12,000 rpm for 4 min. 50 lL of the supernatant
from each treatment was then transferred to a 96 well plate (Sarst-
edt, Nümbrecht, Germany). 50 lL of the reaction buffer (50 mM
PIPES, pH 7.4, 10 mM EDTA, 0.5% CHAPS) at 5� diluted down to
2� by ddH2O containing 20 mM DTT was added to each super-
natant followed by 30 min incubation at room temperature. The
controls contained 50 lL of the lysis buffer and 50 lL of the reac-
tion buffer (2�) with 10 mM DTT. Spectrofluorometric measure-
ments (in triplicate) were done with excitation/emission
wavelengths set at �496/520 nm (FLUOstar OPTIMA, BMG LAB-
TECH GmbH, Ortenberg, Germany).

Western blotting. U251N glioblastoma cells were seeded at a
density of 300,000 per well into six-well cell culture plates and left
to adhere for 24 h in a final volume of 2 mL serum-supplemented
DMEM media (10% FBS, 1% Pen-Strep). The drugs and the nano-
carriers were added to the adherent monolayers in the concentra-
tions ranging from 10 to 100 lM for 1–6 days as indicated in indi-
vidual figure legends. Following treatment, cells were trypsinized,
pelleted, resuspended in lysis buffer (10 mM sodium phosphate pH
7.0, 150 mM NaCl, 1% NP40, 0.1% SDS, 1% sodium deoxycholate, 10
mM NaF, 2 mM EDTA), centrifuged and followed by the collection
of the supernatant. For spheroids, following the treatments, they
were picked up by a pipette, pelleted and resuspended in the lysis
buffer. 10–20 lg of protein (measured by Bradford� protein assay
(Bio-Rad)) was loaded onto a 12% sodium dodecyl sulfate-
polyacrylamide gel and transferred to a PVDF membrane. Mem-
branes were washed with 0.1% Tween�-20 + TBS and blocked with
3% milk (with 1:10,000 of 10% NaN3) + 0.5% Tween�-20 + TBS for
1 h at room temperature. Membranes were then incubated with
primary antibodies (anti-CA IX McAb dilution 1:1000) in blocking
solution overnight at 4 �C. After three washes with 0.1% Tween�-
20 + TBS, the membranes were incubated with the HRP-
conjugated anti-rabbit/mouse (Bio-Rad) diluted 1:5000 in 3% milk
(with 1:10,000 of 10% NaN3) + 0.5% Tween�-20 + TBS for 1 h at RT.
After three washes with 0.1% Tween�-20 + TBS, HRP substrate
(LuminataTM, Millipore) was added and incubated for 5 min, follow-
ing which the membranes were exposed to HyBlot CL� film (Har-
vard Bioscience, Holliston, MA, USA). Blotting with mouse anti-
actin (dilution 1:5000, Millipore) was used as a housekeeping pro-
tein to control for consistent protein loading. Densitometry was
performed using ImageJ [32] and data were tabulated and graphed
using the Microsoft Excel�.

Acetazolamide incorporation into polymeric nanoparticles. ATZ-
loaded micelles were prepared by dissolving poly(ethylene glycol)
methyl ether-block-poly(lactide-co-glycolide) (PEG Mn 2000 Da,
PLGA Mn 4000 Da) and acetazolamide in acetone with sonication
(3 min) to obtain a clear solution (5 mg/mL of ATZ and 10 mg
PEG-PLGA). An equal volume of water was placed in a vial with a
magnetic stirrer. The acetone solution containing polymer alone
or a mixture of polymer with drug was added dropwise (10 lL/s)
into the water under constant agitation. The vial was left uncapped
with constant agitation for 24 h and then placed under vacuum
overnight to remove any traces of acetone. Non-encapsulated
acetazolamide formed precipitates which were removed by cen-
trifugation at 2000g for 5 min. The mass of non-encapsulated
acetazolamide (precipitate) was weighed after freeze-drying the
pellet in a VirTis Sentry BenchtopTM 3L vacuum pump (SP Indus-
tries, Gardiner, NY, USA). The sizes of the blank and
acetazolamide-loaded micelles were determined by asymmetrical
flow field-flow fractionation (AF4, Dualtec�, Wyatt Technology,
Santa Barbara, CA, USA) coupled to a UV–vis detector and a
dynamic light scattering detector (Wyatt, QELS).

AF4 protocol. The AF4 separation was performed on an Agilent�

1100 (Agilent Technologies, Waldbronn, Germany) combined with
a short channel (SC) separation channel linked to Wyatt Eclipse
DualTecTM (Wyatt Technology, Santa Barbara, CA, USA), coupled
with a UV–vis detector SPD-20A (Shimadzu Co., Kyoto, Japan), a
fluorescence detector (RF-10AXL, Shimadzu Co.), and a quasi-
elastic light scattering (QELS) detector (WyattQELSTM, Wyatt Tech-
nology) which is an add-on unit connected to the MALS Dawn
HeleosTM 8+ detector (Wyatt Technology). The MALS was equipped
with a K5 cell and a GaAs laser operating at 658 nm. The separation
channel was equipped with a 350 lm spacer (Wyatt Technology), a
length of 15.5 cm and a width from 2.1 to 0.1 cm and a regenerated
cellulose membrane with a cut-off of 10 kDa from Microdyn-Nadir
(Wiesbaden, Germany). The samples were measured at 0.5 s inter-
vals and the UV and MALS signals were simultaneously recorded as
fractograms, plots of detector signal intensity versus time. Data
acquisition and processing were performed using ASTRA� ver.
6.1.1.17 (Wyatt Technology).

The retention times of PEG-PLGA micelles and the drug were
evaluated in phosphate buffer (10 mM, pH 7.4). The buffer was fil-
tered (0.1 lm Whatman� filter, GE Healthcare Life Sciences, Pitts-
burgh, PA, USA) prior to use.

The flow rate at the detector was kept constant at 0.5 mL/min
throughout the run. The elution profile was the following: (1) Elu-
tion step with a crossflow set at 1.5 mL/min for 1 min; (2) Focus
step for 2 min with a crossflow set at 1.5 mL/min; (3) Focus + Inject
step for 2 min with a crossflow set at 1.5 mL/min; (4) Focus step for
1 min with a crossflow set at 1.5 mL/min; (5) Elution step for
15 min with a crossflow decreasing linearly from 1.5 mL/min to
0 mL/min; and (6) Elution step for 15 min with a constant cross-
flow set at 0 mL/min. The last elution step was used to flush out
any large particles.

The detection of the eluted fractionated polymers and drug was
performed sequentially by UV absorbance at 265 nm, MALS (mea-
sure radius of gyration, Rg), and DLS (measure the radius of hydra-
tion, RH). The Z-average effective spherical hydrodynamic radius of
the eluting particles/agglomerates was determined by DLS based
on cumulant analysis of the scattered intensity correlation func-
tions measured across each eluting band. Each fractogram pre-
sented is representative of a triplicate sample.

Fluorescent labeling of polymeric nanoparticles. PEG-PLGA diblock
was labeled with rhodamine-B isothiocyanate by direct reaction
with the AOH terminal group of PLGA. PEG-PLGA (0.01 mmol)
was dissolved in dichloromethane (1 mL). Rhodamine B-
isothiocyanate (0.5 lmol) was dissolved in dichloromethane and
then added to the PEG-PLGA solution. The reaction proceeded for
10 h at room temperature. The excess rhodamine B was removed
by dialysis first in ethanol, followed by a second dialysis in distilled
water (Mw cut off: 5 kDa). The labeled polymer solution was then
lyophilized (SP Industries). Micelles were prepared following the
same procedure as described above.

Uptake of Rhodamine-labeled micelles. U251N spheroids were
generated by plating 5000 cells/well on a 96 well plate pre-
coated with 2% agarose (Invitrogen) using in vitro liquid overlay
system as described above [31]. To evaluate micelle uptake, spher-
oids were incubated with both unloaded and ATZ-loaded
Rhodamine-B-labeled micelles and ATZ alone. Spheroid treatments
started 4 days post-seeding. All treatments were done with drugs
in freshly supplemented medium (DMEM + 1% FBS). Micelle-
incorporated ATZ (1 lM ATZ in 0.6 lg/mL micelles, 10 lM ATZ in
6 lg/mL micelles, and 100 lMATZ in 60 lg/mL micelles) was incu-
bated in 96 well plates at 5% CO2, 37 �C for 24 h, 3 days, and 6 days.
Following treatment, individual spheroids were carefully trans-
ferred onto a microscope slide using a pipette, and flattened under
a coverslip. Imaging was conducted using a fluorescence micro-
scope (Leica), and corrected total fluorescence (CTF) intensity
was quantified using ImageJ [32] software following CTF = Inte-
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grated Density – (Area of selected cell �Mean fluorescence of
background readings).

Statistical analysis. Data were graphed and tabulated using
Microsoft Excel�. Each experiment was repeated at least twice
and each drug treatment was performed in triplicate (in 24-well
plates), or in five or six samples (in 96-well plates). All data are
expressed as mean ± S.E.M. The Student’s t-test with Bonferroni
correction was used to analyze significant differences between
two group means (p values < 0.05 were considered to be signifi-
cant) using GraphPad Prism�.
3. Results

3.1. Effect of combination of ATZ and TMZ treatment on U251N
monolayers

CA IX was proposed as a biomarker of hypoxia in several tumor
types [33]. In order to establish the hypoxic conditions in mono-
layer glioblastoma cells U251N, CoCl2 (10–100 lM) was used in
different concentration as an inducer of chemical hypoxia
(Fig. S1A). CoCl2, enhanced CA IX in a dose dependent manner,
starting at 10 lM CoCl2 after 3-day treatment as determined by
Western blot (Fig. S1B). CA IX expression induced by CoCl2 was
suppressed when cells were treated concomitantly with ATZ
(Fig. S1B).

Having established the appropriate hypoxic conditions for CA IX
induction in monolayers, we then investigated the relationship
between the CA IX expression and cell viability in U251N cultures
in the presence and absence of CA IX inhibitor ATZ.

U251N cell viability (in the monolayers) did not significantly
change upon exposure to the drug treatments under normoxia or
hypoxia within the initial 24 h treatment with ATZ (100 lM),
TMZ (100 lM), or their combination (Fig. 1B). However, after three
days of exposure to TMZ alone, or in combination with ATZ
(100 lM), or the anti-CA IX antibody (5 nM), there was a reduced
cell viability (47 ± 5% (p < 0.05), 44 ± 6% (p < 0.05), and
39.8 ± 0.4% (p < 0.01), respectively) under hypoxic conditions
(Fig. 1B). Although ATZ treatment alone for 6 days did not signifi-
cantly decrease cell viability under either normoxic or hypoxic
conditions, it caused a significant cell death when combined with
TMZ (100 lM), under both of these conditions (Fig. 1B). The reduc-
tion in cell viability was moderately, but significantly higher, for
ATZ (100 lM) and TMZ (100 lM) combined when compared to
the TMZ (under normoxic (19 ± 2% (p < 0.05), and 25 ± 2%
(p < 0.05), respectively) and hypoxic conditions (13.9 ± 0.6%
(p < 0.01), and 20 ± 2% (p < 0.01), respectively). Photomicrographs
(Fig. 1A) indicate some picnotic and hypertrophic nuclei labeled
with PI, suggesting several modes of cells death caused by the
treatments. Reduction of mitochondrial metabolic activity in
U251N cells treated with the aforementioned drugs was correlated
with reduction of cell number as determined by cell counting of
fluorescent nuclei labeled with Hoechst 33342 (Fig. 1C).
3.2. Establishment of spheroids with intrinsic CA IX expression

Although the induction of hypoxia by CoCl2 creates a condition
and a model relevant for the hypoxic tumor cores it is still not rep-
resentative of the intrinsically hypoxic tumor cells in the core of
the tumor. We therefore established conditions for glioblastoma
spheroid formation in 3D with such cores. Representative spher-
oids formed from different cell number and at different times are
shown in Fig. S2. These spheroids contain hypoxic cores as the
in situ glioblastoma tumors. Spheroids seeded with smaller num-
ber of cells (5000 cells) grew at much faster rate than those formed
from larger number of cells (10,000 and 20,000 cells) (Fig. S2A).
Regardless of the initial number of seeded cells, the growth rate
dramatically dropped once the spheroids reached a certain volume
(�8 � 106 lm3) after 7 days (Fig. S2B).

Having seen the increase in the size of spheroids over time
(Fig. S2), we assessed CA IX expression and related it to the spher-
oid sizes and duration of their growth. Cell lysates collected from
U251N spheroids of different sizes (i.e. different cell number from
5000 to 20,000) and grown over different time periods (4–16 days)
were analyzed by Western blots. CA IX was expressed in all spher-
oids but the level of expression was clearly cell number and time
dependent (Fig. S2C and D). The most significant CA IX expression
was found in spheroids made of 50,000 cells and those that were
grown for over 16 days (Fig. S2D) (p < 0.01).
3.3. Effect of combination of ATZ and TMZ treatment on U251N
spheroids

We next, tested whether inhibition of CA IX in spheroids corre-
lated with glioblastoma cell death. Spheroids were treated with
CA IX inhibitor ATZ (100 lM) or anti-CA IX antibody (5 nM), alone
or in combination with TMZ (100 lM) for 1–6 days. One-day treat-
ments did not increase cell death relative to that of the untreated
control (Fig. 2B). After 3 days of drug treatments, differences in via-
bility were remarkable but only with ATZ or TMZ in combination
(0.38 ± 0.02 a.u., p < 0.05), whereas drugs alone did not signifi-
cantly enhance cell death. Even greater differences were measured
after 6 day treatments in combination (1.28 ± 0.06 a.u., p < 0.0001).
In contrast, the treatments with the antibody alone or in combina-
tion with TMZ did not significantly enhance cell death (Fig. 2B).
3.4. ATZ micellar nano-delivery system

ATZ is poorly soluble in water, it is photolabile [34], and it
strongly binds to serum proteins [35]. Therefore, we prepared
and characterized ATZ incorporated into polymeric micelles. ATZ
(not incorporated into micelles) was dissolved in DMSO to prevent
the drug from precipitation. Dissolved ATZ easily reached the cell
plasma membrane and the interior. However, only modest cyto-
toxic effect was attained with ATZ concentrations up to 4 mM
(Fig. S4). In contrast, ATZ incorporation into nanocarrier provided
markedly higher local ATZ concentrations resulting with greater
cytotoxic effect. In addition, ATZ incorporation into nanocarrier
micelles reduced non-specific serum protein binding of ATZ. The
major attraction of ATZ in nanocarrier was that it reached the
hypoxic core more effectively than freely diffusible drug.

ATZ-loaded micelles were prepared by the co-solvent evapora-
tion method using commercially available, biodegradable, FDA
approved poly(ethylene glycol)-poly(lactic-co-glycolic acid)
amphiphilic polymers (PEG2000-PLGA4000). Non-encapsulated ATZ
was removed by centrifugation. The micelle sizes and size distribu-
tions were characterized by asymmetrical flow field-flow fraction-
ation showing the mean hydrodynamic diameter of about 30 nm
with narrow size distributions (Fig. S3).

We first established concentration dependent viability of
glioblastoma cells exposed to ATZ and ATZ-loaded micelles
(Fig. S4). The ATZ-loaded micelles were used for treatment of the
spheroids for 1–6 days, alone and in combination with TMZ. Much
to our surprise, the cell death caused by encapsulated ATZ alone
(0.703 ± 0.007 a.u.) or in combination with TMZ (0.73 ± 0.02 a.u.)
was highly significant even after one-day treatment (p < 0.0001)
(Fig. 3A and B). Cell death was further enhanced after 3 days of
treatment while cell death caused by ATZ micelles combined with
TMZ after 6 days treatment was most effective (1.00 ± 0.08 a.u.,
p < 0.0001) (Fig. 3B).
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1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
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3.5. CA IX expression and effect of micelle-encapsulated ATZ in BTSCs

Inhibition of CA IX expression and activity in glioblastoma cells
is not sufficient to prevent the recurrence of GBM because of the
presence of BTSCs (Schematic TOC). Therefore, we investigated
CA IX expression and inhibition in several types of BTSCs. They
were cultured in complete NeurocultTM-NS-A proliferation medium
for 6–10 days. Then they were spun down and lysed. The total cell
lysate was separated using denaturing conditions and transferred
to the nitrocellulose membrane immunoblotted for CA IX expres-
sion. CA IX was expressed in all tested BTSCs (5.2 ± 0.2, p < 0.01
in 48EF and 3.3 ± 0.4, p < 0.05 in OPK49 cells, respectively) than
in U251N spheroids (1.1 ± 0.05) after 10 days (Fig. 4).

Next, we hypothesized that the inhibition of CA IX with ATZ
alone or ATZ delivered in micelles would enhance cell death in
BTSCs. Although one-day treatment with ATZ alone did not signif-
icantly change the morphology of the neurospheres, when deliv-
ered by micelles, it distorted the spheroids shapes and led to
detachment of the cells (Fig. 4C, indicated by red1 arrows). More-
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over, the assessment of the mitochondrial metabolic activity, using
the XTT assay, indicative of no significant decrease in cell viability
by ATZ alone, showed that, in contrast, when ATZ was delivered in
micelles, brain tumor stem cells were completely eliminated
(p < 0.05) (Fig. 4B).

To assess the distribution of the micelles into the tumor spher-
oids, we generated fluorescently labeled polymers by covalently
attaching Rhodamine B to PEG-PLGA. The addition of the Rho-
damine did not affect the size or size distribution after assembly
of the micelles (Fig. 5A and B). U251N spheroids were exposed to
fluorescent micelles for 1, 3, and 6 days. U251N spheroids internal-
ized PEG-PLGA micelles in a dose and time-dependent manner
(Fig. 5D–F).

3.6. Mechanisms of cell death through CA IX inhibition

Having seen the effect of CA IX inhibition by ATZ in combination
with TMZ on the glioblastoma cell viability in both monolayers and
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spheroids, we investigated the changes in some of cell death mark-
ers. Since the changes in glioblastoma viability were most remark-
able after 6 days, the cells were collected and analyzed for the
biomarker analysis. We hypothesized that caspase-3, an estab-
lished marker of apoptosis, is activated by the combinatory treat-
ments with ATZ and TMZ in both 2D and 3D models. Caspase-3
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activity was measured using a fluorescent-based caspase-3 assay
kit (refer to material and method). The principle of this assay is
the cleavage of the caspase-3 substrate (Z-DEVD-R110 substrate)
by activated caspase-3 (Fig. 6D).

Caspase-3 activity was increased with CoCl2 treatment in 2D
cultures and this effect was significantly enhanced with ATZ and
TMZ cotreatment (p < 0.0001) (Fig. 6A). Monotherapy in spheroids
was ineffective but ATZ combined with TMZ significantly increased
caspase-3 activity after 6 days treatment (Fig. 6B).

To further investigate the mechanism of cell death, we mea-
sured BAX, a biomarker of apoptosis upstream of caspase-3.
U251N spheroids (4 days old) were treated with ATZ, TMZ and
their combination. Spheroids were then collected and lysed. The
total cell lysate was immunoblotted for BAX expression. ATZ alone
did not significantly change BAX expression, though TMZ did
enhance BAX expression significantly (1.3 ± 0.2 p < 0.05). Never-
theless, the highest BAX expression was measured for cells co-
treated with ATZ and TMZ (1.8 ± 0.5; p < 0.05) (Fig. 6C).

4. Discussion

In the present study, we evaluated the effectiveness of combi-
nation therapy in 2D and 3D (spheroid) glioblastoma models and
Brain Tumor Stem Cells (BTSC). We investigated whether temo-
zolomide anticancer effect could be augmented by the inhibition
of CA IX with ATZ incorporated into polymeric micelles. Lastly,
we assessed the expression and activity of several proteins impli-
cated in the mechanisms of cell death induced by the employed
therapeutics.

CA IX is a transmembrane enzyme which catalyzes the reversi-
ble conversion of carbon dioxide to carbonic acid (CO2 + H2O to
HCO3

� and H+). The expression of CA IX is restricted in normal cells
while it is overexpressed in hypoxic tumors and particularly in
glioblastoma [24]. CA IX is, a transmembrane protein involved in
pH homeostasis in hypoxic tumors [8,9].

In order to study the role of CA IX and the effect of its inhibition
in the context of GBM, several ex vivo model systems were
explored: cancer cell monolayers (2D culture), cancer cell spher-
oids (3D culture) and brain tumor stem cell neurospheres (3D cul-
ture). In vivo GBM models have previously been used for the
screening of candidate anticancer agents, but the molecular mech-
anisms remain unclear [37].

Hypoxic cores are common in 3D tumors but in 2D cultures
hypoxic conditions are generated in hypoxic chambers or chemi-
cally with CoCl2 [38–40]. We used CoCl2 to induce hypoxia and
upregulation of CA IX in GBM cell culture monolayers. Our results
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concur with results in previous studies with GBM cell lines includ-
ing U251N [10,39,41].

It is now widely established that tumor cell behavior and sig-
naling cascades are substantially different in 2D and 3D cultures
[42,43]. 3D cultures mimic more closely the in vivo environment
in many critical ways than 2D cultures [43]. One of the important
characteristics of the 3D models (spheroids) is the formation of a
hypoxic core within the spheroids. Our results clearly showed a
significant CA IX expression as a result of hypoxia. CA IX expression
significantly increased in a time and size dependent manner
(Fig. S2C and D). Our results, are consistent with those of Imamura
et al. hypoxic 3D multicellular breast cancer spheroids (three cell
lines: BT-549, BT-474 and T-47D) [44]. In our studies, spheroids
exposed to the monotherapy (inhibitors of CA IX: ATZ, and CA IX
antibodies) did not significantly enhance cell death. Similar find-
ings were obtained by Das et al., in T98G and U87MG glioblastoma
cell lines [45]. In contrast, cell death was significantly enhanced in
the spheroids co-treated with ATZ and TMZ. It is conceivable that
an increase in the extracellular pH and reduction of intracellular
pH by ATZ promoted TMZ activation in the extracellular microen-
vironment, its cell entry [46], and consequently an enhanced TMZ
tumor cell death [47].
Models of heterogeneous tumor cell populations are needed for
testing anticancer therapies [48–50]. Human BTSC are a slowly-
dividing, small population within a heterogeneous glioblastoma
which can recapitulate a whole tumor and differentiate into other
specific GBM subpopulations [51]. Human BTSC tend to preferen-
tially reside within the hypoxic core of tumor mass [52]. Consider-
ing their preferential location, we anticipated high CA IX
expression. Our results show significantly higher CAIX expression
in 48EF and OPK49 BTSCs (p < 0.01 and p < 0.05, respectively) in
comparison with GBM U251N cells. The enhancement of CA IX
expression in BTSC was time dependent. Consistent with our find-
ings are those in 3D esophageal squamous carcinoma stem cell
lines TE2 and TTn where CA IX in the 7-day old spheroids was sig-
nificantly increased [53]. The very high and specific expression of
CA IX in the BTSC is an interesting finding indicating usefulness
of BTSC in drug development for reoccurring GBM.

One of the limitations in treating GBM is poor drug accessibility
to the tumor. To enhance local therapeutic concentration different
nano-delivery systems were developed and some of them are in
clinical trials [54,55]. Polymeric micelles showed an improved drug
efficacy in glioblastoma mice models [56,57]. Considering limited
photostability, low solubility in aqueous medium, and high protein
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binding of ATZ, we incorporated ATZ into micelles and tested them
in the 3D models (spheroids and neurospheres). As opposed to the
free ATZ, which did not affect cell viability after one day, the ATZ
micelles caused a significant increase in cell death even after
one-day treatment in U251N spheroids. Similar to U251N spher-
oids, the OPK49 BTSC viability was not significantly reduced by free
ATZ, whereas ATZ micelles completely eradicated the cells after
3 days of treatment. The enhanced effectiveness of ATZ micelles
is likely because of ATZ protection and slow release in tumor. Sec-
ondly, as opposed to free ATZ which can diffuse in and out of the
cells [58], ATZ micelles are retained for a longer time period.
Thirdly, unincorporated ATZ precipitates in aqueous medium
(whereas micelle-incorporated ATZ does not). Fluorescent micelles
containing ATZ showed that the micelles were taken up by cells in
spheroids and reduced viability of U251N and BTSCs.

Modes of cell death induced by ATZ and TMZ include at least
apoptosis, necrosis and necroptosis. We detected picnotic nuclei
and significantly enhanced caspase-3 activity, indicative of apop-
totic cell death. We have previously shown that in transfected
glioblastoma cells, curcumin but not TMZ, causes a significant acti-
vation of caspase-3 [59]. In the present study, it is worth noting
that the increase in caspase-3 activity with the combined treat-
ment in comparison with the untreated controls was markedly
higher in the 2D monolayers relative to the 3D spheroids, appar-
ently more resistant to the anticancer treatment [44].

Although caspase-3 is an established biomarker of apoptosis
and necessary for the acquisition of the apoptotic morphology, it
is not sufficient to define apoptosis [60–62]. Thus as a follow-up
experiment, we examined the level of BAX expression after treat-
ment of U251N spheroids with ATZ and TMZ for 6 days. BAX is a
pro-apoptotic member of Bcl-2 family. BAX is translocated from
the cytosol to the mitochondrial outer membrane (OM) forming
pores leading to the release of pro-apoptotic factors such as cyto-
chrome c and subsequent cell death [36]. Recent studies clearly
show Bax clustering and pore formation by super-resolution
microscopy [63].

BAX overexpression and enhanced caspase-3 activity suggest
that apoptosis is one of the mechanisms of cell death caused by
ATZ and TMZ treatment in the glioblastoma cell models. Consistent
with our results, Das et al., showed apoptosis in T98G and U87MG
glioblastoma cells with ATZ or TMZ separate treatments [45].

In addition to apoptotic cell death, labeling with propidium
iodide of GBM and BTSC indicated significant fluorescent signals
indicative of disrupted plasma membrane. An intense fluorescence
was found both in cells with picnotic and fragmented nuclei indi-
cating two additional modes of cell death, i.e. necroptosis and
necrosis.

Necroptosis is characterized with permeable plasma membrane
and detectable biomarkers of apoptosis including caspase 3 and
picnotic nuclei [60]. Leaky membranes, swollen soma and frag-
mented nuclei are often found in necrotic cells. Imaging of fluores-
cent nuclear and membrane labels combined with biochemical
biomarkers suggest multiple modes of cell death of GBM and stem
cells treated with TMZ and ATZ. Another possibility is that glioma
and brain tumor stem cells were partly dying by methuosis when
exposed to micelle-incorporated drugs. Methuosis is a conse-
quence of excessive pinocytosis and it would be worth testing in
brain tumor stem cells by combining CA IX inhibitors and
vacquinol-1. The key features of this mode of cell death are
reviewed (Non-apoptotic cell death associated with perturbations
of macropinocytosis [64]).

Overall, the results from this research show that combination
therapy is superior to monotherapy for elimination of not only
glioblastoma cells but also human brain tumor stem cells. Com-
bined therapeutics activate several modes of cell death which is
markedly enhanced by incorporation in nano-carriers. Further
studies are warranted to delineate molecular mechanisms impli-
cated in the multimodal cell death of glioma and brain tumor stem
cells in experimental animals.
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