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The different 3* noncoding AU-rich elements (ARE) that mediate the degradation of many short-lived
mRNAs may function through distinct decay pathways; translation-dependent and -independent mechanisms
have been proposed. To investigate the cotranslational model, we designed an expression system that exploits
the properties of the ferritin iron-responsive element to shuttle chimeric mRNAs from ribonucleoproteins to
polyribosomes. The iron-responsive element was introduced in the 5* untranslated regions of a-globin mRNAs
that harbored in their 3* untranslated regions either the c-fos ARE or the granulocyte-macrophage colony-
stimulating factor ARE as prototypes of the different ARE subsets. The cytoplasmic location of the transcripts
was controlled by intracellular iron availability and monitored by polysomal profile analysis. We report that
these two mRNA subsets behaved identically in this system. Iron deprivation by desferrioxamine treatment
stabilized both transcripts by sequestering them away from polyribosomes. Sequential treatments with des-
ferrioxamine, followed by hemin to concentrate the mRNAs in the ribonucleoprotein pool prior to translation,
showed that rapid degradation occurred only upon redistribution of the transcripts to polyribosomes. Deletion
of a critical cytosine in the iron-responsive element abolished targeted sequestration and restored high-level
constitutive mRNA instability. These observations demonstrate that the c-fos and granulocyte-macrophage
colony-stimulating factor ARE subsets mediate selective mRNA degradation through similar polysome-asso-
ciated mechanisms coupled with ongoing translation.

Among the specific posttranscriptional mechanisms that
have evolved to regulate the pattern of gene expression in
higher eukaryotes, control of mRNA stability plays a predom-
inant role. For instance, the high-level lability of an mRNA
allows rapid downregulation of protein synthesis after arrest of
transcription and thus provides an efficient mechanism for
transient expression. This mode of regulation is a key feature
of many early-response genes involved in developmental pro-
cesses (3, 21, 22, 52), and deregulation of this control mecha-
nism sometimes leads to neoplastic transformation (33, 47).
Several types of eukaryotic mRNA instability determinants

in the coding regions and 39 untranslated regions (UTR) of
many transiently expressed mRNAs have been identified (3,
21). One of these determinants is a 50- to 100-nucleotide (nt)
sequence composed mainly of adenylate and uridylate resi-
dues. This element, named the AU-rich element (ARE), is
usually found in the 39 UTR of many short-lived transcripts
encoding the lymphokines, several proto-oncogenes, and some
transcriptional factors (14, 21, 58). Shaw and Kamen were the
first to show that the 51-nt ARE located in the 39 UTR of the
human granulocyte-macrophage colony-stimulating factor
(GM-CSF) mRNA functions as a cis-acting destabilizing se-
quence (58). Insertion of the GM-CSF ARE into the 39 UTR

of b-globin mRNA dramatically reduced the half-life of the
otherwise stable b-globin messenger from 17 h to less than 30
min (58). More recent experiments established that the differ-
ent AREs located in the c-fos, c-myc, beta interferon, cyclic
AMP-responsive element modulator, and urokinase-type plas-
minogen activator messengers also function as mRNA-desta-
bilizing elements (2, 17, 27, 46, 59). Following the description
of the presence of various copies of the AUUUA pentamer
repeated several times within an AU-rich region (reviewed in
references 21 and 52), extensive mutational analysis revealed
that two interdependent domains lie within the c-fos 70-nt
ARE (59) and that the nonamer UUAUUUAUU (69) and its
highly homologous motif UUAUUUA(U/A)(U/A) (32) are
the key AREs mediating rapid mRNA decay. Regions sur-
rounding the AREs also contribute to their efficiency. For
instance, linker substitution mutagenesis showed that a region
located 160 nt upstream of the 59 end of a GM-CSF AU-rich
sequence hinders the efficiency of the ARE following changes
in cellular metabolism (25).
These findings, combined with the observation that the turn-

over of c-fos and GM-CSF mRNAs could be differentially
regulated in the same cell line (57), suggested that the different
AREs could be divided into two functionally distinct subtypes.
The first ARE subset was identified in messengers in which
turnover rates are altered following changes of hormonal sta-
tus, cell growth conditions, or second-messenger induction.
This subset includes ARE-containing mRNAs like the cyto-
kine, interferon, and urokinase-type plasminogen activator
messengers that are stabilized by cell-signaling pathways (35,
44, 45, 58) and the interleukin 3 mRNA that is destabilized
when cyclosporin A is added to tumor cell lines (43). The
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second subset of ARE-containing mRNAs is depicted by the
c-fos, c-myc, and cyclic AMP-responsive element modulator
mRNAs, which do not respond to such signals (57, 61). The
search for the trans-acting factors that participate in the desta-
bilization of their target transcripts or, conversely, prevent
their degradation has led to the identification of more than
eight ARE-binding complexes (reviewed in reference 21).
Some of these protein factors show constitutive binding prop-
erties, whereas others are inducible and bind to more specific
regions of the AREs contained in the lymphokines, c-fos, or
c-myc mRNAs.
Although much knowledge has been gained about the cis-

and trans-acting elements involved in rapid mRNA destabili-
zation, the molecular interactions between these elements and
the cellular compartments where these interacting events oc-
cur are still poorly defined. A potential link between ARE-
mediated mRNA degradation and translation first emerged
from in vitro studies showing that protein synthesis inhibitors,
like cycloheximide and puromycin, superinduced the accumu-
lation of c-fos, c-myc, and GM-CSF transcripts (36, 40, 58).
These early observations suggested either the participation of
a labile trans-acting protein in rapid mRNA degradation or the
requirement of translation for destabilization. Short time
course in vitro experiments with cycloheximide subsequently
supported the suggestion that c-fos mRNA degradation re-
quires ongoing translation (65), whereas cell-free systems con-
stituted of postribosomal supernatant extracts implied that la-
bile cytosolic factors are part of the decay mRNA machinery
(10, 12).
To distinguish between translation coupling and the pres-

ence of a labile nuclease(s), novel approaches have been de-
signed to alleviate the need for adding protein synthesis inhib-
itors to in vitro systems. Using chimeric mRNAs containing a
GM-CSF ARE cloned downstream of the hepatitis B virus
S-antigen coding region, Aharon and Schneider recently dem-
onstrated that poorly translated messengers, by virtue of the
introduction of a stable secondary structure in their 59 UTR,
were not effectively targeted for selective destabilization. In-
sertion of a poliovirus internal ribosome entry site between the
59 secondary structure and the initiation codon restored rapid
mRNA turnover, suggesting that degradation was coupled to
either ribosome binding or ongoing translation (1). On the
other hand, Koeller et al., using the ferritin iron-responsive
element (IRE) to regulate the translation of an mRNA encod-
ing the transferrin receptor coding region attached to the c-fos
ARE, found no stabilization of these labile transcripts upon
arrest of translation (30). Their results support a model in
which transactive labile proteins may be responsible for rapid
mRNA turnover. The presence of two distinct degradative
pathways, each specific for a particular ARE subset, might
explain these divergent observations. Alternatively, the differ-
ent systems used in these two sets of experiments may express
particular stability and/or instability determinants.
To investigate the specificity of the pathways involved in

ARE-mediated mRNA degradation, we designed a transient
expression system in which the human ferritin IRE was intro-
duced at an optimal position to efficiently control the transla-
tion of well-characterized a-globin constructs containing either
a c-fos or a GM-CSF ARE. Experiments involving thorough
manipulation of intracellular iron availability were combined
with polysomal profile analysis to closely monitor the translo-
cation of these chimeric mRNAs from ribonucleoprotein
(RNP) pools to translationally active polyribosomes. Herein,
we report that iron deprivation stabilized both sets of chimeric
mRNAs by sequestering them in the RNP pool, whereas re-
distribution of these mRNAs to polyribosomes fully restored

the destabilizing activity of the AREs. These observations pro-
vide the first direct evidence that these two distinct ARE sub-
sets mediate selective mRNA degradation through similar
polysome-associated mechanisms.

MATERIALS AND METHODS
Plasmid constructions. All plasmid DNA manipulations were performed ac-

cording to standard protocols (55). The parental plasmids paG, paG-fos, and
paG-581, which were used for subsequent subcloning of the IRE, have been
described previously (47). Briefly, the a-globin–fos (paG-fos) plasmid resulted
from insertion of a 201-bp NsiI-to-Tth111I fragment (position 3289 to 3489 [62])
obtained from the mouse c-fos gene and introduced into the unique BalI site of
the human a-globin expression plasmid paG (an a-globin PstI-to-PstI [914-bp]
fragment cloned into the PstI site of pUC19). Plasmid paG-581 was constructed
by blunt-end ligation of the synthesized, annealed, complementary 58-mer AT-
rich oligonucleotide, as previously described (58), into the BalI site of paG.
Plasmids pIRE-aG-fos and pIRE-aG-581 result from the insertion in paG-fos

and paG-581, respectively, of a 56-bp synthetic double-stranded oligonucleotide
(shown in Fig. 1) containing the 44-bp human ferritin IRE and 12 adjacent
residues, at the NcoI site 6 bp upstream of the initiation codon of a-globin.
pIREM-aG-fos and pIREM-aG-581 were constructed in an identical fashion,
except that a point deletion was introduced during oligonucleotide synthesis in
the IRE sequence, leaving a mutant form of IRE in which the conserved 59
cytosine of the loop is absent (see Fig. 1). This kind of mutation prevents efficient
binding of the IRE-binding protein (IRE-BP) to the IRE (49). DNA sequencing
analysis revealed that the site necessary for efficient initiation of translation was
retained, the original initiation codon was conserved, and no artifactual AUG
codon was generated.
The plasmid pSIRE used for synthesis of RNA probes was constructed by

ligation of a 296-nt SmaI-to-SmaI fragment obtained from pIRE-aG-fos into the
SmaI site of pGEM-3. This insertion contains the first exonic sequences of the
a-globin gene and the IRE. A description of the pSP62PLIHb350 construct used
for synthesis of the b-globin riboprobe has been published elsewhere (39).
Cells and transient DNA transfections.Mouse NIH 3T3 TK2 cells were grown

in Dulbecco modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum. Cells at 50% confluence in a 10-cm-diameter culture dish were
transfected by the calcium phosphate coprecipitation method (9, 20) and ex-
posed to the precipitate for 16 h. Transfection samples contained 12.5 mg of test
plasmid DNA and 1.5 mg of pHb1, which served as a transfection control for
subsequent mRNA quantitation. After the precipitate was washed, the cells were
incubated for a further 24-h period in DMEM containing 10% fetal calf serum.
Where indicated, desferrioxamine (Desferal; CIBA) was added directly to the
cellular milieu to reach a final concentration of 100 mM. The cells were incubated
in the presence of the iron chelator for 18 h. Actinomycin D (actinomycin C1;
Boehringer) was then added to the cultures to achieve a final concentration of 10
mg/ml, and incubation was continued for various times ranging from 15 to 120
min. Where mentioned, desferrioxamine-treated cells were washed and incu-
bated with DMEM supplemented with 10% fetal calf serum, 10 mg of actino-
mycin D per ml, and 100 mM hemin (Sigma) for periods varying from 15 to 120
min before RNA harvesting.
RNA decay analysis. Total cytoplasmic RNA was prepared by lysis of cells in

Nonidet P-40 as described by Favaloro et al. (16). The pSIRE and
pSP62PLIHb350 plasmids were linearized with HindIII and EcoRI, respectively,
and the resulting fragments were purified from a 1% agarose gel (Gene Clean,
Bio 101). Uniformly 32P-labeled probes were then synthesized, using T7 (pSIRE)
or SP6 (pSP62PLIHb350) RNA polymerase according to established protocols
(4). Samples of cytoplasmic RNA (10 mg) and yeast tRNA (40 mg) were mixed
with probes (100 mCi/mg), denatured at 858C for 7 min, and hybridized at 508C
for at least 15 h. RNase treatment was then performed with 40 mg of RNase A
(Boehringer) per ml and 700 U of RNase T1 (Bethesda Research Laboratories)
per ml for 45 min at 308C. These RNase conditions precluded any intramolecular
reannealing of the IRE stem-loop structure (see, for example, Fig. 2A). Nucle-
ase-resistant fragments were fractionated on urea–6% polyacrylamide sequenc-
ing gels. As approximate DNA size markers, 32P-labeled MspI-digested DNA
fragments of pBR322 were run on all analytical gels. The sizes of the protected
fragments are presented in Results. In all experiments, the intensities of the
protected fragments were measured by densitometric scanning, standardized by
using the b-globin signal, and plotted.
Analysis of polysomal distributions. Duplicate dishes (diameter, 10 cm) of 50

to 60% confluent NIH 3T3 cells were transiently transfected with appropriate
plasmids as described in Results. Cells were lysed by the addition of 400 ml of
polysome lysis buffer (10 mM Tris-HCl [pH 8.4], 10 mM NaCl, 1.5 mM MgCl2,
0.5% [vol/vol] Nonidet P-40). Nuclei were pelleted at 2,0003 g, and the resulting
supernatants were layered on a 15 to 40% (wt/vol) linear sucrose gradient in
polysome gradient buffer (10 mM Tris-HCl [pH 8.4], 10 mM NaCl, 1.5 mM
MgCl2). Gradients were centrifuged at 32,500 rpm for 2.5 h at 58C in a Sorvall
TH 641 rotor, and 400-ml fractions were collected with an Isco model 185
density-gradient fractionator connected to an Isco type 6 optical unit and a UA5
absorbance monitor. Protein content was monitored at 254 nm. To measure
RNA, all fractions were treated with proteinase K (200 mg/ml), phenol extracted,
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and ethanol precipitated (16). RNA was pelleted by centrifugation, resuspended
in RNA hybridization buffer {80% [vol/vol] formamide, 40 mM PIPES [pipera-
zine-N,N9-bis(2-ethanesulfonic acid)] [pH 6.7], 400 mM NaCl, 1 mM EDTA},
and hybridized with the appropriate riboprobes. RNase protection assays were
performed as described above.

RESULTS

Design of an in vitro system to assess coupling of mRNA
degradation with translation. Key experiments have led to the
characterization of multiple IREs present in the mRNAs en-
coding several genes essential for iron homeostasis (for a re-
view, see reference 15). Depending on their location in these
messengers, IREs are capable of mediating two distinct post-
transcriptional regulatory events. The IREs in the 39 UTR of
the mRNA encoding the human transferrin receptor partici-
pate in blocking messenger degradation (41), whereas those in
the 59 UTR of the mRNA encoding the iron storage protein
ferritin or the heme biosynthesis enzyme erythroid 5-aminole-
vulinic-acid synthethase regulate mRNA translation (23, 24).
More specifically, inhibition of translation occurs when iron
concentrations are reduced. Ferritin mRNA is then seques-
tered in the cytoplasm through the interaction of IRE with
IRE-BP, a translational repressor that interferes with an early,
cap-dependent step prior to binding of the 43S preinitiation
complex to the mRNA (for a review, see reference 29). When
iron is added to the extracellular milieu, IRE-BP loses its
affinity for IRE, and ferritin mRNA shifts from the RNP pool
to active polysomes (15, 23, 24).
To investigate the existence of potentially distinct ARE-

mediated decay pathways, we exploited the properties of the
human ferritin IRE to control the translation of chimeric
mRNAs containing two prototypes of the different ARE sub-
sets. As shown in Fig. 1, the human ferritin H chain IRE was
subcloned into the 59UTR of the a-globin recombinants, paG-
fos and paG-581, harboring AT-rich sequences obtained, re-
spectively, from the human c-fos and GM-CSF genes. These
two parental constructs have been studied extensively, and
both displayed half-lives of less than 25 min in exponentially
growing cells. Such short half-lives are conferred exclusively by
insertion of the AREs in their 39 UTR (47, 50). Because
efficient inhibition of translation by an IRE requires its pres-
ence within 50 to 60 nt of the 59 cap site (19), a convenient
NcoI site, 35 nt downstream of the 59 end of the message and
6 nt upstream of the a-globin initiation codon, was selected to
introduce into the parental recombinants a 56-nt synthetic
oligonucleotide. The oligomer encompassed a 44-nt ferritin
IRE structure at its 59 end (49), followed by 12 residues chosen
to retain the sequences necessary for efficient initiation of
translation (31). In this process, no artifactual AUG codons
were generated. The new constructs were named pIRE-aG-fos
and pIRE-aG-581. To measure the levels of the various tran-
scripts simultaneously, we also designed a 59 riboprobe by
subcloning the first exon of pIRE-aG-fos into a T7 expression
vector (Fig. 1). This probe was named pSIRE.
Messenger sequestration prevents rapid mRNA degradation

mediated by 3* AREs. Using the IRE shuttling system, we first
investigated the presence of short-lived soluble nucleases that
would be recognized by detection of the rapid turnover of the
chimeric mRNAs under conditions of low intracellular iron
availability.
Plasmids pIRE-aG-fos and pIRE-aG-581 were transfected

independently into NIH 3T3 cells along with a b-globin con-
struct (plasmid pHbI) as the control for monitoring transfec-
tion efficiency and mRNA recovery; pHbI did not harbor any
shuttling or instability determinant. To induce messenger se-
questration, we used the drug desferrioxamine, which, unlike

other hydrophilic chelators, can enter the cell and chelate the
intracellular pool of iron (13). Twenty-four hours after trans-
fection, the cells were washed and 100 mM desferrioxamine
was added to the cellular milieu. Because more than 16 h is
required for the drug to attain its maximal effect, the cells were
incubated in the presence of the iron chelator for at least 18 h
(13). At the end of this treatment, the decay rates of tran-
scribed mRNAs were analyzed by adding 10 mg of the tran-
scriptional blocker actinomycin D per ml for increasing time
periods ranging from 0 to 120 min. Total cytoplasmic RNA was
harvested, and quantitative RNase mapping was performed
with the 59 pSIRE riboprobe. A b-globin riboprobe was also
generated to measure b-globin mRNA levels.
Unexpectedly, desferrioxamine treatment fully prevented

rapid mRNA degradation targeted by either ARE subset (Fig.
2). After 18 h of preincubation with the iron chelator, both
pIRE-aG-fos and pIRE-aG-581 mRNAs attained elevated
steady-state levels and remained highly stable following inhi-
bition of translation and arrest of transcription. The single
184-nt protected fragment corresponding to either RNA pop-
ulation conserved the same intensity throughout the experi-
ment (Fig. 2A, lanes 1 to 6 [both panels]). Densitometric scan-
ning revealed that pIRE-aG-fos and pIRE-aG-581 mRNA
levels were more than 90% of the original levels after a 2-h
actinomycin D chase (Fig. 2C). Quantitation of b-globin mes-
senger levels showed that transfection efficiencies and RNA
recoveries were comparable in all mRNA samples tested (Fig.
2B). When a 4-h actinomycin D chase was performed, pIRE-
aG-fos and pIRE-aG-581 mRNA levels measured more than

FIG. 1. Structures of the IRE–a-globin–39 AU-rich recombinants. The c-fos
and GM-CSF 39 AT-rich elements were first cloned into the BalI site of a-globin
to generate paG-fos and paG-581 (47). The 56-bp human ferritin IRE oligomer
was next subcloned into the 59 noncoding regions of paG-fos and paG-581 to
produce plasmids pIRE-aG-fos and pIRE-aG-581, respectively. Plasmids
pIREM-aG-fos and pIREM-aG-581 were constructed in the same fashion,
except that the first 59 cytosine located in the IRE upper loop (boxed C) was
deleted. The right-oriented arrow depicts the transcription initiation site. The
filled and open boxes represent the exons, and the hatched boxes represent the
introns. The noncoding regions are represented as open boxes. The riboprobe
used to quantitate mRNA levels was designed by subcloning a SmaI-to-SmaI
fragment obtained from pIRE-aG-fos (an a-globin–fos construct containing the
IRE) into a pGEM-3 vector. T7 RNA polymerase produced a 360-nt RNA
fragment complementary to the first exons of both pIRE-aG-fos and pIRE-aG-
581 transcripts. Following RNase mapping, pIRE-aG-fos and pIRE-aG-581
mRNAs protected a 184-nt fragment, pIREM-aG-fos mRNA protected a 125-nt
fragment, and paG-581 mRNA protected a 104-nt fragment.
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80% of their steady-state values (data not shown). Repetition
of these experiments confirmed that desferrioxamine treat-
ment always fully impeded rapid mRNA degradation.
To ascertain that the arrest of degradation resulted from

complete sequestration of these mRNAs in the RNP pool, we
next analyzed the polysomal distribution of pIRE-aG-fos and
pIRE-aG-581 transcripts in desferrioxamine-treated cells
(Fig. 3). pIRE-aG-fos or pIRE-aG-581 DNAs were trans-
fected in NIH 3T3 cells along with the internal a-globin con-
trol, paG. Twenty-four hours after transfection, 100 mM des-
ferrioxamine was added to the cellular milieu and the
incubation was pursued for 18 h. Cells were lysed, and cyto-
plasmic extracts were sedimented by centrifugation through a
15 to 40% (wt/vol) linear sucrose gradient. Polysomal profiles
were established by monitoring protein A254 while the gradi-
ents were undergoing fractionation. Following RNA isolation,
total amounts of pIRE-aG-fos, pIRE-aG-581, and paG tran-
scripts were measured simultaneously in each fraction by
RNase mapping, using the pSIRE riboprobe. The two IRE-
derived and paG mRNAs were detected as 184- and 104-nt
protected fragments, respectively (Fig. 3).
As shown in Fig. 3, our results demonstrate that iron star-

vation induced by desferrioxamine treatment sequestered both
pIRE-aG-fos (Fig. 3A) and pIRE-aG-581 (Fig. 3B) tran-
scripts in low-density RNP fractions away from denser polyri-
bosomes. For example, more than 95% of the total amounts of
pIRE-aG-fos and pIRE-aG-581mRNAs was detected in frac-

tions 2 to 9 (Fig. 3, lanes 2 to 9), which corresponds to 40S, 60S,
and 80S particles. Such sedimentation profiles are expected for
mRNA populations that are not actively translated. On the
other hand, a-globin mRNA sedimented faster than chimeric
IRE messengers and was associated essentially with high-den-
sity polysomes (Fig. 3, lanes 9 to 16). This sedimentation pat-
tern is as anticipated for this efficiently translated mRNA with
several ribosomes attached to its 429-nt coding frame.
These results suggest that rapid messenger degradation me-

diated by either ARE subset is a translation-dependent mech-
anism that may be blocked by sequestration of recombinant
mRNAs away from polyribosomes. An alternative explanation
for such data is that the activity of soluble ribonucleases may
be repressed by low iron availability.
Destabilizing activity of 3* AREs is independent of iron

availability. To investigate the presence of iron-dependent
nucleases, we next tested the effect of desferrioxamine treat-
ment on the turnover rate of messengers transcribed from the
parental plasmid paG-581. Because these transcripts do not
harbor a 59 IRE, their translation efficiency is not affected by
altering intracellular iron levels. In desferrioxamine-treated
cells, paG-581mRNA instability should not be affected unless
RNase activity is downregulated by low intracellular iron lev-
els.
Plasmid paG-581 was transiently transfected into NIH 3T3

cells along with pHb1 as the control DNA. Twenty-four hours
later, the cells were washed and 100 mM desferrioxamine was

FIG. 2. Iron deprivation prevents rapid pIRE-aG-fos mRNA and pIRE-aG-
581 mRNA degradation. Sixteen hours after transfection of plasmids pIRE-aG-
581 and pIRE-aG-fos in NIH 3T3 cells, the cells were washed and incubated for
18 h in medium containing 100 mM desferrioxamine. (A) Quantitative mRNA
analysis. Total cytoplasmic RNA was isolated at the indicated times after the
addition of actinomycin D (10 mg/ml). RNA samples (10 mg) were analyzed with
the 59 riboprobe. RNase protection assays revealed a 184-nt protected fragment.
Arrows indicate protected pIRE-aG-581 and pIRE-aG-fos mRNA fragments.
Sizes of fragments (in nucleotides) are indicated on the left. (B) RNase protec-
tion analysis of control b-globin mRNA. Plasmid pHb1 was cotransfected with
chimeric a-globin DNA constructs, and RNA (10 mg) was probed as described in
Materials and Methods. (C) Decay rates of pIRE-aG-581 (left) and pIRE-aG-
fos (right) mRNAs. The intensity of the 184-nt protected fragment was measured
by densitometric scanning, standardized by using the b-globin mRNA signal, and
plotted. Each time point represents the mean of values measured in three
separate experiments using different DNA preparations. The half-lives of pIRE-
aG-581 and pIRE-aG-fos transcripts were both estimated to be more than 120
min.

FIG. 3. Iron deprivation sequesters pIRE-aG-581 and pIRE-aG-fos
mRNAs from polysomes. Polysomal distribution of pIRE-aG-581, pIRE-aG-
fos, and a-globin transcripts in desferrioxamine-treated cells. Subconfluent NIH
3T3 cells were transiently transfected with paG and with either pIRE-aG-fos (A)
or pIRE-aG-581 (B). Sixteen hours after transfection, the cells were washed and
incubated for 18 h in DMEM containing the iron chelator, desferrioxamine, at a
concentration of 100 mM. Cytoplasmic lysates were fractionated by sedimenta-
tion on a 15 to 40% sucrose gradient. Elution profiles were determined by
continuous UV absorbance (254 nm) spectroscopy during fraction collection.
The tops of the gradients are on the left. Absorbance peaks corresponding to
40S, 60S, and 80S ribosomal particles are indicated. Vertical arrows on elution
graphics indicate that sensitivity of the absorbance monitor was increased by
twofold (lanes 10 [A] or 12 [B] to 19). RNA was isolated from each fraction and
hybridized with the 59 pSIRE riboprobe described in the legend to Fig. 1. As
expected, RNase digestion, electrophoresis, and autoradiography revealed a
184-nt protected fragment corresponding to pIRE-aG-fos (A) or pIRE-aG-581
(B) mRNA and a 104-nt protected band corresponding to a-globin mRNA.
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added for an 18-h incubation. The stability of the derived
mRNAs was then measured by performing a 90-min actinomy-
cin D chase followed by quantitative assessment of cytoplasmic
mRNA levels. As depicted in Fig. 4A, low intracellular iron
levels did not alter the high lability of the paG-581 mRNA. In
cells pretreated with desferrioxamine, paG-581 mRNA was
rapidly degraded following the addition of actinomycin D.
Only a faint protected fragment was detected after a 60-min
incubation with actinomycin D (Fig. 4A, left panel, lane 4).
This band corresponded to less than 40% of original paG-581
mRNA levels measured before the addition of the transcrip-
tional blocker (Fig. 4C). After a 90-min incubation with acti-
nomycin D, paG-581 mRNA was completely degraded (Fig.
4A, left panel, lane 5). Under conditions of low iron availabil-
ity, the paG-581 mRNA decay rate thus exhibited a degrada-
tion profile identical to its pattern under conditions of physi-
ological iron concentrations with similar half-lives, estimated
at less than 40 min in either condition (Fig. 4C). b-Globin
control mRNAs demonstrated that comparable mRNA
amounts were tested in the different samples (Fig. 4B). Under
conditions of low intracellular iron availability, paG-fos paren-
tal mRNA with no 59 IRE also displayed high lability (data not
shown).
From these results, we conclude that trans-acting factors

involved in rapid mRNA degradation mediated by 39 AREs
are insensitive to iron manipulation. Consequently, desferriox-
amine-induced stabilization of pIRE-aG-581 and pIRE-aG-
fosmRNAs, as shown in Fig. 2, ensues from messenger seques-
tration away from polyribosomes.

Redistribution of messengers to polysomes restores rapid
mRNA degradation mediated by 3* AREs. Our results demon-
strate that mRNAs containing iterated AUUUA motifs within
UUAUUUAUU nonamers failed to be rapidly degraded when
not associated with polysomes. To provide further evidence for
this translation-dependent decay mechanism, we reasoned that
in cells pretreated with desferrioxamine, an iron supply should
induce the redistribution of the chimeric transcripts to polyri-
bosomes and concomitantly restore their instability.
Plasmid pIRE-aG-fos or pIRE-aG-581 was transfected into

NIH 3T3 cells along with pHb1. Sixteen hours after transfec-
tion, the cells were incubated with 100 mM desferrioxamine for
18 h. To test for reinitiation of translation, the cells were
washed free of desferrioxamine and treated simultaneously
with 100 mM hemin, as a source of iron, and 10 mg of actino-
mycin D per ml for increasing time periods ranging from 0 to
120 min. RNA was harvested and quantitated by RNase pro-
tection. As shown in Fig. 5, the addition of hemin to cells
pretreated with desferrioxamine restored a high level of insta-
bility to both pIRE-aG-fos and pIRE-aG-581 mRNAs. These
transcripts decayed rapidly following the arrest of transcription
and reinitiation of translation. Two hours after the combined
addition of hemin and actinomycin D, steady-state levels of
pIRE-aG-fos and pIRE-aG-581 transcripts had been de-
graded by almost 70 and 85%, respectively (Fig. 5A, lanes 6
[both panels]). As measured by densitometric scanning, pIRE-
aG-581 and pIRE-aG-fos mRNAs displayed half-lives of less
than 30 and 45 min, respectively (Fig. 5C). In iron-supple-
mented cells, the half-lives of these two mRNA populations

FIG. 4. The stabilizing effect of desferrioxamine is specific to transcripts
harboring an IRE in their 59UTR. Plasmid paG-581 was transiently transfected
in NIH 3T3 cells. Sixteen hours later, the cells were washed and incubated for 18
h in DMEM with or without desferrioxamine (100 mM). Actinomycin D (10
mg/ml) was then added to the cellular milieu, and the cells were incubated in the
presence of the transcriptional inhibitor for increasing times ranging from 15 to
90 min before RNA harvesting. (A) RNase protection analysis of paG-581
transcripts. Ten micrograms of total cytoplasmic RNA was hybridized with the 59
specific riboprobe. Digestion of samples by RNases A and T1 protected a 104-nt
fragment. Sizes of fragments (in nucleotides) are indicated on the left. (B)
Signals of the control b-globin mRNA originating from cotransfection of pHb1
with paG-581. (C) Decay rates of paG-581 mRNA in cells treated in the
presence (left) or absence (right) of the iron chelator desferrioxamine. Measure-
ment and calculation were done as described in the legend to Fig. 2. In both
cases, mRNA half-lives were estimated to be less than 40 min. The transcript
paG-581 is an a-globin mRNA that contains the GM-CSF destabilizing ARE in
its 39 UTR but does not harbor a 59 IRE.

FIG. 5. Addition of iron to desferrioxamine-treated cells restores rapid deg-
radation of pIRE-aG-fos and pIRE-aG-581 mRNAs. Plasmid pIRE-aG-fos or
pIRE-aG-581 was transiently transfected in NIH 3T3 cells. Sixteen hours after
transfection, 100 mM desferrioxamine was added and incubation was pursued for
18 h. The cells were then washed and treated simultaneously with the transcrip-
tion inhibitor actinomycin D (10 mg/ml) and with hemin (100 mM) as a source of
iron for increasing times of 15 to 120 min before RNA isolation. (A) Analysis of
pIRE-aG-fos and pIRE-aG-581 mRNA levels. Equal amounts (10 mg) of total
cytoplasmic RNA were analyzed by RNase protection and gel electrophoresis.
RNase protection assays revealed a 184-nt protected fragment. Sizes of frag-
ments (in nucleotides) are indicated on the left. (B) Quantitation of control
b-globin mRNA. (C) Decay analysis of pIRE-aG-581 (left) and pIRE-aG-fos
(right) mRNAs. Band intensities were quantitated by densitometric scanning and
normalized to those for b-globin mRNA, as described in the legend to Fig. 2.
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were thus highly similar to those of paG-581 (Fig. 4) and
paG-fos transcripts (47, 50), both observed at approximately 30
min, or to other chimeric mRNAs harboring 39 AREs (58).
Quantitation of control b-globin mRNA revealed that hemin
treatment did not alter transfection efficiencies or mRNA re-
coveries (Fig. 5B).
To confirm that the addition of hemin to iron-starved cells

induced redistribution of pIRE-aG-fos and pIRE-aG-581
mRNAs to polysomes, we next analyzed the cytoplasmic loca-
tion of these transcripts in cells treated successively with des-
ferrioxamine followed by hemin. NIH 3T3 cells were trans-
fected with pIRE-aG-fos or pIRE-aG-581 along with paG
DNAs. Iron depletion was achieved by incubating the cells for
18 h in the presence of 100 mM desferrioxamine. At the end of
this incubation, the iron chelator was removed from the culture
medium and 100 mM hemin was added for a 2-h period before
cell lysis. Cytoplasmic supernatants were sedimented through
sucrose gradients and fractionated as previously described.
Polysomal profiles were obtained by continuous A254 monitor-
ing followed by RNA isolation and quantitation, using the
pSIRE probe. As depicted in Fig. 6, pIRE-aG-fos and pIRE-
aG-581 transcripts were evenly distributed along the gradi-
ents. Comparable amounts of pIRE-aG-fos mRNA (Fig. 6A)
or pIRE-aG-581 mRNA (Fig. 6B) from fractions 2 to 16 were
observed. Control a-globin mRNAs were also present in all
fractions tested and exhibited distribution patterns highly sim-
ilar to those of pIRE-aG-fos and pIRE-aG-581 transcripts
(Fig. 6). This polysomal distribution is characteristic of tran-
scripts being actively translated; it corresponds to mRNAs
associated with 40S and 60S particles as well as to monoribo-
somes and polyribosomes. Such profiles are also reminiscent of

experiments showing that ferritin protein biosynthesis is reac-
tivated following redistribution of its mRNA from nonpoly-
some to polysome pools upon hemin induction (5, 48). paG-fos
or paG-581 transcripts also displayed analogous mRNA dis-
tributions when tested under similar conditions (results not
shown). As both pIRE-aG-fos and pIRE-aG-581mRNA pop-
ulations exhibited polysomal profiles highly similar to those of
control a-globin transcripts, we conclude that the addition of
hemin to cells preincubated in the presence of desferrioxamine
induced the translocation of pIRE-aG-fos and pIRE-aG-581
mRNAs to high-density polyribosomes and restored high
mRNA lability conferred by either the c-fos or GM-CSF ARE.
A single-point deletion in the IRE abolishes targeted seques-

tration and concomitant mRNA stabilization. The IRE is a
cis-acting RNA sequence defined as a moderately stable stem-
loop structure consisting of 28 highly conserved nucleotides
(6). Specific deletions in the loop reduce the affinity with which
IRE-BP attaches to IRE, leading to an inability of IRE to
regulate translation (6, 49). To verify that the IRE’s effect was
specific to its role as a cis-acting translational regulator, we
studied the turnover rate of a mutant form of IRE–a-globin–
ARE transcripts in which the first 59 cytosine residue (under-
lined) present at the top of the 6-nt IRE stem-loop structure
(CAGUGC) had been deleted. This recombinant, originating
from plasmid paG-fos, was named pIREM-aG-fos (Fig. 1).
We first analyzed the stability of pIREM-aG-fos mRNA in

iron-depleted cells. NIH 3T3 fibroblasts were transiently trans-
fected with pIREM-aG-fos and treated with desferrioxamine
for 18 h. Actinomycin D was added, and the incubation was
pursued for increasing times ranging from 0 to 120 min. Tran-
scripts were then quantitated by RNase protection. As de-
picted in Fig. 7, iron chelation did not alter the instability of
pIREM-aG-fos mRNAs. The transcripts were rapidly de-
graded, and less than 20% of their original levels remained
after a 2-h incubation in desferrioxamine-treated cells (Fig.
7A). The pIREM-aG-fos mRNA half-life, estimated at less
than 45 min (Fig. 7C), was thus highly similar to that of paG-
581mRNAmeasured under conditions of low iron availability
(Fig. 4).
To ascertain that the single cytosine deletion in the IRE

stem-loop structure was sufficient to prevent mRNA seques-
tration, we then determined the cytoplasmic location of
pIREM-aG-fos mRNA in desferrioxamine-treated cells. The
inherent capacity of the 59 pSIRE riboprobe to detect simul-
taneously pIRE and pIREM-derived mRNAs allowed us to
transfect pIRE-aG-fos along with pIREM-aG-fos to compare
the polysomal distribution of their respective mRNAs in the
same experiment. Following transient transfection, NIH 3T3
cells were treated for 18 h with 100 mM desferrioxamine and
lysed; then the extracts were sedimented through a 15 to 40%
sucrose gradient as previously described. As expected, pIRE-
aG-fos mRNA remained associated with low-density 40S and
60S particles (Fig. 8, lanes 1 to 6) corresponding to subribo-
somal proteins and RNP elements that included the IRE-BP.
On the other hand, pIREM-aG-fos transcripts were found
entirely in heavier fractions (Fig. 8, lanes 11 to 19) correspond-
ing to high-density polysomes. Such data indicate that pIREM-
aG-fos transcripts were transferred to active polyribosomes
even when intracellular iron concentrations had been greatly
reduced. Identical results were obtained when the IREM mu-
tation was introduced into paG-581 mRNA (data not shown).
These results indicate that a single point deletion in the 59 IRE
is sufficient to abolish IRE-targeted sequestration, which con-
comitantly stabilizes the mRNAs harboring 39 AREs.

FIG. 6. The addition of hemin to iron-depleted cells induced redistribution
of pIRE-aG-fos and pIRE-aG-581 mRNAs to polysomes. Polysomal distribu-
tion of pIRE-aG-fos, pIRE-aG-581, and a-globin transcripts in iron-repleted
cells. NIH 3T3 cells were transiently transfected with paG and either pIRE-aG-
fos (A) or pIRE-aG-581 (B). Sixteen hours later, 100 mM desferrioxamine was
added and incubation was pursued for 18 h. The cells were then washed and
treated with hemin (100 mM) for 2 h before lysis. Polysomal distribution analysis
was done as described in the legend to Fig. 3. Vertical arrows indicate that
sensitivity of the absorbance monitor was increased by twofold (lanes 9 to 17).
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DISCUSSION

It has been proposed that the different ARE subsets that
mediate the degradation of many short-lived mRNAs function
through distinct decay pathways. To investigate the specificity
of these pathways, we exploited the properties of the ferritin
IRE to design a unique mRNA shuttling system in which the
translation of specific mRNA populations was controlled solely
by changes in intracellular iron availability. In combination
with polysomal profile analysis, this system allowed us to
closely monitor the location of the transcripts. Here we dem-
onstrated that (i) iron deprivation blocked the accessibility of
IRE–a-globin–ARE mRNAs to ribosomes and concomitantly
stabilized those transcripts, (ii) the addition of hemin to iron-
depleted cells induced translocation of mRNA toward polyri-
bosomes and restored their rapid degradation, (iii) the ARE
destabilizing activity was independent of iron availability, and
(iv) the c-fos and GM-CSF AREs behaved identically. Our
data therefore support a model in which the two major 39 ARE
subsets mediate selective mRNA degradation, coupled to on-

going translation, through highly similar, if not identical, poly-
ribosome-associated mechanisms.
Our finding that rapid mRNA decay directed by 39 AREs

requires translation is consistent with experiments showing
that premature translational termination induces rapid mRNA
turnover in Saccharomyces cerevisiae (34). The present data are
also consistent with the recent findings of Aharon and Schnei-
der (1), who observed that relief of translation inhibition by
insertion of an internal ribosome entry site, downstream of a 59
inhibitory sequence, restored high lability to transcripts har-
boring the GM-CSF ARE linked to the hepatitis B virus S-
antigen coding region. The present experiments thus provide
evidence that c-fos and GM-CSF AREs conferred high mRNA
instability only upon redistribution of the transcripts to high-
density polyribosomes.
Using a highly similar system, Koeller et al. previously pro-

posed that the destabilization triggered by the c-fos ARE is not
linked to translation of the transcript but, rather, requires
trans-acting labile proteins (30). After stably transfecting
mouse B6 fibroblasts with a chimeric DNA encoding the trans-
ferrin receptor coding sequence harboring the ferritin IRE in
its 59 UTR and the c-fos ARE in its 39 UTR, these authors
found that this highly unstable mRNA is, as expected, stabi-
lized by cycloheximide. In contrast to our data, however,
Koeller et al. demonstrated that desferrioxamine treatment did
not alter the rapid turnover rate of this recombinant transcript,
although it stopped protein synthesis originating from the
mRNA. Such a discrepancy may be explained by as yet unrec-
ognized cis-acting determinants present in the a-globin and/or
transferrin receptor mRNA sequences or by dissimilarities be-
tween the different cell lines used to measure mRNA turn-
overs. These cis-acting sequences may be similar, for example,
to the destabilizing elements found in the c-fos and c-myc
mRNA coding regions (60, 66) or to ARE-adjacent instability
determinants in the GM-CSF and urokinase-type plasminogen
activator 39 UTR which have been recently characterized (25,
44). Extensive studies of globin messengers, however, excluded
such instability determinants in the coding region of the

FIG. 7. A point deletion in the IRE restores rapid degradation of a mutant
form of pIRE-aG-fos mRNA in desferrioxamine-treated cells. Plasmid pIREM-
aG-fos containing a point deletion in the IRE, as described in the legend to Fig.
1, was transiently transfected in NIH 3T3 cells. Sixteen hours after transfection,
the cells were washed and incubated for 18 h in DMEM containing 100 mM
desferrioxamine. (A) Total cytoplasmic RNA was isolated at the indicated times
after treatment with 10 mg of actinomycin D per ml. Equal amounts of RNA (10
mg) were hybridized to the 59 pSIRE riboprobe and digested by RNases A and
T1. Electrophoresis and autoradiography revealed a 125-nt protected fragment
(indicated by an arrow) corresponding to pIREM-aG-fos mRNA. Sizes of frag-
ments (in nucleotides) are indicated on the left. (B) Control plasmid pHb1 was
cotransfected with pIREM-aG-fos, and mRNA was quantitated by RNase pro-
tection analysis. (C) Decay rate of pIREM-aG-fos mRNA in desferrioxamine-
treated cells. The intensity of the pIREM-aG-fos bands was corrected for RNA
content in each lane by comparison with the b-globin signal. The percentage of
the signal was plotted logarithmically against time, as indicated in the legend to
Fig. 2.

FIG. 8. A point deletion in the IRE abolishes iron-modulated sequestration
of mutant pIRE-aG-fos transcripts. Polysomal distribution of pIREM-aG-fos
and pIRE-aG-fos mRNAs in desferrioxamine-treated cells. Subconfluent NIH
3T3 cells were simultaneously transfected with pIREM-aG-fos and pIRE-aG-
fos. Sixteen hours later, the cells were washed and incubated for 18 h in DMEM
containing 100 mM desferrioxamine. Polysome profiles of cytoplasmic lysates
were generated by sedimentation through a 15 to 40% sucrose gradient followed
by continuous UV absorbance (254 nm) spectroscopy during fraction collection.
The top of the gradient is on the left. Positions of the 40S, 60S, and 80S
ribosomal subunits are marked. The vertical arrow indicates that the sensitivity
of the absorbance monitor was increased by twofold (lanes 10 to 19). RNA was
extracted from each fraction, hybridized with the 59 pSIRE riboprobe, and
digested with RNases. Autoradiography revealed two protected fragments: the
184-nt fragment, which corresponded to pIRE-aG-fos mRNA, and the 125-nt
fragment, which recognized pIREM-aG-fos mRNA.
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mRNA (28, 63) and further revealed an erythroid cell-specific
stability element present in the 39 UTR of a2-globin mRNA
(64). The second possibility is expression of an alternative
translation-independent degradative pathway in stably trans-
fected mouse B6 fibroblasts. Further experimentation using
identical recombinants with different transfection methods in
various cell lines may elucidate these differences.
Although the present study clearly supports a translation-

dependent mechanism of degradation, our results do not ex-
clude the participation of labile cycloheximide-sensitive factors
associated with polyribosomes. One recent study suggested
that GM-CSF ARE-mediated mRNA instability in the baby
hamster kidney cell line tsAF8 requires the translation-depen-
dent assembly of a .20S degradation complex (56). If present
in NIH 3T3 cells, this putative .20S complex would have been
detected by a shift, or a broadening, of at least two fractions of
the IRE transcripts toward denser regions of the gradients.
However, comparison of the sedimentation profiles of pIRE-
aG-fos or pIRE-aG-581 mRNAs and a-globin control tran-
scripts upon their redistribution to polyribosomes revealed
that these profiles could be superimposed. Monitoring the
distribution patterns of parental paG-581 mRNAs and a-glo-
bin transcripts also unveiled identical profiles (31a). The .20S
complex may thus represent a cell-specific factor and/or may be
coupled to polysomes for only a very transient period that is
too brief to be detected using the IRE shuttling system in NIH
3T3 cells. This second possibility is favored by observations
that chimeric b-globin RNAs harboring the GM-CSF ARE
displayed half-lives of more than 150 min in tsAF8 cells (56),
whereas half-lives of similar fusion mRNAs were estimated at
less than 30 min in exponentially growing NIH 3T3 cells (1, 47,
50, 58). Exploiting the IRE shuttling system should help to
unmask the roles of many specific ARE-binding complexes,
which remain elusive.
Although much progress has been made in characterizing

the cis- and trans-acting elements involved in the regulation of
mRNA decay, we are still far from a detailed description of the
pathways that would fully explain how lymphokines and early-
response mRNAs are selectively targeted for rapid degrada-
tion. Our results clearly demonstrate, however, that translation
is essential to ARE-mediated destabilization. In this context,
two mechanisms can be envisaged to explain such a require-
ment. The first would imply a mechanical participation of
translationally active polysomes that would permit the unwind-
ing of mRNA secondary structures or the displacement of
some mRNA binding factors, allowing a subsequent ribonu-
cleolytic attack by AU-rich specific or nonspecific trans-acting
factors. The second model is one in which a component of the
translational apparatus itself is essential to mRNA degradation
mediated by 39AREs. The RNase activity of such a component
could therefore be activated or inhibited by the presence of
AU-rich binding factors (7, 8, 10, 18, 37, 38, 67, 68). Experi-
ments performed with S. cerevisiae showing that the shortening
of poly(A) tails requires the poly(A)-binding protein (53) and
indicating a role for 39 UTR in translational initiation (26, 42,
51) support this model. As one of the first steps involved in
ARE-mediated mRNA decay is the accelerated deadenylation
of the transcripts prior to degradation of the transcribed por-
tion of the message (11, 59, 65), a trans-acting factor(s) similar
to yeast poly(A) ribonuclease involved in poly(A)-binding pro-
tein-dependent shortening of poly(A) tails and translation ini-
tiation (54) and/or an associated factor(s) may be expected to
be found in higher eukaryotes. Further determination of the
site of poly(A) shortening will thus have a major impact on our
understanding of the commitment of an mRNA to degrada-
tion, and future work must establish whether the ARE-medi-

ated deadenylation process is itself a polysome-associated pro-
cess. The IRE shuttling system offers a powerful approach for
investigating the mechanism by which the early poly(A) tail
loss occurs and for studying the many other aspects of mRNA
degradation.
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