the ¥YB-I genomic sequence in the targeting vector to allow for
positive and negative selection of DNA when introduced into
ES cells.?” The targeting construct was linearized at a unique
Noil site located on the plasmid vector.

Isolation of heterozygous mutant embryonic stem cell lines. The
ES cell line CCE was cultured on a feeder cell layer and elec-
troporated, using 5x 107 cells and 50 g of the linearized target-
ing vector DNA, as described.?® The transfected cells were
subjected to positive and negative selection, using G418 (250
pg/ml; Geneticin, GIBCO/BRL) and ganciclovir (GANC) (5
mM; a gift of Nihon Syntex) as selective agents. Colonies dou-
bly resistant to G418 and GANC were grown on 24-well plates
to expand them for Southern blot analysis. DNA was isolated
from each cell line and analyzed by Southern blot hybridiza-
tion.

Southern blot analysis. Genomic DNA (8 pg) was digested
with EcoRV and Bgill, then run on a 0.7% agarose gel and
transferred to a nylon membrane filter (Hybond N1; Amer-
sham). The filter was hybridized with a 0.3-kb EcoRV/EcoR]
fragment (5" internal probe A) and a 0.3-kb Xhol/HindIIl frag-
ment (3’ flanking probe B), labeled with [o-*2P]dCTP. The
membrane was washed, applied to an imaging plate, and ana-
lyzed using a Bio-image analyzer BAS 2000 (Fuji Photo Film
Co., Kanagawa).

RNA isolation and northern blot analysis. Cells in the exponen-
tial growth phase were transferred to a medium without feeder
layer cells and further cultured on a gelatin-coated dish for 4
days to aveid contamination with ¥B-J mRNA derived from
feeder cells. Total RNA was isolated using an RNeasy spin col-
umn (Qiagen, Hilden, Germany). RNA samples (10 jg/lane)
were separated on a 1% formaldehyde-agarose gel and were
transferred to a membrane. The membranes were hybridized
with ¥P-labeled mouse YB-1 1.2-kb ¢cDNA as a probe, !5 Ra-
dioactivity was visualized by autoradiography and was ana-
lyzed using a Fujix Bas 2000 bioimaging analyzer (Fuji Photo
Film Co., Tokyo).

Immunobiotting of the YB-1 protein. The cells were lysed in
TNE buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM

EDTA, 0.5% NP-40, I mM. PMSF,; 10"|1g/ml leupeptin; 10 {ig/ "~

ml_aprotinin), and, boiled in western.sample. buffer, for. 10.0%

SDS-PAGE and western blot analysis.. An antibody_to. YB-1. .

was generated.as described previously.' PCNA-specific anti-
body (PC10; Santa Cruz) and p21-(sc-§17; Santa, Cruz) were
used for western blotting,. coehe T e e DL

Proliferation rates, To defermine the proliferation rates of ES
cells, 5x10° cells were plated in triplicate in G-well plates and
the cell numbers were determined at the indicated time points
using a CASYR cell counter.

Clonogenic survival assay. ES cells were plated on gelatin-
coated G-well plates at a density of approximately 500 cells/
well. Twenty-four hours after plating, ES cells were treated
with various chemical agents, X-rays or UV irradiation. Plates
were incubated for 7 days and the surviving ES cell colonies in
each well were counted after staining with Giemsa. The plating
efficiency was ~60--80%. The relative sensitivity of each clone
of ¥B-1*/~ ES cells was determined by dividing the ICy, value
for each cell line by that of wild-type (¥B-7+/*) ES cells.

MTS survival assay. CellTiter 96 Aqueous One Solution cell
proliferation Assay (Promega) was used to evaluate drug sensi-
tivities. The 96-well plates were inoculated with 4000 cells/
well in a volume of 100 ul of ES medium. Twenty-four hours
later, drugs were added at various concentrations. Seventy-two
hours later, 20 (1l of MTS/PES was added, and incubation was
continued for 2 h at 37°C. In the presence of the electron-cou-
pling reagent PES, MTS is reduced by dehydrogenase enzymes
found in metabolically active cells into a formazan product that
is readily soluble in tissue culture medium, The quantity of for-
mazan product was measured in terms of the absorbance at 490
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nm. At least five different drug concentrations were used to de-
termine the ICs, values, and each drug concentration was repli-
cated in 4 wells for each individual experiment. The relative
sensitivity of each ¥B-1+~ ES cell clone was determined by di-
viding the ICy, value for each cell line by the ¥B-1** ES cell
line ICy, value,

Results

Targeted disruption of the YB-1 gene. The mouse ¥B-J gene,
which encodes a 49-kDa protein, is composed of 8 exons, spans
more than 16 kb, and is 99% identical to human YB-1. A re-
gion of genomic DNA carrying part of two exons and the adja-
cent intron region, was replaced by a neo cassette (Fig. 1A).
This region was chosen as the target since it encodes the C-ter-
minal domain of the YB-I protein, which is essential for pro-
tein interaction and nucleoside binding?® The resulting
construct was electroporated into ES cells, and cells showing
increased resistance to both G418 and GANC were selected.
The DNAs of resistant clones were digested with restriction en-
zymes and hybridized with several different probes. Homolo-
gous recombinants were characterized by the appearance of a
5.5-kb EcoRV fragment with the 5-internal probe A, and a
10.3-kb Bglll fragment with the 3’-flanking probe B (Fig. 1, B
and C). Additional Southern blot analysis using other restriction
enzymes confirmed the targeted disruption of one allele of
mouse YB-1 (data not shown). Furthermore, hybridization with
the neo probe showed that the predicted genomic DNA frag-
ment size is similar in all of these clones, Approximately 4% of
G418- and GANC-doubly resistant cells carried the expected
structure for the mutated allele.

Decrease in mRNA expression and protein levels in heterozygous
YB-1+- ES cells. Northern blot analysis of YB-1 mRNA, using
the full-length YB-1 ¢cDNA as 2 probe, was performed in ¥B-
I+ cells and three different clones of ¥B-7+~ cells. We found
that ¥B-I+- cells contain approximately half the amount of
mRNA detected in YB-1+/+ cells (Fig. 2A). Consistent with this
obseryation, western blot analysis of heterozygously disrupted

“iiutant celfsalso showed 8 teduction in YB-1 protein levels.

For semi-quantitative analysis, various amounts of cell lysate
were applied to.the same gel,.and we estimated that the protein
level of ¥B-1+"~ cells was reduced to approximately 50—-60% of
the -wild-type level (Fig. 2B). ¥B-/+- cells thus established
‘grew normally in. ES medium, despite these characteristics. The
doubling time of ¥B-/** and three clones (1, 2, and 5) of ¥YB-
I+ cells were 10.2, 10.0, 9.0, and 10.2 h, respectively (Table
1). Thus, no apparent growth retardation or abnormal cell mor-
phology was found in ¥B-I+- cells, in spite of the reduced con-
tent of YB-1 protein,

Prug, X-ray, and UV irradiation sensitivity of targeted cells to DNA
damaging agents. YB-1 has been proposed to be involved in the
sensitivity of cells to DNA-damaging agents such as cisplatin
and mitomycin C.' We therefore explored the role of YB-1
heterozygosity in sensitizing ES cells to a variety of cytotoxic
agents using both MTS and clonogenic survivai assays. As
shown in Table 2, we found that ¥B-7+- cells are more sensi-
tive to cisplatin and mitomycin C, and moderately moie sensi-
tive to etoposide than ¥B-/++ cells. This enhanced sensitivity
was seen in three independently isolated YB-7*~ clones (1, 2,
and 5), and the depletion of YB-1 was required for drug sensiti-
zation. Comparisons made at the ICs, dose for cisplatin re-
vealed that YB-1*- cells were approximately 3-fold more
sensitive to cisplatin than YB-1+* cells (IC5=20.0 WM. Simi-
larly, comparisons made at the ICy; dose for mitomycin C re-
vealed that YB-I* cells were approximately 5-fold more
sensitive to mitomycin C than ¥B-I** cells {IC5p=5.0 ).
Also, comparisons made at the ICs, dose for etoposide revealed
that YB-I+ cells showed a moderate level of sensitivity (1.4-
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fold), compared with YB-7++* cells (IC5p==0.6 uM) (Table 2A).
Taken together, the results described above suggest that the
concentration of YB-1 appears to correlate inversely with cellu-
lar sensitivity to DNA-damaging agents. Clonogenic survival
assays were also performed on YB-1** and YB-1*/~ cells to de-
termine whether differences observed in MTS survival assays
would translate into differences in clonogenicity. We treated
cells with a variety of chemotherapeutic drugs, X-ray or UV ir-
radiation and then incubated them for 7 days before counting
colonies with greater than 50 cells per colony. This assay pro-
vides a longer-term assessment of cell growth than the MTS as-
say and directly assesses the ability of individual cells to
proliferate into viable colonies, We tested the cytotoxicity of
cisplatin, mitomycin C, etoposide, X-rays, and UV irradiation
against YB-1+/* and YB-I+/- cells. The dose of agent required to
reduce colony formation to 10% (ICy) of that by the control
non-treated cells is shown in Table 2B. Consistent with data
gained in MTS assays and previous observations in KB cells,"®
YB-1+- cells exhibited greater sensitivity to cisplatin and mito-
mycin C than YB-I** cells. The dose-modifying factor for
equivalent cell killing (ICs) was approximately 2.0-fold for cis-
platin and mitomycin C. In contrast, YB-I*/- cells were found
to be as sensitive as ¥YB-I+/+ cells to etoposide, X-ray and UV
irradiation (Table 2B, Fig. 3). Our results suggested that the re-
duction of YB-1 level in ES cells preferentially enhances their
sensitivity to DNA cross-linking agents.

No change of p21 levels hetween YB-1*+ and YB-1+- cells.
Swamynathan ef al, established DT40 cells, in which one allele

of Chk-YB-1b is disrupted.™ The DT40YBlb (+/-) cells
showed multiple abnormalities, such as slow growth rate, in-
creased cell size, increased genomic DINA content, and reduced
p2!1 levels.?” We found no apparent growth: retardation or ab-
normal cell morphology in YB-1+/- cells, in spite of the reduced
content of YB-1 protein. We examined whether p21 levels were
changed in these wild-type and mutant ES cells. Western blot
analysis of heterozygously disrupted mutant cells (YB-1*7)
also showed a reduction in YB-1 protein levels, but no ¢hange
of p21 levels was observed in these wild and mutant ES cells
(Fig. 4).

Discussion

To clarify the biological role of YB-1 by modulating the
amount of cellular YB-1, cell lines defective in the ¥YB-1 gene
should be useful. In the present study, we have generated YB-
1+ cell lines using a gene-targeting techniques. The cell lines
established have a sequence alteration in a defined region of
one allele of the YB-I gene, and display a significant depletion
of YB-1 mRNA {approximately 50%). Consistent with the re-
duction in mRNA transcripts, the protein.level of the ¥YB-1*~
cells was reduced to approximately 50—60%, compared with
that of ¥B-I+/* cells. In this study, insertion of the neomycin
(neo) cassette resulted in deletion of a I.8-kb region of the ¥B-I
gene, containing a part of exon 5 and all of exon 6. The mutant
allele may produce a truncated protein and this protein may
function in 2 dominant-negative manner. We could not detect
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Probe A Exon 5 Exon 6 : Probe B Wild-type allele
akbl I
7.3kbl |
SEV
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i | pol 1 neo poly(A) [ 1
10.3kbL Exon 5 | mutant aliele
5.5kb| | 1k ,
B EcoRV / Probe A Bgl 1l / Probe B
kb 1 2 3 4
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Fig. 1. Targeted disruption of the mouse YB-7 gene, {A} Configurations of the intact and mutated alleles. The targeting vector carried approxi-
mately 8.4 kb of the genomic sequence, within which a part of exon 5 and all of exon 6 was replaced by the pofll-nec-poly(A) cassette. Restriction
enzyme sites are shown; Xhol (X), Bg/ll (B}, Safl {5}, EcoRV (EV), and Sacl {5¢). Thick lines indicate the genomic sequence and thin lines represent the
bacterial plasmid. The 5* to 3’ orientation of the mouse YB-1 gene is left to right, while the 5 to 3 orientation of the pollt nec pA cassette, HSV-
1 thymidine kinase gene {TK1} and HSV-2 thymidine kinase gene (TK2) is right to left. Positions of the 5- and 3"-probes, indicated as probes A and
B, respectively, are also shown, (B and €) Southern blot analysis of the DNA isolated from the embryonic stem cell lines. An EcoRV digest hybridized

with probe A (5’ internal}, and a Bgill digest hybridized with probe B (3

flanking) yielded a wild-type band and a mutant band as indicated. In

both cases, genotypes of cells are shown as follows: lane 1, YB-1+/+ | lane 2, clone 1 of YB-1++; lane 3, clone 2 of Y8-1+-; lane 4, clone 5 of YB-7+-,
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Fig. 2. {A) Northern blot analysis of the YB-7 mRNA isolated from the
germ-line-transmitted embryonic stem cell lines. Total RNA {10 pg)
from each cell line was separated on a 1% agarose gel containing 2.2
M formaldehyde, transferred to a Hybond N* membrane, and hybrid-
ized with 3?P-labeled YB-1 ¢DNA (1060 bp). Relative expression levels of
YB-1 mRNA are presented following normalization to 185 ribosome
RNA, (B) Immunoblot analysis of the YB-1 protein isolated from the
germ-line-transmitted embryonic stem cell lines. To detect the protein
level of Y8-1 semi-quantitatively, 30, 20, and 10 pg of total ceil lysate
were applied to adjacent lanes. The amount of YB-1 in each cell line
was quantitated by immunoblot analysis of the same membrane with
anti-PCNA antibody and is expressed relative to the amount of PCNA.
Relative expression of YB-1 is presented following normalization to
PCNA tevels.

Table 1. Doubling time of YB-1*"* and YB-1*- ES cells
Cell lines Doubling time (h)
YB-1++ 10.2
¥B-1+-
Clone 1 10.0
Clone 2 2.0
Clone 5 10.2

Each value is the mean of duplicate determinations.

Il

the NH,-terminally truncated form of the YB-1 protein by im-
munoblotting using an antibody against the NH,-terminus of
YB-1"(data not shown). Although we tried to establish double
knockout-ES cells (YB-1-/) by subsequent culture of heterozy-
gous’ mutant cells in an elevated concentration of G418, we
could not isolate homozygous null mutant ES cells, suggesting
that' a ‘complete lack of YB-1 may be lethal in ES cells, We
have previously shown that YB-1 is directly involved in multi-
drug-resistance 1 gene activation at the transcriptional level.
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Table 2. A. Sensitivity of YB-1+* and YB-1+- ES cells to various drugs
on MTS assay

Relative sensitivity?

1C;," for

Agent YB-1+1+ YB-1+-
Clone 1 Clone 2 Clone 5
Cisplatin () 20.0 0.5 - 0.3 0.2
Mitemycin C (uM) 9.0 0.3 0,2 0.1
Etoposide (uM) 0.6 1.5 0.5 0.2

B. Sensitivity of YB-1*+ and YB-1*- ES celis to various drugs on cclo-
nogenic assay

Relative sensitivity?

)
Agent C;g_fﬂf YB-1+-
Clone 1 Cione 2 Clone 5
Cisplatin (uM) 1.5 0.6 0.7 0.4
Mitomycin C {uM) 0.16 0.6 0.6 0.5
Etoposide (uM) 0.07 1.2 1.2 0.9
Uv (J/m32) 3.8 1.1 0.9 0.9
vRays (Gy) . 54 1.0 1.2 0.8

1} The IC;, of YB-1*+ and YB-1+~ cells for each agent was determined
by MTS assay and the ICy was determined by colony formation assays,
2} The relative sensitivity of edch clone of ¥B-7+- ES cells was deter-
mined by dividing the IC;, or IC, value for each cell line by that of
YB-1++ ES cell line. Values are means derived from two separate ex-
periments.

YB-1 is direcily required for basal promoter activation in re-
sponse to genotoxic stresses, including carcinogens, anticancer
agents, and UV irradiation.” Also, varying levels of expres-
sion of the YB-1 protein are assocjated with many biological
phenomena, including cell proliferation and transforma-
tion,>21.2.28.2% Determining how YB-1 plays a role in biologi-
cal processes in eukaryotic cells is therefore important. We
have shown that YB-1 is located mainly in the cytoplasm,
and then accumulaies in the nucleus when cells are exposed
to genotoxic stress.'® We have observed that YB-1 is overex-
pressed in human cancer cells lines that are resistant to cisplat-
in, and that the amount of YB-1 correlates with the sensitivity
of these cells to anti-cancer drugs, cisplatin, mitomycin C and
UV irradiation.'® However, the previously observed inverse
correlation between YB-1 levels and drug sensitivity in human
cancer cell lines may result from genetic and epigenetic differ-
ences unrelated to YB-1 among these cell lines. Single knock-
out ES cells of various genes, such as O%-methylguanine-DNA
methyltransferase (MGMT) and multiple drug related pfotein
1 (MRPI1), which are associated with DNA repair and drug
resistance, respectively, displayed a higher sensitivity to anti-
cancer drugs as compared with their wild-type counter-
parts.® 30 In principle, these particular ES cell lines, having
a defect in one allele of the ¥B-1 gene, could facilitate studies
on the biclogical role of the YB-1 protein.

Cisplatin is widely used in treating a variety of human malig-
nancies. Resistance to this agent is mediated through pleiotro-
pic mechanisms, including decreased drug accumulation,
detoxification of the drug, and DNA repair.®* We have also
shown that YB-1 levels correlate with sensitivity to cisplatin,
suggesting that YB-1 is directly involved in both the cellular re-
sponse to cisplatin and cisplatin resistance,'¥ We therefore ex-
amined the sensitivity of the ¥B-1+- cells to various anticancer
drugs, X-rays, and UV irradiation. YB-1+- cells showed an in-
creased sensitivity to cisplatin and mitomycin C; drugs which
induce cross-linking of DNA. Conversely, no dramatic differ-
ence in sensitivity to etoposide compared to YB-I** cells was
noted in the MTS assay, or the colony formation assay. Essen-
tially, these results are consistent with the sensitivity levels of
YB-1 antisense transfectants, in terms of colony formation.'?
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Fig. 3. Dose-response curve o anti-
cancer drugs of YB-1++ and YB-1+-
£5 cells. Approximately 500 cells
were plated on gelatin-coated 6-
well plates and incubated in the ab-
sence of any drug for 24 h. The cells
were then expaosed to various con-
centrations of drugs for 7 days, and
the remaining number of colonies
was counted; 100% corresponds to
the colony number of the same cell
line in the absence of any drug.
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Fig. 4. Ilmmunoblot analysis of the YB-1 and p2i proteins isclated
from the germ-line-transmitted embryonic stem cell lines. Total cell iy-
sate (20 pug) was applied to adjacent lanes. In both cases, genotypes of
cells are shown as follows: lane 1, Y8-1++ ES; lane 2, clone 1 of YB-7+-
ES; lane 3, clone 2 of YB-1+- E5.

We consider that the MTS assay can be markedly affected by
the rate of cell death, rather than clonogenic survival, and that
in turn, can be dependent on the proportion of cells undergoing
apoptosis. This may be the reason why we still observed a sen-
sitivity to etoposide in the MTS assay of YB-1+/- cells. ES cells
with the ¥B-I+- background had a 60% expression level of
YB-1 protein compared to ¥B-I+* cells. This reduced protein
level in ¥B-1* cells clearly reflects the sensitivity level of the
heterozygous mutant cells, as expected from the findings that
stoichiometric amounts of YB-1 protein are needed for sensitiv-
ity to cisplatin and mytomicin C. These results indicate that
YB-1 is involved in the cellular response to DNA-damaging
agents, especially DNA-cross-linking agents. However, in this
study no apparent difference in sensitivity to UV irradiation
was found between YB-1+/~ and YB-1+/* cells, as compared with
the previous study.'s* The ICs, dose for UV irradiation of wild-
type ES cell was 3.8 (J/m?), compared to 7.0 (J/m* in KB
cells. This finding may be a result of the genetic and epigenetic
differences between human cancer cell lines and ES cells.

YB-1 has been shown to bind preferentially to cisplatin-mod-
ified DNA, apurinic DNA, and RNA containing 8-
oxoguanine,'® %29 syggesting that this protein may bind prefer-
entially to structurally altered DNA.'" Several nuclear proteins
that recognize cisplatin-DNA adducts have been char-
acterized. 239 Among the HMG protein family, HMG1 and
HMG2 have been shown to bind specifically to DNA that con-
tains cisplatin-induced intrastrand cross-links® and to sensitize
cancer cells to cisplatin.®-3" Also, IXRI, a yeast protein con-
taining an HMG box, confers sensitivity to cisplatin, though &
correlation between the cellular levels of HMG proteins and the
repair of damaged DNA has not been demonstrated.™® It has
been established that various repair processes, mainly nucle-
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otide excision repair and mismatch repair, are involved in repair
of the cisplatin-induced DINA damage. ¥ Cells deficient in
DNA repair have been found G be particularly sensitive to cis-
platin. Mammalian cells defective in XPF- and ERCC-1,
among the proteins involved in nucleotide excision repair, are
extremely sensitive to cisplatin.®® In fact, DNA repair activity
has been implicated as a main cause of the resistance of many
cell lines to cisplatin. Thus, the cellular sensitivity to cisplatin
may be determined by a dynamic:interaction between DNA
damage recognition processes and ‘DNA repair proteins. We
have demoristrated: that YB- ‘interacts directly with prohferat—
ing ceil nuclear antlgen and’ p53 which are essential proteins in
DNA rephcatlon and. rc:paLr*'B 20 We Tiave also shown that over-
expression ‘of the p53 assomated protcm P73, involved in DNA
repair and’ apoptosis,. increases cellular fevels of YB-1,%0 and
that YB-1 possesses 3'-5° DNA-exonuclease activity. YB-1 may
recognize DNA damaged by a DNA-cross-linking agent, such
as cisplatin, and be invelved in the process of DNA repair, pos-
sibly through interaction with other repair-related proteins.

Recent studies using heterozygous DT40 YBIb (+/-) cells
with one copy of the wild-type Chk-YB-1b allele showed a
slower rate of growth, abnormal cell morphology, increased cell
size, and increased genomic DNA content, compared to wild-
type DT40 cells, and it was concluded that YB-1 plays an im-
portant role in cell proliferation.?” In contrast, we found no
such apparent growth retardation or abnormal cell morphology
of YB-1+~ ES cells compared with the wild type. We also found
no difference of p21 levels between the two (Fig. 4). This may
be due to the following reasons: 1) The level of YB-1 protein in
YB-1*- cells was approximately 60% of that of YB-1+/ cells
and this level of YB-I protein may be sufficient for the prolif-
eration of YB-1*- cells. 2) DT40 cells were derived from
chicken B lymphocytes and do not express p53. Therefore,
mouse ES cells may differ greatly from DT40 cells with respect
to genetic background, especially regarding the cell cycie and
apoptosis control processes. Additional studies are required to
determine the differences in phenotype between mouse ES and
chicken DT40 cells. Also, the cellular level of YB-1 is associ-
ated with fumor growth in ovarian cancers, lung cancers, and
breast cancers,?'-* At present, we have not been able to estab-
lish 2 homozygous null mutant in ES cells. Taken together,
these findings suggest that the YB-1 function may be essential
for cell viability and proliferation.

In conclusion, we have established YB-1 single knockout cell
lines, using gene targeting techniques, and shown that the ex-
tent of YB-1 expression correlates with cellular sensitivity to
the cytotoxic effects of cisplatin and mitemycie C. YB-1 ap-
pears to protect cells or DNA integrity from the toxic insults as-
sociated with exposure to DNA-damaging agents. YB-1 is
therefore expecied to be involved in variety of biological roles,
including transcription, cell proliferation, drug resistance, and
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DNA repair, To elucidate these physiological roles of the YB-1
protein, establishment of mouse lines defective in YB-1 genes is
in progress. For more definitive studies, designed to evaluate
the precise role of the YB-1 protein in vivo, the generation of
conditional YB-1 mutants may be necessary.
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Interfeukin-13 Represses MRP2 Gene Expression

Through Inactivation of Interferon Regulatory
Factor 3 in HepG2 Cells

Keiji Hisaeda,! Akihiko Inokuchi,! Takanori Nakamura,' Yukihide Iwamoto 2 Kimitoshi Kolno,? Michihiko Kuwano,?

and Takeshi Uchiumi'*

The human multidrug resistance protein 2 (MRP2/ABCC2), expressed on the bile canalicnlar
membrane, mediates the multispecific efffux of several organic anions, including conjugates of
glucuronate, sulfate, and glutathione. Expression of MRP2 can be altered in response to envi-
ronmental stimuli such as cholestasis and jaundice. We previously reported that MRP2 mRNA
expression levels are decreased in the nontumorous part of hepatitis C virus-infected human liver
tissues, and that inflammatory cytokines inhibit MRP2 expression in human hepatic (HepG2)
cells. We investigated the molecular mechanisms by which inflammatory cytokines modulate
MRP2 gene expression in hepatic cells. Treatment of human hepatic cells with interleukin-153
(IL-1B) or tumor necrosis factor & resulted in a decrease in the protein and mRNA levels of
MRP2. IL-18 inhibited the transcriptional activity of MRP2 promoter constructs by 40%, and
this inhibition of MRP2 promoter activity was mediated through the interferon stimulatory
response element (ISRE). Electrophoretic mobility shift assays with IL-1-treated nuclear ex-
tracts showed a decrease in the formation of DNA protein complexes, specifically those including
interferon regulatory factor 3 (IRF3). Expression of recombinant human IRF3 increased MRP2
promoter activity. Treatment with a specific extracellular signal-regulated kinase inhibitor re-
lieved TL-1 B-induced MRP2 mRNA downregulation and abrogated the binding of IRF3 to the
ISRE element. In conclusion, IL-1 induces downregulation of the MRP2 gene by inactivating
IRF3 binding to ISRE on the MRP2 promoter in human hepatic cells; this inactivation is
accomplished via interference with the extracellular signal-regulated kinase pathway.

(HEPATOLOGY 2004;39:1574-1582.)
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ransport proteins in the basolateral and canalicu-

lar membranes of hepatocytes mediate transport

of organic solutes into and from the liver. Biliary
elimination of borh endogenous compounds and exoge-
nous drugs or poisons is a major physiological self-defense
role of various transporters.! One of the major transport
systems of this type involves the adenosine triphosphate
binding cassette (ABC) transporter family. Among the
numerous ABC transporters, P-glycoprotein (P-gp/
ABCB1) and multidrug resistance protein 2 (MRP2/
ABCC2) have been shown to mediate transpore of
cationic and anionic compounds into bile, and bile salt
exporting pump (BSEP/ABCB11) has been shown 1o ex-
port bile acids.23 MRP2 initially was identified as a mul-
tispecific organic anion transporter in the canalicular
membrane of hepatocytes and was shown to transport a
wide range of conjugated compounds, including leukotri-
ene C4, glucuronidase and sulfated molecules, and mole-
cules conjugated to glutathione.4~¢ Inherited defects in
MRP2 result in Dubin-Johnson syndrome, a congenital
disease associated with chronic hyperbilirubinemia and
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jaundice.”? Liver diseases are characterized by distur-
bances in the hepatobiliary transport of endogenous and
exogenous compounds. Hepatic expression of ABC trans-
porters can be influenced by a number of endogenous and
environmental factors. Inflammation is induced under
various pathological conditions, such as carcinogenesis,
cholestasis, and regeneration by partial hepatectomy and
by lipopolysaccharides.’0-'4 Administrations of inflam-
matory cytokines interleukin {IL)-6 and IL-13 has been
shown to result in a 20% to 60% decrease in the mRINA
levels of MRP2, organic anion-transporting polypeptide
1, organic anion-transporting polypeptide 2, and bile salt
exporting pump in the mouse liver compared with un-
treated controls.’”> The decreased hepatic expression of
these transporters affects the cellular effux of various
physiological compounds, suggesting that these cytokines
may play a key role in the hepatic expression of anion
transporters in inflammatory cholestasis.'> Altered ex-
pression of the organic anion-transporting polypeptide
and Mrp transporters also is expected to influence the
pharmacokinetics of various drugs that are transported by
these proteins.

The transcription factor interferon regulatory facror 3
(IRF3) is expressed constitutively in many cell types, and
its expression is thought to contribute to self-defense from
viral infection by inducing type I interferons.!é17 IRF3 is
required for the expression of interferon 8 and the che-
mokine regulated on activation, normal T' cell expressed
and secreted (RANTES) in response to viral infection. In
unstimulated cells, IRF3 is present dominantly in the cy-
toplasm and is phosphorylated in the N terminal domain.
After viral infection, the C terminal domain of IRF3 is
phosphorylated, leading to dimerization and interaction
with the coactivator CBP/p300.18 This complex is then
translocated to the nucleus, where it activates a promoter
containing the IRF3 binding site.

We previously compared the expression of ABC trans-
porters between the hepatitis C virus (HCV)-infected and
non-HCV-infected liver in patients with hepatic cancers
and reported that the expression levels of MRP2 mRNA
and MRP2 protein were decreased significantly and spe-
cifically in the nontumorous part of HCV-infected liver
tissue.’® However, the expression levels of other ABC
transporters—MDR1, MDR3, MRPI, and MRP3—were
not significantly different beeween the HCV-infected and
non-HCV-infected liver.!? We hypothesized that the
downregulation of MRP2 mRNA levels after cytokine
treatment occurred primarily at the transcriptional level,
and that this reduction in MRP2 transcription could be
the result of alteration in regulatory nuclear rranscription
factors. We previously characterized regulatory elements
in the human MRP2 promoter in liver cells.2® In the
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present study, we show that MRP2 mRINA transcription
decreased 24 hours after IL-13 and tumor necrosis factor
a (TNFa) treatment. Nuclear extract treated with IL-13
showed a marked decrease in DNA protein complexes,
including IRF3 complexes, and nuclear accumulation of
IRF3 was decreased by treatment with IL-18. The IL-
18—induced MRP2 mRNA downregulation was relieved
by a specific excracellular signal-regulated kinase (ERK)
inhibitor. We hypothesize that this inflammarory cyto-
kine-induced downregulation of MRP2 is the result of
reducrions in both the nuclear accumulation of IRF3 and
the binding of IRF3 to interferon stimulatory response
element (ISRE), and thar these reductions occur via the
ERK pathway.

Materials and WMethods

Cell Culture. Human hepatoblastoma HepG2 cells
were cultured in Dulbecco’s modified Eagle’s medium
(Nissui Seiyaku, Tokyo, Japan) containing 10% fetal calf
serum.'?2° Normal human hepatocytes hNHeps (Sanko
Junyzku, Japan) were cultured according to the manufac-
ture’s protocol.

Antibodies and Drugs. The antibodies used in these
experiments are as follows: MRP2 (M2II1-6; Alexis, San
Diego, CA), P-gp (C219; Centacor, Malvern, PA), IRF3
(FL425; Santa Cruz Biotech, Santa Cruz, CA), high mo-
bility group protein-I (T-16; Santa Cruz Biotech), and
glucose-6-phosphate dehydrogenase (A9521; Sigma-Al-
drich, Saint Louis, MQO). All IRFs and Spl antibodies
were purchased from Santa Cruz Biotech. The drugs Ac-
tinomycin D, PD98059, $B203580, and SP600125 were
purchased from Carbiochem (San Diego, CA).

Preparation of Protein. For whole-cell lysare, cells
were washed with ice cold phosphate-buffered saline and
solubilized in 0.5 mL of radio-immunoprecipitation assaj
buffer (50 mM Tris HCl, 150 mM NaCl, 1% Triton
¥-100, 0.1% SDS, 0.5% deoxycholate, 1 mM phenyl-
methyl sulfonyl fluoride, and 1 mg/mL txypsin inhibitor)
for 30 minutes on ice, then centrifuged at 15,000g for 10
minutes at 4°C. For nuclear and cytoplasmic extract,
HepG2 and hNHeps were harvested by exposure to tryp-
sin, resuspended in 200 pL of an ice-cold solution con-
raining 10 mM HEPES NaOH (pH 7.9), 10 mM KCl,
0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.2
mM ethylene glycol bis(Baminoethyl ether) (EGTA), 0.5
mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl
fluoride, and incubared on ice for 15 minutes. The cells
were then lysed by passing 10 times through a 25-gauge
needle attached to a 1-mL syringe, and the lysate was
centrifuged for 40 seconds in a microcentrifuge. The su-
pernatant was stored for cytoplasmic extract. The nuclear
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pellet was resuspended in 100 pL of an ice-cold solution
containing 20 mM HEPES NaOH (pH 7.9), 0.4 M
NaCl, 0.75 mM spermidine, 0.15 mM spermine, 0.2
mM EDTA, 0.2 mM EGTA, 0.5 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, and 25% (vol/vol)
glycerol, incubated for 30 minutes on ice with frequent
gentle mixing, and then centrifuged for 20 minutes at 4°C
in a microcentrifuge to remove insoluble material. The
resulting supernatant (nuclear extract) was stored at
—80°C.

Northern Blot Analysis. Total RNA was isolated us-
ing RNeasy spin columns (Qiagen, Hilden, Germany).
10 pg of total RNA from HepG2 cells was separated on 2
1% formaldehyde-agarose gel and transferred to 2 mem-
brane as described previously.’® An MRP2 complemen-
tary DNA (cDNA) probe (—28 to 513) was synthesized
by polymerase chain reaction (PCR).

Reporter Gene Vector Constructs. The {ragments of
the 5’ region of the MRP2 gene were ligated into the Sacl
and HindIH sites of pGL3-basic (Promega, Madison,
WI). All plasmids were analyzed by restriction enzyme
digestion, and the promoter inserts were sequenced. Site-
directed mutagenesis of ISRE in p-491 MRP2 Luci was
performed by a PCR-based method. The promoter se-
quence was amplified with Taq polymerase, a 5'-primer
491TAGGAGCTCTAGCGACTGATGCCAC and a
3'-primer that introduces a specific mutation into the
ISRE region (5'-AGAAGCGAAACT-3' to 5'-Acgt-
GCGcgtCT-3"). Amplification was also performed witha
. 5'-primer that introduces second specific mutation into
the ISRE region and a 3'-primer AAGCTTGATTCCT-
GGACTGCGTC. Murtane constructs of CCAAT en-
hancer-binding protein 8 (C/EBP ), hepatocyte nuclear
facror 1 (INF1), and upstream stimulatory factor (USF)
were made using the same method (for C/EBPg:
5'primer GAACTTTTAACCGCCTGTATTATG; 3’
primer AAGCTTGATTCCTGGACTGCGTC; for
HNF1: 5° primer GGCAAGGTCGGCGATTAAATGG;
3" primer CCATTTAATCGCCGACCTTGCC; and for
USF 5’ primer GGCTTTTTAGTTGTATGTCCATCC;
3'primer GGATGGACATTGTACTAAAAAGCC). A
second PCR was then performed with Taq polymerase
using the first PCR products as a template. The PCR
product was cloned into pGEM-Teasy vector, which was
subsequently digested with Sacl and HindlII fragments.
The fragments were ligated into the Sacl and HindIII sites
of pGL3-basic (Promega).

Luciferase Assay. HepG2 cells were transfected by
the Lipofectamine method as previously described.!
Briefly, a mixture of 5 ug of Lipofectamine 2000 (Life
Technologies, Grand lsland, NY), and 1 g of reporter
plasmid was incubated with the cells for 6 hours. Then,
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fresh medium containing 20 ng/mL IL-18 was added,
and the cells were cultured for an additional 24 hours. In
separate experiments, 20 uM PD98059 was administered
for 30 minutes before IL-18 stimulation. 100 ng of
pRL-TK (Promega) was cotransfected as a control for
transfection. Luciferase activity was measured using a dual
luciferase assay system (Promega). Twenrty, 100, or 200
ng of Flag-only vector or Flag-IRF3 vector was cotrans-
fected to investigate the effect of IRF3 function on the
MRP2 promoter. Promoter activities are given as the
mean £ SD of triplicate transfections. The level of signif-
icance of promoter activities in the presence of regular
substrates was determined using Student’s # test.

Electrophoretic Mobility Shift Assay (EMSA). Nu-
clear extracts were incubated for 30 minutes on ice in a
final volume of 20 pL of reaction mixture containing 25
mM HEPES (pH 7.5), 100 mM KCl, 1 mM EDTA, 10%
glycerol, 0.7 mM DTT, 10 ng of poly (dIdC), and 1 X
104 cpm of 3P-labeled oligonucleotide probe in the ab-
sence or presence of wild-type or mutant {(mt) competi-
tors. The samples were electrophoresed on an 8%
polyacrylamide gel {polyacrylamide/bisacrylamide ratio,
80:1) in Tris borate buffer. The DNA sequence of the
sense strand of the wild-type MRP2ISRE oligonucleotide
is GCAGCAGAAGCGAAACTGCAC, and that of the
mutant MRP2ISRE is GCAGCAcgtGCGegtCTGCAC.
For supershift experiments, 2 ug of each antibody was
added to the reaction mixture.

Results

IL-18 and TNFa Reduced the Expression of the
MRP2 Protein and mRNA. We examined whether the
MRP2 protein levels were affected by treatment of IL-1
and TNFe in HepG2 cells. Treatment with various doses
of IL-18 and TNFe up to 20 ng/mL for 24 hours mark-
edly reduced the MRP2 protein level in a dose-dependent
manner, although P-gp levels remained the same. (Fig.
1A). We next examined the effect of IL-18 and TNEa
stimulation on MRP2 mRNA expression levels. MRP2
mRNA levels were markedly reduced in a dose- and time-
dependent manner (Fig. 1B,C). Treatment with IL-18 ar
10 ng/mL or TNFe at 1 ng/mL for 24 hours reduced
cellular A/RPZ mRNA levels to 40% or less of the levels in
the untreated control (Fig. 1B). Treatment for 12 hours
or longer with 20 ng/mL IL-18 or TNFa decreased
MRP2 mRNA levels to 30% to 40% of the levels in con-
trols at time O (Fig. 1C). We next examined wherther
IL-18 signaling inhibitors could affect che IL-13-induced
downregulation of MRP2 gene expression. IL-18 is
known to regulate several signal transduction cascades,
including the three main kinase cascades, mitogen-acti-
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Fig. 1. Alteration of multidrug resistance protein 2 (MRP2) and P-
glycoprotein (P-gp)/MDR1 protein and mRNA levels in HepG2 in re-
sponse to interleukin-18 (IL-28) or tumor necrosis factor-o {TNFe)
administration. (A) For-Western blot analysis, 200 ug of protein was
lpaded, and blots were incubated with an antibody, M2II-6 for MRP2
and €219 for P-gp/MDR1. (8,C) Northern blot analysis. (8) HepG2 cells
were treated with the indicated dose of IL-183 {left) or TNFe (right) for
24 hours. (C) HepG2 cells were treated with 20 ng/mL 1L-13 (left) or
TNFee (right) for the indicated time. Ten micrograms total RNA was
loaded and hybridized with MRP2 cDNA. The results were representative
of three experiments,

vated protein kinase-ERK, c-Jun NH,-terminal kinase
(INK), and p38 mitogen-activated protein kinase2%2?
Coadministration of SB203580 (p38 mitogen-activated
protein kinase inhibitor) and SP600125 (JNK inhibitor)
with IL-18 had no effect on the IL-18-mediated down-
regulation of MRP2 mRNA levels (Fig. 2, lanes 2, 3, and
5), whereas PD98059 (ERK1/2 inhibitor) almoest com-
pletely relieved the downregulatory effect of IL-183 (Fig.
2, lanes 2 and 4). There seemed to be no inhibitory effect
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Fig. 2. Exrracellular signal-regulated kinase {ERK) pathways were
involved in interieukin-13 {IL-18}-induced MRP2 downregulation. 20 uM
PDO8059 (MEK1/2 inhibitor), 25 uM SB203580 (p38 inhibitor), or 20
uM SPEOG125 (JNK inhibitor) were pretreated for 30 minutes before
IL-13 stimulation (20 ng/mL) in HepG2 cells. After 24 hours, total RNA
were hawvested and hybridized with multidrug resistance protein 2
{MRP2) cDNA. Relative MRP2 mRNA expression levels are shown, com-
pared with the expression in untreated cells. This result was representa-
tive of three experiments.
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Fig. 3. Rates of MRP2 mRNA decay. 5 pg/ml actinomycin D was
incubated for 30 minutes with HepG2 cells, and interleukin-18 {(iL-15;
20 ng/ml) was administrated for the indicated time, Total RNA was
harvested, and 10 ug of RNA was loaded on a 1% formaldehyde-
agarose gel and transferred to a membrane. This result was representa-
tive of three experiments.

of PD98059 alone on MRP2 mRNA expression (Fig. 2,
lane 7). These results suggest that MRP2 mRNA down-
regulation by TL-18 involves the ERK pathway.

To understand how MRP2 mRINA expression was
downregulated by IL-1pB, we initially examined whether
the stability of MRP2 mRINA was altered. The MRP2
mRINA stability was examined, in the absence or presence
of IL-1 8, by blocking synthesis with 5 pg/mL of actino-
mycin D (Fig. 3). We observed that MRP2 mRNA was
degraded at similar half-lives of approximately 12 hours
under both conditions (Fig. 3), suggesting that IL-13-
induced downregulation of MRP2 mRINA was not the
result of destabilization of mRINA by IL-18.

Human MRP2 Gene Promoter Activity was Inhib-
ited by IL-1$3 Through an Interferon Stimulatory
Response Element at —179/— 146bp. We investigated
human MRP2 promoter activity in response to IL-1f3
administration using a series of 5'-promoter deletion
analysis. Deleted promoter fragments were ligated into
the reporter gene vector pGL3 basic and were transiently
transfected into HepG2 cells. The luciferase activity of
the complete series of 5'-deleted MRP2Z promoter con-
structs is shown in Fig, 4. Compared with p-1659, the
luciferase activity decreased to 30% when p-491 was as-
sayed, suggesting that a purative positive cis-element is
localized in the —165%/~491 bp region. We also ob-
served an approximately 50% increase in luciferase activ-
ity by p-179 as compared with p-491, suggesiing that a
negative regulatory element is localized in the ~491/
—179 bp region. Administration of IL-13 reduced MRP2
promoter activity by 30% to 50% when p-2653, p-1659,
p-491, and p-179 were assayed (Fig. 4). However, IL-18
failed to reduce the AMRP2 promoter activity when p-146
and p-21 constructs were assayed. These results suggested
that a putative IL-1f3 response element is located on the
—179/—146 region. We identified an ISRE within the
179/ —146 region (Fig. 4). To examine whether muta-
tions within the ISRE binding motif affected the down-
regulation of the MRP2 promoter activity in response to
IL-18, we performed a mutagenesis analysis of the pro-
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Fig. 4. Maps of the MRP2 promoter [uciferase constructs and the
transcriptional activity of multidrug resistance protein 2 (MRP2} promot-
er-luciferase fusion plasmids transfected into HepG2 cells. Various
lengths of human MRP2 gene promoter plasmids containing the lucif-
erase gene in the upstream region were constructed. Putative transcrip-
tion factor binding sites on the MRPZ promoter are also indicated.
Luciferase activities were measured after 24 hours and were correlated
for differences in transfection efficiency by Renilla luciferase activity, then
normalized to the activity of the p-491 MRP2-Luci construct transfected
into cells. Data are shown as the mean == SD (error bars) of three
independent experiments. *P << .01. ISRE, interferon stimulatory re-
sponse element; USF, upstream stimulatory factor, HNF-1, hepatic nu-
clear factor 1.

moter. The construct designed contained a specific mu-
tation in the consensus sequence of ISRE on the MRP2
promoter (AGAAGCGAAACT to AcgtGCGegrCT). To
check the adjacent transcription factors, we also made
C/EBPS, HNF 1, and USF mutant constructs (Fig. 5).
We transfected the mutant p-491MRP2-Luci constructs
into HepG2 cells in the absence or presence of IL-18.
Compared with the wild-type construct, the ISRE mu-
tant reporier gene constructs showed a slightly lower basal
activity in comparison with the wild type. Introduction of
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Fig. 5. Transcriptional activity of p-491 MRP2-luci and 4 p-491
MRP2 mutant-Luci {interferon stimulatory response element [ISRE],
C/EBPS, hepatic nuclear factor 1 [HNF1], and upstream stimulatery
factor [USF]) transfected into HepG2 cells with or without 20 ng/ml of
interleukin-18 (IL-18) for 24 hours. Various mutant forms of fhuman
MRP2 gene promoter plasmids containing the luciferase gene in the
upstream region were constructed. Luciferase activities were measured
after 24 hours and were correcied for differences in transfection effi-
ciency by Renilla luciferase activity, then normalized to the activity of the
p-491 MRP2-Luci construct transfected into cells. This result was repre-
sentative of three experiments, *P < .01. MRP2, multidrug resistance
protein 2.
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Fig. 6. Effects of PD9805S on interleukin-13 (IL-18)-induced MRP2
promoter suppression, p-491MRP2-Luci and p-491MRP2(ISREmt)-Luci
were transfected into HepG2 cells. Six hours later, 20 M PD28059 was
administrated for 30 minutes and IL-13 was treated {20 ng/ml; 24
hours). This result was representative of three experiments. *P < .05,
MRP2, multidrug resistance protein 2; ISRE, interferon stimulatory re-
sponse element.

mutation into USF (USFmt) did not affect the basal pro-
moter activity, whereas the HNFmt construct showed a
marked decrease in the basal promorter activity, suggesting
that HNF plays a key role in the MRP2 basal promoter
activity. C/EBPmt construct enhanced the basal pro-
moter activity by approximately 170% compared with
the wild-type construct, indicating a negative regulatory
role of C/EBPB. When the p-491 MRP2 ISREmt was
treated with IL-13, no suppression of reporter gene activ-
ity was observed. There was a significant decrease in the
promoter activity of IL-13-treated USFmt, HNFmr, and
C/EBPBmt reporter constructs (Fig. 5). These results in-
dicated that the ISRE element specifically contributes to
both basal promoter activity and IL-18 responsive down-
regulation in MRP2 promoter constructs.

To investigate whether an ERK inhibitor, PD98059,
affects IL-1B-mediated suppression of MRP2 promoter
activity, we performed a transient transfection assay with
p-491 MRP2-Luci and p-491(ISREmt) MRP2-Luci con-
structs in the presence or absence of this drug (Fig. 6).
IL-1B again reduced the promoter activity of p-491
MRP2, and pretreatment with PD98059 significantly re-
duced IL-1B-mediated suppression of MRP2 promoter
activity. The basal promoter activity of p-491 (ISREmr)
MRP2 was decreased relative to that of p-491 MRP2, and
the suppression of the promoter activity of the mutant
construct by IL-18 was not significant (Fig. 6). Coadmin-
istration of PD98059 seemed to have no effect on the
p-491MRP2 (ISREmt)-driven luciferase activity.

Binding of IRF3 to ISRE on MRP2 Promoter is
Reduced by IL-1B. EMSAs were performed to investi-
gate the binding of IRF3 to MRP2 promoter ISRE ele-
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Fig. 7. Binding of IRF3 to MRP2 promoter interferon stimulatory response elements (ISREs). Electrophoretic mobility shift assay (EMSA} was
performed using radiolabeled probes, including interferon stimulatory response element {ISRE; —171/—159, 5'-GCAGCAGAAGCGAAACTGCAC-3").
For the competition assay, the unlabeled ISRE mutant probe (—179/—153: 5'-GCAGCACRGCGeptCTGCA-3') was used as a competitor. (A) Effects
of interleukin-1/3 {IL-1B) on nuclear protein-ISRE binding. Cells were incubated with 20 ng/mL IL-1f3 for O to 8 hours. The nuclear extracts were
prepared, and the extracts (4 ug of protein) that were incubated with 32P-labeled oligonucleotide were resolved by gel electrophoresis, {B) Effects
of PD98059 on IL-1p-induced MRP2 downregulation. Before IL-1f3 stimulation, 20 uM PD2BO5I was administrated for 30 minutes. (C) Super shift
and competition assay using nuclear extract with or without IL-1p for 8 hours. Anti-IRF1-4, 7-9, Sp1, and RXRo antibodies were added to the nuclear
extracts, A 50-fold excess of the unlabeled cligonucleotide was added for the competition. (D) EMSA using nuclear extract from normal human
hepatocytes {hNHeps). A bracket (]) indicates the DNA protein complex. These results were representative of three experiments. IRF, interferon
regulatory factor; RXR, retinoid X receptor; MRP2, multidrug resistance protein 2.

ments in puclear extract from HepG2 cells. EMSA using
radiolabeled ISRE oligonucleotides and nuclear extract
showed two bands corresponding to specifically bound
complexes (Fig. 7A). These ISRE~protein complex bands
were reduced by trearment with 20 ng/mL IL-18 for 6 to
8 hours in the absence of an ERK inhibicor (Fig. 7A). By
contrast, no decrease of ISRE-protein complex formation
was observed when PD98059 was coadministered with
IL-18 (Fig. 7B).

‘We next examined whether these diminished bands
represented specific binding to ISRE and attempred to
determine which protein was involved in the ISRE~pro-
tein complex formation. We used cold comperitors and
specific antibodies for IRF family members (Fig. 7C). A
50-fold excess of ISRE wild-type cold competitor was
sufficient to abolish these bands. However, the retarded
bands were not abolished when treated with mutant com-
petitors (Fig. 7C), suggesting that the bands represented
specific binding to the ISRE element. All members of the
IRF family share homology in the DNA binding domain
and bind to a similar DNA motif, the ISRE.2423 We
performed supershift assays using antibodies of IRF fam-
ily proteins IRF1, IRF2, IRF3, IRF4, IRF7, IRFS, and
IRF9. As shown in Fig. 7C, the retarded bands were abol-
ished specifically only when treated with ant-IRF3 anti-

body. Other IRF antibodies, Spl and RXR, retinoid X
receptor (RXR) antibody, failed to shift these bands (Fig.
7C). This suggested that these two bands contain IRF3
protein—DNA complexes. IRF3 thus seemed to bind spe-
cifically to the ISRE element of the MRP2 promoter, and
IRF3 binding activiry to ISRE seemed to be reduced by
treatment with IL-18. We next examined whether nu-
clear extract from human primary hepatocytes instead of
HepG2 could bind to ISRE elements. We observed that
the specific ISRE~-protein complex bands from human
primary hepatocyte were reduced by treatment with
IL-1B (Fig. 7D). We also observed thart these retarded
bands were abolished specifically when preteated with
anti-IRF3 antibody. These results suggested thar human
primary hepatocytes contain the IRF3 protein~DNA
complexes.

Decreased IRF3 Translocation Into the Nucleus on
Treatment With IL-1B. The reduction in IRF3 binding
to ISRE could account for the observed I1L-1f-mediated
downregulation of MRP2 mRNA expression. Reduced
binding to ISRE could be caused by a lower expression of
IRF3 ar the protein level, or by the modification of IRF3
affecting DNA binding or nuclear import. We therefore
investigated the expression of IRF3 after IL-1f3 treatment
in the entire cell fraction (Fig. 84, left), nuclear fraction
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(Fig. 8A, middle), and cytoplasmic fraction of HepG2
cells (Fig. 84, right). IRF3 is a phosphoprotein that is
constitutively expressed in two forms of approximately 55
kD26 in unstimulated HepG2 cells (Fig. 8A). The upper
band of IRF3 could be basal IRF3 phosphorylation cor-
responding to the N-terminal of IRF3. In the nucleus,
IRF3 protein abundance was reduced in this compart-
ment when cells were treated with IL-18 for 8 hours. No
reducrion in cytoplasmic IRF3 protein and no change in
the level of phosphorylation was observed when treated
with IL-18. High mobility group protein-I and glucose-
6-phosphate dehydrogenase were used as markers for nu-
clear and cytoplasmic fraction, respectively. Pretreatment
with PD98059 almost completely abolished the IL-18-
induced reduction of nuclear IRF3 protein level, even
when cells were treated with IL-1p for 8 hours (Fig. 8B).
IL-1pB treatment did not change IRF3 protein levels in the
whole cell fraction (Fig. 8A,B). To investigate the poten-
tial action of IRF3 on MRP2 promoter activity, we used
IRF3 expression vector fused Flag tags. The Flag-IRF3 or
Flag-only vector was transiently cotransfected into
HepG2 cells with a MRP2 promoter luciferase construct
for 48 hours. Introduction of Flag-TRF3 from 20 to 200
ng induced an approximately 1.5- to 2.0-fold increase in
wild-type MRP2 promoter activity (Fig. 9). By contrast,
no induction by Flag-TRF3 was observed when the ISRE
mutant reporter was assayed. These results suggested that
IRF3 may be involved in the basal transcriptional activity
of the MRP2 promoter through the ISRE element.

A PDIS059()
whole cell nucleus cytoplasm
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Fig. 8. Alteration of interferon regulaiory factor 3 {IRF3) protein levels
in HepG2 in response to interleukin-13 (IL-13) administration with or
without PDS8059. 50 ug of whole cell lysate {left panel), 30 ug of
nuclear extracts (centet), and 50 pg of cytoplasmic extracts (right) were
loaded onto each lane. (B} 20 M PDIB059 was administrated for 30
minutes before IL-153 stimulation. Anti-HMG-| antibodies and anti-glu-
cose-6-phosphate dehydrogenase antibodies were used as nuclear and
cytoplasmic protein controls. This result was representative of three
experiments. HMG-1, high mobility group protein 1.
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Fig. 9. Aleration of MRP2 promaoter-luciferase activity by expression
of HRF3 in HepG2 celis. Cells were transiently transfected with each
construct, pRL-TK, and Flag or Flag-IRF3 for 24 hours and assayed ior
luciferase activity. Luciferase activities were corrected for differences in
transfection efficiency by Renilla luciferase activity and were normalized
ta the activity of the pGL3 basic vector transfected into cells. Each dose
of Flag or Flag-IRF3 was transiently transfected. This result was repre-
sentative of three experiments. *P < .01. IRF3, interferon regulatory
factor 3. ’

Discussion

Cholestasis and hyperbilirubinemia are commeon clin-
ical features in various hepatic diseases, including virus-
induced or drug-induced hepatitis, alcoholic hepatitis,
sepsis, and idiopathic postoperative cholestasis.27-28 En-
dotoxins and proinflammatory cytokines are thought to
be among the main mediators of inflammation-induced
cholestasis.2?2° Recent studies have reported on the man-
ner by which bile salts or cholesterol homeostasis-regula-
tory mechanisms are controlled through enterohepatic
circulation at the molecular level. Altered expression levels
of various transporters, including ABC wansporters, have
been implicated in cholestasis.?! MRP2 is  typical cana-
licular ABC transporter that exports many essential or-
ganic anions. We previously characterized the 5'-flanking
region of the human ARP2 gene and its promoter activity
in human heparic cells.#2® Qur subsequent study'® dem-
onstrated that MRP2 promoter (p-2635)-driven lucif-
erase activity in hepatic cells was greatly inhibited by IL-
1B, and less so by TNFa or IL-6. Consistent with this
study, our present study also indicates that MRP2 pro-
moter activity is highly susceptible to the inflammatory
cytokine IL-18. In this study, we demonstrate that treat-
ment of HepG2 cells with IL-18 results in decreased lev-
els of MRP2 mRNA wanscription. In addition, we
demonstrate that a regulatory protein, IRF3, is responsi-
ble for the IL-1B-induced downregulation of MRP2.
IRF3 activates the MRP2 promoter through the ISRE
under unstimulated conditions. Treatment with IL-13
induces a decrease in both nuclear accurnulation of IRF3
and IR¥3 binding to ISRE, resulding in downregulation
of the MRP2 gene.
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Other incidences of IL-18 inducing downregulation of
transporters have been reported recently. Denson et al.3
reported that rat ntcp and mrp2 genes are regulated by
retinoic acid recepror:RXR, and that IL-18 reduces nu-
clear retinoic acid receptor:RXR. The retinoic acid recep-
tor:RXR site is located in —210/—180 bp upstrearn from
the transcription initiation site in the human MRP2 pro-
moter.

Our promoter deletion analysis and mutation of the
promoter show that the IL-18-induced inhibition of
MRP2 promoter activity is the result of the ISRE region
downstream of retinoic acid receptor:RXR. It has also
been reported thar IL-1B-induced downregulation of the
rat ntcp gene occurs via the JNK pathway,* whereas in
our study, the downregulation of human MRP2by IL-13
occurs via the ERK pathway. Kast et al.34 also reported
that rat mrp2 expression is regulated by the pregnane X
receptor and constitutive androgen receptor, and that rat
mrp2 promoter activity is activated by nuclear receptor
pregnane X receptor, constitutive androgen receptor, and
their agonist. These results suggest that MRP2 expression
in the liver is regulated by environmental stimuli, numer-
ous compounds through various nuclear receptors, and
IRF3. The 5'-flanking region of the MRP2 promoter con-
tains C/EBPB, HNF1, and USF elements, as well as an
ISRE (Fig. 5).2° Mutant constructs of ISRE and HNF
show decreasing basal promoter activities when compared
with the wild-type MRP2 promoter, suggesting that these
elernents play a key role in the basal promoter activity. By
contrast, there is an almost 3.0-fold increase in the pro-
moter activity by a C/EBPB mutation in the context of
the MRP2 promoter over wild type. Thus, C/EBP3 may
regulate MRP2 promoter activity negatively. We observed
that IL-1B-induced suppression of MRP2 mRNA is asso-
ciated with the ISRE region of the MRP2 promoter (Fig.
5). Among the various factors interacting with ISRE,
IRF3 was found to bind specifically to the ISRE on the
MRP2 promoter (Fig. 7). EMSAs show two bands con-
taining IRF3-protein complexes. These complexes may
be the result of different proteins interacting with IRF3 or
conformarional changes within the protein. Expression of
the exogenous IRF3 gene increases MRP2 promoter ac-
tivity through the ISRE and when cells are treated with
IL-18 levels of IRF3 in the nucleus are diminished (Fig.
8). IRF3 thus seems to be a positive transcription factor of
the MRP2 promorter in hepatic cells, and decreased levels
of TIRF3 in the nucleus may be responsible for IL-18-
induced downregulation of the MRP2 promoter activity.
However, we could not ruled out other transcription fac-
tor in IL-1B-mediated suppression of MRP2.

Infection of fibroblasts with human cytomegalovirus
also causes nuclear translocation of IRF3 and cooperative
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DNA binding with the transcriptional coactivator CBP/
p300.25 On infection of a cell with a virus, the C-terminal
domain of cyroplasmic IRF3 is phosphorylated and trans-
located to the nucleus of hematopoietic cells, where it
activates several virus-induced genes.26 Qur work shows
that IRF3 is expressed continuously in both the nucleus
and cytoplasm of hepatic cells (Fig. 8). Uchiumi et al.
(unpublished data). have demonstrared by immunohisto-
chemical study that IRF3 is found to be localized mainly
to the cytoplasm, with 10% of whole cell IRF3 in the
nucleus. We observe a marked decrease in TRF3 protein
levels in the nucleus accompanied by reduced formation
of the IRF3-DNA complex when cells are treated with
I1L-11 for 6 hours or longer.

Coadministration of an ERK inhibitor {(PD98059) re-
lieves the suppression of MRP2 mRNA expression and
MRP2 promoter activation by IL-18 and reverses the de-
creased binding of IRF3 to ISRE seen in the presence of
1L-1p.IL-1 scems to decrease nuclear levels of a positive
regulatory factor, IRF3, resulting in suppression of the
MRP2 promoter through the loss of interaction with
ISRE. This process of IL-13-induced suppression of the
MRP2 gene could be linked closely with ERK1/2 activa-
tion signaling.

In conclusion, among the many interferon regulatory
factors, we determined that IRF3 has a specificinteraction
with ISRE on the MRP2 promoter. The expression of
exogenous IRF3 in hepatic cells activates reporter gene
expression via the p-491MRP2 promoter construct con-
taining wild-type ISRE, but not by p-491MRP2 (IS-
REmt) containing mutant ISRE. The expression levels of
IRF3 in the nucleus decrease after cells are treated with
IL-18 for 8 hours, concomitant with a reduction in the

binding of IRF3 to ISRE at the MRP2 promoter.
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The development of gefitinib (‘Iressa’, ZD1839) by targeting the
EGFR tyrosine kinase is a recent therapeutic highlight. We have
reported that gefitinib is antiangiogenic in vitro, as well as in
vive, In this study, we asked if the anti-angiogenic action of gefi-
tinib is due to a direct effect on activation of vascular endothelial
cells by EGF, EGF, as well as VEGF, caused pronounced angiogene-
sis in an avascular area of the mouse cornea, and i.p. administra-
tion of gefitinib almost completely blocked the response to EGF,
but not to VEGF. immunohistochemical analysis demonstrated
phosphorylation of EGFR by EGF in the neovasculature, and gefi-
tinib markedly reduced this effect. Gefitinib also inhibited down-
stream activation of ERK 1/2 via EGFR in cultured microvascular
endothelial {(HMVE} cells. These findings suggest that the anti-an-
giogenic effect of gefitinib in the vascular endothelial cells of
neo-vasculature is partly attributable to direct inhibition of EGFR
activation, and that endothelial cells in malignant tumors play a
critical role in the cancer therapeutic efficacy of gefitinib. (Cancer
Sci 2004; 95: 614-618)

P rotein tyrosine kinases play key roles in cell proliferation,
cell death, development, differentiation, cell motility, mor-
phogenesis, and angiogenesis.!® The ErbB-family protein ki-
nases are important representatives of this type of protein
kinase, and their signaling network in develocpment and differ-
entiation has been well studied *# In particular, expression of
the EGFR and other ErbB-family proteins is often associated
with stimulation of cell growth and apoptosis in cancer. A re-
cent therapeutic highlight is the development of targeted anti-
cancer drugs, such as gefitinib (‘Iressa’, ZD1839) and
herceptin, that inhibit ErbB-family tyrosme kinases.>® Gefi-
tinib is an orally active EGFR tyrosine kinase inhibitor that
blocks signal transduction pathways implicated in cancer
growth, and decreases cellular proliferation, angiogenesis, tu-
mor invasion and metastasis while increasing apoptosis.’~'®
Gefitinib has anti-proliferation activity in various human cancer
cell types in vivo as well as in vitro,''? and is also effective in
cancer patients.” Qur recent study has demonstrated that sensi-
tivity to gefitinib in non-small cell lung cancer cell lines is as-
sociated with dependence on Akt and ERK 1/2 activation in
response to EGER signaling.'®

We have previously reported that gefitinib can inhibit angio-
genesis in vivo as well as in vitro: it inhibited both EGF-in-
duced migration of HMVE cells and EGF-induced neo-
vascularization in the monse cornea.™ Angiogenesis is often
provoked by the major pro-angiogenic factors, bFGF, VEGEF,
1L-8, PDGF, and EGF/TGFo.B5-1" The stimulatory effect of
EGF/TGFo in angiogenesis is, however, not yet well under-
stood. We have reported that EGF/TGFg-induced angiogenesis
might be attributable to its signaling through direct interaction
with vascular endothelial cells,** '® and also to angiogenesis-re-
lated factors that are produced from cancer cells and vascular
endothelial cells, based on studies using various angiogenesis
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models.' 1920 However, it remains unclear whether EGF-in-
duced angiogenesis in vivo is mediated by direct interaction
with endothelial cells. The vascular endothelial cells in a num-
ber of tumor types are known to express EGFR,”-* and sup-
pression of VEGF or EGF cxpressmn inhibited the growth of a
wide variety of tumor types in a murine tumor model, while an-
giogenesis inhibitors that target VEGF receptor or EGFR re-
duced tumor growth, metastasis, and the microvessel density of
human pancreatic cancer in nude mice.?® In addition, blockade
of EGFR by a tyrosine kinase inhibitor can suppress both
EGFR-induced proliferation in cancer, and EGFR-induced sur-
vival of tumor-associated endothelial cells in an animal
model.%-29 The tyrosine kinase inhibitor also blocked activa-
tion of EGFR in tumor-associated endothelial cells. Taken to-
gether, these results indicate that EGFR. is activated in response
to EGF, TGFq, and other ligands that are secreted into the tu-
MOr microenvironment.

In the present study, we asked if pefitinib inhibits angiogene-
sis in vascular endothelial cells by interfering with EGFR acti-
vation, or by inhibiting the EGF/TGFutt-induced expression of
other potent angiogenic factors, such as VEGF and IL-8, as
suggested by others.? 2 We first present findings in the mouse
cornea that point to direct involvement of EGF/EGFR signal-
ing in angiogenesis by the vascular endothelial cells in EGF-in-
duced neo-vasculature, and then present evidence that the anti-
angiogenic effect of gefitinib is partly attributable to direct inhi-
bition of EGFR activation in neo-vasculature by EGR

Materials and Methods

Materfals. Gefitinib was kindly provided by AstraZeneca
{Macclesfield, UK). Murine EGF was purchased from Toyobo
(Osaka, Japan) and recombinant mouse VEGF from R&D Sys-
tems, Inc. (Minneapolis, MN). Anti-EGFR antibody and anti-
phospho-EGFR. antibody were purchased from Upstate Bio-
technology (Lake Placid, NY). Antibodies to ERK 1/2, phos-
pho-ERK 1/2, Akt, and phospho-Akt were from Cell Signaling
Technology (Beverly, MA).

Cell culture, HMVE cells derived from neonatal dermis (Cas-
cade Biologics, Portland, OR) were cultured in mediuom 131
containing microvascular growth supplement (Cascade Biolog-
ics). We used cells at passage 3—4 after recovery from frozen
stocks. The cells were maintained under standard cell culture
conditions at 37°C and 5% CO, in a humid environment,

$To whom correspendence should be addressed,

E-mail: mayumi@biochem1.med.kyushu-u.acjp

Abbreviations: Akt, protein kinase 8/Akt; bFGF, basic fibroblast growth factor;
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ERY, ex-
tracellular signal-regulated kinase; BMVE cells, human microvascular endothelial
cells; 1L-8, interleukin-8; TGFa, transforming growth factor ¢; VEGF, vascular en-
dothelial growth factor.

‘Iressa’ is @ trademark of the AstraZeneca group of companies,
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Western blot analysis. HMVE cells were cultured in medium
containing 1% FBS for 12 h, then incubated with 0 to 5 pM ge-
fitinib for 3 h before stimufation with 20 ng/ml EGF or 20 ng/
ml VEGFE for 10 min at 37°C. They were rinsed with ice-cold
PBS then lysed in Triton X-100 buffer (50 pM HEPES, 150 nf
NaCl, 1% Triton X-100 and 10% glycerol containing 1 mM
PMSEF, 10 pg/ml aprotinin, 10 pg/mi leupeptin and 1 mM so-
dium vanadate). Lysates were subjected to SDS polyacrylamide
gel electrophoresis and transferred to Immobilon membranes
(Millipore, Bedford, MA). Blots were incubated with blocking
solution and probed with anti-EGFR antibedy, anti-phospho-
EGFR antibody, anti-ERK 1/2 antibody, anti-phospho-ERK. 1/
2 antibody, anti-Akt antibody and anti-phospho-Akt antibody,
followed by washing. Antigen-antibody complexes were then
visualized with horseradish peroxidase-conjugated secondary
antibodies following by enhanced chemiluminescence (ECL;
Amersham, Piscataway, NJ), as described previously.!#2

Corneal micropocket assay in mice and quantification of corneal
neo-vascularization. The comeal micropocket assay was per-
formed essentially as previously described.!* Briefly, 0.3 pl
of Hydron pellets (IFN Sciences, New Brunswick, NI) contain-
ing murine'EGF (200 ng) or murine VEGF (200 ng) were im-
planted ints: the corneas of male BALB/c mice, and gefitinib
was administered by i.p. injection (100 mg/kg/day) on days 1-
5. On day 6, mice were sacrificed and their commeal vessels
were photographed Images of the corneas were recorded using
Nikon Coolscan software with standardized illumination, con-
trast, and threshold settings, and were saved on disk. Areas of
corneal neo-vascularization were analyzed using the sofiware
package NIH Image 1.61, and expressed in mm?,

Imrunofluorescence double staining for CD31/PECAM-1 and EGFR
or phospho-EGFR (Tyr845). Frozen sections were fixed in cold ac-
etone for 10, min." Aftér having been rinsed three times for 3
min each with PBS, sgctions that had been immunostained for
CD31/BEGF-R: and" CD31/phospho—EGFR were, incubated with
a 1:100 d1lut10n r'nonoclonal Tat anti-mouse” CD31/PECAM-

i 1, San D1ego i A),Qoﬁpaining 5% nor-

Fig. 1. EGF-induced angiogenesis in the mouse cornea and its inhi-
bition by gefitinib. A. Hydron peliets containing 200 ng of EGF or
200 ng of VEGF were implanted into the corneas of BALB/c mice.
Mice were treated with gefitinib (100 mg/kg/day, i.p. injection) on
days 1-5. On day 6, vessels in the region of the pellet implant were
photographed. Representative photographs of mouse corneas with
Hydron pellets containing (a) buffer alone, {b) EGF, (¢) EGF with ge-
fitinib, {d) VEGF, and (e) VEGF with gefitinib are shown. B. Quanti-
tative analysis of angicgenesis was performed by analysis of
photographs. Areas are expressed in mm?2. The bars show meansSD
of three or four independent experiments. = Significant (P<0.01)
difference between EGF alone and EGF plus gefitinib. C. A model
for corneal micropocket assay in mice and area of immunohis-
tochemical analysis. The rectangle located in the cornea represents
the area of immunohistochemical analysis in Figs. 2 and 3.
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mal goat serum for 1 h at room temperature. The sections were
rinsed apain three times for 3 min each with PBS, then incu-
bated with a 1:400 dilution of secondary Alexa 594-conjugated
goat anti-rat [gG antibody (Molecular Probes, Eugene, OR) for
1 h at room temperature in the dark. Samples were then rinsed
three times with PBS, and incubated at 4°C for 18 h with a 1:50
dilution of polyclonal rabbit anti-human EGFR antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) and a 1:50 dilution of
polyclonal rabbit anti-phospho-EGFR (Tyr845) antibody (Cell
Signaling Technology), both of which are mouse cross-reactive.
The samples were further rinsed three times for 3 min each
with PBS, then incubated with a 1:400 dilution of secondary
Alexa 488-conjugated goat anti-rabbit IgG (Molecular Probes)
for 1 h at room temperature in the dark. The samples were then
rinsed three times for 5 min each with PBS and mounted with
Vectashield (Vector Laboratories, Inc., Burlingame, CA). Im-
munofluorescence microscopy was performed using a %20 ob-
jective. The images were captured using a CoolSNAP camera,
Epifluorescence upright microscopy system (Olympus Optical
Co., Lid., Tokyo), and MetaCam software (Universal Imaging
Corporation, Downingtown, PA).

Statistical analysis. Statistical comparisons were performed us-
ing the Mann-Whitney test; P<(.05 was considered significant.

Results .

Gefitinib 1nhlb;ts EGE-induced angiogenesis but not VEGF-induced
angiogenesis, We first examined if EGF or VEGF could induce
angiogenesis in the mouse cornea. Administration of EGF or
VEGF in Hydron .pellets induced marked angiogenesis in an
avascular area of the cornea (Fig. 1, A and C), consistent with
our. prev10us‘study 1 Ip admimstratwn of gefitinib blocked
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Gefitinib inhibits EGF-induced EGFR activation in EGF-induced
neovasculature. To determine whether gefitinib inhibits EGFR
phosphorylation in endothelial cells, we performed an immuno-
histochemical analysis of the corneal micropocket of mice.
Cross sections of cornea exposed to EGF or VEGF in the area
exhibited in Fig. IC showed the development of extensive
CD31-positive neo-vasculature (Fig. 2). Some EGFR-positive
cells were observed in the CD31-positive vascular endothelial
cells in corneas induced by EGF or VEGF whether or not gefi-
tinib was present (Fig. 2). However, the number of EGFR-posi-
tive vascular endothelial cells in vasculature induced by VEGF
was somewhat smaller than that in the case of EGF. By con-
trast, there were few, if any, EGFR-positive cells in the control
untreated group. .

We next examined whether the EGFR in the EGF-induced
corneal neo-vasculatures was phosphorylated. To our surprse,
we found many endothelial cells in neo-vasculature induced by
EGF, but not that induced by VEGEF, stained positively for
phosphorylated EGFR (Fig. 3). More than 50% of endothelial
cells were phospho-EGFR positive. Daily i.p. administration of

H&E

EGFR (Green) / CD31 (Red)

Control
(Hydron only)

EGF

EGF
+ gefitinib

VEGF

VEGF
+ gefitinib

Fig. 2. Immunchistochemically stained mouse cornea sections and ex-
pression of EGFR and CD31 in the presence or absence of EGF or VEGF
with or without gefitinib treatment. EGFR {green) and CD31 {red) were
immunostained with specific antibodies in mouse cornea sections.
€D31-positive cells are indicative of EGF or VEGF-induced neo-vascula-
ture in the cornea. Hematoxylin-eosin {H&E) staining of counterparts of
each stained sample is shown in the left panel. In the photograph of
cornea exposed to EGF: white arrow, epithelial layer in cornea; white
arrowhead, neo-vasculature in corneal stromal layer. x400.
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gefitinib resulted in reduced numbers of phospho-EGFR-posi-
tive cells with a concomitant decrease in corneal angiogenesis
(Fig. 3). Gefitinib however did not affect the development of
neo-vasculature, or the phosphorylation state of EGFR, in re-
sponse to VEGE

Gefitinib inhibits EGF-induced, but not VEGF-induced activation of
ERK 1/2 in vitro. We previously reported that EGFR phosphory-
lation and EGF-activated signaling were inhibited by gefitinib
in EGFR-expressing HMVE cells derived from human omen-
tum.'® In our present study, we examined if EGF/EGER signal-
ing was activated in another type of HMVE cells derived from
neonatal dermis with very low levels of EGFR. Both Akt and
ERX 1/2 were phosphorylated by EGF in these HMVE cells
(Fig. 4A). Moreover, gefitinib at 0.1 ptM almost completely in-
hibited EGF-induced activation of ERK 1/2, while at 5 A it
reduced Akt phosphorylation to the untreated control level (Fig.

' p-EGFA (Green)/ CDB1 (Red)

Control
(Hydron only) §

EGF

EGF
+ gefitinity

VEGF

VEGF
+ gefitinib

Fig. 3. EGF-induced EGFR phosphorylation of neo-vasculature in
mouse corneas and inhibition by gefitinib. lmmunohistochemical anal-
ysis was performed on mouse cornea sections with specific antibodies
against CD31 {red} and phosphorylated EGFR (green). Many endothe-
lial cells in the neo-vasculature are positive for phosphorylated EGFR
(merged, yellow) after stimulation with EGF, and i.p. administration of
gefitinib diminishes the appearance of such phosphorylated EGFR-pos-
itive cells. In contrast, almost no cells positive for phosphorylated EGFR
were observed in neo-vasculature formed in response to VEGF with or
without administration of gefitinib. Hematoxylin-eosin (H&E) staining
of counterparts of each stained sample is shown in the Jeft panel. In
the photograph of cornea exposed to EGF: white arrow, epithelial
layer in cornea; white arrowhead, neovasculature in corneal stromal
layer. x400.

Hirata et al.



EGF -+ o+ o+ o+ o+ VEGF - 0+ o+ o+ o+ o+
gefitini (uM) 0 0 o1 05 i gefitinib (M) ¢ 0 o1l o5 1
P-Akt P-Akt
Akt Akt
P-ERK1/2 P-EAK1/2
ERK1/2 ERK1/2

Fig. 4.

Inhibition of EGF-induced but not VEGF-induced activation of Akt and ERK 1/2 by gefitinib in HMVE cells, Serum-starved HMVE cells were

treated for 3 h with gefitinib, followed by (A) EGF (20 ng/ml) or (8) VEGF {20 ng/ml) for 10 min. Protein extracts were resolved by SDS-PAGE and
prabed with specific antibodies. Akt and ERK 1/2 activities were determined with anti-phospho-Akt and anti-phospho-ERK 1/2 antibodies, and the
immunoreactive protems were visualized by means of enhanced chemiluminescence. Activities of phosphorylated Akt and ERK 1/2 are normalized

to their activities in the absence of £GF or VEGF.

4A). We could detect a small amount of EGFR in these cells by
western blot analysis, but failed to detect any phosphorylation
of EGER with antibody against phosphorylated EGFR (data not
shown). As shown in Fig. 4B, both Akt and ERK 1/2 were also
activated by VEGF in HMVE cells. However, gefitinib could
not inhibit this activation by VEGF.

Discussion

We have shown that EGF is as potent as VEGF in inducing an-
giogenesis in a mouse cornea assay, in agreement with our pre-
vious study.'” Both indirect and direct mechamsms have been
considered to underlie EGF/TGFOL—mduced angiogenesis: on
the one hand, EGE/TGFa secreted by tumor cells and/or tamor
stoma cells enhanced the production of potent angiogenic fac-
tors, such as VEGE, IL-8, and metalloproteinases, resulting in
angiogenesis via the paracrine and/or autocrine route*-3¥; on
the other hand, activation of EGFR expressed in neo-vascula-
ture in response to EGF/T'GFa induced an angiogenic switch
of the endothelial cells.’® 222 Concerning the latter direct
mechanism, some dividing endothelial cells have been shown
to express EGFR.2-2.39 In addition, Fidler and colleagues have
recently reported that tumor-associated endothelial cells express
activated EGFR, and also that administration of EGFR tyrosine
kinase inhibitors decreases this EGFR activation, with concom-
itant inhibition of tumor growth and/or metastasis and induc-
tion of apoptosis of the endothelial cells.?5263% We also
demonstrated above a marked decrease in the number of vascu-
lar endothelial cells with phosphorylated EGFR in response to
gefitinib. In contrast, gefitinib had almost no effect on VEGF-
induced neo-vascularization. We may therefore conclude that,
in the present in vive model, activated EGFR is directly in-
volved in angiogenesis in response to EGF. In agreement with
this notion, we also observed that gefitinib inhibits downstream
activation of ERK 1/2 by EGF/EGFR in vifro (see Fig. 4A).
Activation of MAPK and Akt in vascular endothelial cells
appears to be essential for angiogenesis. Kim et al.3 have re-
ported that betacellulin, 2 member of the EGF family, has an

1. Ullrick A, Schiessinger J. Signal transduction by receptors with tyrosine ki-
nase activity. Cell 1990; 61: 20312,

2. Yarden Y, Ullrich A. Growth factor receptor tyrosine kinases. Amin Rev Bio-
chemn 1988; 57: 443-78.

3. Olayioye MA, Neve RM, Lane HA, Hynes NE. The ErbB signaling network:
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angiogenic effect in the Matrigel plug assay, and that it acti-
vates ERK 1/2 and Akt in human umbilical vascular endothe-
lial cells. We have also shown that EGF activates MAPK and
Akt in HMVE cells derived from neonatal dermis in vitro (this
study) as well as in HMVE cells derived from the omenturn.™
Gefitinib caused rather more inhibition of the activation of
ERK 1/2 than of Akt, and it is possible that activation of ERK
1/2 in vascular endothelial cells is more closely associated with
the EGF-induced angiogenesis switch than is activation of Akt
However, this matter needs-further clarification.

--Both' EGF and EGFR are expressed in the corneal epithe-
lum,” and systemic administration of gefitinib not only de-
layed the healing of a" comeal epithelial wound, but also
reduced the thickness of unwounded corneal epithelium.?® This
suggests that EGFR plays a key role in corneal wound healing
and homeostasis of the comeal epithelium. We also observed
expression of EGFR, and its activation, in the corneal epithe-
Iium (Figs. 2 and 3). Whereas activation of EGFR in the neo-
vasculature of the corneal stroma was highly susceptible to in-
hibition of gefitinib, activation of EGFR in the corneal epithe-
lium appeared to be resistant. It may be that EGF/EGER levels
and activation of EGFR are not responsive to environmental
stimuli and poisons in the corneal epithelium. Alternatively, the
corneal epithelium may possess homeostatic mechanisms ‘of the
kind demonstrated by Wilson et al.,*® or be protected by the
corneal blood-epithelium barrier,

In conclusion, EGF/TGFa and related ligands are produced
by many types of tumnors. The antitumor effect of gefitinib and
other EGFR tyrosine kinase inhibitors appears to be partly at-
tributable to their anti-angiogenic activities via direct inhibition
of EGFR activation in neo-vasculature in response to these
ligands.

This study was supported by a grant-in-aid for cancer research from
the Ministry of Education, Culture, Sports, Science and Technology,
Japan, and also by a cancer research grant from the Ministry of Health,
Labour and Weliare, Japan.
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N-myc Downstream-Regulated Gene 1
Expression in Injured Sciatic Nerves
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KEY WORDS  NDRG1I; nerve regeneration; Schwann cells; immunchistochemistry

ABSTRACT  N-myc downstream-regulated gene 1 (NDRG1)/RTP/Drgl/Cap43/ritd2/
TDD5/Ndr1 is expressed ubiquitously and has been proposed to play a role in growth
arrest and cell differentiation. A recent study showed that mutation of this gene is
responsible for hereditary motor and sensory neuropathy-Lom. However, the role of this
gene in the peripheral nervous system is not fully understood. In ocur study, rabbit
polyclonal antibodies were raised against this gene product and were used to examine
changes in its expression over the time course of Wallerian degeneration and ensuing
regeneration after crush injury of mouse sciatic nerves. Fluorescent immunochistochem-
istry showed that NDRG1 was expressed over the intact nerve fibers. Double labeling
with a Schwann cell (SC) marker, S-100 protein (S-100), revealed that NDRG1 was
localized in the cytoplasm of S-100-positive Schwann cells (SCs). NDRG1 expression was
maintained in the early stage of myelin degradation but was then markedly depleted at
the end stage of myelin degradation when frequent occurrence of BrdU-labeled SCs was
observed (at 7-9 days). The depletion of NDRG1 at this time point was also confirmed by
Western blotting analysis. NDRG1 expression finally recovered at the stage of remyeli-
pation, with immunoreactivity stronger than that in intact nerves. These findings
suggest that NDRG1 may play an important role in the terminal differentiation of SCs

during nerve regeneration.
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INTRODUCTION

N-myc downstream-regulated gene 1 was originally
designated reducing agent and tunicamycin-responsive
protein (RTP) (Kokame et al., 1996), homologues of
which were then isolated repeatedly: human differen-
tiation-related gene 1 {(Drgl} (van Belzen et al., 1997),
human protein induced by free intracellular Ca®*
(Cap43) (Zhou et al., 1998), the mouse homologue des-
ignated TDD5 (Lin and Chang, 1997), reduced in tu-
mor, p43 (rit42) (Kurdistani et al., 1998}, and N-myc-
downstream, repressed gene 1 (Ndrl) (Shimone et al,,
1999). Currently the official name of this gene is
NDRG1, determined by the HUGO Gene Nomencla-
ture Committee (Qu et al., 2002). We have adopted the
nomenclature NDRG1 in this report. A recent study
showed that NDRG1 is a member of the NDRG gene
family that contains an o/-p-hydrolase fold (Qu et al.,

© 2004 Wiley-Liss, Inc.

2002) without the residues required for catalysis (Shaw
et al., 2002). It encedes a highty conserved protein with
a high degree of homology to the proteins in other
species, such as zebrafish {Gen Bank Accassion Nos.
AW281236 and AI657643), fruit flies (AF145604 and
AEG03454), nematodes (268135 and A1.132847), sun-
fowers (Y09057 and AF189147) (Krauter-Canham et
al., 1997), and Arabidopsis (AC005917 and AL163814).
The evolutional conservation of this gene implies that
it plays an important biological role. This gene has
been reported to be involved in cell growth and differ-
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