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Abstract

The Toxicogenomics Project is a 5-year collaborative project by the Japanese government and pharmaceutical companies in 2002. Its aim is to
construct a large-scale toxicology database of 150 compounds orally administered to rats. The test consists of a single administration test (3, 6,9
and 24 h) and a repeated administration test (3, 7, 14 and 28 days), and the conventional toxicology data together with the gene expression data in
liver as analyzed by using Affymetrix GeneChip are being accumulated. In the project, either methylcellulose or corn oil is employed as vehicle.
We examined whether the vehicle itself affects the analysis of gene expression and found that corn oil alone affected the food consumption and
biochemical parameters mainly related to lipid metabolism, and this accompanied typical changes in the gene expression. Most of the genes
modulated by corn oil were related to cholesterol or fatty acid metabolism (e.g., CYP7A1, CYP8BI, 3-hydroxy-3-methylglutaryl-Coenzyme A
reductase, squalene epoxidase, angiopoietin-like protein 4, fatty acid synthase, fatty acid binding proteins), suggesting that the response was
physiologic to the oil intake. Many of the lipid-related genes showed circadian rhythm within a day, but the expression pattern of general clock
genes (e.g., period 2, arylhydrocarbon nuclear receptor translocator-like, D site albumin promoter binding protein) were unaffected by com oil,
suggesting that the effects are specific for lipid metabolism. These results would be useful for usage of the database espectally when drugs with
different vehicle control are compared.
© 2005 Published by Elsevier Inc.
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Introduction

The Toxicogenomics Project is a 5-year collaborative
project by the National Institute of Health Sciences (NIHS)
and 17 pharmaceutical companies in Japan which started in
2002 (Urushidani and Nagao, 2005). In April 2005, some
rearrangements were made and now the project is conducted by
NIHS, the National Institute of Biomedical Innovation, and 16
pharmaceutical companies. Its aim is to construct a large-scale
toxicology database of transcriptome for prediction of toxicity
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of new chemical entities in the early stage of drug develop-
ment. About 150 chemicals, mainly medicinal compounds,
have been selected, and the following are examined for each.
The in vivo test using rat consists of a single administration test
(3, 6, 9 and 24 h with 4 dose levels including vehicle control)
as well as a repeated administration test (3, 7, 14 and 28 days
with 4 dose levels including vehicle control), and the data of
body weight, general symptoms, histopathological examination
of liver and kidney, and blood biochemistry are obtained from
each animal. The gene expression in liver (and kidney in some
cases) is comprehensively analyzed by using Affymetrix
GeneChip. An in vitro test using rat and human hepatocytes
is also carried out to accomplish the bridging between the
species. By April 2005, more than 100 chemicals, covering
wide medication categories, have been finished or are ongoing.
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Along with the effects of the chemicals, a vast amount of
control data is being accumulated.

The main purpose of the project is to predict toxicity in the
early stage of drug development. The potential usefulness of
microarray data for the estimation of toxicity of drugs makes it
possible for this technology to be used in the late stage of
development, i.e., application in the field of regulatory science.
In this case, however, more strict and precise validation is
needed in order to assure the reliability of the data. It is well
known that a difference in the platform considerably effects a
variation in the microarray data (Waring et al., 2004) and this is
quite difficult to overcome. In our project, either methylcellu-
lose or corn oil is employed as vehicle, according to the
dispensability of the drug. It is quite possible that the difference
in the vehicle control affects the analysis, as observed by
multiple comparison of drug effects. In traditional toxicological
study, comparison of the drug is exclusively made against its
vehicle control. However, in the transcriptome database, it is
usually necessary to make a comparison among various drugs

- by clustering or discriminant analysis. The history of this field
is not old enough for collecting appropriate data regarding this
issue. Our database enables us to make various comparisons
among different vehicles, protocols, facilities, chip versions,
etc. In this present report, we focus on the influence of vehicles
on the control parameters including the gene expression profile
in the rat liver as a basic study for future analysis.

Materials and methods
Animal treatment

Male Sprague-Dawley rats were purchased from Charles
River Japan Inc., (Kanagawa, Japan) at 5-weeks of age. After a
7-day quarantine and acclimatization period, the animals were
divided into groups of 5 animals using a computerized stratified
random grouping method based on the body weight for each age.
The animals were individually housed in stainless-steel cages in
a room that was lighted for 12 h (7:00-19:00) daily, ventilated
with an air-exchange rate of 15 times per hour, and maintained at
21-25 °C with a relative humidity of 40—70%. Each animal was
allowed free access to water and pellet food (CRF-1, sterilized
by radiation, Oriental Yeast Co., Japan).

According to the protocol in our project, rats in each group
were orally administered with various drugs suspended or
dissolved either in 0.5% methylcellulose solution or com oil
according to their dispersibility. Each drug had 4 different dose
levels, including the vehicle control alone, which was
exclusively analyzed in the present study. Drug treatment
was performed between 9:00 and 11:30 a.m. For single-dose
experiments, rats were sacrificed at 3, 6, 9, and 24 h after
dosing. For repeated dose experiments, the animals were
treated for 3, 7, 14 or 28 days, and they were sacrificed 24
h after the last dosing. Body weights were recorded every day
while food consumption was recorded every 4 days during
repeated dosing. Blood samples were collected upon sacrifice
in tubes containing heparin lithium (blood biochemistry),
EDTA-2K (hematology), or 1/9 vol of 3.8% citric acid

(coagulation), and the following items were examined:
hematology: the numbers of red blood cells, reticulocytes,
white blood cells, eosinophils, monocytes, platelets, neutro-
phils, basophils, and lymphocytes, hemoglobin, mean red
blood cell volume, mean hemoglobin contents, and mean
hemoglobin concentration (Advia 120, Bayer); blood coagula-
tion: prothorombin time, active partial prothrombin time, and
fibrinogen (Sysmex CA-5000, Sysmex); and blood biochem-
istry: alkaline phosphatase, total cholesterol, triglyceride,
phospholipid, total and direct bilirubin, glucose, blood urea
nitrogen, creatinine, Na, K, Ca, Cl, inorganic phosphate, total
protein, albumin, globulin/albumin ratio, aspartate aminoptans-
ferase, alanine aminotransferase, lactate dehydrogenase, and y-
glutamyltranspeptidase, which were determined by an auto-
analyzer (Hitachi 7080).

When the analysis was performed (April 2005), 65
compounds had been completed in 4 different contract research
organizations. In order to eliminate the variations due to the
difference in the facility, we selected a laboratory (Japan
Bioassay Center, Kanagawa, Japan) where at least 7 experi-
ments for each vehicle were completed. As 10 experiments
were done with methylcellulose as the vehicle there, the latest 3
of them were excluded from the present analysis to match the
numbers. Therefore, each time point consists of 35 (5 rats for 7
experiments) animals.

The experimental protocols were reviewed and approved by
the Ethics Review Committee for Animal Experimentation of
National Institute of Health Sciences.

Microarray analysis

After collecting the blood, the animals were euthanized by
exsanguination from the abdominal aorta under ether anesthe-
sia. An aliquot of the sample (about 30 mg) for RNA analysis
was obtained from the left lateral lobe of the liver in each
animal immediately after sacrifice, kept in RNA later®
(Ambion, Austin, TX, USA) ovemight at 4 °C, and then
frozen to send to the facility in the National Institute of Health
Sciences.

Total RNA was isolated using RNeasy kit by Bio Robot
3000 (Qiagen, Valencia, CA, USA). Homogenization was
conducted by Mill Mixer (Qiagen) and zirconium beads. Purity
of the RNA was checked by gel electrophoresis confirming the
260/280 nm ratio was between 2.0 and 2.2.

Microarray analysis was conducted on 3 out of 5 samples
for each group by using GeneChip® RAE230A probe arrays
(Affymetrix, Santa Clara, CA, USA), containing 15923 probe
sets. The procedure was conducted basically according to the
manufacturer’s instructions using Superscript Choice System
(Invitrogen, Carlsbad, CA, USA) and T7-(dT),4-oligonucleo-
tide primer (Affymetrix) for cDNA synthesis, cDNA Cleanup
Module (Affymetrix) for purification, and BioArmray High yield
RNA Transcript Labeling Kit (Enzo Diagnostics, Farmingdale,
NY, USA) for synthesis of biotin-labeled cRNA. Ten micro-
grams of fragmented cRNA was hybridized to a RAE230A
probe array for 18 h at 45 °C at 60 rpm, after which the array
was washed and stained by streptavidin-phycoerythrin using
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Fluidics Station 400.(Affymetrix) and scanned by Gene Array
Scanner (Affymetrix).

In the middle of the project (2004), Affymetrix released ver.
2.0 GeneChip and we switched from RAE230A to 230.2. Two
out of seven experiments were performed using the new chips,
and they were excluded from the present analysis in order to
maintain consistency. Therefore, each time point consisted of
15 measures (3 rats for 5 experiments) in the case of gene
expression analysis.

The digital image files were processed by Affymetrix
Microarray Suite version 5.0 and the intensities were normalized
for each chip by setting the mean intensity to 500 (per chip
normalization). The results of the DNA microarray analysis are
available upon request (e-mail to turushid@dwc.doshisha.ac.jp).

>

6 Single

relative liver weight [%]

3h 6h gh 24h

s

450
400
350 1
300
250
200 |
150 -
100

Body weight (g)

o
o
T

Statistical analysis

For conventional toxicological parameters, it is common
that many unimportant changes with statistical significance are
observed because of the large numbers of measurements. In the
present study, more than 40 parameters were measured for
8 time points (3, 6, 9, 24 h for single and 3, 7, 14, 28 days for
repeated administration). For comparison between methylcel-
lulose and corn oil, we applied Student’s ¢-test with Bonferro-
ni’s adjustment for each parameter, i.e., p value was multiplied
by 8 and p <0.01 was considered to be statistically significant.

For gene expression data, it is problematic to use a standard
t-test, because of too many comparisons, but it is also not good
to use a too conservative adjustment, because of the small
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Fig. 1. Effects of different vehicles on relative liver weight, body weight, and food consumption of rats, Liver weight/body weight within 24 h after administration of
vehicle and 24 h after the repeated administrations (for 3, 7, 14 and 28 days) of vehicle were measured at autopsy (A). Open and filled columns represent
methylcellulose and comn oil, respectively. Body weight 24 h after the repeated administrations (for 3, 7, 14 and 28 days) of vehicle (B) and food consumption
measured every 4 days and expressed as g/day (C) are plotted. Again, open and filled symbols represent methylcellulose and corn oil, respectively. Values are
expressed as mean+SD of 35 rats each for each time point, Food consumption data were obtained from rats that received either vehicle for 28 days. ***Statistically
significant between methylcellulose and com oil by Student’s ¢-test with Bonferroni’s adjustment, at p<0.001.
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numbers of samples compared with the numbers of genes. In
the present study, we considered that the B-error should be
small, since our purpose was to pick up the possible vehicle
effects on gene expression. Before comparison, the genes that
showed less than 20 of the expression value after per chip
normalization in all the samples were excluded. Genes
extracted were those showing at least 1.5 fold difference
between two vehicles, with p<0.01 (uncorrected t-test).

Results

It is common that some statistically significant but
unimportant differences are observed in toxicological tests
where huge numbers of parameters are measured and com-

pared. In the present analysis of the vehicle effect, there
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appeared to be some differences that could not be ignored.
Fig. 1A depicts the relative weight of the liver (liver weight/
body weight). As is widely known, this parameter showed a
clear circadian rhythm, i.e., it decreases toward the evening (9
h after dosing) and goes back in the next moming (Fig. 1A,
left). In the case of rats receiving corn oil, this parameter tended
to be lower than that in methylcellulose group at 6 and 9 h after
dosing (p=0.03 and p=0.005, respectively, by standard z-test,
but p=0.24 and p=0.04, respectively, by Bonferroni’s adjust-
ment and not significant at p<0.01), whereas the values
returned to the same level at 24 h after administration. There
was no difference in this parameter in the repeated adminis-
tration, suggesting that the tendency of the decrease in the liver
weight by corn oil was not accumulated during repeated dosing
(Fig. 1A, right). Fig. 1 shows the body weight change (B)
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Fig. 2. Blood biochemical parameters in rats receiving methylcellulose or corn oil. Total cholestero! (A), triglyceride (B), phospholipid (C), total bilirubin (D) and
direct bilirubin (E), inorganic phosphate (F), and blood urea nitrogen (G) showed a significant difference between methylcellulose (open columns) and corn oil
(closed columns) among 36 parameters. Values are expressed as mean+SD of 35 rats for each time point. Statistically significant between methylcellulose and corn

oil by Student’s ¢-test with Bonferroni’s adjustment, at **p <0.01, ***p <0.001.
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Table 1

List of genes showing at least a 1.5 fold difference with p <0.01 (uncorrected ¢-test) between methylcellulose and corn oil at any point during 24 h after single dose or

at 29th day of repeated dose

Probe set ID Gene title Gene symbol 3h 6h 9h 24h 29d
1367707 -at fatty acid synthase Fasn . 1300 0.722
1367708_a_at  fatty acid synthase Fasn 1.182  0.826
1367729_at ornithine aminotransferase Oat 1.066 0.792
1367836_at carnitine palmitoyltransferase 1, liver Cptla Egﬁ% 0.838
1367854_at ATP citrate lyase Acly 1.295 0.882
1367946_at PDZ and LIM domain 1 (elfin) Pdliml 0.914
1367959_a_at  sodium channel, voltage-gated, type I, beta polypeptide Senlb
1368035_a_at  protein tyrosine phosphatase, receptor type, F Ptprf
1368160_at insulin-like growth factor binding protein 1 Igfbpl
1368272_at glutarnate oxaloacetate transaminase 1 Gotl
1368275_at sterol-C4-methyl oxidase-like Scamol
1368428_at X-prolyl aminopeptidase (aminopeptidase P) 2, membrane-bound Xpnpep2
1368435_at cytochrome P450, family 8, subfamily b, polypeptide 1 Cyp8bl
1368458_at cytochrome P450, family. 7, subfamily a, polypeptide 1 CypT7al,
1368569_at aldo-keto reductase family 1, member B7 Akrlb7
1369073 _at nuclear receptor subfamily 1, group H, member Nrih4
1369195_at fatty acid binding protein 2, intestinal Fabp2
1369238 _at inhibin beta E Inhbe
1369415_at basic helix-loop-helix domain containing, class B2 Bhlhb2
1369440_at ATP-binding cassette, sub-family G (WHITE), member 8 Abcg8
1369493 _at prolactin receptor Prir
1369663 _at epoxide hydrolase 2, cytoplasmic Ephx2
1369674_at purinergic receptor P2X, ligand-gated ion channel, 5 P2rx5
1369790_at tyrosine aminotransferase Tat
1369864_a_at  serine dehydratase Sds
1370024 _at Fatty acid binding protein 7, brain Fabp7
1370336_at pregnancy-induced growth inhibitor Okl38
1370355_at stearoyl-Coenzyme A desaturase 1 Scdl 1.206
1370427.at platelet derived growth factor, alpha Pdgfa 1.066
1371127.at bone morphogenetic protein 1 (procollagen C-proetinase) RGD:620739 0.815
1371234_at fibrinogen, B beta polypeptide Fgb 1.165
1371279_at histone 2a /// similar to Histone H2A.1 RGD:621437 1.093
1371595 at Transcribed locus, weakly similar to XP346694.1 Rattus - 0.738
norvegicus LOC360381 gene
1371754_at solute carrier family 25 (mitochondrial carrier, phosphate carrier), member 25  Slc25a25 0.939
1372188_at Endothelial cell growth factor 1 (platelet-derived) (predicted) — 1.043
1372276 at Transcribed locus - 0.941
1372536_at Chaperone, ABCI activity of bl complex like (S. pombe) (predicted) --- 0.953
1374265_at Similar to arylacetamide deacetylase (esterase) (predicted) -—- 0.964
1374932..at -- - 0.818
1375367 .at PDZ and LIM domain 2 Pdlim2 1.283
1375422 _at - - 1.094
1375552_at - e- 0.889

Data are expressed as the ratio of gene expression (methylcellulose=1) and columns with significant change are shaded (N=15 for each group).

together with food consumption (C). Although both methyl-
cellulose and corn oil groups got weight in the same rate during
repeated dosing, food consumption in the corn oil group was
significantly lower than that in methylcellulose group by about
15% throughout the period of repeated administration.
Among the hematological and blood biochemical para-
meters, mean corpuscular hemoglobin concentration (at 15th
day), platelets (at 9 h), monocytes (at 3 h), prothrombin time (at
29th day), activated partial thromboplastin time (at 24 h),
fibrinogen (at 3 h), chloride (at 3 h) showed statistically
significant differences between corn oil and methylcellurose.
However, these changes were not considered to be important,
since their changes were small and no changes in related
parameters were associated. On the other hand, total choles-
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terol, phospholipids, triglyceride, and bilirubin (both total and
direct) were found to be significantly different between vehicle
controls (Fig. 2A—E). All of them showed significantly higher
values in the com oil group at 3 h after dosing, and the
differences abated or disappeared at 6 h or later. In the repeated
administration, the corn oil group showed rather lower values
of triglyceride, total and direct bilirubin. Inorganic phosphate
showed a significantly higher value in corn oil at 9 h and went
down to a lower value than methylcellulose (Fig. 2F). Blood
urea nitrogen (Fig. 2G) showed a lower value in comn oil at 6
h and 15th day.

Scatter plots of gene expression between vehicle controls
at each time point revealed that most of the genes distributed
within a 2-fold range of their 45° line, meaning that few
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Table 1 (continued)

Probe set ID Gene title Gene symbol
1375619_at --- ---

1375796_at interferon gamma induced GTPase (predicted) Igtp_predicted
1376313_at two pore segment channel 2 (predicted) RGD: 1311779
1376657 at immunoglobulin superfamily, member 4A (predicted) Igsfda_predicted
1376704_a_at  necdin-like 2 (predicted) Ndnl2_predicted
1376892_at . -

1376958_at Similar to serine (or cysteine) proteinase inhibitor, clade B, member 9 ---

1377361_at en ==

1379252_at Immunoglobulin superfamily, member 4A (predicted) -—-

1383075_at cyclin D1 Cendl
1384178.at Leucine rich repeat containing 4B (predicted) -

1384288_at Transcribed locus -

1386041_a_at  Kruppel-like factor Klif2

1386789_at - -

1387017_at squalene epoxidase Sqle

1387022_at aldehyde dehydrogenase family I, member Al Aldhlal

1387123 _at cytochrome P450, family 17, subfamily a, polypeptide 1 Cypl7al
1387183_at carnitine O-octanoyltransferase Crot

1387283_at myxovirus (influenza virus) resistance 2 Mx2

1387307..at histidine ammonia lyase Hal

1387312_a_at  glucokinase Gek

1387391 _at cyclin-dependent kinase inhibitor 1A Cdknla
1387396_at hepcidin antimicrobial peptide Hamp

1387643 _at fibroblast growth factor 21 Fgf21

1387665_at betaine-homocysteine methyltransferase Bhmt

1387670_at glycerol-3-phosphate dehydrogenase 2 Gpd2

1387730_at paired box gene 8 Pax8

1387809_at mitogen-activated protein kinase kinase 6 Map2k6

1387848 _at 3-hydroxy-3-methylglutaryl-Coenzyme A reductase Hmger
1388210_at mitochondrial acyl-CoA thioesterase 1 Mitel

1388395_at GO/G1 switch gene 2 (predicted) GOs2_predicted
1388426_at sterol regulatory element binding factor 1 Srebf1
1388531_at progesterone receptor membrane component 2 (predicted) Pgrmc2 predicted
1388679_at TBCI1 domain family, member 14 (predicted) Tbeldl4 predicted
1388792_at growth arrest and DNA -damage-inducible 45 gamma (predicted) Gadd45 gpredicted
1388872_at Isopentenyl-diphosphate delta isomerase : Idit

1388924._at angiopoietin-like protein 4 Angptl4
1389161_at Transcribed locus -

1389253 _at vanin 1 (predicted) Vnanl predicted 1127
1389430_at Transcribed locus - 0.917
1390383_at adipose differentiation-related protein ADRP 1.296
1390607_at nNOS-intereacting DHHC-containing Dem protein-L RGD:1303254
1390662 _at Ab2-427 -

1392607_at Transcribed locus -

genes were affected by the vehicle (data not shown). Table 1
shows the list of genes that showed at least a 1.5-fold
difference between vehicles with p<0.01 either in single dose
experiment or in the 29th day of repeated dosing. Many of
the genes listed are related to lipid metabolism. They were
usually up-regulated by corn oil between 3 and 9 h after
dosing and returned to the same level or lower at 24 h and at
the 29th day. However, there were some exceptional cases,
such as aldo-keto reductase 1B7 (down-regulated at 3 and 9
h but up-regulated at 24 h and 29th day), or aldehyde
dehydrogenase 1Al (only up-regulated afier repeated admin-
istration). Among the genes in Table 1, there are interesting
ones, ie, CYP7Al, CYP8BI, 3-hydroxy-3-methylglutaryl-
Coenzyme A reductase, fatty acid synthase, squalene epox-
idase, angiopoietin-like protein 4, which are selected and

shown as graphs in Fig. 3A-F. The former 5 genes all
showed a circadian rhythm in that their expression in the
afternoon to the evening was higher than that in the morning
to noon. The administration of corn oil appeared to increase
this peak. On the other hand, angiopoietin-like protein 4
showed constant expression during the day in methylcellu-
lose, whereas corn oil markedly increased the expression of
this gene at 3 and 6 h of administration,

As is obvious from Figs. 1A and 3, there exists a circadian
rhythm in rat liver. In order to examine whether the observed
changes were due to a disturbance in the basic rhythm,
expression of various clock genes were checked and we found
that the thythm (other than that related to lipid metabolism)
was relatively unaffected. As typically representative of clock
genes, the expression patterns of period 2, D site albumin
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Fig. 3. Expression changes of CYP7Al (A, Affymetrix ID 1368458 at), CYP8BI1(B, Affymetrix ID 368435_at), 3-hydroxy-3-methylglutaryl-Coenzyme A
reductase (C, Affymetrix ID 1387848_af), fatty acid synthase (D, Affymetrix ID 1367708_a_at), squalene opixidase (E, Affymetrix 1D 1387017_at) and
angiopoietin-like protein 4 (F, Affymetrix ID 1388924 _at) are shown. Open and filled symbols represent methylcellulose and corn oil, respectively. Values are
expressed as mean®SD of 15 rats of each for each time point. Statistically significant between methylcellulose and corn oil by uncorrected Student’s ¢-test at

**p <0.01, **¥p<0.001.

promoter binding protein, and arylhydrocarbon receptor
nuclear translocator-like are shown in Fig. 4A-C.

Discussion

The ultimate goal of our project is to create a gene
expression database for prediction of hepatotoxicity in the
early stage of drug development. For this purpose, it was
desirable that the vehicle for suspending drugs was unified to
be methylcellulose. However, there are many test compounds
with poor dispersibility, and strong detergents or organic
solvents are undesirable because of their potent bioactivity,
so we inevitably chose corn oil as a vehicle for the highly
hydrophobic compounds.

Corn oil contains 9.2 kcal/g and supplies 10.1 kcal/day for
7-week-old rats (5 mUkg corresponds to 1.1 g for 250 g body
weight). Rats around this age consume about 25 g diet per day
in the present study (Fig. 1C), which corresponds to about 90
kcal/day (CRF-1 carries 3.6 kcal/g), meaning that the admin-
istered com oil is equal to about 11% of the total calories.
Moreover, this is administered once in the morning when the

feeding behavior of the rat is normally inactive. Then we were
concerned that the difference between corn oil and methylcel-
lulose cannot be ignored. In fact, the food intake of the rats in
the corn oil group was significantly decreased by about 15%
compared with methylcellulose group without any changes in
body weight. This suggests that the rats self-controlled their
total calorie intake to a constant level and so corresponding
gene expression changes should have occurred.

In the acute phase, total cholesterol, triglyceride, phospho-
lipids, and bilirubin were elevated 3 h after the administration
of com oil, which were considered to be due to rapid
absorption of oil. We are not sure why plasma bilirubin was
increased; it might reflect an increase in the absorption of bile
components when large amounts of lipid were absorbed in the
form of micelle. These parameters all returned to the same level
as in the methylcellulose group 6~9 h after administration. In
the repeated dose experiments, which correspond to 24 h after
dosing, triglyceride and bilirubin were decreased in the com ol
group, suggesting that some adapting system lowering plasma
lipid was induced during a continuous elevation of lipid
component in the diet.
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Fig. 4. Expression patterns of representative clock genes, period 2 (A, Affymetrix ID 1368303_at), D site albumin promoter binding protein (B, Affymetrix (D
1387874_at), and arylhydrocarbon receptor nuclear translocator-like (C, Affymetrix ID 1370510._a_at) are shown. Open and filled symbols represent methylcellulose
and corn oil, respectively. Values are expressed as meantSD of 15 rats for each time point. No statistically significant difference was observed between

methylcellulose and com oil at any time point.

The change in gene expression in the liver was more
complex. Although the numbers of differentially expressed
genes were small in respect of the total 16,000 probe sets, there
were still considerable numbers of genes showing different
patterns between vehicles, most of which were related to lipid
metabolism. In the corn oil-treated group, the expression of
CYP7A1 (cholesterol 7o hydroxylase), the rate-limiting
enzyme of bile acid synthesis or elimination of cholesterol
(Mast et al., 2005), showed a clear circadian rhythm as reported
(Kai et al., 1995; Ishida et al., 2000), and it was lower at 3 h but
higher at 6 and 9 h than that in the methylcellulose group. The
expression was then lowered again at 24 h after dosing, and
this pattern appeared to continue during repeated administra-
tion, i.e., the expression value in the corn oil group stayed
about 60% of those in the methylcellulose group until the 29th
day. On the other hand, CYP 8B1 (cholesterol 12a hydroxy-
lase), which catalyzes the synthesis of cholic acid and controls
the ratio of cholic acid over chenodeoxycholic acid in the bile,

showed a less marked but obvious circadian pattern as reported
(Ishida et al., 2000). It showed a continuously higher
expression from 3 to 9 h than methylcellulose, returned to
the same level at 24 h, and no difference was observed in the
repeated dosing. These changes were considered to be the
reflection of the transiently high consumption of bile due to the
bolus injection of corn oil.

The rate-limiting enzyme of cholesterol biosynthesis, 3-
hydroxy-3-methylglutaryl-Coenzyme A reductase, also showed
a circadian rhythm and the administration of corn oil markedly
increased its expression at 9 h. At this point, squalene epoxidase
and sterol-C4-methyloxidase were also increased. The former is
amicrosomal enzyme that catalyzes the oxidation of squalene to
2,3-oxidosqualene, the last reaction of non-sterol metabolites in
the cholesterol biosynthesis pathway (Hidaka et al., 1990). The
latter is known as one of the components essential for sterol
biosynthesis in yeast (Darnet and Rahier, 2003), and it used to be
termed neurorepl and was discussed in relation to the repair
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process of damaged neurons (Uwabe et al., 1997). Looking at the
high expression level in liver and induction by corn oil alone, we
considered that the induction of sterol-C4-methyloxidase was a
general phenomenon related to lipid metabolism rather than
neurophysiology.

One noticeable gene is angiopoietin-like protein 4, which
was recently shown to be involved not only in lipid metabolism
via inhibition of lipoprotein lipase activity (Yoshida et al.,
2002) but also in various diseases (Xu et al., 2005). It was
reported that its expression in adipose tissue and liver was
affected by the nutrient status, e.g., induced by fasting (Ge et
al.,, 2005). In the present study, this gene was markedly up-
regulated at 3—6 h after corn oil treatment and returned to the
same level as methylcellulose at 9 h or later. It is of interest to
elucidate why oil intake resembles fasting in case of angio-
poietin-like protein 4 expression.

Fatty acid synthase was up-regulated by comn oil at 6 h after
dosing and then returned to the same level as methylcellulose,
whereas it was down-regulated (about 60% of methylcellulose)
after repeated administration. In contrast, fatty acid binding
protein family members, involved in lipid uptake, were up-
regulated 24 h after single and repeated administrations of corn
oil. These reactions in the repeated phase are considered to be
adaptive responses suitable for lipid intake. In addition to these
two enzymes, there were genes showing significantly different
expression in the corn oil group at 29th day, i.e., serine
dehydratase, ornithine aminotransferase, stearoyl CoA desatur-
ase, aldehyde dehydrogenase 1A1, and epoxide hydroxylase 2.
Of these, the latter two were up-regulated whereas the others
were down-regulated.

The increase of aldehyde dehydrogenase and epoxide
hydroxylase is considered to be favorable for the condition
of high lipid diet, since both enzymes are reported to be
involved in the detoxication of the metabolites associated with
lipid metabolism (Choudhary et al., 2005; Newman et al,,
2005). As for the down-regulated genes, the decrease of fatty
acid synthase and stearoyl CoA desaturase, both are in the
pathway of fatty acid synthesis, which might reflect a decrease
in the need of fatty acid. Serine dehydratase and ornithine
aminotransferase are known to be induced by high protein diet,
glucagon, or ghicocorticoid (Hunter and Harper, 1977; Bourdel
et al, 1983). Based on the present data, it is difficult to
conclude whether the change was due to the relative reduction
of protein in the diet, or to the secondary change in
endocrinological status. Moreover, it should be noted that the
circadian pattern could not be obtained in the present
experiments of repeated administration. Although most of the
observed changes could be interpreted as an adaptation for the
rapid absorption of oil from the gut in the acute phase and for
the continuously elevated composition of lipid in the food in
the chronic phase, it is difficult to map all the changes to
various metabolic pathways, and to give reasonable explana-
tions. Further confirmation is obviously needed, but the present
study has supplied many valuable suggestions.

Many of the genes affected by corn oil treatment exhibit their
own circadian thythm generally with low expression at 3 h (around
noon), increasing from 6 h (late afternoon) to 9 h (evening), and
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returning to low expression at 24 h (morning) of dosing. There isa
long blank period between 9 and 24 h after dosing, as it was
practically impossible to perform measurements after midnight in
the present project. It was therefore possible that the actual peak of
some genes occurred between 9 and 24 h after dosing, or mid-
night. We were concerned that the compulsory administration of
oil in the morning disturbs not only feeding behavior but also the
circadian rhythm itself. However, it was confirmed that the
expression patterns of representative clock genes were unaffected,
suggesting that changes in gene expression were not due to the
disturbance of the original circadian rhythm. Moreover, the
expression levels of clock genes in repeated dosing (corres-
ponding to the 24 h value) were also unchanged, suggesting that
disturbance of the circadian rhythm during repeated administra-
tion of oil was unlikely.

The present analysis of the data in our database would
provide useful information for future experiments to elucidate
the detailed mechanism of lipid metabolism. It also provides
valuable information for the analysis of the activity of
compounds when a comparison of chemicals dosed with
different vehicles is made. Since the data accumulated in our
database appeared to be of high quality and reproducibility, at
least in terms of the effect of vehicles, we expect that drug
actions, especially related to toxicity, may be sensitively
detected using our database.
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Abstract

Retroviral DNA integration is mediated by the viral protein integrase. However, elements of the host DNA repair machinery such as the
phosphatidylinositol 3-kinase (PI-3K)-related protein kinase family system would play a role in the integration of viral DNA into the host DNA.
Here, we show that a host PI-3K-related protein kinase, DNA-dependent protein kinase (DNA-PK), plays a role in the specific integration
of retroviral DNA and induction of retroviral diseases in vivo. DNA-PK-deficient scid mice inoculated with Friend leukemia virus (FLV)
exhibited a random integration into their genomic DNA and expressed the viral envelope protein gp70. However, the specific integration
of FLV at Spi-1 or Fli-1 sites did not occur in association with the significant resistance of scid mice to FLV-induced leukemogenesis. In
contrast, the knockout of another member of the PI-3K-related protein kinase family, encoded by the ataxia telangiectasia mutated{ATM)
gene, resulted in mice as sensitive to FLV-induced leukemogenesis as the wild type mice. FLV was specifically integrated into the DNA at
Spi-1 and FIi-1 sites with significant expression of these transcription factors. These findings indicated that DNA-PK would be essential for
controlling the in vivo integration of FLV at specific sites as well as the susceptibility to FI.V-induced leukemogenesis.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Retrovirus infection; Friend virus; DNA-PK; ATM; Integration

subunit of DNA-PK, DNA-PKcs, is a member of a family
of large, presumably multifunctional, phosphatidylinositol
3-kinase (PI-3K)-related protein kinases [5,6]. DNA-PKcs
is a component of the cellular, non-homologous end-joining
(NHEYJ) pathway and is known to be required for the repair of
double-strand breaks induced by ionizing radiation and cer-

1. Introduction

Integration into the host DNA is an essential step in retro-
viral replication [1]. The integration of retroviral DNA is usu-
ally mediated by the viral protein integrase [2,3]. However,
recent in vitro studies suggest that several host proteins also

participate in the reaction. Daniel et al. [4] have reported that
the integrase-mediated joining of retroviral and host DNA is
recognized as damage by the host cells, and that DNA repair
proteins, such as DNA-dependent protein kinase (DNA-PK),
may be required to facilitate stable integration. The catalytic

* Corresponding author. Tel.: +81 3 5803 5399; fax: +81 3 5803 0123.
E-mail address: masa.pth2 @med.tmd.ac.jp M. Kitagawa).

0145-2126/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
~ doi:10.1016/j.1eukres.2005.01.016

tain DNA-damaging drugs and for V(D)J recombination dur-
ing the generation of immunoglobulin-producing cells [7].
The initial events in retroviral integration would be detected
as DNA damage by the host cell and DNA-PK-mediated re-
pair may be required for the completion of the integration
process. Thus, DNA-PK-deficient murine scid cells infected
with retroviruses showed a substantial reduction in retrovi-
ral DNA integration as compared with control cells because
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the abortive integration of retroviruses induced apoptosis [8].
However, other experiments using HIV-1-derived retroviral
vectors and cultured scid cells revealed that DNA-PK is not
required for efficient retroviral integration [9]. Thus, the roles
of DNA-PX in the retroviral integration are still unclear.

The ataxia telangiectasia mutated (ATM) gene and the
ATM and Rad3-related (ATR) gene, which also encode mem-
bers of the PI-3K-related protein kinase family, play impor-
tant roles in inducing cell cycle arrest in response to DNA
damage and partially contribute to DNA repair. Using wort-
mannin (an irreversible inhibitor of PI-3K-related protein ki-
nases including DNA-PK and ATM*inases) and a DNA-
PK-deficient murine scid cell system, Dantel et al. [8] have
shown that in the absence of DNA repair protein of the NHEJ
pathway, ATM is required to allow stable retroviral integra-
tion and to avoid integrase-mediated cell killing. However,
recent in vitro experiments using caffeine (an efficient in-
hibitor of ATM and ATR) and an ATM-deficient cell system
demonstrated that ATR kinase activity was required for suc-
cessful completion of the integration [10]. Thus, the identity
and mechanism of action of proteins responsible for repair of
the viral~host DNA in the retroviral integration process have
differed among the experimental systems employed.

To clarify the overall contribution of PI-3K-related pro-
tein kinases to the retroviral integration process and their
significance for retrovirus-induced pathogenesis, it is impor-
tant to trace the overall process of retroviral infection in the
in vivo system using PI-3K-related protein kinase-deficient
hosts. Thus, in the present study, Friend leukemia virus (FLV)
was introduced into DNA-PK-deficient scid mice and ATM
knockout (—/—) mice with the C3H background although re-
grettably, the knockout of ATR is embryonic lethal [11]. The
FLV-induced leukemogenicity in these in vivo systems was
determined and retroviral infection-related events in these
PI-3K-related protein kinase-deficient mice were analyzed.

2. Materials and methods
2.1. Mice

The 8-10-week-old male C3H/He (C3H) mice were bred
from our colony at the Animal Production Facility of the Na-
tional Institute of Radiological Sciences in Chiba. The scid
mice and ATM knockout (—/—) mice with the C3H back-
ground were also bred from our colony. Methods for the gen-
eration of knockout constructs and ATM —/— mice were de-
scribed elsewhere [12]. The scid and ATM —/— mice with the
C3H background were generated by crossing CB.17 scid and
129/8v ATM —/— mice [13] with the C3H strain, respectively,
followed by backcrossing through more than 20 generations.
All mice were maintained within a barrier-sustained specific-
pathogen-free (SPF) facility. All animals were reared and
treated in accordance with the guidelines governing the care
and use of laboratory animals at the National Institute of Ra-
diological Sciences (approval numbers 1997-4 and 1997-17)

and also the guidelines established by the Animal Experiment
Committee of the Tokyo Medical and Dental University.

2.2. Viral infection and determination of leukemogenesis

An NB-tropic Friend leukemia virus complex, originally
provided by Dr. C. Friend, was prepared as described ear-
lier [14] and injected 1.p. into mice at a highly leukemogenic
dose of 10* PFU/mouse [15]. The development of leukemia
was assessed using the hematocrit (Ht) value (%) and the
nucleated cell count (NCC) of peripheral blood from the
tail vein (x10%/mm?) after inoculation with FLV. One, 2,
4 and 8 weeks after the inoculation, spleen cells were col-
lected from experimental groups of mice, stained with phy-
coerythrin (PE)-conjugated monoclonal anti-erythroid cells
(TER119, Pharmingen, San Diego, CA, USA), and analyzed
on a FACScan (Becton Dickinson Immunocytometry Sys-
tems, Mountain View, CA, USA). The TER119-positive cell
parameter was calculated [16].

2.3. Southern blot hybridization

To detect the integration of proviral DNA into spleen cells
from the FLV-infected mice, Southern blot hybridization was
performed for FLV-specific sequences of cellular DNA [17].
Chromosomal DNA was extracted from the spleen by the
phenol extraction method [18] with modifications. The DNA
(10 pg) digested with restriction enzymes was fractioned by
electrophoresis through 0.7% agarose gel, transferred to a
Magna nylon membrane (Micron Separations Inc., Westboro,
MA, USA), and hybridized to a 3?P-labeled ernv probe de-
rived from a 0.8-kb BamHI-BamHI fragment of the Friend
MuLV env region [19]. Southern hybridization and wash-
ing were performed according to the manufacturer’s instruc-
tions (Micron Separations Inc.). Briefly, hybridization was
carried out at 65°C for 16h in 5x SSPE, 5x Denhardt’s
solution, 0.5% SDS and 10 pg/ml of heat denatured salmon
sperm DNA. Washing was carried out at room temperature
for 10min in 2x SSC, at 65°C for 60min in 2x SSC and
0.5% SDS, and then at room ternperature for 10 min in 0.1 x
SSC. Hybridization and washing were done in rotation in a
hybridization oven. Hybridization signals were detected by
exposing the imaging plate of a Bio Imaging Analyzer (Fuji
Bas 2000, Tokyo, Japan). Because HindIll cut the Friend
MuLV sequences at two sites outside of the probe-binding
portion, randomly integrated viral DNA would be detected
as smears. In contrast, BamHI digestion cut both ends of the
probe-binding portion because the probe was designed from a
BamHI-BamHI fragment of Friend MuLV. Therefore, BamHI
digestion would demonstrate integrated viral DNA.

2.4. Direct PCR for detecting specific integration of FLV
at the Spi-1 or Fli-1 site

To determine the precise location and transcriptional
orientation of the proviruses, we directly amplified junc-
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tion fragments of proviral and host DNA using proviral
primers and flanking host DNA primers. These primers were
synthesized by a commercial laboratory (Invitrogen Corp.,
Carlsbad, CA, USA). The following pairs of primers were
used: a primer from the LTR of F-MulV, P3, F-MuLV-
P3: GTCGCCCGGGTACCCGTATTC, and a primer from
the sequence of the F-MulLV integration site of Fli-1, Fli-
1-Pu: CGCTGAAGGGAAGAGCAAGAG [26], and in the
same way, that of SFFF-P3: CACTAGAATACGAGCCAC-
GATAAAT, and that of the SFFV integration site, Spi-
1, Spi-1-Pu: CTTTCACTTGTGTAGTTGAAGATGG. High
molecular weight DNAs (150 ng) were &ubjected to 35 cy-
cles of PCR in a final volume of 50 p.l, containing 0.2 mM
of each dNTP, 1 mM MgSOq4, 1.0unit of KOD-Plus-DNA
polymerase (Toyobo, Osaka, Japan) and 1x PCR buffer for
KOD-Plus-DNA polymerase, and 0.3 uM of each primer.
PCR was performed for 35 cycles of 1 min at 94°C, 30s
at 60 °C and 3 min at 68 °C. Aliquots of 10 .l were analyzed
by electrophoresis in 1.0 or 1.5% agarose gels and visualized
using ethidium bromide fluorescence. A/HindII-EcoRI-cut
DNA or ¢ XHaelll-cut DNA was runin parallel as a molecular
weight marker.

2.5. Reverse transcription (RT)-polymerase chain
reaction (PCR) for Spi-1 or Fli-1 expression

To determine the activation of the Spi-I and Fli-1 genes
which is essential for the transformation of erythroid cells
during the progression of FLV-induced disease {20], RT-PCR
was performed in each experimental group. The RNA was ex-
tracted from the spleen and bone marrow using an RNeasy
Mini Kit (Qiagen, Valencia, CA, USA) according to the man-
ufacturer’s directions. Tissue RNA (100ng) was used as a
template for the amplification reactions. Complementary (c)
DNA was synthesized using Rous-associated virus reverse
transcriptase (Takara Biomedicals, Kyoto, Japan). The PCR
was performed as described elsewhere [21]. Oligonucleotides
as specific primers for Spi-1 and Fli-1 were synthesized by a
commercial laboratory (Life Technologies Oriental, Tokyo,
Japan). As a control reaction, B-actin was also included in
each run. The sequences of primers were as follows: Spi-
I: 5" PCR primer ATGGAAGGGTTTTCCCTCACCGCC,
3’ PCR primer CTGCACGCTCTGCAGCTCTGTGAA;
Fli-1: 5" PCR primer CCAGAACATGGATGGCAAGGA,
3’ PCR primer CCCAGGATCTGATAAGGATCTGGC; B-
actin: 5' PCR primer TGGAATCCTGTGGCATCCATGA,
3’ PCR primer ATCTTCATGGTGCTAGGAGCCAG. The
expected sizes of the PCR products were 216 bp for Spi-
1, 324bp for Fli-1 and 175bp for B-actin. ¢X174/Haelll-
cut DNA was run in parallel as a molecular weight
marker.

2.6. Bone marrow transplantation (BMT)

To determine whether hematopoietic cells of the scid mice
were actually refractory to FLLV-induced leukemia even un-

der conditions of normal NK-cell 4ctivity, a BMT model
to rescue the FLV-infected wild type C3H host was gen-
erated. The wild type C3H mice that had a normal im-
mune function, in other words, that did not have elevated
NK-cell activity, were inoculated with FLV. One week later
when FLV-induced splenomegaly was evident, mice were
lethally irradiated (9.5Gy) and transplanted with 10° of
bone marrow cells from C3H scid mice. As control ex-
periments, FLV-free C3H mice transplanted with the C3H
scid bone marrow cells and FLV-inoculated C3H mice trans-
planted with the wild type C3H bone marrow cells were also
generated.

2.7. Detection of apoptosis

Fresh spleen tissue was mounted in an OCT compound
(Sakura, Tokyo, Japan), frozen with liquid nitrogen and cut
to make 8-10 pm thick frozen sections. To identify apoptotic
cells on frozen tissue sections by terminal deoxytransferase
(TdT)-mediated dUTP nick end labeling (TUNEL), an in situ
cell death detection kit, fluorescein (Boeringer Mannheim,
Mannheim, Germany) was used as described previously [22].
Briefly, frozen sections were fixed with a 4% paraformalde-
hyde solution for 20 min, washed with phosphate-buffered
saline (PBS), incubated in 0.1% sodium citrate~0.1% Triton
X-100 for 2 min, washed with PBS and then incubated with
FITC-labeled dUTP and TdT at 37 °C for 60 min. Sections
were then observed under a fluorescent microscope and the
TUNEL-positive cell ratio was determined by dividing the
number of positively stained cells by the total -cell number
(counting more than 1000 cells).

2.8. Western blot analysis for gp70 and p53 protein

Spleen cells from each group of mice were suspended in
Iscove’s modified Dulbecco’s medium (IMDM, Sigma, St.
Louis, CA, USA) containing 10% fetal bovine serum, at a
concentration of 6 x 10° cells/tube and pelleted. Cell lysates
were prepared by incubating the pellets on ice for 15 min in
1 ml of a lysis buffer containing 10 mM Tris—HCI (pH 7.5),
5 mM EDTA, 1% Nonidet P-40, 0.02% NaN3, 1 mM phenyl-
methyl sulfonyl fluoride (PMSF), 0.1% aprotinin 100 uM le-
upeptin, and 100 uM tosyl-L-phenylalanyl chloromethy! ke-
tone (TPCK) (Sigma). Supernatants were separated from de-
bris by centrifugation at 12,000 rpm (9000 x g) for 5 min at
4 °C. Protein concentrations were determined using a Bio-
Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). The whole cell lysate (50 ug) was subjected to 8, 10
or 12.5% SDS-PAGE. Gels were transferred electrophoret-
ically to nitrocellulose membranes (Schleicher and Schull,
Dassel, Germany). The membranes were blocked in 10%
skim milk in PBS, incubated with a goat polyclonal anti-gp70
(Quality Biotech, Camden, NJ, USA) or a mouse monoclonal
antibody to P53 protein (Pab 240, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), and after being washed were
incubated with a horseradish peroxidase-conjugated anti-
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Table 1
Hematocrit (Ht) value of the peripheral blood from the wild type, scid and ATM —/— mice after inoculation with FLV
Mice Time after inoculation with FLV

Control ‘ 1 Week 2 Weeks 4 Weeks 8 Weeks
C3H wild 51+£1.0 48410 3842.0 31443 21+£5.58%
C3H scid 4607 43+15 41£0.3 36438 38+ 1.6%b
C3HATM ~/- 45+2.6 4845.0 42+15 30£17 23+ 6.4°

Values indicate the mean == S.D. of the Ht value (%) of peripheral blood in three to five mice from each experimental group. Note the gradual decrease in the Ht
value of wild type and ATM —/— mice, 2 and 4 weeks after FLV inoculation, in contrast to the slight increase or normal level in the FLV-inoculated scid mice.
# Differences were significant between the C3H control and scid mice at 8 weeks after FLV inoculation using Student’s s-test (p <0.01).
b Differences were significant between the scid and ATM —/~ mice at 8 weeks after FLV inoculation using Student’s -test (p <0.01).

goat or anti-mouse IgG antibody (Dakopatts, Glostrup, Den-
mark). To confirm the equivalent loading of protein in each
lane, membranes were blocked, incubated in polyclonal rab-
bit anti-actin antisera (Sigma), and after washing, incubated
in horseradish peroxidase-conjugated anti-rabbit Ig antibody
(Dakopatts). Bands in the washed membrane were detected
with an enhanced chemituminescence (ECL) system (Amer-

* sham Life Science, Buckinghamshire, UK) as described pre-
viously [22].

2.9. Densitometric analysis

The densities of bands were measured by densitometric
analysis with an ImageQuant scanning imager (Molecular
Dynamics, Sunnyvale, CA, USA). The relative intensities of
the bends were calculated by comparing the density of the
sample with that of the control.

3. Results

3.1. FLV-induced leukemogenesis in the scid and ATM
—/— mice

First, to determine the leukemogenicity of FLV in DNA-
PK-deficient scid mice and ATM —/— mice, parameters in-
cluding the hematocrit (Ht) value, nucleated cell count (NCC)
of peripheral blood, spleen weight and TER119-positive cell
ratio of the spleen were determined after inoculation with
a leukemogenic dose of FLV. As shown in Table 1, Ht val-
ues declined remarkably after FLV inoculation in the wild
type and ATM ~/— C3H mice. In contrast, the scid mice
showed only a slight decrease in the Ht value. Regarding the
NCC, spleen weight and TER119-positive cell ratio, FLV-
inoculated wild type and ATM —/— mice showed a gradual
but significant increase after the inoculation with FLV, while
scid mice showed very slow or no remarkable change (Fig. 1).
As shown in Fig. 2, all the FLV-inoculated wild type mice
died from leukemia within 19 weeks and the ATM —/— mice
within 15 weeks, while only 20% of the FLV-inoculated scid
mice died from leukemia; the majority of mice lived for more
than 24 weeks with no evidence of splenomegaly. The ATM
—/— mice seemed more susceptible to FLV-induced leukemia
than the wild type mice probably due to their immunodefi-
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Fig. 1. FLV-induced leukemogenicity in mice with the C3H background.
Lines indicate the wild type (), scid (B) and ATM —/— mice with the
C3H background (A). Parameters for the leukemogenicity are: (A) nu-
cleated cell count of peripheral blood (x10°3/mm3); (B) spleen weight
(x10% mg); (C) TER119-positive cell parameter of the spleen (spleen weight
(mg) x TER119-positive cell ratio (%)/body weight (g)). Note that FLV-
inoculated wild type mice and ATM —/— mice exhibited an increase in these
parameters indicating the induction of leukemia, 4 and 8 weeks after inoc-
ulation with FLV, while scid mice revealed only a slight increase in each
parameter.

cient nature [23,24]. These findings indicated that FLV in-

oculation induced leukemia in the wild type and ATM —/—
mice, whereas, the scid mice were significantly refractory to
FLV-induced leukemogenesis.
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Fig. 2. Survival curves of the mice with the C3H background after in-
oculation with FLV. Lines indicate the wild type (solid line, n=10), scid
(broken line, n=13) and ATM —/— (dotted line, n=_8) mice with the C3H
background. Note the significantly longer survival of the FLV-inoculated
scid mice compared with the FLV-inoculated wild type or ATM —/— mice
(p <0.01 and p <0.001 using the Mantel-Cox test, respectively). In addition,
the survival of ATM —/— mice was significantly shorter than that of wild
type mice (p <0.05).
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3.2. Integration of FLV in spleen cells from the
FLV-infected scid and ATM —/— mice

To investigate the actual integration of FLV into the host
DNA of the scid and ATM —/~— mice, Southern blot hy-
bridization was performed to detect FLV-specific sequences
in the host genome. As shown in Fig. 3A, randomly inte-
grated FLV sequences were detected by HindIIl digestion as
smears, and as shown in Fig. 3B, BamHI digestion demon-
strated the overall integrated sequences as clear bands in
spleens from the wild type and ATM —/— mice, 1 and 4
weeks after inoculation with FLV. Integtated signals were
also clearly detected in samples from the scid mice, although
the densities of the bands were slightly weaker. Analysis us-
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Fig. 3. Southern blot hybridization analysis for FLV-specific sequences in
host DNA of the wild type, scid and ATM —/— mice after inoculation with
FLV. Genomic DNA (10 pug) of high melecular weight prepared from each
experimental group of mice was digested with HindIll (A) and BamHI
(B). Each sample was hybridized with a 3P-labeled Friend Mul.V-derived
DNA probe. HindIH digestion was expected to detect randomly integrated
F-MuLV DNA as smears and free viral cDNA as bands. In contrast, BamHI
digestion would reveal integrated or free DNA as distinct bands. As we
could detect smear signals but not band signals in HindIII digestion exper-
imnents, free viral cDNA would be ignorable probably because we prepared
the samples by a high molecular weight DNA exfraction method. Note that
the integrated proviral sequences of F-MuLV were prominent in the wild
type and ATM —/— mice, 1 and 4 weeks after inoculation with FLV. The
scid mice also demonstrated significant integration although the density of
bands appeared slightly weaker. The relative intensities of bands were mea-
sured by densitometry (wild mouse sample before inoculation with FLV as
the control, 1.0) and indicated under the photos of gels.

ing densitometry revealed that the intensity of integration
signals in scid mice was 2-3-fold less than those of wild
mice and that the intensities in ATM —/— mice was almost
two thirds of those of wild mice. These results suggested that
the random integration of FLV did occur in the wild type and
ATM —/— mice and also in the scid mice as well, although
the integration efficiency seemed lower especially in scid
mice.

3.3. Expression of gp70 protein in spleen cells of the
wild type, scid and ATM —/— mice

To confirm whether the integrated viral genes were actu-
ally expressed, the viral envelope protein gp70, was examined
by Western blotting after inoculation of the wild type and scid
mice. As shown in Fig. 4, gp70 was abundantly expressed in
the spleen cells of wild type mice, 1, 4 and 8 weeks after
the inoculation with FLV. In the scid mice also, spleen cells
exhibited significant signals at 1, 4 and 8 weeks, although the
expression of gp70-associated protein was observed as early
as 1 and 3 days in scid mice. However, the overall expression
of gp70 was slightly lower in the scid mice than the wild type
mice. These findings were consistent with the data shown in
Fig. 3A and B indicating the levels of FLV integration into
spleen cells of the wild type and scid mice.

3.4. Integration of FLV at Spi-1 and Fli-1 sites and the
expression of Spi-1 and Fli-1 in spleen cells of the wild
type, scid and ATM —/— mice

Spi-1 and Fli-] are transcription factors expressed in the
majority of FLV-induced leukemia cells [25,26]. Integration
of the spleen focus forming virus (SFFV) occurs at the Spi-1
site and that of the Friend murine leukemia virus (MulV)
adjacent to the FIi-I site. The integrated LTR of the virus
promotes the expression of these transcription factors caus-
ing leukemogenesis. To detect the specific integration of viral
sequences at these sites, direct PCR analysis was performed
using primer sets amplifying junction fragments of the inte-
grated viral sequences and the host transcription factor se-
quences. As shown in Fig. 5A, dilution experiments were
performed using PCR products for the Spi-1 site detected 1
week after inoculation with FLV and those for the Fli-1 site
by week 8 in spleen cells of the wild type mice. Both signals
were evident in 5% and 1 x (no dilution) samples. Then, the
PCR was performed for samples from 0, 1 and 8 weeks after
inoculation with FLV in wild type, scid and ATM —/— mice.
As shown in Fig. 5B, PCR products for the Spi-1 site were
detected 1 week after inoculation with FLV and those for the
Fli-1 site by week 8 in spleen cells of the wild type and ATM
~/— mice, These findings indicate that the monoclonal ex-
pansion of leukemic cells occurs with integration of SFFV at
the Spi-1 site at an early stage and later with the integration
of F-MulV at the FIi-1 site. In contrast, spleen cells from the
scid mice exhibited a very weak signal for Spi-1 site integra-
tion and the undetectable level of Fli-1 site integration signal
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Fig. 4. Expression of gp70 in the C3H wild type and scid mice determined by Western blotting. The relative intensities of bands were measured by densitometry
(0 day, wild type as the control, 1.0) and indicated under the photos of gels. Note that the expression of gp70 was prominent in the wild type mice, 1, 4 and
8 weeks after inoculation with FLV. The scid mice expressed gp70 from the earlier period after FLV inoculation (1 and 3 days) probably originated from the
immunaodeficient nature of these mice. In 1, 4 and 8 weeks, scid mice demonstrated significant expression although the density of bands in 1 and 4 weeks

appeared slightly weaker than the wild type.
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Fig. 5. Specific integration of FLV and expression of the transcription factors. Direct PCR analysis for the specific integration of FLV at the Spi-I or Fli-1
site (A) and RT-PCR analysis for the mRNA expression of Spi-I and Fli-1 (B) in the spleen of mice with the C3H background. DNA or RNA samples were
prepared from the spleen of wild type, scid and ATM —/— mice, before and 1 and 8 weeks after inoculation with FLV. (A) DNA samples from wild type mice
were prepared 1 and 8 weeks after inoculation with FLV and diluted to 5x, 25%, 125x and 625x. Direct PCR was performed for SFFV-5pi-/ in samples
from week | with each dilution or F-MuLV-Fli-] in samples from week 8. The relative intensities of bands were measured by densitometry (625 x sample as
the control, 1.0) and indicated under the photos of gels. Note that both signals were evident in samples 3x and Ix. (B) Direct PCR exhibited integration of
"SFFV at the Spi-1 site (1 week after FLV inoculation) and F-MuLV at the Fli-] site (4 weeks after FLV inoculation) in spleen cells from the wild type and
ATM —~/— mice. In contrast, very weak signal was observed in spleen cells from the scid mice for Spi-] site integration and the signal was not detectable for
the Fli-1 site integration. The relative intensities of bands were measured by densitometry (0 day, wild type as the control, 1.0) and indicated under the photos
of gels. (C) A RT-PCR technique revealed overexpression of mRNA for Spi-1 and Fli-/ in the FLV-infected wild type and ATM —/— samples, 4 and 8 weeks
after FLV inoculation. However, up-regulation was not detectable in samples from FLV-inoculated scid mice. The relative intensities of bands were measured

by densitometry (0 day, wild type as the control, 1.0) and indicated under the photos of gels.
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suggesting that the cells with viral integration at Spi-1 as well
as Fli-1 site did not show progressive proliferation after FLV
inoculation. The defective integration of FLV to these spe-
cific sites may be related to the lower level of overall random
integration in scid mice.

To determine whether the FLV-induced disease-specific
transcription factors were activated by infection with FLV,
mRNA levels of Spi-1 and Fli-1 was examined in spleen cells
from the wild type, scid and ATM —/— mice using the RT-
PCR technique. The expression of mRNA for Spi-1 and Fli-
1 (Fig. 5C) was significantly up-regulated in FL.V-inoculated
wild type and ATM —/— mice, 4 and 8 weelts after the inocula-
tion with FLV, as compared with the control (nofi-inoculated)
mice. In contrast, the scid mice did not exhibit the expression
of Spi-1 and Fli-1 after the inoculation. These results con-
firmed that FLV-infection actually evoked leukemogenesis
indicated by the expression of FLV-induced disease-specific
transcription factors in spleen cells of the wild type and ATM
—/— mice but not of the scid mice.

3.5. Effects of scid bone marrow transplantation in the
FLV-infected C3H mice

To explain the FLV-resistance of scid mice by the defec-
tive integration of SFFV and F-MulV to the specific sites,
several possibilities should be ruled out. One of these would
be the fact that the scid mice have stronger NK-cell activity
than wild type mice [27]. To test whether the NK cells played
arole in resisting FLV-induced leukemia in the scid mice, we
generated a scid bone marrow transplantation model of FLV-
induced leukemogenesis. One week after inoculation with
FLV, C3H wild type mice having normal NK activity were
transplanted with scid bone marrow cells. Even under condi-
tions where host NK-cell activity was not elevated, the trans-
plantation effectively suppressed FLV-induced leukemogen-
esis as compared with the FLV-inoculated C3H mice trans-
planted with the wild type C3H bone marrow cells (Fig. 6).
Thus, the scid mice might be refractory to FLV-induced
leukemia not because they have strong NK-cell activity but
because the scid cells themselves are refractory to viral inte-
gration.

3.6. Apoprosis in spleen cells of the FLV-infected scid
and ATM —/— mice

The other possibility concerning the resistance of scid
mice to FLV-induced leukemia would be the increased sensi-
tivity to apoptosis of leukemia cells caused by DNA-PK de-
ficiency. After retroviral infection, integrase-induced DNA
breaks are known to cause apoptosis in DNA-PK-deficient
scid cells in vitro [4]. Therefore, to estimate the apoptotic
frequency in FLV-inoculated mice in vivo, spleen cells from
wild type, scid and ATM —/— mice with the C3H background
were subjected to the TUNEL assay. As shown in Fig. 7, the
apoptotic frequency of spleen cells from the scid mice dou-
bled within 12 h after the inoculation with FLV, then gradually
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Fig. 6. Bffects of scid bone marrow transplantation on FLV-infected wild
type C3H hosts. Survival curves for C3H wild — FLV-C3H (solid line),
C3H scid —» FLV-C3H (broken line), and C3H scid — C3H (dotted line)
demonstrating the effects of the scid bone marrow cell transplanfation on
the progression of FLV-induced leukemia. The difference was significant
between the scid C3H - FLV-C3H and the wild C3H — FLV-C3H mice
using Wilcockson’s test (7 <0.01).

abated, returning to the normal level in 1 week. The apoptotic
frequency of spleen cells from the wild type and ATM —/—
mice did not show significant change after the inoculation.
These results indicated that the hematopoietic cells of DNA-
PK-deficient scid mice might be eliminated by apoptosis after
FLV infection in part, however, the apoptotic events occurred
only in the early phase of infection and further, the apoptotic
cell ratio was not high enough to explain the resistance of
scid mice to FLV-induced leukemia. Thus, the mechapism
of resistance to FLV in scid mice appears more complicated
than that in the cell culture systems.
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Fig. 7. TUNEL assay for detecting the frequency of apoptotic cells in spleen
cells from the wild type, scid and ATM —/— mice after inoculation with FLV.
Bar graphs indicate the mean value of the TUNEL-positive cell ratio (%)
of bone marrow in three or four mice from each experimental group. Error
bars indicate SEM. Note the remarkable increase of TUNEL-~positive cells
in the scid mice 12 h after FLV inoculation. The difference was significant
between the C3H scid control and 12h after FLV inoculation {p <0.05) with
Student’s z-test.
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Fig. 8. Westetn blot analysis for the p53 status of the FL.V-inoculated wild type and scid mice after inoculation with FLV. Spleen cells of the wild type and scid
mice were analyzed for the expression of P53 protein 0, 6, 12 and 24 h after inoculation with FLV. Cells were lysed and whole lysates were examined for P53
expression. The relative intensities of bands were measured by densitometry (0 day, wild type as the control, 1.0) and indicated under the photos of gels. Note
the significant increase in P53 expression in th&FLV-inoculated scid C3H mice in contrast to the almost negative signals in the wild type mice.

3.7. p53 status of the FLV-infected scid mice

p53 is known to regulate multiple cellular functions in-
cluding cell cycle arrest and apoptosis. To examine whether
the p53 gene was activated in the FLV-inoculated scid mice, in
other words, to determine whether the apoptosis that occurred
in hematopoietic cells of the FLV-inoculated scid mice was
p33-dependent or not, Western blot analysis was performed
for P53 protein. Lysates of spleen cells from the wild type
and scid mice were prepared 6, 12 and 24 h after inocula-
tion with FLV. As shown in Fig. 8, the expression of P53
significantly increased in samples from the scid mice com-
pared with wild type mice. Therefore, the scid cells might
recognize FLV infection as DNA damage and overexpress
P33 because of a failure to repair DNA breaks and complete
the viral integration process.

4. Discussion

This study clearly demonstrates that DNA-PK-deficient
scid mice are less susceptible to leukemia and live longer
than wild type mice after infection with FLV. In consistent
with the in vitro results reported by Daniel et al. [4], scid
mouse-derived cells were certainly infected with FLV in vivo,
although the integration intensity into spleen cells was lower
than that in wild type mice. Our experiments revealed that
the deficiency for overall integration was about 2-3-fold in
scid mice, although Daniel et al. showed 5-fold deficiency
in the in vitro system. This was consistent with the finding
in vitro that DNA-PK was not essential for retroviral inte-
gration [9]. However, the most striking events in the viral
integration process in scid mice was the defective integration
of FLV at the Spi-1 and Fli-I sites. As a result, overexpres-
sion of these oncogenic transcription factors did not occur
in FLV-inoculated scid mice. These findings would suggest
the significance of DNA-PK for the site-specific integration
of retroviral cDNA. However, we have to remember that the
defective integration of FLV to these specific sités might be
influenced by the lower level of overall random integration in
scid mice. In contrast, the ATM —/— mice exhibited similar
changes in leukemogenesis and specific viral integration at
the oncogenic transcription factor sites as the wild type mice

after inoculation with FLV. These findings are consistent with
in vitro data indicating that ATM —/— cells were susceptible
to retroviral integration [4,28].

A previous study suggests that the abortive integration
evoked death in the DNA repair-deficient scid cells in vitro
[4].In the present in vivo study also, we showed that apoptosis
in hematopoietic cells was more frequent in the scid mice than
the wild type or ATM —/— mice but the difference was not
so marked and the change lasted only a short period after
the inoculation with FLV. The resistance of scid mice to FLV
cannot simply be explained by the promotion of apoptosis
among retrovirus-infected scid cells.

The ATR gene [29], may contribute to the end-ligation re-
action of DNA at the time of retroviral integration. Usually
ATR functions in the repair of UV irradiation-induced DNA
damage [30], however, we cannot ignore the possibility that
this kinase may function under a NHEJ-deficient state. ATR
overexpression can rescue some of the phenotypes of ATM
deficiency [31]. The ATR protein phosphorylates a gimilar set
of proteins to ATM, although the kinetics and activation sig-
nals involved seem to be different [32]. It seems likely that the
specificity of the ATM and ATR reactions is determined by
distinct cofactors. Thus, to clarify the function of ATR in vivo,
it would be necessary to generate DNA-PK and ATM double
knockout mice as well as ATR knockout mice, although this
double knockout is known to be fatal [33,34], because the de-
velopmental arrest of embryos occurs at around E7.5, a stage
when embryonic cells are hypersensitive to DNA damage
[35]. Further, the knockout of ATR is also embryonic lethal
[111.

In terms of immunological protection against FLV-
induced leukemia, immunosuppressed animals were ex-
pected to be more susceptible to leukemogenesis than the
immunocompetent wild type mice [14,36]. In this sense,
FLV-induced leukemic cells might proliferate more easily
in the immunosuppressed scid mice. Actually, FL.V-induced
disease progressed a little faster in ATM —/— mice which
also have defects in immunological function [23,24]. Never-
theless, the scid mice were rather refractory to FLV-induced
lenkemogenesis. This may be because specific integration
of FLV at the FIi-I site no longer occurred and the prolif-
eration of FLV-infected cells in FLV-inoculated secid mice
was not induced. However, the scid mice may have many
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other characteristics including loss of mature lymphocytes
and high NK-cell activity. As to the target of FLV-induced
leukemogensis, the scid mice have enough TER119-positive
cells in the spleen, although we do not know whether the
signal transduction systems of the scid erythroid cells are
completely the same as the wild type. Further, we cannot ig-
nore the possibility that T cells or B cells might play a role in
the integration/proliferation of FLV in the spleen. Although
the NK-cell activity did not appear to affect FL.V-resistance
in the scid mice given the results of our BMT experiment,
other possibilities should be ruled out to completely clarify
the mechanism of resistance in scid mice. For example, we
could not ignore the possibility that DNA-PK rhight be nec-
essary for the clonal proliferation of FLV-induced leukemia
cells in vivo.

DNA-PK is known to play an important role in the re-
pair of double-stranded DNA breaks including the interme-
diate state during meiosis and the variable (diversity) joining
(V(D)J) recombination by joining broken DNA molecules.
However, the mechanisms for specific/non-specific recog-
nition and ligation of blunt ends to form precise joints are
still unclear. The joining of retroviral DNA integration has
been shown to proceed normally in DNA-PK-deficient cells
apart from a small variation in target site duplication. Fur-
thermore, no gross abnormalities in sequence were identified
at the provirus—host DNA junctions [37]. Additional experi-
ments will berequired to deterrnine the exactrole of DNA-PK
and associated molecules controlling the specific integration
of FLV at the Spi-1 or Fli-1 site.

As to the specificity of retroviral integration, the mech-
anism by which integration sites are chosen is not well un-
derstood, and is influenced by several factors, including DNA
sequences and structure, DNA methylation and transcription.
Viral integrase also plays a key role in controlling the choice
of target sites. The integrase domain responsible for target
site selection has been mapped to the central core region
[38]. Another possible factor directing integration would be
the sequence-specific DNA-binding proteins, which may fuse
to integrase. Using these fusion proteins, the use of retroviral
vectors could be facilitated by targeting integration in vivo
at predetermined sites. However, although targeting worked
well in reactions in vitro, a variety of obstacles complicated
applications in vivo [39]. The present study demonstrated
the novel possibility that the host enzyme, DNA-PK, con-
trols the specificity of retroviral integration. We expect the
manipulation of host gene function to also be applicable to
the design of safer and more effective gene transfer systems in
vivo.
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