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1. ABSTRACT 
 

Both RAS and Hedgehog (HH) pathway 
activation can be found in approximately one third of all 
cancers. In many cases, this activation occurs in the same 
tumor types, suggesting a positive impact of a simultaneous 
activation of RAS and HH on tumor development. This 
review aims to summarize the current knowledge about the 
molecular and functional crosstalk of RAS and HH 
signaling in the development of hyperproliferative disease. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

While cellular signaling pathways were once 
viewed as a linear cascade of events during the transduction 
of an extracellular signal into the inside of a cell, it has 
become clear that this simplistic view has to be exchanged 
against intricate and densely interconnected signaling 
networks. Given this increase in complexity, it is the hope 
of cancer researchers to identify critical nodes within these 
networks which can be the target of therapeutic 
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interventions. This review focuses on the RAS oncogene as a 
key driver of malignant transformation and its interactions with 
the Hedghog signaling cascade. 

 
Mutations in the three RAS genes (HRAS, NRAS, 

KRAS) can be found in approximately one third of all cancers, 
making them one of the most frequently mutated class of genes 
in humans (1). A high prevalence of RAS mutations can be 
found in e.g. pancreatic, lung and bladder cancers. These 
tumors also display features of an activated Hedgehog (HH) 
signaling pathway (2-4). Although HH signaling activation on 
its own does not lead to malignant cancer formation in the 
above organs (5), several reports indicate a positive functional 
interaction between RAS and HH during carcinogenesis. 
 
3. RAS SIGNALING 
 

RAS proteins are small GTPases which shuttle 
between a guanosine diphosphate (GDP)-bound inactive and a 
guanosine triphosphate (GTP)-bound active state (1). The 
cellular cytosol contains excess GTP and thus RAS is activated 
by GTP-binding once GDP is displaced from RAS with the 
help of guanine-nucleotide exchange factors (RAS-GEFs). 
RAS-GEFs (such as the SOS proteins) are under the control of 
upstream signaling components like growth factor receptors 
(6). RAS proteins are inactivated through their intrinsic 
GTPase activity which is further stimulated by GTPase-
activating enzymes (RAS-GAPs). Mutations enhancing the 
activity of RAS are almost exclusively located at amino acids 
required for the intrinsic GTPase activity (amino acid positions 
12 and 13) and alterations herein result in constitutive GTP 
binding (6). 

 
Once activated by the binding of GTP, RAS 

proteins are farnesylated via a CAAX-motif in their C-
terminus, which results in anchoring of the RAS protein in 
cellular membranes. Membrane anchoring is required for full 
RAS activity. 

 
RAS proteins are a critical relay in the transmission 

of extracellular signals to intracellular effector molecules. 
Numerous effector molecules of RAS have been described, of 
which RAF, PI3K (and to a lesser extent TIAM1/RAL) are 
the best studied molecules so far (7, 8). Activation of the 
numerous effector molecules is responsible for the wide 
range of cellular responses upon RAS stimulation, such as 
induction of proliferation, enhanced cell survival or cell 
migration (6). 
 

The human genome contains three RAS genes: 
HRAS, NRAS and KRAS. Germline mutations in these genes 
are associated with developmental syndromes such as 
Noonan (mutations in KRAS a.o.), Costello (mutations in 
HRAS) or Cardio-facio-cutaneous (CFC, mutations in 
KRAS a.o.) syndrome. Mostly, the mutations found in these 
syndromes result in moderate activation of the 
corresponding RAS protein (9). 
 
 3.1. RAS and cancer 

Given the importance of RAS for the 
transduction of growth factor signals it is no surprise that 
activating mutations within RAS are associated with 

hyperproliferative disease. Interestingly, specific cancer 
types show a preference for the RAS gene which is mutated: 
KRAS mutations are the most frequent among the RAS 
family and are prevalent in e.g. pancreatic, lung, colorectal 
and cervical cancers; NRAS mutations can mostly be found 
in melanoma and HRAS mutations are associated with 
bladder cancer. This distribution was recently attributed to 
selective anti-differentiation effects of KRAS, but not 
NRAS or HRAS, on endodermal stem cells (10, 11). 
Hence, the propensity for KRAS mutations in the pancreas, 
the colon and the lung could be explained by the fact that 
these organs are endoderm-derived structures. Mutationally 
activated RAS proteins significantly endow cancer cells 
with a proliferation and survival advantage and an 
increased migration and invasion capability compared to 
normal cells. To some degree this is in contrast to the non-
cancerous situation, in which RAS proteins are selectively 
responsible for proliferation and migration, but not for cell 
survival (12). 

 
RAS protein levels can be very high in tumors 

compared to normal tissue. However, frank overexpression 
of activated RAS in normal cells leads to oncogene-induced 
cellular senescence due to activation of senescence 
checkpoints such as INK4A and ARF (13, 14). Given that 
for some cancers such as mammary and pancreatic cancer, 
high RAS levels are required for tumor progression, these 
senescence checkpoints have to be overcome by the cancer 
cell during the course of the disease. Therefore, RAS 
expression levels increase over time during carcinogenesis 
with the parallel inactivation of check point genes such as 
TP53 /INK4A/ARF (13-15). 

 
As mentioned before, RAS activates several 

downstream effector molecules and an increasing number 
of these effectors have been implicated in tumor 
development, such as the RAF-MEK-ERK cascade or the 
PI3K arm (16, 17). An emerging topic is the importance of 
the RAL proteins in tumorigenesis and metastasis (18, 19). 
Clinical attempts to target mutant (oncogenic) RAS by 
pharmacological inhibition of their farnesylation have been 
disappointing (20). One reason for the failure might be that 
KRAS can be geranyl-geranylated in the presence of 
farnesyltransferase inhibitors, thus suggesting the existence 
of a bypass mechanism. Therefore, understanding the 
crosstalk of RAS with other oncogenic pathways might 
open new avenues in the treatment of cancer. 
 
4. THE HEDGEHOG SIGNALING PATHWAY 
 

The Hedgehog (HH) signaling pathway belongs 
to one of the few key signal transduction systems critically 
required for proper embryo formation. Besides its function 
as neuronal guidance cue and regulator of cellular 
proliferation, HH signaling is prominently involved in 
patterning processes. This is best exemplified in the 
vertebrate neural tube, where a dorso-ventral gradient of 
HH ligand instructs the positions and identities of neurons 
to be formed (21). 

 
During development, HH signaling functions as 

a molecular communicator between two adjacent cell 



Crosstalk between RAS and Hedgehog 

2261 

populations. Usually, the HH ligand (three HH proteins in 
mammals: Sonic (SHH), Indian (IHH), Desert (DHH) HH) 
is generated by the producing cell and is released into the 
extracellular space. Addition of a cholesterol moiety to the 
N-terminus (through an autoproteolytic activity of the HH 
C-terminal domain) and a subsequent palmitoylation of the 
C-terminus of HH ligands (by the acyltransferase HHAT) 
render them highly lipophilic preventing their wide range 
diffusion (22). The released HH protein subsequently binds 
to the PATCHED (PTCH1) receptor on neighboring cells.  
Binding of HH to PTCH1 initiates a cascade of 
derepression steps of which the first one is the release of 
SMOOTHENED (SMO) from PTCH1-mediated inhibition. 
The interaction of PTCH1 and SMO is complex and not 
fully understood. It is currently assumed that PTCH1 
possesses catalytic activity and transports an endogenous 
small molecule inhibitor (potentially Vitamin D3) across 
the cell membrane which blocks SMO function (23). 
Pathway regulation at the level of PTCH1 and SMO is 
confined to a specialized cellular compartment, the primary 
cilium. This solitary microtubule-containing protrusion of 
the cell membrane is crucial for HH signal reception and 
receptor-induced signal transmission. In the absence of HH 
ligand, PTCH1 resides within the primary cilium while 
SMO is excluded from it. Ligand binding leads to the exit 
of PTCH1 from the cilium allowing SMO to enter the 
cilium and initiate signaling to downstream elements. SMO 
entry into the primary cilium and SMO activation seem to 
be two independent steps (24). Signaling of the G-protein 
coupled receptor-like SMO to its effectors is not very well 
understood, but involves β-arrestin and G-protein-coupled 
receptor kinase 2 (GRK2) (25, 26). Ultimately, the 
downstream effectors GLI2 and GLI3 are activated. In the 
unliganded state of PTCH1, GLI2 and GLI3 proteins are 
subject to limited proteolysis giving rise to truncated 
repressor forms (it should be mentioned that GLI2 
processing is very inefficient compared to GLI3) (27, 28). 
This proteasomal degradation is blocked by HH signaling, 
allowing full-length GLI3 (to a lesser extent GLI2) to 
accumulate and activate target gene transcription. GLI 
target genes are highly cell-type specific. However, certain 
general HH target genes include PTCH1, leading to a 
negative feedback loop and GLI1, resulting in a feed-
forward loop amplifying the HH signal and altering the 
target gene spectrum into a more GLI1-directed pattern 
(29). In contrast to GLI2 and GLI3, GLI1 is an obligate 
transcriptional activator and because it is a target gene of 
the pathway, its mRNA levels directly correlate with 
pathway activity. 

 
A ubiquitously expressed negative regulator of 

HH signaling is SUPPRESSOR OF FUSED (SUFU). The 
deletion of the Sufu gene in mice results in strong, ligand-
independent pathway activation downstream of Ptch1 and 
Smo (30-32). SUFU can directly bind GLI factors and 
restrict their localization to the cytoplasm (33). 
Furthermore, due to its interaction with transcriptional 
corepressors (SIN3A-SAP18), it can block GLI-mediated 
transcription within the nucleus (34). Additionally, SUFU 
recruits GSK3β to full-length GLI3 favoring its truncation 
into the repressor form (35). The contribution of each of 
these inhibitory mechanisms to the full SUFU spectrum is 

currently not exactly clear. Interestingly, SUFU function is 
independent of the primary cilium (36, 37). 

 
Recently, a so called non-canonical HH pathway 

induction has been described which utilizes TGFβ and is 
independent of Smo: TGFβ can directly activate 
transcription at the GLI2 promoter via SMAD3/β-Catenin 
in fibroblasts and pancreatic cancer cells (38-40). 
 
 4.1. Hedgehog and cancer 

Hedgehog signaling was first implicated in 
cancer development by the discovery that inactivating 
mutations in the human PTCH1 gene are the underlying 
genetic cause for Gorlin syndrome (also known as Nevoid 
Basal Cell Carcinoma Syndrome (NBCCS)), a 
developmental syndrome characterized by odontogenic 
keratocysts, skeletal anomalies and a striking predisposition 
to the development of basal cell carcinoma (BCC), 
medulloblastoma (MB) and rhabdomyosarcoma (RMS) 
(41, 42). It turned out that the second PTCH1 allele was 
inactivated by subsequent events and that the resulting 
activation of HH signaling was causing the tumor 
development.  It is now known that HH pathway activation 
is also associated with sporadic BCCs, MB and RMS and 
that in the vast majority of these cases HH pathway 
activation occurs through mutationally inactivated PTCH1, 
activating mutations in SMO or inactivating mutations in 
SUFU (43, 44). Hence, in these tumors pathway activation 
takes place in the tumor cells themselves. 

 
This mode of pathway activation is in contrast to 

HH-mediated processes during embryonic development 
and is different from the situation in other cancer types, 
where HH signaling has been implicated (45, 46). In 
prostate and in pancreatic cancer it became evident that the 
primary signaling mode is paracrine: The tumor cells 
generate and secrete HH ligands whereas the surrounding 
stroma constitutes the responding cell population. HH-
activated stroma supports tumor growth in a reciprocal 
manner by secreting growth-promoting factors (WNTs and 
IGFs in the case of pancreatic cancer; (47)). 

 
In hematological cancers such as chronic 

myeloid leukemia (CML) and possibly also in multiple 
myeloma (MM), a reverse situation of paracrine HH 
signaling has been described where the stroma provides the 
HH ligand acting on the recipient tumor cells (48, 49). 
Autocrine HH pathway stimulation (the tumor cell 
produces and responds to HH) is currently believed to play 
a role in (cancer) stem cell proliferation and maintenance. 
Recent evidence points to HH/GLI as an inducer of the 
self-renewal factor NANOG, thereby promoting stemness 
(50, 51). The best studied cases with respect to the 
importance of autocrine HH signaling in tumors are 
neurological cancers, in particular medulloblastoma and 
glioblastoma (52). 
  
5. THE RAS-HH CROSSTALK 
 
 5.1. Molecular crosstalk between RAS and HH 

Data obtained from cotransfection experiments 
using mutant RAS or its effector molecules such as 
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Figure 1.  Schematic drawing outlining the inhibitory RAS-HH interactions. The canonical Hedgehog signaling cascade is 
triggered by binding of the HH ligands to PTCH1, which resides in the primary cilium. Upon HH binding, PTCH1 exits from the 
cilium and SMO can enter it to initiate signaling, resulting in the activation and subsequent translocation of GLI2 and GLI3 from 
the cilium into the nucleus. TGFβ can elicit non-canonical (SMO-independent) signaling by directly inducing GLI2 transcription. 
Mutant RAS (KRAS*) blocks signaling by a.) inhibiting cilium formation and b.) by interfering with GLI2 and GLI3 function. 

 
activated MEK or AKT show that these molecules are able 
to stimulate GLI function in different cell systems (53-56). 
At least for GLI1, the N-terminus seems to be the integrator 
part of the molecule for the activating effects of MEK1 
(54), suggesting that MEK or ERK kinase directly 
phosphorylate this region. Data obtained using melanoma 
cells demonstrate that active RAS, MEK or AKT increase 
the nuclear presence of GLI1 (53). Functional synergism 
between EGF receptor signaling and its downstream 
effector JUN and GLI1 was also reported (57). In addition, 
fibroblast growth factor (FGF) enhanced the transcriptional 
activity of transfected GLI1 in a MEK-dependent manner 
(54). In line with these results, our laboratory could also 
observe a synergism between GLI1 and cotransfected RAS 
in luciferase reporter assays measuring GLI1 activity. 
Based on these findings we anticipated that knocking down 
KRAS by means of siRNA would decrease the HH 
signaling activity in cancer cells harboring mutant RAS. 
Surprisingly however, we were unable to measure a decline 
in GLI1 activity in RAS-positive PDAC cells when 
knocking down KRAS (58). In contrast to our initial belief, 
the majority of cell lines responded with an upregulation of 

the HH target gene GLI1 to the reduction of KRAS levels, 
implying a suppressive effect of RAS on endogenous HH 
signaling. In line with these findings, ectopically 
expressed mutant KRAS inhibited ligand-induced HH 
signaling in fibroblasts. This negative regulation is, at 
least partially, mediated by activation of the kinase 
DYRK1B (see next section for more information on 
DYRK kinases) and is independent of primary cilia (58). 
However, in addition to the DYRK1B-mediated effect 
there is also a cilium-dependent impact of KRAS on HH 
signaling, at least in pancreatic cancer cells: The 
mutation of KRAS leads to the abrogation of primary 
cilia, which are crucial for ligand-induced HH signaling 
(59). Taken together, there seem to be cilia-dependent 
and cilia-independent negative effects of RAS on HH 
signaling. A schematic diagram of these findings is 
shown as Figure  1. In support of these finding of a 
negative relationship between the RAS and HH 
pathways, a report by Fogarty et al. described a negative 
impact of FGF (which is expected to activate Ras) on HH 
signaling in cerebellar granule cell precursors, 
medulloblastoma tumor cells and fibroblasts (60). 
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In summary, the literature provides experimental 
evidence for both positive as well as negative crosstalk of 
RAS and the HH pathway. A potential explanation of these 
seemingly paradoxical results is that the positive functional 
interaction between RAS and GLI can only be seen in 
certain situations with high levels of unrestrained GLI (as 
in e.g. transfection experiments or experimental 
overexpression). In these settings, endogenous negative 
regulators are too low in abundance to counteract the 
stimulatory effects of RAS on GLI.  This does not 
necessarily mean that no (patho)physiological situation 
exists, in which a positive RAS-HH crosstalk could be seen 
under endogenous conditions: Loss of SUFU or a gene 
amplification of GLI1 would presumably sensitize a cell 
towards the stimularory effects of RAS on GLI. 

 
However, under physiological levels of GLI and 

RAS and with modulators such as SUFU present, the 
negative regulation seems more prominent. Since in PDAC 
cell lines, the RAS-induced HH pathway suppression is 
mediated by the DYRK1B kinase, the expression levels of 
such mediators might also determine the final outcome of 
the RAS-HH crosstalk and might explain the partially 
contradictory results in the literature. 

 
Most of the currently available studies 

investigated the influence of ‘RAS on HH’ signaling. Much 
less is known about a ‘HH to RAS’ crosstalk. In some 
settings, overexpression of GLI2 or treatment of cells with 
SHH ligand induced the phosphorylation and thus 
activation of RAS downstream effectors such as 
MEK/ERK and/or AKT ((61); (62); (55); (63)). However, 
since these molecules are also activated by RAS itself, it is 
unclear what the biological significance of such a HH-
induced MEK/AKT activation would be when RAS is 
simultaneously activated through a mutation. A recent 
report suggests that SMO interacts and activates TIAM1 
and subsequently Rac1 in neuronal cells (64).  It will be 
interesting to see if this finding applies to other cell types 
as well. Nothing is currently known about the effects of HH 
signaling on other RAS effector molecules (e.g. RALs, 
PLCε) or on RAS itself. 
 
 5.2. The DYRK family of kinases - mediators of the 
RAS/HH crosstalk? 

The mammalian Dual-specificity tyrosine (Y) –
regulated kinase (DYRK) family consists of five members: 
DYRK1A, DYRK1B, DYRK2, DYRK3 and DYRK4. 
These kinases possess a tyrosine-directed 
autophosphorylation specificity which is required for their 
activation. Upon autophosphorylation and activation, 
phosphorylation of substrate proteins by DYRK kinases 
occurs on serines and threonines (hence their name) (65). 

 
The best studied member of the DYRK family is 

DYRK1A, which is strongly expressed in the brain and 
which maps to the Down syndrome critical region on 
chromosome 21q22.2. Hence, DYRK1A is overexpressed 
in Down syndrome patients and rodents overexpressing 
DYRK1A display mental defects, suggesting that 
DYRK1A levels are critical for the development and/or 
function of the nervous system (66-68). 

 
DYRK1B kinase is strongly expressed in muscle 

tissue and is important for skeletal muscle cell 
differentiation where it destabilizes D-type cyclins (69, 70). 
DYRK2, which is predominantly expressed in immune 
cells, has been implicated in diverse functions such as 
calcium signaling, glucose metabolism and gene expression 
(65). DYRK3 and DYRK4 are not very well characterized 
and are expressed in erythropoietic cells and sperm, 
respectively. However, it should be noted that most of the 
different DYRK isoforms are expressed at low levels in 
many more tissues than the ones indicated above. 

 
With respect to their role in tumor biology, 

DYRK1B (also known as Mirk) and DYRK2 are the best 
studied family members. DYRK1B is overexpressed in lung 
tumors and the gene can be found amplified in pancreatic 
cancer (71-73). Here, DYRK1B is an effector molecule of 
oncogenic KRAS and most likely functions as a survival-
promoting kinase (72). Comparably, the DYRK2 gene is 
amplified in adenocarcinomas of the oesophagus and lung 
(74). 

 
Interestingly, crosstalk at several levels has been 

described between members of the DYRK family and the 
HH pathway: DYRK1A has a positive impact on HH 
signaling by phosphorylating GLI transcription factors. 
This phosphorylation leads to nuclear enrichment and 
increased transcriptional activity (75). DYRK1B and 
DYRK2 function instead as negative regulators of the HH 
pathway: While the exact mechanism of how DYRK1B-
mediated inhibition is achieved needs further investigation 
(58), DYRK2 has been shown to act directly on the GLI2 
protein leading to its degradation (76). Taken together, at 
least three out of the five DYRK family members exert an 
impact on HH signaling, arguing for a close functional 
interaction between DYRK and HH pathway proteins. At 
least one DYRK kinase (DYRK1B) is activated by 
oncogenic RAS. It will be interesting to learn if this applies 
to other DYRK family members as well and if these 
kinases contribute to the RAS-HH crosstalk on a broader 
scale. 
 
 5.3. Functional implications of a RAS-HH crosstalk 

Numerous reports document a positive functional 
interaction of the RAS and HH pathways in the process of 
tumor formation and/or maintenance. Both, KRAS and HH 
signaling components were identified in a global genomic 
screen detecting 12 core signaling pathways altered in 
pancreatic cancer (77). Furthermore, ectopic expression of 
SHH in the developing mouse pancreas results in 
precancerous lesions, some of which even harbored a Kras 
mutation (3). Enhanced Shh expression was also found to 
correlate with the KRAS mutational status (47, 58) and Shh-
positivity of tumor cells was detected in Kras-induced 
mouse models of pancreatic cancer (78). The exact 
mechanism of Shh-induction by RAS is not fully elucidated 
but most likely involves the activation of NFκB (79). 
 

In addition to the link between RAS and SHH 
ligand, transgenic overexpression of an activated version of 
GLI2 in the pancreatic epithelium led to hyperproliferative 
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changes. When this transgene was combined with activated 
Kras the phenotype was more severe and the histology 
showed similarity to human pancreatic intraepithelial 
neoplasia (PanIn), which are precursor lesions of pancreatic 
ductal adenocarcinoma (PDAC) (61). However, it should 
be noted that the alterations obtained with the combined 
expression of GLI2 and mutant Kras did not fully resemble 
human PDAC. 

 
From a therapeutic point of view, interesting data 

were reported using Cyclopamine, a Smo inhibitor, in the 
treatment of pancreatic cancer (80). In xenograft 
experiments using human PDAC cells, Cyclopamine 
treatment had no impact on the growth of the primary 
tumor, but completely eradicated the growth of metastases. 
While this result was very interesting from a clinical aspect, 
the underlying reason why the primary tumor was 
unaffected became apparent later on: Nolan-Stevaux et al. 
(2009) genetically deleted epithelial Smo in a Kras-induced 
mouse model of PDAC and found that pancreatic epithelial 
Smo was dispensable for tumor development. In agreement 
with this report, a complementary approach found that 
expressing an activated form of Smo (SmoM2) together 
with mutant Kras selectively in the mouse pancreatic 
epithelium did not impact on the development of pancreatic 
neoplasia (81). 

 
Taken together, these data describe a paradigm 

shift with respect to the mode of HH signaling in tumors 
harboring RAS mutations: While initial data implied an 
autocrine scenario in which the tumor cells produced HH 
ligand and also responded to it, it is now evident that a 
paracrine signaling mode is best suited to describe the in 
vivo situation. In such a paracrine model, the tumor cells 
generate and release HH ligands and the surrounding 
normal stromal cells constitute the responding cell 
population. In concordance with such a model, expression 
of the HH target gene GLI1 can primarily be found 
associated with stromal cells and is only weakly expressed 
in the epithelial tumor cells (58). Moreover, in contrast to 
Smo-/- fibroblasts, Smo+/+ (wildtype) fibroblasts were able 
to support xenograft growth in mice when being coinjected 
with the cancer cells. This growth support is most likely 
mediated by the SHH-induced expression of Wnt and Igf 
ligands by stromal cells which feed back on the tumor cells 
in a positive manner (47). Impressive, but unfortunately 
transient therapeutic results were obtained using a Smo 
inhibitor in a Kras-driven mouse model of PDAC: 
Realizing the importance of the abundant stroma, Olive et 
al. (2009) were able to minimize stromal proliferation and 
thereby normalize the vascularization of the tumor by 
pharmacological inhibition of stromal Smo. This was used 
to enhance the perfusion of the tumor tissue with the 
cytotoxic agent Gemcitabine, which normally is very 
poorly distributed in the tumor due to a pronounced 
hypovascularization (82).  Collectively, these data strongly 
suggest an important role for the ligand-induced HH 
pathway not in the tumor epithelium, but in the surrounding 
stroma. 

 
The functional implications of RAS/HH 

interactions are the subject of intense studies. While it 

would be easy to envision a possible positive interaction 
between RAS and GLI as a synergistic driver for malignant 
behavior, interpreting a negative relationship at the 
molecular level is not so straight forward. I would like to 
propose two hypotheses about how a RAS-mediated HH 
suppression could contribute to enhanced tumorigenesis 
and use PDAC as an example. A schematic diagram 
depicting these two scenarios is provided as figure 2. 

 
Hypothesis 1: Protection of early stem cells 

(Figure 2a): It was recently shown that high GLI1 levels are 
detrimental to Nestin-positive neural stem cells in the brain 
(83). Forced expression of Gli1 resulted in the induction of 
apoptosis and in cell cycle arrest. In contrast, neural stem 
cells isolated from medulloblastoma from Ptch1+/- animals 
were resistant to high levels of Gli1. Conveying this picture 
to the development of a RAS-dependent cancer, such as 
pancreatic cancer, would imply that too high levels of GLI1 
at an early time point would harm stem cells harboring the 
KRAS mutation. In this model, KRAS would prevent the 
apoptosis of early stem cells and allow for the expansion of 
cells carrying the KRAS mutation. In later disease stages, an 
increase in GLI1 might be tolerated due to adaptive 
changes, such as loss of the tumor suppressors TP53 and 
INK4A. 

 
With respect to the role of GLIs in tumor 

formation it will be interesting to see how Gli1 (or Gli2) 
depletion affects tumor development in mouse models of 
pancreatic cancer. Another form of tumorigenic GLI effects 
through gene repression was recently reported by Kurita et 
al. (84). In cholangiocarcinoma cells GLI3 represses the 
TRAIL receptor DR4 and therefore protects from TRAIL-
induced apoptosis. Given that KRAS enforces the 
formation of the GLI3 repressor (58), comparable scenarios 
could be envisioned for RAS-positive tumors. 
 

Hypothesis 2:  KRAS locks pancreatic epithelial 
cells in a Pdx1-positive precursor state and thus expands 
the stem cell pool (Figure 2b): Previous reports suggest 
that, for unknown reasons, the normal pancreatic 
epithelium is not responsive to HH ligands (5, 81). The 
responsiveness towards HH seems to change in situations 
of inflammation: Pancreatic epithelial cells switch on HH 
signaling upon induction of an acute pancreatitis (85). This 
correlates with a dedifferentiation process in which the 
former acinar cells acquire precursor cell characteristics 
like Pdx1- and Nestin-positivity. Importantly, blocking 
Smo function in this animal model prevented the 
redifferentiation of precursor cells into mature acinar cells, 
showing that HH signaling is required for the last step in 
this differentiation cycle. Chronic pancreatitis is one of the 
risk factors for the development of PDAC (86) and 
therefore a certain percentage of dedifferentiated precursor 
cells can be assumed to exist in these patients. If a KRAS 
mutation occurs in this situation, it would be predicted to 
suppress HH signaling and thus block the redifferentiation 
into mature acinar cells. The epithelial cells would thus be 
locked in a PDX-1-positive precursor state. Indeed, PDX-1 
expression as well as gene expression signatures indicative 
of precursor states can frequently be found in PDAC (86-
88).
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Figure 2.  Hypothetical models on the functional role of HH pathway suppression in PDAC development. Model 1: 
Inflammatory processes and a KRAS mutation induce the generation of high HH levels around pancreatic tissue stem cells. Since 
high GLI1 expression has been shown to harm neural stem cells, one prediction of a KRAS-mediated HH suppression would be 
that tissue stem cells are protected from GLI1high-induced growth arrest and apoptosis. Model 2: During inflammation 
(pancreatitis), pancreatic acini dedifferentiate into Pdx1- and Nestin-positive progenitor cells.  In addition, HH signaling is 
activated in the epithelial compartment where it is specifically required for the redifferentiation of progenitor cells into mature 
acini. A KRAS mutation could block this redifferentiation step and arrest cells in a progenitor (stem cell-like) state, thus 
expanding the stem cell pool. 

 
Taken together, the concept underlying these 

hypotheses is that the suppression of an oncogene (i.e. 
GLI1) could in theory be resulting in pro-cancerous 
alterations. On the other hand it should be noted that GLI 
has been shown to drive proliferation and protect cancer 
cells from apoptosis in vitro (40, 61). Therefore, it will be 
interesting to learn how cancer cells adjust their GLI levels 
or if mechanisms for a variable modulation of GLI levels in 
distinct phases of carcinogenesis exist. 
 
6. SUMMARY  
 

There is currently very little doubt that 
Hedgehog (HH) pathway activation occurs in RAS-
dependent tumorigenesis of e.g. the pancreas, the lung and 
the colon. However, only recently it became clear that the 
prime target cell population for the tumor cell-secreted HH 
ligands is not the cancer cell compartment but the stroma. 
Conflicting literature data exist about the molecular 

crosstalk of RAS and HH pathway components within the 
cancer cells. Data derived from endogenous GLI activity in 
pancreatic cancer cell lines and from a PDAC mouse model 
strongly suggest a negative regulation of HH activity by 
mutant RAS (89). This contrasts with the induction of SHH 
expression and activation of signaling in the stroma by 
mutant RAS. Hence, RAS diverts the HH pathway from the 
cancer cell to the stromal compartment. The hypothetical 
functional consequences of this unequal distribution of 
HH/GLI activity await experimental confirmation. 
 
7. PERSPECTIVE 
 

The RAS oncogene has fascinated cancer 
scientists for over 30 years but even today the entire 
spectrum of actions that this molecule can exert are not 
fully understood. This includes for instance the crosstalk 
mechanisms of RAS with other signaling entities, such as 
the Hedgehog pathway. Understanding these molecular 
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connections in greater detail will be of utmost importance 
for a directed pharmacological intervention of RAS-driven 
malignancies in the future. Only if one knows which 
wheels to turn will it be feasible to successfully impinge on 
disease development and progression. With respect to the 
RAS-HH crosstalk the open issues include the positive 
versus negative regulation of HH/GLI signaling by RAS, 
the characterization of the cell types in which such a 
regulation occurs and the possible non-canonical crosstalk 
levels between the two signaling cascades. 
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