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Introduction

ErbB signaling is a key component to the growth, differentiation 
and survival of numerous cell types within the human body, and 
dysregulation of this signaling is implemented in the pathogen-
esis of various epithelial tumors.1-3 ErbB3 (HER3), along with 
the Epidermal Growth Factor Receptor (EGFR, HER1), ErbB2 
(HER2) and ErbB4 (HER4), comprise the members of the 
ErbB family of receptor tyrosine kinases. Ligands for this fam-
ily include those which preferentially bind to EGFR [epidermal 
growth factor (EGF), transforming growth factor α, amphiregu-
lin, epiregulin, betacellulin, heparin-binding EGF and epigen] 
and neuregulin (NRG) which binds to ErbB3 and ErbB4.1,4,5 
Upon ligand binding, these receptors undergo conformational 
change resulting in the ability to either homo- or heterodimerize 
leading to tyrosine phosphorylation and initiation of intracellular 
signaling.

ErbB3 has relatively weak tyrosine kinase activity and only 
exists as an obligate heterodimerization partner for the other 
members of the ErbB family.6 After binding neuregulin, ErbB3 
actively dimerizes with EGFR or ErbB2, which in return, 

Historically, ErbB3 has been overlooked within the ErbB receptor family due to its perceived lack of tyrosine kinase activity. 
We have previously demonstrated that in pancreatic cancer ErbB3 is the preferred dimerization partner of EGFR, ErbB3 
protein expression level directly correlates with the anti-proliferative effect of erlotinib (an EGFR-specific tyrosine kinase 
inhibitor), and transient knockdown of ErbB3 expression results in acquired resistance to EGFR-targeted therapy. In this 
study, we develop a stable isogenic model of ErbB3 expression in an attempt to decipher ErbB3’s true contribution to 
pancreatic cancer tumorigenesis and to examine how this receptor affects cellular sensitivity to EGFR-targeted therapy. 
Analysis of the EGFR-ErbB3 heterodimer demonstrates that ligand-induced PI3K-AKT signaling is limited to ErbB3-
expressing cells and that this signaling cascade can be partially abrogated by inhibiting EGFR function with erlotinib. 
Using our model of exogenous ErbB3 expression we showed a direct relationship between ErbB3 protein levels and 
increased pancreatic cancer cell proliferation in vitro. In vivo, ErbB3+PANC-1 xenografts had a significantly larger tumor 
volume than PANC-1 control xenografts (ErbB3-PANC-1) and displayed increased sensitivity to EGFR-targeted therapy. In 
pancreatic cancer, ErbB3 appears to be critically involved in EGFR signaling as evidenced by its profound effect on cellular 
proliferation and its ability to influence response to EGFR-targeted therapy.

ErbB3 expression promotes tumorigenesis  
in pancreatic adenocarcinoma

J. Spencer Liles,1 Juan Pablo Arnoletti,1,* Ching-Wei D. Tzeng,1 J. Harrison Howard,1 Andrew V. Kossenkov,3 Peter Kulesza,2 
Martin J. Heslin1 and Andrey Frolov1

1Department of Surgery; University of Alabama at Birmingham; Birmingham, AL; 2Department of Pathology; Northwestern University; Chicago, IL; 3Systems Biology Division; 
The Wistar Institute; Philadelphia, PA

Key words: ErbB3, EGFR, pancreatic cancer, EGFR-targeted therapy, tumorigenesis

Abbreviations: EGFR, epidermal growth factor receptor; EGF, epidermal growth factor; NRG, neuregulin (heregulin);  
PI3K, phosphoinositide 3-kinase; ERK1/2, extracellular-signal related kinase1/2; MAPK, mitogen-activated protein kinase

phosphorylates ErbB3 and instigates downstream signaling. Once 
thought to play a secondary role in cellular survival and prolifera-
tion due to its weak tyrosine kinase activity, it is now known that 
the intracellular domain of ErbB3 contains six binding sites for 
the p85 regulatory subunit of phosphoinositide 3-kinase (PI3K) 
and ErbB3 is now thought of as a potent platform for PI3K sig-
naling.7-9 Ligand-induced phosphorylation of ErbB3 in NIH3T3 
cells results in strong association of the receptor with p85/PI3K 
and subsequent cellular proliferation.10 This critical role of ErbB3 
in PI3K/AKT-induced cellular proliferation has been demon-
strated in lung and colon cancer using antibodies against ErbB311 
and neuregulin,12 as well as, ErbB3 small interfering RNA.13

EGFR is overexpressed in many epithelial tumors includ-
ing pancreatic adenocarcinoma, yet EGFR targeted therapy in 
patients with advanced pancreatic cancer has been associated 
with only modest results.14 We have previously demonstrated that 
pancreatic cancer cells that are sensitive to anti-EGFR therapy 
can be rendered resistant via siRNA-induced ErbB3 inhibition, 
further suggesting a critical influence of ErbB3 in pancreatic 
cancer EGFR signaling.15 A similar function of ErbB3 on EGFR 
signaling has been described by others not only in pancreatic 



ErbB3-deficient PANC-1 cell line to generate 
an isogenic model with varying levels of stably-
expressed exogenous full-length ErbB3. After 
transfection, several clones with different levels 
of expression were isolated. One of these clones 
was tested for the ability of exogenous ErbB3 
to functionally dimerize. For this, we stimu-
lated the ErbB3 transfected PANC-1 cells with 
NRG-1β, an ErbB3 ligand. We then subjected 
these cells to Bis(Sulfosuccinimidyl)-suberate 
(BS3) which covalently binds receptor dimers 
and preserves their cross-linking. Subsequent 
immunoblotting with an ErbB3-specific anti-
body identified a 185 kiloDalton (kDa) band 
consistent with the single ErbB3 protein as 
well as a ∼360 kDa band that corresponds in 
size to an ErbB3-associated heterodimer (Fig. 
1A). ErbB3 functionality within the trans-
fected clone cells was verified as stimulation 
with NRG-1β resulted in phosphorylation of 
ErbB3 and an increase in the level of phospho-
AKT (Fig. 1B).

ErbB3 expression affects EGFR activation 
and allows persistent AKT signaling in the 
presence of erlotinib. To specifically analyze 
the interactions between ErbB3 and EGFR 

and to further understand their downstream signaling pathways, 
we stimulated the EGFR-ErbB3 heterodimer in serum-free con-
dition with receptor-specific ligands in the presence and absence 
of EGFR inhibition (Fig. 2A). We selected an intermediate and 
a high expressing ErbB3+PANC-1 clone, as well as the ErbB3-

PANC-1 clone to analyze. EGF and NRG-1β were used to stimu-
late EGFR and ErbB3, respectively and erlotinib was utilized as 
an EGFR inhibitor.

EGF and NRG-1β induced strong phosphorylation of EGFR 
and ErbB3 in ErbB3+PANC-1 cells, respectively. Each ligand also 
induced phosphorylation of the non-targeted receptor, further 
supporting the notion of EGFR-ErbB3 heterodimerization and 
receptor cross-activation. This effect was most pronounced in the 
panel of PANC-1 cells with high expression of ErbB3. Analysis 
of intracellular signaling cascades linked to the EGFR-ErbB3 
heterodimer revealed several interesting findings. First, ErbB3 
expression did not appear to affect the phosphorylation pattern 
of ERK1/2 when stimulated with EGF or NRG-1β in the pres-
ence of erlotinib, suggesting that MAPK signaling is not involved 
in the anti-proliferative effects of EGFR-targeted therapy. As 
expected, induction of ErbB3 expression resulted in NRG-1β-
associated downstream phosphorylation of AKT, an effect that 
is not seen in ErbB3-PANC-1 cells treated with NRG-1β. More 
intriguing is the fact that NRG-1β-dependent activation of AKT 
is only partially diminished in the presence of EGFR inhibition 
with erlotinib. These findings confirm that ErbB3 signaling 
occurs primarily through the PI3K/AKT pathway, and in the 
presence of NRG-1β ligand, ErbB3 expression permits persis-
tent intracellular signaling through AKT which can only be par-
tially inhibited with anti-EGFR therapy. Interestingly, increased 

cancer,16 but also in lung17,18 and colon carcinomas.16 These find-
ings can be explained by an analysis of the chemical cross-linking 
patterns of ErbB receptors in pancreatic cancer cells which has 
revealed that ErbB3 is the preferential heterodimerization part-
ner of EGFR.15 In clinical studies, several groups have demon-
strated that ErbB3 is overexpressed19-21 in pancreatic cancer and 
that high expression of ErbB3 correlates with advanced stage 
and decreased overall survival.19 Additionally, overexpression of 
NRG-1β, a potent ErbB3 ligand, directly correlates with worse 
pancreatic cancer clinical prognosis.20 Beyond these findings, the 
function of ErbB3 in pancreatic adenocarcinoma remains largely 
unknown.

Utilizing an ErbB3-deficient cell line, we developed a sta-
ble isogenic model of ErbB3 expression to further describe the 
EGFR-ErbB3 heterodimer and its signaling cascades and to deci-
pher the influence of ErbB3 on pancreatic cancer tumorigenesis 
and cellular response to EGFR-targeted therapy. Analysis of the 
EGFR-ErbB3 heterodimer demonstrates that ligand-induced 
PI3K-AKT signaling is limited to ErbB3-expressing cells and that 
this signaling cascade is significantly diminished yet not com-
pletely abrogated by EGFR-targeted therapy. Furthermore, using 
our isogenic model we have demonstrated that ErbB3 directly 
affects pancreatic cell proliferation and sensitivity to anti-EGFR 
therapy both in vitro and in vivo.

Results

Generation of an isogenic model of ErbB3 expression in pan-
creatic adenocarcinoma. To investigate the impact that ErbB3 
expression has on the pancreatic cancer cell, we utilized the 
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Figure 1. Analysis of the transfected ErbB3 + PANC-1 cell line, confirms that ErbB3 is ex-
pressed, can dimerize, and can be phosphorylated by NRG-1β resulting in AKT signaling. 
(A) western blot analysis of ErbB3-PANC-1 and ErbB3+PANC-1 stable transfectant cells after 
stimulation with NRG-1β demonstrates expression and phosphorylation of ErbB3 in the 
ErbB3+PANC-1 cells. Significant increase in AKT activation is observed in the ErbB3+PANC-1 
cell line. (B) western blotting for ErbB3 expression after covalently binding receptor dimers 
with Bis(Sulfosuccinimidyl)suberate (BS3) confirms the presence of ErbB3 dimerization within 
the ErbB3+PANC-1 cell line. As controls, ErbB3-associated dimers are absent in PANC-1 and 
present in AsPC-1 cells.



In vitro knockdown of ErbB3 expression using siRNA con-
fers resistance to erlotinib,15 and here, we attempted to deter-
mine whether introduction of ErbB3 can confer sensitivity 
to anti-EGFR targeted therapy. In order to do this, we treated 
ErbB3-PANC-1 and ErbB3+PANC-1 cells with erlotinib. We 
have previously reported that PANC-1 cell proliferation is rela-
tively resistant to erlotinib.22 This finding was further supported 
by the fact that ErbB3-PANC-1 cells displayed almost no growth 
inhibition (less than 5%) after 96 hours of erlotinib treatment. 
Proliferation of ErbB3+PANC-1 cells, on the other hand, was 
significantly inhibited by erlotinib and the degree of inhibition 
directly correlated with increasing levels of ErbB3 protein expres-
sion (p < 0.05; Fig. 3C).

AKT inhibition affects PANC-1 cell proliferation. We have 
previously demonstrated that pancreatic cancer cell AKT and 
ERK1/2 signaling is affected by ligand stimulation of EGFR 
and ErbB3.15 In order to further investigate the role of ERK1/2 
and AKT signaling in the PANC-1 cell line, we selectively inhib-
ited each of these downstream pathways and analyzed the effect 

expression of ErbB3 did not affect the expression level of EGFR 
in our ErbB3 transfected PANC-1 cells (Fig. 2B).

ErbB3 expression increases in vitro cell proliferation and 
erlotinib sensitivity. Next, we analyzed the effect of ErbB3 on 
cellular proliferation. ErbB3+PANC-1 cells displayed increased 
proliferation when compared to ErbB3-PANC-1 control cells 
in serum-rich media and the rate of proliferation directly 
correlated with the level of ErbB3 expression (p < 0.01; Fig. 
3A). After 72 hours, intermediate and high ErbB3 expressing 
cells displayed a rate of proliferation 250% and 350% that of 
ErbB3-PANC-1 cells, respectively (p < 0.01). Similar results 
were observed after 96 hours and 120 hours. ErbB3-PANC-1 
cells and ErbB3+PANC-1 high expressing cells were also propa-
gated in serum-stressed conditions (0.5% FBS). Although not 
as drastic an effect as seen in serum-rich media, cells with high 
expression of ErbB3 demonstrated a 60% increase in prolifera-
tion when compared to ErbB3-PANC-1 cells suggesting the 
observed effect was not due to cell culture conditions (p < 0.05; 
Fig. 3B).
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Figure 2. (A) Effect of ErbB3 expression on receptor heterodimerization and intra-cellular signaling in PANC-1 cells in the presence of EGF and NRG-1β 
stimulation. With ErbB3 present, EGF stimulation results in phosphorylation of EGFR and NRG-1β stimulation results in phosphorylation of ErbB3 as 
expected, but interestingly, in each scenario, activation of the non-target receptor is seen suggesting heterodimerization. Furthermore, ErbB3 expres-
sion permits AKT signaling with NRG-1β stimulation that, although diminished, persists in the presence of EGFR inhibition. ERK1/2 signaling is not 
effected by ErbB3 expression. (B) Western blotting of ErbB3 and EGFR expression in each of the 3 PANC-1 cell lines.
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no significant effect on the size of ErbB3-PANC-1 xenografts, but 
resulted in a 51% reduction in tumor volume of the ErbB3+PANC-1 
xenografts (479.6 ± 60.7 mm3 vs. 246.6 ± 28.3 mm3; p < 0.01;  
Fig. 5B). In summary, ErbB3+PANC-1 xenografts displayed 
greater tumorigenesis, and at the same time, exhibited greater rela-
tive response to anti-EGFR therapy than ErbB3-PANC-1 xeno-
grafts, suggesting a dual role for ErbB3 in these tumors.

Immunoblot analysis of individual tumors from each of 
the four cohorts revealed differences between ErbB3-PANC-1 
and ErbB3+PANC-1 xenografts following erlotinib treatment  
(Fig. 5C). Phosphorylation of ErbB3 in ErbB3+PANC-1 xeno-
grafts was blocked by treatment with erlotinib. Of the 4 erlo-
tinib-treated ErbB3+PANC-1 xenografts analyzed, 3 xenografts 
displayed significant downregulation of AKT activation, an 
effect that was not observed in the ErbB3-PANC-1 control xeno-
grafts treated with erlotinib. Xenograft ERK1/2 and AKT phos-
phorylation status was somewhat different compared to our in 
vitro studies (Fig. 2A). Our ErbB3-PANC-1 tumors demonstrate 

on cell proliferation. As expected, PD98059 (15 µmol/L) and 
LY294002 (25 µmol/L) completely inhibited ERK1/2 and AKT 
activation, respectively, in each of the three PANC-1 cell lines 
with different levels of ErbB3 expression (Fig. 4A). Inhibition of 
AKT significantly decreased cellular proliferation in all cell lines, 
(Fig. 4B), while ERK1/2 inhibition had little effect on cell pro-
liferation. This experiment confirms that ErbB3 induced PI3K/
AKT signaling is actively involved in and has a potent effect on 
PANC-1 cell proliferation.

ErbB3 expressing PANC-1 xenografts display increased 
tumor volume and relative sensitivity to erlotinib. Our next step 
was to validate our in vitro findings in a murine pancreatic can-
cer model with variable ErbB3 expression. ErbB3-PANC-1 and 
ErbB3+PANC-1 murine subcutaneous xenografts were established. 
After 5 weeks of growth, ErbB3+PANC-1 xenografts grew signifi-
cantly larger with a mean tumor volume of 479.6 ± 60.7 mm3 com-
pared to 261.1 ± 35.0 mm3 in ErbB3-PANC-1 xenografts (n = 8, 
p < 0.01; Fig. 5A). Daily intra-peritoneal erlotinib treatment had 

Figure 3. In PANC-1, increased ErbB3 expression directly correlates with increased cellular proliferation (p < 0.01) and sensitivity to EGFR targeted 
therapy (p < 0.01). (A) When allowed to propagate in 10% serum containing media, high-expressing ErbB3+PANC-1 cells and intermediate-expressing 
ErbB3+PANC-1 cells proliferated at rates 3 and 2.5 times that of ErbB3-PANC-1 cells, respectively, and these findings were observed after 3, 4 and 5 days 
of propagation. (B) The proliferative advantage of ErbB3 expression is also seen in serum-stressed conditions (0.5% FBS). (C) After 96 hours of erlotinib 
treatment, ErbB3+PANC-1 cells demonstrated significantly more growth inhibition relative to DMSO-treated controls than ErbB3-PANC-1 cells. Percent 
inhibition directly correlated with the level of ErbB3 expression (p < 0.05).
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demonstrated a 440% increase in tumor size during treatment 
and thereby, appears resistant to erlotinib. Despite this 4-fold 
increase, this tumor had a final volume of 134.8 mm3, not sig-
nificantly different than the ErbB3-PANC-1 xenografts. The fact 
that this relatively small tumor has minimal ErbB3 expression 
and is resistant to erlotinib further supports our conclusion that 
ErbB3 expression directly affects cancer cell proliferation and 
response to EGFR-targeted therapy.

ErbB3 mRNA is highly abundant in human pancreatic 
adenocarcinoma specimens. We have demonstrated that ErbB3 
actively heterodimerizes with EGFR and is intricately involved in 
pancreatic tumor proliferation by signaling through the PI3K/
AKT pathway. To evaluate the significance of this receptor in 
the context of human pancreatic adenocarcinoma, 39 pancreatic 
cancer surgical specimens were analyzed for expression of ErbB3 
and EGFR mRNA. Laser-capture microdissection was employed 
to ensure that only ductal adenocarcinoma cells were evaluated. 
In comparison to endogenous control RPLPO, all specimens 
demonstrated detectable, quantifiable levels of ErbB3 and EGFR 

activated AKT and ERK1/2 in the presence of erlotinib suggest-
ing more complex signaling facilitated through autocrine and 
paracrine stimulation within the surrounding microenviron-
ment. The persistent activation of these proteins in the face of 
erlotinib further supports our finding that ErbB3-PANC-1 xeno-
graft tumor volume is unaffected by erlotinib. Yet, when ErbB3 is 
expressed by PANC-1 cells, erlotinib therapy results in an inter-
ruption of AKT signaling and a significant decrease in tumor 
volume (Fig. 5B and 5C). Erlotinib is a specific EGFR inhibitor 
and does not directly inhibit ErbB3 signaling, thus by binding 
to EGFR this molecule inhibits EGFR-induced ErbB3 activation 
and subsequent AKT signaling.

Analysis of EGFR phosphorylation at tyrosine 845, tyrosine 
992, tyrosine 1068 and tyrosine 1173 revealed no consistent pat-
tern of EGFR activation or inhibition (data not shown), suggest-
ing that EGFR phosphorylation is not indicative of pancreatic 
cancer cell response to erlotinib in vivo. In Figure 5C, tumor 4 in 
the ErbB3+PANC-1 treatment group has minimal ErbB3 expres-
sion and strong AKT phosphorylation. Interestingly, this tumor 

Figure 4. Inhibition of AKT signaling significantly diminishes PANC-1 cell proliferation. (A) western blot demonstrating that LY294002 (25 µmol/L) and 
PD98059 (15 µmol/L) successfully inhibits AKT and ERK1/2 signaling, respectively, in all 3 PANC-1 cell lines. (B) Dose effect of LY294002 and PD98059 
on PANC-1 cell proliferation after 48 hours. LY294002 resulted in a significant decrease is proliferation (p < 0.05) relative to DMSO treated cells, while 
PD98059 has no inhibitory effect on proliferation of PANC-1 cells.
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Discussion

Pancreatic cancer is the fourth most deadly carcinoma with an 
estimated 42,470 new cases and 35,240 attributed deaths in 
2009.23 Nearly 95% of afflicted patients succumb to the disease 
process within 5 years; thus, long-term survival, even in patients 

transcript at varying levels (Fig. 6). ErbB3 mRNA had a wide 
range of expression among our patients and demonstrated no 
significant trends toward under- or overexpression. Interestingly, 
ErbB3 and EGFR expression were directly correlated (p = 0.0001; 
Fig. 6). This finding further supports the existence of a func-
tional EGFR-ErbB3 heterodimer in pancreatic cancer.

Figure 5. In PANC-1 xenografts, increased ErbB3 expression directly correlates with increased cellular proliferation (p < 0.05) and sensitivity to EGFR 
targeted therapy (p < 0.05). (A) After 5 weeks, ErbB3+PANC-1 xenografts had a significantly larger mean tumor volume (479.6 ± 60.7 mm3 vs. 261.1 ± 
35.0 mm3; p < 0.05). (B) When treated with erlotinib, ErbB3+PANC-1 xenografts demonstrated a significant greater decrease in the rate of proliferation 
than did ErbB3-PANC-1 xenografts relative to vehicle-treated control groups. Tumor growth in each cell line is plotted with vehicle treated controls to 
demonstrate that ErbB3+PANC-1 xenografts displayed increased tumor proliferation, and that when treated with erlotinib, ErbB3+PANC-1 xenografts 
were not significantly larger than ErbB3-PANC-1 treated tumors. Data represents the mean ± SEM for 8 xenografts. (C) Western blot xenograft analysis 
confirms ErbB3 expression and shows that erlotinib results in diminished phospho-ErbB3 and phospho-AKT signaling in ErbB3+PANC-1 tumors.
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cell surface, significant cellular proliferation through this recep-
tor does not proceed until ErbB3 is present. Only when present, 
can receptor dimerization and subsequent PI3K-induced cellular 
proliferation proceed, and these processes, as we have shown, are 
partially blocked by EGFR-targeted therapy. Breast cancer exper-
iments demonstrate that ErbB3 expression is essential to prolif-
eration in ErbB2-expressing cells31 and that ErbB3 activation 
results in sensitivity to ErbB2-targeted therapy. MCF7 breast 
cancer cells with stable expression of neuregulin demonstrate 
higher levels of ErbB3 phosphorylation, cellular proliferation 
and trastuzumab sensitivity than do MCF7 cells overexpressing 
ErbB2.32 These breast cancer data corroborate our findings in 
pancreatic cancer and stress that ErbB3 is a very active, critical 
component of efficient ErbB signaling and proliferation.

Our results portray an interesting two-faced image of ErbB3 in 
pancreatic cancer: on one hand it increases tumorigenesis; while 
on the other hand, ErbB3 expression improves the cell’s response 
to anti-EGFR therapy. Based on our in vitro findings, it appears 
that the proliferative effect of ErbB3 can outweigh its beneficial 
effect in pancreatic cancer, especially when one considers ErbB3 
overexpression and ligand abundance within the pancreatic cancer 
microenvironment. Recent reports have demonstrated that ErbB3 
is critical to a cancer cell’s escape from EGFR-targeted therapy 
by dimerization with other receptor tyrosine kinases, and this 
complex role of ErbB3 could be due to differential ligand expres-
sion.33,34 As mentioned above, stable expression of neuregulin in 
MCF7 cells with minimal levels of ErbB3 had a significant effect 
on cell proliferation further implementing neuregulin expres-
sion in tumorigenesis.32 The impact of autocrine and paracrine 
neuregulin expression should be investigated thoroughly in order 
to fully understand the impact of ErbB3 signaling on pancreatic 
cancer. Despite the effect of ligand expression, we have demon-
strated that this receptor is highly expressed in pancreatic cancer 
cells and directly increases tumor cell proliferation, thereby pos-
sessing the two prerequisites of an ideal therapeutic target.

Although the clinical significance of ErbB3 expression in 
pancreatic adenocarcinoma remains to be determined, our find-
ings suggest that pancreatic cancer patients could benefit from 

with early stage disease remains extremely rare. Advancements 
in cancer treatment have had little effect on patient outcome as 
the 5-year overall survival from pancreatic cancer has increased 
from just 3% to 5% over the last 30 years.23 This dismal statistic, 
in combination with the known aggressive nature of this tumor, 
begs the point that novel therapeutic targets for pancreatic cancer 
are much needed.

ErbB3 is widely expressed in the murine fetal pancreas and 
appears to have a crucial role in the development of normal 
pancreas as ErbB3-/- knock-out experiments result in an embry-
onically lethal phenotype with embryos displaying drastically 
under-developed pancreata.24,25 These embryological findings 
suggest that ErbB3 is essential to the pancreatic ductal cell dur-
ing organogenesis and that this receptor harbors the potential to 
drastically affect cell cycle progression possibly through receptor 
upregulation or differential ligand expression during organ devel-
opment. Here, we have demonstrated that ErbB3 is expressed in 
all analyzed operative pancreatic adenocarcinoma specimens 
(39/39 = 100%), and it has been shown that pancreatic cancer 
specimens express significantly higher levels of ErbB3 mRNA 
transcript than normal controls.26 The vital role of this recep-
tor in pancreatic organogenesis and its abundant expression in 
pancreatic cancer specimens suggests that the expression and 
activation of ErbB3 is involved in the malignant transformation 
of these cancer cells, and therefore, ErbB3 may be an important 
therapeutic target in pancreatic cancer.

In this study, we investigated the function of ErbB3 and iden-
tified a prominent role for this receptor in pancreatic adenocar-
cinoma proliferation and tumorigenesis. Traditionally, it was 
thought that ErbB3 played a moderator role in cellular prolifera-
tion acting as a simple scaffolding partner for the other signal-
ing receptors, such as EGFR and ErbB2.5 In prostate cancer,27 
lung cancer28 and melanoma,29 it has been speculated that the 
EGFR-ErbB3 heterodimer contributes to tumorigenesis, and 
here, utilizing pancreatic adenocarcinoma, we identified ErbB3 
as the critical, rate-limiting component in EGFR-dependent cel-
lular proliferation. We postulate that pancreatic cancer cellular 
proliferation is directly affected by the level of ErbB3 expression. 
While several groups have shown that silencing of ErbB3 expres-
sion diminishes basal cell proliferation,15,16,27 our study is the first 
attempt to demonstrate increased pancreatic cancer cell growth 
with the introduction of exogenous ErbB3. ErbB3 is closely asso-
ciated with PI3K-AKT signaling8 and the potency of this receptor 
signaling cascade is only now being realized. Jones et al. recently 
demonstrated that three isoforms of PI3K displayed high affin-
ity binding at multiple sites in ErbB3, identifying a connection 
between ErbB3 and intracellular signaling.30 Here, we demon-
strate that ErbB3 and EGFR heterodimerize in the presence of 
their ligands resulting in activation of the ErbB3-PI3K-AKT axis 
and increased cellular proliferation, both in vitro and in vivo.

Erlotinib is the only anti-EGFR small molecule tyrosine 
kinase inhibitor that is FDA approved for treatment in advanced 
pancreatic cancer, and has no known activity against ErbB3. We 
demonstrated that, by introducing the ErbB3 receptor into a 
pancreatic cancer cell, we can confer sensitivity to erlotinib. This 
finding suggests that although EGFR is expressed on the cancer 

Figure 6. Expression levels of ErbB3 and EGFR mRNA in pancreatic 
cancer surgical specimens for 39 patients. ∆Ct is calculated relative to 
expression of RPLPO. r is a Spearman correlation coefficient.
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the manufacturer’s protocol. cDNA was synthesized in a ther-
mal cycler with a High Capacity cDNA Archive Kit (Applied 
Biosystems, Foster City, CA). Quantitative real-time PCR was 
performed using TaqMan® Gene Expression EGFR, ERBB3 and 
RPLPO (housekeeping gene) Assays-on-Demand and TaqMan® 
Universal PCR Master Mix in an ABI Prism 7700 Detection 
System (Applied Biosystems). RT-PCR data is the average of 
triplicate experiments and represents expression value relative to 
RPLPO expression in the same specimen.

Western blotting. Protein lysates were prepared from cell lines 
or pulverized frozen tumors and standard SDS-PAGE, western 
blotting and chemiluminescence was performed as previously 
described.15 To analyze ligand-induced ErbB signaling, upon 
reaching 80% confluence, cells were serum-starved overnight, 
treated with erlotinib (12 µM) for 4 hours, and then stimulated 
with either NRG-1β (0.22 µg/mL) or EGF (0.1 µg/mL) for 15 
minutes before lysates were prepared. The following antibod-
ies were obtained from Millipore (Temecula, CA): anti-pEGFR 
tyr845 and anti-pEGFR tyr1173; Sigma: anti-β-actin and anti-
EGFR; Cell Signaling (Beverly, MA): anti-pEGFR tyr992, anti-
pEGFR tyr1068, anti-pErbB3 tyr1289, anti-ErbB3, anti-pAKT 
ser473, anti-AKT, anti-pp44/42 MAPK thr202/tyr204 and anti-
MAPK. All antibodies were used as specified by the manufac-
turer. Unless otherwise specified, antibodies were diluted in 5% 
milk.

Animals. Six week old female in-bred Fox Chase SCID mice 
were obtained from Charles River Laboratories (Hartford, CT). 
Animals were handled according to a protocol approved by The 
Institutional Animal Care and Use Committee (IACUC) at our 
university. Mice were allowed to acclimate to animal housing and 
xenografts were developed by subcutaneously injecting 1.5 x 107 
cells (ErbB3+PANC-1 or ErbB3-PANC-1) to the murine flank 
bilaterally. Trice weekly, tumor volume was determined using 
digital caliper measurements and the formula:

[large diameter2 x small diameter]/2
After 14 days, all mice had measurable tumors and were sorted 

into equal volume treatment and control groups. Treatment 
group mice received 50 mg/kg erlotinib dissolved in vehicle (0.1 
M NaCl, 0.05% Pluronic Acid in PBS) per treatment while con-
trol mice received vehicle only. All mice received 15 intraperito-
neal injections over a 21 day period (cycle: 5 treatment days then 
2 non-treatment days). After 21 days, mice were sacrificed and 
tumors were harvested and snap-frozen at -80°C.

Statistical analysis. Correlations between ErbB3 and EGFR 
mRNA levels were nonparametrically compared by Spearman’s 
rho employing SPSS software (Chicago, IL). All cell assay con-
ditions were performed in six wells and repeated in triplicate 
independent runs and data is presented as mean ± SEM. In 
these assays, Student’s t-test was used for comparison and the 
Mann-Whitney U-test was used to compare independent runs. 
Statistical significance was defined at p < 0.05.
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Materials and Methods

Reagents. Erlotinib (provided by OSI Pharmaceutical Inc., 
Melville, NY) was dissolved in DMSO to prepare a 20 mM 
stock solution. Epidermal Growth Factor (EGF; 1 mg/ml) and 
Heregulin-β1 (neuregulin-β1; 1 mg/ml) were purchased from 
Sigma (St. Louis, MO). LY294002, a specific inhibitor of PI3K 
and PD98059, a specific inhibitor of MAPK, were purchased 
from EMD Chemicals (Gibbstown, NJ).

Cell culture. All cell lines were propagated in a humidified atmo-
sphere containing 5% CO

2
 at 37°C. AsPC-1 and PANC-1 were 

purchased from the American Type Culture Collection (Rockville, 
MD) and propagated according to provider’s recommendations.

Stable ErbB3 transfection. PANC-1, an ErbB3 deficient cell 
line, was used to generate an isogenic model of ErbB3 expres-
sion. PANC-1 cells were co-transfected in a 10:1 ratio with a full 
length human ErbB3 cDNA in pCMV-SPORT6 vector (Thermo 
Fisher Scientific, Waltham, MA) and a pPuro vector (Clontech 
Laboratories, Inc., Mountain View, CA), which contains a puro-
mycin resistance gene (ErbB3+PANC-1). pPuro vector only was 
used in control PANC-1 cells (ErbB3-PANC-1). All transfections 
were conducted using LipofectAMINE 2000 reagent (Invitrogen 
Life Technologies, Carlsbad, CA) according to the manufactur-
er’s protocols. Stable colonies of PANC-1 cells expressing various 
levels of ErbB3 were selected. For the duration of the experi-
ments, all cells were propagated in the presence of puromycin (2 
µg/mL). Clones maintained similar levels of ErbB3 expression 
after at least 30 passages. EGFR-ErbB3 heterodimer formation 
was analyzed using Bis(Sulfosuccinimidyl)suberate (BS)3 as pre-
viously described.15

Proliferation assay. ErbB3+PANC-1 and ErbB3-PANC-1 
were seeded in 96-well plates (1.5 x 103 cells/well), allowed to 
propagate overnight before treatment with erlotinib as indicated 
below. For analysis of ERK1/2 and PI3K inhibition, 1.0 x 103 
cells were plated in 10% FBS in the presence of each inhibitor 
at the indicated concentrations and allowed to propagate for 72 
hours. CellTiter 96® AQueous One Solution Cell Proliferation 
Assay (Promega, Madison, WI) was used to assess absolute pro-
liferation in cell lines or relative proliferation between DMSO-
treated control cells and erlotinib-treated cells.

Pancreatic cancer patient specimens and laser-capture 
microdissection (LCM). After IRB-approved informed consent 
was obtained, tumor specimens were collected from pancreatic 
adenocarcinoma patients who underwent laparotomy with cura-
tive intent. Specimens were snap-frozen at the time of operation 
and stored at -80°C. Laser-capture microdissection (LCM) was 
performed as previously described.22 A pancreaticobiliary-trained 
pathologist (P.K.) evaluated each specimen and identified regions 
of adenocarcinoma cells prior to dissection. Approximately 3,000 
tumor cells were captured from each specimen for analysis.

RNA extraction and reverse-transcriptase PCR (RT-PCR). 
RNA from microdissected patient specimens was isolated 
with a RNAqueous Micro Kit (Ambion, Austin, TX) using 
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