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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is currently the third 
leading cause of cancer-associated death worldwide and is pro-
jected to become the second by 2030 (1). Remarkable progress 
has been made in the last 5 years in disentangling the complex 
genetic and molecular drivers and subtypes of PDAC. Oncogenic 

Kras-driven, genetically engineered mouse models (GEMMs) of 
PDAC have uncovered several aspects of the coevolution of can-
cer lesions and tumor microenvironment during carcinogenesis 
(2). As faithful models, they are powerful in modeling the molecu-
lar events that lead to metastasis, intratumoral heterogeneity, and 
several defining features of the tumor microenvironment, such as 
local immunosuppression (3).

Human PDAC also exhibits a yet-unparalleled high frequency 
of neural invasion (NI) and neuroplastic alterations in the pancre-
as and in the central nervous system (4–6). NI was shown to be 
present in up to 100% of genuine ductal adenocarcinomas of the 
pancreas (7). NI in human PDAC typically manifests as perineu-
ral invasion (PNI), which implies the circular alignment of cancer 
cells along the epineural sheaths (7, 8) (Figure 1A). Importantly, 
in PDAC, the severity of NI, i.e., the penetration depth of cancer 

Solid cancers like pancreatic ductal adenocarcinoma (PDAC), a type of pancreatic cancer, frequently exploit nerves for 
rapid dissemination. This neural invasion (NI) is an independent prognostic factor in PDAC, but insufficiently modeled in 
genetically engineered mouse models (GEMM) of PDAC. Here, we systematically screened for human-like NI in Europe’s 
largest repository of GEMM of PDAC, comprising 295 different genotypes. This phenotype screen uncovered 2 GEMMs 
of PDAC with human-like NI, which are both characterized by pancreas-specific overexpression of transforming growth 
factor α (TGF-α) and conditional depletion of p53. Mechanistically, cancer-cell-derived TGF-α upregulated CCL2 secretion 
from sensory neurons, which induced hyperphosphorylation of the cytoskeletal protein paxillin via CCR4 on cancer cells. 
This activated the cancer migration machinery and filopodia formation toward neurons. Disrupting CCR4 or paxillin 
activity limited NI and dampened tumor size and tumor innervation. In human PDAC, phospho-paxillin and TGF-α–
expression constituted strong prognostic factors. Therefore, we believe that the TGF-α-CCL2-CCR4-p-paxillin axis is a 
clinically actionable target for constraining NI and tumor progression in PDAC.
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In fact, the widely used oncogenic Kras-driven GEMMs of PDAC 
such as KC (p48-Cre; LSL-KrasG12D) or KPC (p48-Cre; LSL-KrasG12D; 
trp53lox/lox) did not exhibit PNI, although they harbored several 
enlarged nerves that were diffusely scattered in the tumor-infiltrat-
ed stroma. The lack of a “targeted” invasion of nerves by cancer 
cells in these important GEMMs of PDAC motivated us to further 
search for genotypes with exact human-like appearance of PNI. In 
our screen, we detected 2 genotypes with overt PDAC that fulfilled 
this criterion. Interestingly, both were driven by a pancreas-specif-
ic, transgenic overexpression of the transforming growth factor α 
(TGF-α) under the control of the elastase-1 promoter (Ela1-TGF-α): 
(a) Ela1-TGF-α; p48-Cre; trp53lox/lox (herein termed “TPC”) and (b) 
Ela1-TGF-α; p48-Cre; trp53lox/lox; RelAlox/lox (herein termed “TPAC”). 
We previously generated the latter phenotype to study (https://
mediatum.ub.tum.de/?id=1271675) the influence of canonical 
NF-kB signaling on the growth dynamics of PDAC.

In the TPC genotype, we detected long-distance perineural 
contact between cancer cells and the enlarged pancreatic nerves, 
yet the cancer cells did not fully encircle the nerves, as is seen in 
human PDAC (Supplemental Figure 1E). In the TPAC genotype, 
however, the nerves were fully engulfed by cancer cells, which 
represents the typical appearance of PNI of human PDAC (Fig-
ure 1B and Supplemental Figure 1E). Accordingly, the histological 
severity of NI, assessed by a clinically established scoring system 
(9, 17, 18) (0, the tumor cells in no contact with nerves; 1, the tumor 
cells perineurally touch the nerves, and 2, the tumor cells invade 
inside the nerve, Supplemental Figure 1D), was markedly higher in 
TPAC and TPC mice compared with the Kras-driven KC and KPC 
mutants (TPAC: 0.26 ± 0.10, TPC: 0.14 ± 0.09, KPC: 0.0 ± 0.0, 
KC: 0.0 ± 0.0) (Figure 1C and Supplemental Figure 1D). Interest-
ingly, the liver and lung metastases of TPAC mice did not exhibit 
NI (Supplemental Figure 2). To our knowledge, NI has also not yet 
been described in the metastases of human PDAC.

As the TPAC genotype exhibited a rather higher severity of NI 
and a more pronounced PNI than the TPC genotype, we also con-
sidered the possibility that the conditional/pancreas-specific loss 
of RelA/p65 (p65lox/lox) and the entailing suppression of the canon-
ical NFkB signaling is linked to PNI. Therefore, we also analyzed 
the nerve morphology in another genotype with pancreas-spe-
cific loss of RelA/p65 (p65lox/lox) together with conditional activa-
tion of the oncogenic Kras and biallelic loss of p53 (p48-Cre; LSL-
KrasG12D; trp53lox/lox; RelAlox/lox, herein termed “KPAC”). We found 
that the KPAC mice did not harbor PNI and therefore displayed 
much lower NI severity scores (data not shown). Hence, this 
observation suggested that it is the TGF-α hypersignaling, rather  
than the loss of the canonical NFkB signaling, that promotes 
human-like NI in the TPAC and TPC models. We also dissected 
the pathways that are differentially regulated in the TPAC- ver-
sus TPC-derived cancer cells with the aim to uncover signaling 
events that may result in the more severe and human-like NI of 
TPAC versus TPC mice. In this transcriptome analysis, we found 
that the overwhelming majority, i.e., 50% of all differentially reg-
ulated pathways, were related to metabolic events, such as the 
fructose/mannose, histidine, sphingolipid, pentose phosphate 
pathway (Supplemental Figure 3). This suggests that metabolic 
alterations can further aggravate the human-like perineural inva-
sive phenotype of murine pancreatic cancer.

cells into the intrapancreatic nerves, is an independent prognostic 
factor for overall and disease-free survival, as well as local recur-
rence (9). Indeed, nerve-invading cancer cells use these as high-
ways for rapid spread, which results in massive local tumor inva-
sion, surgical irresectability, and severe pain (4, 10–12). In human 
PDAC, NI, starts, however, at the earliest stages of cancer, e.g. in 
T1 tumors (13). In fact, Schwann cells (SCs) of peripheral nerves 
were shown to emerge already around the precursor lesions of 
PDAC, i.e. pancreatic intraepithelial neoplasias (PanINs), which 
suggests that it is nerves — not cancer cells — that first migrate 
to initiate NI (14). Neural and extrapancreatic tumor invasion 
toward the spinal cord have been previously reported to be pres-
ent in the oncogenic Kras-driven p48-Cre;LSL-KrasG12D;p53lox/– 
(KPC) GEMM of PDAC (15, 16). However, a direct comparison of 
NI in mouse PDAC to the morphology and molecular drivers of 
NI in human PDAC, has not yet been performed.

Considering this gap and the cardinal importance of NI for 
the course of human PDAC, we performed a systematic inves-
tigation of NI and neuromorphology in a large cohort of PDAC 
GEMMs comprising nearly 300 different allele combinations of 
oncogenes and tumor suppressors. Here, we uncover PDAC geno-
types with human-like NI and point out the underlying molecular 
mechanisms that promote these human-like neurophenotypes. 
These models will serve as valuable tools for preclinical trials that 
aim to target NI in PDAC.

Results
Phenotype screens of GEMMs of PDAC reveal human-like neuro-in-
vasive models. The Collaborative Research Centre 1321 (CRC1321) 
in Munich has generated, cataloged, and characterized 295 dif-
ferent allele combinations of oncogenes and tumor suppressors 
in GEMMs of PDACs in the past 4 years. These invaluable tools, 
which enable a profound mechanistic understanding of the com-
plex genetics and molecular drivers of PDAC, have served here 
as a unique platform for a phenotype screen for NI. The mouse 
alleles in this source comprise, among others, mutants of key 
genes and signaling pathways involved in pancreatic carcino-
genesis, such as tumor suppressors (e.g., p16lox/lox, Ink4alox/lox, 
and p53lox/lox), regulators of epithelial-mesenchymal transition 
(EMT) (LSL-Snail+/–, Cdh1lox/lox, and Tnclox/lox), TGF-β signaling 
(Tgfbr2lox/lox and Smad4lox/lox), genetic reporters (R26dTolox/lox and 
dsRED-eGFPlox/lox), viral targeting systems (Tva transgene), driv-
ers of endodermal lineage specification (Hnf4alox/lox), cell abla-
tion alleles (DTA), and dual recombinase system alleles (Pdx-Flp, 
FSF-KrasG12D, FSF-Rosa26-CreER, trp53frt/frt, and LSL-KrasG12D). From 
each, we screened 2 H&E-stained slides, as well as 2 immunos-
tained slides against the neuronal marker protein-gene-product 
9.5 (PGP9.5) per mouse in each of a total of 295 different geno-
types in the GEMMs from CRC1321. All genotypes were analyzed 
at an age at which they had developed overt invasive cancer (for 
a list of the analyzed age ranges and the number of mice per 
genotype, please refer to the Supplemental Tables 1 and 2; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI166333DS1)

In our screen, we detected a remarkably low frequency of 
human-like PNI in the primary tumor, which is defined as perineu-
ral alignment of cancer cells along the neural sheath (Figure 1A). 
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cells also exhibited elevated Ras activity. In Ras activity assays, we 
detected the Ras activity to be even higher in the isolated TPAC can-
cer cells than in KPC cancer cells, which confirms the strong Ras- 
activating capacity of TGF-α hypersignaling. (Supplemental Figure 
4E). Altogether, these data strongly suggested that TGF-α signaling, 
without the need for mutant Kras, gives rise to slowly growing, highly  
fibrotic, ductal pancreatic cancer, which seem to be necessary for 
the emergence of human-like PNI in murine PDAC.

TGF-α–associated PNI in murine PDAC genotypes correlates with 
neuroinvasiveness and SC chemoattraction ex vivo. For functional 
analyses on neural invasion, we employed a series of ex vivo 3D 
culture setups. We first explored whether the enhanced neuroinva-
siveness of the TPAC genotype is due to a superior chemoattraction 
of cancer cells of this genotype toward DRG neurons, which are the 
main source of the sensory innervation in the murine pancreas. For 
this, we placed primary cancer cells of each genotype in ECM drop-
lets connected via bridges to droplets containing neurons isolated 
from dorsal root ganglia of P1-P3 C57Bl/6J mice and analyzed cell 
migration through time-lapse microscopy (Figure 1D). We did not 
identify any differences in the velocity of migrating cancer cells of 
all genotypes toward neurons (Supplemental Figure 1G). Howev-
er, the forward migration index (FMI), which indicates direction-
al chemotaxis, was much higher in TPAC cancer cells compared 
to the primary cancer cells of all other studied genotypes (TPAC: 
0.32 ± 0.03, KC: 0.09 ± 0.04, KPC: –0.22 ± 0.05, TPC: 0.09 ± 0.03) 
(Figure 1E). We then analyzed whether the cancer cells of these 
genotypes also differ with regard to their neurotrophic attributes. 
Interestingly, conditioned medi from cultured primary cancer cells 
from TPAC mice augmented neurite outgrowth similarly to posi-
tive control media supplemented with 10 ng/mL nerve growth fac-
tor (NGF) (TPAC: 1.822; SFM: 1.05 neurites per 2,500 μm2) (Fig-
ure 1, F and G), whereas the number of neurites in cultures with 
conditioned media from the remaining genotypes did not differ 
from negative control (KPC: 1.235, TPC: 1.411 neurites per 2,500 
μm2) (Figure 1, F and G). To explore molecular factors that drive 
a genotype-specific induction of neurite formation, we performed 
transcriptome arrays with the primary cancer cells from the dif-
ferent genotypes. Here, we found prominent upregulation of sev-
eral neurotrophic and neurogenic factors in the TPAC cancer cells 
compared with KPC cancer cells. For example, Fos (33-fold upreg-
ulation), which is required for neurite elongation and crucial for 
neuronal differentiation (19, 20), and neuropeptide Y/Npy (31-fold 
upregulation), which plays an important role in axonogenesis (21), 
were the 2 most prominently upregulated neurotrophic genes (Fig-
ure 1H). In addition, TPAC cancer cells overexpressed Fgf9, which 
promotes proliferation of neuronal precursors (22), Nrg1, which has 
been shown to drive proliferation and/or induce myelin differenti-
ation (23), and Nrg4, which is involved in the establishment of early 
sensory innervation in the skin (24) (Figure 1H).

Another recently discovered aspect of nerve-cancer interac-
tions is the appearance of SCs around the premalignant lesions 
of pancreatic cancer, which, contrary to the traditional assump-
tion, implies that the nerves and not the cancer cells migrate first 
during NI (14). Therefore, we analyzed the cancer tropism of SCs 
toward primary cancer cells isolated from KC, KPC, TPC, and 
TPAC genotypes in our SC outgrowth assay (14). For this pur-
pose, we placed freshly isolated sciatic nerves from C57BL/6J 

Both genotypes were associated with extensive desmoplasia/
fibrosis, more pronounced than in KPC mice. The TPC and TPAC 
tumors displayed a ductal-like phenotype and, accordingly, strongly  
expressed the ductal cancer cell marker cytokeratin 19 (CK-19) 
(Supplemental Figure 4A), yet the TPAC genotype with loss of 
RelA/p65 and p53 had an even more ductal-like appearance (Sup-
plemental Figure 4, A and C), more desmoplasia (Supplemental 
Figure 4C), and a lower cancer cell proliferation rate (Supplemen-
tal Figure 4B) than the TPC mice. TGF-α is a known driver of aci-
nar-to-ductal metaplasia (ADM). Importantly, the rate of ADM 
in the TPAC genotype was more pronounced both in vivo and in 
vitro than in TPC mice (not shown). Overall, these data suggest-
ed a more ductal, fibrotic, and slowly growing tumor phenotype in 
TPAC mice than in TPC or KPC mice. Accordingly, the overall sur-
vival of analyzed TPAC mice was significantly longer than that of 
TPC mice. TPAC mice had a median survival of 370 days compared 
to 297 days in TPC cohort (P < 0.0001, Supplemental Figure 1B). 
To further study the biological consequences of RelA loss in TPC 
mouse model, 46 TPC or TPAC tumors were analyzed. A remark-
ably high incidence of PDAC was observed in TPAC compared with 
TPC mice (75% versus 9.1%). In addition, RelA deficiency in TPC 
model resulted in a significant decrease in metastasis rate (31.8% 
in TPC versus 8.3% in TPAC, Supplemental Figure 4D).

These survival times clearly surpassed the lifespan of KPC mice 
(median 61 days), but were comparable to the lifespan of KC mice, 
which do not harbor a priori loss of p53 in carcinogenesis (Supple-
mental Figure 1A). However, KC mice, despite their slower tum-
origenesis, did not exhibit human-like PNI. Interestingly, neural 
hypertrophy was present in all analyzed genotypes, independent 
of NI (Supplemental Figure 1F). To exclude the presence of mutant 
Kras in the TPAC mouse model, we performed targeted sequenc-
ing of the Kras locus in the spleen of the TPAC mice as well as in 
cancer cells isolated from the TPAC mice. As predicted, the tissues 
and cells from TPAC mice did not harbor Kras mutations and were 
thus Kras WT (Supplemental Table 3). Despite the absence of the 
oncogenic Kras mutation, we explored whether the TPAC cancer 

Figure 1. Mutant TPAC mice represent a model for human-like PNI. 
Representative images of genuine PNI in PDAC resection specimens (A) 
and in TPAC mouse mutants (B, please also see Supplemental Figure 1E 
for a broader view of the tumor area with PNI); pan-neural marker: PGP9.5 
(brown), cancer cell marker: CK-19 (pink), and Aniline blue (for collagen). 
(C) Graphs showing the severity of NI in GEMMs of PDAC. (D) Scheme 
of migration assay of cancer cells and neurons from dorsal root ganglia 
(DRGs). (E) Graphs show the FMI of primary cancer cells isolated from KC, 
KPC, TPC, and TPAC mice in the 3D migration assay. (F) Representative 
images of DRG neurons treated with conditioned medium from KPC, TPC, 
and TPAC cancer cells, stained with neuronal marker β3 Tubulin (Tubβ3) 
antibody. (G) Results of the in vitro neuroplasticity assay of DRG neurons 
treated with supernatants of the primary cancer cells from the analyzed 
mouse genotypes. (H) Transcriptome analysis of TPAC- versus KPC-derived 
primary cancer cells. (I) Schematic representation of the 3D SC outgrowth 
assay. Sciatic nerves isolated from WT mice were placed between bridges 
connected to ECM gel drops containing primary murine cancer cells (KC, 
KPC, TPC, and TPAC) and empty ECM gel drops. The test was performed 
for 72 hours in culture media with CO2 supply. (J) Graphs showing the FMI 
of SCs. All results in the graphs are shown as mean ± SEM. For statistical 
analyses, Mann-Whitney U test (C and E), ordinary 1-way ANOVA (G), 
Kruskal-Wallis test, Dunnett’s test for multiple comparisons (G and H) and 
Shapiro-Wilk normality test (all panels) for distribution were used.
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which promotes melanoma cell migration via the FAK/E-cadherin 
pathway (27); and aldehyde dehydrogenase 3 family member A1 
(Aldh3a1), which, together with ALDH1A1 is a biomarker for stem 
cell formation in pancreatic cancer (Figure 2A). Many of the upreg-
ulated genes in the TPAC cancer cells are involved in extracellular 
matrix formation (ECM) and related intracellular pathways. Inter-
estingly, we also found strong upregulation of Cxcl15, Sfrp2, Dcn, 
and Ccdc80 genes when we compared TPC with KPC cancer cells 
(Supplemental Figure 6A). In addition, the expression of genes that 
support neuritogenesis, namely Npy and Fos, was also increased in 
TPC- compared with KPC-derived cancer cells (Supplemental Fig-
ure 6B). We also found an enrichment of genes encoding the extra-
cellular matrix — including ECM glycoproteins, collagens, and 
proteoglycans involved in biological oxidation and nuclear recep-
tors and proteins encoding drug metabolism via cytochrome P450 
and retinoic acid signaling — and depicted their numerous pathway 
interactions (Figure 2, B and C). Overall, these analyses showed 
that the TGF-α–driven PDAC GEMMs TPAC and TPC showed 
enhanced expression of neurotrophic and neurogenic factors com-
pared with the KPC genotype-derived cancer cells.

Next, we performed a literature search for soluble factors 
that are known to be overexpressed under the influence of TGF-α. 
We found that in primary chondrocytes, TGF-α was shown to  
upregulate secretion of the chemokine CCL2 (28). Further-
more, CCL2 released by DRGs was shown to facilitate PNI of 
prostate cancer cells in vitro (29). In order to explore a possi-
ble link between TGF-α and CCL2 in our neuro-cancer interac-
tion setups, we treated murine DRG cultures with recombinant 
TGF-α (rTGF-α). Here, we detected increased expression of the 
Ccl2 gene within the DRG. In addition, Npy mRNA content was 
also upregulated (Figure 2, D and E). Accordingly, we found 
increased CCL2 protein in the supernatant of cocultured neu-
rons and human cancer cell lines SU.86.86, T3M4, and DLD-1 
(Supplemental Figure 3, C and D). Thus, CCL2 emerged here as a 
secreted molecule, which was induced by TGF-α, and potentially 
involved in the interactions between neurons and cancer cells.

To find out the potential role of CCL2 in NI in our GEMMs, we 
analyzed CCL2 content in the nerves within primary pancreatic 
tumors from KPC and TPAC mice (Figure 2, F and G). Here, we 
detected increased CCL2 protein immunoreactivity in the nerves 
of pancreatic tumors of TPAC mice compared with KPC. Similar-
ly, we detected a more pronounced increase in CCL2 content in 
nerves in patient-derived PDAC samples with NI (NI group) com-
pared with patient-derived samples without NI (No-NI group) (NI 
group: 20.78%; No-NI group: 0.3067%) (Figure 2, H and I).

To verify the DRG neurons as a major source of CCL2 in the 
PDAC context, we analyzed Ccl2 expression levels in available 
single-cell RNA-Seq data sets of mouse DRG (30) (Supplemental 
Figure 7). Here, we detected DRG neurons, especially CGRP-α+ 
and nonpeptidergic nociceptor subtype neurons, as the main source 
of CCL2 in DRG ganglia compared to lower expression of CCL2 
in other cells in the ganglion (Supplemental Figure 7D). Next, we 
analyzed the CCL2 content in the PDAC tissue by semiquantita-
tive scoring analysis of CCL2 immunoreactivity in 14 patients with 
PDAC (Supplemental Figure 7, A–C). We found that the CCL2 con-
tent was highest in nerves, which scored much higher when com-
pared with acinus cells (P ˂ 0.0001), tumor cells (P ˂ 0.0001), 

mice and connected them via bridges to droplets containing can-
cer cells of the respective genotype on one side and empty ECM 
droplets on the other side. (Figure 1I). The velocity and distance 
of migrated SCs was unchanged toward the 4 analyzed mutated 
cancer cells (velocity: KC, 0.44 ± 0.05 μm/min; KPC, 0.47 ± 0.07 
μm/min; TPC, 0.41 ± 0.04; TPAC 0.54 ± 0.07 μm/min; distance: 
KC, 104.6 ± 14.48 μm, KPC, 67.11 ± 9.16 μm; TPC, 96.36 ± 10.33 
μm; TPAC, 106.6 ± 15.75 μm) (Supplemental Figure 1G). Howev-
er, the FMI of SCs was increased toward TPAC cells (0.33 ± 0.07) 
when compared to KPC and KC cells with negative FMI (KPC: 
–0.3 ± 0.04; KC: –0.13 ± 0.12), indicating that there was not the 
same extent of directional migration of SC toward the KC and 
KPC cells compared to TPAC cells (Figure 1J).

To further explore the temporal relationship between TGF-α 
overexpression and NI, we also compared the expression of 
TGF-α in whole tissue lysates derived from KC mice with prein-
vasive PanIN lesions, compared with KPC, TPC and TPAC mice 
with over cancer. Here, we found that KC cells indeed had a low-
er expression level of TGF-α compared with KPC and TPAC cells 
(KC: 100.0% ± 53.7%, KPC: 256.5% ± 53.1%, TPC: 389.6% ± 
49.5%, TPAC: 413.1% ± 56.5%, Supplemental Figure 4F). At the 
protein level, TPAC tissues had higher TGF-α levels than KPC 
tissues (KPC: 432.3 ± 22.1 ng/mL, TPC: 648.4 ± 75.2 ng/mL, 
TPAC: 830.5 ± 27.5 ng/mL), which suggests the gradual increase 
of TGF-α during perineurally invasive pancreatic carcinogene-
sis. We also analyzed the expression of TGF-α in human pancre-
atic lysates and found that in human chronic pancreatitis (CP), 
which is a potential precursor of human PDAC, the tissue levels 
of TGF-α were markedly lower than in human PDAC tissues (ΔΔ 
Ct/2–ΔΔCt of CP: 0.14 ± 0.06 versus PDAC: 0.62 ± 0.18, p=0.017, 
Mann Whitney U test, Supplemental Figure 4F).

Cancer-derived TGF-α upregulates CCL2 expression in pancre-
atic nerves. To confirm the relevance of cancer-derived TGF-α 
in human PDAC, we analyzed 3 different publicly available sin-
gle-cell RNA-Seq data sets of human PDAC and searched for the 
prime source of TGF-α in the human PDAC tissue. In line with our 
expectations, we detected cancer cells as the main source of TGF-α 
in human PDAC (Supplemental Figure 5), expressing 19.7-times 
higher amounts of TGF-α when compared with other cells in the 
tumor microenvironment, which had negligible amounts of TGF-α 
expression (Supplemental Figure 5).

In the next step, we analyzed the transcriptome of pancreat-
ic cancer cells from KPC and TPAC mutants using the Affymetrix 
Mouse Gene ST1.0 array with subsequent bioinformatics anal-
ysis at the GSEA platform. We identified 211 up-regulated and 55 
down-regulated genes with a log2 fold change above 0.58 and below 
–0.58 and an FDR-adjusted P value (q value) under or equal to 0.05 
within 28,941 genes by comparing TPAC with KPC cancer cells 
(Figure 2, A and B). Among the top 10 upregulated genes, we iden-
tified the Cxcl15 chemokine involved in lung-specific neutrophil 
trafficking under normal and inflammatory conditions (25); serine 
palmitoyltransferase (Sptssb), which catalyses the first step of sphin-
golipid biosynthesis; secreted frizzled-related protein 2 (Sfrp2), a 
member of WNT signaling that promotes the neuronal differen-
tiation potential of apical papilla stem cells (26); Decorin (Dcn), a 
small leucine-rich proteoglycan that plays a role in the assembly of 
collagen fibrils; coiled-coil domain-containing protein 80 (Ccdc80), 
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immune cells (P ˂ 0.0001), and fibroblasts (P ˂ 0.001). In paral-
lel, CCL2 immunostaining scoring in 10 TPAC mice showed that 
the nerves scored again highest when compared with acinus (P 
˂ 0.0001), tumor (P ˂ 0.0001), immune cells (P ˂ 0.0001), and 
fibroblasts (P ˂ 0.0001) (Supplemental Figure 7, A–C).

In addition, we sorted out murine neurons out of DRG of 
TPAC mice and other cell types (cancer cells, myeloid cells, and 
lymphoid cells) from the primary tumors of TPAC mice and KPC 
and cross compared the expression levels of CCL2 (Supplemen-
tal Figure 7E). In line with above, we again detected the high-
est expression in the DRG neurons, which was much higher in 
TPAC-derived DRG neurons (610.9% ± 157.8% of KPC-derived 
neurons, P = 0.03), compared to KPC-derived DRG neurons 
(Supplemental Figure 7E).

We also quantified the mRNA content of the Ccl2 gene in 
granulocytes, monocytes, endothelial cells, mesenchymal cells, 
and cancer cells isolated from KPC and TPAC pancreatic tumors 
(n=3). Populations were identified as shown in the Supplemental 
Figure 8, A and B, including granulocytes as Cd45+Gr1+Cd11b+, 
monocytes as Cd45+Gr1medCd11b+, endothelial cells as Cd45–

CD31+Cd326–, and cancer cells as Cd45-Cd31+CD326+ cells. With 
the exception of a lower proportion of monocytes in the pancreat-
ic tumors of TPAC mice compared to KPC mice, other sorted cell 
populations were unchanged (Supplemental Figure 8C). There-
fore, all these data underlined the DRG neurons and nerves as the 
leading and most dynamic source of CCL2 in PDAC.

The upregulation of CCL2 in DRG neurons upon exposition to 
TGF-α derived from cancer cells would necessitate the presence 
of EGFR receptor on DRG neurons. To prove the presence of this 
receptor on DRG neurons, we employed the spatial transcriptome 
technology (Nanostring GeoMx DSP) platform to quantify and to 
compare the expression of the whole mouse transcriptome in the 
DRG of our TPAC model in simultaneous comparison with onco-
genic Kras-based mouse models of pancreatic cancer and with 
WT mice. This analysis allowed us to capture the expression of the 
whole transcriptome at single cell and spatial resolution in DRG 

neurons of different genotypes. Using this technology, we indeed 
detected EGFR receptor expression on the DRG neurons of the 
mice, and EGFR expression was significantly greater in the DRG 
neurons of TPAC mice (133.2% ± 14.0%), when compared to the 
oncogenic Kras-based KC mice (p48-Cre;LSL-KrasG12D; 100% 
± 15.8%), which might explain the receptivity of TPAC-derived 
DRG fro TGF-α from cancer cells (Supplemental Figure 9, A and 
B). We complemented these analyses on murine DRG with the 
spatial transcriptome analysis of nerves within human pancreatic 
cancer specimens to explore whether we can detect the EGFR also 
in human nerves at the periphery that would bind TGF-α (Supple-
mental Figure 9, C and D). In the Nanostring GeoMx DSP spatial 
transcriptome-based analysis of EGFR expression, we found that 
the levels of EGFR expression in nerves with versus without NI did 
not vary, but EGFR was detectable in the nerves in all analyzed 
human PDAC specimens (Supplemental Figure 9, C and D). We 
confirmed the expression of EGFR in FACS-sorted DRG of TPAC, 
KPC, and WT mice (Supplemental Figure 9E), in nerves of sam-
ples derived from patients with PDAC (Supplemental Figure 9F) 
and in the DRG of TPAC mice (Supplemental Figure 9G) also 
via immunostaining. Therefore, these 3 lines of evidence further 
strengthened the notion of TGF-α responsiveness of DRG neurons 
in neuroinvasive PDAC.

CCL2 activates the cancer cell cytoskeleton and enhances the 
migratory properties of pancreatic cancer cells via CCR4. NI was 
originally believed to follow along paths of lowest physical resis-
tance in the perineural area. However, numerous recent studies 
have convincingly shown that cancer cells, neurites, and SCs are 
chemoattracted very early during carcinogenesis to each other, 
which is orchestrated by soluble factors such as chemokines and 
neurotrophic factors (11, 31). Reorganization of the cytoskeleton is 
essential for the acquisition of migratory and invasive properties 
of cancer cells (32). One of the central molecules in the regulation 
of cytoskeletal reorganization is the multidomain scaffold protein 
paxillin (33). In this regard, phosphorylation of paxillin at tyrosine 
residues 31 (Tyr-31) and 118 (Tyr-118) by the nonreceptor protein 
tyrosine kinase SRC and focal adhesion kinase 1 (FAK1) is essen-
tial for cytoskeleton assembly and cancer cell migration (34–37).

To elucidate the cytoskeletal adaptation in cancer cells that are 
confronted with neurons, we investigated the morphology of filopo-
dia and lamellipodia of cancer cells in the 3D migration assays with 
neurons. We quantified filopodia formation during migration toward 
DRGs using the FiloQuant software (Figure 3, A and B). Interest-
ingly, cancer cells at the migration front (MF) showed a significant 
increase in filopodia number and length (Figure 3, B and C). In addi-
tion, we detected an increased number of p-paxillin-positive spots in 
the cytoskeleton of cancer cells in the MF toward DRGs compared 
with the back front (BF) that faces the empty ECM gel (Figure 3, D 
and E). These results suggested that cytoskeleton reorganization and 
microfilament formation in cancer cells are triggered by neurons.

Next, we asked whether CCL2, secreted by neural cells, 
affects the cytoskeletal mediators of migration in cancer cells. To 
this end, we treated human pancreatic cancer cells SU.86.86 and 
T3M4 for 15 and 25 minutes with conditioned media of murine 
DRG neurons (Supplemental Figure 6E). After 25 minutes of 
treatment, we observed increased phosphorylation of paxillin 
at Y118 in both cell lines, suggesting that DRG neurons secrete 

Figure 2. CCL2 induced by TGF-α is enriched in cocultures of cancer cells 
and DRG neurons, TPAC neurons, and in patient-derived PDAC samples 
with neural invasion. (A) Volcano plot of differentially expressed genes 
(DEGs) for the comparison of murine cancer cells derived from TPAC 
versus KPC mice. (B) Bar plot displaying a selected set of over-represented 
pathways among the DEGs for the comparison groups TPAC versus KPC. (C) 
Pathway-based interaction networks of DEGs for the comparison groups 
TPAC versus KPC, where network line thickness indicates the confidence 
of the interaction. (D) Experimental set-up: DRGs from neonatal mice were 
cultured for 2 days, and rTGF-α was added at concentrations of 1, 10, 25, 
50, and 100 ng/mL for 24 hours. After the treatment, cells were used for 
RT-qPCR. (E) Graphs representing Ccl2 and Npy mRNA content in DRGs 
after treatment with rTGF-α. (F) Representative images of pancreatic 
tumors from TPAC and KPC mice stained with PGP9.5 and CCL2 (both in 
brown). (G) Plots showing the colorimetric CCL2 content in nerves from 
TPAC and KPC tumors. (H) Representative images of consecutive sections 
of PDAC patient samples stained with CCL2 and S100 (both in brown) and 
counterstained with H&E. (I) Plots showing the colorimetric CCL2 content 
in the nerves of patient samples measured with the QuPath software. 
Scale bars: 50 μm. All results in the graphs are shown as mean ± SEM. For 
statistical analyses, ordinary 1-way ANOVA (E), Kruskal-Wallis test (E), 
Dunnett’s test for multiple comparisons (E), Mann-Whitney U test (G and 
I), and Shapiro-Wilk normality test for distribution (all panels) were used.
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patients from the low p-paxillin group (n=31; median survival 
rate: 22.8%) tended to be longer than that of patients from the 
high p-paxillin group (n=28; median survival rate: 18.1%) (Figure 
4E). We also found that CCL2 immunoreactivity was increased 
in the high p-paxillin expression group (Figure 4F), suggesting 
that CCL2 overexpression is indeed linked to paxillin phosphor-
ylation in human PDAC tissue. Analyzing the clinical parameters, 
we found that the high p-paxillin group had a higher percentage of 
patients with large tumors (T4>6 cm) than the low p-paxillin group 
(χ2: P = 0.01, Supplemental Figure 10, A and C). In addition, the 
percentage of moderately differentiated tumors (moderately dif-
ferentiated (G2): 76%) was increased, whereas differentiated (G1) 
tumors were not detected in the high p-paxillin group compared 
with the low p-paxillin group (G2: 63%, G1: 9%) (χ2: P = 0.006, 
Supplemental Figure 10, A and C). We also observed a marked, but 
not significant, increase in the proportion of affected lymph nodes 
with tumour cells (Figure 4G). These data point out that the tumor 
size and higher tumor grading were indeed more prevalent in the 
high-paxillin group, which suggest that the survival difference of 
high versus low-paxillin groups might be indirect due to other clin-
icopathological parameters. Overall, these results also suggested 
that p-paxillin is a prognostic factor and may predict poor progno-
sis and aggressive tumor biology in human PDAC.

Targeting of the CCL2-CCR4 axis in vivo limits NI and tumor 
innervation. To understand the role of the CCL2-CCR4 axis in an 
organismal context, we modulated CCL2-CCR4 signaling in vivo 
by i.p. administration of recombinant CCL2 protein (50 μg/kg i.p.) 
or of the CCR4 receptor antagonist C021 (1 mg/kg), starting with 
KPC mice that exhibit hyperinnervation (Supplemental Figure 
1F) without PNI (Figure 5A). No metastases were detected in the 
brain, lung, heart, liver, kidney, jejunum, and colon in the stud-
ied groups (Supplemental Figure 11). Here, the amounts of nerves 
as detected through intratumoral PGP9.5 immunostaining in the 
pancreas of KPC mice was increased after treatment with rCCL2 
(mean 1.76) and dramatically decreased after treatment with 
C021 (mean 0.137) compared with KPC control animals (mean 
0.647) (Figure 5, B and D). Although these mice lack human-like 
NI, we scrutinized whether this treatment resulted in a change in 
the physical proximity between nerves and cancer cells in the pri-
mary tumor. Indeed, the index for proximity between cancer and 
nerves was significantly increased after treatment with rCCL2 
and decreased after CCR4 inhibition compared with control mice 
(mean index: rCLL2: 0.64, C021: 0.2, control: 0.43; mean scores: 
rCCL2: 28.2, C021: 8.8, control: 16.00) (Figure 5, B and E). More-
over, treatment with rCCL2 increased paxillin phosphorylation in 
tumor cells (mean: 3.13), while CCR4 inhibition decreased p-pax-
illin amounts (mean: 1.06) (Figure 5, C and F). Taken together, 
these results, in agreement with our in vitro observations, suggest 
that the CCL2-CCR4 pathway affects paxillin phosphorylation in 
cancer cells and the proximity of the cancer to neural cells, even 
in the absence of perineural lining of cancer cells.

To further confirm the in vivo relevance of CCR4 signaling on 
NI in the herein described TPAC model, we treated TPAC mice 
(aged 42 weeks) with the CCR4 inhibitor C021 3 times a week for 3 
weeks and subsequently analyzed the severity of NI in the primary  
tumor via histology. Accordingly, the CCR4 inhibition remark-
ably reduced the NI severity in the TPAC mice (mean NI score of 

molecules that induce phosphorylation of paxillin. We next test-
ed whether CCL2 directly induces phosphorylation of paxillin 
and treated SU.86.86 and T3M4 pancreatic cancer cells with 100 
ng/mL of rCCL2 for 5, 15, and 25 minutes. Indeed, treatment of 
both patient-derived cancer cell lines with rCCL2 significantly 
enhanced the phosphorylation of paxillin already after 15 min-
utes of treatment (Figure 3, F and G), as well as of its downstream 
mediators Src and Erk (Supplemental Figure 6, G–J).

In cancer bone metastasis, CCL2 signaling is activated via 
binding of CCL2 ligand to the CCR2 and CCR4 receptors (38). 
In prostate cancer, CCL2-CCR2 is associated with PNI (29). 
However, in our experiments, the CCR2 antagonist RS-504393 
had no effect on paxillin phosphorylation in either of tested 
pancreatic cancer cell lines (Supplemental Figure 6F). Remark-
ably, though, treatment of both cancer cell lines SU.86.86 and 
T3M4 with the CCR4 antagonist (C021) decreased paxillin 
phosphorylation in a time-dependent manner (Figure 3, H and 
I, and Supplemental Figure 6, H and I).

To test a functional effect of the CCL2-CCR4 pathway on 
migration, we pretreated cancer cells with rCCL2 or C021 for 
15 minutes and used them in the migration assay in the pres-
ence of DRG neurons (Figure 3J). Vehicle-pretreated cancer 
cells served as a negative control. Here, treatment with rCCL2 
increased cancer cell motility compared to vehicle-treated cells 
with a corresponding elevation in FMI (vehicle: 0.25 versus 
rCCL2 treatment: 0.33), higher velocity (vehicle: 0.075 μm/min 
versus rCCL2 treatment: 0.095 μm/min), and greater distance 
(vehicle: 41.61 μm versus rCCL2 treatment: 46.71 μm) (Figure 
3K). Accordingly, CCR4 blockade with its inhibitor C021 result-
ed in decreased FMI (vehicle: 0.25 versus C021 treatment: 017), 
decreased velocity (vehicle: 0.067 μm/min versus C021 treat-
ment: 0.051 μm/min), and shorter distance compared with vehi-
cle control (vehicle: 40.12 μm versus C021 treatment: 31.03 μm) 
(Figure 3K). These results suggested that the CCL2-CCR4 cyto-
kine signaling pathway plays an essential role in the affinity of 
pancreatic cancer cells toward neurons.

P-paxillin is a prognostic factor in PDAC. We next interrogat-
ed whether paxillin phosphorylation is relevantly increased in 
human pancreatic cancer cells that are physically adjacent to 
nerves in the pancreas. To this end, we stained tumor paraffin 
sections from patients with PDAC with NI (NI group) and without 
NI (no NI group) with PGP9.5, pan-CK (for labeling cancer cells) 
and p-paxillin. We found that cancer cells located close to nerves 
(within 200 μm diameter) expressed more p-paxillin (15.57% of 
total tissue area) than cancer cells located in the pancreas distant 
from nerves (4.23% of total tissue area) (Figure 4, A and B). As NI 
is a strong and independent prognostic factor for overall survival 
in PDAC (39), we then analyzed whether p-paxillin content also 
relates to patient survival. First, we divided the patient samples 
into low p-paxillin (n=31) and high p-paxillin (n=23) groups based 
on a cut-off value of 3.77%, which corresponded to the median of 
the p-paxilin/paxillin ratio (Figure 4B). Here, the mean staining 
intensity value of the high p-paxillin group (16.72%) was signifi-
cantly increased compared with the low p-paxillin group (0.62%) 
(Figure 4, C and D). In contrast, the total paxillin concentration 
in the tumors of both groups were comparable (Figure 4, C and 
D). As shown on the Kaplan-Meier curves, the survival time of 
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Next, we tested the effects of paxillin inhibition with 6- 
B345TTQ on pancreatic cancer progression in vivo. To this end, we 
treated 5-month-old TPAC animals with 6-B345TTQ (1 mg/kg) 
5 days per week for 4 weeks and analyzed the pancreas for tumor 
growth (Figure 6C). All animals developed tumors with compara-
ble pancreatic weights in both groups (Supplemental Figure 13A). 
Remarkably, the tumor innervation, as measured through the 
PGP9.5 content, was decreased in the tumors of TPAC mice treated 
with 6-B345TTQ (mean 0.31% of total area) compared with control 
TPAC mice treated with DMSO (mean 0.64% of total area) (Figure 
6, D and E). Moreover, a reduction in p-paxillin was detected in the 
pancreas of the treated TPAC mice (mean 4.72% of total area) com-
pared with the DMSO controls (mean 9.79% of total area) (Figure 6, 
D and F). These results strongly suggested that blockade of paxillin 
phosphorylation leads to a rapid decrease in tumor innervation.

In addition, we tested the activity of highly proliferating, 
preselected in vitro clones from TPAC tumors by implanting 
them orthotopically into the pancreas of 8–10 week old WT mice 
(129xC57BL/6) (Figure 6G). We treated transplanted mice for 4 
weeks with 6-B345TTQ (1 mg/kg) by applying it for 5 days week-
ly and treated the control animals with DMSO (Figure 6G). We 
did not detect any changes in body weight of recipient animals 
transplanted with TPAC cancer cells (Supplemental Figure 13B). 
Interestingly, pancreatic weight of recipients implanted with 
TPAC cells decreased after treatment with 6B345TTQ (0.138 g) 
compared with DMSO (0.168 g) (Supplemental Figure 13C) due 
to strong reduction of the primary tumor area in mice treated with 
6B345TTQ (0.95% of total area) compared with DMSO-treated 
controls (3.43% of total area) (Figure 6, H and I). Furthermore, we 
identified a strong reduction of paxillin phosphorylation in cancer 
cells of recipients treated with 6B345TTQ (4.72% of total area) 
compared with control mice treated with DMSO (9.79% of total 
area) (Figure 6, H and J). These results confirmed paxillin phos-
phorylation as a key actor in tumor progression and a promising 
target for therapeutic approaches.

Finally, we interrogated whether TGF-α, which is the prime 
driver of carcinogenesis in the neuro-invasive TPAC and TPC gen-
otypes, is also prognostically relevant in human PDAC. Analysis of 
survival data from the TCGA database uncovered TGF-α as a very 
strong prognostic factor in human PDAC. Here, PDAC patients with 
a low level of TGF-α expression had a remarkably high 5-year sur-
vival rate of 60%, whereas the 5-year survival rate dropped to 18% 
for patients with high intratumoral TGF-α content (The Protein Atlas 
database: https://www.proteinatlas.org/ENSG00000163235-TG-
FA/pathology/pancreatic+cancer). We also explored whether the tis-
sue expression levels of Tgf-α correlate with the emergence of NI in 
human PDAC. For this purpose, we scrutinized the TCGA for infor-
mation on the PNI status of the patients with PDAC. The metadata 
and data repository of the TCGA-PDAC database includes digitized 
pathology reports that included the information on the PNI status for 
159 samples, 134 of which had been reported to show PNI, and 25 
were described as non-PNI. This way, we could compare expression 
of TGF-α in the PNI versus non-PNI groups and discovered a signifi-
cantly higher expression of TGF-α in the PNI group, compared to the 
non-PNI group (Supplemental Figure 14C). There was no correlation 
between the PNI status and the tumor tissue bulk RNA expression 
levels of CCl2, CCR4, or paxillin (Supplemental Figure 14C).

Control/ctrl solvent-treated mice: 0.4 ± 0.08 versus CCR4 inhib-
itor-treated: 0.1 ± 0.06), as assesses by the NI severity score (Fig-
ure 5G). CCR4 is known to exhibit relatively high expression levels 
also in T lymphocytes and macrophages (The Protein Atlas data-
base: https://www.proteinatlas.org/ENSG00000183813-CCR4/
single+cell+type). We therefore also explored the possibility that 
the amounts of these 2 immune cell subsets in the TPAC mice 
might be affected when the TPAC mice are treated with the CCR4 
inhibitor. Here, we found that CCR4 inhibition did not alter the 
amounts of CD4+ T lymphocytes in the TPAC tumors (Control: 
1.11 ± 0.28 versus CCR4-inhibited: 0.68 ± 0.20 cells/mm2) but, 
interestingly, also reduced the number of F4/80+ macrophages 
(Control: 7.26 ± 0.48 versus CCR4-inhibited: 2.56 ± 0.35 cells/
mm2, Supplemental Figure 14, A and B), underlining an additional 
role for macrophages in the modulation of NI in murine PDAC.

Inhibition of paxillin-Src-Erk signalosome reduces NI, innerva-
tion, and tumor size. In a next step, we investigated whether inhibi-
tion of the paxillin-Src-Erk signalosome has effects on cancer cell 
migration toward neurons and tumor severity. We used the small 
molecule inhibitor of paxillin protein disruptor, 6-B345TTQ, which 
inhibits the binding of paxillin to integrin4-α and regulates cell 
migration (40–42). As expected, we found a significant decrease in 
paxillin phosphorylation at Y118 in SU.86.86 and T3M4 cells treated 
with 6-B345TTQ by Western blots (Supplemental Figure 12, A and 
B). Ex vivo, we found that cells pretreated with 6-B345TTQ per-
formed poorly in the migration assay toward DRG for every param-
eter examined: FMI (vehicle: 0.2136; 6-B345TTQ: 0.1469), speed 
(vehicle: 0.08442; 6-B345TTQ: 0.05425), and distance (vehicle: 
42.08; 6-B345TTQ: 31.73) (Figure 6, A and B). We observed simi-
lar effects after pretreatment of cancer cells with the ERK1/2 phos-
phorylation inhibitor AZD8330 for 1 hour (Supplemental Figure 
12D). The decreased phosphorylation of ERK1/2 in treated cells was 
verified by immunoblotting (Supplemental Figure 12, C and D).

Figure 3. The migration behavior of cancer cells triggered by neurons is 
regulated by the CCL2/CCR4 axis. (A) Schematic representation of the 
3D migration assay. Arrows indicate the direction of migrating cells. (B) 
Representative images of migrating SU.86.86 pancreatic cancer cells in 
the MF (toward DRGs) and BF (opposite to DRGs) analyzed by confocal 
microscopy and labeled filopodia (pink lines). (C) Diagrams showing the 
number and length of filopodia in the cancer cells in BF and MF, quanti-
fied with the FiloQuant software. (D) Representative images of SU.86.86 
cancer cells from the migration assay, stained with phalloidin (red) and 
phospho-paxillinY118 (green), and counterstained with DAPI (blue). (E) 
Diagram showing the number of p-paxillin-positive points per ×10 magni-
fication. (F) Representative Western blots of SU.86.86 and T3M4 cancer 
cells treated with recombinant CCL2 (100 ng/mL). (G) Graphs with relative 
content of proteins identified by Western blot measured with the ImageJ 
software (n=3 biological replicates). (H) Western blots of SU.86.86 and 
T3M4 cancer cells treated with CCR4 inhibitor C021 (140 nM). (I) Graphs 
with relative content of proteins identified by Western blot measured 
with the ImageJ software. (J) Scheme of experiment: cancer cells were 
pretreated with rCCL2 or C021 for 15 minutes and placed into the 3D 
migration assay with DRG neurons. As control, cells pretreated with vehi-
cle were used. (K) Graphs indicating FMI, velocity, and migrated distance 
of cancer cells in the 3D migration assay. All results in graphs are shown 
as a mean ± SEM. For statistical analyses we used unpaired t test (B and 
E), 1-way ANOVA (G, H, and K), Dunnett’s multiple comparisons test (G, I, 
and K), and for the distribution, Shapiro-Wilk normality test (all panels). 
The P value ˂ 0.05 was considered to have significance. Scale bars: 20 μm.
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Second, our observations imply that, despite anatomic differ-
ences between the murine and human pancreas, neuropathic phe-
nomena like NI are reproducible in GEMMs of PDAC. The human 
pancreas is a compact organ in the retroperitoneum, whereas the 
murine pancreas is less demarcated, quite diffusely distributed in 
the mesentery, and is therefore termed an intraperitoneal, mesen-
teric type pancreas (45). Furthermore, nerve trunks in the human 
pancreas are widely distributed over the parenchyma and present 
both within and around the lobes (45). In contrast, the normal 
mouse pancreas contains nerve trunks only around extralobular 
vessels and in the vicinity of lymphoid sites (45). In the light of 
this knowledge, it was interesting for us to detect enlarged nerves 
and PNI in the tumor core that was embedded in the lobes of the 
pancreas. Hence, the genetic features of GEMMs are sufficient 
to overcome the anatomic differences between the human and 
murine pancreas and to generate human-like neuro-phenotypes.

Third, our study points out a mechanism that generates human-
like NI. NI is believed to be initiated and orchestrated by chemotac-
tic factors released from neurons that chemoattract cancer cells (31, 
46). In our study, we screened for chemokines that were increasing-
ly secreted from DRG neurons when confronted with cancer cells 
and detected increased production of CCL2. As the TGF-α–based 
GEMMs harbored human-like neural invasion, we explored and 
found that TGF-α can induce CCL2 expression in DRG neurons. In 
studies with prostate cancer, which is another prime example for 
a neuroinvasive cancer, He et al. demonstrated that DRG neurons 
express CCL2, which mediated the nerve-derived migration capac-
ity of cancer cells (29). NI was significantly hampered in migration 
assays using DRG neurons isolated from CCL2–/– mice (29). More-
over, we show a previously unknown link between TGF-α, Ccl2, and 
NI in pancreatic cancer, using the herein reported, human-like neu-
roinvasive TPAC model and human data. Here, we also show that 
invaded nerves in human PDAC contain visibly higher amounts 
of CCL2 than noninvaded nerves. Although chemokines and neu-
rotrophic factors with chemoattractive properties such as NGF, 
GDNF, artemin, or neurturin have long been studied in the context 
of NI in PDAC (31, 47–50), the cytoskeletal adaptations of cancer 
cells during their nerve-directed migration have not been in the 
focus. We detected a 4.03-fold overexpression of the high-affinity 
NGF receptor TrkA (Ngfr). In addition, we found a 2.53-fold overex-
pression of Gdnf in the TPAC cancer cells compared to KPC cancer 
cells. It should be noted that, in the present study, the expression 
of neurotrophic and neurogenic factors (like Gdnf) was compared 
between the TPAC and KPC genotypes. Neurotrophic factors that 
we found to be overexpressed (like GDNF) are thus likely to be even 
more prominently upregulated when compared with the healthy 
normal pancreas. In addition to this classical neurotrophic mole-
cule, we demonstrated that CCL2 derived from DRG neurons acti-
vates the cancer cell cytoskeleton through the CCR4 receptor and 
the entailing paxillin phosphorylation. Paxillin is one of the major 
components of focal adhesions and is involved in the transmission 
of signals, regulation of cell morphology, and control of cell spread-
ing and migration (51) Recent studies have shown that phosphory-
lation of paxillin by FAK or SRC at Tyr118 and Ser178 is necessary 
for the stimulation of cancer cell migration. (52) Hence, we provide 
a mechanistic explanation for the enhanced motility of cancer cells 
at the cytoskeletal level when chemoattracted by neuron-derived 

Discussion
NI is an extremely frequent mode of tumor spread in human PDAC, 
and its severity is a clinching determinant of prognosis (9, 15, 16). 
However, NI is not sufficiently modeled by the commonly used, 
oncogenic Kras-driven GEMMs of PDAC, as they do not exhibit 
the extent of the typical PNI of human PDAC. In this study, we per-
formed what is, to our knowledge, the largest phenotypic screen of 
GEMMs of PDAC to date for detecting models with genuine PNI. 
This way, we found that mutants that overexpressed TGF-α, i.e., the 
TPAC and TPC GEMMs, harbored human-like PNI. In the Kras-
based mutants, on the other hand, the cancer cells were present in 
close proximity to the nerves, but this occurred more or less sporad-
ically. Functionally, cancer cells isolated from the primary tumors 
of TGF-α–driven GEMM mice showed higher neuroaffinity and 
induced stronger neuritogenesis than oncogenic Kras-based models, 
possibly due to increased secretion of neurogenic/neurotrophic fac-
tors. We also show that TGF-α promotes the secretion of CCL2 from 
DRG neurons, which, in turn, activates the cancer cell cytoskeleton 
through CCR4, paxillin phosphorylation, and cell protrusion forma-
tion. Targeting of the CCR4-phospho-paxillin axis was sufficient to 
reduce tumor progression and neuro-affinity of cancer cells in vivo.

Our study has several implications. First, we provide examples 
for GEMM of PDAC that are more similar to human PDAC with 
respect to PNI. Although oncogenic Kras-driven PDAC also exhib-
its a rich innervation and close spatial relation between nerves and 
cancer cells in the primary tumor, the typical perineural lining of 
cancer cells, as seen in human PDAC, was not as prominent and 
frequent as in the TPAC model. We believe that GEMM like TPAC 
can serve as valuable tools for future studies that aim to analyze 
mechanisms of NI in PDAC and for preclinical trials that aim to 
target NI. One of first events in the emergence of NI in PDAC is SC 
activation by preinvasive lesions, i.e., PanIN lesions (14, 43, 44). 
On the other hand, once fully transformed, invasive cancer cells 
seem to upregulate TGF-α, which augments NI over induction of 
CCL2 secretion from neurons, which acts upon CCR4 on cancer 
cells. The gradual increase of TGF-α levels from KC to the KPC, 
TPC, and TPAC mice hence supports the notion that TGF-α aggra-
vates the perineurally invasive phenotype of pancreatic cancer.

Figure 4. Paxillin phosphorylation in cancer cells is associated with poorer 
survival in patients with PDAC. (A) Representative images of consecutive 
sections from human PDAC resection specimens stained for p-paxillin 
(brown), the neural marker PGP9.5 (pink), cancer cell marker pan-CK (brown) 
and counterstained with haematoxylin. (B) Graphs showing the percentage 
of p-paxillin content in cancer cells located distal and proximal to nerves. (C) 
Representative images of consecutive sections from patient-derived PDAC 
samples stained with paxillin and p-paxillin (brown) and counterstained 
with hematoxylin. (D) Graphs indicating relative content of p-paxillin to 
paxillin in low-p-paxillin and high p-paxillin groups of patients with PDAC. (E) 
Kaplan-Meier curves showing percentage survival of patients with low p-pax-
illin content (black line) and high p-paxillin content (red line). The cut-off 
value for p-paxillin content was set at 4% stained cells in all analyzed areas. 
(F) Graphs showing the percentage of CCL2 content in low-p-paxillin and high 
p-paxillin groups of patients with PDAC. (G) Graphs showing the percentage 
of lymph nodes infiltrated with tumor cells to all lymph nodes analyzed in 
low-p-paxillin and high p-paxillin groups of patients with PDAC. Scale bars: 
20 μm. All results in graphs are shown as a mean value ± SEM. For the statis-
tical analyses we used Mann-Whitney test (B, D, and F), and the Mantel-Cox 
test (E). The P value ˂ 0.05 was considered to have significance.
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Figure 5. CCL2/CCR4 axis regulates paxillin phosphorylation and innervation in KPC mice. (A) 
Experimental design of rCCL2 and C021 inhibitor treatment: 12-week-old KPC mice (n = 5) were 
injected i.p. with rCCL2 or C021 every other day for 3 weeks with normal saline as control. (B and 
C) Representative images of consecutive sections from PDAC samples of KPC mice treated with 
rCCL2, C021, and control groups stained with the neural marker PGP9.5 (pink), cancer cell marker 
CK-19 (brown), p-paxillin (brown), and counterstained with haematoxylin. Plots show (D) PGP9.5 
content, (E) score of cancer cell proximity to neurons, and (F) p-paxillin content in PDAC sections 
from treated KPC mice. (G) The NI score in the pancreatic tumors of TPAC mice treated with the 
CCR4 inhibitor versus control (solvent) substance. All results in graphs are shown as a mean value 
± SEM. For the statistical analyses, we used ordinary 1-way ANOVA (D–F), Dunnett’s multiple 
comparisons test (D–F) and for the distribution, a t test (G) and Shapiro-Wilk normality test (all 
panels). The P value ˂ 0.05 was considered to have significance. Scale bars: 20 μm.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(20):e166333  https://doi.org/10.1172/JCI1663331 4



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2023;133(20):e166333  https://doi.org/10.1172/JCI166333

on our results, TGF-α overexpression seems to be a typical feature 
of human PDAC, as shown in the TCGA database, although we 
cannot know for sure how relevant this overexpression is in the 
earliest phases of human pancreatic cancer. We believe that the 
solution to this seeming discrepancy lies in the fact that the TGF-
α-EGFR axis activates those pathways that have been repeatedly 
shown to be overrepresented and hyperactive in RNA-Seq studies 
of human PDAC, such as Ras-Raf-MAPK and PI3K-Akt-mTOR 
signaling. Indeed, we could show here a higher Ras activity in 
TPAC cancer cells compared to that in KPC cancer cells. As such, 
TGF-α overexpression imitates the signaling events induced by 
mutant (oncogenic) Kras, as known from human PDAC as well 
as from the KPC model. This is the most likely reason why the 
Ela1-TGF-α mouse model was one of the earliest autochthonous 
murine transgenic models of PDAC (54).

It should be noted that in our study, not all TPAC or TPC mice 
exhibited PNI (PNI: 60% of TPAC mice), which suggests the pres-
ence of tumor heterogeneity in animals of identical genotype. 
Genomic sequencing of outlier animals of the same genotype may 
here provide insight into further genetic alterations that are neces-
sary for a human-like neuroinvasive phenotype.

In conclusion, the present study demonstrates the power of 
large-scale phenotype screens for identifying GEMMs of PDAC 
with human-like neuropathic characteristics. Our TPAC mouse 
model of NI in PDAC represents a fundamental tool for studying 
the molecular mechanisms behind the cancer-neuron cross talk. 
Moreover, the TGF-α-CCL2-CCR4-p-paxillin axis represents an 
NI-inducing, actionable axis that deserves further testing in pre-
clinical and clinical settings for prognostic improvement.

Methods
For further details on methods, please refer to the Supplemental Methods.

Mice. We used GEMM that are available in the repository of the 
CRC1321 in Munich, “Modeling and Targeting Pancreatic Cancer”. 
The CRC1321 has generated, cataloged, and characterized 295 dif-
ferent allele combinations of oncogenes and tumor suppressors in 
GEMMs of PDACs over the past 4 years. For a full list of the geno-
types, please refer to Supplemental Table 1. For the list of the ana-
lyzed age ranges and the number of mice per genotype, please refer 
to Supplemental Table 2. The following abbreviations have been 
used for the genotypes of particular interest for this study: TPAC 
(Ela1-Tgf-α; p48-Cre; trp53lox/lox; RelAlox/lox), TPC (Ela1-Tgf-α; p48-Cre; 
trp53lox/lox), KPC (p48-Cre; LSL-KrasG12D; trp53lox/lox), and KC (p48-
Cre; LSL-KrasG12D). For orthotopic and i.v. transplantations, we used 
129X57BL/6 and C57BL/6N WT mice. All animals were housed in 
IVC cages under SOPF conditions at ZPF, Klinikum rechts der Isar, 
Technical University of Munich.

Patient samples. Tumor samples were collected from 59 patients 
with pancreatic cancer who underwent resection at the Depart-
ment of Surgery at the Technical University of Munich. Tissues were 
fixed in 4% paraformaldehyde in 1 × PBS overnight and embedded 
in paraffin. Thin cuts of 2 mm were prepared using a rotary micro-
tome (HM355S, Thermo Fisher Scientific). Patients were grouped 
into p-paxillin low-expression group (p-paxillin expression/paxillin 
expression) and p-paxillin high expression group (p-paxillin expres-
sion/paxillin expression) based on immunostaining density. The 
survival data of the patients in The Cancer Genome Atlas (TCGA) 

chemokines. Cytoskeletal adaptations in pancreatic cancer have 
recently also been shown to be induced by SCs, which, by applying 
forces on cancer cells, were shown to alter the cancer cell cytoskele-
ton and promote the migration capacity of cancer cells (53).

Interestingly, administration of rCCL2 resulted in increased 
nerve density in the murine pancreas, which was reversible upon 
blockade of the CCR4 receptor. This suggests that the CCL2/
CCR4 signaling pathway affects not only the chemoattraction and 
the migration machinery of cancer cells, but additionally modu-
lates the neural ingrowth and innervation of cancer.

Our findings also underline some clinically relevant aspects of 
the identified molecular players. We found TGF-α content of the 
primary tumor, and p-paxillin in cancer cells within samples from 
patients with PDAC to be unfavorable prognostic markers for over-
all survival. Furthermore, inhibition of paxillin phosphorylation 
with the inhibitor 6-B345TTQ significantly reduced nerve densi-
ty and tumor size in TPAC mice and cancer-nerve affinity in KPC 
mice. We propose that interference with the TGF-α-CCL2-paxillin  
axis holds potential for prognostic improvement and should be 
considered in upcoming clinical trials.

Our analyses of single cell RNA-Seq expression data of human 
PDAC from publicly available sources showed cancer cells as the 
most prominent source of TGF-α in human PDAC tissues. Other 
cell types like myeloid cells or endocrine cells also turned out to 
exhibit TGF-α expression that was, however, much lower when 
compared to the TGF-α expression levels in cancer cells. There-
fore, although we cannot exclude a similar effect of TGF-α derived 
from such noncancerous cells, cancer cell–derived TGF-α is most 
likely to generate the observed effects.

We also questioned the genetic similarity of the TPAC model 
to human PDAC when we saw the presence of nerve invasion but 
the lack of any Kras mutation in the TPAC model. However, based 

Figure 6. Inhibition of Paxillin-Src-Erk signalosome in vitro and in vivo. (A) 
Experimental design: SU86.86 cancer cells pretreated with the paxillin phos-
phorylation inhibitor 6-B345TTQ for 1 hour were used for a migration assay 
with murine DRG neurons. Cells pretreated with vehicle were used as control. 
(B) Graphs showing the FMI, speed, and distance of cells migrating to 
DRGs. (C) Scheme of in vivo treatment with 6-B345TTQ. 5-month-old TPAC 
mice were treated with 1 mg/kg of the inhibitor daily for 5 days for a total 
of 4 weeks. The control group was treated with DMSO. (D) Representative 
images of pancreatic tumors from TPAC mice treated with 6-B345TTQ and 
the control group, stained with the neural marker PGP9.5 (pink), cancer cell 
marker CK-19 (brown), p-paxillin (brown), and counterstained with haema-
toxilin (blue). The tumor injection bed is marked by the yellow border lines. 
Graphs show PGP9.5 and CK-19 content (E) and p-paxillin (F) as percentage 
of positively stained cells stained in the total area. (G) Scheme of treatment 
in mice allografted with TPAC cancer cells: 1 × 106 cultured primary TPAC 
cancer cells were orthotopically transplanted into the pancreas of 129xC57Bl6 
mice. 3 weeks after transplantation, the mice were treated according to the 
regimen. (H) Representative images of pancreatic tumors of transplanted 
TPAC mice treated according to the regimen, stained with H&E (blue/pink), 
p-paxillin (brown) and counterstained with haematoxilin (blue). (I) Diagrams 
showing the percentage of tumor area out of the total analyzed area of 
transplanted mice after treatment. (J) Diagrams showing the p-paxillin 
content as percentage of positively stained cells in relation to the total area. 
All results in graphs are shown as a mean value ± SEM. For the statistical 
analyses we used Mann-Whitney U test (E, F, I, and J), t test (B and E), and 
for the distribution, Shapiro-Wilk normality test (all panels). The P value ˂ 
0.05 was considered to have significance. Scale bars: 20 μm.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(20):e166333  https://doi.org/10.1172/JCI1663331 6

Author contributions
IED, GOC, and RI designed the study. XW, LY, ST, RI, LR, RÖ, CJ, 
KÇ, CMR, ÜY, IHG, QL, MS, SEY, OUS, SÇ, and GS performed the 
experiments and/or analyzed the data. ML supported the IF and anal-
ysis and provided substantial intellectual input regarding the 3D-Mi-
gration assay. KND, KG, ML, and HA supported the transplantation 
experiments and generated the TPAC model; BV and MK performed 
bioinformatical analysis of RNA-Seq data; KS and AM assisted in the 
histopathological analyses; XW, RI, and IED wrote manuscript. MR, 
AK, and RR critically read and reviewed the manuscript. DS and SB 
provided the majority of the mouse models. HF, RMS, GOC, and IED 
supervised the study. All authors have approved the final version of 
the manuscript. The order of shared first authorship is based on equal 
contribution and based on temporal sequence of contribution.

Acknowledgments
The authors would like to thank Ulrike Bourquain for her tireless and 
outstanding technical assistance. The graphical abstract was gen-
erated at biorender.com. IED, KS, MR, RS, RR, DS, HA, and GOC 
were supported by a grant of the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) — Project-ID 329628492 – 
SFB 1321. IED was supported by the Else Kröner Clinician Scientist 
Professorship of the Else Kröner Fresenius Foundation.

Address correspondence to: Ihsan Ekin Demir, Department 
of Surgery, Klinikum rechts der Isar, Technical University of 
Munich, Ismaninger Str. 22, D-81675 München, Germany. Phone: 
49.89.4140.5868; Email: ekin.demir@tum.de.

was extracted from the following link: https://www.proteinatlas.org/
ENSG00000163235-TGFA/pathology/pancreatic+cancer. For com-
parison of the survival of the high versus low expression groups, the 
median expression was chosen as cutoff based on the following infor-
mation provided by the TCGA: the survival data in the TCGA database 
were retrieved using the median expression based on the FKPM (num-
ber Fragments Per Kilobase of exon per Million reads) value calculat-
ed based on the gene expression data from all patients in the data set.

Statistics. All results in graphs are shown as mean ± SEM. For the 
statistical analyses, we used 2-tailed t tests, Mann-Whitney tests, 
ordinary 1-way ANOVAs, Dunnett’s multiple comparisons tests and, 
for the distribution, Shapiro-Wilk normality tests using GraphPad 
Prism 5. P ˂ 0.05 was considered significant.

Study approval. All animal experiments were approved by the gov-
ernmental commission for animal protection of the Government of 
Upper Bavaria (Regierung von Oberbayern, no. 55.2-2532-Vet-02-16-
165). The study was approved by the ethics committee of the Technical 
University of Munich (589/19s).

Data availability. The microarray data are publicly available at 
the Gene Expression Omnibus (GEO) with the accession number 
GSE201994 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?ac-
c=GSE201994). The spatial transcriptomics data are publicly avail-
able at the Gene Expression Omnibus (GEO) with the accession 
number GSE245126 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE245126). All primary data are available as Supple-
mental Material online as uploaded on the journal website. The full, 
uncut gels of the immunoblots have been provided in the online 
Supplemental Material.

	 1.	Rahib L, et al. Projecting cancer incidence and 
deaths to 2030: the unexpected burden of thy-
roid, liver, and pancreas cancers in the United 
States. Cancer Res. 2014;74(11):2913–2921.

	 2.	Tuveson DA, et al. Endogenous oncogenic 
K-ras(G12D) stimulates proliferation and wide-
spread neoplastic and developmental defects. 
Cancer Cell. 2004;5(4):375–387.

	 3.	Weber J, et al. In vivo functional screening for 
systems-level integrative cancer genomics. Nat 
Rev Cancer. 2020;20(10):573–593.

	 4.	Demir IE, et al. Neural plasticity in pancreatitis 
and pancreatic cancer. Nat Rev Gastroenterol 
Hepatol. 2015;12(11):649–659.

	 5.	Demir IE, et al. Future directions in preclinical 
and translational cancer neuroscience research. 
Nat Cancer. 2020;1(11):1027–1031.

	 6.	Demir IE, et al. Clinically actionable strategies 
for studying neural influences in cancer. Cancer 
Cell. 2020;38(1):11–14.

	 7.	Ceyhan GO, et al. Pancreatic neuropathy and 
neuropathic pain--a comprehensive pathomor-
phological study of 546 cases. Gastroenterology. 
2009;136(1):177–186.

	 8.	Ceyhan GO, et al. Pancreatic neuropathy 
results in “neural remodeling” and altered 
pancreatic innervation in chronic pancreatitis 
and pancreatic cancer. Am J Gastroenterol. 
2009;104(10):2555–2565.

	 9.	Liebl F, et al. The impact of neural invasion sever-
ity in gastrointestinal malignancies: a clinico-
pathological study. Ann Surg. 2014;260(5):900-
907; discussion 907–908.

	 10.	Deborde S, et al. Schwann cells induce can-
cer cell dispersion and invasion. J Clin Invest. 
2016;126(4):1538–1554.

	 11.	Deborde S, Wong RJ. How Schwann cells facil-
itate cancer progression in nerves. Cell Mol Life 
Sci. 2017;74(24):4405–4420.

	 12.	Demir IE, et al. Nerve-cancer interactions in 
the stromal biology of pancreatic cancer. Front 
Physiol. 2012;3:97.

	 13.	Reiser-Erkan C, et al. T1 pancreatic cancer with 
lymph node metastasis and perineural invasion 
of the celiac trunk. Clin Gastroenterol Hepatol. 
2008;6(11):e41–e42.

	 14.	Demir IE, et al. Investigation of Schwann cells at 
neoplastic cell sites before the onset of cancer 
invasion. J Natl Cancer Inst. 2014;106(8):dju184.

	 15.	Saloman JL, et al. Ablation of sensory neurons in 
a genetic model of pancreatic ductal adenocarci-
noma slows initiation and progression of cancer. 
Proc Natl Acad Sci U S A. 2016;113(11):3078–3083.

	 16.	Stopczynski RE, et al. Neuroplastic changes 
occur early in the development of pancre-
atic ductal adenocarcinoma. Cancer Res. 
2014;74(6):1718–1727.

	 17.	Ceyhan GO, et al. The severity of neural invasion 
is a crucial prognostic factor in rectal cancer 
independent of neoadjuvant radiochemotherapy. 
Ann Surg. 2010;252(5):797–804.

	 18.	Liebl F, et al. The severity of neural invasion is 
associated with shortened survival in colon can-
cer. Clin Cancer Res. 2013;19(1):50–61.

	 19.	Gil GA, et al. c-Fos activated phospholipid 
synthesis is required for neurite elongation 

in differentiating PC12 cells. Mol Biol Cell. 
2004;15(4):1881–1894.

	20.	Rodriguez-Berdini L, et al. The moonlighting 
protein c-Fos activates lipid synthesis in neurons, 
an activity that is critical for cellular differen-
tiation and cortical development. J Biol Chem. 
2020;295(26):8808–8818.

	 21.	Decressac M, et al. Exogenous neuropeptide Y 
promotes in vivo hippocampal neurogenesis. 
Hippocampus. 2011;21(3):233–238.

	22.	Lum M, et al. Fibroblast growth factor-9 
inhibits astrocyte differentiation of adult 
mouse neural progenitor cells. J Neurosci Res. 
2009;87(10):2201–2210.

	 23.	Arthur-Farraj P, et al. Mouse schwann cells need 
both NRG1 and cyclic AMP to myelinate. Glia. 
2011;59(5):720–733.

	24.	Howard L, et al. Neuregulin-4 contributes to the 
establishment of cutaneous sensory innervation. 
Dev Neurobiol. 2021;81(2):139–148.

	 25.	Chen SC, et al. Impaired pulmonary host defense 
in mice lacking expression of the CXC chemok-
ine lungkine. J Immunol. 2001;166(5):3362–3368.

	26.	Lin X, et al. SFRP2 enhanced the adipogenic 
and neuronal differentiation potentials of 
stem cells from apical papilla. Cell Biol Int. 
2017;41(5):534–543.

	 27.	Pei G, et al. The function of FAK/CCD-
C80/E-cadherin pathway in the regula-
tion of B16F10 cell migration. Oncol Lett. 
2018;16(4):4761–4767.

	28.	Appleton CT, et al. Reduction in disease pro-
gression by inhibition of transforming growth 



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2023;133(20):e166333  https://doi.org/10.1172/JCI166333

factor α-CCL2 signaling in experimental post-
traumatic osteoarthritis. Arthritis Rheumatol. 
2015;67(10):2691–2701.

	 29.	He S, et al. The chemokine (CCL2-CCR2) signal-
ing axis mediates perineural invasion. Mol Cancer 
Res. 2015;13(2):380–390.

	30.	Sharma N, et al. The emergence of transcriptional 
identity in somatosensory neurons. Nature. 2020 
Jan;577(7790):392–398.

	 31.	Gil Z, et al. Paracrine regulation of pancreatic 
cancer cell invasion by peripheral nerves. J Natl 
Cancer Inst. 2010;102(2):107–118.

	 32.	Memmel S, et al. Migration pattern, actin cyto-
skeleton organization and response to PI3K-, 
mTOR-, and Hsp90-inhibition of glioblastoma 
cells with different invasive capacities. Oncotar-
get. 2017;8(28):45298–45310.

	 33.	Deakin NO, Turner CE. Paxillin comes of age. J Cell 
Sci. 2008;121(pt 15):2435–2444.

	34.	Lopez-Colome AM, et al. Paxillin: a crossroad 
in pathological cell migration. J Hematol Oncol. 
2017;10(1):50.

	 35.	Burridge K, et al. Tyrosine phosphorylation of 
paxillin and pp125FAK accompanies cell adhe-
sion to extracellular matrix: a role in cytoskeletal 
assembly. J Cell Biol. 1992;119(4):893–903.

	 36.	Petit V, et al. Phosphorylation of tyrosine residues 
31 and 118 on paxillin regulates cell migration 
through an association with CRK in NBT-II cells. 
J Cell Biol. 2000;148(5):957–970.

	 37.	Schaller MD, Parsons JT. pp125FAK-dependent 
tyrosine phosphorylation of paxillin creates a 
high-affinity binding site for Crk. Mol Cell Biol. 
1995;15(5):2635–2645.

	 38.	Craig MJ, Loberg RD. CCL2 (monocyte chemo-
attractant protein-1) in cancer bone metastases. 
Cancer Metastasis Rev. 2006;25(4):611–619.

	 39.	Schorn S, et al. The influence of neural invasion 
on survival and tumor recurrence in pancreatic 
ductal adenocarcinoma - a systematic review and 
meta-analysis. Surg Oncol. 2017;26(1):105–115.

	40.	Toutounchian JJ, et al. Novel small molecule 
JP-153 targets the Src-FAK-paxillin signaling 
complex to inhibit VEGF-induced retinal angio-
genesis. Mol Pharmacol. 2017;91(1):1–13.

	 41.	Alfano D, et al. Tbx1 regulates extracellular 
matrix-cell interactions in the second heart field. 
Hum Mol Genet. 2019;28(14):2295–2308.

	42.	Kummer C, et al. A small molecule that inhibits 
the interaction of paxillin and alpha 4 integrin 
inhibits accumulation of mononuclear leuko-
cytes at a site of inflammation. J Biol Chem. 
2010;285(13):9462–9469.

	 43.	Demir IE, et al. Early pancreatic cancer lesions 
suppress pain through CXCL12-mediated che-
moattraction of Schwann cells. Proc Natl Acad Sci 
U S A. 2017;114(1):E85–E94.

	44.	Demir IE, et al. Activated Schwann cells in 
pancreatic cancer are linked to analgesia via sup-
pression of spinal astroglia and microglia. Gut. 
2016;65(6):1001–1014.

	45.	Saricaoglu ÖC, et al. Localisation analysis 
of nerves in the mouse pancreas reveals the 
sites of highest nerve density and nocicep-
tive innervation. Neurogastroenterol Motil. 
2020;32(11):e13880.

	46.	Hirth M, et al. CXCL10 and CCL21 promote 
migration of pancreatic cancer cells toward sen-

sory neurons and neural remodeling in tumors in 
mice, associated with pain in patients. Gastroen-
terology. 2020;159(2):665–681.

	 47.	Ceyhan GO, et al. The neurotrophic factor arte-
min promotes pancreatic cancer invasion. Ann 
Surg. 2006;244(2):274–281.

	48.	Ceyhan GO, et al. Nerve growth factor and arte-
min are paracrine mediators of pancreatic neu-
ropathy in pancreatic adenocarcinoma. Ann Surg. 
2010;251(5):923–931.

	49.	Wang K, et al. The neurotrophic factor neur-
turin contributes toward an aggressive cancer 
cell phenotype, neuropathic pain and neuronal 
plasticity in pancreatic cancer. Carcinogenesis. 
2014;35(1):103–113.

	50.	Saloman JL, et al. Systemic depletion of nerve 
growth factor inhibits disease progression 
in a genetically engineered model of pan-
creatic ductal adenocarcinoma. Pancreas. 
2018;47(7):856–863.

	 51.	Huang C, et al. A role for JNK-paxillin signaling in 
cell migration. Cell Cycle. 2004;3(1):4–6.

	 52.	Pribic J, Brazill D. Paxillin phosphorylation and 
complexing with Erk and FAK are regulated by 
PLD activity in MDA-MB-231 cells. Cell Signal. 
2012;24(8):1531–1540.

	 53.	Deborde S, et al. Reprogrammed Schwann cells 
organize into dynamic tracks that promote 
pancreatic cancer invasion. Cancer Discov. 
2022;12(10):2454–2473.

	54.	Schmid RM, et al. Acinar-ductal-carcinoma 
sequence in transforming growth factor-al-
pha transgenic mice. Ann N Y Acad Sci. 
1999;880:219–230.


	Graphical abstract

