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Abstract
Background: Regulating synthesis of the Fragile X gene (FMR1) product, FMRP alters neural
plasticity potentially through its role in the microRNA pathway. Cap-dependent translation of the
FMR1 mRNA, a process requiring ribosomal scanning through the 5' leader, is likely impeded by
the extensive secondary structure generated by the high guanosine/cytosine nucleotide content
including the CGG triplet nucleotide repeats in the 5' leader. An alternative mechanism to initiate
translation – internal initiation often utilizes secondary structure to recruit the translational
machinery. Consequently, studies were undertaken to confirm and extend a previous observation
that the FMR1 5' leader contains an internal ribosomal entry site (IRES).

Results: Cellular transfection of a dicistronic DNA construct containing the FMR1 5' leader
inserted into the intercistronic region yielded significant translation of the second cistron, but the
FMR1 5' leader was also found to contain a cryptic promoter possibly confounding interpretation
of these results. However, transfection of dicistronic and monocistronic RNA ex vivo or in vitro
confirmed that the FMR1 5' leader contains an IRES. Moreover, inhibiting cap-dependent translation
ex vivo did not affect the expression level of endogenous FMRP indicating a role for IRES-dependent
translation of FMR1 mRNA. Analysis of the FMR1 5' leader revealed that the CGG repeats and the
5' end of the leader were vital for internal initiation. Functionally, exposure to potassium chloride
or intracellular acidification and addition of polyinosinic:polycytidylic acid as mimics of neural
activity and double stranded RNA, respectively, differentially affected FMR1 IRES activity.

Conclusion: Our results indicate that multiple stimuli influence IRES-dependent translation of the
FMR1 mRNA and suggest a functional role for the CGG nucleotide repeats.

Background
The mRNA and protein generated from the FMR1 gene in
neurons is localized to dendrites [1,2]. The FMR1 protein,
FMRP is synthesized in response to neural activity and its
function as an RNA binding protein influences the trans-

lational level of other dendritically localized mRNAs [3-
6]. FMRP is also part of the RISC complex [7,8], a set of
proteins that interact with micro-RNAs or short interfering
RNAs to inhibit translation and or degrade the RNA,
respectively.

Published: 15 October 2008

BMC Molecular Biology 2008, 9:89 doi:10.1186/1471-2199-9-89

Received: 21 December 2007
Accepted: 15 October 2008

This article is available from: http://www.biomedcentral.com/1471-2199/9/89

© 2008 Dobson et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18922172
http://www.biomedcentral.com/1471-2199/9/89
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


BMC Molecular Biology 2008, 9:89 http://www.biomedcentral.com/1471-2199/9/89
Regulating the synthesis of FMRP is important for cellular
function. FMRP over-expression leads to a defect in den-
dritic architecture, synaptic differentiation, and abnormal
behaviors in mice and flies [9,10]. Alternatively, the
absence of FMRP in Fragile X Syndrome (FXS) leads to
alterations in synaptic plasticity resulting in mental retar-
dation [11]. FXS develops from an expansion of the CGG
nucleotide repeats in the 5' leader of the FMR1 gene [12-
14]. Normal individuals carry from 5 – 50 repeats while
those with FXS carry over 200 repeats. The expansion
increases methylation of the gene inhibiting transcription.
In some cases transcription of the gene occurs [15,16], but
translation of the mRNA is inhibited by the presence of
the CGG repeat expansion [17]. The CGG repeats are evo-
lutionarily conserved in mammals suggesting that the
repeats have some function aside from inhibiting tran-
scription and translation [18].

During post-transcriptional gene processing, a 7-methyl
guanosine (termed the cap structure) is positioned at the
5' end of an mRNA [19]. All mRNAs can potentially be
translated by the eukaryotic initiation factor (eIF) 4E
binding to the cap structure and recruiting the remainder
of the translational machinery including the ribosome
[20]. On the other hand, a subset of mRNAs initiate trans-
lation in a cap-independent manner through internal
ribosomal entry sites (IRESes) situated in the 5' leader and
in some cases in the open reading frame [21,22]. IRES-
dependent translation is thought to be utilized when cap-
dependent translation is inhibited. This occurs during
normal physiological processes including mitosis, but
also in response to stressful events such as apoptosis [23-
25]. It may also be a primary translational mechanism
that can be regulated independently of pathways affecting
cap-dependent translation. In the nervous system, numer-
ous dendritically localized mRNAs contain IRESes includ-
ing those coding for the alpha subunit of CAMKII,
activity-related cytoskeletal protein, and the neurotrophin
receptor TrkB [26,27]. The high preponderance of dendrit-
ically localized mRNAs containing IRESes suggests that
IRES-dependent translation is an important protein syn-
thesis mechanism in dendrites.

Our goals were to confirm a previous study that the FMR1
5' leader mediates internal initiation of translation [28],
identify regions in the FMR1 5' leader critical for IRES
activity, and to determine if FMR1 IRES activity is affected
by cellular processes in which FMRP participates. Initially,
we re-examined the FMR1 5' leader for IRES activity and
found that it contained a cryptic promoter, compelling
the use of RNA constructs. Translation assays using RNA
both in vitro and ex vivo demonstrated that the FMR1 5'
leader does contain an IRES and that IRES-dependent
translation may be an important mechanism for the syn-
thesis of FMRP in vivo. A dissection of the 5' leader showed

that the 5' 45 nucleotides (nt) as well as the CGG repeats
are important for internal initiation. Finally, multiple cel-
lular stimuli including exposure to KCl and intracellular
acidification as models for neural activity and exposure to
polyinosinic:polycytidylic acid as a model for the pres-
ence of double stranded RNA resulted in alterations of
FMR1 IRES activity.

Results
The FMR1 5' leader directs expression of the second 
cistron in a dicistronic DNA construct
Viral IRESes are denoted by being relatively long (> 200
nt), guanosine/cytosine (G/C) nt rich, and containing
upstream open reading frames (uORFs). The FMR1 5'
leader exhibits a subset of these characteristics being
approximately 240 nt (depending upon the number of
CGG repeats) and is > 80% G/C rich, but it does not con-
tain any uORFs. To confirm a previous report that the
FMR1 5' leader contained an IRES [28], the leader was
inserted into the intercistronic region of a dicistronic luci-
ferase construct. Two negative controls were used, the
multiple cloning site (MCS) in the intercistronic region
(pRF) and the β-globin 5' leader. The β-globin 5' leader
was chosen since the β-globin mRNA is translated exclu-
sively in a cap-dependent manner [29]. The encephalomy-
ocarditis (EMCV) virus IRES was chosen as the positive
control [30]. The constructs were transfected into the C6
glioma and N2a neuroblastoma cell lines. After 24 hrs the
cells were harvested and assayed for Renilla and Photinus
luciferase. The Photinus:Renilla luciferase (P:R) ratio
obtained from the control dicistronic construct (pRF) was
normalized to one. A ratio above one would indicate IRES
activity. Both the EMCV IRES and the FMR1 5' leader
exhibited P:R ratios significantly higher than that
observed from the pRF (and β-globin) construct. Indeed,
the P:R ratio obtained from the FMR1 5' leader was
approximately 30 and 60 fold higher in C6 and N2a cells
respectively (Fig. 1A). The level of FMR1 IRES activity was
higher than that observed from the EMCV IRES. This ini-
tial result suggests that the FMR1 5' leader may contain an
IRES.

The FMR1 5' leader contains a cryptic promoter
In addition to internal initiation, increased levels of Photi-
nus luciferase protein can be generated from the dicis-
tronic luciferase constructs through cryptic splicing or
cryptic promoter activity. For example, the presence of a
cryptic promoter in the 5' leader will lead to the produc-
tion of a monocistronic Photinus luciferase mRNA [31,32]
and artificially increase the P:R ratio. To determine if cryp-
tic promoter activity was present in the FMR1 5' leader,
the dicistronic luciferase constructs with or without the
SV40 promoter and intron were transfected into C6 cells.
Photinus luciferase activity from the promoterless con-
structs containing the pRF MCS, β-globin 5' leader, and
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EMCV IRES was very low, less than 1% of the Photinus
luciferase activity obtained from the constructs with the
intact promoter. This result confirms previous studies
indicating that these leaders do not contain a cryptic pro-
moter [26,33]. However, the promoterless construct con-
taining the FMR1 5' leader generated approximately 15%
of the 'total' Photinus luciferase activity. After subtracting
the minor contribution of the cryptic promoter to the
translation of the second cistron, the data still suggests
that the FMR1 5' leader has an IRES, but it does temper
this conclusion.

The FMR1 5' leader exhibits IRES activity from a 
dicistronic RNA
To determine more unambiguously whether the FMR1 5'
leader contains an IRES, the dicistronic constructs were
transcribed in vitro eliminating the possibility of alterna-
tive splicing and alternate promoters. Transfecting the
mRNA into C6 cells did provide evidence of IRES activity
(Fig. 2A). The P:R ratio obtained from the dicistronic luci-
ferase mRNA containing the FMR1 5' leader was approxi-
mately 4.5 fold higher than the β-globin control.
Although the P:R ratio generated from the FMR1 5' leader
was substantially lower when comparing the RNA to DNA
transfections, the results still indicate that the FMR1 5'
leader contains an IRES.

Translation of a monocistronic mRNA in vitro and ex vivo 
indicates a key role for IRES-dependent translation 
mediated by the FMR1 5' leader
The dicistronic luciferase assay is useful to identify
sequences that can internally initiate translation, but it
does not indicate the role of an IRES in a monocistronic
mRNA, the context in which the IRES is normally found
in cellular mRNA. Consequently, two approaches were
utilized to determine whether the FMR1 IRES is a major
contributor to the translation of a monocistronic capped
mRNA. Initially, in vitro transcribed monocistronic mRNA
containing the Photinus luciferase open reading frame
(ORF) and the β-globin or FMR1 5' leader was translated
in rabbit reticulocyte lysate. The overall level of Photinus
luciferase synthesis was reduced by approximately 40%
when the FMR1 5' leader was present. This result is not
surprising since cap-dependent translation of a short
unstructured 5' leader (β-globin) is very efficient. Increas-
ing concentrations of cap analog were added to the lysate
to compete with the cap structure for eIF-4E and inhibit
cap-dependent translation. Translation of the mRNA con-
taining the β-globin 5' leader decreased as the concentra-
tion of cap analog increased (Fig. 2B). This result
demonstrates that the β-globin mRNA is being translated
in a cap-dependent manner. On the other hand, transla-
tion of the mRNA containing the FMR1 5' leader was only
moderately affected (Fig. 2B); translation of the Photinus
luciferase cistron decreased by only 15% at the highest

The FMR1 5' leader exhibits putative IRES-activity, but also contains a cyrptic promoterFigure 1
The FMR1 5' leader exhibits putative IRES-activity, 
but also contains a cyrptic promoter. (A) Dicistronic 
luciferase DNA constructs containing the multiple cloning 
site (MCS) from pRF, the 5' leader from the β-globin or 
FMR1, or the EMCV IRES inserted into the intercistronic 
region were transfected individually into C6 cells. Luciferase 
activity is shown as the ratio of Photinus luciferase to Renilla 
luciferase (P:R) and is normalized to the activity obtained 
from the control construct, pRF. A P:R ratio that is above 
that obtained from pRF indicates the presence of an IRES. (B) 
Dicistronic luciferase DNA constructs containing the MCS 
from pRF, the β-globin or FMR1 5' leader or the EMCV IRES 
with or without the SV40 promoter were transfected into 
C6 cells. The Photinus luciferase activity from each transfec-
tion is shown. Each experiment was performed in triplicate, n 
= 3.
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Figure 2 (see legend on next page)
Page 4 of 13
(page number not for citation purposes)



BMC Molecular Biology 2008, 9:89 http://www.biomedcentral.com/1471-2199/9/89
concentration of cap analog. This result not only indicates
that the mRNA containing the FMR1 5' leader is being
translated in a cap-independent manner, but that it may
be the major mechanism for its translation.

To determine the role of the FMR1 IRES within a cell, cap-
dependent translation was inhibited ex-vivo. The 4E-Bind-
ing Protein 1 (4E-BP1) binds and sequesters eIF-4E pre-
venting cap-dependent translation [34], but
phosphorylation of 4E-BP1 decreases its affinity to eIF-4E.
Consequently, C6 cells were transfected with a construct
coding for a mutant of 4E-BP1 (4E-BPmut) with the two
key phosphorylation sites mutated (Thr – 37 – Ala/Thr –
46 – Ala) or a control plasmid [20]. Monocistronic con-
structs containing the β-globin, EMCV, or FMR1 5' leader
were co-transfected. In the presence of over-expressed 4E-
BPmut, the level of Photinus luciferase activity derived
from the mRNA containing the β-globin 5' leader
decreased by 72% (Fig. 2C). However, translation from
the mRNAs containing the FMR1 or EMCV 5' leader only
decreased by 19% and 27%, respectively (Fig. 2C). Since
81% of the luciferase activity remains when cap-depend-
ent translation is inhibited, it indicates that IRES-depend-
ent translation may be the primary mechanism for
translation of the FMR1 mRNA in vivo.

Endogenous FMRP expression is unaffected by reducing 
cap-dependent translation
To examine whether IRES-dependent translation is uti-
lized for the synthesis of endogenous FMRP, cap-depend-
ent translation was inhibited by treating C6 cells with
rapamycin. The mammalian target of rapamycin (mTOR)
is a kinase that is a key link in the promotion of cap-
dependent translation by phosphorylating 4E-BP and p70
S6 kinase. Exposure to 20 nM rapamycin for 24 hrs actu-
ally led to a modest increase in FMRP expression (Fig. 3A).
Phosphorylation of p70 S6 kinase was abolished demon-
strating that the mTOR pathway was inhibited and the
expression level of eIF-4E was decreased indicating cap-
dependent translation was repressed (Fig. 3A). These
results indicate that FMRP can be expressed under condi-
tions in which cap-dependent translation is impeded.

In addition to inhibiting cap-dependent translation,
blocking mTOR activity can alter other cellular pathways
and indirectly alter translation. To more directly examine
whether IRES-dependent translation is utilized for the
synthesis of endogenous FMRP, cap-dependent transla-
tion was inhibited by knocking-down expression of eIF-
4E. C6 cells were exposed to a pool of siRNA (Dhar-
macon) directed against the eIF-4E mRNA or a nonsense
siRNA for 72 hr. Quantitation of Western blots showed
that eIF-4E expression was reduced by > 70% (Fig. 3B, C).
The level of the transcription factor JunB whose mRNA is
translated in a cap-dependent manner was also reduced
by > 75%. However, FMRP expression was decreased by
only 12% (Fig. 3B, C). The observations that FMRP
expression is maintained despite reduced levels of eIF-4E
or mTOR activity (detailed above) indicates that IRES-
dependent translation is likely a important contributor to
the synthesis of FMRP.

Multiple regions in the 5' leader contribute to FMR1 IRES 
activity
A deletional analysis was performed to identify regions in
the FMR1 5' leader important for IRES activity. Serial 5'
truncations ranging from 11 to 53 nt in length were cre-
ated. The abridged 5' leaders were inserted into the dicis-
tronic luciferase construct and in vitro transcribed mRNA
was transfected into C6 cells. The initial truncations
resulted in a loss of IRES activity. Truncating the nt from -

235 to -208 resulted in the largest decrease in IRES activity
with the resulting P:R ratio being only 1.5 fold over that
obtained from the β-globin control (Fig. 4A). Deleting an
additional 42 nt (-208 – -167) abolished all IRES activity.
Additional truncations of 46 nt (-166 – -121) actually led
to an increase in the P:R ratio of approximately 1.5 fold
over the control value. Further truncations of 53 and 13 nt
(-120 – -54) that encompassed the CGG repeats resulted in
a decrease and complete loss of IRES activity, respectively.
These results indicate that 1) the 5' end of the 5' leader is
important for wild-type IRES activity, 2) an internal
region may be inhibitory, and 3) the region including -

120 – -54 exhibits a basal level of IRES activity. Interest-

Ex vivo and in vitro studies demonstrating IRES activity mediated by the FMR1 5' leaderFigure 2 (see previous page)
Ex vivo and in vitro studies demonstrating IRES activity mediated by the FMR1 5' leader. (A) Capped dicistronic 
luciferase RNA containing the 5' leader from the β-globin or FMR1 mRNA inserted into the intercistronic region was trans-
fected individually into C6 cells. Luciferase activity is shown as the ratio of Photinus luciferase to Renilla luciferase (P:R) and is 
normalized to the activity of the β-globin construct. The experiment was performed in triplicate, n = 3. (B) Monocistronic 
Photinus luciferase mRNA containing the β-globin or FMR1 5' leader was translated in rabbit reticulocyte lysate in the presence 
of increasing concentrations of cap analog. The initial level of Photinus luciferase activity from each monocistronic mRNA was 
normalized to 100. (C) Monocistronic Photinus luciferase constructs containing the β-globin, EMCV, or FMR1 5' leader were 
co-transfected with either a plasmid expressing hypophosphorylated 4E-BP1 or a control plasmid and assayed for luciferase 
activity. The activities obtained in cells co-transfected with 4E-BP1 is represented as a percentage of the activity obtained in 
cells co-transfected with the control plasmid. The experiment was performed in triplicate, n = 3.
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ingly, this latter region encompasses the CGG repeats of
which nine are contained in the present 5' leader.

Changes in intracellular pH regulate the FMR1 IRES
To determine the regulatory elements in the FMR1 IRES,
C6 cells were exposed to 500 μM ameloride for 24 hrs to
block the Na+/H+ antiporter. Intracellular acidification
inhibits neural activity and is a model of an inactive neu-
ron [35]. The P:R ratio from the dicistronic mRNA con-
taining the full-length 5' leader dramatically decreased in
the presence of ameloride (Fig. 4A). However, only subtle
differences in the P:R ratio were observed from trunca-
tions of the 3' 208 nt. The minimal level of IRES activity
remained in the shorter leaders. This result implies that a
decrease in intracellular pH inhibits FMR1 IRES activity
and this effect is mediated by repressing the IRES-promot-
ing region located at the 5' end of the 5' leader.

The CGG repeats contribute to FMR1 IRES activity
The basal level of IRES activity exhibited in the 5' leader
containing the 3' 120 nt was not affected by changes in
intracellular pH. An additional truncation deleting the
CGG repeats abolished all IRES activity. To further charac-
terize the role of the CGG repeats in the FMR1 IRES, the
repeats were internally deleted within the full-length 5'
leader. Transfection of the dicistronic mRNA containing
the FMR1 5' leader with the CGG repeats deleted exhib-
ited an approximately 50% decrease in the P:R ratio com-
pared to the full-length 5' leader (Fig. 4B). This result
demonstrates the importance of the CGG repeats for inter-
nal initiation mediated by the FMR1 5' leader.

FMR1 IRES activity is affected by KCl and 
polyinosinic:polycytidylic acid
IRES-dependent translation is affected by multiple cellu-
lar stimuli [36]. We sought to determine whether the
FMR1 IRES is regulated by environmental stimuli which

Figure 3

FMRP expression is maintained when cap-dependent transla-tion is reduced by rapamycin or eIF-4E siRNAFigure 3
FMRP expression is maintained when cap-dependent 
translation is reduced by rapamycin or eIF-4E 
siRNA.(A) Lysates from untreated or rapamycin treated C6 
cells were analyzed for FMRP, phosphorylated p70 S6 kinase, 
and eIF-4E. Shown is a representative Western blot for each 
experiment, n = 3. (B) siRNA directed against eIF-4E or a 
nonsense siRNA were transfected into C6 cells for 72 hr. 
Lysates from these cells were analyzed for eIF-4E, FMRP, 
JunB and GAPDH. GAPDH was used as a loading control 
since it has an extended half-life. Shown is a representative 
Western blot for each experiment, n = 3. (C) Western blots 
of lysates from cells treated with eIF-4E or a nonsense 
siRNA. Expression level of the proteins were quantitated 
using ImageQuant software (n = 3) and were normalized to 
GAPDH levels.
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Truncations and ameloride treatment identify regions in the FMR1 5' leader important for IRES activityFigure 4
Truncations and ameloride treatment identify regions in the FMR1 5' leader important for IRES activity. (A) 
Dicistronic luciferase mRNA containing the β-globin, FMR1, or serial 5' truncations of the FMR1 5' leader inserted into the 
intercistronic region were transfected into C6 cells. C6 cells were exposed to ameloride for 24 hr or untreated. Luciferase 
activity is shown as the P:R ratio and is normalized to the activity from the β-globin mRNA. (B) Dicistronic luciferase mRNA 
containing the full length FMR1 5' leader, FMR1 5' leader with an internal deletion of the CGG repeats (FMRΔCGG), or the β-
globin 5' leader inserted into the intercistronic region was transfected into C6 cells. Luciferase activity is shown as the P:R ratio 
and is normalized to the activity from the β-globin mRNA. Each experiment was performed in triplicate, n = 3.
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regulate the processes in which FMRP participates. Neural
activity leads to translation of FMR1 mRNA [2,37] and we
modeled this phenomenon by treating cells with 50 mM
KCl for 30 or 150 min. The short KCl exposure led to a
32% increase in the P:R ratio from the dicistronic mRNA
containing the FMR1 5' leader (Fig. 5A). However, the
longer KCl treatment resulted in a 28% decrease in the P:R
ratio. Moreover, the FMR1 P:R ratio after the 150 min
treatment was only one-third higher than that obtained
from the control dicistronic mRNA. This result indicates
that cellular depolarization differentially affects FMR1
IRES activity depending upon its duration.

To examine whether KCl also affects FMRP expression,
Western blots were performed from lysates obtained from
the treated and untreated cells. Changes in endogenous
FMRP levels mirrored that observed from FMRP IRES (Fig.
5B, C). An increase of 58% was seen after a 30 min KCl
treatment, whereas a 150 min treatment led to a 40%
decrease in FMRP expression.

FMRP has been localized to the RNA-induced silencing
complex (RISC), a nuclease complex that mediates RNA
interference (RNAi). Deletion of FMRP leads to a loss of
RNAi [38]. To determine if the presence of double
stranded RNA affects FMR1 IRES activity, C6 cells were
exposed to 500 μg/ml of polyinosinic:polycytidylic acid
(poly I:C), a double stranded polyribonucleotide. After a
7 hr exposure to poly I:C., the FMR1 P:R ratio increased by
41% (Fig. 6A). This result indicates a possible positive
feedback mechanism to stimulate FMRP synthesis in
response to double stranded RNA and it predicts that
RNAi activity will increase FMR1 translation in an IRES-
dependent manner. Tempering this conclusion was that
expression of endogenous FMRP did not change after a 7
hr exposure to poly I:C (Fig. 6B, C). As was observed from
the KCl experiments, it is possible that FMRP expression
may be upregulated at different timepoints following poly
I:C exposure.

Discussion
In the present report we demonstrate that the FMR1 5'
leader contains an IRES whose activity is dependent upon
the 5' 45 nt as well as the CGG repeats in the 5' leader.
Moreover, our studies indicate that internal initiation may
be an important mechanism for the translation of the
FMR1 mRNA. This conclusion is supported by the obser-
vation that synthesis of FMRP is maintained when cap-
dependent translation is inhibited by knocking-down eIF-
4E expression or rapamycin treatment. In addition, multi-
ple stimuli differentially affect FMR1 IRES activity suggest-
ing that similar processes are dynamically regulating
FMR1 translation in the cell.

Exposure to KCl alters FMR1 IRES activity and FMRP expres-sionFigure 5
Exposure to KCl alters FMR1 IRES activity and FMRP 
expression. (A) Dicistronic luciferase mRNA containing the 
β-globin or FMR1 5' leader inserted into the intercistronic 
region was transfected into C6 cells and exposed to 50 mM 
KCl for 30 or 150 min. After seven hr the cells were assayed 
for Photinus and Renilla luciferase activity. (B) Lysates from 
cells treated in (A) were analyzed for FMRP and GAPDH (as 
a loading control) using Western blots. Shown is a represent-
ative Western blot; each experiment was performed in tripli-
cate, n = 3. (C) Protein expression was quantitated using 
ImageQuant software; FMRP levels were normalized to 
GAPDH expression.
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Our results show that the FMR1 5' leader contains a cryp-
tic promoter, an observation that has been noted in other
5' leaders [31,39]. The presence of elements influencing
transcription is not surprising as transcriptional elements
are located throughout a gene. While the FMR1 5' leader
affects transcription when present as DNA, the same
region promotes internal initiation as RNA as deduced
from both in vitro and ex vivo experiments using monocis-
tronic and dicistronic mRNA. RNA for these assays was
produced from in vitro transcription and this process
could yield a FMR1 5' leader with a secondary structure
different than what occurs in the cell. Indeed, it is likely
that proteins including IRES transactivating factors
(ITAFs, see below) bind to the FMR1 5' leader and alter its
structure in vivo. However, viral IRESes whose activity
depends extensively upon secondary structure yield
robust IRES activity from in vitro transcribed RNA [40,41]
and are suitable for structural analysis [42].

The CGG repeats, which are amplified in FXS, are evolu-
tionarily conserved in mammals [18]. We suggest that the
CGG repeats are retained due to their ability to promote
translation and specifically internal initiation of transla-
tion. This hypothesis is supported by evidence indicating
that mRNA containing the normal number of CGG
repeats translates at a higher level compared to mRNA
absent of the repeats or containing a higher number of
repeats [43]. Moreover, we found that deleting the CGG
repeats significantly decreased FMR1 IRES activity. The
mechanism by which the repeats affect IRES activity is
open to speculation. Secondary structure is important for
viral IRESes and their ability to recruit canonical factors
and the ribosome [44]. Minor changes in the RNA struc-
ture can dramatically alter viral IRES activity [45,46].
Since the 3' 120 nt are able to mediate internal initiation,
the ribosome must bind somewhere in this region and the
CGG repeats may create a structure conducive for ribos-
omal recruitment. On the other hand, it has been pro-
posed that expansion of the CGG repeats (~50 – 200) in
the Fragile X pre-mutation allele sequesters an RNA bind-
ing protein and indirectly affects the function of other
mRNAs [47]. Thus, the CGG repeats may bind an ITAF
that directly recruits the translational machinery or may
act as a molecular chaperone and alter the secondary
structure, which in turn recruits the translational machin-
ery.

Deletion of the 5' 45 nt (or more specifically the nt 18 –
45 from the 5' end) of the FMR1 5' leader yielded the larg-
est decrease in IRES activity. This segment is also very con-
served in mammals. In general, viral IRESes are greater
than 200 nt in length and it would be of interest if a sub-
stantially smaller RNA segment of the FMR1 5' leader
could internally initiate translation. This observation is
not unprecedented as we have found that a region of 50 nt

Exposure to poly I:C alters FMR1 IRES activityFigure 6
Exposure to poly I:C alters FMR1 IRES activity. (A) 
Dicistronic luciferase mRNA containing the β-globin or 
FMR1 5' leader inserted into the intercistronic region were 
transfected into C6 cells and exposed to 500 μg/ml of poly 
I:C. After seven hr the cells were assayed for Photinus and 
Renilla luciferase activity. (B) Lysates from cells treated in (A) 
were analyzed for FMRP and GAPDH (as a loading control) 
using Western blots. Shown is a representative Western 
blot; each experiment was performed in triplicate, n = 3. (C) 
Protein expression was quantitated using ImageQuant soft-
ware; FMRP levels were normalized to GAPDH expression.
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in the 5' leader of the amyloid precursor protein yields
IRES activity (Beaudoin et al. submitted). However, the 5'
deletion analysis as discussed above indicates that the
ribosome binds further downstream. It is likely that the 5'
45 nt does not contain an IRES, but acts as an enhancer by
affecting downstream RNA secondary structure, perhaps
through protein binding. Of interest is a region of ten con-
tiguous nt (nt 33 – 42 from the 5' end) of which nine are
pyrimidines making this a potential binding site for the
polypyrimidine binding protein PTB) and its neural
homolog nPTB. PTB aside from its role in RNA splicing is
an important ITAF for many eukaryotic IRESes [48].

FMRP is synthesized in response to neural activity [2,37]
and in particular, a brief exposure to KCl stimulates FMR1
synthesis in neuronal dendrites [49]. In our study, both
internal initiation mediated by the FMR1 5' leader and
FMRP expression were also regulated by the duration of
KCl exposure; a short exposure increased and a longer
exposure decreased FMR1 IRES activity and FMRP expres-
sion. Moreover, intracellular acidification associated with
decreased neural activity also inhibited FMR1 IRES activ-
ity. These results suggest that neural activity of differing
intensity or duration may produce distinct changes in
IRES-dependent translation mediated by the FMR1 5'
leader and that IRES-dependent translation is a mecha-
nism contributing to the synthesis of FMRP in neurons.
These results also indicate that a feedback mechanism
exists that is dependent upon the duration of the calcium
influx through voltage gated calcium channels stimulated
by KCl. Indeed, extent and duration of intracellular cal-
cium can regulate the translation of other mRNAs [50,51].

FMRP is associated with the RISC complex [7,8] and our
results indicate that the presence of double stranded RNA
stimulates IRES-dependent synthesis of FMRP. This result
implicates a positive feedback mechanism regulating the
synthesis of FMRP and the level of FMRP could regulate
the activity or the targets of the RISC complex. However,
the overall level of FMRP was not altered after poly I:C
exposure. Poly I:C leads to phosphorylation of eIF-2α [52]
and a subsequent decrease in cap-dependent translation
[53]. It is possible that the loss of any cap-dependent
translation of the FMR1 mRNA is compensated by an
increase in IRES-dependent translation, but the global
level of FMRP is unaffected.

Conclusion
In summary, we demonstrated that the FMR1 5' leader
contains an IRES, whose critical elements include the
CGG repeats as well as the 5' end of the leader. Inhibiting
cap-dependent translation in vitro and ex vivo resulted in
only a small diminution in the translation of reporter
mRNAs containing the FMR1 5' leader. Under similar con-
ditions, endogenous FMRP expression was maintained.

Multiple stimuli altered internal initiation of translation
mediated by the FMR1 5' leader that in some cases mirrors
that of FMRP synthesis in vivo. Taken together, our study
indicates that IRES-dependent translation of the FMR1
mRNA may be a major contributor to the synthesis of
FMRP in vivo.

Methods
Constructs
The FMR1 5' leader was PCR amplified from a human
brain cDNA library (Clontech) and inserted into the dual
luciferase vector – pRF [54,55] (a generous gift from Dr.
Anne Willis, University of Leicester) with EcoRI and NcoI
restriction endonuclease sites. The promoterless construct
was created by digesting the dicistronic construct with
SmaI and EcoRV and religating the construct. The mono-
cistronic vector for the ex vivo experiments was created by
digesting the RP vector with EcoRI and BamHI. The digest
released the 5' leader, the Photinus luciferase gene, and the
SV40 3' UTR, which were cloned into the pGL3 vector
(Promega). The monocistronic vector for the in vitro
experiments was created by inserting the above Photinus
gene into the SK+ Bluescript vector (Stratagene) down-
stream of a T7 promoter.

Serial truncations were produced by PCR amplification
with 5' and 3' primers containing EcoRI and NcoI endo-
nuclease restriction sites, respectively. Deletion of the
CGG repeats was accomplished by amplifying the region
3' to the repeats in the FMR1 5' leader and inserting it into
the pRF construct with EcoRI and NcoI restriction sites on
the 5' and 3' end, respectively. The 5' leader upstream of
the CGG repeats was amplified and inserted upstream of
the 3' FMR1 5' leader using EcoRI restriction sites. In
experiments using a hypophosphorylated form of 4E-BP1
(containing Thr-37-Ala/Thr-46-Ala mutations), plasmids
expressing this protein or the parent vector (both based
on pACTAG-2) were co-transfected with the monocis-
tronic constructs described above, using a 8-fold molar
excess of the 4E-BP1 or control expression constructs [20].
The 4E-BP1 double mutant and control expression plas-
mids were generously provided by Dr. Nahum Sonenberg
(McGill University, Montreal).

In Vitro Translation
The Bluescript SK+ vector containing the 5' leaders
upstream of the Photinus luciferase gene was linearized
with BamHI and in vitro transcribed using mMessage
Machine (Ambion) producing capped mRNA. The mRNA
was extracted with phenol/chloroform and a sample was
run on an agarose gel to ensure RNA integrity. 0.5 μg of
the mRNA and 1.6 nM methionine was added to rabbit
reticulocyte lysate (Speed Read, Novagen) and incubated
for 1 hr at 30°C in the presence or absence of cap analog
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(Ambion). The sample was subsequently assayed for
Photinus luciferase activity.

Cell Culture/Luciferase Assays
C6 cells were obtained from ATCC and cultured in
DMEM, 10% fetal bovine serum and 2 mM L-glutamine.
Polyinosinic:polycytidylic acid, ameloride, and KCl were
obtained from Sigma. Cells were transfected with 2 μg of
DNA using Fugene transfection reagent (Roche) or 4 μg of
mRNA using the TransMessenger RNA transfection rea-
gent (Qiagen) according to the manufacturer's directions.
The RNA was in vitro transcribed using the mMessage
Machine (Ambion) and purified as detailed above. After
24 hr (DNA transfections) or 7 hours (RNA transfections),
the cells were lysed with 500 μl of lysis buffer (Promega).
Forty μl of the supernatant were used for the luciferase
assays using the Dual-Luciferase Reporter Assay System
and analyzed in a Luminoskan luminometer. For the
siRNA experiments, C6 cells were transfected with 10
pmol of rat siRNA targeted against eIF-4E (On-Target plus
SMARTpool, cat# L-0088826-01, Dharmacon) or non-
sense siRNA (Dharmacon) using INTERFERin siRNA
transfection reagent (Polyplus-Transfection) as directed
by the manufacturer. Cells were lysed with 200 μl of lysis
buffer (Promega) including phosphatase (Pierce) and
protease (Roche) inhibitors after 72 hours. The cell lysates
were analyzed by Western blot.

Western blot analysis
Cells were harvested in cell lysis buffer (Promega) with
protease (Roche) and phosphatase inhibitors (Pierce).
The cell lysate was analyzed by Western blot by separating
the proteins on a 12% SDS-polyacrylamide gel and trans-
ferred onto nitrocellulose. The membranes were blocked
(Invitrogen) and probed with a monoclonal antibody
(7G-1, 1:1000 dilution; Developmental Hybridoma
Bank) or a polyclonal antibody (sc-28739, 1:200 dilution;
Santa Cruz) directed against FMRP. Both antibodies
mainly recognized a single band at approximately 80 kD
in lysates from C6 cells and rat hippocampus (see Addi-
tional file 1). In addition monoclonal antibodies directed
against phosphorylated p70 S6 kinase (9206,1:1000 dilu-
tion; Cell Signaling) and eIF-4E (610269; 1:500 dilution,
BD Biosciences) or polyclonal antibodies directed against
JunB (Ab31421, 1:500 dilution; Abcam), and GAPDH (sc-
25778, 1:200 dilution; Santa Cruz) were used in 5% non-
fat dried milk in a solution of PBS containing 0.1% Tween
20. The blots were then incubated with alkaline phos-
phatase-conjugated secondary antibodies (1:10,000 –
1:50,000 dilution; Invitrogen) for 1 hour. Immunoreac-
tive bands were detected using chemiluminescence (Invit-
rogen) as per manufacturer's directions. Westerns blots
were either from individual PAGE gels (Fig. 3A) or the
nitrocellulose was restripped and reprobed (Figs. 3B, 5B,

6B). The Western blots were quantitated using Image-
Quant software (Applied Biosystems).

List of Abbreviations
The abbreviations used are: FMR1: FMR1 Fragile X gene;
IRES: internal ribosomal entry site; 4E-BP1: 4E-Binding
Protein 1; EMCV: encephalomyocarditis virus; FMRP:
FMR1 protein; mTOR: mammalian target of rapamycin;
siRNA: short interfering RNA; poly I:C: polyinosinic:poly-
cytidylic acid; P:R: Photinus: Renilla luciferase; hr: hour;
min: minute.

Authors' contributions
TD contributed to all of the methodological procedures
and aided in the design of the study and drafting of the
manuscript. EK generated constructs, performed cellular
transfections and the subsequent luciferase assays. ST
cloned the wild-type FMR1 gene and performed the in
vitro translation experiment. LAK generated constructs,
designed the study, and drafted the manuscript.

Additional material

Acknowledgements
We thank Dr. Geoff Owens for initial unpublished results. We also thank 
Olga Hartman for excellent technical assistance and the other members of 
the Krushel lab for their crucial assistance and helpful suggestions, and Dr. 
Jessica Tyler for critical comments on the manuscript. This work was sup-
ported by NIH grant AG028156.

References
1. Feng Y, Gutekunst CA, Eberhart DE, Yi H, Warren ST, Hersch SM:

Fragile × mental retardation protein: nucleocytoplasmic
shuttling and association with somatodendritic ribosomes.  J
Neurosci 1997, 17(5):1539-1547.

2. Weiler IJ, Irwin SA, Klintsova AY, Spencer CM, Brazelton AD, Miya-
shiro K, Comery TA, Patel B, Eberwine J, Greenough WT: Fragile ×
mental retardation protein is translated near synapses in
response to neurotransmitter activation.  Proc Natl Acad Sci USA
1997, 94(10):5395-5400.

3. Weiler IJ, Spangler CC, Klintsova AY, Grossman AW, Kim SH, Ber-
taina-Anglade V, Khaliq H, de Vries FE, Lambers FA, Hatia F, et al.:
Fragile × mental retardation protein is necessary for neuro-
transmitter-activated protein translation at synapses.  Proc
Natl Acad Sci USA 2004, 101(50):17504-17509.

4. Miyashiro KY, Beckel-Mitchener A, Purk TP, Becker KG, Barret T, Liu
L, Carbonetto S, Weiler IJ, Greenough WT, Eberwine J: RNA car-
goes associating with FMRP reveal deficits in cellular func-
tioning in Fmr1 null mice.  Neuron 2003, 37(3):417-431.

Additional file 1
Different FMRP antibodies recognize similar proteins in hippocampal 
extract and C6 cells. Western blots of lysates from rat brain hippocampus 
and C6 cells were probed with a mouse monoclonal (7G1, Developmental 
Hybridoma Bank) and a rabbit polyclonal (sc-28739, Santa Cruz Bio-
technology) antibody, both of which are directed against FMRP. The two 
antibodies mainly recognize a single band of approximately 80 kD.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2199-9-89-S1.tiff]
Page 11 of 13
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1471-2199-9-89-S1.tiff
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9030614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9030614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9030614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9144248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9144248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9144248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12575950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12575950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12575950


BMC Molecular Biology 2008, 9:89 http://www.biomedcentral.com/1471-2199/9/89
5. Todd PK, Mack KJ, Malter JS: The fragile × mental retardation
protein is required for type-I metabotropic glutamate recep-
tor-dependent translation of PSD-95.  Proc Natl Acad Sci USA
2003, 100(24):14374-14378.

6. Brown V, Jin P, Ceman S, Darnell JC, O'Donnell WT, Tenenbaum SA,
Jin X, Feng Y, Wilkinson KD, Keene JD, et al.: Microarray identifi-
cation of FMRP-associated brain mRNAs and altered mRNA
translational profiles in fragile × syndrome.  Cell 2001,
107(4):477-487.

7. Caudy AA, Myers M, Hannon GJ, Hammond SM: Fragile X-related
protein and VIG associate with the RNA interference
machinery.  Genes Dev 2002, 16(19):2491-2496.

8. Ishizuka A, Siomi MC, Siomi H: A Drosophila fragile × protein
interacts with components of RNAi and ribosomal proteins.
Genes Dev 2002, 16(19):2497-2508.

9. Peier AM, McIlwain KL, Kenneson A, Warren ST, Paylor R, Nelson
DL: (Over)correction of FMR1 deficiency with YAC trans-
genics: behavioral and physical features.  Hum Mol Genet 2000,
9(8):1145-1159.

10. Pan L, Zhang YQ, Woodruff E, Broadie K: The Drosophila fragile
× gene negatively regulates neuronal elaboration and synap-
tic differentiation.  Curr Biol 2004, 14(20):1863-1870.

11. Bagni C, Greenough WT: From mRNP trafficking to spine dys-
morphogenesis: the roots of fragile × syndrome.  Nat Rev Neu-
rosci 2005, 6(5):376-387.

12. Pieretti M, Zhang FP, Fu YH, Warren ST, Oostra BA, Caskey CT, Nel-
son DL: Absence of expression of the FMR-1 gene in fragile ×
syndrome.  Cell 1991, 66(4):817-822.

13. Hoogeveen AT, Oostra BA: The fragile × syndrome.  J Inherit
Metab Dis 1997, 20(2):139-151.

14. Kaufmann WE, Reiss AL: Molecular and cellular genetics of frag-
ile × syndrome.  Am J Med Genet 1999, 88(1):11-24.

15. Tassone F, Hagerman RJ, Loesch DZ, Lachiewicz A, Taylor AK,
Hagerman PJ: Fragile males with unmethylated, full mutation
trinucleotide repeat expansions have elevated levels of
FMR1 messenger RNA.  Am J Med Genet 2000, 94(3):232-236.

16. Tassone F, Hagerman RJ, Taylor AK, Hagerman PJ: A majority of
fragile × males with methylated, full mutation alleles have
significant levels of FMR1 messenger RNA.  J Med Genet 2001,
38(7):453-456.

17. Feng Y, Zhang F, Lokey LK, Chastain JL, Lakkis L, Eberhart D, Warren
ST: Translational suppression by trinucleotide repeat expan-
sion at FMR1.  Science 1995, 268(5211):731-734.

18. Eichler EE, Kunst CB, Lugenbeel KA, Ryder OA, Davison D, Warren
ST, Nelson DL: Evolution of the cryptic FMR1 CGG repeat.
Nat Genet 1995, 11(3):301-308.

19. Zorio DA, Bentley DL: The link between mRNA processing and
transcription: communication works both ways.  Exp Cell Res
2004, 296(1):91-97.

20. Gingras AC, Gygi SP, Raught B, Polakiewicz RD, Abraham RT, Hoek-
stra MF, Aebersold R, Sonenberg N: Regulation of 4E-BP1 phos-
phorylation: a novel two-step mechanism.  Genes Dev 1999,
13(11):1422-1437.

21. Komar AA, Hatzoglou M: Internal ribosome entry sites in cellu-
lar mRNAs: mystery of their existence.  J Biol Chem 2005,
280(25):23425-23428.

22. Merrick WC: Cap-dependent and cap-independent transla-
tion in eukaryotic systems.  Gene 2004, 332:1-11.

23. Cornelis S, Bruynooghe Y, Denecker G, Van Huffel S, Tinton S, Bey-
aert R: Identification and characterization of a novel cell
cycle-regulated internal ribosome entry site.  Mol Cell 2000,
5(4):597-605.

24. Holcik M, Sonenberg N, Korneluk RG: Internal ribosome initia-
tion of translation and the control of cell death.  Trends Genet
2000, 16(10):469-473.

25. Lewis SM, Holcik M: IRES in distress: translational regulation of
the inhibitor of apoptosis proteins XIAP and HIAP2 during
cell stress.  Cell Death Differ 2005, 12(6):547-553.

26. Dobson T, Minic A, Nielsen K, Amiott E, Krushel L: Internal initia-
tion of translation of the TrkB mRNA is mediated by multi-
ple regions within the 5' leader.  Nucleic Acids Res 2005,
33(9):2929-2941.

27. Pinkstaff JK, Chappell SA, Mauro VP, Edelman GM, Krushel LA: Inter-
nal initiation of translation of five dendritically localized neu-
ronal mRNAs.  Proc Natl Acad Sci USA 2001, 98(5):2770-2775.

28. Chiang PW, Carpenter LE, Hagerman PJ: The 5'-untranslated
region of the FMR1 message facilitates translation by inter-
nal ribosome entry.  J Biol Chem 2001, 276(41):37916-37921.

29. Lockard RE, Lane C: Requirement for 7-methylguanosine in
translation of globin mRNA in vivo.  Nucleic Acids Res 1978,
5(9):3237-3247.

30. Jang SK, Krausslich HG, Nicklin MJ, Duke GM, Palmenberg AC, Wim-
mer E: A segment of the 5' nontranslated region of encepha-
lomyocarditis virus RNA directs internal entry of ribosomes
during in vitro translation.  J Virol 1988, 62(8):2636-2643.

31. Han B, Zhang JT: Regulation of gene expression by internal
ribosome entry sites or cryptic promoters: the eIF4G story.
Mol Cell Biol 2002, 22(21):7372-7384.

32. Van Eden ME, Byrd MP, Sherrill KW, Lloyd RE: Demonstrating
internal ribosome entry sites in eukaryotic mRNAs using
stringent RNA test procedures.  Rna 2004, 10(4):720-730.

33. Wang Z, Weaver M, Magnuson NS: Cryptic promoter activity in
the DNA sequence corresponding to the pim-1 5'-UTR.
Nucleic Acids Res 2005, 33(7):2248-2258.

34. Richter JD, Sonenberg N: Regulation of cap-dependent transla-
tion by eIF4E inhibitory proteins.  Nature 2005,
433(7025):477-480.

35. Kaila K, Ransom BR, ed: pH and Brain Function.  New York:
Wiley-Liss; 1998. 

36. Nevins TA, Harder ZM, Korneluk RG, Holcik M: Distinct regula-
tion of internal ribosome entry site-mediated translation fol-
lowing cellular stress is mediated by apoptotic fragments of
eIF4G translation initiation factor family members eIF4GI
and p97/DAP5/NAT1.  J Biol Chem 2003, 278(6):3572-3579.

37. Gabel LA, Won S, Kawai H, McKinney M, Tartakoff AM, Fallon JR:
Visual experience regulates transient expression and den-
dritic localization of fragile × mental retardation protein.  J
Neurosci 2004, 24(47):10579-10583.

38. Siomi H, Ishizuka A, Siomi MC: RNA interference: a new mech-
anism by which FMRP acts in the normal brain? What can
Drosophila teach us?  Ment Retard Dev Disabil Res Rev 2004,
10(1):68-74.

39. Liu Z, Dong Z, Han B, Yang Y, Liu Y, Zhang JT: Regulation of
expression by promoters versus internal ribosome entry site
in the 5'-untranslated sequence of the human cyclin-depend-
ent kinase inhibitor p27kip1.  Nucleic Acids Res 2005,
33(12):3763-3771.

40. Bochkov YA, Palmenberg AC: Translational efficiency of EMCV
IRES in bicistronic vectors is dependent upon IRES sequence
and gene location.  Biotechniques 2006, 41(3):283-284. 286, 288
passim.

41. Tsukiyama-Kohara K, Iizuka N, Kohara M, Nomoto A: Internal
ribosome entry site within hepatitis C virus RNA.  J Virol 1992,
66(3):1476-1483.

42. Pfingstein JS, Costantino DA, Kieft JS: Structural basis for ribos-
ome recruitment and manipulation by a viral IRES.  Science
2006, 314(5804):1450-1454.

43. Chen LS, Tassone F, Sahota P, Hagerman PJ: The (CGG)n repeat
element within the 5' untranslated region of the FMR1 mes-
sage provides both positive and negative cis effects on in vivo
translation of a downstream reporter.  Hum Mol Genet 2003,
12(23):3067-3074.

44. Pestova TV, Kolupaeva VG, Lomakin IB, Pilipenko EV, Shatsky IN,
Agol VI, Hellen CU: Molecular mechanisms of translation initi-
ation in eukaryotes.  Proc Natl Acad Sci USA 2001,
98(13):7029-7036.

45. De Jesus N, Franco D, Paul A, Wimmer E, Cello J: Mutation of a sin-
gle conserved nucleotide between the cloverleaf and inter-
nal ribosome entry site attenuates poliovirus
neurovirulence.  J Virol 2005, 79(22):14235-14243.

46. Guest S, Pilipenko E, Sharma K, Chumakov K, Roos RP: Molecular
mechanisms of attenuation of the Sabin strain of poliovirus
type 3.  J Virol 2004, 78(20):11097-11107.

47. Hagerman PJ, Hagerman RJ: The fragile-X premutation: a
maturing perspective.  Am J Hum Genet 2004, 74(5):805-816.

48. Sawicka K, Bushell M, Spriggs KA, Willis AE: Polypyrimidine-tract-
binding protein: a multifunctional RNA-binding protein.  Bio-
chem Soc Trans 2008, 36(Pt 4):641-647.

49. Greenough WT, Klintsova AY, Irwin SA, Galvez R, Bates KE, Weiler
IJ: Synaptic regulation of protein synthesis and the fragile ×
protein.  Proc Natl Acad Sci USA 2001, 98(13):7101-7106.
Page 12 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14614133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14614133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14614133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11719188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11719188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11719188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12368261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10767339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10767339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15498496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15498496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15498496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15861180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15861180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1878973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1878973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9211186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10050961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10050961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10995510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10995510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10995510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11432964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11432964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11432964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7732383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7732383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7581454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15120999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15120999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10364159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10364159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15749702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15749702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15145049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15145049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10882096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10882096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11050335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11050335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15818406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15818406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15818406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15908588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15908588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15908588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11226315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11226315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11226315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11489899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11489899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11489899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=212716
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=212716
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2839690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2839690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2839690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12370285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12370285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15037781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15037781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15037781
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15843687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15843687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15690031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15690031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12458215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12458215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12458215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15564573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15564573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15564573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14994291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14994291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14994291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16006622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16006622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16006622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16989088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16989088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16989088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1310759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1310759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17124290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17124290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11416183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11416183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16254358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16254358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16254358
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15452230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15452230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15452230
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15052536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15052536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18631133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18631133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11416194
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11416194


BMC Molecular Biology 2008, 9:89 http://www.biomedcentral.com/1471-2199/9/89
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

50. Mengesdorf T, Althausen S, Oberndorfer I, Paschen W: Response of
neurons to an irreversible inhibition of endoplasmic reticu-
lum Ca(2+)-ATPase: relationship between global protein
synthesis and expression and translation of individual genes.
Biochem J 2001, 356(Pt 3):805-812.

51. Finkbeiner S, Greenberg ME: Ca2+ channel-regulated neuronal
gene expression.  J Neurobiol 1998, 37(1):171-189.

52. De Benedetti A, Baglioni C: Phosphorylation of initiation factor
eIF-2 alpha, binding of mRNA to 48 S complexes, and its reu-
tilization in initiation of protein synthesis.  J Biol Chem 1983,
258(23):14556-14562.

53. Holcik M, Sonenberg N: Translational control in stress and
apoptosis.  Nat Rev Mol Cell Biol 2005, 6(4):318-327.

54. Stoneley M, Paulin FE, Le Quesne JP, Chappell SA, Willis AE: C-Myc
5' untranslated region contains an internal ribosome entry
segment.  Oncogene 1998, 16(3):423-428.

55. Stoneley M, Subkhankulova T, Le Quesne JP, Coldwell MJ, Jopling CL,
Belsham GJ, Willis AE: Analysis of the c-myc IRES; a potential
role for cell-type specific trans-acting factors and the nuclear
compartment.  Nucleic Acids Res 2000, 28(3):687-694.
Page 13 of 13
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11389688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11389688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9777740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9777740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6557115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6557115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6557115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15803138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15803138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9467968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9467968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9467968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10637319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10637319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10637319
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The FMR1 5' leader directs expression of the second cistron in a dicistronic DNA construct
	The FMR1 5' leader contains a cryptic promoter
	The FMR1 5' leader exhibits IRES activity from a dicistronic RNA
	Translation of a monocistronic mRNA in vitro and ex vivo  indicates a key role for IRES-dependent translation mediated by the FMR1 5' leader
	Endogenous FMRP expression is unaffected by reducing cap-dependent translation
	Multiple regions in the 5' leader contribute to FMR1 IRES activity
	Changes in intracellular pH regulate the FMR1 IRES
	The CGG repeats contribute to FMR1 IRES activity
	FMR1 IRES activity is affected by KCl and polyinosinic:polycytidylic acid

	Discussion
	Conclusion
	Methods
	Constructs
	In Vitro Translation
	Cell Culture/Luciferase Assays
	Western blot analysis

	List of Abbreviations
	Authors' contributions
	Additional material
	Acknowledgements
	References

