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Abstract

Pineal region tumors are rare neoplasms that occur in all ages and account for less than 1% of all central nervous system
(CNS) tumors in adults but are more frequent in children. Here, we describe a previously unrecognized tumor type of pineal
origin characterized by a unique and consistent DNA methylation profile that does not match any known CNS tumor class
and is distinct from all currently recognized pineal tumor entities. The presented cohort (n=27) displayed a balanced sex
distribution with a mean patient age of 35 years (range 7-75 years). The histopathological analyses demonstrated a highly
cellular tumor showing various degrees of necrosis, mitotic activity, papillary structures, rosettes, epithelioid cytology, or
signet-ring cells. The tumors consistently expressed cytokeratin 18, synaptophysin, chromogranin A, and OTX2, whereas
CRX expression was absent. Four out of 16 tumors (25%) showed ATRX mutations and/or loss of protein expression as
revealed by immunohistochemistry. Single-nucleus RNA sequencing confirmed molecular distinctiveness from other pineal
neoplasms but revealed the closest similarities to papillary tumors of the pineal region (PTPR). Projection of the transcrip-
tome data onto the cellular trajectory of the developing murine pineal gland suggests that pinealocyte progenitors are the
cellular origins. Taken together, our findings define a novel type of pineal region tumor that we provisionally named ‘Pineal
Neoplasm with Neuroendocrine and Epithelial Differentiation’ (PINNED). Recognition of this tumor type appears to be
important for the accurate diagnosis of pineal region tumors and may have implications for future tumor classification and
treatment strategies.
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Introduction development and regulate the expression of CRX, a tran-
scription factor involved in pinealocyte differentiation [12,
17, 30, 32].

Pineal region tumors represent a rare group of neoplasms,
accounting for approximately 3—11% of pediatric brain
neoplasms, while constituting less than 1% of intracranial
central nervous system (CNS) tumors in adults [10, 25].
The 2021 World Health Organization (WHO) classification
recognizes five distinct tumor entities of the pineal region:
pineocytoma (PC), pineal parenchymal tumor of intermedi-
Helena Bode, Abigail K. Suwala, Marcel Kool, and Ulrich Schiiller ate differentiation (PPTID), pineoblastoma (PB), papillary
share equal authorship. tumor of the pineal region (PTPR), and desmoplastic myxoid
tumor of the pineal region, SMARCB 1-mutant [26].

The pineal gland is a neuroendocrine organ located in the
epithalamus and primarily responsible for the production
and secretion of melatonin, which regulates the circadian
rhythm [1, 4]. During development, orthodenticle home-
obox genes, including OTX2, play an essential role in pineal
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PC is a WHO grade 1 tumor characterized by slow
growth and a favorable prognosis. PC can occur at all
ages but is most frequently found in patients between 30
and 60 years [9, 10]. At the opposite end of the spectrum
is PB, a highly aggressive CNS WHO grade 4 tumor of
primitive neuroectodermal nature [24]. PBs predominantly
affect young children, particularly those under 2 years of
age. DNA methylation profiling has identified five distinct
molecular subgroups (PB-GRP1A, PB-GRP1B, PB-GRP2,
PIN-RB, and PB-MYC/FOXR?2), which are characterized
by distinct molecular profiles, genetic drivers, demo-
graphic features, and clinical outcomes [5, 10, 12, 35].

PPTID presents a diagnostic challenge due to its inter-
mediate histological appearance. It is defined as a neo-
plasm with a diffuse or vaguely lobulated architecture [26].
Small in-frame insertions in the KBTBD4 gene are char-
acteristic for PPTID and are found in up to 80% of cases
[21, 23, 39, 42]. PPTIDs are classified as WHO grade 2
to 3 tumors. PPTID comprises two distinct methylation
groups, although correlation with histological or clinical
parameters remains unclear [10, 25, 31].

PTPR is a rare neuroepithelial tumor [26]. It is clas-
sified as a WHO grade 2 or 3 neoplasm and can occur
in a wide age range, from 15 months to 67 years [10].
Histologically, PTPRs are characterized by an epithelial-
like, papillary growth-pattern, and the presence of rosette-
like structures [10]. Immunohistochemically, they show a
strong expression of S100, cytokeratin, SPDEF, vimentin,
and neuron-specific enolase (NSE) [15]. In contrast to pin-
eal parenchymal tumors, CRX expression is consistently
absent [34]. Three distinct DNA methylation subgroups
have been identified, which appear to vary in genomic
CNV load as well as progression-free survival (PFS) [15,
40].

Finally, two very rare tumor types have been described
in the pineal gland. One of them was a desmoplastic myx-
oid tumor of the pineal region, SMARCBI-mutant (DMT
SMARCBI-mutant) [26, 28], and the other presented
molecular features known from WNT medulloblastoma
[24].

Together, the diagnosis of pineal region tumors remains
challenging due to their overlapping histopathological
features and molecular diversity. Nevertheless, genome-
wide DNA methylation profiling has represented a major
advance in this field, not only in the subclassification of
tumor entities but also in improving diagnostic accuracy.

Here, we describe a previously unrecognized tumor
type arising in the pineal region (n=27) characterized by
a unique and highly consistent genome-wide DNA meth-
ylation profile. This epigenetic signature does not correlate
with any established CNS tumor class and is distinct from
all currently recognized pineal tumor entities.
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Materials and methods
Patient cohort

Our cohort consisted of 27 pineal tumors from 27 patients.
Inclusion criteria were the availability of DNA methylation
data and basic clinical and neuropathological annotations;
cases with insufficient molecular data quality were excluded
from further analyses. The cases included in this study were
accessed through the classifier database following upload to
www.molecularneuropathology.org. Corresponding clinical
and histopathological data were obtained from the submit-
ting institutions, with additional material or information
retrieved through direct communication with the referring
neuropathology centers.

The reference samples included 166 previously published
cases of pineal tumors [3, 22, 24, 36, 37, 40], along with
76 previously unpublished reference cases. All reference
cases matched a tumor group as defined by the CNS Tumor
Methylation Classifier (v12.8) with a calibrated score of 0.9
or higher.

Histology and immunohistochemistry (IHC)

We performed hematoxylin and eosin (H&E) stains on paraf-
fin sections of all available tumors, following standard pro-
cedures. The evaluation was conducted per the 2021 WHO
classification of tumors of the CNS [26].

The tumor cell proliferation rate was semi-quantita-
tively assessed using the Ki-67 labelling index. IHC was
performed using a Ventana System (Roche) according to
the manufacturer’s specifications. IHC analyses were con-
ducted using antibodies against OTX2 (Thermo Fisher,
1H12C4B5, 1:2000), cytokeratin 18 (Dako, GA618, ready-
to-use), synaptophysin (Dako, M7315, 1:500), CRX (Santa
Cruz, sc377138, 1:200), desmin (Dako, M0760, 1:200),
chromogranin A (Dako, M0869, 1:800), SPDEF (Ori-
Gene, TA324209, 1:200), and ATRX (Atlas antibodies,
HPAO001906, 1:300). Histological sections were also visu-
ally inspected for necrosis and calcifications.

DNA methylation profiling

DNA was isolated from formalin-fixed, paraffin-embedded
(FFPE) tissue using the ReliaPrepTM FFPE gDNA Miniprep
System (Promega) according to the manufacturer’s instruc-
tions. About 100-500 ng of DNA were bisulfite converted
(EZ DNA Methylation Kit; Zymo Research). Afterwards,
the DNA Clean & Concentrator-5 (Zymo Research) and
the Infinium HD FFPE DNA Restore Kit (Illumina) were
employed to clean and restore the converted DNA. Finally,
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samples were analyzed using one of the following Illumina
arrays on an iScan device (Illumina): HumanMethylation450
BeadChip array, Infinium MethylationEPIC BeadChip Kit,
or Infinium MethylationEPIC v2.0 Kit (all Illumina). We
obtained the affiliation predictions for established tumor
types of the CNS by using the CNS Tumor Methylation
Classifier [3], available at https://app.epignostix.com. This
tool evaluates the global DNA methylation pattern using
a random forest classifier. From this supervised classi-
fier score, an entity-adjusted, so-called calibrated score is
returned that intends to indicate the similarity between the
sample and the underlying reference dataset for each trained
type. We used the classifier version v12.8 for our analyses
and considered the cut-off value of >0.9, as suggested by the
authors of the algorithm, to indicate a significant match. Our
reference samples from the Capper et al. [3] dataset encom-
pass cases used for the v11b2 version of the German Cancer
Research Center (DKFZ) CNS Tumor Methylation Classi-
fier, which were then reclassified using the v12.5 version.

Bioinformatics

Data processing was performed in R (v4.3.2 in Microsoft
Windows). Our tumor samples and the reference cohort
methylation data were processed using the “minfi” package
in version 1.48.0 [19]. This package estimates and removes
the background noise from out-of-bound probes, while the
dye-bias normalization uses a subset of the control probes
[38]. Detection p values were below the 0.01 cut-off, point
and duplicate cases were recognized and removed using
genotype matching. The beta values were calculated using
the ‘getBeta’ function, followed by filtering probes using the
‘rmSNPandCH’ function of the “DMRcate” package [29].
This function eliminated any probes containing SNPs within
two nucleotides of the CpG sites, probes associated with
the sex chromosomes and sites not on the BeadChips were
discarded. For visualization, the 10,000 most variable meth-
ylation probes were chosen based on standard deviation. The
package “Rtsne” (v0.17) [20], dims =2, perplexity =15, and
iterations = 10,000 was used to create +-SNE and Heatmap
plots. Losses and amplifications in the copy number profiles
were analyzed using the packages “conumee” (v1.36.0) and
“conumee2.0” (v2.0) [6]. To identify relevant heterozygous
losses or gains, a threshold of +0.4 was chosen and a cut-off
of +0.8 was used to determine homozygous losses or ampli-
fications. All of our samples’ copy-number variation (CNV)
profiles were visually examined for validation.

Next-generation sequencing
RNA and DNA were extracted from FFPE tumor tissue and

analyzed using the TruSight Oncology 500 Assay (TSO500,
Illumina) according to the manufacturer’s instructions.

The sequence data were aligned to the human reference
genome hg19 for DNA analyses and hg38 for RNA analy-
ses. RNA sequencing data were additionally evaluated for
gene fusions. The variants were annotated using informa-
tion from the 1000 Genomes Project, dbSNP, ClinVar, and
COSMIC. Only variants with an allele frequency >5% and
a total target coverage >40x were considered for further
analysis. Variants classified as benign, likely benign, or rep-
resenting known polymorphisms were excluded from further
evaluation.

Single-nucleus RNA sequencing (snRNA-seq)

SnRNA-seq was performed on formalin-fixed paraffin-
embedded (FFPE) tissue using the Next-GEM Chromium
Single Cell Flex Gene Expression Assay (10X Genomics).
Cells were isolated according to the protocol “Isolation
of Cells from FFPE Tissue Sections for Chromium Fixed
RNA Profiling” (Document Number CG000632 Rev B,
10x Genomics) using a gentleMACS Octo Dissociator
(#130-134-029, Miltenyi Biotec) workflow. FFPE tissue
scrolls were dissociated with an enzyme mix containing
Liberase TH (#5401151001, MilliporeSigma). The disso-
ciated nuclei suspension was stained with 4’,6-diamidino-
2-phenylindole (DAPI, 1:5000). A BD FACSAria-Fusion™
Flow Cytometer was used to perform fluorescence-activated
cell sorting of DAPI-positive nuclei to minimize erythro-
cytes and debris contamination. Probe hybridization was
performed in-house in the University Medical Center Ham-
burg-Eppendorf (Germany) using the Chromium Fixed RNA
Human Transcriptome kit PN-1000476 (4 rxns X 16 BC)
according to the protocol “Chromium Fixed RNA Profiling
Reagent Kits for Multiplexed Samples” (Document Number
CG000527 Rev D, 10x Genomics). In total, four PINNED
tumors and one PB sample were processed. Library prepa-
ration was performed at the UKE Single Cell Core Facil-
ity (Hamburg). The resulting multiplexed libraries were
sequenced by CeGaT (Tiibingen, Germany). We aimed for
a target recovery of 80,000 cells per library. Cell Ranger
v8.0.1 was used to generate feature-barcode matrices using
the cellranger ‘multi’ command with default parameters. The
GRCh38 reference genome (refdata-gex-GRCh38-2020-A)
and Chromium Human Transcriptome Probe Set v1.0.1
were used for alignment and quantification. Cell Ranger
sequencing metrics reports were reviewed to assess sample
and sequencing quality.

Subsequent analyses were performed in R (v4.3.2).
Unless otherwise specified, snRNA-sequencing data were
analyzed using the ‘Seurat’ package (v4.4.0) together with
‘SeuratObject’ (v4.1.4) [14]. The cells were retained follow-
ing quality control if they contained between 200 and 5000
detected features. Features detected in fewer than 10 cells per
sample and cells with more than 5% mitochondrial transcript
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content were excluded. Pseudobulk expression profiles for
each sample were generated using the ‘AggregateExpres-
sion’ function. UMAP projections of PINNED tumor cells
into the reference developmental pineal gland have been
performed as previously described [12].

Results

We investigated a cohort of 27 tumors that clustered sep-
arately from all reference pineal tumor samples based on
global DNA methylation profiling, as visualized by -SNE
and hierarchical clustering. Furthermore, these tumors did
not match any previously described tumor entity using the
CNS Tumor Methylation Classifier (score <0.9, version
v12.8, Fig. la—c, Suppl. Table 1). The tumors were provi-
sionally named ‘Pineal Neoplasm with Neuroendocrine and
Epithelial Differentiation’ (PINNED, see further below). To
further characterize these tumors, we assessed their anatomi-
cal location, as well as the patients’ age distribution and sex
balance. As shown in representative examples, tumors were
located within the pineal region (Fig. 1d, e). The patients
had a mean age of 35 years (range: 7-75 years), and 52%
were male (Fig. 1f, g). Only for less than half of the patients,
gross total resections were achieved. Available follow-up
data showed death of disease in four cases and progressive
disease in an additional seven cases with a 5-year progres-
sion-free survival below 25% (Suppl. Table 1). Together,
these results describe a pineal gland—localized tumor with
a distinct DNA methylation clustering pattern occurring in
patients with a broad age distribution, a balanced sex distri-
bution, and a clinical course that may include progressive
disease or even death.

In the next step, we took a closer look at the histopatho-
logical and immunohistochemical profile of the tumors.
Figure 2a—j shows five representative examples that reveal
a relatively heterogeneous morphology throughout the
cohort (Fig. 2a—e: low power; Fig. 2f—j: high power). Apart
from overt mitotic figures, cases recurrently demonstrated
solid architecture with sharp demarcation from the adja-
cent nervous tissue as well as calcifications (2/11 tumors
(18%), Fig. 2a), necrosis (5/16 tumors (31%), Fig. 2f), or
nested-growth pattern (Fig. 2b). Signet-ring morphology
(Fig. 2g) that occurred in some of the cases was diffusely
visible in the tumor tissue without overt relation to distinct
architectures. Further features included packed tubes with
true lumina resulting in a “pseudoglandular” architecture
(Fig. 2c¢, h), epithelioid cytology (Fig. 2d, i), or densely-
packed undifferentiated tumor tissue (Fig. 2e, j). Multinu-
cleated, vacuolated cells or rhabdoid cells were visible in
some specimens throughout the tumor with rhabdoid cells
showing some association with pseudopapillary structures.

@ Springer

If present, true rosettes were frequent and in all parts of the
tumor.

Immunohistochemically, the tumors displayed a charac-
teristic profile with consistent expression of synaptophysin
(Fig. 2k), OTX2 (Fig. 21), cytokeratin 18 (Fig. 2m), with
all of these markers being expressed even in less differenti-
ated tumor cells. Mean Ki-67 proliferation index was 10%
(Fig. 2n). Synaptophysin showed strong and diffuse expres-
sion in the cytoplasm of a fraction of tumor cells including
signet-ring cells, either in single cells or as foci of posi-
tive cells, sometimes with a periluminal appearance. Other
tumors showed widespread expression. OTX2 and cytokera-
tin 18 were positive throughout all cases. In contrast, chro-
mogranin A was expressed in the majority of cases (Fig. 20)
and often presented as a dot-like or granular pattern. In
some areas of the tumors, chromogranin A expression was
stronger and broader. Other tumors presented with only sin-
gle cells that showed a strong cytoplasmatic staining with-
out apical enhancement or with tumor cells that harbored
vacuoles displaying eccentric chromogranin A expression
(signet-ring cells). A subset of tumors also showed single
desmin-positive tumor cells in the tissue, whereas CRX
expression was uniformly absent. Only one tumor demon-
strated focal SPDEF expression, which had been described
as a marker for PTPRs [15]; all remaining tumors were nega-
tive. Immunohistochemical analysis revealed loss of ATRX
protein expression in 4/16 tumors (25%). Taken together,
the histopathological characteristics indicate an epithelial
and neuroendocrine histology with consistent expression
of cytokeratin 18, synaptophysin, and OTX2, and frequent
positivity for chromogranin A. A summary of all histological
findings is provided in Fig. 2p. Because of these features,
we provisionally named this tumor group: ‘Pineal Neo-
plasm with Neuroendocrine and Epithelial Differentiation’
(PINNED).

The original histopathological diagnoses assigned by the
referring institutions are shown in Fig. 2q. Fourteen of 27
tumors (52%) had originally been diagnosed as PTPR or as a
high-grade neuroepithelial neoplasm of the pineal region or
other descriptions consistent with PTPR. Four tumors were
described as a primitive neuroectodermal tumor, consistent
with PB. Three tumors were only classified as pineal tumors,
and one tumor was described to most closely resemble a cho-
roid plexus carcinoma. In at least four cases, the diagnosis
of a metastatic neuroendocrine tumor in the pineal region
has been discussed.

To understand the transcriptome of PINNED, compare
the transcriptome of these tumors with other tumors of the
pineal region, and to better understand the cellular origin
of the tumors, we generated and analyzed snRNA-seq data
from four PINNED tumors. When comparing pseudobulk
neoplastic nuclei data with 34 other pineal and pineal region
tumor samples [12] based on gene co-expression patterns
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Fig.1 #-SNE plots illustrating our novel pineal subgroup (a, b) in
comparison to reference cases. a shows the unclassified pineal tumors
encircled in red as a distinct cluster from the defined Capper refer-
ence groups of 2018 [v12.5]. b and c display these ‘Pineal Neoplasm
with Neuroendocrine and Epithelial Differentiation’ (PINNED)
alongside a selection of 242 pineal reference cases obtained from

visualized in a similarity heatmap, PINNED demonstrated
the greatest transcriptomic similarity to PTPR but formed a
distinct tumor group (Fig. 3a). Projection of the transcrip-
tomic data onto an atlas of the developing murine pineal
gland [12] revealed the closest proximity of PINNED tumor
cells with pinealocyte-progenitors (Fig. 3b).

We finally sought to identify potential genetic drivers
of these tumors. Genomic profiling revealed multiple copy

published work [22, 24, 36, 37, 40] and from unpublished cases. d
and e show the MR images of cases #6 and #7 with tumors encircled
in red. f and g feature bar graphs depicting the sex (f) and age (g) dis-
tribution across the subgroups portrayed in b and ¢, with the median
age denoted by a black line

number alterations but no recurrent focal amplifications or
deletions (Fig. 4a). Targeted sequencing using the TSO500
panel was performed in 13 tumors (Fig. 4b). Among these
cases, ATRX mutations were identified in two tumors, both
of which also exhibited loss of ATRX protein expression
by immunohistochemistry (Fig. 4c). Furthermore, no
clinically relevant gene fusions were detected among the
17 tumors analyzed by bulk RNA sequencing (data not

@ Springer
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Fig.2 Histological diversity in PINNED tumors. a—j depict H&E
stains from five representative cases (#1, #8, #12, #14, and #17). k-0
show immunohistochemical stains from cases #3, #11, #14, and #26.
p shows a heatmap summarizing all immunohistochemical findings;
“N/A” indicates stains not available for the respective case. Positivity

shown). In conclusion, ATRX alterations were the most
common molecular abnormality identified in our cohort,
being present in 25% of tumors.

@ Springer

for Ki67 is given in percent of tumor cells. q shows the distribution of
histological diagnoses signed out by referring institutions. The scale
bar in a corresponds to 100 pm for panels a—e and to 20 um for pan-
els f-o

Discussion

Our findings support the existence of a previously unrec-
ognized tumor entity within the spectrum of pineal region
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Fig.4 a Overview of chromosomal gains and losses seen in PINNED
tumors. The plot shows a cumulative copy-number profile as inferred
from global DNA methylation profiling data. b provides an overview
of genetic alterations in PINNED. The plot shows all pathologi-
cal mutations seen in the TSO500 panel sequencing of n=13 cases.

Mutations identified in multiple cases are highlighted in red, those
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pathogenic variants are depicted in gray. ¢ depicts IHC for case #20
using antibodies against ATRX. Non-neoplastic vessel and immune
cells serve as internal positive control. The scale bar represents 20 um
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tumors. Using the CNS tumor classifier, the tumors were
consistently classified as “no match”, with the highest
calibrated scores often assigned to medullomyoblastoma
(MB_MYO) or Non WNT/Non SHH medulloblastoma
(MB_G34) [3]. Notably, none of the tumors matched any
established methylation class in the CNS Tumor Methyla-
tion Classifier (v12.8), suggesting they are not adequately
represented in existing reference cohorts. Unsupervised
analyses demonstrated that they indeed formed a clearly
separate group within the spectrum of pineal region
tumors but should epigenetically not be included in the
spectrum of medulloblastoma. These clustering results
remained consistent across multiple +-SNE and Heatmap
visualizations and were robust with reference cohorts of
different sizes. Together, these findings indicate that the
tumors described here represent a biologically distinct
group.

From a clinical perspective, the cohort also differs
from several established pineal tumor entities. Our cohort
showed a balanced sex distribution and a broad age range,
with a median age of 35 years. This demographic pro-
file is—within the range of pineal region tumors—more
similar to PTPR [40, 41] than to PB, which predominantly
affects young children and often shows a male predomi-
nance [10, 40]. Although our cohort is limited in sized, it
appears that 5-year progression-free survival is lower than
both for PTPRs and PBs.

Additionally, many tumors in our cohort were originally
classified by neuropathologists as PTPR, most likely due
to their focal papillary growth pattern or the presence of
occasional rosettes and epithelioid cytology. This similar-
ity is underpinned by the absence of CRX expression, a
specific marker of the retina and pineal gland [11], which
is typically not expressed in PTPR [7], as well as strong
expression of cytokeratin 18. However, several findings
argue against a classification as a PTPR subgroup. First,
our cohort consistently showed convincing synaptophy-
sin and chromogranin A expression, and mostly lacked
SPDEF expression, which was reported in 79% of PTPRs
by Heim et al. [15]. Furthermore, upon central review,
the tumors displayed distinctive histopathological fea-
tures. Compared with PTPRs, the tumoral architecture
was mostly solid. Papillary structures were absent or only
focal, and less well-delineated. Importantly, despite partial
morphological overlap, the combined immunohistochemi-
cal and histopathological findings support distinction from
the currently recognized PTPR tumor entity.

Although these samples showed their greatest transcrip-
tional similarity to the two available PTPR reference tumors,
Pseudobulk snRNA-seq analysis of four PINNEDs demon-
strated that they diverged before branching into any estab-
lished PTPR subgroup when looking at an unsupervised
hierarchical clustering.

@ Springer

Furthermore, the copy-number profiling revealed no
recurrent chromosomal gains or losses, in contrast to PTPR,
which exhibited chromosome 10 loss on all analyzed tumors,
as well as recurrent losses of chromosomes 3 and 22q and
gains of chromosome 8p [15]. Similarly, recurrent mutations
observed in PTPR, PB, or PPTID, such as variants in PTEN,
RB1, DROSHA, or KBTBD4, were absent in PINNED. Nota-
bly, the loss of ATRX expression was identified in four of 16
analyzed tumors, representing the most frequent molecular
alteration in our cohort. ATRX alterations have previously
been reported in two pineal tumors diagnosed as PPTID
that were independent from our cohort [27]. However, such
alterations have not emerged as a recurrent defining feature
of established pineal tumor entities, making their relatively
high frequency in our cohort particularly intriguing.

The presence of secretory and neuroendocrine archi-
tectural features, including nested growth patterns, rosette
formation, and signet-ring cells, suggests neuroendocrine
differentiation in these tumors. The primary intracranial
neuroendocrine neoplasms are exceedingly rare, with only
a limited number of cases reported in the literature [2, 5, 8,
13, 16, 18, 33]. Notably, both previously reported neuroen-
docrine tumors of the pineal gland demonstrated expression
of synaptophysin, chromogranin A, and cytokeratin [5, 13],
findings that overlap noticeably with the phenotype observed
in our cohort. Distinguishing PINNED:s is crucial, as their
histological appearance and cytokeratin expression may also
resemble metastatic carcinoma, making this an important
differential diagnosis for adult patients.

Despite these neuroendocrine and epithelial features,
cell-of-origin analyses using a murine pineal gland reference
dataset indicated a clear relationship to pineal gland devel-
opment, with the strongest similarities observed to pinealo-
cyte progenitor cells [12]. A similar observation has been
made for PBs of different subtypes, whereas PTPRs show
transcriptional similarities to the pineal primordium, fur-
ther strengthening the notion that PINNED are most likely
not a subset of PTPRs. The expression of CRX is neither
observed in the pineal primordium nor in PTPRs. On the
other hand, pinealocyte progenitor cells, although to a lesser
extent than mature pinealocytes, demonstrate CRX expres-
sion, and it remains unclear why CRX is rather strong in PB
but absent in PINNED although both entities show the high-
est similarities to pinealocyte progenitor cells. Nevertheless,
our findings provide evidence that PINNED may arise from
within the pineal developmental lineage and suggest that
our cohort is a pineal tumor entity rather than an ectopic
neoplasm located in the pineal region.

This study has several limitations. Although we report a
relatively large cohort for a rare and previously unrecognized
methylation class, the total number of cases remains limited
and independent external validation cohorts are warranted.
Moreover, the genetic drivers underlying tumor development
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remain largely unclear and the clinical course and long-term
prognosis of affected patients cannot yet be defined due to
limited follow-up data. While the integrated epigenetic, his-
topathological, and molecular data consistently support the
identification of a distinct tumor entity, further studies in
larger and independent cohorts will be necessary to confirm
the reproducibility of these findings and to better define the
full biological, genetic, and clinical spectrum of this cohort.

In conclusion, our findings support the existence of a
novel type of pineal region tumor with distinct clinical, his-
topathological, and molecular features that we provisionally
named PINNED.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-026-03111-5.
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