

















FIGURE 4. KLF4 enhances the glycolytic activity in breast cancer cells.
A, the protein levels of KLF4 were measured by Western blot analysis in the
protein extracts of the MCF7 and MDA-MB-231 cells transduced with len-
tiviruses expressing control or KLF4. Tubulin was used as an invariant
control. Glucose uptake (B) and lactate production (C) were measured in
MCF7 and MDA-MB-231 cells transduced with lentiviruses expressing con-
trol or KLF4. Data shown are the mean = S.D. (error bars) of triplicate
samples from a representative experiment. *, p < 0.05.

overexpression of KLF4 (Fig. 54). The induction of PFKP pro-
tein levels by KLF4 was checked in MCF7, MDA-MB-231,
BT-474, and SK-BR-3 cells. Consistent with mRNA levels, the
protein levels of PFKP were increased significantly by KLF4
overexpression in all breast cancer cell lines (Fig. 5B). These
results suggest that KLF4 induces the expression of PFKP in
breast cancer cells.

The effect of KLF4 overexpression on PFKP expression was
also studied in human prostate cancer PC3 cells, which were
known to have the minimal expression of KLF4. The overex-
pression of KLF4 in PC3 cells led to an increase in glucose
uptake and lactate production to a much greater extent than in
MCEF7 cells with high KLF4 expression. The PEKP protein was
also markedly increased by KLF4 expression (supplemental Fig.
S1, A-C). These findings indicate that KLF4 increases the
expression of PFKP as well as the glycolytic activity in cancer
cells.

The Relationship between KLF4 and PFKP Expression in
Human Breast Cancer Tissues—To determine the major iso-
form of PFK-1 in breast cancer cells, the mRNA levels of
PFKL, PFKM, and PFKP genes were measured in breast can-
cer cells and MCF10A cells using RT-PCR (Fig. 6A). The
breast cancer cells showed the higher levels of mRNAs for all
of the PFK-1 isoforms compared with MCF10A cells. The
magnitude of increase in PFKP mRNA was especially higher
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FIGURE 5. The KLF4 induces the expression of PFKP in breast cancer cells.
A, quantitative RT-PCR analysis was performed to measure the level of mRNAs
for KLF4, PFKP, and other glycolytic genes in MCF7 and MDA-MB-231 cells
transduced with lentiviruses expressing control or KLF4. The amounts of
mRNA were represented as values relative to the levels in the cells transduced
with control lentivirus. B, the protein levels of KLF4 and PFKP were measured
by Western blot analysis in the protein extracts of breast cancer cell lines
(MCF7, MDA-MB-231, BT-474, and SK-BR-3) transduced with lentiviruses
expressing control or KLF4. Tubulin was used as an invariant control. Error
bars, S.E.

than those of the other isoforms in all cancer cells compared
with MCF10A cells.

To assess whether there is correlation between KLF4 and
PFKP expressions in primary breast cancers, the mRNA lev-
els of KLF4 and PFKP were compared in 31 human breast
cancer tissues. We obtained a statistically positive correla-
tion between these two variables in primary breast cancers
(Pearson R* = 0.437; p < 0.001) (Fig. 6B).

Knockdown of PFKP Severely Suppresses the Glycolytic Activ-
ity and Cell Growth in MCF7 Cells—To determine whether
PFKP was required to maintain a high glycolytic activity and
proliferation in breast cancer cells, PFKP shRNA was used to
knock down PFKP in MCF7 cells. Knockdown of PFKP using
lentivirus carrying shRNA led to the disappearance of almost all
of the PFKP mRNA and protein in MCF?7 cells (Fig. 7, A and B).
The knockdown of PFKP significantly decreased the glucose
uptake and subsequently inhibited the lactate production (Fig.
7, C and D). PFKP knockdown also markedly inhibited the cell
proliferation (Fig. 7E). FACS analyses showed that PFKP
knockdown suppressed cell cycle progression by decreasing the
numbers of cells in S phase and increasing the numbers of cells
in G; or G,/M phases (supplemental Fig. S2, A-D). However,
apoptosis was not significantly affected by PFKP knockdown,
whereas KLF4 knockdown increased the percentage of cells in
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FIGURE 6. The relationship between KLF4 and PFKP expression in human breast cancer cell lines and primary cancer tissues. A, quantitative RT-PCR
analysis was performed to measure the level of mRNAs for PFKL, PFKM, and PFKP in MCF10A cells and four breast cancer cell lines. Relative amounts of mRNAs
were represented, using GAPDH mRNA as an invariant control. B, quantitative RT-PCR analysis was performed to measure the level of mRNAs for KLF4 and PFKP
in each breast cancer tissue of 31 cases. The relative amounts of PFKP and KLF4 mRNA in each tissue are expressed by the ratio of each mRNA per GAPDH mRNA.

The p value indicated statistical significance in all of the 31 cases. Error bars, S.E.

apoptosis. These results suggest that PFKP plays a critical role
in vigorous glycolytic activity in MCEF7 cells for their rapid
proliferation.

KLF4 Binds to the PFKP Promoter and Transactivates PEKP
Expression—To elucidate how KLF4 specifically controls PFKP
transcription, the promoter activities were assayed using the
promoter-reporter constructs containing the sequences ~2 kb
upstream of PFKL, PFKM, or PFKP genes in MCF?7 cells. KLF4
increased the activity of the PFKP promoter by 5-fold, whereas
it had no effects on the PFKL or PFKM promoter activities. The
overexpression of KLF5 did not activate the PFKP promoter
activity (Fig. 84). Within about 1 kb upstream from the ATG
start codon of PFKP, the GC contents were noticeably high, and
more than 20 putative binding sites of KLF4 were detected by
the analysis using the MatInspector program of Genomatix
software (available from the Genomatix Web site). To assess
whether KLF4 actually occupies the PFKP promoter, ChIP
assays were performed in MCF7 cells. The proximal region
from —825 to —1277 was amplified from chromatin immuno-
precipitates by anti-KLF4 antibody, but the distal region from
—2247 to —1768 was not amplified (Fig. 8B8). The primer for
PCR in more proximal regions could not be designed because of
the extremely high GC contents. These results suggest that
KLF4 transactivates PFKP by directly binding to the proximal
promoter region within 1 kb upstream from the ATG start
codon.
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DISCUSSION

KLF4 is a transcription factor that activates or represses
genes involved in cell cycle regulation and differentiation. KLF4
functions as a cytostatic factor by activating the expression of
p21WAF/CIPL (18) and by repressing the genes of cyclin D (19),
cyclin B1 (20), and cyclin E (21). In contrast, KLF4 converts the
senescence-like cell cycle arrest by RASY'? into oncogenic
transformation (22). KLF4 directly suppresses the expression of
p53, which plays a critical role in RASY'*-induced senescence.
The neutralizing action of activated RAS"'? against KLF4 cyto-
static action as well as the suppression of RASY**-induced
senescence by KLF4 contributes to oncogenic transformation.
KLF4 has known to be one of the four transcription factors
(OCT3/4, SOX2, KLF4, and c-MYC) that are essential to con-
version of differentiated cells into induced pluripotent stem
cells (23). A recent study suggested that KLF4 was a key factor in
activating and maintaining the expression of the catalytic sub-
unit of human telomerase in induced pluripotent stem cells,
embryonic stem cells, and even several cancer cells (24). It has
been reported that KLF4 expression is strongly correlated with
cancer progression in head and neck squamous carcinomas (14,
25) and contributes to human telomerase expression in these
cancers (24). These mechanism-oriented explanations describe
the context-dependent tumor suppressor or oncogenic func-
tion of KLF4. The level of KLF4 is extremely low in MCF10A
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FIGURE 7. Knockdown of PFKP severely suppresses the glycolytic activity
and cell growth in MCF7 cells. The levels of mRNA (A) and protein (B) of PFKP
were measured in MCF7 cells transduced with lentiviruses expressing non-
target shRNA or shPFKP. GAPDH or tubulin expression was used as an invari-
ant control. Glucose uptake (C), lactate production (D), and cell proliferation
(E) were measured in the cells described above. Data shown are the mean =
S.D. (error bars) of triplicate samples from a representative experiment. *, p <
0.01.
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FIGURE 8. KLF4 binds to PFKP promoter and transactivates PFKP
expression. A, the activities of three PFK-1 isoform promoters were
assayed in MCF7 cells, exogenously overexpressing KLF4 or KLF5. Cells
were transfected with the pPFKL-Luc, pPFKM-Luc, or pPFKP-Luc con-
structs in combination with the empty vector, pSG5-KLF4, or pSG5-KLF5.
The luciferase activities were analyzed 48 h after transfection. Luciferase
activities were normalized to the activities of SV40 promoter-driven
Renilla luciferase. Data shown are the mean = S.D. of triplicate samples
from a representative experiment. B, chromatin immunoprecipitation (/P)
analyses were performed on MCF7 cells using KLF4-specific antibody or
nonspecific IgG. The indicated chromosomal regions, denoted as nucleo-
tide numbers from the transcription start site of the PFKP gene, were
amplified by PCR after precipitation with KLF4-specific antibody or non-
specific IgG and analyzed by 1.2% agarose gel electrophoresis.

cells, which are non-tumorigenic epithelial cells, and the delib-
erate expression of KLF4 strongly inhibits cell proliferation and
survival (data not shown). In contrast, the majority of breast
cancers express a large amount of KLF4 (11), and the preferen-
tial nuclear localization of KLF4 is known to be a poor prognos-
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tic marker showing the early stage infiltrating phenotype (12).
The depletion of KLF4 from breast cancer cells reportedly
restores p53 levels and causes p53-dependent apoptosis (22).
These findings imply that the oncogenic action of KLF4
involves other factors that neutralize the cytostatic activity of
KLFA4.

In this study, we showed another mechanism of oncogenic
potential of KLF4 to activate the glycolytic pathway in breast
cancer cells. The knockdown of KLF4 in breast cancer cells
markedly suppresses the glucose utilization, which is caused
by the suppression of PFKP expression. Glucose transporter
1 (GLUT1) and 6-phosphofructo-2-kinase/fructose-2,6-bis-
phosphatase 3/4 (PFKFB3/4) have been reported to be a
cause of the high glycolytic phenotype of breast cancers (17,
26, 27), but this study shows that PFKP plays a crucial role in
glycolytic activities and cell proliferation in breast cancer
cells. The microarray analysis indicates that PFKP is a unique
gene under the control of KLF4 among the glycolytic enzyme
genes. PFK-1, constituted by PFKM, is inhibited by such allo-
steric inhibitors as citrate and ATP, whereas PFK-1 contain-
ing PFKL and PFKP isotypes is less sensitive to the inhibitory
effect of these allosteric effectors and more sensitive to fruc-
tose 2,6-bisphosphate, a potent activator (3). In breast can-
cer, the up-regulation of PFKP may contribute to maintain-
ing high glycolytic status even at an increased citrate level
and sufficient ATP concentration, which are necessary for
the anabolic metabolic pathway supporting cell proliferation
and growth. PFKP is the most prominent isotype of PFK-1 in
breast cancer cells and determines the rate of glycolysis and
lactate production. The proximal region of the PFKP pro-
moter is a highly GC-rich region, where multiple putative
KLEF-binding regions exist. KLF4 specifically activates PFKP
expression by direct binding to its proximal promoter,
whereas it has no effects on the activities of PFKL and PFKM
promoters.

This study shows that KLF4 contributes to the stimulation of
glycolytic metabolism in breast cancer cells by activating PFKP
transcription. These results suggest that KLF4 and PFKP may
be sensitive targets in designing selective breast cancer
chemotherapy.
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