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Abstract

Pancreatic cancer is the fourth leading cause of cancer death in the United States. Indeed, it has
been estimated that 37,000 Americans will die from this disease in 2010. Late diagnosis,
chemoresistance, and radioresistance of these tumors are major reasons for poor patient outcome,
spurring the search for pancreatic cancer early diagnostic and therapeutic targets. ErbB4 (HERA4) is
a member of the ErbB family of receptor tyrosine kinases (RTKSs), a family that also includes the
Epidermal Growth Factor Receptor (EGFR/ErbB1/HER1), Neu/ErbB2/HER2, and ErbB3/HER3.
These RTKs play central roles in many human malignancies by regulating cell proliferation,
survival, differentiation, invasiveness, motility, and apoptosis. In this report we demonstrate that
human pancreatic tumor cell lines exhibit minimal ErbB4 expression; in contrast, these cell lines
exhibit varied and in some cases abundant expression and basal tyrosine phosphorylation of
EGFR, ErbB2, and ErbB3. Expression of a constitutively-dimerized and -active ErbB4 mutant
inhibits clonogenic proliferation of CaPan-1, HPAC, MIA PaCa-2, and PANC-1 pancreatic tumor
cell lines. In contrast, expression of wild-type ErbB4 in pancreatic tumor cell lines potentiates
stimulation of anchorage-independent colony formation by the ErbB4 ligand Neuregulin1p. These
results illustrate the multiple roles that ErbB4 may be playing in pancreatic tumorigenesis and
tumor progression.
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Introduction

ErbB4 (HERA4) is a member of the ErbB family of receptor tyrosine kinases (RTK), a family
that also includes the Epidermal Growth Factor (EGF) Receptor (EGFR/ErbB1/HER1), Neu/
ErbB2/HER?2, and ErbB3/HER3. These family members share organizational homology;
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they all contain an extracellular ligand-binding domain, a hydrophobic single-pass
transmembrane domain, and an intracellular tyrosine kinase domain. The agonists for these
receptors are members of the EGF family of peptide hormones, which consists of more than
20 different members [1-3]. The signaling network composed of these RTKSs and their
complementary peptide hormones regulates many cellular functions, including proliferation,
survival, differentiation, motility, growth arrest, and apoptosis [4-6]. Moreover, deregulation
of this network, typically due to inappropriate receptor or ligand expression, often plays a
significant role in tumorigenesis [7-11].

EGFR, ErbB2, and ErbB3 overexpression is observed in many tumor types and this
overexpression is associated with the progression and malignancy of these tumors
[2,7,12-15]. The roles that ErbB4 plays in tumorigenesis remain topics of some controversy.
Some studies indicate that ErbB4 expression is an adverse prognostic factor in breast cancer
[16-20]. Moreover, ErbB4 ligands stimulate the proliferation of some human tumor cell
lines [17,21,22]. Thus, these studies support the hypothesis that ErbB4 is an oncogene.
However, other studies indicate that ErbB4 expression correlates with a favorable outcome
for breast cancer patients [23-28]. Furthermore, the ErbB4 ligand neuregulin (NRG) induces
differentiation of the mammary epithelium into secretory lobuloalveoli in vivo [22] and the
ErbB4 ligands NRG and heparin-binding EGF-like growth factor (HB-EGF) induce growth
arrest and differentiation in some human breast cancer cell lines in vitro [29-32]. Moreover,
betacellulin, an ErbB4 ligand endogenous to the pancreas, induces differentiation of intra
islet precursor cells to B-cells in vivo [33] and together with activin-A causes differentiation
of exocrine AR42J rat pancreatic tumor cells into insulin-secreting cells [34,35]. These data
indicate that ErbB4 signaling may couple to terminal differentiation and growth arrest and
that ErbB4 may be a tumor suppressor. Consistent with this model, published and
unpublished data from our laboratory indicate that the constitutively-active ErbB4 Q646C
mutant inhibits clonogenic proliferation by human breast and prostate tumor cell lines
[25,26,36]. Introduction of a glutamate residue into the transmembrane domain of ErbB4
results in constitutive ErbB4 dimerization, tyrosine phosphorylation, and coupling to
apoptosis in a variety of cancer cell lines [37]. The s80 ICD, formed when the ErbB4
intracellular domain is released from the membrane by o and y—secretase following ligand
stimulation, forms tyrosine phosphorylated homodimers that inhibit cellular proliferation
[38,39].

Pancreatic cancer is one of the predominant cancers in developed countries. It is the fourth
leading cause of cancer death in the United States and the sixth leading cause of cancer
death in Europe [40]. Indeed, it has been estimated that approximately 43,000 people in the
United States will be diagnosed with pancreatic cancer in 2010 and that approximately
37,000 Americans will die from this disease [41]. The median survival time of pancreatic
cancer patients usually does not exceed 6 months [42]. Late diagnosis, chemoresistance, and
radioresistance of these tumors are the main reasons for poor patient outcome [43,44].

The deregulation of several signaling networks has been associated with the malignant
growth transformation of pancreatic tumor cells. Examples include a gain-of-function
mutation of the c-K-ras oncogene [45], a dominant negative mutation of the p53 tumor
suppressor gene [46,47], a loss-of-function mutation of the p16 tumor suppressor gene,
deletion of the DPC4 tumor suppressor gene [47] and overexpression of growth factors
[48-50] and their receptors, including EGFR [50], ErbB2 [51], and ErbB3 [52].

The roles that ErbB4 plays in pancreatic cancer have not been determined. However, ErbB4
transcription is decreased in the early stages of pancreatic cancer, indicating that loss of
ErbB4 expression may be a prerequisite for tumorigenesis [53]. Indeed, ErbB4 expression in
pancreatic tumor cells correlates with favorable staging [54]. However, an alternative
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explanation for the expression data is that ErbB4 expression may merely be a marker for the
proliferative or differentiation state of these cells. To address this issue, we have determined
the level of ErbB4 expression and basal ErbB4 signaling (basal ErbB4 tyrosine
phosphorylation) in four human pancreatic tumor cell lines. We have also assessed the effect
of a constitutively- dimerized and constitutively-active ErbB4 mutant on clonogenic
proliferation of these cell lines. Finally, we have evaluated the effect of wild-type ErbB4
expression on the stimulation of anchorage-independent colony formation by the ErbB4
ligand Neuregulin 1 (NRG1p). The data presented indicate that ErbB4 has multiple
functions and suggests that ErbB4 functions as a context-sensitive tumor suppressor and
oncogene.

Materials and Methods

Cell lines and cell culture

Mouse C127 fibroblasts and the W2 and PA317 recombinant retrovirus packaging cell lines
are generous gifts of Dr. Daniel DiMaio (Yale University, New Haven, CT, USA). These
cells were cultured essentially as described previously [55,56]. CaPan-1, HPAC, MIA
PaCa-2, and PANC-1 pancreatic tumor cell lines were obtained from American Type
Culture Collection and were cultured as recommended. HEK293A and HEK293FT cells
were obtained from Invitrogen (Carlsbad, CA) and were cultured as recommended. Cell
culture media and supplements were obtained from Invitrogen. Fetal bovine serum and
G418 were obtained from Gemini Bioproducts (Woodland, CA). Plasticware and Giemsa
stain were obtained from Fisher Scientific (Pittsburgh, PA). Recombinant Neuregulin 1p
(NRG1p) was obtained from Peprotech (Rocky Hill, NJ). Other biochemicals were obtained
from Sigma Scientific (St. Louis, MO).

Recombinant retroviruses and lentiviruses

Briefly, the recombinant amphotropic retroviruses pLXSN (Vector) [57], pLXSN-ErbB4
(ErbB4 WT) [58], and pLXSN-ErbB4 Q646C [59] were packaged using the w2 ecotropic
retrovirus packaging cell line [60] and the PA317 amphotropic retrovirus packaging cell line
[61] essentially as described [55]. The recombinant retroviral expression vector pLXSN is a
generous gift of Dr. Daniel DiMaio (Yale University, New Haven, CT, USA).

Standard molecular biology techniques and the shuttle vector pENTR1A (Invitrogen) were
used to subclone wild-type ErbB4 from pCH4M2 [62] and the kinase-deficient ErbB4
K751M mutant from pLXSN-ErbB4 K751M [25] into the recombinant lentiviral expression
vector pLenti6/VV5/DEST (Invitrogen). The resulting pLenti-ErbB4 (ErbB4 WT) and pLenti-
ErbB4 K751M (ErbB4 Kin Def) constructs and the pLenti6/\V5/DEST vector control were
packaged by transient cotransfection with the packaging vectors pLP1, pLP2, and pLP/
VSVG into the FT lentiviral packaging cell line (Invitrogen). Recombinant lentiviruses were
recovered from the medium conditioned by these transfected HEK293FT cells. Following
infection with the recombinant lentiviruses, MIA PaCa-2 human pancreatic tumor cells were
incubated with 6 pg/mL blasticidin to select for stably-infected, recombinant cell lines.

Recombinant adenoviruses and adenovirus infections

Standard molecular biology techniques and the shuttle vector pENTR1A (Invitrogen) were
used to subclone the wild-type ErbB4 cDNA and the ErbB4 Q646C mutant from pLXSN-
ErbB4 or pLXSN-ErbB4 Q646C [59] to the adenoviral expression vector pAD/CMV/V5-
DEST (Invitrogen). The constructs were packaged by transient transfection into the
HEK293A adenovirus packing cell line (Invitrogen). Low-titer adenovirus stocks recovered
from the cytoplasm and conditioned medium of the transiently-transfected HEK293A cells
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were amplified by infecting naive HEK293 cells and recovering the adenovirus stocks from
the cytoplasm and conditioned medium of the infected cells.

Immunoblot assays for ErbB receptor expression, multimer formation, and tyrosine
phosphorylation

The four pancreatic tumor cell lines were incubated for 24 hrs in basal or complete medium.
For 1 hour just prior to lysis for the ErbB expression analysis, the cells that had been
incubated in complete medium received fresh medium supplemented with sodium
orthovanadate at a final concentration of 30 mM. Receptor expression and tyrosine
phosphorylation were assayed by immunoblotting essentially as described [58,59,63]. EGFR
was precipitated using an anti-EGFR mouse monoclonal antibody (SC-120 - Santa Cruz
Biotechnology); ErbB2 was precipitated using an anti-ErbB2 rabbit monoclonal antibody
(SC-284 - Santa Cruz Biotechnology); ErbB3 was precipitated using an anti-ErbB3 rabbit
polyclonal antibody (SC-285 - Santa Cruz Biotechnology); ErbB4 was precipitated using an
anti-ErbB4 rabbit polyclonal antibody (SC-283 - Santa Cruz Biotechnology). For analysis of
multimer formation, the precipitates were resolved on a 5% acrylamide non-reducing SDS-
PAGE gel. For all other experiments, the precipitates were resolved on a 7.5% acrylamide
reducing gel. Anti-phosphotyrosine immunoblotting was performed using the 4G10 anti-
phosphotyrosine mouse monoclonal antibody (05-321 — Millipore). Other blotting
antibodies included a sheep anti-EGFR polyclonal antibody (06-129 — Millipore), a rabbit
anti-ErbB2 polyclonal antibody (SC-284 - Santa Cruz Biotechnology), a rabbit anti-ErbB3
polyclonal antibody (SC-285 - Santa Cruz Biotechnology), a rabbit anti-ErbB4 polyclonal
antibody (SC-283 - Santa Cruz Biotechnology) and a mouse anti-ErbB4 monoclonal
antibody (SC-8050 — Santa Cruz Biotechnology).

Ligand stimulation of ErbB receptor tyrosine phosphorylation was assayed using cells
starved in basal medium for 24 hours. Cells were stimulated for 5 minutes on ice with 10
nM NRG1p or PBS (diluent control). Cells were lysed and ErbB expression and tyrosine
phosphorylation were assayed as described earlier.

ErbB4 Tumor Suppression Assays

We have previously described a sensitive quantitative clonogenic proliferation (colony
formation) assay for tumor suppression by ErbB4 [25,26,36]. Tester human tumor cell lines
are infected with recombinant retroviruses that express a neomycin resistance gene alone
(retrovirus vector control) or together with a gene of interest. Cells are subjected to selection
with G418 and drug-resistant colonies are counted. C127 mouse fibroblasts are infected in
parallel as controls for differences in viral titer. This strategy allows us to assess whether a
gene of interest inhibits clonogenic proliferation (colony formation) by the tester cell lines.
Such inhibition is indicative of tumor suppressor activity for the gene of interest and is
presumably due to anti-proliferative or pro-apoptotic effects of the gene of interest.

The tumor suppressor activity of the constitutively-active ErbB4 Q646C mutant [59] in
human pancreatic tumor cell lines was assayed essentially as described [25,26,36]. Briefly,
cells infected with the recombinant retroviruses were selected using 200 to 1100 pg/mL
G418. During selection some of the plates were treated with either 10 nM NRG1p or 5 nM
TRAIL. Following section, drug-resistant colonies were stained using Giemsa and the
culture plates were digitized using a flatbed document scanner.

Drug-resistant colonies were counted manually and the retrovirus titer for each combination
of retrovirus and cell line was determined by dividing the number of colonies by the volume
of retrovirus used in the infection. For each of the pancreatic tumor cell lines and for each
trial, relative clonogenic colony formation efficiency was calculated for each retrovirus
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stock by dividing the retroviral titer in the pancreatic tumor cell line by the corresponding
retroviral titer in the C127 cells. These values are reported as mean percentages calculated
from at least three independent sets of infections (trials). The tumor suppressor activity of
the tester retroviruses in each pancreatic tumor cell line was calculated by dividing the
clonogenic colony formation efficiency of the tester retrovirus by the clonogenic colony
formation efficiency of the vector control retrovirus. This value was then subtracted from
100%. These values are expressed as mean percentages calculated from at three least
independent sets of infections (trials). The standard error was calculated for each mean and
is reported.

Anchorage-independence Assays

Results

The anchorage-independent proliferation of MIA PaCa-2 cell lines was assayed essentially
as described [36]. Briefly, twenty thousand MIA PaCa-2 cells stably infected with the
pLenti/V5/DEST (Vector), pLenti-ErbB4 (Wild Type ErbB4), and pLenti-ErbB4 K751M
(Kinase Deficient ErbB4) recombinant lentiviruses were seeded in 60 mm dishes in
semisolid medium consisting of 0.3% low melting point agarose and either 10 nM NRG1
or the PBS diluent control. Cells were maintained for 15 days to permit the growth of
anchorage-independent colonies. Digital photomicrographs were taken of six randomly-
selected fields for each experimental condition and the diameter of each anchorage-
independent colony was measured by hand. The number of small (< 90 um diameter),
medium (90 — 180 um diameter), and large (> 180 um diameter) colonies was tabulated for
each experimental condition and was pooled from five independent trials. For each
experimental condition approximately 300 to 350 colonies were measured. The effects of
lentiviral infection and NRG1p stimulation on anchorage-independent colony proliferation
were determined by using a Chi-square test to compare the colony size distribution for each
experimental condition.

Pancreatic tumor cell lines display minimal ErbB4 expression and tyrosine
phosphorylation

To determine the role that ErbB4 expression and signaling play in pancreatic tumors, we
first measured ErbB receptor expression and tyrosine phosphorylation in the CaPan-1,
HPAC, PANC-1 and MIA PaCa-2 human pancreatic tumor cell lines. PANC-1 cells exhibit
robust EGFR expression and MIA PaCa-2 cells exhibit somewhat less EGFR expression
(Figure 1). HPAC cells exhibit only modest EGFR expression and CaPan-1 cells exhibit
minimal EGFR expression. All four cell lines exhibited much greater EGFR tyrosine
phosphorylation in the absence of starvation (Figure 1). Surprisingly, HPAC cells exhibited
the most EGFR tyrosine phosphorylation, whereas PANC-1 and MIA PaCa-2 cells exhibited
lesser amounts of EGFR tyrosine phosphorylation and CaPan-1 cells exhibited minimal
EGFR tyrosine phosphorylation (Figure 1).

Starved HPAC, PANC-1, and MIA PaCa-2 cells exhibit robust ErbB2 expression but
unstarved PANC-1 and MIA PaCa-2 cells exhibit markedly less ErbB2 expression (Figure
2). Starved and unstarved CaPan-1 cells exhibit little ErbB2 expression. In the absence of
starvation, HPAC cells exhibit abundant ErbB2 tyrosine phosphorylation whereas CaPan-1
and MIA PaCa-2 cells exhibit little ErbB2 tyrosine phosphorylation and PANC-1 cells do
not exhibit detectable ErbB2 tyrosine phosphorylation. ErbB2 tyrosine phosphorylation in
the HPAC, CaPan-1, and MIA PaCa-2 cells is greatly reduced upon starvation of the cells.

HPAC cells exhibit robust ErbB3 expression and tyrosine phosphorylation (Figure 3)
PANC-1 and CaPan-1 cells do not exhibit detectable ErbB3 expression or tyrosine
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phosphorylation. MIA PaCa-2 cells exhibit ErbB3 expression, yet fail to exhibit detectable
ErbB3 tyrosine phosphorylation (Figure 3).

None of the four cell lines tested exhibit ErbB4 expression or tyrosine phosphorylation, even
when 1 mg of cell lysate was used for ErbB4 immunoprecipitations. In contrast, 10 ug of
lysate from y2 fibroblasts engineered to express the constitutively-active ErbB4 Q646C
mutant is sufficient to yield detectable ErbB4 expression and tyrosine phosphorylation
(Figure 4).

The constitutively-active ErbB4 Q646C mutant inhibits clonogenic proliferation (colony
formation) by human pancreatic tumor cell lines in plastic culture dishes

One explanation for the apparent absence of ErbB4 expression in the four human pancreatic
tumor cell lines is that the loss of ErbB4 signaling is a factor that contributes to prostate
tumorigenesis. We tested this hypothesis by restoring ErbB4 expression and signaling to the
four human pancreatic tumor cell lines.

The ErbB4 Q646C mutant [59] features substitution of a cysteine residue for a glutamine
residue in the extracellular juxtamembrane region of ErbB4. This mutation results in
constitutive ErbB4 tyrosine phosphorylation [59] and coupling to tumor suppressor activity
in human prostate and breast tumor cell lines [25,36], presumably as a consequence of
disulfide-linked ErbB4 homodimerization. Indeed, MIA PaCa-2 cells infected with a
recombinant adenovirus that encodes the ErbB4 Q646C mutant display a greater degree of
ErbB4 multimerization and tyrosine phosphorylation than do cells infected with a
recombinant adenovirus that encodes wild-type ErbB4. Indeed, the ErbB4 multimers present
in cells that express Q646C display a high degree of tyrosine phosphorylation (Figure 5).

Next we assayed the effects of the ErbB4 Q646C mutant on clonogenic proliferation (colony
formation) by the four pancreatic tumor cell lines. These cells were infected with a
recombinant retrovirus that carries the ErbB4 Q646C mutant along with the neomycin
resistance gene, after which infected cells were selected using G418. As controls we infected
these pancreatic tumor cell lines with a recombinant retrovirus that carries only the
neomycin resistance gene (Vector) or the neomycin resistance gene and the wild-type ErbB4
gene (ErbB4 WT). To control for differences in absolute retroviral titers, we infected C127
mouse fibroblasts in parallel. C127 cells are readily infected by these recombinant
retroviruses and the ErbB4 Q646C mutant does not affect clonogenic proliferation (drug-
resistant colony formation) of these cells, making C127 cells ideal for comparing the
absolute viral titers of these retroviruses. We have postulated that the failure of the C127
cells to respond to the ErbB4 Q646C mutant is due to the absence of appropriate ErbB4
effectors in this cell line [25,26,36].

As shown in Figure 6, human pancreatic tumor cells infected with the recombinant
retrovirus that expresses the ErbB4 Q646C mutant exhibit less clonogenic proliferation
(form fewer drug-resistant colonies) than do these cells infected with the other recombinant
retroviruses. Indeed, the titer of the ErbB4 Q646C recombinant retrovirus in these pancreatic
tumor cells is markedly less than the titers of the other recombinant retroviruses (Table 1).
However, C127 cells infected with the ErbB4 Q646C retrovirus readily undergo clonogenic
proliferation (form abundant drug-resistant colonies) and the titer of the ErbB4-Q646C
retrovirus in C127 fibroblasts is not markedly less than the titer of the other recombinant
retroviruses in C127 cells (Table 1). Thus, the low titer of the ErbB4 Q646C recombinant
retrovirus in the human pancreatic tumor cell lines appears to reflect the ability of the ErbB4
Q646C mutant to inhibit clonogenic proliferation (colony formation) in these cells. This
inhibition is specific for the ErbB4 Q646C mutant because in each of the pancreatic tumor
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cell lines the titer of the vector retrovirus and the titer of the ErbB4 WT retrovirus are
similar.

These data indicate that the ErbB4 Q646C mutant displays tumor suppressor activity,
presumably by inhibiting proliferation or by stimulating apoptosis. In Table 1 we have
quantified this activity. The ErbB4 Q646C mutant inhibits clonogenic proliferation by the
PANC-1 and MIA PaCa-2 cell lines by approximately 70%. The ErbB4 Q646C mutant
inhibits clonogenic proliferation by the HPAC cell line by almost 90% and inhibits
clonogenic proliferation by the CaPan-1 cell line by almost 100%.

We postulated that the failure of wild-type ErbB4 to display tumor suppressor activity was
due to an absence of ErbB4 ligands. Thus, we compared the effects of wild-type ErbB4 and
of the ErbB4 Q646C mutant on clonogenic proliferation (drug-resistant colony formation)
by the MIA PaCa-2 cell line in the presence and absence of the ErbB4 ligand NRG1p. As a
control we assayed clonogenic proliferation in the presence of the pro-apoptotic TRAIL
peptide. The ErbB4 Q646C mutant inhibited clonogenic proliferation (colony formation) by
MIA PaCa-2 cells to the same extent in the presence or absence of 10 nM NRG1p (Table 2).
However, wild-type ErbB4 failed to inhibit clonogenic proliferation (colony formation) by
MIA PaCa-2 cells in the presence or absence of 10 nM NRG1p. Yet, TRAIL markedly
inhibited clonogenic proliferation (colony formation) both in the absence and presence of
wild-type ErbB4. Moreover, 10 nM NRG1p stimulates ErbB4 tyrosine phosphorylation in
MIA PaCa-2 cells infected with the wild-type ErbB4 retrovirus (data not shown). These data
indicate that the constitutively-active ErbB4 mutant displays tumor suppressor activity,
whereas ligand stimulation does not cause wild-type ErbB4 to display tumor suppressor
activity.

An ErbB4 ligand stimulates anchorage-independent proliferation in cells that stably
express wild-type ErbB4

Another explanation for the failure of wild-type ErbB4 to display tumor suppressor activity,
even in the presence of an ErbB4 ligand, may be the failure to adequately stimulate coupling
of wild-type ErbB4 to any biological response in MIA PaCa-2 cells. To address this
possibility we have assessed ligand stimulation of coupling of wild-type ErbB4 to a
biological response in MIA PaCa-2 cells. We have used recombinant lentiviruses to generate
MIA PaCa-2 cells that ectopically express wild-type ErbB4 or the ErbB4 K751M mutant
(which lacks tyrosine kinase activity) [25]. We were not able to include a cell line that
expresses the ErbB4 Q646C mutant because we cannot generate a stable cell line that
expresses this mutant, presumably due to the potent growth inhibitory effects of the mutant.
Infected cells were seeded in a semi-solid medium consisting of 0.3% low melting point
agarose supplemented with 10 nM NRG1p or the PBS diluent control. Cells were
maintained for 15 days, after which anchorage-independent colonies of cells were
photographed and measured. The colony size distributions for five independent trials are
depicted and have been analyzed using Chi-square analysis (Figure 7).

Expression of ectopic ErbB4 enhances NRG1p stimulation of anchorage-independent
proliferation (P<0.05). In contrast, the ErbB4 mutant defective for tyrosine kinase activity
(K751M) does not significantly enhance the effect of NRG1p (P>0.1). Thus, these data
indicate that ligand stimulation of wild-type ErbB4 signaling is coupled to an oncogenic
effect.

We have investigated a potential mechanism that may underlie the failure of the ErbB4
K751M mutant to enable increased NRG1p stimulation of anchorage-independent
proliferation is due to inadequate NRG1p stimulation of ErbB4 tyrosine phosphorylation.
Both ErbB4 constructs are expressed at relatively equal levels in MIA PaCa-2 cells infected
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with the two ErbB4 lentiviruses. However, only cells that ectopically express wild-type
ErbB4 exhibit detectable levels of ErbB4 phosphorylation upon stimulation with NRG1p
(Figure 8). This relative absence of ErbB4 tyrosine phosphorylation may account for the
failure of the ErbB4 K751M mutant to enable NRG1p stimulation of anchorage-independent
proliferation.

Discussion

Increased EGFR and ErbB2 expression or signaling may contribute to pancreatic
tumorigenesis or tumor progression

Normal pancreatic cells exhibit little or no EGFR expression [64,65]. In contrast, EGFR is
abundantly expressed in three of the four pancreatic tumor cell lines tested here and is
modestly expressed in the remaining pancreatic tumor cell line. These data suggest that
EGFR signaling is important to pancreatic tumorigenesis or tumor progression. Our data are
consistent with the observations that EGFR is deregulated in pancreatic tumors. Often,
dysregulation of EGFR signaling is caused by EGFR overexpression [65,66]. However,
activating mutations of the EGFR tyrosine kinase domain are found in approximately 2% of
pancreatic cancers [67-71], EGFR expression is correlated with a more aggressive
phenotype in pancreatic cancer [54,72]. Indeed, the EGFR tyrosine kinase inhibitor erlotinib
has been approved for the treatment of pancreatic cancers [73].

Normal pancreatic cells exhibit little or no ErbB2 expression [64,65,74]. In contrast, ErbB2
is expressed in all four pancreatic tumor cell lines tested here and ErbB2 exhibits at least
modest basal tyrosine phosphorylation in three of the four cell lines tested here. These data
suggest that increased ErbB2 signaling contributes to pancreatic tumorigenesis or tumor
progression. Our data are consistent with the observation that ErbB2 is overexpressed in
45-70% of pancreatic ductal carcinomas [64,74] and with the observation that ErbB2
overexpression correlates with a poor prognosis in many malignancies and that ErbB2 is a
validated drug target for these cancers [75].

ErbB4 may play dual roles in pancreatic tumorigenesis or tumor progression

ErbB4 is expressed in the normal pancreatic epithelia [53,76]. In contrast, minimal ErbB4
expression is observed in the four human pancreatic tumor cell lines tested here. Moreover,
the constitutively-dimerized ErbB4 Q646C mutant inhibits clonogenic proliferation in the
four human pancreatic tumor cell lines. These data suggest that ErbB4 behaves as a tumor
suppressor and that a loss of ErbB4 expression and signaling is critical for pancreatic
tumorigenesis or tumor progression.

Indeed, the tumor suppressor activity displayed by the ErbB4 Q646C mutant in the four
human pancreatic cell lines is similar to tumor suppressor activities displayed by other
constitutively-active ErbB4 mutants in breast, prostate, and ovarian cancer cell lines [37-39].
Similarly, ErbB4 ligands can stimulate differentiation and growth arrest [58,77,78]. Finally,
the hypothesis that ErbB4 functions as a tumor suppressor is consistent with the observation
that some gastric, colorectal, NSCLC, and breast carcinomas harbor loss-of-function
mutations in ErbB4 [79].

However, in the four human pancreatic tumor cell lines, an ErbB4 ligand does not inhibit
clonogenic proliferation when accompanied by ectopic expression of wild-type ErbB4.
Furthermore, ectopic expression of wild-type ErbB4 potentiates NRG1f stimulation of
anchorage-independent growth in the MIA PaCa-2 pancreatic tumor cell line. These data
suggest that ErbB4 behaves as an oncoprotein and may serve as a target for therapeutic
intervention.
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One possible explanation for this apparent dichotomy is that ErbB4 Q646C does not
accurately model ligand-induced ErbB4 signaling and that the results generated using the
ErbB4 Q646C mutant are artifacts of this mutant and cannot be used to predict ErbB4
function. Several observations would appear to argue against this explanation. The ErbB4
ligand Neuregulin 1f stimulates terminal differential and growth arrest of AU565 and
MDA-MB-453 human breast tumor cell lines [31,32]. Moreover, the constitutively-active
ErbB4 I658E mutant is coupled to apoptosis in multiple cancer cell lines [37] and the
constitutively-active s80 intracellular domain fragment of ErbB4 inhibits proliferation of
multiple cancer cell lines [38,39]. Consequently, the results obtained using the ErbB4
Q646C mutant do not appear to be artifacts of that mutant and suggest that wild-type ErbB4,
in at least some contexts, possesses tumor suppressor activities.

Nonetheless, another possible explanation for our observation that wild-type ErbB4 and the
ErbB4 Q646C mutant possess different signaling activities is that the ErbB4 Q646C mutant
may be an oversimplified model for ligand-induced ErbB4 signaling. Note that ligands for
ErbB4 can stimulate ErbB4 heterodimerization with EGFR and ErbB2, resulting in signaling
by both ErbB4 and its dimerization partner. The presence of a heterodimerization partner for
ErbB4 enables ErbB4 ligands to stimulate an expanded repertoire of signaling events,
resulting in differences in the biological responses to ErbB4 ligands [77]. Indeed, ligand
stimulation of ErbB4 homodimerization and signaling in the BaF3 lymphoid cell line fails to
result in IL3-independent proliferation, whereas ErbB4 ligands stimulate IL3-independent
proliferation in BaF3 cells that express both ErbB4 and EGFR or both ErbB4 and ErbB2
[58,80]. Thus, we postulate that ErbB4 homodimers, which are best exemplified by the
ErbB4 Q646C mutant, function as tumor suppressors. In contrast, ErbB4 heterodimers,
which may arise in cells that co-express ErbB4 and ErbB2 or ErbB4 and EGFR following
stimulation with ErbB4 ligands, appear to function as oncoproteins. Such a model is
consistent with the observation that ErbB4 expression in breast tumors in the absence of
EGFR and ErbB2 expression correlates with a more favorable prognosis, whereas ErbB4 co-
expression with EGFR or ErbB2 correlates with a poorer prognosis [81]. Experiments to
directly test this model are underway.

A confounding factor is that the ErbB4 transcript can undergo alternative splicing at two
locations; thus, ErbB4 exists in four different splicing isoforms. The JM-a and JM-b
isoforms differ in the extracellular juxtamembrane region and display differences in ligand-
induced ErbB4 cleavage by proteases and differences in coupling to biological responses
[82,83]. The CT-a (Cyt-1) and CT-b (Cyt-2) isoforms differ in the carboxyl-terminal region
of the cytoplasmic domain and appear to display differences in the sites of tyrosine
phosphorylation as well as difference in coupling to downstream signaling effectors
[16,82,84]. The experiments described herein were performed using the canonical JIM-a/CT-
a isoform and the results of these experiments may not be predictive of results obtained
using other ErbB4 isoforms.

Finally, our model predicts that the changes in ErbB receptor expression that are
characteristic of pancreatic tumor cells follow a defined sequence. Because ErbB4
heterodimers appear to function as oncogenes, we predict that the loss of ErbB4 expression
would be selected against in cells that overexpress other ErbB family receptors. So, if ErbB4
homodimers do function as tumor suppressors and ErbB4 expression is indeed lost in
pancreatic tumor cells, then the loss of ErbB4 expression must precede amplification and
overexpression of other ErbB family receptors.
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Figure 1. EGFR expression and tyrosine phosphorylation vary in the four human pancreatic
tumor cell lines

EGFR was immunoprecipitated from each pancreatic tumor cell line. Controls included 2
mouse fibroblasts engineered to express EGFR (Y2 EGFR) and w2 vector control cells (2%
LXSN). Samples were resolved by SDS-PAGE and electroblotted onto nitrocellulose. The
blot was probed with an anti-phosphotyrosine antibody and a parallel blot was probed with
an anti-EGFR antibody. The mobility and the reported molecular weight of the protein
markers are indicated. The position of EGFR on the blots is also indicated.
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Figure 2. ErbB2 expression and tyrosine phosphorylation vary in the four pancreatic tumor cell
lines

ErbB2 was immunoprecipitated from each pancreatic tumor cell line. C127 mouse
fibroblasts engineered to express a constitutively-active rat ErbB2 mutant [85] (C127
ErbB2*) served as a control. Samples were resolved by SDS-PAGE and electroblotted onto
nitrocellulose. The blot was probed with an anti-phosphotyrosine antibody and a parallel
blot was probed with an anti-ErbB2 antibody. The mobility and the reported molecular
weight of the protein markers are indicated. The position of ErbB2 on the blots is also
indicated.
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Figure 3. ErbB3 expression and tyrosine phosphorylation vary in the four pancreatic tumor cell
lines
ErbB3 was immunoprecipitated from each pancreatic tumor cell line. BaF3 mouse lymphoid

cells engineered to express ErbB2 and ErbB3 (BaF3/ErbB2+ErbB3 — [58]) served as a
control. Samples were resolved by SDS-PAGE and electroblotted onto nitrocellulose. The
blot was probed with an anti-phosphotyrosine antibody and a parallel blot was probed with
an anti-ErbB3 antibody. The mobility and the reported molecular weight of the protein
markers are indicated. The position of ErbB3 on the blots is also indicated.

Exp Cell Res. Author manuscript; available in PMC 2012 February 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Mill et al.

Page 18

e
s @
B = 8§
- 2 B 2 2 3
o ¢ ® ®© 3 & 8 ¢
8 c ¢ 8 § @ VT
T M DO 5 B opH 5 o«
P2 ErbB4 Q646C > o % 59?7 &«
s s P B0 ITo 358
o £ £ ¥ 8 8 O O QO O o
E o -3 35 a3 %5%8 & Z 2 <<
kDa -~ © 8 o o ** OOI I aa ==
193 —
'N <«——ErbB4
IP: Anti-ErbB4
118 = I1B: Anti-pY
193 —
e
IP: Anti-ErbB4
118 = 4 IB: Anti-ErbB4

Figure 4. ErbB4 expression and tyrosine phosphorylation are not detected in any of the four
pancreatic tumor cell lines
ErbB4 was immunoprecipitated from each pancreatic tumor cell line. Controls included w2

mouse fibroblasts engineered to express the constitutively-active ErbB4 Q646C mutant (¥2
ErbB4 Q646C) and y2 vector control cells (¥2 LXSN). Samples were resolved by SDS-
PAGE and electroblotted onto nitrocellulose. The blot was probed with an anti-
phosphotyrosine antibody and an analogous blot was probed with an anti-ErbB4 antibody.
The mobility and the reported molecular weight of the protein markers are indicated. The
position of ErbB4 on the blots is also indicated.
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Figure 5. Cells that express the ErbB4 Q646C mutant display a higher degree of ErbB4 tyrosine
phosphorylation and multimerization than do cells that express wild-type ErbB4

MIA PaCa-2 cells were infected with recombinant adenoviruses that encode wild-type
ErbB4 or the ErbB4 Q646C mutant. Controls included w2 mouse fibroblasts engineered to
express the ErbB4 Q646C mutant or wild-type ErbB4. ErbB4 was immunoprecipitated and
resolved using reducing or non-reducing polyacrylamide gels. The resolved samples were
electroblotted onto PVDF. Blots were probed with an anti-phosphotyrosine antibody or an
anti-ErbB4 antibody. The mobility and the reported molecular weight of the protein
standards are indicated. The positions of ErbB4 monomers and multimers are also indicated.
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Figure 6. The ErbB4 Q646C mutant inhibits clonogenic drug-resistant colony formation in
plastic dishes by the four human pancreatic tumor cell lines

These cells were infected with recombinant amphotropic retroviruses that carry the
neomycin resistance gene (Vector) or with retroviruses that carry the neomycin resistance
gene along with wild-type ErbB4 (ErbB4) or the constitutively-active ErbB4 Q646C mutant
(Q646C). Infected cells were selected using G418. Following selection, the culture plates
were stained using Giemsa and digitized using a flatbed scanner. Colonies were counted by
hand from the actual culture plates.
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Figure 7. Wild-type ErbB4 potentiates NRG1p stimulation of anchorage-independent growth of
MIA PaCa-2 human pancreatic tumor cells

These cells were infected with recombinant lentiviruses that carry the blasticidin resistance
gene (Vector) or with lentiviruses that carry the blasticidin resistance gene along with wild-
type ErbB4 (ErbB4) or the ErbB4 K751M mutant that lacks tyrosine kinase activity.
Infected cells were selected using blasticidin and seeded in semisolid medium containing 10
nM NRG1p or PBS (diluent control). Following fifteen days of incubation, anchorage-
independent colonies were photographed and colony diameter was measured by hand from
the photographs. (A) Representative photomicrographs of cell lines cultured in the presence
of NRG1 are depicted. (B) The effects of lentiviral infection and NRG1 stimulation on
anchorage-independent proliferation were determined by using a Chi-square test to compare
the colony size distribution for each experimental condition. The data represent five
independent trials. P values are reported.
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Figure 8. MIA PaCa-2 cells that ectopically express wild-type ErbB4, but not cells that express
the ErbB4 K751M mutant, exhibit ErbB4 tyrosine phosphorylation following stimulation with
NRG1p

MIA PaCa-2 cells were infected with recombinant lentiviruses that carry the blasticidin
resistance gene (Vector) or with lentiviruses that carry the blasticidin resistance gene along
with wild-type ErbB4 (ErbB4) or the ErbB4 K751M mutant. Infected cells were selected
using blasticidin and expanded into cell lines. These cell lines were starved and stimulated
with NRG1p. ErbB4 expression and tyrosine phosphorylation were assessed by
immunoprecipitation and immunoblotting. Data shown are representative of at least three
independent experiments.
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Table 1

The ErbB4 Q646C mutant exhibits tumor suppressor activity in the human pancreatic tumor cell lines

Cell Lines Viruses Drug Resistant ~ Clonogenic Inhibition of
Colonies per Proliferation  Clonogenic
mL of Virus Efficiency Proliferation
(% of C127) (%)
C1z27 Vector 2.6x10° 100
ErbB4 WT 2.9x10° 100
ErbB4 Q646C 5.6x105 100
CaPan-1 Vector 1.3x102 0.043 (N=3)
ErbB4 WT 1.9x102 0.061 (N=4)  None (N=3)
ErbB4 Q646C 6.9x10° 0.001 (N=4)  99+1 (N=3)
HPAC Vector 1.6x10° 65 (N=5)
ErbB4 WT 1.5x105 59 (N=5) 7411 (N=5)
ErbB4 Q646C 4.1x104 7.0 (N=5) 88+4 (N=5)
PANC-1 Vector 1.0x10* 4.3 (N=4)
ErbB4 WT 1.2x10% 4.0 (N=4) None (N=4)
ErbB4 Q646C 6.0x103 1.1 (N=4) 71+14 (N=4)
MIA PaCa-2  Vector 4.7x10% 20 (N=4)
ErbB4 WT 5.8x10% 22 (N=4) None (N=4)
ErbB4 Q646C 3.6x10% 5.6 (N=4) 7148 (N=4)
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