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ABSTRACT Interleukin 3 (IL-3) is transiently produced
by murine bone marrow-derived mast cells in response to
antigen stimulation of the high-affinity immunoglobulin E
receptors. We have studied the postreceptor signaling path-
ways involved in regulating expression of the IL-3 gene in the
murine mast cell line PB-3c. Large amounts of IL-3 mRNA
accumulated after exposure of cells to calcium ionophore
A23187, a reagent that increases intracellular Ca?*. Phorbol
12-myristate 13-acetate, which stimulates protein kinase C, did
not induce IL-3 mRNA accumulation, although it did poten-
tiate the effect of A23187. Nuclear run-on analysis showed that
the IL-3 gene is constitutively transcribed in unstimulated cells
and that treatment with A23187 and/or phorbol ester has no
influence on its transcription rate. The effect of A23187 was
found to be due to stabilization of the IL-3 mRNA. In cells
maintained in the presence of A23187 the IL-3 mRNA was
stable during 3 hr of incubation with actinomycin D, whereas
removal of A23187 under the same conditions resulted in rapid
degradation of the mRNA. These results indicate that control
of expression of the IL-3 gene in mast cells is primarily at the
posttranscriptional level and that the Ca®*-dependent signal-
transduction pathway plays an important role in this process.
Synthesis of granulocyte/macrophage colony-stimulating fac-
tor mRNA in response to A23187 and phorbol ester was found
to be subject to both transcriptional and posttranscriptional
regulation.

Interleukin 3 (IL-3) is important for the development and
function of the hemopoietic system. This lymphokine pro-
motes growth and differentiation of pluripotent stem cells and
of progenitor cells committed to the myeloid lineages of
granulocytes, macrophages, eosinophils, megakaryocytes,
and erythrocytes; it also specifically supports proliferation of
mature mast cells (1, 2). The biological properties of IL-3
observed in vitro have been confirmed in vivo by demon-
strating its strong effect on the formation of blood cells in
hemopoietic organs, following administration of recombinant
IL-3 to mice (3, 4). However, the function of IL-3 in he-
mopoiesis is difficult to assess because this lymphokine has
not been detected under physiological conditions in animal
serum or tissue extracts (5). It is conceivable that to fulfil the
requirements of the hemopoietic system, IL-3 is synthesized
only transiently in response to specific stimuli and that tight
control mechanisms exist which allow rapid modulation of its
levels. Understanding of the regulatory mechanisms under-
lying this control would help to clarify the function of IL-3 in
vivo.

For a long time T lymphocytes were considered the only
normal, untransformed cells that produce IL-3. They secrete
IL-3, together with several other lymphokines, in response to
in vitro stimulation with mitogens or antigens (1, 6, 7). We and
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others have recently demonstrated that activated mast cells
also serve as a source of IL-3 and other lymphokines (8, 9).
With murine bone marrow-derived mast cells, antigen-
induced crosslinking of the high-affinity receptors for IgE
(Fc.R) resulted in the transient accumulation of IL-3 and
granulocyte/macrophage colony-stimulating factor (GM-
CSF) mRNAs and secretion of the two factors (8). As the
Fc.R-mediated activation reflects the physiological response
of mast cells to allergens (10), production of lymphokines
accompanying cell activation may be of importance for
immune reactions in allergic disease, in particular for recruit-
ment of lymphoid and other hemopoietic cells (8, 9).

In this work we have analyzed the intracellular mecha-
nisms regulating expression of IL-3 and GM-CSF genes in
mast cells. There is evidence (10, 11) that FcR are coupled
to the phospholipase C effector system that controls two
distinct signal-transduction pathways, one regulated by Ca®*
ions and the other by protein kinase C (PKC) (12, 13). The
intracellular concentration of Ca?* is of particular importance
for the function of mast cells in allergic response; aggregation
of Fc.R, cell degranulation, and the release of allergic me-
diators are always associated with an increase in cytoplasmic
Ca?* (10, 11). We have compared the roles of Ca?*-
dependent and PKC-dependent signaling pathways in expres-
sion of lymphokine genes in the murine mast cell line PB-3c.
These signaling pathways were selectively stimulated with
calcium ionophore A23187 or with phorbol 12-myristate
13-acetate (PMA), both of which act in a receptor-indepen-
dent fashion. We present evidence that intracellular Ca?*
specifically controls IL-3 expression in mast cells by regu-
lating stability of IL-3 mRNA. Expression of GM-CSF
mRNA, unlike that of IL-3, is controlled by the two pathways
at both the transcriptional and the posttranscriptional level.

MATERIALS AND METHODS

Cell Culture and Cell Activation. PB-3c cells, an IL-
3-dependent murine mastocyte line (14), were cultured as
described (15) in Iscove’s modified Dulbecco’s medium sup-
plemented with a concentrated conditioned medium from
WEHI-3B cells, which served as a source of IL-3 (16).
Incubation of cells with 5§ uM A23187 (Calbiochem) or 30 nM
(20 ng/ml) PMA (Sigma) was for 3 hr, except when indicated
otherwise. Actinomycin D (Calbiochem; 5 pg/ml) and cy-
cloheximide (Calbiochem; 10 ug/ml) were used as indicated.

Isolation of Cytoplasmic RNA and Northern Blot Analysis.
RNA was isolated according to Chomczynski and Sacchi
(17). Poly(A)* RNA was selected by one cycle of oligo(dT)-
cellulose chromatography. For Northern analysis, RNA sam-
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ples were fractionated in 1.1% agarose/1 M formaldehyde
gels and transferred to nitrocellulose filters (Schleicher &
Schuell). Complementary RNA probes were synthesized
using SP6 polymerase and [a-32P]GTP (NEN; 800 Ci/mmol;
1 Ci = 37 GBq) (18) and, as templates, plasmids pSP65-multi
CSF, containing a 369-base-pair (bp) HindIII-Xba I fragment
of IL-3 (multi-CSF) ¢cDNA (19), and pSP65-GM-CSF, con-
taining a 398-bp BamHI-EcoRV fragment of GM-CSF cDNA
(20). Hybridization was carried out at 55°C overnight in 50%
(vol/vol) formamide/5x SSC (1x SSC = 0.15 M NaCl/0.015
M sodium citrate, pH 7.0)/0.1% Ficoll/0.1% polyvinylpyr-
rolidone/0.1% bovine serum albumin/5 mM EDTA/10 mM
Pipes/NaOH, pH 6.4, containing sonicated salmon sperm
DNA (200 éu.g/ ml), heparin (100 ug/ml), and one of the probes
(=2 x 10° cpm/ml; specific activity, =2 x 10® cpm/ug).
Filters were washed with 0.1x SSC/0.1% SDS at 65°C.
Kodak XAR-S films and intensifying screens were used for
autoradiography. Amounts of RNA loaded in each lane were
verified either by rehybridization of filters with an actin probe
or by acridine orange staining.

RNase Protection Assay. Cellular RN A was hybridized with
20,000 cpm of the 3?P-labeled antisense RNA probes used for
Northern analysis. Hybridization was at 45°C for 16 hr and
hybrids were digested with a RNase A/T1 mixture (Boeh-
ringer) (18). RNA was recovered by phenol extraction and
ethanol precipitation and analyzed by electrophoresis in a 6%
polyacrylamide/8 M urea gel.

Transcription in Isolated Nuclei. Nuclei were prepared (21),
resuspended in aliquots (=2 x 107 nuclei per 90 ul), and
stored in liquid N,. Transcription reactions were performed
(21) and 3?P-labeled RNA was isolated (17). The following
plasmid probes were used: pBR322; pBR/actin4, containing
a 567-bp Pst 1 fragment of a B-actin cDNA (22); pMuS.1,
containing a 0.6-kilobase (kb) EcoRI fragment of IL-3 cDNA
(20); pGM3.2, containing a 0.75-kb BamHI-EcoRI fragment
of GM-CSF c¢DNA (20); and pUC/c-myc, containing a 4.8-kb
Xba I-BamHI fragment of c-myc (23). Linearized and dena-
tured plasmids (3 ug) were spotted on 9-mm nitrocellulose
filters and hybridized with labeled RNA (=2 x 107 cpm/ml)
at 45°C for 48-72 hr in the same solution as used for Northern
analysis. Filters were washed with 2x SSC/0.1% SDS/20
mM Tris, pH 7.5, at 20°C and then with 0.1x SSC/0.1%
SDS/20 mM Tris, pH 7.5, at 60°C and 65°C for 1 hr and 30
min, respectively.

RESULTS

Induction of IL-3 and GM-CSF mRNAs. We measured the
effect of calcium ionophore (A23187) and phorbol ester
(PMA) on the level of IL-3 mRNA in the PB-3¢ mast cell line.
Northern blot analysis did not reveal IL-3 mRNA in un-
treated control cells (Fig. 14, lanes 1 and 5), consistent with
previous results (15). IL-3 mRNA was also not detected in the
cells treated with PMA (lanes 2 and 6), irrespective of
concentration (5-100 ng/ml) and time of treatment (1-16 hr)
(data not shown). However, a strong specific signal corre-
sponding to =1-kb IL-3 mRNA was observed following
exposure to A23187 (lane 3). The strongest response was
found after 3 hr of incubation of cells with 5 uM A23187.
Although PMA had no effect when used alone, it potentiated
by about 2-fold the effect of A23187 (lane 4). The level of IL-3
mRNA observed after treatment with A23187 was consider-
ably higher than that found in the WEHI-3B leukemia cell line
(lane W), which expresses IL-3 mRNA constitutively (16).
Primer extension analysis (data not shown) mapped the 5’
end of IL-3 mRNA induced by A23187 in mast cells to the
proposed transcription start of IL-3 mRNA (24).

Calcium ionophore was also a very potent inducer of
GM-CSF mRNA (Fig. 1B, lane 3), and PMA enhanced its
effect by about 3.5-fold (lane 4). Induced levels of GM-CSF
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FiG. 1. Effect of PMA and A23187 on the levels of IL-3 (4) and
GM-CSF (B) mRNA in PB-3c cells as shown by Northern analysis of
20 ug of total (lanes 1-4) or 10 ug of poly(A)* (lanes 5 and 6) RNA
isolated from untreated cells (lanes 1 and 5) or cells treated with PMA
(lanes 2 and 6), A23187 (lane 3), or simultaneously with PMA and
A23187 (lane 4). A total RNA sample (20 ug) from WEHI-3B cells
(lane W) provided a positive control for 1L-3 mRNA. Autoradio-
graphic exposure times were as follows: in A, lanes 1-4 and W, 5 hr;
lanes S and 6, 3 days; in B, lanes 1-4, 2 hr; lanes 5 and 6, 1 day.
Densitometric scanning of the autoradiograms was used to quantitate
mRNA. Positions of 28S and 18S rRNA are indicated.

mRNA were always higher than those of IL-3 mRNA. Unlike
IL-3 mRNA, the GM-CSF mRNA could be induced, though
much less effectively, by PMA alone (lanes 2 and 6; note
different amounts of RNA in these lanes). The results of
Northern analysis were confirmed by RNase A/T1 mapping
(Fig. 2). The 368-bp-long protected fragment specific for IL-3
mRNA (lane W) was observed using RNA isolated from
PB-3c cells treated with A23187 (Fig. 24, lane 3), but not with
PMA (lane 2). A 398-bp-long fragment specific for GM-CSF
mRNA was detectable in response to A23187 and to PMA
(Fig. 2B, lanes 2 and 3).

To further analyze the contribution of Ca’?*- and PKC-
dependent pathways in regulating IL-3 and GM-CSF mRNA
levels, the response to A23187 was measured in cells that
were deprived of active PKC by prolonged exposure to PMA
(25). Both IL-3 and GM-CSF mRNAs were strongly induced
by A23187 in such cells (Fig. 3 A and B, lanes 3), indicating
that accumulation of these mRNAs can occur independently
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FiG.2. RNase A/T1 protection analysis of IL-3 (A) and GM-CSF
(B) mRNA induced in PB-3¢ cells with PMA or A23187. For
hybridization, 5 ug of poly(A)* (lanes W, 1 and 2) or 20 ug of total
(lane 3) RNA isolated from the following cells was used: lane 1,
untreated cells; lane 2, treated with PMA; lane 3, treated with
A23187; lane W, WEHI-3B cells. Protected RNA fragments specific
for IL-3 (368 nucleotides) and GM-CSF (398 nucleotides) mRNA are
marked by triangles. Lanes M1 and M2, size markers (pBR322
digested with Hae 111 and Hinfl, respectively). Lanes P1 and P2,
aliquots of antisense probes (IL-3 probe of 419 nucleotides and
GM-CSF probe of 449 nucleotides).
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Fic. 3. Effect of downregulation of PKC in PB-3c cells on levels eontrol ()  resdded
of IL-3 (A) and GM-CSF (B) mRNA induced by A23187. Northern 30 2n
analysis was performed with 20 ug of total (lanes 1-3) and 10 ug of
poly(A)* (lanes 4 and 5) RNA from cells treated as follows: lane 1, pBR322 : N
no treatment; lane 2, A23187; lane 3, PMA (100 ng/ml, 48 hr) ;
followed by A23187; lane 4, PMA (20 ng/ml, 3 hr); lane 5, PMA (100 B-actin @@ E ‘ E ]
ng/ml, 48 hr).
-3 e & 9 ©
of PKC activity; however, the levels of induction were c-myc @ . ®

slightly lower than in control cells (compare lanes 2 and 3),
consistent with the weak synergism between PMA and
A23187 seen in Fig. 1. That the prolonged exposure of PB-3c FiG. 4. Run-on transcription in PB-3c cell nuclei. (4) Transcrip-

cells to PMA had indeed inactivated the PKC was confirmed tion of IL-3 and GM-CSF genes in nuclei from control and stimulated
by accumulation of GM-CSF mRNA following 3-hr (Fig. 3B, cells. Cells were treated with A23187 (15 min, 1 hr, or 2 hr), PMA (30
min or 2 hr), or both (2 hr). Control cells were untreated. 32P-labeled

lane 4), but not 48-hr (lane 5), treatment with PMA. ) ) ¢’ ; €
Control of IL-3 mRNA Expression. Increased levels of IL-3 RNA isolated from nuclei was hybridized to plasmid probes immo-
d GM-CSF mRNAs i I d to calci . h bilized on filters. pBR322 plasmid was used as a negative control and
an d ’ PM;T ) ds n CT s-el):pots‘e 0 calcium log()p oref B-actin and c-myc plasmids as positive controls. B Changes in
and/or to_ could result either from an increased rate o c-myc transcription dependent on the presence of IL-3 in the growth
transcription or from more efficient processing or enhanced medium. Nuclei were prepared from control cells, from cells grown
stability of the RNA. To distinguish between transcriptional in IL-3-free medium for 3 hr, and from parallel cultures to which IL-3
and posttranscriptional regulation, we measured transcrip- was subsequently re-added for another 30 min or 2 hr. Transcription
tion of the IL-3 and GM-CSF genes by in vitro run-on assays of the c-myc gene measured under such conditions decreased in
in nuclei isolated from control and stimulated PB-3c cells. In IL-3-depleted cells and rapidly returned to its normal level following
a control experiment, we verified that such run-on assays IL-3 re-addition, in agreement with previous data (26).
;‘ci;:uzage;ﬁ; ei:‘lseggg::;)s cription activity in PB-3c nuclei (sce effect on stability of IL-3 mRNA (Fig. 5 a-d). Following
Although IL-3 mRNA was not detectable in unstimulated treatment of cells with A23187 and/or PMA for 3 hr, acti-
cells by Northern analysis, IL-3 gene transcription was nomycin D, an inhibitor of transcription, was added and the
reproducibly observed in nuclei from these cells (Fig. 4A). levels of IL-3 mRNA were measured in cells harvested 0, 1,
Interestingly, treatment with A23187 for 15 min, 1 hr, or 2 hr 2,0r3 hr later. The results indicate that IL-3 mRNA is stable
in cells exposed to A23187 (Fig. 5a); even 3 hr after actino-

did not lead to an increase of IL-3 gene transcription.
Transcription was also not enhanced by treatment of cells
with PMA alone or with PMA and A23187.

Since calcium ionophore did not influence IL-3 gene
expression at the transcriptional level, we investigated its

mycin D addition, there was no sign of mRNA decay. Similar
high stability of IL-3 mRNA was observed in cells treated
simultaneously with A23187 and PMA (Fig. 5b). The contin-
uous presence of A23187 was required for stabilization of

PMA + + + + + A23187 + + + + + A23187 + + + + A23187 + - - - - A23187 +
act.D - + + + + actD - + + + + PMA + + + + + actD - + + + + CHX - + o+ o+ 4+
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FiG. 5. Stability of IL-3 (a—d) and GM-CSF (e-i) mRNA in stimulated PB-3c cells. Ten micrograms of total RNA was used for Northern
analysis except for e, where 5 ug of poly(A)* RNA was used. Cells were pretreated with A23187 and/or PMA for 3 hr (time —3 hr to 0) and
then incubated further under conditions indicated at the top of the figure. (a, b, ¢, f, and g) Actinomycin D (act.D, 5 ug/ml) was added at time
0 and RNA levels were determined after 0, 1, 2, and 3 hr of its presence. (c, d, h, and i) After treatment with A23187 for 3 hr, cells were washed
and resuspended in A23187-free medium prior to addition of actinomycin D; in d and i, cycloheximide (CHX, 10 ug/ml) was added during washing
and was present during subsequent incubation with actinomycin D. Levels of mRNA were determined 0, 0.5, 1, and 2 hr after addition of

actinomycin D. N.D., not detectable.
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Fic. 6. Effect of cycloheximide on levels of IL-3 (A) and GM-
CSF (B) mRNA in PB-3c cells as shown by Northern analysis of 20
ug of total (lanes 1-3) or 10 ug of poly(A)* (lanes 4 and 5) RNA. Cells
were untreated (lanes 1 and 4), treated with A23187 (lane 2),
preincubated with cycloheximide at 10 ug/ml for 1 hr and then
treated with A23187 in the presence of cycloheximide (lane 4), or
treated with cycloheximide at 10 ug/ml for 1 hr (lane 5).

mRNA; when A23187 was removed prior to actinomycin D
addition, IL-3 mRNA decayed very rapidly and only traces
of it were visible after 30 min of incubation (Fig. 5c¢).

Control of GM-CSF mRNA Expression. Run-on assays
(Fig. 4A) revealed the presence of GM-CSF transcripts in
nuclei from unstimulated cells; their level was comparable to
that of IL-3 transcripts. Treatment of cells with A23187 had
a weak stimulatory effect on GM-CSF gene transcription,
while PMA had no effect when used alone. When A23187 and
PMA were used together, they strongly increased the GM-
CSF transcription rate, which reached the level of transcrip-
tion of the actin gene. Stability of GM-CSF mRNA was also
analyzed (Fig. 5 e-i). GM-CSF mRNA was stabilized most
effectively in the presence of both A23187 and PMA (Fig. 5g)
and less effectively by either of the reagents alone (Fig. 5 e
and f). Similar to IL-3 mRNA, the level of GM-CSF mRNA
declined sharply upon removal of A23187 (Fig. 5h). The
results indicate that expression of GM-CSF mRNA in PB-3c
cells is influenced by calcium ionophore and phorbol ester at
both transcriptional and posttranscriptional levels.

Effect of Cycloheximide. To determine whether induction of
IL-3 and GM-CSF mRNA by calcium ionophore requires
ongoing protein synthesis, cycloheximide was used to inhibit
translation (Fig. 6). Cells were preincubated for 1 hr with
cycloheximide (10 ug/ml) and then incubated further in its
presence with A23187. The levels of IL-3 mRNA were
identical in cells treated with A23187 in the absence or
presence of cycloheximide (Fig. 64, lanes 2 and 3) and the
level of GM-CSF mRNA was increased by cycloheximide
(Fig. 6B, lanes 2 and 3). Treatment of cells with cyclohexi-
mide alone did not lead to accumulation of IL-3 mRNA (Fig.
6A, lane 5) but resulted in accumulation of low amounts of
GM-CSF mRNA (Fig. 6B, lane 5), as previously seen in
macrophages (27). Cycloheximide had no effect on transcrip-
tion of IL-3 and GM-CSF genes, as analyzed by run-on
assays (data not shown). However, cycloheximide did affect
the stability of IL-3 and GM-CSF mRNAs; its presence
partially prevented rapid decay of mRNAs taking place after
removal of A23187 from the culture medium (Fig. 5 d and i).

DISCUSSION

We have demonstrated that expression of the IL-3 gene in the
murine PB-3c mast cell line is regulated at the posttranscrip-
tional level and that intracellular Ca?* specifically modulates
stability of IL-3 mRNA. The IL-3 gene is constitutively
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transcribed in PB-3c cells, but IL-3 transcripts must be
rapidly degraded, as IL-3 mRNA is not detectable in unstim-
ulated cells. The accumulation of IL-3 mRNA in cells treated
with calcium ionophore A23187 is due to stabilization of RNA
and not due to an increased rate of transcription of the IL-3
gene. To our knowledge, Ca?*-dependent regulation of RNA
stability has not been reported before. It is not known
whether expression of IL-3 mRNA in T lymphocytes is
regulated in a similar fashion.

GM-CSF gene expression in mast cells is regulated differ-
ently from that of IL-3. Increases in both gene transcription
and RNA stability are responsible for accumulation of GM-
CSF mRNA in cells treated with A23187 and PMA. Unlike
IL-3 gene expression, GM-CSF gene expression has been
studied in a variety of cell types. Constitutive transcription of
the gene, which we find in mast cells, has also been noted in
macrophages (27), some myeloid cell lines (28), and fibroblasts
(29). In human T cells, treatment with phorbol ester strongly
stabilized GM-CSF mRNA (30), whereas in human fibroblasts
its stabilizing effect was less pronounced. In fibroblasts,
phorbol ester or tumor necrosis factor enhanced both RNA
stability and transcription (29), as did A23187 and PMA in mast
cells. On the other hand, induction of GM-CSF mRNA in
macrophages by lipopolysaccharide occurred without en-
hancement of gene transcription (27).

No common regulatory pattern emerges from studies on
the signaling pathways controlling expression of various
lymphokine mRNAs. It appears that the same lymphokine
may be regulated differently in various cell types; it also
seems that selective mechanisms coordinate production of
multiple lymphokines in one cell type. Studies on expression
of IL-3 and GM-CSF provide evidence for existence of such
selective regulatory mechanisms. The genes encoding these
two factors in mouse and human (31, 32) are localized in close
proximity on the same chromosome and are thought to be
coordinately expressed (31, 33). Both GM-CSF and IL-3 are
secreted by T lymphocytes activated via the T-cell antigen
receptors and by mast cells following activation of Fc.R. The
degree of involvement of the specific postreceptor signaling
pathways in regulation of IL-3 and GM-CSF gene expression
in these two cell types is, however, different. In T lympho-
cytes, both Ca?*-dependent and PKC-dependent pathways
contribute to the induction of either lymphokine, as strong
synergism between phorbol ester and calcium ionophore has
been observed (19). In mast cells, the contribution of the
PKC-dependent pathways is less pronounced; treatment with
PMA did not induce expression of IL-3 mRNA at all, either
in the PB-3c cell line or in bone marrow-derived mast cells
(8), and induction of GM-CSF mRNA was rather inefficient.

The strong dependence of lymphokine expression on the
Ca?* pathway in mast cells is most likely related to the
particular importance of these ions for the function of mast
cells during allergic and immune responses. Allergen-induced
activation of Fc,.R is accompanied by a transient increase in
cytoplasmic Ca’*, which is maintained for as long as the
receptors remain aggregated (10). Based on the results of this
work we believe that the transient accumulation of IL-3 and
GM-CSF mRNAs, observed by us previously in bone mar-
row-derived mast cells activated by crosslinking of the Fc,.R
(8), is associated with a transient increase of Ca?* in these
cells.

The regulation of mRNA turnover is recognized as an
important step in the control of lymphokine levels. The
clusters of A+U-rich motifs present in the 3’ untranslated
regions of transiently expressed mRNAs, including IL-3 and
GM-CSF mRNAs, have been proposed as major determi-
nants of mRNA instability (30, 34). The 3’-terminal region in
GM-CSF mRNA has been identified as responsible for the
short half-life of this RNA (30). Deregulation of mRNA
turnover resulting in constitutive expression of otherwise
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transiently produced growth factors may contribute to the
development of neoplastic transformation (35). The selective
stabilization of GM-CSF mRNA has been described in mono-
cytic tumors and involvement of the 3’ untranslated region in
GM-CSF mRNA in this process has been suggested (28).

Work in our laboratory has shown that PB-3c cells can
progress to IL-3-producing autocrine mastocytomas after
introduction of the v-Ha-ras oncogene (15). In addition,
production of IL-3 and GM-CSF can be induced in PB-3c
cells transfected with the vector expressing the EJ c-Ha-ras
oncogene at high levels (36). Overexpression of a transform-
ing ras p21 protein, which shares structural homology with
guanine nucleotide-binding proteins (37), could influence
transmembrane receptor signaling; indeed, introduction of
v-Ha-ras into PB-3c cells enhanced expression of IL-3
mRNA in response to A23187 and PMA (A.W.-F., unpub-
lished data). We have also observed that PB-3c cells infected
with a viral vector that expresses high levels of IL-3 (obtained
from C. Stocking and W. Ostertag) are highly tumorigenic.
IL-3 transcripts expressed from that vector are devoid of
3’-terminal A+U-rich motifs and have a half-life of =2 hr
(A.W.-F., unpublished data). Together, these results suggest
that neoplastic transformation of PB-3c cells results from the
increased stability of IL-3 mRNA and that the A+U-rich 3’
untranslated region of IL-3 mRNA plays a role in its turn-
over.

It is possible that structural motifs in IL-3 mRNA that are
important for stabilization are recognized by protein factor(s)
that are regulated by Ca?*. Because inhibition of protein
synthesis in PB-3c cells by cycloheximide does not prevent
induction of IL-3 mRNA by calcium ionophore, the putative
regulatory protein(s) would have to be modified, rather than
syg&hesized de novo, in response to increased intracellular
Ca**.
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critical reading of the manuscript.

1. Ihle, J. N. & Weinstein, Y. (1986) Adv. Immunol. 39, 1-50.

2. Dexter, T. M. & Spooncer, E. (1987) Annu. Rev. Cell Biol. 3,
423-441.

3. Kindler, V., Thorens, B., de Kossodo, S., Allet, B., Eliason,
J. F., Thatcher, D., Farber, N. & Vassalli, P. (1986) Proc. Natl.
Acad. Sci. USA 83, 1001-1005.

4. Metcalf, D., Begley, C. G., Johnson, G. R., Nicola, N. A.,
Lopez, A. F. & Williamson, D. J. (1986) Blood 68, 46-57.

5. Metcalf, D. (1984) The Haemopoietic Colony Stimulating Fac-
tors (Elsevier, Amsterdam).

6. Ihle,J. N., Pepersack, L. & Rebar, L. (1981) J. Immunol. 126,
2184-2189.

7. Kelso, A. & Gough, N. M. (1988) Proc. Natl. Acad. Sci. USA
85, 9189-9193.

10.
11.

12.
13.
14.

15.

17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.
29.

30.
31.

32.

33.

34.

3s.
36.
37.

Proc. Natl. Acad. Sci. USA 87 (1990) 781

Wodnar-Filipowicz, A., Heusser, Ch. & Moroni, Ch. (1989)
Nature (London) 339, 150-152.

Plaut, M., Pierce, J. H., Watson, C. J., Hanley-Hyde, J.,
Nordan, R. P. & Paul, W. E. (1989) Nature (London) 339,
64-67.

Metzger, H. (1988) Adv. Immunol. 43, 277-313.

Beaven, M. A. & Cunha-Melo, J. R. (1988) Prog. Allergy 42,
123-184.

Nishizuka, Y. (1986) Science 233, 305-312.

Berridge, M. J. (1987) Annu. Rev. Biochem. 56, 159-193.
Ball, P. E., Conroy, M. C., Heusser, Ch. H., Davis, J. M. &
Conscience, J.-F. (1983) Differentiation 24, 74-78.

Nair, A. P. K., Diamantis, I. D., Conscience, J.-F., Kindler,
V., Hofer, P. & Moroni, Ch. (1989) Mol. Cell. Biol. 9, 1183-
1190.

Ymer, S., Tucker, W. Q. J., Sanderson C. J., Hapel, A.J.,
Campbell, H. D. & Young, 1. G. (1985) Nature (London) 317,
255-258.

Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162,
156-159.

Melton, D. A., Krieg, P. A., Rebagliati, M. R., Maniatis, T.,
Zinn, K. & Green, M. R. (1984) Nucleic Acids Res. 12, 7035-
7056.

Kelso, A. & Gough, N. (1989) Growth Factors 1, 165-177.
Gough, N. M., Metcalf, D., Gough, J., Grail, D. & Dunn, A. R.
(1985) EMBO J. 4, 645-653.

Greenberg, M. E. & Ziff, E. B. (1984) Nature (London) 311,
433-438.

Hofstetter, P., Kikinis, Z., Altus, M. S., Pearson, D. & Nag-
amine, Y. (1987) Mol. Cell. Biol. 7, 4335-4541.

Land, H., Parada, L. F. & Weinberg, R. A. (1983) Nature
(London) 304, 596-602.

Miyatake, S., Yokota, T., Lee, F. & Arai, K.-1. (1985) Proc.
Natl. Acad. Sci. USA 82, 316-320.

Woodgett, J. R. & Hunter, T. (1987) in Mechanisms of Signal
Transduction by Hormones and Growth Factors (Liss, New
York), pp. 237-247.

Conscience, J.-F., Verrier, B. & Martin, G. (1986) EMBO J. 5,
317-323.

Thorens, B., Mermod, J.-J. & Vassali, P. (1987) Cell 48,
671-679.

Schuler, G. D. & Cole, M. D. (1988) Cell 55, 1115-1122.
Koeffler, H. P., Gasson, J. & Tobler, A. (1988) Mol. Cell. Biol.
8, 3432-3438.

Shaw, G. & Kamen, R. (1986) Cell 46, 659-667.

Barlow, D. P., Bucan, M., Lehrach, H., Hogan, B. L. M. &
Gough, N. M. (1987) EMBO J. 6, 617-623.

Le Blau, M. M., Epstein, N. D., O’Brien, S. J., Nienhuis,
A. W., Yang, Y.-C., Clark, S. C. & Rowley, J. D. (1987) Proc.
Natl. Acad. Sci. USA 84, 5913-5917.

Gough, N. M. & Burgess, A. W. (1987) in Oncogenes, Genes
and Growth Factors, ed. Guroff, G. (Wiley, New York), pp.
165-192.

Caput, D., Beutler, B., Hartog, K., Thayer, R., Brown-Shimer,
S. & Cerami, A. (1986) Proc. Natl. Acad. Sci. USA 83,
1670-1674.

Taniguchi, T. (1988) Annu. Rev. Immunol. 6, 439-464.
Andrejauskas, E. & Moroni, C. (1989) EMBO J. 8, 2575-2581.
Hurley, J. B., Simon, M. 1., Teplow, D. B., Robishaw, J. D. &
Gilman, A. G. (1984) Science 226, 860-862.



