
Introduction

Oestrogen receptors (ERs) are key mediators of oestrogen function
and play roles in many pathological processes, including carcino-
genesis [1]. Although the roles of ER� in carcinogenesis are rela-
tively well understood, the roles of ER� remain uncertain. This is
partly because analyses have been confused by consistent discrep-
ancies between ER� expression at mRNA and protein levels in
breast tissue [2–3], leading to difficulties in interpreting mRNA
expression data. In addition, ER� is expressed as five functionally
distinct isoforms [4], yet their roles have frequently been studied in
combination at the level of total ER�. ER� appears to be anti-pro-
liferative and anti-apoptotic, and has been discussed as a tumour
suppressor [5–9]. However, the specific effects of each isoform
and whether these result from independent actions as transcription

factors, or via hetero-dimerization with other receptors remain
undetermined [10–11]. An understanding of how ER� mRNA and
protein levels relate, and how expression of each individual isoform
is determined would provide useful background from which to
assess the importance of each isoform more effectively.

In recent years, evidence has accumulated that deregulation of
gene-specific translation plays a role in oncogenic transformation
and tumour progression [12]. Translation occurs mainly by a cap-
dependent mechanism with most regulation during initiation [13].
Initiation involves translational machinery binding to the mRNA
cap and scanning along the 5� untranslated region (UTR) to the
reading frame, where an initiation codon is recognized and protein
synthesis starts [14]. 5�UTRs are thus placed in unique positions
to regulate the efficiencies of recruitment and scanning of the
translational machinery [15]. In particular, translation can be
inhibited by the presence within 5�UTRs of upstream open reading
frames (uORFs) or regions that form stable secondary structures
[16–17]. Many mRNAs have short 5�UTRs (composed of �50
nucleotides) that lack these motifs and consequently these
5�UTRs are thought to have little regulatory effect on translation
[18–19]. A substantial minority of mRNAs have long 5�UTRs
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(�200 nucleotides) and/or contain these regulatory sequences
[20]. Interestingly, many oncogenes and tumour suppressor
genes express these atypically long or complex 5�UTRs, highlight-
ing the importance of 5�UTRs in carcinogenesis [19]. Various cel-
lular activities impact on the degrees of translational inhibition
specified by these 5�UTRs allowing them to act as sites of regula-
tion; for example changes in activities of translation factors eIF2�

and eIF4E modify the influences of uORFs and secondary struc-
tures, respectively [21–22]. It is also clear that further layers of
regulation involving 5�UTRs exist, since many genes allow expres-
sion of alternative 5�UTRs resulting from use of multiple tran-
scriptional start sites or from differential splicing [23]. Alternative
5�UTRs allow tissue- and/or stimuli-specific gene regulation by
control of relative proportions of 5�UTRs with different transla-
tional properties in the total pool of mRNAs from that gene [24].
Given the wide range of cancer-related genes that allow expression
of potentially regulatory 5�UTRs and the frequency of expression
of multiple 5�UTRs, deregulation of translation via inappropriate
expression of UTR-regulatory factors and/or changes in relative
proportions of alternative 5�UTRs is thought to play a key role in
carcinogenesis [12].

Our hypothesis was that regulation of ER� translation is
responsible for the non-concordance of ER� mRNA and protein
levels, and provides an important level of regulation of total ER�

expression and expression of specific ER� isoforms. Accordingly,
we have investigated the influences of ER� 5�UTRs. We show that
ER� 5�UTRs have potent differential influences on expression of
ER� isoforms, and that these are modulated by cellular context
and in carcinogenesis.

Materials and methods

Cell culture, transfection and flow-cytometry

Cell lines were obtained from Dr. Valerie Speirs (University of Leeds; 
BT-20, HB2, MCF7, MDA-MB-231 and MDA-MB-453), Prof Pamela Rabbitts
(Univesity of Leeds; A549) or ATCC (H1299). Culture and transfection con-
ditions are shown in Table S1. For flow-cytometry, cells were removed
from wells with trypsin and resuspended in fresh medium containing 1%
serum. GFP expression was quantified (mean fluorescent intensity of 104

events after exclusion of debris/dead cells on the basis of forward activated
light scatter versus side scatter) at 525 nm (LSRII, BD Biosciences,
Oxford, UK). Gates were set so that �1% of untransfected cells were
defined as expressing GFP.

Plasmids

pTH-GFPa and pcDNA3HA-eIF4E have been described previously [25–26].
UTR reporters were created by cloning UTRs upstream of the GFP ORF in
pTH-GFPa using a cloning strategy described previously [27]. Importantly,
this strategy results in the removal of the 5� end of the multiple cloning site,
therefore inserted 5�UTRs are immediately adjacent to the transcriptional
start site with no restriction sites intervening. QuikChange Lightning

(Stratagene, La Jolla, CA, USA) was used for mutagenesis. All primers are
listed in Table S2.

cDNA synthesis and PCR

All primers are listed in Table S2. RNA was purified from cells with RNeasy
kits (Qiagen, Crawley, UK) or tissues with Trizol (Sigma, Poole, UK); con-
taminating DNA was removed with Turbo DNase I (Applied Biosystems,
Warrington, UK). First strand cDNA was synthesized using SuperScript II
(according to the manufacturer’s protocol) and oligo(dT) or random hexa-
mers, or SuperScript III and ER� isoform specific primers. The Superscript
III protocol was modified to enhance primer specificity. RNA and primers
(0.4 pmol) were heated (80�C, 2 min.) and cooled to 55�C (0.03�C/s). A
master mix (RNase OUT [Invitrogen, Paisley, UK], dNTPs, DTT, buffer,
Superscript) was incubated at 55�C (5 min.) and then mixed with RNAs.
Reactions were incubated (55�C 50 min.; 70�C 10 min.). cDNAs panels for
normal human tissues and matched normal and tumour lung tissues were
purchased (Clontech, Mountain View, CA, USA; 637260, 631765).
Thorough semi-quantitative PCR analyses were performed at least twice
for each cDNA sample exactly as described previously [27]; in particular,
PCR reactions were analysed after at least three different numbers of
cycles in order to establish that the products shown were taken from reac-
tions within the linear range of amplification; representative data are
shown. Note that products in lanes marked with asterisks were unde-
tectable after 55 cycles of amplification. In some lanes, products were only
detectable after this level of amplification – these products are not shown,
in order to preserve the linear PCR dynamics of the other reactions, but are
not marked with asterisks to indicate that they can be detected. Triplicate
real-time PCR analysis was performed (Applied Biosystems SYBR® Green
PCR Master Mix and 7900HT machine). Dissociation curves and serial
cDNA dilutions were performed to ensure primer specificities and equal
amplification efficiencies. Reactions were also performed with template
lacking reverse transcriptase (RT): products were either undetectable or
greatly reduced (�30,000 fold less products than the equivalent RT�)
hence genomic DNA contamination was not considered to interfere with
our data. 5�RACE reactions were performed with 5�RACE System2
(Invitrogen). Products were analysed on 2.5% agarose (0.5 	g/ml ethid-
ium bromide, 1
TBE) and visualized on an UV trans-illuminator. Products
were excised from gels and cloned into pGEM-Teasy (Promega, Madison,
WI, USA); up to five clones for each were sequenced.

Western blotting

This was performed as previously [27] using SDS 4–15% polyacrylamide
gels (Bio-Rad Laboratories, Hercules, CA, USA) and Hybond-ECL mem-
brane (Amersham Biosciences, Buckinghamshire, UK). Membranes were
incubated (4�C overnight) with rat anti-HA (Roche, Basel, Switzerland,
3F10; 1:1500), anti eIF4E (Santa Cruz, USA, sc9976, 1:500) or �-actin
(Sigma AC-15; 1:10,000) and HRP-conjugated secondaries (Santa Cruz
Biotech, Santa Cruz, CA, USA; 1:1000; 1 hr), before being visualized with
Supersignal pico (Pierce, Northumberland, UK).

Patient samples and immunohistochemistry (IHC)

Ethical approval was obtained (Leeds East 05/Q1206/136, 00/102 and
02/029). For initial semi-quantitative PCR analyses, breast tumour 
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samples were collected prospectively, matched normal and tumour cells
were dissected on the basis of histology under guidance of breast pathol-
ogists (AMH, AMS) and RNA was extracted immediately. For IHC,
archival breast cancer specimens were obtained for 424 patients who
were treated at the LTH NHS Trust from 1983 to 2006. Tissue microar-
rays (TMAs) were constructed from these cases using 0.6 mm cores
selected from the most representative tumour area (determined by
haematoxylin and eosin staining). IHC analyses for ER� isoforms were
performed exactly as we have previously validated and described [28].
For eIF4E, antigens were retrieved by 2 min. pressure-cooking (boiling
and maximum pressure) in antigen un-masking solution (Vector,
Burlingame, CA, USA) and sections were stained with anti-eIF4E (sc-
9976, Santa Cruz Biotech; 1:100 TBS; 4�C, overnight). This antibody has
previously been validated for IHC [29]. Envision detection was used
(DAKO, Glostrup, Denmark). Negative controls (primary antibodies omit-
ted) were included in each IHC run; adjacent normal epithelium, lympho-
cytes and blood vessel endothelium served as internal controls. Slides
were scanned into Spectrum Web Viewer (Aperio Technologies, Vista,
CA, USA). Cores were scored for immunoreactivity by two independent
individuals taking into account both average staining intensity and per-
centage positively stained tumour cells (ER� isoforms [30], eIF4E [31]),
under supervision of consultant breast pathologists (AMH, AMS). Where
independent scores differed consensus scores were determined. Some
data were not available due to TMA core loss during processing (a well-
recognized problem associated with TMA IHC), meaning that a total
cohort of 408 with follow up data was available.

RNA structure and statistical analyses

Modelling was performed with mfold v3.1 as previously [27]. This algo-
rithm predicts potential secondary structures for RNA molecules by
finding base-pairing solutions that are sterically possible and release the
greatest amount of free energy (G). �G represents the free energy released
during structural folding; more stable structures release more energy as
they form and therefore have greater �G values [32]. The Student’s t-test
or Spearman correlation was used for statistical analyses using Microsoft
Excel or SPSS (SPSS, Inc., IL, USA). Correlation coefficients were inter-
preted as follows: �0.2 little (if any) correlation, 0.2–0.5 weak correlation,
0.5–0.8 moderate correlation. All P-values were two-sided; P � 0.05 was
considered significant.

Results

Alternative ER� 5�UTRs are differentially
expressed in human cells

We identified four alternative 5�UTRs for ER� from the literature
[33] and from Genbank, which we have termed UTRa, UTRa-long,
UTRb and UTRc. Figure 1(A) shows an alignment of mRNAs
 containing these 5�UTRs with the 5� end of the human ER� gene
on 14q23. The gene includes two promoters (black arrows) that
allow expression of different untranslated first exons (E0K and
E0N), while a further section of untranslated sequence and the

translational start site are within exon 1 (E1). Alternative splicing
and transcriptional start sites allow expression of UTRa (e.g.
accession BC024181), UTRa-long (e.g. NM_001040276), UTRb
(e.g. AB006589) and UTRc (e.g. NM_001437). These 5�UTRs con-
tain motifs that provide potential mechanisms for regulation of
ER� translation, including uORFs and regions capable of forming
substantial secondary structures. UTRa, a-long, b and c have 6, 9,
33 and 2 uORFs, respectively. We used computer modelling with
the mfold algorithm to determine potential UTR secondary struc-
tures [32]. The degree and stability of structures was quantified
using theoretical change in free energies (�G); more stable struc-
tures release more energy as they form and have greater �G val-
ues. UTRa, a-long, b and c have predicted secondary structures
with �Gs of –84, –305, –400 and –166 kcal/mole, respectively. For
comparison, the �G of the non-regulatory �-actin 5�UTR is only
–24 kcal/mole. In vitro studies have revealed that structures with
�Gs greater than –30 kcal/mole can be sufficient to inhibit trans-
lation [34]. Our hypothesis was that these alternative 5�UTRs play
a role in regulating ER� translation. As a first step in testing this
hypothesis, we have investigated the cell types in which these
5�UTRs are expressed.

We performed 5�RACE reactions to determine which 5�UTRs
were expressed in primary breast tumour cells and in breast cell
lines. We identified 5�UTR sequences representing UTRa and
UTRc, but not UTRa-long or UTRb. In subsequent analyses we
were unable to detect expression of UTRa-long or UTRb in any
sample tested (human tissues and a panel of human cell lines;
data not shown); therefore we do not believe these UTRs have a
role in most human cells and they were not investigated further.
Representative RACE reactions using RNA prepared from two
independent breast tumours are shown in Fig. 1(B). Variable 5�

ends were identified for UTRa and UTRc; these may represent 5�

mRNA truncations but are more likely to represent variation in
transcriptional start site as is typical from promoters lacking TATA
boxes. We designed primers for analysis of UTRa and UTRc
expression based on sequences common to all the sequenced
UTRa and UTRc RACE products (forward primers positioned in
the shaded regions in Fig. 1B; filled arrows in Fig. 1A). Semi-quan-
titative PCR analyses of expression of UTRa and UTRc were per-
formed on cDNA from human tissues (Fig. 1C). Reactions were
also performed with primers specific for a sequence encoded by
exon 1 that is within the ER� reading frame as a measurement of
total ER� expression, and for glyceraldehyde-3-phosphate dehy-
drogenase to allow assessment of relative amounts of overall
cDNA template. ER� mRNA was present in all tissues tested and
was expressed most strongly in brain. Clear differential expression
of UTRa and UTRc was observed between tissues; UTRa was
expressed in pancreas and brain but was undetectable in other tis-
sues (asterisks; Fig. 1C), while UTRc showed a wide distribution,
although it was expressed at very low levels in heart (only
detectable following many amplification cycles; not visible in 
Fig. 1C as lesser amplification was used to preserve the linearity
of the other reactions). We also examined whether 5�UTR expres-
sion is altered during carcinogenesis by comparing expression in
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matched normal and tumour samples from patients with either
breast or lung cancers. PCR analyses were performed on cDNA
prepared from these tissues as before (using �-actin to determine
relative amounts of total cDNA) (Fig. 1D). As before, ER� mRNA
was present in all tissues tested. Interestingly, UTRa was consis-
tently up-regulated in breast and lung tumours relative to matched
normal tissues. In contrast, changes in UTRc expression were less
consistent. We concluded that UTRa and UTRc have tissue spe-
cific distributions in normal cells and are differentially expressed
between normal and tumour tissues of breast and lung.

5�UTRs define ER� translational efficiency

Next, we investigated whether ER� 5�UTRs directly influence
translational efficiencies of downstream ORFs using an estab-
lished reporter assay [27]. UTRa and UTRc were cloned upstream
of the GFP reading frame in expression vectors. We cloned
sequences that were common to all identified UTRa and UTRc
RACE products (shaded boxes, Fig. 1B). Following on from our
analysis of breast and lung tumours (Fig. 1D), breast and lung cell
lines were used for our analyses. Cells were transiently transfected

Fig. 1 Alternative ER� 5�UTRs are differentially expressed in human tissues and in cancer. (A) Alignment of the 5� end of the human ER� gene with
mRNAs containing different 5�UTRs. UTR exons (filled boxes), coding regions (open boxes), transcriptional (black arrows) and translational (ATG)
start sites, intron sizes (kbp), and primers used for PCR analysis (grey arrows) are shown. (B) 5� ends of ER� mRNAs correspond to variable
 positions in exon (E) 0K and E0N. 5�RACE reactions were performed on two breast tumour samples (1 and 2). Products corresponding to the 5� end
of E0K (UTRa) or 0N (UTRc) are shown; UTRa was only detected in tumour 1. These (and other) products were sequenced; the diagram shows
sequence consistently included in transcripts (grey boxes) and sequence containing variable start sites (open boxes and double-headed arrows; vari-
ation for UTRa and UTRc spans 35 or 72 bases), with genomic locations with respect to the E1 ATG codon. (C) and (D) PCR analyses showed that
UTRa and UTRc have tissue specific distributions in normal cells and are differentially expressed between breast and lung matched normal and tumour
tissues. Heart, brain, placenta, lung, liver, smooth muscle, kidney, pancreas; patients 1–4 (D), normal, tumour) *species not detected. Note: species
not visible in (C) and (D) but lacking * were detected after 55 amplification cycles but this is not shown in order to preserve the linear PCR dynam-
ics of the other reactions.
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with equal numbers of copies of either empty expression vector
(negative control; data not shown) or vector to allow expression of
GFP mRNAs with non-regulatory 5�UTRs (positive control), or
with reporters for UTRa or UTRc (Fig. 2A). GFP protein expression
was measured by flow-cytometry and GFP mRNA expression was
measured by real-time PCR. Protein and mRNA levels were used
to calculate translational efficiencies for each GFP message: these
are amounts of GFP protein produced per unit mRNA and were uti-
lized to account for differences in GFP transcription from vectors
(Fig. S1). A minimum of two independent experiments were
 performed and within each experiment three technical replicates
were included. Representative translational efficiencies are shown
relative to positive controls in each cell type (Fig. 2B). Each ER�

5�UTR inhibited GFP translation; in particular, UTRa was strikingly
inhibitory in nature. For example, in HB2 cells, UTRa allowed a
translational efficiency of only 6% of the positive control. A con-
sistent pattern of relative influences for each UTR was seen across
the cell line panel, with UTRa being more, and UTRc less
inhibitory. However, substantial differences were also observed in
absolute degrees of inhibition between cell lines. For example,
UTRa showed a 2.6-fold difference in translational efficiency
between HB2 and MDA-MB-231 cells. We concluded that ER�

5�UTRs specify the efficiencies with which downstream ORFs are
translated, and also that these efficiencies are further modulated
by the cellular context.

Upstream ORFs reduce ER�
translational efficiency

Next, we were interested in which regulatory motifs in the UTRs
were responsible for specifying translational inhibition. First, we
examined uORFs, which can reduce translational efficiency by
stopping some scanning ribosomes from reaching the true mRNA
initiation codon [35]. UTRa contains six, and UTRc two uORFs.
One uORF is encoded within exon 1 (E1), therefore is common to
UTRa and UTRc, while the others are unique to each UTR. Start
codons of uORFs are required for their inhibition of expression of
downstream reading frames. We mutated the start codon of each
uORF within our GFP reporters to test whether particular uORFs
were responsible for translational inhibition (Fig. 3A). Cells were
transfected with equal copy numbers of the vectors and transla-
tional efficiency was analysed as before (Fig. 3B). Mutation of the
start codons of the first, second, third/fourth and fifth uORFs 
significantly increased translation from UTRa by 2.0-fold (P �

2.7 
 10
5), 4.4-fold (P � 2.7 
 10
6), 1.3-fold (P � 0.02) and
1.1-fold (P � 0.03). Mutation of the sixth uORF had no significant
effect. For UTRc, mutation of the start codons of the first and 
second uORFs also significantly increased translation by 1.1-fold
(P � 0.01) and 1.3-fold (P � 5.8 
 10
5). The Kozak context was
generally weak for all uORFs. The first uORF in UTRa showed the
strongest consensus and was shown to have an influence on
translation. More surprisingly, the second uORF in UTRa had a
weaker consensus yet demonstrated a stronger translational
effect. In order to be confident that these changes related mainly

to loss of uORFs, we also examined how these mutations influ-
enced the potential secondary structure formed by the UTRs
(using mfold; see above). Each mutation within UTRa caused
small increases in the extent of structure as assessed by �G, while
mutations within UTRc caused either a small decrease (m1) or a
small increase (m2) in the extent of structure (Table S3). These
analyses underline the role of the uORFs since the striking
increases in translational efficiency seen with UTRa m1 and m2,
and with UTRc m2 each occurred despite the presence of small
increases in potentially inhibitory secondary structure. We have
not examined the effect of combined mutations on uORF function

Fig. 2 5�UTRs regulate ER� translational efficiency. (A) Reporters were
constructed to express mRNAs containing the GFP reading frame (grey
box) preceded by different 5�UTRs (white boxes). Sequences encoded by
E0K, 0N and 1 are shown. (B) The translational efficiency specified by
each UTR varies in different cell lines. Cell lines were transiently trans-
fected with equal copy numbers of either control or experimental con-
structs. GFP protein and mRNA were quantified by flow-cytometry and
real-time PCR, respectively. Translational efficiency (protein synthesized
per unit mRNA) is presented relative to the GFP control that lacks a spe-
cialized 5�UTR. Error bars show the standard deviation of technical trip-
licates within a representative experiment.
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since structural predictions suggest that these mutations may
cause more substantial changes in overall secondary structure.
We concluded that that uORFs, particularly the first and second in
UTRa, and the second in UTRc, play a role in the translational inhi-
bition specified by these UTRs.

5�UTR secondary structure reduces ER�
 translational efficiency

Secondly, we were interested in whether RNA secondary structure
within these UTRs was responsible for translational inhibition. We
have already shown in silico that these 5�UTRs may form poten-
tially inhibitory secondary structures (see above). The inhibitory
influence of 5�UTR structures is especially important in carcino-

genesis since translation of these mRNAs can be specifically de-
repressed by the action of the oncogenic translational factor eIF4E
[36]. eIF4E is frequently over-expressed in cancers, including
those of breast [37] and lung [38], leading to enhanced translation
of a wide range of cancer-related transcripts. We examined
whether ER� 5�UTRs specify responsiveness to eIF4E by co-
transfecting our 5�UTR GFP reporters with an expression vector
for eIF4E, and examining translational efficiency as before. For
these analyses we have used two cell lines, HB2 and MCF7, since
these have different constitutive eIF4E activities (HB2s express
low eIF4E levels compared to MCF7s; Fig. S2) and therefore are
likely to respond differently to over-expressed eIF4E.

Cell lines were co-transfected with GFP reporters (Fig. 2A) and
either empty expression plasmids or plasmids allowing eIF4E
over-expression. Western blot analysis was used to confirm
expression of exogenous eIF4E in the appropriate co-transfected
cells (Fig. 4A). Translational efficiencies of reporters were deter-
mined as before (Fig. 4B). As expected, the translational efficiency
of the control reporter (GFP), which expresses a non-specialized
5�UTR, was not significantly altered in either cell line by eIF4E
over-expression. This demonstrated that over-expression of eIF4E
did not result in non-specific changes in translation. In contrast,
translational efficiencies specified by each ER� 5�UTRs were
increased. In HB2 cells, exogenous eIF4E enhanced translation
from UTRa by 1.2-fold (P � 0.004) and from UTRc by 1.8-fold 
(P � 0.0008) (Fig. 4B). Increases were also seen in MCF7 cells
(UTRa, 1.2-fold [P � 0.047], UTRc 1.3-fold [P � 0.004]) 
(Fig. 4B). It is worth emphasizing that the inhibitory effect of UTRc
was relieved by exogenous eIF4E so effectively in HB2 cells that
transcripts were translated as efficiently as uninhibited controls
(Fig. 4B). We therefore concluded that secondary structure within
these 5�UTRs was responsible for inhibition of translation, and
that this inhibition, especially that specified by UTRc, can be over-
come by highly active eIF4E – delineating a potential pathway for
translational de-regulation of ER� in cancer.

Different 3� spliced isoforms are associated 
with particular 5�UTRs

Having defined influences of ER� 5�UTRs and mechanisms
involved using reporter assays, we were interested to examine
whether 5�UTRs impacted on endogenous ER� protein. However,
this question is complex since the ER� gene gives rise to multiple
different ER� mRNA isoforms that code for different proteins
(ER�1–5). ER�1, 2 and 5 are particularly relevant in breast cell
lines and cancers, since ER�3 is thought to be testis-specific [4]
and ER�4 is not expressed in the breast [39], and we focused on
these. The protein isoforms have identical N-termini but different
C-termini due to differential 3� splicing of their transcripts (Fig. 5A).
Importantly, the proteins are functionally distinct being associated
with differential responses to anti-oestrogens and patient survival
[28, 40–42]. We have investigated whether alternative ER�

5�UTRs are differentially associated with mRNAs for each ER�

Fig. 3 uORFs within UTRa and UTRc are responsible for inhibition of
translation. (A) The start codons within the uORFs of UTRa or UTRc were
mutated to UUG or AUC as shown in the context of UTR-GFP reporter
constructs. UTRa and UTRc are shown with sequences encoded by E0K
or 0N as open boxes (with unique uORFs) and by E1 as shaded boxes
(containing uORF common to UTRs). (B) MCF7 cells were transfected
with reporter constructs and translational efficiencies determined relative
to GFP control. Error bars show the standard deviation of technical trip-
licates within a representative experiment. The statistical significance of
the difference between the wild-type UTRs and each mutant is shown: 
*P � 0.05, **P � 0.001.
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isoform, and therefore would have separate influences on expres-
sion of each isoform.

To perform these analyses we synthesized cDNA using
primers specific for ER�1, 2 or 5 and a protocol to enhance
primer specificity, thereby creating cDNA pools greatly enriched
for each specific message of interest (Fig. 5A). ER� isoform spe-
cific cDNA pools were prepared from MCF7, HB2 and MDA-
MB-231 cells. First, we determined whether enrichment for each
isoform was successful using real-time PCR analysis of levels of
ER�1, 2 and 5 cDNA (Fig. 5B). In each case, cDNA pools were
enriched for target isoforms, therefore in subsequent analyses we
were able to examine relative expressions of 5�UTRs on tran-
scripts for each isoform in isolation. Relative expression levels of
5�UTRs within these enriched cDNAs were then determined using
real-time PCR for UTRa and UTRc (Fig. 5C–E). Clear differences
in associations of 5�UTRs with mRNAs for specific isoforms were
seen. For example, in MCF7 cells (Fig. 5C), ER�2 mRNAs mainly
contain UTRc (compare lanes 3 and 4) while ER�1 and ER�5
mRNAs mainly contain UTRa (lanes 1 and 2, or 5 and 6).
Furthermore, these associations varied in different cell lines; for
example, in contrast to MCF7 cells, ER�1 messages mainly con-
tained UTRc in both HB2 (Fig. 5D) and MDA-MB-231 cells 
(Fig. 5E), and UTRa containing ER�5 mRNAs could not be
detected in MDA-MB-231 cells. We concluded that mRNAs for
each isoform have different and cell-type specific proportions of
the two 5�UTRs. Since we have also shown that ER� 5�UTRs
determine greatly differing translational efficiencies (Fig. 2) 
we concluded that the proportions of the UTRs may define the
overall translational efficiencies for each isoform, and thereby
contribute to defining each expression level.

5�UTRs define how eIF4E impacts on 
expression of ER� isoforms in tumours

Since ER� 5�UTRs specified different degrees of response to
eIF4E (Fig. 4), we expected that the relative proportions of these
UTRs expressed on transcripts for each isoform would define dif-
ferent extents of translational enhancement given by eIF4E over-
expression in cancer. We examined this complex regulation in
tumour tissues by determining whether expression of ER�1, 2 or
5 correlated with eIF4E expression. We predicted that correlations
would differ depending on cancer-cell specific factors. For exam-
ple, in tumour cells with similar regulation acting as is the case in
HB2 cells, high eIF4E expression would stimulate translation of
ER�, effecting UTRc containing transcripts most strongly (Fig. 4),
and since these were over-represented in mRNAs for ER�1 
(Fig. 5), we expected a stronger positive correlation between eIF4E
expression and ER�1 than with other isoforms. In contrast, in
MCF7 or MDA-MB-231 cells UTRc was associated with either
ER�2 (MCF7) or with all three isoforms (MDA-MB-231), therefore
we predicted that tumour cells with similar behaviour to these cell
lines, would show more varied correlations, with the strongest
positive correlation with ER�2.

Fig. 4 Inhibition of translation by UTRa and UTRc is mediated by regions
of stable secondary structure, and can be relieved by eIF4E. HB2 and
MCF7 cells were transiently transfected with equal copy numbers of con-
trol or experimental GFP reporter constructs, without (using empty vector
as a control plasmid) or with co-transfection to allow eIF4E overexpres-
sion. (A) Expression of exogenous proteins was examined within trans-
fected HB2 and MCF7 cells, as shown, by Western blot analysis.
Exogenous GFP and eIF4E both include the HA-epitope. (B) Translational
efficiencies of reporters were determined relative to GFP control. Error
bars show the standard deviation of technical triplicates within a represen-
tative experiment. The statistical significance of the difference between 
the UTRs with and without exogenous eIF4E is shown: *P � 0.05, 
**P � 0.01, ***P � 0.001.
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TMAs containing samples from 424 breast tumours were
established with mean patient follow up, in terms of disease-free
survival, of 91.9 months. We performed IHC for eIF4E, ER�1, 2
and 5 on sections of these TMAs and assessed immunoreactivity
within the tumour cells in each core, taking into account both pro-
portions of tumour cells staining positively and average intensity.
We, and others, have previously extensively validated the speci-
ficity of the antibodies we have used for IHC applications [28–29,
31]. Due to core loss during processing; a well recognized prob-
lem associated with TMAs, scores were available for 408 cases.
Representative staining patterns are shown in Fig. 6. For eIF4E,
tumour stroma and normal tissue were negative while positive
staining within tumour cells was generally cytoplasmic, although
nuclear staining was noted in some cases (data not shown [29]).
All ER� isoforms investigated were expressed in epithelial and
some stromal cell nuclei. In some cases, additional cytoplasmic

ER�1 expression was seen and cytoplasmic ER�2 was occasion-
ally detected in the absence of nuclear immunoreactivity (data not
shown, but shown and discussed in our previous work [28]). The
full range of scores was observed for each antigen, with scores of
5, 6, 8, and 8 occurring most frequently for eIF4E, ER�1, ER�2
and ER�5, respectively. Associations between markers were
examined using Spearman’s correlation tests (Table 1). Over the
whole cohort (n � 408), eIF4E expression showed a positive asso-
ciation with ER�1 expression (correlation co-efficient r � 0.28;
P � 0.0001), although no association with ER�2 or ER�5. We

next examined associations between these markers in two patient
groups, those who experienced recurrences (n � 74) and those
that did not (n � 334), since we expected correlations to differ
with cell-specific factors (Fig. 5), and since both eIF4E [36] 
and ER� [28] influence the likelihood of recurrences. In the non-
recurrence group (n � 334), eIF4E expression showed a positive

Fig. 5 Transcripts for ER�1, 2 and 5 have cell-type specific associations with 5�UTRs. (A) Strategy for analysis of 5�UTRs of transcripts for ER�1, 2
and 5. Isoform specific primers (open arrows) were designed to prime reverse transcriptase reactions specifically from only transcripts of ER� iso-
forms of interest. Expression of UTRa and UTRc was examined within these isoform-enriched cDNA pools (black arrows). (B) cDNA synthesized using
isoform specific primers was greatly enriched for the ER� isoform of interest. ER� isoform enriched cDNA pools were synthesized from RNA of cells
as shown and real-time PCR was used to determine apparent expressions of ER�1, 2 and 5. (C–E) Real-time PCR was used to determine expression
of UTRa and UTRc within each highly-enriched cDNA pool. UTR expression is expressed relative to each other as indicated. Error bars indicate the stan-
dard deviation of technical triplicates within a representative experiment.
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association with expression of only ER�1 (r � 0.28; P � 0.01). In
 contrast, in the recurrence group (n � 74), eIF4E expression
showed a positive association with expression of ER�2 (r � 0.27;
P � 0.05), and weaker non-significant associations with ER�1 and
ER�5. We concluded that correlations seen in the patient groups
mirrored the differences we expected based on analysis of cell lines;
with regulation occurring within tumours that did not recur resem-
bling that in the transformed, but non-malignant HB2 cells, while
tumours that did recur resembled the weakly (MCF7) and strongly
(MDA-MB-231) invasive cancer cell lines of metastatic origin.

Discussion
We have investigated the abilities of ER� 5�UTRs to allow post-
transcriptional regulation of ER� expression, and – via differential
effects on ER� isoforms – ER� function. Initially, we studied four
alternative 5�UTRs (Fig. 1A), although we were only able to show
expression of two and we believe these, UTRa and UTRc, to be the
majority species (Fig. 1B–D). Unlike most vertebrate 5�UTRs,
these are relatively long (�200 nucleotides) and contain
sequences with potential to confer translational regulation upon

Fig. 6 Representative breast tumour
TMA cores showing immunoreactivity
for eIF4E (A–B), ER�1 (C–D), ER�2
(E–F) and ER�5 (G–H). These cores
were scored: A 3, B 7, C 3, D 7, E 3, 
F 7, G 3, H 7. Examples of areas of
stromal cells or epithelial cancer cells
are labelled ‘S’ or ‘Ep’, respectively.
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their mRNAs. We have demonstrated that these 5�UTRs directly
inhibit translation of downstream reading frames (Fig. 2), and we
have determined that uORFs (Fig. 3) and stable secondary struc-
tures (Fig. 4) are responsible for these effects. Importantly, we
have found that these 5�UTRs act as sites of regulation of expres-
sion, rather than of invariant repression, by at least two separate
mechanisms. First, we found that the degree of translational inhi-
bition specified by each 5�UTR depended on the cellular context;
UTRa was generally strongly inhibitory, but the degree of transla-
tion varied in different cell lines by up to 2.6-fold when comparing
the least inhibited to the most. UTRc was generally much less
inhibitory, although similar variation was seen (up to 1.9-fold)
between cell lines. It is clear that changes in expression or activ-
ity of cellular factors (including, for example, eIF4E; Fig. 4) can
alter the degree of translation from ER� transcripts. Secondly, the
relative proportions of each UTR within either the total pool of ER�

transcripts (Fig. 1C and D) or within transcripts for a specific ER�

isoform (Fig. 5C–E) varied substantially, therefore altering the net
translational efficiency for that isoform. ER� would be more highly
expressed in cells that express a greater proportion of UTRc (for
example, ER�2 transcripts in MCF7 cells; Fig. 5C), since these
transcripts would be translated relatively efficiently (Fig. 2), as
compared to lower expression from transcripts containing a
majority of UTRa (for example, ER�5 transcripts in MCF7 cells;
Fig. 5C). Thus, ER� expression is defined not only by the total
amount of mRNA, but also by the proportions of the different
5�UTRs within these messages, and by the cell-type specific trans-
lational efficiency specified by each UTR. ER� joins a growing list
of potential oncogenes and tumour suppressor genes for which
this has been reported [27, 43–44]. The fact that proportions of
ER� 5�UTRs differ for transcripts coding for each ER� isoform
separately (Fig. 5) demonstrates the potential complexity of these
regulatory mechanisms.

It is important to note that differing proportions of these
5�UTRs are associated with mRNAs with different 3� splice pat-
terns and this has fundamental implications for transcription and
mRNA processing dynamics. It appears that in MCF7 cells, if tran-
scription initiates at E0K the mRNAs contain UTRa and are likely
to be spliced at their 3� ends into transcripts for ER�1 or ER�5,
and are relatively unlikely to become ER�2 transcripts (Fig. 5C). In
contrast, if transcription initiates at E0N the mRNAs contain UTRc
and are more likely to be spliced at their 3� ends to form ER�2. An

interesting question is how could either the transcriptional start
site and/or the presence of a particular 5�UTR influence 3� splic-
ing taking place mega-bases of DNA away? It is also evident that
this influence is itself regulated by cellular context as a different
relationship between the transcriptional start site/5�UTR and 3�

splicing was observed in HB2 cells (Fig. 5D). Cross-talk between
mRNA 5� ends and 3� splicing has been reported only rarely and
various models have been proposed [45–46]. These include
recruitment at specific promoters and maintenance within the
extending polymerase complex of transcription factors with func-
tions in both transcription and splicing [47–48]. Alternatively, 5�

mRNA structure may influence alternative splicing by controlling
polymerase processivity [46, 49–50] or by binding directly to
splicing factors. It has been estimated that at least 10–18% of
genes have multiple promoters [24, 51] allowing expression of
alternative 5�UTRs and that the majority of genes show differential
splicing within their coding regions [48], therefore this regulatory
cross talk may be extremely influential.

ER� deregulation in cancer

The role and expression of ER� in carcinogenesis is poorly under-
stood. ER� appears to be anti-proliferative and pro-apoptotic,
although details differ as to whether effects of each isoform result
from their independent actions as transcription factors, or via het-
ero-dimerization with other receptors [10–11]. Expression of
ER�1 is down-regulated during carcinogenesis in breast and
colon, as one might expect for an anti-proliferative molecule, and
consequently ER� has been discussed as a tumour suppressor
[52–54], although this may be misleading given the different func-
tions of the other isoforms. ER�2 appears to be up-regulated dur-
ing carcinogenesis [55–56], while little is known about these pat-
terns of expression of ER�5. In terms of prognostic value, con-
flicting reports abound, with expression of ER�1 but not ER�2
[42], or ER�2 and 5 but not ER�1 [28, 40–41] being associated
with good prognosis, or with ER�2 associated with poor progno-
sis [57]. This suggests that these isoforms should be considered
as functionally distinct receptors. Even less is known about the
regulatory mechanisms responsible for the expression changes in
cancer, although hypermethylation of the ER� promoter has been
suggested as a mechanism for loss of ER�1 expression [5, 54,

Table 1 eIF4E expression is differentially associated with ER� isoforms in breast tumours that did or did not recur. Spearman’s rho analyses
were performed to examine correlations between expression of eIF4E and ER�1, 2 and 5 in a cohort of breast tumours. Correlation coefficients
are shown for the whole cohort (n � 408), and for the cohort split into patients who did (n � 74), or did not suffer recurrences (n � 334). The
three strongest and most significant associations are highlighted in bold. *P � 0.05; **P � 0.01; *** P � 0.001.

eIF4E ER�1 ER�2 ER�5

Whole cohort: (n � 408) 0.28*** 0.15* 0.16*

Non-recurrences: (n � 334) 0.28** 0.12 0.15*

Recurrences: (n � 74) 0.24 0.27* 0.21
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58]. It is well established that changes in translational efficiency of
key oncogenes and tumour suppressor genes are associated with
and contribute to carcinogenesis [12]. Here, we provide evidence
that translational regulation allows deregulation of ER� expres-
sion in cancer by three related mechanisms.

First, we show that UTRa, which specifies very inefficient
translation (Fig. 2B), is up-regulated in breast and lung tumours
relative to matched normal tissues in the absence of up-regulation
of total message (Fig. 1D). The result is a higher proportion of
translationally repressed transcripts within the total ER� mRNA
pool, and therefore protein expression would be down-regulated
within tumours, as has been reported [53–54, 56]. A change in
ratio of differentially acting 5�UTRs has also been implicated in the
deregulation of other tumour suppressors and oncogenes, includ-
ing BRCA1 [44] and Mdm2 [43]. Secondly, the translational effi-
ciencies of ER� mRNAs were increased by eIF4E (Fig. 4). This
translation factor is overexpressed in a wide range of cancers
[37–38, 59–60], and contributes to carcinogenesis by derepress-
ing translation of cancer-related transcripts that are otherwise
inefficiently translated on account of 5�UTR secondary structures
[21]. This mechanism allows up-regulation of ER� expression
during carcinogenesis and is dependent on the degree of eIF4E
activity. Since ER�1 has been discussed as a tumour suppressor
[52–54], it may seem surprising to uncover a mechanism for its
up-regulation in cancer. However, this up-regulation could act as a
driving force for expression loss by other mechanisms during the
molecular evolution of tumours. In addition, and supported by our
work, eIF4E is likely to act differentially on the different ER� iso-
forms – some of which have no reported tumour suppressor func-
tion. With this in mind, we finally examined how these mecha-
nisms combine to allow changes in expression of specific ER�

isoforms. We showed that 5�UTRs were differentially associated
with transcripts for ER�1, 2 and 5 (Fig. 5) and demonstrated a dif-
ferential response of the UTRs to eIF4E (Fig. 4), allowing us to
infer that overexpression of eIF4E in cancer would cause different
degrees of induction of each isoform. Therefore, we examined
associations between expressions of eIF4E and ER�1, 2 and 5 in
a large cohort of invasive breast cancers (Fig. 6, Table 1). The
associations between ER� isoforms and eIF4E varied between
patients that had a recurrence and those that did not, suggesting
that eIF4E not only had a differential influence on translation of
each isoform, but that this influence was dependent on further
tumoral factors. In particular, eIF4E apparently stimulated the
expression of ER�1 in tumours that did not recur, and the expres-
sion of ER�2 in tumours that did recur. These observations mir-
rored our observations in cell lines where eIF4E would preferen-
tially stimulate expression of ER�1 in HB2 cells, an immortalized
breast cell line without malignant or metastatic properties, since
the 5�UTR associated with ER�1 transcripts responds most
strongly to eIF4E (Figs 4 and 5D). Similarly, the 5�UTR expression
patterns for each ER� isoform in MCF7 cells, a more aggressive
breast cell line of malignant and metastatic origin, would mean
that eIF4E would preferentially stimulate ER�2 expression in these
cells (Figs 4 and 5C). Breast cancer cell lines are likely to reflect

features of cancer cells in vivo [61], therefore this correlation also
validated our use of these in vitro models within the study.
Unfortunately, reliable quantitative detection of either the protein
isoforms in cell lines, or the mRNA species in archival tumour 
tissues is not possible, hence we are unable to confirm that the
regulation occurring within HB2 and MCF7 cells is truly represen-
tative of these tumours. It is worth noting that eIF4E expression
did not significantly associate with expression of all three isoforms
simultaneously, as would be predicted if the tumours’ 5�UTR
expression patterns were as seen in MDA-MB-231 cells (Fig. 5E).
A probable explanation is that MDA-MB-231 cells have a basal
phenotype and these tumours were rare within our cohort.

Conclusion

We have defined complex regulatory mechanisms for ER� that
have a role in deregulation of ER� expression in cancer.
Importantly, these are the first reported insights into separate reg-
ulation of expression of the functionally distinct ER� isoforms,
and are therefore likely to be critical in defining ER� function.
Interestingly, our data also provide novel evidence of a role for
promoter or 5�UTR elements in the regulation of alternative splic-
ing downstream.
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Fig. S1 Translational efficiencies (C) from GFP mRNA expression
levels, as determined by real-time PCR analyses and normalized to
control (A) and GFP protein expression levels, as determined from
the mean fluorescence intensity of cell populations and normal-
ized to control (B). Representative data from transfection of MCF7
cells with either the control GFP reporter, or the reporters for UTRa
and UTRc are shown.

Fig. S2 HB2 cells express lower levels of endogeneous eIF4E pro-
tein than MCF7 cells. Expression of eIF4E, or beta-actin, was
examined within protein lysates of HB2 and MCF7 cells by
Western blotting.
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Table S1 Culture and transfection conditions

Table S2 Primer details

Table S3 Mutations of each uORF within UTRa caused small
increases in the extent of structure relative to the wild-type
sequence as assessed by �G, whereas mutations within UTRc

caused either a small decrease or small increase in the extent of
structure relative to the wild-type.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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