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ABSTRACT

Two competing events, termination and readthrough
(or nonsense suppression), can occur when a stop
codon reaches the A-site of a translating ribosome.
Translation termination results in hydrolysis of the
final peptidyl-tRNA bond and release of the completed
nascent polypeptide. Alternatively, readthrough, in
which the stop codon is erroneously decoded by a
suppressor or near cognate transfer RNA (tRNA),
results in translation past the stop codon and produc-
tion of a protein with a C-terminal extension. The rela-
tive frequency of termination versus readthrough is
determined by parameters such as the stop codon
nucleotide context, the activities of termination fac-
tors and the abundance of suppressor tRNAs. Using a
sensitive and versatile readthrough assay in conjunc-
tion with RNA interference technology, we assessed
the effects of depleting eukaryotic releases factors 1
and 3 (eRF1 and eRF3) on the termination reaction in
human cell lines. Consistent with the established role
of eRF1 in triggering peptidyl-tRNA hydrolysis, we
found that depletion of eRF1 enhances readthrough
atall three stop codonsin 293 cellsand HeLa cells. The
role of eRF3 in eukarytotic translation termination is
less well understood as its overexpression has been
shown to have anti-suppressor effects in yeast but not
mammalian systems. We found that depletion of eRF3
has little or no effect on readthrough in 293 cells but
does increase readthrough at all three stop codons in
HelLa cells. These results support a direct role for
eRF3 in translation termination in higher eukaryotes
and also highlight the potential for differences in the
abundance or activity of termination factors to mod-
ulate the balance of termination to readthrough reac-
tions in a cell-type-specific manner.

INTRODUCTION

Translation termination is a ubiquitous yet incompletely
understood step in gene expression during which the final
peptidyl-tRNA bond is hydrolyzed, releasing the nascent

polypeptide. In higher eukaryotes, it is believed that this reac-
tion is mediated by two proteins, eukaryotic release factor 1
(eRF1) and eRF3. eRF1, a class I release factor, is responsible
for stop codon discrimination through direct interaction with
the nucleotides of the stop codon triplet (1-4). The eRF1
protein is also directly implicated in triggering peptidyl-
tRNA hydrolysis via the highly conserved GGQ motif (5,6).
Although the hydrolysis event is catalyzed by the peptidyl-
transferase center of the ribosome, eRF1 may make contact
with the nascent peptide through the GGQ motif (7). Both
in vitro and in vivo, eRF1 is known to interact with the
class II release factor eRF3 (8). The eRF3 protein is an
eRF1- and ribosome-dependent GTPase that stimulates
eRF1 activity in response to GTP hydrolysis (9,10).

In contrast to the apparently direct role of eRF1 in termina-
tion, the necessity of eRF3 for the termination reaction is
uncertain. In in vitro assays, addition of eRF1 alone is suffi-
cient to trigger peptidyl-tRNA hydrolysis, although addition of
eRF3 increases the rate of hydrolysis at low stop codon con-
centrations (10,11). The prokaryotic eRF3 homolog is dispen-
sable for bacterial growth, but the yeast and Drosophila eRF3
genes are essential (12—14). However, since eRF3 has been
implicated in cellular processes other than termination (15,16),
it is possible that the essential role of eRF3 is not in termina-
tion but for an alternative function. It has also been suggested
that instead of directly contributing to termination, the eRF3
interaction may instead link termination to other cellular pro-
cesses. For example, eRF3 binds to the poly(A) binding pro-
tein and may be involved in ribosome recycling through this
interaction (17,18). eRF3 also interacts with the Upf proteins,
Upfl, Upf2 and Upf3, and thus may mediate the interplay
between termination and the nonsense-mediated decay
pathway (19-21).

Studies of the role of eRF3 in termination in different eukar-
yotic systems have yielded discrepant results. Since transla-
tional readthrough at stop codons occurs at an increased
frequency when termination efficiency is reduced, the observa-
tion that yeast with reduced levels of functional eRF3 have an
omnipotent nonsense suppressor phenotype (22,23) suggests
that eRF3 is needed for efficient termination. Conversely,
overexpression of both eRF1 and eRF3 is required to increase
termination efficiency in yeast, implicating eRF3 along with
eRF1 in the termination reaction (24). In contrast, both in
rabbit reticulocyte lysates and in transfected human cells
(25,26), increased eRF1 expression alone is sufficient to
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increase termination efficiency. Increasing eRF3 concentra-
tion, either alone or in conjunction with eRF1, produced no
further effect on termination efficiency in the mammalian
systems (25,26). Collectively, these results raise uncertainties
about the necessity of eRF3 for termination in higher
eukaryotes.

Since the results of augmented release factor expression
differed between the yeast and mammalian systems, the effects
of decreasing release factor expression in mammalian systems
may or may not correspond to those detected in yeast. To
examine this question, we used RNA interference technology
to deplete release factor pools in human cell lines, and then
examined the effect on termination efficiency using a sensitive
quantitative readthrough assay. In agreement with and as an
extension of observations reported for the effect at a UAG stop
codon (27), we found that depletion of eRF1 results in an
omnipotent nonsense suppressor phenotype in human cell
lines. Furthermore, we found that depletion of eRF3 also
has the potential to decrease termination efficiency at all
three stop codons, but in a cell-type-specific manner. Consist-
ent with the observations from studies in yeast, these results
imply that eRF3 does play a direct role in translation termina-
tion in higher eukaryotes.

MATERIALS AND METHODS
Plasmid construction

The secreted alkaline phosphatase gene was amplified from
pcDNAI/SEAP/Neo (provided by Michael Katze, University
of Washington) using the forward primer 5'-GGAACTCGAG
CTCACCATGCTGCTGCTGCTGCTG-3' and the degenerate
reverse primer 5-GCGAATTCTGGYYAGCCCGGGTGCG
CG-3/, where Y = C or T, followed by ligation of the PCR
product into the pCDNA3.1/V5-His TOPO TA expression
vector (Invitrogen). The identity of the degenerate codon
was determined for individual clones by sequencing, resulting
in a TOPO-SEAP vector series. The S-peptide sequence
was generated by Taq polymerase fill-in of the overlapping
oligonucleotides 5-GCGAATTCAAAGAAACCGCTGCTG
CTAAATTCGAACGCCAG-3' and 5-GCTCTAGATCACT
ATTAGCTGTCCATGTGCTGGCGTTCGAA-3'. The fill-in
product was digested with EcoRI and Xbal and ligated into
the EcoRI/Xbal sites of the TOPO-SEAP vectors, yielding
the SEAP-S-tag series pEQ911 (ochre), pEQ912 (amber),
PEQY13 (opal) and pEQ914 (tryptophan). Site-directed muta-
genesis using the QuikChange Kit (Stratagene) was performed
on pEQY914 to change the tryptophan codon to TGT and
create a BsrGI site, using the oligonucleotides 5'-GCCGCG
CACCCGGGCTGTACAGAATTCAAAGAAACC-3'  (for-
ward) and 5'-GGTTTCTTTGAATTCTGTACAGCCCGGG
TGCGCGGC-3' (reverse), yielding pEQ961. Oligonucleoides
5'-GTACACAATAACAACTCGAGG-3' and 5'-AATTCCT
CGAGTTGTTATTGT-3' (ochre), 5-GTACAC AATAG
CAACTCGAGG-3' and 5-AATTCCTCGAGTTGCTATTG
T-3' (amber), 5-GTACACAATGACAACTCGAGG-3' and
5'-AATTCCTCGAGTTGTCATTGT-3' (opal), and 5'-GTA
CACAATGGCAACTCGAGG-3 and 5-AATTCCTCGA
GTTGCCATTGT-3' (tryptophan), with noted codon
indicated in boldface, were annealed and inserted into the
BsrGI/EcoRI sites of pEQ961 to generate the SEAP-Stag

series pEQ962 (ochre), pEQY963 (amber), pEQ964 (opal)
and pEQY65 (tryptophan), which contains a tobacco mosaic
virus (TMV)-like termination codon context. The presence
of the desired SEAP-S-tag junction was confirmed by
sequencing.

The plasmids pSV-tS su*(ochre) and pSV-tS su™ (serine),
which express a human suppressor transfer RNA (tRNA)
with an ochre anticodon and the parental serine tRNA
from which the suppressor was derived were provided by
Uttam RajBhandary (Massachusetts Institute of Technology)
(28). Plasmids expressing an amber (pEQ933) or opal
(pEQ934) suppressor tRNA were derived from pSV-tS su®
by site-directed mutagenesis using the QuikChange Kit
(Stratagene) and the primer pairs 5-GGTTAAGGCGA-
TGGACTCTAAATCCATTGGGGTCTCC-3' and 5'-GG-
AGACCCCAATGGATTTAGAGTCCATCGCCTTAACC-3
(amber) or 5-GGTTAAGGCGATGGACTTCAAATCCAT-
TGGGGTCTCC-3' and 5'-GGAGACCCCAATGGATTTG-
AAGTCCATCGCCTTAACC-3' (opal), with the nucleotides
corresponding to the anticodon indicated in boldface.
The presence of the desired anticodon was confirmed by
sequencing.

Plasmids directing the synthesis of short hairpin RNA
(shRNA) under the control of the human H1 promoter were
derived from pBabePuro-p27.1 (provided by Bruce Clurman,
Fred Hutchinson Cancer Research Center, Seattle, WA) (29).
The control vector pEQ940 (pBp), that does not express
shRNA, was made by Nhel digestion of pBabePuro-p27.1
to drop out the H1 promoter and associated cassette, followed
by religation. Oligonucleotides designed to generate sShRNAs
targeting eRF1 and eRF3 were annealed, filled-in with Tag
polymerase, digested with Bglll and EcoRI and ligated to
Bglll-/EcoRI-digested pBabePuro-p27.1. The oligonucleo-
tides 5-GCAGATCTGCAATGGCACCAGCATGATATT-
CAAGAGATATCAT-3 and 5-CGGAATTCAAAAAGC
AATGGCACCAGCATGATATCTCTTGAAT-3/, targeting
nucleotides 221-243 of eRF1 (GenBank accession no.
NM_004730), were used to produce pEQ929 (shRNA 1A).
Plasmid pEQ941, expressing shRNA 1B directed against
nucleotides 1327-1348 of eRF1, was constructed with the
oligonucleotides 5'-GCAGATCTGAAGGGTCTCAGTTTG
TGAAAGTTCAAGAGACTTTCA-3 and 5-GCGAATT-
CAAAAAGAAGGGTCTCAGTTTGTGAAAGTCTCTTGA-
AC-3'. Two plasmids were designed to target eRF3 (GenBank
accession no. XM_083954). Plasmids pEQ945 expressing
shRNA 3A directed against nucleotides 1171-1189 and
pEQY946 expressing shRNA 3B directed against nucleotides
1659-1678, were constructed with the oligonucleotide pairs
5'-GCAGATCTGCTGATTTGGCTGTGCTGGTTCAAGAG
ACCAGCA-3'/5'-GCGAATTCAAAAAGCTGATTTGGCT-
GTGCTGGTCTCTTGAAC-3' and 5'-GCAGATCTGCACA-
ACGTGGAAGTTCTTGTTCAAGAGACAAGAA-3'/ 5-G
CGAATTCAAAAAGCACAACGTGGAAGTTCTTGTCT-
CTTGAAC-3'. The oligonucleotides 5'-CCTTGGATC-
CGATTCCGCGTGTTCGTGTACGTTCAAGAGACGTA-3'
and 5-CCTTGAATTCAAAAAGATTCCGCGTGTTCGTG-
TACGTCTCTTGAACGTA-3’, directed against nucleotides
230602-230 582 of TRS1 in Towne human cytomegalovirus
(HCMYV) (GenBank accession no. AY315197), were annealed
and filled-in with Taq polymerase, digested with BamHI and
EcoRI, and then processed as above to produce pEQ936.



Plasmid pGHS [provided by Shin-ichi Hoshino, University
of Tokyo (30)], which contains eRF3 cDNA, was digested
with BamHI and Pstl and the 1.9 kb fragment containing
the eRF3 gene was ligated into the same sites in pQE10 (Qia-
gen) to add a histidine (his) tag to the N-terminus of eRF3 and
yield pEQ609. PCR amplification of an eRF1 mutant using
the pQE-specific primers 5-GAATTCATTAAAGAGGA-
GAAA-3"  (forward) and 5'-CTGGATCTATCAACAG-
GAGTCCAA-3' (reverse) and insertion of the product into
pcDNA3.1/V5-His TOPO TA resulted in pEQ840. EcoRI/
Blpl fragments containing his-tagged wild-type eRF1 and
eRF3 were moved from pEQS814 (7) and pEQ609, respec-
tively, into the same sites of pEQ840 resulting in plasmids
pEQ842 and pEQS863.

Plasmid pEQ909 encodes a truncated (amino acids 1-260),
his-tagged version of the human cytomegalovirus TRS1 pro-
tein. To produce this plasmid, a plasmid derived from VVCLI1
(31) was used as a PCR template with forward primer
5'-GCCTCGACGTCGGATCCGTCCGGCGGCCATGGCC-
3’ and reverse primer 5'-CGTCGCGCGCGGGGTGCC-3/,
and the product ligated into pcDNA3.1/V5-His TOPO TA.

Transfection and SEAP assay

HeLa, HEK293 (293) or HEK293T (293T) cells were propa-
gated in DMEM supplemented with 10% Nu serum (Collab-
orative Research, Inc.). Plasmids were transfected into the
cells at ~60% confluence in 24-well plates, unless otherwise
specified, using either calcium phosphate or lipofectamine
(Invitrogen). After replacement at 16 h post-transfection,
media samples were collected at 48—72 h post-transfection,
incubated at 65°C for 30 min to inactivate endogenous
phosphatases and then clarified by centrifugation at 10000 g
for 10 min.

Readthrough was determined by comparing the bound
versus the total secreted alkaline phosphatase (SEAP) activity
for each sample, in a manner similar to that described
previously (32). Total SEAP activity was measured in
200 pl of SEAP buffer [final concentrations of 1 M diethanol-
amine, 0.5 mM MgCl,, 10 mM r-homoarginine and 0.5 mM
methyl-umbelliferyl phosphate (Sigma)]. The change in
fluorescence per minute was determined using an Ascent
Fluoroskan (Thermolab systems) at 37°C with A excita-
tion = 355 and A emission = 460. Bound SEAP activity
was measured by incubating samples overnight at 4°C in
S-protein-coated wells. After incubation, the medium was
aspirated from the wells and unbound SEAP was removed
by three 350 ul washes with 1x phosphate-buffered saline
(PBS) containing 0.1% Tween-20 and one 350 pul wash with
1x PBS. After adding 200 pl of SEAP buffer, the activity
was measured with the Fluoroskan. At least 10 linear
timepoints were used to determine SEAP activity. To gen-
erate S-protein-coated plates, Nunc Maxisorp or Costar
EIA 96-well plates were incubated overnight at 4°C with
100 pl/well of 10 pg/ml Ribonuclease S-protein (Sigma
R-6250)in 1x PBS, followed by a 2 h blocking step at
room temperature with 200 ul of 1% non-fat dry milk
inlx PBS and then washing the wells 2 times with 350 pl
of Ix PBS with 0.1% Tween-20.

For each experiment, a fusion protein control was included
to determine the fraction of tagged SEAP that bound to the
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plate. The percentage readthrough for each sample was cal-
culated by dividing the bound SEAP activity by the total SEAP
activity, then normalizing this number by the fraction of
SEAP-Stag fusion protein control that was bound and convert-
ing the results to a percentage.

Fusion protein binding

293T cells were transfected by calcium phosphate with 0.5 pg
pEQ965 (SEAP fusion control vector) per well. After proces-
sing of media, total SEAP activity was determined for a 0.2 pl
aliquot (20 pl of a 1:100 dilution in 1x PBS). To determine
binding, samples were diluted in 1x PBS to a final volume of
100 pl/well and applied to an S-protein-coated plate. Total and
bound SEAP were assayed in quadruplicate for each dilution.
The amount of bound SEAP activity and the percentage of
activity bound were calculated and linear regression was per-
formed to compare the bound activity to the volume of media
loaded.

To measure fusion protein binding in the presence of excess
untagged SEAP, 293T cells in a 100 mM dish were transfected
with 12 pug of pEQ911 (SEAP ochre vector with a poor
readthrough context that does not produce detectable levels
of S-tagged SEAP) by calcium phosphate. Medium containing
the fusion protein from the pEQ965 transfection was diluted
1:100 into medium from the pEQ911 transfection. Total SEAP
activity was determined for a 0.2 pl aliquot of both the media
from the pEQ911 transfection and the 1:100 dilution of
fusion protein into pEQ911 media. Dilutions were added to
S-protein-coated plates using 0-70 pl of the 1:100 fusion
protein dilution and the final volume was brought to 100
ul/well with pEQ911 media. The amount of bound SEAP
activity, as well as the percentage of activity bound, was
determined for quadruplicate samples of each dilution. Linear
regression was performed to compare the amount of bound
activity to the volume of fusion protein loaded.

Readthrough assay with suppressor tRNAs

293T cells were cotransfected by calcium phosphate with
combinations of 0.5 pg of SEAP indicator pEQ962 (ochre),
pEQ963 (amber), pEQ964 (opal) or pEQ965 (tryptophan),
with 0.5 pg of tRNA vector pSV-tS-su~ (serine), pSV-tS-
su* (ochre), pEQ933 (amber) or pEQ934 (opal) in duplicate.
Total SEAP activity was determined for 0.2 pl aliquots, while
bound SEAP activity was determined using 100 pl aliquots for
non-cognate or 50 ul (+50 pl 1x PBS) for cognate stop-codon/
suppressor tRNA pairs.

To determine the efficiency of readthrough using varying
amounts of suppressor tRNAs, 293T cells were transfected by
calcium phosphate with 0.5 pg of pPEQ962 (SEAP ochre indi-
cator) and 1.0 pug of mixtures of pSV-tS-su™ (serine tRNA) and
pSV-tS-su® (ochre tRNA) at varying ratios of the two
plasmids, or with 0.5 pug of pEQ965 (SEAP fusion control)
and 1.0 pug of pSV-tS-su™ (serine tRNA). Total SEAP activity
was determined on 0.2 pl aliquots and bound SEAP activity
was determined using 50 pl aliquots with the following excep-
tions; for transfections with pEQ962 with 1.0 ug pSV-tS-su™,
100 ul aliquots were used, while for pEQ965 transfections,
bound activity was measured using 0.2 ul aliquots. All bound
incubations were brought to a final volume of 100 pl with
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Ix PBS. Mean (+ SD) percentage readthrough was calculated
for triplicate transfections.

Readthrough assay with shRNAs

Transfections were performed in triplicate by calcium phos-
phate for 293 cells or by lipofectamine for HeLa cells, using
0.5 ug of SEAP indicator (pEQ962, pEQ963, pEQ964 or
pEQ965) and 0.5 ug of plasmid expressing shRNA
(pEQY40, pEQ936, pEQ929, pEQY941, pEQY945 or pEQY46).
The total SEAP activity for each sample was determined using
a 0.2 pl aliquot of the media, while bound SEAP activity was
determined by incubating 100 pl of media per test sample or
0.2 ul of media containing fusion protein diluted to 100 pl with
1x PBS. Statistical analysis was performed using a two-tailed
t-test. To calculate the fold increase in readthrough, the per-
centage readthrough for a specific stop codon context in the
presence of an shRNA was divided by the percentage read-
through at the same stop context in the presence of the vector
backbone (pBp, pEQY940). Three independent experimental
sets were used to determine the average fold increase in
readthrough.

Western blot analyses

For assessing transgene knockdown efficiency, 293T or HeLa
cells in 6-well plates were transfected with 1.5 pg of each
plasmid [eRF1 (pEQ842) or eRF3 (pEQ863), TRS1 (pEQY09)
and shRNA (pEQ940, pEQ936, pEQ929, pEQ9%41, pEQY4S5,
or pEQY946)] using the calcium phosphate method for 293T
or lipofectamine for HeLa cells. Forty-eight hours post-
transfection, cells were resuspended in 1 ml media, and
then pelleted at 2000 g for 5 min at 4°C. After aspirating
media, the cells were lysed for 5 min on ice in 20 ul low
salt lysis buffer (50 mM Tris pH 8.0, 1% NP-40). Nuclei
and cellular debris were pelleted by centrifugation for 5 min
at 7500 g at 4°C. The supernatant was sonicated for 30 s in a
bath sonicator and stored at —20°C until use. For immuno-
blots, lysates were separated by SDS-PAGE, electroblotted to
nitrocellulose, probed with anti-pentahis antibody (Qiagen)
and detected using the CDP-Star Kit (Tropix) according
to the manufacturer’s specifications. To estimate relative
transgene expression, multiple exposures were scanned
and NIH Image v1.63 was used to quantify band density.
eRF1 and eRF3 levels were normalized to TRS1 expression
for each lane.

For assays of endogenous release factor levels, HeLLa or 293
cells were washed in 1x PBS and then lysed in low salt lysis
buffer (with one Roche mini complete protease inhibitor cock-
tail tablet per 5 ml) for 5 min on ice. Lysates were centrifuged
at 2500 g for 10 min at 4°C, and the supernatant was stored on
ice during the determination of protein concentration and then
used directly. Equal amounts of protein (20 or 50 pg/well
for eRF1 or eRF3 blots, respectively) were fractionated by
SDS-PAGE and electroblotted onto nitrocellulose. Rabbit
polyclonal antibodies specific for eRF3 were raised to purified
his-tagged eRF3 expressed in bacteria using pEQ609. This
serum and antiserum to eRF1 (7) was used at 1:10 000 dilution
in 1x PBS-T containing 5% BSA. After release factor detec-
tion using the CDP-Star Kit, the blots were washed 4 times for
5 min each in 1x PBS-T, stripped by incubation for 30 min at
50°C in stripping buffer (63 mM Tris pH 6.8, 100 mM

2-mercaptoethanol, 2% SDS), then washed 6 times for
5 min each in 1x PBS-T before being reprobed for with a
1:1000 dilution of actin rabbit polyclonal serum (Sigma).

RESULTS
Secreted alkaline phosphatase readthrough assay

In order to measure readthrough levels in cell culture, we
utilized a secreted alkaline phosphatase (SEAP)-based assay
(32). The SEAP reporter gene was cloned into a plasmid
downstream from the CMV major immediate early gene
promoter and upstream from the coding sequences for the
S-peptide tag (Figure 1A). The S-peptide consists of fifteen
N-terminal acids from pancreatic ribonuclease A. The remain-
ing portion of the ribonuclease A, called the S-protein, forms a
stable complex with the S-peptide and can be used to isolate
S-peptide-tagged proteins (33,34). The S-peptide coding
sequence is separated from the SEAP reading frame by an
in-frame stop codon (test vectors) or tryptophan codon (fusion
vector control) (Figure 1A). The nucleotides flanking the stop
codon are similar to those found at the gag—pol junction of
TMYV (35), a termination codon context known to promote
relatively high basal readthrough levels in eukaryotic cells.
When the junction contains the tryptophan codon, translation
results in a C-terminal fusion of the S-peptide to SEAP. How-
ever, if a stop codon is present in the junction, the S-peptide is
only fused to SEAP as a result of a readthrough event. Each of
the three different stop codons follow the S-peptide sequence
to ensure that translation will terminate at this point, if not
before. Advantages of this system include the fact that
total SEAP serves as an internal control for transfection
efficiency and transcript level, and SEAP measurement is
non-destructive allowing multiple timepoints to be examined.

The general protocol for the assay (Figure 1B) is to cotrans-
fect cells with a SEAP test vector and the termination mod-
ulator being tested. For each experiment, cotransfection of the
tryptophan fusion vector with the modulator is also performed.
At the desired time post-transfection, media is collected and
heat-treated to inactivate endogenous phosphatases. The total
SEAP activity in a sample aliquot is determined. Following
incubation in S-protein-coated wells, untagged SEAP is
washed away, and the SEAP activity of the bound fraction
is determined. The ratio of the bound versus total SEAP activ-
ities per sample aliquot reflects the amount of readthrough in
the sample, and normalization of this ratio to the amount of
fusion protein bound for the experiment yields the percentage
readthrough.

Several experiments were conducted to validate this
assay. First, we examined binding of the fusion protein to
the S-protein-coated plates. Medium was collected from
293T cells that had been transfected with the SEAP fusion
control vector, which should yield exclusively SEAP mole-
cules tagged with the S-peptide. Various amounts of this
media diluted in PBS were incubated in S-protein-coated
plates, and the amount of SEAP activity bound per well
was determined. The bound SEAP activity was linear over
two orders of magnitude of applied volume (Figure 2A), indi-
cating that we were not saturating the S-protein binding sites
and that binding correlated to the amount of S-peptide fusion
protein present.
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Figure 1. The SEAP readthrough assay. (A) The secreted alkaline phosphatase
(SEAP) gene and the S-peptide tag sequence (S-tag) were inserted into a TOPO-
TA (Invitrogen) expression vector as described in Materials and Methods. The
junction between SEAP and the S-tag contains a unique BsrGI restriction site,
followed by either a stop or tryptophan codon embedded in a TMV-like
termination context (CAATRRCAA, where R = A or G), and an EcoRI site.
The S-tag sequence is followed by each of the three in-frame stop codons to
prevent subsequent readthrough events. (B) After cotransfection of a SEAP
reporter and a modulator plasmid, the total and S-protein-bound SEAP activity
are measured and used to calculate the relative readthrough efficiency. The
percentage readthrough is then calculated by normalizing the fraction of SEAP
bound per test sample to the binding efficiency of the SEAP-S-tag fusion
control.

Surprisingly, the percentage of the fusion protein present
that bound was only 8.02 £ 0.45%. A number of factors could
contribute to the low apparent binding. Appending the S-tag to
SEAP does not appear to inhibit SEAP activity (data not
shown); however binding of the S-peptide to S-protein may
constrain SEAP and reduce its apparent activity. Also, reduc-
tion in activity may occur because SEAP substrate must
diffuse to SEAP molecules now bound at a surface rather
than free in solution. Binding efficiency varied from plate
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Figure 2. S-tagged SEAP binding to S-protein-coated plates is linear. (A) SEAP
bound to S-protein-coated wells was measured using varying amounts of
SEAP-S-tagged fusion protein generated by transfection of pEQ965 into
293T cells as described in Materials and Methods. Bound SEAP activity
(closed diamonds), was proportional to the amount of fusion protein applied
over two orders of magnitude, with a regression coefficient of 0.9995.
Measurement of the total SEAP activity in the same dilutions enabled
calculation of the fraction bound to the plate (open squares). The solid and
broken lines indicate the average percentage bound + 5% error. (B) As detailed
in Materials and Methods, varying amounts of SEAP—S-tagged fusion protein
were diluted into a lysate containing a large excess of untagged SEAP,
generated by transfection of pEQ911 into 293T cells, and then incubated
overnight in an S-protein-coated 96-well plate. Bound SEAP activity
correlated to the amount of fusion protein applied over two orders of
magnitude, with a regression coefficient of 0.9943. An enlarged view of the
low percentage fusion protein data is shown in the inset.

to plate. However, the percentage fusion protein bound was
consistent between replicate transfections (data not shown),
suggesting that the observed differences were due to variation
in the plates and the S-protein coating, and not due to varia-
tions in the production of binding competent S-peptide-tagged
SEAP. Although the binding efficiency of S-peptide-tagged
SEAP was lower than expected, the linearity of the binding
and its consistency within each experiment argue that
this approach can be used to detect relative changes in
readthrough.

To assess the reliability of the assay when tagged SEAP
constitutes only a minor fraction of the total SEAP, we diluted
the S-tagged SEAP into a constant amount of untagged SEAP,
rather than in PBS, such that tagged SEAP comprised
~1/100000 to 1/1000 of the total SEAP activity per well.
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As before, the amount of bound SEAP activity detected cor-
related with the amount of fusion protein present (Figure 2B).
Since each well contained approximately the same amount of
total SEAP activity, these results demonstrate that the bound
SEAP activity is due to the presence of S-peptide-tagged
SEAP and not just to non-specific binding of SEAP. No
bound SEAP activity was detected when the binding reaction
contained exclusively untagged SEAP. The experiment also
shows that excess untagged SEAP does not interfere with
fusion protein binding, as we were able to detect fusion protein
when it comprised as little as 0.002% of the total SEAP activ-
ity present in a binding reaction. Furthermore, the presence of
excess untagged SEAP did not significantly affect the percen-
tage of fusion protein that bound per well, which was
9.00 £ 1.44% in this experiment.

Engineered suppressor tRNAs were used to test the speci-
ficity of this readthrough assay. All possible combinations of
suppressor tRNA plasmids, including the control serine tRNA
plasmid from which the others were derived, and SEAP repor-
ter plasmids, were transfected into 293T cells. The basal read-
through detected in the transfections containing the parental
serine tRNA was 0.017 = 0.003% at the ochre (TAA) codon,
0.088 + 0.005% at the amber (TAG) codon, and 0.063 =+
0.002% at the opal (TGA) codons. Large increases in read-
through were observed only in transfections that contained the
cognate SEAP stop codon and suppressor tRNA pairing
(Figure 3A). The presence of the ochre suppressor tRNA
increased readthrough from the ochre SEAP construct by
~700-fold. Readthrough increases were 400- and 500-fold
for the amber and opal pairings, respectively. Although the
opal suppressor had no effect on non-cognate stop codons, we
did detect a very small cross-response between the ochre and
amber stop codons and anticodons. Expression of the amber
suppressor tRNA increased readthrough at the ochre stop
codon ~2-fold and a similar response was observed at the
amber termination signal in the presence of the ochre suppres-
sor tRNA. However, >99% of the impact of the tRNA
suppressors was limited to cognate stop codons, validating
the stop codon specificity of the assay.

Since the changes in readthrough observed in the previous
experiment were much larger than the alterations of termina-
tion efficiency expected when using other termination mod-
ulators, we examined the sensitivity of the assay by
cotransfecting 293T cells with varying amounts of the
ochre suppressor tRNA plasmid and a constant amount of
ochre stop codon junction SEAP indicator. Increasing
amounts of suppressor tRNA enhanced the readthrough
level (Figure 3B), with as little as a 2-fold increase in read-
through level detected at the lowest suppressor tRNA concen-
tration, suggesting that the assay is quite sensitive in detecting
changes in suppression frequency.

The previous experiment was performed with a SEAP vec-
tor that has the ochre stop codon surrounded by a TMV-like
context nucleotide that is known to allow a relatively high
basal readthrough level. To further examine the utility of this
assay, we repeated the experiment using a SEAP indicator
construct that contains the ochre stop codon surrounded by
an alternative context of nucleotides not predicted to allow a
high level of readthrough (pEQ911). In this experiment (data
not shown) basal readthrough was undetectable, but the addi-
tion of the cognate suppressor tRNA enhanced readthrough
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Figure 3. Detection of stop codon-specific increases in readthrough with the
SEAP assay system. (A) SEAP indicator vectors [pEQ962 (ochre), pEQ963
(amber), pEQ964 (opal)] were cotransfected into 293T cells along with
suppressor tRNA constructs [pSV-tS-su®” (ochre), pEQ933 (amber) or
pEQ934 (opal)], or the parental serine tRNA plasmid [pSV-tS-su™ (serine)]
from which they were derived, in all possible combinations. The
readthrough levels were determined as described in Materials and Methods.
Increases in readthrough were detected only in combinations containing the
cognate suppressor tRNA and stop codon. (B) Increasing amounts of the ochre
suppressor tRNA construct [pSV-tS-su* (ochre)] were cotransfected into 293T
cells with a constant amount of ochre stop codon junction SEAP indicator
vector (pEQ962), while the plasmid encoding the parental serine tRNA
[pSV-tS-su (serine)] was used to equalize DNA mass among transfections.
The percentage readthrough increased with the amount of ochre suppressor
tRNA transfected.

from this construct to detectable levels. Although the overall
level of readthrough that could be achieved was lower with
this construct, the increases observed in readthrough levels
correlated linearly with the amount of suppressor tRNA
expression vector used (data not shown). These results suggest
that the SEAP system should be useful for detecting the altera-
tions in readthrough that would result from perturbation of
termination efficiency at stop codons in alternative contexts.

Release factor knockdown in 293 cells

Because the effects of release factor overexpression on ter-
mination differ between yeast and human cells (24-26),



release factor depletion might also affect termination effi-
ciency differently in these two systems. To assess the impact
of release factor depletion in mammalian cells, we employed
RNA interference, using a plasmid-based system (29) to gen-
erate shRNAs. Two target sequences were chosen for each
release factor. For eRF1, the vectors we used expressed
shRNA 1A, corresponding to sequences near the 5’ end and
1B, matching a sequence located near the 3’ end of the eRF1
reading frame. Translation of eRF3 may initiate at any one of
three alternate start codons, with the short- and long forms of
the protein predominating (36). Therefore, sequences near the
5" end of the coding region were avoided in selecting eRF3
RNA interference targets. Instead, we used shRNAs 3A and
3B, corresponding to the middle and 3’ end of the eRF3 coding
region, respectively. The sequences in shRNA 3A but not 3B
should also target the recently described eRF3-related protein
eRF3b (37-39).

Since the release factors are essential proteins (13,14,40),
we attempted to deplete their expression by transient transfec-
tion of the shRNA constructs rather than by trying to generate
stable cell lines. Because DNA will enter only a fraction of the
cells in a typical transfection, we cotransfected his-tagged
eRF1 or eRF3 transgenes and assessed the efficacy of the
RNA interference constructs by immunoblot assays using
anti-His antibodies. A his-tagged non-cellular protein,
TRS1, was included in these cotransfection experiments to
allow comparison of release factor levels among samples.
While cotransfection of the shRNA construct backbone did
not change the expression level of the eRF1 transgene (data
not shown), shRNA constructs 1A and 1B resulted in
decreased transgene expression (Figure 4A). RNA interfer-
ence against target 1B was substantially more effective at
knocking down eRF1 expression, reducing the level of his-
tagged eRF1 expression ~10-fold, as opposed to the 2-fold
reduction in transgene expression observed with shRNA 1A.
Not surprisingly, the shRNAs that target eRF3 had no effect on
expression of eRF1.

Next, the experiment was repeated using his-tagged eRF3 in
place of his-tagged eRF1. As expected shRNAs directed
against eRF1 had no effect on eRF3 transgene expression
(Figure 4B). While the shRNA construct containing the 3A
target did not result in any knockdown of eRF3 transgene
expression, the construct containing the 3B construct effect-
ively decreased transgene expression by ~10-fold.

The effect of release factor depletion on termination effi-
ciency was then examined in 293 cells using the SEAP read-
through assay. In order to determine the termination response
to the various shRNA constructs, we first examined the effects
of eRF1 and eRF3 depletion at the amber stop codon junction.
The basal readthrough level, determined from cotransfection
of the shRNA vector backbone (pBp) with the SEAP indicator
(Figure 5), was not significantly different from that obtained
with transfection of the readthrough indicator alone or with
cotransfection of an irrelevant plasmid (pBS—pBluescript
SK+, Stratagene) (data not shown). Cotransfection of the
shRNA TRSI construct, which targets a non-cellular gene,
also did not alter the observed readthrough level. Cotransfec-
tion of the shRNA construct 1A, which caused only minimal
reduction of eRF1 transgene expression, caused a slight but not
statistically significant increase in the readthrough level. In
contrast, the more efficient eRF1 knockdown caused by
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Figure 4. Release factor transgene knockdown by RNA interference. (A) 293T
cells were cotransfected with an expression plasmid for his-tagged eRF1
(pEQ842) and no shRNA construct (none) or the indicated shRNA construct
[1A (pEQ929), 1B (pEQY941), 3B (pEQY46), or 3A (pEQ945)]. A his-tagged
non-cellular gene, TRS1 (pEQ909)—derived from the HCMV TRS1 coding
sequence—was included to allow comparison between transfections.
Transgene expression was visualized by immunoblot with antibody specific
for the his tag. Positions of eRF1 and TRS1 migration are shown. Transgene
expression relative to transfections containing no shRNA vector is indicated
below each lane. (B) The transgene knockdown experiment described above
was repeated with a his-tagged eRF3 (pEQ863) construct.

cotransfection of the shRNA 1B construct caused a ~2.5-fold
increase in readthrough, reflecting a reduction in termination
efficiency. Cotransfection with shRNA 3A did not affect read-
through. Although the 3B shRNA construct was quite effective at
depleting eRF3 transgene expression, it caused only a slight
increase in readthrough that was not significantly different
from the basal level.

If release factor depletion affects termination efficiency,
we expect it to do so at all three stop codons. Therefore, we
examined the impact of shRNA-mediated knockdown of
eRF1 and eRF3 at each stop codon using the full set of
SEAP vectors. In these experiments we used the shRNA
constructs 1B and 3B since they were more effective than
1A and 3A at knocking down their respective targets. Deple-
tion of eRF1 decreased termination efficiency at each stop
codon as indicated by a ~3-fold increase in readthrough in all
cases (Figure 6A). A marginal increase in the mean



4498 Nucleic Acids Research, 2004, Vol. 32, No. 15

0.10 1

0.08 1

0.06 1

% Readthrough
Z
(#a]

shRNA: pBp TRS1 1A 1B 3A 3B

Figure 5. Effects of release factor depletion on termination efficiency at the
amber stop codon in 293 cells. 293 cells were cotransfected with equal amounts
of amber (UAG) stop codon junction SEAP indicator vector (pEQ963) and the
shRNA constructs or control plasmids as described in Materials and Methods.
At 72 h post-transfection, the percentage readthrough for each sample was
determined. Each column represents the average readthrough level
determined from triplicate transfections, with error bars signifying one
sample standard deviation. The constructs used for cotransfection were pBp
(pEQ940)—the RNA interference construct backbone, TRS1 (pEQ936)—an
shRNA construct targeting the non-cellular gene TRS1, and 1A (pEQ929), 1B
(pEQ9%41), 3A (pEQY45) or 3B (pEQ946)—RNA interference constructs
targeting eRF1 or eRF3. The significance with respect to the pBp basal
readthrough value, as indicated by the P-value derived from a two-tailed #-
test, is listed above each sample (NS, not significant, P > 0.05). Only eRF1
depletion by the 1B RNA interference construct resulted in substantial changes
in readthrough.

readthrough level was noted at each stop codon when eRF3
was depleted, but this increase was only statistically signifi-
cant at the ochre stop codon. We also examined the effects of
simultaneous depletion of both release factors. The combined
effect of cotransfecting plasmids expressing 1B and 3B
shRNAs was a slight increase in readthrough at amber and
opal stop codons compared to eRF1 depletion alone;
however, this increase was only significant at the amber
stop codon. No measurable effect beyond the results from
eRF1 depletion alone was detected at the ochre stop codon.
The experiments in which the release factors were depleted
individually were repeated 3 times, with triplicate transfec-
tions for each readthrough measurement. Only depletion of
eRF1 consistently exhibited a statistically significant
decrease in termination efficiency at all stop codons. Deple-
tion of eRF3 had a significant effect on termination in only
one other instance (two out of nine total measurements), in
this case at the opal stop codon. The results are summarized
in Figure 6B, with the fold change in readthrough calculated
relative to readthrough levels in the presence of the parental
shRNA construct pBp. In 293 cells, depletion of eRFI
consistently caused a decrease in termination efficiency,
increasing readthrough levels of 2.5- to 3-fold at all stop
codons tested. While depletion of eRF3 appeared to cause
a slight increase in readthrough, this effect was not observed
in all experiments and was not statistically significant.
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Figure 6. Depletion of eRF1 decreases termination in 293 cells. (A) The effects
of release factor depletion were examined at each stop codon. Equal amounts of
SEAP readthrough vectors with the indicated stop codon [ochre (pEQ962),
amber (pEQ963), or opal (pEQ964)] and shRNA constructs were cotransfected
into 293 cells as described in Materials and Methods. In transfections where
both release factors were depleted simultaneously, equal amounts of all three
plasmids were used. Bound and total alkaline phosphatase activity was
measured and used to calculate the mean (+ SD) percentage readthrough
from triplicate transfections for each RNA interference construct. RNA
interference constructs used were pBp (pEQ940), TRS1 (pEQ936), 1B
(pEQ941) or 3B (pEQY46). The significance of the test samples with
respect to the pBp basal value is shown above the each bar. The P-values,
as determined by a two-tailed #-test, are indicated by NS (P > 0.05), asterisk
(0.05 = P > 0.01), double asterisks (0.01 = P > 0.001) and triple asterisks
(0.001 = P). (B) The single experiment shown in (A) was repeated on three
separate occasions for each SEAP indicator. The results, expressed as the fold
increase in percentage readthrough in the presence of the indicated shRNA
construct with respect to the basal readthrough level determined with pBp, are
summarized with error bars representing one sample standard deviation. The
dashed line represents the theoretical value when readthrough is unaffected by
the test ShRNA.

Release factor knockdown in HeLa cells

To determine whether the effects of release factor depletion
were similar in other cell types, we repeated the readthrough
experiments using HeLa cells. The basal readthrough levels
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Figure 7. Increase in termination efficiency in HeLa cells by depletion of either
eRF1 or eRF3. (A) The effects of release factor depletion were determined by
transfection, in triplicate, in HeLa cells as described in Materials and Methods.
RNA interference constructs used were pBp (pEQ940), TRS1 (pEQ936), 1B
(pEQ941) or 3B (pEQY46). The significance of the test samples with respect to
the pBp basal value, determined by a two-tailed 7-test is shown above each bar:
NS (P > 0.05), asterisk (0.05 = P > 0.01), double asterisks (0.01 = P >0.001)
and triple asterisks (0.001 = P). (B) Summary of results from experiments
performed on three separate occasions. Results are expressed as the mean fold
(+ SD) increase in percentage readthrough as compared to transfections with
pBp. The dashed line represents the theoretical value when readthrough is
unaffected by the test ShRNA.

detected were substantially lower in HeLa cells compared to
293 cells (Figure 7A) and were similar among transfections
containing just the SEAP indicator, or with cotransfection of
the controls pBS, pBp or pTRS1 (data not shown). Consistent
with the data from assays in 293 cells, depletion of eRF1
decreased termination efficiency in HeLa cells as indicated
by an increase of ~2- to 3-fold in readthrough at each of the
three stop codons (Figure 7A). However, in contrast to the
results in 293 cells, depletion of eRF3 caused a clear reduction
in termination efficiency in the HeLa cells. The effect was
generally similar in magnitude to that caused by depletion of
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Figure 8. Relative expression levels of eRF1 and eRF3 in 293 and HeLa cells.
Fresh lysates of confluent HeLa or 293 cells were analyzed by immunoblot to
determine the relative levels of endogenous release factors. Equal amounts of
total protein (20 or 50 pg/well for eRF1 or eRF3 blots, respectively) were
fractionated by SDS-PAGE and electroblotted onto nitrocellulose. Blots
were first probed with antibody directed against eRF1 (left) or eRF3 (right),
and then reprobed with antibody specific for actin.

eRF1. Dual depletion of eRF1 and eRF3 caused a slightly
higher level of readthrough than depletion of either eRF
alone at amber and opal but not ochre codons; however,
this effect was not consistently significantly different from
either eRF1 or eRF3 depletion. The fact that the effect of
dual release factor depletion was generally similar to that
of single depletion suggests that the two proteins may act at
the same step in the termination reaction. The effect of release
factor depletion was determined at each stop codon in three
separate experiments (Figure 7B). Depletion of either release
factor caused a statistically significant decrease in termination
efficiency in all cases. The fold increase in readthrough in
response to release factor depletion was consistently 2- to
3-fold at each stop codon regardless of which release factor
was depleted. These results suggest that eRF3 is directly
involved in the termination process.

It was surprising that eRF3 depletion had differing effects in
the two cell types. One possible explanation was that RNA
interference was more effective in the HeLa cells. However,
we found that knockdown of eRF3 was actually somewhat less
efficient in HeLa than in 293 cells (data not shown). Another
possible explanation was that the level of endogenous release
factor pools may cause the HeLa cells to be more sensitive to
eRF3 knockdown. In fact, immunoblot assays revealed that
HeL a cells do appear to have less endogenous eRF3 but similar
levels of eRF1 compared to 293 cells (Figure 8). Thus, it is
possible that a further reduction of eRF3 in HeLa cells results
in it becoming rate-limiting for termination. These results
highlight the potential for variation in release factor levels
or activities among cell types.

DISCUSSION

We adapted a SEAP assay system, first described by Sogaard
et al. (32) to examine the effects of release factor depletion on
termination efficiency in human cell lines. Since this assay has
not been widely used, we examined its performance in a series
of control experiments. The measurement of S-peptide-tagged
SEAP was linear over a wide range of enzyme concentrations.
However, the binding efficiency of the tagged SEAP mole-
cules was approximately one-tenth of the expected value.
Although it is possible that S-peptide binding constrains the
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activity of the SEAP molecule, causing an artificially low
apparent binding efficiency, we detected a substantial amount
of tagged-SEAP protein in the medium after incubation of the
SEAP-S-tag fusion protein in S-peptide-coated wells (data not
shown). This result suggests that the apparently low binding
efficiency is not simply due to alteration of SEAP activity by
virtue of the physical constraints caused by binding to the
plastic surface. Although it has been reported that an S-peptide
fusion protein had a dissociation constant only slightly higher
than that of S-peptide alone (34), it is possible that fusion to
the SEAP molecule decreased the affinity of the S-peptide for
S-protein. We have observed a 2-fold increase in binding with
a SEAP construct possessing a longer spacer region between
the SEAP and S-tag moieties (data not shown), suggesting that
low binding efficiency may be due in part to steric hindrance of
S-tag binding by SEAP. It may be possible to improve binding
efficiency by multimerizing the tag. Regardless, the low bind-
ing efficiency of the fusion protein affects the detection limit
of the SEAP system, but not its ability to detect changes in
readthrough. With this system, we were able to detect changes
in readthrough level as small as 2-fold from the basal levels of
readthrough as low as 0.002%.

We found basal readthrough values of ~0.01, 0.04 and
0.03% at the ochre (UAA), amber (UAG) and opal (UGA)
stop codons, respectively, in 293 cells. Our absolute read-
through level is lower than the 2% reported at the amber
TMV stop codon context in NIH 3T3 cells (41). Although
some of the differences may be due to assay methods, in
the original report of the SEAP-S-tag assay higher read-
through levels were reported albeit with a corresponding
high assay background (32). Part of the variation in basal
readthrough is likely due to cell-type-specific differences.
In fact, basal readthrough levels were 2.5-fold lower in
HeLa cells than in 293 cells in our experiments. The low
level of basal readthrough may also be due in part to subtle
differences in the nucleotide context surrounding the termina-
tion codons. Our SEAP vectors contained a modified TMV
readthrough context, CAA TRR CAA CTC. Even relatively
minor alterations in the nucleotide context of the termination
codon can have major effects. For example, mutation of the
bona fide TMV stop context CAA TAG CAA TTA to CAA
TAG CAA CTT caused a 10-fold decrease in readthrough in
yeast (42). In a study with 3T3 cells, subtle differences in stop
codon context caused up to a 100-fold alteration in termination
efficiency (41). We were unable to detect any basal read-
through when we used the context GGC TAG CCA GAA
(data not shown). Thus, differences in the translational ter-
mination fidelity in various cells and in the termination codon
context may result in a large effect on the basal level of read-
through, making exact comparisons between systems difficult.

RNA interference using transfection of synthetic 21-23mer
dsRNA molecules has been tested previously as a method for
inhibiting termination. As in our study, knockdown of eRF1
promoted readthrough by 2- to 3-fold (27), but the study by
Carnes et al. only tested termination at an amber codon and did
not examine eRF3 depletion. Using in sifu generation of the
shRNAs, we observed that eRF1 knockdown augments read-
through at all three stop codons. The particular eRF1 shRNAs
and siRNAs used varied in the efficacy of eRF1 depletion,
possibly due to the precise RNA targets or to the method of
delivery. Nonetheless, the effects of eRF1 depletion on

readthrough were strikingly similar. In the previous study,
eRF1 depletion with the more effective siRNA caused a
2.8-fold increase in readthrough at the UAG stop codon,
while our shRNA 1B caused a 3-fold increase in readthrough.
In our study, the magnitude of the effect on termination effi-
ciency was similar at all three stop codons, and was observed
in HeLa as well as 293 cells. A potential advantage of the
in situ generation of shRNAs is that it can be used to generate
stable cell lines. However, in an attempt to make such lines
using shRNA 1B, we found that an initial increase in read-
through disappeared after repeated cell passage (data not
shown), possibly reflecting selective pressure against deple-
tion of an essential gene product.

Since promoting readthrough has potential therapeutic
applications for a variety of genetic diseases in which non-
sense codons prevent expression of the full-length protein,
several other approaches for modulating termination have
been investigated. Aminoglycoside antibiotics increase read-
through by promoting ribosomal misreading. The degree to
which aminoglycosides increase readthrough depends upon
the exact drug and stop codon context (43). Gentamicin
increased readthrough 5- to 10-fold in cell-free assays and
in 293 cells (44,45), and increased protein expression 8-fold
in a Hurler cell line (46). A pilot test with gentamicin in our
system yielded a 2- to 3-fold increase from the amber SEAP
construct (data not shown), suggesting that aminoglycoside-
promoted readthrough may be lower with our test construct
stop context. Other methods of interfering with termination
include the use of RNA aptamers and suppressor tRNAs.
Aptamers that bind to and inhibit eRF1 function caused a
1.5- to 2.5-fold increase in readthrough when added to
in vitro translation reactions (27). When the reactions were
supplemented with eRF1 prior to aptamer addition, read-
through increased 3- to 4-fold relative to no aptamer addition.
The efficacy of these RNA aptamers in cell culture has not
been reported. Since nonsense suppression by suppressor
tRNAs allows cognate base pairing at the termination
codon, whereas readthrough in release factor depletion experi-
ments relies on non-cognate binding, the suppressor tRNA is
much more effective at increasing readthrough levels. Sup-
pressor tRNAs may have an advantage for therapeutic use in
that they act in a stop-codon-dependent manner. However,
each of these methods designed to promote readthrough
will undoubtedly increase readthrough events at many termi-
nation sites, generating unintended C-terminally extended pro-
teins that will complicate use of this approach for treatment of
genetic diseases.

Since no link has been found between eRF3 overexpression
and increased termination efficiency in mammalian systems
(25,26), we were unsure whether decreased eRF3 expression
would reduce termination efficiency in human cell lines. We
found that eRF3 depletion promoted readthrough to a similar
extent as eRF1 depletion in HeLa cells. This result agrees with
observations in yeast cells and argues that eRF3 plays a direct
role in termination in higher eukaryotes. However, eRF3
depletion did not detectably decrease termination efficiency
in 293 cells. This difference was not due to a difference in the
effectiveness of RNA interference between the two cell types
(Figure 4 and data not shown), nor does it appear to be caused
by a general destabilization of eRF1 due to eRF3 depletion
(Figure 4A). Rather our data demonstrating a relatively lower



abundance of eRF3 in HeLa cells than in 293 cells (Figure 8)
suggest that following depletion by shRNAs, eRF3 levels
might drop below a critical level in HeLa cells but not 293
cells. Relatively high levels of eRF3 expression could explain
why overexpression of eRF1, but not eRF3 increased termina-
tion efficiency in 293 cells (26). However, we do not know
whether the abundance of eRF1 and eRF3 is proportional to
their activities nor do we know whether the two cell lines
express similar levels eRF3b (38,39). Since the shRNA 3B
targets eRF3 but not eRF3b, high eRF3b levels might func-
tionally substitute for eRF3 upon depletion. Recent studies in
Drosophilia (14) have shown that the progeny of maternal
eRF3 haploinsufficient flies exhibit increased readthrough dur-
ing early development at certain premature termination
codons, and results from one study suggest that overexpression
of eRF3 in HeLa cells may decrease nonsense suppression (32).
These results bolster our findings that depletion of eRF3
in HeLa cells decreases termination efficiency and further
support a direct role for eRF3 in termination in higher
eukaryotes.
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