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Abstract: Generally, patients with stage I-Illa (TNM) pulmonary carcinoid disease have a favourable
prognosis after curative resection. Yet, distant recurrence of disease after curative surgery occurs in
approximately 1-6% of patients with typical carcinoid and 14-29% in patients with atypical carcinoid
disease, respectively. Known predictors of distant recurrence of disease are atypical carcinoid,
lymphatic involvement, and incomplete resection status. However, none of them can be reliably used,
alone or in combination, to exclude patients from long-term follow-up (advised 15 years). By genomic
profiling, Orthopedia homeobox (OTP) has been identified as a promising prognostic marker for
pulmonary carcinoid with a favourable prognosis and low risk of distant disease recurrence. Moreover,
OTP is a highly specific marker for carcinoids of pulmonary origin and recent genome wide analysis
has identified OTP as a crucial predictor of aggressive tumor behaviour. OTP in combination with
CD44, a stem cell marker and cell-surface protein, enables the identification of patients with surgical
resected carcinoid disease that could potentially be excluded from long-term follow-up. In future
clinical practice OTP may enable clinicians to reduce the diagnostic burden and related distress
and reduce costs of long-term radiological assessments in patients with a pulmonary carcinoid.
This review addresses the current clinical value of OTP and the possible molecular mechanisms
regulating OTP expression and function in pulmonary carcinoids.

Keywords: orthopedia homeobox; pulmonary carcinoid; neuroendocrine tumor; prognosis;
classification; review

1. Introduction

Pulmonary carcinoids (PC) are rare, well-differentiated neuroendocrine tumors accounting for
1-2 per cent of all lung cancers [1]. Nevertheless, its occurrence has increased significantly over the
past decades (approximately 6 per cent per year over the past 30 years in both men and women) [2,3].
In contrast to high-grade neuroendocrine lung carcinomas, such as large cell neuroendocrine carcinoma
(LCNEC) and small cell lung cancer (SCLC), carcinoids are characterized by a lower metastatic rate
and a relatively favourable prognosis. According to the World Health Organization (WHO), PC are
recognized morphologically by a neuroendocrine growth pattern and can be subdivided into typical
carcinoids (TC) and atypical carcinoids (AC) based on the mitotic rate (less than 2/mm? for TC and
between 2 to 10 for AC) and the presence of necrosis in ACs [4]. Although TCs and ACs are considered
low- or intermediate-grade tumors, they may spread to regional lymph nodes and distant organs.
TCs are characterized by a relatively favourable prognosis (5-20% metastasize), whilst ACs are more
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often characterized by a malignant behaviour and a lower 5- and 10-year survival rate (30—40%
metastasize) [3]. Although curative treatment by means of surgical resection is possible for most
carcinoids, distant disease recurrence may still occur even up to 20 years after curative treatment [1,5].
More precisely, distant recurrence of disease after curative surgery ranges from 1-6% for typical
carcinoids and 14-29% for atypical carcinoids [6-10]. In current practice, recurrence in these patients is
not predictable due to a lack of clinical-pathological features that enable accurate prediction of disease
recurrence. As a consequence, all patients with PC require radiological assessment and follow-up for
an extensive period of time (15-20 years) [1].

The requirement of surgical tissue for assessment of all diagnostic morphological criteria for PCs
limits accurate diagnosis on small biopsies and cytology specimen. Besides histological classification,
recent literature described the Ki-67 proliferation index as a valuable marker to distinguish carcinoid
tumors (<20%) from high grade LCNEC and SCLC (>20%) on biopsy specimens [3,4,11,12]. However,
the utility of this marker to differentiate TCs from ACs or to predict prognosis within individual
carcinoid tumors is limited [13]. These diagnostic limitations indicate the need for alternative molecular
markers to subdivide carcinoids into clinical relevant categories [4].

By expression profiling, Orthopedia Homeobox (OTP) has recently been identified as a reliable
molecular marker to predict the prognosis of PC patients [14]. Although OTP has frequently been
described as a key player in the development of the hypothalamic neuroendocrine system of vertebrates,
its function in lung carcinoids remains to be elucidated. Here, we comprehensively review current
literature on OTP function, OTP expression in lung neuroendocrine neoplasms, and possible molecular
pathways through which it might operate in both normal and pulmonary neuroendocrine tumor tissue.

2. OTP in Relation to Prognosis in PC

Though the role of OTP in pulmonary carcinoids is poorly understood, it has been described
as a strong prognostic marker for pulmonary carcinoids [14,15]. In 2013, Swarts et al., reported the
molecular characterization of carcinoids in patients with prolonged and poor survival rates (n = 10
discovery, n = 54 validation) [12,14]. Results revealed a set of downregulated genes in the unfavourable
group, one of them showed a remarkably strong downregulation namely OTP (median fold change
of 845) [16]. Multivariate analysis, comparing OTP with clinical parameters, showed that loss of or
decreased expression of OTP was independently associated with unfavourable survival and increased
risk of metastases. These findings were validated at the protein level by immunohistochemistry using
the rabbit-anti-OTP polyclonal antibody (clone HPA039365, Atlas Antibodies, Stockholm, Sweden) [14].
The prognostic value of OTP has since been validated in larger series (1 = 288), confirming that loss of
expression is associated with poor prognosis (Tables 1 and 2) [15,17].
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Table 1. Overview of the characteristics of studies that analysed OTP expression in pulmonary carcinoids using immunohistochemistry.

Study Population Histology
Syl e G piien e Ac oo WROQIISI N Ot T

H;giegy[fg?l" 63 59 26-91 1\12[((32;*))' 0 9 6 1 Yes (2015) No Yes (51)

N;’é‘laékf[‘?;l" 159 159 21-83 1\;[((9672))' 7 123 21 104 Yes (2015) Yes (11/a) Yes (758)
Pag%’;%iﬁi[sl o k166 166 16-83 xﬁ))’ 16 132 34 0 Yes (2015) No No
Papze(lﬁc;ii\i[s] ;; al., 108 86 21-83 1\12[((;;1))/ 8 69 17 0 Yes (2015) No No

szvggs [’311?1 352 348 16-83 I\lf((llgg)) 0 25 63 59 Yes (2003) Yes (4) Yes (9)
YOth}:)eligl[ezro?t al., 50 50 21-87 1\121((5’(())))/ 0 8 6 16 Yes (2015) No Yes (20)
Visv;zé?gt[k;alr]\ etal, 57 3986 1\1:[((;91))’ 0 1 12 19 Yes (2015) No Yes (18)

* studies performed in the same study population. Abbreviations: Ref, reference; n, number; M, male; F, female; DIPNECH, diffuse idiopathic neuroendocrine cell hyperplasia; TC,
typical carcinoid; AC, atypical carcinoid; HGNECs, high-grade neuroendocrine carcinomas e.g. large cell neuroendocrine carcinoma and small cell lung carcinoma; WHO, world health
organization; NE, neuroendocrine; IHC, immunohistochemistry; n/a, not applicable.
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Table 2. Overview of immunohistochemical features of studies that performed OTP analyses.

40f13

Study Year Immunohistochemistry Outcome (1 OTP Positive/Total (%)) Staining Scoring
[Ref] .
gu r;:;’;‘i},’, Dilution DIPNECH TC AC HGNECs Considered Positive If Overall Conclusion
. . OTP is a highly sensitive
Hanley etal, Sigma (1:800) - 9/9 (100%) 1/6 (17%) - Any percentage or intensity of nuclear OTP and specific marker for
2018 [18] expression L
lung carcinoids
OTP may serve as a
Nonaka et al., . o o o o 1+ (1-25%), 2 + (25-50%), . .
2016 * [17] Atlas (1:150) 7/7 (100%) 105/123 (85.4%) 10/21 (47.6%) 2/104 (1.9%) 3+ (50-75%), 4 + (>75%) useful dlagn.ost%c marker
for lung carcinoid tumors
OTP and TTF1 expression
Papaxoinis et al., . o o o More than 5% of the tumor expressed a positive can be used to classify
2018 * [19] Atlas (1:150) 16/16 (100%) 117/132 (88.6%) 21/34 (61.8%) - reaction carcinoids into different
clusters
Papaxoinis et al., . nOTP < 150 nOTP <150
2017 * [15] Atlas (1:150) 14/69 (20.3%) 8/17 (47%)
cOTP < 150 cOTP < 150 ) CD44/nOTP expression is
59/69 (86%) 14/17 (82%) H-score (ranging from 0-300) an ;rl}{cll:eépendetr}t ptredlit}?r
nOTP > 150 nOTP > 150 i el o PC
55/69 (80%) 9/17 (53%) radically operated PCs
cOTP > 150 cOTP > 150 )
10/69 (14.5%) 3/17 (18%)
Swarts et al., Atlas (1:800) B nOTP nOTP nOTP
2013 [14] : 10/225 (4%) 3/63 (5%) 1/59 (2%) 0 = no staining, 1 = very weak diffuse staining OTP and CD44
topl taining in sing]l fi lei, an are
nOTP + cOTP  nOTP + cOTP  nOTP + cOTP Z[C:y‘:;f iy ]n?; N ei;?::f;?ﬁggfsrogjre; :Z;?rfgeiln powerful prognostic
() o, 0, 4
165/225 (73%) 28/63 (44%) 4/59 (7%) >40% of nuclei, 3-4 = strong to very strong staining in markers fo.r pl.llmonary
cOTP cOTP cOTP most or all tumor cells, respectively. carcinoids
17/225 (8%) 15/63 (24%) 8/59 (14%)
OTP may be used to
Yoxtheimer et al Min. 5% of tumor cell positivity of 3 + stainin grade pulmonary NETS
”  Sigma (1:800) - 4/8 (50%) 1/6 (17%) 1/16 (6.3%) % el positivity & and differentiate them
2018 [20] intensity
from low-grade NETs
originating in other sites
OTP is a promising
. L highly sensitive and
0
Viswanathan et al., Sigma (1:800) ) 911 (82%) 8/12 (80%) 0/19 (0%) Tumor showed >1 + OTP staining in >5% of the specific marker for

2019 [21]

tumor within the specimen

primary pulmonary
carcinoid tumors

* studies performed in the same study population. * All studies used the rabbit anti-OTP polyclonal antibody clone HPA039365. Abbreviations: Ref, reference; n, number; OTP, orthopedia
homeobox; DIPNECH, diffuse idiopathic neuroendocrine cell hyperplasia; TC, typical carcinoid; AC, atypical carcinoid; HGNECs, high-grade neuroendocrine carcinomas e.g., large cell
neuroendocrine carcinoma and small cell lung carcinoma; TTF1, thyroid transcription factor 1; CD44, cell-surface glycoprotein; nOTP, nuclear OTP expression; cOTP, cytoplasmic OTP
expression; RFS, Relapse free survival; PCs, pulmonary carcinoids; NETs, neuroendocrine tumors.
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Three different OTP expression patterns can be observed and are strongly related to patient
outcome namely, a strong nuclear staining (nOTP) with or without cytoplasmic reactivity, an exclusively
cytoplasmic staining (cOTP), and a negative staining pattern (Figure 1A-C) [14]. Patients with nOTP
expression have a favourable disease outcome, patients with cOTP reactivity have intermediate
survival, and patients with absence of OTP expression rendered the worst disease outcome [14].
In addition, Swarts et al., showed a strong correlation between absence of nOTP and the occurrence
of distant metastasis (p = 0.00014) [14]. Most interestingly, we observed that OTP in combination
with CD44, a cell-surface glycoprotein involved in cell-cell interactions, allowed for even better
separation of tumors into prognostic relevant categories. These results have been independently
confirmed by Papaxoinis et al., evaluating 86 cases [15]. Results showed that CD44 and nOTP staining
were an independent predictor for relapse-free survival (RFS) in patients with radically operated
pulmonary carcinoids (Hazard Ratio (HR) 0.192, 95% Confidence Interval (CI) 0.064-0.574; p = 0.03) [15].
No statistically significant differences in relapse-free survival were observed for patients with tumors
containing decreased expression of one or both proteins (p = 0.861). For this reason, Papaxoinis et
al., proposed that a combination of CD44 and nOTP staining may be a prognostic marker to predict
prognosis and development of recurrence of disease. To date, no evidence for a molecular interaction
between OTP and CD44 has been reported.

Figure 1. Orthopedia homeobox (OTP) immunohistochemistry of pulmonary carcinoids and
neuroendocrine cell hyperplasia (NECH). (A) Representative image of nuclear OTP (nOTP) and
cytoplasmic OTP (cOTP) staining in a typical carcinoid; (B) Representative image of a carcinoid tumor
harbouring only cytoplasmic immunoreactivity for OTP; (C) Representative image of a carcinoid tumor
with no OTP immunoreactivity; (D) Representative image of both nOTP and cOTP staining in NECH
(magnification 200x) [14,16].

Current studies indicate that protein expression of OTP/CD44, mainly nuclear staining, can be
used to stratify PCs into prognostic relevant subgroups independent of the morphological established
diagnosis [14,15]. In addition, due to the morphological similarities, the existing histology-based
grading is problematic and subject to considerable interobserver variation. Swarts et al., examined the
interobserver variation among five experienced pulmonary pathologists who reviewed 123 originally
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diagnosed pulmonary carcinoid cases [22]. In total 114 of the 123 cases were unanimously classified
as pulmonary carcinoids. Fifty-five percent (63/114) were unanimously classified, 25% (29/114)
reached consensus classification, and no consensus was reached for 19% (22/114), which comprised
predominately ACs [22]. Although, consensus reclassification may improve prediction of survival
of pulmonary NETs, it did not improve the prediction of prognosis of the disagreement cases (from
p =0.11 to p = 0.14) [22]. Nevertheless, when disagreement cases were allocated on the basis of nOTP
immunostaining patient prognosis prediction improved significantly (from p = 0.11 to p = 0.0024).
Thus, molecular markers may be used to classify carcinoids into prognostic relevant categories. Future
studies should evaluate the diagnostic sensitivity and specificity of OTP as a marker to predict
metastatic disease after curative surgery and if this marker is applicable for diagnostic and prognostic
stratification on biopsy specimens.

3. OTP Is Specifically Expressed Within Pulmonary Carcinoids

Whilst OTP has been described as a prognostic marker for PCs, little is known about the expression
pattern of this transcription factor in normal organs/tissues and other tumors. OTP expression
in other neuroendocrine tumors and/or normal tissue and organs has been investigated in six
studies [14,17,18,20,21,23]. Swarts et al., previously analysed the expression of OTP by qRT-PCR on
frozen material of carcinoids, LCNEC, SCLC, normal tissues, and neuroendocrine cell lines (Bon-1, CM,
NCI-H69, NCI-H295, NCI-H460, NCI-H720, NCI-H727, QGP and SW13). Carcinoid tumors showed a
positive OTP messenger-RNA (mRNA) expression whereas normal tissues, high-grade neuroendocrine
carcinomas, and the evaluated NE cell lines did not express OTP mRNA [14]. In addition, Nonaka et
al.,, investigated immunohistochemical OTP expression in a variety of tumors, with special interest
in pulmonary and non-pulmonary neuroendocrine tumors, neuroendocrine carcinomas, and normal
tissues and organs [17]. Nuclear OTP expression was observed in 80% (130/162) of all pulmonary
carcinoid tumors. Four out of 34 small cell carcinomas showed focal expression of OTP whereas all
other tumors were completely negative. In line with the findings of Swarts et al., OTP was neither
expressed in normal tissues nor in other organs examined [17]. Neuroendocrine cells of the normal
bronchus and bronchiole, identified with synaptophysin, were negative for OTP as well. Similar results
were observed by Hanley et al., who evaluated immunohistochemical OTP expression in fine-needle
aspiration (FNA) samples derived from extrapulmonary and pulmonary sites (Table 1). OTP was
positive in 17% (10/59) of the cases, and all positive samples were NETs from either the lung or a
metastasis from a primary lung tumor (Table 2) [18]. None of the NETs derived from extrapulmonary
sites showed any positivity for OTP. Among the 15 pulmonary carcinoids, 100% (9/9) of the TCs were
positive compared to only 17% (1/6) of the ACs, indicating that OTP is preferably expressed within
TCs (Table 2) [18]. Nevertheless, Viswanathan et al., evaluated OTP expression in both pulmonary
non-neuroendocrine and neuroendocrine tumors (Table 1) [21]. According to the results, neither
non-neuroendocrine tumors nor high grade neuroendocrine carcinomas stained positive for OTP.
However, 82% (9/11) of TCs and 83% (10/12) of ACs showed positivity for OTP confirming the specificity
of OTP for PCs (Table 2). Yet, in contrast to other studies, both TCs and ACs showed equal positivity
towards OTP on fine needle aspiration (FNA) specimen [17,18,21]. However, it should be noted that
they did observe a significant difference in the degree of OTP staining in surgical resection material
between TC and AC. 73% of TCs showed >40% OTP staining, whereas only 30% of ACs displayed
>40% OTP staining, indicating that the staining used in this study was suboptimal for small biopsies.

Another recent study of Yoxtheimer et al., examined OTP IHC expression on 50 FNA specimens,
including 30 primary pulmonary NENs (eight TCs, six ACs, five LCNEC, and 11 SCLC) and 20 primary
pancreatic NETs (Table 1) [20]. Results showed that 50% (4/8) of the pulmonary TCs expressed OTP,
while merely 17% (1/6) of ACs and 20% (1/5) of LCNEC expressed OTP (Table 2). Moreover, neither
SCLC nor any pancreatic NET expressed OTP [20]. Taken together these studies define OTP as a
highly specific marker for pulmonary carcinoid disease. Since OTP turns out to be a highly specific
marker, an increasing number of studies are starting to evaluate the diagnostic utility of OTP in tumors
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with NE differentiation. Recently, Roy et al., assessed OTP expression in tissue microarrays of 32
FFPE malignant tumors with neuroendocrine differentiation from the gynaecologic organs (1 = 16),
breast (n = 8), and prostate gland (1 = 6) [23]. Nuclear expression of OTP was interpretable in 26
cases and detected in only 15% (4/26) including two prostate adenocarcinoma and two NE carcinomas
of the ovary. OTP expression was absent in the remainder of the gynaecologic malignancies and
NE mammary carcinomas. These data imply that though OTP is a very specific marker for NE lung
carcinoids, it is not a sensitive broad-spectrum NE marker.

4. OTP in Pulmonary Neuroendocrine Cell Hyperplasia (NECH)

Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia (DIPNECH) was first described by
Aguayo et al., as an unusual clinical entity that may cause airway fibrosis [24]. DIPNECH is confined
to the respiratory epithelium layer without penetration of the basement membrane and is not related
to any known predisposing condition [25]. Nowadays, it is known that pulmonary neuroendocrine
cell hyperplasia (PNECH) can emerge, not only as a reaction to inflammation, but also in the context
of carcinoid or adenocarcinoma development (Figure 1D) [26]. In the latest WHO classification of
lung tumors, DIPNECH was described as a generalized proliferation of pulmonary neuroendocrine
cells that may be restricted to the mucosa of airways, may invade locally to form tumorlets, or might
develop into carcinoid tumors [4]. Interestingly, we found that OTP is highly expressed in these
speculated lung carcinoid precursors [16]. In a cohort study containing seven DIPNECH cases, Nonaka
et al., showed that OTP was not expressed in normal tissues and organs whilst OTP was convincingly
expressed in all DIPNECH lung resections (Table 2). Afterwards, the same research group added an
additional nine DIPNECH cases to their former research cohort which showed an ubiquitous OTP
staining as well (Table 2) [19]. A recent review illustrated the progression of disease in carcinoids and
proposed that carcinoid tumors may arise from neuroendocrine cells and related neuroendocrine cell
hyperplasia [27]. In addition, it was suggested that the genes OTP/CD44 might play an important role
in carcinoid development.

5. OTP Structure

OTP is a gene which encodes a member of the homeodomain (HD) family. A homeodomain is
a 180-nucleotide DNA sequence that encodes a helix turn helix DNA binding domain, which was
discovered in Drosophila flies during the mid-1980s by McGinnes et al. [28]. Genes possessing a HD
are transcriptional regulators which play key roles in the specification of cell fates. In an effort to
identify human HD genes, Lin et al., successfully cloned the human homologue of the murine gene
Orthopedia (Otp), which demonstrated 99% homology to mouse Otp [29]. The human gene is located at
chromosome 5q14.1 containing three exons and two introns, two splice variants and a high GC-content
(Figure 2). OTP encodes a protein composed of 325 amino acids and contains two protein domains
namely a homeobox domain and an OAR-domain, the function of the latter is unknown (Figure 2).
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Figure 2. Schematic representation of the OTP gene. The chromosome row represents the genomic
location of OTP (Red, 5q14.1), the DNA rows represent the gene composition with the genomic
coordinates of both the protein coding transcript and the processed transcript, and the protein row
represents the translated protein domains within the gene.

6. OTP Function

6.1. OTP in the Hypothalamus

Although the specific function of OTP remains largely unknown, OTP has been frequently
reported to be a key player in the development of the hypothalamic neuroendocrine system of
vertebrates such as zebrafish, mice, and humans [30-32]. The hypothalamic neuroendocrine system
is a crucial region in the brain which regulates homeostasis by mediating endocrine, autonomic,
and behavioural functions. It comprises several nuclei containing distinct neuronal populations
producing neuropeptides and neurotransmitters which regulate fundamental body functions [33].
In mice, Otp expression is well conserved in hypothalamic domains and involved in the differentiation
of several neurohormone secreting nuclei including the anterior periventricular, paraventricular,
supraoptic, arcuate nuclei [31,34,35]. Neurogenesis of the endocrine hypothalamus is characterized
by a series of crucial developmental milestones such as the initial commitment to the neuronal fate,
neuroblast proliferation, migration of postmitotic neurons to the neuroendocrine nuclei, and terminal
differentiation including neuropeptide expression and axonal outgrowth [32]. Analysis of Otp knockout
(Otp--) mice revealed that Otp is able to affect all developmental milestones except for the initial
commitment to the neuronal fate, indicating an essential role for Otp in proper murine neuroendocrine
hypothalamic development [32,34]. Nevertheless, the development of neuroendocrine cell lineages in
the hypothalamus requires, besides OTP, additional transcription factors. Acampora et al., showed
that OTP is coexpressed with single-minded-homology 1 (SIM1) in the same cells at the same time [32].
In addition, they showed that Otp acts upstream of Brn-2, a developmental neural cell-specific POU
domain transcription factor (POU3F2). By using single-minded-homology 1 (Sim1) mutant mice,
Acampora et al., showed that both Otp and Sim1 are required for POU3F2 expression (Figure 3).
To summarize, OTP is a highly conserved transcription factor which regulates the fate, migration, and
terminal differentiation of hypothalamic neurons.
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Figure 3. Proposed schematic overview of the molecular network through which OTP might act along

with other neuroendocrine (NE) related factors in the hypothalamus and the lungs.
6.2. OTP in Lung Neuroendocrine Tumors

A recent study of Nonaka et al., proposed a link between OTP and thyroid transcription factor
1 (TTF1) [17]. The expression of TTF1, a member of the homeodomain transcription factor family,
is one of the most essential IHC stains in the diagnostic histopathology of lung and thyroid tumors [36].
Immunohistochemical analysis on 162 pulmonary carcinoids revealed that all TTF1 positive tumors
were also positive for OTP [17]. On the other hand, none of the OTP negative tumors stained positive
for TTF1. Additionally, neither OTP nor TTF1 was expressed in normal NE cells [15,19]. Taken together,
we propose that OTP might be upstream of TTF1 in the transcription factor hierarchy. Nevertheless,
Papaxoinis et al., and Hanley et al., described cases positive for TTF1 whilst negative for OTP suggesting
the presence of intermediate factors in PCs [17,19]. One of these intermediate factors might be the
downstream target of OTP, POU Class 3 Homeobox 2 (POU3F2), since a recent study proposed a
crucial role for POU3F2 in the expression of lineage-specific transcription factors such as achaete-scute
homolog-like 1 (ASCL1) and NeuroD1 (ND1) and NE marker molecules like neural cell adhesion
molecule 1 (NCAM1), synaptophysin (SYP), and chromogranin A (CHGA) in SCLC (Figure 3) [37].
In addition, Sakaeda et al., reported that POU3F?2 is directly involved in TTF1 expression in SCLC [38].

A possible explanation for the OTP+/TTF1- cases might be the involvement of the NOTCH1-HES1
signalling pathway which is reported as an inhibitor of ASCL1, POU3F2, and NE molecules (CHGA,
CD56, SYP) [39]. NOTCH receptor 1 (NOTCH]1) is known to activate hairy and enhancer of split-1
(HES1), which inactivates insulinoma-associated protein 1 (INSM1), ASCL1, and POU3F2 (Figure 3) [40].
Nevertheless, recent studies described that Notchl signalling is minimal or even absent in pulmonary
TC and AC and gut carcinoids [40—44]. As a result, the transcription factor HES1 will be inactive and
INSM1 will not be inhibited leading to the activation of the transcription factors ASCL1 and POU3F2
which promote the expression of NE molecules such as TTF1 (Figure 3). Although the pathway through
which OTP acts remains largely unknown, here we speculate a schematic overview of downstream
targets of OTP and the possible involvement of the NOTCHI1 pathway.

7. OTP DNA Analysis

Several studies extensively profiled PCs to obtain more insights into the molecular characteristics
of these rare entities [27,45-49]. Recently, Alcala et al., performed multiomics (genome, exome,
transcriptome and methylome) integrative analyses on 116 PCs [50]. Carcinoids were classified into
different clusters based on multiomics cluster analysis (MOFA) of which cluster carcinoid A was
enriched for typical carcinoids (75%) whilst cluster carcinoid B was enriched for atypical carcinoids
(54%) [50]. Cluster B showed the worst survival and was characterized by the universal downregulation
of OTP (90% with fragments per kilo million (FPKM) < 1). In addition, they showed that these expression
levels of OTP were strongly correlated with survival which is in line with previous studies [14,15].
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Despite the high expression difference between favourable versus poor survival, the regulatory
mechanism of OTP remains to be further investigated.

Nowadays, patterns of somatic mutations caused by different mutational processes in cancer
genomes have been identified as the result of advances in genome sequencing and the development of
computational tools. Multiple studies have performed mutational analysis on pulmonary carcinoid
tumors [45-49]. Though carcinoids are characterized by a low number of nonsynonymous mutations
per million base pairs, most frequently mutated genes are implicated in chromatin remodelling.
In addition, histone modifiers and members of switch/sucrose non-fermentable (SWI-SNF) complexes
are mutated in approximately 40% and 22%, with multiple endocrine neoplasia type 1 (MEN1)
most frequently affected [45,47,51]. However, until now no mutations have been identified in OTP,
suggesting the presence of additional mechanisms leading to substantial expression differences.

Besides genetic changes in DNA and chromosomes, it has become evident that oncogenomic
processes can be profoundly influenced by epigenetic mechanisms. DNA methylation is a major
epigenetic factor involved in the regulation of gene expression and refers to the addition of a methyl
group to the fifth position of a cytosine [52]. Nowadays, numerous human diseases have been linked to
aberrant DNA methylation of which hypermethylation of CpG islands in the promotor region has been
most extensively studied in cancer. Currently, various genes with aberrant promotor hypermethylation
have been identified in all forms of cancer. While several studies have explored promotor methylation
in pulmonary carcinoids, to date, only Alcala et al., investigated the whole methylome of 56 carcinoids
(33 TCs and 23 ACs) using 850K arrays [50]. Gene expression and corresponding promotor methylation
data were correlated to identify genes which expression could be explained by their methylation
pattern. While one of the top correlations was found for HNF1A and HNF4A homeobox genes, no
correlation was found for OTP [50].

In summary, different OTP mRNA and protein expression levels are found to be related to
prognosis. However, the exact mechanism of OTP (in) activation has not been identified yet.

8. Conclusions

We provide a comprehensive overview of available literature demonstrating OTP as a promising,
highly sensitive, and specific marker for pulmonary carcinoid tumors with a favourable prognosis.
Nuclear OTP in combination with CD44 protein expression may be used as a predictive marker to
exclude patients having a very low risk for distant recurrence of carcinoid disease from long term
follow-up. Nevertheless, additional cohort studies focusing on disease free survival are necessary
to implement OTP in routine diagnostics. Besides, the underlying mechanism regulating OTP in
neuroendocrine pulmonary (tumor) cells remains to be elucidated. Hence, future studies should be
focused on unravelling the interplay between regulation of OTP expression, and its biological role in
the downstream aggressive behaviour of these pulmonary neuroendocrine lesions.

Author Contributions: Conceptualization, L.M., ].D., A-M.D. and E.-].S.; methodology, L.M. and ].D.; validation,
L.M. and ].D,; investigation, L.M.; writing—original draft preparation, L.M.; writing—review and editing, J.D.,
A.-M.D. and E.-].S,; visualization, L.M. and E.-].S.; supervision, ].D., A.-M.D. and E.-].S.; funding acquisition,
A.-M.D. and E.-].S.

Funding: This research was funded by KWF kankerbestrijding, grant number 10956.

Conflicts of Interest: Laura Moonen, Jules Derks, and Ernst-Jan Speel declare no conflict of interest. Anne-Marie
Dingemans reports grants and personal fees from BMS, personal fees from Roche, personal fees from MSD,
personal fees from Eli Lily, personal fees from Takeda, personal fees from Pfizer, personal fees from Boehringer
Ingelheim, outside the submitted work. The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.



Cancers 2019, 11, 1508 11 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Caplin, M.E.; Baudin, E.; Ferolla, P.; Filosso, P.; Garcia-Yuste, M.; Lim, E.; Oberg, K.; Pelosi, G.; Perren, A.;
Rossi, R. Pulmonary neuroendocrine (carcinoid) tumors: European Neuroendocrine Tumor Society expert
consensus and recommendations for best practice for typical and atypical pulmonary carcinoids. Ann. Oncol.
2015, 26, 1604-1620. [CrossRef] [PubMed]

Korse, C.M.; Taal, B.G.; van Velthuysen, M.-L.F.; Visser, O. Incidence and survival of neuroendocrine
tumours in the Netherlands according to histological grade: Experience of two decades of cancer registry.
Eur. J. Cancer 2013, 49, 1975-1983. [CrossRef] [PubMed]

Hendifar, A.E.; Marchevsky, A.M.; Tuli, R. Neuroendocrine tumors of the lung: Current challenges and
advances in the diagnosis and management of well-differentiated disease. J. Thorac. Oncol. 2017, 12, 425-436.
[CrossRef] [PubMed]

Travis, W.D.; Brambilla, E.; Burke, A.P; Marx, A.; Nicholson, A.G. WHO Classification of Tumours of the Lung,
Pleura, Thymus and Heart, WHO Classification of Tumours, 4th ed.; IARC: Lyon, France, 2015; Volume 7.
Oberg, K.; Hellman, P.; Ferolla, P.; Papotti, M. Neuroendocrine bronchial and thymic tumors: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2012, 23, 120-123. [CrossRef]
[PubMed]

Rea, F,; Rizzardi, G.; Zuin, A.; Marulli, G.; Nicotra, S.; Bulf, R.; Schiavon, M.; Sartori, F. Outcome and
surgical strategy in bronchial carcinoid tumors: Single institution experience with 252 patients. Eur. J.
Cardio-Thorac. Surg. 2007, 31, 186-191. [CrossRef] [PubMed]

Cusumano, G.; Fournel, L.; Strano, S.; Damotte, D.; Charpentier, M.C.; Galia, A.; Terminella, A.; Nicolosi, M.;
Regnard, ].E; Alifano, M. Surgical Resection for Pulmonary Carcinoid: Long-Term Results of Multicentric
Study—The Importance of Pathological N Status, More Than We Thought. Lung 2017, 195, 789-798.
[CrossRef]

Cariizares, M.A.; Matilla, J.; Cueto, A.; Algar, J.; Muguruza, I.; Moreno-Mata, N.; Moreno-Balsalobre, R.;
Guijarro, R.; Arrabal, R.; Garcia-Fontan, E. Atypical carcinoid tumours of the lung: Prognostic factors and
patterns of recurrence. Thorax 2014, 69, 648-653. [CrossRef] [PubMed]

Lou, F; Sarkaria, I; Pietanza, C.; Travis, W.; Roh, M.S; Sica, G.; Healy, D.; Rusch, V.; Huang, J. Recurrence of
pulmonary carcinoid tumors after resection: Implications for postoperative surveillance. Ann. Thorac. Surg.
2013, 96, 1156-1162. [CrossRef] [PubMed]

Garcia-Yuste, M.; Matilla, ].M.; Cafizares, M.A.; Molins, L.; Guijarro, R. Surgical treatment of low and
intermediate grade lung net. J. Thorac. Dis. 2017, 9, S1435. [CrossRef] [PubMed]

Rindi, G.; Klimstra, D.S.; Abedi-Ardekani, B.; Asa, S.L.; Bosman, ET.; Brambilla, E.; Busam, K.J.;
de Krijger, R.R.; Dietel, M.; El-Naggar, A.K; et al. A common classification framework for neuroendocrine
neoplasms: An International Agency for Research on Cancer (IARC) and World Health Organization (WHO)
expert consensus proposal. Mod. Pathol. 2018. [CrossRef] [PubMed]

Swarts, D.R.; Claessen, S.M.; Jonkers, YM.; Van Suylen, R.J.; Dingemans, A.M.C.; De Herder, WW.;
De Krijger, R.R.; Smit, E.E; Thunnissen, F.B.; Seldenrijk, C.A ; et al. Deletions of 11q22. 3-q25 are associated
with atypical lung carcinoids and poor clinical outcome. Am. J. Pathol. 2011, 179, 1129-1137. [CrossRef]
[PubMed]

Pelosi, G.; Rindi, G.; Travis, W.D.; Papotti, M. Ki-67 antigen in lung neuroendocrine tumors: Unraveling a
role in clinical practice. J. Thorac. Oncol. 2014, 9, 273-284. [CrossRef] [PubMed]

Swarts, D.R.; Henfling, M.E.; Van Neste, L.; van Suylen, R.J.; Anne-marie, C.D.; Dinjens, W.N.; Haesevoets, A_;
Rudelius, M.; Thunnissen, E.; Volante, M. CD44 and OTP are strong prognostic markers for pulmonary
carcinoids. Clin. Cancer Res. 2013, 19, 2197-2207. [CrossRef] [PubMed]

Papaxoinis, G.; Nonaka, D.; O’'Brien, C.; Sanderson, B.; Krysiak, P.; Mansoor, W. Prognostic Significance of
CD44 and Orthopedia Homeobox Protein (OTP) Expression in Pulmonary Carcinoid Tumours. Endocr. Pathol.
2017, 28, 60-70. [CrossRef] [PubMed]

Swarts, D.R.; Van Neste, L.; Henfling, M.E.; Eijkenboom, I; Eijk, PP.; van Velthuysen, M.-L.; Vink, A;
Volante, M.; Ylstra, B.; Van Criekinge, W.J.C. An exploration of pathways involved in lung carcinoid
progression using gene expression profiling. Carcinogenesis 2013, 34, 2726-2737. [CrossRef] [PubMed]
Nonaka, D.; Papaxoinis, G.; Mansoor, W. Diagnostic Utility of Orthopedia Homeobox (OTP) in Pulmonary
Carcinoid Tumors. Am. J. Surg. Pathol. 2016, 40, 738-744. [CrossRef]


http://dx.doi.org/10.1093/annonc/mdv041
http://www.ncbi.nlm.nih.gov/pubmed/25646366
http://dx.doi.org/10.1016/j.ejca.2012.12.022
http://www.ncbi.nlm.nih.gov/pubmed/23352435
http://dx.doi.org/10.1016/j.jtho.2016.11.2222
http://www.ncbi.nlm.nih.gov/pubmed/27890494
http://dx.doi.org/10.1093/annonc/mds267
http://www.ncbi.nlm.nih.gov/pubmed/22997444
http://dx.doi.org/10.1016/j.ejcts.2006.10.040
http://www.ncbi.nlm.nih.gov/pubmed/17140801
http://dx.doi.org/10.1007/s00408-017-0056-8
http://dx.doi.org/10.1136/thoraxjnl-2013-204102
http://www.ncbi.nlm.nih.gov/pubmed/24603194
http://dx.doi.org/10.1016/j.athoracsur.2013.05.047
http://www.ncbi.nlm.nih.gov/pubmed/23915584
http://dx.doi.org/10.21037/jtd.2017.09.83
http://www.ncbi.nlm.nih.gov/pubmed/29201446
http://dx.doi.org/10.1038/s41379-018-0110-y
http://www.ncbi.nlm.nih.gov/pubmed/30140036
http://dx.doi.org/10.1016/j.ajpath.2011.05.028
http://www.ncbi.nlm.nih.gov/pubmed/21763262
http://dx.doi.org/10.1097/JTO.0000000000000092
http://www.ncbi.nlm.nih.gov/pubmed/24518085
http://dx.doi.org/10.1158/1078-0432.CCR-12-3078
http://www.ncbi.nlm.nih.gov/pubmed/23444222
http://dx.doi.org/10.1007/s12022-016-9459-y
http://www.ncbi.nlm.nih.gov/pubmed/27873160
http://dx.doi.org/10.1093/carcin/bgt271
http://www.ncbi.nlm.nih.gov/pubmed/23929435
http://dx.doi.org/10.1097/PAS.0000000000000621

Cancers 2019, 11, 1508 12 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hanley, K.Z.; Dureau, Z.].; Cohen, C.; Shin, D.M.; Owonikoko, T.K.; Sica, G.L. Orthopedia homeobox is
preferentially expressed in typical carcinoids of the lung. Cancer Cytopathol. 2018, 126, 236-242. [CrossRef]
Papaxoinis, G.; Lamarca, A.; Quinn, A.M.; Mansoor, W.; Nonaka, D. Clinical and Pathologic Characteristics
of Pulmonary Carcinoid Tumors in Central and Peripheral Locations. Endocr. Pathol. 2018. [CrossRef]
Yoxtheimer, L.M.; Heymann, J.J.; Cohen, C.; Rao, R.A.; Goyal, A.; Siddiqui, M.T. Immunohistochemical
analysis of OTP and NKXé. 1 in neuroendocrine tumors of the lung and pancreas. Diagn. Cytopathol. 2018,
46,1010-1014. [CrossRef]

Viswanathan, K.; Borczuk, A.C.; Siddiqui, M.T. Orthopedia homeobox protein (OTP) is a sensitive and specific
marker for primary pulmonary carcinoid tumors in cytologic and surgical specimens. J. Am. Soc. Cytopathol.
2019, 8, 39-46. [CrossRef] [PubMed]

Swarts, D.R.; van Suylen, R.J.; den Bakker, M.A.; van Oosterhout, M.E; Thunnissen, F.B.; Volante, M.;
Dingemans, A.M.; Scheltinga, M.R.; Bootsma, G.P.; Pouwels, H.M; et al. Interobserver variability for the
WHO classification of pulmonary carcinoids. Am. |. Surg. Pathol. 2014, 38, 1429-1436. [CrossRef]

Roy, M.; Buehler, D.G.; Zhang, R.; Schwalbe, M.L.; Baus, R.M.; Salamat, M.S.; Lloyd, R.V.; Rosenbaum, J.N.
Expression of Insulinoma-Associated Protein 1 (INSM1) and Orthopedia Homeobox (OTP) in Tumors with
Neuroendocrine Differentiation at Rare Sites. Endocr. Pathol. 2018, 30, 35-42. [CrossRef] [PubMed]
Aguayo, S.M.; Miller, Y.E.; Waldron, J.A., Jr.; Bogin, RM.; Sunday, M.E.; Staton, G.W,, Jr.; Beam, W.R,;
King, T.E., Jr. Brief report: Idiopathic diffuse hyperplasia of pulmonary neuroendocrine cells and airways
disease. N. Engl. |. Med. 1992, 327, 1285-1288. [CrossRef] [PubMed]

Abrantes, C.; Oliveira, R.C.; Saraiva, J.; Bernardo, J.; Carvalho, L. Pulmonary Peripheral Carcinoids
after Diffuse Idiopathic Pulmonary Neuroendocrine Cell Hyperplasia and Tumorlets: Report of 3 Cases.
Case Rep. Pulmonol. 2015, 2015, 851046. [CrossRef]

Davies, S.J.; Gosney, J.R.; Hansell, D.M.; Wells, A.U.; du Bois, RM.; Burke, M.M.; Sheppard, M.N.;
Nicholson, A.G. Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia: An under-recognised
spectrum of disease. Thorax 2007, 62, 248-252. [CrossRef]

Derks, J.L.; Leblay, N.; Lantuejoul, S.; Dingemans, A.C.; Speel, E.M.; Fernandez-Cuesta, L. New Insights into
the Molecular Characteristics of Pulmonary Carcinoids and Large Cell Neuroendocrine Carcinomas, and the
Impact on Their Clinical Management. |. Thorac. Oncol. 2018, 13, 752-766. [CrossRef]

McGinnis, W.; Hart, C.P.; Gehring, W.J.; Ruddle, FH. Molecular cloning and chromosome mapping of a
mouse DNA sequence homologous to homeotic genes of Drosophila. Cell 1984, 38, 675-680. [CrossRef]
Lin, X.; State, M.W.; Vaccarino, FM.; Greally, J.; Hass, M.; Leckman, ].F. Identification, chromosomal
assignment, and expression analysis of the human homeodomain-containing gene Orthopedia (OTP).
Genomics 1999, 60, 96-104. [CrossRef]

Kaji, T.; Nonogaki, K. Role of homeobox genes in the hypothalamic development and energy balance. Front.
Biosci. (Landmark Ed.) 2013, 18, 740-747.

Wang, W.; Lufkin, T. The murine Otp homeobox gene plays an essential role in the specification of neuronal
cell lineages in the developing hypothalamus. Dev. Biol. 2000, 227, 432-449. [CrossRef]

Acampora, D.; Postiglione, M.P.; Avantaggiato, V.; Di Bonito, M.; Simeone, A. The role of Otx and Otp genes
in brain development. Int. J. Dev. Biol. 2000, 44, 669-677. [PubMed]

Biran, J.; Tahor, M.; Wircer, E.; Levkowitz, G. Role of developmental factors in hypothalamic function.
Front. Neuroanat. 2015, 9, 47. [CrossRef] [PubMed]

Acampora, D.; Postiglione, M.P,; Avantaggiato, V.; Di Bonito, M.; Vaccarino, EM.; Michaud, J.; Simeone, A.
Progressive impairment of development. Progressive impairment of developing neuroendocrine cell lineages
in the hypothalamus of mice lacking the Orthopedia gene. Genes Dev. 1999, 13, 2787-2800. [CrossRef]
[PubMed]

Blechman, J.; Borodovsky, N.; Eisenberg, M.; Nabel-Rosen, H.; Grimm, J.; Levkowitz, G. Specification of
hypothalamic neurons by dual regulation of the homeodomain protein Orthopedia. Development 2007, 134,
4417-4426. [CrossRef] [PubMed]

Ordéiiez, N.G. Value of thyroid transcription factor-1 immunostaining in tumor diagnosis: A review and
update. Appl. Immunohistochem. Mol. Morphol. 2012, 20, 429—444. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/cncy.21969
http://dx.doi.org/10.1007/s12022-018-9530-y
http://dx.doi.org/10.1002/dc.24088
http://dx.doi.org/10.1016/j.jasc.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30929758
http://dx.doi.org/10.1097/PAS.0000000000000300
http://dx.doi.org/10.1007/s12022-018-9559-y
http://www.ncbi.nlm.nih.gov/pubmed/30523500
http://dx.doi.org/10.1056/NEJM199210293271806
http://www.ncbi.nlm.nih.gov/pubmed/1406819
http://dx.doi.org/10.1155/2015/851046
http://dx.doi.org/10.1136/thx.2006.063065
http://dx.doi.org/10.1016/j.jtho.2018.02.002
http://dx.doi.org/10.1016/0092-8674(84)90262-9
http://dx.doi.org/10.1006/geno.1999.5882
http://dx.doi.org/10.1006/dbio.2000.9902
http://www.ncbi.nlm.nih.gov/pubmed/11061431
http://dx.doi.org/10.3389/fnana.2015.00047
http://www.ncbi.nlm.nih.gov/pubmed/25954163
http://dx.doi.org/10.1101/gad.13.21.2787
http://www.ncbi.nlm.nih.gov/pubmed/10557207
http://dx.doi.org/10.1242/dev.011262
http://www.ncbi.nlm.nih.gov/pubmed/18003738
http://dx.doi.org/10.1097/PAI.0b013e31825439bc
http://www.ncbi.nlm.nih.gov/pubmed/22531688

Cancers 2019, 11, 1508 13 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ishii, J.; Sato, H.; Sakaeda, M.; Shishido-Hara, Y.; Hiramatsu, C.; Kamma, H.; Shimoyamada, H.; Fujiwara, M.;
Endo, T.; Aoki, I; et al. POU domain transcription factor BRN2 is crucial for expression of ASCL1, ND1 and
neuroendocrine marker molecules and cell growth in small cell lung cancer. Pathol. Int. 2013, 63, 158-168.
[CrossRef]

Sakaeda, M.; Sato, H.; Ishii, J.; Miyata, C.; Kamma, H.; Shishido-Hara, Y.; Shimoyamada, H.; Fujiwara, M.;
Endo, T.; Tanaka, R.; et al. Neural lineage-specific homeoprotein BRN2 is directly involved in TTF1 expression
in small-cell lung cancer. Lab. Investig. 2013, 93, 408—421. [CrossRef]

Fujino, K.; Motooka, Y.; Hassan, W.A.; Ali Abdalla, M.O.; Sato, Y.; Kudoh, S.; Hasegawa, K.; Niimori-Kita, K.;
Kobayashi, H.; Kubota, I; et al. Insulinoma-Associated Protein 1 is a Crucial Regulator of Neuroendocrine
Differentiation in Lung Cancer. Am. |. Pathol. 2015, 185, 3164-3177. [CrossRef]

Crabtree, ].S.; Singleton, C.S.; Miele, L. Notch Signaling in Neuroendocrine Tumors. Front. Oncol. 2016, 6, 94.
[CrossRef]

Kunnimalaiyaan, M.; Chen, H. Tumor suppressor role of Notch-1 signaling in neuroendocrine tumors.
Oncologist 2007, 12, 535-542. [CrossRef]

Kunnimalaiyaan, M.; Yan, S.; Wong, F.; Zhang, Y.W.; Chen, H. Hairy Enhancer of Split-1 (HES-1), a Notchl
effector, inhibits the growth of carcinoid tumor cells. Surgery 2005, 138, 1137-1142. [CrossRef] [PubMed]
Kunnimalaiyaan, M.; Traeger, K.; Chen, H. Conservation of the Notch1 signaling pathway in gastrointestinal
carcinoid cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2005, 289, G636-G642. [CrossRef] [PubMed]
Kunnimalaiyaan, M.; Vaccaro, A.M.; Ndiaye, M.A.; Chen, H. Overexpression of the NOTCH]1 intracellular
domain inhibits cell proliferation and alters the neuroendocrine phenotype of medullary thyroid cancer cells.
J. Biol. Chem. 2006, 281, 39819-39830. [CrossRef] [PubMed]

Fernandez-Cuesta, L.; Peifer, M.; Lu, X; Sun, R.; Ozreti¢, L.; Seidel, D.; Zander, T.; Leenders, F.; George, J.;
Miiller, C.; et al. Frequent mutations in chromatin-remodelling genes in pulmonary carcinoids. Nat. Commun.
2014, 5, 3518. [CrossRef] [PubMed]

Asiedu, M.K.; Thomas, C.F,; Dong, J.; Schulte, S.C.; Khadka, P; Sun, Z.; Kosari, F; Jen, J.; Molina, J.;
Vasmatzis, G.; et al. Pathways impacted by genomic alterations in pulmonary carcinoid tumors.
Clin. Cancer Res. 2018, 24, 1691-1704. [CrossRef] [PubMed]

Simbolo, M.; Mafficini, A.; Sikora, K.O.; Fassan, M.; Barbi, S.; Corbo, V.; Mastracci, L.; Rusev, B.; Grillo, F.;
Vicentini, C.; et al. Lung neuroendocrine tumours: Deep sequencing of the four World Health Organization
histotypes reveals chromatin-remodelling genes as major players and a prognostic role for TERT, RB1, MEN1
and KMT2D. J. Pathol. 2017, 241, 488-500. [CrossRef] [PubMed]

Armengol, G.; Sarhadi, V.K.; Ronty, M.; Tikkanen, M.; Knuuttila, A.; Knuutila, S. Driver gene mutations of
non-small-cell lung cancer are rare in primary carcinoids of the lung: NGS study by ion Torrent. Lung 2015,
193, 303-308. [CrossRef]

Vollbrecht, C.; Werner, R.; Walter, R EH.; Christoph, D.C.; Heukamp, L.C.; Peifer, M.; Hirsch, B.; Burbat, L.;
Mairinger, T.; Schmid, K.W.; et al. Mutational analysis of pulmonary tumours with neuroendocrine features
using targeted massive parallel sequencing: A comparison of a neglected tumour group. Br. . Cancer 2015,
113, 1704. [CrossRef]

Alcala, N.; Leblay, N.; Gabriel, A.; Mangiante, L.; Hervas, D.; Giffon, T.; Sertier, A.-S.; Ferrari, A.; Derks, J.;
Ghantous, A; et al. Integrative and comparative genomic analyses identify clinically-relevant groups of
pulmonary carcinoids and unveil the supra-carcinoids. Nat. Commun. 2019, 10, 23. [CrossRef]

Swarts, D.R; Scarpa, A.; Corbo, V.; Van Criekinge, W.; van Engeland, M.; Gatti, G.; Henfling, M.E.; Papotti, M.;
Perren, A.; Ramaekers, F.C.; et al. MEN1 gene mutation and reduced expression are associated with poor
prognosis in pulmonary carcinoids. J. Clin. Endocrinol. Metab. 2014, 99, E374-E378. [CrossRef]

Wajed, S.A.; Laird, PW.; DeMeester, T.R. DNA methylation: An alternative pathway to cancer. Ann. Surg.
2001, 234, 10. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/pin.12042
http://dx.doi.org/10.1038/labinvest.2013.2
http://dx.doi.org/10.1016/j.ajpath.2015.08.018
http://dx.doi.org/10.3389/fonc.2016.00094
http://dx.doi.org/10.1634/theoncologist.12-5-535
http://dx.doi.org/10.1016/j.surg.2005.05.027
http://www.ncbi.nlm.nih.gov/pubmed/16360401
http://dx.doi.org/10.1152/ajpgi.00146.2005
http://www.ncbi.nlm.nih.gov/pubmed/16160079
http://dx.doi.org/10.1074/jbc.M603578200
http://www.ncbi.nlm.nih.gov/pubmed/17090547
http://dx.doi.org/10.1038/ncomms4518
http://www.ncbi.nlm.nih.gov/pubmed/24670920
http://dx.doi.org/10.1158/1078-0432.CCR-17-0252
http://www.ncbi.nlm.nih.gov/pubmed/29351916
http://dx.doi.org/10.1002/path.4853
http://www.ncbi.nlm.nih.gov/pubmed/27873319
http://dx.doi.org/10.1007/s00408-015-9690-1
http://dx.doi.org/10.1038/bjc.2015.397
http://dx.doi.org/10.1038/s41467-019-11276-9
http://dx.doi.org/10.1210/jc.2013-2782
http://dx.doi.org/10.1097/00000658-200107000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11420478
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	OTP in Relation to Prognosis in PC 
	OTP Is Specifically Expressed Within Pulmonary Carcinoids 
	OTP in Pulmonary Neuroendocrine Cell Hyperplasia (NECH) 
	OTP Structure 
	OTP Function 
	OTP in the Hypothalamus 
	OTP in Lung Neuroendocrine Tumors 

	OTP DNA Analysis 
	Conclusions 
	References

