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In this article, we report the identification of differ-
entially expressed genes associated with the meta-
static potential of PC-14 human lung adenocarcinoma.
The mRNA differential display method was applied to
compare mRNAs from six cloned PC-14 cell lines rep-
resenting different metastatic potentials. A novel gene
was identified as being expressed in low-metastatic
cells but not in high-metastatic cells. Sequence analy-
sis revealed that this novel gene has an open reading
frame of 210 amino acid residues showing 89% amino
acid identity with human Arp3, which is one of the
actin-related proteins. This gene was designated the
Arpll gene (the 11th Actin-related gene). The Arpll
gene was mapped to human chromosome 7q32-36.
Southern blot and PCR analyses show that all of the
high-metastatic variant cells have not rearrangements
and deletions of Arpl1 allele. Expression of the Arpll
gene may regulate the metastatic potential of PC-14
human lung adenocarcinoma. o 2001 Academic Press
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A simple and effective method for screening a large
number of cell lines is the recently developed mRNA
differential display which can identify genes that are
differentially expressed in cells (1-3). We had previ-
ously used this technique to detect genes associated
with the metastatic potential of three high-metastatic
(4, 5) and three low- or non-metastatic clones (6) of
K-1735 mouse melanoma. We detected 8 genes,
B-toropomyosin, inhibin/actibin BB subunit, macro-
phage colony-stimulating factor (M-CSF), and 2 un-
known genes, EIm-1 (expressed in low-metastatic cell)
(7, 8) and EIm-2 which were specifically expressed in

Sequence data from this paper has been deposited with the DDBJ/
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the low-metastatic cell lines from K1735, and integrin
a6 and 2 unknown genes, and Ehm-1 (expressed in
high-metastatic cells) (Sox21) (9) and Ehm-2 which
were expressed in the high-metastatic cell lines from
K-1735 (7). The deduced EIm-1 belongs to the CCN
(connective tissue growth factor [CTGF], Cyr61/Cef10,
neuroblastoma overexpressed gene [Nov]) family pro-
tein, which consist of secreted cystein-rich proteins
with growth regulatory functions (10-13). Transfec-
tants which highly expressed EIm-1 did not produce
lung metastasis by injection into the tail vein of mice.
This suggests that multiple genes interact with the
induction of lung colonies by melanoma (8).

In this paper, to identify genes that relate to lung
cancer metastasis, we used three established high-
metastatic clones, Lu-2, Lu-7 andLu-4 and three low-
metastatic clones, 3S, 7S, and 13S (unpublished re-
sults, Shindo-Okada, N., et al.) for mRNA differential
display. We already identified 27 candidates differen-
tially expressed between the three low-metastatic cells
and the three high-metastatic cells using a 192 primer
set. Among them, a novel gene, the Arpll gene, was
identified as being expressed in low-metastatic cells
but not in high-metastatic cells. The Arpll gene en-
codes a predicted amino acid sequence showing 89%
amino acid identity with Arp3 protein, which is one of
Arp2/3 complex (14, 15). The human Arp2/3 complex
contains Arp2 and Arp3, and five others, referred to as
p41-Arc, p34-Arc, p21-Arc, p20-Arc and pl6-Arc (Arp
complex) (16). These seven subunits and the other
actin-related proteins have been maintained during
evolution and interact with actin polymerization and
the regulation of growth and transcription (17). These
suggest the possibility that the Arpl1l gene may func-
tion a role in the suppression of metastatic potential in
PC-14 human lung adenocarcinoma.

MATERIALS AND METHODS

Tumor lines. PC-14 human lung adenocarcinoma cells, derived
from a previously untreated patient with pulmonary adenocarci-
noma was kindly provided by Prof. Y. Hayato, Tokyo Medical Col-
lege. The five high-metastatic cell lines, Lu-2, Lu-7, Lu-4, Lu-1, and
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Lu-5 and the four low-metastatic cell lines, 3S, 7S, 8S, and 13S which
were established from PC-14, was used (unpublished results,
Shindo-Okada, N., et al.).

Conditions of culture. PC-14 and its variant cells with different
metastatic potential were grown in RPMI 1640 medium (Nissei Phar-
maceutical Corp.) supplemented with 10% heat-inactivated fetal calf
serum, penicillin (100 units/ml) and streptomycin (100 ug/ml) in a
highly humidified atmosphere of 5% CO, at 37°C. The cell lines were
subcultured once or twice a week as necessitated by growth rate.

Differential display of MRNA. Six PC-14 clones, Lu-2, Lu-7, Lu-4,
3S, 7S, and 13S, representing different metastatic potentials were
used as sources of RNA. Cells at 60—80% confluency were harvested
and subjected to RNA isolation using a Fast Track mRNA Isolation
kit (Invitrogen) according to the manufacturer's recommendations.
Differential display was performed using a RNA map kit (Gene
Hunter Corp.) according to the manufacturer’'s recommendation with
slight modifications. One tenth pg of poly(A)" RNA was reverse
transcribed with T,,MA (where M may be dA, dG, or dC) as a primer,
followed by PCR amplification in the presence of [*P]dCTP (Amer-
sham) using T,,MA (antisense strand) and 5'-GGAATTC-
TGGATTCCATCC-3' (sense strand) according to the standard
method (7, 9).

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

Screening of cDNA library. 6.5 X 10° recombinant phage clones
of cDNA library from low-metastatic PC-14 cell line, 7S constructed
in lambda ZAPII using cDNA Synthesis System Plus (Amersham)
was screened with cloned cDNA fragment that was isolated by
mRNA differential display to isolate full-length cDNA clones (19).
Isolated clones were sequenced by ABI 373S DNA Sequencing Sys-
tem with a Il dye terminator cycle sequencing kit. DNA sequences
were aligned, examined for open reading frames, and compared with
DNA sequences in the DDBJ/GenBank/EMBL databases and with
amino acid sequences in the Swiss-Prot and PIR protein databases
using the FASTA and BLAST programs.

Northern and Southern blot analyses. Five micrograms of
poly(A)" RNA isolated from PC-14 and the 9 cell lines was size
fractionated on 1.0% denaturing formaldehyde agarose gel for North-
ern blot and 10 ug of EcoR1-digested genomic DNA was fractionated
on 0.8% agarose gel for Southern blot and transferred onto a
Hybond-N+ membranes (Amersham). Northern and Southern blot
hybridization was performed at 42°C for 40 h under stringent con-
ditions and the membranes were washed with 0.1X SSC and 0.1%
SDS at 56°C, as previously described (20). To confirm the amounts of
mRNA loaded in each lane, the blots were hybridized afterwards
with a human g-actin probe. To confirm the amounts of EcoR1-
digested genomic DNA loaded in each lane, 0.8% agarose gel was
stained with ethidium bromide. Northern and Southern blot filters
hybridized with cloned cDNA fragment were exposed for 40 days and
60 days, respectively. Northern blot filter hybridized with human
B-actin probe was exposed for 20 h.

PCR and RT-PCR analyses. One hundred nanograms of genomic
DNA was amplified by the primer sets, 5'-GAACCTCCACTCAAT-3’
(sense strand) and 5'-TGCCTGAACTGCAATGT-3' (antisense
strand), 5'-TCAACAGCTGCTAAGGG-3' (sense strand) and 5'-
CTTCTTCTGGTTGATCGC-3' (antisense strand), and 5-CTATC-
CTCAAGGTCACG-3' (sense strand) and 5-ATCTCAAATAAA-
AGGCTACG-3' (antisense strand) and corresponding to nucleotides
143-157, 222-238, 414-430, 584-601, 775-791, and 834—-853, re-
spectively. PCR products were fractionated on 3% agarose gel and
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stained with ethidium bromide. One hundred nanograms of
poly(A)* RNA isolated from human kidney, stomach, small intes-
tine, spleen, bone marrow, brain, uterus, testis, thymus, placenta,
skeletal muscle, mammary gland, lung, fetal liver, and fetal kid-
ney was reverse transcribed with oligo dT,, as a primer, subjected
to PCR using 5'-CCACAGAACCTCCACTCAAT-3’ (sense strand)
and 5'-ATCTCAAATAAAAGGCTACG-3' (antisense strand) corre-
sponding to nucleotides 222-238 and 834-853, respectively and
fractionated on 0.7% agarose gel and stained with ethidium bromide.

RESULTS AND DISCUSSION

Isolation of genes expressed in low-metastatic cells.
To identify genes differentially expressed in associa-
tion with the metastatic potential of PC-14 cells,
poly(A)" RNAs from 3 high-metastatic cell lines, Lu-2,
Lu-7 and Lu-4, and 3 low-metastatic cell lines, 3S, 7S
and 13S were analyzed by the mRNA differential dis-
play method. By using a set of primers (see Materials
and Methods), cDNA fragment (fragment 1) was am-
plified in low-metastatic cells and not in high-
metastatic cells (Fig. 1A). Then, the fragment was
cloned into the TA cloning vector, and several clones
were subjected to DNA sequencing. Fragment 1 con-
sisted of 454 nucleotides, and the sequence was not
identical to and not significantly homologous to any
recorded sequences in the DDBJ/GenBank/EMBL
DNA databases. Therefore, we screened 6.5 X 10° re-
combinant phage clones of the cDNA library from low-
metastatic 7S cells to isolate a full-length cDNA clone.
Three candidate clones were obtained, sequenced, and
aligned. We assembled a composite 1218-bp transcript
except poly A tail using the sequences of clones ob-
tained from the cDNA library. We verified that the
assembled sequence was derived from a single gene by
reverse transcription-PCR. The sequence of fragment 1
corresponded to the 3’ region of this gene.

Northern blot analysis. The expression pattern in
correlation with metastatic potential was then con-
firmed by Northern blot analysis. The novel gene was
expressed in the 4 low-metastatic cells and parental
PC-14 cells but not in the 5 high-metastatic cells (Fig.
1B). The expression of the actin-related protein family
gene was usually one-hundredths in comparison with
that of actin, but the expression of the Arpll gene
showed under one-hundredths (Fig. 1B).

Homology of a novel gene with the Arp3 gene. The
novel gene showed the highest homology to the human
Arp3 gene. The novel gene cDNA encodes a predicted
protein of 210 amino acids using the first 5’ methio-
nine, which is located 123 bp downstream of in-frame
stop codon (Fig. 2A) and is 75% identical to the human
Arp3 cDNA (data not shown). The amino acid sequence
from codon 1 (Met) to codon 188 (Lys) of this protein
shows 89% identity with the amino acid sequence from
codon 130 (Met) to codon 317 (Lys) of Arp3 protein (Fig.
2B). Arp3 is one of actin-related proteins. Arp3 con-
structs the Arp2/3 protein complex, consisting of seven
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FIG. 1. Differential expression of the Arpll gene in association with metastatic potential of PC-14. (A) Detection of expression of the
Arpll gene by mRNA differential display using a 3’ primer T,,M(dA, dG, dc mix)A and a 5’ primer GGAATTCTGGATTCCATCC. Lane 1,
Lu-2; lane 2, Lu-7; lane 3, Lu-4; lane 4, 3S; lane 5, 7S; lane 6, 13S. Arrowhead indicates the position of the Arp11 cDNA fragmentl (454 bp).
(B) Northern blot analysis of the Arp11 gene. Five micrograms per lane of poly(A)*. RNA 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), and low-metastatic cells (lane 7, 3S; lane 8, 7S; lane 9, 13S; lane 10, 8S)
were subjected to Northern blot analysis. Arrows indicate the position of 1.2 Kb of the Arpll transcript. Human B-actin transcripts
standardize the amount of RNA on the Northern blot membrane. RNA size markers of 1.35 Kb and 0.24 Kb are shown on the left.

subunits which include the actin-related proteins Arp 2
and Arp 3, and five others referred to as p4l-Arc,
p34-Arc, p21-Arc, p20-Arc, and pl6-Arc and these
seven proteins were purified by affinity chromatogra-
phy on profilin-agarose. The Arp complexis highly con-
served in various species including human (21) and
expressed in diverse organs. The Arp2/3 protein com-
plex promotes actin polymerization at the surface of
Listeria monocytogenes and interacts with cell shape
change and migration (15, 16). It was previously re-
ported that the organization of actin-containing micro-
filament bundles was different between low- and high-
metastatic K-1735 cells (22). Nearly all the low-
metastatic cells exhibited prominent actin bundles
while nearly all the high-metastatic cells had poor
actin organization. The Arp3 gene was assigned to be
distal between the D2S121 and the D2S110 loci at
2913-14.1, based on the mapping data in GeneMap'98
(http://www.ncbi.nIm.nih.gov/genemap98). Arpl is a
component of a multi-protein assembly that promotes
dynein-based vesicle motility (23, 24) and may be as-
sociated with centrosomes (25). Arpl binds nucleotide,
cocycles with polymerized actin (26), and forms a short
filament resembling filamentous actin in the dynatin
complex (27). Human Arpl, Arp2, Arp3 and a novel
protein are, respectively, 53.8%, 47.7%, 36.9% and
33.3% identical to human skeletal muscle «-actin
(DDBJ/GenBank/EMBL accession number; P02568).
Predicted amino acid sequence of a novel gene is com-
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pared with those of human skeletal muscle «-actin,
Arpl, Arp2 and Arp3. Residues identical between a
novel gene and one or several of the sequences ana-
lyzed are boxed (Fig. 2C). The possible conservation of
ATP binding motifs (14) was found in the Arpll
gene. Letters (n) below the alignment marks the
nucleotide binding (Fig. 2C). Arp4 (13E) and Arp5
(53D) (DDBJ/GenBank/EMBL accession number;
Arp4, L25314; Arp5, X78487) were identified in Dro-
sophila (28, 29) and a partial fragment of human
Arp5 was isolated (DDBJ/GenBank/EMBL accession
number; AA902650). Computer searches for actin-
related proteins reveal a family of ten proteins in
yeast Saccharomyces cerevisiae (Arpl-Arpl0) (30).
Arp7 and Arp9 are shared functional components of
the chromatin-remodeling complexes RSC and SWI/
SNF (17, 31) and function in a very important role in
transcriptional regulation. In human, SWI/SNF and
BAF, which is an actin-related protein, interact with
similar functions to those of yeast (32). A novel pro-
tein was different from these actin-related proteins.
Therefore, this gene was designated the Arpl1 gene (the
11th actin-related gene). The Arpll gene was assigned to
be distal between the D7S2450 and the D7S550 loci at
7932-36, based on the mapping data in GeneMap'98
(http:/mww.ncbi.nlm.nih.gov/genemap98). Arpll may
have an important role in biological activity and is likely
to have properties and functions different from those of
other actin-related proteins.
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Arpll 52 AEGYVIGSCIKHIPIAGRDITYFIQQLLREREVGIPPEQSLETAKATKEKYCYICPDIVKEFAKYDVDPQKWIKQYTGINATNQKKFVID 141

Arp3 271 VGYERFLGPEIFFHPEFANPDFTQPISEVVDEVIQNCPIDVRRPLYRNIVLSGGSTMFRDFGRRLORDLKRTVDARLKLSEELSGGRLKP 360

dededede dedek hededdedek dedek Rk ek R T R e Y T T T
Arpll 142 VGYERFLGPEIFFHPEFANPDSMESISDVVDEVIQONCPIDVRRPLYKMEQIPLSYPQGHGFHPLSPPFH 210
Arp3 361 KPIDVQVITHHMORYAVWFGGSMLASTPEFYQVCHTKKDYEEIGPSICRHNPVFGVMS 418

FIG. 2. Nucleotide and predicted amino acid sequence of the Arpll gene. (A) The sequences of fragment 1 are shown in the large box
under the corresponding sequences of the isolated gene. One hundred and ten Amino acids are shown in their one letter form under the
corresponding nucleotide sequence. An in-frame 5’ stop codon and the predicted termination stop codon are indicated in italics. A potential
polyadenylation signal is shown in the small box. (B) Amino acid sequences of the Arpll gene and the Arp3 gene. Amino acid sequences of
Arp3 are available from DDBJ/GenBank/EMBL DNA databases under Accession No. p32391. (C) Alignment and homology of amino acid
sequences of the Arpll gene, the a-actin gene, the Arpl gene, the Arp2 gene and the Arp3 gene. Predicted amino acid sequence of Arpl1 is
compared with those of human skeletal muscle a-actin, Arpl, Arp2 and Arp3. The optimal alignment of the sequences was found by inserting
the minimum number of gaps to maximize the number of matches. Residues identical between Arpll and one or several of the sequences
analyzed are boxed. Letters (n) below the alignment mark the nucleotide binding.

Expression of the Arpll gene in multiple tissues. To cle, mammary gland, lung, fetal liver, and fetal kidney.
compare the expression of the Arpll gene in human cDNA fragments from these tissues were subjected to
kidney, stomach, small intestine, spleen, bone marrow, PCR using 5'-CCACAGAACCTCCACTCAAT-3’ (sense
brain, uterus, testis, thymus, placenta, skeletal mus- strand) and 5'-ATCTCAAATAAAAGGCTACG-3' (anti-
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FIG. 2—Continued

sense strand). The arrowhead shows a 723 bp RT-PCR
product (Fig. 3). The Arpll gene was expressed in
human kidney, stomach, spleen, bone marrow, uterus,
testis, placenta, skeletal muscle, mammary gland,
lung, fetal liver, and fetal kidney, but was not detected
in small intestine, brain, and thymus (Fig. 3).

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

PC-14 and the 9 cloned cells (Fig. 4A) and two frag-
ments were detected by Southern blot using a DNA
probe for the Arpll gene corresponding to nucleotides
143-853 of the Arpll cDNA fragment (data not
shown). These fragments were not different from each
other. Fragment 1 (143-238 nucleotides [nts]) consist-
ing of 48 nts of the 5’-untranslated region and 48 nts of
the coding region, fragment 2 (414—-601 nts) consisting

12 3456 789101112131415

FIG. 3. Expression of the Arp11 gene in multiple tissues. The arrow shows the 723-bp RT-PC product. Lane 1, human kidney; lane 2, stomach;

lane 3, small intestine; lane 4, spleen; lane 5, bone marrow; lane 6, brain;

lane 7, uterus; lane 8, testis; lane 9, thymus; lane 10, placenta; lane 11,

skeletal muscle; lane 12, mammary gland; lane 13, lung; lane 14, fetal kidney; and lane 15, fetal liver. DNA size markers of 872 bp is shown on
the left. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts (491 bp) standardize the amount of RNA.
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FIG. 4. Southern blot and PCR analyses of the Arpll gene. (A)
Southern blot analysis of the Arpll gene. Ten micrograms per lane
of 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),
and low-metastatic cells (lane 7, 3S; lane 8, 7S; lane 9, 13S; lane 10,
8S) were subjected to Southern blot analysis. The agarose gel was
stained with ethidium bromide to confirm the amount of DNA on the
Southern blot membrane. The right arrowhead shows Southern sig-
nals in EcoR1-digested genomic DNA from PC-14 and the 9 cloned
cells. DNA size markers of 6.56, 4.36, and 2.37 Kb are shown on the
left. (B) PCR analysis of the Arpl1 gene. Lane 1, PC-14; lane 2, Lu-2;
lane 3, Lu-7; lane 4, Lu-4; lane 5, Lu-1; lane 6, Lu-5; lane 7, 3S; lane
8, 7S; lane 9, 13S; and lane 10, 8S. Arrows 1, 2, and 3 indicate the 96
nucleotides (5’-untranslated region and coding region), 188 nucleo-
tides (coding region) and 79 nucleotides (5’-coding region and un-
translated region) of PCR products of the Arpl1 gene.

of 188 nts of the coding region and fragment 3 (775—
853 nts) consisting of 46 nts of the coding region and 33
nts of the 3'-untranslated region of PCR products from
genomic DNA were detected in all the cell lines (Fig.
4B). These showed that all of the 5 high metastatic cell
lines have not rearrangements and deletions of Arpll
allele. These suggest the possibility that metastasis is
induced by not only rearrangement and deletion of the
tumor suppressor genes but expressional regulation of
the genes interacting with metastatic potential. Now,
Lu-2 cells were transfected with pcDNA3-Arpl1 using
LipofectAMINE 2000 reagent. Cell clones resistant to
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geneticine (G418) are assayed. The characterization of
the Arpl1l gene should allow us a critical analysis of
the molecular and biological mechanisms of metastasis
in PC-14 cells.
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