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ABSTRACT

Oncogenic Ras-mediated down-regulation of Clast8/LR involved in Ras-
mediated neoplastic transformation and tumorigenégdncogenic Ras proteins
transform cells via multiple downstream signaliraghpvays that promote the genesis
of human cancers. However, the exact cellular meshen that regulate the
downstream targets are not fully understood. Hereshew that oncogenic Ras
decreases Clastl/LR8 transcript production in mdiseblast NIH3T3 and human
fibroblast WI38 cells. Clastl/LR8 transcript was atattable in H460, A549, and
H1299 cells exhibiting high Ras activity, but waktieely abundant in DMS53 cells
containing low Ras activity, indicating that thesedn inverse correlation between
Clastl/LR8 mRNA levels and Ras activity. Furthermone demonstrate that the
addition of MEK1 inhibitor PD98059 reversed oncogenH-Ras-mediated
suppression of Clastl/LR8 transcript in NIH3T3 sellAdditionally, a histone
deactylase inhibitor trichostatin A and DNA methgdtnferase inhibitor 5’-Azacytine
potently restored the inhibition of Clastl/LR8 tsaript by oncogenic Ras. The
ectopic expression of Clastl/LR8 inhibited the epidal growth factor (EGF)-

stimulated Akt phosphorylation in H-RasV12-trangfied NIH3T3 cells. We further
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demonstrated that overexpression of Clastl/LR8ifsigntly inhibited anchorage-
independent growth and the invasive potential oR&tV12-transformed NIH3T3
cells and human lung cancer H460 and A549 cellsalliyinour results show that
Clast1/LR8 inhibits Ras-induced cell proliferatiand tumor formation by oncogenic
H-RasV12-transformed NIH3T3 cells in vivo. Thus, tlown-regulation of

Clastl/LR8 appears to be an important mechanismtigh oncogenic Ras-mediated

neoplastic transformation occurs.



|. INTRODUCTION

The ras protooncogenes encode several 21-kDa GTP-bindintgips that act as
pivotal mediators of cell signaling pathways (1, Zhese proteins help transfer
extracellular signaling information from the celembrane through the cytosol and
finally into the nucleus. In normal cells, Ras proteins, idiclg H-, K-, and N-Ras, are
transiently activated in response to extracellu#égnals and help control cell
proliferation, differentiation and survival in all uiticellular organisms (3-6).
Consequently, proper regulation of Ras signalingriscally important for normal
development. In tumor cells, the oncogenic activatibras is a consequence of point
mutations that either impair the GTPase activityephance the GTP binding affinity,
resulting in a highly active proliferative signal)( Indeed, constitutively active Ras
has been implicated in many aspects of malignaehgiypes, including proliferation,
neoplastic transformation, invasion, and metast8si€j. Oncogenic Ras proteins are
commonly detected in human cancers, including ~ 80%ancreatic cancers, ~ 70%
of malignant neoplasias and ~ 30% of all human eancuggesting that ras plays a
key role in the development of cancer (9, 11, 12).

Oncogenic Ras proteins transform cells via multgid@nstream signaling cascades,

including the Raf/MEK/ERK and phosphoinositide Bds$e (PI3K)/Akt kinase
5



pathways. The Raf/MEK/ERK pathway is one of the J{obstracterized kinase
cascades that leads to the phosphorylation andiatioti of pro-proliferative

transcription factors, such as Elk-1, Ets-2, and c-NB,c13-15). The inhibition of

Raf/MEK/ERK pathway suppresses Ras-mediated tremsfiion, indicating that this
pathway plays a major role in this transformatioacess. PI3K/Akt kinase-regulated
pathway is another important Ras effector signaliaghway, activation of which
generally involves the PI3K-dependent phosphomytatdf the inositol lipids to

activate downstream target kinases, such as Aktvatetii Akt phosphorylates a wide
range of downstream substrates, many of which a@hied in the regulation of cell
survival, cell cycle progression, and cell metaboligt®-19). Similar to the

Raf/MEK/ERK pathway, inhibition of the PI3K/Akt patlay reduces Ras-induced
transformation (20), suggesting that PI3K/Akt pathweativation is also required for
transformation.

Signaling events downstream of Ras are complex,jmearl and dynamic (21, 22).
Genome-wide surveys have found numerous putatiget&tget genes mediating Ras
transformation (4, 6, 23-26). Despite the identifimatof these diverse Ras targets, it
is still difficult to precisely determine which dostream signaling components
represent the best therapeutic targets for blockRgs-mediated neoplastic

transformation/tumorigenesis. Thus, the identificataf Ras downstream targets in



cancer cells is of considerable significance.

Here, we attempt to identify genes that are difféatly expressed in control
NIH3T3 cells and oncogenic H-Ras expressing NIH8&IBs, using annealing control
primers (ACP)-based differential display reversansgcription-polymerase chain
reaction (RT-PCR) (27, 28). We report the isolatiba gene that was down-regulated
in H-RasV12 expressing NIH3T3 cells, but not in cohttIH3T3 cells. The sequence
of this gene was identical to mousglastl/LR8 (Genbank Accession number:
ABO031386). The isolation and identification ©fastl/LR8 through differential display
RT-PCR suggests th@tastl/LR8 may be involved in tumorigenesis by oncogenic Ras.
Our results showed that Clastl/LR8 expression @ggpd EGF-stimulated Akt
signaling pathway in oncogenic Ras overexpressegis.cin addition, Clastl/LR8
prevented H-RasV12-induced cell transformation, $mwa and anchorage-
independent cell growth as well as tumor growtimule mice. These results indicate
that Clastl/LR8 may play a relevant role as a seggmr of oncogenic Ras-dependent

tumorigenesis.



II. MATERIALS AND METHODS

Cell culture

NIH3T3 cells were grown in Dulbecco's modified Egglmedium (DMEM) (Gibco,
Grand Island, NY, USA) containing 10% FBS. A549 linaswmaintaineth Hanis
F12 medium (Gibco) supplemented with 10% FCS. Th299land H460 lines were
maintained in RPMI 1640 (Gibco) supplemented Wiifo FCS and 5% glutamine.
All cells were maintained in cell-specific media3t°C in a humidified atmosphere
of 5% CQ. All cell lines were obtained from the American €@ulture Collection

(ATCC, Rockville, MD, USA).

Preparation of constructs and clones
The constructs of the dominant-positive H-RasVE described elsewhere (29). The
mouse and huma€lastl/LR8 cDNAs were amplified by reverse transcription-PCR

(RT-PCR) using the following primers: mouse Clasthse, 5

ATGGTCCAGAGCACAGTGAC-3; mouse Clastl-antisense, -5
TCACAGGATAGCAGGGATCT-3; human Clastl-sense, '-5
ATGACGCAAAACACGGTGAT-3; human Clastl-antisense, -5



TCACAGGACAATGGCAGTGG -3 After confirming the DNA sequence by a
Genomelab GeXP system (Beckman Coulter, Inc., Fullei®A, USA), the mouse
and humanClast/LR8 cDNAs were cloned into a pcDNA3.1-hygro mammalian
expression vector driven by the CMV promoter (Irogien, Carlsbad, CA, USA). To
create stable Clast/LR8-expressing cells, H-RasVII2Z3WN3, H460 and A549 cells
transfected with the Clastl/LR8 expression vectsingi the Lipofectamine plus
method (Promega Corp., Madison, WI, USA) accordingthe manufacturés
instructions. After transfection, the cells were ipatied with complete medium
containing 300 pg/ml hygromycin for 4 weeks. The cell clones resistdo

hygromycin were isolated and analyzed.

ACP-based differential display RT-PCR

The procedure used was as previously describedmiitlor modifications (27, 28).
First-strand cDNA synthesis was performed for 1.&th2 °C in a final reaction
volume of 20ul containing 3ug of purified total RNA, 4ul of reaction buffer, ful of
dNTPs (each 2.5 mM), @l of 10 uM cDNA synthesis primer dT-ACP1, Oj of
RNAse inhibitor (40 Udl; Promega), and ful of Superscript || Reverse Transcriptase
(200 Upul; Invitrogen). The samples were then diluted by #daelition of 100ul of

ultra-purified water. PCR amplification was subsetlye conducted using a



GeneFishind! DEG 101 Kit (Seegene, Seoul, Korea) in apb@eaction volume,
consisting of 10x PCR buffer without MgCR5 mM MgC}, 5uM arbitrary ACPs, 10
MM dT-ACP2, 2 mM dNTPs, 2.5 U of Tag DNA Polymeraseo(Rega), and 1l of
the first-strand cDNA. Each kit contains 20 diffdrearbitrary annealing control
primers. The program for amplification was one eyat 94°C for 5 min, 50°C for 3
min, and 72°C for 1 min, followed by 40 cycles at 9€ for 40 s, 65C for 40 s, 72
°C for 40 s, and 72C for 5 min. The products were separated on 2% agagels and
photographed using Polaroid film under ultravioligtht after ethidium bromide
staining. Differentially expressed bands were ex#d@nd cloned into a pGEM-T
easy cloning vector (Promega). To confirm the idestiof the insert DNAs, isolated
plasmids were sequenced using a Genomelab GexérsyBeckman Coulter). The
complete sequences were analyzed for similaritsisguBLASTX (National Center

for Biotechnology Information [NCBI]).

RT-PCR analysis

The inhibition of DNA methylation and histone detation was achieved by
culturing the cells in 1QuM 5-aza-2-deoxycytidine (AZC; Sigma, St. Louis, MO,
USA) for 2~4 days and 30-100 nM trichostatin A (T,S$lgma) for 24 h, respectively.

Total RNA was extracted from cells using the RNeaspi kit (Qiagen, Hilden,

10



Germany) according to the manufactisgrotocol.The following primers were used:
mouse Clastl-sense,’-BCTCTAGGGGTGACCCAGATATT-3 mouse Clastl-
antisense, 'SAGGATACAGACCACTGTGAGCAT-3; human Clastl-sense,’-5
GTTCTTGGAGTGTGTCTCAGCTT-3 human Clastl-antisense, '-5
GACACAATGACCTTCAAGACACA-3; mouse GAPDH-sense, -5
TAAAGGGCATCCTGGGCTACACT-3 mouse GADPH-antisense, '-5
TTACTCCTTGGAGGCCATGTAGG-3 human GAPDH-sense, -5
GGTGAAGGTCGGTGTGAACGGATTT-3 human  GADPH-antisense, '-5
AATGCCAAAGTTGTCATGGATGACC-3. The RT-PCR assays were carried out in

duplicate and confirmed in two independent experiments.

Western blot analysis

Whole-cell lysates were prepared in lysis buffér pM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 % NP-40, 5 mM EDTA, 1 mM sodium orthovanadate mM
phenylmethylsulfonyl fluoride, andxlprotease inhibitor cocktail (Roche Diagnostics
Corporation,Indianapolis, IN, USA)]. Protein concetitbns from each sample were
determined using the Bradford protein assay. Egoedunts of protein were loaded
onto a 10% SDS-polyacrylamide gel, separated byref@ubresis, and transferred to a

polyvinylidene difluoride (PVDF) membrane (Milliper Bedford, MA). Following

11



transfer, the membrane was blocked with 5% skim foitkl h and then incubated for
16 h with an anti-phospho-AKT, anti-AKT, anti-phospBRK1/2 and anti-ERK1/2
antibodies (Cell Signaling Technology, Beverly, MAhel membranes were then
washed, incubated with the appropriate secondaiigaties (1:4,000) in a blocking
buffer for 2 hours, and washed again. The blottemteprs were detected using an

enhanced chemiluminescence detection system (iNtROted@ipSeoul, Korea).

Anchorage-independent growth assay

Cells (2x 10%) were mixed with cell-specific medium in 0.3% agar, platedop of a
0.5% agar base, and covered with 10% FBS mediumur@alivere maintained at 37
°C in an incubator for 20 days. The medium was chérgyery 3 days, and the

number of colonies in five random fields was counted.

In vitro invasion assays

An in vitro invasion assay was performed using 24-well traeb-wnits with
polycarbonate filters (pore size,[8n; Costar, Corning Incorporated, Corning, NY,
USA) coated on the upper side with Matrigel (Beclinkinson Labware, Bedford,
MA). Cells (5x 10" were placed in the upper part of the transweit and were

allowed to be invasive for 48 h. The lower parttod transwell unit was filled with

12



10% FBS medium. After incubation, the non-invadedtsamn the upper surface of the
membrane were removed from the chamber, and the invadedidhe lower surface
of the membrane were stained with Diff-Quick (Ko&uShiyaku, Kobe, Japan). Five
randomly selected microscopic fields (2)CQper membrane were then counted to

determine the number of invaded cells.

Cdll proliferation analysis
To analyze growth curves, cells ¥2L0%) were plated on day 0 in 10% FBS medium.
On day 2, the cells were washed twice in phosphatfeded saline (PBS) and then
incubated in serum-free medium for 13 h to syncizeihe cells. Subsequently, the
growth medium was re-integrated with 10% FBS, arel d¢blls were grown for 3
additional days. Cell growth was quantified usinigeanatocytometer at the indicated
time points. BrdU incorporation assays were perfatrasing an assay kit (Roche
Diagnostics Corporation) according to the manuf& protocol. The percentage of
cells incorporating BrdU after 18 h was determinBdta are presented as mean

standard deviation (SD) for a minimum of three experiments.

GST-RBD-Raf Pull-Down

The RAS binding domain (RBD) was coupled to GST, arlll-down experiment

13



was performed using an EZ-Detect Ras Activation (Rierce, Rockford, IL, UAS)
according to the manufactuigiprotocol. Briefly, cell lysates were prepared sirlg
cells with commercial buffer and incubating witlegroupled GST-RBD for 30 min at
4 °C. Beads were then collected by centrifugation, washed times with lysis buffer,
and re-suspended in SDS loading buffer. Samples tliereanalyzed by Western blot

analysis using an anti-pan-RAS antibody.

I'n vivo tumor formation assays

Six-week-old nude female mice, purchased from Of€hfarles River Korea, Seoul,
Korea), were used for tha vivo tumor formation assays. Tumor cells{1L(P) were
re-suspended in 150 of sterile PBS and injected subcutaneously ihtoftank of the
nude mouse. Tumor size was measured every two ¢odays using calipers. The
length () and width (w) of the developing tumorsmeonverted to volume using the
equation ( x 1)/2. Mice were sacrificed when tumors reached aimam diameter

of 2 cm.

Data Analysis
The data represents the mean + SD. Statistical ansgms were carried out using an

unpaired test.p values < 0.01 were considered significant.

14



lll. RESULTS

Oncogenic H-Ras-mediated down-regulation of Clastl/LR8.

In an attempt to discover novel Ras downstreamcteife responsible for Ras-
mediated cellular transformation, we conducted A@Bed RT-PCR analysis and the
expressiorprofiles of mouse fibroblast NIH3T3 cells stablyarisfected with H-
RasV12 (H-RasV12 NIH3T3) or empty pcDNA3 vector KISIT3/vector) were
compared. We identified a partial cDNA that was gigantly down-regulated in H-
RasV12-expressing cells, but not in empty vectardfected cells (Fig.A). The 343-
bp amplicon displayed complete homologyQiastl/LR8 (Fig. 1B). The Clastl/LR8
gene is ubiquitously expressed in various organadodt mice and its expression is
induced in splenic B cells activated with CD40 ligdB0). However, its physiological
function is largely unknown. To confirm our ACP-bdseRT-PCR results,
semiquantitative RT-PCR analyses of the H-RasV1@ ampty vector-transfected
NIH3T3 cells were performed. Semiquantitative RT-PGRalysis using the
Clastl/LR8 primers showedhat the expression of th€lastl/LR8 genes decreased
dramatically after transfection with H-RasV12 exgsiag vectorcompared with the

parental NIH3T3 cells and vector control (Fig. 2A)e Vlso investigated the effect of
15



oncogenic Ras on humadastl/LR8 transcription in human lung fibroblast WI38
cells, and found that oncogenic H-RasV12 down-ragdleClastl/LR8 mRNA
expression in WI38 cells (Fig. 2B).

BecauseClastl/LR8 mRNA was originally detected in human lung fibratita (31)
and active mutations in K-Ras have been frequemtdted in lung cancer tissues (32,
33), we next investigate@lastl/LR8 expression in human lung cancer cell lines
including DMS53, H460 A549, and H1299. The H460 andi®xells harbor a
constitutively activate K-RAS gene (mutations indoo 61 and codon 12,
respectively) and H1299 cells contain the oncogdhiRAS mutation (mutations in
codon 61)We initially confirmed and compared RAS activity amg lung cancer cell
lines using pull-down experiments with GST-RAF-RBOonsistent with previous
reports, we also found that the above lung cancer cell limdained the constitutively
active form of RAS, with the exception of DMS53 se{Fig. 2C, upper panel). We
next examined the level of Clastl/LR8 mRNA expressed sethells lines. As shown
in Fig. 2C, lower panelClastl/LR8 expression was undetectable in H460, A549, and
H1299 cells with higher levels of Ras activity, ugs detectable in DMS53 cells with
low Ras activity, indicating that there is an ineerrelation betweef@lastl/LR8

MRNA levels and K-RAS activation.
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Figure 1

A

NIH3T3/vector
H-RasV12 NIH3T3

res [HIEED
clastt (34300 |

cDNA synthesis primer: dT-ACP1: 5-CTGTGAATGCTGCGACTACGA TXXXXX(T)18-3'
Forward primer: arbitrary ACP34: 5-GTCTACCAGGCATTCGCTTCA TXXXXXGCATCCAGCA-3’
Reverse primer: dT-ACP2: 5-CTGTGAATGCTGCGACTACGATXXXXX( T)15-3'

Mus musculus mRNA for Clastl mRNA (AB031386 (937-12)

GTCTACCAGGCATTCGCTTCATXXXXX GCATCCAGCA CCTGCGTCCCCGGCCAAA
GAGAAGATCCCTGCTATCCTGTGATCCGCCCACACCCACGTGTCCCTGTCCATAGT
AATCCAGGGAGGACGCGACTGTTCCCAGGGCCTCTTCTGGCCCCGCAGCACACA C
CTACTTCTGATGTAGCCACTATTCAGCCCTCTTTCTCTCCCTCTCTCCCCACTGTCC
TCACGCCAATGTCCCTTCTTCCACGAACAGATATTATGTCATTTAATCCAATGCCG
ATAAAGGAGAAACAACTTGAAAA AAAAAAAAAAAAAAAXXXXXATCGTAGTCGCA
GCATTCACAG.

Figure 1. Clastl/LR8 expression is down-regulated by oncogenic Ras
activation

A. Differential display of H-RasV12-transfected areimpty vector
pcDNA3-transfected NIH3T3 cells. NIH3T3 cells westably transfected
with control vector (NIH3T3/vector) or H-RasV12-erpsing vector (H-
RasV12 NIH3T3), and mRNA extracted from these celss used for
ACP-based differential display RT-PCR. mRNA exteactfrom the H-
RasV12-transfected and empty vector-transfectels eehs used for the
synthesis of first-strand cDNA with the primer dGR1. Second-strand
cDNA was then amplified by PCR using the arbitrak€P34 primer
(forward primer) and dT-ACP2 (reverse primer) tooguce a 343-bp
product. Arrows indicate differences in mRNA expiea between the H-

RasV12-transfected and empty vector-transfectel$.c&he lower panel
17



shows the sequences of the dT-ACP1 (cDNA synthasmer), arbitrary
ACP34 (forward primer) and dT-ACP2 (reverse prim&) This cDNA
band was cloned; the sequence between 937 and (i@d1bold) was
completely homologous to mouse Clastl/LR8 (Genl#sdession number,

AB031386).
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Figure 2. Clastl/LR8 expression is down-regulated by oncogenic Ras
activation

A. Total RNA extracts were prepared from parent NIBISNIH3T3/vector,
and H-RasV12 NIH3T3 cells, and subjected to semmtjtzive RT-PCR
using mouse Clastl/LR8-specific primers. B. WI38 swaansiently
transfected with pBabe-puro-H-RasV12-expressingoremr control vector
pBabe-puro. Total RNA was isolated and human ClaR8 mRNA

18



expression was then examined by RT-PCR using hu@iastl/LR8-
specific primers. C. Clastl/LR8 mRNA was signifitardecreased in Ras
activated human pulmonary cancer cells. Upper pab#S53, H460,
A549, and H1299 cells were lysed and subjectedutntitation of active
Ras-GTP by pull-doan assays followed by immunoipigtas described in
Material and Methods. Samples of lysates were alsiojected to the
determination of total levels of Ras by immunobiat Lower panel, total
RNA was isolated from DMS53, H460, A549, and H1288lls, and
subjected to RT-PCR analysis using human Clastl#pific primers.

GAPDH was used as a loading control.

Oncogenic H-Ras suppresses Clast1l/L R8 expression through MEK/ERK pathway

We next clarified the signaling pathway by whichcogenic Ras suppressed
clastl/LR8 expression. Because MAPKs and PI3K/Akt avo major downstream
signaling pathway for oncogenic Ras, we tested vanetheses kinases might be
involved in the down-regulation of Clastl/LR8 bycogenic Ras. H-RasV12 NIH3T3
cells were treated with pharmaceutical inhibitofsspecific signaling pathway and
approximately 24 h later cells were harvested aedsured the level of Clastl/LR8
MRNA. Treatment of H-RasV12 NIH3T3 cells with MEK/ERnhibitor, PD98059,
led to restore the level of Clastl/LR8 mRNA expi@ssuppressed by oncogenic Ras
(Fig. 3). However, p38 and JNK pathway inhibitors, and SP600125 could

not reverse the oncogenic Ras-related suppresdio@lastl/LR8 expression. In
19



addition, treatment the same cells with the PI3Khitdr, LY294002, had no effect on
the suppression of the Clast1l/LR8 expression bpgaic Ras. These results indicate
that downregulation of Clastl/LR8 by oncogenic Bamainly through activation of

MEK/ERK and not PI3K, p38 or JNK signaling pathway.

Figure 3

Figure 3. The EMK/ERK signaling pathway participates in the

suppression of Clastl/LR8 by oncogenic H-Ras.

H-RasV12 NIH3T3 cells were treated with vehicle 0@ dimehtyl
sulfoxide (DMSOQ)) or different kinase inhibitorsPP8059 (30 and 50M)
for MEK11, SB203580 (10 and 3M) for p38, SP600125 (10 and BM)
for JNK, LY294002 (10 and 3@M) for PI3K, for 24 h. Clastl/LR8
expression was then examined via RT-PCR. GAPDHusasd as a loading

control.
20



DNA methylation and histone deacetylation contribute to the oncogenic Ras
mediated down-regulation of Clastl/L R8 expression.

We next investigated whether activation of histoeacetylase (HDAC) and
hypermethylation are involved in the down-regulatiof Clastl/LR8 by H-RasV12.
NIH3T3/vector and H-RasV12 NIH3T3 cells were treqteith or without AZC, an
inhibitor of DNA methylation and the histone deatase inhibitor, TSA. Clastl/LR8
MRNA levels were then determined by RT-PCR analyss shown in Figure 4A,
AZC and TSA effectively reversed the H-RasV12-ingliclown-regulation of Clastl
MRNA in NIH3T3 cells. We next determined whether thbove regulatory
mechanism in mouse fibroblast NIH3T3 cells occunmeduman lung cancer cells
harboring the constitutively active K-RAS mutatiotwe chose three human lung
cancer cell lines, H460, H1299, and A549, to addrbss issue. We found that
Clastl/LR8 mRNA expression increased in all threen&n cancer cells following
treatment with AZC and TSA (Fig. 4B). These resuliggest that hypermethylation
and histone deacetylation may be involved in theogenic Ras-mediated down-
regulation of Clastl/LR8 transcription in mouserdiblast and human lung cancer

cells.
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Figure 4

A
NIH3T3/vector H-RasV12 NIH3T3
- AZC TSA - AZC TSA
B
H460 H1299 A549
- AZC TSA - AZC TSA - AZC TSA

Figure 4. Effect of DNA methylation and histone deacetylase inhibitors
on oncogenic Ras-mediated down-regulation of Clastl/LR8.

A. NIH3T3/vector and H-RasV12 NIH3T3 cells were tesh with or
without 10 pM 5-aza-2-deoxycytidine (AZC) for 48 h or 30 nM
trichostatin A (TSA) for 24 h, and Clast1l/LR8 exgg®n was examined via
RT-PCR.B. The human lung cancer cell lines, H460, A549, &i®99
were treated with or without M AZC for 4 days, or 100 nM TSA for 24
h. Clastl/LR8 expression was then examined via ®R-Rising human

Clast1/LR8-specific primers. GAPDH was used asadilng control.

Clastl prevents EGF-stimulated Akt phosphorylation in H-Rasv12-transformed
NIH3T3 cells.

To determine the effects of the ectopic expression of Ctasthese two major signal
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transduction pathways, including Raf/MEK/ERK and tREK/Akt signaling, we
analyzed the effects of Clastl on EGF-stimulatedK ER and PI3K activation in H-
RasV12 NIH3T3 cells stably transfected with contrettor or Clastl-over-expressing
vector (Fig. B). Cells were serum-starved for 13 h and then s#tedl with EGF (50
ng/ml) for 2 h. H-RasV12 NIH3T3 cells exhibited irased levels of phospho-
ERK1/2 and phospho-Akt under EGF stimulation (Fid3).5However, Clastl
expression led to significant suppression of EGfuged phospho-Akt in H-RasV12
NIH3T3 cells compared to vector-transfected cells. cbntrast with our results
regarding the Akt pathway, Clastl did not prevent FE@luced ERK1/2

phosphorylation.
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Figure 5

A
NIH3T3 H-RasV12 NIH3T3
/vector vector  Clastl
Clastl
B
NIH3T3 H-RasV12 NIH3T3
/ vector vector Clastl
EGF (100 ng/ml) - + - + - +
pAKt D . —
A -
pERK1/2 -— - =

ERC1Z |

Figure 5. Effect of Clastl/LR8 on the Ras signaling pathway in NIH3T3

cells.

A. Clast1l/LR8 expression was analyzed by RT-PCR-RadV12 NIH3T3
cells stably transfected with control empty vectand Clastl/LR8
expressing vectorB. NIH3T3/vector (NIH3T3), vector-transfected H-
RasV12 NIH3T3, and Clastl/LR8 expressing H-RasVIR238T3 cells
were were plated on day 0 in DMEM containing 10%GF#&ashed twice in
PBS on day 2, and then incubated in serum-free unedor 13 h. Cells
were then stimulated with (+) or without)(EGF (50 ng/ml) for 2 h, and
whole-cell lysates were separated by SDS-PAGE. &klestiot analyses for
phosphorylated ERK1/2 and Akt were performed, irdittwh to blot

analyses to determine total ERK1/2 and Akt proeipression. Data are
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representative of three independent experiments.

Clast1/L R8 inhibits oncogenic Ras-mediated transformation.

Oncogenic Ras-mediated down-regulation of Clast8/bfiy be an important event
required for oncogenic Ras-induced cellular tramsédion. To gain further insight
into this issue, we co-expressed Clastl/LR8 withogeaic H-Ras to elucidate
whether exogenous Clastl/LR8 would prevent oncageduced cellular
transformation. We reasoned that if decreased lefe@astl/LR8 are a prerequisite
for oncogenic Ras to successfully transform cellen exogenously expressed
Clastl/LR8 should alter oncogenic Ras-induced keellinansformation. To determine
whether Clastl/LR8 participates in Ras-mediatecharage-independent growth of
NIH3T3 cells in soft agar, we used parent NIH3T3s;elector-transfected H-RasV12
NIH3T3 cells, and Clastl/LR8-transfected H-RasV1HBI3 cells. Indeed, colony
formation in Clastl/LR8 expressing H-RasV12 NIH3T8lls was significantly
inhibited compared to vector-transfected H-RasV12 NIBi8glls (Fig. 6A).

To determine whether Clastl/LR8 also suppresseboaage-independent tumor
growth in Ras-activated human cancer cells, we ¥sBas-activated H460 and A549
cells stably transfected with the Clast1/LR8 exgi@s vector or empty control vector.

Stable cell clones overexpressing Clastl/LR8 oroatrol vector were isolated
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following selection with hygromycin, pooled, and uséor subsequent gene
expression and functional studies. We confirmed ttat level of Clastl/LR8
transcripts increased markedly in Clast1l/LR8 tractsfd cells, compared to parent and
control vector-transfected cells. Additionally, therecexpression of Clastl/LR8
significantly inhibited anchorage-independent gtowt both H460 and A549 cells
(Fig. 6B and C). The size and density of anchoragepandent colonies of stable
transfectants in both lung cancer cell lines wergemlower than in control cells.
Taken together, these results suggest that Clasl/lippresses the oncogenic
potential of H-RasV12 NIH3T3 cells and lung cancells H460 and A549 cells, as
reflected by a much lower anchorage-independent groweh ra
Figure 6

A

H-RasV12 NIH3T3

NIH3T3/vector Vector Clast1-1 Clast1-2
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Figure 6 B
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Figure 6 C

A549

Clast1-1 Clast1-2
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Figure 6. Expression of exogenous Clastl/LR8 inhibits oncogenic Ras-

mediated cellular transformation.



A. Clastl/LR8 expression inhibited H-RasV12-inducedhchorage-
independent tumor growth. Cells @ 10%) were plated in 0.3% agar
containing 10% FBS on 0.5 % base agar. Photographiepresentative
experiments were taken after 20 days of growthhBedue is the mea#s
s.d. from three separate experiments. P*< 0.01. (B, C) Clastl/LR8
expression inhibited anchorage-independent tumowiyr in H460 and
A549 cells. H460 (B) and A549 (C) cells were stabignsfected with
control vector or Clastl/LR8-expressing vector. &t sagar assay was
performed as shown in (A). Photographs of repregimet experiments
were taken after 20 days of growth. Each value ésrtfeant s.d. from
three separate experiments. *®, < 0.01. RT-PCR data showed that
Clast1l/LR8 expression increased significantly irastl/LR8-transfected

H460 and A549 cells.

Clastl/L R8 overexpression interferes with cell invasion.

To investigate potential inhibitory effects of GH&R8 on oncogenic Ras-induced
NIH3T3 cell invasion, we performed an vitro invasion assay using 24-well trans-
well units with polycarbonate filters coated on tigper side with Matrigel. Invasive
cells found on the lower surface of the insertseaguantified after 48 h. Our results
showed that Clast1/LR8 expressing H-RasV12 NIH38I&avere much less invasive
than control vector-transfected H-RasV12 NIH3T3 céllg.(7A).

We next examined whether Clastl/LR8 decreasesiimraess in lung cancer H460
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and H549 cells. As shown in Figure 7, the over-exgoesof LR8 significantly
inhibited the invasive potential of both H460 an&4A cells when compared to
control cells (Fig. B andC). The number of cells that crossed the Matrigetibato
the lower surface of the insert was approximatelg- 2and 1.9-fold lower in
Clastl/LR8 stable transfectants of H460 and A548s,ceespectively, compared to

control vector-transfected cells.

Figure 7
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Figure 7
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Figure 7. Clastl over-expression suppress H-RasV12-induced cell
invasion.

An in vitro invasion assay was performed using 24-well traak-units
with polycarbonate filters coated on the upper siith Matrigel. 5x 10*
NIH3T3 (A), H460 @), and A549 C) transfectants were placed in the
upper part of the transwell unit and incubated 48rh. The figures are
representative for cell invasion in each group.IC#lat penetrated to the
bottom surface of the membrane were fixed, staiaed, counted under a
microscope. The histograms show the average nuwibgvading cells.

Each value is the means.d. from three separate experimentsP% 0.01.

Clastl/LR8 suppresses cell proliferation and in vivo tumorigenesis by the H-Ras
oncogenes.

To investigate whether the down-regulation of QIA$R8 contributes to the
oncogenic Ras-induced cell proliferation in NIH3T&lls, we compared the
proliferation rates of control NIH3T3 cells, clagtgpressing H-RasV12 NIH3T3 cells,
and vector-transfected H-RasV12 NIH3T3 cells undermal culture conditions.
Equal numbers of cells were seeded and grown fortoui3 days. Under these
conditions, Clastl/LR8 expression led to the sumiwesof H-RasV12 NIH3T3 cell
proliferation (Fig. &). Moreover, BrdU incorporation assays revealed @ast1/LR8

expression prevented DNA synthesis in H-RasV12 NiBi8ells (Fig. 8), indicating
31



that Clast1/LR8 inhibits Ras-induced cell proliferation.

We next examined whether Clastl/LR8 participatesotitogenic Ras-mediated
tumorigenesisn vivo. First, we asked whether Clast1/LR8 expression itshith-Ras-
mediated tumor formation in NIH3T3 cells implantedo in nude mice. Parent
NIH3T3 cells and H-RasV12 NIH3T3 cells expressiithar pcDNA3 or Clastl/LR8
were subcutaneously implanted into nude mice abdexuent tumor formation was
monitored over 20 days to determine the efficacglaist1/LR8 molecules in blocking
Ras-mediated murine fibroblast tumorigenésigivo. Our results showed that vector-
transfected H-RasV12 NIH3T3 cells gave rise to ifiggmtly larger tumors, whereas
Clastl-overexpressing H-rasV12 NIH3T3 cells exbeibitnarkedly diminished tumor
formation (Fig. &€ and D). These results clearly show that Clastl/LR8 esgion
drastically reduces tumor formation by oncogenidRabV12-transformed NIH3T3

cellsin vivo.
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Figure 8

A B

5067 —O— NIH3T3/vector
—e— H-RasV12 NIH3T3/vector
—{1— H-Ras V12 NIH3T3/Clastl

() B
o o
P =)

Cell Number (x10')
N
=}
(o}

incorporated with BrdU

Percentage of cells

100

o
o NIH3T3 Vector _Clastl
0 24 48 72 Ivector H-RasV12 NIH3T3
Time (Hours)

Figure 8

C D
H-RasV12 NIH3T3 20007

NIH3T3/vector ~ Clastl Vector 18004 H-Rasv12 NIH3T3vector

—8— H-Ras V12 NIH3T3/Clastl
16004

14004

1200+

1000
800
600
400
200

Tumor Volume (mm3)

0

0123456 7 891011121354617181920
Days after treatment

33



Figure 8. Ectopic expression of Clastl inhibits H-RasV12-induced cell
proliferation and tumor formation in nude mice.

A. NIH3T3/vector, vector-transfected H-RasV12 NIH3EBd Clast1l/LR8
expressing H-RasV12 NIH3T3 cells were plated in DWIEontaining 10%
FBS, washed twice in PBS on day 2, and then inedbat serum-free
medium for 13 h to synchronize cells. Subsequetttly, growth medium
was re-integrated with 10% FBS, and the cells wgeogvn for an additional
3 days. Data are presented as me&D of three experiments. . *R <
0.01.B. BrdU incorporation assays were performed usiegépresentative
Clastl-over-expressing clones indicated An The percentage of cells
incorporating BrdU after 18 h was shown. Data assg@nted as the mean +
SD three experiments**, P < 0.01.C. One million Clastl/LR8 expressing
H-RasV12 NIH3T3 cells were injected subcutaneoudly the right flank
of 5-week-old nude mice and tumor volume was assesgery 2 to 5 days
for 20 days. One million NIH3T3/vector and contwector-transfected H-
RasV12 NIH3T3 cells were also injected as contrdlse upper panels
show representative mice from each injection grand the low panels
show the corresponding tumors that developed atrjeeted sites. The
expression of Clastl/LR8 dramatically suppressedotugrowth from H-
RasV12 NIH3T3 cells in nude mice when compared #8d$V12 NIH3T3
cells transfected with the control vector alobBeThe graph displays tumor
growth rates for H-RasV12 NIH3T3 transfected withpty vector and H-
Ras V12 NIH3T3 cell expressing Clastl/LR8 in nude&en Data are

presented as the mea&rsD three experiments**, P < 0.01.
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IV.DICUSSION

In this study, we identified Clastl/LR8 as one ofesal genes down-regulated in
oncogenic H-Ras expressing NIH3T3 cells using wbfiial display RT-PCR analysis.
Clast1/LR8 was originally cloned in two human Iditgroblast subpopulations using
MRNA differential display analysis (31). Mouse CldkR8 shares 62% similarity
with human LR8 and contains four predicted transhrame domains. Clastl mRNA
is ubiquitously expressed in various organs, pddituin the lung, liver, kidney, and
colon of adult mice (30). Clastl mRNA was induced thg CD40 ligand in B
lymphocytes. Although Clastl-knockout mice did motert any functional B cell
abnormality, they did exhibit severe ataxia, indmgtithat Clastl/LR8 may be
involved in the development of cerebellar granuddisc However, its physiological
function is largely unknown.

The expression of Clastl/LR8 in NIH3T3 cells wasndatically reduced in the
presence of H-RasV12. H-RasV12 expression also mriseippressed Clastl/LR8

expression in normal human fibroblast WI38 cells.tiions in K-Ras have been
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frequently noted in lung cancer tissues and aedldi(32, 33) and the over-expression
of K-Ras oncogene in mice causes lung tumor dewstop (34). Thus, we
investigated the correlation between Clastl/LR8resgion and Ras activation in
human lung cancer cells, including H460, A549, DMS&8d H1299 cell lines. H460
and A549 cells contain an activated K-Ras gene tioataand H1299 cells contain an
activated N-Ras gene mutation. Thus, these three mwasacer cell lines exhibited
high Ras activity. In contrast, DMS53 cells have a wild-type §ene, resulting in low
Ras activity. The Clastl/LR8 transcript was undetae in H460, A549 and H1299
cells bearing high Ras activity, but was relativeyundant in DMS53 cells containing
low Ras activity, suggesting that the constitutieéivation of Ras is involved in the
suppression of Clastl/LR8 expression in human lung caedsr

We have investigated the role of Ras signal machinery stIZla&R8 suppression and
observed that activation of the MEK/ERK signalingitipvay suppressed the
Clast1l/LR8 transcription in oncogenic H-Ras expresNIH3T3 cells. Using the
MEK-specific inhibitor PD98059 revealed that MEK/ERignal was participated in
the down-regulation of Clastl/LR8 by oncogenic Rdsese results suggest that the
constitutive activation of Ras might be involvedthe suppression of Clastl/LR8
expression through MEK/ERK signaling pathway.

A genome-wide survey of oncogenic Ras transformatizgets suggests that both
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gene activation and repression are critical for tla@sformation by oncogenic Ras
(26). Although the molecular mechanism controllingng silencing in tumor
suppressor genes is still unknown, recent studiggest that DNA methyltransferases
(DNMTs) may be involved in this process. For exam@dNA methyltransferase
(DNMT) was involved in Ras-mediated suppressiouafior suppressor genes, such
as FHIT, TLSC1, and RASSFIA (35). Increased DNMT activity was critical for the
transformation and gene repression by oncogenic(B&s In addition, Ras-induced
loss of the proapoptotic response protein PAR-4 waediated by DNA
hypermethylation through Raf-dependent and Rafpaddent signaling pathway in
epithelial cells (37). More recently, Chang et al.orgd oncogenic Ras suppressed
the metastatic suppressor RECK through upregulatfodNMT expression (38). In
the present study, we found that oncogenic Ras-mediatstilIIR8 gene suppression
was reversed in NIH3T3 cells after treatment with a DNA miation inhibitor (AZC).
Treatment with AZC also up-regulated Clastl/LR8 niRékpression in the human
lung cancer cell lines, H460, A549, and H1299. BecMIE&/ERK is contributed to
the down-regulation of Clastl/LR8 by oncogenic Rasl because the ERK signaling
pathway was involved in the activation of DNMT tsaription by oncogenic Ras (38),
we think that DNA methylation might be contributiedthe suppression of Clastl/LR8

expression via activation of ERK signaling cascademcogenic Ras expressing cells.
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The detailed mechanism by which DNA methylation ibitbr up-regulates
Clast1l/LR8 in oncogenic Ras activated NIH3T3 andch& cancer cells are under
investigation in this laboratory.

Ras oncogene also suppressed tumor suppressovigetnistone deacetylation (39).
Thus, we investigated whether this potential meidmanreduced Clastl/LR8
expression in oncogenic Ras activating cells. We fahatsuppression of Clast1/LR8
transcription was restored in oncogenic H-Ras esgimg NIH3T3, H460, A549, and
H1299 cells, after treatment with a histone deaasgylinhibitor (TSA). These results
suggested that histone deacetylation might be aisolved in the Clastl/LR8
expression in Ras-activated cancer cells. A recemk wdicated that oncogenic Ras
might activate ERKs to phosphorylated HDA@s vitro and in cells and might
increase nuclear accumulation of HDACs (40). Thuss, jitiossible that oncogenic Ras
may activate MEK/ERK to phosphorylate HDACs anduicel binding HDACs to
transcription factors to suppress Clastl/LR8 exgioes Experiments are now
undertaking to test this hypothesis.

Cellular transformation is a complex process thablves a series of cellular and
molecular changes. Ras proteins exert their tumoicgeffects through the activation
of an intricate signaling network consisting of tiple downstream effectors (4, 41,

42). The two major downstream effector pathwaysebelil to play a critical role in
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Ras-mediated transformation and tumorigenesisterdRaf/MEK/ERK pathway (13-
15) and the PI3K-dependent pathway (16-18, 43, 44)tiv&on of the
Raf/MEK/ERK pathway is sufficient to transform NIF3 mouse fibroblasts (45, 46).
Ras-transformed NIH3T3 cells induced metastatiovgjtdn mice after being injected
into the tail vein of mice, which was mediated biRaf-dependent mechanism (47). It
has been also shown that oncogenic Ras down-reguRtioB expression through the
PI3K/Akt pathway, leading to the RhoB-mediated seppion of Ras/PI3K/Akt-
induced transformation, invasion, and metastasis anous cancer cell lines and
NIH3T3 fibroblasts (48). The observed inverse catieh between Clastl/LR8
expression and Ras activation in lung cancer catld the down-regulation of
Clastl/LR8 expression induced by H-RasV12 in NIH3ddls suggest that the
inactivation of Clastl/LR8 expression/function mlag involved in oncogenic Ras-
induced neoplastic transformation. Therefore, weedtigated whether Clast1/LR8 is
involved in Ras-mediated cellular transformationc&w# evidence indicates that Ras
down-regulates the expression of several moleculeduding Par-4, Bak, and
GADD153 (49-51). The exogenous expression of thastndption repressor Par-4 or
GAD153 has been reported to suppress oncogeniénBased transformation (50,
51). Similarly, the ectopic expression of Bak in Rasisformed cells inhibited Ras-

induced tumorigenicity (49). Here, we report that dosvn-regulation of Clastl/LR8
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appears to be a key event during Ras-induced ael@nsformation. The transfection
of Clastl/LR8 cDNA resulted in a dramatic inhibiticof anchorage-independent
growth and cellular invasion in oncogenic H-Ras exprgd¥ifi3T3 cells, and human
lung cancer cell lines, H460 and A549. Moreover,dkpression of Clast1/LR8 in H-
RasV12 NIH3T3 cells significantly suppressed cetlliferation and tumor formation
in mice. Thus, Clastl/LR8 is an important molecul@séndown-regulation may be a
prerequisite for cellular transformation induced dncogenic Ras. Although exactly
how the down-regulation of Clastl/LR8 may faciitatellular transformation need to
be elucidated, we found that the ectopic expresefo@lastl/LR8 inhibited EGF-
stimulated Akt phosphorylation in H-RasV12-trangfied NIH3T3 cells. Because the
Ras/PI3K/Akt signaling pathways are responsible tfansducing oncogenic Ras-
mediated tumorigenic signals (15-19, 43, 44, 48), ipassibility that the down-
regulation of Clastl/LR8 expression induced by oecigRas might contribute to the
activation of the Ras downstream PI3K/Akt signalpathway, leading to facilitate
cellular transformation and invasion. Given the fécat Clastl/LR8 negatively
modulates oncogenic Ras-induced cell growth andsimn, decreases in expression
and function are likely to have profound consegesndt is possible that the
oncogenic activation of growth stimulatory signassich as Raf/MEK/ERK and

PI3K/Akt, and the suppression of growth inhibitongrals, such as Par-4, Bak,
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GADD153 and Clast1/LR8, may occur simultaneously aadtribute to oncogenic
transformation. In this context, low levels of growitthibitory molecules would
provide crucial information for the initiation anghaintenance of oncogenic Ras
transformation.

In summary, the data obtained in this study prouidermation on one of the novel
Ras downstream target molecules, Clast1l/LR8, which plgy an important role in
tumor suppression in Ras-activated cancer cells.im@vement of Clastl/LR8 has
been demonstrated as a phenotypic suppressor of transtoringuced by oncogenic
Ras. Thus, Clastl/LR8 may represent another potdatigt for pharmacological re-
expression as a novel mode for cancer treatmentjfispdly with regards to Ras-

activated lung cancer cells.
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