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non-canonical Hh signaling in pdAC

Most of the research in the last decades on the signaling mechanisms and components 

of the Hh pathway has focused on the transcriptional response of cells to Hh ligands, and 

how this signal orchestrates organization during development and homeostasis in the 

adult organism. Only recently did we start to realize that there is something beyond (or 

more literally ‘upstream’ of) the role of Hh in activating the Gli transcription factors and 

the expression of target genes. Both receptors Ptch and Smo were found to elicit diverse 

cellular responses independent of transcription. However, the mechanisms separating 

canonical/transcriptional and non-canonical/transcription-independent signaling are 

largely unknown. In chapter 2 of this thesis we shed light on how the subcellular 

localization of Smo can influence which Hh signaling route cells will use, and how the 

primary cilium skews this towards the transcriptional response. 

This novel concept has several important implications. For instance, it implies that the 

primary cilium is not necessary for all the functions of Hh ligands and that non-canonical 

Hh signaling can still occur and play an active role in diseases that were previously thought 

unable of such signaling due to a defective or absent primary cilium (ciliopathies and 

malignancies, respectively). In addition, in many different experiments we found that the 

transcriptional response to Hh was much easier perturbed than the non-canonical one. 

We interpret this to mean that the non-canonical signaling is more robust and thus more 

easily retained in cells with (oncogenically) impaired or otherwise altered signaling. 

The finding that chemotactic signaling is enhanced by the absence of a primary cilium 

is also interesting in the context of pancreatic cancer, as these cancer cells are generally 

thought to not be responsive to the Hh ligands they produce, and signaling is instead 

strictly paracrine to the stroma. This notion is based on the fact that these cells do not 

respond well to pathway inhibitors [1], and that they are devoid of a primary cilium and 

therefore incapable of transducing the signal to the Gli transcription factors [2]. However, 

all these studies only addressed the potential of transcriptional signaling responses and 

did not consider non-canonical effects. High local Hh concentration could provide tumor 

cells with an important survival and cell division cue as it was shown that Ptch can directly 

induce apoptosis and inhibit proliferation in absence of ligand, independent of Smo 

function, and these effects are blocked by the presence of ligand [3, 4]. 

Furthermore, due to the lack of a primary cilium, pancreatic cancer cells could be more 

prone to show a chemotactic response towards Hh ligand, and we did observe that PDAC 

cells migrate towards Hh ligand or Smo agonists (not shown in thesis). This could point to 

a role of the locally produced Hh in preventing tumor cell dissemination. This theory fits 

with the recent finding in mouse models of pancreatic cancer that show earlier tumor cell 

dissemination in tumors that lack Shh [5, 6]. The authors interpreted these findings to be a 

result of accompanied changes in the stroma by lack of canonical Hh signaling and disruption 

of tumor-restraining functions of the microenvironment, but effects of non-canonical Hh 

signaling on tumor and stromal cells were not excluded and could contribute to this phenotype.  

Interestingly, it was recently shown that cholangiocarcinoma cells also lack a primary cilium, 
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have a chemotactic response towards Smo agonists and pharmacologic inhibition of Smo in 

vivo in a syngeneic orthotopic rat model resulted in reduced metastasis formation, which was 

speculated to be caused by non-canonical Hh signaling [7]. This indicates that chemotactic 

Hh signaling could have a broad implication in several malignancies, especially in tumor cells 

that have deficiencies in generating primary cilia.

Finally, Hh ligand produced by tumor cells could also serve as a chemoattractant for 

fibroblasts or other stromal cells, by activating their chemotactic Hh response. This could 

very well contribute to the desmoplastic phenotype of pancreatic tumors [8]. As both 

canonical as well as non-canonical signaling cascades are likely activated in parallel, it is still 

rather difficult to dissect the effects of disrupted signal in this complex system with several 

cell types present engaging in extensive crosstalk. One of the future challenges will be to 

develop models to reveal the relevance of non-canonical Hh signaling for developmental 

processes and diseases in vivo without confounding effects from transcriptional signaling. 

Tools to specifically address this could include blocking of specific non-canonical Hh signaling 

hubs, like the leukotriene synthesis machinery [9, 10], or the Src family of kinases [11]. 

Cell-bound Hh: a potent signaling molecule

Hh proteins are rather unusual signaling molecules due to their hydrophobic nature. 

Several different mechanisms have been proposed for how this lipid-modified morphogen 

can spread through tissue (see chapter 1), such as formation of multimers, association 

with lipoproteins and exosomes, release via Dispatched/Scube2, or shedding via ADAM 

metalloproteases. Most of these mechanisms have been studied in developmental 

systems or in vitro by over-expression. How these mechanisms relate to Hh produced by 

pancreatic cancer cells has not been addressed before. In chapter 4 we show that ADAMs 

are upregulated in pancreatic cancer, and that they can release Hh from tumor cells. 

Intriguingly, blockage of Hh release led to an unexpected increase in the signaling potency 

to fibroblasts in direct coculture experiments. In addition, the injection of pancreatic cancer 

cells with perturbed Hh dispersion (by ADAM12 or Dispatched silencing, unpublished 

observation) into the pancreata of mice resulted in an increased expression of Hh target 

genes in the murine tumor stroma. This   implies that also in the context of tumor tissue, 

Hh retention actually leads to enhanced paracrine signaling activity. 

This notion is especially interesting in regards to the recently described transport 

mechanisms of Hh along filopodia-like cell protrusions termed cytonemes [12, 13]. The 

observation made in our study would fit with a similar transport model in which accumulation 

of Hh molecules on the surface of producing cells would allow higher concentration of Hh 

on cell protrusions, and as a consequence enhanced activation of signal-receiving cells. 

Conversely, release of Hh by ADAMs or Dispatched would result in undirected dispersion 

of ligand, preventing accumulation of sufficient ligand to reach a threshold necessary to 

active the signaling pathway in the receiving cells. This is a new way of understanding the 

exchange of information between cells and it would be interesting to see if these findings 

extend to other signaling molecules as well. The initial discovery of cytoneme mediated 
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transport was made in context of fibroblast growth factor signaling in Drosophila [14] and 

later extended to decapentaplegic/TGF-β signaling in the Drosophila wing disc [15]. This 

indicates that other signaling molecules beside Hh could also be carried by cell protrusions 

to their target cells. However, we are only at the beginning of exploring this new mode 

of signaling molecule dispersion and it could be argued that the impact of these findings, 

as well as our own, needs further characterization and exploration in models relevant for 

human disease rather than the development of insects or fishes. 

Other remaining questions pertain to how the different Hh release mechanisms 

described in literature relate to each other, and in which context cells use these different 

routes and what is the role of these different entities of Hh in development and disease. 

One very specific question that would be interesting but technically challenging to address 

is the presence and activity of cytonemes in tumors. 

Hh signaling in pancreatic cancer stroma

The paracrine nature of (canonical) Hh signaling in pancreatic cancer was established a 

few years ago [1, 16] and has since then been confirmed in several pre-clinical models 

[5, 17, 18]. The aim of chapter 5 of this thesis was to discover the paracrine factors that 

are induced by tumor cell-derived Hh and which could potentially exert tumor-promoting 

functions on the epithelium. For this, we set up a novel model to study the transcriptional 

responses in the tumor versus the stromal compartment without the need for physical 

separation of these cells. We adapted a culturing method normally used in developmental 

stem cell biology, and forced human tumor cells to aggregate with mouse fibroblasts 

by culturing on a shaker. By then performing RNA-Seq analysis on these cultures, and 

stringent alignment of the reads to the human and the mouse genome, we were able 

to genetically dissect the two compartments. In doing so, we identified several potential 

candidates that were then stringently selected on their annotation as extracellular factors, 

their upregulation in cancer tissue, and association with poor clinical outcome in patients. 

Some of the identified proteins such as Plaur, Cda, Edil3 and Spock1 have been reported 

to promote different aspect of malignant progression in several cancers and are attractive 

candidates for further study in context of pancreatic cancer [19-21]. 

More mechanistic work on some of the stromal factors identified in our screen should 

help in understanding the complex role of Hh signaling in the pancreatic cancer stroma, 

especially in light of recent literature suggesting a rather tumor-restrictive function of Hh 

signaling in pancreatic cancer opposed to the previously suggested tumor-promoting effect, 

at least in genetically engineered mouse models of this disease [5, 6]. For example, several 

bone morphogenic proteins (BMPs) were found to be Hh regulated in our screen, although 

not necessarily highly upregulated in pancreatic cancer tissue. In a bladder cancer model, 

Bmp4 and Bmp5 were identified to be stromal-derived paracrine differentiation signals that 

are upregulated by tumor cell-derived Hh ligand and prevent dissemination of epithelial cells 

[22]. Bmp4 was also found to be regulated by Ihh in the intestinal mucosa and mesenchyme 

of intestinal adenomas [23, 24] and was able to induce differentiation of colorectal cancer 
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stem cells, thereby increasing their response to chemotherapy [25]. Detailed analysis using 

mouse models of pancreatic cancer and patient-derived xenografts (PDXs) will be needed to 

functionally test the contribution of BMPs and other stromal differentiation cues to tumor 

initiation and progression. Preliminary analyses of our candidate list did reveal several BMP 

and Wnt paralogs to be potential stromal targets of Hh.  

The newly developed PDXs and primary cell line models described in chapter 3 will be helpful 

in further investigating this tumor-stroma crosstalk, as well as elucidating the mechanisms 

and effects of new combinational therapies. Especially, further molecular characterization of 

PDXs and adaptation to an orthotopic grafting location together with improved imaging of 

experimental animals should aid in future biological and pharmacological studies. 

identification of serum markers for stromal activation

The desmoplastic pancreatic cancer stroma is generally thought to provide a barrier preventing 

efficient delivery of therapeutics. Several cell types and ECM components have been shown to 

harbor tumor-promoting functions [26]. As a consequence, a lot of research has focused on 

developing agents to target this compartment and enhance the efficacy of chemotherapeutics 

[27]. However, it is still challenging to monitor these new targeting strategies, as no appropriate 

non-invasive stromal biomarker exists to date. Most of the molecular studies on stromal 

markers were performed on resected tumor material, which makes it difficult to apply to the 

majority of patients with locally advanced and metastatic disease, where there is often no 

access to sufficient tissue material to perform histological analysis. 

In chapter 6 we found that ADAM12 is highly expressed in the stroma of pancreatic 

cancer patients and that it correlates with stromal (activation) markers and content. Also in 

the serum of pancreatic cancer patients, ADAM12 was found to be elevated and high serum 

levels correlated with poor clinical outcome. This suggests ADAM12 to be a promising serum-

borne biomarker to monitor stromal targeting therapies, illustrated by one patient from our 

cohort with locally advanced pancreatic cancer who showed a very strong reduction in 

ADAM12 serum levels after combination therapy with nab-paclitaxel and gemcitabine. 

Future work should focus on testing the feasibility of using ADAM12 serum levels to 

select patients for stromal targeting therapy, how ADAM12 serum levels change during the 

course of different treatment regimens, and how reductions in serum levels relate to response 

and patient outcome. We are currently investigating and expanding the opportunities to 

address these questions. Furthermore, it will be interesting to see if ADAM12 is upregulated 

in, and could be useful as a biomarker for, other diseases that involve stromal activation or 

a fibrotic response such as pulmonary fibrosis or prostate cancer. 

COnLUding reMArKs

There are still a lot of things we do not understand about Hh signaling in general, and 

its role in pancreatic cancer specifically. The recently failed clinical trials of Hh inhibitors 

in pancreatic cancer patients attest to that. For example, we are only at the beginning 
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of exploring the possibilities and implications of non-canonical signaling routes in 

development and disease and even the form in which the signaling molecule is produced 

and distributed is still under debate. 

In this thesis we provide data that contribute to our understanding of the fundamental 

mechanisms underlying this disease, but also provide tentative clinically applicable tools. 

The identification of the mechanisms governing non-canonical Hh signaling opens up 

previously unrecognized possibilities for Hh signaling in cells that were thought to be 

‘unresponsive’ to Hh ligands. The finding that Hh ligand dispersal from pancreatic cancer 

cells is detrimental for signaling potency challenges the prevailing thought that Hh 

molecules need to be released to exert cellular responses. Additionally, new insight into 

Hh-regulated mediators of the pancreatic tumor stroma was gained by our transcriptional 

profiling approach, yielding interesting new leads. Especially exploring the new model 

systems such as PDXs and primary cell cultures described in this thesis provide excellent 

tools for future mechanistic studies as they can be manipulated ex vivo and reintroduced 

into animals. This will allow for example to address the role of paracrine signaling molecules 

in different cellular compartments by making use of the species differences between tumor 

and stroma cells as well as further study and characterize non-canonical Hh signaling events 

and filopodia-mediated transport of signaling ligands. Taken together, the new findings 

provided in this thesis will hopefully provide a basis for future studies to help us unravel 

some of the complexity of the Hh signaling pathway and pancreatic tumor biology.
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