Genomic Landscape of Appendiceal
Neoplasms

Celina S.-P. Ang
John Paul Shen

Camille J. Hardy-
Abeloos

Justin K. Huang
Jeffrey S. Ross
Vincent A. Miller
Miriam T. Jacobs
Ingrid L. Chen
David Xu

Siraj M. Ali

Joel Baumgartner
Andrew Lowy
Paul Fanta

Trey Ideker
Sherri Z. Millis

Olivier Harismendy

Author affiliations and
support information (if
applicable) appear at the
end of this article.
C.S.PA.,,J.PS., S.Z.M.,
and O.H. contributed
equally to this work.
Corresponding author:
John Paul Shen, MD,
9500 Gilman Dr, San

Diego, CA 92101; e-mail:

jpshen@ucsd.edu.

Purpose Appendiceal neoplasms are heterogeneous and are often treated with chemo-
therapy similarly to colorectal cancer (CRC). Genomic profiling was performed on 703
appendiceal cancer specimens to compare the mutation profiles of appendiceal subtypes
to CRC and other cancers, with the ultimate aim to identify potential biomarkers and
novel therapeutic targets.

Methods Tumor specimens were submitted to a Clinical Laboratory Improve-
ment Amendments—certified laboratory (Foundation Medicine, Cambridge, MA) for
hybrid-capture-based sequencing of 3,769 exons from 315 cancer-related genes and 47
introns of 28 genes commonly rearranged in cancer. Interactions between genotype,
histologic subtype, treatment, and overall survival (OS) were analyzed in a clinically
annotated subset of 76 cases.

Results There were five major histopathologic subtypes: mucinous adenocarcinomas
(46%), adenocarcinomas (30%), goblet cell carcinoids (12%), pseudomyxoma peritonei
(7.7%), and signet ring cell carcinomas (5.2%). KRAS (35% to 81%) and GNAS (8% to
72%) were the most frequent alterations in epithelial cancers; APC and TP53 mutations
were significantly less frequent in appendiceal cancers relative to CRC. Low-grade and
high-grade tumors were enriched for GNAS and TP53 mutations, respectively (both
%* P < .001). GNAS and TP53 were mutually exclusive (Bonferroni corrected P < .001).
Tumor grade and TP53 mutation status independently predicted OS. The mutation status
of GNAS and TPS53 strongly predicted OS (median, 37.1 months for TP53 mutant v 75.8
GNAS-TP53 wild type v 115.5 GNAS mutant; log-rank P = .0031) and performed as well
as grade in risk stratifying patients.

Conclusion Epithelial appendiceal cancers and goblet cell carcinoids show differences in
KRAS and GNAS mutation frequencies and have mutation profiles distinct from CRC.
This study highlights the benefit of performing molecular profiling on rare tumors to
identify prognostic and predictive biomarkers and new therapeutic targets.
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INTRODUCTION chemotherapy (HIPEC).? However, there is no

standard of care for the systemic treatment of

The rarity of appendiceal neoplasms has made it advanced, unresectable disease.

difficult to conduct prospective or randomized

clinical trials to guide therapy for these tumors.
The small number of appendiceal tumors that
are detected, in many cases as an incidental
finding in < 1% of appendectomy specimens,’
comprise multiple histopathologic subtypes,
including noninvasive mucinous neoplasms,
mucinous and nonmucinous adenocarcinomas,
carcinoids, goblet cell carcinoids (GCCs, now
also called goblet cell tumors), and signet ring
cell carcinomas.” Early-stage cancers can be
treated definitively with surgery, and selected
patients derive long-term benefit from cyto-
reductive surgery and heated intraperitoneal

© 2018 by American Society of Clinical Oncology

In the absence of randomized phase III data, the
majority of medical oncologists use colorectal
cancer (CRC) chemotherapy regimens for the
treatment of unresectable epithelial appendiceal
neoplasms, as is currently recommended by the
National Comprehensive Cancer Network guide-
lines. Support for the use of fluoropyrimidine-
based combinations with platinum agents or
mitomycin-C comes from retrospective single-
institution reviews, case reports, and single-arm
prospective studies.*” Although there are reports
of similar response and survival outcomes for
contemporary regimens, including infusional
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Table 1. Clinical and Demographic Patient Characteristics by Subtype

Median Age  Sex Ratio M:F
Subtype No. (years) (%)
Mucinous adenocarcinoma 320 54 43:57
Adenocarcinoma 208 56 42:58
Goblet cell carcinoid 84 54 36:64
Pseudomyxoma peritonei 54 54 46:54
Signet ring carcinoma 37 56 49:51

fluorouracil, leucovorin, and oxaliplatin; fluoro-
uracil, leucovorin, and irinotecan; and targeted
agents in appendiceal adenocarcinomas com-
pared with CRC,*’ it is known that appendiceal
neoplasms have a better prognosis after cytore-
ductive surgery with HIPEC treatment.'” There
is also a growing body of data showing that
there are clear molecular differences between
appendiceal and colorectal cancers.!'""* Here
we present a cohort of 703 molecularly profiled
appendiceal neoplasms, the largest such cohort
to date in this rare disease. Comparing the muta-
tional landscapes across histologic subtypes we
find significant differences in KRAS, GNAS,
and FAT3 mutation prevalence and confirm that
mutational profiles of appendiceal neoplasms
are distinct from CRC and other GI cancers.
In addition, we identify that patients can be risk
stratified using the combined mutation status of
GNAS and TP53 and that outcomes are favor-
able for patients with KRAS wild-type disease

when treated with irinotecan.

RESULTS

Mutation Landscape of Appendiceal
Neoplasms

The 703 cases were categorized into four differ-
ent histopathological subtypes consistent with
the recently updated consensus classification
from the Peritoneal Surface Oncology Group
International; in addition, cases of pseudomyx-
oma peritonei (PMP) were included, because this
syndrome usually arises from the appendix.’ The
majority were either mucinous adenocarcinomas
(MAd, 46%) or adenocarcinomas (Ad, 30%),
with the rest being GCCs (12%), PMPs (7.7%),
or signet ring cell carcinoma (SRCC, 5.3%;
Appendix; Table 1). The majority of specimens
submitted for sequencing came from intraperito-
neal metastatic deposits, although there were also
primary appendiceal tumors and a small num-
ber of lung, liver, and bone metastases (Fig 1A).

Mutation analysis revealed KRAS to be the most
frequently mutated gene in MAd (77%), Ad
(56%), and PMP (81%) and the second most
frequently mutated gene in SRCC (35%). In
contrast, KRAS mutations were significantly
less frequent in GCCs (13%; x* P < .001), where
TP53 (33%) was the most frequently mutated
gene (Fig 1B; Appendix Fig A1A). GNAS muta-
tions were the second most frequent alteration
in MAds (52%) and PMP (72%) and third most
frequent in Ad (25%). GNAS mutations were
significantly less frequent in SRCC (8%) and
GCC (6%) compared with the rest of the cohort
(x> P < .001). TP53 mutations were most com-
mon in Ads (47%) and SRCCs (43%), slightly
less common in MAds (33%) and GCCs (33%),
and significantly less common in PMP (7%;
x> P < .001). Mutations in KRAS were almost
exclusively at codon 12, and GNAS mutations
at codon 201, consistent with gain-of-function,
whereas mutations in TP53 were spread across
the gene and included many frameshift muta-
tions, consistent with loss of function (Appen-
dix Figs AIB-A1D).” FAT3 mutations were
significantly more frequent in GCCs (17%;
12 P<.001). BRAF, BRCAI, CDKN1B, CDKN2A,
MYC, PTEN, and TGFBR2 mutations were
present in < 10% of cases across all subtypes
(Table 2). Given its unique mutation profile rel-
ative to the other histologies, GCCs were excluded
from comutation and mutual exclusivity analy-
sis. GNAS and KRAS were the only gene pair
significantly comutated (odds ratio, 6.8; Bonfer-
roni corrected P = 8.6x10"7); GNAS and TP53
were the only gene pair significantly mutually
exclusive (odds ratio, 0.20; Bonferroni corrected
P =6.7x10"5; Fig 1C; Data Supplement).

Pathway-Based Analysis of Mutation
Profiles

Genetic aberrations were subsequently grouped
by signaling pathway (Appendix Table Al).
Components of the RAS/RAF signaling path-
way (ie, BRAF, HRAS, KRAS, and NRAS) were
the most frequently altered genes in epithelial
appendix cancers, occurring in > 80% of MAds
and PMPs, 60% of Ads, but only 33% of GCCs
(¢* P < .001; Fig 1D). Alterations in homologous
recombination deficiency genes were observed
in > 50% of all subtypes but were most prevalent
in SRCC (80%)
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Fig 1. Genomic profiles of appendiceal tumors. (A) Distribution of tissue site submitted for sequencing. (B) Frequency of mutation for selected
genes, separated by histologic subtype. (C) Comutation plot from targeted sequencing of 703 appendix cancer tumors. A selection of genes relevant
to the disease is represented. (D) Frequency of alteration for specific pathways. Ad, adenocarcinoma; GCC, goblet cell carcinoid; MAd, mucinous
adenocarcinoma; PMP, pseudomyxoma peritonei; SRCC, signet ring cell carcinoma.
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Table 2. Comparison of Mutation Frequencies of Key Genes in Appendiceal, Pancreatic, and Colorectal Cancer

Neuroendocrine

Gene MAd Ad PMP SRCC CRC PDAC GCC Pancreas
KRAS 77 56 81 35 51 87 13 9
GNAS 52 25 72 8 6 9 6 2
SMAD4 23 18 11 30 16 28 19 3
APC 6 17 2 11 78 5 2 3
ARID1A4 8 11 6 3 7 12 15 5
TP53 33 47 7 43 75 71 33 23
RBI 2 3 0 0 1 2 4 11
ERBB2 3 3 4 5 5 3 2 1
MSI-H 1.4 3.2 0.0 3.2 5.0 1.0 2.8
> 20 mutations/mB 1.3 3.4 0.0 2.7 6.0 1.0 1.2

NOTE. Data presented as % frequency.

Abbreviations: Ad, adenocarcinoma; CRC, colorectal cancer; GCC, goblet cell carcinoid; MAd, mucinous adenocarcinoma; MSI-H, microsatellite instability-high;

PDAC, pancreatic ductal adenocarcinoma; PMP, pseudomyxoma peritonei.

Comparison of Genomic Aberrations in
Appendix, Colorectal, and Pancreas Cancers

Given the clinical practice of treating meta-
static appendiceal cancers with CRC regimens,
we compared genomic alteration profiles of the
appendiceal subtypes with those of 10,000 CRCs
profiled by the same laboratory (Table 2). CRCs
and appendiceal Ads had similar frequencies of
KRAS (51% v 56%, respectively) and SMAD4
(16% v 18%, respectively) mutations. How-
ever, all appendiceal subtypes had significantly
less-frequent alterations in 7P53 and APC rel-
ative to CRC (3* P < .001). GNAS mutations
were significantly more common in MAD, Ad,
and PMP () P < .001) but not GCC or SRCC
(Table 2). The high frequency of KRAS muta-
tions observed in multiple appendiceal subtypes
prompted inquiry into possible parallels with
pancreatic ductal adenocarcinoma (PDAC),
which harbors KRAS mutations in up to 95% of
cases.' Sequencing of 2,800 pancreatic tumors
revealed KRAS mutations in 87% of PDACs.
TP53 mutations were significantly more fre-
quent in PDACs (71%) compared with appen-
diceal cancers (3> P < .001).

Given their unique alteration landscape relative
to other appendiceal subtypes, GCCs, which
demonstrate both glandular and neuroendo-
crine differentiation, were also compared with
pancreatic neuroendocrine tumors (PNETs).
PNETs and GCCs exhibited similar frequencies
of KRAS, GNAS, and APC mutations, but GCCs
had significantly more frequent mutations of
SMAD4, ARIDIA, and TP53 (x> P < .001).

Conversely, GCCs exhibited significantly lower
rates of RBI alteration than PNETs 2% v 11%;
x> P < .001). High tumor mutational burden
(= 20 mutations/Mb) and microsatellite-unstable
tumors were both slightly more frequent in
CRC compared with appendiceal cancers. There
tended to be a higher frequency of microsatellite-
unstable or tumor mutational burden-high SRCCs
and Ads compared with MAds (Table 2; Appen-
dix Fig A1E).

Histopathologic and Molecular Features
Predictive of Survival

To determine the influence of histologic and
molecular features on clinical outcomes, a retro-
spective review of a single-institution case series
was performed. Similar to the full 703-patient
cohort, the majority of cases were either Ads
(n=17) or MAds (n = 33), with fewer low-grade
appendiceal mucinous neoplasms that mani-
fested as PMPs (n = 13) and few SRCCs (n = 9).
Median follow-up was 29.9 months, with 42
(55%) patients alive at the time of analysis. Data
for chemotherapy treatment were available for
60 patients, showing that the majority were
treated with a fluoropyrimidine and either oxal-
iplatin or irinotecan (Appendix; Table 3).

Overall survival (OS), determined from time of
initial diagnosis, was similar for Ad and MAd (log-
rank P =.29; Appendix Fig A2A), so these groups
were combined in subsequent analyses. There
was a trend toward better OS for low-grade appen-
diceal mucinous neoplasms/PMPs and worse OS
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Table 3. Clinical and Demographic Characteristics, University of California, San

Diego, Cohort

Category Measure
Total patients 76
Men 31 (40.8)
Women 45 (59.2)
Age, years, median 534
Age, years, range 23.6-82.8
Follow-up, months, median 29.9
Follow-up, months, range 3.1-143.5
Patients alive at time of analysis 42 (55.2)
Histology
Adenocarcinoma 17 24.49)
Mucinous adenocarcinoma 33 (43.4)
Signet ring cell carcinoma 9 (11.8)
LAMN/PMP 13 (17.1)
Goblet cell carcinoid 4(5.30
Grade
High 34 (44.7)
Moderate 9 (11.8)
Low 29 (38.2)
HIPEC surgery 40 (52.6)
Patients with chemotherapy data 60
Lines of chemotherapy, average 1.83
Lines of chemotherapy, SD 0.88
Treated with
Fluorouracil/capecitabine 57 (95.0)
Oxaliplatin 36 (60.0)
Irinotecan 37 (61.7)
Anti-VEGF antibody 38 (63.3)
Anti-EGFR antibody 8(13.3)
Anti-PD1/PD-L1 antibody 5(8.3)
Other 3(5.0)
NOTE. Data presented as No. (%) unless otherwise noted.

Abbreviations: EGFR, epidermal growth factor receptor; HIPEC, heated intraperitoneal

chemotherapy; LAMN, low-grade appendiceal mucinous neoplasms; PD1, programmed cell death

protein 1; PD-L1, programmed death ligand 1; PMP, pseudomyxoma peritonei; SD, standard

deviation; VEGE, vascular endothelial growth factor.

for SRCCs (P = .11; Fig 2A). Consistent with
prior reports, tumor grade was strongly pre-
dictive of survival, with low-grade tumors (well
differentiated) having median OS more than
double that of high-grade (poorly differenti-
ated) tumors (115.5 v 53.6 months; log-rank
P = .0012; Fig 2B)."” Associating mutations
with survival, tumors with GNAS mutation had
significantly better OS than GNAS wild-type
tumors (log-rank P = .0019; Fig 2C). In contrast,

tumors with a 7P53 mutation had significantly
worse OS than TP53 wild-type tumors (37.1
v 115.5 months; log-rank P = .0020; Fig 2D).
KRAS mutation status was not significantly asso-
ciated with survival (log-rank P = .22; Fig 2E).
However, use of irinotecan in any line of ther-
apy was associated with a survival advantage in
KRAS wild-type tumors (log-rank P = .041; Fig
2F) but not in KRAS mutant tumors (log-rank
P = 32; Appendix Fig A2B). Tumor grade was
significantly associated with GNAS and 7P53,
but not KRAS mutation status. Low-grade tumors
were enriched for GNAS mutations (72% v 18%
for high grade; ¥* P < .001; Appendix Fig A3A),
consistent with our prior report,'* whereas high-
grade tumors were enriched for 7P53 mutations
(56% v 6.9% for low grade; x* P < .001; Appen-
dix Fig A3B).

To assess the relative contributions of mutation
and grade to the observed OS differences, a Cox
proportional hazard analysis was performed
including age, sex, KRAS, GNAS, TP53, and
grade as covariates. This identified age (hazard
ratio [HR], 1.06/y; P = .017), grade (HIR, 10.48;
P =.047), and TP53 mutation status (HR, 4.51;
P =.022) as the only significant predictors of sur-
vival (Wald Test P = .0086). Consistent with the
Cox analysis, the rare high-grade tumors with a
GNAS mutation had OS similar to that of other
high-grade tumors (median, 54.5 months v 53.6
months for all high-grade tumors; Figs 2B and
3A). However, the effect of TP53 mutation on
survival was independent of grade, with the rare
low-grade, 7P53-mutant tumors having OS
similar to other TPS3-mutant tumors (median,
24.6 months; Fig 3B). Combining 7P53 and
GNAS mutation status as a prognostic bio-
marker allowed for stratification of patients into
three groups with distinctly different survival
outcomes (Fig 3C). Tumors with only a GNAS
mutation had the best prognosis (median OS,
115.5 months), followed by those with mutation
in neither gene (75.8 months), whereas tumors
with a 7P53 mutation had the worst prognosis
(37.1 months; log-rank P = .0031). The survival
separation seen between 7P53- and GNAS-
mutated tumors was similar to that between high-
and low-grade tumors (Fig 3D), suggesting that
mutation status and grade have similar prognostic
value.
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Fig 2. Clinical and
molecular features predictive
of survival. (A) Overall
survival (OS) stratified by
histologic subtype. Goblet
cell carcinoid (four tumors)
was removed from survival
analysis. (B) OS stratified
by histologic grade. (C) OS
stratified by GNAS muta-
tion status. (D) OS TP53
mutation status. (E) OS
stratified by KRAS mutation
status. (F) OS of patients
with KRAS wild-type dis-
ease, stratified by irinotecan
use. Ad, adenocarcinoma;
MAd, mucinous adenocar-
cinoma; mut, mutant; PMP,
pseudomyxoma peritonei;

wt, wild type.
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DISCUSSION These differences were also seen in the path-

The mutational profile of 703 appendix neoplasms
provides insight into the molecular aberrations
that differentiate histologic subtypes and identi-
fies putative prognosticand predictive biomarkers
that may help guide treatment in this rare malig-
nancy. Moststriking are differences in mutational
spectrum between GCCs and epithelial appen-
diceal cancers, especially Ad, MAd, and PMP
subtypes. Compared with Ad, MAd, and PMP,
KRAS and GNAS mutations were much less fre-
quent in GCCs, whereas mutations in FA73 and
ARID1A were more frequent (Figs 1B and 1C).

way analysis, in which GCCs had less-frequent
alterations of the RAS/RAF pathway relative to
epithelial appendiceal cancers (Fig 1D). The muta-
tonal spectrum of GCC was similar to PNETs
with respect to GNAS, KRAS, APC, and RBI
mutation frequency, perhaps not surprising given
these tumors are known to display neuroendo-
crine features (Table 2)."® In addition, although not
significant after multiple hypothesis corrections,
there was a trend toward comutation for GNAS
and 7P53 in GCCs (OR, 8.7; Data Supplement),

opposite of what was seen in epithelial appendiceal
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Fig 3. Association of
tumor grade with GNAS
and 7P53 mutation status.
(A) Overall survival (OS) of
patients with GNAS mu-
tation, stratified by grade.
(B) OS of patients with
TP53 mutation, stratified
by grade. (C) OS stratified
by combined TP53-GNAS
mutation status. There was
only one tumor with both
TP53 and GNAS mutations;
this group was not included
in the survival analysis.

(D) Median OS of selected
subpopulations.
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cancers, providing additional evidence that GCCs
are a distinct disease entitity."”

The profiles of epithelial appendiceal cancers
were generally similar to each other, showing
frequent mutation in KRAS and GNAS fol-
lowed by TP53 and SMAD4, consistent with
previously reported case series'*!**-26 (Appendix
Table A2). These data also show that all of the
appendiceal subtypes are molecularly distinct
from CRC, with more frequent GNAS muta-
tion and significantly lower prevalence of APC
and 7P53 mutations, which are key pathogenic
alterations in CRC. This is a clinically import-
ant point, because this case series confirms that
most patients with appendix cancer are treated
with CRC chemotherapy regimens (Table 3).
The mutation profiles of Ad and SRCC bore the
most resemblance to CRC, with Ad and CRC
sharing similar frequencies of mutation in KRAS,
SMAD4, and ARID1A; of note, appendiceal Ads
have been referred to as colonic-type adenocar-
cinoma, given clinical behavior more similar to
CRC.?% In this series, SRCC had the worst
prognosis of the epithelial appendiceal tumors
and also has a clinical course similar to CRC.*

The frequent comutation of KRAS and GNAS
in MAd, Ad, and PMP parallels the molecular
profile of intraductal papillary mucinous neo-
plasms.'**” Notably, both intraductal papillary
mucinous neoplasms and, in particular, GNAS
mutant appendiceal cancers are characterized
by mucin production and a generally indolent
clinical course. The differences in mutation pro-
files between the epithelial appendiceal tumors
can be at least partially explained by grade, with
significant association of GNAS mutation with
low-grade tumors and 7P53 mutation with high-
grade tumors (Appendix Figs A3A and A3B).
Consistent with this is the higher incidence of
TP53 mutation and lower incidence of GNAS
mutation in SRCCs, which are by definition all
high grade.

Histologic grade was also a strong predic-
tor of survival (Fig 2B), consistent with prior
reports.'?* We did not observe a significant
difference in OS between Ad and MAd; how-
ever, the distribution of tumor grade was simi-
lar between these two subtypes in our study. In
contrast, in prior case series that reported bet-
ter survival for MAd, MAds were enriched for
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low-grade tumors.?’ Although GNAS mutant
tumors were significantly associated with better
survival, Cox proportional hazard analysis con-
firmed that this effect was due to the association
of GNAS mutation and low histologic grade.
Conversely, TP53 mutation was an indepen-
dent predictor of poor survival, with low-grade,
TP53-mutant tumors having survival similar to
that of high-grade tumors. Accurately assess-
ing the grade of appendiceal tumors is difficult.
Frequently, not all tumor deposits can be surgi-
cally removed, giving rise to possible sampling
errors where focal high-grade lesions could be
missed. In addition, because appendiceal tumors
are so rare, they are difficult to diagnose patho-
logically and are frequently overinterpreted by
community pathologists.’! Although GNAS
mutation is not an independent predictor of
survival, because GNAS and TP53 mutations
occur mutually exclusive of each other and are
associated with low- and high-grade tumors,
respectively, the two genes can be substituted for
grade to predict survival. The survival stratifica-
tion achieved with the GNAS-TP53 biomarker is
similar to grade, an important observation, given
that it is now much easier to obtain a mutation
profile than an expert pathology review in the
community oncology setting.

The absence of a GNAS mutation in the majority
of high-grade tumors and the mutual exclusivity
of TP53 and GNAS mutations both strongly sug-
gest that most high-grade appendiceal tumors
occur de novo, rather than progressing from
low-grade tumors, confirming, on a larger scale,
our previous observations."* However, there
were a minority of tumors with both 7P53 and
GNAS mutation (n = 41; 6.7%), suggesting that
transformation from low grade to high grade
can occur. Serial biopsy or serial measurement
of circulating tumor DNA would be needed to
confirm that these 7P53 mutations did in fact
occur after the formation of a low-grade, GNAS-
mutant tumor. However, given the low propen-
sity for appendiceal tumors to spread beyond the
abdominal cavity, there may be limited tumor
DNA in circulation, potentially making blood-
based tumor detection difficult. Indeed, three
of the four University of California, San Diego,
patients who underwent circulating tumor DNA
sequencing had no reportable alterations.

Regarding predictive biomarkers, KRAS wild-

type status was associated with better survival in

the subset of patients treated with irinotecan. A
retrospective study in metastatic CRC reported
better response to irinotecan in patients with
wild-type versus mutant plasma KRAS.*> How-
ever, a larger prospective study found that mutant
KRAS was associated with poor survival but not
with response to irinotecan in CRC.** Regarding
targeted therapies, there are unfortunately few
clinically actionable mutations in appendiceal
cancers, although the RAS/RAF signaling path-
way is frequently altered in epithelial appendi-
ceal cancers. Data on therapeutic targeting of
the RAS/RAF cascade in appendiceal tumors are
limited, although a recent case report described
clinical benefit in a patient with appendiceal
MAd harboring a GNAS R201H mutation who
was treated with trametinib.’* Because only eight
patients in this cohort received an anti-EGFR
antibody, we were unable to assess interactions
between KRAS mutation status and response to
these agents.

A major limitation of this study is its retrospec-
tive design. With regard to the 703-patient
cohort, clinical information such as precise
TNM stage was not available, but the fact that
> 80% of specimens submitted came from metas-
tases indicates that the majority of patients had
stage IV disease. Although specimens were inde-
pendently reviewed by pathologists to confirm
the diagnosis before undergoing sequencing,
subtype definitions are potentially subject to
variability and overlap, because there was no
consensus classification system for appendiceal
neoplasms and PMP until recently.” For exam-
ple, PMP is an inherently imprecise term used
to describe the clinical syndrome of mucinous
peritoneal dissemination from an appendiceal
neoplasm. PMP encompasses a spectrum of
both high- and low-grade lesions but does not
reference the histopathologic characteristics of
the appendiceal primary from which it arises.
Newer classification schemes separate PMPs
with low-grade and high-grade features (also
known as disseminated peritoneal adenomu-
cinosis and peritoneal mucinous carcinoma-
tosis, respectively’”) and PMP with signet ring
cells.? Because this study did not distinguish
between these subtypes, we are unable to report
on genomic differences associated with grade
in the larger 70-patient cohort. With respect
to the 76-patient University of California, San
Diego, cohort, this analysis is also limited by
its single-institution and retrospective nature,
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small sample size, and relatively limited time of
follow-up. Chemotherapy treatment data were
not available for those patients who were referred
to an academic center for surgery but received
chemotherapy in a community setting. In addi-
tion, analysis of interactions between geno-
type and specific drugs are confounded by the
fact that most patients received multiple lines
of therapy.

In conclusion, appendiceal neoplasms have
molecular profiles that are distinct from CRC
and are characterized by frequent GNAS and
KRAS mutations, especially in low-grade tumors.
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Appendix

Tumor tissue from 703 patients with appendiceal cancer was submitted to a Clinical Laboratory Improvement Amendments—
certified laboratory (Foundation Medicine, Cambridge, MA) for DNA sequencing and variant calling. Pathology reports and
a subset of hematoxylin and eosin slides were reviewed by board-certified pathologists to independently confirm the diagnosis
and subtype of appendiceal cancer. However, grade was not reported in the majority of cases. A minimum of 50 ng of DNA
was extracted and a hybrid-capture method used to capture 3,769 exons from 315 cancer-related genes and 47 introns of 28
genes commonly rearranged in cancer; this material was then sequenced to high (average, 756X) uniform coverage allowing
for evaluation of genomic alterations, including base substitutions, indels, amplifications, copy number alterations, and fu-
sions/rearrangements. Actionable genomic alterations were defined as those identifying anticancer drugs on the market or in
registered clinical trials. Tumor mutational burden was calculated from a minimum of 1.11 Mb sequenced DNA and reported
as mutations per megabase. Microsatellite status was determined by evaluating the insertion/deletion characteristics at 114
homopolymer repeat loci in targeted regions of the genes.

Approval for this study, including a waiver of informed consent and a Health Insurance Portability and Accountability Act
waiver of authorization, was obtained from the Western Institutional Review Board (protocol No. 20152817). Separately, the
University of California, San Diego (UCSD) Institutional Review Board granted approval for a retrospective study of UCSD
patients with appendix cancer. Clinical characteristics and outcomes, including tumor histology, grade, stage, overall survival
(OS), and chemotherapy given were determined from review of the electronic medical record. All UCSD patients with
appendix cancer with Foundation Medicine sequencing were initially included in the study. A total of 80 patients with stage
IV appendix cancer and somatic mutation profiling were identified. Sequencing failed quality control in two cases, and two
patients with only blood-based cell-free DNA sequencing were excluded, leaving 76 patients available for analysis. Because
there were only four goblet cell carcinoids, these were removed from survival analysis.

For mutual exclusivity and comutation analysis, goblet cell carcinoid tumors and microsatellite instability-high tumors were
removed, and a Fisher’s exact test was performed for all gene combinations, followed by Bonferroni multiple hypothesis
correction. Kaplan-Meier plotting, log-rank, and y? statistical tests were performed using Prism version 7.04 (GraphPad, La
Jolla, CA). Cox proportional hazard analysis for predictors of overall survival was performed including age, sex, KRAS, GNAS,
TP53, and grade as covariates
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Fig A2. Clinical and
molecular features predictive
of survival. (A) Overall
survival of adenocarcinoma
(Ad) versus mucinous
adenocarcinoma (MAd). (B)
Overall survival of patients
with KRAS mutations, strat-
ified by irinotecan use.

Fig A3. Correlation of
grade with GNAS, TP53
mutation status. (A) GNAS
mutation frequency, by
grade. (B) TP53, by grade.
(C) Adenocarcinoma versus
mucinous adenocarcinoma
frequency, by grade.
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Table Al. Gene Lists for Pathway Analysis

HRD PI3K Pathway RAS/RAF Pathway
APC AKT1 BRAF
ARIDIA AKT2 ERBB2
ARIDIB AKT3 ERBB3
ARID2 FBXW7 ERBB4
ATM INPP4B HRAS
ATR MTOR KRAS
ATRX PIK3C2B MAP2K1
BAPI PIK3C2G MAP2K2
BARDI PIK3CA MAP2K4
BLM PIK3CB MET
BRCAI PIK3CG NRAS
BRCA2 PIK3R1
BRIPI PIK3R2
CHEK?2 PTEN
FEANCA RICTOR
FANCC RPTOR
FANCD?2 STKI1
KDM5A TSC1
MREIIA TSC2
MUTYH
NBN
PALB2
RADS1
RADSIB
RADSIC
SMAD4
TP53
Abbreviations: FIRD, homologous recombination deficiency; PI3K, phosphoinositide 3-kinase.
16
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Table A2. Literature Review of Genomic Profiling Results in Appendiceal Cancer Subtypes

KRAS GNAS SMAD4 APC TP53
Subtype (%) (%) (%) (%) (%) Other (%) Reference Test Technology
MAd 77 49 13 5 33 Current study  Full exon 315 genes,
intronic regions in 28 genes
65 34 15 7 24 Borazanci'? Hot spot NGS, PCR (KRAS
only)
50 0 MSS 100 Kabbani*® PCR, IHC
43 22 14 RB7 Liup?
100 0¢ Nishikawa?® PCR of select exons
37 Singhi*®
100 90 Alakus' Whole-exome sequencing
Ad 52 22 22 14 37 Current study  Full exon 315 genes,
intronic regions in 28 genes
47 17 22 32 32 Borazanci'? Hot spot NGS, PCR (KRAS
only)
75 14 MSS 100 Kabbani? PCR, IHC
55 BRAF V600E 4 Raghav?*! PCR, IHC
PI3K 4
MSS 94
EGFRO0
GCC 12 2 20 2 37 Current study ~ Full exon 315 genes,
intronic regions in 28 genes
9 3 13 3 11 Borazanci? Hot spot NGS, PCR (KRAS
only)
4 20 12 20 NRAS 4 Liu?te
PIK3CA 8
IDHI 4
ATM 8
15 Singhi*

(Continued on following page)
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Table A2. Literature Review of Genomic Profiling Results in Appendiceal Cancer Subtypes (Continued)
KRAS GNAS SMAD4 APC TP53

Subtype (%) (%) (%) (%) (%) Other (%) Reference Test Technology
PMP 82 72 11 0 39 Current study  Full exon 315 genes,
intronic regions in 28 genes
83 57 14 0 0 Borazanci? Hot spot NGS, PCR (KRAS
only)
95,6835 95f33¢ 33f 0 17¢ TGFBR1/2 17* Alakus'* Whole-exome sequencing
PRKACA 17¢
100" Szych? PCR
81 74 16 11 5 MSS 93 Gleeson’™ Hot spot NGS
ATM 16
PIK3CA 10
BRAF 8
MET 11

Abbreviations: Ad, nonmucinous adenocarcinoma; GCC, goblet cell carcinoid; ITHC, immunohistochemistry; MAd, mucinous adenocarcinoma; MSS, microsatellite
stable; NGS, next-generation sequencing; PCR, polymerase chain reaction; PMP, pseudomyxoma peritonei.

216% mucinous adenocarcinomas with PMP.

bWith PMP.

‘n=3.

dAppendiceal adenocarcinomas (mucinous/nonmucinous not differentiated).

¢Appendiceal adenocarcinomas with/without goblet cell/signet ring features.

fLow-grade MCP only.

gHigh-grade MCP only.

hAJl-female population.
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