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Pancreatic neuroendocrine tumors (PNETs) are rare, indolent tumors that may occur sporadically or develop in
association with well-recognized hereditary syndromes, particularly multiple endocrine neoplasia type 1 (MEN-1). We
previously demonstrated that the hedgehog (HH) signaling pathway was aberrantly up-regulated in a mouse model that
phenocopies the human MEN-1 syndrome, Men1l/;RipCre, and that inhibition of this pathway suppresses MEN-1 tumor
cell proliferation. We hypothesized that the HH signaling pathway is similarly upregulated in human PNETs. We performed
immunohistochemical (IHC) staining for PTCH1 in human fresh and archival PNET specimens to examine whether human
sporadic and MEN-1-associated PNETs revealed similar abnormalities as in our mouse model and correlated the results
with clinical and demographic factors of the study cohort. PTCH1 staining was positive in 12 of 22 PNET patients (55%).
Four of 5 MEN-1 patients stained for PTCH1 (p = 0.32 as compared with sporadic disease patients). Nine of 16 patients
with metastatic disease stained for PTCH1 as compared with zero of 3 with localized disease only (p = 0.21). No
demographic or clinical features appeared to be predictive of PTCH 1 positivity and PTCH 1 positivity per se was not
predictive of clinical outcome. PTCH1, a marker of HH pathway up regulation, is detectable in both primary and metastatic
tumors in more than 50% of PNET patients. Although no clinical or demographic factors predict PTCH1 positivity and
PTCH1 positivity does not predict clinical outcome, the frequency of expression alone indicates that perturbation of this
pathway with agents such as Vismodegib, an inhibitor of Smoothened (SMO), should be examined in future clinical trials.

Introduction

Neuroendocrine tumors (NETs) are rare, indolent tumors of
various organs with variable presentations and responses to ther-
apy.! They are often subdivided clinically into pancreatic NETs
(PNETS) and carcinoid tumors (of the alimentary tract, lungs and
other sites) because of perceived differences in hereditary predispo-
sition, syndromic presentation and response to therapy." PNETs
may occur sporadically or develop in association with well-recog-
nized hereditary syndromes (particularly multiple endocrine neo-
plasia type 1 [MEN-1] but also von Hippel Landau [VHL],
Sturge Weber or neurofibromatosis type 1 [NF-1] syndromes).'™

MEN-1 syndrome is an autosomal dominant condition that
presents with 1) 4-gland parathyroid hyperplasia leading to
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hypercalcemia, 2) pituitary macroadenomas (primarily prolacti-
nomas and ACTH producing lesions [Cushing’s disease]), and 3)
gastroenteropancreatic tumors (PNETSs) that may be clinically
silent or associated with various syndromes (especially Zollinger-
Ellison syndrome and the insulinoma syndrome, among others).""
?> The MEN-1 gene resides on chromosome 11q13 and encodes
for a 610 amino acid nuclear protein called menin that is mutated
in patients with MEN-1.* The recently characterized crystal struc-
ture of menin demonstrates that it acts as a scaffold protein in reg-
ulating gene transcription, cell proliferation, apoptosis and
genome stability via its interaction with its various partners.”®
However, MEN-1-affected individuals only develop clinically
apparent phenotypic disease in early adulthood because they are
protected from tumorigenesis eatlier in life by virtue of having one
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normal tumor-suppressor MEN-1 allele inherited from their unaf-
fected parent. For tumors to develop a second, somatic mutation
must occur that inactivates the normal unaffected allele in at risk
tissues leading to tumor development.”

Most sporadic PNETs develop in isolation, and are diagnosed
approximately one decade later than those associated with MEN-
1 syndrome." A landmark genomic study by Papadopolous et al
identified 4 gene abnormalities in sporadic PNETSs including
MEN-1, Daxx, Atrx and Pten and demonstrated somatic MEN-1
abnormalities in greater than 40% of sporadic PNETs, indicating
that tumorigenesis pathways may be similar for sporadic and
hereditary PNET patients.'® For tumors to occur in sporadic
patients one would expect 2 somatic mutations to occur inacti-
vating both tumor-suppressing alleles.

We previously demonstrated that the hedgehog (HH) signaling
pathway was aberrantly upregulated in a mouse model that pheno-
copies the human MEN-1 syndrome, Meﬂllll;RipCre.11 Moreover,
by pharmacologically inhibiting the HH signaling pathway with a
HH antagonist, GDC-0449, we significantly suppressed MEN-1
tumor development.'" This pathway is potentially targetable in
PNET patients as GDC-0449 (Vismodegib, Erivedge) is currently
available clinically for the treatment of basal cell carcinoma.'? Vis-
modegib (Genentech, South San Francisco, California) acts by
selectively binding to Smoothened (SMO), a 7-helix transmem-
brane receptor, thereby inhibiting activation of transcription fac-
tors of the glioma-associated oncogene family, to suppress tumor
proliferation and growth.'>'? Activation of this pathway can be
demonstrated by immunohistochemistry (IHC) staining for pro-
tein patched homolog 1 (PTCHI), the receptor for sonic hedge-
hog ligand and also a target gene upregulated by HH signaling.'"”
"% The aims of the current study were to 1) identify whether the
same HH pathway abnormalities we previously demonstrated in
mice were also present in human fresh and archival PNET speci-
mens by IHC PTCH 1 staining, 2) to compare HH pathway
IHC staining patterns in PNET specimens from MEN-1-associ-
ated and sporadic disease patients, and 3) to evaluate clinical fea-
tures of patients that might predict the presence of HH pathway
abnormalities in PNET patients. Our ultimate goal is to examine
whether HH pathway inhibitors may play a role in mediating dis-
ease outcome for PNET patients.

Results

Table 1 demonstrates demographic and clinical data for the
22 patients enrolled in the current study. The mean age at biopsy
was 50.8 & 13.7 years and the mean duration of disease at biopsy
was 2.0 & 5.6 years. Eight patients were male (36%), 20 (91%)
were Caucasian, one (4.5%) was Asian and one (4.5%) was Afri-
can American. Thirteen patients (59%) had functional tumors
and most of these were gastrinomas (7) or insulinomas (4).
MEN-1 syndrome was present in 5 patients (23%) but only 4
were confirmed as such by genetic testing. At biopsy 3 patients
(13%) were on somatostatin analog therapy (for a mean duration
preceding biopsy of 5 months). Chromogranin A levels were
available within 2 months of biopsy in 11 patients (50%) and
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Table 1. Demographic and clinical data for the study cohort

Mean Age at Biopsy (years £SD) 50.8 +13.7
Duration of Disease at Biopsy (years =+ SD) 20 +£56
Male (Number [%]) 8(36)
Ethnicity (Number [%])
White 20 (97)
Asian 1(4.5)
African American 1(4.5)
Functional Syndrome (Number [%])
Absent 9(41)
Present 13 (59)
Gastrinoma 7 (32)
Insulinoma 4(18)
Other (1 VIPoma; 1 Somatostatinoma) 29
Inherited Syndrome (Number [%])
Absent 17 (77)
Present (all MEN-1) 5(23)*
Chromogranin A at Biopsy (% above upper level limit) 3686**
Date range from CgA result to Biopsy (days) 0-64
Somatostatin Analog therapy at Biopsy (Number [%]) 3(13)
Duration of therapy at Biopsy (months + SD) 541
Prior Chemotherapy (Number [%)]) 1(5)
Prior Liver directed therapy (Number [%]) 2(9)
Prior PRRT (number [%]) 1(5)
Prior surgical resections (Number [%])
None 19 (86)
One 2(9)
Two 0(0)
Three or more 1(5)

*4 confirmed by genetic testing, 1 unconfirmed clinical diagnosis.
**11 with no CgA results at Biopsy.

averaged 36 times the upper limit of normal (including 2 of the
3 of the patients receiving somatostatin analog therapy; one was
within normal limits and the other was 258 ng/ml with an upper
limit of normal of 95 ng/ml). Four patients (18%) had previ-
ously received other antitumor therapies (chemotherapy in one,
liver-directed therapy in 2 and peptide radioreceptor therapy
[PRRT] in one). Three patients (14%) had previously undergone
surgical resections (one had undergone multiple prior resections).

Table 2 provides specific information regarding pathology,
clinical features and PTCH 1 findings for individual patients.
Primary tumor sizes ranged from 0.6 cm to 7.5 cm. Seventeen
patients had pancreatic primary tumors and 7 had duodenal pri-
mary tumors (including 3 patients who had primary tumors in
both the pancreas and duodenum). In one patient the primary
tumor was not identified. Twelve of 22 tumors were NET grade
1,9 were NET grade 2 and one was a neuroendocrine carcinoma
(grade 3). Fifteen tumors were well differentiated, 6 were moder-
ately differentiated and one was poorly differentiated. At the
time of surgery, 3 patients had localized disease, 13 had regional
lymph nodes only (including one patient with an isolated lymph
node in the posterior pancreatic head) and 4 had widespread
metastases. Information regarding local lymph node status at sur-
gery was unavailable in 3 cases (one patient underwent a local
pancreatic enucleation without lymph node dissection, one sur-
gery was limited to an ovarian metastasis resection, and one
patient underwent surgery at an outside hospital and we were
unable to retrieve this information).
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Table 2. Pathology, clinical features and PTCH1 staining results

Specimen Primary Lymph Node Liver
Subject  Size(s) Tumor Tumor Metastases Metastases CgA[pg/mll MEN1
# (cm) site(s) Grade Differentiation (Y/N) (Y/N) Syndrome (normal range) (Y/N) PTCH1
1 14 Duodenum 1 Well Y N Gastrinoma 7663 (0-50) N +++
2 8 Pancreas 2 Moderate Y Y none 258 (0-95) N ++
3 8 Pancreas 1 Well Y N none 174 (0-95) N —
4 5 Pancreas 2 Moderate Y N none n/a N +++
5 0.8 Duodenum 1 Well Y N Gastrinoma 432 (0-375) N ++
6 75 Pancreas 2 Moderate N N VIPoma n/a N +
7 13 Pancreas 2 Well N N Somato statinoma n/a N +
8 2 Pancreas 1 Well N N Insulinoma n/a N —
9 1.5 Pancreas 2 Moderate Y N none n/a N ++
10 0.6/1.0  Pancreas, Duodenum 1 Well Y Y none n/a N —
1 45 Pancreas 2 Well Y N* none n/a N +++
12 1.6 Pancreas 1 Well Y N none <200 (0-95) Y +
13 4.5/0.7  Pancreas, Duodenum 1 Well Y N Gastrinoma 2725 (0-50) N —
14 25 Pancreas 3 Poor Y Y Insulinoma 15600 (0-95) N —
15 1.5 Duodenum 2 Moderate Y N Insulinoma 5.4 (1.9-15.0) N —
16 4 Pancreas 2 Moderate Y N none n/a N +++
17 3.1 Unknown 1 Well Y N Gastrinoma 96.0 (n/a) N +
18 1.1 Duodenum 1 Well Y N Gastrinoma 1625 (0-115) Y ++
19 5.5/3.2 Pancreas 2 Well n/a** Y none 48 (0-50) N +++
20 n/a Pancreas, Duodenum 1 Well Y N Gastrinoma n/a Y +++
21 n/a Pancreas 1 Well n/a N none n/a Y +++
22 1.1/2.2 Pancreas 1 Well n/a*** N Insulinoma n/a Y +++

Abbreviations: CJA = chromogranin A; n/a = not available.

*This patient had a perihepatic lymph node identified at surgery but no liver metastases were identified.

**Away from operative site.
*** ocal enucleation.

Inspection of the PTCHI stained sections revealed uptake pri-
marily in pancreatic islets or tumor specimens. Figure 1 illus-
trates representative PTCH] staining in a normal pancreatic islet
(Fig. 1A) and a tumor expressing PTCH1 (Fig. 1C). In general,
the number of positively staining cells was less homogeneous but
denser in normal islets (Fig. 1A) as compared with primary or
metastatic tumors (Fig. 1C). A representative tumor with unde-
tectable PTCHI staining is shown in Figure 1B. PTCHI expres-
sion was undetectable in 6 of the 22 cases and 4 were only weakly
positive (45%) (Table 2). Tissue specimens from 8 subjects
stained robustly for PTCH1 and 4 exhibited intermediate stain-
ing (55%). Four of the 5 MEN-1 patients exhibited PTCH 1
positivity (3 robustly positive and one intermediately positive);
one was only weakly positive.

Clinical and demographic features numerically (but not statis-
tically) associated with positive PTCH 1 staining included
MEN-1 status (4 of 5 [80%)] with MEN-1 versus 8 of 17 [47%]
without MEN-1; p = 0.32) and the presence of liver and/or
lymph node metastases at the time of biopsy (9 of 16 [56%] with
metastases vs. zero of 3 [0%] without; p = 0.21) (Table 2). The
presence of liver metastases alone, age at biopsy, duration of dis-
ease at biopsy, presence of a neuroendocrine syndrome, size or
site of the primary tumor, grade or differentiation of the primary
tumor and chromogranin A level were not predictive of PTCH1
staining (Table 2, some data not shown).

During subsequent follow up, one patient (#19, Table 2) died
from muld-organ system failure 4 months after surgery with
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evidence of tumor progression (PTCHI staining in this patient
was robustly positive). The remaining 21 patients were all alive at
follow up, which ranged from 11 to 123 months. Of these, 6
appeared to be cured (# 3, 10, 15, 17, 21 and 22, Table 2) with
normal tumor markers and no recurrence on imaging after 13 to
74 months of follow up. One patient (#17, Table 2) required a
second surgery to remove a peripancreatic lymph node, which
was missed initially, and another (#15, Table 2) underwent a
liver resection at the time of surgery in addition to removal of the
primary tumor and regional nodes. PTCH1 staining was unde-
tectable in 3 of these patients, negative (weakly positive only) in
one and robustly positive in 2. Two additional patients (#5 and
6, Table 2) had no evidence of disease on imaging after 14 and
98 months of follow up but both of these patients underwent 2
subsequent debulking surgeries each and neither are likely to be
cured of disease. One was negative on PTCHI staining (stained
only weakly positive) and one was (intermediately) positive. The
2 remaining patients with established widespread metastases at
the index surgery exhibited a reduction in tumor bulk after
somatostatin analog therapy alone after 11 months of follow up
with weakly positive PTCHI staining (#2, Table 2) and stable
disease after somatostatin analog therapy, chemotherapy and liver
directed therapy after 21 months of follow up with undetectable
PTCHI staining (#14, Table 2), respectively. Three patients
(#1, 12 and 18, Table 2), 2 with MEN-1 syndrome, have
remained free of new widespread metastases during follow up
which ranged from 16 to 80 months without the need for any
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Figure 1. Immunofluorescence for PTCH 1 in a normal pancreatic islet (A), a tumor not expressing PTCH 1 (B), and a

tumor expressing PTCH-1 (C).

anti-tumor therapy. PTCHI staining in these 3 patients was
(robustly) positive, negative (stained weakly) and (intermediately)
positive, respectively. One MEN-1 syndrome patient (#20,
Table 2) with 102 months of follow up exhibited progressive
lymph node disease for which somatostatin analog therapy was
prescribed; this patient stained (robustly) positive for PTCH 1.
Finally, 7 patients (# 4, 7, 8, 9, 11, 13 and 16, Table 2) devel-
oped newly recognized widespread metastases during follow up.
Five of these patients (#7, 9, 11, 13 and 16, Table 2) with follow
up ranging from 30 to 103 months have been managed with
somatostatin analog therapy alone. Two were negative on PTCH
1 staining (one was weakly positive) and 3 were positive (one
intermediately positive). The remaining 2 patients, both with fol-
low of more than 120 months, required additional antitumor
therapy; one stained (robustly) positive for PTCH1 (#4, Table 2)
and one had undetectable PTCH]1 staining (#8, Table 2). These
data fail to reveal any correlation between the presence or degree
of PTCHL staining and clinical outcome.

Discussion

In the current study we have expanded on our prior work in
Menl l/l;Rz'pCre mice to demonstrate that indeed similar HH
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pathway  abnormalities
exist in human PNETs,
both sporadic and heredi-
tary.  We  identified
PTCH1 positivity in
more than half of the
PNET patients studied
and this was detectable in
both primary and meta-
static tumors.

It should be noted that
we used a very stringent
definition  of  positive
PTCHI staining in the
current study. Specimens
with  weakly  positive
staining only were felt to
be non-specific and were
categorized as negative.
Had we included weakly
positive stains ("+" on
our scale) as positive, the
overall rate of PTCHI
positivity in the current

study would have
increased to 73% (16 of
22 cases).

PTCHLI staining could
not be predicted based
upon any clinical or

demographic factors in

the current study but
there was a trend toward increased positivity in MEN-1 syn-
drome patients. However, this was a small study and it is quite
possible that this finding was due to a type 1 error. Had we con-
sidered weakly positive PTCH1 staining as positive in the current
study, all 5 MEN-1 syndrome patients would have been PTCH1
positive vs. 11 of 17 sporadic tumor patients (65%). We also
failed to identify a difference in staining patterns between
patients with localized and metastatic disease regardless of
whether we considered weakly positive staining as positive or
negative suggesting that HH pathway abnormalities occur early
on in tumorigenesis. The regulation of HH signaling and thus
PTCHLI expression in PNETs may be influenced by multiple fac-
tors. However, the high frequency of PTCH 1 positivity demon-
strated in our study (> 50% of cases) suggests that Federal Drug
Administration (FDA)-approved agents such as Vismodegib that
target HH signaling may be suitable for treating patients with
metastatic PNETs. In addition, we identified more intense
PTCHLI staining in tumor tissue relative to normal pancreatic
islet tissue, a factor that may be important to consider in any
future trials of PTCHI inhibition for patients with metastatic
PNETs.

Patients with PNETS may present with early stage disease that
is surgically curable especially if they have syndromic features."
However, few patients are actually cured with surgery and those
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with MEN-1 syndrome are generally not subjected to surgery
with a curative intent because hereditary PNET patients have
multifocal disease.” Other patients present with regional or
more-widespread disease and, although they are not generally
curable with surgery, debulking is often performed in the hopes
of slowing down subsequent disease progression.'* Nevertheless,
most patients with widespread metastatic PNET disease ulti-
mately succumb to the disease despite the availability of multiple
palliative interventions.">'>%

Somatostatin analog therapy is usually the first non-surgical
therapy used in patients with slowly progressive disease because
it is generally well tolerated. Octreotide has not been studied in
PNET patients specifically but the PROMID trial in widely
metastatic small bowel carcinoid tumors was the first to show
tumor stabilization in a randomized clinical setting and this has
become the de facto first line treatment for many patients.'
The CLARINET trial, which evaluated the impact of another
somatostatin analog, lanreotide, in a double-blind, randomized
trial of metastatic patients with both alimentary tract carcinoids
as well as PNETs, was just recently published with a positive
result, further cementing the value of using somatostatin analog
therapy in these patents. '® However, somatostatin analogs
only produce tumor stabilization and this only persists for a
finite period of time.

The next level of palliative therapy, which includes various
liver-directed approaches (such as chemoembolization, bland
embolization, radiofrequency ablation, radioactive eluting beads
and even liver transplantation) or other systemic therapies
(such as chemotherapy, PRRT or targeted therapies) all have
limited durations of efficacy and side effects which limit their
use.">'”?* There clearly is an unmet need for more effective,
well-tolerated anti-tumor therapy in patients with metastatic
PNET tumors.

On the basis of our data, PTCHI positivity does not appear
to predict clinical outcome but this is in the absence of any
therapy directed against the HH pathway specifically. Vismode-
gib, an FDA-approved antitumor agent that selectively inhibits
SMO to suppress growth of basal cell carcinomas, directly
inhibits the HH pathway.'>"? This agent appears to be well tol-
erated and effective in the treatment of basal cell skin can-
cers.'>'2>2% In patients with a hereditary PTCHI mutation
leading to the basal cell nevus syndrome (BCNS), a condition
associated with hundreds of basal cell carcinomas, the response
rate to therapy with Vismodegib was 100%.2* However,
patients with sporadic basal cell cancers respond less frequently
(approximately 30-50%) possibly because of acquired resistance
to therapy.”®*
tumors such as pancreatic or lung cancers do not appear to ben-
efit from Vismodegib despite the established presence of HH
pathway abnormalities.”>?® In the context of our current study

Moreover, patients with faster growing solid

confirming perturbations of the HH pathway in the majority of
PNET patients, we believe that HH pathway inhibitor agents,
such as Vismodegib, given alone or in combination with
somatostatin analogs, should be studied in MEN-1 syndrome-
associated and sporadic, locally advanced or early metastatic

PNET patients.
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Methods

The University of Pennsylvania NET center enrolls patients
into an IRB-approved clinical database and biobank study enti-
tled "Clinicopathologic correlates of NETs" funded by the Com-
monwealth of Pennsylvania and administered through the
Abramson Cancer Center (Grant # 040-0427-4-561074-XXXX-
2433-8341). Prospective patients are recruited during routine
clinical visits to the NET Center comprising their normal course
of care. Once informed consent has been obtained, participating
individuals are entered into our longitudinal Redcap (Vanderbilt
University, Nashville, USA) database that houses demographic
data, pathology reports, imaging and biomarker results, thera-
peutic interventions and clinical outcome information. Study
subjects also provide blood for biobanking and allow access to
fresh tumor tissue in the event that they undergo surgery after
enrollment, or archival paraffin imbedded tissue in the event that
surgery had already been performed previous to their enrollment.
Tissue samples are processed through the Cooperative Human
Tissue Network (CHTN; grant # U01 CA 44974).

For the current study, we recruited 22 patients with MEN-1
or sporadic PNETs. Our Redcap database was queried for demo-
graphic and clinical information including tumor extent at the
time of tissue acquisition and all pathology slides were re-
reviewed and reclassified according to the minimal dataset for
NET diagnosis. In cases in which formalin-fixed, paraffin embed-
ded blocks were available, all available slides were reviewed; rep-
resentative blocks of tumor (primary and/or metastasis) were
identified, and 5 micron sections were cut on charged slides for
subsequent IHC staining. In patients undergoing surgery, fresh
tumor tissue was procured, snap frozen in liquid nitrogen, and
subsequently stored at —80 degrees for subsequent analysis. The
study pathologist reviewed all available pathology slides and the
tumors were classified according to the World health organiza-
tion (WHO) recommendations regarding diagnostic terminology
for NETs. This included grading of the tumors according to their
pattern and cytologic features and assessment of mitotic rate and
proliferative activity as determined by immunostaining for
Ki67.>”*® The tumors were diagnosed as Neuroendocrine
Tumor grade 1 or 2 or Neuroendocrine carcinoma (NEC or
Tumor grade 3).

Tissue specimens containing tumor and normal adjacent pan-
creas or metastatic tissue underwent PTCH 1 staining as follows.
Tissue sections were de-paraffinized in xylene substitute solution
and serially rehydrated with decreasing concentrations of alcohol.
The tissues were permeabilized in 0.2 % Triton X-100 prior to
addition of primary antibody. Images were captured using a
Nikon Eclipse E800 fluorescence microscope equipped with a
CCD digital camera. Anti-PTCH1 antibody used for immunos-
taining was purchased from Proteintech Group (17520-1-AP).
Based on the intensity of the immunofluorescence staining,
PTCHI levels were graded on an intensity scale of ‘4 (weakly
positive) to ‘++ (intermediately positive) to ‘“++4 (robustly
positive). In all cases we used slides prepared from the adjacent
normal tissue as negative controls. We considered specimens
with ‘“++ and ‘+++’ staining to be positive for PTCH 1.
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