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Fi1G. 5. Graph showing proliferation of U§7MG SP and non-SP cells after treatment with temozolomide, DMSO,
or no treatment. Growth of both SP and non-SP cells was partly arrested by temozolomide treatment, but SP cells
exhibited a significant increase in proliferative index compared with non-SP cells (p < 0.05).

separated from non-SP cells and found to give rise to both
populations, and produced cells with both neuronal and
glial markers that were tumorigenic in mice, demonstrat-
ing their multipotentiality.®> The study provided evidence

that in the C6 cell line, the SP reflected a population with
the capacity for self-renewal and limited maturation. Side
population cells were also identified in 15 of 23 neuroblas-
toma samples, breast cancer, lung cancer, and glioblastoma

Fic. 6. A: Immunofluorescent stains showing an increase in progenitor-like cells in sorted SP cells after temozo-
lomide treatment. Fractions were sorted from U87MG cells and stained with ABCG2, Msi-1, or ABCG2/Msi-1. B:
Graph of cell counts. The number of cells that stained positively for Msi-1 alone or ABCG2/Msi-1 increased signifi-
cantly after temozolomide treatment. An average of 300500 cells was counted (p < 0.05).
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Fic. 7. Graphs demonstrating changes in the number of SP cells and the expression of ABC drug transporter genes
among U87MG (A and B), following ABCG2 siRNA knockdown and 100-uM TMZ treatment. The SP increased
significantly after 2 days of drug treatment compared with the start of the experiment. Significant increases in tran-
scription of both ABCB1 and ABCC3 transporter genes were observed compared with the start of the experiment;
ABCG2 expression remained low throughout the experiment (p < 0.05). Changes in SP and ABC drug transporter
gene expression profiles in T98G glioma cells (C and D) after ABCG2 siRNA knockdown and temozolomide treat-
ment. The SP increased significantly after 2 days of drug treatment compared with the start of the experiment. A
significant increase in transcription of the ABCC3 transporter gene was observed compared with the start of the
experiment; ABCG2 expression remained low throughout the experiment (p < 0.05).

cell lines.?* Furthermore, analysis of several cell lines that
had been maintained in culture for long periods of time
demonstrated a small population of SP cells. That study
was pivotal because it demonstrated an increase in SP cells
in response to a chemotherapeutic drug, mitoxantrone. The
SP cells maintained the ability to self-renew in in vitro
cultivation assays. However, the molecular aspect of this
enhanced mitoxantrone efflux, and possibly that of other
chemotherapeutic agents, has yet to be elucidated.
Although the presence of SP cells in hematopoietic
diseases is perhaps predictable from the known hierarchy
of normal and malignant hematopoietic stem cells, the
presence of such a population in a malignant solid tumor
is less expected. Their presence may allow identification
of cancer stem cells and indicate a mechanism of onco-
genesis and drug resistance. Our interest in adult malig-
nant gliomas led us to investigate whether commonly used
serum-grown glioma cell lines contained a progenitor
cell-like population that could be enriched and charac-
terized. Two methods have been used to enrich this popu-
lation: CD133 surface marker expression*” and the ability
to efflux Hoechst 33342 dye.?* In the presence of serum,
CD133 is down-regulated,* hence, we were unable to de-
tect any CD133 expression in our astrocytic glioma cell
lines. However, several groups have identified a CD133+
population in several medulloblastoma cell lines grown
in the presence of serum. This is probably attributable
to the embryonal origin of medulloblastomas, in which
overexpression of the Nanog gene, a transcription factor
essential for the maintenance of an undifferentiated state,
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overrides effects due to the presence of serum.* Our re-
sults show that varying SP percentages could be identi-
fied in all glioma cell lines tested although it is not known
if the cells enriched by the 2 methods are similar. How-
ever, supporting functional evidence for the relevance of
SP cells in serum-grown cell lines as the tumor-initiating
fraction came from several investigators who showed that
the xenograft tumors established from these cells exhib-
ited multipotentiality and recapitulated important histo-
logical features.’>+32 Side population cells isolated from
U87MG expressed a higher level of Msi-1, ABCG2, and
nestin compared with non-SP cells; Msi-1 is a marker for
self-renewal, a property of stem cells,?® while nestin is
expressed in neural precursors.® Elevated expression of
ABCG2 would be consistent with the SP profile in many
cell lines.? Serial sorting and serial reanalysis established
that SP cells possessed the ability to reconstitute both
SP and non-SP cells while non-SP remained unchanged.
These data are consistent with previous findings that only
the SP cells in primary neurospheres and serum-grown
cell lines can produce both SP and non-SP cells in cul-
ture.?+26:32 The tumorigenicity displayed by SP cells impli-
cates them in tumor initiation. The increased invasiveness
displayed by our SP cells is a feature of tumor-initiating
cells reported elsewhere.!*? This property makes cancer
stem cells important targets for controlling both the ini-
tiation of tumor growth and its aggressive local spread.
The data strongly suggest that U§7MG contains SP cells
with progenitor cell-like properties and cancerous traits.

Our data indicate an increase in the SP population on
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Fic. 8. Graphs showing colony formation of SP cells after
ABCG2 siRNA knockdown and temozolomide treatment in
U8TMG (upper) and T98G glioma cells (lower). Temozolomide
treatment resulted in a significant decrease of 1-mm-sized col-
onies. However, the number of such colonies was significantly
increased after 2 days (D2) of drug treatment compared with
that after 1 day (D1) (p < 0.005). Temozolomide treatment after
ABCG?2 knockdown resulted in significant increases in 1-mm-
and 1-2-mm-sized colonies (p < 0.005).

temozolomide treatment at DNA-damaging doses. To our
knowledge, this has never been previously reported. Inde-
pendent of whether SP cells are truly a tumor “stem cell”
population, their high expression of drug efflux trans-
porter genes may have a significant influence on treat-
ment outcome. Indeed Hirschmann-Jax and colleagues**
have demonstrated an association of SP cell survival with
enhanced ability to efflux mitoxantrone. Interestingly, we
found an increase in the number of ABCG2/Msi-1 co-
stained cells in the SP population after temozolomide
treatment (Fig. 6), suggesting that ABCG2 expression in
stem cells with self-renewal capability may be important
in the mechanism of drug resistance. What we found most
interesting is the possibility that patients with cancer re-
currences may harbor SP cells that have been selected for
in vivo by temozolomide (and perhaps other chemothera-
peutic drugs) to express a drug-resistance gene.>*’ Hence,
the proportion of SP cells in newly diagnosed glioblasto-
mas may be much lower than in recurrent lesions. None-
theless, their presence at any stage of the disease may af-
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fect therapeutic outcome. Interestingly, when we tested
cultures of progenitor-like cells (neurospheres) from 2 pa-
tients, the patient with recurrent glioblastoma multiforme
displayed a much higher SP percentage than the patient
with no history of chemotherapy or radiation therapy.
The former patient’s neurosphere culture also clearly dis-
played a high percentage of temozolomide-resistant cells
(data not shown).

The SP phenotype is mediated by the ABC family of
transporter proteins. One of the major mediators seems
to be ABCG2 or BCRPI1,” initially identified in drug-
selected MCF7 breast cancer cells and later found to ef-
flux multiple chemotherapeutic drugs and xenobiotics.!
Supporting evidence on the link between the SP pheno-
type and the ABCG2 transporter comes from previous
studies?#3435.38.48.50.53.57 and ABCG2 expression has been
detected in hematopoietic stem cells,” nestin-positive is-
let-derived progenitor cells,® limbal basal cells,”” hepatic
oval cells,”® and neural stem cells.” However, it should
be emphasized that only a fraction of SP cells express
ABCG?2,%” and that both SP and known stem/progenitor
cells also express other ABC transporters such as MDR-1,
MRP-1, and ABCAZ2,*2+3 suggesting that these molecules
may also mediate the SP phenotype. For instance, ectopic
expression of MDR-1 in murine bone marrow cells leads
to the expansion of the SP.5 We observed that ABCG?2
knockdown did not abrogate the SP increase in response
to temozolomide treatment. The persistence of SP was
probably due to increased transcription of ABCB1 and
ABCC3 transporters in U§7MG and T98G cells. Simi-
larly, we did not observe any decrease in colony-forming
ability in soft agar, suggesting that the tumorigenic poten-
tial of SP cells was independent of ABCG2 expression.
These findings are consistent with work by Patrawala
et al.,* who showed that highly purified ABCG2+ cells
from U373 glioma and MCF7 breast cancer cell lines had
very similar tumorigenicity profiles as ABCG2- cells.
However Patrawala and colleagues did not investigate the
role of ABCG2 within the SP and its significance in the
persistence of the drug-resistance phenotype.

The presence of the MGMT protein has been shown
to render cells resistant to the cytotoxic actions of meth-
ylating and chloroethylating agents, such as temozolomide.
We cannot at this point rule out the possibility that SP cells
may also possess a modified MGMT promoter methylation
profile that contributes to their temozolomide resistance;
however, due to technical reasons, we were unable to sort
for sufficient SP and non-SP cells for analyses. Although
the SP and CD133 progenitor-like cells are overlapping but
not identical populations,'> work by Liu et al.*” has demon-
strated that CD133+ glioma stem cells from patient samples
did indeed express higher levels of ABCG2 (6.5-fold) and
MGMT (32.4-fold) transcripts compared with autologous
CD133- cells.

Our purpose in the present study has been to investi-
gate whether temozolomide treatment resulted in the in-
crease of SP cancer stem cells, and whether this observed
increase could be abrogated by ABCG2 knockdown. Side
population cells are very heterogeneous, 4> so it is
therefore plausible that this group of cancer cells could
contain several subsets of cells, one of which expresses
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ABCG?2. This would explain the increase in ABCG2 ex-
pression in the SP phenotype. However, the tumorigenic
potential associated with SP cells might be conferred by
combined effects of several other subpopulations of cells
in addition to ABCG2+ cells; this finding would explain
why ABCG?2 knockdown could not abrogate SP increase
or its associated tumorigenic potential.

Conclusions

Several serum-grown cancer cell lines have been
shown to contain a minority population of cells capable
of Hoechst 33342 dye efflux. We show in 2 glioma cell
lines that the SP phenotype possesses progenitor cell-like
properties and importantly, tumor-initiating potential in
an immune-compromised mouse model. When treated
with temozolomide, the number of SP cells increased,
corresponding to an increase in the number of progenitor-
like cells, as well as the upregulation and transcription of
several ABC drug transporter genes. The ABCG2 trans-
porter has frequently been associated with the SP pro-
file. When ABCG2 was specifically knocked down, the
SP continued to increase with temozolomide treatment,
with concurrent increases in the number of colonies in a
soft agar clonogenic assay. Upregulation of several other
ABC transporter genes was also observed. Our findings
demonstrate for the first time the response of glioma SP
cells in the presence of temozolomide. We propose that
these cells may account for the chemoresistance observed
in many patients undergoing drug therapy, and that drugs
that target only the ABCG2 drug transporter may not be
effective in the treatment of such tumors.
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