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Abstract

Prostate cancer is one of the most prevalent cancers in men in Western countries, increasing in frequency with

* age through the most advanced years. Patients with localized prostate cancer are generally treated with radical

prostectomy or radiation therapy. However, treatment of more malignant stages of the disease is problematic.
Docetaxel-based chemotherapy in men with androgen-independent prostate cancer has been shown to have survival

. benefits but hormonal manipulation and other chemotherapeutic regimens, especially for androgen-independent
. lesions, have uncertain value. While research into the complex pathophysiology of advanced prostate cancer has led
. to identification of mechanisms and target molecules, it nevertheless remains necessary to develop new anticancer
- drugs. Cell culture models that mimic the structure and features of prostate cancer in vivo are necessary for research

on tumor biclogy and design of novel anticancer therapies. In this context, 3-dimensional cultures of prostate cancer

- cells, including multicellular spheroid (MCS) cultures, started attracting increasing attention.

The present review provides up-to-date information regarding the significance of MCS culture for identification

- of mechanisms underlying human malignancies, including prostate cancer, and possible targets for prostate cancer

~ therapies.

Keywords: Multicellular spheroid (MCS); Prostate cancer; Drug re-
sistance; Epigenetics; Poly (ADP-ribose) polymerase 1 (PARP-1)

Introduction

Prostate cancer is the most common cancer in men from Western
countries, and in particular from the United States of America [1].
Incidences and mortality rates of prostate cancer vary greatly among
different geographic areas and ethnic groups. In Japan, the incidence
is still low compared with Western countries. However, figures are
increasing [2]. Thus, Prostate cancer is the most common cancer in
men in Western countries , this place having been occupied by stomach
cancer in 1995 [3]. Most patients present with clinically localized
disease at the time of diagnosis, and prostate-specific antigen (PSA) and
transrectal ultrasound are used to aid in biopsy. Several management
options are available when prostate cancer is diagnosed at an early
stage, including surgery, cryosurgery, radiation therapy, hormonal
therapy, and watchful waiting. For advanced prostate cancers, surgical
or medical ablation of androgens is regarded as the optimal first-line
treatment [4]. In most patients treated with androgen deprivation,
however, disease progression will occur and result in a stage referred to
as hormone-refractory prostate cancer. Development of such hormone-
refractory state involves a complex series of events such as selection
and outgrowth of preexisting clones of androgen-independent cells,
adaptive up-regulation of genes that contribute to cancer cell survival
and growth after androgen ablation [5]. However, this process is not yet
entirely understood.

Patients with hormone-refractory prostate cancer (HRPC)
require new agents. Two trials with docetaxel-based chemotherapy
demonstrated a significant improvement in overall survival, disease-
free survival, pain control, and PSA response [6,7]. Therefore, the
United States Food and Drug Administration (FDA) has recommended
3-weekly docetaxel with prednisone as the first-line regimen for patients
with HRPC. Despite the benefits, survival remains short and most
patients actually do not benefit from docetaxel-based chemotherapy.

Effective second- and third-line treatments are still urgently needed
and emerging new drugs clearly require evaluation. Although the
effects of several anticancer drugs for prostate cancer have been
evaluated in vitro and in animal experiments, most have had little or no
impact on the survival of patients with HRPC and metastatic prostate
cancer [8]. One of the reasons for discrepancies between in vivo and in
vitro experiments is thought to be the disordered arrangement of cells
within the tumor tissue, in clear contrast to the ordered arrangement
in 2-dimensional (2D) cultures [9,10]. Thus, preclinical experimental
models mimicking the clinical characteristics of prostate cancer are
a high priority for testing new agents against prostate cancer. This
review covers up-to-date information regarding the significance of
3-dimensional (3D) culture models, especially multicellular spheroid
(MCS) culture models for identification of mechanisms in prostate
cancer and target molecules for therapy.

Three-dimensional culture models to study tumor biology

The mechanism of drug resistance is associated with overexpression
of P-glycoprotein (P-gp), a protein efflux pump. Multicellular resistance
(MCR), which emerges as soon as cells have established contact with
their microenvironment, is also involved [11]. The development of
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methods to clarify the mechanisms of tumor microenvironment-
mediated drug resistance is clearly important. Two-dimensional culture
models have been used widely as in vitro models for drug discovery in
the field of cancer biology. They are easy and convenient to set up but
lack tumor tissue features like tumor cell-tumor cell, tumor cell-stromal
cell, and tumor cell-extracellular matrix (ECM) interactions as well as
its typical structural architecture. Cancer cells are also labile, and their
behavior can be modulated by the extracellular microenvironment and
culture conditions. Comparison between the gene expression patterns
of tumor tissues and immortalized cell lines has highlighted some
transcriptional modifications in response to the in vitro environment
[12-14]. Proteome analysis of 3D compared with 2D colon cancer
cell cultures revealed a panel of alterations that may affect a wide
variety of cellular functions related to protein synthesis, proliferation,
regulation of the cytoskeleton, and apoptosis [15]. In 2D culture
models, genes associated with cell cycling, metabolism, and turnover
of macromolecules are up-regulated, showing that tumor cells adapt
to growth needs and respond to growth factors in the culture medium
[12,16,17]. On the other hand, tumor cells repress the expression of
genes that may limit their growth potential or that are not necessary
for in vitro growth. Thus, the value of 2D culture models for cancer
research is limited. Importantly, it needs to be stressed that animal
test systems are indispensable for pharmacokinetic and toxicological
evaluation of candidate therapeutic compounds. However, the number
of animal models used in the initial discovery of lead compounds has
already begun to decline because of ethical and economic concerns, as
well as inaccuracy for predicting clinical efficacy. The same is expected
to happen with regard to target validation [18].

Some 3D culture models may satisfy the demands comparatively
well and are thus promising tools for anticancer drug screening [19].
Notably, MCS can be cocultured with immune cells to evaluate the
efficacy of immunotherapy, which progresses to future-oriented culture
models [20]. The 3D culture models known at present are listed in
(Table 1).

MCS culture models of prostate cancer cells

MCS culture is a 3D culture technique that closely mimics the tumor
microenvironment. As for the case of other malignancies, MCS culture

Model
Multicellular
_spheroid

‘Method ‘Descripion
Spherical aggregate of cells in static or stirred
_:suspension culture
A small number of cell types forms clusters
‘rather than strict spheroids Cells cultured on
‘the surface of an agarose gel matrix which
blocks attachmentof thecells
Beads support aggregation of attached
dependent cells to form pseudo-spheroids in
_gyratory and spinner flasks
Greater quantities of spheroids can be
‘cultivated in suspension than in liquid-overlay
~ cultures )
; Cell suspensions in Erlenmeyer flasks
-Gyratory shaker ' containing a specific amount of medium are
rotated in a gyratory rotation incubator
The low shear environment provides an
advantage over static and stirred cultures,
allowing cells to aggregate, grow like 3D
“structure and differentiate )
Layers of cells cultured on top of a porous
membrane
Cells cultured in synthetic 3D-simulating
Cells cultured within a network of perfused
artificial capillaries

-Spontaneous
-aggregation
:Liquid-overlay

Microcarrier
‘beads

'Spinner flask

Rotary cell
culture
‘Cellular
‘multitayer
: Scaffold-
‘based culture -
Hollow-fiber
bioreactor

Table 1: Summary of three-dimensional culture models [16,18].

models of prostate cancer cells have been used to study prostate tumor
biology, tumor cell-stromal cell interactions, and tumor cell responses
to therapy [13,21-40] Recently, a comprehensive panel of spheroid
culture models, including normal epithelial cells, their derivatives,
and classical prostate cancer cell lines, has been reported [41]. As for
MCS culture methods, spontaneous aggregation, liquid overlay, spinner
flask, and rotating-wall vessel models have been used. Liquid overlay
cultures exhibit enhanced functions relative to 2D cultures [23,25,31].
We have used round-bottomed plates coated with poly (2-hydroxyethyl
methacrylate) (poly-HEMA; Sigma. Inc., St. Louis, MO) to monitor
and manipulate arranged single spheroids at particular growth stages.
Under some culture conditions, MCS of prostate cancer cell lines
appear to be induced through enhanced expression of E-cadherin.
PC-3 (human prostate cancer cell line) cells exhibiting abnormal
E-cadherin-mediated cell-cell adhesion are unable to form compact
spheroids or tight aggregates, yet loose aggregation in a liquid overlay
culture has been reported [13,23,25-31,42]. Moreover, treatment with
an anti-E-cadherin antibody inhibits spheroid formation of DU-
145 (human prostate carcinoma, epithelial-like cell line) and LNCaP
(human prostate adenocarcinoma cell line) cells (Figurel). Besides
its function in the formation of MCS, E-cadherin plays an important
role in suppression of anoikis [43]. Aggregation of PC-3 cells rather
than MCS formation occurs on agar- or poly-HEMA-coated plates;
on Matrigel, a one-cell-thick spheroid is formed that partially induces
normal differentiation of PC-3 cells [23,25,28]. These findings suggest
that MCS formation may be dependent on tumor cell adhesion
molecules and culture conditions. In addition, different MCS formation
techniques may lead to different MCS phenotypes with different gene
expression patterns [44]. Thus, it is essential to carefully select the most
appropriate method.

DU-145 cells form fused compact spheroids, and both DU-145 and
LNCaP cells grow at significantly slower rates than in 2D culture [23,25].
MCS of LNCaP cells exhibit disordered but tight cell-cell contacts, and
their characteristics differ according to the location [13]. In two studies,
the tumor cells of the intermediate zone were found to be positive for
p27 and poly (ADP-ribose) polymerase 1 (PARP-1), but negative for
Ki-67 (Figure 2a) [13,45]. These cells thus appear to be quiescent. All in
all, the structure of a MCS is heterogeneous, with proliferating cells at
the periphery and necrotic cells at the center [10,13]. Quiescent cells are
viable but remain in a reversible state of growth arrest. The mechanism
of their development within MCS remains unclear but appears to be
a consequence of microenvironmental factors such as deprivation
of growth factors and/or nutrients [10,13,46]. In general, slow-
growing tumors tend to be more drug- or ionizing radiation-resistant
than rapidly growing tumors. There is no indication as to whether
the proportion of quiescent cells is higher in MCS [11]. However,
the presence and proportion of quiescent cells may be important
determinants of the efficacy of chemotherapy

Differential expression of p18INK4c, p2lwafl/cipl, and p27kipl
with respect to their location in the spheroids of EMT6 (mouse
mammary tumor cellline) and MEL28 (human melanoma cell line) cells
has also been reported: p21wafl/cipl is found in the outer, proliferating
cells, whereas p18INK4c and p27kip1 expression becomes elevated with
increasing depth [47]. A decrease in all cell cycle regulatory proteins
such as cyclin-dependent kinases (CDKs), CDK inhibitors (CKIs), and
cyclins in the innermost spheroid fraction has also been observed [47].
These findings suggest molecular regulation of cell cycle progression
in the inner region of spheroids due to microenvironmental stress
and hypoxia, which evokes cell cycle arrest via the cyclin-dependent
kinase inhibitor p27kipl [48]. Quiescence was found due to marked
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cell contact-dependent up-regulation of p27kipl in EMT6 spheroids,
leading to drug or radiation resistance [49,50]. Ki-67 is a nuclear
protein expressed during all active phases of the cell cycle. Therefore,
it is expressed in proliferating but not in quiescent cells [10,13,46]. In
contrast, a dramatic increase of p27kip1 was detected in every cell of the
MCS in response to serum withdrawal, which is thought to be a specific
environment [46]. In addition, up-regulation of P-gp in G0/G1-phase
cells requires expression of p27kip1 but not of p21wafl, suggesting that,
under stress conditions (for instance, in hypoxia), p27kip1 contributes
to a cell cycle arrest that is essential for cell survival, whereas P-gp
contributes to cell survival by helping detoxify waste products [51].

PARPs are enzymes present in eukaryotes; these enzymes are
involved in cell signaling through poly (ADP-ribosyl) ation of DNA-
binding proteins [52,53]. By catalyzing the addition of ADP-ribose
units to DNA, histones, and various DNA repair enzymes, they play
multifunctional roles in many cellular processes. PARP-1 (EC 2.4.2.30)
was the first of this family to be described in association with cellular
responses to DNA damage [52,53]. PARP-1hasa critical role in the repair
of DNA single-strand breaks (SSB) through excision repair pathway.
In addition, PARP-1 binds to DNA double-strand breaks (DSB) and
activates several proteins involved in homologous recombination repair
and nonhomologous end-joining pathways. Besides being involved
in DNA repair, PARP can also act as a mediator of cell death [53].
Extensive DNA damage is known to trigger PARP overactivation with
consequent extensive NAD consumption through ADP-ribose polymer
synthesis, leading to ATP depletion and induction of necrosis.

In human malignancies, increased expression of PARP-1 has been
reported in Ewing’s sarcomas and in malignant lymphomas; conversely,
decreased PARP-1 expression has been found in breast cancer and
several other cell lines [53]. High PARP expression in prostate cancer cell
lines compared to benign cell lines has already been reported, in which
greater than 90% of LNCaP cells showed positivity for PARP before
and after treatment with H202 [54]. In LNCaP spheroids, expression
of PARP-1 was detected and confined to the intermediate zone (Figure
2a) [37,45], but real-time PCR demonstrated that expression of PARP-1
in 2D cultures is higher than in spheroid cultures. The specific location
means that PARP maycontribute to the characteristics of the quiescent
cells within the LNCaP spheroids, being linked with the target molecule
in prostate cancer treatments. However, [55] reported that in glioma
spheroids, PARP expression, which is initially diffuse, becomes confined
to the outer proliferative zone, paralleling the expression of Ki-67. The
authors speculated that this phenomenon might be consistent with a
role for PARP in cell proliferation and determination of the biological
behavior of gliomas.

Epigenetic mechanisms that can affect gene expression without
altering the actual sequence of DNA include DNA methylation,

Al

Figure 1: Role of E-cadherin in the formation of a LNCaP spheroid. (A)
LNCaP cells form spheroids when cultured on poly-HEMA-coated dishes. (B)
Treatment with an anti- E-cadherin antibody (HECD-1) inhibits LNCaP spheroid
formation (Takagi et al., unpublished data).

(A)

(B)
Peripheral region : Proliferating cells -l Intermediate region: Quiescent cells

Ki-67

p27

PARP

Figure 2: Localization of PARP-1 in a LNCaP spheroid and structure of a
multicellular spheroid (MCS). (A) A section of a 7-day spheroid was stained
with an anti-PARP-1 antibody (A6.4.12; Serotec, Oxford, UK). There is the
intermediate zone with PARP immunostaining. (B) Structure of a MCS and
characteristics of the tumor microenvironment. The structure of the spheroid
favors genetic and epigenetic alterations.

RNA-associated silencing, and histone modification. These
phenomena importantly affect gene expression during development
[56]. Methylation of the C5 position of cytosine residues in DNA is
recognized as a particularly important epigenetic silencing mechanism.
Histone modification is another important epigenetic mechanism that
determines their interactions with other proteins, thereby regulating
chromatin structure and remodeling. DNA methylation and histone
modifications related to chromatin remodeling have been intensively
analyzed in various tumor types [57]. Thus, it is interesting to
examine the epigenetic state of cancer cells in spheroids. [58] found
that, similar to spheroids, TSUPr1 cells dynamically change their
methylation patterns and the expression of E-cadherin as a function
of the cellular microenvironment. They distinctively speculated that
the cellular microenvironment selects for cells that have an appropriate
methylation pattern, and that spheroid formation may increase the
transcriptional expression E-cadherin, which in turn may drive regional
hypomethylation of densely methylated CpG islands. This finding is
very interesting because a methylation-regulated gene in a spheroid
culture changes within a few days as compared to 2D cultures. A recent
study by [59] has shown that increased levels of heterochromatin in
spheroids characterized by histone H3 deacetylation and increased
heterochromatin protein la expression result in improved radiation
survival and reduced numbers of DNA DSBs and lethal chromosome
aberrations. A previous report showed that 3D growth of mammary
epithelial cells reduced histone H3 and H4 acetylation and gene
expression, although ECM-controlled cell shape was discussed [60].
Few studies about DNA methylation in spheroids have been reported.
Similarly, little is known about the action of DNA methyltransferase
(DNMT) enzymes. However, preliminary data showed that there are no
significant differences in long interspersed nucleotide element 1 (LINE-
1) hypomethylation between 2D culture and MCS of LNCaP cells [37].
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The microenvironment of solid tumors such as prostate cancer
is characterized by hypoxia, low extracellular pH, and nutrient
deprivation. Under hypoxia, tumor cells increase expression of various
genes, for instance those contributing to angiogenesis, partially through
hypoxia-induced factor 1 (HIF-1). On the other hand, genes involved in
cellular adhesion and DNA repair are decreased [61]. Down-regulation
of mutL homologue 1 (MLH-1) in 2D cultures of EMT-6 cells under
hypoxic conditions has been detected, with PM2 expression being
unchanged [62]. However, down-regulation of PM2 was detected in
EMT-6 spheroids. These results suggest that tumors can down-regulate
DNA mismatch repair as a result of a series of microenvironmental
factors, which results in increased resistance to alkylating agents. It
has been hypothesized that hypoxia may influence local epigenetic
alterations, leading to inappropriate silencing and reawakening of
cancer genes [63]. A reduction of 5-methylcytosine in xenografts
compared to the levels in the same cancer cell lines in vitro has been
reported, providing direct evidence that epigenetic events in solid
tumors may be modulated by microenvironmental stress [64]. In several
mammalian cell lines, hypoxia increases globaldimethylated histone
H3 lysine 9 (H3K9me2) expression through histone methyltransferase
G94, leading to inhibition of gene expression [64].

These findings suggest that epigenetic alterations in spheroids may
be linked to their microenvironment. Whether activation or stimulation
of anticancer drug resistance-related genes such as MDR-1 is brought
about by epigenetic events is an intriguing possibility that needs to be
analyzed.

Applications to prostate cancer therapy

Like solid tumors in vivo, MCS is characterized by hypoxic
regions, The presence of hypoxic tumor microenvironment correlates
with increased tumor invasiveness, metastases, and resistance to
chemotherapy and radiotherapy [65]. Chemotherapeutic drug
resistance in cancer cells under hypoxia is partially caused by reduced
toxicity because of the absence of molecular oxygen. Hypoxia and
nutrient deprivation can also promote mitochondrial reactive oxygen
species (ROS) production, which result in modulation of ROS levels
and energy metabolism to activate many signalling pathways leading to
HIF family protein stabilization and activation [66]. Chemotherapeutic
drug resistance is caused by HIF family-induced inhibition of cell cycle
progression and proliferation.

Androgen ablation leads to an initial favorable response in patients.
However, most relapse with an aggressive form of the disease known
as castration-resistantor hormone-refractory prostate cancer. As
critical molecular events that lead to prostate cancer cell resistance
to androgen-deprivation therapy have been reported, there is also a
possibility that hypoxia may be involved in the transition to androgen
independence. Crosstalk between the androgen receptor and HIF-1a in
prostate cancer cells has been reported [67]. Thus, methods of targeting
the microenvironment, especially hypoxia, have been investigated, e.g.,
to increase the oxygen supply to the tumor hypoxic area, to exploit
the microenvironment by using bioreductive drugs, and to exploit the
biological response to hypoxia by targeting HIF-1a.

PARP has attracted considerable attention as a therapeutic target for
various diseases including cancer. Enhanced PARP-1 expression and/
or its activity has been shown in several tumor cell lines, contributing
to resistance to genotoxic stress and ability to survive exposure to
DNA-damaging agents [52,53]. Inhibition of PARP-1 thus enhances
the efficiency of alkylating agents and ionizing radiation [53]. These
results have stimulated the development of specific PARP-1 inhibitors
as potential chemoand radiosensitizers. Several small-molecule

PARP inhibitors have indeed been synthesized and introduced into
the clinic for treatment of cancer patients [53]. Research into breast
cancer 2 susceptibility protein (BRCA2)-deficient cells, which are
highly sensitive to inhibitors of PARP, has provided the basis for new
therapeutic approaches [53]. Recently, a PARP inhibitor has been
reported to radiosensitize DU-145 cells under hypoxia [68]. Like PARP,
other proteins expressed by quiescent cells in MCSs may constitute
targets for prostate cancer therapy.

The cancer stem cell (CSC) theory has emerged as a paradigm
shift in our understanding of cancer as a disease of stem cells. A
small subset of cancer cells within the tumor mass has the exclusive
capacity to divide and expand the CSC pool and to differentiate into
nontumorigenic, more differentiated cancer cell lineages. The existence
of these small subsets of cells is responsible for tumor recurrence and
metastasis. Thus, effective therapeutics should target rare CSCs that
sustain tumor malignancy [69]. Such small subsets have been detected
not only in malignancies of the blood but also in solid tumors in the
brain, breast, and prostate, among others. Recent studies with prostate
cells have also shown that nonmalignant immortalized cell lines and
malignant cell lines contain a subset of cells with stem cell properties.
In the spheroid culture system, nonmalignant and malignant human
hTERT-immortalized prostate epithelial cells have been reported to
maintain high CD133 expression [70]. The spheroid culture methods
appear to contribute to the identification of CSCs from the prostate,
which may be a new target for prostate cancer therapy.

Summary

MCS culture models have become a mainstream culture model for
tumor biology and identification of anticancer resistance mechanisms
as an alternative to the classical 2D culture models that poorly reflect
the structural characteristicsseen in vivo. MCS culture models better
mimic the growth characteristics of in vivo solid tumors. Like other
solid tumors, prostate cancer creates a microenvironment characterized
by hypoxia, acidosis, and nutrient deprivation, which collectively
lead to tumor genetic and adaptive changes (Figure 2b). The tumor
microenvironment correlates with prostate cancer invasiveness,
metastasis, and resistance to radiotherapy and chemotherapy. Hypoxia
may also be involved in the transition of prostate cancer to androgen
independence. MCS culture models are a good model for understanding
the mechanisms of resistance to chemotherapy, radiotherapy, and
androgen ablation, and discovery of new targets for prostate cancer,
especially androgen-independent cancer. Our review has highlighted
the characteristics of prostate cancer MCS (p27 and PARP expression,
and epigenetics), and underlined the tumor microenvironment as target
for prostate cancer therapy. MCS culture models appear to contribute to
the identification of CSCs from the prostate.

Further studies are needed to clarify mechanisms such as epigenetic
regulation, to better characterize the formation of MCS, and to apply
this knowledge into prostate cancer biology and the discovery of new
targets for prostate cancer.
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Abstract Low efficiencies of nonviral gene vectors, such
as transfection reagent, limit their utility in gene therapy.
To overcome this disadvantage, we report on the prepara-
tion and properties of magnetic nanoparticles [diameter
(d) = 121.32 & 27.36 nm] positively charged by cationic
polymer deacylated polyethylenimine (PEI max), which
boosts gene delivery efficiency compare with polyethy-
lenimine (PEI), and their use for the forced expression of
plasmid delivery by application of a magnetic field. Mag-
netic nanoparticles were coated with PEI max, which
enabled their electrostatic interaction with negatively
charged molecules such as plasmid. We successfully
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transfected 81.1 &+ 4.0% of the cells using PEI max-coated
magnetic nanoparticles (PEI max-nanoparticles). Along
with their superior properties as a DNA delivery vehicle,
PEI max-nanoparticles offer to deliver various DNA for-
mulations in addition to traditional methods. Furthermore,
efficiency of the gene transfer was not inhibited in the
presence of serum in the cells. PEI max-nanoparticles may
be a promising gene carrier that has high transfection
efficiency as well as low cytotoxicity.

Keywords Deacylated polyethylenimine - Magnetic
nanoparticle - Efficient nonviral transfection method

Introduction

Nanotechnologies that allow the nondisruptive introduction
of carriers in vivo have wide potential for gene and ther-
apeutic delivery systems [1—4]. Extremely small particles
have been successfully introduced into living cells without
any further modification to enhance endocytic internaliza-
tion, such as for cationic help. The cells containing the
internalized nanoparticles continued to thrive, indicating
that the particles have no inhibitory effect on mitosis.
Therefore, iron oxide magnetic nanoparticles have played
an important role as magnetic resonance imaging contrast
agents [5, 6], and cytotoxicity of this nanoparticle was none
(or low) [7, 8]. Thereby, the functionalized iron oxide
magnetic nanoparticles are expected to be useful as a new
gene delivery tool [3].

Cationic polymer polyethylenimine (PEI) (linear, MW
25,000) is known as the transfection reagent in molecular
biology [9], and the dispersant in nanotechnology [10]. PEI
are configured to form the positively charged complex with
DNA, which binds to anionic cell surface residues and
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enter the cell via endocytosis [9, 11], keeping the dis-
persed state in the solution [10]. However, PEI containing
residual N-acyl groups is a disadvantage for transfection
efficiency. Also, the deacylated PEI (PEI max) for
transfection reagent was reported, showing an increase in
optimal transfection efficiency of 21-fold in comparison
with PEI [12].

The transfection method using magnetic nanoparticles
utilizes a magnetic force to deliver DNA into target cells.
Therefore, the plasmid is first associated with magnetic
nanoparticles. Then, the application of a magnetic force
drives the plasmid—nanoparticle complexes toward and into
the target cells, where the cargo is released (Fig. 1a) [13—
16]. The magnetic nanoparticles are also coated with bio-
logical polymers, such as PEIL to allow plasmid loading
(Fig. 1b). The binding of the negatively charged plasmid to
the positively charged PEI max-coated magnetic nanopar-
ticles (PEI max-nanoparticles) occurs relatively quickly.
After complex formation, the loaded nanoparticles are
incubated together with the target cells on a magnet plate.
Owing to the magnetic force, the iron particles are rapidly
drawn toward the surface of the cell membrane. Cellular
uptake occurs by either endocytosis or pinocytosis [17].
Once delivered to the target cells, the plasmid is released
into the cytoplasm [17, 18]. The magnetic nanoparticles
accumulate in endosomes and/or vacuoles [18]. Over time,
the nanoparticles are degraded and the iron enters normal
iron metabolism [19]. An influence of magnetic nanopar-
ticles on cellular functions has not been reported yet.
However, in most cases, the increased iron concentration in
culture media does not lead to cytotoxic effects [7].

Plasmid DNA
P DNA
n t“m‘?\ -Magnetic nanoparticle complex
O - —
e B
Magnetic nanoparticle ]\)
l l Nuclear

Bottom of
the culture dish

Fig. 1 Nanoparticle transfection method and cationic coating: a Plas-
mid-conjugated magnetic nanoparticles moved to the cell surface on
the magnetic sheet upon application of magnetic force. Then, the
magnetic force drove this complex toward and into the target cells.
b Magnetic nanoparticles (y-Fe,Os, d = 70 nm) (CIK NanoTek Inc.)
were coated with deacylated polyethylenimine max linear (PEI max)

@ Springer

In this study, we coated the transfection reagent, PEI
max, on the surface of magnetic nanoparticles and applied
a gene vector using PEI max-nanoparticles for a highly
efficient transfection method. Our results indicate a high
level of expression of the transfected gene in living cells
using the plasmid-conjugated PEI max-nanoparticles.

Materials and methods
Materials

Magnetic nanoparticles (y-Fe,O3, d = 70 nm) were pur-
chased from CIK NanoTek. PEI max linear (MW 25,000)
was purchased from Polysciences Inc. FuGENE HD was
purchased from Roche Diagnostics. Deionized water was
purchased from Gibco. Magnetic sheet (160 mT), and
neodymium magnet (130 mT) was purchased from Magna
Co. Ltd.

Preparation of the PEI max-nanoparticles

The magnetic nanoparticles (1.0 g) were dissolved in 30 ml
of PEI max solution (1.6 mg PEI max/ml). The mixture was
sonicated for 2 min (40 W) on ice, and 20 ml of deionized
water was added (final concentration 1.0 mg PEI max/ml).
The ferrofluid was centrifuged at 4,100x ¢ for 5 min. The
supernatant fluids were harvested and transferred into a
fresh tube. This fluid was washed twice by deionized water
and resolved into an equal volume of the PEI max solution
(1.0 mg PEI max/ml). Magnetic nanoparticles in this fluid

n H CIH
\lN 'N N
Cl' H H Jn N
Polyethylenimine max, linear N
(PEI max) +‘\

0 |

Magnetic PE|I max-coated
nanoparticle magnetic nanoparticle
(y-Fez03) {PEl max-nanoparticle)

(MW 25,000) (Polysciences Inc.), known as a dispersive agent, and
transfection reagents. The surface of the PEI max-nanoparticle was
positively charged. Nanoparticles and plasmid formed complexes by
ionic interaction of the negatively charged plasmid and the positively
charged surface of the PEI max-nanoparticle
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were coated with PEI max and dispersed in PEI max solu-
tion or deionized water.

Measurement of PEI max-nanoparticle size
and {-potential

The size of the PEI max-nanoparticles was measured with a
laser light-scattering method using a fiberoptics particle
analyzer (FPAR-1000, Otsuka Electronics). The measure-
ment was performed in triplicate, and median size and
range of size distribution were obtained. The {-potential of
the PEI max-nanoparticles was determined with electro-
phoretic  light-scattering spectrophotometer (ELSZ-2,
Otsuka Electronics).

Charge characteristics of PEI max-nanoparticle

PEI max-nanoparticle (100 pg) and each weight of plasmid
(2,000, 1,000, 750, 500, 375, 250, 188 ng) were mixed in
deionized water or PEI max solution (1 mg/ml). Each
solution were reacted for 1 h at room temperature.

Plasmid DNA was bound to PEI max-nanoparticles

Plasmid DNA (5 pg) was reacted with various weights of
PEI max-nanoparticles (0-1.8 mg/tube) in deionized water
for 15 min at room temperature. Then, the reaction mix-
tures were centrifuged at 12,000xg for 15 min and were
formed in a sol-like precipitation in the lower layer. The
concentration of DNA in the upper layer (hyaline layer)
was determined by NanoDrop 1000 spectrophotometer
(Thermo Scientific). The relative concentration of plasmid
DNA treated without PEI max-nanoparticles was regarded
as 100%.

Cell culture

P19CL6 cells (CL6 cells) from a mouse embryonic carci-
noma cell line were grown on 100-mm dishes (Becton-
Dickinson) in alpha-minimum essentioal medium (MEM)
(Nacalai Tesque) supplemented with 10% fetal bovine
serum (FBS) (JRH Bioscience Inc.), penicillin, and strep-
tomycin (Gibco), and were maintained in a 5% carbon
dioxide (CO,) atmosphere at 37°C.

Transfection procedure using PEI max-nanoparticles

CL6 cells were seeded at 1 x 10° cells/well in six-well
plates (Becton-Dickinson) 18 h before transfection.
Immediately before transfection, cells were rinsed and
supplemented with fresh culture medium (1 ml). The PEI
max-nanoparticles (in 1 mg PEI max/ml solution) were
mixed with 2.0 pug of the plasmid [pCAGGS-enhanced

green fluorescent protein (EGFP), the modified pCAGGS
expression vector [20], weight ratio PEI max:plas-
mid = 3:1] and incubated in the deionized water at final
volume of 50 pl at room temperature for 15 min. The
complexes were added to the CL6 cells on a magnetic sheet
various times (0, 0.5, 1, 4, and 24 h). Forty-eight hours
after transfection, CL6 cells were evaluated; 1 mg/ml of
PEI max solution was used as a positive control.

Quantitative real-time reverse transcriptional (RT)-PCR

Total RNAs from CL6 cells were extracted using ISOGEN
(Nippon Gene). To perform quantitative real-time poly-
merase chain reaction (PCR) assay, total RNA (1 pg) was
reverse-transcribed using random hexamer and the Prime-
Script RT reagent kit (TaKaRa). Quantitative real-time
reverse transcriptional (RT)-PCR was performed on Line-
Gene (BioFlux), using 100 ng of complementary DNA
(cDNA) in 25 pl reaction volumes with 10 nmol/l EGFP
primer and 12.5 pl of SYBR Premix Ex Taq (TaKaRa).
PCR primers for the gene of EGFP and Gapdh were
designed to amplify each ¢cDNA using the sense primer
(5'-CCGACCACATGAAGCAGCAC-3") and the reverse
primer (5-CTTCAGCTCGATGCGGTTCAC-3') for the
EGFP, and the sense primer (5'-TGCGACTTCAACAGCA
ACTC-3') and the reverse primer (5'-CTTGCTCAGTGTC
CTTGCTG-3) for the Gapdh. Calculations were auto-
matically performed by fluorescent quantitative detection
system software (BioFlux).

Nanoparticle cytotoxicity

Alamar Blue [21] was used to measure cell proliferation and
metabolic activity as an oxidation-reduction indicator. After
48 hof PEI max or PEI max-nanoparticle exposure, 900 pl of
medium from each condition was transferred into a 24-well
flat-bottomed plate. One hundred microliters of Alamar Blue
(ADbD Serotec) was added to each well, and the well plate was
incubated for 3 h at 37°C. Fluorescence was measured at
570/600 nm in a Viento multispectrophotometer reader
(Dainippon Pharmaceutical). The relative absorbance of CL6
cells without any treatment is regarded as 100% (it is indicated
as a percent control in Fig. 4c).

Flow cytometric analysis

To count the numbers of EGFP-positive cells using PEI
max-nanoparticles (0.8 pg/well in a six-well plate) on a
magnetic sheet for 4 h (PEI max alone as a positive con-
trol), a Cytomics FC500 (Beckman Coulter Inc.) was used,
and data were analyzed with FlowJo Ver.7 (Tree Star Inc.).
Each sample was compared with negative control cells
(without treatment).
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Statistical analysis

Results, shown as the mean = standard error (SE), were
compared by analysis of variance (ANOVA) followed by
Scheffe test (http://chiryo.phar.nagoya-cu.ac.jp/javastat/
JavaStat-;.htm), with P < 0.05 considered significant.

Results
Characterization of PEI max-nanoparticles

Magnetic nanoparticles were well coated with PEI max and
were highly dispersed in PEI max solution (I mg/ml) or
deionized water. Secondary size of the PEI max-nanopar-
ticles was approximately 121.32 4+ 27.36 nm (Fig. 2A).
To evaluate stability in PEI max solution (I mg/ml) or
deionized water, we measured the {-potential of PEI max-
nanoparticles, which was +45.53 mV in PEI max solution
and 430.05 mV in deionized water. The PEI max-nano-
particles were aggregated by magnetic force (Fig. 2Ba) and
quickly redispersed by vortex (Fig. 2Bb). Time-lapse
photography (30 s/s) shows that magnetic nanoparticles
were gradually removed at the site of the neodymium
magnet (right side of the tube) for 2 h (magnetic nano-
particles for transfection: http://www.youtube.com/watch?
v=Hyjfc4dmoHK4). These nanoparticles in PEI max solu-
tion were not aggregated without magnetic force. To avoid
aggregation of plasmid-attached PEI max-nanoparticle
caused by charge neutralization, it was necessary that their
weight ratio was approximately 1:400 (Fig. 2C). In gen-
eral, 1-2 pg of plasmid per well was mixed with the
transfection reagent such, as PEI max, and FuGENE HD
into six-well plates. However, too much (400-800 ug of
nanoparticle per well) caused inhibition of transfection
(described later). To solve the problem, we decided to use
in 1 mg/ml of PEI max solution as a solvent. As a result,
each concentration of the plasmid did not aggregate with
PEI max-nanoparticle (Fig. 2Bb). To evaluate whether the
plasmid DNA was attached to PEI max-nanoparticles in
deionized water, we reacted PEI max-nanoparticles with
plasmid DNA for 15 min at room temperature. Measuring
the concentration of plasmid DNA in the upper layer
(hyaline layer), the weight of PEI max-nanoparticles was
reduced in a dependent manner (Fig. 2D).

Transfection efficiency using PEI max-nanoparticles
and magnetic sheet, and viability of the CL6 cells
treated with PEI max-nanoparticles

CL6 cells were transfected with pCAGGS-EGFP and PEI

max alone as a positive control (Fig. 3a) and pCAGGS-
EGFP and PEI max-nanoparticles (Fig. 3b) at 48 h after

@ Springer

transfection. Many EGFP-positive cells were observed
among CL6 cells transfected with PEI max-nanoparticles
compared with those transfected with PEI max. To evaluate
the optimum condition of transfection using PEI max-
nanoparticles, quantitative real-time RT-PCR was per-
formed at 48 h after transfection. The optimum condition
of transfection was a concentration of 0.8 pg/well (Fig. 4a)
on a magnetic sheet for 4 h (Fig. 4b). EGFP gene
expression level was reduced under transfection of excess
magnetic nanoparticles (7.5 pg/well) (Fig. 4a) and pro-
longed time on the magnetic sheet (24 h) (Fig. 4b). EGFP
expression in CL6 cells transfected with PEI max-nano-
particles was increased approximately two to fourfold
compared with those transfected with PEI max. The via-
bility of CL6 cells treated with PEI max-nanoparticles, as
measured by Alamar Blue assay, did not differ between
cells treated with/without PEI max alone (Fig. 4c).

Number of EGFP-positive cells by flow cytometric
analysis

Forty-eight hours after transfection using PEI max alone
or PEI max-nanoparticles, we examined the number of
EGFP-positive cells (total 10,000 cells) by flow cyto-
metric analysis. Compared with the negative control
(untreated CL6 cells), 42.2 & 8.5% of cells treated with
PEI max alone (Fig. Sa), 81.1 = 4.0% of cells treated
with 0.8 pg of PEI max-nanoparticles per well on the
magnetic sheet for 4 h (Fig. 5b), and 13.9 + 1.1% of
cells treated with FuGENE HD (Fig. 5¢) expressed
EGFP. The number of EGFP-positive cells was signifi-
cantly increased (approximately twofold) using PEI max-
nanoparticles.

Discussion

In this study, to express target gene with high efficiency
and low cytotoxicity, we focused on PEl max and magnetic
nanoparticles (y-Fe,O3). Many researchers have reported
various transfection methods using PEI and magnetic
nanoparticles, such as y-Fe,O3, and superparamagnetic iron
oxide nanoparticle (used as magnetic resonance imaging
contrast agents) (Table 1). However, these methods had a
low transfection efficiency [14, 15], combined with virus
(adenovirus, or retrovirus) [15], and high cytotoxicity (low
cell viability) [13] and may therefore have little effec-
tiveness for clinical use.

The expression level of the EGFP gene was reduced
under transfection of excess magnetic nanoparticles
(7.5 pg/well) (Fig. 4a). This result may indicate that a high
concentration of PEI max-nanoparticles formed the large
agglutinate complexes with plasmid DNAs [22, 23]
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Fig. 2 Characteristics of the deacylated polyethylenimine (PEI max)-
nanoparticle: a The size of the PEI max-nanoparticles was measured
with a laser light-scattering method using a fiberoptics particle
analyzer (FPAR-1000, Otsuka Electronics) at 37°C. Secondary
particle size of the PEI max-nanoparticles was approximately
121.32 &£ 27.36 nm. b PEI max-nanoparticles were induced to
aggregate by a magnet (a) and were then dispersed (b). Asterisk
indicates column-shaped neodymium magnet. ¢ Cationic PEI max-
nanoparticles (100 pg per tube) in deionized water or PEI max

because PEI max-nanoparticle and plasmid DNA complexes
are taken in by endocytosis. Thus, it might be difficult to take
the large complexes into the cytoplasm by endocytosis. Fur-
thermore, the expression level of the EGFP gene was also
reduced under transfection during a prolonged time on the
magnetic sheet (24 h) (Fig. 4b). This result may demonstrate
a causal relationship between the cell division cycle and time
on the magnetic sheet. Plasmid DNAs in the cytoplasm were
transported into the nucleus when the nuclear membrane
disappeared on cell division [24]. Thus, plasmid DNAs and
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solution (1 mg/ml) were reacted with anionic plasmid [pCAGGS-
enhanced green fluorescent protein (EGFP)] by an ionic bond. PEI
max-nanoparticles in deionized water and plasmid aggregated more
easily than that in PEI max solution and plasmid. d To evaluate
whether plasmid DNA attached to PEI max-nanoparticles in deion-
ized water, PEI max-nanoparticles were reacted with plasmid DNA
for 15 min at room temperature. Measuring the concentration of
plasmid DNA in the upper layer (hyaline layer), the weight of PEI
max-nanoparticles was reduced in a dependent manner

magnetic nanoparticle complexes might not be transported
into the nucleus because they are drawn to the bottom of the
cell by magnetic force.

We succeeded in producing PEI max-nanoparticles that
enabled P19CL6 cells, which is derived from embryonic
carcinoma transfected on a magnetic sheet. In addition, this
method resulted in a highly efficient gene transduction
compared with that of conventional transfection methods
(Fig. 5a, c). This transfection method using PEI max-
nanoparticles is a relatively low-cost and quick method of
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Fig. 3 Enhanced green fluorescent protein (EGFP) expression in CL6
cells using deacylated polyethylenimine (PEI max)-nanoparticle and
magnetic field. Phase-contrast fluorescent micrograph of CL6 cells

were transfected with pCAGGS-EGFP and PEI max as a control
(a) and PEI max-nanoparticles (b). The numbers of EGFP-positive
cells were further increased by PEI max-nanoparticles
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Fig. 4 Optimum condition for transfection of the deacylated poly-
ethylenimine (PEI max)-nanoparticle. To optimize the transfection
method, we examined PEI max-nanoparticles in terms of volume
(a) and time (b) on the magnetic sheet. These results were evaluated
by quantitative real-time reverse transcriptional polymerase chain
reaction (RT-PCR). The expression level of the CL6 cells treated with
PEI max alone is regarded as 1. The optimal conditions for
transfection using PEI max-nanoparticles were when the CL6 cells
were treated with 0.8 pg of PEI max-nanoparticles and 2.0 pg of
pCAGGS-EGFP for 4 h on the magnetic sheet. The double asterisks
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indicate a significant difference (P < 0.05). Cytotoxicities of PEI max
and PEI max-nanoparticles were evaluated by Alamar Blue assay (c).
After 48 h of PEI max or PEI max-nanoparticle exposure, there were
no significant differences in cell viability between CL6 cells treated
with PEI max and those with PEI max-nanoparticles. Mock the CL6
cells treated without any treatment as a negative control. PEI max
alone the CL6 cells treated with PEI max. PEI max-nanoparticles the
CL6 cells treated with PEI max-nanoparticles (0.8 pg) for 4 h on the
magnetic sheet. The relative absorbance of untreated CL6 cells is
regarded as 100%
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Fig. 5 Transfection efficiency
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Table 1 Comparison of transfection methods using the polyethylenimine and magnetic nanoparticles

Author Year Vector Component Cell Transfection Cell viability = References
efficiency (% of control)

Kami - Plasmid PEI max (MW 25k), MNP (y-Fe203, 70 nm), MF (0.2 T) P19CL6 80%" 100 This paper

Zhang 2010 Plasmid Branched PEI (MW 25k), SPION (30 nm), MF (1.2 T) NIH3T3 64%" 100 [14]
siRNA Branched PEI (MW 25k), SPION (30 nm), MF (1.2 T) NIH3T3 77%" 100

Kievit 2009 Plasmid PEI (MW 25k), SPION (200 nm) C6 90%" 10 [13]
Plasmid PEI (MW 25k), Chitosan, SPION (200 nm) Cé6 45%" 100
Plasmid PolyMag (commercial magnification reagent), MF (1.2 T) C6 32%* 66

Scherer 2002 Plasmid PEI (MW 800k), SPION (200 nm), MF (1 T) NIH3T3 5-fold® - [15]
Adenovirus PEI (MW 800k), SPION (200 nm), MF (1 T) K562 100-fold® -
Retrovirus  PEI (MW 800k), SPION (200 nm), MF (1 T) NIH3T3 20%" -

Transfection efficiency indicates optimal transfection condition

PEI polyethylenimine, PEI max deacylated PEI, MNP magnetic nanoparticle, SPION superparamagnetic iron oxide nanoparticle, MW molecular
weight, MF magnetic force, T tesla

# Flowcytometric analysis

® Luciferase activity assay

introducing plasmid into target cells with increased effi-  applied force on the cells (electroporation). In contrast,
ciency. Furthermore, a major advantage of this method is ~ methods such as lipofection offer only a certain probability
its tolerability among cells. Other methods might be lim-  of hits between cargo and cells because of the three-

ited either by possible cytotoxic effects of the lipidic ~ dimensional motion of cells and transfection aggregates in
transfection reagent (lipofection) or simply by the directly ~ a liquid suspension. Normally, transfection was inhibited
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by serum using transfection reagent [25]. However, this
method can also be performed in the presence of serum,
which is a further benefit. Additionally, synergistic effects
on transfection efficiency can arise from the possible
combination of PEI max and nanoparticles. This technol-
ogy might be an alternative to the currently used viral and
nonviral vectors in gene therapy and gene transfer [26].

Our results suggest that PEI max-nanoparticles offer
the ability to deliver various DNA formulations in addition
to the traditional methods. Furthermore, gene transfer
efficiency was not inhibited in the presence of serum in
the cells. PEI max-nanoparticles may be a promising
gene carrier with high transfection efficiency and low
cytotoxicity.
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Effects of Various Nanoparticles on Human Cells: Cell Specificity and its Application

g:l)l‘l

_ET e, TR kG RS b, BE %, MK Sk EE B
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Application fields of nanoparticles range from biomedicine such as imaging and drug delivery systems
to various industrial products. Despite the rapid progress, the potential for nanotoxicity in human has not
yet been established. Most methods for toxicity assessment were designed and standardized with chemical
toxicology. The reliable toxicity test systems are needed. Here, we present an overview of current iz vitro
toxicity tests for nanoparticles risk assessment, and focus on genotoxicity, especially cell-specific
genotoxicity and its application.

Keywords : Nanoparticle, Cytotoxicity, Genotoxicity, Cell specificity
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Table 1 Current in vitro cytotoxicity assays

Cytotoxicity assay

Detection principle

MTT

Colorimetric detection of mitochondrial activity

LDH Colorimetric detection of LDH release

Annexin V/Propidium lodide

Fluorimetric detection of Phospatidylserine exposure
(Apoptosis marker) / Propidium Iodide-staining of DNA
(Necrosis marker)

Neutral red Colorimetric detection of intact lysosome

Caspase-3 Fluorimetric detection of Caspase-3 activity
(Apoptosis marker)

H.DCF-DA Fluorimetric detection of ROS production

ELISA Colorimetric detection of cytokine secretion

2. 2 Lactate Dehydrogenase (LDH) EHERIE

MBI RS 5 LDH ©, HIAEOBHICHVIE
Jash~olEgE U 7c LDH O RIET 5, LDH BRI
Eb, pHYPEBA+ vOEBEZULLMEINT
[ %6)0

2. 3 Annexin/propidium iodide ZFFH LIcRIE

EBTRIEEEBORMICELET 2B8BHE b -
7z phosphatidylserine (PS) #%, apoptosis D #HJHHIC 74
BlictiEB T 3BHENA LN S, Annexin V i3 Ca* &
HEFTPS o L CEVWEAEE 6572, Annexin
V 2 PS MS#RIEEE Ic#E th U 72 apoptosis M D A1
44 L, apoptosis DRRHASHIEEE 1 B, necrosis HlifE
& PS STH T 5 DT, necrosis §B5E & apoptosis #HAI
DEJNORLD, BEHBRF X MICHEBAEINS DNAR
5] & L T D Propidium lodide % [RIBFER T %,

2. 4 Neutral red assay

Neutral red (3-amino-7-dimethyl-amino-2- methyl
phenazine hydrochloride) 3T/ ER T, il
oAHBERICEYAEh S, IlBKELAE AL
Neutral red % $E##% il U C 540 nm OBOLE THI
ET Do

2. 5 Caspase-3 D&

JEYERY Caspase-3 DRH L& b—BANc RIS
apoptosis assay T® %o /&1EES Caspase-3 R EBEE
H 5 OIEDLEE SRR R ILE (OEREED i
dEk (Frdor—5-) TRETEILLLOR
H&XN 3, Caspase-3 HEBA 4 ¥, FHIKIn®” K&
DIHEEN B,

2. 6 EiEEEFERE (Reactive Oxygen Specimens :

ROS) DO

H.DCF-DA (3, #R2PI® ROS BRI D 7o OB S
o—7&LTHLEREATYLS, £HaofizE T
Bibanss i), HIESEREOHILMHETS 2,
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EMEICAD, ROSHEET L, BoshBR
A, BRESHELEERT S,
2. 7 Enzyme-linked immunosorbent assay (ELISA)
L& BRET—H—DOBH
Tumor necrosis factor alpha (TNF-a) % Interleukins
EMNELISA KL D RHE N B,

3. BEEEFMEICONT

F /BT OREEFMICET 2HXOE < 1], Mg
EMIBT ARETH B, UL, /KT HDNA
CEELRIE L, BofBEEER R &8 e
MEZ N, MIESEHEERICTEE LT ERS
AN

ERERERL Y bEHEET, RRERLERTD
R, {LFEN, EPNEROBMEREERR LT
35, BERICHSESROLENESS D, RRER
EERTAMELERGDEI VI E, S, —HiC
TREAE VWS EERERESTHEVE L, B
3, EEEYHE L BEEHYEREIE TS~/ O
%, ZEEIZ DNABEEELR, BETFRALEES
BORREARELFERTIPECH L THV SN
T3, (AABEERFELMEHE DR httpy/
www.j~ems .org/info/glossary.html#ha)

BiEEHERICE, B OBETRENEEES]
XECITYEERHET 27250 in vitro BE T in vive
REMH 5, ChooRERIT, BREMECHTIE
#, T7bb DNABELD o BRRERERME, 26
FRESREETERBT S, Cho0EBE, R
RANOHEHEETHY, Tk, BRE~OMEHLE
AbhTW3, THbL, BzEHARBHEOME
i, ZERYECREYWE TS SN S B0,
bt LS ERFEMESREBYE TRV, WIhic
&, F/RFOREELEREEHEOFMI, EEL
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Table 2 Current genotoxicity assays

Genotoxicity assay

Detection principle

Ames test

The application of mutagen leads mutations in many
genes including the defective gene and some of those
mutations cause the reversal of ability to synthesize
histidine.

Chromosome aberration test

After exposure of cells to the test substance, they are
treated with a metaphase-arresting substance, harvested,
stained and metaphase cells are analysed microscopically
for the presence of chromosome aberrations.

Mouse lymphoma test

Mutant cells, deficient in TK due to the forward mutation
in the TK locus, are resistant to the cytotoxic effect of
pyrimidine analogues such as trifluorothymidine.

Micronucleus test

Detection of chemicals which induce the formation of
small membrane bound DNA fragments i.e.
micronuclei in the cytoplasm of interphase cells

Comet assay

Measuring DNA single- and double-strand breaks at the
level of individual cells

8-OHdG

Detection of 8~OHdG formation

BETH DL, BESHRRICOWTIE, Table 2 IR
3%
3.1 WEDERVBEBRAZEREE (Ames &
%)

AFERIL, 19724EIC Ames Lo K D EREH %
St A DRI NI, YLVEXRIEEAHL, b
2F Vv (histidine) BREKRMEREZLIL, &2
7 U UEERBRIc D, BREMETO 0 = ~$Ko
LALEERERERE L THET 5, Ames 13,
RO >RBAN L EREROMFKLHS A
L7c7s EOTHET, R bIC1997E 0 HAEER
HEZHLE, O, KEBEE+HVT, +UTH
7 7 v (tryptophan) EEsRIERRASIEERMEERRICL S C
EEFET B, ChoHMEEFIHT A ERERERA
BTl BENBERER, 7Lv—»bv 7 bERALLED
HERERESFENSN S, Ames RERIL, BEH, &
BUBLUPRECENT VS, LELENS, KK
EMIOF — 5 2 BEREYOFE~ B LEBEA S L0
Lasd s, BETH- THRBHEOLVIE, Bi
TH>THRBUEOSIMEND S &L SFMOFHE
TH b

3 2 BHSUDERETRVILERERTER

AHEE, Fed=— X AR5 —[HEECE b
WY 2 REHVT, RESAOBERTLPHNRE
2T 5. EEVEOBES WG, RE4E
BT 5 DNAR Y vy EVEELZO T, Hlgs
HrhfoReAREE LTRES N 3, FRRSBE
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THREBUHIRISTVIESEH LT &P, cytology @
BfispEEShb, HBEREEEE LEVEESE
Bk, BFEL SO CERSERMToNT
WEEERRRTH B,

3. 3 Mouse Lymphoma X8

AR, © v R ) oo EMBEHK L5178Y % H
WT, FIVVFEF—E kT LEELZERD
BEAFET 5, L5178Y MRl ~7 ol th BRF %
bbb (th+1-), BROFR (k-1-) cLkbF v
vEF—EFORBEBEHF, P Tt oF I T rAD
tERao = - & LTEESh S, FERKRE, &%
RERD SREE LU NVORRERGBEIONDB L
PRAFMIEER VS I &ET, Ames BB &L 0 &SR
HEBEEZ LN,

3. 4 Micronucleus Test (NZKEER)

FHAERE, ToEBICYEERE LT, £ORMEK
BB AT 5, REFROSHLPBRRE
T, RREAOCRELRFERSN, MNESEHR S, K
HBRICHBPEECIR BE NI/ N EEEET 5, FR
B2 i3, in vitro BIEEUHEBTRELIECVYHEL @
vitro BB THEYEIC » KWE D in vivo P
Di-DIEmEND,

3. 5 Comet assay (BT INBRXEE)

KB, BEREBICLY TH o - XL VRT
DNA 2BEIs ¥ 5 &k, BERLVSLTOD ]
A8 DNA V)i 2 A8 DNA UIF 2 et L, £ 12,
OB E S SBEREEEFECE 5%, C DKk

Bk TFE R



