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Characterization of Synergistic Induction of CX3CL1/
Fractalkine by TNF-a and IFN-vy in Vascular Endothelial
Cells: An Essential Role for TNF-a in Post-Transcriptional
Regulation of CX3CL1

Tomoh Matsumiya,* Ken Ota,Jr Tadaatsu Imaizumi,* Hidemi Yoshida,* Hiroto Kimura,jE

and Kei Satoh*

CX3CL1/Fractalkine, a chemokine specific to monocytes and NK cells, is induced synergistically by TNF-a and IFN-y in vascular
endothelial cells. However, the mechanism for this synergism remains unclear. This study explored the hypothesis that the
CX3CL1 expression is regulated at a posttranscriptional level, which may responsible for the synergism between TNF-a and
IFN-v. Brief exposure of HUVECs to TNF-a led to a robust increase in IFN-y—induced CX3CL1 production. We found that TNF-
a stabilized CX3CL1 mRNA in HUVECs stimulated with IFN-y. Cloning of 3'untranslated region (UTR) of CX3CL1 mRNA
revealed the presence of a single copy of nonametric AU-rich element in its 3'UTR, and a luciferase reporter assay showed that
a single AU-rich element is a crucial cis-element in the posttranscriptional regulation of CX3CL1. TNF-« treatment resulted in the
phosphorylation of p38 MAPK and its downstream target, MAPK-activated protein kinase-2, but IFN-v did not affect the levels of
MAPK and MAPK-activated protein kinase-2 phosphorylation induced by TNF-«. Treatment of the cells with an inhibitor of p38
MAPK accelerated the decay of CX3CL1 mRNA induced by TNF-a or the combination of TNF-a and IFN-y. Immunoprecip-
itation assay revealed that mRNA stabilizer HuR directly binds to 3'UTR of CX3CL1 mRNA. CX3CL1 expression is under
control of posttranscriptional regulation, which is involved in the synergistic induction of CX3CL1 in response to the combined

stimulation with TNF-a and IFN-y. The Journal of Immunology, 2010, 184: 4205-4214.

the subendothelial space are prominent pathologic features of

atherosclerosis (1). However, the mechanisms for monocyte
recruitment and infiltration are not fully understood. Recent
studies revealed the high levels of cytokine expression in the re-
gion of the atheroma compared with normal arteries (2). TNF-a
and IFN-y, major proinflammatory cytokines, are detected at
particularly high levels as compared with anti-inflammatory cy-
tokines (e.g., IL-4, IL-10) (3). TNF-q, a pleiotropic cytokine that
exerts potent proinflammatory effects, is implicated in athero-
sclerosis and other metabolic and inflammatory disorders, such as
obesity and insulin resistance (4). The major source of TNF-a is
monocytes/macrophages (5). IFN-y is secreted mainly by NK
cells and activated T lymphocytes (CD4+ Th1 cells) (6). Th1 cells,

I nfiltration and accumulation of monocytes/macrophages into
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regarded as proatherogenic, accumulate in the plaques with en-
hanced expression of IFN-y (7). IFN-y has a wide variety of
functions, including antiviral, immunomodulatory, and in-
flammatory activities (6). Both TNF-a and IFN-y serve as ago-
nists to induce a variety of cytokines, and costimulation of cells
with TNF-a and IFN-vy leads to synergistic superinduction of
a certain type of cytokines (8).

CX3CL1, also known as fractalkine, is a unique chemokine cat-
egorized to the CX3CL1 chemokine family (9). CX3CL1 has potent
chemoattractant activity for T cells and monocytes, along with
MCP-1 known as CCL2 (10). A recent animal study demonstrated
the resistance to development of atherosclerosis in cx3cll ™'~
apoE '~ mice or cx3cll '~ ldlr '~ mice, suggesting that CX3CL1
plays an important role in the plaque formation by recruiting
monocytes/macrophages (11). The expression of CX3CL1 is en-
hanced synergistically by TNF-a and IFN-y (12-15). The in-
dividual effect of either TNF-a or IFN-vy is limited to induce
CX3CL1; however, the combined treatment of HUVECs with these
cytokines increases the CX3CL1 protein levels ~10-fold (12).
Therefore, the elucidation of the molecular mechanisms underlying
this synergistic effect may provide an important insight into path-
ogenesis of atherosclerosis.

In the fields of immunology and virology, it has been known that
simultaneous treatment with TNF-a and IFN-vy synergistically in-
duces the antiviral responses, which inhibits viral gene expression
and lower viral titers to a greater extent than those brought about by
the treatment with either one of these cytokines (16). TNF-a acti-
vates NF-kB (NF-kB) (17). IFN-y activates JAK and its subsequent
downstream molecule, STAT1 (18). Functional synergy between
TNF-o and IFN-vy is thought to be mediated by signal cross-talk
between the JAK-STAT pathway and NF-kB system (19, 20).
Moreover, many of the genes, under the synergistic regulation by
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TNF-a and IFN-v, including ICAM1 (21), IRFI (22), and CX3CL1
(15), have the DNA binding cis-elements for both STAT1 and NF-
kB within their promoter regions.

It is, however, not yet fully understood how TNF-a and IFN-y
synergistically induce gene expression, because TNF-a has the
ability to regulate gene expression at both the transcriptional and
posttranscriptional levels (23). Surprisingly, no studies to date
have investigated the role of the posttranscriptional gene regula-
tion by TNF-a in the synergism with IFN-y. The present study
was undertaken to examine the potential involvement of post-
transcriptional regulation of CX3CL1 mRNA induced by TNF-a
and IFN-v in cultured human endothelial cells.

Materials and Methods

Cell culture

HUVECs (Lonza, Basel, Switzerland) were cultured as described pre-
viously (24) with slight modification. The cells were maintained in a 5%
CO, atmosphere at 37°C in endothelial growth medium containing sup-
plements (FBS [2%], hydrocortisone [0.04%], ascorbic acid [0.1%], long R
insulin-like growth factor-1 [0.1%], heparin [0.1%], human fibroblast
growth factor [0.4%], human recombinant vascular endothelial growth
factor [0.1%], human recombinant epidermal growth factor [0.1%], and
gentamicin sulfate/amphotericin B [0.1%]). When the cells reached ~80%
confluence, the medium containing growth factors was replaced with M-
199 (Invitrogen, Carlsbad, CA) supplemented with 20% human serum.
A549 cells were maintained in a 5% CO, atmosphere at 37°C in DMEM
(Invitrogen) supplemented with 10% FBS (Invitrogen). HUVECs were
stimulated with 2 ng/ml TNF-a (R&D Systems, Minneapolis, MN) or
2 ng/ml IFN-y (R&D Systems). Inhibition of p38 MAPK was accom-
plished by treating the cells with 1 wM SB203580 (Calbiochem, La Jolla,
CA), a p38-specific inhibitor, for the indicated time periods.

ELISA for CX3CLI

For the measurement of CX3CL1 production by HUVECsS, the cells in a six-
well culture plate were stimulated with 2 ng/ml IFN-+ for 16 h, followed by 2
ng/ml TNF-a treatment for up to 2 h. After the incubation, the cells were
washed twice with M-199, and culture medium was replaced with M-199—
0.5% BSA (Sigma-Aldrich, St. Louis, MO), and the cultures were incubated
for an additional 90 min. Next, the conditioned medium was collected, cell
debris was pelleted by centrifugation, and the level of CX3CL1 in the su-
pernatant (Sup) was determined using a Quantikine ELISA kit (R&D Sys-
tems).

Quantitative RT-PCR

Total RNA was extracted from the cells using an RNeasy Total RNA Isolation
kit (Qiagen, Hilden, Germany) with on-column DNase I (Qiagen) digestion.
One microgram of total RNA served as a template for single-strand cDNA
synthesis in a reaction using oligo(dT) primers and M-Mulv reverse tran-
scriptase (Invitrogen) under conditions indicated by the manufacturer. An
Opticon 2 real-time PCR detection system (Bio-Rad, Hercules, CA) was used
for quantitative analyses of CX3CL1, GAPDH, luciferase, and zeocin. The
sequences of the primers were as follows: CX3CL1-F (5'-GACCCCTA-
AGGCTGAGGAAC-3"), CX3CLI-R (5'-CTCTCCTGCCATCTTTCGAG-
3"), GAPDH-F (5'-CCACCCATGGCAAATTCCATGGCA-3"), GAPDH-R
(5'-TCTAGACGGCAGGTCAGGTCCACC-3'), Luciferase-F (5'-ACG-
GATTACCAGGGATTTCAGTC-3"), Luciferase-R (5'-AGGCTCCTCA-
GAAACAGCTCTTC-3'), Zeocin-F (5'-GACTTCGTGGAGGACGACTT-
3"), and Zeocin-R (5'-GACACGACCTCCGACCACT-3").The amplifica-
tion reactions were performed with iQ SYBR Green Supermix (Bio-Rad)
according to the manufacturer’s specifications. Amplification conditions
were as follows: 2 min at 50°C followed by 3 min at 95°C and then 40 cycles
of 15 s at 95°C, 30 s at 58°C, and 30 s at 72°C. After amplification was
complete, a melting curve was generated by heating slowly at 0.1°C per
second to 95°C with continuous collection of fluorescence. Melting curves
and quantitative analysis of the data were performed using an Opticon
monitor, version 3.1, as reported previously (25).

Polysome profile analysis

HUVECs grown in a 2 X 100-mm dish were treated with 100 pg/ml cy-
cloheximide (Sigma-Aldrich) for 15 min, washed twice with ice-cold PBS
(pH 7.4), and harvested in hypotonic lysis buffer (10 mM Tris [pH 7.4], 100
mM NaCl 1.5 mM MgCl,, 0.5% NP-40) containing 0.2% protease inhibitor

mixture and 100 U/ml RNase Out (Invitrogen). The mixtures were homog-
enized with the aid of a Dounce homogenizer and then subjected to centri-
fugation at 12,000 X g for 10 min at 4°C. The supernatants were layered on
a 15-45% sucrose gradient containing 10 mM Tris (pH 7.4), 100 mM NaCl,
1.5 mM MgCl,, 10 pg/ml cycloheximide and 40 U/ml RNase Out and
centrifuged at 30,000 rpm for 90 min at 4°C in a Hitachi RPS40T rotor. The
position of monosomes and polysomes was monitored by UV absorption at
254 nm. Eighteen fractions were collected from the bottom to the top of the
centrifuge tubes, and the RNA from each gradient fraction (250 wl) was
extracted by Trizol LS (Invitrogen). Aliquots were analyzed on a 1% agarose
gel to resolve the polysome profile. CX3CL1 mRNA levels in each fraction
were determined by real-time PCR as described above.

Cloning of the 3' untranslated region for CX3CL1 gene

Cloning of CX3CL1 3'untranslated region (UTR) was performed by 3’
RACE using a 3'-Full RACE Core Set (Takara Biotechnology, Kusatsu,
Japan). One microgram of total RNA from HUVECs treated with IFN-y
(2 ng/ml, 16 h) was used as a template. The oligo(dT)-3 sites adaptor was
used for the synthesis of first strand cDNA by incubation with AMYV reverse
transcriptase and the total RNA for 1 h at 50°C. The 3’UTR of CX3CL1 was
amplified by PCR using Takara LA Taq (Takara Biotechnology), with the
gene-specific primer, CX3CL1-GSP1 (5'-ATGTTCACCTACCAGAG-
CCTC-3'), and the 3'-sites adaptor primer (5'-CTGATCTAGAGGTAC-
CGGATCC-3") provided in the kit. Nested PCR was performed with the
primers CX3CL1-GSP2 (5'-ACTCCTCTGGCCTGTGTCTAG-3’). Both of
the PCR conditions were as follows: 1 cycle at 95°C for 2 min; 30 cycles at
95°C for 30's,50°C for 30 s, and 72°C for 1 min; and 1 cycle at 72°C for 7 min.
The amplified products were purified, inserted into a pTac-1 vector (Bio-
Dynamics Laboratory, Tokyo, Japan) and sequenced. The gene sequence has
been submitted to GenBank.

Plasmid construction

Luciferase reporter expression constructs illustrated in Fig. 44 were prepared
in the vector pcDNA3.1/Zeo(+) containing the firefly luciferase cDNA from
pGL3-Basic (Promega, Madison, WI) cloned into the HindIII and Xbal sites
to yield plasmid cDNA (pcDNA)-Luc as reported by Dixon et al. (26). Ad-
dition of the CX3CL1 3'UTR was accomplished by PCR amplifying the full-
length CX3CL1-3"UTR using Phusion DNA polymerase (Finnzymes, Kei-
laranta, Finland) and Xbal-tailed primers, Xba-CX3CL1-3'UTR-F (5'-
CGATCTAGAACTCCTCTGGCCTGTGTCTAG-3’), and Xba-CX3CLI-
3'UTR-R (5'-GCTTCTAGACACAAGACTTTTAAATTTTATTAG-3'), to
yield pcDNA-Luc-FL-UTR. The constructs pcDNA-Luc-UTR-ARE and
pcDNA-Luc-UTR-AARE were prepared similarly as pcDNA-Luc-FL-UTR
with the primers Xba-CX3CL1-3'UTR-F and Xba-UTR ARE-R (5'-
GCTtctagaTAGTACTCACAGGGCAGC-3’; for pcDNA-Luc-UTR-ARE),
or Xba-CX3CL1-3'UTR-F and Xba-UTR-AARE-R (5'-GCTtctagaGTT-
CATTGGGGCTGGGAT-3'; for pcDNA-Luc-UTR-AARE), respectively. A
point mutation in ARE was generated using a site-directed mutagenesis kit
(Stratagene, LaJolla, CA). CX3CL1 3'UTR full-length and UTR-ARE cDNA
were cut out, using Xbal, from pcDNA-Luc-FL-UTR and pcDNA-Luc-UTR-
ARE, respectively. After the purification, each of these cDNAs was inserted
into the Xbal site of pBluescript SKII (+) (Stratagene). Supercoiled dSDNA
vectors containing the insert of interest were amplified using two comple-
mentary oligonucleotide primers containing U > G mutation in the center of
ARE nonamer. After amplification, the parental DNA encoding CX3CL1
3'UTR or UTR-ARE containing wild type ARE was digested with Dpnl to
select formulation-containing synthesized DNA. The primer sequences and
their complement were 5'-CAATGAACAATTATGTATTAAATGCCCAG-
3’ and 5'-CTGGGCATTTAATACATAATTGTTCATTG-3'. To construct
a clone lacking ARE nonamer from the full-length CX3CL1 3’"UTR or UTR-
ARE, pBluescript SKII(+)-FL-UTR or -UTR-ARE was amplified by an in-
verted PCR method using Pfu Turbo DNA polymerase (Stratagene) with
a primer set of deletion-F (5'-AAATGCCCAGCCCCTTCTGAC-3') and
deletion-R (5'-TTGTTCATTGGGGCTGGGAT-3"). PCR product was puri-
fied, treated with T4 kinase (Fermentas, Glen Burnie, MD) and then self-li-
gated using T4 ligase (Fermentas). After confirming the mutations by DNA
sequencing, the mutated cDNA was cut with Xbal from each of the pBlue-
script SKII(+) vectors and inserted into the Xbal site of pcDNA-Luc vector
again. cDNA encoding full-length HuR was amplified using cDNA isolated
from HeLa cells with Phusion DNA polymerase and the primers, EcoRI-HuR-
F (5'-AGGAATTCCCATGTCTAATGGTTATGAAGAC-3") and Notl-HuR-
R (5'-TATGCGGCCGCTTATTTGTGGGACTTGTTGG-3'). The amplified
product was inserted into the EcoRI and Notl sites of a mammalian expression
vector, pPCMV-HA (Clontech, Palo Alto, CA). All DNA constructs were an-
alyzed by DNA sequencing. Plasmid DNAs were purified using a plasmid
purification column (Qiagen).

$202 I4dy 6 uo 3senb Aq ypd-z12£060 11/92812€1/G0Z1/8/+8 L APd-ajome/ounwwil/bio jee sieunolj/:dpy woly peapeojumog



The Journal of Immunology

A

*h

2000{ LIV
[l TNF+IFN

£
=)
2 500
-
-
O
3]
x
[S)
250
0+
0 30 60 120
Time (min) after TNF-o treatment
B < 25
=z
€< 2
Es™
E=
[=] g 154
& S
c
O % 104
=3
-1 O
QLW 5+
o=
x p!
(&) 0
0 30 60 90 120

TNF-o (min)

FIGURE 1. TNF-a enhances IFN-y—induced CX3CL1 production in
HUVECs. A, The cells were treated with IFN-y (2 ng/ml) for 16 h, fol-
lowed by TNF-a (2 ng/ml) for up to 2 h. CX3CLI production of the cells
treated with TNF-a alone (open bar) and those treated with TNF-« after 16
h treatment with IFN-vy (filled bar) was determined by ELISA. Means *
SD from three experiments are shown. *p < 0.001 versus unstimulated
cells; #p < 0.01; *=xp < 0.001 versus IFN-y—treated, TNF-o—untreated
cells (TNF + IFN 0 min); $p < 0.001 versus unstimulated cells. B, Time
course of CX3CL1 mRNA expression in HUVECs stimulated with TNF-«
(2 ng/ml). The levels of mRNA were determined by quantitative RT-PCR
as described in Materials and Methods. GAPDH served as a normalization
control. The data plotted represent the average of three determinations.

Transfection

Transient transfections of A549 cells were accomplished by plating cells at
a density of 1.5 X 10° cells per well of a 24-well culture plate 18-20 h
before transfection. Three hundred nanograms of full-length CX3CL1
3"UTR or its mutants and 50 ng pSV-B-Gal (Promega) were cotransfected
using 1.5 pl of an Attractene transfection reagent (Qiagen) following the
vendor’s instructions. The cells were incubated for 24 h and then analyzed
for the reporter activity. For the mRNA decay analysis, A549 cells, grown
70-80% of confluence in a 35-mm dish, were cotransfected with the 500
ng of the pcDNA-Luc vectors and 100 ng pCMV-HA expression vector or
pCMV-HA-HuR, using 4.5 pl Attractene. The cells were incubated for
24 h and then analyzed for the expression of luciferase mRNA.

Reporter assay

Twenty-four hours after the transfection, the cells were harvested in Re-
porter lysis buffer (Progema), and the luciferase activity was determined by
Luciferase assay system (Progema). Luciferase activities were normalized
by transfection efficiency by B-galactosidase activity measured using a 3-
galactosidase reporter gene assay chemiluminescence kit (Roche, Basel,
Switzerland). Data were presented as mean * SD of at least three in-
dependent experiments done in duplicate.

Immunoblot analyses

The cells were washed twice with PBS and lysed in NRSB-minus buffer
(62.5 mM Tris [pH 6.8], | mM sodium vanadate, 1 mM sodium fluoride, 2%
SDS, and 10% glycerol). After sonication, the lysate was cleared by
centrifugation at 12,000 X g for 10 min at 15°C. The cell lysate (15 pg
protein) was subjected to electrophoresis on a 12% SDS-PAGE gel, and the
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FIGURE 2. CX3CLI1 polysome profile in HUVECs. A, Cytoplasmic
fractions from lysates of the cells exposed to IFN-y (2 ng/ml) for 16 h and
IFN-vy for 16 h, followed by TNF-« treatment (2 ng/ml) for 1 h. Un-
stimulated controls were subjected to centrifugation on a continuous 15—
50% sucrose gradient. Polysome profiles were obtained by running RNA
samples from each fraction on an agarose gel electrophoresis to identify
the 40S, 60S, and 80S ribosomal subunits and polysomes (bottom panel).
The distribution of CX3CL1 mRNA from the cells treated with IFN-y
(filled circles), the cells treated with IFN-y followed by TNF-a (open
circles), and unstimulated control cells (filled triangles) was analyzed by
RT-PCR of gradient fractions. B, Cells were treated with IFN-y for 16 h
followed by TNF-a for 1 h. The levels of mRNA were determined by
quantitative RT-PCR. The data plotted represent the average of three de-
terminations. #p < 0.01, versus unstimulated cells.

proteins were transferred to a polyvinylidene difluoride membrane (Mil-
lipore, Billerica, MA) that was then blocked for 60 min at room temper-
ature in 1 X TBST buffer (50 mM Tris-HCI [pH 7.5], 250 mM NacCl, 0.1%
Tween 20) containing either 5% nonfat dry milk or 5% BSA. The mem-
brane was incubated at 4°C overnight with one of the following primary
Abs: rabbit monoclonal anti-phospho—p38 MAPK (Thr180/Tyr182), rabbit
polyclonal anti-p38 MAPK, rabbit monoclonal anti-phospho-MAPK-ac-
tivated protein kinase (MAPKAPK)-2 (Thr334), rabbit polyclonal anti—
MAPKAPK-2 (Cell Signaling Technology, Beverly, MA), and rabbit poly-
clonal anti-actin (Sigma-Aldrich). After five washes with blocking solution,
the membrane was incubated for 1 h at room temperature with HRP-conju-
gated bovine anti-rabbit IgG or anti-mouse IgG (1:5000; Santa Cruz Bio-
technology, Santa Cruz, CA). The immunoreactive bands were visualized
using chemiluminescence detection reagents (Pierce, Rockford, IL).

Immunofluorescence staining for HuR

HUVECs grown on a gelatin-coated glass coverslip were rinsed in PBS, fixed
with 4% formaldehyde in PBS (20 min), permeabilized with 0.1% Triton X-
1001in PBS (10 min), and blocked by incubating with 5% BSA in PBS for 1 h.
The cells were then incubated for 1 h with a mouse monoclonal anti-HuR Ab
(1:100) or control-mouse IgG (Santa Cruz Biotechnology). After washing, the
cells were incubated with Alexa 594-conjugated anti-mouse IgG (Molecular
Probes, Eugene, OR). Excess reagents were washed with PBS, and stained
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cells were incubated in mounting media containing DAPI (Vectashield,
Burlingame, CA). Intracellular localization of HuR was examined under an
Olympus BX60 epifluorescence microscope, and the relative distribution
between the nucleus and cytoplasm was quantitatively assessed.

Isolation of endogenous CX3CLI mRNA-HuR complex

Isolation of the mRNA-protein complex was performed as previously
reported by Tenebraum et al. (27) with slight modification. HUVECs grown
in a 60-mm dish were washed twice with ice-cold PBS and harvested in
500 pl polysome lysis buffer (100 mM KCI, 5 mM MgCl,, 10 mM HEPES
[pH7.5], 0.5% NP-40, | mM DTT) containing RNase Out (100 U/ml) and
0.2% protease inhibitor mixture. The lysate was allowed to sit on ice for
10 min. After the homogenization with 15 strokes of a tight Dounce ho-
mogenizer, the lysate was centrifuged twice at 12,000 X g for 10 min at
4°C, and the Sup was collected. Protein A/G-agarose plus (Santa Cruz
Biotechnology) was blocked in NT2 buffer (50 mM Tris [pH 7.4], 150 mM
NaCl, 1 mM MgCl,, 0.05% NP-40) supplemented with 5% BSA for 1 h at
4°C with gentle agitation and then coated with 10 pl anti-HuR mouse mAb
(Santa Cruz Biotechnology) or a normal mouse IgG (Santa Cruz Bio-
technology) for 1 h at 4°C with gentle agitation. Immunoprecipitaion was
accomplished by adding the following mixture to the Ab-coated beads: 850
il NT2 Buffer, 100 U/m RNase Out, 10 mM DTT, 20 mM EDTA, and 100
wl HUVEC homogenate Sup. Two hours after the immunoprecipitation
reaction at 4°C with gentle agitation, the reaction mixture was centrifuged
at 700 X g for 1 min, and the Sup was collected. Next, the beads were
extensively washed with NT2 buffer. After the final wash, the beads were
resuspended in buffer RLT, lysis buffer for RNA supplied in the RNeasy
kit, and RNAs from the collected Sup sample and the sample eluted from
the beads (immunoprecipitated) were extracted using an RNeasy kit. RT-
PCR for CX3CL1 and GAPDH were performed, and the amplified prod-
ucts were analyzed by electrophoresis on a 1.5% agarose gel.

Results
TNF-a stimulates IFN-y—induced CX3CLI production in
HUVECs

The cytokine-induced CX3CL1 production in HUVECs is sum-
marized in Fig. 1. IFN-vy clearly increased CX3CL1 production in
HUVECs (Fig. 14). TNF-a also stimulated CX3CL1 production
in a time-dependent manner, and the effect was observed after 2 h
of the stimulation (Fig. 14). When the cells were treated with
TNF-a 16 h after treatment with IFN-y, CX3CL1 production was
robustly increased, and the effect was observed as early as 30 min
after stimulation with TNF-a (Fig. 1A). The level of CX3CL1
mRNA in HUVECs was upregulated after 60 min of the stimu-
lation with TNF-a (Fig. 1B).

% CX3CL1 mRNA remaining

0 1 2 3
Time (h) after Act D treatment

FIGURE 3. Stabilization of CX3CL1 mRNA by TNF-a. Decay of
CX3CL1 mRNA was determined in the cells treated with Act D by
quantitative RT-PCR. Act D (5 pg/ml) was added after the treatment with
TNF-a for 1 h (filled triangles), IFN-y for 16 h (open circles), and IFN-y
for 16 h followed by TNF-a for 1 h (filled circles). Data are mean * SD of
three experiments.

Polysomal distribution of CX3CLI mRNA in HUVECs
stimulated with IFN-y and TNF-«

Fig. 2A shows the result of the polysome profile analysis on the
translational status of CX3CL1 mRNA in HUVECs. Most of the
CX3CL1 transcripts from unstimulated cells were associated with
ribosome-free fractions. The IFN-y—induced CX3CL1 transcripts
were found to be associated with monosomal fractions, and there
was also a large peak in 80S ribosomal fraction followed by
polyribosomal fractions. Basically, TNF-a did not alter the pol-
ysomal distribution in response to IFN-vy; however, the quantita-
tive analysis revealed that the level of CX3CL1 mRNA was
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FIGURE 4. The 3'UTR-mediated destabilization of CX3CL1 mRNA. A,
A series of various deletions of the 2014-nucleotide CX3CL1 3'UTR (open
bars) were fused to luciferase reporter gene (black bars) to create an ex-
pression construct containing the luciferase cDNA fused to the full-length
CX3CL1 3'UTR (Luc-FL-UTR), the putative CX3CL1 AU-rich element
(Luc-UTR-ARE), the 3'UTR deleted AU-rich element (Luc-UTR-AARE),
or luciferase without a 3'UTR (Luc). The filled square represents AU-rich
nonamer, UUAUUUAUU, contained within the 3'UTR. A549 cells were
transfected with one of the Luc-fused vectors. B, mRNA level was de-
termined using quantitative RT-PCR. C, Luciferase production was assessed
by measuring the luciferase activity. Result represents the mean = SD of
three separate transfection experiments. *p < 0.01 versus Luc.
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boosted by briefly exposing IFN-y-treated HUVECs to TNF-«
(Fig. 2B).

TNF-a stabilizes IFN-y—induced CX3CLI mRNA

The results on the half-life of CX3CL1 mRNA, in the presence of
actinomycin D (Act D), are shown in Fig. 3. After Act D treatment,
the decay of CX3CL1 mRNA in the TNF-a—treated cells was
relatively slow. In contrast, the decay in the IFN-y—treated cells
was significantly faster as compared with the cells stimulated with
TNF-a. The decay of CX3CL1 mRNA in the IFN-y-treated cells
was rescued by TNF-a: the half-lives of CX3CL1 mRNA in the
cells stimulated with TNF-a, IFN-vy, and both TNF-a and IFN-vy
were calculated to be ~200, 40, and 240 min, respectively.

Single AU-rich element is sufficient for posttranscriptional
regulation of CX3CLI mRNA

To analyze whether CX3CL1 mRNA is regulated posttranscrip-
tionally, we cloned full-length 3'UTR of CX3CL1 mRNA from
HUVECs. The total length of the mRNA 3'UTR was 2014 nt
(GenBank accession no. GU047346; www.ncbi.nlm.nih.gov/
Genbank/). There was a single UUAUUUAUU nonamer that was
located within 298-306 nt from the stop codon in the CX3CL1
3'UTR.

To determine the effect of CX3CL1 3'UTR, expression con-
structs containing luciferase and the full-length CX3CL1 3'UTR,
a highly conserved AU-rich region of the 3'UTR, or a truncated
form of the 3'UTR without the AU-rich region were generated (Fig.
4A). It is reported that TNF-a and IFN-vy synergistically induce
CX3CL1 in both A549 lung cancer cells and HUVECs (15), and
A549 cells were used as an experimental model for the transfection
study. Fig. 4B shows the CX3CL1-3'UTR-dependent luciferase
mRNA expression in A549 cells transfected with one of the con-
structs. Luciferase mRNA was constitutively expressed in the cells
transfected with the mammalian expression vector inserted with
luciferase cDNA. The addition of full-length CX3CL1 3'UTR to
luciferase mRNA significantly lowered the levels of luciferase
mRNA. The truncated 3'UTR containing a UUAUUUAUU non-
amer still had the suppressive effect on the luciferase mRNA levels;
however, deletion of the UUAUUUAUU nonamer from the 3'UTR
abolished the suppression on the luciferase mRNA. The results on
luciferase protein expression agreed with those on mRNA levels
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(Fig. 4C). When the AU-rich element (ARE) nonamer was mutated
or deleted, the luciferase activity was significantly enhanced,
compared with the activity with the wild-type ARE (Fig. 5A, 5B)

Effect of a p38 MAPK inhibitor on the CX3CLI stabilization

Fig. 5 shows the effect of SB203580, an inhibitor of p38 MAPK,
on the cytokine-induced CX3CL1 mRNA stabilization. SB203580
treatment accelerated the decay of CX3CL1 mRNA in HUVECs
stimulated with TNF-a (Fig. 64), but it did not alter the decay
curve of CX3CL1 mRNA in the cells stimulated with IFN-vy (Fig.
6B). SB203580 treatment also accelerated the degradation of
CX3CL1 mRNA in HUVECs stimulated with both IFN-y and
TNF-a (Fig. 6C).

Fig. 7 shows the effects of SB203580 on luciferase expression
in A549 cells transfected with the luciferase cDNA fused with
full-length 3'UTR of CX3CL1 (Fig. 4A4). TNF-a significantly
enhanced the luciferase activity in the cells, whereas IFN-y did
not. Costimulation with TNF-a and IFN-vy also increased the lu-
ciferase activity, and the pretreatment of the cells with SB203580
significantly inhibited the luciferase activity enhanced by TNF-a
alone or both IFN-y and TNF-a (Fig. 7).

Effects of TNF-a on activation of MAPKAPK-2 and
translocation of RNA-stabilizing protein HuR

In HUVECs, TNF-a stimulated phosphorylation of p38 MAPK
and its immediate downstream molecule MAPKAPK-2, whereas
IFN-vy had no such effect (Fig. 84). The subcellular localization of
HuR, an mRNA stabilizer, in HUVECS is shown in Fig. 8B. Fig.
8C shows the changes in the HuR localization in response to IFN-
v or TNF-a. In unstimulated cells, HuR localized virtually ex-
clusively in the nucleus (96.4 = 2.7%), and IFN-vy did not alter the
subcellular distribution (95.7 = 2.8% in the nucleus). When the
cells were treated with TNF-a, ~12% of HuR was detected in
cytoplasm (nuclear HuR, 87.0 * 4.5%). Treatment of the cells
with IFN-y followed by TNF-a led to marked shift of HuR into
the cytoplasm (cytoplasmic HuR, 30.2 * 4.2%; nuclear HuR, 69.8
* 4.2%).

Fig. 9 summarizes the effect of SB203580, a p38 MAPK in-
hibitor, on the TNF-a—induced phosphorylation of MAPKAPK-2
in HUVECsS. Pretreatment with SB203580 inhibited the TNF-o—
induced phosphorylation of MAPKAPK-2 as shown in Fig. 9A.
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FIGURE 5. The role of ARE in CX3CL1

mRNA instability. Left schemata show wild

type, U > G point mutated (U > G muta- Luc
tion) and UUAUUUAUU nonamer deleted
(ARE deletion) ARE of Luc-FL-UTR (A) or
Luc-UTR-ARE (B), respectively (see Fig.
4A for Luc-based constructs). After the
transfection of A549 cells with one of the
constructs, the levels of luciferase pro-
duction were assessed by measuring the Luc
luciferase activity. Result represents mean
*+ SD of three separate transfection experi-
ments. *p < 0.01 versus wild type.
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SB203580 pretreatment also abolished cytoplasmic HuR protein,
which was induced by TNF-a (Fig. 9B).

HuR coprecipitates with CX3CLI mRNA

Results of immunoprecipitation for the mRNA-protein complex
with CX3CL1 mRNA and HuR protein are shown in Fig. 10A.
When endogenous HuR was immunoprecipitated from the cyto-
plasmic fraction of TNF-a—stimulated HUVECs, the protein was
coprecipitated with CX3CL1 mRNA. No PCR product was de-
tected in the sample immunoprecipitated with nonimmune IgG.

ARE is required for the stabilization of CX3CLI mRNA by HuR

Fig. 10B summarizes the results on the decay of CX3CL1 mRNA in
A549 cells transfected with one of the chimeric luciferase-CX3CL1
3'UTR fusion constructs (Fig. 44) with or without HuR cDNA.
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FIGURE 7. Effect of SB203580 on 3'UTR-dependent instability of
CX3CL1. A549 cells were transfected with cDNA fused to the full-length
CX3CL1 3'UTR. After the transfection, the cells were pretreated with
control vehicle (open bars) or SB203580 (1 wM, filled bars) for 30 min,
followed by the 16 h stimulation with IFN-y, TNF-a, or TNF-a and IFN-y.
The levels of luciferase production were assessed by measuring the lu-
ciferase activity. Result represents the mean = SD of three separate
transfections. ##p < 0.001 versus unstimulated control; *p < 0.01 versus
vehicle control.

When these cells were treated with Act D, no decay was observed in
the cells transfected with control luciferase mRNA. The full-length
3'UTR (Luc-FL-UTR) and the conserved ARE of the 3'UTR (Luc-
UTR-ARE) gave instability on the reporter luciferase mRNA,
whereas the removal of the ARE (Luc-UTR-AARE) resulted in the
stabilization of mRNA. Cotransfection of the cells with HuR cDNA
significantly enhanced mRNA stability of Luc-FL-UTR and Luc-
UTR-ARE, both of which contained ARE; however, overexpression
of HuR did not affect the stability of mRNA for control luciferase or
Luc-UTR-AARE, which lacked ARE.

Discussion

In the current study, the role of the posttranscriptional gene reg-
ulation was defined in the synergistic induction of CX3CL1 mRNA
in response to TNF-a and IFN-y. Previous studies concluded that
the coordinate effect of TNF-a and IFN-y on the CX3CL1 ex-
pression is due to transcriptional regulation in which these cyto-
kines synergistically stimulate the promoter activity of CX3CL1
(11-14). Costimulation with TNF-a and IFN-vy is known to in-
crease the CX3CL1levels more than 10-fold in astrocytes (12),
leading us to speculate the existence of another mechanism, most
likely posttranscriptional regulation, involved in the synergism
between TNF-a and IFN-y. The rationale for our hypothesis is
that all of the previous reports showed that the synergistic in-
duction of CX3CL1 needs relatively a longer period of stimulation
(>4 h) (12-15). Therefore, we speculated that the post-
transcriptional effect would be masked by the transcriptional ac-
tivation by TNF-a itself. Although the TNF-a—induced expression
of CX3CL1 mRNA in HUVECs was observed as early as 1 h after
stimulation, the increase in CX3CL1 protein levels required at
least 2 h. These data are consistent with the previous reports on
aortic smooth muscle cells (28), astrocytes (12), and mesangial
cells (29). In the current study, CX3CL1 protein was robustly
induced when the cells were treated subsequently with IFN-y and
TNF-a, and this “superinduction” was observed on the TNF-a
stimulation after 60 min of the IFN-y treatment. Based on these
initial results, we considered that CX3CL1 expression in HUVECs
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FIGURE 8. Phosphorylation of p38 MAPK and MAPKAPK-2 and cytoplasmic translocation of HuR. HUVECSs were treated with IFN-y for 16 h, TNF-a for
1 h, or IFN-vy for 16 h followed by TNF-a for 1h. A, The levels of phosphorylated (p-p38MAPK), total (p38 MAPK) p38 MAPK, phosphorylated MAPKAPK-2
(p-MAPKAPK-2), total MAPKAPK-2 (MAPKAPK-2), and actin were determined by immunoblot analyses as described in Materials and Methods. B, After
the stimulation, the cells were fixed and then incubated with an anti-HuR Ab or mouse nonimmune IgG (control). HuR protein was detected with a secondary Ab
coupled Alexa 594 (red). DAPI was used for nuclear definition. Individual images were overlaid. Zoom shows an enlargement of a single cell of the merged
image. White arrows indicate cytoplasmic HuR staining. Original magnification X200 (except Zoom). C, Quantitative analysis on HuR signals from the cy-
toplasm or nucleus. Five random fields were chosen through the microscope, and fluorescent signals were assessed in 200 cells for each sample. Data shown
represent the means from two independent experiments each with three measurements. *p < 0.05; **p < 0.01 versus control vehicle.

is likely to be regulated by the posttranscriptional and transcrip-
tional mechanisms.

Protein synthesis takes place in a multiple ribosomal structure
known as polysome (polyribosome) (30). There are at least two
distinct pathways that regulate protein synthesis. One mechanism
is the regulation by the assembly or disassembly of polysomes
(31). In either Cap-dependent or -independent translation, ribo-
somal complex tightly proceeds the intricate steps including
translational initiation, scanning mRNA and protein elongation. In
an inactive state of translation, ribosomes dissociate from mRNA
and polyribosomal complexes are disassembled (32), resulting in
lighter polysomal or monosomal peaks in polysome profiling as-
say. The other mechanism that regulates the amount of mRNA in
polysomes appears to be fundamentally different (32) (i.e.,
translation depends on the levels of its template mRNA), which is
under the posttranscriptional gene regulation (33), and no alter-
nation in the polysomal distribution is observed. In the current

study, IFN-y was found to shift the polysomal distribution of
CX3CL1 mRNA toward polyribosomal fraction, showing that the
transcripts were in active translational state; however, TNF-a did
not alter the polysomal distribution. A brief exposure to TNF-a, of
the cells stimulated with IFN-vy, led to a marked increase in the
level of CX3CL1 mRNA. These findings suggest that TNF-a does
not alter translational efficiency of a CX3CL1 mRNA template,
but does increase the amount of CX3CL1 mRNA in the cells
costimulated with IFN-y. Stabilization of mRNA is the most
common type of posttranscriptional regulation (34), and as ex-
pected, TNF-a did stabilize the IFN-y—induced CX3CL1 mRNA.

Several lines of evidence indicate that 3'UTR of mRNA is
crucial for both stability and decay of mRNA (34-36). We iden-
tified a single AU-rich, perfectly matched, UUAUUUAUU non-
amer within the 3'UTR of CX3CL1 mRNA. According to ARE
classification, 3'UTR of CX3CL1 is categorized as a class I ARE,
which are characterized by the presence of one to three pentamers
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FIGURE 9. Effect of SB203580 on cytoplasmic translocation of HuR.
HUVECs were pretreated with control vehicle or SB203580 (1 wM) for
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levels of phosphorylated and total MAPKAPK-2, and actin were de-
termined by immunoblot analyses. B, Indirect immunofluorescence against
HuR was performed as described in Fig. 8B. Original magnification X200.

that are distributed within a large part of the 3'UTR, coupled with
a nearby U-rich region (37). Because no other characteristic cis-
element was found within the 3'UTR, the nonamer was examined
for its role in the destabilization of CX3CL1 mRNA. Many ob-
servations demonstrated that mRNAs of proto-oncogenes and
cytokines are rapidly degraded through the mechanism mediated
by AREs (34). The TNF-a—induced expression of CX3CL1
mRNA is also controlled by the accelerated degradation de-
pendent on ARE, and this explains the results of increased
CX3CL1 expression in the cells transfected with the nonamer
deletion or mutation constructs.

A number of observations suggest the major role of p38 MAPK
in the posttranscriptional regulation of proinflammatory genes
mediated through ARE in their 3'UTR (38). In addition, TNF-« is
known as a potent activator of p38 MAPK (39). Treatment of the
cells with p38 MAPK inhibitor SB203580 (40) completely abol-
ished the stabilization of CX3CL1 mRNA induced by TNF-a.
Moreover, SB203580 inhibited the TNF-a—increased luciferase
activity in the cells introduced the fusion construct of luciferase
mRNA and full-length CX3CL1 3’UTR. Thus, the signaling
through p38 MAPK might mediate the TNF-a—induced stabili-
zation of CX3CL1 mRNA. MAPKAPK-2, an immediate down-
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formed. The PCR products were analyzed by electrophoresis on a 1.5%
agarose gel. B, HuR requires ARE in the 3'UTR for the stabilization of
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UTR-ARE or Luc-UTR-AUTR with HuR cDNA. After the transfection, Act
D (5 pg/ml) was added and decay of luciferase mRNA was determined by
quantitative RT-PCR. Data are means = SD of three experiments. #p <
0.01; *xp < 0.001 versus control vehicle. IP, immunoprecipitated.
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stream substrate of p38 MAPK, is known to be a crucial molecule
in mRNA stabilization (41, 42). In the current study, IFN-y did not
induce phosphorylation of MAPKAPK-2 as well as that of p38
MAPK in HUVECs. Moreover, IFN-y did not alter phosphoryla-
tion of MAKPAK-2 and p38 MAPK induced by TNF-a. There-
fore, TNF-a may be solely responsible for the mRNA
stabilization, mediated by the p38 MAPK pathway, resulting in the
synergistic induction of CX3CL1 by TNF-a and IFN-y.

HuR, a member of the embryonic lethal abnormal vision-like
family of RNA binding proteins, is known to be one of the most
important mRNA stabilizing proteins (43). Molecular mechanism
of mRNA stabilization by HuR is still incompletely understood;
however, many observations indicate the direct interaction of HuR
with ARE-containing mRNA (44). HuR is located in the nucleus
under resting conditions and is shuttled from the nucleus to the
cytoplasm in response to various cellular stresses (45). This
translocation is mediated by the activation of p38 MAPK-MAP-
KAPK-2 pathway (41, 46, 47). Our data also confirmed that p38
MAPK mediates the TNF-a—mediated cytoplasmic translocation
of HuR in HUVECsS. Furthermore, pretreatment of the cells with
IFN-y markedly enhanced the TNF-a—induced cytoplasmic
translocation of HuR. IFN-v is known to induce a variety of genes
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including cytokines and some of them are synergistically induced
by IFN-y and TNF-a (15, 21, 22) or by IFN-y and LPS (48).
mRNAs of many cytokines have ARE in their 3'UTR (49). Thus,
in HUVECs the IFN-y—induced expression of such ARE-con-
taining cytokines, including CX3CL1, may be short-lived because
HuR may not protect their mRNA. However, marked increase in
cytoplasmic HuR by combined treatment with IFN-y and TNF-«
may lead to the protection of CX3CL1 mRNA by HuR, which is
induced and shuttled to cytoplasm through the activation of p38
MAPK. These results are consistent with that of the immuno-
precipitation experiment. In the immunoprecipitation experiment
using the cytoplasmic fraction of HUVECs stimulated with TNF-
o, HuR was found to coprecipitate with CX3CL1 mRNA. HuR
was also confirmed to stabilize CX3CL1 mRNA in the cells
transfected with the full-length 3'UTR of CX3CL1; however, the
mRNA stabilization was not observed in the cells transfected with
the construct lacking ARE.

In conclusion, CX3CL1 expression is regulated by the post-
transcriptional mechanism, which involves the stabilization of
CX3CL1 mRNA mediated by the p38 MAPK-MAPKAPK-2 ac-
tivation, followed by shuttling of HuR to the cytoplasm and the
binding of HuR to the ARE in 3'UTR. TNF-a utilizes these
mechanisms in the synergistic induction of CX3CL1 with IFN-vy.
Because TNF-a and IFN-vy are considered potential key molecules
in atherosclerosis (2), the posttranscriptional regulation of
CX3CL1 in the vascular endothelium may serve as one of the
important molecular processes precipitating atherosclerosis.
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