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ABSTRACT

Thalidomide suppresses Il3-induced NkB activation

and destabilizes cyclooxygenase-2 mRNA

Su Hyun Jin

Department of Medical Science

The Graduate School, Yonsei University
(Directed by Professor Won Ho Kim )

Thalidomide which used as a sedative and anti-maudmig during late
1950's has been shown to have both anti-inflammatand anti-oncogenic
properties. The anti-inflammatory effect of thaldide is associated with
suppression of cytokine expression and the antgewcic effect is related to
inhibition of angiogenesis. Its cellular targetdaaction mechanism are poorly
understood. The NEB and cyclooxygenase (COX)-2 have been known tcabe
critical regulator of immune and inflammatory respe. Therefore, this research
investigated the molecular mechanism of the afigsimmatory effect of thalidomide,
especially in NEKB pathway, NEB-mediated COX-2 expression and
post-transcriptional level of COX-2 expression.

This research shows here that thalidomide can blddkB activation

through a mechanism that involves the inhibition astivity of the kB kinase



and NIK dependent pathway. These data indicate thati-inflammatory
property for thalidomide may be based on its abilito inhibit NFB

activation through suppression of R activation through NIK dependent
pathway.

COX-2, an inducible prostaglandin synthase, is exgressed in cancer and
chronic inflammatory disease. Regulation of COX-Roression is essential in
the suppression of tumor and inflammation. Therfdhe effect of thalidomide
was examined on COX-2 expression in colon canckrine, Caco-2. This
research identified that thalidomide did not aff€é@X-2 transcription through
reporter assay with COX-2 promoter deletion serieBut, on
post-transcriptional level, thalidomide and p38 MAkhhibitor, SB203580
increase COX-2 mMRNA degradation after actinomycin ti2atment.
Thalidomide also suppressed p38 MAPK activatioris Tesearch also shows
that thalidomide changes the subcellular locabmaiof HUR which is a
MRNA stabilizing protein and nuclear shuttling giat These data indicate
that thalidomide downregulates COX-2 expressiorough p38 MAPK
suppression and alteration of HuR localization. réfare, this research
suggests that thalidomide acts dependently as resdmational or post-
transcriptional regulator on MB and COX-2 and also, the effects of
thalidomide on NkB and COX-2 are important to understanding its

anti-inflammatory and anti-oncogenic properties.

Key words :Thalidomide, Cyclooxygenase-2(COX-2),char factorxB(NFkB),
mMRNA stabilization, p38 MAPK, HuR
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|. INTRODUCTION

Thalidomide, a synthetic derivative of glutamicidacwas used as a sedative
and anti-nausea medication in 1950's, but its uss wdiscontinued because it
was linked to serious congenital birth defects suah limb deformity:?
Nevertheless, thalidomide has been used to treat shseases such as rheumatoid
arthritis>* inflammatory bowel disea%eand some cancérs because of its
anti-inflammatory and anti-angiogenic properfié$.The advantage of thalidomide
compared with other anti-inflammatory drugs is sedective inhibition of TNFe
production and its wide therapeutic rarigbpt the action mechanisms of that remain
poorly understood. In terms of anti-inflammatoryfeefs, thalidomide has been
shown to suppress important inflammatory cytokingoression such as TNék-
21%nd IL-12**" And its anti-angiogenic effect has been demoredraty its

inhibitory effect on growth factor -induced neovalseization'® Neovascularization



occurs through a process that requires the induaifoa number of cellular genes
including IL-8'"*®Transcriptional upregulation of IL-8, as well as A® and IL-12,
can occur through activation of the transcriptiactér NFB."

The transcriptional factor NdB has been identified as a critical component of
several signal transduction pathways and has beewrk as a key regulator of
inflammation, tumorigenensis and angiogen%oﬁé. Its widespread biological
significance was demonstrated in part by its atiwain response to several different
agents in variety of cell types and by its regolatof a variety of genes involved in
immune and inflammation responses such as thoseodemc IL-2, major
histocompatibility complex class I, IL-6, and cédiu adhesion moleculéé® The
regulation of NKB activity is thought to provide significant meaginto
understanding the mechanism of immune and inflatarg responses.

Previous results indicate that thalidomide inlsibiihe NKB activity through
suppression ofiB kinase activit;f.4 In our previous report, we also confirmed that
thalidomide suppresses the IB-thduced NkB activation in colon cancer cells and
demonstrated the anti-inflammatory action of ittahide through NkB
inhibition.? In addition, thalidomide inhibits lipopolysaccharithediated induction
of cyclooxygenase (COX)-2, decreasing the stabidjfyCOX-Z.26 Despite these
findings, the mechanism of thalidomide's effectstlom expression of inflammatory
and angiogenic molecules is not fully understood.

Cyclooxygenase which catalyzes the conversion aodchadonic acid to
prostaglandin endoperoxide has two isoforms, wtdoh constitutively expressed
COX-1°"* and mitogen-inducible COX-2*° COX1 is a constitutively present
enzyme and its products are thought to be importantgastric and renal

homeostasi&~* In contrast, COX-2 is induced by inflammatory riaéors and has



been linked to inflammation, fever, pain and a namtf canceré**Recently, many
reports showed that COX-2 was overexpressed ia sftenflammation and in many
types of tumor tissued® Therefore, the regulation of COX-2 expression is an
important pharmacological target for treatment anglvention of inflammation and
cancer. Regulation of COX-2 expression is complaxk appears to involve multiple
mechanisms in different cell types and conditiri$ Studies on the transcriptional
regulation of COX-2 genes have led to the iderdtfn of a number of
transcriptional factors that are mediated throyggcsic cis-acting elements. Several
transcription factors, including NB, NF-IL6, CCAAT-enhancer binding protein
(CEBP), and cyclic AMP-response element-bindingtgiro (CREBP), have been

shown to act as positive regulatory elements foX&ranscription in different cell

38-44

types
In the human COX-2 gene, the nucleotide sequefidheo5'-flanking region
contains a canonical TATA box and consensus segsenicthe NEB in the 275-bp
region upstream from the transcriptional start Siteccording to many reports, these
NFxB binding sites are necessary to COX-2 expressiubriiey act differently up to

-44,46-47

cell type or mediatof: Some reports identified that COX-2 gene expresson

regulated at the level of transcriptional and frestscriptional mechanisni>" *® |

n
eukaryotic organism, post transcriptional gene leggn occurs through alteration in
MRNA stabilityf19 The COX-2 expression is also regulated at the-fpasscriptional

level’® 5051

and especially, AU-rich elements in 3-UTR of CQXnRNA appears to
be involved in the determination of mMRNA stabifity*

Recently, signaling pathways including p38 MAPK &RNA binding proteins,
such as HuR, have been reported as ARE-related m&al#lizing factors. HUR, a

member of Hu family of RNA binding proteins, is kmo to bind ARE and stabilize



several inducible mRNA¥: >>*" However, little is known about the exact idestti

and functional roles of mMRNA stability-related sidjng pathways and RNA binding
proteins.

In this study, we investigated a molecular actioachanism of thalidomide
through N&B mediated transcription and post-transcriptiorgutation of COX-2
expression. In particular, we examined the effeftthalidomide on COX-2 mRNA

stability and its stabilizing factors.

II. MATERIALS AND METHODS

1. Cdll culture

The colon cancer cell line, Caco-2 cells were ecalluin RPMI1640 medium
supplemented with 100W{ penicilin A, 100Ul streptomycin and 10%
heat-inactivated fetal bovine serum. Cells werenmadied at 3T in a humidified

incubator containing 5% CO2.
2. Materials

Thalidomide was purchased from Sigma (St.Louis, MSA) and dissolved in
sterile DMSO. IL-13 was provided from R&D (Minneapolis, MN, USA). HuR
specific antibody and phospho-p38 MAPK specificiaody were purchased from
Santacruz (Santa Cruz, CA, USA). Lipofectamin-pleagents were purchased from
Gibco-BRL (Rockville, MD, USA). Luciferase assaytkiwere provided from
Promega (Mannheim, Germany ). Expression vecta¥l&f and NIK mutant were
presented from Dr. David Wallach (Weizmann Inséituf Science, Israel) and
COX-2 promoter deletion construct were presentechfbr. WJ Lee (Ewha Woman's

University, Seoul, Korea).



3. Transfection and Luciferase Assays

A. Transfection : Caco-2 cells were plated on 6lsvgllate, grown to 70%
confluence, and transfected with @ of XB site-Luciferase reporter plasmid
or 0.5ug of COX-2 promoter-Luc reporter plasmids harborssgial deletions
by Lipofectamine-Plus reagent. After transfectidnttze indicated time, the
medium was changed to fresh and complement medium.

B. Luciferase assay : After 18hr, the medium waasngled to medium containing
inhibitors or control medium. After 30 min of incaiiion, cells were stimulated
with 1 ng/ml of IL-13 and allowed to incubate for designated time. Gebse
harvested and lysed in lysis buffer containing 25miNé-phosphate (pH 7.8),
2mM 1,2-diaminocyclohexane- N,N,N-tetraacetic acinM DTT, 10%
glycerol, and 1% Triton X-100 for 5 min at room feenature. Luciferase
activity was measured in a 20 of cellular extraction using a luciferase assay
system (Promega, Mannheim, Germany) and MicroLWwBa®6P luminometer
(EG&G Berthold, Australia). All transfection weneormalized for -gal

expression.
4. EMSA (Electrophoretic Mobility Shift Assay )

10 pg of nuclear protein was incubated for 30 min af(37in binding buffer (10
mM HEPES, pH 7.6, 5 mM MgCI2, 60 mM KCI, 1 mM DT%% glycerol, and 5
mg/ml heparin) with 5 pmol of labeled RNA probeairfinal volume of 20:(. For
supershift experiments, binding mixtures includeaylof affinity-purified IgG raised
against NkB(Santa Cruz Biotechnology). Loading buffer comitag 80% glycerol
and 0.1% bromphenol blue in 50 mM Tris-Cl, pH %&s added, and samples were
electrophoresed (250 V for 2.5 hr) on 4% polyacenitie gels (pre-run for 1 hr at 250
V) containing 44 mM Tris-Cl, pH 8.3, 44 mM boricidc1 mM EDTA, 4%



acrylamide-bisacrylamide (29:1), and 2.5% glycel®MSAs were visualized by
autoradiography.

5. ELISA (Enzyme Linked ImmunoSorbent Assay)

IL-8 production was detected by sandwich ELISA. iMiter plates (Costar,
Coarning ,NY, USA) were coated with 10@/well of anti-IL-8 monoclonal
antibody in PBS(137mM NaCl, 2.7mM KCI, 10 mM M#Q,, pH 7.4, 2 mM
KH.PQy) at room temperature for 18hr. After washing WiBS for three times, 2%
BSA was added for 1hr and cells were washed wits.PEample and recombinant
IL-8 were diluted in PBS containing 0.5% Tween-Z0.each well, diluted standard
or sample(100¢/m!) were added and incubated at room temperaturghiorBound
IL-8 were detected after subsequent incubation$ wibtinylated antibody and
Streptavidin-Alkaline phosphatase. After washingloc was detected with ELISA
Amplification System (Glbco-BRL, Rockville, MD, USAand absorbance was
determined at 490nm. IL-8 concentration was deteechiby interpolation of their
absorbance from the standard curve. The relatitie im determined as compared

with IL-1 stimulation.
6. Immunofluorescence Stain

Caco-2 cells (1 X 10) were seeded in 4-chamber slides. Cells werebitedl
with or without thalidomide (1mM) and/or IL{3(1ng/ml). After stimulation for 1hr,
cells were fixed in 4% paraformaldehyde aiC 4or 10 min. After washing with
PBS for three times, cells were permeabilized uaidgl mixture of aceton/methanol
for 1 min and washed a furthwr three times with PB&ti-p65 antibody or HuR
antibody was treated (1:150) atC4for overnight. After three times washing with
PBS, FITC-conjugated secondary antibody was adde80@) for 1hr at room

temperature. After final washing with PBS, cellsravescanned using a confocal



microscope (TCSNT, LEICA, Switzerlan ).
7. Western blot

For the extraction of whole-cell lysates, cells evesuspended in lysis buffer
containing 50 mM Tris.Cl (pH 7.4), 100 mM NacCl, IrfiM MgCl, 1 mM EDTA,
0.5 mM DTT, 1 mM PMSF, 2@g/m{ leupeptin, Sug/ml pepstatin, and 0.5% NP-40.
The lysates were incubated on ice for 30 min amdrifeged at 12,000 g for 10 min.
The supernatants containing total cell proteinsemeansferred into a new tube.
Proteins were diluted in SDS-PAGE loading buffealléwing SDS-PAGE, the
proteins were electrophoretically transferred @10m PVDF membranes (Millipore,
Bedford, MA, USA) for 1hr at 350 mA using a Tanhrisfer system (Bio-rad, CA,
USA). The membranes loading the transferred prstere blocked with 5% non-fat
milk in TBST (0.1M Tris, pH7.4, 0.9% NacCl, 0.05% €®an 20) for 30 min at room
temperature. The membranes were probed with spepifimary antibody and
visualized by enhanced chemiluminescence with H&Rugated secondary
antibody.

8. Nuclear and Cytoplasmic Extracts

A. Cytoplasmic protein extraction : For extractingtosolic protein, cells were
lysed in buffer containing 10 mM HEPES (pH 8.0), @ KCI, 1.5 mM
MgCl,, 0.5 mM DTT, 1 mM PMSF, 2@g/n! leupeptin, 5Q:g/mlpepstatin, and
0.5% NP-40. The lysates were incubated on ice famib and centrifuged at
2000 g for 1 min. The supernatants contain cytpla proteins and the pellets
were used for nuclear extraction.

B. Nuclear protein extractionThe pellets resuspended in buffer containing M m
HEPES (pH 8.0), 20% glycerol, 420 mM NaCl, 1 mM ERD.5 mM DTT, 20
wglnl leupeptin, 5@g/ml pepstatin, 1 mM PMSF and 0.1% NP-40 and kept on



ice for an additional 30 min. After centrifugati@at 12,000 g for 10 min,

supernatant containing nuclear protein was obtained
9. RNA extraction and RT-PCR

A. RNA extraction: 5 X 10 cells per sample were collected at the indicaitee t
points and frozen at -80. Total RNA was extracted using TRIzol reagent
(Gibco-BRL, Rockville, MD, USA) as described in theanufacturer's
specifications. RNA was simultaneously preparednfrall samples in each
experiment, quantitated, and used as templatef@rse transcription.

B. RT-PCR: 10 ug of total RNA from each sample were transcribedersely
using the reverse transcriptase kit (Promega, MainmhGermany). Ten percent
of the resulting cDNA from each sample was subgedte 30 cycles of PCR
consisting of 1 min at 9¢, 1 min at 58 and 1 min at 7Z in 20pl reaction
mixture in PCR-premix kit (Bionier, Dajeon, Korealhe PCR primers for
COX-2 were 5'- CAGCAA ATCCTTGCTGTTCC-3' for the feard primer
and5-TGGGCAAAGAATGCAAACATC-3' for the reverse primer.

10. Measurement of mMRNA degradation

Caco-2 cells were stimulated with 1131(1 ng/ml) for 6 hr, followed by
pretreatment with 1mM thalidomide and M SB203580 for 30 min in order to
measure the extent of mMRNA degradation. Actinomyzi(b g/ml) was then added,
followed by further incubation for 0, 15, 30, 60r ©20 min. Total RNA was
prepared, and mMRNA was measured as above. All wate normalized to the

housekeeping genes @f-actin.

I1l. RESULTS



1. IL-1p induces NFkB transcriptional activation

First of all, this research confirmed the IB-thduced transcriptional activation of
NFkB by reporter gene assay. As shown in figure 1,/600f IL-1f induced a 10
folds increase in luciferase activity compared veiis not exposed to ILBland

IL-1p8 induced NEKB transcriptional activation in dose dependent neaiffig. 1).

2. Thalidomide inhibits NFkB transcriptional activation by IL-1§

To determine if thalidomide inhibits NB transcriptional activity, transient

transfection assays were performed using a Ilugéraeporter plasmid
containing three NEB binding sites.50U/ml of IL-13 induced a 6.32 fold increase
in luciferase activity compared with cells not eged to IL-B. Treatment of cells
with thalidomide at the time of ILflinduction led to the suppression of WNF
B transcriptional activation in dose dependent neanbmM thalidomide suppressed
luciferase activity to about 47% levels from thattbe treatment of IL-f alone (Fig.
2). These results demonstrate that thalidomidebitshithe ability of NEKB to

activate gene expression.

3. Thalidomide Inhibits 1L-8 production by IL-1p

To determine whether thalidomide inhibits DN dependent gene transcription,
IL-8 productions were measured in cell cultureddimm when Caco-2 cells were
pre-treated with thalidomide at indicated dose 36rmin followed by exposure to
50U/ml of IL-1 for 2hr. The media were collected and subjectdd-® ELISA. The

treatment of thalidomide inhibited ILftinduced IL-8 production in a
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Figure 1. Induction of NFkB transcriptional activation by I1L-18

Caco-2 cells were transfected with an HIV-1 longmieal repeat luciferase construct
containing three NEB binding sites. After 4 hr, media were changethwiiesh media and
cells were incubated for 18hr. After that, cellsavgeated for 4 hr with IL{lat the indicated
dose. Cell extracts were harvested and luciferasiwity was determined. The data are

representative of five independent experiments.
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Figure 2. Inhibition of IL-1p -induced NFkB transcriptional activation by thalidomide

Caco-2 cells were transfected with an HIV-1 longmieal repeat luciferase construct
containing three NEB binding sites. After 4 hr, media were changethiiesh media and
cells were incubated for 18 hr. After that, cellerev pretreated with thalidomide at the
indicated dose for 30 min and then incubated With for 4 hr. Cell extracts were harvested
and luciferase activity was determined. The dat mpresentative of five independent

experiments.

dose-dependent manner. Based on the average efiticlependent experiments, IL-1
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B-induced IL-8 production was inhibited by about 30#ten 1mM thalidomide was
added to cells (Fig. 3). This data indicates thatidomide blocks not only N&B

transcriptional activity but also NB dependent gene expression.

4. Thalidomide inhibits NFxB DNA binding by IL-1§

Caco-2 cells were preincubated for 30 min with ed#ht concentrations of
thalidomide and treated with ILB1for 30 min at 37°C, and then nuclear
extracts were prepared and assayed fowxBNEctivation by EMSA. As shown
in Fig. 4A, thalidomide inhibited IL{l-mediated NEB activation in a
dose-dependent manner, with maximum inhibition o@ecg at 1mM
Thalidomide by itself did not activate NB.

Because NEB is a family of proteins, various combinations BEI/NF«B
protein can constitute an active NF heterodimer that binds to a specific
sequence in DNA. To show that the retarded bandaliced by EMSA in
IL-1B-treated cells was indeed NB, nuclear extracts were incubated from IL-1
B-activated cells with antibody to either the p50F({B1) or the p65 (RelA)
subunit of NkB. Antibody against p65 shifted the band to a highmlecular
mass (Fig. 4B), but antibody against p50 did notftedh the band, thus
suggesting that the ILBlactivated complex consisted of p65 subunits. Exces

unlabeled NEB (100-fold) caused complete disappearance of toedb

5. Thalidomide Inhibits NFkB nuclear translocation by IL-1f

In unstimulated cells, NEB dimers are kept as inactive complexs in the

_12_
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Figure 3. Inhibition of 1L-1f-induced IL-8 production by thalidomide

Caco-2 cells were pretreated with thalidomide & itdicated dose for 30 min and then
treated with IL-B for 2 hr. Culture media were collected and usedttie detection of IL-8
production. IL-8 production was determined by IIEBISA assay. The data are representative

of five independent experiments.
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Figure 4. Inhibition of IL-1p-induced NFkB DNA binding activity by thalidomide

A. The effect of different concentrations of thalidide on IL-B-dependent NikB
activation. Caco-2 cells were preincubated at 376€ 30 min with thalidomide at the
indicated dose and then treated with 1ng/ml of BL-for 30 min. After these
treatments nuclear extracts were prepared and #msayed for NEB. B. Nuclear
extracts were prepared from untreated or fkhkated Caco-2 cells, incubated for 30

min with different Abs or cold NEB oligo probes, and then assayed forxBF

cytoplasm by inhibitory proteins such a$8h and kBf3. After cell stimulation, tBs

_14_



are phosphorylated and degraded, and free dimmanslacate into the nucleus.
To investigate whether thalidomide inhibitsclear translocation of p65, this
reseach performed Western blot using the anti-pb@dy. Nuclear and cytosolic
proteins were examined separately. ftdeatment increased the amount of nuclear
p65 and decreased the cytosolic amount of p65ttengretreatment of thalidomide
suppressed this change (Fig. 5). This reseachcalsiemed the inhibition of nuclear
translocation of p65-containing complexes by thatile using immunofluoresence
staining in the same codition. In the unstimuladeate, p65 localized exclusively to
the cytoplasm (Fig. 6a). After stimulation with I}, p65 was found in the nuleus
(Fig. 6b). The staining pattern did not change upeatment with thalidomide alone
(Fig. 6¢). However, treatment with ILB1plus thalidomide resulted in exclusive
cytoplasmic staining indistinguishable from that wistimulated cells (Fig. 6d).

Thease data indicate that thalidomide preventsaundianslocation of p65.

6. Thalidomide Inhibits 1xBa degradation by IL-1p

To investigate the upstream of M translocation inhibited by thalidomidesBa
degradation was examined following thalidomideatireent. Caco-2 cells were
pretreated with thalidomide for 30 min at the irsdéd dose, and were subsequently
stimulated with 50U/ml of IL-f. Cells were harvested and cytoplasmic proteingwer
extracted and were analyzed by Western blottinggusinti-kBa antibody. When
cells were incubated with 50U/ml of IL31the amount of cytoplasmiaBa was
decreaseadtompared with the result of no treatment. The tneat of thalidomide
blocked kBa degradation at dose dependently (Fig. 7). This ddtaw that

thalidomide blocks IL-g-induced kBa degradation and then NB translocation is
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Figure 5. Inhibition of 1L-1B-induced NFkB nuclear translocation by thalidomide
Caco-2 cells were pretreated with thalidomide & ithdicated dose for 30 min and then
treated with IL-B for 30 min. And then, nuclear and cytosolic proseiwere collected

separately and subjected to Western blot usingutitiep65 antibody.
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a IL-1B - IL-1 +
Thalidomide - Thalidomide -

c IL-1B - IL-1B +
Thalidomide + Thalidomide +

Figure 6. Inhibition of 1L-1p-induced NFkB nuclear translocation by thalidomide

Caco-2 cells were left untreated (a), stimulatedhwi-18 50 U/ml (b), treated with
thalidomide 1 mM alone (c), or pretreated with Mrthalidomide followed by stimulation
with IL-1 50U/ml (d). The intracellular location of MB was determined by

immunofluorescence study using an anti-p65 antibody
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IL-1B (50 U/ml) - + + + + +
Thalidomide - - 0.1 0.2 0.5 1.0 (mM)

Figure 7. Inhibition of IL-1f-induced |xBa degradation by thalidomide.
Caco-2 cells were pretreated with thalidomidehat indicated dose for 30 min and then
treated with IL-B for 30 min. Equal amounts of cytoplasmic extrastsre prepared and

subjected to Western blot using a specific anBe antibody.

inhibited.
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7. Thalidomide Inhibits NIK-induced NFkB activation

To identify the inhibitory target of thalidomidehi$ reseach investigated the
effect of thalidomide on NIK, thexBa upstream molecule, by using NIK
expression vector. Caco-2 cells, which were @hdfected with HIV-1 long
terminal repeat luciferase construct containinge¢hiNFkB-binding sites, were
co-transfected with empty vector (pcDNA), NIK exggs®n vector
(pcDNA-NIK(wt)) or mutant NIK expression vector @BIA-NIK(mut)), and
incubated with or without thalidomide (1 mM) for B4 After that, luciferase activity
was measured. NIK expression vector inducedkBlRranscriptional activation
compared with empty vector or mutant NIK expressientor. Thalidomide inhibits
NIK expression vector-induced MB transcriptional activation without change in
empty vector or mutant NIK transfected cells (R). These data indicate that

thalidomide inhibits NIK dependent B transcriptional activation.

8. Thaldomide inhibits COX-2 expression by IL-1f

This reseach also examined the effect of thalidembn IL-13-induced
COX-2 expression. Western blot analysis showed thang/ml of IL-13
induced the increase of COX-2 expression compardth we result of no
treatment and treatment with thalidomide causedose-dlependent decrease in

IL-1B-mediated of COX-2 expression (Fig. 9).

9. Thaldomide inhibits induction of COX-2 mRNA by IL-1p

This reseach also investigated the effects of doaiide on COX-2 mRNA
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Figure 8. Inhibitory effect of thalidomide on NIK-induced NFkB transcriptional
activation.

Caco-2 cells, which were all transfected with HI\lehg terminal repeat luciferase construct
containing two NEB-binding sites, were cotransfected with empty ee¢pc DNA), NIK
expression vector (pcDNA-NIK(wt)) or mutant NIK exggsion vector (pcDNA-NIK(mut)),
and incubated with or without thalidomide (1 mMj &3 hr. After that, luciferase activity was

measured. The data are representative of four amtimt experiments.
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IL-1B (1ng/ml) - + + + + +
Thalidomide(mM) - 0 0.1 0.2 0.5 1.0

COX-2 — . GRS D ——

ACTIN | —— c————

Figure 9. Theinhibition of IL-1p induced COX-2 expression by Thalidomide
Cells were pre-treated before 30 min with thaliddenat the indicated dose and then were
treated 1ng/ml of IL-B. After 16hr, whole cell proteins were obtained akdstern blot was

performed for COX-2 and actin by specific antibodgtin was used as internal control.

expression by RT-PCR. The same as Western blot/milngf IL-13 induced
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COX-2 mRNA expression compared with no treatmen atithlidomide
effectively inhibited IL-PB -induced COX-2 mRNA synthesis (Fig. 10). As shown
in figure 10, p38MAPK inhibitor, SB203580, suppredsiL-1 -induced COX-2
MRNA synthesis and these data were based on tl&aM#FEPK regulates mRNA
stability. p38 MAPK was known for mRNA stabilizend many reports showed that
p38 MAPK can regulate mRNA’" Therefore, these suggest the possibility that
thalidomide can be a regulator of mMRNA stabilitythat the effect of thalidomide on

COX-2 mRNA is like that of SB203580.

10. NFkB siteis not essential for transcription of COX-2 by IL-1§

To further elucidate the mechanism responsible doanges in amounts of
COX-2 protein, the transcriptional activity of Cwas investigated, especially
in NFkB-mediated transcriptiolCOX-2 expression is regulated through multiple
pathways including NEB, C/EBP transcription factors, and MAPK*®>° NF
kB is thought to be a very important transcriptiaotor on COX-2 expression. Our
previous data showed that thalidomide suppressexBN#ctivation through NIK
dependent pathway. Thus, this reseach supposedhthauppression of COX-2 by
thalidomide is caused to the inactivation of W8 by thalidomide. First, this
reseacher examined the act ofd®Fsite on COX-2 transcription. Caco-2 cells were
transfected with COX-2 promoter deletion constr{ezt40 : full construct, d1650 :
2NF«B-site deletion, d1800 : atis element deletion) and COX-2 transcription was
measured by luciferase reporter assay and nomdaliyp -gal value. IL-B induced
the transcriptional activation of COX-2 in reportessay using complete COX-2

promoter construct, but there was no remarkableedse of IL-B-induced luciferase
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IL']-B(lng/ml) - + + +
Thalidomide(ImM) - - + -
SB203580(10uM) - - - +

COX-2

Actin

Figure 10. The suppression of IL-1B-induced COX-2 mRNA synthesis by thalidomide
and SB203580, p38 MAPK inhibitor

Caco-2 cells were pre-treated with or without 1nfMlidomide and 1QuM SB203580, p38
MAPK inhibitor. After 30 min, 1ng/ml IL- was added to the media for 6hr. Total RNA was

isolated and measured mRNA content by RT-PERwctin were used internal control.
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Figure 11. The role of NF-kB siteon IL-1p -induced COX-2 transcritional activation

Caco-2 cells were transfected with COX-2 promotdetion construct (d440 : full construct,
d1650 : 2Nkb-site deletion, d1800 : altis element deletion) and(3-gal construct by
lipofectamin. After transfection, cells were inctdsh with 1ng/ml of IL-B for 6 hr. Finally
total cell lysates were obtained and used in éuae reporter assay and normalized bgal

value. The data are representative of three indkperexperiments.

activity in reporter assay using NFkB-deleted COX¥@moter construct (Fig. 11).
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The deletion of NkB caused to decrease of COX-2 transcription ab6%.3These
data suggest that NB site is required but is not essential to Ik-ihduced COX-2
expression in Caco-2 cells. These data agree wh#t tinduction of COX-2

by IL-1B is mediated partly by N& in colorectal cancer celf&®

11. Thalidomide dose not affect COX-2 transcription by IL-18

This reseacher searched wether thalidomide afteetsranscriptioal induction of
COX-2 by IL-18. This reseacher performed reporter gene assay USMDX-2
promoter with various deletions. Thalidomide doest raffect on COX-2
promoter-driven luciferase expression in both cat@ICOX-2 promoter construct
and NFkB-deleted COX-2 promoter construct (Fig. 12). Thels¢a suggest that
thalidomide does not regulate the transcriptiortdivily of COX-2 gene as well as
NFkB mediated COX-2 gene transcription. This reseachdetermined that
thalidomide suppressed the expression of COX-2eprdiut did not inhibit COX-2

gene transcription.

12. Thalidomide and SB203580 destabilize COX-2 mRNA

Thalidomide had no effect on ILBimediated induction of COX-2
transcription. Treatment with ILBlstimulated COX-2 promoter activity, bulkis
effect was not suppressed by thalidomitast-transcriptional gene regulation
contains mMRNA copy number and mRNA half-life tinleo examine the effect of
thalidomide on the post-transcriptional regulat@iCOX-2 mRNA, this reseacher

investigated the effects of thalidomide on the iitadiion of COX-2 mRNA.
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Figure 12. The effect of thalidomide on IL-1g-induced transcription of COX-2

Caco-2 cells were transfected transiently with C@®}¥romoter deletion costruct (d440 : full

construct, d1650 : 2N#b-site deletion, d1800 : atis element deletion) anfl-gal construct

by lipofectamin. Cells were pre-treated with ImMliiomide for 30 min and incubated with

1ng/ml of IL-1B for 6 hr. Total cell lysates were used in lucifareporter assay and

normalized by3-gal value. The data are representative of three indepenagerienents.
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Figure 13. The destabilization of COX-2 mRNA by thalidomide and p38 MAPK

Caco-2 cells were pre-treated with or without 1nifdlidomide and SB203580. After 30 min,
IL-1B (1ng/ml) was added to the media for 6 hr. Aftetti#Actinomycin D (5 g/ml) was added
to the media for the indicated time, and COX-2 mRid¥els were analyzed by RT-PCR (A).
Relative levels of COX-2 mRNA expression were detaed by densitometric scanning of
the bands and normalized to tfeactin signal (B). The data are representative of five

independent experiments.

This reseacher measured the rates of degradatiolC@K-2 mRNA after
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treatment with IL-B or IL-1f plus thalidomide or SB203580. Cells were
treated with IL-B or IL-1p plus thalidomide for 4hr, then transcription was
stopped with the addition of actinomycin D. RNA wewelated for 15, 30, 60
and 120 min after treatment with actinomycin D asubjected to RT-PCRAs
shown in figure 13, treatment with thalidomide ibh-1p-treated cells induced
more rapid degradation of COX-2 mRNA than IB-Ireatment alone. In
addition, because the activation of p38 MAPK stabd# mRNA, this reseacher tested
the effect of pre-treatment with a p38 MAPK inhdsjt SB203580, as had been done
with thalidomide. Like thalidomide, SB203580 incsed COX-2 mRNA degradation
(Fig. 13). This reseacher suggest that thalidorsiggpresses COX-2 expression via

MRNA destabilization, which is related to the irtidn of p38 MAPK activation.

13. Thaldomide inhibits p38 MAPK activation by IL-1p

This reseach showed that p38 MAPK activation ie atdated with IL-B-induced
COX-2 mRNA stabilization. To know the inhibitory kteanism of thalidomide on
MRNA stabilization, this reseacher investigatedethibr there is the relation
between thalidomide and p38 MAPK. This reseacheiopeed Western blot using
specific antibody against phospho-p38 MAPK to examihe effect of thalidomide
on IL-1B-induced p38 MAPK activation. p38 MAPK was activatey IL-18 and its
phosphorylation was suppressed by thalidomidedose-dependent manner. We also
examined at the same time the effect of thalidonudeERK and JNK activation.
Thalidomide did not suppress the other MAPK atibrg ERK and JNK (Fig. 14).
Therefore, we identified that thalidomide inhibiBOX-2 mRNA stabilization

through p38 MAPK suppression.
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Figure.14. Theinhibition of IL-1p induced activation of p38 MAPK by thalidomide

Cells were treated 1ng/ml of ILB130min before IL-B treatment, cells were pre-treated with
thalidomide. After 30 min, whole cell proteins wetained and Western blot analysis was
performed using specific antibodies against phog8 MAPK (pper panels) and control
antibodies that recognize these kinases regardi€gbeir phosphorylation statugoger
panels). At the same condition, Western blot analysis paormed using specific antibodies

against phospho-ERK or phospho-JNK.

14. Thalidomide dose not affect HUR Expression by IL-1p
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A RNA-binding protein, HuR, is also known to beiamportant mRNA stabilizing
protein. This researcher examined whether thalidemaffects on total HuR
expression by Western blot using specific HUR aaljp As shown in Figure 15,

IL-18 as well as thalidomide dose not affect on HUR tetgbression.

15. Thalidomide and SB203580 alter the subcellular localization of
HuR

HuR is also known to be a nuclear-cytoplasmic tiihgt protein. HUR binds to
MRNA in nucleus and then translocates cytoplasrh miRNA. So HUR can protect
MRNA from nuclease. Therefore, to identify the eff@f thalidomide on HuR
subcellular localization, this researcher perfaintee immunofluorescence study
using anti-HuR antibody. HuUR localized in nucletithe unstimulated condition. but,
when it was stimulated by various factor, it shedtin cytoplasm. Thalidomide and
p38 inhibitor, SB203580 blocked the alteration afRHlocalization (Fig. 16). This
event occurred very early and then recovered. \Whise results, this research
suggested that thalidomide suppressed HuR shuttirgytoplasm and then mRNA

cannot be protected from nuclease.
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Figure 15. The effect of thalidomide on expression of total HUR expression by IL-1B

Caco-2 cells were pre-treated with or without &t itdicated dose of thalidomide for 30 min
prior to stimulation with IL-B (1 ng/ml) for 8 hr. Total proteins were extracted ahen HUR

was detected by Western blot using specific adiiifor HUR.
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Figure 16. The alteration of subcellular localization of HuR by thalidomide and

SB203580

Caco-2 cells were left untreated or stimulated withg/.ml of IL-13 for 1hr. 1 mM

thalidomide and M SB203580 were pretreated for 30 min. The intdatal location of
HuR was determined by immunofluorescence stainieopngu specific antibody for HuR

antibody and FITC conjugated antibody. Nucleus vetaeed with DAPI (5 ug/ml).
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V. DISCUSSION

Thalidomide has known for anti-inflammatory andiamgiogenic druﬁ.2 Despite
its clinical role is expanding, its internal menfsm was not known clearly. This
researcher has concerned about thalidomide'st targehanism and has defined the
molecular mechanism of thalidomide, especiallyhia NRB pathwayz.5 Our report
showed that thalidomide suppressed B.idduced NFkB activation by the inhibition
of NIK downstream pathway. This research showedt ttalidomide inhibitedNFx
B mediated gene transcription through IL-8 produttiAngiogenic factors such as
IL-8 are transcriptionally regulated by NB, and TNFea-dependent
angiogenesis requires the activation ofBFfor the expression of IL-8. This
result explains the anti-angiogenic effect of whainide through inhibition of IL-8
expression which is required in neovascularizadod agrees that thalidomide is
being used as a cancer therapy partly based on altdity to inhibit
neovascularizatioff®®

In most cell types, NiEB is kept as an inactive complex in the cytoplasmra to
its inhibitor protein, kBoa.. Upon activation #Ba rapidly degrades, and free N&
dimmers translocate to the nucleus and activa@ta@;eneg‘.1 Both TNFa and
IL-1B activate NKB through the induction of IKR?®>® |KK activation results
in the phosphorylation ofkBa on serine residues 32 and 36, which ultimately
leads to the degradation of this inhibit6f® Because thalidomide is capable of
inhibiting DNA binding activity, as well as inhiliilg the transcription potential
of NF«B, this researcher determined whether thalidomidéeced on the
regulation of the NKB inhibitory protein, kBa. Our result shows that
thalidomide blocks¥Ba. degradation in a dose-dependent maner. This datnn

that thalidomide blockskBa. degradation and then NB translocation. Therefore,
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these results indicate that the target of thalidienior NFB inhibition is IKK which
phosphorylates and then degrades oBdal. Our results agree with the latest
report that thalidomide inhibits IKK activiﬁ?.

Based on these findings, this researcher hypabeésthatinhibition of NFk
B could be essential in the mechanistic role ofidoahide and thus investigated the
effect of thalidomide on COX-2 expression, whichingportant in both inflammation
and oncogenesis.

COX-2 expression is a rate-limiting step in coloancer carcinogenesis.
Therefore, the regulation of COX-2 expression dbotes to suppression of
inflammation and oncogenesis. In this researchlidimaide suppressed COX-2
protein expression and mMRNA expression. To know theechanism of
regulation of COX-2 expression, this researcheso ahvestigated the effect of
thalidomide on transcriptional activity and postseriptional activity of COX-2.
This research finally identified that MB was not essential in COX-2 gene
transcription and thalidomide did not affect ddOX-2 gene transcription,
regardless oNFxB. Our results also suggest that thalidomide sigge® COX-2
expression through destabilization of COX-2 mRNA.

Regulation of COX-2 expression is complex and appéa involve multiple
mechanisms in different cell types and conditichithough the promoter regions of
the COX-2 gene contain binding sites for severahgcription factors, including
thalidomide-inhibited NkB**, inhibition of COX-2 expression by thalidomide was
not associated with inhibition of MB under our experimental conditions. It is
possible that the inhibitory effect of thalidomide the NkB pathway is associated
with the regulation of other cytokines or growtlctfars rather than COX-2 gene

regulation and also that the IlB<induced transcriptional activation of the COX-2
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gene is more dependent on activation of other ¢rgmtonal factors than on
activation of NikB. Further studies are needed to determine wheheedifferent
conditions in cell types and stimuli for inductiohcytokines give rise to the different
targets for the anti-inflammatory and anti-angidgesifects of thalidomide.

The suppression of COX-2 mRNA stability by thaliddm is consistent with
previous observations that thalidomide decreasestdbility of TNF&e mRNA and
COX-2 mRNA?® |t is well documented that mRNA stability is anpiartant factor
in controlling gene expressidﬁ,” and, although constitutive transcription of COX-2
may initiate unregulated expression of the enzymedlon neoplasr?ﬁ growing
evidence implicates mMRNA stability and translatiosfficiency as central controls in
COX-2 expression>"

Previous reports showed that a major regulatoryntpof COX-2 gene
expression occurs at the post transcriptional Jemed this control is mediated
by the ARE-containing 3'UTR of the COX-2 mRNA> Regulation of mRNA
is dependent on botbis elements in the RNA and trans-acting factors. Dhst
characterizedtis element is the AU-rich element (ARE) within theuBitranslated
region (3'UTR) and target for rapid RNA degradafioff Based on their sequences
and their effects on mRNA stability, three class¢sAREs have been defined.
Class | AREs contain scattered copies of the AUUWAquence within a
U-rich region. Class Il AREs contain overlapping BUA motifs within a
U-rich region. Class Il AREs do not contain the BUA motif, but they are
U-rich sequence$. AREs have been shown to be recognized by such RiNdirgy
proteins as HUR, AUF1, CUBP2, TIA-1, TIAR, and hnRNwvhich can promote or
suppress the stability of mMRNAY: *"®

This researcher focused our attention on HuR becathds is the best
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characterized ARE-binding protein, and its targ&®N®As, including TNF, VEGF,
p21, and COX-2, have been reporfé@ver-expression of HUR increases the lifetime
of many ARE-containing mRNAs, which suggests thatRHbinding stabilizes
mRNAs. ****" However, it is also possible that HUR over-expssstabilizes
MRNAs by sequestering other proteins that decresRBA stability. Furthermore,
altered expression of HUR promotes COX-2 expressiorcolon cancer cells,
suggesting that dysregulation of these RNA-stahiliz factors can lead to
over-expression of carcinogenic proteW\s.

An interesting feature of HuR is that it containeqeences that allow
shuttling between the nucleus and the cytopl¥sit. has been suggested that
HuR binds mRNAs in the nucleus and then escorts mhRNAs to the
cytoplasm where HuR protects them from degraddtiorSeveral cellular
stresses, including UV irradiation, heat shock, athibition of protein
synthesis increase the cytoplasmic concentrationHaR suggesting that this
shift plays a role in the regulation of mRNA stiil* We identify that
thalidomide blocks the shuttling of HUR from nudeto cytosol and this causes to
destabilize COX-2 mRNA.

Some reports have showed that COX-2 mRNA stabifityegulated by p38
MAPK in human monocytes and in HeLa céfl&! Others have provided evidence of
p38 MAPK-dependent COX-2 mRNA stabilization, opgrat through the p38
MAPK substrate, APK-2, and possibly mediated irt pgrthe phosphorylation of the
small heat shock protein hsp?7.

The p38-dependent stabilization of mMRNA is sequespecific, as 3' UTR
sequences derived from c-myc or TdN8estabilize theé3-globin reporter transcript,

but do not confer responsiveness to the p38 pathiwaising a similar system, it has
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recently been demonstrated that the p38 pathwaylates the stability of reporter
transcripts containing IL-6, 11-8, c-fos, and GM-ERREs® Thus, p38 is able to
regulate the stability of a subset of mMRNAs contggrelass | AREs or class || AREs,
including COX-2 mRNA™.

Here, his researclshowed that thalidomide inhibits ILBdinduced p38 MAPK
activation and that the p38 MAPK inhibitor SB2035868creases COX-2 mRNA
stability and blocks the IL{3-induced translocation of HuR. In addition to p38
MAPK, other signaling pathways such as MAPK1/2, Rasd the PI3K/Akt/PKB
(protein kinase B) signaling pathway are known éad to post-transcriptional
regulation of COX-2 mRNA stability’**** But, in our result, thalidomide did not
inhibit IL-1B-induced ERK and JNK activation. Thereforeistresearclsuggest that
thalidomide blocks p38 MAPK mediated COX-2 mRNAlsliaation.

Until now, although thalidomide had been shown upmsess the expression of
COX-2 and TNFa through the decreased stability of their mRNAs tfrug's
mechanism involving RNA-binding proteins and sigmgl pathways has been
unknown. Our findings demonstrate that inhibitiofi 38 MAPK and HuR
translocation could be important mechanisms reltaetie destabilization of COX-2

MRNA by thalidomide.
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V. CONCLUSION

Thalidomide has been shown to have both anti-inflatory and
anti-oncogenic properties. But, its action mechanis poorly understood. This
research present here our investigation of the cotde mechanism of
thalidomide activity, particularly in NéB and COX-2, a critical regulator of
immune and inflammatory response.

In this results, thalidomide inhibited both Il3-induced IL-8 production and IL-1
B-induced NiB dependent luciferase activity. In addition, nacléranslocation of
NFxB and degradation okB after IL-1f stimulation were blocked by thalidomide.
Thalidomide inhibits NIK dependent MB transcriptional activation. To sum up,
these results indicate that anti-inflammatory propefor thalidomide may be
based on its ability to inhibit NEB activation through suppression of &
activation through NIK dependent pathway.

This research also examined the effect of thalidemdon COX-2 expression
which is overexpressed in cancer and chronic inftatory disease because its
regulation is essential in the suppression of tuenad inflammation. NEB is
thought to be a very important transcription faaor COX-2 expression and IL31
-induced NkB activation is inhibited by thalidomide. Therefpwme investigated the
role of NRB and the effect of thalidomide on COX-2 transcapal activity. NF«B
binding site is partially worked and not essential IL-13 mediated COX-2
transcription. Although thalidomide did not inhibthe IL-13-induced COX-2
transcription, it suppressed the induction of COX@tein and mRNA by ILfl.
Furthermore, thalidomide decreased the fkiiduced COX-2 mRNA stability in
actinomycin D-treated experiments, and also sigaifily reduced IL-f-induced p38

MAPK activation. And thalidomide suppresses chagginbcellular localization of
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HuR which is a mRNA stabilizing protein and nuclear tfimg protein.These
data indicate that thalidomide downregulates CO&x@ression through p38 MAPK
suppression and alteration of HuR localization.

Conclusively this research suggest that thalidomidentributes to the
well-known anti-inflammatory and anti-angiogenideets through the suppression
of NF«B activation and destabilization of COX-2 mRNA bwnhibiting p38

MAPK and changing HuR subcellular localization.
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