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ABSTRACT

The widespread occurrence of AU-rich elements (ARES)
in mMRNAs encoding proteins with diversified functions
and synthesized under a vast variety of physiological
conditions suggests that AREs are involved in finely
tuned and stringent control of gene expression. Thus it
is important to investigate the regulation of ARE-
mediated MRNA decay in a variety of mammalian cells
in different physiological states. The tetracycline
(Tet)-regulatory promoter system appears appropriate
for these investigations. However, we found that
efficient degradation of MRNAs bearing different AREs
cannot be observed simply by blocking constitutive
transcription from the Tet-regulated promoter with Tet,
possibly due to saturation of the cellular decay
machinery. In addition, deadenylation kinetics and their
relationship to mMRNA decay cannot be adequately
measured under these conditions. To overcome these
obstacles we have developed a new strategy that
employs the Tet-regulated promoter system to achieve
a ftransient burst of transcription that results in
synthesis of a population of cytoplasmic mRNAs fairly
homogeneous in size. Using this new system we show
that ARE-destabilizing function, necessary for down-
regulating mRNAs for cytokines, growth factors and
transcription factors, is maintained in quiescent or
growth-arrested cells as well as in saturation density-
arrested NIH 3T3 cells. We also demonstrate that the
ARE-mediated decay pathway is conserved between
NIH 3T3 fibroblasts and K562 erythroblasts. These in
vivo observations support a broader role for ARES in
the control of cell growth and differentiation. In addition,
we observed that there is a significant difference in
deadenylation and decay rates for  [-globin mRNA
expressed in these two cell lines. Deadenylation and
decay of [-globin mMRNA in K562 cells is extraordinarily
slow compared with NIH 3T3 cells, suggesting that the
increased stability gained by  B-globin mRNA in K562
cells is mainly controlled at the deadenylation step. Our
strategy for studying mammalian mRNA turnover now
permits a more general application to different cell lines
harboring the Tet-regulated system under various
physiological conditions.

INTRODUCTION

Regulation of mRNA turnover is now recognized as an important
step for controlling the fate of cytoplasmic MRNA and consequently
gene expressionl{3). In mammalian cells the abundance of a
particular mRNA can fluctuate many-fold following a change in
mRNA stability, without any change in transcriptiod).(The
processes that regulate mRNA turnover can, in turn, affect how a cell
grows, differentiates and responds to environmental stimuli.
Therefore, it becomes important to identify the stimuli that induce
changes in mRNA stability and to characterize their regulation under
physiologically relevant conditions.

To elucidate the regulatory mechanisms underlying differential
and selective mRNA turnover in mammalian cells we have focused
on a group of so-called AU-rich elements (ARES). They are found
in the 3-untranslated regions'{@ITRs) of many mRNAs encoding
proteins with different functions synthesized under a vast variety of
physiological conditions4(5) and are now recognized as the most
common RNA destabilizing element among those characterized in
mammalian cells §). The widespread occurrence of AREs in
different mRNAs suggests that their function is tightly regulated.
However, little is known about the regulation of ARE function.
There are two major obstacles: (i) the profound mMRNA decay-
impeding effect of transcription inhibitors such as actinomycin D
and DRB has excluded the use of these drugs as an efficient tool to
study ARE destabilizing function78); (i) although the des
promoter system has been used with success to investigate the deca
kinetics and key sequence features of AREs, the system has
limitations that prevent it from being used as a general approach.
Activation of the dos promoter requires serum or growth factor
induction of quiescent cells. As a result, this system has restricted
analysis of ARE function to cells undergoing thgt@G, transition
(9). In addition, the use of serum induction complicates analysis of
regulatory mechanisms which may affect decay of mRNA.

The recent development of the tetracycline (Tet)-regulatory
promoter system has offered an opportunity to overcome these
limitations (L0-12). The Tet-responsive promoter ystem is based
on a hybrid transactivator that specifically stimulates transcription of
promoters that contain Tet operattet@ sequencesl(). The
hybrid transactivator protein (tTA) is composed of the DNA binding
domain of the Tet repressor protein fr&scherichia coliand the
activating domain of the viral protein VP16 from herpes simplex
virus. tTA is able to specifically bind to and strongly activate
minimal promoters containing seven consecu® sequences.
When Tet is present, the binding of tTA to th&D sequences is
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prohibited, resulting in efficient shut-off of gene transcription. Whileplasmid (pT7/T8&-18; BRL). After exposure to the plasmid
applications of the Tet-controllable system to regulation oprecipitate for 12-16 h, cells were either serum starved in DMEM
transcription in transgenic micelZ-15) have been well +0.5% CS at 8% Cg¥or 25-28 h and then stimulated with DMEM
documented, relatively little is known about its potential applicatiorr 20% CS or cultured for another 28 h, depending on the
to address the cytoplasmic aspect of post-transcriptional regulati@xperiment. Isolation of total cytoplasmic RNA and Northern blot
e.g. mRNA turnover 16,17). Possibly due to saturation of the analysis were conducted as described previodshp)
cellular decay machinery as a result of high level constitutive
expression from the Tet-regulated promoter, simply blocking:staplishment of stable cell lines
constitutive transcription of the Tet-regulated promoter with Tet and
then monitoring MRNA decay appears not to give an accurafgable cell transfectants of pUHD15-1 encoding tTA were obtained
measurement of MRNA half-life (see belo}) Moreover, due as follows. NIH 3T3 cells were transiently transfected as described
to size heterogeneity of the poly(A) tails resulting from constitutiv@bove. Transfection mixtures for each plate containegli#asmid
transcription, this approach did not allow an unequivocd?UHD15-1, 0.4pg plasmid pSV2-neo (Clontech) and 176
determination of deadenylation and decay kinetics and thus tB@rrier plasmid (pT7/1@18; BRL). The control plate was
relationship between deadenylation and detay ( transfected with Rg plasmid pUHD15-1 and 18) carrier plasmid
Here we report a new transcriptional pulse strategy generated @ily. After exposure to the plasmid precipitate for 18 h cells were
the Tet-regulated system as a general methodology to meastiiged and cultured in fresh medium containing 500 ng/ml Tet. At
mRNA decay in mammalian cells. By modulating the amount of T&0 h after transfection cells were diluted 80-fold and subjected to
and the timing of its addition to or omission from culture mediun$3418 (Gibco BRL) selection at a concentration of @génl. The
we were able to induce a short burst of mRNA synthesis fromraedium was refreshed every 3 days. The cells in the control plate
reporter gene driven by the Tet-regulated promoter in stable lingied after 10 days transfection. After 12 days transfection single
that constitutively express tTA. Using this new system we hawolonies were isolated by trypsinization within a glass cylinder.
demonstrated that AREs can function in mouse NIH 3T3 fibroblastsolonies were first grown in a 12-well plate and then successively
under growth arrest and density arrest states. Furthermore, trnsferred to a 6-well plate, then to a 100 mm dish (Falcon Co.).
ARE-mediated decay pathway is conserved in human K56&hen the cells reached confluence they were collected, frozen and
erythroleukemia cells. Thege vivo observations indicate that the Stored in a liquid nitrogen tank. Culture, maintenance, transfection
ARE-mediated decay pathway functions in regulation of mRN&Nd establishment of stable cell lines of human erythroleukemic
expression during different phases of fibroblast growth and in @62 cells were conducted as described previously (manuscript in
erythroid cell line. Thus AREs are more universally functional thafreparation).

previously realized. The transfectants containing the Tet-regulated transactivator
(pPUHD15-1) were first screened for tTA activity by transiently
transfecting them with pUHC13-3 encoding luciferase. Cells were
MATERIALS AND METHODS X
cultured in DMEM + 10% CS and 500 ng/ml Tet. At 1820 h before
Plasmid construction transfection cells were split to two plates at a density of 2

, . s 108/100 mm dish, with one cultured in the presence and the other in
The construction of plasmids pBBB, PBBB+ARES e ansence of Tet. Thenyd plasmid pUHC13-3 was introduced
PBBB+AREC and pS\W1/GAPDH has been described jnq the cells by the calcium phosphate co-precipitation mettghd (
previously §,18). Plasmids pUHD15-1 and pUHC13-3 were at 45 h after transfection luciferase activity was measured using a
kindly provided by Dr H.Bujard. Plasmid pTet-Splice was,ciferase assay system (E1500; Promega). NIH 3T3 cells were
purchased from Gibco BRL. To construct pTet-BBB, pBBB(Stu)\seq in 20ul lysis buffer for 15 min at room temperature, insoluble
was first created using site-directed mutagenesis to inSé @ material was pelleted by centrifugation for 2 min at 14 000 rp.m.,
site at a position immediately upstream of the transcription stagf ul supernatant was mixed with 10luciferin reagent and the
site of plasmid pBBB. The plasmid pBBB(Stu) was then digestegyi produced in 10 s was measured in a luminometer (Monolight
with St (fill-in) and Kpnl (fill-in) and subcloned between the 5010; Analytical Luminescence Laboratory). Sample activity was

EccRI (fill-in) and Not (fill-in) sites of plasmid pTet-Splice. neasured within the linear range of the assay. Protein concentration
Fragments containing thefeas ARE or granulocyte/monocyte ¢ he lysates was determined as sgpand used to normalize

colony stimulating factor (GMCSF) ARE were synthesized byciferase activity. Cell lines with high luciferase activity in the

. . . _f N I X
PCR as described previousl, 18), using pBBB+ARETS0r  ypqance of Tet and low luciferase activity in the presence of Tet were
pBBB+ARECMCSF as template. These ARE fragments weresglacted for further characterization.

flanked by @amH site at the 5end and 8glll site at the 3end.
Following BarrHI andBglll digestion the fragment was inserted

into the uniqudglll site in pTet-BBB to create pTet-BBB+ARE. RESULTS

Establishment of stable cell lines expressing the Tet-controlled
Cell culture and Northern analysis transcriptional activator

Mouse NIH 3T3 cells were maintained in DMEM + 10% calf serunin order to use the stalfleglobin mRNA as a reporter message
(CS) and 500 ng/ml Tet at 3 in an atmosphere of 8% G@nd to study ARE destabilizing function we have constructed a new
were passed when they reached confluence. Cells were split t-globin reporter plasmid, designated pTet-BBB. Bhglobin
density of 2x 105100 mm dish in DMEM with 10% CS 18-20 h gene to be expressed in the plasmid is under control of the
before transfection by the calcium phosphate technidq@® ( Tet-regulated promoterl()). Two AREs were chosen for our
Transfection mixtures for each plate containgahyltest plasmid, initial tests: the dos ARE, a representative of the class |

2 g internal control plasmid pSM/GAPDH and 17ig carrier AUUUA-containing AREs that directs distributive digestion of
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poly(A) tails; the GMCSF ARE, a typical example of the class I A
AUUUA-containing ARESs that directs processive removal of the
poly(A) tail (6,8). They were individually inserted into the unique
Bglll site in the 3UTR of the (-globin gene to generate
pTet-BBB+ARE.

Initially we transiently co-transfected both plasmid pTet-
BBB+ARE and plasmid pUHD15-11(), encoding the Tet-
controlled transcriptional activator (tTA) that activafiglobin
transcription from pTet-BBB+ARE by binding to tie¢Osite in the
absence of Tet. However, transient co-transfection did not permit
tight regulation of transcription by Tet (data not shown). We
observed a high basal level ®flobin mRNA expression in the
presence of Tet and inefficient repression when Tet was re-added to
turn off transcription. In addition, the level Bfglobin mMRNA Stable {TA-expressing NIH3T3 clones
expression frontetO varied significantly depending on the ratio of
plasmids pTet-BBB+ARE and pUHD15-1. As a result, we chose to
first establish a stable cell line that produces tTA in NIH 3T3 cells. B Tetracycline:{(ng/mi)

After transfection of NIH 3T3 cells with plasmid pUHD15-1

encoding tTA, individual G418-resistant clones were selected and

analyzed using the transient luciferase expression assay (S€€  w.caron
Materials and Methods). pUHC13-3, which has luciferase cDNA

driven by the Tet-regulated promoter, was transiently transfected

into selected stable clones. Cells from individual clones were B-globin
cultured in the presence or absence of 500 ng/ml Tet for 45 h prior

to luciferase expression assay. Figukeshows that different clones
of tTA-expressing NIH 3T3 cell lines achieved various levels of
Tet-_regl'"ated-gene expression. Clonés ShOWing-the highest Figure 1. Characterization of stable transfectants expressing AJAArgalysis
Iu0|f(_arase e_lcnwty, wa_s SeIeCted_ for further analysis. It gav@_ >]'OofgtTA-expressing NIH 3T3 cells stably transfecteg with %Umqsyl. Nine
relative luciferase units (RLU) in the absence of Tet and in thetable transfectant clones were analyzed for their ability to activate a luciferase
presence of Tet luciferase activity was reduced to 0.17% of iteporter gene encoded by pUHC13-3 in transient transfections. Parallel
maximal level. Thus the effectiveness of Tet regulation of luciferastsansfections were performed in the presence (+Tet; black bars) or absence

; ; ; ; ; Tet; white bars) of 500 ng/ml Tet in the growth medium and luciferase activity
> - ; . . . R
gene expression of this clone is >500-fold. This magnltUde Oq‘_easured as described in Materials and Methods. Luciferase activity in the

expression and repression of reporter message levels is S_U'tableggence of Tet was assigned as 100% and luciferase activity in the presence of

monitoring MRNA decay rates in typical experiments designed tdet was compared with that in the absence of Tet. Percentage expression level

determine rapid mRNA turnover. is shown at the top of each bd) Quantitative regulation of tTA function by
Having initiaIIy characterized this stable tTA-expressing cloneTet: Stable transfectantBp, showing the highest luciferase activity in the

. . absence of Tet, was grown at a density fl2%/100 mm dish in DMEM with
we then tranS|entIy transfected cells of clon@Bwith reporter 10% CS and the Tet concentrations indicated. After co-transfection of

plasmid pTet-BBB and carried out RNA blot analysiB-globin pTet-BBB and control plasmid pS\/GAPDH for 24 h total cytoplasmic
MRNA expression. As shown in FiguiB, extremely robust RNA was isolated and Northern analysis was perform8APDH mRNA

expression of3-globin MRNA was achieved when transfected was constitutively expressed and detected by a probe todiubin gene. It
cells were cultured in the absence of Tet. When normalized to t rved as an !n‘ternal standard for norr_nallzmg variations derived from the
control messagey/GAPDH mRNA constitutively transcribed fansfection efficiency and sample handiing.

from the SV40 enhancer-driven promoté8)( the level of
expression from the Tet-regulated promoter is at least 20-fo
higher than that from thefos promoter (Fig2). To learn the
range of Tet concentration that may quantitatively regulal
B-globin gene expression tTA-expressing cells were transien
transfected with pTet-BBB and cultured for 24 h in the indicate
concentration of Tet prior to RNA extraction and Northern blo}
analysis. As shown in FigurEB, as little as 20 ng/ml Tet is
sufficient to reduce the level of cytoplasrfiiglobin mRNA to
an undetectable level. This feature of efficient transcription

repression by a low concentration of Tet is particularly releval cayed with a half-life of >8 h, a value identical to that observed

when dealing with measurement of mMRNA stability (see below sing the dos promoter system (Fi@A). However, when ARES
were introduced into th@-globin mRNA the expected efficient
Devek)pment ofatranscriptiona| pu|Se Strategy by degradation mediated by AREs was not observed. BBB+ARE
modu|ating the amount of Tet in the culture medium mRNAs all decayed SlOle, with half-lives similar to that of
-globin MRNA (data not shown), possibly due to saturation of the
Having further characterized cloneA& we then set out to cellular decay machinery as a result of high level constitutive
determine the stability of-globin mMRNA in serum-induced expression from the Tet-regulated promoter. Moreover, in contrast
NIH 3T3 cells. First, we performed experiments to compart the cfos promoter system (Fi@B), deadenylation kinetics and
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indicated times to block constitutive transcription of firglobin

ene from the Tet-regulated promoter. The decay-globin

RNA was then monitored as a function of tiff&lobin mMRNA
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Figure 2. Comparison between the Tet-regulated system without transcrip- 1
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tional pulse and thefospromoter-regulated system for studying mRNA decay . |

kinetics. &) RNA decay study using the Tet regulatory system without pulse.

Stable transfectantB, was cultured in the absence of Tet and transiently
co-transfected with fig pTet-BBB and Zug pSVa1/GAPDH. After serum a8
starvation for 25 h the quiescent cells were induced with 20% CS and 500 ng/ml

Tet was added to the medium after 30 min to block constitutive transcription of
the B-globin gene from the Tet-regulated promoter. Total cytoplasmic mMRNA
was isolated at various time intervals as indicated at theBpRNA decay
study using the &s promoter system. NIH 3T3 cells were transiently Figure 3. Expression kinetics of the Tet-regulated promotey.Kinetics of
co-transfected with g test plasmid pBBB and &y pSW1/GAPDH. After transcription resumption when Tet is removegiBcells were grown in the
serum stimulation total cytoplasmic RNA was isolated at various time intervals presence of Tet (25 ng/ml). At 15 h after transient co-transfection with plasmids
as indicated at the top. Poly(ARNA was prepareih vitro by treating RNA pTet-BBB and pS%1/GAPDH expression of the Tet-regulated gene was
samples with oligo(dT) and RNase H from 1 h time points, when BBB mRNA induced by removing Tet. Total cytoplasmic RNA was isolated at the times
still retained a full-length poly(A) tail. indicated at the top and subjected to Northern blot analB3irénscriptional
pulse achieved by modulating Tet in the culture medium. Cell culture,
transfection and gene expression were conducted as described in (A). Transient
its relationship to mMRNA decay could not be evaluated from the blgtxpression from the Tet-regulated gene was induced for 150 min by transferring

in Ei inati i i i ofthe cells to fresh culture medium without Tet, followed by re-addition of
in Figure2A, e.g. determination of whether deadenyfation is the flr.sﬁsoo ng/ml Tet to the medium to block transcription for the indicated time

step and Precedes decay of mRNA. ThI_S IS a reSUIt_ of SIZfitervals to monitor mRNA decay. Time points in the upper row indicate times
heterogeneity of the mRNA molecules, resulting from the differencegter Tet was removed and those in the lower row indicate times after Tet was
of their ages in the cytoplasm. re-added.

To circumvent these problems we devised a strategy that would
allow a transient burst of mRNA synthesis so that a population gecame more heterogeneous in size after a 3 h transcriptional pulse
mRNA homogeneous in size could be generated and decay kinefisgowing Tet removal, 500 ng/ml Tet was re-added to the culture
readily followed. A transcriptional burst is also characteristic of thenedium at 150 min after removal of Tet to block further
c-fos promoter system. As described in Figdt®, clone BA>  transcription. The results in Figus8 indicate a transient burst of
supports highly robust expression fr@t©, which is at least 20-fold - mRNA synthesis. Thg-globin mRNAs appear as a discrete band
higher than expression from théos-promoter (compare FIQA  and undergo highly synchronous and slow deadenylation, which
and B). Thus an expression level of at least 5% of full expressionarallels the pattern seen in thiessystem (compare Fig8 and
the absence of Tet from the target gene in this clone should B8). They remain very stable with litle decay over the 6 h time
sufficient to generate an acceptable signal comparable with that frei®urse. Taken together, our data demonstrate the feasibility of this
the cfospromoter for Northern blot analysis. In order to achieve thiganscriptional pulse strategy for monitoring decay of stable
level of expression cells were first cultured in a low concentratiofhammalian mRNAs.
of Tet (25 ng/ml), an amount sufficient to repress expression from
the reporter gene (FigB), and then Tet was removed from the \pe_mediated rapid decay in growth- and density-arrested
medium to allow transcription to resume to a level >5% of its fu@
expression. This period was termed a transcriptional pulse. The pulse
was terminated by adding 500 ng/ml Tet, which is a 20-fold high&f/e next addressed the feasibility of this strategy for investigating
concentration than needed for repression of transcription. Thigpid mMRNA decay mediated by the ARE. Botliogs-and
assured rapid inhibition of transcription. GMCSF AREs were inserted into thelBTR of the3-globin

As a first step we carried out experiments to evaluate the kinetigene to create pTet-BBB+AR#Sand BBB+AREEMCSF, These
of transcription resumption when Tet was removed from the cultudasmids were then transiently transfected into cells of clone
medium. As shown in FiguB#4, after replacing medium containing B2A». We first examined ARE-mediated decay in serum-stimulated
25 ng/ml Tet with fresh medium there was a time la@l@0 min  cells undergoing the §30 G transition. Cells were serum starved
prior to rapid appearance at the 3 h time point of a discrete bafwit 25 h and then induced with serum. Ninety minutes prior to serum
corresponding to mRNA with a 220 nt poly(A) tail (data not shown)induction Tet was removed from the culture medium to allow
Intensity of the signal increased linearly beyond 8 h. The resulianscription from the Tet-regulated promoter to resume. Sixty
suggest that in a short time interval, i.e. between the 2 and 3 h timinutes after serum induction, which corresponds to 150 min after
points after removal of Tet, significant activation of transcription wa3et removal, 500 ng/ml Tet was re-added for the indicated times to
accomplished. We then proceeded to follow deadenylation afbck further transcription. As shown in Figdrgpatterns of decay
decay of-globin mRNA as a function of time. Since the mRNA of BBB+AREC0SmRNA and BBB+AREMCSFmRNA are very
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Figure 4. ARE-mediated mRNA decay measured using the Tet-regulated transcriptional pulse system compared with that determirsidsisingbter system. Cell
culture, transfection and gene expression were conducted in the Tet system as described in the legend to Figure ®asgstetheas-described in the legend to Figure
2B. (A) Comparison of ¢es ARE-mediated decay between the Tet pulse dodsystems.B) Comparison of GMCSF ARE-mediated decay between the Tet pulse and
cfos systems. The bottom edges of the smears corresponding to the pplygitipn are indicated by solid triangles.

similar to those observed using thiespromoter system. (Note that mRNAs display asynchronous deadenylation. In the stationary
in the cfossystem mRNA appears 30 min after serum induction anpghase both AREs exhibit a similar destabilizing potency to that
in the Tet system the initial appearance of mMRNA is designated asserved in serum-stimulated cells (compare Bigsand 4).
time 0 in Fig.4.) BBB+ARE>S mRNAs undergo synchronous These results demonstrate that each of these ARES is able to direct
deadenylation followed by rapid decay of the RNA, consistent withapid decay with unchanged or faster kinetics regardless of the
distributive enzymatic removal of poly(A) tails8,21,22).  physiological state of NIH 3T3 cells.
BBB+ARECMCSF mRNAs display asynchronous deadenylation
with smearing ending at a position corresponding to paty(A)
MRNA, consistent with processive digestion of poly(A) t&i)87).  B-Globin mRNA turnover and ARE-directed mMRNA decay
Therefore, these results demonstrate the feasibility of this new K562 erythroblasts
strategy for studying deadenylation and degradation kinetics of
labile mRNAs, such as ARE-bearing mRNAs. Since NIH 3T3 fibroblasts have been our model cell system for
Using this new Tet pulse strategy we then set out to test if AREgudying key sequence features necessary for ARE destabilizing
function in growth-arrested or in density-arrested cells whefunction, it is essential to learn how AREs function in non-
ARE-bearing mRNAs, e.g. cytokine, growth factor, transcriptiorfibroblastic cells in order to deduce general principles concerning
factor and proto-oncogene mRNAs, are not expressed. Thebeir mechanisms. It is not known whether the ARE-directed decay
experiments have not previously been possible using foe c- pathway is conserved between different cell types. In order to
promoter system or by simply blocking transcription withanswer this question we chose human K562 erythroleukemic cells
actinomycin D. After cells were transiently transfected withfor the following reasons. First, a@m vitro decay system using
pTet-BBB+ARE they were maintained in 0.5% serum for 25 h taytoplasmic lysates prepared from human K562 erythroleukemic
cause them to enter the) Gtate. Parallel cultures were kept in cells had been developed and used with success for many years tc
regular medium containing 10% CS for continuous proliferatiobiochemically dissect mRNA deca¥J). Unlike NIH 3T3 cells,
until they reached stationary phase and exhibited contact inhibitievhich need to attach to a tissue culture plate for growth, K562 cells
of growth. Then, time course experiments were carried out usirage grown in suspension. In addition, decay wiycmRNA, an
the transcriptional pulse strategy. As shown in Figi&gein the  ARE-bearing mRNA, has been studied in K562 celisab).
growth-arrested state both thdos-and GMCSF AREs remain  As a first step stable K562 transfectants expressing tTA were
functionally potent. They show an increase in destabilizingelected. After extensive characterization of 20 individual clones
function and efficiently targetB-globin mRNA for rapid one clone was selected for use in mMRNA decay studies. This clone
degradation (compare with Fi§). The kinetics are similar to those not only supports robust transcription freetObut also exhibits
observed in serum-stimulated cells. While BBB+ARE  rapid transcription resumption upon removal of Tet from the
mRNAs undergo synchronous deadenylation, BBB+ARESF  culture medium (data not shown).
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Figure 5. Study of ARE-mediated mRNA decay in NIH 3T3 cells under different physiological states. Cell culture, transfection apdegsi@nexere as described

in the legend to Figure 3. Total cytoplasmic RNA was isolated at the time indicated at #hpABE function examined in§or quiescent cells. After serum starvation

for 25 h gene expression from the Tet-regulated promoter was induced by transferring the cells to DMEM plus 0.5% CS feittidi ifén followed by addition

of 500 ng/ml Tet for various time intervalB)(ARE function examined in cells that reach confluence and exhibit density arrest of their growth. After transfection cells
were grown in DMEM with 10% CS and 25 ng/ml Tet until they reached confluence. Then Tet was removed to allow expressRBR¥RE for 150 min, followed

by addition of Tet at a final concentration of 500 ng/ml.

We then transiently transfected K562 cells with pTet-BBBarrested state could be properly maintained. Second, initiation of cell
pTet-BBB+ARE-0S or pTet-BBB+AREMCSF py electroporation  growth or density arrest may require transient synthesis of certain
and carried out the transcriptional pulse strategy by controlling Tithile mRNAs that bear ARES, e.g. growth arrest-specific (GAS)
in the culture medium. As shown in Figuep-globin mRNA  mRNAs @6-28). Thus a functional ARE-mediated decay
decayed with a half-life of >16 h and displayed an extraordinarilpathway will ensure tight regulation of transient expression of
slow but synchronous deadenylation. In contrast, when AREs wetteese mRNAs. Therefore, the ARE-mediated decay pathway
introduced into -globin mMRNA both BBB+ARE“°S and could play a critical role in initiation and maintenance of cell
BBB+ARECMCSF mRNA decayed significantly faster than growth arrest and density arrest.

B-globin mRNA, with half-lives of 3.1 and 1.4 h respectively. Our data provide a direct comparison of decay mediated by
However, in comparison with NIH 3T3 cells the destabilizingAREs between two different cell types, one growing as a
function of both AREs in K562 cells is somewhat retardedmonolayer and the other in suspension, and demonstrate that the
Nonetheless, the rank order of the destabilizing ability of the twpathway is conserved in non-fibroblast cells. In proliferating
AREs remained unchanged, with decay patterns parallel to thasg62 erythroleukemic cells thefosand GMCSF AREs appear
observed in NIH 3T3 cells. to direct decay with kinetics parallel to those observed in NIH 3T3
cells. These results support the classification of AREs and
DISCUSSION indicate that the key sequence features of AREs revealed by
studies using NIH 3T3 cells and théospromoter system should
We have demonstrated the feasibility of using a transcriptional pulbe able to serve as general principles. More importantly, these
strategy based on the Tet-controlled system. For the first time we afeservations support a more universal destabilization effect of the
now able to address ARE function under a variety of physiologicRE on mRNA degradation. Taken together, the results revealed
states and in various cell types. Our results reveal several notbgithis new approach provide furthewivoevidence that ARES
points concerning ARE function. The ARE can act to mediate raplthve a broader capacity in terms of their destabilizing function
decay not only during thega, G, transition but also in the growth- and are critical for cells to achieve tight regulation of transient
and density-arrested states. In each case deadenylation is the MIBNA expression during cell growth and differentiation.
necessary step. This observation suggests a broader role for th8everal important factors are particularly relevant to success of
ARE-mediated decay pathway. First, since most ARE-containirifpe transcriptional pulse strategy. First, the extremely high
MRNAs encode transcription factors, growth factors and cytokinespression level achieved in tTA/Tet-controlled transcription is
involved in control of cell growth and differentiation, functioning of critical. This feature makes it possible to easily detect mRNA
AREs in these non-growing states may ensure that unwantegnthesized in a narrow time window after Tet repression is
ARE-bearing mRNAs are quickly degraded so that the growttreleased. Our strategy produces an mRNA population nearly
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Figure 6. Study of mMRNA decay and deadenylation kinetics in K562 erythroleukemic cells using the Tet-regulated promoter systenK58%tadhesfectant
expressing tTA was cultured in RPMI1640 with 10% fetal bovine serum in the presence of Tet (30 ng/ml) and transientlydtraitsfeéasmid pTet-BBB,
pTet-BBB+ARE-0Sor pTet-BBB+ARESMCSF, At 24 h after transfection expression of flaglobin gene under control of the Tet-regulated promoter was resumed
by transferring the cells to fresh medium without Tet for 150 min, followed by addition of 500 ng/ml Tet to block furtbeptiemgA) Total cytoplasmic RNA

was isolated after addition of Tet at the time intervals indicated at the top and analyzed by Northern blotting. The lesttfithedgmears corresponding to the
poly(A)~ position are indicated by solid triangles in the RNA blot showing GMCSF ARE-mediated B¢&amilog plot (top) and linear scale plot (bottom) showing
decay and deadenylationf&fjlobin mMRNA respectively. Poly(A) tail lengths were calculated from the difference in electrophoretic mobility betweerssagh me
and cognate RNA that had been deadenyiateiro. The length of poly(A) responsible for the observed differences in mobility was then estimated by comparison
with the spacing of bands in a ladder of single-stranded DNA markers that had been electrophoresed i€pSeatdbg plot showing decay Bfglobin mMRNA

carrying the dos ARE or GMCSF ARE in NIH 3T3 or K562 cells. Note that quantitation of data was by scanning the radioactive blots with g atieayet).

homogeneous in size, permitting optimal determination of itexpression is detected during the 30 min time interval commencing
deadenylation and decay kinetics (see below). Therefore, it 2 after Tet removal. Although we were able to identify a few clones
crucial to select a stable tTA-expressing clone that gives that overexpress the transfected reporter genes at equally high levels
maximally induced expression level of the reporter gene. Both thie the absence of Tet, we noticed that not all of them exhibited fast
NIH 3T3 and the K562 clones selected for this study displa¥§ >10esumption of transcription after Tet removal (data not shown). This
RLU when 2-5¢ 1(F cells were transiently transfected with only difference may be due to variations in copy number and integration
1 pg plasmid containing luciferase cDNA driven by thesite of the tTA cDNA in stable clones. Interestingly, all show an
Tet-regulated promoter, pUHC13-BJ. (1120 min lag before the reporter mRNA can be readily detected in
Second, in order to be able to accurately determine deadenylatibe cytoplasm after removal of Tet. Therefore, care should be taken
and decay kinetics robust yet brief transcription is necessary. Thiaspick a clone that is able to give at least 10% of the maximal level
the resumption kinetics of transcription upon removal of Tet is af expression within a 30—-60 min window immediately following
crucial factor. As shown in FiguB when Tet is removed from the the 120 min lag. This will ensure that a sufficient signal representing
culture medium clone 8., supports abrupt resumption of an mRNA population homogeneous in size is generated for kinetic
transcription after a 2 h lag. A significant amourfi-gfobin mMRNA  study. Slow resumption of transcription will require a prolonged
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