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Fic. 1. Tissue distribution of Oatpld, A, Northern blotting, Com-
mercially available rat multiple tissue Northern blots containing 2 pg of
poly(A)* RNA was hybridized for 3 h using the Qatpl4 fragment as a
probe, Lane I, heart; lane 2, brain; lane 3, spleen; lane 4, lung; lane 5,
liver; lane 8, skeletal muscle; lene 7, kidney; lane 8, testis. B, Western
blotting, Choreid plexus {lanes I and 4, 50 pg), brain homogenate (lanes
2 and 5, 60 pg), and isolated brain capillary ({enes 3 and 6, 50 pg) were
separated by SDS-PAGE (10% separating gel). Oatpl4 was detected by
anti-Oatpl4 polyclonal antibody.

porter 1 (BSAT1) using gene microarray techniques by compar-
ing the gene expression profile of ¢eDNA from the brain capil-
lary with that from the liver and kidney. BSATI ¢DNA
consisted of 2148 bp that encoded a 716-amino acid residues
protein with 12 putative membrane-spanning domains. BSAT1
wag highly enriched in the brain capillary compared with brain
homogenate, liver, and kidney. Comparison of the cDNA se-
quences of BSAT1 revealed that it is the 14th member of the
Oatp/OATP family {Oatpl4). Although the localization at the
BBB and the substrates of this isoform remain unknown, BBB-
specific expression prompted us to hypothesize that Oatpl4
accounts for the efflux of organic anions including E,178G via
the BBB, together with OQatp2. The purpose of the present
study is to characterize the substrate specificity and spectrum
of inhibitors of Oatpl4, as well as its tissue distribution and
localization, Through this study, we found out that thyroxine
(T,) is a good substrate of Oatpld4, and the expression level of
Oatpl4 in the BBB is affected by plasma thyroid conditions.
The results of the present study suggest that Oatpl4 plays an
important role in regulating the cencentration of T, in the
central nervous system and in brain development.

EXPERIMENTAL PROCEDURES

Chemicals—-FH]Leu-enkephalin was purchased from American Ra-
diolabeled Chemieals (St. Louis, MO). PH]Pravastatin was kindly do-
nated from Sankyo (Tokyo, Japan), [**Clcerivastatin was from Bayer
AG (Wuppertal, Germany), and ["*C]E3040 glucurcride and [M*CIE3040
sulfate were from Eisai (Tokyo, Japan). P'H]Taurolithecholate sulfate
(TLCS), [**8]4-methylumbelliferone sulfate (4-MUS), and [*®S]troglita-
zone sulfate (FRO-8) were synthesized according to a method described
previgusly (20, 21). The radiochemical purity of PH]TLCS, [*5514-MUS,
and [**S]TRO-S prepared by this method were more than 95%. Other
labeled compounds were purchased from PerldnElmer Life Science.
Unlabeled pravastatin, troglitazone, and its conjugated metabolites
were kindly donated from Sankyo, unlabeled cerivastatin was from
Bayer AG, and unlabeled E3040 glucuronide and B3040 sulfate were
from Eisai. All other chemicals were commercially available, of reagent
grade, and were used without any purification,

Capillary Isolation—Rat brain capillaries were isolated using a mod-
ification of the procedure of Boado ef ¢l. (22). All steps in the isolation
procedure were carried out at 4 °C in pregassed (95% O;-5% CO,)
solutions. Briefly, pieces of gray matier were gently homogenized in
three volumes (v/w) of an artificial extracellular fluid buffer and, after
addition of dextran (final concentration 15%), the homogenate was
centrifuged at low speed. The resulting pellet was resuspended in
Buffer B (103 mm NaCl, 25 mm NaHCO,, 10 mM D-glucose, 4.7 mu KCI,
2.5 mm CaCly, 1.2 mm MgS0,, 1.2 mm K,HPO,, and 15 mm HEPES, 1
mM sadium pyruvate, 0.5% (w/v) bovine serum albumin, pH 7.4} and
then filtered through a 200-pm nylon mesh. The filtrate was passed
over a column of glass beads, and after washing with Buffer B, the
capillaries adhering to the beads were collected by gentle agitation.

Characterization of Rat Oatpl4

Fic. 2. Immunohistochemical staining of Oatpl4 for brain
slices. Frozen sections of rat brain were used for immunchistochemical
detection with peroxidase to probe for Oatpi4 with a polyclonal anti-
body. The lined and dotted arrows represent luminal and abluminal
sides of brain capillary endothelial cells, respectively. Positive labeling
was only found in the border of brain capillary endothelial cells.

Northern Blot Analysis—A commercially available hybridization blot
containing poly(A)* RNA from vartous rat tissues (rat multi-tissue
Northern blet; Clontech) was used for the Northern blot analysis, A
fragment (position numbers 1-807) from Oatpl4 was used as a probe,
and its nucleotide sequence showed less than 60% identity with other
members of the Oatp family. The master blot filter was hybridized with
the ?P-labeled probe at 68 *C according to manufacturer’s instructions.
The filter was washed finally under high stringency conditions (0.1x
SSC (1% SSC = 0.15 M NaCl and 0.015 M sodium citrate)) and 0.1% SDS
at 65 °C and then exposed to Fuji imaging plates (Fuji Photo Film,
Kanagawa, Japan) for 3 h at room temperature and examined using an
imaging analyzer (BAS 2000; Fuji Photo Film).

Western Blot Analysis—Antiserum against Oatpld was raised in
rabbits against a synthetic peptide consisting of the 17 carboxyl-termi-
nal aming acids of Qatpl4. Antiserum was purified by affinity column
chromatography using the antigen and used for subsequent analyses.
Choroid plexus, brain homogenate, and isolated brain capillary samples
were diluted with Loading Buffer (BioLabs, Hertfordshire, United
Kingdom). They were then hoiled for 3 min and loaded onto an 8.5%
SDS-polyacrylamide electrophoresis gel with a 3.75% stacking gel. Pro-
teins were electroblotted onto a polyvinylidene difluoride membrane
(Pall Filtran, Karlstein, Germany) using a blotter (Trans-blot; Bio-Rad)}
at 15 V for 1 h. The membrane was blocked with TBS-T (Tris-buffered
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Fic. 3. Time profiles and concentration dependence of the uptake of ["HIE,178G, [*Clcerivastatin, [**SITRO-S, and ['*I]T, by
Oatpl4-transfected HEE293 cells, The uptake of PHIE,178G (A and E), {“'Clcerivastatin (B and F), [**8]TRO-8 (C and G}, and (1T, (D and
H) by Oatpl4-transfected HEK293 cells was examined at 37 °C. The upper graphs show the time profiles. Open and closed circles represent the
uptale by Oatpld-transfected cells and vector-transfected cells, respectively. The lower graphs show the concentration dependence. Specific uptake
was obtained by subtracting the uptake by vector-transfected cells from that by Oatpl4-transfected cells. Each point represents the mean * S.E.

(r =3

saline containing 0.05% Tween 20) and §% skimmed milk for 1 h at
room temperature. After washing with TBS-T, the membrane was
incubated with the antibodies (dilution 1:1000). The membrane was
allowed to bind & horseradish peroxidase-labeled anti-rabbit IgG anti-
body (Amersham Biosciences) diluted 1:5000 in TBS-T for 1 h at room
temperature followed by washing with TBS-T.

Immunohistochemical Study—TFrozen sections from male Sprague-
Dawley rats were prepared for the immunchistochemical study after
fixing in acetone (=20 °C). The brain slices adhered to the glass cover
slips were washed with PBS and fixed for 10 min on ice in acetone. After
washing with PBS, the capillaries were permearized in 0.2% (v/v}
Triton X-100 in PBES and incubated with peroxidase blocking reagent
(DAKO, Carpinteria, CA) for 10 min at reom temperature to block
nonspecific peroxidase. Slices were incubated with anti-Oatpld anti-
body (1:100) for 60 min at room temperature, washed three times with
PES, and subsequently incubated for 60 min at room temperature with
the horseradish peroxidase-labeled anti-rabbit secondary antibody (En-
vision+ system; DAKQ). The immune reaction was visualized using
diaminobenzidine and then nuclei were stained with hematoxylin
(DAKOQ). The specificity of the antibody reaction was verified by nega-
tive controls, which were incubated with polyclonal antibody that had
been blocked with the antigenic peptide,

Cloning of Rat Oatpl4 ¢cDNA—DBased on the nucleotide sequence
reported by Li et al. (19) (GenBank™ accession number NM 053441),
the following primers were designed to isolate Qatpl4 cDNA encoding
a full open reading frame of Oatpl4: forward primer, 5'-ggaattecgecac-
catggacactteateceasaga-3' and reverse primer, 5’'-ggattccttaaagicg-
ggtetecttge-3'. PCR was performed using ¢cDNA prepared from rat brain
as template according to the following protocal: 86 °C for 1 min, 55 °C
for 1 min, and 72 °C for 2 min; 50 cycles. PCR products were subclened
to pGEM-T Easy Vector (Promega, Madison, W1} and sequenced. The
nucleotide sequence of rat Oatpl4 cDINA was identical as being that of
BSAT1 except for one base change (A175() resulting in a change of
amino acid (T594), However, it was confirmed that this change was not
because of an error accumulated during PCR by sequencing the
RT-PCR products directly.

Stable Expression of Ouatpld c¢DNA in HEK293 Cells—The
Oatpld-<DNA was subcloned into the pcDNA3.1(+) (Invitrogen) and
introduced into HEK293 cells by lipofection with FuGENE 6 (Roche
Diagnostics) according to the manufacturer’s protocol and were selected
by culturing them in the presence of G418 sulfate (800 ug/ml; Invitro-
gen). HEK293 cells were grown in minimum essential medium (Invitro-
gen) supplemented with 10% fetal bovine serum, penicillin (100 units/
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ml), streptomyein (100 pg/ml}, and G418 sulfate (400 pg/mi) at 37 °C
with 5% CO, and 95% humidity. Cells were incubated for 24 h before
starting the experiments with culture medium supplemented with so-
dium butyrate (5 mm}).

Transport Study—Uptake was initiated by adding the radiolabeled
ligands to the incubating buffer in the presence and absence of inhibi-
tors after cells had been washed three times and preincubated with
Krebs-Henseleit buffer (142 mu NaCl, 23.8 mM NaHCO,, 4.83 mMm KCl,
0.96 mm KHLPO,, 1.20 mm MgS0,, 12.5 mM HEPES, 5§ mM glucose, and
1.53 mM CaCl,, adjusted to pH 7.4) at 37 °C for 15 min. For the efflux
study, cells were preincubated with [***11T, at 37 °C for 15 min and
washed three times with ice-cold Krebs-Henseleit buffer, followed by
incubation in the absence of [2*IJT, with Krebs-Henseleit buffer at
37°C. The uptake and efflux were terminated at designed times by
adding ice-cold Krebs-Henseleit buffer. The radioactivity associated
with the cells and medium specimens was determined in a liquid
scintillation counter. The remaining aliquots of cell lysates were used to
determine protein concentrations by the method of Lowry (23} with
bovine serum albumin as a standard. Ligand uptake is given as the
cell-to-medium concentration ratio determined as the amount of ligand
assaciated with the cells divided by the medium coneentration. Specific
uptake was obtained by subtracting the uptake by vector-transfected
cells from that by Qatpl4-expressed cells.

Kinetic Analyses—Xinetic parameters were obtained from the follow-
ing Michaelis-Menten equation, v = V, SAK, + 8}, where v is the
uptake rate of the substrate (pmol/min/mg protein), S is the substrate
concentration in the medium (uMm), K, is the Michaelis-Menten constant
(M), and V., is the maximem uptake rate (pmol/min/mg protein). To
obtain the kinetic parameters, the equation was fitted to the initial
uptake velocity. The experimental data were fitted to the equation by
nonlinear regression analysis with weighting as the reciprocal of the
observed values, and the Damping Gauss Newton Method algorithm
was used for fitting, Inhibition censtants (K} for Oatpl4-mediated
transport were calculated assuming competitive inhibition.

Production of Hyperthyroid and Hypothyreid Conditions—Male
Sprague-Dawley rats, weighing 200-220 g, were purchased from Japan
SLC (Shizuoka, Japan). Rats had free access to foed and water at all
times during the study. Preduction of hyperthyroid and hypothyroid
conditions involved a medification of the procedure of Burmeister et al.
(24). Hypothyroidism was induced by the addition of 0.05% methima-
zole {MMI), an inhibitor for thyroid hermone synthesis in the thyroid
gland, to the drinking water or thyroidectomy. Hypothyroidism was
assessed clinically by failure to gain weight at the expected rate and
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TasLe 1
Substrate specificity of Oaipl4
Oatpl4-expressed and vector-transfected HEK293 cells were grown
to confluence. After 24 h of incubation in culture medium including 5
mu sodium butyrate, uptake was examined in Krebs-Hensgeleit buffer,

Substrates Qatpl4 peDNA 0 utle J;L%N A
plling proteinils min

CA 5.66 = 0.30 5.24 + 0.43 1.1 +0.1
GCA 18.7+23 157+ 1.6 1.2+032
TCA 8.09 + 0.52 6.06 = 0.10 13+01"
LCA 576+ 6 535 + 18 11+00
CDCA 65.7T 6.7 84.1 115 08x01
UDCA 105+ 01 9.71 + 0.35 1.1 x0.0
TLCS 61519 43717 14+01
Estradiol 2044 186 + 13 11201
Testosterone 52315 39214 13 +01°
Dihydrotestosterone 147 + 15 0656 14 =02
Corticosterone 247+ 15 20,9 £ 0.5 12+01
Estrone 30315 248+ 6 12 +0.1°
DHEAS 0.68 + 0.24 792 £ 0.48 13 %0.1°
Estrone-sulfate 11.1+048 8301 1.7 £ 0.1°
E,178G 501 4.7 24+02 21.2 + 2.9*
LTC4 145 * 0.6 134+ 01 1.1 +00°
LTD4 19608 18020 11+0.1
LTE4 305213 26.0 = 0.9 1.2 £ 0.1°
PGD2 3.50 £ 0.15 3.61+0.12 1.0 £ 0.1
PGE2 6.99 = 0.46 5.80 = 0.24 12+0.1
Leu-Enkephalin 542+29 43325 1.3 +9.1°
CCK-8 2.58 + 0.21 181 +0.13 1.4 02"
T3 951 * 18 733+ 4 1.3 = 0.0°
Reverse T3 1397 = 79 715 19.7 = 1.7°
T4 1456 + 10 124+ 3 11.8 = 0.3*
Ketoprofen 953+ (.42 6.91 = 0.26 1.4 +0.1*
Ibuprofen 318011 399 +118 0.8=+02
Indomethacin 31.3+09 343+ 2.0 0.9+0.1
Benzylpenicillin 5.76 = (.47 5.45 0,12 1.1+0.1
OchratoxinA 8.58 £ 1,29 5.81x0.14 1.5 = 0.2
Qunidine 1390 * 34 1274 + 150 1.1+01
Cerivastatin 106 £ 2 331 8.1+01°
Pravastatin 5.62 = 0.38 3.50 £ 0.75 1.6 04"
Digoxin 870 =013 9.96 = 0.22 0.9 £ 0.0
E3040 106 =3 935 1.1x0.1
E3040G 107 1.0 212+ 022 5107
E3040S 4.78 + 0.35 1.69 = 0.26 2.8 £ 0.5°
4MUS 1.82 £ 0.35 0.90 = 0.03 2.0+01°
Troglitazone-sulfate 641*14.3 8404 7.6 % 1.7°

@ Statistically significant uptake is indicated. p < 0.05.
b Statistically significant uptake is indicated. p < 0.01.

TaBLE II
K. V,.ard V, JK  values for Oatpl4
The K, and V., values were determmed by nonlinear regression
analysis using data shown in Fig. 3.
Substrate K, Vinox VoK,
nad pmaliminfmg wliminimg
protein prolein
E, 178G 107+ 1.6 934 +104 8.73 = 1.63
Cerivastatin 1.34 = 0.25 145 + 2.2 10.8 + 2.6
TRO-3 0.76 = 0.09 89.0 = 6.7 913+ 142
T4 0.18 £ 0.03 32125 147 * 14

could be observed within 2 weeks of the beginning MMI treatment and
within 1 week after thyroidectomy, Hyperthyrodism was produced by
giving L-T3 (50 up/100 g body weight, subcutaneously, daily) 4 days
before capillary isolation.

RESULTS

Tissue Distribution of Oatpl4—The expression of Qatpl4d
mRNA in rat tissues was investigated by Northern blot anal-
ysis (Fig. 1A). A band was detected at 2.6 kbp, predominantly
in the brain, No hybridization signals were detected in mRNA
isolated from other tissues, including the heart, spleen, lung,
liver, skeletal muscle, kidney, and testis.

Immunoblot and Immunohistochemical Staining of Oatpl4—
The expression of Oatpl4 in the choroid plexus, brain homog-
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Fic. 4. Time profiles of the efflux of [***I]T, from Qatpl4-trans-
fected HEK293 cells. The efflux of preloaded ['2*T]T, from Oatpl4-
transfected HEK293 cells was examined at 37 °C. Opern and closed
circles represent the efflux from QOatpl4- and vector-transfected cells,
respectively. Each point represents the mean * S.E. (n = 3).

enate, and brain capillary was examined by Western blot
analysis (Fig. 1B). Immunoreactive protein was detected at ~90
kDa in the choroid plexus, brain homogenate, and brain eapil-
lary. These bands were abolished when preabsorbed polyclonal
antibody for Oatpl4 was used, suggesting that the positive bands
were specific for the antigen peptide.

To investigate the localization of Oatpl4 in brain capillary
endothelial cells, immunohistochemical staining was carried
out uging anti-Oatpl4 polyclenal antibody (Fig. 2). Positive
signals for anti-Oatpl4 polyclonal antibedy were detected in
brain capillary endothelial cells. The signals were detected
along the plasma membrane of brain capillary endothelial cells.
The signal was abolished by preincubating the polyclonal an-
tibody of Oatpl4 with antigen (data not shown).

Transport Properties of Oatpl4—Fig. 3 shows the time pro-
files of the uptake of [PHIE,178G (A), ["“Clcerivastatin (B),
[*5SITRO-S (C), and [*?51)T, (D) by Oatpl4-expressed HEK293
cells and vector-transfected HEK293 cells. Their uptake by
Oatpl4-expressed cells is markedly greater than that by vec-
tor-transfected cells. This Oatpl4-mediated uptake showed
saturation kinetics and followed the Michaelis-Menten equa-
tion (Fig. 3, E-H). The kinetic parameters for the uptake by
Ontpl4 were determined by nonlinear regression analysis and
summarized in Table I. The uptake of various organic anions by
Oatpl4 was investigated, and the results are summarized in
Table II. The uptake of [**C]E3040 glucuronide, [**CIE3040
gulfate, [**C]4-MUS, and [***Ilreverse T, by Oatpl4-expressed
cells was significantly greater compared with that by vector-
transfected (Table II}. Although the triicdothyronine (Tg) up-
take by Oatpl4-expressed cells was significantly greater than
that hy vector-transfected cells, the Oatpl4-mediated uptake
for T3 was ~6-fold smaller than that of T, and reverse T; by
Oatpld (Table 1I). The difference in the uptake of [*H]tauro-
cholate, [PHITLCS, [*Hltestosterone, [*H]dihydrotestosterone,
[*Hlestrone, [*Hlestrone sulfate (ES), [*H]ldehydroepiandros-
terone sulfate, [*H]leukotriene E, (LTE,), PH]Leu-enkephalin,
[*Hlcholecystokinin-octapeptide (CCK-8), [**°IIT,, PH]prava-
statin, [*Hlketoprofen, and [*Hlochratoxin A was statistically
significant between Qatpl4-expressed and vector-transfected
cells, although the rates of uptake were very low (Table II).

To investigate whether Oatpl4 can mediate bidirectional
transport, cells were preloaded with [*2°I]T, for 15 min fol-
lowed by incubation in the absence of [***I]T,. The radioactivity
associated with cell specimens was rapidly reduced in Qatpl4-
expressed HEK293 cells compared with that in vector-trans-
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FiG. 5. Effects of unlabeled probenecid, BSP, trichloroacetic acid, ES, DNP-SG, DPDPE, T,, and T, on the uptake of ["HIE,178G by
Oatpl4-transfected HEK293 cells. The effects of unlabeled probenecid (A), BSP (B), taurocholate (TCA; C), ES (D), DNP-8G (E), DPDPE (F),
Ty (@), and T, (H) on the uptake of *H]E,178G by Oatpl4-transfected HEK293 cells were examined at 37 °C. The specific uptake was obtained
by subtracting the uptake by vector-transfected cells from that by gene-transfected cells. Open and closed circles represent the uptake by Qatpl4-

and vector-transfected cells, respectively. Each point represents the mean = 8.E. (n = 3).

fected cells, and the elimination rate constants were 0.032 =
0.002 and 0.006 + 0.001 min~?, respectively (Fig. 4).

cis-inhibitory effects on the Oatpl4-mediated uptake of
[PHJE,178G were investigated (Fig. 5). Sulfobromophthalein
(BSP), pravastatin, ES, and trichloroacetic acid were potent
inhibitors of Oatpl4, whereas probenecid was a moderate in-
hibitor (Fig. 5). p-Aminchippurate and cimetidine, typical sub-
strates of organic anion and cation transporters, had no effect
on the Qatpl4-mediated uptake, whereas benzylpenicillin was
a wealk inhibitor (Fig. 6). Leukotriene C, (LTC,) and glutathi-
one {GSH) had no effect, but dinitrophenyl-s-glutathione
(DNP-SG) was a weak inhibitor (see Figs. 5 and 6), No inhib-
itory effect by folates (methotrexate, folate, and 5-methylietra-
hydrofolate) or tetraethylammonium was observed (Fig. 6). The
K; values of probenecid, BSP, trichloroacetic acid, ES, DNP-8G,
DPDPE, T,, and T, for the uptake of [*H]E,178G by Oatpl4-
expressed HEK cells are summarized in Table III.

Effects of Hyperthyroid and Hypothyroid Conditions on the
Expression of Oatpld in the Brain Capillary—The effects of
hyper- and hypothyroid conditions on the expression of Oatpl4
in the brain capillary were investigated by RT-PCR and West-
ern blotting (Fig. 7, A and B). RT-PCR and Western blotting
analyses revealed that the expression levels of Qatpl4 mRNA
and protein were up- and down-regulated under hypothyroid
and hyperthyroid conditions, respectively.

DISCUSSION

In the present study, we reported the substrate specificity of
Oatpl4, as well as its tissue distribution and localization in the
brain. Oatpl4 is expressed in the brain capillary and choroid
plexus. It mediated the uptake of Ty, T,, and reverse Ty, as well
as organic anions such as E,17BG, cerivastatin, and TRO-S,
suggesting its involvement in the membrane transport of these
ligands in the brain capillary.

T, and its prohormone, T';, are produced in the thyroid gland
and released into the blood. T3 plays an essential role in brain

development via binding to specific nuclear receptors (thyroid
hormone receptor) (25). Deficiency of thyroid hormones partic-
ularly during fetal and neonatal period in the brain causes
mental retardation and cretinism (26, 27). T, is supplied to the
brain and peripheral tissues as T, from which T; is enzymat-
ically produced by type 2 iodothyronine deiodinase (D2} (25).
Therefore, the brain uptake process of T; from the circulating
blood is the first step in all subsequent reactions of thyroid
hormone in the brain. Whether there is a specific transport
mechanism{s} for T, in brain capillary endothelial cells re-
mains controversial. The brain uptake of T, was saturable in
dogs (28) but not in mice (29). Analysis of the transport and
molecular properties of Oatpl4 should help us resolve this.

Transfection of Oatpl4 ¢cDNA into HEK293 cells resulted in
a marked increase in the uptake of T, as well as reverse T, an
inactive metabolite of T, produced by type 3 iodothyronine
deiodinase. Although the uptake of T3 by Oatpl4-expressed
celis was significantly greater than that by vector-transfected
cells (Table II), Ty was extensively taken up by vector-trans-
fected cells (Table 1I). Whether the uptake in vector-transfected
cells is aseribed to specific transport system(s) for T, or passive
diffusion remains unknown. The transport activity for T, ex-
hibited by Oatpl4, obtained by subtraction of the uptake by
vector-transfected cells from that by Oatpl4-expressed cells,
was ~6-fold lower than that for T, and reverse Ty by Oatpl4
{Table II), although the chemical structures of T3 and reverse
T, are quite similar. The K] value of T; for Qatpl4 was 25-fold
greater than that of T, (Table III), and this may result in
apparent low transport activity for Ty by Qatp14. Oatpl4 can
also mediate bidirectional transport, because the efflux of T, is
facilitated in Oatpl4-expressed ecells (Fig. 4), and it is possible
that Oatpl4 is involved in both the uptake and efflux of its
ligands through the brain capillary (i.e. BBB).

Involvement of Oatpl4 in maintaining homeostasis of T, in
the brain was also supported by the change in expression levels
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Fic. 6. Effects of several unlabeled compounds on the uptake
of [*H]E,178G by Oatpl4-transfected HEK293 cells. The effects of
several unlabeled compounds on the uptake of ["HIE,178G by Oatpl4-
transfected HEIX293 cells were examined at 37 °C. Results are given as
a ratio with respect to the control values determined in the absence of
unlabeled compounds. Each point represents the mean + SE. (n = 3).
DHEAS, dehydroepiandrosterone sulfate; PAH, p-aminohippurate;
GSH, glutathione; CCK-8, cholecystokinin-octapeptide.
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The K, values were determined by nonlinear regression analysia
using data shown in Fig. 5.

Iahibitor K;
i
Probenecid 39.5=*83
BSP 4,18 * 1.02
Taurocholate 7.24 +3.33
6.63 = 1.62
DNP-SG 467 + 67
DPDPE 86.3 £ 11.2
T3 2.46 *+ 0.96
T4 0.11 =0.04

of Oatpl4 in the brain capillary under hypo- and hyperthyroid
conditions (Fig. 7). The expression of Oatpl4 in the brain cap-
illary changed as if Oatpl4 was responsible for maintaining the
concentration of T, in the central nervous system: up- and
down-regulated under hypothyroid and hyperthyroid condi-
tions, respectively (Fig. 7). This pattern is similar to that ob-
served in D2 expression (25). Increased D2 expression in-
creases the conversion of T, to Ty to compensate for the
decrease in the local brain concentration of T, and vice versa.
Therefore, we hypothesize that Oatpl4 is involved in the up-
take of T, through the brain capillaries.

In addition to Qatpl4d, Oatp?, the other isoform of rat Oatp
family, is also the eandidate transporter for Ty and T, uptake
by the brain from the cireulating blood in rodents. The uptake
of both T, and T, was significantly increased in Oatp2-cRNA
injected oocytes with similar K, values (~5-7 pm) (12). Oatp2
has been identified both in the luminal and abluminal mem-
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(A)

33kDa —
62kDa =

48kDa — — 48kDa
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(% of control) 100 139

100 142

100 67.1

Fic. 7. Effect of hyperthyroid and hypothyroid conditions on
the expression of Oatpl4 on the BBB. A, RT-PCR analysis. mRNA
samples were prepared from isolated brain capillary from control rats
(lanes 1, 3, and ), hypothyvoid rats (MMI-treated or thyroidectomized
rats; lanes 2 and 4, respectively) and hyperthyroid rats (Ty-treated rats;
lane 6). PCR products stained with ethidium bromide were visualized
under UV Lght. G3PDH, glucose-3-phosphate dehydrogenase. B,
Western blotting. Brain capillaries (50 pgflane) isolated from control
rats (lanes 1, 3, and 5), hypothyroid rats (MMI-treated or thyroidecto-
mized rats; lanes 2 and 4, respectively), and hyperthyreid rats (T,-
treated rats; lene 6) were separated by SDS-PAGE (10% separating
gel), Oatpld was detected by anti-Oatpl4 polyclonal antibody.

brane of brain capillary endothelial cells (15). It is possible that
Oatpl4 and Oatp2 serve high and low affinity sites for T, in the
brain capillary, because the K, values of Qatp2 were ~30-fold
greater than that of Oatpl4 (12). Following uptake from the
circulating bloed into endothelial cells, T, has to cross the
abluminal membrane to reach the brain interstitial space and
brain parenchymal cells. Whether this process is carrier-medi-
ated remains unknown. Bidirectional nature of Oatp2-medi-
ated transport has been reported in Oatp2-cRNA-injected oo-
cytes (30). Oatpld and Oatp2 are candidate transporters
involved in the abluminal secretion of thyroid hormones, Fur-
ther studies are necessary to identify the exact localization of
Oatpl4in the brain capillary and to evaluate its contribution to
the total brain uptake of T, into the brain. Pardridge ez al. (31)
demonstrated that the brain uptake of T; was saturable and
inhibited by T, using carotid arterial bolus injection technique
of Oldendorf, and Oatp2 may account for the brain uptake of T
in the brain eapillary.

Oatpl4 was detected in the choroid plexus by Western blot
analysis (Fig. 1). The choroid plexus is located in the lateral,
third and fourth ventricles, and the interface between the
cerebrospinal fluid and the circulating blood acting as a barrier
to protect the central nervous system, in conjunction with the
BBB (32, 33). The brain distribution of T3 and T, after intrac-
erebroventricular adiministration is limited to ependymal cells
and circumventricular organs and, thus, transport via the cho-
roid plexus could account for the brain distribution near the
ventricles (34), As speculated in the case of brain capillary
endothelial cells, it is possible that Oatpl4 acts as an uptake
system to supply T, to ependymal cells and circumventricular
organs in the choroid plexus.

In addition to thyroids, Oatpl4 accepts certain types of am-
phipathic organic anions, such as E,17pG, cerivastatin, and
TRO-S, as substrates although their transport activity was
markedly lower than that of T,, except TRO-S (see Fig. 3 and
Table II). Because Oatpld can mediate the bidirectional trans-
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port, it is possible that Oatpl4 is involved in the efflux of
organic anions such as E;178G from the brain when it is
microinjected into the cerebral cortex and possibly in the efflux
of excess T, and reverse Ty from the brain, The spectrum of
inhibitors of Qatpld was consistent with the transporter hy-
pothesized based on in vivo studies (18), but further investiga-
tions will be required to confirm this speculation.

Whether the results obtained using ¢cDNA from rodents can
be applied to the human situation is an important issue. Hu-
man QATP-F, an isoform in which QOatpl4 exhibits high homol-
ogy (84% in amino acid level), has a similar substrate specific-
ity to Oatpl4 (35). Northern blot analysis demonstrated
abundant expression of OATP-F in the brain and testis and, to
a lesser extent, heart, but the localization in the brain remains
unidentified. In terms of substrate specificity and homology,
OATP-F is supposed to be the human ortholog of Oatpl4, and
it may be suggested that OATP-F is also involved in the uptake
of T, from the circulating blood inte the central nervous system
though the brain capillary and choroid plexus. In view of the
importance of supplying T, to the brain during development, it
is possible that functional loss of the QATP-F gene may be
associated with a thyroid hormone-related neuronal disorder
characterized by resistance to thyroid hormone treatment.

In conclusion, we have characterized QOatpl4 in terms of its
substrate specificity and localization in the brain and demon-
strated that Qatpld accepts T,, as well as organic anions,
including certain glucuronide and sulfate conjugates. Oatpld is
localized on the plasma membrane of brain capillary endothe-
lial cells and involved in the uptake of T, from the blood to the
central nervous system. Qatpl4 is one of the mechanisms for
maintaining homeostasis of T, and, ultimately, Ty in the brain,

REFERENCES

. Rapoport, 5. L. (1976) Exp. Neurol, 52, 467-479

. Pordridge, W. M. (1991) Semin. Cell Biol. 2, 419426

Minn, A., Ghersi-Egea, J. F., Perrin, R., Leininger, B., and Siest, G. (1991)
Brain Res. Brain Res. Rev. 16, 65-82

. Strazielle, N., and Ghersi-Egean, J. F. (1999) J. Neurosci. 15, 6275-6289

Suzuki, H., Terasaki, T., and Sugiyama, Y. (1997) Adv. Drug. Deliv. Rev. 25,
257-286

. Kusuhara, H., and Sugiyama, Y. (2001) Drug Discov. Today 8, 150-156

. Lee, G., Dallas, M., Hong, M., and Bendayan, R. (2001} Pharmacol. Rew. 52,

=1 ook 0

—417—

43495

569-586

8. Kullak-Ublick, G. A,, Stieger, B., Hagenbuch, B., and Meier, P. J. (2000)

10.
il

12,

13.

14,

15,
15,
17.

18.

19,
20.
21.
22

23,
24.

35,

Semin. Liver Dis. 20, 273-292

. Kullak-Tblick, G. A, Ismair, M. ., Stieger, B, Landmann, L., Huber, R,

Pizzagalli, F., Fattinger, I, Meier, P. J., and Hagenbuch, B. {2001} Gas-
troenterslogy 120, 525-533

Jacquemin, E., Hagenbuch, B., Stieger, B., Wolkoff, A. W., and Meier, P, J.
(1994) Proc. Natl. Acad. Sci. U.8.A. 91, 133-137

Noe, B., Hagenbuch, B., Stieger, B., and Meier, P, J. (1997) Proc. Natl. Acad.
Sei. U 5. A 24, 1034611035

Abe, T., Kakyo, M., S8akagami, H., Tokui, T., Nishio, T., Tanemoto, M., No-
rmura, H., Hebert, 5. C., Matsuno, S., Kondo, H., and Yawo, H. {1998)
. Biol. Chem, 273, 22395-22401

Nishio, T., Adachi, H., Nakagomi, R., Tolui, T., Sato, E., Tanamoto, M.,
Fujiwara, I, Okabe, M., Onogawa, T., Suzuki, T., Nakai, D, Shiiba, K.,
Suzuli, M., Ohtani, H., Konde, Y., Unno, M., Ite, 8., Iinuma, I, Nunoki, K.,
Matsuno, S, and Abe, T. (2000) Biochem. Biophys. Res. Commun. 276,
831-838

Kullak-Ublick, G. A., Hagenbuch, B, Stieger, B., Schteingart, C. D., Hefinann,
A. F., Wolkoff, A, W., and Meier, P. J. (1995} Gastroenierology 109,
1274-1282

Gao, B., Stieger, B., Noe, B., Fritschy, J. M., and Meier, P. J. (1999} J. Histo-
chem. Cytochem. 47, 1255-1264

Gno, B,, Hagenbuch, B,, Kullak-Ublick, G. A., Benke, D., Aguzzi, A., and Meier,
P. J. (2000) J. Pharmacol. Exp. Ther. 294, 73-79

Dagenais, C., Ducharme, J., and Pollack, G. M. (2001) Neurosci. Lett. 201,
155-158

Sugiyama, D., Kusuhara, H., Shitara, Y., Abe, T., Meier, P. J., Sekine, T.,
Endou, H., Suzuki, H., and Sugiyama, ¥. (2001} J. Pharmacoel. Exp. Ther.
298, 316-322

Li, J. Y., Boado, R., and Pardridge, W. M. (2001) J, Cereb. Blood Flow Metab.
21, 61-68

Izumi, T., Hosiyama, K., Enomote, 8., Sasahara, K, and Sugiyama, Y, (1997)
J. Pharmacol. Exp, Ther. 280, 139240021

Alkita, H., Suzuki, H., Ito, K, Kinoshita, S., Sato, N,, Takikawa, H., and
Sugiyama, Y. (2001) Biochim. Biophys. Acta 1511, 7-16

Boado, R. J., and Pardridge, W. M. (1991} J, Neuroghem. 57, 2136-2139

Lowry, O. (1951} J. Biol. Chem, 193, 265-273

Burmeister, L. A, Pachucki, J., and Germain, D. L. 8. (1997) Erdocrinology
138, 5231-5237

. Forrest, D., Reh, T. A., and Rusch, A. (2002) Curr. Opin. Neurol. 12, 49-56
28.
27.

Oppenheimer, J, H,, and Schwartz, H. L. (1937) Endocr. Rev. 18, 462-475
Shi, Y. B., Ritchie, J. W. A., and Taylor, P. M. (2002) Pharmacol. Ther. 94,
235-251

. Hagen, G. A, and Solberg, L. A,, dr. (1974} Erdocrinology 95, 1398-1410
29.
30.
a1
a2,
a3.
34,

Banks, W. A, Kastin, A. J., and Micahls, E. A, (1985} Life Sci. 37, 2407-2414

Li, L., Meier, P, J., and Ballatori, N. (2000} Mol. Pharmacol. 68, 335-340

Pardridge, W. M. (1979) Endocrinelogy 105, 605-812

Groothuis, D. R, and Levy, R. M. (1897) J. Nenrovirol. 3, 387-400

Segal, M. B. (2000) Cell. Mol. Neurobiol. 20, 183-196

Dratmen, M. B., Chrutchfield, F. L., and Schoenhoff, M, B. (1991) Brein Res.
554, 229-238

Pizzagalli, F., Hagenbuch, B., Stieger, B., Klenk, U., Folkers, G., and Meier,
P. J. (2002) Mol. Endocrinol. 16, 2283-2206



] Nutr Sci Vitaininal, 49, 125~132, 2003

Analysis of the Comprehensive Effects of Polyunsaturated Fatty Acid on
mRNA Expression Using a Gene Chip

Yoko Fupwarat?, Masayo Yoxoyama', Rumi Sawapa', Yousuke Sevama', Masami Isan?,
Shunichi Tsutsumi?, Hiroyuki Asuratani?, Satoko HANAKA™,
Hiroshige ltakura™? and Akiyo Matsumoro™®*

! Department of Food Science and Nutrition, Ochanomizu University,

Tokyo 1128610, Japan

2 Division of Clinical Nutrition, National Institute of Nutrition and Health,
Tokyo 1628636, Japan

Y Genome Sciences, Research Center for Advanced Science and Technology,

The University of Tokyo, Tokyo, Japan
* Medical School of Teikyo University, Tokyo 153-8904, Japan
5 Departiment of Life Science, Iharaki Christian University,
Ibaraki, Japan
5 Department of Clinical Dietetics and Human Nutrition, Josai University,
Saitmna 350-02935, Japan

{Received October 3, 2002)

Summary To investigate the comprehensive effects of polyunsaturated fatty acids {PUFA)
on gene expression, we analyzed changes of mRNA expression in PUFA-treated HepG2 cells
ustng a DNA micro array. We incubated HepG2 cells for 24 h with or without 0.25 mm oleic
actd (OA), arachidenic acid (AA), eicosapentaencic actd (EPA) or docosahexaenoic acid
(DHA), and then compared the expression profiles of thousands of genes using a GeneChip.
PUFA influenced the expression of various genes related to cell prolileration, growth and ad-
hesion, as well as for many transcription factors including sterol regulatory element bind-
ing proteins {SREBP). Treatments with AA, EPA, and DHA repressed the expression of genes
related to cholesterol and lipid metabolism. Moreover, data from gene chip analysis proved
that PUFA reduced the expression of prostasin, which is a serine protease. By measuring the
mRNA levels of SREBPs, mevalonate pyrophospliatase and prostasin using quantitative RT-
PCR, we confirmed the elfect of PUFA revealed by gene chip analysis. These data might pro-

vide useful clues with which to explore novel [unctions of PUFA.

Key Words

Fatty acids (FA) are important not only as an energy
source but also as components of the cell membrane be-
cause fatty acid composition influences membrane flu-
idity and the function of receptors or channels {1).
Polyunsaturated fatty acids (PUFA) decrease plasma tri-

* To whom correspondence should be addressed.

E-mail: amatsu@)josat.ac.jp

Abbreviations: AA. arachidonic acid; ACAT. acyl CoA: cho-
lesterol acyltransferase; BSA. bovine serum albumin: CETP,
cholesteryl ester transfer protein; DHA, docosahexaenoic
acid; DMEM, Dulbecco’s modified Eagle’s medium: EPA, eicos-
apentaenoic acid; FA, latty acid; HNF4, hepatocyte nuclear
lactor 4; HTGL, hepatic triglyceride lipase: LCAT. lecithin-cho-
lesterol acyltransferase; LPDS. lipoprotein-deficient serum;
LXR, liver X receptor; MPD, mevalonate pyrophosphate decar-
boxylase; OA, oleic acid; PPAR, peroxisome prolilerator acti-
vated receptor; PUFA, polyunsaturated fatty acids; ROS, reac-
tive oxygen species; RT-PCR, reverse transcriptase-polymerase
chain reaction; 8A, stearic acid; 8DS, sodium dodecyl sulfate;
SRE, sterol regulatory element; SREBP. sterol regulatory ele-
ment-binding protein; SSPE. buffer consisting of saline,
sodium dihydrogen phosphate-ethylenediamine tetraacetate.

DNA micro array, polyunsaturated fatty acid, HepG2 cells

acylglycerols and cholesterol levels and influence lipid
metabolism (2). Many studies within the past decade
have shown that PUFA function as mediators of gene
transcription. One of the mechanisms is explained by
the down-regulation of the sterol regulatory element
binding protein (SREBP), which regulates the intracel-
lular cholesterol metabolism (3, 4). On the other hand,
peroxisome proliferator activated receptor (PPAR}),
which binds FA and its metabolites, regulates the gene
expression concerned with the S-oxidation of fatty acids
(5). Several other factors such as liver X receptor (LXR)
{6), hepatocyte nuclear factor 4 (HNF4) (7), ¢-fos and
nur-77 (8) are also thought to regulate the expression
of genes that respond to FA.

The mechanism of how PUFA controls gene expres-
sion was summarized as follows (9). Fatty acids or their
derivatives function as ligands for a transcription factor
(TF), which then binds DNA at the FA response element
and activates or represses transcription. Fatty acids or
their derivatives thereby modify transcriptional potency
and initiate a signal transduction cascade to induce co-
valent modification ol a TF. Falty acids act indirectly via
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alteraions in either TF mRNA stability or gene tran-
scription, resulting in variations of de novo TF synthesis
with impact on the transcription rate of genes enceding
proteins related to TA transport and metabolism (9).

Despite much recent progress, the mechanism(s) by
which FA modulate gene transcription remains largely
unknown. DNA micro array is known to be a powerful
tool to investigate mRNA expression profiles. and has
been widely applied in the feld of drug innovation to
analyze [unctions and side effects of new compounds.
In this study. {o investigate the comprehensive elfects of
PUFA on gene regulation. we analyzed mRNA expres-
sion profiles in PUFA-treated HepG2 cells using a DNA
micro array.

MATERIALS AND METHODS

Cell culture with fatty acids. The human hepatoma
cell line, HepG3, purchased from the Riken Gene Bank
{Tsukuba, Japan) was cultured in Dulbecco’s modified
Eagle's medium (DMEM) supplemented with 10% [etal
calf serum (Intergen Co., Purchase, NY, USA) at 37°C
under a 5% CO, atmosphere. Cells seeded in 60-mm
diameter collagen-coated culture dishes (Sumitomo
Bakelite Co., Ltd., Tokyo. Japan) at a density o 1X10%
dish were cultured to approximalely 90% conlluence
and then incubated with 0.25mm oleic acid (18:1,
0A), arachidonic acid (20:4, AA), eicosapentaenoic
acid (20:5, EPA) or docosahexaencic acid {22:6,
DHA)Y in DMEM supplemented with 10% [etal call
lipoprotein-deficient serum (LPDS), which eliminates
FA in the serum (all [rom Sigma-Aldrich Chemical Co.,
St Louis, MO, USA). The FAs were dissolved in essential
FA-lree bovine serum albumin (BSA}. Control HepG2
cells were incubated with the same 10% LPDS/DMEM
without FA, After a 24-h incubation at 37°C, the cells
were harvested. Total RNA was isolated lcom the cells
using a RNeasy Mini Kit {Qiagen Inc., Valencia, CA,
USA} according to the manufacturer's instructions.
Cells were pooled from {riplicate dishes and then
poly(A}* RNA was purified using a QuickPrep micro
mRNA purification kit (Amershham Pharmacia Biotech
Inc., Piscataway, NJ, USA).

Micre array analysis of expression profiles.  Studies
using the GeneChip proceeded according to the techni-
cal manual supplied with the Allymetrix GeneChip
Expression Analysis System (10, 11). First-strand
cDNA was generated with 1 ug of poly(A)* RNA and
0.1 umol of T7-linked oligo{dT},; primer {Amersham
Pharmacia Biotech Inc.) using SuperScript Choice
System (Life Technologies, Rockville, MD, USA). Afier
second-strand synthesis, in vitro transcription was per-
formed using biotinylated UTP and CTP (Enzo
Diagnostics, Inc., Farmingdale, NY, USA). The amplified
cRNA was purified by passage through a column con-
taining alfinity resin (RNeasy Mini Kit, Qiagen Inc.),
and quantified by absorbance at 260 nm. Bictinylated
cBNA (25 pg) was fragmented into 50- to 150-nt units
belore overnight hybridization to GeneChips (HuGene
FL Array. Allymetrix Inc., Santa Clara. CA, USA) that
contain oligonucleotide probe sets for approximately

6.000 human genes. Fragmented cRNA and sonicated
herring sperm DNA, up to (1.1 mg/mlL, were added to
hybridization buffer containing 1 s NaCl, 10 mm Tris-
HCl (pH 7.6}, and Triton X-100 (ST-T). The mixture
was denatured at 99°C for 5 min, incubated at 45°C lor
5min, and then a hybridization cocktail was injected
into the probe array cartridge. Hybridization proceeded
at 45°C for 16 h with rotary shaking at 60 rpm. There-
after, the hybridization solution was removed {rom the
array, which was flled with non-stringent washing
buffer {(5XSSPE, 0.01% Tween-20, 0.05% antifoam),
The hybridized array was stained with 5.0 gg/mL strep-
tavidin/phycoerythrin (Molecular Probes, Eugene, OR,
USA) and 2.0 mg/mL acetylated BSA (Stgma, St. Louis,
MO, USA) in 1X81-T at 40°C for 15 min, The probe
array was scanned twice at 3 ym of resolution using an
HP GeneArray Scanner (Affymetrix [nc.).

The intensity of each feature of the array was cap-
tured by Affymetrix GeneChip Software (Affymetrix
Inc.) according to standard Affymetrix procedures (10,
11) with a class AB mask file. This file Is designed to ex-
clude inappropriate probe pairs that represent introns
or reverse sequences. A single expression level for each
gene was derived from 20 probe pairs representing each
gene, that is, ~20 perfectly matched (PM) and mis-
matched (MM) control probes. The MM probes act as
specific controls that allow the direct subtraction of
background and cross-hybridization signals. The aver-
age difference {Avg. dill.) representing PM—MM for
each gene-specific probe set shows the quantitative
mRNA levels. The [old change of the transcripts be-
tween the control and the experimental sample was cal-
culated as lollows:

Fold change={Avg. difl. change/max[min(Avg.
difl oy, 0 AVE. difl ) Op* Ocl}
+(+1if Avg, dill. ., ZAve. dill,
=1 il Avg. difl,,, =Avg. dill.

control )

Where

Avg. difl. change=Dill.o,, — Avg. dill. ynyral
QL'= max( ngp_- QC()]'Ilﬂll)

And the @ multiplier

0,=2.1in 50 um feature arrays and 2.8 in 24 yum
feature arrays.

This equation permits the expression of fold change as a
positive number when the transcript increased over its
control state, and as a negative number when the tran-
script level decreased. If the noise (Q Q,;) of either array
was greater than the Avg. dilf. of the transcript {in ei-
ther the control or experimental data), the fold change
was calculated using the noise.

Quantitative RT-PCR.  Single-strand cDNA was syn-
thesized from 1 gg of total RNA using random hexamer
and TagMan Reverse Transcription Reagents (Applied
Biosystems, Foster City, CA, USA). Primers lor PCR were
designed using Primer Express {Applied Biosystems)
soflware. Primer sequences were 5'-GCAAGGCCATCG-
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ACTACATTC-3' (forward) and 5'-TTGCTTTTGTGGAC-
AGCAGTG-3' (backward) for SREBP-1; 5'-AGGCGGA-
CAACCCATAATATCA-3' (forward) and 5’-GACTTGTG-
CATCTTGGCGTCT-3’ (backward) for SREBP-2; 5'-CGA-
GTCACACTGGCCTGAACT-3' (forward) and 5'-CACGG-
TACTGCCTGTCAGCTT-3' (backward) for MPD; 5'-CTT-
CATCTTTCAGCCCATTCTTC-3' (forward) and 5'-TCT-
CGCCATTGCTACAGGC-3' (backward) for prostasin; 5'-
TTCAGAAAACACAGATGACCTACTACTTC-3' (forward)
and 5'-CTGATCTTTCGCTTTGATGTTTTAGAC-3" (back-
ward) for hepatic triglyceride lipase (HTGL); 5'-AAATT-
CCATCGCACCGTCA-3' (forward) and 5'-AGCATCGCC-
CCACTIGATT-3’ (backward) for GAPDH. Real-time
quantitative RT-PCR proceeded in a reaction mixture
containing 10 ng of first-strand cDNA, 300 oM of each
primer set in a final volume of 25 pl and SYBR Green
PCR core reagent (Applied Biosystems). The results
were analyzed using a GeneAmp 5700 sequence detec-
tion system (Applied Biosystems). All values were ex-
pressed as mean=+SD, Significance of the difference be-
tween PUFA treatments (p<0.05) was determined by
analysis of variance {ANOVA) using a Stat View soft-
ware (Abucas Concepts, Inc., Berkeley, CA, USA).

RESULTS

Gene chip analysis

Table 1 shows the effect of FA on genes except for
those related to cholesterol and lipoprotein metabalism.
PUFA suppressed the mRNA levels of SREBPs, as well as
of those expressing transcription factors such as NF-«B
p65, nuclear factor I-X (NFI-X), PPARs and Rad2. PUFA
repressed the expression of lipogenic genes such as
fatty acid synthase and stearoyl-CoA desaturase. Al-
though gene expression related to FA oxidation was not
changed, PUFA up-regulated 2-oxoglutarate dehydroge-
nase, isocitrate dehydrogenase and succinyl-CoA syn-
thetase, all of which are involved in the TCA cycle.
However, the expression of LXR, HNF, c-fos. and mur-77,
which were thought to responde to FA, did not change,
All FA largely increased mRNA levels of metalloth-
{onein-IG, ventricular/slow twitch myosin alkali light
chain {MLC-1V/Sb isoform}, and deleted split hand/split
foot 1 (DDS1). In addition, PUFA affected the expression
of genes involved in cell differentiation and prolifera-
tion. :

Table 2 shows changes in genes related to chalesterol
and lipoprotein metabolism by FA treatments. PUFA
suppressed the mRNA levels of LDL receptor, HMG CoA
synthase and HMG CoA reductase, all of which are
SRERP targets (12-14). Furthermore, the expression of
mevalonate pyrophosphate decarboxylase (MPD) and
squalene epoxidase, which function in the cholesterol
synthetic pathway were down regulated. Lysosomal
acid lipase was one of the PUFA responsive genes that
had not been reported. Results of gene chip showed no
change of the expression of LXR-alpha and unde-
tectable levels of the mRNA expression of acyl CoA: cho-
lesterol acyltransferase (ACAT), and cholesteryl ester
transfer protein (CETP), which are thought to be regu-
lated by PUFA (15, 16).

Quantitative RT-PCR

To confirm the effects of PUFA observed by DNA
micro array analysis, we measured the mRNA levels of
SREBPs and MDP in PUFA-treated HepG2 cells using
real-time RT-PCR, AA, EPA, and DHA reduced the
mRNA levels of SREBP-1 and -2, whereas OA did not af-
fect the mRNA levels (Fig. 1). Generally, -6 and n-3
PUFA similarly affect the expression level of SREBE
Figure 2 shows that PUFA also decreased the mRNA
levels of MPD by 50%. We also confirmed the effect of
PUFA on the mRNA levels of prostasin (Fig. 3). PUFA re-
pressed the expresston of prostasin, but changes in the
mRNA levels were smaller than those shown by gene
chip analysis. Figure 4 shows up-regulation by PUFA on
the mRNA expression of HTGL.

DISCUSSION

The present study investigated the extensive effects of
PUFA on gene expression in HepG2 cells and explored
thenovel functions of PUFA. Few genes were induced or
reduced by PUFA more than 8-fold among the approxi-
mately 6,000 gene probes on the oligonucleotide chip.
The effects of PUFA on gene expression were moderate
compared with those elicited by other drugs or chemi-
cals (17, 18). This may be because PUFA are nutrients
that are naturally catabolized to produce energy. As the
MPD mRNA level was decreased by —9.5 (11%) with
DHA by gene chip analysis, we measured the mRNA
levels of MPD using a real time RT-PCR of HepG2 cells
incubated with PUFA. The gene chip analysis showed
reduced mRNA levels by —1.7, —1.2, —1.8 in SREBP-
1, and —1.5, ~1.9, —1.7 in SREBP-2 with AA, EPA,
and DHA, respectively. We also analyzed mRNA levels of
SREBPs in FA-treated HepG2 cells using quantitative
RT-PCR (Fig. 1). We confirmed that PUFA suppressed
MPD, and SREBPs but the magnitude of the effect was
not equivalent between the data obtained from the gene
chip analysis and that from RT-PCR. However, the gene
chip analysis reflects the tendencies of PUFA, and is a
useful tool for investigating the comprehensive effect. In
the tables, therefore, we listed the data obtained using
the gene chip with the absolute value of the fold change
>2 and the similar tendencies among PUFA treat-
ments.

The results of gene chip analysis showed the changes
of SREBP and PPAR resulting from PUFA, but the analy-
gis did not detect changes in HNF, c-fos and nur-77,
which have been previously reported (8). More detailed
measurements of each gene are required to accurately
quantify changes in the mRNA levels. It may be related
to the expression levels ol some genes in HepG2 cells.
Although HepG2 cells are familiar lor investigating the
lipid metabolism, the expression of PPAR was low
whereas the expressions of apolipoproteins AI, AIl and
E were high (data not shown).

Our data showed that PUFA repressed the expression
of hepatic lipogenic genes and almost all of the genes as-
sociated with the cholesterol synthetic pathway. In this
study using HepG2 cells, one of the major mechanisms
of mRNA expression down-regulation caused by PUFA
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Table 1. Fold changes ol mRNA levels by fatty acid treatment in HepG2 cells.

Average Fold change
Gene Accession dilTerence® Function
0A AA EPA DHA
Interferon-gamma receptor alpha chain U19247 226 -1.1 -23 -—23 =22 antiviral activity
Mitochondrial NADH dehydrogenase UG5579 407 1.8 2.0 3.1 2.7 aspiratory chain
Heparan sulfate proteoglycan (HSPG2) M85289 146 -1.3 1.3 5.3 1.3  celladhesion
cdc25Hs M34065 -26 2.7* 19* 14* 2.1* celldifferentiation
Interleukin 1 alpha (IL 1) M28983 -51 2.6 20* 27*% 1.8* celldilferentiation
MAC30 L19183 1,769 1.0 -2.8 -2.1 -1.8 celldifferentiation
Protein tyrosine phosphatase (PTP-PEST) M93425 73 200 1.9* —1.0* 3.1* celldifferentiation
Small proline-rich protein 2 (SPRR2E) L05188 —-110 2.9* 28* 3.0 1.8* celldifferentiation
SWI/SNF complex 155 kDa subunit 066615 197 1.4 1.5 2.3 2.2*  cell differentiation
(BAF155)
Drosophila female sterile homeotic (FSH) ~ X62083 4 1.5 1.2 13.3* 2.9* cellproliferation
Glial growth factor 2 394 -5.5* -3.0 -53* —56* cellproliferation
Membrane-associated protein (HEM-1) M58285 193 1.8 2.5 29 2.4* cell proliferation
Sec23A isoform X97064 51 3.3*  1.1*  2.1*  2.6* cellproliferation
Sec23B isclorm X97065 230 2.3 1.8 2.4 2.1 cellproliferaticn
S-lac lectin L-14-11 (LGALS2) MB7860 -3 1.5* 2.0* 3.2* 4.5* cellproliferation
Microsomal glutathione S-transferase 077604 2,836 1.0 -1.1 1,2 —-2.0 detoxification
(GST-IT)
FDXR gene (adrenodoxin reductase) M58509 287 1.2 1.5 1.6 2.2 electron transport
system
Uncoupling protein homolog (UCPH) 94592 169 2.8 -17 2,2 —2.0 energyconsumption
Fatty acid synthase 880437 4,358 -10 -—-21 =21 =23 [attyacidsynthesis
Stearoyl-CoA desaturase 1,416 1.1 -29 -2.9 -3.1 (fattyacid synthesis
Liver fatty acid binding protein (FABP} M10050 6.859 1.1 -20 =16 -—1.5 [atty acid transport
Ceruloplasmin (ferroxidase) M13699 309 1.2 =19 -29 -—3.1 Feoxidation
Galactokinase (GALK1) L76927 120 2.5 2.8 -1.9* 3.1 glycogenesis/glycolysis
RASF-A PLA2 M22430 122 2.0 2.2 1.5 2,7 inflamation
S-lac lectin L-14-IT1 {LGALS2} M87860 -3 1.5+ 32.0* 3.2* 4.5 lectln
Deleted in split hand/split foot 1 (DSS1) U41515 102 14 3.7 4.4 4.8  limbdevelopment
Urokinase-type plasminogen activator g09937 -19 1.6 1~ 4,9* 2.4* plateletcoagulation
receptor
Metallothionein-IG (MT1G} J03910 195 1.8 3.6 2.3 5.6  protection against
: heavy metal toxicity
Inter-alpha-trypsin inhibitor subunit 3 X16260 238 -1.1 -—4.8* —4.3* —2.8 proteinase inhibitor
Vacuolar proton pump, 116-kDasubunit 045285 41 2.0* 4.4* 4.3* 7.1* protonpump
Prostasin 141351 749 —1.2 —26 -—-83 —3.8 serineproteinase
Extracellular-superoxide dismutase (SOD3) J02947 124 1.7 1.3 3.6* 2.2  superoxiside scavenger
Manganese superoxide dismutase (S0D2}  X63965 611 -1.2 =-1.2 -=2.0 -1.1 superoxiside scavenger
2-Oxaglutarate dehydrogenase D10523 143 14 ~1.0 2.0 1.4 TCAcycle
Isocitrate dehydrogenase 268129 202 1.5 1.9 2.5 2.0 TCAcycle
Succinate dehydrogenase (SDH) L21936 496 1.9 1.4 2.1 2.5 TCAcycle
Succinyl-CoA synthetase 268204 6 21 1.2 21*  21* TCAcycle
LXR-alpha 022662 67 1.4* —1.3* 2.1* 1.3* transcription factor
NF-kappa-B p65 subunit L19067 201 23 1.7 1.4 1.8  transcription [actor
Nuclear factor I-X 131881 94 14 -1.2 4.4 1.4 transcription factor
PPAR alpha 102932 4 -14* 1.2* 1.5* 1.1* transcription factor
PPAR gamma 140904 99 20 -16 -11 1.0  transcription factor
Rad2 ’ 40 2.6 2.1* 3.5* 2.6* transcription lactor
SREBP-1 U009638 1,105 1.0 -1.7 -1.2 —1.8 transcriptionfactor
SREBP-2 102031 559 1.1 =1.5 —-1.9 -1.7 transcription factor
KIAAOQ30 D21063 45 2.5*  22* 8.1* 1.9° unknown
KIAADQ092 D42054 325 —-11 =13 -1.7 -38 unknown
KIAAD219 D86973 96 4.2 1.9 2.7 3.2 unknown
Inducible protein 147738 —55 3.9* 3.5* 4.5 3.5* unknown

HepG2 cells were treated with 0.25 mu of oleic acid (OA), arachidonic acid (AA). eicosapentaenoic acid (EPA). or docosa-
hexaenoic acid (DHA) for 24 h,

® Average differences were expressed the intensities of the mRNA levels in control HepG2 cells.

*The value of fold change was calculated using the noise, since the noise of either array was greater than the average differ-
ece of the transcript in both the control and the FA-treated groups,
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Table 2. Changes ol mRNA levels in genes related to cholesterol and lipoprotein metabolism by FA-treatment.
_ Average Fold change
Gene Accession difference®
0A AA EPA DHA
Repressed
HMG-CoA reductase M11058 614 -1.5 =29 =22 -31
HMG-CoA synthase L25798 226 -1.5 —-2.9 —2.4* -2.0
Mevalonate kinase M834638 276 -1.2 -1.2 -2.7 —1.1
Mevalonate pyrophosphate decarboxylase 049260 1,638 -1.3 -3.4 -1.9 -~9.5
Squalene epoxidase D78129 1,782 -1.0 ~2.0 -1.2 -2.2
2,3-Oxidosqualene-lanosterol cyclase U22526 200 -1.0 -25 -2.8 —4.8*
LDL receptor L00352 1,358 -1.1 —-2.6 -21 —-23
Lysosomal acid lipase U04285 957 -1.1 -1.6 ~2.3 -1.6
Induced
Hepatic triglyceride lipase M29194 -1 1.7* 1.2* 1.8* 2.6*
Apolipoprotein(a} X06290 89 22 1.3 24 —-13*
ICAM-2 M32334 5 2.0¢ 1.3* 3.1 -1.3*
Nochange
Apolipoprotein Al regulatory protein (ARP-1) M64497 40 1.2* 1.1* -1.7* 1.1*
Ear-3 75 1.0 1.1* -1.1* —-1.5"
Lectin-like oxidized LDL receptor D89050 =21 1.1* -2.0* -1.1* 1.1*
Lipoprotein lipase M15856 52 -14* -1.0* —-1.3* —-1.3*
Scavenger receptor type [ D13264 -13 -1.2* —1.3* 1.0* 1.2*
CLA-1 (SR-BI) 222555 0 0.0* 0.0* 0.0* 0.0*
CD36 232765 731 1.1 -1.3 1.3 1.5
HDL binding protein M64098 942 1.2 1.2 1.2 1.4
CD6 ligand (ALCAM/HB2) L38608 §7 1.0 —1.8* -1.5* 1.2
Cdc42 GTPase-activating protein U02570 310 1.3 1.2 1.2 1.4
LCAT M12625 741 1.0 1.1 -1.2 1.2
ACAT [21934 —-12 1.4* 1.1* 1.2* 1.2*
CETP M30185 —140 -29* -1.2* 1.3* —19*
Phospholipid transfer protein 245 1.4 -1.2 14 —1.0
MTP X91148 0 0.0* 0.0* 0.0* 0.0*

HepG2 cells were treated with 0.25 mw of oleic acid (OA). arachidonic acid (AA). eicosapentaenoic acid (EPA), or docosa-

hexaenoic acid (DHA) for 24 h.

® Average differences were expressed the intensities of the mRNA levels in control HepG2 cells.
* The value of [old change was caleulated using the noise, since the noise of either array was greater than the average dilfer-
ece of the transcript in both the control or the FA-treated groups.

may be mediated through SREBPs. PUFA reduce the
mRNA expression of SREBPs {4, 19-22), which regu-
late lipogenic gene transcription (SREBP-1) and control
cholesterol metabolism (SRERP-2) (12-14), Sakakura
et al. reported that SREBP regulates the gene expression
of all of the enzymes involved in cholesterol synthesis
including MPD (23). These results indicate that PUFA
down-regulates the entire cholesterol synthetic path-
way.

Yoshikawa et al. reported that the PUFA suppression
of SREBP-1¢ expression is mediated through competi-
tion with liver X factor receptor (LXR) ligand during ac-
tivation of the ligand-binding domain of LXR (24). On
the other hand, Tobin et al. (6) reported that fatty acids
induced the LXR alpha expressions that regulate the
fatty acid and cholesterol metabolism. LXR alpha was
not changed in our gene chip data. Although we need
to analyze LXR further, Cyp7Al was up-regulated by
PUFA using RT-PCR {data not shown).

The PUFA response region is located in the promoter
of the stearoyl-CoA desaturase 1 (SCD1) gene (25).

SREBP may play an important role to regulate the
SCD1 because its rate of down-regulation was similar to
those of the genes related to cholesterol metabolism.
However, Kim et al. {26} recently demonstrated that
cholestero!l overrides the PUFA-mediated repression of
the SCD1 gene and regulates SCD1 gene expression
through a mechanism independent of SREBP-1 matu-
ration in vivo. The detailed mechanism of the down-
regulation of SCD1 caused by PUFA has not been re-
solved. Furthermore, Matsuzaka et al, (27) reported
that A6-desaturase and A5-desaturase expression is du-
ally regulated by SREBP-1c and PPAR-c. At least, PUFA
are thought to also autoregulate their biosynthesis
through SREBPE In addition, CETP might interact with
SREBP-1 (28) and is down-regulated by PUFA (16). As
the expression level of CETP in HepG2 cells is very low.
we could not evaluate the effect of PUFA on its expres-
sion using the oligonucleotide chip system (Table 1),

On the other hand, the gene expression of enzymes
that catabolize FA (29-32), namely carnitine: palmi-
toyl-CoA acyltranslerase 1 (CPT1), acyl-CoA oxidase
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Fig. 1. Effect of PUFA on sterol regulatory element-
binding protein (SREBP) mRNA expression in HepG2
cells. HepG2 cells were incubated with PUFA (0.25
mm) for 24 h. Total RNA was extracted, then mRNA
expressian levels of SREBPs were measured using real
time RT-PCR as described in Materials and Methods.
Relative mRNA levels were normalized: to those of
GAPDH. Values are means+SD (n=3). Mean values
with different superscript letters in SREBP-1 expres-
sions are significantly dilferent (p<<0.05). Dilferent
symbols (* and *) show significant differences in the
SREBP-2 expressions (p<0.03).
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Fig. 2. Elfect of PUFA on mevalonate pyrophosphate

decarboxylase (MPD) expresston in HepG2 cells. HepG2
cells were incubated with FA (0.25 mu) for 24 h. Total
RNA was extracted, then mRNA expression of MPD
were measured using real time RT-PCR as described in
Materials and Methods. Relative mRNA levels were
normalized to those of GAPDH. Values are means=8D
{n=3). Mean values with different letters show signifi-
cant differences in PUFA treatments (p<<0.05).

{AOX) and acyl-CoA synthetase (ACS), which are in-
duced by PUFA, did not change in our study. These en-
zymes are related to fatty acid oxidation and are gener-
ally believed to be regulated by PPAR (5, 33, 34). PPAR-
o and -y are located in the liver and adipocytes, respec-
tively (5). The expression level of PPAR-¢ in human
liver (35, 36) is much lower than that in mouse liver,
and over-expression of PPAR-¢ in HepG2 cells shows
the induction of mitochondrial HMG-CoA synthase,
CPT. and ACS mRNA (37). The present study detected
only weak expression of PPAR-a and PPAR-y in HepG2
cells (Table 2). Therefore, the effects might be obvious
without regulation mediated by PPAR-c. We also

1.4
12
1.0
0.8
0.6
0.4
0.2

Relative mRNA Levels
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Fig. 3. Effect of PUFA on prostasin expression in
HepG2 cells. HepG2 cells were incubated with FA
{0.25 mum) for 24 h. Total RNA was extracted, then
mRNA expression of prostasin were measured using
real time RT-PCR as described in Materials and
Methods. Relative mRNA levels were normalized to
those of GAPDH. Values are means*S8D (n1=3). Mean
values with different letters show significant differ-
ences in PUFA treatments (p<<0.05).

Relative mRNA Levels

control QA AA EPA DHA
Fatty Acids{0.25mM)

Fig. 4. Effect of PUFA on HTGL expression in HepG2
cells. HepG2 cells were incubated with FA (0.25 mum)
for 24 h. Total RNA was extracted, then mRNA expres-
sion of HTGL were measured using real time RT-PCR
as described in Materials and Methods. Relative mRNA
levels were normalized to those of GAPDH. Values are
means*8D (n=3 for control, OA, EPA and DHA, n=2
for AA). Mean values with dilferent letters show signif-
icant differences in PUFA treatments (p<<0.05).

showed that enzymes involved in the TCA cycle were
up-regulated. Therefore, PUFA suppressed the synthesis
of chalestero! and lipogenesis, but induced ATP genera-
tion by activation of the TCA cycle in HepG2 cells.
Takahashi et al. {38) have recently examined the ef-
fect of dietary fish oil on the gene expression profile in
mouse liver using high-density oligonucleotide arrays.
Although our findings were similar to theirs, they
showed that immune reaction-related genes, antioxi-
dant genes (several glutathione transferase, uncoupling
protein 2 and Mn-superoxide dismutase) and genes in-
volved in lipid catabolism were significantly up-regu-
lated, indicating that dietary fish il down-regulated the
endogenous PPAR-a-activation system and increased
the antioxidant gene expression that profects against
excess ROS. Qur data also suggested that PUFA induce
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antioxidant genes, such as metaliothionein-IG and ex-
tracellular-superoxide dismutase {SOD3). However, the
overall response to oxidation was much less and the ex-
pression of microsomal glutathione S-transferase and
manganese superoxide dismutase (SOD2) were not sig-
nificantly changed (Table 2). We believe that little ox-
idative stress was induced by adding PUTA to HepG2
cells even though the PUFA were extremely pure (99%).
The induction of immunological and antioxidant genes
in their study might have been caused by adaptation to
excess ROS production, since they fed the diet contain-
ing a very high concentration of fish oil (60% of total
energy intake) for 6 mo.

Prostasin is a new serine protease that was purified
from seminal fluid, and its cDNA has been sequenced
(39). Prostasin ts expressed in the human prostate, kid-
ney, and lung, as well as in body fluids, including semi-
nal fluid and urine (40). The relationship between
prostasin and prostate cancer has been investigated
(41-44). Prostasin might act as an extracellular regula-
tor of epithelial sodium channels (44). However its
physiological role in humans is not known. Prostasin
was significantly suppressed by PUFA in this study and
an SRE was located in its upstream region of the gene
(45), suggesting that prostasin plays an important role
in processing some proteins in response to cellular cho-
lesterol concentrations.

PUFA also alfected the genes involved in cell prolifera-
ticn and differentiation. Further analysis using the data
obtained by this study is needed in order to clarify the
mechanism. PUFA are thought to control gene tran-
scription through several steps. Together with their
metabolites, PUFA play important roles in signal trans-
duction cascades, and as ligands for transcription lac-
tors. Gene chip analysis might provide useful clues to
investigate not only continuous regulation, but also the
interaction between many transcription factors, such as
SREBRP and LXR.
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Kano, Makoto, Kunihiro Nishimura, Shumpei Ish-
ikawa, Shuichi Tsutsumi, Koichi Hirota, Michitaka Hi-
rose, and Hiroyuki Aburatani. Expression imbalance
map: a new visualization methed for detection of mRNA
expression imbalance regions. Physiol Genomics 13: 3146, 2003.
First published January 7, 2003; 10.1152/physiolgenomics.
00116.2002.—We describe the development of a new visual-
ization method, called the expression imbalance map (EIM),
for detecting mRNA expression imbalance regions, reflecting
genomic losses and gains at a much higher resolution than
conventional technologies such as comparative genomic hy-
bridization (CGH). Simple spatial mapping of the microarray
expression profiles on chromosomal lacation provides little
information about genomic structure, because mRNA expres-
sion levels do not completely reflect genomic copy number
and some microarray probes would be of low quality. The
EIM, which does not employ arbitrary selection of thresholds
in conjunction with hypergeometric distribution-based algo-
rithm, has 2 high tolerance of these complex factors. The EIM
could detect regionally underexpressed or overexpressed
genes (called, here, an expression imbalance region) in lung
cancer specimens from their gene expression data of oligonu-
cleotide microarray. Many known as well as potential loci
with frequent genomic losses or gains were detected as ex-
pression imbalance regions by the EIM. Therefore, the EIM
should provide the user with further insight into genomic
_ structure through mRNA expression,

. gene expression profiling; allelic imbalance; chromosome
‘mapping; hypergeometric distribution; computing methodol-
ogies

THE RECENT DEVELOPMENT of microarray technology has
enabled simultaneous measurement of genome-wide
expression profiles. Many research studies have re-
vealed strong correlations between the expression pro-
files and cancer classifications. The next era of gene
expression analysis would invelve systematic integra-
tion of expression profiles and other types of gene
information, such as locus, gene function, and sequence
mformation. In particular, integration between expres-
sion profiles and locus information should be effective
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in detecting gene structural abnormalities such as
genomic gains and losses.

In general, cancer progression is not a single but a
multistep process and includes many genomic struc-
tural abnormalities. Among them, genomic gains and
losses, particularly deletion of tumor suppressor genes
and amplification of oncogenes, are associated with
cancer progression and its malignant phenotype, al-
though the affected lesion varies among different types
of cancers. Comparative genomic hybridization (CGH)
for detecting genome-wide abnormalities such as copy
number changes, has been applied to various types of
cancers (5), but its low resolution (~20 Mb, correspond-
ing to about 200 genes) makes it difficult to identify the
causal genes, the structural alternation of which is
critical for cancer biological behavior.

Integration of gene expression profiles and gene lo-
cus information might allow detection of copy number
changes at a much higher resolution. Several studies
using oligonucleotide probe arrays suggested a strong
relationship between genomic structural abnormalities
and expression imbalances (underexpression or over-
expression). Mukasa et al. (7) reported that the expres-
sion levels of a significant number of genes in the 1Ip
region were reduced to about 50%, in oligodendroglio-
mas with 1pLOH. Furthermore, Virtaneva et al. (12)
reported that acute myeloid leukemia with trisomy 8
was associated with overexpression of genes on chro-
mosome 8. Recently, a genome-wide transcriptome
map of non-small cell lung carcinomas based on gene
expression profiles generated by serial analysis of gene
expression (SAGE) was conducted (3). However, the
simple spatial mapping of the expression profiles on
chromosomal location sometimes hardly provides in-
formation about genomic structure for the following
reasons: I) since some microarray prcbes are of low
quality, the microarray signal intensities do not always
reflect their target mRNA expression levels; and 2)
mRNA expression level does not completely reflect
genomic copy number. The aim of the present study
was to develop a new method with high tolerance of
such complex factors, designed to detect regiomally
underexpressed or overexpressed genes in cancer spec-
imens compared with the corresponding normal tis-
sues. The expression imbalance region, constituted by
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these genes, likely reflects genomic structural changes
such as chromosemal gain and loss.

When developing the methodology that integrates
the expression profiles and locus information, two sig-
nificant problems have to be dealt with. First, a defi-
nition of what constitutes an expression imbalance
region is not yet clarified. How many base pairs on
chromosome should be considered as a genomic region
(referred to below as chromosomal proximity)? To con-
sider that a certain gene is differentially expressed in
cancer and nermal tissue, how much difference in the
gene expression level is needed between the two (re-
ferred to below as cancer specificity)? It is generally
very difficult to determine adequate thresholds for
chromosomal proximity and cancer specificity. Arbi-
trary selection of thresholds would involve a risk of
overlooking significant genes (that is, “threshold prob-
lem”). In addition, to detect expresgsion imbalance re-
gions, it is necessary to search for genes with both
cancer specificity and chromosomal proximity. Because
determining these two thresholds symergistically in-
creases the risk of overlooking significant genes, the
“threshold problem” is more critical in this case.

When selecting thresholds, several statistical theo-
ries such as hypothesis testing are helpful. However,
commonly used statistical criteria are also arbitrarily
determined. If thresholds are automatically deter-
mined based on statistical theory, the user cannot
search more genes with potential significance, because
the information of genes overlooked is almost un-
known. Therefore, to detect as many significant genes
as possible, a comprehensive presentation of the dis-
tribution of the “false balance” (that is, the balance of
false negative and false positive) is quite significant
rather than an attempt to seek potentially optimal
statistical criterion.

Second, there are many candidate expression imbal-
ance regions. Some of them may be a family of genes
that are tandemly repeated and are under similar
transcriptional regulations. To confirm that a candi-
date locus is biologically significant, human curation is
necessary, using a variety of biological information.
Therefore, it is important to present large genome-
wide data in a comprehensive manner, indicating
which genes are to be further examined. That is, a
broadband interface between humans and computers
is essential.

We focused on visualization technology as the key
technology to solve these two problems. Visualization
is effective in providing, genome-wide, the false-bal-
ance distribution and indication of the genes that are
worth ezamining. The visualization used in our report
would make it possible to present the images of all
genes that have both cancer specificity and chromo-
somal proximity.

In this study, we developed a novel visualization
method for detecting expression imbalance regions at
much higher resolution than conventional technologies
such as CGH, called the expression imbalance map
(EIM). The EIM was applied to gene expression data of
lung squamous cell carcinoma measured by oligonucle-
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otide microarray and detected many known as well as
potential loci with frequent genomic losses or gains as
regional signal images on chromosomes (expression
imbalance regions). In addition, the EIM could detect
not only the expression imbalance common to all can-
cer specimens, but also individual differences among
cancer specimens.

MATERIAL AND METHODS

Data Sets

In this article, the EIM is illustrated using the gene ex-
pression data of lung cancer from the study of Bhattacharjee
et al. {(1). In this experiment, total mRNA was extracted from
histologically defined specimens of squamous cell lung carei-
nomas (abbreviated here as “SQ”; n = 21) and normal Jung
tissues (abbreviated here as “NL”™ n = 17). The ezpression
profiles were obtained using human U95A oligonuclectide
probe arrays (GeneChip; Affymetrix, Santa Clara, CA), The
5Q-NL gene expression data set (S, n = 21; NL,n = 17) was
then analyzed using the EIM.

Feature Selection and Logarithmic Transformation

To compensate for distortion in the expression level,
chanpges in the expression level were limited from 1 to 8,000.
In addition, 4,083 probes with a mean expression above 50
and CV (CV = mean/standard deviation) above 0.2 were
selected to eliminate potential low-quality probes. The com-
mon logarithm of the gene expression data was used for the
following analysis.

Translation from Probe to UniGene

To associate gene locus information with gene expression
profiles, each “probelD” on the U95A array was translated to
UniGene, using information on the UniGene web site of the
National Center for Biotechnology Information (NCBI), by
referring to the corresponding original GenBank accession
number of each probe set. Then, 11,334 of 12,533 probes on
the U95A array were translated into 8,851 UniGenes.

Gene Locus Information

Gene locus information was obtained from the web sites for
Genes On Sequence Map (Homo sepiens build 27) of NCBI
and is defined as “LocusID.” Among the LocusIDs on chro-
mosome 1 to 22 of Genes On Sequence Map, the 12,063
LocusIDs, which had the corresponding UniGenes, were uti-
lized to identify the chromosome locations of genes. Since the
gene expression data utilized in this study were obtained
from both sexes, the X and Y chromosomes were excluded.
However, by using the data obtained from only males or
females, the EIM can be applied to the analysis of chromo-
some X and Y. Since the 12,083 LocusIDs had one-to-one
correspondence with UniGenes, they were translated into
12,063 UniGenes. However, only 6,652 of the 12,063 Uni-
Genes were in common with the 8,851 UniGenes translated
from the probes on the U95A array (Fig. 1). In this article,
these 6,652 UniGenes are called “Key-UniGenes.” The distri-
butions of the UniGenes and Key-UniGenes on each arm of
the chromosome are shown in Table 1. The number of total
Key-UniGenes was defined as U (=6,652).

Quantization of Each Chromosome Arm Region

For easier handling of the gene locus information, each
chromosome arm region was quantized by unit region called
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U95A(12533)

UniGene of Human (8851)

UniGene of Human (12063)

Genes On Sequence Map (LocusID)

Fig. 1. Correspondence between probelDs and LocusIDs. To associ-
ate gene locus information with gene expression profiles, probelDs
on the Affymetrix U95A oligonucleotide arrays and the LocusIDs on
Genes On Sequence Map (Homo sapiens build 27) of NCBI were
translated into UniGenes. We utilized the 12,063 LocusIDs, which
had the corresponding UniGenes, on chromosome 1 to 22 of Genes
On Sequence Map. The X and Y chromosomes were excluded, be-
cause the gene expression data utilized in this study were cbtained
from both sexes. Since these 12,063 LocusIDs had one-to-one corre-
spondence with UniGenes, these were translated into 12,063 Uni-
Genes. Out of 12,533 probes on the U95A array, 11,334 were trans-
lated into unduplicated 8,851 UniGenes, by referring to the corre-
sponding original GenBank accession number of each probe set.
Although the 12,063 UniGenes were obtained from Genes On Se-
quence Map, only 6,652 of the 12,063 UniGenes were in common
with the 8,851 UniGenes translated from the probes on the U5A
array. In this article, these 6,652 UniGenes are called “Key-Uni-
Genes.”

“bucket” whose length was 100,000 base pairs (100 kbp), and
the Key-UniGenes were assigned the corresponding buckets
according to their reading position (Fig. 2, A and B). A
reading position indicates the start position for gene tran-
scription and was obtained from Genes On Sequence Map.
The number of buckets on chromosome arm arm was defined
as Lorm.

Formation of Locus Cluster

To evaluate the proximity of genes on chromosome arm
arm, the Key-UniGenes on the length neighbor buckets from
(begin)-th were defined as a cluster Curm_tengeh_segin (Fig. 24).
Repeating the sufficiently minute changes of length and
begin formed the exhaustive uncertainty cluster sets of Key-
UniGenes with chromosomal proximity (Fig. 2C). The EIM
allows even clusters that overlap each other or include oth-
ers. Therefore, all neighbor buckets in any area of each
chromosome arm were defined as clusters. The number of
Key-UniGenes in the cluster Carm_tength_tegin Was defined as
Narm_length_begin: Carm tength_begin WAS defined for all

arm = 1p, 1q, 2p, 2q, ..., 22p, 22q
length =2, 8,4, ... [buckets]
begin=1,2,...,(Lym — length + 1)
In addition, to avoid considering a region that contains large
gaps between genes as “one region,” the gaps between the
Key-UniGenes that lie next to each other in Corm_tongen_pegin

were calculated and the maximal gap was defined as
EQParm_tength_vegin (Fig. 2B), The EIM allows the user to filter

out the cluster(s) whose gaparm_tengen_begin 18 more than
B8P max, Which can be changed interactively. In other words,
the user can exclude regions containing large gaps by con-
trolling gopgax. When gap max values were 500 kbp, 1 Mbp, 2
Mbp, and 3 Mbp, the percentages of the gaps that were less
than gapmax were 77.6, 89.4, 96.0, and 98.2%, among all gaps
between the Key-UniGenes that lie next to each other.

EIM for Detection of Expression Imbalance Specific To
Sguamous Cell Carcinomas

Clusters consisting of genes with expression profiles specific
to S¢s. Probes with expression profiles specific to SQs were
extracted as a cluster from 4,083 probes of SQ-NL data sets.
Although the EIM does not depend on the type of statistical
method used for evaluating the difference between two
groups, nonparametric tests such as the Mann-Whitney test
have the advantage that no assumption is needed about the
distribution of data, compared with parametric tests such as
the f-test. Thus we explain the case of the Mann-Whitney test
as an example.

More specifically, the difference in the level of expression
of each gene between two groups (8Qs and NLs) was defined
using the statistical probability, P, of rank sum. Assume that
there are two groups (G, n = Ny G, n = Np) and the rank
sums in G, and Gy are Sum, and Sums, respectively, when
all elements (N, + N,) are sorted in order. For simplicity,
assume that Sum./N, is greater than or equal to Sum/Ny. P
is the probability of observing the rank sum of the N, ele-
ments, which are randomly selected from all elements, to be
more than Sum,.

Table 1. Number of the UniGenes and Key-UniGenes
on Genes On Sequence Map

Chr,  UniGene Key-UniGene Chr.  UniGene HKey-UniGene
Arm Number Number (Lorm)  Arm Number Number (Lorm)
1p 715 394 12p 211 107
1q 614 361 12q 488 289
2p 313 179 13p 0 4}
2q 485 274 13q 218 127
3p 315 191 14p 0 0
3q 335 171 l4q 411 228
4p 111 60 15p 0 4
4q 3566 201 15q 379 197
5p 116 61 16p 254 130
5q 472 248 168q 244 123
6p 434 251 17p 218 130
6gq 291 158 17g 513 290
Tp 180 105 18p 52 34
Tq 373 205 18q 135 76
8p 157 95 19p 391 199
8q 262 138 19q 481 249
9p 146 85 20p 122 53
9q 353 193 20q 245 124
10p 104 53 21p 0 0
10q 362 205 21q 137 83
11p 234 129 22p 0 0
11q 502 280 22q 334 176

Distributions of the UniGenes, which were obtained from Genes
On Sequence Map (Homo sapiens build 27) of NCBI, and Key-
UniGenes on each arm of the chromosorne. Since the gene expression
data utilized in this study were obtained from both sexes, the X and
Y chromosomes were excluded. Key-UniGenes are the UniGenes that
can be translated into from both the probes on the U95A oligonucle-
otide arrays and the LocusIDs en chromosome 1 to 22 of the Genes
On Sequence Map. The total numbers of the UniGenes and Key-
UniGenes are 12,063 and 6,652, respectively. Chr., chromosome;
Larm, number of “buckets” on chromosome arm arm.
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A B
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of base-pairs ... ][50 uster
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Figz. 2. Formation of clusters of genes with chromosomal proximity. A: for easier handling of the gene locus
information, each chromosome arm region was quantized by unit region called “bucket” whose length was 100 kbp,
and the Key-UniGenes were assigned the corresponding buckets according to their reading positions, which were
obtained from Genes On Sequence Map (Homo sapiens build 27) of NCBI. The number of buckets on chromosome
arm arm was defined as Lorm. To evaluate the proximity of genes on chromosome arm arm, the Key-UniGenes on
the length neighbor buckets from (begin)-th were defined as a cluster Carm_tengen_bugin. B: to avoid considering a
region containing large gaps between genes as “one region,” the gaps between Key-UniGenes which lie next to each
other in Corm_tength_segin were calculated and the maximal gap was defined as gaparm_tengtn_segin. The expression
imbalance map (EIM) allows the user to filter out the clusters whose geDarm_tungth_segin 13 more than gapmox, which
can be changed interactively. In other words, the user can exclude regions containing large gaps by controlling
£8P max- C: Tepeating the sufficiently minute changes of length and begin formed the exhaustive uncertainty cluster
set of locus information. The EIM allows even the clusters that overlap each other or include others. Therefore, all
neighbor buckets in any area of each chromosome arm were defined as clusters.
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Based on this P value, the differential level Dy(g) in which
g is the probe name was defined as follows

Dig) = —logiP (1

Probes whose differential level D, was equal to or more than
diff were defined as a cluster of probes with expression
profiles specific to 5Qs, Caugn_aiyr (Fig. 3). The suffix sign
indicates a differential direction (+, overexpression; —, un-
derexpression in SQs). Repeating the sufficiently minute
changes of diff formed the exhaustive uncertainty set of the
clusters specific to SQs. Cyign_qir was defined for all

sign=—, +
diff=2,3,4,...

For example, C43 was a cluster of probes whose differential
level D,(g) of overexpression was 3 or more. The EIM was
constructed by all the clusters Cyign_diy with diff greater than
or equal to the minimum acceptable differential level dmin
(Fig. 3). Since the default value of din is 2, all the clusters,
Csign_aif, would be utilized. The EIM allows the user to
control d;, interactively for narrowing down the probes, if
needed.

The numbers of probes, UniGenes, and Key-UniGenes of
each cluster are shown in Table 2; n,en_giris the number of
Key-UniGenes translated from probes of Cygn_aiyn When
multiple probes in a cluster could be mapped to a single
UniGene, only the probe with the highest D; value was
adopted. In addition, Fig. 3 shows probe permutations whose
differential levels are 2 or more, arranged in the order of the
differential level. Probes with under- and overexpression are
arranged on the left and the right of Fig. 3, respectively.

Construction of the EIM. To detect the expression imbal-
ance regions, it is necessary to search for genes with both
cancer specificity and chromosomal proximity. The funda-
mental algorithm of the EIM is to statistically evaluate the
overlaps between clusters of genes with caneer specificity and
clusters of genes with chromosomal proximity. The clusters
specific to the group of 8Qs, Cuign_qis, 8re arranged on the

Probes permutation lined up in order of D1(2)

35

Table 2. Clusters of probes with expression
profiles specific to the group of squamous
cell lung carcinomas

Cluster Name Prabe Key-UniGene
Differential Direction (Caigr_difr) Number Number {naign_air)
Underexpression
(S8Q < NL) C-» 1,007 668
C-3 844 567
C-s 642 429
C-s 448 301
C-a 283 188
C-y 83 61
Overexpression
(5Q > NL) Cue 958 613
Cia 759 480
Cea 543 329
Css 334 206
Cia 143 95
Car 13 8

The probes (on the Affymetrix U95A arrays) whose expression
profiles show significant difference between squamous cell lung car-
cinomas (SQs) and normal Jung (NLs} were extracted as clusters,
Caign_aife. The suffix sign indicates the differential direction (“+" =
overexpression; *—” = underexpression in 8Qs), and diff indicates a
differential level D; in gene expression profiles between SQs and
NLs. For example, C.3 is a cluster of probes whose differential level
of overexpression is 3 or more. Repeating the sufficiently minute
changes of diff formed the exhaustive set of the clusters consisting of
genes with expression profiles specific to SQs. The numbers of probes
and Key-UniGenes for each cluster are shown.

abscissa, and the locus clusters, Carm_tength_tegin, are on the
ordinate, as shown in Fig. 4. The variable % is the number of
common Key-UniGenes between Cegn_air and Carm_tengen_begin.
The variable % could be evaluated using the hypergeometric
probability, H, for observing at least & common elements between
randomly selected n, and ns elements among all U elements as
fOHOWS, where n1 is Naign_diff and e is Rarm_length_pegin.

Under Over
-expression Di(g)=4 Dilg)=3 Digy=2 Di{g)=2 Di(g¥=3 Di(g)=4 -gxpression
4 0009002000 088000090063800080 - I -------------- 2VSODOSSIOBOOIDTOLLOSOLBOOR
Allowed H 0 i
clusters i s )
! : i :
: Dig) >4 Digy>4
C-4 4 t H - C+4
Di(g)>3 Di(g)>3
C, = * d . > C,,
P Di(g)>2 + Di(g)>2 -~
€, TG
User caa control

Fig. 3. Probe permutation arranged in order of the difference in gene expression level between squamous eell lung
carcinomas (S@s) and normal lungs {NLs). Probes on the U95A arrays are lined up in order of the D1(g) level, which
represents the difference in the gene expression level between SQs and NLs. Only probes with differential levels
of 2 or more were arranged. Probes with underexpression and overexpression in SQs are arranged on the left and
right side, respectively. Probes whose differential level Di(g) is equal to or more than diff, are defined as a cluster
of probes with expression profiles specific to 3Q8s, Caign_sifr. The suffix sign indicates the differential direction (+,
overexpression; —, underexpression in 8Qs). Repeating the sufficiently minute changes of diff formed the
exhaustive uncertainty set of the clusters specific to SQs. The EIM was constructed by all clusters Ciign_air with
diff that were greater than or equal to the minimum acceptable differential level dyin. Since the default value of
dmia 15 2, all the clusters, Caiga_ais, would be utilized, The EIM allows the user to control dmin interactively for

narrowing down the probes, if needed.
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(7))

H(U,n,npk) =1~ >, -
(7?«1)

(=0
When the H value is small, the overlap between Caign_aisr and
Carm_tength_begin 18 considered statistically significant. That
is, if the H value is small, then the overlap did not oceur
accidentally. Thus the evaluation value, E, is defined as
follows

2)

E(U,nynak) = — logoH(Un,n,k) *

For any combination of Cyign_aifr and Carm_tengen_begin, if both
(begin)-th and {begin + length — 1)-th buckets of Corm_tength_tegin
have the Key-UniGenes that are included in Cyign_aif, then
their E values were calculated. This calculation was prepro-
cessing for the EIM. Then, in real-time processing, if both
Caigu_diﬁ" and Carm_length_begin met dmin and EdPmax, TESPEC-
tively, then the E value was represented in the intersection
ared Roign_difr arm_tength_begin @3 8 gray scale. The user can
control dmin and gapmax interactively. The area where the
multiple Raign_air arm_tength_segin values overlapped is over-
written at the maximum E value (Fig. 4B). A flowchart that
details these steps is shown in Fig. 5. The EIM for detecting
expression imbalance specific to SQs is shown in Fig. 6. In

addition, Fig. 7 shows chromosome 3 of the EIM and the
influence of gapmax and dmis on the detection of the expres-
sion imbalance regions specific to SQs.

EIM for Detection of Individual Differences
in Expression Imbalance Among SQs

It is effective to extract probes with expression profiles
specific to the group of cancers using statistical analyses,
such as the Mann-Whitney analysis. However, because this
type of analysis treats all specimens with the same patholog-
ical diagnosis as one group, the variation in a group is
unobservable. This is sometimes a significant problem be-
cause cancer specimens generally have a great number of
variations. Thus we also developed the EIM for detecting
individual differences in expression imbalance among SQs.

Clusters of probes with expression imbalance in each SQ.
The first step in the development of the EIM for detecting
individual differences in expression imhalance among 5Q
specimens was to extract probes with under- or overexpres-
sion compared with NL specimens, in each SQ specimen
independently. Assuming that the expression levels of a
certain probe, g, in NL specimens have a lognormal distribu-
tion, if the expression level of 2 SQ specimen, S, is included
in 100p% of sections on both sides of NL's distributions, its
differential level D was defined as follows

A B

QOverexpression
S0NP00S e

Underexpression

—— e
Csi ign_diflr

Chromosome N [y (<5500, )]

R

Chromosome Arm
arm

(begin)-th
bucket on arm

C

armi_length_begin

[I’I2 (=narm_lengrh_begin)1

Intersection Area
(beg in+l engl h—1 )-th R&igﬂ_d:ﬁ:ar'm_]en pth_begin
bucket on arm (k]

Fig. 4. Clusters of genes specific to the group of 5Qs vs. clusters of genes with proximity on chromosomes. A: to
detect expression imbalance regions, it is necessary to search for genes with both cancer specificity and chromo-
somal proximity. The fundamental algorithm of the EIM is to evaluate statistically the overlaps between clusters
of genes with cancer specificity and clusters of genes with chromosomal proximity. The clusters of probes with
expression specific to the group of SQ, Cugn_aip, are arranged on the abscissa, and those of Key-UniGenes with
proximity on chromosomes, Corm_tength_tegin, 00 the ordinate. Among Ceign_aipr values, the clusters of probes with
underexpression and overexpression in 8@s are arranged on the lef¢ and right side, respectively. The nign_aifr and
Rarm_tength_begin Are the numbers of Key-UniGenes in Cuign_air and Carm tength_begin, Tespectively; k is the number of
common Key-UniGenes both in Cign_dir Bnd Carm_tengtn_tegin. The statistical significance of the overlap between
Coign_aify anQ Corm_tongth_begin WS visualized in the intersection area Rsign_diff.arm_tength togin 83 & gray scale, B: the
area where the multiple Ruign_diff arm_tength_begin Overlapped was overwritten at the maximum E value. Therefore,
when the E value of R, is higher than that of Rz, the area where R; and Rz overlapped is overwritten at that of B;.
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