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Considerable evidence suggests that the metabolism of lymphokine mRNAs can be selectively regulated
within the cytoplasm. However, little is known about the mechanism(s) that cells use to discriminate
lymphokine mRNAs from other mRNAs within the cytoplasm. In this study we report a sequence-specific
cytoplasmic factor (AU-B) that binds specifically to AUUUA multimers present in the 3’ untranslated region of
lymphokine mRNAs. AU-B does not bind to monomeric AUUUA metifs nor to other AU-rich sequences present
in the 3’ untranslated region of c-myc mRNA. AU-B RNA-binding activity is not present in quiescent T cells
but is rapidly induced by stimulation of the T-cell receptor/CD3 complex. Induction of AU-B RNA-binding
activity requires new RNA and protein synthesis. Stabilization of lymphokine mRNA induced by costimulation
with phorbol myristate acetate correlates inversely with binding by AU-B. Together, these data suggest that
AU-B is a cytoplasmic regulator of lymphokine mRNA metabolism.

Although the primary control of eukaryotic gene expres-
sion occurs at the transcriptional level, it has become clear
that posttranscriptional mechanisms also play important
roles in gene regulation. For instance, the efficiency of
nuclear RNA splicing and processing has been suggested to
play a regulatory role in the expression of some genes (21).
Within the cytoplasm, selective mRNA compartmentaliza-
tion (30), translation (4, 6, 15), and degradation (3, 12, 19, 20,
27) can each influence the final level of gene expression. In
order for gene expression to be regulated selectively at any
level, the cell must have a means to discriminate between
genes or their products. For example, selective gene expres-
sion is regulated at the transcriptional level in part by
interactions between sequence-specific nuclear DN A-bind-
ing proteins (transcription factors) and sequence motifs
within promoter/enhancer regions (for a review, see refer-
ence 18). This study was undertaken to determine whether
similar sequence-specific cytoplasmic RNA-binding factors
are involved in regulating cytoplasmic mRNA metabolism.

Transcripts from many transiently expressed genes, in-
cluding lymphokine genes and the proto-oncogenes c-myc
and c-fos, contain AU-rich sequences in their 3’ untranslated
regions (UTRs) and are rapidly degraded in the cytoplasm (5,
16, 22-24). Several studies have demonstrated that the
presence of AU-rich sequences in the 3’ UTRs of a variety of
eukaryotic mRN As correlates with rapid mRN A degradation
(for a review, see reference 8). Deletion of AU-rich se-
quences from the c-fos (31) or c-myc (10) 3’ UTR confers
stability upon transcripts produced from transfected con-
structs. Furthermore, introduction of a 51-nucleotide AU-
rich sequence from the granulocyte-macrophage colony-
stimulating factor (GM-CSF) 3’ UTR into the 3’ UTR of the
rabbit B-globin gene confers instability upon the otherwise
stable B-globin mRNA (23). Thus AU-rich sequences
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present in the 3' UTRs of certain mRNAs may function as
destabilizing elements that target these mRNAs for rapid
cytoplasmic degradation.

Although 3’ AU-rich sequences may function as destabi-
lizing elements in lymphokine as well as proto-oncogene
transcripts, there is evidence that cells can differentially
regulate the stability of lymphokine and proto-oncogene
transcripts. Degradation of a number of lymphokine mRNAs
was shown to be regulated differentially from c-myc mRNA
in human T cells (16). Furthermore, Schuler and Cole (22)
described a monocytic cell line that displayed specific cyto-
plasmic stabilization of GM-CSF mRNA while c-myc and
c-fos mRNAs remained unstable. Transcripts produced in
this cell line from hybrid constructs containing the 3’ UTR of
the GM-CSF, c-myc, or c-fos genes linked to a reporter gene
showed the same stability pattern as the endogenous tran-
scripts: the GM-CSF hybrid transcript was stable while the
c-myc and c-fos hybrid transcripts were unstable. In con-
trast, the same hybrid GM-CSF construct produced unstable
transcripts in two other cell lines. This observation suggests
that GM-CSF mRNA stability is regulated by a trans-acting
factor(s) that can discriminate between the 3’ UTR se-
quences in GM-CSF mRNA and the 3’ UTR sequence in
c-myc or c-fos mRNA.

In this work we assayed cytoplasmic extracts from puri-
fied human T cells for factors that bind to lymphokine RNA
but not c-myc RNA. We identified a novel cytoplasmic
factor (AU-B) that binds to AU-rich sequences present in the
3’ UTR of interleukin-2 (IL-2), tumor necrosis factor alpha
(TNF-a), and GM-CSF mRNAs but does not bind to AU-
rich sequences present in the 3’ UTR of c-myc mRNA. This
factor is not present in unstimulated T cells but is induced by
T-cell receptor (TCR)-mediated stimulation and displays
kinetics that parallel the expression of lymphokine genes.
The finding that this factor binds to 3’ lymphokine RNA but
not 3’ c-myc RNA suggests that this factor could be used by
the cell to distinguish lymphokine RNA from c-myc RNA
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and thus differentially regulate the metabolism of these
transcripts. We also detect an ubiquitous factor (AU-A) that
resembles the AU-binding factor reported by Malter (17).
However, we found that this activity is localized primarily
within the nucleus, is not regulated in an activation-depen-
dent manner, and does not distinguish between lymphokine
and c-myc sequences.

MATERIALS AND METHODS

Preparation of T-cell extracts. Human T cells were purified
by a previously described negative selection procedure (11)
and were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 2 mM L-glutamine,
100 U of penicillin G per ml, 100 pg of streptomycin per ml,
and 5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES). T cells were stimulated with an immobilized
monoclonal antibody (G19-4) directed against the CD3 com-
ponent of the TCR/CD3 complex as previously described (9)
(referred to hereafter as a-CD3). Cytoplasmic extracts were
prepared from unstimulated and a-CD3-stimulated T cells by
lysis in an extraction buffer containing 0.2% Nonidet P-40,
40 mM KCl, 10 mM HEPES (pH 7.9), 3 mM MgCl,, 1 mM
dithiothreitol (DTT), 5% glycerol, 8 ng of aprotinin per ml, 2
ng of leupeptin per ml, and 0.5 mM phenylmethylsulfonyl
fluoride (PMSF). Nuclei were removed by centrifugation at
14,000 X g for 2 min in an Eppendorf microfuge, and
cytoplasmic extracts were immediately frozen on dry ice and
were stored at —70°C. The nuclei were extracted for 30 min
at 4°C on a rocker in a buffer containing 20 mM HEPES (pH
7.9), 0.42 M KCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM
DTT, 0.5 mM PMSF, and 25% glycerol. This nuclear extrac-
tion mixture was spun at 14,000 X g for 10 min in an
Eppendorf microfuge, and the supernatants were dialyzed
against a solution containing 20 mM HEPES (pH 7.9), 0.1 M
KCl, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and 20%
glycerol. The nuclear extracts were frozen on dry ice and
stored at —70°C.

In vitro transcription reactions. The following DNA frag-
ments were cloned into the polylinker region of the pPGEM3Z
or pPGEM7Zf(+) vector (Promega) and used as templates for
in vitro transcription reactions: a 585-bp fragment of human
TNF-a cDNA beginning 5’ at the internal EcoRI site and
containing most of the 3’ UTR, a 1.0-kb fragment of human
c-myc cDNA beginning 5’ at the internal Clal site and
containing part of the coding region and all of the 3’ UTR, a
242-bp Sau3A cDNA fragment from the IL-2 3’ UTR, a
500-bp Sacl-Narl fragment of genomic human TNF-a DNA
containing exon 1, a 400-bp PstI-EcoRI fragment of chicken
Oct-1 ¢cDNA, an oligonucleotide containing the sequence
5'-ATTTATTTATTTATTTATTTA-3’ (5-AU) found in the
GM-CSF 3’ UTR, and an oligonucleotide containing the
sequence 5'-ATTTA-3’ flanked by polylinker sequences. In
vitro transcription reactions were performed according to
Promega instructions, using SP6 or T7 RNA polymerase.
Labeled RNA transcripts were produced by inclusion of
[«-*2PJUTP (800 Ci/mmol) in the reaction, and the resulting
transcripts had a specific activity of approximately 3 x 108
cpm/pg.

Analysis of RNA-protein interactions. T-cell cytoplasmic
extracts (1 to 20 pg of protein) were incubated at room
temperature for 30 min with 32P-labeled RNA (0.4 to 4.0
fmol) in a buffer containing 40 mM KCl, 10 mM HEPES (pH
7.9), 3 mM MgCl,, 1 mM DTT, and 5% glycerol. The volume
of each reaction was 20 pl. RNase T, (1 U/ul, final concen-
tration) was added to cleave unbound RNA, and heparan
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sulfate (5 mg/ml, final concentration) was added to reduce
nonspecific binding. The reaction mixtures were cross-
linked with 254-nm UV radiation, using a Stratalinker cross-
linking apparatus (energy = 250 mJ/cm?). This method
requires only 60 to 90 s and gives highly reproducible results,
in comparison with previously described UV cross-linking
procedures which often require 30 to 60 min of irradiation to
achieve observable results. The reaction mixtures were then
separated by electrophoresis on 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gels under reducing conditions. Gels
were dried and exposed to film at —70°C.

Northern (RNA) blot analysis. Purified human T cells were
cultured at 2 X 10° cells per ml for 6 h with an immobilized
a-CD3 antibody alone or with a-CD3 antibody plus phorbol
myristate acetate (PMA). Dactinomycin (10 p.g/ml) was then
added to the cultures, and cells were harvested after 0, 15,
45, 75, or 105 min. Total cellular RNA was isolated (7) and
equalized as described previously (28). Northern blots were
prepared and hybridized sequentially with 32P-labeled nick-
translated probes; the GM-CSF probe was a 700-bp EcoRI-
HindIII cDNA fragment (32), the c-myc probe was a 1.0-kb
Clal-EcoRI cDNA fragment (1), and the HLA probe was a
1.4-kb PstI fragment from the HLA B7 gene (25). After
hybridization, blots were washed and exposed to film at
=70°C.

RESULTS

Identification of an RNA-binding activity that binds to 3’
TNF-a RNA. Since sequences in the 3’ UTR of lymphokine
transcripts are important for their rapid degradation in the
cytoplasm (22, 23), we hypothesized that trans-acting factors
exist that bind to these sequences. To test this hypothesis,
cytoplasmic extracts prepared from purified resting human T
lymphocytes were incubated with a 32P-labeled riboprobe
consisting of 585 bases present in the 3' UTR of TNF-a
mRNA as described in Materials and Methods. Following
successive incubations with RNase T, and heparan sulfate,
the reaction mixtures were cross-linked with UV radiation
and separated by electrophoresis on 10% SDS-polyacryl-
amide gels. RN A-binding activity in the extracts could be
identified as radiolabeled bands displaying altered mobility.
A major complex (complex A) was detected in extracts from
unstimulated T cells when 3’ TNF-a RNA was used as a
probe (Fig. 1). Although this complex may be composed of
one or more factors, the RNA-binding component(s) of this
complex will be referred to as factor A. Factor A was easily
visualized when [*?2P]JUTP was used to label the 3' TNF-a
probe but was poorly visualized when [*2P]JCTP was used
(Fig. 1a), suggesting that factor A binds to a region rich in U
nucleotides but poor in C nucleotides. To assess further the
specificity of this binding, unlabeled RNA was used to
compete for this complex. Unlabeled 3’ TNF-a RNA effi-
ciently competed for this complex while a similarly sized
transcript from the Oct-1 gene did not, suggesting that the
interaction was specific (Fig. 1b). An unlabeled ribo-oligo-
nucleotide containing the sequence 5'-AUUUAUUUAUUU
AUUUAUUUA-3’ (5-AU) found in 3’ GM-CSF RNA was
also used as a competitor. This sequence is the core element
of the 51-bp GM-CSF AU-rich sequence shown by Shaw and
Kamen (23) to influence mRNA stability. This element was
also present in the genetic constructs used by Schuler and
Cole (22) to demonstrate that GM-CSF mRNA stability is
regulated by trans-acting factors. As seen in Fig. 1b, this
GM-CSF 5-AU sequence effectively competed for binding of
factor A to 3' TNF-a RNA. Together, these data suggest that
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FIG. 1. Identification of an RNA-binding factor (factor A) that
binds to 3’ TNF-a AU-rich sequences. (a) Cytoplasmic extracts (8
ng of protein) were incubated with 0.4 fmol of transcripts consisting
of sequences present in the 3’ UTR of TNF-a mRNA labeled with
either [*?PJCTP (*?P-C 3'TNF) or [*?PJUTP (**P-U 3'TNF). (b)
Cytoplasmic extracts (8 pg of protein) were incubated with 4 fmol of
[**PJUTP-labeled transcripts consisting of sequences present in the
3’ UTR of TNF-a mRNA (3'TNF Probe) in the absence of compet-
itor transcripts or in the presence of a 10-fold (10x), 100-fold (100x),
or 500-fold (500%) molar excess of the following unlabeled compet-
itor transcripts: transcripts consisting of sequences present in the 3’
UTR of TNF-a mRNA (3'TNF), transcripts consisting of the 5-AU
sequence present in the 3’ UTR of GM-CSF mRNA (5-AU), or
transcripts derived from Oct-1 sequences (Oct-1). Following succes-
sive incubations with RNase T, and heparan sulfate, the reaction
mixtures were UV cross-linked at 250 mJ/cm? on a Stratalinker
cross-linking apparatus and were separated by electrophoresis on
10% SDS-polyacrylamide gels. Arrows indicate the position of the
major RNA-binding complex (referred to in the text as complex A).

factor A binds to the AU-rich sequences found in 3’ TNF-a
mRNA.

Factor A binds to 3’ lymphokine as well as 3’ c-myc AU-rich
sequences. Schuler and Cole (22) have shown that GM-CSF
and c-myc mRNA degradation is differentially regulated in
monocytic cell lines, and our laboratory has shown that
degradation of a number of lymphokine mRNAs is regulated
differentially from c-myc mRNA in human T cells (16).
These observations predict the existence of trans-acting
factors that differentially recognize lymphokine and c-myc
mRNA. Therefore we performed experiments to determine
whether factor A can distinguish lymphokine RNA from
c-myc RNA. As seen in Fig. 2a, binding by factor A to the 3’
TNF-a riboprobe is effectively competed for by 3' TNF-a or
3’ c-myc RNA but not by irrelevant RNA (Oct-1). This
suggests that factor A has specificity for 3’ c-myc as well as
3’ TNF-a sequences. In fact, factor A binds directly to
32p_Jabeled 3’ c-myc RNA, and this binding is competed for
by unlabeled 3' c-myc or 3’ TNF-a RNA but not Oct-1 RNA
(Fig. 2b). In addition to binding to 3?P-labeled 3’ TNF-a and
3’ c-myc RNA probes, factor A also binds to the 3’ IL-2
riboprobe and to the GM-CSF 5-AU ribo-oligonucleotide
probe (Fig. 2¢). Although multiple bands were detected with
each of these probes, only factor A binding to these probes
was reproducibly competed for by the GM-CSF 5-AU ribo-
oligonucleotide but not by a control ribo-oligonucleotide
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containing the sequence 5'-AUUUA-3' (1-AU) flanked by
polylinker sequences. Table 1 shows for each probe the
predicted sequences of the RNase T,-protected fragments to
which this factor binds. Although factor A may bind to other
AU-rich sequences present in these probes, experiments
performed using truncated transcripts or transcripts pro-
duced from synthesized oligonucleotides indicate that factor
A can bind to the GM-CSF 5-AU and c-myc sequences listed
in Table 1. The differences in electrophoretic mobility of
complex A in Fig. 2 are due to differences in the lengths of
the protected RNA fragments. After subtracting the molec-
ular weight of the bound RNA fragment, factor A has a
molecular size of approximately 34 kDa. Since factor A
binds to 3’ AU-rich regions of lymphokine as well as c-myc
transcripts, this factor alone cannot explain how a cell
distinguishes lymphokine transcripts from c-myc transcripts.
A novel AU-binding factor that binds to 3’ lymphokine but
not 3’ c-myc RNA is induced by T-cell activation. Although
unstimulated T cells do not express lymphokine genes or the
c-myc proto-oncogene, stimulation of T cells through the
TCR/CD3 complex induces expression of these genes (16).
We hypothesized therefore that trans-acting factors which
regulate the expression of these genes at the level of mRNA
stability might be present only in activated cells. To test this
hypothesis, cytoplasmic extracts from unstimulated T cells
or from T cells that had been stimulated for 6 h with an
a-CD3 monoclonal antibody were assayed for RNA-binding
activity. We found that a-CD3 stimulation induced a 30-kDa
factor (factor B) which bound to the GM-CSF ribo-oligonu-
cleotide probe but not to the 3’ c-myc probe (Fig. 3a).
Complex B is relatively difficult to visualize, possibly be-
cause different RNA-protein interactions become cross-
linked by UV irradiation with different efficiencies. It is
possible that spatial positioning of reactive groups on factor
B and its bound RNA is not optimal for efficient cross-
linking. Factor B appeared to bind to the GM-CSF 5-AU
riboprobe with higher affinity than factor A, since the
appearance of factor B binding activity following a-CD3
stimulation resulted in a decrease in factor A binding to the
GM-CSF 5-AU riboprobe when the binding reactions were
performed using a limiting GM-CSF 5-AU probe concentra-
tion (Fig. 3a). However, no decrease in factor A binding to
the 3’ c-myc probe was observed following a-CD3 stimula-
tion under the same conditions. This result suggests that
factor A was present at equivalent concentrations in extracts
from unstimulated and «-CD3-stimulated T cells and that
factor B did not compete with factor A for the 3’ c-myc
probe. Independent experiments showed that factor B has
approximately a 10-fold-greater relative affinity for the GM-
CSF 5-AU probe than does factor A (data not shown). In
addition to binding to the GM-CSF 5-AU probe, factor B
also bound to 3' TNF-a and 3’ IL-2 riboprobes (Fig. 3b).
Together, these data suggest that factor B bound specifically
to 3’ lymphokine but not 3’ c-myc AU-rich sequences.
Factor B binding is specifically competed for by 3’ lympho-
kine sequences but not by 3’ c-myc sequences. Competition
experiments were performed to confirm our conclusion that
factor B binds to 3’ lymphokine but not 3’ c-myc RNA
sequences. Extracts from unstimulated T cells or T cells that
had been stimulated for 6 h with monoclonal antibody a-CD3
were incubated with the GM-CSF 5-AU ribo-oligonucleotide
probe (Fig. 4). As in the foregoing experiments, factor B
binding was induced by a-CD3 stimulation, and the appear-
ance of factor B binding in extracts from a-CD3-stimulated
cells correlated with decreased factor A binding to this
probe. Factor A binding activity in extracts from a-CD3-
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FIG. 2. Specificity of factor A binding. (a) Cytoplasmic extracts (20 pg of protein) from unstimulated T cells were incubated with 0.4 fmol
of [*?P]JUTP-labeled transcripts consisting of sequences present in the 3' UTR of TNF-a mRNA (3'TNF Probe) in the absence of competitor
RNA or in the presence of a 10-fold (10x), 100-fold (100x), or 1,000-fold (1000x) molar excess of the following unlabeled competitor
transcripts: transcripts consisting of sequences present in the 3’ UTR of TNF-a mRNA (3'TNF), transcripts containing the 3' UTR of c-myc
mRNA (3’c-myc), or transcripts derived from Oct-1 sequences (Oct-1). (b) Cytoplasmic extracts (13 pg of protein) from unstimulated T cells
were incubated with 0.4 fmol of [*?P]JUTP-labeled transcripts containing the 3' UTR of c-myc mRNA (3'c-myc Probe) in the absence of
competitor transcripts or in the presence of a 100-fold (100x) or 1,000-fold (1000x) molar excess of the following unlabeled competitor
transcripts: transcripts containing the 3’ UTR of c-myc mRNA (3'c-myc), transcripts consisting of sequences present in the 3’ UTR of TNF-a
mRNA (3'TNF), or transcripts derived from Oct-1 sequences (Oct-1). (c) Cytoplasmic extracts (2 pg of protein) from unstimulated T cells
were incubated with 4 fmol of [*?P]JUTP-labeled transcripts in the absence of competitor transcripts or in the presence of a 20-fold molar
excess of unlabeled GM-CSF 5-AU or 1-AU competitor transcripts. The following 32P-labeled transcripts (probes) were used: transcripts
consisting of sequences present in the 3' UTR of TNF-a mRNA (3'TNF), transcripts containing sequences present in the 3’ UTR of IL-2
mRNA (3'IL2), transcripts containing the 3’ UTR of c-myc mRNA (3'c-myc), and transcripts containing the 5-AU sequence found in the 3’
UTR of GM-CSF mRNA (5-AU). Following successive incubations with RNase T, and heparan sulfate, the reaction mixtures were UV
cross-linked and were separated by electrophoresis on 10% SDS-polyacrylamide gels under reducing conditions. In panels a and b, the
reaction mixtures were UV cross-linked for 30 min on a UV light box; in panel ¢, the reaction mixtures were UV cross-linked at 250 mJ/cm?
on a Stratalinker cross-linking apparatus. The migration of protein molecular weight standards is shown to the right in kilodaltons. The arrows
indicate the position of complex A migration.

stimulated cells was competed for with unlabeled 3’ c-myc
RNA. However, factor B binding to the GM-CSF 5-AU
probe was not competed for by 3’ c-myc RNA. The ability of
factor B to bind to the GM-CSF 5-AU probe in the presence
of a 120-fold molar excess of 3’ c-myc RNA demonstrates
that factor B binds independently from factor A and that the
factor B complex does not arise from a modification of factor
A after binding. Since 3’ c-myc RNA competed for factor A
binding but not factor B binding to the GM-CSF 5-AU probe,
competitions with unlabeled GM-CSF 5-AU, 3’ TNF-a, or
TNF exon 1 RNA sequences were performed in the presence
of a 40-fold molar excess of 3’ c-myc RNA. GM-CSF 5-AU
or 3' TNF RNA effectively competed for factor B binding,
but TNF exon 1 RNA did not. Together, these data suggest

that factor B binding is specific for 3’ lymphokine AU-rich
sequences and that factor B does not bind to 3’ c-myc
sequences. Thus, factor B could potentially be used by the
cell to distinguish lymphokine from c-myc transcripts and
differentially regulate their metabolism.

In independent experiments using an RNA gel retardation
assay under nondenaturing conditions, a GM-CSF 5-AU
binding activity was detected in resting T cells and its level
increased following a-CD3 stimulation. All of the GM-CSF
5-AU binding activity in resting cells was inhibited by
unlabeled 3’ c-myc RNA. In contrast, the GM-CSF 5-AU
binding activity in a-CD3-stimulated cells was only partially
inhibited by unlabeled 3’ c-myc RNA but was completely
inhibited by unlabeled GM-CSF 5-AU RNA (data not

TABLE 1. Factor A binding to RNase T, fragments

Transcript Predicted RNase T, fragment to which factor A binds n
3" TNF AUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUACAG 37
3" IL-2 CCUUCUAUUUAUUUAAAUAUUUAAAUUUUAUAUUUAUUG 39
GM-CSF 5-AU UAUUUAUUUAUUUAUUUAUUUACUCG 26
3' c-myc CUUACCAUCUUUUUUUUUUCUUUAACAG 28
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FIG. 3. Induction by a-CD3 stimulation of a second AU-specific
RNA-binding factor (factor B). (a) Cytoplasmic extracts (2 to 8 p.g of
protein) from unstimulated (MED) T cells or from T cells that had
been stimulated for 6 h with a-CD3 antibody (a-CD3) were incu-
bated with 3 fmol of [*?P]JUTP-labeled GM-CSF 5-AU riboprobe
(5-AU Probe) or c-myc 3’ UTR riboprobe (3'c-myc Probe). (b)
Cytoplasmic extracts (8 ug of protein) from unstimulated (MED) T
cells or from T cells that had been stimulated for 6 h with «-CD3
antibody (a-CD3) were incubated with 3 fmol of the indicated
[>?P]JUTP-labeled riboprobes. Following successive incubations
with RNase T, and heparan sulfate, the reaction mixtures were UV
cross-linked at 250 mJ/cm? on a Stratalinker cross-linking apparatus
and were separated by electrophoresis on 10% SDS-polyacrylamide
gels. Arrows A and B indicate the positions of migration of com-
plexes A and B, respectively.

shown). These data suggested that complexes A and B
comigrated in RNA retardation gels. Since complexes A and
B could be separated following UV cross-linking on SDS-
polyacrylamide gels, binding activity was assessed by this
method in all subsequent experiments.

Kinetics of factor B RNA-binding activity following a-CD3
stimulation. If factor B is involved in the regulation of
lymphokine mRNA metabolism, then the kinetics of factor B
induction might be expected to parallel the expression of
lymphokine mRNA. For example, following a-CD3 stimula-
tion, IL-2 and GM-CSF mRNA expression is observable at 3
h, peaks at 6 h, and decreases to undetectable levels by 24 h
(16, 29). As seen in Fig. 5, factor B binding to the GM-CSF
5-AU probe appears within 3 h following «a-CD3 stimulation,
peaks at 6 h, and is gone by 24 h. The induction of factor B
activity following a-CD3 stimulation requires new transla-
tion and new transcription, since cycloheximide (Fig. 5) and
dactinomycin (data not shown) both block the induction of

8 ! ug Protein
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FIG. 4. Specificity of factor B binding. Cytoplasmic extracts
from unstimulated (MED) T cells or from T cells that had been
stimulated for 6 h with a-CD3 antibody (a-CD3) were incubated with
4 fmol of [*?PJUTP-labeled GM-CSF 5-AU riboprobe. A 40-fold
(40x), 80-fold (80x), or 120-fold (120%) molar excess of unlabeled
c-myc 3' UTR competitor RNA (3'c-myc Competitor) was included
in the indicated reactions. A 40-fold molar excess of c-myc 3' UTR
RNA competed for complex A but not complex B. Therefore
competition of complex B was carried out in the presence of a
40-fold molar excess of c-myc 3' UTR RNA as well as a 40-fold
(40x) or 80-fold (80x) molar excess of GM-CSF 5-AU (5-AU),
TNF-a 3' UTR (3'TNF), or TNF exon 1 (TNF-Ex1) competitor
RNA. Arrows A and B indicate the positions of migration of
complexes A and B, respectively.

this complex. As was also seen in Fig. 3 and 4, the appear-
ance of factor B binding resulted in a decrease in factor A
binding to the GM-CSF 5-AU probe as a result of the higher
relative affinity of factor B for the GM-CSF 5-AU probe.
Factor A binding to the 3’ c-myc probe did not decrease at
the 3- or 6-h time point, suggesting that the amount of factor
A did not change during this time period. Thus, the time
course of the appearance of factor B binding parallels the
induction of lymphokine genes following a-CD3 stimulation
and is consistent with factor B functioning as a transiently
induced regulatory protein.

Factor B is a cytoplasmic factor composed of protein. If
factor B were a cytoplasmic factor that regulates lymphokine
mRNA metabolism, then one might expect to find it predom-
inantly in the cytoplasm. Therefore cytoplasmic and nuclear
extracts from a-CD3-stimulated T cells were assayed for
factor A and factor B RNA-binding activities. As seen in Fig.
6a, factor A binding activity is more abundant in nuclear
extracts than in cytoplasmic extracts, whereas factor B
activity is visualized only in cytoplasmic extracts. In ex-
tracts from resting T cells, factor A activity is also more
abundant in nuclear extracts than in cytoplasmic extracts
(data not shown).

The observation that the protein synthesis inhibitor cyclo-
heximide blocks the induction of factor B binding raised the
possibility that factor B could be an induced protein. To
define more clearly the composition of factors A and B,
cytoplasmic extracts from unstimulated and «-CD3-stimu-
lated T cells were incubated with proteinase K following a
binding reaction with the GM-CSF 5-AU riboprobe. Factors
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FIG. 5. Kinetics and dependence of new protein synthesis of
factor B binding following o-CD3 stimulation. Cytoplasmic extracts
were prepared from T cells that had been stimulated with «-CD3
antibody (a-CD3) for 1, 3, 6, or 24 h or from T cells that had been
stimulated with an «-CD3 antibody for 3 h in the presence of 10 ug
of cycloheximide per ml (a-CD3 + CHX). Protein (8 ug) from these
extracts was incubated with 4 fmol of [*?P]JUTP-labeled GM-CSF
5-AU riboprobe (a) or c-myc 3’ UTR riboprobe (b). Arrows A and B
indicate the positions of migration of complexes A and B, respec-
tively.

A and B are both eliminated by proteinase K treatment (Fig.
6b). This demonstrates that these factors are at least partially
composed of protein but does not exclude the possibility that
they also contain nonprotein components.

Costimulation of a-CD3-stimulated T cells with PMA in-
duces changes in lymphokine mRNA degradation and changes
in factor B binding. Lymphokine as well as c-myc transcripts
are unstable following a-CD3 stimulation (16). However,
Shaw and Kamen (23) have demonstrated that GM-CSF
mRNA is stabilized upon stimulation of a T-cell line with
PMA. Costimulation of a-CD3-stimulated T cells with PMA
induced specific stabilization of lymphokine transcripts and
had relat.vely little effect on c-myc mRNA stability (Fig. 7b).
Therefore experiments were designed to determine whether
PMA costimulation would induce changes in factor B bind-
ing. As seen in Fig. 7¢c, a-CD3 stimulation induced factor B
binding to the GM-CSF 5-AU probe. Again, the appearance
of factor B binding correlated with decreased factor A
binding, as seen previously, and is likely to be due to
competition between factors A and B for the GM-CSF 5-AU
riboprobe. In contrast, costimulation with PMA resulted in
decreased factor B binding to the GM-CSF 5-AU probe and
increased factor A binding compared with a-CD3 stimulation
alone. Factor A binding to the 3’ c-myc probe was approx-
imately equivalent in extracts from a-CD3-stimulated and
a-CD3-plus-PMA-stimulated T cells (Fig. 7d), demonstrating
that the differences in binding to the GM-CSF 5-AU probe
were not due to differences in the amount of factor A in the
extracts. Thus it appears that PMA costimulation results in
decreased factor B binding activity and increased lympho-
kine mRNA stability.

DISCUSSION

The observation that lymphokine mRNA degradation is
regulated differentially from c-myc mRNA degradation (16,
22) suggested that cells have a mechanism to distinguish
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FIG. 6. Subcellular localization and composition of factors A
and B. (a) Approximately 8 x 10° cell equivalents of cytoplasmic
(Cyt.) extract (10 pg of protein) or nuclear (Nuc.) extract (0.5 pg of
protein) from T cells that had been stimulated for 6 h with a-CD3
antibody were incubated with 4 fmol of [*2PJUTP-labeled GM-CSF
S-AU riboprobe. (b) Cytoplasmic extracts (8 ug of protein) from
unstimulated (MED) T cells or from T cells that had been stimulated
for 6 h with anti-CD3 antibody (a-CD3) were incubated with 4 fmol
of [*?P]JUTP-labeled GM-CSF 5-AU transcripts; the reaction mix-
tures were treated sequentially with RNase T, and heparan sulfate
and then were incubated at 37°C for 15 min in the absence of
proteinase K or in the presence of 100 or 1,000 pg of proteinase K
per ml. Arrows A and B indicate the positions of migration of
complexes A and B, respectively.

between these transcripts. In this work, we report the
identification of a novel cytoplasmic RNA-binding factor
(factor B) that binds specifically to AUUUA multimers
present in the 3' UTR of GM-CSF, IL-2, and TNF-o mRNAs
but does not bind to AU-rich sequences present in the 3’
UTR of c-myc mRNA. Each of these lymphokine mRNAs
contains at least three reiterated copies of the sequence
AUUUA (Table 1). 3’ c-myc mRNA also contains several
copies of this sequence, but these copies are separated from
each other by at least 25 nucleotides. Factor B RN A-binding
activity is not present in cytoplasmic extracts from unstim-
ulated T cells but is induced by «-CD3 stimulation. The
induction of factor B RNA-binding activity requires new
transcription and translation, since it is blocked by dactino-
mycin or cycloheximide. Factor B activity is present by 3 h
after a-CD3 stimulation, peaks at 6 h, and is gone by 24 h.
These kinetics closely parallel the expression of several
lymphokine mRNAs following a-CD3 stimulation and are
consistent with factor B acting as a transiently expressed
regulator of lymphokine gene expression.

An AU-binding protein present in cytoplasmic extracts
from the T-cell line Jurkat was recently reported (17). This
Jurkat AU-binding protein resembles the RN A-binding fac-
tor A identified in this report. Factor A is present in extracts
from unstimulated and a-CD3-stimulated T cells and binds to
AU-rich sequences present in the 3' UTRs of TNF-a, IL-2,
GM-CSF, and c-myc mRNAs. The finding that factor A
binds to 3’ AU-rich sequences from lymphokine as well as
proto-oncogene mRNAs suggests that this factor does not
mediate the differential degradation of lymphokine and
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FIG. 7. Induction by PMA costimulation of changes in lympho-
kine mRNA stability and changes in factor B binding. (a and b) T
cells were stimulated for 6 h with a-CD3 antibody alone (a) or with
a-CD3 antibody plus PMA (b). Dactinomycin (10 pg/ml) was then
added to the cultures, and cells were harvested at the times shown.
Total cellular RNA was isolated and equalized for rRNA by ethid-
ium bromide staining of aliquots separated on a 1% nondenaturing
agarose gel (RNA panel). Northern blots prepared from equalized
samples of RNA were hybridized sequentially with nick-translated
GM-CSF, c-myc, and HLA probes. The exposures shown display
equal hybridization intensity for the two culture conditions at the
0-min time point to facilitate the visual comparison of mRNA
stability. a-CD3-plus-PMA stimulation actually augments GM-CSF
mRNA expression fivefold over that seen with «-CD3 stimulation
alone. (¢ and d) Cytoplasmic extracts (4 ng of protein) from
unstimulated T cells (MED) or from T cells that had been stimulated
for 6 h with a-CD3 antibody (a-CD3) or with a-CD3 antibody plus
PMA (a-CD3 + PMA) were mixed with 4 fmol of [*2P]JUTP-labeled
GM-CSF 5-AU riboprobe (c) or c-myc 3' UTR riboprobe (d). RNase
T, was immediately added, and the mixtures were incubated for 10
min; heparan sulfate was added, and the mixtures were incubated
for an additional 10 min. The reaction mixtures were then UV
cross-linked and separated by electophoresis on 10% polyacryl-
amide gels under reducing conditions. Arrows A and B indicate the
positions of migration of complexes A and B, respectively.

proto-oncogene transcripts. Factor A is more abundant in
nuclear extracts than in cytoplasmic extracts from purified
human T cells. Numerous single-stranded RN A-binding pro-
teins identified as components of small nuclear ribonucleo-
protein particles and heterogenous ribonucleoprotein parti-
cles are known to leak into cytoplasmic extracts during
extraction procedures (13, 26). This suggests that factor A
may be a nuclear factor that leaked out of the nucleus during
the extraction procedure. Although factor A is abundant in
the nucleus, it may also be present in the cytoplasm and play
a role in cytoplasmic mRNA metabolism. Although Malter
(17) has previously referred to factor A as AU-binding
protein, it is now clear that cells can contain more than one
RNA-binding factor with specificity for AU-rich sequences.
In the future, we will refer to factor A as AU-A and to factor
B as AU-B.

The AU-rich sequences present in the 3' UTR of a variety
of transiently expressed mRNAs, including lymphokine and
proto-oncogene mRNAs, have been shown to function as
instability elements (10, 23, 31), but the mechanism by which
they function is not known. Several models have been
proposed to explain the role of 3’ AU-rich sequences in
mediating mRNA instability (2, 22, 31). AU-rich sequences
could act directly as targets for endonucleases. Alterna-
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tively, trans-acting factors could bind to these sequences
and target the bound transcript for degradation. It has also
been suggested that 3’ AU-rich sequences may interact with
the poly(A) tail to mediate poly(A) shortening and degrada-
tion. These models are complicated by the findings that
transcripts containing 3' AU-rich sequences are sometimes
differentially degraded (16, 22). It is possible that degrada-
tion of 3' AU-rich sequence-containing transcripts may be
differentially regulated by sequence-specific trans-acting fac-
tors that can discriminate between different AU-containing
transcripts. These trans-acting factors could selectively tar-
get AU-containing transcripts for degradation; alternatively,
they could bind to AU-containing transcripts and passively
block a degradation process mediated by 3’ AU instability
elements. 3’ AU-rich sequences have also been shown to act
as cis elements that regulate translational efficiency (4, 14).
This suggests that AU-rich sequences may play dual roles in
regulating mRNA metabolism or that translation and mRNA
degradation are coupled. Thus, it is possible that regulatory
events that influence translation could also influence mRNA
degradation.

Since AU-B (factor B) is an inducible cytoplasmic factor
that binds specifically to lymphokine AU-rich sequences,
AU-B is likely to be a cytoplasmic regulator of lymphokine
mRNA metabolism. The observation that AU-B displays
binding kinetics that parallel the expression of lymphokine
mRNA following TCR/CD3 stimulation suggests several
possible functions for AU-B: (i) AU-B may facilitate trans-
lation of lymphokine mRNA; (ii) AU-B may transiently
stabilize lymphokine mRNA, allowing it to be translated; or
(iii) AU-B may target lymphokine mRNA for degradation,
thus limiting the increase in lymphokine mRNA levels fol-
lowing a-CD3 stimulation and leading to a rapid fall in
mRNA levels once peak levels are reached. Shaw and
Kamen (23) showed that PMA stimulation increased GM-
CSF mRNA stability in T-cell lines. We found that PMA also
increased GM-CSF mRNA stability in a-CD3-stimulated
purified human T cells, and this increase in GM-CSF mRNA
stability correlated with decreased AU-B binding to the
GM-CSF 5-AU RNA sequence. This correlation raises the
possibility that AU-B may target lymphokine mRNA for
degradation. However, since PMA stimulation has such
diverse and incompletely characterized effects on T cells, no
firm conclusion about the function of AU-B can yet be
drawn. To further define the function of AU-B, we are now
involved in purifying AU-B to determine whether it has
effects on mRNA stability or translation in in vitro systems.

ACKNOWLEDGMENTS

We thank John Lowe, Jeffrey Leiden, Richard Hodes, Jeffrey
Ross, Nahum Sonnenberg, and Richard Klausner for many stimu-
lating discussions and for their thoughtful review of the manuscript.

P.R.B. is supported by a Lutheran Brotherhood M.D./Ph.D.
scholarship from the Life and Health Insurance Medical Research
Fund.

REFERENCES

1. Bentley, D. L., and M. Groudine. 1986. Novel promoter up-
stream of the human c-myc gene and regulation of c-myc
expression in B-cell lymphomas. Mol. Cell. Biol. 6:3481-3489.

2. Brewer, G., and J. Ross. 1988. Poly(A) shortening and degrada-
tion of the 3’ A+ U-rich sequences of human c-myc mRNA in a
cell-free system. Mol. Cell. Biol. 8:1697-1708.

3. Brock, M. L., and D. J. Shapiro. 1983. Estrogen stabilizes
vitellogenin mRNA against cytoplasmic degradation. Cell 34:
207-214.

4. Brown, J. H., and B. Beutler. 1990. Endotoxin-responsive



VoL. 11, 1991

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

sequences control cachectin/tumor necrosis factor biosynthesis
at the translational level. J. Exp. Med. 171:465-475.

. Caput, D., B. Beutler, K. Hartog, R. Thayer, S. Brown-Shimer,

and A. Cerami. 1986. Identification of a common nucleotide
sequence in the 3'-untranslated region of mRNA molecules
specifying inflammatory mediators. Proc. Natl. Acad. Sci. USA
83:1670-1674.

. Casey, J. L., M. W. Hentze, D. M. Koeller, S. W. Caughman,

T. A. Rouault, R. D. Klausner, and J. B. Harford. 1988.
Iron-responsive elements: regulatory RNA sequences that con-
trol mRNA levels and translation. Science 240:924-928.

. Chirgwin, J. M., A. E. Pryzbyla, R. J. McDonald, and W. J.

Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:5294—
5299.

. Cleveland, D. W., and T. J. Yen. 1989. Multiple determinants of

eukaryotic mRNA stability. New Biol. 1:121-126.

. Geppert, T. D., and P. E. Lipsky. 1987. Accessory cell indepen-

dent proliferation of human T4 cells stimulated by immobilized
monoclonal antibodies to CD3. J. Immunol. 138:1660-1666.
Jones, T. R., and M. D. Cole. 1987. Rapid cytoplasmic turnover
of c-myc mRNA: requirement of the 3’ untranslated sequences.
Mol. Cell. Biol. 7:4513-4521.

June, C. H., J. A. Ledbetter, M. M. Gillespie, T. Lindsten, and
C. B. Thompson. 1987. T-cell proliferation involving the CD28
pathway is associated with cyclosporine-resistant interleukin 2
gene expression. Mol. Cell. Biol. 7:4472-4481.

Koeller, D. M., J. L. Casey, M. W. Hentze, E. M. Gerhardt,
L.-N. L. Chan, R. D. Klausner, and J. B. Harford. 1989. A
cytosolic protein binds to structural elements within the iron
regulatory region of the transferrin receptor mRNA. Proc. Natl.
Acad. Sci. USA 86:3574-3578.

Krainer, A. R., G. C. Conway, and D. Kozak. 1990. Purification
and characterization of pre-mRNA splicing factor SF2 from
HeLa cells. Genes Dev. 4:1158-1171.

Kruys, V., O. Marinx, G. Shaw, J. Deschamps, and G. Huez.
1989. Translational blockade imposed by cytokine-derived UA-
rich sequences. Science 245:852-8S5.

Kruys, V., M. Wathelet, P. Poupart, R. Contreras, W. Fiers, J.
Content, and G. Huez. 1987. The 3’ untranslated region of the
human interferon- mRNA has an inhibitory effect on transla-
tion. Proc. Natl. Acad. Sci. USA 84:6030-6034.

Lindsten, T., C. H. June, J. A. Ledbetter, G. Stella, and C. B.
Thompson. 1989. Regulation of lymphokine messenger RNA
stability by a surface-mediated T cell activation pathway. Sci-
ence 244:339-343.

Malter, J. S. 1989. Identification of an AUUUA-specific mes-
senger RNA binding protein. Science 246:664—666.

Mitchell, P. J., and R. Tjian. 1989. Transcriptional regulation in
mammalian cells by sequence-specific DNA-binding proteins.
Science 245:371-378.

Mullner, E. W., B. Neupert, and L. C. Kuhn. 1989. A specific

LYMPHOKINE-SPECIFIC RNA-BINDING FACTOR

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

3295

mRNA binding factor regulates the iron-dependent stability of
cytoplasmic transferrin receptor mRNA. Cell 58:373-382.
Pontecorvi, A., J. R. Tata, M. Phyillaier, and J. Robbins. 1988.
Selective degradation of mRNA: the role of short-lived proteins
in differential destabilization of insulin-induced creatine phos-
phokinase and myosin heavy chain mRNAs during rat skeletal
muscle L6 cell differentiation. EMBO J. 7:1489-1495.
Prendergast, G. C., and M. D. Cole. 1989. Posttranscriptional
regulation of cellular gene expression by the c-myc oncogene.
Mol. Cell. Biol. 9:124-134.

Schuler, G. D., and M. D. Cole. 1988. GM-CSF and oncogene
mRNA stabilities are independently regulated in trans in a
mouse monocytic tumor. Cell 55:1115-1122.

Shaw, G., and R. Kamen. 1986. A conserved AU sequence from
the 3’ untranslated region of GM-CSF mRNA mediates selec-
tive mRNA degradation. Cell 46:659-667.

Shyu, A.-B., M. E. Greenberg, and J. G. Belasco. 1989. The
c-fos transcript is targeted for rapid decay by two distinct
mRNA degradation pathways. Genes Dev. 3:60-72.

Sood, A. K., D. Periera, and S. M. Weissman. 1981. Isolation
and partial nucleotide sequence of a cDNA clone for human
histocompatibility antigen HLA-B by use of an oligodeoxynu-
cleotide primer. Proc. Natl. Acad. Sci. USA 78:616-620.
Swanson, M. S., and G. Dreyfuss. 1988. Classification and
purification of proteins of heterogeneous nuclear ribonucleopro-
tein particles by RNA-binding specificities. Mol. Cell. Biol.
8:2237-2241.

Theodorakis, N. G., and R. I. Morimoto. 1987. Posttranscrip-
tional regulation of hsp70 expression in human cells: effects of
heat shock, inhibition of protein synthesis, and adenovirus
infection on translation and mRNA stability. Mol. Cell. Biol.
7:4357-4368.

Thompson, C. B., P. B. Challoner, P. E. Neiman, and M.
Groudine. 1986. Expression of the c-myc proto-oncogene during
cellular proliferation. Nature (London) 319:374-380.
Thompson, C. B., T. Lindsten, J. A. Ledbetter, S. L. Kunkel,
H. A. Young, S. G. Emerson, J. M. Leiden, and C. H. June.
1989. CD28 activation pathway regulates the production of
multiple T-cell-derived lymphokines/cytokines. Proc. Natl.
Acad. Sci. USA 86:1333-1337.

Weeks, D. L., and D. A. Melton. 1987. A maternal mRNA
localized to the vegetal hemisphere in Xenopus eggs codes a
growth factor related to TGF-beta. Cell 51:861-867.

Wilson, T., and R. Treisman. 1988. Removal of poly(A) and
consequent degradation of c-fos mRNA facilitated by 3’ AU-
rich sequences. Nature (London) 336:396-399.

Wong, G. G., J. S. Witek, P. A. Temple, K. M. Wilkens, A. C.
Leary, D. P. Luxenberg, S. S. Jones, E. L. Brown, R. M. Kay,
E. C. Orr, C. Shoemaker, D. W. Golde, R. J. Kaufman, R. M.
Hewick, E. A. Wang, and S. C. Clark. 1985. Human GM-CSF:
molecular cloning of the complementary DNA and purification
of the natural and recombinant proteins. Science 228:810-815.



