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BACKGROUND: Therapies targeting ERBB2 have shown success in the clinic. However, response is not determined solely by expression
of ERBB2. Levels of ERBB3, its preferred heterodimerisation partner and ERBB ligands may also have a role.
METHODS: We measured NRG1 expression by real-time quantitative RT–PCR and ERBB receptors by western blotting and
immunohistochemistry in bladder tumours and cell lines.
RESULTS: NRG1a and NRG1b showed significant coordinate expression. NRG1b was upregulated in 78% of cell lines. In tumours,
there was a greater range of expression with a trend towards increased NRG1a with higher stage and grade. Increased expression of
ERBB proteins was detected in 15% (EGFR), 20% (ERBB2), 41% (ERBB3) and 0% (ERBB4) of cell lines. High EGFR expression
was detected in 28% of tumours, associated with grade and stage (P¼ 0.05; P¼ 0.04). Moderate or high expression of ERBB2 was
detected in 22% and was associated with stage (P¼ 0.025). Cytoplasmic ERBB3 was associated with high tumour grade (P¼ 0.01)
and with ERBB2 positivity. In cell lines, NRG1b expression was significantly inversely related to ERBB3, but this was not confirmed in
tumours.
CONCLUSION: There is a wide spectrum of NRG1 and ERBB receptor expression in bladder cancer. In advanced tumours,
EGFR, ERBB2 and ERBB3 upregulation is common and there is a relationship between expression of ERBB2 and ERBB3 but not the
NRG1 ligand.
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Bladder cancer is the fourth most common malignancy in males
and the ninth most common in females in the United Kingdom,
with 10 090 new cases in 2007 (http://info.cancerresearchuk.org/
cancerstats/types/bladder/incidence/). At presentation, 70–80%
of patients have non-muscle-invasive urothelial carcinoma (UC;
stage Ta or T1) and 20–30% have invasive disease (Xstage T2).
For the latter, 5-year survival rate is B50% and, although current
chemotherapy and radiotherapy regimes are effective in some
patients, response rates have plateaued and novel therapeutic
approaches are urgently needed.
Overexpression of the ERBB receptor tyrosine kinases in human

cancer has led to the development of targeted therapies (Hynes and
Lane, 2005). ERBB2 is overexpressed in 20–30% of breast cancers,
and the monoclonal antibody Trastuzumab (Herceptin) that
targets ERBB2 has been used with success to treat these (Slamon
et al, 2001). As some bladder tumours overexpress ERBB2
(Chow et al, 2001), it has been suggested that these may respond
to ERBB2 inhibitors (Latif et al, 2004) and therefore clinical studies
have been initiated (Small et al, 2003). A study of Trastuzumab,
paclitaxel, carboplatin and gemcitabine in advanced ERBB2-
positive UC has been reported, with an overall response rate of
70% (Hussain et al, 2007). However, a randomised trial is
required to assess the contribution of Trastuzumab to such
responses. A phase I/II study of paclitaxel and radiotherapy, with

or without Trastuzumab, is now underway in patients who
have undergone previous resection for muscle-invasive UC
(NCT00005831).
Not all breast cancers that overexpress ERBB2 respond to

Trastuzumab (Vogel and Franco, 2003). In some cases, lack of
response is related to downstream activation of the PI3K pathway
through mechanisms such as PTEN inactivation (Nagata et al,
2004). ERBB3 is known to couple ERBB2 to the PI3K pathway
(Junttila et al, 2009) and the crucial role of ERBB3 in mediating
the effects of activated ERBB2 is now clear (Lee-Hoeflich et al,
2008; Baselga and Swain, 2009). Altered expression of the
ligand neuregulin may also determine sensitivity to ERBB2 inhi-
bitors and identify a novel group of patients who could
benefit from ERBB-targeted therapies (Yuste et al, 2005; Menendez
et al, 2006).
Neuregulin 1 (NRG1) is a member of the epidermal growth

factor (EGF) family (Yarden, 2001). At least 10 NRG1 isoforms
have been identified (Stove and Bracke, 2004) (Supplementary
Figure 1). Types I, II and III have distinct amino termini that
contain an Ig-like domain in types I and II (Li and Loeb, 2001).
The N terminus of type III isoforms contains a cysteine-rich
domain with a transmembrane domain. All isoforms contain an
EGF-like domain, which is essential (and sufficient) for receptor
activation (Alroy and Yarden, 1997). Alternative splicing in this
domain gives rise to a- and b-variants. Alternative splicing in
the extracellular juxtamembrane region gives rise to four further
variants. Finally, alternative splicing in the cytoplasmic tail
(C-terminal) leads to a, b or c variants.
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NRG1 binds ERBB3 and ERBB4 and NRG1b binds ERBB3 with a
higher affinity than NRG1a (Jones et al, 1999). As there is
no ligand for ERBB2, heterodimerisation with a ligand-bound
receptor is required for signalling (Klapper et al, 1999), and ERBB2
is the preferred binding partner for other ligand-bound ERBB
receptors (Garrett et al, 2003; Franklin et al, 2004). As ERBB3 is
devoid of intrinsic kinase activity, it requires dimerisation with
another ERBB receptor for phosphorylation (Guy et al, 1994) and
ERBB2–ERBB3 heterodimers provide the most mitogenic and
angiogenic signals (Alimandi et al, 1995).
Increased expression of NRG1 proteins has been reported

in several cancers. However, there is little data on expression in
normal urothelium or bladder tumours and reports are incon-
sistent. De Boer et al (1997) showed that expression of different
NRG1 isoforms varied in different cell layers of the normal and
malignant bladder. In the normal urothelium, expression of
NRG1a and NRG1b1 isoforms was highest in the differentiated
superficial cells and NRG1a and NRG1b mRNA was detected in
90 and 61% of tumours, respectively, with a negative trend between
NRG1b expression and survival (Memon et al, 2004). In contrast,
Amsellem-Ouazana et al (2006) did not detect NRG1 in 5 normal
bladder and 73 tumour samples.
NRG1 maps to chromosome arm 8p, a region of common

genomic alteration in human tumours including bladder. Loss of
heterozygosity (LOH) of 8p is found in muscle-invasive UC
(Wagner et al, 1997; Ohgaki et al, 1999; Choi et al, 2000), and in
bladder and other tumour types 8p LOH is associated with worse
prognosis. In breast cancer, several breakpoints have been
identified close to or within NRG1 (Huang et al, 2004) and recent
identification of promoter hypermethylation suggests a possible
suppressor role (Chua et al, 2009). However, upregulation has also
been reported (McIntyre et al, 2009).
The reported expression of the ERBB family of receptors in

normal and malignant bladder also differs markedly between
studies, and these are difficult to compare because of differences in
methods, antibodies and scoring criteria. Before ERBB-targeted
therapies can be rationally applied in bladder cancer, clear data on
the expression of the different receptors and relevant ligands are
required. The objectives of this study were to determine expression
of the two major isoforms of NRG1 and the ERBB family
of receptors in human bladder cancer cell lines and tumour
tissues. We have applied the criteria used for scoring of ERBB2
immunohistochemistry in breast cancer to obtain standardised
assessment of expression and hence a more rational prediction of
the proportion of bladder cancer patients who may benefit from
ERBB2-targeted therapy.

MATERIALS AND METHODS

Patient recruitment and tissue collection

Ethical approval was obtained from the Leeds (East) Local
Research and Ethics Committee, and informed consent for tissue
donation was obtained from patients at St James’s University
Hospital, Leeds. Tumour tissues obtained by cold-cup biopsy at
cystoscopy or from cystectomy were snap-frozen. Fifty-nine fresh
samples were used (23 pTaG2; 4 pTaG3; 5 pT1G2; 14 pT1G3; 10
pT2G3; and 3 T4G3).

Cell lines

Primary normal human urothelial cells (NHUC) and telomerase
immortalised NHUC (TERT-NHUC) were maintained as
described (Chapman et al, 2006). Thirty-four UC cell lines
(Supplementary Table 1) were grown in standard media at 371C
in 5% CO2.

mRNA extraction and cDNA preparation

RNA was extracted from cell lines using the RNeasy mini kit
(Qiagen, Crawley, UK), and from tissue sections containing 480%
tumour cells using the Picopure RNA isolation kit (Arcturus
Bioscience, Mountain View, CA, USA). For cDNA synthesis, the
Clontech Advantage 1st strand kit (Clontech, Palo Alto, CA, USA)
was used.

Quantitative real-time RT–PCR

Quantitative RT–PCR (qRT–PCR) used SYBR Green I as reporter
and ROX as reference dye (Perkin-Elmer, Applied Biosystems,
Cheshire, UK). Fluorescence was detected by an ABI prism 7700
Sequence Detection System (Applied Biosystems) and analysed
using the Sequence Detector System 1.9 software (Applied
Biosystems). Succinate dehydrogenase (SDHA) and hypoxanthine
phosphoribosyl-transferase1 (HPRT1) were used as controls.
Primers were designed using Primer Express software (Applied
Biosystems; Supplementary Table 2). Preliminary experiments
over a range of concentrations of reverse transcribed Universal
reference RNA (Stratagene, La Jolla, USA) were conducted to
determine the efficiency of the PCR reaction for each set of primers
and the comparative CT (DDCT) method was used for analysis
(Livak and Schmittgen, 2001). The cDNA from pooled pure
populations of uncultured normal human urothelial cells was used
as a control for cell line analysis.

Western blotting

Cells were lysed in ESB buffer (0.12M Tris-HCL, pH 6.8; 20%
glycerol; 4% SDS) and protein concentration measured using the
Pierce Protein Assay (Rockford, IL, USA). Antibodies used were
anti-EGFR (1005 sc-03 Santa Cruz, Santa Cruz, CA, USA), ERBB2
(A0485 Dako Cytomation, Ely, UK), ERBB3 (c-17 sc-285
Santa Cruz) and ERBB4 (RB-284 Labvision, Fremont, CA, USA).
Anti-Ku-70 (Santa Cruz) was used as a loading control. For
quantification, films were scanned on a Personal Densitometer SI
(Molecular dynamics/Amersham Biosciences, Little Chalfont, UK)
and band densities were calculated with ImageQuant software
(Molecular dynamics/Amersham Biosciences).

Immunohistochemistry

Fifty-four paraffin-embedded tumour tissues were studied. Three
normal ureters and cell line pellets known to be positive or
negative for each antigen were used as controls. For ERBB2,
a strongly positive breast cancer tissue was used as a control in
each run.
Endogenous peroxidase activity was blocked in 3% hydrogen

peroxide, sections were boiled in antigen unmasking solution
(Vector Laboratories, Peterborough, UK) for 2min (EGFR and
ERBB2) and blocked with either 10% (v/v) casein (ERBB2) or
avidin/biotin solutions (Vector Laboratories) (other antigens),
followed by treatment with 10% normal goat serum (Dako
Cytomation). Primary antibodies for EGFR (NCL-EGFR-384,
Novocastra, Newcastle, UK), ERBB2 (A0485, Dako Cytomation),
ERBB3 (RTJ2 (Rajkumar et al, 1995); supplied by Cancer Research
UK) and ERBB4 (c-18 sc-283 Santa Cruz) were applied for 60min.
Following incubation with Envision (Dako Cytomation) (ERBB2)
or secondary anti-species antibody, followed by treatment with
Streptavidin–biotin enzyme complex (StreptAB-Complex, Dako
Cytomation), binding was visualised using 3,30diamino-benzidine
tetrahydrochloride (Vector Laboratories).
Scoring was performed by JF, PH and MK. In the absence of

full concordance, slides were reviewed and a decision taken.
Membrane staining was considered as positive for EGFR and
ERBB2. For ERBB3, membrane staining was not observed and

NRG1 and its receptors in bladder cancer

JA Forster et al

1136

British Journal of Cancer (2011) 104(7), 1135 – 1143 & 2011 Cancer Research UK

M
o
le
c
u
la
r
D
ia
g
n
o
stic

s



cytoplasmic and nuclear reactivity were scored separately. Scoring
criteria for EGFR and ERBB2 were as used for ERBB2 in breast
cancer tissues and a multitissue breast reference section was used
to guide scoring (0, no membrane staining; 1þ , weak membrane
staining only; 2þ , strong membrane staining in some cells; 3þ ,
strong membrane staining in all cells). For ERBB3, initial scoring
for cytoplasmic and nuclear staining was according to both
intensity and frequency (weak, moderate, strong; o5%, 5–50%,
450% of cells). This was subsequently refined for cytoplasmic
staining to score as positive tumours in which 45% of cells
showed moderate or strong staining, and for nuclear staining to
score those in which 450% of cells showed moderate or strong
staining.

Statistical analysis

The statistical software Stata (v10, StataCorp, College Station, TX,
USA) was used for data handling and analyses. The relationship
between NRG1a and NRG1b expression and between NRG1a/b and
EGFR/ERBB2/ERBB3 expression was assessed using Spearman’s
rank correlation. The Mann–Whitney test was used to assess the
relationships between NRG1a/b expression and tumour stage (Ta
compared with XT1 tumours) and grade (grade 2 compared with
grade 3). Fisher’s exact test was used to assess the relationship
between tumour grade and stage and immunohistochemistry
score.

RESULTS

NRG1 expression in normal urothelium, UC cell lines and
tumours

Quantitative RT–PCR on uncultured urothelial cells isolated from
five normal healthy ureters and a pooled sample composed of
equal amounts of these samples showed no significant differences
in expression of NRG1a and NRG1b (Supplementary Figure 2). In
all samples, levels of both isoforms were lower than levels of the
control genes.
NRG1a and NRG1b expression in 32 UC cell lines relative to

cultured NHUC controls is shown in Figure 1. There was
significant coordinate expression of the two isoforms (Spearman’s
rank correlation 0.889; Po0.001). Overall, NRG1b showed higher
expression than NRG1a and was upregulated more frequently.
Twenty-five of 32 cell lines showed NRG1b levels X1.5 higher than
controls, and in several cases the levels were 50- to 100-fold higher.

Quantitative RT–PCR on cDNA from 59 tumours revealed more
varied expression levels than in cell lines, ranging from
undetectable in some tumours to 770-fold higher expression of
NRG1b in one tumour compared with normal urothelium
(Figure 2). Although NRG1b was more highly expressed than
NRG1a, this was not as significant as in cell lines. As in cell lines,
there was a statistically significant correlation between expression
of NRG1a and NRG1b (Spearman’s rank correlation, r¼ 0.680,
Po0.0001). There was a tendency for NRG1a upregulation in high-
grade and stage tumours, although this did not reach significance
(for grade P¼ 0.08, Mann–Whitney test; for stage P¼ 0.06,
Spearman’s rank correlation test). There was no significant
relationship between NRG1b and grade or stage (for grade
P¼ 0.44, Mann–Whitney test; for stage P¼ 0.13, Spearman’s rank
correlation test).
We have detailed information on 8p genomic alterations in all of

the cell lines studied (Williams et al, 2010). Expression of NRG1
bore no obvious relationship to either copy number in the region
of the gene or to breakpoints in the region.

ERBB protein expression

Autocrine signalling generated through NRG1 expression even in
the presence of low-level receptor expression may have the same
cellular consequences as high-level receptor expression. We
examined levels of EGFR, ERBB2, ERBB3 and ERBB4 in UC cell
lines for comparison with NRG1 levels (Figure 3 and Supplemen-
tary Figure 3).
High-level expression of EGFR (X2-fold, relative to normal

urothelial control) was found in five cell lines, moderate
expression (0.1–1.99� control) in 25 and absent or low expression
(p0.1� control) in four. Moderate levels of ERBB2 were detected
in 16 cell lines and low levels in 18 cell lines. ERBB3 showed strong
expression in 14, moderate expression in 9 and low levels in 11 cell
lines. Western blots for ERBB4 demonstrated a single strong band
at the predicted size for the full-length ERBB4 protein (180 kDa)
only in the breast cancer cell line T47D-positive control (Beerli and
Hynes, 1996). No expression of ERBB4 was detected in any of the
bladder cancer cell lines or in normal bladder samples. Relation-
ships were sought between expression of NRG1a and NRG1b and
expression of EGFR, ERBB2 and ERBB3 in UC cell lines. There was
an inverse correlation between both NRG1a and NRG1b expres-
sion and ERBB3 expression (Pp0.01, Spearman’s rank correlation
test). No other significant relationships were found.
Immunohistochemistry was performed on 54 tumours from the

same series as those used for mRNA analysis (Table 1; Figure 4).
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Figure 3 Expression levels of EGFR, ERBB2 and ERBB3 in bladder cell lines. Results represent densitometric measurements of western blot signals relative
to ku70 loading control.

Table 1 Expression of EGFR, ERBB2 and ERBB3 in bladder tumours according to stage and grade

EGFR ERBB2 ERBB3 cytoplasmic ERBB3 nuclear

Stage/grade 1+ (%) 2+ (%) 3+ (%) � (%) 1+ (%) 2+ (%) 3+ (%) � (%) + (%) 0 (%) + (%)

G2 8 (33.33) 11(45.83) 5 (20.53) 9 (37.5) 13 (54.17) 2 (8.33) 0 20 (83.33) 4 (16.67) 11 (45.83) 13 (54.17)
G3 2 (6.67) 18 (60.0) 10 (33.33)a 6 (20.0) 14 (46.67) 8 (26.67) 2 (6.67) 14 (46.67) 16 (53.33)b 17 (56.67) 13 (43.33)
Ta 8 (34.78) 10 (43.48) 5 (21.74) 9 (39.13) 11 (47.83) 3 (13.04) 0 16 (69.57) 7 (30.43) 10 (43.48) 13 (56.52)
T1 2 (11.11) 12 (66.67) 4 (22.22) 1 (5.56) 11 (61.11) 6 (33.33) 0 11 (61.11) 7 (38.89) 10 (55.56) 8 (44.44)
XT2 0 6 (50.0) 6 (50.0)c 4 (33.33) 5 (41.67) 1 (8.33) 2 (6.67)d 6 (50.0) 6 (50.0) 7 (58.33) 5 (41.57)

aP¼ 0.05. bP¼ 0.01. cWhen invasive tumours (T1+XT2) grouped P¼ 0.04. dP¼ 0.025 when Ta, T1 and XT2 analysed separately; P¼ 0.225 when invasive tumours (T1+XT2)
grouped.
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Figure 4 Immunohistochemistry for EGFR and ERBB2 in bladder tumour samples. (A) EGFR þ ; (B) EGFR þ þ þ ; (C) ERBB2 negative sample
(cell pellet from non-expressing cell line); (D) ERBB2 þ ; (E) ERBB2 þ þ ; (F) ERBB2 þ þ þ ; (G) ERBB3 nuclear þ ; and (H) ERBB3, cytoplasmic þ .
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For one tumour, information on stage was not available. EGFR was
detected in the cell membranes of all tumours, 54% of which
showed moderate (2þ ) and 28% showed strong (3þ ) staining.
Increased expression was associated with high grade (Fisher’s
exact test, P¼ 0.05). A marginal association with tumour stage was
found when Ta, T1 and XT2 tumours were considered separately
(P¼ 0.06), and this reached significance (P¼ 0.04) when tumours
were grouped as non-invasive (Ta) or invasive (T1 or XT2).
ERBB2 membrane staining was detected in 72%, the majority

having weak or patchy staining. There was no relationship with
grade (P¼ 0.12). An association with stage was found (P¼ 0.025)
but the pattern of this was not clear as results for T1 and XT2
tumours differed and significance was lost when these two groups
were combined.
ERBB3 expression was detected in the nucleus, the cytoplasm or

both (Figure 4) and was scored separately. There was strong
association between tumour grade and cytoplasmic staining
(P¼ 0.01) but no relationship with nuclear staining (P¼ 0.58).
There was no association between stage and cytoplasmic or
nuclear staining, although there was a trend for more frequent
cytoplasmic staining and less frequent nuclear staining with
increasing stage. There was no association between cytoplasmic
staining or nuclear staining and tumour invasion (P¼ 0.40 and
0.41, respectively). Overall, there was an association between
nuclear staining and cytoplasmic staining (P¼ 0.02) with overall
concordance for staining (either both positive or both negative as
compared with discordant staining). This pattern could be seen
when non-invasive (Ta) and invasive (T1 or XT2) tumours were
analysed separately but in neither case did the association reach
significance because of limited sample sizes. Logistic regression
analysis of the presence of cytoplasmic staining or nuclear staining
showed that there was still evidence for concordance (P¼ 0.01)
after adjustment for invasion. We also examined the relationship
of the four possible patterns of ERBB3 staining with grade and
stage. There was no relationship with tumour stage but a
significant association with grade (P¼ 0.01; Supplementary
Table 3) was observed. There was evidence of an association
between cytoplasmic ERBB3 and ERBB2 positivity (P¼ 0.04), but
not between nuclear ERBB3 and ERBB2 or between any other
ERBB receptor pairs.
Anti-ERBB4 antibodies showed poor specificity on cell pellets

with known ERBB4 expression status. Newly constructed cell
pellets and different normal tissue samples gave the same results.
Therefore, staining was not carried out on tumour sections.
The relationship of NRG1a and NRG1b mRNA levels to

expression of EGFR, ERBB2 and ERBB3 (cytoplasmic or nuclear
staining) was examined. No statistically significant associations
were found (Spearman’s rank correlation test).

DISCUSSION

ERRB receptor signalling is diverse and flexible in output because
of the presence of multiple receptors that homo- or hetero-
dimerise and the existence of multiple ligands. Thus, there is much
scope for subversion to provide selective advantage in cancer
cells. Targeting of overexpressed ERBB2 with the humanised
monoclonal antibody Trastuzumab has proven successful in some
cases. However, in light of the flexibility of this signalling system, it
is not surprising that ERBB2 status alone is not sufficient to predict
response. Similarly, expression level of EGFR does not predict
response to EGFR inhibitors, although the presence of mutations
in the receptor shows correlation with response (Lynch et al, 2004;
Rosell et al, 2006). It is not yet clear whether mutations in ERBB2
(Stephens et al, 2004) influence response to ERBB2 inhibitors.
Increasingly, it is becoming apparent that the overall molecular
context in which such mutations are found significantly influences
response to targeted therapies, with molecular lesions downstream

of EGFR or ERBB2 indicating likely resistance (Nagata et al, 2004;
Allegra et al, 2009). Similarly, the status of interacting proteins
including different members of the ERBB family and their ligands
may profoundly influence response.
Prompted by the finding of common genomic alterations in the

region of the NRG1 gene on 8p12 in aggressive bladder cancers and
other solid malignancies, as well as the known overexpression of
EGFR and ERBB2 in some bladder tumours, we examined the
expression of NRG1 mRNA and protein expression of EGFR,
ERBB2, ERBB3 and ERBB4 in bladder tumour tissues and cell lines.
There was considerable diversity in the expression of NRG1
in both cell lines and in tumours with higher expression of NRG1b
than NRG1a, suggesting, as proposed previously, that the
b-isoform may be more biologically important (Lu et al, 1995).
Overall, tumour tissues showed lower levels of expression than cell
lines. Although there was a trend towards upregulation of NRG1b
in relation to grade and stage, there was no clear relationship with
expression of NRG1b because of the finding of relatively high
levels of expression of NRG1b in some pTaG2 tumours (Figure 2).
As all of the cell lines apart from RT4 were derived from invasive
tumours, and NRG1b was high in these, this suggests that
increased expression is related to tumour stage. This may become
clearer when a larger tumour panel is studied. The possibility that
pTaG2 tumours that overexpress NRG1b may represent a distinct
subset must also be addressed.
Others have found loss of expression and hypermethylation of

the NRG1 promoter in breast cancer cell lines that, similar
to bladder, commonly show 8p alterations (Chua et al, 2009). We
found no relationship of expression levels to known genomic
alterations (Williams et al, 2010) in the cell lines examined here.
Although this suggests that copy number alterations and DNA
breakpoints close to NRG1 do not affect expression, this does not
preclude the possibility that in some cases downregulated
expression (for example, tumours 1–9, Figure 1) may be caused
by promoter hypermethylation.
A previous study detected NRG1a and NRG1b mRNA in 90%

and 61% of samples, respectively, rates that are remarkably similar
to those found here (83 and 66%, respectively; Figure 2) and, as
in the present study, levels of NRG1b were higher than those of
NRG1a (Memon et al, 2004). One difference is that the primers
used to amplify NRG1b by Memon et al (2004) are predicted to
amplify types I and II but not III and the primers we used amplify
all three NRG1 types. The similarity in results obtained with these
two primer sets suggests that type III neuregulins, which are
predicted to mediate juxtacrine rather than paracrine signalling
(Falls, 2003), are unlikely to have a significant role in the
urothelium.
We found significant coexpression of NRG1a and NRG1b.

The transcriptional regulation of NRG1 is not yet understood but it
is possible that these transcripts share the same 50 sequence and
are initiated from the same promoter. Further analysis of the
type-specific region, Ig-like regions and spacer sequences that lie
upstream of the EGF domain are now required.
There are approximately 20 commercially available antibodies

that claim either to be specific to certain isoforms, or to detect
all types of NRG1 by means of epitopes in the EGF domain.
We attempted to measure NRG1 expression using western blotting
with three different NRG1 antibodies, but results were poor, with
multiple bands observed that were thought to be non-specific and
showed no obvious relationship to mRNA data (data not shown).
Several large studies of EGFR expression using immunohisto-

chemistry are concordant and report detectable levels in 72, 85, 96
and 84% of bladder tumour tissues (Messing, 1990; Wright et al,
1991; Lipponen and Eskelinen, 1994; Chow et al, 2001) and
moderate or strong EGFR expression has been described in 27, 52,
42 and 47% of tumours (Lipponen and Eskelinen, 1994; Mellon
et al, 1995; Chow et al, 2001; Rotterud et al, 2005). We detected
expression in all samples and this was moderate or strong in 28%.
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It is difficult to compare studies with regard to levels of
expression as different cut-offs and definitions for ‘expression’ and
‘overexpression’ have been used. The scoring method used here for
both EGFR and ERBB2 scoring was chosen because it is extensively
and successfully used for ERBB2 in breast cancers in the United
Kingdom. We found significantly more intense membrane staining
for EGFR in tumours of high grade and stage. Previous studies
have reported increased expression in tumours of high grade
(Messing, 1990), increased stage (Chow et al, 1997) or high grade
and stage (Wright et al, 1991; Mellon et al, 1995) but others have
not (Rajkumar et al, 1996; Rajjayabun et al, 2005).
We found ERBB2 membrane staining in the superficial cells of

the normal bladder and ureter and in 72% of tumour tissues.
Although moderate (2þ ) staining was common, only three cases
had strong (3þ ) expression. Similarly, although protein was
detected in 47% of cell lines, none had high-level expression. Data
on ERBB2 immunohistochemistry in bladder cancer are plentiful
and a variety of antibodies, methods and scoring techniques have
been used. One recent study applied a standardised methodology
used in breast tumour diagnostic assessment to measure both gene
amplification and expression of ERBB2 (Lae et al, 2010). Only a
few tumours (5%) expressed levels as high as those that are used to
select breast cancers for Trastuzumab treatment (3þ ). Our finding
of 5.5% is compatible with this. We found no significant
relationship between ERBB2 expression and tumour grade but
an association with tumour invasion was apparent.
We found detectable ERRB3 by western blotting in normal

urothelial cells and in 68% of tumour cell lines, with high levels
in 41%. Immunohistochemistry of tumour tissues has previously
found moderate or strong ERBB3 expression in 11–49%
(Rajkumar et al, 1996; Chow et al, 1997, 2001; Rotterud et al,
2005). Here we scored cytoplasmic and nuclear staining
separately and found that 37 and 48% of tumours were positive,
respectively. Cytoplasmic staining was associated with tumour
grade as observed previously (Chow et al, 2001). There was also an
association with ERBB2 positivity (P¼ 0.04). Previously, a
relationship of ERBB2 and ERBB3 positivity has been reported to
be associated with poor patient survival and may indicate a role for
signalling by ERBB2/3 heterodimers (Chow et al, 2001).
The significance of nuclear vs cytoplasmic localisation of ERBB3

protein is not clear. It has been reported that the protein is nuclear
in cultured normal mammary epithelial cells and that stimulation
with NRGb1 causes shuttling to the cytoplasm (Offterdinger et al,
2002). We did not observe nuclear staining in normal urothelium
and found no evidence for increased cytoplasmic staining
in tumours with higher levels of NRG1 expression. In contrast,

in prostate tissues, nuclear ERBB3 is reported only in cancer
tissues and not in normal tissues, increasing with Gleason grade
and disease recurrence (Koumakpayi et al, 2006, 2007). Here we
found no association of nuclear staining with either grade or stage.
A larger study is merited to establish the significance of these
different staining patterns in bladder cancer.
NRG1 expression was inversely related to ERBB3 expression in

UC cell lines. This could indicate that expression of either
the ligand or the receptor may be important. Indeed, of the seven
cell lines with greatest total NRG1 expression shown in Figure 1, all
but one (SW1710) show very low or undetectable levels of
either ERBB2 or ERBB3. This may identify the presence of an
NRG1–ERBB3/ERBB2 autocrine loop in these cases as in other
tumour cell types (Gilmour et al, 2002; Venkateswarlu et al, 2002;
Li et al, 2004; Sheng et al, 2010), and could indicate that very low
levels of receptor expression may be sufficient for signalling. This
relationship was not seen in tumours, although it should be noted
that the UC cell lines used were derived from invasive tumours and
may represent a highly selected subgroup. Therefore, analysis of a
much larger group of invasive tumours is merited.
Already, it is clear that expression of NRG can influence tumour

response to Herceptin. Knowledge of ligand expression status will
also be critically important in assessing likely response to agents
such as Pertuzumab that interfere with ligand-dependent signal-
ling through ERBB2 (Agus et al, 2002). Our finding that NRG1
expression is higher in tumours of high grade and stage may be
particularly relevant in this context, as these are tumours for which
targeted therapies are most urgently needed. In conclusion, our
results suggest that NRG1–ERBB receptor interactions may have a
significant role in the pathogenesis of bladder cancer and are
potential targets for therapy. The identification of tumour cell
lines with different patterns of expression of these proteins
now provides the opportunity to carry out functional analyses to
test this.

ACKNOWLEDGEMENTS

We thank Faye Elliott and Tim Bishop for help with statistical
analyses and Dr Andrew Hanby for advice on scoring ERBB2
immunohistochemistry.

Supplementary Information accompanies the paper on British
Journal of Cancer website (http://www.nature.com/bjc)

REFERENCES

Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI,
Lofgren JA, Tindell C, Evans DP, Maiese K, Scher HI, Sliwkowski MX
(2002) Targeting ligand-activated ErbB2 signaling inhibits breast and
prostate tumor growth. Cancer Cell 2: 127–137

Alimandi M, Romano A, Curia MC, Muraro R, Fedi P, Aaronson SA,
Di Fiore PP, Kraus MH (1995) Cooperative signaling of ErbB3 and ErbB2
in neoplastic transformation and human mammary carcinomas.
Oncogene 10: 1813–1821

Allegra CJ, Jessup JM, Somerfield MR, Hamilton SR, Hammond EH,
Hayes DF, McAllister PK, Morton RF, Schilsky RL (2009) American
Society of Clinical Oncology provisional clinical opinion: testing for
KRAS gene mutations in patients with metastatic colorectal carcinoma to
predict response to anti-epidermal growth factor receptor monoclonal
antibody therapy. J Clin Oncol 27: 2091–2096

Alroy I, Yarden Y (1997) The ErbB signaling network in embryogenesis
and oncogenesis: signal diversification through combinatorial ligand-
receptor interactions. FEBS Lett 410: 83–86

Amsellem-Ouazana D, Bieche I, Tozlu S, Botto H, Debre B, Lidereau R
(2006) Gene expression profiling of ERBB receptors and ligands in
human transitional cell carcinoma of the bladder. J Urol 175: 1127–1132

Baselga J, Swain SM (2009) Novel anticancer targets: revisiting ERBB2 and
discovering ERBB3. Nat Rev Cancer 9: 463–475

Beerli RR, Hynes NE (1996) Epidermal growth factor-related peptides
activate distinct subsets of ErbB receptors and differ in their biological
activities. J Biol Chem 271: 6071–6076

Chapman EJ, Hurst CD, Pitt E, Chambers P, Aveyard JS, Knowles MA
(2006) Expression of hTERT immortalises normal human urothelial
cells without inactivation of the p16/Rb pathway. Oncogene 25:
5037–5045

Choi C, Kim MH, Juhng SW, Oh BR (2000) Loss of heterozygosity at
chromosome segments 8p22 and 8p11.2-21.1 in transitional-cell
carcinoma of the urinary bladder [In Process Citation]. Int J Cancer
86: 501–505

Chow NH, Chan SH, Tzai TS, Ho CL, Liu HS (2001) Expression profiles of
ErbB family receptors and prognosis in primary transitional cell
carcinoma of the urinary bladder. Clin Cancer Res 7: 1957–1962

Chow NH, Liu HS, Yang HB, Chan SH, Su IJ (1997) Expression patterns
of erbB receptor family in normal urothelium and transitional
cell carcinoma. An immunohistochemical study. Virchows Arch 430:
461–466

NRG1 and its receptors in bladder cancer

JA Forster et al

1141

British Journal of Cancer (2011) 104(7), 1135 – 1143& 2011 Cancer Research UK

M
o
le
c
u
la
r
D
ia
g
n
o
st
ic
s

http://www.nature.com/bjc


Chua YL, Ito Y, Pole JC, Newman S, Chin SF, Stein RC, Ellis IO, Caldas C,
O’Hare MJ, Murrell A, Edwards PA (2009) The NRG1 gene is frequently
silenced by methylation in breast cancers and is a strong candidate for
the 8p tumour suppressor gene. Oncogene 28: 4041–4052

De Boer WI, Houtsmuller AB, Izadifar V, Muscatelli-Groux B, Van der
Kwast TH, Chopin DK (1997) Expression and functions of EGF, FGF
and TGFbeta-growth-factor family members and their receptors
in invasive human transitional-cell- carcinoma cells. Int J Cancer 71:
284–291

Falls DL (2003) Neuregulins: functions, forms, and signaling strategies.
Exp Cell Res 284: 14–30

Franklin MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM, Sliwkowski
MX (2004) Insights into ErbB signaling from the structure of the
ErbB2-pertuzumab complex. Cancer Cell 5: 317–328

Garrett TP, McKern NM, Lou M, Elleman TC, Adams TE, Lovrecz GO,
Kofler M, Jorissen RN, Nice EC, Burgess AW, Ward CW (2003) The
crystal structure of a truncated ErbB2 ectodomain reveals an active
conformation, poised to interact with other ErbB receptors. Mol Cell 11:
495–505

Gilmour LM, Macleod KG, McCaig A, Sewell JM, Gullick WJ, Smyth JF,
Langdon SP (2002) Neuregulin expression, function, and signaling in
human ovarian cancer cells. Clin Cancer Res 8: 3933–3942

Guy PM, Platko JV, Cantley LC, Cerione RA, Carraway III KL (1994) Insect
cell-expressed p180erbB3 possesses an impaired tyrosine kinase activity.
Proc Natl Acad Sci USA 91: 8132–8136

Huang HE, Chin SF, Ginestier C, Bardou VJ, Adelaide J, Iyer NG, Garcia MJ,
Pole JC, Callagy GM, Hewitt SM, Gullick WJ, Jacquemier J, Caldas C,
Chaffanet M, Birnbaum D, Edwards PA (2004) A recurrent chromosome
breakpoint in breast cancer at the NRG1/neuregulin 1/heregulin gene.
Cancer Res 64: 6840–6844

Hussain MH, MacVicar GR, Petrylak DP, Dunn RL, Vaishampayan U,
Lara Jr PN, Chatta GS, Nanus DM, Glode LM, Trump DL, Chen H,
Smith DC (2007) Trastuzumab, paclitaxel, carboplatin, and gemcitabine
in advanced human epidermal growth factor receptor-2/neu-positive
urothelial carcinoma: results of a multicenter phase II National Cancer
Institute trial. J Clin Oncol 25: 2218–2224

Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of
targeted inhibitors. Nat Rev Cancer 5: 341–354

Jones JT, Akita RW, Sliwkowski MX (1999) Binding specificities and
affinities of egf domains for ErbB receptors. FEBS Lett 447: 227–231

Junttila TT, Akita RW, Parsons K, Fields C, Lewis Phillips GD, Friedman LS,
Sampath D, Sliwkowski MX (2009) Ligand-independent HER2/HER3/
PI3K complex is disrupted by trastuzumab and is effectively inhibited by
the PI3K inhibitor GDC-0941. Cancer Cell 15: 429–440

Klapper LN, Glathe S, Vaisman N, Hynes NE, Andrews GC, Sela M,
Yarden Y (1999) The ErbB-2/HER2 oncoprotein of human carcinomas
may function solely as a shared coreceptor for multiple stroma-derived
growth factors. Proc Natl Acad Sci USA 96: 4995–5000

Koumakpayi IH, Diallo JS, Le Page C, Lessard L, Filali-Mouhim A,
Begin LR, Mes-Masson AM, Saad F (2007) Low nuclear ErbB3 predicts
biochemical recurrence in patients with prostate cancer. BJU Int 100:
303–309

Koumakpayi IH, Diallo JS, Le Page C, Lessard L, Gleave M, Begin LR,
Mes-Masson AM, Saad F (2006) Expression and nuclear localization of
ErbB3 in prostate cancer. Clin Cancer Res 12: 2730–2737

Lae M, Couturier J, Oudard S, Radvanyi F, Beuzeboc P, Vieillefond A (2010)
Assessing HER2 gene amplification as a potential target for therapy in
invasive urothelial bladder cancer with a standardized methodology:
results in 1005 patients. Ann Oncol 21: 815–819

Latif Z, Watters AD, Dunn I, Grigor K, Underwood MA, Bartlett JM (2004)
HER2/neu gene amplification and protein overexpression in G3 pT2
transitional cell carcinoma of the bladder: a role for anti-HER2 therapy?
Eur J Cancer 40: 56–63

Lee-Hoeflich ST, Crocker L, Yao E, Pham T, Munroe X, Hoeflich KP,
Sliwkowski MX, Stern HM (2008) A central role for HER3 in HER2-
amplified breast cancer: implications for targeted therapy. Cancer Res 68:
5878–5887

Li Q, Ahmed S, Loeb JA (2004) Development of an autocrine neuregulin
signaling loop with malignant transformation of human breast epithelial
cells. Cancer Res 64: 7078–7085

Li Q, Loeb JA (2001) Neuregulin-heparan-sulfate proteoglycan interactions
produce sustained erbB receptor activation required for the induction of
acetylcholine receptors in muscle. J Biol Chem 276: 38068–38075

Lipponen P, Eskelinen M (1994) Expression of epidermal growth factor
receptor in bladder cancer as related to established prognostic factors,

oncoprotein (c-erbB-2, p53) expression and long-term prognosis.
Br J Cancer 69: 1120–1125

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25: 402–408

Lu HS, Chang D, Philo JS, Zhang K, Narhi LO, Liu N, Zhang M, Sun J,
Wen J, Yanagihara D, Karunagaran D, Yarden Y, Ratzkin B (1995)
Studies on the structure and function of glycosylated and nonglycosy-
lated neu differentiation factors. Similarities and differences of the alpha
and beta isoforms. J Biol Chem 270: 4784–4791

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan
BW, Harris PL, Haserlat SM, Supko JG, Haluska FG, Louis DN, Christiani
DC, Settleman J, Haber DA (2004) Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small-cell lung
cancer to gefitinib. N Engl J Med 350: 2129–2139

McIntyre E, Blackburn E, Brown PJ, Johnson CG, Gullick WJ (2009) The
complete family of epidermal growth factor receptors and their ligands
are co-ordinately expressed in breast cancer. Breast Cancer Res Treat
122(1): 105–110

Mellon K, Wright C, Kelly P, Horne CH, Neal DE (1995) Long-term
outcome related to epidermal growth factor receptor status in bladder
cancer. J Urol 153: 919–925

Memon AA, Sorensen BS, Melgard P, Fokdal L, Thykjaer T, Nexo E (2004)
Expression of HER3, HER4 and their ligand heregulin-4 is associated
with better survival in bladder cancer patients. Br J Cancer 91:
2034–2041

Menendez JA, Mehmi I, Lupu R (2006) Trastuzumab in combination
with heregulin-activated Her-2 (erbB-2) triggers a receptor-enhanced
chemosensitivity effect in the absence of Her-2 overexpression.
J Clin Oncol 24: 3735–3746

Messing EM (1990) Clinical implications of the expression of epidermal
growth factor receptors in human transitional cell carcinoma. Cancer Res
50: 2530–2537

Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, Klos KS, Li P,
Monia BP, Nguyen NT, Hortobagyi GN, Hung MC, Yu D (2004)
PTEN activation contributes to tumor inhibition by trastuzumab, and
loss of PTEN predicts trastuzumab resistance in patients. Cancer Cell 6:
117–127

Offterdinger M, Schofer C, Weipoltshammer K, Grunt TW (2002) c-erbB-3:
a nuclear protein in mammary epithelial cells. J Cell Biol 157: 929–939

Ohgaki K, Iida A, Ogawa O, Kubota Y, Akimoto M, Emi M (1999)
Localization of tumor suppressor gene associated with distant metastasis
of urinary bladder cancer to a 1-Mb interval on 8p22. Genes
Chromosomes Cancer 25: 1–5

Rajjayabun PH, Keegan PE, Lunec J, Mellon JK (2005) erbB receptor
expression patterns in human bladder cancer. Urology 66: 196–200

Rajkumar T, Majhi U, Malligarjuna V, Shantha V, Gullick WJ (1995)
Prevalence of c-erbB-3 expression in squamous cell carcinomas of the
cervix as determined by the monoclonal antibody RTJ-2. Int J Oncol 6:
105–109

Rajkumar T, Stamp GW, Pandha HS, Waxman J, Gullick WJ (1996)
Expression of the type 1 tyrosine kinase growth factor receptors EGF
receptor, c-erbB2 and c-erbB3 in bladder cancer. J Pathol 179: 381–385

Rosell R, Taron M, Reguart N, Isla D, Moran T (2006) Epidermal growth
factor receptor activation: how exon 19 and 21 mutations changed our
understanding of the pathway. Clin Cancer Res 12: 7222–7231

Rotterud R, Nesland JM, Berner A, Fossa SD (2005) Expression of the
epidermal growth factor receptor family in normal and malignant
urothelium. BJU Int 95: 1344–1350

Sheng Q, Liu X, Fleming E, Yuan K, Piao H, Chen J, Moustafa Z, Thomas
RK, Greulich H, Schinzel A, Zaghlul S, Batt D, Ettenberg S, Meyerson M,
Schoeberl B, Kung AL, Hahn WC, Drapkin R, Livingston DM, Liu JF
(2010) An activated ErbB3/NRG1 autocrine loop supports in vivo
proliferation in ovarian cancer cells. Cancer Cell 17: 298–310

Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A,
Fleming T, Eiermann W, Wolter J, Pegram M, Baselga J, Norton L (2001)
Use of chemotherapy plus a monoclonal antibody against HER2 for
metastatic breast cancer that overexpresses HER2. N Engl J Med 344:
783–792

Small EJ, Halabi S, Dalbagni G, Pruthi R, Phillips G, Edelman M, Bajorin D
(2003) Overview of bladder cancer trials in the Cancer and Leukemia
Group B. Cancer 97: 2090–2098

Stephens P, Hunter C, Bignell G, Edkins S, Davies H, Teague J, Stevens C,
O’Meara S, Smith R, Parker A, Barthorpe A, Blow M, Brackenbury L,
Butler A, Clarke O, Cole J, Dicks E, Dike A, Drozd A, Edwards K,

NRG1 and its receptors in bladder cancer

JA Forster et al

1142

British Journal of Cancer (2011) 104(7), 1135 – 1143 & 2011 Cancer Research UK

M
o
le
c
u
la
r
D
ia
g
n
o
stic

s



Forbes S, Foster R, Gray K, Greenman C, Halliday K, Hills K,
Kosmidou V, Lugg R, Menzies A, Perry J, Petty R, Raine K, Ratford L,
Shepherd R, Small A, Stephens Y, Tofts C, Varian J, West S, Widaa S,
Yates A, Brasseur F, Cooper CS, Flanagan AM, Knowles M, Leung SY,
Louis DN, Looijenga LH, Malkowicz B, Pierotti MA, Teh B,
Chenevix-Trench G, Weber BL, Yuen ST, Harris G, Goldstraw P,
Nicholson AG, Futreal PA, Wooster R, Stratton MR (2004) Lung cancer:
intragenic ERBB2 kinase mutations in tumours. Nature 431: 525–526

Stove C, Bracke M (2004) Roles for neuregulins in human cancer. Clin Exp
Metastasis 21: 665–684

Venkateswarlu S, Dawson DM, St Clair P, Gupta A, Willson JK, Brattain MG
(2002) Autocrine heregulin generates growth factor independence and
blocks apoptosis in colon cancer cells. Oncogene 21: 78–86

Vogel CL, Franco SX (2003) Clinical experience with trastuzumab
(herceptin). Breast J 9: 452–462

Wagner U, Bubendorf L, Gasser TC, Moch H, Gorog JP, Richter J, Mihatsch
MJ, Waldman FM, Sauter G (1997) Chromosome 8p deletions are

associated with invasive tumor growth in urinary bladder cancer. Am J
Pathol 151: 753–759

Williams SV, Platt FM, Hurst CD, Aveyard JS, Taylor CF, Pole JC, Garcia
MJ, Knowles MA (2010) High-resolution analysis of genomic alteration
on chromosome arm 8p in urothelial carcinoma. Genes Chromosomes
Cancer 49: 642–659

Wright C, Mellon K, Johnston P, Lane DP, Harris AL, Horne CH, Neal DE
(1991) Expression of mutant p53, c-erbB-2 and the epidermal growth
factor receptor in transitional cell carcinoma of the human urinary
bladder. Br J Cancer 63: 967–970

Yarden Y (2001) The EGFR family and its ligands in human cancer.
signalling mechanisms and therapeutic opportunities. Eur J Cancer
37(Suppl 4): 3–8

Yuste L, Montero JC, Esparis-Ogando A, Pandiella A (2005) Activation of
ErbB2 by overexpression or by transmembrane neuregulin results
in differential signaling and sensitivity to herceptin. Cancer Res 65:
6801–6810

NRG1 and its receptors in bladder cancer

JA Forster et al

1143

British Journal of Cancer (2011) 104(7), 1135 – 1143& 2011 Cancer Research UK

M
o
le
c
u
la
r
D
ia
g
n
o
st
ic
s


	Expression of NRG1 and its receptors in human bladder cancer
	Main
	Materials and methods
	Patient recruitment and tissue collection
	Cell lines
	mRNA extraction and cDNA preparation
	Quantitative real-time RT–PCR
	Western blotting
	Immunohistochemistry
	Statistical analysis

	Results
	NRG1 expression in normal urothelium, UC cell lines and tumours
	ERBB protein expression

	Discussion
	Acknowledgements
	Note
	References




