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Abstract. During tumorigenesis, oncogene activation and 
metabolism rewiring are interconnected. Activated c‑Myc 
upregulates several genes involved in glutamine metabolism, 
making cancer cells dependent on high levels of this amino 
acid to survive and proliferate. After studying the response to 
glutamine deprivation in cancer cells, it was found that gluta‑
mine starvation not only blocked cellular proliferation, but 
also altered c‑Myc protein expression, leading to a reduction 
in the levels of the canonical c‑Myc isoform and an increase in 
the expression of c‑Myc 1, a c‑Myc isoform translated from an 
in‑frame 5' CUG codon. In an attempt to identify nutrients able 
to counteract glutamine deprivation effects, it was shown that, 
in the absence of glutamine, asparagine permitted cell survival 
and proliferation, and maintained c‑Myc expression as in 
glutamine‑fed cells, with high levels of canonical c‑Myc and 
c‑Myc 1 almost undetectable. In asparagine‑fed cells, global 
protein translation was higher than in glutamine‑starved cells, 
and there was an increase in the levels of glutamine synthe‑
tase (GS), whose activity was essential for cellular viability 
and proliferation. In glutamine‑starved asparagine‑fed cells, 
the inhibition of c‑Myc activity led to a decrease in global 
protein translation and GS synthesis, suggesting an association 
between c‑Myc expression, GS levels and cellular proliferation, 
mediated by asparagine when exogenous glutamine is absent.

Introduction

The high rates of growth and proliferation that characterize 
cancer cells require a very active anabolic metabolism to abun‑
dantly synthesize the different macromolecules constituting 
structural and functional cellular components (1,2). Oncogenic 
mutations, the increased usage of exogenous nutrients and the 

activation of specific metabolic pathways are all factors that 
reciprocally influence each other in the rewiring of cancer cell 
metabolism (3).

Elevated glucose uptake and high levels of glycolysis, 
despite the presence of oxygen, were established as features 
of cancer cells in the middle of the last century, when Otto 
Warburg described these phenomena in a seminal paper (4). 
Glycolytic intermediates are diverted towards anabolic 
pathways for the biosynthesis of nucleotides, amino acids 
and lipids, thus increasing the synthesis of macromolecule 
building blocks (5). Glutamine uptake and metabolism are 
also frequently boosted in cancer cells. Glutamine catabolism 
provides anaplerotic intermediates for the tricarboxylic acid 
cycle (6), as well as precursors for the biosynthesis of nucleo‑
tides, all the non‑essential amino acids (NEAAs), glutathione 
(GSH), one of the major cellular antioxidant defenses, and 
ATP energy (7,8).

Since several oncogenes control the expression of metabolic 
genes, oncogenic alterations are important players in cancer 
cell metabolic reprogramming (9,10). Activated c‑Myc, for 
example, upregulates genes involved in glucose or glutamine 
uptake and catabolism (11). In addition, the constitutive growth 
program driven by oncogenic c‑Myc makes cells depend on 
exogenous nutrients to survive, in particular glutamine, despite 
it being a NEAA that cells can synthesize (12). Glutamine is 
synthesized from glutamate and ammonia by the enzyme 
glutamine synthetase (GS; also known as glutamate ammonia 
ligase, GLUL) (7). In some cancer cell lines, c‑Myc can also 
indirectly upregulate GS expression, promoting the expression 
of a demethylase acting on its promoter (13). GS levels can also 
be post‑transcriptionally regulated by glutamine levels (14).

c‑Myc expression itself can be modulated by nutrient 
levels, both at the transcriptional level and also during trans‑
lation (15‑20). Hann et al (15) showed that cell growth at a 
high density, in exhausted culture medium or in the absence 
of methionine, altered c‑Myc translation initiation. In these 
conditions, c‑Myc synthesis was induced from an in‑frame 
CUG translation initiation site located in the 5'‑untranslated 
region, giving rise to a c‑Myc isoform with 15 additional 
amino acids. To date, contrasting results have been obtained 
on the possible function of this non‑canonical c‑Myc isoform, 
known as c‑Myc 1, with contradictory data showing either a 
cell growth inhibitory function of c‑Myc 1 (21) or indistin‑
guishable properties, compared with canonical c‑Myc (22). 
Recently, Sato et al (23) showed that the two c‑Myc isoforms 
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had different transcriptional targets, with canonical c‑Myc 
specifically promoting the expression of genes associated with 
cell growth and transformation (23).

Given the role of glucose and glutamine in cancer cell 
growth, these nutrients and their metabolism are under inves‑
tigation as possible targets for cancer cell therapy (24‑26). 
Hence, it is important to identify factors that can counteract 
the detrimental effects of nutrient shortage and thus prevent 
therapeutic results. Recently, it has been shown that aspara‑
gine can sustain cell survival in the absence of glutamine 
by suppressing C/EBP homologous protein induction and 
apoptosis following glutamine starvation  (27). Moreover, 
asparagine has been found capable of supporting proliferation 
in the absence of glutamine, allowing a basal level of protein 
synthesis higher than in glutamine‑deprivation conditions, 
particularly by increasing the synthesis of GS, and hence 
endocellular glutamine levels (28).

In our laboratory, we developed a cellular system (cen3tel) 
that recapitulates neoplastic transformation of human fibro‑
blasts (29‑33). The analysis of gene and microRNA expression 
of cells at different phases of the transformation process 
suggested the occurrence of metabolic reprogramming during 
transformation, which was particularly associated with c‑Myc 
overexpression (30,32). The deep cellular and molecular char‑
acterization of these cells makes them a suitable and valuable 
tool with which to study cancer cell metabolism. In our previous 
study, the cellular response to glutamine or glucose deprivation 
in cen3tel cells was studied and it was shown that tumorigenic 
cells had become glutamine‑addicted  (34). In fact, in the 
absence of exogenous glutamine, cells underwent a prolonged 
growth arrest (72‑96 h) and then began to die. By contrast, 
glucose deprivation led to cell death more quickly (within 48 h) 
and induced autophagy. In the present study, cen3tel cells and 
other cancer cell lines were used to study the relationship 
between nutrient deprivation and c‑Myc expression, along with 
the role of asparagine in counteracting the detrimental effects 
of glutamine starvation. The results suggested an association 
between c‑Myc expression and the asparagine capacity to allow 
cell proliferation in the absence of glutamine, possibly through 
a c‑Myc‑mediated increase in GS levels.

Materials and methods

Cell lines and culture. In the present study, cen3tel cells at 
~1,000 population doublings (PDs) after telomerase immortal‑
ization were used. These cells are tumorigenic and metastatic 
in nude mice and carry a mutation in the TP53 codon 161, 
which has been used to confirm the identity of the cen3tel cells 
used in the present study (30,35).

The following cells were used in the present study: Cen3tel, 
MDA‑MB‑231 (human metastatic breast cancer), U2OS 
(human osteosarcoma), A375MC2 [high metastatic melanoma 
cell line (36); a generous gift from Dr Richard Hynes, Howard 
Hughes Medical Institute, Center for Cancer Research, 
Cambridge, MA, USA), SW480 (human colon adenocar‑
cinoma) and HeLa (human cervix carcinoma). Cells were 
cultured as previously described (34). Cells were counted using 
Burker chambers. Stock solutions of single NEAAs (Merck 
KGaA) were prepared by dissolving aspartic acid and glutamic 
acid in PBS (at a concentration of 25 and 50 mM, respectively), 

and alanine, asparagine and proline in distilled water (at a 
concentration of 150 mM). Solutions were then sterilized by 
filtration. To carry out nutrient deprivation experiments, cells 
were plated in complete medium [except for the experiments 
with methionine sulfoximine (MSO), see below] and when 
they had reached a density of ~2‑3x105 cells/cm2, they were 
processed as previously described (34). In the experiments in 
which cells were propagated in different culture conditions, 
cells were plated in complete medium and after 24 h they were 
incubated for an additional 24 h in the absence of glutamine 
and presence of the desired NEAAs. Then cells were collected, 
counted (first passage) and replated in a defined number in a 
medium with the same composition as that in which they were 
cultured. Cell harvesting was repeated three additional times 
every 48 or 72 h (second, third and fourth passage). For each 
culture condition, the number of cells obtained at each passage 
was used to calculate the number of PDs/day performed by 
the cells between each passage, which was considered as a 
measure of cell growth in the different media. Experiments 
were repeated at least three times with three replicates, unless 
otherwise specified.

Treatments. The MG132 (Merck KGaA) stock solution was 
prepared in DMSO at a concentration of 25 mM and kept 
at ‑20˚C. Cells were exposed to 25 µM MG132 during the last 
2 or 4 h of incubation in the different nutrient conditions.

The puromycin (Merck KGaA) stock solution was prepared 
in sterile water at a concentration of 12 mM and was then ster‑
ilized by filtration and stored at ‑20˚C. During the last 10 min 
of incubation in the different nutrient conditions, cen3tel 
and MDA‑MB‑231 cells were incubated with 90 or 2.5 µM 
puromycin, respectively.

The MSO (Thermo Fisher Scientific, Inc.) stock solution 
was prepared in sterile water at a concentration of 200 mM, 
filtered and stored at ‑20˚C. MSO treatment was performed 
by plating cells directly in the different nutrient‑containing 
media with or without 2 mM MSO. Cells were collected after 
96 or 144 h of incubation. The medium was refreshed 96 h 
after incubation.

The 10074‑G5 (Cayman Chemical Company) stock solu‑
tion was prepared in DMSO at a concentration of 20 mM and 
stored at ‑20˚C. Cells were exposed to 10074‑G5 during the 
entire incubation period in the different nutrient conditions.

The reduced GSH (Merck KGaA) stock solution was 
freshly prepared in DMEM for each experiment at a concen‑
tration of 100 mM. Twenty‑four hours after plating, cells were 
incubated in the different nutrient conditions with or without 
5 mM GSH (Merck KGaA) for a further 24 h. Growth was 
determined by calculating the number of PDs/day performed 
by each cell sample in the time interval between plating and 
cell harvesting.

When drugs were dissolved in DMSO, control cells 
were treated with the same DMSO concentration reached in 
drug‑exposed samples.

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted using QIAzol reagent 
(Qiagen GmbH). cDNA was generated from 1 µg RNA using 
the QuantiTec Reverse Transcription Kit (Qiagen GmbH). 
Gene expression was quantified using SYBR®‑Green 
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chemistry with a QuantiTect SYBR Green kit (Qiagen GmbH) 
using the QuantiTect Primer Assay specific for each target 
gene (Hs_MYC_1_SG; Hs_GLUL_1_SG, Hs_GUSB_1_SG; 
Qiagen GmbH). qPCR was performed on the Light Cycler 480 
(Roche Diagnostics), using 96‑well reaction plates (Roche 
Diagnostics). Raw data were normalized to the GusB house‑
keeping gene and the relative expression was calculated 
using the ΔΔCq method (37) and expressed as fold change 
(FC)=2‑∆ΔCq. qPCR analysis was carried out at least three 
times using different biological replicates.

Western blotting. Whole‑cell lysates for western blot analysis 
were prepared using RIPA lysis buffer [1% Nonidet P‑40, 
50 mM Tris‑HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 0.1% DOC, 
1X protease inhibitor cocktail (Thermo Fisher Scientific, Inc.), 
and 1X phosphatase inhibitor cocktail (Roche Diagnostics)]. 
The following antibodies recognizing human proteins were 
used: Anti‑c‑Myc rabbit monoclonal (cat.  no.  ab32072; 
1:10,000; Abcam), anti‑puromycin mouse monoclonal 
(cat.  no.  MABE343; 1:10,000; Merck  KGaA), anti‑GS 
mouse monoclonal (cat. no. 610517; 1:250; BD Transduction 
Laboratories), anti‑poly(ADP‑ribose) polymerase 1 (PARP1) 
rabbit monoclonal (cat.  no.  ab191217; 1:1,000; Abcam), 
anti‑poly(ADP‑ribose) (PAR) chains mouse monoclonal 
(cat.  no.  sc‑56198; 1:1,000; Santa Cruz Biotechnology, 
Inc.), anti‑vinculin mouse monoclonal (cat.  no.  05‑386; 
1:5,000; Merck KGaA), anti‑γ‑tubulin mouse monoclonal 
(cat. no. T6557; 1:10,000; Merck KGaA), anti‑β‑actin mouse 
monoclonal (cat.  no.  A2066; 1:10,000; Merck  KGaA). 
Incubations with primary antibodies were carried out over‑
night at 4˚C. Primary antibodies were probed by a secondary 
horseradish peroxidase‑conjugated antibody (anti‑mouse, 
cat. no. 115‑035‑146; anti‑rabbit, cat. no. 111‑035‑144; 1:5,000; 
Jackson ImmunoResearch Laboratories, Inc.) for 1 h at room 
temperature. Protein bands were visualized using an enhanced 
chemiluminescent reagent (Clarity™; Bio‑Rad Laboratories, 
Inc.). The intensity of the band in each sample was quanti‑
fied using QuantityOne software (Bio‑Rad Laboratories, Inc.), 
corrected for the intensity of the corresponding band obtained 
with the anti‑γ‑tubulin, anti‑vinculin, or anti‑actin antibodies, 
and then normalized to the appropriate control sample.

Western blotting experiments were repeated at least 
three times and with independent biological replicates. 
Representative images of the results are shown in the figures.

Statistical analysis. Statistical analysis was performed using 
ANOVA single factor for comparison of means of multiple 
groups followed by Bonferroni post‑hoc test, and two‑tailed 
Student's t‑test for comparison between two groups (Microsoft 
Excel, version 16.16.24 was used). P<0.05 was considered to 
indicate a statistically significant difference.

Results

c‑Myc expression is altered in cells starved of glutamine 
and/or glucose. Given the profound effects of glutamine and 
or/glucose deprivation on cell growth and viability in cen3tel 
cells (34) and the association between c‑Myc and metabolism, 
the expression of this oncogene was analyzed in the different 
starved samples.

The deprivation of each nutrient caused a rapid and specific 
change in c‑Myc protein expression (Fig. 1A). In glucose‑starved 
specimens, c‑Myc levels were higher than in control cells 
6‑48 h after starvation and then declined (Fig. 1A), when cells 
started detaching from the culture dish and died (34).

Glutamine starvation led to a decrease in the levels of 
canonical c‑Myc and the synthesis of the longer c‑Myc isoform, 
c‑Myc 1 (Fig. 1A), which was described by Hann et al (15) in 
cells grown in harsh culture conditions or in the absence of 
methionine. This suggested that, in the absence of glutamine, 
c‑Myc synthesis can start from the cryptic CUG translation 
initiation site. c‑Myc 1 expression began to appear 6 h after 
glutamine deprivation; 12 h after starvation, the two c‑Myc 
isoforms were almost equally represented and together gave 
a c‑Myc level similar to that observed in control cells (at 12, 
16 and 20 h, the levels of the two isoforms together vs. c‑Myc 
in control cells, was 0.8, 0.7 and 1.1, respectively; Fig. 1A).

Double‑deprived cells had a mixed behavior (Fig. 1A); 
at 9‑12 h after deprivation, c‑Myc expression was higher than 
in control cells, but the c‑Myc 1 band was also detectable. At 
subsequent incubation times, c‑Myc levels were found to be 
diminished. Of note, at that stage, double‑deprived cells had 
detached from the culture dish and started dying (34).

c‑Myc expression was analyzed at the RNA level in samples 
starved of the different nutrients for 8‑24 h by RT‑qPCR 
(Fig. 1B). In all the conditions and at all the time points, 
c‑Myc RNA levels were higher in starved cells compared with 
control cells, regardless of the protein level. In particular, in 
glutamine‑starved cells, the higher RNA expression was not 
accompanied with a higher c‑Myc protein level, indicating a 
translational impairment.

Characterization of c‑Myc 1 expression in glutamine‑starved 
cells. The synthesis of the two c‑Myc isoforms in the absence 
of glutamine indicated a link between glutamine availability 
and c‑Myc translation from the cryptic CUG initiation site, 
which, to the best of our knowledge, has not been described 
so far. Thus, the present study aimed to further characterize 
c‑Myc 1 expression in the absence of glutamine. First, it was 
investigated whether c‑Myc 1 was present in other cancer 
cell lines (namely MDA‑MB‑231, U2OS, A375MC2, SW480 
and HeLa) cultured in the absence of glutamine. As shown in 
Fig. 2A, the association between glutamine deprivation and 
c‑Myc 1 expression was not restricted to cen3tel cells. In fact, 
24 h after glutamine starvation, c‑Myc 1 was expressed in a 
nearly 1:1 ratio with canonical c‑Myc in MDA‑MB‑231 and 
HeLa cells. In the other cell lines, c‑Myc 1 expression was 
induced in the absence of glutamine, but this isoform repre‑
sented a lower fraction of the total c‑Myc compared with that 
in cen3tel, MDA‑MB‑231 and HeLa cells.

Using cen3tel cells, c‑Myc 1 expression was further char‑
acterized in the absence of glutamine. It was shown that the 
increase in c‑Myc 1 synthesis was reversible when glutamine 
levels were restored. In fact, c‑Myc 1 became undetectable 
when cen3tel cells starved of glutamine for 24 h were fed with 
complete medium for 24 h (Fig. 2B). Glutamine supplementa‑
tion also led to the recovery of cellular proliferation (Fig. 2B).

Since c‑Myc undergoes a rapid turnover, being degraded 
by the proteasome, it was examined whether the two c‑Myc 
isoforms were characterized by the same turnover. Thus, 
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24 h‑glutamine‑starved cen3tel cells were exposed to the 
MG132 proteasomal inhibitor for 2 or 4 h, and the same results 
were reported for both isoforms, that is, a compromised accu‑
mulation of both isoforms in the presence of the proteasomal 
inhibitor (Fig. 2C). This suggested that 24 h after glutamine 
deprivation, the synthesis and degradation of both c‑Myc 
isoforms were impaired.

In glutamine‑starved cells, asparagine is necessary and suffi‑
cient to maintain c‑Myc expression just as in the presence of 
glutamine and allows cell survival and proliferation. Given that 
glutamine is a key precursor for the biosynthesis of NEAAs (7,8), 
it was analyzed whether single NEAAs, namely alanine, aspara‑
gine, aspartic acid, glutamic acid and proline (serine and glycine 
were not tested, as they are present in the culture medium), or a 

Figure 2. Characterization of c‑Myc expression in glutamine‑starved cells. c‑Myc expression was analyzed by western blotting. In all the western blot panels, 
γ‑tubulin was used as the loading control. (A) c‑Myc expression in different cancer cell lines deprived of glutamine for 24 h. MDA, MDA‑MB‑231 cells. 
(B) Cell proliferation and c‑Myc expression in cen3tel cells deprived of glutamine for 24 h and then re‑fed with glutamine‑containing medium for 24 h (24R in 
the figure). (C) c‑Myc expression in cen3tel cells starved for glutamine for 24 h and exposed to 25 µM MG132 during the last 2 or 4 h of starvation. Cells 
cultured in the presence of glutamine were analyzed in parallel. Gln, glutamine.

Figure 1. c‑Myc expression in glucose‑ and/or glutamine‑starved cells. (A) Western blot analysis of c‑Myc expression in cen3tel glucose‑ and/or glutamine‑starved 
cells for up to 72 h. γ‑tubulin was used as the loading control. (B) RT‑qPCR analysis of c‑Myc expression in cen3tel glucose‑ and/or glutamine‑starved cells for 
up to 24 h. For each time point, the expression of c‑Myc in cells cultured in the different culture conditions is shown as Log2FC relative to c‑Myc expression 
in cells cultured in the presence of glutamine. Error bars: Standard deviation. *P<0.05, **P<0.01, ***P<0.005. Gln, glutamine; Gluc, glucose; RT‑qPCR, reverse 
transcription quantitative PCR; FC, fold change.
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pool of them, could compensate for the absence of glutamine in 
the culture medium for both c‑Myc synthesis and cell growth.

As shown in Fig. 3A, in cen3tel cells incubated with either 
alanine, aspartic acid, glutamic acid or proline, the same 

pattern of c‑Myc expression as that in glutamine‑starved cells 
was observed. By contrast, following asparagine supplementa‑
tion, the pattern of c‑Myc expression was the same as that in 
control cells, with the expression of c‑Myc 1 almost undetectable 

Figure 3. Asparagine is necessary and sufficient to maintain c‑Myc expression as in the presence of glutamine and allows cell survival and proliferation. 
NEAAs, a pool of alanine, aspartic acid, glutamic acid and proline at a concentration of 0.1 mM each, with or without 0.1 mM asparagine. In the western blots, 
γ‑tubulin or actin were used as the loading control. (A) Western blot analysis of c‑Myc expression in cen3tel cells cultured for 24 h in the indicated medium; 
for each NEAA, increasing concentrations were tested, for alanine, aspartic acid, glutamic acid and proline, concentrations were 0.1, 0.5 and 1.0 mM, for 
asparagine 0.1, 0.5, 1.0, 1.5 and 2.0 mM. (B) RT‑qPCR of c‑Myc expression in cen3tel cells cultured for 24 h in the indicated medium. The expression of c‑Myc 
in cells cultured in the different culture conditions is shown as Log2FC relative to c‑Myc expression in cells cultured in the presence of glutamine. Error bars: 
Standard deviation. *P<0.05, ***P<0.005. (C) Western blot analysis of c‑Myc expression in cells cultured for 24 h in the indicated medium and incubated with 
25 µM MG132 during the last 2 h of culture. (D) Cen3tel cell propagation in different media. In the histogram, each column represents the number of PDs/day 
performed by the cells in the different culture conditions, starting from the second passage. An exemplificative experiment is shown. (E) Western blot analysis 
of c‑Myc expression in cells propagated in the absence of glutamine and in the presence of 0.1 or 1.0 mM asparagine for four passages. (F) Western blot 
analysis of c‑Myc expression in cen3tel cells incubated for 24 h in the medium indicated above the lanes (first three lanes) and then fed with different media 
for 24 h (lanes, 24 h recovery) or for two passages (lanes, 2 passage recovery). The incubation medium during the recovery period is indicated above the lanes, 
the original medium in which each cell sample was incubated for the first 24 h is indicated below the lanes. Gln, glutamine; Ala, alanine; Asn, asparagine; Asp, 
aspartic acid; Glu, glutamic acid; Pro, proline; NEAAs, non‑essential amino acids; RT‑qPCR, reverse transcription‑quantitative PCR.
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and high levels of canonical c‑Myc (~2‑3  times higher than 
in glutamine‑starved cells). Asparagine was effective at a 
concentration of 0.1 mM, which is close to the physiological 
concentration of this amino acid (38). The relevance of aspara‑
gine on c‑Myc expression was confirmed by the observation that 
in glutamine‑starved cells incubated in medium supplemented 
with the pool of the 5 NEAAs, c‑Myc was synthesized as in the 
presence of asparagine only, while in cells grown with a pool 
of NEAAs devoid of asparagine, c‑Myc was expressed as in 
glutamine‑starved cells. Thus, asparagine is necessary and suffi‑
cient to maintain canonical c‑Myc synthesis in the absence of 
glutamine and to promote c‑Myc translation from the canonical 
initiation site. The same result was obtained in MDA‑MB‑231 
cells, which expressed high levels of c‑Myc 1 in the absence of 
glutamine, but not in the presence of asparagine (Fig. S1A).

As far as c‑Myc transcription is concerned, in cen3tel cells 
incubated in the presence of asparagine and in the absence of 
glutamine, there were increased levels of c‑Myc RNA compared 
with control cells, but decreased levels compared with gluta‑
mine‑starved cells (Fig. 3B). When cells were incubated with 
a pool of the 4 NEAAs (alanine, aspartic acid, glutamic acid 
and proline), no changes in c‑Myc RNA levels were observed 
compared with glutamine‑starved cells, while, when asparagine 
was added to the pool, c‑Myc transcription was decreased 
(Fig. 3B). These results suggested that, in the absence of gluta‑
mine but presence of asparagine, c‑Myc expression was still 
upregulated at the transcriptional level and, being the RNA effi‑
ciently translated, gave rise to high levels of canonical c‑Myc.

In glutamine‑starved cen3tel cells, asparagine supported a 
c‑Myc turnover comparable to that observed in control cells, 
while a pool of alanine, aspartic acid, glutamic acid and proline 
did not allow c‑Myc accumulation in the absence of glutamine 
when the proteasome was inhibited by MG132 (Fig. 3C).

Considering the effect of NEAAs on c‑Myc expression, 
it was further analyzed whether NEAAs, and in particular 
asparagine, had an influence on cell growth in the absence 
of glutamine. As previously mentioned, glutamine‑starvation 
at 24‑72 h led to cen3tel cell growth arrest. When cells were 
incubated for these periods of time in the absence of gluta‑
mine and in the presence of NEAAs, either singly or in pools, 
no significant differences were detected in the cell number 
between glutamine‑starved and NEAA‑supplemented cells 
(Fig. S2). Longer‑term experiments were therefore performed, 
in which cells were propagated in the different experimental 
conditions for four passages. As shown in Fig.  3D, cells 
grown in the absence of glutamine or in glutamine‑free 
media supplemented with proline or aspartic acid did not 
grow between the first and the second passages. At the third 
passage, most cells were floating in the medium. In the other 
culture conditions, cells showed an increase in cell number 
relative to seeding, but decreased numbers compared with the 
control cells. At the subsequent passages (III and IV), only 
asparagine supplementation (either alone or in combination 
with the other NEAAs) allowed cell growth in the absence 
of glutamine, although at a lower rate compared with cells 
grown in glutamine‑containing medium. Therefore, aspara‑
gine is necessary and sufficient for cell growth in the absence 
of glutamine.

The analysis of c‑Myc expression in cells collected at 
the fourth passage confirmed that glutamine‑starved cells 

cultured in the presence of asparagine expressed high levels 
of canonical c‑Myc, similar to cells propagated in complete 
medium (Fig. 3E).

Finally, it was examined whether asparagine was able 
to rescue canonical c‑Myc expression in cells that had been 
starved for glutamine. As expected, 24 h after glutamine depri‑
vation (Fig. 2B and 3F), the addition of glutamine allowed a 
complete recovery of canonical c‑Myc expression in cen3tel 
cells; cells re‑fed with medium without glutamine continued 
to exhibit an equal expression of the two c‑Myc isoforms, 
while cells re‑fed with asparagine still expressed c‑Myc 1, but 
showed an increase in canonical c‑Myc levels (Fig. 3F). In fact, 
the ratios between the intensities of the c‑Myc and c‑Myc 1 
bands were 1.1 in the sample re‑fed without glutamine, and 
2.1 in that re‑fed with asparagine. When cells re‑fed with 
asparagine were maintained in culture for two passages, the 
pattern of c‑Myc expression became indistinguishable from 
that observed in cells always maintained in medium with 
glutamine or asparagine, or re‑fed with glutamine following 
glutamine deprivation (Fig. 3F).

Thus, in glutamine‑starved cells, asparagine allows high 
levels of canonical c‑Myc synthesis, cell survival and prolif‑
eration, although at lower rates compared with the presence 
of glutamine.

GSH prevents PARP1 activation in glutamine‑starved 
asparagine‑supplemented cells. In our previous study, gluta‑
mine deprivation was shown to lead to PARP1 activation, 
with high levels of PARP1 auto‑(poly‑ADP) ribosylation 
(PARylation) and protein PARylation (34). In fact, compared 
with cells grown in the presence of glutamine, in cells deprived 
of glutamine for 24 h, the anti‑PARP1 antibody revealed a 
reduced intensity of the PARP1 band and an increased series 
of higher molecular weight bands (Fig. 4A); this was paralleled 
by an intense signal highlighted by the antibody against PAR 
chains, which confirmed the activation of PARP1 in these 
cells (Fig. 4A). Herein, PARP1 was also found to be activated 
when glutamine‑starved cen3tel cells were supplemented with 
asparagine; in fact, in these cells, the signals obtained with 
either the PARP1 antibody or the anti‑PAR chain antibody 
were comparable to those obtained in glutamine‑starved cells 
(Fig. 4A). This suggested that asparagine was not sufficient to 
prevent cellular stress, due to the absence of glutamine, which 
could contribute to the lower proliferation rate observed in cells 
cultured without glutamine but in the presence of asparagine.

Given that glutamine is essential for GSH synthesis (7,8), 
it was examined whether the addition of GSH to the culture 
medium could decrease PARP1 activation in the absence 
of glutamine. Indeed, it was found that GSH supplementa‑
tion reduced both the PARP1 smeared signal and protein 
PARylation (Fig. 4B) and increased cellular proliferation 
(Fig. 4C). This suggested that oxidative stress plays a role in 
blocking cell growth in the absence of glutamine, and that 
asparagine alone is not able to counteract this phenomenon.

In asparagine‑supplemented glutamine‑starved cells, 
global protein synthesis and GS levels are higher than in 
cells cultured in the absence of glutamine. Since aspara‑
gine is mainly used for protein synthesis in mammalian 
cells (39), it was analyzed whether asparagine could have 
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a positive effect on global protein synthesis in cells starved 
for glutamine, which could in turn positively affect cell 
survival and proliferation. Evaluating the incorporation 
of puromycin, a tyrosyl‑tRNA mimetic in cen3tel cells 
incubated in different culture media (Fig. 5A), it was found 
that a 24 h glutamine starvation period decreased protein 
synthesis to ~50% compared with control cells, while 
asparagine in the absence of glutamine allowed a higher 
level of protein synthesis; however, this was still lower 
than in control cells (60‑65% of control cells). Similar 
levels of protein synthesis were detected both 24 h after 
incubation of glutamine‑starved cells in the presence of 
asparagine and following propagation of the starved cells 
in asparagine‑containing medium for three passages. These 
results were consistent with the observation that glutamine 
deprivation led to a modest increase in eIF2α phosphoryla‑
tion, compared with control cells, which was not detected 
following asparagine supplementation (Fig. 5B). The higher 
level of protein synthesis in glutamine‑deprived cells fed 
with asparagine, compared with those starved for glutamine, 
was also observed in MDA‑MB‑231 cells (Fig. S1B, lanes 1, 
3, 5 and 7). Thus, asparagine likely allows cells to maintain 
a level of protein translation in the absence of glutamine that 
is compatible with cell survival and proliferation.

Since glutamine can be synthesized in mammalian cells 
by the enzyme GS, it was analyzed whether the higher trans‑
lational ability of glutamine‑deprived asparagine‑fed cen3tel 
cells could have an effect on the expression of GS. High levels 
of this enzyme could sustain glutamine synthesis, and hence 
cell survival and proliferation, when asparagine is supplied 
to glutamine‑starved cells. As shown in Fig. 5C‑E, GS was 
barely detectable in cen3tel cells cultured in the presence of 
glutamine. This result was not surprising, since it is known that 

glutamine itself can regulate GS levels, directing the enzyme 
towards ubiquitination and proteasomal degradation (14). In 
glutamine‑starved cells, GS levels were slightly higher than in 
control cells (Fig. 5C and D), but GS expression was markedly 
increased when glutamine‑starved cells were incubated with 
asparagine, regardless of asparagine concentration (Fig. 5C). 
Asparagine was sufficient and necessary to increase GS 
expression; in fact, no increase in GS levels was observed 
when glutamine‑starved cells were incubated with a pool 
of alanine, aspartic acid, glutamic acid and proline, or with 
each single amino acid, while an increase was observed when 
asparagine was added to the pool (Fig. 5D). Of note, the propa‑
gation of glutamine‑starved cells in the presence of asparagine 
boosted GS expression in a concentration‑independent manner 
(Fig. 5E). The same type of modulation of GS expression was 
observed in MDA‑MB‑231 cells cultured in the absence of 
glutamine and in the presence of asparagine (Fig. S1C, lanes 
1, 3, 5 and 7).

To determine whether GS was required for gluta‑
mine‑starved cell survival and proliferation in the presence of 
asparagine, cen3tel cells were treated with the GS inhibitor MSO 
(2 mM). Cells were seeded in the presence of the inhibitor and 
collected either 96 or 144 h after plating. As shown in Fig. 5F, 
MSO did not have any effect on cells grown in the presence 
of glutamine‑containing medium, while glutamine‑starved 
cells died independently of the presence of the inhibitor. 
Glutamine‑starved asparagine‑supplemented cells survived 
and proliferated, as expected, but died in the presence of MSO, 
indicating that both GS expression and activity were essential 
for cell survival and growth in the absence of glutamine.

When GS levels were analyzed in cells exposed to MSO 
(Fig. 5G), it was found that the protein accumulated in cells 
cultured with glutamine. It can be speculated that this occurred 

Figure 4. GSH rescues PARP1 activation in glutamine‑starved asparagine‑supplemented cells. NEAAs, a pool of alanine, aspartic acid, glutamic acid and 
proline at a concentration of 0.1 mM each. (A) Western blot analysis of PARP1 and protein PARylation with an antibody against PAR chains in cells incu‑
bated in the indicated medium for 24 h. (B) GSH was used at 5 mM during the entire incubation period. γ‑tubulin was used as the loading control. (C) Cell 
growth in the indicated media plus or minus GSH. Each column represents the number of PDs/day performed by the cells in the different culture conditions 
between plating and harvesting. Error bars, standard deviations of two independent experiments. *P<0.05; ns, not significant. Gln, glutamine; Asn, asparagine; 
GSH, glutathione; NEAAs, non‑essential amino acids; PARP1, poly(ADP‑ribose) polymerase 1; PAR, poly(ADP‑ribose); PDs, population doublings.
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because the binding between MSO and GS (40) prevented GS 
ubiquitination and degradation by the proteasome in the pres‑
ence of glutamine. In glutamine‑deprived cells treated with 
MSO, GS levels remained low, probably due to the fact that 
the impairment of translation occurring in these conditions did 
not allow high levels of GS synthesis.

Possible connection between c‑Myc, global protein synthesis 
and GS expression in glutamine‑starved asparagine‑fed cells. 

The results presented so far indicated that, in the presence 
of asparagine, glutamine‑starved cells survive, proliferate, 
express almost undetectable levels of c‑Myc 1, high levels of 
canonical c‑Myc and GS, with the activity of this enzyme being 
required for their survival. Given that c‑Myc can positively 
regulate GS expression through promoter demethylation (13), 
GS transcripts were analyzed by RT‑qPCR in cen3tel cells 
incubated with different nutrients. As shown in Fig. 6A, the 
same levels of GS RNA were found in cells cultured either in 

Figure 5. Asparagine allows high levels of global protein synthesis and GS expression in glutamine‑starved cen3tel cells. NEAAs, a pool of alanine, aspartic 
acid, glutamic acid and proline at a concentration of 0.1 mM each, with or without 0.1 mM asparagine. (A) Western blot analysis of global protein synthesis 
in cen3tel cells cultured for either 24 h in the medium indicated or for 3 passages in the presence of glutamine or asparagine. Puromycin (90 µM) was added 
during the last 10 min before sample collections. Puromycin incorporation was revealed using an anti‑puromycin antibody. The plot shows the intensity of the 
signal in each sample relative to cells grown in the presence of glutamine (average values from two independent experiments; error bars, standard deviations). 
(B) Western blot analysis of eIF2α phosphorylation in cen3tel cells cultured in the indicated medium. (C‑E) Western blot analysis of GS expression in cen3tel 
cells. (C and D) Cells were incubated in the presence of different NEAAs or pool of NEAAs for 24 h or (E) cultured either for 24 h in the medium indicated or 
for 4 passages in the presence of glutamine or asparagine. (F) Cen3tel cell growth following incubation in the medium indicated for 96 or 144 h with or without 
the GS inhibitor MSO (2 mM). Error bars, standard deviation. (G) Western blot analysis of GS expression in the samples cultured with or without MSO. In 
the western blots, γ‑tubulin or vinculin were used as the loading controls. GS, glutamine synthetase; Gln, glutamine; Asn, asparagine; NEAAs, non‑essential 
amino acids; MSO, methionine sulfoxamine.
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the presence or absence of glutamine, or in the absence of gluta‑
mine but presence of asparagine. However, when cells were 
exposed to 10074‑G5, a compound that blocks c‑Myc‑Max 
interaction, and hence c‑Myc transcriptional activity (41), an 
evident decrease in GS protein expression levels was observed 
in glutamine‑starved cells supplemented with asparagine, both 
in cen3tel and MDA‑MB‑231 cells (Figs. 6B and S1C). This 
suggested that c‑Myc could control GS expression indirectly, 
at levels other than transcription.

Since c‑Myc is involved in protein synthesis regulation at 
multiple levels, it was investigated whether c‑Myc inhibition 
with 10074‑G5 had an effect on global protein translation, 
which could account for the reduction in GS expression. 
Indeed, 10074‑G5 treatment reduced global protein synthesis 
both in cen3tel and MDA‑MB‑231 cells incubated in different 
culture conditions (Figs. 6C and S1B). This suggested that 
in glutamine‑starved cells fed with asparagine, c‑Myc could 

contribute to the maintenance of translation, which may in turn 
allow the expression of GS, and hence glutamine synthesis.

Discussion

Oncogene activation and nutrient availability are crucial 
factors for cancer cell hyperproliferation. c‑Myc is a key player 
in the metabolism of glucose and glutamine, which are avidly 
used by cancer cells. Glutamine is an essential amino acid for 
several tumors, particularly those bearing constitutively active 
c‑Myc (12). In fact, oncogenic c‑Myc causes cancer cells to 
become addicted to exogenous glutamine and glutamine with‑
drawal leads to cell growth arrest and cell death (6,42,43).

The expression of c‑Myc in cancer cells can be influenced 
by nutrient levels. Herein, glucose deprivation was shown to 
lead to c‑Myc overexpression in cen3tel cells, similar to the 
results obtained from various cancer cell lines in previous 

Figure 6. c‑Myc inhibition leads to a decrease in GS levels in glutamine‑starved asparagine‑fed cells. (A) RT‑qPCR analysis of GS expression in cen3tel cells 
cultured for 24 h in the indicated medium. The expression of GS in cells cultured in the different culture conditions is presented as a Log2FC relative to GS 
expression in cells grown in the presence of glutamine. Error bars, standard deviation. (B) Western blot analysis of GS expression in cen3tel cells grown for 
24 h in the medium indicated with or without the c‑Myc inhibitor 10074‑G5 (50 µM; indicated in the figure as G5). (C) Western blot analysis of global protein 
synthesis in cen3tel cells cultured for either 24 h in the medium indicated with or without 10074‑G5 (50 µM). Puromycin (90 µM) was added during the last 
10 min before sample collections. Puromycin incorporation was revealed with an anti‑puromycin antibody. In the western blots, vinculin was used as the 
loading control. GS, glutamine synthetase; Gln, glutamine; Asn, asparagine; RT‑qPCR, reverse transcription‑quantitative PCR; FC, fold change.
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studies  (16,17). In different cancer cell types, glutamine 
deprivation was found to be associated with either c‑Myc 
upregulation or downregulation (16,20). In the present study, 
glutamine starvation caused an alteration in c‑Myc protein 
expression, which, to the best of our knowledge, has not yet 
been described in these culture conditions. In cen3tel cells 
and various cancer cell lines cultured without glutamine, a 
decrease in the expression of the canonical c‑Myc isoform 
was observed, together with the synthesis of the longer c‑Myc 
isoform, c‑Myc 1. In cen3tel cells, the decline in canonical 
c‑Myc and synthesis of c‑Myc  1 paralleled cell growth 
arrest. Furthermore, it was demonstrated that asparagine was 
the only NEAA that, in the absence of glutamine, rescued 
c‑Myc expression and allowed cell survival and proliferation, 
suggesting a possible link between glutamine deprivation, 
aberrant c‑Myc expression and cell growth arrest.

In glutamine‑starved cells, c‑Myc 1 was already detectable 
6 h after deprivation and was expressed in a ~1:1 ratio with 
the canonical c‑Myc isoform after 24 h. This change in c‑Myc 
expression was specific to glutamine deprivation; in fact, it did 
not occur in the absence of glucose only, but appeared shortly 
after deprivation of both glucose and glutamine.

The functional role of the two c‑Myc isoforms is 
debated (21‑23). While Blackwood et al (22) did not find varia‑
tions in the transcriptional activity of c‑Myc 1 and canonical 
c‑Myc, Hann  et  al  (21) showed that the overexpression of 
c‑Myc 1, but not that of canonical c‑Myc, significantly inhibited 
cell growth. In line with these results, Sato et al (23) demon‑
strated that the overexpression of the canonical c‑Myc isoform 
in cancer cells promoted cell proliferation and colony formation 
at much higher levels than the longer isoform, and gene ontology 
analysis of the genes upregulated by canonical c‑Myc revealed 
an enrichment in oncogenic and cell‑cycle‑related pathways. 
In the present study, the decreased expression of canonical 
c‑Myc and the presence of the longer isoform were found to 
be associated with an arrest in cell proliferation, supporting 
the hypothesis that c‑Myc 1 cannot take over the functions of 
canonical c‑Myc, since the total level of the c‑Myc proteins 
was almost the same in control and glutamine‑starved cells. 
Indeed, it was found that asparagine was the only NEAA that 
used as supplement for glutamine‑starved cells allowed a high 
expression of canonical c‑Myc with a net decrease in c‑Myc 1 
levels and, simultaneously, cell survival and proliferation. The 
administration of the NEAAs alanine, aspartic acid, glutamic 
acid or proline in glutamine‑starved cells did not alter c‑Myc 
expression compared with glutamine deprivation, and did not 
allow cellular proliferation, thus strengthening the idea that high 
levels of canonical c‑Myc are important for cellular viability and 
growth. Asparagine was also able to rescue c‑Myc expression in 
cells that had been previously starved for glutamine.

In cells deprived of glutamine for 24 h, the addition of the 
proteasomal inhibitor MG132 did not lead to the accumulation 
of any c‑Myc isoform, indicating that, at that stage of starvation, 
both c‑Myc synthesis and c‑Myc degradation were impaired. 
When asparagine was given to glutamine‑starved cells, c‑Myc 
turnover appeared to occur as in the presence of glutamine, 
confirming the importance of asparagine for c‑Myc homeostasis.

Asparagine is synthesized by the enzyme asparagine synthe‑
tase from aspartate and glutamine, which provides the ammonium 
group (7). Thus, in the absence of glutamine, asparagine cannot 

be synthesized and cells must rely on exogenous asparagine to 
survive. When glutamine is absent, asparagine behaves as an 
essential amino acid (27,28), with the present results supporting 
this finding. Asparagine is not catabolized in mammalian cells 
and is mainly used in protein synthesis (39). Indeed, it was found 
here that asparagine supplementation allowed an increase in 
global translation, compared to glutamine‑deprived cells and, in 
particular, an increase in the levels of glutamine synthetase (GS), 
the enzyme deputed to glutamine synthesis.

GS plays a fundamental role in cellular physiology; in 
particular, when extracellular glutamine is scarce, it allows the 
biosynthesis of endogenous glutamine, which in turn provides 
the atoms required for the biosynthesis of multiple different 
macromolecules. Indeed, GS has been found to be upregulated in 
several cancers (13,44,45). As also shown by Pavlova et al (28), 
this study confirmed that GS activity is required for cellular 
viability in glutamine‑deprived asparagine‑fed cells. In fact, 
its inhibition led to cell death in these culture conditions. In 
glutamine‑fed cells, MSO did not have any effect on cellular 
viability, as expected. Asparagine was the only NEAA capable 
of inducing an increase in GS levels in the absence of gluta‑
mine. This increase was associated with GS ability to sustain 
cellular viability and proliferation, confirming that the high 
levels of this enzyme are important for cell survival when exog‑
enous glutamine is not available. The observation that MSO 
led to the accumulation of GS in glutamine‑fed cells, but not 
in glutamine‑deprived cells, reinforces the hypothesis that the 
impairment in protein translation observed in the absence of 
glutamine also prevents GS synthesis, which can instead occur 
following asparagine supplementation.

However, cells maintained without glutamine but in the 
presence of asparagine proliferated at a lower rate than cells 
maintained in the presence of glutamine, suggesting that the 
high levels of GS observed in these conditions did not provide 
sufficient glutamine to support all the biosynthetic pathways in 
which this NEAA is involved. Indeed, asparagine was not able 
to relieve the stressful conditions induced by glutamine depriva‑
tion, as indicated by the high levels of PARP1 auto‑PARylation 
and protein‑PARylation, which were still present when gluta‑
mine‑starved cells were fed with asparagine. The observation 
that GSH administration in asparagine‑fed cells rescued cell 
proliferation and PARP1 activation suggested that asparagine 
cannot support the synthesis of adequate levels of GSH in the 
absence of glutamine, and thus cannot prevent high levels of 
oxidative stress, which could impair cell growth.

The present results revealed two main effects of aspara‑
gine in cells deprived of glutamine: Asparagine allows 
a high level of canonical c‑Myc synthesis, as well as cell 
survival and proliferation boosting GS levels. By inhibiting 
c‑Myc activity using 10074‑G5, which prevents c‑Myc/Max 
interaction  (41), a decrease in GS levels was shown in 
glutamine‑starved asparagine‑fed cells, suggesting that 
c‑Myc can play a role in regulating GS levels. However, this 
was not a transcriptional regulation, as no differences in GS 
transcript levels were observed between cells fed with gluta‑
mine, without glutamine or with asparagine in the absence 
of glutamine. Given that c‑Myc is also known to indirectly 
control translation at various levels, including the expression 
of translational factors and ribosomal proteins (46,47), and 
indeed c‑Myc inhibition by 10074‑G5 was found to lead to 
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a decrease in global protein synthesis, it can be envisaged 
that the high levels of the canonical c‑Myc isoform found in 
glutamine‑starved cells cultured in the presence of aspara‑
gine could sustain translation and GS synthesis in particular, 
which leads to the biosynthesis of glutamine, which can in 
turn sustain cellular viability.

In conclusion, these results indicate that glutamine depri‑
vation can have an effect on c‑Myc translation. Even though 
further experiments will be required to better elucidate 
the roles of c‑Myc and c‑Myc 1 in the response to nutrient 
starvation, the observed correlation between the decrease in 
the expression of canonical c‑Myc, the increase in c‑Myc 1 
levels and growth arrest in glutamine‑deprived cells suggests 
that these phenomena can be interconnected. The finding 
that, in the absence of glutamine, asparagine allows both a 
high expression of canonical c‑Myc and cellular proliferation 
strengthens this hypothesis. Future experiments testing these 
observations in vivo could provide relevant information for the 
development of cancer therapies targeting metabolism.
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