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Myoglobin variants are expressed in human
glioblastoma cells-hypoxia effect?
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Abstract. Glioblastoma multiforme (GBM) is the most aggres-
sive human brain cancer. Little is known regarding how these
cells adapt to the harsh tumor microenvironment, and conse-
quently survive and resist various treatments. Myoglobin (MB),
the oxygen-binding hemoprotein, has been shown to be ectopi-
cally expressed in different human cancers and cell lines, and
its expression is hypothesized to be an adaptation mechanism to
hypoxia. The aim of the present study was to determine whether
cancer-related and hypoxia-responsive MB mRNA splice
variants are expressed in human GBM cells and glioblastoma
tumor xenografts, and whether their expression is induced by
hypoxia and correlated with hypoxia markers [lactate dehydro-
genase A (LDHA), glucose transporter 1 (GLUTI), vascular
endothelial growth factor (VEGF) and carbonic anhydrase IX
(CAIX)]. Conventional reverse transcription (RT)-PCR, DNA
sequencing, RT-quantitative PCR and immunohistochemistry
were conducted to investigate MB expression in hypoxia-sensi-
tive (M010b, M059J) and -tolerant (M059K, M006xLo) GBM
cell lines that also exhibit differential response towards radia-
tion, rendering them a valuable translational GBM model. It was
revealed that cancer-related MB variants 9, 10, 11 and 13 were
expressed in GBM cells under normoxia, and following hypoxia,
their expression exhibited modest-to-significant upregulation
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that correlated with hypoxia markers. It was also demonstrated
that MB was upregulated in hypoxic microregions of glioblas-
toma tumor xenografts that were stained in matched tumor
regions of serial tumor sections with the hypoxia markers,
pimonidazole, CAIX, VEGF and LDHA. The present study
identified myoglobin as a potential contributor to the hypoxia
adaptation and survival strategies of glioblastoma, and may
explain the aggressiveness and frequent recurrence rates associ-
ated with GBM.

Introduction

Glioblastoma multiforme (GBM) is the most common primary
brain cancer and is associated with dismal prognosis, with
reported 2- and 5-year survival rates of 26-33 and 4-5%,
respectively (1). Pathognomonic features of GBM include the
presence of microvascular proliferation and necrosis (2), both
indicative of hypoxia. As hypoxic cancer cells are genetically
unstable and metastasize frequently, defensive mechanisms
responsible for cancer cell survival under hypoxia could
shed the light on factors responsible for tumor aggressive-
ness and recurrence (3,4). Previous studies have shown that
GBM biopsy- and xenograft-derived cell lines exhibit regional
variation in oxygen consumption (5-7). Using cell lines from
hypoxia-sensitive and hypoxia-tolerant GBM cells, substantial
differences in their responses to hypoxia were observed; the
hypoxia-tolerant cell lines (M0O06x and M059K) significantly
reduced their oxygen consumption rates and maintained their
clonogenic potential after 4 days of hypoxia (0.6% oxygen),
whereas the hypoxia-sensitive cells (M010b) failed to reduce
their oxygen consumption rates or to maintain their clono-
genic potential (5). Additional studies (3,8-11) also suggest
that understanding the molecular mechanism underlying the
adaptation of GBM cells or cross-talk with the hypoxic micro-
environment can lead to defining novel therapeutic modalities.

The heme family of proteins includes myoglobin (MB),
neuroglobin (Ngb), hemoglobin (Hb) and cytoglobin (Cygb).
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The monomeric oxygen-binding hemoprotein MB was the
first protein with a determined three-dimensional molecular
structure to be reported (12). Despite the fact that MB is one
of the most studied proteins (13), its physiological functions in
normal and cancer cells remain to be fully explored. Although
MB was previously considered to be expressed exclusively in
cardiac and skeletal muscle of vertebrates (14), its expression
has been reported in human smooth muscles (15), non-muscle
cells (liver, brain and gills) of hypoxia-tolerant common carp
and goldfish (16,17), normal human (breast, colon, head and
neck) tissues (18,19), and different human cancers and cancer
cells (18-26). More notably, following extensive systemic
research studies on the human MB gene structure, transcripts
and promoters, Bicker ef al (19) reported 16 novel alternatively
spliced variants predominantly expressed in cancer tissue or
cell lines, in addition to the three previously annotated ones.
Out of 19 transcript variants, nine encode the standard MB
protein found in muscle. In contrast to the standard MB tran-
script variant 2 (muscle transcript, NM_005368.2) (27), the
alternative protein-coding cancer-associated MB splice vari-
ants 9,10, 11 and 13 (NM_203377.1) are hypoxia-inducible,
transcribed from an alternate predicted promoter different
from the one used by variant 2 (20,21,27). However, whether
these MB splice variants are expressed or regulated by hypoxia
in GBM cells has not been investigated.

Our previous studies reported that Ngb, Cygb, and
Hb (a, B, v, 0, € and ¢) are expressed in human GBM cell
lines, human GBM tissue microarrays and different tissue
tumors (3,8-11); thus, it was hypothesized that MB may be
similarly expressed. In the present study, it was investigated as
to whether MB coding splice variants (2, 9, 10, 11 and 13) and
protein are expressed in GBM cell lines (hypoxia-sensitive and
hypoxia-tolerant) and GBM tumor xenografts, respectively,
and whether their expression correlates with the hypoxia
markers lactate dehydrogenase A (LDHA), glucose trans-
porter 1 (GLUT]1), vascular endothelial growth factor (VEGF)
and carbonic anhydrase IX (CAIX) under hypoxia.

Materials and methods

Cell lines and in vitro culture conditions. The cell lines
used in the study were previously established in-house from
diagnostic biopsies obtained from patients with diagnoses
of GBM; details of their establishment and characterization
have been published previously (7,28). M059J and M010b cell
lines are hypoxia-sensitive (29,30); MO59K and M006xLo cell
lines are hypoxia-tolerant (5,31). All cells were maintained as
monolayer cultures in DMEM/F12 media (Lonza Group, Ltd.)
supplemented with 10% fetal bovine serum (cat. no. 10270106;
Gibco; Thermo Fisher Scientific, Inc.) in a humidified atmo-
sphere of 5% CO, at 37°C. All tissue culture plasticwares were
obtained from Greiner Bio-One.

RNA extraction and reverse transcription (RT). An RNeasy
Plus Mini Kit with gDNA Eliminator Spin Columns
(cat. no. 74136; Qiagen, Inc.) was used to isolate total
RNA from GBM cell lines. RT was conducted with 2 ug
total RNA per 20 ul reaction volume using a high-capacity
cDNA Reverse Transcription Kit (cat. no. 4368814; Applied
Biosystems; Thermo Fisher Scientific, Inc.) with RNase
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Inhibitor (cat. no. N8080119; Applied Biosystems; Thermo
Fisher Scientific, Inc.).

RT-PCR. RT-PCR was conducted with RNA from the
MO006xLo cell line using a Veriti™ Thermal Cycler (Applied
Biosystems; Thermo Fisher Scientific, Inc.) using Platinum
Pfx DNA polymerase (cat. no. 11708-021; Invitrogen; Thermo
Fisher Scientific, Inc.) for 40 cycles. Oligonucleotide primer
pairs (Integrated DNA Technologies, Inc.) for three previously
annotated MB variants [variant 2 (NM_005368.2), variant 5
(NM_203378.1) and variant 13 (NM_203377.1); formerly vari-
ants 1,2 and 3, respectively] (26,27,32), as well as for the novel
variants 2 (muscle transcript, NM_005368.2), 9, 10, 11 and 13
(NM_203377.1) (19,21) were used (Table SI). The template
DNA was initially denatured for 5 min at 94°C, and each cycle
of PCR amplification was conducted as follows: Denaturation
for 15 sec at 94°C, annealing [different annealing temperature
was used for each variant (Table SI)] for 30 sec and extension
for 1 min at 68°C. A final extension was carried out for 5 min at
68°C, and then the reaction was maintained at 4°C. Amplified
RT-PCR products along with a DNA ladder (1 Kb Plus DNA
ladder; cat. no. 10787026; Invitrogen; Thermo Fisher Scientific,
Inc.) were separated on 2% agarose (cat. no. BP1356-500;
Fisher Scientific; Thermo Fisher Scientific, Inc.) gels and
visualized by ethidium bromide (cat. no. E/P800/10; Fisher
Scientific; Thermo Fisher Scientific, Inc.).

DNA sequencing. Bands of RT-PCR amplicons were excised
from the agarose gel and purified using a MinElute® Gel
Extraction Kit (cat. no. 28604; Qiagen, Inc.). The purified PCR
products were sequenced at Colors Medical Laboratories using
a 3500 Genetic Analyzer (Applied Biosystems; Thermo Fisher
Scientific, Inc.). Sequencing data were analyzed using the
National Center for Biotechnology Information (NCBI) Basic
Local Alignment Search Tool (BLAST; version 4) engine (33).

Generation of hypoxia in vitro. To study the effect of hypoxia
on the protein-coding MB mRNA variants compared with
hypoxia markers, hypoxia-sensitive and hypoxia-tolerant cell
lines were incubated under moderate hypoxic conditions that
simulate the brain tumor microenvironment. Generation of
hypoxia in vitro was conducted as previously described with
modifications (9,34), with a hypoxia chamber (Biospherix, Ltd.)
connected to a ProOx C21 controller unit (Biospherix, Ltd.) to
control the levels of O, and CO, inside the hypoxia chamber.
Cells (~4x10°) in the exponential phase of growth were seeded
onto 100-mm tissue culture dishes and then incubated at 37°C
under standard laboratory culture conditions (5% CO, in air).
Then, 2 days later, cells of each cell line were incubated under
hypoxia (0.6% oxygen and 5% CO,) for 12, 24 or 48 h with no
media change during the course of the experiment. The aerobic
control of each cell line was incubated under normoxic condi-
tions in the standard CO, incubator. Four replicate experiments
were carried out for each cell line.

RT-quantitative PCR (qPCR). RT-qPCR analysis was
performed with a Quant Studio 12K Flex Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
TagMan™ Fast Universal PCR Master Mix (cat. no. 4366072;
Applied Biosystems; Thermo Fisher Scientific, Inc.) and
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validated TagMan Gene Expression Assays (Applied
Biosystems; Thermo Fisher Scientific, Inc.) were used for
human LDHA (assay no. Hs01378790_gl1), GLUT1 (assay
no. Hs00892681_m1), VEGF (assay no. Hs00900055_
ml), CAIX (assay no. Hs00154208_m1) and P-actin
(cat. no. 4333762F). Primers (Integrated DNA Technologies,
Inc.) for protein-coding MB mRNA variants 2, 9, 10, 11
and 13 (19-21) and B-actin (Table SII) were mixed with
Power-Up™ SYBR™ Green Master Mix (cat. no. A25778;
Applied Biosystems; Thermo Fisher Scientific, Inc.) and
qPCR was conducted as previously described (19-21). The
relative fold change in mRNA of target genes for each cell
line was calculated from four experimental replicates (four
different passages) in duplicate assays. In each experimental
replica, the mean quantification cycle (Cq) of the endogenous
housekeeping gene ([3-actin) was subtracted from the mean Cq
of the target gene for aerobic controls, and cells treated with
hypoxia for 12, 24 and 48 h. Then, the resulting value (ACq)
of the aerobic control was subtracted from itself and from the
resulting values (ACq) of the 12, 24 and 48-h hypoxia-treated
cells. The fold change in target gene expression normalized to
endogenous housekeeping gene and relative to aerobic control
was quantified using the 2244 method (35).

Mining the mutation status of isocitrate dehydrogenase
(IDH) in GBM cell lines. The open access ‘DepMap’ portal
of the Broad Institute (https://depmap.org/portal/) (36) was
used to check for any identified somatic mutations in IDH1/2
in the cell lines used in the present study. The search results
can be retrieved online for the M059J cell line (DepMap ID
no. ACH-001118) and for the M059K cell line (DepMap ID
no. ACH-000152).

Hypoxia labeling of tumor xenografts. Sections used in this
study of ectopically-induced glioma tissue from mice injected
with MO0O6xLo cells were archived samples generated during
a previous study published in 1998 (6). All previous animal
experimentation was reviewed and approved by the Animal
Care Committee at the Cross Cancer Institute in accor-
dance with guidelines established by the Canadian Council
for Animal Care. Briefly, the tumor tissues were initially
obtained from tumor xenografts initiated in NOD/SCID mice
at 6-10 weeks of age, when 10°-107 tumor cells were injected
intradermally into both flanks of mice. When the tumor
volumes reached 100-300 mm?, mice received a single intra-
peritoneal injection of the hypoxia marker, pimonidazole HCI
(100 mg/kg; Natural Pharmacia International). Mice were
euthanized 90 min later, and tumor xenografts were excised,
fixed in buffered formalin (24-48 h at room temperature),
embedded in paraffin and then sectioned at 5-ym intervals.
The M006xLo cell line used for these experiments has been
extensively characterized with respect to its hypoxia-tolerant
phenotype (5-7,29) and produces xenografted tumors that are
consistent in growth rate.

Tumor tissue immunostaining. Pimonidazole adducts were
detected as previously described (37) with modifications.
Xenograft slides were incubated in a dry oven at 62°C for 2 h,
deparaffinized, rehydrated and washed twice with ddH,0O
(2 min each), and then antigen retrieval was carried out using
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a Bio SB TintoRetrieval Pressure Cooker (Bio SB, Inc.) at
high pressure for 15 min. Xenograft slides were washed,
endogenous peroxidase activity was blocked with Dako
REAL peroxidase blocking buffer (cat. no. S2023; Dako;
Agilent Technologies, Inc.) for 5 min at room temperature
and then washed twice. Tissue sections were blocked for
30 min at room temperature with diluted 5% normal goat
serum (cat. no. ES 1028; Biomeda Corporation). Tissue
sections were incubated for 1 h at room temperature with
diluted (Dako Antibody Diluent; cat. no. S0809; Dako;
Agilent Technologies, Inc.) rabbit primary antibodies against:
Pimonidazole (1:200; cat. no. PAB2627AP; Hypoxyprobe,
Inc.), MB (1:100; cat. no. ab77232; Abcam), CAIX (1:150;
cat. no. 5648; Cell Signaling Technology, Inc.), LDHA
(1:100; cat. no. 3582; Cell Signaling Technology, Inc.) or
VEGF (1:100; cat. no. sc-507; Santa Cruz Biotechnology,
Inc.). Negative controls of tissue sections were incubated
without primary antibody. Tissue sections were washed
twice with PBS (cat. no. 18912-014; Gibco; Thermo Fisher
Scientific, Inc.) for 5 min each at room temperature, and
then incubated with horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin (Dako EnVision*;
cat. no. K4002; Dako; Agilent Technologies, Inc.), and then
Liquid DAB+ 2-Component system (cat. no. K3467; Dako;
Agilent Technologies, Inc.) was added. The reaction was
stopped by placing xenograft slides in ddH,O. Slides were
counterstained with Mayer's hematoxylin (cat. no. S3309;
Dako; Agilent Technologies, Inc.) for 30 sec at room
temperature and then rinsed in ddH,O. Slides were placed
in lithium carbonate (cat. no. 62470-100G-F; Sigma-Aldrich;
Merck KGaA) for 1 min, washed and dehydrated, and then
coverslips were mounted with Dako Ultramount Aqueous
Permanent Mounting Medium (cat. no. S1964; Dako; Agilent
Technologies, Inc.).

For slides stained with hematoxylin and eosin, slides were
stained with eosin (cat. no. RRBD92-W; Atom Scientific Ltd.)
for 2 min at room temperature after hematoxylin staining prior
to the dehydration step.

Evaluation of slides was performed by two pathologists,
with =5 fields analyzed per sample. Photomicrographs were
obtained at x10 and x40 magnification (Axio Scope.Al; Carl
Zeiss AG)

Statistical analysis. Data are expressed as the mean + SE
of four replicate experiments. Statistical analyses were
performed using SigmaPlot 13 software (Systat Software Inc.).
Differences between groups were assessed using one-way
ANOVA followed by Dunnett's test for multiple comparisons
with the control group. Additionally, Spearman rank correla-
tion analysis was used to assess the relationship between MB
expression and different hypoxia markers. The level of signifi-
cance was set at P<0.05.

Results

Expression of the protein-coding MB mRNA splice variants 2,
9,10, 11 and 13 in the M0O06xLo cell line. Amplified RT-PCR
products separated on agarose gels showed clear bands that
matched their predicted amplicon size (Fig. 1). Sequences
analysis of the DNA extracted from agarose bands using
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the NBCI BLAST engine revealed perfect alignments to the
corresponding mRNA sequences for the MB variants 2, 9, 10,
11 and 13 (Table SIII).

Quantification of the protein-coding MB mRNA splice vari-
ants 2, 9, 10, 11 and 13 in GBM cell lines under normoxic
and hypoxic conditions. Hypoxia-sensitive (M059J, M010b)
and hypoxia-tolerant (MO59K, M006xLo) human GBM cell
lines (5,29-31) were used for these experiments. Transcripts
of all tested MB variants (Fig. 2A-E) were detected in all of
the investigated cells, with the exception of MB muscle-type
variant 2 transcript, which was not detected in M010b cells
under either normoxic or hypoxic conditions. However, inter-
estingly, this variant was downregulated by ~46% in the M059J
cell line as early as 12 h after exposure to hypoxia (Fig. 2A). A
non-significant trend towards a reduction (~60%) of variant 2
mRNA was observed in the hypoxia-tolerant MOO6xLo cell at
24 h (P=0.053) and 48 h (P=0.053) of hypoxia, with its expres-
sion in MO59K being not significantly altered in response to
hypoxia (Fig. 2A). Significant upregulation (3-fold) of MB
variant 9 was observed in M059K at 48 h of hypoxia, with
a trend toward increased expression being also observed at
24 h (2.3-fold; P=0.085; Fig. 2B). No significant changes in
variant 9 gene expression were observed in the rest of the
tested GBM cell lines. MB variants 10, 11 and 13 showed
trends of increased expression under hypoxia (Fig. 2C-E). It
is worth mentioning that the expression of these variants was
previously shown to be induced by hypoxia in MDA-MB-468
and DLD-1 cell lines (19). However, in contrast to the range
of durations of hypoxia employed here, the previous study
assessed the hypoxic response of these variants only after 72 h
of hypoxia.

Quantification of hypoxia markers in GBM cell lines. Hypoxia
markers (LDHA, GLUTI, VEGF, and CAIX) were expressed
in all cell lines (Fig. 2F-1) under normoxic conditions. Under
hypoxic conditions, LDHA mRNA levels were significantly
(P<0.05) upregulated at 12,24 and 48 h (M010b and M0O06xLo),
at 48 h (M059J), or at 24 and 48 h (M059K) in the different cell
lines (Fig. 2F). GLUT1 mRNA levels exhibited 2.5-11.9-fold
increases in all cell lines, and were significantly increased
(P<0.05) at 24 h in M059K cells, and at 48 h in M010b, M059J
and MO06xLo cells (Fig. 2G). VEGF mRNA showed signifi-
cant increases (P<0.05) at 12 h (M006xLo), 24 h (M010b)
or 48 h (M010b, M059J and M059K) in different cells lines;
however, the 3.2-6.9-fold upregulation at other time points was
not statistically significant (Fig. 2H). Hypoxic upregulation of
CAIX mRNA levels ranged from 19- to 579-fold; significant
increases were observed at 24 h in MO59K and M006xLo cells,
and at 48 h in all four cell lines (Fig. 2I). As there were no
specific differences in the manner that hypoxia markers were
altered in hypoxia-sensitive (M010b and M059J) compared
with hypoxia-tolerant (M006xLo and M059K) GBM cells, it
can be concluded that early hypoxia defensive mechanisms
may be similar across these cell lines.

Correlation between protein-coding MB mRNA variants and
hypoxia markers in GBM cell lines. To further characterize
the effects of hypoxia on the expression of MB variants,
Spearman rank-order correlation analysis was performed;
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the correlation coefficients and corresponding P-values were
calculated (Table I). MB variant 2 expression exhibited
significant moderate-to-strong negative correlation with all
of the tested hypoxia markers in M059J and M006xLo cells,
with a trend of weak negative correlation with GLUT1 and
CAIX also observed in MO59K. Positive correlations between
MB variant 9 and nearly all of the tested hypoxia markers
were observed in the tested cells, with strong (r =0.785) and
significant (P<107°) correlations in MO59K cell line suggesting
that this variant may contribute to this cell line's survival
under hypoxia. MB variant 10 and variant 11 gene expression
did not correlate significantly with any of the tested hypoxia
markers in M010b, M0O59K or M006xLo cells. In the M059J
cell line, moderate significant negative correlations between
MB variant 10 or MB variant 11, and GLUT1 and VEGF were
observed, with a trend towards a weakly negative correlation
between variant 10 and CAIX. This finding, although unex-
pected, is of potential interest, as it indicates that hypoxia may
negatively impact MB cancer-related variants, 10 and 11, in
that particular cell line, which may potentially contribute to
this cell line's vulnerability to hypoxic conditions. As for MB
variant 13, moderate borderline significant correlation with
LDHA was observed in M010b, with no association detected
with any of the tested hypoxia markers in MO06xLo cell lines.
In M059J and MO59K cell lines, moderate-strong positive
correlations between MB variant 13 and all tested hypoxia
markers were observed. Collectively, these findings indicate
that variant 13 is regulated by hypoxia in M010b, M059J and
MO59K cell lines, and may provide a protective or survival
advantage in these cell lines.

Mutation status of IDH in GBM cell lines. Mining the muta-
tion status of IDH revealed no somatic mutations in IDH1/2 in
MO059J and MO59K cell lines (data not shown) (36).

Expression of MB protein and hypoxia markers protein in
GBM xenografts. To investigate whether the expression of MB
is upregulated under physiologically relevant hypoxic condi-
tions that mimic the tumor microenvironment in patients with
GBM, tumor xenografts were developed in NOD/SCID mice
using M006xLo cells. Serial tumor sections were immunos-
tained with antibodies specific for MB, and hypoxia markers
LDHA, VEGF, GLUT]I, CAIX and pimonidazole. In tumor
sections, distinct regions of necrosis were used as landmarks
to compare serial tumor sections. Tumor cells adjacent to
necrotic areas were hypoxic, as shown by positive pimoni-
dazole staining (Fig. 3). Similar patterns of staining with
various degrees of immunoreactivity were shown in matched
tumor regions adjacent to necrosis that were stained for MB,
CAIX, LDHA and VEGEF. Other area of xenograft sections
that lacked pimonidazole staining exhibited weak staining for
MB and other hypoxia markers. These parts may represent
well-oxygenated areas. These results indicating the presence
of an association between the expression of MB and hypoxia
marker proteins in xenografts generated using M0O06xLo cells
contrast with in vitro results reporting a trend towards a reduc-
tion of variant 2 mRNA, and a lack of correlation between
cancer-related MB variants and hypoxia markers in MO06xLo
cells. It should be noted that the xenograft tissues used in
the present study were archived samples obtained during a
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Table I. Spearman rank correlation analysis of correlations between protein-coding MB mRNA variants and hypoxia markers in

GBM cell lines.

MB variant
Cell line Marker V2 Vo V10 V11 V13
MO010B LDHA NA 0.5222 0.107 0.388 0.501*
GLUTI1 NA 0.310 0.200 0.233 0.233
VEGF NA 0.0776 0.0836 -0.0687 0.257
CAIX NA 0.164 0.0836 -0.0328 0418
MO059]J LDHA -0.603* 0.218 -0.358 -0.251 0.693*
GLUT1 -0.788¢ 0.191 -0.642° -0.5552 0.567°
VEGF -0.809° 0.179 -0.713% -0.5822 0.540*
CAIX -0.579* 0.460 -0.424 -0.397 0.690°
MO059K LDHA -0.304 0.848° 0.254 0.275 0.734¢
GLUTI1 -0.424 0.875¢ 0.266 0.119 0.618*
VEGF -0.343 0.785¢ 0.221 0.0507 0.696°
CAIX -0.430 0.845¢ 0.0896 0.0328 0.696°
MO006xLo LDHA -0.615* -0.122 -0.266 -0.296 -0.158
GLUT1 -0.698° 0.131 -0.0776 -0.179 0.0209
VEGF -0.567° -0.0985 -0.212 -0.230 0.0119
CAIX -0.738" 0.119 -0.119 -0.397 -0.227

1P<0.05; *P<0.01; °P<0.001. Correlation between the protein-coding MB mRNA variants 2, 9, 10, 11 and 13, and hypoxia markers in glio-
blastoma multiforme cell lines. Spearman rank-order correlation coefficients are presented; superscript letters indicate significant correlations.
MB, myoglobin; LDHA, lactate dehydrogenase A; GLUT1, glucose transporter 1; VEGF, vascular endothelial growth factor; CAIX, carbonic

anhydrase IX.

previous study (6). However, in a study investigating antigen
preservation in formalin-fixed, paraffin-embedded blocks
dating from several previous decades, it was concluded that
antigenicity is maintained in FFPE material for >60 years (38),
indicating that the results in the present study accurately reflect
the expression of globins and pimonidazole-protein adducts in
these cells.

Discussion

The aim of the present study was to investigate whether MB
is expressed in GBM cells and, if so, whether its expression
is modulated by hypoxia levels that simulate the hypoxic
tumor microenvironment. Both standard and alternative
cancer-associated MB variants have been reported be
expressed in cancer tissue and cell lines, as well as in healthy
breast, skeletal and heart muscle (19,21). Our previous studies
demonstrated that GBM ectopically expresses three of the
globin family members; Ngb, Cygb and Hb, and that these
oxygen-binding molecules are upregulated under hypoxic
conditions (3,9-11). These observations potentially explain
the ability of GBM to grow and progress under hypoxia,
as well as suggesting a reason for the poor prognosis and
frequent recurrence associated with these cancers. In the
present study, it was reported that different variants of
another member of the globin family, MB, are ectopically
expressed in four GBM cell lines (M010b, M059J, M059K
and M006xLo). The cellular responses of these cell lines to

hypoxia have been characterized previously. In contrast to
hypoxia-sensitive and radiosensitive (M010b and MO059J)
cells (29,30), M059K and M006xLo cells are hypoxia-tolerant
and radioresistant (5,31,39).

It was found that the MB transcripts 9, 10, 11 and 13, and
the standard MB transcript (variant 2) were expressed in the
four cell lines, except for MB variant 2, which was undetect-
able in MO10b. This observation is consistent with those of
Kristiansen et al (27), who reported that MB was not detected
in all cells of a breast cancer cell panel. Under hypoxia, hypoxia
inducible factors (HIFs) orchestrate various cellular responses
by binding to the hypoxia responsive elements (HREs) in
their target genes (40). This induces the transcription of
genes required for metabolic adaptations to O, deficiency and
glucose uptake (such as LDHA and GLUT1), tumor growth
and metastasis (VEGF) and intracellular regulation of pH to
maintain a relatively acidic pH extracellularly (CAIX), condi-
tions that are compatible with cell viability and proliferation,
as well as invasion and metastasis (40-44).

It was shown earlier that GBM cells modify oxygen
consumption rates in response to variations in oxygen supply,
which may contribute to GBM survival in hypoxic microen-
vironments (5). The ability to modify oxygen consumption
differs among GBM cells; the hypoxia-tolerant MO06x and
MO59K cell lines have the ability to lower oxygen utilization
rates, whereas the hypoxia-sensitive MO10b cell line does
not. Consequently, and in contrast to the hypoxia-tolerant
cell line M006, the MO10b cell line significantly loses its
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Figure 1. Protein-coding MB mRNA variant (2, 9, 10, 11 and 13) expression in MO06xLo cells. Amplified reverse transcription-PCR products formed using
specific sequence primer pairs were separated on 2% agarose gels and visualized using ethidium bromide. The amplicons of the predicted size were confirmed
by DNA sequencing. Lanes: 2, MB (111 bp); 3, MB (179 bp); 5, MB variant 2 (151 bp); 6, MB variant 2 (219 bp); 8, MB variant 9 (189 bp); 10, MB variant 10
(188 bp); 12, MB variant 11 (121 bp); 13, MB variant 13 (275 bp). For MB and variant 2, two primer pairs were used to confirm their presence. L, DNA ladder;

MB, myoglobin.

colony-forming ability when maintained under hypoxia (5).
In the present study, it was shown that hypoxia-tolerant and
hypoxia-sensitive GBM cell lines are indeed hypoxia-respon-
sive; hypoxia markers, including LDHA, GLUT1, VEGF and
CAIX, were upregulated in the four tested cell lines under
hypoxia. Thus, differences in their susceptibility to low oxygen
tension cannot be explained solely on the basis of differential
recruitment of any of the hypoxia responsive genes discussed
above.

In the present study, MB variant 2 exhibited modestly
negative significant correlations with hypoxia markers.
In spite of the absence of canonical binding sites for the
hypoxia-responsive master transcription factors HIF-1o/-2a
in its promoter (45,46), MB variant 2 was significantly
increased in MDA-MB-468 breast cancer cells, but not
DLD-1 colon cancer cells, following 72 h of 1% O, (19) This
variation in variant 2 hypoxia responses (downregulation,
upregulation or no change) underlines the complexity of
cellar responses to hypoxia in different cell lines of different
tumor origins that may reflect differential regulation of MB
variant 2. On the other hand, the expression of the MB
cancer-associated variants 9, 10, 11 and 13 collectively
exhibited trends towards increased expression that were
consistent with previous reports linking this upregulation
with an HRE candidate within the upstream region of
the MB gene, along with other, thus far uncharacterized,
enhancer sites (19,32).

Cell line-dependent changes in cancer-related MB variant
gene expression are also apparent. For example, while a modest
increase in MB variant 13 coupled with significant positive corre-
lations with hypoxia markers was observed in hypoxia-sensitive
(MO010b and M059J) and hypoxia-tolerant cells (M059K), this
variant was essentially unaltered and did not correlate with any
of the tested markers of hypoxia in the MO06xLo cell line. Also,
while hypoxia appeared to positively regulate variants 9 and 13
in the MO59K cell line, as indicated by the significant positive
correlations with tested hypoxia markers, it had no effect on
these variants in the other hypoxia-tolerant cell line, MO06xLo.
These results are similar to previously reported observa-
tions, where MB variant 13 was significantly upregulated in
MDA-MB-468 breast cancer cells but not colon-derived DLD-1
subjected to 72 h at 0.6% O, (19,32). Similarly, the present data
indicated that low oxygen tension downregulated variants 10
and 11 in the M059J cell line, as indicated by the significant
negative correlation with markers of hypoxia; however, it had no
effect on these variants in the MO59K cell line.

Of the four-tested GBM cell lines, the M0O59K cell line
showed the strongest association between variants 9 or 13,
and each of the tested hypoxia markers. These associations
potentially suggested that variant 9 and 13 confer some
survival advantage in MO59K cells under hypoxia, and thus
may be responsible, at least in part, for the hypoxia-tolerant
phenotype of this cell line. In contrast to MO59K, the other
hypoxia-tolerant cell line, MOO6xLo, appeared to not rely on
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Figure 2. Expression of protein-coding MB mRNA splice variants in human GBM cell lines. Expression levels of (A) MB variant 2, (B) variant 9, (C) variant 10,
(D) variant 11 and (E) variant 13, as well as the hypoxia markers (F) LDHA, (G) GLUTI, (H) VEGF and (I) CAIX were assessed in the human GBM cell
lines, M010b, M059J, M059K and M06xLo, following exposure to hypoxia (0.6% O,) for O (aerobic control), 12, 24 and 48 h. Expression was analyzed via
reverse transcription-quantitative PCR, and data were expressed as fold increases relative to the aerobic control (n=4). ‘P<0.05 vs. 0 h. #, MB variant 2 was not
detectable in MO10b cells; MB, myoglobin; GBM, glioblastoma multiforme; LDHA, lactate dehydrogenase A; GLUT]I, glucose transporter 1; VEGF, vascular

endothelial growth factor; CAIX, carbonic anhydrase IX.

any of the MB cancer-related variants to survive the hypoxic
tumor environment. Earlier reports revealed that other
hypoxia-defying globins were activated in that particular
cell line, such as Ngb and Cygb, in addition to angiogenic
factors, such as matrix metalloproteinase (MMP)-2 and
MMP-9 (3.,8,11). This suggests that activation of these globins
and/or other non-globin-dependent survival pathways may
be responsible for this cell line's hypoxia-tolerant phenotype.
It is worth noting that Ngb and Hb were also expressed and

upregulated under low-oxygen conditions in the MO59K
cell line (9,11); therefore, they may also contribute to the
hypoxia-tolerant status demonstrated by this cell line.

MB variant 13 activation, as indicated by the signifi-
cant positive correlations with markers of hypoxia, in the
hypoxia-sensitive GBM cell lines appear to be minor or inef-
fective, particularly in MO10b, where a moderate correlation
was only observed with LDHA. Even in the M059J cell line,
where a moderate positive association was observed between
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Figure 3. Expression of MB, CAIX, LDHA and VEGF in a M006xLo tumor xenograft. Ectopically-induced glioblastoma tumor xenografts in mice were
generated via injection of M006xLo cells. Serial sections of tumor xenografts were stained with (A-C) H&E, and antibodies specific for (D-F) MB, (G-I) pimo-
nidazole, (J-L) CAIX, (M-O) LDHA and (P-R) VEGF. Regions of necrosis were used as tissue landmarks (red boxes). Hypoxic cells identified by pimonidazole
staining also exhibited strong positive staining for MB, CAIX, LDHA and VEGF (black arrows). MB staining was weakly positive throughout other parts of
tumor sections; however, these cells showed either weak or no staining for pimonidazole, CAIX, LDHA and VEGF. Image panels in the left column represent
negative controls of tissue sections where, instead of primary antibody, slides were incubated with normal goat serum. Photomicrographs were obtained at x10
(left and middle panels) and x40 (right panels) magnification.
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variant 13 gene expression and each of the tested markers of
hypoxia, one would expect that any role for variant 13 may
be offset by the hypoxia-induced downregulation of the other
cancer-related variants, 10 and 11. It is worth mentioning that
both of these cell lines express Ngb and Cygb (in addition to
Hb in the MO59K cell line), and their expression is upregulated
by hypoxia (3,9,11).

Thus far, it is not clear whether different members of the
globin family interact and, if so, whether possible interac-
tions may influence GBM cell hypoxia susceptibility. Future
studies aiming to explore the cross-talk among different
globins in hypoxia-sensitive and hypoxia-tolerant GBM cell
lines should provide useful knowledge into the mechanisms
of cancer cell survival under hypoxia. Further, exploring the
contribution of different MB variants to GBM cell hypoxia
sensitivity should provide insights into MB-dependent
survival mechanisms.

Tumor xenografts established using the M006xLo cell
line were used to investigate whether in vivo hypoxic condi-
tions could enhance MB expression. The M006xLo cell line
was selected as it displays a robust hypoxia-tolerant pheno-
type. Tumor-bearing mice received a single injection of
pimonidazole HCI 90 min prior to sacrificing. Pimonidazole
is considered to be a gold standard for the assessment of
tumor hypoxia (47), and in hypoxic cells (oxygen tensions
<10 mmHg), pimonidazole protein adducts are only detected
following systemic administration (48). Co-staining of the
cells adjacent to necrotic areas (using tissue landmarks) with
pimonidazole and MB conformed to the classic model of
hypoxia (49), and implied that in vivo MB expression may
be regulated by oxygen-dependent mechanisms. Similar
staining patterns for CAIX, LDHA and VEGTF in serial
sections of xenografts indicated that hypoxia is potentially
involved in regulating MB expression in cancer tissues.
Either MB variant 2, or MB cancer-related variants 9, 10, 11
and 13 encode the standard MB protein as found in muscle,
where cancer-related variants are more strongly expressed
(374-708-fold) compared with variant 2 (19). This suggests
that expressed MB with a similar staining pattern to pimo-
nidazole and other hypoxia markers is actually a translated
protein of MB variants 9, 10, 11 or 13. The discrepancy
between xenografts of M006xLo cells and in vitro culture
of M006xLo cells in terms of the expression and association
of MB protein and hypoxia markers could be explained by
several factors. First, all MB transcript variants encode the
same MB protein detected by MB antibody in the xenografts
of M006xLo cells, which may indicate that MB expression
in this cell line is determined by the contribution of multiple
MB variants, rather than just one of them. Second, it was
shown previously that the oxygen consumption rates of
these glioma cells measured in vitro are poor predictors of
changes likely to occur in vivo (5). Finally, the differences in
nature between cell culture (in vitro) and cells in xenografts
(in vivo) in terms of time (>2 weeks is required to generate
xenografts with volume of 200 mm?, compared with 48 h
hypoxia in vitro, the maximum duration of hypoxia exposure
of M006xLo cells in cell culture), and the varied severity
of hypoxia in the tumor microenvironment in xenografts,
as reflected by the distribution of pimonidazole staining, a
widely accepted marker of tumor hypoxia in tumor speci-
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mens (50). These factors likely contributed to the differences
in outcomes observed between cells and xenograft tissue.
It should be noted that the lack of RNA interference and
overexpression experiments in the studied glioma cell lines
is a limitation of the present study; however, this issue is
currently being addressed.

The MB pattern of expression in xenografts is similar
to our previous observations with Ngb, suggesting that MB
and Ngb (and potentially other globins) are co-expressed in
the same cells in hypoxic microregions of M006xLo-derived
GBM tumor xenografts (9). It should be noted that neither
heterotopic nor orthotopic xenograft models reflect the tumor
microenvironment and cell fate of GBM in human patients.
However, in the past 60 years, animal models have been used
extensively to study brain tumors (51), due in part to the lack
of perfect and reliable preclinical models (52). In the current
study, mouse M0O0O6xLo xenograft tissue was solely used to
confirm the associations between MB and hypoxia markers,
which were observed in vitro using human GBM cell lines.
Future work examining the co-expression of MB variants
and hypoxia markers in other xenograft models (for example,
using M0O59K or M010b cells) would be required to more
fully understand the variation in expression from one tumor
to another.

In previous studies, MB expression in a subset of invasive
breast cancer cases correlated with HIF-2a and CAIX, but
not with HIF-1a. or GLUT1 (27), and breast ductal carcinoma
in situ immunostaining of GLUT1 correlated with the degree
of MB expression (32). In contrast, ectopic MB expression
was significantly associated with overall survival in head and
neck squamous cell carcinoma, and did not correlate with
the hypoxia marker CAIX (18). Additionally, overexpression
of MB using lentivirus prevented hypoxia in tumor cells,
promoted differentiation and inhibited metastasis (53). These
observations, and the very low level (several hundred-fold
lower than in muscle tissue) of ectopically-expressed MB
in healthy and tumorous tissues, and cancer cell lines (19),
question its biological functions in this context. Apart from
the effect of hypoxia on MB expression, chemically-induced
oxidative stress (S-nitroso-N-acetylpenicillamine or H,0,)
was also found to increase MB expression in MCF7 breast
cancer cells (26).

According to the revised classification of tumors of the
CNS by the World Health Organization, GBMs are divided
into IDH mutant, wild-type or not otherwise specified (54).
It is reported that ~90% of GBMs are of a primary origin,
whereas the rest represent secondary GBM that progresses
from low-grade diffuse astrocytoma or anaplastic astrocy-
toma (55). Mutations in IDH were found in <10% of primary
glioblastomas (IDH wild-type tumors constitute ~90% of
cases), as well as ~80% of grade II and III oligodendrogliomas,
astrocytomas and secondary glioblastomas (56). Patients with
glioblastoma carrying mutations in IDH exhibit an improved
prognosis reflected by longer median overall survival associ-
ated with these tumors (54). To put the present findings into
a clinically relevant perspective, DepMap was used to check
for IDH1/2 mutations in the cell lines used in the present
study (36). IDH1/2 mutations were not among the mutations
reported in the M059J and MO59K cell lines, suggesting that
they carry the wild-type gene. No data on the other two cell
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lines, M0O10b and M006XLo, were found; however, in future
studies, they will be checked for IDH1/2 mutations via DNA
sequencing to analyze their characteristics from a clinical
perspective.

Finally, it is worth noting that the ability of a cell to cope
with decreased oxygen tension is not dependent on a single set
of genes. Different genes involved in cell growth and death,
and lipid metabolism, including insulin-like growth factor-1
receptor, fatty acid synthase, sterol regulatory element-binding
protein-1c and programmed cell death protein-1/programmed
death-ligand 1, have been shown to contribute significantly to
cancer cell hypoxia adaptation (57-59). Therefore, differences
among the tested GBM cell lines in terms of their reliance on
MB for hypoxia adaptation are not unexpected, and highlight
the overwhelming complexity of these heterogeneous cancers.

In summary, it was shown for the first time, to our knowl-
edge, that in GBM cells, MB cancer-associated variants
are expressed under normoxic and hypoxic conditions, and
exhibit modest-to-strong correlations with hypoxia markers
at different time points following exposure to physiologically
relevant O, tension. In addition, in xenografts, MB protein
exhibited staining patterns that were similar to hypoxia
markers. Therefore, ectopic expression of MB in GBM cells
may be a part of cellular defense mechanisms used by GBM
tumors to survive and adapt to the hypoxic tumor microen-
vironment, and consequently resist chemo- and radiotherapy
treatments.
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