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We have developed an in vitro mRNA stability system using HeLa cell cytoplasmic S100 extracts and
exogenous polyadenylated RNA substrates that reproduces regulated aspects of mRNA decay. The addition of
cold poly(A) competitor RNA activated both a sequence-specific deadenylase activity in the extracts as well as
a potent, ATP-dependent ribonucleolytic activity. The rates of both deadenylation and degradation were
up-regulated by the presence of a variety of AU-rich elements in the body of substrate RNAs. Competition
analyses demonstrated that trans-acting factors were required for RNA destabilization by AU-rich elements.
The ∼30-kD ELAV protein HuR specifically bound to RNAs containing an AU-rich element derived from the
TNF-a mRNA in the in vitro system. Interaction of HuR with AU-rich elements, however, was not associated
with RNA destabilization. Interestingly, recombinant ELAV proteins specifically stabilized deadenylated
intermediates generated from the turnover of AU-rich element-containing substrate RNAs. These data suggest
that mammalian ELAV proteins play a role in regulating mRNA stability by influencing the access of
degradative enzymes to RNA substrates.
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The relative stability of mRNA is an important regulator
of gene expression. The half-life of a specific mRNA can
play a role in determining both its steady-state level of
expression, as well as the rate at which its gene product
is induced (for review, see Ross 1995; Caponigro and
Parker 1996). Furthermore, mutations that affect the sta-
bility of mRNAs encoding regulatory factors can pro-
mote oncogenic transformation and immune dysregula-
tion (Aghib et al. 1990; Schiavi et al. 1992). In general,
many short-lived proteins, including those derived from
cytokines and proto-oncogenes, are encoded by short-
lived mRNAs. Several mRNAs that encode stable pro-
teins, such as a-globin, have also been shown to have
extraordinarily long half-lives (Holcik and Liebhaber
1997). In addition, surveillance mechanisms that iden-
tify and reduce the half-lives of aberrant mRNAs, which
contain nonsense codon mutations, have been described
(Maquat 1995; Jacobson and Peltz 1996). Therefore, regu-
lation of the half-life of mRNAs can have dramatic con-
sequences on cellular responses and functional out-
comes during growth and development.

Through the application of genetics, the mechanisms

and factors involved in the turnover of mRNA in Sac-
charomyces cerevisiae are beginning to be identified.
Multiple pathways of mRNA turnover are present in
yeast, allowing for numerous levels of regulation and
fine-tuning of gene expression. One general pathway of
mRNA decay involves poly(A) tail shortening followed
by decapping and 58 → 38 exonucleolytic decay (Muhlrad
et al. 1994). A second general pathway involves dead-
enylation followed by 38 → 58 turnover of the body of the
mRNA (Anderson and Parker 1998). Endonucleolytic
cleavage of some mRNAs has also been demonstrated
(Presutti et al. 1995). Finally, another alternative decay
pathway that bypasses deadenylation is involved in the
translation-dependent degradation of nonsense codon-
containing mRNAs (Weng et al. 1997). Several degrada-
tion enzymes and regulatory proteins that play a role in
mRNA stability in yeast have been identified (Caponigro
and Parker 1996; Weng et al. 1997). Functionally signifi-
cant interactions between the cap structure and the 38

poly(A) tail of yeast mRNAs have also been described
(Tarun and Sachs 1997). Whether these observations are
generally applicable to mammalian cells, however, re-
mains to be established.

In vivo observations are beginning to allow some gen-
eralizations concerning major pathways of mRNA turn-
over in mammalian cells. A poly(A) tail of ∼200 bases is
added to most mRNAs during processing in the nucleus
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(Colgan and Manley 1997). The poly(A) tail serves at
least two known functions in mRNA stability. First, in
association with poly(A)-binding proteins (Bernstein et
al. 1989; Ford et al. 1997), it protects the mRNA from
38 → 58 exonucleases. Second, the poly(A) tail serves as
an initiation site for the turnover of the mRNA. The
poly(A) tail can be shortened progressively throughout
the lifetime of a mRNA in the cytoplasm. Controlling
the rate of deadenylation appears to be an important
regulatory point in mRNA stability (Wilson and Treis-
man 1988; Xu et al. 1997). Once the poly(A) tail is short-
ened to ∼30–65 bases, the body of the mRNA appears to
be degraded in a rapid fashion in vivo without the accu-
mulation of discernible intermediates (Chen et al. 1995;
Xu et al. 1997). Little is known, however, concerning the
enzymes and regulatory components involved in mam-
malian mRNA turnover.

In addition to the poly(A) tail, several cis-acting ele-
ments have been shown to play a role in mRNA stabil-
ity. The 58 terminal cap structure protects the transcript
from exonucleases (Furuichi et al. 1977). Several desta-
bilizing elements (Caput et al. 1986; Shyu et al. 1989;
Bonnieu et al. 1990; Peng et al. 1996), as well as stabi-
lizing elements (Stefonovic et al. 1997), located in the
body of the mRNA have also been identified. One well-
characterized element that regulates mRNA stability is
an AU-rich sequence (ARE) found in the 38 untranslated
region of many short-lived mRNAs (Shaw and Kamen
1986). These AREs primarily consist of AUUUA repeats
or a related nonameric sequence (Lagnado et al. 1994;
Zubiaga et al. 1995; Xu et al. 1997) and have been divided
into three classes on the basis of sequence characteris-
tics and degradation kinetics (Xu et al. 1997). In general,
AREs have been shown to increase the rate of deadenyla-
tion and RNA turnover in a translation-independent
fashion (Chen et al. 1995; Fan et al. 1997). The underly-
ing mechanism behind ARE function, however, remains
to be determined.

Numerous proteins have been described that can bind
in vitro to AU-rich elements (e.g., Malter 1989; Bohjanen
et al. 1991; Brewer 1991; Vakalopoulou et al. 1991; Ham-
ilton et al. 1993; Levine et al. 1993; Katz et al. 1994;
Nakagawa et al. 1995; Ma et al. 1996), but the exact role
of each factor in the process of mRNA turnover remains
to be defined. The ELAV family of ARE-binding proteins
is conserved evolutionarily and expressed differentially
in tissues throughout the development of vertebrates (for
review, see Antic and Keene 1997). Although ELAV pro-
teins have been found in both the cytoplasm and the
nucleus (Gao and Keene 1996), the most ubiquitously
expressed form, HuR, can shuttle between the nucleus
and the cytoplasm (Atasoy et al. 1998; Fan and Steitz
1998; Peng et al. 1998). ELAV proteins play an important
role in growth and development, as the Drosophila ho-
molog is genetically essential for development and main-
tenance of the nervous system (Campos et al. 1985; Rob-
inow and White 1988). In addition, mammalian ELAV
proteins are induced during differentiation and are dis-
tributed in RNP granules along dendrites (Gao and Keene
1996). Several lines of evidence suggest that ELAV pro-

teins control aspects of post-transcriptional gene expres-
sion (Gao and Keene 1996; Koushika et al. 1996; Ma et al.
1997; Myer et al. 1997; Antic and Keene 1998). Overex-
pression of ELAV family members, for example, has been
shown to affect accumulation of selected mRNAs (Jain
et al. 1997; Fan and Steitz 1998; Levy et al. 1998; Peng et
al. 1998). The precise role of ELAV proteins and other
ARE-binding factors, however, remains to be estab-
lished.

Mechanistic questions in mammalian cells are usually
best approached using biochemical systems because of
the inherent difficulties with mammalian cells as a ge-
netic system. It has been difficult, however, to establish
a versatile in vitro system to study mRNA stability and
turnover. On the basis of in vivo observations and prac-
tical considerations, an optimal in vitro system to study
the process of mRNA stability should have the following
properties: First, the system should be efficient and
highly reproducible. Second, minimal amounts (prefer-
ably zero) of RNA degradation in the system should be
attributable to random degradation by nonspecific con-
taminating ribonucleases. Third, deadenylation should
occur before general degradation of the mRNA body is
observed. Fourth, degradation of the mRNA body should
occur in an apparently highly processive fashion without
detectable intermediates. Fifth, regulation of the rate of
overall deadenylation and degradation should be ob-
served in a sequence-specific manner. Finally, the sys-
tem should work on exogenous RNAs to allow ease of
experimental manipulation.

In this study we report the establishment of an in vitro
mRNA stability system using cytoplasmic S100 extracts
that fulfills all of the criteria listed above and possesses
all of the properties known to be involved in ARE-medi-
ated mRNA turnover. We have used this system to dem-
onstrate a role for the AU-rich element-binding proteins
of the ELAV family in mRNA stability. These findings
suggest that ELAV proteins can affect a default pathway
of ARE-mediated degradation by either protecting the
mRNA from nuclease attack or by displacing factors that
otherwise mark these short-lived transcripts for degrada-
tion. This in vitro system should allow the identification
of cellular factors involved in mRNA turnover and help
elucidate mechanisms involved in the post-transcrip-
tional regulation of gene expression.

Results

Development of an in vitro system that deadenylates
and degrades RNA substrates

The development of an in vitro system to study mRNA
turnover requires the generation of a convenient source
of poly(A)+ RNA substrate and an active cellular extract.
To obtain substrate RNAs that were both polyadenylat-
ed and easy to identify using standard acrylamide gel
technology, we used a versatile ligation PCR approach
that can attach a template encoding a 60-base poly(A) tail
to the 38 end of DNA fragments that contain a HindIII
site (Ford et al. 1997; see Materials and Methods). The
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sequence of all short, poly(A)+ RNA substrates used in
this study is shown in Table 1. In initial studies to de-
velop an in vitro RNA stability system, we attached a
60-base poly(A) tail to a 54-base polylinker-derived se-
quence (Gem-A60). The small size of this polyadenylated
transcript made it easy to analyze intermediates in the
pathway of RNA turnover on acrylamide gels. Cellular
extracts were prepared following a standard cytoplasmic
S100 protocol (Dignam et al. 1983) using hypotonically
lysed HeLa spinner cells with minor variations as de-
scribed in the Materials and Methods. S100 extracts were
chosen for their ease of preparation, as well as the fact
that they have been shown previously to have some in
vitro ribonuclease activity (e.g., Levy et al. 1998). The
relevance of this ribonuclease activity to mRNA dead-
enylation/degradation observed in vivo, however, re-
mains to be established.

Gem-A60 RNA was incubated in S100 extracts in the
presence of ATP. As seen in Figure 1A (left), very little
turnover of the Gem-A60 RNA was noted after 60 min of
incubation. This reproducible slow rate of turnover
prompted us to hypothesize that an inhibitor of the dead-
enylation/degradation process might be present in S100
extracts. This hypothesis was based on several observa-
tions. First, our previous work with nuclear extracts de-
termined that poly(A)-binding proteins (PABPs) were
strong inhibitors of a 38 → 58 exonuclease activity (Ford
et al. 1997). Second, the activity of a partially purified
mammalian deadenylase preparation was inhibited by
high amounts of PABP (Korner and Wahle 1997). Third,
overexpression of PABP in Xenopus oocytes inhibits
maturation-specific deadenylation (Wormington et al.
1996). To test whether excess amounts of PABPs were
responsible for inhibiting the deadenylation of Gem-A60
RNA in S100 extracts, we added increasing amounts of
cold poly(A) competitor RNA to reaction mixtures to
sequester PABPs. As shown in Figure 1A (right), the ad-
dition of poly(A) competitor activated a degradation ac-
tivity in the S100 extracts. The Gem-A60 RNA was
shortened to a species slightly larger than the size of a
deadenylated marker (Gem-A0) and ∼30% of the input
RNA was degraded. Titration experiments performed in
coordination with UV cross-linking studies demon-
strated that the amount of poly(A) competitor RNA re-
quired to activate the S100 extract corresponded pre-
cisely with the ability of the competitor to inhibit bind-
ing of proteins to the poly(A) tail of the substrate RNA
(data not shown). Furthermore, the nucleolytic activities

activated by the addition of cold poly(A) RNA as com-
petitor to the S100 extracts were still observable at con-
centrations of poly(A) >500 ng (data not shown). These
data suggest that the activated nucleases are highly re-
fractory to competition by poly(A).

The progressive shortening of the Gem-A60 RNA sub-
strate observed with incubation in S100 extract supple-
mented with poly(A) competitor RNA was determined
to be attributable to a 38 → 58, poly(A) tail-specific exo-
nuclease based on the following observations: First,
RNA substrates 32P-labeled exclusively at their 58 cap
structures were progressively shortened in the system in
a similar fashion as uniformly labeled transcripts (Fig. 1,
cf. A and B). These data suggest that the shortening of the
input RNA occurred in a 38 → 58 direction. This conclu-
sion was confirmed by separately analyzing the 58 and 38

portions of RNA products from the in vitro system by
RNase H digestion before gel electrophoresis. As shown
in Figure 1C, the 38 portion of the substrate RNA [which
consists primarily of the 60-base poly(A) tail] was clearly
being degraded before any turnover of the 58 portion of
the transcript was detected. After 9 min of incubation,
72% of the 38 fragment containing the poly(A) tail is
degraded, whereas only 19% of the 58 fragment has been
turned over. Finally, to ascertain whether this 38 → 58

exonuclease activity was indeed a poly(A)-specific dead-
enylase, we added 15 bases of nonadenylate sequence
onto the 38 end of the Gem-A60 RNA (Gem-A60-15). As
seen in Figure 1D, although the Gem-A60 transcript
[which contains a 38 poly(A) tail] is an excellent substrate
for the 38 exonuclease activity, the Gem-A60-15 RNA,
which has its poly(A) tract internalized 15 bases, was
not.

From these data we conclude that the addition of
poly(A) competitor RNA to an S100 extract activates a
deadenylase that is active on exogenous, poly(A)+ sub-
strate RNAs. The in vitro system reproduces several as-
pects of mRNA stability observed in vivo. The surprising
observation that the deadenylase itself is not apparently
inhibited by cold poly(A) suggests that the native en-
zyme may not have high affinity for its substrate. This
suggestion is also supported by the absence of a lag in the
kinetics of deadenylation in the system as well as the
observation that we cannot block deadenylation with
very high amounts of cold poly(A). The deadenylase ac-
tivity may contain additional RNA-binding activities
that anchor it to mRNAs, perhaps as part of a multicom-
ponent complex.

Table 1. The sequence of small capped RNAs used as substrates in the in vitro system

Gem-A60 GAAUACACGGAAUUCGAGCUCGGUACCCGGGGAUCCUCUAGAGUCGACCUGCAGGCAUGCAA
GCUA(60)

Gem-A60-15 GAAUACACGGAAUUCGAGCUCGGUACCCGGGGAUCCUCUAGAGUCGACCUGCAGGCAUGCAAG
CUA(60)UAUUGAGGUGCUCGAGGU

ARE-A60 GAAUACACAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAAGCUA(60)
MT-ARE-A60 GAAUACACGUUAGUAUUCAUUUGUUUACUAUUGAUUUCUUUAAGCUA(60)
FOS-A60 GAAUACACAAAUUUUAUUGUGUUUUUAAUUUAUUUAUUAAGAUGGAUUCUCUCUAUAAAUAU

AAAAAUAAAAUAAAAAAAAGCUA(60)
CX-A60 GAAUACACCCCAACGGGCCCUCCUCCCCUCCUUGCACCAUCAUCGCAUCACGAGCUA(60)

Ford et al.
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RNA turnover in the in vitro system is regulated
by AU-rich instability elements

We addressed whether the RNA turnover activities ex-
hibited by the S100 extract system could be influenced
by sequences in the body of the transcript in a specific
manner. The relative stability of small polyadenylated
RNAs containing either a 54-base polylinker sequence
(Gem-A60), a 34-base AU-rich element (ARE) from tu-
mor-necrosis factor a (TNF-a) mRNA (ARE-A60), or a
72-base ARE from the c-fos mRNA (Fos-A60) was deter-
mined in the in vitro stability system. As shown in Fig-
ure 2, A and B, the turnover of both of the ARE-contain-
ing RNAs was increased dramatically compared to the
Gem-A60 control transcript. To assess directly whether
regulation by AREs was occurring in a sequence-specific

fashion, we extensively mutated the TNF-a–ARE as de-
scribed in Materials and Methods. Similar mutations in
AU-rich instability elements were shown previously to
greatly increase mRNA half-life in vivo (Myer et al.
1997). As seen in Figure 2C, mutations in the ARE re-
duced the rate and extent of deadenylation/degradation
more than threefold in the in vitro system. We conclude,
therefore, that RNA turnover in the in vitro system can
be regulated by AU-rich instability elements in a se-
quence-specific fashion.

All of the RNA substrates we have examined above
contain a body of ∼50–70 bases attached to a poly(A) tail.
The next question we asked was whether we could de-
tect regulated turnover using larger polyadenylated RNA
substrates. As shown in Figure 2D, a polyadenylated 250-
base RNA derived from the 38 UTR of the SV40 late

Figure 1. The addition of poly(A) to cytoplasmic S100 extracts activates specific deadenylase and degradation activities. (A) Poly(A)
competitor RNA activates nucleolytic activities in the extract. A capped, radiolabeled 54-base RNA containing a 60-base poly(A) tail
(Gem-A60) was incubated at 30°C with S100 extract in the absence (lanes marked S100) or presence [lanes marked S100 + Poly(A)] of
500 ng of cold poly(A) RNA as described in Materials and Methods for the times indicated. RNA products were analyzed on a 5%
acrylamide gel containing 7 M urea. The position of a deadenylated, 54-base transcript (Gem-A0) is indicated at right. (B) The
shortening of input transcripts is attributable to a 38 → 58 exonuclease. Gem-A60 RNA, labeled exclusively at the 58 cap, was incubated
in the in vitro mRNA stability system for the times indicated. Reaction products were analyzed on a 5% acrylamide gel containing
7 M urea. The position of a deadenylated, 54-base transcript (Gem-A0) is indicated on the right. (C) An alternative approach also
demonstrates that the shortening of input transcripts is attributable to a 38 → 58 exonuclease. ARE-A60 RNA, radiolabeled at A
residues, was incubated in the in vitro stability system for the times indicated. Reaction products were hybridized to a DNA
oligonucleotide and cleaved into 58 and 38 fragments using RNase H. Fragments were analyzed on a 5% acrylamide gel containing 7
M urea. (D) The 38 → 58 exonuclease activity is a specific deadenylase. Gem-A60 RNA or a variant that contains 18 extra nucleotides
after the poly(A) tract (Gem-A60-15) were incubated in the in vitro stability system for the times indicated. RNA products were
analyzed on a 5% acrylamide gel containing 7 M urea. The position of a deadenylated, 54-base transcript (Gem-A0) is indicated at left.
31 ± 11% of the input Gem-A60 RNA was deadenylated/degraded in 30 min.
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Figure 2. The rate of transcript degradation
in the in vitro system is regulated by AU-rich
instability elements in a sequence-specific
fashion. (A) AU-rich elements increase dra-
matically the rate of turnover in the in vitro
system. Gem-A60 RNA or a polyadenylated
transcript that contains the 34-base AU-rich
element from the TNF-a mRNA, were incu-
bated in the in vitro stability system for the
times indicated. RNA products were analyzed
on a 5% acrylamide gel containing 7 M urea.
The positions of deadenylated transcripts
(Gem-A0 and ARE-A0) are indicated. The
ARE-A60 RNA was deadenylated/degraded
6.6 ± 0.4-fold faster than Gem-A60 RNA. (B)
The AU-rich element from c-fos mRNA also
functions as an instability element in vitro.
Gem-A60 RNA or a transcript that contains
the 72-base AU-rich element from the c-fos

mRNA (Fos-A60) were incubated in the in
vitro stability system for the times indicated.
RNA products were analyzed on a 5% acryl-
amide gel containing 7 M urea. The positions
of deadenylated transcripts (Gem-A0 and Fos-
A0) are indicated. The Fos-A60 RNA was
deadenylated/degraded 3.5 ± 0.3-fold faster
than Gem-A60 RNA. (C) The ability of AU-
rich elements to mediate transcript instabil-
ity in the in vitro system is sequence specific.
ARE-A60 RNA or a variant that contains a
mutation at every fourth position (mt ARE-
A60; see Materials and Methods) were incu-
bated in the in vitro stability system for the
times indicated. RNA products were analyzed
on a 5% acrylamide gel containing 7 M urea.
The positions of deadenylated transcripts
(ARE-A0 and mt ARE-A0) are indicated. Mu-
tations in the ARE reduced the rate of dead-
enylation/degradation by 3.7 ± 1.4-fold com-
pared to the wild-type ARE-A60 transcript.
(D) The TNF-a AU-rich element mediates in-
stability in a heterologous context. A polyad-
enylated 250-base RNA derived from the SV
late transcription unit (SV-A60), or a variant
that contains the 34-base AU-rich element from the TNF-a mRNA (SVARE-A60), were incubated in the in vitro stability system for
the times indicated. RNA products were analyzed on a 5% acrylamide gel containing 7 M urea. The positions of deadenylated
transcripts (SV-A0 and SVARE-A0) are indicated. SVARE-A60 RNA was deadenylated/degraded 3.5 ± 0.7-fold faster than SV-A60 RNA.
(E) The AU-rich element derived from the GM-CSF mRNA functions in vitro on nearly a full-length RNA substrate. A nearly
full-length version of the GM-CSF mRNA that contained an AU-rich element, GM-CSF(+ARE), or a version in which the AU-rich
element was deleted, GM-CSF(−ARE), were incubated in the in vitro stability system for the times indicated. RNA products were
analyzed on a 5% acrylamide gel containing 7 M urea. GM-CSF(+ARE) was deadenylated/degraded 2.8 ± 0.2-fold faster than the
GM-CSF(−ARE) transcript.
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mRNA (SV-A60) was deadenylated but degraded ineffi-
ciently in the in vitro system. Adding the TNF-a–ARE to
the 38 portion of this RNA (SVARE-A60) resulted in an
∼3.5-fold increase in the rate of turnover. Finally, we
prepared a nearly full-length (∼950 base) version of the
human granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF) mRNA, as well as one in which the ARE
was deleted [GM-CSF(−ARE)]. The 38 ends of these tran-
scripts were polyadenylated using yeast poly(A) polymer-
ase (Martin and Keller 1998). Gel-purified RNAs were
incubated in the in vitro stability system and aliquots
were removed at the times indicated. As seen in Figure
2E, the version of the GM-CSF mRNA that contains an
ARE was ∼2.5-fold less stable than GM-CSF(−ARE) in the
in vitro system. As seen above with other transcripts, the
GM-CSF transcripts were also deadenylated in the sys-
tem. Deadenylation was not observable in Figure 2E be-
cause of the lack of resolution of the gel system used, but
can be observed using formaldehyde–agarose gels (data
not shown).

Degradation, but not deadenylation, requires ATP

Transcripts with 60 adenylates at the 38 end were ob-
served to undergo both deadenylation and turnover in
the in vitro system. This is consistent with in vivo ob-
servations that suggest the poly(A) tail is shortened to
∼30–65 bases before mRNA turnover is observed (Xu et
al. 1997). Because degradation appeared to begin before
the input transcript was deadenylated completely (e.g.,
Fig. 2), it was difficult to assess quantitatively the effects
of AU-rich elements on relative deadenylation rates. To
try uncoupling these processes and evaluate accurately

the effect of AREs on deadenylation rates in the in vitro
system, we surveyed the cofactor requirements that
might be unique to either deadenylation or turnover.
Both processes were inhibited by the addition of EDTA
(data not shown), suggesting a role for divalent cations.
Curiously, deadenylation could occur without the addi-
tion of ATP/phosphocreatine to the system (Fig. 3A).
Degradation, on the other hand, required ATP/phospho-
creatine as indicated by the accumulation of deadenyl-
ated intermediates in its absence (Fig. 3A, lanes −ATP).
By omitting ATP from the reaction, therefore, we were
able to evaluate relative deadenylation rates in the pres-
ence or absence of an AU-rich instability element. RNAs
with physiologic length poly(A) tails (150–200 bases) that
lack (SV-A150–200) or contain (SVARE-A150–200) an
ARE were incubated in the in vitro system and aliquots
were analyzed at the times indicated. As seen in Figure
3B, RNA substrates containing an ARE were deadenyl-
ated at an approximately twofold faster rate than RNAs
that do not contain the instability element.

In summary, we have devised an in vitro mRNA sta-
bility system that acts on exogenous substrates and
faithfully reproduces all of the known in vivo aspects of
turnover. RNAs are first deadenylated before degradation
of the body of the transcript. Degradation of the body of
the mRNA then occurs in an apparently highly proces-
sive fashion with no discernible intermediates. Dead-
enylation and decay rates are increased severalfold by the
inclusion of an AU-rich instability element. ARE regu-
lation of RNA stability is sequence specific and highly
reproducible, as all three of the AREs we have tested in
the in vitro system function in a similar fashion. This
system should provide a valuable means to elucidate

Figure 3. Deadenylation occurs in the absence of
ATP and is regulated by AU-rich elements in vitro.
(A) Degradation, but not deadenylation, requires
ATP. SVARE-A60 RNA was incubated in the in
vitro system in the presence, (+) ATP lanes, or ab-
sence (−) ATP lanes, for the times indicated. RNA
products were analyzed on a 5% acrylamide gel
containing 7 M urea. The positions of the deadenyl-
ated SVARE-A0 transcript is indicated. (B) AU-rich
elements regulate the rate of deadenylation on
RNA substrates that carry a physiologic length
poly(A) tail. SV RNA or SVARE RNA (a variant that
contains an AU-rich element) were poly-
adenylated with yeast poly(A) polymerase and
species that contained tails of ∼150–200 bases
were gel purified. These RNAs, SV(A150–200) and
SVARE(A150–200), were incubated in the in vitro
stability system for the times indicated. RNA
products were analyzed on a 5% acrylamide gel
containing 7 M urea. The positions of deadeny-
lated transcripts (SV-A0 and SVARE-A0) are indi-
cated. SVARE(A150-200) RNA was deadenylated
2.2 ± 0.3-fold faster than the SV(A150–200) tran-
script.
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mechanistic aspects of regulated and general mRNA
turnover pathways.

The role of ARE-binding proteins
in the in vitro system

The in vitro system described here allows evaluation of
the role of ARE-binding proteins in the process of RNA
deadenylation/degradation. Several proteins were found
to be associated with ARE-containing RNAs in our ex-
tracts. As seen in Figure 4A, a protein of ∼30 kD and a
group of ∼40-kD proteins were specifically UV cross-
linked to the short ARE-A60 transcript. A species of ∼70
kD was also detected when this ARE was inserted into a
larger transcript (SVARE-A60; see Fig. 5B). It is possible
that this 70-kD protein was not detected on the ARE-
A60 RNA because of the relatively small size of the tran-
script. Efforts to determine the identity of these cross-
linked species using available antibodies to known ARE-
binding proteins revealed the presence of an ELAV
protein. As shown in Figure 4B, immunoprecipitation
assays identified the 30-kD protein as HuR (a.k.a. HuA),
a member of the ELAV protein family that is ubiqui-
tously expressed in all tissues (Good 1995; Ma et al.
1996; Myer et al. 1997). Antisera against another RNA-
binding protein of ∼30 kD, hnRNP A1, failed to detect
any cross-linked protein in our system (Fig. 4B). We
tested two additional antisera to identify the 40-kD
band. Antibodies to hnRNP C protein failed to detect
any cross-linked protein, whereas antisera to AUF-1
(a.k.a. hnRNP D) (Brewer 1991) did precipitate a small
amount of cross-linked 40-kD protein (data not shown).
However, this cross-linked product was not competed by
increasing amounts of the 34-base synthetic TNF-a ARE
competitor RNA (data not shown). The significance of
this low level of nonspecific AUF-1 cross-linking in the
system is unclear. We conclude that the 30-kD species

that specifically cross-links to the ARE element is HuR,
a protein that has been suggested previously to play a
role in ARE-mediated mRNA decay (Vakaloloupou et al.
1991; Antic and Keene 1997; Myer et al. 1997).

We then addressed whether the interaction of the
cross-linked ARE-binding proteins with the element was
required to mediate instability. We used synthetic ribo-
nucleotides containing either a 34-base TNF-a ARE or
randomly chosen non-ARE sequences. Synthetic com-
petitor RNAs were added in increasing amounts to the in
vitro stability system and their effect on RNA turnover
was assessed. As seen in Figure 5A, the ARE competitor
RNA inhibited completely deadenylation and degrada-
tion at 40 pm, whereas the nonspecific RNA had no ef-
fect at similar concentrations. The ARE competitor
RNA had a similar effect on the deadenylation/degrada-
tion of RNAs whether or not they contained an ARE
(data not shown). This observation suggests that factors
capable of interacting with AREs are important for dead-
enylation, and may be a part of a multiprotein deadenyl-
ase/degradation complex.

We compared the ability of the synthetic ARE com-
petitor RNA to block deadenylation with the ability of
the RNA to compete for interaction of ARE-binding pro-
teins with the substrate transcript. EDTA was added to
cross-linking assays to inhibit RNA turnover and to
evaluate the effect of various levels of competitor on
cross-linking/label transfer efficiency. As shown in Fig-
ure 5B, all ARE-binding proteins (including HuR protein
that could be immunoprecipitated using specific antisera
before gel electrophoresis as shown in Fig. 5C) were spe-
cifically competed from the SVARE-A60 RNA substrates
with the addition of 5 pm of the synthetic RNA com-
petitor. As shown in Figure 5A, however, 5 pm of syn-
thetic ARE competitor RNA failed to have an appre-
ciable effect on the rate of RNA deadenylation/degrada-
tion in the system. We conclude that none of the major

Figure 4. The HuR protein of the ELAV family
specifically binds to the TNF-a AU-rich element
in the in vitro system. (A) Two proteins specifi-
cally interact with the TNF-a AU-rich element.
Gem-A60 and ARE-A60 RNAs were radiolabeled
at U residues and incubated in the in vitro stabil-
ity system for 5 min in the presence of EDTA (to
block degradation and allow for accurate com-
parisons). Reaction mixtures were irradiated with
UV light, cleaved with RNase A, and protein–
RNA complexes were analyzed on a 10% acryl-
amide gel containing SDS. The approximate sizes
of the cross-linked proteins indicated on the right
were deduced from molecular mass markers. (B)
The 30-kD protein is HuR. Radiolabeled ARE-
A60 RNA was incubated in the in vitro RNA sta-
bility system and cross-linked to associated pro-
teins as described above. Cross-linked proteins
were immunoprecipitated using the indicated an-
tisera before analysis on a 10% acrylamide gel
containing SDS. The lane marked Input denotes
total cross-linked proteins before immunopre-
cipitation analysis.
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ARE-binding proteins that we could detect by cross-link-
ing appear to be required for deadenylation/degradation
in the in vitro system.

ELAV proteins prevent degradation of deadenylated
transcripts in the in vitro system

Because the ARE-binding proteins we detected by cross-
linking do not appear to be required for deadenylation/

degradation, we hypothesized that they may play a role
in transcript stability. Consistent with this model, re-
cent in vivo data suggest that overexpression of Hel-N1
and HuR proteins can stabilize ARE-containing tran-
scripts (Jain et al. 1997; Fan and Steitz 1998; Peng et al.
1998). We produced mouse recombinant HuR protein, as
well as other members of the ELAV family [Hel-N1 and
Hel-N2 (a.k.a. HuB)] as GST fusion proteins and added
these to the in vitro stability system at a 10:1 molar ratio
to substrate RNA. Similar data were obtained using any
of the three recombinant ELAV family proteins, and only
data with rHel-N1 are shown. As seen in Figure 6A, rHel-
N1 protein failed to affect deadenylation of the SVARE-
A60 RNA substrate in the in vitro system, but stabilized
a deadenylated intermediate. GST alone, or another GST
fusion protein that binds RNA (hnRNP H8) had no effect
on transcript stability in the in vitro system (Fig. 6B). We
conclude that the ELAV family of RNA-binding proteins
function to protect deadenylated transcripts from the
degradation enzymes.

We then tested whether the RNA substrate must con-
tain an ARE for rELAV proteins to stabilize a deadenyl-
ated intermediate in the in vitro system. ARE-A60 RNA,
or an unrelated but similarly sized and polyadenylated
transcript, CX-A60, was incubated in the in vitro system
in the presence or absence of rELAV proteins. As seen in
Figure 6C, rHel-N2 (or other rELAV proteins; data not
shown) stabilized the deadenylated intermediate only
from RNAs that contain an ARE-binding site. We con-
clude that the stabilization of deadenylated intermedi-
ates by ELAV proteins requires an ARE. Furthermore,
ELAV proteins can stabilize a deadenylated intermediate
whether the ARE is located at the 38 or 58 positions of the
250-base SVARE-A60 RNA (Fig. 6D). These data suggest
that the ARE–ELAV protein complex probably is not
simply preventing turnover through steric blocking of an
end of the transcript, thereby preventing exonuclease ac-
cess.

Discussion

We have developed an in vitro RNA stability system that
reproduces faithfully many known aspects of in vivo
mRNA turnover in mammalian cells. Exogenous RNA
substrates are deadenylated before degradation of the
RNA body occurs in an apparently highly processive
fashion without detectable intermediates. Furthermore
the rates of RNA deadenylation and degradation are
regulated by AU-rich elements in the system in a se-
quence-specific manner. We have used the system to de-
termine a role for the ELAV family of ARE-binding pro-
teins in the stability of deadenylated transcripts by spe-
cifically blocking the degradation step. These data
illustrate the value of the system to address the mecha-
nism of regulated mRNA turnover.

The in vitro system described in this report has several
key technical advantages that significantly increase its
usefulness. First, the system is highly reproducible and
uses standard S100 cytoplasmic extracts from HeLa spin-
ner cells. We have made nine independent preparations

Figure 5. Although AU-rich element-binding factors are im-
portant to promote RNA deadenylation and degradation, the
binding of the HuR protein to AU-rich elements is not associ-
ated with AU-rich element-mediated transcript instability. (A)
Competition analysis suggests that AU-rich element-binding
factors are required for deadenylation and degradation of tran-
scripts. SVARE-A60 RNA was incubated in the in vitro stability
system for 30 min in the presence of the indicated amounts of
a synthetic RNA competitor that contained the TNF-a AU-rich
element (ARE comp.) or a nonspecific sequence. RNA products
were analyzed on a 5% acrylamide gel containing 7 M urea. The
position of deadenylated SVARE-A0 RNA is indicated. (B) Re-
action mixtures were prepared as described in A with the addi-
tion of EDTA to inhibit RNA turnover. Protein–RNA interac-
tions were analyzed by UV cross-linking analysis and analyzed
on a 10% acrylamide gel containing SDS. The positions of AU-
rich element-specific cross-linked species is indicated on the
left. (C) Reactions were prepared exactly as described for B, ex-
cept samples were immunoprecipitated using a-HuR-specific
antisera before gel electrophoresis.
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of S100 extract that all function in the assay in a similar
fashion (data not shown). The only difference among ex-
tracts appears to be in the kinetics of turnover (e.g., com-
pare the slight differences in the pattern of turnover of
Gem-A60 RNA in Fig. 1A with the pattern observed in
Fig. 1D). Such variability in activity from extract to ex-
tract is commonly observed with other in vitro RNA-
processing systems such as pre-mRNA splicing and poly-
adenylation. Second, our extracts exhibit minimal back-
ground degradation of RNA attributable to nonspecific
nucleases. This lack of noise in the system significantly
contributes to its reproducibility. Third, another key el-
ement of the system is that it uses exogenous polyade-
nylated RNAs as substrates. This property affords vari-
ety in RNA substrate preparation and sequence manipu-
lation. Fourth, the system exhibits sequence-specific
regulation by AU-rich elements in the absence of trans-
lation. In total, these technical advantages make the sys-
tem a valuable reagent to identify components involved
in mRNA turnover and address the mechanism of regu-
lated mRNA stability.

The addition of poly(A) competitor RNA was required

to activate S100 extracts to deadenylate and degrade ef-
ficiently RNAs in a regulated manner. Titration of cold
poly(A) demonstrated that the extracts became activated
for deadenylation/degradation when sufficient competi-
tor was added to reduce substantially cross-linking of a
70-kD poly(A)-binding protein to the poly(A) tail of the
radiolabeled substrate RNA (data not shown). The PABP-
independent deadenylation observed in our in vitro sys-
tem was somewhat unexpected, given the requirement
for yeast PABP in mRNA deadenylation by the poly(A)
nuclease (PAN) enzyme (Brown et al. 1996). The effect of
PABP on deadenylation may, however, be different in
mammalian systems. Partially purified deadenylase
from mammalian cells is inhibited by excess PABP (Kor-
ner and Wahle 1997). In addition, Wormington et al.
(1996) have shown that excess PABP inhibits deadenyla-
tion in Xenopus oocytes. Although PABP may not be
required for deadenylation in mammalian systems, it
still may play an important role in regulating the pro-
cess.

Surprisingly, the deadenylation in the extracts re-
mains active even in the presence of >500 ng of poly(A).

Figure 6. ELAV proteins specifically sta-
bilize deadenylated intermediates in the in
vitro system. (A) SVARE-A60 RNA was in-
cubated in the in vitro system in the pres-
ence [lanes (+) Hel-N1] or the absence
[lanes (−) Hel-N1] of 1 µg of recombinant
Hel-N1 protein. RNA products were ana-
lyzed on a 5% acrylamide gel containing 7
M urea. The position of deadenylated
SVARE-A0 transcript is indicated. (B)
SVARE-A60 RNA was incubated in the in
vitro system in the presence of 1 µg of re-
combinant Hel-N1 [lanes (+) Hel-N1], GST
only [lanes (+) GST], or an unrelated RNA-
binding protein hnRNP H8 [lanes (+)
hnRNP H8]. RNA products were analyzed
on a 5% acrylamide gel containing 7 M

urea. The position of deadenylated
SVARE-A0 transcript is indicated. (C)
ARE-A60 RNA, or an unrelated transcript
that lacked an AU-rich element (CX-A60),
were incubated in the in vitro stability

system for 30 min in the presence (+ lanes) or absence (− lanes) of ∼1 µg of Hel-N2 protein. RNA products were analyzed on a 5%
acrylamide gel containing 7 M urea. The positions of deadenylated transcripts are indicated. (D) A variant of SV-A60 RNA that
contained the TNF-a ARE in the 58 portion of the transcript (SV58ARE-A60) was incubated in the in vitro system for 50 min in the
absence (− lane) or presence (+ lane) of 1 µg of Hel-N2 protein. RNA products were analyzed on a 5% acrylamide gel containing 7 M

urea. The positions of input and deadenylated transcripts are indicated.
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Commercial poly(A) preparations prepared with poly-
nucleotide phosphorylase, therefore, do not appear to be
able to interact with and sequester the deadenylase en-
zyme. These data suggest that the deadenylase activity is
either in extraordinary concentrations in the extracts or
may not have a strong affinity for its substrate. We favor
the latter model. The deadenylase may rely on associated
RNA-binding activities to regulate its association with
an RNA substrate. In conjunction with this, we have
observed an increase in deadenylation rate of ARE-con-
taining RNAs (Figs. 2 and 3), as well as the ability of the
ARE competitor RNA to inhibit deadenylation of non-
ARE-containing substrates (data not shown). These data
suggest that ARE-binding proteins may be associated
with the deadenylase activity.

The deadenylation activity in our extracts appears to
stall at variable sites on the poly(A) tail, leading to the
observation of variable deadenylation intermediates in
several assays (e.g., Figs. 1 and 2). Similar stalling of the
deadenylase was also observed by Wahle and colleagues
using a partially purified deadenylase activity, but its
significance remains unclear (Korner and Wahle 1997).
One observation regarding the stalling of deadenylation
that is highly reproducible is that relatively stable, non-
ARE-containing transcripts (e.g., Gem-A60, SV-A60) are
often deadenylated to a tail of ∼10–15 bases, and then
appear to be generally refractory to further shortening
(e.g., Figs. 1–3). Curiously, in vivo studies demonstrate
that the poly(A) tail is not removed completely by the
deadenylase before degradation of the RNA body (Ca-
ponigro and Parker 1996). The deadenylase enzyme may
not be able to associate efficiently with RNA substrates
containing short poly(A) tails. Perhaps the deadenylase
delivers inefficiently these substrate RNAs to the turn-
over enzymes for decay of the body of the transcript. If
this suggestion is correct, it implies that the deadenylase
and degradation activities may assemble on RNAs as a
multicomponent complex. The assembly of this com-
plex is likely to be regulated by elements (e.g., AREs) in
the body of the transcript. Alternatively, AREs may tar-
get RNAs for degradation by novel pathways. Further
purification and characterization of the factors involved
in general and regulated mRNA turnover will allow
these possibilities to be addressed.

We have identified HuR protein, a ubiquitously ex-
pressed member of the ELAV family of RNA-binding
proteins (Good 1995; Ma et al. 1996; Antic and Keene
1997; Myer et al. 1997), as one of the major ARE-binding
factors in our system. We also detected weak binding to
AUF-1 (hnRNP D), a protein previously speculated to be
involved in regulated mRNA decay in vitro (DeMaria
and Brewer 1996). We cannot, however, compete AUF-1
binding to the RNA substrate using levels of the syn-
thetic ARE competitor RNA that will inhibit completely
deadenylation and degradation in the system (data not
shown). AUF-1, therefore, does not appear to play a sig-
nificant role in transcript instability in our system.
ELAV proteins are not required for deadenylation/degra-
dation, but rather play a role in the stability of deadenyl-
ated RNAs that contain an ARE (Fig. 6). These data sug-

gest that in addition to its effect on deadenylation rates
(Chen et al. 1995; Xu et al. 1997), the ARE influences the
efficiency of turnover of the body of the mRNA. In vivo
observations (Chen et al. 1995; Xu et al. 1997; Peng et al.
1998) also support the conclusion that ARE influences
mRNA degradation rates.

ELAV proteins, therefore, appear to regulate mRNA
stability in vitro, an observation consistent with in vivo
transfection studies. The ELAV family comprises four
members, three of which are expressed in a tissue- or
developmental-specific manner (for review, see Antic
and Keene 1997). Tissue-specific ELAV proteins are also
localized primarily to the cytoplasm, whereas the ubiq-
uitous HuR protein is predominantly nuclear and can
redistribute to the cytoplasm (Atasoy et al. 1998; Fan and
Steitz 1998; Peng et al. 1998). It has been suggested that
differentially expressed ELAV proteins play a role in
regulating the stability of both nuclear and cytoplasmic
RNA, thereby fine-tuning gene expression in specific de-
velopmental states (Gao and Keene 1996; Antic and
Keene 1998).

The competition data shown in Figure 5 clearly dem-
onstrate that factors associated with the ARE are re-
quired for deadenylation/degradation of substrate RNAs.
On the basis of the kinetics of competition, these factors
must either be much more abundant than the cross-link-
able ARE-binding proteins like HuR, or interact with the
ARE with a much lower affinity. We favor the latter
model, and suggest that these factors are part of a mul-
ticomponent complex that includes the deadenylase and
degradation enzymes. Through multiple cooperative in-
teractions, these weak ARE-binding components may al-
low efficient assembly of the deadenylase/degradation
complex on ARE-containing transcripts while still al-
lowing the complex to assemble, albeit less effectively,
on non-ARE-containing RNAs. The RNA-binding com-
ponents of this proposed complex also may have affinity
for other non-ARE instability elements (e.g., Peng et al.
1996).

The observation that endogenous HuR protein in our
S100 extracts can be cross-linked to ARE-containing
RNA substrates (Fig. 5) makes it surprising that an ARE
can function as a destablizing element in the in vitro
assay. Because HuR protein is predominantly nuclear,
however, only low levels of the protein are likely to be
present in our cytoplasmic extracts. This low level of
HuR protein is probably unable to compete efficiently
with destablizing factors for binding to the ARE. In fact,
sequestration of the HuR protein by the addition of low
levels of synthetic ARE competitor RNA does lead to an
increased rate of turnover of ARE-containing RNAs in
the in vitro system. As shown in Figure 5A, the amount
of SVARE-A60 RNA remaining after 30 min in the sys-
tem in the absence of competitor RNA (lane 0) is ∼20%
greater than when the assay is done in the presence of 5
pm of ARE competitor RNA (lane 5 pm). The removal or
sequestration of HuR protein in S100 extracts, therefore,
may be necessary to observe regulated deadenylation and
degradation in some instances.

In summary, the following observations gained from
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this study should be considered in a mechanistic model
of mammalian mRNA stability. First, a PABP is associ-
ated with the inhibition of the deadenylation activity in
vitro (Fig. 1). PABPs, therefore, may play a role in regu-
lating transcript stability. Second, the deadenylase activ-
ity is not affected by high levels of poly(A) competitor,
implying that the enzyme may not have a strong innate
affinity for its substrate. Third, the differential effect of
ATP levels on deadenylation and degradation suggests
that different enzymes (or enzymatic sites) may be re-
sponsible for these two processes. Fourth, the synthetic
ARE competitor RNA inhibits both deadenylation and
degradation of all poly(A)+ RNA substrates tested. These
data suggest that RNA-binding proteins capable of inter-
acting with AU-rich sequences may be an integral part or
tightly associated with these enzymatic activities. Fi-
nally, ELAV proteins are involved in transcript stabili-
zation, suggesting that independent AU-rich element-
binding proteins may act in concert to promote or inhibit
mRNA turnover in a tightly regulated fashion. Future
fractionation–reconstitution studies with the in vitro
system should continue to shed important insights into
the mechanism of regulated mRNA stability in mamma-
lian cells.

Materials and methods

Transcription templates and RNAs

RNAs were produced by in vitro transcription using SP6 poly-
merase (Melton et al. 1984) in the presence of 7mGpppG cap
analog and radiolabeled UTP or ATP as indicated. All tran-
scripts were gel purified before use. For RNAs labeled exclu-
sively at the 58 cap, transcription reactions were performed in
the absence of cap analog and radioactive nucleotides. Capping
was then performed using guanyltransferase (BRL) and radio-
labled GTP according to the manufacturer’s recommendations.
The sequence of short RNAs used as substrates in the in vitro
system is shown in Table 1.

Transcription templates were derived as follows (all synthetic
oligonucleotides used as transcription templates contain a 24-
base SP6 promoter fragment at their 58 ends): Gem-A0 RNA was
produced from HindIII cut pGem4 (Promega). Gem-A60-15
RNA was produced from the PCR product used to produce
Gem-A60 RNA (see below) without removing the primer bind-
ing site with SspI. Templates for ARE-A0 RNA were generated
by hybridizing the synthetic oligonucleotide 58-ATTTAGGT
GACACTATAGAATACACATTATTTATTATTTATTTATT-
ATTTATTTATTTA-38 and its appropriate complement. Tem-
plates for MT-ARE-A0 RNA were generated by hybridizing the
synthetic oligonucleotide 58-ATTTAGGTGACACTATAGAA-
TACACGTTAGTATTCATTTGTTTACTATTGATTTCTTT-
A38 and its appropriate complement. Templates for Fos-A0
RNA were generated by hybridizing the synthetic oligonucleo-
tide 58-ATTTAGGTGACACTATAGAATACACAAATTTTAT-
TGTGTTTTTAATTTATTTATTAAGATGGATTCTC-38 and
its appropriate complement. The template for SV-A0 RNA was
HindIII cut pSVL-Gem (Wilusz et al. 1988). Templates for
SVARE-A0 RNA were generated by inserting the TNF-a ARE-
containing oligonucleotide 58-ATTATTTATTATTTATTTAT-
TATTTATTATTTA and its appropriate complement between
the PstI and HindIII sites of pSVL-Gem (located near the 38 end
of the RNA). SVARE-A0 RNA was transcribed from HindIII

linearized DNA. Templates for SV58ARE RNA were generated
by inserting the TNF-a oligonucleotides containing appropriate
linkers between the EcoRI and SmaI sites of pSVL-Gem (located
near the 58 end of the RNA). The template for GM-CSF (+ARE)
RNA was EcoRI cut pGM-CSF (Shaw and Kamen 1986). The
template for GM-CSF (−ARE) RNA was NcoI cut pGM-CSF.
Templates for CX-A0 RNA were generated by hybridizing the
synthetic oligonucleotide 58-ATTTAGGTGACACTATAGAA-
TACACCCCAACGGGCCCTCCCTCCCCTCCTTGCACCA-
TCATCGCATCACG and its appropriate complement.

Synthetic RNAs used in competition studies were made by
the NJMS Molecular Core Facility and contained the following
sequences: ARE, 58-AUUAUUUAUUAUUUAUUUAUUAUU-
UAUUUAUUUA; nonspecific competitor, 58-GUCACGUGU-
CACC.

Addition of poly(A) tails to transcripts

A template for a 60-base poly(A) tail was added to DNA tem-
plates using a ligation/PCR protocol we have recently described
(Ford et al. 1997). Briefly, all of the templates described above
contain a HindIII site that is used to generate the 38 end of the
RNA. The synthetic oligonucleotide 58-AGCTA60TATTGA-
GGTGCTCGAGGT and its appropriate complement were gen-
erated, hybridized, and ligated to HindIII cut DNA templates.
Ligation products were amplified using an SP6 promoter primer
(58-CATACGATTTAGGTGACACTATAG) and a primer spe-
cific for the 38 end of the ligated oligonucleotide (58-ACCTC-
GAGCACCTC). Amplified products were purified on Centri-
con 100 columns, cut with SspI, and used as templates for SP6
polymerase to generate RNAs carrying the A60 designation.

Poly(A) polymerase (Amersham) was used to add 150- to 200-
base poly(A) tails onto transcripts. RNAs were incubated with
enzyme according to the manufacturer’s recommendations on
ice for 5–8 min. Following the reaction, RNAs were extracted
with phenol–chloroform, ethanol precipitated, and purified on
5% acrylamide gels containing 7 M urea to obtain RNAs with
the appropriate amount of poly(A) at the 38 end.

S100 extract production

Cytoplasmic extracts were prepared from HeLa spinner cells
grown in JMEM supplemented with 10% horse serum as de-
scribed by Dignam et al. (1983) with the following two modifi-
cations. First, after centrifugation at 100,000g for 1 hr, the su-
pernatant was adjusted to 10% glycerol before dialysis. Second,
dialysis times were shortened to 30 min. Extracts were stored at
−80°C.

In vitro RNA deadenylation/degradation system

Typically, ∼200,000 cpm (∼50 fm) of gel-purified RNA is used
per reaction. In comparative studies, equal molar amounts of
transcripts were used. A typical 14.25-µl reaction mixture con-
tains 3.25 µl of 10% polyvinyl alcohol, 1 µl of a 12.5 mM ATP/
250 mM phosphocreatine mixture, 1 µl of 500 ng/µl poly(A)
(Pharmacia), 1 µl of RNA, and 8 µl of dialyzed extract. The
poly(A) added to the reaction ranged in size from 200 to 1000
bases (average, ∼500 bases). Reactions were incubated at 30°C
for the times indicated and stopped by the addition of 400 µl of
stop buffer [400 mM NaCl, 25 mM Tris-Cl (pH 7.6), 0.1% SDS].
Reaction mixtures were phenol extracted, ethanol precipitated,
and analyzed on a 5% acrylamide gel containing 7 M urea. All
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quantitation was performed using a Molecular Dynamics Phos-
phorImager.

Recombinant ELAV proteins (HuR, Hel-N1, and Hel-N2)
were made as GST fusion proteins in Escherichia coli and pu-
rified using glutathione–Sepharose affinity chromatography ac-
cording to the manufacturer’s recommendations (Levine et al.
1993).

RNase H digestion

ARE-A60 RNA, radiolabeled at A residues, was incubated in the
in vitro stability system for the times indicated. RNA products
were phenol extracted and concentrated by ethanol precipita-
tion. The sample was resuspended in a final volume of 30 µl
containing 20 mM Tris-Cl (pH 8.0), 100 mM NaCl, 10 mM

MgCl2, 1 mM DTT, 100 pm of the antisense oligonucleotide
58-AGTTAAATAAAT, and 1 unit of RNase H. Reactions were
incubated at 37°C for 30 min and products were analyzed on a
5% acrylamide gel containing 7 M urea.

UV cross-linking and immunoprecipitations

UV cross-linking/label transfer experiments were performed as
described previously using a Sylvania G15T8 germicidal light
(Wilusz and Shenk 1988). Cross-linking experiments were done
in the presence of 25 mM EDTA to inhibit RNA turnover to
allow for accurate comparisons between samples. After diges-
tion with RNases A, T1, and T2, cross-linked proteins were
analyzed on 10% acrylamide gels containing SDS.

For immunoprecipitation analysis following UV cross-linking
and RNase treatment, 300 µl of RIPA buffer [0.15 M NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, and 50 mM Tris-Cl (pH
7.6)] was added to samples. After a brief centrifugation in a
microfuge, precleared samples were incubated on ice with an-
tibodies for 1 hr. Antigen–antibody complexes were collected
using formalin fixed, washed protein A positive Staphylococcus

aureus cells, washed five times using RIPA buffer, and analyzed
on a 10% acrylamide gel containing SDS. Antibodies specific for
GRSF (Qian and Wilusz 1994) and hnRNP A1 (Wilusz and
Shenk 1990) have been described previously. The preparation
and characterization of rabbit polyclonal antibodies specific for
HuR will be described elsewhere (Atasoy et al. 1998).
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