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Cancer cells display high rates of aerobic glycolysis, a phenom-
enon known as the Warburg effect. Lactate and pyruvate, the end
products of glycolysis, are overproduced by cancer cells even in
the presence of oxygen. The pentose phosphate pathway (PPP)
allows glucose conversion to ribose for nucleic acid synthesis, glu-
cose degradation to lactate, and regeneration of redox equivalents.
The nonoxidative part of the PPP is controlled by transketolase
(TKT) enzymes. One TKT isoform, the transketolase-like protein
1 (TKTL1) is specifically upregulated in different human cancers
and its overexpression predicts a poor patient’s survival. This
finding implicates that an increased TKTL1 expression may acti-
vate the PPP leading to enhanced cancer cell growth and survival.
To analyze the functional role of TKTL1 in malignant progres-
sion, we inhibited TKTL1 by RNAi technologies in human
HCT116 colon carcinoma cells. TKTL1 suppression resulted in a
significantly slowed cell growth, glucose consumption and lactate
production. In TKTL1 knockdown-cells, the intracellular reactive
oxygen species levels were not significantly increased, whereas the
sensitivity towards oxidative stress-induced apoptosis was clearly
enhanced. These data provide new clues on the importance of
TKTL1 dys-regulation in tumor cells and indicate that TKTL1
overexpression may be considered not only as a new tumor
marker but also as a good target for anticancer therapy.
' 2008 Wiley-Liss, Inc.
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Cancer is caused by endogenous and exogenous factors leading
to the sequential accumulation of genetic alterations, a scenario
known as multistep oncogenesis.1 Organotypically different tumors
are often characterized by related or even identical changes in cell
physiology and cell metabolism.2 A characteristic of solid, malig-
nant tumors is the strongly enhanced glycolytic metabolism of car-
bohydrates even in the presence of oxygen, the so-called aerobic
glycolysis or Warburg effect.3 This feature characterizes cancer me-
tabolism as highly inefficient by breaking down excess amounts of
glucose to lactate even in the presence of oxygen.3 Despite the con-
troversy on the relation between aerobic glycolysis and cancer biol-
ogy4,5 the widespread clinical use of positron-emission tomography
(PET) for the detection of aerobic glycolysis in tumors and recent
findings have rekindled interest in physiological changes during
malignant conversion and metabolic signatures for different stages
of tumorigenesis. Although an increase in glucose uptake and lac-
tate production have been correlated to tumor progression, the fully
transformed state is most dependent on aerobic glycolysis and
almost not on the mitochondrial machinery for ATP synthesis.2

Thus, aerobic glycolysis can be conceived as a form of tumor adap-
tation for conditions of reduced or inefficient oxygen supply.

Although the biochemical and molecular mechanisms leading
to increased aerobic glycolysis in tumors are complex and may be
attributed to multiple factors such as mitochondrial dysfunction,
hypoxia and oncogenic signaling, the metabolic consequences
seem similar: malignant cells become addicted to glycolysis and
dependent on this pathway to generate ATP. Because ATP genera-
tion via glycolysis is far less efficient than by oxidative phospho-
rylation (2 vs. 36 mol ATP per mol glucose), cancer cells consume
far more glucose than normal cells to maintain sufficient ATP sup-
ply for their active metabolism and proliferation. As such, main-

taining a high-level of glycolytic activity is essential for cancer
cells for survival and growth.

Recently, a new link between enhanced glucose consumption
and cancer has been described. The transketolase-like protein1
(TKTL1),6 which has an important role in controlling the nonoxi-
dative pentose-phosphate-pathway (PPP) is significantly overex-
pressed in several different tumor entities.7 In addition, increased
TKTL1 expression correlates with poor patient outcome and
tumor progression.8–12

Besides inefficient ATP regeneration, the PPP provides essen-
tial NADPH redox equivalents and pentoses for rapidly proliferat-
ing cells. This feature may provide a significant advantage to
developing and progressing tumors: pentoses are urgently needed
for RNA and DNA synthesis and access to NADPH redox equiva-
lents may be essential for tumor cell survival which are challenged
by endogenous (e.g., through dysfunctional mitochondria) and ex-
ogenous (through immune cells) reactive oxygen species (ROS).
These metabolic features have led to the hypothesis that inhibition
of glycolysis may severely abolish ATP, ribose and NADPH gen-
eration in cancer cells and thus may preferentially kill the malig-
nant cells.7,10,12–14 In fact, inhibitors of TKTs activity15 or gene
expression16,17 suppress tumor growth, whereas TKT activation
led to enhanced tumor growth.18 In addition, dietary studies indi-
cate that the inhibition of the PPP suppresses tumor growth.19–27

Therapeutic selectivity by preferential killing cancer cells with-
out significant toxicity to normal cells is one of the most important
considerations in cancer therapy. Understanding the biological dif-
ferences between normal and cancer cells is essential for the
design and development of such selective anticancer drugs.
Because aerobic glycolysis is ubiquitously seen in various cancers,
targeting this pathway may have broad implications for therapy.

Here we show that TKTL1 which is specifically overexpressed
in malignant cells and tissues, plays important roles in supporting
tumor cell growth and increasing tolerance to oxidative stress.
Because of its importance for the tumors and its specific expres-
sion pattern, TKTL1 may be thus a very promising antitumor tar-
get for clinical treatment.

Material and methods

Cell lines, culture conditions and chemicals

Low passage HCT116 cells (ATCC CCL 247) and shRNA-
treated cell clones shown to be mycoplasma-free by multiplex
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PCR tests were maintained as mono-layers in RPMI 1640 supple-
mented with 10% heat-inactivated fetal calf serum (FCS) and 1%
penicillin/streptomycin at 37�C and 5% CO2 (all cell culture
reagents purchased from Invitrogen, Karlsruhe, Germany). Cells
were trypsinized and passaged 1–2 times a week.

Knockdown experiments by siRNA transfection

HCT116 cells were transfected with a control siRNA (targeting
TKT) or 3 siRNA for TKTL1 (Table I, Qiagen, Hilden, Germany)
using Lipofectamine 2000 as indicated by the supplier (Invi-
trogen). TKTL1 transcripts were detected by reverse transcriptase
PCR using primer sets 50GCTGAACAAAACATGGTGAGC-
30and 50-ACATCCCCTTGGCATTGGCT-30, b-actin mRNA was
amplified in parallel as control28 with primer sets 50-ACAAT
GAGCTGCGTGTGGCT-30 and 50-TCTCCTTAATGTCACG
CACGA-30.

Construction of shRNA expression vectors

Each 3 lg of forward primer 50-GATCCCCCAGAAAC
TATGGTTATTTATTCAAGAGATAAATAACCATAGTTTCT
GTTTTTGGAAA-30 and reverse primer 50-AGCTTTTCCAAA
AACAGAAACTATGGTTATTTATCTCTTGAATAAATAACCA
TAGTTTCTGGGG-30 (50 and 30 stem sequences underlined and in
bold face letters, respectively) were denatured at 95�C for 4 min,
annealed at 70�C for 10 min and slowly cooled down to 4�C in
50 ll annealing buffer (100 mM K-acetate, 30 mM HEPES-KOH,
pH 7.4, 2 mM Mg-acetate). The double-stranded sequences were
then ligated into BglII- and HindIII-digested pSUPER.neo.GFP. Af-
ter transforming bacteria, positive clones were selected and verified
by DNA sequencing.

Cell transfection and G418 selection

Each 1.5 3 105 HCT116 cells were seeded in 12-well plates in
500 ll medium without antibiotics. Transfections using 2 ll Lipo-
fectamine 2000 and 400 ng plasmid DNA per well were done as
recommended by the supplier (Invitrogen). Forty-eight hours after
transfection, cells were transferred into 15-cm dishes selected for
14 days in medium containing 1 mg/ml G418 (Sigma, Tauf-
kirchen, Germany). NeoR cells were subcloned into 6-well plates
and maintained in medium with 500 lg/ml G418. Unless other-
wise stated, all other reagents were purchased from Sigma.

RNA extraction and quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using Trizol1 (Invitrogen) according
to manufacturer’s instructions. When DNAse treatment was
required, 0.5 lg total RNA was incubated with 2 U RNAse free-
DNAse I in DNAse I reaction buffer (New England Biolabs,
Frankfurt, Germany) at 37�C for 30 min. The DNAse was inacti-
vated by addition of EDTA ad 5 mM and subsequent incubation at
75�C for 10 min. First strand cDNA was synthesized with Super-
script II reverse transcriptase (200 U, Invitrogen) for 1 hr at 42�C
using oligo (dT)18 primers (Fermentas). Subsequently, the enzyme
was inactivated at 90�C for 5 min. To determine changes in
TKTL1 expression, qRT-PCR was performed under the following
cycling conditions: 10 min at 95�C, then 45 cycles of 95�C for 15
sec and 60�C for 1 min in the ABI Prism 7500 using Power SYBR
Green MasterMix (Applied Biosystems, Foster City, CA) and the

following primers pairs: hTKTL1 sense 50-AAGCCTTTGGGTG
GAACACTTA-30, antisense 50-CTGAGAAGCCTGCCAGAA-
TACC-30; TKT sense 50-TGTGTCCAGTGCAGTAGTGG-30,
antisense 50-ACACTTCATACCCGCCC TAG-30. As endogenous
control, b-actin expression was determined using sense and anti-
sense primers 50-ACTCTTCCAGCCTTCCTTC-30 and 50-
ATCTCCTTC TGCATCCT GTC-30. Relative quantification was
performed using the ddCt method to determine fold-difference in
shRNA transfected HCT116 cells relative to the controls.29

D-Glucose consumption and L-Lactic acid production assay

Each 4 3 104 HCT116 stable cell clones with shRNA con-
structs were plated in 12-well plates in 500 ll medium without
antibiotics. Twelve hours after plating, the medium was changed
and harvested 24 hr later. To account for differences in cell growth
and viability, cell numbers were determined at the time of plating
and harvest using a hemocytometer. Glucose metabolism and lac-
tic acid production were normalized to the mean cell number
[mean cell number: (cell number plated 1 cell number harvested)/
2]. The concentration of D-Glucose and L-Lactic acid was deter-
mined using D-Glucose and Lactate acid detection kits (r-bio-
pharm, Darmstadt, Germany), the consumed D-Glucose and pro-
duced L-Lactic acid were calculated accordingly.

Measurement of intracellular ROS

HCT116 cells grown in 12-well plates were incubated at 37�C
for 1 hr with fresh RPMI 1640 medium containing 10% FCS and
1% penicillin/streptomycin. Intracellular oxidative stress was
monitored by measuring changes in oxidation-dependent fluores-
cence of the 2 intracellular probes used at the indicated time
points. The probe 20,70-dichlorofluorescin di-acetate (DCFH-DA,
5 lM, Molecular Probes, Eugene, OR) enters cells and the acetate
group on DCFH-DA is cleaved by cellular esterases, trapping the
nonfluorescent 20,70-dichlorofluorescin (DCFH) intracellularly.
Subsequent oxidation by ROS, particularly hydrogen peroxide
(H2O2) and hydroxyl radical (HOÆ), yields the fluorescent product
DCF. Thus, increases in DCF fluorescence are indicative of H2O2

or HOÆ generation. Dihydroethidine (5 lM, Molecular Probes)
enters cells and can be oxidized by superoxide (O2

2) and/or HOÆ
to yield fluorescent ethidium (Eth). Eth binds to DNA (Eth-DNA),
further amplifying its fluorescence. Thus, increased nuclear Eth-
DNA fluorescence indicates the accumulation of O2

2/HO2.

Cell cycle and apoptosis analysis

For quantification of cell cycle progression and the amount of
sub-G1 apoptotic cells, HCT116 cells were detached by trypsin
treatment and collected by centrifugation. After resuspending in
PBS, cells were fixed in 70% ethanol, washed in PBS, stained
with 50 lg/ml propidiumiodide containing 50 lg/ml RNAse A in
PBS, and analyzed by flow cytometry (FACS-Calibur, Becton
Dickenson, Heidelberg, Germany). FACS results were analyzed
with Flowjo software.

GSH and NADPH/NADP1 ratio measurement

About 5 3 103 cells per well were plated in 96-well plates. Af-
ter overnight culture, the medium was removed and cells were
washed twice with PBS. Cell lysates were prepared by 2 repetitive
freeze-thaw cycles at 280�C (20 min) and 37�C. The cell lysates
were resuspended in 125 mM Na2HPO4, 6.3 mM EDTA, pH 7.5
and mixed by gentle pipetting. For each reaction, 40 ll of the
lysate was transferred to a 96-well plate, GSH standard samples of
0, 0.5, 1, 2, 5, 10, 15, 20 lM were prepared for standard curve
determination. The reaction was started by addition of 170 ll of a
reaction solution (14.56 ml double distilled H2O, 770 ll, 0.5 M
Tris/HCl, pH 7.5, 102.6 ll 150 mM glucose-6-phosphate, 9.24 ll
50 mM NADP1, 2.5 ml 6 mM DTNB plus 30 U glucose-6-phos-
phate-dehydrogenase and 30 U glutathione-reductase). The ab-
sorbance at 412 nm was measured for 5 min (each 15 sec one time
point) at 37�C in a SpectraMax 340PC384 machine (Molecular

TABLE I – siRNA OLIGONUCLEOTIDES

siRNA
names

50end
on mRNA1 Target sequence

TKTL1-1 1,406 ACC AGA AAC TAT GGT TAT TTA
TKTL1-2 2,175 AAG TGT TTC CTT CGT GAA TAA
TKTL1-3 560 CGA GCA CTG CAT AAA CAT CTA
TKT 193 AAT CCG CAC AAT GAC CGC TTT

1Human TKTL1 and TKT mRNA sequences as taken from acces-
sion numbers: NM_012253 and NM_001064, respectively.

1331TKTL1 IS REQUIRED FOR RAPID CELL GROWTH

 10970215, 2009, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijc.24078 by C

ochraneC
hina, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Devices, Sunnyvale, CA). Protein concentration was measured
with Bradford assay. A series of BSA samples were used for gen-
erating a standard curve. The GSH content was calculated as GSH
concentration by protein amount.

NADPH and NADP1 concentrations were measured using a kit
from Bioassay and the NADPH/NADP1 ratio was calculated
using the values measured from the same sample.

Results

siRNA-Mediated suppression of TKTL1 expression

To suppress expression of the endogenous TKTL1 in human
cells, siRNA target sequences were identified by an online algo-
rithm (Qiagen). The 3 most promising siRNAs were selected and
assayed in cell cultures for their effect on endogenous TKTL1
expression. The positions of the siRNA target sequences on the
TKTL1 mRNA and their sequences are given in Table I and Fig-
ure S1 (Supp. Info.). The siRNAs were transfected into human co-

lon carcinoma cells HCT116 using Lipofectamine 2000. Two days
later, cells were harvested and mRNAs extracted and subjected to
semiquantitative reverse transcription PCR. In parallel, the expres-
sion level of b-actin mRNA was analyzed and used to normalize
the expression level. In repeated experiments, siRNAs 1 and 2
showed the strongest suppression of TKTL1 mRNA whereas siR-
NAs #3 was less efficient (RT-PCR, Fig. 1a). The siRNA 4 target-
ing the TKT housekeeping gene significantly suppressed TKT
mRNA levels but did not affect the highly related TKTL1 (Fig.
1a).

shRNA-Mediated suppression of TKTL1 expression

Because siRNAs allow only a transient suppression of targeted
genes, we analyzed whether the identified active RNAi target
sequences 1 and 2 are also targets of shRNAs allowing long-term
suppression of TKTL1 gene expression. For this purpose, shRNA
sense and antisense oligonucleotides comprising target sequences
1 and 2 were annealed and inserted into the H1-promoter driven

FIGURE 1 – Suppression of TKTL1 by RNA interference. (a) HCT116 cells were transiently transfected withTKTL1 siRNA oligos 1, 2 and 3
as shown in Table I. siRNA 4 targets the TKT mRNA whereas the minus sign (2) represents mock-transfected cells. Semiquantitative RT-PCR
for TKTL1 and b-actin mRNAs were performed and the products analyzed by gel electrophoresis. The PCR negative control is labeled H2O and
M represents the size marker lane. TKTL1 siRNA oligos 1, 2 and 3 lead to the knockdown of TKTL1 mRNA. An unspecific low-molecular
weight band probably corresponding to primer dimers was consistently seen in all TKTL1-specific PCRs (right-hand panel). (b) TKTL1 expres-
sion was analyzed by real-time PCR in shRNA-treated cell clones IA1 and I1B1 and compared to untreated und vector-treated cells (clone
IIIC4) and cells transiently overexpressing TKTL1. Vector control cell clones showed similar expression level of TKTL1 as untreated HCT116
cells. TKTL1-1 shRNA transfected cell clones showed 10- to 100-fold suppressed TKTL1 gene expression. (c) TKTL1 shRNA-treated and vec-
tor control cell clones were transfected with plasmids expressing HA-tagged TKTL1 and EGFP proteins. TKTL1 was detected by an anti-HA
antibody, b-actin and EGPF were detected with corresponding antibodies and served as loading and transfection controls. After 24- and 36-hr
transfection, much less TKTL1 band was detected in TKTL1 shRNA-treated cell clones than in the corresponding controls.

1332 XU ET AL.
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shRNA expression plasmid pSUPER.neo.GFP. Besides directing
shRNA expression, the vector encodes neomycin (G418) resist-
ance allowing selection of stable single-cell clones, a technique
absolutely required for long-term studies of growth-attenuated
cells.

To assess the efficacy of the constructs, both TKTL1 shRNAs
and the empty control vector were transfected into human
HCT116 cells and stable single-cell clones were selected in G418-
containing medium. According to a quantitative RT-PCR (qRT-
PCR) protocol established in the lab (see ‘‘Material and methods’’
section), TKTL1 expression in untreated or control empty vector-
treated cells was up to 50-fold higher than in bulk cell cultures
treated with shRNA-I targeting TKTL1 mRNA residues 1406–
1426. Independent TKTL1 shRNA-I cell clones (e.g., IA1, I1B1)
displayed clonal variation with respect to TKTL1 expression
between a 5-fold and more than 100-fold mRNA suppression (Fig.
1b) relative to empty vector-treated cell clones IIIC4 and IIIA2. In
contrast, shRNA-II (targeting TKTL1 mRNA residues 2175–2195
in the 30-untranslated region) suppressed TKTL1 mRNA levels
only marginally (about 10% suppression). Consequently, all sub-
sequent studies were done using TKTL1 shRNA-I.

Using the TKTL1-specific monoclonal antibody described pre-
viously,30 we were not able to consistently detect endogenous
TKTL1 protein in HCT116 cells and hence could not detect the
shRNA-mediated TKTL1 protein suppression directly. To circum-
vent this limitation, we transfected established and well-character-
ized TKTL1 shRNA-I cell clones and untreated HCT116 cells
with HA-tagged hTKTL1 overexpression plasmid. Subsequent im-
munoblotting using the high-affinity anti-HA monoclonal anti-
body targeting the HA-TKTL1 fusion protein revealed a clear
repression of TKTL1 protein expression in shRNA-I-containing
cell clones compared with the controls (Fig. 1c). To compensate
for experimental variations, TKTL1 expression was pair-wise nor-
malized to the b-actin loading control and cotransfected Gfp by
densitometry of the immunoblots (data not shown). Using both
standards, significant and strong TKTL1 suppression was con-
firmed in TKTL1 shRNA-treated cells 24 and 36 hr after transfec-
tion demonstrating that TKTL1 knockdown cell clones had been
successfully established.

Altered glucose metabolism by shRNA-mediated
TKTL suppression

TKTL1 is considered to play a central role in glucose meta-
bolism and aerobic glycolysis directly enhancing glucose con-
sumption and lactic acid release.30 Thus, we first studied whether
suppression of TKTL1 expression results in altered glucose me-
tabolism or lactate production. For this purpose, cell clones with
repressed TKTL1 expression (IA1, I1B1) and control cell clones

(IIIC4) were assayed for D-Glucose consumption and L-Lactic acid
production. Identical amounts of cells were cultured (see ‘‘Mate-
rial and methods’’ section) and glucose consumption and lactate
production were determined for a 24-hr interval (12–36 hr after
splitting). To account for differences in cell growth, cell numbers
were determined at the time of plating and harvest using an hemo-
cytometer. Glucose metabolism and lactic acid production were
normalized to the mean cell number (cell number plated 1 cell
number harvested)/2. We found that TKTL1-suppressed cell
clones have reproducibly a reduced D-Glucose consumption rate.
Within 24 hr, cell clone I1B1 consumed only half of the D-Glucose
compared to control clone IIIC4, whereas shRNA-treated clone
IA1 displayed around 30% lower glucose consumption (Fig. 2a).
The altered glucose metabolism of cells with suppressed TKTL1
expression was paralleled by reduced L-lactic acid production.
Within the 24-hr interval, the TKTL1-knockdown clones produced
around 30% less L-lactic acid than the control (Fig. 2b). Overall,
the data are in line with the concept that TKTL1 suppression in
HCT116 cells blocks the D-glucose flow into the PPP with the con-
sequence that these cells consume less glucose and thus also pro-
duce less lactic acid.

Reduced cell proliferation by shRNA-mediated
TKTL1 suppression

As TKTL1 is an important enzyme in the PPP, a pathway
which is not only utilized for energy production but also for
nucleic acid precursor synthesis and generation of redox equiva-
lents, we studied whether suppression of TKTL1 expression has
an effect on cell proliferation. Equal amounts of cells (2 3 105)
were plated in 35 mm cell culture dishes with standard culture me-
dium. Cells were harvested 2 days after plating and analyzed for
cell cycle distribution by FACS. The data revealed that TKTL1-
suppressed HCT116 cell clones had higher G0/G1 but lower S and
G2/M phase peaks than the corresponding empty vector-treated
cells (Figs. 3a and 3b). TKTL1-shRNA treated clones IA1 and
I1B1 had about 80% of the cells in G0/G1 phase, �10% cells in S
phase and 10% in G2/M phase, whereas in control clone IIIC4, the
S phase and G2/M phase cells increased to 18.4 and 20.9%,
respectively. Thus, the cell population entering the cell cycle was
reduced to half of the control cells upon TKTL1 suppression. In
line with this finding, cell growth kinetics showed that TKTL1-
suppressed cells grew much slower than controls (Fig. 3c). For
these experiments, 4 3 104 cells per well were seeded in 12-well
plates and left to attach for 12 hr. Cells were harvested and
counted using a hemocytometer every 24 hr. The experiment was
done in triplicates, both TKTL1 shRNA-treated cell clones
showed similar growth kinetics. Within 4 days, the cell number
raised from 43 104 to around 53 105, while control cell numbers

FIGURE 2 – Metabolic features of TKTL1-suppressed HCT116 cells. About 4.0 3 104 TKTL1 (clones IA1 and I1B1) and control shRNA
(clone IIIC4) carrying HCT116 cells were plated in 24-well plate supplied with 0.5 ml medium. The culture medium was collected for analysis
24 h after an additional medium exchange and cells were typsinized and counted using a hemocytometer to determine the overall cell numbers.
Cell culture supernatants were assayed for D-glucose consumption (a) and L-lactic acid production (b), the corresponding values are normalized
to the mean cell numbers.

1333TKTL1 IS REQUIRED FOR RAPID CELL GROWTH
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reached, on average, 1.3 3 106, more than twice the number of
TKTL1-shRNA treated cells. These data indicate that TKTL1 sup-
pression leads to cell cycle arrest in the G0/G1 phase of the cell
cycle indicating that TKTL1 promotes cell cycle progression and
proliferation.

TKTL1-Suppressed cells display enhanced sensitivity
towards oxidative stress

The PPP which is controlled by TKT activity provides essen-
tial redox equivalents for reductive biosynthesis and detoxifica-
tion of highly ROS. For this reason, we analyzed whether
TKTL1 down-regulation leads to higher intracellular ROS levels.
In these experiments, intracellular ROS were stained with fluo-
rescence dyes and detected by FACS. As shown in Figure 4, the
intracellular levels superoxide anion (stained with DHE), were
not significantly increased in TKTL1 knockdown clone I1B1
compared to control clone IIIA2, whereas H2O2 (stained with
DCFDA) was slightly increased in TKTL1 knockdown clone
I1B1 under standard cell culture conditions (Figs. 4a and 4b).
Concomitantly, TKTL1-suppressed cells displayed increased
marker of apoptosis as indicated by the appearance of morpho-
logical alterations such as cell shrinkage and nuclear condensa-
tion (Supp. Info. Fig. S2). Most importantly, TKTL1-suppressed
cells displayed an increased number of sub-G0/G1 cells in FACS
analyses when subjected to oxidative stress by the addition of
H2O2 and PEITC for 24 hr (Figs. 4c and 4d).

The NADPH/NADP1 ratio and the relative amount of the
reduced form of glutathione (GSH) represent an established read-
out of the redox status of the cells, because NADPH and GSH are
major redox equivalent to counteract oxidative stress inside the
cells.32,33 Because the PPP produces NADPH, it is conceivable
that upon TKTL1 suppression, intracellular NADPH and GSH
concentrations are reduced, leading to a decreased NADPH/
NADP1 ratio and a lower GSH content. The results show that the

anti-ROS defense system in TKTL1-suppressed cells is much
weaker than in control cells grown under comparable conditions
(Fig. 5). Taken together, TKTL1 seems to have a protective effect
against oxidative or radical stress.

Discussion

Cell immortalization and malignant transformation are mainly
determined by genetically altered genes or their aberrant expres-
sion.34 Genetic alterations acquired by tumor cells also modify
their biochemical pathways to support tumor growth, viability,
and spread. Tumors normally have abnormal metabolism proper-
ties owing to the abnormal growth. Aerobic glycolysis (Warburg
effect) is a very common metabolic feature of tumors, although
the molecular basis has not been identified yet. However, the bio-
logical consequence of the aerobic glycolysis, i.e. the enhanced
metabolism of glucose, is already successfully applied in the clinic
by the PET technique to visualize tumors and metastases.35,36

Recent studies showed that TKTL1 which is characterized by
distinct enzymatic features30 is specifically overexpressed in
tumors predicting poor cancer patient survival.7 In contrast, TKT
and TKTL2 expression was not altered, suggesting that TKTL1
plays an important role in tumor-specific glucose metabolism.7

When TKTL1 expression is suppressed by siRNA or shRNA
constructs as done in this and other studies,16,17 the TKTL1-
suppressed cells display significantly decreased growth and prolif-
eration rates. This may be in part due to the fact that ATP and/or
glucose supply of these treated cells has been down-regulated. In
addition, it is possible that end products of the hexose/pentose
pathways, which may accumulate upon TKTL1 suppression have
negative effects on cell viability and growth, for instance by
enhanced glycation of cellular proteins.

In our article, we experimentally address additional phenotypic
consequences of the suppressed TKTL1 expression. We show that

FIGURE 3 – Growth patterns of TKTL1-suppressed HCT116 cells. (a) Cell cycle distribution by FACS showed that TKTL1-suppressed clones
IA1 and I1B1 displayed reduced cell numbers in the G2/M and S phase of the cell cycle and correspondingly increased numbers of cells in the
G0/G1 phase compared to control clone IIIC4. The data of 3 corresponding experiments are summarized in (b) Showing that these differences
are highly reproducible. (c) Cell growth curves were generated for the different HCT116 clones showing that TKTL1-suppressed clones IA1
and I1B1 grow significantly (*) slower compared to the control clone IIIC4. After 4 days, TKTL1 suppression led to 2-fold reduced cell growth
compared to the control clone.

1334 XU ET AL.
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both, a lower glucose consumption and L-lactic acid production
rate are induced by TKTL1 suppression as anticipated from the
assumed role of TKTL1 as major regulator of PPP in tumor cells30

although we can not formally exclude the possibility that these
metabolic changes are only indirectly affected by TKTL1 suppres-
sion. In line with direct effects of TKTL1 on glucose metabolism
(and lactate production), recent studies utilizing radioactively la-
beled glucose have revealed that glucose, besides its central role
in energy production, is the main source of tumor cell RNA and
DNA pentoses37,38 and de novo lipid synthesis.39 The strong pro-
liferation process of tumor cells is governed by the replication of
DNA in the S phase where the conversion of glucose to ribose is
controlled by nonoxidative PPP. It is thus not surprising that
TKTL1-suppressed cells showed slower growth rates and cell
cycle arrested in G0/G1 phase as observed by flow cytometry (Fig.
3). Since lactate concentration correlates with metastases and poor
patient survival,40,41 blocking TKTL1 activity may thus reduce tu-
mor invasiveness and could achieve a better patient’s prognosis.

Another important and common biochemical change in cancer
cells is the increase in hazardous ROS which are detrimental for
cell survival but which may themselves promote further tumor
progression42: Increased ROS levels are thought to play an impor-
tant role in maintaining or promoting the cancer phenotype
because of their stimulating effects on cell growth and prolifera-
tion,43 genetic instability44 and senescence evasion.45 However,
high levels of ROS can also cause cellular damage, depending on
the levels and duration of ROS stress.46 A classical function of
PPP in mammalian cells is to provide NADPH redox equivalents
through carbon flow from C6 sugars (hexoses) to C5 sugars (pen-
toses). As NADPH is one of the most important metabolites to
maintain the intracellular redox balance, blocking PPP by TKTL1
suppression can be predicted to disturb this balance thus increas-
ing the susceptibility of the affected cell towards oxidative stress.
Although the basal ROS levels and apoptosis rates of TKTL1-sup-
pressed and control cells were similar under standard cell culture
conditions except the slightly increase in intracellular H2O2

FIGURE 4 – Intracellular ROS levels and sensitivity towards ROS-induced apoptosis in TKTL1-suppressed cells. Compared to control cell
clone IIIA2, TKTL1-suppressed clone I1B1 displayed slightly increased intracellular H2O2 levels (a) but no significant change in the O2

2 con-
tent (b). When the different HCT116 cell clones were challenged with either H2O2 (c) or PEITC which increase H2O2 levels in cancer cells31

(d), TKTL1-suppressed cells showed increased sensitivity towards ROS-induced apoptosis as measured by the fraction of sub G1 cells in FACS
analyses.

FIGURE 5 – Decreased concentrations of redox equivalents in TKTL1-suppressed cells. In TKTL1-suppressed HCT116 cells (clone IA1), the
ratio of reduced vs. oxidized NADP1 and the content of reduced GSH were both clearly suppressed in comparison to the shRNA vector control
(clone IIIC4) indicating that TKTL1 suppression weakens the cellular anti-ROS defense systems.
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(Figs. 4a and 4b), additional extracellular oxidative stress by ex-
ogenous H2O2, or intracellular stress through PEITC (generating
ROS inside cells) in fact increased ROS and apoptosis levels over-
proportionally in TKTL1-suppressed cells. This indicates that tu-
mor cells may clearly benefit from high-level expression of
TKTL1 when facing oxidative stress, which is commonly occur-
ring in fast growing tumors.

In summary, our data presented here show the strong involve-
ment of TKTL1 in cancer cell growth and viability. Because of its
specific overexpression in tumor and malignant cells,30 TKTL1
may be thus not only considered as a tumor marker but also as a

strong candidate target for anticancer therapy. We are pursuing
in vivo experiments to verify this hypothesis.
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