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ABSTRACT

The strategy of systematic evolution, whereby nucleic acid sequences or conformers can be selected and amplified
from a randomized population, has been exploited by many research groups for numerous purposes. It is, however,
a technique largely performed in vitro, under nonphysiological conditions. We have now modified this in vitro
approach to accomplish selection in growing cells. Here, we report that this new methodology has been used in vivo
to select RNA elements that confer increased transcript stability. A randomized cassette was embedded in a 3 9-
untranslated region (UTR), downstream from the luciferase reporter open reading frame. A heterogeneous population
of capped luciferase mRNA was then generated by in vitro transcription. Human liver Hep G2 cells were electro-
porated with this population of luciferase mRNA and total cytoplasmic RNA was isolated after varying lengths of
incubation. Following RT-PCR, the 3 9 UTR was used to reconstruct a new population of luciferase templates, permit-
ting subsequent cycles of in vitro transcription, electroporation, RNA isolation, and RT-PCR. Increasing the incuba-
tion time at each cycle before RNA isolation imposed selection for stable transcripts. The functional half-life of the
luciferase mRNA population increased from 55 to 140 min after four cycles. Subsequent sequencing of the selected
39 UTRs revealed G-U rich elements in clones with extended chemical and functional half-lives.
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INTRODUCTION

Messenger RNA is a key molecule in cell biology and
the control of transcription plays a critical role in gene
expression+ It is not, however, simply the rate of pro-
duction but the rate of mRNA decay that controls gene
expression within cells+ In most instances, mRNA sta-
bility and expression are effected by interplay of cis-
acting elements in the nucleic acid with RNA-binding
proteins acting in trans+ Control of these RNA–protein
interactions is not just fundamentally important to our
understanding of cell biology, but is important in the
pathogenesis of disease+ Changes in mRNA stability,
for example, have been implicated in the etiology of
several neurological disorders (Amara et al+, 1999;
Canete-Soler et al+, 1999), rheumatoid arthritis (Jeddi

et al+, 1994), and systemic scleroderma (Eckes et al+,
1996)+

Differences in stability can vary over several orders
of magnitude, with half-lives ranging from several
minutes for human lymphokine and cytokine mRNAs
(Ross, 1995), to many hours for transcripts encoding
members of the globin family (Weiss & Liebhaber,
1995) or respiratory chain components (Chrzanowska-
Lightowlers et al+, 1994)+ Stabilities of numerous mRNA
species are known to be regulated in response to many
forms of external stimuli, during development or at cer-
tain stages of the cell cycle+ In most instances, it is the
39 UTR that harbors the cis-acting sequences that are
important in stability (Chkheidze et al+, 1999; Jacobs
Anderson & Parker, 2000; Mitchell & Tollervey, 2000),
although examples outside this region have been iden-
tified (Canete-Soler et al+, 1998)+

Since the observation that an AU-rich element intro-
duced into the 39 UTR of transcripts could mediate
selective mRNA degradation (Shaw & Kamen, 1986),
research has focused on characterizing this element
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(Chen & Shyu, 1995; Rajagopalan & Malter, 1996; Di
Noia et al+, 2000), the trans-acting proteins (Sela-
Brown et al+, 2000), and their importance in regulating
mRNA decay+ Although the factors defining rapid deg-
radation began to be identified a decade ago (Shaw &
Kamen, 1986), less has been achieved in identifying
determinants that increase transcript stability+ Poly-
pyrimidine elements have been found in the 39 UTRs of
several long-lived mRNA species (Czyzyk-Krzeska &
Beresh, 1996)+ Additionally, a family of poly-C binding
proteins with homology to the hnRNP K polypeptides
were shown to bind to the 39 UTR stability element in
b-globin mRNA (Chkheidze et al+, 1999)+Originally found
in erythroid cells, this family of poly-C binding proteins
is now known to be widely expressed and is believed to
be associated with complexes that interact with the
polypyrimidine tracts of other highly stable mRNA spe-
cies (Holcik & Liebhaber, 1997)+

The methodology described here was designed to
identify any sequences or structures within a 39 UTR
that could confer increased mRNA stability+ We dem-
onstrate that this technique has been used success-
fully to select mRNA stability elements+ This technology
has enormous potential in the field of posttranscrip-
tional regulation+ As demonstrated here, it can be used
for identifying RNA elements in both the 39 and 59 UTRs
responsible not only for stabilizing transcripts in re-
sponse to various extracellular stimuli, but also for lo-
calizing mRNA to subcellular compartments (Bashirullah
et al+, 1998; Tiedge et al+, 1999)+Moreover, having iden-
tified the cis-acting elements, any trans-acting factors
can subsequently be detected and characterized by a
variety of techniques+

RESULTS

To determine the power of our strategy for selecting
RNA stability elements, two luciferase reporter tem-
plates containing randomized nucleic acid cassettes
were constructed+ The first was made with only a short,
fully randomized 30mer 39 UTR upstream from a
poly(A)30 tail and was constructed to act as a negative
control for the selection process+ The rationale was that
because poly(A) binding proteins are known to interact
with protein factors at the 59 terminus (Imataka et al+,
1998), it is possible that with only a short 39 UTR, steric
hindrance would prevent any potentially stabilizing com-
plexes from forming+ Consequently, no element should
be capable of increasing transcript stability, precluding
any selection for transcripts derived from template 1+
The second template contained a larger, randomized
50mer embedded in a 39 UTR from the human COX4
mRNA (Fig+ 1A)+ This particular UTR was chosen, as
the ligation of full-length COX 39 UTR downstream of
the luciferase open reading frame (ORF) does not af-
fect the stability of luciferase mRNA after transfection

into Hep G2 cells (data not shown)+ This larger and
more natural 39 UTR was intended to provide the en-
vironment for selection of stability elements from the
randomized cassette+ A randomized N50 library theo-
retically provides 1+3 3 1030 unique 50mer permu-
tations+ It is therefore impossible to electroporate a
sufficient quantity of RNA to cover all combinations+
Indeed, we estimate that for the initial cycle, a max-
imum of 3 3 1011 unique combinations of 39 UTRs
could be imported by electroporation (Z+ Chrzanowska-
Lightowlers and R+ Lightowlers, unpubl+ observation)+ It
is difficult to predict the minimum length requirement
for a stability element+ However, instability elements
have been shown to function efficiently with only a nona-
mer sequence (Zubiaga et al+, 1995)+ Only 2 3 105

permutations would be the minimum to cover every
possible nonamer+ Consequently, an N50 in template 2
was chosen as a compromise+

Transcripts selected from template 1 fail
to show any increased stability

Template 1 was constructed as detailed in Materials
and Methods+ By positioning the randomized cassette
downstream of the luciferase ORF, the functional half-
life of the mRNA population can be calculated from the
luciferase activity+ Cell lysates were assayed for lucif-
erase activity at various time intervals postelectropo-
ration+ Assuming the selected RNA element does not
affect translational efficiency, the functional half-life of
luciferase mRNA is defined as the time required to reach
50% of the maximum accumulation of luciferase activ-
ity (Gallie, 1991)+A heterogeneous population of capped
luciferase mRNA was transcribed from this template,
electroporated into HeLa or Hep G2 cells and sub-
jected to cycle selection as shown diagrammatically in
Figure 1B+ Cytoplasmic RNA was isolated at 5, 7, 10,
19, 22, and 24 h postelectroporation for HeLa and 10,
18, 24, and 28 h for Hep G2 cells, respectively+ The
functional half-life of the fully randomized luciferase
mRNA population was calculated as 113 min in HeLa
and 53 min in Hep G2 cells+ To maximize the potential
of selecting for stabilized transcripts, cytosolic RNA was
isolated at increasing time points for each cycle pos-
telectroporation, with the electroporated RNA being left
for 24 or 28 h in the final cycle+ No change in the profile
of luciferase activity was observed even after the sixth
cycle in HeLa or fourth cycle in Hep G2 cells (Fig+ 2A,B)+
To compare the functional half-life with the chemical
stability of the mRNA, RNase protection assays were
performed on aliquots of RNA isolated from cells at the
beginning and end of the cycle selection+ The RNase
assays confirmed that there was essentially no change
in chemical mRNA half-life (chemical half-life of the
selected population was 1+1-fold more stable—data not
shown)+
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FIGURE 1. Construction of tem-
plate 2 and schematic of in vivo
cycle selection methodology+ A: To
determine the efficacy of the cycle
selection, it was necessary to em-
bed a randomized element into the
39 UTR of a reporter mRNA+ First,
a natural untranslated region was
provided by ligating the COX4 39
UTR downstream from the lucifer-
ase ORF+ A fully randomized N50
was then inserted in a two-step
process detailed in Materials and
Methods+ B: Capped transcripts
generated in vitro from either tem-
plate 1 or 2 are electroporated
into cultured cells+ At various time
points postelectroporation, an ali-
quot of cells is lysed and luci-
ferase assays are performed+
Selection for stabilized transcripts
is imposed on each cycle by in-
creasing the maximal incubation
time postelectroporation before
extraction of cytoplasmic RNA+
Templates are reconstructed after
subsequent RT-PCR by ligating the
rescued 39 UTR to new luciferase
ORF to prevent the accumulation
of PCR-generated mutations+ Re-
constructed templates are then
subjected to in vitro transcription,
completing the cycle+ After the fi-
nal cycle, products from the RT-
PCR are cloned and sequenced to
identify stability elements+
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Transcripts from template 2 show an
increase in functional half-life following
cycle selection

Template 2 was transcribed and the resultant popula-
tion of luciferase mRNA was subjected to a similar se-
lection cycle+ Luciferase activity profiles are shown for

cells electroporated with luciferase mRNA for each of
four cycles, with cytoplasmic RNA isolated at 7, 11, 22,
and 28 h postelectroporation+ As shown in Figure 2C,
the functional half-life for the mRNA population in-
creased after each cycle of selection, ranging from
55 min for the fully randomized, to 140 min after cy-
cle 4+ The experiment was terminated after four cycles,
as there was only a minimal increase in stability noted
after this cycle+ Based upon the efficiency of translation
of the in vitro-transcribed RNA in reticulocyte lysate,
together with ethidium bromide staining in formalde-
hyde gels, it was considered that equal amounts of
luciferase mRNA were being used in each cycle to elec-
troporate cells (40 mg initially and 5–8 mg RNA for the
selection cycles)+ Nevertheless, to determine whether
this progressive stability could have been due to differ-
ences in transfection efficiencies and saturation of trans-
lation or degradation mechanisms, luciferase activity
profiles were compared after electroporation of cells
with various amounts of RNA rescued from cycle 1+
Figure 2E shows luciferase activity plotted as relative
luminometer units against time postelectroporation for
different amounts of RNA per electroporation and Fig-
ure 2D as a percentage of maximal activity against
time postelectroporation+ In addition, recent reports have
indicated an increased efficiency of DNA transfection
when performed in the presence of DMSO with a fur-
ther increase if the cells are incubated in medium sup-
plemented with DMSO postelectroporation (Melkonyan
et al+, 1996)+As shown in Figure 2E, increasing amounts
of electroporated RNA gave proportionally increasing
luciferase activity in cell lysates, with an approximately
fourfold improvement in electroporation efficiency in
the presence of DMSO, confirming that DMSO treat-
ment also increased transfection efficiencies of RNA+
Second, the slope of the curves depicted in Figure 2E
reflects the translation rate (Tanguay & Gallie, 1996)
and although these varied as a consequence of RNA
amounts used per electroporation, the point at which
maximal protein accumulation was achieved remained
the same+ Thus, no change in translational profile was
discernible when the activity was represented as a per-
centage of maximal luciferase activity (Fig+ 2D)+ The
differences observed in functional half-lives for the pop-
ulation of luciferase mRNA was therefore unlikely to be
due to any differences in amounts or efficiencies of
RNA electroporated into cells+

Luciferase mRNA reconstituted with cloned
39 UTRs from cycle 4 show increased
stability

Cycle selection generated a population of luciferase
mRNA that had an increased functional half-life+ If the
increase was indeed due to RNA elements in the 39
UTR cassette, it should be possible to isolate individual
39 UTRs from the population that could impart an in-
creased stability to a naïve RNA molecule+ To test this

FIGURE 2. Template 2-generated transcripts are selected with in-
creased stability+ Cycle selection was performed with template 1- or
template 2-derived transcripts electroporated into HeLa or Hep G2
cells+ Aliquots of cells were isolated during each of the cycles at the
indicated times, postelectroporation+ Luciferase assays were per-
formed and the functional half-life of the electroporated RNA calcu-
lated from the plot of maximal luciferase activity against time (Gallie,
1991)+ Four or six cycles of selection with template 1-derived RNA
failed to influence the luciferase profile in either HeLa cells (A) or
Hep G2 cells (B) respectively, indicating that no change in luciferase
mRNA stability had been achieved+ Conversely, a marked increase in
the functional half-life of mRNA transcribed from template 2 was
noted after each of the first three selection cycles, following electro-
poration into Hep G2 cells (C)+ The transfection and translation pro-
cess is not saturated, as illustrated in E, as differences in relative
luminometry units are still increased by using more RNA for the
electroporation and by treating cells with DMSO+ The plot of maximal
luciferase activity against time is unaffected (D)+ Symbols in D and E
represent the following amounts of mRNA electroporated: ▫ : 0+2 mg,
C: 2 mg, d: 2 mg 1 DMSO, n: 8 mg 1 DMSO+
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assumption, an aliquot of RNA isolated from cells 28 h
after electroporation from cycle 4 was subjected to RT-
PCR and the resultant product cloned into pGEM T-easy+
Regions containing the randomized N50 were se-
quenced+ Six of these sequences were chosen at ran-
dom and ligated downstream of the luciferase ORF in
pGEM-luc+ Capped mRNA was synthesized in vitro
and luciferase activity profiles from cells electroporated
with either the clonal mRNAs or the original unselected
RNA population were generated (Fig+ 3A)+ All clones
showed marked increases in functional half-lives when
compared to the initial population of unselected RNA
(55 min), ranging from 94 min (clone 166) to 225 min
(clone 84)+ For four of these clones the functional half-

life exceeded that achieved for the population in the
final round; these were subjected to further analysis+

Selected mRNAs from template 2
are more stable

To confirm that the change in luciferase activity profile
was truly a consequence of increased transcript stabil-
ity, chemical half-life of these luciferase mRNA clones
was measured directly+Messenger RNA from each clone
was generated and electroporated into cells+ RNA was
extracted at various time points postelectroporation, and
subjected to northern analysis using a random primed
DNA fragment corresponding to the luciferase ORF+

FIGURE 3. Individual clones selected from template 2-derived transcripts show increased stability+ Selected sequences
were rescued from cycle 4 by RT-PCR and recloned downstream from a luciferase ORF+ A: Following transcription and
electroporation into Hep G2 cells, luciferase activity was monitored and a luciferase profile constructed for each clone+ The
functional half-life, determined by the half-maximal activity, shows different values for each of the clones, all of which are in
excess of the original randomized population+ A representative of three independent profiles is given for each clone+ B: To
confirm that the increase in functional half-life reflected an increase in mRNA chemical stability when measured directly,
RNase protection was performed+ Transcripts from clones or original unselected template 2 were electroporated and
cytoplasmic RNA extracted at times postelectroporation (0 to 8 h)+ RNase protection was performed with antisense probes
for luciferase and COX8+ Since both probes contained short ;50 nt 59 vector sequence, it was possible to distinguish the
undigested (U) from bound and protected probe+ Probe subjected to digestion in the absence of cellular RNA is shown (D)+
C: To directly calculate the stability of these transcripts, semilog plots were derived from quantification of RPA results for both
unselected (N50) and clone RNA after correction for loading using the COX8 control+
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This proved to be unreliable at detecting the low levels
of both luciferase and control transcript and so RNase
protection (RPA) was used as a more sensitive alter-
native to detect and quantify the mRNA in the samples+
Cytoplasmic RNA was isolated at various time points
postelectroporation from cells electroporated either with
transcripts derived from representative clones (clones
12, 38, 84, and 182) or from template 2 prior to selec-
tion+ Figure 3B shows the RPA performed with an anti-
sense fragment of luciferase RNA and the antisense
RNA of a transcript encoding subunit VIII of cyto-
chrome c oxidase (COX8) that acts as an internal con-
trol+ Signals were quantified using ImageQuant software
(Molecular Dynamics) and values for the luciferase sig-
nal corrected relative to the control+ Graphing these
values as a percentage of the remaining signal against
time (semilog plot, Fig+ 3C) allowed relative decay rates
of the introduced luciferase transcript to be estimated+
All four clones showed a greater stability than the ran-
domized population, irrespective of the method used to
measure half-life+ There was a variation between the
chemical and functional half-life, the former generally

being greater than the latter+ However, for each of the
four clones, the relative hierarchy of increased stability
was similar whether calculated by functional or chem-
ical half-lives+ This confirms that the method had suc-
cessfully selected stable mRNAs from within the original
population+

Analysis of selected sequences

Analysis for motifs was performed both by visual in-
spection and computer searches (MEME, UTRscan,
PATscan) on the selected sequences from the 30 and
36 clones derived from the final round of selection from
templates 1 and 2, respectively+ Sequences from tem-
plate 2 contained a higher than random distribution of
G and U nucleotides and were A-poor (Table 1)+ This
contrasted strongly with the clones derived from tem-
plate 1, where no nucleotide bias was observed (avail-
able on request)+ Many -GG- and 16 G-quartets were
identified in template 2 sequences, moreover clone 84,
which demonstrated the longest half-life, contained three
such 4G motifs+ Interestingly, nucleotide sequences con-

TABLE 1 +

A. Manual alignment of a subset of selected sequences

182 GUUUUGG|CCGUACC(UUGUUGUGUGUGACC)GACGGGUGUACUUGGUCCUCG

38 GGCU UGCGUUCGUUCAAGGUAGUGG|GUCAAUCGGC GGGGAUGUGCCCCCU

84 GGGGACGGAUUGG|UCCGACUAUCGU AGGGGAGUCGACUGUUGAUCCGGGG

12 UCCCCUGCUUCUGGCUAAUAUUACUUGUAUCUGCGGUACUCAGUUUGG|CC

166 GAACAGGGUCGAACCCAGGUGUUUAACGCUGCGACCU GCUGAAUUGUUGG|

166 GAACAGG GUC GAACCC AGGU GUUUAA|C GCUGCGACCUGCUGAAUUGUUGG

55 CUNUUUGG GNCGGNGCCU ACCCCCGGGGAGNGUUAGG|AGGGAAGUGUGGC

11 CGUCCGAGGCGUGGUUAAG UCCUCGACC GACUCGGUGGUUUGG|AAUGAG

112 AAAUUGGCCUGG UCUCCU GAC GGAGGUUUGG|GUGCUCCGAUUUGUGCG

G61 CACUGAGGGGU GUGGAUAGUAAGUCCUGUGUGCAC CGG GUUUGU|CGUUUUUA

G56 UCUCUGCCAAAUAGUUG UGCUCCUCAGGGGCAG CUGGACGGUGUG|CAUGU

4 CGGGGUUGUGG CAUUGUCCGAUCAUGUUUGUAGCAUGCUUGG|CAG

G45 CUUUGG|GUGUCAUAGAUUGCGCAGGCC UAGGCUGAACUUCCUUGCGCGG

55 CUNUUUGG|GNCGGNGCCUACCCCCGGGGAGNGUUAGGAGGGAAGUGUGGC

55 CUNUUUGGGNCGGNGCCUACCCCCGGGGAGNGUUAGGAGGGAAGUGUGG|C

G62 UCAGGUGGUUUCA|AGGCUCUGUCUAUGGUUAGCCC GGGAGAGUCUUCCGAU

G86 CUCUGUUUGA|UUGGCUGUCGCGU GUUGCUAACUCAGAGAGGGGAGUGCAG

160 AUUUGC GGGGUCCGGGGACCA UUGUG UUGG|G UG

4 CGGGGUUGUGG CAUUGUCC GAUCAUGUUUGU|AGCAUGCUUGGCAG

B. MEME-derived consensus UUUUGGCUGAACCGAGUUGUGU

Clone start position in N50 Matches/22

182 2 UUUUGGCCGUACCUUGUUGUGU 18

112 27 GUUUGGGUGCUCCGAUUUGUGC 16

12 9 UUCUGGCUAAUAUUACUUGUAU 14

G45 1 CUUUGGGUGUCAUAGAUUGCGC 10

G45 26 CCUAGGCUGAACUUCCUUGCGC 13

160 11 UCCGGGGACCAUUGUGUUGGGU 10

166 3 ACAGGGUCGAACCCAGGUGUUU 13

169 25 UGUGGGCUUACCGGAUUCGUUU 14

164 5 UUAUAGGCUAAUCGCGUCGUGA 12

G39 1 ACAUUGUCCAAUGGGUUUAUGU 10

G31 22 AGUGGUCAGUACCCAGUUGGUU 13

4 12 CAUUGUCCGAUCAUGUUUGUAG 11
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taining -GGGG- or multiple -GG- motifs have been
shown to generate extremely stable higher order intra-
molecular structures that may confer nuclease resis-
tance (Kim et al+, 1991; Cheong & Moore, 1992; Bishop
et al+, 1996)+ In the reported cases, however, the strong
secondary structures generated in G-rich sequences
only confer nuclease resistance when located at a 59 or
39 terminus (Muhlrad et al+, 1995) and do not promote
a dominant increase in stability to the entire RNA mol-
ecule (Decker & Parker, 1993)+

Template 2 sequences were manually aligned for per-
ceived patterns (Table 1A)+ The main focus was a GU-
rich motif centered on CGGNGGUUUGG+When all the
sequences were subjected to MEME analysis, the
resultant consensus motif also included UUUGG
(Table 1B)+ Previous work has shown that polypyrimi-
dine stretches can play an important role in stabilizing
certain mRNA species (Weiss & Liebhaber, 1995;
Czyzyk-Krzeska & Beresh, 1996; Kohn et al+, 1996;
Chkheidze et al+, 1999)+Although polypyrimidine motifs
were identified by PATscan and UTRscan these did not
exceed four consecutive bases in any selected se-
quence+ Additionally, one nanos translational control
element motif was identified (clone G33; Dahanukar &
Wharton, 1996)+ BLAST searches were performed on
all template 2 selected sequences and the MEME-
derived consensus; all gave at least one correspon-
dence with the human genome and many in intergenic
sequences from other species+ One example is clone
182, which is highly GU-rich and has a tract of the N50

represented in the MEME-derived consensus+ More-
over, it has a 15-nt stretch (in parentheses in Table 1A)
which has 100% identity to part of the 39 UTR of human
glutathione transferase zeta-1 mRNA (Fernandez-
Canon & Penalva, 1998) and at least 15 intergenic
regions from within the Arabidopsis database+

DISCUSSION

These results show that RNA elements embedded in
the 39 UTR can substantially affect the stability of an
entire, mature mRNA+ By using the combinatorial ap-
proach described here, such stability elements were
successfully selected from a randomized pool+ Se-
lected sequence cassettes (template 2) containing sta-
bility elements are compared in Table 1+Although motifs
can be determined both visually and using MEME, the
redundancy of this consensus is surprising+ One as-
pect however, is shared by all the stability elements—
the high level of guanine and uridine bases and GU-
rich elements+ Within the MEME-derived consensus
sequence, 16 of the 22 positions are G or U nucleo-
tides+ This is in contrast to other known stability ele-
ments that contain polypyrimidine tracts and are bound
by a family of poly-C binding proteins (Holcik & Lieb-
haber, 1997; Czyzyk-Krzeska & Bendixen, 1999)+ Such
previous data predict that at least a subset of selected

elements should have been rich in polypyrimidines, but
this was not found+ In our study, complete sequence
concordance was not observed and different clonal
mRNAs would be expected to exhibit different half-
lives+ This was indeed the case, with each of the clones
assayed exhibiting increased stability over the initial
randomized population+ In fact, the disparity between
sequences together with their increased but differing
functional and chemical half-lives makes it highly un-
likely that selected stability elements derived their in-
creased stability by a common interaction with the body
of the luciferase mRNA molecule or a secondary struc-
ture intrinsic to the luciferase reporter+ It is therefore
likely that these elements can act independently to pro-
mote stability of most transcripts, an area that is cur-
rently being pursued+

As predicted, stability elements were not selected in
mRNA transcribed from template 1+Although not shown
directly, it is possible that the lack of selection from
template 1 was due to steric constraints preventing the
binding of trans-acting proteins+ Furthermore, as tem-
plate 1 encoded transcripts with a shorter poly(A) tail
than those from template 2, these may have been more
susceptible to rapid, deadenylation-dependent decay
(Beelman & Parker, 1995)+

Initially designed to identify generic stability se-
quences, this in vivo technology also has substantial
potential for identifying cis-acting RNA elements that
promote stability of transcripts in response to many
different types of stimuli+ Metabolic acidosis, for exam-
ple, is associated with numerous diseases, and recent
research has unveiled a pH-responsive element in the
39 UTR of rat renal glutaminase mRNA (Hansen et al+,
1996) that, together with a specific trans-acting protein,
effects changes in transcript stability (Laterza et al+,
1997)+ Similarly, hypoxic culture conditions can mimic
clinical ischemia with recognized changes in stability of
a number of transcripts (Semenza et al+, 1994; Maity &
Solomon, 2000)+ Finally, another area of research that
is likely to benefit from this in vivo selection methodol-
ogy is mRNA localization+ Identification of elements that
localize RNA species to the nucleus has been achieved
using another method also based on selection from a
combinatorial library (Grimm et al+, 1997)+ Grimm and
colleagues used this method to select cis-acting ele-
ments that promote nuclear localization of RNA+ The
RNA species used in the study were synthesized to
resemble small nuclear RNAs carrying a strong nu-
clear export signal in the form of a m7G cap+ A combi-
natorial library was inserted into this RNA moiety+
Species were selected on their ability to override the
strong export signal and become localized or be re-
tained in the nucleus following cytoplasmic or nuclear
injection, respectively+ In addition to the nuclear RNA
species that are the focus of the above mentioned study,
many messenger RNA species are now known to be
localized to subcellular compartments, although the
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physiological relevance of this process is largely ob-
scure (Chang et al+, 1997; Kislauskis et al+, 1997; Tiedge
et al+, 1999)+ Use of the selection cycle presented here
coupled with relevant subcellular fractionation will al-
low cis-acting elements to be identified that function to
localize mRNA species to subcellular locations within
cells+ We believe that this technique provides a valu-
able tool with great potential for investigating and dis-
secting the mechanisms involved in posttranscriptional
regulation+

MATERIALS AND METHODS

Tissue culture

All tissue culture media and supplements were purchased
from Sigma and all plasticware from Corning-Costar+ HeLa
and human liver Hep G2 cells were cultured in Eagle’s mod-
ified essential medium supplemented with 10% fetal calf se-
rum, nonessential acids and 2 mM L-glutamine+

Template production

Template 1

Primer 1+1 (59-T30N30TTACAATTTGGACTTTCCGCC-39) in-
corporates sequence to generate a poly(A) tail and a ran-
domized 39 UTR of 30 nt as well as sequence corresponding
to the 39 end of the luciferase ORF+ It was used in conjunction
with Primer 1+2 (59-CAAGCTATTTAGGTGACACTATAGAA
TACTCAAGCTTATGC-39), which corresponds to the 59 end
of luciferase and includes an SP6 RNA polymerase recogni-
tion site+ PCR reactions were performed in 100 mL with final
concentrations of 1+5 mM MgCl2, 1 3 reaction buffer lV (AB-
gene, Surrey, UK), 200 mM dNTPs, 100 pmol of each primer,
10 ng pGEM-luc template (Promega) and 2 units thermosta-
ble DNA polymerase (ABgene, Surrey, UK)+ Hot start reac-
tions were initiated by adding the enzyme after a 4 min
denaturation step, followed by 30 cycles of 94 8C for 1+5 min,
59 8C for 1 min, 72 8C for 3 min, and a final 8 min extension+
The resulting DNA product then contained all the elements
required for SP6-driven in vitro transcription to produce a
polyadenylated luciferase mRNA containing an N30 random-
ized 39 UTR+

Template 2

To generate the second template, the 39 UTR of the gene
encoding human cytochrome c oxidase subunit IV (COX4 )
was first inserted downstream of the luciferase ORF+ The 39
UTR from human COX4 gene was liberated from pCOX4+111
(Zeviani et al+, 1987) by EcoRI then SfaNI digestion and filled
in using Klenow fragment+ This 146-bp fragment (bases 537–
682; Zeviani et al+, 1987) was ligated into StuI-digested pGEM-
luc, and construct confirmed by sequencing+

Template 2 containing the N50 cassette was then synthe-
sized by a two-step PCR procedure (Fig+ 1A)+ In Step 1,
Primer 2+1 (59-T40CAGGTAAACTGG-39) was used with Primer
2+2 (59-CCATGCAACTCCATGCCN50CTGGAAACCTGTTA

TGC-39)+ The former provided an extended poly(A) tail at the
39 terminus of the COX-UTR and the latter incorporated the
N50 cassette while hybridizing at both its 39 and 59 ends to the
COX-UTR+ PCR reactions were as for template 1, but with
the following profile: 30 cycles of 95 8C for 1 min, 45 8C for
30 s, 72 8C for 20 s, and a final 8 min extension+ This 164-bp
product contained the randomized cassette embedded in the
39 UTR and a poly(A)40 tail+After gel purification (Qiagen) this
PCR product (;2 pmol) was used as a megaprimer in con-
junction with Primer 1+2 in Step 2 (Fig+ 1A)+ Following initial
denaturation and enzyme addition, 30 cycles of 95 8C for
1+5 min, 59 8C for 1 min, and 72 8C for 3+5 min were per-
formed with a final 8 min extension+

Methodology for cycle selection

Capped luciferase mRNA species were generated by high
yield phage SP6-driven in vitro transcription in the presence
of m7G(59)ppp(59)G cap analog following manufacturer’s rec-
ommendations (all reagents from Epicentre, Cambio, UK)+
RNA was analyzed for integrity and concentration by dena-
turing gel electrophoresis and efficiency of translation in rab-
bit reticulocyte lysate (nuclease treated, Promega)+Reactions
were programmed with equal amounts of in vitro-transcribed,
capped RNA and performed as per manufacturer’s instruc-
tions+ Translation of luciferase was assessed by luminometry
(Turner Instruments TD-20e); Luciferin substrate (35 mL) and
reticulocyte lysate (2 mL) were combined and light emission
measured immediately for 3 3 10 s periods+

To initiate each cycle, in vitro-transcribed, capped mRNA
(20 mg cycle 1, between 5–8 mg for subsequent cycles) was
combined with 9 3 106 Hep G2 cells in 0+5 mL ice cold PBS
(with or without DMSO, 1+25% [v/v]) and electroporated im-
mediately in 0+2-cm path-length cuvettes+ BioRad Genepulser
II parameters were 400 V and 250 mF+ Cells were transferred
to prewarmed culture medium (with or without DMSO) at a
density of 1 3 106 cells per mL and incubated at 37 8C+

Aliquots of 0+5 3 106 cells were harvested at intervals
postelectroporation, lysed in 40 mL cell lysis buffer (Promega)
and luciferase activity measured as above using 15 mL lysate
and 40 mL substrate+Assays were performed in triplicate and
average values used to plot luciferase activity as a percent-
age of maximal activity+ These profiles were used to calculate
the functional half-lives of the transcripts+ RNA was extracted
from 4 3 106 cells using Trizol (Gibco-BRL, manufacturer’s
instructions)+ RT-PCR (Superscript Pre-amplification system,
Gibco-BRL) was effected following manufacturer’s recom-
mendations as a two-step procedure+ Ten micrograms of cy-
tosolic RNA served as template for reverse transcription with
50 pmol of reverse primer, Primer T30, or Primer 2+1+ PCR
was performed using Primer T30 or 2+1 with Primer 3 (59-
CGAATTATGTGTCAGAGGACC-39), which is internal to the
luciferase ORF and spans the ClaI restriction site+ After ClaI
digestion, the product containing the 39 UTR was gel purified+
Repeated PCR of the luciferase ORF would have generated
DNA polymerase induced errors, so pGEM-luc was ClaI/
NdeI digested to give a scaffold to which the RT-PCR se-
lected 39 UTR sequences were ligated+ These products were
ligated overnight to produce an intact luciferase DNA tem-
plate containing the selected 39 UTR sequences+ Subsequent
PCR regenerated full-length luciferase template using Primer
T30 or 2+1 in tandem with Primer 1+2 (profile as for template 1
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production) providing template for the next cycle of in vitro
transcription+

Sequencing and reconstruction of individual
luciferase templates

PCR products were generated from the final selection cycle
using Primer T30 or 1a with Primer 4, internal to the 39 cod-
ing region of luciferase (59-GAGCACGGAAAGACGATG-39)+
These products were then ligated into pGEM T-easy (Pro-
mega) to facilitate sequencing+ DNA was cycle sequenced
using Big Dye terminator cycle sequencing ready reaction
kits (PE Biosystems) and samples electrophoresed on an
ABI 377 sequencer+ A number of clones were then digested
with EcoNI and SacI to allow the selected sequence to be
ligated downstream of the luciferase ORF (pGEM-luc EcoNI
and SacI digested)+

Analysis of selected sequences

Cycle 4 sequences from both templates 1 and 2 were ana-
lyzed manually for motifs and nucleotide content+ Individual
sequences were compared with database entries using Ad-
vanced Blast (Altschul et al+, 1997), PATscan (Jacobs et al+,
2000),UTRscan (www+ba+cnr+it;Pesole & Liuni, 1999) and sub-
jected to MEME motif searching (Bailey & Gribskov, 1998)+
Individual 39 UTR sequences positioned downstream of lucif-
erase as described above were subjected to in vitro transcrip-
tion+ These and control, randomized 39 UTR mRNAs were
separately electroporated into cells with subsequent prepa-
ration of nine protein lysates and five RNA extractions+ Pro-
tein and RNA aliquots were then analyzed by luminometry (in
triplicate as previously described) and RPA, respectively+

RNase protection assays

In vitro-transcribed, capped mRNA (30 mg) was electro-
porated into 17+5 3 106 Hep G2 liver cells as described above+
For RNase protection assays (Ambion RPAIII) on the ran-
domized population and individual clones, RNA was ex-
tracted from 3+5 3 106 cells per time point at 0, 1, 2, 4, and 8 h
postelectroporation+ Antisense probes were generated by ra-
diolabeled, in vitro transcription (a-32P UTP, 800 Ci/mmol,
Amersham) to generate fragments of 315 nt of luciferase and
350 nt of pCOX8.21 (Rizzuto et al+, 1989)+ Probes were pu-
rified from 5% denaturing polyacrylamide gels, eluted, and
RPA performed with 60,000 cpm of probe and 10 mg ex-
tracted cytosolic RNA following manufacturer’s recom-
mendations+ Digested samples together with probe controls
were electrophoresed through 5% denaturing polyacrylamide
gels and PhosphorImage analyzed (ImageQuant, Molecular
Dynamics)+
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