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Abstract
The discovery of the anti-proliferative activity of nelfinavir in HIV-free models has encour-

aged its investigation as anticancer drug. Although the molecular mechanism by which nelfi-

navir exerts antitumor activity is still unknown, its effects have been related to Akt inhibition.

Here we tested the effects of nelfinavir on cell proliferation, viability and death in two human

breast cancer cell lines and in human normal primary breast cells. To identify the mecha-

nism of action of nelfinavir in breast cancer, we evaluated the involvement of the Akt path-

way as well as the effects of nelfinavir on reactive oxygen species (ROS) production and

ROS-related enzymes activities. Nelfinavir reduced breast cancer cell viability by inducing

apoptosis and necrosis, without affecting primary normal breast cells. The antitumor activity

of nelfinavir was related to alterations of the cell redox state, coupled with an increase of

intracellular ROS production limited to cancer cells. Nelfinavir treated tumor cells also dis-

played a downregulation of the Akt pathway due to disruption of the Akt-HSP90 complex,

and subsequent degradation of Akt. These effects resulted to be ROS dependent, suggest-

ing that ROS production is the primary step of nelfinavir anticancer activity. The analysis of

ROS-producers and ROS-detoxifying enzymes revealed that nelfinavir-mediated ROS pro-

duction was strictly linked to flavoenzymes activation. We demonstrated that ROS enhance-

ment represents the main molecular mechanism required to induce cell death by nelfinavir

in breast cancer cells, thus supporting the development of new and more potent oxidizing

molecules for breast cancer therapy.
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Introduction
Breast cancer is the most common type of cancer worldwide in women [1]. Despite recent
advances in drug therapy, a significant proportion of breast cancer patients fail to heal for
the lack of chemotherapic drugs selectivity and for the emergence of endocrine-resistance,
primarily due to the activation of alternative proliferation pathways [2, 3]. In this context,
the development of new drugs becomes necessary for a more effective breast cancer therapy
[3–5].

Nelfinavir, initially designed to block HIV-protease [6], possesses a relevant anticancer
activity by affecting many intracellular pathways involved in tumor cell proliferation and cell-
death resistance. Although nelfinavir primary target is unknown, its antitumor effects have
been related to several mechanisms of action: induction of endoplasmatic reticulum stress,
inhibition of proteasome function, inhibition of Akt phosphorylation, and induction of autop-
hagy [7–13]. Since Akt signaling affects different steps of cancer development [14–18], it is
considered the most important nelfinavir therapeutic target. Indeed, nelfinavir-mediated inhi-
bition of AKT phosphorylation has been associated with reduced tumor cell proliferation and
increased sensitivity to ionizing radiation and chemotherapy. Therefore, nelfinavir has been
tested in combination with chemo-radiotherapy for locally advanced rectal cancer [19], glio-
blastoma [20], head and neck carcinoma and non-small-cell lung carcinoma [21, 22]. However,
the kinetic of Akt inhibition is cell line specific [11, 23–25], hence we evaluated Akt involve-
ment in nelfinavir anticancer activity in breast cancer.

It is established that the nelfinavir maximum plasma concentration of 3-4mg/l in HIV-posi-
tive patients [26] is also able to inhibit tumor cell growth. However, it has been reported that in
HIV-positive patients, long-term treatment with nelfinavir can trigger side effects that resem-
ble the metabolic syndrome [27]. It has been proposed that drug-induced oxidative stress plays
a central role in this process. The link between HIV-protease inhibitors exposure and increased
ROS production is well established both in HIV positive patients [28, 29] and in several cellular
models [30–33]. ROS are produced spontaneously in the mitochondria during the oxidative
phosphorylation process, or through the activation of lipoxygenase, cyclooxygenase, specific
oxidoreductases, and flavoenzymes [34, 35]. Regulated ROS production is essential for several
biological functions such as cell growth [36], differentiation [37], and apoptosis [38] by induc-
ing oxidative modification of proteins involved in different intracellular pathways, thus modu-
lating their activity or half life [39]. Conversely, high intracellular levels of ROS can determine
oxidative damage to DNA, lipids, and proteins [40, 41], playing a role in the progression of sev-
eral processes such as carcinogenesis or cell-death [42]. Cells often tolerate mild oxidative
stress by upregulating synthesis or activity of antioxidant agents to restore the balance [39, 43]
but, when ROS overcome cell antioxidant defense system, oxidative stress and subsequent mac-
romolecular damage occur [44].

It has been well established that in cancer cells ROS production is higher than normal
cells [45–47], and several studies reported the presence of markers of constitutive oxidative
stress in samples from in vivo breast carcinoma [48–50]. High basal level of ROS in cancer
cells makes them more vulnerable to the further increase of ROS that cause cytotoxicity, sug-
gesting the induction of oxidative stress as therapeutic strategy. To date, the role of ROS as
key-players in the molecular mechanism by which nelfinavir exerts its anticancer effect has
been recently investigated [51]. Our results show for the first time that nelfinavir anticancer
activity may take into account simultaneous inhibition of Akt pathway and induction of ROS
production, taking advantage of their involvement in the control of cell proliferation at multi-
ple signaling levels.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 2 / 26



Materials and Methods

Cell Culture
Human breast cancer cell lines (MCF-7; MDA-MB231) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10 mM glucose supplemented with 10% fetal calf serum
and 100 units/mL each of penicillin and streptomycin and 2 mmol/L glutamine (all from
Gibco, Grand Island, NY, USA) and incubated in standard culture conditions (95% air and 5%
CO2 at 37°C).

Culture of human primary mammary epithelial cells
Human mammary epithelial cells (HMEC) were derived from surgical specimens from women
who had undergone reductive mammoplasty, following written informed consent. For investi-
gations involving human subjects, authors affirm that they have been carried out in accordance
with the Declaration of Helsinki and approved by the “Federico II University Ethical Commit-
tee” (e-mail: comitato.etico@unina.it, protocol number 159/11). Epithelial cells were culled and
grown as described by Labarge and colleagues [52]. Briefly, each tissue specimen was washed
extensively in phosphate-buffered saline (PBS) supplemented with 200 U penicillin, 200 μg/ ml
streptomycin (Gibco) and 5 μg/ml fungizone (Sigma, Saint Louis, MO, USA), then finely
minced and disaggregated for 18–20 min in 0.1% collagenase type I (Invitrogen, Carlsbad, CA,
USA). Following tissue digestion, the fat supernatant tissue was removed and the tube was
shaken vigorously to disaggregate any remaining large clumps. Three cell populations (epithe-
lial breast cells, stromal breast cells and organoid substance) were then isolated using differen-
tial centrifugation. For the first 24 h, cells from the organoid and epithelial fractions were
plated in 75% organoid medium (OM) to promote cell attachment. OM consisted of DMEM/
F12 supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM glutamine, 10 mM
Hepes, 0.075% bovine serum albumin, 10 ng/ml cholera toxin, 0.5 μg/ml hydrocortisone, 5 μg/
ml insulin and 5 ng/ml epidermal growth factor (all from Sigma, Saint Louis, MO, USA). After
24 hours medium was removed and replaced with OM. Cells were maintained in this way for
the duration of the culture. To remove the fibroblasts from HMEC, differential trypsinization
was performed, based on the rapid detachment of fibroblasts from the surface plastic [53].

Reagents and inhibitors
Nelfinavir (chemical name: 3-Isoquinolinecarboxamide, N-(1,1-dimethylethyl)decahydro-2-
[(2R,3R)-2-hydroxy-3-[(3-hydroxy-2-methylbenzoyl)amino]-4-(phenylthio)butyl]-
(3S,4aS,8aS), was dissolved in DMSO to a final concentration of 50 mM and stored at -20°C.
Its structure is well defined [54]. It was obtained through the NIH AIDS Research and Refer-
ence Reagent Program, Division of AIDS, NIAID, NIH. It was used at the indicated concentra-
tion, and added to the culture medium every 48 hours. Cycloheximide, MG-132, tocopherol,
diphenyleneiodonium (DPI), (4-2-amino-ethyl)-benzolsulphonyl-fluoride hydrochloride
(AEBSF), NG-nitro-l-arginine methyl ester (L-NAME) and allopurinol were all purchased by
Sigma (Saint Louis, MO, USA) and used at indicated concentrations.

Cell Viability Assay
Cells were seeded into 96-well plates to a density of 5x 103 cells/well. After 24 hours of growth
to allow attachment to the wells, nelfinavir or indicated reagents were added at different con-
centrations for the different time points. At the end of incubation times, PrestoBlue™ Reagent
(Invitrogen, Carlsbad, CA, USA) was added directly in the culture medium for 2 hours, at 37°C
in the dark. According to manufacturer’s indication the absorbance was measured at 570 nm,
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and the values normalized to the 600 nm values for the experimental wells. Results were
expressed as percentage relative to vehicle-treated control (0.5% DMSO was added to untreated
cells).

Cell proliferation
Cells were seeded in 12-well culture plates at density of 7x104 cells/well and treated with indi-
cated reagents. The number of viable, trypan blue (Sigma, Saint Louis, MO, USA) -excluding
cells was determined using a Bürker chamber every 24 hours until 6th day.

Cell cycle analysis
For FACS (fluorescence-activated cell sorting) analysis cells were seeded in 6-well plates at den-
sity of 3x105 cells/dish, and treated as indicated. MDA-MB231 and MCF-7 cells were collected
and fixed over-night in ice-cold 70% ethanol at -20°C. Washed pellets were resuspended in
PBS containing 10μg/ml Propidium Iodide (PI) (Sigma, Saint Louis, MO, USA), incubated for
30’ at room temperature, and analyzed for emission in PE-Texas Red channel. Samples were
acquired with a CYAN flow cytometer (DAKO Corporation, San Jose, CA, USA). To remove
artifacts such as doublets and aggregates from the analysis, an electronic doublet discrimina-
tion was performed using the area and width of the fluorescence PE-Texas Red pulse. Cell cycle
distribution, expressed as percentage of cells in the G0/G1, S, and G2/M phases, was calculated
using the SUMMIT software.

Annexin V/PI staining
MDA-MB231 and MCF-7 cells were plated at 3x105 in 6-well plates, washed with PBS and
then with Annexin V Binding Buffer. After centrifugation at 2000 rpm for 3 min, cells were
resuspended in 100μl of Annexin V Binding Buffer (Biolegend, San Diego, CA, USA) and incu-
bated with 5 μl of fluorescein isothiocyanate (FITC)-conjugated Annexin V (Biolegend, San
Diego, CA, USA) for 15 min at 25°C in the dark. Finally, 400 μl of Annexin V Binding Buffer
and 2 μl of 500 μg/ml PI (Sigma) were added to each sample just before analysis. Samples were
acquired with a CYAN flow cytometer (DAKO Corporation, San Jose, CA, USA) and analyzed
using the SUMMIT software.

Measurement of ROS intracellular levels
Breast cancer and primary normal cells were seeded in 6-well plates at a density of 3x105 cells/
dish, and treated with 10 μM nelfinavir at different time points. Cells were rinsed with PBS and
incubated with 5μMH2DCF-DA (Calbiochem, San Diego, CA, USA) in serum-free fresh
medium for 30 min at 37°C in the dark. Cells were washed, harvested and green fluorescence
intensity examined by CYAN flow cytometer (DAKO Corporation, San Jose, CA, USA) analy-
sis using the SUMMIT software.

Lipid peroxidation analysis
Lipid peroxidation was analyzed using the parameters indicated in the Lipid Peroxidation mal-
ondialdehyde (MDA) assay kit (Abcam Cambridge, MA, USA). Briefly, cells were seeded at a
density of 1x106cells, treated with nelfinavir at the indicated time, lysed on ice in MDA lysis
buffer and centrifuged (13000xg, 10 min) to remove insoluble material. The supernatants were
placed into new vials with thiobarbituric acid solution for 60 min at 95°C and cooled in an ice
bath for 10 min. The MDA- thiobarbituric acid adducts were quantified colorimetrically at 532
nm using a microplate reader.
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Superoxide dismutase activity assay
Superoxide dismutase (SOD) Activity Assay kit (Abcam Cambridge, MA, USA) was used to
determine the SOD activity in breast cancer cell lines treated for 30 min, 3h, 24h and 48h with
10 μM nelfinavir. Briefly, cells were homogenized in ice cold 0.1M Tris/HCl, ph 7.4 containing
0.5%Triton X-100, 5mM β-mercaptoetanolo, 0.1mg/ml phenylmethanesulfonylfluoride
(PMSF). After centrifugation (14000xg, 5 min at 4°C), supernatants were incubated with
Working Solution and Enzyme Working Solution for 20 min at 37 C. SOD activity (%) was cal-
culated as indicated in the assay kit instructions, using absorbance values at 450 nm.

Quantitative reverse transcription polymerase chain reaction
Total RNA were extracted fromMDA-MB231 cells using Trizol reagent (Invitrogen, Carlsbad,
CA, USA), purificated with Qiagen RNeasy mini-kit and reverse transcribed using a High
Capacity Reverse Transcriptase Kit (Applied Biosystems, Invitrogen, Carlsbad, CA, USA).
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using
a BioRad IC5 thermo cycler (Bio-Rad laboratories, Hercules, CA, USA) using specific primers
[55]:
h-Akt1 50-ATGAGCGACGTGGCTATTGTGAAG-30 forward

50-GAGGCCGTCAGCCACAGTCTGGATG-30reverse,
h-Akt2 50-ATGAATGAGGTGTCTGTCATCAAAGAAGGC-30 forward

50-TGCTTGAGGCTGTTGGCGACC-30reverse,
h-Akt3 50-ATGAGCGATGTTACCATTGT-30 forward

50-CAGTCTGTCTGCTACAGCCTGGATA-30reverse.
Cycle threshold values from 3 independent experiments were normalized to the internal

beta-actin control. The ratio of fold change was calculated using the Pfaffl method [56].

Western Blot and immunoprecipitation analysis
Cells were washed in PBS buffer and lysed on ice for 30 min in RIPA buffer[57, 58]. Lysates
were quantified by Biorad DC protein assay. An equal amount of proteins from each sample
was loaded with laemmli buffer. Protein were resolved by SDS-PAGE and transferred to an
Immobilion P membrane (Millipore Corporation, Bedford, MA, USA). Membranes were
blocked by incubation with PBS 0,2% tween, 5% nonfat dry milk for one hour at room temper-
ature. The membranes were then incubated overnight with primary antibodies at 4°C, washed
for 40 min with PBS 0,2% tween and incubated for one hour with a horseradish peroxidase-
conjugated secondary antibodies. Finally, protein bands were detected by an enhanced chemi-
luminescence system (Amersham Bioscience, UK). Computer-acquired images were quantified
using the ImageQuant software (Amersham Bioscience, UK).

For immunoprecipitation assay, cells were lysed in RIPA buffer and 500μg of total lysate
were incubated with primary antibodies against protein of interest for one hour and with Pro-
tein G plus/protein A agarose beads (Calbiochem, San Diego, CA, USA) for other two hours.
Non immune rabbit or mouse immunoglobulins G was used as control. Mouse antibodies to
HSP90α/β (F-8, sc-13119, 1:1000), cyclin B (GNS1, sc-245, 1:1000), p21 (F-5, sc-6246, 1:1000),
cytochrome c (2G8, sc-65396, 1:500), B-cell lymphoma 2 (Bcl-2) (C-2, sc-7382, 1:500), beta-
actin (C4, sc-47778, 1:1000), rabbit to mouse double minute 2 homolog (MDM2) (N-20, sc-
813, 1:1000), cyclin A (H-432, sc-751, 1:500), cyclin D (M-20, sc-718, 1:1000), cyclin E (M-20,
sc-481, 1:1000), SOD1 (FL-154, sc-11407, 1:500), SOD2, Bak (G-32, sc-832, 1:500), caspase 9
(H-83, sc-7885, 1:500), estrogen receptor α (ERα) (D-12, sc-8005, 1:1000), endothelial nitric
oxide synthase (eNOS) (C-20, sc-654, 1:500) and phospho-eNOS (Thr495) (sc-19827, 1:1000),
goat anti-Akt (C-20, sc-1618, 1:1000) and phospho-eNOS (Ser1177) (sc-12972, 1:1000) were
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all purchased from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA). Rabbit polyclonal
to phospho-Akt (Ser 473) (#4060, 1:1000), pospho- proline-rich Akt substrate 40 kDa
(pPRAS40) (Thr 246) (#2640, 1:1000), phospho-Rb (Ser 807/811) (#9308, 1:1000) and catalase
(#12980, 1:1000) were purchased from Cell Signaling (Danvers, MA, USA). In some experi-
ments, the release of cytochrome c was evaluated in cytosolic extracts after mitochondria
removal by western blot, as previously described[59, 60].

Statistical analysis
All results are presented as mean ± SEM. Statistical analysis was performed with GraphPad
Prism software (San Diego, CA, USA) using the unpaired Student’s t test, 2-tailed (for 2
groups), and 1-way ANOVA with Tukey-Kramer post hoc correction (for groups of 3 or
more). P< 0.05 was considered to be statistically significant.

Results

Effect of nelfinavir on breast cells viability and proliferation
To determine cell viability in response to nelfinavir in human breast cancer, we performed an
in vitro assay in MDA-MB231 and MCF-7 cells. The two tumor cell lines were treated for 24 or
48 hours with 5 μM,10 μM or 20μM of nelfinavir, doses that represent a therapeutic range in
highly active antiretroviral therapy (HAART) protocols. As shown in Fig 1A, nelfinavir signifi-
cantly decreased cell viability in a dose-dependent manner in both cell lines, although MCF-7
resulted more sensitive to nelfinavir treatment compared with the triple negative MDA-MB231
cell line. In addition, the drug affected the viability of primary breast normal cells only at high
concentration (20 μM). The analysis of MDA-MB231, MCF-7 and breast primary normal cells
proliferation confirmed nelfinavir (10 μM) selectivity in terms of anti-proliferative activity
against tumor cells (Fig 1B). For this reason all the following experiments were performed with
10 μM nelfinavir.

Cell-cycle distribution and cell-death analysis in nelfinavir-treated breast
cancer cells
The inhibition of cell-growth/viability in nelfinavir treated tumor cells could be the result of
different biological mechanisms such as cell cycle arrest, apoptosis, necrosis and senescence.
First, we evaluated cell cycle distribution in MDA-MB231 and MCF-7 cells. FACS analysis
revealed that nelfinavir induced a slight increase of G1 phase population percentage and
decrease of S and G2 phase cell percentage after 24 hours of treatment in MDA-MB231 cells.
By contrast, cell-cycle arrest in G1 phase did not occur in nelfinavir treated MCF-7 cells (Fig
2A). To better investigate the drug-mediated induction of cell-cycle arrest, we performed a
Western blot analysis of different proteins involved in cell-cycle progression control, such as
retinoblastoma (Rb), p21, cyclins A, B, D, E. As shown in Fig 2B, nelfinavir reduced the levels
of cyclin A, cyclin B, cyclin D, phosphorylated Rb, and increased the expression levels of p21 in
breast cancer cell lines but not in normal cells. According with the literature, hyperphosphory-
lated Rb is characteristic of proliferating cells in the S and G2/M phases and the basal levels of
cyclin A and E are usually undetectable in normal breast cells [61, 62]. We also demonstrated
that the expression of cyclin E was modified by nelfinavir only in MDA-MB231 cells.
Although both cancer cell lines have similar protein expression profiles, the biological effects of
nelfinavir treatment resulted different in MDA-MB231 and MCF-7 cells. Indeed, whereas in
MDA-MB231 we observed a Go/G1 block, MCF-7 cell-cycle was not affected by nelfinavir.
Cell-cycle analysis also revealed that nelfinavir increased the fraction of tumor cells with sub-
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Fig 1. Nelfinavir exhibits anti-proliferative effects in breast cancer cell lines. (a) A Cell viability assay was
performed in MDA-MB231, MCF-7 and normal breast epithelial cells, treated with indicated concentration of nelfinavir
for 24 and 48 hours (* p < 0.05 vs ctrl). (b)Growth curves for 10 μM nelfinavir at indicated times in MDA-MB231, MCF-7
and breast epithelial cells. The data show the mean ± S.D. of three independent biological experiments. Significant
differences in cell viability percentage were observed in cell treated with the drug compared to control cells (* p < 0.05 vs
ctrl).

doi:10.1371/journal.pone.0155970.g001
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Fig 2. Cell-cycle analysis in nelfinavir treated breast cancer cell lines. (a)MDA-MB231 and MCF-7 cells were
treated with nelfinavir (10 μM) for 6–72 hours. Thereafter, the cells were washed, fixed and stained with PI, and
analyzed for DNA content by flow cytometry. These data represent the mean ± S.D. of four independent biological
experiments (* p< 0.05 vs control). (b)MDA-MB231, MCF-7 and primary breast epithelial cells were treated with 10 μM
nelfinavir for 24 hours and protein lysates immunoblotted for different cell-cycle regulators: pospho-Rb, cyclin A, B, D,
E, p21 and beta-actin, used as loading control. Densitometric analysis of proteins signals relative to actin signal was
represented. The values represent the means ± S.D. of three independent biological experiments and compared to
control value (* p < 0.05 vs ctrl).

doi:10.1371/journal.pone.0155970.g002
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G1 DNA content. Therefore, we investigated whether this result, as well as the reduction of cell
growth/viability, was correlated to cell death mechanisms. To this aim, MDA-MB231 and
MCF7 were treated with 10 μM nelfinavir or left untreated for different time points as indicated
in the Fig 3A, and stained with Annexin V conjugated with FITC and PI.

The lower left quadrant shows the viable cells (Annexin V-/PI-); the lower right quadrant
represents the early apototic cells (Annexin V+/PI-); the upper right quadrant represents non-
viable, late apoptotic/necrotic cells (Annexin V+/PI+); the upper left quadrant shows nonviable
necrotic cells/nuclear fragments (Annexin V-/PI+).

Nelfinavir treatment induced a time-dependent increase in the proportions of apoptotic
and necrotic cells (Fig 3A). In particular, nelfinavir rapidly induced necrosis followed by apo-
ptotic process in both cell lines. A comparison between death profiles of these cell lines pointed
out different cell death timetables. Indeed, 12 hours of nelfinavir treatment increased to 20%
the cell-death percentage, achieving about 50% of necrotic and apoptotic cells after 48 hours of
treatment in MCF-7 cells. In MDA-MB231 cells, no change in the cell-death pathways occured
earlier than 48 hours of nelfinavir treatment, and more than 72 hours of drug exposure were
required to determine a massive increase of PI and Annexin V positive cells (50% of cell
death).

To confirm the induction of cell death by nelfinavir, we tested the effects of this drug on
proteins involved in cell death pathways by western blot analysis. As shown in Fig 3B, nelfina-
vir treated cells displayed increased expression levels of the pro-apoptotic mitochondrial factor
Bak and decrease of the precursor form of caspase 9 in a time-dependent manner. Moreover,
nelfinavir also induced the increase of total levels of cytochrome c (Fig 3B) that is associated
with an increase of the protein in cytosolic extracts after mitochondria removal (Fig 3C).
Therefore, parallel to the cytotoxic effect revealed by cell viability assay and FACS analysis,
treatment of MDA-MB231 and MCF-7 cells with nelfinavir for 72 and 24 hours respectively,
increased the levels of apoptotic markers. These data suggest that short-term nelfinavir treat-
ment induced cell-death directly in MCF-7cells, and did not have a prominent cytotoxic effect
in MDA-MB231, which were arrested in G0/G1 phase. However, prolonged cell-cycle arrest
induced necrosis and activation of the apoptotic process. Therefore, MDA-MB231 cells seem
less sensitive to nelfinavir induced cytotoxicity.

Nelfinavir treatment downregulates Akt signaling in breast cancer cells
Akt signaling pathway has been implicated in the regulation of cell cycle progression and cell
proliferation. Activation of Akt is also associated with protection of cells from apoptosis [63–
65]. To analyze whether the inhibition of Akt was related to nelfinavir induced cell cycle
arrest and/or apoptosis, we evaluated Akt expression and phosphorylation by western blot.
MDA-MB231 and MCF-7 cells were treated with nelfinavir at different time points, depending
on cell-death profile: 3, 6, 24, 48, 72 hours for MDA-MB231 cells and 0,5, 3, 6 and 24 hours for
MCF-7 cells. As shown in Fig 4A and 4B, treatment with nelfinavir for 6 hours determined a
significant reduction of Akt phosphorylation in both cell lines. Surprisingly, also total Akt pro-
tein was downregulated following 24 hours of drug exposure, suggesting that enhanced Akt de-
phosphorylation at this time point could be explained by reduction in total Akt protein levels.

To determine whether the downregulation of Akt affected downstream targets and its
specificity for tumor cell lines, we analyzed the expression levels of the most representative
proteins involved in Akt signaling in breast cancer and normal breast epithelial cells. Western
blot analysis revealed a reduction of all analyzed Akt targets, such as phospho-PRAS, MDM2
and Bcl2, in MDA-MB231 and MCF-7 cells, while no effects were observed in normal cells
(Fig 4C).
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Fig 3. Nelfinavir induces necrosis and apoptosis in breast cancer cell lines. (a)MDA-MB231 and MCF-7 cells were treated with 10 μM nelfinavir
for indicated time points and cells were subsequently stained with FITC-conjugated annexin V and PI and analyzed by flow cytometry. (b)Western blot
analysis was performed in MDA-MB231 and MCF-7 treated with 10 μM nelfinavir at indicated time points and bak, cytochrome c and pro-caspase 9
proteins were revealed using specific antibodies. Beta-actin immunoblotting was used as loading control. Densitometric analysis of proteins signals
relative to beta-actin signal was shown. The present data represent the means ± S.D. of three independent biological experiments and compared to
control value (* p< 0.05 vs ctrl). (c) The release of cytochrome c in cytosolic extracts after mitochondria removal was evaluated by western blot in
MDA-MB231 and MCF-7 treated with 10 μM nelfinavir at indicated time points and. Beta-actin immunoblotting was used as loading control.
Densitometric analysis of proteins signals relative to beta-actin signal was shown. The present data represent the means ± S.D. of three independent
biological experiments and compared to control value (* p< 0.05 vs ctrl).

doi:10.1371/journal.pone.0155970.g003
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Fig 4. Nelfinavir inhibits Akt signaling in cancer but not in normal breast cells. Protein lysates from
MDA-MB231 cells (a) or MCF-7 cells (b), subjected to 10 μM nelfinavir treatment for the indicated time points,
were immunoblotted for phosphorylated and total Akt antibodies. (c)MDA-MB231, MCF-7 and normal breast
epithelial cells were treated with 10 μM nelfinavir and lysed after 24 hours. Protein lysates were subjected to
western blot analysis of Akt and its effectors phospho-PRAS, MDM2 and Bcl-2, using specific antibodies.
Beta-actin immunoblotting was used as loading control. Data are representative of three independent
biological experiments.

doi:10.1371/journal.pone.0155970.g004

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 11 / 26



Nelfinavir induces Akt downregulation by disruption of the Akt-HSP90
complex
In order to understand whether Akt decrease occurred at the transcriptional level, we analyzed
the expression of Akt mRNA in MDA-MB231 cells by a reverse transcription-PCR experiment.
As shown in Fig 5A, treatment with nelfinavir for 24 hours did not inhibit the transcription of
all three Akt isoforms (Akt 1, 2, 3) mRNA. To investigate whether nelfinavir-mediated Akt reg-
ulation took place at post-transcriptional level, we analyzed Akt stability, treating
MDA-MB231 cells with cycloheximide to block new protein synthesis. Fig 5B showed that nel-
finavir modified Akt turnover by reducing Akt expression levels in presence of cycloheximide,
when compared to single cycloheximide treatment. This result suggests that nelfinavir does not
affect de novo protein synthesis.

Because Akt stability is mainly dependent from its association with chaperone HSP90, we
evaluated the association between Akt and HSP90 by co-immunoprecipitation assay. As shown
in Fig 5C, 6 hours of nelfinavir treatment reduced Akt/HSP90 association without affecting
Akt and HSP90 expression levels. Nelfinavir mediated disruption of HSP90/Akt complex could
explain the significant and fast de-phosphorylation of Akt, as well as the downregulation of
total Akt. To determine whether nelfinavir induces Akt degradation, and whether proteasome
mediates this process, cells were treated with the proteasome inhibitor MG132, and Akt was
detected by western blot analysis (Fig 5D). The proteasome inhibitor impaired nelfinavir effects
restoring Akt protein levels, thus suggesting that nelfinavir could induce Akt degradation at
least in part via proteasome involvement.

Nelfinavir induces the increase of ROS production and lipid peroxidation
in breast cancer but not in normal cells
The degradation of Akt protein and the presence of high percentage of necrotic cells in nelfina-
vir-treated cells suggested an involvement of a fast-acting mechanism such as reactive oxygen
species. To assess ROS production in these cells, we performed a FACS analysis through the
observation of H2DCF-DA oxidation. Nelfinavir induced time-dependent production of ROS
with a different trend in the analyzed cell-lines (Fig 6A). The increase of ROS production was
rapid in MCF-7 cells, starting at 30 minutes, and progressively reduced until 24 hours of nelfi-
navir treatment. MDA-MB231 cells treated with this drug exhibited a slight increase of intra-
cellular ROS levels within 3 hours, with a gradually enhancement in a time-dependent manner.
These different trends of ROS level changes reflected also the cell-death induction observed in
these two cell lines. Therefore, high levels of ROS at 30 minutes in MCF7 cells could explain
the earlier cell-death induction in MCF-7 cells compared to MDA-MB231 cells. In both cell
lines, a massive ROS production rapidly caused necrosis, while a slight increase of ROS levels
occurring in the second part of the time course was able to regulate apoptotic pathways. By
contrast, in normal primary breast cells, only long term nelfinavir treatment induced a not sta-
tistically significant increase of ROS production.

Since ROS cause macromolecular damage by a rapid attack to the polyunsatured fatty acids
of the membrane, we investigated whether nelfinavir induced lipid peroxidation. To this aim,
MCF-7 and MDA-MB231 cells were treated with 10 μM nelfinavir at different time points and
the concentration of lipid peroxidation malondialdehyde (MDA) was quantified by colorimet-
ric assay. As depicted in Fig 6B, while in MDA-MB231cells nelfinavir induced a progressive
increase of lipid peroxidation starting from 3 hours up to 72 hours, in MCF-7 cells this effect
began at 24 hours of treatment. No significant modification of lipid oxidation status was
observed in normal cells. This assay highlights an early detoxifying response to the perturba-
tion of the redox state induced by the drug, suppressed after 3 hours in tumor cells. These data
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Fig 5. Nelfinavir causes a dissociation of Akt/HSP90 complex and Akt degradation. (a)MDA-MB231 cells were treated with 10 μM
nelfinavir for 24 hours and mRNA expression levels of three Akt isoforms were analyzed by qRT-PCR as indicated in Material and
Methods. The values represent means ± S.D. of three independent biological experiments. (b)MDA-MB231 cells were treated with
10 μM nelfinavir for 24 h and incubated with 0,5 μg/mL cycloheximide for the last 1 hour or 6 hours of treatment. Protein lysates were
subjected to western blot analysis for Akt and beta-actin. (* p < 0.05 vs cycloheximide 6h) (c) Cells were treated with nelfinavir for 6
hours, then lysed, immunoprecipitated (IP) using Akt antibody and immunoblotted for HSP90 or Akt. (d) Lysates fromMDA-MB231 cells
co-treated with nelfinavir for 24 hours and proteasomal inhibitor MG132 (10 μM) for the last 8 hours of drug treatment were subjected to
western blot for Akt and beta-actin. Akt signals following the indicated treatments were quantified by densitometry and normalized on
beta-actin values. The values are representative of three independent biological experiments (* p < 0.05 vs ctrl; # p< 0.05 vs Nelfinavir).

doi:10.1371/journal.pone.0155970.g005
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Fig 6. Nelfinavir induces ROS accumulation and lipid peroxidation in breast cancer cells. (a)MDA-MB231, MCF-7 and
primary breast epithelial cells were subjected to 10 μM nelfinavir treatment for 30 minutes-72 hours. ROS production was
measured by H2DCF-DA staining and fluorescence intensity was expressed as MFI normalized to untreated cell values. Each
value is the mean ±S.D. of three different biological experiments (*p< 0.05 vs ctrl). (b) Cells were treated with 10 μM nelfinavir for
the indicated time points, and processed as indicated in Material and Methods. Colorimetric analysis revealed the concentration of
MDA (nM), a lipid peroxidation marker. The present data derived from three different biological experiments (*p< 0.05 vs ctrl).

doi:10.1371/journal.pone.0155970.g006
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suggest a protective response of normal cells to nelfinavir-induced oxidative stress, whereas
breast cancer cell lines showed an impaired detoxifying capability.

ROSmediate the disruption of the Akt-HSP90 complex and the induction
of cell-death in nelfinavir-treated cancer cells
In physiological conditions, ROS are very important regulators of many intracellular pathways
such as cell proliferation and metabolism, but at higher concentration they can determine the
opposite effects by blocking survival pathways and inducing apoptosis and necrosis. To investi-
gate whether ROS were responsible for Akt downregulation and Akt/HSP90 complex dissocia-
tion, breast cancer cells were treated with nelfinavir in the presence of the antioxidant
tocopherol, and the HSP90/Akt complex was co-immunoprecipitated for western blot analysis.
As shown in Fig 7A, in breast cancer cell lines, the presence of tocopherol impaired nelfinavir-
induced disruption of Akt/HSP90 complex. This result suggests that ROS production is an ear-
lier event than Akt downregulation. According to the literature, this result indicates a relevant
correlation between high intracellular ROS levels and Akt/HSP90 downregulation [66, 67].
Because ROS promoted the disruption of the Akt/HSP90 complex in tumor cells treated with
nelfinavir, we also evaluated the protein expression levels of two other HSP90 clients such as
cyclin D and ERα. Fig 7B shows that these proteins were reduced by nelfinavir treatment,
whereas the addition of tocopherol restored their expression levels at those of untreated cells.
To confirm the primary role of ROS in the mechanism of action of nelfinavir, we assessed the
capability of tocopherol to prevent nelfinavir induced cell death. As expected, the presence of
tocopherol in tumor cells treated with nelfinavir impaired ROS overproduction and subsequent
apoptotic and necrotic processes (Fig 7C).

Nelfinavir perturbs cell redox state by affecting ROS-scavengers and
ROS-producer enzymes
To better investigate redox state alterations induced by nelfinavir in breast cancer cells, and to
identify the source of ROS production, we analyzed the activity of the main ROS detoxifying-
enzyme, SOD. In MDA-MB231 and MCF-7 cells, nelfinavir increased SOD activity in a time
dependent manner compared with control (Fig 8A). Since SOD acts both as antioxidant
enzyme for removing superoxide anion and as ROS inducer for production of hydrogen perox-
ide, the increase of SOD activity could be a pro- and anti-oxidant condition. For this reason,
the enhanced SOD activity after the treatment with nelfinavir could represent a source of ROS
production as well as the effect of oxidative stress response. To further investigate the role of
SOD and the involvement of catalase in oxidative stress induction, their expression levels were
analyzed following nelfinavir treatment in breast cancer and normal breast epithelial cells.
Western blot analysis revealed a time and cell-type dependent regulation of SOD1 and SOD2
expression levels by nelfinavir, while catalase levels did not change following nelfinavir treat-
ment (Fig 8B). Importantly, cells more sensitive to oxidative stress such as MCF-7 showed a
lower basal levels of catalase compared to MDA-MB231 and normal breast cells, suggesting a
protective role of catalase against drug-induced oxidative damage. At an early time of 30 min-
utes of nelfinavir treatment, SOD1 was upregulated in MDA-MB231 and in MCF7 cells, while
SOD2 levels increased following 24 hours of treatment. Although also normal cells showed an
increase of SOD1 and SOD2 expression at an early time of nelfinavir treatment, long term
treatment did not affect the levels of SOD1 and SOD2. On the other hand, in tumor cell lines
the early increase of SOD1 and SOD2 levels was followed by a strong reduction of both protein
expression after 72 hours of treatment (Fig 8B). These data suggest an involvement of SOD1 at
an early step of nelfinavir anticancer activity.
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Fig 7. The nelfinavir-induced Akt/HSP90 complex disruption and tumor cell-death are ROS-mediated. (a)MDA-MB231, MCF7 and breast
epithelial cells were treated with 10 μM nelfinavir and 35 μM tocopherol for 6 hours, and equal amounts of protein lysate were immunoprecipitated using
Akt antibody followed by immunoblotting with anti-HSP90 and anti-Akt. (b)MDA-MB231 and MCF-7 cells were treated with 10 μM nelfinavir and 35 μM
tocopherol for 24 hours and phospho-Akt, Akt, cyclin D, ERα, beta-actin levels were monitored using the respective antibody by western blot on total
lysate. Beta-actin immunoblotting was used as a loading control. (c)MDA-MB231 and MCF-7 cells were treated with nelfinavir (for 72 and 24 hours
respectively) in the absence or presence of 35 μM tocopherol. Cell-death profile was examined by cytofluorimetric analysis of annexin V/ PI positivity.
The cell percentage were reported in corresponding areas of dot-plot. Three different biological experiments confirmed these cell distributions.

doi:10.1371/journal.pone.0155970.g007
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Fig 8. Nelfinavir regulates SOD activity and expression in a time-dependent manner. (a) Breast cancer cells were treated
with 10 μM nelfinavir at indicated times and SOD activity (relative to activity of untreated cells) was analyzed as indicated in
Material and Methods. Values are representative of three independent biological experiments ± S.D., (*p< 0.05 vs ctrl). (b)
Protein lysates derived fromMDA-MB231, MCF-7, or breast epithelial cells, treated with 10 μM nelfinavir for the indicated time
points, were immunoblotted with anti- SOD1, anti-SOD2 and anti-catalase. Beta-actin was used as loading control. (c)MCF-7
cells, treated with 10 μM nelfinavir ± 35 μM tocopherol for 30 minutes or 24 hours, were lysed and subjected to western blot
analysis for SOD1. Beta-actin was used as loading control. Densitometric analysis of SOD1 signal relative to beta-actin signal
was represented. The values represent the means ± S.D. of three independent biological experiments and are compared to
control value (*p< 0.05 vs ctrl).

doi:10.1371/journal.pone.0155970.g008
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To determine whether SOD1 upregulation at this early stage was responsible for the increase
of ROS production or rather it represented a ROS-induced effect, breast cancer cells were
treated with tocopherol, and SOD expression analyzed by western blot. As shown in Fig 8C,
both the upregulation of SOD1 after 30 minutes of drug treatment and its reduction at 24
hours were dependent by ROS production, since the antioxidant tocopherol restored basal
SOD1 expression levels. These data suggested that SOD1 and SOD2 did not act as ROS-pro-
ducers but rather their activity and expression levels were regulated by reactive species follow-
ing the treatment with nelfinavir.

Although the majority of cellular ROS production originates from mitochondria, flavoen-
zymes represent the key modulators to generate highly regulated amounts of ROS including
superoxide, hydrogen peroxide and nitric oxide [68].

To determine the source of ROS involved in nelfinavir oxidative effect, we analyzed the
contribution of the main cytosolic flavoenzymes such as NADPH Oxidase (NOX), Xantine
Oxidase (XO) and eNOS. As shown in Fig 9A, the pre-treatment with DPI, a non-specific fla-
voenzymes inhibitor [69], impaired the nelfinavir related ROS enhancement. Moreover, the
use of specific inhibitors revealed that the pre-treatment with NOX or eNOS inhibitors, AEBSF
and L-NAME respectively, prevented the nelfinavir mediated full increase of ROS, suggesting
an important involvement of these two ROS-producers in nelfinavir mechanism of action. On
the contrary, the suppression of XO activity with allopurinol did not affect nelfinavir modula-
tion of oxidative status. The important role of NOX and eNOS in nelfinavir mediated effects
were supported by cell viability assay where MCF7 cells were pre-treated with flavoenzymes
inhibitors in presence of nelfinavir. We demonstrated that inhibition of NOX or eNOS activity
prevented nelfinavir mediated citotoxicity in breast cancer cells (Fig 9B). Given such results,
we then investigated the effect of nelfinavir treatment in the activation of eNOS by western blot
analysis of total and phosphorylated forms of eNOS. Results of Fig 9C demonstrate for the first
time that nelfinavir induced eNOS activation via phosphorylation of Ser1177 in breast cancer
cells, and the addition of tocopherol reduced at least in part nelfinavir-mediated e-NOS phos-
phorylation. In the same condition, the levels of eNOS and phospho-eNOS(Thr495) were not
modified (Fig 9C).

Discussion
Actually, Nelfinavir is known to have anti-cancer activity in different tumor types including
breast cancer [8, 23, 70]. Among breast cancer cell lines, nelfinavir is effective in different cell
lines independently from their genetic profile (HER2, ER, PR, TP53). Here we evaluated the
molecular signaling that is activated by nelfinavir treatment in two HER2 negative breast
cancer cell lines (MCF-7 and MDA-MB231), based on previous works which have already
demonstrated its effectiveness in these kind of cell [11, 71, 72]. Here, we validated the anti-pro-
liferative and specific cytotoxicity of nelfinavir in these cell lines, demonstrating that 10 μM of
nelfinavir, was able to reduce tumor cell viability without affecting normal primary breast
cell-viability. At the same concentration, nelfinavir induced cell-cycle arrest in G0/G1 phase,
and subsequently determined cell death in MDA-MB231, whereas it mainly caused direct cell
death in MCF-7 cells. As suggested by previous works [61], the different basal levels of expres-
sion of cyclins A and E, and the significant nelfinavir-induced reduction of cyclin E limited to
MDA-MB231 cells, could play a role in the different responses of cell lines to nelfinavir in cell-
cycle progression. In both cell lines, nelfinavir caused a fast induction of necrosis, suggesting a
direct cytotoxic effect. Triple-negative breast cancer (MDA-MB231) tends to be more aggres-
sive and is correlated with worse prognosis than receptor-positive subtypes (MCF-7). Their
genetic profile confers them a high resistance to treatments, as we also observed in response to
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Fig 9. Nelfinavir-mediated ROS increase and cytotoxicity depend on flavoenzyme activation. (a)MCF-7 cells were treated
with or without Nelfinavir (10 μM) for 30 minutes after pre-incubation with DPI (20 μM), AEBSF (40 μM), L-NAME (5 mM) or
allopurinol (100 μM). The different cell conditions were analyzed for ROS content by FACSmeasurement of H2DCF-DA. Each value
represent mean of three biological experiments ± S.D. normalized on nelfinavir-untreated cells value (*p< 0.05 vs basal; # p< 0.05
vs Nelfinavir). (b) A similar experiment was performed using nelfinavir for 24 hours in MCF-7 cells pre-treated with DPI (20 μM),
AEBSF (40 μM), L-NAME (5 mM) or allopurinol (100 μM), and MTT-derived staining intensities were analyzed by a photometer. Bar
graphs report the values of mean of three independent biological experiments ± S.D., normalized on nelfinavir-untreated cells value
(*p< 0.05 vs basal; # p< 0.05 vs Nelfinavir). (c)MDA-MB231 and MCF-7 cells were treated with nelfinavir for 30 minutes in the
absence or presence of 35 μM tocopherol, then lysed and subjected to western blot for eNOS, phopho-eNOS(Ser1177) and
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nelfinavir. Indeed, besides the effectiveness of nelfinavir in MDA-MB231, these cells are less
sensitive to nelfinavir induced cytotoxicity compared with MCF-7 cells.

It has been well established that inhibition of Akt phosphorylation is an important mecha-
nism by which nelfinavir exerts antitumor activity in several cancer types [8, 12, 18], although
its involvement in breast cancer has not been elucidated. Our results demonstrated for the first
time that nelfinavir inhibits AKT phosphorylation through the regulation of total AKT levels.
Such regulation did not occurr at transcriptional level, but rather nelfinavir enhanced Akt pro-
tein turnover by reducing Akt/HSP90 association. Indeed, when dissociated from its chaperon,
Akt became more sensitive to protein phosphatase 2A-mediated dephosphorylation and conse-
quently to the degradation by the proteasome [73]. In line with these observations, the use of
MG132 confirmed that nelfinavir induces Akt degradation, since this proteasome inhibitor
impaired nelfinavir effects on Akt. However, we cannot exclude the involvement of other
mechanisms of protein degradation. Contrary to the hypothesis of HSP90 as primary nelfinavir
target [25], we demonstrated that Akt/HSP90 disruption is dependent upon nelfinavir-induced
oxidative stress. Several evidences allow to hypothesize that ROS could play a primary role in
anticancer activity of nelfinavir: a) the presence of high necrotic cell percentage following nelfi-
navir short-term treatment in breast cancer cells; b) the observation that HSP90 is sensitive to
oxidation [66, 67]; c) clinical studies on nelfinavir as anti-viral drug that revealed an involve-
ment of ROS in side effects onset [74–78]. We demonstrated that a short exposure to nelfinavir
led to a massive ROS production causing necrosis, while a slight increase of ROS levels occur-
ring after a prolonged exposure seemed to regulate apoptotic pathways, as also suggested by
previous studies [79–81]. The observation of ROS-generating capability of nelfinavir was fur-
ther supported by the increase of lipid peroxidation. To investigate whether ROS are responsi-
ble of Akt downregulation and Akt/HSP90 complex dissociation, cells were treated with the
antioxidant tocopherol. Tocopherol impaired nelfinavir-induced disruption of the Akt/HSP90
complex in breast cancer cells, and had no effects in normal cells, suggesting that ROS produc-
tion is essential for the regulation of AKT signaling in breast cancer cells. Previous reports
show that HSP90 can be cleaved by ROS in a highly conserved N-terminal aminoacid motif,
resulting in the loss of its chaperon function and the degradation of its client proteins in cancer
cell lines [66, 67]. Accordingly, we reported that nelfinavir was able to disrupt Akt/HSP90 com-
plex in MCF-7 and MDA-MB231 cells but not in primary normal breast cells.

In addition, the use of antioxidant in cells treated with nelfinavir impaired apoptosis and
necrosis processes, thus confirming the primary role of ROS in the mechanism of action of nel-
finavir. It is plausible that oxidative stress produced by nelfinavir affects other pathways in
addition to Akt/HSP90 signaling to cause cell death. Behind Akt, other HSP90 clients resulted
downregulated by the treatment with nelfinavir such as ERα and cyclin D, supporting the
hypothesis that many oncogenic kinases, HSP90 clients, such as Raf-1, Bcr-Abl and HER2
[82], could be regulated by the drug. It has been well established that human breast tumor cell
lines produce more ROS than non-transformed cells [48–50], in order to promote genome
instability and alterations in cell signaling processes [45, 47, 83, 84], but they are more sensitive
than non-transformed cells to cytotoxic oxidative stress [85, 86]. The different behavior
between cancer and normal cells could be related to loss of activity/ impairment of antioxidants
[87–90] or to an upregulation of ROS-producer enzymes [68, 91, 92]. Here we demonstrated
that nelfinavir regulated SOD activity and its expression levels by ROS production in breast

phospho-eNOS (Thr495). Densitometric analysis of proteins signals relative to eNOS signal was shown. The values display the
means ± S.D. of three independent biological experiments and are compared to control value (*p< 0.05 vs ctrl; # p< 0.05 vs
Nelfinavir).

doi:10.1371/journal.pone.0155970.g009
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cells. Long-term treatment with nelfinavir reduced protein levels of SOD1, SOD2 and catalase
in tumor cells, and while it was well established that detoxifying enzymes can be activated and
upregulated by ROS [43], their decrease in oxidative stress condition is not completely under-
stood. The reduction of antioxidant enzyme could be due to free radicals-mediated direct dam-
age [39, 93, 94] or to downregulation of Akt signaling [95]. Our analysis of the main cytosolic
ROS-producer enzymes revealed that nelfinavir modulated flavoenzymes activity, since the
pre-treatment with non-specific flavoenzyme inhibitor DPI [69] impaired nelfinavir-mediated
ROS enhancement. Moreover, a specific inhibition of eNOS or NOX prevented the full increase
of ROS. Cell viability assay performed in the same experimental condition confirmed the
involvement of eNOS and NOX in nelfinavir cytotoxicity. Furthermore, nelfinavir induced
eNOS activation via phosphorylation of Ser1177 [96] also in breast cancer cells, an effect at
least in part impaired by tocopherol, suggesting an important but not prominent role of this
enzyme in nelfinavir mechanism of action. It remains to clarify whether flavoenzymes repre-
sent nelfinavir primary targets. It is established that HIV protease inhibitors while substantially
improve life expectancy and quality of life in HIV-positive patients, their long-term usage can
initiate toxic side-effects that may lead to cardio-metabolic dysfunction, such as increased ROS
production [27]. However, in a different context an increase of ROS production represents the
main and necessary event. Indeed, nelfinavir exerts an anticancer effect by inducing ROS pro-
duction, taking advantage of different redox balance regulation between cancer and normal
cells. This suggests nelfinavir-induced cytotoxic oxidative stress as an effective therapeutic
strategy for cancer encouraging the design of novel and more effective nelfinavir-derivatives
for pre-clinical and clinical applications.

Acknowledgments
The authors thank NIH AIDS Research & Reference Reagent Program for providing nelfinavir.
The authors thank Professor Nunzia Montuori of Department of Translational Medical Sci-
ence, University of Naples Federico II, Italy, for critical reading.

Author Contributions
Conceived and designed the experiments: MS PCMI. Performed the experiments: MS DS
ASM. Analyzed the data: MS DS MRR DD GI MD. Contributed reagents/materials/analysis
tools: GL PF RB. Wrote the paper: MS DS PF GI RB MI.

References
1. Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J, Rosso S, Coebergh JW, Comber H, et al. Cancer inci-

dence and mortality patterns in Europe: estimates for 40 countries in 2012. Eur J Cancer. 2013; 49
(6):1374–403. doi: 10.1016/j.ejca.2012.12.027 PMID: 23485231.

2. Osborne CK, Schiff R. Mechanisms of endocrine resistance in breast cancer. Annu Rev Med. 2011;
62:233–47. doi: 10.1146/annurev-med-070909-182917 PMID: 20887199; PubMed Central PMCID:
PMC3656649.

3. Baselga J. Targeting the phosphoinositide-3 (PI3) kinase pathway in breast cancer. Oncologist. 2011;
16 Suppl 1:12–9. doi: 10.1634/theoncologist.2011-S1-12 PMID: 21278436.

4. Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T, et al. Lapatinib plus capecitabine
for HER2-positive advanced breast cancer. N Engl J Med. 2006; 355(26):2733–43. doi: 10.1056/
NEJMoa064320 PMID: 17192538.

5. Goldenberg MM. Trastuzumab, a recombinant DNA-derived humanized monoclonal antibody, a novel
agent for the treatment of metastatic breast cancer. Clin Ther. 1999; 21(2):309–18. doi: 10.1016/
S0149-2918(00)88288-0 PMID: 10211534.

6. Deeks SG, Smith M, Holodniy M, Kahn JO. HIV-1 protease inhibitors. A review for clinicians. JAMA.
1997; 277(2):145–53. PMID: 8990341.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 21 / 26

http://dx.doi.org/10.1016/j.ejca.2012.12.027
http://www.ncbi.nlm.nih.gov/pubmed/23485231
http://dx.doi.org/10.1146/annurev-med-070909-182917
http://www.ncbi.nlm.nih.gov/pubmed/20887199
http://dx.doi.org/10.1634/theoncologist.2011-S1-12
http://www.ncbi.nlm.nih.gov/pubmed/21278436
http://dx.doi.org/10.1056/NEJMoa064320
http://dx.doi.org/10.1056/NEJMoa064320
http://www.ncbi.nlm.nih.gov/pubmed/17192538
http://dx.doi.org/10.1016/S0149-2918(00)88288-0
http://dx.doi.org/10.1016/S0149-2918(00)88288-0
http://www.ncbi.nlm.nih.gov/pubmed/10211534
http://www.ncbi.nlm.nih.gov/pubmed/8990341


7. Pajonk F, Himmelsbach J, Riess K, Sommer A, McBride WH. The human immunodeficiency virus
(HIV)-1 protease inhibitor saquinavir inhibits proteasome function and causes apoptosis and radiosen-
sitization in non-HIV-associated human cancer cells. Cancer Res. 2002; 62(18):5230–5. PMID:
12234989.

8. Yang Y, Ikezoe T, Nishioka C, Bandobashi K, Takeuchi T, Adachi Y, et al. NFV, an HIV-1 protease
inhibitor, induces growth arrest, reduced Akt signalling, apoptosis and docetaxel sensitisation in
NSCLC cell lines. British journal of cancer. 2006; 95(12):1653–62. doi: 10.1038/sj.bjc.6603435 PMID:
17133272; PubMed Central PMCID: PMC2360758.

9. Toschi E, Sgadari C, Malavasi L, Bacigalupo I, Chiozzini C, Carlei D, et al. Human immunodeficiency
virus protease inhibitors reduce the growth of human tumors via a proteasome-independent block of
angiogenesis and matrix metalloproteinases. Int J Cancer. 2011; 128(1):82–93. doi: 10.1002/ijc.25550
PMID: 20617515.

10. Monini P, Sgadari C, Barillari G, Ensoli B. HIV protease inhibitors: antiretroviral agents with anti-inflam-
matory, anti-angiogenic and anti-tumour activity. J Antimicrob Chemother. 2003; 51(2):207–11. PMID:
12562682.

11. Bruning A, Friese K, Burges A, Mylonas I. Tamoxifen enhances the cytotoxic effects of nelfinavir in
breast cancer cells. Breast cancer research: BCR. 2010; 12(4):R45. doi: 10.1186/bcr2602 PMID:
20594311; PubMed Central PMCID: PMC2949632.

12. Gupta AK, Cerniglia GJ, Mick R, McKennaWG, Muschel RJ. HIV protease inhibitors block Akt signaling
and radiosensitize tumor cells both in vitro and in vivo. Cancer Res. 2005; 65(18):8256–65. doi: 10.
1158/0008-5472.CAN-05-1220 PMID: 16166302.

13. Gupta AK, Li B, Cerniglia GJ, Ahmed MS, Hahn SM, Maity A. The HIV protease inhibitor nelfinavir
downregulates Akt phosphorylation by inhibiting proteasomal activity and inducing the unfolded protein
response. Neoplasia. 2007; 9(4):271–8. PMID: 17460771; PubMed Central PMCID: PMC1854844.

14. Tsurutani J, Steinberg SM, Ballas M, Robertson M, LoPiccolo J, Soda H, et al. Prognostic significance
of clinical factors and Akt activation in patients with bronchioloalveolar carcinoma. Lung Cancer. 2007;
55(1):115–21. doi: 10.1016/j.lungcan.2006.09.026 PMID: 17097759; PubMed Central PMCID:
PMC1847612.

15. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T, Leary RJ, et al. The genomic landscapes of human
breast and colorectal cancers. Science. 2007; 318(5853):1108–13. doi: 10.1126/science.1145720
PMID: 17932254.

16. Bernstein WB, Dennis PA. Repositioning HIV protease inhibitors as cancer therapeutics. Curr Opin HIV
AIDS. 2008; 3(6):666–75. doi: 10.1097/COH.0b013e328313915d PMID: 19373040; PubMed Central
PMCID: PMC2682221.

17. Plastaras JP, Vapiwala N, Ahmed MS, Gudonis D, Cerniglia GJ, Feldman MD, et al. Validation and tox-
icity of PI3K/Akt pathway inhibition by HIV protease inhibitors in humans. Cancer Biol Ther. 2008; 7
(5):628–35. PMID: 18285707.

18. Cuneo KC, Tu T, Geng L, Fu A, Hallahan DE, Willey CD. HIV protease inhibitors enhance the efficacy
of irradiation. Cancer Res. 2007; 67(10):4886–93. doi: 10.1158/0008-5472.CAN-06-3684 PMID:
17510418.

19. Buijsen J, Lammering G, Jansen RL, Beets GL, Wals J, Sosef M, et al. Phase I trial of the combination
of the Akt inhibitor nelfinavir and chemoradiation for locally advanced rectal cancer. Radiother Oncol.
2013; 107(2):184–8. doi: 10.1016/j.radonc.2013.03.023 PMID: 23647753.

20. Jiang Z, Pore N, Cerniglia GJ, Mick R, Georgescu MM, Bernhard EJ, et al. Phosphatase and tensin
homologue deficiency in glioblastoma confers resistance to radiation and temozolomide that is
reversed by the protease inhibitor nelfinavir. Cancer Res. 2007; 67(9):4467–73. doi: 10.1158/0008-
5472.CAN-06-3398 PMID: 17483362.

21. Pore N, Gupta AK, Cerniglia GJ, Jiang Z, Bernhard EJ, Evans SM, et al. Nelfinavir down-regulates hyp-
oxia-inducible factor 1alpha and VEGF expression and increases tumor oxygenation: implications for
radiotherapy. Cancer Res. 2006; 66(18):9252–9. doi: 10.1158/0008-5472.CAN-06-1239 PMID:
16982770.

22. Rengan R, Mick R, Pryma D, Rosen MA, Lin LL, Maity AM, et al. A phase I trial of the HIV protease
inhibitor nelfinavir with concurrent chemoradiotherapy for unresectable stage IIIA/IIIB non-small cell
lung cancer: a report of toxicities and clinical response. J Thorac Oncol. 2012; 7(4):709–15. doi: 10.
1097/JTO.0b013e3182435aa6 PMID: 22425919; PubMed Central PMCID: PMC3310889.

23. Gills JJ, Lopiccolo J, Tsurutani J, Shoemaker RH, Best CJ, Abu-Asab MS, et al. Nelfinavir, A lead HIV
protease inhibitor, is a broad-spectrum, anticancer agent that induces endoplasmic reticulum stress,
autophagy, and apoptosis in vitro and in vivo. Clin Cancer Res. 2007; 13(17):5183–94. doi: 10.1158/
1078-0432.CCR-07-0161 PMID: 17785575.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 22 / 26

http://www.ncbi.nlm.nih.gov/pubmed/12234989
http://dx.doi.org/10.1038/sj.bjc.6603435
http://www.ncbi.nlm.nih.gov/pubmed/17133272
http://dx.doi.org/10.1002/ijc.25550
http://www.ncbi.nlm.nih.gov/pubmed/20617515
http://www.ncbi.nlm.nih.gov/pubmed/12562682
http://dx.doi.org/10.1186/bcr2602
http://www.ncbi.nlm.nih.gov/pubmed/20594311
http://dx.doi.org/10.1158/0008-5472.CAN-05-1220
http://dx.doi.org/10.1158/0008-5472.CAN-05-1220
http://www.ncbi.nlm.nih.gov/pubmed/16166302
http://www.ncbi.nlm.nih.gov/pubmed/17460771
http://dx.doi.org/10.1016/j.lungcan.2006.09.026
http://www.ncbi.nlm.nih.gov/pubmed/17097759
http://dx.doi.org/10.1126/science.1145720
http://www.ncbi.nlm.nih.gov/pubmed/17932254
http://dx.doi.org/10.1097/COH.0b013e328313915d
http://www.ncbi.nlm.nih.gov/pubmed/19373040
http://www.ncbi.nlm.nih.gov/pubmed/18285707
http://dx.doi.org/10.1158/0008-5472.CAN-06-3684
http://www.ncbi.nlm.nih.gov/pubmed/17510418
http://dx.doi.org/10.1016/j.radonc.2013.03.023
http://www.ncbi.nlm.nih.gov/pubmed/23647753
http://dx.doi.org/10.1158/0008-5472.CAN-06-3398
http://dx.doi.org/10.1158/0008-5472.CAN-06-3398
http://www.ncbi.nlm.nih.gov/pubmed/17483362
http://dx.doi.org/10.1158/0008-5472.CAN-06-1239
http://www.ncbi.nlm.nih.gov/pubmed/16982770
http://dx.doi.org/10.1097/JTO.0b013e3182435aa6
http://dx.doi.org/10.1097/JTO.0b013e3182435aa6
http://www.ncbi.nlm.nih.gov/pubmed/22425919
http://dx.doi.org/10.1158/1078-0432.CCR-07-0161
http://dx.doi.org/10.1158/1078-0432.CCR-07-0161
http://www.ncbi.nlm.nih.gov/pubmed/17785575


24. Bruning A, Burger P, Vogel M, RahmehM, Gingelmaiers A, Friese K, et al. Nelfinavir induces the
unfolded protein response in ovarian cancer cells, resulting in ER vacuolization, cell cycle retardation
and apoptosis. Cancer Biol Ther. 2009; 8(3):226–32. PMID: 19106637.

25. Shim JS, Rao R, Beebe K, Neckers L, Han I, Nahta R, et al. Selective inhibition of HER2-positive breast
cancer cells by the HIV protease inhibitor nelfinavir. Journal of the National Cancer Institute. 2012; 104
(20):1576–90. doi: 10.1093/jnci/djs396 PMID: 23042933; PubMed Central PMCID: PMC3472971.

26. Tebas P, Powderly WG. Nelfinavir mesylate. Expert Opin Pharmacother. 2000; 1(7):1429–40. doi: 10.
1517/14656566.1.7.1429 PMID: 11249476.

27. Reyskens KM, Essop MF. HIV protease inhibitors and onset of cardiovascular diseases: A central role
for oxidative stress and dysregulation of the ubiquitin-proteasome system. Biochim Biophys Acta.
2014; 1842(2):256–68. doi: 10.1016/j.bbadis.2013.11.019 PMID: 24275553.

28. Hulgan T, Morrow J, D'Aquila RT, Raffanti S, Morgan M, Rebeiro P, et al. Oxidant stress is increased
during treatment of human immunodeficiency virus infection. Clin Infect Dis. 2003; 37(12):1711–7. doi:
10.1086/379776 PMID: 14689356.

29. Jareno EJ, Roma J, Romero B, Marin N, Muriach M, Johnsen S, et al. Serummalondialdehyde corre-
lates with therapeutic efficiency of high activity antiretroviral therapies (HAART) in HIV-1 infected chil-
dren. Free Radic Res. 2002; 36(3):341–4. PMID: 12071353.

30. Wang X, Mu H, Chai H, Liao D, Yao Q, Chen C. Human immunodeficiency virus protease inhibitor rito-
navir inhibits cholesterol efflux from humanmacrophage-derived foam cells. Am J Pathol. 2007; 171
(1):304–14. doi: 10.2353/ajpath.2007.060965 PMID: 17591975; PubMed Central PMCID:
PMC1941585.

31. DengW, Baki L, Yin J, Zhou H, Baumgarten CM. HIV protease inhibitors elicit volume-sensitive Cl- cur-
rent in cardiac myocytes via mitochondrial ROS. J Mol Cell Cardiol. 2010; 49(5):746–52. doi: 10.1016/j.
yjmcc.2010.08.013 PMID: 20736017; PubMed Central PMCID: PMC2988286.

32. Ben-Romano R, Rudich A, Etzion S, Potashnik R, Kagan E, GreenbaumU, et al. Nelfinavir induces adi-
pocyte insulin resistance through the induction of oxidative stress: differential protective effect of antiox-
idant agents. Antivir Ther. 2006; 11(8):1051–60. PMID: 17302375.

33. Touzet O, Philips A. Resveratrol protects against protease inhibitor-induced reactive oxygen species
production, reticulum stress and lipid raft perturbation. AIDS. 2010; 24(10):1437–47. doi: 10.1097/
QAD.0b013e32833a6114 PMID: 20539089.

34. Nordberg J, Arner ES. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system.
Free Radic Biol Med. 2001; 31(11):1287–312. PMID: 11728801.

35. Forman HJ. Use and abuse of exogenous H2O2 in studies of signal transduction. Free Radic Biol Med.
2007; 42(7):926–32. doi: 10.1016/j.freeradbiomed.2007.01.011 PMID: 17349920; PubMed Central
PMCID: PMC1945171.

36. Foreman J, Demidchik V, Bothwell JH, Mylona P, Miedema H, Torres MA, et al. Reactive oxygen spe-
cies produced by NADPH oxidase regulate plant cell growth. Nature. 2003; 422(6930):442–6. doi: 10.
1038/nature01485 PMID: 12660786.

37. Li J, Stouffs M, Serrander L, Banfi B, Bettiol E, Charnay Y, et al. The NADPH oxidase NOX4 drives car-
diac differentiation: Role in regulating cardiac transcription factors and MAP kinase activation. Mol Biol
Cell. 2006; 17(9):3978–88. doi: 10.1091/mbc.E05-06-0532 PMID: 16775014; PubMed Central PMCID:
PMC1556380.

38. Cai H. Hydrogen peroxide regulation of endothelial function: origins, mechanisms, and consequences.
Cardiovasc Res. 2005; 68(1):26–36. doi: 10.1016/j.cardiores.2005.06.021 PMID: 16009356.

39. Veal EA, Day AM, Morgan BA. Hydrogen peroxide sensing and signaling. Mol Cell. 2007; 26(1):1–14.
doi: 10.1016/j.molcel.2007.03.016 PMID: 17434122.

40. Stadtman ER, Levine RL. Protein oxidation. Annals of the New York Academy of Sciences. 2000;
899:191–208. PMID: 10863540.

41. Marnett LJ. Oxyradicals and DNA damage. Carcinogenesis. 2000; 21(3):361–70. PMID: 10688856.

42. Dean RT, Fu S, Stocker R, Davies MJ. Biochemistry and pathology of radical-mediated protein oxida-
tion. Biochem J. 1997; 324 (Pt 1):1–18. PMID: 9164834; PubMed Central PMCID: PMC1218394.

43. Rodriguez C, Mayo JC, Sainz RM, Antolin I, Herrera F, Martin V, et al. Regulation of antioxidant
enzymes: a significant role for melatonin. J Pineal Res. 2004; 36(1):1–9. PMID: 14675124.

44. Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cel-
lular signaling. Cellular signalling. 2012; 24(5):981–90. doi: 10.1016/j.cellsig.2012.01.008 PMID:
22286106; PubMed Central PMCID: PMC3454471.

45. McEligot AJ, Yang S, Meyskens FL Jr. Redox regulation by intrinsic species and extrinsic nutrients in
normal and cancer cells. Annu Rev Nutr. 2005; 25:261–95. doi: 10.1146/annurev.nutr.25.050304.
092633 PMID: 16011468.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 23 / 26

http://www.ncbi.nlm.nih.gov/pubmed/19106637
http://dx.doi.org/10.1093/jnci/djs396
http://www.ncbi.nlm.nih.gov/pubmed/23042933
http://dx.doi.org/10.1517/14656566.1.7.1429
http://dx.doi.org/10.1517/14656566.1.7.1429
http://www.ncbi.nlm.nih.gov/pubmed/11249476
http://dx.doi.org/10.1016/j.bbadis.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24275553
http://dx.doi.org/10.1086/379776
http://www.ncbi.nlm.nih.gov/pubmed/14689356
http://www.ncbi.nlm.nih.gov/pubmed/12071353
http://dx.doi.org/10.2353/ajpath.2007.060965
http://www.ncbi.nlm.nih.gov/pubmed/17591975
http://dx.doi.org/10.1016/j.yjmcc.2010.08.013
http://dx.doi.org/10.1016/j.yjmcc.2010.08.013
http://www.ncbi.nlm.nih.gov/pubmed/20736017
http://www.ncbi.nlm.nih.gov/pubmed/17302375
http://dx.doi.org/10.1097/QAD.0b013e32833a6114
http://dx.doi.org/10.1097/QAD.0b013e32833a6114
http://www.ncbi.nlm.nih.gov/pubmed/20539089
http://www.ncbi.nlm.nih.gov/pubmed/11728801
http://dx.doi.org/10.1016/j.freeradbiomed.2007.01.011
http://www.ncbi.nlm.nih.gov/pubmed/17349920
http://dx.doi.org/10.1038/nature01485
http://dx.doi.org/10.1038/nature01485
http://www.ncbi.nlm.nih.gov/pubmed/12660786
http://dx.doi.org/10.1091/mbc.E05-06-0532
http://www.ncbi.nlm.nih.gov/pubmed/16775014
http://dx.doi.org/10.1016/j.cardiores.2005.06.021
http://www.ncbi.nlm.nih.gov/pubmed/16009356
http://dx.doi.org/10.1016/j.molcel.2007.03.016
http://www.ncbi.nlm.nih.gov/pubmed/17434122
http://www.ncbi.nlm.nih.gov/pubmed/10863540
http://www.ncbi.nlm.nih.gov/pubmed/10688856
http://www.ncbi.nlm.nih.gov/pubmed/9164834
http://www.ncbi.nlm.nih.gov/pubmed/14675124
http://dx.doi.org/10.1016/j.cellsig.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22286106
http://dx.doi.org/10.1146/annurev.nutr.25.050304.092633
http://dx.doi.org/10.1146/annurev.nutr.25.050304.092633
http://www.ncbi.nlm.nih.gov/pubmed/16011468


46. Hoyt MT, Palchaudhuri R, Hergenrother PJ. Cribrostatin 6 induces death in cancer cells through a reac-
tive oxygen species (ROS)-mediated mechanism. Invest New Drugs. 2011; 29(4):562–73. doi: 10.
1007/s10637-010-9390-x PMID: 20169400.

47. LuW, Ogasawara MA, Huang P. Models of reactive oxygen species in cancer. Drug Discov Today Dis
Models. 2007; 4(2):67–73. doi: 10.1016/j.ddmod.2007.10.005 PMID: 18591999; PubMed Central
PMCID: PMC2390932.

48. Portakal O, Ozkaya O, Erden Inal M, Bozan B, Kosan M, Sayek I. Coenzyme Q10 concentrations and
antioxidant status in tissues of breast cancer patients. Clin Biochem. 2000; 33(4):279–84. PMID:
10936586.

49. Brown NS, Bicknell R. Hypoxia and oxidative stress in breast cancer. Oxidative stress: its effects on the
growth, metastatic potential and response to therapy of breast cancer. Breast cancer research: BCR.
2001; 3(5):323–7. PMID: 11597322; PubMed Central PMCID: PMC138696.

50. Toyokuni S, Okamoto K, Yodoi J, Hiai H. Persistent oxidative stress in cancer. FEBS letters. 1995; 358
(1):1–3. PMID: 7821417.

51. Xiang T, Du L, Pham P, Zhu B, Jiang S. Nelfinavir, an HIV protease inhibitor, induces apoptosis and
cell cycle arrest in human cervical cancer cells via the ROS-dependent mitochondrial pathway. Cancer
letters. 2015; 364(1):79–88. Epub 2015/05/06. doi: 10.1016/j.canlet.2015.04.027 PMID: 25937300.

52. Labarge MA, Garbe JC, Stampfer MR. Processing of human reduction mammoplasty and mastectomy
tissues for cell culture. J Vis Exp. 2013;(71: ). doi: 10.3791/50011 PMID: 23328888; PubMed Central
PMCID: PMC3582686.

53. Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty TD, Cunha GR. Carcinoma-associated fibro-
blasts direct tumor progression of initiated human prostatic epithelium. Cancer Res. 1999; 59
(19):5002–11. PMID: 10519415.

54. Kaldor SW, Kalish VJ, Davies JF 2nd, Shetty BV, Fritz JE, Appelt K, et al. Viracept (nelfinavir mesylate,
AG1343): a potent, orally bioavailable inhibitor of HIV-1 protease. J Med Chem. 1997; 40(24):3979–85.
doi: 10.1021/jm9704098 PMID: 9397180.

55. Nakatani K, Thompson DA, Barthel A, Sakaue H, Liu W, Weigel RJ, et al. Up-regulation of Akt3 in estro-
gen receptor-deficient breast cancers and androgen-independent prostate cancer lines. The Journal of
biological chemistry. 1999; 274(31):21528–32. PMID: 10419456.

56. Pfaffl MW. A newmathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29(9):e45. PMID: 11328886; PubMed Central PMCID: PMC55695.

57. Sorriento D, Campanile A, Santulli G, Leggiero E, Pastore L, Trimarco B, et al. A new synthetic protein,
TAT-RH, inhibits tumor growth through the regulation of NFkappaB activity. Molecular cancer. 2009;
8:97. Epub 2009/11/11. doi: 10.1186/1476-4598-8-97 PMID: 19900276; PubMed Central PMCID:
PMC2780391.

58. Iaccarino G, Izzo R, Trimarco V, Cipolletta E, Lanni F, Sorriento D, et al. Beta2-adrenergic receptor
polymorphisms and treatment-induced regression of left ventricular hypertrophy in hypertension. Clini-
cal pharmacology and therapeutics. 2006; 80(6):633–45. Epub 2006/12/21. doi: 10.1016/j.clpt.2006.
09.006 PMID: 17178264.

59. Sorriento D, Fusco A, Ciccarelli M, Rungi A, Anastasio A, Carillo A, et al. Mitochondrial G protein cou-
pled receptor kinase 2 regulates proinflammatory responses in macrophages. FEBS letters. 2013; 587
(21):3487–94. Epub 2013/09/17. doi: 10.1016/j.febslet.2013.09.002 PMID: 24036448; PubMed Central
PMCID: PMC4260621.

60. Sorriento D, Del Giudice C, Bertamino A, Ciccarelli M, Gomez-Monterrey I, Campiglia P, et al. New
small molecules, ISA27 and SM13, inhibit tumour growth inducing mitochondrial effects of p53. British
journal of cancer. 2015; 112(1):77–85. Epub 2014/11/26. doi: 10.1038/bjc.2014.577 PMID: 25422906;
PubMed Central PMCID: PMC4453617.

61. Kronenwett U, Castro J, Roblick UJ, Fujioka K, Ostring C, Faridmoghaddam F, et al. Expression of
cyclins A, E and topoisomerase II alpha correlates with centrosome amplification and genomic instabil-
ity and influences the reliability of cytometric S-phase determination. BMC Cell Biol. 2003; 4:8. doi: 10.
1186/1471-2121-4-8 PMID: 12875657; PubMed Central PMCID: PMC179891.

62. Hsieh TC, Wijeratne EK, Liang JY, Gunatilaka AL, Wu JM. Differential control of growth, cell cycle pro-
gression, and expression of NF-kappaB in human breast cancer cells MCF-7, MCF-10A, and MDA-MB-
231 by ponicidin and oridonin, diterpenoids from the chinese herb Rabdosia rubescens. Biochem Bio-
phys Res Commun. 2005; 337(1):224–31. doi: 10.1016/j.bbrc.2005.09.040 PMID: 16176802.

63. Burgering BM, Medema RH. Decisions on life and death: FOXO Forkhead transcription factors are in
command when PKB/Akt is off duty. J Leukoc Biol. 2003; 73(6):689–701. PMID: 12773501.

64. LoPiccolo J, Blumenthal GM, Bernstein WB, Dennis PA. Targeting the PI3K/Akt/mTOR pathway: effec-
tive combinations and clinical considerations. Drug Resist Updat. 2008; 11(1–2):32–50. doi: 10.1016/j.
drup.2007.11.003 PMID: 18166498; PubMed Central PMCID: PMC2442829.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 24 / 26

http://dx.doi.org/10.1007/s10637-010-9390-x
http://dx.doi.org/10.1007/s10637-010-9390-x
http://www.ncbi.nlm.nih.gov/pubmed/20169400
http://dx.doi.org/10.1016/j.ddmod.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18591999
http://www.ncbi.nlm.nih.gov/pubmed/10936586
http://www.ncbi.nlm.nih.gov/pubmed/11597322
http://www.ncbi.nlm.nih.gov/pubmed/7821417
http://dx.doi.org/10.1016/j.canlet.2015.04.027
http://www.ncbi.nlm.nih.gov/pubmed/25937300
http://dx.doi.org/10.3791/50011
http://www.ncbi.nlm.nih.gov/pubmed/23328888
http://www.ncbi.nlm.nih.gov/pubmed/10519415
http://dx.doi.org/10.1021/jm9704098
http://www.ncbi.nlm.nih.gov/pubmed/9397180
http://www.ncbi.nlm.nih.gov/pubmed/10419456
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://dx.doi.org/10.1186/1476-4598-8-97
http://www.ncbi.nlm.nih.gov/pubmed/19900276
http://dx.doi.org/10.1016/j.clpt.2006.09.006
http://dx.doi.org/10.1016/j.clpt.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17178264
http://dx.doi.org/10.1016/j.febslet.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24036448
http://dx.doi.org/10.1038/bjc.2014.577
http://www.ncbi.nlm.nih.gov/pubmed/25422906
http://dx.doi.org/10.1186/1471-2121-4-8
http://dx.doi.org/10.1186/1471-2121-4-8
http://www.ncbi.nlm.nih.gov/pubmed/12875657
http://dx.doi.org/10.1016/j.bbrc.2005.09.040
http://www.ncbi.nlm.nih.gov/pubmed/16176802
http://www.ncbi.nlm.nih.gov/pubmed/12773501
http://dx.doi.org/10.1016/j.drup.2007.11.003
http://dx.doi.org/10.1016/j.drup.2007.11.003
http://www.ncbi.nlm.nih.gov/pubmed/18166498


65. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al. Akt phosphorylation of BAD couples sur-
vival signals to the cell-intrinsic death machinery. Cell. 1997; 91(2):231–41. PMID: 9346240.

66. Beck R, Dejeans N, Glorieux C, Creton M, Delaive E, Dieu M, et al. Hsp90 is cleaved by reactive oxy-
gen species at a highly conserved N-terminal amino acid motif. PloS one. 2012; 7(7):e40795. doi: 10.
1371/journal.pone.0040795 PMID: 22848402; PubMed Central PMCID: PMC3407180.

67. Sarkar S, Dutta D, Samanta SK, Bhattacharya K, Pal BC, Li J, et al. Oxidative inhibition of Hsp90 dis-
rupts the super-chaperone complex and attenuates pancreatic adenocarcinoma in vitro and in vivo. Int
J Cancer. 2013; 132(3):695–706. doi: 10.1002/ijc.27687 PMID: 22729780.

68. Meitzler JL, Antony S, Wu Y, Juhasz A, Liu H, Jiang G, et al. NADPHOxidases: A Perspective on Reac-
tive Oxygen Species Production in Tumor Biology. Antioxid Redox Signal. 2013. doi: 10.1089/ars.
2013.5603 PMID: 24156355.

69. Wind S, Beuerlein K, Eucker T, Muller H, Scheurer P, Armitage ME, et al. Comparative pharmacology
of chemically distinct NADPH oxidase inhibitors. Br J Pharmacol. 2010; 161(4):885–98. doi: 10.1111/j.
1476-5381.2010.00920.x PMID: 20860666; PubMed Central PMCID: PMC2970907.

70. ChowWA, Guo S, Valdes-Albini F. Nelfinavir induces liposarcoma apoptosis and cell cycle arrest by
upregulating sterol regulatory element binding protein-1. Anticancer Drugs. 2006; 17(8):891–903. doi:
10.1097/01.cad.0000224448.08706.76 PMID: 16940799.

71. Thomas S, Sharma N, Golden EB, Cho H, Agarwal P, Gaffney KJ, et al. Preferential killing of triple-neg-
ative breast cancer cells in vitro and in vivo when pharmacological aggravators of endoplasmic reticu-
lum stress are combined with autophagy inhibitors. Cancer letters. 2012; 325(1):63–71. Epub 2012/06/
06. doi: 10.1016/j.canlet.2012.05.030 PMID: 22664238.

72. Chakravarty G, Mathur A, Mallade P, Gerlach S, Willis J, Datta A, et al. Nelfinavir targets multiple drug
resistance mechanisms to increase the efficacy of doxorubicin in MCF-7/Dox breast cancer cells. Bio-
chimie. 2016. Epub 2016/02/05. doi: 10.1016/j.biochi.2016.01.014 PMID: 26844637.

73. Sato S, Fujita N, Tsuruo T. Modulation of Akt kinase activity by binding to Hsp90. Proc Natl Acad Sci U
S A. 2000; 97(20):10832–7. doi: 10.1073/pnas.170276797 PMID: 10995457; PubMed Central PMCID:
PMC27109.

74. Bloch-Damti A, Bashan N. Proposed mechanisms for the induction of insulin resistance by oxidative
stress. Antioxid Redox Signal. 2005; 7(11–12):1553–67. doi: 10.1089/ars.2005.7.1553 PMID:
16356119.

75. Moskowitz R, Kukin M. Oxidative stress and congestive heart failure. Congest Heart Fail. 1999; 5
(4):153–63. PMID: 12189307.

76. Gotoh T, Mori M. Nitric oxide and endoplasmic reticulum stress. Arteriosclerosis, thrombosis, and vas-
cular biology. 2006; 26(7):1439–46. doi: 10.1161/01.ATV.0000223900.67024.15 PMID: 16645155.

77. Irani K. Oxidant signaling in vascular cell growth, death, and survival: a review of the roles of reactive
oxygen species in smooth muscle and endothelial cell mitogenic and apoptotic signaling. Circulation
research. 2000; 87(3):179–83. PMID: 10926866.

78. Rudich A, Ben-Romano R, Etzion S, Bashan N. Cellular mechanisms of insulin resistance, lipodystro-
phy and atherosclerosis induced by HIV protease inhibitors. Acta Physiol Scand. 2005; 183(1):75–88.
doi: 10.1111/j.1365-201X.2004.01383.x PMID: 15654921.

79. Chandra J, Samali A, Orrenius S. Triggering and modulation of apoptosis by oxidative stress. Free
Radic Biol Med. 2000; 29(3–4):323–33. PMID: 11035261.

80. Conklin KA. Cancer chemotherapy and antioxidants. J Nutr. 2004; 134(11):3201S–4S. PMID:
15514307.

81. Achanta G, Huang P. Role of p53 in sensing oxidative DNA damage in response to reactive oxygen
species-generating agents. Cancer Res. 2004; 64(17):6233–9. doi: 10.1158/0008-5472.CAN-04-0494
PMID: 15342409.

82. Zuehlke A, Johnson JL. Hsp90 and co-chaperones twist the functions of diverse client proteins. Bio-
polymers. 2010; 93(3):211–7. doi: 10.1002/bip.21292 PMID: 19697319; PubMed Central PMCID:
PMC2810645.

83. Reliene R, Schiestl RH. Antioxidant N-acetyl cysteine reduces incidence and multiplicity of lymphoma
in Atm deficient mice. DNA Repair (Amst). 2006; 5(7):852–9. doi: 10.1016/j.dnarep.2006.05.003 PMID:
16781197.

84. Sablina AA, Budanov AV, Ilyinskaya GV, Agapova LS, Kravchenko JE, Chumakov PM. The antioxidant
function of the p53 tumor suppressor. Nat Med. 2005; 11(12):1306–13. doi: 10.1038/nm1320 PMID:
16286925; PubMed Central PMCID: PMC2637821.

85. Gupte A, Mumper RJ. Elevated copper and oxidative stress in cancer cells as a target for cancer treat-
ment. Cancer Treat Rev. 2009; 35(1):32–46. doi: 10.1016/j.ctrv.2008.07.004 PMID: 18774652.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 25 / 26

http://www.ncbi.nlm.nih.gov/pubmed/9346240
http://dx.doi.org/10.1371/journal.pone.0040795
http://dx.doi.org/10.1371/journal.pone.0040795
http://www.ncbi.nlm.nih.gov/pubmed/22848402
http://dx.doi.org/10.1002/ijc.27687
http://www.ncbi.nlm.nih.gov/pubmed/22729780
http://dx.doi.org/10.1089/ars.2013.5603
http://dx.doi.org/10.1089/ars.2013.5603
http://www.ncbi.nlm.nih.gov/pubmed/24156355
http://dx.doi.org/10.1111/j.1476-5381.2010.00920.x
http://dx.doi.org/10.1111/j.1476-5381.2010.00920.x
http://www.ncbi.nlm.nih.gov/pubmed/20860666
http://dx.doi.org/10.1097/01.cad.0000224448.08706.76
http://www.ncbi.nlm.nih.gov/pubmed/16940799
http://dx.doi.org/10.1016/j.canlet.2012.05.030
http://www.ncbi.nlm.nih.gov/pubmed/22664238
http://dx.doi.org/10.1016/j.biochi.2016.01.014
http://www.ncbi.nlm.nih.gov/pubmed/26844637
http://dx.doi.org/10.1073/pnas.170276797
http://www.ncbi.nlm.nih.gov/pubmed/10995457
http://dx.doi.org/10.1089/ars.2005.7.1553
http://www.ncbi.nlm.nih.gov/pubmed/16356119
http://www.ncbi.nlm.nih.gov/pubmed/12189307
http://dx.doi.org/10.1161/01.ATV.0000223900.67024.15
http://www.ncbi.nlm.nih.gov/pubmed/16645155
http://www.ncbi.nlm.nih.gov/pubmed/10926866
http://dx.doi.org/10.1111/j.1365-201X.2004.01383.x
http://www.ncbi.nlm.nih.gov/pubmed/15654921
http://www.ncbi.nlm.nih.gov/pubmed/11035261
http://www.ncbi.nlm.nih.gov/pubmed/15514307
http://dx.doi.org/10.1158/0008-5472.CAN-04-0494
http://www.ncbi.nlm.nih.gov/pubmed/15342409
http://dx.doi.org/10.1002/bip.21292
http://www.ncbi.nlm.nih.gov/pubmed/19697319
http://dx.doi.org/10.1016/j.dnarep.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16781197
http://dx.doi.org/10.1038/nm1320
http://www.ncbi.nlm.nih.gov/pubmed/16286925
http://dx.doi.org/10.1016/j.ctrv.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18774652


86. Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-mediated mechanisms: a radi-
cal therapeutic approach? Nat Rev Drug Discov. 2009; 8(7):579–91. doi: 10.1038/nrd2803 PMID:
19478820.

87. Sinha RJ, Singh R, Mehrotra S, Singh RK. Implications of free radicals and antioxidant levels in carci-
noma of the breast: a never-ending battle for survival. Indian J Cancer. 2009; 46(2):146–50. PMID:
19346649.

88. Oberley LW, Buettner GR. Role of superoxide dismutase in cancer: a review. Cancer Res. 1979; 39
(4):1141–9. PMID: 217531.

89. Oberley TD, Xue Y, Zhao Y, Kiningham K, Szweda LI, St Clair DK. In situ reduction of oxidative dam-
age, increased cell turnover, and delay of mitochondrial injury by overexpression of manganese super-
oxide dismutase in a multistage skin carcinogenesis model. Antioxid Redox Signal. 2004; 6(3):537–48.
doi: 10.1089/152308604773934297 PMID: 15130280.

90. Ridnour LA, Oberley TD, Oberley LW. Tumor suppressive effects of MnSOD overexpression may
involve imbalance in peroxide generation versus peroxide removal. Antioxid Redox Signal. 2004; 6
(3):501–12. doi: 10.1089/152308604773934260 PMID: 15130277.

91. SundaresanM, Yu ZX, Ferrans VJ, Sulciner DJ, Gutkind JS, Irani K, et al. Regulation of reactive-oxy-
gen-species generation in fibroblasts by Rac1. Biochem J. 1996; 318 (Pt 2):379–82. PMID: 8809022;
PubMed Central PMCID: PMC1217632.

92. Brown NS, Jones A, Fujiyama C, Harris AL, Bicknell R. Thymidine phosphorylase induces carcinoma
cell oxidative stress and promotes secretion of angiogenic factors. Cancer Res. 2000; 60(22):6298–
302. PMID: 11103787.

93. Manoharan S, Kolanjiappan K, Kayalvizhi M. Enhanced lipid peroxidation and impaired enzymic antiox-
idant activities in the erythrocytes of patients with cervical carcinoma. Cell Mol Biol Lett. 2004; 9
(4A):699–707. PMID: 15647792.

94. Ezzi SA, Urushitani M, Julien JP. Wild-type superoxide dismutase acquires binding and toxic properties
of ALS-linked mutant forms through oxidation. J Neurochem. 2007; 102(1):170–8. doi: 10.1111/j.1471-
4159.2007.04531.x PMID: 17394546.

95. Rojo AI, Salinas M, Martin D, Perona R, Cuadrado A. Regulation of Cu/Zn-superoxide dismutase
expression via the phosphatidylinositol 3 kinase/Akt pathway and nuclear factor-kappaB. J Neurosci.
2004; 24(33):7324–34. doi: 10.1523/JNEUROSCI.2111-04.2004 PMID: 15317858.

96. Kolluru GK, Siamwala JH, Chatterjee S. eNOS phosphorylation in health and disease. Biochimie.
2010; 92(9):1186–98. doi: 10.1016/j.biochi.2010.03.020 PMID: 20363286.

Nelfinavir Regulates Redox State in Breast Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0155970 June 9, 2016 26 / 26

http://dx.doi.org/10.1038/nrd2803
http://www.ncbi.nlm.nih.gov/pubmed/19478820
http://www.ncbi.nlm.nih.gov/pubmed/19346649
http://www.ncbi.nlm.nih.gov/pubmed/217531
http://dx.doi.org/10.1089/152308604773934297
http://www.ncbi.nlm.nih.gov/pubmed/15130280
http://dx.doi.org/10.1089/152308604773934260
http://www.ncbi.nlm.nih.gov/pubmed/15130277
http://www.ncbi.nlm.nih.gov/pubmed/8809022
http://www.ncbi.nlm.nih.gov/pubmed/11103787
http://www.ncbi.nlm.nih.gov/pubmed/15647792
http://dx.doi.org/10.1111/j.1471-4159.2007.04531.x
http://dx.doi.org/10.1111/j.1471-4159.2007.04531.x
http://www.ncbi.nlm.nih.gov/pubmed/17394546
http://dx.doi.org/10.1523/JNEUROSCI.2111-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15317858
http://dx.doi.org/10.1016/j.biochi.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20363286

