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The turnover rates of some mRNAs vary by an order of magnitude or more when cells change their growth
pattern or differentiate. To identify regulatory factors that might be responsible for this variability, we
investigated how cytosolic fractions affect mRNA decay in an in vitro system. A 130,000 x g supernatant (S130)
from the cytosol of exponentially growing erythroleukemia cells contains a destabilizer that accelerates the
decay of polysome-bound c-myc mRNA by eightfold or more compared with reactions lacking S130. The
destabilizer is deficient in or absent from the S130 of cycloheximide-treated cells, indicating that it is labile or
is repressed when translation is blocked. It is not a generic RNase, because it does not affect the turnover of
8-globin, -y-globin, or histone mRNA and does not destabilize a major portion of polysomal polyadenylated
mRNA. The destabilizer accelerates the turnover of the c-myc mRNA 3' region, as well as subsequent 3'-to-5'
degradation of the mRNA body. It is inactivated in vitro by mild heating and by micrococcal nuclease,
suggesting that it contains a nucleic acid component. c-myb mRNA is also destabilized in S130-supplemented
in vitro reactions. These results imply that the stability of some mRNAs is regulated by cytosolic factors that
are not associated with polysomes.

mRNA levels can be regulated by changing not only gene
transcription rates but also mRNA turnover rates, and the
half-lives of some mRNAs can vary by an order of magni-
tude or more (reviewed in references 55, 56, and 63). Such
variations apparently make up part of the normal pleiotropic
respbnse to cell proliferation and differentiation factors and
usually involve only a subset of mRNAs.
The apparent rationale for regulating mRNA stability is to

provide alternate posttranscriptional pathways for control-
ling the levels of subsets of mRNAs. For example, mRNAs
like c-myc mRNA, whose products are thought to influence
cell replication, are usually relatively unstable, with half-
lives of -1 h (2, 13). As a result of their intrinsic instability,
even modest changes in their turnover rates affect their
steady-state levels over a relatively short time. This sort of
short-term regulation might ensure that the quantities of
these mRNAs per cell are maintained within a very limited
range. The necessity for such precise regulation is consistent
with the finding that inappropriate expression of these and
other mRNAs and their protein products can interfere with
cell replication and differentiation (1, 7, 12, 30, 31, 39, 47).
mRNAs whose decay rates seem to be regulated include
those expressed from proto-oncogenes (13, 15, 20, 35, 41,
72); genes related to cell division, including the histones
(reviewed in reference 36); acute-phase response and inflam-
matory response genes (3, 19); interferon genes (80); heat
shock protein genes (65, 71); and developmentally regulated
gehes (16, 62, 73).

Since the turnover rates of so many mRNAs vary, it is
important to identify and characterize putative stability-
regulating factors. We and others have developed in vitro
mRNA decay systems, three properties of which suggest
their usefulness for investigating mRNA stability (46, 48, 57,
58, 67, 68). (i) They apparently mimic the authentic degra-
dation pathways of at least some mRNAs. For example,
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histone mRNA is degraded in a 3'-to-5' direction both in
cells and in vitro (57, 59). c-myc mRNA is degraded in vitro
by a pathway involving poly(A) removal followed by degra-
dation of the mRNA body (6), and some polyadenylated
mRNAs seem to be degraded by a similar pathway in cells
(20, 69, 70, 75). (ii) Structural mutations that affect mRNA
stability in cells have similar effects in vitro. Thus, altering
the 5'-untranslated region stabilizes c-myc mRNA both in
cells and in vitro (17, 26, 46, 51, 53), and polyadenylation
stabilizes histone mRNA both in cells and in vitro (48). (iii)
Most importantly, the in vitro systems seem to be useful for
investigating how mRNA stability might be regulated. For
example, histone mRNA decay is accelerated in vitro when
histone proteins and a postribosomal supernatant fraction
(S130) are added to reactions containing polysomes (49). The
effect is highly specific for histones and histone mRNA and
requires the S130 fraction; histones added alone, without
S130, have no effect on histone mRNA decay. This autoreg-
ulatory pathway might function to control histone produc-
tion in cells as they progress through the S and M phases of
the cell cycle (reviewed in reference 36).
The experiments described here were designed to identify

cytoplasmic components that might regulate the stability of
proto-oncogene mRNAs, such as c-myc and c-myb. We
chose to focus on c-myc mnRNA for three reasons. (i) It is as
unstable in vitro as it is in whole cells (6, 13, 72; this paper).
(ii) Portions of the c-myc mRNA decay pathway in vitro
parallel those observed in cells (6, 69, 70). (iii) In some cells,
c-myc mRNA is stabilized when translation is inhibited and
its decay rate varies during the early stages of the mitogen-
induced transition from the Go to the G, phase (13, 27, 32,
72). Therefore, regulatory factors probably control its sta-
bility under certain growth conditions (see also reference
44), and we reasoned that such factors might be functional in
vitro. Here we present evidence for a labile, nucleic acid-
containing activity (or activities) that destabilizes c-myc
mRNA but not all mRNAs.
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MATERIALS AND METHODS

Cell culture. The human erythroleukemia cell line K562
(14, 33) was maintained as an exponentially growing culture
in RPMI 1640 medium with 10% calf serum. Cycloheximide
(CHX; Sigma Chemical Co., St. Louis, Mo.) was dissolved
in RPMI 1640 and added to the cells at a final concentration
of 100 ,ug/ml for 2 h before harvesting.

Preparation of polysomes and S130. After growing to a
concentration of 2 x 105 to 4 x 105 cells per ml in 1-liter
spinner bottles, the cells were harvested, washed, concen-
trated to approximately 6 x 107 cells per ml, and lysed by
detergent-free homogenization in buffer A (10 mM Tris
hydrochloride [pH 7.6], 1 mM potassium acetate, 1.5 mM
magnesium acetate, 2 mM dithiothreitol) (57). Polysomes
and S130 were then separated by ultracentrifugation as
previously described (57). For some experiments, the S130
fraction was concentrated approximately fourfold by centrif-
ugation at 4°C in a Centricon-10 tube (Amicon Corp., Lex-
ington, Mass.).

In vitro mRNA decay reactions. In all of the experiments
reported here, we analyzed the in vitro degradation of
polysome-associated mRNAs. All of the mRNA decay reac-

tion mixtures (final volume, 25 ,ul) contained polysomes and
were prepared and incubated as previously described (58).
Standard reactions contained 0.7 A260 U of polysomes (from
-4 x 106 cells) and, as noted, variable amounts of S130. One
hundred micrograms of S130 protein was derived from
approximately 2 x 106 cells. RNA was purified by phenol
extraction (57).

Analysis of polysome-associated mRNAs. RNase protection
mapping with RNases P1 and Ti, deoxyoligonucleotide-
directed RNase H cleavage assays (H mapping), and blotting
of c-myc mRNA were performed as previously described (6).
The c-myc probes for these assays were derived from cDNA
clone pMl-ll, kindly provided by Grace Ju and colleagues
(42). In some P1-plus-Ti RNase-mapping experiments, the
protected fragments were electrophoresed in a polyacryl-
amide minigel (7 by 9 cm; Bio-Rad Laboratories, Richmond,
Calif.). To detect c-myb mRNA, a 32P-labeled v-myb probe
(G. Holland and R. Risser, University of Wisconsin, Madi-
son) was hybridized to the blot for 18 h at 60°C by the
method of Church and Gilbert (10). For RNase Pl-plus-Tl
mapping of the 3' region of b-globin mRNA, a portion of the
human 8-globin gene from the EcoRI site in exon 3 to the
Pstl site in the 3'-flanking region was subcloned in the
antisense orientation downstream of the SP6 promoter in
transcription vector pSP65 (Promega Biotec, Madison, Wis.)
to construct plasmid pSPb7. Plasmid DNA was cut with
EcoRI, and uniformly labeled [32P]RNA was transcribed by
SP6 RNA polymerase (Promega Biotec) with [a-32P]UTP as

the labeled nucleotide (40). RNA extracted from in vitro
decay reactions was hybridized to 106 cpm of this probe,
treated with RNases P1 and Ti, and analyzed by gel elec-
trophoresis as previously described (6). The relative inten-
sities of the protected bands in these experiments were
determined by using a soft-laser densitometer, and at least
two exposures of the same autoradiogram were analyzed to
ensure linearity of the film.

In vitro decay of 3H-labeled poly(A)+ polysomal mRNA.
3H-labeled polysomes were isolated by the method de-
scribed above, with K562 cells that had been cultured 18 h in
medium containing [3H]uridine (10 ,Ci/ml). In vitro decay
reactions (25 ,ul) contained 0.7 A260 U of 3H-labeled poly-
somes plus 100 jig of bovine serum albumin (BSA) or S130
protein. The reactions were incubated at 37°C for various

times, and RNA was extracted. Approximately 5 x 105 cpm
of RNA from each time point was separated into poly(A)-
and poly(A)+ fractions by two cycles of chromatography on
oligo(dT)-cellulose (Collaborative Research, Inc., Waltham,
Mass.). The quantity of trichloroacetic acid-precipitable
RNA in each fraction was then measured by liquid scintilla-
tion counting. Recoveries of input counts were >90%, and
the percentage of bound [poly(A)+] counts was <5% for all
samples.

Biochemical characterization of the destabilizer. For pro-
teinase K treatment, 100-lI samples of S130 (500 ,ug of
protein) were incubated at 30°C for 30 min under the
following conditions: proteinase K at 1 mg/ml, proteinase
K at 1 mg/ml-1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM PMSF, or 1% ethanol (PMSF was dissolved in 100%
ethanol and diluted 1:100 into the protease reactions). For
micrococcal nuclease treatment, S130 (100 ,ug of protein)
was mixed with CaCl2 and micrococcal nuclease to final
concentrations of 1 mM and 1,000 U/ml, respectively. The
reaction mixtures were then incubated at 30°C for 10 min,
ethyleneglycol-bis(P-aminoethyl ether) N,N'-tetraacetic acid
(EGTA) was added to a final concentration of 2 mM, thereby
blocking further nuclease action, and the treated S130 was
left on ice for 10 min. In vitro decay reactions with these
treated S130s were performed as described above.

RESULTS

Destabilization of c-myc and c-myb mRNAs by a cytosolic
activity (or activities). The rapid fluctuations in the expres-
sion of c-myc and c-myb genes that accompany changes in
cell proliferation or protein synthesis rates might result, in
part, because the stabilities of their mRNAs are modulated
in certain cells (27, 32, 72). Any or all of the following
hypotheses could account for the stabilization of the mRNAs
that occurs when protein synthesis is inhibited. (i) The
mRNAs must be translated to be degraded rapidly. (ii) The
mRNAs are degraded by labile nucleases that are destroyed
or inactivated soon after translation ceases. (iii) Soluble
cytoplasmic components (distinct from mRNA-degrading
nucleases) control the stability of these mRNAs and are
inactivated when translation is blocked. We used an in vitro
mRNA decay system to determihe whether such regulatory
components could be assayed in extracts prepared from
untreated cells or cells exposed to a translation inhibitor.
The first experiment was performed to ensure that CHX

stabilized c-myc mRNA in K562 erythroleukemia cells and
to estimate the extent of stabilization. Exponentially grow-
ing cells were either preincubated for 2 h in medium con-

taining 100 ,ug of CHX per ml or left untreated. Actinomycin
D was then added to both flasks of cells, and samples from
each were harvested at various times thereafter. Total cell
RNA was prepared, and the quantity of c-myc mRNA was
determined by RNase Pl-plus-Ti mapping (see Materials
and Methods; see also the diagram in Fig. 2). CHX treatment
clearly stabilized the mRNA (Fig. 1). Its half-life was 20 min
in untreated cells, compared with 170 min in treated cells.
Therefore, CHX induced seven- to eightfold stabilization of
c-myc mRNA in K562 cells.
To determine whether the stabilization effect were repro-

ducible in an in vitro mRNA decay system, crude cytoplas-
mic extracts were prepared from untreated cells and from
cells exposed to CHX for 2 h. Each extract was then
separated by ultracentrifugation at 130,000 x g into poly-
somes and a postpolysomal supernatant fraction (S130). In
the first experiment, the in vitro decay of polysome-associ-
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FIG. 1. Half-lives of c-myc mRNAs in untreated and CHX-
treated K562 cells. Exponentially growing cells were divided be-
tween two flasks, one of which was preincubated for 2 h in medium
containing CHX at 100 p.g/ml. Actinomycin D (5 ,ug/ml) was then
added to both flasks. At various times thereafter, cell samples were

harvested and total cell RNA was prepared. The c-myc mRNA
remaining at each time was determined by hybridizing 5 ,ug of the
RNA with a uniformly labeled RNA probe complementary to the
3'-most 200 nt of the mRNA (see the diagram in Fig. 2). The
annealing reactions were incubated with RNases P1 and Ti, and
protected fragments were electrophoresed and quantitated by scan-

ning densitometry. The percentage of undegraded mRNA was
plotted as a function of time after actinomycin addition. Symbols:
0, no CHX; *, CHX at 100 ,ug/ml.

ated c-myc mRNA was compared in reactions containing
polysomes (no S130). mRNA-degrading enzymes are poly-
some associated in this in vitro system (6, 57). Therefore,
c-myc mRNA should be degraded more slowly with poly-
somes derived from inhibitor-treated cells if the mRNases
were unstable or if polysome-associated factors alone were

responsible for the stabilization effect. c-myc mRNA iso-
lated from unincubated polysomes protected four major
bands in an RNase P1-plus-Ti-mapping assay (Fig. 2, lanes
4 and 10). The bands corresponded to intact c-myc mRNA
molecules that were polyadenylated at four closely linked
sites, referred to collectively as poly(A) site 2 (pA2) (see
reference 6 for a map showing the locations of these sites).
The intensities of all four bands diminished at similar rates
during incubation, indicating that the mRNA 3' region was

degraded rapidly. However, it wil degraded at similar rates
with polysomes from control or CHX-treated cells (compare
lanes 4 to 9 with lanes 10 to 15). Therefore, the in vitro
activity of the polysome-associated mRNase(s) that de-
grades c-myc mRNA was unaffected by CHX treatment. It
should be noted that mRNA decay products were generated
in these reactions, as previously described (6), but the
autoradiogram was exposed for an insufficient time to visu-
alize them clearly.
To determine whether nonpolysomal cytosolic factors

affect c-myc mRNA turnover in vitro, polysome-containing
reactions were supplemented with S130 from control or
CHX-treated cells. The S130 fraction is known to contain
one or more components that influence histone mRNA
turnover (49) and was thus a logical source to search for
factors that regulate c-myc mRNA stability. Reactions con-
taining polysomes from untreated cells were supplemented
with BSA or S130, RNA was extracted and analyzed as
described for Fig. 2, and two major observations were made.
(i) c-myc mRNA was degraded at least eightfold faster with
S130 from untreated cells than with BSA (Fig. 3, compare
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FIG. 2. c-myc mRNA decay in reactions containing polysomes
from exponentially growing (control) or CHX-treated K562 cells.
Standard in vitro decay reactions contained equivalent amounts of
polysomes and were incubated for the indicated times. RNA was

extracted and annealed with a uniformly labeled, 620-nt [32P]RNA
probe (see diagram), and the hybrids were treated with RNases P1
and Ti as previously described (6). Protected fragments were

separated in a 7 M urea-6% polyacrylamide gel which was exposed
for 2 days with an intensifying screen. Lanes: 1, marker (M) pBR322
32P-labeled DNA cleaved with HaeIII (sizes in nucleotides are noted
on the left); 2, 15 p.g of total RNA from exponentially growing cells;
3, 15 ,ug of E. coli tRNA; 4 to 9, 4 ,ug of RNA-polysomes from
untreated (control) cells; 10 to 15, 2 ,ug of RNA-polysomes from
CHX-treated cells. pA2 indicates the bands generated by unde-
graded c-myc mRNA; they correspond to four distinct molecules
with closely linked poly(A) addition sites located in a region referred
to as poly(A) site 2 (6). The diagram shows the [32P]RNA probe from
the 3' region of the human c-myc gene. The large open box
represents exon 3; straight lines indicate intervening sequence or
3'-flanking DNA. The two poly(A) addition site regions and the SspI
and EcoRI sites used to generate the transcription vector are noted.
The longer line is the uniformly labeled probe synthesized by
transcription of the SspI-cleaved vector with SP6 RNA polymerase.
The shorter line indicates the 190- to 210-nt region of the probe that
is protected by c-myc mRNAs whose 3' termini are located at pA2.

lanes 6 to 10 with lanes 11 to 14; see also Table 1). (ii) The
S130 from CHX-treated cells (CHX-S130) did not affect
c-myc mRNA decay (compare lanes 6 to 10 with lanes 15 to
19; Table 1). In fact, the mRNA was degraded at comparable
rates in reactions with BSA, CHX-S130, or no additions
(Fig. 3; unpublished data). This experiment, coupled with
those presented below, suggested that exponentially growing
cells contain a cytosolic factor(s), referred to here as a

destabilizer, that accelerates c-myc mRNA decay. Since the
destabilizer activity was diminished or eliminated when the
cells were exposed to CHX for 2 h, continuous protein
synthesis is probably required to maintain it at a detectable
level.

Several controls supported these conclusions. (i) c-myc
mRNA was degraded at the same rate in reactions supple-
mented with control S130 or control S130 and CHX at 100
,ug/ml (Table 1). Therefore, residual CHX in CHX-S130
could not account for its low destabilizer activity. This
experiment also suggests that the destabilizer functions
independently of translation, because the added CHX inhib-
ited any residual in vitro protein synthesis. (ii) None of the

10

5

0

1 I 1 I 0I l EcoR I

MOL. CELL. BIOL.

-I I I I I I

pA



DESTABILIZER OF c-myc mRNA 1999

100TABLE 1. Approximate mRNA half-lives in in vitro reactionsa
mRNA and addition to Half-life
standard decay reaction (min)

c-myc
Nothingb ................................................................

BSA ......................................................................

Control S130...........................................................
CHX-S130 ..............................................................

Control S130 + CHX (100 jLg/ml) ...............................

35
40
<5

45
<5

B-Globin
BSA ............................................ 500

Control S130 ............ ................................ 1,200
CHX-S130 ............................................ 800

-y-Globinc (BSA, control S130, or CHX-S130) .................. >1,400

a Where indicated, reaction mixtures containing polysomes were supple-
mented with 100 ,ug of BSA or 100 ,ug of S130 protein. Undegraded c-myc
mRNA and globin mRNAs were quantitated by scanning densitometry of
several autoradiographic exposures. The average amount of intact mRNA at
each time point was plotted as a percentage of the amount at time zero, and
the approximate half-life was determined from the plots. The results are

averages of at least two experiments.
b The reactions contained polysomes but no BSA or S130, as in Fig. 2, lanes

4 to 9.
c A maximum of 20% of the -y-globin mRNA was degraded in reactions

incubated for 12 h, after which the reaction mixtures were no longer active.
Therefore, we did not observe the true half-life of this mRNA in vitro.

S130 preparations contained detectable c-myc mRNA (Fig.
3, lanes 4 and 5), indicating that the mRNA analyzed in these
experiments was derived from the polysome fraction. (iii)
Control S130 did not change the stability of b- or y-globin
(see below) or H4 histone (49) mRNA. Therefore, the
destabilizer is not a general RNase.
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FIG. 3. Effects of K562 cell S130s on in vitro degradation of
c-myc mRNA. Standard in vitro decay reactions containing equiv-
alent amounts of polysomes from exponentially growing cells were
supplemented with 100 ,ug of BSA, S130 protein from exponentially
growing cells (control S130), or S130 protein from cells harvested
after 2 h of exposure to CHX at 100 F±g/ml (CHX-S130). After
incubation in vitro for the indicated times, RNA was extracted and
30 p.g from each reaction was analyzed by the RNase P1-plus-Ti
protection assay as described in the legend to Fig. 2. The gel was
exposed for 2 days with an intensifying screen. Lanes: 1, marker (M)
HaeIII-digested pBR322 DNA prepared as described in the legend
to Fig. 2; 2, 30 j±g of total RNA from K562 cells; 3, 30 F±g of E. coli
tRNA; 4, RNA extracted from 100 ,ug of control S130; 5, RNA
extracted from 100 pLg of CHX-S130; 6 to 10, RNAs from reactions
supplemented with BSA; 11 to 14, RNAs from reactions supple-
mented with control S130; 15 to 19, RNAs from reactions supple-
mented with CHX-S130.
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FIG. 4. Effect of control S130 concentration on c-myc mRNA
decay in vitro. Each 25-,ul reaction mixture contained 0.7 A260 U of
polysomes (from 4 x 106 cells) plus different amounts of S130
protein from exponentially growing cells (100 ,ug corresponds to 2 x
106 cells). Reactions were incubated at 37°C for 10 min, and RNA
was extracted and analyzed by the RNase P1-plus-Ti mapping
procedure as described in the legend to Fig. 2. The percentage of
undegraded c-myc mRNA was quantitated by scanning densitome-
try of the four protected bands in autoradiograms exposed without
an intensifying screen.

The extent of destabilization increased approximately in
proportion to the quantity of control S130 protein added, up
to 50 to 100 ,ug per reaction (Fig. 4). The mRNA was
degraded most rapidly with 100 to 200 ,ug per reaction,
corresponding to an S130-polysome ratio of 1:2 to 1:1,
respectively, on a per-cell basis. Higher ratios were not
tested. Since the destabilizer was slowly inactivated at 37°C
(see Fig. 10), we were unable to determine from these
kinetics whether it acted stoichiometrically or catalytically
or whether more than one component was required for the
destabilization effect.
c-myb mRNA is at least as unstable as c-myc mRNA in

cells (72) and was also destabilized in reactions with control
S130 (Fig. 5, compare lanes 1 to 6 with lanes 7 to 12). It was
at least eightfold less stable in reactions supplemented with
S130 than in those with BSA. Moreover, it was degraded at
the same rate in reactions with CHX-S130 as in those with

control chx
BSA S130 S130

0 0.5 1 3 6 12 0 0.51 3 6 12 0 0.51 3 6 12 hours

c-myb-

1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16 1718

FIG. 5. Effects of K562 cell S130s on in vitro degradation of
c-myb mRNA. Standard in vitro decay reactions containing equiv-
alent amounts of polysomes from exponentially growing cells were
supplemented with 100 ,ug of BSA, S130 protein from exponentially
growing cells (control S130), or S130 protein from cells harvested
after 2 h of exposure to CHX at 100 ,ug/ml (CHX-S130). After
incubation in vitro for the indicated times, RNA was extracted, and
5 pLg from each reaction was electrophoresed and transferred. The
blot was hybridized with a 32P-labeled v-myb probe (Materials and
Methods). Lanes: 1 to 6, RNAs from reactions supplemented with
BSA; 7 to 12, RNAs from reactions supplemented with control
S130; 13 to 18, RNAs from reactions supplemented with CHX-S130.
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BSA (Fig. 5, compare lanes 1 to 6 with lanes 13 to 18).
Therefore, c-myc and c-myb mRNAs were destabilized by
control S130 to approximately the same extent but were not
destabilized with CHX-S130. In spite of these similarities,
we do not know whether they were affected by the same
factor(s). However, these results do indicate that other
mRNAs besides c-myc are destabilized in vitro by labile
regulatory factors.

Acceleration of c-myc mRNA 3'-end degradation by S130
from exponentially growing cells. In the experiments de-
scribed below, we focused on characterizing how control
S130 affected c-myc mRNA stability. Poly(A) removal seems
to be the first step in the decay of c-myc mRNA in reactions
lacking S130; the mRNA body is degraded only after its
poly(A) is removed (6). The following experiment was per-
formed to determine whether both of these steps were
accelerated by the destabilizer. Polysomes were incubated
under standard conditions in reactions supplemented with
BSA or with S130 from exponentially growing cells. RNA
extracted from each reaction was then analyzed by the
H-mapping technique, which permits visualization of the
poly(A) removal process (6; Materials and Methods; Fig.
6B). c-myc mRNA from unincubated reactions generated the
expected heterogeneous fragments of 400 to 600 nucleotides
(nt) (Fig. 6A, top, lanes 1, 5, and 9, bracket at left). In
contrast, c-myc mRNA that was deadenylated generated a
single, discrete band (lane 13, top), indicating that the
heterogeneity resulted from mRNA molecules with poly(A)
tracts of various sizes. Poly(A) shortening was observed
within the first 5 min of incubation in reactions containing
BSA (lanes 1 to 4, top), and a band comigrating with
deadenylated mRNA appeared after 5 to 20 min (lanes 2 and
3, top). This result was consistent with the previously
reported stepwise pathway involving (i) deadenylation, (ii) a
transient delay or holdup period during which the deadenyl-
ated product was not degraded, and (iii) degradation of the
deadenylated product.
The decay process in reactions with S130 differed in

several ways from that in the BSA-containing reactions. (i)
The heterogeneous fragments disappeared more rapidly,
especially with 100,ug ofS130 per reaction (Fig. 6A, top,
lanes 9 to 12). As determined by scanning densitometry,
these fragments disappeared seven times faster in reactions
withS130 than in those with BSA. In contrast,S130 failed to
affect -y-globin mRNA decay (Fig. 6A, bottom). (ii) The
intensity of the band corresponding to the deadenylated
product was less prominent in S130-containing reactions
than in those with BSA.
These data indicate that degradation of the mRNA 3'

region was accelerated byS130, and it appeared as though
poly(A) removal and degradation of the deadenylated prod-
uct were both affected. However, the decay process oc-
curred so rapidly inS130-supplemented reactions that a clear
precursor-product degradation pathway was not readily ap-
parent. Therefore, several models could account for these
findings. (i)S130 accelerates the stepwise decay pathway for
most or all of the mRNA molecules. (ii) Some mRNA
molecules are degraded by the stepwise pathway, which
would account for the small quantity of deadenylated mole-
cules observed in S130-supplemented reactions (Fig. 6A,
top, lanes 8 and 12). However, other molecules are degraded
by a separate pathway, presumably activated by the desta-
bilizer and perhaps involving endonucleolytic cleavages.
To determine whether the destabilizer affected the 3'-to-5'

directionality of c-myc mRNA degradation, RNA was ex-
tracted from in vitro decay reactions supplemented with

A

F
3' c-mycL

t- globin -

B 5-UT
I =1

z
aO

0

0

S130 +
BSA 50 pg 100 pg e

'0 5 20 60 0 5 20 6-0 1;0 5 20 601o

*UI-MU ,*
_ _.w ,

1 2 3 4 5 6 7 8 9 10 11 12 13

coding 3-UT

\add deoxyoligo

I---- ... ILALARLae

RNa-se H
Ij m~~

fragment 1 fragment 2

Blot.

Hybridi2e to probe for
fragment 2.

FIG. 6. H-mapping analysis of rapid degradation of the c-myc
mRNA 3' region in reactions containing control S130. (A) Standard in
vitro mRNA decay reactions were supplemented with 100 jig of either
BSA or S130 from exponentially growing cells. RNA (5,ug) was
extracted from each reaction and annealed with a 21-nt single-
stranded DNA that was complementary to a sequence located 400 nt
5' of c-myc pA2 (see the panel B and reference 6). The hybrids were
treated with RNase H, and the resulting fragments were separated by
electrophoresis and transferred to a Zeta-Probe membrane (Bio-Rad).
The blot was then hybridized separately to32P-labeled probes com-
plementary to either the 3'-terminal 400 nt of c-myc mRNA (top) or
the coding and 3'-untranslated regions of human y-globin mRNA (74)
(bottom). The blot was autoradiographed with an intensifying screen
for 3 days for c-myc or 1 day for globin. Reaction times (minutes) are
shown above the lanes. Lanes: 1 to 4, reactions supplemented with
100,g of BSA; 5 to 8, reactions supplemented with 50 .g of S130
protein; 9 to 12, reactions supplemented with 100,ug of S130 protein;
13, 5,ug of total RNA from K562 cells annealed with both the c-myc
21-mer and oligo(dT)12_18 and then treated with RNase H. (B)
Diagram of the H-mapping technique. UT, Untranslated.
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FIG. 7. 3'-to-5' directionality of c-myc mRNA decay in reactions
containing control S130. (A) RNAs extracted from reactions con-
taining 100 ,ug of S130 protein from the experiment shown in Fig. 6A
(lanes 9 to 12) were analyzed by Si nuclease mapping with 3'- and
5'-32P-labeled c-myc DNA probes (see diagram). The amount of
undegraded c-myc mRNA was quantitated by scanning densitome-
try of the full-length protected bands in the autoradiograms. (B)
Diagram showing the end-labeled S1 nuclease mapping probes
derived from human c-myc genomic DNA. The open boxes denote
exons, the thick lines are intervening sequences, and the thin lines
are 5'- and 3'-flanking DNAs. The probes are indicated below the
gene, and their labeled termini are indicated by asterisks. The
protected fragments scored as full-length fragments in the graph
above are shown beneath the probes.

S130 and was analyzed by Si nuclease mapping with 5'- and
3'-end-labeled DNA probes. The results were similar to
those of unsupplemented reactions, except that S130 accel-
erated the 3' region decay rate by approximately sevenfold
(Fig. 7; data not shown). Therefore, the overall directionality
of c-myc mRNA decay was unaffected by the destabilizer.

Specificity of S130 destabilizer activity. The destabilizer
affected c-myc and c-myb RNAs but not -y-globin or H4
histone mRNA (Fig. 5 and 6; reference 49). Therefore, it
displayed considerable specificity. However, it could be that
neither y-globin nor histone mRNA is an entirely appropriate
substrate to serve as a control, because -y-globin is extremely
stable, whereas histone is not polyadenylated. For this
reason, additional experiments were performed to determine
whether the destabilizer affected the decay of either 8-globin
mRNA or a large percentage of polysome-associated poly-
adenylated mRNA. B-Globin mRNA was a reasonable con-
trol, because it is polyadenylated and is degraded more
rapidly than y-globin mRNA but more slowly than c-myc
mRNA, both in vitro and in cells (57, 60). Although 8-globin
mRNA was degraded in these reactions as well, it was not
destabilized in reactions containing control S130 compared
with CHX-S130 or BSA (Table 1). If anything, it was
partially stabilized by control S130. Therefore, the destabi-
lizer activity had no detectable effect on 8-globin mRNA
turnover.
To determine whether the S130 fraction affected a large

percentage of the total polysome-associated, poly(A)+
mRNA population, cells were incubated for 18 h in medium
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FIG. 8. Lack of effect of S130s on the degradation of most
poly(A)+ polysomal mRNAs. Exponentially growing K562 cells
were cultured for 18 h in medium containing [3H]uridine (10 ,Ci/ml).
The polysomes isolated from these cells were then incubated in
standard reaction mixtures with 100 pg of BSA, S130 protein from
exponentially growing cells (control), or S130 protein from CHX-
treated cells. RNA was extracted and separated into poly(A)- and
poly(A)+ fractions by two cycles of chromatography on an oli-
go(dT)-cellulose column. A portion of each fraction was counted to
determine the percentage remaining compared with time zero.
Recovery of total acid-precipitable radioactivity was 95% or more
for each oligo(dT)-cellulose cycle. Symbols: A, BSA; 0, control
S130; *, CHX-S130.

containing [3H]uridine and their polysomes were isolated
and incubated in reactions with or without S130. RNA was

extracted and fractionated on oligo(dT)-cellulose, and the
amounts of polyadenylated RNA at each time point were
measured. The total acid-precipitable radioactivity remain-
ing after 60 min of incubation was approximately 90% of the
amount at time zero, indicating that most of the labeled RNA
(which was ribosomal) was not hydrolyzed into small frag-
ments. In contrast, 10 to 20% of the poly(A)+ mRNA was
degraded (i.e., no longer bound to the column) within the
first 20 min, and additional mRNA was degraded at a slower
rate with longer incubation times, consistent with differential
decay of various mRNA classes (2, 50, 52; Fig. 8). However,
no significant differences in total mRNA turnover were
observed among reactions with control S130, CHX-S130, or
BSA. c-myc mRNA was degraded rapidly with these poly-
somes, ensuring that mRNA turnover processes with the
labeled polysomes were not unusual (data not shown).
Together with the experiments described above, these data
indicate that the destabilizer affected a subset of mRNAs.
Mixing experiments with S130s from control and CHX-

treated cells. To confirm that S130 from untreated cells
contained a destabilizer, the decay of c-myc mRNA was
compared in reactions supplemented with 100 pug of control
S130 protein, 100 ,ug of CHX-S130 protein, or a mixture
containing 100 ,ug of each (total, 200 ,ug). If CHX treatment
inactivated a destabilizer, the mixture should display decay
kinetics similar to those of control S130 alone. As deter-
mined by scanning densitometry of the full-length bands,
c-myc mRNA was degraded at approximately equivalent
rates in reactions supplemented with control S130 alone or
with the mixture (Fig. 9, compare lanes 8 to 11 or 12 to 15
with lanes 4 to 7). However, it was degraded approximately
sixfold faster with the mixture compared with CHX-S130
alone (compare lanes 12 to 15 with lanes 16 to 19). These
data indicate that growing cells contain a destabilizer that
requires continuous protein synthesis to maintain high levels
of activity. The results are also consistent with the finding
that c-myc mRNA was degraded at similar rates in reactions
supplemented with CHX-S130, BSA, or no additions (Table
1).

Partial characterization of the destabilizer. The destabilizer
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FIG. 9. Effect of mixing control S130 and CHX-S130 on c-myc
mRNA decay-evidence for a destabilizer in control S130. Standard
in vitro decay reactions containing polysomes from untreated cells
were supplemented with 100 ,ug of control S130 (from exponentially
growing cells), 100 ,ug of control S130 plus 100 ,ug of S130 from
CHX-treated cells, or 100 ,ug of CHX-S130. The reactions were
incubated for the indicated times, RNA was extracted, and 15 gLg of
RNA was analyzed by the RNase P1-plus-Ti-mapping procedure
(Fig. 2). The gel was exposed for 7 h with an intensifying screen.
Lanes: 1, marker (M) pBR322 32P-labeled DNA cleaved with HaeII
(sizes in nucleotides are noted on the left); 2, 15 pLg of total RNA
from K562 cells; 3, 15 ,ug of E. coli tRNA; 4 to 7, control S130; 8 to
15, two separate decay reactions containing the 1:1 mixture of
control S130 and CHX-S130; 16 to 19, CHX-S130.
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was heat labile in vitro; most of its activity was lost by
preincubation at 45°C for 15 min (Fig. 10, lane 6). Surpris-
ingly, it was not inactivated by preincubation with protein-
ase K (Fig. 11A, compare lane 6 with lanes 2 and 4), although
most of the S130 proteins that were visible in a stained gel
were degraded by this treatment (Fig. llB, lane 5). Experi-
ments are in progress to determine whether the destabilizer
lacks protein components or whether it contains a protein-
ase-resistant protein(s), as described for the scrapie prion
protein and other proteins (reviewed in reference 38).
To determine whether a nucleic acid component was

associated with the destabilizer, S130 was preincubated with

BSA S130

Preincubation (temp, °C) - 4 4 30 37 45

37°C Incubation (time, min) 0 20

. ]'w w - PA2

1 2 3 4 5 6

FIG. 10. In vitro thermolability of S130 destabilizer activity.
BSA or control S130 was preincubated in separate tubes at the
indicated temperatures for 15 min. The tubes were then placed in ice
water, and 100 ,ug of protein from each preincubation was added to
25-,ul mRNA decay reaction mixes which were incubated at 37°C for
either 0 min (lane 1) or 20 min (lanes 2 to 6). c-myc mRNA was
analyzed by RNase P1-plus-Ti mapping, and protected fragments
were separated in a polyacrylamide minigel which was autoradio-
graphed for 7 h with an intensifying screen. Lanes: 1, BSA-time
zero; 2, BSA-mRNA decay reaction incubated for 20 min at 37°C
after BSA preincubation at 4°C; 3 to 6, S130-mRNA decay
reactions incubated for 20 min at 37°C after S130 preincubations at
the indicated temperatures.
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FIG. 11. Resistance of S130 destabilizer activity to digestion by
proteinase K (PrK). (A) mRNA decay reactions. Samples (100 pl) of
concentrated S130 from exponentially growing cells were preincu-
bated at 30°C for 30 minmas indicated. These S130s were then chilled
in ice water for 5 min, and 100 jig of protein from each was added to
mRNA decay reactions which were incubated at 37°C for either 0
min (lanes 1, 3, 5, 7, and 9) or 20 min (lanes 2, 4, 6, 8, and 10). c-myc
mRNA was analyzed by the RNase P1-plus-Ti-mapping procedure
as described in the legend to Fig. 2, and the minigel was autoradio-
graphed for 14 h with an intensifying screen. Lanes: 1 and 2, 1%
ethanol (ETOH); 3 and 4, no additives; 5 and 6, proteinase K at 1
mg/ml; 7 and 8, proteinase K at 1 mg/ml plus 1 mM PMSF; 9 and 10,
1 mM PMSF. (B) Effect of proteinase K on S130 proteins. Samples
of preincubated S130s from the experiment described in panel A
(each initially containing approximately 30 ,ug of protein) were
electrophoresed in a sodium dodecyl sulfate-10% polyacrylamide
minigel and stained by Coomassie blue. Lanes: 1, Prestained mark-
ers (M; Bethesda Research Laboratories, Inc., Gaithersburg, Md.)
(sizes are indicated in kilodaltons on the left); 2 to 7, S130s
preincubated as for the experiment shown in panel A.

calcium and micrococcal nuclease at 30°C for 10 min.
Further nuclease action was blocked by adding excess
EGTA, and destabilizer activity was assayed in mRNA
decay reactions incubated for 20 min. Nuclease pretreatment
inactivated the activity, because c-myc mRNA was degraded
at comparable rates in reactions with nuclease-treated S130
or BSA (Fig. 12A and B, compare lanes 2, 3, and 5). This
result was confirmed in four independent experiments with
different S130 preparations (Fig. 12B; data not shown).
Destabilizer activity was inhibited to a lesser extent when
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FIG. 12. Sensitivity of the S130 destabilizer activity to digestion by micrococcal nuclease (MN). (A) mRNA decay reactions with
preincubated S130s. Samples of S130 from exponentially growing cells were preincubated at 30°C for 10 min as indicated in Materials and
Methods. Plus signs indicate that the reagents were added together in the indicated order, and semicolons indicate sequential additions. Thus,
for lane 4, Ca2` was added, the reactions were preincubated, and then EGTA was added; for lane 8, Ca2+, EGTA, and micrococcal nuclease
were added together in that order. Following preincubation, each reaction mixture was chilled in ice water for 10 min, and 100 jLg of the
indicated protein was added to in vitro decay reactions. Following incubation at 37°C for either 0 min (lane 1) or 20 min (lanes 2 to 8), RNA
was extracted and analyzed by the RNase Pl-plus-Ti-mapping assay with the c-myc probe (Fig. 2); the minigel was exposed for 14 h with an
intensifying screen. (B) Quantitation of the effect of micrococcal nuclease on the destabilizer in S130. Autoradiograms from the experiment
shown in panel A and from three similar experiments were scanned to estimate the relative decay of c-myc mRNA. The results are plotted
as percentages of undegraded mRNA after 20 min of incubation compared with time zero. The line above each bar denotes the standard
deviation. (C) Nucleic acid digestion by micrococcal nuclease. S130 was incubated for 0 min (lane 2) or 10 min (lanes 3 to 7) at 30°C as
indicated. For lane 7, Ca2` and EGTA were added before the micrococcal nuclease. Nucleic acid extracted from 10 Ill of each reaction was
electrophoresed in a 7 M urea-8% polyacrylamide minigel which was stained with ethidium bromide. The numbers on the left indicate the
positions ofDNA marker fragments from HaeII-digested pBR322. (D) Absence of detectable protease activity in micrococcal nuclease. BSA
(2 jig) was incubated in 20-pl reaction mixtures for 0 min (lane 1) or 10 min (lanes 2 to 6) at 30°C as indicated. A 0.5-jLg sample of protein from
each reaction was electrophoresed in a sodium dodecyl sulfate-8% polyacrylamide minigel and stained by Coomassie blue.

S130 was preincubated without nuclease but with Ca24 or
Ca2' plus excess EGTA, suggesting that calcium-responsive
factors affect mRNA stability (Fig. 12A and B, compare
lanes 3, 4, and 5). However, Ca2+ plus micrococcal nuclease
was the only treatment that completely inactivated the
destabilizer. We did not investigate the calcium or calcium-
EGTA effects further, but the findings are consistent with
the fact that calcium fluxes affect mRNA abundance in cells
(43, 54).

Additional controls supported the notion that the destabi-
lizer required a nucleic acid component. (i) Its activity was
only partially repressed when S130 was preincubated with

micrococcal nuclease, Ca2", and EGTA together. There-
fore, complete inactivation did not result from a calcium-
independent contaminant in the nuclease (Fig. 12A and B,
lane 8). (ii) Another control was related to a previously
described artifact, whereby micrococcal nuclease inhibited
in vitro polyadenylation reactions by masking the RNA
substrate and blocking access to it (23, 37). The artifact was
eliminated by adding competitor RNA following the nucle-
ase treatment. To determine whether micrococcal nuclease
inhibits destabilizer activity in a similar way, S130 was
preincubated with the nuclease and Ca24-, EGTA was added,
the mixture was placed on ice for 10 min, and 1 jLg (or 5 jg

. a-,--
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[data not shown]) of Escherichia coli tRNA was added as the
competitor. The destabilizer was inhibited under these con-
ditions as well, suggesting that nucleolytic cleavage, not a
masking artifact, destroyed its activity (Fig. 12A and B, lane
6). (iii) Most of the nucleic acid in the S130 fraction was
cleaved by micrococcal nuclease (Fig. 12C, lane 5), while
significantly less of it was degraded by the other treatments.
(The residual nucleolytic activity in S130 might be signifi-
cant, however, because it could account for the partial
inactivation of the destabilizer when S130 was preincubated
with calcium or calcium-EGTA [Fig. 12A and B].) (iv) The
micrococcal nuclease was not contaminated with an active
Ca2+-dependent protease (Fig. 12D). These controls indi-
cated that micrococcal nuclease inactivated the destabilizer
by destroying an essential nucleic acid component.

DISCUSSION

These data indicate that S130 from exponentially growing
cells contains a labile activity (or activities) that destabilizes
polysome-associated c-myc and c-myb mRNAs in vitro. The
significance of this finding is highlighted by the apparent
correlation between destabilizer activity in vitro and c-myc
mRNA turnover in intact cells (Fig. 1). Furthermore, the
steady-state levels of c-myc and c-myb mRNAs are two- to
fourfold higher in CHX-treated cells, which are deficient in
the destabilizer, than in untreated cells, which contain the
destabilizer (13, 72). The destabilizer in S130 affects only a
subset of mRNAs, indicating that it is not an indiscriminate
RNase. We suggest that its expression probably requires
continuous protein synthesis to replace what is lost, by
whatever mechanism, during its normal turnover. We did
not determine how rapidly it disappears from CHX-treated
cells, but its half-life must be significantly less than 2 h.

Mixing experiments confirmed that the c-myc regulatory
factor is a destabilizer, not a stabilizer, and preliminary
characterization suggested that it contains nucleic acid,
presumably RNA. It is also resistant to digestion by protein-
ase K. However, protein-free nucleic acid isolated from
control S130 by phenol extraction lacks destabilizer activity
(data not shown), suggesting that the destabilizer is a ribo-
nucleoprotein. If so, it would be important to know whether
it has enzymatic activity, as reported for other ribonucleo-
proteins (4, 18, 21, 25, 28, 76), and whether its putative RNA
component is complementary to any portion of the mRNA(s)
it destabilizes (11). Until we characterize it further, we
cannot explain the apparent paradox that the activity dimin-
ishes in CHX-treated cells but is not inactivated (in vitro) by
proteinase K. We also do not know whether the same
factor(s) affects both c-myc and c-myb mRNAs. However,
the v-myc and v-myb proteins share several properties, and
the c-myc and c-myb genes are regulated in a similar fashion
in response to cell growth factors (22, 34, 66, 72). In view of
these common features, it seems reasonable to suggest that
the two mRNAs respond to some of the same regulatory
components, including some that influence their stability.
The basis for the specificity of the destabilizer is unknown,

but it presumably interacts with mRNAs that share some
common sequences and/or secondary structure features. We
favor the notion that it recognizes a specific conformational
feature of certain mRNAs and increases their susceptibility
to nuclease attack by modifying that conformation. For
example, the 3' region of c-myc mRNA contains several
interspersed AU islands, with sections of 8 to 25 nt consist-
ing exclusively of A and U (8, 64). Since these islands are
interspersed, they have the capacity to generate alternative

stem-loop structures; one AU island can base pair with two
or more other such islands. Perhaps the destabilizer binds to
one or more AU-rich stem-loops, unwinds them, and
thereby permits new ones to form. As a result, the confor-
mation of the mRNA is changed, rendering the mRNA more
susceptible to nuclease digestion. Conformational switching
of this sort accounts for some instances of transcriptional
attenuation and mRNA stabilization in procaryotes (re-
viewed in references 61 and 78).
The following findings suggest that mRNA stability-regu-

lating factors play an important role in the expression of
many genes. (i) Various hormones trigger dramatic (10-fold
or more), reversible changes in the turnover of specific
mRNAs, and at least some of these changes might be
influenced by stabilizer or destabilizer factors (reviewed in
reference 63). Experiments by Gordon et al. (24) suggest that
prolonged exposure of chickens to estradiol induces a desta-
bilization activity that affects apolipoprotein II and vitello-
genin II mRNAs. The activity becomes apparent following
estrogen withdrawal. (ii) Translation inhibitors induce the
accumulation of various mRNAs, a phenomenon frequently
referred to as superinduction (3, 13, 20, 35, 41, 71-73, 80).
Although the mechanism of superinduction is incompletely
understood, our in vitro experiments suggest that, in some
instances, it might involve inactivation of destabilizer activ-
ities. (iii) Cytoplasmic components autoregulate the stability
of histone and tubulin mRNAs by a mechanism that involves
interaction between the mRNA and the protein it encodes (9,
36, 45, 49, 79). (iv) Recently, Schuler and Cole (62) found
that the stability of granulocyte-macrocyte colony-stimu-
lating factor mRNA is regulated in trans in monocytic tumor
cells. Whereas its half-life is less than 30 min in most cells, it
is greater than 2 h in monocytic cells. These results provide
strong evidence that mRNA stabilizers and/or destabilizers
modulate mRNA levels in intact cells.
The existence ofmRNA stability factors also supports the

idea that mRNA turnover rates are frequently determined by
multiple interactions. In the simplest case, an mRNA whose
stability was regulated might be affected by two sorts of
interactions. (i) Some sequences would determine the intrin-
sic or unregulated half-life independently of regulatory fac-
tors (reviewed in references 55, 56, and 63). These se-
quences might influence the susceptibility of the mRNA to
RNases. (ii) Some sequences would interact with regulatory
factors that modify the intrinsic half-life. Mutational analy-
ses, coupled with in vitro assays of regulatory components,
should d,istinguish whether the sequences that determine
intrinsic half-life differ from those that respond to regulatory
factors (26, 64, 75). It will also be important to assess
whether intrinsic half-life or regulated half-life plays a more
prominent role in determining the overall stability of an
mRNA.
We suggest that the regulation ofmRNA stability provides

two major advantages for the cell. (i) It permits the cell to
respond rapidly to changes in its environment; changing the
rate of gene transcription and mRNA turnover would permit
a faster response than simply changing one or the other,
particularly for mRNAs that are intrinsically unstable (see
below). (ii) Subsets of gene products could be coordinately
regulated in various ways. For example, by mixing and
matching at the mRNA decay level, specific mRNAs en-
coded by genes whose transcription had been induced in
response to unrelated stimuli and by unrelated factors could
be controlled coordinately by a single cytoplasmic regulator.
The rationale for stabilizing certain mRNAs in response to
stresses like translation inhibition seems straightforward; the
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cell might need the stabilized mRNAs for essential proteins
once the translation block is relieved. The more interesting
question seems to be why destabilizers (and stabilizers?)
would be used to regulate mRNAs, like histone, c-myc, and
c-myb mRNAs, that are already relatively unstable. Perhaps
their protein products need to be maintained within specific
levels, above or below which they interfere with essential
cell functions (12, 29, 39, 77). This idea is consistent with the
rapid turnover rates of c-myc and c-myb proteins (reviewed
in reference 34) and with the fact that additional control
mechanisms are exploited to regulate the expression of their
genes (5).

ACKNOWLEDGMENTS

We are grateful to Grace Ju and colleagues for c-myc cDNA
plasmid pMl-11 (42). We thank Phil Bernstein, Bill Dove, Peggy
Farnham, Phil Hart, Alan Kinniburgh, Stuart Peltz, and Bill Sugden
for reading the manuscript and for helpful comments, and we thank
Carol Dizack and Terry Stewart for artwork and photography.

This work was supported by Public Health Service grants
CA23076 and CA07175 from the National Institutes of Health. G.B.
was supported by Public Health Service grant CA09230 from the
National Institutes of Health.

LITERATURE CITED
1. Adams, J. M., A. W. Harris, C. A. Pinkert, L. M. Corcoran,
W. S. Alexander, S. Cory, R. D. Palmiter, and R. L. Brinster.
1985. The c-myc oncogene driven by immunoglobulin enhancers
induces lymphoid malignancy in transgenic mice. Nature
(London) 318:533-538.

2. Alnendral, J. M., D. Sommer, H. MacDonald-Bravo, J. Burck-
hardt, J. Perera, and R. Bravo. 1988. Complexity of the early
genetic response to growth factors. Mol. Cell. Biol. 8:2140-
2148.

3. Altus, M. S., D. Pearson, A. Horiuchi, and Y. Nagamine. 1987.
Inhibition of protein synthesis in LLC-PK1 cells increases
calcitonin-induced plasminogen-activator gene expression and
mRNA stability. Biochem. J. 242:387-392.

4. Arrigo, A. P., K. Tanaka, A. L. Goldberg, and W. J. Welch.
1988. Identity of the 19S "prosome" particle with the large
multifunctional protease complex of mammalian cells. Nature
(London) 331:192-194.

5. Bentley, D. L., and M. Groudine. 1986. A block to elongation is
largely responsible for decreased transcription of c-myc in
differentiated HL60 cells. Nature (London) 321:702-706.

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

7. Campisi, J., H. E. Gray, A. B. Pardee, M. Dean, and G. E.
Sonenshein. 1984. Cell-cycle control of c-myc but not c-ras
expression is lost following chemical transformation. Cell 36:
241-247.

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

9. Caron, J. M., A. L. Jones, L. B. Rall, and M. W. Kirschner.
1985. Autoregulation of tubulin synthesis in enucleated cells.
Nature (London) 317:648-651.

10. Church, G., and W. Gilbert. 1984. Genomic sequencing. Proc.
Natl. Acad. Sci. USA 81:1991-1995.

11. Clemens, M. J. 1987. A potential role for RNA transcribed from
B2 repeats in the regulation ofmRNA stability. Cell 49:157-158.

12. Coppola, J. A., and M. D. Cole. 1986. Constitutive c-myc
oncogene expression blocks mouse erythroleukaemia cell dif-
ferentiation but not commitment. Nature (London) 320:760-763.

13. Dani, C., J. M. Blanchard, M. Piechaczyk, S. El Sabouty, L.
Marty, and P. Jeanteur. 1984. Extreme instability of myc
mRNA in normal and transformed human cells. Proc."Natl.
Acad. Sci. USA 81:7046-7050.

14. Dean, A., T. J. Ley, R. K. Humphries, M. Fordis, and A. N.
Schechter. 1983. Inducible transcription of five globin genes in
K562 human leukemia cells. Proc. Natl. Acad. Sci. USA
80:5515-5519.

15. Dony, C., M. Kessel, and P. Gruss. 1985. Post-transcriptional
control of myc and p53 expression during differentiation of the
embryonal carcinoma cell line F9. Nature (London) 316:636-639.

16. Edgar, B. A., M. P. Weir, G. Schubiger, and T. Kornberg. 1986.
Repression and turnover pattern of fushi tarazu RNA in the
early Drosophila embryo. Cell 47:747-754.

17. Eick, D., M. Piechaczyk, B. Henglein, J.-M. Blanchard, B.
Traub, E. Kofler, S. Wiest, G. M. Lenoir, and G. W. Bornkamm.
1985. Aberrant c-myc RNAs of Burkitt's lymphoma cells have
longer half-lives. EMBO J. 4:3717-3725.

18. Falkenburg, P. E., C. Haass, P. M. Kloetzel, B. Niedel, F. Kopp,
L. Kuehn, and B. Dahlmann. 1988. Drosophila small cytoplas-
mic 19S ribonucleoprotein is homologous to the rat multicata-
lytic protease. Nature (London) 331:190-192.

19. Fey, G. H., and G. M. Fuller. 1987. Regulation of acute phase
gene expression by inflammatory mediators. Mol. Biol. Med.
4:323-338.

20. Fort, P., J. Rech, A. Vie, M. Piechaczyk, A. Bonnieu, P.
Jeanteur, and J.-M. Blanchard. 1987. Regulation of c-fos gene
expression in hamster fibroblasts: initiation and elongation of
transcription and mRNA degradation. Nucleic Acids Res. 15:
5657-5667.

21. Gardiner, K., and N. R. Pace. 1980. RNase P of B. subtilis has
an RNA component. J. Biol. Chem. 255:7507-7509.

22. Gazin, C., S. D. de Dinechin, A. Hampe, J.-M. Masson, P.
Martin, D. Stehelin, and F. Galibert. 1984. Nucleotide sequence
of the human c-myc locus: provocative open reading frame
within the first exon. EMBO J. 3:383-387.

23. Gilmartin, G. M., M. A. McDevitt, and J. R. Nevins. 1988.
Multiple factors are required for specific RNA cleavage at a

poly(A) addition site. Genes Dev. 2:578-587.
24. Gordon, D. A., G. S. Shelness, M. Nicosia, and D. L. Williams.

1988. Estrogen-induced destabilization of yolk precursor pro-
tein mRNAs in avian liver. J. Biol. Chem. 263:2625-2631.

25. Greider, C. W., and E. H. Blackburn. 1987. The telomere
terminal transferase of Tetrahymena is a ribonucleoprotein
enzyme with two kinds of primer specificity. Cell 51:887-898.

26. 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.

27. Kindy, M. S., and G. E. Sonenshein. 1986. Regulation of
oncogene expression in cultured aortic smooth muscle cells.
Post-transcriptional control of c-myc mRNA. J. Biol. Chem.
261:12865-12868.

28. Kole, R., and S. Altman. 1981. Properties of purified ribonucle-
ase P from Escherichia coli. 20:1902-1906.

29. Lachman, H. M., G. Cheng, and A. I. Skoultchi. 1986. Trans-
fection of mouse erythroleukemia cells with myc sequences
changes the rate of induced commitment to differentiate. Proc.
Natl. Acad. Sci. USA 83:6480-484.

30. Leder, A., P. K. Pattengale, A. Kuo, T. A. Stewart, and P.
Leder. 1986. Consequences of widespread deregulation of the
c-myc gene in transgenic mice: multiple neoplasms and normal
development. Cell 45:485-495.

31. Lee, W. M., M. Schwab, D. Westaway, and H. E. Varmus. 1985.
Augmented expression of normal c-myc is sufficient for cotrans-
formation of rat embryo cells with a mutant ras gene. Mol. Cell.
Biol. 5:3345-3356.

32. Levine, R. A., J. E. McCormack, A. Buckler, and G. E.
Sonenshein. 1986. Transcriptional and posttranscriptional con-
trol of c-myc gene expression in WEHI 231 cells. Mol. Cell.
Biol. 6:4112-4116.

33. Lozzio, C. B., and B. B. Lozzio. 1975. Human chronic myelog-
enous leukemia cell-line with positive Philadelphia chromo-
some. Blood 45:321-334.

34. Luscher, B., and R. N. Eisenman. 1988. c-myc and c-myb protein
degradation: effect of metabolic inhibitors and heat shock. Mol.
Cell. Biol. 8:2505-2512.

35. Majesky, M. W., E. P. Benditt, and S. M. Schartz. 1988.

VOL. 9, 1989



2006 BREWER AND ROSS

Expression and developmental control of platelet-derived
growth factor A-chain and B-chain/Sis genes in rat aortic
smooth muscle cells. Proc. Natl. Acad. Sci. USA 85:1524-1528.

36. Marzluff, W. F., and N. B. Pandey. 1988. Multiple regulatory
steps control histone mRNA concentrations. Trends Biochem.
Sci. 13:49-52.

37. McDevift, M. A., G. M. Gilmartin, W. H. Reeves, and J. R.
Nevins. 1988. Multiple factors are required for poly(A) addition
to a mRNA 3' end. Genes Dev. 2:588-597.

38. McKinley, M. P., D. C. Bolton, and S. B. Prusiner. 1983. A
protease-resistant protein is a structural component of the
scrapie prion. Cell 35:57-62.

39. Meeks-Wagner, D., and L. H. Hartwell. 1986. Normal stoichi-
ometry of histone dimer sets is necessary for high fidelity of
mitotic chromosome transmission. Cell 44:43-52.

40. Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. R. Green. 1984. Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12:7035-7056.

41. Mitchell, R. L., L. Zokas, R. D. Schreiber, and I. M. Verma.
1985. Rapid induction of the expression of proto-oncogene fos
during human monocytic differentiation. Cell 40:209-217.

42. Miyamoto, C., R. Chizzonite, R. Crowl, K. Rupprecht, R.
Kramer, M. Schaber, G. Kumar, M. Poonian, and G. Ju. 1985.
Molecular cloning and regulated expression of human c-myc
gene in Escherichia coli and Saccharomyces cerevisiae: com-
parison of the protein products. Proc. Natl. Acad. Sci. USA
82:7232-7236.

43. Morgan, J. I., and T. Curran. 1986. Role of ion influx in the
control of c-fos expression. Nature (London) 322:552-555.

44. Nepveu, A., K. B. Marcu, A. I. Skoultchi, and H. M. Lachman.
1987. Contributions of transcriptional and post-transcriptional
mechanisms to the regulation of c-myc expression in mouse
erythroleukemia cells. Genes Dev. 1:938-945.

45. Pachter, J. S., T. J. Yen, and D. W. Cleveland. 1987. Autoreg-
ulation of tubulin expression is achieved through specific deg-
radation of polysomal tubulin mRNAs. Cell 51:283-292.

46. Pei, R., and K. Calame. 1988. Differential stability of c-myc
mRNAs in a cell-free system. Mol. Cell. Biol. 8:2860-2868.

47. Peilegrini, S., and C. Basilico. 1986. Rat fibroblasts expressing
high levels of human c-myc transcripts are anchorage-indepen-
dent and tumorigenic. J. Cell. Physiol. 126:107-114.

48. Peltz, S. W., G. Brewer, G. Kobs, and J. Ross. 1987. Substrate
specificity of the exonuclease activity that degrades H4 histone
mRNA. J. Biol. Chem. 262:9382-9388.

49. Peltz, S. W., and J. Ross. 1987. Autogenous regulation of
histone mRNA decay by histone proteins in a cell-free system.
Mol. Cell. Biol. 7:4345-4356.

50. Perry, R. P. 1976. Processing of RNA. Annu. Rev. Biochem.
45:605-629.

51. Piechaczyk, M., J.-Q. Yang, J.-M. Blanchard, P. Jeanteur, and
K. B. Marcu. 1985. Posttranscriptional mechanisms are respon-
sible for accumulation of truncated c-myc RNAs in murine
plasma cell tumors. Cell 42:589-597.

52. Puckett, L., S. Chambers, and J. E. Darnell. 1975. Short-lived
messenger RNA in HeLa cells and is impact on the kinetics of
accumulation of cytoplasmic polyadenylate. Proc. Natl. Acad.
Sci. USA 72:389-393.

53. Rabbitts, P. H., A. Forster, M. A. Stinson, and T. H. Rabbitts.
1985. Truncation of exon 1 from the c-myc gene results in
prolonged c-myc mRNA stability. EMBO J. 4:3727-3733.

54. Radzioch, D., B. Bottazzi, and L. Varesio. 1987. Augmentation
of c-fos mRNA expression by activators of protein kinase C in
fresh, terminally differentiated resting macrophages. Mol. Cell.
Biol. 7:595-599.

55. Raghow, R. 1987. Regulation of messenger RNA turnover in
eukaryotes. Trends Biochem. Sci. 12:358-360.

56. Ross, J. 1988. Messenger RNA turnover in eukaryotic cells.
Mol. Biol. Med. 5:1-14.

57. Ross, J., and G. Kobs. 1986. H4 histone messenger RNA decay
in cell-free extracts initiates at or near the 3' terminus and
proceeds 3' to 5'. J. Mol. Biol. 188:579-593.

58. Ross, J., G. Kobs, G. Brewer, and S. W. Peltz. 1987. Properties
of the exonuclease activity that degrades H4 histone mRNA. J.
Biol. Chem. 262:9374-9381.

59. Ross, J., S. W. Peltz, G. Kobs, and G. Brewer. 1986. Histone
mRNA degradation in vivo: the first detectable step occurs at or
near the 3' terminus. Mol. Cell. Biol. 6:4362-4371.

60. Ross, J., and A. Pizarro. 1983. Human beta and delta globin
messenger RNAs turn over at different rates. J. Mol. Biol.
167:607-617.

61. Sandler, P., and B. Weisblum. 1988. Erythromycin-induced
stabilization ofermA messenger RNA in Staphylococcus aureus
and Bacillus subtilis. J. Mol. Biol. 203:905-915.

62. 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.

63. Shapiro, D. J., J. E. Blume, and D. A. Nielsen. 1987. Regulation
of messenger RNA stability in eukaryotic cells. Bioessays
6:221-226.

64. 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.

65. Simcox, A. A., C. M. Cheney, E. P. Hoffman, and A. Shearn.
1985. A deletion of the 3' end of the Drosophila melanogaster
hsp70 gene increases stability of mutant mRNA during recovery
from heat shock. Mol. Cell. Biol. 5:3397-3402.

66. Slamon, D. J., T. C. Boone, D. C. Murdock, D. E. Keith, M. F.
Press, R. A. Larson, and L. M. Souza. 1986. Studies of the
human c-myb gene and its product in human acute leukemias.
Science 233:347-351.

67. Stolle, C. A., and E. J. Benz, Jr. 1988. A cellular factor affecting
the stability of ,B-globin mRNA. Gene 62:65-74.

68. Sunitha, I., and L. I. Slobin. 1987. An in vitro system derived
from Friend erythroleukemia cells to study messenger RNA
stability. Biochem. Biophys. Res. Commun. 144:560-568.

69. Swartwout, S. G., and A. J. Kixniburgh. 1989. c-myc RNA
degradation in growing and differentiating cells: possible alter-
nate pathways. Mol. Cell. Biol. 9:288-295.

70. Swartwout, S. G., H. Preisler, W. Guan, and A. J. Klnniburgh.
1987. Relatively stable population of c-myc RNA that lacks long
poly(A). Mol. Cell. Biol. 7:2052-2058.

71. Theodorakis, N. G., and R. I. Morimoto. 1987. Posttranscrip-
tional regulation of hsp7o 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.

72. Thompson, C. B., P. B. Challoner, P. E. Neiman, and M.
Groudine. 1986. Expression of the c-myb proto-oticogene during
cellular proliferation. Nature (London) 319:374-380.

73. Thorens, B., J. J. Mermod, and P. Vassalli. 1987. Phagocytosis
and inflammatory stimuli induce GM-CSF mRNA in macro-
phages through posttranscriptional regulation. Cell 48:671-679.

74. Wilson, J. T., L. B. Wilson, J. K. deRiel, L. Villa-Komaroff, A.
Efstratiadis, B. G. Forget, and S. M. Weissman. 1978. Insertion
of synthetic copies of human globin genes into bacterial plas-
mids. Nucleic Acids Res. 5:563-581.

75. 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.

76. Wong, T. W., and D. A. Clayton. 1986. DNA primase of human
mitochondria is associated with structural RNA that is essential
for enzymatic activity. Cell 45:817-825.

77. Wurm, F. M., K. A. Gwinn, and R. E. Kingston. 1986. Inducible
overproduction of the mouse c-myc protein in mammalian cells.
Proc. Natl. Acad. Sci. USA 83:5414-5418.

78. Yanofsky, C. 1988. Transcription attenuation. J. Biol. Chem.
263:609-612.

79. Yen, T. J., D. A. Gay, J. S. Pachter, and D. W. Cleveland. 1988.
Autoregulated changes in stability of polyribosome-bound 1B-
tubulin mRNAs are specified by the first 13 translated nucleo-
tides. Mol. Cell. Biol. 8:1224-1235.

80. Young, H. A., L. Varesi, and P. Hwu. 1986. Posttranscriptional
control of human gamma interferon gene expression in trans-
fected mouse fibroblasts. Mol. Cell. Biol. 6:2253-2256.

MOL. CELL. BIOL.


