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abstract

PURPOSE Gastroenteropancreatic neuroendocrine carcinomas (GEP-NEC) are rare and have a poor prognosis.
Most GEP-NEC are diagnosed with metastatic disease, with only minor biopsies available for molecular di-
agnostics. We assessed the applicability of liquid biopsies for molecular profiling of GEP-NEC.

MATERIALS AND METHODSWe performed massive parallel sequencing of 76 cancer-related genes in circulating
tumor DNA from 50 patients with advanced GEP-NEC and compared findings to previous analyses of solid tumor
biopsies from the same patients. Plasma samples were collected before therapy, and the median time span
between blood and tissue sampling was 25 days.

RESULTS We detected 178 somatic mutations in the liquid biopsies, 127 (71%) were also detected in the solid
biopsies, whereas 51 (29%) were unique to the liquid biopsies. In the same 76 genes, we previously detected
199 somatic mutations (single nucleotide variants) in solid biopsies, of which 127 (64%) were also now detected
in liquid biopsies. In exploratory subgroup assessments, concordance was higher in patients with liver me-
tastases (P = 1.5 × 10–5) and increasing with level of liver involvement (P = 1.2 × 10–4). The concordance was
similar between GEP-NEC with different primary sites, except being lower in esophageal cases (P = .001).
Concordance was not associated with tumor mutation burden. Tumor tissue mutations also detected in liquid
biopsies was lower for MSI (40%) versus MSS tumors (70%; P = 7.8 × 10–4). We identified potentially targetable
mutations in plasma of 26 (52%) of patients with GEP-NEC; nine patients (18%) had potentially targetable
mutation detected only in liquid biopsies.

CONCLUSION Liquid biopsy analyses may be an applicable alternative to solid biopsies in GEP-NEC. Liquid
biopsies may add additional mutations compared with tumor biopsies alone and could be useful for biomarker
assessment in clinical trials for these patients.

JCO Precis Oncol 7:e2200336. © 2023 by American Society of Clinical Oncology
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INTRODUCTION

Gastroenteropancreatic-neuroendocrine carcinomas
(GEP-NEC) have a particularly poor prognosis.1-4

Molecular information that may aid in classification,
estimation of prognosis and, importantly, treatment
selection is limited and usually not considered in clinical
practice. We recently provided an extensive molecular
characterization of a large series of GEP-NEC tumor
samples5 and found distinct molecular differences to
small-cell lung cancer, questioning the rationale for
extrapolating treatment strategies from small-cell lung
cancer to GEP-NEC.6,7 At the same time, we found that
a high fraction (66%) of GEP-NEC harbor potentially
targetable mutations, opening new possibilities for use

of these alterations as biomarkers and implementation
of more personalized treatments.

With only one exception,8 mutational studies on
GEP-NEC, so far, have been performed on tumor tissue
gained from resection specimens and biopsies. This
approach has several theoretical shortcomings: resec-
ted specimens underlie a selection bias, including
mainly patients with locoregional disease, excluding the
cases with aggressive metastatic disease, where only a
small biopsy is performed. This is especially relevant for
GEP-NEC since around two third of cases present with
metastatic disease at the time of diagnosis.9 An addi-
tional bias of biomarker assessment in biopsies is the
region of sampling, whichmay not capture all subclones
of a heterogenous tumor.
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Application of liquid biopsies as a noninvasive strategy for
assessing biomarkers has been described in detail for many
cancer forms (for overview, see Ref. 10). In theory, all sub-
clones of a heterogenous tumor may contribute to the cir-
culating tumor DNA (ctDNA) pool, and analyses of liquid
biopsies should therefore represent all subclones in the tumor.
In addition to the potential to capture a more complete set of
subclones, liquid biopsies may be advantageous in settings
where the tumor is located at a site preventing tissue biopsy.

The representativity of a liquid biopsy for the mutational
spectrum in a given tumor varies widely between different
cancer types and according to tumor load within cancer
types.10 For GEP-NEC, this topic has so far only been
addressed in a small study including 24 patients, of which
six cases had matched solid tumor tissue for analysis.11

Thus, there is an urgent need to assess the applicability of
liquid biopsies for future biomarker-driven clinical trials and
potential targeted treatments for GEP-NEC.

In this study, we performed massive parallel sequencing of
ctDNA of plasma samples from a selected set of 50 patients
from our previous study on tissue biopsies.5 We provide an
overview of the mutational landscape of ctDNA in GEP-NEC
and a detailed assessment of the concordance between
data from solid and liquid biopsies.

MATERIALS AND METHODS

Patients and Samples

Patients diagnosed with high-grade gastroenteropancreatic
neuroendocrine neoplasms (GEP-NEN) from 2013 to 2017
in Nordic centers were prospectively included in the Nordic
neuroendocrine carcinoma registry, according to inclusion
criteria previously described5 and outlined in Appendix 1.
Centralized pathologic re-evaluation was performed.

For the present analyses, 50 patients with GEP-NEC were
included, all among the 152 GEP-NEC previously char-
acterized for molecular alterations in tumor tissue and
normal cells (WBC).5 Patients were selected for the present
analyses to provide representative groups of tumors with
respect to primary tumor sites, sex, cell type, and micro-
satellite instability (MSI) status and/or on the basis of high or

low tumor mutation burden (TMB; Appendix Fig A1) as well
as tumor cell fraction . 20% in the solid biopsies. All blood
samples were collected before any treatment, and the
median time between tumor biopsy and blood sample was
25 days (Appendix 1). General demographics for the se-
lected patients are given in Table 1 and Appendix Figure A1,
with details on individual patients and selection criteria in the
Data Supplement. No preliminary data on potential effect
sizes in comparisons between subgroups were available.
Thus, this study was exploratory. Survival was followed for a
minimum of 32 months (median, 43 months) or until death.

The research protocol was institutional review board-
–approved by the responsible ethics committees in Norway
(REK vest 2012/940) and Sweden (RECUppsala Dnr 2012/
285). All sample donors have signed informed written
consent.

Sequencing and Mutation Calling

For liquid biopsy analyses, 4 mL of EDTA-plasma was
subject to DNA isolation and library preparation using the
Avenio ctDNA Expanded Kit (Roche; Basel, Switzerland),
covering 77 cancer genes (Data Supplement; Appendix 1).
In brief, library quality control was performed with Qubit
dsDNA HS Assay and Agilent Fragment Analyzer before
sequencing on an Illumina NextSeq 500, using the 300-
cycle NextSeq High Output Kit (Illumina; San Diego, CA).
Sequencing yielded an average of 60,442,281 mapped
reads per sample, corresponding to a depth of 11,539×.

Data were analyzed with the AVENIO ctDNAAnalysis Software
(version 2.0.0) with default settings. Point mutations (single
nucleotide variants [SNVs]) in coding regions of the 77 genes
were considered. As postprocessing filters, we applied variant
allele frequency (VAF) . 0.0025 and population minor allele
frequency (MAF) , 0.02 (EXAC or 1000 Genome Project
databases). Furthermore, variants were filtered against pre-
viously published data from matched WBC.5

Annotation of mutations as targetable was performed as
described in our previous analysis of solid biopsies5 (a list of
predefined targetable mutations is provided in the Data
Supplement) and with a separate assessment apply-
ing the OncoKB database.13 In the latter assessment, a

CONTEXT

Key Objective
Weaimed to analyze themutational spectrum in liquid biopsies frompatients with gastroenteropancreatic neuroendocrine carcinoma

(GEP-NEC). Furthermore, we wanted to compare the findings with corresponding data from matched solid tumor biopsies.
Knowledge Generated
We found a generally good concordance betweenmutations detected in liquid biopsies andmatched solid tumor biopsies from

patients with GEP-NEC. The concordance varied with primary tumor site and was associated with disease burden.
Relevance
Patients with GEP-NEC have a very poor prognosis, and molecular data are limited. Our findings indicate that liquid biopsies

can be used for mutation analyses in much needed biomarker-driven clinical trials for these patients.
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conservative approach was taken, including only muta-
tions satisfying level 1 (US Food and Drug Admin-
istration–approved drugs) or level 2 (standard care).

Sequencing and mutation calling of the solid tumor biop-
sies from the patients included in this study has been
reported previously5 and summary metrics for the 50 pa-
tients included in this study are described in Appendix 1.

Concordance Analysis

Among the 77 genes covered by the Avenio ctDNA Ex-
panded Kit, 76 were also included in the 360 gene panel
applied for solid biopsies and WBC. Thus, all concordance
assessments between liquid and solid biopsies were per-
formed on the basis of 76 genes.

Statistics

Statistical analyses were performed using SPSS v.28.0.1.0
(Appendix 1). All P values are given as two-sided, and P
values from Fisher exact tests are given as two-sided and
cumulative. P , .05 was considered significant.

RESULTS

Mutation Spectrum in Liquid Biopsies From Patients

With GEP-NEC

To assess the mutational status in liquid biopsies from pa-
tients with GEP-NEC, we performed targetedmassive parallel
sequencing of 77 cancer genes, covered by the Avenio
ctDNA Expanded Kit, in plasma from 50 selected patients.
Overall, we detected 202 mutations, yielding an average of
4.0 mutations/patient (median, 4 mutations/patient; range,
0-13 mutations/patient; Appendix Fig A2).

We had germline information available for all patients, from
a previous study on solid biopsies5 and therefore went on to
filter all data from liquid biopsy against variants called in
WBC. Doing so, 23 of the 202 variants were found in WBC,
leaving 179 variants to be deemed true somatic variants.
This yielded an average of 3.6 mutations per patient
(median, 3 mutations per patient; range, 0-13 mutations
per patient, with at least one mutation detected in the
ctDNA of 44 of the 50 patients).

In concordance with our previous analysis of solid tumors,5

the most frequently altered genes were TP53 (60%), KRAS
(28%), APC (26%), RB1 (24%), and BRAF (20%; Fig 1).

Concordance Between Liquid and Solid Biopsies

We performed a direct assessment of concordance be-
tween mutations detected in liquid biopsies and mutations
previously detected in matching solid biopsies.5 This was
possible in 76/77 genes covered in our analyses of liquid
biopsies. The only nonoverlapping gene was PMS2. One
patient had a PMS2mutation. Thus, 178 of the 179 variants
remained for comparison with solid biopsy data.

Of the 178 mutations detected in liquid biopsies, 127
(71%) were also detected in the solid biopsies, whereas 51
(29%) were only found in liquid biopsies. Conversely, in the
same 76 genes, we previously detected 199 mutations
(SNVs) in solid biopsies and, among these, 127 (64%) were
also found in liquid biopsies (Fig 2A).

TABLE 1. Patient Characteristics
Characteristic NEC (N = 50)

Age, years, No. (%)

, 60 9 (18)

60-69 14 (28)

70+ 27 (54)

Sex, No. (%)

Male 27 (54)

Female 23 (46)

Primary tumor site, No. (%)

Colon right 12 (24)

Colon left 2 (4)

Rectum 11 (22)

Esophagus 5 (10)

Gastric 10 (20)

Pancreas 3 (6)

Gallbladder/duct 2 (4)

Anal 1 (2)

Unknowna 4 (8)

Metastatic site, No. (%)

Liver 30 (60)

Lung 11 (22)

Lymph node 16 (32)

Other 13 (26)

Cell type, No. (%)

Large cell 28 (56)

Small cell 22 (44)

Ki-67, No. (%)

21%-55% 3 (6)

. 55% 45 (90)

. 20% (exact value not specified) 2 (4)

Surgery of primary tumor, No. (%)

Resected (before sampling) 17 (34)

Not resected 33 (66)

Disease, No. (%)

Nonmetastatic (stage III) 4 (8)

Metastatic (stage IV) 46 (92)

Days from tumor to liquid biopsy, No. (%)

≤ 30 33 (66)

31-61 14 (28)

. 61 2 (4)

NA 1 (2)

Abbreviations: NA, not available; NEC, neuroendocrine carcinomas.
aUnknown primary (carcinoma of unknown primary) with predominantly GI

metastases.
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On average, each patient thus had one mutation uniquely
detected in liquid biopsies and 1.4 mutations uniquely de-
tected in solid biopsies, while the average number of muta-
tions detected in both samples was 2.5. However, assessing
these data in individual patients, we found a large variability
between patients (Fig 2B). Of the 50 patients, 15 (30%) had
identical data from liquid and solid biopsies, while one patient
had unique mutations in both liquid and solid biopsies but no
overlapping mutations (germline single nucleotide polymor-
phisms (SNP) status confirmed samples were from the same
individual). Furthermore, in three patients, we detected
uniquemutations in liquid samples but zeromutations in solid
biopsy. Conversely, in six patients, we found uniquemutations
in solid biopsy but zero mutations in the liquid sample. On

average, across the 50 patients, the concordance between
mutations in liquid and solid biopsies was 57%.

In a real-life setting, data from WBC may not be available
when analyzing solid tumor biopsies or plasma samples. In
an exploratory analysis, we set the WBC-filtered data from
solid biopsies as baseline and simulated a scenario where
data from WBC were not available for plasma analyses. In
such a scenario, the fraction of variants called in liquid bi-
opsies that could be confirmed as somatic in solid biopsies
was 63% (127/201mutations; Fig 2A and Appendix Fig A3).

Impact of Disease and Mutational Burden

We used presence or absence of liver metastases as a
measure for disease burden in patients. In patients with

0

13

TM
B

TSC2
SMO

SMAD4
RET

PIK3CA
MTOR
MSH6

KDR
FLT4
FLT1

EGFR
DDR2

AR
AKT2

NRAS
GNAS
ERBB2
BRCA2

PTEN
KEAP1

CTNNB1
FBXW7

BRAF
RB1
APC

KRAS
TP53

4%
4%
4%
4%
4%
4%
4%
4%
4%
4%
4%
4%
4%
4%
6%
6%
6%
6%
8%
10%
10%
12%
20%
24%
26%
28%
60%

0 30

No. of Samples

MSI
Cell type
Primary tumor site

In frame deletion

Multi hit

Primary tumor site
Colon left

Colon right

Esophagus

Gallbladder/duct

Gastric

Anal

Pancreas

Rectum

Unknown

Cell type
Large cell

Small cell

MSI

No

Yes

Nonsense mutation

Missense mutation

Mutation type

FIG 1. Mutation spectrum in liquid biopsies from patients with GEP-NEC. The oncoplot shows themost frequently altered genes (rows) in liquid
biopsies from 50 patients with GEP-NEC (columns). Upper panel shows themutational burden per sample, with colors indicatingmutation type
for individual mutations. Percentages on the right representmutation frequency per gene, with colors indicatingmutation types (and a separate,
purple color for multiple mutations in the same gene in the same patient). The panel under the oncoplot area is composed of three single-row
heatmaps showing in order, from top to bottom, primary tumor site, cell type, andMSI status. Multihit indicates that more than onemutation occurs
in the same gene, in the same patient. Mutations presented represent the findings in liquid biopsies after additional filtering against WBC-data (see
Methods). GEP-NEC, gastroenteropancreatic neuroendocrine carcinoma, MSI, microsatellite instable; TMB, tumor mutation burden.
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FIG 2. Concordance between liquid and solid biopsies. (A) Venn diagram illustrating the total numbers of
mutations detected in liquid and solid biopsies across all 50 analyzed patients with GEP-NEC. Blue circles
indicate numbers of mutations detected in liquid biopsies (solid line, with filtering against WBC data; dotted line,
without filtering against WBC data) and the teal circle indicate the numbers of mutations detected in solid
biopsies. Numbers indicate data from 76 genes where mutation status was assessed in both liquid and solid
biopsies (ie, excluding data for PMS2 from the 77-gene Avenio panel). aWithout filtering of variants seen in WBC.
(B) Co-bar plot illustrating the concordance and differences in mutations detected in liquid and solid biopsies
from each of the 50 analyzed patients. Each horizontal bar represents one patient (as indicated on the y-axis).
The blue part of each bar illustrates the number of mutations (x-axis) uniquely (continued on following page).
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established liver metastases (n = 30), we found a significantly
higher proportion ofmutations in tumors to also be detected in
the liquid biopsies (78%) compared with in patients without
liver metastases (48%; P = 1.5 × 10–5; Fig 3A). Stratifying
patients into subgroups according to degree of liver involve-
ment, we found a significant trend of increasing proportion of
tumor mutations detected in liquid biopsies, with increasing
disease burden (Ptrend = 1.2 × 10–4; Fig 3A). However, there
was a large variability between individual patients, with a range
from 0% to 100% concordance, within both patient groups
(with or without liver metastases; Data Supplement).

One may expect the landscape of mutations in ctDNA to be
dominated bymajor subclones in the tumor. Supporting this,
we found that mutations detected both in tumor and in
ctDNAhad an average VAF of 0.42 in the tumors, while those
mutations that were unique to tumor had a slightly lower
average VAF of 0.38 (P = .033; Fig 4A). In liquid biopsies, the
average VAF of those mutations detected both in liquid and
tumor biopsies was 0.28, while the average was 0.03 for
those unique to liquid biopsies (P , .001; Fig 4B).

Among the 50 tumors, four were MSI-high (Fig 2B; Data
Supplement). The fraction ofmutations in tumor tissue that was
also detected in liquid biopsies was lower for these four patients
(40%) compared with microsatellite stable (MSS) tumors
(70%; P = 7.8 × 10–4), while the fraction of mutation uniquely
detected in liquid biopsies (47%) was higher than in MSS
tumors (25%; P = .026).

Four cases had locally advanced disease stage III without
metastases. Two of these cases had 100% concordance
between liquid and solid biopsies, while one had 0%
concordance. Thus, these cases revealed a concordance
pattern similar to the metastatic cases (Fig 2B).

Assessing the TMB, we found strong correlations between
the total number of mutations per patient and each of the
parameters number of shared mutations, mutations unique
to liquid biopsies, and mutations unique to solid biopsies
(P = 7.0 × 10–6, 7.3 × 10–4, and 2.0 × 10–4, respectively;
Appendix Fig A4). Notably, TMB did not affect overall
survival (Appendix Fig A5).

Liquid Versus Solid Biopsies in Subgroups of GEP-NEC

We performed stratified assessments according to different
primary tumor sites. Assessing the subgroups, with five or
more cases in each primary site (Table 1), some numerical
differences were observed (Fig 3B), but these did not reach
statistical significance. The exception was the finding that
esophageal cases had a significantly higher proportion of
mutations uniquely detected in liquid biopsies compared

with the other subgroups (43%; P = .001). Although this
must be interpreted with caution, because of the low
number of esophageal cases (n = 5), it was not a covariate
of high proportion of cases with liver metastases, since this
was lower (40%) among the esophageal cases compared
with the other subgroups (62%).

Detection of Targetable Mutations in Liquid Biopsies

We previously found 66% of solid biopsies from GEP-NEC
tumors to harbor potentially targetable mutations.5 Ap-
plying the same classification of mutations as potentially
targetable or not, as previously done,5 we here found 40
mutations, in 26 patients, to be potentially targetable.
Thus, 26 of 50 (52%) tumors harbored potentially tar-
getable mutations within the 77 gene panel (Data Sup-
plement). Notably, 25 of the 40 potentially targetable
mutations were also detected in solid biopsies, while 15
were detected only in the liquid biopsies. Thus, a total of
nine (18%) patients had potentially targetable mutation
detected only in liquid biopsies.

We also performed a stringent re-evaluation of all muta-
tions, identifying those listed as currently established bio-
markers (level 1 or 2; Data Supplement) in the OncoKB
database. In this analysis, 15 mutations, in 15 patients,
were identified in OnkoKB. Thus, 15 of 50 patients (30%)
had OncoKB-validated targetable mutations in the ctDNA.
Notably, three of these 15 mutations were uniquely de-
tected in the liquid biopsies, while 12 were also found in the
tumors.

Parallel Evolution Detected in Liquid Biopsies

In the liquid biopsies, we found 15/50 patients (30%) to
harbor more than one mutation in one or more genes,
indicating parallel evolution (Fig 1). The most frequent
cases were observed among frequently mutated genes
(TP53, KRAS, and APC). However, the case indicating the
strongest patient-specific selection pressure (case 9067)
had five different PTEN mutations (Fig 5). Assessing three
of these mutations that were located in close proximity to
each other in PTEN exon 5 (codons 126, 138, and 140),
they were observed on different sequencing reads, sup-
porting that they occurred as independent, parallel events.

DISCUSSION

The existing molecular data for GEP-NEC are very limited,
and there is a large need for better data to improve classi-
fication and for identification of potentially new therapeutic
strategies. We recently performed a genetic characterization
of tissue biopsies from 181 GEP-NEN including 152 GEP-
NEC.5 In this study, in an effort to extend the molecular

FIG 2. (Continued). detected in liquid biopsies. The red part indicates shared mutations (detected both in liquid
and solid biopsies), while the teal part illustrates mutation uniquely detected in solid biopsies. Data presented
represent the findings in liquid biopsies after additional filtering against WBC data (see Methods). Orange arrows
indicate MSI-positive cases, while purple arrows indicate cases with locally advanced stage III disease without
metastases. GEP-NEC, gastroenteropancreatic neuroendocrine carcinoma; MSI, microsatellite instable.
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understanding of these tumors, we built on our previous data
from solid biopsies and performed assessment of genetic
alterations in the circulation in a subset of the same patients.

For GEP-NEC, the topic of liquid biopsies has previously
only been addressed in a single study. Gerard et al,11 in-
cluding 24 patients, for whom matched solid tumor tissue
was available for 6 cases, found a 44% concordance be-
tween ctDNA and tumor tissue. In our present study,
among all mutations previously called in solid biopsies, we
detected 64% in the analyses of liquid biopsies. Among

mutations in the liquid biopsies, 71% were also detected in
solid biopsies, whereas 51 (29%) were unique to liquid
biopsies (Appendix Fig A6). Although this concordance was
good, we also observed differences that could havemultiple
explanations. For mutations found in solid but not liquid
biopsies, this could be due to particular subclones in the
tumor that are either smaller than other subclones, or for
some unknown reason shed less genetic material to cir-
culation. For mutations found in liquid biopsies but not in
solid biopsies, these may reflect subclones present, but
not captured, in solid biopsies. Notably, although spatial
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Gastric (n = 10)

Colon (n = 14)

Rectum (n = 11)

Liver Metastases Total (n = 30)

Liver Metastases > 75% (n = 5)

Liver Metastases 51%-75% (n = 3)

Liver Metastases 25%-50% (n = 4)

Liver Metastases < 25% (n = 9)

No Liver Metastases  (n = 20)

0 20 40

Percent
60 80 100

Percent unique liquid Percent shared Percent unique tumors

Percent
Percent unique liquid Percent shared Percent unique tumors

FIG 3. Concordance between liquid and solid biopsies in subgroups of patients with GEP-NEC. (A)
Co-bar plot illustrating the difference in concordance of mutations detected in liquid and solid biopsies
between patients with and without liver metastases as well as subgroups with different levels of liver
affected by disease. The blue part of each horizontal bar illustrates the fraction of mutations (x-axis)
uniquely detected in liquid biopsies. The red part indicates the fraction of shared mutations (detected
both in liquid and solid biopsies), while the teal part illustrates the fraction of mutations uniquely
detected in solid biopsies. Note that the percentages (x-axis) is given as percentage of all three
categories of mutations, while the percentages mentioned in the main text (78% and 48%) relate to
fractions of mutations in solid tumor biopsies that was also detected in liquid biopsies, ie, for that
particular comparison, the sum of the red and teal categories were set to 100%. Data presented in the
co-bars represent fraction of mutations, while n for each category refers to the number of patients.
Among 30 patients with liver metastases, data on level of liver involvement were available for 21.
(B) Co-bar plot illustrating the difference in concordance of mutations detected in liquid and solid
biopsies between patients with GEP-NEC of different primary sites. Color keys are as given for panel A.
GEP-NEC, gastroenteropancreatic neuroendocrine carcinoma.
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distribution of subclones has not been studied in GEP-NEC,
in other carcinomas, subclones may grow infiltrating in
each other in some patients, while subclones in other
patients grow in more geographically restricted areas,12

affecting representativeness of biopsies. An additional
possibility is that some patients harbor additional lesions
and/or distant metastases where alternative subclones will
not contribute to the mutational spectrum in a solid biopsy
but may do so in liquid biopsies.

Disease burden has been found to affect the representa-
tiveness of liquid biopsies in most cancer types.10 We used

presence and extent of liver metastases as a marker for
disease burden. We found a better concordance between
liquid and solid biopsies in patients with liver metastases,
and less unique mutations in tumor with increasing per-
centage of liver involvement. Notably, we also found a
generally lower VAF for mutations detected uniquely in
tumors compared with those detected in both tumors and
liquid biopsies, indicating that intraindividually, the size of
subclones may influence detection of mutations in liquid
biopsies. We also found that liquid biopsies seem to detect
mutations in small subclones that are difficult to capture in
solid tumor biopsies.

Mutations Detected
in Tumor and Liquid

Mutations
Unique to Tumor

P = .033

0.0

0.2

0.4

0.6

0.8

VA
Fs

1.0

A

Mutations Detected
in Tumor and Liquid

Mutations
Unique to Liquid

P < .001

0.0

0.2

0.4

0.6

0.8

VA
Fs

1.0

B

FIG 4. Subclone size and contribution to circulating tumor DNA in patients with GEP-NEC. (A) Box plot illustrates the VAFs for
mutations detected in solid tumor tissue. The higher tumor VAFs among those mutations detected in both solid and liquid biopsies
(red) compared with those uniquely detected in solid biopsies (teal) indicates that larger tumor subclones are better represented in
liquid biopsies than in smaller subclones, in GEP-NEC. (B) Box plot illustrates the VAFs for mutations detected in liquid biopsies.
The higher tumor VAFs among those mutations detected in both liquid and tumor biopsies (red) compared with those uniquely
detected in liquid biopsies (blue) indicates that liquid biopsies may detect mutations from smaller subclones, not captured by solid
tumor biopsies, in GEP-NEC. GEP-NEC, gastroenteropancreatic neuroendocrine carcinoma; VAF, variant allele frequency.

Patient 9067
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DDR2 I638F
RB1 K65*
TP53 H193L

APC G2360A
PTEN A126T

PTEN Y138N
PTEN L140*

PTEN Q171H
PTEN Y346N

Shared mutations
(solid/liquid biopsy)

Mutations unique
to liquid biopsy

FIG 5. Case (patient 9067) exemplifying parallel evolution in GEP-NEC. Mutations
are drawn in an assumed phylogenetic tree, based in molecular data from patient
9067. Gray line (trunk) indicates the (presumably early) mutations shared between
solid and liquid biopsy, while the red lines (branches) indicate mutations uniquely
detected in the liquid biopsy. As one of two patients with PTENmutations uniquely
detected in liquid biopsy, among the 50 analyzed cases, patient 9067 had five
different parallel PTEN mutations detected in liquid biopsy. GEP-NEC, gastro-
enteropancreatic neuroendocrine carcinoma.
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We previously reported a high fraction (66%) of neuro-
endocrine carcinoma tumors to harbor potentially target-
able mutations, opening new possibilities for treatment
strategies for these tumors.5 An important question is
whether such mutations are also detectable in liquid bi-
opsies. In our present analysis, we applied a smaller gene
panel, covering 77 genes, contrasting our previous as-
sessment of 360 genes in the solid biopsies. In addition, the
present panel precluded assessment of copy-number al-
terations and MSI status. Even with these limitations, we
found potentially targetable mutations in 52% of the
samples. Importantly, nine (18%) patients had potentially
targetable mutations detected only in liquid biopsies, in-
dicating that at least in some GEP-NEC cases, liquid bi-
opsies may provide additional information, beyond solid
biopsies, to guide future treatment choices. Overall, our
present findings indicate that liquid biopsy may be used for
biomarker assessments to guide therapy choice for many
patients with GEP-NEC.

A limitation of this study is that the mutation calling in liquid
biopsies was performed for SNVs only. Currently, an indel
calling option for the present analysis is not yet available
and we have therefore not compared the detection of indels

between liquid and solid biopsies. However, we have no
reason to believe that the concordance between liquid and
solid biopsies would be different for indels than for SNVs.
Another limitation is that we analyzed a single liquid biopsy
per patient. In a future real-life setting, we imagine the
application of liquid biopsies in GEP-NEC management to
include longitudinal sampling for monitoring disease pro-
gression and subclonal dynamics. However, our present
study provides a basis, indicating that such assessments of
ctDNA are highly feasible.

We find liquid biopsies from patients with GEP-NEC to
represent a good alternative material for biomarker ana-
lyses. We found some mutations uniquely detected in solid
biopsies and others uniquely detected in liquid biopsies;
however, in a real-life setting, it may be too resource-
demanding to perform both analyses for all patients. Liq-
uid biopsies can be used clinically to characterize tumors in
cases where the possibility of solid biopsy is precluded.
Since liquid biopsy analyses may add additional mutations
compared with tumor biopsy analyses alone, liquid biopsy
may also be an option in cases where no targetable mu-
tations are detected in the solid tumor biopsy.
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APPENDIX 1. SUPPLEMENTARY MATERIALS AND METHODS

Patients and Samples

Patients diagnosed with high grade (HG) gastroenteropancreatic
(GEP)-NEN during 2013-2017 in Nordic centers were prospectively
included in the Nordic NEC registry. Inclusion criteria were as follows:
histopathologically confirmed metastatic or unresectable locally ad-
vanced high-grade neuroendocrine neoplasm (Ki-67.20%) with
gastroenteropancreatic primary or unknown primary (carcinoma of
unknown primary) with predominantly GI metastases. Clinical infor-
mation, tumor tissue, plasma, and blood cells for matched non-
neoplastic DNA were collected for each case before start of chemo-
therapy. Histologic sections (hematoxylin/eoisin, chromogranin A,
synaptophysin, and Ki-67) were collected and subject to centralized
pathologic re-evaluation by an expert NEN pathologist. Subsequently,
an additional blinded pathology review was done by three NEN pa-
thologists for all cases meeting the following criteria: neuroendocrine
tumor (NET) G3 or non–small-cell NEC with a Ki-67 ≤ 55% or un-
certain morphology since these are the cases where pathology as-
sessment separating NET G3 from NEC is important. Difficult cases
were finally discussed during a virtual consensusmeeting. On the basis
of the criteria above, 181 cases were previously included in a study that
aimed to assess the molecular landscape in solid biopsies of HG
GEP NEN, of which 152 were GEP neuroendocrine carcinomas
(GEP NECs).5

For the present analyses, 50 patients with GEP-NEC were included. All
of these were among the 152 GEP-NECs previously characterized for
molecular alterations in the tumor tissue and normal cells (WBC).
Thus, for all 50 in this study, we had data both from liquid and solid
biopsies as well as from WBC. Patients were selected for the present
analyses to provide representative groups of tumors with respect to
different primary tumor sites, sex, cell type, and MSI status (Appendix
Fig A1). At the same time, the samples were selected on the basis of

particularly high mutation burden or particularly low mutation burden
as well as tumor cell fraction in the solid tumor biopsies of at least 20%,
to ensure a proper basis for comparison.

For one patient (case 11004), exact dates for sampling were not
available. For the remaining 49 patients, all blood samples were
collected before any treatment. For one patient (case 10007), the
blood sample was collected before start of neoadjuvant chemotherapy,
whereas the tumor tissue specimen was collected after neoadjuvant
therapy at surgery. For all remaining patients, all biopsies were taken
before any treatment, and tumor biopsies were taken first, with sub-
sequent collection of blood samples. The median time from tumor
biopsy to blood sampling was 25 days, with a range from six to 524
days. Notably, only two patients had long time spans (437 and
524 days, because of initial surgical resection for loco-regional disease
and plasma sampling at recurrence). For the rest, the range was six to
61 days (Table 1; Data Supplement).

General demographic information on the selected patients is given in
Table 1 and Appendix Fig A1, with further details on individual patients
and selection criteria in the Data Supplement. Notably, no preliminary
data on potential effect sizes in comparisons between subgroups were
available. Thus, this study must be regarded as exploratory, not on the
basis of formal power estimates.

Among the 50 patients, survival was followed for a minimum of
32 months or until death (median, 43 months; range, 32-71 months or
until death).

The study was institutional review board–approved by the responsible
ethics committees in Norway (REK vest 2012/940) and Sweden (REC
Uppsala Dnr 2012/285). All sample donors signed informed written
consent.

Previous analyses of tumorsa

GEP-NEC (n = 152)

Site
Right colon (n = 36)
Rectum (n = 36)
Esophagus (n = 18)
Gastric (n = 16)
Unknown (n = 19)
Pancreas (n = 13)
Left colon (n = 9)
Gallbladder/duct (n = 3)
Other (n = 2)
Small bowel (n = 0)

Sex
Male (n = 94)
Female (n = 58)

Cell type
Large cell (n = 87)
Small cell (n = 65)

MSI status
MSI (n = 8)
MSS (n = 144)

Present analyses of ctDNA

GEP-NEC (n = 50)

Site
Right colon (n = 12)
Rectum (n = 11)
Esophagus (n = 5)
Gastric (n = 10)
Unknown (n = 4)
Pancreas (n = 3)
Left colon (n = 2)
Gallbladder/duct (n = 2)
Other (anal) (n = 1)
Small bowel (n = 0)

Sex
Male (n = 27)
Female (n = 23)

Cell type
Large cell (n = 28)
Small cell (n = 22)

MSI status
MSI (n = 4)
MSS (n = 44)

FIG A1. Summary of samples included in our previous analysis of solid tumor biopsies
(n = 152; left panel) and the distribution across the same parameters within the subset
selected for liquid biopsy analyses (n = 50; right panel). aVenizelos et al.5 ctDNA, circulating
tumor DNA; GEP-NEC, gastroenteropancreatic neuroendocrine carcinoma; MSI, micro-
satellite instable; MSS, microsatellite stable.
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Sequencing and Mutation Calling

For liquid biopsy analyses, 4 mL of EDTA-plasma was subject to DNA
isolation and subsequent library preparation using the Avenio ctDNA
Expanded Kit (Roche) according to the manufacturer’s instructions,
covering 77 cancer-related genes (Data Supplement). Individual
enriched libraries were quantified with Qubit dsDNA HS Assay Kit, and
their profile was assessed with the Agilent Fragment Analyzer System
using the Agilent HS NGS Fragment Kit (1-6000bp). Twelve purified
libraries per run were pooled and sequenced on an Illumina NextSeq
500 (Illumina, San Diego, CA), using the 300-cycle NextSeq High
Output Kit, in paired-end mode (2 × 151 cycles). This resulted in an
average of 60,442,281mapped reads per sample, corresponding to an
average sequencing depth of 11,539×.

Data were analyzedwith the AVENIO ctDNAAnalysis Software program
(version 2.0.0) with default parameter settings for the expanded panel.

Only point mutations (SNVs) in the coding regions of the 77 genes in
the panel were considered. As further postprocessing filters, we ap-
plied a VAF filter of . 0.0025 to exclude technical sequencing noise.
To exclude SNPs, only variants with MAF , 0.02 in the EXAC or the
1000 Genomes Project databases were considered. Furthermore,
variants were filtered against sequencing information available from
matched WBCs (previously published in our study on solid biopsies5).

Annotation of mutations as targetable was performed as described in
our previous analysis of solid biopsies of NEC5 (a list of predefined
targetable mutations is provided in the Data Supplement and with a
separate assessment applying the OncoKB database).
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FLT1
FLT4
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KRAS
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0 30

No. of Samples

MSI
Cell type
Primary tumor site

In frame deletion

Multi hit

Primary tumor siteMutation type
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Anal

Pancreas

Rectum
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No
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FIG A2. Mutation spectrum in liquid biopsies from patients with GEP-NEC. The oncoplot shows themost frequently altered genes (rows) in liquid
biopsies from 50 patients with GEP-NEC (columns). Upper panel shows the mutational burden per sample. Percentages on the right represent
mutations’ frequency per gene. The panel under the oncoplot area is composed of three single-row heatmaps showing in order, from top to
bottom, primary tumor site, cell type, and MSI status. Multihit indicates that more than one mutation occurs in the same gene, in
the same patient. Mutations presented represent the findings in liquid biopsies without filtering against WBC data (see Methods). For data with
WBC-based filtering, seemain Figure 1. GEP-NEC, gastroenteropancreatic neuroendocrine carcinoma;MSI, microsatellite instable; TMB, tumor
mutation burden.
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Sequencing and Mutation Calling of Matched Solid

Biopsies and WBCs

Sequencing and mutation calling of the solid tumor biopsies from the
patients included in this study has been reported previously.5 In brief,
targeted massive parallel sequencing was performed on DNA from
formalin-fixed paraffin-embedded tumor tissue and matched WBCs as
normal tissue. Targeted enrichment was performed using baits against
an in-house panel of 360 cancer-related genes.12 Libraries were se-
quenced on a MiSeq instrument (Illumina) to an average depth of
136× for the tumors and 165× for normal blood (in the original report5):
for the subset of patients in this study, the average depth was 120×
(range, 57× to 184×) for the tumors and 175× (range, 82× to 256×) for
the normal blood.

Concordance Analysis

Among the 77 genes covered by the Avenio ctDNA Expanded Kit, 76
were also included in the 360 gene panel applied for solid biopsies and
WBCs. The only gene not included in the 360 gene panel was PMS2.
Thus, all concordance assessments between data from liquid and solid
biopsies were performed on the basis of 76 genes.

Statistics

Potential differences in distribution of variables between groups were
assessed by Fisher exact test. Potential correlations between contin-
uous variables were assessed by calculation of Spearman’s rho.
Comparison of continuous variables between groups was performed by
Mann-Whitney rank test. P , .05 was considered significant. All P
values are given as two-sided, and P values from Fisher exact tests are
given as two-sided and cumulative. Statistical analyses were per-
formed using SPSS v.28.0.1.0.
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FIG A3. Concordance between liquid and solid biopsies in individual patients. Co-bar plots illustrating the
concordance and differences in mutations detected in liquid and solid biopsies from each of the 50 analyzed
patients. Each horizontal bar represents one patient (as indicated on the y-axis). The blue part of each bar
illustrates the number of mutations (x-axis) uniquely detected in liquid biopsies. The red part indicates shared
mutations (detected both in liquid and solid biopsies), while the teal part illustrates mutation uniquely detected
in solid biopsies. Data presented represent the findings in liquid biopsies without filtering against WBC data (see
Methods). For data with WBC-based filtering, see main Figure 2.
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FIG A4. Tumor mutation burden. Scatter plots illustrating that (A) mutations unique to liquid biopsies, (B)
mutations shared between liquid and solid biopsies, and (C) mutations unique to solid biopsies were all
strongly correlated with the total number of mutations detected in each patient, in gastroenteropancreatic
neuroendocrine carcinoma.
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FIG A5. Overall survival in patients with low versus high mutation burden in liquid biopsies. Kaplan-Meier
curves illustrate survival for patients with mutation count in the liquid biopsy belowmedian (four mutations; red
line) and above or equal to median (blue line). HR, hazard ratio; TMB, tumor mutation burden.
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FIG A6. Overall concordance in detected mutations between
liquid- and tumor biopsies in patients with gastroenteropancreatic
neuroendocrine carcinoma.
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