1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Biochem Biophys Res Commun. 2006 December 1; 350(4): 834-841.

HER-2 UPSTREAM OPEN READING FRAME EFFECTS ON THE
USE OF DOWNSTREAM INITIATION CODONS

Christina C. Spevakl, Eun-Hee Parkz, Adam P. Geballe3, Jerry Pelletier2'4, and Matthew S.
Sachs1®

1 Department of Environmental & Biomolecular Systems, Oregon Health and Science University,
Beaverton, OR 97006;

2 Department of Biochemistry and McGill Cancer Center, McGill University, Montreal, Quebec H3G
1Y6;

3 Divisions of Human Biology and Clinical Research, C2-023, Fred Hutchinson Cancer Research
Center, Seattle, Washington 98109; Departments of Medicine and Microbiology University of
Washington, Seattle, WA 98115;

4 McGill Cancer Center, McGill University, Montreal, Quebec H3G 1Y6;

5 Department of Molecular Microbiology and Immunology, Oregon Health & Science University,
Portland, Oregon 97201

Abstract

The her-2 (neu, erbB-2) oncogene encodes a 185-kDa transmembrane receptor tyrosine kinase.
HER2 overexpression occurs in numerous primary human tumors and contributes to 25-30% of
breast and ovarian carcinomas. Synthesis of HER2 is controlled in part by an upstream open reading
frame (UORF) present in the transcript. We used synthetic capped and polyadenylated mRNAs
containing sequences derived from the 5’ region of the her-2 transcript fused to firefly luciferase
(LUC) reporter to examine this ORF’s effect on translation in cell-free systems derived from
reticulocytes, wheat germ and Neurospora crassa, and in RNA-transfected HeLa cells. The uORF
reduced translation of the downstream cistron in all systems. [3®S]Met-labeling of in vitro translation
products obtained indicated that the uUORF also affected downstream start-site selection. Primer
extension inhibition (toeprint) assays of ribosomes loaded at initiation codons in reticulocyte lysates
indicated that the UORF affected the interaction of ribosomes with the primary her-2 AUG codon.

INTRODUCTION

In eukaryotes, genes specifying products involved in growth control and development often
contain short upstream open reading frames (UORFs) in their mMRNA 5’ leaders. One of these
genes, her-2 (neu, erbB-2), which encodes a 185-kDa transmembrane receptor tyrosine kinase
that is a member of the epidermal growth factor receptor family, contains a single uORF in its
mRNA [1]. The HER2 protein is overexpressed in a large number of cancers including
approximately 30% of breast cancers, and HER2 overexpression plays an important role in
promoting metastasis [2,3]. In a fraction of cases, the HER2 receptor level varies without
changes in mMRNA levels, indicating that post-transcriptional mechanisms participate in control
of its expression [4,5]. Since the expression of many translation factors, such as elF2a, is altered
in different tumors [6,7], it is possible that the her-2 uORF has a translational regulatory role
during oncogenesis, as well as possible roles in growth and development.
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Two distinct translational mechanisms were originally found to control HER2 protein synthesis
[8]. The first is a cell-type-dependent mechanism that causes translation of her-2 mRNA to
increase in some transformed cells in comparison with primary cells. The second is a cell-type-
independent repression of downstream translation mediated by the uUORF. Recently, the
translational effect of the uUORF was observed to be abrogated in some tumor cells [9]. The
work described here is aimed at understanding the roles in translation of the her-2 uORF and
the multiple in-frame initiation codons near the 5’ end of the her-2 coding region. Experiments
with reporter constructs showed that the UORF was inhibitory to translation in vitro in
mammalian, plant, and fungal systems and in vivo in mammalian cells. In vitro translation of
her-2 occurred primarily from the first in-frame start codon when that start was the only one
present. Primer extension inhibition (toeprint) mapping of ribosomes on the mRNA in vitro
showed that ribosomes were clearly associated with the first her-2 start codon in the absence
but not the presence of the uORF. In vitro studies raised the possibility that alternative start
codons might be used when the uORF was present and/or absent, and that the uORF could
change the initiation event at the first her-2 start codon so that it was not detected by toeprinting.
Finally, additional features of the her-2 leader rendered the translation of reporter transcripts
exquisitely sensitive to ionic conditions in the heterologous fungal cell-free translation system.

MATERIALS AND METHODS

Plasmids

Plasmid pEQ582 [1], containing the wild-type her-2 5'leader, uORF and coding region fused
to B-galactosidase, was used as a template for PCR. Primer CCS3 (5'-
CAAGAGATCTGCGCCCGGCCCCCACC-3") and CCS4 (5'-
CCACCTGGTGACCTGGTAGAGGTGGCG-3') were used to amplify the region containing
the her-2 5’ leader, uUORF and the coding region containing the first three her-2 in-frame ATG
codons. These primers also introduced a Bglll restriction site upstream of the 5’ leader and a
BstEII site downstream of her-2 ATG3. Plasmid pEQ581 [1], differing from pEQ582 by a
mutation of the UORF ATG codon to AAG, was also used as a PCR template. Due to the GC-
rich 5'-leader, betaine (Sigma-Aldrich) was used in the PCR reactions at a 1 M final
concentration to improve amplification [10].

The PCR products from pEQ582 and pEQ581 templates were digested with Bglll and BstEll,
gel purified and ligated to pR301 [11] which was digested with the same restriction enzymes
which cut between the T7 promoter and the firefly luciferase reporter coding region. This
resulted in constructs pCS604 and pCS605 that produced synthetic mRNA containing the
her-2 5’ leader followed by a HER2-LUC fusion reading frame. Additional constructs
containing or lacking the uORF ATG and lacking her-2 ATG1 were made using mutagenic
primers and megaprimer PCR to yield the set of plasmids pCS608-609 (Figs.1 and 2). Another
matched set of constructs in the pR301 vector contained luciferase fused to the second codon
of HER2 (pCS701-704, Figs. 1 and 2). These were obtained by PCR using primers CCS13
(5'-CTATAGATCTGCGCCCGGCCC-3') as the forward primer (containing restriction site
Bglll), and CCS17 (5-AGGCGGTGACCTCCATGGTGCT-3'), CCS18 (5-
AGGCGGTGACCTCCTTGGTGCT-3’) as the reverse primer (containing restriction site
BStEIN).

Preparation of Synthetic RNA

Plasmid templates were purified using the Wizard Plus Midi Prep kit (Promega). For in vitro
studies, capped, polyadenylated RNA was synthesized with T7 RNA polymerase from EcoRI-
linearized plasmid templates and yields of RNA were quantified as described [12]. For in

vivo studies, capped and polyadenylated mRNAs were prepared as previously described [13,
14]; the yield of RNA transcripts were quantified by measuring UV-absorbance at 260nm and
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the quality of each RNA preparation assessed by SYBR gold (Molecular Probes; Eugene, OR)
staining following fractionation on formaldehyde/1% agarose gels.

Cell-free translation and primer extension inhibition (toeprint) assays

Translation reaction conditions using nuclease-treated rabbit reticulocyte lysates and wheat
germ extracts (Promega) were essentially those specified by the supplier, using a final reaction
volume of 10 pl instead of 50 pl. Preparation of translation extracts from Neurospora crassa
and the reaction conditions for in vitro translation were as described [11,15,16], except that to
achieve maximum activity for her-2 containing reporters, K+ and Mg2* final concentrations
were 100 mM and 1.75 mM respectively. For firefly luciferase activity measurements, equal
amounts (6 ng) of MRNA were used to program each of the three types of translation reactions
(reticulocyte lysate, wheat germ extract or N. crassa extract); synthetic mMRNA encoding
Renilla (sea pansy) luciferase was added to all reactions to serve as an internal control [15].
All translation reaction mixtures were incubated at 25°C for luciferase assays; translation was
halted by freezing reaction mixtures in liquid nitrogen after 30 min (N. crassa and wheat germ)
or 45 min (reticulocyte lysates).

For [3°S]Met labeling of polypeptides, synthetic RNA (60ng) was used to program reticulocyte
lysates and wheat germ extracts. As a positive control, the reporter firefly luciferase, lacking
any her-2 sequences, was placed downstream of the T7 RNA polymerase promoter (T7-LUC)
[17]. Translation reactions were incubated for 45 min and 30 min respectively. [3°S]Met was
used at a final concentration of 0.5 pCi/ul. The reaction mixtures for both reticulocyte lysates
and wheat germ extracts were mixed with SDS-containing loading buffer but were not heated
prior to SDS-PAGE. Radiolabeled products were examined by SDS-PAGE and analyzed by

phosphorimaging.

The toeprint assays were accomplished as described [17] using primers ZW4 (5'-
TCCAGGAACCAGGGCGTA-3) and CS3 (5-CATGTCCAGGTGGGTCTC-3').
Cycloheximide (CYH) was added to a final concentration of 0.5 mg/ml as described [18]. The
results shown are representative of at least three independent experiments. The radiolabeled
products were examined using a Molecular Dynamics Phosphorimager and ImageQuant
software.

Cell Culture and RNA transfections

RESULTS

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (Sigma; St. Louis, MI)
containing 10 % fetal bovine serum. Transient RNA transfections into HeLa cells were
performed using DMRIE-C (Invitrogen; Carlsbad, CA), as specified by the manufacturer.
Briefly, approximately 2 x 10° cells were seeded per well of a 6-well plate 18 hr prior to
transfection. Cells were then transfected with 4 pg of capped and polyadenylated mRNAs from
templates pCS701-704 and harvested ~ 16 hr post transfection. Transfections were done
independently three times and transfection efficiencies were assessed by co-transfecting cells
with Renilla luciferase RNA (1 pg/well); luciferase activities were measured using the Dual-
Luciferase assay (Promega).

The her-2 uORF inhibits downstream translation in cell-free systems based on luciferase

assays

To explore the role of the her-2 uORF in controlling translation, we used synthetic capped and
polyadenylated mRNAs containing sequences derived from the 5’ region of the her-2 transcript,
including the uORF and part of the HER2 coding region, fused to the firefly luciferase (LUC)
reporter (Fig. 1A). For constructs pCS604-609, 51 codons specifying the amino terminus of
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HER2, which includes three in-frame Met codons, were fused to LUC; for short constructs
pCS701-704, the first two codons of her-2 were fused to LUC (Fig.1B). Rabbit reticulocyte
lysates, wheat germ extracts, and Neurospora extracts were programmed with mRNAS
transcribed from these constructs.

The mRNAs specifying LUC fused to HER2 after the second codon (Fig. 1B) produced active
enzyme when her-2 AUG1 was present (Fig. 2A). LUC activity in the pCS701 (+/+) and
pCS702 (—/+) constructs was derived primarily from initiation at her-2 AUGL1 because
eliminating this codon (constructs pCS703 (+/-) and pCS704 (—/-)) substantially reduced LUC
activity in each extract tested. When the wild-type construct containing the uORF and her-2
AUGL1 (pCS701, +/+) was compared with that lacking the uORF (pCS702, —/+), the uUORF
yielded an approximate 2-fold inhibitory effect when a rabbit reticulocyte cell-free system was
used. Under optimized salt conditions in Neurospora, the inhibitory effect of the UORF was
comparable to that of reticulocyte lysates. An approximate 10-fold inhibitory effect was seen
in the wheat germ system.

When N. crassa extracts were used to assay the translational function of the her-2 uUORF with
the constructs in which LUC was fused to HER? after its second codon, the standard reaction
conditions used previously [11,15] did not support translation of the HER2-LUC reporters (Fig.
3). We found that, in N. crassa extracts, the synthesis of the fusion polypeptide from these
transcripts was profoundly sensitive to K* and Mg?* concentrations. While the K* and Mg2*
concentrations used previously (150 mM and 3.75 mM, respectively) did not support
translation of these MRNAs, when they were adjusted to 100 mM and 1.75 mM, there was a
two-order of magnitude increase in luciferase production from her-2-LUC transcripts
containing HER2 AUGL. The reason why changing these ion concentrations in the fungal
extract so dramatically affected the translation of mMRNA containing the her-2 sequences is not
known, but presumably, these ions influence the structure of the mRNA (which is 80% GC in
its 5'-leader) in a way that affects translation or affects the activity of factors involved in
translation. The effect of these changes in ion concentrations on transcripts lacking her-2
sequences was small (less than 2-fold) (data not shown).

To examine the effects of the UORF in vivo, transient RNA transfections into HeLa cells were
performed using short pCS701-704 synthetic mRNAs and the luciferase they produced was
measured (Fig. 2B). Luciferase synthesis in vivo was strongly dependent on her-2 AUGL1. There
was an approximately 15-fold inhibitory effect of uUORF on expression of the reporter gene as
determined by comparison of the enzyme activity synthesized from mRNAs containing or
lacking the UORF. These results using transfected mRNAs are consistent with previous
experiments using a different reporter system and plasmid transfections assays, which showed
the UORF had a ~5-fold effect in both primary and transformed cells [8].

Luciferase activity measurements with the long pCS604-609 constructs that contained 51
residues of her-2 fused to LUC were complicated by the observation that constructs lacking
her-2 AUG1 produced more enzyme activity per unitmRNA than constructs containing AUG1,
instead of substantially reducing it (data not shown). The simplest explanation for this is that
the 51-residue N-terminal extension reduced the specific activity of the reporter enzyme, and
that shortening the N-terminus reduced the inhibitory effect. Thus, it is complex to assess
enzyme activity data by direct comparison of constructs, since the uORF appears to affect
downstream start site selection (see below), but the results were consistent with the UORF
having an inhibitory effect when matched constructs (either containing or lacking AUG1) were
compared (data not shown).
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The her-2 uORF both quantitatively and qualitatively affects translation of the luciferase
reporter based on [3°S]Met labeling

To assess the effect of the UORF and the potential use of alternative start sites, [3°S]Met labeling
experiments were performed using equal amounts of mMRNAs from both long and short
constructs to program rabbit reticulocyte lysates (Fig. 4A). Reaction mixtures programmed
with firefly LUC encoding mMRNA lacking her-2 sequences were used as controls. In
reticulocyte lysates, the long construct lacking the UORF (pCS604, —/+) produced a single
major product whose migration was consistent with its predicted mass of 68-kDa (Fig. 4A,
lane 2). In contrast, the long construct which contained the uUORF (pCS605, +/+) produced two
major products in reticulocyte lysates (Fig. 4A, lane 1), an upper band that could represent
initiation at her-2 AUGL1 (~68 kDa) and a lower band (~63 kDa) presumably resulting from
initiation at an in-frame downstream start codon (see Fig. 1A). The absence of the lower band
from lysates programmed with the pCS604 (—/+) mRNA argues against the lower band
representing a degradation product or a C-terminally truncated product. Quantitation of
radioactivity indicated that the larger product was reduced approximately 2-fold by the UORF
(Fig. 4A, compare lanes 1 and 2). These data are consistent with the uUORF having both
quantitative and qualitative effects on downstream her-2 translation. In wheat germ extracts,
the UORF strongly inhibited the production of [3°S]Met labeled luciferase reporter whether
expressed as either a long or short N-terminal fusion (Fig. 4B, lanes 1 and 6). Surprisingly, in
reticulocyte lysates, regardless of the presence (pCS608, +/-) or absence (pCS609, —/-) of the
UOREF, translation of mMRNA from the long constructs that lacked her-2 AUG1 generated
polypeptide products of approximately the same size as those observed for the wild-type
pCS605 (+/+) construct (Fig. 4A, compare lanes 3 and 4 with lane 1). Similar results were
found in a wheat germ cell-free system where two major products (an upper band at ~68 kDa
and a lower band at ~63 kD) were again observed after the translation of MRNA from the long
construct pCS609 (—/-) (Fig. 4B, lane 4). While elucidating which codon, in the absence of
AUG1, was used to initiate the synthesis of the ~68 kDa product has not yet been determined,
it is evident that this product was obtained in translation extracts from mammals and plants
(Fig 4A and 4B) from a template demonstrably lacking AUG1 (see sequencing reaction results
for pCS609 in Fig. 5).

For the short constructs in which LUC was fused directly after the second HER2 codon,
(pCS701-704), the presence of the UORF also inhibited protein synthesis from AUG1 2-fold
inreticulocyte lysates (Fig. 4A, compare lanes 6 and 7). For the short constructs lacking AUG1,
full-length fusion polypeptides were not produced (Fig. 4A, lanes 8 and 9), consistent with the
loss of production of luciferase activity (Fig. 2); indicating AUG1 was crucial for initiation in
these constructs.

Toeprinting analyses of her-2 uORF control

A primer extension inhibition (toeprint) assay was used to directly map the positions of the
ribosomes at her-2 initiation codons. The purpose of these studies was to determine where
ribosomes associated with the mRNA in the presence and absence of a functional uORF. All
her-2 constructs examined by LUC assay, [3°S]Met labeling, and RNA transfections were
analyzed by toeprinting. Cycloheximide (CYH) was added to extracts prior to incubation of
translation reactions (Tg) or added after the translation reaction was underway for 10 min.
Adding CYH at Tq should show where ribosomes first initiate translation, and adding it to
extracts at T1g can reveal primary initiation events or reinitiation events [18] and other
translation events such as ribosome stalling at UORF termination codons.

The results of toeprinting mRNAs produced from the long constructs are shown in Fig. 5A and
5B. The region downstream of AUG2 is not shown because there were no differences in signals
among constructs. Regardless of when CYH was added, a toeprint corresponding to the UORF
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initiation codon was observed when the uUORF was present (Fig. 5A, lanes 1, 2, 5 and 6; Fig.
5B, lanes 1, 2, 5 and 6) but not when it was absent (Fig. 5A, lanes 3, 4, 7 and 8; Fig. 5B, lanes
3, 4, 7 and 8). These results indicate that the uUORF initiation codon is a site that recruits
ribosomes for translation. In striking contrast, her-2 AUG1 showed a strong signal when the
UORF was absent (Fig. 5A, lanes 3 and 4, Fig. 5B, lanes 3 and 4) but did not yield a strong
toeprint signal when the uORF was present (Fig. 5A, lanes 1, 2, 5 and 6; Fig. 5B, lanes 1, 2, 5
and 6), indicating that the UORF altered translation from this site. The loss of this strong signal
when both the UORF and AUG1 were absent (Fig. 5A, lanes 7 and 8; Fig. 5B lanes 7 and 8)
verifies it corresponds to AUGL. There are some weak toeprint bands in lanes 7 and 8 that
suggest the possibility that some ribosomes are recognizing the mutated AUGL1 or alternatively
could correspond to ribosomes recognizing the nearby CUGL. Possibly, some of the
background bands in the region of gels in which toeprints corresponding to ribosomes at AUG1
are observed could arise from interactions between the RNA in this region and RNA-binding
proteins. Importantly, when the start codons for both the uORF and AUG1 were mutated, a
toeprint that corresponds to her-2 AUG2 (arrowhead) became stronger (Fig. 5B, compare the
signal in lanes 7 and 8 to the other lanes). However, there was no evidence of initiation at
AUGS3 after analyzing the toeprint gels. The shorter constructs showed similar results to the
longer constructs (Fig. 6) in that the majority of ribosomes associated with the first AUG
encountered on the transcripts, but did not show significant fraction of ribosomes associated
with AUG1 when the uORF was present.

DISCUSSION

HER2 is overexpressed in human cancers and its overexpression is associated with poor
prognosis [19]. In breast cancer, overexpression of HER2 occurs in ~30% of cases and is often
attributed to gene amplification [20]. The bulk of the transforming events mediated by
overexpression of HER2 are the result of enhanced signaling through the PI3K/Akt pathway.
Cells sensitive to the cytotoxic effects of herceptin (which interferes with HER2 activity)
become resistant upon expression of a constitutively activated Akt [21,22]. Additional
translational mechanisms modulate HER2 protein expression [1]. The her-2 uORF represses
translation of the downstream coding region; however, an element in the 3’ UTR of the
transcript can reverse the inhibitory effect of the UORF in some cells [9]. The results described
here show that synthesis of HER2 protein is quantitatively and qualitatively affected by its
UORF. The uORF affects downstream translation in reticulocyte, wheat germ, and
Neurospora cell-free systems as well as in transfected HeLa cells.

Both measurements of reporter enzyme activity (Fig. 2) and [3°S]Met data (Fig. 4) support the
idea that the uORF is inhibitory to translation. Furthermore, the presence of [3S]Met products
with smaller sizes indicated that the UORF causes some ribosomes to initiate from alternative
in-frame downstream start codons (Fig. 4). The synthesis of polypeptide products in long
constructs lacking her-2 AUGL1 that are similar to those observed in the wild-type long
construct pCS605 (+/+) (Fig. 4A), regardless of whether the UORF is present or absent, is
unclear. We speculate that other initiation events might occur in the absence of AUG1, such
as initiation from a nearby in-frame CUG codon (see Fig. 1A). This CUG codon has a G at —3
and a G at +1, putting it in a reasonable “Kozak consensus” motif [23].

UORF-mediated initiation from a downstream start codon would result in N-terminally
truncated HER2 polypeptides. A similar mechanism by which uORFs control downstream
translation is seen in C/EBPa and C/EBP3 mRNAS containing a UORF [24]. In the case of
her-2, this might generate a primary translation product that would lack its signal sequence
and thus might not enter the ER as would be expected for full-length HER2. The presence of
the uORF in her-2 may, therefore, serve as a cis-regulatory element that controls the site of
translation initiation and possibly reinitiation to AUG2 resulting in a truncated product (~62
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kDa) as seen in Fig. 4A, lanes 1 and 3. Such a truncated product might induce proliferation
similar to the truncated products seen in C/EBPa and C/EBP [24]. The direct demonstration
of the production of shorter polypeptides from the authentic her-2 coding region is consistent
with the results of reporter studies suggesting alternative downstream reinitiation at a
heterologous ATG codon is stimulated by this uORF [1]. Possibly, the uORF regulates
reinitiation at different downstream start codons, as seen for Saccharomyces cerevisiae
GCN4 [25] and mammalian ATF4 [26-28]. That is, the uUORF might enable ribosomes to access
a more remote downstream initiation codon by reducing initiation at a more proximal one.

The toeprint data confirm that the uORF has a very strong effect on how ribosomes access the
first her-2 AUG codon, since no ribosome signal is detected there when the uORF is present.
Since ribosomes are not observed there when the uORF is present, we cannot determine
whether the ribosomes reach the her-2 AUG codon by leaky scanning or reinitiation. Why
ribosomes are not observed at her-2 AUGL1 (or AUG2, if the uORF were stimulating initiation
from this site) when the UORF is present is not clear. The experiments using the short constructs
(pCS701-704) measuring LUC activity (Fig. 3 and Fig. 4) and [3°S]Met-incorporation (Fig.
5) establish that her-2 AUGL1 is necessary for expression. Thus, the absence of a toeprint signal
from this codon when the uORF is present (Fig. 7) cannot be due to its not having a role in
translation. One possibility for the absence of signal is therefore that ribosomes that arrive at
the her-2 AUG1 codon after translating the uORF bind that codon differently than when the
UORF is absent and are lost during toeprinting compared to ones that arrive there when the
UOREF is absent.

N-terminally truncated HER2 receptors have been previously shown to have enhanced cell
transformation activity compared with the full-length product [29-31]. These deletions within
the extracellular domain (ECD) of HER2 have been shown to increase autokinase and
transformation activities. Herceptin (trastuzumab), which binds to the ECD of HER2, was not
effective against tumors expressing truncated products [21]. Additionally, it did not block
receptor activation and downstream signal transduction pathways that are involved in disease
progression [21]. The resistance to herceptin therapy may be due to increased levels of these
N-terminally truncated proteins. The possibility that the uORF may promote ribosomal bypass
of the first initiation codon to a downstream initiation codon signifies that further elucidation
of how this UORF affects gene expression and protein synthesis will be valuable in the
determination of therapeutic strategies.
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Fig. 1.

A. The 5’ leader regions, her-2 sequence, and constructs used in this study. The sequence shown
begins with the T7 RNA polymerase-binding site (blue) and ends with the LUC coding region
(purple). The upstream open reading frame ATG and the 3 in-frame ATGs (ATG1, ATG2, and
ATG3) are in green. The in-frame CTGs are in yellow. The termination codon of the uUORF
region is in red and the mutations are shown directly below the sequence. The sequences whose
reverse complements were synthesized and used as primers (CS3 and ZW4) for toeprint
analyses are indicated by a horizontal arrow below the sequence. For the shorter constructs
(pCS701-704), the luciferase reporter sequence was fused directly after the second codon after
ATG1, the arrows in the sequence represent where the sequences were fused to make these
shorter constructs. B. Constructs composed of the 97 nt her-2 5’ leader including the uORF
and intercistronic region, and the N-terminal coding sequence that includes 3 in-frame ATGs.
Wild-type (pCS605) and mutated sequences (lacking the UORF ATG codon and/or the first
ATG codon, pCS604, 608, and 609) were fused in-frame to a firefly luciferase reporter. The
symbols in parentheses represent the presence and/or absence of an ATG (e.g. The —/+ indicates
the absence of the UORF ATG and the presence of the first her-2 ATG). These constructs were
used to produce capped and polyadenylated synthetic RNAs. Shorter constructs composed of
the 97 nt her-2 5’ leader including the uORF region and the first 2 codons of her-2 fused in-
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frame with firefly luciferase. The black triangles represent the ATG codons and the white boxes
represent the coding regions that would not be translated if the ATG codons that were mutated
were responsible for initiating translation. Additional symbols above the constructs correspond
to the UORF ATG (open arrowhead), ATG1 (filled arrowhead) and ATG2 (arrow) respectively.
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Fig. 2.

Luciferase enzyme activity assays. A. In-vitro translation reactions were performed for each
extract and luciferase activity assays performed for rabbit reticulocyte lysates, wheat germ
extracts, and N. crassa extracts. A dual luciferase (LUC) reporter assay system was used to
measure firefly LUC and Renilla LUC (internal control) for constructs pCS701-704. All firefly
LUC values were normalized to the internal control. The level of normalized firefly LUC
expression from multiple independent experiments (two experiments using N. crassa, four
experiments using wheat germ and reticulocyte lysates) with each construct were averaged and
normalized to the expression from pCS702, and the standard deviations calculated for
experiments using wheat germ and reticulocyte lysate (error bars). B. Luciferase enzyme
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activity obtained from RNA transfection into HeLa cells as describe in Experimental
Procedures using RNA from constructs pCS701-704.
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Fig. 3.

Luciferase activity assays show that translation of mMRNAs from pCS701-704 containing the
her-2 5'-UTR are highly sensitive to K* and Mg2* concentrations in N. crassa extracts. N.
crassa in-vitro translation reactions were performed in parallel using 150 mM K* and 3.75
mM Mg?* salt concentrations as previously described [11,15] (denoted Std, standard), or 100
mM K* and 1.75 mM Mg?2*, which yielded optimal synthesis of luciferase from mRNAs
containing the her-2 5 leader (denoted Opt). After 30 min of incubation at 25°C, LUC synthesis
was determined by measuring enzymatic activity [expressed as RLU (relative light units)] using
5 ul aliquots from each reaction mixture. The N. crassa optimized salt concentrations showed
less than a 2-fold effect on translation of the mRNAs lacking her-2 sequences (T7-LUC) but
a 200-fold effect on transcripts containing the her-2 5’-UTR (data not shown). Using optimized
salt concentrations, the construct lacking the uUORF (pCS702) showed a ~2-fold increase in
reporter expression compared to wild-type (pCS701).
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Fig. 4.

[3°S]Met labeling of products obtained from each of the constructs shown in Fig.1B. A.
Synthetic RNA (60 ng) were used to program reticulocyte lysates (10 ul). Reactions were
incubated for 45 min at 25°C. Radiolabeled products were examined by SDS-PAGE and
phosphorimaging. Controls included a reaction mixture programmed with a firefly LUC
encoding mRNA lacking her-2 sequences (T7-LUC) and a reaction mixture to which no RNA
was added (-RNA). B. Synthetic RNA (60 ng) were used to program wheat germ extracts (10
ul). Reactions were incubated for 30 min at 25°C. In each panel, filled arrowheads correspond
to polypeptide products (where present) arising from (i) initiation at AUG1 (lanes 6-7); (ii)
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initiation at AUG1 or possibly at a nearby CUG codon (lanes 1-4). The arrow corresponds to
polypeptide products (where present) arising from possible initiation at AUG2 (lanes 1-4).
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Fig. 5.

Primer extension inhibition (toeprint) assays examine initiation on transcripts containing or
lacking the her-2 UORF AUG. A. Rabbit reticulocyte lysates (10 ul) were programmed with
mRNA (60 ng) from long constructs pCS604-609. Cycloheximide (CYH) was added at time
0 (prior to incubation of translation reactions) or 10 min (when translation was underway). The
reactions were incubated for a total period of 15 min and toeprinted with primer CS3. Toeprints
obtained when CYH is added at time 0 should show where ribosomes first initiate translation;
toeprints obtained when CYH was added after 10 min should reveal where primary initiation
events and reinitiation events are occurring. Open arrowheads correspond to the uORF and
filled arrowheads correspond to AUG1. B. Toeprint assay using a primer (ZW4) that is further
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downstream for visualization of the second her-2 AUG codon. When both the uUORF AUG and
HER2 AUG1 are mutated, ribosomes load on AUG2 (arrowhead). In these reactions, CYH
was added at time 0 and after 10 min with a total reaction time of 15 min. These results indicate
that most ribosomes initiate translation predominantly at the first AUG codon encountered in
the transcript. Open arrowheads correspond to the uORF, filled arrowheads to HER-2 AUG1,
and the arrow to HER-2 AUG2. Sequencing reactions of both 605 (+/+) and 609 (—/—) are
shown on the left and right sides of the toeprint gel respectively. The sequencing reactions in
panel A displayed some migration artifacts due to compression in the GC-rich regions. In the
sequencing lanes, the UORF AUG, her-2 AUG1, and mutations that eliminate each, are boxed
in both panels; her-2 AUG2 is boxed in panel B. The increased intensity of the specific signals
in Lane 1 is due to an increase in the amount of cDNA sample loaded.
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Toeprint assays to examine initiation on transcripts containing or lacking the her-2 uUORF AUG
and/or her-2 AUG using shorter constructs, pCS701-704. Rabbit reticulocyte lysates were
programmed with mRNA and CYH was added at time O or after 10 min and reactions were
incubated for a total period of 15 min. Ribosomes are preferentially associated with the UORF
AUG when it is present. In the sequencing lanes, the uUORF AUG and her-2 AUGL1 are boxed.
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