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Abstract It has long been observed that many cancer cells
exhibit increased aerobic glycolysis and rely more on this
pathway to generate ATP and metabolic intermediates for cell
proliferation. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is a key enzyme in glycolysis and has been known
as a housekeeping molecule. In the present study, we found
that GAPDH expression was significantly up-regulated in
human colorectal carcinoma tissues compared to the adjacent
normal tissues, and also increased in colon cancer cell lines
compared to the non-tumor colon mucosa cells in culture. The
expression of GAPDH was further elevated in the liver meta-
static tissues compared to the original colon cancer tissue of
the same patients, suggesting that high expression of GAPDH
might play an important role in colon cancer development and
metastasis. Importantly, we found that 3-bromopyruvate pro-
pyl ester (3-BrOP) preferentially inhibited GAPDH and
exhibited potent activity in inducing colon cancer cell death
by causing severe depletion of ATP. 3-BrOP at low concen-
trations (1–10 μM) inhibited GAPDH and a much higher
concentration (300 μM) was required to inhibit hexokinase-
2. The cytotoxic effect of 3-BrOP was associated with its

inhibition of GAPDH, and colon cancer cells with loss of
p53 were more sensitive to this compound. Our study suggests
that GAPDH may be a potential target for colon cancer
therapy.
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Abbreviations
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
3BP 3-Bromopyruvate
3-BrOP 3-Bromopyruvate propyl ester
HK Hexokinase
MTT 3- (4, 5-Dimethyl-thiazol-2-yl)-2,

5-diphenyl tetrazolium bromide
DAB 3, 5-Diaminobenzidine
CRC Colorectal carcinoma
IHC Immunohistochemistry
PI Propidiumiodide

Introduction

One of the major metabolic alterations in cancer cells is that
they exhibit an increase in aerobic glycolysis and seem to
largely rely on this non-oxidative glucose metabolism for
generation of ATP and production of certain metabolic
intermediates as the building blocks for the synthesis of
macromolecules for cell proliferation. This phenomenon,
known as the Warburg effect (Warburg 1956a; Warburg
1956b), has been observed in various cancer types including
solid tumors and leukemia. Whether such alteration in energy
metabolism is a cause malignant transformation or a symptom
of cancer cells still remains as a matter of debate. Accumulating
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evidence suggests that increase in aerobic glycolysis is associ-
ated with tumorigenesis and seems necessary to maintain the
malignant behaviors of cancer cells. Therefore, the increased
dependence of cancer cells on the glycolytic pathway may
serve as a biochemical basis to selectively kill cancer cells
(Chen et al. 2007).

GAPDH is a key enzyme that catalyzes the redox reaction
in the glycolytic pathway by converting glyceraldehyde-3-
phosphate to 1,3-bisphosphoglycerate, coupled with the re-
duction of NAD+ to NADH. Although GAPDH is expressed
in most cell types as a housekeeping enzyme and is often used
as a control molecule for the expression of other genes in
various experimental settings, recent studies have shown that,
in addition to its well-known function as a glycolytic enzyme,
GAPDH may play important roles in a diverse range of
cellular processes and may affect the functions of multiple
molecules that interact with GAPDH (Nicholls et al. 2011).
Elevation of GAPDHmRNA and protein expression has been
observed in pancreatic cancer and lung cancer (Tokunaga et
al. 1987; Schek et al. 1988; Mikuriya et al. 2007), indicating
that increased GAPDH expressionmay be associated with cell
proliferation and tumorigenesis. Consistently, it has been
found that GAPDH gene expression is up-regulated in
oncogene-transformed cells and in human prostate cancer of
late pathological stage (Persons et al. 1989; Rondinelli et al.
1997), suggesting that increased GAPDH expression may be
related to tumor progression.

Active glycolysis in cancer cells suggests a possibility to
preferentially inhibit cancer cell metabolism by targeting the
glycolytic enzymes. Various glycolytic inhibitors with poten-
tial anticancer activity have been identified. 2-Deoxyglucose,
lonidamine, and 3-bromopyruvate (3BP) are among the small
molecular weight compounds that exhibit inhibitory effect on
glycolysis (Pelicano et al. 2006). Previous studies have shown
that 3BP, in addition to its ability to inhibit the enzyme activity
of hexokinase (HK), is able to cause a disassociation of
hexokinase-2 (HK-2) from the mitochondria and induce acti-
vation of Bad, leading to mitochondrial membrane permeabil-
ity transition and apoptosis (Xu et al. 2005a,b; Chen et al.
2009). Recent studies showed that 3-BrOP, an ester derivative
of 3BP, exhibited a more potent anticancer activity in vitro and
caused rapid depletion of cellular ATP in several types of
human cancer cells including leukemia, lymphoma, and neu-
roblastoma (Xu et al. 2005b; Levy et al. 2010; Akers et al.
2011). Although HK and GAPDH have been considered as
potential targets of 3-BrOP, the exact mechanisms by which
this compound inhibits glycolysis and exerts its potent anti-
cancer activity largely remain unclear.

In the current study, we demonstrated that 3-BrOP
exhibited much more potent inhibitory effect on GAPDH
than on HK, and that this compound exerted significant
cytotoxicity against cancer cells at the low concentrations
that inhibited GAPDH but not HK. Importantly, we found

that the expression of GAPDH was elevated in colorectal
carcinoma and further increased in their liver metastatic
tissues. Our study suggests that GAPDH may be a preferred
target of 3-BrOP and may serve as a molecular target for
cancer therapy.

Materials and methods

Chemicals

Purified GAPDH from rabbit muscle and purified hexokinase-
2 from Saccharomyces cerevisiae were purchased from
Sigma. 3BP and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) were also from Sigma. 3-BrOP
was synthesized as described previously (Xu et al. 2005b).
GAPDH mouse monoclonal antibody was purchased from
Chemicon (Temecula, CA). α–Tublin mouse monoclonal an-
tibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Biotinylated goat anti-mouse IgG and streptavidin-
peroxidase conjugate 3,5-diaminobenzidine (DAB) Substrate
Kit were from Zhongshanjinqiao Biotechnology Co., Ltd
(Beijing, China). Chemiluminescence kit and apoptosis detec-
tion kit (annexin-V-FITC, propidiumiodide, and binding buff-
er,) were purchased from Keygen Biotech. Co., Ltd (Nanjing,
China).

Tumor specimens and immunohistochemistry

Tumor specimens from patients with primary colorectal car-
cinoma who had undergone initial surgery between 1999 and
2009 at Sun Yat-sen University Cancer Center were used in
this study with proper informed consents. Paraffin specimens
were collected from 195 patients with colorectal carcinoma,
including 28 patients with liver metastasis. None of these
patients received preoperative chemotherapy or radiotherapy.
The patients aged from 19 to 83 years (median, 54 years).
Hematoxylin-eosin-stained tissue slides were reviewed by a
pathologist to identify proper tissue sections for staining by
immunohistochemistry (IHC). Specimens embedded in paraf-
fin slides (4 μm sections) were first treated with 3% H2O2 for
30 min to quench the endogenous peroxidase activity. Tissue
slides were immersed in citrate buffer (pH 6.0) and heated for
5min, and then blockedwith 10%goat serum.A 1:8000 dilution
of mouse monoclonal antibody against human GAPDH, bioti-
nylated goat anti-mouse IgG and streptavidin-peroxidase con-
jugate were then added sequentially. After incubation and
washing, the tissue slides were incubated with the DAB
Substrate Kit and counterstained with hematoxylin before
examination by light microscopy. The expression levels of
GAPDH were scored according to the relative intensity of the
immunostaining.
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Cell culture

Human colon cancer cells HCT116 and HT29 were cultured
in McCoy’s 5A medium supplemented with 10% fetal bo-
vine serum (FBS). THC8307 and DLD1 cells were cultured
in RPMI 1640 medium supplemented with 10% FBS.
Normal human colon mucosal epithelial cells (NCM460)
were cultured in DMEM medium supplemented with 10%
FBS. The cells were maintained at 37 °C in a humidified
chamber containing 5% CO2.

Western blot

Cellular proteins (50 μg) from cell lysates were separated by
standard SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was then probed with primary
mouse anti-GAPDH (dilution, 1:10,000) over night at 4 °C.
The membrane was then incubated with horseradish
peroxides-conjugated goat anti-mouse secondary antibody
(dilution, 1:10,000) for 1 h at room temperature, and the
protein band was revealed by chemiluminescent detection.
α–tublin was also probed as a loading control.

Assay of GAPDH and HK enzyme activities

Purified GAPDH from rabbit muscle (Sigma-Aldrich) was
used in the in vitro GAPDH assays with a GAPDH Assay
Kit (ScienCell Research Labotatories) according to the manu-
facturer’s instructions. Purified GAPDHwas incubated in vitro
with various concentrations of 3-BrOP for 30 min and then
added to a mixture of 6.67 mM 3-phosphoglyceric acid,
3.33 mM L-cysteine, 117μM β-NADH, 1.13 mM ATP, 3.33
U/ml 3-phosphoglycerate kinase, and 100mM triethanolamine
buffer (pH 7.6). The change in NADH fluorescence was then
monitored using a Fluoroskan spectrometer every minute for
up to 20 min. Purified hexokinase-2 from Saccharomyces
cerevisiae (Sigma-Aldrich) was incubated with various con-
centrations of 3-BrOP for 30 min and then added to a mixture
of 6.5 mM MgCl2, 220 mM glucose, 2.7 mM ATP, 0.83 mM
β-NAD, 0.24 U/ml glucose-6-phosphate dehydrogenase
(Sigma-Aldrich), and 100 mM triethanolamine buffer (pH
7.6). The change in NADH fluorescence was measured using
a Fluoroskan fluorescence scanner every 1 min for up to
20 min.

Cell proliferation assay

Cells were plated in 96-well microplates at a density of 2000
cells/well and incubated with 3-BrOP for 72 h. 20 μL of
5 mg/mL MTT solution was added to each well and incu-
bated at 37 °C for an additional 4 h. Medium was removed
and 200 μL of dimethyl sulfoxide (DMSO) were added to

each well. Absorbance was measured using a microtiter
plate reader at 570 nm.

Flow cytometry analysis

Cells were seeded in 6-well plates at 2×105 cells/well and
incubated with 3-BrOP for 24–48 h. The cells were collected,
washed twice with PBS and re-suspended in the binding
buffer. The samples were then stained with annexin-V-FITC
and PI for 15 min in dark. Analysis was performed by a FACS
Calibur flow cytometer (Becton Dickinson).

Statistical analysis

The expression levels of GAPDH (IHC scores) in colorectal
carcinoma tissues, the adjacent normal tissues, and the
corresponding liver metastatic tissues were compared using
the Wilcoxon signed rank test. The SPSS software (version
16.0) was used for the data analysis. The statistical differ-
ence between colorectal adenomas and normal mucosa tis-
sues in their GAPDH mRNA expression was calculated by
two-tailed t test. A p value of less than 0.05 was considered
statistically significant.

Results

Elevated expression of GAPDH in colon cancer and liver
metastatic tissues

Since GAPDH is an essential enzyme in glycolysis which is
highly active in many cancer cells, we examined the expres-
sion of this enzyme by immunohistochemistry using 195
paraffin-embedded, archived colon cancer tissues, including
28 matched liver metastatic tissues. Figure 1a shows the
immunostaining of GAPDH in 3 pairs of representative slides
of the primary colon cancer tissues and the matched liver
metastatic lesions. Each primary tumor slide contained both
tumor tissue (T) and the adjacent noncancerous tissue (N). The
immunostaining results showed that the expression of GAPDH
was substantially higher in the tumor tissues compared to the
adjacent noncancerous tissues. The increase in GAPDH ex-
pression seemed specific to the cancer cells, since the stromal
cells within the tumor tissue showed a weak staining.
Comparison of GAPDH expression in the tumor tissues and
non-tumor tissues in all 195 cases showed that the increase in
GAPDH expression in cancer cells is highly significant
(Fig. 1b, p<0.0001, Wilcoxon signed rank test). Interestingly,
when we compared the expression of GAPDH in the primary
cancer tissues with the matched liver metastatic tissues, there
was a further increase of GAPDH in the metastatic lesions
(Fig. 1a). Statistical analysis of 28 pairs of primary colorectal
cancer tissues with their respective live metastatic lesions
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showed that this increase was significant (Fig. 1c, p00.0029,
Wilcoxon signed rank test). These data together suggest that
GAPDHmay potentially play a role in colon cancer metastasis.

Interestingly, through the analysis of gene expression pro-
files obtained from the NCBI GEO database (accession
GDS2947, Sabates-Bellver et al. 2007), the expression of
GAPDH mRNAwas found to be also increased in colorectal
adenoma samples. As shown in Fig. 2a, we used the expres-
sion ofβ-actin gene (ACTB) as an internal control to calculate
the relative GAPDH expression in 32 adenoma patient sam-
ples in comparison with their respective normal mucosa con-
trol samples, and found that almost all adenoma specimens
(except patient #11) showed certain degrees of increase in
GAPDH expression. The normalized GAPDH expression
values in adenomas were significantly higher than that of

normal mucosas (Fig. 2b, p<0.0001). Since colorectal adeno-
mas (polyps) are considered pre-cancerous lesions and may
develop into adenocarcinoma, the increased expression of
GAPDH in colorectal adenomas suggests a potential involve-
ment of GAPDH in colon cancer development.

We then used western blot analysis to compare GAPDH
protein expression levels in colon cancer cells and normal
colon epithelial cells in culture. As shown in Fig. 3, the
protein extracts from 4 colon cancer cell lines (HCT116,
HT29, THC8307, DLD-1) all showed a substantial higher
GAPDH expression than the normal colon mucosal epithe-
lial cells (NCM460). It seemed that the expression of
GAPDH remained high when colon cancer cells were cul-
tured in vitro as established cell lines, further suggesting the
important role of this enzyme in colon cancer.

Preferential inhibition of GAPDH enzyme activity
by 3-BrOP

Based on the observations that GAPDH expression was
elevated in colon cancer tissues and in metastatic tumor
tissues, we speculated that this enzyme might be essential
for the survival and proliferation of colon cancer cells and
thus could be a potential therapeutic target. Considering that
3-BrOP is a potent glycolytic inhibitor and that its parental
compound 3BP has inhibitory effect on HK and GAPDH,
we tested the potential inhibitory effect of 3-BrOP on HK
and GAPDH, using in vitro assays with the purified
enzymes. As shown in Fig. 4a, the purified GAPDH from
rabbit muscle showed high enzyme activity under the in
vitro assay conditions. Incubation of this enzyme with 3-
BrOP resulted in a concentration-dependent inhibition of the
enzyme activity. This inhibitory effect was observed when
the concentration of 3-BrOP was as low as 0.3 μM. In
contrast, incubation of purified HK-2 led to only a modest
inhibition of the enzyme activity at high concentrations
(300–100 μM) of 3-BrOP (Fig. 4b), suggesting that this
compound had limited ability to inhibit HK-2. Quantitative
comparison of the effect of 3-BrOP on GAPDH and HK-2
clearly showed that 3-BrOP preferentially inhibited GAPDH
(Fig. 4c).

3-BrOP induced cancer cell death at the concentrations
that inhibited GAPDH

To evaluate the cytotoxic activity of 3-BrOP against cancer
cells in relation to its inhibitory effect on GAPDH and HK,
we tested the cytotoxicity of various concentrations of 3-
BrOP in several colon cancer cell lines including HT29,
HCT116p53+/+ and HCT116p53−/− cells. MTT assay
revealed that 3-BrOP inhibited the colon cancer cell prolif-
eration in a concentration-dependent manner, with the IC50
values of 30 μM and 13 μM for HT-29 cells and HCT116

Fig. 1 GAPDH protein expression in colorectal carcinoma, the adja-
cent non-cancerous tissues, and the liver metastasis tissues. a Immu-
nostaining of GAPDH in three pairs of representative colorectal tumor
tissues (T) with adjacent non-cancerous tissues (N) and in liver meta-
static leisions (M). b Quantitative analysis of GAPDH expression in
primary colorectal tumor tissues and adjacent noncancerous tissues.
(Wilcoxon signed rank test, n0195, p<0.0001). c Comparison of
GAPDH expression in primary colorectal tumor tissues and the
matched liver metastatic tissue (Wilcoxon signed rank test, n028, P0
0.0029). Data in B and C are shown as mean±S.D.
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(p53+/+) cells, respectively, in a 72-h drug incubation peri-
od (Fig. 5a–b). Of note, these concentrations of 3-BrOP
(10–30 μM) were sufficient to inhibit GAPDH, but had little
effect on HK-2 activity in vitro (Fig. 4), suggesting that the
cytotoxic effect of 3-BrOP was likely due to inhibition of
GAPDH.

Interestingly, the MTT assay also showed that HCT116
cells with p53 double knockout genotype (p53−/−) seemed
to be more sensitive to 3-BrOP compared to the isogenic
HCT116 cells with wild-type p53 (Fig. 5b). We then used
annexin-V and PI double staining and flow cytometry

analysis to further test the acute cytotoxic effect of 3-BrOP
in the isogenic HCT116 p53+/+ and p53−/− cell pair. As
shown in Fig. 5c, incubation of HCT116 p53−/− cells with
40 μM 3-BrOP for 24 h caused a massive cell death, with
only 14% of viable cells remained after a one-day incuba-
tion. Under the identical drug exposure conditions (40 μM,
24 h), the HCT116p53+/+ cells were significantly less sen-
sitive, with 60% of the cells remained viable after the drug
incubation. Thus, it appeared that cancer cells with a loss of
p53 function might be more dependent on glycolysis and
were more sensitive to glycolytic inhibition.

3-BrOP caused rapid depletion of cellular ATP
before cancer cell death

Considering that colon cancer cells had elevated expression
of GAPDH and appeared more dependent on glycolysis for
ATP generation, we reasoned that if inhibition of GAPDH
were the key mechanism responsible for the cytotoxic action
of 3-BrOP, incubation of colon cancer cells should cause
severe depletion of cellular ATP. To test this possibility, we
treated HCT116 cells with various concentrations of 3-BrOP
and then measured cellular ATP after various periods of the
drug incubation. As shown in Fig. 6a–b, severe ATP deple-
tion was observed as early as 3 h after incubation with 30–
40 μM 3-BrOP, and over 90% of ATP was depleted at 6 h

Fig. 2 Increased expression of
GAPDH mRNA in colorectal
adenoma. a The relative
GAPDH expression were
calculated using the average of
GAPDH expression values
from the gene expression
profiles in the NCBI GEO
database generated from the
Affymetrix Human Genome
U133 Plus 2.0 Array (Sabates-
Bellver J. et al. 2007, accession
GDS2947) of the paired
colorectal adenoma and normal
mucosa sample from each
patient (n032), each
normalized by its β-actin
(ACTB) expression. b Com-
parison of relative GAPDH ex-
pression in colorectal adenomas
and normal colon mucosa. The
relative expression values were
calculated using the averages of
GAPDH expression values
normalized by ACTB expres-
sion values of 32 pairs of colo-
rectal adenomas and normal
mucosas. The statistical signifi-
cance was calculated by two-
tailed t test (p<0.0001)

Fig. 3 Western blot analysis of GAPDH expression in colorectal
cancer cell lines in comparison with normal colon mucosa epithelial
cells. Protein lysates (50 μg) from colorectal cancer cell lines
(HCT116p53+/+, HT-29, THC8307, DLD-1) and normal colon muco-
sa epithelial cells (NCM460) were separated by SDS-PAGE. After the
proteins were transferred to a membrane, GAPDH signal was detected
using a specific antibody as described in Methods. α-tublin was used
as a protein loading control
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when the cells were incubated with 40 μM 3-BrOP.
Interestingly, compared with HCT116 cells with wild-type
p53 (+/+), the colon cancer cells without p53 (−/−) were
more vulnerable to ATP depletion by 3-BrOP at all

concentrations and time points tested (Fig. 6a–b), again
suggesting that a loss of p53 would render cancer cells more
glycolytic and sensitive to inhibition of glycolysis.

Flow cytometry analysis of HCT116 cells after staining
with annexin-V and PI showed that there was minimum cell
death detectable at 6 h after incubation with 3-BrOP (Fig. 6c),
suggesting that the severe decrease in cellular ATP observed
in the drug-treated cells occurred before cell death, and thus
was an important primary biochemical event rather than a later
event subsequent to cell death (non-specific loss of ATP).

Discussion

Increased aerobic glycolysis in cancer cells has been recog-
nized for decades. Otto Warburg was a pioneer in cancer
metabolism, and he suggested that a switch from oxidative
phosphorylation to glycolysis for ATP generation due to
impairment of respiration might be the “origin of cancer”
(Warburg 1956a,b). In addition to its role in the production
of ATP, the glycolytic pathway also provides important
metabolic intermediates needed for cell growth and prolifera-
tion (Vander Heiden et al. 2009). Because of the highly active
glycolysis in cancer cells, it is reasonable to speculate that the
expression of glycolytic enzymes may be up-regulated in
tumor cells. In the current study, we analyzed the expression
of GAPDH in 195 cases of colorectal carcinoma (CRC) and
the paired adjacent non-cancerous tissues. Twenty-eight
matched liver metastatic tissues were also analyzed. We dis-
covered that GAPDH expression was highly elevated in CRC
tissues compared to the adjacent non-cancerous tissues. The
expression of GAPDH was further increased in metastatic
tissues. Western blot analysis confirmed that colon cancer
cells exhibited substantially higher expression of GAPDH
protein than the normal colon mucosa epithelial cells in cul-
ture. Furthermore, GAPDH expression was found to be fur-
ther increased in matched metastatic lesions compared to their
original colon cancer tissues. Interestingly, analysis of the
NCBI GEO database also revealed that GAPDH mRNA
expression was elevated in colorectal adenoma, a clinical
condition considered to be pre-cancerous. These data together
suggest that increased expression of GAPDH may be associ-
ated with colon cancer development, and may play a role in
metastasis. Indeed, early studies have suggested an associa-
tion between GAPDH expression and cell motility and meta-
static potential in prostate cancer (Epner et al. 1993; Epner and
Coffey 1996), although the underlying mechanisms still re-
main unclear. Since tumorigenesis and metastasis are complex
and multi-step processes, the exact role of GAPDH in these
pathological processes requires further investigations.

The important role of GAPDH in colon cancer cell sur-
vival was further suggested by the observations that 3-BrOP
potently inhibited this enzyme activity (Fig. 4) and caused a

Fig. 4 Preferential inhibition of GAPDH enzyme activity by 3-BrOP. a
GAPDH enzyme activity assay was performed as described in Methods,
using purified GAPDH from rabbit muscle in vitro with the indicated
concentrations of 3-BrOP. b HK-2 enzyme activity assay was performed
as described inMethods, using purified HK-2 from yeast in vitro with the
indicated concentrations of 3-BrOP. c Quantitative comparison of the
inhibitory effect of 3-BrOP on purified GAPDH and purified HK-2
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Fig. 5 Effect of 3-BrOP on co-
lon cancer cell growth and via-
bility. a Concentration-
dependent growth inhibition of
HT-29 colon cancer cells by 3-
BrOP. HT-29 cells were incubat-
ed with the indicated concentra-
tion of 3-BrOP for 72 h and then
subjected to MTT assay. Error
bars represent SD from 3 inde-
pendent experiments. b Growth
inhibition of HCT116p53+/+
and HCT116p53−/− cells by 3-
BrOP. Cells were incubated with
the indicated concentration of 3-
BrOP for 72 h, and then sub-
jected to MTT assay. Error bars
represent SD from 3 independent
experiments c Comparison of the
cytotoxic effect of 3-BrOP in
HCT116p53+/+ and
HCT116p53−/− cells. The colon
cancer cells were incubated with
the indicated concentrations of 3-
BrOP for 24 h, and cells viability
was detected by annexin-PI
staining followed by flow
cytometry analysis. The number
below each panel shows the % of
viable cells after drug treatment

Fig. 6 Comparison of cellular
ATP depletion by 3-BrOP in
HCT116p53+/+ and
HCT116p53−/− cells. a–b
HCT116 cells were incubated
with the indicated concentra-
tions of 3-BrOP for 3–6 h as
indicated, and cellular ATP was
measured using a luminescence
ATP assay kit. c Effect of a
short-term treatment of 3-BrOP
on cell viability in HCT116p53
+/+ and HCT116p53−/− cells.
Cells were incubated with
30 μM 3-BrOP for 6 h, and cell
viability was measured by
annexin-PI staining followed by
flow cytometry analysis

J Bioenerg Biomembr (2012) 44:117–125 123



severe ATP depletion (Fig. 6) and subsequent cell death
(Fig. 5). The mechanism by which 3-BrOP preferentially
inhibits GAPDH is unclear at the present time. 3BP, the
parental compound of 3-BrOP, is known to inhibit glycoly-
sis and appears to be an active-site-specific alkylating agent
under certain conditions or a non-specific alkylating agent
under other conditions (Cini et al. 1978; Lowe and Perham
1984; Honda and Tokushige 1985; Kirley and Day 1985;
Banas et al. 1988). The alkylating property of 3BP seems to
confer this compound the ability to interact with various
proteins and inhibit their functions, including modification
of tryptophanase (Yoshida and Wood 1978; Borthwick et al.
1995) and inhibition of carbonic anhydrase (Yoshida and
Wood 1978; Borthwick et al. 1995), pyruvate dehydrogenase
(Yoshida and Wood 1978; Borthwick et al. 1995), GAPDH
(Ganapathy-Kanniappan et al. 2009), and hexokinase (Ko et
al. 2001; Pedersen 2007). Of note, HK-2 seems to be largely
bound to mitochondria, plays an important role in cancer
metabolism, and is considered a pivotal target for cancer ther-
apy (Mathupala et al. 2009). It is possible that hexokinase-2
may be a key target of 3BP, whereas 3-PrOP preferentially
inhibits GAPDH. Thus, it would be of interest to compare the
relative potency of 3BP in inhibiting HK-2 and GAPDH, and
to evaluate the relative contributions of each enzyme inhibition
to the cytotoxic action of this compound. In the case of 3-BrOP,
it seems that inhibition of GAPDH was the main event leading
to ATP depletion and cancer cell death, since 3-BrOP at the
concentrations of 10–40 μM showed significant cytotoxicity in
colon cancer cells and inhibited purified GAPDH, but did not
inhibit HK-2 at these drug concentrations.

It is of great interest to note that colon cancer cells with loss
of p53 were more sensitive to 3-BrOP compared to the p53+/+
cells. Previous study showed that p53 plays important roles in
guarding mitochondrial genomic stability through its interac-
tion with mitochondrial pol γ (Achanta et al. 2005), and in
promoting mitochondrial respiratory function through its
downstream effector SCO2 (Matoba et al. 2006). Thus, it is
possible that a loss of p53 function would cause mitochondrial
dysfunction and compromise the ability to generate ATP
through oxidative phosphorylation, leading to increased gly-
colysis and more dependence on this metabolic pathway. As
such, the p53−/− cells would be expected to be more sensitive
to glycolytic inhibition by 3-BrOP. Importantly, loss of p53
often leads to a decrease in sensitivity to many chemothera-
peutic agents due to a loss of the pro-apoptotic function of
p53. The observation that 3-BrOP was more effective in
killing p53−/− cells suggests that this compound might be
useful in eliminating p53-null cells that are resistant to stan-
dard therapeutic drugs.

Although the results from experimental models have
shown that inhibition of glycolysis by targeting its key
enzymes such as HK-2 and GAPDH may provide a new
approach to cancer treatment, cautions should be exercised

in considering the potential toxic side effects of this thera-
peutic strategy. Glycolysis is a conserved metabolic path-
way used by various normal cell types. It is also a main
pathway that generates pyruvate as a critical metabolic
intermediate for entering mitochondria to fuel the TCA
cycle and energy generation. A potent inhibition of glycol-
ysis might significantly affect these metabolism in normal
cells and thus have potential toxic side effect, especially in
the tissues such as brain, the heart, and testis that are highly
active in glucose metabolism. It would be of pivotal impor-
tance to compare the relative cytotoxicity of 3-BrOP, 3BP, and
other glycolytic inhibitors in cancer and normal cells. Further
investigations are required to evaluate the therapeutic activity
and selectivity of glycolytic inhibition, and to develop strate-
gies to minimize/overcome the potential toxic side effects.

In summary, our study revealed a significant increase of
GAPDH expression in colon cancer and liver metastatic
tissues, and suggested that the increased expression of
GAPDH might be associated with cancer development and
disease progression. GAPDH appeared to be a preferred
target of 3-BrOP, which induced severe ATP depletion and
significant cell death in colon cancer cells. Our findings
identified GAPDH as a potential therapeutic target for colon
cancer treatment. This promising anticancer strategy war-
rants further investigations.
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