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Merlin Represses Ras-Induced Cyclin D1 Transcription through
the Cyclic AMP-Responsive Element
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Mutations in the NF2 tumor suppressor gene cause neurofibromatosis type 2, an autosomal dominant
inherited syndrome predisposed to the multiple tumors of the nervous system. Merlin, the NF2 gene
product was reported to block Ras-mediated cell transformation and represses Ras-induced expression
of cyclin D1. However, the potential mechanism underlying the anti-Ras function of merlin on the cyclin
D1 is still unclear. In this study, we investigated whether merlin decreases Ha-ras-induced accumulation
of cyclin D1 at the transcriptional level, and demonstrated that merlin suppressed Ras-induced cyclin
D1 promoter activity mediated by the cyclic AMP-responsive element (CRE) in SK-N-BE(2)C neu-
roblastoma cells. Furthermore, we found that merlin attenuated active Ras and forskolin-induced
CRE-driven promoter activity. These results suggest that the transcriptional repression of the cyclin
D1 expression by merlin may contribute to the inhibition of Ras-induced cell proliferation.
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INTRODUCTION

NF2 (neurofibromatosis type 2) is a tumor predisposition
syndrome characterized by acoustic neuromas, schwan-
nomas, meningiomas, and ependymomas (Thomas et al,
1994). The NF2 gene product, called schwannomin or
merlin, belongs to the band 4.1 superfamily such as ERM
proteins (ezrin-moesin-radixin) that links the actin cyto-
skeleton to the cell surface glycoproteins (Rouleau et al,
1993; Tsukita et al, 1994). Merlin and ERM proteins are
able to make inter and intramolecular head-to-tail associa-
tions between the family members (Gronholm et al, 1999;
Bretscher et al, 2000). Although structurally similar,
merlin is unique as a tumor suppressor among the family
proteins, and is known to impair cell growth, proliferation
and motility (Sherman et al, 1997; Gutmann et al, 1999;
Tkeda et al, 1999; Morrison et al, 2001).

The Ras family of small GTPases plays an essential role
in cell proliferation and causes unlimited growth when
activated (Mulcahy et al, 1985; Smith et al, 1986; Feig &
Cooper, 1988; Boguski & McCormick, 1993; Mechta et al,
1997). Cyclin D1 is a prime target of the Ras signaling
cascade, and is a rate-limiting component of the cell cycle
regulatory holoenzyme required for G1 phase progression,
cellular mitogenesis and Ras-induced transformation (Filmus
et al, 1994; Liu et al, 1995; Robles et al, 1998). The cyclin
D1 expression is transcriptionally induced by Ras via the
cis-elements, particularly for Ets and CREB transcription
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factors (Tetsu & McCormick, 1999).

Previously, merlin was reported to block Ras-mediated
cell transformation (Tikoo et al, 1994). We have recently
shown that merlin suppresses the Ras-mediated AP-1
activity, cyclin D1 expression (Kim et al, 2002a) and Ras-
ERK-mediated SRE-dependent transcriptional activity
(Lim et al, 2003). Conversely, the AP-1 complex is
activated, and the cyclin D1 expression increased in the
NF2 ~ cells, as compared with the wild-type cells
(Lallemand et al, 2003; Shaw et al, 2001). Together, these
studies imply that merlin blocks the oncogenic Ras
signaling, which results in the inhibition of cyclin D1
accumulation,

Here, we investigated whether merlin decreases cyclin
D1 expression by the activated Ras at the transcriptional
level, and showed that merlin inhibits the Ras-mediated
cychin D1 transcription through the cyclic AMP-responsive
element (CRE) in the promoter.

METHODS
Plasmid

The cyclin D1 promoter constructs pXP2 D1-96, D1-96m
and D1-29 are kind gifts of Dr. Gerard Redeuilh (INSERM,
France); pcDNA-NF2 was kindly provided by Dr. David
Gutmann (Washington University, USA); The Bcl-2 pro-
moter construct was kindly provided by Dr. Kim H (Catholic

ABBREVIATIONS: NF2, Neurofibromatosis type 2; CRE, cyclic
AMP-responsive element.
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University, Korea). pCRE-Luc (4x) was purchased from
Stratagene (La Jolla, CA, USA), and the pRL-TK-Luc and
pCMV-Ras"™ were purchased from Promega (Madison, W1,
USA) and BD Biosciences Clontech (Palo Alto, CA, USA),
respectively.

Cell culture

The SK-N-BE(2)C human neuroblastoma cells were pur-
chased from the American Type Culture Collection (Man-
assas, VA, USA). Cells were maintained in Dulbecco's modi-
fied Eagle's medium (Gibco/BRL, Life Technologies Inc, CA,
USA) supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 xg/ml streptomycin in a humi-
dified atmosphere containing 5% CO: at 37°C.

Transient fransfection and transcription assay

The GenePorter2 transfection reagent (Gene Therapy
Systems Inc, San Diego, CA, USA) was used for transfection
according to the manufacturer's recommendation. For the
transcriptional activation assay, the SK-N-BE(2)C cells (2.5
% 10%) were plated on a 6-well plate (Corning Coaster, CA,
USA). Sixteen hours later, the cells were transfected with
0.5 1g of the reporter plasmids along with the appropriate
combination of the expression plasmids. The total amount
of the transfected DNA was normalized, using the
pcDNAS3.1 plasmid as a carrier. Twenty-four hours later,

transfected cells were harvested and the luciferase activity -

was analyzed using the Dual-luciferase assay system
(Promega, Madison, WI, USA). For the forskolin treatment,
the transfected cells were starved in a 0.1% FBS DMEM
for another 24 hours, and the cells were then treated for
8 hours with 10 M forskolin (Sigma) and the luciferase
activity was measured. The results are expressed as the
relative luciferase activities. The pRL-TK-Luc plasmid was
co-transfected in order to normalize the variation in the
transfection efficiency. The experiments were performed
three times in duplicate.

Western blot analysis

The antibodies used were as follows: Anti-cyclin D1
(Neomarkers, Fremont, CA, USA), Anti-NF2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Anti-Ras (Upstate
biotech, MA, USA) and Anti- 8-actin (Sigma). For Western
blot analysis, cells were rinsed with a phosphate-buffered
saline (PBS) and lysed for 30 min on ice in a RIPA-B buffer
(0.5% Nonidet P40, 20 mM Tris, pH 8.0, 50 mM NaCl, 50
mM NaF, 100 uM NasVOs, 1 mM dithiothreitol, 50 zg/ml
phenylmethylsulfonyl fluoride). The insoluble material was
removed by centrifugation at 12,000 rpm for 20 min at 4°C.
The supernatant was then subjected to SDS-PAGE, which
was followed by Western blot analysis. The blots were
blocked in PBS with 5% skim milk and 0.05% Tween 20,
followed by incubation with the appropriate primary
antibodies, then with the secondary antibodies conjugated
to horseradish peroxidase (Santa Cruz Biotechnology, CA,
USA). The signals were visualized by the enhanced
chemiluminescence system (Amersham phamacia biotech).

Reverse transcription-PCR analysis

The SK-N-BE(2)C cells were transfected with pcDNA-
NF2 alone or together with pCMV-Ras''%. The cells were

harvested after 24 hours, and total RNA was isolated using
a RNeasy kit (Qiagen Inc). One microgram of total RNA
was subjected to reverse transcription-PCR analysis. First,
Superscript II, RNase H reverse transcriptase was used to
generate cDNAs using oligo (dT) 12~ 18 as primers accord-
ing to the recommended conditions (Gibco/BRL, Life tech-
nologies Inc). One microliter of the cDNAs was mixed with
10 pmol of each primer specific to the cyclin D1 gene
(65'-CTT CCT CTC CAA AAT GCC AG-3' and 5-AGA GAT
GGA AGG GGG AAA GA-3'). PCR amplification was per-
formed for 25 cycles in a 20 pl-reaction mixture at 55°C as
the annealing temperature. A control PCR using primers
specific to the A-tubulin gene (5'-GTT GGT CTG GAA TTC
TGT GAG-3'and 5'-AAG AAA TCC AAG CTG GAG TTC-3"
was also carried out under the same conditions.

RESULTS

Merlin represses Ha-ras-mediated cyclin D1 expres-
sion

The well-known effects of Ras activation on the cell
proliferation involve the cyclin D1 accumulation at the
transcriptional level. And, it was reported that merlin
inhibits the Ha-ras-induced anchorage-independent cell
growth (Tikoo et al, 1994). Therefore, it was of interest to
test whether merlin was involved in inhibiting the
Ras-mediated cyclin D1 expression in SK-N-BE(2)C cells.
Thus, the SK-N-BE(2)C cells were transfected with the
Ha-ras expression plasmid with or without the merlin
expression plasmid, and the cell lysates were subsequently
subjected to either Western blot analysis with anti-cycin
D1 antibody (Fig. 1A) or RT-PCR (Fig. 1B). As shown in
Fig. 1A, cyclin D1 level was induced by the overexpression
of Ha-ras, which was abolished by the co-expression of
merlin. The same pattern of result was obtained in the
same set of experiment for the cyclin D1 mRNA level (Fig.
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Fig. 1. Effect of merlin on the Ha-ras-mediated cyclin D1 expres-
sion, (A) The SK-N-BE(2)C cells were transiently transfected with
an expression vector for active Ras alone or together with a vector
encoding the full-length merlin. Twenty-four hours after trans-
fection, the lysates of SK-N-BE(2)C cells were analyzed for cyclin
D1, Ras and merlin proteins by Western blotting. The amount of
B-actin was assayed as a loading control. (B) The diagram shows
the reverse transcription-PCR (RT-PCR) results for cyclin D1 and
B-tubulin mRNAs as an interal control. The total RNA isolated
from SK-N-BE(2)C cells, transfected as descrided in Fig. 1A, was
subjected to the RT-PCR.



Regulation of Cyclin D1 Expression by Merlin 291

(A)
96 -29 I +139'
L oRE 1 Luciferase
(8
0.6
0.5
0.4
3
z 0.3
0.21
0.1
0.0-
Ras‘“? (0-5]19) - + |+ - + - - + +
NF2 (1.5ug) - -]+ -+ --1+
Reporter D1-96 D1-96 m D1-29

Fig. 2. Effect of merlin on the CRE-dependent transcription of the
cyclin D1 promoter. (A) Schematic representation of the cyclin D1
promoter (D1-96, -29) is shown. Factor binding site for CREB is
indicated. (B) Inhibition of the Ras-induced cyclin D1 promoter
activation by merlin. The D1-96m contains three-point mutation
(TAACGTCA to TAAgaTCt) in the CRE site. The D1-29 does not
contain CRE site. The 0.5 g of each cyclin D1 promoter plasmid
(D1-96, D1-96m and D1-29) was transfected into the SK-N-BE(2)C
cells, along with 0.5ug of the expression plasmid for Ras''?
(pCMV-RasVlZ) and 1.54g of the merlin expression plasmid
(pcDNA-NF2) as indicated. After 24 hours, the cell lysates were
prepared and the luciferase activity was determined. The ex-
periments were performed three times in duplicate. The standard
errors are shown on the top of each bar. The numbers in the left
column represent the relative luciferase activity.

1B). These results suggest that merlin down-regulates
cyclin D1 expression at the transcriptional level by inhib-
iting the Ras activity.

Merlin represses the cyclin D1 promoter activity
induced through the cyclic AMP-responsive element

The cyclic AMP-responsive element (CRE), located up-
stream of the mRNA start site, plays a key role in both
the basal and induced cyclin D1 expression (Beier et al,
1999; Lee et al, 1999; D'Amico et al, 2000; Nagata et al,
2001). A previous report showed that the active Ras in-
duced the cyclin D1 promoter activity through the CRE
(Tetsu & McCormick, 1999). Therefore, the merlin effect
was tested on the CRE-mediated cyclin D1 promoter
activity in SK-N-BE(2)C cells. The cyclin D1 promoter
construct encompassing the -96 region from the transcrip-
tion start site (D1-96) was used (Fig. 2A). This region
contains the known CRE. The D1-96 m construct with the
mutant CRE (TAACGTCA — TAAgaTCt) and the D1-29
construct encompassing the -29 region were used as con-
trols. Fig. 2B shows that the active Ras induced the D1-96
about 5 folds and the co-expression of merlin repressed it
to the basal level. The active Ras induced D1-96m or D1-29
just about two folds each, and it was not affected by the
co-expression of merlin. The similar pattern of results to
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Fig. 3. Effect of merlin on the consensus CRE-dependent trans-
cription. (A) The 0.5 #g of CRE-Luc or Bcl-2-Luc reporter plasmid
was transfected into the SK-N-BE(2) cells, with 0, 0.1, 0.5, or 1.0 ug
of the merlin expression plasmid, pcDNA-NF2. The Bcl-2 promoter
activity was examined as a negative control. After 24 hours, the cell
lysates were prepared and the luciferase activity was determined.
(B) The 0.5 #g of CRE-Luc reporter plasmid was transfected into
the SK-N-BE(2)C cells, along with 0, 0.1, 0.5, or 1.0 g of the merlin
expression plasmid, pcDNA-NF2. As effectors for the CRE-Luc, the
reporter was either co-transfected with the 0.5 ug of the Ras’"?
expression plasmid or treated with 10 M forskolin for 8 hours
after transfection. The experiments were performed three times in
duplicate, and the results were averaged. The standard errors are
shown on the top of each bar. The numbers in the left column re-
present the relative luciferase activity.

D1-96 were obtained with the full length cyclin D1 pro-
moter (D1-973) (data not shown). Overall, these results
show that merlin inhibits the function of Ras on the CRE-
mediated cyclin D1 promoter activation.

Merlin inhibits consensus CRE-dependent promoter
activity

The effect of merlin was examined directly on the
consensus CRE-dependent promoter activity (CRE-Luc). As
shown in Fig. 3A, the basal CRE activity was reduced by
merlin in a dose-dependent manner in SK-N-BE(2)C cells.
In contrast, no dose dependency of merlin was observed
with the Bcl-2 promoter reporter, suggesting that merlin
specifically inhibits the CRE-regulated promoter activity in
unstimulated cells.

Then, we investigated the merlin activity on the
CRE-dependent promoter activity. As shown in Fig. 3B, the
CRE-Luc activity was stimulated about 2.5 fold by the
active Ras and 4 folds by forskolin (10 zM), an activator
of CREB (Muller et al, 2001). The co-expression of merlin
repressed these increased CRE-Luc activity in a dose-
dependent manner. These results suggest that merlin can
inhibit both the endogenous and the CRE-dependent trans-
cription increased by exogenous stimuli.

DISCUSSION

Little is known about the molecular mechanisms under-
lying the function of N¥2 as a tumor. Recent studies showed
that the Rac1/JNK and ERK 1/2 pathways are up-regulated
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in primary human schwannoma and MEF cells lacking
merlin protein (Kaempchen et al, 2003; Lallemand et al,
2003). They also showed that merlin is important in
reducing the cyclin D1 expression level. However, the
mechanism of the decrease in the cyclin D1 level was not
elucidated. This report for the first time suggested a molec-
ular mechanism of merlin mediated repression of cyclin D1
expression in association with the Ras function: Merlin
repressed the cyclin D1 promoter activity induced by Ras,
and interestingly, this appeared to be mediated through the
inhibition of the CRE-dependent cyclin D1 promoter ac-
tivity. In addition, we showed that merlin could repress
forskolin-induced CRE activity, suggesting that merlin has
negative effects on the PKA-dependent signaling pathway.
It coud be possible that the CREB/ATF-2 phosphorylation
or CRE occupancy might be down-regulated by merlin.

The putative CRE site is a major mediator of the
induction of the cyclin D1 promoter by the binding of
CREB/ATF-2 and c-Jun heterodimer complex (Herber et al,
1994; Sabbah et al, 1999). However, due to the complexity
in the regulation of the cyclin D1 promoter, it is possible
that multiple factors bind to the CRE/ATF-2 site simul-
taneously by -the Ras signaling (Watanabe et al, 1996;
Brown et al, 1998). Therefore, the cross-talk between the
Ras signaling and cyclin D1 may be dependent on the cell
context such as the abundance and availability of the
preferential trans-acting factors. On the other hand, recent
studies have shown that Ras is able to induce the cyclin
D1 expression during the G2 phase by altering the trans-
lational efficiency of preformed ¢yclin D1 mRNA (Guo et
al, 2002; Sa et al, 2002). Therefore, we could not completely
exclude the possibility that merlin is involved in the
post-transcriptional regulation of cyclin D1 expression by
inhibiting the Ras signaling pathway.

Previously, we have shown that merlin inhibits the
Ras-mediated AP-1 activity and SRE-dependent transcrip-
tion as well ag the TNF- ¢ -mediated NF-kappa B activation
(Kim et al, 2002a; Kim et al, 2002b; Lim et al, 2003). To-
gether with these earlier studies, the present study sug-
gests that merlin interferes with the Ras signaling path-
way, thereby down-regulating its mitogenic activities. The
inhibition of Ras activity by merlin could be one of the
mechanisms for the merlin-mediated cell growth inhibition.
Further experiments are needed to determine if merlin
plays a role in the regulation of the cyelin D1 gene by in-
hibiting other oncogenic signals.
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