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Rat hepatoma Fao is a well-differentiated cell line that expresses numerous liver-spe-
cific enzymes and liver-enriched transcription factors, whereas the C2 cell line derived
from Fao exhibits dedifferentiated phenotypes and fails to express these differentiated
traits. Hence, to identify the gene related to the differentiation status in these cells, we
analyzed differentially expressed genes between Fao and C2 cells using a microarray of
1,000 identified ¢cDNA clones, and isolated a cDNA clone from subtractive library con-
structed by suppression subtractive hybridization. D6.1A, a member of the tetraspanin
protein superfamily, was identified as a gene enhanced in C2 cells compared with Fao
cells. Interestingly, expression of this gene was also induced following liver injury by
CC], and in liver regeneration following partial hepatectomy. These results suggest that
the D6.1A gene is related to stimulation of cell proliferation and differentiation status in

C2 hepatoma cells.
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Hepatocytes are highly specialized epithelial cells involved
in the synthesis of numerous liver-specific proteins and en-
zymes, which operate in general metabolism, detoxification
of drugs, generation of blood protein and homeostasis. How-
ever, most of these functions are down-regulated in carcino-
genesis of the hepatocytes (7, 2).

Rat hepatoma cell line Fao, which is derived from the
H4ITECS cell line adapted to growth in vitro from the rat
hepatoma cell line Reuber H35, is well differentiated and
expresses numerous liver-specific enzymes and transcrip-
tion factors, whereas the C2 cell line, a derivative from Fao,
exhibits dedifferentiated phenotypes (3). These phenotypes
of C2 cell are sustained by culture at high temperature
(41°C), and reversion to the hepatic phenotype occurs at
low frequency upon culture in glucose-free medium (4).
These cell lines provide an invaluable experimental system
for investigating the differentiation mechanism of hepato-
cytes in vitro.

In the present study, to determine the gene expression
profiles and identify the gene related to differentiation sta-
tus of Fao and C2 cells, we analyzed the differentially ex-
pressed genes in these cells using a DNA chip microarray

containing 1,000 identified cDNA clones and isolated cDNA _

“from a subtractive library constructed by suppression sub-
tractive hybridization. Among the differentially expressed
genes, we focused on the D6.1A gene, expression of which is
induced in C2 cells and liver injured by carbon tetrachlo-
ride.
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MATERIALS AND METHODS

Cell Culture—Reuber cells, a rat minimal deviation he-
patoma cell line, were given by Dr. M. Nanba, Okayama
University. Fao and C2 were obtained from Dr. Mary C.
Weiss, Institute Pasteur, France (3, 4). All cell lines were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 200 units/ml of penicil-
lin, and 100 pg/ml of streptomycin.

RNA Preparation and Northern Blot Analysis—Total
RNAs were isolated from rat tissues and hepatoma cell
lines using acid phenol-guanidinium thiocyanate-chloro-
form extraction as described previously (5). Poly(A)-
enriched RNA was then purified using Oligo(dT) Latex
(Rosche, Tokyo) (6).

Northern blot analysis was performed as described by
Goldberg (7). Briefly, 10 pg of denatured total RNA was
electrophoresed in 1% agarose gel, then transferred to Hy-
bond-N* nylon membranes (Amersham Pharmacia Biotech,
USA). The membrane was hybridized with ¢cDNA probes
labeled by the random primer method (8). The hybridized
signals were detected by autoradiography on X-ray film or
by BAS 1000, Biolmage Analyzer (Fuji Film, Tokyo).

Microarray—Expression profile in hepatoma cell lines
was determined using a high throughput microarray ap-
proach (9). A DNA chip spotted with 1,000 cDNAs from
identified human genes (IntelliGene™ Human CHIP 1K
Set I, version 1.0) was purchased from Takara Shuzo,
Kyoto. Poly(A)* RNAs from Fao and C2 cells were labeled
respectively with Cy3- and Cy5-dUTP by reverse transcrip-
tion. The arrayed clones were hybridized with a 1:1 mix-
ture of Cy3- or Cy5-labeled first-strand ¢cDNAs in hy-
bridization buffer containing 6x SSC, 0.2% SDS, 5x Den-
hardt’s solution, and carrier DNA at 65°C for 14 h. The
DNA .chip was-washed twice with 1.2x SSC with 0.2%.SDS
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at 55°C for 30 min, with the same buffer at 65°C for 5 min,
then with 0.05x SSC at room temperature for 5 min. The
fluorescence intensity was scanned with an Affimetrix 428
Array Scanner (Affimetrix, USA), and data were analyzed
using ImaGene software (BioDiscovery, USA). Results were
also analyzed by normalizing fluorescence intensities
between experiments using a subset of cDNA clones.

Construction of the Subtractive cDNA Library by Sup-
pression Subtractive Hybridization (SSH)—A subtractive
¢DNA library was prepared with poly(A)* RNAs purified
from Fao and C2 cells by SSH (10, 11). SSH was performed
with a PCR-Select cDNA Subtraction Kit (Clontech, USA)
according to the manufacturer’s protocol. Briefly, tester
¢cDNA was synthesized from poly(A)* RNAs of objective
cells, and driver cDNA was synthesized from the cells for
withdrawal. The tester cDNAs were digested with Rsal,
and linked with adaptor oligonucleotides. The tester cDNA
was hybridized with excess of driver cDNA digested with
Rsal (the first hybridization), and the remainder or sub-
tracted single-stranded c¢cDNA was converted double-
stranded DNA by the second hybridization with another
adaptor-linked first hybridization. The subtracted double-
stranded ¢cDNA thus carried distinct adapters at both ends
of the cDNA fragment. The subtracted cDNA was amplified
by PCR with primer set located in adapters, and inserted
into pBluescript II phagemid.

Slot-Blot  Differential Hybridization—Cloned ¢DNAs
were alkaline-denatured with 0.4 M NaOH for 10 min at
room temperature and slot-blotted on nylon membranes,
followed by hybridization with probe RNAs from Fao and
C2 cells by the same method as Northern blot hybridiza-
tion. The RNA probes were prepared as follows. Poly(A)*
RNAs were randomly digested by alkaline treatment (50
mM Tris-HCL, pH 9.5, 10 nM EDTA at 90°C 30 min). By
this treatment, RNA was cleaved into fragments of approx-
imately 100 nucleotides in length with 5-OH ends (12). The
RNA fragments were labeled with T4 polynucleotide kinase
and [y-32P]ATP.
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Fig. 1. Expression of liver-specific genes in rat hepatoma
cells. Expression levels of albumin, aldolase B, HNFla, HNF4 in
rat liver (Li) and rat hepatoma cell lines, Reuber (Reu), Fao (Fao),
C2 (C2) were determined by Northern blot analysis. Ten micro-
grams of total RNA was applied to a formaldehyde denaturing gel,
transferred, and hybridized with corresponding *P-labeled ¢cDNA.
Amount of applied samples was normalized by ethidium bromide
staining of the gel.
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RESULTS

(1) Differentiation Levels of Reuber Cell Lineage, Fao and
C2—Rat hepatoma Reuber H35 is a series of widely used
cell lines that maintain well-differentiated characters. Sim-
ilarly, Fao cells, which were isolated from H4ITEC3, a cell
line derived from the Reuber cells, express liver-specific
functions. On the other hand, C2 cells, a reversible variant
cell line from the Fao cells, show decreased levels of certain
liver enzymes and transcription factors. As shown in Fig. 1,
cell lines Fao and C2, which were given by Dr. Mary C.
Weiss and have been cultured in our laboratory, both
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Fig. 2. Microarray analysis of gene expression in Fao and C2
cells. (A) Scanned images of cDNA microarray. The microarray was
hybridized with a 1:1 mixture of Cy3- or Cy5-labeled first-strand
¢DNAs from Fao and C2 cells, respectively. The fluorescence inten-
sity was scanned with Affimetrix 428 Array Scanner. (B) Scatter plot
for expression profile comparison between Fao and C2 cell. Fluores-
cence intensities were analyzed using ImaGene software, and the
values are corrected intensities representing levels of expression for
the DNA element of the microarray. Closed circles show positive
fluorescence signals to both probes, Xs indicate signal intensities be-
low the lower limit of significance of detection of both probes, and
open squares and triangles mean Fao-positive and C2-positive sig-
nals, respectively. C1 to C10 and F1 to F10 in the panel show differ-
entially expressed genes in Fao and C2 cells, listed in Table II. Solid
line shows y = x, and dotted lines indicate y = 2x or y = x/2, where x
is intensity of the Fao signal and y is that of the C2 signal.
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retained their original characters. Fao cells abundantly
_expressed liver enzymes such as.albumin and aldolase B
and showed high levels of expression of HNFla and HNF4,
which are liver-enriched transcription factors targeting
many liver-specific genes. On the contrary, C2 cells lost
these gene expressions. Thus, the differentiated statuses of
these cell lines were confirmed.

(2) Expression Profile of Genes Altered in Fao and C2
Cells—The profiles of gene expression in Fao and C2 are
expected to afford a better understanding of the expression
of hepatic function. Hence, we performed microarray analy-
sis of genes differentially expressed between Fao and C2
cells. We used a cDNA microarray containing 1,000 nonre-
dundant clones of defined human genes (IntelliGene Hu-
man Chip 1K; Takara), hybridized with Cy3-labeled Fao
c¢DNA and Cy5-labeled C2 ¢DNA. The DNA chip was
scanned with an Affimetrix 428 Array Scanner, and data
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were analyzed by computer software, BioDiscovery Ima-
Gene Ver 4. As_shown in _Fig. 2A, scanned images .of the
cDNA array exhibit the expression pattern of genes in both
cells. A scatter plot of the expression profiles with global
normalization shows that many genes are commonly
expressed by both cell types (Fig. 2B and Table 1), and that
the expression of a limited number of genes is enhanced or
decreased in C2 cells (Fig. 2B and Table II). Expression of
some genes (C1-C10), including vimentin and tissue inhibi-
tor of metalloproteinase 2 genes, were greatly enhanced in
C2 cells (Table II), while that of others, such as epoxide
hydrolase 1 and translational inhibitor protein pl14.5 genes
(F1-F10), were greatly decreased in C2 cells during dedif-
ferentiation from Fao cells. Several hundred genes were
expressed at levels below the lower limits of detection,
details of which are posted on our internet website (http:/
wwwlife.med.tottori-u.ac.jp/~molbio/data/jb.html).

TABLE I. Representative genes expressed at a high level in Fao and C2 cells.

Accession Intensity C2/Fao
Gene name R

No. C2 Fao ratio
nuclease sensitive element binding protein 1 J03827 57977 45064 1.12
tubulin, alpha 1 (testis specific) X06956 57679 63498 1.59
tyrosine 3-monooxygenase U54778 50006 38261 1.10
tubulin, alpha 2 AF005392 48528 50844 1.51
glyceraldebyde-3-phosphate dehydrogenase M33197 47182 50901 1.56
poly(rC)-binding protein 2 X78136 45725 48829 1.54
profilin 1 J03191 39436 50801 1.86
basic transcription factor 3 X53280 36006 34602 1.39
nucleolin M60858 34380 54548 2.29
hnP similar to rat helix destabilizing protein 563912 31830 18877 0.86
ribosomal protein L6 X69391 30743 38281 1.80
ribosomal protein S6 BE513192 26043 23775 1.32
ATP synthase, H* transporting, mitochondrial FO complex, subunit ¢ (subunit 9), X69908 23349 29729 1.84

isoform 2
solute carrier family 25 (mitochondrial carrier; phosphate carrier), member 3 NMO005888 21371 21399 1.44
antiquitin 1 874728 19320 10305 0.77
Uba80 mRNA for ubiquitin S79522 17477 12595 1.04
transcription elongation factor B (SIID) 747087 16808 14381 1.23
membrane nucleoside transporter D14696 16576 15313 1.33
ubiquitin-activating enzyme E1 M58028 15782 20602 1.88
ribosomal rotein L5 U66589 15131 8500 0.81
TABLE II. Expression profile of genes altered in Fao and C2 cells.
Nos G GenBank Intensity Ratio
o ene name Accession No. Fao C2 C2/Fao Fao/C2

C1 vimentin AL133415 349 24865 71.2 —
C2 tissue inhibitor of metalloproteinase 2 AL110197 123 10212 82.8 —
C3 Cbp/p300-interacting transactivator U65092 440 6372 14.7 —
C4 thrombospondin 1 X14787 4 2949 806.3 —
C5  transgelin 2 D21261 <1 1710 >1710 —
C6 annexin Al - = - X05908- <1 1449 >1449 —
Cc7 extracellular matrix protein 1 U68186 17 580 34.1 —
C8 EphB3 X75208 <1 543 >543 —
C9 transmembrane 4 superfamily member 1 M90657 <1 437 >437 —
C10 keratin 13 X14640 15 353 23.5 —
F1 epoxide hydrolase 1, microsomal (xenobiotic) NM_000120 12878 309 — 41.6
F2 translational inhibitor protein p14.5 X95384 2018 99 — 20.2
F3 ketohexokinase (fructokinase) X78678 1645 214 — 7.6
F4 p21/Cdc42/Racl-activated kinase 1 U24152 1234 98 — 12.5
F5 betaine-homocysteine methyltransferase U50929 2705 <1 — >2705
F6 lectin, galactoside-binding, soluble, 2 (galectin 2) AL022315 739 <1 — >739
F7 group-specific component (vitamin D binding protein) X03178 691 <1 — >691
F8 nuclear RNA export factor 1 (Mex67, yeast, homolog) AJ132712 365 24 — 15.0
F9 centromere protein F (350/400 kDa, mitosin) U30872 341 22 — 15.5
F10 catalase AL035079 213 13 — 16.1

__ ®No’s are matched with the number shown in Fig. 2B.
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Fig. 3. Screening of differentially expressed cDNA by sub-
traction PCR. (A) Slot-blot hybridization with labeled RNAs from
Fao and C2 cells. Clones isolated from SSH first screening were slot-
blotted on nylon membrane, and hybridized with 3P-labeled
poly(A)* RNA. Clones S1 to S12 are isolated from C2 ¢cDNA library
subtracted with Fao mRNA, and clones S13 to S22 are from Fao
cDNA library subtracted with C2 mRNA. Vector, rRNA, OTC, and
AldB are cloning vector, cloned rRNA ¢DNA, ornitin transcarbamy-
lase, and aldolase B cDNA spotted as controls for hybridization. (B)
Northern blot hybridization of isolated clones as third screening. To-
tal RNAs from Fao and C2 were electrophoresed, transferred, and
hybridized with 3?P-labeled clone DNAs.

(3) Screening of Fao and C2 Specific Genes by SSH—Pro-
files of gene expression revealed by the DNA chip used in
this study are restricted to the 1,000 clones of the identified
genes spotted on the chip. To identify other genes involved
in the state of differentiation in the hepatoma cell lines, we
screened genes dominantly expressed in Fao or C2 from the
c¢DNA libraries constructed by subtracting Fao with C2
mRNA and by the inverted subtraction using the SSH pro-
tocol. To confirm the expression of the isolated genes in Fao
and C2 cells in the second screening, individual clones ran-
domly isolated from the two subtracted libraries were fur-
ther analyzed by slot-blot hybridization probed with labeled
Fao or C2 mRNA (Fig. 3A). Representative C2-dominant
clones (S1 to S12) were isolated from C2 ¢cDNA library sub-
tracted with Fao mRNA, and Fao-dominant clones (S13 to
S22) were isolated by the reverse subtraction. The clones
S1 (rat cystatine C; Accession No. in GeneBank, X16957),
S9 (the rat D6.1A; Y13275) and S12 (rat STOP protein;
X93495) were abundantly expressed in C2 cells, whereas
the clones S18 (the rat prothrombin; X52835), S20 (rat
nucleus-encoded mitochondrial carbamyl phosphate syn-
thetase I, M11710), and S21 (GTPI protein; AJ0O07972)
were dominant in Fao cells. These observations were con-
firmed by Northern blot analysis of Fao and C2 mRNA
using the respective cDNA clones as probes (Fig. 3B). The
clones S7 (unknown) and S14 (rat cytochrome B;
AF295545) were expressed at high level in both cell types
in spite of subtracted clones. By this screening, we obtained
c¢DNA clones that were not listed in the DNA array.

(4) D6.1A Gene Expression in Various Tissues and in
Liver Injury—Among the C2-dominant clones, S9 was
proved to be a ¢cDNA for the rat D6.1A gene by homology
search in the GeneBank database. The product of D6.1A
gene is known to be a transmembrane protein belonging to
the tetraspanin superfamily and to be induced in metasta-
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Fig. 4. Northern blot analysis of D6.1A gene expression. (A)
D6.1A gene expression was determined by Northern blot hybridiza-
tion of total RNA from rat liver (Li), Reuber (Reu), Fao (Fao), and C2
(C2) cells. (B) D6.1 gene expression was determined in various tis-
sues. (C) Enhancement of D6.1A gene expression was examined with
total RNA from CCl,-treated rat liver. L1 and L2 are controls of non-
treated rat liver. Rats were intraperitoneally injected with 2 ml of
CCl :olive oil (1:1 mixture) per kg of body weight, and total RNA was
extracted from the liver at the time indicated in the panel (3 h—48 h).
All rats were fed ad libitum and received human care in compliance
with the institution’s guidelines for the care and use of laboratory
animals in research.

sis in vivo, but regulation of its expression has not been
studied in detail. We are particularly interested in the gene
induction in the dedifferentiated hepatoma C2 cells.

As shown in Fig. 4A, the D6.1A gene was expressed in
C2 cells, but scarcely in the rat liver, Fao or Reuber cells,
the parental cell line of Fao and C2. On the other hand, in
normal rat tissues, the gene expression was clearly ob-
served in lung and kidney, and slightly in heart, but not in
liver, thymus, brain or spleen (Fig. 4B). The tissue-specific
expression of the D6.1A gene cannot be well elucidated
now. However, we found that D6.1A gene expression was
enhanced in acute liver injury induced by treatment with
carbon tetrachloride (CCl,) in Wistar rat. As shown in Fig.
4C, when the liver injury was induced by intraperitoneal
injection with CCl,, the D6.1A gene expression was strong-
ly stimulated at 24 h post-injection and maintained in sig-
nificant level for up to 48 h. These observations suggested
that the D6.1A gene expression might be induced in prolif-
erative action in the cells stimulated by liver injury, as well
as in active cell growth in the C2 cells.

DISCUSSION

Rat hepatoma cell line Fao is a well-differentiated line
derived from Reuber minimum deviation hepatoma cells.
C2 cells, which were obtained from the Fao cell population,
fail to express these differentiated traits (3). However, the
hepatic phenotype in C2 cells is recovered by culture in glu-
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cose-free medium at a low frequency (4). Therefore, this cell
line_system is invaluable in in vitro experiments to investi-
gate the differentiation mechanism of hepatocytes. Recent-
ly, hepatocyte nuclear factor 4 (HNF4) was reported to inte-
grate the genetic programs of liver-specific gene expression
and to act as a morphogen in dedifferentiated hepatoma
cells (13). The present study showed that the expression of
HNF4 gene was decreased in C2 cells, while the HNF4 was
maintained at high level in Fao cells.

In this study, we examined the gene expression profiles
of Fao and C2 cells which share a common origin but are in
distinct differentiation states. Techniques currently avail-
able for analysis of gene expression are highly developed,
involving DNA chips or microarray systems (9), expressed
sequence tags (EST) (14) and serial analysis of gene expres-
sion systems (SAGE) (15). We chose microarray analysis
using a DNA chip containing 1,000 identified human
cDNAs. In Fao cells, the genes showing a high level of
expression seem to be those involved in hepatic function,
such as metabolism of nutrients (epoxide hydrolase 1, keto-
hexokinase), whereas in C2 cells the genes showing en-
hanced expression are those related to extracellular matrix
components (tissue inhibitor of metalloproteinase 2, extra-
cellular matrix protein 1, thrombospondin 1, keratin 13,
and so on), membrane proteins and their regulators
(annexin Al, EphB3, transmembrane 4 superfamily mem-
ber 1), and cytoskelton (vimentin, transgelin). While some
hepatic proteins such as albumin failed to show positive
signals because of the low homology between human and
rat genes, the difference in the gene expression profiles can-
not be explained only by the disappearance of HNF1 and
HNF4 gene expressions from the Fao cells.

To identify more genes that are differentially expressed
in the Fao and C2 cells, we performed further screening of
a cDNA subtraction library constructed by the SSH method
(10, 11). Among the isolated clones, S9 clone was the rat
D6.1A gene, which encodes a 235-amino acids transmem-
brane protein of the tetraspanin superfamily (16, 17), and
has been isolated from metastatic cells. However, Cbp/
p300-interacting transactivator (msgl), which is a nuclear
protein enhanced in the low metastatic clone B16-F1 cell
(18), was abundantly expressed in C2 cells. These observa-
tions suggested that the D6.1A gene product in C2 cells
might be involved in malignancy of hepatocytes, rather
than in metastasis. Most tetraspanin superfamily proteins
serve as molecular facilitators for multifunctional integrin
B1 family (19) and are involved in cell proliferation, cell
adhesion, tumor metastasis, and signal transduction (16,
19-22). Interestingly, paxillin and «-actinin, mediator pro-
teins of the integrin B1 signal, were slightly induced in C2
cells, and the cytoskeltal proteins vimentin and transgelin
were highly enhanced, indicating the modulation of cell
functions through the cytoskelton.

The D6.1A gene was expressed abundantly in lung and
kidney in normal rat but hardly expressed in liver and
other tissues. Interestingly, induction of the gene expres-
sion was also observed following liver injury in CCl,-treated
rat. Likewise, the stimulation of TM4SF4, a distinct mem-
ber of tetraspanin family protein, was reported in regener-
ating liver following partial hepatectomy (23). These ob-
servations suggest that the function of D6.1A in normal
lung and kidney tissues may be different from that in
regenerating liver or liver injury, and also different from.its
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function in the dedifferentiated hepatoma cells, de-pending
on the-variety -of-target- molecules of the D61A protein-
However, the question remains whether the D6.1 gene
expression is directly concerned with dedifferentiation in
C2 cells. To address this question, induction of the D6.1A
gene in Fao cells and withdrawal of the expression from C2
cells are necessary in future study.

We thank Dr. Masatsugu Moriyama for his helpful discussion and
critical reading of the manuscript, and Koichi Adachi for his excel-
lent technical assistance.
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