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Translation is regulated predominantly by an interplay between cis elements at the 3’ and 5’ ends of mRNAs
and frans-acting proteins. Cyclosporin A (CsA), a calcineurin antagonist and blocker of interleukin-2 (IL-2)
transcription in T cells, was found to inhibit translation of IL-3 mRNA in autocrine mast cell tumor lines. The
mechanism involved ribosome-associated poly(A) shortening and required an intact AU-rich element in the 3’
untranslated region. FK506, another calcineurin inhibitor, shared the effect. The translational inhibition by
CsA was specific to oncogenically induced lymphokines IL-3 and IL-4 but not to IL-6, c-jun, and c-myc, which
are expressed in the nonmalignant precursor cells. Furthermore, no translational down-regulation of the
mRNA was observed in IL-3-transfected precursor cells. These data suggest that translational silencing is

associated with the tumor phenotype.

Autocrine production of cytokines has been reported to
occur in a variety of experimental and clinical malignancies
(18, 32, 65). In several cases, aberrant expression of the growth
factor involved rearrangements of the respective genes (6, 27,
37, 56, 64). Constitutive growth factor expression due to tran-
script stabilization has also been described (1, 23, 27, 53).

We have been studying a murine tumor model where mas-
tocytomas obtained from v-H-ras-transformed PB-3c cells (an
interleukin-3 [IL-3]-dependent bone marrow mast cell line)
are characterized by autocrine IL-3 expression (40). In the
majority of the tumors (class I), IL-3 expression was due to
enhanced transcript stability. In a small number of tumors
(class II), however, increased IL-3 expression occurred due to
the transcriptional activation of an allele via insertion of ret-
roviral intracisternal A particle sequences into the 5'-flanking
region (26, 27). Alternatively, the IL-3-dependent precursor
cells could be transformed by the direct expression of IL-3
cDNA (42). These data suggested a key role for IL-3 expres-
sion in the transformation of these cells, and v-H-ras oncogene
expression is thought to facilitate the activation of a signal
transduction pathway leading to oncogenic IL-3 mRNA ex-
pression.

The stable mRNA in class I cells could be down-regulated
and IL-3 dependence could be restored by somatic cell fusion
with IL-3-dependent PB-3c cells (19, 27), arguing that tran-
script stability was the result of a recessive mutation and oc-
curred by a trans-acting mechanism. In addition, IL-3 mRNA
expression in class I cells was inhibited by treatment with the
immunosuppressant drugs cyclosporin A (CsA), FK506, and
rapamycin (2, 41). The inhibition involved destabilization of
the transcripts, and the process required an intact AU-rich
element (ARE) in the 3’ untranslated region (UTR) of the
mRNA. These results suggested that the tumors were gener-
ated as a result of a defect in the IL-3 mRNA decay pathway
operative in normal cells. The destabilization of the transcripts
by the drugs restored the decay function, as did cell fusion, thus
causing “tumor reversion.” With a view to identifying the pos-
sible factors that play a role in the regulation of IL-3 expres-
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sion, we set out to investigate the different degradation path-
ways in our class I and class II tumor cells.

In normal cells, cytokine mRNAs are short-lived, with half
lives in the range of 30 min to 1 h (reference 46 and references
therein). In tumors, as mentioned above, decay is often slowed
(45). This instability is mediated mainly by AREs ranging from
50 to 150 nucleotides, present in the 3’ UTR of most of
the mRNAs for cytokines and proto-oncogenes. A pentamer
motif, AUUUA, was previously suggested as the minimal de-
stabilizing element (11, 54). Recent data indicate that the con-
sensus nonamer UUAUUUA(U/A)(U/A), especially two jux-
taposed elements, are highly active (33, 67). A mutational
analysis of IL-3 has shown that a cluster of six AUUUA repeats
containing the nonamer regulate decay and stabilization by
Ca®" in the PB-3c mast cells (57).

Studies on the c-fos ARE have suggested a biphasic pattern
of mRNA decay (12, 46, 55). Accordingly, poly(A) shortening
to 30 to 60 nucleotides is the first step of mRNA degradation
(12, 55, 61). In mammalian cells, AREs of c-fos, c-myc and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
have been implicated in accelerating cytoplasmic poly(A)
shortening (9, 12, 14). Two classes of ARE have been pro-
posed; class I ARE, present in c-fos and c-myc, directs syn-
chronous poly(A) shortening, implying a distributive or non-
processive nuclease cleavage of poly(A) tails, and class II
ARE, present in GM-CSF and IL-3 mRNAs, mediates asyn-
chronous deadenylation (processive ribonuclease action), re-
sulting in the formation of fully deadenylated intermediates
(12-14).

The AREs are thought to regulate mRNA decay via specific
binding factors. Several such ARE binding proteins have been
identified (7, 8, 36, 39, 43); however, the exact function of most
of these is not clearly understood. Treatment of mast cells and
T cells with calcium ionophores and/or phorbol esters (phorbol
myristate acetate) has been shown to result in specific stabili-
zation of IL-3 and GM-CSF mRNAs (62). The loss of ARE-
binding activity of AU-B was found to correlate with stabiliza-
tion of lymphokine mRNAs in phorbol myristate acetate-
stimulated T cells, and AU-B has been shown to bind to the 3’
UTR of GM-CSF and not c-myc (7).

Studies with yeast have established the presence of non-
ARE 3’ UTR instability elements that promote rapid poly(A)
shortening and subsequent decay (38). Poly(A)-binding pro-



890 NAIR ET AL.

tein (PABP) has been identified as a key molecule that regu-
lates deadenylation, since strains deficient in PABP failed to
shorten poly(A) tails (35, 48). These studies have established
the presence of different routes for mRNA degradation such as
deadenylation-dependent or deadenylation-independent de-
capping with a subsequent exonucleolytic cleavage (4, 16, 47).
Decapping and decay appear to initiate after poly(A) tails are
shortened to less than 15 nucleotides, at which point PABP
binding is minimal (49), implicating PABP as a negative reg-
ulator of decapping and subsequent exonucleolytic cleavage (4,
16).

Although factors contributing to a link between mRNA de-
cay and translation have not been fully elucidated, ribosome-
associated destabilization of short-lived mRNAs has been re-
ported (51, 60). Recently, evidence for a physical association
between mRNA decay and the translation machinery in yeast
has emerged and a circular “closed loop” model has been
proposed (28). Accordingly, the PABP-poly(A) tail complex
interacts with the 5’ region of the mRNA via the cap-binding
protein, eIF-4E, and the adapter molecule, eIF-4G. The bind-
ing affinity of PABP to the poly(A) tail could presumably be
regulated by various 3’ UTR sequences and their binding fac-
tors that might function as activators or inhibitors (24, 28, 29,
50).

In the present study, we show that treatment with the im-
munosuppressants CsA and FK506 leads to a ribosome-asso-
ciated deadenylation of the labile IL-3 mRNA in the class II
tumors and that this process requires ongoing translation.
However, the stable transcripts in the class I cells are most
probably degraded by a non-ribosome-associated mechanism.
Experiments with IL-3 transgenes suggested that this pathway
operates in Jurkat T cells and that deletion of the ARE makes
the transcripts resistant to CsA-mediated poly(A) tail shorten-
ing. Surprisingly, the effect was observed in the tumor cells with
the oncogenically induced lymphokines IL-3 and IL-4 but not
with IL-6, which is also expressed by the precursor cells. Fur-
thermore, the IL-3 transcripts expressed by a transgene in the
precursor cells were not subjected to translational silencing by
CsA.

MATERIALS AND METHODS

Cell lines and tissue culture. PB-3c is a cloned, IL-3-dependent mast cell line
derived from murine DBA/2 bone marrow, and the IL-3 autocrine tumor V2D1,
V4D6, and V3D7 were described previously (40). All cell lines, including Jurkat

15 30 60 120 180 0

MoL. CELL. BIOL.

and CTL44 T cells, were cultured in Iscove modified Dulbecco medium (IMDM)
as described previously (40).

Nuclear run-on assays. Preparation of nuclei, in vitro transcription, and hy-
bridization were done as described previously (41).

Northern blot analysis. Approximately 10° cells/ml were treated with the
indicated concentrations of CsA overnight or were left untreated. For method A,
the total cytoplasmic RNA was isolated by the method of Gough (21). The cells
were lysed in the presence of Nonidet P-40 (NP-40) and nuclei were removed by
centrifugation. RNA was recovered from the supernatant by sodium dodecyl
sulfate-urea-phenol-chloroform extraction and precipitation. For method B, lysis
was performed with sodium guanidinium thiocyanate, a very effective protein
denaturant as well as a strong RNase inhibitor (15). By this method, nuclear as
well as membrane-bound ribosome-associated RNAs were extracted. For method
C, to recover the membrane-bound ribosome associated RNA, deoxycholate
(DOC) was used (31) for lysis, followed by removal of nuclei by centrifugation.
To inhibit the nuclear RNases that are released due to DOC treatment, 400 U
of RNasin/ml was included in the lysis buffer. RNA was subsequently isolated by
sodium dodecyl sulfate-urea-phenol-chloroform extraction.

Poly(A) mRNA isolation, agarose gel analysis, prehybridization, and hybrid-
ization were done as described previously (27). The IL-3 probes were generated
from an SP6 vector containing IL-3 cDNA fragments; chicken B-actin, murine
c-myc, c-jun, and IL-6 probes were generated by random priming (26).

Methylcellulose cloning. The cloning was done in 1-ml cultures as described
previously (40). The cloning mixtures contained 1% methylcellulose in IMDM,
1% bovine serum albumin, 20% fetal calf serum, 300 pg of iron-saturated human
transferrin per ml, and the indicated concentrations of CsA. V4D6 cells were
cloned in the absence of exogenous IL-3, while the PB-3c (clone 20) precursor
cells required the addition of IL-3 (41). The numbers of colonies were deter-
mined after 10 days of seeding. For V4D6, 100% corresponds to 2,600 colonies/
ml, and for clone 20 cells, 100% is approximately 10,000 colonies/ml. The cloning
efficiency of autocrine tumor cells in the absence of the growth factor is very
much lower than that of the precursor cells, which can be cloned only in presence
of the growth factor. The number of cells per clone gradually decreased with
increasing concentrations of CsA with V4D6 cells, whereas no such effect was
detectable with PB-3c.

Mitogenicity assay. For preparation of the supernatants, cells were washed
three times in IMDM and plated at 1 X 10°/ml for V4D6 or 5 X 10°/ml for V3D7,
in IMDM with 10% fetal calf serum (40). Except for the dose-response experi-
ments, 500 ng of CsA per ml was added wherever indicated at time zero.
Supernatants (20%) were assayed on IL-3-dependent PB-3c cells as described
previously (40). IL-4 was assayed on the IL-4-dependent murine T-cell clone
CTLA44 (20). For preparation of cytosol, cells were washed in IMDM and plated
at 2 X 10%/ml in 50 ml for V4D6, 2 X 103/ml in 150 ml for V3D7, and 2 X 10°/ml
in 50 ml for 15V4M1. After incubation, the cells were harvested, washed three
times in phosphate-buffered saline, resuspended in 500 ml of phosphate-buffered
saline, and frozen at —70°C until further use. Cytosol was prepared by sonication
for 15 s with an ultrasonic disintegrater. The lysate was centrifuged at full speed
in an Eppendorf centrifuge at 4°C for 10 min, and 5% supernatants were used for
the assay, unless indicated otherwise.

IL-3 transgenes and electroporation. pIL-3 M1 hph (wild-type IL-3 plasmid)
and pIL-3 MIAAU hph (ARE-deleted IL-3 plasmid) have been described pre-
viously (41). These plasmids contain the hygromycin resistance gene (hph) and
were introduced into Jurkat, V4D6, and 15V4 cells by electroporation at 300 V
and 960 pF, selected for hygromycin B resistance, generating stable transfec-
tants. The Jurkat cells used here were previously transfected with a v-H-ras
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FIG. 1. IL-3 mRNA expression in class I and class II cells. (a) Nuclear run-on analysis. Nuclei were prepared from V4D6 and V2D1 cells, and in vitro transcription
rates were measured as described previously (27). (b) Northern blot analysis of poly(A)* RNA in V2D1 and V4D6 cells. The cells were treated with 5 mg of actinomycin
D per ml, and RNA was prepared at the indicated time points by method A. The blots were first hybridized with IL-3 and subsequently rehybridized with c-myc and
B-actin probes, as described in Materials and Methods. The half-lives of IL-3 mRNA were more than 3 h and approximately 45 min in V2D1 and V4D6 cells,
respectively. c-myc mRNA decayed in both tumor cells with a similar half-life of 30 min.
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TABLE 1. Features of class I and II tumor lines

Feature Class I tumors (prototype V2D1) Class II tumors (prototype V4D6)
IL-3 gene No rearrangement IAP insertion
Nuclear IL-3 transcription Comparable to the precursor cells Enhanced transcription
IL-3 mRNA Abnormally stable; no cis alteration Short lived; no cis alteration

Somatic cell fusion with
normal PB-3c

Down-regulation of IL-3; reversion to IL-3 dependence

No down-regulation of IL-3; IL-3 independence

oncogene expressed from the Moloney murine leukemia virus long terminal
repeat (unpublished data).

Polysome analysis. For polysome gradients, 3 X 107 control or CsA-treated
cells were lysed in 300 wl of hypertonic buffer containing NP-40, DOC, and
RNasin (0.26 U/ml) and centrifuged through a 5-ml sucrose gradient (17.1 to
51%) for 75 min at 50,000 rpm in an SW 55 rotor. Twelve fractions were
collected, and RNA samples were prepared as described by Jeffries et al. (31).

In vitro reconstitution. To check for the presence of RNase activity in
V4D6 cells, an exogenous RNA was incubated with lysates for 0 to 2 h at 4°C
(similar conditions to those for the sucrose gradient analysis), extracted, and
analysed by Northern blotting. Exogenous RNA was either from V4D6 cells
transfected with a plasmid carrying the full-length IL-3 gene under the con-

trol of Moloney murine leukemia virus promoter (26) or from V2D1 cells
transfected with an ARE-deleted IL-3 transgene (41), which provided abun-
dant transcripts for detection. Lysates were prepared from V4D6 cells as
described for polysome analysis (31), and 15 pl was incubated with the
exogenous RNA. Assays were also done in the presence of RNasin (3 U/ml)
or additional polysomes from V4D6 cells. To prepare the polysomes, lysates
(300 wl) from 3 x 107 V4D6 cells were layered over a cushion of 17.1%
sucrose and centrifuged at 50,000 rpm for 1 h in an SW 55 rotor. The
supernatant was decanted, the walls were dried, and the polysome pellet was
resuspended in 300 pl of hypertonic buffer (31). A 5-ul volume from this
preparation was added to the incubation mixture containing the lysate and
exogenous RNA.
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FIG. 2. CsA and FK506 inhibit translation of IL-3 and in vitro growth of class II cells. (a) Poly(A)" mRNA (RNA prepared by method A) from control and
CsA-treated (for 16 h) class II V4D6 and class I V2D1 cells was hybridized with an IL-3 5’ probe (see Fig. 5b) and rehybridized with a B-actin probe. Drug
concentrations are indicated above the lanes. (b) The left panel shows the time course. The mitogenic activity of a 20% supernatant of CsA-treated (100 ng/ml; grey
bars) or untreated (black bars) V4D6 cells, assayed on IL-3-dependent PB-3c cells, is shown. CsA does not affect the mitogenic activity of exogenous IL-3 on PB-3c
cells (41), excluding carryover of drug as an explanation. The middle panel shows the dose response. The cells were grown for 72 h at the indicated CsA concentrations,
and 20% supernatants were tested on PB-3c. The right panel shows the result when 20% of the 10X-concentrated supernatant from V3D7 was tested. (c) The left and
middle panels show the dose-response and time course, respectively, of CsA-treated and untreated cytosol (5%) from V4D6 cells assayed on PB-3c, as described for
panel b. The right panel shows the result when cytosol (5%) from V4D6 cells was treated with 20 ng of FK506 per ml for 8 h. (d) Effect of CsA on colony formation.
A total of 2 X 10* V4D6 or IL-3-dependent PB-3c cells per ml were plated in the absence or presence, respectively, of the indicated concentrations of CsA. The number
of colonies is expressed as a percentage. Methylcellulose preparation and cloning were performed as described previously (40).
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RNase H analysis. RNAs from the gradient fractions were hybridized to an
IL-3-specific oligonucleotide (M387), complementary to the sequences immedi-
ately after the stop codon or in combination with oligo(dT),s for in vitro dead-
enylation. The RNAs were subsequently subjected to RNase H digestion as
described previously (25). This results in the generation of the following frag-
ments (see Fig. 5b): first, fragment A (550 nucleotides [nt]), representing the 5’
coding sequence; second, a 3’ UTR fragment of 290 nt without a poly(A) tail
(Bgeaa); and third, a fully adenylated 3" fragment carrying approximately 250
adenylate residues (24a), yielding a fragment (B,4) of 550 nt. 3’ fragments of
variable length, depending on the degree of adenylation, were also observed as
deadenylation intermediates. The blots were hybridized to a 3’ probe, which
detects both 5’ and 3’ fragments, or to a 5’ probe, which recognizes only the
coding sequences (see Fig. 5¢). As a control for the fully deadenylated IL-3
transcripts, in vitro deadenylation was performed by combining M387 and oli-
g0(dT)s.

RESULTS

Down-regulation of the labile IL-3 mRNA in class II tumor
cells by CsA was observed only when membrane-bound ribo-
some-associated RNA was extracted. We have previously re-
ported that the autocrine IL-3 expression in class I tumor cells
is the result of a posttranscriptional mechanism involving tran-
script stabilization by a frans-acting alteration (26). The mech-
anism appeared to be recessive because fusion of somatic cells
to the IL-3-dependent precursor PB-3c cells led to the down-
regulation of IL-3 expression and reversion to IL-3 depen-
dence (19, 27). In contrast, class IT tumor cells are character-
ized by the presence of retroviral intracisternal A particle
sequences at the 5'-flanking region of the IL-3 gene, resulting
in the transcriptional activation of the gene (27). Correspond-
ingly, transcripts were labile, as opposed to the abnormally
stable IL-3 mRNA in class I cells. Figure 1a shows a nuclear
run-on analysis with the enhanced IL-3 transcriptional activity
in V4D6 cells compared to V2D1 cells. The v-H-ras expression
was higher in V2D1 cells than in V4D6 cells. Figure 1b shows
the reported (26) abnormal stability of IL-3 mRNA in the
presence of actinomycin D in class I V2D1 cells (the half life is
more than 3 h) compared to class II V4D6 cells (the half life is
approximately 45 min). Transcripts of c-myc decayed with a
similar rate (the half life is 30 min) in both cell lines, as
reported previously (26). The salient features of class I and
class II tumor lines are summarized in Table 1.

Previous studies showed that the autocrine proliferation of
class I cells could be inhibited by treatment with the cal-
cineurin inhibitors CsA and FK506, which acted by down-
regulating the stable IL-3 mRNA. The mechanism was post-
transcriptional and involved destabilization of the transcripts
and required an intact 3" UTR (41). We now tested the effect
of CsA on the labile IL-3 mRNA expressed by the class II cells.
Figure 2a shows the Northern blot analysis of poly(A)* RNA
from cytoplasmic lysates of V2D1 and V4D6 cells, hybridized
with an IL-3-specific RNA probe. CsA did not affect the abun-
dance of IL-3 mRNA in V4D6 cells, while the transcripts
disappeared in V2D1 cells as reported previously (41).

Surprisingly, however, CsA inhibited the release of IL-3 in
the class II tumor lines when assayed for mitogenicity on PB-3c
cells (Fig. 2b). Half-maximal inhibition was observed at 4 ng/
ml, which is very similar to the reported concentration for
mRNA destabilization in class I cells (41). To distinguish be-
tween inhibition of secretion and translation, cytosolic extracts
from CsA-treated cells were tested for mitogenic activity. The
inhibition was detectable as early as 1 h (Fig. 2c, middle panel)
and the inhibitory concentration was again approximately 4
ng/ml (Fig. 2c, left panel). Similar results were obtained with
V3D7, another class II tumor line (Fig. 2b, right panel, and
data not shown). FK506 was also inhibitory (Fig. 2c, right
panel).

We next examined the effect of CsA on colony formation by

MoL. CELL. BIOL.

A B C

- N
— V4D6
o 120 0 120 0' 30" 60' 120' CsA

A B Cc

' — vaD1

o | O -

a d

Oh 3h Oh 3h CsA

oh 1h 3h

FIG. 3. Membrane-bound ribosome-associated RNA extraction reveals the
effect of CsA. (Top) V4D6 cells. (Bottom) V2D1 cells. (A) RNA was extracted
after lysis with NP-40 alone. (B) RNA was prepared by extraction with sodium
guanidinium thiocyanate. (C) Membrane-bound ribosome-associated RNA was
recovered by the addition of DOC.

V4D6 cells in methylcellulose and observed a dose-dependent
inhibition by CsA (Fig. 2d). However, as described above, the
precursor cells requiring IL-3 for growth (PB-3c) were not
affected by the drug, indicating that the effect is tumor specific.

To approach the apparent paradox that CsA affects IL-3
production but not cytoplasmic mRNA, we reinvestigated I1L-3
mRNA levels by using different RNA preparation methods.
For the preparation of RNA from hematopoietic cells which
contain high concentrations of RNases, method A has rou-
tinely been used (Fig. 2a). It involves lysis of the cells with a
mild detergent (NP-40) and subsequent removal of the undam-
aged nuclei by centrifugation (21). This ensures that the
RNases present in the nuclei do not degrade the RNA during
lysis. However, the membrane-bound ribosomes are not effi-
ciently released and are thereby removed along with the nuclei.
We now tested two additional methods which use very strong
detergents that allow efficient extraction of the membrane-
bound ribosome-associated RNA. In method B (15), the nu-
clear RNA also is extracted, while in method C, the nuclei are
removed prior to RNA extraction. Figure 3 (upper panel, A)
shows that in V4D6 cells, IL-3 transcripts were not down-
regulated by CsA when NP-40 alone was used for the lysis.
However, CsA-treated cells showed a reduced IL-3 signal
when method B (Fig. 3, top, panel B) and method C (Fig. 3,
top, panel C) were used to prepare RNA. In contrast to V4D6
cells, the CsA-induced inhibition in V2D1 cells was evident
irrespective of the method by which RNA was isolated (Fig. 3,
bottom). Taken together the results obtained from different
RNA preparation methods as well as the data from secreted
and intracellular IL-3 activity suggested that CsA inhibited
IL-3 expression at the translational level.

IL-3 mRNA in class II cells is specifically degraded on the
polysomes and requires ongoing translation. To study the
mechanism of translational inhibition by CsA, we examined
polysome association of IL-3 transcripts by sucrose gradient
analysis. In untreated V4D6 cells, IL-3 mRNA gave a broad
signal over the gradient, including the ribosomal and polyso-
mal fractions (Fig. 4a, upper panel). Following CsA or FK506
treatment, two effects were evident: (i) the total IL-3 signal
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FIG. 4. Effect of CsA and FK506 on the polysome association of IL-3 mRNA. (a) In the top panel, cells were treated where indicated for 2 h with CsA (100 ng/ml)
or FK506 (20 ng/ml), and lysates from control and treated cells were subjected to sucrose density gradient centrifugation (31) and Northern blot analysis. In the bottom
panel, cells were pretreated with cycloheximide (5 pg/ml) for 30 min prior to the addition of CsA for a further 2 h. As a control, cells were also treated with
cycloheximide alone for 2.5 h. (b) Northern blots from sucrose density gradients were first hybridized with labelled c-jun and subsequently rehybridized with c-myc and
B-actin probes. (c) Lysates of V4D6 cells were prepared as described for polysome preparation. In the top panel, the lysate was incubated at 4°C for the indicated times
with exogenous total RNA from V4D6 cells transfected with full-length IL-3 transgene (lanes 1 to 3), with added RNasin (3 U/ml) (lanes 4 to 6) or with exogenous
polysome preparation (lanes 7 to 9). The bottom panel shows the time course of the decay. Here, the exogenous RNA was from V2D1 cells transfected with an
ARE-lacking transgene. These cells express the endogenous full-length IL-3 transcripts as well as the ARE-lacking transcripts from the transgene (see the arrows). DI,
decay intermediate. (d) RNA from polysome gradients of V2D1 was analyzed as described for V4D6 cells.

intensity was reduced, and (ii) a lower band became more
prominent, particularly in the polysomal fractions with a con-
comitant shift of the upper band toward the ribosomal frac-
tions in drug-treated cells. A 2-h treatment was sufficient to
induce these effects, and incubation for up to 24 h did not
change the pattern further (data not shown).

When V4D6 cells were pretreated for 30 min with cyclohex-
imide, the effects of CsA were abolished (Fig. 4a, lower panel),

indicating a possible role for translational elongation. Cyclo-
heximide stabilizes unstable mRNAs in yeast (3), and an indi-
rect role for it in V4D6 cells cannot be ruled out. In contrast to
IL-3 mRNA, CsA did not affect the polysome-associated -ac-
tin, c-myc, or cjun transcripts (Fig. 4b), indicating that the
drug effect was specific.

Note that no signal representing the free, non-ribosome-
associated IL-3 mRNA could be detected, even in the un-
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FIG. 5. Polysome-associated poly(A) shortening of IL-3 mRNA. (a) Poly(A) " mRNA from gradient fractions was selected by oligo(dT) cellulose chromatography.
Prior to selection, two adjacent sucrose gradient fractions were pooled in the case of control gradients (lanes 1 to 5). With CsA-treated cells (100 ng/ml for 4 h), two
adjacent fractions from four parallel gradients were used (lanes 6 to 15). The RNA in the flowthrough fraction (F.T.) from CsA-treated samples was also processed,
and it migrates slightly faster than that in the eluate (lanes 11 to 15). A size control sample was included in the experiment and is marked by an arrow. (b) Schematic
representation of the IL-3 cDNA and the probes used for RNase H analysis (25). A, 5’ RNase H fragment; B, 4 and B, fully adenylated and deadenylated 3" RNase
H fragments, respectively. The numbers indicate the expected nucleotide length. M387 is an IL-3-specific oligonucleotide (not drawn to scale). The braces below
indicate the two probes used. (c) The top panel shows a Northern blot probed with the 3’ probe which recognizes both 5’ fragment A and the 3’ fragments B, and
Bgcaq- Note that A and B, 4 have almost identical sizes. By.,q becomes prominent after CsA treatment. The bottom panel shows a parallel Northern blot probed with
the 5" probe recognizing only fragment A, whose size did not change following CsA treatment. Indicated below the lane numbers are the gradient fraction numbers,
which correspond to the numbers in Fig. 4a. Note that the amount of RNA used for the analysis of CsA-treated material was two and three times greater for the 30-min
and 1-h samples, respectively, than that used for the control. Lane 16 shows that RNA subjected to in vitro deadenylation with oligo(IL-3) in combination with oligo(dT)
yielded an upper signal for A and a lower one for B.,4. (d) RNase H analysis of total RNA from V4DG6 cells treated with CsA (500 ng/ml). The RNA was prepared
by method A, where membrane-bound ribosomes are not recovered. In the left panel, oligo(IL-3) alone was used for hybridization. In the right panel, oligo(IL-3) and

oligo(dT) were both used (in vitro deadenylation).

treated gradients. To address this question, in vitro reconsti-
tution experiments were performed. Lysates were depleted
from polysomes by centrifugation and incubated with exoge-
nous total RNA isolated from V4D6 cells expressing an IL-3
transgene which provided abundant IL-3 transcripts. The
Northern blot data showed that the free IL-3 mRNA was
degraded rapidly following lysis-induced decompartmentaliza-
tion and that addition of exogenous polysomes or excess of
RNasin prevented this process (Fig. 4c, top panel). Figure 4c,
bottom panel, shows the time course of the in vitro decay
process with exogenous RNA containing full-length and ARE-
deleted IL-3 transcripts. Decay of both transcripts could be
observed at 4°C as early as 15 min, and distinct decay inter-
mediates could be detected. These data provided an explana-
tion for the lack of IL-3 transcript detection in the free frac-
tions of the sucrose gradients, because there is a time lapse of
about 2 h between lysis and collection of the fractions and
RNA extraction.

In contrast to the data shown with V4D6 cells, the polysome
profile of class I V2D1 showed no ribosome-associated short-
ening of the IL-3 mRNA (Fig. 4d), but an overall decrease in
signal intensity was observed following CsA treatment. This is
consistent with the observed reduction in cytoplasmic mRNA
(Fig. 2a and Fig. 3, bottom panel). Furthermore, different
methods of RNA preparation did not alter the effect of CsA in
V2D1 (Fig. 3, bottom panel). It thus appears that IL-3 mRNA
degradation in V2D1 cells is cytoplasmic.

IL-3 mRNA in V4D6 cells undergoes a polysome-associated
poly(A) shortening. We next determined if the short fragment
observed in the polysome gradients from V4D6 cells repre-

sented deadenylated transcripts. RNA from gradient fractions
was subjected to oligo(dT)-cellulose chromatography and an-
alyzed by Northern blotting. Poly(A) selection eliminated the
qualitative difference between control and CsA-treated sam-
ples, and now the lower band was not detectable in the eluates
(Fig. 5a, lanes 1 to 10). However, the lower band could now be
detected in the flowthrough fraction (lanes 11 to 15). This
suggested that the transcripts which formed the lower band
lacked a poly(A) tail. To confirm this, we performed an RNase
H analysis, schematically described in Fig. 5b. Hybridization
with an IL-3-specific oligonucleotide (M387) followed by
RNase H digestion generates adenylated and deadenylated 3’
fragments (B,q, Bgcaq), @s well as an invariant 5’ fragment
termed A (25). Northern blots were hybridized with the 3’
probe recognizing both the 5’ fragment A and the 3’ fragments
B,.q and B4 The pattern from control cells (Fig. 5c, top,
lanes 1 to 5) showed a single band of about 550 nt resulting
from an overlap of the 5'-terminal A fragment and the fully
adenylated 3’ fragment (B,,) carrying about 250 adenylate
residues. After 30 min of CsA treatment (lanes 6 to 10), a
smear indicative of partial deadenylation was observed, and
after 1 h (lanes 11 to 15), there was clear evidence of extensive
deadenylation, as indicated by the appearance of a lower band,
Bgeaa, Of the expected size (290 nt). A probe detecting only the
5’ fragment A gave a band which did not change in size with
CsA treatment (Fig. 5c, bottom), consistent with the interpre-
tation that CsA promotes deadenylation but does not affect the
5’ portion of the transcript. No signal corresponding to fully
deadenylated IL-3 was observed in V4D6 cells when cytoplas-
mic mRNA from CsA-treated cells prepared by method A
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FIG. 6. ARE-lacking IL-3 mRNA is resistant to ribosome-associated poly(A) shortening. (a) The middle panel shows a Northern blot analysis of total RNA from
Jurkat cells transfected with full-length and ARE-deleted IL-3 transgenes, hybridized with an IL-3 probe. The full-length transgene expressed much less RNA than did
the ARE-deleted transgene (data not shown), and as a consequence, the signal from the full-length IL-3 transcripts in lanes 1 and 2 is weak. The top panel shows a
longer exposure of the full-length IL-3. The bottom panel shows the same blot rehybridized with B-actin probe. Lanes: 1 and 3, untreated cells; 2 and 4, cells treated
with 1 mg of CsA per ml for 8 h; 1 and 2, cells transfected with full-length IL-3 construct; 3 and 4, cells transfected with ARE-deleted construct. (b) RNA from polysome
gradients of transfected Jurkat cells was analyzed for the IL-3 signal. The top panel shows cells transfected with the full-length construct. The bottom panel shows cells
transfected with the ARE-deleted construct. The cells were treated with 500 ng of CsA per ml for 8 h. The bottom panel (control and CsA-treated, ARE-deleted IL-3)
was exposed approximately 10-fold less than the top panel (control and CsA-treated, full-length IL-3).

(which does not include membrane-bound ribosome associ-
ated RNA) was subjected to RNase H analysis (Fig. 5d, left).
ARE-lacking transcripts do not undergo poly(A) shortening.
To facilitate the analysis of transcripts from an ARE-deleted
transgene and to test if the effect of CsA could also be ob-
served in another cellular background, we transfected murine
IL-3 transgenes (41) into human Jurkat T cells. The full-length
transcripts displayed a half-life similar to that of V4D6 cells,
whereas mRNA lacking the ARE was stable for several hours
(data not shown). The abundance of cytoplasmic mRNA from
both full-length and ARE-deleted constructs was not altered
by CsA treatment (Fig. 6a). As with V4D6 cells, gradient
analysis of Jurkat cells indicated a polysome-associated degra-
dation of the full-length transcripts (Fig. 6b, top). These tran-
scripts displayed a characteristic pattern representing the ad-
enylated (upper band) and the deadenylated (lower band)
species in untreated cells, indicating the rapid physiological
degradation. In CsA-treated cells, a decrease in the polysome-
association of the adenylated mRNA and a shift of this species
to the 80S ribosomal subunit can be observed. Deletion of the
ARE, however, prevented CsA from exerting an effect on IL-3
mRNA associated with the ribosomes (Fig. 6b, bottom).
Translational silencing of ARE-containing transcripts re-
quires a tumor phenotype. In addition to IL-3, IL-4 is ex-
pressed by both class I (V2D1) and class II tumors (V4D6,
V3D7) but not by v-H-ras-transfected premalignant precursor
(V2) or by the normal nonmalignant precursor (PB-3c) cells
(Fig. 7a). IL-4 synergizes with IL-3 in enhancing the in vitro
growth of PB-3c mast cells (data not shown). Furthermore, in
PB-3c cells, IL-4 is regulated similarly to IL-3 in that both are
induced by ionomycin via a posttranscriptional mechanism. In
contrast to IL-3 and IL-4, IL-6 is also expressed by PB-3c cells

(Fig. 7a). A comparison between Northern blot analysis of
cytoplasmic RNA (RNA made with the mild detergent NP-40)
and polysomal RNA shows that IL-4 mRNA is subjected to
translational inhibition by CsA (Fig. 7b, top). A pathway in-
volving ribosome-associated poly(A) shortening for IL-4
mRNA requires further investigation. IL-4 measurements with
a dependent T-cell clone showed that CsA inhibited the pro-
duction of biologically active IL-4 in two class II tumors, V4D6
and V3D7 (Fig. 7c), further confirming the translational down-
regulation by CsA. However, CsA treatment did not affect the
polysome association pattern of IL-6 (Fig. 7b, bottom).

To test for the requirement of tumor cellular background for
CsA inhibition, full-length IL-3 transgene (pIL-3M1 hph) was
introduced into V4D6 as well as the ras-expressing PB-3c
clone, 15V4. Figure 7d, left, shows that V4D6 cells expressing
the transgene (V4D6M1) produce much larger amounts of
biologically active IL-3 than do V4D6 cells and that CsA sub-
stantially inhibits this production. However, the IL-3-trans-
fected precursor, 15V4M1, continued to produce biologically
active IL-3 in the presence of the drug (Fig. 7d, right). Taken
together, these data suggest that translational silencing of IL-3
requires tumor progression.

DISCUSSION

CsA accelerates ribosome-associated poly(A) shortening.
IL-3 mRNA in V4D6 cells has a short half-life but is efficiently
translated, producing substantial amounts of biologically active
protein that is used for autocrine growth (26, 27, 40). Here we
show that treatment with CsA or FK506 abolishes the produc-
tion of IL-3 via a mechanism acting at the translational level.
The drug appears to accelerate a cotranslational IL-3 mRNA



896 NAIR ET AL.

a
1 2 3 4 5 6 7 8 b
=
il LN [ )
v e we 09 W
wr | G - B e
vaD1 V4D6 v2 PB-3c
c
V4D6 Vv3D7
£ 100000 £ 60000
Q o
o o d
80000 1 50000
40000 -
60000 A
30000 -
40000
20000 -
20000 10000
0 0l
0 500 0 500
CsA (ng/ml)

Fraction no.

Control

CsA

Control

CsA

cpm

MoL. CELL. BIOL.

Polysomes 80S 60S 40S free

12 3 45 6 7 8 9 1011 12
B | LA b
3 2 L4
(_

ST

Fraction no. 1 23 456 7 8 9 101112

.

! l . | e
15VaM1

£ 60000

mV4D6 g

OVA4D6M1 50000

40000

30000

20000

0l | 0 '
) 500 0 500
CsA (ng/ml)

FIG. 7. Effect of cellular background on translational inhibition by CsA. (a) Northern blot analysis of poly(A) " RNA (RNA was extracted by method A) from PB-3c,
V2, V4D6, and V2D1 cells. Lanes: 1, 3, 5, and 7, RNA from untreated cells; 2, 4, 6, and 8, RNA from cells treated with 500 ng of CsA per ml for 12 h. The blots were
first hybridized with IL-6 and then rehybridized with IL-4 and IL-3 probes as described previously (41). (b) RNA from V4D6 sucrose gradient fractions was first
hybridized with IL-6 (bottom) and subsequently rehybridized with IL-4 probes (top). CsA treatment (500 ng/ml) was done for 4 h. (c) IL-4 biological assay. The
supernatants were those used in Fig. 2b. The assay was performed as described for IL-3, except that the IL-4-dependent T-cell clone CTL44 was used as the indicator
cells. (d) IL-3 biological assay. Cytosolic extracts were prepared and assayed as described in Fig. 2b. VAD6M1 cells (2 X 10°/ml in 25 ml) were treated with 500 ng of
CsA per ml for 4 h, and the lysate was assayed at a concentration of 2%. 15V4MI1 cells (2 X 10° cells per ml in 50 ml) were treated for 24 h, and the lysate was assayed

at 15%.

decay process operating physiologically in V4D6 cells. The
major role of CsA and FK506 is in the enhancement of dead-
enylation in a ribosome-associated manner. This may oppose
poly(A)-dependent reinitiation events (28, 50) and be the pre-
lude for further degradation (see below). Our data are remi-
niscent of the results obtained from in vitro analysis of c-myc
mRNA (9, 10). Here, the initial step in the degradation was
poly(A) shortening with a transient accumulation of poly(A)-
deficient mRNA. Reconstitution experiments revealed the
presence of an activity in the cytosolic fraction that destabilized
polysome-associated c-myc mRNA in vitro. This destabilizing
activity (AUF1) was subsequently purified and cloned (8, 17,
66). Several studies have suggested that the rate of poly(A)
shortening is the key determinant of the half-life of mRNA (5,
9, 34, 55, 61).

IL-3 mRNAs in class I and class II cells decay via different
routes. We have previously shown that the oncogenically sta-
bilized IL-3 mRNA in V2D1 cells (class I tumor) could be
destabilized by CsA and FK506 (41). The data presented in
Fig. 2a confirm this result and show in addition that the bulk of
the labile transcripts in V4D6 class II cells were not sensitive to

CsA. However, this mRNA underwent a ribosome-associated
deadenylation (Fig. 4a). In contrast, gradient analysis of V2D1
cells showed that upon treatment with CsA, there is a substan-
tial reduction in the IL-3 signal associated with ribosomal
monosomes and polysomes, but no qualitative difference is
observed (Fig. 4d). Thus, the pattern shown mirrors the reduc-
tion in the cytoplasmic mRNA levels following drug treatment
shown in Fig. 2a. Importantly, the shortened fragments ob-
served in V4D6 gradients were absent in V2D1 and no redis-
tribution of signal over the gradient was observed, which ar-
gues for the absence of ribosome-associated decay in V2D1
cells. Furthermore, in contrast to V4D6, CsA-induced inhibi-
tion was observed in V2D1, even when membrane-bound ri-
bosome-associated RNA was not extracted (Fig. 3, bottom).
These data strongly suggest different CsA-induced IL-3 mRNA
decay routes for class I and class II tumor cells.

ARE-lacking transcripts are resistant to CsA-induced poly
(A) shortening. To avoid interference from endogenous tran-
scripts, we have introduced murine IL-3 transgenes into Jurkat
cells, a human T-cell line. As expected, IL-3 mRNA from ARE
deletion constructs was expressed at much higher levels than
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that from the full-length construct. CsA did not inhibit the
expression of cytoplasmic IL-3 mRNA from either of the trans-
genes (Fig. 6a). However, the ribosome-associated degradation
of the full-length transcripts also occurred in Jurkat cells, in-
dicating that the findings made with V4D6 are not restricted to
mast cell tumor lines. Importantly, the ARE-lacking transcripts
were resistant to poly(A) shortening mediated by CsA (Fig.
6b).

In vitro growth inhibition of V4D6 cells by CsA. Our results
shown in Fig. 2d indicate that the growth of V4D6 cells in vitro
was inhibited by CsA in a dose-dependent manner. It is note-
worthy that this effect is tumor specific and does not occur in
normal precursor cells. With CsA-treated class I V2D1 cells,
we have previously shown that the addition of exogenous IL-3
led to almost complete restoration of growth (41). However,
exogenous IL-3 did not restore the growth of V4D6 cells (data
not shown). This indicates that the inhibitory mechanism of the
drug on growth is more complex and cannot be explained
solely by the loss of the autocrine regulator IL-3. The drug may
inhibit other elements vital for growth. In fact, translation of
IL-4, a lymphokine for which these cells have receptors, is also
impaired (Fig. 7). That only tumor cells, not normal IL-3-
dependent cells, are growth inhibited by CsA indicates that this
drug antagonizes tumor-specific growth-promoting mecha-
nisms.

Translational inhibition is associated with tumor progres-
sion. The CsA-induced translational inhibition of IL-3 and
IL-4, the two lymphokines associated with the tumor pheno-
type, indicates that this process involves some cellular factors
that are altered during tumor progression. It is interesting that
CsA affects IL-3 and IL-4, the only two lymphokines which
stimulate the growth of these cells in vitro. It is tempting to
speculate that the same factors that are involved in the up-
regulation of the lymphokines in the tumors serve as the target
for the action of CsA. Both CsA and FK506 are calcineurin
antagonists, indicating a possible involvement of calcineurin
phosphatase activity and hence a role for phosphorylation-
dephosphorylation in the regulation of mRNA turnover linked
to translation. Rapamycin, another immunosuppressive drug
and inhibitor of the FRAP/RAFT kinase pathway, antagonizes
initiation events of translation acting through the binding pro-
tein of eIF-4E or through inhibition of the kinase p705°% (22,
30, 44). Recent reports show that eIF-4G mediates poly(A)
tail-stimulated translation and that PABP associates with
elF-4E via eIF-4G (58, 59). Any break introduced in this
“closed loop” could make the mRNA vulnerable to degrada-
tion. It is noteworthy that the poly(A) tail and PABP play
apparent roles in the translation as well as the decay of short-
lived mRNAs (4, 28, 59, 63). Although our data demonstrate
that IL-3 mRNA degradation in class II cells requires a phys-
ical association with the translational machinery, an additional
inhibition of initiation by CsA cannot be ruled out.

In conclusion, our experiments have identified a novel target
mechanism of two clinically important immunosuppressive
drugs at the level of translation. Selective inhibition of onco-
genic regulators by drug-induced stimulation of mRNA dead-
enylation and subsequent degradation represents a potentially
important strategy for opposing neoplastic growth.
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