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Introduction

Metabolic alterations are a hallmark of most cancer cells. 
The first evidence can be dated back to the discovery by Otto 

Warburg of the so-called aerobic glycolysis or “Warburg Effect,” 
that stands for the preferential use of glycolysis instead of the 
far more efficient oxidative phosphorylation (OXPHOS) to pro-
duce ATP, even in the presence of normal oxygen tension.1 The 
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Increased glycolytic flux is a common feature of many cancer cells, which have adapted their metabolism to maxi-
mize glucose incorporation and catabolism to generate ATP and substrates for biosynthetic reactions. Indeed, glycolysis 
allows a rapid production of ATP and provides metabolic intermediates required for cancer cells growth. Moreover, it 
makes cancer cells less sensitive to fluctuations of oxygen tension, a condition usually occurring in a newly established 
tumor environment. Here, we provide evidence for a dual role of MAPK14 in driving a rearrangement of glucose metabo-
lism that contributes to limiting reactive oxygen species (ROS) production and autophagy activation in condition of 
nutrient deprivation. We demonstrate that MAPK14 is phosphoactivated during nutrient deprivation and affects glucose 
metabolism at 2 different levels: on the one hand, it increases SLC2A3 mRNA and protein levels, resulting in a higher incor-
poration of glucose within the cell. This event involves the MAPK14-mediated enhancement of HIF1A protein stability. On 
the other hand, MAPK14 mediates a metabolic shift from glycolysis to the pentose phosphate pathway (PPP) through the 
modulation of PFKFB3 (6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase 3) degradation by the proteasome. This 
event requires the presence of 2 distinct degradation sequences, KEN box and DSG motif Ser273, which are recognized by 
2 different E3 ligase complexes. The mutation of either motif increases PFKFB3 resistance to starvation-induced degrada-
tion. The MAPK14-driven metabolic reprogramming sustains the production of NADPH, an important cofactor for many 
reduction reactions and for the maintenance of the proper intracellular redox environment, resulting in reduced levels of 
ROS. The final effect is a reduced activation of autophagy and an increased resistance to nutrient deprivation.
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use of glycolysis confers cancer cells several metabolic advan-
tages, which are a fast, although inefficient, production of ATP; 
a robust source of metabolic intermediates for biosynthetic path-
ways required to sustain a rapid proliferation rate; and a reduced 
sensitivity to fluctuations of oxygen tension, which often occur 
in a newly established tumor environment.2,3 To satisfy the 
increased demand of glucose, cancer cells present various altera-
tions that favor its uptake and catabolism. Glucose is taken up 
through several glucose transporters, many of which are under 
the control of oncogenes (e.g., AKT and MYC)4,5 and tumor sup-
pressors (e.g., TP53/TRP53),6 and are upregulated in a great 
number of tumor histotypes.7,8 Once in the cell and phosphory-
lated to glucose 6-phosphate (G6P) by hexokinases (HKs), glu-
cose can be converted to fructose 6-phosphate (F6P) and then 
fructose 1,6-bisphosphate (F1,6BP) by GPI (glucose-6-phos-
phate isomerase) and PFKL/M (phosphofructokinase, liver/
muscle), which commit glucose toward glycolysis. Alternatively, 
G6P can be redirected to the pentose phosphate pathway (PPP) 
by G6PD (glucose-6-phosphate dehydrogenase), which converts 
G6P to 6-phosphoglucono-δ-lactone and NADPH, an impor-
tant source of reducing equivalents for reductive reactions. 
Glycolysis is a finely regulated metabolic pathway: the first 
regulatory point is PFKL/M, whose activity is inhibited by high 
levels of ATP and citrate and stimulated by AMP and fructose 
2,6-bisphosphate (F2,6BP).9,10 The intracellular levels of F2,6BP 
are controlled by bifunctional enzymes called 6-phosphofructo-
2-kinase/fructose 2,6-bisphosphatases (PFKFB1/2/3/4), which 
catalyze the formation and the degradation of F2,6BP. Four 
tissue-specific isoforms (PFKFB1/2/3/4) have been so far char-
acterized, each of them showing a characteristic kinase/phos-
phatase activity ratio.11 Among these 4 isoforms, PFKFB3 is of 
particular interest because of its ubiquitous expression in most 
human tissues and its extremely high kinase/phosphatase activ-
ity ratio. Indeed, the phosphatase activity of PFKFB3 is negli-
gible and this enzyme only catalyzes the formation of F2,6BP.12 
Moreover, this isoform has been observed to be upregulated in a 
variety of tumor types.13,14 The overexpression of PFKFB3 con-
fers cells a great advantage. The high kinase/phosphatase ratio of 
PFKFB3 leads to elevated intracellular F2,6BP levels, which in 
turn activate PFKL/M and redirect glucose toward glycolysis at 
the expense of the PPP. Moreover, because F2,6BP is one of the 
most potent activators of PFKL/M, a high F2,6BP concentra-
tion can override the inhibitory effects of ATP and citrate, thus 
contributing to maintaining a high glycolytic flux also when 
glycolysis products are abundant. PFKFB3 levels are controlled 
by E3 ligase complexes, such as the anaphase promoting com-
plex/cyclosome (APC/C)-FZR1 (also termed Cdh1) complex 
(APC/CFZR1) and SKP1-CUL1-F-box (SCF)-BTRC/β-TrCP, 
which recognize 2 specific regions of the protein, KEN box and 
DSG motif, respectively, and direct PFKFB3 to proteasomal 
degradation.15,16

Mitogen-activated protein kinases (MAPKs) are a family of 
evolutionarily conserved serine/threonine kinases involved in the 
regulation of several cell processes, ranging from cell growth to 
differentiation, autophagy, and apoptosis, in response to envi-
ronmental stimuli. Three are the main MAPKs cascades in 

mammals: those mediated by MAPK1/ERK2-MAPK3/ERK1, 
by MAPK8/9/10/JNK1/2/3, and by MAPK14. The MAPK1 
cascade is mainly involved in the control of cell proliferation and 
differentiation, while MAPK14 and MAPK8/9/10 pathways are 
more implicated in the control of cell survival and cell death, 
being activated by environmental stresses, which are often associ-
ated with the generation of ROS.17,18 MAPKs have been indicated 
to be also involved in autophagy: while the role of MAPK8/9/10 
as positive regulator of autophagy is now rather clear, that of 
MAPK14 is less defined and is highly dependent on the stimu-
lus provided.19-23 MAPK14 has been, indeed, shown to be able to 
either promote or suppress autophagy, although its repressive role 
seems to be the prevalent one. Interestingly, MAPK14 can repress 
autophagy in a kinase-dependent (through ATG5 phosphoryla-
tion), as well as kinase-independent manner. Indeed, phosphory-
lated MAPK14 competes with the autophagic protein ATG9 for 
the binding to SUPT20H/P38IP and in turn impairs ATG9 traf-
ficking between the trans-Golgi network and the newly forming 
autophagosomes.24

Autophagy is a catabolic pathway consisting in the sequestra-
tion of cellular components by double-membrane vesicles called 
autophagosomes, which fuse with lysosomes to form autolyso-
somes. The content of these vesicles is then degraded and recycled 
by the cell to produce macromolecules and ATP.25 Autophagy 
is a crucial mechanism for the maintenance of cellular homeo-
stasis, being involved in the removal of damaged proteins and 
organelles, and an abnormal or defective activation of autophagy 
is implicated in the onset of several pathologies, including cancer 
and neurodegenerative disorders.26

Here, we provide evidence for a dual role of MAPK14 in the 
control of glucose metabolism in response to nutrient deprivation. 
In particular, we demonstrate that MAPK14 activation leads to 
an increase of SLC2A3/GLUT3 expression and glucose uptake. 
We also demonstrate that MAPK14 redirects glucose toward the 
PPP by stimulating PFKFB3 degradation by the proteasome. 
PFKFB3 degradation causes a metabolic reorganization which 
fuels NADPH production, which finally results in a reduction 
of ROS levels, a milder activation of autophagy, and a delayed 
occurrence of starvation-induced cell death.

Results

Nutrient starvation induces a ROS-dependent MAPK14 
activation

MAPK14 is involved in the modulation of a plethora of 
cell processes ranging from proliferation to cell death and 
autophagy.20 Before investigating the possible involvement of 
MAPK14 in the modulation of starvation-induced autophagy, 
we verified whether MAPK14 was phosphoactivated under this 
experimental condition. Cervix carcinoma HeLa and breast 
carcinoma SK-BR3 cells were selected for the study, incubated 
with EBSS for different times and MAPK14 activation was ana-
lyzed by western blot. Results depicted in Figure 1A and Figure 
S1A showed that in both cell lines tested, nutrient deprivation 
induced a time-dependent increase of phospho-MAPK14. The 
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activation of MAPK14 has been further confirmed by western 
blot analysis of the phosphorylated form of ATF2, a MAPK14 
downstream target, whose phosphorylation pattern reflects that 
of MAPK14 (Fig.  1A). Moreover, MAPK14 phosphorylation 
was accompanied by a change in the subcellular distribution, 
with an increase of its nuclear localization, as shown by west-
ern blot and fluorescence microscopy analyses (Fig. 1B and C). 
Nutrient starvation is known to induce a massive increase of ROS 
levels,27,28 and MAPK14 is a well-recognized redox-responsive 
protein kinase.17,29,30 Therefore, to evaluate whether MAPK14 
phosphoactivation was dependent on ROS production, we pre-
treated cells for one h with 5 mM of N-acetyl-l-cysteine (NAC), 
a well-known antioxidant molecule. Figure 1D and Figure S1D 
showed that NAC reduced MAPK14 activation, suggesting that 

this event could be ROS-dependent. Analogous results, although 
with some cell-line specific differences, were obtained in 2 addi-
tional cell lines, namely hepatocarcinoma HepG2 and ovarian 
carcinoma OC316 cells (Fig. S1B, S1C, S1E, and S1F), indicat-
ing that, during starvation, MAPK14 activation could be a com-
mon response of most cancer cells. The family of p38 includes 4 
different isoforms (MAPK11/p38β, MAPK12/p38γ, MAPK13/
p38δ, and MAPK14/p38α),31 among which MAPK14 is the most 
abundant and widely expressed one. To confirm that MAPK14 
was actually phosphorylated in our experimental condition, we 
downregulated MAPK14 and performed a western blot analysis 
of phospho-MAPK14. The result showed in Figure S2A revealed 
that MAPK14 downregulation completely abolished starvation-
induced MAPK14 phosphorylation.

Figure 1. Starvation induces MAPK14 phospho-activation and nuclear translocation. (A) HeLa cells were starved for the indicated times and western blot 
analysis of MAPK14 activation was performed. GAPDH was used as loading control. (B) HeLa cells were starved for the indicated times and both cytosolic 
and nuclear fractions were collected. Western blot analysis of phospho-MAPK14 was performed. LMNA/Lamin A/C and lactate dehydrogenase (LDH) 
were used as purity control. (C) (upper panel) Fluorescence microscope analysis of nuclear phospho-MAPK14 of HeLa cells starved for 3 h. Hoechst 33342 
was used to detect nuclei. (lower panel) Quantification of cells with nuclear phospho-MAPK14. Data are presented as mean ± SD of n = 3 independent 
experiments. **P < 0.01 against medium. (D) HeLa cells were pretreated for one h with either vehicle or 5 mM NAC and then starved for the indicated 
times. Western blot analysis of MAPK14 activation was performed. GAPDH was used as loading control. Western blots are from one experiment repre-
sentative of 3 that gave similar results. Numbers indicate relative phospho-MAPK14/MAPK14 ratios.
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Active MAPK14 limits autophagy and preserves cell viability
After demonstrating that MAPK14 was activated in response 

to nutrient deprivation, we tested whether MAPK14 activa-
tion was functional for the occurrence of autophagy. To this 
aim, we downregulated MAPK14 activity and/or expression 
and analyzed cell response. Obtained results indicated that 
both the downregulation and the pharmacological inhibi-
tion of MAPK14 led to a more sustained activation of auto-
phagy in HeLa cells, as shown by fluorescence microscopy 

(Fig.  2A) and western blot (Fig.  2B; Fig.  S2C) analyses of 
the lipidated form of MAP1LC3B (MAP1LC3B-II), a widely 
used marker of autophagy.32 Similar results were obtained in 
SK-BR3 cells (Fig. S2D). To discriminate between an increase 
and a block of autophagic flux, we treated HeLa cells with  
50 µM of the late-stage autophagy inhibitor chloroquine, which 
led to a further increase of MAP1LC3B-II (Fig.  2B). These 
results, together with the evidence that protein but not mRNA 
levels of the autophagy marker SQSTM1/p62 upon siRNA to 

Figure 2. MAPK14 modulates autophagy and preserves cell viability. (A) Fluorescence microscopy analysis of HeLa cells cotransfected with an EGFP-
LC3-containing plasmid and with either a nontargeting siRNA (siScr) or an siRNA targeting MAPK14 (siMAPK14). Twelve h after transfection, cells were 
starved for 3 h and the number of LC3-II dots were counted. At least 100 cells per sample were analyzed from n = 3 independent experiments. **P < 0.01 
against siScr EBSS. (B and C) HeLa cells were transfected with either a nontargeting siRNA (siScr) or an siRNA targeting MAPK14 (siMAPK14). Twelve h after 
transfection cells were starved for 3 h and western blot analyses of MAP1LC3B and SQSTM1 were performed. Where indicated, 50 µM chloroquine (CQ) 
was added 30 min before the end of each experimental time. MAPK14 and GAPDH were used as knockdown and loading control, respectively. (D) HeLa 
cells were pretreated for one h with either vehicle or 10 µM of the MAPK14 inhibitor SB203580 and then starved for the indicated times. Western blot 
analyses of CASP9 and 3 were performed. GAPDH was used as a loading control. (E) HeLa cells were pretreated as in (D) and then starved for 48 h. The 
percentage of dead cells was assayed by Trypan blue staining procedure. Data are expressed as mean ± SD of n = 3 independent experiments. **P < 0.01 
against vehicle EBSS. Western blots are from one experiment representative of 3 that gave similar results.
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MAPK14 were decreased (Fig. 2C; Fig. S2B and S2D), indicated 
that MAPK14 downregulation brought about an increase rather 
than a block of autophagic flux, thus revealing a role of MAPK14 
as negative modulator of starvation-induced autophagy.

Finally, we tested whether the inhibition of MAPK14 activity 
has some effects on cell viability by analyzing cell death upon 
nutrient deprivation. Western blot analyses of CASP3 and 9, as 
well as Trypan blue exclusion assay in the presence of 10 µM of 
the pharmacological inhibitor of MAPK14, SB203580 (Fig. 2D 

and E), showed that the inhibition of MAPK14 caused an earlier 
and stronger activation of a caspase-dependent cell death mecha-
nism. The increased activation of autophagy upon MAPK14 
downregulation and the substantial gap between MAPK14 phos-
phorylation, which declines after 4 h to 6 h (data not shown), 
and the occurrence of cell death (30 h to 36 h), allow us to spec-
ulate that the increased cell death may be the consequence of 
the augmented autophagic rate. Indeed, although autophagy is 
considered to be a prosurvival mechanism, especially under stress 

Figure 3. HIF1A is involved in MAPK14-mediated SLC2A3 upregulation. (A) HeLa cells were starved for 3 h and the relative expressions of SLC2A1 and 
SLC2A3 mRNAs were assayed by real-time PCR. Data are presented as mean ± SD of n = 3 independent experiments. **P < 0.01 against Medium. (B) HeLa 
cells were transfected with either a nontargeting siRNA (siScr) or an siRNA targeting MAPK14 (siMAPK14). Twelve h after transfection cells were starved for 
the indicated times and western blot analysis of SLC2A3 was performed. SLC2A3 and GAPDH were used as knockdown and loading control, respectively. 
Numbers indicate relative SLC2A3/GAPDH ratios (C) HeLa cells were transfected as in (B). Twelve h after transfection cells were starved for 3 h and rela-
tive expression of SLC2A3 mRNA was assayed by real-time PCR. Data are presented as mean ± SD of n = 3 independent experiments. **P < 0.01 against 
siScr medium. ##P < 0.01 against siScr EBSS. (D) HeLa cells were transfected and treated as in (C). Thirty min before the end of the experimental time, cell 
were incubated with 100 µM 2-NBDG and cytofluorometrically analyzed. Data are presented as mean ± SD of n = 3 independent experiments. *P < 0.05 
against siScr Medium. #P < 0.05 against siScr EBSS. (E) HeLa cells were transfected and treated as in (C). Western blot analysis of HIF1A, HK2, and BNIP3 
were performed. MAPK14 and GAPDH were used as knockdown and loading control, respectively. Numbers indicate relative HIF1A/GAPDH ratios. (F) 
HeLa cells were pretreated for one h with either vehicle or 20 µM of the HIF1A inhibitor YC-1 and then starved for 3 h. Western blot analyses of HIF1A, 
SLC2A3, phospho-MAPK14, and MAPK14 were performed. GAPDH was used as loading control. Western blots are from one experiment representative 
of 3 that gave similar results. Numbers indicate relative SLC2A3/GAPDH ratios.
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conditions, its abnormal activation can be detrimental rather 
than beneficial and may give rise to cell death.33

MAPK14 modulates glucose metabolism
In searching for a mechanism that could explain the MAPK14 

-mediated effects on autophagy, we asked whether the inhibition 
of autophagy could be due to a modulation of cell metabolism. 
To this aim, we checked whether MAPK14 was involved in the 
control of glucose metabolism. Glucose is taken up by several glu-
cose transporters, among which SLC2A1/GLUT1 and SLC2A3 
possess the highest affinity for glucose and are often overex-
pressed in tumors.34 We tested whether MAPK14 could medi-
ate the upregulation of one of these 2 transporters. Real-Time 
qPCR and western blot analyses showed that starvation induced 
an increase of SLC2A3 mRNA expression (Fig. 3A; Fig. S3A), as 
well as protein levels (Fig. 3B; Fig. S3B). This event was almost 
completely reverted by siRNA against MAPK14 (Fig. 3B and C; 
Fig. S3B). On the contrary, SLC2A1 expression was not affected 
(Fig. 3A; Fig. S3C). Cytofluorometric analysis of the incorpo-
ration of the fluorescent glucose analog 2-(N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) showed 

that MAPK14 activation was associated with a higher uptake of 
glucose. In fact, this phenomenon is almost completely reverted 
by MAPK14 downregulation or inhibition (Fig. 3D; Fig. S3D 
and S3E). The expression of glucose transporters is regulated 
by several transcription factors, among which HIF1A is one of 
the most important and it is already known to be modulated by 
MAPK14.35 Western blot analysis revealed that HIF1A protein 
levels increased during starvation and that MAPK14 phospho-
activation was associated with this event (Fig. 3E). Western blot 
analyses of 2 known HIF1A targets, HK2 and BNIP3, con-
firmed that HIF1A is upregulated and activated in a MAPK14-
dependent manner (Fig. 3E). Given that no increase in HIF1A 
mRNA was observed (data not shown), its increase could rea-
sonably be due to an augmented protein stability. We then 
performed western blot analysis of SLC2A3 in the presence of  
20 µM of the specific inhibitor of HIF1A, YC-1. Results shown 
in Figure  3F point out that YC-1 reduced both HIF1A and 
SLC2A3 upregulation, demonstrating that a MAPK14-HIF1A 
axis participates in the upregulation of SLC2A3 during nutrient 
deprivation.

Figure 4. Glycolysis to the PPP metabolic shift affects NADPH and ROS levels. (A) HeLa cells were transfected with either a nontargeting siRNA (siScr) or 
an siRNA targeting MAPK14 (siMAPK14). Twelve h after transfection cells were starved for the indicated times and extracellular lactate assayed spectro-
photometrically. Data are presented as mean ± SD of n = 3 independent experiments. (B) HeLa cells were transfected as in (A). Twelve h after transfec-
tion cells were cultured for 9 h with either complete medium (Medium) or EBSS containing 10 mM 13C-2-d-glucose. Media were used to analyze PPP flux 
by NMR. Data are presented as mean ± SD of n = 3 independent experiments.*P < 0.05 against siScr Medium. (c) HeLa cells were transfected as in (A). 
Twelve h after transfection cells were starved for the indicated times and NADPH assayed spectrophotometrically. Data are presented as mean ± SD of n 
= 3 independent experiments. *P < 0.05 against siScr Medium. **P < 0.01 against siScr Medium. #P < 0.05 against siMAPK14 Medium. (D) HeLa cells were 
transfected as in (A). Twelve h after transfection cells were starved for 3 h. Thirty min before the end of the experimental time, cells were incubated with 
50 µM H2DCF-DA and ROS levels were measured cytofluorometrically. Data are presented as mean ± SD of n = 3 independent experiments. *P < 0.05 
against siScr EBSS.
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Once incorporated, glucose can be directed toward 2 main 
metabolic pathways: glycolysis or the PPP. At this stage, we 
hypothesized that the increased incorporation of glucose could 
result in an increased glycolytic flux and, in turn, contribute to 
fulfill, at least in part, the energetic requirements of the cells. 
To verify this hypothesis, we analyzed glycolytic flux in condi-
tions of nutrient starvation by measuring lactate concentration 
in the extracellular medium. Unexpectedly, both the downregu-
lation and the pharmacological inhibition of MAPK14 resulted 
in an increase in extracellular lactate concentration with respect 
to control cells, arguing for a negative effect of MAPK14 on 
glycolysis (Fig.  4A; Fig.  S4A and S4B). We then verified the 
possibility that glucose was channeled toward the PPP to fuel 

NADPH production. To demonstrate this alternative hypothesis, 
we measured PPP flux and NADPH levels. Results depicted in 
Figure  4B and C and Figure S5A showed that during starva-
tion a significant increase in PPP flux and NADPH levels could 
be observed and that MAPK14 downregulation completely 
reverted both events. A possible explanation of this shift toward 
PPP relies on the crucial role of NADPH as a cofactor in many 
reductive reactions, which contribute to maintain low levels of 
ROS. During starvation there is a dramatic burst of ROS lev-
els. Cytofluorometric analysis of ROS production revealed 
that both the downregulation or the pharmacological inhibi-
tion of MAPK14 led to a further increase of ROS concentra-
tion (Fig. 4D; Fig. S5B). Results so far obtained indicate that 

Figure 5. MAPK14-dependent PFKFB3 degradation requires both the KEN box and Serine 273. (A) HeLa cells were transfected with either a nontargeting 
siRNA (siScr) or an siRNA targeting MAPK14 (siMAPK14). Twelve h after transfection cells were starved for the indicated times and western blot analysis 
of PFKFB3 was performed. MAPK14 and GAPDH were used as knockdown and loading controls, respectively. (B) HeLa cells were transfected as in (A) 
Twelve h after transfection cells were starved for 3 h and fructose 2,6-bisphosphate (F2,6BP) concentration measured. Data are presented as mean ± SD 
of n = 3 independent experiments. *P < 0.05 against siScr Medium. (C) HeLa cells were pretreated for one h with either vehicle or 10 µM of the protea-
some inhibitor MG132 and then starved for 3 h. Western blot analysis of PFKFB3 was performed. GAPDH was used as loading control. (D) HeLa cells were 
starved for 3 h and cell lysates were immunoprecipitated with either an anti-PFKFB3 antibody or a preimmune antibody (IgG). Western blot analysis of 
MAPK14 was performed. PFKFB3 was used as a immunoprecipitation control. (E) HeLa cells were transfected with a plasmid containing either PFKFB3 
WT or the PFKFB3KEN to AAA mutant (AAA). Thirty-six h after transfection, cells were starved for the indicated time and western blot analysis of PFKFB3 
was performed. GAPDH was used as loading control. (F) HeLa cells were transfected with a plasmid containing either PFKFB3 WT or PFKFB3S273A mutant 
(S273A). Thirty-six h after transfection, cells were starved for the indicated time and western blot analysis of PFKFB3 was performed. GAPDH was used 
as loading control. Western blots are from one experiment representative of 3 that gave similar results. Numbers indicate relative PFKFB3/GAPDH ratios.
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MAPK14 regulated glucose metabolism by increasing glucose 
incorporation and redirecting glucose toward PPP, thus fueling 
NADPH production and limiting ROS concentration. Since 
ROS are essential for starvation-induced autophagy, the control 
of ROS levels by MAPK14 may provide a rationale for the modu-
latory effect of MAPK14 on autophagy.

MAPK14 promotes PFKFB3 degradation via the proteasome
Once we demonstrated that MAPK14 was activated during 

nutrient deprivation and that it modulated glucose metabolism, 
we searched for the mechanism responsible for this phenomenon. 
Since we did not observe any change in G6PD mRNA or pro-
tein levels (data not shown), we hypothesized that the glycolysis-
PPP switch could be due to a downregulation of glycolysis. We 
focused our attention on PFK-2/FBPase-2, a key modulator of 
glycolysis, whose isoform 3 (PFKFB3) is overexpressed in many 
tumors. We have shown above that during starvation there was 
an increase of nuclear phospho-MAPK14 (Fig. 1B and C). Given 
that PFKFB3 also localizes into the nucleus, we hypothesized 
that MAPK14 could affect glycolysis through PFKFB3. To this 
aim, we investigated whether PFKFB3 was modulated during 
starvation and the eventual involvement of MAPK14. Figure 5A 
and B and Figure S5C showed that nutrient starvation induced a 
decrease of PFKFB3, as well as of PFKFB3 product F2,6BP and 
that MAPK14 downregulation restored PFKFB3 and F2,6-BP 
at normal or even higher levels than control cells. PFKFB3 is 
known to be regulated by proteasomal degradation.15 To verify 
whether in our experimental conditions PFKFB3 was degraded 
through this mechanism, we starved the cells in the presence of 10 
µM of the proteasome inhibitor MG132. Western blot analyses 
showed that proteasome inhibition prevented starvation-induced 
PFKFB3 decrease (Fig. 5C; Fig. S5D), indicating that PFKFB3 
is degraded in a proteasome-dependent manner. The hypoth-
esis of an active role of MAPK14 in the modulation of PFKFB3 
was further strengthened by the result showing the increase of 
the interaction between PFKFB3 and MAPK14 during nutrient 
deprivation (Fig. 5D).

Starvation-induced PFKFB3 proteasome-dependent degra-
dation requires the KEN box and DSG motif Serine 273

PFKFB3 protein levels are controlled by the APC/CFZR1 com-
plex, which recognizes PFKFB3 KEN box, ubiquitinates and 
directs it to degradation by the proteasome. Thus, we tested 
whether KEN box was required for starvation-induced PFKFB3 
degradation. To this aim, we transfected cells with plasmids 
expressing either PFKFB3 wild type (WT) or PFKFB3 harbor-
ing a KEN to AAA mutation, which has already been demon-
strated to be resistant to APC/CFZR1-dependent degradation.16 
Result showed in Figure  5E indicated that the PFKFB3KEN to 

AAA mutant is more resistant to starvation-induced degradation 
with respect to WT, indicating that PFKFB3 degradation may 
be mediated by APC/CFZR1. In addition to KEN box, PFKFB3 
also possesses a DSG motif, which presents a phosphorylatable 
serine residue (Ser273), which has been shown to be important 
for the recognition by SCF-BTRC.36 To test whether Ser273 was 
required for starvation-induced PFKFB3 degradation, we gen-
erated a PFKFB3 mutant which presents a S273A mutation by 
site-directed mutagenesis. Western blot analysis showed that, 

similarly to the KEN to AAA mutant, the S273A mutant showed 
increased resistance to starvation-induced degradation (Fig. 5F) 
with respect to WT. These results suggested that both APC/
CFZR1 and SCF-BTRC might contribute to PFKFB3 degradation 
upon nutrient deprivation. Finally, to verify whether PFKFB3 
degradation was responsible for the glycolysis-PPP switch, we 
overexpressed the PFKFB3KEN to AAA mutant and measured extra-
cellular lactate and PPP flux, as well as NADPH levels. Results 
depicted in Figure 6A–C showed that PFKFB3KEN to AAA overex-
pression reverted starvation-induced enhancement of PPP flux 
and NADPH levels. Moreover, PFKFB3KEN to AAA overexpres-
sion caused a further increase of starvation-induced ROS levels 
(Fig. 6D) and a more sustained activation of autophagy (Fig. 6E 
and F). These results resembled those obtained with MAPK14 
dowregulation and demonstrated that MAPK14-mediated 
PFKFB3 degradation was responsible for glycolysis-PPP switch 
induced by nutrient deprivation (Fig. 7).

Discussion

A great number of alterations responsible for tumorigenesis 
regard genes involved in cell metabolism, in particular those 
related to glucose and glutamine.37,38 Overall, these alterations 
are aimed at maximizing the incorporation and catabolism of 
nutrients. In addition, when nutrient availability is high, they 
confer a metabolic advantage to cancer cells with respect to 
their normal counterparts. However, the high energetic demand 
makes cancer cells more sensitive to nutrient withdrawal, as 
demonstrated by many lines of evidence.39,40 Therefore, nutri-
ent addiction of cancer cells can be, in theory, exploited to 
develop strategies that selectively kill cancer cells by targeting 
tumor-specific metabolic features.41,42 In this context, we have 
here demonstrated that cancer cells counteract nutrient-limited 
conditions by means of a MAPK14 -mediated reorganization 
of glucose metabolism, which takes place at 2 different levels 
and contributes to increase cell resistance to this condition. The 
first effect of MAPK14 deals with the modulation of glucose 
uptake, which resulted to be increased as a consequence of the 
upregulation of the glucose transporter SLC2A3. Interestingly, 
in our experimental conditions, only SLC2A3 is upregulated, 
while the other main transporter (i.e., SLC2A1) does not seem 
to be affected by nutrient deprivation. This can be explained tak-
ing into consideration that SLC2A3 is the transporter with the 
highest affinity for glucose (Km = 1.8 mM against 2-deoxy-d-
glucose) and one of those with the highest capacity,43 making it 
the ideal candidate to maintain an appropriate glucose uptake 
under condition of nutrient shortage. SLC2A3 protein upregula-
tion is the consequence of an increase of its mRNA levels, that 
we have demonstrated to be under the control of HIF1A. HIF1A 
is known for its role under hypoxic conditions; however, it has 
been demonstrated that an increase in its levels can be observed 
even under normal oxygen tension.44 Notably, in our experimen-
tal conditions, HIF1A protein levels augmented in a MAPK14-
dependent manner, reasonably as a result of an increased protein 
stability, as no change in HIF1A mRNA levels was observed 
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Figure 6. PFKFB3KEN to AAA overexpression mimics MAPK14 downregulation. (A) HeLa cells were transfected with either the empty vector or a plasmid 
containing the PFKFB3KEN to AAA mutant (AAA). Thirty-six h after transfection, cells were starved for the indicated time and extracellular lactate assayed 
spectrophotometrically. Data are expressed as nmol lactate/ml medium and represent the mean ± SD of n = 3 independent experiments. (B) HeLa cells 
were transfected as in (A) and cultured for 9 h with either complete medium (Medium) or EBSS containing 10 mM 13C-2-d-glucose. Media were used to 
analyze PPP flux by NMR. Data are presented as mean ± SD of n = 3 independent experiments. *P < 0.05 against Vector Medium. (C) HeLa cells were 
transfected as in (A), starved for 3 h and NADPH assayed spectrophotometrically. Data are presented as mean ± SD of n = 3 independent experiments. *P 
< 0.05 against Vector Medium. (D) HeLa cells were transfected as in (A) and starved for 3 h. Thirty min before the end of the experimental time, cells were 
incubated with 50 µM H2DCF-DA and ROS levels were measured cytofluorometrically. Data are presented as mean ± SD of n = 3 independent experi-
ments. *P < 0.05 against Vector EBSS. (E) HeLa cells were transfected as in (A), cells starved for 3 h and western blot analysis of MAP1LC3B was performed. 
PFKFB3 and GAPDH were used as transfection and loading controls, respectively. Western blots are from one experiment representative of 3 that gave 
similar results. (F) Fluorescence microscopy analysis of HeLa cells cotransfected with an EGFP-LC3-containing plasmid and with either the empty vector 
or a plasmid containing the PFKFB3KEN to AAA mutant (AAA). Thirty-six h after transfection, cells were starved for 3 h and the number of LC3-II dots were 
counted. At least 100 cells per sample were analyzed from n = 3 independent experiments. **P < 0.01 against Vector EBSS.
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(unpublished data). In light of the multiple HIF1A targets 
besides SLC2A3 (e.g., SLC2A1), it is likely that other factors 
may contribute in determining the selective activation of the sole 
SLC2A3 during starvation. This aspect and how HIF1A is mod-
ulated by MAPK14 are still under investigation. However, we 
can hypothesize, at least for the latter, that the ubiquitin ligase 
Seven in absentia homolog 2 (SIAH2), which controls HIF1A 
stability, could be involved in this event. In particular, SIAH2 
has been demonstrated to control HIF1A abundance by medi-
ating prolyl hydroxylases degradation by the proteasome under 
hypoxic conditions and has also been indicated to be modu-
lated by MAPK14, which phosphorylates SIAH2 at Thr24 and 
Ser29, enhancing its activity.45,46 The second event that we have 
found to be regulated by MAPK14 and that plays a role in facing 
adverse nutrient conditions is the proteasome-dependent degra-
dation of PFKFB3, which underlies the metabolic shift between 
glycolysis and the PPP. PFKFB3 is a protein often upregulated in 
cancer and its strong positive effect on PFKL/M can circumvent 
the allosteric inhibition of ATP and citrate toward PFK-1, thus 
contributing to maintain a high glycolytic flux. PFKFB3 pro-
tein levels are controlled by at least 2 ubiquitin-ligase complexes, 
APC/CFZR1 and SCF-BTRC, that recognize 2 different degrada-
tion sequences, the so-called degrons, present in PFKFB3: KEN 
box and DSG motif, respectively. We have shown that muta-
tions on these 2 motifs (i.e., KEN to AAA and S273A) decreased 
starvation-induced PFKFB3 degradation, suggesting for their 
involvement in the regulation of PFKFB3 stability. However, the 
S273A mutant resulted to be much more resistant than the KEN 
box mutant, which is not completely resistant to degradation, 
implying that in our experimental condition the role of SCF-
BTRC is predominant. Although the mechanism through which 
MAPK14 affects PFKFB3 stability is still unclear, our results sus-
tain the hypothesis that MAPK14 could control PFKFB3 levels 
by mediating the phosphorylation of the Ser273 residue located 
within the DSG motif, either directly or indirectly. Indeed, the 
phosphorylation of this serine residue has already been shown 
to be required for the recognition of PFKFB3 by SCF-BTRC.15 
This hypothesis is strengthened by the evidence that MAPK14 
accumulates into the nucleus (where PFKFB3 also localizes)47 
and physically interacts with PFKFB3 to an extent that increases 
during starvation. Further studies aimed at dissecting this aspect 
are currently ongoing in our lab. Taken together, our results 
argue for MAPK14 causing an increase of glucose incorporation 
despite PFKFB3 degradation. The concomitant occurrence of 
both these events leads to a rearrangement of glucose metabo-
lism, which results in a reduced glycolytic flux and an increase 
of the PPP, required to fuel NADPH production. The increased 
availability of NADPH could have a role in reducing ROS lev-
els and then autophagy, thereby revealing the biological signifi-
cance of such a metabolic switch. Indeed, although NADPH 
is not an antioxidant itself, it can indirectly control ROS levels 
by providing reducing equivalents required for many reductive 
reactions, which contributes to maintain a proper intracellular 
redox state.48 In particular, NADPH participates in the main-
tenance of glutathione homeostasis,49 a crucial determinant of 
the cellular redox balance, whose alteration modulates a plethora 

Figure  7. Proposed model of MAPK14-dependent modulation of glu-
cose metabolism. Starvation causes activation of autophagy and 
MAPK14 phosphorylation. Active MAPK14 upregulates SLC2A3 expres-
sion through HIF1A stabilization and increases glucose incorporation. 
In addition, MAPK14 induces a proteasome-dependent degradation 
of PFKFB3, which results in an increase of pentose phosphate pathway 
(PPP) at the expense of glycolysis. PPP enhancements fuels NADPH pro-
duction, leading to reduced ROS levels and autophagy activation.

of cellular mechanisms, including autophagy, as we have dem-
onstrated in previous works.27,50 From this point of view, the 
modulation of autophagy could be at the basis of the protec-
tive effect of MAPK14 on starvation-induced cell death. In fact, 
although autophagy is a well-known protective mechanism that 
contributes to maintain cell viability by providing substrates 
for ATP production and macromolecules synthesis through the 
self-digestion of cellular components, an uncontrolled activation 
of autophagy may, on the contrary, be detrimental and could 
finally give rise to cell death. In this context, the contribution 
of MAPK14 as either an activator or an inhibitor of autophagy 
seems to always provide beneficial effects to the cell. In fact, 
if on the one hand, MAPK14 triggers autophagy and confers 
resistance of colon cancer cells to 5-fluorouracil and irinote-
can, on the other hand, results showed in this work suggest that 
MAPK14 beneficial effect is performed through the prevention 
of an excessive activation of autophagy.51,52 In conclusion, the 
results shown in this work provide evidence that MAPK14 is 
a key factor in driving an adaptive response to an unfavorable 
stress condition, which could contribute to the emergence of a 
resistant phenotype in cancers, making this protein a potential 
therapeutic target for the enhancement of conventional antican-
cer therapies.

Materials and Methods

Materials
Chloroquine (C6628), dimethyl sulfoxide (DMSO, 154938), 

N-acetylcysteine (NAC, A9165), TRI Reagent (T9424), fructose 
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6-phosphate (F1502), fructose-6-phosphate kinase (F2258), 
aldolase (A8811), α-glycerophosphate dehydrogenase-triosephos-
phate isomerase (G1881) fructose 2,6-bisphosphate (47822), 
and sodium pyrophosphate tetrabasic decahydrate (30411) were 
from Sigma-Aldrich. Trypan Blue 0.4% solution (17-942E) 
was from Lonza. Goat anti-mouse (172-1011) and anti-rabbit 
(172-1019) IgG (H+L)-horseradish peroxidase conjugated were 
from Bio-Rad Laboratories. Anti IgG2a (sc-2061) and normal 
mouse IgG (sc-2025) were from Santa Cruz Biotechnology. 
2′,7′-dihydrodichlorofluorescin diacetate (H

2
DCF-DA, D399), 

2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglu-
cose (2-NBDG) (N13195), Alexa Fluor® 594 goat anti-rabbit 
IgG (H+L) (A-11012) and Hoechst 33342 (H1399) were from 
Life Technologies Ltd. TurboFect Transfection Reagent (R0531) 
and DharmaFECT 1 Transfection Reagent (T-2001-02) were 
from Thermo Fisher Scientific. HIF1A inhibitor, YC-1 (ALX-
420-025) was from Enzo Life Sciences. NAD (10768197103) 
and NADH (10128023001) were from Roche Applied Science. 
D-glucose-2-13C (CC855P1) was from Cortecnet. MAPK14 
inhibitor SB203580 (559389) and all other chemicals were from 
Merck Millipore.

Cell lines and cell culture
HeLa, SK-BR3, HepG2, and OC316 cell lines were obtained 

from the Istituto Tumori Genova; HeLa and SK-BR3 cells were 
grown in DMEM (Lonza, BE12-614F, Basel, CH), supplemented 
with 10% FBS (Lonza, DE14-802F) and 2 mM L-glutamine 
(Lonza, 17-605E). HepG2 were grown in RPMI1640 (Lonza, 
BE12-115F/U1), supplemented with 10% FBS. OC316 were 
grown in RPMI1640 (Lonza, BE12-702F), supplemented with 
5% FBS. All cell lines were grown at 37 °C in an atmosphere of 
5% CO

2
. Nutrient starvation was performed by culturing cells 

with EBSS (Lonza, BE10-502F); SB203580 was used at the final 
concentration of 10 µM; YC-1 was used at the final concentra-
tion of 10 µM ; NAC (Sigma-Aldrich, A7250) was used at the 
final concentration of 5 mM; 2-NBDG was used at the final 
concentration of 100 µM; H

2
DCF-DA was used at the final con-

centration of 50 µM. MG132 was used at the final concentration 
of 10 µM.

Plasmids, siRNAs, and transfections
The EGFP-LC3-containing plasmid was kindly provided by 

Prof Francesco Cecconi, Department of Biology, University of 
Rome “Tor Vergata,” Italy. pIRES2-EGFP-PFKFB3 WT and 
pIRES2-EGFP-PFKFB3KEN to AAA plasmids were a kind gift of 
Prof Juan P Bolaños, Departamento de Bioquimica y Biologia 
Molecular, Instituto de Neurociencias de Castilla y Leon, 
Universidad de Salamanca, Spain. pIRES2-EGFP-PFKFB3S273A 
was generated from pIRES2-EGFP-PFKFB3 WT by site-
directed mutagenesis using the primer 5′-cgactcaggc 
ctgtccgcca gaggcaagaa gttc-3′ and its reverse 
and complementary primer. The presence of the mutation was 
verified by DNA sequencing. Knockdown of MAPK14 was per-
formed by transfecting the cells with On-TargetPlus SmartPool 
small interference RNA (siRNA) (Darmacon). Controls 
were transfected with a scrambled siRNA duplex, which does 
not present homology with any other human mRNAs (siScr) 
(Santa Cruz Biotechnology, sc-37007). Plasmids and siRNAs 

were transfected using TurboFect Transfection Reagent and 
DharmaFECT 1 Transfection Reagent (Thermo Fisher 
Scientific, T-2001-02), respectively, according to the manufac-
turer’s instructions.

Quantitative real-time PCR
Cells were homogenized in TRI Reagent and RNA was 

extracted according to manufacturer’s instructions. Total RNA 
was resuspended in RNase-free water and 1 µg of total RNA 
was used to generate first-strand cDNA using the GoScript 
Reverse Transcription System (Promega). In order to hybrid-
ize unique regions of the appropriate gene sequence, specific 
sets of primer pairs were designed and tested with primer-
BLAST (NCBI). Primers used are as follow: SLC2A1, for-
ward: 5′-TTCACTGTCG TGTCGCTGTT-3′, reverse: 
5′-TGAGTATGGC ACAACCCGC-3′; SLC2A3, for-
ward 5′-GCAGCAACGA CACAGAAACT G-3′, reverse 
5′-GTTTCAGCGG TGGGTAATGG A-3′; SQSTM1, for-
ward: 5′-GGGAAAGGGC TTGCACCGGG-3′, reverse: 
5′-CTGGCCACCC GAAGTGTCCG-3′; ACTB, for-
ward: 5′-GGCCGAGGAC TTTGATTGCA-3′, reverse: 
5′-GGGACTTCCT GTAACAACGC A-3′. Real-time PCR 
was performed using the iTAQ universal SYBR Green Supermix 
(Bio-Rad Laboratories, 172-5120) on a StepOne real-time PCR 
System (Applied Biosystems). All reactions were run as trip-
licates. Data were analyzed by the StepOne™ Software (v2.3) 
using the second derivative maximum method. The fold changes 
in mRNA levels were relative to a control after normalization to 
the internal standard ACTB.

Cell fractionation
To obtain nuclear extracts, cells were lysed in nucleus buf-

fer (1 mM K
2
HPO

4
, pH 6.4, 150 mM NaCl, 14 mM MgCl

2
,  

1 mM EGTA, 0.1 mM DTT, 0.3% Triton X-100 (Sigma-Aldrich, 
X100), centrifuged at 450 × g for 10 min at 4 °C. After 3 washes 
with nucleus buffer, the nuclear fractions obtained were further 
lysed with lysis buffer.

Immunoblotting
Total protein lysates were obtained as previously reported,53 

electrophoresed by SDS-PAGE and blotted onto nitrocellulose 
membrane (GE Healtcare, 10402495). Primary antibodies used 
are as follow: polyclonal anti-CASP9 (9502) and anti-phospho-
ATF2 (5112) were from Cell Signaling Technology; anti-ATF2 
(sc-187), anti-BNIP3 (sc-56167), anti- SLC2A1 (sc-7903), anti-
LDH (sc-33781), anti-HIF1A (sc-107989), anti-LMNA/lamin 
A/C (sc-20681), anti-MAPK14 (sc-535) and anti-PFKFB3 
(sc-10090) were from Santa Cruz Biotechnology; anti-LC3 
(L7543) was from Sigma-Aldrich; anti-phospho-MAPK11/12/14 
(44-684G) was from Life Technologies Ltd; monoclonal anti-
PFKFB3 (H00005209-M08) and anti-HK2 (H00003099-M01) 
were from Abnova; anti-CASP3 (sc-56053), anti-GAPDH (sc-
47724) and anti-SLC2A3 (sc-74399) were from Santa Cruz 
Biotechnology. The specific protein complex, formed upon incu-
bation with specific secondary antibodies (Bio-Rad Laboratories, 
170-6515, 170-6516, 172-1034), was identified using a Fluorchem 
imaging system (Alpha Innotech) after incubation with ECL™ 
Select Western Blotting Detection Reagent (GE Healtcare, 
RPN2235).
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Immunoprecipitation
Cell pellets were resuspended in RIPA buffer (50 mM TRIS-

HCl, pH 8, 150 mM NaCl, 1% NP-40 [Sigma-Aldrich, 74385], 
0.5% sodium deoxycholate, 0.1% SDS), incubated 30 min on ice, 
and lysates were centrifuged at 14,000 × g for 15 min at 4 °C. Five 
hundred micrograms  of proteins were precleared by incubation 
with 25 µl of protein A/G-agarose (Santa Cruz Biotechnology, 
sc-2003) for 2 h at room temperature. Protein G-sepharose was 
removed by centrifugation and lysates were incubated with either 
5 µl of anti-PFKFB3 antibody or an equal amount of normal 
mouse IgG overnight at 4 °C. Immunocomplexes were then 
adsorbed with 50 µl of protein G-sepharose for one h at room 
temperature. After 3 washes with RIPA buffer, immune pel-
lets were resuspended in 50 µl of 2× sample buffer and boiled 
for 5 min. Thirty µl of proteins were loaded on a 10% SDS-
polyacrylamide gel and transferred to nitrocellulose membrane. 
Polyclonal anti-MAPK14 antibody was used as primary antibody.

NADPH measurement
NADPH measurements were performed using an NADP/

NADPH Quantitation Kit (Sigma-Aldrich, MAK038), accord-
ing to the manufacturer’s instructions.

Extracellular lactate assay
Ten microliters of trichloroacetic acid-precipitated cell media 

were incubated for 30 min at room temperature in 290 µl of 
a 0.2 M glycine/hydrazine buffer, pH 9.2, containing 0.6 mg/
ml NAD+ and 17 U/ml lactate dehydrogenase (Roche Applied 
Science, 10127876001). NAD+ reduction was followed at  
340 nm and nmoles of NADH formed were considered stoichio-
metrically equivalent to extracellular lactate.

Fructose 2,6-bisphosphate assay
Intracellular fructose 2,6-bisphosphate (F2,6BP) was mea-

sured as described by Van Schaftingen et al.54 Briefly, cell pellets 
were resuspended with 20 volumes of 0.05 M NaOH and then 
with one volume of 0.1 M NaOH, vortexed for 10 s and incubated 
at 80 °C for 5 min. After cooling, cell extracts were neutralized 
with acetic acid in the presence of 20 mM HEPES and centrifuged 
for 15 min at 14000 × g at 4 °C. The supernatant was used to 
measure F2,6BP concentration by analyzing F2,6BP stimulation 
of PFK1 (Sigma-Aldrich, F2258) activity, assayed in the presence 
of 50 mM TRIS-HCl pH 8.0, 2 mM MgCl

2
, 2,5 mM fructose 

6-phosphate, 0.15 mM NADH, 0.05 U/ml PPi-dependent PFK1, 
0.4 U/ml aldolase, 0.4 U/ml α-glycerophosphate dehydrogenase-
triosephosphate isomerase and 0.5 mM pyrophosphate. NADH 
consumption was measured at 340 nm and recorded for 5 min. 
F2,6-BP was calculated based on a calibration curve produced by 
measuring PFK1 activity in presence of 0.1 to 1 pmol of F2,6BP 
and normalized to total protein.

Oxidative PPP flux analysis
The flux through the oxidative branch of the PPP was mea-

sured as described by Mancuso et al.55 Briefly, cells were incubated 
for 9 h with either complete medium or EBSS, both containing 
10 mM 13C-2-d-glucose (CortecNet, CC855P1). Media were 
then collected, centrifuged at 900 × g for 5 min, and supernatant 
fractions incubated with 70% ethanol. After centrifugation at 
20,000 × g for 30 min, supernatant fractions were dried and then 
resuspended in 100% D

2
O. PPP flux was analyzed on the basis 

of the ratio of 13C incorporated into carbon 2 (glycolysis) and 
carbon 3 (PPP) of lactate determined by NMR using a Bruker 
Avance 400 MHz spectrometer. 1H-13C HSQC spectra were 
obtained using a Bruker Avance 400 MHz spectrometer. Spectra 
were processed on Bruker software TOPSPIN 3.1 applying a res-
olution enhancement by multiplication of the fids by a sinebell 
shifted function of p/2 and a polynomial baseline correction.

ROS evaluation
Thirty min before the end of the experimental time, cells were 

incubated with 50 µM H
2
DCF-DA at 37 °C. Cells were then 

washed, resuspended in ice-cold PBS, and collected. The fluo-
rescence intensities of DCF, formed by the reaction of H

2
DCF 

with ROS, were analyzed cytofluorometrically by recording FL-1 
fluorescence.

Measurement of 2-NBDG uptake
Thirty min before the end of the experimental time, cells were 

incubated with 100 µM 2-NBDG, a fluorescent derivative of 
2-deoxy-D-glucose, washed with PBS, resuspended in ice-cold 
PBS, collected, and analyzed cytofluorometrically by recording 
FL-1 fluorescence.

Cell viability
The percentages of dead cells were evaluated by Trypan blue 

staining procedure.
Fluorescence microscopy analyses
Cells were fixed with 4% paraformaldehyde, permeabilized 

and incubated for one h with an anti-phospho-MAPK11/12/14 
antibody and for one h with an Alexa Fluor 594 dye-conjugated 
secondary antibody (Life Technologies). For autophagy evalua-
tion, cells expressing EGFP-LC3 were fixed with 4% parafor-
maldehyde and visualized by fluorescence microscopy. Images of 
cells were digitized with a Delta Vision Restoration Microscopy 
System (Applied Precision Inc., Issaquah, Washington, USA) 
equipped with an Olympus IX70 fluorescence microscope 
(Olympus Italia, Segrate [Milano], Italy).

Protein determination
Protein concentration was determined by the method of 

Lowry et al.56

Data analysis
Data were from at least 3 independent experiments,  

unless otherwise indicated. The results are presented as  
means ± SD. Statistical evaluation was conducted by using the 
unpaired 2-tailed Student t test. Comparisons were considered 
significant at P ≤ 0.05 and extremely statistically significant at 
P ≤ 0.01.
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