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ABSTRACT

Introduction: The WHO classification of pulmonary
neuroendocrine tumors (PNETs) is also used to classify
thymic NETs (TNETs) into typical and atypical carcinoid
(TC and AC), large cell neuroendocrine carcinoma
(LCNEC), and small cell carcinoma (SCC), but little is
known about the usability of alternative classification
systems.

Methods: One hundred seven TNET (22 TC, 51 AC, 28
LCNEC, and 6 SCC) from 103 patients were classified
according to the WHO, the European Neuroendocrine
Tumor Society, and a grading-related PNET classification.
Low coverage whole-genome sequencing and immunohis-
tochemical studies were performed in 63 cases. A copy
number instability (CNI) score was applied to compare
tumors. Eleven LCNEC were further analyzed using
targeted next-generation sequencing. Morphologic classifi-
cations were tested against molecular features.

Results: Whole-genome sequencing data fell into three
clusters: CNIlow, CNIint, and CNIhigh. CNIlow and CNIint
comprised not only TC and AC, but also six LCNECs.
CNIhigh contained all SCC and nine LCNEC, but also
three AC. No morphologic classification was able to
predict the CNI cluster. Cases where primary tumors
and metastases were available showed progression from
Journal of Thoracic Oncology Vol. 14 No. 8: 1472-1483
low-grade to higher-grade histologies. Analysis of
LCNEC revealed a subgroup of intermediate NET G3
tumors that differed from LCNEC by carcinoid
morphology, expression of chromogranin, and negativity
for enhancer of zeste 2 polycomb repressive complex
2 subunit (EZH2).

Conclusions: TNETs fall into three molecular subgroups
that are not reflected by the current WHO classification.
Given the large overlap between TC and AC on the one
hand, and AC and LCNEC on the other, we propose a
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morphomolecular grading system, Thy-NET G1-G3, instead
of histologic classification for patient stratification and
prognostication.

� 2019 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Neuroendocrine tumors (NETs) have been described

in many organs, but are most common in the gastro-
enteropancreatic (GEP-NET) and pulmonary tract
(PNET). In comparison, thymic neuroendocrine tumors
(TNETs) are rare, accounting for less than 5% of medi-
astinal and thymic neoplasms, and 0.4% of all neuroen-
docrine tumors overall.1-4 TNETs and PNETs are
classified using the same WHO criteria into low-grade
typical carcinoids (TCs), intermediate-grade atypical
carcinoids (ACs), and two high-grade malignancies, large
cell neuroendocrine carcinoma (LCNEC) and small cell
carcinoma (SCC). All four tumors require neuroendo-
crine morphology by light microscopy (organoid nesting,
rosette formation, peripheral palisading of tumor nests,
and trabeculae), and ultrastructural or immunohisto-
chemical evidence of neuroendocrine differentiation for
separation from other tumors. Within the four tumors,
TC is defined as having less than two mitoses per 2 mm2,
no necrosis, and size of 0.5 cm or greater, whereas AC is
defined as having two to 10 mitoses per 2 mm2 and/or
necrosis. LCNEC requires non–small cell morphology,
SCC requires small cell morphology, and both require
greater than 10 mitoses per 2 mm2. Ki-67 is often used
as an ancillary stain, but is not a formally recognized
criterion. Although the WHO classification is based on
morphology, the inclusion of metric criteria implies that
it is also a grading system.5 In contrast, the current
European Neuroendocrine Tumor Society (ENETS)/WHO
classification of GEP-NET uses metric criteria based on
mitotic count and Ki-67 index to grade tumors that are
separated into NET and neuroendocrine carcinoma by
morphology.6 GEP-NETs are thus classified into NET G1,
NET G2, and large-cell and small-cell NEC. More recently,
an additional category of “NET G3” has been introduced in
GEP-NET.7 These NET G3 are characterized by a well
differentiated (carcinoid) morphology, whereas the Ki-67
index indicates G3.7 In an attempt to reconcile difficulties
of morphologic classifications with current knowledge
about the biology and behavior of PNET, and to separate
more clearly morphologic and metric criteria, Pelosi et al.5
have proposed an integrated classification of PNET into
Lu-NET G1 – G3 based on morphology, amount of
necrosis, mitotic count, and Ki-67 index.5

Despite an emerging unifying concept of NETs across
all organs, the anatomic site is biologically important
because tumors of different anatomic location behave
differently and show divergent risk factors (e.g., the role
of smoking habits), clinical presentation, and molecular
features.8,9 Although thoracic NET (PNET and TNET) are
often referred to as foregut NET and have traditionally
been classified using the same criteria, there are clini-
copathologic and genetic differences. For example, AC
and LCNEC are the most frequent subtypes in the
thymus, whereas TC and SCC prevail in the lung.
Furthermore, the correlation between genotype and
phenotype in patients with menin 1 (MEN1) is reported
to be lower in TNET, and the genetic profile of thymic
carcinoids differs from pulmonary carcinoids.10-16 On
the other hand, the current WHO classification has
shown clinical relevance and reflects genetic alterations
found in TNET.16

Whereas the diagnosis of TC, AC, and SCC is usually
straightforward, LCNEC is more problematic. The WHO
classification states that some LCNEC have carcinoid
morphology, but exceed the mitotic count accepted for
AC. Under this definition, LCNEC is likely to comprise a
large spectrum of tumors that overlap with AC at the one
end and with SCC at the other. A recent small case series
even provides genetic evidence that some thymic LCNEC
may develop from AC.17 Based on retrospective clinical
data, we previously reported that a cutoff at 15 mitoses
separated TNET with an increased risk of recurrence.16

At the other end of the spectrum and regarding the
distinction from SCC, we and others found a better
prognosis for LCNEC than SCC, which may again be due
to the fact that the current WHO definition of LCNEC
embraces a spectrum of heterogenous tumors with very
different prognoses.16,18 However, a subgroup of NET G3
tumors with intermediate biological behavior has so far
not been described in the thymus.

We reasoned that molecular features such as gene
copy number variations might give valuable insights into
TNET biology and might provide guidance on how to
best classify them. We therefore examined the molecular
features of a large retrospective series of TNET and
compared the results to different histologic classification
systems to establish robust criteria that allow better
stratification of these rare tumors.
Materials und Methods
Patients and Tumor Specimens

For this study, we used archival formalin-fixed,
paraffin-embedded (FFPE) tissue slides or blocks of
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107 TNETs from 103 patients collected between 1996
and 2016. Seventy-three cases had been previously
described in another study.16 Cases were contributed
from centers in Germany (Göttingen and Mannheim),
Austria (Graz), Italy (Rome), and the United States (Sil-
ver Spring, Maryland, and Rochester, Minnesota). The
study was performed with approval from the University
Medical Center Göttingen ethics committee (no.
Dok_7_2016). Materials included resection specimens
and biopsy specimens. In a few cases, there was more
than one specimen from a given patient. Case #1 had a
primary tumor and a synchronous metastasis. Case #2
had a primary tumor and a metachronous metastasis 3
years later. Case #3 had two samples of the primary
tumor and one metachronous metastasis 5 years later.
Case #4 had two samples of the primary tumor. All cases
were carefully reviewed by two pathologists (H.D. and
P.S.) and classified according to the WHO 2015 classifi-
cation scheme.1 Mitotic counts were determined in 10
high-power field (HPF) on hematoxylin and eosin–
stained sections, using an Olympus BX53 microscope
(40� objective, field-of-view diameter of 0.55 mm,
resulting in 10 HPF ¼ 2.37 mm2). Only unequivocal
mitoses (i.e., identifiable spindles) were counted. After
final review, 22 cases were classified as TC, 51 cases as
AC, 28 as LCNEC, and 6 cases as SCC (Table 1). The same
cases were also classified according to the ENETS/WHO
classification for GEP-NET into NET G1, NET G2, LCNEC,
and SCC, and according to the PNET classification
proposed by Pelosi et al.5 into G1, G2, and G3.5,6 The
Ki-67 index was determined using immunohistochem-
ical stains that were analyzed using morphometric
digital image analysis (see below). In cases where this
analysis was technically not feasible, a photograph of a
Table 1. Clinical Details of 107 TNET Patients

Cases (n)
Sex
(M/F)

Age Range,
y (Median)

Status
(Alive/Dead)

TC 22 17/5 8–78 (57) 6/1

AC 51 44/7 18–85 (54) 18/13

LCNEC 28 16/12 16–79 (57.5) 2/8

SCC 6 5/1 34–74 (58.5) 0/3

TC, typical carcinoid; AC, atypical carcinoid; LCNEC, large cell neuroendocri
radiotherapy; TNET, thymic neuroendocrine tumor; M, male; F, female.
representative hot spot was taken at 400� magnifica-
tion, printed out, and positive versus negative tumor
cell nuclei were manually counted.
Immunohistochemistry
Immunohistochemistry (IHC) was performed after

antigen retrieval on a Dako Autostainer platform using
Dako EnV FLEX Peroxidase as the detection system. All
stains were performed using standard protocols. Anti-
bodies included synaptophysin (Dako/Agilent, Hamburg,
Germany, clone DAK-Synap, ready-to-use), chromogra-
nin (CellMarque, Rocklin, CA, clone LK2H10, ready-to-
use), Ki-67 (Dako/Agilent, clone MIB-1, 1:200), ATRX
(ThermoFisher, clone CLO 537, 1:100), DAXX (Sigma,
clone HPA 008736, 1:200), SSTR2A (Zytomed Systems,
Berlin, Germany, rabbit polyclonal, 1:100), RB (Sigma,
rabbit polyclonal, 1:100), P53 (Dako, clone DO-7, ready-
to-use), and EZH2 (Leica, Wetzlar, Germany, clone 6A10,
1:50). Immunohistochemical stains were evaluated using
a three-tiered scoring system for staining intensity (0 ¼
negative, 1 ¼ weakly positive, and 2 ¼ strongly positive)
and the percentage of positively stained tumor cells
(<25% positive cells, 25% to 50% positive cells, >50%
positive cells). For statistical evaluation, cases that had at
least 25% cells with either weak or strong staining in-
tensity were counted as positive.
Morphometric Image Analysis of Ki-67 Stains
The number on non-stained and stained cells in Ki-67

IHC was evaluated by a custom written image processing
MATLAB-tool (Mathworks, Natick, Massachusetts): first,
background and foreground staining are separated in 3-
dimensional color space. Second, by means of a dilation-
Median Survival,
mo Treatment

Tumor Size Range,
cm (Median)

48 S: 4
C: 1
S þ R: 2

2.9–12 (11)

59 S: 11
S þ C: 2
S þ R :9
C þ R: 1
S þ C þ R: 7

1–25 (8)

30 S: 3
C: 1
S þ C: 1
S þ C þ R: 2

6–20 (12)

1 S þ C: 2 12–15 (12)

ne carcinoma; SCC, small-cell carcinoma; S, surgery, C, chemotherapy; R,
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erosion sequence, overlapping nuclei are separated and
subsequently counted. The tool was tested and validated
by comparison to manual count based ground truth
(r2 ¼ 0.87 for the validation group).
Shallow Whole-Genome Sequencing and
Chromosomal Instability Score

DNA was extracted from FFPE tissue blocks using
the InnuPREP FFPE DNA Kit on the InnuPure C16 Sys-
tem (Jena Analytika, Jena, Germany) according to
manufacturer instructions. Molecular analysis was
possible in 63 tumor samples (13 TC, 30 AC, 16 LCNEC,
and 4 SCC).

Extracted DNA was ultrasonically sheared to an
approximate fragment size of 200 bp using a Covaris S2
focused-ultrasonicator. Sequencing libraries were pre-
pared using the NEBNext Ultra II DNA Library Prepara-
tion Kit for Illumina (New England Biolabs, Frankfurt,
Germany) according to the manufacturer instructions.
Paired-end sequencing (37/38 bp) was conducted on an
Illumina NextSeq500 with base calling using the
bcl2fastq program version 2.17.1.14. An average of 20.2
million (standard deviation: 5.5 million) reads were
generated per sample. Sequences were mapped to the
human reference genome (HG19) using the BWA version
0.7.12 (average of mapped reads: 15.7 million, standard
deviation: 6.5 million).19

Copy-number analysis based on read-count data was
conducted using the QDNAseq R package (version 1.10.0)
using a fixed window-size of 500 kbp (4407 windows in
total).20 The obtained log2 ratios were smoothed by
applying the circular binary segmentation algorithm using
the R package copy number version 1.14.0.21 Based on the
absolute log2 ratios observed in the four normal samples
(mean þ 10*STDEV) the thresholds for calling copy-
number gains/losses in the tumor samples were set to
0.09/-0.09, respectively.

A modified chromosomal instability (CNI) score
initially developed for the quantification of circulating
tumor DNA was used for the comparison between
samples and between groups of samples.22 In brief, after
sequencing, the mapped reads are counted in windows
along the chromosomes. The percentages of windows
above/below the thresholds were calculated as a general
measure of the amount of copy-number aberrations
present in each tumor.

Genes with causative impacting deletions or amplifi-
cations described in the COSMIC Cancer Gene Census
database were extracted for regions with gains/losses
present in greater than 10%, greater than 20%, and
greater than 25% in the TC, AC, and LCNEC/SCC groups,
respectively.23 The percentages of windows above/
below the thresholds (CNI score) were calculated as a
general measure of the amount of copy-number aber-
ration present in each tumor.
Next-Generation Sequencing
The Human GeneRead DNAseq Targeted Panel V2

(Cat. No.NGHS-003, Qiagen, Hilden, Germany) was
processed according to the manufacturers protocol.
Briefly, DNA was isolated from 11 LCNECs as
described above. The DNA was quantified using the
Qubit Assay (ThermoFisher Scientific, Dreieich, Ger-
many) and multiplex polymerase chain reaction (PCR)
was performed. DNA amplicons were purified with the
AmPure Beads (Qiagen). DNA was end-repaired and
adenylated (A-addition) using the GeneRead DNA Li-
brary I Core Kit (Qiagen). To each sample a specific
QIAseq 12-Index I adaptor (Cat. no. 333714, Qiagen)
compatible for Illumina platforms was ligated using
the GeneRead DNA Library Core Kit (Qiagen) followed
by a purification step with AmPure Beads. The li-
braries were then size-selected and PCR amplified
using the GeneRead DNA Amp Kit. Samples were
measured, diluted, and pooled for subsequent
sequencing on the Mi-Seq system using the MiSeq
Reagent Kit v2 (Illumina MS-102-2002). For data
analysis the FastQ files were analyzed in CLC
Biomedical Workbench (Qiagen) using an in-house
workflow. The reads were mapped on hg19 followed
by an initial variant calling. Then local realignments,
primer clipping, and low-frequency variant calling
were performed. False-positives were removed based
on the read quality and the forward/reverse balance.
All variants called were checked manually for
sequencing artefacts. The average coverage was
greater than 500 in all samples; the mutations had at
least 50 variant reads.
Sanger Sequencing
Sanger sequencing for neurofibromin 1 (NF1) muta-

tion validation was performed using NF1 FOR: 50- ACT
GAC CTT ATG CTT ACT ATT GAG - 30 and NF1 REV: AAG
GTC TTG GCG TTT CAG C as primers. PCR amplification
was verified on the QIAxcel Advanced Instrument (Qia-
gen) and purified using the ExoSAP-IT PCR Product
Cleanup (Applied Biosystems). Cleaned-up PCR products
were labeled by dideoxynucleotide chain termination
using the BigDye Terminator v3.1 Cycle Sequencing Kit
and subsequently purified using the BigDye XTerminator
Purification Kit (Applied Biosystems) before separating
the sequences by capillary electrophoresis on a 3500
Genetic Analyzer (Applied Biosystems). The sequences
were compared to an NF1 reference sequence and
analyzed using the software Geneious 11.0.4 (Biomatters
Ltd., Auckland, New Zealand).
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Statistical Analysis
Statistica version 13.1 (StatSoft Europe, Hamburg,

Germany) was used for statistical analyses. Survival
analysis was performed via the Kaplan-Meier method
and calculated with log rank tests. For direct comparison
between two groups, one-way analysis of variance
(ANOVA) and Student’s t test were applied. Associations
between potential survival predictors and survival were
determined using log rank test. Diagnostic tests to define
cutoffs were performed using the Youden index and
receiver operating characteristic curve analyses. p values
less than 0.05 were considered significant.
Results
Clinicopathologic Findings and Application of
Different NET Classification Systems

The histopathologic features and the available clinical
features of the TNET cohort used in this study are
summarized in Table 1. The median age of all patients
was 54 years at the time of diagnosis. Of the 107 cases,
22 (20%) were classified as TC, 51 (47%) as AC, 28
(26%) as LCNEC, and 6 (6%) as SCC. TC and AC showed
the expected strong predilection for males. Follow-up
and survival data were available from 51 patients. The
median follow-up time was 52.2 months (range, 1–228
mo). During this period, 25 patients died from their tu-
mor and 26 patients were still alive. Application of the
Ki-67–based ENETS classification led to a switch of the
risk group (up- or downgrade) of 33% (23 of 69)
Table 2. Major Morphologic and Immunohistochemical
Features of Included Cases and Grouping According to
Different Classification Schemesa

WHO
TC
(n ¼ 22)

WHO
AC
(n ¼ 51)

WHO
LCNEC
(n ¼ 28)

WHO
SCC
(n ¼ 6)

Mitoses range per
2 mm2 (mean)

0–1 (0.3) 2–10
(4.8)

11–100 (17) 40–105
(81.7)

Necrosis (yes/no) No 40Y, 10N 21Y, 7N 6Y
Ki-67 index

(mean)
0.7-13

(3.3)
1-18.8
(3)

16-90
(54.5)

60-69
(64.5)

ENETS groupinga

NET G1 11 10 0 0
NET G2 5 18 3 0
LCNEC 0 5 11 0
SCC 0 0 0 6

ICPNET
G1 20 9 0 0
G2 0 21 5 0
G3 0 0 2 3

aNot all cases were available for all analyses.
TC, typical carcinoid; AC, atypical carcinoid; LCNEC, large cell neuroendo-
crine carcinoma; SCC, small cell carcinoma; NET, neuroendocrine tumor;
ICPNET, integrated classification of pulmonary NET according to Pelosi
et al.5; ENETS, European Neuroendocrine Tumor Society.
evaluable cases and application of the three-tiered sys-
tem according to Pelosi et al.5 led to a switch in 18% (11
of 60) of evaluable cases (Table 2).

Genomic Findings
Low coverage whole-genome sequencing (WGS) was

possible in 63 cases (13 TC, 30 AC, 16 LCNEC, and 4
SCC). For comparison between cases and groups, the CNI
score was used as a measure of overall genomic insta-
bility. The average CNI increased from 5.25 in TC to 18.3
in AC to 44.4 in high-grade tumors (LCNEC and SCC)
(Fig. 1A). There were two notable outliers: one atypical
carcinoid with a CNI of 97.7 (Supplementary Fig. 1) and
one LCNEC with a CNI of only 3.1. Large copy number
alterations were few in TC and included gains on chr. 1q,
5, 6q, 7q, 8q, 10, 11q, 12q, 13q, 18q, 20, 21q, and 22q,
and losses on chr. 1, 2p, 4p, 8, 10p, 11p, 15q, 17p, 18p,
and 22q. TC and AC showed few overlapping alterations,
which included gains on chr. 1q, 7q, 10, 12q, 21, and 22,
and losses on chr. 1p, 2p, 4p, 10p, 11p, and 17p. In
contrast, the overlap between AC and high-grade tumors
(LCNEC and SCC) was extensive: private alterations in
high-grade tumors included only gains on chr. 1p, 3p,
11q, and 17q and losses on chr. 1q, 7p, 8q, 14q, 15p, and
15q. 11q deletions, which have been reported as a
frequent finding in pulmonary TC and AC, were not
found in TNET.11 Moreover, copy number alterations in
gene loci of tumor suppressor and driver genes with
reported frequent alterations in PNET were very rare in
TC, showed intermediate frequency in AC, and a high
percentage in LCNEC/SCC (Supplementary Table 1).24-26
Cluster Analysis of Cases Versus Chromosomal
Alterations Reveals Three Major Molecular
Clusters

Unsupervised clustering of copy number alterations
resulted in three major clusters (Fig. 1B). Cox propor-
tional hazards regression was used to define CNI cutoffs
between the clusters and determined a CNI less than 9
as cutoff for cluster 1 (CNIlow) (p ¼ 0.017), a CNI
greater than or equal to 9 to less than 30 as cutoff for
cluster 2 (CNIint), and a CNI greater than or equal to 30
as cutoff for cluster 3 (CNIhigh). Cluster 3 contained all
four SCCs and nine LCNECs, but also three ACs. CNIint
cluster 2 and CNIlow cluster 1 contained AC and TC, but
also six LCNEC cases. Morphology, mitotic count and Ki-
67 index showed significant overlap between the three
clusters and were unable to predict the CNI cluster
(Table 3).

Further analysis was performed of the four cases
that had more than one material available
(Supplementary Fig. 2). In case 1, the primary tumor
was an LCNEC (16 mitoses per 10 HPF; Ki-67, not



Figure 1. (A) Chromosomal gains (red) and losses (blue) in thymic as detected by shallow whole genome sequencing. Y axis
shows percentage of cases with a given chromosomal alteration. (B) Unsupervised clustering of whole-genome sequencing
data versus WHO histologic subtypes resulted in three major molecular clusters. Cluster 1 contained most of the typical (TCs)
and atypical carcinoids (ACs), but also a few large cell neuroendocrine carcinomas (later reclassified as NET-G3). Cluster 2
contained mostly AC, but also an NET G3 and an LCNEC and one TC. Cluster 3 contained all small-cell carcinomas (SCC) and
most of the LCNECs, but also three ACs.
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available), whereas a synchronous metastasis was
classified as AC (seven mitoses per 10 HPF; Ki-67 in-
dex, 10.3). Both tumors fell into the CNIlow cluster 1
and did not show major molecular differences. After
further investigations, the LCNEC was later reclassified
as NET G3 (see below). In case 2, the primary tumor
was an AC (four mitoses per 10 HPF; Ki-67 index 2.6),
whereas a metastasis 3 years later was classified as
LCNEC (16 mitoses per 10 HPF; Ki-67 index, 17.5; later
reclassified as NET G3). A comparison of primary and
metastasis revealed that the latter had acquired a few
additional focal chromosomal gains and losses and that
Table 3. Distribution of Histologic and Immunohistochemical F

Molecular
Cluster

No. Mitoses
Range (Median)

Ki-67 Index
Range (Median)

CN
Ra

CNIlow
<9

0–27 (3.5) 1–19a (7.2) 0–8

CNIint
�9 to <30

0–25 (9.1) 1–14.1a (26.1) 9–2

CNIhigh
�30

0–100 (57.7) 3.5–90 (72.2) 30–

aNot all cases were available for Ki-67 index staining.
TC, typical carcinoid; AC, atypical carcinoid; LCNEC, large-cell neuroendocrine
CNI, chromosomal instability score; ENETS, European Neuroendocrine Tumor So
both were in the CNIlow cluster 1. Case 3 had two
samples obtained from the primary tumor (PT1 and
PT2) and one metastasis after 5 years. PT1 was clas-
sified as TC (0 mitoses; Ki-67 index, 1), PT2 was
classified as AC (10 mitoses per 10 HPF; Ki-67 index,
11.9), and the metastasis was classified as LCNEC (16
mitoses per 10 HPF; Ki-67 index, 16; later re-classified
as NET G3). PT2 and the metastasis shared many
chromosomal gains and losses that were not seen in
PT1. PT1 was in CNIlow cluster 1, PT2 and the metas-
tasis in CNIint cluster 2. All three samples shared gains
on chr. 1.
eatures of TNET After Assignment to Molecular Clusters

I Score
nge (Median) WHO ENETS Pelosi et al.5

.8 (5.8) 12 TC
19 AC
4 LCNEC

11 NET G1
10 NET G2

10 G1
11 G2

9.5 (14.6) 1 TC
8 AC
3 LCNEC

8 NET G1
9 NET G2

7 G1
9 G2

97.7 (68.6) 3 AC
9 LCNEC
4 SCC

5 NET G2
9 NEC
4 SCC

1 G1
5 G2
4 G3

carcinoma; SCC, small-cell carcinoma; TNET, thymic neuroendocrine tumor;
ciety.
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Case 4 had two samples obtained from the primary
tumor (PT1 and PT2), both were classified as LCNEC
(PT1: 12 mitoses per 10 HPF; Ki-67 index, 70; PT2: eight
mitoses per 10 HPF; Ki-67 index, 70), and both localized
to CNIint cluster 2.

WHO LCNEC Comprise an NET G3 Subgroup
Given the significant “cluster infidelity” of morpho-

logic TNET subtypes, we next analyzed five of the LCNEC
cases that had localized to the CNIlow and CNIint clusters
(hereafter designated NET G3) with sufficient material
available and compared them to six LCNEC cases from
the high CNI cluster using IHC and targeted deep
sequencing (Table 4 and Supplementary Fig. 3).

Presumptive NET G3 cases in the low/intermediate
cluster usually had carcinoidmorphology (Supplementary
Figs. 2B through E), whereas 3 of 6 cases in the CNIhigh
clusterhada carcinoma (high-grade)morphology. Average
mitotic count, Ki-67 index, andCNI scorewere significantly
lower (p ¼ 0.015, one-way ANOVA test). We applied a
panel of antibodies reported to differentiate GEP–NET G3
from NEC, namely, ATRX chromatin remodeler (ATRX),
death domain associated protein (DAXX), SSTR2A, RB
transcriptional corepressor 1 (RB), and tumor protein p53
Table 4. Comparison of Cases Initially Categorized as LCNEC Acc
Versus CNIhigh Cluster (LCNEC)

NET G3 (

Morphology Low grade
Mitotic count range per 2 mm2 (mean) 11–27 (16.
Ki-67 index range (mean) 15–66 (29.

Immunohistochemical features
ATRX Positive (1
DAXX Variable (–
SSTR2A Weakly po
Retinoblastoma protein Variable
P53 protein Low (WT s
Chromogranin Positive (1
EZH2 Negative (

Molecular features
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preserved expression of RB, and wild-type staining of
P53.27 LCNEC cases showed uniform expression of ATRX
andDAXXandwerenegative for SSTR2A. Three of six cases
were negative for RB and showed overexpression of P53.
Strong overexpression of P53 protein can be an indication
for an underlying loss-of-function mutation with consec-
utive accumulation of nonfunctional protein.

In addition to the observations described in the
previous paragraph, we found that two other markers,
chromogranin and EZH2, were highly useful to distin-
guish between NET G3 and LCNEC: chromogranin was
positive in all NET G3, but negative in five of six LCNEC.
Vice versa, EZH2 was negative in all NET G3, but positive
in five of six LCNEC. Synaptophysin was uniformly pos-
itive in both groups.

Next, we examined whether chromogranin and EZH2
stains could be used as surrogate markers to predict CNI
groups. Cases in the CNIlow and CNIint group were 100%
(30 of 30) positive for chromogranin and 100% (32 of
32) negative for EZH2. Cases in the CNIhigh group were
60% (6 of 10) negative for chromogranin and 85% (six
of seven) positive for EZH2. Expression of EZH2 in
ording to WHO but Falling Into the CNIlow and CNIint (NET G3)
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TNETs was significantly correlated with poor prognosis
(p ¼ 0.00025, log rank test) (Supplementary Fig. 4).
However, these stains were not helpful to identify the
few TC and AC cases in the CNIhigh cluster.

Targeted panel sequencing unexpectedly revealed
pathogenic NF1 p.Y489C mutations in all (11 of 11) cases
analyzed.28,29 This finding was confirmed by Sanger
sequencing (not shown). Due to the high allelic fre-
quency in 10 of 11 cases (average 75.6%), we cannot
exclude that this mutation was germline because normal
tissue was not available for comparison. The gene locus
of NF1 on chr. 17q11.2 was unaltered in LCNEC, AC, and
TC on low-coverage WGS analysis. There was a single
ATRX p.Q929E missense substitution mutation in one
NET G3, whereas all other cases were wild-type for ATRX
and DAXX. The case with the ATRX mutation harbored
also three concurrent RAS mutations (KRAS p.G12V,
NRAS p.G13V, and NRAS p.Q61L). One LCNEC carried
another NRAS p.Q61L mutation. Despite protein over-
expression described above, there were no TP53 muta-
tions; however, 6 of 11 cases (NET G3 and LCNEC) showed
a c.215C>G (p.Pro72Arg) single nucleotide variant without
clinical relevance according to ClinVar definitions (https://
www.ncbi.nlm.nih.gov/clinvar). Other genes with reported
Figure 2. Prognostic significance and identification of relevan
tions. WHO, ENETS, and molecular classification using copy nu
(the difference between typical carcinoids, [TC] and atypical c
significant, log rank test p ¼ 0.39), whereas application of the E
Figure 2 shows range of mitotic counts, Ki-67 indices, and
classifications.
mutations in NET, EZH2, DNA methyltransferase 3 alpha
(DNMT3A), RB1, KIT proto-oncogene, receptor tyrosine
kinase (KIT), lysine methyltransferase 2A (KMT2A),Janus
kinase 2 (Jak2), and Jak3 showed wild-type
sequence.17,30,31
Proposal for an Integrated Morphomolecular
TNET Classification

All four classification systems applied in this study
(WHO, ENETS, integrated PNET, and CNI score) identi-
fied prognostic risk groups. However, all current systems
suffer from important drawbacks. The WHO classifica-
tion, for instance, was initially developed in lung tumors
with only very few data to show that it is also relevant in
the thymus. TC and AC on the one hand and AC and
LCNEC (according to current criteria) on the other show
vastly overlapping morphology, prognosis, and genomic
features (Supplementary Fig. 5). The cutoffs to separate
these entities are unknown. In addition, we herein have
shown that areas corresponding to TC, AC, and LCENC
(NET G3) can occur in the same tumor.

WHO, the integrated PNET classification, and the
molecular CNI scoring system identified three
t subtypes by morphologic versus molecular TNET classifica-
mber instability (CNI) score identified three major subtypes
arcinoids [AC] in the WHO classification was not statistically
NETS system resulted only in two subgroups. The table within
histologic subtypes according to the three morphologic

https://www.ncbi.nlm.nih.gov/clinvar
https://www.ncbi.nlm.nih.gov/clinvar
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prognostically significant risk groups, whereas ENETS
identified only two groups (NET G1/G2 and NEC/SCC)
(Fig. 2). Cases that localized to the CNIlow cluster 1
invariably had low-grade (carcinoid) morphology, but
the CNIint cluster 2 and the CNIhigh cluster 3 both con-
tained cases with low- and high-grade morphology.
Moreover, the current WHO definition does not recog-
nize the newly identified subgroup of NET G3, which
would fall either into the low- or intermediate-grade
category in a molecular classification. To summarize
our morphologic and molecular findings in TNET, we
propose a tentative morphomolecular classification by
calculating cutoff values with prognostic relevance for all
parameters included (Table 5). Analogous to the pro-
posal for an integrated PNET classification by Pelosi
et al.,5 we named the three groups Thy-NET G1-G3. The
cutoff values that separated Thy-NET G1 and G2 were
less than 10 versus greater than or equal to 10 for mi-
toses (hazard ratio [HR]: 0.38, p ¼ 0.03), less than 9
versus greater than or equal to 9 for Ki-67 index (HR:
0.07, p ¼ 0.016), and less than 9 versus greater than or
equal to 9 for CNI score (HR: 0.10, p ¼ 0.047). The cutoff
values that separated Thy-NET G2 from G3 were less
than 30 versus greater than or equal to 30 for mitotic
counts (HR: 0.02, p ¼ 0.00023), less than 48 versus
greater than or equal to 48 for Ki-67 index (HR: 0.15, p ¼
0.033), and less than 30 versus greater than or equal to
30 for CNI score (HR: 0.11, p ¼ 0.018). The features that
characterize the three groups are summarized in Table 5.
Since the CNI score is an important feature in this classi-
fication, a substantial proportion of cases will be mis-
classified when using histology and immunohistochemistry
alone. In our study, morphologic features without CNI
score misclassified 8 of 34 (23.5%) Thy-NET G1 cases as
Thy-NET G2, and 10 of 13 (77%) Thy-NET G2 cases as
Thy-NET G1. Most critically, while high-grade (carcinoma)
morphology, high proliferation, negativity for chromogra-
nin, or expression of EZH2 are strong markers that
unambiguously qualify cases as Thy-NET G3, absence of
these markers does not rule out a high degree of
Table 5. Proposal for a Morphomolecular Classification of TNE

Morphomolecular
Group Morphology WHO Subtype

Thy-NET G1 Carcinoid (TC, AC, NET G3)

Thy-NET G2 Carcinoid or carcinoma (TC, AC, NET G3,
LCNEC)

Thy-NET G3 Carcinoid or carcinoma (LCNEC, SCC)

TNET, thymic neuroendocrine tumor; HPF, high-power field; CNI, chromosoma
atypical carcinoma; LCNEC, large-cell neuroendocrine carcinoma; pos, positive
chromosomal instability in an NET. In our collective, all
three carcinoids in the CNIhigh cluster (including the highly
aberrant case) showed low-to-moderate proliferation,
were negative for EZH2 and positive for chromogranin,
and would have been misclassified as either Thy-NET G2
or even G1.
Discussion
This study on the morphologic and molecular fea-

tures of TNET established several new findings that lead
to a better understanding of these tumors. The most
important observation was the fact that TNETs fall into
three major molecular subgroups with prognostic rele-
vance, based on a CNI scoring system using low coverage
WGS data. The morphologic classifications applied here
also showed only three major prognostic groups. A
detailed study of the few TNET cases in which primary
tumors and metastases could be studied provided
further interesting insights. Cases with metachronous
metastases showed evidence of morphologic (e.g., switch
from AC to NET G3 and increase of mitotic rate and/or
mitotic index) and genomic progression (switch from
one CNI cluster to another), confirming the previous
notion that some NET can either coexist or progress
from low- to higher-grade tumors (nominally classified
as LCNEC according to current terminology) through
acquisition of genomic alterations.17 Further studies are
required to establish whether progression from low-/
intermediate- to high-grade tumors, which has been
postulated in the lung, also occurs in the thymus.32

Another major finding of this study was the identifi-
cation of a new subgroup of TNET of intermediate grade
within the group of LCNEC that we provisionally termed
NET G3 in analogy to the terminology in GEP-NET.7

These NET G3 cases invariably had carcinoid
morphology and on average lower mitotic count and Ki-
67 indices than (high-grade) LCNEC. On IHC, they
expressed ATRX, variably DAXX, were positive for
SSTR2A, and showed retained expression of RB and P53
T

Mitotic Count
(per 2 mm2 or 10
HPF)

Ki-67
Index

CNI
Score IHC

<10 <9 <9 CGA pos
EZH2 neg

10–29 9–47 9–29 CGA pos
EZH2 neg

�30 �48 �30 CGA þ/-EZH2
pos

l instability score; IHC, immunohistochemistry; TC, typical carcinoma; AC,
; neg, negative.
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wild-type staining, whereas LCNECs were positive for
ATRX and DAXX and negative for SSTR2A and were
partially negative for RB and overexpressed P53. The
most specific difference between the two groups, how-
ever, was positivity for chromogranin and negativity for
EZH2 in NET G3 with the reverse pattern in LCNEC. The
combination of these two markers proved helpful in the
separation of low-/intermediate-grade NET from NEC in
general and overexpression of EZH2 was a marker of
poor prognosis. EZH2 is a methyltransferase and is the
functional component of the polycomb repressive com-
plex 2 and a very potent negative regulator of gene
expression.33 Overexpression of EZH2 in aggressive NET
has been noted before in the lung and the gastrointes-
tinal tract.34,35 It will be important to study if pharma-
cologic inhibition of EZH2 can be used for the therapy of
these highly malignant tumors.

Sequencing of a limited gene panel revealed a single
ATRX p.Q929E mutation in an NET G3 and an unexpected
high frequency of NF1 mutations in both NET G3 and
LCNEC. NF1 mutations have also been described in pul-
monary carcinoids and in pheochromocytomas, albeit at
much lower frequency.36,37 Somatic NF1mutations occur
in many sporadic cancers including lung 4cancer, mela-
noma, ovarian carcinoma, and pheochromocytoma.37,38

Due to the lack of normal control tissues, we could not
differentiate between NF1 somatic and germline muta-
tions. However, given the high allelic frequency of the
mutation in most tumors (>80% in 10 of 11 cases), we
cannot exclude an attenuated variant of neurofibroma-
tosis type 1. (Neurofibromin, the protein encoded by the
NF1 gene, is a negative regulator of RAS/mitogen-
activated protein kinases (MAPK) signaling and loss of
NF1 leads to resistance against BRAF and EGFR in-
hibitors.39 The observation that several cases had addi-
tional KRAS and NRAS proto-oncogene, GTPase (NRAS)
mutations indicates an important role of (or even
addiction to) the RAS/MAPK signaling pathway in these
tumors that merits further investigation.

The correlation between the molecular subgroups
described above and the three histomorphologic clas-
sification systems applied here (WHO for PNET and
TNET, ENETS system for GEP NET, integrated classifi-
cation for PNET) was only moderate. Although two of
the three histomorphologic classification systems
(WHO for PNET and TNET, and the integrated classifi-
cation for PNET) showed prognostic significance and
mirrored the three molecular clusters on a per group
basis (e.g., median mitotic count/Ki-67 3.5/7.2 in the
CNIlow cluster versus 9.1/26.1 in the CNIint versus
57.7/72.2 in the CNIhigh group) they were unable to
correctly assign tumors on a per case basis because all
three molecular subgroups were heavily contaminated
by cases that would otherwise have been assigned to
different risk groups based on morphology and mitotic
rate alone. Extreme examples in this respect were the
two observed outliers: one AC with a CNI of 97.7 and
one LCNEC with a CNI of 3.1. Highly aberrant carcinoids
including cases with chromothripsis have also been
described in the lung and in other organs and have
been attributed to inactivating mutations of polymerase
theta (POLQ).24,26,40 Although morphologic features are
currently the backbone of TNET classifications, our data
indicate that morphology alone will not be sufficient to
safely stratify individual patients for clinical purposes.
We therefore propose a tentative, three-tiered inte-
grated morphomolecular classification of TNET that is
mainly based on molecular features and proliferation
rate (Table 5). In an analogy to GEP-NET, where a Ki-67
index of greater than or equal to 55% denotes a clini-
cally important threshold for the decision to use
platinum-based chemotherapy, we hypothesize that the
potentially most relevant distinction will be the sepa-
ration of Thy-NET G1/G2 from G3, that is, tumors with
greater than or equal to 30 mitoses per 2 mm2 or a Ki-
67 index with a decisional cutoff around 48% to 55%,
positivity for EZH2, and loss of chromogranin
expression.41

We propose this approach for the following reasons:
all morphologic classifications applied here (including
WHO) identified three prognostic risk groups, suggesting
that the three clusters that were detected by genomic
findings represent three relevant biologic TNET entities.
As a consequence, it would be important to assign in-
dividual cases to one of these entities with clinically
actionable precision. Importantly, however, we here
show that all published morphologically classifications
are unable to resolve the vast grey zone especially be-
tween AC and LCNEC (as defined by current WHO
criteria) on the one hand and between LCNEC/NET G3
and true high-grade LCNEC/SCC on the other. In an
extreme (and exaggerated) scenario, according to cur-
rent criteria, a tumor with 11 mitoses would have to be
classified as AC and the patient would be treated ac-
cording to guidelines for low-grade NET. The same tu-
mor with 11 mitoses would have to be classified as an
LCNEC and the patient would be at risk to receive a
highly toxic treatement used for small-cell cancers.
Finally, as shown here, areas corresponding to TC, AC,
and even “LCNEC” (NET G3 according to our definition)
can occur in the same tumor. We therefore propose to
acknowledge these facts by introducing a provisional
three-tiered morphomolecular Thy-NET G1-G3 classifi-
cation, although this system has important practical
limitations (because sophisticated molecular methods
are required for its correct application). However, this
classification could be a working basis to guide further
research, for example, to identify more surrogate
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markers such as chromogranin and EZH2 that help to
refine morphologic and IHC criteria.

In summary, this study provides strong evidence that
TNETs fall into three molecular categories that cannot be
reliably reproduced by morphology alone. Tumors so far
classified as TC, AC, or the newly defined NET G3 are
most likely not true separate entities, but rather a
spectrum of tumors that fall into the low- and
intermediate-grade molecular categories. Most likely,
morphologic and molecular progression can occur
within this heterogeneous group. In contrast, true
LCNECs fall either into the intermediate- or high-grade
molecular category. SCCs always fall into the high-
grade category. Further studies will be required to
formally investigate if progression from differentiated
NET to undifferentiated neuroendocrine carcinoma is
also possible.

In conclusion, our data indicate that the biology of
TNET is better reflected by a three-tiered morphomo-
lecular grading system than by traditional histologic
classifications. Finally, this study showed that the rare
TNET share many of the principal features of NET in
other organs, justifying a unifying interpretation of these
tumors regarding developmental mechanisms or the
adaptation of emerging general criteria defined in other
organs. Recent molecular studies in PNET, for example,
failed to identify any genetic differences between typical
and atypical carcinoids.24 However, our data also
revealed some organ-specific features of TNET. It will be
important to further characterize these shared and
unique features especially for therapeutic purposes and
patient stratification.
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