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Abstract: D-amino acid oxidase (DAAO) catalyzes the oxidation of D-amino acids generating
hydrogen peroxide, a potential producer of reactive oxygen species. In this study, we used a
CLytA-DAAO chimera, both free and bound to magnetic nanoparticles, against colon carcinoma,
pancreatic adenocarcinoma, and glioblastoma cell lines. We found that the enzyme induces cell death
in most of the cell lines tested and its efficiency increases significantly when it is immobilized in
nanoparticles. We also tested this enzyme therapy in non-tumor cells, and we found that there is
not cell death induction, or it is significantly lower than in tumor cells. The mechanism triggering
cell death is apparently a classical apoptosis pathway in the glioblastoma cell lines, while in colon
and pancreatic carcinoma cell lines, CLytA-DAAO-induced cell death is a necrosis. Our results
constitute a proof of concept that an enzymatic therapy, based on magnetic nanoparticles-delivering
CLytA-DAAO, could constitute a useful therapy against cancer and besides it could be used as an
enhancer of other treatments such as epigenetic therapy, radiotherapy, and treatments based on
DNA repair.

Keywords: magnetic nanoparticle; cancer therapy; reactive oxygen species; oxidative damage;
cytotoxicity; choline-binding proteins

1. Introduction

Nowadays, cancer remains among the main causes of mortality [1]. Surgery followed by
chemotherapy and radiotherapy are the most commonly used treatments against cancer. However,
the selectivity of most drugs towards tumor cells is still too low. In addition, the low therapeutic index,

Biomolecules 2020, 10, 222; doi:10.3390/biom10020222 www.mdpi.com/journal/biomolecules

http://www.mdpi.com/journal/biomolecules
http://www.mdpi.com
https://orcid.org/0000-0003-3653-2407
https://orcid.org/0000-0002-4421-9376
https://orcid.org/0000-0003-1979-0949
https://orcid.org/0000-0002-1564-3602
http://dx.doi.org/10.3390/biom10020222
http://www.mdpi.com/journal/biomolecules
https://www.mdpi.com/2218-273X/10/2/222?type=check_update&version=3


Biomolecules 2020, 10, 222 2 of 19

the lack of treatment specificity, and the appearance of drug-resistant clonal populations of cells often
reduce the effectiveness of these therapies. In addition, another problem associated with the treatment
of solid tumors is the access of drugs to tumor cells which is limited by poor vascularization and
necrosis [2].

Due to its accelerated metabolism, tumor cells exhibit increased free radical levels in comparison
with normal cells [3]. The high levels of free radicals in tumor cells make them more vulnerable to
death due to oxidative stress, so this is a putative strategy for antitumor therapies.

A novel strategy for the treatment of solid tumors is to use enzymatic therapies based on the
production of reactive oxygen species (ROS). An exogenous enzyme is directed to the tumor and then
a non-toxic substrate of the enzyme is administered systemically, so that it can be converted into an
active anticancer drug inside the tumors [4,5].

Our research group is studying the use of the D-amino acid oxidase (DAAO) from Rhodotorula
gracilis for the treatment of cancer. DAAO catalyzes the oxidation of D-amino acids in alpha-ketoacids,
ammonium, and H2O2. DAAO from yeasts present a very high catalytic activity and a stable interaction
with the cofactor flavin-adenine dinucleotide (FAD) [6,7]. In addition, its substrate (D-amino acids) is
not present endogenously, allowing a simple regulation of the enzymatic activity [8,9].

To prevent the enzyme from being degraded by the organism or not be able to reach the tumor, it is
necessary to direct it specifically towards the tumor. Immobilization provides a support to the enzymes,
and usually encompasses favorable conditions, such as increasing structural stability and/or enzyme
specificity/activity, better kinetic properties, or extending its pH or temperature working-range [10,11].
Numerous methods have been implemented for enzyme immobilization, taking into account the
intended application [12]. In this sense, magnetic nanoparticles (MNPs) have received increasing
attention as enzyme carriers for biotechnological and biomedical applications [13].

MNPs can easily be recovered from aqueous solutions using an external magnetic field and exhibit
useful properties such as high surface area-to-volume ratio, making possible an increase in the enzyme
density, and the possibility to be surface modified [14]. In our study, we used a non-covalent site-specific
immobilization of the enzyme, as this method uses mild conditions. To get this, we made use of the
affinity tag CLytA, which is the choline-binding module of the amidase N-acetylmuramoyl-L-alanine
(LytA) from Streptococcus pneumoniae [15]. The CLytA domain shows high affinity for choline and
choline structural analogs, such as diethylaminoethanol (DEAE), and it is routinely used as an affinity
tag for the single-step purification and immobilization of fusion proteins [16–18].

The chimera was specifically immobilized onto MNPs functionalized with DEAE. Both, free and
immobilized, CLytA-DAAO chimera are able to induce cell death by increasing ROS production,
which caused DNA damage in several colon carcinoma and pancreatic adenocarcinoma cell lines as
well as in glioblastoma cell lines derived from primary cultures obtained in our laboratory directly from
glioblastoma patients, at doses that are safe for non-tumor cells. Interestingly, the cell death evoked by
the enzyme could be executed by apoptotic or necrotic mechanisms depending on the tumor origin.

The reasons to select these types of tumors in our study were their frequency, mortality,
and resistance to other treatments and also our laboratory experience, since we have been working
in these models for many years [19–23]. This localized therapy reduces the dose of drug needed,
improving the effectiveness and decreasing adverse effects. Finally, in this study we demonstrate that,
besides its own cell-death induction capacity, this kind of therapy is also able to potentiate the effect
of other treatments, such as epigenetic treatments with histone deacetylase inhibitors, radiotherapy,
and Poly (ADP-ribose) polymerase (PARP) inhibitors on these poor prognosis types of cancer.

2. Materials and Methods

2.1. Cell Culture

The human pancreatic adenocarcinoma cell lines IMIM-PC-2, RWP-1, and Hs766T, the human colon
carcinoma cell lines SW-480, SW-620, and HT-29, the non-tumor cell lines from human fibroblasts IMR90
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and 1BR3.G, and the human ductal pancreatic cell line HPDE were donated by the Instituto Municipal
de Investigaciones Médicas (IMIM, Barcelona, Spain). The glioblastoma cell lines HGUE-GB-18,
HGUE-GB-37, HGUE-GB-39, and HGUE-GB-42 derived from primary cultures were established in our
laboratory [24]. Differentiated mouse 3T3-L1 cells were donated by Dr. Vicente Micol of Instituto de
Investigación, Desarrollo e Innovación en Biotecnología Sanitaria de Elche (IDiBE, Elche, Spain) [25].
The lymphocytes primary cultures were obtained from blood samples of non-oncological patients at
“Hospital General Universitario de Elche” (HGUE).

Colon carcinoma cell lines, pancreatic adenocarcinoma cell lines, adipocytes, and fibroblasts were
maintained in Dubelcco’s Modified Eagle’s Medium (DMEM) High Glucose (Biowest, MO, USA) while
glioblastoma cell lines were maintained in DMEM: Nutrient Mixture F-12 (DMEM F12) (Biowest, MO,
USA). HPDE cell line was cultured in keratinocyte serum-free (KSF) medium supplemented with
epidermal growth factor and bovine pituitary extract (Life Technologies, Inc., Grand Island, NY, USA)
as previously described [26]. The lymphocytes primary cultures were maintained in Roswell Park
Memorial Institute (RPMI) 1640 media (Biowest, MO, USA). DMEM, DMEM F-12 and RPMI 1640
media were supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Biowest, MO,
USA) and 1% (v/v) of a penicillin and streptomycin mixture (Biowest, MO, USA). Cells were incubated
at 37 ◦C in a humidified 5% CO2 atmosphere.

2.2. Ethics Statement

Blood samples from non-oncological patients were collected from routine tests, after the signing
of informed consent by the participants and with the approval of the Ethical and Clinical Research
Committee of the HGUE (Elche, Spain).

2.3. CLytA-DAAO Production

CLytA-DAAO was obtained and isolated as previously described [27], with minor modifications.
CLytA-DAAO protein was extracted from Escherichia coli BL21 (DE3) [28], which was transformed
with the plasmid pCPC21 [29], and purified using the QIAprep® Spin Miniprep Kit (Qiagen, Hilden,
Germany), following the protocol previously described [30]. This plasmid allows the overexpression
of the CLytA-DAAO hybrid gene.

A single colony was grown in Luria–Bertani (LB) medium [31], supplemented with ampicillin
(0.1 mg mL−1) in orbital agitation at 37 ◦C. After reaching an optical density of 0.6, the expression
of CLytA-DAAO gene was induced for 14 h at 30 ◦C by the addition of 0.5 mM of isopropyl-β-D-1-
thiogalactopyranoside (IPTG), which allows the induction of the lac promoter. The cells were harvested
by centrifugation, resuspended in sodium phosphate buffer 20 mM, NaCl 100 mM (pH 7.0) and
then, adenine-flavin di-nucleotide (FAD) was added as cofactor of DAAO protein. Cells were lysed
by sonication.

The resulting extract was centrifuged, and the supernatant obtained was purified by affinity
chromatography. Purity of the eluted protein was checked by sodium dodecyl sulfate polyacrylamide
gel electrophoresis [32].

2.4. CLytA-DAAO Immobilization in MNPs

DEAE-FluidMAG magnetic nanoparticles (5 mg, 200 nm diameter, Chemicell, Berlin, Germany),
equilibrated in 20 mM sodium phosphate 10% glycerol (w/w), at pH 7.5, were incubated with 500 µg
of purified CLytA-DAAO, under mild circular agitation for 10 min at 25 ◦C. Glycerol was added as
described to stabilize the DAAO structure [33]. Particles were then separated with a magnet (Chemicell,
Berlin, Germany), followed by repeated washing steps in the equilibrate buffer previously used.

2.5. Determination of the Pure CLytA-DAAO Enzymatic Activity

D-amino acid oxidase activity of the fusion protein CLytA-DAAO was tested following the protocol
described by Fonda and Anderson [34]. Formation of benzoyl-formic acid (ε252 = 12,253 M−1cm−1),
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produced by the hydrolysis of D-phenylglycine (15 mM) in 20 mM sodium phosphate buffer at pH 7.5,
was determined spectrophotometrically at 252 nm, after stopping the reaction with glacial acetic acid.
One unit (U) of enzymatic activity was defined as the amount of enzyme needed to produce 1 µmol of
product per min at 25 ◦C and pH 7.5 [35].

2.6. Chemical Reagents and Treatments

The pan-caspase inhibitor carbobenzyloxy-Val-Ala-Asp-α-fluoromethylketone (Z-VAD-FMK)
(Calbiochem®, San Diego, CA, USA) was used at 25 µM to test caspase dependent apoptosis.
Chloroquine (CQ) and Spautine-1 (SP) (Sigma-Aldrich, MO, USA) were used at 10 µM to test
autophagy. Necrostatine-1 (NC) (Sigma-Aldrich, MO, USA) was used at 20 µM to test necroptosis
cell death. Ferrostatin-1 (Fe-1) (Sigma-Aldrich, MO, USA) were used at 10 µM to test ferroptosis cell
death. Trichostatin A (TSA) (Sigma-Aldrich, MO, USA) was used at 0.1 µM and the PARP inhibitor
III, 3,4-Dihydro-5[4-(1-piperindinyl)butoxy]-1(2H)-isoquinoline (DPQ) (Calbiochem®, San Diego, CA,
USA) was used at 10 µM.

Radiotherapy treatment at 7 Gy was added to cells with a rate of 6 Gy min−1 using VARIANT
2100C linear accelerator in the radiotherapy Oncology Unit of the HGUE.

The Bax-inhibiting peptide, V5 (H-VPMLK-OH) (Calbiochem®, San Diego, CA, USA) was used at
200 µM according to the manufacturer’s instructions.

2.7. Cell Proliferation Assays

Cells were seeded in 96-well plates (Sarstedt, Nümbrecht, Germany) at a density of 4000 cells per
well and incubated at 37 ◦C and 5% CO2 for 24 h. After this time, the different treatments were added
in sextuplicate and the plate was incubated at the same conditions for 72 h. Then, 0.25 mg mL−1 of
methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich, MO, USA) were added for 3 h.
Media was removed and 200 µL of dimethyl sulfoxide (DMSO) (Sigma-Aldrich, MO, USA) was added
and the plate was shaken at room temperature for 30 min to dissolve the formazan crystals [36]. Finally,
the absorbance at 570 nm was measured on a Gen5™model microplate reader (BioTeK®, Winooski,
VT, USA).

2.8. Cell Cycle Analysis

Cells were seeded in six-well plates (Sarstedt, Nümbrecht, Germany) and, after the treatment,
they were harvested by trypsinization and fixed in cold ethanol (75%) for at least 30 min at −20 ◦C.
Once the cells were fixed, they were pelleted, resuspended in 0.5 mL of Phosphate Buffered Saline
(PBS) in the presence of 0.5% Triton X-100, 25 µg mL−1 of RNase A (Serva, Heidelberg, Germany),
and 25 µg mL−1 of propidium iodide (Sigma Aldrich, MO, USA) and incubated for 30 min at room
temperature in the dark. Finally, BD FACSCanto™ flow cytometer (Becton Dickinson & Co., Franklin
Lakes, NJ, USA) was used to determine the distribution of the cells in the different phases of the cell
cycle according to the DNA content.

2.9. Intracellular ROS Measurement

After the cell treatment, intracellular ROS generation was determined using 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA) (Sigma-Aldrich, MO, USA), a fluorescence probe
able to bind to free radicals. The test was carried out in an opaque 96-well plate (Sigma-Aldrich, MO,
USA), and the probe was added at 10 µg mL−1 during the time that ROS production was intended to
be measured. After this time, the media was removed, and the plate was washed with PBS. Finally,
the fluorescence was measured in a fluorescence plate reader POLARstar Omega (BMG Labtech,
Ortenberg, Germany) using excitation and emission wavelengths of 485 and 520 nm, respectively.
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2.10. DNA Damage Measurement

Cells were seeded in six-well plates (Sarstedt, Nümbrecht, Germany) and, after 24 h of incubation
at 37 ◦C and 5% CO2, the corresponding treatments were added. At the end of the treatment time,
the phosphorylated form of the histone H2A.X was determined using the “Activation Dual Detection
Kit” (Merck Millipore, Darmstadt, Germany), according to the manufacturer’s instructions, and the
Muse® Cell Analyzer (Millipore Corporation, Darmstadt, Germany).

2.11. Viability Assay

Cells were seeded in six-well plates (Sarstedt, Nümbrecht, Germany) and, after 24 h of incubation
at 37 ◦C and 5% CO2, the corresponding treatments were added. At the end of the treatment time,
the viability was determined using the “Count and Viability Kit” (Merck Millipore, Darmstadt,
Germany), according to the manufacturer’s instructions, and the Muse® Cell Analyzer (Millipore
Corporation, Darmstadt, Germany).

2.12. Annexin V-PE Assay

Cells were seeded in six-well plates (Sarstedt, Nümbrecht, Germany) and, after 24 h of incubation
at 37 ◦C and 5% CO2, cells were treated 24 h with CLytA-DAAO and D-Alanine. At the end of the
treatment, the apoptotic cell death was determined using the “Annexin V and Dead Cell Kit” (Merck
Millipore, Darmstadt, Germany), according to the manufacturer’s instructions, and the Muse® Cell
Analyzer (Millipore Corporation, Darmstadt, Germany).

2.13. Lactate Dehydrogenase Assay Kit

Cells were seeded in 96-well plates (Sarstedt, Nümbrecht, Germany) and, after 24 h of incubation
at 37 ◦C and 5% CO2, the corresponding treatments were added. At the end of the treatment,
the extracellular lactate dehydrogenase (LDH) activity was determined using the “Cytotoxicity
Detection KitPLUS (LDH)” (Roche Diagnostics GmbH, Mannheim, Germany), according to the
manufacturer’s instructions, and the absorbance at 492 nm was measured on a Gen5™ model
microplate reader (BioTeK®, Winooski, VT, USA).

2.14. Plasma Membrane Permeability

Cells were seeded in six-well plates (Sarstedt, Nümbrecht, Germany) and, after 24 h of incubation
at 37 ◦C and 5% CO2, the treatment was added. After 6 h of treatment with CLytA-DAAO, the media
was replaced by PBS with 15 µg mL−1 of propidium iodide. The plate was kept in the dark for 30 min,
and the labeled cells were photographed with a fluorescence microscope (Nikon Eclipse TE2000-U)
equipped with a digital camera (Nikon DS-1QM).

2.15. Statistical Analysis

The results are shown as the mean± standard error of the mean (SEM) of at least three independent
experiments. A descriptive statistic was performed with the GraphPad Prism version 7 (GraphPad
Software Inc., San Diego CA, USA) calculating the mean, standard error of the mean, and standard
deviation for the values. Shapiro Wilk statistical test was used to evaluate the normal distribution of
the data, and to analyze the association between variables the Student’s t or Mann–Whitney U test
were used. p-values lower than 0.05 were considered statistically significant.

3. Results

3.1. CLytA-DAAO Effect in Cell Lines of Different Origin

To determine the IC50 of CLytA-DAAO in colon carcinoma, pancreatic adenocarcinoma and
glioblastoma cell lines derived from primary cultures established in our laboratory, different
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concentrations of CLytA-DAAO and 1 mM D-Alanine were tested in cell proliferation MTT assays.
IC50 values are shown in Table 1. Results in Figure 1A–C show that 2 U mL−1 of CLytA-DAAO
are enough to achieve the maximum CLytA-DAAO effect in all cell lines tested. We determined,
as well, the optimal concentration of D-Alanine required to trigger the anti-proliferative effects of
CLytA-DAAO in these cell lines. Figure 1D shows a representative result in SW-480 cell line, and we
found that D-Alanine 1 mM is enough to reach the maximal effect of the enzyme.

Table 1. IC50 values (U mL−1) of free CLytA-D-amino acid oxidase (DAAO) with 1 mM D-Ala in
different cell lines from colon carcinoma, pancreatic adenocarcinoma, and glioblastoma treated for 72 h.

Type of Tumor Cell Line IC50 CLytA-DAAO (U mL−1)

Colon carcinoma
SW-480 0.18 ± 0.06
SW-620 0.34 ± 0.04
HT-29 1.3 ± 0.54

Pancreatic
adenocarcinoma

IMIM-PC-2 0.13 ± 0.02
RWP-1 0.23 ± 0.06
Hs766T 0.11 ± 0.03

Glioblastoma
HGUE-GB-18 0.38 ± 0.14
HGUE-GB-37 0.28 ± 0.09
HGUE-GB-42 0.36 ± 0.11
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Figure 1. CLytA-DAAO effects on cell proliferation. (A) SW-480, SW-620, and HT-29 colon carcinoma cell
lines, (B) IMIM-PC-2, RWP-1, and Hs766T pancreatic adenocarcinoma cell lines, and (C) HGUE-GB-18,
HGUE-GB-37, and HGUE-GB-42 glioblastoma cell lines were treated with 0.025-2 U mL−1 CLytA-DAAO
and 1 mM D-Ala for 72 h and cell proliferation was evaluated by methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay. (D) SW-480 colon carcinoma cell line was treated with 2 U mL−1 CLytA-DAAO
and 0.1–2 mM D-Ala for 72 h and cell proliferation was evaluated by MTT assay. Data represent the
mean ± SEM of the percentages of cells with respect to control, with n≥6. *** p < 0.001.
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In order to determine whether the effect of the CLytA-DAAO at 2 U mL−1, with 1 mM D-Alanine,
was cytotoxic or cytostatic we performed a cell cycle analysis after 24 h of treatment (Figure 2).
We found that CLytA-DAAO, in the presence of D-Alanine, is able to induce cell death in almost all
cell lines tested, with a lower effect in the colon carcinoma cell line HT-29 (Figure 2A), pancreatic
adenocarcinoma cell line Hs766T (Figure 2B), and the glioblastoma cell line HGUE-GB-42 (Figure 2C).Biomolecules 2020, 10, 222 8 of 20 
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Figure 2. CLytA-DAAO effects on cell cycle. (A) SW-480, SW-620, and HT-29 colon carcinoma cell
lines, (B) IMIM-PC-2, RWP-1, and Hs766T pancreatic adenocarcinoma cell lines, and (C) HGUE-GB-18,
HGUE-GB-37, HGUE-GB-39, and HGUE-GB-42 glioblastoma cell lines were treated with 2 U mL−1

CLytA-DAAO and 1 mM D-Ala for 24 h and cell cycle distribution was determined by flow cytometry.
Data represent the mean ± SEM of changes in the percentage of cells in each phase of the cell cycle
compared with the untreated control, with n ≥ 6. * indicates p < 0.05 and ** p < 0.01.

To determine the specificity of CLytA-DAAO treatment for tumoral cells, we determined
CLytA-DAAO toxicity on non-tumor cell lines. We tested the CLytA-DAAO effect on lymphocytes
primary cultures from non-oncological patients at HGUE, in mouse 3T3-L1 adipocytes, and in human
non-tumoral cell lines from fibroblast (IMR90, 1BR3.G) and pancreas (HPDE). Results in Figure 3 show
that CLytA-DAAO treatment only induced a minimal cell death in the IMR90 cells.
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3.3. Mechanism of Action of CLytA-DAAO 

In the chemical reaction catalyzed by the DAAO enzyme, H2O2 is produced, and this finally 
generates free radicals, able to induce DNA damage and cell death [37–39]. In order to test if this 
could be the mechanism involved in cell death, we determined the production of free radicals after 
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Next, we determined histone H2A.X activation in the same cell lines after the treatment with CLytA-

Figure 3. CLytA-DAAO effects on cell cycle distribution in non-tumor cell lines. Primary culture of
lymphocytes, 3T3-L1 adipocytes, 1BR3.G, and IMR90 fibroblasts cell lines and HPDE human pancreatic
cells were treated with 2 U mL−1 CLytA-DAAO and 1 mM D-Ala for 24 h and cell cycle distribution
was determined by flow cytometry. Data represent the mean ± SEM of the percentages of treated cells
minus those of the control untreated cells with n ≥ 3.

3.2. CLytA-DAAO Effect as Free and Bound to MNPs

In order to use an enzymatic therapy against cancer, it could be necessary to immobilize the
enzyme in a support that prevents its degradation by the organism and allows us to direct the enzyme
towards the tumor. As previously mentioned, MNPs have been used for immobilization of the
CLytA-DAAO chimera. To determine whether immobilized CLytA-DAAO was as effective as free
CLytA-DAAO, a cell cycle analysis was performed after treating cell lines for 24 h. Figure 4 shows
the percentage of cells in the subG1 phase after receiving the treatment. Our results show that bound
CLytA-DAAO was significantly more effective inducing cell death than CLytA-DAAO free enzyme.
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Figure 4. SW-480 and SW-620 colon carcinoma cell lines, IMIM-PC-2 and RWP-1 pancreatic
adenocarcinoma cell lines, and HGUE-GB-18 and HGUE-GB-37 glioblastoma cell lines were treated
with 2 U mL−1 free or bound to magnetic nanoparticles (MNPs) CLytA-DAAO, and 1 mM D-Ala for
24 h and cell cycle distribution was determined by flow cytometry. Data represent the mean ± SEM of
the percentages of treated cells in SubG1 phase minus those of the control cells with n ≥ 3. * indicates
p < 0.05 and ** p < 0.01.

3.3. Mechanism of Action of CLytA-DAAO

In the chemical reaction catalyzed by the DAAO enzyme, H2O2 is produced, and this finally
generates free radicals, able to induce DNA damage and cell death [37–39]. In order to test if this
could be the mechanism involved in cell death, we determined the production of free radicals after
CLytA-DAAO treatment in colon carcinoma, pancreatic adenocarcinoma, and glioblastoma cell lines.
Results in Figure 5A show that, in response to the enzymatic treatment, a rapid and sustained increase
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in free radical production is observed in SW-480, IMIM-PC-2, and HGUE-GB-18. This result is extended
to the rest of cell lines sensitive to cell death induced by CLytA-DAAO (data not shown). Next,
we determined histone H2A.X activation in the same cell lines after the treatment with CLytA-DAAO,
as this protein is phosphorylated in response to DNA damage. In Figure 5B, we observed an increase
in histone H2A.X phosphorylation in all cell lines sensitive to cell death induction by CLytA-DAAO.
Activation of histone H2A.X, clearly correlates with the increase in free radicals, thus the increase in
ROS production is inducing DNA damage.
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Figure 5. Oxidative damage induced by CLytA-DAAO. (A) SW-480 colon carcinoma cell line, IMIM-PC-2
pancreatic adenocarcinoma cell line, and HGUE-GB-18 glioblastoma cell line were treated with 2 U
mL−1 CLytA-DAAO and 1 mM D-Ala for 20, 40, 60, and 120 min. Then, free radical production was
determined using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA). Values represent the fold
change of fluorescence intensity compared to control; (B) SW-480 colon carcinoma cell line, IMIM-PC-2
pancreatic adenocarcinoma cell line, and HGUE-GB-18 glioblastoma cell line were treated with 2 U
mL−1 CLytA-DAAO and 1 mM D-Ala for 0.5–3 h and then H2A.X phosphorylation was determined
by flow cytometry. (C) HT-29 colon carcinoma cell line, Hs766T pancreatic adenocarcinoma cell line,
and HGUE-GB-42 glioblastoma cell line were treated with 2 U mL−1 CLytA-DAAO and 1 mM D-Ala
for 20, 40, 60, and 120 min. Then, free radical production was determined using H2DCF-DA. Values
represent the fold change of fluorescence intensity compared to control; (D) HT-29 colon carcinoma cell
line, Hs766T pancreatic adenocarcinoma cell line, and HGUE-GB-42 glioblastoma cell line were treated
with 2 U mL−1 CLytA-DAAO and 1 mM D-Ala for 0.5–3 h and then H2A.X phosphorylation was
determined by flow cytometry Data represent the mean ± SEM of the percentage of cells, with n ≥ 3.
* indicates p < 0.05, ** p < 0.01, and *** p < 0.001.

We also wanted to study whether the resistance to cell death induced by CLytA-DAAO observed
in HT-29, Hs766T, and HGUE-GB-42 cell lines, could be explained by a lower generation of ROS or a
lower DNA damage. In order to answer this question, ROS production (Figure 5C) and histone H2A.X
phosphorylation (Figure 5D) were studied in these cell lines. The results observed do not allow a single
conclusion of why these cell lines are resistant to the cell death induced by CLytA-DAAO. In the case of
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HT-29 colon carcinoma cell line, a lower production of free radicals and DNA damage can be observed
in comparison with the sensitive cell lines. However, in Hs766T and HGUE-GB-42 cell lines, although
free radicals do not increase as much as in sensitive cell lines, histone H2A.X phosphorylation reaches
the levels observed in sensitive cell lines.

3.4. Mechanism of Cell Death Induced by CLytA-DAAO

In order to study whether CLytA-DAAO induced cell death was a caspase-dependent phenomenon,
a pan-caspase inhibitor (Z-VAD) was used in combination with the treatment of CLytA-DAAO and
D-Alanine. Figure 6A shows an example of this type of experiment in colon carcinoma (SW-620),
pancreatic adenocarcinoma (IMIM-PC-2), and glioblastoma (HGUE-GB-37, HGUE-GB-39) cell lines.
Our results indicate that only in glioblastoma, the Z-VAD was able to block cell death, this was
also observed for all the other glioblastoma cellular models (data not shown). This result suggests
that, in this type of tumor, CLytA-DAAO induces cell death through a caspase mediated apoptotic
mechanism, while in colon and pancreatic cancer the cell death seems to be unrelated to the traditional
apoptotic programmed cell death. To confirm the apoptotic cell death in glioblastoma, we carried out
studies with Annexin V to determine whether phosphatidylserine externalization occurs. Figure 6B
shows the percentage of cells treated with CLytA-DAAO and D-Alanine that were labeled with
Annexin-PE but not with 7-AAD, that is, those that have externalized phosphatidylserine but whose
membrane has not yet been affected. This result confirms that the cell death generated by CLytA-DAAO
and D-Alanine in glioblastoma is apoptotic.
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Figure 6. Type of cell death induced by CLytA-DAAO. (A) SW-620, IMIM-PC-2, HGUE-GB-37,
and HGUE-GB-39 cell lines were treated with 2 U mL−1 free CLytA-DAAO, and 1 mM D-Ala in the
presence or absence of 25 µM Z-VAD for 24 h and cell cycle distribution was determined by flow
cytometry. (B) HGUE-GB-18, HGUE-GB-37, and HGUE-GB-39 glioblastoma cell lines were treated
with 2 U mL−1 CLytA-DAAO, and 1 mM D-Ala, for 24 h and apoptotic cell death was determined
through Annexin V-PE (+) and 7-AAD (−) labeling by flow cytometry. (C) IMIM-PC-2 cell line was
treated with 2 U mL−1 CLytA-DAAO, and 1 mM D-Ala in the presence or absence of 10 µM chloroquine
(CQ), 10 µM spautine-1 (SP), 20 µM necrostatine-1 (NC), and 10 µM ferrostatin-1 for 24 h and cell cycle
distribution was determined by flow cytometry. Data represent the percentage of cells in sub-G1 phase,
normalizing the treatment with CLytA-DAAO as 100% ± SEM with n ≥ 3. ** indicates p < 0.01.
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To check whether Bax is playing a role in CLytA-DAAO induced cell death, we used CLytA-DAAO
and D-Alanine in combination with a Bax-inhibiting peptide in colon, pancreatic, and glioblastoma cell
lines, only a 25% decrease in cell death in the HGUE-GB-37 glioblastoma cell line was observed (Figure
S1). This result demonstrates that the apoptotic and non-apoptotic cell death caused by CLytA-DAAO
is mostly independent of Bax.

Then, we evaluated whether other types of cell death inhibitors where able to inhibit
CLytA-DAAO-induced cell death in colon and pancreatic carcinomas. Inhibitors against autophagic
cell death, such as chloroquine or spautine-1, against necroptosis cell death, such as necrostatine-1,
or against ferroptosis cell death, such as ferrostatine-1, were tested. In the Figure 6C, we show a
representative result in the pancreatic adenocarcinoma cell line IMIM-PC-2, and we can observe
that none of the inhibitors had a statistically significant effect on CLytA-DAAO-induced cell death.
The same result was obtained in the rest of cell lines tested (data not shown).

Based on our previously shown results, we hypothesized that in pancreatic and colon carcinoma
the death induced by CLytA-DAAO was a necrosis while in glioblastoma was a classic apoptosis.
To test this hypothesis, we performed a released LDH activity test that is indicative of a necrotic cell
death. In Figure 7, we compare CLytA-DAAO induced cell death (Figure 7A) with LDH extracellular
activity (Figure 7B) in RWP-1 and IMIM-PC-2 pancreatic carcinoma cell lines, SW-620 and SW-480 colon
carcinoma cell lines, and HGUE-GB-37 and HGUE-GB-39 glioblastoma cell lines. Our results show that
in pancreatic and colon carcinoma cell lines, LDH extracellular activity is detected, suggesting a necrotic
type of cell death. Meanwhile, no LDH extracellular activity was detected in the glioblastoma cell lines,
suggesting again that the cell death induced by the enzyme in glioblastoma is a classical apoptosis.
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Figure 7. CLytA-DAAO plasmatic membrane rupture. (A) RWP-1 and IMIM-PC-2 pancreatic
adenocarcinoma cell lines, SW-480 and SW-620 colon carcinoma cell lines, and HGUE-GB-37 and
HGUE-GB-39 glioblastoma cell lines were treated with 2 U mL−1 CLytA-DAAO, and 1 mM D-Ala
for 24 h and viability was determined by flow cytometry. Data represent the mean ± SEM of the
percentage of dead cells with respect to control, with n ≥ 3. (B) RWP-1 and IMIM-PC-2 pancreatic
adenocarcinoma cell lines, SW-480 and SW-620 colon carcinoma cell lines, and HGUE-GB-37 and
HGUE-GB-39 glioblastoma cell lines were treated with 2 U mL−1 CLytA-DAAO, and 1 mM D-Ala for
24 h and extracellular LDH activity was measured. Data represent the mean ± SEM of the percentage
of change in extracellular detected LDH activity between the treated cells and the control untreated
cells, with n ≥ 3. (C) IMIM-PC-2 pancreatic adenocarcinoma cell line was treated with 2 U mL−1

CLytA-DAAO, and 1 mM D-Ala for 6 h, and propidium iodide uptake was determined by microscopy.
The left panel shows control cells and the right panel shows treated cells.
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Next, we tested the plasmatic membrane integrity using a different approach. In this case,
we added to cells propidium iodide, after being treated with CLytA-DAAO for 6 h. In Figure 7C,
we show a representative result in the IMIM-PC-2 cell line, which indicates that the plasmatic membrane
rupture takes place. The same result was obtained in the rest of colon and pancreatic carcinoma cell
lines tested but not in glioblastoma cell lines (data not shown).

3.5. CLytA-DAAO as an Enhancer of Other Treatments

A possible use of CLytA-DAAO as enzymatic therapy is its combination with classic treatments
used in clinical practice, with the aim to enhance their effect. In this study, we combined a low dose of
CLytA-DAAO with TSA, a histone deacetylase inhibitor, with radiotherapy and with PARP inhibitors,
which are related to DNA repair [40].

In order to verify whether we were able to potentiate the effect of TSA, we treated the cells with
low doses of TSA and CLytA-DAAO either alone or in combination. In Figure 8A, we can observe
the result obtained in the HGUE-GB-18 glioblastoma cell line. When we use low doses of TSA or
CLytA-DAAO alone, we barely get 5% of cell death, however, when we combine both treatments,
20% of cell death is reached. This result was extended to the rest of the glioblastoma cell lines, although
we did not observe potentiation in either pancreatic adenocarcinoma or colon carcinoma cell lines.
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Figure 8. CLytA-DAAO as an enhancer of other treatments. (A) HGUE-GB-18 glioblastoma cell line
was treated with 0.1 µM Trichostatin A (TSA) or 1 U mL−1 CLytA-DAAO and 1 mM D-Ala or a
combination of both treatments over 24 h and cell cycle distribution was determined by flow cytometry.
(B) RWP-1 pancreatic adenocarcinoma cell line was treated with 1 U mL−1 CLytA-DAAO and 1 mM
D-Ala or 7 Gy radiotherapy or a combination of both treatments for 24 h and cell cycle distribution was
determined by flow cytometry. (C) HGUE-GB-18, HGUE-GB-37, and HGUE-GB-39 glioblastoma cell
lines were treated with 10 µM DPQ or 2 U mL−1 CLytA-DAAO and 1 mM D-Ala or a combination of
both treatments over 24 h and viability was determined by flow cytometry. Data represent the mean ±
SEM of the percentages of cells with respect to control, with n ≥ 3. ** indicates p < 0.01, and *** p < 0.001.
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We performed the same experiment using radiotherapy at a 7 Gy dose, in Figure 8B we can observe
that in the RWP-1 cell line, cell death increases combining both treatments. In the case of radiotherapy,
we observed potentiation in all cell lines of exocrine pancreatic carcinoma and glioblastoma [41] (data
not shown).

Finally, as CLytA-DAAO generates DNA damage, we combined the treatment with CLytA-DAAO
with DPQ, a PARP inhibitor. In Figure 8C, an enhancement of the CLytA-DAAO effect is observed
when we combine the treatment with DPQ in glioblastoma cell lines. This result is not observed in the
pancreatic or colon carcinoma cell lines (data not shown).

4. Discussion

In this article, we present data showing that an enzymatic therapy based on a CLytA-DAAO
chimera constitutes a new therapeutic strategy for various types of tumors, so it can be used in colon
carcinoma and, even more important, in pancreatic carcinoma and glioblastoma, two types of tumors
for which there is no effective therapy to date.

Tumor cells are able to display several resistance mechanisms to the conventional therapies and,
in many cases, the patients develop multiple resistance to drugs that are not related neither at the
structural nor at the pharmacological level; this phenomenon is known as multidrug resistance (MDR)
phenotype [42,43]. One strategy against chemotherapy resistance is the use of combination therapies
with drugs not affected by the same resistance mechanism. The main problem of these combination
therapies is how to administer them. In many cases, the different drugs cannot be administered
simultaneously since the combination of their side effects could be very toxic for the patient [44,45].

It is generally accepted that if the anti-neoplasic drugs could be delivered and concentrated on the
tumor, the side effects could decrease significantly [46,47]. Based on this, we can hypothesize that if
the combination therapies are simultaneously delivered to the tumor, their side effects would decrease
and, therefore, we would be able to use them at higher doses for systemic treatments. At this point,
it could be even more interesting to concentrate inert compounds in the tumor and to turn them in situ
in active drugs [4,5].

Initially, ROS-generating enzymes such as xanthine oxidase and glucose oxidase were used
for such purposes [8]. However, the stability of these enzymes in vivo is low and their substrates
(glucose, xanthine, and oxygen) are endogenous molecules whose concentration cannot be regulated.
To overcome these limitations, the use of DAAO from Rhodotorula gracilis was proposed for cancer
treatment [48].

On the other hand, another problem of cancer therapies is to ensure that the anti-neoplasic agents
reach the tumor in an active form and at effective doses. The immobilization of DAAO in magnetic
nanoparticles of Fe3O4 functionalized with 3-aminopropyltriethoxyxilane (APTES) was previously
tested. However, this type of nanoparticle is made by glutaraldehyde following a relatively complex
procedure and shows cytotoxicity [49]. In this work, we developed a delivery system for DAAO
based on MNPs. One of the advantages of our method is that the enzyme-nanoparticles binding is not
covalent, so the immobilization process is easy and straightforward. This was accomplished through
generation of a chimeric protein: CLytA-DAAO in which the CLytA domain confers a high choline
binding affinity [27]. Based on this, we immobilized the chimeric enzyme to MNPs functionalized
with DEAE, a chemical compound structurally similar to choline. This binding allows an additional
advantage, as the enzyme can be easily released from the nanoparticles using choline, once the enzyme
reaches its therapeutic target. Another advantage is that the negative effects can be controlled by the
addition of the enzyme substrate, D-amino acids, which are not found in the human proteins. For this
reason, the nanoparticles harboring CLytA-DAAO are inert until the substrate was added. This could
be made once the nanoparticles had been delivered to the tumor through a magnetic field.

Our results show that CLytA-DAAO induces cell death in most of the cell lines tested (Figures 1
and 2), and the enzyme bound to nanoparticles is more efficient as anti-neoplasic agent than the free
enzyme (Figure 4). It is known that the optimal temperature of CLytA-DAAO is close to 25 ◦C [50],
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and one of the advantages of enzyme immobilization is the increase of their stability and their pH or
temperature working-range [10,11]. Therefore, the reason why the enzyme is more efficient when it is
immobilized is a higher biological stability of the enzyme at 37 ◦C (data not shown).

We also wondered about the putative CLytA-DAAO toxicity on non-tumor cells. It is known
that, due to its accelerated metabolism, cancer cells show increased levels of ROS in comparison with
non-tumoral cells, so that cancer cells are more sensitive to death generated by oxidative stress [3].
The results in Figure 3 show that CLytA-DAAO did not significantly affect either peripheral blood
lymphocytes primary cultures from non-oncological patients, mouse adipocytes, or human cell lines
from fibroblast and pancreas. Therefore, our data suggest that CLytA-DAAO has either no effect on
non-tumor cells or a significantly lower effect than in tumor cells. Although the underlying reasons
for this lack of CLytA-DAAO effect on non-tumor cells remain unknown, it may be due to the fact
that non-tumor cells are not in constant division and their hereditary material is less exposed to the
effect of ROS [51] and also, unlike most tumor cell lines, have a TP53 wild type that protects them
from the genomic instability generated by ROS [52]. The lack of effect in non-tumoral cells is really
important since the low toxicity together with the additional advantages of CLytA-DAAO such as
enzyme stereospecificity which allows to control enzymatic induction, and the non-covalent affinity
binding of CLytA-DAAO to MNPs which allows the release in situ, confer to this enzymatic therapy
interesting properties for clinical use.

Cell death induction correlates with the production of free radicals (Figure 5A) and the increase
of DNA damage (Figure 5B) in all cell lines sensitive to cell death induced by CLytA-DAAO. Thus,
DNA damage could be the final effector of CLytA-DAAO-induced cell death. In this figure, we also
compare the increase of free radicals (Figure 5C) and DNA damage (Figure 5D) between the cell lines
resistant to cell death induced by CLytA-DAAO. It is important to point out that we are talking about
resistance to cell death induction, because in Table 1 it is obvious that Hs766T and HGUE-GB-42 are
sensitive to the antiproliferative effect of CLytA-DAAO. However, as shown in Figure 2, minimal
induction of cell death is observed in these cell lines, suggesting that the antiproliferative CLytA-DAAO
effect in these cell lines is mostly cytostatic. HT-29 resistance could be related to a lower production
of free radicals, but in Hs766T and HGUE-GB-42 cell lines there are an increase in ROS production
and an activation of H2A.X histone. The differences observed between resistant cell lines suggest
the presence of different CLytA-DAAO-resistance mechanisms. The putative mechanism present in
HT-29 cells could be more focused on cell detoxification preventing ROS generation, for these reason,
HT-29 is also resistant to the cytostatic effect of CLytA-DAAO as shown in Table 1. On the other hand,
we also observed that the HT-29 cell line has the mutation V600E in BRAF [53], unlike the rest of the
cell lines tested. This mutation has been associated with a poor prognostic and a greater resistance
to the common therapies [54,55]. Therefore, this mutation could be the reason for the lower effect of
CLytA-DAAO in this cell line. However, in Hs766T cells, the resistance mechanism could be based
on the repair of DNA damage or the blockade of the mechanisms involved in DNA damage-induced
cell death. It is interesting to mention that Hs766T cell line is quite resistant to several treatments,
such as gemcitabine and others [56], and that this cell line has a wild type TP53 meanwhile IMIM-PC-2
and RWP-1 have mutant TP53. TP53 is crucial in the cellular response to agents that induce DNA
damage [57,58]. In addition, it has been found that Hs766T cells have a mitotic defective checkpoint [59].
We know that initially CLytA-DAAO blocks the cell cycle in G2+M phase and then, these cells are
committed to cell death (data not shown). Therefore, it could be that the incapacity of Hs766T cells to
get blocked in G2+M is protecting them of the CLytA-DAAO induced cell death.

Results observed in Figure 5 raised the question of whether there is a universal molecular
mechanism for CLytA-DAAO-induced cell death. To determine this, we treated different cell lines with
CLytA-DAAO and D-Alanine either alone or combined with different cell death inhibitors, such as
chloroquine or spautine-1 against autophagy, necrostatine-1 against necroptosis, ferrostatin-1 against
ferroptosis, and a pan-caspase inhibitor, Z-VAD, against apoptosis. In colon and pancreas cancer
cell lines, no inhibitor was able to block CLytA-DAAO-induced cell death (Figure 6A). Instead, we
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observed that Z-VAD is able to significantly block CLytA-DAAO-induced cell death in glioblastoma
cell lines (Figure 6B). Consequently, in this type of tumor, CLytA-DAAO-induced cell death could be,
at least in part, due to a classical apoptotic mechanism [60]. As a consequence, we thought that the cell
death induced by CLytA-DAAO in colon and pancreas cell lines could be due to a necrotic mechanism.
To verify this, we studied whether plasma membrane rupture occurred after treating the cells with
CLytA-DAAO, and we observed that indeed, in the colon and pancreas carcinoma cell lines the plasma
membrane rupture took place, but this did not occur in the glioblastoma cell lines (Figure 7).

We also considered whether we could use the treatment with CLytA-DAAO as an enhancer
of other treatments. TSA is an histone deacetylase (HDAC) inhibitor and therefore contributes to
chromatin decompaction [61], thereby DNA would be more exposed to the effect of ROS and it is
possible that the combination of low doses of TSA and CLytA-DAAO could have an enhanced effect.
The result observed in Figure 8A confirmed our hypothesis in some cell models. On the other hand,
one of the most commonly used therapies against cancer is radiotherapy. Radiotherapy generates
DNA damage directly, due to ionizing radiation, and indirectly through the generation of ROS [62,63].
Since the cell death generated by CLytA-DAAO is due to the increase of ROS, we thought that we might
be able to enhance the effect of radiotherapy using low doses of CLytA-DAAO. Results in Figure 8B
show that it is possible to use CLytA-DAAO to enhance the radiotherapy effect. Since CLytA-DAAO
causes the cell death through the generation of DNA damage, another option was to block DNA repair.
To do this, we used DPQ, an inhibitor of PARP, in combination with CLytA-DAAO and D-Alanine.
Again, we obtained a potentiation of cell death, although this result was only observed in glioblastoma
cell lines (Figure 8C). It is important to point out that a recent report has shown that Olaparib, a PARP
inhibitor, constitutes a useful therapy for a subset of pancreatic adenocarcinoma patients (8–9% of total
patients), which show BRCA 1 and 2 alterations [64]. It is tempting to hypothesize that CLytA-DAAO
could potentiate the Olaparib effect in such patients, however, neither IMIM-PC-2, RWP-1, nor Hs766T
have been shown defective in BRCA 1 or 2.

Our results constitute a proof of concept suggesting that an enzymatic therapy based on
MNPs-immobilized CLytA-DAAO could constitute a useful therapy in colon and pancreatic carcinoma
as well as glioblastoma. Besides, it could be used as monotherapy and in combination with epigenetic
and radiotherapy therapy and DNA repair base therapy. Besides, the advantages of these nanoparticles
with respect to those previously used are that they do not show cytotoxicity, allowing tumor localization
and low risk of side effects [65]. Then, antitumor activity could be triggered by the addition of a
D-amino acid. Another advantage of our system is that the immobilization of the enzyme is not a
covalent bond, so a controlled release of CLytA-DAAO from the nanoparticles is possible, once located
on the tumor.

5. Conclusions

• A chimeric enzyme was built adding the CLytA domain to the D-amino acid oxidase (CLytA-
DAAO) to allow its non-covalent binding to DEAE functionalized magnetic nanoparticles (MNPs).

• Free and immobilized CLytA-DAAO, in the presence of a D-amino acid, induce cell death in colon
carcinoma, pancreatic adenocarcinoma, and glioblastoma cell lines.

• Non-tumoral cell models are not induced to death by the CLytA-DAAO chimera.
• CLytA-DAAO-induced cell death is caused by DNA damaged provoked by the increase of ROS.
• CLytA-DAAO-induced cell death in colon and pancreas carcinoma cell lines is a necrosis meanwhile

that in glioblastoma cell lines is an apoptotic cell death.
• The therapy with CLytA-DAAO and D-Alanine can be used per se or as an enhancer of other

treatments related to the generation of ROS or DNA damage, such as epigenetic inhibition of
histone deacetylase, radiotherapy, and DNA repair inhibition.

• Our results show that treatment with CLytA-DAAO alone or in combination with other drugs may
constitute a valid therapeutic alternative for poor prognosis tumors, such as exocrine pancreatic
carcinomas and glioblastomas.
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• We found three cell lines resistant to cell death induced by CLytA-DAAO: HT-29 colon carcinoma
cell line, Hs766T pancreatic adenocarcinoma cell line, and HGUE-GB-42 glioblastoma cell line.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/2/222/s1,
Figure S1: IMIM-PC-2, SW-480, HGUE-GB-18 and HGUE-GB-37 cells were treated with 2 U mL−1 free CLytA-DAAO
and 1 mM D-Ala in the presence or absence of 200 µM of Bax-inhibiting peptide, V5 (BIP). Then, viability was
determined by flow cytometry analysis. Data represents the percentage of CLytA-DAAO induced cell death in the
presence of BIP taking the CLytA-DAAO induced cell death in the absence of BIP as the 100%. Data are presented
as mean ± SEM with n ≥ 3. * indicates p < 0.05.

Author Contributions: M.S. and J.M.S. participated in conceptualization, funding acquisition, supervision,
and project administration. M.F.-B., D.B.-G., M.P.V. and E.P.-V. participated in investigation and methodology.
M.F.-B., P.G.-M., B.M., C.A., V.M.B., and M.S. participated in validation and formal analysis of data presented in
this article. M.F.-B. and M.S. participated in writing the original draft. Finally, P.G.-M., B.M., C.A., V.M.B., J.M.S.,
and M.S. participated in reviewing and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Spanish Instituto de Salud Carlos III, grant number PI01202025,
and donations from Association of women affected by breast cancer in Elche and the region (AMACMEC)
to MS and grants from the Spanish Ministry of Economy, Industry and Competitiveness, grant numbers
BIO2013-47684-R and BIO2016-79323-R, and the RETICS-FEDER RICET, RD16/0027/0010, to JMS. The CIBER of
Enfermedades Respiratorias (CIBERES) is an initiative of the Spanish Instituto de Salud Carlos III and Spanish
National Research Council (CSIC Grant 201820I132).

Acknowledgments: The authors are grateful to Mrs. Mónica López Sarrio for her support in the artistic work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics, 2014. CA Cancer J. Clin. 2014, 64, 9–29. [CrossRef]
2. Fang, J.; Nakamura, H.; Iyer, A.K. Tumor-targeted induction of oxystress for cancer therapy. J. Drug Target.

2007, 15, 475–486. [CrossRef] [PubMed]
3. Nogueira, V.; Hay, N. Molecular Pathways: Reactive Oxygen Species Homeostasis in Cancer Cells and

Implications for Cancer Therapy. Clin. Cancer Res. 2013, 19, 4309–4314. [CrossRef] [PubMed]
4. Niculescu-Duvaz, I.; Springer, C.J. Introduction to the Background, Principles, and State of the Art in Suicide

Gene Therapy. Mol. Biotechnol. 2005, 30, 071–088. [CrossRef]
5. Greco, O.; Dachs, G.U. Gene directed enzyme/prodrug therapy of cancer: Historical appraisal and future

prospectives. J. Cell. Physiol. 2001, 187, 22–36. [CrossRef]
6. Pollegioni, L.; Sacchi, S.; Caldinelli, L.; Boselli, A.; Pilone, M.S.; Piubelli, L.; Molla, G. Engineering the

properties of D-amino acid oxidases by a rational and a directed evolution approach. Curr. Protein Pept. Sci.
2007, 8, 600–618. [CrossRef] [PubMed]

7. Pollegioni, L.; Piubelli, L.; Sacchi, S.; Pilone, M.S.; Molla, G. Physiological functions of D-amino acid oxidases:
From yeast to humans. Cell. Mol. Life Sci. 2007, 64, 1373–1394. [CrossRef] [PubMed]

8. Ben-Yoseph, O.; Ross, B.D. Oxidation therapy: The use of a reactive oxygen species-generating enzyme
system for tumour treatment. Br. J. Cancer 1994, 70, 1131–1135. [CrossRef]

9. Yoshikawa, T.; Kokura, S.; Tainaka, K.; Naito, Y.; Kondo, M. A novel cancer therapy based on oxygen radicals.
Cancer Res. 1995, 55, 1617–1620.

10. Ding, S.; Cargill, A.A.; Medintz, I.L.; Claussen, J.C. Increasing the activity of immobilized enzymes with
nanoparticle conjugation. Curr. Opin. Biotechnol. 2015, 34, 242–250. [CrossRef]

11. Mohamed, H.; Ahmed, O. Methods of Enzyme Immobilization. Int. J. Curr. Pharm. Rev. Res. 2016, 7, 385–392.
12. Liu, D.-M.; Chen, J.; Shi, Y.-P. Advances on methods and easy separated support materials for enzymes

immobilization. TrAC Trends Anal. Chem. 2018, 102, 332–342. [CrossRef]
13. Bilal, M.; Zhao, Y.; Rasheed, T.; Iqbal, H.M.N. Magnetic nanoparticles as versatile carriers for enzymes

immobilization: A review. Int. J. Biol. Macromol. 2018, 120, 2530–2544. [CrossRef] [PubMed]
14. Xie, T.; Wang, A.; Huang, L.; Li, H.; Chen, Z.; Wang, Q.; Yin, X. Recent advance in the support and technology

used in enzyme immobilization. Afr. J. Biotechnol. 2009, 8, 4724–4733.

http://www.mdpi.com/2218-273X/10/2/222/s1
http://dx.doi.org/10.3322/caac.21208
http://dx.doi.org/10.1080/10611860701498286
http://www.ncbi.nlm.nih.gov/pubmed/17671894
http://dx.doi.org/10.1158/1078-0432.CCR-12-1424
http://www.ncbi.nlm.nih.gov/pubmed/23719265
http://dx.doi.org/10.1385/MB:30:1:071
http://dx.doi.org/10.1002/1097-4652(2001)9999:9999&lt;::AID-JCP1060&gt;3.0.CO;2-H
http://dx.doi.org/10.2174/138920307783018677
http://www.ncbi.nlm.nih.gov/pubmed/18220846
http://dx.doi.org/10.1007/s00018-007-6558-4
http://www.ncbi.nlm.nih.gov/pubmed/17396222
http://dx.doi.org/10.1038/bjc.1994.460
http://dx.doi.org/10.1016/j.copbio.2015.04.005
http://dx.doi.org/10.1016/j.trac.2018.03.011
http://dx.doi.org/10.1016/j.ijbiomac.2018.09.025
http://www.ncbi.nlm.nih.gov/pubmed/30201561


Biomolecules 2020, 10, 222 17 of 19

15. López, R.; García, E. Recent trends on the molecular biology of pneumococcal capsules, lytic enzymes,
and bacteriophage. FEMS Microbiol. Rev. 2004, 28, 553–580. [CrossRef] [PubMed]

16. Caubín, J.; Martín, H.; Roa, A.; Cosano, I.; Pozuelo, M.; de La Fuente, J.M.; Sánchez-Puelles, J.M.; Molina, M.;
Nombela, C. Choline-binding domain as a novel affinity tag for purification of fusion proteins produced in
Pichia pastoris. Biotechnol. Bioeng. 2001, 74, 164–171. [CrossRef] [PubMed]

17. Maestro, B.; Velasco, I.; Castillejo, I.; Arévalo-Rodríguez, M.; Cebolla, A.; Sanz, J.M. Affinity partitioning of
proteins tagged with choline-binding modules in aqueous two-phase systems. J. Chromatogr. A 2008, 1208,
189–196. [CrossRef]

18. Bello-Gil, D.; Maestro, B.; Fonseca, J.; Feliu, J.M.; Climent, V.; Sanz, J.M. Specific and reversible immobilization
of proteins tagged to the affinity polypeptide C-LytA on functionalized graphite electrodes. PLoS ONE 2014,
9, e87995. [CrossRef]

19. Castro-Galache, M.D.; Ferragut, J.A.; Barbera, V.M.; Martín-Orozco, E.; Gonzalez-Ros, J.M.; Garcia-Morales, P.;
Saceda, M. Susceptibility of multidrug resistance tumor cells to apoptosis induction by histone deacetylase
inhibitors. Int. J. Cancer 2003, 104, 579–586. [CrossRef]

20. Garcia-Morales, P.; Gómez-Martínez, A.; Carrato, A.; Martínez-Lacaci, I.; Barberá, V.M.; Soto, J.L.;
Carrasco-García, E.; Menéndez-Gutierrez, M.P.; Castro-Galache, M.D.; Ferragut, J.A.; et al. Histone
deacetylase inhibitors induced caspase-independent apoptosis in human pancreatic adenocarcinoma cell
lines. Mol. Cancer 2005, 4, 1222–1230. [CrossRef]

21. García-Morales, P.; Carrasco-García, E.; Ruiz-Rico, P.; Martínez-Mira, R.; Menéndez-Gutiérrez, M.P.;
Ferragut, J.A.; Saceda, M.; Martínez-Lacaci, I. Inhibition of Hsp90 function by ansamycins causes
downregulation of cdc2 and cdc25c and G2/M arrest in glioblastoma cell lines. Oncogene 2007, 26, 7185–7193.
[CrossRef] [PubMed]

22. Carrasco-Garcia, E.; Martinez-Lacaci, I.; Mayor-López, L.; Tristante, E.; Carballo-Santana, M.;
García-Morales, P.; Ventero Martin, M.; Fuentes-Baile, M.; Rodriguez-Lescure, Á.; Saceda, M. PDGFR
and IGF-1R Inhibitors Induce a G2/M Arrest and Subsequent Cell Death in Human Glioblastoma Cell Lines.
Cells 2018, 7, 131. [CrossRef] [PubMed]

23. Grasso, S.; Tristante, E.; Saceda, M.; Carbonell, P.; Mayor-López, L.; Carballo-Santana, M.; Carrasco-García, E.;
Rocamora-Reverte, L.; García-Morales, P.; Carballo, F.; et al. Resistance to Selumetinib (AZD6244) in
colorectal cancer cell lines is mediated by p70S6K and RPS6 activation. Neoplasia 2014, 16, 845–860. [CrossRef]
[PubMed]

24. Ventero, M.P.; Fuentes-Baile, M.; Quereda, C.; Perez-Valeciano, E.; Alenda, C.; Garcia-Morales, P.; Esposito, D.;
Dorado, P.; Manuel Barbera, V.; Saceda, M. Radiotherapy resistance acquisition in Glioblastoma. Role of
SOCS1 and SOCS3. PLoS ONE 2019, 14, e0212581. [CrossRef]

25. Herranz-López, M.; Fernández-Arroyo, S.; Pérez-Sanchez, A.; Barrajón-Catalán, E.; Beltrán-Debón, R.;
Menéndez, J.A.; Alonso-Villaverde, C.; Segura-Carretero, A.; Joven, J.; Micol, V. Synergism of plant-derived
polyphenols in adipogenesis: Perspectives and implications. Phytomedicine 2012, 19, 253–261. [CrossRef]

26. Ouyang, H.; Mou, L.; Luk, C.; Liu, N.; Karaskova, J.; Squire, J.; Tsao, M.S. Immortal human pancreatic
duct epithelial cell lines with near normal genotype and phenotype. Am. J. Pathol. 2000, 157, 1623–1631.
[CrossRef]

27. Sanchez-Puelles, J.M.; Sanz, J.M.; Garcia, J.L.; Garcia, E. Immobilization and single-step purification of fusion
proteins using DEAE-cellulose. Eur. J. Biochem. 1992, 203, 153–159. [CrossRef]

28. Brent, R.; Ptashne, M. Mechanism of action of the lexA gene product. Proc. Natl. Acad. Sci. USA 1981, 78,
4204–4208. [CrossRef]

29. Moldes Tabarés, C. Desarrollo de Nuevos Sistemas para la Producción de Proteínas de Fusión por
Fermentación. Ph.D. Thesis, Universidad Complutense de Madrid, Madrid, Spain, 2003.

30. Lederberg, E.M.; Cohen, S.N. Transformation of Salmonella typhimurium by plasmid deoxyribonucleic acid.
J. Bacteriol. 1974, 119, 1072–1074. [CrossRef]

31. Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor Laboratory Press:
Cold Spring Harbor, NY, USA, 2001; ISBN 0879695773.

32. Laemmli, U.K. Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef]

33. Pollegioni, L.; Pilone, M.S. Purification of Rhodotorula gracilis D-amino acid oxidase. Protein Expr. Purif.
1992, 3, 165–167. [CrossRef]

http://dx.doi.org/10.1016/j.femsre.2004.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15539074
http://dx.doi.org/10.1002/bit.1106
http://www.ncbi.nlm.nih.gov/pubmed/11370005
http://dx.doi.org/10.1016/j.chroma.2008.08.106
http://dx.doi.org/10.1371/journal.pone.0087995
http://dx.doi.org/10.1002/ijc.10998
http://dx.doi.org/10.1158/1535-7163.MCT-04-0186
http://dx.doi.org/10.1038/sj.onc.1210534
http://www.ncbi.nlm.nih.gov/pubmed/17525741
http://dx.doi.org/10.3390/cells7090131
http://www.ncbi.nlm.nih.gov/pubmed/30200644
http://dx.doi.org/10.1016/j.neo.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25379021
http://dx.doi.org/10.1371/journal.pone.0212581
http://dx.doi.org/10.1016/j.phymed.2011.12.001
http://dx.doi.org/10.1016/S0002-9440(10)64800-6
http://dx.doi.org/10.1111/j.1432-1033.1992.tb19840.x
http://dx.doi.org/10.1073/pnas.78.7.4204
http://dx.doi.org/10.1128/JB.119.3.1072-1074.1974
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1016/S1046-5928(05)80101-9


Biomolecules 2020, 10, 222 18 of 19

34. Fonda, M.L.; Anderson, B.M. D-amino acid oxidase. I. Spectrophotometric studies. J. Biol. Chem. 1967, 242,
3957–3962. [PubMed]

35. Molla, G.; Vegezzi, C.; Pilone, M.S.; Pollegioni, L. Overexpression in Escherichia coli of a Recombinant
Chimeric Rhodotorula gracilis d-Amino Acid Oxidase. Protein Expr. Purif. 1998, 14, 289–294. [CrossRef]
[PubMed]

36. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

37. Stoian, I.; Oros, A.; Moldoveanu, E. Apoptosis and free radicals. Biochem. Mol. Med. 1996, 59, 93–97.
[CrossRef]

38. Beckman, K.B.; Ames, B.N. Oxidative decay of DNA. J. Biol. Chem. 1997, 272, 19633–19636. [CrossRef]
39. Jacobson, M.D. Reactive oxygen species and programmed cell death. Trends Biochem. Sci. 1996, 21, 83–86.

[CrossRef]
40. Beck, C.; Robert, I.; Reina-San-Martin, B.; Schreiber, V.; Dantzer, F. Poly(ADP-ribose) polymerases in

double-strand break repair: Focus on PARP1, PARP2 and PARP3. Exp. Cell Res. 2014, 329, 18–25. [CrossRef]
41. Esposito, R.D.; Planes Meseguer, D.; Dorado Rodríguez, P.; Barberá, V.M.; Saceda, M.; Fernandez Fornos, L.

Empowering radiation therapy effect through a nanotechnology based enzymatic therapy. Phys. Med. 2016,
32, 251. [CrossRef]

42. Tan, B.; Piwnica-Worms, D.; Ratner, L. Multidrug resistance transporters and modulation. Curr. Opin. Oncol.
2000, 12, 450–458. [CrossRef]

43. Ford, J.M.; Hait, W.N. Pharmacology of drugs that alter multidrug resistance in cancer. Pharm. Rev. 1990, 42,
155–199. [PubMed]

44. Park, S.R.; Davis, M.; Doroshow, J.H.; Kummar, S. Safety and feasibility of targeted agent combinations in
solid tumours. Nat. Rev. Clin. Oncol. 2013, 10, 154–168. [CrossRef] [PubMed]

45. Soria, J.-C.; Massard, C.; Izzedine, H. From Theoretical Synergy to Clinical Supra-Additive Toxicity. J. Clin.
Oncol. 2009, 27, 1359–1361. [CrossRef] [PubMed]

46. Davis, M.E.; Chen, Z.; Shin, D.M. Nanoparticle therapeutics: An emerging treatment modality for cancer.
Nat. Rev. Drug Discov. 2008, 7, 771–782. [CrossRef] [PubMed]

47. Cattaneo, A.G.; Gornati, R.; Sabbioni, E.; Chiriva-Internati, M.; Cobos, E.; Jenkins, M.R.; Bernardini, G.
Nanotechnology and human health: Risks and benefits. J. Appl. Toxicol. 2010, 30, 730–744. [CrossRef]

48. Stegman, L.D.; Zheng, H.; Neal, E.R.; Ben-Yoseph, O.; Pollegioni, L.; Pilone, M.S.; Ross, B.D. Induction of
cytotoxic oxidative stress by D-alanine in brain tumor cells expressing Rhodotorula gracilis D-amino acid
oxidase: A cancer gene therapy strategy. Hum. Gene 1998, 9, 185–193. [CrossRef]

49. Bava, A.; Gornati, R.; Cappellini, F.; Caldinelli, L.; Pollegioni, L.; Bernardini, G. D-amino acid oxidase-
nanoparticle system: A potential novel approach for cancer enzymatic therapy. Nanomedicine 2013, 8,
1797–1806. [CrossRef]

50. Bello-Gil, D. Desarrollo de Sistemas para la Inmovilización de Proteínas y sus Aplicaciones Biotecnológicas.
Ph.D. Thesis, Universidad Miguel Hernández de Elche, Elche, Spain, 2013.

51. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef]
52. Williams, A.B.; Schumacher, B. p53 in the DNA-Damage-Repair Process. Cold Spring Harb. Perspect. Med.

2016, 6, a026070. [CrossRef]
53. Wu, Z.; Huang, M.; Gong, Y.; Lin, C.; Guo, W. BRAF and EGFR inhibitors synergize to increase cytotoxic

effects and decrease stem cell capacities in BRAF(V600E)-mutant colorectal cancer cells. Acta Biochim. Biophys.
Sin. (Shanghai) 2018, 50, 355–361. [CrossRef]

54. Nakaji, Y.; Oki, E.; Nakanishi, R.; Ando, K.; Sugiyama, M.; Nakashima, Y.; Yamashita, N.; Saeki, H.; Oda, Y.;
Maehara, Y. Prognostic value of BRAF V600E mutation and microsatellite instability in Japanese patients
with sporadic colorectal cancer. J. Cancer Res. Clin. Oncol. 2016, 143, 151–160. [CrossRef] [PubMed]

55. Spagnoletti, G.; Li Bergolis, V.; Piscazzi, A.; Giannelli, F.; Condelli, V.; Sisinni, L.; Bove, G.; Storto, G.;
Landriscina, M. Cyclin-dependent kinase 1 targeting improves sensitivity to radiation in BRAF V600E
colorectal carcinoma cells. Tumor Biol. 2018, 40, 1010428318770957. [CrossRef] [PubMed]

56. Arumugam, T.; Ramachandran, V.; Fournier, K.F.; Wang, H.; Marquis, L.; Abbruzzese, J.L.; Gallick, G.E.;
Logsdon, C.D.; McConkey, D.J.; Choi, W. Epithelial to mesenchymal transition contributes to drug resistance
in pancreatic cancer. Cancer Res. 2009, 69, 5820–5828. [CrossRef] [PubMed]

57. Vogelstein, B.; Lane, D.; Levine, A.J. Surfing the p53 network. Nature 2000, 408, 307–310. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/4382564
http://dx.doi.org/10.1006/prep.1998.0956
http://www.ncbi.nlm.nih.gov/pubmed/9790893
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1006/bmme.1996.0072
http://dx.doi.org/10.1074/jbc.272.32.19633
http://dx.doi.org/10.1016/S0968-0004(96)20008-8
http://dx.doi.org/10.1016/j.yexcr.2014.07.003
http://dx.doi.org/10.1016/j.ejmp.2016.07.535
http://dx.doi.org/10.1097/00001622-200009000-00011
http://www.ncbi.nlm.nih.gov/pubmed/2217530
http://dx.doi.org/10.1038/nrclinonc.2012.245
http://www.ncbi.nlm.nih.gov/pubmed/23358316
http://dx.doi.org/10.1200/JCO.2008.20.8595
http://www.ncbi.nlm.nih.gov/pubmed/19224836
http://dx.doi.org/10.1038/nrd2614
http://www.ncbi.nlm.nih.gov/pubmed/18758474
http://dx.doi.org/10.1002/jat.1609
http://dx.doi.org/10.1089/hum.1998.9.2-185
http://dx.doi.org/10.2217/nnm.12.187
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1101/cshperspect.a026070
http://dx.doi.org/10.1093/abbs/gmy018
http://dx.doi.org/10.1007/s00432-016-2275-4
http://www.ncbi.nlm.nih.gov/pubmed/27672042
http://dx.doi.org/10.1177/1010428318770957
http://www.ncbi.nlm.nih.gov/pubmed/29663854
http://dx.doi.org/10.1158/0008-5472.CAN-08-2819
http://www.ncbi.nlm.nih.gov/pubmed/19584296
http://dx.doi.org/10.1038/35042675


Biomolecules 2020, 10, 222 19 of 19

58. Kruiswijk, F.; Labuschagne, C.F.; Vousden, K.H. p53 in survival, death and metabolic health: A lifeguard
with a licence to kill. Nat. Rev. Mol. Cell Biol. 2015, 16, 393–405. [CrossRef]

59. Hempen, P.M.; Kurpad, H.; Calhoun, E.S.; Abraham, S.; Kern, S.E. A double missense variation of theBUB1
gene and a defective mitotic spindle checkpoint in the pancreatic cancer cell line Hs766T. Hum. Mutat. 2003,
21, 445. [CrossRef]

60. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
61. Roche, J.; Bertrand, P. Inside HDACs with more selective HDAC inhibitors. Eur. J. Med. Chem. 2016, 121,

451–483. [CrossRef]
62. Riley, P.A. Free Radicals in Biology: Oxidative Stress and the Effects of Ionizing Radiation. Int. J. Radiat. Biol.

1994, 65, 27–33. [CrossRef]
63. Schaue, D.; McBride, W.H. Opportunities and challenges of radiotherapy for treating cancer. Nat. Rev. Clin.

Oncol. 2015, 12, 527–540. [CrossRef]
64. Golan, T.; Hammel, P.; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.J.; Park, J.-O.; Hochhauser, D.;

Arnold, D.; Oh, D.-Y.; et al. Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer.
N. Engl. J. Med. 2019, 381, 317–327. [CrossRef] [PubMed]

65. Mejías, R.; Pérez-Yagüe, S.; Gutiérrez, L.; Cabrera, L.I.; Spada, R.; Acedo, P.; Serna, C.J.; Lázaro, F.J.;
Villanueva, A.; Morales, M.D.P.; et al. Dimercaptosuccinic acid-coated magnetite nanoparticles for
magnetically guided in vivo delivery of interferon gamma for cancer immunotherapy. Biomaterials 2011, 32,
2938–2952. [CrossRef] [PubMed]

© 2020 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/10.1038/nrm4007
http://dx.doi.org/10.1002/humu.9120
http://dx.doi.org/10.1080/01926230701320337
http://dx.doi.org/10.1016/j.ejmech.2016.05.047
http://dx.doi.org/10.1080/09553009414550041
http://dx.doi.org/10.1038/nrclinonc.2015.120
http://dx.doi.org/10.1056/NEJMoa1903387
http://www.ncbi.nlm.nih.gov/pubmed/31157963
http://dx.doi.org/10.1016/j.biomaterials.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21277630
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Ethics Statement 
	CLytA-DAAO Production 
	CLytA-DAAO Immobilization in MNPs 
	Determination of the Pure CLytA-DAAO Enzymatic Activity 
	Chemical Reagents and Treatments 
	Cell Proliferation Assays 
	Cell Cycle Analysis 
	Intracellular ROS Measurement 
	DNA Damage Measurement 
	Viability Assay 
	Annexin V-PE Assay 
	Lactate Dehydrogenase Assay Kit 
	Plasma Membrane Permeability 
	Statistical Analysis 

	Results 
	CLytA-DAAO Effect in Cell Lines of Different Origin 
	CLytA-DAAO Effect as Free and Bound to MNPs 
	Mechanism of Action of CLytA-DAAO 
	Mechanism of Cell Death Induced by CLytA-DAAO 
	CLytA-DAAO as an Enhancer of Other Treatments 

	Discussion 
	Conclusions 
	References

