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Abstract
Background Gastrointestinal stromal tumour (GIST) is a mesenchymal cancer which derives from interstitial cells of Cajal. 
To determine whether a relationship between Hedgehog (Hh) signalling pathway and primary cilia exists in GIST tumours 
is intended here.
Methods Immunohistochemical, immunofluorescence and ultrastructural techniques were performed in this study.
Results We show that GIST cells present primary cilia (an antenna-like structure based on microtubules). But, moreover, we 
prove Hedgehog signalling pathway activation in these tumours (a pathway related with tumoural features such as prolifera-
tion, migration or stemness) and we show for the first time that this signalling pathway activation in GIST is mediated by 
primary cilia, likely in a paracrine way.
Conclusion Thus, primary cilia and Hedgehog signalling would be fundamental in tumoural microenvironment control of 
GIST cells for their maintenance, differentiation and proliferation.
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Introduction

Gastrointestinal stromal tumour (GIST) is the most common 
mesenchymal neoplasm of the human gastrointestinal tract. 
Incidence rates of GIST range between 6.5 and 14.5 per mil-
lion per year [1]. It is mostly located in the stomach (60%) 
followed by the jejunum and ileum (30%), the duodenum 
(5%), colorectum (4%) and oesophagus or appendix (< 1%) 
[2]. On the basis of immunophenotypical and ultrastruc-
tural similarities [3, 4], these tumours are thought to derive 

from Interstitial Cells of Cajal (ICCs) or an ICC progenitor 
through somatic mutation.

GISTs have been classically classified into three principal 
subtypes attending to their morphology. According to pub-
lished data, approximately 70% of cases are composed of 
spindle cells characterised by ovoid nuclei, paranuclear vac-
uolisation and syncytial cell borders. Around 20% of GISTs 
show epithelioid cells with round nuclei and the remaining 
10% of cases show both mixed cellular populations [2].

Gain-of-function mutations in KIT are found in 70–80% 
of GISTs whereas PDGFRA tyrosine kinase receptor muta-
tions are present in 10–15% of cases [3, 5]. Recently, ANO1, 
also known as TMEM16A or DOG1, has been reported as 
a highly sensitive and specific marker of GIST [6] irrespec-
tive of KIT or PDGFRA mutations [7]. It may stain up to 
one-third of KIT-negative GIST [8]. Thus, ANO1 has been 
proposed to be included in routine studies of GIST [9]. 
ANO1 is a calcium-activated chloride channel; it has been 
showed to regulate proliferation in ICCs [10] and primary 
ciliogenesis [11]. However, its exact role in GISTs remains 
elusive [12, 13].

Primary cilia are non-motile organelles composed by an 
axoneme of 9 peripheral doublets of microtubules (9 + 0 
structure) projecting out of the cell surface. The axoneme 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1012 0-019-00984 -2) contains 
supplementary material, which is available to authorized users.

 * Pablo Iruzubieta 
 pablo.iruzubieta@hotmail.es

1 Department of Human Anatomy and Histology, Faculty 
of Medicine, University of Zaragoza, Zaragoza, Spain

2 Department of Pathological Anatomy, Legal and Forensic 
Medicine and Toxicology, Faculty of Medicine, University 
of Zaragoza, Zaragoza, Spain

3 Institute for Health Research Aragón (IIS), C/Domingo Miral 
s/n, 50009 Zaragoza, Spain

http://orcid.org/0000-0003-0331-6222
http://orcid.org/0000-0002-2787-9671
http://orcid.org/0000-0002-9951-1075
http://crossmark.crossref.org/dialog/?doi=10.1007/s10120-019-00984-2&domain=pdf
https://doi.org/10.1007/s10120-019-00984-2


65Hedgehog signalling pathway activation in gastrointestinal stromal tumours is mediated by…

1 3

is originated from a basal body composed by a modified 
centriole that is anchored to the cell membrane by the tran-
sition fibres [14]. The transition zone, located between the 
axoneme and the basal body, acts as a gate that controls the 
traffic of proteins and lipids providing primary cilia with a 
different composition from cytosol and plasma membrane 
[15]. Primary cilia have important functions in different tis-
sues based on three relevant features: supply of cell polarity, 
regulation of cell cycle and acting as sensory antenna for cell 
signalling [16]. Thus, several signalling pathways (such as 
Hedgehog, Wnt or TGFβ) have been identified as primary 
cilia dependent [17, 18]. Moreover, mutations in primary 
cilia are related to a group of disorders called ciliopathies 
[16, 19].

In addition, primary cilia involvement in cancer has been 
closely related to the Hedgehog (Hh) signalling pathway [20, 
21]. Hence, Hh signalling pathway activates transcription 
of different genes related to processes impaired in tumours 
such as cell proliferation, apoptosis, angiogenesis or epithe-
lial–mesenchymal transition [22]. Furthermore, Hh signal-
ling pathway has been recently implicated in maintenance 
and proliferation of cancer stem cells [21]. In fact, abnor-
mal activation of this signalling pathway (both in a ligand-
dependent and -independent way) can lead to cancer [20, 
22].

Three Hh ligands have been identified in vertebrates: 
Indian (Ihh), Desert (Dhh) and Sonic (Shh). When the path-
way is not activated, the Patched receptor is located in the 
ciliary membrane repressing the G-protein-coupled Smooth-
ened (Smo) receptor by preventing its trafficking and locali-
sation to ciliary membrane [20, 22, 23]. Then, Gli1 tran-
scription factor is sequestered by SUFU while Gli2 and Gli3 
are converted into their repressor forms [23]. Conversely, 
when the Hh ligands bind Patched, it is removed out from 
the primary cilia axoneme facilitating Smo localisation in 
ciliary membrane [24]. Smo produces SUFU-Gli1 dissocia-
tion, allowing Gli1 to enter the nucleus and activate gene 
transcription [18, 23].

Although previous studies have already identified the Hh 
signalling pathway in GIST [25, 26], here we evidence for 
the first time its activation by primary cilia in this type of 
tumours.

Materials and methods

Materials

Eight cases of stomach tumours that fulfilled the histological 
criteria of GISTs were examined in this study. Four of them 
were low-grade GIST, while the remaining four were high 
grade. They were retrieved from the files of the Department 
of Pathology at the University Clinic Hospital of Zaragoza. 

All protocols developed were approved by the Human 
Research Ethics Committee (Comité Ético de Investigación 
Clínica de Aragón, CEICA) from the Instituto Aragonés de 
Ciencias de la Salud (IACS).

Immunohistochemistry

Immunohistochemical staining was performed on 
2-μm-thick formalin-fixed paraffin-embedded sections using 
 EnVision® (DAKO) method. The primary antibodies used 
in this study were: polyclonal rabbit anti-KIT (1:50, A4502 
DAKO; Glostrup, Denmark), polyclonal rabbit anti-ANO1 
(1:100, Abcam, ab53212; Cambridge, UK), polyclonal 
rabbit anti-Gli1 (1:200, Abcam, ab49314; Cambridge, 
UK), polyclonal rabbit anti-Smo (1:1000, LS Bioscience, 
LS-B4911, Seattle, WA, USA) and polyclonal goat anti-
Patched (1:100, Santa Cruz, sc-6149; Dallas, TX, USA). 
Antibodies were diluted with DAKO diluent (S2022). The 
tissue sections were deparaffinised in xylene for 20 min and 
rehydrated in graded ethanol (4 min in 100°, 4 min in 96°, 
4 min in 70° and 5 min in distilled water). Prior to all assays, 
a heat-induced antigen retrieval step was performed for KIT, 
ANO1, Gli1 and Smo immunolabeling using buffer citrate 
(pH 6, DAKO S2031) by treatment for 5 min in microwave 
at 800 W and 3 additional minutes at 360 W. For Patched 
staining, an antigen retrieval step using Tris-buffered saline 
(TBS, pH 9) was performed at 96 °C for 20 min.

After washing twice with PBS for 3 min, endogenous 
peroxidase was blocked using peroxidase blocking reagent 
(DAKO, S2001) for 10 min and sections were washed in 
distilled water and PBS 3 min, twice.

Afterwards, sections were incubated with primary anti-
bodies at 4 °C overnight in a humidified chamber. Sections 
were washed in PBS three times for 5 min and incubated 
with Labelled Polymer EnVision-HRP (DAKO K5007) or 
Polyclonal Rabbit Anti-Goat Immunoglobulins/HRP (1:200, 
DAKO, P016002-2) for 1 h. To confirm the presence of 
immunocomplexes, 3,3′-diaminobenzidine as chromogen 
and hydrogen peroxide as substrate were used. The samples 
were washed twice in distilled water, contrasted with May-
er’s haematoxylin for 7 min, washed in tap water for 15 min, 
dehydrated in a graded ethanol (2 min in 70°, 2 min in 96° 
and 5 min in 100°), cleared in xylene and cover slipped with 
Eukitt (03989 Sigma-Aldrich; St. Louis, MO, USA).

Digital images were captured by Olympus BX1 
microscope.

Immunofluorescence microscopy

Two-micrometre formalin-fixed paraffin-embedded sec-
tions were cut and mounted on glass slides. The sections 
were deparaffinised in xylene for 20 min and rehydrated in 
graded ethanol (4 min in 100°, 4 min in 96°, 4 min in 70° 
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and 5 min in distilled water). Tissues were permeabilised 
with 0.1% Triton X-100 in PBS for 8 min. Afterwards an 
antigen retrieval step using Tris-buffered saline (TBS, pH 9) 
was performed at 96 °C for 20 min for Acetylated-tubulin, 
Pericentrin and Patched. For Gli1 unmasking, a protocol 
using buffer citrate (pH 6, DAKO S2031) and treatment for 
5 min in microwave at 800 W and 3 additional minutes at 
360 W was used.

Sections were incubated overnight at 4 °C with the fol-
lowing primary antibodies: monoclonal mouse anti-Acet-
ylated-tubulin (1:4000, Sigma Aldrich, T7451; St. Louis, 
MO, USA), polyclonal rabbit anti-Pericentrin (1:100, 
Abcam, ab4448; Cambridge, UK), polyclonal goat anti-
Patched (1:100, Santa Cruz, sc-6149; Dallas, TX, USA) and 
polyclonal rabbit anti-Gli1 (1:200, Abcam, ab49314; Cam-
bridge, UK) in a dark humidified chamber. Sections were 
washed in PBS three times for 5 min and incubated for 1 h 
at RT in a dark humidified chamber with secondary antibod-
ies: donkey anti-mouse IgG H + L Alexa Fluor 594 (1:1000, 
ThermoFisher, R37115; Waltham, MA, USA), donkey anti-
rabbit IgG H + L Alexa Fluor 488 (1:1000, ThermoFisher, 
A-21206; Waltham, MA, USA) and donkey anti-goat IgG 
H + L Alexa Fluor 488 (1:1000, ThermoFisher, A-11055; 
Waltham, MA, USA). After washing in PBS, DAPI (1 μg/
mL, Sigma-Aldrich) was added for 1 min for nuclei coun-
terstaining. Sections were washed in PBS and the slides 
were covered with fluorescence mounting medium (DAKO, 
S3023).

Samples were visualised with a fluorescence microscope 
(Olympus BX1 with DP70 Digital Camera System) and 
analysed with DP Controller Software. Every fluorescent 
channel was individually photographed and channels were 
merged using FIJI Image_J software [27].

Electron microscopy

After tumour extraction, samples (about 1–1.5 mm3) were 
washed in phosphate buffer and fixed with 2.5% glutaral-
dehyde and 2% paraformaldehyde overnight at RT, washed 
in 0.1 M phosphate buffer for 5 min, post-fixed with 2% 
osmium, rinsed, dehydrated in graded acetone (30%, 50%, 
70% with 2% uranyl acetate, 90%, 100%), cleared in propyl-
ene oxide and embedded in araldite (Durcupan, Fluka AG; 
Buchs SG, Switzerland).

Semi-thin sections (1.5 μm) were cut with a diamond 
knife, lightly stained with 1% toluidine blue and examined 
by light microscopy (Olympus BX51 microscope, Olym-
pus Imaging Corporation; Tokyo, Japan). Later, ultrathin 
(0.05 μm) sections were cut, collected on Formvar-coated 
single-slot grids counterstained with 1% uranyl acetate and 
Reynold’s lead citrate for 10 min.

They were examined under a FEI Tecnai G2 Spirit TEM. 
The images were captured with Advanced Microscopy 

Techniques, using a Corp. Charge-Coupled Device imag-
ing system (CCD from Danvers, MA, USA).

Three-dimensional reconstructions from serial electron 
microscopy sections were performed using FIJI Image J 
software [27].

Results

GIST histological study

Haematoxylin–eosin studies showed two cell populations 
in the studied samples: on the one hand, spindle cells with 
ovoid nuclei and the characteristic paranuclear vacuoles 
(Fig. 1a, b); on the other hand, epithelioid cells with round 
nuclei and pale cytoplasm. Spindle cells were generally 
more numerous than epithelioid.

Moreover, we performed immunohistochemical experi-
ments to confirm the diagnosis of GIST through the well-
known GIST markers: KIT (Fig. 1c) and ANO1 (Fig. 1d). 
Both markers were positive in all samples, showing a cyto-
plasmic staining.

Thus, we identified our samples as GIST tumours, show-
ing predominantly spindle cells and expressing both KIT 
and ANO1.

Primary cilia in GISTs

We performed double immunofluorescence experiments to 
co-localise Acetylated-tubulin (specific to axoneme of cilia) 
and Pericentrin (present in centrioles, including the basal 
body of cilia) (Fig. 2). Hence, a substantial number of GIST 
cells were evidenced to present primary cilia in determined 
areas from an overview picture (Fig. 2a–c).

Quantitative analyses were performed by counting the 
number of ciliated cells per High Power Field (HPF, magni-
fication 400×) in areas of GIST samples where immunofluo-
rescence staining was mainly positive. Thus, we showed that 
up to 25% of total cells were ciliated (Fig. 2d), discarding 
primary cilium as an occasional finding in GIST cells.

These primary cilia were also studied at ultrastructural 
level using Transmission Electron Microscopy (TEM). Pri-
mary cilia components (including basal body, transition zone 
and axoneme) were clearly identified (Fig. 3a–c) and active 
vesicular trafficking through the basal body was showed 
(Fig. 3d), confirming the dynamic nature of this organelle. 
Moreover, primary cilium is showed here projecting out of 
GIST cells and directly protruding into neighbour cell cyto-
plasm (Fig. 4a, b).

Furthermore, serial sections for TEM were performed 
with the purpose of reconstructing the three-dimensional 
disposition of primary cilium in GISTs (Fig. 4c, Online 
Resource 1). These reconstructions helped to clarify the 
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disposition of ciliary components, their relation with cel-
lular organelles (as Golgi apparatus or mitochondria) and 
the physical contacts that they mediate between neighbour-
ing cells.

Hh signalling pathway in GISTs

To elucidate the role of primary cilia in GISTs, Hh signal-
ling pathway and the relation of this signalling cascade with 
primary cilia in these cells were assessed. Thus, immunola-
belling techniques for Patched, receptor of Hh ligands that 
trigger the activation of the pathway; Smo, which activates 
Gli1 nuclear translocation after entering primary cilia axo-
neme, and Gli1, the main effector transcription factor of the 
cascade were applied.

Immunolabelling studies for Patched evidenced a punc-
tiform staining frequently located next to nuclei (Fig. 5a). 
With the aim of clarifying the relation of Hh signalling path-
way with primary cilia, co-localisation studies for Acety-
lated-tubulin (as a marker for primary cilia) and Patched 

were developed. We found that Patched was not located in 
ciliary axoneme but it was concentrated in ciliary basal body 
(Fig. 5b). This localisation in basal body suggests the activa-
tion of Hh signalling pathway through binding of Hh ligands 
to Patched receptor and its internalisation and removal from 
the axoneme of cilia. Furthermore, we showed Smo expres-
sion in cell membrane and regions near to nuclei (Fig. 6), 
suggestive of Hh signalling pathway activation. 

Specific Gli1 immunostaining was detected in cyto-
plasm and nucleus of some cells (Fig. 7a, b). Gli1 presence 
in nuclei gives evidence of the activation of Hh pathway 
in GIST cells. Moreover, we performed immunofluores-
cence experiments to show the presence of primary cilia 
in Gli1 + cells. Our results showed that cells with primary 
cilia showed Gli1 expression in nuclei, confirming the Hh 
activation in ciliated cells (Fig. 7c).

Thus, Hh signalling pathway would be activated in GIST 
cells through primary cilia producing Patched removal from 
cilia axoneme, Smo entrance to axoneme and consequent 
Gli1 activation and transportation to nucleus, where tran-
scription of target genes is switched on.

Fig. 1  GIST general histological study. a Spindle (sp) cells were 
predominant in GIST tumours. b These cells were characterised by 
ovoid nuclei and a prominent paranuclear vacuole (arrows). c GISTs 

showed homogeneous cytoplasmic staining for KIT. d Specific immu-
nostaining for ANO1 was also evidenced in cancer cells
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Furthermore, we tried to correlate Hh signalling activa-
tion with pathology grades of GIST (Table 1). Thus, we 
semi-quantitatively evaluated nuclear and cytoplasmic 
expression of Gli1. We found that low-grade GIST showed 
predominant cytoplasmic expression of Gli1 while main 
nuclear Gli1 staining was detected in high-grade tumours. 
These results suggest that Hh activation (evidenced by Gli1 
nuclear expression) is especially present in high-grade 
GISTs.

Discussion

Primary cilia have been previously described in GISTs and 
their progenitor cells, ICCs [28–31]. According to the results 
provided in this study, primary cilium is confirmed to be a 

common and remarkable feature of GIST cells and not an 
incidental finding. Nevertheless, the exact role of this orga-
nelle in GIST remains unknown.

Primary cilia have been involved in cancer through dif-
ferent signalling pathways and mechanisms [32]. However, 
there is no agreement about the primary cilia number being 
increased or reduced in this pathology [33, 34]. One of the 
most studied ways of its implication in cancer development 
and maintenance is through Hh signalling pathway. This 
cellular signalling pathway disruption promotes several 
types of cancer, both in a ligand-dependent and -independ-
ent way, likely by maintaining cancer stem cells [20, 21]. It 
has been demonstrated that primary cilia play a vital role in 
physiological Hh signalling pathway, regulating the traffick-
ing of different pathway components across the transition 
zone [24]. Furthermore, primary cilia are also important 

Fig. 2  Primary cilia in GISTs. Acetylated-tubulin (red) and Pericen-
trin (green)-labelled ciliary axoneme and basal body, respectively. 
Co-localisation studies by applying both markers constituted a clear 
evidence of primary cilia (some of them pointed with arrows). Peri-
centrin is also located in centrosomes; hence, Pericentrin-staining 
was also found unrelated to primary cilia (hollow arrows). a Gen-
eral view of GIST cells showing a relevant number of them present-
ing primary cilia. b Magnification from squared area in a. c Detail 
of cells expressing primary cilia in another area. d Quantitative 
analysis showing primary cilia per high power field (HPF, ×400) in 
GISTs stained by immunofluorescence. Approximately 35 ciliated 
cells were identified per HPF in selected areas where a higher number 
of primary cilia were found. The total number of cells per HPF was 
between 120 and 140 approximately; thus, ciliated cells would sup-
pose up to 25% of total cells. Results are expressed as mean ± SEM

Fig. 3  TEM images showing primary cilia in GISTs. Primary cilia 
serial transversal sections in a GIST cell shows a basal body (bb), b 
transition zone characterised by the presence of transition fibres (tf) 
that anchors basal body to ciliary membrane and c axoneme (ax), that 
can be identified surrounded by the ciliary pocket (cp). d Longitudi-
nal section of primary cilia in a GIST cell showing active vesicular 
trafficking (v) through the basal body (bb) and the different compo-
nents of this organelle (dc daughter centriole; s satellites). White bars 
in d show the corresponding area in longitudinal view for transversal 
sections (a–c)
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in cancer-related Hh signalling pathway. Thus, it has been 
shown that they are able to both, enhance or repress Hh 
ligand-independent tumorigenesis in models of medullo-
blastoma and basal cell carcinoma depending on the nature 
of the oncogenic signal [35, 36]. Moreover, a recent study 
has shown that epithelial–mesenchymal transition, an essen-
tial process in cancer progression and metastasis, induces 
ciliogenesis and Hh signalling pathway activation in in vitro 
models of breast cancer [37].

Nevertheless, the role of this signalling pathway in GIST 
remains unclear and its relation with primary cilia in these 
mesenchymal tumours has not been previously described. 

Hh signalling pathway components have been reported to be 
expressed in human GIST by immunohistochemistry [25], 
RT-PCR and microarray analyses [26]. Furthermore, Tang 
et al. [26] showed, through microarrays analyses, Hh signal-
ling pathway components and primary cilia-related proteins 
overexpression in GIST (independently of KIT or PDGFR 
mutations) compared to ICC. Furthermore, Shh agonists 
have been showed to increase cell proliferation in GIST cul-
tures [38]. The results provided here confirm the presence of 
Hh signalling pathway components Gli1, Smo and Patched 
in GIST cells and their co-localisation with primary cilia.

Regarding the relation of Hh signalling pathway and KIT, 
the activating forms of Gli (Gli1 and Gli2) positively regu-
late KIT expression. Thus, pharmacological inhibition of 
Gli1 and Gli2 has been shown to reduce KIT expression and 
cell viability in GIST cell culture [26, 39]. As a counterpart, 
the repressor form Gli3 has been inversely correlated with 
KIT and its overexpression shown to reduce KIT expres-
sion [26, 40]. This effect was also present in wild-type GIST 
(non-KIT/non-PDGFR mutant GIST), suggesting that Hh 
signalling pathway activation and consequent Gli3 degrada-
tion may suppose a possible way to KIT overexpression in 
these tumours. Tang et al. [26] proposed that Hh signalling 
pathway would be ligand-independent; however, our results 
show that Patched is removed from ciliary axoneme, sugges-
tive of ligand binding to Patched. Moreover, TEM images 
and 3D reconstructions show primary cilia in direct contact 
with surrounding cells. Hence, we propose that paracrine 
communication between GIST cells through primary cilia 
may be pivotal in Hh signalling pathway. This conclusion 
would agree with previously published results [25], where 
most GISTs expressing Hh signalling pathway components, 
expressed the Hh ligand Shh.

Further evidence of connection between GIST and Hh 
signalling pathway was proposed by Pelczar et al. [41]. 
Their studies defined PDGFR-positive GIST-like tumours 
in a Patched1-inactivated mutant murine model. However, 
both origin and tumour cells did not express KIT, so their 
classification as GIST may be doubtful. Besides, they did 
not perform ANO1 immunohistochemical assays (which is 
positive for up to one third of KIT-negative GIST [8]) that 
would have made results interpretation easier.

Here, we show evidence of the relation of Hh signal-
ling pathway and primary cilia in human GISTs for the first 
time. Thus, we have shown that primary cilium is a relevant 
organelle in GIST cells, where it mediates Hh signalling 
pathway activation (likely in a ligand-dependent manner). 
Thus, ciliated cells showed Patched removal from axoneme, 
Smo expression and Gli1 entrance to cell nuclei, where 

Fig. 4  Primary cilia 3-D reconstruction from TEM serial sections. a, 
b Two different serial images from a primary cilium in a GIST cell 
protruding into the cytoplasm of the neighbour cell. c Image corre-
sponding to 3-D reconstruction. Primary cilia components are repre-
sented: the axoneme protruding out of the cell (blue), the basal body 
and the daughter centriole (green), satellites around basal body (red) 
and transition fibres that anchor the basal body to the ciliary pocket 
(cyan). Other organelles such as the Golgi apparatus (yellow) and 
some mitochondria (pink) are also shown. Nuclei are in grey and 
cytoplasm in clear brown
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transcription of target genes is switched on. Moreover, 3D 
reconstructions and TEM images give an indisputable idea 
of the disposition and components of primary cilia, which 

sometimes are close or in direct contact with neighbour 
cells, likely mediating paracrine communication between 
tumor cells.

Fig. 5  Immunolabelling for Patched and its relation with primary 
cilia. a Punctiform Patched staining is located near nuclei (arrows). 
b Co-localisation of Acetylated-tubulin (labelling primary cilia axo-

neme; red) and Patched (green). Patched is not located in axoneme 
but in basal body (arrows), suggesting that Patched has been bound 
by the ligand and internalised out from the axoneme membrane

Fig. 6  Immunohistochemistry for Smo. a Panoramic view showing GIST cells expressing Smo in precise cell membrane regions and near nuclei 
(arrows). b Detail of immunostaining pattern
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