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ABSTRACT

The expression of cellular proteins that play central
roles in the regulation of cell growth and differentia-
tion is frequently tightly controlled at the level of
translation initiation. In this article, we provide
evidence that the ETS domain transcription factor
ELK-1 forms part of this class of genes. Ilts mRNA
5 UTR is composed of a complexed mosaic of
elements, including uAUGs, uORFs and RNA struc-
ture, that interplay to modulate ribosomal access to
the ELK-1 AUG start codon. Superimposed upon
this is the generation of two different 5 UTRs via
alternative splicing. The two spliced isoforms show
altered cellular and tissue distributions and behave
differently in polysomal recruitment assays in the
presence of the drug rapamycin. We propose that
repression is therefore the sum of a series of
interplaying negative elements within the 5 UTRs,
a situation which may reflect the need for tight
translational control of ELK-1 in different tissues
and under changing physiological conditions.

INTRODUCTION

ELK-1 belongs to the ternary complex (TCF) subfamily of
the ETS-domain transcription factors. It is a 428 amino
acid (aa) protein (52kDa) containing the four functional
domains characteristic of all members of the TCF family.
The TCFs are major nuclear targets for the RAS-MAPKSs
(mitogen-activated protein kinases) of the extracellular-
signal regulated kinase (ERK) subfamily, and the closely
related SAPK/JNK and p38MAPK stress-activated protein
kinases. They therefore appear to act as an integration
point for both growth and stress signals. In cultured cells,
ELK-1 functions as a transcriptional activator via its
association with serum response factor (SRF) in a ternary
complex on the serum response element (SRE) of many

immediate early genes (IEGs: e.g. c¢-fos. egrl, egr2 and
pip92) (1).

De-regulation of ELK-1 expression has been associated
with cancers of the prostrate (2) and breast (3), as well as
certain T-cell malignancies (4). Mitogenic regulation of
cell proliferation is accompanied by up-regulation of
immediate early genes such as c-fos that play a critical role
in activation of downstream APIl-dependent genes
required for growth. With regards to breast cancer,
recent studies on the MCF-7 cancer cell line have shown
that 17B-Estradiol (E2) activates both the RAS-MAPK
and the PI3K/AKT pathways. The former leads to
phosphorylation of ELK-1 and the latter phosphorylation
of the SRF, both of which activate the SRE in the c¢-fos
proto-oncogene promoter (5,6). Both these pathways also
impact directly on the translational read-out of the cell.
However, the extent to which the E2-mediated altered
growth phenotype was related to changes in the transla-
tion of the elk-1 mRNA (or other mRNAs encoding
components of these signalling pathways) was not
investigated.

Our lab is interested in the regulation of ELK-1
expression at the level of translation initiation, a step
which is normally rate-limiting in protein synthesis. In the
majority of eukaryotic mRNAs, translation begins with
the binding of the eukaryotic initiation factor 4F (elF4F)
to the capped 5" end, an interaction that is mediated via its
elF4E subunit. The elF4F cap-binding complex is also
composed of eIF4A, a member of the ‘DEAD-box’ family
of RNA helicases, and eIF4G. Binding of elF4F leads
to recruitment of the ribosomal 43S preinitiation complex
(containing the eIF2-GTP-tRNAM*T ternary complex).
The ribosome, and associated factors, is then thought to
linearly scan the RNA unwinding intermolecular structure
in an ATP-dependent fashion until an AUG codon is
encountered and a 48S initiation complex forms. Codon—
anticodon base pairing in the ribosomal P site is then
thought to trigger hydrolysis of the eIF2 bound GTP,
and joining of the 60S ribosomal subunit (7-9). This
multi-component, coordinated series of events is strictly
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regulated and responds to both intra- and extra-cellular
signals (10-12).

Very few studies have been performed on the transla-
tional regulation of the elk-1 gene. However, it was
reported that AKT negatively regulated ELK-1 expression
at the level of translation and that a region within the first
279nt of the ELK-1 open reading frame (ORF) was
necessary and sufficient for this control (13,14). These
latter studies were performed using GST-ELK-1 fusion
constructs; i.e. the 5 untranslated region (UTR) of the
elk- mRNA was removed and GST was fused
N-terminally. However, the elk-1 5 UTR exhibits many
of the features associated with cellular mRNAs whose
expression is tightly controlled at the level of translation
initiation, including upstream open reading frames
(uORFs) and predicted thermodynamically stable RNA
structures positioned close to the cap. In addition, an
alternatively spliced transcript with a 106-nt deletion
within the 5 UTR has been reported, opening the
possibility that these alternatively spliced isoforms of the
elk-1 mRNA could be linked to the translational read-out.
Therefore, in this manuscript we have gone back and
examined the role of these 5 UTRs in the regulation of
ELK-1 expression. The results provide intriguing insights
into how the different elements identified, namely uORFs
and RNA structure, impact on ribosomal access to the
ELK-1 AUG initiation codon.

MATERIALS AND METHODS

Cell culture

HEK293T were cultured in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal calf serum
(Brunschwig), 1% penicillin/streptomycin, in a humidified
atmosphere containing 5% CO,. For the polysome
analysis, cells were taken in the growing phase. They
were hypertonically shocked by shifting to medium
containing 300 mM NaCl for 50 min. The cells were then
placed in normal isotonic medium for 30min. When
rapamycin (Rap) was used, 100 nM Rap (LC laboratories)
or 0.01% DMSO (the negative control) was added during
the hypertonic shock, 20 min before the transfer back to
isotonic conditions. Rap and DMSO were kept on the
cells throughout the recovery period.

Calcium phosphate-mediated DNA transfections were
performed essentially as described in (15). All transfec-
tions were performed in triplicate. The activity of firefly
(FLuc) and renilla luciferases (RLuc) in the lysates
prepared from transfected cells were measured using the
Dual-luciferase reporter assay system (Promega) and light
emission was measured over 10s using a TD-20/20
luminometer (Turner Designs).

Polysome gradient/RNA extraction

After treatment, cells were scraped into the culture
medium and pelleted for 4 min at 800 r.p.m. The pellets
were lysed for 15min on ice in 100mM KCI, 50 mM
Tris—Cl pH 7.4, 1.5mM MgCl,, ImM DTT, 1mg/ml
heparin, 1.5% NP-40, 100 uM cycloheximide, 1% aproti-
nin, 1 mM AEBSF and 100 U/ml of RNasin. Nuclei were

pelleted by centrifugation, 10min at 12 000r.p.m. The
supernatant was loaded on a 15-50% sucrose gradient (in
100mM KCL, SmM MgCl,, 20mM HEPES pH 7.4 and
2mM DTT). Extracts were fractionated for 3h 30 min
at 35 000r.p.m. at 4°C in a Beckman SW41 rotor. The
gradient was analysed and the fractions collected with
the ISCO UA-6.

RNA was isolated by adding the same volume of TriZol
(Invitrogen) to the fractions. Samples were mixed and
incubated for 15min on ice. 0.3 volumes of chloroform
was added. After centrifugation, the upper phase was
collected and the RNA precipitated with 0.7vol of
isopropanol. The pellet of RNA was re-suspended in
water.

RT-PCR

The RT-PCR was performed using the One Step RT-PCR
kit (Qiagen) according to the manufacturer’s instructions.
The number of amplification cycles was first determined
for each set of primers, and corresponded to the
exponential phase of the different products.

DNA constructions

The bicistronics constructs were made by cloning three
inserts into the pBS-KS+ multiple cloning site. The 5
insert corresponding to remilla was generated by PCR
from the pRL-SV40 Vector (Promega) with the primers
(5-GAGCTCGCTAGCCACCATGACTT-3') and (5-TC
TCGAGCCCCTAGAATTATTGTTC-3'), and digested
with Sacl/Xhol. The central insert contained the 5 UTRs
of Elk-1 generated by PCR with the primers (5-TGGG
TCCATGGCTGGGGGAGTGC-3') and (5-GCTCTAG
AGCTCGAGACATTGGGCTCCTCCTCCTCGGGCC
CACGTGAGCTGTAGGGAAACGC-3') with Xhol as
the 5 site and Ncol as the 3’ site. The 3’ FLuc insert was
excised from pGL3-Basic (Promega) as an Ncol/Xbal
fragment. The monocistronics constructs were generated
by removing renilla. The ASL clones were made by
removing a Smal/BstUI fragment in the monocistronic
constructs. All clones were transferred from pBS-KS to
pEBS-PL (16) as Sacl/Acc651 fragments. The ASL
constructs expressed from the pEBS-PL vector retain
59 nt upstream of the first AUG codon (uUAUG1) whose
Kozak context also was unaltered. This expression vector
was selected because its intron is positioned downstream
of the cistrons. Consequently this eliminates the risk
of generating a FLuc monocistronic transcript by alter-
native splicing (17).

The plasmid expressing the siRNA against RLuc (pBS/
U6-RLi) and the empty vector control (pBS/U6Apal)
were kindly supplied by Dr Richard Llyod.

RNA structural probing within the 5 UTR

The pBS 5 UTRS clone was linearized with Acc65I
(position 208 on the mRNA) and a T7 polymerase RNA
run-off transcript generated. This was 3’ end labelled using
¥P.pCp (Amersham) and RNA ligase (Amersham).
The probe was purified from a 5% acrylamide—urea
gel by passive diffusion. Structural probing studies
were performed by titrating the RNase V1 (Ambion)
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Figure 1. Alternatively spliced isoforms of the human elk-1 mRNA. (A) The upper panel is a schematic representation of the elk-I gene.
The coloured rectangles depict the seven exons with their respective sizes (in bp) indicated above. Below is depicted the exon organization of the
mature mRNAs carrying the 5 UTR" and 5 UTRS superimposed onto which is indicated the first three AUG codons. Below each mature mRNA is
shown the ORF organization. (B) RT-PCR was performed on 50 ng of total RNA isolated from human tissues (Stratagene) using oligonucleotides
that flanked the spliced exon II. As an internal control, a region of the 18S rRNA was also amplified. Products were analysed on agarose gels.
(C) Similar RT-PCR analysis was performed on total RNA isolated from human cell cultures. The star indicates a DNA heterodimer composed of
one long and one short chain generated during the amplification. (D) Immunoblot of total cell extracts analysed with ELK-1 specific (upper panel)

and actin (lower panel) antibodies.

and RNase T1 (Roche) precisely as outlined in the
Ambion kit. Products were resolved on 5% acrylamide—
urea gels and visualized by autoradiography.

RESULTS
Alternative spliced forms within the 5 UTR

The 15.2-kb elk-1 gene spans seven exons (I to VII) and six
introns, with the coding region encompassing exons 111
to VII (Figure 1A). However, an alternatively spliced
form which removes the non-coding exon II was detected

in a human hippocampus cDNA library (18). The longer
form has a 5 UTR of 346 nt [based upon the + 1 position
determined by (19); hereafter referred to as 5 UTR"] and
spans exons I to III. It contains two uORFs (Figure 1A,
middle panel), a feature characteristic of many cellular
messengers whose expression is tightly controlled at the
level of translation initiation (20-22). RNA-folding
programs predict considerable secondary structure.
Indeed, within the first 168 nt (which are 75% G/C)
there is a highly stable stem-loop (referred to hereafter as
SL), with a AG® approaching —40 kcal/mol (Figure 2C).
Earlier in vitro results indicated that such structural
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Figure 2. RNA structural probing confirms the presence of SL. (A) RNA corresponding to the first 208 nts from the 5 UTRS was transcribed in vitro
and 3’ end labelled. Structure was probed using the RNase T1 and RNase V1 as outlined in Materials and Methods. The triangles above the gel
indicate decreasing amounts of RNase (1U, 0.1U, 0.01U for T1, and 0.1U, 0.01U for V1). Products were resolved on a 5% acrylamide urea gel. The
lane c refers to the non-treated RNA control. (B) The lower end of the gel has been expanded. The position of the bands indicated by arrows was
determined using a combination of sequencing and alkaline hydrolysis ladders. The vertical lines indicate sequence regions sensitive to RNase V1. (C)
The V1 and TI1 sensitive sites have been superimposed on a minimum free energy prediction of the thermodynamically stable stem-loop (SL)
conserved in both spliced variants. This was generated using the Vienna RNA-1.5 software (64). The position of the first uUAUG (in red) and the

BstUI restriction site used to generate the ASL mutants are also indicated.

elements could serve as effective barriers to scanning
ribosomes (23,24) and this was recently confirmed in live
cell studies (20). The AUGI is located within the loop of
SL and its ORF (an ORF collinear with that of ELK-1)
terminates after 54 codons. It is then followed by a second
short uORF of only two codons (+ 1 relative to ELK-1),
which terminates 17nt before the ELK-1 AUG. The
shorter transcript (5 UTRS) is 240-nt long and is
generated by the removal of the 106-bP exon II
(Figure 1A, lower panel) (18). Like 5 UTR", it is G/C
rich, and has conserved the SL and the two uAUGs.
However, both are now in the same frame (i.e. there is
now only a single uORF of 26 codons). RNA structural
probing performed on the 5 208 nt (a region common to
both spliced forms) clearly demonstrated V1 sensitive
regions corresponding to the major part of the stem of
SL and TI1 sensitive sites within the loop regions
(Figure 2). Therefore, the major features of the predicted
fold exist in solution.

We initially asked if we could detect these alternatively
spliced transcripts in a range of human cell lines and
human tissues. The elk-1 mRNA is generally expressed at
very low levels and is difficult to detect in most cells even
by RNase protection (data not shown). Therefore, we
used semi-quantitative RT-PCR performed with oligos
flanking exon II. To ensure the quantitative nature of this

approach, we went to considerable effort to analyse the
read-out during the linear phase of amplification
(Supplementary Figure 1). Both long and short forms
were readily detected (the intermediate band indicated
by a star is actually a DNA heteromer composed of one
light strand and one heavy strand generated during the
PCR) (Figure 1B and C). In the tissue samples, the relative
amounts of both isoforms were similar in colon, lung
and testis (Figure 1B). However, the short form was major
in the brain. Both forms were present at similar levels in
the MRC-5 (lung fetal primary cells) and 293T (kidney)
cell lines; however, the short transcript was dominant in
HeLa S3 (cervical carcinoma), SK-NAS (neuroblastoid)
and GM 06990 (lymphoblast) (Figure 1C). Attempts
to perform real-time quantification proved frustrating,
probably due to the extensive secondary structure around
exon II. In addition, such an approach required the
utilization of a primer specific for 5 UTR® that traversed
the exon I/III boundary, and one specific for 5 UTR"
(within exon II). The former in particular gave very non-
reproducible read-outs. We next examined if the levels of
elk-1 transcript correlated with intracellular protein levels.
Immunoblots performed on extracts prepared from
the five cell lines revealed no clear transcript:protein
correlation (Figure 1D). Although ELK-1 was abundant
in 293T cells and readily detectable in HeLa S3, it was



barely visible in the SK-NAS and GM 06990 cells and
totally undetectable in the MRC-5 cells (even when the
blot was over-exposed). We also observed no difference in
the ELK-1 protein half-life in 293T and HeLa cells (data
not shown). These results indicate that ELK-1 protein
levels can be regulated in a cell-specific manner at the level
of translation.

The functional relevance of alternative 5 UTRs

The 5 UTR represents a key element in translational
regulation. Therefore, despite the fact that both 5 UTR"
and 5 UTRS retain the two uAUGs and the major
structural elements, it is not inconceivable that the role
of alternative splicing is to modulate the translational
read-out. Such a scenario would be consistent with the
variability of the two forms both in human tissue and
cell lines. We decided to examine the translational
behaviour of the endogenous transcripts. Translation
initiation on messengers with long structured 5 UTRs is
considered to be highly sensitive to the activity of elF4E
(22,25). Therefore, we examined the recruitment of the
elk-1 mRNAs onto polysomes in the presence or absence
of the drug rapamycin (Rap). Rap is a lipophilic macrolide
that binds mTOR preventing its signalling downstream to
S6K 1 and 4E-BP (26-28). This leads to the sequestration
of eIF4E into an inactive complex with hypophosphory-
lated 4E-BP.

High salt (300mM Na™) provokes a rapid inhibition
of protein synthesis, disaggregation of polysomes
(compare Figure 3A and B), dephosphorylation of
elF4E, 4E-BPI, rpS6 and an increased association of
elF4E and 4E-BP1 (29,30). Upon restoration of isotonic
conditions these effects are reversed and the polysomal
fraction reconstituted (Figure 3C). The technique is in
effect an ex vivo competition experiment in which one
creates a pool of free ribosomes stripped from their
mRNAs by hypertonic shock then relieves this block and
follows the ability of the endogenous mRNAs to compete.
Using this approach, it is possible to examine what effect
Rap has on the re-recruitment of RNA populations onto
polysomes. In particular, one can directly examine the
ability of the two endogenous elk-1 mRNA transcripts to
compete for normal levels of elF4E (Rap™), or limiting
amounts (Rap ). In addition, by analysing the polysomal
distribution rapidly after the restoration of isotonic
conditions (i.e. 30 min) one can effectively eliminate the
secondary effects of Rap on the cellular transcriptional
program (31).

In 293T cells, 30min after the restoration of isotonic
conditions the polysomes had started to reform
(Figure 3C). This process was clearly delayed in the
Rap-treated cells (Figure 3D). We used RT-PCR to
investigate how the two elk-1 transcripts had behaved on
these gradients. Reactions were performed with 50 ng of
total RNA per fraction. As a control, we followed the
distribution of the pB-actin mRNA (a house-keeping
gene with a short 73-nt poorly structured 5 UTR)
(Figure 3C and D, lower panels). In cells treated with
Rap, we observed that the 5 UTR® was enriched in the
‘monosomal-light polysomal’ fraction of the gradient
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compared not only to the 5 UTRY but also actin
(Figure 3D, lower panel). This suggests that the
5 UTRS elk-1 transcript is less sensitive to Rap and
therefore preferentially re-recruited (and therefore pro-
portionally enriched within the 50 ng of RNA). The fact
that we do not see these effects in the heavy polysomal
region of the gradient may reflect the short recovery time
that was tested (i.e. the pattern in this region of the
gradient essentially reflects the small fraction of mRNAs
that remained heavy polysomal after the initial hypertonic
shock). Nonetheless, these results showed a different
behaviour of the 5 UTR" and the & UTR®. We decided
to confirm this using an alternative approach. The two
elk-1 5" UTRs were fused to a FLuc reporter in the Polll
expression vector pEBS-PL. As controls, we also fused the
EMCYV IRES and the 5 UTR from the SeV P/C mRNA
(AUGS8I: it is 110-nt long, has no detectable IRES
activity, no uAUGs and little predicted structure)
(Figure 4A) (32). These constructs were co-transfected
into 293T cells with a vector expressing LacZ (pHR'CM V-
LacZ), which served as an internal control against which
FLuc activity was normalized. Cells were then treated
or non-treated with Rap between 4 and 24h post-
transfection, and the effect of the drug confirmed with
immunoblots against 4E-BP1 (Figure 4B). As expected,
the EMCV-FLuc construct was resistant to the drug,
consistent with its IRES activity. The fact that the
AUGS8I-FLuc normalized values were <1 indicates that
its 5 UTR is more sensitive to Rap than that of the
internal control (this may be a consequence of the
controls shorter 5 UTR). However, the 5 UTR" gave
normalized values nearly 2-fold lower than the 5 UTRS,
a result consistent with its increased sensitivity to the
drug (Figure 4C).

No IRES, but cryptic promoter activity is associated
with the 5 UTRs

One possible source of elF4E independent translational
control mediated via the 5 UTR (particularly those that
are long, structured and contain multiple uAUGS) is an
internal ribosomal entry site (IRES). IRES activity has
been reported in the 5 UTRs of cellular mRNAs that
play key roles in growth control (33). We therefore tested
for this activity using the now classical Rluc—FLuc
bicistronic assay. The 5 UTR" and 5 UTR® were inserted
into the intercistronic region of a bicistronic construct
generated in pEBS-PL. As positive controls, we used
the viral IRES of encephalomyocarditis virus (EMCV)
and the 5 UTR of Dap-5 (a reported cellular IRES).
A negative control was provided by an inverted form of
the EMCV IRES [referred to as RLuc-(VCME)-FLuc]
(Figure 5C). Plasmids were transfected into 293T cells and
reporter assays were performed at 24 h post-transfection
(Figure 5A). Both EMCV and Dap-5 gave significant
second cistron FLuc activity above the VCME negative
control. Likewise, small but significant FLuc activity
was detected with the elk-1 constructs. However, the
bicistronic assay is in itself an insufficient test to
unambiguously assign IRES activity (34-38). In addition,
when these constructs were transfected into cells as
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bicistronic RNAs or translated in RRLs only the EMCV
construct screened positive (data not shown). This opened
the possibility that second cistron activity was derived
from a shorter monocistronic construct. Northern blot
analysis of total RNA from the transfected cells using
either a FLuc or RLuc probe confirmed the presence of a
single bicistronic  transcript in all transfections
(Figure 5B). However, this technique is considered
relatively insensitive. We therefore decided to test for
cryptic promoter activity by subcloning the (5 UTR®)-
FLuc, (5 UTRY)-FLuc and (Dap-5)-FLuc regions into the
promoter-less vector pGL3. Upon transfection into 293T

cells both elk-1 5 UTRs gave FLuc activity that was
significantly higher than that observed in the negative
control (pGL3-Basic FLuc) consistent with a promoter
activity (Figure 5D). Reporter activity from the Dap-5
construct was consistently lower than the negative control.
These results were confirmed by combining the pEBS-PL
bicistronic constructs with a siRNA generated against
RLuc as outlined in (34). The increased resistance of
FLuc activity to a siRNA directed against RLuc in
the bicistronic constructs carrying the 5 UTR" and
5 UTRS is consistent with the expression of a shorter
monocistronic FLuc transcript (Figure 5E). The cryptic
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reporter activity derived from both 5 UTRs is weak (we
estimate 5% of the activity of an SV40 minimal promoter)
explaining why a short monocistronic FLuc transcript was
not detected by northern blot (Figure 5B). However,
cellular IRESes are frequently reported to have activities
significantly weaker than those of viral IRESes such as
EMCV. In this context, weak promoter activity could
have a major impact on the interpretation. Therefore,
experiments failed to provide conclusive evidence for an
IRES within either the 5 UTR® or 5 UTR".
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The role of uAUGs and uORFs

Since no IRES activity could be demonstrated within the
5" UTRs we next analysed the role of the uAUGs as
translational modulators. Although both UTRs retain two
uAUGs (referred to as AUGI and AUG?2), the 5 UTR"
contains two uORFs whereas both AUGSs are in frame in
the short form (i.e. there is a single uUORF that shares a
common UGA stop codon with the second uORF in the
5 UTR": Figure 6). It has previously been reported that
the two uORFs in the human oncogene mdm2 mRNA
act synergistically to repress oncoprotein expression (39).
Additionally, since ribosomes enter the elk-1 mRNA via
the 5 cap, the recognition of these uAUGs by the
scanning pre-initiation complex and the fate of the
ribosomes after termination of these uORFs (i.e. are
they released from the mRNA or does a fraction continue
to scan to subsequently reinitiate downstream?) become
central elements in the regulation of ELK-1 expression
(40). The question we therefore posed was ‘Does these
alternative uORF organizations have a consequence for
initiation at the downstream ELK-1 AUG codon?
Starting with the (5 UTRY)-FLuc and (5 UTR®)-FLuc
monocistronic constructs, we mutated AUG1/AUG2 both
individually and together, as well as the UGA stop codon
(Figure 6). Both 5" UTRs functionally repressed reporter
gene expression (~12-fold for the ¥ UTR" and ~11-fold
for the 5 UTR> compared with the AUGS1 control).
Within the context 5 UTRS, the AUGI change was
largely neutral whereas AUG2 and AUGI + 2 produced a
marked and progressive increase in the reporter read-out
which reached levels >30% of AUGS81-FLuc. Curiously,
the AUGI + 2 double mutation in the context 5 UTR"
had a much more modest effect suggesting that uAUG-
mediated repression may be less important in this back-
ground. Changing the UGA stop codon reduced reporter
activity by ca. 2-fold for both 5 UTR"™ and 5 UTR®. This
mutation extends the uORF so that it overlaps with that
of FLuc by six codons (Figure 6). This drop in reporter
activity suggests that a fraction of the initiation events at
the ELK-1 start codon arise by re-initiation. Since it
occurs in both 5 UTR contexts, indicates that it derives
from ribosomes that initiate at AUG2. Small uORFs (in
this case only two codons) are thought to be favourable
for re-initiation probably because the 40S subunit post-
termination remains associated with the mRNA and
retains many of the initiation factors that are normally
lost progressively during the elongation phase (39,40).

RNA structure within the 5 UTR and shunting

We have frequently evoked RNA structure as an element
in the translational repression mediated by the 5 UTRs.
Indeed, the relatively modest effect of the AUGI + 2
mutations within the 5 UTR" led us to postulate that the
structure was playing a central role in modulating the
translational read-out. We decided to examine this directly
by deleting all the structural elements in the FLuc
monocistronic constructs described earlier (referred to as
ASL). This leaves AUGI in place with the same Kozak
consensus and does not perturb the organization of
the uORFs in both 5 UTR" and 5 UTR® (Figure 2C).
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When total RNA was isolated from cells transfected with the results from the ex vivo AUG mutation studies

these constructs and expressed in a rabbit reticulocyte demonstrated that it is largely silent. We postulated that
lysate (RRL), the removal of the SL region had a marked AUGTI1 was not always seen by the ribosome because SL
positive effect on the reporter read-out (Supplementary promoted ribosomal shunting (or discontinuous scanning)
Figure 2). In vitro systems are known to be highly sensitive thereby rendering it invisible (41-43). Thus in the ASL
to RNA structure close to the cap (23,24), and this result mutation the reporter read-out is the sum of the positive
confirms that such elements exist in the two 5" UTRs of effect due to the removal of structural elements and the
elk-1. However, this change had only a very modest effect negative effect of the now accessible uUAUGI. Therefore,
when the same constructs were assayed ex vivo (Figure 7). mutation of AUGI in the ASL background should
Why should the disruption of structural elements within now have a more marked positive effect on the reporter

the 5" UTR have such a small effect? One possible answer read-out. The ASL AUGI double mutation was there-
arises from an examination of the structure. The SL fold fore introduced into the pEBS-PL 5 UTRS5-FLuc and
positions the AUGTI in the loop region (Figure 2C), and 5 UTR™-FLuc constructs and these were analysed by
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Figure 5. Continued.

transient expression in 293T cells (Figure 7). The effect of
the AUGI mutation was clearly enhanced in the ASL
background, particularly within the 5 UTRS (ca. 2.5-
fold). These results would suggest that at least a fraction
of the scanning ribosomes bypass AUGI1 by shunting, an
event promoted by the stable SL (42). However, should SL
be unfolded, the continued repression of ELK-1 protein
levels would be assured by the uAUGI1. A dual mode of
pre-initiation complex displacement (i.e. linear scanning
versus shunting) that responds to physiological signals
within the cell has already been reported on an
mRNA (43).

To independently confirm that ribosomal access to the
uAUGTI is modulated by structure and to examine directly
initiation events at the start codon, the following
experiment was performed. Starting with the pEBS-PL
constructs 5 UTRS-FLuc and ASL 5 UTRS-FLuc, the
uORF was fused to that of the reporter (Figure 8A upper
panels). These were transfected into 293T cells alongside a
5 UTR®-FLuc control plasmid. Immunoblots performed
on the 5 UTRS-FLuc fusion transfected cell extracts
produced two bands migrating slightly slower than the
FLuc protein control, consistent with initiation events at
the uUAUGI1 and uAUG2. These N-terminally extended
FLuc products were expressed at equal amounts (lanes 3
and 4). However, upon deletion of the SL the protein
product derived from uAUGI became nearly 2.5-fold
more abundant than that derived from uAUG?2 (lanes 5
and 6). This confirms that structural elements around the
uAUGTI render it less accessible to the scanning ribosome.
Note also that the total amount of FLuc translation
products expressed in both fusion constructs was essen-
tially identical; indicating that at least in the 5 UTR®
background, ribosomes are very efficiently shunted past
the upstream structural elements. Furthermore, the failure
to detect a third band corresponding to initiation at the
authentic AUG for FLuc in the 5 UTR® fusions suggests
that the FLuc protein detected in the non-mutated

wild-type background (lanes 1 and 2) is the product of
a re-initiation event after translation of the uORF.

DISCUSSION

Generally, the rate-limiting step in translation initiation is
the recruitment of the eI[F4F complex to the 5’ cap because
the eIF4E component is a limiting initiation factor in
many cell types and is itself subject to regulation. Not all
mRNAs compete equally for eIF4E, and this appears to
be related in large part to the extent of RNA secondary
structure within the 5 UTR. Around 10% of mRNAs
contain atypically long 5 UTRs which frequently have the
potential to form stable structures. These regions appear
to serve as translational control elements in the expression
of a number of proteins that are key players in the
regulation of cell growth and differentiation (25,44.,45).
They function as thermodynamic barriers to the scanning
ribosome and are most effective when positioned close to
the 5" cap (23-25). When 5'-proximal they probably also
impede recruitment of the eIF4F cap-binding complex and
hence the 40S ribosome. De-regulated expression of such
mRNAs, due either to mutations within the 5 UTR
sequence itself or due to alterations in signalling pathways
that impinge on the activity of the pre-initiation complex,
can play a role in neoplastic transformation (44).

ELK-1 is a key player in the integration of mitogenic
and stress-mediated signalling pathways, and its mRNA
contains many features that would indicate tight transla-
tional regulation. An additional layer of complexity arises
due to the presence of a shorter, alternatively spliced form
of the 5 UTR. The relative ratio of the two forms exhibits
both cell type and tissue variability. Alternative splicing
occurs in ~35% of human genes, but is most frequently
observed in the 5 UTRs (46). Since such changes do not
affect the coding potential they must play a role in
regulating the read-out, an interpretation consistent with
the key role of the 5 UTR in ribosomal recruitment.
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of three independent experiments.

Indeed, alternative splicing was reported to introduce a
translational control element (a putative stem-loop) within
the 5 UTR of the human neuronal nitric-oxide sythase
(nNOS) mRNA (47). Likewise, the coupling of tissue-
specific alternative splicing with the translational read-out

was reported for the human dicer gene (48), and the
bovine growth hormone receptor (GHR) gene (49).

One attractive function for alternative splicing within
the 5 UTR is the generation, or the regulation of, an
IRES. IRESes permit recruitment of the pre-initiation
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complex independent of the 5’ cap and therefore require a
more limited set of initiation factors (in particular e[F4E).
They have been reported on mRNAs whose expression
continues when the activity of the elF4F complex is
compromised (e.g. during conditions of cellular stress or
stages of the cell cycle). Alternative splicing coupled with
the regulation of IRES activity has been reported for the
mRNA encoding the neurotrophin receptor TrkB (50).
However, although both the elk-1 mRNA 5 UTR" and
5 UTR® gave weak but positive read-outs in the
bicistronic assay, this was readily attributable to cryptic
promoter activity from the transfected DNA plasmids.
It also explained the inability to detect ‘IRES-like’ activity
when bicistronic RNAs were transfected into cells or
translated in RRLs. Once again our results highlight the

importance of using stringent controls when interpreting
this type of assay, an observation already cited by others
(34,38,51).

Having eliminated IRES elements within the 5 UTRs
we turned our attention to the role of RNA structure and
the organization of the uORFs as elements modulating
expression. The major secondary structural feature,
namely SL, is conserved in both 5" UTRs. This is highly
G/C rich (85%), and with a predicted stability of
—37kcal/mol could be a significant barrier to the 40S
scanning ribosome. Indeed, live cell studies have recently
demonstrated that the steepest drop in translation
efficiency occurred when stem-loop stability increased
from —25 to —35kcal/mol (20). The observation that the
uAUGI + 2 double mutant was much less effective
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at relieving repression in the 5 UTR" (Figure 6) suggested
that structure was a more important feature in global
translational down-regulation in this background. Such a
scenario would also explain the delayed re-recruitment of
the endogenous 5 UTRY elk-1 transcript onto polysomes
in the presence of Rap (and hence limiting eIF4E).
Nonetheless, the differences we observed between the
two 5 UTRs of the elk-1 mRNA was considerably more
subtle than the >80-fold variation reported between the
5" UTR spliced forms of the bovine ghr gene (49). This
may arise because the uAUGT is rendered invisible to the
scanning ribosome due to shunting.

Both splice variants have retained the two uAUGs, and
alignment shows that they are also conserved in the mouse
elk-1 5 UTR (data not shown). Not surprisingly, AUG
codons are generally underrepresented in the 5 UTR and

their conservation across species is generally an indication
of function (21). However, a noticeable difference between
the two elk-1 transcripts is that although both have
retained the two uAUGs, only the 5 UTR"™ has two
uORFs. Although multiple uORFs have been reported to
synergistically repress translation (39), our studies failed
to demonstrate any major differences in the two elk-1
5" UTRs. However, mutation of both AUGI1 and AUG2
had a more important effect in the 5 UTR® background
(reporter activities in the AUGI + 2 double mutant
ex vivo were more than 2-fold higher in 5 UTR® than in
5 UTRY), and mutation of AUG2 had generally a more
important effect than AUGI1. This may simply reflect the
better ‘Kozak context” of AUG2 (.GGGAUGG...)
relative to AUGI (..CGUAUGG..), which will conse-
quently sequester more of the scanning ribosomes.



However, in vitro structural probing studies confirm
that AUGI is positioned in the loop of the highly stable
SL, a configuration that has been reported to facilitate
ribosomal shunting, a mechanism that would render
AUGT less accessible to the pre-initiation complex (20),
and thereby reduce its activity as a repressor of down-
stream initiation (Figure 8B). Consistent with such a
model was our demonstration that AUGI served as a
much more efficient initiation codon in the ASL back-
ground, and that its repressive effect was also more
marked when the structural elements were disrupted.
The observation of an altered distribution of the two
elk-1 mRNA isoforms in different tissues and cell lines,
coupled with differences in sensitivity to Rap, suggests a
5" UTR-mediated regulation of protein expression.
However, in our ex vivo assays both 5 UTRs were equally
effective translational repressors. What then can be the
basis of this regulation? Repression arises both as a
consequence of RNA structure and uAUGs, recurrent
features in the mRNAs that encode growth regulatory
proteins (20-22,40). However, the relevant contribution of
each of these elements to the repression phenotype
may not be the same in the 5 UTR" and 5 UTRS. The
uAUGs appeared to be more effective negative elements in
the latter since their removal had a more marked effect on
the reporter read-out (3-fold increase ex vivo as compared
with ~1.5-fold in & UTRY; Figure 6). This led us to
postulate that RNA structure may be a more important
feature in the 5 UTR" (assuming that repression is the
sum total of the effect of uAUGs and global RNA
structure). However, there is an important caveat in the
interpretation of our ex vivo assays in that they were
performed under optimal growth conditions. This does
not reflect the physiological context, in which alterations
in initiation factor activity occur. These changes have
important consequences for the translational read-out.
For example, the activity of elF2a which forms part of the
elF2-GTP-tRNAM! ternary complex associated with the
scanning ribosome is tightly regulated by cell growth
and stress signals. Alterations in the elF2o activity are
known to modulate translational re-initiation, an event
that appears to play a role in ELK-1 expression based
upon the UGA mutation (Figure 6) (40). Re-initiation-
mediated ELK-1 expression is probably coupled with
ribosomal starts at the upstream AUG?2. This small ORF,
comprising only two codons, is conserved in many
mammalian elk-1 mRNAs (e.g. human, mouse, rat, cow
and dog). Additionally, the relevant amounts and activity
of different key components of the initiation apparatus,
in particular the elF4 family (elF4E, elF4G, elF4A,
elF4B), vary in a tissue-specific manner (52). Variations in
the amount/activity of elF4E (the cap-binding protein)
and elF4A/4B (the ATP-dependent helicase and its
cofactor) will impact directly on the expression of
mRNAs with structured 5 UTRs, and will therefore
have consequences for the translational expression of key
cellular proteins. This in turn may impose variations in the
5 UTR of genes whose expression must be tightly
controlled in all environments, a scenario that could
explain the variation in the ratio of the two spliced forms
observed. For example, when elF4E activity/amount is
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low, ELK-1 expression would arise mainly from the
5 UTRS® transcript since in this context the uAUGs
rather than RNA structure are the major regulatory
elements. Such a scenario would explain the preferential
re-recruitment of the 5 UTRS transcript onto polysomes
in the presence of Rap, and hence reduced elF4E activity.
It is therefore not inconceivable that under certain
physiological conditions, the differences in the activity
associated with the two spliced variants may be more
apparent than observed in our ex vivo assays. An
additional order of complexity arises from the recent
observation that other members of the DEAD-box
helicase family can play a role in the selective translation
of cellular mRNAs (53) (Figure 8B, lower panel). Many of
these helicases have RNA chaperone activities and are key
components of the splicing and nuclear export machinery.
They provide a tantalizing explanation for how nuclear
events, such as alternative splicing, can impact profoundly
on the translational read-out (54-56), and may also
impact on the altered polysomal recruitment of the two
elk-1 transcripts. Finally, the cell lines we employed,
namely 293T, are tumoural. However, most (if not all)
tumoural cell lines have major perturbations in the
pathways that regulate protein synthesis (a characteristic
that contributes to the tumoural phenotype) (57-59),
a background that may also serve to mask the functional
differences between the two spliced variants.

An earlier study on ELK-1 expression performed
without the 5 UTRs identified a region within the first
279 nt of the ORF that was responsible for translational
down-regulation upon AKT activation (13). This region
was not included in our studies. Since the AKT pathway
directly impinges on eIF4E activity, via mTOR, it remains
possible that this element and the 5 UTRs may interplay
in regulating ELK-1 expression (60-62). Additionally,
a shorter form of ELK-1 generated from an internal
AUG initiation codon was reported (sELK-1) (63).
How the ribosome accesses this site (it is the seventh
AUG codon on the mRNA), and the origin of its tissue
specificity (it is found mainly in neuronal cells), remains
unclear. The internal 279nt AKT-responsive site did
not appear to play a role in its expression. Nonetheless,
we are currently investigating if this ORF element in the
context of the different 5 UTRs plays a role in modulating
both ELK-1 and sELK-1 expression in response to
growth/differentiation signals.
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Supplementary Data are available at NAR Online.
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