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Abstract: Hedgehog (Hh) signaling is frequently activated in human cancer, including esophageal cancer. Most eso-
phageal cancers are diagnosed in the advanced stages, therefore, identifying the very alterations that drive esophag-
eal carcinogenesis may help designing novel strategies to diagnose and treat the disease. Analysis of Hh signaling in
precancerous lesions is a critical first step in determining the significance of this pathway for carcinogenesis. Here we
report our data on Hh target gene expression in 174 human esophageal specimens [28 esophageal adenocarcino-
mas (EAC), 19 Barrett’s esophagus, 103 cases of esophageal squamous cell carcinoma (ESCC), and 24 of squamous
dysplastic lesions], and in two rat models of esophageal cancer. We found that 96% of human EAC express Hh target
genes. We showed that PTCH1 expression is the most reliable biomarker. In contrast to EAC, only 38% of ESCC ex-
press Hh target genes. We found activation of Hh signaling in precancerous lesions of ESCCs and EACs in different
degrees (21% and 58% respectively). Expression of Hh target genes is frequently detected in severe squamous dys-
plasia/ carcinoma in situ (p=0.04) and Barrett's esophagus (p=0.01). Unlike EAC, sonic hedgehog (Shh) expression
was rare in ESCCs. Consistent with the human specimen data, we found a high percentage of Hh signaling activation
in precancerous lesions in rat models. These data indicate that Hh signaling activation is an early molecular event in
the development of esophageal cancer, particularly EAC.

Keywords: Esophageal adenocarcinoma (EAC), esophageal squamous cell carcinoma (ESCC), hedgehog (Hh), patched
-1 (PTCH1 for humans and Ptchl for animals), Gli2, sFRP-1, human homologue of hedgehog-interaction protein
(HHIP), rat model, Barrett’s esophagus (BE)

Introduction

Esophageal cancer is the 6t cause of cancer-
related death worldwide and the 7t cause of
cancer-related death in American men [1]. The
two types of esophageal cancer, squamous cell
carcinoma (ESCC) and adenocarcinoma (EAC),
have different incidences in different geo-
graphic regions: squamous cell carcinoma of
esophagus is a predominant type worldwide

whereas in the United States the incidence of
adenocarcinomas approaches the incidence of
ESCC in Caucasians [2]. China is one of the
countries with the highest incidence of esophag-
eal cancer, mostly ESCC [3]. It is known that the
etiology of esophageal adenocarcinoma in-
cludes long standing acid/bile reflux esophagitis
and development of Barrett’'s esophagus, an
intestinal type metaplasia of the normal
squamous epithelium. Similarly, ESCC is consid-



Hedgehog signaling activation in esophagus carcinoma

Table 1. Patient and Tumor Characteristics

Adenocarcinoma ESCC

(n=28) (n=103)
Age
Mean (Median) 59.9 (59) 59.9 (60)
Range 48-81 36-79
Gender
M 23 (82.1%) 86 (83.5%)
F 5(17.9% 17 (16.5%)
Differentiation
Well 5 (17.9%) 9 (8.7%)
Well-moderate 1 (3.6%) 42 (40.8%)
Moderate 13 (46.4%) 28 (27.2%)
Moderate-Poor 0(0) 15 (14.6%)
Poor 9 (32.1%) 9 (8.7%)
Stage
| 2 (8.7%) 1 (1%)
Il 9 (39.1%) 73 (71%)
1 7 (30.4%) 28 (27%)
\% 5(21.7%) 0(0)
Missing 5(-) 1 (1%)
Lymph node
Metastasis
Positive 15 (62%) 34 (33%)
Negative 9 (38%) 69 (67%)
Missing 4 (-)
Smoking
Yes - 50 (48.5%)
No - 53 (51.5%)
Drinking
+ - 14 (13.6%)
++ - 28 (27.2%)

- 61 (59.2%)

ered to arise from multiple steps through the
progression of precancerous dysplastic lesions
to invasive ESCC [4]. Most esophageal cancers
are diagnosed in the advanced stages. Thus,
identifying gene alterations that drive the car-
cinogenesis process of esophageal cancer may
help design novel strategies to diagnose and
treat the disease.

The Hh signaling pathway plays an important
role in embryonic development, cell prolifera-
tion, tissue polarity and carcinogenesis [5-8]. Hh
protein binds to its receptor human patched 1
homologue (PTCH1), and relieves PTCH1’s inhi-
bition on smoothened (SMO), allowing SMO to
signal downstream to GLI transcriptional fac-
tors, which activates the target genes via spe-
cific genomic DNA sequences (TGGGTGGTC) [9,
10].

Activation of Hh signaling has been reported in

47

many cancer types [11]. Expression of Hh path-
way components and their target genes is found
in gastrointestinal cancer [4, 12-15], prostate
cancer [16-18], pancreatic cancer, and other
cancer types [14, 15]. Previously, we and others
found activation of Hh signaling in esophageal
cancer [14, 19, 20]. Elevated expression of
sonic hedgehog (Shh) and its target genes was
observed in several esophageal cancer cell lines
and cancer specimens [4, 15, 21]. Recent stud-
ies indicate that Shh is induced in Barrett's
esophagus to mediate paracrine Hh signaling
[22]. Studies also suggest that activation of Hh
signaling is associated with poor prognosis [21]
of esophageal squamous cell carcinomas. While
most of the studies have been focused on Bar-
rett’'s esophagus and EAC, only limited studies
on hedgehog signaling activation in ESCC and
its precursors have been reported. At present, N
-nitrosomethylbenzylamine  (NMBA)-induced
carcinogenesis in rat esophagus is the most
physiologically relevant animal model of ESCC
while the esophagogastroduodenal anastomo-
sis (EGDA) procedure in rats is the reliable ani-
mal model for EAC. Thus far, it is not known if
Hh signaling is activated in the physiologically
relevant animal models of esophageal cancers.
To understand the role of Hh signaling activa-
tion in the development of esophageal cancer,
we examined expression of Hh target genes in
pre-cancerous lesions as well as in esophageal
tumors of humans and rats.

Materials and methods
Patient specimens

Specimen from 19 cases of Barrett's esophagus
(BE) and 28 cases of esophageal adenocarci-
noma arising in association with BE were ob-
tained from the Pathology Departments of Uni-
versity of Texas Medical Branch Hospitals and
Creighton University Medical Center. The human
related studies have been approved by the Insti-
tutional Review Board in these two institutions.
Twenty four pre-cancerous lesions and 103
cases of squamous cell carcinoma (in tissue
array) were obtained from the Cancer Hospital
in Beijing, China. Table 1 shows the patient
demographic information. According to the com-
mon clinical procedures in all research institu-
tions involved in this study, all specimens were
fixed in formalin for 24 hours before proceeding
to paraffin tissue embedding, and all the tissue
blocks and slides were stored at room tempera-
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ture. The diagnosis of the tumor specimens was
performed in the pathology department in which
the tissues were collected. The TNM staging
system of the American Joint Committee on
Cancer and the International Union Against Can-
cer for esophageal cancer is used universally.
Additional confirmation of the tissue sections
used in this study were carried out by two pa-
thologists (Z.G. and S.Q.).

Animal

Male F344 rats, 4-6 weeks old, were obtained
from Harlan Sprague-Dawley (Indianapolis, IN).
The animals were housed and maintained ac-
cording to the recommendations of the Ameri-
can Association of Laboratory Animal Care
(AALAC), as reported previously [23, 24]. Animal
studies have been approved by The Institutional
Animal Care and Use Committee (IACUC) of the
relevant institutions (EGDA model by North
Carolina Central University and chemical car-
cinogenesis models by Medical College of Wis-
consin).

Two weeks after arrival in the animal facility, the
rats were randomly assigned into 2 groups of
15 animals each. One group of rats was in-
jected s.c. with N-nitrosomethylbenzylamine
(NMBA) (0.3 mg/kg b.w., 3x/wk for 5 wks) and
control rats were injected s.c. with a solution of
DMSO/water (20:80), the vehicle for NMBA
[24]. At 9, 15 and 35 wks, 5 rats from each
group were Kkilled by CO2 asphyxiation, the
esophagus of each animal was opened longitu-
dinally, and the surface tumors (only found at
wk 35) were mapped, counted, and sized. Each
esophagus and the individual tumors were fixed
in 10% neutral buffered formalin for subsequent
histopathologic evaluation and immunohisto-
chemical staining. Five mice in each group were
used in this study.

For esophagogastroduodenal anastomosis
(EGDA), six-week-old male Sprague-Dawley rats
were allowed to acclimatize for 2 weeks prior to
surgery. Solid food was withdrawn 1 day before
and for 1 day after the surgery [23]. EGDA was
performed under general anesthesia (80 mg
ketamine and 12 mg xylazine per kg body wt,
i.p.), through an upper midline incision as previ-
ously reported [23]. This procedure was ap-
proved by the Animal Care and Facilities Com-
mittee at the North Carolina Central University.
Food intake was measured three times during
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the experiment (4, 16 and 30 weeks after sur-
gery) with each time for 3 consecutive days, and
the average values of food intake (g diet/day)
for the 3 days were calculated. All animals were
kept for 40 weeks after surgery. 10 mice were
used for the study, with the same results.

Immunohistochemistry

A standard avidin-biotin immunostaining tech-
nique was performed using a kit from Vector
laboratories with specific antibodies to SHH
(Santa Cruz Biotechnology Cat# 9024), PTCH1
(Santa Cruz Biotechnology Cat# 6149), human
hedgehog-interacting protein (HHIP) (R&D sys-
tems Cat# AF1568), Gli2 (ABCam Cat# 26056)
and secreted frizzled related protein 1 (sFRP1)
(R&D systems Cat# 1384). Positive staining was
in red (Noval red substrate) or brown (DAB sub-
strate). Specificity of the antibodies was tested
as described previously [16]. Hematoxylin was
used for counterstaining (in blue). Tissue pathol-
ogy slides were reviewed and confirmed by two
pathologists (Z.G. and S.Q.). The overall IHC
score (0, 0.5, 1, 1.5, 2, 3) was calculated by
multiplying intensity (O, no staining; 1, weak
staining; 2, moderate staining; 3, strong stain-
ing) by proportion positively stained cells (O,
<10%; 0.5, 10-30%; 1, >30%). Due to a small
number of specimens in each IHC score, expres-
sion of SHH and PTCH1 in this study was cate-
gorized as negative (IHC score = Q) or positive
expression (IHC score>0) for further analyses
(Supplementary Tables 1-3).

Statistical methods

Patient and tumor characteristics were summa-
rized for the adenocarcinomas (ACE) (n=28) and
squamous cell carcinoma (ESCC) (h=103) sam-
ples. Because Gli2 and PTCH1 had the same
pattern of expression, all statistical analyses
were performed using the data from PTCH1.
Comparison of the frequency of PTCH1 positivity
between the two subtypes of esophageal can-
cers was carried out using the Chi-square test.
The Chi-square or Fisher’'s exact test was used
to assess modulation of Hh targets and SHH
levels between pre-cancerous tissues (Barrett's
esophagus or pre-ESCC dysplasia samples) ver-
sus the ACE or ESCC tissues. Paired test using
the McNemar’s Chi-square test was employed
to compare PTCH1 positivity rates between
paired normal and cancer specimens from
ESCC patients. The PTCH1 positivity rate was
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Table 2. Comparison of PTCH1 between two forms of Esophageal Cancer and precancerous lesions.

PTCH1 Positive PTCH1 Negative p-value
N (%) N (%)
Adenocarcinoma 27(96%) 1 (4%)
ESCC (Cancer tissue samples) 39(38%) 64(62%) <0.0001=
ESCC (Normal tissue samples) 0 (0%) 103 (100%) <0.0001a
PTCH1 Positive PTCH1 Negative p-value
N (%) N (%)
Squamous dysplasia 5 (21%) 19(79%) 0.01°
Barrett’s Esophagus 11(58%) 8 (42%)
PTCH1 Positive PTCH1 Negative p-value
N (%) N (%)
Squamous dysplasia
Mild/ moderate 0(0) 12(100%)
Severe/ carcinoma in situ 5 (42%) 7 (58%) 0.04¢
ESCC 39(38%) 64(62%) 0.008¢

ap-value based on the chi-square or Fisher’s exact test in comparison with adenocarcinoma; Pp-value based on the chi-square or
Fisher’s exact test; cp-value in comparison with Pre-ESCC mild/moderate based on Fisher’s exact test.

compared for age, gender, clinical tumor stages,
lymph node metastases and tumor differentia-
tion, as well as smoking and drinking status
using the Chi-square or Fisher’s exact test. The
logistic regression model was employed to per-
form comparison of PTCH1 level between ACE
vs. ESCC with adjustment for tumor stage, dif-
ferentiation, and lymph node status.

Results

Expression of hedgehog target genes in the
development of human ESCC and the dysplastic
lesions

To examine whether Hh signaling is important
for development of esophageal cancer, a spe-
cific PTCH1 antibody [16] was used to detect Hh
signaling activation. To confirm the sensitivity of
the antibody, we detected expression of Hh tar-
get genes PTCH1 and sFRP1 in ESCCs and EACs
with known activation of Hh signaling (as shown
in Figure S1). Immunohistochemistry results
showed better staining from PTCH1 antibodies.
Our previous studies also indicated that detec-
tion of PTCH1 protein confirmed the data from
in-situ hybridization (as summarized in [19,
25]). We further confirmed our data using ex-
pression of Gli2 (Figure S1), a downstream tran-
scriptional factor of the Hh pathway with ele-
vated expression in Hh signaling activated tu-
mors [26, 27].

First, we examined expression of PTCH1 in
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squamous dysplasia, the precancerous lesion
for ESCC. ESCCs are thought to be derived from
lesions that are moderately to severely dysplas-
tic [28]. PTCH1 expression was found in 21% of
dysplastic lesions (Figure 1 and Table 2). Fur-
ther analysis showed that PTCH1 expression
was detected only in tissues with severe dyspla-
sia or carcinoma in situ but not in those with
mild/moderate dysplasia (p = 0.04, see Table
2). We confirmed the results with Gli2 expres-
sion (Figure 1), suggesting that Hh signaling
activation may promote formation of carcinoma
in situ. Most staining of PTCH1 and Gli2 was
detected in the epithelial cells of the lesion
(Figure 1, as indicated by arrows) with little ob-
served in the stroma (as indicated by arrow-
heads).

Expression of PTCH1 and Gli2 was also exam-
ined in ESCCs. Using PTCH1 data, a paired com-
parison between matched tumors vs. normal
tissues from ESCC patients showed PTCH1 ex-
pression only in tumor tissue (38% of tumors)
and not in normal tissue (0%) (p<0.001, Table
2). We found an increasing trend of PTCH1 and
Gli2 expression in squamous dysplasia (21%)
versus ESCC (38%) (Table 2 for PTCH1 analysis,
and Figure S1_for the picture). Additional asso-
ciation analysis revealed that female ESCC pa-
tients had a higher rate of PTCH1 positive stain-
ing (59%) in tumors compared to male patients
(34%, p=0.05). Shh expression was not de-
tected in any of the ESCC specimens, indicating
that Shh expression by itself is not responsible

Int J Biochem Mol Biol 2012:3(1):46-57
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Figure 1. Expression of PTCH1/GLI2 in squamous dysplastic lesions. Expression of PTCH1/GLI2 was examined in 21
cases with squamous dysplastic lesions and 103 cases of ESCCs using standard immunohistochemistry. Summary of
our data is shown in Tables S1 and 3. This figure shows representative results. Positives (B for PTCH1 and D for GLI2)
and negatives (A for PTCH1 and C for GLI2) staining of severe squamous dysplasia are shown in brown. Please note
that expression of PTCH1/GLI2 is mostly in the epithelial lesions (arrows) with some staining in the stroma (arrow
heads). Specificities of these antibodies have been shown in our previous publication (see [16] for PTCH1, HHIP; [43]

for sFRP1), or by the vendor for GLI2 (Abcam Inc.)

for pathway activation in this subset of ESCCs.

Expression of hedgehog target genes in a rat
model of ESCC

To substantiate our data on PTCH1/Gli2 protein
expression in human esophageal specimens,
we examined their expression in chemically-
induced squamous dysplasia in the rat esopha-
gus [24]. Fischer-344 rats were treated with N-
nitrosomethylbenzylamine (NMBA) for 5 wks
and then sacrificed at 9, 15 and 35 wks of the
bioassay. Esophageal tissues and papillomas
(only found at wk 35) were examined for expres-
sion of Ptch1 and Gli2. Expression of Ptch1 and
Gli2 was detected in 8 of 15 (53%) of esophag-
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eal tissue specimens (Table S3) and only in
moderately to severely dysplastic lesions (Figure
2) collected at 15 and 35 weeks of the bioassay
(Table S3). We had little opportunity to examine
Ptch1/Gli2 expression in esophageal cancer
because, in this model, the rats succumb to the
occlusive effects of large papillomas before car-
cinomas can develop. The high level of Ptchl/
Gli2 expression in precancerous lesions sug-
gests that Hh signaling activation is an impor-
tant molecular event in the development of
ESCC in rats. It appears that the rat model re-
sembles only some phenotypes in human eso-
phageal dysplasia because only 21% of the dys-
plastic lesions in human esophagus (all carcino-
mas in situ or severe squamous dysplasia) ex-

Int J Biochem Mol Biol 2012:3(1):46-57
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Figure 2. Expression of Ptch1/Gli2 in squamous dysplasia of rat esophagus Expression of Ptch1/Gli2 was detected by
immunohistochemistry using specific antibodies to Ptchl and Gli2 (see methods). Please note that the staining
(Brown) is mainly in the cytoplasm of the epithelium with some in the nucleus, which was also reported previously for
interactions with cyclin B1 [44]. Gli2 was mostly detected in the nucleus.

pressed PTCH1/GLI2. Nevertheless, the exis-
tence of Hh signaling in this rat model will sup-
port additional functional studies for the role of
Hh signaling in the development of ESCCs.

Activation of Hh signaling in human EAC and
Barrett’s esophagus

Unlike ESCC, the incidence of esophageal ade-
nocarcinoma (EAC) continues to rise faster than
that of any other malignancy in the United
States [1]. Barrett's esophagus (BE) is the most
significant risk factor for the development of
EAC [2, 3]. Progression from Barrett’s esopha-
gus to esophageal adenocarcinomas is believed
to occur in an orderly fashion from no dysplasia
to low grade dysplasia (LGD) to high grade dys-
plasia (HGD), and ultimately to adenocarcinoma
(EAC) [29, 30]. In order to understand the role
of hedgehog signaling in adenocarcinoma car-
cinogenesis, we examined the expression of
PTCH1 in Barrett's esophagus, and detected
PTCH1 expression in 58% of these lesions
(Table 2). BE tissues with dysplasia had a simi-
lar frequency of PTCH1 expression as those
without dysplasia (Table S2). The high frequency
of PTCH1 expression in BE without dysplasia
suggests that activation of Hh signaling may be
among the earliest events in the development
of adenocarcinomas arising from BE (Figure
S2). We further confirmed Hh signaling activa-
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tion by detection of GLI2 protein expression in
the tumor (Figure 3). Unlike EAC, the expression
of PTCH1/GLI2 in BE was focal or scattered.
Most protein expression was detected in the
epithelium. By comparison, PTCH1 expression
(same is true for GLI2) was high in BE (58%)
and was even higher in adenocarcinoma (96%,
p=0.002) (see Table 2 and Figure 3). Expres-
sion of Shh was detected principally in the epi-
thelium (Figure S3), and was further increased
in EAC (see Table 3 for statistical analysis, with
p value= 0.06). These results indicate that acti-
vation of Hh signaling is quite common during
development of EAC, possibly through elevated
expression of ligand Shh.

Expression of hedgehog target genes in a rat
model of EAC

Currently, the esophagogastroduodenal anasto-
mosis (EGDA) model in rats most closely repre-
sents Barrett's esophagus and EAC seen in hu-
mans. In this model, esophagitis begins to de-
velop within one week after surgery. Forty
weeks after surgery, both columnar-lined esoph-
agi (CLE), CLE with dysplasia as well as well-
differentiated adenocarcinomas appear near
the site of EGDA [31]. CLE is morphologically
similar to Barrett's esophagus. To examine if
hedgehog signaling is activated in this model,
we examined the expression of Hh target gene

Int J Biochem Mol Biol 2012:3(1):46-57
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Figure 3. Expression of PTCH1/GLI2 in Barrett’s esophagus (BE) PTCH1/ GLI2 expression was detected by IHC. A
shows H&E staining of a tissue with BE, while B (for PTCH1) and C (GLI2) show IHC staining. Please note that PTCH1/
GLI2 staining is focal or scattered (indicated by an arrow, red) in the epithelium.

Table 3. Comparison of PTCH1 and SHH expression between normal (or non-cancer samples) vs. adeno-

carcinoma and ESCC.

PTCH1 Positive PTCH1 Negative p-value
N (%) N (%)

Barrett’s 11(58%) 8 (42%)

Adenocarcinoma 27 (96%) 1 (4%) 0.0022
SHH Positive SHH Negative p-value
N (%) N (%)

Barrett’s 8 (42%) 11 (58%)

Adenocarcinoma 17 (71%) 7 (29%) 0.062
PTCH1 Positive PTCH1 Negative p-value
N (%) N (%)

Squamous dysplasia 5 (21%) 19 (79%)

ESCC (Normal tissue samples) 0 (0%) 103 (100%) 0.003r

ESCC (Cancer tissue samples) 39 (38%) 64 (62%) 0.11°

ESCC Normal tissue samples

PTCH1 Positive PTCH1 Negative p-value

ESCC Cancer tissue samples <0.0001¢

PTCH1 positive 0 (0%) 39 (38%)

PTCH1 negative 0 (0%) 64(62%)

aBased on chi-square or Fisher’'s exact test in comparison with Barrett’s esophagus; PBased on the chi-square or Fisher’s exact test
in comparison with Pre-ESCC; cBased on the McNemar's test for paired comparison of normal vs. matched cancer tissue samples.

Ptchl and the downstream transcription factor
Gli2. As shown in Figure 4, Ptch1/Gli2 was ex-
pressed in CLE, a BE-like precancerous lesion.
Unlike the ESCC model, we noticed Ptch1/Gli2
expression mainly in the stroma (as indicated by
arrowheads). Our data indicate that this animal
model can be used to examine the effect of Hh
signaling in the development of Barrett's
esophagus and EAC.
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Differences in Hh signaling activation between
human ESCC and EAC

Previous genetic analysis indicates that these
two histological subtypes of esophageal cancer
in humans share some biological features but
differ in others [32-34]. Our results showed that
the expression of PTCH1/GLI2 is significantly
higher (p<0.0001) in tumor samples from EAC

Int J Biochem Mol Biol 2012:3(1):46-57
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Figure 4. Expression of Ptchl in a rat model of EAC Thirty weeks following EGDA, rat esophagi were examined for the
presence of CLE, an esophageal metaplasia similar to Barrett’s esophagus in humans (see A). Expression of Ptchl/
Gli2 is shown in B and C (indicated by arrow heads). Please note Ptch1/Gli2 was detectable mainly in the stroma.

patients (96%) than from ESCC patients (38%).
Normal esophagus samples from both EAC and
ESCC patients had no PTCH1 expression (Table
2). After we adjusted for differentiation stage,
tumor stage and lymph node metastasis by lo-
gistic regression, there were still significant
(p=0.0006) differences in PTCH1 expression
between EAC vs. ESCC, indicating that PTCH1
was an independent predictor for the two dis-
eases (Figure 5). Furthermore, as indicated
above our analysis suggests that female pa-
tients with ESCC have a high rate of PTCH1 ex-
pression. Nevertheless, the molecular basis
underlying this finding is yet to be established.
Our studies suggest that ESCC may represent a
heterogeneous disease in regarding to Hh sig-
naling activity. Consistent with this hypothesis is
the fact that most reports have found that mo-
lecular alterations in human ESCC occur in less
than 50% of the cases [29, 35, 36]. Additional
work is needed to further classify ESCC at the
molecular level, which will require assessment
of multiple molecular alterations in the same
tumor in a large cohort study.

Precancerous lesions for ESCC also differ
molecularly from those for EAC. First, Hh signal-
ing was more frequently activated in Barrett's
esophagus (58%) than in squamous dysplasia
(21%) (Table 2), Second, most squamous dys-
plasia specimens with Hh signaling activation
were found to be either severely dysplastic or
carcinoma in situ. In contrast, both metaplastic
and dysplastic BE lesions had a similar fre-
quency of Hh signaling activation.
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Figure 5. Statistical analysis of PTCH1 expression in
esophageal specimens The frequency of PTCH1 ex-
pression in different types of specimens was com-
pared. Through statistical analyses, it was shown
that the difference in PTCH1 expression between
squamous dysplasia (pre-cancerous lesion) and
ESCC was significant (p < 0.05, indicated by *). Simi-
larly, BE and EAC (adenocarcinomas) are signifi-
cantly different in PTCH1 expression (P < 0.05 and
indicated by **). Further analyses also indicate sta-
tistically significant differences of PTCH1 expression
between ESCC and EAC (indicated by ****) and
between Squamous dysplasia and BE (indicated by
**%*), The analysis was performed with the data from
PTCH1 because Gli2 had the same staining pattern.

In summary, we found that Hh signaling is fre-
quently activated in precancerous lesions of
esophageal ESCC and EAC. In comparison with
the tumors, Hh target gene expression was less
frequent in precancerous lesions. ESCC and
EAC were found to differ in their frequency of Hh

Int J Biochem Mol Biol 2012:3(1):46-57
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signaling activation.
Discussion

The role of Hh signaling in precancerous lesions
of esophageal cancer

Human ESCC typically evolves through a se-
quence of defined histopathologiclesions, in-
cluding mild to severe squamous dysplasia or
squamous carcinoma in situ, and finally, inva-
sive carcinoma [28]. Barrett's esophagus
(intestinal metaplasia) is the major risk factor
and a precursor for EAC [36, 37]. It also pro-
gresses through increasing degrees of dysplasia
and carcinoma in situ. Inour study, PTCH1/GLI2
expression was observed in Barrett's esophagus
and in severe squamous dysplasia /carcinoma
in situ, indicating that detection of Hh signaling
activation may be useful for early diagnosis of
esophageal cancer. Our data on Hh signaling
activation from both types of precancerous le-
sions (BE 58%, squamous dysplasia 21%,
p=0.01) indicate that activation of Hh signaling
is an early event in the development of eso-
phageal cancer. Our findings of Ptchl1/Gli2 ex-
pression in two rat esophageal cancer models
further confirms that Hh signaling is involved in
tumorigenesis of esophageal cancer. Although
not in the scope of this study, further studies
using Hh signaling inhibitors in these models
will provide evidence for preventative effects of
Hh signaling inhibitors for esophageal cancer
development and progression.

Clinical implications of active Hh signaling in
precancerous lesions of esophageal cancer

Diagnosis of cancer at later stages is a major
factor for the mortality of esophageal cancer.
Frequently, precancerous lesions do not have
symptoms in patients. Our findings that activa-
tion of Hh signaling occurs in precancerous le-
sions (Barrett's esophagus or squamous dys-
plastic lesions) could help design new strategy
for early diagnosis of esophageal cancer. Using
commercially available small molecules target-
ing specifically to the Hh pathway [38], one
could design a probe to detect pre-cancerous
lesions using imaging system. Another possibil-
ity is to use clinical specimens of gastroe-
sophageal reflux disease (GERD) patients (e.g.
fine-needle aspiration specimens) to detect ex-
pression of PTCH1 and GLI2. Positive patients
may be eligible for treatment with Hh signaling
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inhibitors which are in phase Il clinical trials
(reviewed in [38]), and may be in clinic soon
[39].

In addition, our findings of the link of Hh signal-
ing activation in female ESCC patients may help
focus on early diagnosis in a subset of popula-
tion. The heterogeneity nature of esophageal
cancer [29, 36] makes it difficult to identify bio-
markers. The fact that activation of Hh signaling
was detected in 58% of Barrett’'s esophagus
and 96% of EAC indicates a high possibility that
early detection of Hh signaling activation may
be effective in detection of EAC.

Molecular basis of Hh signaling activation in
esophageal cancer

Previous studies indicated that Hh signaling
activation is frequently associated with elevated
expression of Shh [15, 22]. In this study, we
assessed expression of Shh in 19 BE, 24 EAC
and 103 ESCC specimens. We found that 42 %
(8 of 19) of BE and 71% (17 of 24) of EAC
showed positive staining (p=0.06, see Table 3).
In BE, 6 of 19 (32%) specimens co-expressed
Shh and PTCH1 (p=0.20), whereas in EAC, 16 of
23 (70%) specimens showed Shh and PTCH1 co
-expression (p=0.51). No expression of Shh was
detected in the 103 ESCC specimens. Our data
suggest that Shh expression may not be respon-
sible for Hh signaling activation in ESCC. Other
alterations in the Hh pathway that may be re-
sponsible for Hh signaling activation include
elevated expression of Indian hedgehog, hyper-
methylation of negative regulators of the path-
way [i.e. HHIP, SU(FU)] and gene amplification
downstream of the pathway (GLI transcriptional
factors) [40]. Low expression of HHIP in gastric,
esophageal and colon cancers has been associ-
ated with hypermethylation of the HHIP pro-
moter [41]. We have previously shown that loss
of negative regulator SU(FU) through methyla-
tion in lung cancer cells [42]. Although the exact
mechanism for Hh signaling activation in each
specimen from both precancerous lesions and
tumors in ESCC and EAC will require additional
investigation, it is clear that elevated expression
of Shh is not the only mechanism responsible
for pathway activation.

Activation of Hh signaling in tumor vs stroma of
cancerous lesions

A recent study by Dr. Wang et al [22] showed
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that high expression of Shh in Barrett’s esopha-
gus is correlated with stromal expression of
PTCHZ1, and this paracrine signaling is a feature
of Barrett's esophagus. Our data from Barrett’'s
esophagus showed a more heterogeneous pic-
ture in Shh, PTCH1 and GLI2 expression. First,
we found that not all BE tissues express these
proteins. Second, we found that Shh, GLI2 and
PTCH1 are expressed focally within the epithe-
lium. Our data are consistent with the study of
Wang et al in that Shh expression is focally ex-
pressed in the epithelium of Barrett’s esopha-
gus. However, we found that stromal expression
of PTCH1 is rather weak in all BE samples and
in the rat model. Since most of their staining
was done using immunofluorescence, the re-
sults are difficult to compare directly with ours.
Further studies using a large cohort of speci-
mens may be necessary to explain the differ-
ence.

In summary, we found Hh target gene expres-
sion in precancerous lesions of ESCC and EAC,
suggesting a role of this pathway in the develop-
ment of esophageal cancer. In two rat models of
esophageal cancer, we also detected Ptchl
expression in precancerous lesions. These data
suggest that Hh signaling plays a significant role
in the development of esophageal cancer as
indicated in Figure S2.
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Fig. S1 Detection of Hh signaling proteins in esophageal cancer. Expression of PTCHL1, GLI2, sSFRP1
and Shh was detected by immunohistochemistry using specific antibodies (see methods for details).
Positive staining was in red or brown (indicated by arrows). Please note that Shh was not detectable in
ESCC, and PTCHL1 staining gave the best picture of all the Hh target proteins tested.
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Fig. S2 Model of Hh signaling activation in esophageal cancers. Based on our data in this manuscript,
we proposed that two subtypes of esophageal cancer are different in the timing of Hh signaling activation.
In ESCC, Hh signaling is activated in carcinoma in situ or severe squamous dysplasia. In contrast, Hh
signaling is activated in Barrett’s esophagus without dysplasia. In addition to the timing, we found that
Shh expression was rarely detected in our ESCC specimens whereas Shh expression was common in EAC,
suggesting that the mechanisms for Hh signaling activation differ in these two subtypes of esophageal
cancer.



Fig.S3 Expression of Shh in Barrett’s esophagus. Expression of Shh was detected by IHC with specific
antibodies (brown as indicated by arrow heads) (see methods for details). Please note that Shh staining
was seen all in the epithelium. The left one showed Shh positive staining, and the right one showed
negative staining.



Table S2- PTCH1/GLI2 expression in premalignant dysplastic lesions

Specimen # Sex Age Pathology PTCH1/GLI2
263245 M 69 Carcinoma in situ +
263342 M 52 mild dysplasia -
263345 M 59 mild dysplasia -
263698 M 67 in situ carcinoma -
264297 M 48 moderate dysplasia -
266039 M 68 mild dysplasia -
266085 M 62 moderate dysplasia -
266844 F 60 moderate-severe dysplasia -
266844 F 60 carcinoma in situ +
266843 F 65 severe dysplasia- carcinoma in situ | +
267213 M 74 carcinoma in situ +
267908 M 55 carcinoma in situ +
267974 F 68 moderate-severe dysplasia -
268336 M 42 mild dysplasia -
268770 F 72 severe dysplasia-carcinoma in situ | -
269407 M 60 Carcinoma in situ -
270204 M 55 mild dysplasia -
271020 M 53 carcinoma in situ -
271976 M 62 mild dysplasia -
273126 M 69 severe dysplasia-carcinoma in situ | -
273146 M 70 moderate dysplasia -
273452 M 60 severe dysplasia- carcinoma in situ | -
273452 M 60 mild dysplasia -
C43 F 56 in situ carcinoma -

Note: Positives are indicated as “ + “ and negatives as “—*




Table S2- Barrett's Esophagus

Specimen# | Pathology Shh PTCHI1/GLI2
10232C1 Barrett's Esophagus no dysplasia - +
2747B1 Barrett's Esophagus no dysplasia - -
1469A1 Barrett's Esophagus low grade dysplasia -

1469B1 Barrett's Esophagus no dysplasia -

1772B1 Barrett's Esophagus no dysplasia - -
1772C1 Barrett's Esophagus no dysplasia - -
1772E1 Barrett's Esophagus no dysplasia +
2245A1 Barrett's Esophagus no dysplasia +
2510B1 Barrett's Esophagus low grade dysplasia - +
2510C1 Barrett's Esophagus low grade dysplasia + -
2626A1 Barrett's Esophagus low grade dysplasia - -
2626C1 Barrett's Esophagus high grade dysplasia + +
2747A1 Barrett's Esophagus no dysplasia - -
2768C1 Barrett's Esophagus no dysplasia + +
2791B1 Barrett's Esophagus no dysplasia - -
2805A1 Barrett's Esophagus no dysplasia +
2805B1 Barrett's Esophagus low grade dysplasia -
2919A1 Barrett's Esophagus no dysplasia -

08535 1A Barrett's Esophagus high grade dysplasia +




Table S3- Expression of Ptchl in rat model of ESCC*

Specimen#

Pathology

Ptch1/Gli2

wk9

NMBA

normal

moderate dysplasia

mild dysplasia

moderate dysplasia

(N | 01>

normal

wk15

NMBA

90

mild dysplasia

91

normal-mild dysplasia

92

moderate dysplasia

93

normal-mild dysplasia

94

moderate dysplasia

+ |+ |+ [+ |+

wk35

NMBA

333

severe dysplasia/carcinoma in situ

347

severe dysplasia/carcinoma in situ

349

normal-mild dysplasia

354

mild dysplasia

355

mild dysplasia

*Positive staining was indicated as + and negative staining was indicated as -
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