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CD133 increases oxidative glucose metabolism of HT29 
cancer cells by mitochondrial uncoupling and its inhibition 
enhances reactive oxygen species-inducing therapy
Jin Hee Leea,b, Eun Ji Leea, Jin Won Parkc, Mina Kima, Kyung-Ho Junga,b,  
Young Seok Choa and Kyung-Han Leea,b  

Objective A better understanding of the metabolic 
phenotype of stem-like cancer cells could provide targets 
to help overcome chemoresistance. In this study, we 
hypothesized that colon cancer cells with the stem cell 
feature of CD133 expression have increased proton 
leakage that influences glucose metabolism and offers 
protection against reactive oxygen species (ROS)-inducing 
treatment.

Methods and Results  In HT29 colon cancer cells, 
18F-fluorodeoxyglucose (FDG) uptake was increased by 
CD133 selection and decreased by CD133 silencing. In 
CD133(+) cells, greater 18F-FDG uptake was accompanied 
by increased oxygen consumption rate (OCR) and reduced 
mitochondrial membrane potential and mitochondrial 
ROS, indicating increased proton leakage. The uncoupling 
protein inhibitor genipin reversed the increased 18F-FDG 
uptake and greater OCR of CD133(+) cells. The ROS-
inducing drug, piperlongumine, suppressed CD133(−) cell 
survival by stimulating mitochondrial ROS generation but 
was unable to influence CD133(+) cells when used alone. 
However, cotreatment of CD133(+) cells with genipin 
and piperlongumine efficiently stimulated mitochondrial 

ROS for an enhanced antitumor effect with substantially 
reduced CD133 expression.

Conclusion These results demonstrate that 
mitochondrial uncoupling is a metabolic feature of 
CD133(+) colon cancer cells that provides protection 
against piperlongumine therapy by suppressing 
mitochondrial ROS generation. Hence, combining genipin 
with ROS-inducing treatment may be an effective strategy 
to reverse the metabolic feature and eliminate stem-
like colon cancer cells. Nucl Med Commun 43: 937–944 
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Introduction
Cancer chemoresistance is attributed to cancer stem cells 
(CSCs) that are responsible for tumor recurrence and 
metastasis [1]. The metabolic phenotype of CSCs may 
contribute to chemoresistance by offering survival advan-
tage against oxidative stress. Proliferating cancer cells 
are recognized to have heightened glucose utilization 
[2], and the metabolic phenotype of cancers including 
that of colorectal tumors is assessed by clinical PET with 
18F-fluorodeoxyglucose (18F-FDG) [3]. However, tumor 
cells are heterogeneous in metabolic feature, with distinct 

metabolic programs activated for different subpopula-
tions. Despite growing interest in therapeutic targeting of 
CSC metabolism [4], our understanding of their bioener-
getic adaptation remains incomplete. Several CSCs were 
observed to be more glycolysis-dependent than differen-
tiated cancer cells [5,6], whereas other CSCs have shown 
a preference for mitochondrial oxidative respiration [7,8].

Metabolic rewiring of cancer cells is closely connected to 
redox status, which influences their differentiation and 
survival. In CSCs, reactive oxygen species (ROS) is fine-
tuned below a certain threshold to maintain stemness fea-
tures [9,10], and excessive mitochondrial ROS could cause 
detrimental insult. A key regulator of oxidative redox gen-
eration is mitochondrial uncoupling that downregulates 
ROS generation by inducing proton leakage from the 
inner membrane [11,12]. This raises the potential for a role 
of mitochondrial uncoupling in the metabolic and redox 
characteristics of CSCs. Because protection from oxidative 
stress can promote chemotherapy resistance [13–15], a 
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better understanding of the metabolic phenotype of colon 
CSCs may help open new therapeutic windows.

CSCs are recognized by specific cell surface markers, and 
cluster of differentiation (CD)133 is a transmembrane 
glycoprotein widely used for CSC identification and 
selection [16]. In colon cancer, CD133(+) CSCs medi-
ate tumor growth and metastatic dissemination [17,18]. 
CD133 expression has been associated with greater treat-
ment resistance, but the potential involvement of glucose 
metabolism and oxidative stress remains unclear. In this 
study, we hypothesized that CD133(+) colon cancer cells 
have increased mitochondrial oxidative metabolism by 
proton leak respiration that provides protection against 
mitochondrial ROS. We further investigated whether the 
natural uncoupling protein-2 (UCP2) inhibitor, genipin, 
could overcome this metabolic feature and enhance the 
antitumor effect of ROS-inducing therapy.

Materials and methods
Cell culture and reagents
HT29 and HCT116 human colon cancer cells from the 
American Type Culture Collection (Manassas, Virginia, 
USA) were maintained in Roswell Park Memorial 
Institute (RPMI) media supplemented with 10% fetal 
bovine serum (FBS) (Serana, Germany) and 1% peni-
cillin/streptomycin at 37 °C and 5% CO

2
 in a humidi-

fied atmosphere. Cells were subcultured twice a week 
and used at passages less than 10 when confluence 
reached 80%. Cells were authenticated and confirmed 
mycoplasma-free by the institutional research support 
center.

RPMI medium, Hanks’ Balanced Salt Solution (HBSS) 
buffer, phenol red-free RPMI, and penicillin/strepto-
mycin were from Gibco Laboratories (Gaithersburg, 
Maryland, USA). Genipin was from Sigma-Aldrich 
(St. Louis, Missouri, USA), piperlongumine was from 
Merck (Darmstadt, Germany), and CM-H2DCFDA 
[5-(and-6)-chloromethyl-2′, 7′-dichlorodihydrofluorescein 
diacetate acetyl ester] was from Invitrogen (Carlsbad, 
California, USA). MitoSOX Red, mitotracker Red FM, 
lipofectamine RNAiMax reagent, opti-MEM, and anti-
β-actin IgG (cat. no. 18470) were from Thermo Fisher 
Scientific (Waltham, Massachusetts, USA). Anti-CD133 
IgG was from Proteintech, Rosemont, Illinois (cat. no. 
18470-I-AP); PE-tagged anti-CD133 IgG (cat. no. 130-
090-853) was from Miltenyi Biotec; anti-UCP2 antibody 
(cat. no. 89326), horseradish peroxidase–linked second-
ary antirabbit (cat. no. 7074), and antimouse IgG (cat. no. 
7076) were from Cell Signaling Technology (Danvers, 
Massachusetts, USA).

18F-fluorodeoxyglucose uptake measurement
Cells were seeded onto 24-well plates at a density of 
1  ×  105 cells/well. On the day of experiments, the 18F-
FDG uptake was conducted as previously described [19].

Lactate production assay
To quantify lactate secretion, CD133(+) and CD133(−) 
cells sorted by fluorescence-activated cell sorting (FACS) 
analysis were seeded onto 24-well plates in normal cul-
ture medium at densities of 1 × 105 cells per well. After 
48 h of incubation without media change, 0.5 ml of cul-
ture media was removed from each well and underwent 
L-lactate measurement using a Cobas assay kit (Roche 
Diagnostics, Basel, Switzerland) following the manufac-
turer’s instructions as previously described [20]. The lac-
tate in each sample began accumulating from secretion 
by 1 × 105 cells at seeding, but based on HT29 cell dou-
bling time and protein assays at the time of collection, 
cell number is estimated to have reached approximately 
3 × 105 after 48 h.

Oxygen consumption rate and extracellular 
acidification rate measurements
For oxygen consumption rate (OCR) measurement, cells 
were seeded onto a Seahorse analyzer plate (Seahorse 
Bioscience North Billerica,Massachusetts, USA) at a 
density of 5 × 104 cells/well in 100 μl of RPMI culture 
medium containing 1 g/l of glucose. Cellular OCR was 
measured by the Seahorse XF24 software version 1.8 as 
previously described [20]. For extracellular acidification 
rate (ECAR) measurement, cells were seeded onto a 
Seahorse analyzer plate as above, but in 100  μl of glu-
cose-free RPMI medium. The medium was change 
to RPMI containing 1  g/l of glucose before ECAR 
measurement.

CD133 silencing with specific small interfering RNA
CD133-specific small interfering RNA (siRNA) (Thermo 
Fisher Scientific) consisted of 20–25 target-specific nucleo-
tides to knock down CD133 gene expression. Nontargeting 
scrambled siRNA was used as a control. Transfection was 
performed following previously described [19].

Fluorescence-activated cell sorting for CD133 
expression
FACS sorting for CD133 expression was performed by 
incubating 20  ×  106 cells with PE-tagged anti-CD133 
antibody (1:200) for 30  min at 37 °C. Sorting was per-
formed on an Aria cell sorter (BD Biosciences, San Diego, 
California, USA) using a 488-nm laser excitation chan-
nel and a 575-nm fluorescent emission channel. Sorted 
cells were seeded and maintained in culture media until 
experiments.

Total cellular reactive oxygen species and 
mitochondrial reactive oxygen species measurements
A total of 2 × 104 cells were seeded per well into a black 
96-well plate with a transparent bottom in 10% FBS-
containing phenol red-free RPMI. Intracellular ROS 
levels were quantified using the cell-permeant indicator 
CM-H2DCFDA as previously described [19].
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Mitochondrial ROS was measured by flow cytome-
try. Briefly, 5  ×  105 cells seeded per well into six-well 
plates were removed from medium and replaced with 
HBSS buffer containing Ca/Mg, 2% BSA, and 5 μmol/l 
of MitoSOX dye. Cells were washed with PBS 30  min 
later, collected by trypsinization, and washed with HBSS 
buffer containing Ca/Mg and 2% BSA. After centrifu-
gation, cells were suspended with the same buffer and 
transferred to a sterile cell strainer tube. Flow cytometric 
measurement of mitochondrial ROS was carried out on a 
FACS Calibur (BD Bioscience) with CellQuest software 
(Becton-Dickinson, Franklin Lakes, New Jersey, USA) 
with data collection in the forward scatter, side scatter, 
and the fluorescence 2 channels.

Mitochondrial membrane potential measurement
At 24 h after 2 × 104 cells were seeded per well into a 96-well 
plate, culture media was replaced with phenol red-free 
RPMI containing 2% FBS and 0.5 μmol/l of MitoTracker 
Red FM. The measurement of mitochondrial membrane 
potential (MMP) was done as previously described [19].

Sulforhodamine B assay
For survival assays, 2 × 104 cells were seeded per well into 
a 96-well plate. After 48 h of treatment, sulforhodamine B 
assay was conducted as previously described [19].

Immunoblotting for CD133 and uncoupling protein-2 
expression
Immunoblotting was performed as previously described 
[19]. The primary antibodies against CD133 (1:2000 dilu-
tion), UCP2 (1:1000 dilution), or β-actin (1: 5000 dilution) 
were used.

Statistical analysis
Data are presented as mean ± SD. Significant differences 
between groups were analyzed by paired Student’s t-tests. 
P-values < 0.05 were considered statistically significant.

Results
Effect of CD133 expression on glucose uptake in HT29 
colon cancer cells
HT29 human colon cancer cells were first tested after 
transfection with CD133-specific siRNA. This effec-
tively silenced the CD133 protein level to 18.7 ± 1.8% 
of untreated cells and 21.3 ± 2.1% of control cells trans-
fected with scrambled siRNA (both P < 0.001; Fig. 1a). 
Silencing of CD133 expression significantly reduced the 
uptake of 18F-FDG to 75.6 ± 5.8% of scrambled siRNA 
controls (P < 0.005; Fig. 1a).

We next separated HT29 cells according to CD133 
expression by FACS sorting. Western blots confirmed 
strong CD133 expression in CD133(+) cells that was 
4.9 ± 0.4-fold that found among CD133(−) cells (P < 0.005) 
(Fig. 1b). CD133(+) cells displayed significantly greater 
18F-FDG uptake that reached 207.6 ± 16.1% of CD133(−) 

cells (P < 0.001; Fig. 1c). However, there was no differ-
ence in lactate production (Fig. 1c), indicating that the 
extra glucose taken up was not used for glycolysis.

CD133(+) HCT116 human colon cancer cells also showed 
significantly greater 18F-FDG uptake that reached 
165.8  ±  4.2% of that for CD133(−) cells (P  <  0.001; 
Supplementary Fig. 1, supplemental digital content 1, 
http://links.lww.com/NMC/A220).

Mitochondrial oxidative respiration and extracellular 
acidification rate according to CD133 expression
Extracellular flux analysis revealed that CD133(+) cells 
have significantly greater baseline OCR that reached 
166.1  ±  11.8% of that for CD133(−) cells (P  <  0.001) 
(Fig.  2a). This illustrates an association of higher glu-
cose uptake with mitochondrial oxidative metabo-
lism. Notably, OCR in CD133(+) cells was also greater 
in the presence of the complex V inhibitor oligomycin 
(149.6 ± 28.8% of CD133(−) cells; P < 0.05; Fig. 2a), which 
revealed increased proton leak respiration. Furthermore, 
CD133(+) cells showed greater maximal respiratory 
capacity (140.8  ±  13.8% of CD133(−) cells; P  <  0.005) 
when the protonophore trifluoromethoxy carbonylcya-
nide phenylhydrazone (FCCP) was added (Fig. 2a).

In comparison, ECAR measurements were not significantly 
different for CD133(−) and CD133(+) cells at baseline as 
well as after addition of oligomycin and FCCP (Fig. 2a).

Effects of genipin on HT29 cell glucose metabolism
The extracellular flux analysis results prompted us to 
explore the possible involvement of mitochondrial res-
piratory uncoupling. When cells were treated with the 
widely used uncoupling inhibitor, genipin, CD133(+) 
cells completely lost the 4.4 ± 0.3-fold greater 18F-FDG 
uptake that was present without treatment (P  <  0.001) 
(Fig.  2b). Genipin treatment also significantly reduced 
the basal OCR of CD133(+) cells that had been increased 
to 251 ± 25% of CD133(−) cells (Fig. 2b).

Whereas lactate release was similar between untreated 
CD133(+) and CD133(−) cells (97.6  ±  1.5% vs. 
100.0  ±  0.9%), genipin significantly decreased lactate 
production in both groups of cells to 82.0  ±  1.0% and 
78.9 ± 3.4% of untreated CD133(−) control level, respec-
tively, (both P  <  0.001; Fig.  2b). ECAR measurements 
confirmed consistent results by showing that genipin 
treatment caused 53.5 ± 2.6% and 32.0 ± 6.0% reductions 
in acidification rate for CD133(−) cells and CD133(+) 
cells, respectively (Fig. 2b).

Mitochondrial membrane potential and reactive 
oxygen species production of cells according to C133 
expression
Although western blotting did not show a difference in 
UCP2 protein level between CD133(−) and CD133(+) 
cells (Fig. 3a), the function of the protein is commonly 
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activated without change in amount [20–24]. Such acti-
vation is characterized by lowered MMP and reduced 
ROS production. Assessment of these properties con-
firmed significantly lower MMP for CD133(+) cells 
at 82.8  ±  2.0% of CD133(−) cells (P  <  0.001; Fig.  3b). 
CD133(+) cells also had significantly lower mitochon-
drial ROS production that was reduced to 70.8 ± 3.8% of 
CD133(−) cells (P < 0.001; Fig. 3c). Total cellular ROS 
was not significantly different between the two groups 
of cells.

Effects of piperlongumine and genipin on HT29 cell 
survival
We next compared the capacity of piperlongumine to 
suppress HT29 cell survival when used alone or in 
combination with genipin. Treatment with 10  μmol/l 
of piperlongumine alone for 48 h modestly suppressed 
the survival of CD133(−) cells but not CD133(+) 
cells (P < 0.001) (Fig. 4a). Treatment with 250 μmol/l 
of genipin alone for 48  h suppressed the survival of 
CD133(−) cells to 76.9 ± 7.1% of controls but again did 
not affect the survival of CD133(+) cells (P  <  0.001) 
(Fig. 4a).

In CD133(−) cells, combination therapy with piperlongu-
mine plus genipin for 48 h caused additive antitumor effects, 
leading to 67.5 ± 1.6% and 58.9 ± 2.5% survival, respectively 
(Fig. 4a). In CD133(+) cells, combination therapy resulted 
in an enhanced antitumor effect. This substantially reduced 
cell survival to 52.9 ± 0.7% of controls, which was even lower 
than that of CD133(−) cells (P = 0.003) (Fig. 4a).

Effects of piperlongumine and genipin on 
mitochondrial reactive oxygen species
To assess the mechanism of the enhanced antitumor 
effect, mitochondrial ROS was measured following 
treatment with piperlongumine and/or genipin for 48 h. 
In CD133(−) cells, 10  μmol/l of piperlongumine and 
250  μmol/l of genipin alone substantially increased the 
mitochondrial ROS to 181.2 ± 20.4% and 304.9 ± 6.5% 
of vehicle-treated controls, respectively (Fig.  4b). In 
CD133(+) cells, however, piperlongumine alone was 
unable to increase mitochondrial ROS (Fig. 4b). Genipin 
increased CD133(+) cell mitochondrial ROS both alone 
[213.8 ± 25.5%; P < 0.05 vs. CD133(−) cells] and in com-
bination with piperlongumine (Fig.  4b). Notably, mito-
chondrial ROS reached similarly high levels in CD133(−) 

Fig. 1

Glucose metabolism of HT29 colon cancer cells according to CD133 expression. (a) Effect of CD133 silencing with specific siRNA on CD133 
protein level (left) and 18F-FDG uptake (right). (b and c) Comparison of CD133 expression (b), and 18F-FDG uptake and lactate production (c) 
in CD133(+) and CD133(−) cells sorted by flow cytometry. Sorted cells were cultured for 48 h in 10% FBS-containing 1g/l of glucose RPMI 
medium before experiments. Statistical analysis was performed by paired Student’s t-tests. All bars are mean ± SD of % relative to CD133(−) 
cells of triplicate samples obtained from a single representative experiment. †P < 0.005, ‡P < 0.001 vs. controls (a) or CD133(−) cells (b and c). 
RPMI, Roswell Park Memorial Institute.
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Fig. 2

Mitochondrial oxidative respiration and acid generation. (a) OCR (top) and ECAR (bottom) in CD133(+) and CD133(−) HT29 cells at baseline 
and after sequential addition of oligomycin (oligo; complex V inhibitor) to derive ATP-linked and proton leak respiration, FCCP (protonophore) to 
collapse the inner membrane gradient and derive maximal respiratory capacity, and antimycin A (A.A; complex III inhibitor) to shut down ETC func-
tion and reveal nonmitochondrial respiration. Basal OCR and ECAR levels are shown in the right. (b) Metabolic effects of genipin on CD133(+) 
and CD133(−) HT29 cells. Comparison of 18F-FDG uptake (top left), baseline OCR (top right), lactate production (bottom left), and baseline 
ECAR (bottom right) in cells treated with vehicle or the UCP2 inhibitor genipin (250 μmol/l) for 48 h. All data are mean ± SD, and all bars are % 
relative to untreated CD133(−) cells of quadruplicate (OCR and ECAR) or triplicate (18F-FDG uptake and lactate) samples obtained from a single 
representative experiment. *P < 0.06; **P < 0.01; ‡P < 0.001. FCCP, trifluoromethoxy carbonylcyanide phenylhydrazone.
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cells (398.8 ± 4.5%) and CD133(+) cells (392.7 ± 7.3%) 
following combination therapy (Fig. 4b).

Effects of piperlongumine and genipin on CD133 and 
uncoupling protein-2 expression
Finally, the effects of piperlongumine and/or genipin 
on CD133 expression were evaluated. In CD133(+) 
cells, CD133 protein bands that were strong at baseline 
modestly decreased after treatment with piperlongu-
mine or genipin alone (76.9 ± 15.2% and 63.8 ± 12.4% 
of controls, respectively). Combined piperlongumine 
plus genipin substantially suppressed CD133 expres-
sion to 24.2  ±  0.8% of untreated controls (P  <  0.001) 
(Fig. 4c). In CD133(−) cells, CD133 protein bands that 
were weak at baseline remained faint after the treat-
ments (Fig. 4c).

Piperlongumine and genipin did not influence UCP2 
expression level in either group of cells (Fig. 4d).

Discussion
This study demonstrates elevated 18F-FDG uptake in 
HT29 colon cancer cells that express CD133 compared 
with cells that do not. The increased glucose taken up 
was utilized for mitochondrial oxidative respiration rather 
than glycolytic flux. A preference for oxidative metabo-
lism can be considered consistent with the quiescent 
behavior of CSCs as compared with rapidly proliferating 
cancer cells.

Extracellular flux analysis confirmed that CD133(+) HT29 
cells had greater baseline and maximal OCR, consistent with 
a more active electron transport chain process. Importantly, 
the cells had an elevated level of proton leak respiration 
as shown by greater OCR in the presence of the complex 
V inhibitor oligomycin [20,22]. These results reveal that 
CD133-positive HT29 cancer cells have increased 18F-
FDG uptake by an elevated oxygen consumption rate, 
which is attributable to mitochondrial uncoupling.

Mitochondrial uncoupling through anion carrier proteins 
dissipate MMP by facilitating free reentry of protons 
from the outer to inner mitochondrial membrane without 
energy production [11,12]. Although CD133(+) cells did 
not show significantly increased UCP2 protein content, 
this is consistent with the notion that proton leakage is 
typically modulated by changes in functional activity 
rather than the amount of UCP2 protein [19–21]. Greater 
uncoupling activity in CD133(+) cells was evidenced 
by lower MMP, which is dependent on intermembrane 
proton buildup and is therefore reduced by proton leak-
age. The cells also had lower mitochondrial ROS despite 
greater OCR. Lower MMP and ROS were previously 
observed in CSCs derived from oral and skin carcinomas 
[23]. Mitochondrial ROS production during the escape of 
electrons from the electron transport complex is highly 
sensitive to mild uncoupling activity [24,25]. Lower 
MMP and ROS levels in CD133(+) HT29 cells, there-
fore, support greater uncoupling activity.

Fig. 3

MMP and ROS production according to CD133 expression. (a) Western blots and quantified band intensities of UCP2 protein. (b) Comparison 
of MMP of CD133(−) and CD133(+) cells sorted by flow cytometry. (c) Mitochondrial ROS (left) and total cellular ROS production (right) in 
CD133(−) and CD133(+) cells. Sorted cells were cultured for 48 h in RPMI medium containing 10% FBS before experiments. Statistical analysis 
was performed by paired Student’s t-tests. All bars are mean ± SD of % relative to CD133(−) cells of triplicate (a) or quadruplicate samples (b 
and c) obtained from a single representative experiment. ‡P < 0.001. RPMI, Roswell Park Memorial Institute.



Mitochondrial uncoupling of CD133(+) cancer cells Lee et al. 943

Further evidence for the role of uncoupling activity on 
the metabolic phenotype of CD133(+) cells was provided 
by the natural uncoupling inhibitor, genipin [18,19]. We 
found that genipin completely canceled the greater 18F-
FDG uptake and substantially reduced the elevated oxy-
gen consumption observed in untreated CD133(+) cells. 
By blocking dissipation of mitochondrial proton gradi-
ent, genipin can reduce energy expenditure and, thus, 
glucose requirement. Therefore, the ability of genipin 
to reverse the metabolic phenotype of CD133(+) cells 
demonstrates the contribution of uncoupling activity.

Cancer cells require redox homeostasis for survival and 
are susceptible to ROS increased over the cytotoxic 
threshold. This is the basis for the strategy of using ROS-
inducing agents for cancer therapy. However, cancer cells 
may devise ways to protect against unfavorable redox 
conditions [26], and the metabolic property of CSCs may 
help to prevent excessive ROS accumulation. We there-
fore compared the therapeutic effects of piperlongumine, 
a small ROS-inducing molecule that has powerful cancer 
cell-selective killing properties [27], in CD133(−) and 
CD133(+) cells.

Our results showed that, whereas piperlongumine 
increased mitochondrial ROS in CD133(−) cells, it did 
not do so in CD133(+) cells. In comparison, genipin alone 
increased the mitochondrial ROS in both CD133(−) and 
CD133(+) cells. Similar ROS-stimulating effects of gen-
ipin have been previously observed in various types of 
cancer cells [12,21,22], and this is consistent with its 
ability to block MMP dissipation. When piperlongumine 
and genipin were combined, mitochondrial ROS was 
substantially increased in both CD133(−) and CD133(+) 
cells to comparable levels. Importantly, CD133(+) cells 
were resistant to treatment with piperlongumine alone 
but were efficiently eliminated when genipin was added. 
These findings are consistent with the notion that mild 
proton leakage provides a first line of protection against 
oxidative stress [28] and that inhibition of mitochondrial 
uncoupling can reverse this action [29].

Interestingly, combining piperlongumine and genipin 
substantially reduced CD133 expression in CD133(+) 
cells. Certain drugs have shown the capacity to modu-
late cancer cell CD133 expression. For example, thalid-
omide downregulated CD133 expression in pancreatic 

Fig. 4

Genipin (GEN) enhances the antitumor effect of piperlongumine (PL) by augmenting mitochondrial ROS. The effects of GEN and PL on CD133, 
UCP2 expression. (a) Surviving fractions of CD133(−) and CD133(+) HT29 cells after 48 h of treatment with 0, 5, or 10 μmol/l of PL in the 
absence (left) or presence of 250 μmol/l of GEN (right). (b) Mitochondrial ROS in CD133(−) and CD133(+) HT29 cells after 48 h of treatment 
with 10 μmol/l of PL and/or 250 μmol/l of GEN. Statistical analysis was performed by paired Student’s t-tests. Bars are mean ± SD of % of vehi-
cle-treated controls of quadruplicate (a) or duplicate samples (b) obtained from a single representative experiment. (c) Western blot and quantified 
band intensities of the CD133 protein in CD133(+) (left) and CD133(−) cells (right) after treatment. Statistical analysis was performed by paired 
Student’s t-tests. Bars are mean ± SD of % relative to untreated CD133(+) cells of duplicate samples obtained from a single representative 
experiment. *P < 0.05, **P < 0.01, †P < 0.005, ‡P < 0.001. (D) Western blotting and quantified band intensities of UCP2 protein in CD133(−) 
(top) and CD133(+) cells (bottom) after treatment as above.
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cancer cells [30], whereas oxytetracycline did so in liver 
CSCs [31]. In addition, metformin decreased CD133 
expression in liver cancer cells through AMP-activated 
protein kinase signaling [32]. Our results likely repre-
sent an example of the preferential killing of cells with 
high CD133 expression by blocking the protective effect 
of mitochondrial uncoupling. Since failure to eradicate 
CSCs is a cause of cancer recurrence, this points to the 
potential benefit of combining ROS-inducing agents 
with mitochondrial uncoupling inhibitors to eliminate 
colon cancer cells with stemness properties.
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