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We investigated DNA copy-number aberrations in 22
cell lines derived from small cell lung cancers (SCLCs)
using comparative genomic hybridization. A minimal
common region at 5p13, within the 5p11-p13 ampli-
con that was most frequently involved, harbored the
CDH6 , PC4 , and SKP2 genes. These three genes
showed amplification and consequent overexpres-
sion in the SCLC cell lines. SKP2 positively regulates
progression of cell cycle by targeting several regula-
tors, such as the cell-cycle inhibitor p27KIP1, for ubiq-
uitin-mediated degradation. SKP2 was amplified in 7
(44%) of 16 primary SCLC tumors, and consequently
overexpressed in 10 (83%) of the 12 of those tumors
we examined. Expression levels of SKP2 protein were
cell cycle-dependent in SCLC cells as well as in normal
cells, and were correlated with the DNA copy-number
of the gene. There was an inverse correlation between
the expression of SKP2 and p27KIP1 proteins. Down-
regulation of SKP2 using an anti-sense oligonucleo-
tide remarkably suppressed the growth of SCLC cells.
Our results indicate that SKP2 is likely to be a target of
the 5p13 amplification and to play an important role
in the growth of SCLC cells. (Am J Pathol 2002,
161:207–216)

Small cell lung cancer (SCLC) is one of the most malig-
nant tumors among human populations worldwide and
accounts for �15 to 25% of all lung cancers.1–5 Although
it initially shows good response to chemo- and radiation

therapy, the prognosis is quite poor. An increased under-
standing of the genetics of SCLC may lead to develop-
ment of better protocols for its clinical management.

Accumulated evidence suggests that multiple genetic
alterations occurring sequentially in a cell lineage, at the
nucleotide levels as well as at the chromosome levels,
underlie the carcinogenetic process in solid tumors. Am-
plification of chromosomal DNA is one of the mechanisms
capable of activating genes that are implicated in devel-
oping tumors. Oncogenes such as MYC (8q24), MYCN
(2p24), and MYCL1 (1p34) are known to be activated by
amplification in SCLC,6–8 and comparative genomic hy-
bridization (CGH) studies have revealed additional re-
gions of amplification.9–15 Those amplified regions are
likely to contain unidentified genes associated with the
pathogenesis of SCLC. Indeed, our own CGH studies
have revealed a number of novel regions of amplification
in various types of tumors, including esophageal squa-
mous cell carcinoma,16,17 gastric cancer,18,19 and malig-
nant fibrous histiocytoma.20 Furthermore, we have iden-
tified several novel target genes in these amplicons,
including GASC1 at 9p23-p24 in esophageal squamous
cell carcinoma19 and MASL1 at 8p23.1 in malignant fi-
brous histiocytoma.20 Our studies have also indicated
possible involvement of CD44 in an 11p13 amplicon de-
tected in gastric cancers,18 and recently we identified
cIAP1, an apoptosis inhibitor, as a probable target of
11q22 amplification in esophageal squamous cell carci-
nomas.21

In the work reported here we examined 22 SCLC cell
lines by CGH to explore genomic alterations that might
affect initiation and progression of this type of tumor.
Among losses and gains involving several chromosomal
regions, we found the most frequent high-level gain
(HLG), indicative of gene amplification, at 5p11-p13.
HLG at 5p had been detected in 14% of SCLCs exam-
ined in previous CGH studies.22 Gains in DNA copy-
number within 5p have also been reported in 13.2% of
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solid tumors from 27 tissues, and in 40.7% of all types of
lung cancer.23 Taken together, these lines of evidence
strongly suggested that the 5p11-p13 region harbors one
or more target genes whose amplification renders them
oncogenic in tumors of various types, and led us to carry
out molecular definition of the 5p13 amplicon. Within this
amplicon we identified a probable target gene, SKP2,
whose product promotes the ubiquitin-mediated proteol-
ysis of p27KIP1;24–26 this gene exerts its oncogenic effect
by cooperating with other oncogenes.27,28

Materials and Methods

Cell Lines and Primary Samples

The 22 SCLC cell lines chosen for this study had been
established and described previously (Table 1). All lines
except Lu-165 were established from Japanese patients;
Lu-165 was derived from the tumor of an Indonesian
patient. ACC-LC-5, -80, -170, -172, and -173 were main-
tained in RPMI 1640 supplemented with 5% fetal calf
serum and penicillin-streptomycin. SBC-3 and SBC-5
were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum and penicillin-
streptomycin. All others were maintained in RPMI 1640
supplemented with 10% fetal calf serum and penicillin-
streptomycin. We obtained primary samples from 16 pa-
tients with SCLC at the Aichi Cancer Center Hospital.
Before initiation of the present study, informed consent
was obtained in the formal style approved by the Ethics
Committee.

Comparative Genomic Hybridization

CGH was performed using directly fluorochrome-conju-
gated DNA as described by Kallioniemi and col-
leagues,29 with minor modification.17,30 Briefly, tumor
DNAs and normal DNAs were labeled respectively with
Spectrum Green-dUTP and Spectrum Orange-dUTP (Vy-
sis, Chicago, IL) by nick translation. Labeled tumor and
normal DNAs (250 ng each), together with 10 �g of Cot-1
DNA (Life Technologies, Inc., Gaithersburg, MD), were
denatured and hybridized to normal male metaphase
chromosome spreads. The slides were washed and
counterstained with 4�,6�-diamidino-2-phenylindole.
Shifts in CGH profiles were rated as gains and losses if
they reached at least the 1.2 and 0.8 thresholds. Over-
representations were considered to be HLGs when the
fluorescence ratio exceeded 1.5, as described else-
where.16–20,29

Fluorescence in Situ Hybridization (FISH)

We performed FISH experiments using as probes a total
of 10 bacterial artificial chromosomes (BACs). We se-
lected eight of them (RP11-313B16, 116O11, 16A6,
318D22, 36A10, 2A8, 309K8, and 313P15), containing
respectively the CDH12, CDH10, CDH6, PC4, SKP2,
RAD1, ZNF131, and GHR genes, on the basis of their
locations according to the GeneMap’99 (http://www.
ncbi.nlm.nih.gov/genemap99/) and Map View (http://www.
ncbi.nlm.nih.gov/cgi-bin/Entrez/maps) databases. The
other two, RP11-5N11 and 85N3, were selected on the
basis of the BAC map published by the University of Wash-
ington (http://www.biotech.washington.edu/). Briefly, each

Table 1. Summary of 22 SCLC Cell Lines

No. Cell line Amplification sites Reference

1 S-1 3q27-q29 50
2 S-2 None 50
3 87-5 None 51
4 SBC-3 None 52
5 SBC-5 2p23-p25.3, 6q15-q16.2, 8q11.1-q12 53
6 PC-6 5p15.2-p15.3 54
7 ACC-LC-5* 5p11-p13.3, 13q33-q34, 18q12.1-q21.1 55
8 ACC-LC-80 20q13.1-q13.3 56
9 ACC-LC-170 8q21.3-q23 57
10 ACC-LC-172* 5p11-p13.3, 5q11.1-q11.2, 8q22.1-q23, 12p11.1-p13.3,

12q11-q13.1, 13q31-q34
55

11 ACC-LC-173 8p11.1-p12, 8q11.1-q24.3, 21q21-q22.3 58
12 Lu-24 3q22-q29 59
13 Lu-130 5p11-p15.3, 5q11.1-q11.2 59
14 Lu-134A† 5p11-p15.3, 5q11.1-q11.2 59
15 Lu-134B† 5p11-p15.3, 5q11.1-q11.2 59
16 Lu-135 None 59
17 Lu-138 19q11-q13.2, Xq21.1-q28 59
18 Lu-139 None 59
19 Lu-140 3q26.1-q29, Xq21.1-q28 59
20 Lu-141 19q11-q13.2 60
21 Lu-143 18q21.1-q21.2, 19q11-q13.2, Xp11.1-p22.3, Xq11.1-q13 61
22 Lu-165 4p15.2-p16 61

*Established from the same patient after an interval of 9 months of chemotherapy and radiotherapy.
†Established from the same patient using a different method.
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probe was labeled by nick translation with biotin-16-dUTP
or digoxigenin-11-dUTP (Boehringer Mannheim, Tokyo, Ja-
pan) and hybridized to metaphase chromosomes. Hybrid-
ization signals for multicolor FISH were detected as de-
scribed elsewhere.31,32

Southern and Northern Blot Analyses

cDNA sequences of PC4 (IMAGE clone ID, 265592) were
purchased from Incyte Genomics (Palo Alto, CA) and
used as probes for Southern and Northern blotting. For
SKP2 and CHD6 we designed specific polymerase chain
reaction (PCR) primers on the basis of their respective
cDNA sequences33,34 and used the PCR products as
probes. The primer sequences were for SKP2: F, 5�-
TGGAATCGTGCCAGATGGTA-3� and R, 5�-GCTCCCT-
AGTATACTTGCAG-3�; and for CHD6: F, 5�-TCAGCAT-
GAGAACTTACCGC-3� and R, 5�-ACTGATTCCACATCC-
AGCTC-3�. Southern and Northern hybridization experi-
ments were performed as described elsewhere.35

Semiquantitative Reverse-Transcriptase (RT)-
PCR of CDH6

cDNAs were synthesized from 5 �g of total RNA by
means of the SuperScript Preamplification System (Life
Technologies, Inc.). The RT-PCR exponential phase was
determined on 15 to 35 cycles to allow semiquantitative
comparisons among cDNAs. Each PCR regime involved
an initial denaturation step of 4 minutes at 94°C, followed
by 30 cycles for CDH6 and 25 cycles for GAPDH at 94°C
for 30 seconds, 59°C for 30 seconds, and 72°C for 30
seconds on a thermocycler (GeneAmp PCR System
9700; Perkin Elmer, Branchburg, NJ). The primer se-
quences were mentioned above for CDH6, and previ-
ously described for GAPDH.36

Western Blotting

Western blots were prepared according to published
methods.35 Anti-SKP2 polyclonal antibody was obtained
from Zymed Laboratories Inc. (San Francisco, CA); anti-
KIP1/p27 (clone 57) monoclonal antibody was from
Transduction Laboratories (Lexington, KY); and anti-cy-
clin E (M-20) polyclonal antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-SKP2, anti-KIP1/
p27, and anti-cyclin E served as primary antibodies at
dilutions of 1:1000, 1:2500, and 1:2000, respectively. We
used anti-rabbit or anti-mouse Ig (Amersham Pharmacia
Biotech, Tokyo, Japan) diluted 1:2000 as secondary an-
tibodies.

Cell-Cycle Analysis

Cells were blocked in G1/S by incubation in medium
containing 2.5 mmol/L of thymidine (Sigma Chemical Co.,
St. Louis, MO) for 24 hours.37 Four hours after release
from the thymidine block, cells were synchronized in
G2/M by incubation in medium containing 50 ng/ml of

nocodazole (SIGMA) for 12 hours.38 Then cells were
shaken-off,39 released from the mitotic block in fresh
medium, and harvested at selected times. The synchro-
nization and progression of the cell cycle were monitored
by flow cytometry using a FACSCaliber scanner and Cell
Quest software (Becton Dickinson Pharmingen, San Di-
ego, CA). Suspensions of nuclei for determination of DNA
content were prepared as previously described.40

Anti-Sense Experiments

Anti-sense experiments were performed as described
previously with minor modifications.26,41 Briefly, two oli-
gonucleotides that contain a phosphorothioate backbone
were synthesized (Espec Oligo Service Corp., Tsukuba,
Japan) as follows: oligonucleotide 1; 5�-CCTGGGGGAT-
GTTCTCA (the anti-sense direction of human SKP2 cDNA
nucleotides 180 to 196); oligonucleotide 2, 5�-GGCTTC-
CGGGCATTTAG (the scramble control for oligonucleo-
tide 1). The oligonucleotides were delivered into ACC-
LC-172 cells using Oligofectamine reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruc-
tion. Briefly, cells were seeded in a 96-well plate at 1000
cells/well the day before transfection. Cells were trans-
fected using 0.6 �l of Oligofectamine per well in 100 �l of
Opti-MEM I Reduced Serum Medium (Invitrogen). Cells
were treated with the oligonucleotides (anti-sense or
scrambled) at a final concentration of 50, 200, and 1000
nmol/L, or Oligofectamine alone as a control. After incu-
bation for 4 hours, 50 �l of growth medium containing
three times the normal concentration of serum were
added. Viable cells were counted by the MTT assay (see
later) at 2, 4, and 6 days after transfection. For Western
blot analysis, cells were plated in a 15-cm dish, trans-
fected in the same way, and then harvested at 48 hours
after transfection.

Measurement of Cell Viability

Cell growth was assessed using the MTT colorimetric
assay (cell-counting kit-8; Dojindo Laboratories, Kum-
amoto, Japan), which measures the ability of viable cells
to cleave a tetrazolium salt (WST-8) to a water-soluble
formazan. WST-8 was added 4 hours before the end of
culture, and absorbance was measured at 450 nm using
a microplate reader (Benchmark; Bio-Rad Laboratories,
Hercules, CA). Each determination was performed in
quadruplicate.

Results

Genomic Changes in SCLC Cell Lines

An overview of the genetic changes we detected among
22 SCLC cell lines is shown in Figure 1. All of the lines
(100%) showed copy-number aberrations, and gains
predominated over losses in a ratio of 1.21:1. The aver-
age number of aberrations per cell line was 14.7 (range,
4 to 25); average numbers of gains and losses were 8.0
(range, 4 to 12) and 6.6 (range, 0 to 14), respectively.
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Common Regions Involved in DNA Copy-
Number Aberrations

Table 2 indicates that the minimal common regions of
loss that occurred most frequently were at 3p and 10q
(13 of 22 each, 59.1%); 22q (9 of 22, 40.3%); 4q31.2-q34,
5q21-q23.1, 13q14.1-q21, and 15q15-q22.1 (8 of 22
each, 36.4%); 16q12.2-q21 (7 of 22, 31.8%). The minimal
regions involving copy-number gains were identified at
8q21.1-q24.3, and Xq21.1-q28 (12 of 22 each, 54.5%);
3q23-q29 and 5p11-p15.3 (11 of 22 each, 50.0%); 9p21-
p24 and 12p11-p13.3 (9 of 22 each, 40.9%); 6p21.3-
p22.2 and 17q23-q25 (8 of 22 each, 36.4%); 11q13-
q14.2, 18q12.1-q12.3, and 20p12-p13 (7 of 22 each,
31.8%). The smallest regions of HLGs were seen at 5p11-
p13 (five cases); 3q26-q29 and 8q22.2-q24.3 (four cases
each); 18q12.1-q21.3, 19q12-q13.2, and Xq21.1-q28
(three cases each); 13q33-q34 and Xp22.3-q13 (two
cases each).

Definition of the 5p13 Amplicon by FISH

We focused further examination on amplification at 5p11-
p13, because this was the region most frequently in-
volved. To delineate a map of the 5p11-p13 amplicon, we
performed FISH on 11 SCLC cell lines that had exhibited
copy-number gains in this region by CGH. We selected
10 BACs covering the amplified region as probes for the
FISH experiments (Figure 2A). Four BACs (5N11, 16A6,

318D22, and 36A10) produced strong signals as homo-
geneous staining regions (HSRs) in ACC-LC-5 and ACC-
LC-172, indicating that these BACs represented part of the
amplicon. In contrast, the six other BACs did not show HSR
patterns in the same cell lines, reflecting positions outside
the 5p13 amplicon (Figure 2E). On the other hand, when we
used BACs 5N11, 16A6, 318D22, or 36A10 as probes the
numbers of FISH signals in the amplified region ranged
from seven to nine in three cell lines (Lu-130, -134A, and
-134B; Figure 2D), amounted to three or four in four lines
(ACC-LC-80, -170, -173, and PC-6; Figure 2C) and two in
two cell lines (SBC-3 and SBC-5; Figure 2B). In this way we
defined the smallest commonly affected region in the 5p13
amplicon between BACs 5N11 and 36A10 (markers
AFM238ZA9 and WI12996), a region harboring the CDH6,
PC4, and SKP2 genes.

Amplification and Overexpression of CDH6,
PC4, and SKP2 in SCLC Cell Lines

To determine whether CDH6, PC4, and SKP2 were indi-
vidual targets of amplification, we examined amplification
status and expression levels for each of these genes in all
of the SCLC cell lines except Lu-141 and S-1, by South-
ern and Northern blotting and by semiquantitative RT-
PCR. As Figure 3A represents, all three genes were am-
plified in comparison to normal genomic DNA in five
(ACC-LC-5, ACC-LC-172, Lu-130, Lu-134A, and
Lu-134B) of the 20 cell lines examined. In Northern blot

Figure 1. Summary of genetic imbalances detected by CGH in 22 SCLC cell lines. The 22 autosomes and X chromosome are represented by ideograms showing
G-banding patterns. As judged by the computerized green-to-red profiles, vertical lines on the left (red) of each chromosome ideogram show losses of genomic
material in cell lines, whereas those on the right (green) correspond to copy-number gains. HLGs are represented as yellow rectangles. The number at the top
of each vertical line corresponds to the cell line in which each change was recorded (see Table 1).
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analyses, SKP2 and PC4 showed overexpression in 15
(75%) and nine (45%) of the 20 cell lines, respectively
(Figure 3B). Semiquantitative RT-PCR analysis demon-
strated that expression levels of CDH6 were elevated in
13 (65%) of the 20 cell lines (Figure 3C). Taken together,
these findings indicated that CDH6, PC4, and SKP2 were
co-amplified and consequently overexpressed in all five
cell lines that had exhibited HLG at 5p13. Among the
three genes, we focused further investigation on SKP2,
because the gene was most frequently overexpressed
among the three.

Amplification and Overexpression of SKP2 in
Primary SCLC Tumors

To ascertain whether SKP2 was amplified and overex-
pressed in primary tumors, we examined 16 primary
SCLCs by Southern blotting and 12 of those 16 by North-
ern blotting. As shown in Figure 3D, SKP2 was amplified
in 7 (43.8%) of the 16 tumors compared with their nontu-
morous counterparts. In Northern blots, 10 (83.3%) of 12
tumors showed high expression of this gene (Figure 3E).
All of the tumors with amplification of SKP2, except for
one whose RNA was not available, showed consequent
overexpression.

Expression of SKP2 During Cell-Cycle
Progression

To confirm whether expression levels of SKP2 protein
correlated with amplification levels of the gene, we con-
ducted immunoblotting experiments. Because expres-
sion of SKP2 protein was cell cycle-dependent in both
normal and transformed cells,26,42 we determined its lev-
els during cell-cycle progression in ACC-LC-172, a cell
line showing amplification of SKP2. We examined the
expression of p27KIP1 and cyclin E proteins as well. Cells
were synchronized in the M phase with nocodazole. We
confirmed the synchrony and monitored the progression
of the cell cycle after removal of nocodazole, by flow-
cytometric analysis (Figure 4A). As shown in Figure 4B,
immunoblots revealed that expression levels of SKP2
were high in the M phase (0 hours) and gradually de-

Figure 2. Map of the amplicon at 5p13 and representative images of
two-color FISH in SCLC cell lines. A: Represented to the right of the
chromosome 5 ideogram are STS markers selected according to the Gen-
eMap 1999 database (http://www.ncbi.nlm.nih.gov/genemap99/), the posi-
tions of eight genes (CDH12, CDH10, CDH6, PC4, SKP2, RAD1, ZNF131,
and GHR), and the 10 BACs used as probes for FISH experiments. The
RP11-prefix is omitted here for all BACs. The graph at far right represents
the copy number per cell and the extent of HSR determined by FISH on
metaphase chromosomes from two SCLC cell lines, ACC-LC-5 (open circles)
and ACC-LC-172 (filled circles). B–E: Two-color FISH using BAC RP11–
36A10 (green) and RP11–309K8 (red) on metaphase chromosomes from cell
lines SBC-5 (B), ACC-LC-173 (C), Lu-134A (D), and ACC-LC-172 (E). BAC
RP11–36A10 generated strong signals as a HSR on a marker chromosome in
ACC-LC-172 (E); BAC RP11–309K8 generated three signals in the same cell
line. In other lines both RP11–36A10 and RP11–309K8 generated two signals
in SBC-5 (B), three in ACC-LC-173 (C), and eight in Lu-134A (D).

Table 2. Minimal Overlapping Regions of Common DNA
Copy Number Changes in SCLC Cell Lines

DNA copy number
Chromosome

regions Frequency (%)

Gains 8q21.1-q24.3 54.5 (12/22)
Xq21.1-q28 54.5 (12/22)
3q23-q29 50.0 (11/22)
5p11-p15.3 50.0 (11/22)
9p21-p24 40.9 (9/22)
12p11-p13.3 40.9 (9/22)
6p21.3-p22.2 36.4 (8/22)
17q23-q25 36.4 (8/22)
1p31.3-p32.3 31.8 (7/22)
11q13-q14.2 31.8 (7/22)
12q23-q24.1 31.8 (7/22)
18q12.1-q12.3 31.8 (7/22)
20p12-p13 31.8 (7/22)

High level gains
(amplifications)

5p11-p13 22.7 (5/22)
3q26-q29 18.2 (4/22)
8q22.2-q24.3 18.2 (4/22)
18q12.1-q21.3 13.6 (3/22)
19q12-q13.2 13.6 (3/22)
Xq21.1-q28 13.6 (3/22)
13q33-q34 9.1 (2/22)
Xp11.1-p22.3,

Xq11.1-q13
9.1 (2/22)

Losses 3p 59.1 (13/22)
10q 59.1 (13/22)
22q 40.9 (9/22)
4q31.2-q34 36.4 (8/22)
5q21-q23.1 36.4 (8/22)
13q14.1-q21 36.4 (8/22)
15q15-q22.1 36.4 (8/22)
16q12.2-q21 31.8 (7/22)

SKP2, Target for Amplification at 5p13 in SCLC 211
AJP July 2002, Vol. 161, No. 1



creased during transition from the M to G1 phases (6
hours). This decrease was inversely proportional to the
increase in levels of p27KIP1. As the cell cycle pro-
gressed, SKP2 levels increased again in S phase (24
hours). Expression levels of p27KIP1 decreased during
transition from the mid-G1 phase (12 hours) to S phase.

Cyclin E was expressed during the transition from G1 to
S. These results verified that expression of SKP2 was
regulated by the cell cycle even in SCLC lines where the
gene was amplified and inversely proportional to that of
p27KIP1.

We next compared expression levels of SKP2 protein
in four SCLC cell lines (ACC-LC-172, ACC-LC-173, ACC-
LC-80, and SBC-5) that had different status of SKP2 DNA
copy-number, by synchronizing these cells to the M
phase when its levels were high. As shown in Figure 4C,
we found the greatest amount of SKP2 in ACC-LC-172
and the least in SBC-5, a cell line not showing amplifica-
tion of the gene. Expression levels of SKP2 protein were
concordant with levels of the amplification of this gene.
By contrast, p27KIP1 was expressed at the lowest level in
ACC-LC-172, an inverse correlation with SKP2.

SKP2 Anti-Sense Oligonucleotide Inhibits the
Growth of SCLC Cells

To investigate the effect of SKP2 overexpression on cell
growth, SKP2 was down-regulated in ACC-LC-172 cells
using an anti-sense oligonucleotide targeting the same
site on SKP2 mRNA as described previously.26,41 The

Figure 3. Amplification and overexpression of three genes (SKP2, PC4, and
CDH6) lying within the 5p13 amplicon in SCLC cell lines and primary tumors.
Asterisks indicate cell lines and primary tumors bearing amplification or
overexpression of these genes. A: Representative Southern blots containing
5 �g of genomic DNA derived from cell lines and normal peripheral lym-
phocytes. B: Northern-blot analyses of SKP2 and PC4 using 10 �g of total
RNA from the same SCLC cell lines; GAPDH served as a quantity-control
probe. C: Semiquantitative RT-PCR analyses of CDH6 in the same cell lines,
using GAPDH as control. D: Representative Southern blots analysis of SKP2
containing 5 �g of genomic DNA derived from 10 primary SCLC tumors (T)
and nontumorous counterparts (N) of three of them. E: Northern-blot anal-
ysis of SKP2 using 10 �g of total RNA from each of the same 10 primary SCLC
tumors and three nontumorous counterparts. Two rRNA species served as
controls.

Figure 4. Expression of SKP2 protein during cell-cycle progression. A:
Flow-cytometric analysis. ACC-LC-172 cells were synchronized to the M
phase with nocodazole as described in Materials and Methods, and harvested
at the indicated times after release from the nocodazole block. The x axis
shows DNA content and the y axis shows the number of cells. B: Protein
extracts of ACC-LC-172 cells analyzed by Western blotting with antibodies to
SKP2, p27, and cyclin E during the M phase (0 hours) and the S phase (24
hours). C: Immunoblots of protein extracts from M phase showing expres-
sion of SKP2 and p27 in four SCLC cell lines that had shown different SKP2
DNA copy-numbers in FISH. Experiments using the SKP2-specific BAC
36A10 (Figure 2) had shown the gene amplification as HSR in ACC-LC-172,
three-copy signals in ACC-LC-173 and ACC-LC-80, and two-copy signals in
SBC-5. The results of FISH analyses also agreed with those of Southern
blotting (Figure 3A).
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anti-sense oligonucleotide, but not the control oligonucle-
otide or the transfecting agent alone, induced a decrease
in SKP2 protein (Figure 5A). Down-regulation of SKP2
resulted in remarkable growth inhibition in ACC-LC-172
cells (Figure 5, B and C). The most striking anti-sense
effects were obtained when ACC-LC-172 cells were
treated with 200 nmol/L of anti-sense oligonucleotides
(Figure 5B) and cell viability was determined at 4 days
after transfection (Figure 5C). These findings strongly
suggested that SKP2 overexpression led to promoting
the growth of SCLC cells.

Discussion

Results from our CGH analysis of 22 SCLC cell lines,
summarized in Table 2 and Figure 1, mostly were in
accord with previous CGH data,9–15 except that we more
often found gains at 9p and 6p, and observed loss at 17p
less frequently. HLG at 5p11-p13 was detected in five
(22.7%) of the 22 cell lines. In two previous CGH studies
involving primary SCLCs, amplification of 5p occurred in
15% in one (2 of 13)12 and 14% in the other (3 of 22).10

Amplification of 5p has been reported also in non-small
cell lung cancer (NSCLC), squamous cell carcinoma of
the head and neck, carcinoma of the uterine cervix, os-
teosarcoma, and malignant fibrous histiocytoma.22 Al-
though in some SCLCs examined the entire 5p arm was
amplified, in others the commonly amplified regions were
restricted to the region spanning 5p11-p13,9–11 strongly
suggesting the existence there of one or more genes
whose amplification could contribute to tumorigenesis of
SCLC. Thus we chose to perform molecular cytogenetic
characterization of 5p13 amplification in this type of can-
cer cell.

First, by FISH analysis we successfully narrowed the
region of overlap within the 5p13 amplification and ob-
served that BACs containing CDH6, PC4, and SKP2 were
localized in this limited region (Figure 2). We focused
further examination on SKP2. Our experiments clearly
demonstrated that SKP2 was amplified and consequently
overexpressed not only in multiple SCLC cell lines, but
also in primary tumors (Figure 3). Moreover, the gene was
always overexpressed in both the cell lines and primary
tumors where it was amplified, as well as in some lines
and tumors not showing amplification. The findings sup-
ported the idea that it is a specific target within the 5p13
amplicon, because some mechanism other than amplifi-
cation should be operating for a gene to be important for
tumorigenesis.

SKP2 is an F-box substrate-recognition subunit of the
SCF ubiquitin-protein ligase complex. It regulates the
progression of the cell cycle by targeting regulators, such
as the cell-cycle inhibitor p27KIP1, for ubiquitin-mediated
degradation.24–26,33 This molecule is also required for
ubiquitination of cyclin E, but only in the latter’s free,
non-CDK2 bound form.43 Decreased levels of p27KIP1

seem to be associated with high aggressiveness and
poor prognosis in a variety of cancers.44 Skp2-deficient
mice grow more slowly and have smaller organs than
littermate controls.43 Moreover, cells in the mutant mice

Figure 5. Growth inhibition by the anti-sense oligonucleotide targeting
SKP2 mRNA. ACC-LC-172 cells, exhibiting amplification and overexpression
of SKP2, were treated with an anti-sense oligonucleotide targeting SKP2 (AS)
or a scramble oligonucleotide (SC) by using Oligofectamine. A: Levels of
SKP2 determined by Western blotting. Cells were treated with 200 nmol/L of
oligonucleotides (anti-sense or scrambled) or Oligofectamine alone, and
then harvested at 48 hours after transfection. Untreated cells were maintained
under identical experimental conditions. Six �g of whole cell lysate were
separated by polyacrylamide gel electrophoresis and analyzed by immuno-
blotting. B and C: The effects of anti-sense oligonucleotide on the viability of
ACC-LC-172 cells. Cells were treated with the indicated concentrations of
oligonucleotides (anti-sense or scrambled) and cell viability was determined
by MTT assay at 4 days after transfection (B). Cells were treated with 200
nmol/L of oligonucleotides (anti-sense or scrambled) and cell viability was
determined at the indicated times after transfection (C). The percentage was
calculated against the absorbance of the control cells treated with Oligo-
fectamine alone. The values were shown on the plot represent the means �
SD of four independent experiments.
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contain markedly enlarged nuclei with polyploidy and
multiple centrosomes, and show a reduced growth rate
and increased apoptosis. Overexpression of SKP2 has
been observed in transformed cells33 and in human hep-
atocellular carcinomas,45 colorectal carcinomas,46 lym-
phomas,28 and oral carcinomas.27,47 In a direct evalua-
tion of the potential of SKP2 to deregulate growth in vivo,
Latres and colleagues28 generated transgenic mice ex-
pressing the SKP2 gene targeted to the T-lymphoid lin-
eage, and also generated double-transgenic mice co-
expressing SKP2 and activated N-Ras. Their experiments
demonstrated that the double-transgenic mice devel-
oped T cell lymphoma, suggesting that SKP2 had onco-
genic potential.

In the present study, our results clearly showed that
expression of SKP2 protein was cell cycle-dependent,
even in SCLC cell lines with amplification of the gene, as
it is in normal cells26,33 (Figure 4, A and B). Moreover, we
ascertained that expression levels of SKP2 protein were
closely correlated with the DNA copy numbers of SKP2
(Figure 4C). We also examined the relation between
SKP2 and p27KIP1 expression levels during cell-cycle
progression. During the transition from M to G1 phase (0
to 6 hours in Figure 4B), an inverse correlation appeared
between expression of SKP2 and p27KIP1; after that, how-
ever, p27KIP1 was reduced in the mid-G1 phase (9 to 12
hours) before SKP2 levels were elevated again in the S
phase (24 hours; Figure 4B). These findings, together
with evidence presented recently by Malek and col-
leagues,48 suggested that down-regulation of p27KIP1 in
the G1 phase might reflect an SKP2-independent mech-
anism. Yatabe and colleagues49 previously observed
that SCLC tumors, in contrast to NSCLC, showed in-
creased expression of p27KIP1, a fact seemingly incon-
sistent with our results that SKP2 was frequently overex-
pressed in SCLCs. However, an SKP2-independent
pathway for controlling p27KiP1 could account for this
discrepancy. Indeed, recently Kudo and colleagues47

reported high expression of SKP2 protein despite high
p27KIP1 expression in some primary oral cancers and one
oral cancer cell line. Therefore we suggest that amplifi-
cation and consequent overexpression of SKP2 might
play an important role in SCLC tumorigenesis because of
not only mediated reduction of p27KIP1, but also because
of a dominantly acting function that has not yet been
clarified. The involvement of SKP2 or p27KIP1 in tumori-
genesis at least should be discussed with a view to their
joint dependency on the cell cycle.

To elucidate the functional role of SKP2 in SCLC cells,
we down-regulated the expression levels of SKP2 protein
using the anti-sense oligonucleotide (Figure 5A). We
demonstrated that down-regulation of SKP2 induced
growth inhibition in SCLC cells (Figure 5, B and C). This
result provided direct evidence for the role of SKP2 over-
expression in the growth of tumor cells.

In summary, the CGH studies reported here revealed
that amplification in SCLC cell lines was most frequent in
the 5p11-p13 region. We found that SKP2, lying within the
minimal common region of the amplicon at 5p13, often
showed amplification and consequent overexpression in
not only cell lines, but also primary SCLCs. Expression

levels of SKP2 protein were correlated with amplification
levels of the gene, in a cell cycle-dependent pattern. The
anti-sense oligonucleotide targeting the SKP2 gene re-
duces the growth rate of SCLC cells. These findings
indicate that SKP2 is likely to be a target of the amplifi-
cation mechanism, and to promote the growth of SCLC
cells. Thus, SKP2 may provide an excellent therapeutic
target for SCLCs.
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