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STATEMENT OF TRANSLATIONAL SIGNIFICANCE: Hepatocellular Carcinoma is the
second cause of cancer mortality worldwide, with available therapeutic options having
poor outcomes. Allosteric mTOR inhibitors were predicted to be effective in HCC, but
failed in showing efficacy in a phase 3 clinical trial. However, subsequent trial sample
analyses suggested that genotypic stratification would have benefited a large
percentage of patients, particularly those with loss of TSC2. Here we examined the use
of the combined allosteric and ATP-binding site mTOR inhibitors in HCC, together with
the mitochondrial Complex1 inhibitor Phenformin, as recent data suggested that the
MTOR inhibitors may promote cancer cell survival by maintaining mitochondrial
oxidation and/or autophagy. We show that treatment of HCC cells in vitro with
Phenformin causes a metabolic shift to glycolysis, mitochondrial dysfunction and
fragmentation, with Phenformin pretreatment sensitizing orthotopic liver tumors to dual

inhibition of MTOR, leading to a striking increase in overall survival
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ABSTRACT (max 250 words):

Purpose: Hepatocellular carcinoma (HCC) ranks second in cancer mortality and
has limited therapeutic options. We recently described the synergistic effect of allosteric
and ATP-site competitive inhibitors against the mammalian target of rapamycin (nTOR)
for the treatment of HCC. However, such inhibitors induce glycemia and increase
mitochondrial efficiency. Here we determined whether the mitochondrial complex |
inhibitor Phenformin could reverse both side effects, impose an energetic-stress on

cancer cells and suppress the growth of HCC.

Experimental Design: Human HCC cell lines were used in vitro to access the
signaling and energetic impact of mTOR inhibitors and Phenformin, either alone or in
combination. Next, the therapeutic utility of these drugs alone or in combination was
investigated pre-clinically in human orthotopic tumors implanted in mice, by analyzing

their impact on the tumor burden and overall survival.

Results: We found Phenformin caused mitochondrial dysfunction and
fragmentation, inducing a compensatory shift to glycolysis. In contrast, dual inhibition of
MTOR impaired cell growth and glycolysis, while increasing mitochondrial fusion and
efficiency. In a mouse model of human HCC, dual inhibition of mTOR, together with
Phenformin, was highly efficacious in controlling tumor burden. However, more striking,
pretreatment with Phenformin sensitized tumors to dual inhibition of mTOR, leading to a

dramatic improvement in survival.

Conclusion: Treatment of HCC cells in vitro with the biguanide Phenformin

causes a metabolic shift to glycolysis, mitochondrial dysfunction and fragmentation, and
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dramatically sensitizes orthotopic liver tumors to dual inhibition of mMTOR. We therefore

propose this therapeutic approach should be tested clinically in HCC.
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INTRODUCTION

Worldwide, liver cancer is the second cause of cancer death, second in most
years of lost life, and the most rapidly expanding malignant tumor in Western countries.
Accounting for >70% of the total liver cancer burden, hepatocellular carcinoma (HCC) is
its major histological subtype. The most common liver insults leading to HCC are
hepatitis B or C virus (HBV or HCV) and alcohol (1); however, in Western societies, the
abrupt increase in HCC has been linked to non-alcoholic steatohepatitis (NASH) and
the recent epidemic in obesity (2,3). Despite being a very heterogeneous tumor type
without clear genetic drivers, the most aggressive forms of HCC are associated with the
TGF-B1, PIBK/Akt/mTOR, Wnt/B-catenin and NOTCH proliferative pathways (4,5). The
Cancer Genome Atlas (TCGA) consortium has recently performed the first large-scale
multi-platform analysis of HCC, which showed a prevalence of alterations in WNT and
p53 signaling as well as TERT upregulation (6). Clinically, surgical resection leads to
~70% disease-free survival over 5 years in HCC patients (7,8), although it is only an
option for a small portion of early-stage patients with solitary tumors and normal liver
function. For advanced stage HCC the standard of care is Sorafenib (9), followed upon-
progression by the recently approved Regorafenib, both multi-protein kinase inhibitors,
which render modest life-extending benefits (10,11). Recently, striking effects have
been reported with Nivolumab, an immunotherapeutic agent (12). Of note, such

treatments may benefit from combination therapy with targeting agents (13).

The mammalian Target of Rapamycin (NTOR) emerged several years ago as an
attractive target for HCC, as it is hyperactivated in 50-60% of HCC and is associated

with high grade tumors and worst case prognosis (14-17). Blocking tumor growth by
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inhibiting mTOR has led to the approval of the rapamycin family of allosteric drugs
(rapalogs) in the treatment of a number of cancers (18,19). Nevertheless, the rapalog
Everolimus (RADOO1) did not improve overall survival in the phase 3 EVOLVE-1 trial for
advanced HCC after Sorafenib failure (20). However, a recent retrospective analysis of
the EVOLVE-1 data showed that patients exhibiting mutations in the Tuberous Sclerosis
2 (TSC2) protein, a tumor suppressor which results in constitutive activation of mTOR
Complex 1 (mTORC1), tended to benefit from second-line treatment with RADOO01 (21).
Importantly, the same authors reported that loss of TSC2 is observed in approximately
20% of the Asian HBV(+) HCC patients (21). These findings have further underscored
the necessity of stratifying patients as a function of sub-populations in liver cancer

clinical trial designs (22).

The failure of rapalogs in a number of clinical trials may also be attributed in part
to their incomplete inhibition of MTORC1 and mTORC2 (23), as well as the loss of the
negative feedback loop from ribosomal protein S6K1 kinase to Akt (24,25). We recently
showed that these two shortcomings could be overcome by combining an allosteric
(RADO01) and an ATP-site competitive (BEZ235) mTOR inhibitor (26). These
observations have led to the proposal that the rapalogs should be reconsidered in the
treatment of HCC. However, in the clinic mTOR inhibitors hinder glycolysis, inducing
hyperglycemia (27), which may independently drive tumor growth (28,29). Moreover, it
was recently demonstrated that mTOR inhibitors decrease mitochondrial biogenesis
and activity, but counter-intuitively increase mitochondrial efficiency (30). This overall
increase in mitochondrial efficiency may provide cancer cells the potential to survive the

catabolic state induced by mTOR inhibitors, particularly a small population of stem-like
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cells. In the clinic, hyperglycemia induced by rapalogs is treated with the biguanide
Metformin (31,32). Given that biguanides inhibit CI and mTOR inhibitors suppress
glycolysis, we reasoned that their combination or their sequential use might place a
further energetic-stress on HCCs. However, Metformin requires the OCT1 transporter to
enter tumor cells, which is largely downregulated in HCC (33), making the hydrophobic
analogue Phenformin an attractive alternative, as it does not require a transporter and is
readily taken up by all tissues (34). Phenformin was initially withdrawn from clinical use
due to deleterious lactic acidosis in a subset of renal patients (35). However, arguments
that Phenformin could be considered as an anticancer agent, given distinct dosing and
usage (36), have aided in the recent approval of a Phase 1 clinical trial for its use in

melanoma (37).

Here we set out to determine the effects of RADO01/BEZ235 and Phenformin
treatment in human HCC cell lines, tumoroids and mouse orthoxenografts. In cells we
found that both treatments inhibited mTOR signaling, but that mTOR inhibition was not
augmented by the triple combination. In parallel, Phenformin induced mitochondrial
dysfunction and fragmentation, consistent with the activation of AMP-activated protein
kinase (AMPK) (38), and led to a metabolic shift towards glycolysis, increased ROS
production and cell death. Unexpectedly, a number of the Phenformin responses
appeared to be mitigated by the energy sparing effects of RADO01/BEZ235 treatment.
The growth-inhibition of orthotopically implanted tumors was more dramatic when using
MTOR inhibitors, as compared to Phenformin alone, but more penetrant with the triple
drug combination, an effect also observed in overall survival. Given that the mTOR

inhibitors suppressed the effects of Phenformin on mitochondria homeostasis in vivo,
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HCC bearing mice were first treated with the biguanide, followed by the mTOR
inhibitors. Such a treatment schedule dramatically sensitized tumors to mTOR
inhibitors, profoundly increasing overall survival. Given the recent approval of

Phenformin IND in melanoma (37), this regimen should be explored clinically in HCC.
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MATERIALS AND METHODS
Cell culture and proliferation assay

Huh7 cells, purchased from the JCRB Cell Bank, were maintained in Dulbecco’s
modified Eagle’s culture medium (Gibco) containing 10% heat-inactivated fetal bovine
serum (Sigma-Aldrich) and 1% Penicillin/Streptomycin (10,000 units/ml and 10 mg/ml
respectively) (Sigma-Aldrich). Cell number was measured by crystal violet staining

(Sigma-Aldrich).
Animal studies

Four week-old male Athymic Nude-Foxnl1™ mice were purchased from Harlan
Laboratories (Envigo, Barcelona). Six to eight week-old mice were injected intra-
hepatically with 1-2x10° Huh7 cells in an ice-cold phosphate buffered saline (PBS)
(Gibco) / Matrigel Growth Factor Reduced phenol free (Corning - BD Biosciences)
solution. After ~ four weeks, tumors were collected and equal size tumor pieces (~0.05)
were implanted surgically in the liver of experimental athymic mice cohorts. Two weeks
after tumor implantation mice were treated per os daily for 15 or 21 days with RAD001
(2.5 mg/kg) and/or BEZ235 (6 mg/kg) and/or INK128 (0.3mg/kg), and per ip with the
specified doses of Phenformin (70 or 100 mg/kg). The mice were starved for 2 hours
before sacrifice and received their last dose of drug 1 hour before sacrifice. Liver and
tumor tissues were snap-frozen in liquid nitrogen for protein extraction or fixed in 10%
formalin for IHC analysis. For survival experiments, mice were weaned from drug and
monitored every-other day, or daily when signs of stress emerged (weight-shedding
>10% and blood glucose <90 mg/dL). Glucose levels <60mg/dI, visible ascites, weight-
shedding >15%, and loss of body temperature were end-point criteria. All in vivo studies
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were approved by the IDIBELL’s Animal Care and Use Committee and the Generalitat

de Catalunya.
Statistical analyses

Data are presented as mean = SD. All the statistical analyses were performed
using GraphPad Prism 6. For one-group variables, statistical significance was
determined by Unpaired two-tailed t test; whenever variances were different, we applied
the Unpaired two-tailed t test with Welch's correction. For two-grouping variables, two-
way analysis of variance (ANOVA) was performed. Kaplan-Meier Survival curves
differences were analyzed with the Log-rank (Mantel-Cox) Test. All statistical analyses
were made in a 95% confidence interval, with P values of <0.05, <0.01, <0.001

considered to be significant and represented with *, **, and *** respectively.

Tumoroid Cultures; Tumorigenic Capacity (Limiting Dilution) Assay; Immunoblot
analysis; GST-BHMT assay; Oxygen consumption rate (OCR) and Extracellular
Acificicacion rate (ECAR); Mitochondrial Probes for FACS analyzes; High performance
liquid chromatography (HPLC) analysis of nucleotides; Newly-synthesized RNA and
Protein synthesis rate; Oxygen consumption of tumor mitochondria: Refer to

Supplementary Materials and Methods.
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RESULTS

Effect of combined mTOR inhibitors on HCC orthoxenografts and tumoroids

growth

We initially set out to determine whether mTOR inhibition was effective in
blocking the proliferation of a panel of six HCC cell lines both sensitive and resistant to
Sorafenib, the current first line treatment of HCC (39). The RADO001/BEZ235
combination was more effective than either agent alone in all HCC cell types
(Supplementary Fig. S1A), including two we have previously analyzed (26). To test the
sensitivity of HCC cells to mTOR inhibitors in vivo, we established orthotopic models
from Huh7 and Hep3B cell lines. After 14 days of tumor engraftment, cohorts of tumor-
bearing mice were treated with mTOR inhibitors alone or in combination. In all cases,
suppression of tumor growth was observed within 15 days, with the strongest effect
elicited by the RADO01/BEZ235 combination (Fig. 1A and Supplementary Fig. S1B),
consistent with our earlier findings in DEN-induced tumors in C57BL/6 mice (26).
Likewise, the combined mTOR inhibitor treatment had a small impact on the weight of
tumor bearing mice (Supplementary Fig. S1C) and induced the dephosphorylation of
MTORCL1 kinase target RPS6 (Fig. 1B). Strikingly the on-target effects were more
pronounced in tumor tissue (Fig. 1B), possibly due to their higher vascularization.
Moreover, in combination with RADOO1, the effects of BEZ235 in Huh7 tumors were
recapitulated by a second-generation ATP-site specific mTOR inhibitor INK128
(Supplementary Fig S1D), with similar effects on body weight (Supplementary Fig.
S1E). In addition, as we previously showed for RADO01/BEZ235 (26), we find the

RADOO1/INK128 combination is more effective than either agent alone in inhibiting
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MTORCL1 signaling and the proliferation of Huh7 cells (Supplementary Figs. S1F and
S1G). To further test this response, we generated three-dimensional tumoroids (41)
from Huh7 orthotopic tumors, and treated them in vitro for six days with the
RADO01/BEZ235 combination. The combined mTOR inhibitor treatment in vitro was as
effective in inhibiting the growth of tumoroids (Fig. 1E), as it was inhibiting orthotopic
tumors (Fig. 1A). These studies suggest that the combination of an mTOR allosteric and
an ATP site competitive inhibitor is efficacious in treating tumors derived from human

HCC cell lines.
Effect of combined mTOR inhibitors on the tumorigenic capacity of Huh7 tumors

Others have reported that mTOR inhibition by rapalogues protects a small
population of stem-like cells (42,43), potentially due to the maintenance of high
mitochondrial oxidation capacity and/or the induction of autophagy (43,44). To
determine whether RAD001/BEZ235 would impact cell’s tumorigenic capacity, we first
generated tumoroids from Huh7 orthotopic tumors treated with or without
RADO001/BEZ235 in vivo. The results showed that cells derived from RADO01/BEZ235
treated tumors were impaired in their ability to grow as tumoroids in 3D-culture, as
compared to controls (Fig. 1D). To further validate this finding, we conducted tumor
initiation assays in vivo under conditions of limiting dilution with fixed numbers of cells.
Huh7 tumor-bearing mice were treated for 15 days, tumor cells were isolated as for
tumoroids, but instead were subcutaneously implanted in nude mice and monitored for
tumor growth (Figs. 1E). In contrast to the effects reported for the rapalogs as single
agents (42), the time of tumor appearance is reduced by the dual inhibition of MTOR, as

compared to the vehicle (Fig. 1E). Together, our results demonstrate that combined
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mMTOR inhibition in vivo diminishes, rather than enhances, the tumorigenic potential of

Huh7 cells.
Impact of Phenformin on glycemia, proliferation and signaling

Clinically, persistent hyperglycemia is most commonly treated with the biguanide
Metformin (45), including those patients whose hyperglycemia is induced by rapalogs
(31,32). This raised the possibility of adding a biguanide together, or potentially
sequentially, with the RADO01/BEZ235 combination, which would effectively inhibit both
glycolysis and mitochondrial oxidative phosphorylation (OXPHOS), directing tumors
towards energetic stress. As previously reported for mTOR inhibition (27), treatment of
Huh7 tumor bearing animals with the RADO01/BEZ235 combination (RB) leads to
hyperglycemia due to lower peripheral glucose uptake, an effect blunted by the addition
of Phenformin, which is known to decrease gluconeogenesis (Fig. 2A). To assess the
mechanism of Phenformin action, we examined a number of proliferative and signaling
parameters in Huh7 cells in vitro. We found that cell proliferation is inhibited by either
Phenformin or RADO01/BEZ235 alone and that the inhibitory response is further
enhanced when all three drugs are used in combination (Fig. 2B). Nevertheless, the
kinetics of inhibition of mMTORC1 signaling were much slower with Phenformin than
RADO001/BEZ235, as measured by S6K1, RPS6 and 4EBP1 phosphorylation (Fig. 2C).
Moreover, Phenformin in combination with RADO01/BEZ235 appeared to have no
further effect on mTORCL1 signaling (Fig. 2C), suggesting that the effects of Phenformin
on cell proliferation are mediated through mTORC1-dependent and -independent
pathways. Consistent with this observation, in contrast to treatment with

RADO001/BEZ235, Phenformin strongly induced AMPK activation, as measured by
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increased AMPK T172 phosphorylation, with concomitant increases in the
phosphorylation of AMPK substrate ACC S79 (Fig. 2C). Unexpectedly, these responses
are blunted in the presence of RADO01/BEZ235, even at later times (Fig. 2C). Despite
the latter findings, the combined effect of the three drugs in impeding proliferation may

be explained by the inhibition of MTORC1 signaling and the activation of AMPK.
Impact of Phenformin on glycolysis

The induction of AMPK activation and ACC phosphorylation by Phenformin (Fig.
2C), supports a change in cellular energy usage. Since Phenformin inhibits OXPHOS,
we hypothesized that it would induce a metabolic shift towards glycolysis. To test this
possibility we followed extracellular acidification rate (ECAR), a surrogate for lactate
production and glucose utilization. The results show that glucose addition to culture
media in the presence of Phenformin led to sharp increase in ECAR, whereas the
combined mTOR inhibitors had a small inhibitory effect alone and blunted the effect of
Phenformin (Fig. 2D and Supplementary Fig. S2A). We predicted that, if Phenformin
treated cells rely on glycolysis for survival, they should be sensitive to external glucose
levels. In agreement with this hypothesis, lowering glucose levels in the culture media
from 25 mM to either 12.5 mM or 6.25 mM for 72 hrs led to the death of all the Huh7
cells subjected to 1mM Phenformin alone, but had no impact on the survival of
RADO01/BEZ235 treated cells (compare Figs. 2B and 2E). The effect of Phenformin on
cell growth is blunted by the RADO01/BEZ235 combination at the higher concentrations
of glucose, an effect that is almost completely lost at the lowest concentration of
glucose (compare Figs. 2B and 2E). Phenformin-induced cell death appears to occur

through apoptosis, as measured by the induction of caspase 3/7 (Supplementary Fig.
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S2B) and the inhibition of cell death by pan-caspase inhibitors (Fig. 2F). More striking,
in tumoroids derived from Huh7-tumors we found that when we lowered glucose levels
in culture medium from 17.5 mM to physiological levels of 5 and 1 mM, we achieved
inhibition of proliferation at Phenformin concentrations as low as 30 uM (Fig. 2G). The
results demonstrate that in the presence of Phenformin, cells become more sensitive to

the glycolytic input.
Mitochondrial Activity and Energy Status

Recent studies have shown that mTORC1 inhibition also induces a reduction in
the mitochondrial O, consumption rate (OCR) and mass, leading to an ~30% decrease
in cellular ATP levels, responses attributed to inhibition of translation of nucleus-
encoded mitochondrial gene transcripts (30). Given this observation, it was important to
distinguish the impact of RADO01/BEZ235 versus Phenformin on mitochondrial activity.
We found that both Phenformin and RADOO1/BEZ235 reduced mitochondrial OCR (Fig.
3A, Supplementary Fig. S3A and Supplementary Table S1). By 3 hrs of treatment, the
combined mTOR inhibitors caused a 25% reduction in OCR, while Phenformin led to a
striking 75% reduction in OCR (Fig. 3A, Supplementary Figs. S3A-C), an effect that is
established within minutes of treatment, consistent with Phenformin directly inhibiting Cl
(Fig. S3B). When combined with mTOR inhibitors, Phenformin induced a further
decrease in OCR (Fig. 3A). Furthermore, Phenformin caused a dramatic reduction in
mitochondrial mass measured by MitoTracker Green FM probe (Fig. 3B); and, although
ATP levels do not drop (Fig. 3C), the AMP/ATP and ADP/ATP ratios were markedly
increased (Fig. 3D, Supplementary Fig. S3D-F), consistent with Phenformin inducing

AMPK activation (Fig. 2C). Taken together, these results suggest that the Phenformin-
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induced shift to glycolysis is not sufficient to relieve the energetic stress, with cells

striving to maintain ATP levels.

In agreement with recent findings (30) we observe a small effect of
RADO001/BEZ235 treatment on mitochondrial mass (Fig. 3B), but in contrast we observe
no effect on ATP levels (Fig. 3C), consistent with no changes in the AMP/ATP or
ADP/ATP ratios (Fig. 3D and Supplementary Figs. S3D-E). The latter findings agree
with the lack of AMPK activation by RADO01/BEZ235 treatment (Fig. 2C). Given that
RADO001/BEZ235 treatment reduces OCR, but does not alter AMP/ATP or ADP/ATP
ratios, we asked whether this could result from lower energy needs. Inhibition of mTOR
negatively affects ribosome biogenesis and protein synthesis, two of the most energy
consuming catabolic cellular processes (46). We first analyzed steady-state levels of
18S and 28S rRNA by ethidium bromide (EB) staining, and nascent rRNA levels by
pulse labeling with *H-uridine. The EB-stained agarose gel shows that that there is no
selective impact on the ratio of mature 18S to 28S rRNA (Fig. 3E). However, *H-Uridine
labeling of 47S precursor rRNA and the newly synthesized 18S and 28S mature rRNA
species were strongly impaired by the RADO01/BEZ235 combination, with no apparent
damage to processing, but an overall reduction in rRNA biogenesis (Fig. 3E). These
effects are paralleled by a strong reduction of *H-Leucine incorporation into nascent
protein by RADO01/BEZ235 treatment (Fig. 3F). In contrast, the effects of Phenformin
on either response are not as profound (Fig. 3E and 3F). Taken together, the results
suggest that mTOR inhibitors sustain a healthy cellular energetic state where energy
production is balanced by controlling the rate of major energy-consuming biochemical

processes, and such effects suppress AMPK activation by Phenformin.
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Mitochondrial Dysfunction and Fragmentation

The inability of cells to maintain the AMP/ATP ratio in the presence of Phenformin
raised the possibility that, beyond lowering mitochondrial activity, the biguanide may
also cause mitochondrial dysfunction and fragmentation, similar to other mitochondrial
electron transport chain inhibitors and AMPK activators (38). Although treatment with
RADO001/BEZ235 decreases mitochondrial activity (Fig. 3A, Supplementary Fig. S3A), it
did not perturb mitochondrial efficiency, as measured by O, consumption in the
presence of oligomycin, a CV ATPase inhibitor (Fig. 4A). In contrast, the dramatic drop
in mitochondrial activity induced by Phenformin (Fig. 3A) is accompanied by a decrease
in mitochondrial O, consumption coupled to ATP production (Fig. 4A), indicative of
mitochondrial dysfunction (47). Although RADO01/BEZ235 does not negatively affect
mitochondrial efficiency, it slightly augments the effects of Phenformin (Fig. 4A).
Consistent with the biguanide inducing mitochondrial damage, by confocal imaging of a
MitoTracker probe, we could observe that the fusion/fission equilibrium of the
mitochondrial network was progressing towards fragmentation in the presence of
Phenformin, consistent with the activation of AMPK (38). This was not the case for
RADO001/BEZ235 alone, where mitochondria appeared to be more fused (Fig. 4B), as
recently reported for mTOR inhibitors (48). In agreement with these findings,
Phenformin, but not RADO01/BEZ235, induced cleavage of optic atrophy 1 (OPA1) (Fig.
4C), an inner mitochondrial membrane GTPase required for fusion, whose cleavage is
associated with extensive mitochondrial damage (38). Phenformin-induced

mitochondrial damage has been shown to stimulate mitophagy and ROS production,
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leading to apoptosis (49). Unexpectedly, we found that Phenformin treatment alone did
not induce autophagy, and even blocked autophagy initiated by RADO01/BEZ235
treatment, as measured by the cargo based endpoint GST-BHMT assay (Fig. 4D) (50).
This would argue that in the presence of Phenformin damaged mitochondria are not
being cleared by autophagic mechanisms. In parallel, Phenformin induced mitochondrial
ROS as early as 3h post-treatment, at levels significantly higher than that of
RADO01/BEZ235 treatment, with no further effect of the triple combination (Fig. 4E).
Critically, by applying the mitochondrial ROS scavenger MitoTempo together with pan-
caspase inhibitors, we rescued Phenformin-induced cell death at drug doses as high as
1mM (Fig. 4F). Thus Phenformin, either alone or in combination with RADO0O1/BEZ235,
inhibits mitochondrial efficiency, evoking mitochondrial network fragmentation, ROS

production and apoptosis.
Tumor growth suppression by RAD001/BEZ235 and Phenformin

To determine the tumor growth-suppressing efficacy of Phenformin alone, or in
combination with RADO01/BEZ235, we used the orthotopic Huh7 tumor-bearing mouse
model (Fig. 1A). Establishing the highest tolerated dose of Phenformin in combination
with RADO01/BEZ235 required lowering its dosage as a single agent in tumor-bearing
nude mice from 100mg/kg/day to 70mg/kg/day. Although not as effective as the
RADO001/BEZ235 combination, Phenformin alone at 70mg/kg had a significant inhibitory
effect on tumor weight (Fig. 5A) and minimal effect on body weight (Supplementary Fig.
S4A). Phenformin treatment in combination with RADO01/BEZ235, appeared to improve
tumor-suppression beyond that of the RADO01/BEZ235 combination (Fig. 5A). In

addition, Phenfomin combined with either mTOR inhibitor alone, did not reach the same
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extent of tumor-suppression as the triple combination (Supplementary Fig. S4B). In four
independent experiments, the tumor suppressor effect exerted by RBP led to more
homogeneously small tumors when compared to the RADOO1/BEZ235 combination
alone. Using the Bartlett test of homogeneity of variances, we determined that the
variance within the RBP group versus the RADO01/BEZ235 combination had a p value
0.76 +/- 0.033, statically different in a 90% confidence interval. Analyses of treated
tumor tissues revealed strong inhibition of phosphorylation of mMTORCL1 targets RPS6
and 4E-BP1 by RADOO1/BEZ235 alone, or in combination with Phenformin, with a less
pronounced effect of Phenformin alone (Supplementary Fig. S4C). In parallel
RADO001/BEZ235, in the absence or presence of Phenformin, had little effect on
MTORC2 signaling, as measured by Akt phosphorylation (Supplementary Fig. S4C).
This was most likely due to the low concentration of RADO01/BEZ235 administered to
nude mice versus the higher doses, which we employed earlier in C57BL/6 mice (26).
Consistent with the inhibition of mMTORC1 signaling, RADO01/BEZ235, alone or in
combination with Phenformin, causes a sharp drop in cyclin D1 levels, indicative of G;
cell cycle arrest (Supplementary Fig. S4D). As described above, RADO01/BEZ235
treated mice showed a significant increase in glycemia (Fig. 2A), whereas Phenformin
treatment suppressed the glycemic effect of the mTOR inhibitors (Fig. 5B). Although,
RADO001/BEZ235 treated mice did not display a significant inhibition of lactate
production, the combined mTOR inhibitors blunted the strong pro-glycolitic effect of
Phenformin on lactate production (Fig. 5C). These results show that RADO01/BEZ235
and Phenformin treatment is highly efficacious in suppressing tumor growth (Fig. 5A

Supplementary Fig. S4B). Moreover, Phenformin decreases circulating glucose and

20

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

increases lactic acid production, suggesting that, as in cells, it is acting to impede

mitochondrial activity and favoring glycolysis.
Survival benefit of Phenformin treatment followed by RADO01/BEZ235

Given the findings above we asked whether the extent of tumor suppression induced by
Phenformin when added to RADO01/BEZ235 translated into a greater overall survival
benefit after drug exposure for three weeks. RADO01/BEZ235 treatment alone
significantly increased median survival by 26% over vehicle treated control as shown by
Kaplan-Meier analysis (Fig. 5D), with little effect on body weight (Supplementary Fig.
S5A). In combination with RADO01/BEZ235, Phenformin treatment further increased the
median overall survival by 33% (Fig. 5D), with similar tumor weights at sacrifice
(Supplementary Fig. S5B), suggesting that mice eventually perish due to primary tumor
burden. Likewise, in a second experiment, the addition of Phenformin to
RADO001/BEZ235, increased median survival from 26% to 37%, with animals dying with
similar tumor weights (Supplementary Figs. S5C and S5D, respectively). In vivo, lactic
acid production indicated a systemic inhibition of mitochondrial oxidation and a shift
towards glycolysis under Phenformin administration. To ascertain the extent to which
the treatments affected tumor mitochondrial function in vivo, we isolated mitochondria
from treated tumors and measured their ability to consume O, employing a succession
of OXPHOS substrates. In brief, the addition of glutamate, malate and ADP (GMp)
shows that RADO01/BEZ235 treatment improves the usage of CIl substrates, as
compared to Phenformin treatment alone or in the triple combination (Fig. 5E).
However, the addition of succinate led to higher Substrate Control Ratio after treatment

with Phenformin alone (Fig. 5F and Supplementary Fig. S5E); suggesting that, unlike
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under the RADO01/BEZ235 combination, such mitochondria are relying more on Cli
versus Cl to maintain mitochondrial oxidation. When combined with Phenformin, mTOR
inhibition appears to decrease Cll usage forced by Phenformin inhibition of CI. These
mitochondrial alterations did not appear due to altered OXPHOS complex expression
(Supplementary Fig. S5F). The data support the notion that, in tumors treated with
Phenformin, CI function is hindered, evoking a compensatory mechanism by which

mitochondrial electron transport is channeled through CII.

Although we observed benefit from adding Phenformin to the RADOO01/BEZ
combination, the results above suggested that the Phenformin concentrations we were
achieving in vivo were not sufficient to attain a more dramatic effect on tumor
mitochondrial activity. Moreover, we find that mTOR inhibitors appear to increase
mitochondria efficiency and fusion, in agreement with others (30,48), events that could
potentially counteract Phenformin-induced mitochondrial dysfunction and fragmentation.
Therefore we reasoned that if we first treated tumors with Phenformin alone, we could
potentially drive mitochondrial dysfunction, such that they would be more sensitive to
the subsequent addition of mTOR inhibitors. In a sequential design, we treated tumor-
bearing mice with Phenformin 100mg/kg for 8 days, and then either maintained them on
Phenformin or switched them to the RADO01/BEZ235 combination for 14 days. After 8
days treatment, Phenformin at 100mg/kg, had to be administered every other day
(QOD), to be tolerated. Treatment with Phenformin alone showed no enhancement in
survival, whereas sequential addition of RADOO1/BEZ235 had a dramatic effect (Fig.
5G). The combination of Phenformin followed by mTOR inhibitors increased median

overall survival by 70% from 28 days to 48 days (Fig. 5G), without effecting body weight
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(Supplementary Fig. S5G), effectively doubling the response observed by adding all
three agents together (Fig. 5D). Critically, at the time of sacrifice, the tumor size was
similar in each treatment group, suggesting that the mice succumb to primary tumor
burden (Fig. 5H). Although we cannot discount a systemic effect, the results are
consistent with the recent findings in cell culture suggesting that mTOR inhibitors are
hindered by their capacity to promote mitochondrial fusion and increase mitochondrial
efficiency (30,48). Here we propose that in vivo pretreatment of HCC bearing mice with
Phenformin compromises mTOR inhibitors undesirable effects, by inducing
mitochondrial dysfunction and fragmentation while generating high ROS levels, such
that subsequent mTOR inhibitor treatment results in a striking increase in overall mouse

survival (See model Fig. 6).
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DISCUSSION

Sorafenib has shown an unprecedented clinical activity in advanced HCC and is
presently the standard of care (51). However its effects are not durable, with patients
eventually succumbing to disease (52). Given these observations and that the mTOR
pathway is hyperactivated in 50-60% of HCC patients, the mTOR inhibitor Everolimus
phase 3 trial EVOLVE was initiated. Although no benefits were observed (20),
retrospective stratification of patients suggested those with loss of TSC2 benefited from
RADOO1 treatment (21). Interestingly, conditional depletion of TSC1 in the liver leads to
HCC in the mouse (53). Such mice were cleared of disease if treated with rapamycin
before the onset of tumorigenesis (53). In contrast, others have found that chronic
treatment with rapamycin accelerates HCC in the DEN-induced mouse model,
potentially due to IL6 production (54), or the protection of a specific subpopulation of
HCC cells (43,44). In apparent agreement with these findings, using carcinogen-
induced (26) or orthotopically implanted HCC human cell line mouse models, we found
little protection against tumor progression with RADOO1 alone. However, in combination
with the mTOR ATP-site inhibitor BEZ235, we observed strong tumor-suppression with
no apparent overall enhancement of tumorigenic capacity. Despite the fact that the
development of BEZ235 in cancer has been discontinued, the successor of INK128,
TAK228, has had encouraging results in phase 1/2 clinical trials (40); and, in our
preliminary studies, when combined with RADOO1, is as effective as BEZ235 in
repressing mMTORCL1 signaling and tumor growth. In support of this approach, others
have developed a dual inhibitor which can bind to both the allosteric- and ATP- binding

sites of MTOR, which is as effective as targeting the two sites in combination (55,56).
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The approach of combining allosteric and catalytic site inhibitors to increase efficacy is
not confined to MTOR, as such an approach has been recently reported for Abl/Bcr
positive chronic myeloid leukemia (57). Based on the synergistic activity of the new
allosteric inhibitor ABLOO1 with nilotinib, imatinib or dasatinib, this combination is being

tested in clinical trials (58).

The utility of targeting mitochondrial metabolism in cancer has been recognized for
some time (59). In addition, clinically, biguanides have been used to resolve
hyperglycemic states associated with mTOR inhibitors (31,32). We chose Phenformin
over Metformin because the hydrophobic biguanide does not require cell surface
organic cation transporter 1 (OCT1) (60), and since OCT1 appears downregulated in
advanced HCC (33). Both in vitro and in vivo studies show that Phenformin acts mainly
through inhibition of the mitochondrial OXPHOS CI (34,49), and we find that Phenformin
recapitulates the effects of other mitochondrial electron transport chain inhibitors by
inducing acute activation of AMPK (38), as a consequence of the increased AMP/ATP
ratio. Moreover, even though Phenformin is a potent inhibitor of mTORC1 through
AMPK dependent and independent mechanisms (61,62), it seems to have little
additional effect on this pathway in presence of RADO01 and BEZ235. Therefore, it
appears to contribute to tumor suppression by distinct mechanisms. This may be
through the activation of AMPK, whose role as tumor suppressor is complex, but which
is largely thought to stem from its function as a suppressor of major anabolic process
and the activation of catabolic responses (63,64). It is clear from our study that
activation of AMPK by Phenformin suppresses both ribosome biogenesis and protein

synthesis, two of the most major anabolic processes in the cell. However, we find that
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the activation of AMPK by Phenformin is strongly suppressed in the presence of
RADO001/BEZ235, potentially due to the energy-sparing effects of mTOR inhibition,

underscoring the antagonist effects that such therapies may exert.

The rational for pursuing Phenformin in combination with RADO01/BEZ235 was that
together they would significantly impact cell metabolism by attacking both mitochondrial
and glycolytic capacity, eventually leading to energetic catastrophe. Cellular low energy-
state and mitochondrial dysfunction are known to further stimulate the generation of
mitochondrial ROS (65), consistent with our findings that the Phenformin-induced
apoptotic effects appear to be ROS-mediated. Moreover, the effects on ROS may be
further exacerbated by a lack of autophagic clearance of damaged-mitochondria in the
presence of Phenformin. The mitochondrial impact of Phenformin is highlighted by the
apparent effort of treated cells to use alternative ATP-generating processes to survive,
including glycolysis and potentially fatty acid oxidation (66). Nevertheless, the observed
glycolitic shift does not seem to resolve the energetic stress imposed by Phenformin in
vitro, since the AMP/ATP ratios are not normalized, and cells become strikingly reliant

on glucose levels.

Although energetic catastrophe, leading to apoptosis, appears to be ultimately dictated
by ROS levels, the managing of energetic stress seems to be largely mediated by the
regulation of mitochondrial OXPHOS capacity, efficiency and dynamics (67). Here we
show that Phenformin induces a low energy-state characterized by an increase in
AMPK activation, mitochondrial dysfunction and mitochondrial fragmentation, all
potentially contributing to Phenformin’s tumor suppressive effects. Recent studies have

shown that the electron transport inhibitors rotenone and antimycin A induce
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mitochondrial fragmentation by abrogating the mitochondrial localization of the fission
protein DRP1, in an AMPK dependent manner (38). However, these agents do not
induce OPA1 cleavage, a fragmentation-related event which is only triggered after more
extensive mitochondrial damage (38,68), such as we observe here with Phenfomin.
This more extensive damage may also be a consequence of Phenformin’ inhibitory
effect on autophagy. From a bioenergetics point of view, one would have predicted that
the initiation of autophagy and mitochondrial biosynthetic pathways would be activated
in order to reestablish an efficient mitochondrial network and decrease ROS levels
(69,70). However, it has been reported that autophagy initiates at mitochondria-
associated ER-membranes (MAM) (71), such that Phenformin-induced fragmentation

may structurally compromise this contact sites, blocking the initiation of autophagy.

Consistent with our data, mTOR inhibitors were previously found to decrease cell
respiration and mitochondrial mass, while maintaining coupled ATP-production,
although we did not observe a drop in ATP levels, as reported by Morita et al. (30). This
finding was also consistent with RADOO01/BEZ235 treatment having no effects on the
AMP/ATP and ADP/ATP ratios or on AMPK activation. Instead, the maintenance of ATP
levels appears to be the result of increased mitochondrial efficiency and lower cellular
ATP demand. In agreement, we observed an increased mitochondrial network fusion
phenotype following RADO01/BEZ235 treatment, which was recently reported for mTOR
inhibitors (48), and that may be responsible for the increase in OXPHOS efficiency (67).
The data suggest that mTOR control of mitochondrial dynamics may partially be
responsible for the cytostatic effects of mTOR inhibitors; inducing a hyperfusion state

that protects mitochondria against apoptosis, reminiscent of nutrient deprivation (72).
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Indeed, Morita and co-workers have demonstrated that inducing mitochondrial
fragmentation could render mTOR inhibitors more cytotoxic (48). However, in vivo, the
potential impact of Phenformin on mitochondrial inhibition of CI is apparently much less
than that achieved in vitro, suggesting that it might be insufficient to overcome the

protective effects of the mTOR inhibitors when added in combination.

Given the findings above, our goal was to maximize each drugs effect in suppressing
tumor growth, leading to the hypothesis that their sequential use may be more
efficacious. This reasoning suggested that an initial treatment with Phenformin followed
by mTOR inhibitors would favor tumor-growth suppression by limiting the capacity of
cells to respond to mTOR inhibition by hyperfusion of mitochondria and increased
mitochondrial efficiency. Concomitantly, Phenformin-induced mitochondrial dysfunction
forces tumor cells to use glycolysis, which might render them more prone to the mTOR
inhibitors, which impair this response. Such a strategy of metabolic synthetic lethality
was recently reported in a breast cancer model using a tyrosine kinase receptor inhibitor
and either Phenformin or ME344, a CI inhibitor in clinical trials (73). The administration
of a Phenformin prior the use of mTOR inhibitors dramatically increased the overall
survival of tumor-bearing mice, supporting the notion that there is a metabolic synthetic
lethality that could be exploited when combining these agents. The paradigm of
combining Phenformin with the mTOR inhibitors needs to be further developed, in terms
of dose, frequency and time of drug exposure. In this context, FDG-PET could be used
to ascertain the effects of Phenformin on the induction of glucose uptake when cells
shift to glycolysis, which should recede when mTOR inhibitors are administered, as

recently proposed by Navarro et al in a similar context (73). This will be of interest given
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the recent preclinical studies showing the benefit of combining Phenformin with B-RAF
inhibitors in melanoma (74,75), which have led to the initiation of a Phase | clinical trial
with Phenformin in melanoma (37). It will be of interest to determine its efficacy in such
a setting and whether Phenformin with the dual mTOR inhibitors can be expanded to

HCC and other cancers.

Author contributions: S.R.V. conceived, designed, performed, and analyzed
experiments. X. G. performed tumoroid experiments and provided support for in vivo
experiments. C.A.M. conceived, designed and performed experiments on autophagy
and nucleotide levels; M-I.H. contributed to designing and running mitochondrial
respirometry experiments. H.E.T. provided conceptual and technical input with respect
to in vivo studies. J.H.L. and S.R.C. performed and quantified IHC analysis. A. Z.
provided conceptual and technical input regarding mitochondrial biology. G.T. and
S.C.K. conceived and supervised all experiments. The manuscript was written by

S.RV,G.T., and S.C.K.

Acknowledgments: We are grateful to F. Riafio for assisting with the in vivo models
and A. Gentilella for discussions in planning and executing the nascent rRNA and
protein experiments. We also thank E. Battle for advice on the culturing of tumoroids, M.
Sanchez-Feutrie and D. Sebastian for providing help in the mitochondrial respirometry
experiments and G. Doerman with the preparation of figures. In addition we thank A.

Tauler for his insightful discussions and |. Fabregat for providing HCC cell lines and

29

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

critical consultations. Finally, we are indebted to Novartis Oncology for supplying

RADOO1 and NVP-BEZ235.

30

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

REFERENCES

1.

10.

11.

12.

13.

14.

Perz JF, Armstrong GL, Farrington LA, Hutin YJ, Bell BP. The contributions of hepatitis
B virus and hepatitis C virus infections to cirrhosis and primary liver cancer worldwide. J
Hepatol 2006;45(4):529-38 doi 10.1016/j.jhep.2006.05.013.

El-Serag HB. Epidemiology of hepatocellular carcinoma in USA. Hepatol Res 2007;37
Suppl 2:588-94.

Shetty K, Chen J, Shin JH, Jogunoori W, Mishra L. Pathogenesis of Hepatocellular
Carcinoma Development in Non Alcoholic Fatty Liver Disease. Current hepatology
reports 2015;14(2):119-27 doi 10.1007/s11901-015-0260-z.

Shibata T, Aburatani H. Exploration of liver cancer genomes. Nature reviews
Gastroenterology & hepatology 2014;11(6):340-9 doi 10.1038/nrgastro.2014.6.
Marquardt JU, Seo D, Andersen JB, Gillen MC, Kim MS, Conner EA, et al. Sequential
transcriptome analysis of human liver cancer indicates late stage acquisition of malignant
traits. J Hepatol 2014;60(2):346-53 doi 10.1016/j.jhep.2013.10.014.

Cancer Genome Atlas Research Network. Electronic address wbe, Cancer Genome Atlas
Research N. Comprehensive and Integrative Genomic Characterization of Hepatocellular
Carcinoma. Cell 2017;169(7):1327-41 €23 doi 10.1016/j.cell.2017.05.046.

Hung H. Treatment modalities for hepatocellular carcinoma. Curr Cancer Drug Targets
2005;5(2):131-8.

Colombo M, Raoul JL, Lencioni R, Galle PR, Zucman-Rossi J, Banares R, et al.
Multidisciplinary strategies to improve treatment outcomes in hepatocellular carcinoma:
a European perspective. European journal of gastroenterology & hepatology
2013;25(6):639-51 doi 10.1097/MEG.0b013e32835e33bb.

Verslype C, Rosmorduc O, Rougier P, Group EGW. Hepatocellular carcinoma: ESMO-
ESDO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Annals of
oncology : official journal of the European Society for Medical Oncology 2012;23 Suppl
7:vii41-8 doi 10.1093/annonc/mds225.

Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim JS, et al. Efficacy and safety of
sorafenib in patients in the Asia-Pacific region with advanced hepatocellular carcinoma: a
phase Il randomised, double-blind, placebo-controlled trial. The Lancet Oncology
2009;10(1):25-34.

Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G, et al. Regorafenib for patients
with hepatocellular carcinoma who progressed on sorafenib treatment (RESORCE): a
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017;389(10064):56-
66 doi 10.1016/S0140-6736(16)32453-9.

El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu C, et al. Nivolumab in
patients with advanced hepatocellular carcinoma (CheckMate 040): an open-label, non-
comparative, phase 1/2 dose escalation and expansion trial. Lancet
2017;389(10088):2492-502 doi 10.1016/S0140-6736(17)31046-2.

Margolin K. The Promise of Molecularly Targeted and Immunotherapy for Advanced
Melanoma. Current treatment options in oncology 2016;17(9):48 doi 10.1007/s11864-
016-0421-5.

Sahin F, Kannangai R, Adegbola O, Wang J, Su G, Torbenson M. mTOR and P70 S6
kinase expression in primary liver neoplasms. Clin Cancer Res 2004;10(24):8421-5.

31

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer

Research.


http://clincancerres.aacrjournals.org/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27,

28.

29.

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Villanueva A, Chiang DY, Newell P, Peix J, Thung S, Alsinet C, et al. Pivotal role of
mTOR signaling in hepatocellular carcinoma. Gastroenterology 2008;135(6):1972-83, 83
el-11.

Baba HA, Wohlschlaeger J, Cicinnati VR, Hilgard P, Lang H, Sotiropoulos GC, et al.
Phosphorylation of p70S6 kinase predicts overall survival in patients with clear margin-
resected hepatocellular carcinoma. Liver international : official journal of the
International Association for the Study of the Liver 2009;29(3):399-405 doi
10.1111/j.1478-3231.2008.01798.x.

Zhou L, Huang Y, Li J, Wang Z. The mTOR pathway is associated with the poor
prognosis of human hepatocellular carcinoma. Medical oncology 2010;27(2):255-61 doi
10.1007/s12032-009-9201-4.

Lebwohl D, Anak O, Sahmoud T, Klimovsky J, EImroth I, Haas T, et al. Development of
everolimus, a novel oral mTOR inhibitor, across a spectrum of diseases. Annals of the
New York Academy of Sciences 2013;1291:14-32 doi 10.1111/nyas.12122.

Gajate P, Martinez-Saez O, Alonso-Gordoa T, Grande E. Emerging use of everolimus in
the treatment of neuroendocrine tumors. Cancer management and research 2017;9:215-24
doi 10.2147/CMAR.S113382.

Zhu AX, Kudo M, Assenat E, Cattan S, Kang YK, Lim HY, et al. Effect of everolimus
on survival in advanced hepatocellular carcinoma after failure of sorafenib: the
EVOLVE-1 randomized  clinical  trial. Jama  2014;312(1):57-67  doi
10.1001/jama.2014.7189.

Huynh H, Hao HX, Chan SL, Chen D, Ong R, Soo KC, et al. Loss of Tuberous Sclerosis
Complex 2 (TSC2) Is Frequent in Hepatocellular Carcinoma and Predicts Response to
MTORC1 Inhibitor Everolimus. Molecular cancer therapeutics 2015;14(5):1224-35 doi
10.1158/1535-7163.MCT-14-0768.

Llovet JM. Liver cancer: time to evolve trial design after everolimus failure. Nat Rev
Clin Oncol 2014;11(9):506-7 doi 10.1038/nrclinonc.2014.136.

Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao Y, et al. An ATP-competitive
MTOR inhibitor reveals rapamycin-insensitive functions of mMTORCL1. The Journal of
biological chemistry 2009;284:8023-32.

Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Sticker M, et al. Absence of
S6K1 protects against age- and diet-induced obesity while enhancing insulin sensitivity.
Nature 2004;431(7005):200-5.

O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, et al. mTOR inhibition
induces upstream receptor tyrosine kinase signaling and activates Akt. Cancer research
2006;66(3):1500-8.

Thomas HE, Mercer CA, Carnevalli LS, Park J, Andersen JB, Conner EA, et al. mTOR
Inhibitors Synergize on Regression, Reversal of Gene Expression, and Autophagy in
Hepatocellular Carcinoma. Sci Transl Med 2012;4(139):139ra84.

Sivendran S, Agarwal N, Gartrell B, Ying J, Boucher KM, Choueiri TK, et al. Metabolic
complications with the use of mMTOR inhibitors for cancer therapy. Cancer treatment
reviews 2014;40(1):190-6 doi 10.1016/j.ctrv.2013.04.005.

Pollak M. Insulin and insulin-like growth factor signalling in neoplasia. Nature reviews
Cancer 2008;8(12):915-28 doi 10.1038/nrc2536.

Pollak M. The insulin and insulin-like growth factor receptor family in neoplasia: an
update. Nature reviews Cancer 2012;12(3):159-69 doi 10.1038/nrc3215.

32

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer

Research.


http://clincancerres.aacrjournals.org/

30.

31.

32.

33.

34.

35.
36.
37.
38.

39.

40.

41.

42.

43.

44,

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Morita M, Gravel SP, Chenard V, Sikstrom K, Zheng L, Alain T, et al. mTORCL1
controls mitochondrial activity and biogenesis through 4E-BP-dependent translational
regulation. Cell metabolism 2013;18(5):698-711 doi 10.1016/j.cmet.2013.10.001.

Kaplan B, Qazi Y, Wellen JR. Strategies for the management of adverse events
associated with mTOR inhibitors. Transplantation reviews 2014;28(3):126-33 doi
10.1016/j.trre.2014.03.002.

Busaidy NL, Farooki A, Dowlati A, Perentesis JP, Dancey JE, Doyle LA, et al.
Management of metabolic effects associated with anticancer agents targeting the PI3K-
Akt-mTOR pathway. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology 2012;30(23):2919-28 doi 10.1200/JC0.2011.39.7356.
Schaeffeler E, Hellerbrand C, Nies AT, Winter S, Kruck S, Hofmann U, et al. DNA
methylation is associated with downregulation of the organic cation transporter OCT1
(SLC22A1) in human hepatocellular carcinoma. Genome medicine 2011;3(12):82 doi
10.1186/gm298.

Bridges HR, Jones AJ, Pollak MN, Hirst J. Effects of metformin and other biguanides on
oxidative phosphorylation in mitochondria. Biochem J 2014;462(3):475-87 doi
10.1042/BJ20140620.

Ball S, Woods HF, Alberti KG. Lacticacidosis, ketoacidosis, and hyperalaninaemia in a
phenformintreated diabetic patient. Br Med J 1974,;4(5946):699-700.

Shackelford DB, Shaw RJ. The LKB1-AMPK pathway: metabolism and growth control
in tumour suppression. Nature reviews Cancer 2009;9(8):563-75.

IND tp. https://clinicaltrials.gov/ct2/show/NCT03026517.

Toyama EQ, Herzig S, Courchet J, Lewis TL, Jr., Loson OC, Hellberg K, et al.
Metabolism. AMP-activated protein kinase mediates mitochondrial fission in response to
energy stress. Science 2016;351(6270):275-81 doi 10.1126/science.aab4138.

Fernando J, Malfettone A, Cepeda EB, Vilarrasa-Blasi R, Bertran E, Raimondi G, et al.
A mesenchymal-like phenotype and expression of CD44 predict lack of apoptotic
response to sorafenib in liver tumor cells. International journal of cancer Journal
international du cancer 2015;136(4):E161-72 doi 10.1002/ijc.29097.

Ghobrial IM, Siegel DS, Vij R, Berdeja JG, Richardson PG, Neuwirth R, et al. TAK-228
(formerly MLNO0128), an investigational oral dual TORC1/2 inhibitor: A phase | dose
escalation study in patients with relapsed or refractory multiple myeloma, non-Hodgkin
lymphoma, or Waldenstrom's macroglobulinemia. American journal of hematology
2016;91(4):400-5 doi 10.1002/ajh.24300.

Bartlett R, Everett W, Lim S, G N, Loizidou M, Jell G, et al. Personalized in vitro cancer
modeling - fantasy or reality? Translational oncology 2014;7(6):657-64 doi
10.1016/j.tranon.2014.10.006.

Yang Z, Zhang L, Ma A, Liu L, Li J, Gu J, et al. Transient mTOR inhibition facilitates
continuous growth of liver tumors by modulating the maintenance of CD133+ cell
populations. PloS one 2011;6(12):e28405.

Liu K, Lee J, Kim JY, Wang L, Tian Y, Chan ST, et al. Mitophagy Controls the
Activities of Tumor Suppressor p53 to Regulate Hepatic Cancer Stem Cells. Molecular
cell 2017;68(2):281-92 e5 doi 10.1016/j.molcel.2017.09.022.

Song YJ, Zhang SS, Guo XL, Sun K, Han ZP, Li R, et al. Autophagy contributes to the
survival of CD133+ liver cancer stem cells in the hypoxic and nutrient-deprived tumor
microenvironment. Cancer letters 2013;339(1):70-81 doi 10.1016/j.canlet.2013.07.021.

33

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer

Research.


http://clincancerres.aacrjournals.org/

45.

46.

47.

48.

49.

50.

51.

52,

53.

54,

55.

56.

57,

58.

59.

60.

61.

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Cicero AF, Tartagni E, Ertek S. Metformin and its clinical use: new insights for an old
drug in clinical practice. Archives of medical science : AMS 2012;8(5):907-17 doi
10.5114/a0oms.2012.31622.

Pelletier J, Thomas, G. and S. Volarevi¢. Ribosome Biogenesis in Cancer: New Players
and Therapeutic Avenues. Nature Cancer Reviews 2017.

Andrzejewski S, Gravel SP, Pollak M, St-Pierre J. Metformin directly acts on
mitochondria to alter cellular bioenergetics. Cancer & metabolism 2014;2:12 doi
10.1186/2049-3002-2-12.

Morita M, Prudent J, Basu K, Goyon V, Katsumura S, Hulea L, et al. mTOR Controls
Mitochondrial Dynamics and Cell Survival via MTFP1. Molecular cell 2017;67(6):922-
35 e5 doi 10.1016/j.molcel.2017.08.013.

Shackelford DB, Abt E, Gerken L, Vasquez DS, Seki A, Leblanc M, et al. LKB1
inactivation dictates therapeutic response of non-small cell lung cancer to the metabolism
drug phenformin. Cancer cell 2013;23(2):143-58 doi 10.1016/j.ccr.2012.12.008.

Mercer CA, Kaliappan A, Dennis PB. Macroautophagy-dependent, intralysosomal
cleavage of a betaine homocysteine methyltransferase fusion protein requires stable
multimerization. Autophagy 2008;4(2):185-94.

Villanueva A, Llovet JM. Targeted therapies for hepatocellular carcinoma.
Gastroenterology 2011;140(5):1410-26.

Zhai B, Sun XY. Mechanisms of resistance to sorafenib and the corresponding strategies
in hepatocellular carcinoma. World journal of hepatology 2013;5(7):345-52 doi
10.4254/wjh.v5.i7.345,

Menon S, Yecies JL, Zhang HH, Howell JJ, Nicholatos J, Harputlugil E, et al. Chronic
activation of mTOR complex 1 is sufficient to cause hepatocellular carcinoma in mice.
Science signaling 2012;5(217):ra24 doi 10.1126/scisignal.2002739.

Umemura A, Park EJ, Taniguchi K, Lee JH, Shalapour S, Valasek MA, et al. Liver
damage, inflammation, and enhanced tumorigenesis after persistent mMTORCL inhibition.
Cell metabolism 2014;20(1):133-44 doi 10.1016/j.cmet.2014.05.001.
Rodrik-Outmezguine VS, Okaniwa M, Yao Z, Novotny CJ, McWhirter C, Banaji A, et
al. Overcoming mTOR resistance mutations with a new-generation mTOR inhibitor.
Nature 2016;534(7606):272-6 doi 10.1038/nature17963.

Fan Q, Aksoy O, Wong RA, llkhanizadeh S, Novotny CJ, Gustafson WC, et al. A Kinase
Inhibitor Targeted to mMTORC1 Drives Regression in Glioblastoma. Cancer cell
2017;31(3):424-35 doi 10.1016/j.ccell.2017.01.014.

Wylie AA, Schoepfer J, Jahnke W, Cowan-Jacob SW, Loo A, Furet P, et al. The
allosteric inhibitor ABLO01 enables dual targeting of BCR-ABL1. Nature
2017;543(7647):733-7 doi 10.1038/nature21702.

Trial A. https://clinicaltrials.gov/ct2/show/NCT02081378.

Weinberg SE, Chandel NS. Targeting mitochondria metabolism for cancer therapy.
Nature chemical biology 2015;11(1):9-15 doi 10.1038/nchembio.1712.

Shu 'Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, et al. Effect of genetic
variation in the organic cation transporter 1 (OCT1) on metformin action. The Journal of
clinical investigation 2007;117(5):1422-31.

Kalender A, Selvaraj A, Kim S, Gulati P, Brdlé S, Viollet B, et al. Metformin,
independent of AMPK, inhibits mTORC1 in a rag GTPase-dependent manner. Cell
metabolism 2010;11(5):390-401 doi 10.1016/j.cmet.2010.03.014.

34

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer

Research.


http://clincancerres.aacrjournals.org/

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

74.

75.

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Foretz M, Hebrard S, Leclerc J, Zarrinpashneh E, Soty M, Mithieux G, et al. Metformin
inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via
a decrease in hepatic energy state. The Journal of clinical investigation
2010;120(7):2355-69.

Hardie DG, Schaffer BE, Brunet A. AMPK: An Energy-Sensing Pathway with Multiple
Inputs and Outputs. Trends Cell Biol 2016;26(3):190-201 doi 10.1016/j.tcb.2015.10.013.
Zadra G, Batista JL, Loda M. Dissecting the Dual Role of AMPK in Cancer: From
Experimental to Human Studies. Molecular cancer research : MCR 2015;13(7):1059-72
doi 10.1158/1541-7786.MCR-15-0068.

Sabharwal SS, Schumacker PT. Mitochondrial ROS in cancer: initiators, amplifiers or an
Achilles' heel? Nature reviews Cancer 2014;14(11):709-21 doi 10.1038/nrc3803.
Svensson RU, Parker SJ, Eichner LJ, Kolar MJ, Wallace M, Brun SN, et al. Inhibition of
acetyl-CoA carboxylase suppresses fatty acid synthesis and tumor growth of non-small-
cell lung cancer in preclinical models. Nature medicine 2016;22(10):1108-19 doi
10.1038/nm.4181.

Liesa M, Shirihai OS. Mitochondrial dynamics in the regulation of nutrient utilization
and energy expenditure. Cell metabolism 2013;17(4):491-506 doi
10.1016/j.cmet.2013.03.002.

Mishra P, Carelli V, Manfredi G, Chan DC. Proteolytic cleavage of Opal stimulates
mitochondrial inner membrane fusion and couples fusion to oxidative phosphorylation.
Cell metabolism 2014;19(4):630-41 doi 10.1016/j.cmet.2014.03.011.

Twig G, Hyde B, Shirihai OS. Mitochondrial fusion, fission and autophagy as a quality
control axis: the bioenergetic view. Biochimica et biophysica acta 2008;1777(9):1092-7
doi 10.1016/j.bbabio.2008.05.001.

Ni HM, Williams JA, Ding WX. Mitochondrial dynamics and mitochondrial quality
control. Redox biology 2015;4:6-13 doi 10.1016/j.redox.2014.11.006.

Hamasaki M, Furuta N, Matsuda A, Nezu A, Yamamoto A, Fujita N, et al.
Autophagosomes form at ER-mitochondria contact sites. Nature 2013;495(7441):389-93
doi 10.1038/nature11910.

Gomes LC, Di Benedetto G, Scorrano L. During autophagy mitochondria elongate, are
spared from degradation and sustain cell viability. Nature cell biology 2011;13(5):589-98
doi 10.1038/nch2220.

Navarro P, Bueno MJ, Zagorac I, Mondejar T, Sanchez J, Mouron S, et al. Targeting
Tumor Mitochondrial Metabolism Overcomes Resistance to Antiangiogenics. Cell
reports 2016;15(12):2705-18 doi 10.1016/j.celrep.2016.05.052.

Yuan P, Ito K, Perez-Lorenzo R, Del Guzzo C, Lee JH, Shen CH, et al. Phenformin
enhances the therapeutic benefit of BRAF(V600E) inhibition in melanoma. Proceedings
of the National Academy of Sciences of the United States of America
2013;110(45):18226-31 doi 10.1073/pnas.1317577110.

Shen CH, Yuan P, Perez-Lorenzo R, Zhang Y, Lee SX, Ou Y, et al. Phosphorylation of
BRAF by AMPK impairs BRAF-KSR1 association and cell proliferation. Molecular cell
2013;52(2):161-72 doi 10.1016/j.molcel.2013.08.044.

35

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer

Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

FIGURE LEGENDS

Figure 1. RADOO1 and BEZ235 suppress HCC orthoxenograft growth without
promoting tumorigenic capacity. Huh7 orthotopically-implanted tumor pieces were
allowed to graft for 15 days (t0) in athymic mice. Mouse cohorts were treated with either
vehicle, RADOO1 (2.5 mg /kg) or BEZ235 (6 mg/kg), or the latter two in combination. A,
Tumor weight before (t0) and after 15 days of treatment (n=5-6). B, Amount of
phosphorylated and total proteins in tumor lysates; (-actin was used as loading control.
C, Tumoroid cultures established from Huh7 tumors (scale bar 200 yM) treated for 6
days with RADOO1 (5 nM) and BEZ23 (20 nM) (n=4). D, Tumoroid cultures established
from Huh7 tumors (n=2-3) pretreated in vivo for 7 days with RADOO1 (2.5 mg/kg) and
BEZ235 (6 mg/kg). E, Tumor incidence over time following a limiting-dilution assay
performed with the indicated numbers of cells obtained from tumors pretreated in vivo
for 15 days as in D (representative experiment, n=3). Veh (vehicle); RAD (RADO001);

BEZ (BEZ235); RB (RAD001/BEZ235).

Figure 2. Phenformin activates AMPK, induces a shift towards glycolysis and increases
susceptibility to cell death by decreased glucose levels. A, Circulating glucose levels in
mice fed ad libitum and treated for 14 days with RADOO1 (2.5 mg/kg) and BEZ235 (6
mg/kg) together, or in combination with Phenformin (70 mg/kg) (n=5). B, Relative
number of Huh7 cells after 72 hrs of exposure to RADOO1 (5 nM) and BEZ235 (20 nM)
together, or in combination with Phenformin (1 mM) (n=3). C, Extent of phosphorylation

of indicated proteins in Huh7 cell lysates after treatment for the stated times with
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RADOO1 (5 nM), BEZ235 (20 nM) together, or in combination with Phenformin (1 mM);
B-actin was used as loading control. D, Extra-cellular Acidification Rate (ECAR) after
addition of 25 mM glucose (n=3) to Huh7 cells pre-treated with RAD0O0O1 (5nM) and
BEZ235 (20 nM) together, or in combination with Phenformin (1 mM) for 16 hrs. E,
Relative cell number of Huh7 after 72 hrs of exposure to RADOO1 (5 nM) and BEZ235
(20 nM) together, or in combination with Phenformin (1 mM), in culture medium
containing the stated glucose concentrations (n=3). F, Relative cell number of Huh7
after 24 hrs of exposure to Phenformin (0.5 and 1 mM) in culture medium containing 5
mM glucose, with or without pan-caspase inhibitor Q-VDOPH (20 pM) (n=3). G,
Tumoroid cultures established from Huh7 tumors treated for 6 days with RADOO01 (5 nM)
and BEZ235 (20 nM) alone, or in combination with Phenformin (30 uM), at the stated
glucose concentrations (scale bar 200 pM) (representative experiment, n=4). Ctrl
(Control); RB (RADO01/BEZ235); Phf (Phenformin); RBP

(RADO001/BEZ235/Phenformin).

Figure 3. Phenformin, but not mTOR inhibition, reduces the energy state of Huh7 cells.
Huh7 cells were treated with RADOO1 (5 nM) and BEZ235 (20 nM) together, or in
combination with Phenformn (1 mM). A, Routine Oxygen Consumption Rate (OCR) of
Huh7 cells treated for the stated times, relative to control cells (n=3-5); t-student Test
versus control. B, Mitochondrial mass measured by flow cytometry analyses of Huh7
cells stained with MitoTracker Green FM, after 16 hrs of the indicated treatments (n=6).
C, ATP levels analyzed by HPLC after 16 hrs of indicated treatment relative to control

and D, AMP/ATP ratio from the same samples (n=3). E, Newly synthesized RNA, after
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3H-Uridine pulse for 30 mins or 3.5 hrs, following 16 hrs of the indicated treatment
(representative experiment, n=2). Upper panel: loading controls in agarose gel stained
with ethidium bromide; Lower panel: Analysis of nascent rRNA synthesis by pulse
labeling with *H-Uridine. F, Rate of global protein synthesis as determined by pulse
labeling cells with *H-Leucine, following 16 hrs of the indicated treatments;
Cycloheximide for 50 mins (100 pug/ml) as a positive control (representative experiment,

n=2).

Figure 4. Phenfomin, but not mTOR inhibitors, induces mitochondrial fragmentation and
high levels of ROS. Huh7 cells were treated with RADOO1 (5 nM), BEZ235 (20 nM) and
Phenformin (1 mM). A, ATP-coupled mitochondrial oxygen consumption of Huh7 cells
after 3 and 16 hrs of treatment (n=3-5). B, Representative confocal microscopy images
of the mitochondria network of 16 hrs-treated Huh7 cells visualized by Mitotracker Red
CMXROS probe (scale bar 10 um). C, OPA1 protein isoforms in total extracts from 16
hrs-treated Huh7 cells; TIM44 as mitochondrial loading control. D, Autophagy cargo
BHMT-assay in Huh7 cells treated for 6 hrs; GFP-myc as a transfection control. E,
Mitochondrial superoxide analyzed by flow cytometry of Huh7 with MitoSox Red probe,
after 3 hrs of treatment; Antimycin A (AA) (50 uM) and Rotenone (Rot) (25 pM). for 45
mins as positive controls (n=4). F, Relative cell number of Huh7 after 24 hrs of exposure
to Phenformin (0.5 and 1 mM) in culture medium containing 5 mM glucose, with or
without pan-caspase inhibitor Q-VD-OPH (20 uM) and mitochondrial ROS scavenger
MitoTempo (MT) (20uM) (n= 3). Ctrl (Control); RB (RADO001/BEZ235); Phf

(Phenformin); RBP (RAD0O01/BEZ235/Phenformin).
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Figure 5. Combining RADO01/BEZ235 and Phenformin in vivo efficiently halts Huh7-
tumor growth, and the sequential administration of Phenformin followed by
RAD/BEZ235 dramatically improves Huh7-tumor-bearing mouse survival. A, Huh7-
tumor weight before (t0) and after 15 days of treatment with RADOO1 (2.5 mg/kg) and
BEZ235 (6 mg/kg) together, or in combination with Phenformin (70 mg/kg), (n= 8-9). B,
Circulating levels of glucose and C, Lactate in mice treated for 15 days, while fed ad
libitum (n=6-8). D, Kaplan-Meier survival curve of Huh7-tumor bearing mice after 22
days of treatment with RADO01 (2.5 mg/kg) and BEZ235 (6 mg/kg) together, or in
combination with Phenformin (70 mg/kg), (n=6-9). E, Oxygen consumption of
mitochondria from 7-day treated tumors in the presence of glutamate, malate and ADP
(GMP) (n=3). F, Succinate substrate control ratio: calculated as the ratio between
oxygen consumption in the presence of glutamate, malate and ADP with (GMSP) or
without succinate (GMP) (n=3). G, Kaplan-Meier survival curve of Huh7 tumor-bearing
mice after 8-days of treatment with Phenformin (100 mg/kg), followed by 15 days
treatment with RAD/BEZ235 (2.5 mg/kg and 6 mg/kg) or Phenformin (100mg/kg.) QOD
and H, tumor weight at ethical time of sacrifice (n=8-10). Veh (vehicle); RB
(RADO01/BEZ235); Phf (Phenformin); RBP (RADO01/BEZ235/Phenformin); Pigo
(Phenformin 100mg/kg); Pigo+RB (Phenformin 100mg/kg followed by RADOO1 plus

BEZ235).

39

Downloaded from clincancerres.aacrjournals.org on October 23, 2018. © 2018 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

Author Manuscript Published OnlineFirst on April 24, 2018; DOI: 10.1158/1078-0432.CCR-18-0177
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

Figure 6. Model of RADO01/BEZ235 and Phenformin effects on mitochondrial
dynamics, OXPHOS and glycolysis; and their impact on overall survival of tumor-

bearing mice.
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