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Abstract: Sinigrin is present in significant amounts in cruciferous vegetables. Epidemiological
studies suggest that the consumption of such vegetables decreases the risk of cancer, and the effect
is attributed mainly to allyl isothiocyanate (AITC), a hydrolysis product of sinigrin catalyzed by
myrosinase. Anticancer activity of AITC has been previously investigated for several cancer models,
but less attention was paid to delivering AITC on the target site. In this study, the gene sequences
of core streptavidin (coreSA) and myrosinase (MYR) were cloned in a pET-30a(+) plasmid and
transformed into BL21(DE3) E. coli competent cells. The MYR-coreSA chimeric protein was expressed
and purified using immobilized metal affinity chromatography and further characterized by gel
electrophoresis, Western blot, and enzyme activity assay. The purified MYR-coreSA chimeric protein
was tethered on the outer membrane of biotinylated adenocarcinoma A549 cells and then treated
with various concentrations of sinigrin. Our results showed that 20 uM of sinigrin inhibited the
growth of A549 cells tethered with myrosinase by ~60% in 48 h. Furthermore, the levels of treated
cells undertaken apoptosis were determined by Caspase-3/7 activation and Annexin-V. In summary,
sinigrin harnessed like a prodrug catalyzed by myrosinase to the production of AITC, which induced
cell apoptosis and arrested the growth of lung cancer cells.

Keywords: sinigrin; myrosinase; allyl isothiocyanate; phytochemicals; core streptavidin; adenocarci-
noma A549 lung cancer cell; cancer therapy; prodrug

1. Introduction

Cancer is a serious health concern and the leading cause of death throughout the
world. Recent epidemiologic studies show that utilization of cruciferous foods can reduce
the event of a threat and diminish the frequency of malignant growth [1,2]. For instance, the
intake of cruciferous vegetables helps to reduce the risk of ovarian [3] and colon cancer [4,5],
lung cancer [6], and prostate cancer [7,8]. Cruciferous vegetables are in the Brassicaceae
family that includes broccoli, cabbage, wasabi, mustard cauliflower, horseradish, etc. Allyl
isothiocyanate (AITC) is an organosulfur phytochemical found in the sources of cruciferous
vegetables [9]. The pungent flavor of these vegetables is mainly because of AITC, which
is also a chemopreventive agent. It has fungicidal and bactericidal activities against a
plethora of microorganisms, and its anticancer activities were demonstrated in different
cancer cell lines in vitro [10] and some animal tumor models in vivo [11]. Quite a few
studies demonstrated that AITC elicits cell apoptosis and causes cell cycle arrest through
modulation of various genes involved in proliferation and survival in malignant cell lines
such as cervical cancer [10], colorectal carcinoma [9,12,13], breast adenocarcinoma [14],
hepatoma [15], prostate cancer [11], bladder malignancy [16—-18], brain glioma [19], and
oral cancer [20].

AITC is stored in plants as its precursor called sinigrin (a.k.a. allyl glucosinolate).
Sinigrin and its hydrolytic myrosinase are stored in physically separated compartments
of the Brassicaceae family to prevent self-intoxication [21] in the intact plant tissue. Upon
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tissue disruption, hydrolytic myrosinase enzyme comes in contact with sinigrin, and
then sinigrin is hydrolyzed by myrosinase to rapidly release lipophilic, irritant, and toxic
AITC [22] (as illustrated in Figure 1). In this study, we developed a sinigrin-myrosinase
system to eradicate adenocarcinoma A549 lung cancer cells. A fusion protein composed of
myrosinase and core streptavidin (coreSA) was obtained through bacterial expression and
purifying using immobilized metal affinity chromatography and then tethered on the outer
membrane of biotinylated A549 cancer cells. After treating with sinigrin, the myrosinase
decorated on A549 cells produced AITC, which induced cell apoptosis.
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Figure 1. (A) Hydrolysis reaction of sinigrin catalyzed through myrosinase to produce AITC;
(B) schematic illustration of plant tissue damage and ensuing interaction of sinigrin and myrosinase
with AITC production.

2. Materials and Methods
2.1. Materials

Lysogeny broth (LB) media, isopropyl-{3-D-thiogalactopyranoside (IPTG), penicillin—
streptomycin, Annexin-V-Flous Staining kit, 2-mercaptoethanol (8ME), and imidazole
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Ea-
gle’s medium (DMEM) culture media, fetal bovine serum (FBS), 0.25% trypsin-EDTA,
bicinchoninic acid (BCA) protein assay kit, bovine serum albumin (BSA) standard, bac-
terial protein extraction reagent (B-PER), streptavidin PE-Cy5.5, biotin-X DHPE (N-((6-
(biotinoyl)amino)hexanoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, tri-
ethylammonium salt), protease inhibitor, B-PER lysing agent, protein concentrator PES
(MWCO = 50 K), HisPur cobalt-NTA resin, enhanced chemiluminescence (ECL), EDTA-free
protease inhibitor, phosphate-buffered saline (PBS), streptavidin monoclonal antibody,
and CellEvent™ Caspase-3/7 Green Detection Reagent were all purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Dimethyl sulfoxide (DMSO) and kanamycin sulfate
were obtained from Santa Cruz Biotech (Dallas, TX, USA). Adenocarcinoma A549 lung
cancer cell line was obtained from the ATCC (Manassas, VA, USA). High-fidelity Phusion
polymerase, Monarch PCR & DNA cleanup kit, T7 Express BL21(DE3)-competent E. coli,
restriction enzymes (EcoRV, Xhol, BamHI, and EcoRI), T4 DNA ligase, Blunt/ TA Ligase
Master Mix, and NEB5x-competent E. coli (subcloning efficiency) were all obtained from
New England BioLabs (NEB) (Ipswich, MA, USA). Laemmli sample buffer, 0.2 um nitro-
cellulose membrane, Tris/glycine/SDS buffer, and Tris-buffer saline with 0.1% Tween-20
(TBST) were purchased from Bio-Rad (Hercules, CA, USA). IgG horseradish peroxidase
(HRP)-conjugated antibody was obtained from R&D Systems (Minneapolis, MN, USA).
His-tag monoclonal antibody was purchased from GenScript (Piscataway, NJ, USA). Plas-
mid pET-30a(+) was acquired from Addgene (Watertown, MA). Plasmid Miniprep kit
was obtained from Qiagen (Germantown, MD, USA). Rapid Coomassie blue stain was
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purchased from Research Products International (Mount Prospect, IL, USA). Primers listed
in Table 1 were all purchased from Integrated DNA Technologies (Coralville, IA, USA).

Table 1. Primers used for both inserts.

Myrosinase (MYR)

Forward primer 5'-GCCATGGATATCATGAAGCTTCTTATGCTCGCCTTTG-3

Reverse primer 5'-GAATTCGGATCCTGCATCTGCAAGACTCTTCCGATC-3'
Core Streptavidin (coreSA)

Forward primer 5'-AGATCCGAATTCGGTGCTGCTGAAGCAGGT-3'

Reverse primer 5'-ATTATACTCGAGGGAGGCGGCGGACGGCTT-3

2.2. Construction of Myrosinase-Core Streptavidin (MYR-coreSA) Encoding Plasmid

The myrosinase cDNA from the Arabidopsis thaliana (TGG1) gene was cloned from
the plasmid encoding TGG1, acquired from DNASU Plasmid Repository of Arizona State
University (Plasmid ID No: AtCD00804829; Tempe, AZ, USA), using the primers listed in
Table 1 for the polymerase chain reaction (PCR). The PCR reaction for MYR was performed
using Phusion DNA polymerase (NEB) in a thermocycler (Bio-Rad, Hercules, CA, USA).
The operation setting was as follows: initial denaturation at for 30 s at 98 °C, followed
by 30 cycles of denaturation at 98 °C for 10 s, annealing for 30 s at 66 °C, and extension
for 15 s at 72 °C, and final extension for 5 min at 72 °C. The PCR reaction for the coreSA
gene sequence was performed using pSTE2-215 (yol) plasmid [23] as template. The primers
used for PCR are given in Table 1. CoreSA PCR reactions were performed with the
aforementioned DNA polymerase, times, temperatures, and cycles, except for the annealing
temperature of 62 °C. Both PCR products were analyzed by running on 1% of agarose gel
electrophoresis. Plasmid vector pET-30a(+) and insert (coreSA PCR product) were cut with
restriction enzymes EcoRI and Xhol. The digested vector and insert were ligated by T4
DNA ligase to get the pET-30a(+)-coreSA (a.k.a pMTO001) plasmid, which was transformed
to subcloning efficiency NEB5x-competent cells and purified by plasmid miniprep kit
(Qiagen). Next, the pMT001 plasmid and insert (MYR PCR product) were digested with
restriction enzymes EcoRV and BamHI and subsequently ligated with Blunt/TA Ligase
Master Mix to get the pET30a-coreSA-MYR (a.k.a pMT002) plasmid. The ligation product
(pMTO002 plasmid) was transformed with subcloning efficiency NEB5a-competent cells
and purified by plasmid miniprep kit (Qiagen). As shown in the vector map of Figure 2A,
The pET30a-coreSA-MYR plasmid (i.e., pMT002) was constructed by inserting the gene
sequences of coreSA and MYR in between EcoRI/Xhol and EcoRV /BamHI of pET-30a(+),
respectively.
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Figure 2. Construction of pMT002 vector. (A) Vector map shows the cloning site of MYR between
EcoRV/BamHI and coreSA between EcoRI /Xhol, respectively. The direction of arrows shows the 5/
to 3/ end of each insert; (B) DNA agarose gel confirmation of PCR products (M: DNA ladder, Lane 1:
coreSA, ~0.4 kb, Lane 2: MYR, ~1.6 kb) cloned from pMT002.

2.3. Expression and Purification of MYR-coreSA Recombinant Protein

The constructed pMT002 plasmid was transformed into T7 Express BL21(DE3)-competent
E. coli cells cultured in LB media at 37 °C and 225 rpm. When the optical density (OD) at
600 nm reached 0.6, the IPTG was added to a final concentration of 0.4 mM and kept shaking
overnight at 22 °C and 225 rpm. Cells were then harvested by centrifugation at 4500 g for
15 min. The cell pellet (~1 g) was resuspended in 5 mL of lysis buffer (B-PER supplemented
with 50 mM Tris-HCI, pH 7.5) and incubated for 10 m at room temperature to extract bacterial
protein. To preserve protein stability, EDTA-free protease inhibitor (Thermo Fisher Scientific)
was also added to the lysis buffer. To maximize the protein extraction efficiency, the cell pellet
with the added lysing buffer was then sonicated 15 times (10 s pulse with 10 s rest in between)
with power output set at seven (Misonix, Farmingdale, NY, USA). Finally, the lysate was
centrifuged for 15 min at 18,000x ¢ under 4 °C. The collected supernatant consisting of crude
protein was preserved at —20 °C.

The MYR-coreSA fusion protein was purified from crude protein using cobalt-NTA
affinity chromatography. The crude protein and binding buffer (10 mM imidazole in
1x PBS, pH = 7.4) were mixed (1:1 ratio) and gently shaken in HisPur cobalt-NTA resin
4 °C for 1 h. The mixture was loaded onto the column and flow-through was collected, then
washed with 5 resin bed volumes of wash buffer (10 mM imidazole in 1x PBS, pH =7.4)
and eluted with 3 resin bed volumes of elution buffer (250 mM imidazole in 1x PBS,
pH =7.4). The elutions were concentrated using protein concentrator PES (MWCO = 50 K).
The optical density (OD) at 280 nm for all the washes and elutions was measured by a
microplate reader (SpectraMax M2e; Molecular Devices, Sunnyvale, CA, USA).
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2.4. SDS-PAGE, Western Blot, and BCA Assay

Eluted MYR-coreSA and the crude protein were diluted (1:2 ratio) with 2x Laemmli
sample buffer (Bio-Rad) supplemented with 5% BME and heated to 80 °C for 10 min.
The SDS-PAGE was performed in 12% polyacrylamide gels at 200 V for 40 min using
1x Tris/glycine/SDS buffer (Bio-Rad) and the gel was stained with a rapid Coomassie blue
stain (Research Products International). For Western blot analysis, eluted MYR-coreSA was
run on an SDS-PAGE and then transferred to 0.2 um nitrocellulose membranes (Bio-Rad)
using the semi-dry system (Bio-Rad) for 1 h at 20 V. The membranes were blocked for
1 h at room temperature with 5% BSA in Tris-buffered saline with 0.1% Tween-20 (TBST).
After that, the membranes were washed thrice gently with TBST and incubated with two
different primary antibodies in blocking buffer (1:1000 dilution of streptavidin monoclonal
antibody and His-tag monoclonal antibody, respectively) overnight at 4 °C. The membranes
were rinsed again thrice with TBST and allowed to react for 1 h with secondary antibody
in blocking buffer (1:1000 dilution of mouse IgG HRP-conjugated antibody) at room tem-
perature. The coreSA-MYR fusion protein was detected by horseradish peroxidase (HRP)
activity using ECL substrate (Thermo Fisher Scientific) imaged by chemiluminescence
imager (PXi Syngene, Frederick, MD, USA).

The BCA protein assay kit (Thermo Fisher Scientific) was used according to the
manufacturer’s provided protocols. Briefly, the BSA standard (2000 ng/mL) was diluted
(25,125, 250, 500, 750, 1000, and 1500 pg/mL) in 1x PBS. Mix 50 parts of BCA reagent A
and 1 part of BCA reagent B to prepare the working reagent solution (WR). Then, 200 uL
of WR was mixed with 30 pL of each elution protein and standard and incubated at 37 °C
for 30 min. The absorbance at 562 nm was measured using a SpectraMax M2e microplate
reader (Molecular Devices). The absorbance of the BSA standard was used to plot the BSA
standard curve for quantifying elution protein through its absorbance.

2.5. Surface Biotinylation and MYR-coreSA Tethering on A549 Cancer Cells

Ab549 cells were cultivated in a 6-well plate containing DMEM culture medium that
is supplemented with 1% penicillin—streptomycin and 10% FBS under 5% CO, with bal-
anced humidifier air and 37 °C. The next day, when the cells attached and spread on the
culture surface, the conditioned culture medium was replaced with fresh media containing
0.02 mg/mL biotin-X DHPE and incubated for an additional 24 h. To confirm biotinylation,
the media were discarded, and cells were incubated for 1 h in streptavidin PE-Cy5.5 to
bind the streptavidin with the biotinylated cell surface. Then, the cells were gently washed
with PBS to discard any unbounded streptavidin PE-Cy5.5. Phase-contrast along with
fluorescence images of cells were taken with a Leica DMi8 microscope equipped with a
Leica EC3 camera (Leica Microsystems, Wetzlar, Germany). For tethering MYR-coreSA
fusion protein on the surface of A549 cells, the biotinylated media were discarded, and
the fusion protein (2 ug) was incubated for 1 h, followed by a gentle wash with 1 x PBS to
discard unbounded fusion protein.

2.6. Enzyme Activity Assay

The enzyme activity of recombinant MYR-coreSA protein was measured using a
microplate reader (SpectraMax M2e) according to the protocols described previously with
slight modification [24]. In brief, the stock solution of sinigrin and myrosinase was prepared
separately in a 50 mM sodium citrate buffer (pH 7). A variety of concentrations of sinigrin
0,6,9,12,18, 25, 37, 50, 100, 150, 200 uM) were set up at 37 °C. Each reaction was initiated
with the addition of myrosinase (100 ng) and terminated after 1, 3, 5, 7, and 10 min by
heating each reaction at 95 °C for 5 min. Glucose produced in each reaction at a specific
time was measured using a glucose assay kit according to the manufacturer’s instruction
protocols. The velocity of reaction with respect to each concentration of sinigrin was plotted,
and the Hanes plot was used to find the K, and V.
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2.7. Cytotoxicity Assay

Ab549 cells were cultured in a 24-well plate (Thermo Fisher Scientific) and tethered
with MYR-coreSA as described earlier. Various concentrations (0, 0.625, 1.25, 2.5, 5, 10,
15, and 20 uM) of sinigrin were added and viability after 48 h was quantified using
MTT assay. The A549 cells were directly treated with the same concentrations of AITC
dissolved in DMSO. The phase-contrast images were also taken after 48 h with a Leica
DMi8 microscope equipped with a Leica EC3 camera (Leica Microsystems) to observe the
cell morphological changes.

2.8. Apoptosis Assay

The Annexin-V-Flous staining kit was used along with propidium iodide (PI) as per
manufacturer protocols. Briefly, 20 uL of Annexin-V labeling reagent and 20 pL of PI
solution was diluted in 1 mL of incubation buffer to make a working solution. Then,
10° cells were incubated in 0.1 mL of working solution for 20 min at room temperature
followed by flow cytometric analysis (Accuri C6; BD Biosciences, San Jose, CA, USA). For
Caspase-3/7 detection, 10° cells were incubated for 30 min in Caspase-3/7 green detection
agent with a final concentration of 2 uM, and images were taken under a fluorescent
microscope (Leica DMi8 microscope).

2.9. Statistical Analysis

The data were presented as mean = standard deviation of triplet experiments, which were
analyzed using Student’s t-test, and values of p < 0.05 were considered statistically significant.

3. Results and Discussion
3.1. Expression, Purification, and Characterization of MYR-coreSA Fusion Protein

The pMT002 plasmid was constructed by cloning MYR and coreSA in between
EcoRV/BamHI and EcoRI/Xhol of the pET-30a(+) vector, respectively. As shown in
Figure 2B, the gene sequences encoding MYR and SA from pMT002 cloned by PCR were
verified by DNA gel electrophoresis with ~1.6 kb for MYR and ~0.4 kb for SA. The esti-
mated fusion protein size was calculated as ~80 kDa (15 + 60 + 5) from the coreSA being
387 bp (~15 kDa), MYR being 1623 bp (~60 kDa), and extras (6xHis, S tag, EK site, and other
cloning sites of a vector) being 135 bp (~5 kDa). The SDS-PAGE in Figure 3A shows the
crude lysate (Lane 2) and a single band of purified fusion protein around 80 kDa (Lane 3).
The elution profile at ODygy was plotted, which shows the peak at the E2 fraction when
most of the fusion protein was eluted (Figure 3C). The elutions were concentrated using a
protein concentrator and quantified through BCA assay, and the concentration of purified
protein was calculated as 268 &+ 9 pg/mL. Moreover, it was further characterized by West-
ern blot against monoclonal antibody streptavidin and monoclonal His-tag antibody, and
the clear band in Figure 3B confirms the MYR-coreSA fusion protein.

The enzyme activity of recombinant MYR-coreSA protein was measured using sinigrin
as substrate (concentration ranging from 0 to 200 uM). The kinetic analysis was performed
by plotting specific activity (umol/min/mg protein) with respect to sinigrin concentration
used, as shown in Figure 4. Furthermore, the Hanes plot (shown in the inset of Figure 4)
was used to determine Vi = 3.83 & 0.4 pmol/min/mg protein and K, = 12.67 £ 2.15 pM,
which are close to the values reported previously [24]. This also suggests that the chimeric
protein of myrosinase with core streptavidin has no effect on its stability and functionality.
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coreSA fusion protein; (B) Western blot of purified MYR-coreSA fusion protein against anti-His-tag
and anti-SA; (C) elution profile of MYR-coreSA fusion protein using five washes and five elutions.
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Figure 4. Enzyme activity assay of MYR-coreSA fusion protein using sinigrin as substrate at 37 °C
and pH 7. Kinetic plot of specific activity V (umol/min/mg protein) versus substrate concentration
(uM). The Hanes plot (shown as inset) was employed to estimate K;;; and Vyay.

3.2. Biotinylation of Cell Membrane Surface

The A549 cells were incubated for 24 h in culture media supplemented with
0.02 mg/mL of biotin-X DHPE for biotinylation. As shown in Figure 5A, the biotiny-
lated A549 cells were able to proliferate without any change in morphology and obvious
toxicity. It has been reported using biotin-lipid-containing culture medium to successfully
biotinylate the surface of Vero cells [25] and mesenchymal stem cells [26]. Figure 5B also il-
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lustrates biotinylation of A549 cells was confirmed by incubating for 24 h with streptavidin
labeled with PE-Cy5.5 (excitation/emission wavelength = 488/694 nm).

Figure 5. Photomicrographic images of A549 cells treated with 0.02 mg/mL biotin-X DHPE followed
by the treatment of streptavidin labeled with PE-Cy5.5 for 24 h: (A) phase-contrast, (B) fluorescence,
and (C) overlay image (scale bar = 100 pm).

3.3. Anticancer Activity of Sinigrin on Myrosinase-Tethered A549 Cells

To assess the anticancer activity of the sinigrin-myrosinase system, A549 cells were
cultured up to 40% confluency, biotinylated, and decorated with MYR-coreSA. The cells
were then treated with different concentrations of sinigrin and AITC. After 48 h, cell
viabilities were estimated with respect to control (cells treated with 1% DMSO only) using
the MTT assay. Figure 6A shows that the viability of biotinylated A549 tethered with
MYR-coreSA and treated with 20 uM of sinigrin decreased to ~40% compared to the control
group. For biotinylated A549 cells treated directly with 20 uM of AITC (dissolved in 1%
DMSO), cell viability decreased to ~30% compared to the control group. The ICs, for
biotinylated A549 cells tethered with MYR-coreSA and treated with sinigrin was estimated
to be ~8 uM and for biotinylated A549 cells treated directly with AITC was estimated
to be ~5 uM, which are very close to previously reported study [27]. The phase-contrast
images were also taken after 48 h cultivation for the three groups. As shown in Figure 6(B1),
biotinylated A549 cells treated with DMSO show no visible changes in morphology and
no negative effect on cell proliferation. However, biotinylated A549 cells treated with
20 uM of AITC directly (Figure 6(B2)) and biotinylated A549 cells tethered with MYR-
coreSA and treated with 20 uM of sinigrin (SIN+MYR; Figure 6(B3)) show significant cell
death and morphological change. As illustrated, the cells (with arrowheads) were shrunk
and probably underwent apoptosis, which is consistent with the previously reported
morphology of apoptotic cells [28-30]. Furthermore, biotinylated A549 cells were treated
with 20 uM of sinigrin only and did not exhibit cell toxicity and morphological changes
(data not shown), and we already reported biotinylation of A549 cells and streptavidin
has no toxic effect on the cells [31]. Hence, the anticancer effectiveness was due to the
conversion of sinigrin into AITC in the presence of myrosinase decorated on the outer
surface of A549 cells. However, the anticancer activity was slightly higher when AITC was
administered directly compared to AITC derived from sinigrin hydrolysis via myrosinase
tethered on the cell surface (i.e., SIN+MYR). It is surmised that the enzymatic conversion of
sinigrin into AITC was not 100%.
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Figure 6. (A) Cell viability of biotinylated A549 cells after treatment with AITC, SIN+MYR for
48 h, as measured with the MTT assay; (B) phase-contrast images of biotinylated A549 cells after
48 h: (B1) control (i.e., DMSO treated); (B2) AITC treated (20 uM); (B3) SIN+MYR treated. Yellow
arrowheads indicate cell morphological changes probably due to apoptosis (scale bar = 100 um).
* Denotes p < 0.05 in comparison to the control (i.e., 0 uM).

3.4. AITC-Induced Cell Apoptosis

To examine the effect of sinigrin on arresting the growth of myrosinase-tethered A549
cells through apoptosis, cells were cultured and treated separately with SIN+MYR and
AITC and then detected by the level of Annexin-V and Caspase-3/7 expressed. Figure 7
shows the flow cytometric bivariate density plots (Annexin-V vs. PI) for the control,
SIN+MYR, and AITC groups after 24 h and 48 h. The percentage of necrotic cells (de-
tected by PI and shown in Q2 zone) for myrosinase-bound cells treated with sinigrin (i.e.,
SIN+MYR) for 24 h and 48 h was 42.3% and 54.5%, respectively. For the AITC-treated
group, relatively higher 61.8% and 68.2% of cell necrosis were observed after 24 h and
48 h, respectively. After 48 h, 54.5% of dead cells treated with SIN+MYR and 68.2% of
dead cells treated with AITC are consistent with the percentages of cell viability (~60% and
~70%, respectively) determined by the MTT assay (as shown in Figure 6). The percentage
of apoptotic cells (detected by Annexin-V and shown in Q3 zone) for myrosinase-bound
cells treated with sinigrin (i.e., SIN+MYR) for 24 h and 48 h was 23.9% and 18.2%, respec-
tively. For the AITC-treated group, relatively lower 17.5% and 15.8% of cell apoptosis were
observed after 24 h and 48 h, respectively. Both groups (SIN+MYR and AITC) showed
the same trends: the treated cells underwent apoptosis first and then turned into necrosis.
As shown in Figure 7, the percentage of viable cells of the SIN+MYR group reduced from
23.9% to 18.2% after 48 h treatment, and the percentage of apoptotic cells reduced from
33.5% to 25.6%, yet the percentage of necrotic cells increased from 42.3% to 54.5%. This
pattern of the treated cells undertaken apoptosis first and then turned into necrosis was
also observed for the cells treated with AITC only. Our flow cytometric results showed
similar trends to previously reported studies of AITC on different cancer models, i.e., the
cell death was increased in a time-dependent manner [18,27,32,33].
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Figure 7. Flow cytometry analysis of A549 cells labeled with Annexin-V and PI for control, SIN+MYR,
and AITC groups. The top panel shows the bivariate density plots after 24 h, and the bottom panel
shows bivariate density plots after 48 h.

The Caspase-3/7 green detection reagent has DEVD (four amino acid) peptide con-
jugated with green dye (excitation/emission: 503/530 nm) with the ability to bind with
nucleic acid, but the dye is nonfluorescent until it cleaves from the DEVD peptide and
binds to DNA. The caspases are primary mediators of apoptosis with Caspase-2, -8, -9, and
-10 as initiator and Caspase-3, -6, and -7 as effector caspases [34]. Caspase-3 is an important
effector. When it is activated in apoptotic cells, the DEVD peptide is cleaved, which enables
the green dye to bind the DNA and bright fluorescence is produced. After 24 h treatment
of SIN+MYR and AITC, A549 cells were incubated with the Caspase-3/7 green detection
reagent, which showed green fluorescent under the fluorescent microscope, confirming the
activation of Caspase-3/7 and, hence, apoptosis in the treated cells (Figure 8).

Figure 8. Phase-contrast images of A549 cells treated with (A) AITC, (B) SIN+MYR, and (C) DMSO
(top panel), and fluorescence images were taken with the Caspase-3/7 green detection reagent
(bottom panel). The fluorescent cells confirm the Caspase-3/7 activation, and no fluorescence was
detected in the cells treated with DMSO as the control group (scale bar = 100 pm).
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Currently, several chemotherapy drugs are used for the treatment of cancer, which
is highly toxic and comes with severe side effects such as anemia, hair loss, nausea, etc.
Therefore, alternative therapeutic approaches are needed that target cancer cells specifically
and have low toxicity to healthy cells, hence reducing side effects. One such approach is
the development of chemopreventive drugs from natural resources (e.g., plant derived),
as they are considered safer with fewer side effects [35]. AITC, a naturally occurring
isothiocyanate, is abundant in cruciferous vegetables, and its chemopreventive properties
have been reported in the literature. However, the reported concentration of AITC used for
the eradication of cells varies from cell line to cell line. For instance, the maximum reported
AITC concentration was 40 uM for cisplatin-resistant oral cancer cells [20], 92.5 uM for
bladder cancer [18], and 10 uM for lung cancer cells [27]. Nevertheless, in the current
study, 20 pM of AITC and sinigrin was determined to achieve significant cell death after
48 h treatment.

AITC is volatile and stored in its precursor sinigrin, which is more stable. Since sinigrin
is not a bioactive compound and converts to AITC with the help of an enzyme myrosinase,
it can be used as a nontoxic prodrug for anticancer treatment. Previous studies mostly re-
ported the direct effect of AITC on cancer cells both in vivo [11,13,36] and in vitro [14,33,37].
Though, rich mustard seed powder was used in some studies in which AITC was stored
stably as sinigrin. With the addition of water, the endogenous myrosinase hydrolyzed
the sinigrin and caused apoptosis [36]. However, in this study, we used pure sinigrin,
which produces AITC when it is contacted with myrosinase tethered on the surface of
cancer cells. Our approach is more targeted and safer, as sinigrin has no toxic effect on cells.
Some in vitro studies have shown the delivery of AITC using nanoparticles [38-40]; how-
ever, such an approach poses side effects because of potential leaking out of AITC before
nanocarriers arrive at targeted sites for in vivo delivery. To circumvent this detrimental
AITC release causing collateral damage to healthy normal cells, in situ production of AITC
is desirable and therefore administration of sinigrin as a prodrug is safe, as it is biologically
inactive until catalyzed into AITC when encountering myrosinase.

4. Conclusions

Myrosinase along with core streptavidin can be overexpressed in bacteria and purified
using immobilized metal affinity chromatography to obtain MYR-coreSA chimeric protein,
which shows a single clear band on SDS-PAGE and Western blot. It also has stable activity
measured with enzyme kinetic assay using sinigrin as substrate. We have successfully
biotinylated A549 cells and tethered them with myrosinase through streptavidin-biotin
binding. The myrosinase-tethered A549 cells were treated with sinigrin to induce apoptosis,
thereby resulting in significant cell death after 48 h treatment. Our study implies that
sinigrin can effectively be used as a prodrug to induce apoptosis and ensuing cell death of
myrosinase-expressed lung cancer cells. Such gene-directed myrosinase sinigrin therapy
has the potential to produce AITC in situ to eradicate carcinomas without collateral damage.

Author Contributions: Conceptualization, C.-A.P.; Experiments were conducted by A.T. and EM.A;
A.T. wrote the paper and analyzed the data along with C.-A.P., EM.A.; Reviewed, edited, and
finalized by C.-A.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research is partially supported by the USDA National Institute of Food and Agriculture,
AFRI Project 1022369 and Hatch Project 1019802. Publication of this article was funded by the
University of Idaho—Open Access Publishing Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2022, 14, 144 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Suzuki, R.; Iwasaki, M.; Hara, A.; Inoue, M.; Sasazuki, S.; Sawada, N.; Yamaji, T.; Shimazu, T.; Tsugane, S. Fruit and vegetable
intake and breast cancer risk defined by estrogen and progesterone receptor status: The Japan Public Health Center-based
Prospective Study. Cancer Causes Control 2013, 24, 2117-2128. [CrossRef]

Han, B.; Li, X.; Yu, T. Cruciferous vegetables consumption and the risk of ovarian cancer: A meta-analysis of observational studies.
Diagn. Pathol. 2014, 9, 7. [CrossRef] [PubMed]

Shao, W.Y,; Yang, Y.L.; Yan, H.; Huang, Q.; Liu, K.J.; Zhang, S. Phenethyl isothiocyanate suppresses the metastasis of ovarian
cancer associated with the inhibition of CRM1-mediated nuclear export and mTOR-STAT3 pathway. Cancer Biol. Ther. 2017,
18, 26-35. [CrossRef] [PubMed]

Cheung, K.L.; Kong, A.N. Molecular targets of dietary phenethyl isothiocyanate and sulforaphane for cancer chemoprevention.
AAPS ]. 2010, 12, 87-97. [CrossRef]

Liu, Y.; Dey, M. Dietary Phenethyl Isothiocyanate Protects Mice from Colitis Associated Colon Cancer. Int. . Mol. Sci. 2017,
18, 1908. [CrossRef]

Izzotti, A.; Larghero, P; Cartiglia, C.; Longobardi, M.; Pfeffer, U.; Steele, V.E.; De Flora, S. Modulation of microRNA expression by
budesonide, phenethyl isothiocyanate and cigarette smoke in mouse liver and lung. Carcinogenesis 2010, 31, 894-901. [CrossRef]
[PubMed]

Khor, T.O.; Keum, Y.S,; Lin, W.; Kim, J.H.; Hu, R.; Shen, G.; Xu, C.; Gopalakrishnan, A.; Reddy, B.; Zheng, X.; et al. Combined
inhibitory effects of curcumin and phenethyl isothiocyanate on the growth of human PC-3 prostate xenografts in immunodeficient
mice. Cancer Res. 2006, 66, 613—621. [CrossRef]

Powolny, A.A.; Bommareddy, A.; Hahm, E.-R.; Normolle, D.P.; Beumer, ].H.; Nelson, ].B.; Singh, S.V. Chemopreventative Potential
of the Cruciferous Vegetable Constituent Phenethyl Isothiocyanate in a Mouse Model of Prostate Cancer. JNCI |. Natl. Cancer Inst.
2011, 103, 571-584. [CrossRef] [PubMed]

Lai, K.C,; Lu, C.C,; Tang, YJ.; Chiang, ].H.; Kuo, D.H.; Chen, FA.; Chen, I.L.; Yang, ].S. Allyl isothiocyanate inhibits cell metastasis
through suppression of the MAPK pathways in epidermal growth factor-stimulated HT29 human colorectal adenocarcinoma
cells. Oncol. Rep. 2014, 31, 189-196. [CrossRef] [PubMed]

Qin, G,; Li, P; Xue, Z. Effect of allyl isothiocyanate on the viability and apoptosis of the human cervical cancer heLa cell line
in vitro. Oncol. Lett. 2018, 15, 8756-8760. [CrossRef] [PubMed]

Srivastava, S.K. Allyl isothiocyanate, a’ constituent of cruciferous vegetables, inhibits growth of PC-3 human prostate cancer
xenografts in vivo. Carcinogenesis 2003, 24, 1665-1670. [CrossRef] [PubMed]

Chiang, J.H.; Tsai, FJ.; Hsu, Y.M,; Yin, M.C.; Chiu, H.Y,; Yang, J.S. Sensitivity of allyl isothiocyanate to induce apoptosis via ER
stress and the mitochondrial pathway upon ROS production in colorectal adenocarcinoma cells. Oncol. Rep. 2020, 44, 1415-1424.
[CrossRef] [PubMed]

Lau, W.S.; Chen, T.; Wong, Y.S. Allyl isothiocyanate induces G2/M arrest in human colorectal adenocarcinoma SW620 cells
through down-regulation of Cdc25B and Cdc25C. Mol. Med. Rep. 2010, 3, 1023-1030. [CrossRef]

Tsai, S.C.; Huang, W.W.,; Huang, W.C.; Lu, C.C,; Chiang, ]. H.; Peng, S.F,; Chung, ].G,; Lin, Y.H.; Hsu, YM.; Amagaya, S.; et al.
ERK-modulated intrinsic signaling and G2/M phase arrest contribute to the induction of apoptotic death by allyl isothiocyanate
in MDA-MB-468 human breast adenocarcinoma cells. Int. J. Oncol. 2012, 41, 2065-2072. [CrossRef] [PubMed]

Hwang, E.-S.; Kim, G.H. Allyl Isothiocyanate Influences Cell Adhesion, Migration and Metalloproteinase Gene Expression in
SK-Hepl1 Cells. Exp. Biol. Med. 2009, 234, 105-111. [CrossRef] [PubMed]

Bhattacharya, A.; Tang, L.; Li, Y,; Geng, F.; Paonessa, ].D.; Chen, S.C.; Wong, M.K.K.; Zhang, Y. Inhibition of bladder cancer
development by allyl isothiocyanate. Carcinogenesis 2010, 31, 281-286. [CrossRef] [PubMed]

Geng, F; Tang, L.; Li, Y.; Yang, L.; Choi, K.S.; Kazim, A.L.; Zhang, Y. Allyl isothiocyanate arrests cancer cells in mitosis, and
mitotic arrest in turn leads to apoptosis via Bcl-2 protein phosphorylation. J. Biol. Chem. 2011, 286, 32259-32267. [CrossRef]
Savio, A.L.V,; da Silva, G.N.; Salvadori, D.M.F. Inhibition of bladder cancer cell proliferation by allyl isothiocyanate (mustard
essential oil). Mutat. Res.-Fundam. Mol. Mech. Mutagen. 2015, 771, 29-35. [CrossRef]

Chen, N.; Chen, K;; Lu, C.; Lan, Y,; Lai, C.; Chung, Y.; Yang, ].L.Y.-C. Allyl isothiocyanate triggers G2/M phase arrest and
apoptosis in human brain malignant glioma GBM 8401 cells through a mitochondria-dependent pathway. Oncol. Rep. 2010,
24,449-455. [CrossRef]

Chang, PY;; Tsai, EJ.; Bau, D.T.; Hsu, Y.M,; Yang, ].S.; Tu, M.G.; Chiang, S. lun Potential effects of allyl isothiocyanate on inhibiting
cellular proliferation and inducing apoptotic pathway in human cisplatin-resistant oral cancer cells. J. Formos. Med. Assoc. 2020,
120, 515-523. [CrossRef]

Zhang, Y. Cancer-preventive isothiocyanates: Measurement of human exposure and mechanism of action. Mutat. Res.-Fundam.
Mol. Mech. Mutagen. 2004, 555, 173-190. [CrossRef] [PubMed]

Popova, LE.; Morra, M.J. Simultaneous Quantification of Sinigrin, Sinalbin, and Anionic Glucosinolate Hydrolysis Products in
Brassica juncea and Sinapis alba Seed Extracts Using Ion Chromatography. J. Agric. Food Chem. 2014, 62, 10687-10693. [CrossRef]
[PubMed]

Diibel, S.; Breitling, F.; Kontermann, R.; Schmidt, T.; Skerra, A.; Little, M. Bifunctional and multimeric complexes of streptavidin
fused to single chain antibodies (scFv). J. Immunol. Methods 1995, 178, 201-209. [CrossRef]


http://doi.org/10.1007/s10552-013-0289-7
http://doi.org/10.1186/1746-1596-9-7
http://www.ncbi.nlm.nih.gov/pubmed/24444040
http://doi.org/10.1080/15384047.2016.1264540
http://www.ncbi.nlm.nih.gov/pubmed/27981892
http://doi.org/10.1208/s12248-009-9162-8
http://doi.org/10.3390/ijms18091908
http://doi.org/10.1093/carcin/bgq037
http://www.ncbi.nlm.nih.gov/pubmed/20145010
http://doi.org/10.1158/0008-5472.CAN-05-2708
http://doi.org/10.1093/jnci/djr029
http://www.ncbi.nlm.nih.gov/pubmed/21330634
http://doi.org/10.3892/or.2013.2865
http://www.ncbi.nlm.nih.gov/pubmed/24270601
http://doi.org/10.3892/ol.2018.8428
http://www.ncbi.nlm.nih.gov/pubmed/29805614
http://doi.org/10.1093/carcin/bgg123
http://www.ncbi.nlm.nih.gov/pubmed/12896904
http://doi.org/10.3892/or.2020.7700
http://www.ncbi.nlm.nih.gov/pubmed/32700751
http://doi.org/10.3892/mmr.2010.363
http://doi.org/10.3892/ijo.2012.1640
http://www.ncbi.nlm.nih.gov/pubmed/23008020
http://doi.org/10.3181/0806-RM-190
http://www.ncbi.nlm.nih.gov/pubmed/18997101
http://doi.org/10.1093/carcin/bgp303
http://www.ncbi.nlm.nih.gov/pubmed/19955395
http://doi.org/10.1074/jbc.M111.278127
http://doi.org/10.1016/j.mrfmmm.2014.11.004
http://doi.org/10.3892/or_00000878
http://doi.org/10.1016/j.jfma.2020.06.025
http://doi.org/10.1016/j.mrfmmm.2004.04.017
http://www.ncbi.nlm.nih.gov/pubmed/15476859
http://doi.org/10.1021/jf503755m
http://www.ncbi.nlm.nih.gov/pubmed/25314611
http://doi.org/10.1016/0022-1759(94)00257-W

Pharmaceutics 2022, 14, 144 13 of 13

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Andersson, D.; Chakrabarty, R.; Bejai, S.; Zhang, J.; Rask, L.; Meijer, ]. Myrosinases from root and leaves of Arabidopsis thaliana
have different catalytic properties. Phytochemistry 2009, 70, 1345-1354. [CrossRef] [PubMed]

Huang, B.-H,; Lin, Y,; Zhang, Z.-L.; Zhuan, F; Liu, A.-A.; Xie, M; Tian, Z.-Q.; Zhang, Z.; Wang, H.; Pang, D.-W. Surface Labeling
of Enveloped Viruses Assisted by Host Cells. ACS Chem. Biol. 2012, 7, 683-688. [CrossRef]

Tarar, A.; Alyami, E.M.; Peng, C.A. Mesenchymal stem cells anchored with thymidine phosphorylase for doxifluridine-mediated
cancer therapy. RSC Adv. 2021, 11, 1394-1403. [CrossRef]

Tripathi, K.; Hussein, U.K.; Anupalli, R.; Barnett, R.; Bachaboina, L.; Scalici, J.; Rocconi, R.P.; Owen, L.B.; Piazza, G.A ; Palle, K.
Allyl isothiocyanate induces replication-associated DNA damage response in NSCLC cells and sensitizes to ionizing radiation.
Oncotarget 2015, 6, 5237-5252. [CrossRef]

Wu, C.C,; Chen, TH,; Liu, B.L.; Wu, L.C.; Chen, Y.C.; Tzeng, Y.M.; Hsu, S.L. Destruxin B isolated from entomopathogenic fungus
Metarhizium anisopliae induces apoptosis via a Bcl-2 family-dependent mitochondrial pathway in human nonsmall cell lung
cancer cells. Evid. -Based Complement. Altern. Med. 2013, 2013, 548929. [CrossRef]

Rao, S.D.; Pagidas, K. Epigallocatechin-3-gallate, a natural polyphenol, inhibits cell proliferation and induces apoptosis in human
ovarian cancer cells. Anticancer Res. 2010, 30, 2519-2523.

Hacker, G. The morphology of apoptosis. Cell Tissue Res. 2000, 301, 5-17. [CrossRef]

Tarar, A.; Alyami, EIM.; Peng, C.-A. Efficient expression of soluble recombinant protein fused with core-streptavidin in bacterial
strain with T7 expression system. Methods Protoc. 2020, 3, 82. [CrossRef] [PubMed]

Jiang, Z.; Liu, X.; Chang, K,; Liu, X.; Xiong, J. Allyl isothiocyanate inhibits the proliferation of renal carcinoma cell line GRC-1 by
inducing an imbalance between Bcl2 and Bax. Med. Sci. Monit. 2016, 22, 4283-4288. [CrossRef]

Savio, A.L.V,; da Silva, G.N.; de Camargo, E.A.; Salvadori, D.M.F. Cell cycle kinetics, apoptosis rates, DNA damage and TP53
gene expression in bladder cancer cells treated with allyl isothiocyanate (mustard essential oil). Mutat. Res.-Fundam. Mol. Mech.
Mutagen. 2014, 762, 40—46. [CrossRef] [PubMed]

Stennicke, H.R.; Salvesen, G.S. Properties of the caspases. Biochim. Biophys. Acta-Protein Struct. Mol. Enzymol. 1998, 1387, 17-31.
[CrossRef]

Wagner, A E.; Terschluesen, A.M.; Rimbach, G. Health promoting effects of brassica-derived phytochemicals: From chemopreven-
tive and anti-inflammatory activities to epigenetic regulation. Oxid. Med. Cell. Longev. 2013, 2013, 12. [CrossRef]

Bhattacharya, A.; Li, Y.; Wade, K.L.; Paonessa, ].D.; Fahey, ].W.; Zhang, Y. Allyl isothiocyanate-rich mustard seed powder inhibits
bladder cancer growth and muscle invasion. Carcinogenesis 2010, 31, 2105-2110. [CrossRef] [PubMed]

Nunez-Iglesias, M.].; Novio, S.; Garcia, C.; Pérez-Munuzuri, E.; Soengas, P.; Cartea, E.; Velasco, P.; Freire-Garabal, M. Glucosinolate-
Degradation Products as Co-Adjuvant Therapy on Prostate Cancer in Vitro. Int. . Mol. Sci. 2019, 20, 4977. [CrossRef] [PubMed]
Liu, P; Behray, M.; Wang, Q.; Wang, W.; Zhou, Z.; Chao, Y.; Bao, Y. Anti-cancer activities of allyl isothiocyanate and its conjugated
silicon quantum dots. Sci. Rep. 2018, 8, 1084. [CrossRef]

Encinas-Basurto, D.; Juarez, J.; Valdez, M.A.; Burboa, M.G.; Barbosa, S.; Taboada, P. Targeted Drug Delivery Via Human Epidermal
Growth Factor Receptor for Sustained Release of Allyl Isothiocyanate. Curr. Top. Med. Chem. 2018, 18, 1252-1260. [CrossRef]
Chang, W.; Chen, B.; Inbaraj, B.S.; Chien, J. Preparation of allyl isothiocyanate nanoparticles, their anti-inflammatory activity
towards RAW 264.7 macrophage cells and anti-proliferative effect on HT1376 bladder cancer cells. J. Sci. Food Agric. 2019,
99, 3106-3116. [CrossRef]


http://doi.org/10.1016/j.phytochem.2009.07.036
http://www.ncbi.nlm.nih.gov/pubmed/19703694
http://doi.org/10.1021/cb2001878
http://doi.org/10.1039/D0RA10263F
http://doi.org/10.18632/oncotarget.3026
http://doi.org/10.1155/2013/548929
http://doi.org/10.1007/s004410000193
http://doi.org/10.3390/mps3040082
http://www.ncbi.nlm.nih.gov/pubmed/33271819
http://doi.org/10.12659/MSM.897315
http://doi.org/10.1016/j.mrfmmm.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24625788
http://doi.org/10.1016/S0167-4838(98)00133-2
http://doi.org/10.1155/2013/964539
http://doi.org/10.1093/carcin/bgq202
http://www.ncbi.nlm.nih.gov/pubmed/20889681
http://doi.org/10.3390/ijms20204977
http://www.ncbi.nlm.nih.gov/pubmed/31600887
http://doi.org/10.1038/s41598-018-19353-7
http://doi.org/10.2174/1568026618666180810150113
http://doi.org/10.1002/jsfa.9524

	Introduction 
	Materials and Methods 
	Materials 
	Construction of Myrosinase-Core Streptavidin (MYR-coreSA) Encoding Plasmid 
	Expression and Purification of MYR-coreSA Recombinant Protein 
	SDS-PAGE, Western Blot, and BCA Assay 
	Surface Biotinylation and MYR-coreSA Tethering on A549 Cancer Cells 
	Enzyme Activity Assay 
	Cytotoxicity Assay 
	Apoptosis Assay 
	Statistical Analysis 

	Results and Discussion 
	Expression, Purification, and Characterization of MYR-coreSA Fusion Protein 
	Biotinylation of Cell Membrane Surface 
	Anticancer Activity of Sinigrin on Myrosinase-Tethered A549 Cells 
	AITC-Induced Cell Apoptosis 

	Conclusions 
	References

