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Abstract

Introduction: Multiple endocrine neoplasia type 1 (MEN1)-related neuroendocrine
tumors (NETs) of the lung are mostly indolent, with a good prognosis. Nevertheless,
cases of aggressive lung NET do occur, and therefore the management of individual
patients is challenging.

Aim: To assess tumor growth and the survival of patients with MEN1-related lung NETs
at long-term follow-up.

Methods: The population-based Dutch MEN1 Study Group database (n=446) was
used to identify lung NETs by histopathological and radiological examinations. Tumor
diameter was assessed. Linear mixed models and the Kaplan-Meier method were used
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for analyzing tumor growth and survival. Molecular analyses were performed on a lung
NET showing particularly aggressive behavior.

Results: In 102 patients (22.9% of the total MEN1 cohort), 164 lesions suspected of lung
NETs were identified and followed for a median of 6.6 years. Tumor diameter increased
6.0% per year. The overall 15-year survival rate was 78.0% (95% confidence interval:
64.6-94.2%) without lung NET-related death. No prognostic factors for tumor growth
or survival could be identified. A somatic c.3127A > G (p.Met1043Val) PIK3CA driver
mutation was found in a case of rapid growing lung NET after 6 years of indolent disease,
presumably explaining the sudden change in course.

Conclusion: MEN1-related lung NETs are slow growing and have a good prognosis. No
accurate risk factors for tumor growth could be identified. Lung NET screening should
therefore be based on well-informed, shared decision-making, balancing between the
low absolute risk of an aggressive tumor in individuals and the potential harms of

frequent thoracic imaging.

Freeform/Key Words: multiple endocrine neoplasia type 1, lung NET, tumor growth, survival, surveillance

Multiple endocrine neoplasia type 1 (MENT1) is a rare auto-
somal dominant disorder caused by loss-of-function of the
MENT gene, a tumor suppressor gene encoding the pro-
tein menin (1). Patients with MEN1 are predisposed to the
development of various endocrine tumors at a young age,
with primary hyperparathyroidism due to parathyroid ad-
enomas, neuroendocrine tumors (NETs) of the pancreas
and duodenum, and pituitary adenomas being the most
common, so-called major manifestations. MEN1 patients
are also at risk of adrenal tumors, lung NETs, thymic
NETs and gastric NETs. Nonendocrine tumors such as
angiofibromas, lipomas, leiomyomas, meningiomas, and
probably breast cancer are also recognized as manifest-
ations of the syndrome (2-5).

Lung NETs are reported in 4.7% to 31.3% of MEN1
patients, depending on whether the diagnosis was histo-
pathologically proven or based on a combination of histo-
pathological and radiological examinations, respectively
(6-10). Clinical practice guidelines advise annual or biannual
screening for lung and thymic NET by thoracic computed
tomography (CT) scan or magnetic resonance imaging (MRI)
scan, although the frequency of imaging is debated (11, 12).

Outcomes of previous studies suggest that MEN1-
related lung NETs are associated with a relatively indolent
course and a good prognosis. Growth analysis by our group
showed a 17% tumor diameter growth per year (tumor
doubling time, 4.5 years), with a median patient follow-up
of 3.3 years. Tumor doubling time appeared to be shorter in
males compared with females (2.5 vs 5.5 years) (7). Similar
results were reported from other MEN1 cohorts, further
confirming a benign natural course of disease (8, 9).

However, despite the indolent course of lung NETs in
growth analyses, aggressive and fatal cases of lung NET do

occur. Aggressive lung tumors, including large cell neuro-
endocrine carcinomas (LCNECs) and small cell neuroendo-
crine carcinomas with lethal consequences were described
in 7 MENT patients in a recent French study of the Groupe
d’étude des Tumeurs Endocrines (GTE). However, given the
large cohort size of 1023 MENT1 patients, the long-term
follow-up of median 48.7 years, high frequency of smokers,
and lack of molecular analyses, a causal relationship with
MENT1 syndrome was unclear (10).

The aggressive tumor behavior in some patients raises
questions whether lung NETs truly remain indolent over
the course of longer follow-up, and which factors associate
with aggressive tumor biology. In this respect, of potential
interest are additional somatic mutations that can drive
accelerated tumor growth and smoking status, because
high-grade NETs were more frequently diagnosed among
smokers in the above-mentioned French GTE study.

The aims of this study were to assess growth patterns and
survival of MENT1-related lung NETs during longer-term
follow-up and to identify risk factors for tumor growth and
survival. Moreover, we tried to elucidate the unexpected
aggressive course of a lung NET in an individual patient
with sudden accelerated growth and aggressive biological
behavior at the molecular level.

Methods
Study design and patient selection

Patients were selected from the Dutch national MEN1
database of the Dutch MENT1 Study Group (DMSG). This
longitudinal database—which includes >90% of the Dutch
MENT1 population—includes all MENT1 patients >16 years
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of age at the end of 2017 under treatment at 1 of the Dutch
university medical centers (UMCs) between 1990 and
2017. MENT1 diagnosis was established following current
international guidelines (11). Using a predefined protocol,
clinical and demographic data were collected from 1990
to 2017 by a standardized medical record review. Detailed
information on the DMSG database methods have been de-
scribed previously (13). The study protocol was approved
by the medical ethical committees of all UMCs.

As previously described, patients with lung NETs or
lung lesions suspect of lung NETs were identified based
upon histopathological and radiological findings (7). All
pulmonary lesions on CT or MRI scan were reviewed to se-
lect potential lung NETs. Nodules were suspected of being
a lung NET based on the report from a senior radiologist
and confirmation in follow-up scans. In case of doubt, indi-
vidual cases were discussed (M.B., J.L., G.V.). Potential lung
metastases from other NETs were excluded on histological
and/or radiological grounds. Contralateral lung NETs and
ipsilateral recurrence of lung NETs after surgery were con-
sidered separate lung NETs for the growth analysis.

Outcome

The primary outcomes were the growth rate of lung NETs
(measured in the percentage of increase of the largest tumor
diameter) and all-cause mortality. The potential influence
of gender, smoking status, age at lung NET diagnosis, and
baseline tumor size on growth rate and survival was evalu-
ated. Previously reported genotype—phenotype associations
in other cohorts were also assessed: genotype was dichotom-
ized according to the type of mutation (missense vs nonsense/
frameshift), interacting domain (JunD, CHES1) and a com-
bination of exon and type of mutation (nonsense and frame-
shift mutations in exons 2,9,10) (14-17). Furthermore, we
studied the effect of tumor classification and stage—based
on the Classification of Malignant Tumours (TNM) and the
World Health Organization Classification of Tumours of the
Lung, Pleura, Thymus and Heart (2015)—and the effect of
lung surgery on survival (18, 19). Histopathological tumor
characteristics (size, mitotic index, lymph node status),
type of surgery, and follow-up status of histopathologically
proven lung NETs were reported.

Statistical analysis

Tumor growth was studied using multilevel, linear mixed
models analysis, accounting for clustering of observations
within distinctive lung tumors (eg, left- and right-sided
tumors) within patients. Follow-up time (years) started
at the time of lung NET diagnosis. Due to the viola-
tion of model assumptions (ie, abnormal distribution of

residuals), logarithmic transformed lung NET diameter
was used as a dependent variable. Because current man-
agement recommendations advise surgical resection of lung
NETSs > 20 mm upon discovery, tumors with a baseline size
>20 mm in diameter were excluded from growth analysis
(20). Possible effect modification was assessed for gender,
genotype, smoking status, age at lung NET diagnosis, and
baseline tumor size.

Survival analysis was performed using Kaplan-Meier
plots. The time from diagnosis of lung NET until death,
lost to follow-up, or the end of follow-up was included for
analysis. The effect of gender, genotype, smoking status,
baseline tumor size, surgery, World Health Organization
classification, and lymph node involvement on survival was
determined with log-rank tests.

Continuous variables are presented as mean value and
standard deviation or median and interquartile range
(IQR) when appropriate. Categorical variables are de-
scribed as percentages. Comparisons between groups were
performed using the chi-square test for categorical vari-
ables and a Student’s #-test (normal distribution) or Mann-
Whitney U test (not normal distribution) for continuous
data. Statistical significance was set at P < 0.05.

Investigations of the tumor showing
accelerated growth

One patient with accelerated tumor growth and aggressive
tumor behavior is described in more detail. Several genetic
analyses were performed: next generation sequencing (NGS)
was performed using Ion Ampliseq (Ion Torrent) with a
custom-made panel used for analysis of lung tumors (genes
specified in the Supplementary Material; all supplementary
material and figures are located in a digital research mater-
ials repository) (21). Whole genome sequencing (WGS) on
fresh-frozen tissue was performed at the Hartwig Medical
Foundation according to all international standards (ref-
erence genome version GRCh37) (22). Copy number vari-
ation analysis was based on single nucleotide peptide data
using the Infinium CytoSNP-850K BeadChip version 1.2
array and deoxyribonucleic acid (DNA) methylation data
generated by the Illumina MethylationEPIC array plat-
form, which was analyzed with R package “Conumee”
(23). By using a purity ploidy estimator on the WGS
data, the copy number profile of the tumor was assessed
in more detail (24). Additionally, ribonucleic acid (RNA)
was isolated and processed to investigate possible receptor
tyrosine kinase mesenchymal-epithelial transition factor
(cMET) exon 14 skipping. The possibility of a transloca-
tion in the rearranged translocation proto-oncogene (RET
gene) was explored using fluorescence in situ hybrid-
ization (FISH). Furthermore, the presence of alternative
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lengthening of telomeres was studied by FISH, and loss
of alpha-thalassemia or mental retardation syndrome
X-linked protein (ATRX) and death domain-associated
protein (DAXX) expression was immunohistochemically
determined, as previously described (25). Likewise, menin
immunohistochemistry was performed using recombinant
antimenin antibody GeneTex EPR3986.

Results
Longitudinal cohort study

A total of 446 patients (247 female, 55.4%) were included
in the DMSG database by the end of 2017. The median age
at MEN1 diagnosis was 37 years (range 4-82 years). The
diagnosis of MEN1 was confirmed by a pathogenic MEN1
mutation in 355 cases (79.6%) and 38 patients (8.5%)
were obligate carriers of the familial occurring pathogenic
MENI1 mutation because they had at least 1 major MENT1-
associated tumor in combination with a first-degree rela-
tive with confirmed MENT mutation. A total of 53 patients
(11.9%) were diagnosed on clinical grounds (2/3 major
MENT1-associated tumors). In 51 of those patients, genetic
analysis showed no pathogenic MENT mutation (11.4%).
A CDKN1B mutation was found in 3 of these 51 patients.
In the 2 remaining patients diagnosed on clinical grounds,
no genetic analysis was performed.

Periodic screening for lung NETs by means of interval
thoracic CT scan was performed in 352 patients (78.9%).
Patients who underwent CT examination did not differ from
the rest of the MEN1 cohort in terms of gender, smoking
status, and genotype. Pulmonary nodules were detected in
177 patients (50.3% of patients who were under periodic
screening). A lung NET was excluded in 75 patients based
on pathology results (n = §), radiological evidence of meta-
static origin of the lesion (n = 15), radiological evidence of
another (benign) origin of the lesion (n =19), or lack of
confirmation on follow-up imaging (n = 36). See Fig. 1 for
the full flowchart. A total of 164 lesions suspect of lung
NET in 102 patients (22.9% of the entire cohort) were
therefore included in the analysis.

Histopathological and clinical characteristics

Lung NETs were diagnosed based on the combination of
radiological and histopathological findings in 29 patients
(6.5% of the entire cohort, 28.4% of patients included in
the analysis) and were highly suspected of lung NET solely
on radiological evidence in 73 patients (71.6% of patients
included in the analysis). Lung NETs were diagnosed at a
median age of 43 years (IQR 38-57 years). Patients with
lung NETs were more frequently female (n =61, 59.8%),

reflecting the overall gender distribution within the co-
hort. There was no significant difference in smoking status
(29.0% vs 37.3%, respectively) or genotype between pa-
tients with lung NETs and the other MENT1 patients. The
prevalence of lesions suspect of lung NET was comparable
between patients with a confirmed pathogenic MENT mu-
tation (25.4%) and familial cases who were an obligate
carrier (23.7%). In contrast, a lesion suspect of lung NET
was found in only 3/53 (5.7%) clinically diagnosed MEN1
patients (2/3 major MENT-associated tumors) without
MENI1 mutation. In this patient group, 1 lesion was found
in 1/3 patients with a CDKNB1 mutation, 1 lesion in 1/48
(4.8%) patients in whom genetic analysis showed neither a
MENI1 nor a CDKN1B mutation, and 1 lesion in 1/2 pa-
tients in whom genetic analysis was not performed.

Median follow-up time from lung NET diagnosis until
the end of follow-up (death, lost to follow-up, or the end
of the study) was 6.6 years (IQR 3.4-9.1 years, range:
0.5-38.0 years). The clinical and histopathological char-
acteristics of all patients with a pathological diagnosis of
lung NET are shown in Table 1. Tumor size was <15 mm
without accelerating growth in only 4 patients who under-
went surgery. Histopathological examination showed a
typical carcinoid in 20 patients and an atypical carcinoid
in 8 patients. The mitotic index was >3 in only 2 cases. In
addition, there was 1 case with high-grade neuroendocrine
neoplasm (patient 20), which was difficult to classify as ei-
ther atypical carcinoid or LCNEC (see results, description
of the case with an exeptional tumor course).

A total of 50 patients were diagnosed with 1 (lesion sus-
pected of) lung NET, 43 patients were diagnosed with 2,
8 patients were diagnosed with 3, and 1 patient was diag-
nosed with 4 (lesions suspected of) lung NETs, respectively.
The baseline tumor size at diagnosis—defined as the largest
nodule diameter at the 1* abnormal CT scan—was <10 mm
in 125 lesions and >10 mm in 27 lesions. The tumor size
was not described in 12 lung NET lesions. A total of 75
lesions were identified in the left lung, compared with 89
lesions located in the right lung.

Growth analysis

Nineteen patients were excluded from the growth analysis
due to the lack of sequential data. Additionally, 5 lung
lesions were excluded because of a baseline tumor size
>20 mm. Three tumors >20 mm were surgically removed.
Pathology reports confirmed a lung NET in all cases. The
2 remaining tumors were not removed due to synchronic
metastatic disease (n = 1) and apparent shrinkage in a par-
tial cystic tumor, withholding immediate surgery (n=1).
Recurrence after surgery has occurred in 1 patient. Two pa-
tients with a baseline tumor of 220 mm had a concurrent

€202 Joquiaydag /z uo Jasn DINNT - uspieT NaNsioaun Aq ZGE0S6S/7L019/2/90 L/a1o1HE/Wadl/wod dno-oiwapeoe//:sdyy wolj papeojumoq



e1018

The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 2

total MEN1 cohort
446 patients

A

thoracic nodules
177 patients

Exclusion: 75 patients
- based on pathology results (n = 5)

A

(lesions suspect of)
lung NETs
102 patient
164 lung NETs

- tatic origin* (n = 15)
- benign origin* (n = 19)
- lack of confirmation on follow-up imaging (n = 36)

v

(lesions suspect of)
lung NETs in
growth analysis
80 patient
114 lung NETs

A 4

Exclusion: 22 patients

- no tumor size available (n=7)

- no follow-up tumor size available (n=12)
- baseline tumor size 2 20mm (n=3)

NET: neuroendocrine tumor
* radiological evidence

Figure 1. Flowchart of patient selection. Abbreviatons: MEN1, Multiple Endocrine Neoplasia type 1; NET, neuroendocrine tumor.

smaller (<20 mm) lesion suspect of lung NET that was in-
cluded in the analysis. Therefore, a total of 114 lesions sus-
pect of lung NET in 80 patients were included in the tumor
growth analysis. The median baseline tumor diameter was
S mm (IQR: 3.0-6.3 mm, range 1-17mm).

The increase of tumor diameter was 6.0% per year,
equivalent to a doubling time of 11.8 years. The indi-
vidual tumor growth is illustrated in Fig. 2. Genotype,
gender, smoking status, the age at diagnosis of lung NET,
and baseline tumor size did not significantly affect tumor
growth (Table 2). Operated lung NETs were associated
with a significantly higher growth rate than other lesions
(P <0.0005).

Survival analysis

Twelve patients diagnosed with 1 or multiple lesions sus-
pected of lung NET died during follow-up (11.8%); their
cause of death was not related to the lung NET. The
overall 15-year survival rate after diagnosis of lung NET
was 78.0% (95% confidence interval [CI]: 64.6-94.2%,
see Figure 3; the overall 10-year survival rate was 87.8%
[95% CI: 80.1-96.3%]). The survival of operated patients
was not significantly different from nonoperated patients
(P =0.18). Moreover, gender, smoking status, genotype,
baseline tumor size, tumor classification, and lymph node
involvement did not significantly influence survival (data
not shown).

Description of the case with an exceptional
tumor course

A 31-year-old male MENT1 patient (patient 20) was ini-
tially diagnosed with lung NET based on thoracic imaging,
which showed 3 small intrapulmonary nodules (5 mm)
that were suspicious for NETs. For the first 6 years of
follow-up, the nodules showed a gradual growth over the
years up to a tumor diameter of 11 mm (corresponding
with a doubling time of 5.1 years). However, 1 nodule lo-
cated in the left upper lobe started to expand rapidly from
11 to 16 mm within 12 months, with new irregular tumor
margins. Functional imaging (Gallium-68 DOTATATE)
showed no somatostatin receptor uptake by the tumor, but
a number of mediastinal lymph nodes (station 2L, 5 and
6) showed pathological uptake. Lobectomy with lymph
node dissection followed soon after. Histological exam-
ination revealed a high-grade neuroendocrine neoplasm,
which was difficult to classify as either atypical carcinoid
or LCNEC. There was extensive vasoinvasive growth, an
intralobular satellite lesion, and tumor-positive medias-
tinal and hilar lymph nodes. The tumor was resected with
free margins. An endobronchial ultrasound performed
postoperatively showed 6 tumor-positive lymph nodes
in mediastinal stations 2L and 4L. Therefore, the patient
received adjuvant radiotherapy (60 Gy in 30 sessions).
Follow-up CT thorax and liver showed no local recurrence
for 9 months postsurgery. After 12 months, new extensive
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Figure 2. Individual growth of lesions suspect of lung NET. Abbreviations: NET, neuroendocrine tumor; mm, millimeter; yr, years.

liver metastases were found, which were histopathologic-
ally confirmed, showing an atypical carcinoid with a Ki67
of 15%.

To further elucidate whether this high-grade neuroendo-
crine neoplasm should be classified as either atypical car-
cinoid or LCNEC, extensive analyses were performed on
the resected lung NET tissue. Histological analysis showed
a tumor with a nested growth pattern composed of rather
monotonous cells with round to oval nuclei and clumped
chromatin (see Supplemental Material, Fig. S1A) (21).
Mitotic figures were frequently seen (>10 per high-power
fields), and the Ki67 labelling index was 75%. By
immunohistochemistry, the tumor was strongly positive for
chromogranin A, synaptophysin, and transcription termin-
ation factor 1 (TTF1), and it was negative for somatostatin
receptor type 2a (SSTR2a). P53 immunohistochemistry re-
vealed a wild-type expression pattern. There was no loss
or ATRX or DAXX. Menin immunohistochemistry (see
Supplemental Material, Fig. S1B) showed loss of expres-
sion in the tumor cells (21).

At initial assessment, NGS did not reveal any mu-
tations. In addition, Reverse transcription polymerase
chain reaction (RT-PCR) did not show ¢cMET exon 14
skipping. FISH did not reveal a translocation of the RET
gene or alternative lengthening of telomeres. Single nu-
cleotide peptide array was performed to further inves-
tigate the somatic second hit inactivation of MENI1 and

to confirm immunohistochemical menin loss, but this did
not reveal loss of the MENT locus. Finally, whole genome
sequencing was performed, which indeed revealed a som-
atic inactivating ¢.333dupT (p.Vall12fs) MENI muta-
tion of unknown clinical relevance, suggesting that this
mutation—additional to the known germline frameshift
c.249_252del (p.1le85fs) mutation of the patient—was re-
sponsible for the loss of a functional MENT gene in the
tumor. Based on histological, immunohistochemical, and
molecular findings, in particular the somatic second hit in-
activation of the MEN1 gene, and lack of mutations asso-
ciated with LCNEC, it was concluded that this tumor was
best classified as a high-grade atypical carcinoid related to
the MENT1 syndrome.

Interestingly, WGS also showed a likely patho-
genic ¢.3127A>G (p.Met1043Val) mutation in the
phosphatidylinositol-4,5-bisphosphate  3-kinase catalytic
subunit alpha (PIK3CA) gene, associated with the PI3K-
AKT-mTOR pathway. In retrospect, this mutation was
also found in the NGS output with a allele frequency
<1%. Further analysis of the WGS data showed that the
¢.333dupT (p.Vall12fs) MENI mutation was unlikely
to have a subclonal origin, whereas the ¢.3127A > G
(p-Met1043Val) PIK3CA mutation was probably subclonal
(see Supplementary Material, Fig. S2) (21). The variation
in allele frequencies of the PIK3CA mutation between dif-
ferent tumor samples supports this conclusion. Although
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Table 2. Potential determinants of tumor growth

Tumor Growth”

Statistical significance and
regression coefficient”

Overall tumor growth (8, 95% CI)
Effect modifiers (P-value for interaction)
Gender
Male, n =34 (B, 95% CI)
Female, n =46 (B, 95% CI)
Age at lung NET diagnosis
Reference value for age = 0
Change per year (3, 95% CI)
Smoking status’
Never smoked, n =39 (B, 95% CI)
Former or current smoker,n = 19 (B, 95% CI)
Genotype
Nonsense/frameshift exon 2,9,10 mutations 7 = 28 (3, 95% CI)
Other mutations,” n = 50 (3, 95% CI)
Genotype
JunD interacting domain mutations,d n=25(p,95% CI)
Other mutations,’ n = 45 (B, 95% CI)
Genotype
CHESI interacting domain mutations,’ n = 20 (3, 95% CI)
Other mutations,’ n = 50 (f3, 95% CI)
Genotype
Missense mutations,f n=15(p,95% CI)
Nonsense/frameshift mutations, n = 40 B, 95% CI)
Baseline tumor size
Diameter < median, n = 55 (8, 95% CI)
Diameter > median, n = 59 (B, 95% CI)

1.060 (1.038-1.083)

P=0.437
1.071 (1.036-1.108)
1.053 (0.975-1.138)
P=0.356
1.096 (1.019-1.178)
0.999 (0.997-1.001)
P=0.199
1.065 (0.985-1.152)
1.036 (0.999-1.074)
P=0.120
1.036 (0.999-1.074)
1.074 (0.990-1.164)
P=0.408
1.071 (1.033-1.109)
1.050 (0.968-1.140)
P=0.106
1.031 (0.996-1.066)
1.068 (0.988-1.156)
P=0.447
1.054 (1.026-1.082)
1.076 (0.992-1.167)
P=0.147
1.057 (1.033-1.081)
1.071 (1.028-1.116)

B stands for the regression coefficient from the linear mixed models analysis, denoting growth as change in tumor size (factor) per year. Statistical significance is

shown in bold.

Abbreviation: CHES1, checkpoint kinase 1; CI, confidence interval; NET, neuroendocrine tumor.

“Tumor growth was assessed using multilevel linear mixed models analysis, accounting for clustering of observations within lung tumors within patients.

Logarithmic-transformed lung NET diameter was used as a dependent variable and follow-up time was used as main fixed effect. Potential determinants of tumor

growth were treated as additional fixed (interacting) covariates.

’Data on smoking status were available in 58/80 patients included in the growth analysis (72.5%).

°All other mutations included. Patients without genetic analysis or with a CDKN1B mutation were treated as missings (n = 2).

YOnly patients with pathogenic germline nonsense, frameshift, missense mutations, and in-frame deletions included. JunD interacting domain: codons 1-40,

139-242, and 323-428.

“Only patients with pathogenic germline nonsense, frameshift, missense mutations, and in-frame deletions included. CHES1 interacting domain: codons 428-610.

!Only patients with pathogenic germline nonsense, frameshift, and missense mutations included.

it was not possible to indisputably determine the order of
events, it seems plausible to assume that the PIK3CA muta-
tion occurred after the somatic MEN1 mutation, leading to
accelerated tumor growth.

Discussion

In the present analyses with a longer follow-up com-
pared with most previous studies, the indolent behavior
of MEN1-related lung NETs is confirmed. Approximately
1/5 MENT1 patients (22.9%) were diagnosed with lesions
highly suspect of lung NET(s). The high overall 15-year
survival rate and the absence of lung NET-related mortality

in the present study emphasizes the relatively benign char-
acteristics of MENT1-related lung NETs. Overall, tumor
growth was even lower than previously reported (6.0% per
year in the current study vs 17.0% per year in our pre-
vious study). The lung lesions seemed to remain stable over
longer periods of time, and growth even slowed down in
some lesions, explaining the differences in outcomes of the
present study when compared with our earlier results in
partly the same patient cohort (7). Further investigations of
the case with a remarkable sudden growth and aggressive
tumor biology revealed a somatic PIK3CA driver mutation,
which probably led to subclonal expansion and could ex-
plain the sudden deviant course of disease.
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Comparison with literature

The prevalence of histopathologically proven lung NETs
in our cohort (6.5%) is comparable to earlier findings in
our (4.9%) and other cohorts (4.7-6.6%) (6, 8-10). The
higher prevalence of lesions radiologically suspect of lung
NET in this study (22.9%) compared with the results
from our previous study (13.3%) can be explained by the
larger proportion of patients under regular thoracic sur-
veillance. Similar frequencies of lung nodules found on CT
scans have been described in German and Tasman cohorts
(29.3% and 26.0%, respectively) (9, 26). The extremely
low prevalence of lung NETs in the subgroup of patients
without MEN1 or CDKN1B mutation (2.1%) illustrates
the differences in the phenotype and clinical course be-
tween mutation-positive and mutation-negative patients,
as described previously (27).

Growth analysis showed an overall indolent course
(tumor doubling time + 12 years). Most lesions suspected
of lung NET did not demonstrate significant progression,
and some lesions even decreased at long-term follow-up.
Through this mechanism, the longer follow-up time in this
study could explain the lower overall growth rate com-
pared with our earlier findings in 2014. Unfortunately,

15-year lung NET survival

molecular mechanisms regulating the growth of lung NETs
have not yet been revealed. Furthermore, operated lung
NETs seemed to grow significantly faster than nonoperated
lung NETs in this study. Obviously, these results should be
interpreted with caution because a larger tumor size and
growth rate often are an indication for surgery. This indica-
tion bias could explain the different growth rates between
these 2 groups rather than a difference in the type of path-
ology. Moreover, the fact that the mitotic index was low in
most of the fast-growing and/or larger lesions necessitating
surgery underlines the benign course of MEN1-related lung
NETs in general. In contrast to our previous results, we
were unable to confirm gender-related differences in tumor
growth in the current study. Further research in other co-
horts is needed to determine the true role of gender in the
growth of lung NETs.

Other studies on the growth rate of pulmonary nodules
in MEN1 patients showed conflicting results. In a study
of 75 MENT patients by Bartsch et al, pulmonary nodules
showed (slight) progression in only 4 MEN1 patients (18 %
of patients with pulmonary nodules). None grew larger
than 10 mm (median follow-up 67 months) (9). In con-
trast, results from the Tasman cohort including 50 MEN1

1.001
0.751
>
E
o
e)
o
8.0.501
I
=
c
>
w
0.251
Number at risk
102 83 54 25 12 6
0.004
0 3 6 9 12 15

Time (years)

Figure 3. Fifteen-year lung NET survival rate. Abbreviation: NET, neuroendocrine tumor.
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patients suggested a much more aggressive course of pul-
monary nodules by demonstrating tumor progression in
54% of patients with lung nodules. However, in this study,
tumors were identified using fluorodeoxyglucose positron
emission tomography/computed tomography (18F-FDG
PET/CT)-scans, and tumor growth was mainly seen in
FDG-avid lesions. Moreover, pulmonary metastases from
other malignancies were not excluded. The more aggres-
sive growth could therefore be a reflection of the use of
different selection criteria (26). Moreover, as the Tasman
MENT1 population all share a common found mutation
(NM_130799.2:¢.446-3 C> G heterozygous), the differ-
ences in genetic background could also have contributed
to the dissimilar course of disease between the 2 cohorts.

The excellent prognosis of lung NETs found in our
study is comparable to findings in other cohorts (6, 8-10).
In the largest cohort of histopathologically proven lung
NETs to date (n=351), overall survival was also not sig-
nificantly decreased in patients with a lung NET. However,
mainly poorly differentiated and aggressive lung tumors
were the cause of death in 7 patients. The presence of atyp-
ical carcinoid and lymph node involvement tended to be
associated with a higher mortality in the GTE cohort, while
operated patients lived significantly longer. Furthermore,
synchronous metastases were associated with shorter sur-
vival (10). We could not reproduce these associations in our
cohort, which might be explained by differences in cohort
setting (population-based or not), cohort size, lung NET
definition, and/or selection criteria for surgery.

Extensive molecular analysis of the only high-grade
neuroendocrine tumor in this cohort revealed that the som-
atic mutation of PIK3CA may have caused an aggressive
course of the lung NET in patient 20. PIK3CA encodes the
catalytic subunit of phosphatidyl 3-kinase (PI3K), an intra-
cellular central mediator of cell survival signals. PIK3CA
mutations are associated with numerous cancer types and
is most frequently found in endometrial (24-46%), breast
(20-32%), and bladder cancer (20-27%) (28). PIK3CA
mutations are also described in squamous lung cancers
(5-10%), in which they possibly lead to resistance to
antiepidermal growth factor receptor therapy (29). To our
knowledge, the frequency and impact of PIK3CA muta-
tions in lung NETs has not been described to date.

Strengths

Because patients were selected from the national MEN1
database, including >90% of the Dutch MEN1 popula-
tion, it is safe to assume that our study results are gen-
eralizable to the entire MEN1 population—at least in the
Netherlands. Furthermore, standardized longitudinal data
collection reduced the risk of information bias. Thirdly, the

additional follow-up time and larger cohort size enabled
us to study the natural course of MEN1-related lung NETs
more accurately compared with our earlier study and pre-
vious studies in other MEN1 cohorts. Moreover, the re-
liability of the results has been further increased by the
larger proportion of patients undergoing regular thoracic
imaging (58.2% in our previous report vs 78.9% in our
current cohort).

Limitations

However, some limitations must be kept in mind when
interpreting these results. First of all, the retrospective de-
sign of this study could have affected growth analyses. These
analyses were dependent on data from imaging studies
performed during routine patient care. Although imaging
protocols and radiology reports for lung NETs have not
been standardized for this clinical study, all participating
UMC:s have a team dedicated to NETs and have employed
dedicated thoracic radiologists. Most patients had all their
follow-up scans in the same center, thereby reducing vari-
ation. Moreover, to avoid an overestimation of accuracy of
the outcomes, we took the aspect of longitudinal observa-
tions clustered within patients into account in the mixed
models analysis.

This study included cases radiologically suspect of lung
NET without pathological confirmation. This may have
introduced a risk of overestimating the prevalence of lung
NET by including lesions that were not truly lung NET,
because the interpretation of abnormalities on imaging
studies is partly subjective. Combining the interpretation
of a senior radiologist, the high number of follow-up scans
(including functional imaging studies) and any biopsy re-
sults largely mitigated these risks.

One might argue that the lesions found on the CT scans
are diffuse idiopathic pulmonary neuroendocrine cell hyper-
plasia (DIPNECH). However, about half of the patients with
DIPNECH complain of cough and dyspnea, often combined
with signs of inflammation, bronchial obstruction, and mo-
saic attenuation on radiological imaging (30, 31). These
entities were not seen in our patient cohort. Furthermore, to
our knowledge, the combination of DIPNECH and MEN1
is limited to only 1 patient in the literature to date (30).
Based on these considerations, we are confident that it is
very unlikely that a diagnosis of DIPNECH has been missed.

Tumor growth was expressed as the change in the largest
diameter of the lesions. It is important to realize that such
lesions are in fact 3-dimensional objects, with an estimated
volume of: % * 7t * (radius)’ in the case of spherical-shaped
lesions. This means that doubling of the largest diameter
of a spherical lesion is associated with a proportional
8-fold increase in the volume of the lesion. The increasing
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availability of volumetric analysis in radiology allows for
better estimation of the true tumor volume change over
time—and thereby biological behavior—of lung nodules in
the future.

Despite the increasing use of nuclear imaging in MEN1
patients, its exact role in the surveillance and follow-up
is yet to be determined (32-35). Although lung NETs are
sporadically mentioned in some studies on nuclear im-
aging in MENT1 patients, none have focused on its diag-
nostic value in lung lesions in MEN1 patients specifically.
Unfortunately, the setting and retrospective nature of our
study prevented us from investigating these matters.

Clinical implications

Results from this study confirm the benign nature of MEN1-
related lung NETs, reflected by low tumor growth, excel-
lent survival, and the lack of lung NET-related mortality. At
long-term follow-up, tumor growth remained limited over
time. From this perspective, these findings suggest justifica-
tion of less frequent thoracic screening than currently ad-
vised (every 1 to 2 years) (11). This seems to be especially
true for patients with clinically diagnosed MEN1 without a
pathogenic MENT mutation, given the very low prevalence
of lung NETs in this group. The results in the subgroup
of clinically diagnosed MENT1 patients are in accordance
with the recent evidence that clinically diagnosed MEN1
patients rarely develop a 3" MEN1-related manifestation
(27, 36). However, as illustrated by 1 high-grade neuro-
endocrine tumor (atypical carcinoid), periodic screening
remains essential to detect unanticipated accelerated tumor
growth in time. Unfortunately, there are still no accurate
clinical predictors for growth. A lower thoracic screening
frequency appears to be safe at the group level, but might
result in failure of timely recognition of aggressively be-
having tumors in some individual cases. Nevertheless, the
number needed to screen for timely identification of indi-
vidual aggressive cases is high. Therefore, a personalized
screening program should be discussed with individual pa-
tients, balancing between the absolute risk individual pa-
tients are willing to take and the intensity of screening and
exposure to ionizing radiation.

Additionally, although uncommon in MENT1 patients,
thymus NET generally show a very aggressive course of
disease and must be considered when discussing thoracic
imaging in MENT1 patients (7). In our cohort, a pathologic-
ally proven thymus NET was found in 14 MEN1 patients
(3.1%). Thoracic imaging led to the diagnosis in all but
one, illustrating the possible additional yield of thoracic
surveillance. This must be kept in mind when reviewing the
frequency of thoracic imaging with MEN1 patients.

Surgical resection is considered the 1% treatment of
choice in MEN1-related lung NETs (11). Tumor size and
location have been suggested to be important factors when
timing surgery (20). The low growth rate and lack of bene-
ficial effect of surgery on prognosis in this study support a
watch-and-wait policy for small lung NETs. However, in
case of accelerated tumor growth during follow-up, surgery
should be performed without delay.

Conclusion

Overall, MENT1-related lung NETs are slow-growing and
have an excellent prognosis. However, unanticipated ac-
celerated tumor growth does occur sporadically. Because
no accurate risk factors for tumor growth can be de-
scribed, periodic screening programs should be based on
well-informed decision-making with the individual patient,
balancing between the low absolute risk of an aggressive
tumor in individuals and the potential harms of frequent
thoracic imaging.
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