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Pancreatic ductal adenocarcinoma (PDAC) is among the deadliest of cancers.

Attempts to develop targeted therapies still need to be established. Some onco-

genic mechanisms in PDAC carcinogenesis harness the EGFR/ERBB receptor

family. To explore the effects on pancreatic lesions, we attempted simultaneous

blockade of all ERBB ligands in a PDAC mouse model. To this end, we engi-

neered a molecular decoy, TRAP-FC, comprising the ligand-binding domains

of both EGFR and ERBB4 and able to trap all ERBB ligands. Next, we gener-

ated a transgenic mouse model (CBATRAP/0) expressing TRAP-FC ubiqui-

tously under the control of the chicken-beta-actin promoter and crossed these

mice with KRASG12D/+ mice (Kras) to generate Trap/Kras mice. The resulting

mice displayed decreased emergence of spontaneous pancreatic lesion areas

and exhibited reduced RAS activity and decreased activities of ERBBs, with

the exception of ERBB4, which showed increased activity. To identify the

involved receptor(s), we employed CRISPR/Cas9 DNA editing to singly delete

each ERBB receptor in the human pancreatic carcinoma cell line Panc-1. Abla-

tion of each ERBB family member, especially the loss of EGFR or ERBB2/

HER2, altered signaling downstream of the other three ERBB receptors and

decreased cell proliferation, migration, and tumor growth. We conclude that

simultaneously blocking the entire ERBB receptor family is therapeutically

more effective than individually inhibiting only one receptor or ligand in terms

of reducing pancreatic tumor burden. In summary, trapping all ERBB ligands

can reduce pancreatic lesion area and RAS activity in a murine model of pan-

creatic adenocarcinoma; hence, it might represent a promising approach to

treat PDAC in patients.

Abbreviations

ADM, acinar-to-ductal metaplasia; AREG, amphiregulin; BrdU, 5-bromo-20-deoxyuridine; BTC, betacellulin; CBA, chicken-beta-actin; CRISPR/
Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9; DMEM, Dulbecco’s Modified Eagle Medium;

ECD, extracellular domain; EDTA, ethylenediaminetetraacetic acid; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor;

EPGN, epigen; EREG, epiregulin; FBS, fetal bovine serum; GAPDH, glycerinaldehyd-3-phosphat-dehydrogenase; gRNA, guide RNA; HBEGF,

heparin-binding EGF-like growth factor; ICD, intracellular domain; KO, knockout; Kras, KRASG12D/+ mice; MAB, monoclonal antibody; MAPK,

mitogen-activated protein kinase; MEK, mitogen-activated protein kinase kinase; PanIN, pancreatic intraepithelial neoplasia; PBS, phosphate-

buffered saline; PDAC, pancreatic ductal adenocarcinoma; PFA, para-formaldehyde; PI3K, phosphoinositide 3-kinase; PKB, protein kinase B;

RAF, rapidly accelerated fibrosarcoma; RAS, rat sarcoma; RT, room temperature; RTK, receptor tyrosine kinase; T, transgenic TRAP mice;

TGFA, transforming growth factor; Trap/Kras, Ptf1aCre/0; KRASG12D/+; CBATRAP/0 mice; TKI, tyrosine kinase inhibitor.

1Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0001-9189-7631
https://orcid.org/0000-0001-9189-7631
https://orcid.org/0000-0001-9189-7631
mailto:maik.dahlho<LIG>ff<LIG>@vetmeduni.ac.at
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1878-0261.13473&domain=pdf&date_stamp=2023-07-14


1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is among the

deadliest of all cancers in Europe and the US [1,2].

Although more and more findings about the pathogenic

mechanisms of pancreatic cancer are being revealed fre-

quently, only few medical advances in developing thera-

peutic treatments exist that relevantly prolong the

survival and improve patients’ quality of life. There are

many ongoing clinical trials investigating therapies that

target aberrantly regulated proteins downstream of

receptor tyrosine kinase (RTK) signaling, for example,

along the rat sarcoma (RAS)/rapidly accelerated fibro-

sarcoma (RAF)/mitogen-activated protein kinase kinase

(MEK)/mitogen-activated protein kinase (MAPK) or

phosphoinositide 3-kinase (PI3K)/protein kinase B

(PKB/AKT) axes [3]. Although the epidermal growth

factor receptor (EGFR/ERBB1/HER1) is crucial for

PDAC development, the EGFR-dependency of the

tumors decreases during PDAC progression [4,5]. EGFR

belongs to the ERBB receptor family along with ERBB2

(HER2/neu), ERBB3 (HER3), and ERBB4 (HER4). We

recently suggested that pan-ERBB strategies would be

more efficient than single receptor blockers since, for

example, ERBB2 and ERBB4 also play compensatory

roles in murine pancreatic tumorigenesis [6]. Currently,

only one targeted therapy against EGFR has been

approved, namely the tyrosine kinase inhibitor (TKI)

erlotinib in combination with gemcitabine [7]. Neverthe-

less, a major problem is drug-related toxicity, a common

adverse event in monoclonal antibody (MAB) therapies

and TKIs targeting the ERBB receptors, which leads to

an early therapy termination [8–10]. Another promising

approach is to target all ERBB ligands in order to

decrease ERBB signaling, hopefully without side effects,

since the decoy does not interact directly with ERBB

receptors as MABs and TKIs do. The ERBB-ligand epi-

dermal growth factor (EGF), transforming growth fac-

tor alpha (TGFA), heparin-binding EGF-like growth

factor (HBEGF), amphiregulin (AREG), epiregulin

(EREG), and recently also betacellulin (BTC) have been

implicated in pancreatic tumorigenesis [6,11–15]. This

group of ERBB ligands is recognized and bound by

EGFR and ERBB4 and their signals are transmitted by

homo- or heterodimerization with other ERBB receptors

in order to induce intracellular signaling via the RAS/

RAF/MEK/MAPK and PI3K/AKT pathways [16]. To

this end, we engineered a decoy molecule, TRAP-FC, by

recombining the extracellular domains (ECDs) of EGFR

and ERBB4, fused by a linker domain. Secretion of the

decoy is ensured by the presence of a synthetic leader

sequence. TRAP-FC is able to sequester all ERBB

ligands, thereby inhibiting a broad range of ERBB

signaling. We previously reported that after TRAP-FC-

treatment the proliferation rate in the human pancreatic

cancer cell lines BxPC3, Panc-1, and MiaPaCa2 were sig-

nificantly reduced and in BxPC3 cells [17], TRAP-FC

even reduced proliferation after the exposure to growth

factors, like EGF, TGFA, and HBEGF. Furthermore,

TRAP-FC in combination with gemcitabine prolonged

the survival of subcutaneously BxPC3-injected tumors in

mice [17]. In our current study, we generated transgenic

mice overexpressing TRAP-FC under the control of the

ubiquitous chicken-beta-actin promoter (CBATRAP/0) to

evaluate the potential of this therapeutic approach in a

genetic pancreatic cancer model. In addition, we studied

the consequences of the deletion of each ERBB receptor

in a human PDAC cell line. Independently, we deleted

EGFR, ERBB2, ERBB3, and ERBB4 in Panc-1 cells by

using CRISPR/Cas9 gene editing, in order to analyze the

dependency of Panc-1 cells on the individual ERBB

receptors in terms of ERBB and intracellular signaling,

cell migration, proliferation, and RAS activity.

2. Materials and methods

2.1. Animals

All animal experiments were approved by the Commit-

tee of Animal Health and Care of the local govern-

mental body of the state of Upper Bavaria (Regierung

von Oberbayern; animal license number: ROB-55.2-

2532.Vet_02-19-57), Germany, and were performed in

strict compliance with the European Communities

Council Directive (86/609/EEC) recommendations for

the care and use of laboratory animals. Pronuclear

microinjection was used to generate a mouse line that

expresses the TRAP molecule consisting of the ECDs

of murine EGFR and ERBB4, which are connected by

a linker and a synthetic leader sequence to ensure that

the molecule will be secreted. The TRAP sequence was

ligated into the EcoRI side downstream of the chicken-

beta-actin (CBA) promoter and rabbit-beta-globin

splice acceptor into the expression vector pUC-

CAGGS (Addgene, Watertown, MA, USA), and

upstream to the rabbit-beta-globin 30-flanking region

and polyadenylation signal. The plasmid was linearized

by restriction enzyme digest using SalI and HindIII to

generate the microinjection construct, which was

injected into zygotes of C57BL/6N mice, which were

purchased from Janvier (Le Genest St Isle, France).

Thus, we obtained the CBATRAP0 mouse line ubiqui-

tously expressing the TRAP-decoy molecule. The

genotypes of CBATRAP0 mice were verified by PCR

(Qiagen, Germantown, MD, USA), employing geno-

mic DNA from tail tips by using the oligonucleotides:
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pTORU-seq: 50-CTACAGCTCCTGGGCAACGTG-

30, and TRAP-Rev: 50-ATCTTGCCAGTGTATAGT

GTCAGC-30. Mice carrying floxed KRASG12D+

(B6.129S4-Krastm4Tyj/J) [18] alleles or expressing Cre

recombinase under the pancreas-specific-transcription

factor 1 alpha (Ptf1a-Cre; Ptf1atm1creHnak) [19] promoter

have been described previously. We crossmated

Ptf1aCre0; KRASG12D+ (herein referred to as Kras) mice

with CBATRAP0 mice (herein referred to as Trap), herein

referred to as Trap/Kras mice. In our mouse facility

Ptf1aCre0; KRASG12D+ mice were crossed over 20 gener-

ations in the C57BL/6N background. Mice were main-

tained in the C57BL/6N background and housed under

specific pathogen-free conditions in the closed barrier

facility of the Gene Center Munich at 23 °C, 50%

humidity, and with a 12-h light/dark cycle (lights on at 7

AM). They had free access to water and a standard

rodent diet (V1534, Ssniff, Soest, Germany).

2.2. Cell culture and stimulation experiments

Panc-1 cells (Research Resource Identifier: RRID:

CVCL_0480) were purchased from CLS (Cell line ser-

vice, Eppelheim, Germany) 4 months before the experi-

ments were performed. All human permanent cell lines

in the CLS cell bank were authenticated by using the

STR DNA profiling analysis. Mycoplasma testing was

done every 6 months using a mycoplasma detection kit

(PlasmoTest, InvivoGen, Toulouse, France). The cells

were cultured in Dulbecco’s Modified Eagle Medium

(DMEM, Merck), supplemented with 10% fetal bovine

serum (FBS, Merck) and 1% Penicillin/Streptomycin

(Merck, Vienna, Austria) and maintained at 37 °C and

5% CO2. At a confluence of 90%, cells were starved for

3 h (1% FBS) and subsequently stimulated with

25 ng�mL�1 of recombinant human BTC (PeproTech

GmbH, Hamburg, Germany) for 10 min. Cells were

then lysed in a TRIS-based buffer (50 mM Tris, 150 mM

NaCl, 1% NP40, 10% glycerol, 1 M EDTA (ethylene-

diaminetetraacetic acid) freshly supplemented with pro-

tease and phosphatase inhibitors (Roche) and the

lysates were subjected to western blot analysis.

2.3. CRISPR/Cas9-mediated ERBB gene editing

Guide RNA (gRNA) sequences targeting the desired

loci of EGFR, ERBB2, ERBB3, and ERBB4 genes

were designed using BENCHLING (Biology software,

2018; Table S1) (Benchling, San Francisco, CA, USA).

Following annealing of the complementary oligonucle-

otides, the gRNA was cloned into the pSpCas9(BB)-

2A-Puro (PX459) V2.0 backbone (gift from Feng

Zhang, Addgene plasmid #62988, Cambridge, MA,

USA) and the plasmid was transfected into Panc-1

cells using the Lipofectamine 3000 kit (Invitrogen,

Darmstadt, Germany) according to the manufacturer’s

instructions. After 48 h of transfection, the cells were

expanded and selected using 25 lg�mL�1 puromycin.

After 48 h, the medium was changed and single visible

colonies were mechanically transferred into 96-wells.

After 100% confluence, cells were split and grown for

either DNA isolation and gene-editing verification or

expansion of the verified single-cell clones. For the

assessment of gene editing, DNA of the gRNA-

targeted regions was amplified using KO-genotyping

primers (Table S2) for MiSeq (Illumina, San Diego,

CA, USA) analysis. Lysis, DNA-amplification, sample

preparation, deep sequencing, and data analysis by the

Outknocker webtool (www.outknocker.org) were per-

formed as described previously [20] (miSeq primers in

Table S3). Clones with all-allelic frameshift were addi-

tionally further sub-cloned using the NEB Kit (NEB,

Frankfurt, Germany) and sequenced by Sanger (Euro-

fins Genomics, Ebersberg, Germany). The sequences

were aligned to the designated Ensembl genome data-

base; indels were verified for each ERBB gene locus;

and the ERBB knockouts (KOs) were verified by west-

ern blot analysis. sgRNA sequences, KO-genotyping

primer sequences, miSeq primer sequences can be

found in Tables S1–S3. All experiments were validated

for every single ERBB knockout clone. The results

depicted in this publication are represented by two

representative clones per receptor knockout cell line.

2.4. Pancreas preparation

Male and female mice were sacrificed by cervical dislo-

cation at the age of 4 months. The pancreas was iso-

lated, blotted dry, and weighed to the nearest

milligram. Parts of the head, tail, and central part of

the pancreas were dissected, pooled, frozen on dry ice,

and stored at �80 °C. The remaining tissue was fixed

in 4% paraformaldehyde (PFA, in phosphate-buffered

saline, PBS, pH 7.4) overnight and subsequently

embedded in paraffin for histopathological

examination.

2.5. Histopathology and morphometric analyses

We performed a histomorphological analysis as

described previously [6]. In brief, the PFA-fixed and

paraffin-embedded pancreas of 4-month-old female

mice was serially sectioned and every tenth section was

stained with hematoxylin and eosin (H&E). The sec-

tions were then analyzed in a blinded fashion. For

quantification of lesions, the slides were scanned (Axio
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Scan.Z1 scanner; Zeiss, Jena, Germany) and the rela-

tive areas of reactive tissue (comprising fibrosis,

inflammation, acinar-to-ductal metaplasia (ADM),

pancreatic intraepithelial neoplasia (PanIN) of grades

1–3 and PDAC) were quantified in every tenth field of

vision per section by point counting [21,22]. For this,

digital images of the sampled fields of view were

acquired using the netScope viewer software, and

superimposed with a grid of equally spaced crosses,

(Net-Base Software GmbH, Freiburg, Germany).

Crosses hitting section profiles of the respective struc-

ture were counted and related to the number of crosses

hitting pancreatic tissue in all examined sections per

case. On average, 800 points were counted per section.

Data were analyzed by the Student’s t-test and plotted

in GRAPHPAD PRISM (GraphPad Prism version 5.0 for

Windows, GraphPad Software, San Diego, CA, USA).

2.6. RAS activity assay

To evaluate pancreatic RAS activity, the Active Ras

Detection Kit (Cell Signaling, Frankfurt, Germany)

was used according to the manufacturer’s instructions.

In brief, dissected, the frozen pancreas was homoge-

nized or Panc-1 cells were lysed in LBW buffer, freshly

supplemented with phenylmethanesulfonyl fluoride.

Panc-1 cells were either lysed after BTC (PeproTech,

Hamburg, Germany) stimulation (25 ng�mL�1) or

unstimulated. Three hundred microgram of total lysate

was incubated with the GSTRaf1Ras binding domain

for 1 h at 4 °C, washed, eluted under denaturing con-

ditions, and applied to western blot analysis detecting

RAS. Total protein was analyzed by western blot anal-

ysis of the total lysates detecting total RAS and

GAPDH. The amount of active RAS was measured by

densitometry using IMAGEJ (NIH, Bethesda, MD,

USA), referenced to total RAS and GAPDH, and

plotted in GRAPHPAD PRISM. Data were analyzed by the

Student’s t-test.

2.7. Western blot analysis

Murine pancreas was homogenized in LBW buffer (Cell

Signaling), freshly supplemented with protease and

phosphatase inhibitors (Roche), chilled on ice for

10 min, and centrifuged at maximum speed, and cell

debris was discarded. Human cells were lysed in a TRIS-

based buffer (50 mM Tris, 150 mM NaCl, 1% NP40,

10% glycerol, 1 M EDTA; freshly supplemented with

protease and phosphatase inhibitors (Roche)). Equal

amounts of protein were electrophoresed on 10% SDS

gels and blotted to PVDF membranes (GE Healthcare,

Munich, Germany). The membranes were blocked using

5% milk and incubated in primary antibodies overnight

at 4 °C. After washing, the membranes were incubated

in the appropriate horseradish peroxidase-conjugated

secondary antibody at room temperature for 1 h.

Immuno-reactive bands were visualized using an ECL

kit (GE Healthcare or Thermo Scientific). Antibodies

and dilutions are provided in Table S4. Densitometrical

analyses were performed with IMAGEJ 1.52a and plotted

in GRAPHPAD PRISM (GraphPad Prism version 5.0). West-

ern blots were repeated three times to confirm the shown

results.

2.8. Hematoxylin and eosin (H&E) staining

PFA-fixed and paraffin-embedded pancreas tissue was

sectioned and H&E-stained (histological standard

stain) using standard protocols.

2.9. Migration assay

For the migration assay, the ERBB-KO clones and the

control cells were seeded at 21 9 103 cells per well into

a 2-well culture insert (Ibidi, Graefelfing, Germany)

and allowed to adhere overnight. The insert was

removed carefully, the cells were washed twice with

PBS to remove debris and the media was changed.

The 500 lm gap was photographed under a light

microscope at the indicated time points of n = 3 repli-

cates per cell clone and control, respectively. The area

of the gap was measured using IMAGEJ 1.52a and plot-

ted in GRAPHPAD PRISM (GraphPad Prism version 5.0

for Windows, GraphPad Software).

2.10. BrdU (5-bromo-20-deoxyuridine) assay

For the proliferation assay, 1 9 104 cells per well were

seeded in a 96-well plate and cultured for 48 h. We

performed the cell proliferation ELISA, BrdU (colori-

metric) Kit (Roche, Penzberg, Germany) according to

the manufacturer’s instructions. In brief, the cells were

labeled with BrdU for 3 h at RT and subsequently

fixed by the incubation of FixDenat solution for

30 min. The cells were then incubated with a monoclo-

nal antibody detecting BrdU, conjugated with peroxi-

dase for 90 min at RT. Following washing, the cells

were further incubated with the substrate tetramethyl-

benzidine for 20 min and the substrate reaction was

stopped by adding 1 M H2SO4. The absorbance of the

wells was measured at 450 nm (reference wavelength:

690 nm) in an ELISA reader. Per cell clone, four repli-

cates were analyzed and the measurements were plot-

ted relative to the control Panc-1 cell line as fold

change in GraphPad Prism. To evaluate the viability
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of the cell clones, we measured the relative number of

living cells to all cells using fluidlab R-300 (Anvajo

GmbH, Dresden, Germany) and compared them to

Panc-1 control cells by plotting the fold change using

GRAPHPAD PRISM.

2.11. In vivo orthotopic injection model

All animal experiments and methods were approved

by the Weizmann Institutional Animal Care and Use

Committee. Genetically modified Panc-1 cells (RRID:

CVCL_0480; ERBB1-4 KO) were injected orthotopi-

cally into the pancreata of female 14-week-old CD1-

Foxn1nu mice (1 9 106 cells/mouse in 20 lL of

Matrigel; 1 : 1 with DMEM). Tumors were harvested

4 weeks postinjection and weight was recorded.

2.12. Statistics

Data are presented as mean � SEM and compared by

the two-tailed unpaired Student’s t-test, and in the case

of more than two groups by the analysis of variance

(ANOVA) and Tukey’s multiple comparison test. All

data were analyzed with GRAPHPAD PRISM (GraphPad

Prism version 5.0 for Windows, GraphPad Software).

P-values < 0.05 were considered statistically

significant.

3. Results

3.1. ERBB receptors are less phosphorylated in

trap mice

We designed a decoy molecule (Fig. 1A), which is

able to trap all 11 ERBB receptor ligands by linking

the murine ECDs of the EGF- and ERBB4

receptor, provided it with a signal sequence to ensure

its secretion, and generated a transgenic mouse line

overexpressing the TRAP-FC under the control of a

ubiquitous chicken-beta-actin (CBA) promoter.

TRAP-FC transgenic mice (Trap) at the age of

4 months were phenotypically not distinguishable to

their age-matched control littermates, since we could

not detect a difference in body and organ weight

(Fig. 1B,C and Fig. S1B) and also macroscopically,

as well as histologically, we revealed no differences in

a variety of organs (Fig. 1D and Fig. S1C). Western

blot experiments revealed that the TRAP-FC molecule

was expressed in several organs of Trap mice

(Fig. 1E and Fig. S1A) by using antibodies detecting

the ECD of EGFR (EGFRECD), and the IgG1-Fc

sequence of the decoy. Antibodies targeting the intra-

cellular domain (ICD) of the ERBB receptors were

used to investigate receptor expression and phosphor-

ylation stage in pancreas, lung, and liver (Fig. 1F).

As expected, phosphorylation of EGFR, ERBB2, and

ERBB4 were strongly reduced in Trap mice, except

for ERBB3. Total EGFR levels were also reduced in

Trap mice compared with control littermates, but no

alterations were detected in total ERBB2-4 levels

(Fig. 1F). However, EGFR and ERBB2 receptors

were less phosphorylated in the pancreas of Trap

mice compared with control littermates. Because

EGFR and ERBB2 play an important role in PDAC

we decided to crossbreed the Trap animals into the

well-established KRASG12D/+ PDAC mouse model to

investigate the function of our decoy molecule in

pancreatic cancer.

3.2. The TRAP molecule significantly reduces

pancreatic lesion and decreases RAS activity in

PDAC

We crossed Trap mice in a PDAC mouse model

(Ptf1aCre/0; KRASG12D/+ (Kras)), herein referred to as

Trap/Kras mice. To compare the pancreatic lesions of

Trap/Kras and Kras mice, the pancreatic tissue of 4-

month-old mice was analyzed. The absolute pancreas

weight of Trap/Kras mice was significantly decreased

in female and male Trap/Kras animals compared with

Kras control littermates (Fig. 2A). With a reduction of

50% in absolute pancreatic weight, the difference in

male mice was more prominent than in females. The

histological examination of the pancreas revealed that

the pancreatic lesion area, including ADM, PanIN1-3,

and PDAC, yielded almost 80% in Kras mice, whereas

in Trap/Kras littermates, the pancreatic lesions invaded

only 50% of the pancreatic area (Fig. 2B,C). Histolog-

ical examinations of other organs such as liver, lung,

intestine, and kidneys did not show any metastasis

(data not shown). Additionally, western blot analysis

revealed that the ligands TGFA and HBEGF were sig-

nificantly reduced and BTC was even abolished in the

pancreas of Trap/Kras mice compared with Kras mice

(Fig. S1D,E). A RAS activity assay demonstrated that

the amount of RASGTP in Trap/Kras mice was signifi-

cantly decreased compared with age-matched Kras lit-

termates (Fig. 2D,E). Since TRAP-FC captures EGFR

and ERBB4 ligands and thereby the whole spectrum

of ERBB ligands, we investigated ERBB receptor

expression and phosphorylation by western blot analy-

sis. Total EGFR, ERBB3, and ERBB4 expression

were significantly reduced and the phosphorylation

levels of EGFR, ERBB2, and ERBB3 were signifi-

cantly decreased in Trap/Kras mice compared with

Kras control littermates (Fig. 2F,G). Logically, since
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expression and phosphorylation levels were both

decreased to a similar extent, the relative comparison

of pEGFR/EGFR is unchanged (Fig. 2G). However,

Trap/Kras mice show reduced EGFR, ERBB2, and

ERBB3 activity compared with Kras control litter-

mates. In contrast to the other ERBB receptors, the

Fig. 1. Characterization of Trap mice compared with control littermates. (A) Scheme of the TRAP-Fc protein. (B) Absolute weights of pan-

creas, lung, and liver of Trap mice compared with control (Co) mice. Data were analyzed by the Student’s t-test and are represented as

mean � SEM (n = 3). (C) Body weights of Trap compared with control littermates, data were analyzed by the Student’s t-test and are repre-

sented as mean � SEM (n = 3). (D) Representative H&E staining of pancreas, lung, and liver of Trap and control mice, scale bars, 100 lm

(n = 4). (E) Representative western blots demonstrating the expression of TRAP by the detection of the extracellular domain (ECD) of EGFR

and of the TRAP molecule in the pancreas, lung, and liver. Blots were repeated three times. C, control; T, Trap. (F) Representative western

blots showing the phosphorylation and expression levels of the ERBB family (C-terminal detection) in the pancreas, lung, and liver. GAPDH

was used as reference protein. Blots were repeated three times. C, control; T, Trap.
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ERBB4 receptor was highly phosphorylated in the

pancreas of Trap/Kras mice compared with Kras mice

(Fig. 2F,G).

3.3. EGFR and ERBB2 play an important role in

the signaling network of human PDAC cells

Since the expression of the ERBB ligand decoy

TRAP-FC dramatically reduced the burden of prema-

lignant lesions in Kras mice and highly affected the

ERBB system, we set out to study the role of each

ERBB receptor in a human PDAC cell line. By

employing CRISPR/Cas9 gene-editing technology we

successfully deleted EGFR, ERBB2, ERBB3, and

ERBB4, respectively, in the human pancreatic cancer

cell line Panc-1. For each ERBB receptor, two differ-

ent knockout clones were generated, which contained

an indel on each allele resulting in a frameshift

(Fig. 3A). All knockout clones were verified by west-

ern blot analysis (Fig. 3B). In order to evaluate the

consequences of the loss of the different ERBB genes

on ERBB phosphorylation and ERBB downstream

signaling cascades in the ERBB-KO cell lines, we trea-

ted the ERBB receptor system by BTC, which is able

to activate all ERBB receptors (directly or indirectly;

Figs 4 and 5). While no uniformly consistent phos-

phorylation pattern could be detected for ERBB3 in

the absence of an exogenous ligand, EGFR, ERBB2,

and ERBB4 were only activated upon BTC stimula-

tion. ERBB2 is an orphan receptor that depends on

dimerization with another ERBB receptor in order to

be activated, and it has been proposed that ERBB2

preferentially interacts with ERBB3 [23]. Yet, in

human Panc-1 cells deletion of ERBB3 had no impact

on phosphorylation of ERBB2 upon BTC treatment.

However, ERBB2 phosphorylation was absent in

EGFR-KO cells and EGFR-phosphorylation was

abolished in ERBB2 deficient cells indicating a recipro-

cal regulation of these receptors. Interestingly, this

suggests that in human Panc-1 cells, ERBB2 seems to

form heterodimers mainly with EGFR (Fig. 4). The

investigation of ERBB receptor downstream signaling

the cells was activated with BTC a stimulator of all

ERBB receptors and MAPK1/3 (p44/p42), MAPK8/9

(p54/p46), and MAPK14 (p38) require EGFR for acti-

vation (Fig. 5). AKT signaling needs EGFR, ERBB2,

and ERBB3 activation, and the signal transducer and

activator of transcription 5 (STAT5) require EGFR

and ERBB2 activation. For STAT3, we could not

detect a uniformly consistent phosphorylation pattern

in EGFR-KO cells, ERBB2-KO cells, and ERBB3-KO

cells. However, the loss of ERBB4 led to an enhanced

activation of STAT3 (Fig. 5).

3.4. Depleting individual ERBB receptors in Panc-

1 cells alters their proliferation and migration

Next, we investigated whether individual genetic abla-

tion of each of the ERBB receptors would impact on

cell migration, proliferation, tumor formation, and

RAS activity in the four different ERBB knockout

(KO) cell lines, compared with Panc-1 control cells.

Firstly, we performed a migration assay and revealed

alterations in all ERBB-KO cell lines compared with

the MOC Panc-1 cell line. The monolayer wound of

ERBB3- and ERBB4-KO clones closed significantly

earlier, after 24 (ERBB4-KO) or 30 (ERBB3-KO) hours

(Fig. 6A,B) compared with Panc-1 control cells (48 h).

Thus, both cell lines showed a much stronger migration

due to the ablation of the respective receptor. By con-

trast, the EGFR-KO and the ERBB2-KO cell lines

took longer to close the monolayer gap compared with

the Panc-1 control cell line. Stated differently, both cell

lines migrated slower than the control cell line and

showed a gap closure after 60 h, unlike the control cell

line that closed the gap already after 54 h (Fig. 6A,B).

Because cell proliferation is one of the main hallmarks

of cancer, we employed the BrdU-assay to compara-

tively monitor the proliferation of each of the four

ERBB receptor-depleted cells. Since EGFR and

ERBB2 play important roles in PDAC development, it

was not surprising that EGFR- and ERBB2-depleted

cells, unlike ERBB3- and ERBB4-KO cells, showed sig-

nificantly reduced proliferation rates compared with

control cells (Fig. 6C). To determine whether these dif-

ferences in proliferation rates translate to effects on

tumorigenesis, we implanted each of the four cell lines,

along with control cells, in the pancreata of CD1-

Foxn1nu mice. All animals were sacrificed 4 weeks

later. As expected, the pancreata preinjected with

ERBB1-KO and ERBB2-KO cells showed significantly

reduced pancreas weight compared with the control

pancreata (Fig. 6D,E). Metastases were not detected in

any animal. Notably, the driver mutation of our indica-

tor cell line, PANC-1, is the highly frequent KRAS

gene mutation in codon 12, and these cells secrete sev-

eral ligands of ERBB proteins, such as the transforming

growth factor alpha (TGFA). Accordingly, PANC-1

cells respond to neither EGF nor exogenous TGFA,

but an anti-TGFA monoclonal antibody can suppress

their growth [24]. Hence, we performed an in vitro

RAS-GTP loading assay and revealed that RAS activ-

ity is independent of all four ERBB receptors in unsti-

mulated cells (Fig. 6F). Moreover, BTC stimulation

induced no change in the amount of RASGTP in the

four ERBB-KO clones compared with the control cells

(Fig. 6G).

7Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

K. Hedegger et al. Trapping ERBB ligands in PDAC

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13473 by V

eterinärm
edizinische U

niversität W
ien, W

iley O
nline Library on [17/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



8 Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Trapping ERBB ligands in PDAC K. Hedegger et al.

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13473 by V

eterinärm
edizinische U

niversität W
ien, W

iley O
nline Library on [17/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



4. Discussion

Pancreatic ductal adenocarcinoma is a lethal disease

with a high mortality rate [1,25] and the prognosis for

patients with PDAC overall is still dire. Attempts to

find an appropriate therapy often failed, although a

more detailed insight into the molecular pathogenic

mechanisms has been gained in the last two decades.

Fig. 2. Characterization of 4-month-old Trap/Kras mice vs. Kras mice. (A) Absolute weights of the pancreas in male (upper panel) and female

(lower panel) Trap/Kras and Kras mice (n = 4). (B, C) Representative H&E staining of pancreata from female mice and histopathological grad-

ing of the area of reactive tissue (i.e., fibrosis, edema, ADM, PanIN1-3, PDAC) of Trap/Kras mice compared with age-matched Kras litter-

mates (n = 4). Scale bars, 200 lm. (D, E) Representative RAS activity assay and densitometric analysis of RAS activity in the pancreas of

female Trap/Kras vs. Kras mice (n = 4). Blots were repeated two times. (F) Representative western blot analysis of pancreatic tissue detect-

ing phosphorylated and total ERBB receptors of female Trap/Kras compared with Kras mice (n = 4), GAPDH served as reference protein.

Blots were repeated two times. (G) Densitometrical analysis of western blot analysis (n = 4). Data were analyzed by the Student’s t-test

and are represented as mean � SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

(A)

(B)

Fig. 3. Generation and validation of ERBB-KO Panc-1 cells using CRISPR/Cas9 gene editing. (A) Alignment of the genetic sequence at the

gRNA target site region of the designated ERBB receptors EGFR (E1), ERBB2 (E2), ERBB3 (E3), and ERBB4 (E4) with the CRISPR/Cas9-

engineered genomic sequences of the clones EGFR-KO C7/C9 (E1KO_1/2), ERBB2-KO A5/B5 (E2KO_1/2), ERBB3-KO B4/B8 (E3KO_1/2),

and ERBB4-KO B4/C9 (E4KO_1/2), blue: gRNA target sequence, red: protospacer adjacent motif, green: base pair modifications (indels). (B)

Western blot analysis verifying the knockout of individual ERBB receptors in derivatives of the Panc-1 cell line. TUB1A1 served as reference

protein. Blots were repeated three times.
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However, based on new findings from basic research,

PDAC treatment with PARP inhibitors in combina-

tion with chemotherapy seems to be promising [26,27].

Also, EGFR in PDAC research has been of great

interest because the receptor is an important player in

PDAC pathogenesis [4,5]. However, its family mem-

bers ERBB2, ERBB3, and ERBB4 might also act as

potent oncogenes, hence should also be considered as

therapeutic targets in PDAC. It was shown that during

tumorigenesis the ERBB system acts as a compensa-

tory network, which reacts with altered expression or

phosphorylation patterns following the inhibition of

one member [6,28]. This suggests that the inhibition of

all ERBB receptors might be more efficient than tar-

geting a single ERBB receptor. Nevertheless, antibody-

based therapy of cancer has achieved significant

Fig. 4. ERBB-signaling of ERBB-KO clones. Western blot analysis of the expression and phosphorylation state of the different ERBB recep-

tors in two EGFR (E1), ERBB2 (E2), ERBB3 (E3), and ERBB4 (E4) knockout (KO) clones, prior (denote -) and following stimulation with BTC

(denote B). Wild-type Panc-1 cells served as control. TUBA1A served as reference protein. Blots were repeated three times.

Fig. 5. Canonical intracellular signaling of ERBB-KO clones stimulated with betacellulin. Western blot analysis of intracellular signaling cas-

cades in EGFR (E1), ERBB2 (E2), ERBB3 (E3), and ERBB4 (E4) knockout (KO) clones, prior (denote -) and following stimulation with BTC

(denote B). Wild-type Panc-1 cells (control) were used in parallel. TUBA1A served as reference protein. Blots were repeated three times.
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success in the last years and MABs against EGFR

(cetuximab, panitumumab) [29], ERBB2 (trastuzumab,

pertuzumab) [29], and ERBB3 (patritumab, seribantu-

mab, lumretuzumab) [30] are used to treat various type

of cancer. MABs against ERBB4 have been developed

or are in development and will be soon brought into

clinical trials; they reduce the rate of proliferation of

neuregulin-1-dependent breast cancer cells in vivo [31].

Antibody-based therapy for cancer has become impor-

tant in the last decade to support chemotherapy or

immunotherapy. Unfortunately, skin toxicity is a com-

mon drug-related adverse event in cancer patients trea-

ted with ERBB MABs and with TKIs. Many cancer

patients (45–100%) suffer from the toxic side effects of

the MABs and terminate the therapy too early [8–10].
An EGFR-MAB therapy may be associated with

strong dermatological toxicities, inflammations, Staph-

ylococcus aureus superinfection, and hematopoietic side

effects such as papulopustular rush, nail inflammation,

dry skin, alopecia, increased growth of eyelashes and

facial hair, and strong pruritus [9]. Similar toxicity

effects are described in therapies with EGFR-TKIs

(e.g., afatinib, erlotinib), which are often associated

with refractory pruritus and diarrhea [32,33]. These

events are often triggers for psycho-social effects,

which decrease the patients’ quality of life. Patients

treated with trastuzumab or pertuzumab often suffer

from infected skin and nails, esophagitis and pneumo-

nitis [34,35] and from heart dysfunction and strong

diarrhea [36]. Patients treated with lumretuzumab suf-

fer from diarrhea, fatigue, decreased appetite, as well

as from rash, and dry skin [30,37]. A novel strategy to

reduce ERBB-signaling and to simultaneously avoid

toxicity lies in the possibility to target the ERBB

receptor ligands. Our decoy molecule combines the

ligand-binding domains of EGFR and ERBB4 and is

therefore able to sequester all ERBB ligands, thereby

possibly decreasing ERBB signaling. Inhibition of the

ligands instead of the receptors could be an effective

alternative treatment because it was shown that the

overexpression of EGFR ligands, for example, TGFA,

correlates with poor survival in PDAC [11], colorectal

cancer [38], bladder cancer [39] or head and neck can-

cer [40]. Since the decoy acts indirectly on the recep-

tors and not directly like MABs and TKIs, there

might be fewer toxicity effects, while the reduction of

the ligands inhibits tumor growth as described in the

ligand knockout mouse models. However, it is notable

that no decoy approach has been tested in cancer

patients, hence potential adverse effects remain

unknown. To evaluate the decoy in mice, we crossed

TRAP-FC mice in the KRASG12D/+ PDAC mouse

model and revealed that Trap/Kras mice acquired

reduced pancreatic lesions, possibly due to a decreased

RAS activity compared with age-matched Kras con-

trols. Thus, along with efficacy tests, our animal model

would permit in-depth, long-term exploration of side

effects of the decoy molecule. It is noteworthy that so

far we have followed our Trap animals for 6 months

but have observed no overt toxicity. Our results indi-

cate that TRAP-FC is able to reduce the pancreatic

lesion area without showing any detectable toxicity.

All ERBB receptors were significantly less expressed in

the pancreas of Trap/Kras mice, except for ERBB3. As

expected, the phosphorylation state of EGFR, ERBB2,

and ERBB3 was significantly reduced. These data,

altogether, point to a reduction in pan-ERBB signal-

ing. In our recent publication, we have shown that the

genetic deletion of a single ligand of the ERBB family,

BTC, also led to a reduced tumor burden in Kras

mice, which was due to decreased EGFR-signaling [6].

Another group associated the inhibition of AREG

with the inhibition of EGFR/ERBB3-heterodimer for-

mation and a reduction in MAPK1/3 and AKT signal-

ing in AsPC-1 cells [41]. Both studies emphasized the

power of ERBB ligands in pancreatic cancer. Loss of

BTC [42], EGF [43], and EPGN [44] shows no pheno-

type in mice, but the deletion of TGFA [45,46],

HBEGF [42], EREG [47], and AREG [48] leads to

severe alteration such as poorly differentiated lungs

and enlarged dysfunctional hearts, gastric mucosal

lesions, chronic dermatitis, curly coat of hair and

growth restriction. However, none of these symptoms

were observed in Trap mice. As we have shown by

western blot, in trap mice are the levels of ERBB

ligands TGFA and EGF only reduced and not deleted,

but this seems to be sufficient enough to reduce tumor

growth and does not cause side effects. However,

ERBB4 phosphorylation was increased, indicating a

reciprocal regulation in Trap/Kras compared with Kras

mice, which does not fit the remaining results. The

ERBB4 receptor has many faces and it turned out that

its function has to be looked at in a context-dependent

manner. First, the affinity of ERBB4 ligands to the

ERBB4-TRAP domain might be weaker than to the

physiologic receptor so that some ligands might bind

and activate the wild-type ERBB4 receptor in the pres-

ence of TRAP-Fc. Second, ERBB4 might act autono-

mously in response to the down-regulation of the

remaining receptors, as we have observed previously in

Kras mice lacking EGFR [6] or as revealed in breast

cancer cells, where the intracellular domain (IDC80) of

ERBB4 stands in against the tyrosine kinase inhibition

of other ERBB members in order to maintain onco-

genic signaling [28]. However, it is notable that we

have not observed ICD activation of ERBB4 in our
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experimental system. Third, ERBB4 phosphorylation

might be considered a positive way to protect Kras

mice from developing PDAC. Indeed, ERBB4 might

have tumor-suppressive functions in different cancers

and its role in cancer remains controversial [49]. On

the other hand, its activation could also be associated

with a protective effect since ERBB4 phosphorylation

plays a protective role in acute pancreatitis [50].

Hence, the question remains whether ERBB4 has a

tumor-suppressive function or whether this receptor is

the main driver of tumor development in Trap/Kras

mice after signaling by the three other ERBB members

was silenced through the inhibition of their ligands.

In our in vivo PDAC animal model, all four ERBB

receptors should be equally affected by the TRAP

decoy. To investigate, which receptor affects the tumor

cells the most in PDAC, we chose a human in vitro

model, as it is easier to analyze the signaling pathways

of each receptor in cell culture. To evaluate ERBB

receptor dependencies of PDAC in human cells, we

deleted each single ERBB receptor using CRISPR/

Cas9 technology in Panc-1 cells and investigated the

activation of the ERBB signaling network. We found

that ERBB2 activation was highly dependent on the

presence of EGFR. On the contrary, EGFR activation

was partially dependent on ERBB2 and also, but to a

lesser extent, dependent on ERBB4. ERBB4 expression

was increased in ERBB2-KOs, which indicates that

these three receptors share a co-dependency upon BTC

stimulation, which is in line with what has previously

been observed in a murine PDAC model [6]. However,

the influence of ERBB4 on canonical intracellular sig-

naling is negligible since changes in MAPK signaling

were only affected by mainly EGFR and to a lesser

extent by ERBB2. MAPK1/3 signaling is uniquely

induced by EGFR and our knockout experiments in

mice have shown that upon BTC stimulation, the

ERBB4 receptor highly influences EGFR, MAPK1/3,

and MAPK8/9 signaling [6]. By contrast, EGFR,

ERBB2, and ERBB3 were similarly involved in AKT

signaling in Panc-1 cells, while no change in AKT sig-

naling has been observed in our murine KO models.

However, the only compensatory mechanism on the

receptor level was observed by the upregulation of

ERBB4 expression upon the loss of ERBB2. Intracel-

lularly, we also found compensatory STAT3 phos-

phorylation upon the loss of ERBB4. We found the

compensation of ERBB3 signaling by STAT5 activa-

tion after BTC stimulation. However, STAT3 is consti-

tutively activated in Panc-1 cells [51] and is

independent of EGFR, ERBB2, or ERBB3 activation.

This is not surprising since STAT3 is a component of

the receptor-associated Janus kinases (JAK) pathway

mediating cytokine signaling. STAT3 could compen-

sate for the loss of ERBB4 signaling, and since STAT3

has been shown to be required for PDAC development

and acts also as a driver of cell proliferation in PDAC

[52], it might be the reason for the slightly enhanced

proliferation rates we observed in ERBB4-KO cells.

These results indicate a crosstalk of the ERBB recep-

tors with the JAK/STAT pathway. However, many

pathway downstream of the ERBB receptors such as

MAPK, AKT, JAK/STAT, or RAS could also be acti-

vated by other RTKs like hepatocyte growth factor

receptor (MET), fibroblast growth factor receptor

(FGFR), platelet-derived growth factor receptor alpha

(PDGFRA), or receptor protein-tyrosine kinase

(AXL), which are often associated with ERBB recep-

tors and could be influenced by ERBB inhibitors [53].

Loss of EGFR or ERBB2 in human Panc-1 cells

results in delayed migration, reduced proliferation rate,

and increased tumor growth behavior. Just an

increased proliferation rate and also an increased

migration are important hallmarks of cancer [54]. The

wound healing assay used for cell migration behavior

also reflects proliferation rate why the results from the

proliferation assays are also reflected in this test. How-

ever, our results show that both EGFR and ERBB2

play a significant role in PDAC and their loss leads to

slowed tumor growth. We have shown the importance

of EGFR and ERBB2 for PDAC in several previous

studies and it has also been demonstrated by other

groups [4–6]. Surprisingly, ERBB3- and ERBB4-KO

cells show a completely different behavior, no changes

in proliferation and tumor growth, and even accelerated

migration. An opposite behavior in ERBB3 and

Fig. 6. Characterization of wound closure, proliferation, and RAS activity of Panc-1 ERBB-KO clones. (A) Representative light-microscopic

images of Panc-1 EGFR (E1KO_2), ERBB2 (E2KO_2), ERBB3 (E3KO_2), and ERBB4 (E4KO_2) knockout clones compared with mock Panc-1

cells (control) at the indicated time points after wounding (n = 6). Scale bars, 200 lm (B) Quantitative analysis of wound closure was per-

formed for all clones and represented as the reduction of the cell-free area of the gap over time (n = 6). (C) Quantitative analysis of prolifera-

tion rate of the designated ERBB-KO clones compared with wild-type Panc-1 cells (n = 4). (D) Picture shows representative xenograft

tumors of each knockout cell line and Panc-1 control cell line (n = 5). Scale bar represents 1 cm. (E) Scatter plot presents xenograft tumor

weights (n = 5). (F, G) Representative RAS activity assay before (F) and after BTC stimulation (G). Blots were repeated two times. (H, I)

Densitometrical analysis of RAS activity assay before (H) and after BTC stimulation (I) (Co: n = 1, E1-4KO: n = 2). Data were analyzed by the

Student’s t-test and are represented as mean � SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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ERBB4-KO cells is not strongly surprising and could be

a counter-regulatory behavior of the ERBB network.

Although many intracellular signaling pathways were

reduced in the ERBB-KO clones, we could not detect a

reduction of RAS activity in each single ERBB receptor.

However, particularly an unaltered RAS activation is

interesting, since we found a strong reduction in MAP

kinase signaling in EGFR-KO clones. It is intriguing

that this reduction is not linked to reduced RAS activ-

ity, since RAS acts upstream of MAPK. In a previous

study, we correlated the loss of EGFR in a pancreatic

cancer mouse model to a significantly reduced amount

of RASGTP molecules [6]. Possibly, RAF activation

might play a role in this complex signaling mechanism

and should be investigated in more detail. It might also

be possible, that the loss of a single receptor is not suffi-

cient to reduce RAS activity. Likely RAS activity is only

induced upon the heterodimerization of the ERBB

receptors and we identified a co-dependency of at least

EGFR and ERBB2. Simultaneous inhibition of these

two receptors might unveil more insights into the com-

plex function of the ERBB network.

5. Conclusion

Since the inhibition of a single ERBB receptor seems

insufficiently effective in treating pancreatic adenocarci-

noma, our study provides evidence that inhibiting pan-

ERBB-signaling by trapping all ERBB ligands is a more

promising approach. In line with this concept, anti-

tumorigenic effects of pan-ERBB have been demon-

strated already in pancreatic cancer cell lines [17]. Our

study takes this one step further by using an in vivo

model and demonstrating that an ERBB ligand trap

reduced pancreatic lesion area in mice. This study and

our recently published work emphasize the urgency of

using pan-ERBB strategies instead of blocking single

receptors of the family. Unfortunately, a recent study

showed that afatinib, a TKI that inhibits EGFR and

ERBB2, in combination with the cytostatic drug gemci-

tabine, did not improve gemcitabine treatment alone

[55]. The new high efficacy of pharmacological strategies

utilizing drug combinations as it is used in HIV therapy

could also be useful in cancer treatment. A combination

of chemotherapy with different MAPs and TKIs

together with decoy molecules may be useful.

Acknowledgements

We thank Dr Ingrid Renner-M€uller and Petra Renner

for excellent animal care, Maximillian Marschall and

Franziska Kress for assistance with western blot analy-

sis, and Josef Millauer for mouse genotyping.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

MD, KH, and YY involved in the study concept and

design. MD and KH involved in the acquisition of

data. MD, KH, ML, AB, TH, and NBN involved in

the analysis and interpretation of data. MD, KH, and

YY involved in drafting of the manuscript. MD, KH,

ML, and YY involved in the critical revision of the

manuscript for important intellectual content. MD,

KH, ML, and KEA involved in statistical analysis.

Obtained funding was not applicable. MD, KH, YY,

ML, AB, TH, and NBN involved in administrative,

technical, or material support. MD and YY involved

in study supervision.

Peer review

The peer review history for this article is available at

https://www.webofscience.com/api/gateway/wos/peer-

review/10.1002/1878-0261.13473.

Data accessibility

All data generated or analyzed during this study are

included in this published article and its supplementary

information files.

References

1 Ferlay J, Colombet M, Soerjomataram I, Dyba T,

Randi G, Bettio M, et al. Cancer incidence and

mortality patterns in Europe: estimates for 40

countries and 25 major cancers in 2018. Eur J

Cancer. 2018;103:356–87. https://doi.org/10.1016/j.ejca.
2018.07.005

2 Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer

statistics, 2023. CA Cancer J Clin. 2023;73:17–48.
https://doi.org/10.3322/caac.21763

3 Chandana S, Babiker HM, Mahadevan D. Therapeutic

trends in pancreatic ductal adenocarcinoma (PDAC).

Expert Opin Investig Drugs. 2019;28:161–77. https://doi.
org/10.1080/13543784.2019.1557145

4 Ardito CM, Gruner BM, Takeuchi KK, Lubeseder-

Martellato C, Teichmann N, Mazur PK, et al. EGF

receptor is required for KRAS-induced pancreatic

tumorigenesis. Cancer Cell. 2012;22:304–17. https://doi.
org/10.1016/j.ccr.2012.07.024

5 Navas C, Hern�andez-Porras I, Schuhmacher Alberto J,

Sibilia M, Guerra C, Barbacid M. EGF receptor

signaling is essential for K-Ras oncogene-driven

14 Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Trapping ERBB ligands in PDAC K. Hedegger et al.

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13473 by V

eterinärm
edizinische U

niversität W
ien, W

iley O
nline Library on [17/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13473
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13473
https://doi.org/10.1016/j.ejca.2018.07.005
https://doi.org/10.1016/j.ejca.2018.07.005
https://doi.org/10.3322/caac.21763
https://doi.org/10.1080/13543784.2019.1557145
https://doi.org/10.1080/13543784.2019.1557145
https://doi.org/10.1016/j.ccr.2012.07.024
https://doi.org/10.1016/j.ccr.2012.07.024


pancreatic ductal adenocarcinoma. Cancer Cell.

2012;22:318–30. https://doi.org/10.1016/j.ccr.2012.08.001
6 Hedegger K, Algul H, Lesina M, Blutke A, Schmid RM,

Schneider MR, et al. Unraveling ERBB network

dynamics upon betacellulin signaling in pancreatic ductal

adenocarcinoma in mice. Mol Oncol. 2020;14:1653–69.
https://doi.org/10.1002/1878-0261.12699

7 Moore MJ, Goldstein D, Hamm J, Figer A, Hecht JR,

Gallinger S, et al. Erlotinib plus gemcitabine compared

with gemcitabine alone in patients with advanced

pancreatic cancer: a phase III trial of the National

Cancer Institute of Canada clinical trials group. J Clin

Oncol. 2007;25:1960–6. https://doi.org/10.1200/jco.2006.
07.9525

8 Holcmann M, Sibilia M. Mechanisms underlying skin

disorders induced by EGFR inhibitors. Mol Cell Oncol.

2015;2:e1004969. https://doi.org/10.1080/23723556.2015.

1004969

9 Lacouture ME. Mechanisms of cutaneous toxicities to

EGFR inhibitors. Nat Rev Cancer. 2006;6:803–12.
10 Lacouture ME, Schadendorf D, Chu CY,

Uttenreuther-Fischer M, Stammberger U, O’Brien D,

et al. Dermatologic adverse events associated with

afatinib: an oral ErbB family blocker. Expert Rev

Anticancer Ther. 2013;13:721–8. https://doi.org/10.
1586/era.13.30

11 Korc M, Chandrasekar B, Yamanaka Y, Friess H,

Buchier M, Beger HG. Overexpression of the epidermal

growth factor receptor in human pancreatic cancer is

associated with concomitant increases in the levels of

epidermal growth factor and transforming growth

factor alpha. J Clin Invest. 1992;90:1352–60. https://doi.
org/10.1172/jci116001

12 Ray KC, Moss ME, Franklin JL, Weaver CJ,

Higginbotham J, Song Y, et al. Heparin-binding

epidermal growth factor-like growth factor eliminates

constraints on activated Kras to promote rapid onset of

pancreatic neoplasia. Oncogene. 2014;33:823–31. https://
doi.org/10.1038/onc.2013.3

13 Wagner M, Luhrs H, Kloppel G, Adler G, Schmid

RM. Malignant transformation of duct-like cells

originating from acini in transforming growth factor

transgenic mice. Gastroenterology. 1998;115:1254–62.
14 Wang L, Wu H, Wang L, Lu J, Duan H, Liu X, et al.

Expression of amphiregulin predicts poor outcome in

patients with pancreatic ductal adenocarcinoma. Diagn

Pathol. 2016;11:60. https://doi.org/10.1186/s13000-016-

0512-4

15 Zhu Z, Kleeff J, Friess H, Wang L, Zimmermann A,

Yarden Y, et al. Epiregulin is up-regulated in

pancreatic cancer and stimulates pancreatic cancer cell

growth. Biochem Biophys Res Commun. 2000;273:1019–
24. https://doi.org/10.1006/bbrc.2000.3033

16 Roskoski R Jr. The ErbB/HER family of protein-

tyrosine kinases and cancer. Pharmacol Res.

2014;79:34–74. https://doi.org/10.1016/j.phrs.2013.11.
002

17 Lindzen M, Carvalho S, Starr A, Ben-Chetrit N,

Pradeep CR, Kostler WJ, et al. A recombinant decoy

comprising EGFR and ErbB-4 inhibits tumor growth

and metastasis. Oncogene. 2012;31:3505–15. https://doi.
org/10.1038/onc.2011.518

18 Jackson EL, Willis N, Mercer K, Bronson RT, Crowley

D, Montoya R, et al. Analysis of lung tumor initiation

and progression using conditional expression of

oncogenic K-ras. Genes Dev. 2001;15:3243–8. https://
doi.org/10.1101/gad.943001

19 Nakhai H, Sel S, Favor J, Mendoza-Torres L, Paulsen

F, Duncker GI, et al. Ptf1a is essential for the

differentiation of GABAergic and glycinergic amacrine

cells and horizontal cells in the mouse retina.

Development. 2007;134:1151–60. https://doi.org/10.1242/
dev.02781

20 Schmid-Burgk JL, Schmidt T, Gaidt MM, Pelka K,

Latz E, Ebert TS, et al. OutKnocker: a web tool for

rapid and simple genotyping of designer nuclease edited

cell lines. Genome Res. 2014;24:1719–23. https://doi.org/
10.1101/gr.176701.114

21 Howard VaR MG. Unbiased stereology. New York,

NY: Garland Science/BIOS Scientific Publishers; 2004.

22 Weibel ER. Stereological methods I. Practical methods

for biological morphometry. London: Academic Press;

1979.

23 Yarden Y, Sliwkowski MX. Untangling the ErbB

signalling network. Nat Rev Mol Cell Biol. 2001;2:127–
37.

24 Watanabe M, Nobuta A, Tanaka J, Asaka M. An

effect of K-ras gene mutation on epidermal growth

factor receptor signal transduction in PANC-1

pancreatic carcinoma cells. Int J Cancer. 1996;67:264–8.
https://doi.org/10.1002/(sici)1097-0215(19960717)67:

2<264::Aid-ijc18>3.0.Co;2-b
25 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018.

CA Cancer J Clin. 2018;68:7–30. https://doi.org/10.
3322/caac.21442

26 Hammel P, Vitellius C, Boisteau �E, Wisniewski M,

Colle E, Hilmi M, et al. Maintenance therapies in

metastatic pancreatic cancer: present and future with a

focus on PARP inhibitors. Ther Adv Med Oncol.

2020;12:1758835920937949. https://doi.org/10.1177/

1758835920937949

27 Roger E, Gout J, Arnold F, Beutel AK, M€uller M,

Abaei A, et al. Maintenance therapy for ATM-deficient

pancreatic cancer by multiple DNA damage response

interferences after platinum-based chemotherapy. Cell.

2020;9:2110. https://doi.org/10.3390/cells9092110

28 Kong A, Calleja V, Leboucher P, Harris A, Parker PJ,

Larijani B. HER2 oncogenic function escapes EGFR

tyrosine kinase inhibitors via activation of alternative

HER receptors in breast cancer cells. PLoS ONE.

15Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

K. Hedegger et al. Trapping ERBB ligands in PDAC

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13473 by V

eterinärm
edizinische U

niversität W
ien, W

iley O
nline Library on [17/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1016/j.ccr.2012.08.001
https://doi.org/10.1002/1878-0261.12699
https://doi.org/10.1200/jco.2006.07.9525
https://doi.org/10.1200/jco.2006.07.9525
https://doi.org/10.1080/23723556.2015.1004969
https://doi.org/10.1080/23723556.2015.1004969
https://doi.org/10.1586/era.13.30
https://doi.org/10.1586/era.13.30
https://doi.org/10.1172/jci116001
https://doi.org/10.1172/jci116001
https://doi.org/10.1038/onc.2013.3
https://doi.org/10.1038/onc.2013.3
https://doi.org/10.1186/s13000-016-0512-4
https://doi.org/10.1186/s13000-016-0512-4
https://doi.org/10.1006/bbrc.2000.3033
https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1016/j.phrs.2013.11.002
https://doi.org/10.1038/onc.2011.518
https://doi.org/10.1038/onc.2011.518
https://doi.org/10.1101/gad.943001
https://doi.org/10.1101/gad.943001
https://doi.org/10.1242/dev.02781
https://doi.org/10.1242/dev.02781
https://doi.org/10.1101/gr.176701.114
https://doi.org/10.1101/gr.176701.114
https://doi.org/10.1002/(sici)1097-0215(19960717)67:2<264::Aid-ijc18>3.0.Co;2-b
https://doi.org/10.1002/(sici)1097-0215(19960717)67:2<264::Aid-ijc18>3.0.Co;2-b
https://doi.org/10.3322/caac.21442
https://doi.org/10.3322/caac.21442
https://doi.org/10.1177/1758835920937949
https://doi.org/10.1177/1758835920937949
https://doi.org/10.3390/cells9092110


2008;3:e2881. https://doi.org/10.1371/journal.pone.

0002881

29 Hynes NE, Lane HA. ERBB receptors and cancer: the

complexity of targeted inhibitors. Nat Rev Cancer.

2005;5:341–54.
30 Meulendijks D, Jacob W, Voest EE, Mau-Sorensen M,

Martinez-Garcia M, Taus A, et al. Phase Ib study of

Lumretuzumab plus cetuximab or erlotinib in solid

tumor patients and evaluation of HER3 and Heregulin

as potential biomarkers of clinical activity. Clin Cancer

Res. 2017;23:5406–15. https://doi.org/10.1158/1078-
0432.ccr-17-0812

31 Okazaki S, Nakatani F, Masuko K, Tsuchihashi K,

Ueda S, Masuko T, et al. Development of an ErbB4

monoclonal antibody that blocks neuregulin-1-induced

ErbB4 activation in cancer cells. Biochem Biophys Res

Commun. 2016;470:239–44. https://doi.org/10.1016/j.
bbrc.2016.01.045

32 Rugo HS, Di Palma JA, Tripathy D, Bryce R,

Moran S, Olek E, et al. The characterization,

management, and future considerations for ErbB-

family TKI-associated diarrhea. Breast Cancer Res

Treat. 2019;175:5–15. https://doi.org/10.1007/s10549-
018-05102-x

33 Zhou T, Zhang Y, Ma Y, Ma W, Wu X, Huang L,

et al. Comparison of aprepitant versus desloratadine for

EGFR-TKI-induced pruritus: a randomized phase 2

clinical trial. Cancer. 2022;128:3969–76. https://doi.org/
10.1002/cncr.34474

34 Ajgal Z, de Percin S, Dieras V, Pierga JY, Campana F,

Fourquet A, et al. Combination of radiotherapy and

double blockade HER2 with pertuzumab and trastuzumab

for HER2-positive metastatic or locally recurrent

unresectable and/or metastatic breast cancer: assessment of

early toxicity. Cancer Radiother. 2017;21:114–8. https://doi.
org/10.1016/j.canrad.2016.10.002

35 Mortimer J, Jung J, Yuan Y, Kruper L, Stewart D,

Chung S, et al. Skin/nail infections with the addition of

pertuzumab to trastuzumab-based chemotherapy.

Breast Cancer Res Treat. 2014;148:563–70. https://doi.
org/10.1007/s10549-014-3190-5

36 von Minckwitz G, Procter M, de Azambuja E,

Zardavas D, Benyunes M, Viale G, et al. Adjuvant

Pertuzumab and trastuzumab in early HER2-positive

breast cancer. N Engl J Med. 2017;377:122–31. https://
doi.org/10.1056/NEJMoa1703643

37 Meulendijks D, Jacob W, Martinez-Garcia M, Taus A,

Lolkema MP, Voest EE, et al. First-in-human phase I

study of Lumretuzumab, a glycoengineered humanized

anti-HER3 monoclonal antibody, in patients with

metastatic or advanced HER3-positive solid tumors.

Clin Cancer Res. 2016;22:877–85. https://doi.org/10.
1158/1078-0432.ccr-15-1683

38 Barozzi C, Ravaioli M, D’Errico A, Grazi GL, Poggioli

G, Cavrini G, et al. Relevance of biologic markers in

colorectal carcinoma: a comparative study of a broad

panel. Cancer. 2002;94:647–57. https://doi.org/10.1002/
cncr.10278

39 Thøgersen VB, Sørensen BS, Poulsen SS, Orntoft TF,

Wolf H, Nexo E. A subclass of HER1 ligands are

prognostic markers for survival in bladder cancer

patients. Cancer Res. 2001;61:6227–33.
40 Grandis JR, Chakraborty A, Zeng Q, Melhem MF,

Tweardy DJ. Downmodulation of TGF-alpha protein

expression with antisense oligonucleotides inhibits

proliferation of head and neck squamous carcinoma but

not normal mucosal epithelial cells. J Cell Biochem.

1998;69:55–62.
41 Yotsumoto F, Fukami T, Yagi H, Funakoshi A,

Yoshizato T, Kuroki M, et al. Amphiregulin regulates

the activation of ERK and Akt through epidermal

growth factor receptor and HER3 signals involved in

the progression of pancreatic cancer. Cancer Sci.

2010;101:2351–60. https://doi.org/10.1111/j.1349-7006.
2010.01671.x

42 Jackson LF, Qiu TH, Sunnarborg SW, Chang A,

Zhang C, Patterson C, et al. Defective valvulogenesis

in HB-EGF and TACE-null mice is associated

with aberrant BMP signaling. EMBO J.

2003;22:2704–16.
43 Troyer KL, Luetteke NC, Saxon ML, Qiu TH, Xian

CJ, Lee DC. Growth retardation, duodenal lesions, and

aberrant ileum architecture in triple null mice lacking

EGF, amphiregulin, and TGF-alpha. Gastroenterology.

2001;121:68–78.
44 Dahlhoff M, Schafer M, Wolf E, Schneider MR.

Genetic deletion of the EGFR ligand epigen does not

affect mouse embryonic development and tissue

homeostasis. Exp Cell Res. 2013;319:529–35.
45 Luetteke NC, Qiu TH, Peiffer RL, Oliver P, Smithies

O, Lee DC. TGF alpha deficiency results in hair follicle

and eye abnormalities in targeted and waved-1 mice.

Cell. 1993;73:263–78.
46 Mann GB, Fowler KJ, Gabriel A, Nice EC, Williams

RL, Dunn AR. Mice with a null mutation of the TGF

alpha gene have abnormal skin architecture, wavy hair,

and curly whiskers and often develop corneal

inflammation. Cell. 1993;73:249–61.
47 Shirasawa S, Sugiyama S, Baba I, Inokuchi J, Sekine S,

Ogino K, et al. Dermatitis due to epiregulin deficiency

and a critical role of epiregulin in immune-related

responses of keratinocyte and macrophage. Proc Natl

Acad Sci USA. 2004;101:13921–6.
48 Luetteke NC, Qiu TH, Fenton SE, Troyer KL,

Riedel RF, Chang A, et al. Targeted inactivation of

the EGF and amphiregulin genes reveals distinct roles

for EGF receptor ligands in mouse mammary gland

development. Development. 1999;126:2739–50.
49 Segers VFM, Dugaucquier L, Feyen E, Shakeri H, De

Keulenaer GW. The role of ErbB4 in cancer. Cell

16 Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

Trapping ERBB ligands in PDAC K. Hedegger et al.

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13473 by V

eterinärm
edizinische U

niversität W
ien, W

iley O
nline Library on [17/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1371/journal.pone.0002881
https://doi.org/10.1371/journal.pone.0002881
https://doi.org/10.1158/1078-0432.ccr-17-0812
https://doi.org/10.1158/1078-0432.ccr-17-0812
https://doi.org/10.1016/j.bbrc.2016.01.045
https://doi.org/10.1016/j.bbrc.2016.01.045
https://doi.org/10.1007/s10549-018-05102-x
https://doi.org/10.1007/s10549-018-05102-x
https://doi.org/10.1002/cncr.34474
https://doi.org/10.1002/cncr.34474
https://doi.org/10.1016/j.canrad.2016.10.002
https://doi.org/10.1016/j.canrad.2016.10.002
https://doi.org/10.1007/s10549-014-3190-5
https://doi.org/10.1007/s10549-014-3190-5
https://doi.org/10.1056/NEJMoa1703643
https://doi.org/10.1056/NEJMoa1703643
https://doi.org/10.1158/1078-0432.ccr-15-1683
https://doi.org/10.1158/1078-0432.ccr-15-1683
https://doi.org/10.1002/cncr.10278
https://doi.org/10.1002/cncr.10278
https://doi.org/10.1111/j.1349-7006.2010.01671.x
https://doi.org/10.1111/j.1349-7006.2010.01671.x


Oncol. 2020;43:335–52. https://doi.org/10.1007/s13402-
020-00499-4

50 Hedegger K, Stumpf F, Blum H, Graf A, Schmid RM,

Lesina M, et al. The protective effect of betacellulin

against acute pancreatitis is ERBB4 dependent. J

Gastroenterol. 2020;55:317–29. https://doi.org/10.1007/
s00535-019-01613-6

51 Toyonaga T, Nakano K, Nagano M, Zhao G,

Yamaguchi K, Kuroki S, et al. Blockade of constitutively

activated Janus kinase/signal transducer and activator of

transcription-3 pathway inhibits growth of human

pancreatic cancer. Cancer Lett. 2003;201:107–16. https://
doi.org/10.1016/s0304-3835(03)00482-8

52 Corcoran RB, Contino G, Deshpande V, Tzatsos A,

Conrad C, Benes CH, et al. STAT3 plays a critical role

in KRAS-induced pancreatic tumorigenesis. Cancer

Res. 2011;71:5020–9. https://doi.org/10.1158/0008-5472.
Can-11-0908

53 Lei T, Xu T, Zhang N, Zou X, Kong Z, Wei C, et al.

Anlotinib combined with osimertinib reverses acquired

osimertinib resistance in NSCLC by targeting the c-

MET/MYC/AXL axis. Pharmacol Res.

2023;188:106668. https://doi.org/10.1016/j.phrs.2023.

106668

54 Hanahan D, Weinberg RA. Hallmarks of cancer: the

next generation. Cell. 2011;144:646–74. https://doi.org/
10.1016/j.cell.2011.02.013

55 Haas M, Waldschmidt DT, Stahl M, Reinacher-Schick

A, Freiberg-Richter J, Fischer von Weikersthal L, et al.

Afatinib plus gemcitabine versus gemcitabine alone as

first-line treatment of metastatic pancreatic cancer: the

randomised, open-label phase II ACCEPT study of the

Arbeitsgemeinschaft Internistische Onkologie with an

integrated analysis of the ‘burden of therapy’ method.

Eur J Cancer. 2021;146:95–106. https://doi.org/10.1016/
j.ejca.2020.12.029

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Expression of TRAP-FC in transgenic mice.

Table S1. Guide RNA-design for ERBB-KOs.

Table S2. Primers used for ERBB-KO-genotyping.

Table S3. Primers used for miSeq.

Table S4. Antibodies used for western blot analysis.

17Molecular Oncology (2023) � 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

K. Hedegger et al. Trapping ERBB ligands in PDAC

 18780261, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.13473 by V

eterinärm
edizinische U

niversität W
ien, W

iley O
nline Library on [17/07/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1007/s13402-020-00499-4
https://doi.org/10.1007/s13402-020-00499-4
https://doi.org/10.1007/s00535-019-01613-6
https://doi.org/10.1007/s00535-019-01613-6
https://doi.org/10.1016/s0304-3835(03)00482-8
https://doi.org/10.1016/s0304-3835(03)00482-8
https://doi.org/10.1158/0008-5472.Can-11-0908
https://doi.org/10.1158/0008-5472.Can-11-0908
https://doi.org/10.1016/j.phrs.2023.106668
https://doi.org/10.1016/j.phrs.2023.106668
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.ejca.2020.12.029
https://doi.org/10.1016/j.ejca.2020.12.029

	Trapping all ERBB ligands decreases pancreatic lesions ina murine model of pancreatic ductal adenocarcinoma
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Conflict of interest
	Author contributions
	Peer review
	Data accessibility
	References

