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Human globins are encoded by mRNAs exhibiting high stabilities in transcriptionally silenced erythrocyte
progenitors. Unlike a-globin mRNA, whose stability is enhanced by assembly of a specific messenger RNP
(mRNP) a complex on its 3’ untranslated region (UTR), neither the structure(s) nor the mechanism(s) that
effects the high-level stability of human 3-globin mRNA has been identified. The present work describes an
mRNP complex assembling on the 3’ UTR of the 3-globin mRNA that exhibits many of the properties of the
stability-enhancing o complex. The 3-globin mRNP complex is shown to contain one or more factors homol-
ogous to aCP, a 39-kDa RNA-binding protein that is integral to a-complex assembly. Sequence analysis
implicates a specific 14-nucleotide pyrimidine-rich track within its 3' UTR as the site of pB-globin mRNP
assembly. The importance of this track to mRNA stability is subsequently verified in vivo using mice expressing
human (3-globin transgenes that contain informative mutations in this region. In combination, the in vitro and
in vivo analyses indicate that the high stabilities of the - and 3-globin mRNAs are maintained through related
mRNP complexes that may share a common regulatory pathway.

Eukaryotic mRNAs display half-lives (¢, ,,s) that range from
as short as several minutes (74) to as long as several days (1,
52). Although short-lived mRNAs are typically present in low
abundance, their steady-state levels rapidly adjust to reflect
fluctuations in gene transcriptional activity. In contrast, long-
lived mRNAs may accumulate to high levels that are relatively
slow in responding to changes in gene transcription. It is not
surprising that mRNAs encoding cytokines, proto-oncogenes,
and factors that regulate gene transcription, cell growth, and
cell cycling are generally short-lived (6, 49), while mRNAs
encoding structural proteins (e.g., collagens) (24, 41) or highly
abundant functional products (e.g., crystallins and globins) (4,
36, 52, 66) display longer ¢, ,s. Although the stabilities of most
mRNAs are likely to be constitutive, some—including mRNAs
encoding the transferrin receptor (34), histones (5), tubulin
(15), and interleukin-2 (11, 12)—display dynamic stabilities
that vary in response to changing cellular requirements or
environmental conditions (reviewed in reference 49).

The t,,s of individual mRNAs reflect the combined effects
of general and specific determinants of mRNA stability. Two
nearly invariant features of eukaryotic mRNAs—the
m’G(5")ppp(5')N cap (21, 60) and 3’ poly(A) tail (7, 37, 73)—
are believed to provide a basal level of stability to all mRNAs
by preventing their degradation by cytoplasmic exonucleases.
The mRNA-stabilizing properties of the poly(A) tail have been
linked both to its poly(A)-binding protein-binding function (7,
50) and to its capacity to stimulate active translation (46; re-
viewed in references 49 and 57). In addition to these general
determinants, a number of well-defined cis elements appear to
mediate the stabilities of specific mRNAs. These structurally
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diverse elements include linear A+ U-rich (59) and C+U-rich
(72) motifs, as well as an array of stem-and-loop structures (34,
48, 58). mRNA decay rates are modified, either positively or
negatively, by a specific frans-acting factor(s) that targets these
sites. With few exceptions (30, 61, 74), cis elements are posi-
tioned within the 3’ UTR, where their functional interactions
are not subject to steric disruption by actively translating ribo-
somes.

The cis elements required for full a-globin mRNA stability
have been particularly well defined. Early observations that
a-globin mRNASs containing naturally occurring antitermina-
tion mutations failed to accumulate in posttranscriptional re-
ticulocytes, despite their normal levels in transcriptionally ac-
tive erythroid progenitors, led to the hypothesis that one or
more stability-enhancing elements might be positioned within
the a 3" UTR (38). Analyses of a-globin mRNAs containing
informative mutations in both cultured cells (71, 72) and in
animal models (45, 56) confirmed the importance of the 3’
UTR to a-globin mRNA stability. The capacity of this region
to function autonomously was demonstrated in transgenic mice
where the stability of human (-globin (h{-globin) mRNA
nearly doubled when its 3" UTR was replaced by an o 3’ UTR
(56). Crucial mRNA-stabilizing activity was subsequently
mapped to a 3’ UTR region containing a 16-nucleotide (nt)
sequence comprised entirely of cytosine and uridine residues
(termed the « pyrimidine-rich element or PRE) (33, 67). Al-
though site-specific PRE mutations destabilize «-globin
mRNAs expressed in cultured cells (67, 71, 72), their effects on
mRNAs expressed in whole-animal models have never been
established.

The identification of sequences specifying high «-globin
mRNA stability has facilitated a detailed characterization of
the mechanism through which this property is effected. When
incubated in cytoplasmic extracts, « 3’ UTRs assemble a mes-
senger RNP (mRNP) a complex that is characterized by its
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mobility and sensitivity to competition by specific homode-
oxyribopolymers (28, 67). Mutations within the  PRE have
parallel effects on a complex assembly in vitro and on a-globin
mRNA stability in cultured cells, linking the mRNP complex to
its anticipated molecular function (33, 67). The number and
identity of frans-acting factors comprising the complete o com-
plex is still debated (13, 32, 68), although there is general
agreement that a ubiquitous 39-kDa RNA-binding factor,
aCP, is a core participant (31, 33, 42, 67). Using an RNA
titration recruitment assay and density sedimentation analysis,
Chkheidze and colleagues have concluded that the o complex
is a binary structure comprising the « 3" UTR and aCP (13). In
contrast, Kiledjian et al. have identified AUF-1 (75) as a com-
ponent of the « complex using a yeast two-hybrid method (32).
The same group subsequently demonstrated that assembly of a
stable high-order structure comprising «CP and poly(A)-bind-
ing protein preserved a-globin mRNA stability by blocking
access of an erythroid cell-specific endoribonuclease to its tar-
get site within the « PRE (69, 70). Hence, there has been
considerable progress in identifying both the cis- and trans-
acting elements that are crucial to a-globin mRNA stability, as
well as the mechanism through which they function.

Unlike the a-globin mRNA, neither the cis elements nor the
trans factors that specify the high stability of B-globin mRNA
are known. Estimates from theoretical models (3), 3T3 cells
(30), mouse erythroleukemia (MEL) cells (1, 35), cultured
mouse spleen cells and reticulocytes (4), human reticulocytes
(52), and human bone marrow (51) suggest a t,,, for B-globin
mRNA in the range of 16 to 20 h. Although several hundred
naturally occurring mutations are known to affect B-globin
gene expression, few offer clues as to the position of a specific
mRNA stability-enhancing region or its likely mechanism. Sin-
gle-nucleotide conversions affecting pre-mRNA splicing or re-
sulting in premature translational termination can accelerate
B-globin mRNA degradation, but through pathways that are
unlikely to affect a specific mRNA-stabilizing element (re-
viewed in references 8, 20, and 43). Likewise, frameshift mu-
tations in the terminal coding region that permit ribosomes to
read through the proximal one-third of the B 3’ UTR have
relatively little impact on overall 8-globin expression (9, 18, 19,
54), suggesting that crucial stability elements are downstream
of this region. It has also been suggested that 3-globin mRNA
stability might result from spatially distinct but functionally
redundant cis elements (54). Hence, there is a need to define
both the structure and function of specific B-globin mRNA
stability elements.

The present work investigates the structural basis for the
high stability of B-globin mRNA. In vitro conditions are estab-
lished that promote the assembly of a specific B-globin mRNP
complex, whose structural composition and functional proper-
ties are compared to those of the stability-enhancing mRNP «
complex. This analysis indicates that the 8 mRNP complex
contains an aCP-like factor(s) and implicates a 14-nt PRE
within the B-globin 3" UTR where it is likely to act. The
functional importance of this PRE is subsequently verified in
terminally differentiating erythroid progenitors in intact mice
carrying hB-globin transgenes with informative mutations in
this region. Our results indicate that structurally related
mRNPs assemble on PREs within the a- and B-globin 3’ UTRs
and that the 8 PRE is crucial to the high stability of h3-globin
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mRNA. The data also encourage speculation that the stabili-
ties of the ha- and hp-globin mRNAs might be coregulated
through a related mechanism.

MATERIALS AND METHODS

Electrophoretic mobility shift assay (EMSA). (i) Preparation of cytoplasmic
extracts. S-100 extracts were prepared from cultured MEL cells as previously
described (56). Briefly, ~2 x 10° cells in the log phase of growth were washed in
excess phosphate-buffered saline (PBS), pelleted, and lysed in 3.5 ml of buffer A
(10 mM KClI, 1.5 mM MgCl,, 10 mM Tris, pH 7.4, 0.5 mM dithiothreitol [DTT],
200 ng of pepstatin/ml, 200 ng of leupeptin/ml, and 10 ng of aprotinin/ml) by
successive passages through 23- and 25-gauge needles. The crude extract was
clarified at 4°C by a 10-min spin at 2,000 X g (Sorvall RC-5B; DuPont Instru-
ments) followed by vacuum ultracentrifugation for 60 min in an SW51Ti rotor at
32,500 rpm (Beckman, Columbia, Md.). The supernatant was amended with 0.1
volume of glycerol and stored in aliquots at —80°C. A protein yield of ~4 mg/ml
was typical of this method (bicinchoninic acid kit; Pierce, Rockford, IIL.).

(ii) Generation of mRNAs. The construction of a cDNA template for the in
vitro transcription of ha mRNA 3’ UTRs has been previously described (53). A
c¢DNA template for in vitro transcription of hg 3" UTR mRNA was generated by
thermal amplification of the cloned gene (54) by Tag polymerase (New England
BioLabs, Beverly, Mass.) using forward (5" ATACgGATTTAggTeACACTATAg
AACTCgCTCgCTTTCTTgCTgTCC 3') and reverse (5" gCAATgAAAATAAA
TgTTTTTTATTA 3') oligomers under standard reaction conditions. The for-
ward oligomer contains an SP6 promoter (doubly underlined) and its consensus
transcription initiation sequence (singly underlined). Amplified cDNAs were
purified over G50 spin columns (Boehringer Mannheim, Indianapolis, Ind.) (56).
In vitro transcriptions were carried out in the presence of [a-*P]CTP (400
Ci/mmol, 10 mCi/ml; Amersham, Arlington Heights, Il1.) using a Maxiscript SP6
kit under conditions recommended by the manufacturer (Ambion, Austin, Tex.).
An aliquot of each reaction was resolved on a 6% acrylamide-8 M urea gel to
assess probe quality (56). Competitor oligomers (Integrated DNA Technologies,
Coralville, Iowa) were resuspended at 100 nmol/ul.

(iii) EMSA analyses. As described previously (56), reaction mixtures (15 pl)
assembled from 4 wl of S-100 extract and a ~50,000-cpm probe in 1X reaction
buffer (150 mM KCl, 1.5 mM MgCl,, 10 mM Tris, pH 7.4, 0.5 mM DTT, 200 ng
of pepstatin/ml, 200 ng of leupeptin/ml, and 10 pg of aprotinin/ml) were incu-
bated at room temperature for 30 min, supplemented with RNase A (1 pl, 250
wg/ml) and RNase T1 (1 wl, 2,000 U/ml), and incubated for an additional 10 min.
Reactions were resolved on a nondenaturing 6.5% polyacrylamide gel (56).

Generation of transgenic mice. All animal experimentation in this study fully
complied with protocols approved by the Institutional Animal Care and Use
Committee at the University of Pennsylvania School of Medicine. All of the
transgenes utilized in this work derive from a previously described transgene
encoding wild-type human B-globin (hgV") mRNA (27). This pSP72-based
plasmid contains a 6.5 kb micro-locus control region (wWLCR) within an engi-
neered SstI polylinker site (27, 39, 63) and a 4.1-kb Hpal-Xbal fragment of
human genomic DNA encompassing the full-length B-globin gene and its 5’
promoter and 3’ enhancer elements (65) within a unique Clal site. The cloning
strategy preserves the native order and orientation of the wnLCR and hB-globin
fragments. EcoRI-EcoNI fragments of the B-globin gene (encompassing exon 3
coding and 3" UTR sequences and 692 bp of the contiguous 3" flanking region)
that contained the readthrough (BR"), deletion (BPE"Y), or substitution (BSVE)
mutations were ligated into the corresponding site of the BW" transgene. A
fragment containing the BRT mutation was prepared from an EcoRI-EcoNI
digest of the previously constructed pp4f plasmid (54). DNA fragments con-
taining the BPF and BSYE mutations were generated by splice-overlap-extension
PCR (53, 56). To prepare the BPF" fragment, a 166-bp DNA fragment encom-
passing the exon 3 EcoRI site and the desired deletion was generated by PCR
amplification of the B-globin sequence using forward (Fi 5 AACGTGCTGGT
CTGTGTGCT 3') and reverse (Del-R: 5" GTAGTTGGACTTCCTTTAATAG
AAATTGGACAGC 3') oligomers. A second 822-bp DNA fragment encompass-
ing the mutation and the EcoNI site was generated from the B-globin gene using
forward (Del-F: 5" CTATTAAAGGAAGTCCAACTACTAAACTGGGGG 3')
and reverse (R: 5" AGAATGGGACTTCCATTTGG 3') oligomers. Fifty-micro-
liter reactions containing 20 ng of DNA template, 100 nmol of each oligomer,
and 2 mM Mg,SO, were amplified with Vent polymerase as recommended by
the manufacturer (New England BioLabs). A standard amplification program
was utilized (cycle 1, 95°C for 3 min, 58°C for 15 s, and 73°C for 45 s; cycles 2 to
30, 92°C for 1 min, 58°C for 15 s, and 73°C for 45 s; and cycle 31, 73°C for 45 s).
Aliquots of each of the initial reactions were combined and reamplified using the
two flanking oligomers (F and R) but with the extension time prolonged to 60 s.
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The 980-bp product was digested with EcoRI and EcoNI and was ligated into the
cognate site of the BWT transgene plasmid. The BSUE transgene was generated
using a similar protocol but with two different internal oligomers (Sub-F, 5’
GAAAAGAAGGAAAgAAGTCCAACTACTAAACTGGGGG 3'; Sub-R, 5’
CTTTCCTTCTTTTCCCTTTAATAGAAATTGGACAGC 3'). The fidelity of
the method was verified by sequencing through the coding, 3" UTR, and prox-
imal 3’ flanking region. Each transgene was subsequently released as a 10.6-kb
Sall-EcoRV fragment, purified, and provided to the Transgenic and Chimeric
Mouse Facility at the University of Pennsylvania for pronuclear injection (27, 45,
56). Positive founders identified by sequential dot blot and Southern analysis
were used to generate F; mice with germ line transgene integration (27, 45, 56).
Five independent BV lines have been previously described (27). Although 12
BRT founders were generated by multiple pronuclear injections performed over
the course of more than a year, only a single line could be established that
expressed the BRT mRNA (see Results). Three and two independent BPF! and
BSYB lines, respectively, were generated.

Recovery and purification of mouse mRNA. (i) Preparation of animals. Sex-
ually mature male and female mice were pretreated with three intraperitoneal
doses of acetyl-2-phenylhydrazine (40 pg/g of body weight; Sigma) on days 0.0,
0.5, and 1.0 and were subsequently sacrificed on day 4.5. Bone marrow and blood
were separately collected in PBS-heparin (20 U/ml) as previously described (39,
45, 56).

(ii) RNA purification. Tissues were lysed in a 5 M guanidine isothiocyanate
solution (50 mM Tris [pH 7.4], 10 mM EDTA, 700 mM B-mercaptoethanol, and
1% sarcosyl) and were centrifuged through a 5.7 M CsCl cushion at 42,000 rpm
for 16 h in a TL-55 rotor (Beckman). RNAs were resuspended in 10 mM Tris, pH
7.4, 1 mM EDTA, and 1% sodium dodecyl sulfate, extracted twice with phenol-
chloroform-isoamyl alcohol, and precipitated. The concentration of the resus-
pended mRNAs was established spectrophotometrically by densitometry at a
wavelength of 260 nm (39, 45, 56).

RNase protection assay (RPA). (i) Generation of antisense probes. A previ-
ously constructed cDNA template containing a contiguous region of intron 1 and
exon 2 from the mouse a-globin (ma-globin) gene (39) encodes a 235-nt anti-
sense RNA that protects a 179-nt fragment of the fully processed ma-globin
mRNA. A ¢cDNA template encoding an antisense hB-globin mRNA probe was
generated from a cDNA fragment containing contiguous regions of intron 1 and
exon 2 using forward (5° GATCCCCGGGTACCCTGATAGGCACTGACTC
TCT 3') and reverse (5" TTGCATGCCTGCAGCAGCTTGTCACAGTGCA
GCT 3') oligomers in a standard thermal amplification reaction. The 261-bp
PstI-Kpnl fragment of the PCR-amplified product was inserted into the cognate
polylinker site of pSP72, and the sequence was confirmed by automated sequenc-
ing. DNAs linearized with EcoRI were transcribed in vitro using SP6 polymerase
to generate a 287-nt probe protecting a 199-nt fragment of hB exon 2. 3?P-labeled
ma- and hB-globin probes were transcribed in vitro as described above.

(ii) RPA method. Purified bone marrow (~1,500 ng) and peripheral blood
(~100 ng) RNAs were desiccated and resuspended in 20 ul of Berk buffer {80%
formamide, 40 mM PIPES [piperazine-N,N’'-bis(2-ethane sulfonic acid)] [pH
6.4], 400 mM NaCl, and 1 mM EDTA} supplemented with h and ma probes,
heat denatured for 10 min at 80°C, and incubated overnight at 52°C. The samples
were digested at room temperature for 25 min in 200 pl of buffer (10 mM Tris
[pH 7.5], 300 mM NaCl, 5 mM EDTA, 20 mg of RNase A/ml, and 1 mg of RNase
T1/ml), and the reaction terminated by addition of 17 pl of stop solution (8%
sodium dodecyl sulfate and 2 mg of proteinase K/ml) and incubating at 37°C for
an additional 20 min. The samples were extracted with phenol-chloroform-
isoamyl alcohol, precipitated with ethyl alcohol, resolved on a denaturing poly-
acrylamide-urea gel, and quantitated by PhosphorImager analysis (Molecular
Dynamics). RNA stability is defined as [(hB)/(ma)]pg/[(hB)/(ma)]gy, Where PB
and BM indicate peripheral blood and bone marrow, respectively.

Northwestern analysis. EMSA reaction mixtures were resolved on nondena-
turing polyacrylamide gels as described above and were then transferred at 4°C
to a nitrocellulose membrane (Schleicher & Schuell, Keene, N.H.) in transfer
buffer (25 mM Tris [pH 7.4], 190 mM glycine, and 20% methanol) at 30 V using
a Hoefer Transphor Tank apparatus (Amersham Pharmacia Biotech, San Fran-
cisco, Calif.). Membranes were rinsed in PBS and then gently shaken for 2 h at
room temperature in Northwestern buffer (10 mM Tris [pH 7.4], 50 mM NaCl,
1 mM EDTA, and 1X Denhardt’s solution) augmented with 1 mM DTT. Mem-
branes were subsequently incubated for 2 h at room temperature in Northwest-
ern buffer augmented with 5 g of heparin/ml, 10 pg of tRNA/ml, and ~20,000
cpm of *?P-labeled RNA probe/ml and were then washed in Northwestern buffer
and exposed to autoradiography. Reactions containing no >?P-labeled RNA were
run in parallel as controls.

Supershift assay. EMSA reactions supplemented with 1 pl of affinity-purified
rabbit antiserum recognizing two independent aCP isoforms (aCP-1 and -2; kind
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FIG. 1. ha- and hB-globin mRNA 3’ UTRs assemble comigrating
mRNP complexes in vitro. An EMSA was performed by incubating
32P-labeled « and B 3' UTR probes in MEL cell cytoplasmic (S-100)
extract and resolving the RNase-resistant mRNP products on a non-
denaturing 6.5% polyacrylamide gel. Extract-free reactions assembled
in the absence (lanes 1 and 4) or presence (lanes 2 and 5) of added
RNase were run in parallel as controls. The composition of each
reaction is indicated at the top of the autoradiograph, and the migra-
tion of the mRNP complexes is shown on the left.

gift of S. Liebhaber [13]) were resolved on nondenaturing polyacrylamide gels as
described above. Reactions incubated in the absence of antiserum, either with or
without homodeoxyribopoly(C) as competitor, were run in parallel as controls.

RESULTS

The B-globin 3" UTR assembles an mRNP complex that
comigrates with the authentic & complex. Although the long
t,,, of B-globin mRNA (1, 35, 40, 51, 52), as well as its close
phylogenetic relationship to a-globin mRNA (22, 23), sug-
gested the possibility that the B-globin 3" UTR might contain
a conserved a-like PRE, a direct structural comparison failed
to reveal any significant sequence homologies (not shown).
Consequently, an alternate approach was employed to directly
determine whether the B 3" UTR could assemble an mRNP
complex with attributes similar to those of the stability-enhanc-
ing o complex (67). Specifically, these characteristics include
similar migration on a nondenaturing polyacrylamide gel (28),
a high sensitivity to competition by homodeoxyribopoly(C) but
not by other homodeoxyribopolymers (28, 67), and a sensitivity
to competition by PREs from other mRNAs (28). RNA
EMSAs indicate that the migration of in vitro-transcribed *P-
labeled B 3" UTRs is substantially retarded when they are
preincubated in cytoplasmic extract prepared from MEL cells
(Fig. 1, lanes 4 and 6). In contrast, **P-labeled B 3' UTRs
incubated with proteinase K-treated extracts migrate normally
(data not shown). These results indicate that the B 3" UTR
assembles with frans-acting factors into an mRNP complex that
we have termed the B complex. Importantly, the o and B
complexes comigrate on nondenaturing polyacrylamide gels
(Fig. 1, lanes 3 and 6). Identical mRNP complexes readily
assemble on heat-denatured **P-labeled « or B 3" UTRs, sug-
gesting that the participating cis elements are thermodynami-
cally stable and kinetically accessible (data not shown). In
contrast to the o complex, the B complex appears to be rela-
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FIG. 2. Assembly of a- and B-globin mRNP complexes is inhibited
by homodeoxyribopoly(C) but not by other homodeoxyribopolymers.
EMSA reactions were performed on *?P-labeled o and B 3" UTRs
supplemented with 100 pg of unlabeled competitor homodeoxyri-
bopolymer (dC, dA, dG, and dT). Control lanes demonstrate migra-
tion of RNase-undigested 3’ UTRs (lanes 1 and 8) and RNase-di-
gested 3’ UTRs (lanes 2 and 9) in extract-free reactions. The
components of each reaction are indicated at the top of the autora-
diograph, and the positions of the « and B mRNP complexes are shown
on the left.

1 2 3

tively intolerant of variations in buffer pH and salt concentra-
tion, possibly reflecting differences in the affinities of shared
trans-acting factors for structurally dissimilar « and { cis ele-
ments (data not shown).

The o and 3 complexes display similar competition profiles.
To further establish its similarity to the a complex, the effi-
ciency of B complex assembly was tested in the presence of
specific homodeoxyribopolymers (Fig. 2). The B complex is
efficiently competed by unlabeled homodeoxyribopoly(C) but

[32P]Probe a-3'UTR
RNase — + + + + + + + +
S100 — — + + + + + + +
Cold CompetitorT aAJ'UTE B-S'UTE
(ng) 01 101001 10100
mRNP
Complex[ -

1234567829
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not by homodeoxyribopoly(A) or -(G) (Fig. 2, lanes 10 to 13).
This competition pattern reproduces the effect of these poly-
mers on a complex assembly (Fig. 2, lanes 3 to 6) (67). In
contrast to the a complex, B complex assembly appears to be
modestly sensitive to competition by homodeoxyribopoly(T)
(Fig. 2, compare lanes 7 and 14), a characteristic that might
predict a high uridine content for the B cis element.

The o and 3 mRNP complexes cross-compete for labeled
mRNAs. The structural identity of the « and B complexes was
further tested using standard cross-competition experiments.
32P-labeled o 3' UTRs were incubated with cytoplasmic S-100
extracts in the presence of known quantities of unlabeled a- or
B-globin 3’ UTRs (Fig. 3A, lanes 4 to 6 and 7 to 9, respective-
ly). For completeness, the converse experiment—competing
32P.labeled B 3’ UTRs with unlabeled « and B 3’ UTRs—was
also performed (Fig. 3B). In both cases, the >*P-labeled probes
were efficiently competed by increasing levels of either of the
two unlabeled competitor RNAs. The outcome of the experi-
ment was not affected by the order in which the cytoplasmic
extract, >?P-labeled 3’ UTRs, or unlabeled competitor 3’
UTRs were added to the reaction (data not shown). Confirm-
ing experiments indicated that the o 3" UTRs might be mar-
ginally better competitors than the g 3’ UTRs, consistent with
the hypothesis that trans-acting components bind to the two 3’
UTRs with different affinities. Nevertheless, the observation
that the o and B 3’ UTRs assemble identically migrating,
cross-competing mRNP complexes that are effectively com-
peted by homodeoxyribopoly(C) suggests that the B complex
shares structural characteristics, and possibly functional prop-
erties, with the stability-enhancing o complex.

Fully assembled o and 3 mRNP complexes efficiently bind
both a and B 3’ UTRs. An independent method, Northwestern
analysis, was used to confirm the structural similarities between
the o and B complexes suggested by the preceding experi-
ments. Unlabeled o and B complexes were resolved in tripli-
cate on the same gel and transferred to nitrocellulose, and the

[32P]Probe -3 UTR
RNase — + + + + + + + +
S-100 — — + + + + + + +

Cold Competitor_[: &S'UTE u_srUTH

(ng) 01 101001 10100

mRNP
Cnmplex[

1234567829

FIG. 3. Binding specificity of trans-acting factors for « and B 3" UTRs. EMSA analyses were performed using in vitro-transcribed **P-labeled
a-globin 3" UTRs (A) and B-globin 3" UTRs (B) incubated in MEL cell S-100 extract. Reactions were supplemented with defined quantities of
unlabeled a- or B-mRNA 3" UTR competitor. The composition of each reaction mixture is indicated above the autoradiograph, and the positions

of the o and B complexes are shown on the left.
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FIG. 4. Fully assembled o and B complexes exchange a- and B-glo-
bin 3" UTRs. In vitro-transcribed o- and B-globin 3" UTRs were
incubated in MEL cell S-100 extract and then resolved on a single
polyacrylamide gel. (Left) A reaction utilizing **P-labeled « 3" UTR
indicates the migration of the o complex (lane 3). Undigested and fully
digested probes, as well as a homodeoxyribopoly(C)-competed reac-
tion, were included as controls (lanes 1, 2, and 4). The composition of
each reaction is indicated above the autoradiograph, and the position
of the a complex is shown on the left. (Right) On the same gel,
reactions utilizing « 3’ UTRs (lanes 6, 9, and 12) and 8 3' UTRs (lanes
7, 10, and 13) were resolved in triplicate. Control lanes 5, 8, and 11
contained S-100 extract alone. The complexes were transferred to a
nylon membrane and were subsequently probed with either **P-la-
beled a 3" UTR, **P-labeled B 3' UTR, or an unrelated [*’PJmRNA
control (indicated at bottom), and autoradiographs were exposed. The
composition of each reaction is indicated above the autoradiograph. A
double-headed arrow emphasizes comigration of the a complex and
the membrane-bound mRNP complexes that exchange **P-labeled «
and B 3" UTRs.

renatured protein complexes were probed with *?P-labeled « or B
3" UTRs (Fig. 4). On the same gel a **P-labeled o complex was
resolved as a migration marker (Fig. 4, lane 3). **P-labeled « and
B 3" UTR probes were observed to bind to lanes containing
(unlabeled) o and B complexes at positions corresponding to the
control a complex (Fig. 4, compare lane 3 to lanes 6, 7, 9, and 10).
Control lanes containing cytoplasmic extract alone (Fig. 4, lanes 5
and 8) bound the **P-labeled 3’ UTR probes at a similar position
but with severalfold-lower efficiency, suggesting that mRNP com-
plexes, believed to be assembled on murine globin mRNAs, per-
sist at low levels within the S-100 extract. A control blot probed
with a **P-labeled RNA corresponding to the pSP72 polylinker
sequence did not display the mRNP complex band (Fig. 4, lanes
11 to 13). These results indicate a high relative specificity of the «
and B complexes for both the o and B 3" UTRs and support the
hypothesis that the two mRNP complexes are structurally related.

Antibodies to aaCP recognize elements of the 3 complex. To
directly assess whether elements of the a and B complexes
were structurally related, supershift analysis of the B complex
was carried out using two independently generated rabbit an-
tisera recognizing the core component of the a complex. Af-
finity-purified antiserum against two different o CP isoforms
(aCP-1 and aCP-2) were utilized, as both isoforms are known
to participate in the mRNP « complex (13, 42). Reactions
utilizing the antiserum, both alone and in combination, dis-
played a reduction in the intensity of the B complex and the
reciprocal appearance of a more slowly migrating band (Fig.
5). It is likely that the new band comprises antibody-bound
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FIG. 5. Anti-«CP antibodies bind the mRNP B complex. **P-la-
beled B 3’ UTR was incubated in MEL cell S-100 extract in the
absence (lanes 1 and 2) or presence (lanes 3 to 5) of anti-aCP anti-
bodies, and the reactions were resolved on a nondenaturing polyacryl-
amide gel. FF1 and FF3 denote rabbit antisera raised against aCP-1
and oCP-2 isoforms, respectively. The reaction shown in lane 2 was
supplemented with homodeoxyribopoly(C) to verify the position of the
8 complex. The composition of each reaction is indicated at the top of
the gel, and the positions of the native and supershifted f complexes
are given on the left.

complex, although we cannot rule out the possibility that it
represents a secondary mRNP complex that assembles as a
result of antibody sequestration of aCP. Both possibilities di-
rectly implicate «CP or an o CP-like factor as a participant in
both the a and B complexes and suggest a structural basis for
the functional similarities that they exhibit.

PREs are present in the 3’ UTR of hB-globin mRNA. In light
of the above observations, the B-globin 3’ UTR was reexam-
ined to identify pyrimidine-rich tracks containing any combi-
nation of cytosine and/or uridine residues (Fig. 6). Although
the C+U content of the o and B 3" UTRs is similar (62 and
58%, respectively), nearly half of the 76 pyrimidines within the
B 3" UTR are clustered into three tracks that we have desig-
nated B PRE-1, -2, and -3. Of these three elements, we hy-
pothesized that the longest, B PRE-2, was likeliest to play a
functional role in B-globin mRNA stability. In contrast to the
a PRE, B PRE-2 has a higher proportion of uridine residues
(57 versus 31%) (28) and is interrupted by a single-nucleotide
purine G. These features are consistent with the heterogeneity
in both overall length and cytosine/uridine ratio that charac-

géégcUcGcﬁuuchGCUGGCCAAUUUCUA
UUAAAGGUUCCUUUGUUCCCUAAGUCCAAG
UACUAAACUGGGGGAUAUUAUGAAGGGCCU
UGAGCAUCUGGAUUCUGCCUAAUAAAAAAC

3 .
AUUUAUUUUUCAUUGC

FIG. 6. The B-globin 3’ UTR contains three extended PREs. The
B-globin 3" UTR is displayed with the native UAA termination codon
and AAUAAA polyadenylation signal doubly underlined. B-Globin
mRNAs carrying naturally occurring +2 frameshift antitermination
mutations terminate translation at an in-frame UAA 10 codons into
the 3" UTR (underlined; see text). Pyrimidine-rich tracks designated 8
PRE-1, -2, and -3 are boldfaced and labeled.
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FIG. 7. Construction of transgenes encoding V' and X" B-globin
mRNAs. (A) Transgene structures. The % and BR7 transgenes com-
prise the full-length hB-globin gene, including native promoter (P) and
3’ enhancer (E) elements, linked in their native orientation to a 8
wLCR (LCR) (63). The two transgenes are identical except for two
tandem mutations (asterisks) in exon 3 of the B®" transgene (54). Tick
marks indicate the positions of the native translation initiation and
termination codons. (B) Structures of BV¥" and BRT mRNAs. The
5'-cap (@), poly(A) tail (A,), and native translation initiation and
termination codons (tick marks) are indicated. Asterisks denote the
positions of tandem mutations in the B®" mRNA. The region of each
mRNA that is actively translated is indicated by an arrow.

terize PREs assembling o complexes on « globin (67), tyrosine
hydroxylase (16), 15-lipoxygenase (47), and a1(I)-collagen (62)
mRNAs. B-Globin genes containing antitermination frame-
shift mutations permitting ribosomes to read through p PRE-1
to a UAA termination codon 10 codons into the 3" UTR are
expressed at normal or near-normal levels (9, 18, 19, 54),
suggesting that the structural integrity of B PRE-1 is not re-
quired for high B-globin mRNA stability. Likewise, 3 PRE-3 is
a less attractive candidate than B PRE-2 as a stabilizing cis
element because of its short length (10 nt), cytosine deficiency
(a single residue), and positioning 3’ to the AAUAAA poly-
adenylation hexanucleotide. These structural considerations
predicted that  PRE-2 would be the likeliest of the three
C+U-rich tracks to effect high B-globin mRNA stability.
Generation of mice containing hf3-globin transgenes with
antitermination mutations. The preceding structural consider-
ations predicted that the B-globin 3" UTR, and specifically 3
PRE-2, might play a functional role in B-globin mRNA stabil-
ity. To investigate this possibility, we generated a series of
transgenic mouse lines that expressed hB-globin mRNAs con-
taining informative site-specific mutations. Previous work us-
ing transiently transfected MEL cells demonstrated that full-
length hB-globin mRNAs can be destabilized by a pair of
site-specific mutations (Fig. 7A) (54). We generated transgenic
mice containing this BT gene (Fig. 7A) linked in its native
orientation to a B pLCR (27, 63). Only a single transgenic line
expressing the BT mRNA could be established from 12 R
founders, despite repeated pronuclear injections using inde-
pendently prepared DNAs, reflecting the possible toxicity of
extended hB-globin chains to mouse erythroid progenitors (re-
viewed in reference 64). The tandem mutations permit ribo-
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FIG. 8. Translation antitermination mutations reduce the stability
of hp-globin mRNA in intact erythroid cells. (A) Representative two-
probe RPA. RNA prepared from bone marrow progenitors (B) and
peripheral blood reticulocytes (P) obtained from representative mice
containing the W' transgene (lanes 3 and 4) or the BR" transgene
(lanes 5 and 6) was analyzed using **P-labeled probes complementary
to hB-globin (hB) and ma-globin (ma) mRNAs. The migration of the
protected ma and hf probe fragments is indicated by control reactions
utilizing either of the probes alone (lanes 1 and 2). The composition of
each reaction and the migration of the protected fragments are shown
above and to the left of the autoradiograph, respectively. Control lanes
indicating functional probe excess, performed for every experiment,
were cropped from the figure to maintain clarity. (B) Stabilities of W7
and BRT mRNAs in multiple transgenic lines. The average stabilities of
BWT and BRT mRNAs in each of five and one independent line,
respectively, are plotted (@). For each line, a minimum of two mice
were studied on at least two separate occasions using the two-probe
(hp and ma) RPA. The stability of each mRNA, averaged across all
lines, is indicated as a bar; the stability of ma-globin mRNA, defined
as 1.0, is denoted by a dashed line.

somes to read 36 codons past the native UAA into the 3" UTR
where they sterically disrupt functional high-order mRNA
structures and mRNP interactions (Fig. 7B). In addition to the
BRT transgenics, five independent B™' transgenic lines were
generated from the cloned hB-globin gene for use as controls
(27) (Fig. 7A). Where possible, age- and sex-matched mice
were used for all subsequent studies.

An antitermination mutation destabilizes h3-globin mRNA.
The stabilities of the YT and BRT mRNAs were assessed
using a previously described method designed specifically for
this purpose (38, 45, 56). The assay tests the decline in trans-
genic mRNA levels, relative to the levels of endogenous ma-
globin mRNA, in the transcriptionally silent interval between
the marrow and peripheral reticulocyte stages of terminal ery-
throid differentiation. One advantage of this method is that it
does not require the use of global transcriptional inhibitors,
such as actinomycin D or 5,6-dichloro-1-B-p-ribofuranosylben-
zimidazole (DRB), that may produce anomalous results (26)
and can paradoxically stabilize some mRNAs (61).

The levels of B™T and B®T mRNAs in paired marrow and
reticulocyte samples were determined by an RPA in which
32P-labeled antisense hf and ma probes protected defined
fragments of the transgenic hp- and endogenous ma-globin
mRNAs. Two or more mice from each independent transgenic
line were each analyzed at least twice using this method. A
representative two-probe RPA demonstrates that the stability
of BT mRNA is nearly threefold greater than that of the &7
mRNA (Fig. 8A; for each mouse compare any change in the
level of h mRNA between the marrow and reticulocyte sam-
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FIG. 9. B-Globin mRNAs containing deletion or replacement of
PRE-2 are destabilized in vivo. (A) Structures of wild-type and variant
B-globin mRNA 3’ UTRs. Transgenes encoding variant {-globin
mRNAs were constructed from the BV transgene by exchanging B
PRE-2 for an equal-length purine-rich sequence (%Y%) or deleting it
in its entirety (3°"). The relevant segments of the V7', BPFL and
BSUB 3" UTRs have been aligned for comparison. The § wLCR (LCR),
promoter (P), and 3" enhancer elements (E) are indicated. (B) Rela-
tive stabilities of BV, BSUE, and BPF- mRNAs in representative trans-
genic mice. RNAs recovered from bone marrow (B) and peripheral
blood (P) erythroid cells from mice containing the BV, BSYB, and
BPEL transgenes were analyzed by two-probe RPA. The positions of
the protected [**P]-labeled ma and h@ RNA fragments are indicated
on the left. (C) Stabilities of BSU® and BP*" mRNAs in multiple
transgenic lines. The average stabilities of B5Y® and BPEX mRNAs in
each of two and three independent transgenic lines, respectively, are
plotted (@). For each line, a minimum of two mice was studied on at
least two separate occasions using two-probe (hf and ma) RPA. The
stability of each mRNA, averaged across all lines, is indicated as a bar;
the stability of ma-globin mRNA, defined as 1.0, is denoted by a
dashed line. A bar indicating the average stability of transgenic human
B™T mRNA is reproduced from Fig. 8 for comparison.

ples to the change in ma mRNA levels between these two
tissues). Analyses of mice from all transgenic lines indicate that
the average stability of T mRNA was reduced nearly three-
fold by the introduction of the tandem readthrough mutations
(Fig. 8B). This result confirms in a whole-animal model the
destabilizing effect of readthrough mutations on B-globin
mRNA initially established in transiently transfected MEL
cells (54), thus indicating the existence of a stability determi-
nant in the B-globin 3" UTR.

B-Globin mRNA is destabilized by replacement or deletion
of B PRE-2. The in vivo effects of antitermination mutations
(indicating the importance of the 3" UTR to B-globin mRNA
stability), the in vitro EMSA analyses (demonstrating func-
tional similarity between the mRNP B complex and the stabil-
ity-enhancing o complex), and results from supershift experi-
ments (indicating participation of «CP in both the o and B
complexes) each suggested an important role for B PRE-2 in
effecting the high stability of B-globin mRNA. To test the
functional properties of this region, we constructed B-globin
transgenes in which B PRE-2 was replaced by an equal-length
polypurine sequence (B3Y®) or deleted in its entirety (BPF")
(Fig. 9A). Independent mouse lines were generated that con-
tained the BSY® (two lines) or BP"" transgenes (three lines),
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and the presence of the relevant mutation was confirmed by
sequencing the appropriate reverse transcriptase PCR product
from reticulocyte mRNA (data not shown). The stabilities of
the B5Y® and BPF- mRNAs were tested in duplicate in at least
two mice from each independent line using the two-probe
RPA described above. A typical autoradiograph indicates a
reduction in the stability of the BT mRNA when 8 PRE-2 was
either replaced or deleted (Fig. 9B). Data from each of the five
independent lines demonstrate that either replacement or de-
letion of B PRE-2 results in a twofold reduction in B-globin
mRNA stability (Fig. 9C). These data indicate the functional
importance of f PRE-2 to normal B-globin mRNA stability in
terminally differentiating erythroid progenitors.

DISCUSSION

The normal expression of human globins is crucially depen-
dent upon the high stability of their encoding mRNAs. Over a
period lasting at least 4 days, erythroid progenitor cells in the
marrow cease transcription, extrude their nuclei, and migrate
into the peripheral circulation as RNA-rich reticulocytes. With
their long ¢, ,,s, globin mRNAs survive at high levels in these
cells and continue to translate substantial quantities of their
cognate globin proteins. Consequently, small changes in globin
mRNA stabilities can disproportionately impact the levels of
their encoded protein products. Studies of fos-B-globin chime-
ras (30) and informative B-globin mRNA variants (54) suggest
that 3" UTR determinants may be crucial to normal B-globin
mRNA stability. This arrangement would be consistent with
the observation that stability-determining elements are com-
monly positioned in that region, including one that dictates the
stability of ha-globin mRNA. The present report confirms that
the B-globin 3" UTR harbors at least one such stability element
that maps to a 14-nt PRE. The data also directly demonstrate
in a whole-animal model system that site-specific PRE muta-
tions can destabilize globin mRNAs. The structural similarities
of the mRNP complexes effecting their long #,,s suggest that
the stabilities of the a- and B-globin mRNAs may be coregu-
lated.

At least three factors have impeded previous attempts to
identify specific stability-defining regions of B-globin mRNA.
First, unlike a-globin mRNA (14, 17, 25, 44), naturally occur-
ring mutations that destabilize B-globin mRNA by disrupting
the function of a specific mRNA stability element are not
known to exist. Although B-globin genes have been described
that contain single-nucleotide substitutions or small deletions
within their 3" UTRs, these mutations do not appear to affect
globin mRNA stability (2, 10, 29; data not shown). B-Globin
genes containing frameshift antitermination mutations (per-
mitting ribosomes to read through the initial third of the 3’
UTR) are expressed at near-normal levels (9, 18, 19), suggest-
ing that mRNA stability-defining determinants are positioned
further downstream. B-Globin mRNAs containing engineered
mutations that permit ribosomes to read further into the 3’
UTR are destabilized both in cultured MEL cells (54), as well
as in situ in whole-animal models (Fig. 7 and 8). Replacement
or deletion of B PRE-2 within this downstream region reduces
B-globin mRNA stability by half (Fig. 9), implicating this ele-
ment as crucial for normal B-globin mRNA stability. Hence,
the importance of the 3’ UTR, as well as specific internal
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regions, can be demonstrated in mice containing artificial
readthrough mutations.

The structural dissimilarity between the o« and B 3" UTRs is
a second factor that has misdirected efforts to identify a B-glo-
bin mRNA stability element. The expectation that the stabili-
ties of the two mRNAs were similarly regulated was inconsis-
tent with the fact that the 8 3" UTR did not contain a cytosine-
rich PRE homologous to the a PRE. It has recently been
recognized that o complexes can assemble on PREs sharing
minimal homology (16, 47, 62, 67), suggesting that pyrimidine
content, and not the cytosine-to-uridine ratio per se, might
define functionally important stability determinants. Using this
criteria we identified three candidate 3 PREs that were 10, 14,
and 10 nt in length (Fig. 6). The largest, § PRE-2, displays a
higher uridine content than the a PRE, possibly explaining
both the modest susceptibility of the B complex to competition
by poly(T) as well as its sensitivity to small changes in buffer
pH and salt concentrations (Fig. 2 and data not shown). This
possibility is consistent with previous demonstrations that the
efficiency of mRNP complex assembly can be significantly al-
tered by single-nucleotide changes within the o PRE (28, 56).
We suggest that the observed heterogeneity in functional
PREs may permit distinct RNAs to exhibit different ¢, ,s while
coordinating their relative levels of expression through a com-
mon regulatory pathway. Such a mechanism would account for
the nearly fourfold difference in the #,,,s of the homologous B-
and d-globin mRNAs (51) and might possibly play a role in
balancing the expression of a- and B-globin proteins both in
normal and in thalassemic erythroid cells.

Finally, previously stated conclusions that the stabilities of
the a- and B-globin mRNAs are independently regulated ref-
erence unsuccessful attempts to identify candidate mRNP
complexes on the B-globin 3" UTR (55, 67). In contrast, we
readily assembled mRNP complexes on the B-globin 3" UTR
that were nearly indistinguishable from the authentic o com-
plex, with the exception that assembly of the B complex ap-
peared to be more sensitive to competition by homodeoxyri-
bopoly(T) (Fig. 1 to 4). Our success in assembling 3 complexes
may reflect unintended but fortuitous variations in the buffer
pH or salt concentrations utilized, which we have noted to be
crucial determinants of in vitro -globin mRNP assembly. In
addition, we (and others) have noted that the quality of S-100
extracts may vary among independent preparations, affecting
the efficiency of mRNP assembly for reasons that remain un-
clear (data not shown). Each of these possibilities emphasizes
the importance of confirming EMSA findings (Fig. 1 to 5) with
alternate, preferably functional, analyses (Fig. 7 to 9).

The functional similarities between the a and B complexes
(Fig. 1 to 4) predicted that the two mRNPs might share specific
structural features. Antibodies raised against aCP, a critical
component of the o complex, bind to  complex epitopes,
indicating that an aCP-like factor, perhaps even aCP itself,
participates in both the mRNP « and 8 complexes (Fig. 5). The
expanding number of mRNAs that support assembly of «aCP-
containing mRNPs suggests that these factors may coordinate
the expression of multiple genes that are active during the
terminal stages of erythroid cell differentiation. The likelihood
that the a- and B-globin genes are posttranscriptionally co-
regulated may also have important implications relating to the
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pathophysiology of thalassemias characterized by imbalance in
the levels of the a- and B-globin mRNAs.

The data in this report do not rule out the possibility that
additional stability elements may exist elsewhere within the
B-globin mRNA. B-Globin mRNAs containing tandem
readthrough mutations (Fig. 8) appear to be less stable than
mRNAs with deletion or purine replacement of 8 PRE-2 (Fig.
9). This observation suggests that the function of additional
(unrecognized) 3" UTR stability elements located outside the
B PRE-2 may be compromised by undiscriminating read-
through ribosomes. The hypothesis that multiple regions con-
tribute to mRNA stability could be tested by combinatorial
mutations of one, two, or all three B PREs, although the
extensive sequence alterations required for this approach
might nonspecifically affect B-globin mRNA stability. The
manner in which multiple elements might interact to maintain
the high stability of human B-globin mRNAs during terminal
differentiation would benefit from fine mapping studies of the
B 3" UTR, focusing initially on the B PRE-2 element identified
in the present work.
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