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ABSTRACT

It has been demonstrated that the half-life of c- myc
MRNA is modulated in response to physiological
agents. The elucidation of the decay process and the
identification of the critical steps in the in vivo c-myc
MRNA degradation pathway can be approached by
following the fate of c- myc mRNA under the influence
of such factors. IFN- o was the factor used to modulate
c-myc mRNA half-life in HeLa 1C5 cells, a stable clone
derived from HelLa cells. This cell line carries multiple
copies of the c- myc gene, under the control of the
dexamethasone inducible mouse mammary tumor
virus-long terminal repeat (MMTV-LTR). Exposure of
HelLa 1C5 cells to IFN- a resulted in a further 2-fold
increase over the dexamethasone-induced c- myc
MRNA. However, the c- myc mRNA in IFN-a treated
cells was less stable than that in the control cells.
RNase H mapping of the 3 ' untranslated region of
c-myc mRNA revealed, in addition to the full length
MRNA, three smaller fragments. These fragments were
proven to be truncated, non-adenylated c- myc mRNA
species generated in vivo. Exposure of HeLa 1C5 cells
to Interferon- a before induction with dexamethasone
resulted in the enhanced presence of these intermedi-
ates. RNase H analysis of c- myc mRNA after actino-
mycin D chase revealed that deadenylation led to the
formation of a relatively more stable oligoadenylated
c-myc mRNA population which did not appear to be
precursor to the truncated intermediates. The detection

of truncated 3 ' end c- myc mRNA adenylated fragments
as well, implies that the c- myc mRNA degradation
process may follow an alternative pathway possibly
involving endonucleolytic cleavage.

INTRODUCTION

programmed cell death (apoptosi§)4). MYC proteins are
nuclear phosphoproteins with helix—loop—helix leucine zipper
domains specifying DNA and protein—protein interactibhéC
forms heterodimers with Max protein and acts as a transcription
factor (reviewed irb).

A complex array of regulatory mechanisms is involvedrimyc-
expression, including both transcriptional and post-transcriptional
processesl(2). The rapid downregulation of the gene is made
possible by the instability of the corresponding mRNAand
protein products/). Alterations of the half-life of-mmycmRNA
have been documented and have been proven to be pivotalyfor c-
gene expression. Modulation of the half-life ainge mMRNA
provides a commonly observed mechanismiofycregulation,
often superimposed on transcriptional control. For example,
mitogen stimulation of garrested fibroblasts3) resulted in
increased half-life of the mRNA. On the other hand, induction of
differentiation of MEL 0) and HL-60 {0) cells causes a decrease
in the half-life of cmycmRNA. Primary structure alterations of
c-myc mRNA which result in lengthened half-life are often
responsible for the deregulateange expression in tumors (re-
viewed in11).

Given the importance of mMRNA stability in the regulation of gene
expression, in a number of genes which also include other
oncogenes, cytokines, interferons and growth factors, understanding
the mechanisms underlying the control of RNA decay is
important. One approach is to define RNA domains which can
destabilize mRNA and are characteristic of short-lived mRNAs.
Shaw and Kamerip) observed that many transiently expressed
MRNAs including GM-CSF,-fos and cmyc have (A+U)-rich
sequences (ARES) in their dntranslated region (UTR), which
often contain multiple copies of the sequence with the core motif
AUUUA. Construction of chimeric mRNAs containing such
sequences at théehd of the stable globin mRNA resulted in the
rapid decay of the message. The short half-life ofyc-is
attributed to BUTR sequences which contain two copies of the
AUUUA motif. Fusion of cmyc3 UTR to the relatively stable
neo MRNA resulted in reduction of the half-life from 6 h to 45 min

The activation of anycprotooncogene is implicated in tumori- (13). It has been proposed that certain other segments in addition
genesis and is attributed to such diverse mechanisms as amplifitcaAUUUA in the 3 UTR region may contribute to the rapid
tion, translocation, promoter insertion or retroviral transductiordecay of this messagé4j. Proteins which recognize specific

All the above result in the constitutive expression of the gersequences in this region have been identified and their role in
which is implicated in oncogenesis vivo andin vitro (for  modifying mRNA stability is under investigation5-17). In
reviews seé and2). Recently it has become clear thatgealso  addition to the instability determinant found within th&J3R,
serves pleiotropic cellular functions. Apart from its role as a facte-mycmRNA also contains a sequence within the region coding
controlling cellular proliferation, it also plays a central role infor 335-439 amino acids that contributes to the rapid decay of
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c-mycmRNA. These coding sequences transferred to chimeria. 1

constructs conferred instability, independently of the presence Nisarvorr Pl

the 3 UTR elements. The destabilizing role of this element depenc f— —

on ciyctranslation 18). EcoRI Smal/ ypop EcoRI
Mechanisms of degradation of unstable mMRNA®$ce-myq Pull

have been studied by bdthvivo andin vitro approaches. The Exonl Exonll ExonlIl

available data demonstrate a sequential pathway in which

deadenylation precedes degradation of the main body of the B.

MRNA (11). The removal of the poly(A) tail in unstable mRNAs

is very rapid as supposedly is the removal of the final adenosine
residues. In contrast, in stable mRNAs, deadenylation is delayed
upon reaching the last 30-60 adenosine residues. The failure to
identify intermediate products in unstable mRNAs led to the
assumption that following deadenylation, the main body of
MRNA is degraded very rapidly by exonucleolytic cleavage.

In order to elucidate the critical steps in thenye decay
pathway, we used a different approach. Our goal was to detect
alterations in the decay process under conditions in which the
half-life of ci-mycmRNA is modulated. Among the factors known
to affect cmyc mRNA stabilityin vivo are interferons (IFNs).  Figure 1. (A) Schematic representation of the pMB@e vector. emyc
Several lines of evidence suggest that IFNs act as negatigenomic sequences were cloned into the pMSG vector as described under
regulators of gnycexpression in certain cell systems. IFNs havei'\:;tf;itae'j %rr‘]d t"f’\'g”;?gsr-;;‘e ggsgir?gs F?; t?nedﬁ;gcg?: Si(t)i?t iziidé?r%'%“gg are
.been Sh.own to de_c rease. the Steady S.tate levemmeNA romoters. Open ang grely boxes represent non—codri)ng and coding regions
in Daudi cells and in murine sarcoma virus transformed NIH 3T 3espectively. ) Dexamethasone induction ofieecmRNA transcription in
cells. In the Daudi lymphoblastoma cells, IENid IFN8 have  transfected cells and downregulation of this message in the parental cell line.
been shown to decrease the levels ofyc-transcripts via a  ¢-mycmRNA expression in Hela cells and in two pools of transfected cell
postranscriptional mechanism, i.e., by selectively increasing thgg“fé&”f:(c'*seLsuns‘yg'llg’}d,\'ﬂ*%; "(‘Ig‘r’]'j)ze;ﬁgragdg'02;’;180;5/‘;0?; (ane )
rate of degradation ofroycmRNA (;9’20)' Based On_the "?Wa"able unregulated gene GAPDH confirmed that similar amounts of total cellular
data about caycmRNA mechanism of degradation, it may be RNA were added per lane.
possible that IFNs act by either preventing the formation of long
poly(A) tails or by accelerating the deadenylation process. It is
also possible that IFM-may utilize an other mechanism to exert
its destabilizing action.

The system used in this study was a clone derived from Helg o, throughout this paper refer to the sequence published b
cells transfected with a dexamethasone (DX) inducirte/@ 'géf’xgzmet al ?21)_ pap g P y

expression vector. Exposure of these cells todFblsulted in the HeLa cells were grown in RPMI 1640 supplemented with 10%
overexpression of myc mRNA which nevertheless, decayed ccg . prior to transfection, HeLa cells were cultured for three
faster than that of the control cells. Using this system, Wh'%ssages in DMEM containing 10 mM HEPES and 10% FCS.
provided high levels of mycexpression, we have been able (0" Trangfection of HelLa cells was performed by the calcium
identify specific degradation intermediates ofnge MRNA  ,,ophate precipitation methodx 3. cells per 25 crflask
generatedh viva (i) a distinct population of-mycmRNA with ere seeded and cultured overnight in DMEM with HEPES and
shortened poly(A) tails derived through deadenylation andno, Fcs. Medium was changed 4 h prior to transfection and
(i) trur]cated anycmRNA species lacking &nd sequences. The oiransfection was performed with pM8Gcand pSV2-neo as
detection of adenylate(_j truncat_ed fragments as WeII,_ indicated thlscribed by Grahamt al (22), without using carrier DNA.
c-mycmRNA degradation may involve endonucleolytic cleavage aiar 24 h of exposure to DNA precipitate and a further 24 h

incubation in fresh medium, G418 (40@/ml) (Gibco-BRL)

MATERIALS AND METHODS selection was applied for 22 days. Individual colonies were
isola_te_d, grown in mass cultures and analysed by Southern blot
Vector construction and cell transfection hybridization.

Human genomic caycDNA (from pHSR-1 plasmid, American

Type Culture Collection) was insertetdt8 MMTV-LTR into  Cell culture

pMSG eukaryotic expression vector (Pharmacia), in two steps.

First, Pvul-Xhd c-mycDNA fragment (—353 to +66 relative to HelLa 1C5 cells were cultured and maintained in RPMI 1640 with
P1 promoter) was ligated t8ma and Xhd sites into the 10% FCS in the continuous presence of 3§nl G418. Prior
polylinker of pMSG. Consequentihd—EcdRI (ending 500 bp to each experiment cells were cultured for 48 hin RPMI 1640 plus
3 to pA2 polyadenylation sequencesinge genomic DNA  10% FCS and subsequently in fresh medium with 0.25% FCS for
fragment was ligated to the above construct. This ligation resultd8 h, before the addition of fresh RPMI 1640 containing 10%
to the excision of the SV40 polyadenylation signal sequenceseES or 10% FCS plus 1M dexamethasone (induction).
the vector so that polyadenylation ofngc mMRNA would be Exposure to IFNx was performed by addition of 200 U/ml, 24 h
controlled by its own signals (Fit\). c-mycnucleotide sequences before induction.
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Northern hybridization A. B.

Total RNA was isolated as described by Chomczynski and Sacchi a b
(23). An aliquot of 30ug of denatured total RNA was electro- a b ¢
phoresed in 1.2% formaldehyde—agarose gels, transferred to
nylon membranes (Zetaprobe, BioRad), immobilized and hybrid- . . c-myc QH..
ized according to the manufacturer’s instructions.

c-myc (1.3 kb Clal-EcdRl exon 3 fragment) and GAPDH
probes were labelled by the random primer method (‘prime agene '
system’, Promega Co.). Autoradiographic signals were quantitated e “
by using the Image 1.44 program to analyze autoradiograms
scanned at 1200 d.p.i. with a UMAX scanner (Vista-S6).

Figure 2. Effect of exposure to IFMd-on cimycmRNA levels. A) HeLa 1C5

i cells were treated as described in Materials and Methods before addition 10%
Mapping of the 3 c-mycmRNA UTR FCS + 165 M DX for 1 h. Lane a, control cells; langdells exposed to 200
Oligonucleotide/RNase H treatmerymycmRNA was annealed g_’rT(‘]: 'CFjN'“ fr?r 24h gefo“? the i”é‘“.“io’?XA pool gf "a.rLngcFed,\ze"s s

iy : : - ivided in three and maintained in culture as described in Materials an
toa SpECIf!Q DN.A ollgonupleo_tlde and treated with RNase_ HMethods. Cells were induced with 10% FCS (lane a), 10% FCS/MIDX
Each specific oligonucleotide is complementary to the regiongane b) or 10% FCS + 1M DX (lane c) after exposure for 24 h to 200 U/ml
7199-7218 (oligo 1) and 7257-7278 (oligo 2). Deoxyoligonucleoef IFN-a. Exposure to IFNt before induction results in &B-fold increase in
tide sequences were CCTTACGCACAAAGAGTTCCG (oligo 1) the cmycmRNA levels in transfected cells.

and CAAGTTCATAGGTGATTGCTC (oligo 2). RNase H

mapping was performed as described by Brewerand R)se(  Sigma Chemical Co., and the deoxyoligonucleotides used in this
40 pg total RNA were ethanol precipitated, resuspended it 20 study were synthesized by the Microchemistry Laboratory,
1 mM EDTA, pH 7.4, and heated at °T® for 10 min.  Molecular Biology and Biotechnology Institute, Heraclion, Crete.

Oligonucleotide (0.fig) was added, and the reaction mixture waghe pEP 40 plasmid was a kind gift from Dr Ite Laird-Offringa.
incubated at 20C for 15 min. Ongl of 4 M KCl was added and

the mixture was incubated at°ZDfor 15 min, followed by the RESULTS
addition of 20ul TM buffer (40 mM Tris—HCI, pH 7.5, 60 mM
MgClz). RNase H was added (final concentration 20 U/ml) angstablishment and characterization of the HeLa 1C5 cell line

the digestion was performed at°&7 for 30 min. Following )
digestion, RNA was ethanol precipitated. The study of the cayc mRNA degradation pathways was

) ] . approached by using a system in which high levels raf/e-
High resolution Northern blottindRNA samples were separated mRNA expression could be attained and in which the rates of
by size, using a denaturing 4% polyacrylamide—urea gel as descril@jradation of this mRNA could be modulated. High levels of
by Stoeckle and Gua&%) and transfem_ad electrophore_tlcally to steady state mycmRNA expression were achieved by adding
a charged mebrane (Zetaprobe, BioRad) according to t@@xamethasone to Hela cells transfected with the eukaryotic
manufaCturer'S inStI’UCtionS. Filters were hybr|d|zed W|th th%xpression vector pMSG, Carrying-rg;csequences from -353
end-labelled deoxyoligonucleotide GGCTAAATCTTTCAGTCT- relative to P1 promoter to +500c§ the second polyadenylation
CAAGACTCAGCCAAGGTTAGGTT which is complementary site. On the other hand, addition of dexamethasone to the parental
to the sequence 7300-7345. cell line HeLa resulted in the downregulation ahgemRNA
(Fig. 1B). Since the SV40 polyadenylation signal of the vector
was removed, the' 3nd of the induced-myc mRNA was
Total RNA was isolated from HelLa 1C5 cells exposed todFN- identical to that of the endogenous normaiyemRNA.
before the induction with dexamethasone as previously describedOut of several clones isolated after cotransfection with pSV2-neo
Polyadenylated mRNA was isolated using the Oligotex mRNAnly one stable clone, HeLa 1C5, was found to contain intact
kit from Qiagen. The isolated mMRNA was digested with RNase Exogenous copies of thengycgene. A singleecaRl fragment
in the presence of oligo dT as described before and electrophoreded. 1A) was found to hybridize to bothrayc3' sequences and
in 4% acrylamide—urea gel. The RNA was electrophoreticallthe MMTV-LTR (data not shown). HeLa 1C5 cells were
transferred to Zetaprobe membranemy@ sequences were continuously maintained in the presence of 3gtnl G418. A
identified using an antisense RNA probe transciibgdrowith ~ year after the initial isolation the stability of the inserted
SP6 RNA polymerase, using the Riboprobe System SP6/Begquences was confirmed by Southern blotting. Since transfected
(Promega). The template for the reaction was the plasmid pEP HéLa cells with pMSGnycwere gradually lost by apoptosis, the
(26) digested witlindlll. Hybridization was carried out according survival and the stability of HeLa 1C5 was attributed to the
to the directions supplied by the manufacturer using«1L8°  presence of a rearranged bcl-2 gene and to the expression of bcl-Z
c.p.m./ml and the final wash was performed witk G$C, 0.5% mMRNA, which were detected (data not showi?).(RNase H
SDS at 60C for 60 min. mapping of the Send of the anyc mMRNA induced by
dexamethasone in HeLa 1C5 cells, revealed that promoter usage
was identical to that of untransfected cells (data not shown). No
message initiating at the MMTV-LTR promoter could be detected.
IFN-023 (INTRON-A) was obtained from Scherring Co., This observation can be explained on the basis of previous data
dexamethasone (Decadron) from Merck Co. Inc., RNase H frotihhat a functional P2 promoter prevents transcriptional read
Gibco BRL, actinomycin D, cycloheximide and cordycepin fromthrough from upstream promotefs3).

Detection of 3 c-mycmRNA fragments

Materials
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A. Detection of cmycmRNA truncated fragments

a) control b} IFN pretreated
Previous data indicate that exposure of cells todRfdsults in

the reduction of the cytoplasmic poly(A) polymerase activity
(33). These observations and the increased instability oftlye c-
ne MRNA in these cells led us to investigate whether any alterations
. GAPDH in the length of the poly(A) tail were caused by I&Nvhich
- i | resulted in faster decag4). In order to test whether the IFiN-
0" 20" 40' 60' 0" 20" 40° 60° action is exerted through alterations in the poly(A) status or
alterations in the rate of deadenylation or by an alternative
thitee (i) mechanism, we proceeded in RNase H mapping of tred3of
c-mycmRNA as described in Materials and Methods. Figure
shows the sequences recognized by the oligonucleotides used in
100 4 this study in the RNAse H reactions and the oligonucleotide used
501 as the probe to detect the reaction products. This experimental
] approach was expected to yield RNA fragments extending above
" 269 and 411 nt derived from pAl and pA2 polyadenylation
signals respectively when oligonucleotide 2 was used, and
fragments extending over 329 and 471 when oligonucleotide 1
was used3b). Since pA2 is the major polyadenylation sigé)
we expected that the majority of the reaction products would
range from 411 t6600 nt or from 471 to 670 nt depending on the
19 o s oligonucleotide used in the reaction.
time (enin) Figure5 includes the data obtained from RNase H mapping
N using oligo 2 of RNA isolated from HelLa 1C5 cells under various
- = control conditions of anycmRNA induction. The following observations
were made. (i) Under all conditions tested thayc-mRNA
Figure 3.(A) Northern blot analysis ofmycmRNA from HeLa 1C5 cells after  polyadenylated at the pA2 site did not have a homogeneous
actinomycin D chase. Cells were treated as described under Materials angistribution in the lengths of poly(A) tails. A significant proportion
Me;hods t_>efore the aqdltlon of 10% _FCS +518 DX. Three hours Igter, of the message had short or no pOly(A) tails and daisrbe more
actinomycin D (5ug/ml final concentration) was added and RNA was isolated ~ . " . -
at the times indicated. (a) Control cells; (b) cells exposed to 200 Usmt IFN- €Vident under conditions ofnsycmRNA overexpression. (ii) The
for 24 h. B) Graphic representation of the results obtained by Northern blotdensitometric scans of autoradiograms indicated that exposure to
analysis after normalization to the levels of GAPDH expression. Values are th#=N-a did not have a drastic effect upon poly(A) tail sizes Biys
mean of three experiments. Standard deviation is indicated by error bars. Theggq 3). (iii) In addition to the full length polyadenylatednyc
gﬁgIifgﬁgﬂsé?tlegrnaihingig;ergeu;ﬁygfn'g,\"]‘As_ma" albeit reproducible 1, PNA at the two polyadenylation sites, we observed a specific
pattern of smaller products in all RNA samples (fragments |, I
and Ill). These three smaller species were more prominent and
had an altered internal distribution in mMRNA from cells exposed
to IFN-a (Fig. 5C). In lane 4 the data from RNA isolated from
cells treated with the polyadenylation inhibitor cordycepin are
shown. The adenosine analogue cordycepij3vhich mainly
We used IFNa to test whether we could modulatsigemRNA interferes in the formation of the poly(A) tail by preventing chain
stability in HeLa 1C5 cells. Exposure of HeLa 1C5 cells todN- elongation 86) alters the distribution of the poly(A) tails of intact
before dexamethasone induction resulted in a 2-fold increasecimycmRNA, synthesized in its presence, towards smaller sizes.
the steady stateroycmRNA levels over the untreated cells, aCordycepin addition did not have any effect on the appearance of
finding also observed in the pools of transfected cellsZ[Fig.  the smaller species and furthermore, no change in the mobility of
contrast with what has been reported for the parental celtfipe ( the truncated species was observed suggesting that they do no
and in agreement with the effect observed in other cell lines supbssess poly(A) tails. The absence of poly (A) tails was confirmed
as HL-60 and U-9373(0). However, despite the increase, by the fact that the mobility of the truncated fragments was not
actinomycin D chase revealed thahge mRNA decays more altered after removal of the poly(A) tails with RNase H in the
rapidly in HeLa 1C5 cells exposed to IEN¥ig. 3). Therefore, presence of oligo dT (data not shown).
the 2-fold increase in the levels effycmRNA expression could ~ When using a second oligo which recognizes sequences 60 nt
not be attributed to stabilization since thmygemRNA isolated downstream, the size of the smaller bands shifted accordingly,
from cells exposed to IFN-was relatively less stabléll((5x)  indicating that these were derived from truncatetdycmRNA
than that of the control cells. The observed effect ofdRiNbon  generatedh vivo. The appearance of these specific intermediate
c-mycmRNA stability in HeLa 1C5 cells was reproducible andoroducts was dependent on the presence in the reaction of RNase
was comparable with that observed in other cell liBés88%). H and an oligonucleotide (Fig; lanes 3 and 4 share the same
Thus, this system, which could provide high levels of rapidlyon-specific background). The estimated sizes of the fragments
degraded ecnycmRNA, was suitable for the investigation of theplace the 3ends of thin vivointermediate products at the regions
degradation mechanism of this MRNA and the identification gfresented in FiguréB. The existence of identical in size minor
intermediate products. products was also confirmed in the untrasfected HelLa cell§)Fig.

c-myc

=

105

Relative c-myc mRNA levels (%)

Effects of IFN-0 upon cmycexpression in HeLa 1C5 cells
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Exon 3
PAq PA2
COMING SEQUENUES | |
anti-sense
deoxyoligonucleotide 1 ==
199-721
(RIETIE e eCl 329 nts (+poly A tail)
\ 471 nts (+poly A tail)
anti-sense
deoxyoligonucleotide 2 !
(7257-7278 43% GC)
269 nts (+poly A tail)
411 nts (+poly A tail)
probe: anti-sense
juml  deoxyoligonucleotide
Jos—— (7300-7345 47% GC)
40 nt

Figure 4. Schematic representation of the&JIR of the cmycmRNA showing the positions of the sequences recognized by oligo 1 and oligo 2 used for RNase H
mapping, the expected fragments and the position of the oligo used as probe.

The intensity of the three major bands correlated with the levadRNA is available, the truncated species would be generated at a
of cimycmRNA expression characteristic of the two cell linessteady rate. To investigate the above possibilities we performed
HelLa 1C5 induced with dexamethasone and Hela (lanes 1 and&). actinomycin D chase under various conditions and we
The truncated caycmRNAs which we detect, could possibly proceeded to RNase H mapping of theyemRNA. The data in
represent the products of the process following the deadenylatiBigure 9 show that under all conditions applied (i.e., induction
step and they could be generated either via endonucleolytigth serum or exposure to IFibefore the induction) there was
cleavage or they became detectable due to defined pausing ohagradual deadenylation process and accumulationnofcc-
exonuclease. Alternatively, they could be generated by the activatimiRNA species having short poly(A) tails. The accumulation of
of an independent degradation mechanism involving endonucleo§hort tailed anycmRNA did not result in the enhancement of the
tic cleavage. truncated products. On the contrary, the intensity of these
The last hypothesis would predict the existence of matching froducts was reduced as the chase proceeded even though the
end fragments for the truncated intermediatesrofcmRNA.  intact oligoadenylated form persisted (Pgand d). Thus-myc
In order to identify such intermediates, polyadenylated mRNARNA degraded through sequential deadenylation did not appear to
was isolated from HelLa 1C5 cells cultured under conditions ine a precursor to the truncated species unless the process of thei
which the truncated species were most prominent, i.e., exposgeneration was inhibited by actinomycin D. There was, also, no
to IFN-a before induction with dexamethasone. The poly(A) tailsndication that any of the truncated species was a precursor to a
were removed by digestion with RNase H in the presence of olighorter one. The above observations may suggest that the
dT and the RNA was analyzed by high resolution Northertruncated species are generated by an alternative endonucleolytic
blotting. The 3end cmyc mRNA sequences were recognizeddegradation mechanism which may not require deadenylation.
using a radioabeled antisense RNA probe transciib&iro Our data are compatible with the existence of a degradation
which spans thé 8 TR and recognizes the last 36 2@ (Under mechanism of cayc mRNA resulting in the generation of
the conditions employed, any fragment detected other than tencated intermediates, probably through endonucleolytic cleavage
full length cmyc mRNA must represent’ 3c-myc mRNA  at several sites. The enhanced presence of these truncatec
sequences which retain a minimal poly(A) tail, at least. Thproducts in cells exposed to IkRNmay suggest the further
results shown in Figui@ demonstrate apart from the full length activation of this mechanism.
c-mycmRNA several such distinct fragments. Among those, E,
D and C could represent the matching fragments for the truncaigfscyssion
species |, Il and Ill (Figh) respectively. The existence of longer
fragments is also evident. The identification of the truncatethe study of the regulation of mRNA stability has been

intermediates |, Il and Il and the detection of adenylated Zpproached in several ways. For unstable mRNAs, such as those
truncated fragments (Fig) suggest that mycmRNA may be of oncogenes, cytokines etc., in which rapid decay is a critical
subjectedn vivoto endonucleolytic cleavage. regulatory step of gene expression, the focus has been on

It could be postulated that the process generating the abais-acting elements conferring instabilityansacting factors
degradation intermediates is a subsequent step to the deadenylat@ntrolling degradation and the sequence of events in the process
process therefore, a precursor—product relationship should exd$tdegradation. It is known that the half-life of certain mMRNAs,
between the oligoadenylatedmyc MRNA and the truncated such as that ofmyg can be modulated by physiological stimuli.
products. This would lead to the prediction that, as long as precur3dre elucidation of the changes in the mechanism of degradation
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I Figure 6. Characterization of ;ycmRNA truncated specieA) RNase H
mapping of anycmRNA from HeLa 1C5 cells exposed for 3 h to 10% FCS
3 {IFN) +10"5M DX using oligo 1 (lane 1); oligo 2 (lane 2); no oligo (lane 3); no RNase
FCS, DX 0 H (lane 4). M: RNA markers. The arrows on the left of the figure indicate the
position and the estimated sizes of the minor products generated with oligo 1
(lane 1). Correspondingly, the arrows on the right of the figure indicate the
4 FCS, DX positions and the sizes of the smaller products when using oligo 2 (lane 2).
€d III Accordingly the brackets show the distribution of the poly(A) tails derived form
: T TR — P pA2 and pAl.B) Relative positions of the cleavage regions on tlea@ of

the emycmRNA. The flags indicate the positions where polyadenylation starts
following the polyadenylation signals pAl and pA2. The arrows indicate the
positions of the corresponding sites.

O H 1 pA pag

Figure 5. RNase H mapping of theraycmRNA in HelLa 1C5 cells reveals a
non-uniform distribution in the sizes of the poly(A) tails and the existence of

truncated enycmRNA species.A) HeLa 1C5 cells were treated as described . - . . .
in Materials and Methods before addition of 10% FCS (lane 1); 10% Fc8 + 10 IN the stability of mRNAs are attributed to the differences in the

M DX (lane 2); 10% FCS + 16 M DX after exposure to 200 U/ml IFtifor rate of deadenylation. Since in stable mRNAs, such as globin
24 h (lane 3); 10% FCS +¥0M DX in the presence of 2@/ml cordycepin MRNA, deadenylation stops upon reaching a minimum length of
(Cd) (iane 4) RIS was [solated 3 h ater and RNase H fiapping was pelﬁormegoly(A) protecting the message from exonucleolytic attack, it is
as described under Materials and Methods, using oligo 2 for the cleavagg - : - .

reaction. The brackets show the distribution of the polyadenylated fragment elieved that th(_e instability elements presen; in unstable MRNAs
derived from pA2 and pAl polyadenylation sites. The arrows indicate the positio®Ct Dy enhancing the rate of deadenylation and further by
of the minor fragments 1, Il and Il and their estimated siBjsDénsitometric ~ promoting the complete removal of poly(A) tail134,37).

scans of the corresponding lanes. Scan of lane 4 shows that cordycepin resultf¢herefore, for unstable mRNASs it is proposed that the rate of

in a shift towards smaller sizes of poly(4) tails and that the oligoadenylatedyo 4 qanyiation is the critical step of degradation. For example
species mainly present were producing a peak. The same identifiable peak ng : !

present in the other lanes indicating an enhanced representation of oligoaderly@ifd-Offfingaet al (38) have shown that mycmRNA from
lated species. The-rayc mRNA species with longer poly(A) tails have a HelLa cells is rapidly deadenylated before final degradation and

uniform distribution in lanes 1, 2 and @) Oensitometric scans of the different  have proposed that deadenylation is the rate |imiting’r5t,ém

distinct products across the lanes show the proportional relation between intagtudies using aim vitro decay system provide similar evidence
c-mycmRNA and truncated species under the conditions tested. Exposure t

IFN-a caused a marked increase in the intensity of the smaller fragments witﬁsg)' Shyu e,t al (40) have ShO_W” th_at AREs from,thdas
respect to the intact-ayc mRNA, while cordycepin did not have any MRNA mediate decay by first stimulating deadenylation and then

noticeable effect. by providing an element that directs the next phase of the
degradation process. Nevertheless, uncoupling of the two elements
was achieved by point mutations that maintained the ability to

under the influence of such physiological stimuli will helpcontrol deadenylation but abolished the ability to stimulate

identify the key steps in mMRNA decay and the factors affectinfyrther decay. This observation indicates that the decay of

MRNA stability. unstable mRNAs may also involve a two step process.

Removal of the poly(A) tail seems to be a prerequisite step inAssuming that the deadenylation process ofyc-mRNA
the degradation process of the majority of mRNAs. Differencesccurs at a steady rate—at all its stages—and when the mRNA
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HeLa 1 2 3 4 5
1cs  Hela

— F.L.

PA2 — A
— B
— C
— D

PAY
— E

20nts — 1 -

140nts — I —-

80 nts — I -3

Figure 7. RNase H mapping (using oligo 2) ofrtycmRNA isolated from
Hela 1C5 induced with 10% FCS +~20M DX (left lane) or Hela cells
induced with 10% FCS (right lane). The arrows show the position of the smallerFigure 8. Identification of adenylated myc mRNA fragments lacking'5
products. Note that their intensity correlates with total steady state c- sequences. The following RNA samples were analyzed by high resolution
mRNA levels. Northern blotting using?P-labelled antisense RNA spanning tHéBR cmyc
sequences (see Materials and Methods). Lane &flal RNA was digested
with RNase H in the presence of oligo 2; lane 2, as in lane 1, in the presence of
. ) oligo dT; lane 3, 70g polyA(-) RNA was treated as in lane 1; lane 4, poly (A)+
becomes deadenylated it rapidly decays, then one would expeskNA isolated from 40Qug total RNA was digested with RNase H in the

that all sizes of poly(A) tail should be equally represented at angresence of oligo dT; lane 5, A total RNA was digested with RNase H in
time during this process. The data presented here show thathg presence of oligo 1. Brackets show the distribution of poly(A) tails derived
HeLa 1C5 cells there was no homoaeneous distribution in the Sifrom pA2 and arrows point out the position of the deadgnylated fragmgnts
- 9 . Herived from cleavage with RNase H in the presence of oligo 2 (left) or oligo
of poly(A) tails. We observed an accumulation ofigemRNA 1 (right). The size of the deadenylated fragments is noted in the parenthesis.
with short or no poly(A) tails. Our experimental approach doe®emoval of the poly(A) tails from poly(A)+ mRNA revealed in addition to full
not allow the distinction between oligoadenylated or completelyength cmycmRNA five smaller bands. The letters A, B, C, D and E on the right
deadenylated mRNA. We consider likely that it is oligoadenylatedj@icate the pasition of the distincteye mRNA fragments and FL. the
based on the observations of Chen and Shi)urnho show that gh oy '
deadenylation of chimeric mMRNAs carrying th&3R of cmyc
does not lead to complete removal of the poly(A) tail. The data
in Figure9 show that the oligoadenylatedrmyxcmRNA species fragments containing-myc mRNA 3 sequences support the
was derived by the deadenylation process and was more stdblener hypothesis. The putative endonucleolytic cleavage could
than its precursor. either follow the deadenylation process as it has been reported for
Swartwout and Kinninburghl(Q) have estimated that non- human graa mRNA (42) or could occur due to the activation of an
adenylated mRNA is more stable in HL-60 cells since the half-lifalternative degradation mechanism, independent of deadenylation.
for poly(A)-c-mycmRNA is twice as long as that for polytA) Such intermediates have been reported before. A short form of the
Furthermore, Chen and Shyli) suggest that the time required TTR mRNA has been identified lacking at least a portion’' of 3
for deadenylation is much shorter than the time required for théTR (43). Truncated mRNAs have been reported for other
overall decay. All the above observations indicate that the metabatiaskaryotic mMRNAs as well, including chick fibroblast 9&3)(
fate of the oligoadenylated message determines the decay rateto€ken apo VLDL Il {5), Xenopus<lhbox 2b @46) and human
c-mycmRNA, provided that it reaches the oligoadenylated stathistone H4 $5). For some of the above truncated mRNAs
RNase H mapping revealed the presence of smaller namatching adenylated fragments have been identified which would
adenylated fragments hybridizing tonge3' end sequences. These prove the existence of an alternative degradation mechanism
fragments did not represent small RNAs crossreacting with tlirevolving endonucleolytic cleavage. Thesellide chicken liver
probe, since they were absent when no RNase H or oligonucleotide® VLDL mRNA, Xenopusoocyte Xlhbox 2b mRNA, chick
were used in the reaction (Fi§). When using two different fibroblast 9E3 mRNA, mouse albumin mRNA7) and TfR
oligonucleotides which recognized sequences 60 nt apart, tm&RNA(43).
products yielded by RNase H digestion showed a correspondingd truncated mRNA encoding forroyc has been observed
shift in size. This observation also excluded the possibility dfefore but was not identified as sugh)( Brewer and Ros89)
inaccurate cleavage due to non-specific Rblfgonucleotide have reported thia vitro generation of truncatednsyc mRNA
hybrid formation. Furthermore, the internal distribution of thesspecies following the deadenylation process which derive from
fragments was altered in response to tFRFig. 5). Thus, we mRNA adenylated at the pA2 site and terminate between pAl and
concluded that they represented truncaleg@nRNAS generated pA2. These are not related to the three species of truncaigd c-
in vivo. MRNAs which we identified since they have different sizes and
The presence of these intermediates which we observed cariley arise through a different mechanism. Our experimental
accounted in two ways: such fragments may result througipproach would not permit us to distinguish products terminating
endonucleolytic cleavage or due to a defined pause in the processigeveen pAl and pA2 from the message adenylated at the pAl
action of a 3-5-exonuclease. The identification of agllated site. The truncated products which we identified seem to arise
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a) FCS b) (IFN) FCS, DX d} 0 3w truncated species is sensitive to actinomycin D. In that case the
- metabolic fate of deadenylatednyc mRNA is controlled by
more than one mechanisms only one of which is sensitive to this
pA2 drug, since actinomycin D does not stabilizenyiz MRNA

m overall. The use of IFN+in our system allowed us to conclude

that the appearance of truncatethyz mRNASs is regulated.

IFN-a in HeLa 1C5 increased the steady statg/cmRNA levels
opposite to its effect upon HelLa celisl). However, IFNe

\ maintained its destabilizing action since the raternjcmRNA
/ Vo decay increased after exposure to BENRNase H mapping

y showed that the amounts of truncated species increased, as well
The question arises whether the enhanced endonucleolytic cleavage
was a direct or indirect effect of IFdwhich occurred in response
I ™ to high steady state levels ofmyc mRNA, as an emergency

PA

c¢) Bottomofthegel  Top of the gel / \ feedback mechanism, efficiently preventing translation of the
VTN surplus message.
/\»J"\/\-/\/\ 0 A mechanism exists which is a likely candidate in mediating such
TR an IFN<a induced action. IFNs inducé-8 oligo(A)synthetase
! "-5 whose product, ‘25 oligo(A), activates in turn the latent endo-
/wf/kg,g' i Y nuclease RNase E(). The activation of RNase L may account for
- v M\-J the enhanced endonucleolytic cleavage mfycmRNA. Partial
FF F ] abrogation of 25 oligo(A) synthetase activity reverses the
M I I PApPAy destabilizing effect of IFN+ upon cmycmRNA, indicating that

IFN action may be mediated through RNas&3). (Alternatively,
Figure 9. RNase H mapping of myycmRNA isolated after actinomycin D IFN-a (;ou_ld exert Its effec_ts either by releasing sequence specific
chase from cells treated with) (0% FCS and) 10% FCS + 1P M DX after RNA binding proteins which protectnoyc mRNA from endo-
exposure to 200 U/ml IFNg-for 24 h. Actinomycin D (final concentration  nucleolytic attack or by inducing the binding of destabilizing
5 pg/ml) was added 3 h later and RNA was isolated at the times indicatedproteins. These mechanisms are not mutually exclusive.

Densitometric scans of the corresponding lanesdhdn(l across the lanes in b ; ; ;
(d) show that the truncated species decay rapidly and that they do not appearOur system wil prowde the opportunity to address some of these

to be generated from the oligoadenylated species derived through deadenylg-ueStionS' It WOUId be of _intereSt' for example, to investigate
tion. whether blocking the'25 oligo (A) synthetase pathway would

inhibit the generation of mycmRNA truncated species. Precise
mapping of the cleavage sites would confirm the mechanism of
donucleolytic cleavage and perhaps would provide information

through a process independent of deadenylation from pon(A)(a out the sequence specificity of this process.

c-mycmRNA species. When analyzing the poly(A)(+) RNA we
identified several caycmRNA fragments lacking’' Sequences.
Three of them are candidates for the matching fragments of tAEKNOWLEDGEMENTS
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