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ABSTRACT

Ever since its initial discovery in Drosophila, hedgehog signaling has been
linked to foregut development, The mammalian genome expresses three Hedgehog
paralogues, sonic hedgehog (Shh), Indian Hedgehog, and desert hedgehog. In
the mucosa of the embryonic and adult foregut, Shh expression is the highest. It
has now become clear that hedgehog signaling is of pivotal importance in gastric
homeostasis. Aberrant activation of hedgehog signaling is associated with a range of
pathological consequences including various cancers. Also in gastric cancer, clinical
and preclinical data support a role of Hedgehog signaling in neoplastic transformation,
and gastrointestinal cancer development, also through cancer stroma interaction.
Technological advance are facilitating monitoring Hedgehog signaling broadening
options for the more efficient screening of individuals predisposed to eventually
developing gastric cancer and targeting Hedgehog signaling may provide opportunities
for prophylactic therapy once atrophic gastritis develops. Nevertheless, convincing
evidence that Hedgehog antagonists are of clinically useful in the context of gastric
cancer is still conspicuously lacking. Here we analyze review the role of Hedgehog
in gastric physiology and the potential usefulness of targeting Hedgehog signaling
in gastric cancer.

INTRODUCTION

Hedgehog proteins are fundamental regulators
of embryological development, and tissue homeostasis
in adult organisms. Disturbed hedgehog signaling is
associated, amongst others, with a range of congenital
disabilities, oncological malignancies and immunological
defects [1]. Hedgehog proteins intercellular signaling
molecules of unusual and fundamental relevance as
also illustrated by their substantial conservation across
the animal kingdom [2-5]. Initially recognized as a
segment polarity gene in Drosophila, now numerous
vertebrate paralogues have been found, and in mammals,
these include Sonic Hedgehog (Shh), Desert Hedgehog
(Dhh), and Indian Hedgehog (Ihh), with Shh being
the most comprehensively characterized [5]. Although
mainly associated with organogenesis and general and
embryological formation of the intestines, in particular,
Hedgehog signaling remains active until death and serves

to maintain lifelong histostasis in the intestinal tract and
also the immune system [6-8]. The pathophysiological
importance of Hedgehog signaling is illustrated by
the observation that continuous hedgehog signaling is
an essential permissive factor in endodermal cancer
development [9-11]. With regard to the above, especially
the stomach is relevant, where the morphogennot only
maintains pit-gland asymmetry, but also fosters the
development of gastric cancer, homeostasis, and neoplastic
transformation [12-14]. Part of this nefarious functionality
is related to the initiation of gastric inflammation due to
Helicobacter infection [12]. As stated, although classically
associated with gestation, the role of Hedgehog pathway
also has important functionality beyond embryogenesis
and a potentially vicious one concerning oncological
disease. In cancer, both autocrine Hedgehog signaling
and paracrine signaling (through the tumor stroma
that would thus nurture the tumor cells) of Hedgehog
ligands is well-established [15, 16]. Both autocrine and
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paracrine Hedgehog signaling should be sensitive to
pharmacological inhibitors and are thus tested in clinical
trials in addition to an intense preclinical research
effort[16]. The importance of Hedgehog signaling gastric
pathophysiology has led to hopes that pharmacological
inhibitors of this signaling may become useful for
combating oncological disease in the stomach and this
consideration prompted us to review here the detailed
molecular mechanism by which Hedgehog influences
gastric pathophysiology and to evaluate the evidence
that anti-Hedgehog strategies will prove effective in this
respect.

The physiological importance of Hedgehog signaling
in the physiology of the proximal tract is illustrated by
the phenotypes observed in mice with genetic loss of
Hedgehog paralogues. Genetic knockout of both Shh
and Dhh provoke by malrotation of the gastrointestinal
tract, oesophageal atresia, gastric overgrowth and other
gross abnormalities [17, 18]. The specific importance of
Hedgehog signalling for the stomach in this respect is
illustrated by the observation in mice from embryonic
day 16 onwards as dichotomy occurs in that the foregut
and at the level of antrum and pyloric border region
which becomes dramatically more active with respect to
Hedgehog signalling as compared to the adjacent duodenal
tissues [19], and also is proposed to maintain pit-gland
asymmetry in the stomach[7, 20]. Thus the relevance of
Hedgehog signaling for gastric physiology seems evident.
With regard to pathophysiology, Hedgehog signaling is
suggested to be pivotal for gastric cancer progression in
both of humans and animals, but a definite etiological role
has not yet been shown for this pathway in gastric cancer.
To further analyze the precise evidence available in this
respect it is essential first to review the molecular details
of the molecular signaling involved [21].

Hedgehog signaling: An overview

Hedgehog signaling in general is unusual and
complicated, and an immense scientific effort has been
necessary to unravel its general principles [16, 22-24].
Signaling is initiated by the different Hedgehog ligands, in
casu Shh, Ihh, and Dhh. In the classical Hedgehog signal
pathway activation, these different ligands bind a common
cognate membrane-bound receptor called Patched that has
approximately 1,500 amino acids. The protein transverses
the plasma membrane twelve times and thus strongly
resembles ABC transporter proteins. In accordance both
The N-terminal and C-terminal domains of the protein
reside at the cytoplasmic side of membrane, The tertiary
conformational of Patched allows Hedgehog ligands to
bind via the interaction with two extracellular loops [16,
25]. There are two genes encoding Patched receptors in
humans; which are dominated as PTCH1 and PTCH2, and
differ slightly concerning their amino acid configuration
in the N-terminal region [16, 25]. While both PTCH1 and

PTCH2 receptors are associated with numerous human
cancers, concerning gastric cancer, especially PTCH1 is
the relevant gene product. The function of Patched is to
exclude the second receptor, called Smoothed from the
primary cilium and retained Smoothened in a vascular
compartment/ Binding of Hedgehog to PTCH release this
inhibition enabling further downstream signaling [16, 26].
Figure 1 provides a graphical representation.

Following binding of Hedgehog to Patched.
Smo translocates to the primary cilium in the cell
membrane. The subsequent signaling culminates in
altered transcription through Gli transcription factors.
The molecular details of Smoothened signaling to Gli
is still partly obscure but involves the microtubule
transport proteins [16, 27]. The Gli family are members
of the Kruppel family of zinc finger transcription factors
and a role for three different Gli proteins in Hedgehog
signalling has been identified, Glil, Gli2, and Gli3, each
with a distinctive role [16], In the absence of Smoothened
activation, GLI1 and GLI2 are transcriptional repressors,
but following activation of the pathway these proteins
are converted to transcriptional activators [16, 28]. The
role Gli3 appears to be mainly as a negative regulator of
Hedgehog signaling. It is thus possible to interfere with
Hedgehog signaling at different levels, although clinically
the use of Smoothened inhibitors has gained the most
attention.

Role of Hedgehog Signalling in Gastric Homeostasis

Ever since its initial detection in Drosophila,
Hedgehog has long been associated with foregut
development. Of the three mammalian Hedgehogs (3)
Shh levels are most highly expressed h, in the mucosa of
the embryonic foregut, [29]. Also in other foregut-derived
organs such as the lung, Shh expression is prominent,
reflecting the embryonal situation [30-33]. Table 1
lists expression patterns in physiology and pathology.
Interestingly high Shh expression in the stomach is lost
upon the development of intestinal metaplasia (Table.1),
suggesting that gastric epithelium-specific effects of the
morphogen [12]. Indeed Shh controls gastric epithelial cell
maturation and differentiation in the adult stomach[7, 34].

During progression from the inflamed stomach to
gastric cancer, the epithelium goes through defined series
of morphological transitions. First, the acid-producing
parietal cells are lost and are replaced by mucus-secreting
cells that express spasmolytic polypeptide (SP) or trefoil
factor 2.7 [35]. Mostly in mice, but also in human
subjects, the presence of SP-expressing mucosa (SPEM)
defines gland atrophy [36, 37]. Together with atrophy of
the parietal cells [33] Shh expression diminishes [38, 39]
Although Shh expression diminishes along with the loss of
parietal cells [15] the expanding mucous cell compartment
or SPEM continues to produce Shh in both human subjects
[34, 38] and rodents,[39, 40] but appears to remain as the
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Table 1: Small molecules related Hedgehog expression in Gastric Cancer

Normal Stomach Tumor .
S/No | Homologs Intestine Metaplasia Intestinal Diffuse Techniques Reference
Gland [HC,RT-PCR %gg}
1 Shh Epithelium Undetectable |elevated Undetectable |IHC, RT-PCR [64]
p RT-PCR,IHC,IMF f651
Pit IHC, RT-PCR [62]
2 Ihh Epithelium Undetectable |elevated Undetectable PCR.IHC.IMF [66]
Gland IHC, RT-PCR [62]
3 Dhh Epithelium Undetectable |elevated elevated PCR.IHC.IMF [66]
Pit IHC, RT-PCR [62]
4 Ptchl Mesenchyme Detected elevated elevated RT-PCR, IMF [66]
Y RT-PCR, LacZR [65]
Pit / Gland IHC, RT-PCR [62]
5 SMO Mesenchyme Detected elevated elevated PCR.IHC.IMF [66]
. Pit / Gland IHC, RT-PCR [62]
6 Gli 1 Mesenchyme Undetectable | elevated elevated PCR.IHC.IMF [66]
. Pit IHC, RT-PCR [62]
7 Gli2 Mesenchyme Undetectable |elevated elevated PCR.IMF [66]
8 Hip Detected Not Reported | Undetectable [Not Reported | RT-PCR, IMF [62, 66]
9 BOC Pit Undetectable | elevated elevated IHC, RT-PCR [62]

NOTE: NA: not available; Hh: Hedgehog; Gli: glioma-associated oncogene; Ptch: Patched; Smo: Smoothened; Shh: Sonic

Hh; IHC = immunohistochemistry, ISH= in situ hybridization, LacZ reporter. RT-PCR real-time PCR.

unprocessed pre-morphogen. Thus functionally expression
is lost. Studies suggest that aberrant Hh signaling in
cancer functions mainly as either autocrine or paracrine
regulator. Especially in stem cell niche Processing of Shh
to its active form (19 kilodaltons) in parietal cells becomes
compromised in the absence of gastric acid [41, 42]
Atrophy of parietal and zymogenic (chief cell) lineages
result in hypochlorhydria and reduced serum pepsinogen
I (A) levels compared to pepsinogen II (C)[43-49]. These
zymogens are proteins encoded by different gene loci that
are used clinically to identify pre-neoplastic changes in
the stomach [49]. Pepsinogens A and C are converted to
the enzymatically active aspartic proteinases, pepsin A and
pepsin C, through intramolecular self-cleavage [49, 50].
Pepsinogen A is produced primarily in the mouse corpus
by parietal cells, whereas pepsinogen C is mainly produced
by both mucous neck and chief cells throughout the
stomach h[41]. This result is consistent with the exclusive
expression of pepsinogen A in the human corpus and not
the antrum, whereas pepsinogen C marks mucous cells
of both the antrum and corpus (www.proteinatlas.org).
Pepsin A prefers to cleave proteins at hydrophobic and
aromatic residues, particularly at phenylalanine (F) when
the pH is less than 2. By contrast, pepsin C recognizes
a broader consensus site and uses more comprehensive
pH spectrum than pepsin A[50, 51]. Explicitly, it’s shown
using site-directed mutagenesis that pepsin A cleaves the
nascent 45-kilodalton Shh polypeptide at residue 200
(SGGCF200/P) to generate the active 19-kilodalton form,
whereas pepsin C does not cleave SHH peptide[41]. This

may account for the absence of Shh expression in atrophic
gastritis.

Regulation of Gastrin and Gastric Acidity by Shh

Several studies have examined the impact of
blocking Hedgehog signaling in vivo, for instance by
employing a transgenic mouse that secretes a natural
-inhibitor of Hedgehogs called HHIP employing
the parietal cell-specific H+, K+-ATPase B subunit
promotor [52]. This approach showed that loss of
Hedgehog signaling in parietal cells reduces H+, K+-
ATPase gene expression and gastric acid secretion
[52]. Usually, hypochlorhydria stimulates gastrin gene
expression through a decrease in Somatostatin levels
[53] Accordingly, increased plasma gastrin occurred in
the HHIP transgenic mice, concomitant with reduced
somatostatin expression. Both antral G and D cells possess
primary cilia, organelles protruding from the plasma
membrane, essential for transducing Hedgehog signaling
[54, 55]. Therefore, gastric endocrine cells may well be
capable of responding directly to Shh. Functionally, this
idea is supported by the observation that that transgenic
overexpression of GLI2 suppresses gastrin gene
expression [56]. Taken together, the production of Shh
by parietal cells and the ability of gastric endocrine cells
to sense the ligand through primary cilia are consistent
with a central role for Hedgehog signaling in the feedback
regulation of gastric acidity.
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Modes of hedgehog signaling in gastric cancer

Upregulation of Hedgehog signaling pathway is
involved in tumor development [57]. De Sauvage and
Rubin postulated models for Hedgehog signaling in
human cancer development t[57]. The type I cancers are
ligand-independent and involve constitutive stimulation
of downstream signaling molecules (e,g, loss of Patched),
and an example is basal cell carcinoma. Type II are cancers
ligand-dependent were both the autocrine, or juxtacrine
signaling mechanisms are involved as seen in pancreatic
tumors. In type III cancers also ligand-dependency is
observed but this type displays paracrine type signaling
[57]. Table 1 provides information on these type of tumors
in the context of stomach cancer. Remarkably, these
models ignore the involvement of non-canonical signaling
mechanisms. A number of studies have evaluated the role
of cyclin B1 interaction with Patched, in which a Ptchl-
cyclin B1 complex is formed at the plasma membrane in
a cyclin kinase-1 (Cdk1)-dependent fashion [58, 59]. This
results in a reduction in the mitotic index by the separation
of cyclin B1/Cdk1 complex from the nuclear machinery
resulting in decreased proliferation. Shh binding to
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patched release the complex and thus fosters cell cycle
progression through G2/M phase checkpoint. Obviously,
Smoothened inhibitors do not affect this process. Another
study documents Hedgehog-independent activation of
Patched through the action of proteases and in particular
Caspase 3, splitting the C-terminal from Patched [57,
60, 61]. It is likely that such non-canonical signaling
contributes to the pro-oncogenic effects of Hedgehog.

Cross-Links between Hedgehog Signaling,
Chronic Inflammation, and Gastric Cancer

As stated, Hedgehog signaling in the stomach plays
a significant role in gastric development, homeostasis,
and neoplastic transformation [67]. Initially, Shh was
somewhat ignored in the context of gastric cancer, despite
the evidence that Shh is highly expressed in gastric cancer
cell lines [66]. Although increased levels of Shh have
been reported in gastric cancers, its specific role in gastric
transformation remains elusive but carries significance
because of the availability of Hh antagonists. A link exists
through the immune system; several studies show that
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Figure 1: A simplified model of the mammalian Hh pathway. In the ‘OFF’ state, Patch inhibits the activity of SMO. Inactive
SMO is unable to inhibit Sufu, which promotes processing of the Gli transcription factors in favour of shorter, transcriptional repressor
forms (GliR). In the ‘ON’ state, Hh ligands bind to and inhibit Patch, thus releasing SMO activity and in turn blocking Sufu. Gli processing
is then shut down, leading to the accumulation of transcriptional activator forms (GIIA).
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in gastritis the phenotype of infiltrating myeloid cells
changes over time to become myeloid-derived suppressor
cells (MDSCs) and that this phenotypic switch requires
Hedgehog signaling. More specifically, expression
of GLI1, which targets Slfn4 (mice) and SLFNI2L
and SLFNS5 (humans), is an early marker for chronic
inflammation-associated myeloid cells in their transition
towards the MDSC phenotype. As MDSCs are essential
for immune-evasion for transformed cells, Hedgehog
signaling can thus favor neoplastic development.

Hedgehog Signaling pathway inhibitors

The Hedgehog signaling pathway is a significant
target for cancer therapy. Various molecules that
may inhibit the pathway have been evaluated in both
preclinical and clinical studies. These inhibitors include:
SMO inhibitors, ligand-receptor inhibitors, Gli targeted
inhibitors, and these classes of molecules are Illustrated
in figure 2.

SMO Inhibitors

Cyclopamine, originally isolated from the flower
veratrum californicum that causes congenital disabilities
when eaten by pregnant cattle, was the first compound
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that was used as a Hedgehog inhibitor and it targets
SMO. Consequently, GLIs activation is inhibited. In
the clinic, it is side effect-prone and exhibits substantial
toxicity [68]. Frustratingly, mice studies involving
rhabdomyosarcoma and osteosarcoma models, reveal no
significant impact on cancer cells metastasis or growth
[69, 70]. From mouse model studies, skin ulcerations
and scrubby coat were reported as particularly noticeable
skin toxicity; halted even studies initiated to ascertain
cyclopamine therapeutic dosing [70]. Adverse effects
of cyclopamine in conjunction with other limitations
such as acid sensitivity and poor solubility have now
halted its clinical development as a potential compound
for the treatment of cancer and prompted efforts aimed
at. Identifying molecules potentially more suited. This
led to the development of the acid stable and water-
soluble compound vismodegib (GDC-0449), which was
eventually approved by the FDA for the treatment of
advanced (Locally), recurrent and metastatic skin cancer.
Another semisynthetic novel analogue of cyclopamine
(Saridegib (IP1-926) was developed with enhanced
potency and metabolically stable[71]. Other inhibitors that
impede SMO include LEQ506, PF-0449913, LDE-225
(erismodegib), and BMS-833923. It is important to note
that such compounds will not impair Patched-dependent
Smoothened-independent non-canonical signaling.

Cyclopamine
MiR-218
Vismodegib
Saridegib
BMS-833923
Erismodegib
PF-0449913
LY2940680
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Figure 2: Molecular sites targeted by Hh signaling pathway inhibitors. These inhibitors target different components of Hh
signaling, including Shh, SMO, and GLI1. These encompass natural compounds, their chemical derivatives, a monoclonal antibody, and

chemicals identified from screening libraries.
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GLI inhibitors

Also in view of resistance development against
vismodegib through SMO mutation efforts have been
made to target Gli. Two inhibitory compounds (GANT
58. And GANT 56) were identified through cellular
screens aimed at identifying compounds able to inhibit
transcription mediated by GLI. Both compounds at
the cellular level have been revealed. Understanding
the mechanism of action of these compounds at a
molecular level is still incomplete. GLI1 posttranslational
modification by GANT 61 impedes binding to DNA or
changes the conformational structure of the GLI1-DNA
complex. In xenograft mice, models of human prostate
cancer cells inhibition of cancer cell growth is observed
[72]. A study by Hyman et al. also succeeded in identifying
four further Hedgehog inhibitors apparently acting
downstream of Smoothened: HPI-1, HP-2, and HP-3 are
thought to inhibit signaling by targeting a posttranslational
modification of GLI or interaction between GLI and a co-
factor. HPI-4 was considered to be the only agent that acts
by perturbing ciliogenesis, although the mechanism by
which HPI-4 disrupts ciliogenesis was not clarified [73].
Again, it is important to note that such compounds will
not impair Patched-dependent Smoothened-independent
non-canonical signaling.

ligand-receptor interactions disrupting Agents

A monoclonal antibody SE1 (chSE1) from murine-
human chimeric has been proven to bind Shh and thereby
to inhibit Hedgehog signaling[74]. A small molecule
(Robotnikinin) was also identified as a Hedgehog
signaling inhibitor in a microarray-based screening effort.
Robotnikinin binds to Shh thereby inhibiting the activation
of Hedgehog signaling [75]. Other new ligand processing
blocking agents have been identified in high-throughput
screens and appear to have different mechanisms of
actions, including interfering with Shh palmitoylation by
targeting Hh acyltransferase [76, 77]. These molecules
have obvious potential as they also target non-canonical
Hedgehog signaling.

Gastric cancer Treatment using Hh pathway
targeted agents

For gastric cancer treatment using Hh signaling
targeted agents, only two clinical trials have been
performed. A phase II multi-centered, randomized, a
prospective clinical trial involving 124 participants
was performed to determine the vismodegib efficacy,
potency, and safety. For adenocarcinoma patients under
FOLFOX chemotherapy, vismodegib an SMO inhibitor
was administered in conjunction with this regimen.

The study did not meet the primary endpoint with a no
significantly-improved progression-free survival between
the placebo group and vismodegib group (9.3 months vs.
11.5; p=0.34), although with a noticeable tendency for
prolonged progression-free survival [78]. The lack of
a statistically significant result may well stem from this
study being underpowered. Lack of good biomarkers
that can act as surrogates for progression-free survival
can also be considered a confounding factor. CD44
immunopositivity has been established as a biomarker of
gastric cancer stem cells. CD44 expression was analyzed
in phase II clinical trial samples of gastric tumors and were
associated with improved survival. Patients who received
chemotherapy alone had poor survival together with high
CD44 suggesting a potential role for CD44 as a biomarker
in the treatment of patients with Hedgehog signaling
targeting agents [79]. Also a BMS-833923 maximum
tolerable dose phase 1 clinical trial has been performed.
Capecitabine and cisplatin were used in combination with
BMS-833923 in drug naive adenocarcinoma patients. The
study was completed in 2013, but the findings have not
yet been reported (NCT00909402). Thus a potential role
for Hedgehog inhibition in gastric is far from evident and
requires more clinical testing.

Clinical Applications

Gastric cancer has long been seen as one of the
most difficult gastrointestinal malignancies to treat.
Encouragingly, recent progress with targeted therapies
offers hope for patients with advanced gastric cancer and
is substantially expanding the therapeutic armamentarium
with regard to this infaust disease. As these treatments
continue to be developed, we must focus on determination
of predictive markers, and preferably co-develop drugs
with these markers. The mechanisms underlying primary
or acquired resistance to targeted agents also should be
clarified to help further drug development[12]. Developing
anti-Shh monoclonal antibodies as Shh antagonists is an
area to explore where Hedgehog signaling pathway can
be blocked at different levels [80]. Gastric cancer is a
multigenic disorder influenced by Helicobacter pylori
infection and salt intake r. Single nucleotide polymorphism
(SNP) and copy number polymorphism (CNP) of genes
encoding Hedgehog signaling molecules would be utilized
for genetic screening of gastric cancer. Also, cDNA-PCR,
microarray, and ELISA detecting aberrant Hedgehog
signaling activation would be used for optional therapeutic
choice. Genetic testing and precise selection of therapeutic
options would contribute to the realization of personalized
medicine. Several limitations account for poor treatment
outcomes in gastric cancer patients amongst which include
tumor heterogeneity. Due to traditional classification of
gastric cancer into two categories in casu undifferentiated
and differentiated types, obvious biological differences
must exist. Additionally, molecular subgroups exist gastric
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cancer category; these include chromosomal instability
tumors, stable genomically tumors, unstable microsatellite
tumor and Epstein—Barr virus tumor-positive [81]. It is
well possible that stratification for subtype is way forward
with regard to Hedgehog inhibition for the treatment of
gastric cancer.

CONCLUSION AND FUTURE DIRECTIONS

While there is good evidence that Smoothened
inhibition may be useful for a selection of gastric cancers,
we feel that its untargeted application on gastric cancer
patients, in general, is likely to prove disappointing. In this
sense efforts to select patients characterized by unusually
high SMO expression in gastric tumor material with high
probability to have cancers that are truly dependent on a
functional Hedgehog pathway may likely yield positive
results. As both approaches are currently being attempted
in clinical trials, it should prove interesting to see whether
this notion holds true.

ACKNOWLEDGMENTS

The authors acknowledge the doctoral research
scholarship provided by the Federal Government of
Nigeria (TETFUND) in conjunction with the Nasarawa
State University, Keffi (NSUK), Nasarawa State. Nigeria.

CONFLICTS OF INTEREST

Authors confirm that they have no conflict of
interest in this article.

REFERENCES

1. Ramalho-Santos M, Melton DA, McMahon AP. Hedgehog
signals regulate multiple aspects of gastrointestinal
development. Development. 2000;127:2763-72.

2. Bijlsma MF, Spek CA, Peppelenbosch MP. Hedgehog: an
unusual signal transducer. Bioessays. 2004;26:387-94.

3. Lum L, Beachy PA. The Hedgehog response network:
sensors, switches, and routers. Science. 2004;304:1755-9.

4. McMahon AP, Ingham PW, Tabin CJ. Developmental roles
and clinical significance of hedgehog signaling. Curr Top
Dev Biol. 2003;53:1-114.

5. Bijlsma MF, Borensztajn KS, Roelink H, Peppelenbosch
MP, Spek CA. Sonic hedgehog induces transcription-
independent cytoskeletal rearrangement and migration
regulated by arachidonate metabolites. Cell Signal.
2007;19:2596-604.

6.  van den Brink GR, Bleuming SA, Hardwick JC, Schepman
BL, Offerhaus GJ, Keller JJ, et al. Indian Hedgehog is
an antagonist of Wnt signaling in colonic epithelial cell
differentiation. Nat Genet. 2004;36:277-82.

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

van den Brink GR, Hardwick JC, Tytgat GN, Brink MA,
Ten Kate FJ, Van Deventer SJ, et al. Sonic hedgehog
regulates gastric gland morphogenesis in man and mouse.
Gastroenterology. 2001;121:317-28.

Benson RA, Lowrey JA, Lamb JR, Howie SE. The Notch
and Sonic hedgehog signalling pathways in immunity. Mol
Immunol. 2004;41:715-25.

Diks SH, Richel DJ, Peppelenbosch MP. LPS signal
transduction: the picture is becoming more complex. Curr
Top Med Chem. 2004;4:1115-26.

Lowenberg M, Peppelenbosch MP, Hommes DW.
Therapeutic modulation of signal transduction pathways.
Inflamm Bowel Dis. 2004;10 Suppl 1:S52-7.

Ferreira CV, Bos CL, Versteeg HH, Justo GZ, Duran
N, Peppelenbosch MP. Molecular mechanism of
violacein-mediated human leukemia cell death. Blood.
2004;104:1459-64.

Merchant JL, Ding L. Hedgehog Signaling Links Chronic
Inflammation to Gastric Cancer Precursor Lesions. Cell
Mol Gastroenterol Hepatol. 2017;3:201-10.

Saqui-Salces M, Merchant JL. Hedgehog signaling and
gastrointestinal cancer. Biochimica et Biophysica Acta
(BBA) - Molecular Cell Research. 2010;1803:786-95.

Merchant JL, Saqui-Salces M, El-Zaatari M. Hedgehog
signaling in gastric physiology and cancer. Prog Mol Biol
Transl Sci. 2010;96:133-56.

Katoh Y, Katoh M. Hedgehog signaling pathway and
gastrointestinal stem cell signaling network (review). Int J
Mol Med. 2006;18:1019-23.

Harris LG, Samant RS, Shevde LA. Hedgehog
Signaling: Networking to Nurture a Promalignant
Tumor Microenvironment. Molecular Cancer Research.
2011;9:1165-74.

Chiang C, Litingtung Y, Lee E, Young KE. Cyclopia and
defective axial patterning in mice lacking Sonic hedgehog
gene function. Nature. 1996;383:407.

Litingtung Y, Lei L, Westphal H, Chiang C. Sonic hedgehog
is essential to foregut development. Nature genetics.
1998;20.

Kolterud A, Grosse AS, Zacharias WJ, Walton KD,
Kretovich KE, Madison BB, et al. Paracrine Hedgehog
signaling in stomach and intestine: new roles for
hedgehog in gastrointestinal patterning. Gastroenterology.
2009;137:618-28.

van den Brink GR, Hardwick JCH, Nielsen C, Xu C, Ten
Kate FJ, Glickman J, et al. Sonic hedgehog expression
correlates with fundic gland differentiation in the adult
gastrointestinal tract. Gut. 2002;51:628-33.

Szkandera J, Kiesslich T, Haybaeck J, Gerger A, Pichler M.
Hedgehog Signaling Pathway in Ovarian Cancer. Int J Mol
Sci. 2013;14:1179-96.

Simpson F, Kerr MC, Wicking C. Trafficking, development
and hedgehog. Mech Dev. 2009;126:279-88.

Bakrania P, Ugur Iseri SA, Wyatt AW, Bunyan DJ, Lam

www.Genes&Cancer.com

Genes & Cancer



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

WW, Salt A, et al. Sonic hedgehog mutations are an
uncommon cause of developmental eye anomalies. Am J
Med Genet A. 2010;152A:1310-3.

McDonald-McGinn DM, Feret H, Nah HD, Bartlett SP,
Whitaker LA, Zackai EH. Metopic craniosynostosis due to
mutations in GLI3: A novel association. Am J Med Genet
A.2010;152A:1654-60.

Cohen MM, Jr. Hedgehog signaling update. Am J Med
Genet A. 2010;152A:1875-914.
Ayers KL, Thérond PP. Evaluating Smoothened as a
G-protein-coupled receptor for Hedgehog signalling. Trends
in cell biology. 2010;20:287-98.

Osterlund T, Kogerman P. Hedgehog signalling: how
to get from Smo to Ci and Gli. Trends in cell biology.
2006;16:176-80.

Stecca B, Ruiz i Altaba A. Context-dependent regulation
of the GLI code in cancer by HEDGEHOG and non-
HEDGEHOG signals. Journal of molecular cell biology.
2010;2:84-95.

Yuasa Y. Control of gut differentiation and intestinal-type
gastric carcinogenesis. 2003;3:592-600.

Ruiz i Altaba A, Sanchez P, Dahmane N. Gli and hedgehog
in cancer: tumours, embryos and stem cells. Nat Rev
Cancer. 2002;2:361-72.

Marigo V, Roberts DJ, Lee SM, Tsukurov O, Levi T, Gastier
IM, et al. Cloning, expression, and chromosomal location of
SHH and IHH: two human homologues of the Drosophila
segment polarity gene hedgehog. Genomics. 1995;28:44-
51.

Katoh Y, Katoh M. Comparative genomics on Sonic
hedgehog orthologs. Oncol Rep. 2005;14:1087-90.

Merchant JL, Zavros Y. Atrophy and altered mesenchymal-
epithelial signaling preceding gastric cancer. The Biology
of Gastric Cancers2009. p. 449-82.

van den Brink GR, Hardwick JC, Nielsen C, Xu C, ten Kate
FJ, Glickman J, et al. Sonic hedgehog expression correlates
with fundic gland differentiation in the adult gastrointestinal
tract. Gut. 2002;51:628-33.

Petersen CP, Mills JC, Goldenring JR. Murine Models
of Gastric Corpus Preneoplasia. Cell Mol Gastroenterol
Hepatol. 2017;3:11-26.

Yamaguchi H, Goldenring JR, Kaminishi M, Lee JR.
Identification of spasmolytic polypeptide expressing
metaplasia (SPEM) in remnant gastric cancer and
surveillance postgastrectomy biopsies. Dig Dis Sci.
2002;47:573-8.

Engevik AC, Feng R, Choi E, White S, Bertaux-
Skeirik N, Li J, et al. The Development of Spasmolytic
Polypeptide/TFF2-Expressing Metaplasia (SPEM) During
Gastric Repair Is Absent in the Aged Stomach. Cell Mol
Gastroenterol Hepatol. 2016;2:605-24.

Shiotani A, Iishi H, Uedo N, Ishiguro S, Tatsuta M, Nakae
Y, et al. Evidence that loss of sonic hedgehog is an indicator
of Helicobater pylori-induced atrophic gastritis progressing

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

to gastric cancer. Am J Gastroenterol. 2005;100:581-7.

Suzuki H, Minegishi Y, Nomoto Y, Ota T, Masaoka T, van
den Brink GR, et al. Down-regulation of a morphogen
(sonic hedgehog) gradient in the gastric epithelium of
Helicobacter pylori-infected Mongolian gerbils. J Pathol.
2005;206:186-97.

El-Zaatari M, Kao JY, Tessier A, Bai L, Hayes MM,
Fontaine C, et al. Glil deletion prevents Helicobacter-
induced gastric metaplasia and expansion of myeloid cell
subsets. PLoS One. 2013;8:e58935.

Zavros Y, Waghray M, Tessier A, Bai L, Todisco A, D LG,
et al. Reduced pepsin A processing of sonic hedgehog in
parietal cells precedes gastric atrophy and transformation. J
Biol Chem. 2007;282:33265-74.

Takemura S, Azuma H, Osada-Oka M, Kubo S, Shibata T,
Minamiyama Y. S-allyl-glutathione improves experimental
liver fibrosis by regulating Kupffer cell activation in rats.
American Journal of Physiology - Gastrointestinal and
Liver Physiology. 2017.

Sierra R, Une C, Ramirez V, Gonzalez MI, Ramirez JA,
de Mascarel A, et al. Association of serum pepsinogen
with atrophic body gastritis in Costa Rica. Clin Exp Med.
2006;6:72-8.

Iijima K, Sekine H, Koike T, Imatani A, Ohara S,
Shimosegawa T. Serum pepsinogen concentrations as a
measure of gastric acid secretion in Helicobacter pylori-
negative and -positive Japanese subjects. J Gastroenterol.
2005;40:938-44.

Sipponen P, Ranta P, Helske T, Kaariainen I, Maki T,
Linnala A, et al. Serum levels of amidated gastrin-17 and
pepsinogen I in atrophic gastritis: an observational case-
control study. Scand J Gastroenterol. 2002;37:785-91.

Nomura AM, Kolonel LN, Miki K, Stemmermann GN,
Wilkens LR, Goodman MT, et al. Helicobacter pylori,
pepsinogen, and gastric adenocarcinoma in Hawaii. J Infect
Dis. 2005;191:2075-81.

Kokkola A, Louhimo J, Puolakkainen P, Alfthan H, Haglund
C, Rautelin H. Helicobacter pylori infection and low serum
pepsinogen I level as risk factors for gastric carcinoma.
World J Gastroenterol. 2005;11:1032-6.

Shiotani A, Iishi H, Uedo N, Kumamoto M, Nakae Y,
Ishiguro S, et al. Histologic and serum risk markers for
noncardia early gastric cancer. Int J Cancer. 2005;115:463-
9.

Li P, He C, Sun L, Dong N, Yuan Y. Pepsinogen I and
II expressions in situ and their correlations with serum
pesignogen levels in gastric cancer and its precancerous
disease. BMC Clin Pathol. 2013;13:22.

Roberts NB. Review article: human pepsins - their
multiplicity, function and role in reflux disease. Aliment
Pharmacol Ther. 2006;24 Suppl 2:2-9.

Fujinaga M, Chernaia MM, Tarasova NI, Mosimann SC,
James MN. Crystal structure of human pepsin and its
complex with pepstatin. Protein Sci. 1995;4:960-72.

www.Genes&Cancer.com

Genes & Cancer



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

El-Zaatari M, Zavros Y, Tessier A, Waghray M, Lentz
S, Gumucio D, et al. Intracellular calcium release and
protein kinase C activation stimulate sonic hedgehog gene
expression during gastric acid secretion. Gastroenterology.
2010;139:2061-71 e2.

Brand SJ, Stone D. Reciprocal regulation of antral gastrin
and somatostatin gene expression by omeprazole-induced
achlorhydria. J Clin Invest. 1988;82:1059-66.

Saqui-Salces M, Keeley TM, Grosse AS, Qiao XT, El-
Zaatari M, Gumucio DL, et al. Gastric tuft cells express
DCLKI1 and are expanded in hyperplasia. Histochem Cell
Biol. 2011;136:191-204.

Saqui-Salces M, Dowdle WE, Reiter JF, Merchant JL. A
high-fat diet regulates gastrin and acid secretion through
primary cilia. Faseb J. 2012;26:3127-39.

Saqui-Salces M, Coves-Datson E, Veniaminova NA,
Waghray M, Syu LJ, Dlugosz AA, et al. Inflammation and
Gli2 suppress gastrin gene expression in a murine model of
antral hyperplasia. PLoS One. 2012;7:e48039.

Saqui-Salces M, Merchant JL. Hedgehog signaling
and gastrointestinal cancer. Biochim Biophys Acta.
2010;1803:786-95.

Barnes EA, Kong M, Ollendorff V, Donoghue DJ. Patched1
interacts with cyclin B1 to regulate cell cycle progression.
Embo J. 2001;20:2214-23.

Jenkins D, Winyard PJ, Woolf AS. Immunohistochemical
analysis of Sonic hedgehog signalling in normal human
urinary tract development. J Anat. 2007;211:620-9.
Thibert C, Teillet MA, Lapointe F, Mazelin L, Le
Douarin NM, Mehlen P. Inhibition of neuroepithelial
patched-induced apoptosis by sonic hedgehog. Science.
2003;301:843-6.

Mille F, Thibert C, Fombonne J, Rama N, Guix C, Hayashi
H, et al. The Patched dependence receptor triggers
apoptosis through a DRAL-caspase-9 complex. Nat Cell
Biol. 2009;11:739-46.

Ohta H, Aoyagi K, Fukaya M, Danjoh I, Ohta A, Isohata
N, et al. Cross talk between hedgehog and epithelial-
mesenchymal transition pathways in gastric pit cells and in
diffuse-type gastric cancers. Br J Cancer. 2009;100:389-98.

Taniguchi H, Yamamoto H, Akutsu N, Nosho K, Adachi
Y, Imai K, et al. Transcriptional silencing of hedgehog!
interacting protein by CpG hypermethylation and chromatic
structure in human gastrointestinal cancer. The Journal of
pathology. 2007;213:131-9.

Lee SY, Han HS, Lee KY, Hwang TS, Kim JH, Sung IK, et
al. Sonic hedgehog expression in gastric cancer and gastric
adenoma. Oncol Rep. 2007;17:1051-5.

Berman DM, Karhadkar SS, Maitra A, De Oca RM,
Gerstenblith MR, Briggs K, et al. Widespread requirement
for Hedgehog ligand stimulation in growth of digestive tract
tumours. Nature. 2003;425:846-51.

Fukaya M, Isohata N, Ohta H, Aoyagi K, Ochiya T, Saeki
N, et al. Hedgehog signal activation in gastric pit cell and in

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

diffuse-type gastric cancer. Gastroenterology. 2006;131:14-
29.

Merchant JL. Hedgehog signalling in gut development,
physiology and cancer. J Physiol. 2012;590:421-32.

Chen JK, Taipale J, Cooper MK, Beachy PA. Inhibition of
Hedgehog signaling by direct binding of cyclopamine to
Smoothened. Genes Dev. 2002;16:2743-8.

Ecke I, Rosenberger A, Obenauer S, Dullin C, Aberger F,
Kimmina S, et al. Cyclopamine treatment of full-blown Hh/
Ptch-associated RMS partially inhibits Hh/Ptch signaling,
but not tumor growth. Mol Carcinog. 2008;47:361-72.

Warzecha J, Dinges D, Kaszap B, Henrich D, Marzi 1,
Seebach C. Effect of the Hedgehog-inhibitor cyclopamine
on mice with osteosarcoma pulmonary metastases. Int J
Mol Med. 2012;29:423-7.

Pan S, Wu X, Jiang J, Gao W, Wan Y, Cheng D, et al.
Discovery of NVP-LDE225, a Potent and Selective
Smoothened Antagonist. ACS Med Chem Lett. 2010;1:130-
4.

Lauth M, Bergstrom A, Shimokawa T, Toftgard R.
Inhibition of GLI-mediated transcription and tumor cell
growth by small-molecule antagonists. Proc Natl Acad Sci
U S A. 2007;104:8455-60.

Hyman JM, Firestone AJ, Heine VM, Zhao Y, Ocasio CA,
Han K, et al. Small-molecule inhibitors reveal multiple
strategies for Hedgehog pathway blockade. Proc Natl Acad
Sci U S A.2009;106:14132-7.

Maun HR, Wen X, Lingel A, de Sauvage FJ, Lazarus
RA, Scales SJ, et al. Hedgehog Pathway Antagonist SE1
Binds Hedgehog at the Pseudo-active Site. J Biol Chem.
2010;285:26570-80.

Stanton BZ, Peng LF, Maloof N, Nakai K, Wang X, Duffner
JL, et al. A small molecule that binds Hedgehog and blocks
its signaling in human cells. Nat Chem Biol. 2009;5:154-6.

Goetz JA, Singh S, Suber LM, Kull FJ, Robbins DJ. A
highly conserved amino-terminal region of sonic hedgehog
is required for the formation of its freely diffusible
multimeric form. J Biol Chem. 2006;281:4087-93.

Petrova E, Rios-Esteves J, Ouerfelli O, Glickman JF, Resh
MD. Inhibitors of Hedgehog acyltransferase block Sonic
Hedgehog signaling. Nat Chem Biol. 2013;9:247-9.
Deirdre Jill C, Paul JC, Hedy Lee K, Daniel Virgil Thomas
C, Tanios BB-S, Sanaa T, et al. Vismodegib (V), a hedgehog
(HH) pathway inhibitor, combined with FOLFOX for first-
line therapy of patients (pts) with advanced gastric and
gastroesophageal junction (GEJ) carcinoma: A New York
Cancer Consortium led phase II randomized study. Journal
of Clinical Oncology. 2013;31:4011-.

Yoon C, Park DJ, Schmidt B, Thomas NJ, Lee HJ, Kim
TS, et al. CD44 expression denotes a subpopulation of
gastric cancer cells in which Hedgehog signaling promotes
chemotherapy resistance. Clin Cancer Res. 2014;20:3974-
88.

Merchant JL, Ding L. Hedgehog Signaling Links Chronic

www.Genes&Cancer.com

Genes & Cancer



Inflammation to Gastric Cancer Precursor Lesions.
Cellular and Molecular Gastroenterology and Hepatology.
2017;3:201-10.

81. Cancer Genome Atlas Research N. Comprehensive
molecular characterization of gastric adenocarcinoma.
Nature. 2014;513:202-9.

www.Genes&Cancer.com 10 Genes & Cancer



