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PURPOSE Periampullary adenocarcinomas encompass a heterogeneous group of tumors with dismal prognosis
and limited treatment options. Emerging evidence shows that tumor morphology (ie, intestinal type [I-typel or
pancreatobiliary type [PB-typel) is a more relevant prognostic factor than tumor origin. Knowledge is sparse,
however, on whether key mutations differ according to morphology.

MATERIALS AND METHODS Next-generation sequencing was applied to assess the mutational status of 70 genes
in 102 tumors from a retrospective cohort of 175 patients with resected periampullary adenocarcinoma.
Brahma-related gene 1 protein expression was examined by immunohistochemistry on tissue microarrays with
primary tumors from the original cohort.

RESULTS APC mutations were significantly more common in I-type than in PB-type tumors (27.5% v 0%;
P < .001), as were ERBB3 mutations (20.8% v4.8%; P=.016), whereas CDKN2A mutations were more
common in PB-type than in I-type tumors (19.4% v2.5%; P=.013). KRAS mutation was an independent
factor of poor prognosis in I-type tumors (hazard ratio, 3.73; 95% ClI, 1.10 to 12.67). In PB-type tumors,
SMARCA4 mutation was an adverse prognostic factor in patients not receiving adjuvant chemotherapy,
and there was a significant treatment interaction between expression of Brahma-related gene 1 protein, the
protein encoded by SMARCA4, and adjuvant chemotherapy (Piteraction = -007).

CONCLUSION To our knowledge, this is the first description of the mutational landscape in the full spectrum of
periampullary adenocarcinoma that demonstrates that the distribution and prognostic and predictive signifi-
cance of commonly mutated genes differ by morphology. The results emphasize that morphology is an important
factor to consider in the search for novel biomarkers and targeted personalized treatment of these patients. In
addition, the findings support the concept that molecular profiling of these tumors could be of clinical benefit.
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INTRODUCTION

Periampullary adenocarcinoma is a collective term for
tumors arising in the area surrounding the ampulla of
Vater, including the head of the pancreas, the duo-
denum, and the common bile duct. A morphologic
classification into intestinal type (I-type) and pan-
creatobiliary type (PB-type) has been shown to provide
better prognostic information than anatomic origin,
with the former having a more favorable clinical out-
come.® Although a plethora of mutations has been
documented in pancreatic cancer,*’ the mutational

adenocarcinomas, including pancreatic cancer, to
enable a better patient stratification and identify po-
tential responders to targeted therapies. The aim of
this study was therefore to map mutations in common
cancer-associated genes in tumors from a clinically
well-characterized retrospective cohort of patients with
resected periampullary adenocarcinoma, with partic-
ular reference to morphology and clinical outcome.

MATERIALS AND METHODS
Study Cohort

landscape of other periampullary cancers has been
less studied. No targeted therapies have proven to be
efficient, and adjuvant chemotherapy therefore re-
mains standard of care after resection of these tumors.
Hence, there is evident need for additional studies on
the distribution and clinical significance of the mu-
tational landscape in the full range of periampullary

The original study cohort is a retrospective consecutive
series consisting of primary tumors from 175 incident
cases of periampullary adenocarcinoma.®® The patients
underwent pancreaticoduodenectomy at the University
Hospitals of Lund and Malmo from January 1, 2001 to
December 31, 2011. Follow-up started at the date
of surgery and ended at death, or on March 31, 2017,
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CONTEXT

* To what extent does morphology influence the mutational landscape in periampullary adenocarcinomas, and can we find
novel prognostic and predictive biomarkers that differ by morphology, so as to better characterize this heterogeneous group
of tumors in a clinical context?

* The results presented here demonstrate that the distribution and prognostic impact of mutations in key genes indeed differ
according to morphology and that emphasis on morphology rather than anatomy is of importance. Of particular potential
clinical relevance are the findings that assessment of KRAS mutation may add value to prognostication of patients with
intestinal type tumors and that SMARCA4/BRG1 expression may be of use as a predictive biomarker for patients with
pancreatobiliary-type tumors receiving chemotherapy.

¢ Thus, this study further underlines that molecular profiling in combination with assessment of tumor morphology may be
a useful tool for improved treatment stratification of patients with adenocarcinoma in the periampullary region.

whichever came first. The Swedish National Civil Register
was used to obtain information on vital status. Data on
adjuvant treatment were obtained from patient charts. All
cases underwent thorough histopathological revaluation.
The anatomic site of origin of the tumors was 14 duodenal,
70ampullary, 45 distal bile duct, and 46 pancreatic, whereof
65 tumors were classified as intestinal type (I-type) and 110
as pancreatobiliary type (PB-type).

Ethics Approval and Consent to Participate

All national and European Union regulations and re-
quirements for handling human samples have been fully
complied with during the conduct of this study, ie, decision
number 1110/94/EC of the European Parliament and of the
Council (OJL126 18,5,94), the Helsinki Declaration on
ethical principles for medical research involving human
subjects, and the European Union Council Convention on
human rights and biomedicine. Approval for the study was
obtained from the ethics committee of Lund University
(reference number 445/07), whereby the committee waived
the need for consent other than the option to opt ;out.

Next-Generation Sequencing

Tissue cores of 1-mm diameter were taken from tumor
cell-enriched formalin-fixed paraffin-embedded tissue.
DNA extraction was performed using the Qiagen GeneRead
(Qiagen, Hilden, Germany) kit for formalin-fixed paraffin-
embedded tissue according to the manufacturer's in-
structions. In total, 102 (58.3%) cases had a sufficient
number of tumor cells for analysis. The anatomic site of
origin of these tumors was 10 duodenal, 42 ampullary, 30
distal bile duct, and 20 pancreatic. Forty-one (39.8%) were
classified as I-type and 62 (60.2%) as PB-type.

A panel of 70 cancer-associated genes was put together for
this study and characterized using lllumina TruSeq custom
amplicon assay (lllumina, San Diego, CA) with a MiSeq
instrument according to manufacturer’s instructions. The
gene panel was selected to include known cancer-
associated genes and is detailed in the Data Supple-
ment. The panel was designed to be bidirectional and to
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target the most cancer-relevant parts of the selected genes.
Only exon parts of the aforementioned genes were se-
quenced. Alignment, quality filtering, variant calling, and
variant annotation were performed using the supplier's
standard analysis pipeline (lllumina, San Diego, CA). Only
nonsynonymous variants with variant frequency of 4% or
more were not included. Detected mutations were
screened against the COSMIC and ExAC databases, to filter
single-nucleotide polymorphisms commonly reported in
different populations.

Immunohistochemical Analysis of Brahma-Related Gene
1 Protein Expression

For immunohistochemical analysis of Brahma-related
gene 1 (BRG1) protein expression, 4-um tissue microarray
sections were automatically pretreated in the PT-link
system (Dako, Glostrup, Denmark) and stained in an auto-
mated immunostainer (Autostainer Plus, Dako) using the
Dako EnVision FLEX+ Detection System, Peroxidase/DAB,
Rabbit/Mouse with the monoclonal anti-BRG1 antibody clone
G-7 (Santa Cruz Biotechnology, Dallas, TX), diluted 1:25.

BRG1 was expressed in the tumor cell nuclei and presentin
the majority of tumor cells in positive cases. Therefore, only
the intensity was annotated as O = negative, 1 = weak, 2 =
moderate, and 3 = strong. Each tissue microarray core was
evaluated separately, and the lowest and highest scores
were denoted for each case. For the statistical analyses,
a total score (O to 6) was calculated from the sum of the
lowest and highest scores. On the basis of visual inspection
of Kaplan-Meier curves for the entire cohort and in strata
according to morphology and adjuvant treatment, the total
score was dichotomized into low (O or 1) versus high (> 1)
BRG1I staining.

Statistical Analyses, Data Processing, and Data
Availability Statement

The y? test was applied to compare the distribution of
clinicopathological factors in cases with information on
mutational status and cases without information. Classifi-
cation and regression tree analysis was applied to find an
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optimal prognostic cutoff for mutation burden. Kaplan-
Meier analysis log-rank test was applied to illustrate any
difference in 5-year overall survival (OS), and Cox re-
gression proportional hazard models were used to estimate
hazard ratios (HRs) for death within 5 years in both uni-
variable and multivariable analysis. Multivariable Cox re-
gression included adjustment for age (continuous), T-stage
(T1 or T2 v T3 or T4), N-stage (negative v positive nodal
status), grade (well to moderate v poor), morphology (I-type
v PB-type) in the entire cohort, adjuvant chemotherapy
(none v any), invasion into vascular and lymphatic struc-
tures, and perineural growth. The proportional hazard (PH)
assumption was tested using Cox regression with a time-
dependent covariate analysis, whereby the PH assumption
was considered to be satisfied when the factor x time in-
teraction was nonsignificant. The PH assumption was also
evaluated graphically using log-minus-log plots. In the
entire cohort, three cases were excluded in the survival
analyses: one patient with a PB-type tumor who was lost to
follow-up because of emigration, and two patients with
I-type tumors who died as a result of complications from the
initial surgical treatment. In the group with information on
mutational status, one patient who died as a result of
complications from surgery was censored. Two additional
patients with PB-type tumors having received neoadjuvant
chemotherapy were excluded from the survival analyses
related to BRG1 expression. To estimate the interaction
effect between adjuvant treatment and selected bio-
markers, the following interaction variable was constructed:
any adjuvant treatment (+/-) x biomarker (+/-). Genes that
were mutated in less than 10% of the cases were excluded
from the survival analyses to obtain reasonable statistical
power. All calculations were performed with SPSS version
24.0 (SPSS, Chicago, IL). OncoPrinter at cBioPortal (http:/
www.cbioportal.org/) was used to illustrate the data with
heat maps.t®!! All statistical tests were two-sided, and
P-values < 0.05 were considered significant. All data
generated or analyzed during this study are included in this
published article (Data Supplement).

RESULTS
Distribution of Mutations According to Morphologic Type

There were no significant differences in the distribution of
clinicopathological characteristics between cases with
known and unknown mutational status (Data Supplement).
The frequency of mutations according to morphologic type
is shown in Figure 1 and further outlined in the Data
Supplement. In the entire cohort, only nine out of 70 genes
were mutated in more than 10% of the cases; the most
common were TP53 (n = 51; 50.0%) and KRAS (n = 47,
46.1%). APC mutations were significantly more common
in I-type compared to PB-type tumors (27.5% v 0%;
P < .001), and CDKNZ2A mutations were significantly
more common in PB-type compared to |-type tumors
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(19.4% v2.5%; P=.013). Furthermore, ERBB3 mutations
were more frequent in I-type compared with PB-type tumors
(20.0% v4.8%; P=.016). Human epidermal growth factor
receptor 3 (HER3) protein overexpression has previously
also been found to be significantly more frequent in I-type
compared with PB-type tumors,® but there was no signif-
icant association between HER3 expression and ERBB3
mutational status (P = .67). The frequency of mutations
according to anatomic origin is shown in the Data Supplement.

Prognostic Impact of the Most Frequent Mutations

Kaplan-Meier analyses demonstrate a significantly pro-
longed OS for patients with |-type compared with patients
with PB-type tumors (Data Supplement). When stratifying
for anatomic origin, the survival curves cluster into two
groups concordant with morphology (Data Supplement).

Of the nine most frequently mutated genes outlined above,
only APC, ERBB3, KRAS, and SMARCA4 were shown to
confer a prognostic value, depending on the context. Both
APC and ERBB3 mutations were significantly associated
with a prolonged OS in the entire cohort in univariable, but
not in multivariable, analysis (HR, 0.30; 95% Cl, 0.11 to O.
82;and HR, 0.34;95% Cl, 0.12t0 0.92, respectively). APC
mutation was not prognostic in I-type tumors (data not
shown), and ERBB3 mutation was not prognostic in ana-
lyses stratified for morphology (data not shown).

KRAS mutation was the strongest predictor of survival, as
visualized in Figure 2. KRAS mutation was significantly
associated with a reduced OS in the entire cohort (P=.029;
Fig 2A). This association was confirmed in univariable Cox
regression analysis (HR, 1.68; 95% Cl, 1.05 to 2.68) and
remained significant in multivariable analysis (HR, 1.67;
95% Cl, 1.01 10 2.73). KRAS mutation was also a significant
factor for reduced OS in I-type tumors (P = .018; Fig 2B),
but not in PB-type tumors (Fig 2C). This association was
confirmed in univariable Cox regression analysis (HR, 3.00;
95% Cl, 1.16 to 7.52) and remained significant in multi-
variable analysis (HR, 3.73; 95% Cl, 1.10 to 12.67). When
stratifying for ampullary origin, KRAS mutation remained
a prognostic factor in I-type tumors (P = 0.033; Fig 2D) but
was not prognostic in PB-type tumors (Fig 2E). This as-
sociation was confirmed in univariable Cox regression
analysis (HR, 3.06; 95% CI, 1.04 to 9.00) and remained
significant in multivariable analysis (HR, 7.76; 95% Cl,
1.37 to 43.95).

SMARCA4 mutation was not prognostic in the entire cohort
or in strata according to morphology (data not shown).
However, as shown in Figure 3, SMARCA4 mutation was
significantly associated with a shorter OS in patients with
PB-type tumors who did not receive adjuvant chemo-
therapy (P = .050; Fig 3A), but there was no significant
interaction between SMARCA4 mutation and adjuvant
treatment. SMARCA4 mutation was not prognostic in pa-
tients with PB-type tumors who received adjuvant che-
motherapy (Fig 3B), and the prognostic value of SMARCA4


http://www.cbioportal.org/
http://www.cbioportal.org/

Lundgren et al

Intestinal type Pancreatobiliary type
TP53 43% IR TP53 55% [
KRAS 43% M m— I— KRAS 48Y% — — ——
0,
RNF43 15% [ I | | - RNF43 13% B - -
SMAD4 13% = .
SMAD4 15% | | [ | |
SMARCA4 10% u® & L] L]
SMARCA4 15% W | [ | [ | |
CDKN2A 3%
% | | | | |
APC 28% | 8 imn . CDKN2A 19%
ERBB3 20% 181 = & [ ERBB3 5% i . .
NF1 10% =§ [ | (] NF1 11% aEE B | ]
Genetic alteration No alterations M Truncating mutation [l In-frame mutation [l Missense mutation

FIG 1. The frequency and type of mutations by morphologic type. Heat maps illustrate the frequency and type of mutations in intestinal-type and
pancreatobiliary-type tumors. The genetic alterations were classified as either truncating, missense, or in-frame mutations.

mutation did not differ according to adjuvant chemotherapy
in I-type tumors (data not shown). Given the potential re-
lationship of SMARCA4 mutation with chemotherapy seen
in PB-type tumors, we proceeded to examine the prog-
nostic value of immunohistochemical expression of BRG1,
the protein encoded by the SMARCA4 gene, in tissue
microarrays with samples from primary tumors (n = 175)
from the original cohort.® In all, BRG1 expression could be
evaluated in 170 (97.1%) cases. Sample immunohisto-
chemical images are shown in Figure 3C. In the entire
cohort, high BRG1 expression was an adverse prognostic
factor in patients not receiving adjuvant chemotherapy but
was not prognostic in patients receiving adjuvant chemo-
therapy (data not shown). Subgroup analysis revealed that
BRG1 was only prognostic in PB-type tumors, depending
on adjuvant chemotherapy (Figs 3D and 3E), and there was
a significant interaction between BRG1 expression (O or
1 v> 1) and adjuvant treatment in PB-type tumors (P for
interaction = .007). BRG1 was not prognostic in I-type
tumors overall or in strata according to chemotherapy (data
not shown). BRG1 expression was significantly higher in
PB-type, but not in I-type, tumors harboring SMARCA4
mutations compared with wild type. The mutational burden
of the analyzed genes did not differ significantly between
I-type and PB-type tumors (P = .577) and was not prog-
nostic in the whole cohort or stratified for morphologic type.

DISCUSSION

Morphology is emerging as an important prognostic factor
in periampullary adenocarcinoma,? and to our knowledge,
this is the first study to comprehensively map common
cancer-associated mutations in the full range of peri-
ampullary adenocarcinoma, with particular reference to
morphology. Herein, we describe that the pattern of the
mutational status, such as CDKN2A and APC mutations, of

4 © 2019 by American Society of Clinical Oncology

periampullary adenocarcinomas differs by morphologic
subtype. These findings are in line with a study on 112
cancers of ampullary origin, demonstrating that the mu-
tational spectrum in I-type tumors resembles that of co-
lorectal cancer, and the mutational spectrum in PB-type
tumors resembles that of pancreatic cancer.!? In the
current study, mutations in APC but not in CDKN2A were
found to be prognostic. Given that no PB-type tumors
harbored APC mutations, it is plausible to assume that the
link between these mutations and a favorable outcome in
the entire cohort is mainly due to their association with
I-type morphology. The same line of reasoning applies to
the association between ERBB3 mutations, being more
prevalent in I-type tumors, and a prolonged survival in the
entire cohort. Adding to this, there was no significant as-
sociation between HER3 expression and ERBB3 muta-
tional status, and the clinical utility of assessment of ERBB3
mutation status for prognostication purposes needs addi-
tional validation.

KRAS mutation was found to signify a significantly shorter
survival in patients with I-type tumors, also when adjusted
for established clinical factors, whereas patients with
KRAS wild-type I-type tumors could indeed be classified
as long-term survivors. Two other studies have demon-
strated KRAS mutations to be associated with poor
prognosis in ampullary cancer;**!* however, none of
these considered tumor morphology. As of yet, epidermal
growth factor receptor (EGFR) inhibition has not shown
clinical efficacy in pancreatic cancer,'® but no study has
investigated the efficacy of EGFR inhibitors in peri-
ampullary adenocarcinoma in relation to morphology.
Although none of the patients in this study had received
EGFR-inhibiting treatment, the findings indicate that some
RAS wild-type periampullary cancers of I-type may indeed
benefit from such treatment. Furthermore, the findings
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highlight a pressing need to identify optimized and in-
dividualized treatment protocols for patients with these
tumors according to morphology and mutational status
and that molecular profiling of these tumors may be of
clinical benefit.
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The only gene mutation for which the prognostic significance
was found to differ by adjuvant treatment was SMARCA4,
where a significant association was observed between
SMARCA4 mutation and reduced survival in patients with
PB-type tumors not having received adjuvant treatment.
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Despite the lack of a significant interaction between SMARCA4
mutation and adjuvant treatment, this observation led us to
further explore the expression and prognostic value of BRGI,
the protein encoded by SMARCA4, in tumors from the full study
cohort. BRG1 was found to be an adverse factor in patients who
did not receive adjuvant chemotherapy and, in addition, there
was a significant interaction with adjuvant chemotherapy in PB-
type tumors. BRG1 is an ATP-dependent chromatin remod-
eling protein*® that has been sparsely studied in periampullary
cancer. One study on pancreatic cancer (n = 68) failed to
demonstrate an association between BRG1 expression and
gemcitabine response or survival,'” but the finding of a po-
tential predictive role for SMARCA4/BRG1 in the current
study merits further validation in additional patient cohorts.
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