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1. Summary 

1.1. Abstract 

Small cell lung cancer (SCLC) is the most aggressive form of lung cancer with a dismal 

prognosis. Increasing evidence indicates that crosstalk between the nervous system 

and cancer plays a pivotal role in tumor initiation, progression, and therapy resistance. 

Direct synaptic contacts between the central nervous system (CNS) and gliomas have 

been described; however, no evidence of synapses between the nervous system and 

extracranial malignancies has been reported to date. 

Here, we demonstrate that SCLC cells form bona fide synapses with neurons.  

A genome-wide in vivo piggyBac transposon screen, followed by cross-species 

genomic and transcriptomic validation, identified neuronal, synaptic, and glutamatergic 

gene sets as key features of SCLC biology. High-resolution microscopy, transsynaptic 

rabies-tracing, and electrophysiological recordings provided both structural and 

functional evidence for synaptic contacts and transmission between neurons and 

SCLC cells. Various in vitro proliferation assays showed that SCLC cells derive a 

proliferation advantage from neurons, which is at least partially mediated by neuronal 

activity and spatial proximity. Furthermore, targeting glutamate signaling in an 

autochthonous mouse model of SCLC conveys therapeutic efficacy.  

This work establishes neuron-SCLC synapses as a novel, functionally important, and 

targetable paradigm of SCLC. More broadly, this work provides ‘proof-of-principle’ that 

peripheral cancers can integrate into neuronal networks via synaptic contacts, 

extending this paradigm beyond the CNS. 
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1.2. Zusammenfassung 

Das kleinzellige Lungenkarzinom (SCLC) ist die aggressivste Form von Lungenkrebs 

und geht mit einer schlechten Prognose einher. Zunehmende Evidenz belegt, dass die 

Kommunikation zwischen dem Nervensystem und Krebs eine zentrale Rolle bei der 

Tumorinitiierung, Tumorprogression und Therapieresistenz spielt. Direkte synaptische 

Kontakte zwischen dem zentralen Nervensystem und Gliomen wurden bereits 

beschrieben; jedoch existiert kein Nachweis von Synapsen zwischen dem 

Nervensystem und extrakraniellen Malignomen. In dieser Arbeit zeigen wir, dass 

SCLC-Zellen bona fide Synapsen mit Neuronen ausbilden. 

Ein in vivo durchgeführter, genomweiter piggyBac-Transposon-Screen, gefolgt von 

einer Validierung mit humanen Genom- und Transkriptomdaten, identifizierte 

neuronale, synaptische und glutamaterge Gen-Sets als zentrale Merkmale der SCLC-

Biologie. Hochauflösende Mikroskopie, transsynaptisches Rabies-Tracing sowie 

elektrophysiologische Messungen lieferten sowohl den strukturellen als auch den 

funktionellen Nachweis für synaptische Kontakte und Signalübertragung zwischen 

Neuronen und SCLC-Zellen. Differenzierte in vitro Proliferationsassays zeigten, dass 

Neuronen SCLC-Zellen einen Proliferationsvorteil vermitteln, der zumindest teilweise 

auf neuronale Aktivität und räumliche Nähe zurückzuführen ist. Darüber hinaus zeigte 

die Inhibition der glutamatergen Signalübertragung in einem autochthonen 

Mausmodell von SCLC eine therapeutische Wirksamkeit. 

Diese Arbeit etabliert Synapsen zwischen Neuronen und SCLC-Zellen als ein 

neuartiges, funktionell relevantes und therapeutisch angreifbares Paradigma von 

SCLC. Im Sinne eines „Proof-of-Principle“ zeigen wir, dass sich auch periphere 

Tumoren über synaptische Kontakte in neuronale Netzwerke integrieren können – und 

erweitern dieses Konzept damit über das zentrale Nervensystem hinaus. 
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2. Introduction 

2.1. Cancer – challenges and progress 

Cancer is the second leading cause of death worldwide and remains a major challenge 

to modern society1. Systematic analyses estimate the cumulative lifetime risk of 

receiving a cancer diagnosis in Germany at around 49% for males and 43% for 

females2. 

According to the World Health Organization, a significant increase in cancer incidence 

and mortality is expected by 2050, underlining the relevance and importance of this 

disease3. In parallel with these clinical burdens, the economic consequences are 

profound. The global financial impact of cancer is projected to reach 25.2 trillion USD 

from 2020 to 2050, accounting for both direct treatment costs and indirect productivity 

losses4. However, this rising burden is being met with scientific progress in 

understanding this challenging disease. The 20th century marked a revolution in our 

understanding of cancer biology. 

In 1976, the discovery of the tyrosine kinase c-Src in San Francisco provided the first 

evidence of a proto-oncogene whose alteration could lead to cancer development5. In 

the same decade, the characterization of the tumor suppressor gene TP53 and the 

formulation of A.G. Knudson’s “two-hit hypothesis”, which was verified through the 

isolation of the RB1 locus, established the fundamental principles of oncogenesis6–8. 

Cancer was understood as a genetic disease, driven by sequential mutations in 

oncogenes and tumor suppressor genes. 

With advances in molecular biology, sequencing, and imaging technologies, cancers 

could be described, characterized, and understood more precisely. These 

technological advances enabled the subdivision into hundreds of molecularly distinct 

entities ‒ a shift with profound implications for diagnostic and therapeutic tools9,10. This 

evolution culminates in today’s precision medicine, featuring targeted and cellular 

therapies such as tyrosine-kinase inhibitors (TKIs), monoclonal antibodies, antibody-

drug conjugates, and CAR-T cells11. Furthermore, the concept of cancer as a solely 

genomic disease has fundamentally changed. It is now understood as a complex and 

dynamic systemic disease with constant interplay between the tumor and its 

surrounding micro- and macroenvironments, including metabolic pathways, the 

immune system, and distant organ signaling12. The contemporary state of knowledge 
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in cancer biology is mirrored in the iterative updates of the ‘Hallmarks of Cancer’ by 

Hanahan and Weinberg13–16.  

 

2.1.1. Hallmarks of cancer and the tumor microenvironment 

The first version of the ‘Hallmarks of Cancer’ was published in 2000. Here, Hanahan 

and Weinberg described six essential characteristics cells acquire during 

tumorigenesis, namely: “self-sufficiency in growth signals, insensitivity to growth-

inhibitory signals, evasion of apoptosis, limitless replicative potential, sustained 

angiogenesis, tissue invasion and metastasis”13. This conceptual framework, 

applicable across cancer types, was refined and expanded in 2011 with the addition of 

the two hallmarks “deregulating cellular energetics” and “avoiding immune destruction” 

and the formalization of two enabling characteristics “genome instability and mutation” 

and “tumor-promoting inflammation”14. The 2022 update further proposed emerging 

hallmarks including “unlocking phenotypic plasticity”15 (Fig.1).  

Moreover, the idea arose that tumors are more complex and cannot just be seen as 

isolated cancer cells, but as complex tissue composed of multiple distinct cell types 

that are organized and interact in ‘heterotypic’ ways with one another. This highly 

structured tumor microenvironment (TME) enables reciprocal crosstalk between 

cancer and non-malignant stromal, immune, vascular and neural elements, allowing 

cancer cells to acquire or maintain hallmark capabilities15,17. 

Over the past decade, the nervous system has been shown to regulate proliferation, 

invasion, immune evasion, and angiogenesis via paracrine, synaptic, and structural 

mechanisms, paving the way for the research field of cancer neuroscience18–22. 

These scientific advances in understanding the TME and malignant-non-malignant 

crosstalk were acknowledged in the very recently published fourth edition of the 

‘Hallmarks of Cancer’. In addition to “non-mutational epigenetic reprogramming” and 

“polymorphic microbiomes“, “innervation (of varying subtypes)” is now recognized as 

a hallmark-enabling characteristic (Fig. 1). Moreover, the dimension of hallmark-

conveying cells in the TME was added: “senescent cells, cancer-associated 

fibroblasts, endothelial cells and pericytes, immune cells” – and, most importantly for 

the following thesis – “neurons and their axonal projections” have been incorporated, 

stressing the relevance of cancer neuroscience as an important field16.  
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Fig. 1: Hallmarks of Cancer 

Nine functional capabilities acquired by cancers during tumorigenesis and tumor development, and five enabling 
phenotypic characteristics essential for their acquisition and maintenance. (Hanahan, 2026, modified)16. 

 

2.1.2. Cancer neuroscience – an emerging field 

The CNS and peripheral nervous system (PNS) operate as the body’s primary 

regulatory and signaling network, to coordinate homeostasis, motor response, and the 

complex modulation of all organ systems. Accumulating evidence suggests that 

innervation impacts tumor initiation, progression, and therapeutic resistance18. Clear 

evidence for neuron-tumor crosstalk can be seen in the CNS.  

Seminal work showed that upon neuronal activity, the secretion of neurotransmitters 

and growth factors in the microenvironment of gliomas promotes tumor cell 

proliferation; conversely, gliomas trigger synaptogenesis and hyperexcitability in the 

neuronal microenvironment23–26. Furthermore, glutamate spillover from neuron-to-

neuron synapses has been reported to stimulate metastatic breast cancer cells located 

in a perisynaptic position, akin to the astrocyte position in tripartite synapses27. 

Beyond paracrine signaling, independent studies have demonstrated the presence of 

bona fide synapses between neurons and glioma cells20,28,29. Excitatory, glutamatergic 

AMPA-mediated synaptic input results in enhanced proliferation and invasion of the 

malignancy20,29. Characterization of these neuron-cancer networks in astrocytic brain 

tumors has revealed even more complex biology with functional intratumoral 

heterogeneity (ITH). Interconnecting tumor microtubes ‒ long, thin, cytoplasmic 

extensions ‒ link cancer cells via gap junctions into a functional electrical circuit30. 

Notably, a subpopulation of glioblastoma cells remains unconnected to other tumor 
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cells but receives synaptic input from neurons, while at the transcriptomic level, 

activation of neural progenitor-like programs facilitates neuronally guided migration 

and subsequently brain invasion22. Rhythmic signaling triggered by specialized 

pacemaker cells mediates proliferative stimulation and confers therapeutic 

resistance31. These findings established concepts of neuronal activity-regulated tumor 

growth, by paracrine signaling, but also by synaptic integration as a direct 

communication modality and tumor cells actively remodeling their neuronal TME. 

 

Although neuron-cancer crosstalk might appear more intuitive in the CNS, earlier 

studies identified the PNS as a key driver of extracranial malignancies32,33. Expanding 

research sheds light on the interface of the PNS and different cancers, revealing both 

mechanistic parallels and fundamental differences compared to the CNS. 

The PNS consists of afferent (sensory) and efferent (motor and autonomic) nerves, 

connecting the CNS to organs and tissues. The autonomic nervous system can be 

further subdivided into sympathetic, parasympathetic, and enteric divisions34. Each 

component of the PNS is characterized by distinct neurotransmitter systems, 

innervation patterns, and functional roles35. Consequently, the impact of the PNS at 

the interface of different peripheral cancer entities is characterized by a high degree of 

context-dependency. 

Increased neural infiltration due to tumor-related neurogenesis has been shown in, 

among others, pancreatic, breast, prostate, and gastric cancer (GC)36–39. GC secretes 

nerve growth factor (NGF), which directly correlates with sympathetic nerve density 

and is associated with poor prognosis39. Moreover, vagotomy significantly suppresses 

tumor incidence and progression in various murine models of this disease40. A recent 

study identified a cancer cell-peptidergic neuronal circuit, with calcitonin gene-related 

peptide (CGRP)+ sensory neurons infiltrating tumor tissue, driven by NGF. Stimulation 

of sensory nerves by GC leads to increased CGRP secretion, which then promotes 

tumor growth via the CGRP-RAMP1 axis41. In pancreatic cancer, sensory and 

sympathetic neurons promote growth via secretion of neurotrophins and 

catecholaminergic signaling42–44. Parasympathetic cholinergic innervation is a primary 

driver of metastatic dissemination in prostate cancer, while it seems to repress 

metastasis in breast cancer45–47. 
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Interestingly, the mechanism of nerve-tumor crosstalk is thought to be in a paracrine 

manner or through neurotrophic signaling33. Prior to the study below, no bona fide 

synapses between neurons and cancer had been reported outside of the CNS.  

 

Altogether, tumor-agnostic mechanisms of neural-cancer crosstalk include paracrine 

interactions via neurotransmitters, neurotrophins, or other neuropeptides in the CNS 

and PNS, as well as direct synaptic contacts and transmission only seen in the CNS. 

Moreover, cancer cells can organize themselves into multicellular networks, connected 

through gap junctions, by hijacking neurodevelopmental pathways33 (Fig. 2).  

Furthermore, perineural invasion (PNI), the migration of cancer cells within the nerve 

sheath or rather the perineural niche, represents another mechanism by which nerves 

promote tumor progression48. PNI is associated with a poor prognosis, particularly in 

gastric cancer and pancreatic adenocarcinoma49,50 (Fig. 2). 

 

Fig. 2: Tumor-agnostic mechanisms of neuronal-driven tumor progression 

a, paracrine signaling through neurotransmitters or neurotrophins. b,c, neuron-cancer cell synapses and pseudo-
tripartite synapses; however, bona fide synapses have only been described in the CNS. d, cancer multicellular 
networks enabled by co-opting neurodevelopmental programs and pathways. e, PNI; f, neural regulation and 
influence on the TME. (Pan et al., 2022, modified)33. 

 

Additionally, the field of neuro-immuno-oncology represents a facet of cancer 

neuroscience research and focuses on the triangular interaction between the nervous 

system, the immune system, and tumor cells, mediated by local innervation51. For 

instance, melanoma cells have been shown to recruit and activate nociceptive nerve 

fibers, which subsequently induce CD8+ T-cell exhaustion through the release of 

CGRP. This neuro-immune axis establishes an immunosuppressive TME and thus 
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promotes disease progression21. Given the focus on direct neuron-cancer 

communication, further exploration of these additional mechanisms is beyond the 

scope of this thesis. 

In summary, neural interactions facilitate and maintain cancer hallmarks, such as 

“sustaining proliferative signaling, resisting cell death, activating invasion and 

metastasis, avoiding immune destruction and inducing vasculature”. Furthermore, 

cancer shapes the neuronal TME by encouraging nerve ingrowth, increasing neuronal 

excitability, and thereby reinforcing nerve-cancer interactions52. 

 

2.2. Lung cancer 

With 2,480,301 new cases in 2022, lung cancer is the most frequently diagnosed 

cancer and remains the leading cause of cancer deaths worldwide3. The main risk 

factor for lung cancer is smoking, especially cigarette smoking53, with the duration of 

smoking contributing disproportionately to lung cancer risk54. 

By using a hierarchical system of histomorphology, immunohistochemistry, and 

molecular markers, lung cancer can be further characterized and classified55. The two 

major groups are non-small cell lung cancer (NSCLC), which accounts for 

approximately 85% of all lung cancer cases, and SCLC, accounting for roughly 15%. 

NSCLC can be further subdivided into three main subtypes: lung adenocarcinoma 

(LUAD), arising mainly from alveolar type 2 cells; lung squamous cell carcinoma 

(LSCC), arising primarily from basal cells in the tracheobronchial epithelium; and large 

cell carcinoma (LCC), a heterogeneous group that lacks cytological and architectural 

features of SCLC, LUAD, or LSCC56,57. 

With a better biological understanding and the identification of actionable drivers in 

LUAD, such as epidermal growth factor receptor (EGFR) or rearrangements and fusion 

of anaplastic lymphoma kinase (ALK), the therapeutic landscape of this disease has 

changed drastically in the last decade58. TKIs are now used as first-line treatments, 

significantly improving the overall survival of these patients59,60. Yet, no driver lesions 

are currently apparent and druggable in SCLC. 
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2.2.1. Small cell lung cancer – clinical overview 

SCLC is the most aggressive form of lung cancer, associated with heavy smoking and 

known for its rapid growth and early metastasis, commonly to the liver, bones, lymph 

nodes, brain, and lungs61,62. 

The clinical presentation of SCLC is initially non-specific. A significant proportion of 

patients are asymptomatic at disease onset, developing symptoms such as cough, 

chest pain, or weight loss only as the malignancy progresses. With progressive 

disease, more frequent and specific clinical features emerge, including hemoptysis or 

superior vena cava syndrome63,64. 

Following initial thoracic imaging, which reveals a lesion suspicious for lung carcinoma, 

bronchoscopic sampling with biopsy is essential. In cases where bronchoscopic 

access is not feasible, transthoracic biopsy or thoracoscopy should be performed for 

tissue acquisition65. 

On histopathological and cytological examination, SCLC presents as a tumor 

composed of small, round to oval, blue cells with prominent nuclei and only a thin rim 

of cytoplasm. Characteristic features include nuclear molding, a high mitotic rate, and 

extensive areas of necrosis66. The architecture is usually diffuse and sheet-like, but 

other growth patterns, such as “peripheral palisading, streams, ribbons, organoid 

nesting and rosettes” can be seen. Notably, no glandular structures are present in 

contrast to LUAD67. A key diagnostic criterion, particularly for distinguishing SCLC from 

other entities, is the so-called ‘salt-and-pepper’ nuclear pattern, reflecting the finely 

granular chromatin of the tumor cell nuclei. Lastly, paranuclear blue bodies can be 

found in SCLC66,67. Immunohistochemistry plays a subordinate role but can be 

particularly useful to distinguish SCLC from other carcinoma subtypes. The primary 

established neuroendocrine markers are CD56/NCAM1, synaptophysin and 

chromogranin A. Additional markers, such as TTF-1, may aid in further differentiation68. 

Notably, all three neuroendocrine markers can be negative in a subset of SCLC 

tumors, underlining the key and crucial role of histomorphology in diagnosis68. Lastly, 

SCLC is characterized by a high Ki-67 index, reflecting its rapid proliferative activity at 

the histopathological level69. 

Extended staging following diagnosis includes contrast-enhanced computed 

tomography (CT) imaging of the thorax and abdomen, and 18F-fluorodeoxyglucose 

positron emission tomography/CT (18F-FDG-PET/CT). Due to the high risk of brain 

metastasis, concurrent cranial magnetic resonance imaging (MRI) is performed65,70. 
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Historically, disease classification was based on the modified Veterans Administration 

Lung Study classification, stratifying disease into very limited disease (VLD), limited 

disease (LD), and extensive disease (ED)71,72. Due to more refined classification and 

consideration of contemporary trials, SCLC is now classified analogously to NSCLC, 

using TNM staging according to the IASLC Lung Cancer Staging Project with tumor 

stages defined by UICC972,73. Due to the aggressive character and rapid growth of the 

disease, up to 70% of patients present with extensive stage disease at initial 

diagnosis74. 

 

In stages I-IIA (conventionally VLD), surgical tumor resection is the primary treatment 

modality, followed by adjuvant chemotherapy with cisplatin and etoposide. Combined 

chemoradiotherapy also represents an alternative option65. 

In stages IIB and III (conventionally LD), concurrent combined chemoradiotherapy, 

typically with etoposide and cisplatin, represents the current treatment standard. This 

is followed by maintenance therapy with the checkpoint inhibitor durvalumab for two 

years75. Additionally, prophylactic cranial irradiation (PCI) is performed65. 

In stage IV (conventionally ED), chemotherapy combined with immunotherapy is the 

primary approach, which may be followed by PCI. Although platinum-based 

chemotherapy induces robust initial responses in the majority of patients, disease 

progression is nearly universal, with most patients relapsing within one year after 

treatment, leading to a dismal overall survival of 10-12 months76–78. 

In 2018, the IMpower133 trial demonstrated that atezolizumab, a PD-L1 immune 

checkpoint inhibitor, can significantly prolong survival in advanced-stage disease and 

has consecutively been approved by the European Medicines Agency (EMA) in 201978. 

This marked the beginning of a paradigm shift in the therapeutic landscape of SCLC. 

While NSCLC has experienced continuous evolution and progress with targeted 

therapies and immune-therapies, SCLC has relied on the backbone chemotherapy of 

cisplatin and etoposide since the mid-1980s79. With the addition of immune checkpoint 

therapy, median overall survival was increased by approximately 2 months in the ED 

setting. Moreover, the ADRIATIC trial showed improved outcomes with adjuvant 

durvalumab therapy in LD SCLC75. A further innovation in SCLC therapy is tarlatamab, 

a bispecific T-cell engager (BiTE), directed against DLL3 (on the SCLC cells) and CD3 

(on T cells). In second-line therapy, in patients with disease progression on or after 

platinum-based chemotherapy, tarlatamab demonstrates superiority over 
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chemotherapy (Topotecan, Lurbinectedin, Amrubicin), making it the new standard in 

second-line therapy80. With pending EU approval, a compassionate use program 

currently enables selected patients to access tarlatamab81. 

Despite progress in therapeutic strategies, the prognosis for the majority of SCLC 

patients remains poor, with 3-year survival rates of only 15-20% in ED72,82. 

 

2.2.2. Small cell lung cancer – biology and lineage 

The advent of new technologies allowed for a more granular understanding of SCLC 

biology. Recent comprehensive genomic profiling identified the almost uniform biallelic 

loss of the tumor suppressors TP53 and RB1 as a hallmark feature of SCLC83. 

Moreover, amplification of one of the MYC paralogs (MYC, MYCN, or MYCL) can be 

seen in approximately 20% of SCLC tumors and constitutes the largest group of 

oncogenic aberrations in this subtype of cancer84,85. Furthermore, several other 

mutations and copy number alterations have been identified, such as mutations in 

epigenetic regulators CREBBP and EP300, inactivating mutations in NOTCH family 

genes, and recurrent alterations in TP7383. This illustrates that SCLC is characterized 

by numerous recurrent genetic alterations. However, in contrast to NSCLC, no 

recurrent mutations affecting kinase oncogenes have been identified. 

Long regarded as a single disease entity, accumulating evidence over recent years 

has demonstrated that SCLC is a biologically highly heterogeneous disease 

characterized by the expression of lineage-related transcription factors86. On this basis, 

the following subtypes have recently been described and further developed: SCLC-A, 

characterized by the expression of achaete-scute family bHLH transcription factor 1 

(ASCL1) signatures; SCLC-N, characterized by the expression of neurogenic 

differentiation factor 1 (NEUROD1) signatures; and SCLC-P, characterized by the 

expression of POU class 2 homeobox 3 (POU2F3) signatures. Moreover, a fourth 

subtype has been proposed but remains controversial. Originally termed SCLC-Y, it 

was defined by the expression of yes-associated protein 1 (YAP1)86. However, 

subsequent validation studies failed to confirm YAP1 as a subtype-defining 

transcription factor in primary SCLC87. More recently, SCLC-I has gained popularity 

and has been proposed to replace SCLC-Y88. SCLC-I is characterized by the absence 

of canonical lineage-defining transcription factors and shows a distinct immune-

inflamed phenotype with high immune cell infiltration88. Overall, the molecular 

classification and understanding of SCLC continue to evolve as ongoing research 
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refines the transcriptional taxonomy. Moreover, distinct susceptibilities to different 

therapeutic modalities are increasingly becoming apparent.  

 

SCLC-A represents 36-70% of SCLC tumors and defines the classic neuroendocrine 

subtype86–88 (Fig. 3). The transcription factor ASCL1 functions as a master regulator of 

neuroendocrine differentiation and determines a characteristic gene expression profile. 

Consequently, SCLC-A is characterized by high and consistent expression of classical 

neuroendocrine markers. Interestingly, ASCL1 regulates target genes, such as MYCL, 

BCL2, and DLL3, underlining the translational relevance given the striking results of 

tarlatamab, targeting DLL386. 

SCLC-N accounts for approximately 11-31% of SCLC cases and is defined by the 

dominant expression of the transcription factor NEUROD186–88 (Fig.3 ). Expression of 

classical neuroendocrine markers is reduced in contrast to SCLC-A and is therefore 

classified as a neuroendocrine-low subtype. Notably, there is an association with MYC 

amplification and overexpression89,90. 

SCLC-P and SCLC-I represent the non-neuroendocrine subtypes with higher 

expression of RE1-Silencing Transcription Factor (REST), repressing neuroendocrine 

genes and cell fate91. SCLC-P comprises 7-16% of all SCLC cases and is defined by 

POU2F3 expression, a master regulator of tuft cell identity86–88 (Fig. 3). Tuft cells are 

specialized, chemosensory cells in the epithelium of the lung, associated with 

regulatory functions in mucociliary clearance, immune response, and breathing92–94. 

This tuft-cell-like subtype was assumed to originate from tuft cells or tuft cell 

progenitors95. 

SCLC-I comprises approximately 15-17% and is characterized by low or absent 

expression of lineage-defining transcription factors (ASCL1, NEUROD1, POU2F3) 

combined with immune cell infiltration88,96 (Fig. 3). This represents a remarkable 

contrast, as SCLC in general is regarded as an immunologically ‘cold’ tumor with low 

T cell infiltration97. SCLC-I tumors display elevated expression of genes encoding 

immune checkpoint proteins (PD-L1, PD-L2) and HLA antigens88. This characteristic 

infiltration by CD8+ T cells, natural killer cells (NK cells), and macrophages, correlates 

with enhanced responsiveness to anti-PD-L1 therapy. Retrospective analyses of 

randomized phase III trials (IMpower133) demonstrate that SCLC-I tumors benefit 

disproportionately from immune checkpoint inhibitor therapy, underscoring the clinical 

relevance of this subtype-specific characterization88,98. 
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Fig. 3: SCLC subtypes 

SCLC is characterized by the biallelic loss of TP53 and RB1 and can be subdivided into four major molecular 
subtypes. SCLC-A and SCLC-N represent the neuroendocrine subtypes, whereas SCLC-P and SCLC-I are 
considered non-neuroendocrine. Created with BioRender.com.  

 

Beyond intertumoral heterogeneity, SCLC is characterized by ITH, with 

neuroendocrine and non-neuroendocrine subtypes coexisting within individual 

tumors99. Furthermore, intratumoral co-expression of the transcription factors ASCL1 

and NEUROD1 has been documented87. Moreover, therapy-induced subtype switches 

have been described with a switch from SCLC-A to SCLC-I, identifying a central 

mechanism of treatment resistance88. The simultaneous occurrence of these subtypes, 

combined with the co-expression of neuroendocrine transcription factors and subtype 

shifts under evolutionary pressure, such as platinum-based chemotherapy, suggests 

a dynamic state of plasticity between subtypes88,100. Multiple studies have provided 

evidence for SCLC plasticity and identified MYC- and NOTCH signaling, as well as the 

Hippo pathway, as critical axes driving tumor evolution from neuroendocrine to non-

neuroendocrine phenotypes91,101–103. MYC functions as a central initiator of this 

cascade. MYC activates NOTCH signaling through regulatory elements, leading to 

consecutive suppression of ASCL1, which occurs through HES1, a NOTCH target 

gene that acts as an antagonist to ASCL1. Moreover, MYC activates YAP1, which 

maintains a positive feedback loop in a NOTCH-dependent manner and, through the 

transcriptional repressor REST, achieves additional ASCL1 suppression and 

repression of complementary neuroendocrine genes, partly independent of NOTCH 
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signaling101–103. In mouse models, a temporally resolved transition from SCLC-A 

through intermediate NEUROD1 expression to YAP1-high, non-neuroendocrine 

tumors, has been demonstrated. This differentiation is further supported by the 

observation that nearly 100% of MYC-high SCLC tumors maintain intact NOTCH 

signaling, whereas NOTCH-inactivating mutations prevent this MYC-driven evolution 

and lock tumors into an ASCL1+, neuroendocrine cell state101. 

The capacity for extensive lineage plasticity raises fundamental questions regarding 

the cellular origin of SCLC. Traditionally, pulmonary neuroendocrine cells (PNECs) 

have been proposed as the cells of origin for SCLC104,105. PNECs are specialized 

epithelial cells that exist either as solitary cells or organized in clusters known as 

neuroepithelial bodies (NEBs) throughout the pulmonary airways. These cells function 

as chemoreceptors and play multiple roles in respiratory regulation, immune 

modulation, and maintenance of the pulmonary stem cell niche106. Molecularly, PNECs 

are characterized by ASCL1 expression, determining their neuroendocrine lineage 

fate104. They receive innervation from vagal parasympathetic and sensory nerve fibers 

whose neuronal cell bodies are situated in the nodose, jugular, and dorsal root ganglia 

(DRG), with projections to the CNS106.  

As described above, the subtype plasticity observed in SCLC occurs primarily through 

transitions between SCLC-A, SCLC-N, and SCLC-Y/SCLC-I, whereas POU2F3 

exhibits near-to-mutually exclusive expression on a cellular level with unknown lineage 

plasticity107. Additionally, PNECs harboring the biallelic loss of TP53 and RB1, as 

hallmark features of SCLC, fail to generate SCLC-P tumors in murine models108. 

A recent study has proposed lung basal cells as an alternative cell of origin for 

SCLC108. These stem cells possess extensive differentiation capacity, generating all 

epithelial lineages, including ASCL1+ neuroendocrine cells but also POU2F3+ tuft-like 

cells. Moreover, following genetic alteration in a murine model, a markedly increased 

heterogeneity was observed in contrast to PNEC-derived models, including SCLC-A, 

SCLC-N, as well as the SCLC-P subtype108. This paradigm shift reframes SCLC as 

arising from the transformation of multipotent progenitors rather than differentiated, 

lineage-restricted cells, explaining neuroendocrine-tuft heterogeneity and plasticity: 

basal cells retain the developmental plasticity to differentiate into either PNEC-like, 

neuroendocrine subtypes but also tuft-cell like subtypes as a result of the activation of 

the respective cell differentiation program in transformed basal cells108. This model 

demonstrates that SCLC does not originate from terminally differentiated cells but from 



25 
 

earlier progenitors, representing a shift toward increased developmental potency and 

stemness. However, lineage plasticity and the cellular origin of SCLC remain active 

areas of investigation and warrant further characterization. 

 

2.2.3. Small cell lung cancer – cancer neuroscience 

The neuroendocrine phenotype, characterized by the expression of neuronal programs 

and PNEC-like features, renders SCLC an intriguing peripheral entity within the field of 

cancer neuroscience. 

Multiple studies have demonstrated the presence of distinct nerve fiber types within 

the proximity of and woven into SCLC tumors with significant functional relevance109–

111. In preclinical murine SCLC models, tumors are surrounded by tyrosine-hydroxylase 

(TH)-positive sympathetic nerve fibers, with accumulation of TH+ fibers in the periphery 

of tumors during progression. Measurement of norepinephrine (NE) content revealed 

a significant increase in tumor-bearing tissue compared to normal lung tissue. Local 

sympathetic innervation leads to increased proliferation via stimulation of the β2-

adrenergic receptor (ADRB2) expressed on SCLC cells and downstream activation of 

protein kinase A (PKA). Conversely, inhibition of sympathetic signaling in vivo 

significantly reduces tumor progression and prolongs survival in murine models110. 

Furthermore, dense innervation by vagal cholinergic parasympathetic and sensory 

nerve fibers, has been shown in proximity to and inside early SCLC lesions. With 

progression and increased tumor size, general innervation density and occurrence of 

vagal fibers decline109,111. 

Savchuk et al. performed vagotomy experiments simultaneously to our study in which 

the vagus nerve was cut in the cervical region of RPR2-luc (Rb1fl/fl; Trp53fl/fl;Rosa26LSL-

Luciferase/wt) mice after intratracheal Cre administration. Vagotomy before tumor initiation 

led to significantly repressed SCLC development and increased survival compared to 

sham-operated mice. Moreover, no liver metastases occurred in the vagotomy cohort, 

the first site of metastasis in this model. Interestingly, vagotomy at a later timepoint, 

with advanced tumors already established, showed no reduction in tumor burden or 

survival advantage111. 

An independent study shed light on functional ITH in SCLC. Neuroendocrine cells, but 

not non-neuroendocrine cells, express functional voltage-gated sodium channels 

(VGSCs), and are capable of generating action potentials. This intrinsic electrical 

activity drives tumor progression and metastatic potential by phosphorylation of cAMP-
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response element-binding protein (CREB), increased expression of FOS and 

activation of downstream transcriptional programs. Increased electrical activity leads 

to high ATP demand with an uncommon dependency on oxidative phosphorylation. 

Non-neuroendocrine cells support the excitable fraction by providing lactate as fuel via 

monocarboxylate transporters109. Similar processes can be seen in the CNS, where 

astrocytes support neurons through a similar mechanism, namely the astrocyte-to-

neuron lactate shuttle (ANLS)112.  

Taken together, these studies suggest an importance of autonomic and sensory 

innervation in SCLC, especially in tumor initiation and early development. As the 

disease progresses, a transition occurring from external to intrinsic stimulation has 

been proposed, thereby enhancing tumorigenic potential and metastasis.  

 

2.2.4. Small cell lung cancer – RP mouse model 

SCLC tumor samples are rare because most patients are not diagnosed until 

advanced-stage disease and therefore receive systemic chemotherapy rather than 

surgical resection. Recurrences are also not treated surgically65,74. Therefore, 

genetically engineered mouse models (GEMMs) are the backbone of SCLC research, 

offering both in vitro and in vivo experimental platforms. 

The following study uses the Rb1fl/fl;Trp53fl/fl (RP) model as the primary mouse model 

for SCLC. This GEMM was introduced by Meuwissen et al., using the Cre-loxP system. 

To achieve the biallelic loss of Rb1 and Trp53, the target genes are flanked by loxP 

sites and subsequently deleted via intratracheal instillation of an adenoviral Cre 

recombinase (Adeno-Cre)113. Two Adeno-Cre constructs were used: CMV- and 

CGRP-driven Cre. The choice of promoter in the Adeno-Cre vector determines the 

cellular tropism. The CMV promoter mediates broad, non-selective expression in lung 

epithelial cells, while the CGRP promoter specifically targets neuroendocrine cells 

(PNECs)114. Tumor latency in RP mice induced with CMV-driven Adeno-Cre 

approximates 200 days post-instillation, whereas CGRP promoter-driven induction 

demonstrates extended latency periods113,114 (Fig. 4). Tumors arising from this model 

display morphological and characteristic features of human SCLC111.  
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Fig. 4: RP mouse model of SCLC 

Tumorigenesis of an SCLC tumor is induced by biallelic knockout of Rb1 and Trp53. The target alleles are flanked 
by loxP sites. Following intratracheal instillation of Adeno-Cre, Cre-mediated recombination leads to the deletion of 
both genes and subsequently drives SCLC development in the lung. In this study, Cre expression was controlled 
by CMV and CGRP promoters. Created with BioRender.com. 
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2.3. Aim of the study 

This study investigates the hypothesis that SCLC cells establish functional synapses 

with neurons and that neuronal activity promotes SCLC growth. 

Based on an in vivo piggyBac insertional mutagenesis screen, genes and signaling 

pathways involved in neuron-tumor interaction and synaptic signaling were identified. 

Subsequently, the structural anatomy, functional relevance, and therapeutic tractability 

of this neuron-SCLC interface were characterized to improve our understanding of 

SCLC as a disease and to develop novel therapeutic strategies through the disruption 

of synaptic neuron-SCLC communication. 

 

Research aim: To characterize the neuron-SCLC interface and determine the 

functional consequences on tumorigenesis and potential targetability of synaptic 

signaling in SCLC. 

 

Study objectives: 

1. Identification of genes and pathways driving SCLC tumorigenesis 

- Genome-wide in vivo piggyBac mutagenesis screen and cross-species genomic and 

transcriptomic validation  

2. Structural characterization of neuron-SCLC contacts 

- Multimodal high-resolution and ultrastructural microscopy 

3. Demonstration of direct synaptic connectivity and functional synaptic inputs 

- In vivo and in vitro transsynaptic rabies-tracing and electrophysiological recordings 

4. Investigation of neuronal impacts on SCLC proliferation 

- In vitro longitudinal proliferation assays in multiple co-culture settings 

5. Evaluation of therapeutic combinations targeting glutamatergic signaling in vivo 

- Pharmacological intervention studies in an autochthonous mouse model of SCLC 
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3. Publication 

On the following pages, the original publication is presented. The original article was 

published in Nature on September 10, 2025 (online), and October 30, 2025 (print). 

 

Sakthivelu, V.*, Schmitt, A.*, Odenthal, F.*, Ndoci, K.*, Touet, M.*, Shaib, A. H.*, 

Chihab, A.* et al. 

Functional synapses between neurons and small cell lung cancer. 

Nature 646, 1243–1253 (2025). 

https://doi.org/10.1038/s41586-025-09434-9 

 

The article is available online at the following URL:  

https://www.nature.com/articles/s41586-025-09434-9 

 

The article is licensed under a Creative Commons Attribution 4.0 International License 

http://creativecommons.org/licenses/by/4.0/. 

 

 

In addition to the introduction and the subsequent discussion, the article presents the 

materials and methods as well as the results section. 

https://doi.org/10.1038/s41586-025-09434-9
https://www.nature.com/articles/s41586-025-09434-9
http://creativecommons.org/licenses/by/4.0/
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4. Discussion  

The present study identifies bona fide synaptic contacts between neurons and SCLC 

cells and demonstrates that these connections promote tumor cell proliferation115. 

In our study ‘Functional synapses between neurons and small cell lung cancer’, 

published in Nature, we performed a genetic in vivo screen using the piggyBac 

transposon system in a murine model of SCLC to identify genes that contribute to 

SCLC tumorigenesis. We cross-validated our findings with available genetic and 

transcriptomic datasets from human SCLC. Interestingly, we identified gene sets 

related to a neuron-like phenotype, synapses, and glutamatergic signaling. These 

findings prompted us to investigate the neuron-SCLC interface at both the structural 

and functional levels115. 

Neuron-cancer synapses have been convincingly demonstrated in gliomas, where 

tumor cells integrate into existing neuronal circuits and receive direct glutamatergic 

input via bona fide synaptic structures20,29. However, evidence of synaptic structures 

in the periphery – between the PNS and extracranial malignancies – has been lacking. 

Work from T. Wang’s group described ‘synapse-like’ contacts between dorsal root 

ganglion neurons and GC spheroids, characterized by close apposition of nerve fibers, 

presynaptic protein expression, and induction of synaptic gene expression in 

juxtaposed cancer cells41. Similarly, Peinado et al. described cholinergic vagal fibers 

forming terminal boutons in close anatomical proximity to SCLC cells, suggesting 

potential synapses109. Yet, ultrastructural proof remained lacking. In this context, the 

current study provides structural and ultrastructural evidence for bona fide synapses 

between neurons and SCLC cells. 

 

Using cortical and nodose ganglion co-cultures, as well as brain allografts, we 

demonstrated that SCLC cells formed specialized contacts with neurons, marked by 

co-localization of presynaptic (VGluT1) and postsynaptic (Homer1) proteins. Through 

a broad spectrum of high-resolution microscopy techniques – firstly, stimulated 

emission depletion microscopy (STED) and one-step nanoscale expansion (ONE) 

microscopy – we demonstrated the juxtaposition of presynaptic markers and 

postsynaptic proteins at contact sites between neurons and SCLC cells, followed by 

electron microscopy (EM), where we confirmed ultrastructural synaptic structures. 

Moreover, in vivo and in vitro monosynaptic rabies-tracing further demonstrated 

connectivity between neurons and SCLC cells115. Together, these data provide the first 
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demonstration of bona fide synapses between the nervous system and extracranial 

malignancy. 

Subsequent to our findings, pseudo-synapses between nerve cells and pancreatic 

ductal adenocarcinoma (PDAC) with functional glutamate-mediated signaling via 

enrichment of the N-methyl-D-aspartate (NMDA) receptor subunit NMDAR2D were 

described in an independent study. Although PDAC cells receive a pro-proliferative 

effect through neuronal input, typical synaptic features were absent116. 

 

The ability of SCLC to form synaptic contacts raises the question of whether this 

property reflects a retained feature of PNECs, a proposed cell of origin of SCLC. This 

rare pulmonary cell population is innervated by sensory and vagal nerve fibers106. We 

observed glutamatergic (VGluT1+), peptidergic (CGRP), and purinergic (P2X3) nerve 

fibers in close anatomical proximity to transforming NEBs and early SCLC lesions, with 

co-localization of pre- and postsynaptic markers in an autochthonous mouse model – 

suggestive of synapses even in the primary lung setting115. 

A comparison of the expression levels of neuronal and synaptic gene sets in PNECs 

versus SCLC cells would be of interest to determine whether the genetic program is 

primarily a residuum of neuroendocrine identity or is promoted and enhanced by the 

cancer cell itself. Importantly, the proposition by Ireland et al. that basal cells are 

possible cells of origin of SCLC does not conflict with this consideration108. It implies a 

possible spectrum of transformation at basal stem cell-proximal stages with maximal 

plasticity and broad subtype differentiation potential, as well as transformations at 

intermediate PNEC precursors or at later differentiated stages. The possibility of late 

transformation in more differentiated stages is exemplified by cases of transition from 

LUAD to SCLC following RB1 loss117,118. Whether all SCLC subtypes or developmental 

stages can (re)acquire the capacity to form synapses remains unresolved. 

The transformation from a developmental spectrum without a clear cell of origin is also 

found in CNS glioma biology. Here, neural progenitor cells, as well as oligodendrocyte 

precursor cells (OPCs) and – controversially – astrocytes, can give rise to distinct 

glioma subtypes119,120. Notably, neuron-OPC synapses represent a unique example of 

neuro-glia synaptic communication in the CNS121,122. 

Analogously, SCLC may harness developmental programs that endow specific 

subpopulations with the capacity to form bona fide synapses, whereas others rely on 

alternative modes of neuron-tumor communication (pseudo-synapses, paracrine 
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signaling, or tripartite structures). Systematic mapping of synaptic competence across 

putative cells of origin, and developmental states, and subtypes will therefore be 

critical. 

 

We demonstrated that SCLC cells receive neurotransmitter-mediated inputs that we 

could reduce through compounds such as D-AP5 (NMDA receptor antagonist)115. For 

functional assessment and evaluation of a potentially oncogenic role, we established 

multiple proliferation assays. Indeed, our functional in vitro experiments revealed a 

clear proliferation advantage for all cell lines in the presence of neurons. This 

advantage could be at least partially reversed by the application of tetrodotoxin – 

suggesting that neuronal electrical activity exerts a growth-promoting influence115. 

However, this partial abrogation points to additional, non-synaptic mechanisms. In 

proliferation assays with various conditions, we could show that conditioned medium 

from neuron-cancer co-cultures also showed a proliferation advantage (albeit less 

pronounced than in direct co-cultures), suggesting that secreted paracrine substances 

contribute to the observed proliferative effect115. Although we did not further dissect 

individual mediators, candidate classes include neurotrophins, neurotransmitters, and 

neuropeptides. In vivo, the presence of CGRP-positive, SP-positive, and GAP43-

positive nerve fibers, which we found around autochthonous RP tumors, further 

supports the plausibility of additional paracrine neuron-tumor communication115.  

 

SCLC is characterized by high inter- and intratumoral heterogeneity. Particularly 

SCLC-A, but also SCLC-N, shows a neuroendocrine character with expression of 

neuronal programs86. Notably, we could demonstrate increased expression of Gene 

Ontology terms connected to ‘glutamatergic synapse’ in these neuroendocrine 

subtypes115. Additionally, it was shown in an independent study that GC cells 

presumed to be in contact with DRG neurons have upregulated neuronal-like 

expression, associated with increased expression of the transcription factors ASCL1 

and NEUROD141. 

In our functional in vitro proliferation experiments, no subtype-specific proliferation 

advantage was evident. Beyond SCLC-A and SCLC-N, SCLC-P cell lines also 

benefited from direct contact with neurons, indicating that synaptic or neuronally driven 

growth advantages can be engaged across multiple SCLC states in vitro115. 
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At the structural level, only a fraction of tumor cell surfaces exhibited direct synaptic 

contacts. Our in vivo data showed that, on average, 8.2% of the tumor cell perimeter 

exhibits synaptic contact115. Even in this artificial model with a homogeneous cell line 

system, the focal distribution of synaptic contacts suggests that synaptic connectivity 

may not be a global property of all tumor cells. This would be consistent with possible 

functional ITH, in which only a subpopulation of the tumor would be connected, 

analogous to glioma architecture in the CNS22. Furthermore, alongside bona fide 

synapses, immuno-EM from an independent study reveals SCLC cells in a pseudo-

tripartite position in an intracranial allograft brain metastasis model of SCLC111. The 

presence of both bona fide and pseudo-synaptic structures may also reflect tumor cell 

heterogeneity in synaptic competence, pointing to an even more complex landscape 

of neuron-cancer interactions in heterogeneous primary tumors. 

What role the innervated cells play, how they differ in the primary setting, and how they 

might relay signals – whether via gap junctions or paracrine signaling – remains 

unclear and requires further research. 

 

In this work, the focus was primarily on the glutamatergic axis. However, both the 

genetic analyses of the screen, with enrichment connected to the Gene Ontology term 

‘GABAergic synapse’, as well as electrophysiological experiments with a reduction of 

currents by gabazine, suggest not only selective glutamatergic synapse formation but 

a more promiscuous picture with the formation of synapses also with GABAergic 

neurons. Contrary to the classical inhibitory function of GABA in the adult nervous 

system, GABAergic inputs acted depolarizing on SCLC cells115,123. Similar findings 

were made in a simultaneously published work by Savchuk et al. Here, the authors 

demonstrated in an intracranial allograft model that SCLC cells integrate into neuronal 

circuitries and receive synaptic input through glutamatergic and GABAergic neurons. 

Depolarization and consecutive calcium transients contributed to SCLC growth111. The 

depolarizing, excitatory role of GABA neurons is functionally related to the unusual 

negative resting membrane potential of SCLC cells combined with a more positive 

chloride equilibrium potential (ECl). This could be quantified at –72 mV and explains 

the depolarizing effect upon opening of the GABA chloride channels with ECl around –

27.3 mV111 (approximately –80 mV in adult neurons124). Interestingly, the Li lab also 

determined that the negative membrane potential is typical for the neuroendocrine 

subpopulation, whereas non-neuroendocrine cells had a more neutral resting 
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membrane potential, again underlining functional ITH109. Of note, depolarizing GABA-

mediated currents are known from immature neurons, where they play an essential 

role in neuronal development. Through the induction of K-Cl cotransporter 2 (KCC2) in 

the course of maturation, a hyperpolarizing effect in the sense of inhibitory neurons is 

generated through the lowering of intracellular chloride concentration125. Savchuk et 

al. showed relative overexpression of basolateral Na-K-Cl cotransporter 1 (NKCC1) 

relative to KCC2 in SCLC, thus increasing the intracellular chloride concentration, 

providing a plausible molecular basis for the observed positive shift of ECl and 

depolarizing GABA currents111. 

The convergence of glutamatergic and GABAergic excitatory inputs positions SCLC 

as an electrically active, neuronally integrated malignancy with a ‘developmental-like’ 

inhibitory-excitatory balance. This expands the concept from a purely glutamatergic 

paradigm, mirroring recent advances in glioma biology where GABAergic synapses 

were also described in diffuse midline gliomas28. 

 

A key question is what role the synaptic contacts play in vivo throughout different 

stages of tumor development. Data from independent studies showed the anatomical 

proximity of nerve fibers in early stages of tumorigenesis109–111. We also saw nerve 

fibers closely interwoven with transforming NEBs and small tumors. In larger tumors, 

no sensory fibers were visible in the interior of the tumor115. This anatomical gradient, 

combined with previously described vagotomy experiments, in which transection of the 

vagus nerve led to reduced tumor progression in early lesions but had no effect in 

advanced lesions, suggests that neuronal input is particularly relevant during tumor 

initiation and early development. This is consistent with data from the Li lab, which 

describes a switch from external to autonomous stimulation. This mechanism is 

enabled by the intrinsic activity and ability to generate action potentials in the 

neuroendocrine subpopulation109,109. Of note, similar phenomena, in which tumor cells 

seem to generate electrical activity through VGSCs, have been described in a murine 

triple-negative breast cancer model126. 

In this framework, neuron-tumor synapses may act as early ‘ignition’ signals that 

promote transformation and initial outgrowth, after which tumor cells progressively 

acquire the ability to generate their own electrical activity. Here, our in vivo treatments 

could cut both ways. On the one hand, they reduce or modulate early synaptic 

transmission; but since riluzole presumably acts via the blockade of VGSCs, the 
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autonomic, intrinsic activity could also be reduced, which in turn could mediate 

therapeutic efficacy beyond early lesions115,127. This dual mechanism of action could 

explain the superior therapeutic effect of riluzole compared to (S)-3,4-

dicarboxyphenylglycine (DCPG). 

  

It is increasingly recognized that cancer cells can reciprocally influence the TME and 

the nervous system. This encompasses, among others, active neurogenesis through 

neurotrophins in different peripheral cancers, or the hyperexcitability of neurons after 

synaptic integration of glioma cells26,44,128. Concordantly, a recently published study 

demonstrated that synaptic integration of SCLC into neuronal networks of the central 

nervous system induces multiplicative synaptic scaling among neurons, leading to 

aberrant neuronal hyperexcitability, which may be the cause of seizures that can 

present in patients with SCLC brain metastases129. Another way of bidirectional 

communication between tumors and neurons involves neuron-cancer circuits. Similar 

to the previously characterized neuronal circuit between GC and nociceptive neurons 

of the vagus nerve, emerging findings suggest comparable mechanisms in SCLC. A 

recent study, published as a preprint, demonstrates how bacterial endotoxins activate 

the pain receptor transient receptor potential ankyrin 1 (TRPA1) on vagal afferents, 

leading to increased production of CGRP in the nodose ganglion. In the periphery, this 

results in the release of neuropeptides and enhanced proliferation of PNECs. This 

positive feedback loop is modulated by GABA-mediated inhibition and regulates 

inflammatory responses in the lung130. In the malignant context, this neuron-

lung/PNEC axis could be co-opted by SCLC and convey pro-proliferative signals and 

local tumor progression. 

Finally, intrinsic electrical activity also raises the question of electrical reciprocity in 

neuron-SCLC synapses. While neuron-glioma synapses are typically conceptualized 

as unidirectional, with neurons in presynaptic and tumor cells in postsynaptic positions, 

this could be more complex in neuron-SCLC synapses20. The presence of both afferent 

and efferent fibers, combined with intrinsic electrical activity, may allow for reciprocal 

signaling with modulating neuronal activity. Further electrophysiological experiments 

will be essential to clarify the dynamics of potential bidirectional signaling in neuron-

SCLC synapses. 
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Our study provides compelling evidence of bona fide synapses between neurons and 

SCLC; however, several limitations must be addressed. 

Although we demonstrated ultrastructural evidence for bona fide synapses through EM 

and high-resolution microscopy in in vitro co-cultures and in vivo allografts, 

ultrastructural proof via EM in the primary lung setting remains lacking. Synaptic 

contacts are expected predominantly in early tumor stages, yet these tumors are 

particularly small and often limited in number when generated through CGRP-driven 

Cre induction in the RP mouse model. The identification of synapses via EM essentially 

represents a search for the ‘needle in a haystack’, as this technique permits analysis 

of only minute tissue sections. Furthermore, while STED microscopy demonstrated 

colocalization of pre- and postsynaptic markers on SCLC cells, this represents an 

indirect indicator of synaptic structures rather than conclusive ultrastructural proof in 

the primary setting. 

Technical limitations prevented direct electrophysiological recordings from SCLC cells 

in primary lung tissue during slice preparations, so we relied on in vitro co-cultures and 

in vivo brain allografts. Our in vitro co-cultures were primarily established using cortical 

neurons derived from embryonic mice. These neurons originate from the central 

nervous system and do not physiologically innervate PNECs or lung tissue. Although 

we partially addressed this limitation through nodose ganglion co-cultures – which 

represent the physiological source of innervation – the entire in vitro setting remains 

artificial and does not recapitulate the complex pulmonary TME. Organoid-based 

approaches may represent a substantial improvement for future studies. 

Additionally, the human SCLC cell lines employed exhibit considerable heterogeneity 

acquired through extended culture passaging. Critically, relevant genes are lost during 

cell line establishment and maintenance under unphysiological conditions. Our genetic 

in vivo screen identified robust signatures for ‘glutamatergic synapse’ gene sets, 

particularly in SCLC-A and SCLC-N subtypes. However, whether this gene signature 

is preserved after cell lines get into cell culture or undergoes drift during extended 

culture remains unclear and may substantially affect the interpretation of in vitro 

functional studies, especially when comparing SCLC subtypes. 

Regarding therapeutic interventions, we selected DCPG – a highly selective 

metabotropic glutamate receptor 8 agonist – and riluzole, an FDA-approved 

compound, for in vivo treatment studies. DCPG, as monotherapy, significantly 

improved survival, however, it demonstrated no significant benefit when combined with 
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frontline chemotherapy. Conversely, riluzole showed enhanced survival both as 

monotherapy and in combination with chemotherapy. Yet, riluzole’s mechanism of 

action encompasses, inter alia, glutamate release inhibition, blockade of VGSCs, and 

blockade of NMDA receptors127. Which specific (potentially unknown) mechanism 

mediates its superior therapeutic efficacy remains unclear. This clear survival benefit 

warrants further investigation to identify the optimal therapeutic target within the 

neuron-SCLC interface. 

 

Conclusion 

Here, we demonstrated functional, bona fide neuron-SCLC synapses. A genome-wide 

piggyBac transposon screen, cross-validated with human genetic and transcriptomic 

data, identified synaptic and neuronal gene sets as key features of SCLC biology. 

Structural proof with high-resolution microscopy, followed by functional assessment 

with transsynaptic rabies tracing and electrophysiology, validated our findings as bona 

fide synapses. In various proliferation assays, we could demonstrate that SCLC cells 

derive a proliferation advantage from neurons, which is at least partially mediated by 

neuronal activity and spatial proximity. Furthermore, targeting glutamate signaling in a 

murine model of SCLC significantly improved survival as a single agent (DCPG and 

riluzole) as well as in combination with frontline chemotherapy (riluzole)115. 

This work, through its in vivo screening with the enrichment of neuronal and synaptic 

gene sets and cross-validation with human datasets, makes a distinct contribution to 

the understanding of SCLC biology. By identifying growth-promoting synaptic contacts, 

it provides a translational entry point for therapeutic intervention, shedding light on 

synaptic and neuron-tumor signaling as actionable vulnerabilities in SCLC. 

Of even broader importance, this study represents a ‘proof-of-principle’ investigation 

that establishes bona fide synapses between neurons and cancer as a paradigm in 

peripheral malignancies. By extending this tumor-agnostic principle beyond the CNS, 

it opens the field for systematic investigation of direct crosstalk between the PNS and 

cancer and expands our understanding of how peripheral tumors can integrate into 

neuronal networks. Further research will be required to elucidate the full spectrum of 

biological and clinical implications, particularly regarding reciprocal signaling and 

feedback circuits that may arise from direct communication between neurons and 

cancer cells in the periphery. 
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A critical next step will be the characterization of synapses and neuron-tumor 

communication mechanisms in the primary lung setting, especially in early tumors. 

This is important because the vast majority of the present work was performed in 

oversimplified in vitro co-culture systems and in vivo allograft models. Dissecting how 

synaptic competence is distributed across SCLC subtypes, developmental states, and 

cell subpopulations, and how it is shaped by the native microenvironment, will be 

essential to understand how neuron-SCLC synapses contribute to tumor initiation, 

progression, metastatic dissemination, and potential therapeutic resistance. 

 

Conclusively, this thesis establishes neuron-SCLC synapses as a novel and targetable 

feature of SCLC, expanding this concept beyond the CNS.  
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