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Abstract
Background: The AKT/PKB (protein kinase B) kinase is the main regulator of
autophagy in mammalian cells, which consists of three isoforms, including AKT-1,
AKT-2, and AKT-3. Rat sarcoma viral oncogene homolog (RAS), known as the most
frequently mutated oncogene in colorectal cancers, is one of the major activators of
AKT signaling. However, the relationship between AKT isoforms expression and
autophagy level in RAS-driven cancer cells has not been fully investigated.
Method: In this experimental in vitro study, RAS mutated colon cancer cell lines
(HCT116, SW480, and LS180) and HT29 cells, which are the wild type of RAS,
were cultured and real-time polymerase chain reaction (RT-PCR) was utilized to
determine the mRNA level of AKT-1, AKT-2, and autophagy markers, including
microtubule-associated protein 1 light chain-3B (LC3B) and p62/sequestosome-1
(p62). In addition, Western blotting was performed to assess the protein expression of
p62 and LC3B lipidation.
Results: We found that RAS mutated colon cancer cells up-regulate basal autophagy.
Moreover, highly expressed AKT-1 was observed in RAS mutated colon cancer cells.
However, no significant differences were found in AKT-2 expression between RASdriven cells and HT29 cells.
Conclusion: Our obtained data suggested that RAS-driven colon cancer cells
regulated the autophagy machinery, possibly, through the upregulation of AKT-1
isoform.
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Introduction
Cancer is believed to be the main cause of
mortality worldwide and the global fatality due
to cancer is on a rising trend.1 Colorectal cancer
(CRC) is the third commonly diagnosed
malignancy accounting for virtually one million
deaths annually.2 Activation of the rat sarcoma
viral oncogene homolog (RAS) is shown to be
involved in the pathogenesis of 20 to 30% of
human cancers, and is overexpressed in more
than 53% of the CRC cases. 3,4 Thus, RAS
oncogene is considered as a potential target in
cancer therapy; however, despite continuous
efforts, it has not been possible to directly target
the RAS oncogene. Alternatively, researchers
have shown an increased interest in targeting the
downstream RAS signalling pathways as a way
to foster the development of new antitumour
drugs.5
RAS-driven tumours are usually associated
with modulated levels of autophagy.6 As a tightly
programmed mechanism, autophagy plays a
crucial role in the cell homeostasis machinery
and is found to be involved in cancer formation
and progression.7 Microtubule-associated protein
1A/1B-light chain 3 (LC3B) is a ubiquitously
expressed protein with a fundamental role in
autophagy machinery.8 The modified LC3B,
conjugated to phosphatidylethanolamine, is
referred to as LC3B-II and is involved in
autophagosome membrane expansion and fusion
events. During autophagy, LC3B-II is degraded
in the lysosomes, and the lysosomal turnover of
LC3B-II reflects the induction of autophagy flux.9
Sequestosome 1 (p62/SQSTM1) is an adaptor
protein involved in selective recognition of
autophagy substrates. This protein also facilitates
the engulfment of the substrates into
autophagosomes through interacting with
ubiquitin-like modifiers.10 On the other hand, p62
could be accumulated once autophagy flux is
impaired. Given that LC3B and p62 proteins play
a pivotal role in autophagy mechanism, these two
proteins are employed as excellent markers for
the detection of autophagy flux in the cells.11
Depending on several factors, such as the cell
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type and context, autophagy could act as an antior pro-tumorigenic pathway.12 The regulatory
effect of RAS oncogene on autophagy is described
as multifaceted crosstalk, which is mediated
through different signalling pathways. For
instance, it has been shown that RAS induces
autophagy through Raf-1/MEK1/2/ERK pathway;
however, the inhibitory effects are exerted through
PI3K/AKT/mTOR1 pathway. 13 The existing
crosstalk between mutated RAS and autophagy
indicates that in most RAS-mutated tumours,
activated autophagy flux contributes to tumour
cells survival, allowing them to overcome the
treatment.14 Therefore, identifying molecular
pathways that regulate autophagy in RAS-mutated
cancer cells could be therapeutically beneficial.
AKT pathway is a well-known mechanism
that negatively regulates autophagy processes.15
AKT or serine/threonine protein kinase B is
involved in a wide range of important cellular
pathways, such as energy metabolism,16 cell
proliferation and migration,17 apoptosis, and cell
survival.18 Additionally, AKT is known as a highly
activated effector in the oncogenic landscape.19
Functionally distinctive but structurally similar,
80% homology, AKT family consists of three
isoforms, named as AKT-1, AKT-2, and AKT3.20 Even though a lot of research has been carried
out on autophagy regulation in RAS mutated
cancer cells, far too little attention has been paid
to the relationship between AKT isoforms
expression and autophagy level in RAS-driven
cancer cells.
The present study, therefore, was conducted
to investigate the basal autophagy level and
determine the basal expression of two AKT
isoforms, including AKT-1 and AKT-2, in three
RAS mutated colon cancer cell lines (HCT116,
SW480, and LS180) and HT29 cell line, which
is a wild type for RAS.

Materials and Methods
Cell culture
In the current experimental in vitro study,
human colon carcinoma cell lines, HCT116,
LS180, SW480, and HT29 were obtained from
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Table 1. The primers sequence used for quantitative real-time PCR

Gene name
GAPDH

Primers sequence
F: 5′-CGACCACTTTGTCAAGCTCA-3′
R: 5′-AGGGGTCTACATGGCAACTG-3′

Product size (bp)
228

AKT-1

F: 5′-TTGTTATTGTGTATTATGTTGTTCA-3′
R: 5′-AAGTGCTACCGTGGAGAG-3′

152

AKT-2

F: 5′-CCTTAAACAACTTCTCCGTAGCA-3′
R: 5′-GCAGGCAGCGTATGACAAA-3′

84

p62

F: 5′-AATCAGCTTCTGGTCCATCG-3′
R: 5′-TTCTTTTCCCTCCGTGCTC-3′

129

LC3B

F: 5′-AACGGGCTGTGTGAGAAAAC-3′
R: 5′-AGTGAGGACTTTGGGTGTGG-3′

84

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; AKT: Also called protein kinase B; p62: Also known as sequestosome-1; LC3B: Microtubule-associated protein 1
light chain-3B; bp: Base pair; F: Forward; R: Reverse

National Cell Bank of Iran (Pasteur Institute,
Tehran, Iran) and cultured in RPMI-1640 medium
(Invitrogen, Carlsbad, CA, USA) supplemented
with 10% Fetal Bovine Serum (FBS) (Gibco™;
Cat #: 16000044) and 1% penicillin/streptomycin
(Gibco, USA) at 37°C with 5% CO2 in a
humidified atmosphere.
The Ethics Committee of Shiraz University
of Medical Sciences approved the study (Ethics
code: IR.SUMS.REC.1397.306).
Quantitative real-time polymerase chain reaction
(PCR)
The total RNA was extracted from the cultured
cells, using the BIOZOL-RNA, RNA extraction
reagent (BSC51M1, Zhejiang, China). The
Fermentase cDNA Synthesis Kit (USA) was
utilized for synthesizing single-stranded cDNA
from the total RNA. Real-time PCR was done
on 7500 Real-time PCR system (Applied
Biosystems, USA), using SYBR Green. The
relative amounts of mRNA of the AKT-1, AKT2, p62, and LC3B genes were normalized to the
endogenous control, Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and calculated with
the 2-ΔΔCt formula. Table 1 represents the primer
pairs used for quantitative real-time PCR.
Western blot analysis
Western blotting was performed using the
following antibodies for the analysis: rabbit
polyclonal anti-LC3B antibody (L7543, Sigma-
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Aldrich, St. Louis, MO, USA), mouse monoclonal
anti-p62 antibody (88588S, Cell Signaling
Technology, Beverly, MA, USA), and mouse
monoclonal anti-GAPDH antibody (sc-47724,
Santa Cruz Biotechnology, California, USA). The
cells were lysed in NP40 buffer [40 mM Tris–
HCl (pH 8.0), 120 mM NaCl, 0.1% Nonidet-P40]
supplemented with protease inhibitors and
phosphatase inhibitors. The protein concentrations
were determined with the BCA protein assay kit
(Novagen, San Diego CA, USA). Proteins (20
µg of lysate) were separated with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane
(Amersham Biosciences, Arlington Heights, IL).
After blocking with 5% non-fat dry milk in Trisbuffered saline for 1h at room temperature, the
membranes were incubated overnight at 4°C with
the following primary antibodies: p62 (diluted
1:1000), LC3B (diluted 1:2000), and GAPDH
(diluted 1:2000). The membranes were incubated
with appropriate antirabbit or antimouse
monoclonal IgG conjugated to horseradish
peroxidase-conjugated secondary antibody
(1:3000 dilution) (DAKO; Santa Cruz
Biotechnology) for 1 h at room temperature. The
proteins were detected via incubation with ECL
reagent. All the proteins and proteins of interest
were acquired and visualized employing
ChemiDoc TM MP System. For the quantitative
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analysis, the bands were selected and quantified
using Image Lab software (BioRad, Cressier,
Switzerland) and the data were transformed and
normalized to GAPDH.
Statistical analysis
We determined the statistical signiﬁcance of
the experiments using GraphPad Prism, version
6 (GraphPad Software). The comparisons were
made with one-way ANOVA followed by Dunnett
test. P < 0.05 was considered to be statistically
signiﬁcant.

Results
Up-regulated basal autophagy in RAS-mutated
colon cancer cells
Real-time PCR was performed in order to
determine the mRNA levels of LC3B and p62,
as well-known autophagy markers in three RAS
mutant colon cancer cell lines (HCT116, SW480,
and LS180) versus HT29 cells, which is the wild
type for RAS. All RAS mutant colon cancer cell
lines significantly over-expressed the LC3B and
p62 mRNA compared with HT29 cells (Figure 1
A, B). Subsequently, we performed western blot
analysis to assess the protein level of p62 and
proteolytic processing of endogenous LC3B-I to

LC3B-II. As shown in figures 2 A and B, the
LC3B lipidation was significantly higher in the
RAS mutated cells. However, these cell lines
presented a significant decrease in the protein
level of p62 compared with HT29 cells. Overall,
our data indicated that RAS mutated CRC cells
displayed functional basal autophagy.
High expression of AKT-1 in RAS mutated colon
cancer cell lines
AKT is the main regulator of autophagy in
mammalian cells which consist of three isoforms.
To find out which isoform might play an important
role in autophagy regulation in RAS mutated
colon cancer lines, we performed real-time PCR
to assess the gene expression of AKT-1 and AKT2 isoforms. All RAS mutant colon cancer cell
lines significantly over-expressed the AKT-1
mRNA compared to HT29 cells (Figure 3A).
However, neither of RAS mutated cell lines and
HT29 cells showed apparent differences in AKT2 mRNA levels (Figure 3B).

Discussion
In the current study, we revealed that RASmutated colon cancer cell lines increased
autophagy at the basal level, which is parallel

Figure 1. Expression of LC3B and p62 at the level of mRNA in colon cancer cell lines. (A, B): The LC3B and p62 mRNA expression
was measured with real-time PCR in the indicated cell lines. The data are expressed as the mean ± S.D. from three independent
experiments. One-way ANOVA with Dunnett’s multiple comparison test was used to analyze the statistical significance in A and B; *P
< 0.05; **P < 0.01; ****P < 0.0001. LC3B: microtubule-associated protein 1 light chain-3B; p62: also known as sequestosome-1.
PCR: Polymerase chain reaction; S.D.: Standard deviation; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
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with the upregulation of AKT-1. Herein, it was
concluded that basal autophagy flux, which is
associated with upregulation of AKT-1, sustains
proliferation in RAS mutated CRC cells.
In this study, we analyzed the expression of
mRNA and protein level of LC3B-II, as a wellknown autophagy marker, using real-time PCR
and western blotting techniques in RAS-driven
colon cancer cells, including HCT116, LS180,
and SW480. The results were compared to HT29
cells, which is the wild type for RAS. We found
that RAS-mutated colon cancer cells highly
express LC3B-II both at mRNA and protein level
compared with HT29 cells. We also depicted that
the mRNA level of p62, as another marker of

autophagy, in RAS-mutated cells was significantly
higher than that of HT29 cells. Conversely, the
protein level of p62 was significantly lower in
RAS-mutated cells compared with HT29 cells.
During autophagy, cytoplasmic components were
targeted, isolated, and finally delivered to the
lysosomes by double layer membranes known as
autophagosome.21 It has been indicated that the
level of autophagosomes formation is directly
associated with the level of a membrane-bound
protein named LC3B-II. 22 Additionally, the
balance between the autophagosome’s formation
and degradation could be indicated by the level
of LC3B-II and p62.22 LC3B and p62 are the
proteins fused into the autophagosomes and are

Figure 2. Expression of LC3B and p62 at the level of protein in colon cancer cell lines. (A) The amounts of LC3B and p62 proteins were
determined employing Western blot. GAPDH was used as a loading control. (B, C) Density analysis of the Western blot band of LCB-II
and p62. The data are expressed as the mean ± S.D. from three independent experiments. One-way ANOVA with Dunnett’s multiple
comparison test was used to analyze the statistical significance in B and C; **P < 0.01; ***P < 0.001; ****P < 0.0001. LC3B:
microtubule-associated protein 1 light chain-3B; p62: also known as sequestosome-1.
S.D.: Standard deviation; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
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degraded during the autophagosome’s
degradation.21 Inhibition of autophagy using pharmacological inhibitors leads to accumulation of
these proteins, which implies the basal level of
autophagy.23 Although the accumulation of p62
protein is considered as a marker of autophagy
ﬂux impairment, its accumulation also happens
in a correctly activated autophagy ﬂux.24 This is
because of the induced levels of transcription and
translation of p62 by autophagy stimulus. 24
Hypothetically, it seems that the increase in the
expression level of p62 is a compensatory
mechanism for the loss of the p62 protein during
lysosomal degradation. All in all, these findings
suggested that the autophagy machinery is
functionally activated in RAS-mutated CRC cells.
Our findings are in agreement with Guo's (2011)
results which showed that RAS-driven cancer
cell lines upregulated the basal autophagy to
maintain mitochondrial metabolism that is needed
for their robust growth.6 Kim et al. demonstrated
that oncogenic K-RAS and autophagy were tightly
involved in malignant transformation, in a way
that autophagy is essential for oncogenic K-RASinduced malignant cell transformation.25 In another
study, Alves et al. reported that in RAS-mutated
colon cancers, starvation induced autophagy,

which contributed to the cell survival and
growth.26 They also showed that RAS-induced
autophagy proceeds via activation of the
MEK/ERK pathway. These findings indicate that
RAS-mutated cancer cells are dependent on
increased basal autophagy levels for normal
growth and survival.
Increased level of autophagy in RAS-driven
tumor cells is an adaptive response through
sustaining mitochondrial homeostasis and
recycling materials to provide the proper
environment needed for rapid cell proliferation.6,13
Moreover, they also activate signaling pathways,
such as AKT pathway, to keep autophagy
machinery at the basal level. 13,27 The AKT
pathway acts as a negative regulator of autophagy
and is involved in oncogenic signals.28 Activated
AKT pathway inhibits the aberrant activation of
autophagy flux in the cells, which could lead to
autophagic cell death.29 Activation of AKT is
frequently observed in RAS-driven tumours.30
Although all the three AKT members, AKT-1,
AKT-2, and AKT-3, are expressed in the colon
cancer cells, AKT-1 and AKT-2 are dominant.31
Based on the results of AKT isoforms mRNA
expression analysis, we observed a significant
increase in the AKT-1 mRNA level in RAS-

Figure 3. Expression of AKT-1 and AKT-2 at the level of mRNA in colon cancer cell lines. (A,B): The AKT-1 and AKT-2 mRNA
expression was measured with real-time PCR in the indicated cell lines. The data are expressed as the mean ± S.D. from three independent
experiments. One-way ANOVA with Dunnett’s multiple comparison test was used to analyze the statistical significance in A and B; *P
< 0.001. AKT: Also called protein kinase B.
PCR: Polymerase chain reaction; S.D.: Standard deviation; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
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mutated CRC cells compared with HT29 cells.
However, we did not observe any differences in
AKT-2 expression between RAS-driven cells and
HT29 cells. Our result seems to be consistent
with that of previous studies, indicating that RASinduced oncogenic signaling pathways is mainly
mediated through AKT-1.32 Similarly, Hollander
et al. demonstrated that mutant K-RAS leads to
lung tumor initiation and progression through the
upregulation of AKT-1.33 Furthermore, Chen et
al. revealed that AKT-1 significantly increased
the proliferation rates and contributed to colony
formation in the RAS mutant HCT116 CRC cell
line.34 All in all, these results imply that AKT-1
is the most important isoform of AKT, which
transmits oncogenic signals of RAS.
The differences in the expression level and
involvement among different tumors indicate that
AKT-1 and AKT-2 possibly exert their effects
via different signaling pathways. AKT-2 is mainly
involved in insulin-related pathways, and it has
been reported that selective AKT-1 inhibition
prevents cytotoxic consequences of inhibited
insulin signaling.32,35 A number of studies have
demonstrated that AKT-1 regulated cell
proliferation, survival, and tumor formation.36-38
On the other hand, AKT-1 acts as an inhibitor of
chaperone-mediated autophagy (CMA). Yang et
al. found that AKT-1 inhibited the process of
autophagy by down-regulation of ultraviolet
irradiation resistance-associated gene (UVRAG),
which is a key factor in autophagosome formation
and autophagosome maturation.39 Moreover, AKT1 has been reported to be the most important
isoform for regulating autophagy in the
cardiomyocyte cells.40 Taken together, these
findings demonstrate that AKT-1 plays an
important role in regulating autophagy in different
cells.
Certain limitations should be noted in current
study. Primarily, AKT1 and AKT2 were not
detected at the level of proteins and no inhibitors
were used to evaluate the exact correlation
between these two pathways. However, in view
of these findings, it is probable, therefore, that
RAS-driven colon cancer cells modulate
autophagy machinery through the upregulation
Middle East J Cancer 2021; 12(4): 457-465

of AKT-1 isoform. To the best of our knowledge,
this is the first study to report a link between
AKT-1 isoform and autophagy in RAS-mutated
CRC cells. However, further studies are needed
to investigate the possible role of AKT-1 isoform
on autophagy machinery in RAS mutated cells.

Conclusion
In conclusion, we shed light on the fact that
RAS-mutated colon cancer cell lines increased
autophagy at the basal level, which is parallel
with the upregulation of AKT-1. Hence, inhibition
of AKT-1 could be regarded as a novel target to
be utilized in the treatment of RAS-driven tumor
cells, such as colon cancer cells which are
dependent on autophagy for survival.

Acknowledgements
The present article was extracted from the
thesis by Hamid Behrouj and was financially
supported by Shiraz University of Medical
Sciences, (Grant No. 96-15414). This project was
also supported by the office of the President and
Vice-president for Science and Technology, Iran
National Science Foundation (INSF) (Grant No.
96015616).

Conflict of Interest
None declared.

References
1.

2.

3.

4.

Wiseman MJ. Nutrition and cancer: prevention and
survival. Br J Nutr. 2019;122(5):481-7. doi:10.1017/
S0007114518002222.
Araghi M, Soerjomataram I, Jenkins M, Brierley J,
Morris E, Bray F, et al. Global trends in colorectal
cancer mortality: Projections to the year 2035. Int J
Cancer. 2019;144(12):2992-3000. doi:10.1002/ijc.
32055.
Midthun L, Shaheen S, Deisch J, Senthil M, Tsai J,
Hsueh CT. Concomitant KRAS and BRAF mutations
in colorectal cancer. J Gastrointest Oncol.
2019;10(3):577-81. doi:10.21037/jgo.2019.01.10.
Grzes M, Oron M, Staszczak Z, Jaiswar A, NowakNiezgoda M, Walerych D. A driver never works
alone-interplay networks of mutant p53, MYC, RAS,
and other universal oncogenic drivers in human cancer.
Cancers (Basel). 2020;12(6):1532. doi:10.3390/
cancers12061532.

463

Hamid Behrouj et al.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

464

Hillig RC, Sautier B, Schroeder J, Moosmayer D,
Hilpmann A, Stegmann C, et al. Discovery of potent
SOS1 inhibitors that block RAS activation via
disruption of the RAS-SOS1 interaction. Proc Natl
Acad Sci U S A. 2019;116(7):2551-60. doi:10.1073/
pnas.1812963116.
Guo JY, Chen HY, Mathew R, Fan J, Strohecker AM,
Karsli-Uzunbas G, et al. Activated Ras requires
autophagy to maintain oxidative metabolism and
tumorigenesis. Genes Dev. 2011;25(5):460-70.
doi:10.1101/gad.2016311.
Mathew R, Karantza-Wadsworth V, White E. Role of
autophagy in cancer. Nat Rev Cancer. 2007;7(12):9617. doi:10.1038/nrc2254.
Schläfli AM, Adams O, Galván JA, Gugger M, Savic
S, Bubendorf L, et al. Prognostic value of the autophagy
markers LC3 and p62/SQSTM1 in early-stage nonsmall cell lung cancer. Oncotarget. 2016;7(26):
39544-55. doi:10.18632/oncotarget.9647.
Pugsley HR. Assessing autophagic flux by measuring
LC3, p62, and LAMP1 co-localization using
multispectral imaging flow cytometry. J Vis Exp.
2017;(125):55637. doi:10.3791/55637.
Nezis IP, Vaccaro MI, Devenish RJ, Juhász G.
Autophagy in development, cell differentiation, and
homeodynamics: from molecular mechanisms to
diseases and pathophysiology. Biomed Res Int.
2014;2014:349623. doi:10.1155/2014/349623.
Tanida I, Waguri S. Measurement of autophagy in
cells and tissues. Methods Mol Biol. 2010;648:193214. doi:10.1007/978-1-60761-756-3_13.
White E. Deconvoluting the context-dependent role
for autophagy in cancer. Nat Rev Cancer. 2012;12(6):
401-10. doi:10.1038/nrc3262.
Schmukler E, Kloog Y, Pinkas-Kramarski R. Ras and
autophagy in cancer development and therapy.
Oncotarget. 2014;5(3):577-86. doi:10.18632/
oncotarget.1775.
Kim J, Kundu M, Viollet B, Guan KL. AMPK and
mTOR regulate autophagy through direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13(2):132-41.
doi:10.1038/ncb2152.
Mammucari C, Schiaffino S, Sandri M. Downstream
of Akt: FoxO3 and mTOR in the regulation of
autophagy in skeletal muscle. Autophagy.
2008;4(4):524-6. doi:10.4161/auto.5905.
Manning BD, Cantley LC. AKT/PKB signaling:
navigating downstream. Cell. 2007;129(7):1261-74.
doi:10.1016/j.cell.2007.06.009.
Zheng ZZ, Liu ZX. Activation of the phosphatidylinositol 3-kinase/protein kinase Akt pathway mediates
CD151-induced endothelial cell proliferation and cell
migration. Int J Biochem Cell Biol. 2007;39(2):3408. doi:10.1016/j.biocel.2006.09.001.
Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu
LS, et al. Akt promotes cell survival by phosphorylating

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

and inhibiting a Forkhead transcription factor. Cell.
1999;96(6):857-68. doi:10.1016/s0092-8674(00)805954.
Martini M, De Santis MC, Braccini L, Gulluni F,
Hirsch E. PI3K/AKT signaling pathway and cancer:
an updated review. Ann Med. 2014;46(6):372-83.
doi:10.3109/07853890.2014.912836.
Fayard E, Tintignac LA, Baudry A, Hemmings BA.
Protein kinase B/Akt at a glance. J Cell Sci. 2005;
118(Pt 24):5675-8. doi:10.1242/jcs.02724.
Mizushima N. Autophagy: process and function. Genes
Dev. 2007;21(22):2861-73. doi:10.1101/gad.1599207.
Mizushima N. Methods for monitoring autophagy. Int
J Biochem Cell Biol. 2004;36(12):2491-502.
doi:10.1016/j.biocel.2004.02.005.
Tanida I, Waguri S. Measurement of autophagy in
cells and tissues. Methods Mol Biol. 2010;648:193214. doi:10.1007/978-1-60761-756-3_13.
Mizushima N, Yoshimori T, Levine B. Methods in
mammalian autophagy research. Cell. 2010;140(3):
313-26. doi:10.1016/j.cell.2010.01.028.
Kim MJ, Woo SJ, Yoon CH, Lee JS, An S, Choi YH,
et al. Involvement of autophagy in oncogenic K-Rasinduced malignant cell transformation. J Biol Chem.
2011;286(15):12924-32. doi:10.1074/jbc.M110.
138958.
Alves S, Castro L, Fernandes MS, Francisco R, Castro
P, Priault M, et al. Colorectal cancer-related mutant
KRAS alleles function as positive regulators of
autophagy. Oncotarget. 2015;6(31):30787-802.
doi:10.18632/oncotarget.5021.
Furuta S, Hidaka E, Ogata A, Yokota S, Kamata T.
Ras is involved in the negative control of autophagy
through the class I PI3-kinase. Oncogene.
2004;23(22):3898-904. doi:10.1038/sj.onc.1207539.
Yang Z, Klionsky DJ. Mammalian autophagy: core
molecular machinery and signaling regulation. Curr
Opin Cell Biol. 2010;22(2):124-31. doi:10.1016/j.ceb.
2009.11.014.
Zhai B, Hu F, Jiang X, Xu J, Zhao D, Liu B, et al.
Inhibition of Akt reverses the acquired resistance to
sorafenib by switching protective autophagy to
autophagic cell death in hepatocellular carcinoma.
Mol Cancer Ther. 2014;13(6):1589-98. doi:10.1158/
1535-7163.MCT-13-1043.
Castellano E, Downward J. RAS interaction with
PI3K: More than just another effector pathway. Genes
Cancer. 2011;2(3):261-74. doi:10.1177/194760
1911408079.
Fortier AM, Asselin E, Cadrin M. Functional specificity
of Akt isoforms in cancer progression. Biomol
Concepts. 2011;2(1-2):1-11. doi:10.1515/bmc.2011.
003.
Kim IA, Bae SS, Fernandes A, Wu J, Muschel RJ,
McKenna WG, et al. Selective inhibition of Ras, phosphoinositide 3 kinase, and Akt isoforms increases the

Middle East J Cancer 2021; 12(4): 457-465

Correlation of Autophagy Flux with AKT-1 Expression in Colon Cancer Cells

33.

34.

35.

36.

37.

38.

39.

40.

radiosensitivity of human carcinoma cell lines. Cancer
Res. 2005;65(17):7902-10. doi:10.1158/00085472.CAN-05-0513.
Hollander MC, Maier CR, Hobbs EA, Ashmore AR,
Linnoila RI, Dennis PA. Akt1 deletion prevents lung
tumorigenesis by mutant K-ras. Oncogene.
2011;30(15):1812-21. doi:10.1038/onc.2010.556.
Chen L, Kang QH, Chen Y, Zhang YH, Li Q, Xie SQ,
et al. Distinct roles of Akt1 in regulating proliferation,
migration and invasion in HepG2 and HCT 116 cells.
Oncol Rep. 2014;31(2):737-44. doi:10.3892/or.
2013.2879.
Bae SS, Cho H, Mu J, Birnbaum MJ. Isoform-specific
regulation of insulin-dependent glucose uptake by
Akt/protein kinase B. J Biol Chem. 2003;
278(49):49530-6. doi:10.1074/jbc.M306782200.
Menges CW, Sementino E, Talarchek J, Xu J, Chernoff
J, Peterson JR, et al. Group I p21-activated kinases
(PAKs) promote tumor cell proliferation and survival
through the AKT1 and Raf-MAPK pathways. Mol
Cancer Res. 2012;10(9):1178-88. doi:10.1158/15417786.MCR-12-0082.
Okumura N, Yoshida H, Nishimura Y, Kitagishi Y,
Matsuda S. Terpinolene, a component of herbal sage,
downregulates AKT1 expression in K562 cells. Oncol
Lett. 2012;3(2):321-4. doi:10.3892/ol.2011.491.
Young CD, Nolte EC, Lewis A, Serkova NJ, Anderson
SM. Activated Akt1 accelerates MMTV-c-ErbB2
mammary tumourigenesis in mice without activation
of ErbB3. Breast Cancer Res. 2008;10(4):R70.
doi:10.1186/bcr2132.
Yang W, Ju JH, Lee KM, Nam K, Oh S, Shin I. Protein
kinase B/Akt1 inhibits autophagy by down-regulating
UVRAG expression. Exp Cell Res. 2013;319(3):12233. doi:10.1016/j.yexcr.2012.11.014.
Nakaoka M, Iwai-Kanai E, Katamura M, Okawa Y,
Mita Y, Matoba S. An alpha-adrenergic agonist protects
hearts by inducing Akt1-mediated autophagy. Biochem
Biophys Res Commun. 2015;456(1):250-6. doi:10.
1016/j.bbrc.2014.11.067.

Middle East J Cancer 2021; 12(4): 457-465

465

