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Abstract

High grade (grade 3) neuroendocrine neoplasms (G3 NENSs) have poor survival outcomes. From a
clinical standpoint, G3 NENSs are usually grouped regardless of primary site and treated similarly.
Little is known regarding the underlying genomics of these rare tumors, especially when compared
across different primary sites. We performed whole transcriptome (n = 46), whole exome (n

= 40) and gene copy number (n = 43) sequencing on G3 NEN FFPE samples from diverse

organs (in total 17 were lung, 16 were gastroenteropancreatic, 13 other). G3 NENs despite arising
from diverse primary sites did not have gene expression profiles that were easily segregated

by organ of origin. Across all G3 NENs, 7P53, APC, RB1and CDKNZA were significantly
mutated. The CDK4/6 cell cycling pathway was mutated in 95% of cases, with upregulation

of oncogenes within this pathway. G3 NENs had high tumor mutation burden (mean 7.09
mutations/MB), with 20% having >10 mutations/MB. Two somatic copy number alterations were
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significantly associated with worse prognosis across tissue types: focal deletion 22q13.31 (HR,
7.82; p = 0.034) and arm amplification 19q (HR, 4.82; p = 0.032). This study is among the most
diverse genomic study of high-grade neuroendocrine neoplasms. We uncovered genomic features
previously unrecognized for this rapidly fatal and rare cancer type that could have potential
prognostic and therapeutic implications.

grade 3; high grade; neuroendocrine carcinoma; neuroendocrine neoplasm; neuroendocrine tumor;
CDKNZ2A; CDK4; TP53; RB1; APC; genomics; sequencing; cell cycling; tumor mutation burden

INTRODUCTION

Neuroendocrine neoplasms (NENs) commaonly originate from the gastroenteropancreatic
(GEP) organs and the lungs, but can also arise from most other organs in the body, including
the genitourinary tract, head and neck, the gynecologic organs, and breast.(Kunz 2015) In
contrast to other solid tumors, the most important factor that determines prognosis and
treatment of NENS is not the stage, but the pathologic grade based on the World Health
Organization (WHO) classification system (Table S1).(Klimstra DS 2019) Unlike lower
grade (grade 1 and 2, G1/2) neuroendocrine tumors (NETs) which have a median overall
survival (OS) of 16 and 8 years respectively, high grade (grade 3, G3) NENs have an OS of
only about 7 months.(Dasari, et al. 2018; Dasari, et al. 2017) These G3 NENS are rare, with
an annual incidence of 10.52 per 100,000 worldwide.(Leoncini, et al. 2017) They are most
often poorly differentiated but can rarely be well-differentiated; if poorly differentiated, they
are subdivided by large cell or small cell morphology.

As a distinct, highly aggressive entity that does not respond to treatments for lower grade
NENSs or to conventional treatments for adenocarcinoma or squamous cell carcinomas, G3
NENSs pose unique challenges. It is still unknown whether G3 NENSs arising from different
organs are biologically similar or distinct, yet in the metastatic setting, they are currently all
treated with the same first-line chemotherapy regimen (platinum and etoposide) borrowed
from experience with small cell lung cancer.(Oronsky B 2018; Sorbye, et al. 2013) Whether
this uniform treatment strategy, which is only effective at prolonging survival by a number
of months, is biologically sound and should continue to be pursued would depend on a
deeper understanding of G3 NENS across tissue types. While past sequencing studies each
focused on a specific type of G3 NEN have reported a variety of mutations,(Uccella, et

al. 2021) there is also evidence to suggest that high grade NENs across organs may show
greater homogeneity than previously thought.(Balanis, et al. 2019)

Prior comprehensive genomic studies on grade 3 NENs have not evaluated the features of
multi-site tissue origins,(Busico, et al. 2019; George, et al. 2018b; Girardi, et al. 2017; Kim,
et al. 2016; Raj, et al. 2018; Rekhtman, et al. 2016; Vijayvergia, et al. 2016; Wang, et al.
2019; Wong, et al. 2018; Yachida, et al. 2012) and in the case of GEP NENs whole exome
and genome studies were mostly limited to grade 1 and 2 NENs, with sample sizes of only
10 and 102 patients which illustrate the rarity of NENs in general.(Jiao, et al. 2011; Scarpa,
etal. 2017)

Endocr Relat Cancer. Author manuscript; available in PMC 2023 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 3

Addressing the lack of comparative genomic profiling in grade 3 NENSs, we leveraged
whole genome (WGS), exome (WES) and transcriptome sequencing (WTS) on matched
tumor and normal tissues arising from diverse organs with paired clinical outcome data. Our
analysis revealed that G3 NENs had gene expression profiles that did not easily segregate
by organ, that they shared mutations in 7P53, RB1, APC, CDKNZA, and the CDK4/6 cell
cycling pathway, and harbored two somatic copy number alterations (SCNAS) that could
have prognostic potential across tissue types.

METHODS

Patient Cohort and Study Procedures

A retrospective review was conducted of all patients diagnosed with a grade 3
neuroendocrine neoplasm regardless of tissue origin from 2000 until January 2018 at our
institution, under an approved protocol by the Stanford University Institutional Review
Board. Waiver of consent was obtained for sequencing under the IRB protocol. Clinical
records including treatment data were obtained from chart review.

Tumor samples were independently reviewed by an additional pathologist with expertise in
NETs and NENSs to confirm diagnosis. Macro-dissection was performed if required to isolate
neoplastic tissue. All samples were determined to have greater than 20% tumor content on
pathology review. Additional matched normal tissue from pathology specimens were also
sequenced when available. Any samples mixed with a non-neuroendocrine neoplasm were
excluded.

A grade 3 neuroendocrine neoplasm was defined per WHO classification as >20% Ki67
index or >20 mitoses/10 high powered field (for lung: >10 mitoses/10 high powered field).
See Table S1.

WGS and WES Sequencing

Forty pairs of tumor and normal tissue samples were sequenced. Each tumor and normal
tissue sample had 2 FFPE sections (each 10 micron thick) available for DNA extraction.
DNA was extracted using an automated fluidics system, MagnaPure 96 instrument (Roche).
From each sample, DNA was taken for library construction with unique dual sequencing
adaptors (IDT) using the Kapa Hyper Prep Kit (Roche, Basel, Switzerland), following
standard manufacturer guidelines. The libraries were sequenced on an iSeq (Illumina Inc.) to
normalize and pool the samples based on their relative number of sequencing reads. A small
in was sequenced on a high-output S2 flowcell (I1lumina Inc.) to 22 million reads across

all samples resulting in an average coverage of 1x. The sequencing files were converted

to Fastq files with the BCL-FASTQ Tool (Illumina Inc.) and adapters were removed, the
sequencing metrics were generated by PICARD tools (Broad Institute) and duplication rates
by FASTP.(Chen, et al. 2018) Reads were aligned and filtered for duplication using Sentieon
tools (Sentieon Inc., Mountain View, CA).(Kendig, et al. 2019) Copy number was estimated
by CNVKit, per 100kbp bins, and a pooled reference of all the available normal tissue data.
We ran Gistic2 to estimate the significant and recurrent CNVs with the following arguments:
“-refgene hg38.UCSC.add_miR.160920.refgene.mat -maxspace 10000 -ta 0.1 -td 0.1 -qvt
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0.25 -broad 1 -brlen 0.7 -twoside 1 -conf 0.99 -genegistic 1 -armpeel 1 -savegene 1 -res
0.05 -smallmem 1 -js 4”. We set the noise cut-off for both deletion and amplification to
0.1. Coupling CNVKit with Gistic2 enabled us to identify recurrent arm- and focal-level
CNAs with statistical significance. The remaining library of each sample was pooled per 8
and enriched for exonic regions by hybrid capture using xGen Exome Research Panel 1.0
(IDT). The capture pools were again sequenced on an iSeq to re-normalize each pool before
loading on a second S2 flowcell for WES to an average of 76 million reads. The sequencing
files and metrics were again generated using the BCL-FASTQ and PICARD tools, with
duplication rates by FASTP. Final sequencing depth was a mean of 240x for tumor samples
and 182x for normal tissue. Duplication rate for low-pass WGS data was 31.7%, while for
WES data was 11.5%. WGS and WES data were mapped to the human genome NCBI
Assembly GRCh38 using BWA-Mem and processed by Sentieon (version: v201808.03);
duplicate reads were marked by using MarkDuplicates. Somatic variants were extracted

by pairing the tumor and normal Fastq files using Sentieon’s TNHaplotyper (Sentieon

Inc., Mountain View, CA). We removed variants with significant strand orientation bias

as previously described.(Diossy, et al. 2019) Variants with an allele fraction below 20%
were further filtered to reduce false positives from FFPE processing, including insertion
artifact. Maftools (v2.7.10) was used to visualize variant data.(Mayakonda, et al. 2018)
Significantly mutated genes were identified using dNdScv with g<0.2.(Martincorena, et

al. 2017) Analysis was adjusted for multiple testing using Benjamini-Hochberg’s false
discovery rate.

RNA sequencing

Forty-six tumor and 21 normal samples were available for RNA sequencing. RNA was
extracted using the RNAstorm kit (Cell Data Sciences, Fremont CA). Library preparation
was performed using the KapaRNA Hyper Kit (Roche). The libraries were normalized and
pooled in groups of 8 or 16, depending on library concentration, and enriched for exonic
sequences by hybrid capture, using the xGen Exome Research Panel 1.0 (IDT). All captured
pools were then sequenced on a NovaSeq 6000 instrument (Illumina Inc.) to 3.5 billion reads
in total or 52.7 million reads per sample. The coverage range was similar for tumor and
normal samples (mean PF reads for tumor samples was 54.5 x 106 and for normal samples
was 48.9 x 108, and insert size was 204.0 bp and 196.0 bp respectively). The exome capture
resulted in close to 80% of reads mapping to coding sequences and there was uniform
coverage across the transcript, without any outlier samples. PCA analysis did not reveal any
technical bias from extraction batch, capture pools or gender.

RNA-Seq Analysis

The raw sequencing data were mapped to the human genome (GRCh38) using STAR
(v2.5). Uniquely mapped reads were used for generating a gene expression matrix. Principal
component analysis (PCA) and differential gene expression analysis were performed using
DESeq2.(Anders and Huber 2010) Ontology and pathway enrichment analysis were done
using the R package Piano (v2.0.0),(\Varemo, et al. 2013) with the version 7.1 annotated
gene sets (C2 and C5) downloaded from the MSigDB database.(Subramanian, et al. 2005)
Cell type enrichment analysis was performed using xCell.(Aran, et al. 2017)
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Immunohistochemical Staining

A commercially available primary Rabbit monoclonal antibody directed against cyclin
D1/bcl-1 (SP4, Thermo Fisher Scientific, Waltham, MA, catalog # RM-9104-S) was

used at a dilution of 1:400. Formalin-fixed, paraffin-embedded (FFPE) sections of

tumor and non-neoplastic tissue were cut. Standard automated methods were used for
immunohistochemistry that include deparaffinization, antigen retrieval, peroxidase blocking,
primary and secondary antibody incubation, detection and counterstaining with hematoxylin.
Staining was performed on a Ventana Ultra instrument (Roche Tissue Diagnostics, Tucson,
AZ) using Ventana CC1 antigen retrieval solution at pH 8.5.

Integrated Analysis with Machine Learning

CNTools was used to map the segmented copy number data to genes. Mutation MAF files
as generated per above were aggregated into a gene-by-patient matrix, with a value of

1 if mutation is found, and a zero otherwise. We used the methods described by Zhao

et al. for generating a sample-by-sample similarity matrix with three omics data types:
copy number, mutation, and mRNA expression.(Zhao and Yan 2019) In brief, each data
type was first transformed into a pairwise patient affinity matrix by unsupervised Random
Forest (RF) learning. Random walk was subsequently employed to fuse these matrices
into one similarity matrix. Consensus clustering consisted of 1000 iterations of hierarchical
clustering, with 0.9 subsampling ratio, and agglomerative average linkage and Pearson
correlation was employed to cluster these 40 patients.(Monti, et al. 2020) The optimal
cluster number (k=3) was determined using the Gap statistic.(Tibshirani, et al. 2020)

Mutational Signature Analysis

Mutational signatures as established per prior publication was analysed using Maftools and
compared to COSMIC v2 signatures, with cosine similarity calculated to determine the best
match of samples to established signatures.(Alexandrov, et al. 2013) The optimal humber of
signatures was determined by Cophenetic correlation.

Clonal Population Estimation

EXPANDS (version 2.0.0) with default parameters estimated the clonal subpopulations
of tumor cells in each sample.(Andor, et al. 2014) We used only SNV found in

canonical chromosomes excluding sex chromosomes and mitochondrial chromosome. To
have balanced clonal landscape, only SNVs derived from the regions overlapped with 50
or more reads in both tumor and normal samples were used. Furthermore, we excluded
any SNVs that could not be explained by a sub-population present in 10% or more of the
sample. All SNVs within segments with estimated copy number variation were used to
predict tumor phylogeny with the following information: i) the number of sub-populations
that were present in a tumor sample, ii) the size of each sub-population, and iii) the list
of mutations for each sub-population. Founder mutations were defined by subpopulations
exceeding 70% of total tumor cells.
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Tumor Mutation Burden

Tumor mutation burden was calculated by dividing the total number of nonsynonymous
mutations by the size of the coding region. The comparison groups used were TCGA cohorts
from the MC3 project. Analysis was done using Maftools with 39 (size of the coding region)
as the capture size.

Survival Analysis and Statistics

RESULTS

Clinical data including date of diagnosis, date of death and treatment data were obtained for
each patient through the institutional electronic medical record system. Date of data cutoff
was 12/31/2018. Survival was estimated using the Kaplan-Meier method with log-rank test
for statistical significance. Hazard ratio was estimated using multivariate Cox proportional
hazard regression model, controlling for the variables of age, stage, primary site, number of
lines of treatment and resection status. Statistical analysis was performed using R package
survival (v3.2-7) and Prism (v8, Graphpad). To isolate SCNAs which predicted death risk,
the lasso method for variable selection in the Cox model was used as a first screen, with

the R package g/mnet (v4.1). Mutational enrichment analysis was done with pairwise and
groupwise Fisher exact test. Gene expression analysis was done with Bonferroni-Holm
method to account for multiple comparisons.

Patient samples and clinical characteristics

We identified 46 tumor samples and 40 matched normal tissue samples from patients with
grade 3 NENSs (Table S2, Supplemental Data). All samples underwent formal pathology
review to confirm the diagnosis, including grade. The cohort included several primary sites:
gastroenteropancreatic (GEP; n = 16), lung (n = 17) and other/miscellaneous (gynecologic,
head and neck, breast, bladder and unknown primary; n = 13). Overall, 43 samples
underwent low coverage whole genome sequencing; 40 tumor-normal pairs had whole
exome sequencing and 46 tumors along with 21 additional normal samples had RNA
sequencing. In total, 40 samples had data from all three platforms.

In comparing the overall survival (OS) from patients with different G3 NENs, a Cox
multivariate proportional hazard regression analysis accounting for factors including age,
smoking history and stage showed that neoplasms from a GEP site trended towards the
worst survival (hazard ratio HR 4.81, p = 0.07; Fig. 1a—-b), consistent with other studies.
(Dasari, et al. 2018) Ki67 staining, mitotic index, and degree of differentiation (well vs.
poorly differentiated) are the conventional pathologic metrics used to characterize NENs,
and did not correlate with a survival difference (Fig. 1a). The variables that did significantly
correlate with OS were prior number of lines of treatment (HR 0.62; p = 0.018), and
resection of the primary tumor (HR 0.05; p = 0.002).

Half of the patients did not receive any systemic therapy (n = 21, 46%), often due to
poor performance status (Fig. 1c). In patients who received therapy (n = 25, 54%), all
received chemotherapy with platinum and etoposide being the most common first-line
regimen regardless of tumor origin (Fig. 1d). One patient with a lung primary received
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targeted therapy (erlotinib) and another patient with a lung primary received immunotherapy
(nivolumab).

Gene expression of G3 NENs did not easily segregate by organ

To date, the gene expression profiles of G3 NENs have not been thoroughly characterized.
Such an investigation could shed light on the extent of homogeneity or heterogeneity
among G3 NENSs arising from different organs and has significant implications for whether
our current “one-size fits all” treatment approach is validated. Platinum and etoposide is
currently the recommended first line therapy for all high grade NENs regardless of primary
site.(Network 2020)

We conducted RNA-Seq analysis on 46 tumor samples along with 21 normal samples. An
unsupervised principal-component analysis (PCA) showed that while the normal samples
self-segregated based on organ, the G3 NENs formed a single cluster suggestive of a
possible convergent expression signature (Fig. 2a). Unsupervised hierarchical clustering
similarly showed no clear separation of G3 NENs by organ, in contrast to the clear
separation seen with normal tissue (Fig. 2b).

To further verify that the genomic profile of a G3 NEN was not necessarily tied to its
originating organ, we used machine learning and network analysis to integrate low-pass
WGS, WES and WTS data for 40 samples using a method we had previously established
(Fig. 2c).(Zhao and Yan 2019) Unsupervised subtyping of such integrated data using Gap
statistic showed that these G3 NENs were best divided into three subtypes. The subtypes
were not clearly delineated by organ, but rather each subtype comprised a mixture of
primary sites, further suggesting that the genomic profile of G3 NENs from different organs
could be similar (Fig. 2d). Survival analysis showed that subtype 1 exhibited the least
intra-group survival variability and had the worst outcomes (Fig. S1).

TP53, RB1, APC, CDKN2A are significantly mutated genes

Previous whole-exome and whole-genome studies have focused on grades 1 and 2 NETS of
the pancreas, and have identified mutations in telomere maintenance, chromatin remodeling,
mTOR signaling, and DNA damage repair pathways.(Jiao, et al. 2011; Scarpa, et al. 2017)
More recent studies in G3 NENs of the Gl tract have identified mutations in 7P53and
RB1, among other genes.(Venizelos, et al. 2021; Yachida, et al. 2022) Using the ratio

of nonsynonymous to synonymous mutations (dNdScv method as previously established),
(Martincorena, et al. 2017) we identified 7P53, RB1, APC and CDKNZA as significantly
mutated genes (g-value <0.005 except CDKNZA with g-value <0.2; Fig. 3a, Supplemental
Data) across all samples. Subclonal composition analysis with EXPANDS further showed
these genes to be likely founder mutations, with their clones exceeding 70% of total tumor
cells (Fig. 3c).(Andor, et al. 2014) While these mutations were found across a variety of
organ sites (GEP, lung and misc.), specific mutations were preferentially associated with a
particular organ group. Mutation enrichment analysis (pairwise and groupwise Fisher exact
test) determined that 7P53was more often found in lung NENs, APC in GEP and RBZ1in
non-lung/non-GEP tissues (p <0.05) (Fig. 3b).

Endocr Relat Cancer. Author manuscript; available in PMC 2023 March 28.
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While APC, RB1and CDKNZA all had frequent genomic deletions, 7P53had mutations
exclusively. Most 7P53 mutations were missense, and almost all (90%) were within the
DNA-binding domain, consistent with prior literature showing the localization of hotspot
mutations in a range of human cancers within this domain (Fig. S2).(Baugh, et al. 2018)
KRAS and BRAF, although did not meet threshold for significant mutation, were altered in
8 and 5% of tumor samples respectively.

In plotting the frequency of DNA substitution mutations (Fig. 3a), there appeared to be
organ-specific profiles, e.g. an abundance of C>A transversions for G3 lung neoplasms,
suggestive of different incipient mutational processes. Using the mathematical algorithm
established by Alexandrov et al. to characterize mutational signatures,(Alexandrov, et al.
2013) we isolated three signatures: deamination in the case of GEP NENS likely as a result
of DNA repair error (93%),(Alexandrov, et al. 2013) smoking in lung NENs (93%) and
ultraviolet light exposure in some tumors from miscellaneous other primary sites (Fig. S3).
The finding of a deamination mutagenesis signature has been reported for lower grade
GEP NENSs.(Scarpa, et al. 2017) The observed smoking signature is consistent with prior
research, including presence in high grade lung NENs,(Alexandrov, et al. 2016; George,

et al. 2018a) and absence in lower grade lung NETSs (pulmonary carcinoids).(Fernandez-
Cuesta, et al. 2014)

CDKA4/6 cell cycling pathway is frequently altered

Whereas prior targeted sequencing studies had found frequent mutations in 7P53and RB1
in G3 NENSs, the involvement of CDKNZA is less frequently reported.(Peifer, et al. 2012;
Roy, et al. 2018; Yachida, et al. 2012) CDKNZ2A (cyclin-dependent kinase inhibitor 2A)

is a tumor suppressor gene that encodes p16 and p14, regulates cell cycle progression by
inhibiting the cyclin-dependent kinases CDK4/6 from phosphorylating RB1 and initiating
cell cycling thru the transcription factor E2F (Fig. 3d).(Sanchez-Vega, et al. 2018) CDKNZA
was deleted in 40% of samples (all hemizygous losses), spanning across G3 NENs from
different organs (Fig. 3a). When accounting for other components of the CDK4/6 pathway to
include CDKZ2/4/6 amplification, £2F1 amplification, and RB1 deletion, the total percentage
of affected samples reached 95% (n = 41/43).

Gene expression analysis confirmed that established oncogenes in the pathway (CCNDJ,
CCDNZ, CCND3, CCNE1, CDKZ2, CDK4, CDK6, E2F1, E2F3)(Sanchez-Vega, et al.
2018) showed statistically significant higher levels of expression in G3 colorectal (p =
0.01) and lung neoplasms (p = 0.009) when compared to their normal tissue respectively
(Fig. 3e). Immunohistochemical staining with a CCND1 antibody in tumors with higher
CCND1 gene expression than paired normal controls (7 colorectal tumors) confirmed the
aberrant expression of this protein in tumors (86% of tumors positive vs 0% of normal
controls positive, p = 0.0014; Fig. S4). Unsupervised hierarchical clustering of differentially
expressed genes between G3 neoplasms and normal tissue showed 42 commonly shared
upregulated pathways among all G3 neoplasms: 23 (55%) of which were also related to
cell cycling (Fig. 3g, Supplemental Data). Canonical pathways upstream of CDK4/6 cell
cycling including TP53, NOTCH, RTK-RAS, WNT, HIPPO, PI3K, MYC and TGF-B were
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also frequently mutated across G3 neoplasms from diverse organs (Fig. 3f, S5).(Choi and
Anders 2014; Du, et al. 2020; George, et al. 2018a)

Grade 3 neuroendocrine neoplasms harbor high tumor mutation burden

Concomitant with the recent success in treating solid tumors with checkpoint inhibitors,
there is increasing data that show improved treatment efficacy in tumors with a higher tumor
mutation burden (TMB).(Assi and Padda 2020; Lu, et al. 2020; Weber and Fottner 2018)
When comparing the TMB of G3 NENSs in our cohort to published data from 33 TCGA
cohorts,(Ellrott, et al. 2018) acknowledging differences in sequencing techniques, G3 NENs
had the fourth highest TMB levels, just behind melanoma, lung squamous cell carcinoma
and lung adenocarcinoma (Fig. 4a). The mean number of mutations per megabase (MB)
was 7.09, similar to prior reports.(George, et al. 2018a; George, et al. 2015; Peifer, et al.
2012; Puccini, et al. 2020) The high TMB of G3 NEN:S is significantly different from the
lower TMB levels of grade 1 and grade 2 NETSs from various organs, including pancreas,
small intestine and the lungs, each with <1 mutations/MB as previously reported (Fig. 4b).
(Fernandez-Cuesta, et al. 2014; Mafficini and Scarpa 2019; Yao, et al. 2019)

Research on other cancers has indicated that higher TMB, especially more than 10
mutations/MB, is associated with an improved response to checkpoint inhibitors.(Lu, et

al. 2020; Melendez, et al. 2018; Samstein, et al. 2019) Pembrolizumab, a PD-1 inhibitor,

is FDA approved for all solid tumors with more than 10 mutations/MB.(FDA 2020) In

our cohort, as much as 20% of samples had more than 10 mutations/MB, with head and
neck primary tumors showing the highest TMB (mean 21.5 mutations/MB), and GEP NENs
showing the lowest (4.28 mutations/MB; Fig. 4c). Patients with any G3 NEN with more
than 10 mutations/MB had better overall survival compared to those with fewer mutations
(multivariate analysis p = 0.03, Fig. 4d). This phenomenon has been observed in numerous
other cancer types, although the mechanism remains unclear.(Klebanov, et al. 2019)

Select copy number alterations increase the risk of death multifold

Low grade (G1 and G2) pulmonary NETSs have no significant copy number alterations
(SCNASs), while those from the gastroenteropancreatic system have numerous SCNAs.
(Boons, et al. 2022; Fernandez-Cuesta, et al. 2014; Hashemi, et al. 2013; Karpathakis, et al.
2016) The extent of copy number changes in high grade NENs and their clinical associations
remain unclear. From the results of whole genome sequencing, we discovered that G3 NENs
had frequent chromosomal instability: 18 focal amplifications, 17 focal deletions, 18 arm
amplifications and 23 arm deletions (Fig. 5a,c). No specific pattern was noted based on
organ type (Fig. 5b). The most common arm level alterations were gain of arm 1q (58%
samples affected), 19q (53%), 7p (53%) and 20q (53%); loss of arm 16q (60%), 22p (60%),
22q, 21p, 15p and 4q (each 55%). The most frequent focal alterations were: gain of 1922
(72%), 20911.22 (70%) and 8924.21 (60%); loss of 3p14.2 (67%), 10g26.2 (65%) and
22013.31 (65%; Supplemental Data).

After multiple test correction, a lasso-based model and Cox multivariate analysis showed
that two SCNAs were associated with significantly worse prognosis: focal deletion of
22013.31 (HR, 7.82; p = 0.034), and arm amplification of 19q (HR, 4.82; p = 0.032)
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(Fig. 5d, S6). Among 22q13 deletion carriers, the top quartile of those with the highest
copy change had worst median OS compared to the rest: 9.9 months vs. 24 months (p =
0.03), and for 19q amplification carriers the top quartile versus the rest was 8.7 months

vs. 36.7 months (p = 0.03). These two SCNASs occurred frequently across all neoplasms
irrespective of primary site: focal deletion 22g13.31 was present in 65% of tumor samples,
and arm amplification 19q in 53% of tumor samples (Fig. 5b). Deletion of 22g13.31 has
been identified in cancers of the lung, ovary, head and neck, brain, and insulinomas, a
form of pancreatic NET.(Bertonha, et al. 2015; Felicio, et al. 2018; Jonkers, et al. 2006;
Liu, et al. 2015; Nakamura, et al. 2005; Reis, et al. 2002; Sondka, et al. 2018) Known
tumor suppressor genes that were deleted in the wide peak of 22q13.31 were SMARCBEI,
CHEKZ, NF2and EP300, while known oncogenes in arm 19q were BCL3, CCNEL,
AKTZ, CD79A, CNOT3 (Supplemental Data). SMARCB1 and EP300 are both involved
in chromatin remodeling. SMARCBI1 is a known tumor suppressor located within this
region. The protein is involved in chromatin remodeling, as a core subunit of the SWI/SNF
chromatin remodeling complex.

DISCUSSION

High grade NENSs are rapidly fatal with median survival of only 7 months, and can arise
from a wide range of organs.(Dasari, et al. 2018) They are currently all treated with the same
first-line chemotherapy (platinum and etoposide) regardless of primary site, owing largely

to past experience with small cell lung cancer.(Oronsky B 2018) Whether this one-size fits
all approach in treating all G3 NENS regardless of origin may have a biological basis is still
unclear.

While past studies investigating G3 NENSs from specific tissues have reported 7P53and RBI
to be the most common mutations, site-characteristic mutations have also been reported,

for example APCin GEP tumors and STK11/KEAPI in lung tumors.(Uccella, et al. 2021)
Some prior research has suggested that G3 NENs were more similar to non-NENs from the
same sites than to other G3 NENs.(Chen, et al. 2020) However, many of these studies only
compared G3 NENs with non-NENSs from the same site, and not to G3 NENs from other
sites.(Chen, et al. 2020; Furlan, et al. 2013; Jesinghaus, et al. 2017; Sahnane, et al. 2015;
Takizawa, et al. 2015; Woischke, et al. 2017) They also examined a small number of genes
(ranging from 3 to <200) as points of comparison.

As whole transcriptome sequencing is often a more comprehensive assessment tool than
select gene sequencing to reveal true underlying tumor behavior, we compared G3 NENs
from different sites using this technology. We found that, interestingly, the gene expression
profiles of NENs did not easily segregate by organ of origin. An integrated analysis
combining WGS, WES and WTS data again showed no clear segregation of tumors by
organ. These data taken together are consistent with a prior study which found the small cell
subtype of G3 NENSs from the prostate and bladder to be transcriptomically similar to that
from the lung.(Balanis, et al. 2019) Together, these findings help inform our current uniform
treatment approach to G3 neoplasms regardless of tumor origin,(Strosberg, et al. 2010) and
is consistent with clinical experience in which platinum/etoposide therapy is more effective
for G3 NENSs than site-specific therapy normally employed for adenocarcinoma or squamous
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cell carcinoma for any particular organ. Further studies will have to be done, especially with
larger sample sizes, to further investigate the similarities and differences between G3 NENSs,
which is important to guide both future clinical trial eligibility and therapy development.

With WES, we found that 7P53, RB1 and APC were the most frequently implicated genes.
These findings are consistent with prior studies on both lung and GEP NENs which showed
these mutations to be among the most common.(George, et al. 2018a; Karlsson, et al. 2015;
Peifer, et al. 2012; Puccini, et al. 2020) Dysregulation of the CDK4/6 cell cycling pathway,
including alterations of #BZ and CDKNZA, was found in 95% of cases across G3 NENs
from different organs. Transcriptome data confirmed significantly higher levels of oncogene
expression in this pathway compared to normal tissue, as well as other signaling networks
related to cell cycling. Other studies in G3 NENSs of the lung have also reported genomic
alterations resulting in loss of CDKNZ2A and upregulation of cell cycle and mitosis, though
at lower frequencies.(George, et al. 2018a; Jones, et al. 2004; Peifer, et al. 2012; Rekhtman,
et al. 2016) One pancreatic study found loss of CDKNZ2A present in 25% of G3 NENSs, and
when examined among G1-3 NENSs it was associated with a higher tumor grade, increased
risk of metastasis and shorter survival.(Roy, et al. 2018)

To aid new therapeutic discoveries, our finding that the CDK4/6 cell cycling pathway was
involved in most cases may provide an opportunity for therapy with CDK4/6 inhibitors.
CDK inhibition has not been clinically tested in G3 NENS, though there is pre-clinical

data showing response to ribociclib in a NET cell line, and a case report of a dramatic
response to palbociclib in a patient with breast G3 NEN harboring amplification of cyclin
D1.(Aristizabal Prada, et al. 2018; Shanks, et al. 2018) As canonical oncogenic pathways
such as PI3K that are upstream of CDK4/6 were frequently altered as well, dual therapies
may be efficacious. Combinations of a CDK4/6 inhibitor with a RAS or PI3K inhibitor have
already been tested in the preclinical setting with success.(Du, et al. 2020) Additionally,
20% of cases harbored high TMB (=10 mutations/Mb), which raises the potential for therapy
with pembrolizumab, which is now FDA-approved to treat any solid tumor that meets this
threshold.(FDA 2020)

G3 neoplasms showed frequent chromosomal instability with focal and arm level copy
number alterations, in contrast to lower grade NETs.(Fernandez-Cuesta, et al. 2014;
Hashemi, et al. 2013; Karpathakis, et al. 2016) We did not detect specific CNV patterns
based on tissue type, but identified two SCNAs found in over 50% of patients—deletion
22¢13.31 and arm amplification 19g—that were common across all organs and had negative
correlation with survival, with hazard ratios of 4—7. As there still exists a range of survival
times with G3 NENS, and currently no reliable marker to predict survival within this

group, these two SCNAs could potentially be used as prognostic markers but would require
future prospective validation. Amplification of 19q includes known oncogenes that include
CCNE1, Cyclin E1, which is involved in cell cycling. Amplification of this region, frequent
loss of 3p (67%) involving RBZ and 9p involving CDKNZA in our cohort further illustrate
the theme of cell cycling dysregulation as a primary oncogenic pathway in G3 NENSs. These
three CNV alterations have similarly been reported before for G3 lung NENs (small cell and
large cell).(George, et al. 2018a; Peifer, et al. 2012)
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One limitation of our study was the use of FFPE samples, which can cause relatively more
sequencing artifacts when compared to fresh frozen (FF) samples.(Do and Dobrovic 2015)
While large gene panels numbering hundreds of genes are now routinely ordered on FFPE
tumor samples, there is less experience with performing whole genome sequencing on such
samples.(Frampton, et al. 2013) However, an increasing number of studies are demonstrating
the reliability of FFPE sequencing in such circumstances, with some studies showing >97—
99% concordance between FFPE and FF samples.(Ahn, et al. 2016; Astolfi, et al. 2015;
Carrick, et al. 2015; Munchel, et al. 2015; Spencer, et al. 2013; Van Allen, et al. 2014; Xia,
et al. 2020) A second limitation of our study is the limited number of samples sequenced
due to the rarity of G3 NENs. However, to our knowledge, this study is one of the first to
discern differences between multiple G3 NEN primary sites. A third caveat of this study

is the inclusion of poorly-differentiated (n = 39), well differentiated (n = 5), and mixed
well and poorly-differentiated tumors (n = 2). While G3 GEP NENSs are newly categorized
into well-differentiated G3 NET and poorly-differentiated neuroendocrine carcinoma in the
most recent version of the WHO classification system, NENs from other primary sites have
not been similarly categorized.(Klimstra DS 2019) For example, the recent 2021 WHO
classification for lung NENs group continues to establish well and poorly-differentiated

G3 NENSs as one entity, citing insufficient evidence for doing otherwise.(Board 2021) For
NENSs from an unknown primary site, it is further unclear which classification schema
should be used. As our study aimed to compare G3 NENSs across organs, to mitigate the
non-uniformity of these classification systems, we employed a common inclusion criteria
consisting of either ki-67 above 20% or mitotic index above 10/high power field. The

few well-differentiated tumors in this study behaved similarly to the poorly-differentiated
tumors, with high markers of proliferation, similar transcriptomic profiles, as well as highly
aggressive clinical course.

Despite the above limitations, our exploratory study found genomic features common to
all G3 NENs and may provide additional insight into future prognostic marker and therapy
development.
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Figure 1. Clinical characteristics
(a) Forest plot of Cox multivariate analysis of 46 patients.

(b) Kaplan-Meier survival curve of patients separated by tissue origin. Table lists the
numbers at risk.

(c) Dot plot of systemic therapies received per patient. In the No Systemic Treatment group,
surgery, radiation and/or hospice services were administered.

(d) Number of treatments of each chemotherapy received. Some patients received the same
chemotherapy more than once. Only the most frequent chemotherapies were listed.
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Abbreviations: GEP, gastroenteropancreatic. Misc, miscellaneous. AJCC, American Joint
Committee on Cancer.
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PC2: 17% Variance

Figure 2. Transcriptomic profiles
(a) Principal Component Analysis (PCA) of adjacent normal tissue (n = 21), grade 3

neuroendocrine neoplasms (NENSs) from gastroenteropancreatic (GEP) (n = 16), lung (n =
17) and miscellaneous primary sites (n = 13; gynecologic, head and neck, breast, bladder
and unknown primary). Divided line marks separation between normal and tumor samples.
(b) Unsupervised clustering heatmap of above samples based on the top 30,000 differentially
expressed genes. Clustering method was complete linkage with Pearson correlation.

(c) Schematic of machine learning and network analysis algorithm to integrate 4 layers of
data.

(d) Bar graph showing subtypes from integrated genomic and transcriptomic analysis (n =
40). Gap statistic determined the optimal number of subtypes was three.

Abbreviations: GEP, gastroenteropancreatic. WGS, whole-genome sequencing. WES,
whole-exome sequencing. PC1, principal component 1. PC2, principal component 2.
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Figure 3. Significantly mutated genes and CDK 4/6 cell cycling pathway dysregulation
(a) Oncoplot showing significantly mutated genes marked by asterisk(s) per dNdScv

method. Low-pass WGS n =43; WES n = 40.

(b) 7P53 mutations were enriched in lung, APC in gastroenteropancreatic, and RBZin
non-lung/non-GEP neoplasms (p < 0.05, pairwise and groupwise Fisher exact test). N = 40.
(c) EXPANDS analysis showing the clone size of each significantly mutated gene. Dotted
line shows the 70% threshold often used to define a founder clone.

(d) Schematic of CDK4/6 cell cycling pathway.
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(e) Boxplot showing gene expression levels of the CDK4/6 pathway oncogenes (CCNDI,
CCDNZ, CCND3, CCNE1, CDK2, CDK4, CDK®6, E2F1, E2F3) between neoplasms and
normal tissue. Mean = SD (colorectal normal: 4.26 + 0.15, n = 7; colorectal tumor: 4.77 +
0.35, n =8; lung normal: 4.34 + 0.11, n = 9; lung tumor: 4.71 £ 0.48, n = 17). Statistical test:
Holm-Bonferroni method.

(f) Frequency of mutations in canonical oncogenic pathways upstream of CDK4/6 pathway.
(9) Unsupervised clustering heatmap of gene pathways. Gene pathways universally
upregulated by all neoplasms compared to normal tissue (n = 42) comprised mostly of

cell cycling pathways (n = 23).

Abbreviations: WGS, whole genome sequencing. WES, whole exome sequencing. GEP,
gastroenteropancreatic. NEN, neuroendocrine neoplasm. Misc, miscellaneous.
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Figure 4. Tumor mutation burden
(a) Grade 3 neuroendocrine neoplasms (NEN) rank 4™ in order of highest tumor mutation

burden (TMB) when compared to 33 tumor types in The Cancer Genome Atlas project. Red
line indicates median TMB. N = 40.

(b) Mean TMB of grade 3 NENSs (7.08, SD = 8.5, n = 40) compared to lower grade tumors
previously reported (pancreas 0.82, small intestine 0.77, lung 0.4). (Fernandez-Cuesta, et al.
2014; Mafficini and Scarpa 2019; Yao, et al. 2019)

(c) TMB among grade 3 NENs separated by tissue origin. Dotted line marks 10
mutations/MB, a known predictor of response to immunotherapy as validated in other
cancers. The miscellaneous group has the highest TMB (vs GEP: p = 0.04), with head and
neck primaries in this group showing the highest TMB (21.5 mutations/MB). Mean + SD:
GEP (4.28 + 8.17, n = 15), Lung (6.01 £ 3.82, n = 14), Misc (12.28 + 11.24, n = 11).
One-way ANOVA/Tukey’s multiple comparison test.

(d) Patients with high TMB had better overall survival than patients with lower TMB.
Multivariate analysis accounted for age, stage, primary site, resected tumor and number of
treatment lines, p = 0.03.

Abbreviations: GEP, gastroenteropancreatic. NEN, neuroendocrine neoplasm. TMB, tumor
mutation burden. SD, standard deviation.
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Figure 5. Two somatic copy number alterations confer increased risk of death.
(a) Focal somatic copy number alterations per GISTIC analysis, g > 0.25. N = 43.

(b) Oncoplot of focal somatic copy number alterations. Frequency of arm 19q amplification

and focal 22¢13.31 deletion are mapped (gray = affected).

(c) Arm level somatic copy number alterations.
(d) Kaplan-Meier survival curves for differing burdens of copy number alteration. Focal
deletion in 22913.31 was associated with worse survival (HR 7.82, p = 0.034 by multivariate
Cox analysis). Arm amplification of 19q was associated with worse survival (HR 4.82, p =
0.032 by multivariate Cox).
Abbreviations: GEP, gastroenteropancreatic. NEN, neuroendocrine neoplasm; SCNA,

somatic copy number alteration.
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