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Mature mRNAs accumulated in the nucleus are
neither the molecules in transit to the cytoplasm
nor constitute a stockpile for gene expression
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ABSTRACT

In higher eukaryotes, the regulation of pre-mRNA processing is still poorly known. The accumulation of various
mature mRNAs, which can be observed in the nuclei of mammalian cells, is suggestive of a regulatory role of
transport. However, the significance of these nuclear mRNA is presently unknown. We have used a tetracycline-
regulated promoter to investigate the dynamics of these pools of MRNAs upon arrest of transcription. We observed,
for B-globin and LT- a genes, a slow disappearance of these mRNA from the nucleus, with an apparent half-life that is
similar to their cytoplasmic half-life. In view of these dynamics, these mRNA cannot simply be mature mRNAs in

transit to the cytoplasm. They could be mMRNAs retained in the nucleus, provided that the regulation of MRNA stability
is comparable in the nucleus and the cytoplasm. But, because of their limited stability, these nuclear mMRNAs cannot
constitute a significant stock for gene expression. Alternatively, they could reflect a bidirectional transport of mMRNA,
that is, to and from the cytoplasm, which would provide a direct explanation for the similarity in both compartments

of their half-life and poly(A) tail shortening over time.
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INTRODUCTION

In higher eukaryotes, RNA polymerase Il transcripts
require extensive modifications before they can be ex-
ported as functional mMRNAs to the cytoplasm. These
include capping, polyadenylation, and, in most cases,
the removal of numerous intervening sequences. As
splicing can directly alter the coding capacity of tran-
scripts, much attention has been focused on the con-
tribution of this step of pre-mRNA processing to the
regulation of gene expression. By contrast, the fate of
mature mRNAs within the nucleus (storage, degrada-
tion or exportation to the cytoplasm) will only influence
the level of expression. Consequently, although the pres-
ence of mature mRNAs within nuclear fractions has
been noted for a long time, little attention has been
paid to their possible significance. For instance, the
presence of nuclear mMRNAs was reported in landmark
studies on B-globin expression in chicken erythroblast
(Ross et al., 1982), and ovalbumin and ovomucoid ex-
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pression in chicken oviduct (Ciejek et al., 1982). In the
first study, it was noticed that mature B-globin mRNA
accumulated to higher levels than the corresponding
precursors although the purity of the isolated nuclei, as
investigated by electron microscopy, excluded a pos-
sible cytoplasmic origin of this population. Similarly, in
the second study, the accumulation of ovalbumin and
ovomucoid mRNAs was found to exceed that of pre-
cursors. Moreover, about half of these mMRNAs were as
tightly associated with the nuclear matrix as the pre-
cursors. Thus, although it is usually assumed that splic-
ing is the limiting step in the genesis of functional MRNA,
experimental data that establish the presence of nu-
clear pools of MRNA have been available since the first
detailed studies on eukaryotic gene expression.

Our laboratory has extended these observations by
studying a set of genes in murine fibroblastic NIH3T3
cells (Gondran et al., 1999). In all cases (B-actin, c-myc,
c-jun, CHO-A, and cyclophilin), mature mRNAs were
much more abundant within the nucleus than partially
spliced transcripts, indicating that the presence of
MRNAs in the nuclear fraction is not restricted to genes
expressed at very high levels. Thus, these results sug-
gest that, in general, transport is slower than splicing.
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Indeed, if one assumes that the mRNAs that accumu-
late in nuclei are in transit to the cytoplasm, it is pos-
sible to estimate a kinetics of transport from the
knowledge of cytoplasmic mRNA turnover. For these
genes the nuclear dwell-time of the mRNA was pre-
dicted to range between 2 and 20 min. Although these
estimates are not completely out of range with the time
scale of pre-mRNA transcription and maturation, they
are nonetheless, significantly longer than usually as-
sumed. Moreover, these predictions would indicate that
the transport rates can vary at least tenfold between
genes.

Our limited knowledge of mRNA transport precludes
an evaluation of these predictions and, consequently,
of the biological significance of the nuclear pools of
mRNA. Indeed, although considerable progress has
been made in the identification of the protein transport
machinery, the characterization of the mRNA export
machinery is just beginning to emerge (Stutz & Ros-
bash, 1998). Moreover, because of the lack of appro-
priate experimental approaches, there are no reliable
data available on the kinetics of mRNA export. Sev-
eral groups have studied mRNA transport in reconsti-
tuted cell-free systems. Using isolated rat liver nuclei
(Schroder et al., 1986; Schumm et al., 1989), at best
15% of the mRNA was transported out of the nucleus.
Although potentially useful for the characterization of
some aspects of transport, it is doubtful that this ap-
proach can be used for kinetic studies. Export out of
empty nuclear vesicles can be achieved with a higher
efficiency (on the order of 80%) (Riedel et al., 1987;
Schrdder et al., 1992), but can only recapitulate the last
step of MRNA export, namely the translocation through
the nuclear pore complex itself. Alternatively, a major
approach has been to inject mRNA in the nuclei of
Xenopus oocytes and to follow its transport to the cy-
toplasm. This strategy has proved very fruitful for the
characterization of different export pathways for mMRNA,
tRNA and snRNA. However kinetics data have been
more controversial, as the reported time required for
half of the injected mRNA to leave the nucleus varies
between 4 min (Dargemont & Kuhn, 1992) and 70 min
(Jarmolowski et al., 1994). In addition, the oocyte is a
specialized cell with a 100,000-fold more nuclear pores
than a somatic cell, making the extrapolation of results
to other cellular systems questionable.

Additional data on the dynamics of nuclear mRNA
are therefore required for a better understanding of the
contribution of MRNA export to gene expression. A first
experimental approach has been to use inhibitors of
RNA polymerase Il, such as actinomycin D, to follow
the disappearance of nuclear mRNA (Penman et al.,
1968). However, because of the global shut-off of tran-
scription, and the subsequent reorganization of the nu-
cleus (Haaf & Ward, 1996), it is uncertain whether the
strategy can provide meaningful information on mRNA
dynamics. Indeed, the observation that a large pool of
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poly(A)+ RNA persisted in the nucleus after transcrip-
tion shut-off has been interpreted as the indication of
an artifactual inhibition of transport by actinomycin D,
and this approach was deemed unexploitable for study-
ing MRNA transport. To circumvent this difficulty, we
have used in the present study an inducible promoter
(Tet-off system; Gossen & Bujard, 1992) to specifically
arrest the transcription of the gene of interest without
altering other aspects of cellular metabolism. For both
the B-globin and the LT-a gene, we observed the ac-
cumulation of fully spliced, polyadenylated mRNAs
within the nucleus. Following transcription shut-off, these
nuclear pools of MRNA decreased with the same ki-
netics as in the cytoplasm. This dynamic does not fit
with that of transported or stored molecules, indicating
the existence of a hitherto ignored aspect of mRNA
metabolism.

RESULTS

Tetracycline-dependent expression of
and LT-a genes

B-globin

Rabbit 8-globin and murine LT-a were chosen to inves-
tigate the behavior of the nuclear pool of mature mRNAs
after arrest of transcription. Both genes are not natu-
rally expressed in fibroblasts, and their expression in
transfected NIH3T3 cells has been previously charac-
terized (Fig. 1; Neel et al., 1995). B-globin contains two
introns, both of them being spliced out efficiently; the
cytoplasmic half-life of g-globin mRNA has been re-
ported to be on the order of 11 h in fibroblastic cells
(Schiavi et al., 1994). LT-« contains three introns, which
are sequentially removed according to a 5’-to-3’ polar-
ity (Weil et al., 1990). In addition, splicing of intron 3
is slower than that of introns 1 and 2. Fully spliced
MRNA (designated as NO in Fig. 1) as well as intron
3-containing transcripts (designated as N1 in Fig. 1)
are exported to the cytoplasm. Both cytoplasmic tran-
scripts (CO and C1 in Fig. 1) have a half-life of 90 min
in the T lymphocytic cell line CTLL-2 (Weil et al., 1990).

For both genes the complete transcribed region, in-
cluding the introns, was inserted in an expression vec-
tor under the control of a Tet promoter (Dirks et al.,
1994). These vectors were stably transfected into the
NIHtTA-16-3 cell line (a kind gift of A. Kréger) that con-
stitutively expresses the chimeric VP16-tTA transacti-
vator allowing for negative regulation by tetracycline
(Tet-off system) (Gossen & Bujard, 1992). Independent
clones were isolated and screened for their level of
expression of B-globin or LT-« mRNA. Clones with a
high expression level in the absence of tetracycline
(hereafter designated tTA-B-glo and tTA-LT-a) were
further characterized.

To measure the extent of regulation of promoter ac-
tivity by tetracycline, tTA-B-glo cells were cultured in
the presence of different doses of tetracycline for 72 h
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FIGURE 1. Schematic representation of g-globin and LT-« mRNA
processing. Pre-mRNA, experimentally observed partially spliced
mRNA, and fully spliced mRNA are represented, with black and open
arrows indicating rapid and slow processing steps, respectively.
Dashed lines represent the B-globin cDNA probe used for Northern
blot and the LT-a genomic probe used for RNase protection assay.
Scale is indicated at the bottom.

so that a new steady state had been reached. This in-
cubation time corresponds to ten cytoplasmic half-lives
for B-globin MRNA (see below). Cytoplasmic and nu-
clear RNAwas extracted and analyzed by Northern blot
(Fig. 2A). Quantification of cytoplasmic B8-globin mMRNA
indicated that repression of B-globin expression was
maximal with 1 ug/mL tetracycline, leading to a 120-
fold decrease in mRNA accumulation (Fig. 2B). Inter-
mediate levels of expression could be achieved using
2—60 ng/mL tetracycline. The same experiment was per-
formed on tTA-LT-« cells using an incubation of 20 h in
the presence of tetracycline, a time corresponding to ten
cytoplasmic half-lives for LT-« mRNA. As the short size
of LT-« intron 3 (225 nt long) does not allow for proper
resolution of the two cytoplasmic transcripts (CO and C1)
on Northern blot, LT-« transcripts were analyzed by an
RNase protection assay using a probe extending from
exon 2 to exon 4 (Weil et al., 1990) (Fig. 3A). Maximal
repression was achieved with 1 ug/mL tetracycline and
resulted in an 18-fold decrease in fully spliced mRNA (CO
in Fig. 3B) and a 7-fold decrease in intron 3-containing
transcripts (C1 in Fig. 3B). Unexpected fragments, in-
dicated by asterisks, were also detected. They cor-
respond to abnormal transcripts and, because their
expression followed that of normal transcripts, their iden-
tity was not investigated further.
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FIGURE 2. Regulation of B-globin expression by tetracycline.
A: Northern blot analysis. tTA-B-glo cells were treated with the indi-
cated tetracycline concentrations for 72 h. Equal amounts of nuclear
(N) and cytoplasmic (C) RNA were hybridized with a 8-globin probe
(upper panel) represented in Figure 1, and rehybridized with a g-actin
probe (lower panel). Migration of -globin pre-mRNA is indicated with
an arrow. B: Quantification of cytoplasmic B-globin mRNA. B-globin
signal was quantified using a Molecular Dynamics Storm analyzer,
corrected for equal loading using B-actin signal, and plotted as a
function of tetracycline concentration. Note that both axes are on a
logarithmic scale.

The 120-fold repression of B-globin and the 18-fold
repression of LT-a expression provided the opportunity
to investigate the dynamics of the nuclear pool of mature
MRNAs after inhibition of transcription by tetracycline.

Characterization of nuclear fractions

As mMRNAs are expected to accumulate in the cyto-
plasm, the purity of the nuclear fraction is a major con-
cern when investigating their presence in nuclei. A
common technique to prepare nuclei is by cellular frac-
tionation in the presence of mild detergents, such as
NP40. In the case of the NIHtTA-16-3 cells, this proce-
dure led to the persistence of cytoplasmic remnants
around the nuclei, as judged by light microscopy (data
not shown). Use of other detergents such as a combi-
nation of Tween 20 and deoxycholate (also called Magic
Wash) or Triton X-100 led to either the same results or
nuclear lysis. We therefore added 10 mM EDTA to the
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NP40 lysis buffer to release mRNA from the polysomes
that could be present in the cytoplasmic remnants. No
morphological difference was observed by light micros-
copy, but the percentage of RNA present in the nuclear
fraction dropped from around 25% to 11% of total cell
RNA, a value that is comparable with what has been
observed in other fibroblastic cell lines.

Nuclei prepared in the presence or absence of EDTA
were analyzed by electronic microscopy (Fig. 4). The
extent of cytoplasmic remnants was similar in EDTA-
treated and EDTA-untreated nuclei. However, ribo-
somes were no longer detectable after EDTA treatment.
Otherwise, the structural content of the nuclei showed
no difference between the two samples as anticipated
from previous biochemical analysis of EDTA-treated
nuclei (Long et al., 1979).

EDTA-treated nuclei were also analyzed for the pres-
ence of cytoplasmic mRNA using in situ hybridization
with oligo(dT) probe and confocal microscopy. Nuclei
were deposited on glass coverslips, fixed with para-
formaldehyde, and hybridized with a fluorescent FITC-
oligo(dT) probe. FITC-oligo(dA) was used as a negative
control. Figure 5 presents a gallery of three nuclei,
representative of different levels of cytoplasmic con-
tamination. In each case an optical section through the
mid-plane of the cell is presented. No particular accu-
mulation of fluorescence could be observed in the peri-
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FIGURE 3. Regulation of LT-a expression by tetracy-
cline. A: RNase protection assay analysis. tTA-LT-«
cells were treated with indicated tetracycline concen-
trations for 20 h. Equal amounts of nuclear (N) and
cytoplasmic (C) RNA were analyzed using the LT-a
probe represented in Figure 1. Migration of the ribo-
probe fragments protected by partially and fully spliced
transcripts is indicated on the right. See Figure 1 for
nomenclature of the transcripts. Unexpected protected
fragments are indicated with asterisks. B: Quantifica-
tion of cytoplasmic LT-a mRNA. LT-« signals were quan-
tified using a Molecular Dynamics Storm analyzer,
corrected for the number of labeled uridine in each
fragment, and plotted as a function of tetracycline con-
centration. Concentration of mMRNA samples was first
checked by Northern blot analysis with B-actin probe.
Note that both axes are on a logarithmic scale.

<o J NO

nuclear region, as previously described on intact cells
(Taneja et al., 1992; Bassell et al., 1994; Huang et al.,
1994). To estimate the amount of cytoplasmic polyade-
nylated mRNA present in our nuclear fraction, 14-20
sections were collected for each nucleus and fluores-
cence was quantified in both the nuclear and cytoplas-
mic area, as detailed in Materials and methods. Results
were summed to obtain the cytoplasmic contamination
per nucleus. Nuclei 1, 2, and 3 showed a contamination
of 10, 4, and 1%, respectively (Table 1). Taking into
account the proportion of nuclei similar to nuclei 1, 2,
and 3 (24, 42, and 34%, respectively), the average
level of contamination of the nuclear fraction by cyto-
plasmic poly(A)+ RNA was determined to be on the
order of 4%.

In the following study all nuclear fractions were pre-
pared in the presence of EDTA. Total RNA was purified
from nuclear and cytoplasmic fractions of tTA-B-glo cells
and analyzed by Northern blot (Fig. 2A, Tet O ug/mL).
When equal amounts of RNA were analyzed, compa-
rable levels of globin mature mRNA were observed in
both fractions (1.2-fold more in the cytoplasm). Thus,
the cytoplasmic contamination of the nuclear fraction
(4%) should contribute for only 5% of the nuclear sig-
nal. Taking into account the relative abundance of nu-
clear and cytoplasmic RNA per cell, 8% of the mature
B-globin mMRNA is present in the nucleus. The same
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FIGURE 4. Electron microscopic analysis of nuclear preparations. Nuclei of tTA-B-glo cells were prepared in the presence
or absence of EDTA. Samples were stained with uranyl acetate and lead citrate and analyzed with an electron microscope
at 17,000x magnification. For both samples, the boundary between a nucleus and surrounding cytoplasmic remnants is

shown. A nucleolus is visible in the upper part of the image.

experiment was performed on tTA-LT-« cells (Fig. 3A,
Tet 0 wg/mL). Fully spliced LT-« mRNA was more abun-
dant in the nuclear fraction than in the cytoplasmic one
(1.8-fold), so that 17% of the fully mature mRNA of the
cellis nuclear. In contrast to 8-globin, and as previously
described (Weil et al., 1990; Neel et al., 1995), LT-a
partially spliced transcripts (N2, N3, and N1) could be
readily observed in the nuclear fraction, indicating lim-
iting rates of splicing. For comparison, the nucleocyto-
plasmic partition of an endogenous gene was also
analyzed and 17% of actin mRNA was found in the
nucleus.

Dynamics of the nuclear pool of mMRNA
following arrest of transcription

To investigate the fate of mature B-globin transcripts
after arrest of transcription, tTA-B-glo cells were grown
in the presence of 1 ug/mL tetracycline for up to 45 h.
Nuclear and cytoplasmic RNA were extracted, ana-
lyzed by Northern blot and the B-globin signal quanti-
fied (Fig. 6A). Cytoplasmic B-globin mRNA decreased
with a half-life of about 7 h. In agreement with a rapid
splicing, nuclear B-globin pre-mRNA could no longer
be detected 1 h after addition of tetracycline (data not
shown). By contrast, the nuclear population of mature

MRNAs decreased only very slowly. Earlier time points
were then analyzed to investigate whether a subpop-
ulation of nuclear mMRNAs could have been rapidly ex-
ported (Fig. 6B). At all times, the decrease in the nuclear
MRNA population was monophasic and paralleled that
of the cytoplasmic mRNA. Thus, the large majority of
the nuclear mature mRNAs were apparently not rapidly
exported from the nuclei. Overall, the decrease in nu-
clear mature mRNA was similar to that of cytoplasmic
mature mRNA, with a 7 h half-life.

To check whether this result was specific for this tTA-
B-glo clone or reflected its high level of expression, two
other independent NIHtTA B-globin transfectants were
similarly analyzed (Fig. 6C). In all cases, and although
one clone expressed 10 times less B-globin mRNA than
the others, the same dynamics were observed in the
nuclear and cytoplasmic compartments. Therefore the
slow disappearance of nuclear B-globin mRNA is not
related to the level of expression of the gene.

The same experiment was performed with tTA-LT-a
cells that were incubated for up to 2 h in the pres-
ence of 1 ug/mL tetracycline. Nuclear and cytoplas-
mic RNA were extracted, analyzed by an RNase
protection assay and the amount of the different LT-«
transcripts quantified (Fig. 6D). The cytoplasmic fully
spliced mMRNA (CO0) decreased with a half-life of 2 h,
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FIGURE 5. In situ hybridization of nuclei prepared with EDTA. Nu-
clei of tTA-B-glo cells were prepared in the presence of EDTA. Sam-
ples were hybridized with a fluorescent oligo(dT) or oligo(dA) probe
and fluorescence was analyzed with a confocal microscope. Three
nuclei hybridized with oligo(dT), representative of various extents
of cytoplasmic contamination (see text), and two hybridized with
oligo(dA) are shown. In each case an optical section through the
mid-plane of the cell is presented on the left and the differential
interference contrast image on the right.

whereas intron 3-containing transcripts (C1) were
slightly more stable. This was confirmed in 4 h time-
course experiments (data not shown). In the nucleus,
pre-mRNAs (N2 and N3) disappeared rapidly, with a
combined half-life of about 13 min. This rapid disap-
pearance of the precursors confirmed a rapid inhibi-
tion of transcription, within a few minutes of tetracycline
addition. As for B-globin, no rapid decrease in the
nuclear population of fully spliced mRNA (NO) was
observed following arrest of transcription. Indeed, af-
ter a delay that can be accounted for by the splicing
of the pool of precursors, the decrease in nuclear
mature mMRNA paralleled the decrease in cytoplasmic
mature mRNA, with a 2 h half-life.
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Characterization of the poly(A) tail
of B-globin nuclear mRNA

In the preceding analysis, nuclear 8-globin mRNA had
a migration on gel identical with that of the cytoplasmic
one, suggesting that it was fully processed mRNA
(both spliced and polyadenylated). The metabolism of
the poly(A) tail was further investigated in a reinduction
experiment designed to roughly synchronize the tran-
scripts. Indeed, it has been previously reported that if
limiting doses of tetracycline are used, a reinduction
from the tet-off promoter/regulator system could be ob-
served within 2 h after washing off the tetracycline from
the culture medium (Xu et al., 1998). tTA-B-glo cells
were grown for 3 days in the presence of 80 ng/mL of
tetracycline, a concentration just sufficient to achieve
maximal inhibition of transcription. Cells were then ex-
tensively washed and further incubated in the absence
of tetracycline. A Northern blot analysis of the nuclear
and cytoplasmic RNA prepared at different time post-
washing is presented Fig. 7A. Resumption of S-globin
MRNA accumulation could be detected from 2 h on.
Importantly, in the nucleus, the newly synthesized tran-
scripts appeared to migrate more slowly than most of
the transcripts present in unrepressed cells (Fig. 7A,
lane C), suggesting that they have a longer poly(A) tail.
To confirm this, the 3 h, 6 h, and unrepressed samples
were submitted to poly(A) tail digestion using oligodT/
RNase H treatment (Fig. 7B). After poly(A) tail removal,
the nuclear and cytoplasmic g-globin mRNAs had the
expected migration for the 713-nt fully spliced tran-
scripts according to the molecular weight markers
(Fig. 7B, lane MW) (note that introns 1 and 2 are 126
and 573 nt long, respectively). Furthermore, the shift in
mobility due to the poly(A) tail digestion indicated that
at 3 h postwashing, the 8-globin mRNAs had a poly(A)
tail of about 200 nt, which ranged from 150 to 200 nt at
6 h and from 30 to 200 nt in unrepressed cells (see
Fig. 7B, bottom panel, for an intensity adjusted picture).
Thus, as expected, newly synthesized transcripts had
a long poly(A) tail that slowly decreased over time, in
agreement with the deadenylation rate of 20 nt/h that
has been observed for other mMRNAs (Mercer & Wake,
1985). More importantly, this deadenylation was ob-
served not only in the cytoplasmic compartment, but
also in the nuclear compartment.

Is there a relation between transcription
and mRNA export rates?

Our results concerning the existence of a long-lived
nuclear population of polyadenylated mRNAs were rem-
iniscent of those obtained with general inhibitors of tran-
scription (Penman et al., 1968; Huang et al., 1994).
However interpretation of these latter experiments has
been controversial (see Introduction and Discussion), it
was therefore of interest to relate these two approaches.
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TABLE 1. Quantification of the fluorescence following in situ hybridization of isolated nuclei with

an oligo(dT) probe.

Exp. dT1 signal

Exp. dT2 signal

Exp. dT3 signal

D. Weil et al.

Optical section Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

1 110032 77163 262288 56970 215180 7150
2 154868 84660 349338 37107 324254 4686
3 200811 94162 368431 28365 410368 7284
4 237636 87465 380184 22020 445130 6180
5 277310 69568 374490 17360 443100
6 278376 59328 344034 14000 424780
7 310000 47880 323676 6760 392512
8 324408 11355 297308 365977
9 301840 8304 258552 346408

10 280638 231136 318157

11 265090 198198 282983

12 236124 163392 221061

13 207720 133035 158775

14 174096 100521 114736

15 152124 72672

16 128363

17 102657

18 78225

19 60216

20 48384

Cytoplasmic
contamination (%) 9.6 34 0.6

Nuclear and cytoplasmic RNA from tTA-B-glo cells in-
cubated in the presence of 10 ug/mL actinomycin D
were analyzed by Northern blot and the signal quanti-
fied as above (Fig. 8A). In spite of a rapid disappear-
ance of B-globin pre-mRNA, which was no longer
detectable after 20 min (data not shown), mature
B-globin mMRNA persisted in the nucleus. In both the
nuclear and the cytoplasmic compartments, the ob-
served mRNA half-life was similar to that determined
with tetracycline. The same analysis was performed in
actinomycin D-treated tTA-LT-« cells and extended to a
quantification of pre-mRNA. As in the presence of tet-
racycline, the half-life of LT-« precursors (N3 and N2)
was on the order of 13 min and fully spliced mRNAs
had the same half-life in the nucleus (NO) and in the
cytoplasm (C0). The full concordance between the re-
sults of gene-specific and general inhibition studies
argues against a rapid block of mRNA transport by
actinomycin D, and therefore suggests that the persis-
tence of fully spliced and polyadenylated mRNAs in the
nucleus is true for most genes.

These results, however, raised the possibility of a
coupling between transcription and mRNA export. To
investigate this issue, we used the opportunity to mod-
ulate the expression level from the tet-off promoter with
low doses of tetracycline to search for a relationship
between the rate of transcription and the rate of mMRNA
export. We first considered whether the nucleocyto-
plasmic partition was influenced by the expression level.
As detailed previously (Gondran et al., 1999), using the

simplest model, this partition reflects the balance be-
tween mRNA export and mRNA degradation in the cy-
toplasm. Nuclear and cytoplasmic RNA obtained from
tTA-B-glo cells incubated for 72 h in the presence of
various amount of tetracycline (Fig. 2) were used for
analysis. The percentage of 8-glo mRNA present in the
nucleus was plotted as a function of B-globin expres-
sion (Fig. 9A). Although the activity of tTA promoter
varied over two orders of magnitude, no significant dif-
ference was observed in this percentage. The degra-
dation rate of B-globin mMRNA expressed at different
levels was assessed by incubating further the cells in
the presence of 1 ug/mL tetracycline to obtain maximal
inhibition. No difference in B-globin mRNA stability was
observed (data not shown), leading to the conclusion
that there is no difference in the transport rate.

To address this issue dynamically, a second ap-
proach was used. If the transport rate is related to the
transcription rate, nuclear B-globin mRNA may leave
the nucleus faster after a 10-fold reduction in expres-
sion than after a 120-fold reduction. tTA-B-glo cells were
incubated for up to 42 h in the presence of 40 ng/mL
tetracycline to obtain an intermediate level of B-globin
expression. Nuclear and cytoplasmic RNAs were then
analyzed (Fig. 9B). At 42 h, the cytoplasmic B-globin
MRNA level had nearly reached an equilibrium, with a
13-fold decrease in expression. In this experiment a
lag in the decrease of cytoplasmic B-globin mRNA
was observed, probably due to a stimulation of tran-
scription by serum during the complete exchange of
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the culture medium that is required to achieve an ac-
curate concentration of tetracycline (see expression of
actin mRNA in Fig. 9B). Importantly, the nuclear 8-globin
MRNA decreased with the same 7 h half-life as after a
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complete shut-off of transcription. In conclusion, we
found no indication for a relationship between transcrip-
tion and transport rates.

DISCUSSION

In this study, we have derived cell lines that express the
B-globin or LT-« gene under the control of a tetracycline-
regulated promoter (Gossen & Bujard, 1992). A 120-
fold and an 18-fold regulation of the expression level
was achieved for B-globin and LT-«, respectively, and
the rapid disappearance of mRNA precursors con-
firmed that the expression shut-off took place within a
few minutes. As we have previously reported for en-
dogenous genes, fully processed (i.e., spliced and poly-
adenylated) B-globin and LT-« mRNAs accumulated in
the nuclear fraction of these cell lines, the nuclear pool
amounting to 8% and 17% of the cellular accumulation
of these MRNAs, respectively. In situ hybridization data
reported here as well as by other groups do not show
an increased accumulation of poly(A)+ mRNA in the
perinuclear region, indicating that these molecules are
likely to be nucleoplasmic rather than nuclear-asso-
ciated. Moreover, it has been previously reported that
B-globin mMRNA does localize diffusely through the cyto-
plasm and not in the perinuclear region in transfected
fibroblasts (Veyrune et al., 1996).

Following inhibition of transcription with tetracycline,
these nuclear pools slowly decreased with a half-life of
7 h for B-globin and 2 h for LT-a. As export to the
cytoplasm and degradation within the nucleus are ex-
pected to contribute independently and additively to
the turnover of these nuclear mRNAs, these half-lives
are unexpectedly long.

Nuclear pools of mRNA and export
to the cytoplasm

MRNAs in the process of being exported constitute an
obvious source of mature mRNAs in the nucleus. Fol-
lowing transcription shut-off, these mRNAs should dis-
appear from the nucleus under the combined action of
transport and nuclear degradation. Although the actual
transport rates are not known, it is possible to derive an

FIGURE 6. Dynamics of the transcripts following arrest of transcrip-
tion with tetracycline. A,B: tTA-B-glo cells (A: long kinetics, B: short
kinetics) were treated with 1 g/mL tetracycline for indicated periods
of time. Equal amounts of nuclear and cytoplasmic RNA were ana-
lyzed by Northern blot using B-globin and B-actin probes, as for
Figure 2. Results were corrected for the relative size of the nuclear
and cytoplasmic compartments and plotted as a function of time. C:
The same experiment was repeated on two independent NIHtTA-
16-3 clones expressing a high (circles) or low (triangles) level of
B-globin mRNA in the absence of tetracycline. The results obtained
with the first tTA-B-glo clone (exp. A) were included for comparison
(squares). D: The same experiment was performed on tTA-LT-« cells
and RNA was analyzed by RNase protection assay, as for Figure 3.
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FIGURE 7. Polyadenylation of nuclear transcripts. A: Resumption of
B-globin transcription following tetracycline removal. After a 72 h
culture in the presence of 80 ng/mL of tetracycline, tTA-B-glo cells
were reincubated in the absence of tetracycline for indicated periods
of time. Control cells (lane C) were not preincubated with tetracy-
cline. Equal amounts of nuclear (N) and cytoplasmic (C) RNA were
analyzed by Northern blot using a B-globin probe. B: Poly(A) tail
analysis. RNA from indicated samples before (— RNase H) or after
(+ RNase H) poly(A) tail digestion was analyzed by Northern blot
using a B-globin probe, along with a radioactive RNA molecular weight
marker (MW). Both a straight representation of the hybridization
(upper panel) and an intensity adjusted image (lower panel) are
presented.

upper limit of the nuclear dwell-time of mMRNAs in tran-
sit, from the knowledge of the flux of molecules in the
cytoplasm and the size of the nuclear population (Gon-
dran et al., 1999). Using this approach, we have pre-
dicted nuclear dwell-time ranging from 2 to 20 min for
endogenous genes, such as B-actin, c-myc, c-jun, cy-
clophilin, or CHO-A (Gondran et al., 1999). Similarly,
the results of the present study can be used to predict
nuclear dwell-times of 35 and 25 min for B-globin or
LT-a mRNAs, respectively. Thus, the observed monot-
onous decrease in nuclear MRNAs with its 7 hand 2 h
half-lives cannot reflect the actual export rate of these
messages. Moreover, it is also inconsistent with the
usual assertion that Pol Il transcripts are extremely
unstable in the nucleus.

The above conclusion on transport is only dependent
on the assumption that it can proceed unabated after
transcription shut-off. A mechanistic coupling between
transcription and polyadenylation as well as transcrip-
tion and splicing has been proposed (Mortillaro et al.,
1996; Yuryev et al.,, 1996; Cramer et al., 1997; Mc-
Cracken et al., 1997). In these cases, the RNA poly-
merase |l presumably loads essential factors onto the
nascent transcript, which subsequently contribute to
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FIGURE 8. Dynamics of the transcripts following arrest of transcrip-
tion with actinomycin D. tTA-B-glo cells (A) and tTA-LT-a cells (B)
were treated with 10 wg/mL actinomycin D for indicated periods of
time. Nuclear and cytoplasmic g-globin (A) and LT-« (B) transcripts
were analyzed, as for Figure 6, except that 8-actin normalization was
omitted because it is unwarranted.

polyadenylation and splicing. In this scheme, however,
one can assume that once a given transcript has been
synthesized, the transcription machinery is no longer
required for the subsequent steps. Accordingly, we ob-
served that splicing of cleaved and polyadenylated pre-
cursor mRNAs proceeded after transcription arrest.
Nevertheless, we used the opportunity to achieve in-
termediate expression levels with low doses of tetra-
cycline to search for a correlation between transcription
rate and mRNA transport. Over a range of two orders
of magnitude in expression levels, we found no change
in the nucleocytoplasmic partition of mMRNA, the cyto-
plasmic half-life also being unchanged. Similarly, the
same half-life was observed for 8-globin nuclear mMRNA
when the expression level was reduced 13-fold instead
of a maximal reduction of 120-fold. Therefore, we found
no evidence to support a coupling between the rates of
transcription and transport.

In summary, our results exclude that mRNA in the
process of being exported constitutes the bulk of the
nuclear pool of B-globin or LT-« mRNA. Indeed, be-
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cause we have been unable to observe a rapid efflux of
at least some mRNA following transcription shut-off,
the population of mMRNA in transit should amount to
less than 10% of the nuclear pools of 8-globin and LT-«
MRNAS.

Nuclear pools of mRNA and storage

Nuclear mRNAs could therefore be molecules stored
within the nucleus as proposed by Huang et al. (1994),
their dynamics reflecting their degradation in this com-
partment rather than their export to the cytoplasm.
These molecules could either have escaped from the
transport pathway or be actively retained within the
nucleus.

One particular system where nucleocytoplasmic trans-
port of an mMRNA has been studied is the salivary glands
of Chironomus tentans, where the Balbiani ring (BR)
MRNA can be identified by electronic microscopy. Dy-
namic studies following bromo-uridine labeling of MRNA
demonstrated the full turnover of half of the nucleoplas-
mic BR mRNA within 120 min (Singh et al., 1999). That
bromo-uridine could not be detected at this time in the
other half was attributed to a technical limitation. Itis also
possible that some of these unlabeled BR mRNA may
be stable and incompetent for transport. Indeed recent
studies have shown that a portion of nucleoplasmic BR
mMRNA is attached to thin connecting fibers that merge
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FIGURE 9. Accumulation and dynamics of nuclear B-globin
mRNA as a function of the expression level. A: Nucleocyto-
plasmic partition. The Northern blot experiment presented in
Figure 2A was reanalyzed. Both nuclear and cytoplasmic
B-globin MRNA were quantified as for Figure 2B and the per-
centage of B-globin mRNA present in the nucleus was plotted
as a function of tetracycline concentration. B: Dynamics of the
transcripts following a diminution of transcription. tTA-B-glo
cells were treated with 40 ng/mL tetracycline for the indicated
periods of time. Equal amounts of nuclear and cytoplasmic
RNA were analyzed by Northern blot using 8-globin and B-actin
probes, as for Figure 2A. B-globin and B-actin signals were
quantified, and results were corrected for the relative size of
the nuclear and cytoplasmic compartments and plotted as a
function of time.

into a fibrogranular cluster (Miralles et al., 2000). The mo-
bility of this complexed mRNA should be much reduced
compared to free BR mRNA and may correspond to res-
ident mMRNA.

In our study, the similarity of the half-lives in the nu-
clear and cytoplasmic compartments of B-globin and
LT-a mRNA is unexpected. Moreover, the limited sta-
bility of the nuclear pools does not fit with the usual
concept of storage, which would imply some protection
from degradation. Recent studies have, however,
revealed the presence of components of the mRNA
degradation machinery in both the nucleus and the
cytoplasm. For instance, similar complexes of nucle-
ases (exosomes) have been detected in the nuclear
and cytoplasmic compartments (Allmang et al., 1999),
whereas some of the proteins implicated in the control
of MRNA degradation can shuttle between these com-
partments (Zhang et al., 1993; Loflin et al., 1999). Thus,
it is conceivable that the same control of mMRNA deg-
radation operates in the nucleus and the cytoplasm,
including the progressive deadenylation which, in the
cytoplasm, precedes degradation. This similar regula-
tion of MRNA stability in the nucleus and the cytoplasm
would prevent a distinct role of nuclear mRNA as a
stockpile for gene expression. Accordingly, the accu-
mulation of mMRNA within the nucleus would be more
appropriately described as resulting from an inefficient
transport.
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A bidirectional transport?

Another possibility that would directly account for the
similarity of the nuclear and cytoplasmic mRNA half-
life, as well as the poly(A) tail length, would be that the
nuclear and cytoplasmic compartments are in equilib-
rium. This could simply be achieved if mMRNA transport
were bidirectional, that is, if in addition to mMRNA export,
a retrograde transport from the cytoplasm to the nu-
cleus also takes place. As has been observed for pro-
teins, the actual partition of mMRNA would then depend
on the detail of their interactions in both compartments.
For example, it has been proposed that RNA could be
retained within the nucleus through an association with
nucleus-restricted hnRNP, such as hnRNP C (reviewed
in 1zaurralde & Adam, 1998). Similarly, mRNA could be
anchored to the cytoplasm through association with
ribosomes during active translation. Accordingly, in a
previous study (Gondran et al., 1999) we have ob-
served that, even though the existence of a nuclear
pool of MRNA is a common phenomenon, its size rel-
ative to the cytoplasmic pool varies significantly be-
tween transcripts.

In the case of BR mRNA, the translocation of BR
through the nuclear pore has been observed by elec-
tron microscopy and led to the following conclusions:
(1) the 5’ end of the mRNA is exported first (Visa et al.,
1996), (2) the protein cover of the mMRNA is significantly
reduced in the cytoplasm, and (3) translation can take
place on a partly translocated mRNA (Daneholt, 1997).
The complexity of the translocation process for BR and
the single orientation of BR mRNA observed during its
passage through the nuclear pore complex suggest
that, for BR, transport is predominantly or exclusively
unidirectional. The extreme size of BR mRNA (30 kb),
as well as the particular ultrastructure of polytene cell
nuclei make it difficult to assess the generality of this
observation.

Yet, the fact that the nuclear import of large nucleic
acid molecules can take place is confirmed by DNA
transfection experiments or by the life cycle of influ-
enza virus during which the viral nucleoprotein NP me-
diates the import of genomic RNA to the nucleus via a
classical NLS pathway (O'Neill et al., 1995). A current
view of mMRNA export is that it is controlled by the pro-
tein cover of the transcript and that a mature mRNA
could carry a multiplicity of signals that could promote
export or retention within the nucleus. The fact that the
localization signals of several hnRNP proteins, like
hnRNP Al and hnRNP K, are functional for both export
and import suggests a possible pathway for a retro-
grade transport of mRNA (Michael, 2000).

Such a dynamic equilibrium between nuclear and
cytoplasmic compartments could create the conditions
for a retrocontrol of gene expression by cellular mMRNA.
If specific mMRNAs could reach back to their site of tran-
scription, they could play a regulatory role, as has been
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postulated for snRNAs (Frey et al., 1999). More gen-
erally, the presence within the nucleus of an image of
the cytoplasmic mMRNA compartment could constitute a
sensing mechanism of cellular metabolism and be in-
volved in a broad transcriptional regulation.

A bidirectional transport would also shed a new light
on the mechanism of nonsense-mediated mRNA de-
cay (NMD), which seems to involve a coordination be-
tween nuclear and cytoplasmic mRNA metabolism. On
one side, the presence of a premature termination co-
don (PTC) in an open reading frame causes destabili-
zation of the mRNA, provided that the PTC is located
upstream of a functional intron. Yet, in most cases,
destabilization occurs after splicing, as the abundance
of pre-mRNA is not modified and the PTC can be
recognized as such when overlapping an exon—exon
junction (Carter et al., 1996). On the other side, desta-
bilization is intimately linked to translation, as it is abol-
ished in the presence of suppressor tRNA or translation
inhibiting 5’ stem-loop structure (Belgrader et al., 1993).
Recently, a model has been proposed to account for
the intron and translation dependence of NMD, based
on the possibility that following splicing, proteins may
remain bound to the exon—exon junction. During trans-
lation the presence of such a signature downstream of
a stop codon could induce the degradation of the mRNA
(Thermann et al., 1998). The remaining issue is that, in
several instances, mRNA abundance is decreased not
only in the cytoplasm but also in the nucleus. A bidirec-
tional transport would explain this coordinated degra-
dation which otherwise would necessitate the presence
in the nucleus of a translation apparatus able to detect
nonsense codons.

Generality of our observations

This study extends previous works on the accumula-
tion of mature mRNAs in the nucleus of mammalian
cells. Specifically, the fact that the nucleocytoplasmic
partition does not change when the expression level
varies over two order of magnitude definitely estab-
lishes that these nuclear mMRNAs do not reflect a sat-
uration of the export machinery. In addition, taken
together, these studies suggest that the accumulation
of nuclear mRNAs is a common feature of gene ex-
pression. Our conclusion that, for g-globin and LT-q,
these nuclear mRNAs are not the direct precursors of
cytoplasmic mRNAs also probably applies to many
genes. Indeed, the most striking observation made with
actinomycin D (Penman et al., 1968), a-amanitin, or
DRB (Huang et al., 1994) is the persistence in the nu-
cleus of a large population of polyadenylated RNA. In
the latter study, these molecules have been detected
by in situ hybridization and are therefore undoubtedly
intranucleoplasmic. These studies were difficult to
interpret because of the general inhibition of RNA me-
tabolism, the use of drugs with a wide range of poten-



Nuclear dwell-time of mature mRNA

tial side effects (Haaf & Ward, 1996), and the lack of
characterization of nuclear RNA beyond polyadenyla-
tion. However, in our study, which circumvents these
limitations, we observe similar dynamics for the g-globin
and LT-a nuclear mRNAs. We therefore propose that
the bulk of poly(A)+ mRNAs that are present within the
nucleus are, similarly, mature mRNAs that are not in
the process of being exported and have comparable
half-lives in the nuclear and cytoplasmic compart-
ments. In this case, these nuclear mRNAs would be the
signature of a general and unexpected characteristic of
transport, inefficiency or bidirectionality.

MATERIALS AND METHODS

Expression vectors

The tTA expression vector has been described in Dirks et al.
(1994). The poliovirus IRES has been removed from the vec-
tor by a Notl-Hindlll deletion. To obtain the tTA-B-glo expres-
sion vector, genomic rabbit 8-globin sequences from nt 421
to nt 2030 (GenBank accession number K03256) have been
introduced at the Sall site of the tTA polylinker. This includes
the complete transcribed region, as well as the downstream
region required for polyadenylation. For the tTA-LT-a expres-
sion vector, genomic murine LT-a sequences from nt 1203 to
nt 3106 (GenBank accession number Y00467) have been
introduced at the EcoRI site of the tTA polylinker. This in-
cludes the complete transcribed region, except for the last
100 bp of exon 4, the polyadenylation site being provided by
the vector. pSVtkNeo contains the neomycin resistance gene
under the control of tk promoter.

Cell culture

NIHtTA-16-3 cell lines were routinely maintained in Dulbec-
co’'s modified minimal essential medium (DMEM) supple-
mented with 10% fetal calf serum, 0.8 wg/mL puromycin, and
125 pg/mL hygromycin (Boehringer Mannheim, France). For
transfections, 5 X 10° cells were plated on 85-mm-diameter
dishes and cotransfected with 9 ug of tTA-B-glo or tTA-LT-«
plasmid and 1 wg pSVtkNeo plasmid DNA by a standard
calcium phosphate procedure (Sambrook et al., 1989). After
16 h the medium was replaced with fresh medium and after
48 h replaced again with fresh medium supplemented with
0.8 ng/mL geneticin sulfate (Life Technologies, France). After
21 days geneticin-resistant clones were isolated and plated
in 24-well plates before being routinely maintained in 85-mm-
diameter dishes in the presence of geneticin.

For expression studies, 0—1 ug/mL tetracycline (Boeh-
ringer Mannheim, France) or 10 ug/mL actinomycin D (Boeh-
ringer Mannheim, France) was added to the culture medium
for indicated periods of time. For the experiment using 40
ng/mL tetracycline, the whole medium was replaced to achieve
an accurate concentration of the drug. In all experiments
cells were harvested at subconfluence.

Nuclear and cytoplasmic RNA

Nuclear and cytoplasmic fractions were obtained by NP40
lysis. Cells were rinsed, scraped, and rinsed again, all with
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ice-cold phosphate-buffered saline. Cells were resuspended
in lysis buffer (0.5% NP40, 0.14 M NacCl, 10 mM Tris, pH 8.4,
1.5 mM MgCl,, with or without 10 mM EDTA, pH 8) for 5 min
at 0°C. After centrifugation at 470 g for 5 min at 4°C, the
supernatant containing the cytoplasmic fraction was har-
vested. The nuclear pellet was washed twice with lysis buffer
and both supernatants were added to the cytoplasmic fraction.

RNA was extracted from nuclear and cytoplasmic fractions
by denaturation in guanidine thiocyanate prior to ultracentri-
fugation over a cesium chloride cushion (Berger & Kimmel,
1987) and quantified by spectrophotometry.

Poly(A) tail digestion was performed by hybridization of
4 ug of RNA with 0.5 ug of oligo(dT),o, followed by digestion
with 1 U of RNase H (Life Technologies, France), as previ-
ously described (Weil et al., 1990).

For Northern blot analysis, 4 ug RNA was electrophoresed
on 1.2% formaldehyde-agarose gels, transferred on nylon
membrane, and hybridized with 3?P-labeled riboprobes, as
described previously (Neel et al., 1995). For analysis of the
poly(A) tail, electrophoresis was on 1.6% formaldehyde-
agarose gel. B-globin riboprobe contains the complete rabbit
B-globin cDNA sequence from exon 1 to exon 3 (GenBank
accession number V00878). Actin riboprobe contains a Tagl
fragment of murine B-actin cDNA (GenBank accession num-
ber X03672) corresponding to exon 2 to exon 4. RNA mo-
lecular weight markers are two 32P-labeled transcripts
synthesized from B-globin plasmids of the laboratory.

For RNase protection assay, 4 ug RNA was hybridized
with 0.5 ng 3?P-labeled riboprobe, digested with RNases A
and T1, and electrophoresed on 5% urea-polyacrylamide gels,
as described previously (Weil et al., 1990). LT-« probe con-
tains nt 1733-2226 (GenBank accession number Y00467) of
murine LT-a gene from exon 2 to exon 4, including introns 2
and 3. Protection of fully and partially spliced transcripts has
been described in detail previously (Weil et al., 1990).

Electron microscopy

Pellets of isolated nuclei were fixed with 1.6% glutaraldehyde
(Taab Laboratory Equipment Limited, United Kingdom) in 0.1 M
Sorensen phosphate buffer, pH 7.3-7.4, for 1 h at 4°C and
postfixed with 2% aqueous osmium tetroxide (Pelanne In-
struments, France) prior to being dehydrated in ethanol and
embedded in Epon. Ultrathin sections were collected on 200-
mesh copper grids coated with Formvar and carbon and
stained with uranyl acetate and lead citrate prior to being
observed with a Philips 400 transmission electron micro-
scope, at 80 kV, at 4,600-17,000X magpnification.

In situ hybridization

Isolated nuclei were deposited on glass coverslips on ice and
fixed with 4% paraformaldehyde (Merck) in phosphate buff-
ered saline for 15 min at room temperature prior to being
dehydrated in 70% ethanol for at least 30 min at 4 °C. Nuclei
were then rehydrated in phosphate buffered saline for 5 min,
prehybridized in 15% formamide and 2X SPE for 10 min at
room temperature and hybridized in 15% formamide, 2X SPE,
10% dextran sulfate (Sigma Aldrich, France), 0.5 mg/mL tRNA,
and 2.5 pg/mL fluorescent oligo(dT) or oligo(dA) probe for
1-3 h at 37°C. Coverslips were washed in 15% formamide
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and 2X SPE for 20 min, then in 1X SPE for 10 min at
room temperature and mounted in Citifluor (Citifluor, United
Kingdom).

Oligo(dT)4s and oligo(dA)4s probes were synthesized and
labeled with two FITC and one FITC at the 5" and 3’ extrem-
ities, respectively, and purified by HPLC (Genaxis Biotech-
nology, France). The distribution of fluorescence was analyzed
with an LSM 510 confocal microscope attached to an axio-
vert microscope equipped with an argon-neon laser (Carl
Zeiss, Inc.). Optical sections were recorded with a 63X lens
at 0.35 um z-intervals and at an effective pixel size of 0.1 um?.
The fluorescence intensity was at least 10-fold higher with
the oligo(dT) than with the oligo(dA) control probe.

Quantification of the fluorescence was performed on three
nuclei (designated dT1, dT2, and dT3) considered to be rep-
resentative of those with high, medium, and low levels of
cytoplasmic contamination. For each optical section, the sig-
nal within the nucleus and outside of it were integrated with
NIH Image software, as detailed in Table 1. The cytoplasmic
contamination was calculated from the sum of the intra-
nuclear and extranuclear signals.
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