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Abstract (191 words) 

 

There is heightened interest to devise therapies that target the oncometabolome. We show 

that kinase inhibitors (KIs) and biguanides synergistically target melanoma, leukemia, and breast, 

colon and renal cancer cells, but not non-transformed cells. Metabolic profiling confirmed 

opposing effects of KIs and biguanides on glycolysis, but this was insufficient to explain the 

observed synergy between the drugs. Rather, we define a critical role for the synthesis of non-

essential amino acids (NEAA) aspartate, asparagine and serine as well as reductive glutamine 

metabolism, in determining the sensitivity of cancer cells to KI - biguanide combinations. The 

mTORC1/4E-BP axis regulates aspartate, asparagine and serine synthesis by modulating 

translation of mRNAs encoding PC, ASNS, PHGDH and PSAT1. Ablation of 4E-BP1 and 2 

results in a dramatic increase in serine, aspartate and asparagine levels and a substantial decrease 

in sensitivity of breast cancer and melanoma cells to KI - biguanide combinations. In turn, 

efficacy of KI – biguanide combinations is impeded by HIF1a and sustained reductive glutamine 

metabolism. These findings identify hitherto unappreciated translational reprograming of NEAA 

synthesis and HIF1a-dependent stimulation of reductive glutamine metabolism as critical 

metabolic vulnerabilities of cancer that underpin synergy between KIs and biguanides. 
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Introduction 

Metabolic perturbations are recognized as a hallmark of cancer (Hanahan and Weinberg, 

2011). Metabolic reprograming is required to provide energy, building blocks and antioxidants to 

fuel neoplastic growth and protect cells from oxidative damage (Vander Heiden and 

DeBerardinis, 2017). It has been proposed that differences in metabolic programs between 

normal and cancer cells provide a therapeutic opportunity to target pathways that are essential for 

neoplastic growth, but largely dispensable in normal tissues (Vander Heiden, 2011). However, 

understanding of the targetable pathways that underlie metabolic vulnerabilities in cancer is 

incomplete. Aberrant activation of the proto-oncogenic kinases leads to changes in cell 

metabolism necessary for neoplastic growth (Pavlova and Thompson, 2016; Vander Heiden, 

2011). Accordingly, the anti-neoplastic effects of clinically used kinase inhibitors (KIs) have 

been correlated to their ability to alter key metabolic pathways engaged by cancer cells, including 

glycolysis (Beloueche-Babari et al., 2015; Ko et al., 2016; Komurov et al., 2012). Metformin is a 

widely used anti-diabetic biguanide that induces energy stress by reducing oxidative 

phosphorylation via partial inhibition of complex I (Andrzejewski et al., 2014; Bridges et al., 

2014; Wheaton et al., 2014). This leads to a compensatory increase in glucose uptake and 

glycolysis (Javeshghani et al., 2012). Biguanides exhibit anti-neoplastic effects in many cancer 

models (Anisimov et al., 2005; Ben Sahra et al., 2008; Cerezo et al., 2013; Dirat et al., 2015; 

Huang et al., 2008; Kisfalvi et al., 2009; Wheaton et al., 2014; Zakikhani et al., 2006). Metformin 

ameliorates type 2 diabetes at least in part by inhibiting gluconeogenesis, which leads to 

decreases in both glucose and insulin levels (Bailey and Turner, 1996; Wiernsperger and Bailey, 

1999). These systemic effects of biguanides may contribute to their anti-neoplastic activity in 

vivo (Algire et al., 2011). However, there is compelling evidence that biguanides also inhibit 

tumor growth in a cell autonomous manner via direct induction of energy stress in cancer cells 

(Bridges et al., 2014; Chandel et al., 2016; Dowling et al., 2016; Fendt et al., 2013; Griss et al., 

2015; Liu et al., 2016; Yuan et al., 2013). Phenformin is a more potent complex I inhibitor than 

metformin (Bridges et al., 2014). As phenformin use is associated with a higher risk of lactic 

acidosis than metformin (Assan et al., 1975), it is no longer used in diabetes treatment, but is 

nevertheless less toxic than many commonly used antineoplastic drugs. 
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Glycolysis is upregulated in most cancers, and is further increased by the inhibitors of 

oxidative phosphorylation (Gravel et al., 2014; Vander Heiden et al., 2009). Interventions that 

reduce glycolysis, including inhibitors such as 2-DG (Ben Sahra et al., 2010) or reduction in 

glucose concentration (Javeshghani et al., 2012) sensitizes neoplastic cells to biguanides. As KIs 

used in the clinic also reduce glycolysis (Pollak, 2013; Zhao et al., 2011), this is an attractive 

rationale for combining these drugs with biguanides. Indeed, biguanides potentiate effects of 

BRAF and ERK inhibitors in melanoma (Trousil et al., 2017; Yuan et al., 2013). However, the 

metabolic and signaling pathways that mediate anti-neoplastic effects of KI and biguanide 

combinations are largely unknown. Herein, oncometabolomes of cancer cells driven by diverse 

oncogenic kinases and different tissues of origin were systematically probed with combinations 

of KIs [lapatinib (HER2/EGFR inhibitor), PLX4032 (BRAF inhibitor) or imatinib (BCR-ABL 

inhibitor)] and phenformin. This revealed that metabolic reprograming via translational 

regulation of NEAA synthesis and HIF1a–dependent increase in reductive glutamine metabolism 

are key factors in determining the anti-neoplastic efficacy of KI – biguanide combinations and at 

the same time illuminated the plasticity of the oncometabolome. 

 

Results  

 

Phenformin and lapatinib exhibit synergistic anti-proliferative effect across different cancer 

cell lines. 

 Combining KIs and phenformin has been shown to be effective in melanoma cells 

(Trousil et al., 2017; Yuan et al., 2013). We therefore first sought to establish the universality of 

these findings by combining clinically used KIs and phenformin in cancer cell lines of different 

origin that harbor diverse activated forms of oncogenic kinases. The effects of combination of 

phenformin and lapatinib on the proliferation were monitored in Normal Murine Mammary 

Gland (NMuMG) cells transformed with oncogenic Neu/ErbB2 (V664E) (rat homologue of 

HER2) (NMuMG–NT2197; hereafter referred to as NT2197), a well-established model of HER2-

driven breast cancer (BCa) (Ursini-Siegel et al., 2008), lapatinib-responsive VHL-deficient renal 

cancer RCC4 cells (Brodaczewska et al., 2016) and HCT116 colorectal cancer (CRC) cells 

(Brattain et al., 1981). We also investigated the effects of phenformin and PLX4032 in A375 

melanoma cells with mutated BRAF (Giard et al., 1973) and imatinib in K652 myelogenous 
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leukemia cells which are BCR-ABL positive (Lozzio and Lozzio, 1975). Cells were treated with 

increasing concentrations of lapatinib, phenformin, or combination thereof for 72h and 

proliferation rates were assessed by BrdU incorporation. A concentration of phenformin (100µM) 

that only marginally inhibited proliferation was sufficient to dramatically sensitize NT2197 cells 

to lapatinib (Fig. 1A; Fig. S1A,D), whereas low concentrations of lapatinib (75nM) strongly 

increased anti-proliferative effects of phenformin (Fig. S1F,G). Notably, at these concentrations 

phenformin and lapatinib combination did not exert conspicuous effects on proliferation of non-

malignant NMuMG cells (Fig. 1A; Fig. S1B,E). We next determined the nature of lapatinib and 

phenformin interaction in NT2197 cells by measuring combination index [CI50; (Berenbaum, 

1989; Chou and Talalay, 1984; Tallarida, 2006)], which revealed that lapatinib and phenformin 

exhibit synergistic anti-proliferative effect (CI50 ~0.79; Fig. 1B).  Moreover, when combined, 

these drugs decreased survival of NT2197 cells to a much higher extent than either drug alone 

(59% of cells showed cumulated early and late apoptosis for dual phenformin-lapatinib treatment, 

compared to 16% and 13% for individual phenformin and lapatinib treatment, respectively; Fig 

1C). Parallel results were observed in all the cell lines that were tested thus indicating that KIs 

and phenformin exhibit synergistic anti-neoplastic effects that are largely independent of the type 

of the driving oncogene and/or cancer origin (Fig. 1D-F, Fig. S1H-P). 

To establish whether, as reported for melanoma (Yuan et al., 2013), the effects observed 

in cell culture also occur in vivo, xenograft mammary tumors were generated by injecting 

NT2197 cells into the mammary fat pads of immunodeficient mice. Once the tumors reached an 

average size of 100-200 mm3, mice were treated with lapatinib (gavage; 50mg/kg), phenformin 

(IP; 50mg/kg), or a combination thereof and tumor growth was compared to control mice treated 

with a vehicle. While lapatinib or phenformin alone at these doses only modestly inhibited tumor 

growth (~25% inhibition compared to control), their combination resulted in a significantly 

stronger anti-neoplastic effect (~50% of control, p=0.0002) (Fig. 1G). Anti-tumorigenic effects of 

lapatinib were potentiated by phenformin as illustrated by a decrease in Ki67 (proliferation 

marker) and concomitant increase in the cleaved-caspase 3 (apoptosis marker) staining as 

compared to single lapatinib treatment (Fig. 1H,I). This shows that, similar to what was observed 

in vitro, the combined treatment has both a cytotoxic and cytostatic effect of tumor cells in vivo. 

Collectively, these results are consistent with previous observations in the melanoma model, as 

they demonstrate that phenformin increases anti-tumor efficacy of KIs in vivo.  
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Lapatinib and biguanides have distinct impacts on the cancer cell metabolome. 

Lapatinib is a dual HER2/epidermal growth factor receptor (EGFR) tyrosine kinase 

inhibitor approved for treatment of BCa patients with amplified HER2 (Geyer et al., 2006). As 

HER2 engages a multitude of metabolic pathways (Jin et al., 2010; Walsh et al., 2013; 

Youngblood et al., 2016), we set out to identify potential metabolic vulnerabilities induced by 

lapatinib alone or by its combination with the biguanide phenformin. As expected, phenformin 

profoundly altered both glycolytic and citric acid cycle (CAC) intermediates levels (Fig. 2A, 

upper panel).  Notably, phenformin increased lactate levels while strongly depleting citrate and 

succinate levels, supporting reduced CAC activity due to complex I inhibition and compensatory 

increase in glycolytic activity (Fendt et al., 2013; Javeshghani et al., 2012). On the contrary, 

lapatinib reduced lactate levels, in agreement with previous observation that KIs suppress 

glycolysis in cancer cell lines (Deblois et al., 2016; Pollak, 2013; Zhao et al., 2011), and reduce 
18F-Fludeoxyglucose (FDG) uptake prior to any decrease in tumor volume in patients (Gebhart et 

al., 2013; McArthur et al., 2012). Strikingly, lapatinib and phenformin exhibited strong opposite 

effects on the CAC intermediates fumarate and malate, suggesting that KIs may impede 

metabolic adaptations induced in response to biguanides. Indeed, lapatinib attenuated the CAC 

intermediates changes induced by phenformin, as well as the amino acid aspartate (Fig.2A, lower 

panel). This effect was unique among all 16 amino acids analysed, which highlights a nodal role 

for aspartate together with the aforementioned CAC intermediates fumarate and malate. 

Additionally, the use of lapatinib and phenformin increased serine and glycine levels, while 

reducing methionine levels, which suggests that one-carbon metabolism may play a role in 

response to KI-biguanide combination.   

As expected, glucose uptake and glycolysis were inhibited by lapatinib but increased by 

phenformin (Fig. 2B, C). Phenformin-induced increase in glycolysis (estimated by an increased 

lactate/pyruvate ratio) was significantly attenuated by lapatinib (Fig. 2C). Phenformin also 

increased α-ketoglutarate/citrate ratio which is indicative of elevated reductive glutamine 

metabolism (Fig. 2D) (Fendt et al., 2013). Reductive glutamine metabolism allows synthesis of 

CAC intermediates for biosynthetic pathways, including lipogenesis, under conditions wherein 

OXPHOS is inhibited, which	
   leads to the impaired	
   conversion of acetyl-CoA to citrate and 

subsequent increase in α-ketoglutarate/citrate ratio (Fendt et al., 2013; Gravel et al., 2014; Mullen 
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et al., 2012). More recently, reductive glutamine metabolism was also implicated in maintaining 

REDOX homeostasis (Jiang et al., 2016). Lapatinib obliterated phenformin-induced increase in 

reductive glutamine metabolism (Fig. 2D). Parallel results were also observed in other cell lines 

(Fig. 2E-G, Fig. S2A). These data suggest that KIs hinder metabolic adaptations to energy stress 

induced by biguanides at least in part by reducing glycolysis and reductive glutamine 

metabolism. 

 

Antagonistic effects of lapatinib and phenformin on glucose uptake are insufficient to explain 

their synergy.  

 Suppression of the compensatory increase in glucose uptake and glycolysis induced via 

inhibition of OXPHOS by biguanides has been reported to result in cell death (Ben Sahra et al., 

2010).  It is therefore plausible that the synergistic anti-proliferative effects between lapatinib and 

phenformin are a consequence of lapatinib-induced suppression of the adaptive increase in 

glucose uptake and glycolysis in response to phenformin (Fig. 2B,C,E,F). To assess the extent to 

which alterations in glycolysis underpin the observed synergy between lapatinib and phenformin, 

we investigated the effects of the combination of phenformin and the glycolytic inhibitor (3PO), 

which inhibits 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) (Clem et al., 

2008). 3PO was used instead of the more potent inhibitors of glycolysis (e.g. 2-DG), as this 

allowed inhibition of glucose uptake to a comparable extent to that observed in lapatinib treated 

cells (~30%; Fig. 2B, Fig. S2C). Strikingly, although we selected a concentration of 3PO that 

inhibited glucose uptake to a level comparable to lapatinib (Fig. 2B, Fig. S2C), only lapatinib 

exhibited synergistic anti-proliferative effect with phenformin (Fig. 2H). This suggests that the 

inhibitory effect of lapatinib on glucose uptake is insufficient to explain its synergistic effect with 

phenformin (Fig. 2H; Fig. S2B,C). 

 

KIs and biguanides suppress protein synthesis and cooperatively downregulate mTORC1 

signaling. 

Oncogenic kinases increase global protein synthesis and lead to reprograming of mRNA 

translation (Bhat et al., 2015). As mRNA translation is one of the most energy consuming 

processes in the cell (Buttgereit and Brand, 1995), to maintain energy homeostasis cancer cells 

must balance ATP production with the rates of protein synthesis (Morita et al., 2013). 
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Suppression of protein synthesis is therefore a major step in adaptation to energetic stress, as 

sustained translation activity in energy-deficient cells leads to energy crisis and cell death 

(Leprivier et al., 2013). To determine whether the inability of the cells to reduce protein synthesis 

under energy stress contributes to the synergy between lapatinib and phenformin, polysomes, 

monosomes and ribosomal subunits were separated on sucrose gradients by ultracentrifugation 

(Gandin et al., 2014). The number of ribosomes engaged in polysomes is proportional to the 

translation activity in the cell (Warner et al., 1963). Phenformin (250µM) suppressed mRNA 

translation to a higher extent than the lapatinib (600nM) as illustrated by reduction in 

polysome/monosome ratio (Fig. 3A). The drug combination resulted only in a marginal 

additional reduction in mRNA translation as compared to phenformin alone (Fig. 3A). These 

results exclude the possibility that the synergy between lapatinib and phenformin is caused by 

energy depletion induced by sustained protein synthesis when ATP production is limited. 

 

We next sought to determine the mechanisms of suppression of mRNA translation by 

lapatinib and phenformin combination. The mechanistic/mammalian target of rapamycin 

complex 1 (mTORC1) stimulates protein synthesis (Roux and Topisirovic, 2012). Lapatinib has 

been shown to inhibit mTORC1, and, in addition, persistent mTORC1 activity has been linked to 

the development of resistance to KIs (Lovly and Shaw, 2014). mTORC1 activity is also 

decreased by biguanides via the AMP-activated protein kinase (AMPK)-dependent and 

independent mechanisms (Ben Sahra et al., 2011; Dowling et al., 2007; Kalender et al., 2010). 

We therefore determined the effects of lapatinib, phenformin or combination thereof on 

mTORC1 signaling. Lapatinib (600nM) abolished the MAPK/ERK signaling in NT2197 cells as 

evidenced by reduction in ERK1/2 phosphorylation relative to the control, and suppressed 

mTORC1 activity as illustrated by decreased phosphorylation of two of its major substrates, the 

eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and the ribosomal protein 

S6 kinases 1 and 2 (S6K1/2), as well as ribosomal protein S6 (rpS6), which is a downstream 

target of S6K1/2 (Fig. 2B) (Grove et al., 1991; Kozma et al., 1990). As expected, phenformin 

(250µM) induced AMPK and phosphorylation of its downstream substrate acetyl-CoA 

carboxylase (ACC) (Fig. 3B), and suppressed mTORC1 (Fig. 3B). When the drugs were 

combined at the concentration which result in synergistic effect, mTORC1 was suppressed to a 

higher extent as compared to either drug alone (Fig. 3B). In addition, mTORC1 inhibition 
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engendered by combining phenformin with PLX4032 in A375 cells or imatinib in K562 cells was 

more pronounced that when individual treatments were employed (Fig. 3D-F). 

Intriguingly, the inhibition of mTORC1 by the combination of phenformin and lapatinib 

at concentrations that resulted in synergistic anti-proliferative effect, was less than that observed 

using the active site mTOR inhibitor, torin1 (Fig. S3B). This moderate mTORC1 inhibition 

achieved by the phenformin and lapatinib combination resulted in a pronounced pro-apoptotic 

effect (~59% of cumulative early and late apoptosis cells; Fig. 1C), whereas almost total 

obliteration of mTORC1 signaling with torin1 lead to mostly cytostatic effect (~23% of 

cumulative early and late apoptosis cells; Fig. 1C). This suggests that the synergy between 

phenformin and lapatinib is not attributable to more complete mTORC1 inhibition, but rather is 

mediated by moderate cooperative suppression of mTORC1 in concert with the effects of the 

drugs on glycolysis and reductive glutamine metabolism.  

In addition to mTORC1, eIF2a phosphorylation, which limits amounts of ternary 

complex that recruits initiator tRNA during translation initiation, is implicated in regulation of 

protein synthesis under stress (Ron D, 2007). While phenformin strongly stimulated eIF2a 

phosphorylation, lapatinib alone or in combination with phenformin did not affect phospho-

eIF2a levels (Fig. 3B), which explains more pronounced inhibition of global protein synthesis by 

phenformin as compared to lapatinib at indicated concentration of the drugs (Fig. 3A). Thus, the 

modulation of eIF2a phosphorylation is unlikely to underpin the synergistic anti-proliferative 

effects of phenformin and lapatinib. Collectively, these data indicate that in addition to exhibiting 

opposing effects on glycolysis and reductive glutamine metabolism, lapatinib and phenformin 

cooperatively suppress mTORC1, which in addition to the induction of eIF2a phosphorylation by 

phenformin results in reduction in protein synthesis. 

  

4E-BPs are essential for synergistic effects of KI and biguanides.  

In addition to regulating global protein synthesis, mTOR inhibition leads to selective 

perturbations in the translatome whereby translation of specific subsets of mRNAs appear to be 

more sensitive to changes in mTOR activity than the others (Bhat et al., 2015; Hsieh et al., 2012; 

Larsson et al., 2012; Thoreen et al., 2012). This is in a large part mediated by the inactivation of 

4E-BPs, and consequent upregulation of the eIF4F complex levels (Brunn et al., 1997; Gingras et 

al., 1999; Gingras et al., 1998; Pause et al., 1994). Increase in eIF4F complex levels selectively 
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stimulates synthesis of factors implicated in oncogenesis (e.g. BCL-2 family members, cyclins, c-

MYC) and nuclear-encoded proteins with mitochondrial functions (e.g. TFAM, components of 

complex I, III and V) (Gandin et al., 2016; Morita et al., 2013; Roux and Topisirovic, 2012). We 

observed that the anti-proliferative and pro-apoptotic effects of the lapatinib and phenformin 

combination (Fig. 1A-C) were associated with reduction in levels of proteins encoded by mRNAs 

previously demonstrated to be sensitive to fluctuations in eIF4F levels, including anti-apoptotic 

(survivin, MCL-1, BCL-2), oncogenic (c-MYC) and factors with mitochondrial function 

(TFAM), but not of proteins whose expression is less influenced by eIF4F levels, such as β-­‐‑actin,	
  

GAPDH	
   or	
   eIF4E (Fig. 3C) (De Benedetti et al., 1994; Gandin et al., 2016; Larsson et al., 2012; 

Morita et al., 2013). (Fig. 3C).  

Since the expression of proteins encoded by mRNAs that are known to be regulated by 

the mTORC1/4E-BP/eIF4F axis was more dramatically decreased in the cells treated with the 

combination of the drugs than either drug alone,	
   we next investigated whether this axis 

contributes to synergistic anti-neoplastic effects between phenformin and lapatinib. To this end, 

we generated NT2197 cells that lack both 4E-BP1 and 4E-BP2 expression using CRISPR/Cas9 

technology (Fig. 4A). The loss of 4E-BP1/2 expression strongly attenuated the anti-proliferative 

and pro-apoptotic effects of lapatinib and phenformin combination as compared to 4E-BP1/2 

proficient cells (Fig. 4B-D, Fig. S4B-G) or 4E-BP1/2 deficient cells in which 4E-BP1 was re-

expressed (Fig. S4H,I). Moreover, the loss of 4E-BP1/2 expression obliterated the effects of the 

drug combination on the eIF4F complex assembly, as monitored by m7GTP pull-down assay and 

proximity ligation assay (PLA) (Fig. 4E-F, Fig. S4I). This was paralleled by diminished effects of 

phenformin and lapatinib combination on the expression of proteins encoded by mRNAs that are 

“eIF4F-sensitive” including survivin, BCL-2, TFAM, protein levels (Fig. 4G). The loss of 4E-

BP1/2 expression also attenuated the anti-proliferative effects of PLX4032 and phenformin 

combination in melanoma cell model (Fig. 4H). These findings show that 4E-BPs are critical for 

the synergy between lapatinib and phenformin.  

 

 

The mTORC1/4E-BP axis regulates translation of mRNAs encoding rate-limiting enzymes of 

metabolic pathways that fuel neoplastic growth. 

Protein synthesis is one of the most energy-demanding cellular processes and therefore 
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cancer cells, which have elevated levels of mRNA translation, must adapt their metabolism 

(Buttgereit and Brand, 1995; Morita et al., 2015). Emerging data suggest critical roles for serine 

aspartate and asparagine biosynthesis pathways in mTOR-dependent regulation of neoplastic 

growth and signaling (DeBerardinis and Chandel, 2016; Krall et al., 2016; Vander Heiden and 

DeBerardinis, 2017). Notably, the combination of phenformin and KIs decreased levels of 

proteins that play key roles in these metabolic pathways including phosphoglycerate 

dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1), pyruvate carboxylase 

(PC) and asparagine synthetase (ASNS), but not glutamic-oxaloacetic transaminase 1 (GOT1) in 

NT2197 (Fig. 3C), A375 and K562 cells (Fig. 3D-F; Fig. S4J) to a higher extent than each drug 

alone. Ablation of 4E-BP1 and 2, almost completely abolished the effects of phenformin and 

lapatinib on the expression of the aforementioned proteins in NT2197 cells (Fig. 4B).  

We next assessed whether the effect of the lapatinib and phenformin combination on the 

expression of PHGDH, PSAT1, PC and ASNS occurs at the level of mRNA translation by using 

polysome profiling, which allows separation of efficiently (associated with heavy polysomes) vs. 

non-efficiently (associated with light polysomes) translated mRNAs based on the differences in 

their sedimentation in sucrose gradients (Gandin et al., 2014) (Fig. 5A). These experiments 

revealed that under basal conditions PHGDH, PSAT1, PC and ASNS mRNAs are translated at 

high efficiency as illustrated by the presence of these transcripts in the heavy polysome fractions 

(Fig. 5B). Lapatinib and phenformin combination reduced translation of PHGDH, PSAT1, PC 

and ASNS mRNAs in 4E-BP1/2 proficient, but not deficient cells as evidenced by their shift 

from the fractions containing more ribosomes to those with less ribosomes (Fig. 5B). A similar 

trend was observed for cyclin D3 mRNA, which is a previously established translational target of 

the mTORC1/4E-BP pathway (Larsson et al., 2012). In contrast, the lapatinib and phenformin 

combination exerted only a marginal effect on translation of housekeeping mRNAs (b-actin, 

GAPDH) or GOT1, which shows that the effects of the drug combination on translation of 

PHGDH, PSAT1, PC and ASNS mRNAs are selective (Fig. 5B). Collectively, these findings 

demonstrate that lapatinib and phenformin cooperatively reduce PHGDH, PSAT1, PC and ASNS 

protein levels in part by decreasing translational efficiency of corresponding mRNAs via 

suppression of the mTORC1/4E-BP axis. Importantly, depletion of ASNS and PHDGH in 

NT2197 cells lacking 4E-BP1/2 bolstered anti-proliferative effects of the lapatinib and 

phenformin combination (Fig. 6E,G). Changes in protein levels of PHGDH, PSAT1, and ASNS 
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were not accompanied by the changes in mRNA levels, whereas PC mRNA was slightly 

increased in 4E-BP1/2 deficient vs. proficient cells (Fig. S5A,B). Collectively, these data show 

that the mTORC1/4E-BP-dependent translation control plays a major role in regulating levels of 

enzymes in serine, aspartate and asparagine biogenesis pathways.  

 

Translationally-induced metabolic reprograming caused by 4E-BP1/2 loss decreases the 

efficacy of lapatinib and phenformin. 

Loss of 4E-BP1 and 2 expression abolished effects of the combination of lapatinib and 

phenformin on translation of mRNAs encoding proteins which play critical role in aspartate, 

asparagine and serine synthesis. Moreover, as shown previously, suppression of mTOR signaling 

and subsequent 4E-BP1/2 activation is paralleled by reduction in translation of mRNAs encoding 

proteins with mitochondrial function (e.g. TFAM) (Fig. 5B) (Morita et al., 2013). We therefore 

studied the effects of 4E-BP1/2 ablation on steady-state metabolite levels. The 4E-BP1/2 loss 

engendered profound metabolic changes. Amino acids, such as aspartate, asparagine, serine and 

alanine, as well as CAC intermediates (e.g. malate, fumarate, succinate) and pyruvate were 

elevated in 4E-BP1/2 deficient as compared to 4E-BP1/2 proficient cells (Fig. 6A, Fig. S6A). 

This is consistent with the role of 4E-BP1/2 in suppressing translation of PC, PHGDH, PSAT1, 

ASNS and TFAM mRNAs (Fig. 5B). The phenformin and lapatinib combination altered levels of 

the metabolites in both NT2197 control and 4E-BP1/2 KO cells (Fig. 6A, Fig. S6A). However, 

cells lacking 4E-BP1/2 maintained a significantly higher level of key metabolites, in particular 

aspartate, asparagine, serine and pyruvate, and to a lesser extent CAC intermediates malate, 

succinate and fumarate, as compared to control cells even in the presence of the drugs (Fig. 6A, 

Fig. S6A).  

There is mounting evidence that proliferating cells require aspartate and serine synthesis, 

which are versatile amino acids that are not only involved in protein synthesis, but also other 

processes including nucleotide synthesis and ROS protection (Lane and Fan, 2015; Vander 

Heiden and DeBerardinis, 2017). To identify metabolic pathways responsible for the increase in 

aspartate levels upon ablation of 4E-BP1 and 2, we employed 13C-glucose flux analysis. Loss of 

4E-BP1/2 increased the proportion out of the total pool of metabolite of m+3 aspartate, malate 

and fumarate, as compared to control, (Fig. S6B), as well as the level of absolute amount of m+3 

aspartate and malate (Fig. 6H, Fig. S6C). This indicates that one mechanism though which cells 
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lacking 4E-BP1/2 maintain high aspartate levels is by using pyruvate to generate malate and 

aspartate via oxaloacetate (Fig. 6H, Fig. S6B,C). Consistently, cells devoid of 4E-BP1 and 2 

expression exhibit elevated levels of pyruvate carboxylase (PC), a rate limiting enzyme that 

converts pyruvate into oxaloacetate (Fig. 4D), while the lapatinib and biguanide combination has 

lesser effect on translation of PC mRNA (Fig. 5B).  

Addition of 10mM aspartate to the media was sufficient to decrease sensitivity of 4E-BP-

proficient cells to lapatinib and phenformin combination to the level observed in 4E-BP1/2-

deficient cells (Fig. 6B).  In turn, addition of aspartate failed to alter the effects of the drugs in 

4E-BP1/2-deficient cells in which aspartate levels are already elevated (Fig. 6B). Taken together, 

these data suggest that the 4E-BP-dependent regulation of aspartate levels is critical determinant 

of the efficacy of the phenformin/lapatinib combination. 

Aspartate is also essential for de novo synthesis of asparagine, and this reaction is 

catalyzed by asparagine synthetase (ASNS), which simultaneously converts glutamine to 

glutamate (Balasubramanian et al., 2013). We observed that ASNS mRNA translation and thus 

ASNS protein levels are downregulated by phenformin and lapatinib combination in 4E-BP1/2-

proficient, but not deficient cells (Fig. 5B). Accordingly, cells lacking 4E-BP1/2 contain a higher 

level of asparagine and glutamate than control cells (Fig. 6A). Moreover, similarly to aspartate, 

supplementing growth media with asparagine strongly attenuated the anti-proliferative effects of 

lapatinib and phenformin combination in 4E-BP1/2 proficient cells (Fig. 6C). This suggests that 

the rescue of proliferation of 4E-BP1/2 proficient cells by aspartate may be mediated by 

conversion of aspartate into asparagine. Indeed, upon depletion of ASNS, the sensitivity of cells 

to phenformin and lapatinib was strongly increased (Fig. 6D; Fig. S6D). Accordingly, depletion 

of asparagine from culture media by L-asparaginase potentiated effects of phenformin/lapatinib 

combination to a higher extent in 4E-BP-proficient, but not deficient cells (Fig. 6F). Moreover, 

the importance of ASNS activity in 4E-BP1/2 depleted cells is shown by their increased 

sensitivity to the phenformin/lapatinib combination following down-regulation of the ASNS 

protein levels (Fig. 6E, Fig. S6D). Together these findings show that decreased asparagine 

biosynthesis via inhibition of the mTORC1/4E-BP axis plays a role in synergy between 

phenformin and lapatinib.   

In addition to the effects on aspartate and asparagine synthesis pathway, we observed that 

enzymes involved in serine biosynthesis pathway PHGDH and PSAT1 are downregulated by the 
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combination of lapatinib and phenformin in 4E-BP1/2 proficient, but not deficient cells (Fig. 4B). 

We previously demonstrated that serine availability plays a role in determining sensitivity to 

biguanides (Gravel et al., 2014). Consistently, serine levels and the proportion of m+3 serine 

derived from 13C-glucose are higher in 4E-BP deficient vs proficient cells (Fig. 6A, H; Fig. 

S6A,C). To further assess the role of serine biogenesis pathway in mediating synergy between 

lapatinib and phenformin, we depleted PHGDH in 4E-BP1/2 deficient cells. PHGDH depletion 

increased the anti-proliferative efficacy of lapatinib and phenformin in 4E-BP1/2 deficient cells, 

therefore indicating that serine biosynthesis pathway also contributes to the anti-proliferative 

effects of the drug combination (Fig. 6G; Fig. S6E). Collectively these findings demonstrate that 

the mTORC1/4E-BP axis bolsters proliferation via stimulation of aspartate, asparagine and serine 

production, and that, though an elevated level of these metabolites, 4E-BP depleted cells are less 

responsive to the combination between lapatinib and phenformin. 

 

HIF-1a is a determinant of sensitivity to lapatinib and phenformin.  

HIF-1a is upregulated in HER2 overexpressing cells and is required for tumor growth 

(Laughner et al., 2001; Li et al., 2005; Whelan et al., 2013). In NT2197 cells, the phenformin and 

lapatinib combination treatment strongly decreased HIF-1a levels to an extent that was higher 

than each drug alone (Fig. 3C). This correlated with a decrease in the levels of mRNAs encoded 

by HIF-1a target genes (Vegfa, Glut1, Hk2; Fig. S7A). mTOR-dependent regulation of HIF-1a 

levels has been reported to occur by multiple mechanisms including those mediated by 4E-BPs, 

S6Ks and STAT3 (Dodd et al., 2015). We observed that HIF-1a levels decreased in NT2197 4E-

BP1/2-deficient cells treated with lapatinib and phenformin to a comparable degree to 4E-BP1/2-

proficient cells (Fig. 4B). Thus, in this context of NT2197 cells, HIF-1a expression is not 

regulated in a 4E-BP-dependent manner. VHL is a E3 ubiquitin ligase that acts as a principle 

regulator of the expression of HIF-family members including HIF-1a, leading to their 

degradation under normoxia (Semenza, 2007). To study the role of HIF-1a in mediating the 

effects of lapatinib and phenformin, we therefore employed RCC4 renal carcinoma cells which 

lack VHL and express high levels of HIF-1a protein (Maxwell et al., 1999). RCC4 cells have 

been reported to be responsive to lapatinib, and lapatinib has been used in RCC clinical trials 

(Ravaud et al., 2008). The combination of lapatinib and phenformin did not affect HIF-1a levels 
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in VHL-null RCC4 cells (RCC4-mock), as compared to dramatic reduction of HIF-1a in RCC4 

cells in which VHL expression was reconstituted (RCC4-VHL) (Fig. 7A). As expected, the 

hypoxia-mimetic CoCl2, which blocks VHL-dependent HIF-1a regulation, abolished the effect of 

phenformin on HIF-1a in VHL-proficient cells (Fig. S7B). Finally, the effects of the drugs on 

mTOR signalling were not affected by the VHL status in the cell (Fig. 7A). These findings 

suggest that the observed reduction in HIF-1a levels induced by lapatinib and phenformin 

combination are mediated chiefly via VHL, and not via mTOR. RCC4-mock cells were 

dramatically less sensitive to the phenformin/lapatinib combination relative to RCC4-VHL cells 

(Fig. 7B). This demonstrates that, in addition to 4E-BPs, VHL-dependent downregulation of HIF-

1a critically contributes to biguanide and lapatinib synergy. 

VHL-null cells have been shown to preferentially engage reductive glutamine metabolism 

for lipid synthesis (Gameiro et al., 2013; Metallo et al., 2011). Reductive glutamine metabolism 

appears to be one of the major metabolic adaptations to biguanides (Fendt et al., 2013), and is 

suppressed when biguanides are combined with lapatinib (Fig. 1D). Indeed, 13C-glutamine flux 

analysis revealed that RCC4-mock cells shunt a larger proportion of glutamine via reductive 

carboxylation and show a very low activity of glutamine oxidative metabolism compared to 

RCC4-VHL cells (Fig. 7C). This is indicated by higher levels of citrate (m+5), malate (m+3) and 

aspartate (m+3) that are generated via reductive glutamine metabolism, in RCC4-mock vs. VHL-

RCC4 cells, and vice versa higher levels of fumarate (m+4), malate (m+4), aspartate (m+4) and 

citrate (m+4) which are derived via oxidative glutamine metabolism in RCC4-VHL relative to 

RCC4-mock cells (Fig. 7C). These findings show that the inhibition of the VHL/HIF-1a pathway 

and subsequent attenuation of the reductive glutamine mechanism is critical for synergy between 

biguanides and KIs (Fig. 7D). It has been shown that HIF-1a activity negatively regulates the 

protein levels of mitochondrial enzyme complex α-ketoglutarate dehydrogenase (αKGDH) 

subunit E1 (OGDH2) (Sun and Denko, 2014), an enzyme that mediates the oxidation of a-

ketoglutarate to succinate. Indeed, OGDH2 levels were lower in VHL deficient vs. VHL 

proficient RCC4 cells (Fig. S7D). This correlated with a decrease in the level of 13C-glutamine 

derived succinate (m+4) in RCC4 mock relative to VHL expressing cells, which is indicative of a 

reduced capacity for glutamine oxidative metabolism (Fig. 7C,D). Collectively, these data 

demonstrate that in addition to alterations in NEAA synthesis which are mediated by the 
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mTORC1/4E-BP axis, HIF1a–dependent modulation of reductive glutamine metabolism is also a 

critical determinant of the efficacy of KI – biguanide combinations (Fig. 7E). 

 

 

Discussion  

 

 There is heightened interest to identify targetable aspects of the oncometablome. It has 

been proposed that biguanides may improve efficacy of clinically used KIs. For instance, 

metformin has been shown to increase the effects of anti-HER2 monoclonal antibody 

trastuzumab (Herceptin) by suppressing self-renewal and proliferation of cancer stem/progenitor 

cells in HER2-positive carcinomas (Vazquez-Martin et al., 2011). Similarly, phenformin 

potentiates the effects of BRAF and ERK inhibitors in BRAF(V600E) and NF1-mutant 

melanoma cells, respectively, through the selective targeting of JARID1B-expressing 

subpopulation of cells (Trousil et al., 2017; Yuan et al., 2013). Although that these findings are 

presently being studied in clinical trials in which biguanides are combined with KIs, the 

underlying mechanisms and generality of the effects of such combinations are incompletely 

described. We show that the biguanide phenformin and KIs synergize in distinct cancer cell types 

that differ not only in their tissue of origin, but also in the driving oncogenic kinase (HER2, 

EGFR, BRAF or BCR-ABL). Metabolome mapping revealed that the opposing effects of 

phenformin and KIs on glycolysis are insufficient to explain their synergy. However, 

perturbations in metabolic and translational landscapes which are mediated via the mTORC1/4E-

BP1 axis and HIF-1a are critical for the synergistic effects of KI and biguanide combination.  

Our findings reveal mTOR/4E-BP-dependent translational reprograming of mRNAs 

encoding key enzymes involved in NEAA synthesis including aspartate, asparagine and serine. 

To this end, inability of the drugs to inhibit the eIF4F assembly results in metabolic adaptations 

that strongly decrease sensitivity of the cells to KI-biguanide combination (Fig. 7E). Aspartate 

has been identified as a key metabolite required for the proliferation of cancer cells as it serves as 

a precursor for both purine and pyrimidine synthesis (Birsoy et al., 2015; Sullivan et al., 2015). 

Aspartate can be generated from pyruvate though oxaloacetate as via the action of PC, an enzyme 

mediating the conversion of pyruvate to oxaloacetate (Ling and Keech, 1966). Elevated PC 

expression and/or activity is observed in breast cancer and non-small-cell lung cancer (NSCLC) 
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(Phannasil et al., 2017; Sellers et al., 2015). We show that PC mRNA translation is regulated via 

4E-BPs and that 4E-BP1/2 ablation leads to dramatic increase in aspartate levels and reduction in 

sensitivity to KI and phenformin combination. Previous reports have underlined the importance 

of GOT1 for aspartate synthesis in conditions of electron transport chain (ETC) deficiency, an 

enzyme that mediates the reversible reaction from aspartate to oxaloacetate and from 

oxaloacetate to aspartate in the cytosol (Birsoy et al., 2015). Phenformin and lapatinib treatment 

does not alter GOT1 protein levels, nor GOT1 mRNA translation (Fig. 3C, Fig. 5B), suggesting 

that existence of the alternative mechanism whereby aspartate levels are influenced by enzymatic 

steps upstream of oxaloacetate synthesis, in particular through the action of PC. Moreover, 

aspartate conversion to asparagine, which is regulated by 4E-BP-dependent translational 

regulation of ASNS mRNA, appears to also plays a major role in neoplastic growth and response 

of malignant cells to phenformin/KI combination. The importance of asparagine for tumor 

growth is highlighted by the fact that depletion of asparagine pools with L-asparaginase inhibits 

translation elongation and is used in treating low-ASNS-expressing acute lymphoblastic leukemia 

and pediatric acute myeloid leukemia (Hill et al., 1967). Moreover, ASNS expression is required 

for the survival of cultured glioma and neuroblastoma cell lines (Zhang et al., 2014), as well as 

for the growth of mouse sarcomas (Hettmer et al., 2015). Asparagine levels were also shown to 

function in the regulation of amino-acid uptake, and to positively regulate the expression of genes 

of the serine synthesis pathway (Krall et al., 2016).  

In addition to aspartate synthesis, we show that mTORC1/4E-BP axis plays a major role 

in serine biogenesis by modulating translation of PHGDH and PSAT1 mRNAs. Accordingly, 

serine synthesis from 13C labeled glucose is increased in 4E-BP depleted cells compared to 

control, whilst PHGDH knock-down increased the sensitivity to phenformin and KI treatment in 

both control and 4E-BP depleted cells.  Serine biosynthesis has been documented to be essential 

for neoplastic growth (Mattaini et al., 2016). Cancer cells exhibit increased serine biosynthesis 

(Davis et al., 1970; Snell, 1984), PHGDH and PSAT1 are overexpressed in breast cancer, 

melanoma, cervical cancer, glioma (Locasale et al., 2011; Possemato et al., 2011) and 

characterize poor-prognosis for non–small cell lung cancers and lung adenocarcinoma 

((DeNicola et al., 2015; Zhang et al., 2017). Increase in serine synthesis pathway flux appears to 

be beneficial for cancer cells irrespective of the availability of serine in the environment, or 

intracellular serine levels  (Mattaini et al., 2016). This is explained by the tenet that serine is a 
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central node for the biosynthesis of many metabolites (e.g. nucleotides, folate metabolism) 

(Lehninger et al., 2000; Locasale, 2013), that it can facilitate amino acid transport, as well as 

redox homeostasis (Fan et al., 2014) (Mattaini et al., 2016). Accordingly, herein we show that 

4E-BP-dependent translational regulation of serine synthesis is a critical determinant of 

sensitivity of cancer cells to biguanides and kinase inhibitor combinations.  

 

In addition to 4E-BPs-dependent metabolic reprograming, we show that HIF-1a-

dependent modulation of reductive glutamine metabolism plays a central role in synergy between 

KIs and phenformin. Cancer cells driven by HER2 or BCR-ABL upregulate HIF-1a, even under 

normoxic conditions (Laughner et al., 2001; Li et al., 2005; Mayerhofer et al., 2002; Semenza, 

2013). Increased HIF-1a expression is required for neoplastic growth of HER2+ cancer cells 

(Whelan et al., 2013), survival of chronic myeloid leukemia stem cells (Zhang et al., 2012), and 

is associated with the metabolic reprograming in BCR-ABL inhibitor resistant cells (Zhao et al., 

2010). The decrease in HIF-1a levels induced by KI - biguanide combinations appears to occur 

chiefly via VHL, which  is in accordance with previous reports showing that metformin induces 

HIF-1α degradation through inhibition of mitochondrial complex I (Wheaton et al., 2014). RCC4 

cells which lack VHL and thus exhibit high HIF-1α levels showed decreased sensitivity to KI- 

biguanide combination, which coincided with high rates of reductive glutamine metabolism and 

decrease in glutamine oxidative metabolism. This reduction in glutamine oxidative metabolism in 

VHL deficient, high HIF1a, cells is mediated by the SIAH2-dependent degradation of a-

ketoglutarate dehydrogenase subunit OGDH2 (Sun and Denko, 2014). Notably, although 

phenformin and lapatinib combination reduced HIF1a protein levels in VHL proficient cells, it 

also decreased OGDH2 levels. This is however consistent with the inhibition of OGDH by 

NADH (Strumilo, 2005) in the context of ETC deficiency, as the inhibition of mitochondrial 

complex I (NADH dehydrogenase) by biguanides is accompanied by an increased accumulation 

of NADH. These data show that a second genetic modification, VHL loss, and the resulting 

activation of HIF-1a, allows cells to overcome the antineoplastic effects of the biguanide-KI 

combination (Fig. 7E). Therefore, the mTORC1/4E-BP and VHL/HIF-1a axes constitute two 

independent mechanisms which allow cells to adapt to KI-biguanide combinations.  
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Strong mTOR inhibition by active site mTOR inhibitors is associated with metabolic 

dormancy, due to concomitant reductions in both mitochondrial ATP production and cellular 

ATP consumption by translational machinery and other anabolic processes (Gandin et al., 2016; 

Morita et al., 2013; Morita et al., 2015). In stark contrast, KI-phenformin combinations, although 

inducing considerably less inhibition of mTOR and 4E-BP phosphorylation, result in cell death. 

Our findings therefore suggest that mild mTOR inhibition which is sufficient to induce 

translational reprograming of the metabolome, but not to decrease energy consumption is 

paradoxically more likely to lead to an energetic crisis and cell death than complete mTOR 

inhibition. This suggests that targeting oncogenic mTOR signaling with combinations of 

upstream KIs and biguanides may be an alternative to the current approaches in the clinic 

employing mTOR inhibitors.  It is however important to note that early results of randomized, 

placebo-controlled clinical trials of biguanides in oncology have been disappointing (Kordes et 

al., 2015). One reason for this may relate to sub-optimal pharmacokinetics of metformin 

(Chandel et al., 2016; Dowling et al., 2016), an issue which may be addressed by the use of novel 

biguanides under development (Choi et al., 2016; Zhang et al., 2016). Other trials, including one 

using phenformin in combination with BRAF inhibitors are underway (ClinicalTrials.gov; 

NCT03026517). 

 

In conclusion, we show that 4E-BP-dependent translational regulation of biosynthesis of 

NEAA serine, aspartate and asparagine, in combination with HIF-1a dependent switch to 

reductive glutamine metabolism plays a major role in energy stress response of cancer cells and 

underlies the sensitivity to KI and biguanide combinations. Importantly, these findings show that 

drug-induced energy stress results in rapid adaptation of the oncometabolome. This plasticity of 

the oncometabolome represents a paramount challenge, as genetic and/or epigenetic alterations, 

including those affecting 4E-BP and HIF-1a function, enable cancer cells to evade metabolic 

stresses and may thus hinder efficacy of the future metabolic cancer therapies. 

 

 

 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 8, 2017. ; https://doi.org/10.1101/160879doi: bioRxiv preprint 

https://doi.org/10.1101/160879


	
   20	
  

Materials and Methods  

 

Cell culture and inhibitors 

NMuMG-NT2197 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Wisent 

#319-005-CL), supplemented with 10% heat-inactivated fetal bovine serum (Wisent), 1% 

penicillin/streptomycin (Wisent; #450-201-EL) and 2mM L-Glutamine (Wisent, #609-065-EL) to 

obtain 6mM L-Glutamine final concentration, 10 µg/ml insulin, 20 mM HEPES, pH 7.5 (Wisent, 

#330-050-EL), and were a generous gift from Dr. Ursini-Siegel (McGill University) (Ursini-

Siegel et al., 2008).  A375 and HCT116 cells were maintained in DMEM supplemented with 

10% fetal bovine serum (Wisent), 1% penicillin/streptomycin (Wisent; #450-201-EL) and 2mM 

L-Glutamine (Wisent, #609-065-EL) to obtain 6mM L-Glutamine final concentration, and were a 

generous gift from Dr. Ronai (Sanford-Burnham Medical Research Institute) and Dr. Zhdanov 

(Univ. College Cork), respectively. K562 cells (ATTC) were cultured in RPMI-1640 (Wisent), 

supplemented with 10% fetal bovine serum (Wisent) and 1% penicillin/streptomycin (Wisent; 

#450-201-EL). RCC4 mock or expressing VHL-HA were cultured in DMEM supplemented with 

10% fetal bovine serum (Wisent), 1% penicillin/streptomycin (Wisent; #450-201-EL) and 

250µM G418. Where indicated, cells were treated with lapatinib ditosylate (Selleckchem), 

plx4032 (Selleckchem), imatinib mesylate (Selleckchem), phenformin hydrochloride (Sigma), 

Torin1 (Tocris Bioscience), 3-PO (Calbiochem), L-aspartic acid (Sigma), L-asparagine (Sigma), 

or asparaginase (SMBD JGH pharmacy; 5000units/ml stock).  

All lentiviral shRNA vectors were retrieved from the arrayed Mission TRC genome-wide shRNA 

collections purchased from Sigma-Aldrich Corporation. Additional information about the shRNA 

vectors can be found at http:// www.sigmaaldrich.com/life-science/functional-genomics-andrnai/ 

shrna/library-information.html or http://www.broad.mit.edu/genome_bio/trc/rnai.html, using the 

TRCN number. The following lentiviral shRNA vector were used: TRCN0000041627 

(mPHGDH), TRCN0000324779 (mASNS). The Non-Target shRNA Control (Sigma: SHC002) 

was used as negative control. Lentiviral supernatants were generated as described at 

http://www.broadinstitute.org/rnai/public/resources/protocols. Supernatants were applied on 

target cells with polybrene (6 µg/mL). Cells were reinfected the next day and, 2 days later, 

selected with puromycin for 72 hours (4 µg/mL; Sigma). 
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Proliferation and cell viability assays 

For the bromodeoxyuridine (BrdU) incorporation assay (Cell Proliferation ELISA BrdU Kit from 

Roche), cells were seeded in 96-well plates (1000 cells/well) and maintained as indicated in the 

figure legends of Fig. 1, Fig. 2, Fig. 4, Fig. 6, Fig. 7, and Fig. S1, Fig. S2, Fig. S4 and Fig. S7 for 

72h. Tests were performed in triplicate, with each microplate including media and DMSO control 

wells, as per the manufacturer’s instruction. Absorbance at 370nm (reference wavelength 492nm) 

was measured using a Benchmark Plus microplate reader (Bio-Rad). Combination index50 (CI50) 

was calculated using the isobologram equation (CI50)  =  (a/A)  +  (b/B), where, A and B represent 

the IC50 concentrations of KI (lapatinib, PLX4232 or imatinib) and phenformin when 

administered alone, a and b represent the concentrations required for the same effect when KI 

and phenformin were administered in combination, and CI50 represents an index of drug 

interaction (combination index). CI50 values of <1 indicate synergy, a CI50 value of 1 represents 

additivity, and CI50 values of >1 indicate antagonism (Berenbaum, 1989; Chou and Talalay, 

1984; Tallarida, 2006). Data points shown were calculated from 2 independent experiments. 

 

Xenograft experiment 

NMuMG/NT2197 mammary tumor cells (5x104) were injected into both sides of the fourth 

mammary fat pads of Nude mice (Charles River Laboratories). The mammary tumor growth 

(mm3 ± SEM) was obtained by caliper measurements (n=10 tumors/cell line) and were calculated 

according to following formulae: 4/3π (w2 × l) as previously described, where l and w are 

diameter measurements of the length and width of the tumor (Ursini-Siegel et al., 2007). Once 

tumor volume reached 100~200 mm3, mice were given vehicle control, phenformin (50mg/kg) 

(Sigma-Aldrich P7045) via intraperitoneal injection, and/or lapatinib (50mg/kg) (lapatinib: LC 

Laboratories L-4804) via gavage every 24hr. All treatment conditions contained 12.5% DMSO 

and were resuspended in 0.5% methylcellulose-0.1% Tween-80 solution (Tween-80: Sigma-

Aldrich P4780, methyl cellulose: 274429). On the day of necropsy mice were sacrificed 4h post-

treatment, the mammary tumors were placed in 10% formalin to be fixed and later embedded in 

paraffin for immunohistochemistry.  

 

 

Immunohistochemistry 
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Immunohistochemical staining of paraffin-embedded sections was performed as described 

previously (Ursini-Siegel et al., 2008), using the following antibodies: phospho-rpS6 (1:2000, 

CST 2215), phopsho-AMPK (1:100, CST 2535), Ki67 (1:500, Abcam ab15580) and cleaved 

Caspase3 (1:250, CST 9661). Quantification of stained sections was performed using Aperio 

Imagescope software. 

 

Western blotting and antibodies 

Cells were scraped in ice-cold PBS (pH 7.4), washed by centrifugation (800xg/5 minutes at 4oC) 

and lysed on ice in [50mM Tris/HCL pH 7.4, 5mM NaF, 5mM Na pyrophosphate, 1mM EDTA, 

1mM EGTA, 250mM mannitol, 1% (v/v) triton x-100, 1mM DTT, 1X complete protease 

inhibitors (Roche), 1X PhosSTOP (Sigma-Aldrich)] for 30 minutes with occasional vortexing. 

After lysis, cellular debris was removed by centrifugation at (16,100xg/20 minutes at 4oC). 

Protein concentrations in cell extracts were determined using Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific). Protein extracts (10-40 µg of protein) were resuspended in Laemmli 

buffer, heated to 95°C and separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred to nitro-cellulose membrane (Bio-Rad). To detect proteins of 

interest we used the following primary antibodies: anti-β-actin (Clone AC-15) #A1978, anti-HA 

#H6908, anti-PHGDH #HPA021241, from Sigma (Saint Louis, Missouri, USA); anti-4E-

BP1(53H11) #9644, anti-p-4E-BP1 (Ser65) (174A9) #9456, anti-4E-BP2 #2845, anti-p-rpS6 

(Ser240/244) #2215, anti-S6K #2708, anti p-S6K (Thr389) (#9234), anti ACC #3662, anti p-

ACC (Ser79) #3661, anti ERK1/2 #9102, anti p-ERK1/2 (Thr202/Tyr204) #9101, anti eIF2a 

(L57A5) #2103, anti p-eIF2 a (Ser51) #9721, anti c-myc #9402, anti-Cyclin D3 (DCS22) #2936, 

anti-eIF4G1 #2858, anti-BCL-2 #2870, anti-TFAM #7495, anti-GAPDH (14C10) #2118, all from 

Cell Signaling Technologies (Danvers, MA, USA); anti-rpS6 (C-8) #sc-74459, anti-MCL-1(H-

260) #sc-20679, anti-pyruvate carboxylase (PCB; H-300) #67021, from Santa Cruz 

Biotechnologies (Dallas, Texas, USA); anti-eIF4E #610269 from BD Biosciences (San Jose, CA, 

USA); anti-survivin #SURV11-S from Alpha Diagnostics (San Antonio, Texas, USA); anti-

ASNS #NBP1-87444, anti-PSAT1 #NBP1-	
   32920, from Novus Biologicals; HIF1a # 10006421 

from Cayman Chemical; and from anti-OGDH #ab87057, anti-GOT1 #ab189863, anti-survivin 

#ab175809, anti-TFAM #ab131607, all from Abcam. All primary antibodies were incubated in 

5% (w/v) BSA in 1XTBS/0.5%Tween20 (Sigma) over night at 4oC. Secondary anti-mouse-HRP 
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and anti-rabbit-HRP antibodies (Amersham) were used at 1:5,000 dilution in 5% (w/v) non-fat 

dry milk in 1XTBS/0.5%Tween 20 for 1 hour at room temperature. Signals were revealed by 

chemiluminescence (ECL, GE Healthcare) on HyBlot CL autoradiography film (Denville 

Scientific Inc. #E3018).  

 

In vitro cap-binding affinity assay 

Experiments were carried out as previously described (Dowling et al., 2010). Briefly, cells were 

seeded in 150mm plates and treated as indicated in Fig. 4 for 4h. Cells were washed with cold 

PBS, collected, and lysed in buffer containing 50mM MOPS/KOH (7.4), 100mM NaCl, 50 mM 

NaF, 2mM EDTA, 2mM EGTA, 1% NP40, 1% sodium deoxycholate, 7 mM b-mercaptoethanol, 

1X complete protease inhibitors (Roche), and 1X PhosSTOP (Sigma-Aldrich). Lysates were 

incubated with m7-GDP-agarose beads (Jena Bioscience) for 20 min, washed 4 times with the 

washing buffer containing 50mM MOPS/KOH (7.4), 100mM NaCl, 50 mM NaF, 0.5mM EDTA, 

0.5 mM EGTA, 7 mM b-mercaptoethanol, 0.5 mM PMSF, 1mM Na3VO4 and 0.1mM GTP, and 

bound proteins were eluted by boiling the beads in loading buffer. eIF4F complex formation was 

assessed by western blot of eluted proteins, using 4E-BP1, eIF4G1, eIF4E and b-actin antibodies 

as described in the “Western blot analysis and antibodies” section. 

 

Proximity ligation assay (PLA) 

Interactions between eIF4E and eIF4G1 (eIF4E–eIF4G) or eIF4E and 4E-BP1 (eIF4E–4E-BP1) 

were detected by in situ proximity ligation assay (PLA) on NMuMG-NT2197 cells according to 

the manufacturer’s instructions (Duolink In situ red mouse/rabbit kit, Sigma). Briefly, 1.5x10^5 

NT2197 control or 4E-BP1/2 DKO cells were seeded in six-well plates containing coverslips. 

The day after, cells were treated for 4 hours either with DMSO or combination of lapatinib 

(600nM) and phenformin (250µM), washed with PBS and fixed in 3.7% formaldehyde for 15 

min at room temperature. Cells were permeabilized for 10 min in PBS containing 0.2% Triton X-

100, blocked for 45 min in PBS containing 10% FBS (blocking buffer) and incubated with 

primary antibodies (anti-eIF4E from Santa Cruz Biotechnologies SC-271480, 1:200; anti-eIF4G1 

from Cell Signaling Technology #2498, 1:200 and anti-4E-BP1 from Cell Signaling Technology 

#9644, 1:500) overnight at 4°C.  Secondary antibodies conjugated with PLA minus and PLA plus 

probes were incubated for 1 hour at 37°C. Ligation was performed for 30min at 37°C followed 
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by amplification with polymerase for 2 hours at 37°C. Wheat germ agglutinin conjugated to 

Alexa fluor-488 (WGA, Life technologies), used to stain the plasma membrane, was incubated 

for 20 min at room temperature. Coverslips were mounted with O-link mounting medium 

containing DAPI (Sigma). Immunofluorescence microscopy images from single confocal 

sections were acquired at room temperature with a Wave FX spinning disc confocal microscope 

(Leica) using a 40X oil-immersion objective. All images were acquired using identical 

parameters. 10 images per condition were analyzed. Foci corresponding to eIF4E-eIF4G1 or 

eIF4E-4E-BP1 interactions and nuclei were detected and quantified using the Log-Dog Spot 

Counter in ImageJ (BAR, Ferreira et al (2016). DOI: 10.5281/zenodo.28838). The number of 

PLA foci per cell were log2-transformed and represented as fold-change to DMSO. P-values 

were calculated using one-way ANOVA (for eIF4E/4E-BP1) and Tukey test (for eIF4E–eIF4G1). 

 

Flow cytometry analysis of apoptotic cells 

NMuMG-NT2197 cells were plated in 6-well plates and grown for 24 h, after which they were 

treated, as indicated in Fig. 1 and Fig. 4, with DMSO control, lapatinib, phenformin or both for 

72h. Cells were trypsinized, counted and 100,000 cells were stained using Annexin V-FITC and 

PI for 20min in the dark as per the manufacturer’s instructions (FITC Annexin V Apoptosis 

Detection Kit, BD Biosciences). Samples were analyzed with a LSRII cytometer (Becton-

Dickinson, Mountain View, CA). Fluorescence was detected by excitation at 488nm and 

acquisition on the 530/30-A channel for FITC-Annexin V and by excitation at 561nm and 

acquisition on the 610/20-A channel for PI. Cell populations were separated as follows: viable 

cells – Annexin V-/PI-; early apoptosis - Annexin V+/PI-; late apoptosis Annexin V+/PI+ and 

expressed as % of total single cells. Experiments were carried out 3 times independently (n=3), 

with 2 technical replicates in each experiment. 

 

Flow cytometry analysis of cytotoxicity  

K562 cells were seeded in 6-well plates and grown for 24 h, after which they were treated, as 

indicated in Fig. S1, with DMSO control, lapatinib, phenformin or both for 72h. Cells were 

counted and 100,000 cells were stained using DAPI (4′,6-diamidino-2-phenylindole; 0.5 µg/ml) 

for 15min in the dark. Samples were analyzed with a LSRII cytometer (Becton-Dickinson, 

Mountain View, CA). Fluorescence was detected by excitation at 405nm and acquisition on the 
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450/50-A channel. Cell populations with medium and high intensity DAPI stain were quantified. 

Experiments were carried out 3 times independently (n=3), with 2 technical replicates in each 

experiment. 

 

Generation of 4E-BP1/2 knock-out cells by CRISR-Cas9 

A375 cells were transfected in 6 well plates with a plasmid expressing hCas9 (0.7µg); three 

guides RNAs (gRNAs) targeting h4E-BP1 (purchased from GeneCopoeia, cat. # HCP204676-

SG01-3-B-a; HCP204676-SG01-3-B-b; and HCP204676-SG01-3-B-c against h4E-BP1 

sequences CCGCCCGCCCGCTTATCTTC; GTGAGTTCCGACACTCCATC; and 

TGAAGAGTCACAGTTTGAGA, respectively); three gRNAs targeting h4E-BP2 (purchased 

from GeneCopoeia, cat. # HCP254214-SG01-3-B-a; HCP254214-SG01-3-B-b; and HCP254214-

SG01-3-B-c against h4E-BP2 sequences GTGGCCGCTGCCGGCTGACG; 

CTAGTGACTCCTGGGATATT; and ACAACTTGAACAATCACGAC); (0.2µg for each 

gRNA to total 1.2µg); and pBabe-puro (0.6µg), using Lipofectamine 2000 (Invitrogen), 

according to the manufacturers instruction. As a control, cells were transfected with a plasmid 

expressing hCas9 (0.7µg) and pBabe-puro (0.6µg), using Lipofectamine 2000 (Invitrogen). 

NT2197 cells were transfected in 6 well plates with a plasmid expressing hCas9 (0.7µg); three 

gRNAs targeting m4E-BP1 (purchased from GeneCopoeia, cat. # MCP227000-SG01-3-B-a; 

MCP227000-SG01-3-B-b; and MCP227000-SG01-3-B-c against m4E-BP1 sequences 

GAGCTGCACGCCATCGCCGA; CGTGCAGGAGACATGTCGGC; and 

GACTACAGCACCACTCCGGG, respectively); three gRNAs targeting m4E-BP2 (purchased 

from GeneCopoeia, cat. # MCP229088-SG01-3-B-a; MCP229088-SG01-3-B-b; and 

MCP229088-SG01-3-B-c against m4E-BP2 sequences GGAGCCATGTCCGCGTCGGC; 

CTGATAGCCACGGTGCGCGT; and GCGCCATGGGAGAATTGCGA); (0.2µg for each 

gRNA to total 1.2µg); and pQCXIB(blast) (0.6µg), using Lipofectamine 2000 (Invitrogen), 

according to the manufacturers instruction. As a control, cells were transfected with a plasmid 

expressing hCas9 (0.7µg) and pQCXIB(blast) (0.6µg), using Lipofectamine 2000 (Invitrogen). 

Two days post-transfection, A375 cells were selected for 3 days with puromycin (4µg/ml) and 

NT2197 were selected for 3 days with blasticidin (8µg/ml), to remove non-transfected cells. 

Following selection, NT2197 and A375 cells were seeded in 96 well plates at a density of single 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted July 8, 2017. ; https://doi.org/10.1101/160879doi: bioRxiv preprint 

https://doi.org/10.1101/160879


	
   26	
  

cell/well in puromycin or blasticidin free media. Cells were monitored to the presence of single 

colonies/well. Single cell colonies were amplified to generate cell lines and the expression of 4E-

BP1 and 4E-BP2 was analysed by western blot. Lines with loss of 4E-BP1 and 4E-BP2 

expression were kept for further experiments. For the control cells, single cell colonies were 

amplified and 5 of the control lines were pooled to generate the A375 or NT2197 CRISPR 

control population.   

 

Polysome profiles and RT-qPCR  

Briefly, NT2197 CTR and 4E-BP1/2 CRISPR depleted cells were seeded in two 15cm Petri dish, 

harvested at 80% confluency and lysed in hypotonic lysis buffer (5mM Tris HCl pH7.5, 2.5mM 

MgCl2, 1.5mM KCl, 100 µg/ml cycloheximide, 2mM DTT, 0.5% Triton, 0.5% Sodium 

Deoxycholate). Polysome-profiling was carried out as described (Gandin et al., 2014). Fractions 

were collected as described in (Gandin et al., 2014) and RNA was extracted using Trizol (Thermo 

Fisher Scientific) according to manufacturer’s instructions. RT-qPCR was performed as 

previously described (Miloslavski et al., 2014). RT and qPCR were performed by SuperScript III 

Reverse Transcriptase and Fast SYBR Green Mastermix (Invitrogen), respectively. Experiments 

were done at least in independent duplicates (n=2) whereby every sample was analyzed in a 

technical triplicate. Analyses were carried out using relative standard curve method as described 

in 

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms

_040980.pdf. Primers are listed in the Supplemental item 3. Polysome to 80S ratios were 

calculated by comparing the area under the 80S peak and the combined area under the polysome 

peaks. 

 

Glucose consumption assays 

NT2197 and A375 cells were seeded in 6-well plates and cultured in complete medium for 24h in 

order to obtain 30% density. Medium was replaced with 2ml of indicated treatment media, and 

cells were cultured for 22h. Treatment media was replaced with 1 ml of fresh treatment media for 

an additional 4h. Subsequently, supernatant samples were collected and cells were counted using 

an automated cell counter (Invitrogen). For K562, cells were seeded in 6-well plates and cultured 

in treatment media for 24h. Subsequently, supernatant samples were collected and cells were 
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counted using an automated cell counter (Invitrogen). Measurement of glucose concentration in 

samples was done as previously described (Blake and McLean, 1989). Total consumption was 

calculated by subtracting results from baseline glucose concentration, measured in samples from 

media incubated in identical conditions, without cells. Molar concentrations of glucose were 

multiplied by total media volume/well (1ml) and normalized per 10^6 cells; data were expressed 

as µM glucose/10^6cells/h.  

 

GC/MS and stable isotope tracer analyses 

NT2197, A375 and RCC4 cells were cultured in 6-well plates (9.6 cm2/well) to 80% confluency, 

after which indicated treatment was added to the media for 18 hours. For stable isotope tracer 

analyses, the media was then exchanged for 10mM [U-13C]-glucose (CLM-1396-PK; Sigma)-

labeled media or 4mM [U-13C]-glutamine (CLM-1822-H-PK; Sigma)-labeled media for various 

periods from 3min to 2h, as indicated. Cells were then rinsed three times with 4°C saline solution 

(9 g/L NaCl) and quenched with 600 µl 80% MEOH (<20°C). For total level of metabolites (non-

labeled, steady-state), cells were rinsed three times with 4°C saline solution (9 g/L NaCl) and 

quenched with 300 µl 80% methanol (<20°C). Cells were removed from plates and transferred to 

prechilled tubes. MeOH quenching and harvest were repeated for a second time to ensure 

complete recovery. The remaining procedure is identical for steady state and stable isotope tracer 

analysis. Cell lysis was carried by sonication at 4°C (10 minutes, 30 sec on, 30 sec off, high 

setting, Diagenode Bioruptor). Extracts were cleared by centrifugation (14,000 rpm, 4°C) and 

supernatants were dried in a cold trap (Labconco) overnight at -4°C. Pellets were solubilized in 

30 µl pyridine containing methoxyamine-HCl (10 mg/ mL) by sonication and vortex, centrifuged 

and pellets were discarded. Samples were incubated for 30 minutes at 70°C (methoximation), and 

then were derivatized with MTBSTFA (70 µl, Sigma) at 70°C for 1 h. One  µL was injected per 

sample for GC–MS analysis. GC–MS instrumentation and software were all from Agilent. GC–

MS methods and mass isotopomer distribution analyses are as previously described (Gravel et al., 

2016; Morita et al., 2013). Data analyses were performed using the Chemstation software 

(Agilent, Santa Clara, USA).  
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Statistical analyses 

Data shown for BrdU incorporation, apoptosis, glucose uptake, and PLA are derived from n=3 

technical replicates and are representative of three independent experiments. Data shown for 

western blotting are representative of three independent experiments. Data shown for polysome 

profiling/qPCR and metabolic experiments are derived from n=3 technical replicates and are 

representative of two independent experiments.  

Statistical analysis was performed using two-way ANOVA (unless otherwise specified).  

For Fig. 6F, an analysis of variance using R software was fit to test for interaction between cell 

line and the asparaginase dose, and including also a factor for experiment. The test for interaction 

was significant (p=0.00803). Predictions and confidence intervals, taken from the model (with 

experiment=1) showed that the confidence intervals for conditions  B (CTR asparaginase, 

phenformin and lapatinib)  and D (4E-BP DKO cl17 asparaginase, phenformin and lapatinib) did 

not overlap and that "OD.blank" was substantially lower in condition B when compared to D, 

although both "OD.blank" values were extremely similar when the asparaginase dose was zero 

(i.e. comparing A and C, CTR no asparaginase and 4E-BP DKO cl17 no asparaginase, 

respectively). 
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Figure legends  
 

Fig. 1: Kinase inhibitors and phenformin synergistically inhibit cell proliferation and 

restrict tumor growth in vivo 

A. Cell proliferation of NMuMG and NT2197 cells treated with the indicated concentrations of 

phenformin and lapatinib or combination thereof for 72h. Cell proliferation was measured by 

BrdU incorporation and expressed as percentage of non-lapatinib treated cells. The data are 

presented as mean values +/- the SD (n=3). B. The combined effect (CI50) of combination of 

lapatinib plus phenformin was evaluated in NT2197 cells by the isobologram method using the 

IC50 values and isobologram equation combination index (described in Material and Methods 

section). The CI50 individual values were generated from 3 independent experiments. C. NT2197 

cells were treated with phenformin (250µM), lapatinib (600nM) or combination thereof, or torin1 

(150nM) for 72h. Apoptosis was measured by AnnexinV-FITC and PI staining. The combined 

fractions (%) of early apoptotic (Annexin V+/ PI-) and late apoptotic (Annexin V+/PI+) cells are 

shown relative to the total cell population. The data are presented as mean values +/- the SD 

(n=3) and are representative of 3 independent experiments. D, E, F. A375 cells (D) were treated 

with phenformin and/or PLX4032 at different doses for 72h. K562 cells (E) were treated with 

phenformin and/or imatinib at different doses for 72h. HCT116 cells (F) were treated with 

phenformin and/or lapatinib at different doses for 72h. Cell proliferation was measured by BrdU 

incorporation. The combined effect of combination of PLX4032 (D), imatinib (E) or lapatinib (F) 

plus phenformin was evaluated by the isobologram method using the IC50 (as in Fig. 1B). The 

proliferation curves used to generate the isobolograms are shown in Fig. S1H-M. The CI50 

individual values were generated from 2 independent experiments. G-I. 50,000 NT2197 cells 

were injected into two mammary fat pads of Nu/Nu mice. When tumors reached 100-200 mm3 

mice were randomly distributed into 4 groups of 5 mice and treated with phenformin (50mg/kg), 

lapatinib (50mg/kg) or both every 48h for 8 days. G. Tumor growth was measured every two 

days until the control tumors reached 500mm3. The data are represented as mean values +/- the 

SEM (n=10) (**P<0.001 and ***<0.0005 (two-way ANOVA)). Mice were sacrificed on day 8, 

4h after the last treatment. I. Tumor sections from 7 tumors/group were stained by 

immunohistochemistry using phospho-rpS6, phopsho-AMPK, Ki67 and cleaved Caspase3 (cl-
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Casp3) antibodies. (p-values determined by ANOVA). H. Representative images for staining 

quantified in I. 

 

Fig. 2: Phenformin blocks the metabolic adaptation induced by kinase inhibitors 

A. Levels of indicated metabolites in NT2197 cells treated for 24 hours with phenformin 

(600µM), lapatinib (600nM) or combination thereof were determined by GC–MS. Data are 

shown as mean +/- SD (3 independent experiments; *P<0.05 (two-way ANOVA). (B-D) NT2197 

cells were treated with phenformin (600µM) and/or lapatinib (600nM) for 24h. B. 24h post-

treatment, glucose uptake was calculated. Data are shown as mean +/- SD (n=3; ** P<0.001 

(two-way ANOVA); representative of 3 independent experiments). C, D. Intracellular lactate to 

pyruvate ratio (C), which indicates lactate dehydrogenase activity (i.e. glycolysis), and α-

ketoglutarate (αKG) to citrate ratio (D), indicator of glutamine-dependent reversal of citric acid 

cycle (reductive glutamine metabolism) were determined by GC/MS. Data are shown as mean +/- 

SEM (n=3; *P<0.05 and **<0.001 (two-way ANOVA); representative of 2 independent 

experiments). E-G. A375 cells were treated with phenformin (1.5mM) and/or PLX4032 (200nM) 

for 24h. E. 24h post-treatment, glucose uptake was calculated. Data are shown as mean +/- SD 

(n=3; ***P<0.0005 (two-way ANOVA); representative of 3 independent experiments). F. 

Intracellular lactate to pyruvate ratio, which indicates lactate dehydrogenase activity (i.e. 

glycolysis), was determined by GC/MS. Data are shown as mean +/- SEM (n = 3; representative 

of 2 independent experiments). G. α-ketoglutarate (αKG) to citrate ratio, indicator of glutamine-

dependent reversal of citric acid cycle (reductive glutamine metabolism) was determined by 

GC/MS. Data are shown as mean +/- SEM (n=3; representative of 2 independent experiments). 

H. NT2197 cells were treated with the indicated concentrations of phenformin and 3PO or 

combination thereof for 72h. Cell proliferation was measured by BrdU incorporation and 

expressed as percentage of non-lapatinib treated cells. The data are presented as mean values +/- 

the SD (n=3; representative of 2 independent experiments).  

 

Fig. 3: Kinase inhibitors and phenformin collaboratively inhibit mTORC1  

A. NT2197 cells were treated with phenformin (250µM), lapatinib (600nM) or combination 

thereof for 4h, followed by polysome fractionation. Polysome to 80S ratios were calculated by 

comparing the area under the 80S peak and the combined area under the polysome (>3 
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monosomes) peaks. Data from 2 independent experiments were used. Data were normalized to 

DMSO control, and ratios transformed into log2 base. The data are presented as mean values +/- 

the SEM (n=2 independent experiments; p-values determined by two-way ANOVA). B. NT2197 

cells were treated with phenformin (250µM), lapatinib (600nM) or combination thereof for 6h. 

Levels of designated proteins were determined using western blot with indicated antibodies. β-

actin served as a loading control. C. NMuMG-NT2197 cells were treated with phenformin 

(250µM), lapatinib (600nM) or combination thereof. Levels of designated metabolic proteins 

were determined using western blot with indicated antibodies. β-actin served as a loading control. 

D, E. A375 cells were treated as indicated for 6h (D) or 72h (E). Expression and phosphorylation 

status of indicated proteins was determined by western blot using appropriate antibodies. β-actin 

served as a loading control. F. K562 cells were treated as indicated. Expression and 

phosphorylation status of indicated proteins was determined by western blot using appropriate 

antibodies. β-actin served as a loading control. 

 

Fig. 4. 4E-BP1/2 mediate the response of NT2197 cells to the combination of lapatinib and 

phenformin 

A. NT2197 cells, control (CTR) or depleted of 4E-BP1 and 4E-BP2 by CRISPR (4E-BP DKO 

clone 17), were treated with phenformin (250µM) and lapatinib (600nM) or combination thereof 

for 6h. The expression and phosphorylation status of indicated proteins were determined by 

western blot using appropriate antibodies. β-actin served as a loading control. B, C. NT2197 

cells, CTR or 4E-BP DKO cl17, were treated with the indicated concentrations of phenformin 

and lapatinib or combination thereof for 72h. Cell proliferation was measured by BrdU 

incorporation and expressed as percentage of non-lapatinib treated cells (B), or non-phenformin 

treated cells (C). The data are presented as mean values +/- the SD (n=3; representative of 3 

independent experiments). D. NT2197 cells, CTR or 4E-BP DKO (cl15 and cl17), were treated 

with phenformin (250µM) and lapatinib (600nM) or combination thereof for 72h. Apoptosis was 

measured using a PE-Annexin V – 7-AAD staining and analyzed by flow cytometry. The 

fractions (%) of viable (Annexin V-/ 7-AAD-), early apoptotic (Annexin V+/ 7-AAD-) and late 

apoptotic (Annexin V+/7-AAD+) cells are shown relative to the total cell population. Results 

represent means +/- SD (n=3; representative of 3 independent experiments). E. NT2197 cells, 

CTR (grey) or 4E-BP DKO cl17 (red), were treated with the indicated phenformin (250µM) and 
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lapatinib (600nM) or combination thereof for 4h. The interactions between eIF4E/eIF4G1 and 

eIF4E/4E-BP1 were assessed by proximity ligation assay. P-values were calculated using one-

way ANOVA; posthoc Tukey test was applied. Representative images are shown in 

Supplemental item 1.  F. NT2197 cells, CTR or 4E-BP DKO (cl15 and cl17), were treated with 

the indicated concentrations of phenformin and lapatinib or combination thereof for 4h. Protein 

lysates were subjected to m7GDP pull-down. Amounts of the indicated proteins in the input or 

pull-down were determined by western blotting; b-actin served as a loading control (input) and to 

exclude contamination (m7GDP pull-down). G. NT2197 cells, CTR or 4E-BP DKO cl17, were 

treated with phenformin (250µM) and lapatinib (600nM) or combination thereof. The expression 

of indicated metabolic proteins were determined by western blot using appropriate antibodies. β-

actin served as a loading control. H. A375 cells, control (CTR) or depleted of 4E-BP1 and 4E-

BP2 by CRISPR (4E-BP DKO clone 4), were treated with the indicated concentrations of 

phenformin and plx4032 (37.5nM) for 72h. Cell proliferation was measured by BrdU 

incorporation and expressed as percentage of non-phenformin treated cells. The data are 

presented as mean values +/- the SD (n=3; representative of 3 independent experiments).  

 

Fig. 5. Phenformin disrupts the formation of the eIF4F complex 

A. NT2197 cells, CTR or 4E-BP DKO cl17, were treated with vehicle control or combination of 

phenformin (250µM) and lapatinib (600nM) for 4h. Sub-polysomal, light polysome and heavy 

polysome fractions were obtained from cytosolic extracts by ultracentrifugation using 5-50% 

sucrose gradients. During fractionation UV absorbance at 254nm (Abs 254nm) was continuously 

monitored to obtain absorbance tracings. Position of 40S and 60S ribosomal subunits, monosome 

(80S) and polysomes are indicated. B. Amount of indicated mRNAs in polysome fractions 

isolated from cells described in (A) were determined by RT-qPCR. Experiments in panels (C) 

and (B) were carried out in 3 independent experiments, each consisting of a triplicate. Data are 

representative of the 3 independent experiments and are expressed as a percentage of a given 

mRNA in each fraction +/- SD.  
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Fig. 6. Metabolic reprograming of 4E-BP1/2 depleted cells decreases the efficacy of 

lapatinib and phenformin 

A. NT2197 cells, CTR or 4E-BP DKO cl17, were treated with phenformin (250µM) and lapatinib 

(600nM) or combination thereof for 24h. Levels of aspartate, malate, glutamate, serine and 

asparagine were determined by GC–MS. Data represent means +/- SEM (n=3; representative of 2 

independent experiments). B, C. NT2197 cells, CTR or 4E-BP DKO cl17, were treated with the 

indicated concentrations of phenformin, lapatinib or combination thereof for 72h. Where 

indicated media were supplemented with aspartate (10mM) (B) or asparagine (2mM) (C). Cell 

proliferation was measured by BrdU incorporation and expressed as percentage of control treated 

cells. The data are presented as mean values +/- the SD (n=3; representative of 3 independent 

experiments). D, E. NT2197 cells, CTR or 4E-BP DKO cl17, expressing either control shRNA or 

ASNS shRNA, were treated with the indicated concentrations of phenformin and lapatinib for 

72h. Cell proliferation was measured by BrdU incorporation and expressed as percentage of 

control treated cells. The data are presented as mean values +/- the SD (n=3; representative of 3 

independent experiments). F.  CTR or 4E-BP DKO cl17 NT2197 cells, were treated with the 

indicated concentrations of phenformin, lapatinib and asparaginase for 72h. Cell proliferation was 

measured by BrdU incorporation and expressed as percentage of control treated cells. The data 

are presented as mean values +/- the SD (n=3; *P<0.05 and **<0.001 (ANOVA); the test for 

interaction comparing the decrease in proliferation in CTR vs 4E-BP DKO cl17 after 

asparaginase treatment was significant (p=0.00803) and calculated from data from 2 indeepndent 

experiments). G. CTR or 4E-BP DKO cl17 NT2197 cells, expressing either control shRNA or 

PHGDH shRNA, were treated with the indicated concentrations of phenformin and lapatinib for 

72h. Cell proliferation was measured by BrdU incorporation and expressed as percentage of 

control treated cells. The data are presented as mean values +/- the SD (n=3; *P<0.05, **p<0.001 

and ***p<0.0001 (one-way ANOVA)). H. CTR or 4E-BP DKO cl17 NT2197 cells, treated with 

vehicle control or a combination of phenformin (250µM) and lapatinib (600nM) for 24h, were 

incubated with 13C6-glucose for various time points. Data shown correspond to 10min incubation. 

Stable isotope tracer analyses were performed and the levels of aspartate (m+3) and serine (m+3) 

ion amounts are shown, expressed as absolute amount. Data arerepresentative of 2 independent 

experiments. AU: arbitrary units. Right panel: schematic representation of the 13C atom 

incorporation into metabolites.  
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Fig.	
   7.	
   Increase in HIF-1a levels confers partial resistance to phenformin/lapatinib 

treatment 

A. VHL-null RCC4 cells expressing either empty vector (mock) or VHL-HA were treated with 

the indicated concentration of phenformin for 6h. Expression of indicated proteins was 

determined by western blot using appropriate antibodies. β-actin served as a loading control. B. 

VHL-null RCC4 cells expressing either empty vector (mock) or VHL-HA were treated with the 

indicated concentration of phenformin and lapatinib for 72h. Cell proliferation was measured by 

BrdU incorporation and normalized to vehicle-treated control. BrdU incorporation values pre-

normalization are shown in Fig. S7C. The data are presented as mean values +/- the SD (n=3; 

representative of 3 independent experiments). C. VHL-null RCC4 cells expressing either empty 

vector (mock) or VHL-HA were incubated with 13C5-glutamine for various time points (30min, 

1h, 2h). Stable isotope tracer analyses was performed and the levels of the indicated ion amounts 

are shown, expressed as fraction of the total pool of the respective metabolite. Data 

arerepresentative of 2 independent experiments.  Bottom right panel: schematic representation of 

the 13C atom incorporation into metabolites. D. Schematic representation of the glutamine 

anapleurotic utilisation in VHL-null RCC4 cells and RCC4-VHL cells. VHL-null RCC4 cells 

have reduced glutamine oxidative metabolism due to the high HIF1a-, SIAH2-dependent 

decrease of OGDH2, have increased reductive carboxylation are have reduced sensitivity to 

phenformin and lapatinib treatment compared to RCC4-VHL cells. E. Schematic representation 

outlining the role of mTORC1/4E-BP axis and HIF1a on the sensitivity of cancer cells to the 

KI/biguanide combination. The combination of KI and biguanides induces metabolic stress, the 

inhibition of mTORC1/4E-BP axis and HIF1a reduction in cancer cells, and results in the 

inhibition of mRNA translation of metabolic genes responsible for the synthesis of key NEAA 

(aspartate, asparagine, serine). In 4E-BPs depleted cells the increased levels of key NEAA leads 

to a decreased sensitivity to the drug combination. In VHL- cells, SIAH2-dependent OGDH2 

downregulation induces the inhibition of glutamine oxidative metabolism and an increase in 

glutamine reductive carboxylation, leading to decreased sensitivity to the drug combination.  
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