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ABSTRACT

KRAS mutations in non-small-cell lung cancer (NSCLC) patients are considered 
a negative predictive factor and indicate poor response to anticancer treatments. 
KRAS mutations lead to activation of the PI3K/akt/mTOR pathway, whose inhibition 
remains a challenging clinical target. Since the PI3K/akt/mTOR pathway and KRAS 
oncogene mutations all have roles in cancer cell metabolism, we investigated whether 
the activity of PI3K/akt/mTOR inhibitors (BEZ235 and BKM120) in cells harboring 
different KRAS status is related to their metabolic effect. Isogenic NSCLC cell clones 
expressing wild-type (WT) and mutated (G12C) KRAS were used to determine the 
response to BEZ235 and BKM120. Metabolomics analysis indicated the impairment of 
glutamine in KRAS-G12C and serine metabolism in KRAS-WT, after pharmacological 
blockade of the PI3K signaling, although the net effect on cell growth, cell cycle 
distribution and caspase activation was similar. PI3K inhibitors caused autophagy in 
KRAS-WT, but not in KRAS-G12C, where there was a striking decrease in ammonia 
production, probably a consequence of glutamine metabolism impairment.

These findings lay the grounds for more effective therapeutic combinations 
possibly distinguishing wild-type and mutated KRAS cancer cells in NSCLC, exploiting 
their different metabolic responses to PI3K/akt/mTOR inhibitors.

INTRODUCTION

Lung cancer is the leading cause of cancer deaths 
worldwide and non-small cell lung cancer (NSCLC) 
accounts for 80% of all lung cancer cases [1]. Five 
years survival for advanced NSCLC is currently below 
20%, highlighting the need for new treatment strategies 
[2, 3]. KRAS is one of the most frequently mutated 
oncogenes in NSCLC and 90% of these mutations affect 
codon 12, in which the glycine (G) can be replaced with 
aspartic acid (D), valine (V), or cysteine (C), the G12C 
substitution being the most frequent. These mutations lead 
to uncontrolled cell growth, proliferation and survival [4]. 
At preclinical level, the different substitutions of glycine 

at position 12 give different responses in vitro and in vivo 
to conventional chemotherapeutics [5, 6]. Although KRAS 
is one of the earliest known oncogenic drivers in NSCLC, 
effective targeting remains a therapeutic challenge. All 
attempts to target it directly have failed and KRAS is 
widely assumed to be undruggable [7]. Recently, a specific 
allosteric inhibitor of G12C mutated KRAS was described, 
showing promising preclinical results [8].

KRAS signaling is highly complex and dynamic, 
engaging various downstream effectors, such as canonical 
Raf/Mek/Erk and PI3K/akt/mTOR signaling networks [9, 
10]. KRAS mutations lead to the activation of PI3Ks in 
lung tumor maintenance [11]. The PI3Ks are members 
of a conserved family of lipid kinases, grouped in three 
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classes: I (the most studied in cancer), II and III according 
to their substrate preference and sequence homology [12]. 
Activation of PI3Ks leads to the activation of several 
proteins that can phosphorylate target proteins regulating 
many cellular functions. The main consequences of this 
activation cascade in cancer are cell survival, proliferation 
and growth [13, 14].

Several approaches are currently attempting to 
inhibit downstream molecules in the PI3K/akt/mTOR 
pathway to impair its activation [15]. A number of 
inhibitors are available for preclinical research such as 
BEZ235 (a dual PI3K/mTOR inhibitor) and BKM120 (a 
pan PI3K inhibitor). Although preclinically promising, 
these agents have shown only limited activity in early 
phase clinical trials and it is likely that cancer cells acquire 
resistance through different feedback loops and crosstalk 
mechanisms [16, 17]. Novel inhibitors of the PI3K/
akt/mTOR pathway are under investigation, and their 
potential clinical utility may well be demonstrated soon. 
Nevertheless, the pivotal importance of PI3K signaling 
activation in cancer and the potential effectiveness of 
inhibitors shown at preclinical level, mean that we need 
a better comprehension of the mechanism by which these 
compounds inhibit cell growth, to help achieve better 
clinical responses.

In recent years, particular attention has been paid 
to the role of cellular metabolism not only in cancer cell 
growth, but also in the cellular response to treatment [18–
20]. Considering the role of PI3K/akt/mTOR pathway in 
cell metabolic control [14, 21, 22] and knowing that KRAS-

mutated NSCLC cells display a distinct metabolic profile 
[23], it is important to understand whether the activity of 
these inhibitors is related to their effect at metabolic level in 
cells with a different KRAS mutational status. This would 
lay the grounds for new therapeutic combinations, possibly 
distinguishing between wild-type (WT) and mutated cancer 
cells, to contribute to patient-tailored treatments.

We employed our robust isogenic system [5], and 
applied a targeted metabolomics strategy to profile the 
metabolic cellular responses after the inhibition of PI3K 
signaling in NSCLC clones harboring KRAS-G12C or -WT 
isoforms. Although there is ample knowledge of the specific 
mechanisms of action of BEZ235 and BKM120 on NSCLC 
[24–26], little is known about the metabolic responses to 
PI3K signaling impairment in NSCLC tumor cells with 
KRAS-G12C mutations, thus hampering the discovery of 
possible new metabolic targets with better drug responses.

RESULTS

BEZ235 and BKM120 inhibited cell growth in 
NSCLC cell lines harboring KRAS-G12C or 
KRAS-WT isoforms

Using isogenic NCI-H1299 derived clones, 
previously characterized for their in vitro and in vivo 
growth, KRAS protein expression and activation levels [6, 
23], we determined the in vitro growth inhibitory activity 
of BEZ235, a dual PI3K/mTOR inhibitor (Figure 1A) and 
BKM120, a pan PI3K inhibitor (Figure 1B). Different 

Figure 1: KRAS-G12C and KRAS-WT clone responses to BEZ235 and BKM120 treatments and PI3K pathway 
modulation. Panels A, B. Responses of cells to BEZ235 (A) and BKM120 (B), detected by MTS assay. The average of three independent 
experiments and SD are shown. Panel C. Representative Western blot analysis reporting the expression of different proteins from the MAPK and 
PI3K pathways in the KRAS expressing clones treated with BEZ235 (25 nM) or BKM120 (1 μM) at 48h. Tubulin was used as loading control.
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KRAS status, KRAS-G12C or KRAS-WT, did not cause 
distinct sensitivity patterns towards the two drugs detected 
by MTS assay after 72h of treatment. The calculated 
IC50 values for BEZ235 were 15.6 nM and 13.1 nM, 
and respectively 0.7 μM and 0.84 μM for BKM120 in the 
KRAS-G12C or KRAS-WT expressing clones.

To check whether the presence of WT or mutated 
KRAS induced different downstream signaling, we 
evaluated the activation of PI3K and MAPK pathways 
at different times after BEZ235 (25 nM) or BKM120 (1 
μM). For this experiment we applied a drug concentration 
able to kill 60% of cells (IC60) at 72h, therefore inducing 
pathway modifications also at early time points.

As shown in Figure 1C, BKM120 induced a 
transient decrease of p-p70S6K around 6-24h post-
treatment in the KRAS-WT clone, while no effect was 
detected for KRAS-G12C. Expression of p-p70S6K was 
reduced at all times for both WT and G12C clones after 
BEZ235 treatment. The pattern of p-S6 was similar in 
all clones with both drugs: activation of S6 was lower 
6 and 24h after the start of treatment and comparable 
to the untreated control after 48h. Analysis of p-4EBP1 
did not indicate any clear BKM120-induced changes in 
the different clones. However, BEZ235 slightly reduced 
protein phosphorylation in both WT and G12C. In the 
MAPK pathway, neither drugs modified the activation 
of Erk at any time although, as expected, basal p-Erk in 
KRAS-G12C was higher than KRAS-WT.

Different KRAS isoforms displayed distinct 
metabolic responses to PI3K inhibitor treatments

To investigate the metabolic effects of PI3K 
inhibitors in NCI-H1299 cells overexpressing KRAS-
G12C or KRAS-WT isoforms (three biological 
replicates/condition), we applied a targeted quantitative 
metabolomics analysis at 6, 24 and 48h post-treatment.

Our strategy allowed to unambiguously identify and 
quantify 186 metabolites including lipids, aminoacids, 
biogenic amines and acylcarnitines. To ensure data quality 
and robust statistical analysis the following filtering criteria 
were applied: (i) metabolites measured with more than 
20% missing data (no detectable peak) were excluded 
for any further data elaboration; (ii) metabolites for 
which the sample concentration was below the limit of 
detection (<LOD) in at least ≥ 50% of analyzed samples 

were excluded. In total, 150 metabolites were selected 
after this quality control: 1 hexose, 21 amino acids, 13 
biogenic amines, 13 acylcarnitines, 15 sphingomyelins, 87 
glycerophospholipids. Analytical details and specifications 
are reported in Supplementary Information. Concentrations 
of all analyzed metabolites for each sample are expressed as 
μM and shown in Supplementary Table S1.

To identify the significant metabolites involved in 
the responses to PI3K inhibitors, we used a multivariate 
statistical approach (OPLS-DA). We selected a panel 
of deregulated metabolites (s-plot) to significantly 
distinguish treated KRAS-G12C or KRAS-WT 
clones from their untreated counterparts for each time 
(Supplementary Table S2).

The PI3K inhibitors treatment caused substantial 
metabolic changes, dependent on time, treatment and 
KRAS mutational status in NCI-H1299 cells overexpressing 
KRAS-G12C or -WT isoforms (Figure 2). BEZ235 induced 
metabolic changes in KRAS-WT as well as in KRAS-G12C, 
already observable 6h after the treatment and continuing for 
all the time points. BEZ235 affected fewer metabolites in 
KRAS-G12C mutant than in KRAS-WT. BKM120 induced 
more metabolic alterations in the KRAS-G12C mutant clone 
starting from 6h and for all the subsequent time points, while 
in KRAS-WT metabolite levels changed only after 24h of 
treatment (Table 1).

When we focused on metabolites whose abundances 
differed significantly (p<0.05, ANOVA Tukey-Kramer 
HSD) between treated and untreated KRAS isoforms, we 
found that PI3K inhibitors mainly altered amino acids. 
Overall, amino acids concentration tended to decrease 
after 48h of treatment with BEZ235 and BKM120 in 
both KRAS-WT and -G12C clones, with the exception 
of glutamine (Gln), aspartic acid (Asp) and glutamate 
(Glu), whose levels rose strongly only in the mutant 
(Figure 3A, 3B). Serine (Ser) showed a steep increase in 
concentration 48h after BEZ235 and BKM120 in KRAS-
WT (Figure 3C, 3D) but not in the mutant, where its level 
was reduced only by BEZ235 (Figure 3A). Gln, Asp and 
Glu are intermediates of the glutaminolysis to fuel the 
TCA cycle, raising the possibility that the PI3K signaling 
impairment in the KRAS-G12C mutant might interfere 
with this primary source of energy of this cell clone. 
Indeed, as we reported recently [23], only the NSCLC 
harboring KRAS-G12C mutation was addicted to Gln to 
sustain its growth and proliferation. Similar significant 

Table 1: Numbers of metabolites distinguishing treated KRAS-WT or KRAS-G12C clones from their untreated 
counterparts for each time point, using multivariate analysis OPLS-DA, s-plot

 Number of Metabolites

6h 24h 48h

WT G12C WT G12C WT G12C

BEZ235 (25 nM) 38 23 42 28 37 20

BKM120 (1 μM) 0 32 22 25 34 27
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Figure 2: Metabolic responses to PI3K inhibition in NSCLC harboring KRAS-G12C or KRAS-WT isoforms. Heat map 
and hierarchical clustering of discriminant metabolites (OPLS-DA, s-plot) in KRAS-G12C and KRAS-WT NSCLC cell clones treated with 
BEZ235 (25 nM) or BKM120 (1 μM) for 6, 24, 48h. Each row represents a metabolite, each column the average metabolite concentration 
(three biological replicates) for each experimental condition.

Figure 3: Significantly deregulated metabolites in presence of KRAS isoforms after PI3K signaling impairment. Panels 
A, B. Significant (one-way ANOVA, Tukey-Kramer HSD) metabolite concentration ratio (treated vs untreated condition) in NSCLC 
harboring KRAS-G12C mutation, at 6, 24, 48h after 25 nM BEZ235 (A) or 1 μM BKM120 (B). Panels C, D. Significant (one-way ANOVA, 
Tukey-Kramer HSD) metabolite concentration ratio (treated vs untreated condition) in NSCLC harboring KRAS-WT, at 6, 24, 48h after 25 
nM BEZ235 (C) or 1 μM BKM120 (D).
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(p<0.05, ANOVA Tukey-Kramer HSD) decreases in the 
uptake of Gln and Ser were observed in KRAS-G12C 
and KRAS-WT conditioned culture medium after 48h 
of treatment (Supplementary Figure S1A). Neither PI3K 
inhibitor changed hexose consumption (Supplementary 
Figure S1B).

To identify how PI3K inhibitors affected the 
glutamine metabolism, we treated KRAS-G12C and 
KRAS-WT clones with BEZ235 and BKM120 to test 
the gene expression of the key enzymes involved in the 
glutaminolysis pathway (Supplementary Figure S2A) 
and c-MYC, which regulates glutamine uptake and 
metabolism [27]. We found no significant differences in 
the expression levels of these proteins (Supplementary 
Figure S2B, S2C).

PI3K signaling impairment affected autophagy 
in NSCLC KRAS-G12C clone only

A direct link has been reported between the Gln 
metabolism and autophagic activity, mainly through 
the ammonia produced by the deamination of Gln 

(Supplementary Figure S2A) [28, 29]. We measured 
ammonia released in growth medium in our KRAS-G12C 
and KRAS-WT clones after 48h of BEZ235 or BKM120 
treatment. Release was significantly reduced only in the 
KRAS mutant. In the KRAS-WT clone BEZ235 and 
BKM120 did not significantly alter the ammonia level 
(Figure 4A).

To link differences in ammonia release to 
differences in autophagic induction, we investigated the 
level of the autophagosomal marker LC3 in KRAS-WT 
and KRAS-G12C cell clones 48h after P13K inhibitor 
treatment. As shown in Figure 4B and 4C, both PI3K 
inhibitors induced an increase in LC3-II protein in 
KRAS-WT (suggestive of autophagic activity) but 
not in the KRAS-G12C mutant clone. To note, the 
KRAS-WT showed an accumulation of LC3-II also at 
6 and 24h post-treatment (data not shown). The data 
obtained were confirmed using an independent assay 
(Cyto-ID) measuring stained autophagic compartments 
either in untreated and PI3K inhibitors-treated cells 
(Supplementary Figure S5).

Figure 4: Ammonia release and autophagy in presence of KRAS isoforms after PI3K inhibitors. Panel A. Ammonia 
release in conditioned medium of NSCLC cell clones harboring KRAS-G12C or KRAS-WT isoforms 48h after BEZ235 (25 nM) or 
BKM120 (1 μM) treatment. Data are the mean ± SD of three independent experiments. *P < 0.05, one-way ANOVA, Tukey-Kramer HSD. 
Panel B. Representative Western blot analysis reporting the expression of LC3 forms in the KRAS clones at 48 h after BEZ235 (25 nM) or 
BKM120 (1 μM) treatment. Panel C. Band intensities of LC3-II were quantified and individually normalized to Tubulin band intensities. 
Data are expressed as LC3-II expression fold change of treated clones vs controls, which where arbitrarily set to 1. Histograms represent 
mean ± SD of three independent experiments. **P <0.01, *** P <0.001, one-way ANOVA, Tukey-Kramer HSD.
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PI3K inhibitors were able to induce authophagy 
only in KRAS-WT clone.

PI3Ks inhibitors, at doses relevant for 
autophagy, did not alter apoptosis and cell cycle 
phases distribution in KRAS-WT and  
KRAS-G12C clones

Since autophagy and apoptosis can be triggered by 
common upstream signals, and sometimes this results 
in combined induction of autophagy and apoptosis, we 
investigated the activation of caspase 3/7 in our system 
after treatment. Neither of the drugs at the doses used 
for autophagy evaluation had any relevant effect on the 
central step of apoptosis in the two KRAS clones (Figure 
5A and 5B). When the doses of PI3Ks inhibitors were 
doubled (BEZ235 50 nM, BKM120 2 μM), caspase 3/7 
was activated only in the KRAS-WT clone after BKM120 
(Supplementary Figure S3).

To further clarify the behavior of clones, cell cycle 
perturbation was evaluated by flow cytometric analysis 
at different times after BEZ235 or BKM120. Cell cycle 
distribution after the PI3K inhibitors at low doses (25 nM 
BEZ235, 1 μM BKM120) was similar for both KRAS 
isoforms. BEZ235 induced a partial accumulation of cells 
in G1 phase starting at 6h and up to 48h of treatment, 
while a small amount of cells treated with BKM120 was 
intercepted by the G2/M checkpoint 6h after the start of 
treatment (Figure 5C). The percentages of cells in cell 
cycle phase analysis are reported in Supplementary Table 
S3. This pattern was confirmed at higher doses (50 nM 
BEZ235, 2 μM BKM120) (Supplementary Figure S4 and 
Supplementary Table S4), where accumulation in G1 and 
G2/M became evident. At 24h and 48h, clones treated with 
BKM120 showed a reduction of the G2/M peak and an 
increasing sub-G1 peak, more marked in KRAS-WT than 
KRAS-G12C (Supplementary Figure S4), in agreement with 
the observed caspase activity (Supplementary Figure S3).

Figure 5: Apoptosis and cell cycle phase distribution in KRAS-G12C and KRAS-WT cells treated with PI3K inhibitors. 
Panel A, B. Caspases 3 and 7 activities in clones treated with 25 nM BEZ235 (A) and 1 μM BKM120 (B) at the times indicated. The 
averages of three different biological replicates and SD are shown. No significant differences were observed (ANOVA, Tukey-Kramer 
HSD). Panel C. Cell cycle phase distribution in KRAS-G12C and KRAS-WT cells treated with 25 nM BEZ235 and 1 μM BKM120.
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DISCUSSION

KRAS mutations are genetic events that occur 
early in tumor progression and are associated with 
more aggressive tumor phenotypes and/or resistance 
to treatment. KRAS mutations lead to the activation of 
several signaling pathways including PI3K/akt/mTOR 
[11]. In NSCLC, roughly one third of the patients present 
mutation in the KRAS oncogene, with G12C substitution 
being the most frequent and constituting a negative 
predictive factor for response to first-line cisplatin therapy, 
as recently reported by our group [30].

Here we show that the dual PI3K/mTOR inhibitor 
BEZ235 and the pan PI3K inhibitor BKM120 have similar 
activity in terms of cell growth inhibition in KRAS-WT 
and KRAS-G12C mutated clones. In view of this similar 
growth inhibition, and since they induce a comparable 
block in the PI3K signaling pathway, we wondered 
whether this final effect was reached through different 
mechanisms in KRAS-WT and -G12C cells, considering 
their different basal metabolic profiles recently reported by 
our group [23]. This is important since, despite the strong 
efficacy of these inhibitors in pharmacological modulation 
of the PI3K/akt/mTOR pathway at the preclinical level, 
their therapeutic clinical efficacy has been far below 
expectancy. This has been ascribed to several factors: lack 
of specificity, feedback loops and crosstalk mechanisms 
and adaptation of the cellular metabolism [31–33].

More is known about the mechanism of action 
of PI3K inhibitors but nothing about the metabolic 
rewiring they induce on NSCLC harboring different 
KRAS isoforms. Identification of mutant KRAS specific 
metabolic alterations in response to treatment would open 
up the possibility of combining these drugs with specific 
agents on metabolism to maximize their anticancer 
activity. We found that the presence of different KRAS 
isoforms in NSCLC cell clones did indeed induce different 
metabolic responses after pharmacological impairment of 
the PI3K signaling. In particular, the KRAS-G12C mutant 
clone presented alterations of the glutamine metabolism 
supported by the accumulation of glutamine, glutamate 
and aspartic acid, all utilized to generate α-ketoglutarate 
and ammonia to sustain cell proliferation [34]. We 
have already reported that the KRAS-G12C clone was 
addicted to glutamine to grow and proliferate [23], so the 
accumulation of the two main players in the glutaminolysis 
pathway (glutamine and glutamate) indicates that the PI3K 
inhibitors interfered with the principal energy source for 
this cancer cell clone. This effect of the PI3K inhibitors 
was not ascribable to changes in the expression levels of 
the key enzymes in the glutaminolysis pathway, nor to any 
alteration of the expression of the c-MYC gene, which 
regulates glutamine uptake and metabolism [27]. Further 
studies will be necessary to explore the role of other 
pathways to link the PI3K signaling to glutaminolysis in 
the KRAS mutant clone.

In contrast, the KRAS-WT clone did not show 
any significant accumulation of metabolites involved in 
the glutamine metabolism after BEZ235 and BKM120 
treatment, again supporting our previous evidence that 
the KRAS-G12C mutation affects the cell responses 
[5, 6, 23]. Striking accumulation of serine after PI3K 
inhibition was only seen in the KRAS-WT clone. Serine is 
essential in several cellular processes such as synthesis of 
nucleotides, proteins and lipids required for proliferation. 
In anabolic pathways, the serine biosynthetic pathway is 
a crucial turning point in glucose conversion, acting on 
glycolysis [35–37]. Therefore, serine accumulation after 
PI3K inhibition suggests KRAS-WT is unable to use this 
aminoacid properly with the consequent energy unbalance 
that might abrogate NSCLC proliferation capacity [38].

The impairment of glutamine and serine metabolism 
respectively in KRAS-G12C and KRAS-WT clones, 
was also confirmed by the significantly lower uptake of 
glutamine and serine in their conditioned media. These 
altered metabolic pathways represent attractive therapeutic 
targets. For instance agents able to interfere with central 
metabolic pathways already exist and some have been 
shown to be effective in preclinical cancer models [39–
42]. Despite many examples of promising metabolic 
targets for cancer therapy, few studies have addressed 
the issue in the frame of NSCLC therapeutic clinical 
efficacy [43, 44]. Attacking metabolism as a downstream 
consequence of the KRAS mutational status would be 
synergistic with the classical therapy and might result 
in improved therapeutic response of NSCLC. Moreover 
targeting metabolic Achilles’ heels specific to KRAS 
isoforms will help in determining if a sufficient therapeutic 
window exists to spare normal cells and effectively target 
cancer cells. Such targeting strategy might pave the way to 
potential new therapeutic possibilities in NSCLC current 
chemotherapy. To note that despite the efficacy of PI3K/
akt/mTOR inhibitors at preclinical level, their therapeutic 
clinical efficacy has been well below the expectancies. 
Metabolic stress produced by the loss of a single nutrient 
input (e.g. glutamine, serine) can activate autophagy [45]. 
This is a process the cell activates to mitigate damage 
and provide nutrients for short-term survival and mTOR 
is important in this process. Ammonia generated during 
glutamine metabolism induces autophagy and autophagic 
removal of toxic by-products. Ammonia-induced 
authophagy is now thought to occur independently from 
mTOR [29]. We observed that PI3K inhibitors induced 
autophagy, redistributing LC3 markers, only in KRAS-WT 
cells, in which the ammonia level was preserved, whereas 
they did not in the KRAS-G12C clone, where the striking 
drop in ammonia production is plausibly the consequence 
of glutamine metabolism impairment.

This again indicates the presence of different 
metabolic responses induced by KRAS-G12C and KRAS-
WT in NSCLC cells after pharmacological impairment of 
PI3K signaling, although the net effect on cell growth, 
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cell cycle distribution and caspase activation are similar. 
It is likely that KRAS-WT cells activate ammonia-
induced autophagy after drug treatment probably to 
cope with energy imbalance stress (derangement in 
serine metabolism), whereas the KRAS-G12C cells do 
not display this compensatory mechanism triggered 
by ammonia because of their glutamine metabolism 
impairment. Figure 6 visually summarizes our main results 
in relation to the PI3K/akt/mTOR pathways, along with 
the used inhibitors and cell metabolism.

In conclusion, these findings may have important 
implications in NSCLC through the development of 
combination strategies (e.g. nutrient modification) to 
increase the killing of cancer cells expressing mutant 
KRAS, enhancing the selectivity and finally improving 
the therapeutic index.

MATERIALS AND METHODS

Cell cultures and drugs

The NCI-H1299 derived clones were grown in 
RPMI-1640 medium including 500 μg/ml of G418 
(Gibco). Clones were obtained by transfecting the 

NCI-H1299 cell line with the expression plasmids 
encoding for the mutant KRAS-G12C and KRAS-WT as a 
control. Details of transfection, KRAS protein expression 
and activation are reported in our previous works [5, 6] 
and in Supplementary Information.

Cells are routinely tested for mycoplasma 
contamination by PCR and authenticated with the 
PowerPlex 16 HS System (Promega) every six months 
by comparing the STR profiles with those deposited in 
ATCC and/or DSMZ databases. All drugs were dissolved 
in medium just before use. Treatments were performed 
with BEZ235 at 25 nM or with BKM120 at 1 μM for 
6h, 24h and 48h unless otherwise specified. The MTS 
assays (Promega) were done as described in [6]. Survival 
curves were plotted as percentages of untreated controls, 
consisting in at least six replicates for each time point, 
and show the mean and SD of at least three independent 
experiments.

Metabolomic samples

NCI-H1299 cell lines harboring KRAS-G12C 
or KRAS-WT isoforms treated with BEZ235 (25 
nM) or BKM (1 μM) and their untreated counterparts 

Figure 6: Schematic overview summing up the effects of PI3K inhibitors in NSCLC harboring G12C or WT KRAS 
isoforms observed in this study. Schematic diagram depicting the most representative KRAS/PI3K/AKT/mTOR signaling pathway 
and its connection to cellular metabolism. Dashed lines refers to complex connections not detailed for clarity. Colored boxes refer to 
metabolites (circle)/proteins (rectangle) measured in this study. Arrows indicate metabolite/protein whose level is increased/decreased after 
PI3K inhibitor treatment compared to untreated conditions in G12C (red) and WT (blue) KRAS clones compare to untreated conditions.
Equal (=) sign indicates metabolite/protein whose level does not change after PI3K inhibitor treatment in G12C (red) and WT 
(blue) KRAS clones compare to untreated conditions.
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were collected after 6, 24 and 48h of drug treatment. 
Metabolites were extracted as reported [23]. Briefly, 
NSCLC cell, of each clone and experimental condition 
(three biological replicates/clone/condition) were rapidly 
rinsed in saline solution (~ 2s), aspirated, and metabolism 
was quenched by adding ~15 mL of liquid N2 to the 
dish. The plates were then stored at -80°C, and extracted 
and analyzed within seven days. Extraction was done 
by adding 1 mL of ice-cold MeOH to each plate and 
cells were scraped. Extracts were transferred to 1.5 mL 
micro-centrifuge tubes and pelleted at 4°C for 15 min at 
10000xg.

Conditioned cell culture medium was collected 48 
h after inhibitors treatment, 1mL of each culture medium 
was filtered (0.2 μm; Corning, Wiesbaden, Germany) 
and thirty microliters of filtered medium were used for 
metabolomic analysis.

Absolute metabolite profiling

A targeted quantitative approach using a combined 
direct flow injection and liquid chromatography 
(LC) tandem mass spectrometry (MS/MS) assay 
(AbsoluteIDQ 180 kit, Biocrates) was applied for 
the metabolomics analysis. The method combines 
derivatization and extraction of analytes with the selective 
mass-spectrometric detection using multiple reaction 
monitoring (MRM) pairs. Isotope-labeled internal 
standards are integrated into the platform for metabolite 
absolute quantification. This targeted strategy allows for 
simultaneous detection and quantification of up to 186 
metabolites from five analyte groups: acylcarnitines, 
amino acids, biogenic amines, hexoses (sum of hexoses), 
phosphatidylcholines (PCs), and sphingomyelins (SMs) 
(Supplementary Table S5). Samples were analyzed (30 
microL) using an LC/MS (Triple quad 5500; AB Sciex) 
method (for analysis of amino acids and biogenic amines) 
followed by FIA-MS (analysis of lipids, acylcarnitines and 
hexose). Analytical details and specifications are reported 
in Supplementary Information.

The method of AbsoluteIDQ p180 kit has been 
proven to be in conformance with FDA Guideline 
Guidance for Industry—Bioanalytical Method Validation 
(May 2001), which implies proof of reproducibility within 
a given error range. Data evaluation for quantification 
of metabolite concentrations and quality assessment 
have been performed with the MetIDQ software 
package, which is an integral part of the AbsoluteIDQ 
kit. The metabolite concentration of each metabolite in 
each experimental condition were compared with the 
measurement detection limit specifications as reported 
by the manufacturer of the AbsoluteIDQ p180 kit 
(Biocrates). A metabolite was excluded from further 
analyses if its concentration measurement data did not 
meet all of the following criteria: (1) less than 20% of 
missing values (non-detectable peak) for each quantified 
metabolite in each experimental group; (2) 50% of all 

sample concentrations for the metabolite had to be above 
the limit of detection (LOD).

Metabolite data expressed as micromolar 
concentration (μM), from each experimental condition 
(cell clones/treatments), were examined using the 
SIMCA-P13 software package (Umetrics) for multivariate 
analysis. The variables were scaled using Pareto. To 
maximize class discrimination, the data were analyzed 
by orthogonal partial least-squares discriminant analysis 
(OPLS-DA). S-plots were calculated to visualize the 
relationship between covariance and correlation within the 
OPLS-DA results. Heat map and Hierarchical clustering 
were done using the MeV module of the TM4 package 
(http://www.TM4.org).

One-way ANOVA and multiple comparisons test 
were done on OPLS-DA discriminant metabolites (Tukey-
Kramer HSD, Prism v. 6.05; GraphPad Software Inc) to 
identify metabolites differing significantly between treated 
and untreated KRAS isoforms.

Real-time PCR

Total RNA was reverse-transcribed with a High-
Capacity cDNA Kit (Life Technologies) and amplified by 
7900HT Sequence Detection System (Life Technologies). 
Actin was used as internal control. Primers and TaqMan 
probes were purchased for all genes as ready-to-use 
solutions (Life Technologies). Two samples that showed 
at least two-fold differences were considered differently 
expressed.

Western blotting analysis

Proteins were extracted and visualized as reported in 
[30]. Immunoblotting was carried out with the following 
antibodies: anti-p70S6K(Thr389) #9206, anti-p70S6K 
#9202, anti-S6(Ser235/236) ribosomal protein #2211, 
anti-S6 ribosomal protein 2217#, anti-4E-BP1(Thr37/46) 
#2855, anti-4E-BP1 #9644 provided by Cell Signalling 
Technology. Anti-Erk #sc94, anti-Erk(Tyr204) #sc7383, 
anti-KRAS #sc30 and anti-tubulin#9104 were obtained 
from Santa Cruz Biotechnology. Anti-LC3 #PM036 was 
obtained from MBL.

Caspases 3 and 7 activity

Twenty-four hours after cell plating, BEZ235 (25 
and 50 nM) or BKM (1 and 2 μM) was added. Twenty-
four or 48h later, caspase activity was assessed using 
the Caspase-Glo 3/7 Assay (Promega) according to the 
manufacturer’s instructions.

Cell cycle analysis

Sample preparation and monoparametric DNA 
histograms analysis were done in untreated or treated 
BEZ235 (25 nM) or BKM (1 μM) as described in [6].
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Ammonia levels

Ammonia levels were measured in cell-conditioned 
medium in NSCLC harboring KRAS-G12C or KRAS-WT 
isoforms 48 hours after BEZ235 (25 nM) or BKM120 (1 
μM) treatment, following the manufacturer’s instruction 
(Ammonia assay kit, Abcam).

Statistical analyses

Statistical analyses were done using GraphpadPrism 
version 6.05. Tests to analyze specific experiments are 
indicated in the legends to the figures. Differences between 
groups were considered statistically significant when the 
p-values were ≤0.05.
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