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Abstract

Acetaminophen (APAP) overdose is known to cause
severe hepatotoxicity mainly through the depletion
of glutathione. In this study, we compared the cyto-
toxic effects of APAP on both a normal murine hepat-
ic cell line, BNL CL.2, and its SV40-transformed cell
line, BNL SV A.8. Gene expression profiles for APAP-
treated cells were also obtained using microarray
and analyzed to identify differences in genes or pro-
files that may explain the differences of susceptibility
to APAP in these cell lines. These two cell lines exhi-
bited different susceptibilities to APAP (0-5,000 uM);
BNL SV A.8 cells were more susceptible to APAP
treatment compared to BNL CL.2 cells. A dose of
625 uM APAP, which produced significant differences
in cytotoxicity in these cell lines, was tested. Micro-
array analysis was performed to identify significant
differentially expressed genes (DEGs) irrespective of
APAP treatment. Genes up-regulated in BNL SV A.8
cells were associated with immune response, defense
response, and apoptosis, while down-regulated genes
were associated with catalytic activity, cell adhesion
and the cytochrome P450 family. Consistent with the
cytotoxicity data, no significant DEGs were found in

BNL CL.2 cells after treatment with 625 pM APAP,
while cell cycle arrest and apoptosis-related genes
were up-regulated in BNL SV A.8 cells. Based on the
significant fold-changes in their expression, 8 genes
were selected and their expressions were confirmed
by quantitative real-time RT-PCR; there was a high
correlation between them. These results suggest
that gene expression profiles may provide a useful
method for evaluating drug sensitivity of cell lines
and eliciting the underlying molecular mechanism.
We further compared the genes identified from our
current in vitro studies to the genes previously identi-
fied in our lab as regulated by APAP in both C57BL/6
and ICR mice in vivo. We found that a few genes are
regulated in a similar pattern both in vivo and in vitro.
These genes might be useful to develop as in vitro bio-
markers for predicting in vivo hepatotoxicity. Based
on our results, we suggest that gene expression pro-
files may provide useful information for elucidating
the underlying molecular mechanisms of drug sus-
ceptibility and for evaluating drug sensitivity in vitro
for extrapolation to in vivo.
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An overdose of acetaminophen (APAP) can induce
severe hepatotoxicity in experimental animals and in
humans', although it is a safe and effective analgesic
when used at therapeutic levels. The lethal toxicity
resulting from APAP overdosing in human is well
documented and is currently a matter of significant
health concern. APAP is metabolized by cytochrome
P-450 isoforms to the highly reactive metabolite N-
acetyl-p-benzoquinoneimine (NAPQI), which at the-
rapeutic APAP doses is detoxified by conjugation
with glutathione?. However, at toxic doses of APAP,
glutathione is depleted and NAPQI covalently binds
to cysteine residues on proteins resulting in mitochon-
drial damage®. APAP-induced toxicity is associated
with the cell death pathways*, protein arylation®, oxi-
dative stress® and mitochondria homeostasis’.



Toxicological and pharmacological studies designed
to assess the safety and efficacy of new drugs and
chemicals in the human population rely heavily on
extrapolation from animal models. However, predict-
ing the safety of drugs in the preclinical stage, prior
to human testing, is one of the major bottlenecks in
drug development. Recent advances in genome-scale
sequencing have enabled the development of methods
for quantitatively comparing the expression levels of
all potentially expressed genes between different bio-
logical samples®. The application of such technology
to toxicology, known as toxicogenomics, has the poten-
tial to identify a set of genes from a database of refer-
ence profiles; this gene set may be predictive of a com-
pound’s toxicity, identify its mechanisms of action,
and permit extrapolation of its effects from one spe-
cies to another®. This technique has been used increas-
ingly as a means to evaluate and compare the in vivo
and in vitro models commonly used for toxicological
studies. Recently, we reported potential biomarkers of
genotoxicity and carcinogenicity of chemicals with
microarray gene expression profiling'®'. Several
laboratories have recently reported gene expression
profiling studies with APAP either for identifying the
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genomic toxicity markers or for elucidating the APAP
toxicity mechanisms''7. Several published reports
have indicated oxidative stress as one of the possible
mechanisms for APAP-induced hepatotoxicity®!'®19,
In particular, Heinloth ez al. (2004) found that altered
gene expression patterns were suggestive of mitochon-
drial dysfunction and oxidative stress. In our previous
studies, we found that APAP treatments in both C57BL
/6 and ICR mice resulted in differential expressions
of genes in the category of cell cycle arrest!’. These
include pathways related to cell cycle, MAPK signal-
ing, calcium ion signaling, apoptosis, cellular meta-
bolism, steroid synthesis, cysteine metabolism, porphy-
rin metabolism, glutathione metabolism and the urea
cycle. These findings confirmed that the toxicity of
APAP could result from induction of oxidative stress
and apoptosis'’.

In transformed hepatic cells (BNL SV A.8), anti-
oxidant enzyme activities were lower than in normal
hepatic cells (BNL CL.2)%. Actually, important differ-
ences in the mRNA levels of several genes associated
with the oxidative stress response were also found
between normal BNL CL.2 and the SV40-transform-
ed hepatic cell line, BNL SV A.8%°. Thus, we hypo-
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Figure 1. Effect of acetaminophen (APAP) on BNL CL.2 and BNL SV A.8 cells. The cells were treated with increasing con-
centrations of APAP ranging from 0 to 2,500 uM and then incubated in 96-well plates for 24 hrs before the addition of the cell
proliferation reagent MTS. After an additional 2-h incubation, the absorbance was measured in an ELISA reader. The absorbance
at 490 nm is expressed as the mean+ SD of triplicate determinants from one of three representative experiments. For comparison
of two cell lines, the absorbance of the untreated group was defined as 100%. The inset shows representative morphology of the

two cell lines after treatment with 625 uM APAP.
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thesized that APAP may be able to induce growth
inhibition of transformed cells more efficiently than
in the normal counterpart since the oxidative stress
level is higher in transformed cells; this higher oxida-
tive stress level mimics drug-induced liver injury and
may result in a more vulnerable status to APAP insult.
In order to confirm this hypothesis, we investigated
the susceptibility to APAP of the embryonic normal
hepatic cell line (BNL CL.2) and its counter part, the
SV40-transformed cell line (BNL SV A.8). We found
that BNL SV A.8 is more sensitive to APAP. We also
investigated and compared the global changes in gene
expression resulting from treatment with APAP thro-
ugh microarray analysis in these two cell lines. Micro-
array analysis showed that the gene expression profiles
differed between normal and transformed cells. Genes
differentially expressed in the two cell lines were asso-
ciated mainly with immune response, defense response,
JAK-STAT signaling, apoptosis, catalytic activity, cel-
lular metabolism, cell adhesion, and the cytochrome
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P-450 family for detoxification. These differentially
expressed genes may be responsible for the sensitivity
of BNL SV A.8 cells to APAP.

Cytotoxicity of APAP in Normal and
Transformed Hepatic Cells, BNL CL.2
and BNL SV A.8 :
The concentrations of acetaminophen used for the
microarray analysis were established in dose range-
finding tests to evaluate the cytotoxicity in the nor-
mal hepatic cell line, BNL CL.2, and its SV40-trans-
formed cell line, BNL SV A.8. There are significant
morphological differences between normal and trans-
formed cells (Figure 1, inset). BNL CL.2 cells form
clusters with adjacent cells; however, in BNL SV A.8
cells, a subpopulation of smaller densely packed cells
forms a second layer on top of the attached monolay-
er. For cytotoxicity assays, cells from these two cell
lines were grown on 96-well plates and viable cell
numbers were quantified using the MTS assay. Viabil-
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Figure 2. Hierarchical and K-means clustering of expressed genes in BNL CL.2 and BNL SV A.8. A & B :up- and down-regu-
lated genes in BNL SV A.8 compared to BNL CL.2, a: hierarchical clustering, b : K-means clustering, respectively. C* & D : up-
and down-regulated genes in 625 UM APAP-treated group compared to untreated group in BNL SV A.8, respectively. In K-means
clustering, green lines indicate all of the clustered genes and blue lines show significant genes among them. Cons : mean of raw
data from three independent experiments, SV : BNL SV A. 8, CL: BNL CL.2, C: control, VC: vehicle control, L : 62.5 uM APAP,
H:625uM APAP, 1:SV_C,2:CL_C,3:SV_L,4:CL_L,5:SV_H,6:SV_VC,7:CL_H, 8:CL_VC. Expressed genes in BNL
CL.2 and BNL SV A.8 were clustered by AVADIS. In the clustering, the two cell lines were nicely separated as shown in A &
B. In C* & D, only in 625 uM APAP-treated group in BNL SV A.8 cells did up- or down-regulated genes appear.



ity curves of the two cell lines in vitro, which were
generated following exposure to APAP, demonstrated
that the ICsy of APAP was approximately 2,000 and
1,000 uM in BNL CL.2 and BNL SV A.8 cells, res-
pectively (Figure 1). In particular, 625 uM APAP caus-
ed more than 40% decrease in the cell viability of
BNL SV A8 cells while resulting in less growth inhi-
bition (20%) in BNL CL.2 cells. These results confirm-
ed that transformed BNL SV A.8 cells are more sen-
sitive than BNL CL.2 cells to APAP-mediated cytotox-
icity.

Microarray Analysis of Gene Expression
Patterns in BNL CL.2 and BNL SV A.8 Cells

Microarray analysis was performed in three indepen-
dent experiments to assure reproducibility. Scatter
plot showed that the correlation coefficient of the tri-
plicate hybridizations was more than 0.96 after nor-
malization (data not shown). The microarray results
obtained from three independent hybridizations for
BNL SV A8 cells were averaged and expressed as
the fold-change from BNL CL.2 cells. The results
were compared to identify similarities and differences
in the gene expression profiles. Microarray data cor-
responding to BNL SV A.8 cells were compared to
the microarray data from BNL CL.2 cells using r-test,
and a specific gene was considered significantly and
differentially expressed if the two-tailed ¢-test P-value
was less than 0.05 and the fold-change was greater
than 3. Based on these two criteria, there were 739
genes that were differentially expressed in the two
APAP-untreated cell lines (data not shown).

In order to classify the genes into groups with a
similar pattern of expression and to identify genes
exhibiting differential expression between BNL CL.2
and BNL SV A8 cells, K-means clustering was per-
formed using the 11,699 filtered genes with signal-to-
noise ratio (S/N) >3 and the flag value below 5,000.
From 30 distinct clusters of gene expression patterns
obtained in the analysis, differentially expressed genes
with significance between the two cells lines were
demonstrated (Figure 2). Among the genes in the six
clusters identified from clustering analysis, genes
showing greater than 3-fold increase or decrease in
expression level in BNL SV A.8 compared to BNL
CL.2 cells are listed in Table 2 and Table 3, respective-
ly. These genes are classified by their functional pro-
perties. The genes up-regulated in BNL SV A.8 cells
belong to the categories of immune response, defense
response, JAK-STAT signaling, and apoptosis (Table
2). Meanwhile genes in the categories of catalytic acti-
vity, cellular metabolism, cell adhesion and cytochrome
P-450 family for detoxification were down-regulated
(Table 3). According to BIOCARTA, these genes are
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likely to be involved in pathways related to the nuclear
receptor in lipid metabolism, toxicity, and multi-drug
resistance factors.

Microarray Analysis of Gene Expression
Patterns in BNL CL.2 and BNL SV A.8 Cells
after APAP Treatment

For comparison of gene expression profiles after
APAP treatment, O (vehicle control), 62.5 and 625 uM
APAP were tested. A single time point of 24 h after
the treatment was chosen for cell harvesting to elimi-
nate the potentially confusing contribution of nonspe-
cific immediate early stress responses in cells exposed
to APAP. Average fold-change was calculated from
three independent experiments with samples at 24 h
after APAP treatment in BNL CL.2 and BNL SV A8
cells. There were 79 and 78 genes that were differen-
tially expressed genes in BNL CL.2 cells after treat-
ment with 62.5 and 625 UM APAP compared to vehi-
cle control, respectively (data not shown). There were
58 and 126 genes that were differentially expressed in
BNL SV A.8 cells after treatment with 62.5 and 625
uM APAP compared to vehicle control, respectively
(data not shown).

Differentially expressed genes obtained from 625
UM APAP-treated BNL CL.2 and BNL SV A.8 cells
were further analyzed since this concentration result-
ed in the greatest differences in cytotoxicity and also
in a large number of differentially expressed genes in
the two cell lines (78 vs. 126) for practical compari-
son. Clustering methods were used to group genes
with similar patterns of expression and to identify
genes exhibiting differential expression in BNL SV
A.8 cells and BNL CL.2 cells in response to APAP.
K-means clustering was performed using the 11,699
filtered genes with signal-to-noise ratios (S/N) >3
and the flag value below 5,000. From 30 distinct clus-
ters of gene expression patterns obtained in the analy-
sis, significantly up-regulated and down-regulated
clusters were demonstrated in response to 625 uM
APAP, specific for BNL SV A.8 cells (Figure 2). But
no significant cluster groups were found in BNL SV
A.8 cells after treatment with 62.5 UM APAP. Among
the genes in those identified clusters, genes showing
a =>3-fold change in expression level from control
were selected for further analysis and classification
by their functional properties. The number of up- and
down-regulated genes in BNL CL.2 cells and BNL SV
A.8 cells after treatment with 625 UM APAP was 8
and 50, respectively (Figure 3). The genes up-regulat-
ed in BNL SV A.8 cells with 625 UM APAP treatment
belong to the categories of cell cycle arrest and MAP
kinase pathway while the genes in the categories of
anti-inflammatory, catalytic activity, and cell differ-
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BNL CL.2 BNLSV A8
a. Up- and down regulated
genes in BNL CL.2 cells
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b. Up-regulated genes in
BNL CL.2 cells and BNL
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c. Down-regulated genes in
BNL CL.2 cells and BNL
SV A. 8 cells.
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Figure 3. Differentially expressed genes in BNL CL.2 cells
and BNL SV A8 cells after treatment with 625 uM APAP.
Among the genes in K-means clusters, there are genes show-
ing greater than 3-fold increase or decrease in expression level
and P<0.05 in BNL CL.2 cells or BNL SV A.8 cells com-
pared to vehicle control. Total numbers of up- and down-regu-
lated genes were 10 and 52 for BNL CL.2 cells and BNL SV
A8 cells, respectively, after APAP treatment. Venn diagrams
of these genes were drawn, and 8 and 50 genes were unique
to each cell line (Figure 3a), while 6 and 21 up-regulated and
2 and 29 down-regulated genes were unique to each cell line,
respectively (Figure 3b and 3c).

entiation were down-regulated (Table 4).

However, no significant cluster groups were found
in BNL CL.2 cells after treatment with APAP, even at
625 uM APAP; BNL CL.2 cells exhibit less overt
cytotoxic effects, suggesting a functional difference
in response to APAP in normal and transformed hepat-
ic cells (data not shown).

Analysis of The Expression of The Selected
Genes by Quantitative Real-Time RT-PCR
Real-time RT-PCR was performed on the eight genes
described in Table 1 in an attempt to confirm the sig-
nificant changes in expression of the genes selected
in the microarray analysis. These genes were selected
based on their distinct expression level changes: up-
or down-regulated in BNL SV A.8 cells compared to
BNL CL.2 cells (Table 2, 3) and in 625 uM APAP-
treated groups compared to vehicle control group in
BNL SV A.8 cells (Table 4). These genes included
chemokine ligand 17 (Ccl17), suppressor of cytokine
signaling 2 (Socs2), an unknown function protein
(D12Ertd647e), junction adhesion molecule 4 (Jam4),
annexin 10 (Anxal0), cyclin-dependent kinase inhibi-
tor 1a (Cdknla), sestrin (Sesn2), and dual specificity
phosphatase 1 (Duspl). Glyceraldehyde-3-phosphate
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Figure 4. Quantitative real-time RT-PCR analysis of select-
ed genes compared with microarray results. The expression
of selected genes was measured by real-time RT-PCR. Shown
are mean expression ratios obtained by either microarray or
RT-PCR analysis. Ccll7, Socs2; and DI12Ertd647e, Jam4,
Anxal0O genes differentially expressed in BNL SV A.8 cells
compared to BNL CL.2 cells. Cdkrla, Sesn2 and Duspl;
genes differentially expressed in 625 uM APAP-treated groups
compared to vehicle control group in BNL SV A8 cells.

Table 1. Primers used for confirmation of selected gene ex-
pression changes in real-time RT-PCR.

Gene GenBank Product

symbol accession no. Assay ID size (bp)
Ccll7 BC028505 MMO00516136_M1 76
Socs2 AK048608 MMO00850544_G1 137
DI2Ertd647e  AK003665 MMO01329985_M1 58
Jam4 AF537215 MMO00511211_M1 82
Anxal0 AKO020288 MMO00507886_M1 73
Cdknla AK007630 MMO00432448_M1 96
Sesn2 BC005672 MMO00460679_M1 58
Duspl BC006967 MMO00457274_G1 65

dehydrogenase (Gapdh) was used as a reference gene;
its expression levels were similar to those observed
for the genes of interest and it was constitutively ex-
pressed across all groups. Prior to use for confirma-
tion studies, primer sets (Table 1) synthesized for these
genes were evaluated to ensure that the working effi-
ciencies of the primers designed for the target and the
reference genes were approximately equal and were
appropriate for use (data not shown).

For all eight genes tested by RT-PCR for confirma-
tion studies, there was good correlation between the
quantitative real-time RT-PCR data and the microar-
ray data (Figure 4). Specifically, DI2Ertd647e, which
showed high level of expression in the microarray
experiment (50.6-fold), also demonstrated comparable
expression in the real-time RT-PCR assays (146.6-fold).
However, Ccll7 showed a much higher level of ex-
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Table 2. Genes significantly up-regulated in BNL SV A.8 cells compared to BNL CL.2 cells.

Related Gene GenBank : Fold
pathway symbol accession no. Gene name Gene function change
Pelil BCO16515  pellino | IL-1 mediated signaling activity 3.0
Immune Tspvi4 BC030922  tspy-like 4 macromolecule metabolism 4.0
response [tk BCO055898  leukocyte tyrosine kinase ATP binding, protein kinase activity 39
Agcl L07049 aggrecan 1 macromolecular biosynthesis 8.6
Defense Cell7 BC028505 ﬁgi?glgle (c-c motif) response to stress 32
response
P Prosl 1.27439 proteins (alpha) EGF-like, type 3, response to stress 3.7
JAK-STAT - . .
signaling  Socs2 AKO48608  Suppressorof ) negative regulation of cellular 30
pathway cytokine signaling process
Apoptosis  Proc BCO13896  proteinc apoptosis, cell death 34
Hoxbl3 AKO077273  homeo box bl3 development and growth 5.8
Grb7 BC003295 growth factgr receptor Ras—as'somatmg intracellular 32
bound protein 7 signaling
Growth 4 BC027164  Libronectin type iii fibronectin 1.1

domain containing 4

transmembrane protein
Tmeff2 BC034850  with egf-like and two growth factor activity 5.0
follistatin-like domains 2

- dna segment, chr 12, ,
Unknown DI12Er1d647e AKO003665 erato doi 647, expressed unknown 50.6
CI130038G02Rik  BCO055016  riken cdna c130038g02 gene  unknown 6.3

Table 3. Genes significantly down-regulated in BNL SV A.8 cells compared to BNL CL.2 cells.

Related Gene GenBank Gene name Gene function Fold
pathway symbol  accession no. change
Catalytic activity ~ Ephx2 BC015087 epoxide hydrolase 2. cytoplasmic epoxide hydrolase activity ~8.7
Strab AF062476 stimulated by retinoic acid gene 6 integral to membrane —-58

Htrlb 211597 5-hydroxytryptamine receptor 1b cell communication —6.8

Cellular Aoxl BC0O26132 aldehyde oxidasel iron ion bonding -4.2
metabolism Fxyd3  BCO051033 fzgjlg&ﬁi“'wmai“i“g fon transport ;1 pannel activity —146
Dcn BC060126 decorin proteoglycan -39

Cell adhesion Jam4 AF537215 junction adhesion molecule 4 cell-cell adhesion ~6.2
Cytochrome P-450  Anxal0 AKO020288 annexin A10 anti-inflammatory - 16.‘7T
geincaton P20 LSt BB gy 8

pression in the RT-PCR assay (17.1-fold) compared to ic properties. The metabolic activation of APAP that
the microarray analysis (3.2-fold). icads to glutathione depletion is known to be an im-
portant step in APAP-induced liver toxicity***. The

depletion of cellular glutathione, a natural antioxidant,

Discussion leaves the cell particularly vulnerable to oxidative

insults following APAP overdose®. The present study

The hepatotoxicity of APAP sometimes leads to demonstrated that the SV40-transformed BNL SV
acute liver failure®! despite its analgesic and antipyret- A.8 hepatic cell line, in which the anti-oxidant en-
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Table 4. Genes significantly changed after treatment with 625 uM APAP in BNL SV A.8 cells.

Average fold change
Related Gene GenBank G Gene function - £ .g
pathway symbol accession no. ene name ene tunctio Vehicle vs. Vehicle vs.
62.5uM APAP 625 M APAP
Up-regulated genes

Cdknla AKO007630 ~SYCln-dependentkinase .y oo oo aprest 1.0 3.4

Cell cycle inhibitor 1a (p21) y : :
arrest -
Sesn2  BCO05672 ggfgrlffi S‘t‘;ﬁf)ced cell cycle arrest ~1.0 3.0

regulation of MAP Kinase

MAPKinase - puspr  BCoogog7 1l specificity Pathways Through Dual 13 3.9
P Y pPhosp Specificity Phosphatases
nis D49949  interleukin 18 apoptosis, immune cell 1.3 45
synthesis
Apoptosis . . .
Gdfls BC067248 growth differentiation transforming growth 10 6.4
factor 15 factor beta ) ’
Down-regulated genes
| Anti- Anxal3  AJ306451  annexin al3 anti-inflammatory, -1.1 —4.4
inflammatory anticoagulant protein
Catalytic sulfotransferase family,  catalytic activity, _ _
activity Sultlc2  BCO22665 cytosolic, 1C, member 1  sulfotransferase activity 12 33
oy S2a AY1s89%6 ;‘:(‘)atgigr;ahne‘mh cellular morphogenesis ~13 ~192
e
differentiation Sprr2b AY158987 small proline-rich cell differentiation, 14 953

protein 2b

ectoderm development

zyme activities are lower than in the normal hepatic
cell line counterpart BNL CL.2%, was more sensitive
to APAP-mediated cytotoxicity than the normal cell
line was. Furthermore, oligonucleotide microarray
analyses were performed, not only to compare the
basal expression in the normal hepatic cell line to that
in the transformed cell line, but also to identify genes
responsive to APAP treatment in the two cell lines in
order to better understand the underlying mechanisms
of hepatotoxicity and cytotoxicity of APAP. We uti-
lized the microarray platform from Applied Biosys-
tems since Wang et al. (2006) validated that this mic-
roarray platform has acceptable sensitivity and accu-
racy in detecting differential expression, especially
for genes with high and medium expression levels
and for detecting >2-fold changes. Also, excellent
fold-change correlation is obtained with other micro-
array platform data despite the identification of inter-
platform discordance in lists of genes measured as
differentially expressed®*.

Three independent hybridization experiments were
performed to identify differentially expressed genes.
Genes were considered differentially expressed when
average expression levels were more than three-fold
different and when P-values were lower than 0.05.

Not surprisingly, there is considerable variability in
basal gene expression between the normal hepatic cell
line, BNL CL.2, and its transformed cell line, BNL SV
A8.

These two cell lines had differences in the basal ex-
pression of 739 genes. K-means clustering also iden-
tified differences between normal and transformed
cells in the expression of genes in several functional
categories. The microarray data identified that the
genes in the category of immune response, defense
response, and apoptosis were significantly more ex-
pressed in BNL SV A.8 cells compared to BNL CL.2
cells. Also, the genes involved in catalytic activity,
cellular metabolism, cell adhesion, and cytochrome
P-450 family for detoxification were significantly
down-regulated in BNL SV A.8 cells. Among the up-
regulated or down-regulated genes identified by clus-
tering analysis (Figure 2), genes showing greater than
3-fold change in expression level are presented in
Tables 2 and 3, respectively. For instance Ccll7 (che-
mokine ligand 17), Socs2 (suppressor of cytokine sig-
naling 2), Grb7 (growth factor receptor bound protein
7), and D12Ertd647e (unknown protein) were expres-
sed at significantly higher levels in the transformed
cell line than in the normal cell line, suggesting that
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Table 5. Correlation of differentially expressed genes after treatment with APAP in vive and in vitro.

Related Strain Gene Gene name Fold
pathway symbol change
C57BL/6 Cdiknla cyclin-dependent kinase inhibitor 40
. LA (P21)
fmvive lin-dependent ki inhibi
cyclin-dependent kinase inhibitor
arrest
Cdknla cyclin-dependent kinase inhibitor 34
1A (P21 ’
In vitro BNL SV A8 (P2D) . .
Sesn2 PA26 p53-induced protein 3.0
(sestrin) ’
CSTBL/6 Gadd4s growth arrest and DNA-damage- 37
MAP kinase Invivo & inducible 45 gamma :
pathway ICR Dusp8 dual specificity phosphatase 8 124
Invitro BNL SV A8 Duspl dual specificity phosphatase 1 3.9
C57BL/6 Gaddds growth arrest and DNA-damage- 37
& inducible 45 gamma )
growth arrest and DNA-damage-
Gaddd4>a inducible 45 alpha 396
. In vivo growth arrest and DNA-damage-
Apoptosis ICR Gadd4sb inducible 45 beta 122
Caspd caspase 4, apoptosis-related cysteine 8.0
P protease ’
Myc myelocytomatosis oncogene 20.2
: I8 interleukin 18 45
In vitro BNL SV A8 Gdfls growth differentiation factor 15 6.4
In vivo ICR Sultle2 sulfotransferase family, cytosolic, _39
Catalytic 1C, member 1 :
activity In vitro BNL SV A 8 Sultle sulfotransferase family, cytosolic, 55

1C, member 1

their overexpression could be related to the transform-
ed phenotype or the drug-sensitivity of the liver cells.
Increased Socs2 protein and mRNA expression has
been associated with leukemia®. Overexpression of
Grb7 proteins may contribute to the invasive poten-
tial of cancer cells?. DI12Ertd647e¢, which is dramati-
cally up-regulated, is presumed to encode a protein
involved in response to stress, but there is no evidence
available to link it to tumor growth or APAP-sensiti-
vity yet. In contrast, the expression of 9 genes, includ-
ing Hirlb, Aoxl, Fxyd3 and Anxal0, was significant-
ly decreased in the transformed cell line compared to
the normal cell line. Hir1b, which encodes the seroto-
ninlB receptor, is a candidate gene for alcohol and
drug sensitivity?’. Aox/, aldehyde oxidase 1°%, may
be involved in oxygen tolerance such as the action of
superoxide dismutase 1. Regulation of Fxyd3 which
regulates chloride transport and Nat/K*ATPase is
associated with the drug-resistance period®. Safaei et
al. (2005) reported a significant increase in Anxal0

expression in drug-resistant human ovarian carcinoma
cells, implying its role in acquired drug resistance.
The down-regulation of Anxal0 (annexin A10) is also
associated with malignant phenotype of hepatocytes
and vascular invasion®.

We identified APAP-induced differences in the
gene expression in the two cell lines. In BNL CL.2
cells, 79 and 78 genes were differentially expressed at
62.5 and 625 UM APAP, respectively (data not shown).
In BNL SV A.8 cells, 58 and 126 genes were differen-
tially regulated after treatment with 62.5 and 625 uM
APAP, respectively (data not shown). From up-regu-
lated and down-regulated gene clusters showing dif-
ferential gene regulation in response to 625 uM APAP
that were specific for BNL SV A.8 cells, genes show-
ing more than 3-fold change in expression versus
vehicle control were selected (Table 4). Duspl and
Gdfl5 expressions were increased about 3.9- and 6.4-
fold (P<0.05) with 625 uM APAP in BNL SV A.8
cells, respectively. The induction of Dusp/ (dual spe-
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cificity phosphatase 1) is reported to play an impor-
tant regulatory role in the human cellular response to
environmental stress®!. Gdf15, which is one of the
divergent members of the TGF-$ superfamily, is in-
duced in hepatocytes by surgical and chemical injury™.
In contrast, APAP exposure significantly decreased
Sprr2a and Sprr2b expressions (19.2-fold and 25.3-
fold with 625 uM APAP treatment, respectively).
These two gene products, which are structural com-
ponents of the cornified cell envelope, are primarily
associated with cell differentiation and morphogene-
sis®,

To validate the microarray data, eight genes (Table
1) that exhibited significant differences in expression
level as shown in Tables 2, 3 and 4 were selected for
quantitative real-time PCR analyses. Although the
expression change of all eight genes detected by real-
time RT-PCR generally showed the same trend as in
the microarray, the extent of change detected by the
two methods varied (Figure 4). One notable example
of such a discrepancy between real-time RT-PCR and
microarray results is the expression of the Ccl7 gene
(17.1-fold vs. 3.2-fold up-regulation, respectively),
which has an important role in the development of
pulmonary fibrosis via recruitment of lymphocytes
and macrophages®*. The extent of expression for Socs2
and DI2Ertd647e was similar for both microarray
analysis and real-time RT-PCR. Socs2 (suppressor of
cytokine signaling-2) is a regulator of growth hormone
signal transduction®. The marked up-regulation of
the D12Ertd647e in BNL SV A.8 cells was confirmed
by real-time RT-PCR. In fact, the PCR product of
DI2Ertd647e was barely detectable in BNL CL.2
cells while its expression was greatly increased in
BNL SV A.8 cells, implying that this gene would be
a good candidate biomarker for cell transformation or
drug sensitivity. Although DI2Ertd647e is identified
only by its DNA sequence and its function is still
unknown, it can be considered ‘signatory’ for the out-
come since the alteration of its expression is highly
correlated with a given treatment. Further experiments
are needed to validate and to understand the role of
DI12Ertd647e mRNA levels in APAP treatment. The
level of down-regulation determined for Jam4 and
Anxal0 by the two methods in BNL SV A.8 cells was
also quite different. For instance, Jam4 (junction ad-
hesion molecule 4), which provides adhesion machin-
ery at tight junctions®, showed a much higher level
of down-regulation in real-time RT-PCR (-20.2-fold)
than in the microarray data (-6.2-fold). These discre-
pancies may be caused by differences in the sensitivi-
ty and dynamic range of the methodologies used to
determine gene expression and in the specificity of
the primer/probe set. Still, we cannot exclude the

possibility that fold-change values obtained from
microarray analysis can be particularly misleading in
cases where low or no hybridization signals are de-
tected in one of the samples, although this seems not
to be the case in our experiments.

The data from this study imply that gene-expression
profiling could reveal the mechanisms of action of
chemicals and drugs. However, the current methods
used for monitoring differential gene expression ex-
clude the direct detection of changes in genes whose
regulation probably does not occur at the transcription-
al level”. The vast majority of the mouse genome ap-
pears to be unresponsive to chemical stress®. In fact,
APAP has been known to initiate its toxicity by the
cytochrome P450-catalyzed activation of acetamino-
phen to an electrophilic intermediate®® and not by di-
rect induction of gene expression. Despite these limi-
tations, our study identified several genes and func-
tional clusters that may help discriminate the differ-
ence of sensitivity to APAP in the two cell lines, sug-
gesting that microarray analysis may constitute a use-
ful method for evaluating drug sensitivity. Previously
we also studied APAP effects in both C57BL/6 and
ICR mice in vivo'”®: some of the differentially ex-
pressed genes were associated with cell cycle arrest,
MAP kinase pathway, apoptosis, and catalytic activity,
as in BNL SV A.8 cells in vitro (Table 5). We found
that a few genes of similar function were regulated in
a similar pattern in vivo and in vitro. In particular,
Cdknla, cyclin-dependent kinase inhibitor 1A gene,
and Sulitlc2, sulfotransferase family, cytosolic, 1C,
member 1 gene, were up-regulated consistently both
in vivo (C57BL/6 and ICR mice) and in vitro (BNL SV
A.8) after treatment with APAP, suggesting that they
could function as signatory genes for APAP toxicity.

However, further investigation is required to inter-
pret the specific functional significance of these chan-
ges in gene expression and to assess their value as
biomarkers of hepatotoxicity in vivo or of drug-sensi-
tivity in vitro and in vivo.

Materials & Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS) and penicillin-streptomycin
were purchased from Invitrogen (Carlsbad, CA). Cell-
Titer 96 Aqueous Non-Radioactive Cell Proliferation
Assay kit was obtained from Promega Co. (Madison,
WI), while the cytotoxicity detection kit was from
Roche Molecular Biochemicals (Indianapolis, IN).
Mouse Genome Survey Microarray gene chips were
supplied by Applied Biosystems (Foster City, CA).



This microarray platform has 33,012 probes, which
are 60-mers and lie mostly within 1,500 base pairs of
the 3’-end of the source transcript. APAP was obtain-
ed from Sigma (St. Louis, MO).

Cell Lines, Cell Culture and Chemical
Treatments

Murine embryonic normal hepatic cell line, BNL
CL.2 cells (ATCC TIB-73), and its SV40-transformed
cell line, BNL SV A.8 cells (ATCC TIB-74), were
from American Type Culture Collection (ATCC, Ma-
nassas, VA). The cells were cultured in DMEM sup-
plemented with 100 units of penicillin-streptomycin/
mL, 2 mM L-glutamine, and 10% FBS at 37°C in a
5% CO, atmosphere. Acetaminophen was dissolved
in dimethyl sulfoxide (DMSO) and was freshly dilut-
ed in culture media for each experiment. Vehicle con-
centrations were less than 0.5% in all experiments.
After 24 h of treatment, cells were harvested for RNA
extraction.

Cytotoxicity Assay Using MTS Method

The inhibition of cell proliferation was assessed
using the MTS [3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt] assay, conducted with the CellTiter
96 Aqueous Non-Radioactive Cell Proliferation Assay
kit. Briefly, cells were sub-cultured on a 96-well plate
with 2.5 % 10* cells/well in 50 uL of medium. After
24-h incubation, the medium in the 96-well plate was
discarded and replaced with medium containing dif-
ferent concentrations of APAP (20, 40, 79, 157, 313,
625, 1,250, and 2,500 uM) or 0.5% DMSO (vehicle
control). The treated cells were incubated at 37°C for
24 h, each well then received 20 uL. of MTS test solu-
tion prepared by mixing 2 mL of MTS-labeling rea-
gent and 100 pL of electron coupling reagent (PMS:
phenazine methosulfate). After 2-h incubation, the
absorbance of the sample was measured with an ELISA
reader (Bio-Rad Laboratories, Hercules, CA) at a test
wavelength of 490 nm. The ICsy value of APAP, the
concentration which gives 50% decrement of cell via-
bility, was calculated.

RNA Isolation and Microarray Gene
Expression Profiling

Total RNAs were extracted using the RNeasy Mini
kit (Qiagen, Valencia, CA). The yield of RNA was
determined spectrophotometrically by measuring the
optical density at 260 nm. The quality of RNA was
evaluated using the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Palo Alto, CA). Total RNA was
converted into double-stranded ¢cDNA using a Che-
miluminescent RT-IVT labeling Kit (Applied Biosys-
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tems) and an oligo(dT),, primer. Digoxigenin-labeled
cRNA was generated from the double-stranded cDNA
using the Chemiluminescent RT-IVT labeling kit.
Labeled cRNA was purified using a cRNA purifica-
tion kit (Applied Biosystems) and analyzed for quality
and quantity using spectrometry and the Agilent 2100
Bioanalyzer. Each cRNA sample was fragmented by
incubation in fragmentation buffer for 30 min at 60°C.
The Mouse Genome Survey Microarray gene chip
(Applied Biosystems) was hybridized with the frag-
mented digoxigenin-labeled cRNAs at 55°C for 16 h
and then washed. After the washing procedure, che-
miluminescent detection, image acquisition and analy-
sis were performed using the Chemiluminescent De-
tection Kit and Applied Biosystems 1700 Chemilu-
minescent Microarray Analyzer according to the
manufacturer’s protocols. The chemiluminescent sig-
nals from the scanned images were quantified, cor-
rected for background, and spot- and spatially-nor-
malized using the 1700 Chemiluminescent Microar-
ray Analyzer (Applied Biosystems). Three indepen-
dent microarray analyses were performed for each
RNA sample from three independent experiments.

Data Analysis

Gene expression data from microarray were input to
AVADIS (Strand Life Sciences, Redwood city, CA).
The signal log ratio values, which represent ratios of
hybridization signals between BNL CL.2 and BNL SV
A8 or between vehicle- and APAP-treated cells, were
calculated after quantile normalization. A signal log
ratio of 1 represents a gene that shows a 2-fold incre-
ase in expression. The genes with the signal-to-noise
(S/N) of the log ratios threshold (more than 3) were
filtered. Also, if the flag value of a probe was above
5000, the signal value of the probe was considered a
missing value and was replaced with NA. Fold-changes
were calculated between BNL CL.2 and BNL SV A.8
cells and between vehicle- and APAP-treated cells. K-
means clustering was performed to identify genes that
have a similar differential expression profile across
conditions. Pathway analyses were conducted using
DAVID (The Database for Annotation, Visualization
and Integrated Discovery) (http://david.abce.nciferf.
gov/) and PANTHER (Protein ANalysis THrough Evo-
lutionary Relationships) (http://www.pantherdb.org/).

TagMan RT-PCR Analysis

Selected genes showing expression differences in
the microarray analyses were further confirmed by
quantitative real-time RT-PCR. Total RNAs were
converted to cDNAs using TagMan Reverse Transcrip-
tion reagents (Applied Biosystems). Quantitative RT-
PCR was performed with the use of TagMan univer-



42 Mol. Cell. Toxicol. Vol. 5(1), 32-43, 2009

sal master mix; TagMan probes and primers were As-
say-on-Demand gene Expression products (Applied
Biosystems). Gene-specific TagMan probes used for
the validation PCR are presented in Table 1 (primer
sequences are not available from TagMan). To con-
trol the integrity of RNA and the differences attribut-
able to errors in experimental manipulation from tube
to tube, primers for mouse glyceraldehyde-3-phos-
phate dehydrogenase (Gapdh), a housekeeping gene,
were used in separate PCR reactions. PCR amplifica-
tions were performed with a 7500 Real-time PCR
system (Applied Biosystems) using the following pro-
grams: (i) Uracil DNA glycosylase incubation (1 cycle:
50°C for 2 min); (ii) AmpliTaq Gold activation (1
cycle: 95°C for 10 min); (iii) amplification (50 cycles:
95°C for 1555, 60°C for 60's). A negative control reac-
tion (the absence of template) was performed simulta-
neously in triplicate for each primer pair. Change in
fluorescence levels of the FAM-labeled gene of inter-
est was monitored at every cycle. The cycle (C) at
which fluorescence was significantly above the back-
ground for each reaction was determined by Applied
Biosystems Sequence Detection Software 1.9. Quan-
tification was performed by comparing the fluores-
cence of PCR products of the selected genes with the
fluorescence of the Gapdh gene product. Mean + SD
of triplicate C, values for each gene of interest was
calculated. The statistical analyses were performed
using JMP software (SAS Institute, Cary, NC). Dif-
ferences were regarded as statistically significant at
the level of P<0.05.
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