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In this study, we examined the involvement of
interaction between integrins and penton base RGD
motifs in subgroup B Ad35 vector-mediated transduction
in human bone marrow-derived CD34* cells and human
leukemia cell line K562 cells, both of which have been
shown to be highly susceptible to Ad35 vectors.’®2324
Human bone marrow-derived CD34* cells are an
important target for gene therapy, because the CD34*
cells are a fraction that contains hematopoietic stem cells.
We found that inhibition of the interaction between
integrins and penton base RGD motifs did not alter total
amounts of cell-associated vector DNA of Ad35 vectors
at 4 or 37°C; however, it significantly reduced the
transduction efficiencies of Ad35 vectors, suggesting that
interaction between integrins and penton base RGD
motifs is largely involved with Ad35 vector-mediated
transduction, probably in postinternalization steps.

Results

Several types of integrins are expressed on human
bone marrow-derived CD34" cells and K562 cells
First, we performed flow cytometric analysis to examine
which types of integrins are expressed on human bone
marrow-derived CD34* cells and K562 cells. Flowcyto-
metric analysis demonstrated that the CD34~ cells and
K562 cells both expressed high levels of integrins os
(95%; CD34* cells, 100%; K562 cells) and B, (99%; CD34"
cells, 86%; K562 cells) (Figure 1). Integrins oy, o and B,
were also expressed in the CD34* cells, but hardly
detected in K562 cells. Integrins o.B; and a.,Bs, which are
well known as second receptors for Ad5 vectors,** were
expressed in low levels in both cells (o, s; 13 and 20% in
CD34" cells and K562 cells, respectively; a.Bs; 2 and 17%
in CD34" cells and K562 cells, respectively).

Divalent cations are required for Ad35 veclor-mediated
transduction

Next, to examine involvement of integrins in Ad35
vector-mediated transduction, the hematopoietic cells
were transduced with Ad35 vectors in the presence of
EDTA or divalent cations. The affinity between integrins

and their ligands is regulated by divalent cations.**%"
Notably, Mn** is reported to largely promote the binding
of ligands to integrins. Transduction efficiencies of an
Ad35 vector expressing an enhanced green fluorescence
protein (GFP) (Ad35GFP) in K562 cells were significantly
reduced in the presence of EDTA (Figure 2a). Treatment
with 5 mM EDTA decreased GFP expression by 80%. On
the other hand, Mn?** significantly increased the trans-
duction efficiencies of Ad35GFP in K562 cells, while
exposure to Mg?* or Ca** did not affect the transduction
efficiencies of Ad35GFP (Figure 2b). These results
suggest that integrins are involved with Ad35 vector
infection. Transduction experiments using the CD34~
cells were also tried; however, pretreatments with EDTA
or divalent cations largely reduced the viability of the
CD34* cells (data not shown).

To investigate the mechanisms of EDTA-mediated
decrease and the Mn**-mediated increase in transduction
efficiencies of Ad35 vectors, cellular binding and uptake
of Ad35GFP in the presence of EDTA or Mn** was
assessed by real-time PCR. Exposure to 5 mM EDTA or
Mn?* did not increase the total amounts of Ad35 vector
genome associated with K562 cells at 4 °C 1.5 h following
infection, indicating that cellular binding of Ad35GFP is
not affected by divalent cations (Figure 3). In addition,
the cells treated with EDTA or Mn** also showed no
change in the amounts of cell-associated Ad35 vector
DNA at 37 °C (the sum of cellular binding and uptake of
Ad35GFP). These results suggest that postinternalization
steps in Ad35 vector-mediated transduction are affected
by EDTA and Mn?*.

Penton base RGD molifs are involved with Ad35
vector-mediated transduction

To examine whether the RGD motifs in the Ad35 penton
base are involved with Ad35 vector-mediated transduc-
tion in the CD34* cells and K562 cells, the cells were
transduced with Ad35GFP in the presence of synthetic
RGD peptide. Transduction with Ad35GFP was signifi-
cantly suppressed by the RGD peptide in a dose-
dependent fashion in the human CD34" cells and K562
cells (Figure 4). The GFP expression levels by Ad35GFP
in the CD34* cells and K562 cells were respectively
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Figure1 Flow cytometric profiles of integrin expressions on human bone marrow-derived CD34* cells and K562 cells. The cells were stained
with monoclonal anti-integrin antibodies, followed by a phycoerythrin-labeled secondary antibody, and subsequently analyzed by a flow
cytometry (thick line). As a negative control, cells were incubated with an isotype control antibody (shaded histogram). Percentages of
positive cells (and mean fluorescence intensities) are shown by number in the upper right-hand corner of each profile.
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Figure 2 Effects of divalent cations on Ad35 vector-mediated transduction. (a) Ad35GFP-mediated transduction in the presence of EDTA.
K562 cells were transduced with Ad35GFP at 1000 VP per cell for 1.5h in the presence of EDTA at the indicated concentrations. GFP
expression levels were measured using flow cytometry 48 h after transduction. The GFP expression levels (mean fluorescence intensity; MFI)
in the absence of EDTA (control) and the mock-infected cells were 107.6 and 2.4, respectively. (b) Ad35GFP-mediated transduction in the
presence of Mn?*, Mg®* or Ca®* ions. K562 cells were preincubated in TBS buffers containing MnCl,, MgCl, or CaCl; at indicated
concentrations for 30 min and then transduced with Ad35GFP at 1000 VP per cell. The transduction experiments were performed as
described above. The GFP expression level (MFI) in TBS buffer (control) and the mock-infected cells were 119.3 and 2.3, respectively. The data
were normalized to the GFP expression levels (MFI) in K562 cells, which were preincubated in TBS buffer prior to transduction (control). Data
are expressed as means +s.d. (n=3 or 4). *P<0.05, **P <0.001 in comparison with the control. TBS, Tris-buffered saline.
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Figure 3 Effects of divalent cations on cellular binding and uptake ing transduction with Ad35RGE-GFP and Ad35ARGD-

of Ad35 vectors in K562 cells. K562 cells were incubated with
Ad35GFP in the presence of 5mM EDTA (a, b) or 5 mM Mn*" (c, d)
as described in Figure 2. After incubation, the cells were washed
and total DNA, including Ad vector DNA, was recovered. The
vector copy number was quantified using real-time PCR. The data
were normalized to the vector copy number when transduced with
Ad35GFP in Tris-buffered saline buffer. Data are expressed as
means +s.d. (n=4). GFP, green fluorescence protein.

GFP at 6000 vector particles (VP) per cell (Figure 6a). In
K562 cells, Ad35RGE-GFP and Ad35ARGD-GFP
mediated approximately 35% reduced GFFP expression
compared with Ad35GFP at 3000 VP per cell (Figure 6b).
Transduction with each Ad35 vector at lower doses
resulted in similar transduction profiles to those shown
here in the CD34" cells and K562 cells (data not shown),
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Figure 4 Inhibition of Ad35 vector-mediated transduction by synthetic RGD peptide. Human CD34* cells (a) and K562 cells (b) were
transduced with Ad35GFF at 3000 VP per cell for 3 h (human CD34* cells) or at 1000 VP per cell for 1 h (K562 cells) at 37 °C in the presence of
RGD peptides. GFP expression levels were measured 48 h after transduction by flow cytometry. Data were normalized to the GFP expression-
levels (MF]) in the presence of control RGE peptide. The GFP expression levels (MFI) in the presence of control RGE peptide (CD34* cells;
200 pg ml~", K562 cells; 1000 pg ml~") were 198.2 (CD34* cells) and 748.9 (K562 cells). The GFP expression levels (MFI) in the mock-infected
cells were 2.3 (CD34" cells) and 2.9 (K562 cells). The Data are expressed as means+s.d. (n=3). *P<0.05, **P<0.001 in comparison with
control RGE peptide. MFI, mean fluorescence intensity; RGD, Arg-Gly-Asp.
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Figure 5 Cellular binding and uptake of Ad35GFF in the presence
of RGD peptide. Human CD34* cells (a, b) and K562 cells (¢, d) were
incubated with Ad35GFP in the presence of RGD peptide
(200 pg m1~") as described in Figure 4. After incubation, the cells
were washed, and total DNA, including Ad vector DNA, was
recovered. The vector copy number was quantified using real-time
PCR. The data were normalized to the vector copy number of
Ad35GFP in the presence of control RGE peptide. Data are
expressed as mean+s.d. (n=4). GFP, green fluorescence protein;
RGD, Arg-Gly-Asp; RGE, Arg-Gly-Glu.

suggesting that the transduction efficiencies of the Ad35
vectors at these doses would not be saturated. Apparent
toxicities were not observed in the cells after transduc-
tion at these doses (data not shown). These results
indicate that penton base RGD motifs are largely
involved with Ad35 vector-mediated transduction in
both cells.
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Table 1 Mutation in the penton base of Ad35 vectors

Ad35 vectors Amino-acid sequence of penton

base
Ad35GFP (conventional Ad35) —NAGEVRGDNFAPT—
Ad35RGE-GFP (an amino acid ~—~NAGEVRGENFAPT—
substitution)
Ad35ARGD-GFP (deletion of RGD —NAGEV---------
motif) NFAPT—

Abbreviations: Ad, adenovirus; GFP, green fluorescence protein;
RGD, Arg-Gly-Asp.

Next, we compared the cellular binding and uptake of
Ad35GFP, Ad35RGE-GFP and Ad35ARGD-GFP in the
CD34* cells and K562 cells by real-time PCR analysis to
examine why the mutation of penton base RGD motifs
decreased the transduction efficiencies. We found that
3 h (CD34" cells) or 1.5 h (K562 cells) following infection,
the Ad35 vector genome levels associated with both cells
were comparable to those of Ad35GFP, Ad35RGE-GFP
and Ad35ARGD-GFP at 4 and 37 °C (Figure 7), although
the amount of Ad35ARGD-GFP associated with the
CD34* cells at 37 °C was significantly higher than those
of the other vectors. These results indicate that penton
base RGD motifs play an important role in postinterna-
lization steps.

Integrins o.fis, a.fis and «s are involved with Ad35
vector infection

To determine which types of integrins participate in
Ad35 vector infection in the CD34~ cells and K562 cells,
we performed an infection-blocking experiment using
several anti-integrin antibodies. Among the several anti-
integrin antibodies, incubation with anti-a,ps antibody
significantly reduced the GFP expression level by 41% in
the CD34" cells (Figure 8a). The other types of anti-
integrin antibodies did not inhibit Ad35 vector-mediated
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Figure 6 Effects of modification of penton RGD motifs on
transduction efficiencies of Ad35 vectors. Human CD34" cells (a)
and K562 cells (b) were transduced with Ad35GFF, Ad35RGE-GFP
and Ad35ARGD-GFP at 6000 VP per cell for 6 h (human CD34*
cells) or at 3000 VP per cell for 1.5h (K562 cells) at 37 °C. GFP
expression levels (MFI) were measured 48 h after transduction
using flow cytometry. The GFP expression levels of Ad35GFP in the
CD34" cells and K562 cells were 432.4 and 3232.7, respectively. The
GFP expression levels in the mock-infected cells were 3.2 (CD34*
cells) and 3.3 (K562 cells). The data were normalized to the GFP
expression levels by Ad35GFP. Data are expressed as means+s.d.
(n=3). *P<0001 in comparison with Ad35GFP. GFP, green
fluorescence protein; MFI, mean fluorescence intensity; RGD, Arg-
Gly-Asp.
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Figure 7 Effects of modification of penton RGD motifs on cellular
binding and uptake of Ad35 vectors. Human CD34~ cells (a, b) and
K562 cells (¢, d) were incubated with Ad35GFF, Ad35RGE-GFP and
Ad35ARGD-GFP as described in Figure 6 at 4 or 37 °C. After
incubation, the cells were washed five times with ice-cold
phosphate-buffered saline, and total DNA, including the Ad vector
DNA, was extracted. The vector copy numbers were quantified by
real-time PCR. The data were normalized to the vector copy number
of Ad35GFP. Data are expressed as means+s.d. (n=4). *P<0.05 in
comparison with Ad35GFF. GFF, green fluorescence protein; RGD,
Arg-Gly-Asp.
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Figure 8 Inhibition of Ad35 vector-mediated transduction by
monoclonal anti-integrin antibodies. Human CD34" cells (a) and
K562 cells (b) were transduced with Ad35GFP at 3000 VP per cell
for 3 h (human CD34* cells) or at 300 VP per cell for 0.5h (K562
cells). GFP expression levels were measured 48 h after transduction
using flow cytometry. The GFP expression levels (MFI) in the
presence of control IgG were 427.0 (CDD34* cells) and 24.9 (K562
cells). The GFP expression levels in the mock-infected cells were 2.8
(CD34" cells) and 2.7 (K562 cells). The data were normalized to the
GFP expression levels (MFI) in human CD34" cells and K562 cells in
the presence of control mouse IgG. Data are expressed as
means +s.d. (n=3). *P<0.05, **P <0.01 in comparison with control
IgG. GFP, green fluorescence protein; IgG, immunoglobulin G; MFI,
mean fluorescence intensity

transduction in the CD34* cells. In K562 cells, Ad35GFP
showed 20, 30 and 22% reduced levels of GFP expression
in the presence of anti-o,B., -o,Bs and -as antibodies,
respectively (Figure 8b). Pretreatment with anti-a, and
anti-o; antibodies in K562 cells also significantly
decreased GFP expression by Ad35CGFP, in spite of
undetectable expression levels of these integrins in
K562 cells (see Figure 1). These results indicate that the
integrins described above are involved with Ad35
vector-mediated transduction in the CD34* cells or
K562 cells.

Discussion

The goal of this study was to evaluate the involvement of
interaction between penton base RGD motifs and
integrins on the cell surface with Ad35 vector-mediated
transduction in human hematopoietic cells. To this end,
we performed transduction with Ad35 wvectors in
hematopoietic cells in the presence of EDTA, divalent
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cations and RGD peptide. Ad35 vectors with a mutation
in the penton base were constructed, and transduction
properties of the mutant Ad35 vectors were examined.
Furthermore, Ad35 vectors transduced hematopoietic
cells in the presence of several types of anti-integrin
antibodies.

The interaction of penton base RGD motifs with a,
integrins is well known to facilitate the internalization of
Ad5 vectors via clathrin-mediated endocytosis.?® Several
types of integrins, such as o.ps, «.ps and o,B,, mediate
efficient transduction with Ad5 vectors.>* The structures
of the Ad5 fiber and penton base allow easy access of
penton base RGD motifs to integrins on the cell surface.
Ad5 possess a long (22 B-repeats), and flexible fiber
shaft.??2° The RGD-containing hypervariable loop of the
Ad5 penton base is longer than those of other sero-
types,***' and protrudes above the penton base3' In
contrast, the fiber shaft of Ad35 is short (7 B-repeats).*
The hypervariable loop of the Ad35 penton base is 19
amino-acid shorter than that of Ad5. These properties of
Ad35 suggest that the RGD motifs in the Ad35 penton
base might be less easily associated with integrins on the
cell surface. The present study indicates that the
interaction of penton base RGD motifs in Ad35 with
integrins is not largely involved with the cellular binding
and uptake of Ad35. Segerman et al.* and Tuve et al.®
also demonstrated that the presence of divalent cations,
which increases the affinity of integrins to their ligands,
did not affect the cellular binding of subgroup B Ads.
Properties of CD46 also contribute to the lack of necessity
of interaction between penton base RGD muotifs and
integrins for uptake of Ad35. Gaggar et al."' suggested
that CD46 is not only an attachment receptor, but also a
receptor for internalization of Ad35. The cytoplasmic tail
of CD46 possesses a signal sequence for endocytosis.

The experimental method used in this study does not
allow exact evaluation of the internalized Ad35 vector
copy numbers, because the amounts of the vector copy
numbers at 37 °C contains both the virus particles
attached on the cell surface and those truly internalized
into the cells. However, it is unlikely that the amounts of
Ad35 vector particles bound on the cell surface are
dramatically different between 4 and 37 °C, because
CD46 expression levels on the cell surface did not
decrease at the Ad35 vector dose used in this study
(data not shown). Therefore, we can roughly estimate
that the amounts of the internalized Ad35 vector
particles are not dramatically different in the presence
or absence of EDTA, Mn** or the RGD peptide, assuming
that the amounts of the Ad35 vector particles bound on
the cell surface at both temperatures are the same.

However, interaction of penton base RGD motifs with
integrins might facilitate the internalization rates of
CD4é6-utilizing Ad vector particles into cells, especially
shortly after virus infection. Deletion of penton base
RGD motifs in chimeric Ad5 vectors containing the Ad35
fiber knob showed 15-min delays in the postinfection
uptake of the vectors.* Ad serotype 41, which lacks an
RGD motif on the penton base, undergoes delayed
uptake in A549 cells.*!

On the other hand, inhibition of interaction between
the RGD motifs and integrins significantly decreased the
transduction activity of Ad35 vectors, indicating that
binding of the RGD motifs to integrins is largely
involved with the transduction process of Ad35 vectors.
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Qur group also confirmed that fiber-substituted Ad5
vectors bearing the fiber shaft and knob of Ad35 with
deletion of penton base RGD motifs showed reduced
transduction efficiencies compared with the parent fiber-
substituted Ad5 vectors (data not shown). Shayakhme-
tov et al** also demonstrated that mutation of penton
base RGD motifs in chimeric Ad5 vectors containing the
fiber knob of Ad35 significantly decreased the transduc-
tion efficiencies. These results indicate that penton base
RGD motifs are important for transduction with not only
subgroup B Ad vectors, but also CD46-utilizing chimeric
AdS5 vectors. It remains unclear which process is
facilitated by interaction between Ad35 penton base
RGD motifs and integrins. However, the present study
revealed that interaction of the RGD motifs with
integrins did not significantly enhance cellular binding
and uptake of Ad35, suggesting that postinternalization
steps, such as escape from endosomes/lysosomes, would
be accelerated by the interactions. This hypothesis is
supported by the study by Shayakhmetov et al.,** which
demonstrated that deletion of penton RGD motifs in
chimeric Ad5 vectors possessing the fiber knob of Ad35
decreased escape from the endosomes/lysosomes. The
interaction of o, Bs integrins with penton RGD motifs was
reported to enhance the escape of Ad5 from endosomes.*
Although significant decreases in the transduction
activities were found in Ad35 vectors with a mutation of
the RGD motifs, Ad5 vectors with deletion of penton
base RGD motifs exhibited approximately comparable
levels of transgene expression in CAR-positive cells with
normal Ad5 vectors.***¢ The difference between Ad5 and
Ad35 vectors in their need for penton base RGD motifs
for efficient transduction might be due to the difference
in their ability to escape from endosomes. Ad5 vectors
are released from endosomes immediately after endo-
cytosis; in contrast, chimeric Ad5 vectors possessing the
fiber knob of Ad35, which are supposed to show similar
intracellular trafficking to Ad35 vectors, remained longer
in late endosomes/lysosomes than conventional Ad5
vectors.*” ;
Blocking studies using anti-integrin antibodies re-
vealed that integrins involved with Ad35 vector infection
are o, B, in the CD34* cells and o, s, o.ps and a5 in K562
cells (anti-o; and anti-o; antibodies showed statistically
significant inhibition in Ad35 vector-mediated transduc-
tion; however, expressions of oy and o integrins are
below detectable levels, as commented in the result
section). Before the experiments, we had speculated that
osP; integrin was mainly involved with Ad35 vector-
mediated transduction, because human bone marrow
CD34" cells expressed integrins os and B,. In addition,
the affinity of ligands to integrins is influenced by the
amino acid following the RGD sequence while the
RGDN (Arg-Gly-Asp-Asn) sequence, which is contained
in the Ad35 penton base, has a high affinity for wsp,
integrin.** However, the efficiencies of Ad35GFP trans-
duction did not decrease in the presence of anti-o; or
anti-B, antibodies in the CD34* cells, although preincu-
bation with anti-as antibody reduced transduction of
Ad35GFP in K562 cells. It remains unclear why wsp,
integrin is not involved with Ad35 vector infection in the
CD34" cells. In addition, only the anti-a.ps antibody
inhibited transduction with Ad35 vectors in the CD34*
cells, and anti-integrin antibodies used in this study
showed low levels of inhibition in both cells. Other types



of integrins which were not tested in this study, or
unknown receptor(s), might be involved with Ad35
infection.

In summary, we demonstrated that the interaction
between penton base RGD motifs and integrins are
important for Ad35 vector-mediated transduction in
hematopoietic cells. The results of our study contribute
to a better understanding of the mechanism of Ad35
vector-mediated transduction and may offer valuable
information for the development of more efficient Ad
vectors.

Materials and methods

Cells and antibodies

Human bone marrow-derived CD34* cells (Cambrex Bio
Science Inc., Walkersville, MD, USA) were recovered
from the frozen stock 16-18 h before transduction, and
suspended in StemSpan 2000 containing the cytokine
cocktail StemSpan CC100 (human Flt-3 ligand
(100 ng mI~’), human stem cell factor (100 ngml™),
human interleukin-3 (20 ng ml~") and human interleu-
kin-6 (20 ng m1—")) (StemCell Technologies Inc., Vancou-
ver, BC, Canada). K562 cells (human chronic myelo-
geneous leukemia from blast crisis) were maintained in
RPMI 1640 medium supplemented with 10% fetal calf
serum. Purified function-blocking monoclonal antibodies
to integrins a.f. (LM609), o.ps (P1F6), os (P1D6), B,
(P4C10) and B, (P4H9-A11) were purchased from
Chemicon International (Temecula, CA, USA). Mono-
clonal antibodies to integrin o, (HP2/1) and o (GoH3)
were obtained from Immunotech (Marseille, France) and
R&D Systems Europe (Abingdon, UK), respectively.

Plasmids

Ad35 vector plasmid pAdMS18 was constructed as
follows. The Sbfl/ Ascl fragment of pAdMS1,"® which is
the left end of the Ad35 genome (1-7930 bp), was ligated
with the Sbfl/ Ascl fragment of pFS52,*® resulting in pFS2-
Ad35-12. pF52-Ad35-12 was cut by SnaBl and Pacl, and
ligated with oligonucleotides 1 (5-TAACTATAACGGTC
CTAAGGTAGCGAATTTAAATATCTATGTCGGGTGCG
GAGAAAGAGGTAATGAAATGGCAAT-3') and 2 (5'-T
GCCATTTCATTACCTCTTTCTCCGCACCCGACATAG
ATATTTAAATTCGCTACCTTAGGACCGTTATAGTTA-3')
(I-Ceul, Swal and PI-5cel recognition sequences are noted
by underlining, italics and bold, respectively), resulting
in pFS2-Ad35-13, which contains I-Ceul, Swal and PI-Scel
sites in the E1 deletion site of the Ad35 genome. The I-
Ceul/Ascl fragments of pFS52-Ad35-13 and pAdMS4%
were ligated, resulting in pAdMS18. pAdMS18 has I-
Ceul, Swal and Pl-Scel sites in the E1 deletion region
(AE1:450-2912 bp).

Vector plasmids pAdMS519 and pAdMS520, which were
used to generate Ad35 vectors containing an amino-acid
substitution in the penton RGD sequence (D343E) or a
deletion of the RGD motif in the penton base, respec-
tively, were constructed using the following procedures.
pF55-Ad35-2 was constructed by ligation of the Ascl/
EcoRI fragment (7930-21 944 bp) of the Ad35 genome
and the Ascl/EcoRI fragment of pFS5. pFS5 was
constructed by ligation of Xbal/Sacl-digested pHM5*
with the oligonucleotides containing the multicloning
sites. A shuttle plasmid pF54, which contains the
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multicloning site, Pmel/Ascl/Nhel/Bst11071/Csp451/
Pacl/Notl, was digested with Sphl/Csp45] and ligated
with the Sphl/Csp45I fragment of pFS5-Ad35-2, resulting
in pF54-Ad35-1. pF54 was constructed by ligation of
Sphl/ Sall-digested pHMS5 with oligonucleotides contain-
ing the multicloning site. pF54-Ad35-2, which has the
Ad35 genome (14 409-15544 bp), was constructed by
ligation of Bst11071/Csp45l fragments of pFS4-Ad35-1
and pFS4. Then, pFS54-Ad35-2 was cut by Poull and Pstl,
and ligated with oligonucleotides 3 (5-CTGCTGCA
GAAGCTAAGGCAAACATAGTTGCCAGCGACTCTAC
AAGGGTTGCTAACGCTGGAGAGGTCAGAGGAGAG
AATTTTGCGCCAACACCTGTTCCGACTGCA-3) and 4
(5'-GTCGGAACAGGTGTTGGCGCAAAATTCTCTCCTC
TGACCTCTCCAGCGTTAGCAACCCTTGTAGAGTCGC
TGGCAACTATGTTTGCCTTAGCTTCTGCAGCAG-3")
(the RGE sequence is underlined), resulting in pF54-
Ad35-5. pF54-Ad35-5 was digested with Sphl/Poull and
ligated with the Sphl/Pvull fragment of pFS54-Ad35-1,
resulting in pF54-Ad35-6. pF54-Ad35-7, which was
constructed by ligation of the I-Ceul/Blpl fragment of
pFS5-Ad35-2 and I-Ceul/Blpl-digested pFS4-Ad35-6,
were cut by SgrAl/Pacl and ligated with the SgrAl/Pacl
fragment of pFS5-Ad35-2, resulting in pFS54-Ad35-9.
Finally, pAdMS19 was constructed by homologous
recombination of the AscI/Pacl fragment of pF54-Ad35-
9 with Bst1107I-digested pAdMS18 in Escherichia coli
BJ5183. pAdMS20 was similarly constructed using
oligonucleotides 5 (5'-CTGCTGCAGAAGCTAAGGCA
AACATAGTTGCCAGCGACTCTACAAGGGTTGCTAA
CGCTGGAGAGGTCAATTTTGCGCCAACACCTGTTCC
GACTGCA-3') and 6 (5-GTCGGAACAGGTGTTGGCG
CAAAATTGACCTCTCCAGCGTTAGCAACCCTTGTA
GAGTCGCTGGCAACTATGTTTGCCTTAGCTTCTGCA
GCAG-3').

Virus

The Ad35 vectors were prepared by means of an
improved in vifro ligation method described pre-
viously.#*#%4  GFP-expressing Ad35 vector plasmids
(pAdMS18CA-GFP, pAdMS19CA-GFP and pAdMS20CA-
GFP) were constructed by ligation of I-Ceul/PI-Scel-
digested pAdMS18, pAdMS19 and pAdMS20, respec-
tively, and I-Ceul/Pl-Scel-digested pHMCAS-GFP.
pHMCAS5-GFP was constructed by insertion of the GFP
gene, which was derived from pEGFP-N1 (Clontech,
Mountain View, CA, USA) into pHMCAS.#

To generate the virus, pAdMS18CA-GFP, pAdMS19-
CA-GFP and pAdMS20CA-GFP were digested with Sbfl
and purified by phenol-chloroform extraction and
ethanol precipitation. Linearized plasmids were trans-
fected into 293E1B cells** with SuperFect (Qiagen,
Valencia, CA, USA) according to the manufacturer’s
instructions. Determination of virus particle titers was
accomplished spectrophotometrically by the method of
Maizel ef al.*?

Flow cytometric analysis of integrin expressions

Human CD34~ cells and K562 cells suspended in staining
buffer (phosphate-buffered saline buffer containing 1%
bovine serum albumin) were incubated with mouse anti-
human integrin o, B, a.Ps, %, s, %, f1 and B, antibodies
for 1h. Subsequently, the cells were reacted with
phycoerythrin-labeled secondary anti-mouse IgG anti-
body (Pharmingen, San Diego, CA, USA). After washing
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with the staining buffer, the stained cells (10* cells) were
analyzed using FACSCalibur and CellQuest software
(Becton Dickinson, Tokyo, Japan).

Transduction experiments

Human CD34* cells and K562 cells were seeded at
1 x10° cells per well into a 96-well plate. The cells were
transduced with Ad35GFP, Ad35RGE-GFP or
Ad35ARGD-GFP at 6000 VP per cell for 6 h (CD34" cells)
or 3000 VP per cell for 1.5h (K562 cells). After a 48 h
culture period, GFP expression levels were measured
using flow cytometry as described above.

To examine the effects of divalent cations on Ad35
vector-mediated transduction, K562 cells were preincu-
bated in Tris-buffered saline buffer containing MnCl,,
MgCl, or CaCl, at indicated concentrations for 30 min at
4 °C prior to transduction. Subsequently, the cells were
transduced with Ad35GFP at 1000 VP per cell for 1.5 h at
37 °C. After a 1.5 h incubation, the cells were washed and
resuspended in a fresh medium. GFP expression levels
were measured using flow cytometry following a total of
48 h of the incubation as described above. In blocking
experiments using the RGD peptide, human CD34" cells
and K562 cells were preincubated in the medium
containing synthetic RGD peptide (GRGDSP, GRGESP;
TaKaRa, Osaka, Japan) at 4 °C for 1 h. Subsequently, the
cells were transduced with Ad35GFP at 3000 VP per cell
for 3h (CD34" cells) or 1000 VP per cell for 1 h (K562
cells) at 37°C after which the cells were washed,
resuspended in a fresh medium and incubated at 37 °C
GFP expression levels were measured 48 h after trans-
duction as described above. Blocking experiments were
similarly performed using monoclonal anti-human in-
tegrin antibodies. Following incubation with anti-human
integrin antibodies (50 ug ml~"), the cells were trans-
duced with Ad35GFP at 3000 VP per cell for 3 h (CD34*
cells) or 300 VP per cell for 0.5h (K562 cells). GFP
expression levels were evaluated as described above.

Cellular binding and uptake of Ad35 vectors

For evaluation of effects of divalent cations on cellular
binding and uptake of Ad35 vectors, K562 cells, which
were seeded at 3 x 10* cells well~! into a 48-well plate,
were incubated with Ad35GFP in the presence of 5 mM
EDTA or Mn** for 1.5 h at 4 or 37 °C as described above.
The cells were then recovered and washed five times
with ice-cold phosphate-buffered saline, and total DNA,
including the Ad vector DNA, was extracted from the
cells using DNeasy Tissue Kit (Qiagen). Quantitative
real-time PCR was performed as described previously.?
In transduction-blocking experiments using the RGD
peptide, human CD34* cells and K562 cells were
incubated with Ad35GFP at 4 or 37 °C in the presence
of 200 pg mI~? of the RGD peptide for 3 h (CD34* cells)
or 1.5h (K562 cells) as described above. Following
incubation, the cells were washed and the vector genome
numbers were measured by real-time PCR analysis, as
described above. The amounts of vector genome of
Ad35GFP, Ad35RGE-GFP and Ad35ARGD-GFP were
similarly evaluated following incubation with Ad35GFP,
Ad35RGE-GFP and Ad35ARGD-GFP at 6000 VP per cell
for 3 h (CD34" cells) or 3000 VP per cell for 1.5 h (K562
cells) at 4 or 37 °C.
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It is known that genotoxic N-nitroso carcinogens induce present results suggest that DEN and DPN induce differen-
DNA damage in mouse liver within a few hours and induce tial gene expression in p53 target genes in liver within a
mutations within 28 days after their administration. few hours after administration and that these acute
However, related-gene expression changes at these time responses remained only partially in liver after 28 days.
points in liver were not fully elucidated. Differential gene
expression induced by two genotoxic N-nitroso carcino- Key words: quantitative real-time PCR, oligonucleotide
gens in mouse liver was examined 4 h and 28 days after microarray, toxicogenomics, genotoxic carcinogens, non-
their administration with in-house oligonucleotide microar- genotoxic tumor promoter

ray (268 genes) and quantitative real-time PCR, and
compared to that of a non-genotoxic carcinogen and
non-carcinogenic toxin. Diethylnitrosamine (DEN, 80 Introduction
mg/kg bw), dipropylnitrosamine (DPN, 250 mg/kg bw),

phenobarbitsl SOd'u.m {30 mg/kg bw) and sthanol (1000 aid understanding the molecular and cellular effects of
mg/kg bw) were injected intraperitoneally into groups of

male 9-week-old BEC3F1 mice and liver was dissected  Cremicals in biological systems. DNA microarray is a
after 4h and 28 days. mRNA from pooled livers was powerful technology for characterizing gene expression
reverse-transcribed to cDNA, and Cy3- and Cy5-labeled on a genome scale (1), although issues of reliability,

Toxicogenomics is a rapidly developing discipline to

cDNA was competitively hybridized with in-house made reproducibility and correlation of data produced across
microarray, scanned and analyzed; additionally, quantita- the differemt DNA microarrays are still being addressed
tive real-time PCR was performed for selected genes. (2). There are several commercially available microar-

Differential gene expression between two genotoxic N-
nitroso carcinogens and phenobarbital and ethanol was
observed in 11 genes 4 h after administration, including 'This work was partly a JEMS/MMS/Toxicogenomics group
seven tumor suppressor p53 target genes, viz. c-Jun, collaborative study (C. Furihata, T. Watanabe, M. Nakajima, S.
Ceng1, Mdm2, p21, Bax, Hsp27 and Snk; the other genes Hamada, C. Namiki, T. Suzuki and A. Hyogo).

were Mbd1, Hmox-1, Cenf and Rad52. However, only !"Correapondence to: Chie Furihata, Department of Chemistry and
some degree of differential gene expression of p21, Ccng 1 Bmlo.g'ca[ S.c R, Scheml ol Sc'?mx o Eng].nwmg' i
and Snk was observed 28 days after administration; no Gikuin Uiy, S04 Eahishe, Swamitin, Ky

) - ) 229-8558, Japan. Tel: +81-42-759-6233, Fax: +81-42-759-6511,
other differentially-expressed genes were evident. The E-mail: chiefurihata@gmail,com
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rays (3-5) but which are very expensive and time-
consuming. It may therefore be economical to prepare
in-house microarray that contains a small number of
selected genes for a specific purpose and which is easy to
analyze. We tried preparing in-house oligonucleotide
microarray useful for characterizing mutagenic and
carcinogenic chemicals and for differentiating from
non-genotoxic carcinogens and non-carcinogenic toxic
compounds, and applied it to the study of early
response in mouse liver in order to clarify key word
genes and to develop chemical risk assessment microar-
ray. Quantitative real-time PCR (gPCR) is an alterna-
tive technology for toxicogenomics (6). gPCR is
thought to be a reliable quantitative method but takes
time to analyze a large number of genes. DNA microar-
ray and qPCR would be complementary to each other.

It is known that genotoxic N-nitroso carcinogens
induce DNA damage and repair in mouse liver in a
matter of a few hours after their administration; DNA
adducts (7), unscheduled DNA synthesis (8), DNA
lesions (Comet assay) (9) and other lesions have been
reported. It is also known that mutations are induced in
transgenic mouse liver 28 days after genotoxic N-nitroso
carcinogen administration (7,10,11). This coincides with
the time at which chronic changes leading to carcinogen-
esis are known to begin. However, related-gene
expression changes at these time points are not yet fully
elucidated.

We compared gene expression profiles after mouse
liver exposure to typical carcinogenic N-nitroso com-
pounds (diethylnitrosamine and dipropylnitrosamine),
to a non-genotoxic carcinogen (phenobarbital) and to a
non-carcinogenic liver toxin (ethanol). This is the first
trial DNA microarray in our JEMS/MMS/Toxicogeno-
mics group collaborative study. We first selected
candidate genes for our in-house microarray from gene
classes of DNA repair, DNA recombination, DNA
methylation, DNA transcription, apoptosis, cell cycle,
extracelluar matrix protein, inflammation, dendritic
cell, oncogene, tumor development, tumor growth
factor, tumor suppressor, xenobiotic metabolism and
signal transduction, and then added genes from our
preliminary results of Affymetrix GeneChip Mu74AV2.
(See online supplemental Table S1 at http: #www.chem.
aoyama.ac.jp/Chem/ChemHP/Furihatalab/).

Materials and Methods

Animals: Eight-week-old male B6C3F1/Crj mice
were purchased from Charles River Japan, Inc.
(Yokohama, Japan). They were kept in plastic cages
with hard wood chips as bedding in an air-conditioned
room at 23+2°C and 55+ 5% humidity with a 12h
light/dark cycle. Food (Oriental MF, Oriental Yeast
Co., Tokyo) and tap water were available ad libitum.
All animal experiments were conducted in accordance
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with the NIH Guide for Care and Use of Laboratory
Animals and approved by the Animal Care and Use
Committee at the Biosafety Research Center, Foods,
Drugs, and Pesticides.

Chemicals: Diethylnitrosamine (DEN, CAS No.
55-18-5) and dipropylnitrosamine (DPN, CAS No.
621-64-7), were purchased from Tokyo Kasei Kogyo
Co., Ltd. (Tokyo, Japan). Phenobarbital sodium (PB,
CAS No. 57-30-7) and ethanol (EtOH, CAS No.
64-17-5) were obtained from Wako Pure Chem. Ind.
Lid. (Osaka, Japan).

Animal experiments: Experiment 1. Main lobe of
liver was dissected from untreated control 9-week-old
mice and immediately frozen and stored at — 80°C until
use for validation experiments in Fig. 1. Experiment I1.
Test chemicals in sterile saline were given to groups of
9-week-old mice (5 per group) intraperitoneally. Doses
of chemicals were: DEN, 80 mg/kg bw, 0.2 to 0.3 mL
per mouse; DPN, 250 mg/kg bw; PB, 30 mg/kg bw;
EtOH, 1000 mg/kg bw. Sterile saline was injected ip
into control groups of mice. Main lobe of liver was
dissected after 4 h and 28 days, was pooled and immedi-
ately frozen and stored at —80°C until use for experi-
ments in Figs. 2-4. Doses of DEN and DPN were select-
ed that induced mutation in transgenic mice
(MutaMouse or Big Blue mice) at 28 days after their
administration in previous studies (10,11). The doses of
PB and EtOH were half their respective LDsy. Experi-
ment I1I. DEN and saline were given to the other groups
of 9-week-old mice (5 per group) at the same dose as in
experiment I1. Main lobe of liver was dissected after 4 h
and 28 days, was immediately frozen individually and
stored at —80°C until use for individual experiment in
Fig. 5.

RNA isolation: Experiment I and I1. Frozen pooled
main lobes of liver from 5 mice were placed directly
in TRIzol reagent (Invitrogen Corp., Carlsbad, CA,
USA), homogenized for 2 min on ice, and total RNA
was isolated using manufacturer’s protocol (12). RNA
was quantified based on 260 nm absorbance reading of
the solution. Quality of the RNA was assured by meas-
uring 260 nm: 280 nm absorbance ratio and reviewing
integrity on agarose denaturing gels. TRIzol reagent-
isolated total RNA was additionally purified with
Isogen-LS (Nippon Gene, Co. Ltd., Tokyo, Japan) (13)
for real-time PCR experiments. Experiment I11. Total
RNA was extracted from individual mouse main lobe
liver by a similar method and was examined only with

gPCR.
Microarray preparation: Mounted genes (268
genes, Table S1, http:#/www.chem.aoyama.ac.jp/

Chem/ChemHP/Furihatalab/) such as suggested genes
of DNA repair, DNA recombination, DNA methyla-
tion, DNA transcription, cell cycle, apoptosis, inflam-
mation, dendritic cell, extracelluar matrix protein,



oncogene, signal transduction, tumor development,
tumor growth factor, tumor suppressor and xenobiotic
metabolism were selected mainly for determining geno-
toxic carcinogens. 40-47mer unmodified oligonucleo-
tide sequences for probes were determined in accor-
dance with the National Center for Biotechnology
Information (NCBI) database (http:/www.ncbi.nlm.
nih.gov/). Accession No. and name of genes are sum-
marized in Table S1. Three negative control plant genes
were included: [1] A. thaliana gene (LHCP AB 140) for
chlorophyll a/b binding protein, [2] Geossypium hirsu-
rum cellulose synthase (cel42) mRNA, and [3] A.
thaliana Lhb1B2 gene for photosystem II chlorophyll a
binding protein. Probes were selected in 3’-end region
and BLAST search (http:/#www.ncbi.nlm.nih.gov/)
was performed respectively. Nucleotide sequences were
applied to Japan Patent No. 2005-99843. 40-47mer
unmodified oligonucleotides were obtained from In-
vitrogen (Invitrogen Japan K.K, Tokyo, Japan). Probes
(50uM) in 1xMicro Spotting Solution (Arraylt
Division, TelChem International, Inc., Sunnyvale CA,
USA) and 0.2% Tween 20 were spotted on polycar-
bodiimide-coated slides (CarboStation-U, Nisshinbo
Ind. Inc., Tokyo, Japan) with RIKEN arrayer. Spotted
microarrays were rehydrated in a humid chamber with
1% SSC, UV-crosslinked (600 mJ) and washed with
MilliQ water. Microarrays were stored under vacuum at
4°C.

Labeling and  hybridization: Experiment 1
(microarray validity study): Untreated control total
RNA (20 ug) was reverse-transcribed to ¢cDNA and
labeled with Alexa fluor dyes using SuperScript plus
indirect cDNA labeling system with Alexa fluor dyes
(Invitrogen, Corp., Carlsbad, CA, USA) in experiments
in Fig. 1. Experiment II. mRNA was purified from total
RNA with Oligotex-dT30 (Takara Bio Inc., Otsu,
Shiga, Japan). mRNA (1 ug) of DEN, DPN, PB, EtOH
and control samples (4h and 28 days) was reverse-
transcribed to cDNA and labeled with CyDye (Cy3 and
Cy5) using CyScribe cDNA post labeling kit (Amersham
Biosciences, Piscataway, NJ, USA) as described in
manufacturer’s protocol. CyDye-labeled ¢cDNA (150
uL) was hybridized with microarray in Gene Tac
Hybridization Station (Genomic Solutions, Ann Arbor,
MI, USA) at 55°C overnight, washed in 2 X SSC-0.1%
SDS at 45°C, 1 X SSC-0.1%SDS at 40°C and 0.2 x SSC
at 40°C, dried by centrifugation and scanned by DNA-
scope (Gene Focus, Waterloo, Ontario, Canada).

Data analysis of microarray results: Scanning
data were analyzed using MACROview (Biomedical
Photometrics Inc., Waterloo, ON, Canada) by global
normalization method and further analyzed using
Cluster and TreeView (http:/#rana.lbl.gov/Eisen-
Software.htm). Gene network was analyzed using
Ingenuity Pathways Analysis (Ingenuity Systems, Inc.
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Table 1. gPCR primer sequences

Gene Primer sequence
Bax §’ gattgctgacgiggacacggac
Bax 3’ cagggectigageaccagittg
Cenf 5 ggagcicicaagigaagacageac
Cenf 3 geccteacacaccattaggetac
Ccngl §' tggccgagatitgacciicigg
Cengl 3’ glgcticagitgeegtgeaglg
c-Jun 5' aggcagagaggaagegeatg
c-Jun 3’ tgtgecacctgticectgag
Gapdh 5' tctggaaageigtggeglgatlg
Gapdh 3' teecgitcagelctgggatlgac
Hmox-1 5’ giggecigaactitgaaaccage
Hmox-1 3’ cgiggtcagicaacatggatge
Hprt §° citgctcgagatgtcatgaaggag
Hprt 3 taatccagcaggicagcaaagaac
Hsp27 5' clcacagigaagaccaaggaag
Hsp27 3’ ggatagggaagaggacactagg
Mbdl 5’ tacagecctacacgaaccage
Mbdl 3’ gaattigggcitgicgeageag
Mdm2 5’ tigatcegagectgggletglg
Mdm2 3’ aagatccigalgegagggegic
p21 5’ tccgeacaggageaaagtgle
p213 acgcgeicccagacgaagiig
ps3s tiggaccciggeacctacaatg
pi3sa gcagacaggcttigcagaatgg
Rad52 5 gagaaccagcccaaacticige
Rad52 3’ gaacatgctgpitgpteitige
Snk 5’ cigttgagagcgicttcagiig
Snk 3’ ccatagttcacagttaagcage

Redwood City, CA, USA).

Quantitative real-time PCR (qPCR): For gqPCR, 2
ML of the cDNA product solution were used to measure
gene expression using DNA Engine Opticon 2 (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and SYBR
Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA). Glyceraldehyde 3-phosphate de-
hydrogenase (Gapdh) was used as the housekeeping
normalized gene for each sample. Nucleotide sequence
of qPCR primers was determined in accordance with
Primer3 (http: #frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi), ncbi DNA database (http:/www.
nchbi.nlm.nih.gov/) and BLAST (http: #www.ncbi.nlm.
nih.gov/BLAST/). Primers resulted in a single product
which could be visualized on a 1.2% agarose gel. Single
peak of melting curve for each primer set was confirmed
using DNA Engine Opticon 2. Primer sequences are
summarized in Table 1. RNA (2.5 ug) was reverse-tran-
scribed with SUPERSCRIPT First-Strand Synthesis
System for RT-PCR (Invitrogen Corp., Carlsbad, CA,
USA) and 250 uL cDNA product solution (12) was
prepared as described in the manufacturer’s protocol.

Data analysis of qPCR results: Some of the data
were statistically analyzed by Student’s t-test.
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The validity of the in-house made microarray expressed as Scatter pattern (Experiment I). Results of hybridization with the same control

samples labeled with Alexa555 (G) and Alexa647 (R) with the ratio of Alexa555/Alexa647 of A):5/1, B):2/1, C):1/1, D):1/2 and E):1/5. Results
show the expected ratio of fluorescence for each sample, demonstrating the quantitative capability of our in-house microarrays.

Results

The validity of the in-house made DNA microarray
(Experiment I):  Fig. 1 shows the results of hybridiza-
tion with the same control cDNA samples labeled with
Alexa555 (green: G) and Alexa647 (red: R) with the
ratio of Alexa555/Alexa647 of 5/1, 2/1, 1/1, 1/2 and
1/5. Figs. 1A to 1E show scatter plots which reveal an
equivalent ratio of fluorescence for each sample, there-
by confirming the quantitative capability of our in-
house DNA microarrays. Data of fluorescence intensity
above 200 show good convergence which suggests high
reliability in this region.

Gene expression analysis determined with DNA
microarray expressed as hierarchical clustering
(Experiment Il}: Fig. 2A shows gene expression profile
in liver 4 h after administration determined with in-
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house DNA microarray. Only 10 differentially expressed
genes and additional 3 genes are presented. Differential
gene expression was observed between two genotoxic
N-nitroso carcinogens (DEN and DPN) and PB and
EtOH in 10 genes including six p53 target genes, namely
c-Jun, Cengl, Mdm2, Bax, Snk and Hsp27; the other
differentially expressed genes were Mbdl, Hmox-1,
Cenf, and Rad52. Gene expression changes were very
similar for DEN and DPN. However, differential gene
expression of p53 itself was not observed 4 h after treat-
ment in the present experimental conditions. Gapdh and
Hprt, house-keeping genes, did not change their expres-
sions 4h after administration. Specific expression-
changed genes for PB or EtOH were not found in the
present 268 gene-list.

Fig. 2B shows gene expression profile for the same 13
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Fig. 2. Gene expression analysis determined with DNA microarray expressed as hierarchical clustering (Experiment 1I). Eleven differentially
expressed genes and 3 expression-unchanged genes are presented. A): at 4 h, B): at 28 days. Livers were from B6C3F1 mice treated with DEN,
DPN, PB or EtOH for 4h and 28 days. Genes are listed in rows, and chemicals are listed in columns. The ratio of gene expression levels
(experiment group/control group) is color coded. Green indicates down-regulation, black means no change, and red indicates up-regulation of
expression. Color shows gradation of — 3 or less (decrease, green) to 1 (black) to 3 or more (increase, red), as log2 expression. Gapdh and Hprt are

house-keeping genes.

genes in liver 28 days after administration determined
with in-house DNA microarray. There was a small
degree of differential gene expression of Ccngl and Snk
observed at 28 days. Expression of other genes returned
to control level at 28 days after administration of DEN
and DPN, and there were no newly-appeared differen-
tially expressed genes by DEN and DPN at this time. PB
and EtOH did not show significant increase or decrease
of gene expression 28 days after administration in these
13 genes examined with DNA microarray. Gapdh and
Hprt, house-keeping genes, did not change their expres-
sions 28 days after administration. Specific expression-
changed genes for PB or EtOH at that time point were
not found in the present 268 gene-list.

Verification of DNA microarray results with qPCR
(Experiment Il): Figs. 3A to 30 show qPCR verifica-
tion of DNA microarray results (Fig. 2A) of 10 expres-
sion-changed genes and three expression-unchanged
genes 4 h after chemical administration. Differential
gene expression was observed with qPCR between two
genotoxic N-nitroso carcinogens (DEN and DPN) and
PB and EtOH in 10 genes including six p53 target genes.
Generally, gPCR results coincided with DNA microar-
ray results for these genes, suggesting considerable
reliability of our DNA microarray results. An important
p53 target gene, p2], was additionally examined with
gPCR, and a very large increase in p21 expression (120-
fold) for DEN was observed with qPCR. Relative
expression (experiment group/control group) of 11 ex-
pression-changed genes was generally in some degree
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greater with DEN than with DPN.

Figs. 4A to 40 show gqPCR verification of DNA
microarray results (Fig. 2B) of the same 13 genes 28
days after chemical administration. Generally, gPCR
results coincided with DNA microarray results for these
genes, suggesting considerable reliability of our DNA
microarray results. While there was a small degree of
differential gene expression of Cengl and Snk observed
at 28 days, distinctive differences between N-nitroso
carcinogenic compounds and PB and EtOH were not
observed in the other 8 genes that were differentially
expressed at 4 h after administration. p27 was addition-
ally examined with qPCR, and differential gene expres-
sion of p21 was observed between N-nitroso carcinogen-
ic compounds and PB and EtOH, but the increase was
about 1/10 of that at 4 h (Fig. 40 vs. Fig. 30). Gapdh
and Hprt, house-keeping genes, did not change their
expressions 28 days after administration. Specific ex-
pression-changed genes for PB or EtOH were not found
in the present 268 gene-list.

Variation among individuals determined with qPCR
(Experiment Ill): Fig. 5 (individual results) and Table
2 (mean = SD) show individual relative expression of 5
genes presented in Fig. 3 and Fig. 4. Figs. 5A and 5B
show relative expression of Gapdh in samples of 5 con-
trol-4 h, DEN-4 h, control-28 d and DEN-28 d individ-
ual livers determined with gPCR. This reveals that
Gapdh expression was similar in each liver, i.e. varia-
tion among individuals was small, and that cDNA
preparation was appropriate. In subsequent experi-
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ments, Gapdh was used as the house-keeping normal-
ized gene for each sample. Figs. 5C to 5] show relative
gene expression of c-Jun, Ccngl, Hsp27 and Rad52
normalized to Gapdh. Variation among individual gene
expression of c-Jun, Ccngl, Hsp27 and Rad52 (Fig. 5C
to 5J) was small. Increase in gene expression by DEN at
4 h was 12-fold for c¢-Jun, 6-fold Cecngl, and around 2-
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fold for Hsp27 and Rad52. In the main, these increases
returned to about control level 28 days after DEN ad-
ministration; Cengl was slightly elevated over control at
this time point. These results show that there was minor
variation in the gene expression in individual livers for
the various treatment groups.
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Verification of DNA microarray results with gPCR 4 h after chemical administration (Experiment 11). Results are shown as average and

SD (error bar), and expressed as relative expression (experiment group/vehicle control group). Microarray: data are from 4 spots from two
microarrays for DEN and DPN, and from 4 spots from one microarray for PB and EtOH. qPCR: results from triplicate assays. mRNA or total
RNA from pooled livers from 5 mice was used as material. Only gPCR result is shown for p2].

Discussion

In the present study we examined differential gene
expression in mouse liver 4 h and 28 days after adminis-
tration of genotoxic N-nitroso carcinogens, DEN and
DPN, compared to non-genotoxic carcinogen PB and
non-carcinogenic toxin EtOH using in-house DNA
microarray and qPCR. Four hours is a time at which
genotoxic N-nitroso carcinogens induce DNA damage
(7-9). We found differential gene expression between
the two N-nitroso carcinogens and PB and EtOH in 11
genes 4 h after administration. The most characteristic
genes were seven p53 (14) target genes, viz. ¢-Jun (c-jun
proto oncogene) (15), Ccngl (cyclin G1) (16), Mdm2
(transformed 3T3 cell double minute 2, p53 binding
protein) (17), p2l (cyclin-dependent kinase inhibitor
1A) (18), Bax (Bci2-associated X protein) (19), Hsp27
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(heat shock protein HSP27) (20) and Snk (serum-induci-
ble protein kinase) (21). A supggested gene network is
shown in Fig. 6. There are about 40 DEN- and DPN-
related direct or indirect p53 target genes in the 268
gene-list analyzed using Ingenuity Pathways Analysis.
Results of differentially expressed genes are presented in
this manuscript.

These p53 target genes may lead to either DNA repair
or apoptosis according to the seriousness of DNA
damage by DEN and DPN. However, changes in gene
expression of p53 itself were not observed in the present
experimental conditions. It might be possible that this
“‘chief protector’ p53 gene is always expressed ade-
quately in mouse liver to function against DNA damag-
ing hazards. Another possibility might be that p53
expression changed earlier than 4h and returned to
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control level by 4 h. Differential gene expression of
DNA repair enzymes was not detected, against expecta-
tions. DNA damage in liver by PB or EtOH at 4 h after
their administration has not been reported.

Regarding differential gene expression in mouse liver
28 days after chemical exposure, it was previously
reported that few DNA adducts were observed at this
time after DEN administration but that mutations were
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observed (7). Our results showed that p217 retained high
gene expression but was reduced to one-tenth compared
to 4 h, and that Ccngl and Snk showed minor increase
in gene expression 28 days after administration of DEN
and DPN. Expression of other genes which had elevated
expression at 4 h returned to control level 28 days after
administration of DEN and DPN. Differential expres-
sion of all other genes in the 268 gene-list examined did
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Verification of DNA microarray results with gPCR 4 h after chemical administration (Experiment 1I). Results are shown as average and

SD (error bar), and expressed as relative expression (experiment group/vehicle control group). Microarray: data are from 4 spots from two
microarrays for DEN and DPN, and from 4 spots from one microarray for PB and EtOH. gPCR: results from triplicate assays. mRNA or total
RNA from pooled livers from 5 mice was used as material. Only gPCR result is shown for p2/.

Discussion

In the present study we examined differential gene
expression in mouse liver 4 h and 28 days after adminis-
tration of genotoxic N-nitroso carcinogens, DEN and
DPN, compared to non-genotoxic carcinogen PB and
non-carcinogenic toxin EtOH using in-house DNA
microarray and qPCR. Four hours is a time at which
genotoxic N-nitroso carcinogens induce DNA damage
(7-9). We found differential gene expression between
the two N-nitroso carcinogens and PB and EtOH in 11
genes 4 h after administration. The most characteristic
genes were seven p53 (14) target genes, viz. c-Jun (c-jun
proto oncogene) (15), Ccngl (cyclin Gl) (16), Mdm2
(transformed 3T3 cell double minute 2, p53 binding
protein) (17), p2I (cyclin-dependent kinase inhibitor
1A) (18), Bax (Bcl2-associated X protein) (19), Hsp27
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(heat shock protein HSP27) (20) and Snk (serum-induci-
ble protein kinase) (21). A suggested gene network is
shown in Fig. 6. There are about 40 DEN- and DPN-
related direct or indirect p53 target genes in the 268
gene-list analyzed using Ingenuity Pathways Analysis.
Results of differentially expressed genes are presented in
this manuscript.

These p53 target genes may lead to either DNA repair
or apoptosis according to the seriousness of DNA
damage by DEN and DPN. However, changes in gene
expression of p53 itself were not observed in the present
experimental conditions. It might be possible that this
“‘chief protector’® p53 gene is always expressed ade-
quately in mouse liver to function against DNA damag-
ing hazards. Another possibility might be that p53
expression changed earlier than 4h and returned to
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control level by 4 h. Differential gene expression of
DNA repair enzymes was not detected, against expecta-
tions. DNA'damage in liver by PB or EtOH at 4 h after
their administration has not been reported.

Regarding differential gene expression in mouse liver
28 ~days after chemical exposure, it was previously
reported that few DNA adducts were observed at this
time after DEN administration but that mutations were
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observed (7). Our results showed that p2/ retained high
gene expression but was reduced to one-tenth compared
to 4 h, and that Ccngl and Snk showed minor increase
in gene expression 28 days after administration of DEN
and DPN. Expression of other genes which had elevated
expression at 4 h returned to control level 28 days after
administration of DEN and DPN. Differential expres-
sion of all other genes in the 268 gene-list examined did
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Verification of DNA microarray results with gPCR 28 days after chemical administration (Experiment 11). Results are shown as average

and SD (error bar), and expressed as relative expression (experimental group/vehicle control group). Microarray: data are from 4 spots from two
microarrays for DEN and DPN, and from 4 spots from one microarray for PB and E1OH, gPCR: results from triplicate assays, mRNA or tolal
RNA from pooled livers from § mice was used as material. Only gPCR result is shown for p21.

not newly appear at 28 days after administration. PB
and EtOH did not show significant increase or decrease
of pene expression 28 days after administration. In
conclusion, acute responses Lo the genotoxic carcino-
gens remained only partially in liver 28 days after ad-
ministration, while PB and EtOH did not induce sig-
nificant acute or longer term gene expression changes in
the 268 gene-list.

Figs. 3 and 4 show that standard deviation in data sets
was generally smaller in gPCR (3 tubes per experiment)
than DNA microarray (4 spots per experiment).
Fluorescence intensity was very similar in another
experiment of the same gene (Gapdh, Ccngl, c-Jun,
Rad52, Hsp27 and others) in qPCR, indicating good
reproducibility. However, fluorescence intensity in a
repeat DNA microarray experiment was less reproduci-
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ble, likely due to variability in fluorescent labeling of
cDNA and washing of DNA microarray even if a similar
amount of DNA is used for hybridization with the same
lot of DNA microarray. The reliability and reproduci-
bility of experiments are higher with gPCR than with
DNA microarray in the present experimental condi-
tions.

We demonstrated that inter-individual variation was
small for all 5 genes assayed with qPCR and examined 4
h and 28 days after administration in 5 control and §
DEN-treated mice (Fig. 5). These individual results
matched well the qPCR results in Fig. 3 and Fig. 4,
where liver samples of 5 different mice were pooled and
assayed. Based on this, we mainly conducted experi-
ments using pooled liver samples of 5 mice (Experiment
II), although experiments using individual animal
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Fig. 5. Variation among individual mice (relative liver gene expression) (Experiment 111). DEN (80 mg/kg bw) and saline were given to 9-week-
old mice (5 per group), main lobe of liver was dissected individually after 4 h and 28 days and individual gene expression was determined with
gPCR. cDNA from individual liver from 5 mice for each group was used as material. Gene expression of Cengl, c-Jun, Rad52 and Hsp27 was
normalized with gene expression of Gapdh. Values in ¢-Jun (4 h), Cengl (4 h and 28 d), Hsp27 (4 h) and Rad53 (4 h) in DEN group were
significantly different (p <0.01) from control group.
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