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Alternative Splicing within the elk-1 5" Untranslated Region Serves To
Modulate Initiation Events Downstream of the Highly Conserved

Upstream Open Reading Frame 2
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The 5" untranslated region (UTR) plays a central role in the regulation of mammalian translation initiation. Key components
include RNA structure, upstream AUGs (uAUGs), upstream open reading frames (uORFs), and internal ribosome entry site ele-
ments that can interact to modulate the readout. We previously reported the characterization of two alternatively spliced 5' UTR
isoforms of the human elk-1 gene. Both contain two uAUGs and a stable RNA stem-loop, but the long form (5’ UTR") was more
repressive than the short form (5’ UTRS) for initiation at the ELK-1 AUG. We now demonstrate that ELK-1 expression arises by a
combination of leaky scanning and reinitiation, with the latter mediated by the small uORF2 conserved in both spliced isoforms.
In HEK293T cells, a considerable fraction of ribosomes scans beyond the ELK-1 AUG in a reinitiation mode. These are seques-
tered by a series of out-of-frame AUG codons that serve to prevent access to a second in-frame AUG start site used to express
short ELK-1 (sELK-1), an N-terminally truncated form of ELK-1 that has been observed only in neuronal cells. We present evi-
dence that all these events are fine-tuned by the nature of the 5" UTR and the activity of the a subunit of eukaryotic initiation
factor 2 and provide insights into the neuronal specificity of sELK-1 expression.

he 5" untranslated region (UTR) represents one of the key

elements in the regulation of translation. This can occur at two
levels, which we refer to as quantitative and qualitative control. In
the former, changes in the 5" UTR alter the amount of protein
translated, whereas in the latter, changes in start site selection
occur. Alterations in the 5" UTR arise due to the use of alternative
promoters and/or alternative splicing. Both serve to couple events
in the nucleus to the proteomic readout in the cytoplasm. Esti-
mates of the proportion of genes with alternative 5" UTRs vary
from 12 to 22% (29). Nonetheless, detailed genomic studies aimed
at elucidating the functional role of transcript 5" heterogeneity in
mammalian cells are still very much in their infancy. This is fur-
ther complicated by the fact that the precise delineation of the 5’
UTR is frequently problematic. Computational studies have dem-
onstrated the conservation of elements that are thought to play a
role in translational control, suggesting that at least some are func-
tionally relevant (4). Elements within the 5" UTR that modulate
expression include length, RNA structure, upstream AUGs
(uAUGs), upstream open reading frames (uORFs), and internal
ribosomal entry site (IRES) elements (13).

ELK-1 belongs to the ternary complex factor (TCF) subfamily,
whose members are part of the ETS transcription factors impli-
cated in differentiation, development, transformation, and cellu-
lar proliferation. Their structure has been conserved during evo-
lution (24). When activated they form a ternary complex with the
serum response factor (SRF) on the serum response element
(SRE) of the c-fos promoter. The human elk-1 gene contains seven
exons (E1to E7). The protein sequence is encoded within E3 to E7.
E1, E2, and the first 34 nucleotides (nt) of E3 constitute the 5" UTR
(Fig. 1). The first exon is highly GC rich (>75%) and within the
mature mRNA folds into a stable stem-loop (SL) with a AG® ap-
proaching —40 kcal/mol (2). In postmitotic neurons, ELK-1 is
detected in both the nucleus and cytoplasm, including neuritic
extensions, whereas in transiently transfected HeLa cells, it is ex-
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clusively nuclear. While studying the localization of ELK-1 in the
rat brain, an isoform sELK-1 (short ELK-1) was identified (35).
This 45-kDa protein was expressed uniquely in brain tissue and
was exclusively nuclear. The 54-amino-acid (aa) N-terminal dele-
tion removes most of the DNA binding domain, explaining why it
is compromised in its ability to activate SRE genes (35). Curiously,
in nerve growth factor (NGF)-treated PC12 cells, sELK-1 protein
expression was turned on, and this correlated with both the redis-
tribution of ELK-1 into the cytoplasm (giving a distribution sim-
ilar to that observed in the mature brain) and cell differentiation
(the morphology resembles that of synaptic neurons). Further-
more, overexpression of SELK-1 but not ELK-1 increased neurite
extension in the PC12 model system (35). Preliminary studies on
sELK-1 expression indicated that it arose due to a translation ini-
tiation event at the seventh AUG on the elk-1 mRNA (Fig. 1).
Experiments eliminated both alternative splicing and cryptic pro-
moters as the possible source of a second mRNA species (35).
Furthermore, between the AUG of ELK-1 (AUG®™ ") and sELK-1
(AUG*81), there are three AUG codons (two with good Kozak
sequences), none of which are in frame with the ELK-1 open read-
ing frame (ORF) (Fig. 1) (referred to here as internal AUG a/b/c
[iAUGa/b/c] )

Our lab has exploited the elk-1 mRNA as a model system to
examine translational regulation mediated via the 5" UTR. It is
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FIG 1 Schematic representation of the elk-1 gene. (A) (Top) The first three exons, with P1 and P2 indicating the primers used to characterize the alternatively
spliced exon 2. Also depicted is the ORF organization and positioning of the AUG codons upstream of the AUG**""! in the alternatively spliced transcripts. Note
that in the 5 UTRS, uAUG1 and uAUG2 are in the same ORF. SL refers to a stable stem-loop structure in which the uAUGT is embedded. (Bottom) Alignment
of the human, rat, and mouse sequences between the uORF2 and AUG™**'. (B) AKpn-FLuc and B-actin RLuc monocistronic reporter constructs. The box
below the line depicts the small uORF2 with the sequence indicated. The impact of the UGA/C mutation in uORF2 on the reading frame organization relative to
the AUGH ! is also depicted. (C) HEK293T cells were cotransfected with each AKpn-FLuc (WT and UGA/C) plasmid construct and the B-actin—RLuc control
(referred to as the normalization plasmid). At 4 h posttransfection, medium was removed and replaced with DMEM containing 10% fetal calf serum with and
without thapsigargin (300 nM). Cells were harvested after 24 h, and reporter activities were measured. Normalization of reporter activities was performed as
outlined in Materials and Methods. The normalized FLuc/RLuc ratios are depicted graphically, with the WT value set at 100 for each condition tested. The value
(relative to the WT) obtained in the UGA/C background represents that fraction of AUG* ! initiation events arising due to leaky scanning and is indicated
below the graph (the difference between the WT and UGA/C values reflects the loss of reinitiation-mediated events). Reinitiation (RE) frequency at the AUG=-X!
is depicted above the data. (D) Immunoblot with elF2a- and phospho-elF2a-specific antibodies (Ab) from extracts tested as described above. All transfections
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were performed in triplicate, and the bars indicate the SEM.

particularly intriguing because (i) we have characterized two al-
ternatively spliced 5" UTRs of the human gene (Fig. 1). The rela-
tive abundance of these isoforms showed tissue specificity (2). (ii)
Both contain uORFs and RNA structure; however, we observed no
IRES activity (2).

One potentially key regulatory element is the small uORF
uORF2. It is found in both spliced isoforms and is conserved in
position relative to the AUGF* " in all mammals (Fig. 1). Its small
size, only two codons, suggests that it may promote downstream
reinitiation events. Reinitiation efficiency varies depending on pa-
rameters such as uORF length (26, 28) and the distance between
the stop codon and the next AUG (18). Reacquisition of the Met-
accepting tRNA interference (Met-tRNAi) by the 40S ribosome
posttermination is dependent on the levels of eukaryotic initiation
factor 2 (eIF2)-GTP, with which it forms an elF2-GTP-Met-
tRNAI ternary complex (TC), and when low, the slow reacquisi-
tion can cause delayed reinitiation that bypasses the proximal
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downstream AUG. The best-characterized example of this phe-
nomenon is the translational regulation of Saccharomyces cerevi-
siaze GCN4. A crucial but vaguely understood feature of the GCN4
5" UTR was the very divergent capacities of its four uORFs to
permit efficient reinitiation. Sequences flanking the highly effi-
cient uORF1 were reported to facilitate continued scanning post-
termination (11). Recent studies have demonstrated that eIF3,
positioned at the mRNA exit channel on the ribosome, is retained
during translation of uORF1. An interaction between eIF3a and
an upstream enhancer sequence on the mRNA served to stabilize
the 40S ribosome-mRNA association after termination, thereby
facilitating the resumption of scanning and downstream reinitia-
tion (31). This opens the possibility that changes in the sequences
flanking a uORF (in particular, regions 5" to the stop codon) can
modulate the readout. Indeed, experiments performed in the rab-
bit reticulocyte lysate in vitro system with a viral bicistronic con-
struct carrying overlapping cistrons (AUGA) pointed to sequence
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elements upstream of the stop codon as regulators of the realign-
ment/reinitiation event on the AUG start codon (27).

Studies have also demonstrated that delayed translational re-
initiation plays a role in the regulation of a number of mammalian
genes. ATF4 is a transcriptional activator whose expression is in-
creased during endoplasmic reticulum stress. Such stress activates
the kinase PERK, which in turn phosphorylates the a subunit of
elF2 (elF2«). This leads to an accumulation of phospho-elF2-
GDP, which serves as a competitive inhibitor for the eIF2B ex-
change factor and as a consequence downregulates global cellular
protein synthesis. Nonetheless, the ATF4 mRNA becomes associ-
ated with polysomes (12). This control is mediated by a series of
uORFs in the 5" UTR. The first contains only three codons and is
followed by a longer second uORF of 59 codons that overlaps the
ATF4 coding region. As in GCN4, the site of reinitiation down-
stream of the uORF1 is determined by the intracellular levels of
elF2-GTP (20, 36). When levels are high, reinitiation occurs
mainly at the uORF2, but under the conditions induced by PERK
activation, it is delayed and now occurs at the ATF4 ORF. A similar
mechanism of control was also observed with another transcrip-
tional regulator, ATF5 (41).

A particularly pertinent example of reinitiation (at least with
regard to the ELK-1 model under investigation) is observed with
the transcription factor CCAAT/enhancer binding protein 8 (C/
EBPp), in which the translational expression of a long form (liver
activating protein [LAP]) and an N-terminally truncated short
form (liver inhibitory protein [LIP]) is regulated via reinitiation
events downstream of a uORF of 11 codons terminating 4 nt be-
fore the LAP AUG start codon (3). The N-terminal extension
present on LAP contains trans-activating domains that induce dif-
ferentiation and inhibit proliferation. The truncated LIP func-
tions as a trans-dominant repressor for the C/EBPf target genes.
Changes in the LAP/LIP ratio have been associated with a number
of human pathologies (38). In many respects, this model mimics
the properties of the elk-1 gene, with LIP/LAP being replaced by
ELK-1/sELK-1. However, superimposed upon this is an addi-
tional level of complexity arising by the alternative splicing of the
exon 2 located within the elk-1 5" UTR.

In the light of these observations, we hypothesized that the
small elk-1 uORF2 could also modulate downstream initiation
events in response to TC availability. In this article, we demon-
strate that despite its proximity to the downstream ELK-1 ORF
(separated by only 14 nt), greater than half of the initiation events
at AUG"™ " in a HEK293T cell background arise by uORF2-me-
diated reinitiation, with the remainder arising by leaky scanning.
Expression from the AUGF™ ! increased when the uORF2-
AUGP™ ! spacing was expanded, a result that arose due to in-
creased reinitiation. Consistent with current models, expression
from the AUG™ ! also responded negatively to a reduction in TC
availability. When examined within the context of the alternative
5" UTRs (the long form [5’ UTR"] and the short form [5’ UTR®]),
the effects mediated by both the spacer element and changes in TC
availability were attenuated, with the effect being more marked in
5' UTR". Moreover, in both 5" UTRs, initiation events down-
stream of the AUG™™ !, namely, at the iAUG""’, arose exclu-
sively by delayed reinitiation. In this manner, the iAUG"" func-
tioned as a translational repressor limiting ribosomal access to the
AUGE! However, uORF2-mediated delayed reinitiation at the
AUG™™ ! could be observed when the amount of TC was re-
duced due to changes in the status of the S51 residue of elF2a.
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Once again, small but significant differences in the behavior of the
two 5" UTRs were observed.

MATERIALS AND METHODS

Cell culture. HEK293T cells (ATTC, CRL-11268) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Sigma) supplemented with
10% fetal calf serum (Brunschwig) and 1% penicillin-streptomycin
(Gibco) in a humidified atmosphere containing 5% CO,,.

DNA constructions. Unless indicated, all clones were in a pcDNA3
backbone. The cloning of the 5" UTR"-firefly luciferase (FLuc), 5" UTRS-
FLuc, and B-actin Renilla luciferase (RLuc) constructs has been previously
described (2, 9). The AKpn 5" UTR was generated by deleting all se-
quences 5’ to a unique Kpnl site present in the 5 UTR® at the exon 1-exon
3 boundary. To introduce the spacer sequences, a unique Nhel site was
first introduced downstream of the uORF2 by mutagenic PCR (AUGGC
GUGAGCUAGC; the Nhel site is underlined). The +13-, +26-, and
+50-nt insertions were amplified from the 5" UTR of B-actin (using the
RLuc clone) with oligonucleotides carrying Nhel extremities (with all
inserts starting from the mRNA 5’ end). The insertions selected were in
the positive orientation. The eI[F2a ORF from the original eIF2« wild-
type (WT), S51E, and S51A clones (16) was PCR amplified with oligo-
nucleotides carrying BamHI/EcoRI ends (5'-ACGGATCCCCGGG
TCTAAGTTGTAGATTTT-3'/5'-GCTCTAGATTAATCTTCAGCTTTGG
CT-3") and inserted between these sites in the plasmid pcDNA3 flag p53
(addgene plasmid 10838; replacing the p53), leaving an N-terminal Flag
tag (10).

Firefly reporter assays. Calcium phosphate-mediated DNA transfec-
tion was performed as described in reference 15. Transfections were done
in triplicate in normal growth medium when the cells were no more than
50% confluent. Four hours later the medium was replaced with fresh
growth medium, except in those experiments in which the serum concen-
tration was altered. Extracts were prepared at 24 h posttransfection in
passive lysis buffer according to the instructions of the supplier (Pro-
mega). At this stage the cells were not yet confluent. Protein concentra-
tions were determined by Bradford assay (cytoskeleton). The activities of
FLuc and RLuc were measured using a dual-luciferase reporter assay sys-
tem (Promega) on a Gloma 20/20 luminometer (Promega). In the mono-
cistronic dual-reporter assays, the individual FLuc and RLuc reporter val-
ues were normalized to RNA concentrations determined by quantitative
reverse transcription-PCR (RT-qPCR) (see below) before estimating the
FLuc/RLuc ratio.

Western blotting. Thirty micrograms of protein was resolved on an
SDS-polyacrylamide gel and electrotransferred to a polyvinylidene diflu-
oride membrane. Antibodies used in this study were antihemagglutinin
(anti-HA; clone 16B12; Covance), anti-Flag (M2 antibody; Sigma), anti-
actin (clone C4, Millipore), and goat anti-mouse or anti-rabbit horserad-
ish peroxidase-conjugated secondary antibody (Bio-Rad). Blots were de-
veloped with SuperSignal substrate (Thermo Scientific) and quantified
using the Quantity One software package (Bio-Rad).

RT-qPCR. RNA was prepared directly from the passive lysis cell extracts
using the TRIzol reagent (Invitrogen). RNA was treated with DNase (DNA
free; Ambion), and quality was checked on an Agilent 2100 bioanalyzer. Re-
verse transcription was performed with PrimeScript reverse transcriptase
(Takara). The real-time PCR was performed on an Applied Biosystems
7900HT apparatus using SYBR green, with technical triplicates used for each
biological triplicate. Internal normalization controls were provided by eu-
karyote elongation factor 1A1 (EEF1A1) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (these procedures were performed at the Genomic
Platform, University of Geneva). The primer sets used were Firefly (5'-ATT
CAAAGTGCGCTGCTGGT-3'/5'-GCTTTTGGCGAAGAAGGAGAA-
3’) and Renilla (5'-AAGGTGAAGTTCGTCGTCCAA-3'/5'-CTAACGG
GATTTCACGAGGC-3").
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RESULTS

uORF2 directs downstream reinitiation at the AUG"™ . Al-
though annotation of the 5" UTR is frequently problematic, one
feature that is clearly conserved in the mammalian elk-1 gene is the
short UORF2 positioned 14 nt before the AUGF™ " initiation
codon (Fig. 1A). Our earlier studies indicated that within the con-
text of the two human 5’ UTRs, the uAUG?2 served as a transla-
tional repressor for ELK-1 expression (see Fig. S1 in the supple-
mental material) (2). However, its small size (2 codons) also
suggested that it could mediate translational reinitiation events
downstream (19). We therefore examined the reinitiation capac-
ity of the isolated uORF2. This was rendered straightforward be-
cause the splicing of exon 2 generates a unique Kpnl site at the
splice junction. Deletion of all sequences 5’ to this site (referred to
as AKpn) leaves uORF2 with only 12 upstream nucleotides from
the elk-1 5" UTR. Experiments exploited a monocistronic dual-
reporter assay system in which the AKpn 5" UTR was fused to
FLuc and the B-actin 5" UTR was fused to RLuc (initiation from
this internal control is considered a paradigm of 5" cap-dependent
translation) (1) (Fig. 1B). To evaluate reinitiation frequency at the
AUGH™ ! the uORF2 stop codon was changed to UGC (UGA/C),
thereby extending this ORF (now 14 codons) such that it termi-
nated 13 nt downstream of the AUG™ ™ ! (Fig. 1B). The overlap-
ping ORF configuration precluded reinitiation; therefore, in the
UGA/C background, FLuc activity arose only as a result of leaky
scanning. Thus, by comparing the normalized FLuc/RLuc values
in the WT versus UGA/C backgrounds, we could evaluate what
fraction of initiation events was a product of uORF2-mediated
reinitiation. This gave a value of 66% (it tended to vary between
experiments, with an average of about 65%), with the remainder
arising due to leaky scanning (Fig. 1C). We sought to confirm this
by measuring the impact of reduced TClevels on the readout. This
was achieved by repeating the assay in cells treated with the drug
thapsigargin, a known ER stress agent that induces phosphoryla-
tion of elF2a. In this context, the reinitiation frequency at the
AUG"™ ! dropped dramatically (Fig. 1C).

Only 14 nt separates the uUORF2 stop codon from the AUG™™ !, a
distance relatively short in terms of the current models for reini-
tiation (21). We therefore examined the impact of extending this
distance by the insertion of spacer sequences immediately down-
stream of uORF2 in the dual FLuc/RLuc monocistronic reporter
system (Fig. 2A). A gradual increase in normalized FLuc activity
was observed upon the insertion of 13, 26, and 50 nt (Fig. 2B). We
confirmed that this was due to increased reinitiation by measuring
reinitiation frequencies in the SPACER 0 (S) and SPACER 50
(S50) backgrounds using the UGA/C mutation in uORF2 (Fig.
2C). This result was further validated using a bicistronic approach
in which the AKpn 5" UTR FLuc reporter was positioned as the
first cistron (in either the WT or uORF2 UGA/C context carrying
SPACER 0 or SPACER 50), while the second cistron was an RLuc
reporter cloned downstream of the encephalomyocarditis virus
IRES (see Fig. S2 in the supplemental material).

Impact of alternative 5 UTRs. The experiments described
above demonstrated that a significant fraction of the initiation
events at the AUG™™ ! arose by uORF2-mediated reinitiation.
This enhancement induced by the introduction of a spacer ele-
ment indicates that the reinitiation frequency at this start site was
limited by the capacity of the ribosome posttermination to recruit
eIF2-GTP during scanning of the 14 nt that separates uORF2 and
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the AUG"™ !, We next asked what happens when the uORF2 is
monitored in the context of the two alternative elk-1 5" UTRs. As
previously reported, both 5" UTRs are highly repressive, with the
effect being more marked with the 5 UTR" (2). Nonetheless, sig-
nificant uORF2-mediated reinitiation could be demonstrated in
both (Fig. 3C). Although the measured reinitiation frequencies
showed experimental variation, it was in the order AKpn = 5’
UTR® > 5" UTR" Upon addition of the spacer sequences, the 5’
UTR® produced a pattern reminiscent of the one observed with
AKpn: a gradual increase in the normalized FLuc/RLuc values
attributable to higher reinitiation levels (Fig. 3B and C). However,
the spacer effect on the normalized FLuc/RLuc ratios was attenu-
ated in the 5" UTR" (Fig. 3B). Curiously, despite this attenuation,
we observed an increased reinitiation frequency in the SPACER
50, albeit at levels that remained lower than those observed with 5’
UTR®and AKpn (Fig. 3C). The results observed in the dual mono-
cistronic assay were also validated using the bicistronic reporter
(see Fig. S3 in the supplemental material), confirming that se-
quence elements upstream of uORF2 in the context of the 5" UTR"
are modulating the behavior of the ribosome downstream of
uORF2.

The alternative 5' UTRs modulate the response to changes in
elF2a activity. The GCN4 model for reinitiation posits that the
effect of the spacer is associated with the rerecruitment of the
active TC by the 40S ribosome posttermination of the uORF (21).
As such, it mimics changes in cellular eIF2-GTP availability.
Therefore, by extrapolation, the differential response of the 5’
UTR" and 5’ UTR® in the spacer assay suggests that they may
respond differently to such changes. To assay this, each 5" UTR
was fused to a unique reporter (5" UTR*RLuc and 5" UTR®-
FLuc), and the dual activities were monitored in cells in which the
amount of TC was modulated (Fig. 4A). We dosed plasmids ex-
pressing either the negative eIF2a S51E (eIF2aS/E) mutant or the
kinase protein kinase R (PKR). Dosing of these plasmids was neg-
ative for both reporters in the SPACER 0 and SPACER 50 back-
grounds (Fig. 4C and E). This global negative effect was an impor-
tant control because, although we could monitor increased elF2a
phosphorylation upon dosing with plasmids expressing PKR (Fig.
4B and C), we were unable to detect expression of the el[F2aS/E
mutant by immunoblotting, probably because it downregulates
its own expression. However, the normalized reporter activity
curve from the cotransfected 5° UTR"-Rluc/5’ UTR®-FLuc
demonstrated that the 5 UTR" was less affected by changes in
TC availability than the 5' UTR® (Fig. 4B and D). We confirmed
that this was associated with changes in uORF2-mediated re-
initiation by repeating the e[F2aS/E assay with the two 5" UTRs
carrying the SPACER 50 with and without the uUORF2 UGA/C
mutation (Fig. 4F).

What is happening downstream of the AU in
HEK293T cells? The fact that reinitiation frequency can be in-
creased by the addition of a spacer element (in the 5* UTR® back-
ground, to as much as 80% in some experiments) indicates that in
the WT background (SPACER 0) a significant number of reiniti-
ating ribosomes bypass the AUG* . This is not a mute point
because, at least in rat neuronal cells, an N-terminal truncated
form of ELK-1, sELK-1, arising from a de novo initiation event
downstream of the AUGF™ ', has been reported (35). The
AUG* ! is conserved in all mammalian genes (Fig. 1A); how-
ever, we do not observe this protein in HEK293T cells even when
HA-tagged versions of the human elk-1 gene carrying the alterna-
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triplicate, and the bars indicate the SEM. In panel C, P = 0.001.

tive 5 UTRs are overexpressed (data not shown). A possible
source of this translational repression is the IAUG¥™< positioned
between the AUGH™ ! and AUG™™ ! codons (Fig. 1A). To test
this, we exploited a novel reporter developed specifically to exam-
ine leaky scanning/reinitiation within the C/EBPS gene (39, 40).
This system expresses two proteins (LP and SP) from overlapping
OREFs each carrying an HA-epitope tag (Fig. 5A). The sequences
upstream of the AUG™" ! were fused to these reporters such that
AUGH™ ! and AUG™ ! were in the LP ORF (with protein prod-
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ucts referred to as LPN' and LP, respectively) and the iAUG*"/
were in the SP ORF (with protein products referred to as a-SP,
b-SP, and ¢c-SP). An N-terminal preprotrypsin (PPT) signal pres-
ent in the original LP and SP reporters was mutated because we
observed that when positioned internally in the LP™**" and the
a-SP, b-SP, and ¢-SP fusion proteins, this region induced efficient
intracellular cleavage. This generated products that comigrated
with the de novo-initiated LP/SP proteins, a phenomenon that
seriously confused interpretation of the readout (see Fig. S4 in the
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percent reinitiation frequency is indicated below each column. All transfections were performed in triplicate, and the bars indicate the SEM. The P values for the

S/S850 and L/L50 assays depicted in panel C were 0.02 and 0.003, respectively.

supplemental material). Transient expression from both the 5’
UTR" and 5" UTRS LPN** reporters produced two protein bands
arising from initiation at the AUG®™ " (LPN**') and iAUGY bre
(these three proteins generally comigrated, although the c-SP
product could occasionally be discerned). When the three iAUG>
codons were mutated to AGG, the a-SP/b-SP/c-SP proteins were
lost (confirming their origin) and a new faster-migrating protein
corresponding to an initiation event at the AUG™ ! (LP) was
observed (Fig. 5A). Therefore, the highly conserved iAUG"<
serve to limit ribosomal access to the AUG™" ! in HEK293T cells.

Next we asked to what extent the a/b/c-SP protein products
arise due to reinitiation as opposed to leaky scanning. The simple
UGA/C mutation in uORF2 is less informative in this reporter
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context because, although the extended ORF ends after the
AUGH™ it remains relatively short (12 codons) and terminates
upstream of IAUG"™€ (42 nt upstream of iAUG® [Fig. 6C]). Con-
sequently, it could still potentially direct reinitiation events at
these downstream sites (see below). To overcome this, we fused
the uORF2 to the LP ORF by the insertion of a single nucleotide
before the uORF2 stop codon (Fig. 5B). This suppresses all
uORF2-mediated reinitiation events without impacting on the
leakiness of the AUGs. A band above the LPN** was observed in all
three 5" UTR backgrounds arising from initiation at the uAUG2
codon (which has a good context). The intensity of this new band
was also significantly increased (~10-fold), consistent with the
strong repression effect of the uORF2 (Fig. 5C to E; see Fig. S1 in
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All transfections were performed in triplicate, and the bars indicate the SEM.

the supplemental material). Furthermore, in the 5’ UTR, an ad-
ditional slow-migrating product could be observed due to initia-
tion at the uAUGL1 (which is in the same ORF as uAUG2 [Fig. 1A,
top]). A similar pattern was reported earlier (2). Most signifi-
cantly, the ORF fusion effectively ablated all iAUG expression in
the 5" UTR"and 5" UTRS, demonstrating that they arise essentially
by uORF2-mediated reinitiation (Fig. 5D and E; compare lanes 1
and 2 with lanes 3 and 4). In the AKpn background, the expression
pattern was markedly different from the one observed with the
intact 5 UTRs. Protein products arising from the AUGHE
IAUGYY< and AUG™! were all readily detectable in the WT
background (Fig. 5C, lanes 1 and 2). Upon fusion of the uORF2,
we could still detect initiation events at the iAUGs and the
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AUG ! albeit at levels >3-fold lower than in the WT, indicat-
ing that a fraction of these products arose by leaky scanning (Fig.
5C, lanes 3 and 4). This difference between the AKpn and the two
intact 5" UTRs serves to highlight the attenuating impact of the
upstream 5’ sequences on the translational readout, most notice-
ably with regard to initiation at the AUG*™ ! (compare lanes 1
and 2 in Fig. 5C with lanes 1 and 2 in Fig. 5D and E). It also opens
the possibility that trans-acting cellular factors that alleviate this
attenuation (e.g., cellular helicases acting on the secondary struc-
tural elements in the 5" UTR [25]) may reproduce a AKpn phe-
notype that significantly facilitates 40S ribosome access to the
AUG*™ !, Furthermore, the fact that delayed reinitiation is the
major source of expression from the iAUGY"“ is also consistent
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the uORF2 UGA/C mutation on the relative ratios of the
AUGF™ ! and iAUG"< proteins expressed (Fig. 6A). By measur-

with the effect of the spacer insertions with regard to reinitiation at
the AUGH™ .,

Further insights into the role of uUORF2-mediated reinitiation
could be gleaned by analyzing the impact of the SPACER 50 and

1752 mcb.asm.org

ing the relative ratios of products generated from the same mRNA
within a single transfection, we effectively eliminated the necessity
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to quantify cellular transcript levels, a process that would have
been essential if we wished to compare across transfections. In the
context of the 5" UTR", the introduction of the spacer had only a
marginal impact on the relative products observed (Fig. 6B; com-
pare lanes L and L+50), whereas in the 5° UTRS, the levels of
LPN* increased twofold relative to the a/b/c-SP products upon
addition of the SPACER 50 (Fig. 6B; compare lanes S and S+50).
This is consistent with increased initiation at the AUGEY ! codon,
with fewer 40S ribosomes reaching the iAUG*"<, The more atten-
uated response to the presence of the spacer observed in the 5’
UTR" background correlates with our observations made using
the dual luciferase reporter assay (i.e., downstream initiation
events are largely insensitive) (Fig. 3B). The differences in the
absolute values observed in the two assays (e.g., in Fig. S3 in the
supplemental material, the S/S50 difference is 1.45, whereas in Fig.
6B itis 2-fold) probably reflect differences in the nature of the two
assays employed. In the LPN* reporter, increased initiation at the
AUG"™ ! impacts negatively on the downstream initiation events
at the iIAUG™"’, the products against which its expression is nor-
malized. This is clearly not the case in the dual FLuc/RLuc assays,
in which the readout from the RLuc reporter used for the normal-
ization is independent of events occurring on FLuc. Likewise, the
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uORF2 UGA/C mutation (Fig. 6C and D) severely reduced initi-
ation from the AUG*™ ! codon in both 5° UTR" and 5" UTR®
backgrounds but significantly increased the relative abundance of
products arising from iAUG"* (Fig. 6D). This suggests that the
new extended 12-codon ORF has not only prevented reinitiation
at the AUGF™ ! but also permitted reinitiation events at the
iAUGa/b/C-

What is astounding is that a large number of 40S ribosomes are
scanning downstream of the AUG*" in all the 5" UTR back-
grounds tested. What does this mean in terms of elk-1 gene ex-
pression?

What about the protein SELK-1? A question that remains un-
resolved is, how can ribosomes access the AUG*'8'? Our results
indicate that, at least in HEK293T cells, the ribosomes scanning
downstream of the AUG*™ ! are mainly, if not exclusively, in a
reinitiation mode, suggesting that they could reach this start site
by delayed reinitiation if the amount of TC was reduced. To test
this model, we cotransfected the AKpn, 5° UTR®, and 5" UTR"
LPN* constructs with increasing amounts of the elF2aS/E plas-
mid. In the 5" UTR" and 5’ UTR® backgrounds, we observed a
gradual reduction in the expression of LPN" (initiation at the
AUGH™ ) with increasing eIF2aS/E plasmid dose. Concomitant
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with this loss of expression from AUG* !, there was an initial

increase in initiation at the iAUG* codon followed by expression
from the AUG™™*! codon (Fig. 7B and C). This is consistent with
a progressive shift in delayed reinitiation toward the mRNA 3’ as
TC levels were reduced. Although the patterns from both 5" UTRs
looked similar, some differences were discernible. (i) Products
from the 5" UTR" background tended to be less affected by the
increasing dose of elF2aS/E relative to products from the 5' UTR®
background, a result consistent with the findings from the re-
porter assays depicted in Fig. 4. (ii) In the 5" UTR", the AUG™"*!
product arose later but continued to accumulate even at the high-
est elF2aS/E level tested. The response profile observed in the
AKpn background was somewhat different, in part, because initi-
ation from the AUG*™™ ! is already observed without altering TC
availability but also because initiation events arise by both reiniti-
ation and leaky scanning. Nonetheless, there was a clear increase
in AUG™™'-mediated initiation events at the lower eIF2aS/E
doses, and this codon became the major initiation site at the high-
est dose tested (bypassing AUG™ ! and iAUGY bley (Fig. 7A).

These results demonstrate that ribosomes can access the
AUG 1 despite the presence of iIAUGYY<, when the availabil-
ity of the TC is reduced. In the context of the two 5" UTRs, this is
achieved exclusively by modulation of delayed reinitiation events
downstream of uORF2 in a manner that appears to be character-
istic of each 5" UTR.
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DISCUSSION

Genomic analysis has estimated that approximately 50% of hu-
man 5’ UTRs contain one or more uORFs (8, 17, 30). Moreover,
studies have reported that they are conserved between species dur-
ing evolution (4, 14). uORFs inhibit translation by restricting the
access of ribosomes to the start codon of the main coding ORF
(22). As a consequence, reinitiation in combination with leaky
scanning is employed to significantly increase the complexity of
the mammalian proteome (37). In this study, we have demon-
strated that the tightly conserved uORF2, retained in both alter-
natively spliced elk-1 5" UTRs, traps scanning ribosomes. In so
doing, it serves both as a translational repressor for downstream
initiation events and as a generator of reinitiating ribosomes. The
latter feature serves to couple subsequent initiation events to in-
tracellular levels of eIF2-GTP. Analyzed independently of the rest
of the elk-1 5" UTR (in the AKpn background), the uORF2 can
direct initiation events at the AUG* !, iAUG"", and even the
AUG™™ ! using a combination of leaky scanning and delayed
reinitiation (Fig. 5C). However, this behavior is modified within
the context of the two 5" UTRs.

With regard to initiation at the AUG !, the 5" UTR" was
already demonstrated to be more repressive than the 5’ UTRS, in
large part because of increased RNA structure (with the uAUGs
being conserved in both; Fig. 1B) (2). We now demonstrate an
additional layer of control which modulates initiation events
downstream of uUORF2. The introduction of spacer sequences and
the modulation of TC levels have indicated subtle differences in
the behavior of the two 5" UTRs, with uORF2-mediated reinitia-
tion frequency being more attenuated in the 5 UTR" background
relative to the 5" UTR® background (Fig. 3). The attenuation of
reinitiation would also explain the observation that the 5" UTR"
was less affected by changes in eIF2-GTP availability than the 5’
UTRS® (Fig. 4), suggesting that the latter may be more fine-tuned
into intracellular pathways that target TC levels.

In both 5" UTRs, few ribosomes pass beyond the AUG* ! in
the leaky scanning mode, despite the fact that leaky scanning-
mediated initiation has been observed at the 4th or 5th AUG
codon in certain transcripts (37). What is striking is the number of
ribosomes scanning downstream of the AUG*™ ! in a uORF-2-
mediated delayed reinitiation mode, indicating that the short dis-
tance before the AUG" ™" (14 nt) is not compatible with optimal
reinitiation. This explains the enhanced reinitiation frequency at
the AUG"™ ! observed with the spacer insertions and the con-
comitant reduction in delayed reinitiation events at the down-
stream iAUGY" (Fig. 6). In this context, it should also be noted
that in the HEK293T cell background, reinitiation events at the
AUGF™ ! did not respond to the overexpression of the constitu-
tively active elF2ar S51A (elF2aS/A) mutant, indicating that in
these cells ELK-1 expression was not limited by endogenous TC
levels (see Fig. S5 in the supplemental material).

Overall, the current results and those from our earlier study (2)
indicate that the elk-1 gene employs alternative splicing in the 5’
UTR to control the number of ribosomes that reach uORF2 (with
5' UTR" being more repressive than 5’ UTR®). Furthermore, the
same splicing event serves to modulate ribosome behavior down-
stream of uORF2. The uAUG2 has an optimal context and as a
consequence serves to further repress ELK-1 expression, and at
the same time, the uORF2 permits a fraction of the posttermina-
tion 40S ribosomes to remain associated with the RNA and to
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resume scanning. Those 40S ribosomes that initiate at the
AUG"™ ! reacquire the TC before reaching it. The remainder
continue to scan downstream. Such a scenario serves to couple
translational readout to physiological events that modulate de-
layed reinitiation. The other reported protein product of the elk-1
gene is SELK-1. However, this has been observed only in neuronal
cells and NGF-differentiated PC12 cells, wherein its expression
has been reported to potentiate the neurite outgrowth possible by
antagonizing the proproliferative effect of ELK-1 (34, 35). Clearly,
sELK-1 expression in HEK293T cells is inhibited under normal
growth conditions by the iAUG¥"<, which serve to mop up reini-
tiating ribosomes, preventing them from reaching the AUG™*",
Indeed, their distance from the uORF2 would fall within a window
considered optimal for reinitiation (18), and their scattering be-
tween the AUG"™™ ! and AUG™™™ ' suggests that they function as
a reinitiation rheostat to ensure tight SELK-1 expression, despite
changing TC levels. Nonetheless, the experiments performed with
the elF2aS/E mutant not only demonstrate that changes in TC
availability can permit initiation at AUG™™ ! (even in HEK293T
cells) but once again highlight differences in the behavior of the
two 5" UTRs (Fig. 7). Modulation of initiation events downstream
of a uORF by upstream sequence elements is novel but not unique.
The high reinitiation frequency observed with the uORF1 of
GCN4 is associated with an enhancer element positioned —21 to
—181 nt relative to the uORF1 AUG codon. This region interacts
with elF3a on the posttermination ribosome to promote resump-
tion of scanning (23, 31). However, in the case of the elk-1 5’
UTRs, these upstream sequence elements seem to be functioning
as attenuators rather than enhancers.

These observations begin to provide clues into how sELK-1
expression may take place in neuronal cells. A number of studies
indicate that a change in eIF2-GTP levels plays a central role in the
translational regulation of specific mRNA subsets in neuronal
cells (5, 7). Mild physiological changes in the amounts of TC are
sufficient to alter expression of ATF4, a transcript whose transla-
tional readout is also coupled to reinitiation (6, 12). With regard
to the PC12 model system, NGF-induced neurite outgrowth is
associated with translational changes in the preexisting mRNA
pool (i.e., the response is not transcriptional) (32, 33). Our results
point to delayed reinitiation coupled to changes in TC levels as the
mechanism behind sELK-1 expression, a model that is under in-
vestigation in a neuronal cell context.
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