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We previously showed that a 9-nucleotide sequence from the
5� leader of theGtx homeodomainmRNA facilitates translation
initiation bybasepairing to18S rRNA.These earlier studies tested
theGtx element in isolation; we now assess the physiological rele-
vance of this element in the context of two natural mRNAs that
contain this sequence in their 5� leaders,Gtx itself andFGF2 (fibro-
blast growth factor 2). 2�-O-Methyl-modified RNA oligonucleo-
tideswere employed to blockmRNA-rRNAbase pairing by target-
ing either the Gtx-binding site in 18S rRNA or Gtx elements in
recombinantmRNAs containing theGtxorFGF2 5� leaders linked
to a reporter cistron. Studies in cell-free lysates and transfected
COS-7 cells showed that translation ofmRNAs containing theGtx
or FGF2 5� leaders was decreased by >50%when oligonucleotides
targeting either the rRNA or mRNA were used. Specificity was
demonstrated by showing that translation of the recombinant
mRNAs was unaffected by control oligonucleotides. In addition,
the specific oligonucleotides did not affect the translation of
recombinant mRNAs in which the Gtx elements were mutated.
Experimentsperformedusingconstructs containingGtxandFGF2
5� leader and coding sequences ruled out possible effects of the
reporter cistron. Furthermore, two-dimensional gel electrophore-
sis revealed that the oligonucleotides used in this study had little
overall effect on the proteomes of cells transfected with these oli-
gonucleotides. This study demonstrates that mRNA-rRNA base
pairing affects the expressionof two cellularmRNAsanddescribes
a new approach for investigating putativemRNA-rRNAbase pair-
ing interactions inmammalian cells.

Numerous mRNAs contain complementary matches to 18S
rRNA, and it has been suggested that such sequencesmay affect
translation by base pairing to each other (1–3). In earlier stud-
ies, we noted that the 5� leader of theGtx homeodomainmRNA
contains a 9-nucleotide sequence with complementarity to
sequences contained within helix 26 of mouse 18S rRNA (4).
Biochemical, functional, and genetic studies showed that this
sequence element could mediate specific binding to 40S ribo-

somal subunits by base pairing to 18S rRNA and function as an
internal ribosome entry site and as a translational enhancer
element (TEE)2 and ribosomal shunt site (3, 5–8). We showed
that this element could function in isolation and as a modular
component of larger assemblages of elements, with additive or
synergistic enhancements of activity depending on the nucleo-
tide context andmessage configuration (3). These properties of
the Gtx element facilitated our analysis of its mechanism
because the ability of the individual element to affect transla-
tion is relatively weak. However, the relatively weak activity of a
single Gtx element raised questions regarding its physiological
relevance. It was therefore important to perform studies to
determine whether an individual Gtx element affects transla-
tion efficiency in the context of natural mRNAs that contain
this sequence. In this study, we investigate the physiological
contribution of the Gtx element to the translation of two such
mRNAs: Gtx and FGF2 (fibroblast growth factor 2).

ThemurineGtxmRNA, also termedNkx 6-2, is expressed in
differentiated oligodendrocytes and testis germ cells (9, 10).
The 5� leader is 201 nucleotides in length, and the TEE is
located 56 nucleotides upstream of the initiation codon. This
mRNA encodes a homeobox protein that binds to DNA
sequences within the promoters of themyelin basic protein and
proteolipid protein genes (9) and is thought to have a role in
regulating myelin gene transcription in oligodendrocytes. The
5� leader of the human FGF2 mRNA also contains a sequence
matching the Gtx-TEE (11, 12). Inasmuch as the sequence of
the Gtx-binding site in rodent 18S rRNA is also found in
humans, we chose the FGF2mRNA for further analysis. The 5�
leader of this mRNA is 471 nucleotides in length and expresses
five FGF2 isoforms from different initiation codons, including
four noncanonical CUG codons and an AUG codon (13–15).
The Gtx element is located at nucleotides 119–127, upstream
of three CUG codons and the AUG codon. It is downstream of
the first CUG codon, which is cap-dependent (16). In this
mRNA, the complementary match to 18S rRNA (13 of 14
nucleotides) is evenmore extensive than in theGtxmRNA.The
various FGF2 isoforms differ in subcellular localization, func-
tion, and relative abundance in different cells and tissues (15,
17–23) and are involved in fundamental cellular processes,
which include cell proliferation, differentiation, and angiogen-
esis (23).
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This study investigates the extent to which the Gtx element
contributes to the translation of the Gtx and FGF2 mRNAs by
using antisense oligonucleotides to block either the Gtx-bind-
ing site in 18S rRNA or theGtx element in either theGtx or the
FGF2mRNAs.We expect that this antisensemasking approach
can also be used to identify other natural mRNAs that employ
mRNA-rRNA base pairing, either via the Gtx element or
through other binding sites in the 18S rRNA.

EXPERIMENTAL PROCEDURES

DNA Constructs—Monocistronic constructs included those
containing the Gtx and FGF2 5� leaders linked to the Photinus
luciferase cistron, as well as those containing these 5� leaders
linked to the corresponding Gtx or FGF2 coding sequences.
Luciferase reporter constructs were generated using the pGL3c
(Promega) plasmid, which expresses the mRNA via the SV40
promoter. TheGtx and FGF2 5� leader sequences were synthe-
sized by PCR amplification of oligonucleotide templates and
cloned upstream of the Photinus luciferase cistron. Briefly, con-
structs expressing the Gtx 5� leader and either the Gtx or lucif-
erase coding sequences were cloned using AatII and NcoI
restriction sites. TheAatII sitewas introduced at the transcription
start site to avoid inclusion of vector-derived sequence in the
recombinant transcripts; the NcoI site contains the initiation
codon. TheGtx coding sequences were obtained by PCR amplifi-
cationofmousegenomicDNA.ThePCR-generated fragmentwas
digested with NcoI and XbaI, which was introduced through the
PCR primer, and cloned into the vector containing the Gtx 5�
leader, as described above. Constructs containing the FGF2 5�
leader and luciferase or FGF2 coding sequences were similarly
constructed except that the FGF2 coding sequences were synthe-
sized by PCR amplification of oligonucleotide templates. Muta-
tions in the Gtx element were introduced into the Gtx 5� leader
using annealed oligonucleotides that generated a 43-nt fragment
with ApaI/BssHII sticky ends. For FGF2, annealed oligonucleo-
tides generated a 38-nt fragment with SacII sticky ends. In both
cases, the annealed oligonucleotides were used to replace the cor-
responding fragments from the 5� leader.
Oligonucleotides—2�-O-Methyl-modified RNA oligonucleo-

tides were obtained fromThermo Scientific (Dharmacon RNAi
Technologies). Oligonucleotide sequences are as follows, with
the noncomplementary nucleotides in the Gtx-m1 and
�-Gtx-m1 oligonucleotides underlined:Gtx, 5�CCGGCGGGU
3�; Gtx-m1, 5� CCGGAGGGU 3�; �-Gtx, 5� ACCCGCCGG 3�;
�-Gtx-m1, 5� ACCCACCGG 3�; and Gtx-scrambled, 5�
CGGCGCUGG 3�.
In Vitro Translation—Capped mRNAs were generated from

plasmids linearized using ClaI, which is located downstream of
the luciferase cistron, and were transcribed by using the
mMessage mMachine (Ambion). RNAs were quantified by UV
absorption at 260 nm. In vitro translation reactions were per-
formed in rabbit reticulocyte lysate as specified by the manu-
facturer (Promega) with the followingmodification: translation
reactions were performed in 10 �l and incubated for 15 min at
37 °C instead of the proposed 50�l reactions incubated at 37 °C
for 90 min. These conditions were determined to be in the lin-
ear phase of the translation reaction.

Transfection—FuGENE 6 (Roche Diagnostics) was used to
transfect 1–3 � 105 COS-7 cells with 0.5 �g of reporter con-
struct according to the manufacturer’s instructions. Cells were
cotransfected either with a control construct p(SI/SIII)5�P (6),
whichexpressesPhotinus luciferase,orpCMV� (Clontech),which
expresses the lacZ gene. Neither of the control mRNAs contain
sequences similar to theGtx element. Transfected cells were har-
vested 18–24h after transfection, and luciferase and�-galactosid-
ase activities were determined as described previously (6). 2�-O-
Methyl-modified RNA oligonucleotides were cotransfected with
plasmids or were transfected alone using the abovementioned
conditions at concentrations indicated in the figures.
Analyses of Reporter Gene Activity andmRNA Levels—Lucif-

erase activities were determined as described previously (6).
Recombinant mRNA levels were determined by using ribonu-
clease protection assays (RPAIII kit; Ambion) with 1 �g of
DNase-treated total RNA. Protected fragments were size-frac-
tionated on 6% polyacrylamide-urea gels, visualized on a Storm
860 PhosphorImager (GE Healthcare), and quantified by using
ALPHAEASEFC stand-alone software (Alpha Innotech, San
Leandro, CA).
Western Immunoblotting—Cell lysates were prepared 18–24

h after transfection; cellmonolayers were scraped, resuspended
in lysis buffer (RIPA Buffer: 50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium
deoxycholate, and 1� complete mix of protease inhibitor), and
sonicated. Total protein in cell lysates was quantified using the
Bio-Rad DC protein assay kit. For Western blots, samples con-
taining 25 �g of protein were heated for 10 min at 72 °C in SDS
and dithiothreitol-containing sample buffer and separated in a
4–12% gradient BisTris polyacrylamide gel (Invitrogen). Pro-
teins were transferred to polyvinylidene difluoride membranes
and probed with goat anti-Gtx or anti-FGF2 polyclonal IgG 1°
antibodies (Santa Cruz Biotechnology) and visualized using the
CDP Star chemiluminescent Western blot immunodetection
kit (Roche Applied Science) with donkey anti-goat IgG 2° anti-
body conjugated to alkaline phosphatase (Promega). For con-
trol experiments, an anti-�-actin monoclonal mouse IgG 1°
antibody (Sigma) and an anti-mouse IgG 2° antibody (Sigma)
conjugated to alkaline phosphatase were used to detect the
�-actin protein.
Two-dimensional Gel Electrophoresis—Cell lysates were pre-

pared 18–24 h after transfection by scraping the cell monolay-
ers, resuspending in lysis buffer (50 mM Tris-HCl, pH 7.4, 20
mM NaCl, and 1% IGEPAL detergent), and sonicating. Total
protein in cell lysates was quantified as above. Protein samples
(50 �g per gel) were diluted to 125 �l in rehydration buffer (8 M
urea, 2% CHAPS, 50 mM dithiothreitol, 0.2% Bio-Lyte
ampholytes, and 0.002% bromphenol blue). The indicated vol-
ume of each sample was applied to a gel strip (17 cm, pH 3–10,
Bio-Rad), rehydrated for 16–20 h, and focused using a
PROTEAN isoelectric focusing cell and in three steps as fol-
lows: 1) 250 V, 1 h linear; 2) 1000 V, 2 h linear; and 3) 10,000 V,
45,000 V-h rapid. Prior to running the second dimension, gel
strips were either stored at �70 °C or equilibrated in 2 ml of
equilibration buffer 1 (6 M urea, 0.375 M Tris-HCl, pH 8.8, 2%
SDS, 20% glycerol, 2%w/v dithiothreitol) for 10min. Isoelectric
focusing strips were then equilibrated in equilibration buffer 2
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(6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5%
w/v iodoacetamide) for 10 min and run on 12% acrylamide
SDS-polyacrylamide gels.
Protein spotswere stained using the Flamingo fluorescent gel

stain (Bio-Rad), visualized at 532 nm using the Typhoon Trio
VariableMode Imager (GEHealthcare), and analyzed using the
Progenesis SameSpots computer software (Nonlinear Dynam-
ics, Durham, NC). Protein spots were reduced in-gel using 10
mM dithiothreitol, alkylated with 55 mM iodoacetamide, and
digested with trypsin in an estimated 1:30 enzyme to substrate
ratio. The samples were then analyzed using the Agilent MSD
1100 nano-electrospray LC/MS/MS. MS/MS analysis was per-
formed on the LTQ linear ion trap mass spectrometer
(Thermo) using 2 kV at the tip. OneMS spectrumwas followed
by fourMS/MS scans on themost abundant ions after the appli-
cation of the dynamic exclusion list. Tandemmass spectra were
subjected to peak picking using Xcalibur (version 2.0 SR2,
Thermo Electron Corp.). Protein identification was performed
using Mascot (version 2.1.04, Matrix Science, London, UK).
Proteins were identified using a Mascot search (version 2.1.04,

MatrixScience,London,UK)ata95%confidence levelusingadata
base of tryptic peptides derived from the NCBI annotation of pri-
mate genomes (June 6, 2008). Scores were adjusted to give a false-
positive rate of �1% based on a decoy data base search. An ion
score thresholdof 35gave anacceptable and low false-positive rate
of 0.398 � 0.57% using a dataset of 20 searches. All searches were
done using this threshold, which included single peptide assign-
ments that were included in the analysis.

RESULTS

Oligonucleotide Masking of Gtx-
binding Site in 18S rRNA Blocks
Activity of Isolated Gtx Elements—
The feasibility of using oligonucleo-
tides to block the base pairing inter-
action between theGtxTEE and 18S
rRNA was tested using synthetic
mRNA constructs containing five
linked copies of the Gtx TEE in the
5� leader of the Photinus luciferase
mRNA. Comparable constructs
were used in our earlier work to
study this element in isolation (3,
6–8). Constructs were tested both
in rabbit reticulocyte lysate using
mRNAs transcribed with T7 RNA
polymerase and in transfected cells,
with transcription driven by the
SV40 promoter.
For these studies, we used 2�-

O-methyl-RNA oligonucleotides,
which contain amethyl group at the
2�-OH residue of the ribose mole-
cule. These modified oligonucleo-
tides base pair with RNA more sta-
bly than DNA or unmodified RNA
oligonucleotides; they are also more
resistant to nuclease degradation

than unmodified RNA oligonucleotides and do not target the
hybridized region of the target RNA to digestion by RNase H,
which is a potential limitation associated with DNA oligonu-
cleotides (24–26).
The results showed that increasing concentrations of theGtx

oligonucleotide, which targets the Gtx-binding site in 18S
rRNA (nucleotides 1124–1132), led to progressively reduced
luciferase activities from a construct containing five Gtx TEEs
(p(Gtx9nt)5(SI)5�/P) either in an in vitro translation assay or in
COS-7 transfected cells (supplemental Fig. 1A). Construct
pGtx/P containing the full-lengthGtx 5� leader exhibited a sim-
ilar trend both in vitro and in transfected COS-7 cells (supple-
mental Fig. 1B). Maximal inhibition was obtained using 1 �M

both in the cell-free lysate and in cells. Cell-free studies were
performed using in vitro transcribed Gtx reporter mRNAs in
the absence or presence of the Gtx, scrambled, and Gtx-m1
oligonucleotides. Fig. 1A shows results obtained in the cell-free
lysate with the reporter construct containing five Gtx TEEs
(p(Gtx9nt)5(SI)5�/P) and 1�Mof theGtx oligonucleotide. Lucif-
erase expression was reduced by�50% compared with samples
containing the Gtx reporter construct alone (no oligonucleo-
tide). Control experiments using a scrambled oligonucleotide
(Gtx-scrambled) and an oligonucleotide with a point mutation
in the Gtx sequence (Gtx-m1) had no effect on luciferase
expression, suggesting that theGtx oligonucleotide specifically
blocked the activity of theGtx elements. Expression of a control
construct (p(SI/SIII)5�/P) lackingGtx elements was unaffected
by any of the oligonucleotides, suggesting that theGtx oligonu-

FIGURE 1. Oligonucleotide masking of Gtx-binding site in 18S rRNA blocks activity of isolated Gtx ele-
ments in rabbit reticulocyte cell-free lysate (A) and transiently transfected COS-7 cells (B). The constructs
used in this study are indicated schematically. Vertical black bars in the 5� leader of the p(Gtx9nt)5(SI)5�/P mRNA
represent 9-nt Gtx elements. Control construct p(SI/SIII)5�/P is a size-matched control that lacks Gtx elements.
The absence or presence of specific oligonucleotides (oligo) is indicated. A and B, oligonucleotide concentra-
tion is 1 �M, and luciferase activities or luciferase mRNA levels for each construct are normalized to 100 for the
activity of the no oligonucleotide control. The data points represent the results of three independent experi-
ments; the error bars indicate S.E.
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cleotide affected translation of the Gtx reporter mRNA by
blocking the activity of Gtx TEEs. These results are consis-
tent with direct inhibition by the Gtx oligonucleotide of
mRNA-rRNA base pairing. RNA analyses indicated that the
decreased luciferase levels observed in samples incubated with
theGtx oligonucleotide were not because of decreased reporter
mRNA levels but to a decrease in translation efficiency.

Fig. 1B shows that comparable
results were obtained when COS-7
cells were cotransfected with the
reporter construct containing five
GtxTEEs and 1 �M of theGtx oligo-
nucleotide. Luciferase expression
was reduced by �60% compared
with cells transfected with the
reporter construct alone (no oligo-
nucleotide). The control oligonu-
cleotides did not affect luciferase
expression. In addition, control
construct p(SI/SIII)5�/P was unaf-
fected by any of the oligonucleo-
tides. RNA analysis indicated that
decreased luciferase levels in cells
cotransfected with the Gtx oligonu-
cleotide were not because of
decreased reporter mRNA levels
but to a decrease in translation
efficiency.
Antisense Masking Establishes

Contribution of Gtx Elements in Gtx
and FGF2 5� Leaders—To begin to
assess the contribution of an indi-
vidualGtx element in the context of
a natural mRNA, we investigated
the Gtx 5� leader, which was the
source of this element. In addition,
we investigated the FGF2 5� leader,
which contains the nucleotide
sequence of the Gtx element as well
as a more extended complementary
match to 18S rRNA (Fig. 2A). The
contributions of these individual
Gtx elements were initially tested
using Photinus luciferase reporter
constructs as follows: pGtx/P and
FGF2/P, containing the full-length
Gtx 5� leader (201 nt), or FGF2 5�
leader (471 nt). The contribution of
the Gtx element to the translation
mediated by these two 5� leaders
was assessed using the Gtx oligonu-
cleotide to block the Gtx-binding
site in 18S rRNA in both a rabbit
reticulocyte cell-free lysate and
transfected COS-7 cells. The results
showed that this oligonucleotide
blocked expression mediated by the
Gtx 5� leader by �45% in the cell-

free lysate (Fig. 2B) and �65% in transfected cells (Fig. 2C). In
contrast, expression remained unaffected in both the cell-free
lysate and transfected cells upon exposure to the mutated
Gtx-m1 oligonucleotide. In addition, in both systems, expres-
sion from a control RNA lacking Gtx elements was unaffected
by the Gtx oligonucleotide. The control Gtx-m1 and Gtx-
scrambled oligonucleotides had no effect on the expression of

FIGURE 2. Oligonucleotide masking of rRNA or mRNA sequences blocks translation of luciferase reporter
mRNAs containing full-length Gtx and FGF2 5� leaders. A, complementary matches between nucleotides in
mouse 18S rRNA and Gtx 5� leader or human 18S rRNA and FGF2 5� leader. B, expression in rabbit reticulocyte
lysate. C, transiently transfected COS-7 cells. Constructs pGtx/P and pFGF2/P contain the Gtx and FGF2 5�
leaders, respectively, upstream of the Photinus luciferase cistron. The absence or presence of oligonucleotides
(oligo) (1 �M) is indicated. For each construct, luciferase activities or luciferase mRNA levels for each construct
are normalized to 100 for the activity of the no oligonucleotide control. The data points represent the results of
three independent experiments; the error bars indicate S.E.

FIGURE 3. Mutation of Gtx TEE in Gtx or FGF2 5� leaders prevents inhibition by antisense masking. Con-
structs pGtx/P and pFGF2/P contain the Gtx or FGF2 5� leaders, respectively, linked to Photinus luciferase.
Constructs pGtx-mut/P and pFGF2-mut/P are identical except for point mutations in the Gtx elements, which
are shown in A for the Gtx 5� leader and in B for the FGF2 5� leader. Constructs were expressed in transiently
transfected COS-7 cells. The results obtained with the Gtx constructs are shown in C and those with the FGF2 5�
leader in D. The absence or presence of oligonucleotides (oligo) (1 �M) is indicated. Luciferase activities or
luciferase mRNA levels for each construct are normalized to 100 for the no oligonucleotide control. The data
points represent the results of three independent experiments; the error bars indicate S.E.
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any of these constructs. Experiments performed using con-
structs containing full-length FGF2 5� leader yielded similar
results, with the Gtx oligonucleotide blocking expression by
�40% in the cell-free lysate (Fig. 2B) and 55% in the transfected
cells (Fig. 2C). Furthermore, expression of both pGtx/P and
FGF2/P constructs was blocked by approximately the same
amount by an oligonucleotide targeting the Gtx element in the
mRNA (�-Gtx). In contrast, expression was unaffected by a
mutated �-Gtx oligonucleotide (�-Gtx-m1; Fig. 2C). The con-
trol construct was unaffected by any of the oligonucleotides in
both systems (data not shown). Ribonuclease protection assays
showed that the reporter mRNA levels were unaffected in cells
transfected with the various oligonucleotides, suggesting that
the effects observed were not due to altered mRNA levels (Fig.
2, B and C).
To further evaluate the specificity of the results, Gtx ele-

ments in the two 5� leaders were disrupted by point mutations
within theGtx element (Fig. 3,A andC). The point mutation in
theGtx 5� leader (in pGtx-mut/P) was known from earlier stud-
ies to block the activity of theGtx-TEE (8). In these studies, this
mutation reduced luciferase expression by�40% in transfected
cells. For the FGF2 5� leader, we introduced three point muta-
tions to disrupt possible base pairing interactions to 18S rRNA
because this 5� leader contains a more extensive complemen-
tary match. These point mutations in the FGF2 5� leader (in
pFGF2-mut/P) reduced expression by 25%. The Gtx oligonu-
cleotide did not affect expression from the mutated Gtx con-
struct, similar to the controls (No oligonucleotide andGtx-m1;
Fig. 3B). Likewise, theGtxoligonucleotide did not affect expres-

sion from the mutated FGF2 construct (Fig. 3D). Ribonuclease
protection assays showed that the reporter mRNA levels were
relatively unaffected in cells transfected with the various oligo-
nucleotides, suggesting that the effects observed were not due
to altered mRNA levels (Fig. 3, B and D).
Evaluating Effects of Coding Sequences—To rule out possible

nonspecific effects of the luciferase reporter cistron, we tested
constructs containing both the Gtx and FGF2 5� leader and
coding sequences in COS-7 cells and evaluated expression by
immunoblot analyses using anti-Gtx and anti-FGF2 antibodies,
respectively. The results showed that each of thesemRNAspro-
duced several protein bands (Fig. 4, A and B). The two Gtx
bands correspond to the full-length protein and a shorter prod-
uct initiating from an in-frame AUG codon in the coding
region. The FGF2 bands correspond to initiation from the ini-
tiation codon and three upstream CUG codons. In cells
cotransfectedwith 1�Mof theGtx oligonucleotide, levels of the
Gtx and FGF2 proteins decreased. For Gtx, this decrease was
even greater in the presence of 2 �M oligonucleotide. In con-
trast, the levels of these proteinswere similar to those in control
cells when cells were exposed to the mutated (Gtx-m1) oligo-
nucleotide. Immunoblot analyses using an anti-�-actin anti-
body showed that the levels of endogenous �-actin were unaf-
fected by the Gtx oligonucleotide, further suggesting that the
effects of this oligonucleotide were specific.
Assessing the Effects of Gtx and �-Gtx Oligonucleotides on the

Proteome—The specificity of the Gtx and �-Gtx oligonucleo-
tides was further evaluated by looking at their effects on the
proteome. These effects were monitored by two-dimensional
gel electrophoresis. COS-7 cells were transiently transfected
with the Gtx oligonucleotide. Cells were lysed, and proteins in
these lysates were compared with those from untransfected
COS-7 cells using two-dimensional gel electrophoresis (Fig. 5).
Comparison of the gels showed that the overall pattern of pro-
teins, as well as the relative levels of proteins, was highly similar.
The SameSpots computer software was used to match and
quantify protein spots between gels. When the gel containing
proteins from untransfected COS-7 cells (Fig. 5A) was com-
pared with the gel with protein from COS-7 cells transfected
with theGtx oligonucleotide (Fig. 5B), 12 of 196 spots showed a
significant change in expression. In addition, when two-dimen-
sional gels containing proteins from untransfected COS-7 cells
were compared with those from cells transiently transfected
with the Gtx-m1 and �-Gtx oligonucleotides (not shown), we
found that five of these spots changed only with the Gtx and
�-Gtx oligonucleotides, suggesting that the expression of these
five proteins may involve base pairing interactions mediated by
Gtx elements. The intensity (volume) of these spots was inhib-
ited by 30–55% compared with the same spots from untrans-
fected cells. These spots were picked from the two-dimensional
gels, digested, and analyzed using a nano-LC/MS/MS method.
We were able to identify proteins from two spots with �95%
confidence as follows: vimentin (gi/75075845), an intermediate
filament protein, and stomatin (gi/7305503), a component of
lipid rafts. The 5� leaders of the mRNAs encoding these pro-
teins were analyzed for the presence of a Gtx element or ele-
ments. This analysis revealed that both the 186-nt vimentin 5�
leader and the 63-nt stomatin 5� leader contain 7- and 6-nt

FIGURE 4. Oligonucleotide masking of Gtx-binding site in 18S rRNA
blocks activity of recombinant mRNAs. Plasmids containing Gtx (pGtx) (A)
or FGF2 (pFGF2) (B) 5� leader and coding sequences were transiently trans-
fected into COS-7 cells and cell lysates analyzed by Western blot analysis
using anti-Gtx, anti-FGF2, or anti-�-actin antibodies as indicated. Histogram
above Western blots indicates plasmids and oligonucleotides (oligo) in the
various samples. Molecular weights of Gtx, FGF2, and �-actin protein bands
are indicated to the right. This experiment was repeated with similar results
three times.
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contiguous matches to the Gtx element, respectively (supple-
mental Fig. 2). Our earlier studies showed that comparable
matches were functional and could be as active or more active
than the 9-nt element (6, 8).

DISCUSSION

Base pairing between mRNA and rRNA underlies the well
established Shine-Dalgarno interaction in bacteria (27, 28).Our
earlier analysis of the Gtx TEE indicated that similar base pair-
ing interactions were not limited to bacteria but could also
occur in eukaryotes (6, 8). These earlier studies required testing
the Gtx TEE as an isolated element, i.e. outside of the Gtx 5�
leader from which it was identified. This study now provides
the first evidence that mRNA-rRNA base pairing can affect the
translation of some mammalian mRNAs.
In this study, we showed that oligonucleotides targeting

either the Gtx-binding site in 18S rRNA or the Gtx TEE in the
Gtx and FGF2 5� leaders reduced translation frommRNAs con-
taining these 5� leaders. In addition, mRNAs in which the Gtx
TEEs were mutated were translated less efficiently, suggesting
that the Gtx TEE enhances translation in the Gtx and FGF2
mRNAs. Moreover, the mutated mRNAs were no longer
affected by the Gtx oligonucleotide, indicating that the inhibi-
tory effect of this oligonucleotide involved blocking the activity
of the TEE.
Antisense masking of the binding site in 18S rRNA enabled

us to assess the contribution of theGtxTEE inmRNAs without
mutating, deleting, or otherwise modifying the mRNAs. This is
an important advantage of the approach because any of these
manipulations may themselves have nonspecific effects on
expression, e.g. by affecting RNA conformation or altering the
accessibility of other mRNA elements, including initiation
codons (7). Such effects may underlie the results of a study in
which deletion of a segment of the FGF2 5� leader containing
the Gtx TEE led to significantly decreased translation (11),
which is consistent with our findings, but various other muta-

tions of the Gtx TEE or flanking
nucleotides yielded inconsistent
results.
A limitation of the antisense

masking approach is that it cannot
distinguish between an mRNA ele-
ment that binds to 18S rRNA or to
another RNA. This is not a serious
concern for the Gtx TEE because
there is both biochemical as well as
genetic evidence indicating that this
element binds specifically to helix
26 of 18S rRNAandnot to other fac-
tors (4, 6, 8). However, for a differ-
ent mRNA element, additional evi-
dence would be required to
establish that the element is base
pairing to rRNA. Ideally, one would
perform experiments involving
mutation of both mRNA and rRNA
sequences to assess the requirement
for an intact complementarymatch.

Such a genetic approach was used to confirm the Shine-Dal-
garno interaction in Escherichia coli (28). We used a similar
approach in yeast to establish theGtx interaction (8). Although
a suitable system for performing comparable studies in mam-
malian cells does not yet exist, we have undertaken studies in
our laboratory to develop such a system.
The oligonucleotides used in our studies did not appear to

have global effects on the proteomes of cells transfected with
them, as monitored by two-dimensional gel electrophoresis.
However, the levels of a small number of proteins did change
specifically with the Gtx and �-Gtx oligonucleotides, suggest-
ing that the translation of mRNAs encoding these proteins is
affected by base pairing to the Gtx-binding site in 18S rRNA.
Indeed, mass spectrometry of two proteins showing such a
change revealed that the corresponding mRNAs contain
matches to theGtx element in their 5� leaders, which provides a
plausible explanation for the effects of Gtx and �-Gtx oligonu-
cleotides. The changes observed in the levels of proteins
affected by both the Gtx and �-Gtx oligonucleotides in COS-7
cells is consistent with the total number of mRNAs containing
sequences complementary to theGtx-binding site in 18S rRNA
(�1%).
The observation that numerous eukaryotic mRNAs contain

sequences with complementarity to different sites in the 18S
rRNA (e.g. see Refs. 1, 2, 29, 30) raises the possibility that the
translation of a reasonably large number of eukaryotic mRNAs
may be affected by base pairing to ribosomes. In contrast to the
Shine-Dalgarno sequence in prokaryotes, which is located
upstream of and in close proximity to the initiation codon,
sequences with complementarity to rRNA in eukaryotic
mRNAs are not restricted to the region located immediately
upstream of the initiation codon but are found in all parts of
mRNAs. Likewise, putative binding sites in 18S rRNA are not
restricted to the 3� end but are found throughout the molecule.
This study provides the first evidence indicating that the

translation efficiency of some natural mRNAs is affected by

FIGURE 5. Two-dimensional gel electrophoresis of COS-7 proteins in the absence or presence of masking
or control oligonucleotides. Proteins were electrophoresed from COS-7 cells that were either untransfected
(A) or transfected (B) with 1 �M Gtx oligonucleotide (oligo). The arrows in A are spots that were subjected to
mass spectrometry and correspond to vimentin (upper arrow) and stomatin (lower arrow).
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base pairing to the Gtx-binding site in 18S rRNA. In addition,
this study provides an experimental approach for investigating
putative mRNA-rRNA base pairing interactions inmammalian
cells via the Gtx-binding site in 18S rRNA as well as through
other possible binding sites.
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