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Abstract: Lipoic acid (LA) is a redox-active disulphide compound, which functions as a pivotal
co-factor for mitochondrial oxidative decarboxylation. LA and chemical derivatives were shown
to target mitochondria in cancer cells with altered energy metabolism, thereby inducing cell death.
In this study, the impact of LA on the tumor suppressor protein p53 was analyzed in various colorectal
cancer (CRC) cell lines, with a focus on the mechanisms driving p53 degradation. First, LA was
demonstrated to trigger the depletion of both wildtype and mutant p53 protein in all CRC cells tested
without influencing its gene expression and preceded LA-triggered cytotoxicity. Depletion of p53
coincided with a moderate, LA-dependent ROS production, but was not rescued by antioxidant
treatment. LA induced the autophagy receptor p62 and differentially modulated autophagosome
formation in CRC cells. However, p53 degradation was not mediated via autophagy as shown by
chemical inhibition and genetic abrogation of autophagy. LA treatment also stabilized and activated
the transcription factor Nrf2 in CRC cells, which was however dispensable for p53 degradation.
Mechanistically, p53 was found to be readily ubiquitinylated and degraded by the proteasomal
machinery following LA treatment, which did not involve the E3 ubiquitin ligase MDM2. Intriguingly,
the combination of LA and anticancer drugs (doxorubicin, 5-fluorouracil) attenuated p53-mediated
stabilization of p21 and resulted in synergistic killing in CRC cells in a p53-dependant manner.
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1. Introduction

The natural compound α-lipoic acid (LA) is a chiral fatty acid harboring a disulphide bond, which
can be reduced to dihydrolipoic acid (DHLA) [1]. The biologically active (R)-enantiomer represents an
essential co-factor in mitochondrial multi-enzyme complexes performing oxidative decarboxylation
(alpha-ketoglutarate dehydrogenase and pyruvate dehydrogenase). Thus, it represents a crucial player
in the citric acid cycle and aerobic metabolism. In addition, LA and DHLA form a potent redox
couple displaying remarkable anti-oxidative properties—e.g., by chelating divalent metal ions and by
regenerating vitamin C [2–4]. LA was further shown to act anti-inflammatory by downregulating the
pro-inflammatory NF-κB pathway [3].

LA is not only de novo synthesized endogenously in mitochondria, but also occurs in animal
sources such as meat and in vegetables, in which it is most often covalently bound and therefore
negligible for dietary uptake [5–7]. Marketed as antioxidant, LA is available as food supplement,
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and drug approval has been granted for treatments of chronic diseases associated with high levels of
oxidative stress, such as diabetic polyneuropathy [8].

Recently, studies have investigated the potential of LA and its derivative CPI-613 as candidate
drugs in the treatment of various types of cancer in vitro and in vivo [9]. Regarding LA, cytotoxic and
tumor growth-inhibiting effects against a panel of different cancer cell lines have been demonstrated
(colorectal, lung, breast, thyroid, skin) [10–14]. Treatment with LA generally induces imbalance of
reactive oxygen species (ROS) release with concomitant loss of mitochondrial membrane potential
culminating predominantly in apoptotic cell death via the intrinsic mitochondrial pathway [15–18],
in which p53 was shown to be dispensable [15]. Furthermore, the autophagic machinery is triggered
upon treatment with LA as a means of cell survival [13].

Previous studies indicated a putative synergistic action of LA and chemotherapeutic agents—e.g.,
5-fluorouracil (5-FU) or etoposide—although the underlying mechanism remains to be elucidated since
its multifaceted mode of action targets a plethora of cancer hallmarks [9,15,19]. In addition, LA was
shown to target O6-methylguanine-DNA methyltransferase (MGMT), which is involved in the repair
of alkylation DNA damage [20], for its degradation and thereby increases the cytotoxic effects of the
alkylating anticancer drug temozolomide [13].

In healthy tissue, the tumor suppressor protein p53 is an important regulator of the DNA damage
response (DDR), cell cycle progression, and apoptotic cell death [21]. Upon DNA damage, p53 is able
to activate the expression of DNA repair genes—e.g., GADD45A, XPC, or MSH2 [22]—intervene in the
cell cycle via p21 upregulation or causes transcription of pro-apoptotic genes such as BAX, PUMA,
or NOXA [23,24]. The p53 protein is tightly controlled by post-translational modifications such as
ubiquitination and phosphorylation [25], and is further modulated by the cellular redox state [26].
Mutations of p53 in cancer cells lead to either inactivation (loss of function) or hyperactivation (gain
of function), both of which are crucial alterations resulting in an abrogation of its tumor suppressive
functionality [27,28]. Colorectal cancer (CRC) is the third most frequently diagnosed cancer worldwide
and 5-year-survival-rates are still devastating, stressing the need for improved therapy approaches [28].
Interestingly, approximately 50% of all colorectal tumors bear p53 mutations, prevailing in distal
and rectal tumors [28,29]. Previous studies in different cancer cell lines indicated a differential p53
expression level upon LA treatment. On the one hand, depletion of p53 following LA treatment was
observed [30], while on the other hand phosphorylation of p53 without changes of the total p53 protein
level [31,32] or even a stabilization of p53 [19] were reported.

Triggered by our observations that p53 is dispensable for LA-induced cytotoxicity in CRC cells
and that LA induces degradation of the redox-sensitive MGMT protein, we aimed to shed light on the
effects of LA on p53 in CRC. At first, we studied the impact of LA on p53 on protein and mRNA level in
various CRC cell lines and assessed the p53 transcriptional response. Subsequently, the generation of
ROS by LA and the influence of anti-oxidant supplementation on p53 depletion was evaluated. Next,
the involvement of different pathways such as autophagy and the proteasomal degradation machinery
as well as post-translational modifications were analyzed, making use of different pharmacological
inhibitors and genetic means. Finally, we set out to evaluate putative synergistic effects of combining
LA and antineoplastic drugs used in CRC and other malignancies.

2. Materials and Methods

2.1. Material

R(+)-LA, chloroquine (CQ), N-Acetyl-Cysteine (NAC), and MG132 were purchased from Sigma
(Deisenhofen, Germany). The anticancer drugs doxorubicin (Doxo) and 5-flurouracil (5-FU) were from
Medac (Wedel, Germany) and provided by the pharmacy of the UMC Mainz. The Nrf2 inhibitor ML385
and curcumin were obtained from Hycultec GmbH (Beutelsbach, Germany) and MDM2 inhibitor
Nutlin-3a was from Selleck Chemicals (Houston, TX, USA).
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Primary antibodies included Hsp90α/β (F8, mouse monoclonal; Santa Cruz, no. sc-13119), p53
(DO-1, mouse monoclonal; Santa Cruz, no. sc-126), p53 (FL-393; rabbit polyclonal; Santa Cruz,
no. sc-6243), p62 (mouse monoclonal; Santa Cruz, no. sc-28359), LC3B (rabbit monoclonal; Cell
Signaling Technology, no. 3868), ATG5 (rabbit monoclonal, Cell Signaling Technology, no. 12994),
ubiquitin (mouse monoclonal; Santa Cruz, no. sc-8017), Nrf2 antibody (rabbit monoclonal; GeneTex,
no. GTX103322), MDM2 (mouse monoclonal; Santa Cruz, no. sc-56154), heme oxygenase-1 (HO-1;
rabbit polyclonal; GeneTex, no. GTX101147), as well as p21 (C-19, rabbit polyclonal; Santa Cruz, no.
sc-397). Monoclonal PARP-1 antibody was provided by Dr. Alexander Bürkle (University of Konstanz,
Germany). Secondary antibodies conjugated with horseradish-peroxidase were purchased from Santa
Cruz (anti-mouse) and Cell Signaling (anti-rabbit).

2.2. Cell Culture and Treatments

The human CRC cell line HCT116 and isogenic p53-deficient HCT116 cells were generously
provided by Dr. Bert Vogelstein (John Hopkins University, Baltimore, USA). LS174 cells were a kind
gift of Dr, Thomas Brunner (University of Konstanz, Konstanz, Germany). SW48, HT29, and RKO cells
were provided by the Institute of Toxicology, University Medical Center Mainz. HCT116 and RKO were
grown in DMEM, LS174T in IMDM, and HT29 as well as SW48 in RPMI1640 medium supplemented
with 10% fetal calf serum and 1% penicillin/streptomycin at 37 ◦C in humidified atmosphere of 5%
CO2. Media and supplements were obtained from Gibco Life Technologies (Darmstadt, Germany) or
PanBiotech (Aidenbach, Germany). All cell lines were mycoplasma negative.

LA was prepared as a 200 mM stock solution in 100% ethanol and added to the cell culture
medium as indicated. Ethanol served as solvent control (0 µM LA). NAC was directly dissolved in
cell culture medium (5 mM). In combination studies, cells were pre-incubated with 5 mM NAC for
2 h prior to LA treatment. When CQ (100 mM in H2O) was used to block autophagy, CQ was added
16 h prior to harvesting of the cells in a final concentration of 20 µM. In experiments using MG132
(13 mM dissolved in DMSO), the proteasome-inhibitor was added 16 h after LA treatment using a dose
of 10 µM. ML385 and Nutlin-3a were dissolved in DMSO and used at a final concentration of 5 µM.
Inhibitors were added to cell culture medium 2 h prior and 24 h after LA-treatment.

Combination treatments with anticancer drugs (Doxo/5-FU) included 44 h of incubation with LA
plus 4 h of treatment with Doxo/5-FU for western blot analysis and 48 h of incubation with LA plus
72 h of treatment with Doxo/5-FU for ATP assays and Annexin V/PI stainings.

2.3. Preparation of Protein Lysates and Cell Fractionation

Whole-cell extracts and cell fractionation was performed as described [13]. After indicated time
points, cells were harvested and whole cell lysis was performed. In short, cells were lyzed in buffer
containing 25 mM Tris-HCl pH 8.0, 5 mM EDTA, 1 mM DTT, 0.5 M NaCl supplemented with complete
protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Upon 15 min of incubation at
4 ◦C on a rotating platform, extracts were clarified by centrifugation (10 min, 10,000 rpm) and protein
content was determined in a final step using Bradford assay.

Cell fractionation was conducted by cell lysis in buffer containing 10 mM HEPES-KOH pH 7.9,
1.5 mM MgCl2 and 10 mM KCl for 15 min on ice. The lysate was then supplemented with 10% NP-40
and vortexed for 30 s. After centrifugation, the cytoplasmic fraction was obtained in the supernatant.
Cell pellets were washed using isotonic buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl) and nuclei were
lyzed in buffer containing 25% glycerol, 20 mM HEPES-KOH pH 7.9, 420 mM NaCl, 1.5 mM MgCl2,
0.5 mM EDTA. Upon thorough resuspension and incubation for 20 min on ice, nuclear extracts were
isolated by centrifugation. Protein content was determined using the Bradford assay.

2.4. Co-Immunoprecipitation

Harvested cells were lyzed in buffer (40 mM Tris-HCl pH 8, 1 mM EDTA, 1 mM PMSF) containing
5 mM N-ethylmaleimide (NEM) for 10 min on ice. Afterwards, 10 mM cysteine was added in order to
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inhibit NEM and to avoid further alkylation of amine- and thiol-moieties and cells were sonicated. After
centrifugation, equal amounts were saved for input analysis and remaining lysates were pre-clarified
by incubation with Protein A/G PLUS agarose (Santa Cruz, Dallas, USA) for 2 h at 4 ◦C on a rotating
platform. Incubation for 2 h at 4 ◦C with anti-p53 antibody (rabbit polyclonal) followed. Finally,
antigen-antibody complexes were captured by incubation with Protein A/G agarose beads overnight at
4 ◦C. Upon thorough washing, beads were denatured at 95 ◦C for 5 min using non-reducing Laemmli
buffer. Samples were analyzed by SDS-PAGE and western blot analysis as described below.

2.5. Transient Transfection with siRNA

Knockdown of ATG5 was performed using siGENOME SMARTpool siRNA purchased from
Dharmacon (Lafayette, LA, USA). Non-sense, scrambled siRNA, also purchased from Dharmacon,
was used as control. Transfections were carried out as reported previously [33]. Briefly, cells were
transfected with 10 nM siRNA using Lipofectamine RNAimax (Invitrogen, Darmstadt, Germany) for
24 h before LA treatment for 48 h. Knockdown of ATG5 was verified by western blot analysis.

2.6. SDS-PAGE and Immunoblot Analysis

Western blot analysis was performed as described [34]. Equal protein amounts were separated by
SDS-PAGE followed by transfer onto a nitrocellulose membrane (Perkin Elmer, Rodgau, Germany)
with a wet blot chamber (BioRad, München, Germany). Afterwards, membranes were blocked with
5% nonfat dry milk in TBS/0.1% Tween-20 for 1 h at RT. Primary antibody incubation was performed
overnight at 4 ◦C followed by 3 × 5 min washing in TBS/0.1% Tween-20. Membranes were incubated
with appropriate secondary antibodies for at least 1 h at RT. After 3 × 5 min washing, proteins were
detected using Western Lightning®Plus-ECL (Perkin Elmer, Rodgau, Germany).

2.7. Preparation of RNA and Quantitative Real Time PCR

Gene expression analysis was essentially performed as described previously [35]. Total RNA was
isolated using the NucleoSpin® RNA Kit (Macherey-Nagel, Düren, Germany). RNA concentrations
were determined using a NanoDropTM 2000 spectrophotometer (Thermo Scientific) and 0.5 µg of total
RNA was transcribed into cDNA using the Verso cDNA synthesis Kit (Thermo Scientific, Dreieich,
Germany). qPCR was performed with the SensiMixTM SYBR Green & Fluorescein Kit (Bioline, London,
UK) and the CFX96TM Real-Time PCR Detection System (Biorad, München, Germany) with the primers
specified below (Table 1). In all three experiments, RT qPCR was conducted using technical duplicates.
The analysis was performed using CFX ManagerTM Software. Non-transcribed controls were included
in each run. Finally, expression of genes of interest was normalized to GAPDH and ACTB. The solvent
control was set to one.

Table 1. Primers used for qPCR

qPCR Primer Sequence (5′–3′)

ACTB-real-up TGGCATCCACGAAACTACC
ACTB-real-low GTGTTGGCGTACAGGTCTT
FASR-real-up TTATCTGATGTTGACTTGAGTAA
FASR-real-low GGCTTCATTGACACCATT
GADD45a-real-up ATCTCCCTGAACGGTGAT
GADD45a-real-low TGTAATCCTTGCATCAGTGT
GAPDH-real-up CATGAGAAGTATGACAACAG
GAPDH-real-low ATGAGTCCTTCCACGAT
MDM2-real-up ATCTTGATGCTGGTGTAA
MDM2-real-low AGGCTATAATCTTCTGAGTC
NOXA-real-up TCTTCGGTCACTACACAAC
NOXA-real-low CCAACAGGAACACATTGAAT
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Table 1. Cont.

qPCR Primer Sequence (5′–3′)

p21-real-up ACCATGTCAGAACCGGCTGGG
p21-real-low TGGGCGGATTAGGGCTTC
PUMA-real-up TAAGGATGGAAAGTGTAG
PUMA-real-low TTCAGTTTCTCATTGTTAC
p53-real-up AGCACTAAGCGAGCACTG
p53-real-low ACGGATCTGAAGGGTGAAA

2.8. Confocal Immunofluorescence Microscopy of p53

Immunofluorescence staining and confocal microscopy was conducted as described previously [36].
Briefly, cells were seeded on cover slips and treated as indicated. Upon fixation with 4%
paraformaldehyde, cells were washed with 100 mM glycine. After blocking using 5% bovine
serum albumin (BSA) in PBS with 0.3% Triton X-100, samples were incubated with anti-p53 antibody
(mouse monoclonal, 1:500 in blocking solution) for 1 h at RT. As secondary antibody goat-anti-mouse
coupled with Alexa488 (1:400 in PBS plus 0.3% Triton X-100, 1 h at RT) was used. Nuclei were finally
counterstained using TO-PRO-3 (1:100 in PBS). Cover slips were mounted using VectaShield (Vector
Labs, Burlingame, USA) and fluorescence microscopy images were taken using a Zeiss AxioObserver
Z1 microscope equipped with a confocal LSM710 laser-scanning unit (Zeiss, Oberkochen, Germany).
Pictures were analyzed and processed using Image J.

2.9. Flow Cytometry-Based Analysis of Autophagy Induction

Using the CytoID® Green Autophagy Detection Kit (Enzo Life Science, Lörrach, Germany),
autophagy levels were monitored as reported [33]. According to the manufacturer’s protocol, attached
and detached cells were harvested, washed with PBS, and stained for 30 min at 37 ◦C in the dark in
phenol-free medium with 0.1 % dye. After a final washing step, measurement of the samples was
carried out using BD Canto II and gating was performed using FACSDiva software (BD Biosciences).
Unstained samples were measured with each experiment to subtract autofluorescence.

2.10. Cell Death Measurement by FLOW cytometry

Cell death was measured by flow cytometry using AnnexinV/PI staining as previously
described [15]. In short, adherent and detached cells were harvested using Trypsin/EDTA, pelleted,
washed with PBS, and resuspended in 50 µL binding buffer (10 mM HEPES pH 7.4, 140 mM NaCl,
2.5 mM CaCl2, 0.1% BSA) plus 2,5 µL AnnexinV-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany).
Upon 15 min incubation on ice, 430 µL binding buffer and 10 µL propidium iodide (PI; Sigma
Aldrich, Munich, Germany; 50 µg/mL) were added and samples were analyzed using a BD Canto
II (BD Biosciences, Heidelberg, Germany). Gating of living cells (Annexin V/PI double negative),
early apoptotic cells (Annexin V-positive, PI-negative) [37], and late apoptotic/necrotic cells (Annexin
V/PI-double positive) [38], as well as data evaluation was performed with BD Diva software.

2.11. Determination of Reactive Oxygen Species by Flow Cytometry

Levels of reactive oxygen species (ROS) were quantified using flow cytometry as described [39].
Incubation with 400 µM H2O2 (Merck, Darmstadt, Germany) for 20 min in PBS served as positive
control. Cells were loaded with 2.5 µM CM-H2DCFDA (Invitrogen, Darmstadt, Germany) in PBS for
30 min at 37 ◦C in phenol red- and serum-free medium. Upon washing with PBS, cells were harvested
using Trypsin/EDTA, pelleted, resuspended in PBS, and analyzed using a BD Canto II (BD Biosciences,
Heidelberg, Germany) and evaluated using BD Diva software.
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2.12. Assessment of Combination Effect

ATP assays were used to measure cell viability [15]. According to the manufacturer’s protocol of
CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega, Mannheim, Germany), 0.5× 103 HCT116
cells per well were seeded in a white 96-well-plate. Drug doses were chosen on the basis of IC50

values and a constant ratio recommended for the Chou–Talalay-method [40]. Upon measurement
using the luminometer Fluoroskan Ascent FL (Thermo Scientific, Vantaa, Finland), data was processed
and evaluated using CompuSyn (ComboSyn Inc., Paramus, NJ, USA) and combination indexes (CI)
were calculated.

2.13. Statistics

Experiments were performed independently three times, except when otherwise stated.
Representative experiments are displayed. Values are presented as means + standard error of
the means (SEM) using GraphPad Prism 7.0 software. Statistical analysis was performed using
two-sided Student’s t-test and statistical significance was defined as p < 0.05.

3. Results

3.1. LA Leads to the Depletion of Wildtype and Mutant p53 in CRC Cell Lines

The impact of LA on p53 protein and function has been largely unstudied so far. In our previous
work, we provided evidence that cell death induction by LA in CRC cells is independent of p53 and was
not accompanied by initial p53 stabilization [15]. In order to investigate the effects of LA on p53 in more
detail, we performed western blot analysis of p53 in response to LA treatment in various CRC cell lines.
Among a panel of CRC cell lines harbouring wildtype p53 (HCT116, SW48, RKO, LS174T) [41], p53 was
depleted in a dose-dependent manner upon incubation with LA for 48 h (Figure 1A). In all cell lines
tested, doses as low as 125 µM induced this effect, which was shown to be dose-dependent and reached
a maximum at 1 mM LA. While the effect in general was cell line-independent, the overall depletion
was most pronounced in HCT116 as well as SW48 cells. The solvent control ethanol (0 µM) did not
affect p53 levels in any cell line (Figure 1A). In the same experimental set-up, HT29 cells bearing mutant
p53 [41] were incubated with increasing concentrations of LA for 48 h (Figure 1B). As demonstrated for
p53 wildtype cells, p53 was depleted in HT29 cells in a comparable and dose-dependent manner.

In order to analyze LA-triggered depletion of p53 in a subcellular context, cell fractionation was
performed following LA treatment. The chaperone Hsp90 localized to the cytoplasm [42] and the
nuclear protein PARP-1 involved in the DDR [43] were used to validate proper cell fractionation
and equal protein loading. Western blot analysis revealed p53 primarily in the nuclear fraction
(Figure 1C), which is in line with the data obtained by confocal immunofluorescence microscopy
(Figure 1D). Incubation with 0.5 or 1 mM LA caused a strong, dose-dependent depletion of nuclear p53
protein, which was also observed in cytoplasmic fractions (Figure 1C). This finding was confirmed by
confocal microscopy of HCT116 cells exposed to LA for 48 h, revealing a clear decrease of p53 staining
in the nucleus as compared to solvent-treated control cells (Figure 1D). Quantitative evaluation of
immunofluorescence staining showed a reduction of nuclear p53 protein by approximately 50% at a
dose of 1 mM LA (Figure 1E).

In a next step, we addressed the question whether LA also influences p53 at the gene expression
level. In order to assess mRNA levels of p53 upon incubation with LA, HCT116 cells were treated
with LA for 24 h. Following RNA isolation and cDNA synthesis, p53 expression was assessed by
quantitative real-time PCR using ACTB and GAPDH as housekeepers. While a dose of 0.1 mM LA
slightly increased p53 expression (Figure 1F), 1 mM LA resulted in a minor, but not significant reduction
of p53 expression (Figure 1G).

In our previous studies, LA was shown to induce cell death and reduced viability in the
above-mentioned CRC cell lines with IC50 values (72 h) ranging from 266 to 1500 µM [9,15]. To study
whether cytotoxic effects already occurred after 48 h, cell death induction was measured by Annexin
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V/PI staining. In HCT116 and SW48 cells, 500 µM LA had only weak or no cytotoxic effects (Figure A1),
but already triggered substantial p53 degradation (Figure 1A). In RKO cells, a moderate cell death
induction by LA was noted, while LA induced clear cytotoxicity in LS174T and HT29 cells (Figure A1).Cells 2018, 7, x FOR PEER REVIEW  7 of 30 
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analysis. Hsp90 was visualized as loading control. (B) The p53-mutated cell line HT29 was exposed 
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increasing doses of LA were collected after 48 h and subjected to cell fractionation. Cytoplasmic and 
nuclear fractions were separated by SDS-PAGE followed by immunoblot analysis for p53 levels. 
Hsp90 served as loading control for the cytoplasm, while PARP1 was used as loading control for the 
nucleus. (D) Confocal microscopy of p53 was performed in HCT116 cells upon 48 h of incubation 
with 0 mM LA (EtOH as solvent control) or 1 mM LA. Fixed cells were stained with a p53-antibody 
followed by an Alexa488-coupled secondary antibody (displayed in green) and nuclei were 
counterstained using TO-PRO3 (blue). Representative images are shown. (E) Quantification of nuclear 
p53 intensity as assessed in D. Data is expressed as mean + SEM (n = 3, at least 6 sections per group). 
*** p < 0.001. (F,G) Gene expression of p53 in LA-treated HCT116 cells using qPCR after 24 h 
incubation. EtOH was included as solvent control (0 mM). p53 expression levels are normalized to 
ACTB and GAPDH. Data is presented as mean + SEM (n = 3). Ns, not significant. 

To further address this issue, p53 levels were assessed by western blot analysis already after 24 
h of LA exposure. In all three CRC cell lines (HCT116, RKO, and HT29) LA provoked p53 depletion 
in a dose-dependent manner (Figure 2A,B). Furthermore, expression of p53-related genes was 
determined by quantitative real time PCR in HCT1116 cells. The positive control 5-FU, an 

Figure 1. LA triggers depletion of p53 in CRC cells. (A) A panel of p53-wild type cells including
HCT116, RKO, SW48, and LS174T were treated with increasing doses of LA for 48 h as indicated.
EtOH was included as solvent control (0 µM). Depletion of p53 was monitored using western blot
analysis. Hsp90 was visualized as loading control. (B) The p53-mutated cell line HT29 was exposed
to LA and p53 protein expression was analyzed as described in A. (C) HCT116 cells treated with
increasing doses of LA were collected after 48 h and subjected to cell fractionation. Cytoplasmic and
nuclear fractions were separated by SDS-PAGE followed by immunoblot analysis for p53 levels. Hsp90
served as loading control for the cytoplasm, while PARP1 was used as loading control for the nucleus.
(D) Confocal microscopy of p53 was performed in HCT116 cells upon 48 h of incubation with 0 mM
LA (EtOH as solvent control) or 1 mM LA. Fixed cells were stained with a p53-antibody followed by
an Alexa488-coupled secondary antibody (displayed in green) and nuclei were counterstained using
TO-PRO3 (blue). Representative images are shown. (E) Quantification of nuclear p53 intensity as
assessed in D. Data is expressed as mean + SEM (n = 3, at least 6 sections per group). *** p < 0.001.
(F,G) Gene expression of p53 in LA-treated HCT116 cells using qPCR after 24 h incubation. EtOH was
included as solvent control (0 mM). p53 expression levels are normalized to ACTB and GAPDH. Data is
presented as mean + SEM (n = 3). Ns, not significant.

To further address this issue, p53 levels were assessed by western blot analysis already after 24 h
of LA exposure. In all three CRC cell lines (HCT116, RKO, and HT29) LA provoked p53 depletion in a
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dose-dependent manner (Figure 2A,B). Furthermore, expression of p53-related genes was determined
by quantitative real time PCR in HCT1116 cells. The positive control 5-FU, an antimetabolite used in
CRC therapy, triggered a transcriptional p53 response as reflected by strong induction of the ubiquitin
ligase MDM2, the cell cycle regulator p21 and the apoptosis factor PUMA, while other apoptosis-related
genes, FASR and NOXA, were only slightly induced (Figure 2C). In turn, both low and high doses of
LA did not affect MDM2 expression and slightly downregulated the expression of the pro-apoptotic
genes PUMA and FASR. Only at a high dose (1000 µM) LA moderately stimulated GADD45 and p21
expression (Figure 2C), which are both implicated in cell cycle regulation.

Cells 2018, 7, x FOR PEER REVIEW  8 of 30 

 

antimetabolite used in CRC therapy, triggered a transcriptional p53 response as reflected by strong 
induction of the ubiquitin ligase MDM2, the cell cycle regulator p21 and the apoptosis factor PUMA, 
while other apoptosis-related genes, FASR and NOXA, were only slightly induced (Figure 2C). In 
turn, both low and high doses of LA did not affect MDM2 expression and slightly downregulated the 
expression of the pro-apoptotic genes PUMA and FASR. Only at a high dose (1000 µM) LA moderately 
stimulated GADD45 and p21 expression (Figure 2C), which are both implicated in cell cycle 
regulation.  

 
Figure 2. Early p53 depletion in CRC cells and impact on p53-dependent gene expression. (A) CRC 
cells with wildtype p53 (HCT116 and RKO) and mutant p53 (HT29) were treated with increasing 
doses of LA for 24 h as indicated. EtOH was included as solvent control (0 µM). Depletion of p53 was 
monitored using western blot analysis. Hsp90 was visualized as loading control. (B) Densitometric 
analysis of data presented in A. p53 levels were normalized to Hsp90. Data is presented as mean + 
SEM (n = 3). * p < 0.05; ** p < 0.01. (C) Gene expression of p53 targets genes (MDM2, GADD45a, p21, 
FASR, NOXA, and PUMA) in HCT116 cells treated with LA for 24 h determined by qPCR analysis. 
EtOH served as solvent control (0 µM LA), while 5-FU was used as positive control. Gene expression 
levels are normalized to ACTB and GAPDH. Data is presented as mean + SEM (n = 3), except for FASR 
analysis (n = 2). 

In conclusion, both wildtype and mutant p53 were universally depleted on the protein level 
among various CRC cell lines after LA treatment in a time- and dose-dependent manner. This 
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Figure 2. Early p53 depletion in CRC cells and impact on p53-dependent gene expression. (A) CRC
cells with wildtype p53 (HCT116 and RKO) and mutant p53 (HT29) were treated with increasing
doses of LA for 24 h as indicated. EtOH was included as solvent control (0 µM). Depletion of p53 was
monitored using western blot analysis. Hsp90 was visualized as loading control. (B) Densitometric
analysis of data presented in A. p53 levels were normalized to Hsp90. Data is presented as mean + SEM
(n = 3). * p < 0.05; ** p < 0.01. (C) Gene expression of p53 targets genes (MDM2, GADD45a, p21, FASR,
NOXA, and PUMA) in HCT116 cells treated with LA for 24 h determined by qPCR analysis. EtOH
served as solvent control (0 µM LA), while 5-FU was used as positive control. Gene expression levels
are normalized to ACTB and GAPDH. Data is presented as mean + SEM (n = 3), except for FASR
analysis (n = 2).

In conclusion, both wildtype and mutant p53 were universally depleted on the protein level
among various CRC cell lines after LA treatment in a time- and dose-dependent manner. This occurred
already to a substantial extent after 24 h and thus preceded LA-triggered cytotoxicity. Moreover, LA
hardly influenced neither p53 gene expression nor the expression of well-known p53 target genes,
while 5-FU clearly induced a p53 transcriptional response.
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3.2. Supplementation with Antioxidants Does Not Rescue p53 Depletion

LA was shown to exert pro-oxidative effects in some tumor cell lines [16,17,31] and may also
directly modify reactive protein thiols [13]. In order to address the contribution of these processes
to LA-mediated depletion of p53, we first measured induction of ROS by flow cytometry. H2O2 was
included as positive control, which clearly increased ROS levels (Figure 3A,B). While 100 µM LA had
no effect on cellular ROS formation, 1000 µM LA approximately doubled the ROS burden in both
HCT116 and RKO cells, however only the latter was statistically significant (Figure 3A,B).
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Figure 3. Induction of ROS upon LA treatment and impact of antioxidants on p53 depletion. (A) Flow
cytometric determination of reactive oxygen species (ROS) in HCT116 and RKO cells upon LA treatment
for 24 h using the CM-H2DCFDA dye. EtOH was used as solvent control (0 µM LA). H2O2 (400 µM,
20 min) served as positive control. Data is presented as mean + SEM (n = 5). Ns: p > 0.05; * p < 0.05;
** p < 0.01; **** p < 0.0001. (B) Representative histograms of A. (C) HCT116 cells were treated with
1 mM LA for 24 h either with or without co-incubation with the antioxidant NAC (5 mM). Cells were
lyzed and subjected to SDS-PAGE, followed by western blot analysis of p53. Hsp90 was visualized
as loading control. (D) Densitometric analysis of p53 signals obtained in C following normalization
to Hsp90. Data are presented as mean + SEM (n = 3). Ns: p > 0.05. (E) HCT116 cells were treated
with increasing doses of curcumin (1–10 µM) for 48 h and p53 levels were analyzed using western
blot analysis. Hsp90 served as loading control. (F) Densitometric analysis of data presented in E. p53
signals were normalized to Hsp90. Data are presented as mean + SEM (n = 3).
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Next, the effect of the thiol-containing antioxidant NAC on p53 level was studied in HCT116 cells
following LA treatment. Interestingly, NAC single treatment slightly, but not significantly diminished
p53 levels (Figure 3C,D). As already shown in Figure 2, LA caused p53 depletion, which was however
not reverted by co-incubation with NAC (Figure 3C,D). Furthermore, the impact of curcumin on
p53 was assessed, which is a natural phenolic compound and antioxidant [44]. HCT116 cells were
treated with up to 10 µM curcumin for 48 h, which resulted in a moderate p53 accumulation already at
1 µM (Figure 3E,F). This induction remained constant at higher curcumin concentrations, although ≥
5 µM curcumin displayed enhanced cytotoxicity with strongly reduced cell density and increased cell
rounding (data not shown).

In summary, LA caused a moderate ROS induction at high doses, which coincided with
p53 depletion. However, the thiol-containing antioxidant NAC was not able to revert this effect.
In contrast, the phenolic antioxidant curcumin even enhanced p53 levels, pointing towards an intrinsic,
structure-dependent effect of LA on p53.

3.3. LA-Triggered Autophagy Is Not Involved in the Mechanism of p53 Depletion

Since our previous study demonstrated that LA stimulates autophagy [13] as a cell survival
pathway, we hypothesized that this process may be involved in the depletion of p53. The highly
regulated process of (macro-)autophagy describes the targeted digestion and recycling of proteins
and organelles that are unneeded, dysfunctional, or required as nutrient source under cellular stress
conditions—e.g., starvation or oxidative stress [45]. During autophagy targeted substrates are engulfed
in double-membraned vesicles called autophagosomes, which fuse with hydrolases-filled lysosomes to
form autolysosomes [46,47]. In order to test our hypothesis, we first studied the formation of autophagic
vesicles in CRC cells exposed to LA using the CytoID®Detection Kit. The bacterial genotoxin cytolethal
distending toxin (CDT) was used as positive control, since it was recently described as autophagy
inducer in CRC cells [33]. Flow cytometry-based measurements showed the strongest induction of
autophagosome formation in HCT116 cells upon treatment with 500 µM LA (Figure 4A, first panel).
Similar levels could be reached in RKO cells using a dose of 1000 µM LA, while 500 µM LA showed
weaker effects on autophagy (Figure 4A, second panel). A very low, but statistically significant
increase of autophagic vesicles was measurable in LS174T cells at the highest LA dose. The same trend
of induction, without reaching statistical significance, was observed in SW48 cells. Representative
histograms are displayed in Figure A2. To detail these findings, the conversion of LC3B-I to LC3B-II,
which is part of the autophagosome, was monitored by western blot analysis. While LA caused a
modest increase in LC3B-II formation in LS174T cells, a reduction of LC3B-II was detected in SW48
cells (Figure 4B), suggesting that autophagy is only a minor pathway triggered by LA in these two
CRC cell lines. In turn, LA was shown to significantly increase LC3B-II formation in HCT116 and
RKO cells by promoting the autophagic flux as demonstrated by chemical autophagy inhibitors in
our previous study [13]. The autophagy receptor p62, which is also a substrate of autophagy, was
analyzed as well, showing a dose-dependent p62 accumulation after LA treatment in both SW48 and
LS174T cells (Figure 4B). This goes in line with our previously published work, which also revealed
a strong LA-dependent p62 induction in HCT116 and RKO cells [13]. Taken together, LA triggers
autophagosome formation in a rather cell line-specific manner, whereas p62 accumulation occurred in
all tested cell lines. To further elucidate the impact of LA on the autophagic flux in LS174T and SW48
cells, chemical autophagy inhibitors could be used.
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Figure 4. Autophagosome formation and p62 accumulation by LA in CRC cells and contribution
of autophagy to p53 depletion. (A) Relative autophagosome levels in HCT116, RKO, LS174T, and
SW48 cells after 48 h of LA treatment determined by the CytoID®Autophagy Detection Kit and flow
cytometry. EtOH was used as solvent control (0 µM LA). Cytolethal distending toxin (CDT) served as
positive control. Data are shown as mean + SEM (n = 4). ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001. (B) The autophagy marker LC3B and accumulation of the autophagy receptor p62 were
visualized by western blot analysis of LS174T and SW48 cells treated with increasing doses of LA for
48 h. Hsp90 served as loading control. (C) Pharmacological inhibition of autophagy and impact of LA
on p53 status. HCT116 cells were incubated with LA for 48 h as indicated. CQ was added 16 h prior to
harvesting of the cells. Whole-cell extracts were separated by SDS-PAGE followed by western blot
analysis of p53 and p62. Hsp90 served as loading control. (D) Genetic abrogation of autophagy and
p53 depletion by LA. HCT116 cells were transiently transfected with ATG5 siRNA or scrambled (scr)
siRNA. Cells were then incubated with 1 mM LA or the solvent control EtOH (0 mM LA). Samples
were subjected to SDS-PAGE and western blot analysis of p53. Successful knockdown was confirmed
by immunoblot detection of ATG5, while Hsp90 was used as loading control.
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To further study the possible interplay of autophagy induction and p53 depletion, we focused
on HCT116 cells and monitored p53 levels with simultaneous inhibition of autophagy. To this end,
autophagy was abrogated either by the pharmacological inhibitor chloroquine (CQ) or via siRNA
knockdown of the key regulator protein ATG5. Upon activation by ATG7, ATG5 builds a complex with
ATG12 and ATG16 to elongate the phagophore in autophagic vesicles and catalyzes the lipidation and
the conversion of LC3B-I to LC3B-II, representing an early event in autophagy [48]. When cells were
co-incubated with CQ, p62 levels further increased in all samples indicating successful abrogation of
autophagy. Nevertheless, depletion of p53 was unaffected when HCT116 cells were co-treated with 0.5
or 1 mM LA and CQ (Figure 4C), arguing against a contribution of the autophagosomal–lysosomal
degradation pathway. Furthermore, siRNA-mediated knockdown of ATG5 was performed in HCT116
cells. Western blot analysis confirmed the successful knockdown with minimal residual levels of
ATG5. However, LA-triggered p53 depletion was not rescued by ATG5 knockdown, further excluding
a contribution of autophagy to the observed p53 degradation (Figure 4D). Collectively, the results
provide evidence that the autophagic machinery is not involved in the depletion of p53 following
LA treatment.

3.4. LA Causes Nrf2 Induction, Which is Dispensible for p53 Degradation

As a next step, the role of nuclear factor E2-related factor (Nrf2) in LA-triggered p53 degradation
was analyzed. Nrf2 is an important transcription factor, which is activated upon oxidative stress and by
electrophilic compounds, driving the expression of genes involved in the antioxidative response and
detoxification [49]. Interestingly, it has also been linked to the expression of the autophagy receptor
p62, which was shown to be upregulated by LA herein (Figure 4B,C). Western blot analysis revealed
that LA causes a dose-dependent accumulation of Nrf2 (Figure 5A, top panel), which migrates at 95
and 110 kDa as reported [50]. At the same time, its downstream target heme oxygenase 1 (HO-1) was
upregulated (Figure 5A, middle panel), while p53 was depleted as observed before (Figure 5A, bottom
panel). To determine the contribution of Nrf2, we made use of a specific small molecule inhibitor
of Nrf2 called ML385, which disrupts the binding of Nrf2 to its antioxidant response element (ARE)
in the promoter region of Nrf2-reguated genes [51]. Consistent with the data obtained before, LA
treatment resulted in a dose-dependent induction of Nrf2 (Figure 5B,C, left panel). The Nrf2 inhibitor
ML385 slightly reduced Nrf2 levels in all samples irrespective of the treatment (Figure 5B,C, right
panel). The Nrf2 inhibitor did not rescue the LA-dependent p53 depletion, but slightly promoted p53
degradation, which was already visible in the absence of LA (Figure 5B,D). The Nrf2 target HO-1 was
moderately induced by LA, while it was almost unaffected by the inhibitor. Hemin treatment provoked
a robust induction of HO-1 as expected [52], which was significantly blocked under Nrf2 inhibition
(Figure 5B,E). Finally, p62 levels were assessed and revealed a further, but rather small increase, in p62
upon Nrf2 inhibition (Figure 5B,F). Altogether, Nrf2 is upregulated by LA in a dose-dependent manner,
which coincided with p53 depletion. However, Nrf2 stabilization was not linked to p53 degradation as
illustrated by the Nrf2 inhibitor ML385.
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Figure 5. LA induces Nrf2, which is likely dispensable for p53 degradation. (A) HCT116 cells were
incubated with increasing doses of LA (125–1000 µM) for 48 h. Cells were thereafter subjected to
SDS-PAGE and western blot analysis of p53, Nrf2 and its downstream target HO-1. EtOH (0 µM)
served as solvent control. Hsp90 was visualized as loading control. (B) HCT116 cells were incubated
for 48 h with LA in the presence or the absence of ML385, a pharmacological Nrf2 inhibitor. Hemin
(200 µM, 24 h) was included as positive control for HO-1 induction. EtOH (0 µM) served as vehicle
control. Cells were then lyzed and underwent western blot analysis of Nrf2, p53, HO-1, as well as p62.
Hsp90 was used as loading control. (C–F) Densitometric quantification of NRF2 (C), p53 (D), HO-1 (E)
and p62 (F) obtained from three independent experiments as described and shown in B. Data are given
as mean + SEM (n = 3). ns p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.

3.5. p53 is Readily Ubiquitinated upon LA Treatment

Another major pathway for cellular protein homeostasis is the ubiquitin-proteasome pathway,
in which substrate proteins are covalently labeled with ubiquitin moieties and channelled into the
proteasome for degradation, thereby giving rise to recyclable amino acids [53]. Basal p53 levels are
tightly controlled by ubiquitination, which is catalyzed by the E3 ubiquitin ligase MDM2 together with
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Mdmx [54]. First, ubiquitination of p53 was analyzed after treatment with LA in the absence or presence
of the proteasome inhibitor MG132. As shown above, 1 mM LA caused a time-dependent depletion of
p53 in HCT116 cells. Interestingly, addition of the proteasome inhibitor after 16 h of LA treatment
resulted in the accumulation of p53 and revealed the presence of mono- and polyubiquitinated p53
species, which migrated at a higher molecular weight as unmodified p53, forming the typical ubiquitin
laddering (Figure 6A). As pointed out above, p53 has a high basal proteasomal turnover. Therefore, we
wished to assess the effects of MG132 with or without LA treatment in order to distinguish between
basal and LA-dependent ubiquitination of p53. As expected, single treatment of HCT116 cells with
MG132 increased p53 levels and caused the accumulation of ubiquitin-labeled p53 species (Figure 6B,
left panel). Intriguingly, the co-treatment of 1 mM LA and MG132 led to a further increase of p53 and
its ubiquitinated forms, which was particularly obvious after 40 h (Figure 6B, right panel). It should
be noted that a prolonged incubation with MG132 seems to decrease p53 levels in cells after 40 h
irrespective of LA treatment or not (Figure 6A,B), which may be attributable to toxic side effects of
the inhibitor.
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Figure 6. LA causes enhanced ubiquitination of p53. (A) Enhanced ubiquitination as shown in HCT116
cells over a time period of 16 to 40 h using co-treatment with the proteasome inhibitor MG132 (10 µM),
which was supplemented 16 h after treatment with 1 mM of LA. Cells were harvested at indicated time
points and underwent western blot analysis. (B) Higher levels of p53 ubiquitination in HCT116 cells
upon co-treatment of LA with MG132 after 24, 28, and 40 h with the corresponding MG132-control.
Experiment was conducted as described in A. Samples were analyzed on the same blot membrane
and cut for better visualization (dashed line). (C,D) Co-immunoprecipitation of p53 in HCT116 after
48 h of LA-treatment. EtOH served as solvent control (0 mM LA). The left panel describes input for
co-immunoprecipitation with rabbit polyclonal p53-antibody. The right panel represents output for
mouse monoclonal p53-antibody and mouse monoclonal ubiquitin-antibody.
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In the next step, cells were treated with LA and p53 immunoprecipitation was performed using a
rabbit polyclonal antibody to specifically detect ubiquitin-modified p53. Equal amounts of protein, as
determined using the Bradford assay, were subjected to the immunoprecipitation. Western blot analysis
of p53 in the prepared whole-cell lysates for immunoprecipitation (input) confirmed depletion of p53
by LA and further showed equal Hsp90 levels in all samples used (Figure 6C). Precipitated p53 was
then analyzed by SDS-PAGE under non-reducing conditions and western blot detection with a mouse
monoclonal antibody against ubiquitin, revealing a LA-dependent increase in ubiquitinated species,
predominantly at about 95 kDa and between 36 and 55 kDa (Figure 6D, right panel). Interestingly,
detection of p53 with a mouse monoclonal antibody showed a decrease of p53 protein and some lower
molecular weight species, probably reflecting p53 degradation products (Figure 6D, left panel). Taken
together, our results show enhanced ubiquitination of p53 following LA treatment and mechanistically
linked the proteasomal degradation machinery to the observed p53 depletion in HCT116 cells.

3.6. MDM2 Inhibition Does Not Rescue LA-Triggered p53 Degradation

In order to dissect the role of MDM2 in LA-triggered p53 ubiquitination and subsequent
proteosomal degradation, the time-dependent expression of MDM2 was monitored by qPCR following
LA treatment in HCT116 cells. 8 h after LA treatment, both LA and the anticancer drug 5-FU,
which was used as positive control for the p53 transcriptional response, caused a downregulation
of MDM2 (Figure 7A). Interestingly, this negative effect on MDM2 disappeared in case of LA after
24 h, whereas 5-FU induced a strong upregulation of MDM2, which was maintained up to 48 h
(Figure 7A). In contrast, LA slightly suppressed MDM2 expression after 48 h, similar to the short
incubation period of 8 h. Next, we made use of the pharmacological MDM2 inhibitor Nutlin-3a. This
compound binds to the N-terminus of MDM2 and thereby abrogates its interaction with the N-terminal
transactivation domain of p53 [55]. In the absence of Nutlin-3a, incubation of HCT116 cells with
LA for 24 h provoked a clear dose-dependent depletion of p53, without affecting MDM2 and p21
protein levels (Figure 7B, left panel, and Figure 7D–F). As expected, 5-FU caused a stabilization of
p53 and concomitant induction of its negative regulator MDM2, which matches the gene expression
measurements (Figure 7A,B, left panel). In the presence of the MDM2 inhibitor Nutlin-3a, a strong
upregulation of the p53 transcriptional response occurred in all samples, irrespective of the treatment
(Figure 7B, right panel). Interestingly, p53 levels decreased in a LA-dependent manner as observed
before in the absence of Nutlin-3a. In accordance with this finding, the transcriptional targets MDM2
and p21 were also dose-dependently reduced by LA (Figure 7B, right panel and 7D–F). Exposure
to LA for 48 h without Nutlin-3a resulted in gradual depletion of p53, while MDM2 or p21 were
hardly affected (Figure 7C, left panel). Co-incubation with Nutlin-3a boosted p53 accumulation and
its transcriptional response in all treatment groups (solvent control, LA and 5-FU). Nevertheless, LA
triggered a dose-dependent decrease of p53 and its downstream target p21 as detected after 24 h
(Figure 7C, right panel). It should also be noted that in the presence of Nutlin-3a, ubiquitinated p53
species were clearly visible, forming the typical ubiquitin ladder (Figure 7B,C, right panel). In summary,
LA does not upregulate the expression of the E3 ubiquin ligase and negative p53 regulator MDM2.
Even in the presence of Nutlin-3a, LA decreased the level of p53 and its downstream target, p21.
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Figure 7. Role of MDM2 in LA-triggered p53-depletion in HCT116 cells. (A) Time course of MDM2
gene expression. Cells were exposed to LA as indicated. EtOH was used as solvent control (0 µM
LA), while 5-FU was used as positive control. (B,C) HCT116 were treated with increasing doses of
LA for 24 h (B) or 48 h (C) either with or without the MDM2 inhibitor Nutlin-3a. In addition, 5-FU
(5 µM) was used as positive control for p53 and p53-dependent MDM2 and p21 induction. Cells were
analyzed by SDS-PAGE followed by western blot detection of MDM2, p53 and p21. Either Hsp90 or
β-Actin served as loading control. (D–F) Densitometric quantification of MDM2 (D), p53 (E), and p21
(F) normalized to the respective loading controls obtained from three independent experiments as
described and shown in (B). Data are displayed as mean + SEM of three independent experiments.
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3.7. LA Synergizes with Standard Chemotherapeutics by Potentiating Cytotoxicity

Having demonstrated the depletion of p53 in various CRC cell lines bearing wildtype or mutant
p53, we aimed to characterize the feasible benefit of combining standard antineoplastic drugs with LA.
Standard antineoplastic drugs in cancer therapy of solid tumors include the antimetabolite 5-FU as a
mainstay in the therapy of CRC and the anthracycline doxorubicin (Doxo) used for the treatment of a
variety of cancers including Hodgkin’s lymphoma and breast cancer [56]. Generally, DNA damaging
antineoplastic drugs including 5-FU and Doxo cause stabilization and accumulation of p53, which
controls downstream pathways such as DNA repair, cell cycle arrest, apoptotic cell death, and also
cell survival mechanisms [21,57]. We speculated that a pre-treatment with LA would deplete p53,
attenuate downstream effects such as induction of the cell cycle regulator p21, and thereby drive cancer
cells with a high genotoxic load into cell death.

First, HCT116 cells were treated for 44 h with 1 mM LA followed by a treatment with 5-FU or Doxo
for 4 h (Figure 8A). After the total incubation of 48 h, cells were harvested and subjected to western
blot analysis of p53. As expected, both 5-FU and Doxo single treatments induced stabilization of p53,
which was more pronounced after Doxo incubation (Figure 8B). However, pre-treatment of HCT116
cells with 1 mM LA markedly impaired p53 stabilization following treatment with the anticancer drugs.
This effect was very prominent in combination with 5-FU, showing almost no 5-FU-dependent p53
accumulation (Figure 8B). Interestingly, this effect was also visible when applying a dose of 250 µM
LA, albeit to a lesser extent. The cell cycle regulator p21 as a downstream target of p53 was especially
decreased in cells treated with the combination of Doxo and 1 mM LA, but was only slightly affected
in cells co-treated with 5-FU and 1 mM LA (Figure 8B).

Second, the Chou–Talalay-method was applied in ATP viability assays in order to determine the
putative synergism upon combination treatment. Prior to these experiments, IC50 values for single
treatment with LA, 5-FU, and Doxo had to be determined in order to be able to apply combination
regimens in constant ratios based on these calculated IC50 values (Figures A3 and A4). The treatment
scheme of the conducted ATP viability assays used for the Chou–Talalay-method is depicted in
Figure 8C. Cells were incubated with LA in constant ratios for 48 h followed by a 72 h treatment with
5-FU or Doxo in constant ratios (total treatment time: 120 h). Combination treatment of HCT116
cells with LA and Doxo led to a dramatic decrease in viability below 10%, whereas single treatment
only displayed moderate-to-high cytotoxicity of 60 and 35%, respectively. Consistent with these
findings, the combination of 5-FU and LA peaked in cell viability below 15%, which was clearly more
effective than the respective mono-treatments (Figure 8D). Subsequently, the combination indices (CI)
were calculated using the Chou–Talalay-method [40] to be 0.55 (LA + Doxo) and 0.67 (LA + 5-FU)
respectively (Table 2), which is below 1 for both combination regimens and, thus, designate synergism.
Furthermore, the same treatment regimen was applied to p53-deficient HCT116 cells to assess the
relevance of LA-mediated p53 depletion for the observed synergistic effects. However, neither the
combination of 5-FU and LA nor the combination of Doxo and LA resulted in synergistic cell killing
(Figure 8E), but slightly increased viability as compared to the single treatments with the anticancer
drugs. This rather antagonistic effect on cytotoxicity was substantiated by the calculated CI using
the Chou–Talalay-method, which were for both combinations above 1 and thus indicate antagonism
(Table 2). Finally, the combination regimes were tested in RKO cells, which express wildtype p53.
Strikingly, both 5-FU and Doxo synergized with LA, which was evidenced by a strong reduction in cell
viability compared to the single treatment with 5-FU or Doxo (Figure 8F). In line with these findings,
Chou–Talalay analyses demonstrated synergism with CI values of 0.84 (LA + 5-FU) and 0.59 (LA +

Doxo), respectively (Table 2).
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Figure 8. LA attenuates p53 stabilization upon genotoxic stress and synergizes with Doxo and 5-FU.
(A,B) Combination of LA with Doxo or 5-FU, respectively, in HCT116 cells and effects on p53 and its
downstream target p21. Cells were treated as indicated in A and harvested after 48 h. Samples were
then analyzed with respect to p53 and p21 by SDS-PAGE and western blot. Hsp90 served as loading
control. (C) Treatment scheme of ATP assays in HCT116, HCT116-p53−/−, and RKO cells to determine
the combination index. Cells were pre-treated with LA for 48 h and then supplemented with either
Doxo or 5-FU. (D–F) Representative combination effects of LA and Doxo or 5-FU as measured using
ATP assays according to the treatment scheme depicted in (C) in HCT116 ((D); 1 mM LA, 10 µM 5-FU,
2 µM Doxo), HCT116-p53−/− ((E); 500 µM LA, 80 µM 5-FU; 62.5 nM Doxo), and RKO ((F); 400 µM LA,
5 µM 5-FU, 0.25 µM Doxo) cells.

Table 2. Combination indexes (CI) determined by ATP assays and the Chou–Talalay-method

Cell Line/CI LA + 5-FU LA + Doxo

HCT116 0.67 0.55
HCT116-p53−/− 1.22 1.29

RKO 0.84 0.59

Furthermore, cell death analysis was conducted under the conditions used above. In HCT116
cells, LA at the used dose (250 µM) moderately increased 5-FU-dependent cell death, but strongly
increased Doxo-triggered cell death (Figure 9A,B, left panel). In p53-deficient HCT116 cells, LA at the
used dose (250 µM) moderately increased cell death induction in combination with both 5-FU and
Doxo (Figure 9A,B, middle panel). In RKO cells, LA at the used dose (100 µM) moderately enhanced
5-FU-dependent cytotoxicity, but strongly increased cell death in combination with Doxo, which is
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similar to the findings obtained in HCT116 cells (Figure 9A,B, left panel vs. right panel). Taken together,
LA attenuates the p53 response following exposure to anticancer drugs and induces synergistic
cytotoxicity with anticancer drugs, particularly Doxo, in CRC cells in a p53-dependent manner.Cells 2018, 7, x FOR PEER REVIEW  19 of 30 
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Figure 9. LA potentiates cell death induction in CRC upon treatment with the anticancer drugs Doxo
and 5-FU. (A) Cells were pre-treated with LA for 48 h (250 µM for HCT116 and HCT116-p53−/−; 100 µM
for RKO), then supplemented with either Doxo (1 µM for HCT116 and RKO; 5 µM for HCT116-p53−/−)
or 5-FU (5 µM for HCT116; 20 µM for HCT116-p53−/−; 10 µM for RKO) and treated for another
72 h. After 120 h, cells were collected for cell death measurements and subjected to AnnexinV /PI
staining followed by flow cytometry. Data is presented as mean + SEM (n≥3). Ns: p > 0.05; * p < 0.05;
*** p < 0.001; **** p < 0.0001. (B) Representative dot plots for experiments shown in (A).

4. Discussion

The present work shows that the disulphide compound LA triggers ubiquitin-proteasome mediated
degradation of p53 in various CRC cell lines and synergizes with DNA damaging antineoplastic drugs
(doxorubicin, 5-FU), which usually cause stabilization of p53. First, we provide evidence that p53 is
efficiently depleted by LA in a dose-dependent manner. Remarkably, this effect was not limited to
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wildtype p53, but also occurred in HT29 cells (Figure 1) that express mutated p53 (R273H) [58]. This is a
hot spot mutation found within the central DNA binding domain (DBD) and confers a gain-of-function
to the mutated p53 protein [59]. The R273H mutant was reported to impair the activation of the
transcription factor Nrf2 following oxidative stress, to promote cell survival, to facilitate cell invasion
and cell migration [60–62]. LA-triggered degradation of mutant p53, as observed in HT29 cells, might
thus attenuate its pro-tumorigenic and metastatic activity.

Furthermore, we show that LA-dependent depletion of p53 was restricted to the protein level,
whereas gene expression of p53 was only slightly affected. This finding is consistent with the notion
that p53 is mainly regulated on the protein level by post-translational modifications, which can either
stabilize p53 (phosphorylation, acetylation, etc.) or promote its degradation (ubiquitination) [53].
Depletion of p53 on protein level was also reported in lymphoblastoid cell lines deficient or proficient
for the DDR kinase ATM, at a similar dose-dependent manner starting with 250 µM LA after 24 h [30].
Two other studies assessed the effects of LA on p53 phosphorylation on Ser-15, suggesting increased
phosphorylation without changes in the total p53 protein level [31,32]. Ser-15 phosphorylation of p53 is
known to be catalyzed by apical DDR kinases, such as ATM, following DNA damage [33,63]. However,
no genotoxic effects of LA were observed in our previous study in HCT116 cells [15]. In contrast
to the aforementioned studies and our own data, another work reported an accumulation of p53 in
HCT116 cells after 24 h of incubation with 50 µM LA [19]. Unfortunately, the authors did not include
dose–response experiments and were not able to detect a p53-dependent transcriptional response after
LA exposure.

The depletion of p53 in CRC cells occurred already after 24 h in a dose-dependent manner and
preceded the cytotoxic effects of LA, which became visible in LS174T and HT29 cells after 48 h (Figure 2,
Figure A1). The genotoxic anticancer drug 5-FU caused a p53-dependent transcriptional response with
upregulation of MDM2 and other p53-responsive genes, whereas this was not observed following LA
treatment. The LA-mediated upregulation of p21 at high doses is consistent with our previous study,
which showed that p21 induction by LA is independent of p53 [15]. We further assessed cellular ROS
formation and showed moderately increased ROS levels at 1000 µM LA, which is in agreement with
the pro-oxidative effects of LA reported in several tumor cell lines [16,17,31]. However, pre-treatment
of cells with the thiol-donor and antioxidant NAC did not prevent LA-induced degradation of p53,
but rather promoted this process. Whether or not NAC affects LA-triggered cytotoxicity is an open
question, which has to be addressed in futures studies. In contrast, the polyphenol curcumin with a
well-known antioxidative activity [44] caused a moderate stabilization of p53 in HCT116 cells, which is
consistent with a previous study [64]. These findings indicate that the disulphide and/or its reduced
dithiol group are the structural elements required for p53 degradation.

Subsequently, we analyzed the underlying cellular process responsible for p53 degradation in
more detail. The ubiquitin-proteasome system and autophagy are the two major quality control
pathways to maintain cellular homeostasis [65]. As our previous study revealed autophagy induction
by LA in HCT116 and RKO cells [13], we monitored autophagosome formation in all CRC cell lines
tested. Consistent with our previous finding, increased autophagosome formation was detected in
HCT116 and RKO cells, while only weak autophagy induction was observed in LS174T and SW48
cells (Figure 4). Nevertheless, the autophagy receptor p62 was strongly upregulated in all CRC cell
lines. p62 is involved in selective autophagy via binding of ubiquitinated cargo molecules, which
are then directed to the autophagosome for lysosomal degradation [66]. The expression of p62 is
upregulated by the transcription factor Nrf2, which is activated upon oxidative stress [67]. Vice
versa, p62 contributes to the activation of Nrf2 through inactivation of KEAP1, which targets Nrf2 for
degradation under normal conditions [68], thereby creating a p62-Nrf2 feedback loop. Multiple lines
of evidence show that LA causes activation of the Nrf2 pathway and upregulation of Nrf2-dependent
gene expression [69–71]. The observed accumulation of p62 in CRC cells treated with LA could thus
be attributable to the concomitant activation of Nrf2 by LA. Intriguingly, LA treatment caused a
dose-dependent induction of Nrf2 and its downstream target HO-1 in CRC cells (Figure 5). Another
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reason for increased p62 levels may be its co-aggregation with accumulated cargo molecules as
described previously [68]. However, neither pharmacological inhibition nor genetic abrogation of
autophagy were able to rescue the LA-triggered depletion of p53 (Figure 4), hence excluding a major
role for autophagy in p53 degradation.

Apart from the abovementioned mutual regulation of Nrf2 and p62, Nrf2 activation can also
increase proteolytic activity by upregulation of the 20S proteasome and the Pa28αβ (11 S) proteasome
regulator, as demonstrated following oxidative stress and treatment with the Nrf2 inducers curcumin
or LA [72]. Consistently, LA-dependent Nrf2 activation was observed in CRC cells, which coincided
with p53 depletion. However, pharmacological inhibition of Nrf2 by ML385 was not able to rescue p53
degradation (Figure 5). It should be mentioned that the inhibitor itself had some effect on cell growth,
indicating that a genetic approach may be more appropriate to elucidate the contribution of Nrf2 to the
LA-triggered depletion of p53.

In contrast, co-immunoprecipitation studies and western blot analysis revealed increased
ubiquitination and proteasomal degradation of p53 by LA treatment, which can be blocked by
proteasome inhibition (Figure 6). To figure out whether the E3 ubiquitin ligase MDM2 is responsible
for the enhanced ubiquitination of p53, MDM2 levels were assessed on gene and protein level, showing
no induction by LA. The pharmacological MDM2 inhibitor Nutlin-3a boosted p53 stabilization and the
induction of the p53 targets p21 and MDM2, but did not abrogate the LA-mediated depletion of p53 and,
concomitantly, p21 (Figure 7). These results indicate that MDM2 is dispensable for p53 degradation
triggered by LA. Nonetheless, to completely exclude a contribution of MDM2, a genetic approach
is required since MDM2 was reported to harbor two different binding sites for p53. The N-terminal
p53 binding domain is targeted by Nutlin-3a, thereby restoring the transcriptional response by
p53. However, Nutlin-3a hardly inhibits p53 ubiquitination [73], which is in line with the observed
ubiquitinated p53 species in HCT116 cells after Nutlin-3a treatment (Figure 7). The ubiquitination of
p53 by MDM2 is likely mediated by a second binding site in the central part of MDM2 [73]. Furthermore,
it should be kept in mind that various other E3 ligases (e.g., Pirh2, COP1, Trim39, etc.) have been
identified, which target p53 for ubiquitination and subsequent proteasomal degradation [74]. Thus, it
is also conceivable that one of those E3 ligases may be modulated by LA.

The molecular trigger of this enhanced p53 degradation following LA exposure likely involves
chemical modification of critical thiol groups (cysteine, methionine) within the p53 protein. The central
DBD harbors 10 cysteine residues, of which 6 display surface orientation and are thus prone to undergo
modification, e.g. by oxidants or electrophiles [26]. H2O2 was shown in vitro to oxidize the cysteine
residues in the p53 core domain, which are responsible for zinc coordination [75]. Furthermore,
oxidation of p53 destabilized p53 wild-type conformation and impaired its DNA binding in vitro,
which could be reversed by the reducing agent DTT [76]. More specifically, oxidation of Met340 located
in the tetramerization domain was reported to disrupt p53 folding [77].

Another possibility is the binding of LA as reactive disulphide to thiol-containing amino acids in
p53, thereby destabilizing p53 conformation and facilitating its ubiquitination. Interestingly, the amino
acids Cys182 and Cys277 present in the DBD of p53 are highly susceptible to chemical modification by
the alkylating reagent N-ethylmaleimide [78]. In line with this finding, Cys residues in the proximal
DBD including Cys182 were shown to be glutathionylated in tumor cells, which was further increased
by anticancer drugs and oxidative stress [79]. Intriguingly, the drug disulfiram (DSF), which also
contains a reactive disulphide bond, also catalyzed p53 glutathionylation and direct modification of
p53. This resulted in the ubiquitin-proteasome mediated degradation of p53 in HCT116 and HT29
cells [80]. These findings are in striking conformance with our study, in which LA targeted p53 for
enhanced degradation by the ubiquitin-proteasome machinery.

Finally, we demonstrate that LA attenuated the p53-dependent induction of the cell cycle regulator
p21 after treatment with the genotoxic anticancer drugs 5-FU and doxorubicin. The combination
regimen of LA and the anticancer drugs led to synergistic killing of CRC cells in a p53-dependent
manner as determined by Chou–Talalay analysis (Figure 8, Table 2). Strikingly, this synergism
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disappeared when p53-deficient HCT116 cells were used. It is yet conceivable that also proteins
other than p53 and p21 may contribute to the observed synergism. These results extend our previous
study, which showed that LA potentiates the cytotoxicity of both 5-FU and the temozolomide in
CRC cells [13,15]. It is further remarkable that the combination of LA and doxorubicin provided the
best synergistic effect both in viability studies and cell death measurements in CRC cells with p53
expression. In support of the data presented herein, LA increased apoptotic cell death induction by
etoposide and ionizing radiation [19]. LA was further reported to enhance the cytotoxicity of the
antineoplastic drugs cis-Platin and etoposide in lung cancer cells [81]. This body of evidence suggests
that LA and its chemical derivatives [9] are promising agents for targeting cancer cells.

In conclusion, our study showed for the first time that LA triggers the degradation of both
wild-type and mutant p53 in a ubiquitin-proteasome dependent manner and elicits synergistic cell
killing with genotoxic anticancer drugs in CRC cells by p53 degradation.
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CDT cytolethal distending toxin
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Doxo doxorubicin
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Figure A2. Effect of LA on autophagosome formation in different CRC cells. Cells were treated with
LA or EtOH as solvent control for 48 h, harvested and stained using the CytoID®Green Detection kit.
Cells were then analyzed by flow cytometry. Representative histograms are shown.
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Figure A3. Determination of drug concentrations for application of the Chou Talalay method. 
HCT116 cells were treated with increasing fixed-ratio doses of LA (A) for 120 h; 5-FU (B), or Doxo 
(C) for 72 h respectively. Cell viability was measured using ATP assays and normalized to solvent 
treated control cells. Drug concentrations were transformed into log-scale and plotted against the 
cell viability. The curve was fitted by non-linear regression with variable slope, providing the IC50-
values. Data are presented as mean + SEM, n = 2, triplicates. (D) Summary of IC50-values.  

Figure A3. Determination of drug concentrations for application of the Chou Talalay method. HCT116
cells were treated with increasing fixed-ratio doses of LA (A) for 120 h; 5-FU (B), or Doxo (C) for
72 h respectively. Cell viability was measured using ATP assays and normalized to solvent treated
control cells. Drug concentrations were transformed into log-scale and plotted against the cell viability.
The curve was fitted by non-linear regression with variable slope, providing the IC50-values. Data are
presented as mean + SEM, n = 2, triplicates. (D) Summary of IC50-values.
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Figure A4. Determination of drug concentrations for application of the Chou–Talalay method.
HCT116-p53−/− (left panel) and RKO (right panel) cells were treated with increasing fixed-ratio doses
of (A) LA for 120 h or 5-FU/Doxo for 72 h respectively. Cell viability was measured using ATP assays
and normalized to solvent treated control cells. Drug concentrations were transformed into log-scale
and plotted against the cell viability. The curve was fitted by non-linear regression with variable slope,
providing the IC50-values. Data are presented as mean + SEM, n = 2, triplicates. (B) Summary of
IC50-values.

References

1. Jones, W.; Li, X.; Qu, Z.-c.; Perriott, L.; Whitesell, R.R.; May, J.M. Uptake, recycling, and antioxidant actions
of α-lipoic acid in endothelial cells. Free Radic. Biol. Med. 2002, 33, 83–93. [CrossRef]

2. Sigel, H.; Prijs, B.; McCormick, D.B.; Shih, J.C. Stability and structure of binary and ternary complexes of
α-lipoate and lipoate derivatives with Mn2+, Cu2+, and Zn2+ in solution. Arch. Biochem. Biophys. 1978, 187,
208–214. [CrossRef]

3. Shay, K.P.; Moreau, R.F.; Smith, E.J.; Smith, A.R.; Hagen, T.M. Alpha-lipoic acid as a dietary supplement:
Molecular mechanisms and therapeutic potential. Biochim. Biophys Acta 2009, 1790, 1149–1160. [CrossRef]
[PubMed]

4. Rochette, L.; Ghibu, S.; Richard, C.; Zeller, M.; Cottin, Y.; Vergely, C. Direct and indirect antioxidant properties
of α-lipoic acid and therapeutic potential. Mol. Nutr. Food Res. 2013, 57, 114–125. [CrossRef] [PubMed]

5. Satoh, S.; Shindoh, M.; Min, J.Z.; Toyo’oka, T.; Fukushima, T.; Inagaki, S. Selective and sensitive determination
of lipoyllysine (protein-bound alpha-lipoic acid) in biological specimens by high-performance liquid
chromatography with fluorescence detection. Anal. Chim. Acta 2008, 618, 210–217. [CrossRef] [PubMed]

6. Akiba, S.; Matsugo, S.; Packer, L.; Konishi, T. Assay of protein-bound lipoic acid in tissues by a new enzymatic
method. Anal. Biochem. 1998, 258, 299–304. [CrossRef] [PubMed]

7. Jarrett, J.T. The biosynthesis of thiol- and thioether-containing cofactors and secondary metabolites catalyzed
by radical S-adenosylmethionine enzymes. J. Biol. Chem. 2015, 290, 3972–3979. [CrossRef]

8. Reljanovic, M.; Reichel, G.; Rett, K.; Lobisch, M.; Schuette, K.; Möller, W.; Tritschler, H.-J.; Mehnert, H.
Treatment of diabetic polyneuropathy with the antioxidant thioctic acid (α -lipoic acid): A two year
multicenter randomized double-blind placebo-controlled trial (ALADIN II). Free Radic. Res. 2009, 31, 171–179.
[CrossRef]

9. Dörsam, B.; Fahrer, J. The disulfide compound α-lipoic acid and its derivatives: A novel class of anticancer
agents targeting mitochondria. Cancer Lett. 2016, 371, 12–19. [CrossRef]

10. Abolhassani, M.; Guais, A.; Sanders, E.; Campion, F.; Fichtner, I.; Bonte, J.; Baronzio, G.; Fiorentini, G.;
Israël, M.; Schwartz, L. Screening of well-established drugs targeting cancer metabolism: Reproducibility of
the efficacy of a highly effective drug combination in mice. Invest. New Drugs 2012, 30, 1331–1342. [CrossRef]

http://dx.doi.org/10.1016/S0891-5849(02)00862-6
http://dx.doi.org/10.1016/0003-9861(78)90025-5
http://dx.doi.org/10.1016/j.bbagen.2009.07.026
http://www.ncbi.nlm.nih.gov/pubmed/19664690
http://dx.doi.org/10.1002/mnfr.201200608
http://www.ncbi.nlm.nih.gov/pubmed/23293044
http://dx.doi.org/10.1016/j.aca.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18513542
http://dx.doi.org/10.1006/abio.1998.2615
http://www.ncbi.nlm.nih.gov/pubmed/9570844
http://dx.doi.org/10.1074/jbc.R114.599308
http://dx.doi.org/10.1080/10715769900300721
http://dx.doi.org/10.1016/j.canlet.2015.11.019
http://dx.doi.org/10.1007/s10637-011-9692-7


Cells 2019, 8, 794 26 of 29

11. Feuerecker, B.; Pirsig, S.; Seidl, C.; Aichler, M.; Feuchtinger, A.; Bruchelt, G.; Senekowitsch-Schmidtke, R.
Lipoic acid inhibits cell proliferation of tumor cells in vitro and in vivo. Cancer Biol. 2012, 13, 1425–1435.
[CrossRef] [PubMed]

12. Jeon, M.J.; Kim, W.G.; Lim, S.; Choi, H.-J.; Sim, S.; Kim, T.Y.; Shong, Y.K.; Kim, W.B. Alpha lipoic acid inhibits
proliferation and epithelial mesenchymal transition of thyroid cancer cells. Mol. Cell Endocrinol. 2016, 419,
113–123. [CrossRef] [PubMed]

13. Göder, A.; Nagel, G.; Kraus, A.; Dörsam, B.; Seiwert, N.; Kaina, B.; Fahrer, J. Lipoic acid inhibits the DNA
repair protein O 6-methylguanine-DNA methyltransferase (MGMT) and triggers its depletion in colorectal
cancer cells with concomitant autophagy induction. Carcinogenesis 2015, 36, 817–831. [CrossRef] [PubMed]

14. Zachar, Z.; Marecek, J.; Maturo, C.; Gupta, S.; Stuart, S.D.; Howell, K.; Schauble, A.; Lem, J.; Piramzadian, A.;
Karnik, S.; et al. Non-redox-active lipoate derivates disrupt cancer cell mitochondrial metabolism and are
potent anticancer agents in vivo. J. Mol. Med. 2011, 89, 1137–1148. [CrossRef] [PubMed]

15. Dörsam, B.; Göder, A.; Seiwert, N.; Kaina, B.; Fahrer, J. Lipoic acid induces p53-independent cell death in
colorectal cancer cells and potentiates the cytotoxicity of 5-fluorouracil. Arch. Toxicol. 2015, 89, 1829–1846.
[CrossRef] [PubMed]

16. Moungjaroen, J.; Nimmannit, U.; Callery, P.S.; Wang, L.; Azad, N.; Lipipun, V.; Chanvorachote, P.;
Rojanasakul, Y. Reactive oxygen species mediate caspase activation and apoptosis induced by lipoic
acid in human lung epithelial cancer cells through Bcl-2 downregulation. J. Pharm. Exp. 2006, 319, 1062–1069.
[CrossRef] [PubMed]

17. Wenzel, U.; Nickel, A.; Daniel, H. alpha-Lipoic acid induces apoptosis in human colon cancer cells by
increasing mitochondrial respiration with a concomitant O2-*-generation. Apoptosis 2005, 10, 359–368.
[CrossRef]

18. Sen, C.K.; Sashwati, R.; Packer, L. Fas mediated apoptosis of human Jurkat T-cells: Intracellular events and
potentiation by redox-active alpha-lipoic acid. Cell Death Differ. 1999, 6, 481–491. [CrossRef]

19. Yoo, T.-H.; Lee, J.-H.; Chun, H.-S.; Chi, S.-G. α-Lipoic acid prevents p53 degradation in colon cancer cells by
blocking NF-κB induction of RPS6KA4. Anticancer. Drugs 2013, 24, 555–565. [CrossRef]

20. Fahrer, J.; Kaina, B. O6-methylguanine-DNA methyltransferase in the defense against N-nitroso compounds
and colorectal cancer. Carcinogenesis 2013, 34, 2435–2442. [CrossRef]

21. Brady, C.A.; Attardi, L.D. p53 at a glance. J. Cell Sci. 2010, 123, 2527–2532. [CrossRef] [PubMed]
22. Christmann, M.; Kaina, B. Transcriptional regulation of human DNA repair genes following genotoxic stress:

Trigger mechanisms, inducible responses and genotoxic adaptation. Nucleic Acids Res. 2013, 41, 8403–8420.
[CrossRef] [PubMed]

23. Williams, A.B.; Schumacher, B. p53 in the DNA-Damage-Repair Process. Cold Spring Harb Perspect Med. 2016,
6. [CrossRef] [PubMed]

24. Chen, J. The Cell-Cycle Arrest and Apoptotic Functions of p53 in Tumor Initiation and Progression. Cold Spring
Harb Perspect Med. 2016, 6, a026104. [CrossRef] [PubMed]

25. Dai, C.; Gu, W. p53 post-translational modification: Deregulated in tumorigenesis. Trends Mol. Med. 2010, 16,
528–536. [CrossRef] [PubMed]

26. Kim, D.-H.; Kundu, J.K.; Surh, Y.-J. Redox modulation of p53: Mechanisms and functional significance.
Mol. Carcinog 2011, 50, 222–234. [CrossRef] [PubMed]

27. Muller, P.A.J.; Vousden, K.H. p53 mutations in cancer. Nat. Cell Biol 2013, 15, 2–8. [CrossRef] [PubMed]
28. Miller, M.; Shirole, N.; Tian, R.; Pal, D.; Sordella, R. The Evolution of TP53 Mutations: From Loss-of-Function

to Separation-of-Function Mutants. J. Cancer Biol. Res. 2016, 4.
29. Olivier, M.; Hollstein, M.; Hainaut, P. TP53 mutations in human cancers: Origins, consequences, and clinical

use. Cold Spring Harb Perspect Biol 2010, 2, a001008. [CrossRef]
30. Gatei, M.; Shkedy, D.; Khanna, K.K.; Uziel, T.; Shiloh, Y.; Pandita, T.K.; Lavin, M.F.; Rotman, G.

Ataxia-telangiectasia: Chronic activation of damage-responsive functions is reduced by alpha-lipoic acid.
Oncogene 2001, 20, 289–294. [CrossRef]

31. Simbula, G.; Columbano, A.; Ledda-Columbano, G.M.; Sanna, L.; Deidda, M.; Diana, A.; Pibiri, M. Increased
ROS generation and p53 activation in alpha-lipoic acid-induced apoptosis of hepatoma cells. Apoptosis 2007,
12, 113–123. [CrossRef] [PubMed]

32. Park, S.; Choi, S.K.; Choi, Y.; Moon, H.-S. AMPK/p53 Axis Is Essential for α-Lipoic Acid-Regulated Metastasis
in Human and Mouse Colon Cancer Cells. J. Investig. Med. 2015, 63, 882–885. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/cbt.22003
http://www.ncbi.nlm.nih.gov/pubmed/22954700
http://dx.doi.org/10.1016/j.mce.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26463583
http://dx.doi.org/10.1093/carcin/bgv070
http://www.ncbi.nlm.nih.gov/pubmed/25998848
http://dx.doi.org/10.1007/s00109-011-0785-8
http://www.ncbi.nlm.nih.gov/pubmed/21769686
http://dx.doi.org/10.1007/s00204-014-1434-0
http://www.ncbi.nlm.nih.gov/pubmed/25526924
http://dx.doi.org/10.1124/jpet.106.110965
http://www.ncbi.nlm.nih.gov/pubmed/16990509
http://dx.doi.org/10.1007/s10495-005-0810-x
http://dx.doi.org/10.1038/sj.cdd.4400514
http://dx.doi.org/10.1097/CAD.0b013e32836181eb
http://dx.doi.org/10.1093/carcin/bgt275
http://dx.doi.org/10.1242/jcs.064501
http://www.ncbi.nlm.nih.gov/pubmed/20940128
http://dx.doi.org/10.1093/nar/gkt635
http://www.ncbi.nlm.nih.gov/pubmed/23892398
http://dx.doi.org/10.1101/cshperspect.a026070
http://www.ncbi.nlm.nih.gov/pubmed/27048304
http://dx.doi.org/10.1101/cshperspect.a026104
http://www.ncbi.nlm.nih.gov/pubmed/26931810
http://dx.doi.org/10.1016/j.molmed.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20932800
http://dx.doi.org/10.1002/mc.20709
http://www.ncbi.nlm.nih.gov/pubmed/21465572
http://dx.doi.org/10.1038/ncb2641
http://www.ncbi.nlm.nih.gov/pubmed/23263379
http://dx.doi.org/10.1101/cshperspect.a001008
http://dx.doi.org/10.1038/sj.onc.1204111
http://dx.doi.org/10.1007/s10495-006-0487-9
http://www.ncbi.nlm.nih.gov/pubmed/17136495
http://dx.doi.org/10.1097/JIM.0000000000000233
http://www.ncbi.nlm.nih.gov/pubmed/26312825


Cells 2019, 8, 794 27 of 29

33. Seiwert, N.; Neitzel, C.; Stroh, S.; Frisan, T.; Audebert, M.; Toulany, M.; Kaina, B.; Fahrer, J. AKT2 suppresses
pro-survival autophagy triggered by DNA double-strand breaks in colorectal cancer cells. Cell Death Dis.
2017, 8, e3019. [CrossRef] [PubMed]

34. Mimmler, M.; Peter, S.; Kraus, A.; Stroh, S.; Nikolova, T.; Seiwert, N.; Hasselwander, S.; Neitzel, C.; Haub, J.;
Monien, B.H.; et al. DNA damage response curtails detrimental replication stress and chromosomal instability
induced by the dietary carcinogen PhIP. Nucleic Acids Res. 2016, 44, 10259–10276. [CrossRef] [PubMed]

35. Christmann, M.; Boisseau, C.; Kitzinger, R.; Berac, C.; Allmann, S.; Sommer, T.; Aasland, D.; Kaina, B.;
Tomicic, M.T. Adaptive upregulation of DNA repair genes following benzo(a)pyrene diol epoxide protects
against cell death at the expense of mutations. Nucleic Acids Res. 2016, 44, 10727–10743. [CrossRef]

36. Fahrer, J.; Huelsenbeck, J.; Jaurich, H.; Dörsam, B.; Frisan, T.; Eich, M.; Roos, W.P.; Kaina, B.; Fritz, G. Cytolethal
distending toxin (CDT) is a radiomimetic agent and induces persistent levels of DNA double-strand breaks
in human fibroblasts. DNA Repair (Amst) 2014, 18, 31–43. [CrossRef] [PubMed]

37. Vermes, I.; Haanen, C.; Steffens-Nakken, H.; Reutelingsperger, C. A novel assay for apoptosis. Flow
cytometric detection of phosphatidylserine expression on early apoptotic cells using fluorescein labeled
Annexin V. J. Immunol. Methods 1995, 184, 39–51. [CrossRef]

38. Rieger, A.M.; Hall, B.E.; Le Luong, T.; Schang, L.M.; Barreda, D.R. Conventional apoptosis assays using
propidium iodide generate a significant number of false positives that prevent accurate assessment of cell
death. J. Immunol. Methods 2010, 358, 81–92. [CrossRef]

39. Dörsam, B.; Wu, C.-F.; Efferth, T.; Kaina, B.; Fahrer, J. The eucalyptus oil ingredient 1,8-cineol induces
oxidative DNA damage. Arch. Toxicol. 2015, 89, 797–805. [CrossRef]

40. Chou, T.-C. Theoretical basis, experimental design, and computerized simulation of synergism and
antagonism in drug combination studies. Pharm. Rev. 2006, 58, 621–681. [CrossRef]

41. Ahmed, D.; Eide, P.W.; Eilertsen, I.A.; Danielsen, S.A.; Eknæs, M.; Hektoen, M.; Lind, G.E.; Lothe, R.A.
Epigenetic and genetic features of 24 colon cancer cell lines. Oncogenesis 2013, 2, e71. [CrossRef] [PubMed]

42. Subbarao Sreedhar, A.; Kalmár, É.; Csermely, P.; Shen, Y.-F. Hsp90 isoforms: Functions, expression and
clinical importance. FEBS Lett. 2004, 562, 11–15. [CrossRef]

43. Dörsam, B.; Seiwert, N.; Foersch, S.; Stroh, S.; Nagel, G.; Begaliew, D.; Diehl, E.; Kraus, A.; McKeague, M.;
Minneker, V.; et al. PARP-1 protects against colorectal tumor induction, but promotes inflammation-driven
colorectal tumor progression. Proc. Natl. Acad Sci. USA 2018, 115, E4061–E4070. [CrossRef]

44. Abrahams, S.; Haylett, W.L.; Johnson, G.; Carr, J.A.; Bardien, S. Antioxidant effects of curcumin in models of
neurodegeneration, aging, oxidative and nitrosative stress: A review. Neuroscience 2019, 406, 1–21. [CrossRef]
[PubMed]

45. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12.
[CrossRef]

46. Meijer, A.J.; Codogno, P. Regulation and role of autophagy in mammalian cells. Int. J. Biochem. Cell Biol.
2004, 36, 2445–2462. [CrossRef]

47. Klionsky, D.J. Autophagy: From phenomenology to molecular understanding in less than a decade. Nat. Rev.
Mol. Cell Biol. 2007, 8, 931–937. [CrossRef]

48. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu Rev.
Cell Dev. Biol. 2011, 27, 107–132. [CrossRef]

49. Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.; Hayes, J.D.
Mechanisms of activation of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status
and the pathways through which it attenuates degenerative disease. Free Radic. Biol. Med. 2015, 88, 108–146.
[CrossRef]

50. Lau, A.; Tian, W.; Whitman, S.A.; Zhang, D.D. The predicted molecular weight of Nrf2: It is what it is not.
Antioxid. Redox Signal. 2013, 18, 91–93. [CrossRef]

51. Singh, A.; Venkannagari, S.; Oh, K.H.; Zhang, Y.-Q.; Rohde, J.M.; Liu, L.; Nimmagadda, S.; Sudini, K.;
Brimacombe, K.R.; Gajghate, S.; et al. Small Molecule Inhibitor of NRF2 Selectively Intervenes Therapeutic
Resistance in KEAP1-Deficient NSCLC Tumors. ACS Chem. Biol. 2016, 11, 3214–3225. [CrossRef] [PubMed]

52. Yang, Y.; Xi, Z.; Xue, Y.; Ren, J.; Sun, Y.; Wang, B.; Zhong, Z.; Yang, G.-Y.; Sun, Q.; Bian, L. Hemoglobin
pretreatment endows rat cortical astrocytes resistance to hemin-induced toxicity via Nrf2/HO-1 pathway.
Exp. Cell Res. 2017, 361, 217–224. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/cddis.2017.418
http://www.ncbi.nlm.nih.gov/pubmed/28837154
http://dx.doi.org/10.1093/nar/gkw791
http://www.ncbi.nlm.nih.gov/pubmed/27599846
http://dx.doi.org/10.1093/nar/gkw873
http://dx.doi.org/10.1016/j.dnarep.2014.03.002
http://www.ncbi.nlm.nih.gov/pubmed/24680221
http://dx.doi.org/10.1016/0022-1759(95)00072-I
http://dx.doi.org/10.1016/j.jim.2010.03.019
http://dx.doi.org/10.1007/s00204-014-1281-z
http://dx.doi.org/10.1124/pr.58.3.10
http://dx.doi.org/10.1038/oncsis.2013.35
http://www.ncbi.nlm.nih.gov/pubmed/24042735
http://dx.doi.org/10.1016/S0014-5793(04)00229-7
http://dx.doi.org/10.1073/pnas.1712345115
http://dx.doi.org/10.1016/j.neuroscience.2019.02.020
http://www.ncbi.nlm.nih.gov/pubmed/30825584
http://dx.doi.org/10.1002/path.2697
http://dx.doi.org/10.1016/j.biocel.2004.02.002
http://dx.doi.org/10.1038/nrm2245
http://dx.doi.org/10.1146/annurev-cellbio-092910-154005
http://dx.doi.org/10.1016/j.freeradbiomed.2015.06.021
http://dx.doi.org/10.1089/ars.2012.4754
http://dx.doi.org/10.1021/acschembio.6b00651
http://www.ncbi.nlm.nih.gov/pubmed/27552339
http://dx.doi.org/10.1016/j.yexcr.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29074371


Cells 2019, 8, 794 28 of 29

53. Bard, J.A.M.; Goodall, E.A.; Greene, E.R.; Jonsson, E.; Dong, K.C.; Martin, A. Structure and Function of the
26S Proteasome. Annu. Rev. Biochem. 2018, 87, 697–724. [CrossRef] [PubMed]

54. Wade, M.; Li, Y.-C.; Wahl, G.M. MDM2, MDMX and p53 in oncogenesis and cancer therapy. Nat. Rev. Cancer
2013, 13, 83–96. [CrossRef] [PubMed]

55. Vassilev, L.T.; Vu, B.T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.; Kammlott, U.; Lukacs, C.;
Klein, C.; et al. In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science 2004,
303, 844–848. [CrossRef] [PubMed]

56. Cunningham, D.; Atkin, W.; Lenz, H.-J.; Lynch, H.T.; Minsky, B.; Nordlinger, B.; Starling, N. Colorectal cancer.
Lancet 2010, 375, 1030–1047. [CrossRef]

57. Ju, J.; Schmitz, J.C.; Song, B.; Kudo, K.; Chu, E. Regulation of p53 expression in response to 5-fluorouracil in
human cancer RKO cells. Clin. Cancer Res. 2007, 13, 4245–4251. [CrossRef]

58. Rodrigues, N.R.; Rowan, A.; Smith, M.E.; Kerr, I.B.; Bodmer, W.F.; Gannon, J.V.; Lane, D.P. p53 mutations in
colorectal cancer. Proc. Natl. Acad. Sci. USA 1990, 87, 7555–7559. [CrossRef]

59. Rivlin, N.; Brosh, R.; Oren, M.; Rotter, V. Mutations in the p53 Tumor Suppressor Gene: Important Milestones
at the Various Steps of Tumorigenesis. Genes Cancer 2011, 2, 466–474. [CrossRef]

60. Kalo, E.; Kogan-Sakin, I.; Solomon, H.; Bar-Nathan, E.; Shay, M.; Shetzer, Y.; Dekel, E.; Goldfinger, N.;
Buganim, Y.; Stambolsky, P.; et al. Mutant p53R273H attenuates the expression of phase 2 detoxifying
enzymes and promotes the survival of cells with high levels of reactive oxygen species. J. Cell Sci. 2012, 125,
5578–5586. [CrossRef]

61. Muller, P.A.J.; Caswell, P.T.; Doyle, B.; Iwanicki, M.P.; Tan, E.H.; Karim, S.; Lukashchuk, N.; Gillespie, D.A.;
Ludwig, R.L.; Gosselin, P.; et al. Mutant p53 drives invasion by promoting integrin recycling. Cell 2009, 139,
1327–1341. [CrossRef] [PubMed]

62. Yeudall, W.A.; Vaughan, C.A.; Miyazaki, H.; Ramamoorthy, M.; Choi, M.-Y.; Chapman, C.G.; Wang, H.;
Black, E.; Bulysheva, A.A.; Deb, S.P.; et al. Gain-of-function mutant p53 upregulates CXC chemokines and
enhances cell migration. Carcinogenesis 2012, 33, 442–451. [CrossRef] [PubMed]

63. Kruse, J.-P.; Gu, W. Modes of p53 regulation. Cell 2009, 137, 609–622. [CrossRef] [PubMed]
64. Watson, J.L.; Hill, R.; Yaffe, P.B.; Greenshields, A.; Walsh, M.; Lee, P.W.; Giacomantonio, C.A.; Hoskin, D.W.

Curcumin causes superoxide anion production and p53-independent apoptosis in human colon cancer cells.
Cancer Lett. 2010, 297, 1–8. [CrossRef] [PubMed]

65. Danieli, A.; Martens, S. p62-mediated phase separation at the intersection of the ubiquitin-proteasome system
and autophagy. J. Cell Sci. 2018, 131. [CrossRef]

66. Lamark, T.; Svenning, S.; Johansen, T. Regulation of selective autophagy: The p62/SQSTM1 paradigm.
Essays Biochem. 2017, 61, 609–624. [CrossRef] [PubMed]

67. Jain, A.; Lamark, T.; Sjøttem, E.; Larsen, K.B.; Awuh, J.A.; Øvervatn, A.; McMahon, M.; Hayes, J.D.; Johansen, T.
p62/SQSTM1 is a target gene for transcription factor NRF2 and creates a positive feedback loop by inducing
antioxidant response element-driven gene transcription. J. Biol. Chem. 2010, 285, 22576–22591. [CrossRef]

68. Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.-S.; Ueno, I.;
Sakamoto, A.; Tong, K.I.; et al. The selective autophagy substrate p62 activates the stress responsive
transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 2010, 12, 213–223. [CrossRef]

69. Shay, K.P.; Michels, A.J.; Li, W.; Kong, A.-N.T.; Hagen, T.M. Cap-independent Nrf2 translation is part of a
lipoic acid-stimulated detoxification stress response. Biochim Biophys Acta 2012, 1823, 1102–1109. [CrossRef]

70. Lii, C.-K.; Liu, K.-L.; Cheng, Y.-P.; Lin, A.-H.; Chen, H.-W.; Tsai, C.-W. Sulforaphane and alpha-lipoic acid
upregulate the expression of the pi class of glutathione S-transferase through c-jun and Nrf2 activation.
J. Nutr. 2010, 140, 885–892. [CrossRef]

71. Pilar Valdecantos, M.; Prieto-Hontoria, P.L.; Pardo, V.; Módol, T.; Santamaría, B.; Weber, M.; Herrero, L.;
Serra, D.; Muntané, J.; Cuadrado, A.; et al. Essential role of Nrf2 in the protective effect of lipoic acid against
lipoapoptosis in hepatocytes. Free Radic. Biol. Med. 2015, 84, 263–278. [CrossRef] [PubMed]

72. Pickering, A.M.; Linder, R.A.; Zhang, H.; Forman, H.J.; Davies, K.J.A. Nrf2-dependent induction of
proteasome and Pa28αβ regulator are required for adaptation to oxidative stress. J. Biol. Chem. 2012, 287,
10021–10031. [CrossRef] [PubMed]

73. Ma, J.; Martin, J.D.; Zhang, H.; Auger, K.R.; Ho, T.F.; Kirkpatrick, R.B.; Grooms, M.H.; Johanson, K.O.;
Tummino, P.J.; Copeland, R.A.; et al. A second p53 binding site in the central domain of Mdm2 is essential
for p53 ubiquitination. Biochemistry 2006, 45, 9238–9245. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-biochem-062917-011931
http://www.ncbi.nlm.nih.gov/pubmed/29652515
http://dx.doi.org/10.1038/nrc3430
http://www.ncbi.nlm.nih.gov/pubmed/23303139
http://dx.doi.org/10.1126/science.1092472
http://www.ncbi.nlm.nih.gov/pubmed/14704432
http://dx.doi.org/10.1016/S0140-6736(10)60353-4
http://dx.doi.org/10.1158/1078-0432.CCR-06-2890
http://dx.doi.org/10.1073/pnas.87.19.7555
http://dx.doi.org/10.1177/1947601911408889
http://dx.doi.org/10.1242/jcs.106815
http://dx.doi.org/10.1016/j.cell.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/20064378
http://dx.doi.org/10.1093/carcin/bgr270
http://www.ncbi.nlm.nih.gov/pubmed/22114072
http://dx.doi.org/10.1016/j.cell.2009.04.050
http://www.ncbi.nlm.nih.gov/pubmed/19450511
http://dx.doi.org/10.1016/j.canlet.2010.04.018
http://www.ncbi.nlm.nih.gov/pubmed/20472336
http://dx.doi.org/10.1242/jcs.214304
http://dx.doi.org/10.1042/EBC20170035
http://www.ncbi.nlm.nih.gov/pubmed/29233872
http://dx.doi.org/10.1074/jbc.M110.118976
http://dx.doi.org/10.1038/ncb2021
http://dx.doi.org/10.1016/j.bbamcr.2012.04.002
http://dx.doi.org/10.3945/jn.110.121418
http://dx.doi.org/10.1016/j.freeradbiomed.2015.03.019
http://www.ncbi.nlm.nih.gov/pubmed/25841776
http://dx.doi.org/10.1074/jbc.M111.277145
http://www.ncbi.nlm.nih.gov/pubmed/22308036
http://dx.doi.org/10.1021/bi060661u
http://www.ncbi.nlm.nih.gov/pubmed/16866370


Cells 2019, 8, 794 29 of 29

74. Chao, C.C.-K. Mechanisms of p53 degradation. Clin. Chim. Acta 2015, 438, 139–147. [CrossRef] [PubMed]
75. Scotcher, J.; Clarke, D.J.; Mackay, C.L.; Hupp, T.; Sadler, P.J.; Langridge-Smith, P.R.R. Redox regulation of

tumor suppressor protein p53: Identification of the sites of hydrogen peroxide oxidation and glutathionylation.
Chem. Sci. 2013, 4, 1257. [CrossRef]

76. Hainaut, P.; Milner, J. Redox modulation of p53 conformation and sequence-specific DNA binding in vitro.
Cancer Res. 1993, 53, 4469–4473. [PubMed]

77. Nomura, T.; Kamada, R.; Ito, I.; Sakamoto, K.; Chuman, Y.; Ishimori, K.; Shimohigashi, Y.; Sakaguchi, K.
Probing phenylalanine environments in oligomeric structures with pentafluorophenylalanine and
cyclohexylalanine. Biopolymers 2011, 95, 410–419. [CrossRef] [PubMed]

78. Scotcher, J.; Clarke, D.J.; Weidt, S.K.; Mackay, C.L.; Hupp, T.R.; Sadler, P.J.; Langridge-Smith, P.R.R.
Identification of two reactive cysteine residues in the tumor suppressor protein p53 using top-down FTICR
mass spectrometry. J. Am. Soc. Mass Spectrom. 2011, 22, 888–897. [CrossRef]

79. Velu, C.S.; Niture, S.K.; Doneanu, C.E.; Pattabiraman, N.; Srivenugopal, K.S. Human p53 is inhibited
by glutathionylation of cysteines present in the proximal DNA-binding domain during oxidative stress.
Biochemistry 2007, 46, 7765–7780. [CrossRef]

80. Paranjpe, A.; Srivenugopal, K.S. Degradation of NF-κB, p53 and other regulatory redox-sensitive proteins
by thiol-conjugating and -nitrosylating drugs in human tumor cells. Carcinogenesis 2013, 34, 990–1000.
[CrossRef]

81. Puchsaka, P.; Chaotham, C.; Chanvorachote, P. α-Lipoic acid sensitizes lung cancer cells to chemotherapeutic
agents and anoikis via integrin β1/β3 downregulation. Int. J. Oncol. 2016, 49, 1445–1456. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cca.2014.08.015
http://www.ncbi.nlm.nih.gov/pubmed/25172038
http://dx.doi.org/10.1039/c2sc21702c
http://www.ncbi.nlm.nih.gov/pubmed/8402615
http://dx.doi.org/10.1002/bip.21594
http://www.ncbi.nlm.nih.gov/pubmed/21280026
http://dx.doi.org/10.1007/s13361-011-0088-x
http://dx.doi.org/10.1021/bi700425y
http://dx.doi.org/10.1093/carcin/bgt032
http://dx.doi.org/10.3892/ijo.2016.3624
http://www.ncbi.nlm.nih.gov/pubmed/27431988
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Material 
	Cell Culture and Treatments 
	Preparation of Protein Lysates and Cell Fractionation 
	Co-Immunoprecipitation 
	Transient Transfection with siRNA 
	SDS-PAGE and Immunoblot Analysis 
	Preparation of RNA and Quantitative Real Time PCR 
	Confocal Immunofluorescence Microscopy of p53 
	Flow Cytometry-Based Analysis of Autophagy Induction 
	Cell Death Measurement by FLOW cytometry 
	Determination of Reactive Oxygen Species by Flow Cytometry 
	Assessment of Combination Effect 
	Statistics 

	Results 
	LA Leads to the Depletion of Wildtype and Mutant p53 in CRC Cell Lines 
	Supplementation with Antioxidants Does Not Rescue p53 Depletion 
	LA-Triggered Autophagy Is Not Involved in the Mechanism of p53 Depletion 
	LA Causes Nrf2 Induction, Which is Dispensible for p53 Degradation 
	p53 is Readily Ubiquitinated upon LA Treatment 
	MDM2 Inhibition Does Not Rescue LA-Triggered p53 Degradation 
	LA Synergizes with Standard Chemotherapeutics by Potentiating Cytotoxicity 

	Discussion 
	
	References

