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Regulated a-globin mRNA decay is a cytoplasmic
event proceeding through 3 9-to-59
exosome-dependent decapping

NANCY D. RODGERS, ZUOREN WANG, and MEGERDITCH KILEDJIAN
Department of Cell Biology and Neuroscience, Rutgers University, Piscataway, New Jersey 08854-8082, USA

ABSTRACT

The a-globin mRNA contains a C-rich stability element (CRE) in its 3 9 untranslated region (3 9 UTR) which is critical for
the stability of this long-lived mRNA. A protein complex, termed the a-complex, forms on the CRE and has been shown
to contribute to stabilization of the mRNA by at least two mechanisms, first by interacting with the poly(A)-binding
protein (PABP) to prevent deadenylation, and second by protecting the mRNA from attack by an erythroid endoribo-
nuclease. In this report, we demonstrate that the a-globin 3 9 UTR can confer stability on a heterologous mRNA in cells,
and this stability is dependent on the a-complex. Moreover, the stability was exclusively detected with cytoplasmic
mRNA, suggesting that the regulation of a-globin mRNA stability is a cytoplasmic event. An additional mechanism by
which the a-complex can confer stability on an RNA in vitro was also identified and shown to involve inhibition of 3 9
to 59 exonucleolytic degradation. Furthermore, using an in vitro mRNA decay system, we were able to follow the
demise of the a-globin RNA and demonstrate that the decay was initiated by deadenylation followed by 3 9-to-59 decay
carried out by the exosome and ultimately hydrolysis of the residual cap structure.
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INTRODUCTION

Our understanding of gene expression at the posttran-
scriptional level is becoming increasingly clear, and a
growing number of genes regulated at the level of mRNA
stability are being identified+All eukaryotic mRNAs con-
tain stability elements at either termini that include the
59 m7G cap and a poly(A) tail at the 39 terminus (Ross,
1995; Sachs et al+, 1997)+ Essential to the stability pro-
vided by these cis elements is the binding of specific
protein factors, which are the cap binding proteins and
the poly(A)-binding protein (PABP) that protect an
mRNA from exonucleolytic degradation (Shatkin, 1985;
Bernstein et al+, 1989; Wickens, 1990; Sachs, 1993;
Ross, 1996; Ford et al+, 1997; Coller et al+, 1998;Wang
et al+, 1999)+ Additional stability elements present in
mRNAs are often located within the 39 untranslated
region (39 UTR) of the transcript and may function to
promote stability or instability of the transcript (Jack-
son, 1993;Chen & Shyu, 1995;Decker & Parker, 1995)+

The a-globin mRNA is an example of an RNA that con-
tains a stabilizing element within its 39 UTR (Weiss &
Liebhaber, 1995;Russell et al+, 1997;Wang et al+, 1999)+

Globin mRNAs are among the most stable mRNAs
known,with estimated half-lives ranging from 24 to 60 h
(Lodish & Small, 1976; Volloch & Housman, 1981;Ross
& Sullivan, 1985)+ A specific ribonucleoprotein com-
plex, termed the a-complex, whose presence corre-
lates with mRNA stability, has been shown to bind to a
C-rich element (CRE) in the a-globin 39 UTR (a39UTR;
Weiss & Liebhaber, 1994, 1995; Wang et al+, 1995;
Wang & Kiledjian, 2000a, 2000b)+ It has recently been
demonstrated that the a-globin and b-globin RNAs form
similar protein complexes on their 39 UTRs, and may
share a regulatory pathway (Yu & Russell, 2001)+ The
b-globin and a-globin mRNAs are equally stable, and
experiments in which the b39UTR has been replaced
with the a39UTR have shown that this chimeric mRNA
is also stable (Russell & Liebhaber, 1996)+ Thus, it ap-
pears that the stability determinants of a-globin reside
in its 39 UTR+ However, the possibility that sequences
within the coding region of the stable globin genes are
required along with the 39 UTR cannot be completely
ruled out since the role of the a39UTR was character-
ized in the context of a stable mRNA+
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Several mechanisms by which the a-complex stabi-
lizes RNA have been identified+ The a-complex was
originally identified as a multiprotein complex (Wang
et al+, 1995; Kiledjian et al+, 1997) that included a family
of polycytidylate [poly(C)]-binding proteins aCP1 and
aCP2 (Kiledjian et al+, 1995; Leffers et al+, 1995)+ Sub-
sequently, the aCP proteins were shown to bind the
a39UTR directly (Chkheidze et al+, 1999), and many of
the stabilizing functions of the a-complex can be re-
capitulated by the aCP protein in vitro (Wang & Kiled-
jian, 2000b)+ The aCP proteins have been implicated in
mRNA stabilization as well as in the regulation of trans-
lation (Makeyev & Liebhaber, 2002)+ These proteins
are required for the stability of a-globin mRNA and for
the formation of the a-complex+ Sequestration of these
proteins with poly (C) or poly (dC) results in destabili-
zation of a-globin mRNA (Wang et al+, 1999) as well as
disruption of the a-complex (Kiledjian et al+, 1995, 1999;
Wang et al+, 1995)+

Studies in vivo using transgenic mice that express
the human a-globin gene suggested that the a-complex
may play a role in deadenylation (Morales et al+, 1997)+
The poly(A) tail of wild-type a-globin mRNA was longer
than that of a mutant a-globin mRNA (a-Constant
Spring) in which ribosomal read through into the a39UTR
disrupts the a-complex (Morales et al+, 1997)+ This ob-
servation was confirmed and expanded through the
use of a cell-free mRNA decay system that uses a
capped and polyadenylated mRNA substrate with S130
cytosolic extract (Wang et al+, 1999)+ These studies
showed that indeed, the a-complex functions, in part,
by impeding the deadenylation of a-globin mRNA, and
that this is mediated through an interaction of the aCP
proteins with PABP to increase the binding efficiency of
PABP to the poly(A) tail (Wang et al+, 1999; Wang &
Kiledjian, 2000b)+ A second function of the a-complex
in a-globin mRNA stability is to protect an endonucle-
olytic site within the a39UTR that is a target site for an
erythroid-enriched endoribonuclease (ErEN; Wang &
Kiledjian, 2000a, 2000b)+ Clearly, the aCP proteins play
a major role in a-globin mRNA stability+ The aCP pro-
teins have also been shown to bind the collagen, tyro-
sine hydroxylase, erythropoietin, and CD81 mRNAs,
indicating that they may also stabilize these mRNA as
well (Holcik & Liebhaber, 1997; Stefanovic et al+, 1997;
Czyzyk-Krzeska & Bendixen, 1999; Paulding & Czyzyk-
Krzeska, 1999; Trifillis et al+, 1999)+

Much of what we know about mRNA turnover in eu-
karyotes comes from studies in yeast, where the pre-
dominant mechanism of decay is deadenylation followed
by decapping and subsequent 59-to-39 exonucleolytic
decay (Larimer et al+, 1992; Decker & Parker, 1994;
Muhlrad et al+, 1995; Beelman et al+, 1996; Caponigro
& Parker, 1996; LaGrandeur & Parker, 1998)+ Alter-
natively, mRNAs may be degraded in the 39-to-59
direction following deadenylation by a complex of exo-
nucleases called the exosome (Mitchell et al+, 1997;

Jacobs et al+, 1998)+ The residual cap is hydrolyzed by
a scavenger decapping enzyme,Dcs1 (formerly yDcpS),
which has recently been identified in yeast (Wang &
Kiledjian, 2001; Liu et al+, 2002)+ These pathways ap-
pear to have been conserved from yeast to mammals
and the elucidation of the pathways of mRNA turnover
in mammalian cells has been greatly advanced with
the use of cell-free mRNA decay systems+

The first step in degradation of many mRNAs in mam-
mals appears to be deadenylation (Wilson & Treisman,
1988; Shyu et al+, 1991)+ A deadenylating enzyme has
been identified termed poly(A) ribonuclease (PARN;
Korner & Wahle, 1997; Korner et al+, 1998; Dehlin et al+,
2000)+ PARN appears to be the major deadenylase
activity in mammalian cells, as deadenylation is inhib-
ited in HeLa extracts when PARN is immunodepleted
(Gao et al+, 2000)+ Also, microinjection of anti-PARN
antibodies inhibits deadenylation in Xenopus oocytes
during progesterone-induced maturation (Korner et al+,
1998)+ The fate of the mRNA after deadenylation, how-
ever, was unclear until recently+ It appears that 39-to-59
decay may be the major degradation pathway of mRNA
in mammalian cells (Wang & Kiledjian, 2001)+ The prom-
inence of the 39-to 59 decay pathway has been shown
in an in vitro mRNA decay system, with generic RNAs
introduced into cells and with an endogenous mRNA
(Wang & Kiledjian, 2001)+ It also appears that ARE-
containing mRNAs undergo 39-to-59 exosome-mediated
decay (Chen et al+, 2001; Mukherjee et al+, 2002)+ The
mammalian scavenger decapping enzyme,DcpS,which
is responsible for the hydrolysis of the residual cap
structure following 39-to-59 decay was recently identi-
fied (Wang & Kiledjian, 2001; Liu et al+, 2002)+ DcpS
associates with the exosome (Wang & Kiledjian, 2001)
and functions only on RNAs less than 10 nt long pro-
duced from nucleolytic decay (Liu et al+, 2002)+ In ad-
dition to DcpS, the human Dcp2 protein (hDcp2) has
recently been identified as a decapping enzyme capa-
ble of hydrolyzing the intact mRNA (Wang et al+, 2002)+
hDcp2 activity is inhibited by the poly(A) tail (Wang
et al+, 2002), suggesting that the deadenylation-
dependent decapping pathway is also functional in
mammals+ We now present data illustrating the mech-
anistic turnover pathway of the a-globin mRNA, which
initiates with deadenylation of the mRNA followed
by exosome-dependent decay and decapping of the
message+

RESULTS

Differential stability of wild-type and
mutant a39UTRs can be conferred
on a heterologous mRNA

To confirm that the stability determinants within the
a39UTR are able to act independently of the protein
coding region, we determined whether differential sta-
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bility of a wild-type and mutant a39UTR could be con-
ferred on a heterologous mRNA substrate in cells+
Heterologous mRNAs were constructed in which the
a39UTR was placed after the coding region of the firefly
luciferase gene, hereafter referred to as luc-awt+ The
luciferase gene was chosen because the half-life of
luciferase mRNA has been shown to be approximately
3+5 h in cells (Wood, 1995)+ A hybrid construct in which
a mutant a39UTR (Wang et al+, 1999) was placed after
the luciferase gene was also constructed, hereafter re-
ferred to as luc-aDmt+ This mutation is a deletion in
which a majority of the CRE has been removed+ These
two constructs were separately cotransfected with a
control plasmid encoding the b-galactosidase gene into
murine erythroleukemia (MEL) cells+ After 24 h, the
cells were collected and luciferase and b-galactosidase
activities were assayed+ The level of luciferase activity
was normalized relative to that of the b-galactosidase
activity to control for transfection efficiency and protein
concentrations+ The results of three independent ex-
periments are shown in Figure 1+ The luciferase activity
in extracts prepared from luc-awt-transfected cells was
over twofold greater than that obtained from luc-aDmt-
transfected cells+ These data suggest that the luc-awt

mRNA is more stable than the luc-aDmt mRNA+

Stability of the a39UTR is regulated
in the cytoplasm

To ensure that the difference in luciferase activity was
a result of differential mRNA stability and not a result of
translatability, mRNA levels were tested directly+ MEL
cells were cotransfected with either luc-awt or luc-aDmt

and a plasmid encoding the neomycin resistance gene

as a control for transfection efficiency+ Twenty-four hours
after transfection, cells were treated with actinomycin
D to inhibit transcription and collected at 4 and 8 h
following drug addition+ Total cellular RNA was ex-
tracted and an RNase protection assay (RPA) was
carried out using luciferase and neomycin resistance
gene probes+ The intensity of the protected bands
was quantitated, and the signal from the luciferase
mRNA was normalized to the signal of the neomycin
resistance mRNA to account for transfection effi-
ciency and any differences in the amount of RNA
used in the assays+ Surprisingly, no major difference
in mRNA abundance was observed between the luc-
awt and luc-aDmt mRNAs (data not shown)+ Because
only cytoplasmic mRNA would be translated, we rea-
soned that perhaps the differential protein levels ob-
served reflected differences in mRNA stability in the
cytoplasm versus nuclear RNA+ Consistent with this
premise, much of erythroid differentiation occurs dur-
ing an enucleated posttranscriptional state (Papayan-
nopoulou et al+, 2000), implying that at least part of
the regulated a-globin mRNA stability must occur in
the cytoplasm+ However, it is not known if a-globin
mRNA stability is also regulated in the nucleus+ Con-
sidering that the chimeric luciferase/a39UTR RNAs
transcribed from a transfected plasmid do not contain
introns, it was possible that a disproportionate amount
of the chimeric RNA remained in the nucleus and
could account for the discrepancy+

To address the apparent contradiction between the
luciferase protein activity and luciferase mRNA levels,
the stability conferred by the a39UTR within the two
cellular fractions was directly tested+ RNA was isolated
from either the cytoplasmic or nuclear compartment
following actinomycin D treatment and analyzed by RPA+
As shown in Figure 2A, when normalized relative to the
neomycin mRNA control, the luc-awt RNA is approxi-
mately twofold more abundant than the luc-aDmt RNA
in the cytoplasmic fraction+ This differential stability is a
function of the mRNA stabilizing a-complex, as a sim-
ilar twofold greater stability was also detected between
luc-awt and a mutant a39UTR, luc-a19 (Fig+ 2A), con-
taining a previously described 5-nt mutation within the
CRE (aH19 ; Weiss & Liebhaber, 1995)+ This mutation
fails to form the mRNA stability a-complex and results
in an unstable a-globin mRNA (Wang et al+, 1995;Weiss
& Liebhaber, 1995)+ Interestingly, the relative stability of
the luciferase mRNA containing the SV40 early 39 UTR
was twofold less than the luc-awt mRNA and similar to
both mRNAs containing a CRE mutation (Fig+ 2A)+These
results further reinforce the significance of the CRE in
the observed stability+

Analysis of RNA from nuclear fractions revealed that
all four 39 UTR-containing luciferase mRNAs were sim-
ilarly stable (Fig+ 2B)+ Although these mRNAs were
slightly more stable than the neomycin mRNA over time,
differential stability relative to the neomycin mRNA was

FIGURE 1. Luciferase activity of hybrid RNAs containing the wild-
type or mutant a-globin 39 UTRs+ Luciferase and b-galactosidase
activity was assayed using protein extract prepared from cells co-
transfected with a plasmid encoding the b-galactosidase gene and
luc-awt (open bar) or luc-aDmt (shaded bar)+ The value obtained for
luciferase activity was normalized relative to b-galatosidase activity
and plotted as arbitrary units+ Standard deviations from three inde-
pendent experiments are shown+
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FIGURE 2. Differential stability of the a39UTR is maintained in a heterologous system within the cytoplasm+MEL cells were
cotransfected with a plasmid encoding the neomycin resistance gene and luc-awt, luc-aDmt, luc-a19, or luc-SV40+ RNA was
extracted from nuclear and cytoplasmic fractions of the cells, which were treated with actinomycin D for the indicated times
24 h posttransfection+ RPA was carried out on both fractions of RNA using a probe against luciferase and one against the
neomycin resistance mRNA+ A:An RPA using cytoplasmic RNA is shown in the top panel+ Constructs used to transfect MEL
cells are labeled above the brackets and hours of actinomycin D treatment is indicated+ The protected bands corresponding
to the luciferase and neomycin resistance RNA are shown+ The intensities of the detected luciferase mRNA were quantitated
and normalized relative to the neomycin resistance mRNA+ Values for the mRNAs are plotted for each time point+ B: RPA
of the nuclear fraction of RNA is labeled and plotted as in A+ C: Cytoplasmic (lane 1) or nuclear (lane 2) RNA was reverse
transcribed using a 32P-end-labeled oligonucleotide specific for the nucleus restricted RNA, U6+ The RT product is shown
with the arrow+ D: RT-PCR for c-myc and b-globinmaj+ Cytoplasmic RNA from A was reverse transcribed with oligo d(T) and
PCR amplified with primers specific for c-myc and b-globinmaj++ PCR products are labeled and total RNA or a specific time
point is indicated above each lane+
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not detected (Fig+ 2B)+ These data indicate that the
regulated differential stability observed in the cyto-
plasm was not evident in the nucleus and only oc-
curred in the cytoplasm+ The efficiency of cellular
fractionation is shown in Figure 2C, where the fate of
the abundant, nuclear restricted U6 RNA was followed+
U6 RNA was detected by reverse transcription and is
predominately found in the nucleus as expected (Fig+ 2B,
compare lane 2 to lane 1)+ To ensure that transcrip-
tional shutoff was efficient, RT-PCR was carried out to
detect c-myc and b-globinmaj mRNAs+ c-myc is an un-
stable mRNA with a half-life of 15–40 min (Dani et al+,
1984)+ As expected, no signal was detected after 4 h
of actinomycin D treatment (Fig+ 2D)+ In contrast,
b-globinmaj, a stable mRNA, was detected even after
8 h of drug treatment (Fig+ 2D)+ Furthermore, the ob-
served affects were not specific to actinomycin D, as
blocking transcription with DRB, a different inhibitor,
gave similar results (data not shown)+

Collectively, three conclusions can be drawn from
the above data+ First, the differential stability of wild-
type a-globin versus 39 UTR mutants can be conferred
on a heterologous mRNA+ Second, the regulation of
a-globin mRNA stability mediated by the a39UTR is a
cytoplasmic event, as the RNA levels are equivalent in
the nucleus, and third, the CRE is essential for this
stability+ Consistent with our inability to detect differen-
tial stability of the luciferase/a39UTR mRNAs using to-
tal RNA, mRNA levels for the transfected genes were
approximately twice as abundant in the nuclear fraction
than in the cytoplasmic fraction at time zero (data not
shown)+The CRE-dependent regulated cytoplasmic sta-
bility is also consistent with in vitro decay studies that
recapitulate a39UTR-mediated stability using only cyto-
solic extract (Wang et al+, 1999)+

The a-complex can block 3 9-to-59
exonucleolytic decay

Having demonstrated that the a39UTR can stabilize
a heterologous mRNA, we next asked whether the
a-complex binding region was sufficient to stabilize a
chimeric RNA+ Binding of the a-complex to the a39UTR
has been previously demonstrated to require 20 nt within
the a39UTR (nt 41–60; Holcik & Liebhaber, 1997)+ To
ensure efficient binding of the a-complex to a chimeric
RNA, nt 30–70 were cloned into the pcDNA3 polylinker
and the distance of the CRE from the 39 end of the
RNA was maintained so that it is the same distance
from the 39 end as it is in the a39UTR+ This construct
will be referred to as pcP-CRE+ A mutant, pcP-mtCRE,
was also constructed in which the pyrimidines within
the CRE,which are critical for a-complex binding (Weiss
& Liebhaber, 1995; Holcik & Liebhaber, 1997), were
changed to purines+ The stability of these RNAs was
tested in an in vitro decay system which we have pre-
viously shown recapitulates the observed in vivo dif-

ferential stability of a39UTR mutants (Wang et al+, 1999)+
Cap-labeled RNA probes from these constructs were
prepared and their stabilities were compared in K562
S130 extract (Fig+ 3A)+ Since the RNA is cap-labeled,
only degradation occurring in the 39-to-59 direction is
monitored+ In Figure 3B the percent of RNA remaining
at each time point relative to the internal control was
plotted+ The RNA containing the wild-type CRE was
twofold more stable than the mutant, which is consis-
tent with our in vivo observations (Fig+ 2)+ Similar re-
sults were obtained using extract derived from MEL
cells or using uniformly labeled RNA (data not shown)+
These data demonstrate that the CRE is an auto-
nomous stability element that stabilizes a chimeric RNA
to the same extent as the full-length a39UTR in vitro+
Because the RNA was labeled at the 59 end, these data
also suggest that the a-complex can stabilize RNA by
blocking 39-to-59 decay+

The a39UTR is degraded by the exosome
in the 3 9-to-59 direction

We have recently demonstrated that a major path-
way of mRNA degradation in mammalian cells pro-
ceeds in the 39-to-59 direction, most likely by the
exosome, following deadenylation (Wang & Kiledjian,
2001)+ Because the a-complex is able to block the
39-to-59 decay of an RNA, we asked whether it is
blocking degradation by the exosome or whether non-
exosome components were also involved in the 39-
to-59 decay+ The exosome is a protein complex
composed of 11 proteins in yeast, most of which have
exonucleolytic activity (Mitchell et al+, 1997; Jacobs
et al+, 1998; Bousquet-Antonelli et al+, 2000)+ Human
homologs of all the yeast components have recently
been identified (Chen et al+, 2001)+ The exosome was
immunodepleted from K562 S130 extract using a com-
bination of antibodies against two components of the
exosome, hRrp40 and hRrp46 (Brouwer et al+, 2001)+
The stability of cap-labeled a39UTR was compared
over time in extract that was mock depleted using
beads alone (Fig+ 4, lanes 2–4), depleted with an
unrelated control antibody (Fig+ 4, lanes 5–7), or de-
pleted with antibodies against exosome components
(Fig+ 4, lanes 8–10)+ The degradation of the a39UTR
in exosome-depleted extract was greatly decreased
compared to the controls (Fig+ 4, compare lanes 2–7
to lanes 8–10) and the extent of 39-to-59 decay was
independent of the RNA size (data not shown)+ The
efficiency of exosome depletion was assessed by west-
ern analysis in Figure 4B, which shows that the de-
pletion was complete with negligible amounts of
hRrp40p detected in the depleted extract (lane 3)+
The stability of the 59-end-labeled RNA in the
exosome-depleted extract suggests that the degrada-
tion of the a39UTR following deadenylation is mainly
carried out by the exosome+

1530 N.D. Rodgers et al.

 on February 14, 2006 www.rnajournal.orgDownloaded from 

http://www.rnajournal.org


FIGURE 3. The a-globin CRE can stabilize a chimeric RNA in vitro+ A: Cap-labeled pcP-CRE and pcP-mtCRE RNAs were
used in an in vitro decay assay with K562 S130 extract+ The RNAs are labeled above the brackets and were incubated with
extract at 37 8C for the indicated times, separated on a denaturing 7 M urea-8% polyacrylamide gel and visualized by
autoradiography+ The migration of the internal control is indicated+ The RNA used is depicted schematically on the bottom
where the cap is represented by the m7GpppG and the asterisk denotes the labeled phosphate+ The presence of the CRE
or mtCRE is designated in the boxes+ B: The data in A was normalized to the internal control and plotted from three
independent experiments+ Values for pcP-CRE RNA are shown by the solid line and squares and values for pcP-mtCRE
RNA are shown by the dotted line and circles with corresponding error bars+

FIGURE 4. Degradation the a39UTR by the exosome in the 39-to-59 direction+ A: Cap-labeled a39UTR was incubated in
K562 S130 extract that was mock depleted (lanes 2–4), depleted with control antisera (lanes 5–7), or depleted with antisera
against two exosome components, hRrp40 and hRrp46 (lanes 8–10)+ The incubation times are indicated above each lane
and migration of the internal control is shown on the right+ The RNA substrate is shown schematically on the bottom with
the cap represented by m7GpppG and the asterisk denoting the labeled phosphate+ B: Western analysis was carried out
with each of the depleted extracts to determine the extent of exosome depletion+ Protein from 50 mg of extract, as indicated
above each lane, was resolved on SDS-PAGE and blotted to nitrocellulose+ The blot was probed with antisera against
hRrp40 and the corresponding band is labeled on the left+
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Decay of the a39UTR initiates with
deadenylation followed by 3 9-to-59 decay
and subsequent decapping

To directly observe the mechanistic order of decay for
the a-globin mRNA, we carried out an in vitro RNA
decay reaction with capped and polyadenylated RNA+
The turnover of the a39UTR proceeds through an initial
deadenylation step (Wang et al+, 1999), which can be
accentuated by the addition of oligo(dC) competitor
that serves to sequester the aCP mRNA stability pro-
teins and disrupt the aCP-PABP interaction (Wang &
Kiledjian, 2000b)+ Cap-labeled a39UTR was used as
substrate to determine the relationship between de-
adenylation, decay, and decapping within a single re-
action+ Oligo(dC) was added to facilitate the decay
process (Wang et al+, 1999)+At each time point, half the
reaction was used to follow the deadenylation and de-
cay of the RNA on a polyacrylamide gel, whereas the
second half was used to monitor the extent of decap-
ping by polyethyleneimine (PEI) cellulose thin-layer chro-
matography (TLC)+ As can be seen in Figure 5A, the
RNA is increasingly deadenylated over time and un-
adenylated RNA accumulates by 15 min and increases
by 30 min and is then chased into smaller decay prod-
ucts resulting from 39-to-59 degradation+ To determine
the relationship between deadenylation and decay of
the RNA, the values obtained from quantifying the ad-
enylated RNA were compared to the total decay of the
RNA, which includes both the adenylated and unade-
nylated RNA+ As shown in Figure 5C, deadenylation
(represented by the solid line and open circles) pro-
ceeds rapidly with 80% of the RNA deadenylated by
90 min+ The decay of the RNA (represented by the
dashed line and closed circles) is slower than deadenyl-
ation and reaches approximately 70% by 90 min+ Two
conclusions can be made from these data+ The first is
that deadenylation precedes decay of the mRNA body+
Second, there appears to be a lag between the de-
adenylation and the decay of the mRNA, as unadeny-
lated RNA accumulates and is detected+

We next determined at which point the RNA is de-
capped+ The extent of decapping was followed and
found to be slower than deadenylation and decay+ De-
capping products first become obvious at 15 min and
increase up to the 90-min time point (Fig+ 5B)+ The top
spot is m7GMP released by the DcpS decapping en-
zyme and the bottom spot is the subsequent hydrolysis
of this product that releases the 32Pi (Wang & Kiledjian,
2001)+ The graph in Figure 5C demonstrates that de-
capping of the RNA occurs last+ We were unable to
detect deadenylation-dependent decapping similar to
that observed in yeast with these assay conditions+
Furthermore, the decay patterns observed with uni-
formly labeled RNA (Fig+ 5D) were indistinguishable
from the decay using 59-end-labeled RNA (Fig+ 5A)+
This further confirms the minimal contribution of the

deadenylation-dependent decapping and 59-to-39 de-
cay pathway, at least in vitro+ Thus, the order of events
in a-globin mRNA turnover can be drawn from these
data and suggest that the first step in the reaction is
deadenylation, which we have previously reported
(Wang et al+, 1999), followed by 39-to-59 decay, and
then decapping+ This demonstrates the significance of
deadenylation and decay in mammalian mRNA decap-
ping and confirms a functional link between exosome
degradation and the decapping process in vitro+

DISCUSSION

We have used a heterologous mRNA to confirm that
the a-globin 39 UTR can function as a stability element
independent of the globin coding region sequences+
Using chimeric luciferase constructs containing either
a wild type, a CRE deletion mutant, or a previously
described a39UTR mutant, the relative abundance of
the mutant mRNAs was reduced, and this difference
can be extrapolated into the luciferase protein activity
(Figs+ 1 and 2A)+ Furthermore, the stability of the chi-
meric RNAs containing the mutant a39UTRs was com-
parable to a chimeric RNA containing the SV40 39UTR
(Fig+ 2A)+ Therefore, the differential stability of the
a39UTRs is maintained in a heterologous system, and
the a39UTR is an autonomous stability element+ These
observations are in agreement with Weiss and Lieb-
haber (1994), who used the entire a-globin gene and
noticed the wild-type 39 UTR was more stable than the
mutants+ However, it is interesting that we observe dif-
ferential stability only with cytoplasmic RNA (Fig+ 2),
suggesting that a-globin stability is not regulated in the
nucleus+ Cytoplasmic regulation of globin mRNA sta-
bility correlates well with red blood cell biology+Midway
through erythroid terminal differentiation, the nucleus
condenses and is extruded from the cell (Papayan-
nopoulou et al+, 2000); therefore, regulation that takes
place after this event would have to occur cytoplasmi-
cally+ Weiss and Liebhaber (1994) were able to ob-
serve differential stability of full-length a-globin with a
wild-type or mutant 39 UTR using total cellular RNA+
This difference can be attributed to the use of genomic
DNA constructs, which mimic the endogenous RNAs
that are efficiently transported to the cytoplasm;
therefore, the proportion of nuclear mRNA was most
likely negligible+ The fortuitous accumulation of nuclear
luciferase/a39UTR RNA using the transfection system
allowed us to determine the stability of the RNA in both
cellular compartments+

We have also shown that the binding of the a-complex
to an RNA stabilizes the RNA in vitro (Fig+ 3)+ We in-
troduced the a-complex binding site, the CRE, into a
chimeric RNA and the RNA was stabilized twofold
(Fig+ 3)+ Combining this data with previous reports from
our laboratory suggests that the a-complex is able to
stabilize an RNA by multiple mechanisms+ The first is to
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