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Constitutive activation of the epidermal growth factor recep-
tor (EGFR) because of somatic mutations of the EGFR gene is
commonly observed in tumors of non–small cell lung cancer
(NSCLC) patients. Consequently, tyrosine kinase inhibitors
(TKI) targeting the EGFR are among the most effective ther-
apies for patients with sensitizing EGFR mutations. Clinical
responses to the EGFR-targeting TKIs are evaluated through
2-[18F]fluoro-2-deoxy-glucose (18FDG)-PET uptake, which is
decreased in patients responding favorably to therapy and is
positively correlated with survival. Recent studies have reported
that EGFR signaling drives glucose metabolism in NSCLC cells;
however, the precise downstream effectors required for this
EGFR-driven metabolic effect are largely unknown. 6-Phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB3) is an
essential glycolytic regulator that is consistently overexpressed
in lung cancer. Here, we found that PFKFB3 is an essential target
of EGFR signaling and that PFKFB3 activation is required for
glycolysis stimulation upon EGFR activation. We demonstrate
that exposing NSCLC cells harboring either WT or mutated
EGFR to EGF rapidly increases PFKFB3 phosphorylation,
expression, and activity and that PFKFB3 inhibition markedly
reduces the EGF-mediated increase in glycolysis. Furthermore,
we found that prolonged NSCLC cell exposure to the TKI erlo-
tinib drives PFKFB3 expression and that chemical PFKFB3 inhi-
bition synergizes with erlotinib in increasing erlotinib’s anti-
proliferative activity in NSCLC cells. We conclude that PFKFB3
has a key role in mediating glucose metabolism and survival of
NSCLC cells in response to EGFR signaling. These results sup-
port the potential clinical utility of using PFKFB3 inhibitors in
combination with EGFR-TKIs to manage NSCLC.

Non–small cell lung cancer (NSCLC)3 accounts for 80% of all
lung cancers and is the leading cause of cancer-related death in

men and in women (1). Aberrant activation of the epidermal
growth factor receptor (EGFR) plays a central role in NSCLC
tumorigenesis; therefore, EGFR is regarded a critical target in
the clinical management of NSCLCs. EGFR mutations occur in
10 –20% of NSCLCs, where the two most common alterations
are deletions in exon 19 (delE746-A750) and L858R substitu-
tion in exon 21 (2). These mutations favor an “active” kinase
conformation that promotes ligand-independent transactiva-
tion of the EGFR and are closely associated with favorable clin-
ical responses to EGFR tyrosine kinase inhibitors (TKIs) (3, 4).
Although the use of EGFR-TKIs like erlotinib and gefitinib have
improved progression-free survival in patients with EGFR-
driven NSCLC, they have failed to show an overall survival ben-
efit largely because of primary or secondary resistance to this
therapy (5, 6).

Recent studies have shown that activation of the EGFR
increases glucose consumption and metabolism in NSCLC cells
(7). Clinically, alterations in glucose metabolism measured
by 2-[18F]fluoro-2-deoxy-glucose (18FDG)-PET uptake are
observed within days of initiating EGFR-TKI therapy in NSCLC
patients (8). These changes in tumor metabolism precede those
in tumor size, thus 18FDG-PET is routinely used to predict
responses to EGFR-TKIs in xenografts and lung cancer patients
(9 –12). Taken together, these data indicate that glucose metab-
olism is an early target of EGFR-TKI and suggest that suppres-
sion of glucose metabolism may be essential to achieve thera-
peutic responses to EGFR-TKIs. Although the stimulation of
glucose metabolism driven by EGFR signaling has recently been
found to involve increased GLUT3 expression (7), relatively
little is known about the requirement of other downstream gly-
colytic regulators to stimulate glucose metabolism in response
to EGFR activation in NSCLC.

The 6-phosphofructo-2-kinase/fructose-2,6-bisphospha-
tases (PFKFB) family of enzymes are essential glycolytic activa-
tors whose function is to catalyze the synthesis and degradation
of fructose-2,6-bisphosphate (F26BP) (13). F26BP is an allos-
teric activator of 6-phosphofructo-1-kinase (PFK-1), a rate-
limiting enzyme and essential control point in the glycolytic
pathway (14, 15). The PFKFB3 family member is of particular
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interest because it is consistently overexpressed in transformed
tissues, has the highest kinase to bisphosphatase ratio, and is
required for tumorigenic growth (16, 17). Although it has been
known that EGF stimulation leads to high levels of glycolysis in
cells (18) and PFKFB3 expression is up-regulated in lung
tumors relative to normal tissue (19), a direct link between this
major glycolytic regulator and EGFR has not been established.

Here, we identify EGFR as a novel regulator of PFKFB3 and
demonstrate that EGFR activation rapidly increases PFKFB3
phosphorylation and expression. Additionally, we show that
PFKFB3 is required for the increase of glycolysis in response to
EGF and for the survival of NSCLC cells. Importantly, we dem-
onstrate that persistent expression of PFKFB3 in response to
MAPK-pathway activation confers resistance to erlotinib in
NSCLC cells expressing mutated EGFR (mutEGFR). Inhibition
of PFKFB3 using a small molecule antagonist developed by our
group (PFK158) increases sensitivity to EGFR-TKIs in NSCLC
cells with either WT or mutEGFR genotype. Our results indi-
cate that targeting PFKFB3 in combination with EGFR-TKIs
may have a clinical role in the management of NSCLC.

Results

EGFR activation promotes PFKFB3 phosphorylation and
expression in NSCLCs

Given that EGFR signaling regulates glucose metabolism in
NSCLC cells (20), we postulated that PFKFB3, a key glycolytic
driver, might be regulated by EGFR. Initially, we evaluated
PFKFB3 phosphorylation and expression levels in a panel of
NSCLC cell lines expressing either WT EGFR (H522, H1437) or
EGFR harboring the delE746-A750 activating deletion (PC9,
HCC827). Immunoblot analysis of serum-starved NSCLCs
revealed that the cell lines expressing mutEGFR had signifi-
cantly higher levels of PFKFB3 relative to the NSCLC cells
expressing WT-EGFR (Fig. 1A). Increased phosphorylation of
Y1068 EGFR confirmed constitutive activation of EGFR in both
cell lines expressing mutEGFR. Notably, elevated PFKFB3
expression was accompanied with a marked increase in phos-
phorylation at S461 (Fig. 1, A and B) and correlated with ele-
vated levels of EGFR phosphorylation in mutEGFR cell lines.
Importantly, H1437 cells with increased copy number of WT-
EGFR failed to sustain elevated PFKFB3 levels in the absence of
EGF, indicating that activated EGFR is required to induce
PFKFB3 expression and phosphorylation.

Ligand-stimulated EGFR increases PFKFB3 phosphorylation,
expression, and activity in NSCLCs

Activation of WT-EGFR requires ligand-dependent dimerization
of the receptor resulting in the phosphorylation of the tyrosine
residues within its cytoplasmic tail (21). To investigate the
effects of EGF on PFKFB3 phosphorylation and expression, we
stimulated H522 (WT-EGFR) and PC9 (mutEGFR) cells with
EGF and monitored PFKFB3 phosphorylation and expression
status over a period of 9 h. EGF exposure resulted in a signifi-
cant increase in PFKFB3 S461 phosphorylation after 30 min of
EGF stimulation in both H522 and PC9 cells. This increase
in PFKFB3 phosphorylation was dynamic as shown by the
decrease in PFKFB3 S461 levels 3 h post EGF treatment fol-
lowed by an increase at the 6-h time point in H522 cells. We also

observed an up-regulation of PFKFB3 protein levels in both
H522 and PC9 cells upon EGF treatment with a maximum
increase noted 1 h post stimulation (Fig. 1C). Notably, although
EGF stimulation increases PFKFB3 phosphorylation, the ratio
of phospho-PFKFB3 to PFKFB3 either remained relatively the
same (PC9 cells) or decreased (H522 cells) given the increase in
PFKFB3 levels. Thus, we conclude that EGF stimulation
increases PFKFB3 expression leading to the observed increase
in PFKFB3 phosphorylation. Next, we measured the effects of
EGF stimulation on the steady-state concentration of the
PFKFB3 enzyme product F26BP. In the absence of EGF stimu-
lation, we observed a 2-fold increase in basal F26BP levels in
PC9 cells as compared with H522 cells (Fig. 1D). These results
are consistent with elevated basal phosphorylation and PFKFB3
levels in nonstimulated PC9 cells. Stimulation with EGF
resulted in a rapid increase in the intracellular concentration of
F26BP in both H522 and PC9 cells. Given that both PFKFB3 and
phospho-PFKFB3 have enzymatic activity, we believe that the
increase in F26BP production upon EGF stimulation is pre-
dominantly driven by the increase in PFKFB3 expression (22).
Taken together, these results confirm that activation of EGFR
by EGF drives PFKFB3 phosphorylation, expression, and
activity.

Active EGFR is required to increase PFKFB3 phosphorylation
and protein levels in NSCLCs

To validate that activation of EGFR is required to induce
PFKFB3 phosphorylation and protein expression, we stimu-
lated PC9 cells with EGF in the presence of the EGFR inhibitor
erlotinib. Treatment with erlotinib effectively blocked EGFR
activation and downstream signaling as shown by the lack of
phosphorylation of EGFR, ERK, and Akt. Consequently, we
observed a block of the EGF-driven increase in PFKFB3 phos-
phorylation (Fig. 2A). Knowing that EGFR activation drives
multiple signaling pathways, we sought to evaluate whether
PI3K/Akt and/or RAS/MAPK were required for the EGF-
driven increase in PFKFB3 phosphorylation and expression.
Treatment of PC9 cells with either erlotinib or U0126 (MEK
inhibitor) prior to stimulation with EGF abrogated the increase
in PFKFB3 phosphorylation in response to EGF (Fig. 2B). Akt
inhibition caused a significant drop in basal PFKFB3 phosphor-
ylation but failed to block EGF stimulation of PFKFB3 phos-
phorylation, indicating that Akt does not contribute to the
EGF-driven phosphorylation of PFKFB3. Importantly, we
noted that U0126 increased basal phosphorylation levels of
EGFR and completely blocked further activation of EGFR in
response to EGF (Fig. 2B). Taken together, these data indicate
that EGF activates EGFR, which in turn rapidly increases
PFKFB3 protein and phosphorylation levels.

Next, we assessed whether activated EGFR can phosphory-
late PFKFB3 using an in vitro kinase assay. EGFR was immuno-
precipitated from PC9 cells treated with either EGF or erlotinib
and incubated with recombinant PFKFB3. We found that incu-
bation of recombinant PFKFB3 with immunoprecipitated
EGFR resulted in the phosphorylation of recombinant PFKFB3.
Notably, stimulation of EGFR with EGF for as short as 2 min (to
avoid recruitment of downstream kinase effectors) resulted in
increased phosphorylation of recombinant PFKFB3 (Fig. 2C).
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In contrast, incubation with EGFR exposed to erlotinib resulted
in decreased PFKFB3 phosphorylation despite the increase in
immunoprecipitated EGFR levels (Fig. 2D). Based on previous

studies we speculate that this increase in immunoprecipitated
EGFR in the erlotinib-treated sample reflects a change in anti-
gen-antibody binding because of a conformational change in

PFKFB3 regulation by EGFR signaling

10532 J. Biol. Chem. (2019) 294(27) 10530 –10543



EGFR protein (23–25). Altogether, these results suggest that
PFKFB3 is a substrate of EGFR for phosphorylation at S461.

To elucidate the mechanism by which EGFR activation
increases PFKFB3 protein levels, we next examined changes in
PFKFB3 mRNA levels in EGF-stimulated H522 and PC9 cells.
Interestingly, EGF stimulation had no effect on PFKFB3 mRNA
levels in H522 cells and resulted in a marked decrease in
PFKFB3 mRNA levels in PC9 cells (Fig. 2E). The lack of corre-

lation between PFKFB3 mRNA and protein levels in response
to EGF suggests a posttranscriptional regulation of PFKFB3 by
EGF. To test whether EGF stimulation results in increased pro-
tein translation or decreased degradation, serum-starved PC9
cells were treated with either a translation inhibitor (4EGI-1) or
a proteasome inhibitor (MG132) 15 min after stimulation with
EGF. We found that treatment with the translation inhibitor led
to a near complete loss of PFKFB3 protein, indicating that de

Figure 1. Regulation of PFKFB3 by EGFR activation in WT and mutEGFR cell lines. A, NSCLCs were serum starved for 24 h and analyzed for PFKFB3 and EGFR
expression and phosphorylation by Western blotting. B, quantitative densitometry analysis is shown as the ratio of S461 PFKFB3 to PFKFB3 protein normalized
to H522 cells � S.E. from three independent experiments (n � 3). C, H522 and PC9 cells were serum starved for 24 h followed by stimulation with 50 ng/ml EGF
for 0 –9 h. Protein levels were evaluated by Western blotting at the indicated times post-EGF stimulation. Arrow indicates Y1068 EGFR (top band). PFKFB3
(S461)/actin; PFKFB3/actin, and PFKFB3(S461)/PFKFB3 ratios were quantified and normalized to time zero for each experimental condition. D, F26BP was
measured using an enzyme-coupled reaction dependent on NADH oxidation. Error bars, mean � S.E. of three independent experiments (n � 6). p values are
shown as follows: *, �0.05; **, �0.01; and ***, �0.001.

Figure 2. Activated EGFR regulates PFKFB3 phosphorylation and expression. A, PC9 cells were serum starved for 24 h, treated with either vehicle (DMSO)
or an EGFR inhibitor (erlotinib; 5 �M) 30 min prior to stimulation with EGF and harvested at the indicated times for Western blot analysis. B, PC9 cells were
treated with either vehicle (DMSO), EGFR inhibitor (erlotinib; 5 �M), Akt inhibitor (AktVIII; 10 �M), or MEK inhibitor (U0126; 10 �M) 30 min prior to EGF stimulation.
Samples were collected 30 min post EGF stimulation and immunoblotted with the indicated antibodies. PFKFB3(S461)/PFKFB3 ratios were quantified and
normalized to nontreated samples (time zero). C and D, PC9 cells were treated with either EGF for 2 min or 0.5 �M erlotinib for 1 h prior to harvesting.
Phosphorylation of recombinant PFKFB3 by EGFR was assessed by incubating immunoprecipitated EGFR with recombinant PFKFB3 in a kinase reaction
mixture and allowed to incubate for 1 h. Reactions were stopped with 2� Laemmli buffer followed by elution at 60 °C for 30 min and immunoblotting. N.D., not
determined. E, PFKFB3 mRNA levels were evaluated by real time PCR in H522 and PC9 cells treated with EGF for the indicated times. Error bars, mean � S.E. of
three independent experiments (n � 9). **, p � 0.01; ***, p � 0.001; compared with untreated control. F, PC9 cells were serum starved for 24 h, stimulated with
EGF and, 15 min later, cells were treated with either DMSO, a translation inhibitor (4EGI-1; 50 �M), or a proteasome inhibitor (MG132; 10 �M). Lysates were
collected 0 –150 min post treatment and subjected to Western blot analysis. PFKFB3/actin ratios were quantified and normalized to nontreated samples.
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novo protein synthesis is required to maintain both basal and
EGF-driven PFKFB3 levels because of constitutive degradation
of PFKFB3 (Fig. 2F). Culture of PC9 cells in the presence of EGF
followed by proteasomal inhibition resulted in PFKFB3 accu-
mulation suggesting an increase in PFKFB3 protein synthesis
driven by EGF. Taken together, these results show that PFKFB3
has a short half-life time and that transactivation of EGFR by
EGF increases PFKFB3 by a translation dependent mechanism.

PFKFB3 is required for EGFR-mediated up-regulation of
glycolysis

Previous observations showed that EGFR regulates glucose
metabolism in lung adenocarcinoma cells (7, 26). Given that
PFKFB3 protein and its product F26BP exert significant control
of the glycolytic flux to lactate in vivo and in vitro, we postulated
that PFKFB3 might regulate the EGFR-driven increase in glu-
cose metabolism. To determine whether increased PFKFB3
expression and activation promote EGFR-driven glucose

metabolism we first measured glycolytic flux rate in H522 and
PC9 cells in the absence or presence of EGF. We found that
mutEGFR PC9 cells displayed a 3-fold increase in basal glycol-
ysis compared with the H522 WT-EGFR cells in line with their
increased PFKFB3 expression and kinase activity (Fig. 3A).
Additionally, EGF stimulation resulted in a marked increase in
glycolysis after 1 h of exposure in both H522 and PC9 cells.
Consistent with the fluctuations in PFKFB3 phosphorylation
and expression observed in response to EGF (Fig. 1C), we noted
a drop in glycolytic flux after 3 h of EGF exposure followed by a
second increase in glycolytic flux after 6 to 9 h of treatment.

To evaluate the requirement of PFKFB3 in EGFR-mediated
glucose metabolism, we used two PFKFB3-specific siRNAs and
examined glycolysis in H522 and PC9 cells stimulated with
EGF. Additionally, to ensure that the EGF-driven metabolic
effect is dependent solely on EGFR and not on other ERBB
family members, we suppressed EGFR by using a pool of EGFR-

Figure 3. Increased glycolysis in response to EGF requires PFKFB3. A, H522 and PC9 cells were serum starved for 24 h followed by stimulation with EGF for
0 –9 h. Glycolysis was measured by the release of 3H2O by enolase. Data were normalized to nonstimulated H522 cells. Error bars, mean � S.E. of three
independent experiments (n � 12). p values were calculated against the vehicle-treated sample for the corresponding time point. B, H522 and PC9 cells were
transfected with either a control siRNA (siCTRL), two independent PFKFB3 siRNA (siFB3#1 and siFB3#2) or a pool of three siRNAs against EGFR (siEGFR) 48 h prior
to EGF stimulation. Shown are PFKFB3 and EGFR protein expression by Western blot analysis after either 9 h (H522) or 6 h (PC9) of EGF stimulation. C, cells were
treated as described in B and glycolysis was measured by the release of 3H2O by enolase. Results were normalized to non–EGF-stimulated cells transfected with
siCTRL. Error bars, mean � S.E. of three independent experiments (n � 12). p values were calculated against the vehicle-treated sample for each transfection
condition. D, H522 and PC9 cells were treated with either PFK158 (5 �M) or erlotinib (5 �M) 1 h prior to stimulation with EGF. Shown are PFKFB3 and EGFR protein
expression by Western blot analysis after 1 h of EGF stimulation. Arrow indicates EGFR. E, cells were treated as described in D and glycolysis was measured 1 h
post EGF treatment and data were normalized to nonstimulated cells treated with DMSO. Error bars, H522, mean � S.E. of three independent experiments (n �
12); PC9, mean � S.E. of two independent experiments (n � 8). p values were calculated against the non–EGF-stimulated sample for each treatment. p values
are shown as follows: *, �0.05; **, �0.01; and ***, �0.001.
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specific siRNAs. Initially, we confirmed selective suppression of
PFKFB3 or EGFR relative to negative control siRNA in trans-
fected H522 and PC9 cells (Fig. 3B). Moreover, silencing of
EGFR resulted in a marked decrease in PFKFB3 protein levels in
both H522 and PC9 cells, confirming that basal and EGF-in-
duced PFKFB3 expression are both maintained by EGFR-de-
pendent pathways in NSCLCs (Fig. 3B). Interestingly, we found
that transfection with both PFKFB3-specific siRNAs decreased
EGFR levels. Silencing of PFKFB3 or EGFR completely abro-
gated the EGF-mediated increase in glycolysis in H522 and PC9
cells (Fig. 3C).

Our group previously characterized a small molecule inhib-
itor of PFKFB3 (PFK158) that suppresses glucose metabolism
(27, 28). We predicted that acute inhibition of PFKFB3 would
block the increase in glycolysis driven by EGFR activation. We
then examined the effect of PFK158 on PFKFB3, EGFR (Y1068),
and EGFR protein expression in the absence and presence of
EGF and observed relatively no effect on the EGF-induced
expression of PFKFB3, EGFR (Y1068) and EGFR (Fig. 3D). We
measured glycolytic flux in H522 and PC9 cells pretreated for
1 h with either PFK158 or erlotinib and stimulated with EGF (1
h). Addition of either PFK158 or erlotinib dramatically attenu-
ated glycolysis levels in PC9 cells, confirming higher depen-
dence of mutEGFR cells on glucose metabolism. Under EGF
stimulation, we observed an increase in the glycolytic rate in
H522 and PC9 vehicle-treated cells which was attenuated by
the acute treatment with either PFK158 or erlotinib (Fig. 3E).
Surprisingly, treatment of H522 cells with erlotinib resulted in a
marked increase in basal glycolysis but effectively blocked the
effect of EGF. Taken together, these results demonstrate that
PFKFB3 is required for the stimulation of glucose metabolism
driven by the activation of EGFR. Collectively, these results
demonstrate that EGF stimulation and activating mutations of
EGFR increase glucose metabolism by regulating PFKFB3
expression and activity. Furthermore, our findings suggest that
PFKFB3 expression may be essential for tumorigenesis in
EGFR-driven NSCLC.

Activation of the MAPK pathway sustains PFKFB3 expression
in response to erlotinib treatment

Based on our observations that EGFR silencing dramatically
attenuated PFKFB3 expression in H522 and PC9 cells (Fig. 3B),
we next examined the relative expression of PFKFB3 in cells
treated with erlotinib for 24 to 48 h. We found that prolonged
exposure of H522 cells to erlotinib caused a dose-dependent
increase in PFKFB3 phosphorylation at 24 and 48 h, followed by
an increase in expression after 48 h of treatment (Fig. 4A). Nota-
bly, the increase in PFKFB3 phosphorylation and expression
was coincident with increased EGFR phosphorylation and
expression. These observations are in agreement with previ-
ously published data showing that treatment with erlotinib
increases affinity of EGFR to EGF, which in turn, stimulates
receptor activation (23, 29). We speculate that increased
PFKFB3 phosphorylation and expression in response to erlo-
tinib in WT-EGFR cells is a result of increased EGFR activity
driven by erlotinib. Next, we examined PFKFB3 expression in
PC9 cells treated with erlotinib and found that erlotinib expo-
sure blocked PFKFB3 phosphorylation and decreased PFKFB3

expression after 24 and 48 h of exposure (Fig. 4A). Notably, we
have consistently observed an increase in EGFR Y1068 in H522
and PC9 cells after 48 h in culture in the absence of treatment.
These results agree with previous studies indicating that EGFR
expression and phosphorylation increases with higher cell den-
sity (30 –32). Accordingly, we believe that the increase in EGFR
Y1068 levels and the corresponding increase in phosphorylated
PFKFB3 at the 48-hour time point is because of an increase in
cell number in vehicle-treated cells. Importantly, although pro-
longed erlotinib treatment suppressed EGFR phosphorylation
it promoted MAPK pathway reactivation in both cell lines (note
increased RSK phosphorylation, Fig. 4A). Feedback activation
of MAPK in response to TKIs has been previously demon-
strated to contribute to an incomplete response to erlotinib (33,
34).

To investigate the mechanism regulating PFKFB3 expression
in response to EGFR inhibition, we measured PFKFB3 mRNA
expression levels in H522 and PC9 cells treated with erlotinib
for 24 and 48 h. We found that prolonged exposure to erlotinib
significantly up-regulated PFKFB3 mRNA expression in PC9
cells, whereas in H522 cells, PFKFB3 mRNA levels remained
relatively unchanged (Fig. 4B). To evaluate the contribution of
activated MAPK signaling to increased PFKFB3 mRNA expres-
sion, we examined the effect of inhibiting the MAPK pathway in
combination with erlotinib in PC9 cells for 48 h. Inhibition of
either MEK (U0126) or RSK (BI-D1870) drastically blocked the
increase in PFKFB3 mRNA in response to erlotinib, indicating
that MAPK signaling promotes PFKFB3 mRNA transcription
upon erlotinib treatment (Fig. 4C). Furthermore, blockage of
MEK or RSK activity in PC9 cells resulted in further loss of
PFKFB3 as shown by the marked decrease in PFKFB3 levels in
cells treated with U0126 or BI-D1870 and exposed to erlotinib
(Fig. 4D).

The cAMP response element-binding (CREB) protein is one
of the several transcription factors stimulated by the ERK-RSK
axis of the MAPK pathway (35, 36). In our studies, erlotinib
treatment of PC9 cells resulted in a sharp increase in CREB1
phosphorylation which was fully blocked by inhibiting MEK or
RSK activation (Fig. 4D). Importantly, a pool of siRNAs against
CREB1 completely inhibited the increase in mRNA (Fig. 4E)
and led to reduced PFKFB3 protein levels (Fig. 4F) in response
to erlotinib treatment. We speculated that heightened PFKFB3
mRNA expression in erlotinib-treated PC9 cells might be
because of increased recruitment of CREB1 to the PFKFB3 pro-
moter. We analyzed the PFKFB3 5�-promoter sequence using
the TRANSFAC software (Biobase) (37) and identified several
putative CREB1-binding sites located at the �389, �1890, and
�2188 from the PFKFB3 transcription start site. We performed
ChIP assay using a CREB1-specific antibody and appropriate
primers sets for amplification of the sequences for each binding
site, a distal region was used as a negative control. Our results
demonstrate a 2-fold enrichment in total CREB1 binding to
�389 region of PFKFB3 promoter after 24 h of erlotinib treat-
ment (Fig. 4G). These results indicate that reactivation of the
MAPK pathway in response to prolonged erlotinib exposure
increases activation and recruitment of CREB1 to the promoter
of the PFKFB3 gene resulting in increased PFKFB3 gene
transcription.
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Although prolonged treatment with erlotinib significantly
increased PFKFB3 mRNA levels in PC9 cells, the protein levels
remained lower than vehicle-treated samples. To investigate
whether the discrepancy in between mRNA expression (Fig.
4B) and protein levels (Fig. 4, A and D) was because of increased
PFKFB3 protein degradation, we treated cells with erlotinib for
24 h and evaluated PFKFB3 expression in the presence of a
proteasome inhibitor (MG132) or a translation inhibitor
(4EGI-1). Proteasomal inhibition for up to 6 h caused a time-
and dose-dependent accumulation of PFKFB3 protein in PC9
cells treated with erlotinib, whereas inhibition of translation
resulted in PFKFB3 loss after 1 h in cells treated with 0.5 �M

erlotinib (Fig. 4H). These results indicate that erlotinib
increases proteasomal degradation of PFKFB3 protein and that
continuous translation of PFKFB3 is required to maintain
PFKFB3 levels. All together, these results suggest that in
mutEGFR cells erlotinib-activated MAPK signaling acts as a

compensatory mechanism that promotes PFKFB3 transcrip-
tion and ensures continuous translation of PFKFB3 thus mini-
mizing its enhanced proteasomal degradation.

PFKFB3 supports NSCLC survival in response to erlotinib
treatment

Given that prolonged exposure to erlotinib can sustain
PFKFB3 expression in WT and mutEGFR cell lines by indepen-
dent mechanisms, we next assessed the combined effect of
PFKFB3 silencing with erlotinib on the survival of NSCLC cells.
Transfection of H522 and PC9 cells with two PFKFB3-specific
siRNAs in combination with erlotinib resulted in significant
cytotoxicity on cell proliferation in both cell lines, whereas
erlotinib alone showed a cytostatic effect (Fig. 4I). Our
results suggest that PFKFB3 inhibition enhances erlotinib-
driven toxicity.

Figure 4. PFKFB3 expression modulates response to erlotinib in NSCLC cells. A, H522 and PC9 cells were treated with the indicated concentrations of
erlotinib for 24 to 48 h. Whole cell lysates were evaluated by Western blotting with the indicated antibodies. PFKFB3(S461)/PFKFB3 ratios were quantified and
normalized to vehicle-treated samples at 24 h. B, PFKFB3 mRNA levels were evaluated by real-time PCR. Error bars, mean � S.E. of three independent
experiments, normalized to vehicle-treated samples (n � 9). C, PC9 cells were treated with either a MEK inhibitor (U0126; 20 �M) or an RSK inhibitor (BI-D1870;
20 �M) in the presence of 0.5 �M erlotinib for 48 h. PFKFB3 mRNA levels were evaluated by real time PCR and normalized to DMSO untreated control. Error bars,
mean � S.E. of three independent experiments (n � 9). D, PC9 cells were treated as described in C and protein levels were evaluated by Western blotting. E, PC9
cells were transfected with either a control siRNA or a pool of CREB1-specific siRNAs and treated with DMSO or erlotinib for 48 h. PFKFB3 mRNA levels were
evaluated by real-time PCR and normalized to vehicle-treated control siRNA. Error bars, mean � S.E. of three independent experiments (n � 9). F, PC9 cells were
treated as described in E and protein levels were evaluated by Western blotting. G, ChIP assay experiments were performed with PC9 cells treated with 0.5 �M

erlotinib for 24 h using antibodies to CREB1 or control mouse IgG and primers flanking �389 and distal regions (lacking CRE site) of the PFKFB3 promoter.
Real-time PCR data were normalized to control IgG signal and shown as -fold enrichment. Error bars, mean � S.E. of three independent experiments (n � 9). H,
PC9 cells were treated with indicated concentrations of erlotinib for 24 h and exposed to a translation inhibitor (4EGI-1; 50 �M) or a proteasome inhibitor
(MG132; 50 �M) for 0 to 6 h. Whole cell lysates were collected and immunoblotted with the indicated antibodies. PFKFB3/actin ratios were quantified and
normalized to the corresponding time zero. I, H522 and PC9 cells were transfected with PFKFB3 siRNAs (siFB3#1, siFB3#2) followed by treatment with either
vehicle or erlotinib (H522, 2 �M; PC9, 0.5 �M) for 48 h. Cell survival was evaluated by trypan blue exclusion. Shown are changes in absolute amounts of viable
cells between 24 and 48 h post treatment. Error bars, mean � S.E. of three independent experiments (n � 12). p values are shown as follows: *, �0.05; **, �0.01,
and ***, p � 0.001 compared with vehicle treatment. ##, p �0.01, ###, p� 0.001, compared with indicated erlotinib treatment.
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PFKFB3 inhibition synergistically increased the anti-
proliferative effect of erlotinib in WT and mutEGFR cell lines

Our observations suggested that targeting PFKFB3 in com-
bination with erlotinib may be a viable therapeutic approach for
NSCLC cells to enhance sensitivity to erlotinib. To evaluate the
efficacy of combining a PFKFB3 inhibitor with erlotinib, we
treated WT-EGFR (H522, H1437, H1299, H460, A549) and
mutEGFR (PC9, HCC827) cell lines alone or in combination
and evaluated cell viability in trypan exclusion experiments 48 h
post treatment. As expected, cell lines harboring an EGFR
mutation were highly sensitive to erlotinib treatment, whereas
WT-EGFR cell lines showed no effective growth inhibition (GI)
at clinically relevant concentrations (2 �M) (Fig. 5A). Impor-

tantly, PFKFB3 inhibition effectively suppressed cell growth in
all cell lines, suggesting high reliance of cells on PFKFB3 func-
tion (Fig. 5A). The effect of dual treatment was evaluated using
the Chou-Talalay method (38). We observed synergy between
erlotinib and PFK158 in all the NSCLC cell lines evaluated
(combination indexes �1) when using clinically relevant con-
centrations of both drugs (Fig. 5A). Moreover, synergism was
maintained at high effective dose levels (ED75, ED90) suggesting
its therapeutic utility for cancer treatment (Fig. 5B) (38). To
distinguish cytostatic from cytotoxic drug effects, we calculated
growth rate values as described in Ref. 39, and found that erlo-
tinib partially inhibited cell growth in WT-EGFR cell lines and
exhibited a cytostatic effect in cells expressing mutEGFR at the

Figure 5. PFK158 synergizes with erlotinib in WT and mutEGFR cell lines. A, WT-EGFR (H522, H1437, H1299, H460, A549) and mutEGFR (PC9, HCC827) cells
were exposed to either erlotinib, PFK158, or the combination for 48 h. Cell viability was evaluated by trypan blue exclusion and used to determine the GI50 (drug
concentration that causes 50% growth inhibition) relative to the vehicle control cells. Combination index for drug combination with erlotinib �2 �M was
calculated using the CalcuSyn program based on the Chou-Talalay method. Mean � S.D. of three independent experiments (n � 6). B, combination index at
various effective doses (ED) for the constant drug ratio for different NSCLCs lines was calculated. Data shown are from a representative experiment. C, NSCLC
cells were treated with PFK158 and erlotinib as single drugs or in combination at the indicated concentrations for 48 h. Cell viability was evaluated by trypan
blue exclusion experiments. Data are plotted as growth rate values as indicated in methods, where GR �0 indicates inhibited growth, GR � 0, cytostatic effect
and GR �0, cytotoxic effect. Error bars, mean � S.E. of three independent experiments (n � 6). D, H1437 cells were seeded in soft-agar plates and exposed to
0.45 �M erlotinib and 0.62 �M PFK158 alone or in combination for 15 days. PC9 cells were seeded in soft-agar plates and exposed to 3.12 nM erlotinib and 0.31
�M PFK158 alone or in combination for 10 days. Left panel, representative images of formed colonies are shown (20� magnification). Scale bar, 100 �m. Right
panel, numbers of colonies/cm2 normalized to vehicle-treated cells. Error bars, mean � S.E. of three independent experiments (n � 18). p values are shown as
follows: *, �0.05; **, �0.01; and ***, �0.001 (compared with vehicle treatment). #, p � 0.05; ###, p � 0.001, compared with indicated drug treatment.
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drug concentrations tested (growth rate (GR) values �0) (Fig.
5C). In contrast, treatment with PFK158 as a single agent
resulted in a cytotoxic effect (GR values �0) in all the cell lines
except PC9 cells. Dual treatment significantly increased cyto-
toxicity in all the cell lines (Fig. 5C), suggesting the clinical
potency of the drug combination. Next, we evaluated the effi-
cacy of combined EGFR and PFKFB3 inhibition on tumor
growth in vitro using an anchorage-independent growth assay
in WT-EGFR (H1437, given that H522 cells were unable to
grow in soft agar) and mutEGFR (PC9) cell lines. We found that
the drug combination significantly inhibited colony formation
compared with individual treatment (Fig. 5D). These observa-
tions suggest that PFKFB3 plays a role in mediating resistance
to EGFR inhibition and validate the utility of dual inhibition of
PFKFB3 and EGFR activity in tumor cells with various EGFR
mutation status.

Discussion

In this study, we demonstrate that EGFR activation leads to
the up-regulation of PFKFB3 expression and activity and that
PFKFB3 inhibition significantly improves the efficacy of erlo-
tinib in NSCLC cells. Adding to the understanding that activa-
tion of EGFR stimulates glycolytic flux and regulates the
expression of key glycolytic enzymes, including hexokinase and
pyruvate kinase (20, 40), we provide evidence that PFKFB3 is
stimulated by EGFR signaling and is required for the EGFR-
driven glycolysis increase in NSCLC cells. Alteration in glucose
metabolism is a common feature of the metabolic reprogram-
ming exhibited by tumor cells to support aberrant proliferation.
Increased glucose utilization relies largely on the up-regulation
of PFKFB3 activity, a powerful regulator of the entire glycolytic
pathway. From a therapeutic perspective, our findings imply
that targeting PFKFB3 in combination with EGFR inhibition
may be essential to positively impact the clinical efficacy and
outcomes of EGFR-TKIs.

Targeted therapies against EGFR have been approved as a
standard first-line therapy in NSCLC patients with sensitive
EGFR mutations (41). Although initially designed to recognize
WT kinase active site of EGFR, the first generation of TKIs,
such as erlotinib and gefitinib, showed clinical benefits in
patients with NSCLCs bearing mutated EGFR (42). Although
the presence of mutations in the EGFR gene is associated with a
favorable response to EGFR-TKIs, many patients do not
respond to treatment because of intrinsic resistance. Impor-
tantly, almost all patients that have initial responses to EGFR-
TKIs eventually develop resistance largely because of acquired
mutations in exons 19 and 20 (T790M, most commonly) (43,
44). Patients treated with a third-generation drug developed to
target secondary T790M mutations, osimertinib, develop resis-
tance after 1 to 2 years of treatment (45). Beyond the intrinsic
and genetically acquired resistance to EGFR-TKIs, bypass acti-
vation of downstream pathways such as MAPK and PI3K have
been shown to result in adaptive resistance. Our results showed
that MAPK reactivation upon prolonged erlotinib exposure
increases PFKFB3 transcription thereby attenuating the erlo-
tinib-induced PFKFB3 degradation in mutEGFR cells. Elevated
PFKFB3 mRNA levels in response to erlotinib were maintained
by increased recruitment of CREB1 to the PFKFB3 promoter.

The CREB1 transcription factor provides exclusive mRNA
transcription and further translation under stress conditions
and its increased activity is associated with negative prognosis
in NSCLCs (46). These findings are in agreement with recently
published data showing that prolonged treatment of EGFR-ad-
dicted cancer cells with TKIs displayed a metabolic shift toward
increased glycolysis and lactate production (47) and that glu-
cose inhibition can overcome acquired resistance to EGFR
TKIs (40). Based on our results we speculate that persistent
expression of PFKFB3 because of MAPK reactivation allows
cancer cells to survive the effects of EGFR-TKIs and ultimately
contribute to its resistance. Importantly, we discovered that
chronic exposure of erlotinib in WT-EGFR cells up-regulates
PFKFB3 expression likely because of increased EGFR signaling.
These results raise the question of whether the lack of response
of patients with WT-EGFR to TKIs is in part because of
increased PFKFB3 and glycolysis. Although more intensive
investigation is required to address this question, we have dem-
onstrated that inhibiting PFKFB3 significantly increases cellu-
lar responses to erlotinib and reduces survival of WT-EGFR
NSCLC cells.

Although high expression of PFKFB3 is observed in a multi-
tude of cancers and is associated with increased tumor prolif-
eration and survival, the molecular mechanisms regulating
PFKFB3 expression and activity are not completely understood.
At the transcriptional level, PFKFB3 expression is regulated by
HIF-1�, the progesterone and estrogen receptors (28, 48, 49).
Moreover, loss of phosphatase and tensin homolog is known to
reduce degradation of PFKFB3 whereas activation of protein
kinase B (Akt) results in phosphorylation of PFKFB3 at S461
leading to its activation (50, 51). Here, we describe that EGF
stimulation of both WT and mutEGFR regulate PFKFB3
expression via its posttranslational regulation. Importantly, we
also show that the steady-state concentration of the PFKFB3
product F26BP correlates with PFKFB3 phosphorylation and
expression in response to EGF. Although the role of EGF in
regulating glucose metabolism has been described previously,
the downstream targets required to promote glycolysis in
response to EGF remain largely unknown. Here we identify
PFKFB3 as a molecular effector of EGF-driven signaling. Fur-
thermore, we provide evidence that enhanced glycolysis in
response to EGF depends on PFKFB3 activity, as determined
using a small molecule inhibitor of PFKFB3. Interestingly,
although mutEGFR cells display higher basal levels of PFKFB3
phosphorylation and expression compared with WT-EGFR
cells, stimulation with EGF further increases PFKFB3 expres-
sion and activity. These results are in concert with previous
studies showing that whereas mutEGFR have decreased depen-
dence on ligand stimulation for activation, the presence of EGF
further increases receptor activation (52).

In our experiments we observed that EGFR silencing dramat-
ically decreases PFKFB3 expression. Surprisingly, PFKFB3
knockdown in serum-starved cells resulted in a marked reduc-
tion of EGFR expression in PC9 cells and a modest effect on
EGFR expression in H522 cells (Fig. 3B). EGFR expression at
the cell membrane is regulated by the presence of ligand and by
the levels of endocytosis and trafficking of the receptor. In
response to stimulation or drug treatment, internalized recep-
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tor could proceed to recycling or lysosomal degradation (53).
Recently, it has been shown that glucose co-transporter SGLT1
stabilizes EGFR at the membrane in glucose-deprived cells,
although enhanced glycolytic flux driven by mutEGFR increases
receptor stability and is critical for NSCLC survival (40, 54). Our
finding suggests that PFKFB3 might play some role in regulating
EGFR expression or recycling; however, this speculation requires
further investigation.

PFKFB3 can be used as a prognostic marker of lung adeno-
carcinomas and PFKFB3 inhibition with a small-molecule
inhibitor reduces tumor growth in vivo (55–57). Here, we eval-
uated the efficacy of PFK158, the first-in-class small molecule
inhibitor of PFKFB3, which has already shown some efficacy in
a phase I clinical trial in patients with advanced solid tumors
(27, 58, 59). Our in vitro experiments confirmed that PFK158
decreases cell survival of NSCLC cells (WT and mutEGFR). In
dual treatment experiments, we confirmed the synergistic
effect and improved cytotoxicity of drug combinations in cell
lines with different EGFR mutation status. Although the mech-
anism by which PFKFB3 inhibition potentiates erlotinib activ-
ity in NSCLC cells is still under investigation, the results pre-
sented here support the superiority of the combined therapy
and will be tested further in vivo. A model describing the role of
PFKFB3 in modulating cellular responses to erlotinib is shown
in Fig. 6. Synergy in treatment of NSCLCs cell lines with EGFR
and PFKFB3 inhibitors opens the discussion of the putative role
of PFKFB3 in regulating overall drug response to EGFR-TKIs,
development of initial compensation, and its link to the second-
ary resistance to TKIs that requires further investigation.

In summary, our studies indicate that PFKFB3 is an essential
regulatory effector of the EGFR pathway that serves to promote
the survival of NSCLC cells. Consequently, our findings may
have identified a novel and potentially efficacious strategy for
the treatment of NSCLC lung cancer that uses an inhibitor of
PFKFB3 in combination with EGFR-TKIs.

Experimental procedures

Reagents

EGF (E9644) was purchased from Sigma-Aldrich. Erlotinib
(S1023, S7786) and BI-D1870 (S2843) were obtained from Sell-
eck Chemicals; U0126 (v1121) was purchased from Promega.
4EGI-1 (15362) and MG132 (10012628) were obtained from
Cayman Chemical Co. PFK158 (HY-12203) was purchased
from MedChem Express.

Cell culture

H522, PC9, H1437, HCC827, A549, H460, and H1299 were
purchased from the American Type Culture Collection
(ATCC). H522, PC9, HCC827, H460, and H1299 cells were cul-
tured in RPMI medium (Invitrogen) supplemented with 10%
FBS (Clontech) and 50 �g/ml gentamicin (Life Technologies).
H1437, A549 were cultured in DMEM (Invitrogen) supple-
mented with 10% FBS and gentamicin. Cells were incubated at
37 °C with 5% CO2. Cells were serum-starved in RPMI medium
for 24 h prior to stimulation with 50 ng/ml EGF or 10 mM acetic
acid as vehicle control.

Figure 6. Model describing the putative mechanism of synergetic interaction between PFK158 and erlotinib in WT and mutEGFR NSCLC cell lines. In
mutEGFR cells, chronic inhibition of EGFR signaling by erlotinib promotes reactivation of the MAPK pathway thereby stimulating PFKFB3 transcription via
CREB1 binding to the PFKFB3 promoter. Enhanced PFKFB3 transcription compensates for the loss of protein because of targeted degradation by the protea-
some and promotes cell survival. In WT-EGFR cells, prolonged erlotinib exposure stimulates EGFR signaling which, in turn, up-regulates PFKFB3 expression by
an unknown mechanism and promotes cell survival. PFKFB3 inhibition with PFK158 blocks the prosurvival function of PFKFB3 resulting in a marked increase
in cytotoxicity when used in combination with erlotinib. Solid arrows indicate established direct regulations of downstream targets. Dashed arrows indicate
indirect activation where intermediate steps are involved but are not specified in this schematic.
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siRNA transfection

PC9 and H522 cells were seeded in 6-well plates at a density
of 6 � 104 and 3.5 � 105 cells/well, respectively, in 2 ml of
complete medium 24 h prior to transfection. Transfections
were performed using Lipofectamine RNAiMAX (Invitrogen)
following the manufacturer’s instructions and allowed to incu-
bate for the indicated times. For EGF stimulation experiments,
the medium was changed to serum-free 24 h after transfection
and allowed to incubate for 24 h prior to stimulation. The fol-
lowing siRNAs were used: PFKFB3 siRNA1 (HSS107860,
Invitrogen), PFKFB3 siRNA2 (HSS107862, Invitrogen), EGFR
siRNA (sc-29301, Santa Cruz Biotechnology), CREB1 siRNAs
(sc-29281, Santa Cruz Biotechnology); control siRNAs that
have no homology to any sequence in the human genome were
used as the controls (12935-112, Invitrogen; sc-37007, sc-44231,
Santa Cruz Biotechnology).

Antibodies and Western blotting

Whole cell lysates were harvested using RIPA buffer
(Thermo Fisher) supplemented with protease inhibitors. Pro-
tein concentration was determined using the BCA protein assay
kit (Thermo Fisher) following the manufacturer’s instructions.
Proteins were separated on 10% or 4 –20% Mini PROTEAN
TGX gels under reducing conditions and transferred to
Immun-Blot PVDF Membranes (Bio-Rad). The membranes
were blocked with 5% BSA or 5% nonfat milk in TBS-T (0.1%
Tween 20) and immunoblotted with the indicated antibodies.
HRP-conjugated goat anti-rabbit (Invitrogen) and anti-mouse
IgG (Sigma) were used as secondary antibodies. Amersham
Biosciences ECL Prime Western blotting detection reagent (GE
Healthcare) was used to detect immunoreactive bands. The
membranes were visualized on autoradiography film BX (Mid-
Sci). PFKFB3 antibody was obtained from Proteintech. Anti-
bodies to detect Y1068 EGFR, EGFR, T402/T404 ERK, ERK,
S473 Akt, Akt, S380 RSK, RSK were purchased from Cell Sig-
naling Technology. S133 CREB1 and CREB1 antibodies were
obtained from Santa Cruz Biotechnology. Antibody against
S461 PFKFB3 was generated by Proteintech. We confirmed the
specificity of the antibody by using an in vitro kinase assay
where recombinant PFKFB3 was incubated with active recom-
binant Akt1 in the presence or absence of Lambda Protein
Phosphatase and by using A549 cell lysates from PFKFB3
siRNA transfected cells in the presence or absence of Lambda
Protein Phosphatase. Quantitative densitometry was per-
formed with ImageJ (National Institutes of Health); signal den-
sity was normalized to the corresponding �-actin loading
control.

RNA extraction and real-time RT-qPCR

Total RNA was extracted using the RNeasy kit (Qiagen) fol-
lowing the manufacturer’s instructions. Reverse transcription
was performed using the Applied Biosystems High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher). Quantita-
tive RT-PCR was performed with the ABI PRISM 7500 using
TaqMan primers and probes for PFKFB3 and control gene
�-actin (Thermo Fisher). Samples were analyzed using the
comparative CT method, where -fold change was calculated
from the 		CT values with the formula 2�		Ct. Data are pre-

sented as mean � S.E. of three experiments with three technical
replicates and statistical significance was assessed by the two-
sample t test (independent variable).

Chromatin immunoprecipitation (ChIP) assay

ChIP experiments were performed using the SimpleChIP
Chromatin IP Kit (Cell Signaling Technology). Briefly, 3 � 106

PC9 cells/IP were treated with vehicle or 0.5 �M erlotinib for
24 h. Chromatin was crosslinked by incubating cells with 1%
formaldehyde for 10 min. Immunoprecipitation of the lysed
extracts was performed using anti-CREB1 ChIP grade antibody
or normal mouse IgG (Santa Cruz Biotechnology) as a control.
Oligonucleotides used for RT-qPCR flanking PFKFB3 gene
regions: (�373 to �355), GCCAGCCCGGACTCTTTA (for-
ward), GCTCGTCCGCTCGGAAA (reverse); (�1924 to
�1719), GCCTCTCAAGGTTCCCAGTC (forward), CAGG-
TAAGGACATGGGCCAG (reverse); (�2489 to �2281),
CTAGACTCGGAACGCGTTATT (forward), CTTCTTCCA-
CACTCCCTACAAG (reverse); (�10343 to �10153, distal
region), TGGGTTCCAGTTTCTGTTCTC (forward), GATC-
TGGGCTGCTCTATGATTT (reverse); primers were pur-
chased from Integrated DNA Technologies. -Fold enrichment
was calculated using the comparative CT method. Data are pre-
sented as mean � S.E. of three experiments with three technical
replicates and statistical significance was assessed by the two-
sample t test (independent variable).

In vitro PFKFB3 phosphorylation with immunoprecipitated
EGFR

106 PC9 cells were cultured in either complete medium or
serum-starved for 24 h (for the EGF-stimulated experiments).
Cells in complete medium were exposed to 0.5 �M erlotinib for
1 h; serum-starved cells were stimulated with 50 ng/ml EGF for
2 min prior to harvesting. Whole cell lysates were collected
using RIPA buffer, sonicated and standardized for protein con-
tent across all samples. EGFR was immunoprecipitated from
lysates using anti-EGFR antibody with overnight rotation at
4 °C. A normal rabbit IgG antibody was used as a negative con-
trol. Prewashed Protein G Sepharose (Life Technologies) was
then added to the IP samples for an additional 3 h at 4 °C and
subsequently washed twice with kinase buffer: 25 mM Tris, pH
7.5, 2 mM DTT, 10 mM Na3VO4, 10 mM MgCl2. Immunopre-
cipitates were resuspended in a kinase reaction mixture con-
taining 10 �M ATP and 1.4 �g recombinant PFKFB3 and incu-
bated at room temperature for 1 h. Reactions were stopped by
the addition of 2� Laemmli buffer followed by incubation at
60 °C for 30 min on a shaker. Samples were subjected to SDS-
PAGE and Western blot analysis using a VeriBlot IP Detection
Reagent (HRP) (Abcam).

F26BP assay

Cells stimulated with either EGF or vehicle for the indicated
times were harvested and snap frozen in liquid nitrogen. Pellets
were lysed in NaOH/Tris acetate by heating at 80 °C for 5 min.
Extracts were neutralized to pH 7.2 by adding ice-cold 1 M ace-
tic acid in the presence of 20 mM HEPES. Intracellular F26BP
levels were measured using a method described previously (15).
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Glycolysis assay

H522 or PC9 cells growing in 6-well plates were incubated in
500 �l of medium containing 1 �Ci of 5-[3H]glucose for 60 min
in 5% CO2 at 37 °C. Glycolysis assay was performed as described
in Ref. 28. Data are presented as mean � S.E. of independent
experiments with technical and biological duplicates.

Cell viability assay

Cells were seeded in complete medium in 24-well plates prior
to the addition of the indicated treatments. Cell viability was
evaluated by trypan blue exclusion assay at the time of treat-
ment (0 h) and 24 – 48 h later. Cell numbers were corrected
according to the dilution factor. To evaluate the drug effect on
cell survival, GR values were calculated using the equation:
GR(d) � 2∧(log2(xd/x0)/log2(xctrl/x0)) � 1, where xd and xctrl �
amounts of viable cells after treatment with drug (d) or vehicle
(ctrl); x0 � cell amount at the time of treatment. Data are pre-
sented as mean � S.E. of three independent experiments with
biological and technical duplicates.

Anchorage-independent growth assay

Cell growth in soft agar was evaluated as described previously
(60). Cells were harvested with trypsin/EDTA, resuspended in
0.3% noble agar (BD Biosciences) in complete medium contain-
ing drug treatments and seeded on top of the feeder layer, con-
taining drug treatments. A total of 5 � 103 cells were suspended
in the complete medium containing 0.3% agar and appropriate
drugs. Media (including drug treatments) were replenished
once in 5– 6 days until colonies became visible. Colonies were
allowed to grow for 10 –15 days. Colonies were counted in three
random 1 cm2 areas per plate under 20� magnification. Cells
were imaged using a Nikon Eclipse TE200-S microscope,
images were taken with ACT-1 software. Data were plotted as %
decrease in colonies number compared with vehicle-treated
cells. All data are expressed as the mean � S.E. of three inde-
pendent experiments with biological duplicates.

Statistics

Results are reported as the mean � S.E. Statistical analysis
was performed by the two-tailed Student’s t test (independent
variable) using GraphPad Prism, version 7.0 (GraphPad). p val-
ues �0.05 were considered to be statistically significant.
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