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ABSTRACT
The Warburg effect is a well-known feature in cancer-specific metabolism. We 

previously reported on the role of microRNA (miR)-145 as a tumor-suppressor in 
human bladder cancer (BC) cells. In this study, we reveal that miR-145 decreases 
the Warburg effect by silencing KLF4 in BC cells. The expression levels of miR-145 
were significantly lower in clinical BC samples and BC cell lines compared to those in 
normal tissues and HUC cells. Luciferase assay results showed that miR-145 directly 
bound to 3′UTR of KLF4, which was shown to be overexpressed in the clinical BC 
samples using Western blot analysis and immunohistochemistry. Remarkable growth 
inhibition and apoptosis were induced by the ectopic expression of miR-145 or by 
the gene silencing of KLF4 (siR-KLF4). Also, Warburg effect-related genes such as 
PTBP1/PKMs were regulated by the transfection of BC cells with miR-145 or siR-KLF4. 
These results thus indicate that the miR-145/KLF4/PTBP1/PKMs axis is one of the 
critical pathways that maintain the Warburg effect in BC carcinogenesis. MiR-145 
perturbed the Warburg effect by suppressing the KLF4/PTBP1/PKMs pathway in BC 
cells, resulting in significant cell growth inhibition.

INTRODUCTION

 MicroRNAs (miRNAs) are single-stranded 
noncoding small RNAs that repress translation or induce 
degradation of target messenger RNAs (mRNAs) through 
binding to specific complementary sites within the 3′ 
untranslated region (3′-UTR) of mRNAs [1]. A growing 
body of evidence indicates that dysregulation of miRNA 
expression contributes to carcinogenesis in cancers [2, 3]. 
MiR-145 is one of the representative anti-oncomiRs in 
various kinds of cancers. We have previously reported that 
miR-145 is downregulated and acts as a tumor suppressor in 
colon adenomas [4, 5] and colon cancers [6], gastric cancers 
[7], chronic lymphocytic leukemias, B-cell lymphomas 
[8], and bladder cancer cells [9, 10]. We also reported 
that intravesical administration of exogenous miR-145 
has an anti-tumor effect on orthotropic xenograft human 
bladder cancer tumors [11]. On the other hand, we recently 
described miRs such as miR-133b and miR-124 to regulate 

the Warburg effect by suppressing the PTBP1/PKM isoform 
axis. PKM has 2 isoforms, PKM1 and PKM2, which are 
produced by alternative splicing of transcripts in the PKM 
gene. PTBP1 induced the switching of PKM isoform 
expression from PKM2 to PKM1. PKM2 is exclusively 
expressed in embryonic, proliferating, and cancer cells, 
promoting glycolysis even in an aerobic environment. 
PKM1 is expressed in normal differentiated tissues and 
promotes oxidative phosphorylation [12, 13]. It is also 
known that miR-145 targets c-Myc [14], which regulates 
PTBP1, leading to impairment of the Warburg effect 
(PTBP1/PKMs axis). In this context, we explored the so far 
unaddressed function of miR-145 in the Warburg effect. 

Among the targeted genes (mRNAs) of miR-145, we 
focused on Kruppel-like factor 4 (KLF4) in relation to the 
Warburg effect. As mentioned above, KLF4 is a transcription 
factor that is well known to be one of the essential factors 
of iPS cells. KLF4 mRNA expression is found primarily 
in postmitotic, terminally differentiated epithelial cells 
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in organs such as skin and lungs and also in those in the 
gastrointestinal tract [15, 16]. KLF4 is a potential oncogene 
in patients with various cancers. It is reported that KLF4 
also regulates the Warburg effect [12], but the precise role 
and underlying signaling cascade of KLF4 in the Warburg 
effect in bladder cancer remain unclear.

In the current study, we examined whether or not 
miR-145 could affect the regulation of the Warburg effect 
through silencing KLF4 in bladder cancer cells. We 
demonstrate that the expression of KLF4 was increased 
in bladder cancer (BC) cells from patients. In addition, the 
ectopic expression of miR-145 partly induced apoptosis 
by regulating the PTBP1/PKM1/PKM2 axis through the 
silencing of KLF4 in BC cells. We found that not only 
the miR-145/c-Myc/PTBP1/PKMs axis, but also the novel 
miR-145/KLF4/PTBP1/PKMs cascade operated in the 
regulation of cancer energy metabolism.

RESULTS

The expression of miR-145 was significantly 
decreased in clinical tumor samples from BC 
patients and BC cell lines

It was already reported by us and others that miR-145  
is decreased in BC samples [17–19] and BC cell lines 
[20]. We thus first reconfirmed the decrease of miR-
145 in BC samples by performing real-time RT-PCR. 
Results indicate that the expression of miR-145 were 
significantly decreased in BCs compared with those in the 
normal bladder epithelium (NBE) adjacent to the tumors  
(Figure 1A).

In addition, the expression levels of miR-145 were 
significantly decreased in the human bladder cancer T24 
and 253J B-V cell lines (Figure 1B). Based on these results, 
we focused on the role of miR-145 in carcinogenesis of 
BC from the viewpoint of cancer energy metabolism.

MiR-145 impairs the Warburg effect through the 
c-Myc/PTBP1/PKMs axis by silencing c-Myc

We have previously published that ectopic expression 
of miR-145 led to significant growth inhibition through the 
suppression of PI3K/Akt and MAPK signaling pathways 
in bladder cancer cells [21]. As shown in Figure 2A, 
exogenous miR-145 also significantly suppressed the 
growth of T24 and 253J B-V cells. These results suggest 
that exogenous miR-145 functioned as an anti-oncomir in 
these cells. Recently, we reported that miR-124 regulates 
the Warburg effect through targeting PTBP1 in colon 
cancer cells [22, 23]. It is well known that c-Myc, which 
positively regulates the expression of PTBP1 in the 
upstream [24], is a direct target of miR-145 [14]. Therefore, 
we examined the effects of ectopic expression of miR-145 
on the c-Myc/PTBP1 network in the BC cell lines. As a 
result, the introduction of miR-145 induced downregulation 
of c-Myc and reduced PKM2/PKM1 ratio in either cell 
line (Figure 2B and 2C). Furthermore, in order to further 
validate the switching, we performed immunofluorescence 
staining for PKM2 in 253J B-V cells. Figure 2D shows the 
decreased expression of PKM2 at the single-cell level in 
the cells transfected with miR-145. Taken together, these 
results indicate that miR-145 targets c-Myc, resulting in 
an impaired Warburg effect, at least in part by negatively 
affecting the c-Myc/PTBP1/PKMs axis.

We previously reported that the silencing of c-Myc 
decreased the transcription of PTBP1, which is a splicer of 
the PKM gene, and modulated the Warburg effect through 
the switching of PKM isoform expression from PKM2 to 
PKM1, thus reducing the PKM2/PKM1 ratio [22, 23, 25].  
We thus set out to clarify the relationship between c-Myc 
and PTBP1 with respect to the Warburg effect. We 
examined the effect of the gene silencing of c-Myc or 
PTBP1 by using siR-c-Myc or siR-PTBP1, respectively, 
on the expression of Warburg effect-related proteins by 

Figure 1: Expression of miR-145 is decreased in clinical BC-tumor samples and BC cell lines. (A) Relative expression 
levels of miR-145 in clinical BCs and NBEs. (B) Relative expression levels of miR-145 in HUC, T24, and 253J B-V cells. Results are 
presented as mean ± SD; **P < 0.01; ***P < 0.001.
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performing Western blot analysis. As shown in Figure 3A 
and 3D, silencing of either of these genes induced a 
significant growth inhibition in both T24 and 253J B-V 
cells. Western blot analysis showed that the knockdown 
of c-Myc reduced the PKM2/PKM1 ratio through the 
downregulation of PTBP1 (Figure 3B and 3C). Also, 
knockdown of PTBP1 decreased the PKM2/PKM1 ratio 
(Figure 3E and 3F). These results strongly suggest that 
c-Myc and PTBP1 positively regulated the Warburg effect 
through the c-Myc/PTBP1/PKMs axis. Thus, miR-145 
affected the Warburg effect through the downregulation 
of c-Myc, leading to the decreased PKM2/PKM1 ratio in 
these cell lines.

KLF4 is a target of miR-145 in the Warburg 
effect in BC cells

 KLF4 is a zinc-finger transcription factor expressed 
in the epithelium of a variety of tissues including the 
intestinal tract, skin, cornea, and lung [15, 16, 26, 27]. 
Also, KLF4, being one of the Yamanaka factors, plays an 
important role in induced pluripotent stem (iPS) cells [28].  
It was reported that KLF4 lies in the upstream of PTBP1 
[12], but the mechanism is still not clearly defined. An 
extensive analysis in the database of Target Scan 6.2 (http://
www.targetscan.org/)indicated that miR-145 targets KLF4. 
Therefore, we sought to clarify whether KLF4 was a direct 

target of miR-145 and if KLF4 affected the Warburg effect. 
We therefore transfected T24 and 253J B-V cells with 
miR-145. As shown in Figure 4A, the protein expression 
of KLF4 was remarkably decreased in both cells. We then 
performed a luciferase assay for KLF4 and confirmed that 
the activity of wild-type pMIR-KLF4 was significantly 
reduced after the introduction of miR-145 into 253J B-V 
cells. On the other hand, a mutation in the KLF4 3′-UTR-
binding site markedly abolished the ability of miR-145 
to affect the luciferase activity (Figure 4B). Furthermore, 
treatment with antagomiR-145 reversed the growth 
inhibition elicited by miR-145 and the increased expression 
level of KLF4 in 253J B-V cells (Figure 4C and 4D). 
Taken together, these results indicated that miR-145  
targeted KLF4 at the translational level in BC cells.

Next, we examined the effect of KLF4 knockdown 
by siRNA for KLF4 (siR-KLF4) on the PTBP1/PKM axis. 
As shown in Figure 5A, the silencing of KLF4 induced 
a significant growth inhibition in both cells. Western blot 
analysis showed the downregulation of PTBP1 expression 
(Figure 5B), resulting in a decreased PKM2/PKM1 ratio in 
both kinds of cells tested (Figure 5B and 5C). These results 
were also validated by immunocytostaining for PKM2 at 
the single-cell level (Figure 5D). Thus, KLF4 positively 
regulates Warburg effect in the upstream of PTBP1.

We next examined the intracellular levels of lactate 
and ATP after switching PKM isoforms from PKM2 to 

Figure 2: Ectopic expression of miR-145 induced growth inhibition through impaired Warburg effect. Effects of 
ectopic expression of miR-145 on cell viability (A) and expression of various proteins estimated by Western blot analysis (B) at 48 h 
after transfection of T24 and 253J B-V cells with miR-145 (10, 40 nM). (C) PKM2/PKM1 ratio calculated based on densitometric values 
of PKM1 and PKM2 in “B.” Numbers represent ratios with control values taken as “1.000.” (D) Immunofluorescence of PKM2 (lower 
panels) in 253J B-V cells transfected with miR-145 (20 nM). Representative images (scale bar, 50 μm) are shown. PKM2 is stained green, 
cytoskeleton is stained red. Nuclei appear in blue. Results are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001.



Oncotarget33067www.impactjournals.com/oncotarget

PKM1 by the transfection with miR-145. The results 
indicated that the lactate and ATP levels were significantly 
increased in 253J B-V cells. These data reflected the 
promotion of oxidative phosphorylation by the switching 
of the PKMs from PKM2 to PKM1. As to the increased 
intracellular lactate, we hypothesize that the switching 
results in promotion of glycolysis even if PKM2 is 
decreased. Treatment with antagomiR-145 reversed the 
increased levels of lactate and ATP (Figure 6A and 6B).

Ectopic expression of miR-145 or knockdown of 
KLF4 induces apoptosis in BC cells

We previously reported that ectopic expression of 
miR-145 induces apoptosis through the downregulation of 
c-Myc and socs7 in bladder cancer cells [9–11]. We thus 
confirmed this effect by performing assays to evaluate 
apoptotic cell death in T24 and 253J B-V cells after the 
transfection of these cells with miR-145 or siR-KLF4. As 
expected, the amount of cleaved PARP tended to increase in 
the miR-145-transfected cells (Figure 6C). Hoechst33342 

nuclear staining showed the typical apoptotic features, 
such as condensed chromatin and nuclear fragmentation, 
in the miR-145-treated 253J B-V cells (Figure 6D and 6E). 
On the other hand, the knockdown of KLF4 induced 
apoptosis in some of the 253J B-V cells, as assessed by 
Western blotting of PARP and Hoechst33342 nuclear 
staining (Figure 6C–6E). Taken together, these findings 
demonstrate that transfection with miR-145 or siR-KLF4 
negatively contributes to cell proliferation and induced 
apoptosis.

Growth inhibition of 3-D tumor spheroids by 
treatment either with miR-145 or siR-KLF4

 In order to examine whether miR-145 or siR-KLF4 
could suppress the growth of solid tumors, we used the 
in vitro 3D spheroid system. Although the spheroids of 
253J B-V cells in the control group exhibited a rapid 
growth, the growth of the tumor cells in the spheroids was 
significantly suppressed by treatment with either miR-145 
or siR-KLF4 (100 nM; Figure 6F). 

Figure 3: C-Myc/PTBP1 cascade regulates the Warburg effect. (A) Effects of c-Myc knockdown on cell growth of T24 and 
253J B-V cells. (B) Protein expression of Warburg effect-associated genes after the transfection of T24 and 253J B-V cells with siR-c-
Myc. (C) PKM2/PKM1 ratio calculated based on densitometric values of PKM1 and PKM2 in “B.” Numbers represent ratios with control 
values taken as “1.000.” (D) Effects of PTBP1 knockdown on cell growth of T24 and 253J B-V cells. (E) Protein expression of Warburg 
effect-associated genes after the transfection of T24 and 253J B-V cells with siR-PTBP1. (F) PKM2/PKM1 ratio calculated based on 
densitometric values of PKM1 and PKM2 in “E.” Numbers represent ratios with control values taken as “1.000.” Results are presented as 
mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001.
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Increased expression of KLF4, PTBP1, and 
PKM2 in clinical bladder cancer samples from 
patients

Based on our results, we examined the expression 
levels of KLF4, PTBP1, and PKM2 in clinical BC samples 
by performing Western blot analysis on available protein 
samples. Surprisingly, all cases showed an increased 
KLF4 level by using both antibodies of CST (case1~15) 
and Proteintech (case16~25) (Figure 7A). Moreover, most 
of the samples tested showed increased PTBP1 and PKM2 
as well. Also, KLF4 expression was highly correlated 
with that of PTBP1 (r = 0.6769, P < 0.0001, Figure 7B); 
KLF4 expression was inversely correlated with that of 
miR-145 (r = −0.3638, P = 0.0369, Figure 7B); as was 
PTBP1 expression (r = –0.3429, P = 0.0467, Figure 7C). 
These findings suggested that KLF4 plays an important 
role in promoting cell growth, at least in part through the 
maintenance of the Warburg effect in BC cells.

 Furthermore, we examined immunohistochemical 
stainings to evaluate KLF4 expression in KLF4 positive 
clinical samples by Western blot analysis in bladder 
cancer (5 samples). As shown in Figure 8, all samples 
showed KLF4-positive staining in the tumor and KLF4-
negative staining in adjacent normal tissue. We concluded 
that intratumor KLF4 expression is increased in these 
cases, as evaluated by both Western blot analysis and 
immunohistochemical staining.

KLF4 contributed to both c-Myc and PTBP1 
expression

 We furthermore examined the effect of silencing 
KLF4 on mRNA levels of c-Myc and PTBP1 to define 
the relationship between KLF4 and c-Myc or PTBP1. As 
shown in Figure 9A and 9B, silencing KLF4 decreased 
the mRNA expression levels of c-Myc and PTBP1, 
respectively. The results suggested that KLF4 plays a 

Figure 4: KLF4 was a target mRNA of miR-145 in BC cells. (A) MiR-145 silenced KLF4 expression in T24 and 253J B-V 
cells. The protein expression of KLF4 in T24 and 253J B-V cells at 48 h after the transfection with miR-145 (10, 40 nM) is shown.  
(B) Luciferase activities after co-transfection with control or miR-145 and wild-type or mutant-type pMIR vectors having the predictive 
miR-145 binding site in the 3′-UTR of KLF4. The upper panel shows the region of the 3′-UTR of human KLF4 mRNA complementary to the 
mature miR-145. The box indicates the predicted binding sites for miR-145. (C and D) Effect of combined treatment of 253J B-V cells with 
antagomiR-145 and miR-145 is indicated. 253J B-V cells were transfected with non-specific control, miR-145 (10 nM), miR-145 (10 nM) 
+ antagomiR-145 (10 nM) or miR-145 (10 nM) + antagomiR-145 (20 nM). The viable cell rate (C) and expression level of KLF4 (D) were 
assessed at 48 h after the transfection. Densitometric values are shown for KLF4. Results are presented as mean ± SD; *P < 0.05; **P < 0.01.
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pivotal role in the maintenance of the Warburg effect via 
c-Myc and/or PTBP1 and is a crucial gene in miR145/
Warburg effect pathways.

DISCUSSION

In the current study, we show that miR-145 was 
significantly decreased in BC clinical samples compared 
with its expression in NBEs (Figure 1A) and that the 
ectopic expression of miR-145 inhibited cell growth in the 
BC cell lines tested (Figure 2A). We thus confirmed that 
miR-145 acts as an anti-oncomiR in BC cells.

We demonstrated that miR-145 regulates the Warburg 
effect through the miR-145/KLF4/PTBP1/PKMs axis. 
PTBP1 promotes expression levels of cancer-dominant 
PKM2 by including exon 10 of the PKM gene to produce 
this isoform [12]. So far, several transcriptional factors 
such as c-Myc, STAT 3, and E2F1 have been proposed as 
PTBP1 regulators [22, 25]. Recently, we reported that miR-
124-mediated switching of PKM isoform expression from 
cancer-dominant PKM2 to PKM1 disrupted the Warburg 
effect in colon cancer cells [23]. Also, we showed that 
Imatinib and AIC-47 disrupt the Warburg effect through 
modulation of BCR-ABL expression in leukemic cells [29]. 

Hence, we believe that the PKM2/PKM1 ratio is one of the 
essential factors affecting cancer cell growth.

We showed that either exogenous miR-145 or 
gene silencing of KLF4 decreased PTBP1, resulting 
in a switching of PKM isoforms from PKM2 to PKM1 
(Figures 2B and 5B). As shown in Figure 3F, gene 
silencing of PTBP1 remarkably decreased the PKM2/
PKM1 ratio, moreso than gene silencing of KLF4 or 
c-Myc. These results indicate that KLF4 and c-Myc act 
upstream of PTBP1/PKMs. Of note, judging from the 
results on the PKM2/PKM1 ratio (Figures 3C and 5C), 
regulation through the c-Myc/PTBP1 axis seemed to 
be more important than through the KLF4/PTBP1 axis. 
Moreover, gene silencing of c-Myc or KLF4 reduced 
the expression level of c-Myc or KLF4, respectively 
(Figures 3B and 5B), and silencing KLF4 decreased 
the mRNA expression of c-Myc and PTBP1 (Figure 
9A and 9B). These results indicate that KLF4 plays an 
important role in the Warburg effect, as KLF4 affects the 
mRNA expression of both c-Myc and PTBP1 (Figure 10). 
We considered that KLF4 might be a transcription 
factor of c-Myc, and performed a ChIP assay. However, 
we could not obtain positive data (data not shown). 
Further investigation will be needed to clarify the exact 
relationship between c-Myc and KLF4 with regards to the 

Figure 5: Knockdown of KLF4 affected PTBP1/PKMs cascade in BC cells. Effects of gene silencing of KLF4 on cell viability 
(A) and expression of various proteins estimated by Western blot analysis (B) at 48 h after transfection of T24 and 253J B-V cells with siR-
KLF4 (2, 5 nM). (C) PKM2/PKM1 ratio calculated based on densitometric values of PKM1 and PKM2 in “B.” Numbers represent ratios 
with control values taken as “1.000.” (D) Immunofluorescence of PKM2 (lower panels) in 253J B-V cells treated with siR-KLF4 (5 nM). 
Representative images (scale bar, 50 μm) are shown. PKM2 is stained green, the cytoskeleton is stained red. Nuclei appear in blue. Results 
are presented as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001.
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Warburg effect. Interestingly, a different group recently 
reported that miR-145 targets hexokinase 2, which 
regulates the first step of glycolysis, in renal cancer cells 
[30]. These findings furthermore suggest that miR-145 
deeply contributes to impairing the Warburg effect. 

KLF4 plays a pivotal role in maintaining the self-
renewal of murine embryonic stem cells [31]. Moreover, 
KLF4 also functions to reprogram mouse fibroblasts to 
become pluripotent stem cells, implying a role for KLF4 
in maintaining the characteristics of stem cells [28]. Many 
groups reported that KLF4 acts as an anti-oncogene against 
various cancers including bladder [32, 33], colorectal [34, 
35], gastric [36], pancreas [37], esophageal [38], lung 
[39], prostate [40], and hepatocellular carcinoma [41]. 
On the other hand, it was reported that KLF4 acts as an 
oncogene in primary breast cancer and oral and dermal 

squamous cell carcinoma cells [42–45]. The expression 
levels of KLF4 were increased in the clinical cases tested. 
As shown in Figure 7B and 7C, the expression levels 
of KLF4 were inversely correlated with the expression 
level of miR-145 and were strongly correlated with the 
expression levels of PTBP1. In addition, the expression 
levels of KLF4, as assessed by immunohistochemical 
staining, were increased in tumor regions compared 
to normal tissue, as shown in Western blot analysis 
(Figure 8). These findings suggest that KLF4 is likely to 
positively contribute to  carcinogenesis in certain types 
of BC. Moreover, siR-KLF4 induced growth inhibition 
through induction of apoptosis in BC cells. Furthermore, 
based on searching databases such as Target Scan, KLF4 
is targeted by representative anti-oncomiRs such as miR-7  
[46], miR-34, and miR-124. Of note, miR-124 has 3 

Figure 6: Ectopic expression of miR-145 or knockdown of KLF4 induced apoptosis in BC cells. (A) Lactate production 
was measured at 48 h after the transfection of 253J B-V cells with miR-145 (10 nM) or miR-145 (10 nM) plus antagomiR-145 (10 nM). 
(B) ATP production was measured at 48 h after the transfection of 253J B-V cells with miR-145 (10 nM) or miR-145 (10 nM) plus 
antagomiR-145 (10 nM). (C) Protein expression of PARP at 48 h after the transfection of 253J B-V cells with miR-145 (10, 40 nM). (D and E)  
Hoechst33342 staining at 48 h after the transfection of 253J B-V cells with miR-145 (40 nM) or siR-KLF4 (5 nM). Apoptotic cells are 
indicated by the red arrows. (F) The cell viability of tumor cells within the 3D-spheroids was measured using the MTT assay. Results are 
presented as mean ± SD; **P < 0.01; ***P < 0.001.
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binding sites in the 3′-UTR of KLF4. MiR-124 is one of 
the negative regulators of the Warburg effect, as evidenced 
by our previous study on silencing PTBP1 [23]. 

Next, we examined intracellular levels of lactate, 
the end product of the glycolysis pathway, and ATP. Since 

with an impaired Warburg effect energy metabolism 
changes from glycolysis to oxidative phosphorylation 
with the TCA cycle, we expected ATP levels to be 
elevated. However, the ectopic expression of miR-145 
increased lactate production significantly (Figure 6A). 

Figure 7: Increased expression levels of KLF4, PTBP1, and PKM2 in tumor samples from BC patients. (A) KLF4, 
PTBP1, and PKM2 expression in 25 bladder cancer samples as determined by Western blot analysis. Details of the characteristics of the 
samples are given in Table 1. Densitometric analysis of KLF4 and PTBP1 were performed. GAPDH was used as the control. (B) Correlation 
between the relative expression levels of KLF4 and PTBP1. Levels are plotted as a scatter plot. (C) Correlation between the relative 
expression levels of miR-145 and KLF4. Levels are plotted as a scatter plot. (D) Correlation between the relative expression levels of  
miR-145 and PTBP1. Levels are plotted as a scatter plot.

Figure 8: Expression levels of KLF4 were up-regulated in tumor tissues of BC samples (cases 6 and 12) as determined 
by immunohistochemical staining. Representative images of tumor and adjacent unaffected tissue are shown. Tumor tissues stained 
positive, while no staining remained negative in the adjacent unaffacted tissue. A bar scale is located in the picture.
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Metabolome analysis by Soga et al. [47] previously 
revealed the further activation of glycolysis as well as 
oxidative phosphorylation. Even if decrease of PTBP1 
induced the switching from PKM2 to PKM1, the 
remaining PKM2 would fully work to further promote 
glycolysis. We hypothesize that miR-145 regulates the 
Warburg effect through silencing both KLF4 and c-Myc. 
Therefore, exogenous miR-145 would affect the Warburg 
effect more than gene silencing of KLF4. Moreover, the 
ectopic expression of miR-145 increased the ATP level 
significantly by causing the switching from PKM2 to 
PKM1 (Figure 6B). Since apoptosis requires ATP [48], the 
increase in the intracellular ATP levels after the ectopic 
expression of miR-145 may have contributed to the 
induction of apoptosis.

Finally, over the past few decades the standard 
therapy for non-muscle invasive bladder cancer (NMIBC) 
has been intravesical instillation of BCG (Bacille de 
Calmette et Guérin). We have already reported that 
intravesical administration of exogenous miR-145 exhibits 
an anti-tumor effect in a human bladder cancer xenograft 
model [11]. We are thus now aiming to compare the 
efficacy of intravesical delivery of exogenous miR-145 to 
that of BCG in the xenografted model mice.

MATERIALS AND METHODS

Patients and samples

All human samples were obtained from patients who 
had undergone procedures for biopsy or bladder cancer 
resection at Osaka Medical College Hospital (Takatsuki, 
Osaka, Japan). Informed consent in writing was obtained 
from each patient. Collection and distribution of the samples 
were approved by each of the appropriate institutional 
review boards in accordance with the Declaration of 

Helsinki. 28 patients with previously untreated (or recently 
diagnosed) bladder cancer were selected. The distribution 
according to other clinical parameters is shown in Table 1. 
Under a pathologist’s supervision, all tissue sample pairs 
were collected from surgically resected tissues, with paired 
samples from the primary tumor and its adjacent non-tumor 
tissue in the same patient.

Cell culture and cell viability

All cell lines were obtained from the JCRB 
(Japanese Collection of Research Bioresources) Cell 
Bank. All cell lines were cultured in RPMI-1640 medium 
supplemented with 10% (v/v) heat-inactivated FBS 
(Sigma-Aldrich Co, St. Louis, MO, USA) and 2 mM 
L-glutamine under an atmosphere of 95% air and 5% CO2 
at 37°C. The number of viable cells was determined by 
performing the trypan-blue dye exclusion test.

Transfection experiments

T24 cells or 253J B-V cells were seeded in 6-well 
plates at a concentration of 0.5 × 105 per well (10–30% 
confluence) on the day before the transfection. The mature 
type of miR-145 (mirVanaTM miRNA mimic; Ambion, 
Foster City, CA, USA) was used for the transfection of 
the cells, which was achieved by using cationic liposomes, 
LipofectamineTM RNAiMAX (Invitrogen), according 
to the manufacturer’s protocol. The nonspecific control 
miRNA (HSS, Hokkaido, Japan) sequence was 5′-GUAGG 
AGUAGUGAAAGGCC-3′, which was used as a control 
for nonspecific effects [5]. The sequence of the mature 
type of miR-145 used in this study was 5′-GUCCAGUUU 
UCCCAGGAAUCCCUU-3′; that of siR-KLF4, 5′-UUC 
AAGGGAAUUCUGGUCUUCCCUC-3′; that of siR-
PTBP1, 5′-AUCUCUGGUCUGCUAAGGUCACUUC-3′; 
and that of siR-c-Myc, 5′-UUUGUGUUUCAACUGU 

Figure 9: KLF4 positively regulated the c-Myc and PTBP1 expression. (A and B) mRNA expression levels of c-Myc and 
PTBP1 at 48h after transfection of T24 and 253J B-V cells with siR-KLF4 (2, 5 nM).
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UCUCGUCGU-3′. The effects manifested by the 
introduction of miR-145 into the cells were assessed 48 h 
after the transfection.

Western blotting

Protein extraction and Western blotting experiments 
were performed as described in our previous publications 
[9, 49]. The following primary antibodies were used: 
antibodies against KLF4 (Cell Signaling Technology, 
Inc., Danvers, MA, USA and Proteintech Group, Inc, 
Rosemont, IL, USA), c-Myc, PTBP1, PARP, LC3B, 
p-PKM2, GAPDH (Cell Signaling Technology, Inc., 
Danvers, MA, USA), PKM1, and PKM2 (Novus 
Biologicals, USA). HRP-conjugated goat anti-rabbit 
and horse anti-mouse IgG (Cell Signaling Technology) 

were used as secondary antibodies. GAPDH served as an 
internal control.

Real-time reverse transcription-PCR 

Total RNA was isolated from cultured cells or 
tumor tissues by using a NucleoSpin miRNA isolation kit 
(TaKaRa, Otsu, Japan). RNA concentrations and purity 
were assessed by UV spectrophotometry. RNA integrity 
was checked by formaldehyde gel electrophoresis. 
To determine the expression levels of miR-145, we 
conducted quantitative RT-PCR (qRT-PCR) by using 
TaqMan MicroRNA Assays (Applied Biosystems) and 
THUNDERBIRD Probe qPCR Mix (TOYOBO Co., LTD., 
Osaka, Japan) according to the manufacturer’s protocols. 
RNU6B was used as an internal control. For determination 

Table 1: Clinicopathological features of patients with bladder cancer
Case Age Sexa Sizeb Grade Tstage miR-145c

1 63 M 5 G2 Ta D
2 85 M 5 G3 T1 ND
3 51 M 15 G3 T1 D
4 68 M 1 G1 Ta D
5 79 F 2 G2 T1 D
6 33 M 4 G2 T1 D
7 72 M 4 G3 T1 D
8 49 M 3 G3 T1 D
9 85 F 3 G1 Ta D
10 82 M 2 G3 T1 D
11 74 F 4 G3 T2 D
12 71 M 3 G3 T1 D
13 67 M 5 G2 T1 D
14 66 M 1 G3 T1 ND
15 84 F 3 G2 T1 D
16 75 M 3 G1 Ta D
17 60 M 4 G1 Ta D
18 86 M 20 G3 T1 D
19 62 M 3 G3 T1 D
20 75 M 4 G2 T2 D
21 58 F 2 G3 T1 D
22 76 M 5 G1 T1 D
23 82 M 4 G2 T1 D
24 77 M 1 G1 T1 D
25 71 F 3 G3 Ta D
26 65 F 2 G2 T2 D
27 63 M 3 G3 T1 D
28 72 M 4 G3 T1 D

aM,male; F,female.
bDiameter in cm.
cD,down-regulation of miR-145 relative ratio (tumor tissue/adjacent normal tissue < 0.67).
ND, no down-regulation of miR-145 relative ratio (tumor tissue/adjacent normal tissue ≧ 0.67).
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of the expression levels of DDX6 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNAs, total RNA 
was reverse-transcribed with a PrimeScript® RT reagent 
Kit (TaKaRa). Real-time PCR was then performed with 
specific primers by using THUNDERBIRD SYBR qPCR 
Mix (TOYOBO). The primers for c-Myc, PTBP1, and 
GAPDH were the following: c-Myc-sense, 5′-TTC GGG 
TAG TGG AAA ACC AG-3′; c-Myc-antisense, 5′-CAG 
CAG CTC GAA TTT CTT CC-3′; PTB1-sense, 5′-ATC 
AGG CCT TCA TCG AGA TGC ACA-3′, and PTB1-
antisense, 5′-TGT CTT GAG CTC CTT GTG GTT 
GGA-3′; GAPDH-sense, 5′-CCA CCC ATG GCA AAT 
TCC ATG GCA-3′, and GAPDH-antisense, 5′-TCT AGA 
CGG CAG GTC AGG TCC ACC-3′. GAPDH was used 
as an internal control. The relative expression levels were 
calculated using the ΔΔCt method.

Luciferase reporter assay

By searching the Target Scan 6.2 database (http://
www.targetscan.org/) to find algorithm-based binding 
sites of miR-145, we found a predicted binding site to 
be at positions 278–284 in the 3′-UTR of KLF4 mRNA. 
The sequence region 2161–2520, containing the putative 
binding sequence of miR-145, was inserted into a pMIR-
REPORTTM Luciferase miRNA Expression Reporter 
Vector (Applied Biosystems) according the manufacturer’s 
protocol. Moreover, we made another pMIR construct 
encompassing a mutated seed sequence for miR-145 
(Wild type, GACTGGAA; mutant, GACGTCAA) by 
using a PrimeSTAR® Mutagenesis Basal Kit (TaKaRa). 

The mutation of the vector was confirmed by sequence 
analysis. The pRL-TK Renilla Luciferase Reporter vector 
(Promega, Madison, WI, USA) was used as an internal 
control vector. 253J B-V cells were seeded into 96-well 
plates at a concentration of 0.1 × 104 per well on the day 
before the transfection. The cells were co-transfected 
with either reporter vector (0.01 μg/well each) and 20 nM 
miR-145 or nonspecific non-coding siRNA (Dharmacon, 
Tokyo, Japan). Luciferase activities were measured at 
24 h after co-transfection by using a Dual-Glo Luciferase 
Assay System (Promega) according to the manufacturer’s 
protocol. Luciferase activities were reported as the firefly 
luciferase/Renilla luciferase ratio.

Lactate assay

Cells were incubated with miR-145 or miR-145 
+ antagomiR-145 for 48 h. Intracellular L-lactate was 
extracted by using an L-Lactate Assay kit (Cayman 
Chemical Company, Ann Arbor, MI, USA). L-lactate 
production was measured with a Lactate Colorimetric/
Fluorometric Assay kit (Biovision, Milpitas, CA, USA) 
according to the manufacturer’s instructions. Lactate 
production was normalized to cell numbers.

ATP assay

To measure the ATP levels before commitment to 
programmed cell death, we incubated cells with miR-145 
or miR-145 + antagomiR-145 for 48 h. ATP production 
was measured with an ATP Determination Kit (A22066; 

Figure 10: Schematic diagram of dual pathways, miR-145/KLF4/PTBP1/PKMs axis and miR-145/c-Myc/PTBP1/
PKMs axis. MiR-145 downregulates KLF4 and c-Myc in bladder cancer, and KLF4 and c-Myc directly regulate the expression of PTBP1. 
Silencing KLF4 suppresses mRNA levels of c-Myc and PTBP1.
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Invitrogen) according to the manufacturer’s instructions. 
ATP production was normalized to cell numbers.

Hoechst33342 staining

T24 cells or 253J B-V cells were collected at 48 h 
after transfection with miR-145 (20 nM). The details of 
the experimental protocol were given in a previous report 
[10, 50]. The number of apoptotic cells among 500 cells 
was counted.

Immunostaining

253J B-V cells were incubated with miR-145 
for 48 h and then immunostained with PKM2 antibody 
according to the immunofluorescence protocol of Cell 
Signaling Technology. The nuclei were stained with 
Hoechst 33342, and for actin labeling the cells were 
incubated with the fluorescent F-actin probe Rhodamine 
Phalloidin (Cytoskeleton, Denver, CO, USA). The cells 
were viewed with a BIOREVO fluorescence microscope 
(Keyence, Osaka, Japan). Standard immunohistochemical 
staining in clinical samples was performed using 
anti-KLF4 antibody (Santa Cruz Biotechnology and 
Proteintech Group, Inc, Rosemont, IL, USA).

3D Spheroid colorimetric viability assay

 The 3D spheroid colorimetric viability assay was 
performed according to the manufacturer’s protocol 
provided in a Cultrex 3-D spheroid Colorimetric Viability 
Assay Reagent Kit (Trevigen, Inc., Gaithersburg MD). 
Approximately 3000 253J B-V cells were suspended in 
1× Spheroid Formation ECM reagent and transfected 
with miR-145 (100 nM). Then a 50 µl aliquot of the 
cell suspension was added to each well of a 3D culture 
Qualified 96-Well Spheroid Formation Plate. After that, 
the plate was centrifuged at 200 × g for 3 minutes at room 
temperature in a swinging bucket rotor, after which it was 
incubated at 37°C in a tissue culture incubator for 72 h to 
promote spheroid formation. Next, 5 µl of MTT Reagent 
was added per well; and incubation was then continued at 
37°C for 24 h. Then 50 µl of Detergent Reagent was added 
to each well, and incubation was continued for another 
24 h at 37°C to solubilize cells and MTT formazan crystals 
that had formed. The absorbance at 570 nm was then read.

Statistics

Experiments were performed in triplicates. In 
experiments on clinical samples, we calculated the 
relative miR-145 ratio of tumor/adjacent normal tissues. 
We defined the expression levels > 1.5 as upregulation 
and those < 0.67 as downregulation, which fold changes 
were obtained from the results of linear discriminant 
analysis of the miRNA expression patterns from many of 
our previous reports [7, 51]. Statistical significances of 

differences were evaluated by performing the two-sided 
Student’s t-test. The values were presented as the mean ± 
standard deviation. A P value < 0.05 was considered to be 
statistically significant.

Abbreviations

BC, bladder cancer; mRNA, messenger RNA; miR, 
microRNA; PCR, polymerase chain reaction; KLF4, 
Kruppel-like factor 4; PKM, pyruvate kinase muscle; 
PTBP1, polypyrimidine tract-binding protein 1; siRNA, 
short interfering RNA; 3′-UTR, 3′ untranslated region.

Authors’ contributions

Conception and design: K. Minami, K. Taniguchi, 
T.Inamato, Y. Akao, H. Azuma; Development of 
methodology: K. Minami, K. Taniguchi, Y. Akao. 
Acquisition of data: K. Minami, K. Taniguchi, N. Sugito, 
Analysis and interpretation of data: K. Minami, N. 
Sugito, Y. Kuranaga, Y. Akao. H. Azuma; Writing of the 
manuscript: K. Minami, Y. Akao.Administrative, technical 
or material support: T. Takai, Y. Yoshikawa, K. Takahara, 
T.Inamato, S. Kiyama, H. Azuma, Y. Akao. Study 
supervision: Y. Akao. H. Azuma

ACKNOWLEDGMENTS

This work was supported by a Grant-in-aid for 
scientific research from the Ministry of Education, 
Science, Sports, and Culture of Japan (YA-24659157 
and KT-16H07344) and Osaka Medical College (OMC) 
Internal Research Grant.

I am particularly grateful for the technical assistance 
given by Akiko Miyamoto (Osaka Medical College).

CONFLICTS OF INTEREST

We declare that there are no known conflicts of 
interest associated with this publication and there has been 
no significant financial support for this work that could 
have influenced its outcome.

REFERENCES

1. Lee YS, Dutta A. MicroRNAs in cancer. Annu Rev Pathol. 
2009; 4:199–227.

2. Goel A, Boland CR. Epigenetics of colorectal cancer. 
Gastroenterology. 2012; 143:1442–1460 e1441.

3. Croce CM. Causes and consequences of microRNA 
dysregulation in cancer. Nature reviews Genetics. 2009; 
10:704–714.

4. Kamatani A, Nakagawa Y, Akao Y, Maruyama N, 
Nagasaka M, Shibata T, Tahara T, Hirata I. Downregulation 
of anti-oncomirs miR-143/145 cluster occurs before APC 



Oncotarget33076www.impactjournals.com/oncotarget

gene aberration in the development of colorectal tumors. 
Med Mol Morphol. 2013; 46:166–171.

 5. Akao Y, Nakagawa Y, Hirata I, Iio A, Itoh T, Kojima K, 
Nakashima R, Kitade Y, Naoe T. Role of anti-oncomirs 
miR-143 and -145 in human colorectal tumors. Cancer 
Gene Ther. 2010; 17:398–408.

 6. Akao Y, Nakagawa Y, Naoe T. MicroRNA-143 and -145 in 
colon cancer. DNA Cell Biol. 2007; 26:311–320.

 7. Takagi T, Iio A, Nakagawa Y, Naoe T, Tanigawa N, Akao Y. 
Decreased expression of microRNA-143 and -145 in human 
gastric cancers. Oncology. 2009; 77:12–21.

 8. Akao Y, Nakagawa Y, Kitade Y, Kinoshita T, Naoe T. 
Downregulation of microRNAs-143 and -145 in B-cell 
malignancies. Cancer science. 2007; 98:1914–1920.

 9. Noguchi S, Iwasaki J, Kumazaki M, Mori T, Maruo K, 
Sakai H, Yamada N, Shimada K, Naoe T, Kitade Y, Akao Y. 
Chemically modified synthetic microRNA-205 inhibits the 
growth of melanoma cells in vitro and in vivo. Mol Ther. 
2013; 21:1204–1211.

10. Noguchi S, Yamada N, Kumazaki M, Yasui Y, Iwasaki J, 
Naito S, Akao Y. socs7, a target gene of microRNA-145, 
regulates interferon-beta induction through STAT3 nuclear 
translocation in bladder cancer cells. Cell Death Dis. 2013; 
4:e482.

11. Inamoto T, Taniguchi K, Takahara K, Iwatsuki A, 
Takai T, Komura K, Yoshikawa Y, Uchimoto T, Saito K, 
Tanda N, Kouno J, Minami K, Uehara H, et al. Intravesical 
administration of exogenous microRNA-145 as a therapy 
for mouse orthotopic human bladder cancer xenograft. 
Oncotarget. 2015; 6:21628–21635. doi: 10.18632/
oncotarget.4129.

12. Chen M, Zhang J, Manley JL. Turning on a fuel switch 
of cancer: hnRNP proteins regulate alternative splicing 
of pyruvate kinase mRNA. Cancer research. 2010;  
70:8977–8980.

13. Cortes-Cros M, Hemmerlin C, Ferretti S, Zhang J, 
Gounarides JS, Yin H, Muller A, Haberkorn A, Chene P, 
Sellers WR, Hofmann F. M2 isoform of pyruvate kinase is 
dispensable for tumor maintenance and growth. Proceedings 
of the National Academy of Sciences of the United States of 
America. 2013; 110:489–494.

14. Sachdeva M, Zhu S, Wu F, Wu H, Walia V, Kumar S, 
Elble R, Watabe K, Mo YY. p53 represses c-Myc through 
induction of the tumor suppressor miR-145. Proceedings of 
the National Academy of Sciences of the United States of 
America. 2009; 106:3207–3212.

15. Segre JA, Bauer C, Fuchs E. Klf4 is a transcription factor 
required for establishing the barrier function of the skin. Nat 
Genet. 1999; 22:356–360.

16. Shields JM, Christy RJ, Yang VW. Identification and 
characterization of a gene encoding a gut-enriched Kruppel-
like factor expressed during growth arrest. J Biol Chem. 
1996; 271:20009–20017.

17. Friedman JM, Liang G, Liu CC, Wolff EM, Tsai YC, 
Ye W, Zhou X, Jones PA. The putative tumor suppressor 
microRNA-101 modulates the cancer epigenome by 

repressing the polycomb group protein EZH2. Cancer 
research. 2009; 69:2623–2629.

18. Ichimi T, Enokida H, Okuno Y, Kunimoto R, Chiyomaru T, 
Kawamoto K, Kawahara K, Toki K, Kawakami K, 
Nishiyama K, Tsujimoto G, Nakagawa M, Seki N. 
Identification of novel microRNA targets based on 
microRNA signatures in bladder cancer. Int J Cancer. 2009; 
125:345–352.

19. Lin T, Dong W, Huang J, Pan Q, Fan X, Zhang C, Huang L. 
MicroRNA-143 as a tumor suppressor for bladder cancer. 
J Urol. 2009; 181:1372–1380.

20. Noguchi S, Mori T, Hoshino Y, Maruo K, Yamada N, 
Kitade Y, Naoe T, Akao Y. MicroRNA-143 functions as 
a tumor suppressor in human bladder cancer T24 cells. 
Cancer letters. 2011; 307:211–220.

21. Noguchi S, Yasui Y, Iwasaki J, Kumazaki M, Yamada N, 
Naito S, Akao Y. Replacement treatment with 
microRNA-143 and -145 induces synergistic inhibition 
of the growth of human bladder cancer cells by regulating 
PI3K/Akt and MAPK signaling pathways. Cancer letters. 
2013; 328:353–361.

22. Taniguchi K, Sugito N, Kumazaki M, Shinohara H, 
Yamada N, Matsuhashi N, Futamura M, Ito Y, Otsuki Y, 
Yoshida K, Uchiyama K, Akao Y. Positive feedback of 
DDX6/c-Myc/PTB1 regulated by miR-124 contributes to 
maintenance of the Warburg effect in colon cancer cells. 
Biochim Biophys Acta. 2015; 1852:1971–1980.

23. Taniguchi K, Sugito N, Kumazaki M, Shinohara H, 
Yamada N, Nakagawa Y, Ito Y, Otsuki Y, Uno B, 
Uchiyama K, Akao Y. MicroRNA-124 inhibits cancer cell 
growth through PTB1/PKM1/PKM2 feedback cascade in 
colorectal cancer. Cancer letters. 2015; 363:17–27.

24. Yeung SJ, Pan J, Lee MH. Roles of p53, MYC and HIF-1 in 
regulating glycolysis - the seventh hallmark of cancer. Cell 
Mol Life Sci. 2008; 65:3981–3999.

25. David CJ, Chen M, Assanah M, Canoll P, Manley JL. 
HnRNP proteins controlled by c-Myc deregulate 
pyruvate kinase mRNA splicing in cancer. Nature. 2010;  
463:364–368.

26. Mahatan CS, Kaestner KH, Geiman DE, Yang VW. 
Characterization of the structure and regulation of the murine 
gene encoding gut-enriched Kruppel-like factor (Kruppel-
like factor 4). Nucleic Acids Res. 1999; 27:4562–4569.

27. Chiambaretta F, De Graeve F, Turet G, Marceau G, Gain P, 
Dastugue B, Rigal D, Sapin V. Cell and tissue specific 
expression of human Kruppel-like transcription factors in 
human ocular surface. Mol Vis. 2004; 10:901–909.

28. Takahashi K, Yamanaka S. Induction of pluripotent stem 
cells from mouse embryonic and adult fibroblast cultures 
by defined factors. Cell. 2006; 126:663–676.

29. Shinohara H, Kumazaki M, Minami Y, Ito Y, Sugito N, 
Kuranaga Y, Taniguchi K, Yamada N, Otsuki Y, Naoe T, 
Akao Y. Perturbation of energy metabolism by fatty-acid 
derivative AIC-47 and imatinib in BCR-ABL-harboring 
leukemic cells. Cancer letters. 2015; 71:1–11.



Oncotarget33077www.impactjournals.com/oncotarget

30. Yoshino H, Enokida H, Itesako T, Kojima S, Kinoshita T, 
Tatarano S, Chiyomaru T, Nakagawa M, Seki N. 
Tumor-suppressive microRNA-143/145 cluster targets 
hexokinase-2 in renal cell carcinoma. Cancer science. 2013; 
104:1567–1574.

31. Li Y, McClintick J, Zhong L, Edenberg HJ, Yoder MC, 
Chan RJ. Murine embryonic stem cell differentiation 
is promoted by SOCS-3 and inhibited by the zinc finger 
transcription factor Klf4. Blood. 2005; 105:635–637.

32. Ohnishi S, Ohnami S, Laub F, Aoki K, Suzuki K, Kanai Y, 
Haga K, Asaka M, Ramirez F, Yoshida T. Downregulation 
and growth inhibitory effect of epithelial-type Kruppel-like 
transcription factor KLF4, but not KLF5, in bladder cancer. 
Biochem Biophys Res Commun. 2003; 308:251–256.

33. Xiao H, Li H, Yu G, Xiao W, Hu J, Tang K, Zeng J, He W, 
Zeng G, Ye Z, Xu H. MicroRNA-10b promotes migration 
and invasion through KLF4 and HOXD10 in human bladder 
cancer. Oncol Rep. 2014; 31:1832–1838.

34. Li D, Peng Z, Tang H, Wei P, Kong X, Yan D, Huang F,  
Li Q, Le X, Li Q, Xie K. KLF4-mediated negative 
regulation of IFITM3 expression plays a critical role 
in colon cancer pathogenesis. Clin Cancer Res. 2011; 
17:3558–3568.

35. Zhao W, Hisamuddin IM, Nandan MO, Babbin BA, 
Lamb NE, Yang VW. Identification of Kruppel-like factor 
4 as a potential tumor suppressor gene in colorectal cancer. 
Oncogene. 2004; 23:395–402.

36. Wei D, Gong W, Kanai M, Schlunk C, Wang L, Yao JC, 
Wu TT, Huang S, Xie K. Drastic downregulation of 
Kruppel-like factor 4 expression is critical in human gastric 
cancer development and progression. Cancer research. 
2005; 65:2746–2754.

37. Wei D, Kanai M, Jia Z, Le X, Xie K. Kruppel-like factor 4 
induces p27Kip1 expression in and suppresses the growth 
and metastasis of human pancreatic cancer cells. Cancer 
research. 2008; 68:4631–4639.

38. Yang Y, Goldstein BG, Chao HH, Katz JP. KLF4 and KLF5 
regulate proliferation, apoptosis and invasion in esophageal 
cancer cells. Cancer Biol Ther. 2005; 4:1216–1221.

39. Hu W, Hofstetter WL, Li H, Zhou Y, He Y, Pataer A, 
Wang L, Xie K, Swisher SG, Fang B. Putative tumor-
suppressive function of Kruppel-like factor 4 in primary 
lung carcinoma. Clin Cancer Res. 2009; 15:5688–5695.

40. Wang J, Place RF, Huang V, Wang X, Noonan EJ, Magyar CE, 
Huang J, Li LC. Prognostic value and function of KLF4 in 
prostate cancer: RNAa and vector-mediated overexpression 
identify KLF4 as an inhibitor of tumor cell growth and 
migration. Cancer research. 2010; 70:10182–10191.

41. Li Q, Gao Y, Jia Z, Mishra L, Guo K, Li Z, Le X, Wei D, 
Huang S, Xie K. Dysregulated Kruppel-like factor 4 and 
vitamin D receptor signaling contribute to progression 
of hepatocellular carcinoma. Gastroenterology. 2012; 
143:799–810 e791–792.

42. Huang CC, Liu Z, Li X, Bailey SK, Nail CD, Foster KW, 
Frost AR, Ruppert JM, Lobo-Ruppert SM. KLF4 and PCNA 
identify stages of tumor initiation in a conditional model of 
cutaneous squamous epithelial neoplasia. Cancer Biol Ther. 
2005; 4:1401–1408.

43. Foster KW, Frost AR, McKie-Bell P, Lin CY, Engler JA, 
Grizzle WE, Ruppert JM. Increase of GKLF messenger 
RNA and protein expression during progression of breast 
cancer. Cancer research. 2000; 60:6488–6495.

44. Foster KW, Ren S, Louro ID, Lobo-Ruppert SM, McKie-
Bell P, Grizzle W, Hayes MR, Broker TR, Chow LT, 
Ruppert JM. Oncogene expression cloning by retroviral 
transduction of adenovirus E1A-immortalized rat kidney 
RK3E cells: transformation of a host with epithelial features 
by c-MYC and the zinc finger protein GKLF. Cell Growth 
Differ. 1999; 10:423–434.

45. Leng Z, Tao K, Xia Q, Tan J, Yue Z, Chen J, Xi H, Li J, 
Zheng H. Kruppel-like factor 4 acts as an oncogene in colon 
cancer stem cell-enriched spheroid cells. PLoS One. 2013; 
8:e56082.

46. Okuda H, Xing F, Pandey PR, Sharma S, Watabe M, 
Pai SK, Mo YY, Iiizumi-Gairani M, Hirota S, Liu Y, 
Wu K, Pochampally R, Watabe K. miR-7 suppresses brain 
metastasis of breast cancer stem-like cells by modulating 
KLF4. Cancer research. 2013; 73:1434–1444.

47. Soga T, Ohashi Y, Ueno Y, Naraoka H, Tomita M, 
Nishioka T. Quantitative metabolome analysis using 
capillary electrophoresis mass spectrometry. Journal of 
proteome research. 2003; 2:488–494.

48. Zamaraeva MV, Sabirov RZ, Maeno E, Ando-Akatsuka Y, 
Bessonova SV, Okada Y. Cells die with increased cytosolic 
ATP during apoptosis: a bioluminescence study with 
intracellular luciferase. Cell death and differentiation. 2005; 
12:1390–1397.

49. Yamada N, Tsujimura N, Kumazaki M, Shinohara H, 
Taniguchi K, Nakagawa Y, Naoe T, Akao Y. Colorectal cancer 
cell-derived microvesicles containing microRNA-1246 
promote angiogenesis by activating Smad 1/5/8 signaling 
elicited by PML downregulation in endothelial cells. 
Biochim Biophys Acta. 2014; 1839:1256–1272.

50. Kumazaki M, Noguchi S, Yasui Y, Iwasaki J, Shinohara H, 
Yamada N, Akao Y. Anti-cancer effects of naturally 
occurring compounds through modulation of signal 
transduction and miRNA expression in human colon cancer 
cells. J Nutr Biochem. 2013; 24:1849–1858.

51. Nakagawa Y, Akao Y, Taniguchi K, Kamatani A, Tahara T, 
Kamano T, Nakano N, Komura N, Ikuno H, Ohmori T, 
Jodai Y, Miyata M, Nagasaka M, et al. Relationship 
between expression of onco-related miRNAs and the 
endoscopic appearance of colorectal tumors. Int J Mol Sci. 
2015; 16:1526–1543.


