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ABSTRACT

Uncoupling protein 2 (UCP2) is an inner mitochondrial membrane transporter 
which is often upregulated in human cancers. However, how this anion transporter 
affects tumorigenesis is not well understood. Using the skin cell transformation JB6 
model, we demonstrated that UCP2 overexpression activated phosphofructokinase 2/
fructose-2,6-bisphosphatase 2 (PFKFB2), a key regulator of glycolysis. In conjunction, 
upregulation of PFKFB2 expression correlated with elevated fructose 2,6-bisphosphate 
(Fru-2,6-P2) levels, 6-phosphofructo-1-kinase (PFK-1) activity, glucose uptake, 
and lactate production. Inhibiting PFKFB2 expression suppressed UCP2-mediated 
skin cell transformation, decreased cell proliferation, and enhanced mitochondrial 
respiration, while dampening aerobic glycolysis. The AKT signaling pathway was 
activated in the UCP2 overexpressed cells; furthermore, the activated AKT signaling 
contributed to the activation of PFKFB2. Whereas AKT inactivation blocked PFKFB2 
activation, suggesting that AKT activation is an important step in PFKFB2 activation. 
Collectively, our data suggest that UCP2 is a critical regulator of cellular metabolism 
during cell transformation. Our data also demonstrate a potentially novel mechanism 
to understand UCP2’s tumor-promoting role, which is through the AKT-dependent 
activation of PFKFB2 and thereby, the metabolic shift to glycolysis (the Warburg 
effect).

INTRODUCTION

Unlike normal cells, cancer cells are characterized 
by uncontrolled growth, enhanced proliferation, and 
replicative immortality [1]. Cancer cells often reprogram 
their metabolism to fuel their accelerated growth [2]. This 
observation was first made by Otto Warburg, one of the 
pioneers in the field of cancer metabolism, who claimed 
that the root cause of cancer is too much acidity in the 
body [3–5]. In other words, the Warburg effect is the 
observation that cancer cells heavily depend on glycolysis 
leading to lactic acid production even in the presence of 
oxygen [6–7]. However, the definitive reason for this 
observation remained debatable [8–9].

According to a recent review by Hanahan and 
Weinberg [1], much attention has been given to a 
dysregulated metabolism as an emerging hallmark 
of cancer cells with a primary focus directed at the 
dependence of tumor cells on enhanced glycolysis [10–
13]. This realization has brought renewed attention to the 
Warburg effect, and this metabolic alteration of tumor 
cells is being extensively studied.

Cancer cells undergo various metabolic and 
autonomous changes that drive tumorigenesis [11, 14]. In 
addition to our work, other studies have also suggested 
that one such driver of tumorigenesis is the mitochondrial 
uncoupling protein 2 (UCP2) [15–16]. Uncoupling 
proteins are a family of anion transporters present 
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in the inner mitochondrial membrane whose protein 
expressions are closely related to changes during cell 
proliferation and tumorigenesis [16–19]. We and others 
have demonstrated that UCP2 is often highly expressed 
in human cancers [20–22]. Although the exact role of 
UCP2 during carcinogenesis remains elusive, studies 
from our lab (manuscript under review) and others’ 
research demonstrate that UCP2 is a crucial player in 
the cascade of mitochondrial molecular events, redox 
regulation, cell cycle, cell proliferation, cell survival, 
and apoptosis [23–26]. Since UCP2 overexpression is 
closely associated with enhanced cell proliferation and 
tumorigenesis, targeting UCP2 expression may be a 
winning therapeutic strategy to treat UCP2 overexpressed 
cancers. Moreover, it was recently reported that UCP2 
is not just an uncoupling protein but also a metabolite 
transporter [27]. This observation would put UCP2 in 
a position to influence cellular metabolism in favor of 
tumorigenesis. Hence, it is important to understand the 
molecular basis of UCP2 overexpression in tumor cell 
metabolism, differentiation, and survival. Therefore, in an 
attempt to understand how UCP2 regulates cellular energy 
metabolism during skin carcinogenesis, we performed a 
protein microarray analysis using the skin tumor tissues 
obtained from wild-type and UCP2 knockout mice at 
the end of a skin carcinogenesis study [28]. In this study, 
we identified that PFKFB2 was upregulated in skin 
tumor tissues of the wild-type mice but not in the UCP2 
knockout mice, suggesting that PFKFB2 expression may 
be positively regulated by UCP2 [28]. PFKFBs are a 
family of bifunctional enzymes that control the levels of 
fructose 2,6-bisphosphate (Fru-2,6-P2). They are termed 
‘bifunctional’ because they catalyze the synthesis and 
the degradation of Fru-2,6-P2. Fru-2,6-P2 is a powerful 
allosteric activator of 6-phosphofructo-1-kinase (PFK-
1), a key enzyme in controlling the glycolytic flux. 
PFK-1 catalyzes the conversion of Fru-6-P (fructose 6- 
phosphate) into Fru-1,6-P2. [29–30]. Therefore, increased 
levels of Fru-2,6-P2 would allow cells to maintain a high 
glycolytic flux. In mammals, there are four isoforms of 
PFKFB genes (PFKFB1, PFKB2, PFKFB3, and PFKB4) 
which are characterized by tissue expression [31]. In fact, 
PFKFB2, PFKFB3, and PFKFB4 are overexpressed in the 
majority cancers, leading to a higher concentration of Fru-
2,6-P2 and increased glycolytic flux to lactate [32–34].

Given that PFKFB2 was activated in wild-type 
mice but not in UCP2 knockout mice during the skin 
carcinogenesis study [28], we speculated that UCP2 
overexpression may bring a metabolic shift towards 
glycolysis by activating PFKFB2 as a potential novel 
mechanism of tumor promotion. Utilizing the well-
established JB6 skin cell transformation model, we have 
performed mechanistic studies to determine whether 
PFKFB2 activation is important for skin tumorigenesis 
and how UCP2 overexpression regulated PFKFB2 
activation.

RESULTS

Glycolysis versus mitochondrial respiration in 
UCP2 overexpressed cells

To understand how upregulated UCP2 affects 
cellular bioenergetics, oxygen consumption rate (OCR) 
and extracellular acidification rate (ECAR), as indicators of 
mitochondrial respiration and glycolytic rate, respectively, 
were measured. The measurements were taken using a 
Seahorse Bioscience XF Analyzer in control pCMV cells 
and UCP2 overexpressed cells [35–36]. Modulators of 
oxidative phosphorylation such as oligomycin, FCCP, 
and antimycin/rotenone were added sequentially to the 
cells and OCR was determined. The basal OCR rates 
were 255 pmol/min in pCMV cells and 170 pmol/min 
in UCP2 overexpressed cells; and TPA treatment further 
reduced the basal OCR rates (Figure 1A). To determine 
the maximal capacity of these cells, p-trifluoromethoxy 
carbonyl cyanide phenyl hydrazone (FCCP), an uncoupler 
was added to the respiring cells. The maximal respiratory 
rate as determined by FCCP was significantly lower in 
the UCP2 overexpressed cells compared to the control 
pCMV cells (Figure 1A). Mitochondrial reserve capacity, 
the amount of oxygen consumption that is available for 
cells to use in times of stress or increased ATP demand, 
was calculated by subtracting basal respiration from 
maximal respiration (FCCP). As shown in Figure 1A, 
reserve capacity was significantly decreased in the UCP2 
overexpressed cells compared to the control pCMV cells 
and TPA treatment further reduced the reserve capacity. 
These results show that OCR is significantly dampened 
in UCP2 overexpressed cells. To determine whether 
the decreased OCR was compensated with an elevated 
glycolytic rate, ECAR was also measured in these cells. 
As shown in Figure 1B, in contrast to the OCR results, 
glycolysis was at maximum in the presence of glucose in 
the UCP2 overexpressed cells and TPA treatment further 
elevated the glycolytic rates. Basal glycolysis, glycolytic 
capacity, and glycolytic reserve in UCP2 overexpressed 
cells were significantly higher than that of control pCMV 
cells. Therefore, both the OCR and ECAR data together 
suggest that mitochondrial respiration is dampened, 
whereas glycolysis is enhanced in UCP2 overexpressed 
cells; therefore, UCP2 overexpression may cause a switch 
from mitochondrial respiration to glycolysis. Furthermore, 
intracellular ATP levels were elevated in the UCP2 
overexpressed cells (Figure 1C), suggesting that UCP2 
overexpression may serve as an important bioenergetic 
regulator which enhances glycolysis to produce more 
ATP to meet the need for proliferation. The increase in the 
levels of lactate (Figure 1D) in the UCP2 overexpressed 
cells is further confirmation of the Warburg effect 
observed in UCP2 overexpressed cells.
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PFKFB2 is activated in UCP2 overexpressed 
cells

During our previous skin carcinogenesis study using 
UCP2 KO mice, phosphorylated PFKFB2 was found to be 
upregulated in skin tumor tissues of the wild-type mice but 
not the UCP2 knockout mice [28], suggesting that UCP2 
may positively regulate PFKFB2 expression. PFKFB2 is 
a bifunctional enzyme which controls the levels of Fru-
2,6-P2, a power activator of PFK-1, which is a critical 
regulator of glycolytic flux. Therefore, an increase in the 
level of Fru-2,6-P2 could lead to a higher glycolytic rate, 
which has been detected in certain cancer cells [32–34]. 
Therefore, to investigate whether UCP2 overexpression 
positively correlates with PFKFB2 upregulation, we 
examined the protein expression of PFKFB2 and its 
phosphorylated form (Ser483, phosphorylation of PFKFB2 
is associated with an increase in its kinase activity) using 
UCP2 overexpressed and control pCMV cells. As shown in 

Figure 2A & 2B, PFKFB2 and pPFKFB2 expression was 
indeed increased in UCP2 overexpressed cells and TPA 
treatment further induced PFKFB2 expression. We next 
measured the levels of Fru-2,6-P2 and the results (Figure 
2C) demonstrated that Fru-2,6-P2 levels were elevated in 
the UCP2 overexpressed cells and in response to the TPA 
treatment. In addition, to study whether the increase in the 
levels of Fru-2,6-P2 correlates with an increase in PFK-
1, we measured the activity of this enzyme. As shown in 
the Figure 2D, PFK-1 activity was significantly higher in 
the UCP2 overexpression cells, and TPA treatment further 
enhanced this increase.

PFKFB2 upregulation contributed to the 
metabolic switch towards glycolysis in UCP2 
overexpressed cells

To study whether PFKFB2 mediates UCP2’s role 
in regulating glycolysis, we used a siRNA approach to 

Figure 1: UCP2 overexpression promotes glycolytic metabolism. (i) Cellular bioenergetics was measured using the Seahorse 
Bioscience XF Analyzer. 50,000 cells/well were seeded in the Seahorse plate. (A) Oxygen consumption rate (OCR), an indicator of 
mitochondrial oxidative phosphorylation and (B) extracellular acidification rate (ECAR), an indicator of glycolysis, were measured using 
control pCMV cells and UCP2 overexpressed cells. UCP2 overexpressed cells had decreased OCR and an increased ECAR compared 
with control pCMV cells, suggesting that UCP2 overexpression promotes cellular adaptation towards enhanced glycolysis. Results were 
an average of three independent experiments. Statistical analysis was performed using two-way ANOVA with test. *p<0.001 (N=3). (ii) 
Furthermore, glycolytic rates were assessed by measuring cellular ATP levels (C) and lactate levels (D) in control pCMV and UCP2 
overexpressed cells. Filtered whole cell lysates were used in the experiments. Cellular ATP and lactate levels were normalized to protein 
concentration. Lactate levels and ATP levels were significantly higher in the UCP2 overexpressed cells compared to the control pCMV 
cells. n=4 per group, data are presented as the mean ± SD. *, p<0.05 when compared with its own control/DMSO group; #, p<0.05 when 
compared with the control/TPA group.
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knockdown PFKFB2 and measured OCR and ECAR rates 
using the knockdown cells. Briefly, UCP2 overexpressed 
cells were transfected with PFKFB2 siRNA or the control 
siRNA, and OCR and ECAR were measured using the 
Seahorse Bioscience XF Analyzer as described above. 
As shown in Figure 3, a reduction in PFKFB2 expression 
(Figure 3A) resulted in decreased glycolysis (Figure 
3B), whereas it enhanced mitochondrial respiration 
(Figure 3C) in the UCP2 overexpressed cells. Reduction 
in glycolysis was concomitant with the fall in lactate 
production (Figure 3D) as observed in the PFKFB2 
knockdown cells. In addition, the reduction in the ATP 
levels (Figure 3E) in the UCP2 overexpressed cells are 
suggestive of dampened glycolysis. These data indicate 
the dependence of UCP2 overexpressed cells on glycolysis 
for ATP production (the Warburg effect). Collectively, 
these results thus demonstrate that PFKFB2 mediates 
UCP2’s role in regulating glycolysis. Moreover, to study 
whether PFKFB2 is required for the increase in Fru-2,6-P2 
concentration and PFK-1 activity, we measured their 
levels using control cells and PFKFB2 siRNA knockdown 
cells. Indeed, inhibition of PFKFB2 expression reduced 
the levels of Fru-2,6-P2 and PFK-1 activity in UCP2 

overexpressed cells (Figure 3F, top and bottom panels). 
Therefore, these data suggest that the increases in Fru-
2,6-P2 concentrations and PFK-1 activity are due to 
the upregulation of PFKFB2 expression in the UCP2 
overexpressed cells.

Knockdown of PKFKB2 suppressed skin cell 
transformation in UCP2 overexpressed cells

Since PFKFB2 is highly expressed in several 
cancers and its expression is positively correlated with 
carcinogenesis [31–34], we used siRNA interference 
to study whether inhibition of PFKFB2 reduces 
tumorigenicity of UCP2 overexpressed cells. We first 
transfected UCP2 overexpressed cells with PFKFB2 
siRNA or the control siRNA. As shown in the Figure 4A, 
successful knockdown of PFKFB2 was observed. Next, we 
performed anchorage independent growth assays, and our 
results demonstrated that colony numbers from PFKFB2 
knockdown cells were markedly lower than that from the 
control siRNA cell (Figure 4B). Next, to determine the 
effect of PFKFB2 knockdown on cell proliferation, we 
used the IncuCyte Zoom to monitor the cell proliferation 

Figure 2: Upregulation of PFKFB2 expression in UCP2 overexpressed cells. (i) Western blot analysis of PFKFB2 (A) 
and pPFKFB2 (B) expression levels in control pCMV and UCP2 overexpressed cells. β-actin served as loading control. (ii) Fru-2,6-P2 
concentration (C) and PFK levels (D) were measured using control pCMV and UCP2 overexpressed cells. n=4 per group, data are presented 
as the mean ± SD. *, p<0.05 when compared with its own control/DMSO group (n=4 in each group); #, p<0.05 when compared with the 
control/TPA group.
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rate. As shown in Figure 4C, UCP2 overexpressed cells 
have an enhanced proliferation rate and TPA treatment 
further enhances cell growth compared to that of the 
control pCMV cells. On measuring the growth rate using 
control UCP2 cells and PFKFB2 knockdown UCP2 
cells, the result (Figure 4D) showed that knockdown of 
PFKFB2 significantly suppressed cell growth rate. These 
data indicate a possible role of PFKFB2 in the regulation 
of cell growth and cell transformation mediated by UCP2 
overexpression.

Involvement of the MAPK pathway in UCP2 
overexpressed cells

Recently, it has been demonstrated that MAPK, 
particularly AKT, is involved in the activation of PFKFB2 
[37]. Various studies have demonstrated that MAPK 
promotes cancer cell proliferation and differentiation 
[38–42] and it is no surprise that these pathways are 
overexpressed in cancers. To further assess the role of 
AKT pathway in the activation PFKFB2, we measured 
the protein expression levels of AKT and one of its 
downstream targets, mTOR. As shown in Figure 5A, the 

expression levels of AKT, pAKT, mTORC1, p-mTORC1, 
and its downstream regulators: p70S6K (ribosomal p70S6 
kinase) and 4E-BP (eukaryotic initiation factor 4E-binding 
protein) were upregulated in UCP2 overexpressed cells 
compared to the control pCMV cells, implying that AKT 
is activated by UCP2 overexpression.

To further assess the role of AKT in the increase 
in PFKFB2, we used the specific inhibitor to AKT 
MK2206 [43]. As shown in Figure 5B, MK2206 treatment 
suppressed PFKFB2 expression and phosphorylation 
(Ser483). Taken together, these results indicate a key role 
for AKT in the activation of PFKFB2.

Next, we studied whether applying the UCP2 
inhibitor genipin could suppress AKT and PFKFB2 
activation. Genipin, a natural water-soluble chemical 
extracted from gardenia fruits has been extensively 
used in Chinese herbal medicines [44–45]. Numerous 
studies show genipin’s safety and efficacy for use in 
patients with diabetes, periodontitis, cataract, hepatic 
dysfunction, and cancer [46–49]. Genipin is known to 
be highly selective and specific to UCP2’s inhibition 
and has been shown to sensitize drug-resistant cancer 
cells by inhibiting the actions of UCP2 [48]. Our earlier 

Figure 3: Inhibition of PFKFB2 expression dampens the shift to glycolysis in UCP2 overexpressed cells. (i) OCR, an 
indicator of mitochondrial oxidative phosphorylation (C) and ECAR, an indicator of glycolysis (B), were measured using control siRNA 
and siRNA PFKFB2 knockdown cells (A). Inhibition of PFKFB2 expression resulted in decreased glycolytic rate, whereas, an increased 
OCR suggested that PFKFB2 promotes cellular adaptation towards enhanced glycolysis. Results were an average of three independent 
experiments. Statistical analysis was performed using two-way ANOVA with test. *p<0.001 (N=3). (ii) Knockdown of PFKFB2 expression 
resulted in decreased lactate levels (D), decreased cellular ATP levels (E), and reduced Fru-2,6-P2 concentration and PFK levels (F) in 
UCP2 overexpressed cells, suggesting that PFKFB2 allows UCP2 overexpressed cells to maintain higher glycolysis leading to enhanced 
lactate and ATP production. n=4 per group, data are presented as the mean ± SD. *, p<0.05 when compared with its own control/DMSO 
group (n=3 in each group); #, p<0.05 when compared with the control/TPA group.
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Figure 5: UCP2 induces PFKFB2 expression in AKT-dependent manner. (i) Western blot analysis of AKT, pAKT, mTORC1, 
p-mTOR, p70S6K, p-p70S6K, 4EBP1, and p-4EBP1 in UCP2 overexpressed and control pCMV cells (A). (i) Western blots analysis of 
PFKFB2, pPFKFB2, AKT, and pAKT levels from UCP2 overexpressed cells treated with MK2206 (B). (iii) Western blots analysis of 
PFKFB2, pPFKFB2, AKT, and pAKT levels from UCP2 overexpressed cells treated with genipin (C).

Figure 4: siRNA knockdown of PKFKB2 suppressed skin tumorigenesis in UCP2 overexpressed cells. (i) Western blot 
analysis confirming PFKFB2 knockdown (A). Soft agar assays were performed to detect anchorage-independent growth using control 
siRNA and siRNA PFKFB2 cells were used in the assay (B). Ctrl: vehicle (DMSO) treatment; TPA, 5 nM. *, p<0.05 when compared with 
its own control/DMSO group (n=3 in each group); #, p<0.05 when compared with the control/TPA group. (ii) Cell proliferation assay using 
the IncuCyte zoom live-cell analysis was performed in control pCMV and UCP2 overexpressed cells (C), and control siRNA and siRNA 
PFKFB2 cells (D). 1,500 cells/well were seeded in the 96 well-plate and incubated overnight in the IncuCyte incubator. Cells were treated 
with Ctrl: vehicle (DMSO) treatment; TPA, 5 nM. Cell confluency was measured using the IncuCyte zoom software.
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studies indicate that genipin at the concentration of 10 
μM is sufficient to inhibit the expression of UCP2 and 
suppresses the 3D growth of UCP2 overexpressed cells in 
vitro (data unpublished, under review). We treated UCP2 
overexpressed cells with genipin and then examined AKT 
and PFKFB2 activation. Clearly, as shown in Figure 
5C, genipin suppressed the activation of both AKT and 
PFKFB2. All of these results suggest that UCP2 may play 
a crucial role in activating PFKFB2 via the activation of 
AKT.

DISCUSSION

UCP2, an anion/ion transporter present in the inner 
mitochondrial membrane, is closely associated with 
mitochondrial redox signaling, ROS regulation, apoptosis, 
cell growth, and survival [50–51]. In human cancers, 
UCP2 is overexpressed in a number of aggressive cancers 
including prostate, kidney, thyroid, skin, etc. [52-53, 15, 
16, 28]. UCP2 transfers anions from the inner to the outer 
mitochondrial membrane and facilitates the transfer of 
protons back into the inner mitochondrial membrane, 
leading to the reduction of mitochondrial superoxide 
production. Hence, UCP2 overexpression is thought to 
confer a growth advantage for cancer cells. In addition, 
highly expressed UCP2 could confer chemoresistance 
and inhibition of UCP2 expression sensitizes cancer cells 
to chemotherapy [54]. Recently, UCP2 has also been 
demonstrated to transport TCA cycle C4 metabolites out 
of the mitochondria [27]. The consideration of UCP2 as 
a metabolite transporter has led to a more encompassing 
idea that UCP2 may contribute to cancer metabolism and 
malignant transformation [27, 55].

A mounting body of evidence has continued to 
unequivocally demonstrate that cancer cells have altered 

metabolism [1]. This feature of metabolic reprogramming 
of cancer cells is not new and dates back to the early 
1920’s. One of the hallmark features of metabolic 
reprogramming in cancer cells is the enhanced glycolysis 
leading to lactate production even in the presence 
of oxygen, as proposed by Otto Warburg [1, 3]. The 
metabolite transporter activity of UCP2 provides a strong 
rationale for the notion that highly expressed UCP2 in 
cancer cells contributes to the Warburg effect [56]. 
However, how exactly glycolysis is affected by UCP2 is 
not known.

Based on the mouse skin carcinogenesis study 
[28], PFKFB2 in the glycolysis pathway was identified 
as a potential target for UCP2. In the same study, UCP2 
contributed to the increase of the skin tissue levels of 
pyruvate and malate [28]. To reveal the mechanism 
of how UCP2 may regulate PFKFB2 activity, our 
results used the JB6 skin cell transformation model 
to provide direct evidence that UCP2 overexpression 
suppresses mitochondrial oxidative phosphorylation 
while augmenting glycolysis, leading to increased lactate 
production. UCP2 overexpression contributes to enhanced 
glycolysis by activating PFKFB2. In contrast, siRNA 
mediated inhibition of PFKFB2 causes a marked decrease 
in glycolysis, cell proliferation, and cell transformation in 
UCP2 overexpressed cells.

Future studies will be needed to validate how TCA 
cycle intermediates may regulate PFKFB2 activity? 
Since the AKT/mTOR pathway can sense the changes 
in nutrients [57–58], which becomes the candidate. Our 
studies demonstrate that AKT indeed is required for the 
activation of PFKFB2 in UCP2 overexpressed cells. Since 
the alterations in cellular metabolism and the metabolic 
switch are relevant to many tumor cells, we believe that 
PFKFB2 could potentially be an interesting candidate in 

UCP2 directs the metabolic switch towards glycolysis by activating PFKFB2.
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the association of tumorigenesis and metabolism in UCP2 
highly expressed cancers.

In this study, we provide new evidence that UCP2 
plays a critical role in the regulation of the metabolic 
switch during skin tumorigenesis. UCP2 appears to be an 
interesting crosslink between cellular bioenergetics and 
tumorigenesis. However, whether UCP2 upregulation is 
the cause or the effect of tumorigenesis, whether UCP2’s 
transporter activity is directly or indirectly responsible for 
the activation of PFKFB2, and whether UCP2-induced 
PFKFB2 directly contributes to malignant transformation 
need to be addressed in future studies. In conclusion, 
our studies demonstrated that: (i) UCP2 overexpression 
positively correlates with PFKFB2 activity; (ii) UCP2-
induced PFKFB2 upregulation leads to enhanced 
glycolysis; (iii) AKT may mediate UCP2-induced PFKFB2 
activation; and (iv) targeting UCP2 and/or PFKFB2 may 
serve as a novel therapeutic approach for UCP2 highly 
expressed cancers. Together, these observations suggest 
that UCP2 is an important regulator of mitochondrial and 
cellular bioenergetics.

MATERIALS AND METHODS

Cell culture

Murine skin epidermal JB6 P+ cells (purchased 
from American Type Culture Collection) were used 
in the study. Human UCP2 and empty pCMV6 vector 
transfected JB6 clones have been generated and 
characterized (manuscript under review). These cells 
were grown in EMEM media supplemented with 4% 
heat-inactivated fetal bovine serum (FBS), 2 mM 
glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 
and 200 μg/μL G418. The tumor promoter 12-O-
tetradecanoylphorbol 13-acetate (TPA, purchased from 
Sigma) was prepared as 1 mM stock solution in DMSO. 
The stock solutions were diluted in culture media to a 
final concentration of 5 nM.

Transfection of siRNA

UCP2 overexpressed JB6 cells were incubated 
in a six-well tissue culture plate 24 hours before 
transfection. The next day, with the cells reaching 60%–
80% confluency, the control (scramble) siRNA (Catalog 
number AM4611) or target-specific PFKFB2 siRNA 
(Catalog number AM16708, both purchased from Life 
Technologies), was mixed with the siRNA transfection 
reagent according to manufacturer’s recommendation 
and added to the cells. After incubation for 6-hours at 
37°C, the transfection mix was replaced with normal 
growth medium. The expression levels of PFKFB2 
were examined by Western blot analysis with specific 
antibodies (Catalog Number TA314335, purchased from 
OriGene Technologies).

Western blot analysis

Cells were collected, and whole cell lysate was 
prepared as previously described [59]. Cell lysates were 
mixed with 4 × sodium dodecyl sulfate (SDS) sample 
buffer and denatured by heating at 98°C for 5 minutes. 
Equal amounts of denatured proteins were separated by 
10% SDS–polyacrylamide gel electrophoresis and then 
transferred onto polyvinylidene fluoride membranes. After 
blocking for 2 hours with phosphate-buffered saline (PBS) 
containing 0.1% Tween 20 and 5% skim milk, the blots 
were incubated with correspondent primary antibodies. 
After the membranes were washed three times with PBS 
with 0.1% Tween 20, they were then incubated with 
horseradish peroxidase-conjugated secondary antibodies. 
All bands were detected using an ECL Western blot kit. 
Antibodies for p-PFKFB2 (#13064), mTOR (#2983), 
p-mTOR (#2971), 4EBP1 (#9452), p-4EBP1 (#13396), 
p70S6K (#34499), p-p70S6K (#9204), AKT (#2920), 
and p-AKT (#4060) were purchased from Cell Signaling 
Technologies. SDHB or β-actin (SC-25851 and SC-
47778 respectively, both purchased from Santa Cruz 
Biotechnology) was used as the loading control.

Colony formation assay

Soft agar colony formation assay was used to 
determine the effect of PFKFB2 downregulation on 
anchorage-independent growth. Briefly, 0.5% agar mix 
(40 ml melted 1.25% agar solution, 40 ml 2×EMEM, 10 
ml FBS, 10 ml PBS, 1 ml glutamine, 50 μl penicillin, and 
streptomycin) was prepared and kept in a 50°C water bath. 
Bottom agar was prepared by adding DMSO or TPA to 
the 0.5% agar mix. Top agar was prepared by diluting 1 
fraction of 1×105 cells/ml single cell suspension with 2 
fractions of 0.5% agar mix plus DMSO/TPA treatments. 
Bottom agar (2.5 ml) and top agar (0.75 ml) were laid into 
each well of the 6-well plates. Plates were incubated in a 
humidified 37°C, 5% CO2 incubator for 2 weeks. Cells 
were then stained with 0.25 mg/ml neutral red overnight, 
and the colonies were counted and plotted.

Detection of lactate levels

The levels of lactate were determined using the 
Lactate Assay Kit (BioVison, K607-100) following the 
instructions provided by the manufacturer. Total cell 
lysate, prepared in PBS with proteinase inhibitors, was 
diluted to 2 μg/μl in PBS and deproteinized by passing 
through a 10 kD cut-off membrane (VWR, 82031-348). 
For each sample, 50 μl of the whole cell lysate filtrate 
were used.

Detection of intracellular ATP levels

Cellular ATP content was analyzed using the ATP 
Assay Kit (BioVision, K354-100), according to the 
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manufacturer’s protocol. Deproteinized total cell lysates 
were used for the assay.

Measurement of fructose-2,6-bisphosphate levels

Fructose-2,6-bisphosphate levels were determined 
based on the activation of pyrophosphate-dependent 
PFK1, as previously described [60–61]. Cells were 
pelleted by low-speed centrifugation and resuspended in 
a solution containing 10-100 volumes of 50 mM NaOH. 
The solution was then heated at 80°C for 5 minutes before 
being placed on ice, and the solution was neutralized with 
cold acetic acid in 20 mM HEPES buffer. Then, 0.5 mM 
pyrophosphate was added and absorbance was measured 
at OD 340 nm. The F-2,6BP concentration was normalized 
to total protein content.

Cell growth using IncuCyte zoom life cell 
imagine system

Three thousand cells per well were seeded in 96-
well plates and incubated overnight in the IncuCyte 
Essens Bioscience incubator (Birmingham, U.K.). Live 
cell images were collected every 4 hours. Proliferation 
rates based on cell confluence were determined by live 
cell imaging using the IncuCyte software.

Mitochondrial bioenergetics measurements

Oxygen consumption was determined using the 
Seahorse Extracellular Flux (XF-24) analyzer (Seahorse 
Bioscience, Chicopee, MA). The XF-24 measures the 
concentration of oxygen and free protons in the medium 
above a monolayer of cells in real time. Thus, the rates 
of oxygen consumption and proton production can be 
measured across several samples at a time. To allow 
comparison between experiments, data are presented as 
oxygen consumption rate (OCR) in pMoles/min/104 cells 
and the extracellular acidification rate (ECAR) in mpH/
min/104 cells. Cells were seeded at 50,000 cells per well 
into gelatin-coated Seahorse Bioscience XF 24-well plates, 
cultured in the presence or absence of 2 g/L D-glucose, 
and then centrifuged to adhere to the bottom of the wells.

Oxygen consumption rate (OCR) was measured 
four times and plotted as a function of cells under the 
basal condition followed by the sequential addition of 
oligomycin (1 μg/ml), an inhibitor of mitochondrial ATP-
synthase, to estimate the OCR coupled to ATP synthesis 
and represented as ATP-linked. The residual OCR minus 
the non-mitochondrial OCR can be attributed to proton 
leak; the uncoupler FCCP (1 μM) was added to determine 
the maximal OCR; antimycin (1 μM), an inhibitor of 
mitochondrial respiration, was added to determine non-
mitochondrial sources of oxygen consumption. The ATP-
linked OCR was calculated as the difference between the 
basal OCR and the OCR measured after the addition of 

oligomycin. The OCR maximal capacity was the direct 
rate measured after the addition of FCCP. Reserve 
capacity is a measure of the amount of ATP that can be 
produced under energetic demand and was calculated as 
the difference between the maximum and the basal rate 
of respiration. The OCR values were normalized to total 
protein content in the corresponding wells and expressed 
as pmol/min/mg protein.

For extracellular acidification rate (ECAR) 
measurements, cells were washed and changed to assay 
media lacking glucose. Basal ECAR was measured four 
times and plotted as a function of cells under the basal 
condition followed by the sequential addition of glucose 
(25 mM), oligomycin (1 μg/ml) and 2-deoxyglucose 
(25 mM), an inhibitor for the hexokinase. The rate of 
glycolysis was determined by the difference between the 
basal ECAR and the ECAR after the addition of glucose. 
Glycolytic reserve was determined by subtracting the 
ECAR following the addition of oligomycin from the 
ECAR following the addition of glucose. Differences 
between treatment groups were calculated using two-way 
analysis of variance (ANOVA).

Statistical analysis

Each assay was performed at least three times. 
Statistical software SAS 9.4 (SAS Institute Inc.) was 
used for all data analysis. The data were expressed as 
mean ± SD. *p < 0.05 were considered to be statistically 
significant.

Abbreviations

ECAR: extracellular acidification rate; and FBS: 
fetal bovine serum; FCCP: p-trifluoromethoxy carbonyl 
cyanide phenyl hydrazine; Fru-2,6-P2:2,6-bisphosphate; 
OCR: oxygen consumption rate; PBS: phosphate-buffered 
saline; PFK-1: 6-phosphofructo-1-kinase; PFKFB2: 
phosphofructokinase 2/fructose-2,6-bisphosphatase 2; 
UCP2: uncoupling protein 2; SDS: sodium dodecyl 
sulfate; TPA:12-O-tetradecanoylphorbol 13-acetate.
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