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A B S T R A C T

Pituitary neuroendocrine tumors (PitNETs) account for approximately 15% of all intracranial neo-
plasms. Although they usually appear to be benign, some tumors display worse behavior, displaying
rapid growth, invasion, refractoriness to treatment, and recurrence. Increasing evidence supports
the role of primary cilia (PC) in regulating cancer development. Here, we showed that PC are
significantly increased in PitNETs and are associated with increased tumor invasion and recurrence.
Serial electron micrographs of PITNETs demonstrated different ciliation phenotypes (dot-like versus
normal-like cilia) that represented PC at different stages of ciliogenesis. Molecular findings
demonstrated that 123 ciliary-associated genes (eg, doublecortin domain containing protein 2,
Sintaxin-3, and centriolar coiled-coil protein 110) were dysregulated in PitNETs, representing the
upregulation of markers at different stages of intracellular ciliogenesis. Our results demonstrate, for
the first time, that ciliogenesis is increased in PitNETs, suggesting that this process might be used as
a potential target for therapy in the future.

© 2024 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian Academy
of Pathology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
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Introduction

Pituitary adenomas or, more recently, pituitary neuroendocrine
tumors (PitNETs) are monoclonal tumors arising from the neuroen-
docrine epithelial cells of the adenohypophysis, which represent
more than 10% of all intracranial neoplasms. These tumors are
classified according to their function as either functional or
nonfunctional adenomas (NF-PitNETs). Functional adenomas can
result in distinct hypersecretory syndromes, depending on the cell
type. Corticotrophic tumors cause Cushing disease, somatotrophic
tumors cause acromegaly, prolactin (PRL)-secreting tumors cause
hyperprolactinemia, and thyrotropin-secreting tumors cause hyper-
thyroidism. In contrast, the diagnosis of NF-PitNETs is clinically
challenging because they do not produce a hormonal hypersecretion
the United States& Canadian Academy of Pathology. This is an open access article
-nc-nd/4.0/).
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syndrome and are usually diagnosed either incidentally or in relation
to local compressive symptoms such as headache and visual field
defects.3 Gonadotroph tumors can cause hypogonadism; however,
they usually appear nonfunctioning and present with an incidental
sellar mass.4 According to the new “2022World Health Organization
Classification of Pituitary Tumors,” PitNETs can be classified according
to the cell type and lineage-specific transcription factors (TFs). The
classification includes tumors from the PIT-1 lineage (eg, somato-
troph, lactotroph, mammosomatotroph, thyrotroph, mature pluri-
hormonal, immature, acidophil stem cell, mixed somatotroph, and
lactotroph tumors), T-PIT lineage (eg, corticotroph), SF-1 lineage (eg,
gonadotroph), plurihormonal (expressing multiple hormones, with
no distinct cell lineage), null cell (expressing neither hormones nor
TFs), and other under-represented PitNETs.5 The first-line treatment
for most tumors (except for prolactinomas) includes transnasal/
transsphenoidal surgical resection.6 Although the pathogenic mech-
anisms underlying pituitary tumorigenesis remain unknown,
different molecular mechanisms, including genetic and epigenetic
changes, have been associated with pituitary neoplasia initiation.7,8

Although these tumors are usually benign, a small percentage occa-
sionally exhibit worse behavior with rapid growth, tumor invasion,
refractoriness to treatment (eg, medical therapy, surgery, or radio-
therapy), and/or recurrence after therapy.9,10 Several molecular
markers, such as E-cadherin11 and vascular endothelial growth fac-
tor,12 as well as mutations in aryl hydrocarbon receptor-interacting
protein (AIP),13 menin1,14 G protein-coupled receptor 101,15 and alpha
thalassemia/mental retardation syndrome X-linked,16 among others8

have been described to influence tumorigenesis behavior and/or
response to therapy.9,10,17,18

Primary cilia (PC) are antenna-like organelles that project from
the cell membrane to the extracellular environment and consist of a
microtubule-based core structure that elongates from the basal body
(BB).19 PC are considered crucial sensors that provide the ability to
fine-tune cell signaling and thus participate in key cellular processes.
Malfunctioning cilia can cause a diverse set of diseases called cil-
iopathies. Recently, an emerging role for PC in the regulation of
cancer development has been described.20-22 PC function as a con-
trol center for various signaling pathways associated with tumori-
genesis, including the Hedgehog,23 Wnt,24 and platelet-derived
growth factor25 signaling pathways. In addition, a close relation-
ship between PC and the cell cycle has been reported.20-22,26,27

Cells from different endocrine organs possess PC that can coloc-
alize with hormone receptors. Growing evidence has highlighted the
association between these organelles and some endocrine-related
cancers.27,28 PC loss appears to be a consistent feature of several
endocrine tumors including breast,29 ovarian,30 prostate,31 and thy-
roid32 cancers, although there is still a limited number of relatively
small studies (reviewed in O’Toole and Chapple27). In the present
study, we performed morphometric and ultrastructural analyses of
PC from different types of PitNETs. Furthermore, using transcriptomic
RNA-seq repository data, we performed a comparative analysis of
ciliary signatures from different PitNETs. Interestingly, we demon-
strated that a defect, excess, or imbalance in ciliogenesis might be
involved in the development of these tumors.
Materials and Methods

Individuals

This retrospective study included consecutive patients with
PitNETs with available tumor samples from 5 reference centers in
Spain (Hospital Universitario La Princesa, Hospital 12 de Octubre,
2

Hospital Cruces de Bilbao, Hospital Ramon y Cajal, and Hospital
Virgen de la Salud) between 1996 and 2019. One hundred and
seventeen patients with PitNETs and 14 normal pituitary glands
from autopsy specimens were studied. All postmortem control
pituitary tissues were obtained within 24 hours of death. The
pituitaries have neither tumoral nor inflammatory pathologies
nor ischemic changes. Pathological classification, imaging, and
clinical phenotypic characteristics are shown in Supplementary
Table S1. PitNETs were classified by expert endocrinologists
and neurosurgeons according to functioning type (65 func-
tioning and 52 nonfunctioning), tumor size (19 micro- and 98
macro-adenoma), cavernous sinus invasion according to Knosp
grade (55 invasive [Knosp �3] and 47 noninvasive [Knosp <3)],
and recurrence of the disease after surgery, defined as reap-
pearance of disease (radiological and/or biochemical) at follow-
up after complete surgical resection (13 with recurrence and
104 without recurrence). All tumors were classified according to
the 2022 World Health Organization classification33 as stated in
the European Pituitary Pathology Group proposal.34 This classi-
fication uses a combination of immunohistochemical assess-
ments of adenohypophyseal hormone expression (growth
hormone [GH], prolactin, follicle-stimulating hormone [FSH],
luteinizing hormone [LH], thyroid-stimulating hormone [TSH],
and adrenocorticotroph hormone [ACTH]), followed by pituitary
TF expression (eg, PIT-1, SF1, T-Pit 19, and GATA3) in cases with
limited or absent expression or unusual combinations of pitui-
tary hormones.

This study was approved by the Ethics Committee of the
Hospital de La Princesa, and written informed consent was ob-
tained from all participants before inclusion, in accordance with
the Declaration of Helsinki.
Tissue Samples

A total of 131 formalin-fixed paraffin-embedded tissues were
evaluated using tissuemicroarray (TMA). Of these,117were tumor
samples with a pathological diagnosis of PitNETs and 14 corre-
sponded to healthy pituitary samples from autopsy specimens. All
samples were duplicated in the same TMA and were collected and
managed in accordance with local regulations with the approval
of the local Ethics Institutional Board.
Immunofluorescence and Immunohistochemistry

TMA sections (4 mm) from PitNETs were placed in an oven at
65 �C for 30 minutes. Sections were deparaffinized in xylene and
rehydrated using graded alcohol solutions. Antigen retrieval was
performed in a PTLink instrument using the EnVision Flex target
retrieval solution at high or low pH (Dako). For immunofluores-
cence, nonspecific binding was blocked using 5% bovine serum
albumin and 10% normal goat serum for 30 minutes. Primary
antibodies against ADP ribosylation factor-like GTPase 13B
(Arl13B) (Proteintech Cat# 17711-1-AP, RRID:AB_2060867), GH (R
and D Systems Cat# AF1067, RRID:AB_354573), PRL (Santa Cruz
Biotechnology Cat# sc-46698, RRID:AB_628174), FSH (Ventana
Medical Systems Cat# 760-2710, RRID:AB_2335963), ACTH (Santa
Cruz Biotechnology Cat# sc-69648, RRID:AB_1118657), and LH
(Ventana Medical Systems Cat# 760-2802 RRID:AB_2939029)
were incubated overnight at 4 �C. The following day, an Alexa 488-
labeled donkey antimouse (Thermo Fisher Scientific Cat# A32766,
RRID:AB_2762823), an Alexa 568-labeled donkey antirabbit
(Thermo Fisher Scientific Cat# A10042, RRID:AB_2534017), an
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Alexa 488-labeled donkey antigoat (Thermo Fisher Scientific Cat#
A-11055, RRID:AB_2534102), and an Alexa 647-labeled donkey
antigoat (Thermo Fisher Scientific Cat# A-21447, RRI-
D:AB_2535864) were used as secondary antibodies, and nuclei
were counterstained with 40,6-diamidino-2-phenylindole. For
cilia quantification, high-resolution images were acquired from 5-
to 7-mm-thick stacks using a Leica SP5 confocal microscope (Leica
Microsystems). For immunohistochemistry of pituitary TFs,
endogenous peroxidase was inhibited using a peroxidase-
blocking solution (Dako) for 10 minutes. Afterward, sections
were immunostained with the following antibodies: PIT-1 (Novus
Cat# NBP1-92273, RRID:AB_11030310), GATA3 (Ventana Medical
Systems Cat# 760-4897 RRID:AB_2905619), SF1 (Abcam, Cat#
ab217317, RRID:AB_2920891), and T-Pit 19 (Novus, Cat# NBP2-
61438, RRID:AB_2920892) overnight at 4 �C. Next, the sections
and negative controls (without primary antibodies) were incu-
bated with the appropriate horseradish peroxidase-conjugated
secondary antibodies: goat antimouse (Agilent Cat# P0447,
RRID:AB_2617137) or goat antirabbit (Agilent Cat# P0448, RRI-
D:AB_2617138). Finally, the sections were incubated with 3,30-
diaminobenzidine (Dako), counterstained with hematoxylin
(Sigma-Aldrich), dehydrated in alcohol, cleared with xylene, and
mounted.
Morphometric Analysis of Primary Cilia

The frequency of cilia was estimated manually by analyzing Z-
stacked images using a confocal microscope. For each tissue, all
TMA areas were analyzed by 2 independent observers in a
blinded manner at a higher magnification resolution. The fre-
quency of ciliated cells was estimated using a cilia index (CI)
score. CI was assigned according to the cilia length (categorized
as dot-like cilia and normal-like cilia) and the percentage of
ciliated area on the TMA tissue (categorized as ~25%, ~50%, ~75%,
and >75% of ciliated cells). The CI was quantified according to a
scale of 1 to 13, as detailed in Supplementary Figure S1, and
values were obtained using the mean of 4 values (2 viewers per 2
duplicated samples).
Transmission Electron Microscopy

An ultrastructural study of the PC using electron microscopy
was performed in 6 patients. Patient #1 was diagnosed with a
somatotrophic tumor positive for Pit1, GH, and sparse PRL with a
Ki67 <3%. Patient #2 was NF-PitNET-positive for Pit1 and PRL,
with a Ki67 <3%. Patient #3 was diagnosed with Cushing disease
and was positive for ACTH and had a Ki67 <3%. Patient #4 was
NF-PitNET-negative for all hormones and TFs, with a Ki67 ¼ 3%.
Patient #5 was NF-PitNET-positive for FSH, LH, SF1, and GATA3,
with a KI67 <3%. Patient #6 had a TSH-secreting tumor positive
for Pit1, sparse SF1, with <3% focal expression of TSH, PRL, and
Ki67.

Fresh pituitary slices were fixed in 2.5% glutaraldehyde in 0.1
M PB, pH 7.4, for 2 hours at room temperature and overnight at
4 �C. The samples were postfixed in 1% osmium tetroxide for 1
hour at 4 �C, block-stained with 2% uranyl acetate, dehydrated,
and then embedded in epoxy Resin TAAB 812 (TAAB labora-
tories). Semi-thin sections (1 mm) were cut on an ultramicrotome
and stained with toluidine blue. Ten to 15 serial ultrathin sec-
tions (60 to 80 nm) were obtained from the selected areas,
counterstained with 2% uranyl acetate and lead citrate, and
observed using a JEM1400 Flash (Jeol) electron microscope.
3

Pictures were captured using a CMOS 4K � 4K digital camera
(Gatan OneView; Gatan).
Western Blot and Antibodies

Pituitary tissue samples from 4 somatotrophs, 4 NF-PitNETs,
and 3 healthy controls were disaggregated and resuspended in
radio-immunoprecipitation assay buffer (Sigma-Aldrich) con-
taining a protease inhibitor (HaltTM, Thermo Fisher Scientific).
After 30 minutes on ice, the samples were sonicated, the lysates
were centrifuged at 12,700 rpm for 10 minutes, and the super-
natants were collected. Western blots were performed using 4% to
15% 12-well precast protein gels (Mini-PROTEAN TGX). Protein
homogenates were lysed in Laemmli buffer, and the membranes
were probed with rabbit polyclonal antisera against Arl13B (Pro-
teintech Cat# 17711-1-AP, RRID:AB_2060867) or b-actin (Santa
Cruz Biotechnology Cat# sc-47778, RRID: AB_626632). Immuno-
labeling was detected using enhanced chemiluminescence
(SuperSignal West FemtoMaximum Sensitivity Substrate, Thermo
Scientific) and visualized using a digital luminescent image
analyzer (ImageQuant LAS400 mini).
Transcriptome In Silico Analysis

For transcriptome in silico analysis, a microarray data set from
the Gene Expression Omnibus (GEO; accession number:
GSE63357)35 and RNA-seq data from the European Bioinformatics
Institute (accession number: E-MTAB-7768)36 were downloaded.
From the microarray data, 3 sporadic somatotropinomas, 4 spo-
radic NF-PAs, and 5 normal glands were analyzed. Briefly, a log2
transformation was applied to all samples (excluding failed sam-
ples). In the case of more than one probe per gene, all probe sets
were collapsed by calculating the mean expression. The data were
grouped and categorized using principal component analysis to
identify possible outliers. For differential expression between the
groups, empirical Bayesian methods were applied using the
Limma methodology. A fold-change threshold of 2 and a P
value adjusted using a false discovery rate of .05 were used for
gene selection. Functional enrichment analysis of differential gene
expression was performed using clusterProfiler v3.18.1,37 with a
threshold P value adjusted using an false discovery rate of .05. We
selected all statistically significant categories present in the GO,38

the KEGG,39 and REACTOME40 databases.
Data Analysis

To assess the discriminant potency of the CI score, the patients
were randomly assigned to 2 cohorts to ensure the same pro-
portion of outcomes in both cohorts. The first cohort (two-thirds
of all patients) was used to derive the weights of the score com-
ponents from the logistic regression algorithm, and the second
cohort (one-third of all patients) was used as the validation
cohort. The discriminant validity of the CI was assessed using the
area under the receiver operating characteristic curve, and the
specificity, sensitivity, positive predictive value, negative predic-
tive value, positive likelihood ratio, and negative likelihood ratio
of the CI were also calculated. The optimal cutoff value to deter-
mine high-risk groups, specificity, and sensitivity was assessed
using the Youden index. The patient data presented completely
missing values at random. The strategy used to handle missing
data (listwise deletion) did not include biasedmeans, variances, or
regression weights.



Figure 1.
Cilia patterning in pituitary neuroendocrine tumors (PitNETs) and in healthy pituitary. Clinical and pathological characteristics of PitNET patients (A). Representative images
captured using confocal microscopy characterizing the primary cilia (PC) of controls and PitNETs stained with Arl13b (in red) and nuclei counterstained with 40 ,6-diamidino-2-
phenylindole (DAPI; blue). Scale bar ¼ 50 mm and 10 mm (B). Representative images of the different phenotypes found in PitNET tissues: dot-like and normal cilia (C). Violin plot
displaying the quantification of PC using the cilia index score, as reported in the Material and Methods section (D). Receiver operating characteristic (ROC) curve analyses
performed to assess the diagnostic value of CI to discriminate between healthy subjects and patients (controls vs PitNETs) (E). The table shows values of cutoff, area under the
curve (AUC), 95% CIs, sensitivity, and specificity of the ROC curve analyses for CI (F). Data correspond to the median (line within violin). Differences were analyzed using the
Mann-Whitney test. ns, not significant; ****P < .001.
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Statistical Analysis

Quantitative variables were expressed as medians and IQRs
(box and whisker plots). The Mann-Whitney U test was used to
compare 2 independent groups, and one-way analysis of variance
was used to compare more than 2 groups. Post hoc multiple
comparisons were performed using Tukey’s test. Spearman’s rho
analysis was performed to detect correlations between the
markers examined by immunofluorescence. Samples from all
groups within an experiment were processed simultaneously. The
P values were 2-sided, and statistical significance was considered
at P< .05. Data are presentedwith the specific P values: *¼ P< .05,
** ¼ P < .01, *** ¼ P < .005, and **** ¼ P < .001. All statistical
analyses were performed using GraphPad Prism 4 and R v 3.5.1
software.
Results

Ciliogenesis Is Upregulated in Pituitary Neuroendocrine Tumors

A total of 117 patients were included in the analysis,
comprising 66 females and 51 males with a median age of 56 and
4

51 years, respectively (P¼ .11). These PitNETs included 49 patients
with acromegaly, 8 with Cushing disease, 52 with nonfunctioning
(NF) PitNETs, 7 with prolactinomas, and 1 with TSHoma.
Regarding pathological classification, the tumors consisted of 20
somatotrophs, 12 lactotrophs, 25 mammosomatotrophs, 37
gonadotrophs, 7 corticotrophs, 4 silent corticotrophs, 1 TSHoma, 8
immature Pit1þ lineages, 2 mature plurihomornal lineages, and 1
plurihormonal (Fig. 1A).

We analyzed control pituitary samples by triple immunoflu-
orescence for the different hormones (eg, GH, PRL, ACTH, FSH,
and LH) co-stained with Arl13B, a marker specific for ciliary
membrane Arl13b. We performed a morphometric analysis
examining PC according to their appearance (cilia length:
normal-like and very short or dot-like) and frequency, as
described in the Materials and Methods section (Supplementary
Fig. S1). In controls, PC was scant, with a very low Arl13b signal in
the scattered cells (Figs. 1B and 2A). A significant increase in CI
was observed in PitNETs, compared with control pituitary glands
(CI: 6.4 ± 3.4 vs 1.23 ± 0.45; P < .001, Fig. 1B, C). Using Youden’s
index, we determined the optimal cutoff value for CI to differ-
entiate healthy controls from patients with PitNET, and the best
CI cutoff for disease discrimination was 2.25. Receiver operating
characteristic curve analyses for these cutoffs suggested that CI
was a good discriminator between patients with PitNETs and



Figure 2.
Cilia patterning of the different tumor types compared with controls. Representative images of double immunofluorescence staining for growth hormone (GH), prolactin (PRL),
adrenocorticotroph hormone (ACTH), and follicle-stimulating (FSH; in green) and Arl13b (in red) in different pituitary neuroendocrine tumors (PitNETs) and in controls. Scale
bar ¼ 50 mm and 10 mm (A). Box plots representing cilia index in the different types of PitNETs: Functioning versus nonfunctional pituitary neuroendocrine tumors (NF-PitNETs)
(B) according to their pathological classification (C). Data corresponding to the median (lines within violins). Differences were analyzed using the KruskaleWallis test. *P < .05;
**P < .01; ***P < .005; ****P < .001.
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healthy donors, with an area under the curve of 0.965, a speci-
ficity of 100%, and a sensitivity of 90% (Fig. 1D). Arl13b expression
was also assessed in pituitary protein extracts using western
blotting. We confirmed a significant increase in this marker in
PitNETs compared with controls (P < .001) (Supplementary
Fig. S2).
Different Phenotypes of Primary Cilia Are Found in Different
Pituitary Neuroendocrine Tumors

We then evaluated the frequency of PC according to different
PitNET tumor types. Interestingly, double immunofluorescence
studies of pituitary hormones and Arl13b showed that all tumor
cells from each histological type had PC, unlike the controls
(Fig. 2A). When we evaluated the cilia patterning of PitNETs ac-
cording to their clinical functionality, we found that the CI was
significantly higher in NF-PitNETs than in functional tumors (7.88
± 3.1 vs 5.3 ± 3.3, respectively, P¼ .002, Fig. 2B). To further explore
the differences between ciliated cells in different tumors, we
analyzed CI according to their pathological classification (Fig. 2C).
Interestingly, all PitNETs presented a significantly elevated CI
compared with controls. Somatotroph tumors presented a
significantly decreased CI when comparedwith gonadotrophs (4.3
± 3.1 vs 7.8 ± 2.9, P ¼ .03) with an increased percentage of dot-like
cilia (Fig. 2A, C).
5

Ultrastructure of Primary Cilia

To further elucidate the ultrastructural morphology of PC in
PitNETs, we performed conventional transmission electron mi-
croscopy (TEM). The biopsy tissues of 6 PitNETs (3 NF-PitNETs
[1 silent prolactinoma, 1 hormone-negative, and 1 gonado-
tropinoma], 1 Cushing, 1 TSHoma, and 1 acromegaly) were
analyzed using serial ultrathin sections. Ultrastructural charac-
terization of tumor tissues showed heterogeneous patterns with
different numbers and morphologies of secretory granules,
prominent rough endoplasmic reticula, and Golgi complexes, as
previously described (Supplementary Fig. S3).41-43

Interestingly, we found different stages of ciliogenesis in PIT-
NETs, ranging from early stages formed only by BBs (ie, immature
cilia) to fully formed PC (Fig. 3). Ultrastructurally, immature cilia
are characterized by BBs composed of 9 peripheral microtubule
doublets, forming a hollow cylindrical architecture surrounded by
subdistal appendages. Above the transition zone of BBs, ciliary
vesicles (CVs) were found attached to the distal appendages
(Fig. 3, “Immature cilia”). Intracellular cilia showed microtubule-
based axonemes starting at the BBs and forming an invagination
corresponding to the ciliary pocket (CP). The axoneme remained
inside the cell cytoplasm without reaching the cell membrane
(Fig. 3, “Intracellular cilia”). In mature cilia, large axonemes were
composed of parallel microtubules extending through the cyto-
plasm to the intercellular space outside the cell membrane (Fig. 3,
“Extracellular cilia”).



Figure 3.
Ultrastructure progressive changes of PC from serial sections of different
PitNETs at longitudinal and transversal levels. Immature cilia: Longitudinal: A
BB showing triangular SAs (arrows). A CV (arrowhead) is associated with the
distal end above the TZ. Transversal: A BB showing SAs and DAs at different
levels. In subsequent sections, CVs appear to be docking at the DAs. Intra-
cellular cilia: Longitudinal: A docked BB with DAs anchoring to the ciliary
pocket (CP). The axoneme extends though the cytoplasm without reaching the
cell membrane. A large vesicle is shown next to the axoneme. Transversal: A
PC showing the progressive changes from the proximal BB to the distal part of
the cilium. SAs and DAs can be observed docking to the membrane. Micro-
tubule doublets progressively shift toward the core of the axoneme at the
ciliary tip. Extracellular cilia: Longitudinal: Serial sections show a BB
extending an Ax to the IS. A clear ciliary pocket is seen at the TZ. A SG from
the cell is aligned to the cell membrane opposed to the Ax. Transversal: Cross
sections of a BB docking to the cellular membrane harboring the 9-fold
configuration of microtubule triplets revealing the SAs, DAs, and the TZ and
extending the Ax out of the cell. Ax, axoneme; TZ, transition zone; BB, basal
body; DAs, distal appendages; SAs, subdistal appendages; CV, ciliary vesicle;
CP, ciliary pocket; vesicle, V; CM, ciliary membrane; SG, secretory granules; M,
mitochondria; IS, intercellular space; PC, primary cilia; PitNETs, pituitary
neuroendocrine tumors.

Figure 4.
Cilia are increased in invasive and recurrent pituitary neuroendocrine tumors (PiT-
NETs). Cilia index was quantified and analyzed according to tumor size (micro-
adenoma vs macroadenoma; A), degree of cavernous sinus invasion (Knosp <3 vs
Knosp �3; B), and recurrence in PitNETs (C). Data correspond to the median (lines
within violins). Differences were analyzed using the Mann-Whitney U test. ns, not
significant; *P < .05; **P < .01; ***P < .005; ****P < .001.

Rebeca Martínez-Hern�andez et al. / Mod Pathol 37 (2024) 100475

6

Primary Cilia Are Associated With Invasion and Recurrence

Next, we evaluated the association between PC frequency in
PitNETs and clinical behavior. The tumors were classified accord-
ing to their size, Knosp grade, and disease recurrence (progres-
sion). Regarding tumor size, although differences were not
statistically significant, there was a tendency toward an increase
in PC in macroadenomas compared with microadenomas (mean
CI, 5.1 ± 3.3 vs 6.7 ± 3.4, respectively; P ¼ .07; Fig. 4A). Regarding
the Knosp classification system, when we grouped tumors with
Knosp �3, the CI exhibited a significant increase compared with
Knosp<3 (7.3 ± 3.3 vs 5.6 ± 3.4; P < .01) (Fig. 4A). Moreover, CI was
also significantly increased in recurring tumors (6.1 ± 3.6 vs 9 ± 3;
P < .01, Fig. 4A).
Expression of Cilia-Associated Genes in Pituitary Neuroendocrine
Tumors (Molecular Fingerprint of Ciliary-Associated Genes in
Pituitary Neuroendocrine Tumors)

Our next approach was to identify ciliary molecular alterations
involved in PitNETs by analyzing publicly available transcriptome
data sets (GSE6335735 used for data exploration and E-MTAB-
776836 used as a validation data set). To elucidate the possible
differences in the ciliary molecular fingerprint, we used 2 tran-
scriptional signatures of cilia-associated genes (Supplementary
Data S1).44,45 First, we evaluated the ciliary genes that showed
significant differential expression between controls, NF-PitNETs,
and somatotroph-sporadic tumors (Fig. 5A, B). The results
showed that 56 genes were upregulated in NF-PitNETs (eg, dou-
blecortin domain containing protein 2 (DCDC2), IFT122, TMEM231,
CFAP20, and CEP41, which are mainly involved in the formation
and maintenance of cilia) and 27 genes were upregulated in
sporadic somatotroph tumors (eg, NME7, IQCG, NUP37, and
TTC30A, which are mainly involved in the regulation and main-
tenance of centrosomes and microtubules in the axonemes). The
comparison between sporadic somatotrophs and NF-PitNETs
revealed a total of 106 differentially expressed cilia-related



Figure 5.
Cilia-associated gene profiling in pituitary neuroendocrine tumors (PitNETs). Expression heatmap of the most differentially expressed (DEGs) ciliary-associated genes between
groups (nonfunctional pituitary neuroendocrine tumors [NF-PitNETs], sporadic growth hormone [GH], and controls) from the data set downloaded from the Gene Expression
Omnibus (GEO accession number: GSE63357)35 (A). Volcano plots showing DEGs between the 3 groups (B). Violin plots showing the expression of DCDC2, STX3, CCP110, and
DPCD in the different groups from 2 PitNET data sets, from GEO (GSE63357)35 and from European Bioinformatics Institute (EMBL-EBI, accession number E-MTAB-7768)36 (C).
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genes (28 downregulated and 78 upregulated; Supplementary
Data S2). The most upregulated gene commonly affected in both
groups was the DCDC2; in NF-PitNETs, Sintaxin-3was at the top of
the most overexpressed genes, whereas centriolar coiled-coil pro-
tein 110 (CCP110, a centrosomal protein that suppresses cilio-
genesis46) showed a significant decrease in expression in these
tumors (Fig. 5B, C; Supplementary Fig. S4). In sporadic GH tumors,
one of the most upregulated genes specific to this group was
deleted of primary ciliary dyskinesia gene (DPCD) (Fig. 5C;
Supplementary Figs. S4 and S5). To validate the expression of
ciliary genes in different sample cohorts, we studied the profiles of
these genes in different phenotypes of PitNETs using a different
data set from E-MTAB-7768.36 Interestingly, we found similar
behavior in the ciliary expression profiles of acromegaly, pro-
lactinomas, Cushing disease, and NF-PitNETs (Fig. 5C).
Discussion

Our morphometric and ultrastructural studies provided the
first evidence that ciliogenesis, a key biological process in
tumorigenesis, is altered in PitNETs. These tumors exhibit
different types and numbers of PC at different stages of intracel-
lular ciliogenesis (a schematic model of the different stages of
intracellular ciliogenesis found in PitNETS is shown in Fig. 6).
Moreover, the increase in cilia in PitNETs was associated with
invasive and recurrent tumors, suggesting a possible role for these
structures in tumor behavior.
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Interestingly, we observed an increase in the number of cilia in
PitNETs. PC can play opposing roles in cancer, either by promoting
or preventing tumorigenesis, depending on the nature of the
oncogenic initiating event.22,47 Although only a limited number of
studies have examined PC in tumors, in the majority of cancer
types, including breast, prostate, renal, pancreatic, melanoma,
cholangiocarcinoma, glioblastoma, chondrosarcoma, and colon
tumors,29,31,48-52 there is a reduction in cilia frequency relative to
that in the adjacent normal tissue. However, some tumors, such as
medulloblastoma and adamantinomatous craniopharyngioma,
present with an increase in PC, likely reflecting changes in cilia-
dependent signaling pathways.27,53,54 Cilia dysfunction is prob-
ably an early event during the tumorigenic process and is more
related to changes in the genes required for ciliogenesis than to
altered cellular proliferation rates.22 As PC can function as a tumor
promoter, the characterization of the different types of PC high-
lights the potential of these structures to serve as biomarkers in
PitNETs26 and potentially as biomarkers of invasiveness.

Using immunofluorescence analysis, we also found different
patterns of cilia (ranging from normal-like to dot-like), suggesting
that defects in ciliogenesis may be present in PitNET tumors. To
deepen our knowledge, we also performed ultrastructural studies
on PitNETs using conventional TEM. Although there have been
some previous ultrastructural studies on PitNETS,41,42 this is the
first time that the presence of PC has been reported in these tu-
mors and compared with controls. In this context, only one study
has described the presence of PC in normal pituitary follicular
cells, but not in tumor cells from the human anterior pituitaries.55



Figure 6.
Schematic stages of ciliogenesis in pituitary neuroendocrine tumors (PitNETs). Model of the different stages of intracellular ciliogenesis found in PitNETs, including key molecular
steps. At the first steps, preciliary vesicles (CVs) associate with the distal appendages of the mother centriole. The assembly and fusion of CVs requires a SNARE complex in
cooperation with SNAP25 and STX3. EHD1-3 proteins mediate the fusion to a larger vesicle. In the next steps, the ciliation inhibitor CCP110 is removed and Arl13b and Rab8
assemble to the ciliary membrane regulating the growth of the axoneme (adapted from Zhao et al and Breslow and Holland56,57).
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This may be due to the challenge of finding these structures in
TEM imaging, where they may be confused with other intracel-
lular structures such as centrioles. Our serial section analysis by
TEM allowed us to describe this structure in different tumor
samples, identifying the presence of PC at different stages of cil-
iogenesis. Intracellular cilium formation is initiated by docking
CVs to the distal appendages from the mother centriole.56,57 The
CVs then fuse and generate a CP membrane, followed by
the extension of the axonemal microtubules, giving rise to a
mature ciliary structure.56 Phenotypes associated with a dot-like
presence of PC in our immunofluorescence studies (mainly
found in patients with acromegaly) could correspond to CVs sur-
rounding and anchoring the BBs and could represent PC at the
early stages of intracellular ciliogenesis (ie, immature and intra-
cellular cilia). In this regard, TEM studies of glioblastoma tumor
samples have also shown disrupted PC in the early stages of
ciliogenesis.51,58

We observed different patterns of PC expression among the
different histopathological groups of PITNETs. The greatest dif-
ferences were found between nonfunctioning and somatotropic
tumors. In this regard, our in silico molecular analysis showed
increased expression of the CCP110 gene in somatotrophs
compared with NF-PitNETs. During multistep ciliogenesis, multi-
ple protein complexes are involved in the recruitment of CVs and
axoneme formation. In this regard, CCP110 is placed at the distal
end of the centriole, and its removal is necessary to allow growth
of the ciliary axoneme.56,57 Moreover, there was an increase in
8

DCDC2 levels in PitNETs compared with controls. Interestingly, the
overexpression of DCDC2 has been associated with an increase in
ciliary length and the activation of Sonic Hedgehog signaling
in neurons.59 Thus, it is plausible that the significant differences in
the CI between somatotrophs and NF-PitNETs could be explained
by different factors: (1) ciliogenesis in these samples is dysregu-
lated, (2) the ciliogenesis process is dynamic, allowing the pres-
ence of PC at different stages, and (3) there is an arrest of
ciliogenesis due to either the tumor type or the action of some
treatment. In this regard, a deeper molecular analysis validating
the expression of these genes in different tumors, as well as the
effect of their treatment, is needed to assess their potential as
future molecular biomarkers.

We correlated our results with clinical outcomes to assess the
prognostic value of PC.We found that an increase in the number of
cilia in PitNETs was associated with certain features related to
prognosis, including cavernous sinus invasion and tumor recur-
rence after surgery. In other tumors, such as glioblastoma, an in-
crease in ciliated cells has been related to an increase in invasion,
aggressiveness, and treatment resistance.51,52,58 Another study of
bladder cancer reported the presence of PC in invasive cells,
possibly explaining the high recurrence index of some of these
tumors. Cilial elongation has also been associated with increased
resistance to a variety of targeted therapies in cancer cells.60 In
these reports, drug resistance was associated with failure to
control cilia length and cilia fragmentation. In this regard, it would
be crucial to assess in a large cohort of samples the correlation
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between different treatments and the number and pattern of cilia
in order to provide evidence of the role of ciliogenesis in the
refractoriness to treatments.

Overall, we suggest that cilia-dependent signaling pathways
play a role in PitNET behavior. Although the classification of Pit-
NETs has improved,5,34,61,62 the definition of predictive markers
for identifying tumors with worse behaviors is still lacking.10,63

The identification of new markers could contribute to refining
clinical decisions, improving postsurgical follow-up, and selecting
more suitable therapies, including novel therapies that target
ciliated PitNETs, and altogether, it could enable more personalized
medicine in the future.
Conclusions

We provide the first analysis of PC in PitNETs and suggest that
ciliogenesis is involved in tumorigenesis and progression of
PitNETs.
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