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ABSTRACT

Dendritic cells provide a critical link between innate and adaptive immunity and are essential to prime a naive T-cell response.
The transition from immature dendritic cells to mature dendritic cells involves numerous changes in gene expression; however,
the role of post-transcriptional changes in this process has been largely ignored. Tristetraprolin is an AU-rich element mRNA-
binding protein that has been shown to regulate the stability of a number of cytokines and chemokines of mRNAs. Using TTP
immunoprecipitations and Affymetrix GeneChips, we identified 393 messages as putative TTP mRNA targets in human dendritic
cells. Gene ontology analysis revealed that ;25% of the identified mRNAs are associated with protein synthesis. We also
identified six MHC Class I alleles, five MHC Class II alleles, seven chemokine and chemokine receptor genes, indoleamine 2,3
dioxygenase, and CD86 as putative TTP ligands. Real-time PCR was used to validate the GeneChip data for 15 putative target
genes and functional studies performed for six target genes. These data establish that TTP regulates the expression of DUSP1,
IDO, SOD2, CD86, and MHC Class I-B and F via the 39-untranslated region of each gene. A novel finding is the demonstration
that TTP can interact with and regulate the expression of non-AU-rich element-containing messages. The data implicate TTP as
having a broader role in regulating and limiting the immune response than previously suspected.
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INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting
cells (APCs) that prime naive T-cell responses and help
tailor selective immune responses to individual classes of
pathogens (Banchereau and Steinman 1998; Proietto et al.
2004; de Jong et al. 2005). Immature DCs (iDCs) exhibit a
phenotype characterized by a high phagocytic capacity and
low expression of co-stimulatory molecules such as CD40,
CD80, and CD86 (Mahnke et al. 2002). Capture of
microbial pathogens or necrotic tissue by iDCs results in

activation, initiating the process of DC maturation. Func-
tionally, mature DCs cease to capture new antigen and up-
regulate expression of co-stimulatory molecules and MHC
Class I and II in order to stimulate an antigen-specific
T-cell response (Banchereau and Steinman 1998). At the
molecular level, DC maturation results in dramatic changes
in the gene expression profile in the cell. Most studies to
date have focused on changes in transcription (Tureci et al.
2003; McIlroy et al. 2005). However, modulation of gene
expression occurs not only at the level of transcription, but
also at post-transcriptional levels such as changes in mRNA
stability and translation. To date, the role of post-tran-
scriptional processes in DC maturation have not been
studied in detail.

Recent work suggests the existence of post-transcrip-
tional operons that coordinate gene expression (Keene and
Tenenbaum 2002; Keene and Lager 2005; Moore 2007).
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The post-transcriptional operon model proposes that
mRNAs are coordinately controlled through trans-acting
RNA-binding proteins (RBPs) that interact with specific
cis-acting regulatory elements encoded in mRNA, usually
the 39-untranslated region (39-UTR). The best character-
ized mRNA cis-acting regulatory element is the AU-rich
element (ARE) (Chen et al. 1994; Zubiaga et al. 1995),
located in the 39-UTR of many cytokine and proto-
oncogene mRNAs. It is estimated that 5% – 8% of the
genes in the human genome have AREs in their 39-UTRs
suggesting the post-transcriptional regulatory network
controlled by ARE binding proteins may be extremely
complex (Bakheet et al. 2006).

The importance of ARE-mediated regulation of gene
expression is illustrated by the inflammatory cytokine
tumor necrosis factor a (TNF-a). Mice with a germline
deletion of the TNF-a ARE spontaneously develop pathol-
ogies indistinguishable from rheumatoid arthritis and
Crohn’s disease (Kontoyiannis et al. 1999). Macrophages
and T-cells from these mice produced threefold to 10-fold
more TNF-a protein than their wild-type counterparts, and
these effects were mediated solely through increased TNF-a
mRNA stability and translation.

One of the best-characterized trans-acting ARE-binding
proteins is the zinc finger protein tristetraprolin (TTP),
also known as Nup475, TIS11, G0S24, and ZFP36. TTP has
been shown to regulate the mRNA stability of a number of
inflammatory mediators including TNF-a, GM-CSF, IL-2,
IL-3, IL-6, CCL2, CCL3, iNOS, COX2, as well as its own
mRNA (Carballo et al. 2000; Stoecklin et al. 2000; Boutaud
et al. 2003; Brooks et al. 2004; Phillips et al. 2004; Linker
et al. 2005; Ogilvie et al. 2005). In addition to innate immune
activating stimuli such as LPS, recent work has demon-
strated that TTP expression is induced by IFNg (Sauer et al.
2006). TTP then limited IFNg induction of the pro-
inflammatory genes TNF-a, IL-6, CCL2, and CCL3, by
destabilizing the mRNAs of these genes (Sauer et al. 2006).
Thus, TTP operates as part of a negative feedback loop to
limit the inflammatory response.

In order to systematically identify TTP mRNA targets as
well as changes in the post-transcriptional program(s) that
occur upon DC maturation, we generated iDCs and mDCs
from normal human donors, immunoprecipitated TTP
using a modification of the RIP-chip method (Tenenbaum
et al. 2000; Gerber et al. 2004; Penalva et al. 2004; André
et al. 2006; Townley-Tilson et al. 2006), and analyzed the
bound targets on Affymetrix U133A GeneChips. This
screen identified 100 iDC specific, 109 mDC specific, and
185 common TTP targets. We validated the GeneChip data
by performing new TTP immunoprecipitations followed by
real-time PCR for 15 mRNA targets. Finally, we demon-
strate that TTP can functionally regulate the expression of
six genes in a 39-UTR-specific manner. Three of the genes,
dual specific phosphatase 1 (DUSP1), indolamine 2,3
dioxygenase (IDO), and superoxide dismutase 2 (SOD2),

contain ARE elements in their 39-UTRs. CD86, a critical
co-stimulatory molecule that is up-regulated upon DC
maturation, is regulated by TTP, although it does not have
a classic ARE in its 39-UTR. Finally, we identified a
conserved 36-nucleotide (nt) region that does not contain
an ARE but is present in all six MHC Class I alleles. This
element is sufficient to confer TTP regulation, demonstrat-
ing that TTP can alter mRNA stability through a non-ARE-
containing target sequence. Together, these data establish
TTP as a critical regulator of DC maturation with a broad
role in immune regulation.

RESULTS

Human DCs were generated using a standard protocol of
leukapheresis, countercurrent elutriation, and differentia-
tion of the monocyte fraction with GM-CSF and IL-4 for
7 d (Guyre et al. 2002). The resulting immature DCs were
split with half receiving LPS (2.5 mg/mL) and CD40L (10
mg/mL) for 24 h, and half left untreated. Consistent with
prior data, maturation with LPS and CD40L resulted in
increased expression of CD86, CD80, CD40, and MHC
Class I, and a decrease in mannose receptor and CD14
expression (Fig. 1A; Banchereau and Steinman 1998).
Human iDCs express lower levels of TTP than mDCs
(Fig. 1B). Figure 1C demonstrates that TTP protein was
effectively depleted from the DC lysate by immunoprecip-
itation with the CARP3 anti-TTP antibody (Brooks et al.
2002).

Following immunoprecipitation, RNA was isolated from
the TTP immunoprecipitate with Trizol and hybridized to
Affymetrix U133A human GeneChips. Previous RIP-Chip
experiments in human cells have demonstrated that the
minimal amount of RNA isolated with protein A beads,
pre-immune serum, or peptide blocked antibody does not
result in enrichment of highly abundant mRNAs such as b-
actin, histones, or ribosomal protein mRNAs. Microarray
analysis of these control IPs has not found consistent
enrichment of specific mRNAs when analyzed by multiple
different computational methods. In light of these data, we
did not analyze the RNA isolated from the pre-immune
serum/protein A bead complex.

RIP-Chip analysis of TTP

Affymetrix data from the GeneChips (two iDC, two mDC)
were analyzed using the protocols developed for the
analysis of targets of the histone stem–loop binding protein
(SLBP) (Townley-Tilson et al. 2006) with modifications for
application to Affymetrix GeneChips. The color-coded heat
map of the net signal intensities from the four Affymetrix
U133A human GeneChips is shown in Figure 2A. The
signal intensity for each gene on each GeneChip was sorted
by net signal intensity and each element on the array
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assigned a percentile rank. The mean percentile rank was
then calculated from the duplicate GeneChip analyses and
graphed in a distribution histogram showing the gene
frequency for each percentile rank bin. The distribution
of percentile ranks shows a bimodal distribution, and the
cutoff for enriched genes was established at the trough
between the bimodal distributions (Townley-Tilson et al.
2006). Genes with percentile rank above 95.92% in the
iDCs and above 95.90% in the mDCs were considered
significantly enriched. This resulted in 285 genes identified
as putative TTP targets in iDCs and 294 genes identified in
the mDCs (Fig. 2B).

Combining the two sets of genes resulted in a total of 393
unique genes. These include 100 TTP targets specifically
enriched in the iDC IPs, 109 TTP targets specifically
enriched in the mDC IPs, and 185 TTP targets enriched
in both the iDC and mDC IPs. A striking feature of the
identified genes is the large fraction encoding ribosomal
proteins (86 genes) or translation factors (14 genes).
Together, genes associated with protein translation account
for >25% of the identified TTP targets. GOTTermFinder

analysis of the putative TTP targets identified the GO
biological process term protein synthesis as significantly
enriched (Bonferonni corrected p value = 0.00580). All
genes on the microarray were plotted along with those
genes with the GO term protein synthesis, demonstrating
their clear enrichment at higher intensities (Fig. 2C). In
addition to genes involved in protein synthesis, the six
expressed MHC Class I genes (HLA-A, HLA-B, HLA-C,
HLA-E, HLA-F, and HLA-G) were identified as were seven
chemokine-related genes (CCL13, CCL17, CCL18, CCL22,
CCR7, CKLFSF6, and MIF). The complete list of targets is
presented in Supplemental Figure 1.

TTP has been shown to bind AU-rich elements (ARE)
located in the 39-UTR of unstable mRNAs. We searched
the ARE Database version 2 (ARED2) (Bakheet et al. 2003)
to determine which of the 393 identified genes contain an
ARE. Surprisingly, only 37 of the 393 genes identified as
putative TTP ligands were present in the ARED2 database
(Table 1). Of the ARE containing genes, the majority (57%)
were Class I, Group 5 AREs, which contain several indi-
vidual AUUUA motifs dispersed through the 39-UTR. The
remaining genes were Class II ARE messages, split between
Group 2 (5%), Group 3 (19%), and Group 4 (19%). These
messages contain repeats of the AUUUA sequence
(AUUUAUUUAUUUA), with Group 2 containing four
repeats, Group 3 containing three repeats, and Group 4
containing two repeats. Recent work examining changes in
global mRNA stability in TTP+/+ and TTP�/� fibroblasts
identified 306 transcripts with altered mRNA stability, 33 of
which contained AREs (Lai et al. 2006). The low percentage
of ARE-containing genes is consistent with TTP binding to
additional non-ARE mRNA sequence elements, as pre-
dicted using in vitro binding studies (Worthington et al.
2002), as well as with TTP interacting with mRNA ligands
via a protein bridge, as reported for the iNOS mRNA
(Linker et al. 2005).

In light of the low percentage of ARE-containing genes
identified, we employed a modified version of the SCOPE
algorithm (SCOPE) (Carlson et al. 2007; Chakravarty et al.
2007) to search for 39-UTR motifs present in the identified
TTP ligands. This RNA version of SCOPE is under
development and operates in a manner similar to SCOPE,
but for RNA. Due to a number of expressed sequence tags
and chromosome open reading frames contained on the
U133A chip, the RNA SCOPE analysis included 290 genes
(Supplemental Fig. 1). The motif with the highest signif-
icance identified was the polyadenylation signal AATAAA,
present in 84.1% of the messages (Table 2). The motif
present in the highest percentage of messages was
HCYTBY, found in 87.5% of mRNAs, but because of its
extreme degeneracy its relevance is unclear. The other
motifs identified were two overlapping elements: CTTGT
and TTGTGS, present in 46.7% and 32.5% of the messages,
respectively. Combined, at least one of these elements was
present in 53.8% of the messages.

FIGURE 1. Phenotype of iDCs and mDCs and TTP expression.
Monocyte-derived dendritic cells were generated using IL-4 and GM-
CSF. (A) Flow cytometric analysis of the surface marker expression on
a representative set of human iDCs and mDCs used for immunopre-
cipitations. Mean fluorescent intensity (MFI) for CD86, CD80, CD40,
MHC Class I, and Class II increase with maturation. MFI for CD14,
and mannose receptor (MR) decreased with maturation. (B) Cyto-
plasmic lysates generated from iDCs and mDCs were immunoblotted
for TTP protein expression. TTP expression is higher in iDCs than
mDCs. (C) Total cytoplasmic and total cytoplasmic lysate depleted of
TTP by IP were immunoblotted for TTP protein. TTP was cleared
from the iDC and mDC lysates (iDC depleted, mDC depleted).
Immunoblot for GAPDH served as a loading control.
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FIGURE 2. Identification of TTP targets by RIP-Chip. Messenger RNAs enriched in each RIP-Chip experiment were identified by assigning each
element on the microarray a percentile rank on each of the GeneChips analyzed. These were subsequently used to calculate the mean percentile
rank for both experiments. (A) TreeView image representing all 22,216 genes found on the array, sorted by percentile rank. The image’s pixel
settings are at 500 contrast; however, enriched genes are detected at values of greater than 10,000. The distinct band at the top represents the
significantly enriched genes, as the color intensity correlates to the net intensity of the gene on the array. (B) Graphs of the distribution histograms
of the mean percentile ranks for the two iDC RIP-Chip experiments (top panel) and mDC RIP-Chip experiments (bottom panel). The distribution
in each is bimodal, showing a tail at the high percentile ranks (bin size = 0.006706). Putative iDC targets were defined as those that fall to the right
of this trough with a percentile rank above 95.92% (the distribution of these genes is red in the histogram inset). Putative mDC targets were
defined as those that fall to the right of this trough with a percentile rank above 95.90% (the distribution of these genes is red in the histogram
inset). (C) Histogram showing the distribution of net intensity for all genes on the microarray (green) and the genes that have a GO biological
process annotation of Protein Synthesis (pink). The Y-axis is the percentage of genes plotted at a given intensity value The percentile rank
distributions are plotted on the X-axis across all four experiments (bin size = 0.33) as a percentage of all genes (green; 22,216 genes) or as a
percentage of only the protein synthesis genes (pink; 78 genes).
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Confirmation of TTP mRNA ligands

The RIP-Chip analysis reduced the number of possible
TTP ligands in DCs from 22,216 to 393. This analysis is a
target discovery tool and it is important to note that the
use of bimodal curves results in the inclusion of some
false positives in the data set and the exclusion of some
true positives. In this particular analysis, we did not analyze
standard deviations of the RIP-chip targets for the separate
mDC and iDC experiments.

In order to validate the RIP-Chip findings, we performed
a separate set of immunoprecipitations and assayed for
the presence of 15 putative TTP ligands and one negative
control (CD14) by real-time PCR (Fig. 3). One milligram
of iDC and mDC cytoplasmic lysate was pre-cleared with
pre-immune serum. The lysate was then split in half, with
total cellular RNA isolated from half and TTP-RNA

complexes immunoprecipitated from the other half. Figure
3A presents the relative mRNA level for each gene from the
total analyte mRNA. The data are graphed as the change in
message level with DC maturation for each gene, using the
CT level in the iDC samples as the reference. Thus, expres-
sion levels greater than 1 indicate higher expression levels
in mDC, while expression levels less than 1 indicate higher
expression levels in iDCs. The changes in gene expression
seen here are consistent with previous reports for MHC
Class I (Kuchtey et al. 2005), IDO (von Bubnoff et al. 2004;
Braun et al. 2005), and CD14 (Rieser et al. 1998).

Next, we determined the percentage of mRNA bound by
TTP in iDCs and mDCs for 16 genes (Fig. 3B). These data
compare the amount of RNA in the TTP IP with total RNA
for that cell. The percent of mRNA bound by TTP in iDCs and
mDCs ranged from as little as 0.36% for PSPA in iDCs, to a
high of 18.8% for GADD45, also in iDCs. No CD14 mRNA

TABLE 1. Genes in the ARED database

Class Cluster Accession Gene name

1 5 NM_000099 Cystatin C
1 5 NM_000636 Superoxide dismutase 2
1 5 NM_001123 Adenosine kinase
1 5 NM_002164 Indoleamine-pyrrole 2,3 dioxygenase
1 5 NM_002166 Inhibitor of DNA binding 2
1 5 NM_002693 Polymerase (DNA directed), g

1 5 NM_003507 Frizzled homolog 7
1 5 NM_003651 Cold shock domain protein A
1 5 NM_003651 Mitochondrial ribosomal protein L35
1 5 NM_003831 RIO kinase 3
1 5 NM_003897 Immediate early response 3
1 5 NM_004288 Pleckstrin homology, Sec7 and coiled-coil domains, binding protein
1 5 NM_004985 V-Ki-ras2 Kirsten rat sarcoma 2 viral oncogene homolog
1 5 NM_006294 Ubiquinol-cytochrome c reductase binding protein
1 5 NM_006888 Calmodulin 1 (phosphorylase kinase, d)
1 5 NM_013384 LAG1 longevity assurance homolog 2
1 5 NM_020529 Nuclear factor of k light polypeptide gene enhancer in B-cells inhibitor, a

1 5 NM_000998 Ribosomal protein L37a
1 5 NM_001101 Actin, b

1 5 NM_002046 Glyceraldehyde-3-phosphate dehydrogenase
1 5 NM_003295 Tumor protein, translationally controlled
2 2 NM_000584 Interleukin 8
2 2 NM_000989 Ribosomal protein L30
2 3 NM_001001132 Intersectin 1 (SH3 domain protein)
2 3 NM_001558 Interleukin 10 receptor, a

2 3 NM_003330 Thioredoxin reductase 1
2 3 NM_004566 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
2 3 NM_004723 Rho/rac guanine nucleotide exchange factor (GEF) 2
2 3 NM_021238 Chromosome 12 open reading frame 14
2 3 NM_145071 Cytokine inducible SH2-containing protein
2 4 NM_001636 Solute carrier family 25 (mitochondrial carrier; adenine nucleotide

translocator), member 6
2 4 NM_002970 Spermidine/spermine N1-acetyltransferase
2 4 NM_004157 Protein kinase, cAMP-dependent, regulatory, type II, a

2 4 NM_004417 Dual specificity phosphatase 1
2 4 NM_014723 Syntaphilin
2 4 NM_022757 Hypothetical protein FLJ12892
2 4 NM_030796 Hypothetical protein DKFZp564K0822
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was captured with the TTP immunoprecipitation. Examining
the highest percent interaction for each gene gives a range of
4.4% for CCL-13 and the previously stated 18.8% for
GADD45. This range is consistent with our previous observa-
tion that TTP binds to z6%–8% of the TNF-a mRNA in
macrophages (S.A. Brooks, unpubl.). It should be noted that
even with the histone stem–loop-binding protein, which has a
dissociation constant (Kd) of 1.5 nm (Battle and Doudna
2001), the percentage of histone mRNA recovered from puri-
fied polyribosomes by IP, typically, ranges from 25% to 40%.
In contrast, TTP has a dissociation constant of z20 nm for
ARE, 10 times higher than SLBP (Brewer et al. 2004). Ten
genes (CCL-13, CSTA, MHC Class I, PSPA, REA, RHO,
S100A6, snRPD, SOD2, ZN2216) show significantly more
mRNA bound in mDCs. Five genes (CTSB, DUSP1, GADD45,
INDO, LSP1) are bound by TTP in iDCs and mDCs. Together,
these data support our findings from the RIP-Chip analysis.

Functional effect of TTP on 39-UTR mediated
reporter expression

We have previously established a model system to study
TTP function using transient transfections of gene-specific

39-UTRs cloned downstream from
a luciferase reporter and a TTP
expression construct. This method
establishes TTP-mediated post-tran-
scriptional gene regulation, but does
not discriminate the level of post-
transcriptional regulation. However,
to date, all data indicate that TTP
modulates message stability and not
message translation, and we assume
that TTP is operating in the same
manner here.

The 39-UTRs of three of the val-
idated ARE-containing messages,
DUSP1, IDO, and SOD2, were
cloned into the 39-UTR of the lucif-
erase reporter pGL3-Control. These
constructs were then used to assess
the ability of TTP to reduce lucifer-
ase expression in a transfection assay
using HEK293 cells and RAW264.7
cells (Fig. 4). HEK293 cells are a
human cell line that expresses very
little if any endogenous TTP (Brooks
et al. 2002, 2004; Rigby et al. 2005).
RAW264.7 cells are a mouse macro-
phage cell line and provide a more
functionally relevant cell for these
studies. In addition to wild-type
human TTP, we utilized a TTP zinc
finger mutant (TTP-Zn-FM) that
lacks the ability to bind to mRNA

(Lai et al. 2002). In the RAW cells, we also employed a
mouse TTP expression construct, which behaved identi-
cally to human TTP in all cases (data not shown).

Luciferase expression from the pGL3 control luciferase
reporter was not altered by TTP co-transfection (Fig. 4A).
Consistent with previous work, luciferase expression from a
human TNFa 39-UTR (nucleotides 855–1643) containing
reporter was significantly inhibited with wild-type TTP co-
transfection (p < 0.001 two-tailed t-test) (Brooks et al.
2002, 2004; Rigby et al. 2005). Mutation of the TTP zinc
fingers (TTP Zn-FM), which are required for RNA binding,
resulted in a loss of TTP function, consistent with previous
work (Lai et al. 2002; Brooks et al. 2004; Rigby et al. 2005).

DUSP1 is a MAPK phosphatase that binds to activated
MAPKs and dephosphorylates them at threonine and tyro-
sine residues. In macrophages, DUSP1 expression is in-
creased by activating factors such as LPS and peptidoglycan
(Chen et al. 2002; Shepherd et al. 2004), as well as by
immunosuppressive factors such as dexamethasone and IL-
10 (Hammer et al. 2005a,b; Zhao et al. 2005). The DUSP1
mRNA contains a Class 2 ARE (Table 1). DUSP1 39-UTR
luciferase expression was significantly inhibited by co-
transfection of wild-type TTP in both 293 (p < 0.001)

TABLE 2. Sequence motifs identified with RNA SCOPE

Column 1: The consensus motif for the top scoring 39-UTR over-represented motifs. Column 2:
The sequence logos for the motifs, indicating the composition of the motifs. Column 3: The
significance score, which is an indication of the degree of overrepresentation compared to the
rest of the 39-UTR sequences in the transcriptome. For DNA motifs, Sig values >5 are mildly
significant; Sig values >10 are quite significant. Column 4: The percentage of transcripts
analyzed that contain the motif.
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and RAW (p < 0.01) cells. Transfection of the TTP zinc
finger mutant was no different from no co-transfected TTP
in 293 cells and resulted in a slight increase in luciferase-
DUSP 39-UTR reporter in RAW264.7 cells (Fig. 4B).

Indoleamine 2,3-dioxygenase (IDO) is responsible for
converting tryptophan to kynurenines. It is expressed in a
wide variety of tissues and is up-regulated by IFNg. IDO
enzymatic activity correlates with reduced T-cell-mediated
responses, and mDCs that have functional IDO enzyme
activity can be potent suppressors of T-cell responses in
vivo and in vitro (Mellor and Munn 2004). The IDO 39-
UTR contains a Class 1 ARE. IDO 39-UTR-mediated
luciferase expression (Fig. 4C) was significantly inhibited
with wild-type TTP transfection in both 293 (p < 0.001)
and RAW cells (p < 0.05). There was no effect of the TTP
Zn-FM mutant transfection in either cell type.

Superoxide dismutase 2 (SOD2) is an antioxidant en-
zyme involved in cellular protection from reactive oxygen
species. SOD catalyzes the dismutation reaction of super-
oxide radical anion (O�2 ) to hydrogen peroxide. SOD2
mRNA contains a Class 1 ARE. TTP transfection sig-
nificantly reduced SOD2 39-UTR luciferase expression
in both 293 (p < 0.01) and RAW (p < 0.01) cells with
wild-type TTP, while the TTP Zn-FM mutant had no effect
(Fig. 4D).

TTP regulates CD86 expression

CD86 is not in the ARE database and does not contain a
canonical ARE nonamer (A/UUAUUUAUA/U) sequence.
However, CD86 does contain two ARE-like sequences—
(nucleotides 1583–1589) UAUUUAU and (nucleotides

2552–2560) UUAUUUUAU. We cloned the human CD86
39-UTR into pGL3 control in two parts: CD86 39-UTR
1120–1655, which contains the first ARE-like element, and
CD86 39-UTR 1656–2720, which contains the second of the
ARE-like sequences. In 293 cells, TTP transfection resulted
in a 24% decrease in luciferase expression with the CD86
39-UTR 1120–1655 (p < 0.05) (Fig. 5). TTP transfection did
not result in a significant change in the luciferase-CD86–
39-UTR 1656–2720 construct. Comparable results were
obtained with RAW cells. TTP transfection reduced CD86
39-UTR 1120–1655 luciferase expression by 21% (p < 0.05)
but had no effect on CD86 39-UTR 1656–2720 (Fig. 5).
Transfection of TTP-Zn-FM did not result in significant
changes to either of the report constructs. We conclude that
TTP regulation of CD86 expression requires a cis-element
located between nucleotides 1120 and 1655, which is likely
to be the UAUUUAU sequence at nucleotides 1583–1589.
However, we cannot exclude the presence of other cis-
elements within this 39-UTR fragment.

TTP regulates MHC Class I expression
via a non-ARE-dependent mechanism

Finally, we examined the effect of TTP on MHC Class I 39-
UTR-mediated expression. MHC Class I is not in the ARE
database, and there are no ‘‘ARE-like’’ sequences in the
39-UTR. The GeneChip data indicated that TTP interacted
with all six MHC Class I mRNAs (A, B, C, E, F, G). We first
performed an alignment of the 39-UTRs of the six MHC
Class I genes (Fig. 6A). The 39-UTRs range in length from
720 nt (allele G) to 99 nt (allele F). Alignment of the MHC
Class I Allele 39-UTRs identified a single relatively short

FIGURE 3. Confirmation of TTP targets by Real-Time PCR. iDC and mDC cytoplasmic lysate was pre-cleared with pre-immune serum. Total
RNA was then isolated from half of the supernatant, and the other half was used for new TTP IPs and the captured RNA isolated. Total and TTP
IP RNA samples were then screened for the presence of 15 putative TTP targets identified by RIP-Chip and one negative control (CD14) using
Real-Time PCR. (A) Change in total mRNA level with DC maturation. The relative mRNA level of each gene is calculated using DDCt. (B) The
percentage of each mRNA bound by TTP in iDCs and mDCs. Values range from a low of 0.36% to a high of 18.8%. No CD14 signal was detected
by real-time PCR in the TTP immunoprecipitate.
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region of overlap that coincides with the 99-nt Class I-F 39-
UTR. Interestingly, this element occurs early in the 39-UTR
of five of the six alleles. Only HLA Class I-G, which
contains the longest 39-UTR (720 nt), is the sequence
located more than 150 nt downstream from the stop codon.

We cloned the MHC Class I-F allele into the pGL3
reporter and performed transfection experiments as above
(Fig. 6B). TTP transfection resulted in a 21% reduction of
luciferase expression in 293 cells (p < 0.05) and a 20%
reduction in RAW cells (p < 0.05). Next, we cloned the 36
nt from 1090 to 1125 that contained the region of highest
homology in Figure 6A. An examination of the sequence
of this element (GACAGCTTCCTTGTGTGGGACTGA
GAAGCAAGATAT) reveals that it contains almost the
exact sequence motifs (CTTGT, TTGTGS) identified in
the RNA SCOPE analysis (Table 2). The 36-nt element was
sufficient to confer the same degree of TTP sensitivity as
the full-length Class IF 39-UTR. Once again, transfection of
TTP-Zn-FM had no effect on the reporter.

In order to establish that the region identified in the
MHC Class I-F allele was necessary as well as sufficient, we
cloned the MHC Class I-B 39-UTR into the pGL3-Control
luciferase vector and generated a series of deletions (Fig.
7A). The MHC Class I-B 39-UTR is 517 nt long. The region
of homology with Class I-F is indicated in bold underline in
Figure 7A. We made three deletion mutants from the full-
length MHC Class I-B 39-UTR (Fig. 7B). MHC B Delta 1
deletes nucleotides 1104–1251 and eliminates all but the
first four nucleotides of the sequence that aligns with MHC
Class I-F. MHC B Delta 2 deletes nucleotides 1251–1324.
MHC B Delta 3 deletes nucleotides 1324–1461 (Fig. 7B).
Figure 7C demonstrates that wild-type TTP is able to
inhibit wild-type MHC Class I-B 39-UTR luciferase expres-
sion in both 293 and RAW 264.7 cells. Deletion of the Class
I-B region that aligns with Class I-F (MHC Class I-B Delta
1) eliminates the effect of TTP transfection. MHC B Delta 2
and Delta 3 both retain TTP responsiveness. These data in
combination with Figure 6 demonstrate that TTP regulates
MHC Class I expression via a non-ARE cis-element.

DISCUSSION

Dendritic cells are crucial regulators of immune responses
serving as a link between the innate and adaptive immune
systems. The transition from immature DC to mature DC
represents a critical switch from anti-inflammatory to pro-
inflammatory status in the DC. We sought to identify the in
vivo TTP mRNA targets in human monocyte-derived iDCs
and mDCs using TTP IP followed by Affymetrix GeneChips
analysis (RIP-Chip).

Several previous efforts have been undertaken to identify
TTP targets, using SELEX to identify TTP mRNA-binding
sites, and examining changes in mRNA stability in TTP�/�

fibroblasts (Worthington et al. 2002; Lai et al. 2006). We
view these studies as complementary to the work presented

FIGURE 4. Functional characterization of TTP mRNA ligands. The
functional effect of TTP transfection on 39-UTR-mediated luciferase
expression was examined in HEK 293 and RAW264.7 cells, using wild-
type (TTP) and Zinc-Finger Mutant (TTP Zn-FM), which cannot bind
mRNA (n = 4). (A) Consistent with previous work, TTP transfection
had little effect on pGL3 control luciferase expression. Wild-type TTP
transfection resulted in a significant decrease in full-length TNF-a 39-
UTR luciferase reporter expression in both 293 (p < 0.001) and RAW
(p < 0.001) cells, while the TTP Zn-FM did not alter TNFa 39-UTR-
mediated expression. (B) Wild-type TTP significantly inhibited DUSP1
39-UTR luciferase expression in both 293 (p < 0.001) and RAW (p <
0.01) cells. The TTP Zn-FM did not alter DUSP1 39-UTR luciferase
expression. (C) Wild-type TTP significantly inhibited IDO 39-UTR
luciferase expression in both 293 (p < 0.001) and RAW (p < 0.05) cells.
The TTP Zn-FM did not alter IDO 39-UTR luciferase expression. (D)
Wild-type TTP significantly inhibited SOD2 39-UTR luciferase expres-
sion in both 293 (p < 0.01) and RAW (p < 0.01) cells. The TTP Zn-FM
did not alter SOD2 39-UTR luciferase expression.
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here, each having its own strengths and weaknesses. In vitro
binding assays such as SELEX identify sequences bound
by TTP with high affinity but may miss lower-affinity
binding. These assays also exclude the involvement of other
proteins in TTP–mRNA interaction, as is the case for the
protein KSRP (Linker et al. 2005). Microarray-based
mRNA decay assays establish a functional effect, but not
the direct involvement of TTP, even in TTP�/� cells, as the
loss of TTP could alter the expression of proteins that
themselves may regulate mRNA stability. For example,
DUSP1, which we identified as a TTP ligand, operates to
limit p38 phosphorylation (Hammer et al. 2005a,b). Since
modulation of p38 activity is involved in regulating mRNA

stability, the downstream effects of altered DUSP1 mRNA
stability in TTP�/� animals is likely to have an impact on
both TTP and non-TTP mRNA targets. The RIP-Chip assay
employed here establishes that TTP likely interacts with a
given mRNA, but does not by itself establish a functional
consequence of this interaction. Additionally, the messages
identified may represent the subset of messages that have
survived the action of TTP and not the complete set of
messages with which TTP interacts. Indeed, this may
account for the difference in messages we identify as TTP
ligands in iDCs and mDCs. Regardless, the inability of the
RIP-Chip assay to identify every TTP ligand in a cell does
not invalidate the identified, validated, and functionally
characterized ligands, just as the shortcomings associated
with SELEX and Chip-based decay assays do not invalidate
those assays.

Our analysis of the TTP mRNA ligands using RNA
SCOPE did not identify the ARE, which is present in 12.8%
of the messages examined, as occurring significantly above
the background level of 8% (Bakheet et al. 2006). However,
it is also likely that the small number of ARE-containing
mRNA targets identified is the consequence of their higher
rate of turnover, resulting in a lower percentile rank.
Supporting this, we did not identify TNF-a above the
threshold cut for either mDCs or iDC but did confirm that
the TNF-a mRNA was present in the TTP IP as determined
by real-time PCR in Figure 3 (data not shown). We have
previously demonstrated that proteasome inhibition inhib-
its TTP function, at least with regard to TNF-a mRNA stab-
ility. While beyond the scope of this manuscript, studies are
planned to perform the RIP-Chip analysis comparing cells
treated with and without proteasome inhibitors.

FIGURE 5. Functional characterization of CD86. The functional
effect of TTP expression on CD86 39-UTR-mediated luciferase
expression was examined in 293 and RAW cells, using wild-type
(TTP), Zinc-Finger Mutant (TTP Zn-FM) (n = 4). Transfection of
wild-type TTP resulted in a 24% decrease in CD86 39-UTR nucleo-
tides 1120–1655 in 293 cells (p < 0.05) and a 21% decrease in
RAW264.7 cells (p < 0.05). The TTP Zn-FM binding mutant had no
effect on CD86 39-UTR nucleotides 1120–1655. There was no effect of
TTP transfection on CD86 39-UTR nucleotides 1656–2720.

FIGURE 6. Functional effect of TTP on MHC Class IF expression. (A) Alignment of the 39-UTRs of the six expressed MHC Class I molecules.
The 36-nt region from MHC Class IF is indicated in bold underline. The cis-element identified by RNA SCOPE is underlined in the consensus
sequence. (B) Wild-type TTP significantly inhibited (p < 0.05) luciferase expression from the 99-nt MHC Class IF 39-UTR as well as the 36-nt
region from 1090 to 1126. The TTP Zn-FM mutant had no effect on luciferase expression (n = 4).
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The large number of non-ARE-containing messages we
identified supports the hypothesis that TTP interacts with
non-ARE-containing messages. The number and percent of
ARE-containing messages we identified in iDCs (27, 9.5%)
and mDCs (29, 9.9%) is comparable to the number and
percentage of ARE-containing messages identified with
altered mRNA stability in TTP�/� fibroblasts (33,
10.78%). Several non-ARE-containing binding motifs were
identified in SELEX experiments, and we demonstrate that
TTP both interacts with and functionally regulates MHC
Class I expression. Additionally, while KSRP, which serves
as a protein bridge between iNOS and TTP (Linker et al.
2005), interacts with the ARE, it is plausible that TTP
interacts with RNA-binding proteins that have specificity
for other RNA cis-elements, expanding the pool of mes-
sages with which TTP could interact.

The RNA SCOPE analysis identified a non-ARE
sequence element, CTTGTG, present in 53.8% of the

messages. This element is also present in the 36-nt region
we functionally identified as conferring TTP responsiveness
in the MHC Class I 39-UTR. Analysis of only the MHC
Class I genes with RNA SCOPE reveals a more precisely
defined sequence element that we show is sufficient to
confer TTP regulation of a luciferase reporter construct.
Our findings are consistent with a previous report demon-
strating that MHC Class I gene expression is regulated at
the level of mRNA stability (Kuchtey et al. 2005). The
magnitude of the effect we see in the functional studies
is consistent with our previous work and that of others
(Brooks et al. 2004; Stoecklin et al. 2004; Rigby et al.
2005; Deleault et al. 2008). While these changes may appear
modest, small changes in the message stability can have
dramatic consequences. For example, inhibiting TTP func-
tion in monocytes with LPS results in a change in TNF-a
mRNA stability from 37 min to 56 min, a 51% change in
stability (Deleault et al. 2008). Unlike most cells in the

FIGURE 7. Identification of the TTP cis-element in MHC Class IB. (A) MHC Class IB 39-UTR. Underline bold sequences are nucleotides that
align with MHC Class IF. (B) MHC Class IB vectors constructs used to identify the TTP-binding site. The region of homology with MHC Class IF
is indicated. (Class IB FL) Full-length Class IB 39-UTR nucleotides 999–1517; (Class IB Delta 1) Class IB 39-UTR with nucleotides 1104–1251
deleted. This region corresponds to the region of homology with MHC Class IF. (Class IB Delta 2) Class IB 39-UTR with nucleotides 1251–1324
deleted; (Class IB Delta 3) Class IB 39-UTR with nucleotides 1324–1461 deleted. (C) Wild-type TTP significantly inhibited (p < 0.05) luciferase
expression from wild-type, Class IB Delta 2, and Class IB Delta 3 constructs. TTP inhibition was lost with the Delta 1 construct (n = 4). The TTP
Zn-FM mutant had no effect on any of the luciferase constructs.
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body, MHC Class I expression in DCs is a highly regulated
process (Banchereau and Steinman 1998). Proper immune
function is critically dependent on antigen-specific DC
activation of T-cells. It seems likely that TTP regulation
of MHC Class I stability represents an important control
point for the increase in MHC Class I expression that
occurs with DC maturation. Whether TTP regulation of
MHC Class I is specific to DCs or other specialized antigen-
presenting cells is unclear, however, TTP regulation of
TNF-a is limited to myeloid cells even though lymphoid
cells express both TNF-a and TTP (Carballo et al. 1997).

The large number of ribosomal and translation factors
identified was unexpected, although L37a contained an
ARE. It is possible that modulating ribosomal protein
expression represents an underappreciated site of regula-
tory control. Additionally, there are numerous reports in
the literature of extra-ribosomal functions for ribosomal
proteins. For example, S19 forms a homodimer that serves
as a monocyte chemotactic factor that is thought to
participate in the pathology of chronic inflammatory
diseases such as rheumatoid arthritis (Yamamoto 2000).
During development, mutation of ribosomal proteins can
result in very selective effects that cannot be explained as
simply disregulated protein synthesis. In Drosophila, muta-
tion of S2 causes arrest of oogenesis (Cramton and Laski
1994), mutation of S6 results in melatonic tumors and
hypertrophied hematopoetic organs (Watson et al. 1992),
and L19 mutants fail to develop normal wing blades (Hart
et al. 1993). Basal expression of ribosomal protein expres-
sion varies across tissues, in a way that does not necessarily
correlate with cell division (Thomas et al. 2000). There
are seven different S27 message isoforms all with identical
coding regions but different tissue distributions, consistent
with post-transcriptional regulation (Thomas et al. 2000).
Ribosomal proteins L7 and S11 are overexpressed in
colorectal carcinomas (Kasai et al. 2003), while the L13
protein, which has an identical protein-coding region to
the breast basic conserved 1 protein (BBC1), is overex-
pressed in gastrointestinal cancer cells (Kobayashi et al.
2006). RNAi knockdown of L13 significantly enhanced the
sensitivity of these cells to DNA damage, while exogenous
addition of L13 expression into cells inhibited chemo-
sensitivity (Kobayashi et al. 2006). Finally, a recent report
identified several ribosomal proteins as specific markers of
juvenile idiopathic arthritis (Allantaz et al. 2007). While
beyond the focus of this study, further characterization of
the role of TTP in the regulation of ribosomal protein
expression should provide critical insights.

In this way, TTP may operate as part of a post-
transcriptional operon, functioning with other RBPs to
regulate DC maturation at the post-transcriptional level.
By coordinately regulating the stability and translation of
mRNAs from multiple different genes, post-transcriptional
operons allow for the coordinated expression of functionally
related groups of genes (Keene and Tenenbaum 2002;

Keene and Lager 2005; Moore 2007). Recent work exam-
ining the Puf family of RBPs in both Saccharomyces
cerevisiae and Drosophila melanogaster has demonstrated
common themes for the messages bound (Gerber et al.
2004; André et al. 2006). In S. cerevisiae, each of the five
Puf proteins interacted with mRNAs whose proteins had
common functions and subcellular localization (Gerber
et al. 2004). In D. melanogaster, the Puf gene PUMILIO
interacted with mRNAs encoding functionally related
proteins, but the set of messages bound was distinct at
different developmental stages (André et al. 2006). Similar
data have been demonstrated in mammalian cell lines for
the ELAV family of RBPs (Tenenbaum et al. 2000; Penalva
et al. 2004). The composition of mRNAs detected in HuB-
mRNP complexes changed in P19 embryonal carcinoma
stem cells after induction of neuronal differentiation with
retinoic acid (Tenenbaum et al. 2000). DC maturation
likely involves similar mechanisms with multiple RBPs
interacting with distinct subsets of messages, to coordinate
the series of changes that occur, from changes in phagocy-
tosis to increasing expression of MHC and co-stimulatory
molecules. Indeed, post-transcriptional operons may fine-
tune DC maturation to specify a specific immune response
to individual classes of pathogens.

Conclusion

Our data indicate that TTP interacts with about 300
messages in iDCs and in mDCs. These data establish that
TTP can interact with and regulate the expression of non-
ARE-containing mRNAs, specifically MHC Class I mRNAs.
A number of the TTP mRNA ligands identified have been
previously established as critically involved in DC matura-
tion and function, including MHC Class I, CD86, several
chemokine and chemokine receptors, and IDO. This study
establishes TTP as a having a broader role in regulating the
immune response than previously suspected.

MATERIALS AND METHODS

Materials

Reagents

Lipopolysaccaride (LPS) (E. coli 026:B6) was purchased from
Sigma. IL-4, GM-CSF, and CD40L were purchased from Pepro-
tech. Cell culture bags were purchased from American Fluoroseal.
The antibodies for CD11c, CD86, CD80, CD40, CD14, MHC I,
MHC II, and mannose receptor (MR) and the corresponding
isotype controls were purchased from Beckman Coulter.

Leukocyte harvest and isolation

All procedures were approved by the Institution Review Board
for Human Subjects. Normal human leukocytes were collected
on a Cobe Spectra Apheresis cell separator, according to the
Dartmouth-Hitchcock Medical Center, SOP # DR III D, using the
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white blood cell (WBC) procedure for preparation of monocytes
(MNC), for 85 min (Wallace et al. 2000). Highly purified
populations of human lymphocytes and monocytes were obtained
from the leukapheresis product by countercurrent elutriation of
WBCs. Lymphocytes and monocytes were isolated by counterflow
centrifugation cell elutriation (J6M/E Beckman centrifuge with JE
5.0 rotor) using a 6.5 mL Sanderson chamber (Wallace et al.
2000). Monocytes were used immediately as outlined below.

Generation and maturation of dendritic cells

Differentiation: Monocytes were incubated in VueLife bags in
RPMI containing 10% FCS and GM-CSF (10 ng/mL) and IL-4 (20
ng/mL) for 7 d, receiving additional GM-CSF and IL-4 as above
on day 4 (Guyre et al. 2002). Maturation: iDCs were harvested,
washed, and cultured in the presence of LPS (2.5 mg/mL) and
CD40L (10 mg/mL), for 24 h at 37°C in VueLife bags. Flow
cytometry: Analysis by flow cytometry was completed using a
FACSCalibur (Becton Dickinson). iDCs and mDCs were exam-
ined by flow cytometry for surface staining with directly conju-
gated monoclonal antibodies to CD14, CD40, CD45, CD80,
CD86, Mannose Receptor, and MHC Class I and II molecules
using a mAb against CD11c as a lineage-specific gate.

Cell lysis and immunoprecipitation

DCs were washed three times with ice-cold 13 phosphate-
buffered saline and resuspended in 1 mL of ice-cold buffer
A (10 mM Tris-HCl at pH 7.6, 1 mM KAc, 1.5 mM MgAc,
2 mM DTT, 10 mL/mL HALT protease inhibitor). Cells
were lysed with a Teflon pestle homogenizer at 1500 rpm
and centrifuged at 12,000g for 10 min to pellet the nuclei;
the supernatant was collected, and protein was quantified
using a BCA assay. For immunoblotting, cytoplasmic
lysates were boiled in 23 loading buffer for 3 min, resolved
by SDS-PAGE, and electrotransferred to nitrocellulose.
Immunoblotting was performed for TTP using the
CARP-3 antibody (a generous gift from William Rigby)
and GAPDH (6C5; American Research Products).

For all immunoprecipitations, equal quantities of protein
from iDCs and mDCs were used. TTP RNA complexes
were recovered by immunoprecipitation using an Anti-TTP
(CARP-3) antibody. Affinity CARP-3 or pre-immune
serum was bound to 1 mg of protein A–Sepharose beads
by incubating overnight at 4°C with continuous rotation in
IP buffer (10 mM Tris-HCl at pH 7.6, 1.5 mM MgCl2, 100
mM NaCl, 0.5% Triton X-100, 10 mL/mL HALT protease
inhibitor); unbound material was removed with three
washes with 500 mL of IP buffer. In order to remove
proteins and RNAs that might bind nonspecifically to the
protein A–Sepharose or antibody, each lysate was pre-
cleared by incubating with the pre-immune serum bound
beads for 2 h at 4°C. The pre-immune beads were pelleted,
and the supernatant was removed and added to the CARP-
3 antibody beads, which were incubated for 2 h at 4°C with
continuous rotation. Anti-CARP3 beads and their bound
complexes were recovered by centrifugation and washed six

times with IP buffer. RNA was isolated from the immu-
noprecipitate with Trizol (Invitrogen) and used either for
GeneChip analysis or real-time PCR.

Affymetrix GeneChip screen and analysis

U133A Affymetrix GeneChips, representing 22,284 genes,
were hybridized according to the manufacturer’s protocol
in the Dartmouth Microarray Core facility. Affymetrix data
from the four GeneChips (two iDC, two mDC) were
analyzed using methods previously described for analysis
of histone stem–loop-binding protein (SLBP) targets, with
modifications for application to Affymetrix GeneChips
(Townley-Tilson et al. 2006). Affymetrix control spots (n
= 68) were removed from the set of genes and not
considered further. Each array was normalized by linear
scaling such that the median value on each array was the
same. The genes on each array were first sorted by their net
signal intensity. Each gene on the array was then assigned a
percentile rank based on its net signal intensity relative to
all other genes on the array. Sorting by percentile rank
resulted in genes with the greatest net intensity receiving
the highest percentile rank. The percentile ranks were
averaged between the two iDC and mDC experiments to
produce a mean percentile rank for every gene in the two
experiments; the distributions are presented graphically as a
histogram with genes segregated into bin classes based on
their percentile ranks (see Fig. 2). The graphical represen-
tation shows a bimodal distribution. A cutoff was estab-
lished that divided the two distributions. Significantly
enriched genes were defined as genes to the right of the
bimodal distribution (percentile rank > 95.92%) (Lieb et al.
2001; Townley-Tilson et al. 2006). Gene Ontology (GO)
TermFinder was used to determine significantly over-
represented biological processes (Boyle et al. 2004), and
these results are displayed graphically with MatLab software
using the net signal intensity for all genes receiving a GO
Biological Process annotation versus the net signal intensity
of all genes on the microarray (Awad et al. 2004). Java
TreeView software was used to display a color-coded heat
map image of the net signal intensity values of all genes on
the microarray (Saldanha 2004).

Real-Time PCR

Following Trizol extraction, mRNA was quantified by
spectrophotometry and treated with amplification grade
RNase free DNase (Invitrogen). Reverse transcription was
performed using Superscript II (Invitrogen), 100 ng of
mRNA, and oligo d(T) according to the manufacturer’s
protocol. For real-time PCR, human primer pairs were
purchased from Superarray, along with the 23 RT2

Real-Time SYBR Green (Superarray). Reactions were
performed in triplicate according to the manufacturer’s
protocol.
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Transient transfections and luciferase assays

Orientation of the cDNA inserts and the integrity of the
DNA sequences were confirmed by sequencing using the
ABI Prism Dye Terminator Cycle Sequencing kit (Perkins-
Elmer Corp.), and searched using the BLAST search pro-
gram against the published sequence on the NCBI Database
(Altschul et al. 1990). The pcDNA 3.1 His-C-TTP (TTP),
ZnFM, and murine TTP expression constructs were gen-
erated as previously described (Brooks et al. 2002, 2004;
Rigby et al. 2005). The pGL3 luciferase constructs contain
the full-length DUSP1 39-UTR nucleotides (Accession
NM_004417), IDO 39-UTR nucleotides 1326–1655 (Acces-
sion NM_002164), and SOD2 39-UTR nucleotides 673–
1026 (Accession NM_000636). The CD86 39-UTR nucleo-
tides 1119–2797 (Accession NM_006889) were cloned in
two parts as indicated in the text. Two pGL3 MHC Class I-
F 39-UTR (Accession NM_018950) constricts were made:
full-length (1090–1188) and MHC Class I-F Binding Site
(1090–1126). Five pGl3 MHC Class I-B 39-UTR
(NM_005514) constructs were made: full-length (999–
1518), Delta 1 (999–1103 and 1252–1518), Delta 2 (999–
1251 and 1323–1518), Delta 3 (999–1323 and 1456–1518),
and Delta 4 (999–1103, 1252–1323, 1456–1518).

Human embryonic kidney (HEK) 293 cell and RAW
264.7 cell transfections were performed as previously
described (Brooks et al. 2002, 2004; Rigby et al. 2005),
using 1 mg of luciferase construct and 25 ng of TTP
expression construct or pcDNA 3.1. Transfections were
performed in triplicate with at least four experiments. Cells
were lysed 24 h after serum addition in 100 mL of 13

luciferase lysis buffer (Promega), and 20 mL of each sample
was read in a luminometer according to the manufacturer’s
protocol. For each luciferase vector, a two-tailed t-test was
performed comparing the effect of TTP of TTP Zn-FM co-
transfection with pcDNA3.1 transfection. Unless otherwise
indicated, error bars represent the standard error of the
mean.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.
org.
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