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SUMMARY

Ampullary carcinomas are highly malignant neoplasms that can have either intestinal or
pancreatobiliary differentiation. To characterize somatic alterations in ampullary carcinomas, we
performed whole-exome sequencing and DNA copy number analysis on 60 ampullary carcinomas
resected from clinically well-characterized Japanese and American patients. We next selected 92
genes and performed targeted-sequencing to validate significantly mutated genes in additional 112
cancers. The prevalence of driver gene mutations in carcinomas with the intestinal phenotype is
different from those with the pancreatobiliary phenotype. We identified a characteristic
significantly mutated driver gene (ELF3) as well as previously known driver genes ( 7P53, KRAS,
APC and others). Functional studies demonstrated that £LF3silencing in normal human epithelial
cells enhances their motility and invasion.

INTRODUCTION

Carcinoma of the ampulla of Vater is a highly malignant neoplasm. Ampullary carcinomas
localized to the ampulla have a significantly better 5-year survival rate (45%) than those
with regional extension beyond the ampulla directly into surrounding tissues (31%), or
distant disease (4%) (metastasis in distant lymph nodes or in visceral organs) (Winter et al.,
2010).
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Three distinct epithelial linings (duodenal, biliary, and pancreatic) converge at the ampulla
of Vater, with pancreatic and biliary epithelium merging within the ampulla of Vater to form
the epithelium of the ampulla. Ampullary carcinomas can be separated into two histological
phenotypes, intestinal-type or pancreatobiliary-type (Ang et al., 2014; Kimura and Ohtsubo,
1988). These phenotypes have different pathogenic and clinical characteristics (Okano et al.,
2014). In most studies, carcinomas of the pancreatobiliary subtype are found to be more
aggressive than are those of the intestinal subtype (Kim et al., 2012). Several studies suggest
that ampullary carcinomas with intestinal differentiation respond to different
chemotherapeutic regimens than do ampullary carcinomas with biliary differentiation
(Neoptolemos et al., 2012; Shoji et al., 2014).

Because the genomic biology of ampullary carcinomas is currently poorly defined, we have
conducted an in-depth analysis of the genomic abnormalities of these carcinomas through an
international multicenter collaboration to establish a potential basis for treatments of this
disease.

Clinicopathological Features

To provide comprehensive data on the landscape of genomic aberrations that contribute to
ampullary carcinoma, we investigated a large cohort of clinically and pathologically well-
characterized patients with ampullary cancer that included 70 patients from Japan and 102
patients from USA (Table S1). Since ampullary carcinomas can have either intestinal or
pancreatobiliary differentiation (Figure S1), we also clarified the difference of genomic
alterations based on the histological phenotypes (Ang et al., 2014). Cases not fitting the
categories in which we classified ampullary carcinomas immunohistochemically into
intestinal or pancreatobiliary differentiation are regarded as “ambiguous” according to the
previous report (Ang et al., 2014). In the present study, pancreatobiliary—type carcinomas
were significantly (p = 0.0387) smaller than intestinal-type carcinomas, but
pancreatobiliary—type carcinomas were significantly associated with more advanced T-stage
(p < 0.0001) and lymph node metastasis (p < 0.0001) (Table 1). We also included 18
separate duodenal carcinomas to compare the genomic characteristics with those of
ampullary carcinomas. Three of 18 (16.7%) duodenal carcinomas were
immunohistochemically classified into pancreatobiliary-type carcinomas, which is in
accordance with the previous report (Ushiku et al., 2014).

We macrodissected frozen tissue samples to enrich the tumor fraction relative to the
dominant non-neoplastic stromal component and other normal cells. The flowchart of the
entire analysis can be found in Figure S1.

Exome-Sequence Analysis

To gain insight into the genetic basis of this tumor type, we determined the exomic sequence
of ~20,965 protein coding genes in a discovery set of 60 ampullary carcinomas and 10
duodenal carcinomas. DNA from the enriched neoplastic samples and from matched non-
neoplastic tissues was used to prepare fragment libraries (SureSelect Human All Exon v4.0,
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Agilent Technologies) suitable for massively parallel sequencing (HiSeq2000, Illumina).
Sequencing depths were 188X on average (range 117-271). We identified a total of 14,720
somatic non-silent mutations across the entire data set, including 12,564 missense, 718
nonsense, 312 splice-site and 23 read-through mutations, as well as 710 deletions and 393
insertions. Cases with mutation rates < 4.89/Mb (93.1% of all cases; median number of non-
silent mutations = 61) were separated from those with mutation rates of > 27.89/Mb. The
four cases in the latter class (6.9% of the total cases) were classified as hypermutated
(number of non-silent mutations: 928, 1,384, 2,297 and 5,955) and harbored inactivating
(nonsense, frameshift or splice-site) mutations in mismatch-repair complex components
(Table S2). The significantly (q value < 0.1) mutated driver genes identified in the 60
ampullary carcinomas included KRAS, TP53, APC, ELF3, SMAD4, CTNNBI and MUC4
(Table S3 and Figure S2). Among them, we identified the significantly mutated driver gene,
ELF3, which is characteristic of ampullary carcinomas. The eight (13.3%) somatic
mutations in £LF3among the 60 ampullary carcinomas included six frameshift, one
nonsense and one missense mutations. The seven of eight £LF3 mutations were estimated to
be heterozygous based on the analysis of adjusted variant allele frequencies for ELF3
mutations by comparison to tumor percent/average variant allele frequencies (Table S4). The
remaining case was estimated to be homozygous. Sequencing data demonstrated that £.F3
mutations are present at relatively high allele frequencies, implying that £LF3 mutation may
represent an early event (founder mutation) in ampullary carcinomas. OncoPlot summary of
significantly mutated, amplified or deleted genes in the discovery screen is shown in Figure
S2.

Targeted Deep Sequence Analysis

We next selected 92 genes (genes are listed in Supplemental Experimental Procedures) that
were recurrently altered in the discovery screen, or which were well-documented
components of a pathway or potentially therapeutic targetable, since alterations in these
genes are most likely to be clinically relevant. The sequences of these 92 genes were
determined using a target enrichment system (HaloPlex, Agilent Technologies) that differed
from that in the exome sequencing. The validation screen consisted 60 ampullary
carcinomas in the discovery screen and 112 separate ampullary carcinomas (n = 172 in
total), and 10 duodenal carcinomas in the discovery screen and 8 additional duodenal
carcinomas (n = 18 in total). Sequencing depths were 2,535X on average (range 1,470—
5,814). Validation of candidate mutations with HaloPlex platform showed that 95% of
candidate mutations in the discovery set was detected in the validation set. Twenty-four
genes were significantly (g < 0.1) mutated driver genes in the 172 ampullary carcinomas
(Table 2, Figure 1 and Table S5). The number of significantly (q < 0.1) mutated driver genes
in intestinal-type carcinomas (n = 93) was 20 genes (Table S6). On the other hand, the
number of significantly (g < 0.1) mutated driver genes in pancreatobiliary-type carcinomas
(n = 66) was nine genes (Table S6). There were differences between the genomic landscapes
of intestinal phenotype and those of pancreatobiliary phenotype. Among the significantly
mutated genes, genes high-ranking based on the prevalence of mutations (Table 3) were
similar between intestinal-type ampullary carcinomas and colorectal carcinomas (APC,
TP53, KRAS, and SMAD4; p < 0.00001 in a permutation test) and between
pancreatobiliary-type carcinomas and pancreatic carcinomas (KRAS, TP53and SMAD4; p
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< 0.00001 in a permutation test). The APC, ACVRZA, SOX9and EPHAG6 genes were
significantly mutated in intestinal-type carcinomas as compared with pancreatobiliary-type
carcinomas (p < 0.05, fisher’s exact test), whereas the KRAS, TP53and CDHI10 genes were
significantly mutated in pancreatobiliary-type carcinomas (p < 0.05) as compared to
intestinal-type carcinomas.

The 25 somatic mutations in £LF3among the 172 ampullary carcinomas included 14
frameshift, 6 missense, 2 nonsense, 2 in-frame, and 1 splice-site mutations (Table S7). We
performed the concurrence and mutual exclusion analysis among the significantly mutated
genes in ampullary carcinomas, based on the permutation test. Interestingly, £LF3 mutations
were mutually exclusive of mutations in CDKNZA (p < 0.0001), but overlapped with
mutations in ERBBZ2 (p = 0.0055), SL/TRK5 (p = 0.0204), PIK3CA (p =0.0232) and FLG
(p = 0.0323). The immunohistochemical analysis demonstrated that £LF3 mutations were
significantly (p = 0.0006, chi-squared test) correlated with loss of EIf3 protein expression
(Table S8 and Figure S5).

Potentially therapeutic targetable mutations, including in ERBB2, ERBB3, BRAF, BRCAZ,
PIK3CA and others, were identified in 51% (88/172) of patients with ampullary carcinomas
(Table S9). Fifteen of 24 (62.5%) £RBB2Z mutations were known oncogenic driver mutations
and/or /in vitro therapeutic targets in several cancers (Greulich et al., 2012; Herter-Sprie et
al., 2013; Yamamoto et al., 2014). Among significantly mutated genes, there were no genes
which show significant difference between Japanese and American patients with ampullary
carcinomas (Tables S10).

We also investigated a smaller subset of 18 duodenal carcinomas. The duodenal carcinomas
had two significantly (q < 0.1) mutated driver genes (KRASand T7P53).

Somatic Copy-Number Alterations (SCNAS)

Fifty-eight ampullary carcinomas and 10 duodenal carcinomas which were included in the
whole exome sequencing in the discovery screen were profiled for SCNAs with Agilent
CGH array (SurePrint G3 CGH Microarray, 1x1M). Matched non-tumor tissues were used
as a copy number reference. We applied the GISTIC2.0 algorithm (Beroukhim et al., 2007)
to identify SCNAs that might be responsible for driver tumorigenesis and identified 13 focal
events (Figure S3). There were four regions of significant (g < 0.1) focal amplification and
two regions of significant (q < 0.1) focal deletion. Significantly amplified chromosome arms
were 8g24.21 (including MYC), 12q15 (including MDM2), 3926.2 (including PRKC/ and
SKIL) (Hagerstrand et al., 2013) and 1p31.1 (including NEGRI) (Takita et al., 2011).
Significantly deleted chromosome arms were 9p21.3 (including CODKNZA) and 18921.2
(including SMAD4). In general, intestinal-type carcinomas tended to have more SCNAS
than those of pancreatobiliary-type carcinomas. Unexpectedly, the deletion in 9p21.3
(including CDKNZA) was frequently observed in intestinal-type carcinomas (33.3%, 11/33)
(Figure S2), which is uncommon in colorectal carcinomas (Cancer Genome Atlas, 2012).
The deletion in 18qg21.2 (including SMAD4) was detected in both phenotypes: intestinal
phenotype, 24.2% (8/33); pancreatobiliary phenotype, 25.0% (6/24).
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Altered Pathways

Integrated analysis of mutations (n = 172) and copy number changes (n = 58) enriched our
understanding of how some well-defined pathways are deregulated. We grouped samples by
histological phenotype and identified alterations in the WNT, TGF-B, PI3K, RTK-RAS and
P53-Rb signaling pathways (Figure 2).

We found that the WNT signaling pathway was more commonly (p < 0.001) altered in the
intestinal-type carcinomas (76% (71/93)), mainly by APCand CTNNBI alterations, as
compared to pancreatobiliary-type carcinomas (38% (25/66)), based on the somatic mutation
data analysis. On the other hand, RTK-RAS signaling and P53-Rb signaling alterations were
significantly more common in pancreatobiliary-type carcinomas than in intestinal-type
carcinomas: RTK-RAS signaling, 81.8% (54/66) in pancreatobiliary versus 63.4% (59/93) in
intestinal, p = 0.006; P53-Rb signaling, 74.2% (49/66) in pancreatobiliary versus54.8%
(51/93) in intestinal, p = 0.008. These findings are consistent with the recent report
sequencing of 279 cancer genes in 32 ampullary carcinomas (Hechtman et al., 2015).

Mutation Pattern and Signature Analyses

We applied the 96-substitution classification to ampullary carcinomas, colorectal carcinomas
and pancreatic carcinomas. Mutational data of individual patients with colorectal carcinoma
or pancreatic carcinoma were obtained from mutational catalogues of ICGC (Alexandrov et
al., 2013). They were mixed with mutational data of patients with ampullary carcinoma and
we re-analyzed all of these data together. In ampullary carcinomas, CpG>TpG substitutions
were specifically increased compared with other substitutions regardless of histological
phenotypes and nationalities (Figure 3A). Principal-component analysis (PCA) based on
frequency in the 96-substituion matrix demonstrated that substitution patterns of intestinal-
type and pancreatobiliary-type carcinomas were similar, but significantly different from
colorectal carcinomas and pancreatic carcinomas (Figure 3B). We next applied non-negative
matrix factorization (NMF) analysis to the 96-substitution patterns of ampullary carcinomas,
colorectal carcinomas and pancreatic carcinomas. We excluded hypermutated tumors in
further NMF analyses since there is a very significant difference in the mutational signatures
between hypermutated and non-hypermutated tumors (Figure S4). Based on the work of
Alexandrov et al (Alexandrov et al., 2013), and the updated COSMIC database (http://
cancer.sanger.ac.uk/cosmic/signatures), these four hypermutated tumors belong to Signature
6, one of four mutational signatures associated with defective DNA mismatch repair. After
excluding these hypermutated tumors, we identified six mutation signatures (Figure 3C).
Signature A is characterized by prominence of C>T substitutions at NpCpG trinucleotides,
and Signature B is characterized by C>T and C>G mutations at TpCpN trinucleotides.
Signature B is consistent with Signature 2 in the previous report (Alexandrov et al., 2013),
which is considered to be associated with over activity of members of the APOBEC family
of cytidine deaminases (Nik-Zainal et al., 2012). On the other hand, Signature A is
consistent with Signature 1 (Alexandrov et al., 2013), and was significantly associated with
age, tumor size and intestinal-type in the present study (Figure S4). There was a significant
correlation (Pearson’s correlation coefficient = 0.930, p = 0.0072) only between the
mutational signatures of intestinal-type and pancreatobiliary-type across four cancer types
(Figure 3D). These findings suggest that even though ampullary carcinomas can be
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classified into two histological phenotypes (intestinal-type or pancreatobiliary-type) based
on the prevalence of driver gene mutations, they can be considered as the same category of
disease from the point of view of mutational patterns and signatures.

Recurrent ELF3 Mutations and Functional Assays

In the validation screen of 172 ampullary cancers, most of the £LF3 mutations were
deleterious (16 insertions or deletions, 2 nonsense and 1 splice-site mutations), while 6 were
missense (Figure 4A and Table S7). The £LF3mutations were validated by Sanger
sequencing. These mutations were observed in intestinal-type carcinoma, 11 patients
(11.8%, 11/93); pancreatobiliary-type carcinoma, 7 patients (10.6%, 7/66); ambiguous-type
carcinoma, 3 patients (23.1%, 3/13); duodenal carcinoma, 1 patient (5.6%, 1/18) and across
racial differences: Japanese, 8 patients (11.4%, 8/70); American, 13 patients (12.7%,
13/102).

Since an immortalized normal epithelial cell line has not been established from ampullary
cells, we used an immortalized normal epithelial cell line of common bile duct origin,
designated HBDEC2-3H10 and an immortalized normal epithelial cell line of duodenal
mucosa origin, designated HDuodEC3. These lines were selected for functional analyses
because £/ F3mutations have also been observed in 7/74 (9.5%) common bile duct
carcinomas in our recent study (Nakamura et al., 2015) and 1/18 (5.6%) duodenal
carcinomas in the present study. To investigate the consequences of the loss-of-function
mutation in £LF3, three human £LF3specific small interfering RNA (siRNA)
oligonucleotides were utilized to knockdown ELF3expression in the HBDEC2-3H10 cells.
Efficient loss of £LF3was detected at both the mRNA and protein levels (Figure 4B).
Compared to HBDEC2-3H10 cells treated with negative control SiRNA (NC siRNA), £ELF3
siRNA-transfected cells (ELF3siRNA #1, #2 and #3) didn’t show any significant difference
in cellular proliferation (Figure 4C). Invasion/Migration assay using Matrigel invasion
chambers and control inserts demonstrated that invasive activities and motilities in £ELF3
knockdown cells were significantly increased compared to control cells (Figure 4C).
HDuodEC3 cells treated with £LF3siRNAs showed similar phenotypic changes in terms of
cell proliferation, invasion and motility (Figure S5). Consistent with the present data,
aggressive invasion phenotype (extended cell bodies into the Matrigel matrix) of £ELF3
knockdown cells was observed in time-lapse images of 3D cell invasion assay. Quantitative
RT-PCR analysis for the expression of matrix metalloproteinase-1 and -9 (MMP1 and
MMP9) further supported this observation, showing higher expression levels of MMP1 and
MMP9 in £LF3knockdown cells compared with control cells (Figure 4D). Knockdown of
EL F3is associated with epithelial-to-mesenchymal transition (EMT): immunofluorescence
and quantitative RT-PCR analysis showed that the expression of vimentin, which is a
mesenchymal marker of EMT and a regulator of cell migration, was increased in ELF3
knockdown cells compared with the control cells (Figures 4E and 4F). By contrast, the
expression of the epithelial marker, cytokeratin 19 (CK19), was decreased in cells with
ELF3deficiency. In addition, key regulators of EMT, such as ZEB1, ZEB2 and TWIST1,
were upregulated in £LF3knockdown cells (Figure 4E), while E-cadherin expression was
variable depending on individual siRNAs. We have performed the microarray-based
expression analysis on £LF3-knockout HBDEC2-3H10 cell lines using the CRISPR/Cas9
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system, which demonstrated that £LF3-knockout modulated key pathways typically
activated in cancer, including WNT and RTK-RAS signaling pathways (data not shown).

Whole Exome Sequencing

We also performed multi-region whole exome sequencing in an ampullary carcinoma using
the new technology (Glass Chip Macrodissection, GCM, Olympus) to understand tumor
heterogeneity and carcinogenesis of this disease. The classic intestinal ampullary carcinoma
consists of the components of low-grade intraepithelial neoplasia (intestinal-type adenoma),
high-grade intraepithelial neoplasia and invasive adenocarcinoma (Figure 5A). In this study,
five serial frozen sections were prepared and we dissected the tissue from 32 squares of 1
mm? units (thickness of 18 pm) (Figure 5B) and collected the same region from all five
sections into the same tube. The amount of gDNA was 155.0 ng per region on average
(range 69.6-242.7 ng). We excluded the two samples since the amount of DNA was less
than 100 ng (regions No.8 and No.9 in Figure 5B). We next performed whole exome
sequencing on 30 regions obtained from 30 units of the GCM, as well as from bulk tumor
tissue and the matched bulk normal duodenal tissue. We prepared the DNA libraries for
sequencing using lllumina pair-read platform, according to the manufacture’s protocol for
the preparation of gDNA libraries from 200 ng DNA samples (SureSelect Human All Exon
v4.0). Whole-exome sequencing of 30 regions yielded an average of 134X coverage with
95.4% of targeted bases covered by > 20X, while the depth in bulk tumor tissue and bulk
normal tissue was 192X and 179X, respectively. We excluded the samples from three units
since the sequencing errors or low tumor purities were suspected (regions No.21, No.31 and
No.32 in Figure 5B), leaving 27 final regions of the tumor. A total of 7,139 synonymous and
non-synonymous somatic mutations were identified in 27 regions. The number of non-
synonymous somatic mutations ranged from 95 to 113 with an average of 100.7, while the
bulk tumor tissue had 95 mutations (Table S11). We next drew a phylogenetic tree based on
the sequencing data of synonymous mutations (Figure 5C) (Saitou and Nei, 1987), which
showed widely spreading branches. Interestingly, although the regions No.2, No.6, No.20,
No.26 and No.30 were far apart on the section, they belong to the same group, probably
since these regions might be connected three-dimensionally (Figures 5C and 5E).

A proposed clonal evolution model based on the phylogenetic tree is shown in Figure 5D. In
all clones, six driver genes (‘“founder’ mutations: APC, ACVRIB, ASXL1, KRAS, SOX9
and 7GFBR?2) are mutated. Interestingly, mutations in ATM and FBXW?7, which are well-
known driver genes, were observed only in region No.27 where cancer cells start to be
invasive morphologically. These findings confirmed that parental clones have superimposed
‘progressor’ mutations associated with clonal evolution (YYachida et al., 2010). We didn’t
detect £LF3mutations in any of the regions studied in the ampullary carcinoma which was
selected for multi-region whole exome sequencing. Although the whole-exome sequencing
using the bulk tumor tissue found all of the *“founder’ driver mutations (APC, ACVRIB,
ASXL1, KRAS, SOX9and TGFBR2), ‘progressor’ mutations (A7M and FBXW?) observed
in subclones couldn’t be detected, indicating the advantage of this equipment for detecting
the subclones with different genomic features.
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DISCUSSION

This is the study of whole exome sequencing and targeted-sequencing in adenocarcinomas
of the ampulla of Vater from a large series of Japanese and American patients. We found that
the prevalence of driver gene mutations in carcinomas with the intestinal phenotype was
different from those with the pancreatobiliary phenotype; the former is similar to colorectal
carcinomas, the latter to pancreatic carcinomas. However, intestinal-type ampullary
carcinomas have some alterations that are distinct from those observed in colorectal cancers.
Furthermore, PCA and NMF analysis suggest that even though ampullary carcinomas can be
classified into two histological phenotypes based on the prevalence of driver gene mutations,
the mutational patterns and signatures are similar in intestinal- and pancreatobiliary-types,
differing from those in colorectal carcinomas and pancreatic carcinomas. These findings
suggest that the cancers were exposed to similar mutagens, or that the affected cells have
similar DNA repair processes, or both.

Genes frequently mutated in intrahepatic biliary cancers (BAP1, ARID1A, PBRM1, IDH1
and /DH2) were only rarely targeted in ampullary carcinomas (Nakamura et al., 2015;
Simbolo et al., 2014). These findings indicate that ampullary carcinoma is genetically
distinct from intrahepatic biliary carcinoma although until now the patients with ampullary
carcinoma are often treated with regimens (gemcitabine and cisplatin) designed for biliary
tract adenocarcinomas without distinction (Malka et al., 2014; Valle et al., 2010). Our
findings support both the biological and clinical significance of classifying ampullary
adenocarcinomas into two distinct phenotypes, and suggest potential subtype-specific
therapeutic strategies.

We identified the significantly mutated driver gene, ELF3, characteristic of ampullary
carcinomas. ELF3 (E74-like factor-3)/ £SE1 encodes a member of the ETS transcription
factor family that is expressed and upregulated in epithelial cancers (Chang et al., 1997).
Recently, £LF3 mutations were reported in 4 out of 100 patients of gastric cancers (Wang et
al., 2014) and 3 out of 24 cervical adenocarcinomas (Ojesina et al., 2014). In the present
study, almost all of £LF3mutations were truncating, suggesting that inactivation of this gene
could drive ampullary tumorigenesis. The ampulla of Vater sits at the intersection of
pancreatobiliary and intestinal differentiation (Gurbiiz and Kléppel, 2004), and it is therefore
of interest to note that, in the ELF3null mice model, inactivation of £LF3results in
dysmorphogenesis and altered differentiation of small intestinal epithelium (Ng et al., 2002).
EIf3 is critical for proper epithelial differentiation in pancreas as well as intestine (Kobberup
et al., 2007). Our functional analyses in normal epithelial cells demonstrated that £LF3
silencing induced EMT and enhanced matility and invasion, concomitant with upregulation
of vimentin, MMP1 and MMP9. The mechanisms of tumorigenesis by loss of £LF3are still
unclear. However, it has been reported that knockdown of EHA ESES3, which encodes a
protein with similar structural elements to EIf3 (Hollenhorst et al., 2011), induced EMT,
stem-like features, and tumor-initiating and metastatic properties in prostate epithelial cells
(Albino et al., 2012; Kar and Gutierrez-Hartmann, 2013). This suggests common tumor
suppressive properties in these structurally similar proteins. In the present study, we focused
on the effects of loss-of-functions since £LF3was mainly mutated through protein-
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truncating alterations, but the possibility of gain-of-function by some missense mutations
should be clarified in the future.

Through whole exome sequencing and subsequent targeted deep sequencing, we identified
potentially therapeutically targetable mutations in approximately half of patients with
ampullary carcinomas. The genes coding for members of the Fanconi anemia pathway
included ATM (n = 17), BRCAZ (n = 10) and PALBZ2 (n = 2). It has been reported that
adenocarcinomas with inactivating mutations in genes coding for members of this pathway
can be exquisitely sensitive to DNA cross-linking agents (Villarroel et al., 2011) and Poly
(ADP-ribose) polymerase (PARP) inhibitors (Fogelman et al., 2011). PIK3CA (n = 10),
PTEN (n =4), PIK3C2A (n = 3) and PIK3C2G (n = 3) are attractive molecular targets for
anti-cancer molecules, such as PI3BK/AKT/mTOR pathway inhibitors (Beaver et al., 2013;
Lopez-Chavez et al., 2015). In addition, BRAF (n = 16), JAK3 (n = 8) and NVFI (n = 15)
were currently in human clinical trials for BRAF inhibitors, JNK inhibitors and Hsp90
inhibitors, respectively, with promising results (Fedorenko et al., 2015; Hu-Lieskovan et al.,
2015; Springuel et al., 2014). We can speculate that ampullary carcinomas will be good
candidate for a personalized approach to therapy based on the genetic changes in these
patients’ cancers.

Recently a “big bang” model of human colorectal tumor growth was proposed (Sottoriva et
al., 2015) and it is clarified that tumor heterogeneity and clonal evolution in cancers are
complex (Waclaw et al., 2015). We conducted a multi-region exome sequencing of an
ampullary carcinoma using the new technology (GCM). This analysis demonstrated clonal
evolution during ampullary cancer progression. The clones which are located in the regions
of low-grade intraepithelial neoplasia (intestinal-type adenoma) and high-grade
intraepithelial neoplasia harbored alterations in the same six driver genes. Although the
phylogenic tree based on synonymous mutations shows wide divergence, the subclone in
region No.27 is superimposed on an accumulation of driver mutations (A7Mand FBXW/?7),
which is genetically evolved from the parental clone, and presumably acquired the capacity
to invade.

In summary, whole exome sequencing and subsequent targeted deep sequencing has led to
the identification of the tumor suppressor gene, £LF3, characteristic of ampullary
carcinomas. ELF3mutations are present in both histological phenotypes and across racial
differences.

EXPERIMENTAL PROCEDURES

Patients and Tissue Samples

The tissues and clinical information used in this study were obtained under informed consent
and approval of the institutional review boards of each institute. All tumors and
corresponding non-tumor tissues were frozen after surgical resection. We performed
macrodissection to enrich the tumor fraction relative to the dominant stromal component and
other normal cells.

Cancer Cell. Author manuscript; available in PMC 2017 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yachida et al. Page 11

Immunohistochemistry

Paraffin-embedded samples of the primary carcinomas from 172 patients were
immunostained for MUC1, MUC2, CDX2 and Cytokeratin 20 (CK20).
Immunohistochemical labeling was carried out using a Bond Max instrument (Leica
Microsystems). According to the previous paper (Ang et al., 2014), “intestinal-type” is
defined as having (1) positive staining for CK20 or CDX2 or MUC2 and negative staining
for MUC1, or (2) positive staining for CK20, CDX2, and MUC?2, irrespective of the MUC1
result; and “pancreatobiliary-type” was defined as having positive staining for MUC1 and
negative staining for CDX2 and MUC2, irrespective of CK20 results. Cases not fitting one
of these three categories are regarded as “ambiguous”.

Genome Analysis

Massively parallel sequencing exome capture was performed using Agilent SureSelect
Human All Exon Kit v4.0 according to the manufacturer’s instructions. Whole exome
sequencing was performed on the lllumina HiSeq platforms. We next selected 92 genes and
performed using a target enrichment system (HaloPlex) that differed from that in the exome
sequencing to validate significantly mutated genes. Mutation calling, processing the
significantly mutated genes and further analyses on mutational patterns and signatures are
described in Supplemental Experimental Procedures.

Somatic Copy Number Analysis

We profiled for SCNAs with Agilent CGH array, using their matched non-tumor tissues as a
copy number reference. We applied the GISTIC2.0 algorithm (Beroukhim et al., 2007) to
identify SCNAs that might be responsible for driver tumorigenesis.

Functional Analysis

We used an immortalized normal epithelial cell line of common bile duct origin, designated
HBDEC2-3H10, and an immortalized normal epithelial cell line of duodenal mucosa origin,
designated HDuodEC3. To investigate the consequences of the loss-of-function mutation in
ELF3, three human ELF3specific sSiRNA oligonucleotides were utilized to knockdown

EL F3expression in the HBDEC2-3H10 cells and HDuodEC3 cells. Biochemical assays
were performed as provided in Supplemental Experimental Procedures.

Statistical Analyses

Statistical analyses were conducted with IBM SPSS soft ware version 20. Gene with q (false
detection rate) < 0.1 was considered to be significantly mutated. Frequency distributions
were compared by 2 test. Continuous variables were compared using the Student’s #test
when the data were normally distributed or Wilcoxon signed-rank test when the data were
not normally distributed. A p value of < 0.05 was considered statistically significant. We
performed a permutation test to evaluate the similarity between genes mutated in intestinal-
type ampullary cancers and those of colorectal cancer (Comparison A) and between genes
mutated in pancreatobiliary-type ampullary cancers and those of pancreatic cancers
(Comparison B). We focused on high-ranking significantly mutated genes of APC, TP53,
KRAS and SMAD4in Comparison A, and KRAS, TP53and SMAD4 in Comparison B. The
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permutation test was based on the sum of absolute differences (SAD) in the ranks of those
genes between the two datasets in each comparison. In one permutation, we randomly
assigned ranks across significantly mutated genes, and calculated a SAD value across the
genes of interest. We repeated this permutation process for 100,000 times. We then
calculated the frequency when SAD values in permutated data were less or equal to an
observed SAD value, which was used as an empirical p value.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

The genetic landscape of ampullary carcinomas is currently poorly defined. We
established an international multicenter collaboration and conducted an in-depth analysis
of the genomic abnormalities of these carcinomas. Whole exome sequencing and
subsequent targeted deep sequencing led to the identification of a tumor suppressor gene,
ELF3, characteristic of ampullary carcinomas. In addition, potentially therapeutic
targetable mutations were identified in 51% (88/172) of the carcinomas. A difference in
the prevalence of driver gene mutations between the intestinal and pancreatobiliary
phenotypes was found. Our findings form a foundation for a personalized approach to the
treatment of patients with carcinoma of the ampulla of Vater.
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Figure 1. OncoPlot Summary of Significantly (q < 0.1) Mutated Genesin 172 Ampullary

Carcinomas (Validation Screen)

Ampullary carcinomas are immunohistchemically classified into intestinal-type or
pancreatobiliary-type (or ambiguous-type). The top bar plot shows the number of somatic
mutations among 92 genes for tumors from each case. The bottom left plot shows the
mutation count for each individual gene. The bottom right bar plot shows the significance of
each gene on —logqg (g) values. MS, missense mutation; NS, nonsense mutation; ESS,
essential splice-site mutation (the first or last 2 bp of an intron); FS indel, frameshift
insertion or deletion; IF indel, in-frame insertion or deletion.

See also Figure S2 and Tables S2, S5, and S10.
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Figure 2. Diversity and Frequency of Genetic Changes L eading to Deregulation of Signaling

Pathwaysin Ampullary Carcinomas

Mutation frequencies are expressed as a percentage of cases analyzed in the validation
screen: intestinal-type, n = 93; pancreatobiliary-type, n = 66. Frequencies of high-level focal
amplifications and deletions are expressed as a percentage of cases analyzed in the discovery
screen: intestinal-type, n = 32; pancreatobiliary-type, n = 23. Red denotes activated genes

and blue denotes inactivated genes.
See also Figure S3 and Table S9.
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Intestinal-type vs. Pancreatobiliary-type 0.33
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Pancreatobiliary-type vs. Colorectum 6.2e-8
Pancreatobiliary-type vs. Pancreas 0.0032
Colorectum vs. Pancreas 4.3e-7

(A) Each signature is displayed according to the 96-substitution classification defined by the
substitution class and sequence context immediately 5" and 3" to the mutated base. The top
legend shows the bases immediately 5" and 3" to each substitution. The y axis indicates the
frequency of the 96-substitution patterns. Mutational data of individual patients with
colorectal carcinomas or pancreatic carcinomas were obtained from mutational catalogues of
ICGC (International Cancer Genome Consortium). They were mixed with mutational data of
patients with ampullary carcinomas and we re-analyzed all of these data together.
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(B) Principal component analysis (PCA) of somatic substitution patterns in individual
patients with intestinal-type ampullary carcinoma, pancreatobiliary-type ampullary
carcinoma, colorectal cancer or pancreatic cancer. The composition of substitution patterns
was statistically significantly different among types of cancer excluding intestinal-type
ampullary carcinoma versus pancreatobiliary-type ampullary carcinoma. P values were
shown in the box.

(C) Non-negative matrix factorization (NMF) analysis to the 96-substitution patterns of
ampullary carcinomas, colorectal carcinomas and pancreatic carcinomas identifies six
mutational signatures.

(D) Contribution of the six mutational signatures to intestinal-type ampullary carcinoma,
pancreatobiliary-type ampullary carcinoma, colorectal cancer and pancreatic cancer. The y
axis indicates the percentage of mutations comprised in each signature.

See also Figure S4.
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Figure 4. Recurrent ELF3 Mutationsand Functional Assays
(A) Recurrent somatic mutations of £LF3in 21 ampullary carcinomas and one duodenal

carcinoma. ELF3is shown in the context of the protein domain model derived from UniProt
and Pfam annotations. Numbers refer to amino acid residues. Each inverted triangle
represents an individual mutated tumor sample: frameshift, nonsense, splice-site, missense
and in-flame mutations are represented by filled red, yellow, green, blue and pink inverted
triangles, respectively. Domains are depicted with various colors with an appropriate key
located below the domain model.

(B) Representative western blot for the expression of EIf3 in HBDEC2-3H10 cells treated
with the specific SIRNA (ELF3siRNA #1, #2 and #3) and negative control siRNA (NC
siRNA). Quantitative RT-PCR analysis for the expression of ELF3in control and £LF3
knockdown cells. Total RNA was prepared 72 hr after transfection (mean £ SEM n = 4 per
group, **p < 0.01 versus NC siRNA).

(C) Cellular proliferation and invasion/migration assays with control and £LF3knockdown
cells. Cell growth was measured for 1, 2, 3 and 4 days and performed in triplicate (mean +
SEM). Cell invasion and migration were measured for 24 and 48 hr and performed in three
times (mean = SD, *p < 0.05 versus 24 hr NC siRNA, **p < 0.01 versus 24 hr NC

SIRNA, #p < 0.05 versus 48 hr NC siRNA, #p < 0.01 versus 48 hr NC siRNA).

(D) Quantitative RT-PCR analysis for the expression of MMP1 and MMP9 in control and
ELF3knockdown cells. Total RNA was prepared 72 hr after transfection (mean + SEM, n =
4 per group, **p < 0.01 versus NC siRNA).
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(E) Expression of vimentin, CK19, ZEB1, ZEB2 and TWIST1 in control and ELF3
knockdown cells determined by quantitative RT-PCR analysis (mean £ SEM, n = 4 per
group, **p < 0.01 versus NC siRNA).

(F) Immunofluorescence analysis for the expression of vimentin in control and £LF3
knockdown cells. Hoechst staining (blue) identifies the nuclei of all cells in the field. Scale
bars = 50 pm.

See also Figure S5 and Tables S4, S7 and S8.
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Figure 5. Geographic Mapping of Subclones Based on Multi-region Exome Sequencing and
Proposed Clonal Evolution of an Ampullary Carinoma with Low-grade and High-grade
Intraepithelial Neoplasias

(A) Histology of a sample consisting of the components of low-grade intraepithelial

neoplasia (Intestinal-type adenoma), high-grade intraepithelial neoplasia and invasive
carcinoma (hematoxylin and eosin stain).

(B) A whole section was broken up into 32 squares of 1 mm? units (thickness, 18 um) by
Glass Chip Macrodissection (GCM) technology and was dissected. Genomic DNA (gDNA)
was individually extracted from the same compartment using the five serial sections and
subjected to Agilent SureSelect Human All Exon v4.0 based hybrid selection followed by
exome library construction for lllumina sequencing.

(C) Phylogenetic tree was drawn based on the sequencing data of synonymous mutations.
(D) Proposed clonal evolution model based on the phylogenetic tree during tumor
progression. Cancer driver genes reported in COSMIC are represented. The mutations of the
cancer driver genes, ATMand FBXW?7 are observed only in region No.27 where cancer cells
start to be invasive morphologically. Gray circles indicate predicted subclones based on the
phylogenetic tree.

(E) Sections are colored, corresponding to the colors of the phylogenetic tree in (C) and (D).
See also Table S11.
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Table 1

Clinocopathlogical Features of Intestinal-type Carcinomas and Pancreatobiliary-type Carcinomas

Variable Intestinal-type (n =93)  Pancreatobiliary-type (n =66) p value
Gender 0.6004
Female 37 (39.8%) 29 (43.9%)
Male 56 (60.2%) 37 (56.1%)
Age (years) 0.7843
Mean 67.8 67.4
Median 69 68
Range 20-88 34-84
T-factor <0.0001
Tis 19 (20.4%) 0
1 15 (16.1%) 1 (5.5%)
2 34 (36.6%) 17 (25.6%)
3 16 (17.2%) 41 (62.1%)
4 9 (9.7%) 7 (10.6%)
N-factor <0.0001
0 59 (63.4%) 19 (28.8%)
1 34 (36.6%) 47 (71.2%)
Tumor size (mm) 0.0387
Mean 27.4 225
Range 5-165 8-45
Tumor differentiation
Well 34 (36.6%) 8 (12.1%)
Moderately 31 (33.3%) 35 (53.0%)
Poorly 21 (22.6%) 22 (33.3%)
Papillary 4 (3.3%) 1(1.5%)
Others 3(3.2%) 0
Nationality
Japanese 43 (46.2%) 24 (36.4%)
American 50 (53.8%) 42 (63.6%)
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Mutation Frequencies of Significantly Mutated Genes in Intestinal-type Ampullary Carcinomas versus

Table 3

Colorectal Carcinomas and Pancreatobiliary-type Carcinomas versus Pancreatic Carcinomas

Page 26

Pancreatic

Intestinal-type ampullary carcinomas  Colorectal carcinomas (TCGA) Pancreatobiliary-type ampullary carcinomas ((:grl;'nnlgwaef‘

al., 2012)

1 APC (50%) APC (81%) KRAS (68%) KRAS (99%)
2 TP53 (46%) TP53 (60%) TP53 (67%) 7P53 (33%)
3 KRAS (39%) KRAS (43%) SMAD4 (20%) SMAD4 (16%)
4 CTNNBI (26%) TTN (31%) CTNNBI (15%) MLL3(1%)
5 ARID2 (18%) PIK3CA (18%) ERBB3 (14%) ATM (5%)
6 ERBBZ2 (14%) FBXW?7 (11%) GNAS (12%) NALCN (5%)
7 ACVR2A (13%) SMAD4 (10%) CDH10(12%) ARIDI1A (4%)
8 SMAD4 (13%) NRAS (9%) ELF3(11%) SF3B1 (4%)
9 GNAS (13%) TCF7L2(9%) CDKNZA (9%) TGFBR2 (A%)
10 SOX9 (13%) FAMI123B (1%) ARID2 (3%)
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