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In brief

Ren et al. demonstrate pseudo-synaptic

connections between sensory neurons

and pancreatic ductal adenocarcinoma

(PDAC) cells. These pseudo-synapses

exhibit enrichment of NMDA receptor

subunit GRIN2D/GluN2D, enhancing

PDAC responsiveness to neuron-derived

glutamate and promoting tumor growth.

Disrupting glutamate-GRIN2D signaling

at pseudo-synapses improves survival in

PDAC, highlighting the therapeutic

potential of targeting cancer-neuron-

pseudo-synapses.
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SUMMARY

Cancers thrive on neuronal input. Here, we demonstrate the presence of pseudo-synaptic connections be-
tween sensory nerve endings and cancer cells in an extracerebral cancer, i.e., pancreatic ductal adenocar-
cinoma (PDAC). These synaptic sites exhibit a selective enrichment of the glutamatergic N-methyl-D-

aspartate receptor (NMDA) receptor subunit NMDAR2D (GRIN2D) on the cancer cells, which turns PDAC cells 
responsive to neuron-derived glutamate and promotes tumor growth and spread. Intriguingly, neurons trans-
form a subset of co-cultured PDAC cells into calcium-responsive cells via GRIN2D-type glutamate receptors 
at the neuron-cancer pseudo-synapses. We found that the expression of this subunit is due to the increased 
glutamate availability provided by sensory innervation in a neurotrophic feedforward loop. Moreover, inter-
ference with the glutamate-GRIN2D signaling at these neuron-cancer pseudo-synapses markedly improved 
survival in vivo. This discovery of peripheral cancer-neuron pseudo-synapses may provide an opportunity for 
cancer-neuroscience-instructed oncological therapies.

Cancer Cell 43, 1–18, December 8, 2025 © 2025 The Authors. Published by Elsevier Inc.  1
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal ma-

lignancy, ranking among the primary contributors to tumor-asso-

ciated mortality worldwide. 1–7 Human PDAC demonstrates an 

exceptionally high incidence of neural invasion (NI) and neuro-

plastic alterations. 8–11 Cancer cells infiltrating nerves exploit 

them as conduits for dissemination, resulting in extensive local 

invasion, rendering surgical intervention infeasible, and inducing 

severe pain. 8,11–15 The severity of NI in PDAC serves as an inde-

pendent prognostic factor of overall and disease-free survival, as 

well as local recurrence. 16–18 In line with the prognostic signifi-

cance of NI, both sensory and sympathetic peripheral nerves 

have been shown to promote tumorigenesis and tumor aggres-

siveness in murine PDAC. 19–23 Notably, while the mechanisms 

underlying sensory nerve-pancreatic cancer interactions in the 

murine PDAC have been partly elucidated, their scope has 

been primarily limited to paracrine signaling pathways. 24,25 

Both primary and metastatic tumors of the central nervous sys-

tem have been previously shown to thrive under synaptic gluta-

mate signaling between central nervous system neurons and can-

cer cells. 26–29 Although L-glutamate serves as a predominant 

neurotransmitter of peripheral dorsal root ganglion (DRG) sensory 

neurons, 30 the existence of glutamate-mediated, synaptic interac-

tions between sensory neurons and peripheral cancer cells, such 

as PDAC cells, remains unexplored. Thus, driven by the prog-

nostic significance of NI in PDAC and the critical role of synaptic 

glutamate signaling in central nervous system cancers, we inves-

tigated the potential presence of similar, previously unexplored 

synaptic glutamate signaling interactions between peripheral sen-

sory neurons and extracerebral cancer cells.

RESULTS

GRIN2D is upregulated in various human cancers and 

promotes cancer cell migration

To dissect the involvement of glutamate signaling in PDAC, we 

initially analyzed the expression of individual glutamate receptor 

subtypes within patient-derived PDAC tumor biopsies and corre-

sponding human celiac ganglia specimens obtained from our bio-

bank. Subsequently, we extended our analysis to include human 

PDAC tissues derived from The Cancer Genome Atlas Program 

(TCGA) database. Notably, we observed a marked elevation in 

the expression levels of the GRIN2D gene, a member of the 

NMDAR family of glutamate receptors, among all glutamate re-

ceptors analyzed, prompting our focus on NMDAR components 

(Figures 1A and 1B). Elevated expression  levels of GRIN1, 

GRIN2A, and GRIN2D were identified in PDAC compared to 

normal human pancreas (Figure S1A). Interestingly, among the 

overexpressed genes, only GRIN2D exhibited a significant asso-

ciation with the T and N stages of the TNM status (Figures S1B 

and S1C), which implies GRIN2D expression levels may correlate 

with tumor progression and the extent of lymph node invasion. 

The broader significance of GRIN2D in cancer was underscored 

by its elevated expression across multiple human cancers when 

compared to normal tissue (Figure S1D). Utilizing an analysis 

based on the heterotetrameric assembly of NMDARs, our investi-

gation revealed a notable co-expression pattern and a particularly 

significant correlation exclusively between GRIN1 and GRIN2D

genes, among the NMDAR components, within human PDAC 

samples (Figure S1E). Strikingly, expression levels of all glutama-

tergic receptors and their subunits in previously characterized hu-

man neuro-affine SU.86.86 and T3M4 and non-neuro-affine 

Panc-1  and Capan-1  cell  lines 31  were  consistent with  our 

TCGA-based  analyses, with GRIN2D  exhibiting  the  highest 

expression among the NMDAR subtypes, accompanied by co-

expression of GRIN1 (Figures S1F–S1I). Similar results were 

observed in our non-neuro-affine murine KPC and neuro-affine 

TPAC cell lines, 25 with Grin2d being expressed the highest among 

all glutamate receptor genes (Figures S1J and S1K). These find-

ings imply an enhanced cellular responsiveness to glutamate 

signaling, consistent with previous literature demonstrating that 

the NR1 (GRIN1, encoded by GRIN1) and NR2 (GRIN2) subunits 

form receptor complexes characterized by heightened sensitivity 

to glutamate, NMDA, glycine, and D-serine. 32

To investigate the cellular specificity and functional relevance 

of  GRIN2D  in  PDAC,  we  analyzed  two  single-cell  RNA 

sequencing (scRNA-seq) datasets (325,480 cells from 70 human 

PDAC tumors). 33,34 GRIN2D was selectively enriched in malig-

nant epithelial cells, with minimal expression in non-malignant 

populations (Figures 1C, 1D, and S2A–S2D). Further analysis of 

treatment-naive  and  FOLFIRINOX-treated  tumors  revealed 

higher GRIN2D expression in untreated tumors compared to 

those with minimal, moderate, or poor treatment responses 

(Figure S2E). 33 These data highlight a tumor-cell-intrinsic role 

for GRIN2D and nominate  it  for  functional and therapeutic 

investigation.

To assess the impact of L-glutamate (L-Glu), a ligand of the 

GRIN2D subunit encoded by the GRIN2D gene, we evaluated 

the migratory  abilities  of  neuro-affine  cell  lines  SU.86.86, 

T3M4, and TPAC and compared them with the non-neuro-affine 

cancer cell lines Panc-1, Capan-1, and KPC. 25,31 Here, we 

tested various L-Glu concentrations on cancer cells and found 

that 0.5 μM of L-Glu optimally stimulated the GRIN2D transcrip-

tion in cancer cells, while cell growth remained unchanged 

(Figures  S2F–S2L).  Interestingly,  neuro-affine  cell  lines 

SU.86.86, T3M4, and TPAC showed increased migration and in-

vasion when treated with L-Glu and DRG-conditioned media 

(CM), whereas non-neuro-affine cells Panc-1, Capan-1, and 

KPC did not (Figures 1E–1G). Furthermore, pretreatment with a 

selective  antagonist  for  GRIN2D,  i.e.,  UBP145,  effectively 

reversed the migratory and invasive behaviors of SU.86.86, 

T3M4, and TPAC cells, but not in non-neuro-affine cell lines 

(Figures  1H,  1I,  and  S2M).  GRIN2D  siRNA  silencing  in 

SU.86.86 and Capan-1 cells mirrored UBP145 inhibitory effects 

on migration and invasion triggered by L-Glu or DRG CM, espe-

cially in neuro-affine SU.86.86 cells (Figures 1J–1L).

Collectively, these results showed that L-Glu enhances the 

migratory phenotype of neuro-affine PDAC cells, mediated by 

the NMDAR receptor subtype GRIN2D.

GRIN2D expression in cancer cells correlates with an 

increased abundance of presynaptic glutamate-

release-associated proteins in neurons

In  further  analyses,  we  explored  the  correlation  between 

GRIN2D, GRIN1, and proteins linked to presynaptic vesicular 

glutamate transport,  including vesicle-associated membrane 

protein 1 (VAMP1) 35  and solute carrier family 17 member 6

ll
OPEN ACCESS Article

2  Cancer Cell 43, 1–18, December 8, 2025

Please cite this article in press as: Ren et al., Sensory neurons drive pancreatic cancer progression through glutamatergic neuron-cancer pseudo-syn-
apses, Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.09.003



A B

C D

E
F G

H

I

J

K L

Figure 1. GRIN2D expression in PDAC and its functional significance

(A) Expression of 23 glutamate-receptor-associated genes in human PDAC and matched celiac ganglia. Color scale: blue (low expression) to red (high expression), 

with a value range of 0.0–1.6; gene labels are colored by receptor type: NMDARs (brick red), AMPARs (steel blue), Kainate (dark green), and mGluRs (black).

(legend continued on next page)

ll
OPEN ACCESSArticle

Cancer Cell 43, 1–18, December 8, 2025  3

Please cite this article in press as: Ren et al., Sensory neurons drive pancreatic cancer progression through glutamatergic neuron-cancer pseudo-syn-
apses, Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.09.003



(SLC17A6), 36 as well as the postsynaptic density protein 95 

(PSD95/DLG4, encoded by DLG4). 37,38 Looking first at the can-

cer cells, our investigation audited the levels of the nine gluta-

mate  transporter  genes  using  RT-qPCR  across  human 

SU.86.86 and Capan-1, as well as murine TPAC and KPC cells. 

Expression levels were largely comparable and low across cell 

types, with the exception of SLC1A3 and Slc7a11, which were 

respectively  elevated  in  human  and  murine  cell  lines 

(Figures S3A and S3B). However, western blot analyses revealed 

that SLC1A3 and SLC7A11, two transporter proteins capable of 

exporting glutamate, were present in insignificant amounts in the 

compared cell lines, with a similar result on SLC17A6 (encoded 

by SLC17A6), a key vesicular protein for glutamate loading into 

synaptic vesicles (Figure S3C). Hence, the expression levels of 

the glutamate transporter genes in the cancer cells were not in 

relevant amounts.

Subsequently, we unveiled the co-expression of GRIN2D and 

GRIN1 in human PDAC tissue and synchronously elevated levels 

compared to normal pancreatic tissue (Figures S3D and S3E), 

then further uncovered a significant enrichment of GRIN2D and 

GRIN1 proteins, as well as DLG4, within cancer cells invading 

nerves, in contrast to cancer cells not involved in neural invasion 

(Figure 2A). Furthermore, notably elevated levels of VAMP1 (syn-

aptobrevin-1, encoded by VAMP1) and SLC17A6  (vesicular 

glutamate  transporter 2, vGlut-2) were observed  in nerves 

invaded by cancer cells compared  to non-invaded nerves 

(Figure 2B). Moreover, exposure to DRG CM resulted in the up-

regulation of GRIN1 (Grin1) and GRIN2D (Grin2d) in neuro-affine 

SU.86.86, T3M4, and TPAC cells, differing from their non-neuro-

affine counterparts, with Capan-1 cells displaying a significant 

decrease in GRIN1 and GRIN2D mRNA expressionFigures S3. 

Notably, treatment with DRG CM significantly augmented the 

protein expression of GRIN2D, GRIN1, and DLG4 in human 

neuro-affine cancer cell lines, particularly in SU.86.86 cells. 

Conversely, non-neuro-affine Panc-1 and Capan-1 cells showed 

unaltered or decreased levels of the analyzed proteins following 

DRG CM treatment (Figures S3F–S3H). Furthermore, prominent 

expression of GRIN2D, GRIN1, and DLG4 in cancer cells and 

VAMP1 and SLC17A6 in neurons was detectable via immunocy-

tochemistry  in  SU.86.86-DRG  co-cultures.  Conversely,  the 

respective expressions were notably less prominent in Capan-

1-DRG co-cultures  (Figures 2C and 2D). Consistently, co-

culturing with DRGs elevated the protein expression of GRIN1, 

GRIN2D, and DLG4 in neuro-affine SU.86.86 and T3M4 cells 

but  not  in  non-neuro-affine  Panc-1  and  Capan-1  cells 

(Figures S3I and S3J). Interestingly, depletion of the GRIN2D 

gene reversed this effect in SU.86.86 cells and affected the in-

duction  of GRIN1  and  DLG4  expression, which was  not

observed in Capan-1 cells (Figure S3K). Altogether, these data 

suggest that cancer cell expression of specific NMDAR subunits, 

particularly of GRIN2D, is accompanied by the neuronal expres-

sion of presynaptic glutamate transport proteins.

Glutamate triggers GRIN2D expression via the CAMK IV-

CREB pathway and E2F1-mediated activation of EZH2 

Utilizing  data  from  the  ARCHS4  database,  we  identified 

enhancer of Zeste 2 polycomb repressive complex 2 subunit 

(EZH2) as the most potentially significant transcription factor 

(TF) governing GRIN2D expression in human cells. Initially, in 

the TCGA dataset, among NMDAR subunits, only GRIN1 and 

GRIN2D showed co-expression and a positive correlation with 

EZH2 expression in human PDAC cells (Figures S4A and S4B). 

To corroborate these findings, we conducted a chromatin immu-

noprecipitation PCR assay (ChIP-PCR). The results identified 

two potential binding sites for EZH2 within the region of the 

GRIN2D gene (Figure S4C). Furthermore, we observed an in-

crease in the enrichment of EZH2 binding to the GRIN2D upon 

treatment of SU.86.86 cells with L-Glu (Figure 3A). Remarkably, 

synchronized elevations in GRIN2D and EZH2 levels were exclu-

sively detected in neuro-affine human PDAC cells subsequent 

to L-Glu  treatment. Conversely, no comparable effect was 

observed in non-neuro-affine PDAC cells (Figure S4D). Immuno-

cytochemistry analyses further revealed that both L-Glu and 

DRG CM upregulated EZH2 levels in SU.86.86 cells but not in 

Capan-1 cells (Figure 3B). Furthermore, GRIN2D levels were 

notably decreased  in EZH2 siRNA-silenced group following 

treatment with L-Glu and DRG CM (Figures 3C and 3D).

The E2F transcription factor 1 (E2F1), a well-known key tran-

scription factor for EZH2 expression, has been shown to upregu-

late EZH2 levels in a dose-dependent manner. 39 Consistent with 

this, we observed that silencing of E2F1 significantly reduced 

E2F1 enrichment at the EZH2 promoter in SU.86.86 cells, as evi-

denced by ChIP-PCR analysis (Figure 3E). We identified three 

corresponding E2F1 binding sites located at the EZH2 promoter 

(Figure S4E). Subsequently, EZH2 expression was notably 

downregulated following siRNA-mediated silencing of E2F1 in 

SU.86.86 cells (Figure 3F). Next, we scrutinized the hypothesized 

EZH2-E2F1 signaling pathway as the putative regulatory mech-

anism upstream of GRIN2D. EZH2 exerts its function as a tran-

scription repressor by catalyzing the trimethylation of histone 3 

lysine  27  (H3K27me3),  thereby  facilitating  cell proliferation 

through  the suppression of cyclin-dependent kinase  (CDK) 

inhibitors, particularly p16 INK4a (encoded by CDKN2A; hereafter 

CDKN2A). 40,41  CDKN2A was  shown  to  negatively  regulate 

CDK4, which is a key oncogenic driver and regulator within the 

CDK family. 42 CDK4 forms a complex with its regulatory cyclin

(B) Expression of 23 glutamate-receptor-associated genes in 177 PDAC patients from TCGA, ranked by glutamatergic Z scores. Color scales (range 0–4) and 

gene label colors are the same as in (A).

(C and D) UMAP of 224,988 cells from 44 PDAC samples (GSE202051) 33 ; (C) depicts cell type diversity; (D) visualizes GRIN2D expression (dark red: high; light 

orange: low).

(E) Closed wound area (CWA) after treatment with L-glutamate (L-Glu) or dorsal root ganglion conditioned medium (DRG CM).

(F) Schematic illustration of cancer cell invasion.

(G) Quantification of cancer cell invasion following the same treatments.

(H–L) CWA and invasion in PDAC cells pretreated with UBP145 (H–I) or GRIN2D siRNA (siGRIN2D; J–L), followed by L-Glu or DRG CM; knockdown efficiency of 

siGRIN2D and non-targeting siRNA (siNT) shown.

All data are mean ± SEM, n = 3. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figures S1 and S2.
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Figure 2. Detection of GRIN2D/NMDAR pathway components in PDAC

(A) Immunostaining of PANCK, PGP9.5, GRIN2D, GRIN1, and DLG4 in 20 human PDAC specimens. CT, nerves close to tumors (with neural invasion); FT, nerves 

farther from tumors (without neural invasion). Scale bars, 20 μm.

(legend continued on next page)
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subunit, cyclin D1 (encoded by CCND1). Upon activation, the 

CDK4-CCND1 complex phosphorylates and inactivates the tu-

mor suppressor protein RB, leading to the liberation of E2F1. 43 

Our  experiments  revealed  significant  alterations  in  the 

EZH2-E2F1 axis signaling molecules in SU.86.86 cells upon 

treatment  with  L-Glu  or  DRG  CM.  Specifically,  EZH2, 

H3K27me3, pRB Ser780 , E2F1, CyclinD1, and CDK4 protein levels 

were  elevated, while CDKN2A  expression was decreased. 

Conversely, Capan-1 cells did not exhibit any difference in the 

expression of these proteins (Figures 3G and S4F–S4H). Further-

more, L-Glu treatment notably increased EZH2 and H3K27me3 

levels, while decreasing CDKN2A expression in SU.86.86 cells. 

However, transfection with EZH2 siRNA reversed the changes 

in the expression of CDK2NA and H3K27me3 (Figure S4I). Addi-

tionally, the downregulation of EZH2 via siRNA led to a decrease 

of E2F1 and pRB Ser780 in SU.86.86 cells treated with L-Glu and 

DRG CM (Figure S4J). These findings highlight the pivotal role 

of the EZH2-E2F1-p-Rb signaling pathway as the upstream reg-

ulatory mechanism driving GRIN2D expression in PDAC.

It is known that the physiological impact of glutamate, partic-

ularly  ligand-stimulated NMDAR activation,  triggers calcium 

influx in neurons, thereby instigating the downstream calcium-/ 

calmodulin-dependent protein kinase 4 (CAMK4) pathway. 26,44 

On the other hand, EZH2 expression is positively regulated by 

the transcription factor cyclic AMP-responsive element-binding 

protein 1 (CREB1) phosphorylated at Ser133. 26,45–47 Therefore, 

we investigated whether a similar glutamate-triggered activation 

of the CAMK4-EZH2 pathway occurs in our neuro-affine cancer 

cells. Our results revealed a synchronous activation of CAMK4 

and pCREB1 Ser133 in SU.86.86 cells following L-Glu treatment 

(Figure S4K). Importantly, these changes were abrogated upon 

CAMK4 silencing, leading to a glutamate-dependent decrease 

in EZH2 level (Figures 3H and S4L). Thus, our data further sup-

port the involvement of glutamate in the upstream regulatory 

mechanism of GRIN2D expression through the activation of 

the CAMK4-CREB1 signaling pathway.

Next, we investigated the functionality of the GRIN2D-contain-

ing glutamatergic receptors on cancer cells. Using calcium im-

aging  recordings  in  neuron-cancer  cell  co-cultures,  we 

confirmed  the  presence  of  functional  GRIN2D-containing 

NMDA receptors in human SU.86.86 cells, as evidenced by 

glutamate-induced responses in cells co-cultured with human 

neurons differentiated from the human neural progenitor cell 

line SPCs-01. The glutamate-evoked calcium influx was dose-

dependent and modulated by specific NMDA receptor antago-

nists, such as UBP141 and AP5, which further support the 

functional role of GRIN2D in SU.86.86 cells, with a resting 

membrane potential of − 50.07 ± 3.33 mV in pancreatic cancer 

cells (Figures 3I–3L and S4M). Importantly, no response was 

observed on mono-cultured SU.86.86 cells (Figure 3M), which 

suggests the necessity of the physical proximity/contact of neu-

rons to cancer cells for the operational GRIN2D signaling in 

pancreatic cancer cells. Moreover, our findings indicated that

SU.86.86 exhibited spontaneous calcium influx in the absence 

of external stimulation but in co-culture with neurons. This activ-

ity appears to be primarily dependent not on L-Glu, but more on 

L- and T-type calcium channels, which suggests GRIN2D likely 

functions as a glutamate ‘‘sensor,’’ and calcium influx into the 

cancer cell at the pseudo-synapse is presumably induced by 

activation of sensory neurons (Figure S4N). Moreover, we also 

confirmed that exogenously applied NMDA activated Ca 2+ cur-

rents specifically on cancer cells, indicating the functionality of 

GRIN2D-mediated signaling in SU.86.86 cells co-cultured with 

murine DRG neurons, a response not observed in SU.86.86 

mono-cultures (Figures S4O and S4P).

Grin2d in murine pancreatic cancer cells is essential for 

tumor growth and innervation

To elucidate the biological significance of Grin2d in cancer cells, 

we utilized two distinct approaches: knockdown of the Grin2d 

with short hairpin RNA (shRNA) (shGrin2d) and knockout (KO) 

of the Grin2d gene with the CRISPR-Cas9 system (Grin2d − /− ). 

The editing was performed in a commercially available KPC-

Pdx1CRE cell line characterized by high repopulation rates. 

These cells express Cre recombinase under the control of the 

Pdx1 promoter and harbor a conditionally expressed Trp53 R175H 

mutant  allele,  similar  to  the  Li-Fraumeni  human  ortholog 

TP53 R175H . 48 Notably, our primary KPC line features a p48-Cre 

cassette, which replaces exons one and two of the Ptf1a gene, 

and conditional KO of Trp53 gene. 49,50 The expression level of 

Grin2d in KPC-Pdx1CRE cells is comparable to that of TPAC, 

and both are higher than those in primary KPC cells, while immu-

nofluorescence staining showed elevated baseline GRIN2D 

levels in tumors from KPC-Pdx1CRE-implanted mice compared 

to those from KPC mice (Figures S5A and S5B). The editing effi-

ciency of the generated shGrin2d cells was verified with RT-

qPCR and western blotting, revealing a significant reduction in 

Grin2d at both mRNA and protein levels (Figure 4A). In Grin2d 

KO cells, targeting the critical exon three of the Grin2d gene 

with  intronic gRNAs  resulted  in complete protein depletion 

(Figure 4B).

The functional characterization unveiled a lack of response in 

both shGrin2d and Grin2d − /−  cells to treatment with L-Glu and 

DRG CM, as determined through invasion, migration, and wound 

healing assays (Figures S5C–S5G). Moreover, no differences 

were observed in cell metabolic activity, as assessed by the 

MTT  assay,  nor  in  colony  formation  properties  (Figures 

S5H–S5K).

To validate the impact of Grin2d depletion in vivo, we im-

planted KPC-Pdx1CRE Grin2d − /−  and shGrin2d cells, along 

with corresponding control cells  (Grin2d +/+  and shNT with 

unmodified Grin2d  gene),  orthotopically  into  the  pancreas 

of  six-week-old  female  C57BL/6N  mice,  as  previously 

described 51 (Figure 4C). The overall survival of mice implanted 

with shGrin2d and Grin2d − /−  cell groups was significantly 

increased compared to their respective controls (Figure 4D).

(B) SLC17A6 and VAMP1 staining in the same specimens. ‘‘CT’’/‘‘FT’’ as in (A). Scale bars, 20 μm.

(C) Schematic of cancer-neuron co-cultures for immunocytochemistry.

(D) Immunostaining of PANCK, GRIN1, GRIN2D, DLG4, SLC17A6, and VAMP1 in SU.86.86-dorsal root ganglion (DRG) and Capan-1-DRG co-cultures. White 

arrowheads: axons. All data are mean ± SEM. Unpaired t test; *p < 0.05. Also see Figure S3.
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The prolonged survival corresponded to a reduced tumor growth 

rate in the shGrin2d and Grin2d − /−  groups compared to their 

controls, monitored over 55 days post-implantation. Further-

more, a significant reduction in tumor volume was observed 

upon reaching the experimental endpoint, resulting in decreased 

pancreas weight, accompanied by a reduction in the number of 

peritoneal metastases (Figures 4E and S6A–S6F). Moreover, 

both shGrin2d and Grin2d − /−  groups showed reduced gluta-

mate  levels  in  the  pancreas,  but  increased  levels  in  the 

pancreas-innervating DRGs T8-T12, while serum glutamate 

levels remained unchanged (Figures 4F, 4G, S6G, and S6H). 

The reduced tumor size could also be explained by elevated 

cleaved caspase 9 levels in Grin2d − /−  and shGrin2d tumors 

(Figures 4H and S6I). Furthermore, the shGrin2d and Grin2d − /− 

groups demonstrated diminished innervation of the tumors and 

surrounding  tissue,  as  evidenced  by  decreased  levels  of 

PGP9.5, a prominent marker of peripheral neurons, compared 

to their respective control groups (Figures 4I and S6J). Addition-

ally, the protein expression of GRIN2D was diminished in both 

the shGrin2d and Grin2d − /−  groups, concomitant with the down-

regulation of transcription factors EZH2 and CaMK4, known reg-

ulators upstream of Grin2d gene expression (Figures 4I and S6J). 

Collectively, these data suggest that the expression of Grin2d 

in cancer cells plays a pivotal role in tumor progression and 

innervation in vivo. This may potentially trigger glutamate over-

production in sensory dorsal root ganglia neurons, thereby initi-

ating a positive feedback loop between cancer cells and sensory 

neurons, driving tumor growth in vivo.

Sensory innervation drives the Grin2d upregulation in 

pancreatic cancer cells in a feedforward loop via TGFA-

EGFR signaling

To unravel the potential molecular mechanisms driving Grin2d-

mediated tumor innervation, we conducted mRNA sequencing 

of orthotopically implanted Grin2d − /−  and Grin2d +/+  tumors. 

Among the candidates, seven neurotrophic factors or receptors, 

including Fgf1, Fgfr4, Egfr, Gmfg, Tgfb1i1, Efnb1, and Tgfa, 

stood out as potential mediators of innervation (Figures 5A and 

S7A). Subsequent validations through RT-qPCR revealed Egfr

and its ligand transforming growth factor α (TGFA) as focal points 

of  interest,  given  their  significant  downregulation  in  the 

Grin2d − /−  implanted tumors (Figure 5B). Remarkably, similar 

trends were evident in EGFR protein levels in Grin2d-edited 

KPC-Pdx1CRE cells (Figure S7B). To delve deeper, we explored 

the impact of TGFA on DRG neurons in vitro and demonstrated 

EGFR activation  in murine DRG neurons post-recombinant 

TGFA treatment (Figure 5C). This treatment corresponded with 

increased axonogenesis (Figures 5D and S7C). Additionally, 

immunohistochemistry staining validated the reduced levels of 

EGFR and its ligand TGFA in Grin2d − /−  and shGrin2d orthotopi-

cally implanted tumors (Figures 5E and S7D). In summary, our in-

vestigations delineated the role of GRIN2D-triggered EGFR-

TGFA signaling in fostering peritumoral innervation in PDAC.

We  then  explored  whether  it  is  sensory  nerves  and 

L-glutamate of sensory nerves that drive Grin2d expression in 

cancer cells. Here, we employed capsaicin-mediated ablation 

of TRPV1 + DRG neurons in vitro. We observed that the increase 

in the number of DRG neurons corresponded to elevated TRPV1 

expression  within  KPC-Pdx1CRE  cell-neuron  co-cultures 

(Figure S7E). Subsequent co-cultures of KPC-Pdx1CRE cells 

with  DRGs  pretreated  with  capsaicin  revealed  decreased 

TRPV1 expression, as indicated by immunocytochemistry stain-

ing (Figures 5F, S7F, and S7G). Consistent results were obtained 

through ELISA measurements of TRPV1, substance P (SP), and 

CGRP in cell lysates and/or supernatants from co-cultures of 

KPC-Pdx1CRE cells with different numbers of DRGs, showing 

decreased expression resembling capsaicin treatment in KPC-

Pdx1CRE-neuron co-cultures, even when Grin2d was deleted 

in KPC-Pdx1CRE cells (Figures 5G–5I and S7H). Additionally, 

capsaicin-treated KPC-Pdx1CRE-DRG  co-cultures  exhibited 

reduced GRIN2D content, which was reversible with L-Glu treat-

ment (Figure 5J). Overall, our data suggest that sensory neurons 

regulate cancer cell GRIN2D expression in a glutamate-depen-

dent manner.

To  validate  this  observation  in  vivo,  we  implanted 

KPC-Pdx1CRE-Grin2d − /−  and  corresponding  control  cells 

(KPC-Pdx1CRE-Grin2d +/+ )  into  the  pancreas  of  42-day-old 

C57BL/6N mice (both sexes) that were treated with capsaicin

Figure 3. EZH2-mediated GRIN2D expression in PDAC cells in response to L-glutamate

(A) ChIP-PCR showing EZH2 binding to GRIN2D in SU.86.86 cells after L-glutamate (L-Glu) treatment.

(B) Immunostaining of EZH2 in SU.86.86 and Capan-1 cells following dorsal root ganglion conditioned medium (DRG CM) or L-Glu treatment. White boxes 

indicate single-channel EZH2 staining to highlight signal intensity. Scale bars, 50 μm.

(C and D) Validation of EZH2 siRNA (siEZH2) and non-targeting siRNA (siNT) efficacy and analysis of GRIN2D and EZH2 expression in siEZH2-pretreated 

SU.86.86 cells after L-Glu and DRG CM treatment by RT-PCR (C) and western blot (D).

(E) E2F1 binding to EZH2 promoter by ChIP-PCR. Western blot showing E2F1 siRNA (siE2F1)-mediated knockdown efficiency.

(F) Western blot and analysis of protein levels following siE2F1 treatment.

(G and H) Western blot of EZH2-E2F1-p-Rb pathway in SU.86.86 and Capan-1 cells treated with L-Glu and DRG CM treatment (G) and upstream regulators of

EZH2 in SU.86.86 cells treated with L-Glu (10 min) following CaMK IV siRNA pretreatment (H). CREB and p-CREB (Ser133) indicate CREB1 and pCREB1 Ser133 ,

respectively.

(I) L-Glu dose-response curves of SU.86.86 cells co-cultured with hSPCs-01, showing normalized area under the curve (Norm. AUC) and peak amplitude; n = 6 for 

each dose (0.1 mM, 0.3 mM, 1.0 mM, and 3.0 mM).

(J) Brightfield image (63x) of two SU.86.86 cells in hSPCs-01 co-culture (red box), with corresponding Fura2 signals, adjacent to the L-Glu puffing electrode (blue 

arrow). Scale bars, 50 μm.

(K and L) Calcium responses of SU.86.86 cells in hSPCs-SU.86.86 co-culture to varying durations of 1 mM L-Glu puffing (K, n = 3 per duration) and to 1 mM L-Glu 

with/without different blockers: 10 μM UBP141 (GRIN2C/2D antagonist), 3 μM Ro25-6981 (GRIN2B antagonist), 50 μM AP5 (selective and competitive NMDA 

receptor antagonist) (L, n = 6/group). x axis, time (s); y axis, Fura-2 ratio (340/380).

(M) Calcium signaling in SU.86.86 mono-cultures under L-Glu and NMDA ligands. x axis and y axis as in (K–L).

All data are mean ± SEM. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figure S4.
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Figure 4. GRIN2D loss of function in cancer cells limits tumorigenesis and improves survival in murine PDAC

(A) Grin2d mRNA and GRIN2D protein in non-targeting shRNA (shNT)-treated and Grin2d-targeting shRNA (shGrin2d; #210 and #213)-treated KPC-Pdx1CRE 

cells; shGrin2d (#210) for follow-up.

(legend continued on next page)
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intraperitoneally on postnatal day 2 (P2) for sensory nerve deple-

tion (Figure 6A). Notably, a significant reduction in tumor volume 

was observed at the experimental endpoint in the Grin2d − /− 

group, resulting in decreased pancreas weight. Importantly, 

exogenous  (i.p.)  glutamate  supply  reversed  the  tumor 

reduction in capsaicin-treated mice only when Grin2d was intact 

(Grin2d +/+ ), with no increase in tumor size observed in solvent-

treated controls (Figures 6B, 6C, S8A, and S8B). Moreover, P2 

mice treated with capsaicin had a reduction in the neuron density 

in their T8-T12 DRG during adulthood (Figure 6D). Ablation of 

sensory fibers was further demonstrated by reduced TRPV1 

and NF200 density in T8-T12 DRGs (Figure 6E) and a corre-

sponding decrease of TRPV1 + or NF200 + nerve fibers in tumor 

tissues following capsaicin treatment (Figure 6F).

Moreover, we investigated the effect of sensory neuron abla-

tion on PDAC progression using Trpv1 KO mice. In line with 

the observed pro-neurogenic effects of TGFA in our Grin2d − /− 

KPC-Pdx1CRE implantation model, a decrease in TGFA secre-

tion in the supernatant and cell lysates from Trpv1 KO DRG neu-

rons was observed compared to Trpv1 WT neurons, accompa-

nied by reduced L-Glu levels (Figures S9A and S9B). Although 

co-culturing with KPC-Pdx1CRE and TPAC cells enhanced 

TGFA release from Trpv1 KO DRGs, secretion levels remained 

lower than those in co-cultures with Trpv1 WT DRGs. Notably, 

KPC-Pdx1CRE cells exhibited  increased extracellular TGFA 

secretion when co-cultured with Trpv1 WT DRGs, compared to 

TPAC cells, despite the latter showing a higher baseline TGFA 

secretion. This was accompanied by a more pronounced in-

crease in intracellular TGFA levels within the KPC-Pdx1CRE cells 

(Figure S9B). To enhance the neuro-affinity of cancer cells, we 

stably overexpressed murine Tgfa gene under the EF1a pro-

moter in Grin2d +/+ and Grin2d − /−  KPC-Pdx1CRE cells. The over-

expression of Tgfa  in  the generated Grin2d +/+ ;Tgfa-Tg and 

Grin2d − /− ;Tgfa-Tg KPC-Pdx1CRE cell lines was confirmed by 

western blot, showing a significant increase in TGFA protein 

levels (Figure 6G). KPC-Pdx1CRE cells exhibited neuro-affine 

growth capabilities similar to TPAC cells and demonstrated 

greater invasiveness toward WT DRGs compared to KPC cell 

lines in 3D migration assay, a feature further enhanced by upre-

gulated Tgfa expression. However, this capability was signifi-

cantly reduced toward Trpv1 KO DRGs (Figure S9C).

Next, we orthotopically implanted cancer cells with or without 

Tgfa overexpression into the pancreas of Trpv1 KO and C57BL/ 

6N wild-type mice (6–8 weeks old, both sexes), generating four 

experimental groups: Grin2d +/+ , Grin2d − /− , Grin2d +/+ ;Tgfa-Tg, 

and Grin2d − /− ;Tgfa-Tg  (Figure 6H). At  the study endpoint, 

although the Grin2d +/+ ;Tgfa-Tg group in Trpv1 KO mice ex-

hibited significantly larger tumors compared to the Grin2d +/+ 

group, their tumor volumes remained markedly lower than those 

in the Trpv1 WT Grin2d +/+ ;Tgfa-Tg group, which showed the

most pronounced tumor growth (Figure 6I). Furthermore, we 

quantified pain sensation in our experimental mice following sen-

sory neuron ablation via von Frey filament testing. Trpv1 WT mice 

exhibited significantly higher baseline sensitivity to mechanical 

stimulation with Von Frey filaments compared to Trpv1 KO 

mice. Following orthotopic  implantation  in Trpv1 WT mice, 

compared to Grin2d − /− ;Tgfa-Tg group, those transplanted with 

Grin2d +/+ ;Tgfa-Tg cells developed larger tumors and demon-

strated elevated mechanical pain sensitivity. The increase in 

pain sensation was more pronounced than that observed in 

Trpv1 KO mice implanted with the same gene-edited cells and 

also exceeded the baseline sensitivity in Trpv1 WT mice prior 

to implantation. Notably, Trpv1 KO mice did not exhibit a compa-

rable increase in pain sensitivity following tumor implantation, 

suggesting a Trpv1-dependent mechanism underlying tumor-

associated mechanical pain (Figure 6J).

To further elucidate the feedforward loop via TGFA-EGFR 

signaling, two predicted binding sites of EZH2 within the Tgfa 

promoter were  identified  (Figures S9D and S9E). Silencing 

Ezh2 significantly reduced its enrichment at the Tgfa promoter 

in KPC-Pdx1CRE cells, as demonstrated by ChIP-PCR analysis. 

The reduction in EZH2 enrichment at the same sites was further 

corroborated in Grin2d − /−  KPC-Pdx1CRE cells (Figures S9F and 

S9G). Depletion of Grin2d and its upstream regulator Ezh2 sup-

pressed the expression levels of signal transduction molecules 

of EZH2-GRIN2D-TGFA signaling pathway,  including EGFR, 

E2F1, pCREB1 Ser133 , and TGFA in KPC-Pdx1CRE cells (Figure 

S9H). Notably, exogenous L-Glu application failed to fully restore 

the reductions in E2F1 and pCREB1 Ser133 caused by Grin2d or 

Ezh2 depletion, while TGFA levels showed partial recovery. In 

contrast,  in  siNT  or Grin2d +/+  KPC-Pdx1CRE  cells,  these 

signaling proteins were robustly upregulated in response to 

glutamate stimulation (Figures S9I and S9J).

To better explore the involvement of calcium channels in the 

functional activity of GRIN2D-containing NMDA receptors, our 

RNA-seq analysis revealed that Grin2d KO in the murine pancre-

atic cancer cells led to downregulation of Cacna1h (Cav3.2, 

T-type calcium channel) and upregulation of Cacna1c (Cav1.2, 

L-type calcium channel) genes (Figure S9K). Correspondingly, 

calcium imaging revealed a complete loss of calcium influx in 

Grin2d − /−  cells, in contrast to robust influx in Grin2d +/+ cells 

(Figure S9L). This suggests that reduced Cacna1h expression 

functionally impairs calcium entry. Given Cacna1h ′ s role in low-

threshold, transient calcium influx, 52,53 its loss likely accounts 

for the observed signaling defect in spite of Cacna1c upregula-

tion. Cancer cells frequently exhibit spontaneous calcium influx 

and membrane depolarization mediated by L-type and T-type 

voltage-dependent  calcium  channels  (VdCCs), which  have 

been observed in postsynaptic PDAC cells co-cultured with neu-

rons. NMDA receptor activation depends on glutamate binding,

(B) Schematic and gel verification of Grin2d gene editing in KPC-Pdx1CRE cells with corresponding GRIN2D protein levels.

(C) Schematic of orthotopic implantation model.

(D) Survival of orthotopically implanted shGrin2d and Grin2d − /−  cohorts and their controls. Statistical analysis was performed using log rank (Mantel-Cox) test.

(E) Ultrasonography-based volumes of orthotopic tumors.

(F and G) Glutamate levels in tumors (F) and T8-T12 DRGs (G) of implanted Grin2d-modified mice.

(H and I) Immunofluorescence of cleaved caspase 9 (Cas9-cleaved) (H) and PGP9.5 (innervation), GRIN2D, EZH2, and CaMK4 (I) in tumors of implanted mice. 

Scale bars, 20 μm.

(A and E–G): data shown as mean ± SEM. Unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figures S5 and S6.
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which may originate from localized release at specialized micro-

domains, i.e., ‘‘pseudo-synapses’’ (reminiscent of tripartite syn-

apses 28 ). NMDA receptors activation enables additional inde-

pendent calcium currents. 54 The spontaneous calcium influx 

activity by VdCCs leads to depolarization and enables the easier 

release of the Mg 2+ block within NMDA receptors. Such spatially 

restricted glutamatergic signaling in tumor contexts enables 

localized NMDA receptor activation and downstream calcium 

signaling. These findings support a model in which spontaneous 

depolarization through VdCCs lowers the activation threshold for 

NMDA receptors by relieving Mg 2+ block, in which GRIN2D-con-

taining  NMDA  receptors  mediate  a  glutamate-dependent 

calcium influx that complements baseline-voltage-dependent 

calcium signaling in pancreatic cancer cells. These findings indi-

cate that Grin2d regulates calcium homeostasis through Cac-

na1h, with potential  consequences  for KPC-Pdx1CRE  cell 

behavior. Further analysis of the TCGA dataset revealed that 

high CACNA1H expression was significantly associated with 

improved overall survival in PDAC patients (Figure S9M).

Sensory neurons supply glutamate to pancreatic cancer 

cells in human PDAC via neuron-cancer pseudo-

synapses

Finally, we began to investigate whether glutamate released 

by neurons can activate NMDARs in pancreatic cancer cells 

through a pseudo-synaptic signaling. To analyze this hypothe-

sis, we examined patient-derived PDAC specimens  for the 

presence of synaptic structures using transmission electron 

microscopy (TEM). TEM scans revealed both types of neural 

invasion, i.e., endoneural and perineural invasion (Figures 7A 

and S10A). Notably, scattered and distinctly distributed nerve 

axons (Ax) were observed around the cancer cells (Figures 

7Aa1  and 7Aa2),  forming  the  foundational prerequisite  for 

neuron-cancer pseudo-synaptic structures. Furthermore, we 

found a high density of presynaptic boutons contacting the 

invading cancer cells with both  large dense core vesicles 

(arguably containing neuropeptides) and small synaptic vesi-

cles (indicative of molecular neurotransmitters, such as gluta-

mate) (Figure 7Ab).

As a key finding, in our human PDAC samples, a highly orga-

nized, dark, electron-dense area on the postsynaptic mem-

brane, identified as the postsynaptic density (PSD), was clearly 

visible (Figures 7B1–7B3). This is in line with the ultrastructure 

of excitatory synapses known from the CNS, suggesting the 

concentration of postsynaptic receptors on the cancer cell 

membrane, and that the neuronal presynapse connecting to 

the postsynaptic GRIN2D is equipped with components of the 

release & receive machinery.

Axo-axonic synapses in a healthy nerve are rare and can be 

only occasionally observed in transversal sections of a nerve 55 ; 

however, we identified numerous neuron-cancer pseudo-synap-

ses at the site of neural invasion, even within smaller nerves on a 

single cross-section (Figure 7B). TEM images further demon-

strated the immunogold staining of GRIN1 and SLC17A6 in these 

neuron-cancer pseudo-synapses (Figure 7C).

To quantify the potential pseudo-synaptic sites, we measured 

the co-localization sites of GRIN2D, PANCK, and SLC17A6 in 19 

patient-derived PDAC specimens, which resulted in an average 

of 43.02 ± 6.96 pseudo-synapses/mm 2 (Figures S10B–S10D). 

Additionally, we observed an increase in the number of potential 

tumor  pseudo-synaptic  sites,  quantified  by  co-localization 

of DLG4, CK19, and SLC17A6, in mice orthotopically implanted 

with Grin2d +/+ -KPC-Pdx1CRE cells compared  to  those  im-

planted with Grin2d − /− -KPC-Pdx1CRE cells (19.00 ± 2.36 vs. 

9.71 ± 1.77, pseudo-synapses/mm 2 ) (Figures S10E and S10F). 

Moreover,  synaptic markers DLG4, VAMP1, and SLC17A6 

were  significantly  less  expressed  within  Grin2d − /− -KPC-

Pdx1CRE  tumors  than  in Grin2d +/+ -KPC-Pdx1CRE  tumors 

(Figures S10G and S10H).

In line with the TEM analysis on human PDAC specimens, we 

further  observed  neuron-cancer  pseudo-synapses  in  vitro 

between  axons  extending  from  neurons,  transfected  with 

Slc17a6-RFP,  and  SU.86.86  cancer  cells  transfected with 

GRIN2D-GFP. These pseudo-synapses displayed a scattered 

distribution of SLC17A6 surrounding neuron-cancer contact 

sites (Figures S10I1 and S10I2). Further supporting our hypothe-

sis  in  vitro,  scanning  electron microscopy  (SEM)  revealed 

pseudo-synapses formed by terminal axons and cancer cells 

(Figure 7Da). Here, neuronal axons enclosed and terminated 

on cancer cells, while cancer cells were adjacent to the synaptic 

cleft between pre- and postsynaptic neurons, forming neuron-

cancer pseudo-synapses (Figure 7Db), which is further depicted 

in a three-dimensional (3D) reconstruction video (Video S1). 

Notably, neuronal SLC17A6 red puncta were intimately associ-

ated with SU.86.86 GRIN2D-GFP expression, depicting the sites 

of neuron-cancer pseudo-synapses (Figure 7E). Overall, our 

findings offer compelling evidence that neurons and pancreatic 

cancer cells establish pseudo-synapses to facilitate the delivery 

of neuronal glutamate to cancer cells (Figure 7F).

DISCUSSION

Inspired by the pivotal role of synaptic glutamate signaling in pri-

mary and metastatic cancers of the central nervous system, 27–29 

as well as the prognostic significance of NI in peripheral can-

cers, 11,16–18  our study aimed  to explore whether a similar

Figure 5. Impact of GRIN2D knockout in cancer cells on peritumoral neuritogenesis

(A and B) Volcano plot of differential gene expression (A) and RT-qPCR of top seven neurotrophic factors (NTFs) (B) in Grin2d − /−  tumors and controls.

(C and D) Immunostaining of EGFR (C) and Tubb3 (ß-III-tubulin) (D) in murine DRG cultures with/without recombinant human TGF-alpha (rhTGF-alpha) treatment, 

depicting differential axon-/neuritogenesis. Scale bars, 50 μm.

(E) Immunostaining of EGFR and TGFA in Grin2d − /−  tumors and controls. Scale bars, 20 μm.

(F) Viability of DRG neurons under capsaicin treatment.

(G–I) ELISA of TRPV1 (G), substance P (H), and CGRP (I) in supernatants and lysates of neuron-cancer co-cultures with capsaicin (Caps)-pretreated DRGs and 

Grin2d-modified KPC-Pdx1CRE cells.

(J) Immunostaining of CK19 and GRIN2D in KPC-Pdx1CRE-DRG co-cultures with L-glutamate (L-Glu) and capsaicin treatments. ‘‘Ax’’ indicates axons. Scale 

bars, 50 μm. All data are mean ± SEM, n = 3. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figure S7.

ll
OPEN ACCESS Article

12  Cancer Cell 43, 1–18, December 8, 2025

Please cite this article in press as: Ren et al., Sensory neurons drive pancreatic cancer progression through glutamatergic neuron-cancer pseudo-syn-
apses, Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.09.003



A B

C D

E F

G H I

J

Figure 6. Impact of GRIN2D knockout in cancer cells after sensory neuron ablation

(A) Schematic of orthotopic implantation following capsaicin-induced sensory neuron ablation.

(B and C) Tumor volumes measured by ultrasonography (B) and weights (C) of Grin2d − /−  orthotopic tumors.

(legend continued on next page)
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mechanism operates between peripheral nerves and cancers 

outside the brain. Our findings not only demonstrate the exis-

tence of synaptic signaling between  sensory neurons and 

pancreatic cancer cells but also highlight the critical role of this 

axis in tumor growth and spread. Specifically, we identified 

glutamate-mediated,  pseudo-synaptic  nerve-cancer  interac-

tions as a fundamental driver of pancreatic cancer progression, 

mediated by the NMDA receptor subunit GRIN2D. Leveraging 

data from TCGA databases, we corroborated these findings, 

highlighting the widespread relevance of GRIN2D across multi-

ple human cancers.

Glutamate-NMDAR signaling has been previously shown to be 

involved in cancer growth and to affect prognosis of cancer pa-

tients. 26,56 Li et al. 56 showed that GKAP, a scaffold protein of 

NMDAR, impacted on the invasiveness of tumor cells derived 

from pancreatic neuroendocrine tumors and of PDAC, and 

several cancers with a low expression for NMDAR-GKAP in their 

transcriptome associated with a favorable prognosis. Here, the 

autocrine effects of glutamate were mainly mediated by the 

GRIN2B subunit of the NMDAR. Furthermore, Li et al. also found 

that  increased  interstitial fluid pressure  induced autologous 

glutamate secretion, which subsequently activated NMDAR 

and its downstream MEK-MAPK and CaMK effectors, thereby 

promoting invasiveness in several cancers. 26

In the light of these previous findings by Li et al. 26 on the key 

role of autocrine glutamate signaling over GRIN2B, and of our 

findings on the synaptic and paracrine effects of glutamate 

over GRIN2D on PDAC cells, there seem to exist two potential 

mechanisms over which glutamate-NMDAR can promote can-

cer cell invasiveness. The co-existence of such an autocrine 

and a synaptic/paracrine mechanism in the same tumor can be 

attributable to the well-known molecular and cellular heteroge-

neity of PDAC but also underscores the translational, therapeutic 

potential in targeting NMDAR signaling in PDAC.

Although the idea of pancreatic cancer cells becoming ‘‘elec-

trically  active’’  when  connected  to  neuronal  networks  is 

intriguing, we emphasize that pancreatic cancer cells express 

GRIN2D-containing NMDA receptors not for canonical synaptic 

transmission. Rather, they exploit glutamate from neurons as a 

growth- or survival-promoting signal within glutamate-rich neu-

ral  niches,  enabling  context-dependent  calcium  influx  and 

downstream signaling only when glutamate is locally available 

at  a  spatial microdomain,  i.e.,  the  pseudo-synapse—thus 

providing a conditional, energetically efficient advantage. In 

line with the nature of the GRIN2D subunit, low Mg 2+ block and 

slow deactivation kinetics of this subunit allows response to 

ambient or low-level glutamate, and high glutamate sensitivity 

enables detection of even diffuse glutamate release. Although 

NMDA receptors are energy-demanding, their activation is con-

ditional, only occurring in the presence of extracellular gluta-

mate—not a default open channel. In return, they provide sur-

vival or pro-invasive signals, possibly through Ca 2+ -dependent 

gene expression. This is also in analogy with breast cancer 

metastasis in the brain, 28 where the cancer cells expressing 

glutamate receptors (including NMDA) exhibit enhanced prolifer-

ation, migration, and stemness, but no real action potentials or 

electrical activity. One can regard the function of the herein 

described ‘‘pseudo-synapses’’ from a strategic point of view 

for the cancer cells, where NMDA receptors may act as ‘‘condi-

tional biosensors’’ rather than constant signal conduits, which 

minimizes energetic burden, while enabling contextual advan-

tages like neuroinvasion or tumor progression.

Although our functional data focused mainly on PDAC, we 

have shown that GRIN2D expression increases in numerous 

other peripheral cancers. Considering the known tumor-sup-

porting role NI plays in some of these cancers, 57–59 it remains 

for further investigation to study whether the herein-described 

pseudo-synaptic sensory neuron-cancer axis is a driving factor 

in other peripheral cancers as well. Taken together with the find-

ings of Li et al., 56 our study refines the model of NMDAR signaling 

in PDAC: GRIN2B-GKAP mediates glutamate-driven autocrine 

signaling, while GRIN2D mediates neuron-derived, paracrine 

signaling. Both contribute to cancer aggressiveness through 

complementary yet spatially distinct mechanisms, together of-

fering a broader and more nuanced framework for understand-

ing NMDAR-dependent tumor biology in pancreatic cancer.

We envision that our findings could lead to the development 

of oncological therapies instructed by cancer neuroscience, 

leveraging  non-blood-brain-barrier-penetrating  pharmacolog-

ical GRIN2D-NMDAR  inhibitors  to  target  this pathway with 

potentially wide therapeutic windows and minimal adverse ef-

fects on the central nervous system.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead 

contact, Ihsan Ekin Demir (ekin.demir@tum.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Public datasets used in this study include pan-cancer and pancreatic adeno-

carcinoma  (PAAD) datasets  from TCGA, available  through  the Genomic 

Data Commons  (https://portal.gdc.cancer.gov/);  the  scRNA-seq  dataset 

GSE202051,  available  from  the Gene Expression Omnibus  (GEO); and 

scRNA-seq dataset from the Human Tumor Atlas Network (HTAN) dbGaP 

Study phs002371.v1.p1 (https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/ 

study.cgi?study_id=phs002371.v1.p1). The RNA-seq data generated from 

this  study  have  been  deposited  with  GEO  under  accession  code 

GSE291933. The raw data will be made available upon request.

(D) Immunostaining for NeuN showing significant loss of T8-T12 DRG neurons post-capsaicin, quantified by total number of neurons. Scale bars, 20 μm.

(E and F) Immunostaining and analysis of TRPV1 and NF200 in T8-T12 DRGs (E) and tumors (F) of implanted mice following sensory neuron ablation via capsaicin 

treatment. Scale bars, 20 μm.

(G) TGFA transfection efficiency in Grin2d +/+ and Grin2d − /−  KPC-Pdx1CRE cell lines.

(H) Schematic of orthotopic implantation in Trpv1 knockout (KO) and wild-type (WT) mice.

(I) Ultrasonography-based volumes of gene-edited KPC-Pdx1CRE orthotopic tumors: Grin2d +/+ , Grin2d − /− , Grin2d +/+ ;Tgfa-Tg, Grin2d − /− ;Tgfa-Tg.

(J) Von Frey test of mechanical sensitivity in Trpv1 WT/KO mice pre-implantation and day 55 post-implantation.

(B–F and I–J) Data shown as mean ± SEM. Unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figures S8 and S9.
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Figure 7. Pseudo-synaptic interaction between PDAC cells and neurons

(A) Transmission electron microscopy (TEM) of human PDAC endoneural invasion (ENI) showing axons (Ax) around cancer cells (a), presynaptic bouton (black 

solid outline), dense core vesicles (red dotted circle), and synaptic vesicles (blue dotted circle) with neurotransmitters-L-glutamate (b).

(legend continued on next page)
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NMDAR2D Polyclonal Antibody Thermo Fisher Scientific Cat# PA5-101608; RRID: AB_2851042

NMDAR1 Polyclonal Antibody Thermo Fisher Scientific Cat# PA3-102; RRID: AB_2112003

Synaptobrevin1 antibody Synaptic Systems Cat# 104002, RRID: AB_887807

NMDAR2D Polyclonal Antibody Thermo Fisher Scientific Cat# PA5-87624; RRID: AB_2804299

VGLUT2 antibody Synaptic Systems Cat# 135403; RRID: AB_887883

Anti-PSD95 antibody Abcam Cat# ab18258; RRID: AB_444362

Rabbit anti-PGP9.5 Ab Dako Deutschland GmbH Cat# Z5116; RRID: AB_2622233

Anti-PGP9.5 antibody Abcam Cat# ab8189; RRID: AB_306343

GAPDH Antibody (6C5) Santa Cruz Biotechnology Biotechnology Cat# sc-32233; RRID: AB_627679

Ezh2 (D2C9) XP® Rabbit mAb Cell Signaling Technology Cat# 5246s; RRID: AB_10694683

Tri-Methyl-Histone H3 (Lys27) (C36B11) 

Rabbit mAb

Cell Signaling Technology Cat# 9733s; RRID: AB_2616029

Acetyl-Histone H3 (Lys27) (D5E4) XP® 

Rabbit mAb

Cell Signaling Technology Cat# 8173s; RRID: AB_10949503

E2F-1 Antibody Cell Signaling Technology Cat# 3742s; RRID: AB_2096936

Anti-Retinoblastoma (Rb) BD Pharmingen™ Cat# 554136; RRID: AB_395259

cyclin D1 Antibody (A-12) Santa Cruz Biotechnology Cat# sc-8396; RRID: AB_627344

p16 (M-156) Santa Cruz Biotechnology Cat# sc-1207; RRID: AB_632106

CDK4 (DCS-35) Santa Cruz Biotechnology Cat# sc-23896; RRID: AB_627239

Phospho-Rb (Ser807/811) (D20B12) Cell Signaling Technology Cat# 8516S; RRID: AB_11178658

Phospho-Rb (Ser780) (D59B7) Cell Signaling Technology Cat# 8180S; RRID: AB_10950972

Anti-β Tubulin Antibody (D-10) Santa Cruz Biotechnology Cat# sc-5274; RRID: AB_2288090

Rabbit Anti-CAMKIV Polyclonal Antibody Abcam Cat# ab3557; RRID: AB_303904

Phospho-CREB (Ser133) (87G3) Rabbit mAb Cell Signaling Technology Cat# 9198S; RRID: AB_2561044

CREB (48H2) Rabbit mAb Cell Signaling Technology Cat# 9197S; RRID: AB_331277

Rabbit Anti-TGF alpha Polyclonal Antibody Thermo Fisher Scientific Cat# BS-0066R; RRID: AB_10856780

EGF Receptor (D38B1) XP Rabbit mAb Cell Signaling Technology Cat# 4267s; RRID: AB_2246311

EGFR antibody [EP38Y] Abcam Cat# ab52894; RRID: AB_869579

Anti-Substance P Monoclonal Antibody Abcam Cat# ab14184; RRID: AB_300971

CGRP (D5R8F) Rabbit mAb Cell Signaling Technology Cat# 14959s; RRID: AB_2798662

Vanilloid R1/TRPV1 Antibody Novus Biologicals Cat# NB100-1617; RRID: AB_10002124

Cytokeratin Pan Antibody Cocktail Thermo Fisher Scientific Cat# MA5-13203; RRID: AB_10942225

Cytokeratin 19 antibody DSHB Cat# TROMA-III; RRID:AB_2133570

Caspase 9 (Cleaved Asp353) Polyclonal 

Antibody

Thermo Fisher Scientific Cat# PA5-105271; RRID: AB_2816721

Beta Actin antibody Santa Cruz Biotechnology Cat# sc-69879; RRID: AB_1119529

Synaptobrevin1 antibody Synaptic Systems Cat# 104 004; RRID: AB_2619755

VGLUT2 antibody Synaptic Systems Cat# 135 409; RRID: AB_2943526

Anti-TRPV1 (VR1) Antibody Alomone Labs Cat# ACC-030; RRID: AB_2313819

SLC7A11 Polyclonal Antibody Thermo Fisher Scientific Cat# PA1-16893; RRID: AB_2286208

Anti-NMDAR1 antibody [N308/48] Abcam Cat# ab134308; RRID: AB_2818983

Biological samples

Pancreatic ductal adenocarcinoma samples Department of Surgery at the Technical 

University of Munich, Germany

N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human celiac ganglia specimens Department of Surgery at the Technical 

University of Munich, Germany

N/A

Chemicals, peptides, and recombinant proteins

Albumin Fraction V (BSA) Carl Roth GmbH Cat# T844.3

Ammonium persulfate (APS) Carl Roth GmbH Cat# 9592.1

Citric acid (Monohydrate) Carl Roth GmbH Cat# 3958.4

B-27 Supplement (50x) Gibco Cat# 1116531

BCA protein assay Thermo Fisher Scientific Cat# 23225

ECL Plus Western Blotting substrate Thermo Fisher Scientific Cat# 32132

Extracellular matrix (ECM) gel Sigma-Aldrich Chemie GmbH Cat# E1270

Glycine Carl Roth GmbH Cat# 3908.3

Collagenase type II Worthington Biochemicals Cat# LS004176

EGF Invitrogen Cat# 17005042

Dulbecco’s Phosphate Buffered Saline Sigma Cat# D8537

Fetal Bovine Serum Sigma-Aldrich Chemie GmbH Cat# F7524

GluN2D NMDAR antagonist UBP145 Hellobio Cat# HB4717

HEPES solution Sigma-Aldrich Chemie GmbH Cat# H0887

Fluorescence Mounting Medium Dako Deutschland GmbH Cat# S3023

KAPA SYBR® FAST Kit for LightCycler® 480 Sigma (Rothe) Cat# KK4611

Hank’s BSS PAA Cat# H15-010

Methanol Carl Roth GmbH Cat# 4627.5

Nuclease-Free water Invitrogen Cat# 2004098

13mm round coverslip Neolab Cat# 1-6284

hydrogen peroxide 30% Carl Roth GmbH Cat# 9681.1

L-Glutamine solution Sigma-Aldrich Chemie GmbH Cat# G7513

Matrigel CORNING Cat# 356231

Ethanol absolute Merck KGaA Cat# 64-17-5

DAPI Abcam Cat# ab228549

L-glutamate Abcam Cat# ab120049

Natriumchlorid (NaCl) Carl Roth GmbH Cat# 3957.2

Milk Carl Roth GmbH Cat# T145.3

Crystal Violet Sigma-Aldrich Cat# C0775

Normal goat serum Life technologies Cat# 50062Z

Neurobasal medium Gibco Cat# 21103

KPL Biotinylated antibody goat anti-mouse IgG Sera Care Cat# 10247762

Minimum Essential medium Eagle (MEM) media Sigma-Aldrich Chemie GmbH Cat# M2279

Mitomycin C Sigma-Aldrich Cat# M4287

RIPA buffer Sigma-Aldrich Chemie GmbH Cat# R0278

KPL Streptavidin/Phosphatase Reagent Sera Care Cat# 140375

Penicillin-Streptomycin Sigma-Aldrich Chemie GmbH Cat# P0781

PBS Dulbecco Biochrom GmbH Cat# L182-50

Roticlear Carl Roth GmbH Cat# A538.1

Rotiphorese Gel 30 Carl Roth GmbH Cat# 3029.1

phosphatase inhibitor Sigma-Aldrich Chemie GmbH Cat# 4906837001

protease inhibitor Sigma-Aldrich Chemie GmbH Cat# 4693159001

SDS, ultra-pure Carl Roth GmbH Cat# 2326.2

LDS sample buffer (4X) Invitrogen Cat# 2197595

Sample Reducing Agent (10X) Invitrogen Cat# 2032941

Dulbecco ′ s Modified Eagle ′ s Medium (500 ml) Sigma Cat# D5671-500ML
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REAGENT or RESOURCE SOURCE IDENTIFIER

Tris base Sigma-Aldrich Chemie GmbH Cat# T1503

TEMED Carl Roth GmbH Cat# 2367.3

Super Signal West Pico PLUS 

Chemiluminescent Substrate

Thermo Fisher Scientific Cat# 34577

Triton X 100 Carl Roth GmbH Cat# 3051.2

Trypsin-EDTA solution Sigma-Aldrich Chemie GmbH Cat# T3924

Tris-HCl Sigma-Aldrich Chemie GmbH Cat# T3253

ε-aminocaproic acid Sigma-Aldrich Chemie GmbH Cat# 7260

Opti-MEM™ I Reduced Serum Medium Thermo Fisher Scientific Cat# 31985070

Tween 20 Carl Roth GmbH Cat# 9127.2

VectaMount Permanent Mounting Medium Vector Cat# H-5000

Lipofectamine™ RNAiMAX Transfection 

Reagent

Thermo Fisher Scientific Cat# 13778075

Critical commercial assays

Glutamate assay kit Abcam Cat# ab83389

Pierce™ Magnetic ChIP Kit Thermo Fisher Scientific Cat# 26157

RNeasy plus mini Kit (250) QIAGEN Cat# 74136

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat# 4368814

RQ1 RNase-Free DNase Promega Cat# M6101

HistoMark RED Phosphatase Substrate Kit Insight Biotechnology Cat# 5510-0036

Substance P Assay Kit R&D Systems Cat# KGE007

Maus CGRP Kit Elisa Antibodies.com Cat# A76318

TRPV1 ELISA Kit antikoerper-online.de Cat# ABIN1503996

NE-PER™ Nuclear and Cytoplasmic Extraction 

Reagents

Thermo Fisher Scientific Cat# 78835

Deposited data

The TCGA pan-cancer and pancreatic 

adenocarcinoma (PAAD) datasets

Genomic Data Commons (GDC) portal https://portal.gdc.cancer.gov/

scRNA-seq dataset Hwang et al. 33 GSE202051

scRNA-seq dataset Cui et al. 34 phs002371.v1.p1

Raw sequencing data This paper GSE291933

Experimental models: Cell lines

SU.86.86 ATCC CRL-1837™; RRID: CVCL_3881

T3M4 Provided by Dr. Metzgar from Duke University 

Medical Center, Durham, North Carolina

N/A

PANC-1 ATCC CRL-1469™; RRID: CVCL_0480

Capan-1 ATCC HTB-79™; RRID: CVCL_0237

Human neuroprogenitor cell line SPC-01 Provided by Dr. Nataliya Romanyuk from 

Department of Neuroregeneration, Institute of 

Experimental Medicine, CAS, Vestec, Czechia

N/A

Experimental models: Organisms/strains

B6.129X1-Trpv1 tm1Jul/J mice Jackson Laboratory Stock No: 003770; RRID:IMSR_JAX:003770

C57BL/6N wild-type Charles River Laboratory RRID:IMSR_CRL:27

Oligonucleotides

EZH2 siRNA (human)) siTOOLs Cat# #2146

E2F1 siRNA (human) siTOOLs Cat# #1869

GRIN2D siRNA (human) siTOOLs Cat# #2906

CaMK IV siRNA (human) siTOOLs Cat# #0814

mGrin2d-Intron2-gRNA:

TGGGGGTTCTGGCAACTAAG

This study Syntego Syntego Syntego
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient samples

Patient samples were collected from 20 PDAC patients who underwent resection at the Department of Surgery at the Technical Uni-

versity of Munich, Germany. Tumor tissues and celiac ganglia were obtained and processed accordingly. Tumor tissues were fixed in 

4% paraformaldehyde in PBS overnight and subsequently embedded in paraffin. Thin slices with a thickness of 2.5 μm were pre-

pared for immunostaining analyses. All human specimens (resected PDAC tissues) included in this study were collected with 

informed consent and approved by the Ethics Committee of the Technical University of Munich (nr: 2016-550-S-SR).

Cell lines and cell culture

The human PDAC cell line SU.86.86, PANC-1 and Capan-1 were procured from the American Type Culture Collection. The T3M4 cell 

line was generously provided by Dr. Metzgar from Duke University Medical Center, Durham, North Carolina.

Human neuroprogenitor cell line SPCs-01 (SPCs) was generated and provided by Dr. Romanyuk.

Murine primary pancreatic cancer cell  lines were derived  from  fresh murine cancer cells selected via serial passage 

selection. Murine cell lines were utilized as follows: KPC primary cell line-Ptf1a +/Cre ;Kras +/LSL-G12D ;Trp53 +/fl ; KPC-Pdx1CRE +/Cre ; 

Kras +/LSL-G12D ;Trp53 R172H ; TPAC-Ela1-TGFa;Ptf1a +/Cre ;Trp53 fl/fl ;p65 fl/fl . Murine dorsal root ganglia (DRGs) for primary DRG cultures 

were isolated as described previously. 60 In brief, DRGs dissected from 3- to 10-day-old C67BL/6N mice were digested with Colla-

genase and cultured in neurobasal medium supplied with 0.5 mM L-glutamine, 1% penicillin/streptomycin, 2% B27 (Gibco), and 10% 

FCS. Conditioned medium (CM) from DRG cultures was prepared by incubating confluent DRG cultures with serum-free medium for 

24 hours, followed by storage at -80 ◦ C.

For experiments involving L-glutamate and DRG CM treatments, 3x10 5 PDAC cells were seeded into a 6-well plate. Prior to treat-

ment, cells were starved of glutamine and serum overnight. Subsequently, cells were subjected to stimulation with L-glutamate or 

DRG CM for a duration of 48 hours before being harvested for further analysis.

Mouse experiments

All animal experiments were performed following the governmentally approved animal experiment protocols. 4-5-week-old adult 

B6.129X1-Trpv1 tm1Jul/J (Trpv1 KO, Strain #:003770) mice were purchased from The Jackson Laboratory. Six-week-old C57BL/6N 

wild-type (WT) and Trpv1 knockout (KO) mice were used for orthotopic implantation studies at the ZPF animal facility of the Technical 

University of Munich.

For orthotopic implantations, KPC-Pdx1CRE cells were used. Briefly, 1×10 6 Grin2d-gene-edited cells and their control cells were 

injected in 50μl DMEM into the pancreas of anesthetized C57BL/6N mice using 26-gauge needles. The tumor size was assessed by 

ultrasonography. Mice from the cohort where overall survival was analyzed were sacrificed after the tumors reached a size of 1 cm. In

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mGrin2d-Intron3-gRNA:

TATGACTTTCCATAACACGT

This study Custom-synthesized by Syntego

Mouse Ezh2 SiPOOL 5 pool siTOOLs Cat# 14056

Recombinant DNA

Mouse Grin2d shRNA in pLKO.1 vector Sigma-Aldrich TRCN0000100210, Gen-ID 14814

hGRIN2D-GFP expression plasmid OriGene RG224610

mSlc17a6-RFP expression plasmid OriGene CW310145

pT3EF1a-TGFA overexpression plasmid This study (based on pCMV6-AC-GFP-TGFA) N/A

Software and algorithms

ImageJ https://imagej.net/ij/ N/A

GraphPad Prism (version 9.2.0 or higher) GraphPad Software Inc. N/A

FlowJo (version 10.8.0) FloJo, LLC N/A

Amira Version 2019.4; Thermo Fisher Scientific N/A

Affinity Photo 2 (Version 2) Serif Europe https://affinity.serif.com N/A

LiveAquisition Used for calcium imaging; contact 

vendor, FEI, Munich

N/A

ggplot2 v3.3.3 Wickham et al. 66 https://ggplot2.tidyverse.org/

Scanpy v1.11 Wolf et al. 67 https://scanpy.readthedocs.io/en/stable/

OfflineAnalysis Used for calcium imaging; contact 

vendor, FEI, Munich

N/A
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the tissue-collection cohort, mice were sacrificed on day 55 post-implantation and used for RNA sequencing. All animal experiments 

were approved by the Ethics Committee of the Technical University of Munich and the Governmental Commission for Animal Pro-

tection of the Government of Upper Bavaria (Regierung von Oberbayern, no. 55.2-2532-Vet-02-17-98 and Vet-02-23-110).

METHOD DETAILS

Migration assay with time-lapse microscopy

Time-lapse microscopy was performed using GRIN2D -/- and GRIN2D +/+ KPC-Pdx1CRE cells, as described previously. 31,61–63 

Briefly, 1x10 5 cancer cells and 5x10 3 DRG cells were suspended in the extracellular matrix (ECM) droplets (Sigma-Aldrich, E1270) 

and positioned 5 mm apart. The ECM droplets were interconnected via ECM gel bridges, and incubated in DRG culture medium 

for 48 hours. Time-lapse video microscopy (Zeiss AxioObserver Z1) was employed to capture migration dynamics over a 48-hour 

period. Parameters such as the forward migration index (FMI), Euclidean distance, and velocity of cancer cells migrating toward 

DRGs were quantified to assess migratory behavior, following established methodologies. 31,61–63

Ablation of sensory fibers for the tumor growth following KPC-Pdx1CRE cell implantation

Sensory neurons were ablated using i.p. capsaicin treatment at postnatal day 2 (P2). Briefly, 20 μL 50 mg/kg of capsaicin (i.p.) in a 

solution of absolute ethanol/Tween-80/isotonic saline (1:1:8) was administered. Then, KPC-Pdx1CRE Grin2d -/- cells were orthotopi-

cally implanted into the pancreas of six-week-od C57BL/6N mice. At the age of 99 days, capsaicin-treated mice were euthanized, 

and tissues were collected for histological analyses.

Cell treatments, wound healing assay, colony formation assay, MTT assay, and cell invasion assay

Concentration screening for L-glutamate or the GRIN2D antagonist UBP145 involved exposing cells to L-glutamate at concentra-

tions ranging from 0 to 10.0 μM or 0.2 μM glycine, 64 or to UBP145 at concentrations ranging from 0 to 1000 μM for 48 hours.

For GRIN2D blocking experiments using UBP145, cells were treated with 10 μM UBP145 for 30 minutes after removal of the sil-

icone culture inserts.

For wound healing assays, cells pretreated with starvation were seeded into two-well silicone culture inserts (Ibidi, 80241). Prior to 

insert removal, cells were treated with mitomycin C, and fresh medium containing 0.5 μM L-glutamate or DRG conditioned medium 

(CM) containing 0.5 μM L-glutamate was applied. Images were captured using a microscope connected to an AxioCam MRm camera 

after 24 hours.

For colony formation assays, 500 cells with Grin2d depletion were seeded in six-well plates and cultured for two weeks.

MTT assays were conducted in triplicates using 96-well plates. Cells (5000 cells/well) were seeded and grown for 24 hours after 

overnight starvation of glutamine and serum. Cell viability was assessed using dissolved 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide (MTT, Sigma-Aldrich) dye with dimethyl sulfoxide (DMSO).

Cell invasion assays were performed in 24-well plate transwell units with an 8 μM-pore-size membrane chamber (Corning, NY) and 

glutamine-/serum-free medium. Starvation-pretreated cancer cells (5x10 4 ) were seeded in upper chambers precoated with 60 μl Ma-

trigel (BD Biosciences) for at least 4 hours. The lower chambers were filled with medium containing 0.5 μM L-glutamate or DRG CM. 

Invading cells were fixed with ice-cold methanol, stained with crystal violet, and dissolved in glacial acetic acid.

Immunocytochemical (ICC), immunohistochemical (IHC), and immunofluorescent (IF) staining

For immunocytochemical (ICC) staining, cells fixed with 4% paraformaldehyde (PFA) were placed on coverslips, permeabilized, 

blocked, and then incubated with respective primary antibodies overnight at 4 ◦ C. Subsequently, cells were incubated with secondary 

antibodies conjugated with Alexa Fluor 488/594/647/750 and DAPI for 1 hour at room temperature, and coverslips were mounted on 

slides. Images were captured using a Keyence microscope.

For immunohistochemical (IHC) and immunofluorescent (IF) stainings, formalin-fixed paraffin-embedded (FFPE) slides were de-

paraffinized and rehydrated. Antigen retrieval was performed, followed by treatment with 3% hydrogen peroxide (for IHC) and protein 

blocking. Slides were then incubated with primary and secondary antibodies of interest. For double IHC staining, the DAB substrate 

staining kit was utilized either with the HistoMark RED Phosphatase Substrate or KPL Streptavidin/Phosphatase Reagent. Quanti-

fication was carried out using ImageJ and QuPath Software. To estimate the number of neurons in T8–T12 DRGs, DRG tissues were 

sectioned at 14 μm and analyzed via systematic random sampling (every fifth section) and counting of neuronal nuclei.

Gene editing

For generation of the knockdowns, siRNAs for human genes EZH2, E2F1, GRIN2D, and CaMK IV siRNA (2146, 1869, 2906, and 814, 

respectively, from siTOOLs) and shRNA for murine Grin2d [TRCN0000100210 (GCACAGGTATTTCATGAACAT), Gen-ID 14814, 

Merck] were used. For labeling of cancer and neural cells, plasmids with hGRIN2D-GFP tag, and mSlc17a6-RFP tag (RG224610 

and CW310145, respectively, from OriGene) were utilized. For delivery of gene-editing tools into the target cells, Lipofectamine™ 
RNAiMAX Transfection Reagent (Thermo Fisher) and Lipofectamine™ 3000 (L3000008, Thermo Fisher) were used. Puromycin was 

used for stable selection in shRNA transfections.

For Grin2d gene knockout by CRISPR-Cas9 tools, cells were cultured in 48-well plates until 90% confluency. Ribonucleofection 

was carried out using specific gRNAs (Syntego 1.5 nm), Cas9 protein (1 μM), and X-tremeGENE 360 transfection reagent (Roche).
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Following ribonucleofection, cells were incubated for 48 hours at 37 ◦ C. Subsequently, single cells were cultured in 96-well plates for 

selection of the single clones. Editing efficiency was assessed by PCR on genomic DNA and by western blot analysis.

For overexpression, human TGFA cDNA, amplified from pCMV6-AC-GFP-TGFA, was cloned into the transposon vector pT3EF1a 

(a kind gift from Dr. Xin Chen’s lab) using Gibson assembly and verified by sequencing. Cancer cells were transduced via electropo-

ration with the TGFA transposon plasmid and the SB13 transposase plasmid. Successful integration was confirmed by sequencing.

Real-time quantitative PCR (RT-qPCR) and chromatin immunoprecipitation (ChIP)-PCR assay

Total RNA was extracted from human and murine tissues and cells using the RNeasy Plus Mini Kit (Qiagen), followed by cDNA syn-

thesis using the RQ1 RNase-Free DNase kit (Promega) and the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher). PCR 

amplification of cDNA was performed using the KAPA SYBR® FAST Kit (Sigma, Roth) in triplicate on a LightCycler 480 machine. 

For chromatin immunoprecipitation (ChIP)-PCR assays, the Pierce Magnetic ChIP Kit (Thermo Fisher) was employed according to 

the manufacturer’s instructions. Immunoprecipitation was carried out using Magnetic Beads conjugated with target-specific anti-

bodies (anti-EZH2 and anti-E2F1) of ChIP-grade quality, while anti-IgG and anti-RNA polymerase II antibodies were used as negative 

and positive controls, respectively. Primer sequences used in the assays are provided in Table S1.

Western blot and ELISA

For Western blot analysis, cells were lysed in RIPA buffer (Sigma, R0278) supplemented with phosphatase inhibitor (PhosSTOP) and 

protease inhibitor (EDTA-free). After lysing, cells were sonicated on ice and the protein concentrations were determined using a BCA 

protein assay kit.

Nuclear and cytoplasmic protein extraction was performed using the NE-PER Nuclear and Cytoplasmic Extraction Reagents 

(78835, Thermo Fisher) following the manufacturer’s protocol. The proteins were adjusted to a uniform concentration of 1 μg/μl using 

loading dye, boiled for 5 minutes at 95 ◦ C, and cooled on ice. Subsequently, 20 μg of proteins were separated by SDS-PAGE and 

transferred onto nitrocellulose membranes. After blocking, the membranes were probed with primary antibodies including anti-

GRIN2D (PA5-101608 and PA5-87624, Thermo Fisher), anti-GRIN1 (PA3-102, Thermo Fisher), anti-synaptobrevin-1 (104002, Syn-

aptic Systems), anti-vGlut-2 (135403, Synaptic Systems), anti-PSD95 (ab18258, Abcam), anti-GAPDH (SC-32233, Santa Cruz 

Biotechnology), anti-EZH2 (5246s, Cell Signaling), anti-H3K27me3 (9733s, Cell Signaling), anti-H3K27ac (8173s, Cell Signaling), 

anti-E2F1 (05-379, Upstate), anti-Retinoblastoma (Rb) (554136, BD Pharmingen™), anti-cyclin D1 (sc-8396, Santa Cruz), anti-
CDKN2A (sc-1207, Santa Cruz), anti-CDK4 (sc-23896, Santa Cruz), anti-Phospho-Rb (Ser807) (8516S, Cell Signaling), anti-phos-

pho-Rb (Ser780) (8180S, Cell Signaling), anti-Beta-Tubulin (sc-5274, Santa Cruz Biotechnology), anti-CaMK IV (ab3557, Abcam), 

anti-EGFR (ab52894, Abcam), anti-phospho-CREB (Ser133) (9198T, Cell Signaling), anti-SLC7A11 (PA1-16893, Thermo Fisher), 

anti-GLAST (PA5-72895, Thermo Fisher), and anti-CREB (9197S, Cell Signaling). The density of the protein bands was quantified us-

ing ImageJ software after incubation with secondary antibodies and membrane visualization.

For ELISA protein measurements, the protein, and glutamate of cells, their supernatants, and 10 mg of tumor tissue samples 

including the pancreas, blood, and T8-T12 DRGs of implanted mice were determined using corresponding kits: Glutamate assay 

kit (ab83389, Abcam), CGRP Kit Elisa (A76318, Antibodies), TRPV1 ELISA Kit (ABIN1503996, antikoerper-online.de), Mouse TGF 

alpha ELISA Kit (A3364, antibodies.com) and Substance P Parameter Assay Kit (KGE007, R&D Systems).

Inhibitors and recombinant proteins

For the assessments of neuron growth originating from dorsal root ganglia (DRG) and sensory neuron ablation, recombinant human 

TGF-alpha (rhTGF-alpha; R&D Systems, 239-A-100) or capsaicin (R&D Systems, 0462/100) were utilized to treat the DRG cultures.

Bioinformatic analysis

The gene signature of 23 glutamatergic receptor, including the four types described below, was defined through its core compo-

nents. Gene levels were normalized using the housekeeping gene (HKG), and the geometric mean of the ranks (rank product) of 

the per-sample gene expression was calculated.

NMDAR: GRIN1, GRIN2A, GRIN2B, GRIN2C, GRIN2D, DLGAP1.

AMPAR: GRIA1, GRIA2, GRIA3, GRIA4.

Kainate: GRIK1, GRIK2, GRIK3, GRIK4, GRIK5.

Metabotropic: GRM1, GRM2, GRM3, GRM4, GRM5, GRM6, GRM7, GRM8.

The distributional levels of glutamate receptors in patient PDAC and paired ganglia were analyzed. Differential gene expression 

analysis of unpaired samples was performed using UCSC XENA’s unified TCGA and GTEx RNA-seq data (TPM format) processed 

by the Toil pipeline, 65 including 171 human normal pancreas and 179 human PDAC tissues. RNA-seq data from TCGA PDAC project 

level 3 in HTSeq-FPKM (Fragments Per Kilobase per Million) format were used for the correlation analysis of potentially related mol-

ecules. The RNA-seq data in FPKM format were converted into TPM, and log2 conversion was performed to compare the expression 

levels. The Mann-Whitney U tests (Wilcoxon rank-sum tests) and Spearman’s correlation analysis were performed using the ggplot2 

(version 3.3.3) R package. 66

Single-cell RNA sequencing (scRNA-seq) datasets from two independent PDAC studies (GSE202051 and dbGaP Study 

phs002371.v1.p1) 33,34 were analyzed using Scanpy (v1.11) in Python. 67 Raw gene expression count matrices were imported, and
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pre-processing involved filtering for high-quality cells, followed by normalization and dimensionality reduction. Cell populations were 

annotated using canonical markers for malignant epithelial cells, fibroblasts, endothelial cells, and immune cell subsets.

Scanning & transmission electron microscopy

For cancer-neurons pseudo-synapse of co-cultures by using a scanning electron microscope (SEM), SU.86.86-Neurons co-cultures 

for FIB/SEM were cultivated on glass slides, fixed with 2.5% glutaraldehyde (Electron microscopy sciences, 16220), post-stained 

with 2% osmium tetroxide, dehydrated, and flat-embedded as described previously. 68 FIB/SEM-tomography was performed with 

an Auriga 40 crossbeam station, involved milling with an ion beam for 2 nm slices. 69 Voxel size ranged from 10 to 15 nm, and images 

were captured using specific settings (1.5 kV acceleration voltage, 500 V ESB-grid setting, and 30 μm aperture), resulting in 2048 x 

1536 pixel-images, while ultrathin sections were examined and documented using a LEO912AB or a JEOL F200 transmission elec-

tron microscope.

For the 3D reconstruction of the FIB-SEM tomogram, Amira (version 2019.4) was utilized for segmentation. A label field was 

created within the tomogram, and the segmentation was performed on it. Distortions from the focused ion beam (FIB) were ad-

dressed using Affinity Photo 2, and misalignments were corrected using the StackReg and TurboReg plugins in ImageJ. Images 

were loaded into Amira, and the correct voxel size was set to 14 x 14 x 20 nm for accurate segmentation. Magic wand-based seg-

mentation was repeated every five images, and the interpolation function filled in the gaps between the segmented images. Mem-

brane and neuron segmentation were achieved through a manual approach using a brush, and the label field was resampled to a 

consistent dimension of 2 x 2 x 2 after assigning different materials to the segmentation objects, ultimately generating 3D 

reconstruction.

For transmission electron microscopy (TEM), semithin and ultrathin sections from PDAC tumor specimens were prepared as pre-

viously published. 70,71 Fresh PDAC tumor tissues underwent resection and were immersed in 2% glutaraldehyde in 0.1M cacodylate 

buffer at pH 7.5 for fixation. Post-fixation was performed with 1% osmium tetroxide, followed by dehydration in an ethanol series and 

infiltration with epoxy embedding medium. Semithin (1.5 μm) and ultrathin sections (60 nm) were cut, mounted, and stained accord-

ingly. Evaluations of semithin sections were conducted using an AxioLab microscope, while ultrathin sections were examined and 

documented using a LEO 912AB transmission electron microscope.

Calcium signal (Ca-signal) imaging

To assess calcium signals in response to drug application, ratiometric calcium imaging was performed. 72 Briefly, a 1 mM Fura-2 AM 

stock was prepared by adding 50 μl DMSO to a 50 μg vial of crystalized Fura-2 AM (Invitrogen, F1221), and cells on cover slides were 

stained with this solution (2 μl of the 1 mM Fura-2 AM + 2 ml of 37 ◦ C co-culture medium) for 45 minutes at 37 ◦ C with 5% CO2 and 95% 

O2 in a dark incubator. For Ca-signal recording, the cover slides were put in a recording chamber and continuously perfused with 

artificial cerebrospinal fluid containing 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO3, 2 mM CaCl2, 1 mM MgCl2, 25 mM d-glucose, 

1.2 mM NaH2PO4 and 10 μm d-serine, which was bubbled with carbogen (95% O2/5% CO2). Using a xenon lamp (Till Photonics, 

Polychrome V), two sequential light pulses, one at 350 for 120ms followed by 380 for 120ms, were delivered via a 63x objective (Zeiss 

440067, Achroplan, 63x/0,09 W) to the cells and the emission of the Fura-2 stained cells was measured using the LiveAquisition pro-

gram (FEI, Munich). Fura-2 signal intensity at 350 nm is dependent on calcium concentration, while the one measured at 380 nm is 

independent. Fura-2 dual-wavelength excitation allows therefore quantitative measurement of Ca-signals, independently from the 

dye concentration by measuring the ratio of 350/380 in each acquisition cycle (around 120ms). Ca-signals were elicited via a puffing 

system (PDES-02DX, npi, Tamm, Germany). The puffing system allowed a very precise application of the neurotransmitter glutamate 

(0,1 mM, 0,3 mM, 1 mM or 3 mM) to only one single cell for a very specific period (100 ms, 500 ms or 1000 ms) via a borosilicate glass 

pipet (BF150-117-10, Sutter, Chicago, USA) pulled to an open tip resistance of 4 MΩ on a micropipette puller (Flaming/Brown Micro-

pipette Puller Model P-1000, Sutter, Chicago, USA) and positioned directly next to the cell of interest. After recording of a short base-

line (about 20-25s), the puffing of glutamate was performed and the cells response was measured for about 180-200s. Offline anal-

ysis (OfflineAnalysis, FEI, Munich) was performed on the whole image by drawing regions of interest around the pancreatic cancer 

cells, that show a good signal-to-noise ratio. For the Ca-imaging recordings, we distinguished between DRG and cancer cells based 

on their very distinct morphologies. This allowed us to precisely mark our regions-of-interest on individual cancer cells, ensuring no 

signal-interference from the sourrounding DRG cells. One additional ROI was drawn in an area devoid of signal as a control region 

and later eliminated from the analysis. The program automatically performs ratio calculation and background correction. The data 

was exported as an Excel sheet. For further analysis, the data was normalized to the baseline and the peak amplitude and AUC 

of the signal was measured.

Von Frey test

Mechanical pain sensitivity in the upper abdomen was assessed by counting withdrawal responses to Von Frey filament stimulation. 

Mice were placed on a raised wire mesh under a clear plastic box. Filaments were applied perpendicularly to the left upper abdominal 

region until bending, with each filament delivered 10 times (1–2 sec each, 5–10 sec intervals) in ascending order of force. Responses 

were scored as 0 (no response), 1 (mild response), or 2 (intense response), yielding a total score of 0–20 per filament. Seven filaments 

with evaluator sizes: 1.65 (target force: 0.08 mN), 2.36 (0.2 mN), 2.44 (0.4 mN), 2.83 (0.7 mN), 3.22 (1.6 mN), 3.61 (3.9 mN) and 3.84 

(5.9 mN) were used to define the dynamic range. Data were analyzed via linear regression and expressed as Y = a × X – b, where ‘a’ 

represents the response level and b/a indicates minimal sensitivity. 73

ll
OPEN ACCESSArticle

Cancer Cell 43, 1–18.e1–e8, December 8, 2025  e7

Please cite this article in press as: Ren et al., Sensory neurons drive pancreatic cancer progression through glutamatergic neuron-cancer pseudo-syn-
apses, Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.09.003



QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism (version 9.0), and graphical representations were generated using the 

same software. Data are presented as mean ± SEM, unless otherwise specified in the figure legends. For comparisons between two 

groups, including CWA, invasion assays, RT-qPCR, Western blot quantifications, and ELISA measurements (Figures 1E–1L, S2F– 

S2K, S3E–S3H, S3J–S3K, 3A, 3C–3F, S4D, S4F–S4L, 4A, 4E–4G, S5A, S5C–S5I, S6B, S6C, S6F, S6H, 5B, 5G–5I, S7B, S7H, 6B, 

6C, 6I, 6J, S9A–S9C, S9F, and S9G), statistical significance was assessed using unpaired two-tailed Student’s t-tests. Imaging-

based quantifications, including immunostaining analysis, axonal count, and neuron counts (Figures 2A, 2B, 4H, 4I, S5B, 5C–5E, 

6D–6F, S10C, S10E, and S10G), were also analyzed using unpaired two-tailed Student’s t-tests. Survival differences across the 

groups (Figures 4D and S9M) were tested using the Log-rank (Mantel-Cox) test and visualized with Kaplan-Meier curves. Spearman’s 

rank correlation test was used for correlation analyses (Figures S1E, S4A, and S4B). For analyses of TCGA dataset-derived expres-

sion profiles (Figures S1A–S1D), the Wilcoxon rank-sum test was applied. P-values < 0.05 were considered statistically significant. 

Statistical significance is denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All experimental quantifications were 

performed from at least three independent biological replicates unless otherwise specified in the figure legends.

ll
OPEN ACCESS  Article

e8  Cancer Cell 43, 1–18.e1–e8, December 8, 2025

Please cite this article in press as: Ren et al., Sensory neurons drive pancreatic cancer progression through glutamatergic neuron-cancer pseudo-syn-
apses, Cancer Cell (2025), https://doi.org/10.1016/j.ccell.2025.09.003


	CCELL4090_proof.pdf
	Sensory neurons drive pancreatic cancer progression through glutamatergic neuron-cancer pseudo-synapses
	Introduction
	Results
	GRIN2D is upregulated in various human cancers and promotes cancer cell migration
	GRIN2D expression in cancer cells correlates with an increased abundance of presynaptic glutamate-release-associated protei ...
	Glutamate triggers GRIN2D expression via the CAMK IV-CREB pathway and E2F1-mediated activation of EZH2
	Grin2d in murine pancreatic cancer cells is essential for tumor growth and innervation
	Sensory innervation drives the Grin2d upregulation in pancreatic cancer cells in a feedforward loop via TGFA-EGFR signaling
	Sensory neurons supply glutamate to pancreatic cancer cells in human PDAC via neuron-cancer pseudo-synapses

	Discussion
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Patient samples
	Cell lines and cell culture
	Mouse experiments

	Method details
	Migration assay with time-lapse microscopy
	Ablation of sensory fibers for the tumor growth following KPC-Pdx1CRE cell implantation
	Cell treatments, wound healing assay, colony formation assay, MTT assay, and cell invasion assay
	Immunocytochemical (ICC), immunohistochemical (IHC), and immunofluorescent (IF) staining
	Gene editing
	Real-time quantitative PCR (RT-qPCR) and chromatin immunoprecipitation (ChIP)-PCR assay
	Western blot and ELISA
	Inhibitors and recombinant proteins
	Bioinformatic analysis
	Scanning & transmission electron microscopy
	Calcium signal (Ca-signal) imaging
	Von Frey test

	Quantification and statistical analysis




