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Regulation of cytoplasmic deadenylation has a direct impact on the fate of mRNA and, consequently, its
expression in the cytoplasm. AU-rich elements (AREs) found in the 3’ untranslated regions of many labile
mRNAs are the most common RNA-destabilizing elements known in mammalian cells. AREs direct accelerated
deadenylation as the first step in mRNA turnover. Recently we have proposed that AREs can be divided into
three different classes. mRNAs bearing either the class I AUUUA-containing ARE or the class III non-AUUUA
ARE display synchronous poly(A) shortening, whereas class II ARE-containing mRNAs are deadenylated
asynchronously, with the formation of poly(A)~ intermediates. In this study, we have systematically charac-
terized the deadenylation kinetics displayed by various AREs and their mutant derivatives. We find that a
cluster of five or six copies of AUUUA motifs in close proximity forming various degrees of reiteration is the
key feature that dictates the choice between processive versus distributive deadenylation. An AU-rich region 20
to 30 nucleotides long immediately 5’ to this cluster of AUUUA motifs can greatly enhance the destabilizing
ability of the AUUUA cluster and is, therefore, an integral part of the class I and class II AREs. These two
features are the defining characteristics of class II AREs. Our results are consistent with the interpretation
that the pentanucleotide AUUUA, rather than the nonamer UUAUUUA(U/A) (U/A), is both an essential and the
minimal sequence motif of AREs. Our study provides the groundwork for future characterization of ARE-
binding proteins identified by in vitro gel shift assays in order to stringently define their potential role in the
ARE-mediated decay pathway. Moreover, transformation of deadenylation kinetics from one type to the other
by mutations of AREs implies the existence of cross talk between the ARE and 3’ poly(A) tail, which dictates

the decay kinetics.

Regulation of mRNA turnover is now recognized as an
important mechanism for controlling the fate of cytoplasmic
mRNA and, consequently, gene expression. The stability of
mRNA can be modulated by specific cis-acting elements within
mRNAs and their cognate frans-acting factors (3, 13, 24). Ad-
enylate- and uridylate-rich (AU-rich) elements (AREs) found
in the 3’ untranslated regions (UTRs) of many highly unstable
mRNAs represent thus far the most common RNA stability
determinant among those characterized in mammalian cells
(7). Based on their sequence features and functional proper-
ties, recently we proposed that AREs can be divided into at
least three classes (7, 22). Class I and class II AREs contain
various copies of an AUUUA motif, whereas class III AREs
do not bear this pentanucleotide. AREs classified as class I are
mostly found in early-response-gene mRNAs that encode nu-
clear transcription factors (6, 7) and also in mRNAs for some
cytokines, such as interleukin 4 (IL-4) and IL-6 (4, 25). They
contain one to three copies of dispersed AUUUA motifs cou-
pled with nearby U-rich sequences or U stretches. Mutagenesis
experiments with the c-fos ARE indicated that each of these
sequence features plays a distinct role within the class I ARE
and together they determine the final destabilizing potency of
the class I ARE (5). It is interesting that so far AREs assigned
to class II are all from cytokine mRNAs, e.g., the granulocyte-
macrophage colony-stimulating factor (GM-CSF) ARE, tumor
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necrosis factor alpha (TNF-a) ARE, and IL-3 ARE, and have
multiple copies of AUUUA pentanucleotides that cluster to-
gether (see Fig. 1).

The three different classes of AREs appear to direct rapid
mRNA decay with two distinct kinetics (7) (see Fig. 2). The
GM-CSF ARE, a representative of the class II AREs, directs
asynchronous cytoplasmic deadenylation with the appearance
of a smear that ends at the poly(A)~ position (see Fig. 3A).
The formation of these kinetic intermediates, with the smallest
one being poly(A)~, is consistent with a processive ribonucleo-
Iytic digestion of poly(A) tails (8). In contrast, class Il AUUUA-
containing AREs, e.g., the c-fos ARE, and class III non-
AUUUA AREs, such as the cjun ARE, mediate synchronous
poly(A) shortening followed by the decay of mRNA body,
indicating that ribonucleolytic digestion of poly(A) tails is a
result of distributive enzymatic action (see Fig. 2 and 3A).
Therefore, mRNAs carrying either class I or class III AREs
exhibit a biphasic decay pattern, as detected by high-resolution
Northern blotting. During the first phase, all the mRNA mol-
ecules appear to undergo a similar rate of deadenylation with
little or no degradation. In the second phase, poly(A) short-
ened mRNAs are then quickly degraded. Since regulation of
cytoplasmic deadenylation has been shown to have a profound
effect on the fate of mRNA (13, 14, 23), it becomes critical to
elucidate the key sequence features that specify the two dis-
tinct types of cytoplasmic deadenylation.

Two recent studies have shown that synthetic AREs, con-
sisting of different copies of the nonamer UUAUUUA(U/A)
(U/A) with the AUUUA core, are able to confer various de-
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FIG. 1. RNA sequences of AREs, their mutant derivatives, and a 54-nt AU-rich region. The sequence of each ARE is listed. In mutant AREs, the mutated
nucleotides are shown, while the unchanged nucleotides are indicated by dashes. The AUUUA motifs are circled, and the nonamers are underlined. c-fos ARE is
composed of two domains, domain I and domain II (5). TNF, TNF-o; 54-NT, 54-nt AU-rich region.

grees of destabilization on otherwise stable reporter messages
(15, 33). Interestingly, reiteration or clustering of AUUUA
motifs concomitantly gives rise to an RNA sequence with over-
lapping UUAUUUAUU nonamers, which we had previously
proposed to be a characteristic of the class II AREs (7, 22).
Based on these observations, we had tentatively concluded that
the existence of overlapping nonamers leads to asynchronous
deadenylation kinetics (7). However, it is unclear whether the
mere presence, copy number, position and/or overlapping na-
ture of the nonamers is required for a class I AUUUA-con-
taining ARE to exert its destabilizing function. In addition, it
also remains to be determined whether sequences other
than that of the nonamers may be necessary for the class II
ARE to obtain its full destabilizing function. Finally and
more importantly, is it the clustering of AUUUA motifs in
close vicinity or the overlapping nature of nonamers that
represents the entity recognized by the decay machinery in
the class I ARE?

In this study we have examined several class II-like AREs
and carried out extensive and systematic site-directed mu-
tagenesis of AREs from both class I and class II AUUUA-
containing AREs. Destabilizing functions and decay kinetics of
these AREs were fully examined by performing time course
experiments using the c-fos serum-inducible promoter system
(26, 28, 31). These experiments allowed us to gain in-depth
understanding of the key sequence features in AREs that con-
trol the rates and kinetics of cytoplasmic deadenylation. They
also led to the identification of characteristics of the class II
AREs and further support our classification of AREs. Our
characterizations of the sequence features of AREs will pro-
vide the groundwork for future investigation of ARE-binding
proteins, whose cDNAs have been cloned (11, 16, 17, 19-21,
32), in order to stringently define their participation in the
ARE-mediated mRNA degradation.

MATERIALS AND METHODS

Cell culture and DNA transfection. Mouse NIH 3T3 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% calf serum (CS;
Gibco). Cells were split to 2 X 10° per 100-mm-diameter dish 16 to 20 h prior to
transfection by the calcium phosphate technique, as described previously (27). At
16 h after transfection, cells were washed twice with phosphate-buffered saline
and serum starved in DMEM with 0.5% CS for 25 h prior to stimulation with
DMEM with 20% CS, as described previously (27).

Plasmid construction. The construction of plasmids pBBB+ARE/*, pBBB+
ARESM-SSFand pSVal-GAPDH has been described previously (5, 6, 8, 28).
Mutant c-fos and GM-CSF AREs were generated by standard PCR-mediat-
ed site-directed mutagenesis (12) using either pBBB+ARE** or pBBB+
ARESM-SSF 45 the template. Oligonucleotide primers carrying mutations and
restriction enzyme sites were custom synthesized from Genosys (Woodland,
Tex.). Sequences of mutant AREs are shown in Fig. 1. The PCR-amplified
fragment containing mutant ARE GM0, GM1, GM2, or GM3 was flanked by an
EcoRI site at the 5’ end and a BglII site at the 3" end. After EcoRI and Bg/II
digestion, the PCR-amplified fragment was used to replace the corresponding
fragment cut out from pBBB by EcoRI and Bg/II. The PCR-amplified fragment
containing the GM4, GMS5, or MC1 ARE was flanked by a BamHI site at the 5’
end and a Bg/II site at the 3’ end. Following BarmHI and Bg/II digestion, the
PCR-amplified fragment was inserted into the unique Bgl/II site in pBBB.

To construct pPBBB+ARE"?, a pair of oligomers that share a 9-nucleotide
(nt) complementary region were synthesized (5'-CGGGATCCTATTTTATTC
CATTAAGG-3', 5'-GAAGATCTAATAAATAAATAAATACATAAATACA
TAAATAAATAGCCTTAATGG-3'). After the sequences annealed to each
other, Klenow polymerization reaction was performed to make double-stranded
DNA which was flanked by a BamHI site at the 5’ end and a Bg/II site at the 3’
end. The DNA fragment was digested with these enzymes and was then sub-
cloned into pBBB at its unique Bg/I1 site. To construct pBBB+ARE™F < a pair
of complementary 38-mers were synthesized (5'-GATCATTATTTATTATTTA
TTTATTATTTATTTATTTA-3',5'-GATCTAAATAAATAAATAATAAATA
AATAATAAATAAT-3"). After the sequences were annealed to each other, the
double-stranded DNA fragment was flanked by 5'-GATC protruding termini and
was directly subcloned into pBBB at its unique Bg/II site. The sequences of
ARE'"3 and ARE™F are shown in Fig. 1.

To create plasmid pBBB>%, a 134-bp region in plasmid pBBB132 (26) spanning
the last 80 bp of the carboxyl-terminal region of the rabbit B-globin gene and the
54-bp region immediately upstream of the human c-fos ARE was amplified by
standard PCR techniques. The PCR product was digested with EcoRI and Bg/Il
and was subsequently subcloned between the EcoRI and Bg/II sites of plasmid
pBBB. The resulting plasmid contains at its unique Bg/II site the 54-bp region
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FIG. 2. A general model showing two distinct deadenylation and decay kinetics displayed by the three classes of AREs. (Left) For decay mediated by the class I
AUUUA-containing ARE and the class ITT non-AUUUA ARE, the mRNA population undergoes synchronous poly(A) shortening and is deadenylated at a similar rate,
implying the action of a distributive ribonucleolytic digestion of poly(A) tails. Synchronous removal of poly(A) tails to a size of 30 to 60 nt, during which period the
mRNA concentration remains fairly constant, is followed by rapid degradation of mRNA body. (Right) The population of class I AUUUA-containing ARE mRNAs
is deadenylated asynchronously, with the formation of kinetic intermediates that include fully deadenylated species, consistent with the action of a processive
ribonucleolytic digestion of poly(A) tails. Asynchronous poly(A) shortening to poly(A)~ species parallels the immediate and rapid degradation of transcribed mRNA
body. Pacman, RNase or RNase complex; solid wavy line, mRNA body; gray stippled wavy line, degraded mRNA body.

(Fig. 2). ARESM* AREMC! and ARE™F were then subcloned into pBBB**
at the unique Bg/II site which is now located immediately downstream of the
54-bp region to create 54GM4, 54MC1, and 54TNF, respectively.

To construct pPBBBMS, a nonsense codon was created by a C-to-T change in
the last exon of the B-globin gene in pBBB. The mutation is located 65 nt
upstream of the normal translation stop codon. Briefly, the sense strand oligomer
(5'-GCAAAGAATTCACTCCTTAGGTGCAGGCTGCC-3') carries the trans-
lational premature termination mutation and an EcoRI site at its 5" end. The
antisense primer (5'-CCGGTGCGCAATTGCAATGAAAAT-3') is comple-
mentary to the 24-bp region immediately upstream of the poly(A) addition site.
The PCR product was cut with EcoRI and Bgl/II and swapped with the corre-
sponding fragment cut out from pBBB by the same pair of enzymes. Likewise,
the plasmids bearing both the nonsense codon and mutant ARE, such as
pBBBNSC+AREMC!| pBBBN“+ARE“M*, and pBBBNSC+ARE™F were
constructed in a similar way except that antisense primers complementary to
different AREs were used in the PCR amplification to amplify the region be-
tween EcoRI and Bg/II sites in corresponding pBBB+ARE plasmids. The synl
ARE was created from a pair of complementary 22-mers (GATCTTATTTATT
TATTTATTA; GATCTAATAAATAAATAAATAA). After the sequences
were annealed to each other, the double-stranded DNA fragment was flanked by
5'-GATC protruding termini and was directly subcloned into the unique Bg/II
site of plasmid pBBB or pBBB** to generate pBBB+ARE®"! or pBBB+
ARE®™, respectively. DNA sequencing was performed to confirm all of the
ARE:s and their mutant constructs.

Analysis of mRNA decay and deadenylation. Total cytoplasmic RNAs were
isolated at various times after serum stimulation of transiently transfected NIH

3T3 cells. RNase H treatment of cytoplasmic mRNA was carried out to generate
poly(A)~ RNA (26), and mRNA decay and deadenylation were analyzed by
Northern (RNA) blot analysis as described previously (26). Electrophoresis was
done on 1.4% formaldehyde-agarose gels. A 123-bp DNA ladder (Gibco) was
denatured and included to provide a molecular size standard. The amount of
specific mRNA was quantitated directly by scanning blots on an imager (Pack-
ard) and normalized with respect to the hybrid alpha-globin/glyceraldehyde-3-
phosphate dehydrogenase (o/GAPDH) internal standard.

RESULTS

Clustering of AUUUA motifs or overlapping of UUAUUUA
(U/A)(U/A) nonamers leads to asynchronous deadenylation
kinetics. To address the potential role of the clustering of
AUUUA motifs (or the overlapping of nonamers) in class II
ARE-direct mRNA decay, we first examined the deadenyla-
tion kinetics of AREs with sequence features similar to those
of the GM-CSF ARE. GM-CSF ARE is the representative of
the class II AREs. mRNAs bearing it undergo asynchronous
deadenylation (Fig. 3A). In addition to two scattered copies of
the AUUUA motifs, the GM-CSF ARE contains at its 3’ end
five AUUUA motifs that group together to give the sequence
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FIG. 3. B-Globin mRNA bearing the IL-3 ARE or TNF-a ARE deadenylates and decays with kinetics similar to that of the GM-CSF ARE. NIH 3T3 cells were
transiently cotransfected with the control plasmid pSVa1/GAPDH and one of the test plasmids. Total cytoplasmic mRNA was isolated at various time intervals after
serum stimulation and analyzed by Northern blot analysis. SVal/GAPDH mRNA was constitutively expressed and served as an internal standard for normalizing
variations from transfection efficiency and sample handling. (A) Northern blots showing the mRNA decay of BBB+ARESM-CSF (left) and BBB+ARE#* (right). (B)
Northern blots showing the mRNA decay of BBB+ARE"> (left) and BBB+ARE™F (right). The times given on the top correspond to minutes after serum addition.
Thirty minutes after serum stimulation, BBB+ ARE mRNAs all retained a full-length poly(A) tail (~200 nt). Poly(A)~ RNA was prepared in vitro by treating RNA
samples from the 30-min time point with oligo(dT) and RNase H. Seen in the decay of BBB+ARECM-CSF BBB+ARE'", and BBB+ARE™!* mRNAs is the
presence of a smear underneath the major band with its bottom edge (solid triangles) corresponding to poly(A)~ species. This is consistent with the interpretation that
poly(A) tails are processively removed. The 123-bp DNA ladder from Gibco BRL was used as molecular size standards. The positions corresponding to 1230 and 984
nt are indicated. Schematic drawings of AREs are shown over the blots. In the schematic drawings, an open rectangle represents an ARE, open ovals inside the rectangle
represent the AUUUA motifs, and thin black bars under the rectangle represent the nonamers.

(AUUU)A. This sequence concomitantly gives rise to three
overlapping UUAUUUAUU nonamers (Fig. 1). Two AREs
were selected, one from the 3’ UTR of IL-3 and the other from
the 3’ UTR of TNF-«a (Fig. 1). The IL-3 ARE has six AUUUA
motifs that also cluster at the 3’ portion. In addition, three of
the six copies give rise to two overlapping nonamers. Likewise,
the TNF-a ARE has six AUUUA motifs that cluster together
and result in five nonamers overlapping with each other
throughout the entire ARE.

Destabilizing functions of these two AREs were determined
by inserting them into the 3" UTR of the stable B-globin
mRNA. Transient expression of these chimeric messages was
driven by the serum-inducible c-fos promoter (10, 30). Plas-
mids carrying the chimeric genes were introduced individually
into NIH 3T3 cells by transient cotransfection with a control
plasmid, from which a control mRNA, designated o/GAPDH,
was constitutively expressed. The control message served as an
internal standard to correct for variations in transfection effi-
ciency and sample handling. Transcription of the chimeric
genes from the c-fos promoter was transiently induced by stim-
ulation of quiescent NIH 3T3 cells with 20% CS. Total cyto-

plasmic mRNA was isolated at time intervals and analyzed by
Northern blotting (see Materials and Methods for experimen-
tal details).

The results showed that the deadenylation and decay kinet-
ics displayed by the IL-3 ARE are indistinguishable from those
of the GM-CSF ARE (Fig. 3B). The chimeric mRNAs bearing
the IL-3 ARE underwent asynchronous deadenylation with the
appearance at the 60-min time point of a smear ending at the
poly(A)~ position (Fig. 3). Like the GM-CSF ARE, the IL-3
ARE reduced the half-life of the stable B-globin mRNA from
greater than 10 h down to ~22 min (Table 1). The TNF-«
ARE-directed decay also showed similar decay and deadeny-
lation kinetics, albeit slightly retarded (Fig. 3B). Deadenyla-
tion of BBB+ARE™* mRNAs became asynchronous at the
90-min time point with the appearance of the smear, which
coincided with the onset of decay of RNA body. It reduced the
half-life of B-globin mRNA down to ~28 min (Table 1). To-
gether, these results substantiated our previous classification of
the two AREs as class IT AREs and suggested that clustering of
AUUUA motifs or overlapping of nonamers represents a crit-
ical sequence feature that dictates the asynchronous deadeny-
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TABLE 1. Effect of the clustering of AUUUA motifs on ARE destabilizing function
ARE No. of Distribution of No. of 11> (min* Fold Deadenylation
AU;A AU;A motifs nonamers 12 stabilization” kinetics®

GM-CSF 7 Clustered 3 21.4 = 3.8 1.0 p
GMO 6 Clustered 0 245 +£31 1.1 p
GM1 4 Dispersed 0 51.0 £33 2.4 d
GM2 5 Dispersed 0 379 £ 4.7 1.8 d
GM3 4 Dispersed 0 372 6.7 1.7 d
GM4 5 Clustered 3 29.1£22 1.4 Delayed p
GMS5 5 Clustered 3 188 =34 0.8 p

c-fos 3 Dispersed 1 38.7 3.0 d

MC1 4 Clustered 3 275 3.0 Delayed p

IL-3 6 Clustered 2 21.7+3.4 p

TNF-« 6 Clustered 5 283+ 0.4 p

synl 3 Clustered 3 135 =33 d

“1,,, half-life. Means = standard deviations are shown. Standard deviations are derived from averaging the data from two independent experiments.

> Comparing f,,,s of AREs to that of wt GM-CSF ARE.
¢ p, processive; d, distributive.

lation unique to the class II ARE. The slightly retarded kinet-
ics seen in the TNF-a ARE-directed decay suggested that a
feature(s) other than the cluster of AUUUA motifs in the
GM-CSF and IL-3 AREs is also necessary for these two AREs
to display the observed fully asynchronous deadenylation ki-
netics and faster decay kinetics.

The clustering of AUUUA motifs, rather than the overlap-
ping of UUAUUUA(U/A)(U/A) nonamers, is the entity recog-
nized by the decay machinery. The above results indicated that
one of two factors, a cluster of five or six copies of AUUUA
motifs or overlapping nonamers, plays a critical role in deter-
mining the unique decay kinetics of the class II ARE. Intrigu-
ingly, although the TNF-a ARE contains five nonamers, it is
the least potent among the three class II AREs examined. On
the other hand, the IL-3 ARE has only two nonamers, yet it is
just as potent as the GM-CSF ARE, which contains three
nonamers. These observations raise the issue of whether the
nonamer COnNsensus sequence represents a recognizable se-
quence motif. To address this point, we utilized mutagenesis of
the GM-CSF ARE. A single-point mutation (GMO0), a double-
point mutation (GM2), and a triple-point (GM1) mutation
(Fig. 1) were introduced into the GM-CSF ARE to knock out
all three copies of the nonamers at once. The mutation in GM0
eliminated only one copy of the five AUUUA motifs and did
not cause significant change in the clustering of AUUUA mo-
tifs. In contrast, mutations in GM1 and GM2 not only further
reduced the copy number of the AUUUA motifs but also
changed the five AUUUA motifs clustering at the 3" portion of
GM-CSF ARE into two and three dispersed AUUUA motifs,
respectively. This made the GM1 and GM2 AREs resemble
the class I AREs. Our prediction was that if the nonamers are
critical, these mutant AREs lacking all three nonamers should
exhibit the same phenotype. On the other hand, if the cluster
of AUUUA motifs is important, then the stabilization effect
should parallel the number and the way the AUUUA motifs
are arranged.

As shown in Fig. 4, the deadenylation and decay directed by
the GM0O ARE lacking any nonamers showed rather modest
changes. The GM0O ARE remained able to direct rapid decay
and deadenylation with kinetics similar to that of the TNF-a
ARE, which contains five overlapping nonamers. Moreover,
both GM1 and GM2 AREs also remained fairly potent and
displayed a biphasic decay pattern, with synchronous deadeny-
lation preceding decay of the RNA body, typical of class I
ARE:s. These results clearly demonstrate that nonamers are

dispensable and are not necessary for the destabilizing func-
tion of the GM-CSF ARE. They support the view that the
cluster of five copies of AUUUA motifs is a key feature of the
class II AREs. We interpreted the minor change in the dead-
enylation and decay pattern seen for GMO to be the result of
knocking out an AUUUA motif, which interrupts the continu-
ity of AUUUA reiteration.

Since the mutation created in the GM1 or GM2 ARE also
reduced the AU content and AU continuity in the 3" portion of
the GM-CSF ARE, we further tested the effects of these
changes. Another GM-CSF ARE mutant (GM3 [Fig. 1]) was
created by changing the U residues at the same positions as in
GM1 to three A residues, thus maintaining both the AU per-
centage and AU continuity of the 3" portion. Results in Fig. 4
showed that B-globin mRNA bearing the GM3 ARE decayed
with kinetics similar to that containing the GM1 or GM2 ARE.
More importantly, this result showed that the GM3 ARE,
which also does not carry a copy of the nonamer, still retains
potent destabilizing ability, further demonstrating that nonam-
ers are dispensable. Taken together, these results provide
strong evidence that it is the clustering of five or six copies of
AUUUA motifs, rather than the overlapping of nonamers,
which specifies the extraordinary rapid decay and asynchro-
nous deadenylation seen in the class II AREs.

Modulation of deadenylation kinetics is achieved through
mutation of cis-acting sequence features within the ARE. We
next addressed whether the class I AREs can be transformed
into class II AREs by introducing extra copies of the AUUUA
motif into them so that a cluster of AUUUA motifs was gen-
erated. A double-point mutation was introduced at the 5" por-
tion of the c-fos ARE, a representative class I ARE, to create
three AUUUA motifs reiterating with each other (MC1 [Fig.
1]). In addition, a double-point mutation was also introduced
into the GM1 ARE to convert the two scattered AUUUA
pentanucleotides at the 5’ portion of the GM1 ARE into three
AUUUA motifs reiterating with each other (GM4 [Fig. 1]).
Note that both AREs now contain at their 5" portions three
overlapping nonamers. As shown in Fig. 5A, decay of the
B-globin mRNA carrying these mutant AREs began with syn-
chronous deadenylation until the 90-min time point, after
which the deadenylation pattern became asynchronous with
the appearance of the smear at the 120-min time point and
decay of the mRNA body occurred. The results showed that
these manipulations can only partially transform the class I
ARE into a class II-like ARE. They suggest that the modest
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FIG. 4. Mutagenesis study of the GM-CSF ARE indicates that a cluster of AUUUA motifs, instead of the overlapping nonamers, is the key feature that specifies
the decay pattern of mRNA carrying class II AREs. Northern blots showing deadenylation and decay of B-globin mRNAs bearing various mutant GM-CSF AREs. The
schematic drawings of AREs, transient transfection, RNA isolation, and time course experiments are as described in the legend to Fig. 3. Note that all the point

mutations knocking out overlapping nonamers only slightly retarded the decay.

reiteration of AUUUA motifs created in MC1 and GM4
ARE:s can enhance the asynchronous deadenylation and accel-
erate mRNA degradation, albeit at a somewhat slower rate
than the wild-type (wt) GM-CSF ARE (Fig. 3A). These find-
ings further indicated that features other than the cluster of
AUUUA motifs are necessary to specify the full destabilizing
ability characteristic of the GM-CSF and IL-3 AREs (see
above).

A 5" AU-rich region is also necessary for the full transfor-
mation of a class I ARE to a class II ARE. When comparing
the destabilizing abilities of all the AREs that display class
II-like decay kinetics, one interesting correlation was noticed.
Clusterings of AUUUA motifs are found in the 3’ portions of
the GM-CSF ARE and IL-3 ARE, which are 20 to 30 nt
downstream from the 5’ ends of these AREs. Both AREs
exhibit thus far the most potent destabilizing function. A sim-
ilar clustering of AUUUA motifs seen in the less potent AREs,
MC1 and GM4, is located in the 5’ portion of the ARE, 2 to 10
nt from its 5’ end (Fig. 1). The TNF-a ARE, which has a
cluster of six AUUUA motifs but does not have any 5’-flanking
region, also can only direct decay with kinetics similar to those
of MC1 and GM4 (Fig. 3 and 5).

Since all the AREs we tested were inserted immediately
downstream from the translation stop codon of the B-globin
mRNA, one possibility was that in the cases of MC1, GM4, and
TNF-a AREs, when translating ribosomes stop at the termi-
nation codon, they might impose some physical steric hin-
drance onto the AUUUA motifs that in turn interferes with

their proper interaction with or recognition by the trans-acting
factors. In contrast, the 20- to 30-nt sequence 5’ to the cluster
of AUUUA motifs found in the GM-CSF and IL-3 AREs
might provide a spacer to separate the cluster of AUUUA
motifs from the translation stop codon. To gain further insight
into this possibility, we introduced a premature termination
codon in the carboxyl end of the protein-coding region located
at the last exon of the B-globin gene so that a 65-nt region
(42% AU content) between the nonsense codon and the orig-
inal stop codon now became a nontranslated region that served
as a spacer (Fig. 5B).

A time course experiment was first carried out to determine
the stability of B-globin mRNA bearing this nonsense codon at
the carboxyl end. The result in Fig. 5B showed that BBBNS®
remains as stable as the wt B-globin mRNA, demonstrating
that the premature termination codon does not cause any
unexpected destabilization of the stable B-globin mRNA. The
MC1, GM4, and TNF-a AREs were then inserted immediately
downstream of the newly created spacer region in the mutant
B-globin gene. The destabilizing functions of these AREs were
determined. As shown in Fig. 5B, none of these new chimeric
mRNAs deadenylated and decayed with kinetics and stability
similar to those mediated by the GM-CSF or IL-3 ARE. These
results did not support the above possibility.

Since in GM-CSF and IL-3 AREs, the 20- to 30-nt regions
upstream from the cluster of AUUUA motifs are relatively
AU-rich, we next tested if an AU-rich region placed 5’ to the
MC1, GM4, and TNF-a AREs is able to enhance their desta-
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start and stop codons are also indicated. Northern blots show deadenylation and decay of BBBNC mRNAs bearing various AREs. The times given on the top

correspond to minutes after serum addition.

bilizing power to a level comparable to those of the GM-CSF
and IL-3 AREs. A 54-nt region with 62% AU content and
without any AUUUA or nonamer motif (Fig. 1) was chosen
from the c-fos 3" UTR and was inserted into the immediate 5’
ends of the MC1, GM4, and TNF-a AREs. To ensure that the

54-nt sequence does not fortuitously possess any destabilizing
function, we first introduced this sequence into the 3" UTR of
the wt B-globin mRNA. As shown in Fig. 6A, the BBB54
mRNA was as stable as the wt BBB mRNA, which displayed
the same slow deadenylation. The effects of the 54-nt region on
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the destabilizing function of the MC1, GM4, and TNF-a AREs
were then tested. As shown in Fig. 6B to D, insertion of the
AU-rich region significantly enhanced the asynchronous dead-
enylation and overall decay rate. All three AREs carrying the
54-nt AU-rich region now directed a rapid decay with a pattern
similar to that of the GM-CSF or IL-3 ARE. Together, these
results showed that an AU-rich region 5’ to a cluster of
AUUUA motifs is necessary to form a potent class II ARE.
A 5’ AU-rich region and a 3’ cluster of five AUUUA se-
quences are the critical features of a class I ARE. While the
overlapping nonamers appear not to be the feature recognized
by the decay machinery, are they sufficient to direct rapid decay
of B-globin mRNA observed for both class I and class II
AREs? A 18-nt ARE sequence bearing three overlapping
nonamers, UU(AUUU),;AUU (Fig. 1 and Fig. 7, synl ARE),
was synthesized and inserted into the B-globin 3" UTR. Much
to our surprise, the synl ARE had only a very modest desta-
bilizing effect (Fig. 7). The B-globin messages bearing synl
ARE underwent slow and highly synchronous deadenylation
till the poly(A) tails were nearly removed by the 6-h time point.
The deadenylated mRNAs were then gradually degraded with
first-order kinetics. This result demonstrated that although the
three overlapping nonamers were able to show some modest
destabilizing effect, they were clearly not sufficient to direct

rapid deadenylation and mRNA degradation observed for
either the class I or I AUUUA-containing ARE.

The importance of a 5" AU-rich region to the AUUUA
cluster (Fig. 6) raised the possibility that the 54-nt AU-rich
region may be able to potentiate the synl ARE to display the
class II destabilizing power. Therefore, syn2 was created by
fusing the 54-nt AU-rich region 5’ to synl. The result in Fig. 7
showed that although the syn2 ARE becomes much more
potent than the synl ARE, it does not possess the class II
potency. B-Globin mRNAs bearing the syn2 ARE display
highly synchronous deadenylation followed by decay of the
RNA body, which is now similar to that of the c-fos class I
ARE. Thus, these results provide further evidence to support
that view that the 5" AU-rich region is an integral part of a
potent ARE. Our data show that a 5’ AU-rich region and a
cluster of three AUUUA motifs are not sufficient to specify a
class II ARE. Instead, the 5 AU-rich region and five or six
copies of AUUUA motifs clustered together may be sufficient.

To further address this issue, we introduced a double-point
mutation to knock out the two AUUUA motifs in the 5’ region
of the GM-CSF ARE to generate GMS5. This mutant now has
a 5" AU-rich region without any AUUUA motifs plus a 3’
cluster of 5 AUUUA motifs, instead of 3 AUUUA motifs in
the syn2 ARE. As shown in Fig. 7, B-globin mRNAs bearing
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this ARE were deadenylated and degraded with kinetics indis-
tinguishable from those of the wt GM-CSF ARE. The results
strongly support the view that an AU-rich region 5’ to a cluster
of five or six AUUUA motifs is critical for a class II ARE to
function. Moreover, the result also demonstrated that the two
AUUUA motifs at the 5" portion of the GM-CSF ARE are
dispensable.

DISCUSSION

It has been a decade since the report of AU-rich sequence by
Caput et al. (4) and subsequent demonstration by Shaw and
Kamen (25) that an AU-rich sequence from the 3" UTR of
GM-CSF mRNA can function to destabilize a heterologous
stable mRNA. Our understanding of the mechanisms by which
ARE:s, the most common RNA-destabilizing elements among
those characterized in mammalian cells, mediate mRNA turn-
over is still far from complete. This is due in part to a lack of
a clear understanding of key sequence and structural features
that dictate the destabilizing function of an ARE. As different
AREs vary considerably in their size, AU content, and number
of the AUUUA motif, it is not clear which features represent
functionally critical elements (for a review, see reference 7).
Moreover, the lack of any significant sequence homology
among different AREs has further complicated the issue.

In an effort to define the general principles that govern the
ARE-mediated decay, we and others have previously charac-
terized the destabilizing function of a broad array of AREs and
their mutant derivatives (e.g., 2, 5, 6, 8, 15, 22, 29, 31, 33). A
few important points can be made concerning our methodol-
ogy for monitoring mRNA turnover and decay kinetics. First,
all the experiments were carried out without using transcrip-
tion inhibitors, which have been shown to greatly affect ARE-
mediated mRNA decay (8, 22). Second, changes in mRNA
stability and decay kinetics were determined by performing
rigorous time course experiments with an internal control mes-
sage rather than solely determining the steady-state level of
mRNA from a single time point. Third, since deadenylation is
now recognized as the first step not only in ARE-directed
mRNA degradation but also in the decay of many eukaryotic
mRNAs (3, 6, 9, 14, 18), our system has offered thus far the
unique opportunity to investigate this critical step in mamma-
lian cells.

In this study, our experiments offer several new insights into
the critical sequence features of AREs that govern the ARE-
mediated mRNA degradation. Moreover, they provide further
corroborating evidence that augments our previous classifica-
tion of AREs (7, 22). First, a cluster of five or six copies of
AUUUA motifs in close proximity with at least two of them
being reiterated is the key feature that dictates the choice
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between processive versus distributive deadenylation kinetics
(Fig. 2). This feature is a common characteristic of class II
AREs, e.g., GM-CSF, IL-3, and TNF-a AREs. Second, the
clustering of AUUUA motifs, rather than the overlapping of
nonamers that occurs concomitantly, represents the sequence
entity that is recognized by the decay machinery. Neither over-
lapping nonamers nor the nonamer alone is able to confer
significant destabilizing ability. Third, an AU-rich region 20 to
30 nt long immediately 5 to this cluster of AUUUA motifs can
greatly enhance the destabilizing ability of the AUUUA cluster
and is, therefore, considered to be an integral part of an ARE.

A general picture emerges from our experiments and those
of others. There appears to be a sequence hierarchy by which
the three classes of AREs are composed from several key
sequence features. The class III non-AUUUA ARE is a com-
posite of a couple of U stretches and a U-rich domain. The
appearance of one to three copies of the AUUUA motif in the
context of an AU-rich region constitutes the class I AUUUA-
containing ARE. Both classes direct deadenylation with dis-
tributive kinetics and reduce the half-life of B-globin mRNA
down to ~35 min. The further addition of a few extra AUUUA
motifs that introduce a cluster of five or six copies of the
AUUUA motif at the 3’ portion of an ARE together with its
5" AU-rich region generates the class I AUUUA-containing
ARE. How might the destabilizing function of class II ARE be
specified? It is the interplay of the 5’ AU-rich region and the
3’ cluster of AUUUA motifs that specifies the ultimate rapid
and processive digestion of poly(A) tails. Since no significant
sequence homology among those functional 5" AU-rich re-
gions in GM-CSF and IL-3, as well as the 54-nt sequence from
the c-fos 3" UTR, can be identified, there appears to be no
stringent sequence requirements for both sequence features.
We suspect that initial recognition of the 5" AU-rich region by
an ARE-binding protein might help to recruit and subse-
quently stabilize an mRNA-ribonucleoprotein complex that
forms on the AUUUA cluster to invoke mRNA destabiliza-
tion.

Zubiaga et al. (33) have reported that the nonamer UUA
UUUAUU alone is sufficient to exhibit destabilizing ability
and is thus the minimal functional ARE. It should be pointed
out that the various synthetic AU-rich sequences they tested
were all inserted immediately downstream of the 54-nt AU-
rich sequence, which was assumed to have no enhancing effect
on the destabilizing function of the tested AU-rich or nonamer
sequences (33). When we tested the three overlapping nonam-
ers in the absence of the 54-nt AU-rich sequence (synl ARE
[Fig. 7]), no significant destabilizing effect could be detected. It
took 4.5 h for the B-globin mRNA bearing this element to lose
its poly(A) tail via distributive kinetics and then the RNA body
was degraded with a half-life of more than 1 h. Conversely, in
the case of class I ARE, 1 to 2 h is sufficient for the ARE to
mediate removal of the poly(A) tail, which is followed by decay
of RNA body with a half-life of 10 to 15 min. The class II
AREs, e.g., the GM-CSF ARE, direct even faster removal of
poly(A) with processive kinetics in less than 10 min. The RNA
body is then degraded with a half-life of 10 to 15 min. Thus, in
synl ARE-mediated decay, these two processes are consider-
ably slower than those seen in either class I or class II AREs.
This observation is consistent with the study by Lagnado et al.
showing that even the most potent destabilizing sequence bear-
ing three nonamers (ARE7 [15]) has only a modest destabiliz-
ing ability, similar to that of the synl ARE. Taken together,
these observations support our notion that the interplay among
AUUUA motifs, AU richness, and U stretches determines the
ultimate destabilizing function of an ARE.

Our results are consistent with the interpretation that the
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nonamer UUAUUUA(U/A)(U/A) is not an essential se-
quence motif of AREs. It should be noted that there are two
classes of AREs, class I and class III, that do not carry the
nonamer yet have a potent destabilizing function. Single- or
double-point mutations that knock out the only copy of the
nonamer found in the c-fos ARE have no effect on its RNA-
destabilizing ability (5). A few class III non-AUUA AREs,
native or synthetic, that do not bear any copy of the AUUUA
motif or nonamer still display a powerful RNA-destabilizing
ability which is comparable to that of the c-fos ARE (22).
Therefore, these observations demonstrate that the presence
of a nonamer(s) is not an absolute requirement for AREs to be
able to function as a potent RNA destabilizing element. More-
over, our mutagenesis study of the GM-CSF AREs (GMO0,
GM1, GM2, and GM3) rule out this precise nonameric con-
sensus sequence as being a key sequence feature for the class
II AUUUA-containing ARE. When comparing the syn2 ARE
with the GMS ARE, it is clear that although they all share a
similar sequence backbone, a 5' AU-rich region plus a 3’
cluster of AUUUA motifs, the GM5 ARE, which contains five
reiterating AUUUA motifs, is much more potent than the syn2
ARE, which has three AUUUA motifs in the 3’ AUUUA
cluster (Fig. 7). Taken together, we conclude that the AUUUA
motif and not the nonamer, is the minimal sequence motif of
AREs. The nonamer with the AUUUA core may be the small-
est ARE that can exert modest destabilizing function in con-
junction with an 5" AU-rich region.

Finally, the results of our experiments provide circumstan-
tial evidence to support the existence of cross talk between the
ARE and the 3’ end poly(A) tail, which dictates the rate and
kinetics of cytoplasmic deadenylation and thereby the fate of
the corresponding mRNA. One of the possibilities is that an
ARE-binding protein or a complex interacts concurrently with
an ARE in the 3’ UTR and poly(A) tail at the 3’ end associ-
ated with poly(A)-binding proteins. Depending on the ARE
sequence and its cognate binding protein, this interaction
might determine the kinetics and rate of poly(A) tail removal
and thereby lead to subsequent degradation of the message
body, e.g., by decapping followed by 5'-to-3’ exonuclease di-
gestion. Alternatively, an ARE-binding protein or a complex
might stabilize mRNA through its simultaneous association
with both the ARE and the poly(A) tail. A recent report by
Abe et al. (1) provided evidence supporting such an interac-
tion. They showed that mouse HuC, an ARE-binding protein
suggested to play important roles in neuronal differentiation
and maintenance, displays specific RNA binding activity both
for the ARE and the poly(A) sequence. Whether modulation
of the level of HuC proteins may affect the ARE-directed
mRNA decay and in what direction await further experimen-
tation. One of the pressing issues will be to determine whether
and how the various ARE-binding proteins identified thus far
(11, 16, 17, 19, 20, 21, 32) affect the deadenylation and decay
kinetics displayed by different classes of AREs. Our studies of
the sequence features of AREs and the respective deadenyla-
tion and decay kinetics will provide the groundwork for future
characterization of ARE-binding proteins identified by in vitro
gel shift assays in order to stringently define their participation
in ARE-mediated mRNA degradation.
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