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Metabolic regulation of cancer cell side population by
glucose through activation of the Akt pathway

P-P Liu"?*, J Liao'*, Z-J Tang"*, W-J Wu', J Yang', Z-L Zeng', Y Hu', P Wang', H-Q Ju', R-H Xu' and P Huang*'?

Side population (SP) cells within tumors are a small fraction of cancer cells with stem-like properties that can be identified by
flow cytometry analysis based on their high ability to export certain compounds such as Hoechst 33342 and chemotherapeutic
agents. The existence of stem-like SP cells in tumors is considered as a key factor contributing to drug resistance, and presents
a major challenge in cancer treatment. Although it has been recognized for some time that tumor tissue niches may significantly
affect cancer stem cells (CSCs), the role of key nutrients such as glucose in the microenvironment in affecting stem-like cancer
cells and their metabolism largely remains elusive. Here we report that SP cells isolated from human cancer cells exhibit higher
glycolytic activity compared to non-SP cells. Glucose in the culture environment exerts a profound effect on SP cells as
evidenced by its ability to induce a significant increase in the percentage of SP cells in the overall cancer cell population,
and glucose starvation causes a rapid depletion of SP cells. Mechanistically, glucose upregulates the SP fraction through
ATP-mediated suppression of AMPK and activation of the Akt pathway, leading to elevated expression of the ATP-dependent
efflux pump ABCG2. Importantly, inhibition of glycolysis by 3-BrOP significantly reduces SP cells in vitro and impairs their ability
to form tumors in vivo. Our data suggest that glucose is an essential regulator of SP cells mediated by the Akt pathway, and

targeting glycolysis may eliminate the drug-resistant SP cells with potentially significant benefits in cancer treatment.
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Accumulating evidence suggests that tumors of various tissue
origins, including the brain, breast, and lung, contain a small
subpopulation of special cells with stem-like properties, often
referred to as cancer stem cells (CSCs) or tumor-initiating
cells."™ In addition to the ability of CSCs to self-renew and
initiate tumor formation, one important biochemical feature
of CSCs is their ability to export certain toxic compounds
and resistance to many chemotherapeutic agents due in part
to their high expression of ATP-dependent efflux pump
ABCG?2, their increased DNA repair capacity, and activation
of survival pathways.®'®© The increase in expression of
ABCG2 also confers CSCs the ability to effectively export
the DNA-binding dye Hoechst 33342 out of the cells, leading
to a low retention of the fluorescent signal in these cells, which
appear at the low-left corner in flow cytometry analysis and
thus are known as ‘side population’ or SP cells.>'" As SP cells
can be readily identified by flow cytometry in a quantitative
manner, the measurement of SP cells has been widely used
as a quantitative assay for the relative number (%) of stem-like
cancer cells in the bulk of the overall cancer cell population.
Importantly, as this assay is functionally based on the ability
of SP cells to export Hoechst 33342 and certain toxic
compounds, it is also a quantitative analysis of the sub-
population of cancer cells that are resistant to conventional

chemotherapeutic agents, including doxorubicin (Adriamycin,
or ADM), cisplatin (CDDP), and vincristine. As such,
quantitative analysis of SP cells and investigation of the
factors that affect SP cells are of high clinical importance with
potential therapeutic implications.

Although certain key molecules and signaling pathways that
affect the stemness of CSCs and their differentiation have
been identified,?~"® the metabolic features of CSCs and the
effect of nutrients and metabolites on CSC largely remain to
be investigated. Recent studies suggest that CSCs may have
special metabolic properties that distinguish them from the
bulk of tumor cells, and that such biochemical properties may
constitute a basis for developing new therapeutic strategies to
eliminate CSCs.'® Our recent study showed that brain tumor
stem-like cancer cells exhibited low mitochondrial respiratory
activity and preferred hypoxic microenvironment to maintain
their stemness."” We further demonstrated that glioma stem
cells were active in glycolysis and were intrinsically sensitive
to glycolytic inhibition.'® Although cancer cells are in general
active in glycolysis, CSCs seem to have even higher glycolytic
activity. The findings that CSCs are highly dependent on
glycolysis are consistent with the hypothesis of Warburg, who
considered mitochondrial respiration injury and a switch
from mitochondrial oxidative phosphorylation to cytosolic
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glycolysis as the origin of cancer.'®?° Based on the observa-
tion that glucose may function as an essential nutrient for
CSCs, we reasoned that glucose might have a significant
effect on the CSC subpopulation in the overall cancer cell
population. This led us to evaluate the impact of glucose in the
microenvironment on SP cells, and to investigate the under-
lying mechanisms.

In this study, we used several cancer cell lines containing
various percentages of SP cells as in vitro models to test the
effect of glucose on the SP subpopulation. Flow cytometry
sorting method was employed to separate SP cells from the
non-SP cells, which were then compared for their metabolic
properties and for the expression of relevant genes. We
found that SP cells are more active in glycolysis when
compared to the non-SP cells. Addition of glucose to the
culture medium induced a significant increase in SP
subpopulation in culture. We also revealed that several
key genes involved in glucose metabolism were differentially
expressed in SP and non-SP cells, and that the Akt pathway
seemed to play a key role in mediating glucose-induced
increase in SP cells. Finally, we investigated the potential
therapeutic effect of glycolytic inhibition on the viability
of SP cells in vitro and their ability to form tumor in vivo,
and showed that the glycolytic inhibitor 3-BrOP potently
compromised the viability of SP cells and impaired their
tumorigenic capacity in animals.

Results

SP cells in human cancer cell lines and their expression
of ABCG2. We first examined the presence of SP cells in
several human cancer cell lines in order to identify proper cell
lines for isolation of SP and non-SP cells for metabolic study.
SP cells were detected based on their ability to exclude
Hoechst 33342 dye. These cells appeared as a distinct
dim ‘tail’ in the flow cytometry plots, which revealed that the
percentage of SP cells varied significantly among different
cancer cell lines (Figure 1a). The human non-small cell lung
cancer (NSCLC) cell lines A549 (cultured in RPMI 1640
medium) and NCI-H460 (in RPMI 1640) contained 16.57%
and 3.25% SP cells, respectively, while the colon cancer cell
line LoVo (cultured in F12K medium) contained 1.73% SP
cells. Other cancer cell lines tested (Raji, HCT 116, CaPan-2,
HT 29, and PANC-1 cells) contained less than 1% of SP
population (data not shown). The ABC transporter inhibitor
Verapamil (Vera, 50 uM) effectively blocked the export of
the Hoechst dye and thus led to the disappearance of the
SP subpopulation (Figure 1a), confirming that the ABC
transporter was responsible for the SP phenotype.

To determine the specific type of ABC transporters
expressed in SP cells, we measured the expression of
MRP2, P-glycoprotein, and ABCG2 in A549 cells, which
contained relatively high SP cells. Flow cytometry analysis
showed that A549 cells mainly expressed ABCG2, while
MRP2 and P-glycoprotein were undetectable (Figure 1b). To
further compare the expression of ABCG2 in SP cells and
non-SP cells, we used flow cytometric sorting to separate the
two subpopulations and then measured ABCG2 expression.
As shown in Figure 1b, expression of ABCG2 was mainly
found in the SP cells, while very little expression of ABCG2
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was seen in the non-SP cells. These data together suggest
that ABCG2 might be the key efflux molecule in SP cells.

Active glycolysis and high expression of PDK-1 in SP
cells. The active utilization of glucose by tumor cells
constitutes the basis for '®8FDG-PET imaging for cancer
diagnosis, and positive FDG-PET signals in the tumor sites
after treatment predict poor prognosis.?'™2* Because CSCs
are resistant to conventional chemotherapeutic agents, it is
possible that the tumor cells in the residual lesions after
chemotherapy might represent CSCs with elevated glycolytic
activity. This prompted us to compare glucose metabolic
activity in SP and non-SP cells. SP and non-SP cells were
isolated from A549 cells by flow cytometry sorting, and
glucose consumption and lactate production were measured.
As shown in Figure 2a, glucose uptake and lactate
production were significantly increased in SP cells compared
to non-SP cells. Analysis of cellular ATP showed that SP
cells had higher ATP content (Figure 2b). Interestingly, we
also noted that the lung cancer cells (A549) were more
glycolytic than the non-tumorigenic bronchus epithelial cells
(BEAS-2B), as indicated by higher glucose uptake, higher
lactate production, and lower oxygen consumption in A549
cells (Supplementary Figure S1). Thus, the lung cancer A549
cells are more glycolytic than their normal counterparts, while
the SP cells sorted from A549 seem to have the highest
glycolytic activity.

To investigate the molecular events associated with
high glycolytic activity in SP cells, we compared the
expression of several key molecules involved in glucose
metabolism, including hexokinase-1 (HK-1), hexokinase-2 (HK-2),
pyruvate dehydrogenase kinase 1 (PDK-1), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and monocarboxylate
transporter 1 (MCT1), in SP and non-SP cells. As shown in
Figure 2c, the expression of PDK-1 was substantially higher in
SP cells. Because PDK-1 is responsible for the phosphoryla-
tion of pyruvate dehydrogenase (PDH) and suppresses its
ability to convert pyruvate to acetyl-CoA for further meta-
bolism in the mitochondria via the tricarboxylic acid (TCA)
cycle,?® the high expression of PDK-1 in SP cells would
suppress the metabolic flow of pyruvate into the mitochondria
and thus promote the conversion of pyruvate to lactate in the
cytosol. Unexpectedly, the expression of HK-2, an enzyme
that catalyzes the first step of the glycolytic reaction (glucose
to glucose-6-phosphate), was significantly downregulated in
SP cells. However, the expression of HK-1, another enzyme
that catalyzes the conversion of glucose to glucose-6-
phosphate, remained highly expressed in SP cells (Figures
2c and d). These data, together with the high glycolytic activity
observed in SP cells (Figure 2a), suggest a possibility that SP
cells might use HK-1 to maintain their high glycolysis. In fact,
enzyme activity analysis showed that the overall hexokinase
activity (including HK1 and HK2) was higher in the SP cells
(Figure 2e). The high expression of PDK-1, low expression of
HK-2, and high expression of HK-1 in SP cells were further
confirmed by qRT-PCR analysis (Figure 2d). Interestingly, the
expression of HIF1a (known to affect HK-2 and PDK-1
expression) and c-Myc (known to affect HK-2 expression)
appeared similar in SP and non-SP cells (Figures 2c and d),
suggesting that the high expression of PDK1 and low
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Figure 1 Analysis of SP cells in cancer cell lines and their expression of ABCG2. (a) Comparison of the % of SP cells in lung cancer cell lines (A549 and NCI-H460) and
colon cancer LoVo cell line. Approximately 1 x 10° cancer cells were stained with Hoechst33342 dye in the presence or absence of 50 M verapamil (an efflux pump inhibitor)
for 90 min and analyzed by flow cytometry. SP cells appeared as a dim ‘tail’ with low red and low blue Hoechst signals due to active efflux of the dye. Inhibition of the efflux
pump function by verapamil (Vera) led to accumulation of Hoechst33342 in the cells and the SP subpopulation disappeared. (b) Expression of ABC transporters MRP2,
ABCG2, and p-glycoprotein in A549 cells, measured by flow cytometry analysis. The expression of ABCG2 in SP and non-SP cells sorted by flow cytometry from A549 cells

was further compared

expression of HK2 in SP cells are unlikely due to differential
expression of HIF-1« or c-Myc in SP and non-SP cells.

Glucose induces a reversible increase of SP cells in the
cancer cell population. Based on the observation that SP
cells were highly glycolytic (Figure 2a), we postulated that
glucose in the tissue environment might have a significant
impact on SP cells. To test this possibility, we first cultured
A549 cells in medium containing various concentrations of
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glucose and analyzed the percent of SP cells. As shown in
Figure 3a, A549 cells in their routine culture medium (F12K)
with 1260 mg/I glucose contained 5.04% SP cells. When the
cells were switched to a medium containing a higher level of
glucose (2000 mg/l, RPMI1640), there was a time-dependent
increase in SP cells, which reached 26.48% at 72h.
In contrast, when the cells were switched to glucose-free
RPMI1640 medium, the SP population dramatically
decreased to 0.86% in 24h and to less than 0.1% in 72h
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Figure2 Comparison of glycolytic activity and expression of the relevant genes in SP and non-SP cells. (a) SP and non-SP cells were separated by flow cytometry sorting
from A549 cells, seeded in 12-well plates at a density of 3.5 x 10° cells/well for 8 h. The medium was replaced with fresh one, and glucose and lactate in the culture medium
were measured at 12 and 24 h. (b) Comparison of intracellular ATP levels in SP and non-SP cells. Cellular ATP levels were measured after SP and non-SP cells were sorted
from A549 cells and cultured in fresh medium for 2 h. (c) Expression of HK-1, HK-2, PDK-1, MCT1, MCT4, GluT1, c-Myc, and GAPDH in SP and non-SP cells sorted from
A549 cell line determined by western blot. (d) Real-time RT-PCR analysis of mRNA expression of HK-1, HK-2, PDK1, MCT1, MCT4, GluT1, HIF-1x, and GAPDH in SP and
non-SP cells. (e) Comparison of hexokinase activity between SP and non-SP cells. Cell lysates were prepared from SP and non-SP cells immediately after sorting, and then
used fresh for analysis of hexokinase activity. The values in a, b, d, and e present the mean + S.D. of three independent experiments. *P< 0.05

(Figure 3a). Interestingly, A549 cells continued to proliferate
during the first 24 h in the glucose-free medium, while the %
of SP cells decreased substantially during this time period
(Supplementary Figure S2). Cell proliferation stopped when
the cells were cultured in the absence of glucose
for a prolonged period of time (48-72h, Supplementary
Figure S2).

The impact of glucose on SP cells was consistently
observed using two other cell lines. As shown in Figure 3b,
the human colon cancer cell line (LoVo) contained 1.73% SP
cells when maintained in F12K medium (1260 mg/I glucose).
The percentage of SP cells decreased to 0.86% in 24 h after
switching to glucose-free RPMI1640 medium. Addition of
glucose (2000 mg/l) back to the cultured medium caused a
time-dependent increase in SP fraction. A similar pheno-
menon was also observed in lung cancer H460 cell line
(Figure 3c). These data suggest that glucose has a major
effect in inducing SP cells in multiple cancer cells.

To further test the ability of glucose to induce the conversion
of non-SP cells to SP cells, we used flow cytometry sorting to
obtain purified non-SP cells, which were then incubated
in medium containing various concentrations of glucose.
As shown in Supplementary Figure S3, the sorted non-SP
cells were highly purified and contained 0.0% SP cells as
measured by flow cytometry after sorting. Incubation of the
sorted non-SP in medium containing 0, 1260, and 2000 mg/I of
glucose resulted in a concentration-dependent induction
of SP cells. These data indicate that non-SP cells could be
induced to become SP cells by glucose.

Role of Akt in mediating glucose-induced increase in SP
cells. To investigate the molecular events associated with
glucose-induced upregulation of SP cells, we examined the
effect of glucose addition and deprivation on the expression
of molecules involved in regulation of CSCs. A549 cells were
cultured in RPMI 1640 with or without glucose for 72 h, and
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Figure 3 Effect of glucose on SP cell fraction in lung cancer and colon cancer cell lines. (a) The lung cancer A549 cells were maintained in standard F12K medium
containing 1260 mg/l glucose. A portion of the cells was switched to RPMI 1640 medium containing higher glucose (2000 mg/l) and another portion of the cells was switched to
glucose-free RPMI 1640 medium. The cells cultured under three different conditions were analyzed for % of SP cells at 24, 48, and 72 h. (b) LoVo cells (human colon cancer)
were maintained in F12K medium containing 1260 mg/l glucose, switched to glucose-free RPMI 1640 medium for 24 h, and then replaced with fresh medium containing
2000 mg/l glucose for 24 and 48 h. The cells cultured under each of these conditions were collected for SP analysis. (¢) Lung cancer cells (NCI-H460) were maintained in RPMI
1640 medium containing 2000 mg/| glucose, switched to glucose-free RPMI 1640 medium for 24 h, and then replaced with fresh medium containing 2000 mg/l glucose for 24
and 48 h. The cells cultured under each of these conditions were collected for SP analysis. Each experiment was repeated at least three times. Representative data are shown

RNA was isolated for qRT-PCR analysis. As shown in and Notch1 was significantly induced by glucose
Figure 4a, the expression of ABCG2 and SOX2 (Figure 4b). The mRNA expression of ABCG2, HK2, and
was significantly higher in the sorted SP cells than in PDK1 was also increased in the presence of glucose
non-SP cells. Importantly, the expression of SOX2, ALDH1, (Figure 4b).
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for p-Akt(ser473) and total Akt protein. (f) A549 cells maintained in F12K medium were incubated with 10 M LY294002, and SP cells were quantified by flow cytometry

analysis. *P<0.05

Because Akt seems to affect ABCG2 expression and
localization,?® we therefore investigated the potential role of
Akt in mediating glucose upregulation of SP cells. Western
blot analysis showed that glucose significantly upregulated
Akt activity, as evidenced by a striking increase in phosphory-
lated Akt and an increase in total Akt protein (Figure 4c).
The presence of glucose also caused a significant suppression
of AMPK activity, as indicated by a substantial decrease
in phosphorylated-AMPK, while the total AMPK protein
remained unchanged. These data together suggest that
glucose enhanced Akt activity, possibly through suppression
of AMPK, which is known to negatively regulate Akt.?’
Associated with the suppression of AMPK and activation of
Akt by glucose, there was a dramatic increase in ABCG2
expression (Figure 4c). Consistent results were observed
when A549 were incubated with various concentrations of

glucose, which inhibited AMPK phosphorylation, activated
Akt, and promoted ABCG2 expression in a concentration-
dependent manner (Supplementary Figure S4). The activation
of Akt in SP cells was confirmed in flow cytometry-
sorted cells (Figure 4d).

We then used two strategies to further test the role of the
Akt signaling pathway in mediating glucose-induced ABCG2
expression and increase in SP subpopulation. First, we
examined the effect of a PI3K inhibitor LY294002 on Akt
and % of SP cells. As shown in Figure 4e, treatment of A549
cells with 10uM LY294002 for 6h caused a substantial
inhibition of Akt phosphorylation, and this led to a rapid
decrease in SP cell population (Figure 4f). Secondly, we used
siRNA strategy to knock down Akt expression in A549 cells
and tested its effect on glucose-induced SP cells. Cells
treated with scrambled RNA were used as control. After
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Figure 5 The role of Akt in mediating glucose-induced increase in SP cells. A549 cells were transfected with siRNA against Akt, scrambled RNA (s.c.r.m), or no
transfection (n.t.). The transfected cells were cultured in glucose-free medium for 24 h, and then shifted to fresh medium containing glucose (2000 mg/l) for 24 or 48 h as
indicated. The cells were collected for (a) western blot analysis of Akt expression, and (b) for flow cytometry analysis of SP cells. Cells without transfection cultured in RPMI
1640 medium with glucose (Glu + ) or without glucose (Glu — ) were used as an additional control

siRNA transfection, the cells were first incubated in glucose-
free medium for 24 h, and then were cultured in glucose-
replenished medium for another 24 and 48 h. Each sample
was analyzed for Akt expression and for SP cells. As shown in
Figure 5a, siRNA was effective in knocking down Akt
expression 24 and 48h after transfection, whereas the
scrambled RNA did not cause a change in Akt expression.
Flow cytometry analysis showed that removal of glucose
caused a rapid decrease in SP cells from 13.56 to 0.26% in
24 h (Figure 5b). Replenishment of glucose led to a time-
dependent reappearance of SP cells in the control samples

Cell Death and Differentiation

treated with scrambled RNA, but not in the samples
transfected with siRNA against Akt (Figure 5b), indicating
that the knockdown of Akt effectively prevented the induction
of SP cells by glucose. These data together with the
LY294002 experiment suggest that Akt may play an important
role in glucose-induced upregulation of SP cells. Consistently,
treatment of A549 cells with AICAR (5-Aminoimidazole-
4-carboxamide 1-f-p-ribofuranoside) caused an activation
of AMPK (a negative regulator of Akt), leading to a lower
ABCG2 expression and a decrease in SP cells
(Supplementary Figure S5).
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Figure 6 Effect of the glycolytic inhibitor 3-BrOP on SP cells and their Akt signaling pathway. (a) Inhibition of glucose uptake and lactate production by 3-BrOP in A549
cells. A549 cells were seeded in 6-well plates (5 x 10° cells/well) overnight. The culture medium was replaced with 1 ml fresh medium/well in the presence or absence of
3-BrOP (80 uM, 6 h). Glucose uptake and lactate production were measured. (b) A549 cells were cultured with 80 1M 3-BrOP, and cellular ATP was measured at different time
points as indicated. (c) Effects of various drugs on SP fractions at their respective IC50 concentrations. A549 cells were seeded in a culture plate (5 x 10° cells/well) for 24 h,
then replaced with fresh medium containing each compound at their respective IC50 concentrations as determined by MTT assay (Supplementary Figure 6). The cells were
harvested and stained with Hoechst 33342 in the presence and absence of Verapamil to determine SP cells. (d) Quantitation of SP cells under the experimental conditions
described in (c). Data are means + S.D. of 3-5 independent experiments. (e) A549 cells were treated with 3-BrOP (100 uM for 12 h). Cell lysates were subjected to western
blotting for detection of p-AMPK, total AMPK, p-Akt(ser473), total Akt, ABCG2, HK2, SOX2, and f-actin. *P<0.05

SP cells are resistant to conventional chemotherapy and
sensitive to glycolytic inhibition. CSCs are thought to be
intrinsically resistant to conventional anticancer agents, and
new strategies are needed to eliminate these cells. Based
on the observation that SP cells were highly glycolytic,
we speculated that this subpopulation might be sensitive to
glycolytic inhibition. We first tested if 3-BrOP, an effective
glycolytic inhibitor,'®28 could kill SP cells by disrupting their
energy metabolism. As shown in Figure 6a, incubation of
A549 cells with 3-BrOP caused a significant decrease in
glucose uptake and lactate production, indicating an inhibi-
tion of glycolysis. This led to a time-dependent depletion of
cellular ATP (Figure 6b). Importantly, when A549 cells were
treated with equal toxic concentrations of 3-BrOP and
several conventional chemotherapeutic agents, there was a
striking difference in their impact on SP cells. As shown in
Figures 6¢ and d, 3-BrOP at its IC5o concentration (50 uM)
significantly reduced SP cells from 16 to 6.7% in 72 h, while

the equal toxic concentrations of cisplatin (CDDP,
IC50=3.57 uM) or (ADM, ICso = 159 nM) caused a substantial
increase of SP cells, from 16.03 to 30.01% and 26.47%,
respectively, indicating that CDDP and ADM mainly Kill
non-SP cells and thus enrich SP cells. Incubation with the
IC5o concentration of Paclitaxel (PTX, 20.3nM) did not alter
the percent of SP cells. Consistent with the ability of 3-BrOP
to decrease SP cells, western blot analysis showed that
treatment of A549 cells with 3-BrOP caused a significant
decrease in phosphorylated Akt and a decrease in expres-
sion of ABCG2 and SOX-2, whereas AMPK was activated in
the same samples, as evidenced by a substantial increase in
p-AMPK (Figure 6e). The overall inhibitory effect of 3-BrOP,
CDDP, ADM, and PTX on A549 cells with the corresponding
IC5o values determined by MTT assay is shown in
Supplementary Figure S6. The cytotoxic effect of these
compounds, measured by annexin-V/Pl double staining, is
shown in Supplementary Figure S7.
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Figure 7 Suppression of tumor formation by glycolytic inhibition. (a) Experimental scheme. A549 cells were pretreated with the IC50 concentrations of 3-BrOP (50 uM)
and DDP (3.5 M) for 24 h, washed, and cultured in fresh medium without drug for 1 day (3-BrOP group) or 2 days (CDDP group) to allow time for the cell death to occur (24 h
for 3-BrOP and 48 h for CDDP due to different mechanisms of action). The detached dead cells were removed, and equal numbers of viable cells from the control and drug-
treated samples were inoculated subcutaneously into the flanks of athymic mice at the cell number of 1.5 x 10%/injection site (group 1) or 1 x 10° cells (group 2). The mice
were monitored for tumor incidence (b) and tumor growth (c). (d) A proposed model of glucose-induced SP cells through activation of the Akt pathway

Inhibition of tumor formation in vivo by pretreatment of
cancer cell with glycolytic inhibitor in vitro. Based on the
evidence that the glycolytic inhibitor 3-BrOP could reduce SP
cells while the conventional chemotherapeutic agents CDDP
and ADM increased the SP subpopulation, we compared the
effect of 3-BrOP and CDDP on the ability of A549 cells to
form tumor in vivo. As shown in Figure 7a, A549 cells were
first incubated with 3-BrOP or CDDP at their respective ICsq
concentrations for 24 h, and then cultured in drug-free fresh
medium for another 24 h (3-BrOP) or 48h (DDP) to allow
time for the cell death to occur (24 h for 3-BrOP and 48 h for
CDDP due to different mechanisms of action) and for the
viable cells to recover. The detached dead cells were
removed, and equal numbers of viable cells from the control
and drug-treated samples were inoculated subcutaneously
into the flanks of athymic mice. The mice were then observed
for tumor formation without further drug treatment. As shown
in Figure 7b, when mice were inoculated with 1.5 x 10° viable
cells per injection site, almost all the mice in the control
group and the CDDP-treated group developed tumors, while
3-BrOP pre-treatment reduced tumor incidence to 45%. When
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the inoculated cell number was 1 x 10° cells, 27% mice in the
control group developed tumors and 55% mice in the CDDP
group developed tumors. The tumor incidence in the 3-BrOP
group was dramatically reduced to 9%. Since A549 cells
were treated CDDP or 3-BrOP at equal cytotoxic concentra-
tions (ICsp), the significant decrease in tumor formation
observed in the 3-BrOP-treated group demonstrated that this
compound effectively killed the SP cells. Consistently, tumor
growth was retarded substantially by pre-treatment with
3-BrOP (Figure 7c). In contrast, as CDDP mainly kill non-SP
cells, the remaining viable cells were enriched in SP cells and
thus had higher tumor incidence when equal number of
viable cells were inoculated.

Discussion

It has been recognized for decades that cancer cells actively
use glycolytic metabolism even in the presence of oxygen, a
phenomenon known as the Warburg effect.'®2° A high rate of
glycolysis may be beneficial to cancer cells by providing
ATP and metabolic intermediates,® and constitutes the



biochemical basis of '8F-fluoro-2-deoxy-glucose position
emission tomography ('®FDG-PET) for clinical diagnosis of
cancer.®® Because elevated glycolysis seems prevalent in
cancer cells and is of clinically relevance, such metabolic
alteration has recently been considered as a hallmark of
cancers.®' Recent studies from our laboratory and other
groups suggest that CSCs may have even more active
glycolytic activity compared to the bulk of the general cancer
cells.’” 1832 Consistently, the current study showed that SP
cells were more glycolytic compared to the non-SP cells.
These observations underscore the importance of glucose as
an essential nutrient for cancer cells, especially for CSCs, and
suggest a possibility that the levels of glucose in the tumor
microenvironment might significantly affect CSCs.

Although the important role of tumor tissue niches in
affecting CSCs has been recognized in recent years, the
impact of key nutrients in the tumor microenvironment on
CSCs remains largely unknown. In this study, we used flow
cytometry analysis of SP cells as a quantitative end point to
evaluate the effect of glucose on CSCs in the overall cancer
cell population, and used gRT-PCR and western blot analyses
to investigate the underlying mechanism. Our results showed
that glucose plays a major role in promoting CSC phenotype
through the AMPK— Akt—ABCG2 axis (Figure 7d). This
conclusion is supported by the following evidences:
(1) glucose in the culture medium significantly increased the
% of SP cells in the overall cancer cell population, whereas
removal of glucose from the medium caused a depletion of SP
cells in multiple cell lines; (2) the presence of glucose
suppressed AMPK activity and activated Akt, leading to high
expression of ABCG2, while removal of glucose led to
activation of AMPK and suppression of Akt and ABCG2
expression; (3) activation of AMPK by AICAR lead to a
decrease in ABCG2 expression and a lower SP cells;
(4) siRNA knockdown of Akt expression prevented the
glucose-induced increase of SP cells; (5) inhibition of
glycolysis by 3-BrOP caused ATP depletion, activation
of AMPK, and suppression of Akt, leading to suppression of
ABCG2 expression and a decrease in SP cells.

The induction of SP cells by glucose appears to be a
reversible phenotype. As shown in Figure 3a, switch of cancer
cells from low-glucose medium to high-glucose medium led to
a time-dependent increase in SP cells for up to 72h.
Consistently, glucose deprivation caused a rapid depletion
of SP cells, which re-appeared when glucose was replen-
ished. This rapid inducible phenotype suggests that induction
of SP cells by glucose is likely by promoting activation of Akt
and expression of ABCG2 in a subpopulation of pre-existing
cancer cells, and not by inducing proliferation of SP cells,
since it is unlikely that SP cells could proliferate 40 folds (from
0.26 to 10.23%) in a 24-h period. The ability of the purified
non-SP cells (with 0% SP by flow cytometry sorting) to
produce 5.7% SP cells when cultured in glucose-containing
medium further supports the conclusion that SP cells
are inducible (Supplementary Figure S3). The fact that only
10-20% cells were induced by glucose to become SP cells
suggests a possibility that only a fraction of the A549 cells
could be induced to exhibit the SP phenotype. This interesting
phenomenon and the underlying regulatory mechanisms
need to be further investigated.
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Activation of the serine/threonine kinase Akt is frequently
observed in cancer cells and is associated with drug
resistance.®® This molecule seems to have pro-oncogenic
property and has been implicated in enhancing glucose
transport and aerobic glycolysis in cancer cells. Our study
suggests that Akt activation plays a key role in mediating
glucose-induced increase in SP cells, likely by promoting the
expression of ABCG2, an ATP-dependent pump capable of
exporting certain chemotherapeutic agents out of the cells.
This is consistent with the finding that Akt could modulate the
expression of ABCG2.'#1%:26:34.35 |nterestingly, a recent
study showed that inhibition of Akt by LY294002 induces a
loss of SP fraction accompanied by a rapid translocation
of ABCG2 from the cell membranes to the intracellular
compartment, and that forced expression of Akt led to
anincrease in SP fraction but has no effect on SP fractions in
cells from ABCG2-deficient mice,?® supporting the notion
that ABCG2 may be an effector of Akt in promoting cancer
stem cell phenotype.

SP cells are defined by their ability to effectively export
Hoechst 33342 due to high expression of ATP-dependent
transporters such as ABCG2.%¢ The high expression of these
efflux pumps enables the CSCs to export chemotherapeutic
agents and confer drug resistance. This is thought to
contribute to the persistence of residual disease after
chemotherapy and is a major reason for cancer recurrence.
In the clinic, a positive '®FDG-PET signal at the tumor sites
after chemotherapy often predicts a poor treatment outcome
due to persistence of cancer cells with high glycolytic activity.
Consistently, our observation that in vitro treatment of A549
cells with CDDP or ADM resulted in an increase in SP cells in
the surviving cell population (Figure 6¢) supports the notion
that CSCs are resistant to standard drug treatment, and
underscores the urgent need to develop new strategies and
novel agents to kill CSCs. Our study showed that SP cells are
more active in glycolysis compared with non-SP cells.
Furthermore, the high expression of PDK1 in SP cells would
inhibit pyruvate dehydrogenase and thus suppress pyruvate
entry into the TCA cycle. Under this circumstance, pyruvate
would be converted into lactate. This may explain why SP
cells have higher glucose consumption and higher lactate
production. This metabolic property also suggests that CSCs
may be more dependent on glycolysis and thus more sensitive
to glycolytic inhibition. Indeed, we showed that incubation of
A549 cells with glycolytic inhibitor 3-BrOP led to a substantial
decrease in SP cells. This is in a sharp contrast to CDDP and
ADM. As such, inhibition of glycolysis may be a promising
strategy to eliminate CSCs. This hypothesis was further
supported by the findings that pre-treatment of A549 cells with
3-BrOP in vitro significantly reduced tumorigenesis in vivo
(Figure 7). The inhibitory effect of 3-bromopyruvate and its
analog 3-BrOP on glycolysis has been attributed to their ability
to suppress the enzyme activity of the glycolytic enzymes
hexokinase (HK) and GAPDH. 83738 |t appears that GAPDH
is a preferred target of 3-BrOP, as this compound inhibits
GAPDH at low concentrations (0.3-3 uM), while much higher
concentrations (over 300uM) were required to inhibit
hexokinase.?® Interestingly, a recent study by Sabatini
and coworkers®® suggested that MCT1 is a transporter
of 3-bromopyruvate, and that a high expression of MCT1
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may render cells more sensitive to this compound due to a
higher drug uptake.

It is of interest to note that the high expression of the active
Akt in SP cells may confer survival advantage to this
subpopulation of cells and render them resistant to anticancer
agents. This may in part explain why the SP cells were less
sensitive to conventional chemotherapeutic agents such as
CDDP and ADM as shown in Figures 6¢ and d. Paradoxically,
the high expression of active Akt may also render SP cells
highly glycolytic, resulting in high sensitivity to glycolytic
inhibition. As inhibition of glycolysis by 3-BrOP is effective in
kiling SP cells, it seems logical to combine standard
chemotherapeutic agents with glycolytic inhibitors such as
3-BrOP to simultaneously eliminate the bulk of cancer cells as
well as SP cells. This new therapeutic strategy may potentially
improve the outcomes of cancer treatment, and merits further
test in pre-clinical and clinical settings.

Materials and Methods

Chemicals and reagents. Hoechst 33342, verapamil, ADM, paclitaxel,
3-bromopyruvate, and 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) were obtained from Sigma (St Louis, MO, USA). 3-Bromo-2-oxopropionate-
1-propyl ester (3-BrOP) was synthesized as described previously.%” AICA-Riboside
(AICAr) was supplied by Calbiochem (San Diego, CA, USA). PE-labeled mouse
anti-human P-glycoprotein, APC-labeled mouse anti-human ABCG2, and their
respective control antibodies were purchased from BD Bioscience (San Jose, CA,
USA). Mouse monoclonal anti-MRP2 and FITC-labeled anti-mouse IgG were
supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit monoclonal
anti-hexokinase | and anti-hexokinase Il, rabbit monoclonal anti-PDK1 (C47H1),
rabbit monoclonal anti-GAPDH, rabbit polyclonal anti-AMPK-alpha, rabbit mono-
clonal anti-phospho-AMPK-alpha (Thr172) (40H9), rabbit monoclonal anti-Akt, rabbit
monoclonal anti-phospho-Akt (Ser473) (D9E), rabbit monoclonal anti-Sox2, rabbit
polyclonal anti-ABCG2, rabbit monoclonal anti-MCT1, and mouse monoclonal anti-
p-actin antibodies were purchased from Cell Signaling Technology (Danvers, MA,
USA). Small interfering RNA (siRNA) that targets Akt1 and Akt2 (Akt siRNA) and
scramble siRNA were obtained from Cell Signaling Technology. Rabbit polyclonal
anti-MCT4, rabbit polyclonal anti-GluT1, and rabbit polyclonal anti-c-Myc antibodies
were purchased from Santa Cruz Biotechnology. Lipofectamine-2000 and Opti-MEM
were purchased from Invitrogen Life Technologies (Carisbad, CA, USA). The PI3K
inhibitor LY294002 was purchased from Cell Signaling Technology. Chemilumines-
cence kit was purchased from Keygen Biotech. Co., Ltd (Nanjing, China).

Cell culture and proliferation assays. Human non-small cell lung
carcinoma (NSCLC) A549 and NCI-H460 cell lines and colon cancer LoVo cell line
were obtained from the American Type Culture Collection (ATCC) (Rockville, MD,
USA) and routinely maintained in culture medium as recommended by ATCC.
All media were supplemented with 10% fetal bovine serum (FBS; Invitrogen
Life Technologies). All cell lines were incubated in a humidified incubator at 37 °C
supplied with 5% carbon dioxide. Cell growth inhibition by ADM, CDDP, paclitaxel
(PTX), and 3-BrOP was determined by MTT assay. Briefly, 2.5 x 10° cells/well were
seeded in triplicate in 96-well plates. After 24 h of incubation, the cells were exposed
to various concentrations of ADM, DDP, 3-BrOP, and PTX for 3 days. At the end of
the incubation, 20 ul of MTT reagent (5 mg/ml) was added to each well and incubated
at 37 °C for 4 h. After removal of the culture medium, 200 ul DMSO was added to
each well to dissolve the formazan precipitates. The optical density (OD) was
measured at wavelengths of 570 and 630 nm with a Multiskan MK3 microplate-reader
(Thermo Labsystem, Franklin, MA, USA). To directly quantify cell proliferation, cells
were trypsinized and counted using a cell counter (Cellometer Auto T4, Nexcelom
Bioscience, Lawrence, MA, USA).

Glucose and lactate assay. Cells were cultured in complete medium with
10% FBS, and replaced with fresh medium when cells in exponential growth
phase for 6-24h. Media from the samples were collected and analyzed for
glucose and lactate concentration using colorimetric kits according to the
manufacturer's instructions (Biovision, Mountain View, CA, USA). The absorbance
was measured at 450nm using a Multiskan MK3 microplate-reader (Thermo
Labsystem).
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Hexokinase enzymatic activity assay. Hexokinase activity was
measured using a hexokinase assay kit (ScienCell Research Laboratories,
Carlsbad, CA, USA) according to the manufacturer's instructions. In brief, cells
were lysed in the assay buffer, and then incubated with the assay mix for 1h in
room temperature in the dark. The optical absorbance was measured at 0D490,,,
to quantify the color production from the hexokinase reaction.

Cellular oxygen consumption assay. To determine cellular oxygen
consumption, equal numbers of cells were suspended in 1 ml fresh medium at
37 °C pre-equilibrated with 21% oxygen and transferred to a sealed respiration
chamber equipped with a Clark oxygen sensor, a thermostat controller, and a
micro-stirring device (Oxytherm, Hansatech Instrument, Norfolk, UK). Measure-
ments were made at 37°C with constant stirring. Oxygen consumption rate
was expressed as nanomoles of O, consumed per min per 5 million cells.

Measurement of intracellular ATP. Cellular ATP levels were determined
using the ATP-based CellTiter-Glo luminescent Cell Viability kit (Promega,
Madison, WI, USA) according to the manufacturer’s instructions with the following
modifications. Cells were plated in triplicate in 96-well plates to allow for
aftachment overnight. And then equal volume of the single-step reagent provided
by the kit was added to each well and rocked for 2min and kept at room
temperature for 10min to complete the reaction. Luminescence levels were
measured using a luminescent plate reader (Thermo Fisher Varioskan Flash,
Waltham, MA, USA). To test the inhibition effect of glycolytic inhibitor on
intracellular ATP, 3-BrOP (80 uM) was added to the A549 cells and ATP was
measured at various time points.

Flow cytometry. The expression of ATP-binding cassette transporters on the
surface of SP and non-SP cells was analyzed using flow cytometry. Briefly, 1 x 10°
cells were incubated with PE-labeled mouse monoclonal anti-P-glycoprotein and
APC-labeled mouse monoclonal anti-ABCG2 antibodies for 15 min in darkness at
4°C, or with mouse monoclonal anti-MRP2 antibody for 30 min at 4 °C, followed by
FITC-labeled anti-mouse IgG antibody for 30 min in darkness at 4 °C. The cells were
then washed and resuspended for analysis in cold PBS using a Cytomix FC500
cytometer (Beckman Coulter, Fullerton, CA, USA). For apoptosis assay, 1 x 10° cells
were plated in 4 culture dishes overnight, and then treated with the indicated
compounds for 72 h. The cells were then collected and stained with annexin-V/P! for
analysis of cell viability using flow cytometer.Hoechst 33342 staining and flow
cytometry sorting of SP and non-SP cells.

Cells were washed with PBS, detached by trypsinization, washed, and
resuspended in pre-warmed F12K or RPMI 1640 medium containing 2% FBS
with or without glucose at a density of 1 x 10° cells/ml. Cell staining was performed
using the method described by Goodell et af*® with the following modifications. The
cells were incubated with Hoechst 33342 (5 g/ml) in the presence or absence of
the ABC transporter inhibitor verapamil (50 M) for 90 min at 37 °C in darkness
with intermittent shaking. The cells were then washed with cold PBS, resuspended
in PBS, and kept at 4 °C for flow cytometry analysis and sorting. Before sorting, the
cells were filtered through a 70 um cell strainer to obtain single cell suspension.
Cell analysis and sorting were performed on a MoFlo XDP Cell Sorter (Beckman
Coulter).

RNA extraction and quantitative real-time PCR analysis. Total
RNA was extracted from sorted SP and non-SP cells or total A549 cells cultured in
RPMI 1640 with or without glucose using TRIZOL reagent (Ambion, Austin, TX,
USA). Equal amount of total RNA from each sample was subjected to reverse
transcription using PrimeScript RT reagent kit with DNA Eraser (Takara
Biotechnology, Dalian, Liaoning, China). Real-time PCR was performed using
SYBR Premix Ex Taq Il (Tli RNase H Plus) kit (Takara Biotechnology, Dalian,
Liaoning, China) using the CFX96 real-time system (Bio-Rad Laboratories,
Hercules, CA, USA). The RT-PCR amplification reaction program consisted of one
cycle of 95 °C/30S and 40 cycles of 95 °C/5— 60 °C/30S. f-actin was used as an
internal control for normalization. The primers used for the amplification of the
indicated genes were listed in Supplementary Table 1.

Protein extraction and western blot analysis. Cells were washed
twice with ice-cold PBS and lysed in 50-150 ul lysis buffer for 10 min. Cell debris
was removed by centrifugation at 12000 x g for 20 min at 4 °C. Protein lysates
(50 ug) from each experimental condition were subjected to electrophoresis in
denaturing 10% SDS-polyacrylamide gel, and then transferred to a membrane,
which was probed for HK2, PDK1, HK1, GAPDH, MCT1, MCT4, GluT1, c-Myc,



AMPK-o;, p-AMPK-o, Akt, p-Akt, ABCG2, Sox2, f-actin, and «-tubulin using the
respective antibodies.

RNA interference assay. Small RNA interference (siRNA) for knockdown of
Akt expression in A549 cells was performed using Lipofetamine RNAIMAX
Reagent. Briefly, 3 x 10° A549 cells were plated in six-well plates. After overnight
incubation, the culture medium was discarded and replaced with 900 pl/well
transfection complex (containing Opti-MEM, Akt siRNA or scrambled RNA, and
Lipofectamine 2000). After incubation for 6h, the transfection complex was
replaced with 2ml fresh medium and cultured for 24-72 h before the transiently
transfected cells were collected for western blot assay or SP analysis.

Evaluation of in vivo tumorigenicity. To test the effect of CDDP and
3-BrOP on tumor-initiating capacity, A549 cells were treated with each drug at
their respective 1C50 concentration for 24 h in vitro, washed, and cultured in fresh
medium (no drug) for another 24-48 h. The cells were then harvested and injected
subcutaneously into the flanks of athymic nude mice at 1.5 x 10° or 1.0 x 10°
cells per injection site, 10 mice per group. The presence or absence of a visible or
palpable tumor was evaluated and tumor growth was monitored every 2-3 days.
The mice were killed at day 60 or when the tumors reached a maximum size of
1000 mm®. Tumor volume was calculated by the formula 0.52 x length x width?,
All animal experiments were conducted in accordance with the institutional
guidelines and approved by the Animal Care and Use Committee of Sun Yat-sen
University Cancer Center.

Statistical analysis. Data are presented as mean+S.D. Comparisons
between groups were performed using the Student’s t test on SPSS software
(version 16.0). A P value less than 0.05 was considered statistically significant.
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