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ABSTRACT: The BCL-2 gene encodes a 25 kDa membrane protein that plays critical roles in the control of
apoptosis. The regulation of BCL-2 gene expression is highly complex and occurs both transcriptionally and
posttranscriptionally. In particular, the 5" upstream region of BCL-2 contains a number of elements that control
its expression. We have identified a highly conserved 25-nucleotide G-rich sequence (BCL2Q), with potential to
fold into a RNA G-quadruplex structure, located 42 nucleotides upstream of the translation start site of human
BCL-2. In this study, we used a series of biophysical experiments to show that the BCL2Q sequence folds into a
stable RNA G-quadruplex in vitro, and we conducted functional luciferase reporter-based assays, in a cell-free
lysate and in three types of human cell lines, to demonstrate that the BCL2Q sequence modulates protein
expression in the context of the 493-nucleotide native 5" untranslated region of BCL-2.

The BCL-2 gene (B-cell lymphoma gene 2) is a member of the
Bcl-2 family of proteins composed of pro- and anti-apoptotic
factors that serve as essential points in programmed cell death (7).
It encodes a 25 kDa membrane protein that functions to prevent
apoptosis (2). The BCL-2 gene was first identified by its involve-
ment in t(14;18) chromosomal translocation, which is associated
with human follicular lymphomas (3—5). As a result of the
translocation, one allele of the anti-apoptotic BCL-2 gene from
chromosome 18 is juxtaposed to the immunoglobulin heavy-
chain locus on chromosome 14. This translocation leads to up-
regulated expression of Bcl-2 protein, and high levels of BCL-2
mRNA" are detected in cells with the t(14;18) chromosomal
translocation (5, 6). Increased cell survival due to elevated
levels of expression of BCL-2 has been correlated to the deve-
lopment of B-cell lymphomas and confers resistance to a variety
of anticancer therapies (7, 8). In addition, deregulated expression
of BCL-2 is not restricted to lymphomas. High levels of Bcl-2
protein and/or aberrant patterns of Bcl-2 protein production
have been observed in a variety of solid tumors (9—13), whereas
insufficient expression in neuronal cells has been associated with
neurodegenerative diseases, including Alzheimer’s and Parkinson’s
diseases (14, 15).

With such an important role in regulating apoptosis, the
expression of BCL-2 is highly regulated at multiple levels, both
transcriptionally and posttranscriptionally. In particular, the
5" upstream region of the BCL-2 gene contains a number of
elements that control its expression (Figure 1). Two main promoters,
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P1 and P2, regulate the transcription of BCL-2; both promoters
contain multiple transcription initiation sites that give rise to
transcripts containing 5 untranslated regions (UTRs) differing in
size by ~1.4 kb (16). The regulation of these two promoters is
highly complex and depends on both tissue type and develop-
mental stage (17, 18). In many cell types, the vast majority of
BCL-2 transcripts are derived from the P1 promoter, whereas the
P2 promoter, which is negatively regulated by the p53 protein,
shows no or minimal activity (/6, 19). However, usage of the
P2 promoter is activated in t(14;18) lymphoma cells (16, 19, 20).
A novel promoter region (M) with a p53-dependent activity,
located between P1 and P2, was recently identified that counter-
acts the suppressive activity of P2 on P1 (21). In addition, the
5" UTR of transcripts initiated from the upstream promoter
contains a 221-nucleotide alternatively spliced intron. The spli-
cing frequency of this intron varies among cell lines, although
both spliced and unspliced forms are often simultaneously
expressed (/6). Several studies have revealed a lack of correlation
between the levels of BCL-2 mRNA and Bcl-2 protein in various
cell lines, indicating that translational and posttranslational
control mechanisms also play a significant role in regulating
Bcl-2 protein levels (22—24).

Many posttranscriptional regulatory pathways involve se-
quence and/or structural elements within the UTRs of mRNAs
(25). The BCL-2 5 UTR is highly conserved among several
species, suggesting a regulatory role for this region (26—28).
Indeed, elements that regulate translation have already been
identified within the BCL-2 5 UTR (29, 30). We and others have
recently demonstrated that RNA G-quadruplex-forming se-
quences within the 5 UTRs of mammalian genes can modulate
translation efficiency both in cell-free experiments and in mam-
malian cell tissue culture (3/—38). G-Quadruplexes are non-
canonical four-stranded nucleic acid structures that arise from
the stacking of hydrogen-bonded G-tetrads (39). Our com-
putational searches for putative RNA G-quadruplex-forming
sequences in 5 UTRs in the human transcriptome have revealed
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FIGURE 1: (A) Schematic representation of the 5" upstream region of the BCL-2 gene. The white section represents an alternatively spliced intron.
(B) Sequence of the BCL-2 5 UTR used in this study. The BCL2Q RNA G-quadruplex-forming sequence is boxed.

Table 1: Conservation of the RNA G-Quadruplex-Forming Sequence in
the 5 UTR of BCL-2

species sequence” position”
human GGGGGCCGUGGGGUGGGAGCUGGGG —42
chimpanzee =~ GGGGGCCGUGGGGUGGGAGCUGGGG —42
macaque GGGGGCCGUGGGGUGGGAGCUGGGG —42
gorilla GGGGGCCGUGGGGUGGGAGCUGGGG —42
orangutan GGGGGCCGUGGGGUGGGAGCUGGGG —42
mouse GGGGGCCGUGGGGCGGGAGUCGGGG —43
rat -GGGGCCGUGGGGCGGGAGCCGGG- —43
dog GGGGGCCGCGGGGCGGGAGCAGGGG —43
horse GGGGGCUGUGGGGCGGGAGCAGGGG —45
dolphin GGGGGCCGUGGGGCGGGAAGCGGGG —44

“Sequences were retrieved from Ensembl (release 57). Nucleotides in
bold are runs of guanines capable of forming G-quadruplexes. *Distance
(in nucleotides) between the last G of the putative quadruplex and the
translation start site.

the presence of a highly G-rich sequence (BCL2Q, 5-GGGGGC-
CGUGGGGUGGGAGCUGGGG-3'), with potential to fold
into an RNA G-quadruplex structure, located 42 nucleotides up-
stream of the translation start site of the human BCL-2 (32, 40).
This motif is highly conserved, in both its sequence and its posi-
tion relative to the translation start site, across various species
(Table 1), suggesting a potentially important biological function
for this sequence. Herein, we describe biophysical experiments
that demonstrate that the BCL2Q sequence folds into a stable
RNA G-quadruplex in vitro and functional luciferase reporter
assays, in a cell-free lysate and in human cells, that show that the
BCL2Q sequence modulates protein expression in the context of
the native 493-nucleotide 5 UTR of BCL-2.

MATERIALS AND METHODS

CD and UV Spectroscopy. Thermal UV melting and CD
measurements were performed as previously described (32, 35),
using an HPLC-purified synthetic RNA oligonucleotide of the
BCL2Q sequence (IBA Gmbh). The UV thermal difference
spectrum was obtained as previously described (41).

Construction of Plasmids. The 493-nucleotide BCL-2 5
UTR was PCR-amplified from human genomic DNA (Promega)

using Pfu DNA polymerase. The UTR is present in two exons,
207 nucleotides in exon 1 and 286 nucleotides in exon 2, separated
by an alternatively spliced intervening intron of 221 nucleotides.
To remove the intron, we amplified the two exons separately and
ligated them. Exon 1 was amplified using a forward primer tailed
with an HindIII (underlined) restriction site and a minimal T7
promoter (italic) (P1, 5-CGAAGCTTTAATACGACTCACTA-
TAGGGCTGTGAA-3', where a boldface G indicates positions
that were mutated from T in the natural sequence to provide an
efficient template for in vitro transcription) and a reverse primer
tailed with a 20-nucleotide sequence from exon 2 that includes a
natural Accl site (underlined) (P2, 5-CAGTCTACTTCCTCT-
GTGATGTTGTATTTTTAAG-3'). Exon 2 was amplified using
forward primer P3 (5-AAGGCGCCATCACAGAGGAAG-
TAGACTGATAT-3) and Ncol (underlined) tailed-reverse pri-
mer P4 (5-TTCCATGGCCTTCCCAGAGGAAAAGC-3). The
amplified products were gel purified and separately subcloned in the
pCR4Blunt-TOPO vector using a Zero Blunt PCR Cloning Kit
(Invitrogen). After digestion and gel purification, the two exons
were ligated using T4 DNA ligase (New England Biolabs), and
the resulting product was PCR amplified using primers P1 and
P4 and subcloned in pCR4Blunt-TOPO (pUTR). The Firefly
luciferase gene was amplified from the pGL3 basic vector
(Promega) using a forward primer tailed with Ncol (underlined)
(P35, 5-AACCATGGAAGACGCCAAAAACATAAAG-3') and
an Acc651 (underlined) tailed-reverse primer (P6, 5-TTGGTACC-
TTACACGGCGATCTTTCCG-3'). In a three-piece ligation, the
digested and gel-purified products from pUTR and the luciferase
gene ligated at the Ncol site inserted into a HindIII- and Acc651-
digested linear pUCIS8 vector (Promega). Positive clones were
confirmed by DNA sequencing.

The plasmid encoding the control transcript del-UTR was
obtained by deleting the 25-nucleotide G-quadruplex-forming
sequence using the Quickchange site-directed mutagenesis
kit (Stratagene). The deletion was conducted in two steps.
The first 11 nucleotides of the G-quadruplex-forming sequence
were deleted using forward primer P9 (5-CTTCTTTCTCTGG-
TGGGAGCTGGGGCGAGAG-3') and reverse primer P10 (5'-
CCTCGCCCCAGCTCCCACCACAGAAAGAAG-Y). The
next 14 nucleotides were removed using forward primer P11
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FIGURE 2: Biophysical analysis of the BCL2Q RNA G-quadruplex. (A) Thermal difference spectrum of the BCL2Q RNA G-quadruplex. The
inset shows the thermal melting and annealing UV profiles. (B) CD spectrum of BCL2Q. Experiments were performed in 10 mM sodium

cacodylate (pH 7.0) and 50 mM KCI.

(5-CTCCTCTTCTTTCTCTCGAGAGGTGCCGTTGGCC-Y)
and reverse primer P12 (5-GGCCAACGGCACCTCTCGAGA-
GAAAGAAGAGGAG-3'). The plasmids were sequenced to con-
firm the presence of the intended changes.

For cell-based experiements, the constructs were transferred
into CMV promoter-driven mammalian expression vectors. An
Xbal restriction site (underlined) was introduced using site-
directed mutagenesis at the 3" end of the Firefly luciferase coding
sequence in the plasmids described above, using forward primer
P13 (5-GGGCGGAAAGATCGCCGTGTAATACCGAGC-
TCTAGAATTCGTAATCATGG-3') and reverse primer P14
(5-CCATGATTACGAATTCTAGAGCTCGGTATTACAC-
GGCGATCTTTCCGCCC-3'). The constructs were then cloned
into the pRL-CMYV vector (Promega) using HindIIl and Xbal
sites. The quadruplex-mutated plasmid (pCMV mut-UTR) was
constructed by site-directed mutagenesis with forward primer P15
(5-CTCTGGGGGCCGTTTTTTGGGAGCTGGGGCGAGA-
GG-3') and reverse primer P16 (5-CCTCTCGCCCCAGCTCC-
CAAAAAACGGCCCCCAGAG-Y).

In Vitro Transcription, in Vitro Translation, and Luci-
ferase Assays. The plasmids were linearized at the 3’ end of
the Firefly luciferase coding region using Acc651. The 5 cap-
ped transcripts were synthesized in vitro using the mMessage
mMachine T7 kit (Ambion) as previously described (32, 35).
RNA concentrations were determined by UV spectroscopy using
a Nano Drop spectrophotometer. In vitro translation and
luciferase assays were performed as previously described (35).

Cell Culture. Cells were grown to a confluency of 60—70% in
flat bottom 24-well plates at 37 °C in a humidified atmosphere
containing 5% CO,. The medium for MCFI0A cells was
Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F-12
(DMEM/F12, Invitrogen), 5% horse serum, 2 mg of epidermal
growth factor/100 mL, 50 ug of hydrocortisone/100 mL, 1 ug of
cholera toxin/100 mL, and 10 ug of insulin/100 mL. HGC27 cells
were grown in Eagle’s Minimum Essential Medium (EMEM,
Sigma), 2 mM r-glutamine, and 10% fetal bovine serum. MCF-7
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma) supplemented with 10% fetal bovine serum.

Dual Luciferase and Quantitative RT-PCR Assays. Cells
were cotransfected with 500 ng of Firefly reporter construct
plasmid DNA and 50 ng of normalizing plasmid DNA pRL-TK
(Promega) using TransIT-LT1 transfection reagent (Mirus)

following the manufacturer’s protocol. Twenty-four hours after
transfection, Renilla and Firefly luciferase activities were mea-
sured using the Dual-Luciferase Reporter Assay system (Promega),
following the manufacturer’s protocol, on an Orion II microplate
luminometer (Berthold). Total RNA was isolated using the RNeasy
mini kit (Qiagen) according to the manufacturer’s protocol. The
RNA concentration was determined by UV spectroscopy, and 500
ng of total RNA was used in a 20 L. cDNA synthesis reaction using
oligo(dT) primer (Invitrogen) and SuperScript III reverse trancrip-
tase (Invitrogen) according to the manufacturer’s protocol. For
quantification of mRNA levels, 1 4L of the cDNA was used in a 10
uL reaction mixture with LightCycler 480 SYBR Green I Master
(Roche) on a Roche LightCycler 480 instrument using the forward
5-TGAGTACTTCGAAATGTCCGTTC-Y and reverse 5-GT-
ATTCCAGCCCATATCGTTTCAT-3' primers for Firefly and
the forward 5-CAGCATTTTCTGCATGTTTTTCTGAATC-3
and reverse 5-CTATAAGAACCATTACCAGATTTGC-3 pri-
mers for Renilla. All the reactions were conducted in duplicate. The
relative gene expression was calculated using an adequate mathe-
matical model (42) [ratio = (Ejypge) " ome(controlmsample),
(Eeforence) “CFr(contol=sampley) i Firofly as the target gene tran-
script in comparison to Renilla as the reference gene transcript. The
mean values and their associated experimental errors were calcu-
lated from at least three independent experiments.

RESULTS

The BCL2Q Sequence Folds into a Thermodynamically
Stable RN A G-Quadruplex. To determine whether the BCL2Q
sequence folds into a G-quadruplex, we performed a series of
biophysical experiments on a synthetic RNA oligonucleotide
using UV and CD spectroscopic analysis. Qualitative structural
information about the folded state of an oligonucleotide
can be readily obtained by recording a thermal difference
spectrum (47). The thermal difference spectrum obtained for
BCL2Q exhibits a shape that is similar to that reported for
G-quadruplex structures (Figure 2A), with two positive peaks at
~243 and ~273 nm and a negative peak at ~295 nm (41).
Accordingly, the thermal melting profile of BCL2Q recorded at
295 nm in a sodium cacodylate buffer (pH 7.0) containing 50 mM
KCl shows a characteristic hypochromic sigmoidal transition
(Figure 2A, inset) (43), with a T}, values of 81 °C. Curves for
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Table2: T,, Values (degrees Celsius) of the BCL2Q RNA G-Quadruplex in
the Presence of Various Monovalent Cations”

concentration (mM) K* Na™ Li*
1 59 54 56

10 71 58 53

20 75 59 53

50 81 61 53

“T,, values are an average of three independent experiments and have an
associated error of £1 °C.

melting and annealing were superimposable, and studies over a
50-fold oligonucleotide concentration range (from 1 to 50 uM)
showed no change (data not shown), which is consistent with
intramolecular quadruplex formation. At a higher KCI concen-
tration (100 mM), the structure could not be unfolded, even at
95 °C, indicating a very stable G-quadruplex under near-physiolo-
gical salt conditions. The BCL2Q RNA G-quadruplex was fairly
stable (T, = 55 °C) even in the absence of any added stabilizing
cations. An important charcteristic of G-quadruplex structures,
as compared to those involving Watson—Crick base pairs, is their
monovalent cation dependence for stabilization (44). In the
presence of various monovalent cations, the stability of BCL2Q,
as judged by T, showed the expected trend for G-quadruplex
structure: K™ > Na™ > Li* (Table 2). CD spectrocopy can be
used as a standard technique to analyze G-quadruplex conforma-
tion (45). At pH 7.0 and 50 mM KCI, the CD spectrum of BCI12Q
exhibited a positive peak at 265 nm and a negative peak at 240 nm
(Figure 2B), which is the typical CD signature of a parallel
G-quadruplex structure (45).

The BCL2Q Motif Modulates the BCL-2 5" UTR Trans-
lation Efficiency in Vitro. To specifically determine the
influence of the BCL2Q motif on translation within its native
context, we cloned the 493-nucleotide BCL-2 5 UTR (Figure 1B)
from human genomic DNA and inserted it immediately down-
stream of the minimal T7 promoter and upstream of the Firefly
luciferase coding sequence in a plasmid expression vector. The
BCL-2 5 UTR that was examined in this study corresponds to
transcript ENST00000333681 in the Ensembl database from which
the alternatively spliced 221-nucleotide intron (Figure 1A) was
excluded. It contains the 25-nucleotide BCL2Q motif located 426
nucleotides downstream from the 5" end and 42 nucleotides up-
stream from the translation start site. In addition to the plasmid
encoding the transcript that includes the wild-type BCL-2 5 UTR
(wt-UTR), we also generated a control plasmid in which the
25-nucleotide BCL2Q quadruplex-forming sequence has been
deleted from the BCL-2 5 UTR (transcript del-UTR). Correspond-
ing transcripts were produced with a 5’ cap by in vitro transcription
using T7 polymerase and subjected to in vitro translation using
nuclease-treated rabbit reticulocyte lysate, which is an established
eukaryotic cell-free system for studying translation (46). Transla-
tion efficiencies were measured by the standard luminescence
assay for luciferase catalytic activity (47). The translation effi-
ciency of an mRNA in reticulocyte lysates is sensitive to the
amount of mRNA that is added to the reaction mixture (46, 48).
This is particularly true for those mRNAs that exhibit stable
secondary structures in their 5 UTR. We thus performed in vitro
translation experiments using mRNA concentrations ranging from
10 to 320 ng/ul. As shown in Figure 3, for RNA concentrations of
<20 ngjuL, we did not observe any differences in translation
efficiency between the del-UTR and wt-UTR transcripts, indicating
that the BCL2Q motifis not affecting in vitro translation. However,
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FiGURE 3: Relative in vitro translation efficiency of the wild-type
BCL2 5 UTR (wt-UTR) and the quadruplex-deleted 5 UTR (del-
UTR) atincreasing mRNA concentrations, as judged by quantitation
of Firefly luciferase activity. Error bars represent the sem of three
independent experiments.

at higher mRNA concentrations, deletion of the RNA G-quad-
ruplex motif resulted in an increase in mRNA translation efficiency.
At an mRNA concentration of 320 ng/ul., the del-UTR transcript
was translated 3.5-fold more efficiently that the ws-UTR transcript,
showing that the BCL2Q RNA G-quadruplex motif has potential
to inhibit translation.

The BCL2Q Motif Modulates the Translation Effi-
ciency of the BCL-2 5" UTR in Human Cells. To further
investigate the aptitude of the BCL2Q motif to affect translation,
we next performed dual luciferase assays in cultured human cells.
The wild-type and quadruplex-deleted BCL-2 5" UTR Firefly
luciferase reporter constructs, used for the in vitro study, were
transferred downstream from a CMV promoter into a mam-
malian expression vector (Figure 4A). For these studies, we
also prepared a quadruplex-mutated BCL-2 5 UTR construct
(pCMV mut-UTR) by substituting one Gy tract of the BCL2Q
RNA with Uy to disrupt RNA G-quadruplex formation, while
maintaining the natural length of the 5 UTR (Figure 4A). Each
of the three vector constructs (p)CMV wt-UTR, pCMV del-UTR,
and pCMV mut-UTR) was cotransfected into MCF10A human
breast epithelial cells together with a pRL-TK normalizing
vector, which encodes the Renilla luciferase. Following a 24 h
growth period, cells were harvested for dual luciferase assays and
for quantitative RT-PCR on total RNA to measure transcript
levels. Levels of Firefly luciferase activity and Firefly luciferase
mRNA were normalized to the corresponding values obtained
for Renilla luciferase and compared. As shown in Figure 4B, both
deletion and mutation of the BCL2Q G-quadruplex-forming
sequence resulted in an increase in the level of protein synthesis, by
2.3- and 1.9-fold, respectively. In contrast, the mRNA levels,
as determined by quantitative RT-PCR analysis using an
adequate mathematical model (42), were not significantly affected
(Figure 4B). Qualitatively comparable results were also obtained
in two other cell lines: human breast adenocarcinoma cell line
MCF7 and human gastric carcinoma cell line HGC27 (Table 3).
The translational suppressive effect of the BCL2Q motif was
however much less pronounced in HGC27 cells. Collectively, these
data demonstrate that the BCL2Q RNA G-quadruplex motif
in the BCL2 5" UTR has an inhibitory effect on translation in
human cells.
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reporter constructs used in the study: pCMV wt-UTR, full-length
(493 nucleotides) wild-type BCL-2 5 UTR; pCMV del-UTR, from
which the 25-nucleotide G-quadruplex-forming sequence has been
deleted; and pCMV mut-UTR, full-length BCL-2 5 UTR with a G4-
to-T4 mutation (underlined) to disrupt G-quadruplex formation.
(B) Relative protein levels, as judged by quantitation of luciferase
activity, and mRNA levels, as judged by quantitative RT-PCR, from
expression of the three constructs in MCF10A cultured cells. Results
were normalized relative to the data obtained for the pCMV wt-UTR
construct. Error bars represent the standard error of the mean of at
least three independent experiments. Asterisks indicate p < 0.001;
nss, not statistically significant (Student’s 7 test).

Table 3: Relative Firefly Luciferase Protein and mRNA Expression of the
Dual Luciferase (DL) Constructs in Different Cell Lines

MCF7 HGC27
construct protein mRNA protein mRNA
DL wt-UTR 100 100 100 100
DL del-UTR 230 4+ 13¢ 83 + 13° 139 + 6“ 99 4 17°
DL mut-UTR 188 + 14° 121 £ 12° 134 + 6° 113 +£17

“p < 0.01. ®Not statistically significant (Student’s ¢ test).

DISCUSSION

Regulation of eukaryotic translation by G-rich sequences
capable of folding into noncanonical four-stranded RNA G-quad-
ruplex structures has recently emergerd as a new paradigm. In
2007, we reported the identification of a naturally occurring RNA
G-quadruplex in the 5 UTR of the human NRAS proto-oncogene
and demonstrated its role in inhibiting translation in vitro (32).
Subsequently, other RNA G-quadruplexes, found in the 5 UTR
of the human ZIC-1 (34) and MP3-MMP (36) mRNAs, were
shown to inhibit translation of reporter constructs in HeLa cells,
and a G-quadruplex in the 5 UTR of a ERS! mRNA variant was
shown to repress translation in rabbit reticulocyte lysate (38).
Halder et al. have also established general translation repression
by artificially designed cis-acting 5 UTR G-quadruplexes in
several cell lines (37). While this work was under review, two
reports have been published that used reporter-based constructs to
describe posttranscriptional control of gene expression by RNA
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G-quadruplex-forming motifs in the 5 UTRs of TRF2, in 293T
cells (49), and six other genes, in HEK 293 cells (50). In a detailed
computational analysis of the human transcriptome, we have iden-
tified ~2300 sequences with the potential to form RNA G-quad-
ruplexesin the 5 UTRs of genes (40). One such sequence (BCL2Q,
5-GGGGGCCGUGGGGUGGGAGCUGGGG-3') was found
in the 5 UTR of the BCL-2 gene, which plays critical functions in
controlling programmed cell death (/). The BCL2Q sequence is
highly conserved in length, sequence, and position in the BCL-2 5
UTR, across various species, including human, mouse, dog, horse,
and dolphin (Table 1). In this work, we have investigated the
ability of this sequence to form a stable structure and evaluated its
effect on the translation efficiency of a BCL-2 5 UTR.

The UV thermal difference spectrum, CD spectrum, and UV
thermal melting experiments, performed in the presence of
various monovalent cations, were all consistent with intramolecu-
lar RNA G-quadruplex formation by the BCL2Q sequence. In
fact, the BCL2Q sequence folds into a thermodynamically very
stable G-quadruplex, with a T, of >80 °C in the presence of 50
mM KCI. At a near-physiological potassium concentration (100
mM), the BCL2Q RNA G-quadruplex could not be melted, even
at 95 °C. Such extreme thermodynamic stability has also been
observed for other naturally occurring 5 UTR RNA G-quad-
ruplexes (32, 34, 36, 38) and is thought to result from the 2'-OH
groups acting as a scaffold for a network of water molecules that
lock the structure (57). The results from our biophysical study of
the BCL2Q RNA G-quadruplex are also corroborated by a very
recent report from Sugimoto and co-workers investigating the
conformation and thermodymamics of a RNA G-quadruplex
under crowding conditions using a mutant sequence (5'-AGGGC-
CGUGGGGUGGGAGCUGGG-3') derived from BCL2Q (57).

Next, we cloned the native full-length 493-nucleotide 5 UTR
of BCL-2 upstream of the Firefly luciferase reporter gene, and
immediately downstream of the minimal T7 promoter, to pre-
serve the position of the G-quadruplex motifin the RNA 5 UTR.
It is noteworthy that this study represents one of the few examples
[with the NRAS (32) MT3-MMP (36), and the very recent
studies (49, 50)] to investigate the influence of an RNA G-quad-
ruplex on translation when it is located in its native context within
the full-length wild-type 5 UTR, a factor that we previously
showed to be a determinant for translation repression by another
naturally occurring RNA G-quadruplex-forming sequence in the
NRAS 5 UTR (35). We also prepared a control construct by
deleting the 25-nucleotide BCL2Q quadruplex-forming sequence
from the UTR. We then titrated the corresponding 5" capped
mRNAs, generated by in vitro transcription, in nuclease-treated
rabbit reticulocyte lysate. When a low concentration of mRNA
(220 ng/uL) was used, the luciferase expression of the RNA
G-quadruplex-containing transcript (wz-UTR) was similar, with-
in experimental error, to that of the control transcript (del-UTR).
However, when the mRNA concentration was increased, a
translational inhibitory effect of the RNA G-quadruplex struc-
ture was observed. The level of inhibition increased in a mRNA
concentration-dependent manner from 40 to 320 ng/uL. It has
been demonstrated that increasing the mRNA concentration in
lysates, for mRNAs containing stable 5 UTR secondary struc-
tures, enhances the demand for RNA helicase activity (e.g., from
elF4A and elF4G) required for efficient scanning of the riboso-
mal translation initiation complex from the 5 cap to the AUG
translation start codon (48). Accordingly, under competitive
conditions, at higher concentrations of input mRNA, the sec-
ondary structures can no longer be efficiently removed by the
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limited amount of RNA helicase activity, resulting in translation
inhibition (48). Our data show that at mRNA concentrations of
>20 ng/uL, the wt-UTR transcript is increasingly less efficiently
translated than the del-UTR transcript, indicating that the
BCL2Q RNA G-quadruplex is inhibiting translation.

Having demonstrated that the BCL2Q motif has potential to
inhibit translation in vitro, we then investigated whether it was
still the case in cells. We performed dual luciferase assays in three
types of human cell lines (MCF10A, MCF7, and HGC27) using
CMV promoter-driven expression vectors that contain either
wild-type (pCMV wt-UTR), quadruplex-deleted (pCMV del-
UTR), or quadruplex-mutated (pCMV mut-UTR) BCL-2 5
UTRs upstream of the Firefly luciferase coding sequence, and a
normalizing vector that encodes the Renilla luciferase. Our data
show that both deletion and mutation of the BCL2Q motif
resulted in a significant increase in the level of Firefly luciferase
expression, as compared to the wild-type BCL-2 5 UTR, in all
three cell lines. Using quantitative RT-PCR, we did not detect any
significant difference in mRNA levels among the three constructs.
We thus conclude that the increase in the level of Firefly expression
occurs at the translational level rather than the transcriptional
level, indicating that the BCL2Q RNA G-quadruplex-forming
motif, in its native context, is inhibiting translation. A maximum
inhibitory effect of 2.3-fold was obtained in MCF10A cells,
whereas a 1.4-fold inhibition was observed in HGC27 cells. The
reasons for this quantitative discrepancy between cell lines are not
clear. Similar observations have been made using other RNA
G-quadruplex-forming sequences and different eukaryotic cell
lines (37). Cell-dependent variations in the level of translation
repression may possibly be due to differences in the availability
and/or efficiency of some components of the translation machin-
ery (e.g., initiation factors or helicases) between cell lines.

Taken together, this work presents the first evidence of the
existence and function of an RNA G-quadruplex motif in the 5’
UTR of BCL-2 that inhibits translation. Overexpression of the
anti-apoptotic Bcl-2 protein has been associated with neoplasia
and chemotherapy resistance in various human cancers. There-
fore, considerable effort is being directed toward small molecules
that target Bel-2 protein (52). Some of these molecules have demon-
strate promising results in clinical trials, particularly in combina-
tion with other chemotherapy agents. Furthermore, one antisense
oligonucleotide that targets the coding region of BCL-2 mRNA
and downregulates protein expression is currently in clinical
trials (52, 53). We have recently reported an in vitro proof of
concept that an RNA G-quadruplex in the 5 UTR can serve as a
molecular target for G-quadruplex selective small molecule in-
hibition of translation (54). We will be exploring the potential of
the BCL2Q RNA G-quadruplex as a target in future studies.
Interestingly, a DNA G-quadruplex-forming sequence has also
been identified upstream of the P1 promoter region of BCL-
2 (55—57). This could offer the possibility of inhibiting BCL-2
expression at the transcriptional and translational levels via two
independent G-quadruplex targets.
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