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SUMMARY: Gastric body mucosa atrophy predisposes one to gastric cancer. Disturbances in the gastric differentiation
process might play a role in the evolution of gastric atrophy. Sonic hedgehog (Shh) has recently been implicated as a crucial
factor in gastric organogenesis and gland differentiation. In this study we investigated the expression of key factors in the
Shh pathway, namely Shh and its receptor Patched (Ptc), in normal and pathologic stomach mucosa. Furthermore, the
potential role of pH for Shh dysregulation was analyzed. Ten gastric biopsy specimens each from normal gastric mucosa,
chronic nonatrophic gastritis, atrophic gastritis, and gastric cancer were included. Expression of Shh and Ptc was analyzed
by immunohistochemistry. In normal body mucosa and in nonatrophic body gastritis, Shh was strongly expressed in parietal
cells. Ptc was also expressed in gastric chief cells. Shh expression was almost completely lost in atrophic gastritis and in
gastric cancer and absent in intestinal metaplasia. Ptc was markedly reduced in atrophy and only weakly positive in
intestinal metaplasia and gastric cancer. In in vitro experiments, gastric cancer cell line 23132 was found positive for Shh.
In long-term culture as well as in culture conditions with low pH, transcription of Shh in 23132 was significantly increased
in quantitative reverse transcription PCR analyses. We concluded that the decreased expression of the Shh pathway in
atrophic gastritis and gastric cancer might reflect altered differentiation processes within the gastric unit and contributes to
the development of gastric atrophy. The increase of gastric pH might play a role in the development of gastric mucosa
atrophy via reduction of Shh transcription. (Lab Invest 2003, 83:1829–1837).

C hronic gastritis is one of the most prevalent
chronic inflammatory diseases in humans.

Corpus-predominant and atrophic gastritis represents
an alteration with a significantly elevated risk for the
development of gastric cancer (Uemura et al, 2001).
However, the pathogenesis of gastric atrophy is not
completely understood. Antigastric autoimmune reac-
tions against gastric parietal cells are a well estab-
lished process associated with a loss of gastric body
glands in both autoimmune (type A) gastritis and in
atrophic Helicobacter pylori gastritis (Claeys et al,
1998). Increased apoptosis, which can be initiated by
autoreactive T-lymphocytes, has been implicated in
the development of mucosal atrophy in these disor-
ders (Steininger et al, 1998). However, recent long-
term follow-up studies did not confirm an association
of increased apoptosis and loss of gastric glands
(Moss et al, 1999; Vorobjova et al, 2001). Thus, gastric

atrophy should primarily be regarded as a result of
alterations in the differentiation process along the
gastric pit-gland axis rather than of gland destruction.
Embryonal differentiation processes are regulated

through a number of signal cascades. One of these
cascades starts with the transcription factor Sonic
hedgehog (Shh), which binds to its receptor Patched
(Ptc). Dysregulations in this pathway have been shown
to play a pivotal role in some inborn abnormalities like
holoprosencephaly and polydactylia. Furthermore, the
development of certain neoplastic diseases such as
basalioma of the skin and glioblastoma are related to
abnormalities in the Shh pathway (Mullor et al, 2002;
Villavicencio et al, 2000).
In only a few studies, the role of Shh and related

factors for gastric development has been analyzed. In
the normal human stomach, Shh is expressed in
gastric parietal cells, whereas its receptor Ptc is
mainly present on gastric chief cells. Inhibition of the
Shh pathway by cyclopamine leads to a reduced
expression of gastric Shh target genes such as
HNF3�, Isl-1, and BMP4 (van den Brink et al, 2001)
and hyperproliferation of cells within the gastric unit.
Furthermore, in the stomach of Shh knockout embry-
onic mice, no gastric but an intestinal differentiation is
detectable (Ramalho-Santos et al, 2000). Hence it was
speculated that Shh might play a role in gastric gland
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morphogenesis and maintenance (Silberg and Kaest-
ner, 2001). To test this hypothesis further and to
investigate the possible role of alterations in the Shh
pathway for the development of gastric atrophy in
humans, we analyzed the in situ expression pattern of
key factors in this pathway, namely Shh and Ptc in the
normal human gastric mucosa, in nonatrophic and
atrophic gastritis, and in gastric cancer. Additionally,
we analyzed the expression of CDX2, a relevant factor
for intestinal differentiation and transdifferentiation
processes (Silberg et al, 2002).

There is evidence that the loss of the acidic milieu in
the stomach impairs gastric gland differentiation lead-
ing to gastric atrophy (Kakei et al, 1993, 1995; Kuipers
et al, 1996; Lamberts et al, 2001). Moreover, chronic
acid exposure of esophageal keratinocytes has very
recently been shown to activate CDX2 (Marchetti et al,
2003). Thus, gastric acid might contribute to certain
morphogenetic processes in the upper gastrointesti-
nal tract. We therefore performed functional assays to
analyze the potential role of pH for alterations in Shh
transcription in a gastric cell culture system.

Results

Immunohistochemistry

Normal Adult Gastric Mucosa: In normal gastric
corpus mucosa, Shh was strongly expressed in the
cytoplasm of parietal cells in all cases (10/10). No
gradual decrease of Shh expression along the pit-
gland axis could be seen (Fig. 1A). In all cases Ptc was
expressed in parietal cells but also significantly in the
cytoplasm of chief cells (Fig. 1D). Nuclear expression
of CDX2 was absent in normal gastric mucosa (Fig.
1G). Apart from single and scattered parietal cells, Shh
was only very weakly expressed in cells in the neck
region of the normal antrum mucosa (Fig. 2A). Ptc was
moderately expressed in cells in the neck region of the
antrum (Fig. 2B).

Nonatrophic Body Gastritis: In all cases with non-
atrophic body gastritis, the staining reactions were
comparable to those found in normal gastric body
mucosa: Shh was strongly expressed in parietal cell in
nonatrophic body gastritis (16/16) (Fig. 1A). Addition-

Figure 1.
Immunohistochemical detection of the expression of Sonic hedgehog (Shh) (A to C), Patched (Ptc) (D to F), and CDX2 (G to I) in normal gastric body mucosa and
nonatrophic body gastritis (A, D, and G), in atrophic body gastritis with intestinal metaplasia (B, E, and H), and in gastric adenocarcinoma of the intestinal subtype
(C, F, and I). Shh is expressed in nonatrophic conditions in parietal cells (A), whereas Ptc is mainly detectable in gastric chief cells (D). In atrophy, metaplasia, and
cancer, the expression of both factors is significantly reduced. Nuclear CDX2 expression is absent in normal gastric mucosa and in nonatrophic corpus gastritis (G)
but is positive in intestinal metaplasia (H) and in most cases with differentiated gastric cancer (I). (Immunostaining; original magnification, �20.)
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ally, in 7 of 16 cases, Shh could also be detected
basolaterally in the foveolar epithelium. Ptc was ex-
pressed mainly in chief cells and also in parietal cells
(Fig. 1D). CDX2 was again absent in nonatrophic
corpus gastritis (Fig. 1G).

Atrophic Gastritis: In all cases of atrophic body
gastritis, Shh and Ptc were clearly expressed in mu-
cosa areas where residual and differentiated gastric
glands were still detectable. Atrophic areas with pseu-
dopyloric or intestinal metaplasia were negative or
only very weakly positive for Shh (Fig. 1B). Ptc was
only weakly detectable in intestinal metaplasia and to
a significantly lesser extent than in nonatrophic mu-
cosa. (Fig. 1E). Nuclear CDX2 expression was found in
all cases of intestinal metaplasia (10/10) (Fig. 1H).

Gastric Cancer: None of the investigated gastric
carcinoma specimens showed positive staining for
Shh (Fig. 1C). More than 80% of the samples (21/26)
showed a weak and sometimes focally accentuated
positivity of the tumor cells for Ptc (Fig. 1F). For this
antigen, staining was evenly distributed without obvi-
ous relation to histoarchitecture of the carcinomas.
Furthermore, there was no apparent correlation with
histologic subtypes or grade of differentiation. Nuclear
CDX2 expression was found in 65% (17/26) of the
samples with gastric cancer. Proportion of CDX2
expression was higher in well- and moderately differ-
entiated carcinomas (12/15, 80%) (Fig. 1I) than in
poorly differentiated and undifferentiated cancer (5/
11, 45%).

Extragastric Intestinal Tissues: In the normal duode-
num, Shh expression was not detectable in any tissue
samples investigated (Fig. 3A). In five of five cases, Ptc
was expressed only in very few epithelial cells scat-
tered in the basal third of the mucosa. These cells
showed a predominant retronuclear staining pattern
(not shown). In the terminal ileum, Shh was negative in
all cases (0/5) (Fig. 3B). Here, Ptc was negative or only
very weakly detectable. In the proximal colon (co-
ecum/colon ascendens) Shh and Ptc were negative or
only very weakly visible in 8 of 8 cases (Fig. 3C). In the
distal colon (sigma/rectum), Shh was strongly ex-
pressed in the luminal epithelial cells in six of seven
cases. The epithelial cells in the crypts were only very
weakly positive or negative for Shh (Fig. 3D). Ptc was
negative or only very weakly positive in this compart-
ment. Immunohistochemical investigations on Shh
and Ptc expression in colon cancer revealed weak and
sometimes focally accentuated cytoplasmic staining
in the tumor cells. Staining was independent from
tumor site or histologic grade (data not shown).

Shh in Gastric Cancer Cell Lines

Of the three gastric cancer cell lines 23132, HGT-1,
and AGS only 23132/87 cells synthesized detectable
amounts of Shh. Shh expression was detected in
immunocytochemistry (Fig. 4, A and B) and in Western
blot (Fig. 4C). RNA coding for Shh was identified by
reverse transcription (RT)-PCR and subsequent gel
electrophoresis (Fig. 4D).

Effect of Culture Conditions on Shh Transcription

To investigate the possible effect of culture conditions
on Shh transcription, 23132 cells were continuously
cultured for 9 days under conditions described below.
After 5 to 6 days in culture without changing the
medium gastric cell line, 23132 cells reproducibly
showed a significant (almost 10-fold) and persistent
increase in Shh transcription as detected in quantita-
tive RT-PCR experiments. This increase was not de-
tectable if culture medium was changed every second
day (Fig. 5). The number of cells in the experiments
with or without changing the medium did not show
significant differences (data not shown). Hence, fac-
tors in the medium rather than cell density have a

Figure 2.
Immunohistochemical detection of the expression of Sonic hedgehog (Shh)
and patched (Ptc) in normal gastric antrum mucosa. (A) Shh is only very
weakly detectable in flat cells in the neck region. (B) Ptc is moderately
expressed in flat cells in the neck region often displaying a retronuclear
staining pattern. (Immunostaining; original magnification, �20.)

Figure 3.
Sonic hedgehog expression in the small bowel mucosa and in the colon. Sonic hedgehog is not expressed in the duodenum, ileum, and proximal colon, but is strongly
detectable in the luminal layer of epithelial cells in the distal colon (sigma/rectum). (Immunostaining; original magnification, �20)
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substantial impact on Shh transcription. From the
strong yellow color of unchanged culture medium, we
concluded that pH value of the culture medium might
influence Shh transcription.

Effect of pH on Shh Transcription

To analyze if pH value might be one of the factors
responsible for the increase in Shh transcription in
long-term culture conditions without change of me-
dium, 23132 cells were placed in fresh culture media

with different acid concentrations. In acidic pH (ie, pH
5.0), Shh expression of 23132 cells was highest,
reaching 76.33 � 11.28 molecules RNA per 1000
molecules GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase). When increasing pH in culture medium,
Shh expression gradually decreased to values of 8.66
� 2.21 at pH 7.5. These results are shown in Figure 6.
The two other gastric cancer cell lines, HGT-1 and
AGS, showed no significant induction of Shh tran-
scription at acidic culture conditions (data not shown).

Discussion

In this study, we demonstrate that in normal adult
gastric body mucosa and in nonatrophic body gastri-

Figure 4.
(A) Detection of Sonic hedgehog (Shh) in human gastric cancer cell line 23132 by immunocytochemistry. (B) Omitting the Shh antibody as negative control did not
result in staining 23132 cells. Detection of N-terminal fragment of Shh protein by Western blotting (C) and of Shh mRNA by reverse transcription PCR (D). Two other
gastric cancer cell lines HGT-1 and AGS were negative for Shh in these assays.

Figure 5.
Influence of cell culture conditions on Sonic hedgehog (Shh) transcription.
Gastric cancer cell line 23132 showed a significant increase in Shh transcrip-
tion in conditions without changing the medium (square). This increase was
not detectable if culture medium was changed every second day (triangle).
GAPDH � glyceraldehyde-3-phosphate dehydrogenase.

Figure 6.
Influence of pH in cell culture medium on Shh transcription as revealed by
reverse transcription PCR. Shh transcription significantly increased with low
pH. GAPDH � glyceraldehyde-3-phosphate dehydrogenase.
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tis, Shh is strongly expressed in parietal cells only. The
Shh receptor Ptc is predominantly expressed on chief
cells. However, the expression of both factors is
significantly reduced in atrophic gastritis and in gastric
adenocarcinoma. In the gastric cancer cell line 23132,
which produces substantial amounts of Shh, low pH of
cell culture medium significantly increases Shh tran-
scription. Our data indicate that (a) Shh might repre-
sent a pivotal factor for the integrity of the gastric body
mucosa, (b) the Shh pathway is severely dysregulated
in gastric body mucosa atrophy with and without
intestinal metaplasia, (c) the gastric parietal cell might
act as central organizer of the gastric differentiation
process via Shh expression, (d) low gastric pH might
contribute to gastric gland morphogenesis via in-
creased Shh transcription, and (e), vice versa, higher
gastric pH might lead to failures in gastric differentia-
tion processes and finally to the gastric atrophy.

Our results concerning Shh and Ptc expression in
adult normal, nonatrophic, and atrophic gastric body
mucosa and in the intestine are in good agreement
with the findings of van den Brink et al (2001, 2002),
who also investigated these factors by immunohisto-
chemistry and in situ hybridization. However, in con-
trast to their description, we could not confirm a
gradual decrease of Shh expression along the pit-
gland axis (van den Brink et al, 2001). Additionally, the
expression of Shh in distal colon mucosa was not
reported (van den Brink et al, 2002). The significance
of this particular expression in the distal colon is
unknown. Data from animal models indicate a poten-
tial role for Shh in hindgut development (Roberts et al,
1995). Furthermore, Mo et al (2001) recently showed
that various defects in Shh signaling cause anorectal
malformations like persistent cloaca and imperforate
anus in mutant mice. However, the precise role of Shh
expression in human adult distal colon remains to be
elucidated, the more so as other factors in the Shh
pathway are not present or only minimally present at
this particular location. Also the possible role of Shh in
the development of colon cancer needs to be further
studied.

Our results concerning CDX2 expression in normal
gastric mucosa, in chronic intestinal metaplasia, and
in gastric cancer are in good agreement with earlier
reports and confirm the essential role of CDX2 in the
pathogenesis of intestinal metaplasia in chronic gas-
tritis (Almeida et al, 2003; Seno et al, 2002; Silberg et
al, 2002). Whether CDX2 up-regulation is the conse-
quence of the decline in Shh and Ptc expression or
results from hypoacidity needs to be further
investigated.

The differential expression of Shh in parietal cells
and the Shh receptor Ptc in chief cells indicates that a
cross-talk between these two lines of differentiation
might exist. Via Shh signaling, parietal cells could
regulate the differentiation or maintenance of the
gastric chief cells and of the whole gastric glandular
compartment. Several types of gastric inflammatory
conditions are associated with gastric mucosa atro-
phy, eg, classic autoimmune gastritis, chronic H. pylori
gastritis with antigastric autoimmune reactions, and

infection with H. pylori strains positive for the Cag
pathogenicity island (Claeys et al, 1998; Eurohepyg-
ast, 2002). In all of these instances, cellular and
humoral autoimmunity as well as bacterial virulence
factors such as CagE, a substantial part of the Cag-
pathogenicity island, target gastric parietal cells (Neu
et al, 2002). Hence, the reduction or the complete loss
of the glandular unit in these conditions, where first
and foremost the parietal cells are affected, could be
explained (Judd et al, 1999). This concept is further
confirmed by studies using transgenic mice that
showed that genetic ablation of gastric parietal cells
also leads to a block in the differentiation program of
the chief cell lineage (Canfield et al, 1996; Li et al,
1996).

Our observation that Shh and Ptc are not expressed
or only weakly expressed in gastric atrophy, intestinal
metaplasia, and gastric cancer indicates that reduced
expression of this pathway might be an early event in
the proposed atrophy-metaplasia-carcinoma se-
quence (Correa, 1988) and that additional genetic and
epigenetic factors are responsible for transformation
of cells of gastric atrophy into gastric cancer cells.
More clinical and experimental investigations are
needed to further analyze these issues. However, the
down-regulation of Shh in the gastric mucosa might
be reversible. This could explain why in a subset of
cases with atrophic gastritis, atrophy improves after
adequate therapy (Tucci et al, 1998).

In an experimental model, treatment with the Shh
pathway–inhibitor cyclopamine resulted in an in-
creased proliferation within the gastric unit (van den
Brink et al, 2001). Increased proliferation and cell
turnover in this compartment were also described in
patients with atrophy (Biasco et al, 1989; Miwa et al,
1997) and in animals treated with the proton pump–
inhibitor omeprazole (Kakei et al, 1993, 1995). These
animals, like the H,K-ATPase knockout mice in previ-
ous studies (Scarff et al, 1999; Spicer et al, 2000),
showed both achlorhydria and suppressed differenti-
ation of gastric chief cells. Therefore, it might be
speculated that gastric acid represents a key factor for
gastric morphogenesis.

This concept is further substantiated by clinical
trials applying omeprazole in which 10% of the H.
pylori–negative and 40% of the H. pylori–positive
patients developed gastric atrophic changes (Kuipers
et al, 1996; Lamberts et al, 2001). Additionally, the
results presented in our study showed a significant
dependence of Shh transcription on acid exposure in
a functional assay using a gastric cancer cell line.
Further evidence for the potential role of acid on
differentiation programs in the esophageal–gastro-
intestinal tract has recently been reported by Mar-
chetti et al (2003), who showed that CDX2, a key factor
for intestinal differentiation, is activated through acid
exposure of esophageal keratinocytes. This pH-
triggered transdifferentiation might play a pivotal role
in the generation of Barrett’s mucosa in gastro-
esophageal reflux disease (Eda et al, 2003).

Gastric acid might only represent one factor leading
to dysregulation in the expression of the Shh pathway
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in the gastric mucosa. It is well possible that other
changes in the gastric milieu, eg, bacterial virulence
factors of H. pylori, factors produced by the inflam-
matory infiltrate in chronic gastritis, and changes in the
extracellular matrix composition in chronically in-
flamed gastric mucosa, also influence Shh transcrip-
tion and expression. Therefore, more descriptive and
experimental studies are needed to clarify the patho-
genesis of Shh-dependent gastric mucosa alterations.

Materials and Methods

Tissue Samples

We analyzed gastric biopsy specimens with normal
human adult gastric antrum (n � 10) and corpus (n �
10) mucosa, with nonatrophic body gastritis (n � 16),
and with atrophic body gastritis with intestinal meta-
plasia (n � 11). Furthermore, 26 paraffin-embedded
archival tissue sections of gastric carcinoma (5 well,
10 moderately, 7 poorly differentiated and 4 undiffer-
entiated, 22 of intestinal, and 4 of diffuse histologic
subtype) were included in the study. Normal nongas-
tric control tissues comprised biopsy specimens of
the duodenum (n � 5), ileum (n � 5), proximal (n � 8),
and distal colon (n � 7), respectively. Additionally we
analyzed 20 specimens with colon cancer. Ten spec-
imens were from proximal colon cancer (cecum/colon
ascendens) and 10 from the rectum.

Immunohistochemistry and Immunocytochemistry

All tissue specimens were fixed in 10% formaldehyde
and embedded in paraffin according to routine proto-
cols. Sections 4-�m thick were deparaffinized and
hydrated using graded ethanols following routine pro-
tocols. For antigen retrieval, sections for Shh and Ptc
immunostaining were microwave treated for 20 min-
utes in 10 mM citrate buffer at 700 W. Sections for
CDX2 immunohistochemistry were pretreated for 20
minutes in Target Retrieval Solution (pH 6.1; DAKO,
Hamburg Germany). The sections were incubated
overnight with primary goat anti-Shh and anti-Ptc
antibodies (Shh [N19] 1:50; Ptc [C20] 1:10; Santa Cruz
Biotechnology, Heidelberg, Germany) and mouse
anti-CDX2 (1:100; DCS, Hamburg, Germany). After
rinsing in Tris-buffer (0.5 M Tris, pH 7.4) detection was
carried out with biotinylated secondary rabbit antigoat
or rabbit antimouse antibodies diluted 1:50 (DAKO,
Glostrup, Denmark) for 30 minutes at room tempera-
ture. The sections were washed as above in Tris-
buffer and then incubated with streptavidin-biotin-
alkaline-phosphatase (10 �l each solution A�B
(Sigma, Deisenhofen, Germany) in 10 ml Tris-buffer).
Immunohistochemical staining was visualized with
Fast Red (2 mg Naphtol-As-Mx-phosphate, 10 �l 1M
levamisol, and 10 mg Fast-Red (Sigma) in 0.2 ml
N,N-dimethylformamide, (Merck, Darmstadt, Ger-
many) and 9.8 ml 0.1 M Tris-HCl buffer at pH 8.6). The
sections were rinsed in dd H20 and counterstained
with Mayer’s hemalaun (Merck). Negative controls
without primary antibody were run for each sample.

To detect Shh in gastric cancer cell lines, cells were
spun to slides and fixed with acetone. Shh expression
was visualized using anti-Shh antibodies and the
respective secondary antibody in dilutions mentioned
above. Again, omitting the primary antibody served as
negative control.

Cell Lines

Three gastric cancer cell lines were tested for Shh
transcription and expression. The gastric cancer cell
line 23132 was derived from human gastric adenocar-
cinoma (Vollmers et al, 1993). HGT-1 (kindly provided
by Dr. R. Negrini, Brescia, Italy) was chosen because
of its features of gastric parietal cells (Carmosino et al,
2000; Laboisse et al, 1982). Finally, gastric cancer cell
line AGS represents one of the standard gastric can-
cer cell lines widely used in different experimental
settings (Barranco et al, 1983). All cells were grown in
DMEM-Medium (Invitrogen, Karlsruhe, Germany) plus
10% heat-inactivated FCS (Invitrogen) at an atmo-
sphere containing 5% CO2.

To examine the potential role of pH on Shh tran-
scription cell culture medium in the environment, pH
value was adjusted to 5.0 to 7.5 using 3 M HCl at the
beginning of cultivation period. Three days later, cells
were detached using trypsin (Invitrogen); samples
were subdivided for RNA isolation and Western blot
and centrifuged 10 minutes at 300 �g. Cell pellets
were lysed in RLT-buffer (Qiagen, Hilden, Germany)
for RNA preparation and in M-PER lysis buffer (Perbio
Science, Bonn, Germany) for Western blot experi-
ments, respectively. Cell culture experiments were
performed in triplicate.

Western Blot

For Western blot analysis, whole cell lysates of gastric
cancer cell lines 23132, HGT-1, and AGS (5 �g total
protein per lane) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 12%
polyacrylamide gels (Laemmli, 1970). The separated
proteins were transferred to a nitrocellulose mem-
brane and blocked for 4 hours in 0.1 M Tris-buffer (pH
7.5) containing 4% (weight/volume) dried skimmed
milk and 0.1% Tween 20 at room temperature. Mem-
branes were incubated with anti-Shh primary antibody
(see Immunohistochemistry section; diluted 1:100)
overnight. For detection of bound Shh antibodies, a
horseradish peroxidase-conjugated rabbit antigoat
antibody (diluted 1:7500; DAKO) was used. Finally,
Western blots were developed with the SuperSignal
substrate kit (Pierce, Bonn, Germany) according to the
manufacturer’s protocol.

RNA Isolation and RT

Total cellular RNA was extracted from the cell lysates
by RNeasy kit in combination with DNAse treatment
(Qiagen) as described in the manual. The RNA was
eluted in 30 �l of RNAse-free water. First-strand cDNA
was synthesized using Superscript II RNAse
H-Reverse Transcriptase (Life Technologies,
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Karlsruhe, Germany). 4 �l of RNA-eluate were added
to 1 �g of dT15 primers (TIB-Biomol, Berlin, Germany)
and 1 �M random hexamers (Promega, Heidelberg,
Germany). After annealing for 10 minutes at 70° C and
immediate cooling on ice 1� first strand buffer (Life
Technologies, Karlsruhe, Germany), 10 mM DTT (Life
Technologies), 0.5 �l enzyme (100 units), and 0.5 mM

deoxynucleotide triphosphate (Carl Roth, Karlsruhe,
Germany) were added to form a total reaction volume
of 10 �l. The reaction was allowed to proceed for 50
minutes at 37° C, followed by 15 minutes at 70° C to
inactivate the enzyme. After cDNA synthesis, distilled
water was added to achieve a final volume of 100 �l in
each sample.

RT-PCR

Shh and GAPDH intron-overlapping primers were de-
signed by use of the Primer Express software (Version
1.6, Applied Biosystems, Darmstadt, Germany). The
sequences of primers and probes were as follows: SHH
(NCBI reference sequence no. NM_000193, amplicon 74
bp): forward primer (exon 3): 5'- GGAAGCAGCCTC-
CCGATT -3'; reverse primer (exon 2): 3'- CGAGTC-
CAAGGCACATATCCA -5'. GAPDH (NCBI reference se-
quence no. NM_002046, amplicon 226 bp): forward
primer (exon 4): 5'-GAAGGTGAAGGTCGGAGTC- 3';
reverse primer (exon 2): 3'-GAAGATGGTGATGGGA-
TTTC-5'.

For qualitative PCR reaction, mixtures (25 �l) were
prepared containing 5 �l of cDNA, forward and re-
verse primer (MWG-Biotech, Ebersberg, Germany)
500 nM each, 200 �M dNTPs, 1� reaction buffer, 1 mM

MgCl2 and 0.07 �l (0.35 units) of Silverstar Taq
Polymerase (Eurogentec, Cologne, Germany). After an
initial denaturation step of 4 minutes at 95° C, PCR
assays were carried out with 35 cycles of denaturation
at 95° C for 20 seconds, annealing at 60° C for 20
seconds, and extension at 72° C for 20 seconds. The
samples were subjected to 2% agarose gel electro-
phoresis, and product was visualized using ethidium
bromide (Sigma-Aldrich, Munich, Germany) and UV
light source.

For real-time quantitative PCR reaction, mixture
consisted of 5 �l cDNA, 12.5 �l SYBRGreen PCR
Master Mix (Applied Biosystems, Martinsried, Ger-
many) and forward/reverse primers (MWG-Biotech,
Ebersberg, Germany) in the following concentrations:
400 nM each for Shh and 800 nM each for GAPDH to a
final volume of 25 �l. After denaturation and activation
of included hot-start enzyme for 10 minutes at 95° C,
PCR assays were carried out with 40 cycles of dena-
turation at 95° C for 15 seconds, annealing and exten-
sion at 60° C for 1 minute. Each PCR assay was
repeated 2 times for each cDNA sample. To monitor
amplification of possible contamination, DNA samples
of distilled water served as negative control.

Fluorometric PCR was performed with the ABI
Prism 7700 Sequence Detection System (Perkin Elmer
Applied Biosystems, Foster City, California). After tar-
get amplification SYBRGreen specifically binds to
double-strand DNA, which leads to an increase in

detectable fluorescence signal. The amount of prod-
uct detectable through fluorescence signal at any
given cycle within the exponential phase of PCR is
proportional to the initial number of template copies.
The number of PCR cycles needed to detect the
amplicon is therefore a direct measure of template
concentration. Threshold cycle (CT) is set when emis-
sion intensity of measurable fluorescence calibrated to
starting level becomes equal to 10 standard deviations
of the baseline.

Absolute quantitation was achieved through gener-
ation of standard curves using serial dilutions of
known concentrations of the different cDNAs. The
RT-PCR results were expressed as the ratio of mole-
cules of target gene (Shh) per 1000 molecules of
housekeeping gene (GAPDH). To monitor amplifica-
tion of genomic DNA due to pseudogenes, RNA
aliquots without RT were always amplified as negative
controls.

After each PCR run, melting curve analysis was
performed as follows. After denaturation at 95° C for
20 seconds, a temperature ramp from 60° C to 95° C
in 20 minutes was run with simultaneous acquisition of
fluorescence signal. At the melting point of double-
strand PCR products, an accelerated decline of fluo-
rescence can be recognized. Using negative first
deviation plots, each sample was checked for primer
dimers and unspecific products due to mispriming.

Furthermore, agarose gel electrophoresis of se-
lected samples out of each PCR run was performed to
check for unspecific amplification products.
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