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In this article, we report the identification of differ-
ntially expressed genes associated with the meta-
tatic potential of PC-14 human lung adenocarcinoma.
he mRNA differential display method was applied to
ompare mRNAs from six cloned PC-14 cell lines rep-
esenting different metastatic potentials. A novel gene
as identified as being expressed in low-metastatic

ells but not in high-metastatic cells. Sequence analy-
is revealed that this novel gene has an open reading
rame of 210 amino acid residues showing 89% amino
cid identity with human Arp3, which is one of the
ctin-related proteins. This gene was designated the
rp11 gene (the 11th Actin-related gene). The Arp11
ene was mapped to human chromosome 7q32–36.
outhern blot and PCR analyses show that all of the
igh-metastatic variant cells have not rearrangements
nd deletions of Arp11 allele. Expression of the Arp11
ene may regulate the metastatic potential of PC-14
uman lung adenocarcinoma. © 2001 Academic Press

Key Words: lung cancer; human lung adenocarci-
oma; PC-14 cells; mRNA differential display; actin-
elated gene; Arp11; metastasis; established cell lines;
igh-metastatic cells; low-metastatic cells.

A simple and effective method for screening a large
umber of cell lines is the recently developed mRNA
ifferential display which can identify genes that are
ifferentially expressed in cells (1–3). We had previ-
usly used this technique to detect genes associated
ith the metastatic potential of three high-metastatic

4, 5) and three low- or non-metastatic clones (6) of
-1735 mouse melanoma. We detected 8 genes,
-toropomyosin, inhibin/actibin bB subunit, macro-
hage colony-stimulating factor (M-CSF), and 2 un-
nown genes, Elm-1 (expressed in low-metastatic cell)
7, 8) and Elm-2 which were specifically expressed in

Sequence data from this paper has been deposited with the DDBJ/
enBank/EMBL data libraries under Accession No. AB039791.
1 To whom correspondence and reprint requests should be ad-

ressed. Fax: 81-3-3542-0807. E-mail: nokada@gan2.res.ncc.go.jp.
61
6 and 2 unknown genes, and Ehm-1 (expressed in
igh-metastatic cells) (Sox21) (9) and Ehm-2 which
ere expressed in the high-metastatic cell lines from
-1735 (7). The deduced Elm-1 belongs to the CCN

connective tissue growth factor [CTGF], Cyr61/Cef10,
euroblastoma overexpressed gene [Nov]) family pro-
ein, which consist of secreted cystein-rich proteins
ith growth regulatory functions (10–13). Transfec-

ants which highly expressed Elm-1 did not produce
ung metastasis by injection into the tail vein of mice.
his suggests that multiple genes interact with the

nduction of lung colonies by melanoma (8).
In this paper, to identify genes that relate to lung

ancer metastasis, we used three established high-
etastatic clones, Lu-2, Lu-7 andLu-4 and three low-
etastatic clones, 3S, 7S, and 13S (unpublished re-

ults, Shindo-Okada, N., et al.) for mRNA differential
isplay. We already identified 27 candidates differen-
ially expressed between the three low-metastatic cells
nd the three high-metastatic cells using a 192 primer
et. Among them, a novel gene, the Arp11 gene, was
dentified as being expressed in low-metastatic cells
ut not in high-metastatic cells. The Arp11 gene en-
odes a predicted amino acid sequence showing 89%
mino acid identity with Arp3 protein, which is one of
rp2/3 complex (14, 15). The human Arp2/3 complex
ontains Arp2 and Arp3, and five others, referred to as
41-Arc, p34-Arc, p21-Arc, p20-Arc and p16-Arc (Arp
omplex) (16). These seven subunits and the other
ctin-related proteins have been maintained during
volution and interact with actin polymerization and
he regulation of growth and transcription (17). These
uggest the possibility that the Arp11 gene may func-
ion a role in the suppression of metastatic potential in
C-14 human lung adenocarcinoma.

ATERIALS AND METHODS

Tumor lines. PC-14 human lung adenocarcinoma cells, derived
rom a previously untreated patient with pulmonary adenocarci-
oma was kindly provided by Prof. Y. Hayato, Tokyo Medical Col-

ege. The five high-metastatic cell lines, Lu-2, Lu-7, Lu-4, Lu-1, and
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



Lu-5 and the four low-metastatic cell lines, 3S, 7S, 8S, and 13S which
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ere established from PC-14, was used (unpublished results,
hindo-Okada, N., et al.).

Conditions of culture. PC-14 and its variant cells with different
etastatic potential were grown in RPMI 1640 medium (Nissei Phar-
aceutical Corp.) supplemented with 10% heat-inactivated fetal calf

erum, penicillin (100 units/ml) and streptomycin (100 mg/ml) in a
ighly humidified atmosphere of 5% CO2 at 37°C. The cell lines were
ubcultured once or twice a week as necessitated by growth rate.

Differential display of mRNA. Six PC-14 clones, Lu-2, Lu-7, Lu-4,
S, 7S, and 13S, representing different metastatic potentials were
sed as sources of RNA. Cells at 60–80% confluency were harvested
nd subjected to RNA isolation using a Fast Track mRNA Isolation
it (Invitrogen) according to the manufacturer’s recommendations.
ifferential display was performed using a RNA map kit (Gene
unter Corp.) according to the manufacturer’s recommendation with

light modifications. One tenth mg of poly(A)1 RNA was reverse
ranscribed with T12MA (where M may be dA, dG, or dC) as a primer,
ollowed by PCR amplification in the presence of [32P]dCTP (Amer-
ham) using T12MA (antisense strand) and 59-GGAATTC-
GGATTCCATCC-39 (sense strand) according to the standard
ethod (7, 9).

Cloning and sequencing of cDNA. The cDNA fragment which was
xpressed only in low-metastatic PC-14 cells was reamplified by PCR
nd cloned into the pCR II vector using the TA Cloning System (In-
itrogen) according to the manufacturer’s instruction. The insert was
equenced using the ABI 373S DNA Sequencing System (Perkin Elmer)
ith a II dye terminator cycle sequencing kit (Amersham). The novelty
f the isolated clone was determined by computer search and compar-
son against the DDBJ/GenBank/EMBL DNA databases (18).

Screening of cDNA library. 6.5 3 105 recombinant phage clones
f cDNA library from low-metastatic PC-14 cell line, 7S constructed
n lambda ZAPII using cDNA Synthesis System Plus (Amersham)
as screened with cloned cDNA fragment that was isolated by
RNA differential display to isolate full-length cDNA clones (19).

solated clones were sequenced by ABI 373S DNA Sequencing Sys-
em with a II dye terminator cycle sequencing kit. DNA sequences
ere aligned, examined for open reading frames, and compared with
NA sequences in the DDBJ/GenBank/EMBL databases and with
mino acid sequences in the Swiss-Prot and PIR protein databases
sing the FASTA and BLAST programs.

Northern and Southern blot analyses. Five micrograms of
oly(A)1 RNA isolated from PC-14 and the 9 cell lines was size
ractionated on 1.0% denaturing formaldehyde agarose gel for North-
rn blot and 10 mg of EcoR1-digested genomic DNA was fractionated
n 0.8% agarose gel for Southern blot and transferred onto a
ybond-N1 membranes (Amersham). Northern and Southern blot
ybridization was performed at 42°C for 40 h under stringent con-
itions and the membranes were washed with 0.13 SSC and 0.1%
DS at 56°C, as previously described (20). To confirm the amounts of
RNA loaded in each lane, the blots were hybridized afterwards
ith a human b-actin probe. To confirm the amounts of EcoR1-
igested genomic DNA loaded in each lane, 0.8% agarose gel was
tained with ethidium bromide. Northern and Southern blot filters
ybridized with cloned cDNA fragment were exposed for 40 days and
0 days, respectively. Northern blot filter hybridized with human
-actin probe was exposed for 20 h.

PCR and RT-PCR analyses. One hundred nanograms of genomic
NA was amplified by the primer sets, 59-GAACCTCCACTCAAT-39

sense strand) and 59-TGCCTGAACTGCAATGT-39 (antisense
trand), 59-TCAACAGCTGCTAAGGG-39 (sense strand) and 59-
TTCTTCTGGTTGATCGC-39 (antisense strand), and 59-CTATC-
TCAAGGTCACG-39 (sense strand) and 59-ATCTCAAATAAA-
GGCTACG-39 (antisense strand) and corresponding to nucleotides
43–157, 222–238, 414–430, 584–601, 775–791, and 834–853, re-
pectively. PCR products were fractionated on 3% agarose gel and
62
oly(A)1 RNA isolated from human kidney, stomach, small intes-
ine, spleen, bone marrow, brain, uterus, testis, thymus, placenta,
keletal muscle, mammary gland, lung, fetal liver, and fetal kid-
ey was reverse transcribed with oligo dT12 as a primer, subjected
o PCR using 59-CCACAGAACCTCCACTCAAT-39 (sense strand)
nd 59-ATCTCAAATAAAAGGCTACG-39 (antisense strand) corre-
ponding to nucleotides 222–238 and 834–853, respectively and
ractionated on 0.7% agarose gel and stained with ethidium bromide.

ESULTS AND DISCUSSION

Isolation of genes expressed in low-metastatic cells.
o identify genes differentially expressed in associa-
ion with the metastatic potential of PC-14 cells,
oly(A)1 RNAs from 3 high-metastatic cell lines, Lu-2,
u-7 and Lu-4, and 3 low-metastatic cell lines, 3S, 7S
nd 13S were analyzed by the mRNA differential dis-
lay method. By using a set of primers (see Materials
nd Methods), cDNA fragment (fragment 1) was am-
lified in low-metastatic cells and not in high-
etastatic cells (Fig. 1A). Then, the fragment was

loned into the TA cloning vector, and several clones
ere subjected to DNA sequencing. Fragment 1 con-

isted of 454 nucleotides, and the sequence was not
dentical to and not significantly homologous to any
ecorded sequences in the DDBJ/GenBank/EMBL
NA databases. Therefore, we screened 6.5 3 105 re-

ombinant phage clones of the cDNA library from low-
etastatic 7S cells to isolate a full-length cDNA clone.
hree candidate clones were obtained, sequenced, and
ligned. We assembled a composite 1218-bp transcript
xcept poly A tail using the sequences of clones ob-
ained from the cDNA library. We verified that the
ssembled sequence was derived from a single gene by
everse transcription-PCR. The sequence of fragment 1
orresponded to the 39 region of this gene.

Northern blot analysis. The expression pattern in
orrelation with metastatic potential was then con-
rmed by Northern blot analysis. The novel gene was
xpressed in the 4 low-metastatic cells and parental
C-14 cells but not in the 5 high-metastatic cells (Fig.
B). The expression of the actin-related protein family
ene was usually one-hundredths in comparison with
hat of actin, but the expression of the Arp11 gene
howed under one-hundredths (Fig. 1B).

Homology of a novel gene with the Arp3 gene. The
ovel gene showed the highest homology to the human
rp3 gene. The novel gene cDNA encodes a predicted
rotein of 210 amino acids using the first 59 methio-
ine, which is located 123 bp downstream of in-frame
top codon (Fig. 2A) and is 75% identical to the human
rp3 cDNA (data not shown). The amino acid sequence

rom codon 1 (Met) to codon 188 (Lys) of this protein
hows 89% identity with the amino acid sequence from
odon 130 (Met) to codon 317 (Lys) of Arp3 protein (Fig.
B). Arp3 is one of actin-related proteins. Arp3 con-
tructs the Arp2/3 protein complex, consisting of seven
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ubunits which include the actin-related proteins Arp 2
nd Arp 3, and five others referred to as p41-Arc,
34-Arc, p21-Arc, p20-Arc, and p16-Arc and these
even proteins were purified by affinity chromatogra-
hy on profilin-agarose. The Arp complexis highly con-
erved in various species including human (21) and
xpressed in diverse organs. The Arp2/3 protein com-
lex promotes actin polymerization at the surface of
isteria monocytogenes and interacts with cell shape
hange and migration (15, 16). It was previously re-
orted that the organization of actin-containing micro-
lament bundles was different between low- and high-
etastatic K-1735 cells (22). Nearly all the low-
etastatic cells exhibited prominent actin bundles
hile nearly all the high-metastatic cells had poor
ctin organization. The Arp3 gene was assigned to be
istal between the D2S121 and the D2S110 loci at
q13–14.1, based on the mapping data in GeneMap’98
http://www.ncbi.nlm.nih.gov/genemap98). Arp1 is a
omponent of a multi-protein assembly that promotes
ynein-based vesicle motility (23, 24) and may be as-
ociated with centrosomes (25). Arp1 binds nucleotide,
ocycles with polymerized actin (26), and forms a short
lament resembling filamentous actin in the dynatin
omplex (27). Human Arp1, Arp2, Arp3 and a novel
rotein are, respectively, 53.8%, 47.7%, 36.9% and
3.3% identical to human skeletal muscle a-actin
DDBJ/GenBank/EMBL accession number; P02568).
redicted amino acid sequence of a novel gene is com-

FIG. 1. Differential expression of the Arp11 gene in association
rp11 gene by mRNA differential display using a 39 primer T12M(dA
u-2; lane 2, Lu-7; lane 3, Lu-4; lane 4, 3S; lane 5, 7S; lane 6, 13S. Ar

B) Northern blot analysis of the Arp11 gene. Five micrograms per la
lane 2, Lu-2; lane 3, Lu-7; lane 4, Lu-4; lane 5, Lu-1; lane 6, Lu-5), a
ere subjected to Northern blot analysis. Arrows indicate the po

tandardize the amount of RNA on the Northern blot membrane. R
63
ared with those of human skeletal muscle a-actin,
rp1, Arp2 and Arp3. Residues identical between a
ovel gene and one or several of the sequences ana-

yzed are boxed (Fig. 2C). The possible conservation of
TP binding motifs (14) was found in the Arp11
ene. Letters (n) below the alignment marks the
ucleotide binding (Fig. 2C). Arp4 (13E) and Arp5
53D) (DDBJ/GenBank/EMBL accession number;
rp4, L25314; Arp5, X78487) were identified in Dro-
ophila (28, 29) and a partial fragment of human
rp5 was isolated (DDBJ/GenBank/EMBL accession
umber; AA902650). Computer searches for actin-
elated proteins reveal a family of ten proteins in
east Saccharomyces cerevisiae (Arp1–Arp10) (30).
rp7 and Arp9 are shared functional components of

he chromatin-remodeling complexes RSC and SWI/
NF (17, 31) and function in a very important role in
ranscriptional regulation. In human, SWI/SNF and
AF, which is an actin-related protein, interact with
imilar functions to those of yeast (32). A novel pro-
ein was different from these actin-related proteins.
herefore, this gene was designated the Arp11 gene (the
1th actin-related gene). The Arp11 gene was assigned to
e distal between the D7S2450 and the D7S550 loci at
q32–36, based on the mapping data in GeneMap’98
http://www.ncbi.nlm.nih.gov/genemap98). Arp11 may
ave an important role in biological activity and is likely
o have properties and functions different from those of
ther actin-related proteins.

th metastatic potential of PC-14. (A) Detection of expression of the
G, dc mix)A and a 59 primer GGAATTCTGGATTCCATCC. Lane 1,
head indicates the position of the Arp11 cDNA fragment1 (454 bp).

of poly(A)1. RNA from parental PC-14 (lane 1), high-metastatic cells
low-metastatic cells (lane 7, 3S; lane 8, 7S; lane 9, 13S; lane 10, 8S)
on of 1.2 Kb of the Arp11 transcript. Human b-actin transcripts
size markers of 1.35 Kb and 0.24 Kb are shown on the left.
wi
, d
row
ne
nd
siti
NA
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Expression of the Arp11 gene in multiple tissues. To
ompare the expression of the Arp11 gene in human
idney, stomach, small intestine, spleen, bone marrow,
rain, uterus, testis, thymus, placenta, skeletal mus-

FIG. 2. Nucleotide and predicted amino acid sequence of the Ar
nder the corresponding sequences of the isolated gene. One hundr
orresponding nucleotide sequence. An in-frame 59 stop codon and th
olyadenylation signal is shown in the small box. (B) Amino acid seq
rp3 are available from DDBJ/GenBank/EMBL DNA databases un
equences of the Arp11 gene, the a-actin gene, the Arp1 gene, the Ar
ompared with those of human skeletal muscle a-actin, Arp1, Arp2 an
he minimum number of gaps to maximize the number of matches.
nalyzed are boxed. Letters (n) below the alignment mark the nucle
64
le, mammary gland, lung, fetal liver, and fetal kidney.
DNA fragments from these tissues were subjected to
CR using 59-CCACAGAACCTCCACTCAAT-39 (sense
trand) and 59-ATCTCAAATAAAAGGCTACG-39 (anti-

gene. (A) The sequences of fragment 1 are shown in the large box
and ten Amino acids are shown in their one letter form under the
redicted termination stop codon are indicated in italics. A potential
nces of the Arp11 gene and the Arp3 gene. Amino acid sequences of
Accession No. p32391. (C) Alignment and homology of amino acid
gene and the Arp3 gene. Predicted amino acid sequence of Arp11 is
rp3. The optimal alignment of the sequences was found by inserting
idues identical between Arp11 and one or several of the sequences

de binding.
p11
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ense strand). The arrowhead shows a 723 bp RT-PCR
roduct (Fig. 3). The Arp11 gene was expressed in
uman kidney, stomach, spleen, bone marrow, uterus,
estis, placenta, skeletal muscle, mammary gland,
ung, fetal liver, and fetal kidney, but was not detected
n small intestine, brain, and thymus (Fig. 3).

Southern blot and PCR analyses. Southern signals
ere detected in EcoR1-digested genomic DNA from

FIG. 2—

FIG. 3. Expression of the Arp11 gene in multiple tissues. The arrow
ane 3, small intestine; lane 4, spleen; lane 5, bone marrow; lane 6, brai
keletal muscle; lane 12, mammary gland; lane 13, lung; lane 14, fetal
he left. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
65
C-14 and the 9 cloned cells (Fig. 4A) and two frag-
ents were detected by Southern blot using a DNA

robe for the Arp11 gene corresponding to nucleotides
43–853 of the Arp11 cDNA fragment (data not
hown). These fragments were not different from each
ther. Fragment 1 (143–238 nucleotides [nts]) consist-
ng of 48 nts of the 59-untranslated region and 48 nts of
he coding region, fragment 2 (414–601 nts) consisting

ntinued

ws the 723-bp RT-PC product. Lane 1, human kidney; lane 2, stomach;
ane 7, uterus; lane 8, testis; lane 9, thymus; lane 10, placenta; lane 11,
ney; and lane 15, fetal liver. DNA size markers of 872 bp is shown on
nscripts (491 bp) standardize the amount of RNA.
Co
sho
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f 188 nts of the coding region and fragment 3 (775–
53 nts) consisting of 46 nts of the coding region and 33
ts of the 39-untranslated region of PCR products from
enomic DNA were detected in all the cell lines (Fig.
B). These showed that all of the 5 high metastatic cell
ines have not rearrangements and deletions of Arp11
llele. These suggest the possibility that metastasis is
nduced by not only rearrangement and deletion of the
umor suppressor genes but expressional regulation of
he genes interacting with metastatic potential. Now,
u-2 cells were transfected with pcDNA3-Arp11 using
ipofectAMINE 2000 reagent. Cell clones resistant to

FIG. 4. Southern blot and PCR analyses of the Arp11 gene. (A)
outhern blot analysis of the Arp11 gene. Ten micrograms per lane
f genomic DNA from parental PC-14 (lane 1), high-metastatic cells
lane 2, Lu-2; lane 3, Lu-7; lane 4, Lu-4; lane 5, Lu-1; lane 6, Lu-5),
nd low-metastatic cells (lane 7, 3S; lane 8, 7S; lane 9, 13S; lane 10,
S) were subjected to Southern blot analysis. The agarose gel was
tained with ethidium bromide to confirm the amount of DNA on the
outhern blot membrane. The right arrowhead shows Southern sig-
als in EcoR1-digested genomic DNA from PC-14 and the 9 cloned
ells. DNA size markers of 6.56, 4.36, and 2.37 Kb are shown on the
eft. (B) PCR analysis of the Arp11 gene. Lane 1, PC-14; lane 2, Lu-2;
ane 3, Lu-7; lane 4, Lu-4; lane 5, Lu-1; lane 6, Lu-5; lane 7, 3S; lane
, 7S; lane 9, 13S; and lane 10, 8S. Arrows 1, 2, and 3 indicate the 96
ucleotides (59-untranslated region and coding region), 188 nucleo-
ides (coding region) and 79 nucleotides (59-coding region and un-
ranslated region) of PCR products of the Arp11 gene.
66
he Arp11 gene should allow us a critical analysis of
he molecular and biological mechanisms of metastasis
n PC-14 cells.
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