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SUMMARY

Tumor cells may adapt to metabolic challenges by alternating between glycolysis and oxidative phosphory-
lation (OXPHOS). To target this metabolic plasticity, we combined intermittent fasting, a clinically feasible
approach to reduce glucose availability, with the OXPHOS inhibitor metformin. In mice exposed to 24-h
feeding/fasting cycles, metformin impaired tumor growth only when administered during fasting-induced hy-
poglycemia. Synergistic anti-neoplastic effects of the metformin/hypoglycemia combination were mediated
by glycogen synthase kinase 33 (GSK3p) activation downstream of PP2A, leading to a decline in the pro-sur-
vival protein MCL-1, and cell death. Mechanistically, specific activation of the PP2A-GSK3p axis was the sum
of metformin-induced inhibition of CIP2A, a PP2A suppressor, and of upregulation of the PP2A regulatory
subunit B56d by low glucose, leading to an active PP2A-B565 complex with high affinity toward GSK38.

INTRODUCTION 2016; Vander Heiden, 2011). Dietary limitation through caloric

restriction (CR) or intermittent fasting (IF) is an emerging
Therapeutic strategies aimed to tackle metabolic alterations in  approach to target tumor metabolism that has been shown to
tumors are gaining greater attention (DeBerardinis and Chandel,  protect against tumorigenesis and to enhance the response to

Significance

Targeting tumor metabolism has been considered as an attractive strategy against cancer since the findings of Otto War-
burg. This task is, however, complicated by the metabolic plasticity of several tumor cells that can shuffle between glycol-
ysis and mitochondrial OXPHOS, thus escaping the inhibition of either metabolic pathway individually. We present here an
effective and safe metabolic strategy to tackle tumors by combining fasting-induced hypoglycemia with metformin, an
OXPHOS inhibitor that is used clinically to treat type Il diabetes. We dissected the molecular mechanisms of the synergistic
effect of the combination and exploited the gained mechanistic insight to tailor pharmacological approaches ready for
immediate clinical testing, being based on the repurposing of marketed drugs.
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Figure 1. Intermittent Fasting Sensitizes Tumor-Bearing Mice to Metformin Administered during Hypoglycemic Periods

(A) Schematic representation of the experimental design showing the feeding protocols and timing of metformin administration in different experimental groups.
(B-D) The levels of blood glucose were measured at the end of every feeding/fasting cycle in the experimental groups Vehicle, Met, Fed/Fast (A), Met/Fast (B), and
Met/Fed (C). Arrows in (C and D) indicate timing of metformin administration.

(legend continued on next page)
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chemotherapy (Lee et al., 2012; Longo and Mattson, 2014). CR
has been reported to limit tumor growth (Qiu et al., 2010), but
its clinical use is complicated by factors such as weight loss, fa-
tigue, nausea, delayed wound healing, and impaired immunity
(Lee and Longo, 2011). IF, using a limited time of a severely
restricted diet has been shown to protect mice and cancer pa-
tients from the toxic effects of chemotherapeutic agents without
causing chronic weight loss, making it a possibly safer approach
(Raffaghello et al., 2008; Safdie et al., 2009).

Tumor metabolism can also be targeted pharmacologically.
Metformin, the most widely used drug for treating type 2 dia-
betes (T2D), exhibits anti-cancer activities that are supposedly
due to its activity on tumor metabolism. Direct effects of metfor-
min on cancer cells have been proposed to involve the activation
of the AMP-activated protein kinase (AMPK) (Zhou et al., 2001).
However, accumulating reports have described the AMPK-inde-
pendent anti-proliferative effects of metformin. Metformin has
been shown to inhibit mammalian target of rapamycin complex
1 signaling (Kalender et al., 2010) and to decrease phosphoryla-
tion of multiple receptor tyrosine kinases, as well as levels of
GTP-bound Ras in lung (Quinn et al., 2013), independently of
AMPK. Given the favorable safety profile of metformin, several
clinical trials are now exploring its potential as an adjuvant can-
cer therapeutic used in combination with other treatments. Met-
formin, however, accelerates the growth of BRAF-mutant mela-
noma cells in preclinical models (Martin et al., 2012). A dual effect
of metformin has also been shown in initial clinical studies in
breast cancer (Bonanni et al., 2012; DeCensi et al., 2014).
Optimization of the clinical use of metformin in cancer would
therefore benefit from a better understanding of how it exerts
its anti-neoplastic effects.

A shift toward increased glycolysis is a signature of many
tumors. Our observations along with emerging reports
(DeBerardinis and Chandel, 2016; Havas et al., 2017; Obre and
Rossignol, 2015; Pusapati et al., 2016), however, suggest that,
in many cases, tumor cells can alternate between dependency
on glycolysis or oxidative phosphorylation (OXPHOS) to adapt
to metabolic challenges. Targeting one specific metabolic
pathway could thus be ineffective. In the present study, we
examined the effect of targeting tumor metabolism by a combi-
nation of inhibitions of glycolysis and OXPHOS.

RESULTS

Hypoglycemia-Metformin Combination Effectively
Restrains Tumor Growth

Metformin exerts only weak anti-proliferative effects on an array
of cancer cell lines and patient-derived melanoma cells when
cells are kept in nutrient-rich conditions (Figure S1A) (Dykens
et al., 2008). Treatment of HCT116 cells with metformin was
associated with a dose- and time-dependent increase in glucose
consumption and lactate production, indicating a switch toward
increased glycolysis (Figures S1B-S1E). Conversely, culturing

those cells in low glucose conditions induced a rapid increase
in oxygen consumption (Figures S1F and S1G), suggesting a
shift toward increased OXPHOS. These results suggest that
cancer cells may be able to shuffle between OXPHOS and
glycolysis to circumvent the inhibition of either process. These
findings confirm previous studies that analyzed inhibition of
either glycolysis or OXPHOS, and observed an increase in the
activity of the other pathway (Hao et al.,, 2010; Jose et al,,
2011; Birsoy et al., 2014; Dykens et al., 2008).

To devise an effective in vivo metabolic approach to target tu-
mors, we aimed to simultaneously target alternative metabolic
pathways. We examined the effect of a combination of fasting-
induced hypoglycemia and metformin in mice bearing xeno-
grafts derived from HCT116 cells or from melanoma from two
patients (patient-derived xenografts). These mice were distrib-
uted into five groups: two groups were kept on ad libitum
feeding, while three other groups were subjected to 24-h cycles
of feeding-fasting, which was achieved by complete withdrawal
of food while allowing free access to water (Figure 1A). To test
the effect of metformin alone in the absence of IF on tumor
growth, one of the two groups on ad libitum feeding received
vehicle (Vehicle group), while the other received metformin
(Met group). To examine the effect of intermittent cycles of
fasting on the anti-neoplastic effects of metformin, vehicle or
metformin was administered in the three other groups kept on
feeding/fasting cycles. The Fed/Fast group received vehicle
every 48 h to assess the effect of feeding/fasting cycles alone.
The last two groups received metformin every 48 h administered
either while the mice were fasted (Met/Fast group) or fed
(Met/Fed group). In those three groups exposed to feeding-fast-
ing cycles, all mice were fasted at the same time for 24 h (6 p.m.
to 6 p.m of the following day) and vehicle or metformin was
administered (9 a.m. of the next day) (Figure 1A). Metformin
was thus administered following a period of 15 h of either fasting
(Met/Fast) or feeding (Met/Fed) and was allowed to act for the
subsequent 9 h before the fasting or feeding cycle was termi-
nated. Metformin has a half-life of around 2.7 h in mice (Um
et al., 2007). As expected, fasting cycles resulted in a strong
drop in blood glucose and a reduction (1-2 g) in body weight,
both of which returned to almost normal levels during the
following cycle of feeding (Figures 1B and S1H). Administration
of metformin reduced blood glucose levels only slightly (Fig-
ure 1B), which is consistent with the observation that metformin
can dramatically lower the high glucose levels in T2D patients
but has relatively modest effects on subjects with normal
glucose levels (Bonanni et al., 2012; Pollak, 2012). Metformin
was administered during the hypoglycemia periods in Met/Fast
group (Figure 1C) or near the normoglycemic periods in Met/
Fed group (Figure 1D). This design allowed us to assess not
only the gross effect of IF on the anti-neoplastic activities of
metformin but also the effect of the timing of metformin adminis-
tration during the fasting-feeding cycles. Fasting resulted in a
comparable decrease in intra-tumor glucose levels in the three

(E) In vivo growth of tumors as measured by tumor volume in mice inoculated with HCT116 cells and treated as shown in (A). Metformin was administered at

200 mg/kg (n = 5 per group).

(F) Weight of tumors isolated from mice in different groups. Horizontal bars indicate median tumor weight. Student’s t test was used for statistical analysis (n.s.,
non-significant). "*p > 0.05, *p < 0.01, ***p < 0.0001. Error bars in all the panels of this figure indicate SEM.

See also Figure S1.
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groups exposed to fasting/feeding cycles (Figure S1l). Metformin
alone did not exert any significant tumor-restraining effect. Strik-
ingly, tumor growth was dramatically impaired in the group
receiving metformin while fasting (Met/Fast) as compared with
all other groups (Figures 1E and 1F), indicating that the anti-pro-
liferative effects of metformin were highly and specifically
enhanced when it was administered during the hypoglycemia
periods of a schedule of IF.

Activation of GSK3 Mediates the Synergistic
Cytotoxicity of Low Glucose/Metformin Combination
Fasting reduces the blood levels of glucose but it also results in
a decrease in circulating growth factors and nutrients (Lee and
Longo, 2011). To examine which of these factors contribute to
the observed sensitization of tumor cells to metformin, HCT116
and Hela cells were cultured under glucose, serum, or amino
acid (A.A.) deprivation conditions in the presence or absence
of metformin. Cells cultured under nutrient-rich conditions
with or without metformin served as control. In agreement
with recent reports (Birsoy et al., 2014; Zhuang et al., 2014),
deprivation of glucose, but not serum or A.A., sensitized cells
to metformin (Figures 2A, 2B, S2A, and S2B). The Chou-Talalay
combination index was <1, indicating synergy among treat-
ments. Cells sequentially treated with metformin and low
glucose did not show the same magnitude of cell death
observed in cells treated simultaneously with the combination
(Figure S2C). The synergistic effect between metformin treat-
ment and glucose deprivation depended on both metformin
concentration and glucose levels (Figures 2C-2E, S2D, and
S2E), and was observed in several cancer cell lines as well
as patient-derived melanoma cells (Figure S2F), suggesting
that it is a general phenomenon. This effect also seemed to
be specific to metformin as glucose deprivation did not sensi-
tize cells to other cytotoxic agents (Figure 2F).

The activation of AMPK is the most widely accepted mech-
anism to explain the anti-cancer effects of metformin. Immu-
noblotting analysis showed that AMPK phosphorylation was
slightly enhanced by the metformin/low glucose combination
(Figure S3A), which correlated with an increase in AMP/ATP
ratio in those cells (Figure S3B), in HCT116 cells but it
was almost completely abolished by the combination in
HelLa cells (Figure S3A). The same synergistic cytotoxicity
but different AMPK phosphorylation in HCT116 and HelLa
cells treated with the metformin/low glucose combination
suggested that AMPK may not be mediating the cytotoxic

phenotype. Indeed, depletion of AMPK in HCT116 (Figures
S3C-S3E) or expression of a constitutively active form of
AMPK in HelLa cells (Figures S3F-S3H) failed to modulate
the synergistic cytotoxicity observed in both cell lines to a sig-
nificant extent. In both cases, phosphorylation of acetyl-CoA
carboxylase, a known downstream target of AMPK, was
used to monitor AMPK activity (Figures S3C and S3F). Taken
together, these results suggest that the observed synergistic
cytotoxicity of the metformin/low glucose combination is
AMPK independent.

To identify the signaling pathway(s) mediating the observed
synergistic cytotoxicity between metformin and low glucose,
we screened a battery of kinase inhibitors. The results showed
that cells treated with inhibitors of glycogen synthase kinase 38
(GSK3B) were resistant to the low glucose/metformin com-
bination (Figure 3A). GSK3p is a Ser/Thr kinase that is known
to play crucial roles in the regulation of protein synthesis, cell
proliferation, differentiation, motility, and apoptosis (Cohen
and Frame, 2001). Phosphorylation of GSK3p at serine 9 in-
hibits its activity, and it is thus commonly used as a marker
for the inactive GSK3B. Immunoblotting analysis revealed an
almost completely abolished GSK3f phosphorylation (and
thus hyperactivation) in cells on low glucose-metformin treat-
ment (Figures 3B and S3l). Notably, GSK3p dephosphorylation
by the low glucose/metformin combination was consistently
observed in all cells, in contrast to the differential effect on
AMPK and extracellular signal-regulated kinase phosphoryla-
tion (Figure 3B). Interestingly, GSK3p was dephosphorylated
only by the combination, while either metformin or low glucose
alone—if anything—slightly increased the level of GSK3p phos-
phorylation (Figures 3B and S3l). GSK3p de-phosphorylation by
the combination depended on the concentration of metformin
and negatively correlated with that of glucose (Figures 3C-
3D). Furthermore, the combination of metformin and 2-deoxy-
glucose, a glucose analog that inhibits glycolysis, resulted in
a similar dramatic reduction in GSK3B phosphorylation (Fig-
ure S3J), which correlated with the synergistic cytotoxicity of
this combination even in cells cultured in glucose-rich condi-
tions (Figure S3K). Finally, consistent with the data obtained
using pharmacological inhibitors, GSK3B-depleted cells treated
with low glucose plus metformin proliferated almost normally
and did not show cell death observed in control cells (Figures
3E-3G and S3L), further confirming an essential role for
GSK3p in mediating the synergistic cytotoxicity of low glucose
and metformin combination.

Figure 2. Glucose Starvation Sensitizes Cancer Cells to Metformin

(A) Images of HCT116 and Hela cells cultured for 24 h in nutrient-rich (10% FBS and 10 mM glucose), glucose-deprived (10% FBS and 2.5 mM glucose), serum-
deprived (0.1% serum and 10 mM glucose), or A.A.-deprived (10% FBS and 10 mM glucose but no glutamine, no methionine, and no cysteine) DMEM. Media

were replenished every 6 h. Scale bars, 100 pm.
(B) Quantification of cell death of HCT116 and Hela cells cultured as in (A).

(C and D) Percentage of cell death of HCT116 and HelLa cells cultured for 24 h in DMEM containing the indicated concentrations of glucose in the absence or

presence of 5 mM (C) or the indicated concentrations (D) of metformin.

(E) Proliferation assessed by CellTiter-Glo assay of HCT116 and HeLa cells cultured in DMEM containing the indicated concentration of glucose and treated with

increasing concentrations of metformin for 24 h.

(F) Percentage of cell death of HCT116 and Hela cells cultured for 24 h in DMEM containing either 10 or 2.5 mM glucose in combination with metformin (5 mM),
SAHA (2.5 uM), brefeldin A (10 uM), cisplatin (100 uM), or carboplatin (400 uM). Media were replenished every 6 h. Results are representative of three biologically

independent experiments.

Error bars in all the panels of this figure indicate SD. Student’s t test was used for statistical analysis (n.s., non-significant). "*p > 0.05, *p < 0.05, **p < 0.01,

***p < 0.001, ***p < 0.0001. See also Figure S2.
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A GSK3pB-Dependent Decline in MCL-1 Levels Mediates
the Synergistic Cytotoxicity of the Low Glucose/
Metformin Combination

Phosphorylation by GSK3B and subsequently enhanced
proteasomal degradation of MCL-1, a pro-survival member of
the BCL-2 family of proteins, mediates cell death triggered by
GSKB3B activation (Maurer et al., 2006; Wang et al., 2012).

Immunoblotting analysis showed that metformin treatment
of cells cultured in low glucose, but not on serum or A.A. star-
vation, resulted in a marked reduction in MCL-1, but not other
BCL-2 family members or protein levels, confirming the spec-
ificity of MCL-1 modulation (Figures 4A, 4B, and S4A). The
decline in MCL-1 levels correlated with GSK3 activation (Fig-
ures 4A and 4B) and depended on both metformin and glucose
concentrations (Figures 4C and 4D). The immunoblotting anal-
ysis showed that metformin/low glucose combination did not
result in reduction in MCL-1 levels in cells depleted of
GSK3, unlike control cells (Figure 4E), indicating that the
decline in MCL-1 levels is indeed mediated by GSK3p. Consis-
tently, cells treated with a pharmacological inhibitor of GSK3p
did not show the decline in MCL-1 levels observed in control
cells on treatment with metformin and low glucose combina-
tion (Figure S4B).

Finally, we tested whether the GSK3B-mediated decline in
MCL-1 levels contributes to the synergistic cytotoxicity between
metformin and low glucose. We found that cells overexpressing
MCL-1 were more resistant to cell death than control cells or
cells overexpressing BCL-2 or BCL-xL on treatment with metfor-
min in low glucose conditions (Figures 4F, 4G, and S4C). The
rescue of cell death reproducibly correlated with the level of
MCL-1 overexpression (Figures S4C-S4H). MCL-1 is thus a
main mediator of the cytotoxicity of the combination down-
stream of GSK3, although we cannot rule out the potential
contribution of other GSK3p targets with established functions
in coordinating cell fate and metabolism such as c-myc (Stine
et al., 2015). Indeed, metformin alone and, more significantly,
in combination with low glucose, also modulates the levels of
c-myc (Figure S4l) (Akinyeke et al., 2013). Other pathways that
may be modulated by the metformin/low glucose combination
remain to be further investigated.

Akt has been established as a major kinase that phosphory-
lates GSK3p (Cohen and Frame, 2001). However, the dramatic
decline in phospho-GSK3 by the low glucose-metformin com-

bination did not correlate with marked changes in the phosphor-
ylation of Akt or GSK3a. (Figure S4l). We therefore focused on
the potential role of phosphatases that may mediate GSK3p
dephosphorylation.

PP2A Mediates the Synergistic Cytotoxicity of Low
Glucose/Metformin Combination

Protein phosphatase 2A (PP2A) is a major serine-threonine
phosphatase in mammalian cells that acts as a tumor suppres-
sor. Recently, we have shown that PP2A coordinates a link be-
tween metabolism and DNA damage response in yeast (Ferrari
et al., 2017). PP2A has been shown to regulate GSK3p activity
by removing phosphorylation at serine 9 and other regulatory
residues (Bennecib et al., 2000; Mitra et al., 2012). We examined
whether PP2A contributed to the synergistic cytotoxicity of met-
formin and low glucose and found that PP2A-depleted cells did
not show a decline in GSK3p phosphorylation or MCL-1 levels in
the metformin/low glucose combination (Figure 5A) and were
more resistant to cell death compared with control cells (Figures
5B, 5C, and S5A). These results implicated PP2A as a key regu-
lator of the cytotoxicity of the combination of low glucose with
metformin.

Next, we investigated a pharmacological approach that
could be more clinically feasible to mimic the effect of low
glucose treatment. Our data showed that a combination of
metformin with perphenazine (PPZ), a US Food and Drug
Administration-approved anti-psychotic drug that has been
shown to modulate PP2A (Gutierrez et al., 2014), diminished
the levels of phosphorylated GSK3p and total MCL-1 (Fig-
ure S5B). Consistently, PPZ sensitized cells to metformin,
but not other cytotoxic agents (Figures S5C-S5F). The syner-
gism of the metformin-PPZ combination was mediated by
PP2A, as cells depleted of PP2A were resistant to the combi-
nation (Figure S5G) and did not show the reduction of phos-
phorylated GSK3p and MCL-1 levels observed in control cells
treated with the combination (Figure S5H). Consistent with
the in vitro results, PPZ also synergized with metformin in im-
pairing the growth of tumor xenografts in vivo (Figures S5| and
S5J). Thioridazine, another PP2A activator (Chien et al., 2015)
that we found to diminish phosphorylated GSK3p and MCL-1
levels when combined with metformin (Figure S5B), exerted
synergistic cytotoxic effects with metformin similar to PPZ
(Figure S5K).

Figure 3. Synergistic Cytotoxicity of Low Glucose and Metformin Is Mediated by GSK3

(A) Percentage of cell death of HCT116 and HelLa cells treated with either the GSK3p inhibitor xii (20 uM), GSK3 B inhibitor viii (25 1M), ERK inhibitor U0126 (20 uM),
p38 inhibitor SB202190 (20 M), or JNK inhibitor SP600125 (20 M), and cultured for 24 h in DMEM (replenished every 6 h) containing either 10 or 2.5 mM glucose
in the absence or presence of metformin (5 mM). Treatment with the inhibitors started 1 h before metformin treatment.

(B) Immunoblotting analysis of lysates derived from HCT116 and Hela cells cultured for 24 h in DMEM (replenished every 6 h) containing either 10 or 2.5 mM
glucose in the absence or presence of metformin (5 mM).

(C and D) Immunoblotting analysis of lysates derived from HCT116 cells cultured for 24 h in DMEM (replenished every 6 h) containing the indicated concentrations
of glucose in the absence or presence of the indicated concentrations (C) or 5 mM (D) of metformin.

(E) Immunoblotting analysis of lysates derived from HCT116 cells stably expressing either scrambled small hairpin RNA (shRNA) or shRNA against GSK3p and
treated as in (B).

(F) Percentage of cell death of control or GSK3B-depleted HCT116 and Hela cells treated as in (B).

(G) Proliferation assessed by CellTiter-Glo assay of control or GSK3p-depleted HCT116 and HelLa cells cultured in DMEM containing the indicated concentration
of glucose and treated with increasing concentrations of metformin for 24 h. Results are representative of three biologically independent experiments.

Error bars in all the panels of this figure indicate SD. Average intensities of the bands from three biologically independent repeats normalized to loading
control and expressed as fold change of the first band + SD are presented under each lane. Student’s t test was used for statistical analysis (n.s., non-significant).
"$p > 0.05, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S3.
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Upregulation of the PP2A Regulatory Subunit B565 and
Downregulation of CIP2A Mediate the Effects of the Low
Glucose/Metformin Combination

PP2A is a trimeric protein complex consisting of a catalytic
subunit (PP2Ac or C), a scaffold subunit (PR65 or A), and
one of several regulatory B subunits. Such variability in PP2A
composition results in heterogeneity in the composition of
active PP2A holoenzymes, each with unique substrates and
functions (Janssens et al., 2005). The B subunit incorporated
in a holoenzyme modulates its substrate specificity, subcellular
targeting, and phosphatase activity. The activity of PP2A is
also regulated by inhibitors: cancerous inhibitor of protein
phosphatase 2A (CIP2A) is an endogenous PP2A inhibitor
that is overexpressed in several types of cancer and contrib-
utes to malignant transformation through inhibition of PP2A
(Junttila et al., 2007).

Immunoblotting analysis showed that metformin treatment
reduced the CIP2A level, low glucose treatment increased
the regulatory PP2A subunit B563 level, and the combination
of metformin with low glucose simultaneously reduced CIP2A
and increased B565 levels (Figures 6A and S6A). These mod-
ulations are initiated shortly after treatment with the metfor-
min/low glucose combination (Figure 6B), further implicating
PP2A as an early sensor of metabolic stress and a coordinator
of subsequent responses in this context. Modulation of CIP2A
and B565 levels was also dependent on both metformin con-
centration and glucose levels (Figures S6B and S6C), and,
while low glucose induced the transcription of PPP2R5D, the
gene encoding B56d (Figures S6D), metformin mainly pro-
moted CIP2A proteasomal degradation as it failed to diminish
CIP2A levels in the presence of proteasome inhibitors (Figures
S6E-S6G).

GSKB3B is an established substrate of the PP2A holoenzyme
containing B563 (Lambrecht et al., 2018; Haesen et al., 2016).
These results therefore suggested that PP2A is activated by met-
formin through inhibition of its suppressor CIP2A; because low
glucose induces B563 expression, the metformin/low glucose
combination favors the formation of an active PP2A complex
containing the B563 subunit, which then targets GSK3p for
dephosphorylation, ultimately leading to MCL-1 downregulation
and cell death.

To test this hypothesis, we overexpressed CIP2A and found
that overexpression of CIP2A halted the decline in phosphory-
lated GSK3pB and MCL-1 levels and the induction of cell death

observed in cells on treatment with the combination of metformin
with low glucose (Figures 6C-6E and S6H). Furthermore,
depletion of CIP2A was sufficient to recapitulate the effects of
metformin as the combination of CIP2A depletion with low
glucose triggered a decline in phosphorylated GSK3p and
MCL-1 levels and evoked cell death comparable with that
observed with the metformin/low glucose treatment (Figures
6F and 6G). These results thus suggest that metformin-induced
downregulation of CIP2A mediates PP2A activation and can be
attributed for—largely, if not all—sensitization of cells to low
glucose conditions.

Formation of an Active PP2A Holoenzyme Containing
B565 Mediates Cytotoxicity of the Combination of Low
Glucose with Metformin

Next, we aimed to examine the contribution of low glucose-
induced B56d upregulation to the synergistic cytotoxicity. The
combination of low glucose and metformin did not result in
reduced levels of phosphorylated GSK38 and MCL-1 in B563-
depleted cells, unlike control cells or cells depleted of another
B regulatory subunit B55« (Figure 7A). Consistently, B563-
depleted cells were more resistant to the combination of low
glucose with metformin (Figures 7B, 7C, and S7A). We then
examined the composition of the PP2A holoenzyme complex
under different conditions. Consistent with our hypothesis, using
immunoprecipitation of the PP2A Aa subunit, we observed an
enhanced recruitment of B5635 and GSK3p to the PP2A holoen-
zyme in cells treated with the combination of low glucose with
metformin (Figure 7D). Furthermore, reconstitution with the
wild-type PP2A Aq, but not the PP2A Ao, S256F mutant, which
altered activity of the PP2A-B563 complex (Haesen et al.,
2016), restored GSK3p dephosphorylation and MCL-1 downre-
gulation in PP2A Aa-ablated cells treated with the low glucose/
metformin combination (Figure 7E). Overexpression of B563
and subsequent enrichment of a B563-containing PP2A holoen-
zyme (Figure S7B) synergized with metformin, but not SAHA or
brefeldin A, to induce GSK3p dephosphorylation, MCL-1 down-
regulation (Figure 7F), and cell death (Figures 7G, S7C, and S7D).
B563 overexpression thus recapitulated the effects of low
glucose in the combination with metformin. Consistently, PPZ
and thioridazine—which are synergistic in combination with
metformin—enriched for the PP2A holoenzyme containing the
B56d subunit and increased recruitment of GSK3pB (Figures
S5B and S7E).

Figure 4. GSK3B-Depleted MCL-1 Degradation Mediates Synergistic Cytotoxicity of Low Glucose and Metformin

(A and B) Immunobilotting analysis of lysates derived from HCT116 (A) and HeLa (B) cells cultured for 24 h in nutrient-rich (10% FBS and 10 mM glucose), glucose-
deprived (DMEM containing 10% FBS and 2.5 mM glucose), serum-deprived (0.1% serum and 10 mM glucose), or A.A.-deprived (10% FBS and 2.5 mM glucose
but no glutamine, no methionine and no cysteine) DMEM. Media were replenished every 6 h.

(C and D) Immunoblotting analysis of lysates derived from HCT116 cells cultured for 24 hin DMEM (replenished every 6 h) containing the indicated concentrations
of glucose in the absence or presence of the indicated concentrations (C) or 5 mM (D) of metformin.

(E) Immunoblotting analysis of lysates derived from HCT116 cells expressing either scrambled shRNA or shRNA against GSK3 and cultured for 24 h in DMEM
(replenished every 6 h) containing either 10 or 2.5 mM glucose in the absence or presence of metformin (5 mM).

(F) Percentage of cell death of HCT116 and Hela cells expressing the indicated constructs and cultured as in (D).

(G) Cellular proliferation measured by CellTiter-Glo of control or MCL-1-overexpressing HCT116 and Hela cells cultured in DMEM containing the indicated
concentration of glucose and treated with increasing concentrations of metformin for 24 h. Results are representative of three biologically independent
experiments.

Error bars in all the panels of this figure indicate SD. Average intensities of the bands from three biologically independent repeats normalized to loading
control and expressed as fold change of the first band + SD are presented under each lane. Student’s t test was used for statistical analysis (n.s., non-significant).
"$p > 0.05, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S4.
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Tumors Depleted of GSK3p or Overexpressing MCL-1
and/or CIP2A Are Resistant to Metformin Administered
during Fasting

We then examined whether the mechanistic model derived from
the in vitro studies described above accounts for the tumor-re-
straining effect of the metformin/hypoglycemia combination
in vivo. Immunohistochemistry analysis of tumor tissues derived
from the in vivo experiment in the Figure 1 showed that the levels
of MCL-1 and phosphorylated GSK38 in the tissues derived from
mice treated with metformin while fasting (Met/Fast group) were
markedly lower compared with the other experimental groups
(Figures 8A and 8B). Immunoblotting analysis of tumor lysates
prepared from Met/Fed against Met/Fast mice showed that
administration of metformin to hypoglycemic (fasting) mice re-
sulted in a decrease in MCL-1 and CIP2A levels and GSK3p
phosphorylation and, conversely, in an increase in B56d3
levels (Figure 8C) and concomitant recruitment of B5635 and
GSK3p to the PP2A holoenzyme (Figure S8A), all events which
correlated with induction of caspase-dependent cell death
(Figure S8B). These results suggest that the metformin/hypogly-
cemia combination elicited molecular events in tumors similar to
those observed in vitro. Perturbation of these events by overex-
pression of MCL-1 or CIP2A, or knockdown of GSK3p or B563,
enhanced the clonogenicity of HCT116 cells treated with
metformin/low glucose combination and subjected to in vitro
clonogenic assays (Figures S8C and S8D). To test whether
perturbation of the identified pathway can similarly affect the tu-
mor-restraining effects of metformin/hypoglycemia in vivo, we
monitored the growth of GSK3B-depleted or MCL-1-overex-
pressing tumors in mice kept on 24-h feeding/fasting cycles
with half the mice from each group receiving metformin every
48 h during either feeding or fasting cycles as previously ex-
plained (see Figure 1A). Unlike control tumors, tumors derived
from GSK3B-depleted or MCL-1-overexpressing cells grew
similarly in both conditions and metformin/hypoglycemia combi-
nation failed to exert a growth inhibitory effect (Figures 8D and
8E). Similarly, tumors ectopically overexpressing CIP2A were
resistant to metformin/hypoglycemia combination compared
with control tumors, which were sensitive to metformin (but not
to cisplatin) administrated during hypoglycemia (Figures S8E
and S8F). Finally, tumor cell lines that endogenously express
high levels of CIP2A and/or MCL-1 were resistant to metfor-
min/low glucose combination in vitro (Figures S8G-S8I), and
tumors derived from those cells as well as patient-derived

xenografts expressing high levels of CIP2A/MCL-1 were refrac-
tory to metformin/hypoglycemia combination in vivo in contrast
to tumor cells and tumors with low CIP2A and/or MCL-1 levels
(Figures S8J and S8K).

Collectively, these results highlight the crucial role of the
PP2A-GSK3B-MCL-1 axis in mediating the synergistic anti-pro-
liferative effect of metformin/low glucose in vitro and similarly
metformin/hypoglycemia in vivo and suggest that modulation
of this axis can serve as an effective approach to tackle tumor
metabolic plasticity (Figure 8F).

DISCUSSION

In the present study, we exploited IF as a clinically feasible, safe,
and effective approach to lower glucose availability and explored
the potential synergistic effect of a combination of IF with the
OXPHOS inhibitor metformin on tumor growth. Our results
suggest that both IF and the timing of metformin administration
during the fasting/feeding cycles dictate the sensitivity of tumors
to metformin. Although the fasting protocol was well-tolerated in
mice, the effect on tumor growth was dramatic combined with
metformin treatment (Met/Fast). There was no significant corre-
lation between reduction in intra-tumor glucose levels and tumor
weight between the Met/Fast group and either the Fast (p =
0.895) or Met/Fed groups (p = 0.923), suggesting that the dra-
matic inhibitory effect of metformin/hypoglycemia combination
could not simply be attributed to further reduction of glucose
levels in tumors. The fasting cycle resulted in only a transient
weight loss, and metformin did not cause additional weight
loss or any other signs of toxicity when combined with fasting
in the Met/Fast group, which showed the most dramatic reduc-
tion in tumor growth. The weight loss observed is relatively
modest, especially compared with the weight loss observed in
mice treated with established anti-cancer drugs. However, given
the differences in fat and body mass between mice and humans,
it remains to be investigated whether this protocol could be
equally well-tolerated in patients.

In vitro, glucose deprivation phenocopied the effect of fasting
and dramatically sensitized a panel of tumor cells to metformin.
These results are consistent with previous studies reporting the
synergism of the metformin/low glucose combination (Birsoy
et al., 2014; Zhuang et al., 2014). Birsoy and colleagues showed
that cancer cells may cope with the metabolic stress exerted by
glucose deprivation by upregulating compensatory OXPHOS,

Figure 6. Metformin-Induced Downregulation of CIP2A Contributes to Synergistic Cytotoxicity of Low Glucose/Metformin Combination

(A) Immunoblotting analysis of lysates used in the Figure 3B.

(B) Immunoblotting analysis of lysates derived from HCT116 cells cultured for the indicated time points in DMEM containing either 10 mM glucose and vehicle or

2.5 mM glucose and 5 mM metformin.

(C) Immunoblotting analysis of lysates derived from HCT116 cells expressing either vector or CIP2A constructs and cultured for 24 h in DMEM (replenished every
6 h) containing either 10 or 2.5 mM glucose in the absence or presence of metformin (5 mM).

(D) Percentage of cell death of HCT116, HeLa cells treated as in (C).

(E) Proliferation assessed by CellTiter-Glo assay of control or CIP2A-overexpressing HCT116 and Hela cells cultured in DMEM containing the indicated con-
centration of glucose and treated with increasing concentrations of metformin for 24 h.
(F) Immunoblotting analysis of lysates derived from HCT116 cells stably expressing scrambled shRNA or shRNAs against CIP2A and cultured for 24 h in DMEM

(replenished every 6 h) containing either 10 or 2.5 mM glucose.

(G) Percentage of cell death of HCT116, HelLa cells treated as in (F). Results are representative of three biologically independent experiments.

Error bars in all the panels of this figure indicate SD. Average intensities of the bands from three biologically independent repeats normalized to loading
control and expressed as fold change of the first band + SD are presented under each lane. Student’s t test was used for statistical analysis (n.s., non-significant).
"$p > 0.05, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S6.
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which renders them sensitive to OXPHOS inhibition by metfor-
min or phenformin. Cancer cells with reduced OXPHOS due to
either mutated mitochondrial DNA or impaired glucose utilization
were unable to initiate this adaptive response, and were thus
particularly sensitive to glucose deprivation to one-tenth of
normal levels (Birsoy et al., 2014). While glucose levels in the
tumor micro-environment are low, the physiological relevance
of such drastic glucose deprivation is unclear.

We report here that cell death in response to the combination
of metformin with moderate glucose deprivation is not the
consequence of a passive series of events, but is the final
outcome of a tightly coordinated signaling process that orches-
trated molecular events distinct from the events triggered by
either treatment alone. Our molecular analysis initially ruled
out a central role for AMPK in mediating the cellular responses
trigged by the combination of low glucose with metformin. The
unexpected independency of AMPK was intriguing given the
well-established role of AMPK in mediating the response to
either metformin or low glucose individually, but it is in line
with reports showing that AMPK is not required for the action
of metformin on cancer cells (Kalender et al., 2010; Quinn
et al., 2013).

Further mechanistic investigation showed that cell death in
response to the combination is mediated by specific modulation
of the PP2A-GSK3B-MCL-1 axis whereas PP2A dephosphory-
lates and thus activates GSK3p, which in turn acts to diminish
MCL-1 levels and ultimately leading to cell death and reduction
of tumor growth.

Our findings thus establish a critical role for PP2A as an
early-response sensor of the energetic stress triggered in our
model by simultaneous inhibition of alternative metabolic
pathways by a combination of metformin and low glucose.
Interestingly, in line with our findings, it has been shown that
simultaneous targeting of multiple metabolic pathways through
inhibition of nutrient uptake triggered PP2A activation (Kim
et al., 2016).

PP2A has been established as a tumor suppressor, and the
inactivation of PP2A has become widely accepted as an
important step toward full-blown transformation. Indeed, ge-
netic and/or functional inactivation of different PP2A subunits,
and, therefore, loss of its phosphatase activity, have been
found in several types of tumors (Janssens et al., 2005;
Mumby, 2007). Particularly, the B56d-containing PP2A com-
plex plays important tumor suppressor roles through its estab-
lished function in the regulation of GSK3B dephosphorylation

(Lambrecht et al., 2018; Haesen et al., 2016) and possibly
other substrates.

Activation of PP2A has emerged as a promising therapeutic
strategy in cancer, potentially capable of overcoming drug resis-
tance induced in patients by continuous exposure to kinase
inhibitors. Orally bioavailable small-molecule activators of PP2A
have been shown to inhibit the growth of KRAS-mutant lung can-
cers in mouse xenografts and transgenic models (Sangodkar
et al., 2017). Importantly, PPZ exploited in this study is approved
for clinical use as an anti-psychotic: we therefore suggest investi-
gating whether its PP2A-inducing activity could be exploited for
repurposing it as an anti-cancer agent (Gutierrez et al., 2014).

In addition, PP2A inhibitor CIP2A is specifically overexpressed
in numerous types of tumors, while is barely detectable in normal
cells, making it a potential therapeutic target. CIP2A overexpres-
sion has been shown to correlate with poor prognosis in several
cancer subtypes (Junttila et al., 2007). Until recently, it was
unknown how exactly CIP2A suppresses the functions of
PP2A. A recent study resolved the 3D structure of CIP2A
(Wang et al., 2017) and showed that CIP2A forms homodimers,
which interact with the PP2A B56 subunits leading to CIP2A
stabilization. According to this model, CIP2A traps B56 proteins
(B56a. and B56y and possibly other B56 subunits as well). Down-
regulation of CIP2A by metformin leads to reduced trapping of
B56 proteins and, when combined with low glucose-induced
B563 upregulation, ultimately enhances recruitment of B565 to
the PP2A complex.

It has also been proposed that CIP2A interacts with the A
subunit and impairs binding of B subunits to PP2A complexes
(Junttila et al., 2007; Khanna et al., 2013). According to this
model, it is possible that metformin-induced downregulation of
CIP2A frees PP2A A and C subunits from the inhibitory interac-
tion with CIP2A, which when combined with low glucose-
induced B56d upregulation, allows the formation of an active
complex of PP2A A, C and B563 subunits.

Downstream of the PP2A complex, our results establish a
crucial role for GSK3p and MCL-1 in mediating the observed
synergistic cytotoxicity. GSK3pB has been shown previously to
be a target of metformin (Gwak et al., 2017). Our results show
a differential modulation of GSK3B by metformin alone as
compared with the combination of metformin with low glucose.
The specific GSK3p dephosphorylation by PP2A confirmed
that the molecular signaling driven by the combination cannot
simply be attributed to the sum of the events triggered by each
of the two treatments individually.

(B) Percentage of cell death of control or B563-depleted HCT116 and Hela cells cultured for 24 hin DMEM (replenished every 6 h) containing either 10 or 2.5 mM

glucose in the absence or presence of Metformin (5 mM).

(C) Cell proliferation assessed by CellTiter-Glo assay of control or B563-depleted HCT116 and Hela cells cultured in DMEM containing the indicated concen-
tration of glucose and treated with increasing concentrations of metformin for 24 h.

(D) Immunoprecipitation analysis of PP2A Aa. from cell lysates used in (A).

(E) Immunoblotting analysis of lysates-derived PP2A Aa-depleted HCT116 cells reconstituted with either an empty vector, or wild-type or S256F mutant PP2A Aa.
constructs cultured for 24 h in DMEM (replenished every 6 h) containing either 10 or 2.5 mM glucose in the absence or presence of Metformin (5 mM).

(F) Immunoblotting analysis of lysates derived from HCT116 cells overexpressing either vector or B563 construct cultured in 10 mM glucose DMEM and treated
for 24 h with either vehicle or metformin (5 mM).

(G) Percentage of cell death of HCT116 and Hel a cells overexpressing either vector or B565 construct cultured in 10 mM glucose DMEM and treated for 24 h with
the indicated concentrations of metformin. Results are representative of three biologically independent experiments.

Error bars in all the panels of this figure indicate SD. Average intensities of the bands from three biologically independent repeats normalized to loading control
and expressed as fold change of the first band + SD are presented under each lane. Student’s t test was used for statistical analysis (n.s., non-significant). "*p >
0.05, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S7.
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Figure 8. Modulation of GSK3B-MCL-1 Axis Mediates Tumor Sensitization to Metformin Administered during Fasting-Induced Hypoglycemia
(A and B) Quantification (A) and representative images (B) of immunohistochemical analysis of MCL-1 and phosphorylated GSK3p in tissue samples isolated from
mice treated as in Figure 1. Scale bars, 100 um. The boxplot displays the distribution of protein scores. The upper and lower whiskers indicate the maximal and

(legend continued on next page)
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Besides the well-established anti-apoptotic functions of
MCL-1, other tumor-promoting roles in autophagy and cellular
bioenergetics are emerging (Elgendy, 2017; Elgendy et al.,
2014, 2017; Elgendy and Minucci, 2015; Perciavalle et al.,
2012). MCL-1 levels were slightly reduced by treatment with
metformin alone, which may contribute to priming to apoptosis
as MCL-1 overexpression completely abolished the very modest
cytotoxicity of metformin.

While metformin may exhibit single-agent activity in some
contexts, there is generally more interest in exploring its potential
use in combinatorial therapy. The combination of metformin with
IF or PP2A inducers may prove efficacious in targeting cancer
cells and warrants further clinical evaluation. In addition, our re-
sults predict that the functional/genetic loss of PP2A will lead to
loss of synergism in treatment, and suggest a potential strategy
for stratification of patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

phospho-AMPKa. (Thr172) (40H9) Rabbit mAb Cell Signaling Technology Cat. #: 2535 RRID:AB_331250

AMPKa (F6) Mouse mAb

Phospho-Acetyl-CoA Carboxylase (Ser79) Antibody
Acetyl-CoA Carboxylase (C83B10) Rabbit mAb
Phospho-GSK3p (Ser9) (5B3) Rabbit mAb
GSK3p (D5C52) XP® Rabbit mAb
Phospho-p44/42 MAPK (ERK1/2) Rabbit pAb
p44/42 MAPK (ERK1/2) Rabbit pAb
Phospho-GSK3a (Ser21) (D1G2) Rabbit mAb
GSK3a Antibody

Phospho-Akt (Ser473) Rabbit pAb

Akt Rabbit pAb

Cleaved Caspase-3 (Asp175) Antibody
Cleaved Caspase-7 (Asp198) Antibody
Anti-Vinculin antibody, Mouse mAb

PP2A-Aa pAb (clone C-20)

MCL-1 pAb (clone S-19)

PP2A-B5635 pAb (clone C-15)

CIP2A Antibody (HL1925)

Anti-c-Myc antibody [Y69]

Purified Mouse Anti-PP2A Catalytic o Clone 46
Purified Mouse Anti-BCL-2

Purified Mouse Anti-BCL-xL

Mouse Anti-Cleaved PARP (Asp214)

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Sigma Aldrich (now Merck)
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Abcam

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

Cat. #:
Cat. #:
Cat. #:
Cat. #:
Cat. #:

2793 RRID: N/A

3661 RRID:AB_330337
3676 RRID:AB_2219397
9323 RRID: N/A

12456 RRID: N/A

Cat #9101; RRID:AB_331646
Cat #9102; RRID:AB_330744

Cat. #:
Cat. #:

8452 RRID: N/A
9338 RRID: N/A

Cat #9271; RRID:AB_329825
Cat #9272; RRID:AB_329827

Cat. #:
Cat. #:

9661 RRID: N/A
#9491, RRID:AB_2068144

Cat# V4505, RRID:AB_477617

Cat. #:
Cat. #:
Cat. #:
Cat. #:
Cat. #:
Cat. #:

sc-6112 RRID: N/A

sc-819 RRID:AB_2144105
sc-107956 RRID: N/A
sc-80662 RRID:AB_2130800
ab32072 RRID: N/A

610555 RRID: N/A

Cat# 551097, RRID:AB_394044

Cat. #:

610747, RRID:AB_398070

Cat# 552596, RRID:AB_394437

Chemicals, Peptides, and Recombinant Proteins

Metformin

GSK3B inhibitor xii (TWS119)
GSK3 inhibitor xii (TWS119)
GSK3 inhibitor viii (AR-A014418)
U0126-EtOH

PD98059

SP600125

SB202190 (FHPI)

MG132

Z-VAD-FMK

Z-DEVD-FMK

Epoxomicin
2-Deoxy-D-glucose
Perphenazine

Gilucose solution

Sigma Aldrich
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Selleck Chem.
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Gibco (Now Thermo Fischer)

Cat. #:
Cat. #:
Cat. #:
Cat. #:
Cat. #:
Cat. #:

PHR1084
S1590
S1590
S7435
S$1102
S1177

Cat. #:51460
Cat. #:51077
Cat. # S2619
Cat. # S7023
Cat. # S7312
Cat. # E3652
Cat. # D8375
Cat. # P6402-
Cat. # A24940-01

Critical Commercial Assays

CellTitreGlo
Lactate Assay Kit

Oxygen Consumption Rate Assay Kit
(MitoXpress® Xtra HS Method).

Promega
Sigma Aldrich
Cayman Chemical

Cat. # G7570
Cat. # MAK064-1KT
Cat. # 600800
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Experimental Models: Cell Lines
MCF7 ATCC (the American Type Culture
Collection)
A2780 ECACC (The European Collection
of Authenticated Cell Cultures)
COLO-704 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen
GmbH)
A375 IZSLER (Istituto Zooprofilattico
Sperimentale della Lombardia e
dell’emilia Romagna)
SK MEL 28 ICLC (IRCCS AOU San Martino - IST Istituto
Nazionale per la Ricerca sul Cancro)
PLC-PRF-5 ATCC (the American Type Culture
Collection)
IGR-1 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
G-361 ICLC (IRCCS AOU San Martino - IST Istituto
Nazionale per la Ricerca sul Cancro)
COLO 858 ICLC (IRCCS AOU San Martino - IST Istituto
Nazionale per la Ricerca sul Cancro)
C32 IZSLER (Istituto Zooprofilattico
Sperimentale della Lombardia e dell’emilia
Romagna)
MALME 3M ATCC (the American Type Culture
Collection)
IPC-298 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
SK-MEL30 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
SK-MEL3 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
WM266-4 ECACC (The European Collection of
Authenticated Cell Cultures)
MEWO ICLC (IRCCS AOU San Martino - IST Istituto
Nazionale per la Ricerca sul Cancro)
IGR-37 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
RPMI 7951 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
COLO-679 DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH)
Gala1949 This paper N/A
LuCa1973 This paper N/A
Experimental Models: Organisms/Strains
CD1 nude mice (CD1-Foxn1nu) Charles River Laboratories N/A
Oligonucleotides
Primers for PPP2R5D: This paper N/A
Forward: GGCCGAGATGTCCTATAAACTG
Primers for KIAA1524: This paper N/A

Forward : CCATATGCTCACTCAGATGATGT
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Recombinant DNA

pLKO.1 scrambled shRNA
Target sequence: GTGGACTCTTGAAAGTACTAT

pLKO.1 human PPP2R1A shRNA #1 Sigma Aldrich Clone ID: NM_014225.3-1714s21c1
Target sequence: TTGCCAATGTCCGCTTCAATGC

pLKO.1 human PPP2R1A shRNA #2 Sigma Aldrich Clone ID: NM_014225.3-1615s21c1
Target sequence: CTACGCTCTTCTGCATCAATGC

pLKO.1 human PPP2CA shRNA Sigma Aldrich Clone ID: NM_002715.2-615s21c1
Target sequence: GGCAAATCACCAGATACAAATC

pLKO.1 human PPP2R5D shRNA #1 Sigma Aldrich Clone ID: NM_006245.2-1152s21c1
Target sequence: AGTCTGACTGAGCCGGTAATTC

pLKO.1 human PPP2R5D shRNA #2 Sigma Aldrich Clone ID: NM_006245.2-709s21c1
Target sequence: CACATCTCCAGCTCGTGTATGC

pLKO.1 human KIAA1524 shRNA Sigma Aldrich Clone ID: NM_020890.2-358s21c1
Target sequence: TGCGGCACTTGGAGGTAATTTC

pLKO.1 human GSK3B shRNA #1 Sigma Aldrich Clone ID: NM_002093.2-974s1c1
Target sequence: GCTGAGCTGTTACTAGGACAA

pLKO.1 human GSK3B shRNA #2 Sigma Aldrich Clone ID: NM_002093.x-1596s1c1

Target sequence: CACTGGTCACGTTTGGAAAGA

Software and Algorithms

ImagedJ https://imagej.nih.gov/ij/
Compusyn www.combosyn.com/
Image Lab BioRad

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the Lead Contact Saverio Minucci (saverio.
minucci@ieo.it).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient-Derived Cells

Establishment of primary cells GaLa1949 and LuCa1970 from metastatic melanomas was previously described in (Elgendy et al.,
2014). Briefly, tumor specimens from patients were dissected in Petri dishes containing RPMI 1640 + 10% FCS into small pieces
with a scalpel. Cell suspension was filtered through sterile gauze to eliminate macroscopic debris. Following 45-min incubation at
room temperature on a magnetic shaker, cell suspension was filtered through sterile gauze to remove debris. Cell suspension
was recovered from the supernatant by centrifugation and extensively washed in RPMI 1640 + 10% FCS. Cells were grown in
DMEM + 10% FBS and were periodically characterized by immunohistochemistry staining with S100, MelanA and HMB45 antibodies
at various passages during the time they are kept in culture.

Xenograft Tumor Models

CD1 nude mice received single subcutaneous flank injections of 5x10° HCT116 cells or melanoma cells or 1x10° patient-derived
melanoma cells suspended in 200 pl saline. After the tumors were established, mice were randomized in different groups. Mice
were kept on the feeding/fasting protocols. Fasting cycles were achieved by complete removal of food while allowing free access
to water for 24 hr from 6 pm to 6 pm of the following day when food was re-supplied ad libitum. Metformin, at 200 mg/kg dissolved
in water, was administered every 48 hr at 9 am via oral gavage. Tumor growth was monitored by bi-dimensional measurements using
a caliper. Tumor volume was calculated as (length x width x width)/2. Note that nude mice show a strain-specific decline in glucose
levels upon fasting, of a higher degree as compared to other commonly used mouse strains (such as C57B6: data not shown).
Experiments have been done in accordance with the Italian Laws (D.L.vo 116/92 and following additions), which enforces EU
86/609 Directive (Council Directive 86/609/EEC of 24 November 1986 on the approximation of laws, regulations and administrative
provisions of the Member States regarding the protection of animals used for experimental and other scientific purposes). Mice have
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been housed accordingly to the guidelines set out in Commission Recommendation 2007/526/EC - June 18, 2007 on guidelines for
the accommodation and care of animals used for experimental and other scientific purposes. The protocol was approved by the
Italian Ministry of Health (Authorization 1075/2016-PR).

Cell Lines
HCT116 and Hela cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
and 2 mM L-glutamine unless otherwise indicated. Other cell lines were grown in RPMI medium supplemented with 10% fetal bovine
serum and 2 mM L-glutamine unless otherwise indicated. For starvation experiments, cells were washed three times with PBS pH 7.2
and then incubated in the indicated starvation conditions. All cultures were maintained in a humidified tissue culture incubator at 37°C
in 5% CO2.

METHOD DETAILS

Immunoblotting

Whole cell lysates were prepared by directly lysing cells growing in culturing dishes or collected cell pellets in lysis buffer (40 mM
Hepes pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 0.5 mM orthovanadate,
and EDTA-free protease inhibitors (Roche) containing 0.3% CHAPS). Lysates were prepared from frozen tumors using GentleMACS
dissociator. Lysates were cleared by centrifugation at 13000 g for 15 min. at 4°C, quantified using BioRad DC protein assay reagent
followed by mixing 1:1 with 4% SDS, 100 mM Tris.Cl pH 6.8, 20% glycerol, 0.1% bromophenol blue and 5% B-mercaptoethanol
added immediately before use and heating at 94°C for 7 min. Equal amounts of proteins were then subjected to 8-15% SDS-
PAGE gels. Gels were run at 100 V (stacking gel) / 150 V (separation gel) on Protean lll apparatus (BioRad). Gels were transferred
onto nitrocellulose membranes and probed with the appropriate primary antibody, followed by the corresponding secondary
antibodies diluted 1:5000-10000. The proteins were visualized by enhanced chemiluminescence (ECL) using ChemiDoc apparatus
(BioRad) according to the manufacturer’s instructions. Optical intensity of the bands was quantified using Imaged software. Average
intensities of the bands from three biologically-independent repeats expressed as fold change of the first band +/- SD are presented
under each lane. Statistical significance of change in intensity was assessed against the first band unless otherwise indicated
under the blot. Student’s t test was used for statistical analysis. n.s. (non-significant): P > 0.05, *: P < 0.05, *: P < 0.01, ™% P <
0.001, ***: P < 0.0001.

Lentiviral Transduction

shRNA pLKO.1 lentiviral constructs were purchased from Sigma Aldrich. The pLKO.1 vectors and package plasmids were co-trans-
fected into packaging HEK293T cells and the viral supernatants were collected, supplemented with polybrene (8 ung/mL) and used to
infect target cells in four cycles of transduction, 2-hr each over two consecutive days.

Quantification of Cell Proliferation

CellTiterGlo Luminescent Cell Viability Assay (Promega) was used according to manufacturer’s protocol. Briefly, cells were plated in
96 well plates, treated 24 hr later with different doses of drugs in total volume of 100 pl. 24 hr later, 100 ul of CellTiter Glo reagent was
added to the cells and incubated for 15 min at 37°C and luminescence was measured using a Promega plate reader.

Quantification of Cell Death

Cell viability was assessed by trypan blue exclusion assay counting 300 cells from each condition. Additionally, cells were harvested
by trypsinization, washed in PBS (pH 7.2), and then stained with propidium iodide (10 mg/ml) added immediately prior to analysis. Cell
fluorescence was then measured on a flow cytometer (FACSCalibur; Becton Dickinson, CA) and analyzed using CellQuest software.

Lactate Production Assay

Lactate production was measured using Lactate Assay Kit (Sigma Aldrich) according to manufacturer’s instructions. Briefly, cells
from different conditions were homogenized in 4 volumes of the Lactate Assay Buffer. Samples were centrifuged at 13,000 g for
10 min to remove insoluble material and de-proteinized with a 10 kDa MWCO spin filter to remove lactate dehydrogenase. Samples
were brought up to final volume of 50 uL/well with Lactate Assay Buffer and mixed with 50 uL of the Master Reaction Mix (46 pL
Lactate Assay Buffer + 2 uL Lactate Enzyme Mix + 2 pL Lactate Probe). The reaction mix was incubated for 30 min at room temper-
ature in dark. And the absorbance was measured at 570 nm.

Oxygen Consumption Assay

Oxygen Consumption Rate was measured using Oxygen Consumption Rate Assay Kit (MitoXpress® Xtra HS Method, Cayman
Chemical) according to manufacturer’s instructions. Briefly, 10 ul of culture medium from different conditions were added to of
10 ul phosphorescent oxygen probe solution and the mix was gently overlaid with 100 ul of pre-warmed HS mineral oil. Fluorescence
kinetics of samples, blanks and controls were measured at excitation wavelength of 380 and emission of 620 nm.
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Immunohistochemistry

Formalin fixed paraffin embedded samples of tumors were cut 5 um thick on polarized glass; unmasking for both antigen was made
with Citrate for 30’ at 99°C; anti-MCL1 and anti-pGSK3p antibodies were used at 1:200 and 1:50 concentration respectively for 2 hr.
LSAB 2 System-AP (DAKO) and Vulcan Fast Red Chromogen Kit 2 (Biocare Medical) were used as visualization system according to
company working procedure. After hematoxilin and eosin review, the positivity of tumor cells was scored using a scoring system eval-
uating the staining pattern (homogeneous or heterogeneous scoring respectively 0,1), the intensity of staining in the most reactive
area (absent/weak/moderate/strong scoring respectively 0, 1, 2 or 3) and the percentage of most reactive cells/total cancer cells
(<10%; <10% but <50%; and >50% scoring respectively 0, 1 or 2).

Glucose Measurement in Tumors

Glucose concentration was determined by gas chromatography (GC) coupled to a time of flight (TOF) mass spectrometer (MS).
Extraction and measurement were conducted according to a previously published protocol with some modifications (Weckwerth
et al., 2004). In brief, homogenized tissue was extracted twice with a mixture of methanol, chloroform and water (5/2/1, v/v/v),
with a subsequent phase separation, initiated by the addition of water. An additional extraction step with 80 % ethanol, in which
the samples were heated to 80°C for 30 min, was conducted and the ethanol extract was combined with the polar phase of the pre-
vious extraction. The combined extract was dried using a vacuum concentrator (ScanVac, LaboGene). To prepare the samples for
GC-MS analysis, derivatization using methoximation with Methoxyamine hydrochloride in pyridine (90 min at 30°C) and silylation by
N-Methyl-N-(trimethylsilyl) trifluoroacetamide (30 min at 37°C) was conducted. The Instrument used for analysis was an Agilent 6890
gas chromatograph (Agilent Technologies®, Santa Clara, USA) with an Agilent HP-5Ms column (inner diameter: 0.25 mm, length:
30 m, film: 0.25 um) coupled to a LECO Pegasus® GCxGC-TOF mass spectrometer (LECO Corporation, St. Joseph, USA). Peak
deconvolution and integration was conducted in the software LECO Chromatof®. Glucose was identified by measuring purified
external standards and peak areas were normalized to internal standards (Pentaerythritol and Phenyl B-D-glucopyranoside, both
Sigma-Aldrich) and tissue fresh weight.

Clonogenic Survival Assay

HCT116 cells transduced with the indicated constructs were plated at 5000 cells per well in 6-well plates and cultured in medium
containing either 10 mM or 2.5 mM glucose in the absence or presence of metformin (5 mM), for 2 more weeks. Colonies were
then stained with 0.5% crystal violet in 20% methanol and washed three times with PBS pH 7.2. Pictures of the plates were taken
using Canon digital camera. Surface area coverage was quantified using ImagedJ software.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

RNA was extracted using Qiagen RNA extraction kit according to manufacturer’s protocol, converted to cDNA using M-MLV Reverse
transcriptase (RNase H Minus, Point mutant) and random primers (Promega, Madison, WI, USA). gRT-PCR was conducted using
SensiFast SYBR green fluorescent nucleic acid stain (Bioline, Alexandria, Australia). Sequence of primers was as follow:

AMP/ATP Assay

Intracellular ATP and AMP concentrations were determined with the ATP/ADP/AMP Assay kit (Biomedical Research Service &
Clinical Application, Buffalo, NY) according to the manufacturer’s instruction. The luciferase bioluminescence was measured using
a Tecan Infinite M200 luminometer.

QUANTIFICATION AND STATISTICAL ANALYSIS
Student’s t test was used to test the significance of differences in different experimental conditions. Multiple linear regression
analysis was used to test the correlation between tumor growth (assessed by tumor weight) and intra-tumor glucose levels.

Chou-Talalay statistical analysis method using Compusyn software was used to test the synergism between metformin treatment
and low glucose/PPZ.
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