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Eukaryotic mRNA stability can be influenced by AU-rich elements (AREs) within mRNA primary sequences.
Tristetraprolin (TTP) is a CCCH tandem zinc finger protein that binds to ARE-containing transcripts and
destabilizes them, apparently by first promoting the removal of their poly(A) tails. We developed a cell-free
system in which TTP and its related proteins stimulated the deadenylation of ARE-containing, polyadenylated
transcripts. Transcript deadenylation was not stimulated when a mutant TTP protein was used that was
incapable of RNA binding, nor when a mutant ARE was present that did not bind TTP. The ability of TTP to
promote transcript deadenylation required Mg2�, but not ATP or prior capping of the RNA substrate.
Cotransfection and additivity studies with the poly(A) RNase (PARN) demonstrated that TTP promoted the
ability of this enzyme to deadenylate ARE-containing, polyadenylated transcripts, while having no effect on
transcripts lacking an ARE. There was no effect of TTP to act synergistically with enzymatically inactive PARN
mutants. We conclude that TTP can promote the deadenylation of ARE-containing, polyadenylated substrates
by PARN. This interaction may be responsible for the ability of TTP and its family members to promote the
deadenylation of such transcripts in intact cells.

Steady-state levels of cellular mRNAs are determined by the
balance between their biosynthesis and turnover. Different
mRNAs can exhibit marked differences in turnover rates
within the same cell, and the turnover rates of individual
mRNAs can also vary significantly in response to changes in
the cellular environment. In mammalian cells, the earliest step
in mRNA turnover is thought to be removal of the poly(A) tail,
or deadenylation, and this process in turn largely determines
the overall decay rate of the mRNA (15, 16, 31, 36).

It has been appreciated for many years that cis-acting AU-
rich elements (AREs), often within the 3�-untranslated regions
(3�-UTR) of the mRNA, can confer decreased stability on the
mRNAs that contain them (32). These AREs have been clas-
sified according to the grouping of A and U residues within the
motif (10, 36), and a recently updated database of these motifs
has been established (1, 2). One type of ARE (36, 37) contains
tandem repeats of the pentameric motif AUUUA; examples
are present in the mRNAs encoding the clinically significant
cytokines tumor necrosis factor alpha (TNF-�), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and inter-
leukin-3 (IL-3). In these three well-studied cases, removal of
the ARE makes the mRNA more stable, whereas transplanta-
tion of the ARE to previously stable mRNAs makes those
mRNAs less stable (19, 37).

Much attention has therefore been focused on cellular pro-
teins that bind to these AREs as potential regulators of mRNA
stability (15, 36). One such ARE-binding protein is tristetra-
prolin (TTP), the prototype of a small family of tandem CCCH

zinc finger proteins (5). Studies from TTP knockout mice and
their control littermates have shown that TTP can promote the
destabilization of TNF-� and GM-CSF mRNAs in primary
macrophages and bone marrow-derived stromal cells, respec-
tively, suggesting that TTP is a normal, physiological regulator
of steady-state levels of these mRNAs in specific cell types (7,
8). TTP itself can be regulated at several levels, including
transcription, phosphorylation, and subcellular localization,
providing for potentially complex regulation of TNF-� and
GM-CSF mRNA levels in appropriate cells (24, 25, 28, 29, 33,
35).

One clue to the mechanism of TTP’s ability to destabilize
class ARE-containing mRNAs came from studies of GM-CSF
mRNA stability in primary bone marrow-derived stromal cells
from TTP knockout mice (7). A striking finding was that GM-
CSF mRNA was not only much more stable in the cells from
the TTP knockout mice than in the control cells but also that
there was also a marked increase in the ratio of the fully
polyadenylated mRNA to the deadenylated mRNA body in
the TTP-deficient cells compared to the control cells. This
implicated TTP in the deadenylation of GM-CSF mRNA, even
though the ARE TTP-binding site is separated from the
poly(A) tail in the mouse GM-CSF mRNA by ca. 54 bases (see
GenBank accession no. X02333).

The phenomenon of TTP-induced deadenylation was stud-
ied in more detail in cotransfection studies, which revealed that
(i) native TTP but not a variety of tandem zinc finger (TZF)
domain mutants promoted the deadenylation of mRNAs con-
taining normal AREs (19, 22); (ii) certain ARE mutants that
prevented TTP binding also were resistant to TTP-promoted
deadenylation (22); (iii) the two other known members of the
TTP protein family in mammals, ZFP36L1 and ZFP36L2,

* Corresponding author. Mailing address: A2-05 NIEHS, 111 Alex-
ander Dr., Research Triangle Park, NC 27709. Phone: (919) 541-4899.
Fax: (919) 541-4571. E-mail: black009@niehs.nih.gov.

3798



could also promote the deadenylation of class II ARE-contain-
ing mRNAs (19, 21); (iv) the TTP-induced deadenylation was
accompanied by complete turnover of the mRNAs at low con-
centrations of expressed TTP, whereas high concentrations
caused accumulation of the deadenylated mRNA body (19,
20); and (v) dephosphorylation of TTP could increase its ap-
parent binding affinity for its ARE target (6).

In order to unravel the molecular steps involved in TTP-
stimulated mRNA deadenylation and breakdown, it was nec-
essary to develop a cell-free, TTP-dependent deadenylation
assay for ARE-containing mRNAs. To do this, we took advan-
tage of the fact that human 293 cells do not express detectable
levels of TTP or its two known related human proteins,
ZFP36L1 or ZFP36L2. In this cell type, coexpression of TTP
or its related proteins with ARE-containing mRNAs leads to
their deadenylation and subsequent destruction (19), indicat-
ing that the TTP-dependent deadenylation machinery is
present and “activatable” in these cells. In the present study,
we describe the development of such a cell-free deadenylation
system in 293 cell extracts, and show that the presence of TTP
or its related proteins can effectively activate the poly(A)
RNase (PARN) in a manner that is specific for mRNA sub-
strates that contain AREs composed of tandem AUUUA pen-
tamers. These data indicate that TTP and its related proteins
can bind selectively to ARE-containing substrate mRNAs and
then specifically promote their deadenylation by the ubiquitous
PARN enzyme. If this mechanism obtains in intact cells, it
provides a means for the selective degradation of ARE-con-
taining mRNAs by PARN or a related enzyme, while leaving
the majority of polyadenylated transcripts unaffected.

MATERIALS AND METHODS

Plasmid constructs. The expression plasmid CMV.hTTP.tag, its zinc finger
mutant C124R, and its TZF domain alone [CMV.hTTP(97-173).tag] were made
as described previously (21). The numbering system for the TTP mutants used
the GenBank RefSeq for TTP, NP_003398. CMV.cMG1.tag and CMV.xC3H-
3.tag were as described previously (21). CMV.hPARN.flag, which expressed the
human poly(A)-dependent 3� exoribonuclease (i.e., PARN), was constructed as
follows. A cDNA coding for the open reading frame of PARN was made by
reverse transcription-PCR from HeLa cell total RNA. The 5� primer for the PCR
amplification was 5�-ACGTggtaccGCCGAGATGAACCCCAGTG-3�, and the
3� primer was 5�-GTGCCACCGGTGTTCCAACTGTTGATTACAAGGACG
ACGATGACAAGTAAGctcgagCAT; the lowercase letters indicate the restric-
tion sites for Asp718 and XhoI, respectively. The underlined letters in the 3�
primer represent the coding sequence for the FLAG epitope. The resulting PCR
product was digested with the enzymes and ligated into the Asp718 and XhoI sites
of the expression vector CMV.BHG3�/BS� (20). The correct sequence of the
hPARN.flag DNA insert was confirmed by dRhodamine terminator cycle se-
quencing (Perkin-Elmer, Foster City, Calif.), and the sequence of hPARN was
identical to bp 58 to 1974 (coding for the first to the last amino acids) of
GenBank accession no. NM_002582.1; the protein sequence is listed as
NP_002573. Mutations were introduced into the PARN cDNA sequence as
described previously (25); correct sequences of all mutations were verified by
dRhodamine terminator cycle sequencing.

Transfection of HEK 293 cells and preparation of cell extracts. HEK 293 cells
(referred to as 293 cells) were maintained, and transient transfection of 1.2 � 106

cells (in 100-mm plates) with plasmid constructs in calcium phosphate precipi-
tates was performed as described previously (20). Unless otherwise indicated, 0.2
�g of hTTP, 2 �g of TZF, or 0.5 �g of hPARN expression plasmid was added to
each plate of cells. Vector DNA (BS�) was added to each to make the total
amount of cotransfected DNA 5 �g per plate. At 24 h after the removal of the
transfection mixture, the cell monolayers were rinsed with ice-cold Ca2�- and
Mg2�-free phosphate-buffered saline and then scraped into phosphate-buffered
saline. After centrifugation at 600 � g for 3 min at 4°C, the cell pellet was gently
rinsed in ice-cold diethyl pyrocarbonate-treated water containing 8 �g of leu-

peptin/ml, 0.5 mM phenylmethylsulfonyl fluoride, and 2 mM dithiothreitol. The
cells were resuspended in the same solution (0.5 ml per 100-mm plate of cells) on
ice for 3 min and then passed three times through a 27G needle. Buffer was then
added to the cell lysates to achieve a final concentration of 10 mM HEPES (pH
7.6), 40 mM KCl, and 5% glycerol. The lysates were centrifuged at 100,000 � g
for 45 min at 4°C, and then glycerol was added to the supernatant to achieve a
final concentration of 15%. The cell extracts were stored at �70°C.

For some experiments, the fusion proteins hTTP.flag and hPARN.flag were
isolated from the 100,000 � g supernatants (before the addition of glycerol) by
using the FLAG immunoprecipitation kit (Sigma) and following the manufac-
turer’s protocol. The resulting eluates were adjusted to a final concentration of
10 mM HEPES (pH 7.6), 40 mM KCl, and 15% glycerol and then stored at
�70°C.

Cell-free deadenylation assays. (i) Preparation of RNA probes. Plasmid
pTNF� 1309-1332 (bp 1309 to 1332 of GenBank accession no. X02611) was
constructed as described previously (20). Plasmid TNF-� 1309-1332 (A)50/SK�
was made by inserting 50-bp (50 T’s in the strand to be transcribed from)
double-stranded oligonucleotides into the XbaI-EagI cloning sites of pTNF�
1309-1332 (Fig. 1A). A template for RNA probe ARE-A50 was PCR amplified
from this plasmid with primers M13 Forward and T50Xba. The resulting double-
stranded template was sequenced by dRhodamine terminator cycle sequencing
to make sure that the ARE was followed by 50 A’s so that the transcribed probe
would end with a string of A’s with no other nucleotides 3� of the poly(A) tail.
Mutant A/C TNF-� 1309-1332 (A)50/SK� was made by substituting the flanking
A’s in the AUUUA motif with C’s, and probe A/C ARE-A50 was made by the
method described above. The templates for probe ARE and V were prepared by
linearizing pTNF� 1309-1332 (A)50/SK� with XbaI and EcoRV, respectively.

Plasmid pA50/SK� was made by inserting 50 bp (50 T’s in the strand to be
transcribed from) of double-stranded oligonucleotides into the XbaI-EagI clon-
ing sites of vector SK� (Fig. 1B). The template for in vitro transcription of probe
A50 was PCR amplified from pA50/SK� with primers M13 Forward and
T50Xba and verified by sequencing.

Plasmid mGM-CSF 668-775(A)50/SK� (Fig. 1C) contained 3�-UTR se-
quences from mouse GM-CSF mRNA b668-775 (bp 3399 to 3506 of GenBank
accession no. X03020) that was inserted into the XbaI and EcoRV cloning sites
of SK�, followed by 50 A’s inserted between the XbaI and EcoRV sites. The
template for probe g668-775A50 was PCR amplified (primers M13 Forward and
T50Xba) from the plasmid and was sequenced to verify the 3� end as described
above. The template for probe g668-775 was prepared by linearizing the plasmid
with XbaI.

The capped RNA probes were transcribed in the presence of [�-32P]UTP (800
Ci/mmol) and Ribo m7G cap analog (Promega). Linearized plasmids or PCR
amplification products were used as templates, and the Promega riboprobe in
vitro transcription systems protocol was employed. The resulting products were
separated from the free nucleotides by using G50 columns.

(ii) In vitro deadenylation assay. The reaction mixtures were assembled on ice.
The reaction was initiated by adding 50 �l of probe (4 � 104 cpm in an assay
buffer consisting of 10 mM HEPES [pH 7.6], 40 mM KCl, and 5% glycerol) into
a tube containing 5 �g of protein from the 100,000 � g extract in 50 �l of assay
buffer. MgCl2 (3 mM) was present in the assay unless otherwise indicated. The
mixtures were incubated on ice or at 37°C for the times indicated. EDTA was
added to achieve a final concentration of 20 mM to terminate the reaction. The
mixture was then extracted once with phenol-chloroform. An aliquot of 60 �l of
the aqueous phase was mixed with 60 �l of 2� formamide stop solution (95%
formamide, 0.05% bromophenol blue, 0.1% xylene cyanol) and then heated at
70°C for 5 min. Aliquots of reaction products were analyzed on a 6 or 8%
acrylamide gel containing 7 M urea.

Analysis of RNA-protein complexes by electrophoretic mobility shift assays
and Western blotting. (i) RNA electrophoretic mobility shift assay. Extracts
(100,000 � g) prepared from 293 cells transfected with either vector alone or
expression constructs driven by the CMV promoter (5 �g of protein) were
incubated with 2 � 105 cpm of RNA probe as described previously (20, 21).

(ii) Western blotting. Cell extracts were mixed with 1/5 volume of 5� sodium
dodecyl sulfate (SDS) sample buffer (4), boiled for 5 min and then loaded onto
SDS–8% polyacrylamide gels. Western blotting was performed by standard tech-
niques. Membranes were incubated in Tris-buffered saline–0.3% Tween 20 with
a polyclonal antiserum HA.11 (Santa Cruz Biotechnology, Inc., Santa Cruz,
Calif.) (1:2,000), a monoclonal anti-FLAG M2 antibody (Sigma; 1:2,000), or
anti-PARN antiserum (a generous gift from Mike Wormington, University of
Virginia) (11, 18).

(iii) Protein cross-linking. The 100,000 � g extracts (40 �g of protein), pre-
pared from 293 cells transfected with vector alone or the expression constructs
CMV.hTTP.tag, CMV.hPARN.flag, or both were incubated with or without 3

VOL. 23, 2003 TRISTETRAPROLIN AND mRNA DEADENYLATION 3799



FIG. 1. Plasmid constructs and RNA probes. Constructs were made as described in Materials and Methods. Dashed lines in the schematic
plasmids pictured at the top of each panel represent vector SK� sequence, whereas the solid lines represent the inserted ARE or poly(A) se-
quences, as indicated. The RNA probes are represented beneath each plasmid; in these diagrams, the dashed line represents sequence transcribed
from SK�, the open box is an ARE, the solid box is a mutated ARE, the solid line is the normal 3�-UTR sequence 3� of the ARE, and the box
containing A’s represents the poly(A) tail. (A) pTNF� 1309-1332 (A)50/SK� contains the TNF-� ARE sequence (bp 1309 to 1332 of GenBank
accession no. X02611) between the EcoRV and XbaI sites of SK� as indicated. A double-stranded oligonucleotide encoding 50 A’s was inserted
between the XbaI and EagI sites. pTNF� A/C 1309-1332 (A)50/SK� was identical to pTNF� 1309-1332 (A)50/SK� except the A’s in the ARE
were mutated to C’s. (B) (A)50/SK� contains a double-stranded oligonucleotide encoding 50 A’s inserted between the XbaI and EagI sites.
(C) pGM-CSF 668-775 (A)50/SK� contains the 3� portions of the 3�-UTR of the mouse GM-CSF cDNA. The ARE is located from bp 668 to 722
of the cDNA, whereas the number 775 corresponds to the 3� end of the cDNA. All probes were transcribed from templates prepared by PCR
amplification or enzyme linearization of these plasmids by using RNA polymerase T7, as described in Materials and Methods.
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mM MgCl2 at 25°C for 20 min. Disuccinimidyl suberate (DSS; Pierce) was then
added to achieve a final concentration of 0.1 mM, and the mixtures were rotated
at 4°C for 45 min. The incubations were stopped by adding Tris (pH 8.0) to a final
concentration of 0.1 M. Aliquots of the reaction products were loaded onto
SDS–8% polyacrylamide gels. Western blotting was performed with antisera as
described above.

RESULTS

RNA probes. Figure 1 is a schematic depiction of the RNA
probes used in the present study; details of their construction
are in Materials and Methods. All of the probes contained the
same 5� sequence of 58 (or in one case 61) ribonucleotides
transcribed from the multiple cloning sites (MCS) of vector
SK� (Stratagene), which permitted the comparison of the
degradation profiles of related probes. All probes contained a
5�-cap. Probe ARE-A50 (Fig. 1A) consisted of 58 bases tran-
scribed from the MCS of SK� and 24 bases of the core ARE
from the mouse TNF-� mRNA (bp 1309 to 1332 of GenBank
accession no. X02611), followed by 50 A’s; the 3� end of the
RNA did not contain any non-A ribonucleotides (see Materials
and Methods). Probe A/C ARE-A50 consisted of the same
components as described for ARE-A50 except that the flank-
ing A’s of the AUUUA motif were replaced by C’s. Probe
ARE was identical to ARE-A50 except that it did not contain
a poly(A) tail. In probe V, the RNA transcript only consisted
of the 58 bases transcribed from the MCS of SK�. Probe A50
(Fig. 1B) contained 61 bases of the SK� MCS 5� of 50 A’s.
Probe g668-775A50 (Fig. 1C) contained 58 bases of the SK�
MCS, followed by the 3�-most 108 bases of the mouse GM-
CSF mRNA (bp 3399 to 3506 of GenBank accession no.
X03020), followed again by 50 A’s. This region of the GM-CSF
mRNA contains the ARE, as indicated in Fig. 1. Probe g668-
775 was identical except that it lacked the poly(A) tail.

Cell-free deadenylation of polyadenylated, ARE-containing
probes. These probes were then used to characterize the ability
of 293 cell extracts to promote RNA deadenylation in a TTP-
dependent manner. These cells do not express endogenous
TTP; the extracts used for these experiments were from cells
transiently transfected with CMV.hTTP.tag, its derivatives, or
vector alone (20, 22). Similar results were obtained with ex-
tracts derived from a 20-min, 12,000 � g centrifugation after
cell lysis with 0.5% NP-40, as with extracts homogenized in the
absence of detergent and centrifuged for 100,000 � g for 45
min at 4°C. Therefore, all of the results shown here were
obtained with the detergent-free, high-speed extracts. Similar
results were also obtained with capped and uncapped RNA
substrates; all data shown in the present study were obtained
with capped substrates.FIG. 2. Cell-free deadenylation of polyadenylated, ARE-contain-

ing RNA probes. In panels A to C, 293 cell extracts were incubated
with 32P-labeled RNA probes on ice (no symbol) or at 37°C (�) for 60
min, and EDTA (final concentration, 20 mM) was added to stop the
reaction. RNA was then isolated and subjected to electrophoresis on
urea-polyacrylamide gels, followed by autoradiography. The arrow in
panels A to C indicates the migration position of the ARE probe and
the deadenylated product of probe ARE-A50. (A) Incubation of the
RNA probes A50 (lanes 1 to 4), ARE (lanes 5 to 8), ARE-A50 (lanes
9 to 12), and V (lanes 13 and 14) with extracts from 293 cells trans-
fected with vector alone (BS�) or CMV.hTTP.tag (hTTP). (B) Incu-
bation of the RNA probes ARE-A50 (lanes 1 to 6) and ARE (lanes 7
and 8) with extracts from 293 cells transfected with vector alone
(BS�), CMV.hTTP.tag (hTTP), or the TTP zinc finger mutant
(C124R). The position of probe V migration is shown in lane 9.
(C) Incubation of the RNA probe ARE-A50 (lanes 1 to 4) and the

mutant probe (A/C) ARE-A50 (lanes 5 to 8) with extracts from 293
cells transfected with vector alone (BS�) or CMV.hTTP.tag (hTTP).
The position of probe V migration is shown in lane 9. (D) An elec-
trophoretic mobility shift assay was performed by using extracts from
293 cells transfected with vector alone (BS�), CMV.hTTP.tag (hTTP),
or the TTP zinc finger mutant (C124R) with probes (A/C) ARE-A50
(lanes 2 to 4) or ARE-A50 (lanes 6 to 8). The final reaction products
were separated on an 8% nondenaturing polyacrylamide gel followed
by autoradiography. Lanes 1 and 5 (P�) were loaded with probe alone
(RNase T1 digested). The TTP-RNA complexes formed (TTP) and the
migration position of the free probe (FP) are indicated.
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When probes A50, ARE, ARE-A50, and V were incubated
with extracts from cells transfected with vector alone, all three
probes showed similar patterns of slight degradation after 1 h
at 37°C (Fig. 2A, compare lanes 1 and 2, lanes 5 and 6, lanes
9 and 10, and lanes 13 and 14). However, when these probes
were incubated in parallel with the same amount of extract
protein prepared from cells transfected with the human TTP
expression plasmid CMV.hTTP.tag, only probe ARE-A50 was
markedly more degraded (Fig. 2A, compare lanes 3 and 4,
lanes 7 and 8, and lanes 11 and 12). The disappearance of
probe ARE-A50 in the presence of TTP (lane 12) was accom-
panied by the appearance of a new band of smaller size (arrow)
that migrated to the same position as probe ARE, indicating
that the new band represented the accumulation of a deadeny-
lated form of the ARE-A50 probe. Thus, under these experi-
mental conditions, TTP appeared to promote the degradation
of only the ARE-A50 probe and not the degradation of a
non-ARE-containing poly(A) probe (A50) or an ARE-con-
taining nonpolyadenylated probe (ARE). The migration posi-
tion of the V probe (MCS sequences alone) is shown in lanes
13 and 14.

Effect of nonbinding TTP mutants on deadenylation. We
have shown previously that the increased levels of TNF-� and
GM-CSF mRNAs in cells derived from TTP-deficient mice
were due to increased stability of those mRNAs (7, 8). Con-
versely, TTP promoted the instability of ARE-containing
mRNAs in a 293 cell cotransfection system, apparently by first
degrading the poly(A) tail of the mRNA (19, 20). This mRNA
destabilizing effect of TTP required its binding to the ARE of
these mRNAs through its TZF domain, since TTP lost both
ARE-binding and mRNA-destabilizing activities when key
amino acids in the TZF domain were mutated (19, 20, 22). We
therefore evaluated the importance of the TZF domain to
TTP’s ability to promote RNA deadenylation in the cell-free
deadenylation assay. As shown in Fig. 2B, an extract containing
the TTP zinc finger mutant C124R caused the same minimal
degradation of the probe ARE-A50 as seen with extracts from
cells transfected with vector alone (Fig. 2B, compare lanes 1
and 2 to lanes 5 and 6). The mutant TTP also did not cause
accumulation of the lower-molecular-weight band, as seen with
extracts containing wild-type TTP (Fig. 2B, lanes 3 and 4),
which again migrated to approximately the same position as
the probe ARE (Fig. 2B, lanes 7 and 8; arrow). Previous
studies have documented that this mutant TTP protein is ex-
pressed at least as well as the wild-type TTP protein under
these transfection conditions (see, for example, Fig. 8 in ref-
erence 20). These studies demonstrate that the ability of TTP
to bind to the ARE was required to promote the deadenylation
of ARE-containing, polyadenylated RNA probes.

Effect of a mutant ARE on TTP-induced deadenylation. We
have shown previously that a mutant ARE, in which all of the
A’s of the core AUUUA pentamer were changed to G’s, did
not bind TTP (21). We tested whether the deadenylation of a
similar mutant probe could be stimulated by wild-type TTP.
The probe used was identical to probe ARE-A50 except that
the flanking A’s of the AUUUA motif in the ARE had been
mutated to C’s. In this case, TTP did not stimulate the dead-
enylation of the mutant probe A/C ARE-A50, despite evidence
that TTP promoted the deadenylation of the normal ARE-A50
probe (Fig. 2C, compare lanes 3 and 4 to lanes 7 and 8). In a

gel shift assay with the same mutant probe, A/C ARE-A50,
extracts from cells transfected with vector alone, wild-type
TTP, or the C124R mutant formed similar complexes that
migrated in similar patterns (Fig. 2D, lanes 2 to 4). When
probe ARE-A50 was incubated with extract from cells trans-
fected with CMV.hTTP.tag, there was formation of the usual
TTP-probe complex (Fig. 2D, lane 7), which was not seen with
extracts of cells transfected with the TTP mutant C124R or
vector alone (Fig. 2D, lanes 6, 8). The specificity of this TTP-
probe complex has been validated in several previous studies
(21, 22). These results indicated that a probe competent to
bind TTP was necessary for deadenylation to occur in this
cell-free assay.

Ability of TTP to promote deadenylation of a GM-CSF ARE
probe. We also tested a probe derived from an mRNA con-
taining a second class II ARE that was contained in the GM-
CSF mRNA. This probe was important to test because its ARE
ends ca. 54 bases 5� of the beginning of the poly(A) tail, as
occurs in the natural GM-CSF mRNA; this is in contrast to the
ARE-A50 probe used for most of these experiments, in which
the core ARE from TNF-� mRNA was linked directly to a
poly(A) tail, separated only by the XbaI cloning site. When the
GM-CSF probe was incubated with 293 cell extracts, TTP
caused degradation of the polyadenylated GM-CSF probe
(Fig. 3A, compare lanes 5 and 6 with lanes 7 and 8), again
accompanied by the appearance of a smaller, deadenylated
species (lane 8, arrow); however, TTP had no effect on the
nonpolyadenylated probe (lanes 1 to 4). As in the case of the
TNF-� probe, the TTP mutant C124R was without effect on
degradation of the polyadenylated GM-CSF probe (lanes 9
and 10). As expected, native but not C124R mutant TTP could
bind to the GM-CSF ARE probe in a gel shift assay (Fig. 3B).

Effect of TTP-related proteins on probe deadenylation. Be-
sides TTP, mammals express two additional CCCH TZF pro-
teins, ZFP36L1 and ZFP36L2 (5). Although the physiological
functions of these two proteins are unknown, they have been
shown, like TTP, to bind to ARE probes and stimulate the
breakdown of ARE-containing mRNAs when coexpressed in
cells (21). To examine whether these proteins caused the dead-
enylation of the ARE-containing polyadenylated probes in this
cell-free system, we performed similar assays with extracts
from 293 cells transfected with CMV.cMG1.tag (the rat ortho-
logue of ZFP36L1) or CMV.xC3H-3.tag (the Xenopus ortho-
logue of ZFP36L2). When probe ARE-A50 was incubated with
extracts from cells transfected with TTP, cMG1, or xC3H-3
expression plasmids, the probe was degraded in a characteristic
fashion in the presence of all three proteins (Fig. 4A, lanes 4,
6, and 8) compared to extracts from vector alone-transfected
cells (Fig. 4A, lanes 1 and 2). The binding of these proteins to
this probe could be readily demonstrated by gel shift analysis
(Fig. 4B). Thus, representatives of the two TTP-related pro-
teins behaved like TTP in this cell-free deadenylation assay.

Effect of the TZF domain alone on deadenylation. The mem-
bers of this CCCH TZF protein family share a highly con-
served TZF region that comprises the ARE-binding domain
(21). To determine whether the TZF region alone was suffi-
cient to induce the deadenylating activity in 293 cell extracts,
we evaluated extracts from cells transfected with either full-
length TTP or the epitope-tagged TZF domain, consisting of
amino acids 97 to 173 of human TTP (GenBank RefSeq ac-
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cession no. NP_003398). As expected, extracts from cells ex-
pressing full-length TTP caused degradation of the probe and
accumulation of the deadenylated ARE band (Fig. 4C, lanes 3
and 4, arrow). In contrast, the TZF-containing extract caused
minimal degradation of the probe, and no accumulation of the
deadenylated probe, after 60 min of incubation (Fig. 4C, lanes
5 and 6), similar to extracts from cells transfected with the
vector alone (Fig. 4C, lanes 1 and 2). Despite the lack of
activity in the deadenylation assay, the TZF domain polypep-
tide could readily bind to the ARE-A50 probe, as demon-
strated by gel shift analysis (Fig. 4D). These data indicated that
the TZF domain peptide was unable to mimic full-length TTP
in this cell-free deadenylation system.

Characterization of the TTP-induced deadenylating activity.
As described more fully below, we found that the activity
within the 293 cell extracts that acted with TTP to stimulate
deadenylation of ARE-containing polyadenylated probes was
sensitive to boiling and could be extracted with phenol-chlo-
roform, both of which are characteristics of proteins. Since the
TTP-inducible deadenylating activity was present in a non-
detergent-containing, 100,000 � g supernatant from 293 cells
and required magnesium but not ATP (see below), we focused
on the human enzyme PARN. Mammalian PARN activity has
been shown to depend on Mg2� but not on ATP (17). To
investigate whether PARN might be involved in the TTP-
dependent deadenylation of ARE-containing probes in this

cell-free system, we prepared cell extracts in MgCl2-free buffer
and then added back various concentrations of MgCl2. In the
presence of 3 mM MgCl2 at 37°C, probe ARE-A50 was slightly
degraded in extracts prepared from cells transfected with vec-
tor alone (Fig. 5A, lane 2); however, in the absence of added
MgCl2, the probe was completely stable at 37°C (Fig. 5A, lane
3). When the probe was incubated with extracts from cells
transfected with TTP, both the usual deadenylation of the
probe and the appearance of the deadenylated probe de-
creased with decreasing concentrations of MgCl2 (Fig. 5A,
lanes 4 to 7). These findings suggested that the ARE-contain-
ing, polyadenylated RNA probe was degraded in the presence
of TTP by a Mg2�-dependent activity present in the 293 cell
extracts. The presence or absence of ATP had no effect on the
TTP-dependent deadenylating activity (data not shown).

We also examined the effect of Mg2� on the degradation of
probe ARE-A50 in extracts from 293 cells that overexpressed
human PARN. In the presence of 3 mM MgCl2, the PARN-
containing extracts caused complete disappearance of the poly-
adenylated probe (Fig. 5A, lanes 9 and 10). This activity de-
creased with decreasing concentrations of MgCl2 (Fig. 5A,
lanes 9 to 13), although there was no accumulation of the
deadenylated RNA (arrow) as seen with TTP (lane 5). There
was some PARN-induced degradation of the probe in the
absence of added MgCl2 (Fig. 5A, lane 13), possibly due to
trace amounts of Mg2� in the cell extracts (see below).

FIG. 3. Ability of TTP to promote deadenylation of a GM-CSF ARE probe. (A) Extracts from 293 cells transfected with vector alone (BS�),
CMV.hTTP.tag (hTTP), or the TTP zinc finger mutant (C124R) were mixed with the GM-CSF ARE probes g668-775 (lanes 1 to 4) or g668-775A50
(lanes 5 to 10) as described in the legend to Fig. 2. The arrow indicates the migration position of the ARE probe (lanes 1 to 4), as well as the
deadenylated product of probe g668-775A50 (lane 8). (B) Cell extracts as described above were incubated with probe g668-775A50 (lanes 1 to 3),
and a gel shift assay was performed as described in the legend of Fig. 2. Lane 4 (P�) was loaded with probe alone (RNase T1 digested). The
TTP-RNA complexes formed (TTP) and the migration position of the free probe (FP) are indicated.
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A polyadenylated probe (A50) that did not contain the ARE
was minimally degraded by the 293 cell extracts from vector
alone-transfected cells, both in the presence or absence of
added 3 mM MgCl2 (Fig. 5B, lanes 1 to 3). This probe was also
minimally degraded in extracts from TTP-transfected cells,
either when various concentrations of Mg2� were present or in

the presence of 1 mM EDTA (Fig. 5B, lanes 4 to 9). However,
when extracts from PARN-transfected 293 cells were exposed
to the A50 probe, there was dramatic, MgCl2-dependent deg-
radation of the probe that did not occur in the presence of 1
mM EDTA (Fig. 5B, lanes 10 to 15).

Although the experiments described above demonstrate that

FIG. 4. Effect of TTP-related proteins on probe deadenylation. (A) Extracts from 293 cells transfected with vector alone (BS�), CMV.hTTP
.tag (hTTP), CMV.cMG1.tag (cMG1), or CMV.xC3H-3 (xC3H-3) were incubated with probe ARE-A50 (lanes 1 to 8) or ARE (lanes 9 and 10).
The reaction mixtures were incubated on ice or at 37°C (�) for 60 min and then processed as described for Fig. 2. The arrow indicates the migration
position of the deadenylated product of probe ARE-A50 (lanes 4, 6, and 8) and the ARE probe (lanes 9 and 10). The position of probe V migration
is shown in lane 11. (B) The cell extracts described in panel A were incubated with probe ARE-A50 (lanes 1 to 4) and used in a gel shift analysis.
Lane 5 (P�) contained probe alone (RNase T1 digested). The migration position of the free probe (FP) is indicated. (C) Extracts from 293 cells
transfected with vector alone (BS�), CMV.hTTP.tag (hTTP), or the TTP TZF domain vector CMV.hTTP(97-173).tag (TZF) were incubated with
probe ARE-A50, and the deadenylation assay and analysis of the products were performed as described in panel A. The arrow indicates the
migration position of the deadenylated product of probe ARE-A50 (lane 4). (D) The extracts described in panel C were incubated with probe
ARE-A50 (lanes 1 to 3) and used in a gel shift assay. Lane 5 (P�) was loaded with probe alone (RNase T1 digested). The migration positions of
the TTP-RNA (TTP) and TZF-RNA (TZF) complexes and of the free probe (FP) are indicated.
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the TTP-dependent deadenylating activity present in 293 cell
extracts on ARE-containing, polyadenylated RNA substrates
was dependent on Mg2�, it remained possible that the associ-
ation of TTP with the ARE was itself Mg2� dependent. How-
ever, neither the gel shift patterns of endogenous 293 cell
proteins forming complexes with probe ARE-A50 (Fig. 5C,
lanes 1 and 2) nor TTP expressed in 293 cells (Fig. 5C, com-
pare lanes 3, 8, and 9) required added MgCl2. The formation
of both TTP-ARE complexes decreased with increasing con-
centrations of EDTA (Fig. 5C, lanes 3 to 7), perhaps due to
chelation of the zinc ions within TTP’s zinc fingers. These data
indicate that the lack of TTP-induced deadenylation seen in
the absence of Mg2� was not due to inhibited TTP binding to
the ARE under these conditions.

Effects of TTP and PARN together to promote deadenyla-
tion. To evaluate the possible synergistic activation of dead-
enylation caused by TTP and PARN, cells were transfected
with cDNAs expressing PARN and TTP, singly and together.
Extracts containing TTP alone caused a time-dependent deg-
radation of the ARE-A50 probe and accumulation of the dead-
enylated probe (Fig. 6A, compare lanes 5 to 8 with lanes 3 and
4). Transfection of PARN alone caused a time-dependent
deadenylation of the probe, but no accumulation of the dead-
enylated band (Fig. 6A, lanes 9 to 12). However, when the
effects of PARN and TTP together were evaluated under
these conditions, there was complete probe degradation, and
marked accumulation of the deadenylated probe (Fig. 6A,
lanes 13 and 14). Note that lane 14 (TTP plus PARN) was from
only a 15-min incubation and is thus directly comparable to
lane 6 (TTP alone) and lane 10 (PARN alone) at this time
point. Thus, the two proteins together produced a dramatic
and synergistic stimulation of probe ARE-A50 deadenylation
under these conditions.

When similar experiments were performed with the A50
probe that lacked an ARE, there was no effect of TTP on
probe degradation compared to extracts from cells transfected
with vector alone (Fig. 6B, compare lanes 3 and 4 to lanes 1
and 2). In extracts from cells cotransfected with PARN, the
time courses of the probe degradation profiles were essentially
the same when vector alone or TTP was cotransfected (Fig. 6B,
lanes 5 to 12). Thus, TTP had no apparent effect on the ability
of PARN to cause deadenylation of a poly(A) probe that
lacked an ARE.

We next performed similar experiments on ice, in an attempt
to slow the reaction that was essentially complete by 15 min at
37°C in the presence of both PARN and TTP (see lane 14 in
Fig. 6A). At 0°C, extracts from cells transfected with vector
alone or various amounts of the TTP expression plasmid did
not promote destabilization of the ARE-A50 probe after 60FIG. 5. Characterization of the TTP-induced deadenylating activ-

ity. Extracts from 293 cells transfected with vector alone (BS�), CMV
.hTTP.tag (hTTP), and CMV.hPARN.flag (hPARN) were incubated
on ice or at 37°C (�) for 60 min and processed as described for Fig. 2.
(A) MgCl2 was included in the reaction mixture to final concentrations
of 3 mM (lanes 1 and 2, lanes 4 and 5, lanes 9 and 10, and lanes 14 and
15), or 1 mM (lanes 6 and 11), 0.3 mM (lanes 7 and 12) or was not
included (lanes 3, 8, and 13), and the mixtures were incubated and
processed as described for Fig. 2. The arrow indicates the migration
positions of the deadenylated product of probe ARE-A50 (lanes 5 to
7) and the ARE probe (lanes 14 and 15). The position of probe V
migration is shown in lane 16. (B) MgCl2 was included in the reaction
mixture to final concentrations of 3 mM (lanes 1 and 2, lanes 4 and 5,
and lanes 10 and 11), 1 mM (lanes 6 and 12), or 0.3 mM (lanes 7 and
13) or was not included (lanes 3, 8, and 13), and the mixtures were

incubated and processed as described for Fig. 2. EDTA (1 mM) was
present during the incubation in lanes 9 and 15. The position of probe
V migration is shown in lane 16. (C) Extracts from 293 cells transfected
with vector alone (BS�) or CMV.hTTP.tag (hTTP) were incubated
with probe ARE-A50 in the absence (lanes 1 and 3) or presence of
MgCl2 (3 mM, lanes 2 and 9; 1 mM, lane 8) or with increasing con-
centrations of EDTA (0 to 10 mM, lanes 3 to 7); the reactions were
then used in a gel shift assay. Lane 10 (P�) was loaded with probe alone
(RNase T1 digested). The migration positions of the TTP-RNA com-
plexes (TTP) and the free probe (FP) are indicated.
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FIG. 6. Effects of TTP and PARN expressed together to promote deadenylation. For panels A and B, extracts from 293 cells transfected with
vector alone (BS�), CMV.hTTP.tag (hTTP), CMV.hPARN.flag (hPARN), or either BS� or CMV.hTTP.tag together with CMV.hPARN.flag
were incubated with the probes ARE-A50, ARE, or A50 as indicated. The deadenylation assays and sample processing were performed as
described in the legend to Fig. 2. (A) Extracts were incubated with the probes ARE or ARE-A50 at 37°C for the times indicated, except that
reactions labeled “0” were incubated on ice for 60 min. The arrow indicates the migration position of the ARE probe (lanes 1 and 2) and the
deadenylated product of probe ARE-A50 (lanes 6 to 8). The position of probe V migration is shown in lane 15. (B) Extracts were incubated with
probe A50 at 37°C for the times indicated, except that reactions labeled “0” were incubated on ice for 60 min. The position of probe V migration
is shown in lane 13. (C) Extracts from 293 cells transfected with vector alone (BS�), CMV.hPARN.flag (hPARN), or different amounts of
CMV.hTTP.tag DNA (hTTP) extract (expressed as nanograms of TTP vector DNA added per 10-cm plate of cells) were mixed with CMV
.hPARN.flag extracts and then were incubated on ice for the times indicated and processed for the deadenylation assay. The arrow indicates the
migration positions of the deadenylated product of probe ARE-A50 (lanes 7 to 9, lanes 11 to 13, and lanes 15 to 17), as well as that of probe ARE
(lanes 25 to 27). (D) The extracts described in panel C were incubated with ARE-A50 and used in the gel shift assay. Lane 11 (P�) was loaded
with probe alone (RNase T1 digested). The migration positions of the TTP-RNA complexes and the free probe (FP) are indicated.
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min (Fig. 6C, lanes 1 to 5). In the extract from cells transfected
with PARN alone, there was barely detectable degradation of
the ARE-A50 probe on ice, even after 60 min of incubation
(Fig. 6C, lanes 19 to 22). However, in extracts from cells ex-
pressing both exogenous PARN and TTP, there was a time-
dependent degradation of the probe ARE-A50 at 0°C, accom-
panied by a gradual increase in the accumulation of the
deadenylated ARE band (arrow; Fig. 6C, lanes 6 to 18), and
the deadenylating activity was dependent on the amount of
transfected TTP DNA used. At the lowest concentration of
TTP DNA used, 10 ng of CMV.hTTP.tag, there was no appar-
ent degradation of the probe after 60 min on ice (Fig. 6C, lane
18). The TTP zinc finger mutant C124R alone did not induce
any endogenous deadenylating activity (Fig. 6C, lane 23); after
60 min of incubation with extract from cells cotransfected with
the PARN vector, the probe was found to be degraded to
approximately the same extent as occurred with extracts from
cells transfected with PARN alone (Fig. 6C, compare lanes 22
and 24).

The possible effects of PARN on the association of various
concentrations of expressed TTP with the ARE-A50 probe
were evaluated in a gel shift assay (Fig. 6D). The presence of
PARN in the extract did not increase the binding of TTP to the
RNA probe, nor did it result in the formation of a “super-
shifted” complex, as might be expected if there were direct
physical association between TTP and PARN (Fig. 6D).
PARN alone did not shift this probe into the gel (Fig. 6D,
compare lanes 1 and 10). At the concentration of TTP DNA,
10 ng, at which no detectable synergistic activation of dead-
enylation with PARN occurred at 0°C (Fig. 6C, lane 18), there
was barely detectable formation of a TTP-probe complex (Fig.
6D, lanes 5 and 9).

Effects of affinity-purified TTP and PARN on deadenylation.
To begin to address the question of whether PARN plus TTP
alone could promote the ARE-dependent deadenylation of
poly(A) probes, the fusion proteins hTTP-FLAG or hPARN-
FLAG were isolated by affinity chromatography from 293 cells
transfected with the expression plasmids (Fig. 7). The fusion
proteins were eluted from the affinity matrix with FLAG
epitope peptide in an attempt to decrease nonspecific elution
of contaminating proteins. When the probe ARE-A50 was
incubated at 37°C with either the TTP eluate alone (Fig. 7A,
lane 1) or the PARN eluate alone (P) (Fig. 7A, lane 2), there
was minimal degradation of the intact probe compared to the
effects of extract from cells transfected with vector alone (Fig.
7A, lane 5). However, the probe was almost completely de-
graded, along with formation of the characteristic lower band,
when both FLAG eluates were combined (Fig. 7A, lane 3).
When the FLAG-TTP eluate was added to the vector-trans-
fected extract, the ARE-A50 probe degradation profile was
virtually identical to that seen when extract from TTP-trans-
fected cells was used (Fig. 7A, compare lanes 6 and 10). The
addition of PARN-FLAG in the absence of TTP caused more
degradation of the probe than the presence of the endogenous
deadenylating activity (Fig. 7A, compare lanes 4 and 7). When
both eluates were added, the probe was almost completely
degraded (Fig. 7A, lane 8), with formation of the lower band
(Fig. 7A, lane 8) that migrated to the same position as probe
ARE (arrow; Fig. 7A, lanes 11 to 14). Thus, under these
conditions, the individual TTP and PARN eluates each had

minimal deadenylating activity; however, the combination of
the two had marked deadenylating activity toward the ARE-
A50 probe. Similar results were seen when the TTP and PARN
eluates were incubated together with probe ARE-A50 on ice
(results not shown).

To characterize further the endogenous factor(s) in 293 cells

FIG. 7. Effects of affinity-purified TTP and PARN on deadenyla-
tion. Deadenylation assays were performed with the fusion proteins
hTTP-FLAG or hPARN-FLAG that had been isolated by affinity chro-
matography from 293 cells transfected with the appropriate expression
plasmids; in some cases, these were mixed with extracts from 293 cells
transfected with vector alone (BS�) or CMV.hTTP.tag (hTTP).
(A) Effects of affinity-purified hTTP-FLAG (T) or hPARN-FLAG
(P) alone or together (TP) on the deadenylation of probe ARE-A50 in
the absence (lanes 1 to 3) or presence of extracts from 293 cells
transfected with vector alone (BS�) (lanes 4 to 8), either on ice (no
legend) or after 60 min at 37°C (�). Lanes 9 and 10 show deadenyla-
tion of the probe in extracts from cells transfected with CMV.hTTP.tag
(hTTP). The arrow indicates the migration positions of the deadeny-
lated product of probe ARE-A50 (lanes 3, 6, 8, and 10) and the ARE
probe (lanes 11 to 14). The position of probe V migration is shown in
lane 15. (B) Similar extracts prepared from 293 cells were either
untreated (C), extracted with phenol-chloroform (E), or boiled (B),
after which they were incubated with probe ARE-A50 (lanes 1 to 4)
either in the presence of FLAG peptide (F; lanes 5 to 8) or of affinity-
purified hTTP-FLAG (T; lanes 9 to 12). The effects of 293 cell extracts
from cells expressing transfected CMV.hTTP.tag (hTTP) on probes
ARE-A50 (lanes 13 and 14) or ARE (lanes 15 and 16) are also shown.
The arrow indicates the migration positions of the deadenylated prod-
uct of probe ARE-A50 (lanes 10 and 14) and the ARE probe (lanes 15
and 16). The position of probe V migration is shown in lane 17.
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whose deadenylating activity was stimulated by TTP in the
degradation of the ARE-containing poly(A) probes, we treated
293 cell extracts by phenol-chloroform extraction or by boiling.
When the phenol-chloroform extracted or boiled 293 extracts
were incubated with the ARE-A50 probe at 37°C, there was
little degradation of probe compared to untreated extract (Fig.
7B, lanes 1 to 4). Likewise, the ARE-A50 probe stability in the
FLAG peptide eluate added to untreated, or extracted, or
boiled extracts at 37°C was comparable to that seen in the
absence of the eluate (Fig. 7B, lanes 5 to 8). When the eluted
FLAG-TTP was incubated with the probe, there was a slight
degradation of the probe but no change in the size of the probe
was seen (Fig. 7B, lane 9). However, in the presence of the
untreated 293 extract, almost all of the probe was degraded,
with the formation of the smaller band (Fig. 7B, lane 10) that
migrated to the same position as that seen when extracts from
293 cells transfected with TTP were used (Fig. 7B, lane 14).
FLAG-TTP added to phenol-chloroform or heat-treated 293
extracts did not cause the probe to degrade (Fig. 7B, lanes 11
and 12), suggesting that the deadenylation factor(s) effectively
activated by TTP was a protein and was heat labile. Probe
ARE incubated with the TTP-containing extract was also
shown in this experiment (Fig. 7B, lanes 15 and 16).

Attempted cross-linking of coexpressed FLAG-PARN and
hemagglutinin (HA)-TTP. These studies do not establish the
mechanism by which TTP effectively increases PARN activity
toward ARE-containing, polyadenylated RNA substrates. One
simple model is that TTP acts as a tether or adaptor molecule,
physically linking PARN to the RNA by a direct physical in-
teraction between TTP and PARN. To test this possibility, we
performed protein cross-linking experiments in cell extracts by
using the bifunctional cross-linker DSS. These studies used 293
cell extracts in which one or both proteins were overexpressed
as fusions with different epitope tags, followed by cross-linking
in the presence or absence of magnesium. Figure 8 shows the
results of the present study; each panel of Fig. 8 is a similar
Western blot of the various 293 cells extracts, in each case
probed with a different antibody.

Figure 8A shows a Western blot of extracts probed with the
FLAG antibody to recognize the FLAG epitope on PARN but
not on TTP. This antibody identified immunoreactive PARN
as an Mr �80,000 protein (lanes 9 to 16); this band was not
seen in extracts from cells transfected with vector alone (lanes
1 to 4) or with HA-tagged TTP alone (lanes 5 to 8). Cross-
linking with DSS revealed a new complex of Mr �190,000 that
strongly reacted with the FLAG antibody (bracket in Fig. 8A).
This complex was only seen after cross-linking; it was not
affected by the presence of cotransfected TTP (lanes 13 to 16)
or by the presence or absence of magnesium. The identity of
the components of this complex is not known, except that the
immunoreactivity identifies one component as PARN-FLAG;
this complex may represent the oligomeric form of the acti-
vated human enzyme, as shown previously (26). However, the
presence of this larger complex confirms that the cross-linking
was effective. An identical blot was then probed with a PARN
antibody (Fig. 8B). This showed the expected reactivity with
transfected PARN at Mr �80,000 (lanes 9 to 16) and con-
firmed that the higher-Mr complex (bracket) also contained
immunoreactive PARN. A much smaller amount of immuno-
reactive PARN was noted in the cells transfected with vector

alone (lanes 1 to 4) or with TTP-HA alone (lanes 1 to 8). This
endogenous PARN immunoreactivity decreased in amount af-
ter cross-linking, and longer exposures of this blot showed that
the large complex was also formed between endogenous
PARN and unknown partners after cross-linking (not shown).

An identical blot was then probed with the HA antibody to

FIG. 8. Attempted cross-linking of coexpressed PARN-FLAG and
TTP-HA. Extracts were prepared from 293 cells expressing vector
alone (BS�) or CMV-hTTP-tag (hTTP), CMV.hPARN.flag (hPARN),
or both together. The extracts were then incubated without (�) or with
(�) 3 mM MgCl2 for 20 min at 25°C as indicated. DSS (0.1 mM final
concentration) was then added to some of the extracts (�, as indicat-
ed), and the extracts were rotated gently at 4°C for 45 min. The
reactions were then stopped by the addition of Tris buffer (pH 8.0) to
a final concentration of 0.1 M. Equivalent amounts of protein were
then loaded onto three SDS-polyacrylamide gels, transferred to nitro-
cellulose, and blotted with antibodies to the FLAG epitope tag (A),
PARN itself (B), or the HA epitope tag (C). Chemiluminescence
autoradiography was then performed. The migration positions of mo-
lecular weight standards are indicated to the left of each blot. The
brackets to the right of panels A and B indicate high-molecular-weight
protein species that reacted with both the FLAG (A) and the PARN
(B) antibodies. Immunoreactive PARN (A and B) and TTP (C) are
also indicated. The faint immunoreactive species that occurred at Mr
�100,000 in panel C may be TTP dimer. See the text for additional
details.
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identify TTP-HA (Fig. 8C). TTP was not detected in the vector
alone transfected cells (lanes 1 to 4) or the cells transfected
with PARN alone (lanes 9 to 12); however, a broad band of
immunoreactivity of the appropriate size was present when
TTP was transfected, alone (lanes 5 to 8) or with PARN (lanes
13 to 16). A faint band at Mr �110,000 is probably the TTP
dimer noted in previous studies (20). Neither the amount of
TTP nor its larger complex was affected by the presence or
absence of the cross-linker, PARN, or magnesium.

If there had been direct complex formation between TTP
and PARN, we would have expected formation of a novel Mr

�120,000 complex that reacted to all three of the antibodies
used: FLAG, PARN, and HA. However, no such complex was
observed with any of the three antibodies used, either in the
presence or in the absence of magnesium (Fig. 8, lanes 13 to
16). Therefore, despite abundant expression of both TTP and
PARN and despite evidence that cross-linking had occurred,
we found no evidence for a direct physical association between
the two proteins under these conditions.

Effect of inactive PARN mutants. To determine whether the
TTP effect could be mediated or inhibited by inactive PARN
mutants, we relied on previous data demonstrating that muta-
tion of any one of four key amino acids within the primary
sequence of human PARN completely inactivated the enzyme
(30). We therefore made similar mutations in our PARN ex-
pression vector and examined both their enzymatic activity and
their ability to influence TTP activity in 293 cell extracts.

First, we examined the activity of the PARN mutants on a
poly(A) substrate (Fig. 9A); in all panels of Fig. 9, the reactions
were conducted at 30°C in an attempt to slow them somewhat.
As noted earlier, cell extracts enriched in transfected TTP were
essentially identical to extracts from cells transfected with vec-
tor alone in their inability to promote deadenylation of the
poly(A) substrate (Fig. 9A, compare lanes 2 and 3). Cell ex-
tracts enriched in native (i.e., nonmutant) PARN exhibited the
usual ability to cause shortening of this substrate (Fig. 9A, lane
4). However, each of three PARN mutants—D28A, E30A, and
D382A—when expressed in 293 cells exhibited essentially no
deadenylating activity under these conditions (Fig. 9A, lanes 5
to 7). The expression of TTP plus native PARN had no effect
on PARN�s ability to promote deadenylation of this non-ARE-
containing probe (Fig. 9A, lane 8). Similarly, the coexpression
of TTP with the three mutant PARN proteins had no effect on
their inability to promote probe deadenylation (Fig. 9A, lanes
9 to 11). Each of the three mutant proteins was expressed at
levels comparable to that observed with the native protein, as
determined by Western blotting of the same extracts with the
HA epitope antibody (Fig. 9B). The expression of the mutant
PARN proteins was modestly increased by the coexpression of
TTP in this experiment, whereas the expression of FLAG-
tagged TTP was not affected by the coexpression of native or
mutant PARN (Fig. 9B).

We then examined the effect of TTP on the ability of co-
transfected native and mutant PARN to deadenylate the ARE-
containing, polyadenylated substrate. The concentrations of
expressed TTP and native PARN were adjusted so that each
would have a relatively minor effect alone, making synergy
between the two readily detectable. The deadenylation reac-
tions were performed at 30°C for the same reason. As shown in
Fig. 9C, there was essentially no probe degradation after the

incubation of extracts from cells transfected with vector alone
for 60 min at 30°C (compare lane 19 to lane 18). The expres-
sion of native PARN led to a modest shortening of the probe
under these conditions (Fig. 9C, compare lane 20 to lane 19).
As noted with the poly(A) substrate, there was no difference in
deadenylating activity between extracts from cells transfected
with vector alone (Fig. 9C, lane 19) and those from cells trans-
fected with the plasmids encoding the PARN mutants D28A
(lane 21), E30A (lane 22), or D382A (lane 23). These data
indicate that these PARN mutants had no effect on the ARE-
containing, polyadenylated substrate, as noted for the poly(A)
substrate.

We next performed time courses of probe degradation with
extracts containing TTP alone and then with extracts contain-
ing TTP plus either native or mutant PARN proteins. Under
these conditions of relatively low protein concentration and
30°C incubation, TTP alone had a modest, time-dependent
effect on probe degradation and accumulation of the deadeny-
lated substrate (Fig. 9C, lanes 2 to 5). Coexpression of native
PARN plus TTP resulted in the expected marked increase in
time-dependent probe degradation accompanied by accumu-
lation of the deadenylated probe (Fig. 9, lanes 6 to 8). The
60-min time point for TTP plus PARN (lane 8) exhibited
markedly increased disappearance of the polyadenylated
probe and appearance of the deadenylated probe compared to
the control extract (lane 19), native PARN alone (lane 20), or
TTP alone (lane 5) at the same time point. When TTP and the
mutant PARN were cotransfected, there was no apparent in-
crease in the net effect on deadenylation of this probe com-
pared to TTP alone (compare lanes 3 to 5 with lanes 9 to 11,
lanes 12 to 14, and lanes 15 to 17), demonstrating that TTP
could not “effectively activate” the mutant enzyme. Impor-
tantly, the effects of TTP to promote probe deadenylation and
the accumulation of the deadenylated probe were not inhibited
by the coexpression of the mutant PARN, suggesting that the
endogenous deadenylating activity that was increased in the
presence of TTP was not inhibited by the presence of the
mutant PARN. This apparent lack of an inhibitory effect of the
mutant PARN proteins was more evident at either 37°C or
when higher concentrations of TTP were used (data not
shown). Figure 9C also demonstrates the complete lack of
effect of TTP alone (lane 26), PARN alone (lane 27), and TTP
plus PARN (lane 28) on the stability of the nonpolyadenylated,
ARE-containing probe.

DISCUSSION

The most important finding of the present study is that TTP,
as well as the other known members of the TTP family of
mammalian CCCH TZF proteins, can stimulate the deadeny-
lating activity of PARN, specifically toward ARE-containing
RNA substrates, in a cell-free system. This “TTP effect” was
not seen with the following controls: with mutant forms of TTP
that were unable to bind to the ARE; with mutant forms of
PARN that had no intrinsic enzyme acitivity; with transcripts
containing a mutant ARE that were unable to bind TTP; with
a transcript consisting of poly(A) alone; and with ARE-con-
taining but nonpolyadenylated transcripts. Thus, TTP binding
to the ARE appears to specifically target that ARE-containing
RNA for PARN-mediated deadenylation and subsequent de-
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struction. This provides a potential cellular mechanism by
which the stability of a given transcript can change depending
upon the relative abundance of TTP or its family members at
that time, even without changes in the abundance or charac-
teristics of the ubiquitous PARN enzyme. This in turn allows
specific ARE-containing transcripts to be degraded more rap-

idly, although the rate of degradation of the vast majority of
mature transcripts is unchanged. Modulation of TTP’s RNA-
binding activity by factors such as phosphorylation (6, 35) or
subcellular localization (29, 34), in addition to transcriptional
regulation of protein abundance (23–25), thus provide the
means for a complex regulatory system that can control the

FIG. 9. Effect of inactive PARN on probe deadenylation in the presence or absence of TTP. Extracts (5 �g of protein) from 293 cells
transfected with vector alone (BS�), CMV.hTTP.tag (hTTP), CMV.hPARN.flag (hPARN), or its mutants (D28A, E30A, and D382A), or
CMV.hTTP.tag together with CMV.hPARN.flag (or its mutants) were incubated with probes ARE-A50, ARE, or A50, as indicated. Deadenylation
assays were carried out at 30°C in this experiment to slow the reaction rate. The buffer used in these experiments contained 100 mM KCl, 1 mM
MgCl2, and 10 mM HEPES (pH 7.6).(A) Effect of native PARN (Wt) and the three mutant PARN proteins on the deadenylation of the
poly(A) probe (A50) in the presence or absence of TTP, as indicated, either at 0°C (�) or after 60 min at 30°C (�). BS� refers to extracts from
cells transfected with vector alone. Probe V is the remnant vector sequence with no attached poly(A) tail. (B) Western blot demonstrating the
expression of native and mutant PARN species in these experiments, as indicated. The symbols are the same as in panel A. The expression of
FLAG-tagged TTP is also indicated by a Western blot with the FLAG antibody. The positions of molecular weight standards are shown on the
left. (C) Effect of the extracts from vector alone (BS�), TTP alone, native and mutant PARN alone, and various combinations on the
deadenylation of ARE-containing, polyadenylated probe ARE-A50, as well as the nonpolyadenylated ARE-containing probe ARE. The times of
incubation at 30°C are indicated; the position of the completely deadenylated probe is indicated by the arrow. See the text for further details.
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deadenylation and thus the degradation rate of ARE-contain-
ing transcripts.

Although these data indicate that TTP and its family mem-
bers can promote the deadenylation of ARE-containing tran-
scripts by PARN in this cell-free system, this does not mean
that PARN is necessarily the enzyme responsible for the anal-
ogous effects of the CCCH proteins in intact cells. Indeed, our
previous data showing that TTP can promote the destabiliza-
tion of ARE-containing, nonpolyadenylated histone mRNAs
in cells (19) suggest that binding of TTP or its relatives to
the ARE can promote the degradation of nonpolyadenylated
mRNAs by alternative enzymes. We also cannot conclude that
PARN was necessarily the responsible endogenous enzyme
“effectively activated by” TTP in 293 cell extracts. Using an
antibody that was very effective in Western blots, we were not
able to effect complete immunodepletion of PARN from 293
cell extracts, one possible approach to this question. In addi-
tion, although the results obtained with catalytically inactive,
potential “dominant-negative” mutant forms of PARN indi-
cated that these proteins lacked PARN activity, we saw no
evidence that these mutant proteins could inhibit the ability of
TTP to activate an endogenous deadenylating activity in 293
cells extracts. There are many potential reasons why this ap-
proach was not effective; a major possibility is that, since the
mutant PARN was expressed only in the fraction of the cells
actually transfected, it would have been synthesized and pre-
sumably allowed to oligomerize only with the native PARN
molecules in those transfected cells and presumably not with
the native PARN molecules in the nontransfected cells with
which it was mixed in the final extract. Other approaches to
completely depleting the cells of PARN activity, e.g., stable cell
lines expressing the mutant proteins, other types of knockout
approaches, etc., will be necessary to answer this question. For
now, we can conclude that TTP is capable of effectively acti-
vating PARN toward ARE-containing, polyadenylated sub-
strates, but whether PARN is responsible for all or most of the
TTP-activated deadenylation of ARE-containing substrates
that occurs in nontransfected cells remains to be determined.

These studies were made possible by the development of the
cell-free, TTP-dependent, ARE-dependent deadenylation as-
say described here. This assay in turn depended on the fact that
293 cells, although they apparently do not express TTP or its
two known mammalian relatives, nonetheless contain the cel-
lular machinery to degrade class II ARE-containing mRNAs if
TTP is artificially transfected into the cells (19, 21). Using cell
extracts from these cells, we found that extracts containing
TTP expressed from plasmid transfection exhibited markedly
increased rates of deadenylation of ARE-containing RNA sub-
strates compared to control extracts. This TTP-dependent
deadenylating activity (i) required the presence of a so-called
class II ARE in the RNA substrate, (ii) required that the
substrate have a poly(A) tail, (iii) required an intact TZF
domain in TTP that was capable of RNA binding, (iv) ap-
peared to require additional domains of TTP besides the TZF
domain alone, (v) did not require detergents or organelles
sedimented by a centrifugation at 100,000 � g for 45 min, (vi)
required magnesium but not ATP, and (vi) was heat labile and
phenol-chloroform extractable. These properties suggested
that the enzyme that was effectively activated was PARN or a
similar 3�-to-5� RNA exonuclease, since PARN is a soluble

protein that requires magnesium but not ATP for activity (26).
In confirmation of this hypothesis, coexpressed PARN and
TTP exhibited dramatically increased activity against ARE-
containing, polyadenylated RNA substrates compared to the
activity of either protein alone; this was especially striking at
0°C, at which temperature neither TTP alone in 293 cell ex-
tracts, nor PARN alone in 293 cell extracts, exhibited signifi-
cant activity. This synergistic effect of TTP plus PARN was also
seen when both proteins, expressed as FLAG fusion proteins,
were purified by elution from FLAG affinity columns with the
FLAG epitope peptide. It is premature to conclude that only
these proteins plus the RNA substrate are necessary for the
apparently synergistic effect on deadenylation, since low con-
centrations of other cellular proteins are likely to have con-
taminated the FLAG eluates, even when the epitope-tagged
proteins were eluted with the epitope peptide. Nonetheless,
the affinity-purified proteins had negligible activity on their
own but marked activity when mixed, providing some support
for the notion that no other components are necessary.

This cell-free deadenylation assay differs in certain respects
from that recently described by Wilusz and colleagues (12–
14). In contrast to the current system with 293 cells, which
lack detectable levels of endogenous TTP, ZFP36L1, and
ZFP36L2, these authors used extracts from HeLa cells, which
express readily detectable concentrations of TTP. Their assay
required the addition of high concentrations of poly(A), pre-
sumably to prevent endogenous poly(A)-binding proteins from
associating with and protecting the RNA target. In contrast,
our assay system did not require added poly(A) for activity.
The assay described by Wilusz and colleagues required that the
transcripts be capped; in contrast, capping of RNA substrates
was not required for the TTP-dependent deadenylation to
occur in the 293 cell assay system described here and in fact
had minimal effect on deadenylation rates. Other methodolog-
ical differences may explain some of the different behaviors of
the two assays. However, development of the present assay
finally allowed for the detection of the “TTP effect” in our
hands.

Several types of mechanistic models are possible to explain
this effect, including (i) direct physical linking of PARN to the
ARE by TTP; (ii) indirect physical linking of these components
through intermediary proteins; (iii) displacement of ARE- or
poly(A) tail-protecting proteins by TTP, such as other ARE-
binding proteins (36) and the poly(A) binding protein (3); and
(iv) a TTP-induced change in RNA substrate conformation,
including either a local conformational change or disruption of
the stable circular conformation formed by the poly(A) tail-cap
interaction. At present, we have no evidence for the first of
these mechanisms, since TTP and PARN could not be cross-
linked with DSS, despite high-level expression of both pro-
teins, and there was no evidence that PARN could “supershift”
the TTP-ARE complex in the gel shift assay. In addition, since
capped and uncapped RNA probes responded similarly to TTP
plus PARN, we found no evidence to support a TTP-induced
disruption of the stable circular mRNA proposed to result
from the poly(A) tail-cap interaction. Distinguishing among
the remaining mechanisms will most likely require an assay
containing pure, recombinant components.

It is important to distinguish the TTP-activated deadenylation
assay described here from the phenomenon described in two
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recent studies of the exosomal degradation of the deadenylated
mRNA body of ARE-containing mRNAs (9, 27). In the first
study (9), the deadenylation of ARE-containing, polyadenylated
mRNA substrates was only slightly decreased by prior immu-
nodepletion of exosomal components from the extracts. TTP was
found to be loosely associated with the exosome in immunopre-
cipitation experiments but was not part of the exosomal complex
purified by TAP affinity purification. In addition, the exosomal
degradation reaction of mRNA bodies described in those studies
required ATP as a cofactor, although Ford et al. (12) found that
ATP was not required for the deadenylation reaction in the same
extracts; these authors also noted that both the deadenylation and
mRNA body destruction reactions were inhibited by EDTA, sup-
porting a role for divalent cations in both processes. The authors
of these papers concluded that the further degradation of ARE-
containing deadenylated mRNA bodies, but not deadenylation
per se, occurred in this protein complex; in one case, TTP was
found to be involved in the loose association of the ARE-con-
taining mRNA body with the exosome. From these and other
data, it seems likely that the Mg2�-dependent, ATP-independent,
PARN- and TTP-stimulated deadenylation of ARE-containing
mRNAs described here is a prelude to the association of the
deadenylated mRNA bodies with the exosome. Nonetheless, as
suggested by Chen et al. (9), it is possible that TTP and related
proteins also play a role in the further exosomal degradation of
ARE-containing deadenylated mRNA bodies.
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