


overall survival (log-rank test P = .0052). Gene set enrichment analysis for somatically

mutated genes associated with hallmarks of cancer showed robust enrichment of

three hallmarks in the OTPlow group, that is, sustaining proliferative signaling, evading

growth suppressor and genome instability and mutation. Together our data suggest

that high OTP expression is a unique feature of pulmonary carcinoids with a favorable

prognosis and that in poor prognostic patients, OTP expression is lost, most likely due

to changes in DNA methylation levels.
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What's new?

Patients with pulmonary carcinoids that have low expression of the gene OTP (Orthopedia

Homeobox) tend to have a worse prognosis. However, no mutations or genomic modifications

have been found that explain the difference in OTP expression. Here, the authors analyzed DNA

methylation data, and they found that changes in DNA methylation patterns were associated

with the difference in OTP expression levels. These findings may suggest a role for epigenetic

therapies in pulmonary carcinoid patients in the future.

1 | INTRODUCTION

Lung neuroendocrine neoplasms (LNENs) comprise a heterogeneous

group of malignancies, mainly arising from pulmonary neuroendocrine

cells, which account for approximately 20% of all primary lung can-

cers. According to the World Health Organization (WHO) 2021 classi-

fication, LNENs are subdivided into four different entities namely,

typical carcinoids (TC, 1.8%), atypical carcinoids (AC, 0.2%), large-cell

neuroendocrine carcinomas (LCNEC, 3%) and small-cell lung carcino-

mas (SCLC, 15%).1,2 Even though pulmonary carcinoids only encom-

pass 1% to 2% of all invasive lung malignancies, their occurrence has

increased significantly over the past decades.3,4

LNENs share morphological and immunohistochemical features

but they show a broad clinical-pathological spectrum with a different

biological behavior. In contrast to the high-grade LNENs (eg, LCNEC

and SCLC), carcinoids are characterized by a low mitotic frequency

(≤10 mitosis/mm2), none or punctuated necrosis, and a relatively

favorable prognosis. Although carcinoids are considered as low- or

intermediate grade tumors, they may show distant disease recurrence

(TC: 1%-6% and AC: 14%-29%) in patients who initially underwent

curative surgical resection.5,6

Known predictive factors for recurrence of disease after surgery

for carcinoids are histopathological type (AC), tumor size and lym-

phatic involvement. Unfortunately, none of these factors enables the

clinician to reliably predict patients at risk for recurrence up-front.

Therefore, extensive follow-up is required for all patients with a carci-

noid up to 15-year after surgical resection resulting in frequent over-

surveillance.1,7,8 A possible alternative is to subdivide carcinoids into

prognostically relevant categories (at risk for recurrence vs no risk)

using tumor-specific molecular features. Previously, we identified

Orthopedia Homeobox (OTP) as a prominent molecular marker to

accurately identify patients at risk for disease recurrence and showed

that OTP transcription levels and nuclear protein expression levels

were strongly correlated (P = 5.9 � 10�11, n = 60).9 In addition, our

research group and others have shown that OTP protein expression is

absent in normal neuroendocrine cells of the lung, whereas OTP is

highly expressed in carcinoid precursor lesions (ie, neuroendocrine cell

hyperplasia and tumor lets), as well as in most pulmonary carci-

noids.9-14 Other NENs (ie, gastrointestinal/pancreatic) turned out to

be OTP negative.10 Intriguingly, pulmonary carcinoids without expres-

sion of OTP at the time of diagnosis develop more frequently metas-

tases during follow-up.11 These data suggest that OTP is a prognostic

marker in pulmonary carcinoids and may play a role in carcinoid

tumorigenesis. Although OTP has been described as a key player in

the development of the hypothalamic neuroendocrine system of ver-

tebrates, its specific role in tumorigenesis and carcinoid disease recur-

rence remains to be elucidated.

Here, we performed a comparative analysis on OTP expression

throughout 37 different tumor types, using publicly available The Can-

cer Genome Atlas (TCGA) data (n = 33/37 tumor types) combined with

publicly available LNEN data (n = 4/37 tumor types), to identify groups

with similar expression profiles. Subsequently, we used multi-omics

publicly available data on LNENs to study the molecular differences

between OTPhigh vs OTPlow LNENs, with a special focus on carci-

noids.15 In addition, we correlated transcriptomic and methylomic data

to shed light on the regulatory mechanisms of OTP expression.

2 | MATERIALS AND METHODS

2.1 | Public LNEN and TCGA data

LNEN whole-exome sequencing (WES), transcriptome sequencing

(RNAseq), Epic 850K Illumina arrays methylation data, mutational data and
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Considering that high- and low-OTP expression samples were

detected in both TC and AC, we assessed the OTP gene expression

of 88 sequenced carcinoids to determine the optimal cut-off point

for OTPhigh- and OTPlow -classification. A mixture model of two

Gaussian distributions was fitted to the distribution of OTP expres-

sion (normalized read counts) in LNENs (Figure 1B). Data showed a

clear bimodal distribution of OTP in carcinoids (P = 1.5 � 10�2)

suggesting that within the carcinoid cohort, two distinct groups

exist, which can be separated based on OTP expression levels

(Figure 1B, upper panel). Next, we confirmed the absence of OTP bi-

modality in both the LCNEC- and SCLC sample cohort (Figure 1B,

middle and bottom panels, respectively). By applying this cut-off

point (lowest density point of the two Gaussian mixture distribu-

tions 8.7, in units of normalized read counts) to the high-grade

LNENs, only one LCNEC sample and one SCLC sample were consid-

ered OTPhigh, whereas all other high-grade LNENs were classified as

OTPlow. In fact, Alcala et al. recently showed that this LCNEC sample

(S00602) clustered with carcinoid tumors according to Multi-Omics

Factor Analysis (MOFA).15

3.2 | Molecular and clinical characteristics of the
OTPhigh and OTPlow carcinoids

Baseline clinical characteristics are presented in Table 2. The OTPhigh

cohort was enriched for females (69%), while the OTPlow cohort con-

tained relatively more males (79%, Fisher's exact test P-

value = 7.9 � 10�5). Both age and smoking status were comparable

within the two groups (Fisher's exact test both P-value = .16). In addi-

tion, patients in the OTPhigh group were more frequently diagnosed as

TC, whereas the OTPlow group was enriched for AC histopathology

(Fisher's exact test P-value = .00013). Compared to OTPlow, patients

in the OTPhigh group were more frequently diagnosed in lower Tumor

Node Metastasis (TNM) stages (Fisher's exact test of stage I-II vs

stages III-IV P-value = .01).

Kaplan-Meier survival analysis was performed for the pulmonary

carcinoids clustered in OTPhigh and OTPlow. Results showed that carci-

noids with low OTP expression harbor an unfavorable survival as com-

pared to carcinoids with high OTP expression (log-rank test P-

value = .0052, Figure 1C).

TABLE 2 Patient characteristics of
the OTPhigh and OTPlow group

Variable

Groups

P-valueOTPhigh OTPlow

Patients, n 64 24

Age, years

Mean ± SD 51.6 ± 18.3 58.3 ± 12.8

Median (IQR) 54 (16-80) 58 (29-80) .16

Gender 7.9 � 10�5

Female 44 (68.7) 5 (20.8)

Male 20 (31.3) 19 (79.2)

Smoking status .16

Current 14 (21.9) 3 (12.5)

Former 13 (20.3) 8 (33.3)

Never 23 (35.9) 6 (25.0)

Passive 1 (4.2)

Histopathological classification 1.30 � 10�4

Typical 50 (78.1) 8 (33.3)

Atypical 12 (18.8) 15 (62.5)

Unclassified 2 (3.1) 1 (4.2)

TNM stage .01

I-II 60 (94) 18 (75.0)

III-IV 3 (5) 6 (25.0)

Unknown 1 (1)

Survival censor .03

Alive 50 (78.1) 14 (58.3)

Death 6 (9.4) 8 (33.3)

Unknown 8 (12.5) 2 (8.3)

Median survival in months 79.3 59

Data are presented as n (%) unless otherwise stated. Abbreviations: IQR, interquartile range; TNM, tumor

node metastasis.
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