
Research Article

Arginine starvation in colorectal carcinoma cells: Sensing, impact on
translation control and cell cycle distribution

Bozhena O. Vynnytska-Myronovska a,b,1,2, Yuliya Kurlishchuk a,b,1, Oleh Chen a,b,
Yaroslav Bobak a, Claudia Dittfeld b, Melanie Hüther b, Leoni A. Kunz-Schughart b,c,
Oleh V. Stasyk a,n

a Department of Cell Signaling, Institute of Cell Biology, National Academy of Sciences of Ukraine, Drahomanov str., 14/16, Lviv 79005, Ukraine
b OncoRay – National Center for Radiation Research in Oncology, Faculty of Medicine and University Hospital Carl Gustav Carus, TU Dresden and Helmholtz-
Zentrum Dresden–Rossendorf, Institute of Radiooncology, Fetscherstr. 74, 01307 Dresden, Germany
c Department of Oncology, Old Road Campus Research Building, Roosevelt Drive, Oxford OX3 7DQ, UK

a r t i c l e i n f o

Article history:
Received 13 October 2015
Received in revised form
4 December 2015
Accepted 1 January 2016
Available online 2 January 2016

Keywords:
Arginine starvation
Colorectal carcinoma
Intracellular arginine level
GCN2 pathway
mTOR signaling
p53 status

a b s t r a c t

Tumor cells rely on a continued exogenous nutrient supply in order to maintain a high proliferative
activity. Although a strong dependence of some tumor types on exogenous arginine sources has been
reported, the mechanisms of arginine sensing by tumor cells and the impact of changes in arginine
availability on translation and cell cycle regulation are not fully understood. The results presented herein
state that human colorectal carcinoma cells rapidly exhaust the internal arginine sources in the absence
of exogenous arginine and repress global translation by activation of the GCN2-mediated pathway and
inhibition of mTOR signaling. Tumor suppressor protein p53 activation and G1/G0 cell cycle arrest sup-
port cell survival upon prolonged arginine starvation. Cells with the mutant or deleted TP53 fail to stop
cell cycle progression at defined cell cycle checkpoints which appears to be associated with reduced
recovery after durable metabolic stress triggered by arginine withdrawal.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

Many human cancer cells of different tissue and organ origin
are shown to be susceptible to arginine deprivation-based antic-
ancer treatment both in vitro and in vivo [1,2]. It was widely
considered that cancer cells sensitivity to arginine starvation de-
pends solely on the expression status of argininosuccinate syn-
thetase, a rate-limiting enzyme of the two-step arginine de novo
synthesis [3,4]. However, there are studies showing that some
argininosuccinate synthetase deficient tumors might gain re-
sistance toward arginine deprivation [5], while the growth of some
argininosuccinate synthetase positive cancer cells might be in-
hibited by arginine starvation-based treatment [6]. Our own stu-
dies also confirm that tumors susceptibility to arginine deprivation
depends not only on the ability of malignant cells to synthesize
arginine from its precursors, but also on the peculiarities of
growth- and death-related molecular signaling of the cells [7]. We

have previously shown that the comparison of human colorectal
carcinoma cells HCT-116 and HT29 can be a good model to study
the mechanisms of cancer cell response to arginine starvation [8].
Although these cells are of the same organ origin, they represent
the different pathways of carcinogenesis as well as stages of colon
cancer; HCT-116 cells are microsatellite instable and p53 positive,
while HT29 cells are microsatellite stable and p53 mutant [9,10].
Moreover, they substantially differ in their susceptibility to argi-
nine deprivation [8]. Recently it was revealed that the differences
in cancer cell sensitivity to arginine starvation (as well as starva-
tion for other amino acids) were abrogated when the cells were
maintained as three-dimensional spheroids [8,11]. However, the
reasons for various susceptibility to arginine depletion between
different cell lines and types of culture remained ambiguous. Al-
though the first clinical trials of arginine deiminase from Myco-
plasma sp. [12–15] and human arginase 1 [16] have yielded pro-
mising results, the molecular processes and signaling pathways in
the cell that undergo changes upon treatment with these arginine-
depleting recombinant enzymes are also poorly understood and
tend to be cancer type-specific. Therefore, the aim of this study
was to distinguish the cellular molecular processes that are most
likely to contribute to the differences in the level of sensitivity to
arginine starvation between various cells and different culture
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conditions using human colorectal carcinoma cell lines HCT-116
and HT29 as the models.

2. Material and methods

2.1. Cell lines and culture conditions

Human colorectal carcinoma HCT-116 and HT29 cells (ATCC,
Manassas, VA, USA) and HCT-116 cell sublines with the different
p53 status (Johns Hopkins University and Howard Hughes Medical
Institute, Baltimore, MD, USA) were cultured in Dulbecco's Mod-
ified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin, and
were maintained at 37 °C in a humidified atmosphere of 8% CO2 in
air. All media and media supplements were purchased from PAN
Biotech GmbH, Aidenbach, Germany. Cell line origin was verified
by microsatellite analysis as reported in [17]. Cells were tested to
be free of mycoplasms using Mycoplasma Detection Kit MycoAlert
(Cambrex Bio Science, Nottingham, Ltd, UK) and/or mycoplasma-
specific PCR (Applichem, Darmstadt, Germany).

HCT-116 and HT29 cells were propagated as either standard
monolayer or multicellular tumor spheroids. Spheroids were ob-
tained using the standard liquid overlay technique described in
[18]. Briefly, 1�103 HCT-116 and 1.5�103 HT29 cells in 200 μl of
medium were inoculated per well in 96-well plates coated with
1.5% agarose. After 4 days of initiation, spheroids reached a dia-
meter of ∼400 μm and were used for further experiments.

2.2. Arginine starvation

Arginine-depleted culture conditions were achieved by the
application of the arginine-free DMEM (PAN Biotech GmbH).
Control cells were cultured in the complete DMEM that was for-
mulated by the supplementation of arginine-free DMEM with L-
arginine�HCl (PAN Biotech GmbH) to a final concentration of
84 mg/l (0.4 mM). Arginine-free as well as the respective arginine-
supplemented control media were supplemented with 10% dia-
lyzed FBS (PAN Biotech GmbH) devoid of small molecules
(o10 kDa), i.e., amino acids.

2.3. Measurement of intracellular free arginine content by HPLC

Cells were handled as described in [19]. Briefly, after defined
treatment intervals, cells were washed with ice-cold phosphate-
buffered saline (PBS) and lyzed in 60% acetonitrile quenching so-
lution. After 10 min, extracts were collected, centrifuged at
13,000 g for 15 min and the supernatants were dried under va-
cuum. The dried matrix was derivatized to produce phenylthio-
carbamyl (PTC) amino acid derivatives using a precolumn PTC
derivatization procedure and then analyzed on a PerkinElmer
Series 200 high-pressure liquid chromatography (HPLC) system
(PerkinElmer Life and Analytical Sciences, Shelton, CT, USA) using
Supelcosil LC-18 column (Supelco, Bellefonte, PA, USA) as de-
scribed previously [20]. Intracellular free arginine concentration is
represented as nM of amino acid per mg of total cellular protein.

2.4. Western blot analysis

Whole cell protein extracts were prepared using lysis buffer
that contained 10 mM Tris-buffered saline, pH 7.5, 150 mM sodium
chloride, 50 mM sodium fluoride, 5 mM ethylenediaminete-
traacetic acid, 1% Nonidet P-40 and was supplemented with so-
dium orthovanadate (100 mM; Merck Millipore, Darmstadt, Ger-
many) and complete protease inhibitor cocktail (Roche Applied
Science, Mannheim, Germany) directly before use. At least 3�106

monolayer cells or 300 spheroids were collected for each experi-
mental condition. Cellular proteins were separated by SDS-poly-
acrylamide gel electrophoresis and transferred to a PVDF mem-
brane (Millipore Corporation, Bedford, MA, USA). Membranes were
incubated overnight at 4 °C with primary antibodies against
phospho-GCN2, phospho-eIF2α, GADD34, phospho-ERK1/2,
phospho-S6, phospho-S6 kinase, phospho-4E-BP1, phospho-p53,
phospho-Rb, cleaved PARP (Cell Signaling Technology, Danvers,
MA, USA) and β-actin (Sigma-Aldrich, St. Louis, MO, USA) and then
for 1 h at RT with horseradish peroxidase-conjugated goat anti-
mouse or anti-rabbit IgG secondary antibodies (Millipore Cor-
poration, Temecula, CA, USA). Immunoreactivity was detected by
means of an enhanced chemiluminescence system (Millipore
Corporation, Billerica, MA, USA).

2.5. Senescence detection assay

The level of senescence induction was evaluated by assaying
the senescence-associated β-galactosidase (SA-β-gal) activity as
described in [21]. In brief, after the treatment regime of interest,
cells were rinsed twice in PBS, fixed in 2% formaldehyde/0.2%
glutaraldehyde for 5 min at RT, rinsed in PBS again, and incubated
with SA-β-gal staining solution containing 40 mM citric acid/so-
dium phosphate, pH 6, 5 mM potassium hexacyano-ferrate (II)
trihydrate, 5 mM potassium hexacyano-ferrate (III), 150 mM so-
dium chloride, 2 mM magnesium chloride and 1 mg/ml 5-bromo-
4-chloroindol-3-yl β-D-galactopyranoside (X-gal). After overnight
incubation at 37 °C, cells were monitored by phase contrast mi-
croscopy. The proportion of senescent cells was assessed as a
number of SA-β-gal-positive cells relative to the total number of
cells. Four optical fields of at least 50 cells per field were counted
for each treatment and control condition.

2.6. Cell cycle analysis

Cells were seeded in 6 cm-dishes at a density of 1�106 cells
per dish, allowed to adhere for 12 h and then incubated in argi-
nine-free medium for the indicated time interval. Cells were then
collected, fixed in 70% ice-cold methanol for at least 1 h at 4 °C. For
cell cycle analysis, fixed cells were pelleted and transferred into
PBS, treated with ribonuclease I and stained with propidium io-
dide (PI)-containing solution with final concentration of 25 mg/ml
according to an established protocol for conventional DNA analysis
[22]. The signals of at least 1�104 single cells were recorded on a
FACSCanto II flow cytometer (BD Biosciences, Heidelberg, Ger-
many), and DNA histograms were analyzed with the WinCycle
software (Phoenix Flow Systems, San Diego, CA, USA) after doublet
exclusion.

2.7. Statistical analysis

The values within the text and figures are presented as
mean7SD from three independent experiments if not stated
otherwise. The two-sided Student's t-test was applied to de-
termine statistically significant differences between treated and
control groups. p-values lower than 0.05 were considered to be
statistically significant.

3. Results

3.1. Intracellular arginine levels rapidly and dramatically drop upon
arginine starvation

We hypothesized that the basal intracellular concentration of
free arginine might differ between various human cancer cells and
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