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Background: Pure germinomas account for 40% of pineal tumors and are
characterized by the lack of appreciable tumor markers, thus requiring a tumor
biopsy for diagnosis. MicroRNAs (miRNA) have emerged as potential non-
invasive biomarkers for germ cell tumors and may facilitate the non-invasive
diagnosis of pure pineal germinomas.

Material and methods: A retrospective chart review was performed on all patients
treated at the Children’s Cancer Hospital Egypt diagnosed with a pineal region tumor
between June 2013 and March 2021 for whom a research blood sample was
available. Plasma samples were profiled for miRNA expression, and DESeq?2 was used
to compare between pure germinoma and other tumor types. Differentially
expressed miRNAs were identified. The area under the curve of the receive;r
operating characteristic curve was constructed to evaluate diagnostic performance.

Results: Samples from 39 pediatric patients were available consisting of 12 pure
germinomas and 27 pineal region tumors of other pathologies, including pineal origin
tumors [n = 17; pineoblastoma (n = 13) and pineal parenchymal tumors of intermediate
differentiation (n = 4)] and others [n = 10; low-grade glioma (n = 6) and atypical teratoid
rhabdoid tumor (n = 4)]. Using an adjusted p-value <0.05, three miRNAs showed
differential expression (miR-143-3p, miR-320c, miR-320d; adjusted p = 0.0058, p =
0.0478, and p = 0.0366, respectively) and good discriminatory power between the two
groups (AUC 90.7%, p < 0.001) with a sensitivity of 25% and a specificity of 100%.

Conclusion: Our results suggest that a three-plasma miRNA signature has the

potential to non-invasively identify pineal body pure germinomas which may
allow selected patients to avoid the potential surgical complications.
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1 Introduction

Pineal region tumors constitute 3%-8% of central nervous
system (CNS) tumors in children (1). They include germ cell
tumors (GCTs), pineal parenchymal tumors, and tumors arising
from adjacent anatomical structures (2). GCTs constitute
approximately 35% of all pineal region tumors and are typically
divided into pure germinomas and non-germinomatous germ cell
tumors (NGGCTs). The latter group constitutes a number of
different entities including choriocarcinoma, yolk sack tumors,
immature teratomas, and mixed histologies (3). GCTs are
presumed to arise from mutated primordial germ cells of genital
ridge origin or dysfunctional totipotent embryonic cells.
Histologically, germinoma is the most undifferentiated GCT and
is composed of undifferentiated large cells that resemble primordial
germinal elements (4).

In practice, the diagnosis of pineal region neoplasms is based on
clinical presentation, imaging, and histopathologic analysis (5).
While magnetic resonance imaging is sensitive and critical for the
assessment of metastatic disease as well as metachronous
germinoma concurrently in the pineal and suprasellar regions,
still the radiographic characteristics are very similar in all GCTs,
therefore limiting its usefulness in determining the exact histology
of these tumors. Germinomas can enhance diffusely and NGGCTs
commonly may have associated hemorrhage, causing a more
heterogeneous pattern of enhancement (3). In addition, reduced
apparent diffusion coefficient (ADC) values, bithalamic extension,
and thick peritumoral edema are significant features that are more
frequent in germinomas than in NGGCTs (6). Radiological findings
coupled with positive tumor markers can aid in the diagnosis of
approximately 12% of GCT cases (7), and thus, surgical biopsy
remains the current standard in diagnosing non-hormone secreting
pineal-based lesions (8).

Serum and cerebrospinal fluid (CSF) biomarkers complement
the standard diagnostic techniques by providing additional data
before invasive procedures are performed (5). If possible, tumor
markers [ie., alpha-fetoprotein (AFP) and B-human chorionic
gonadotropin (B-HCG)] should be detected in both the serum
and cerebrospinal fluid (9). The clinical basis for identifying a
secreting tumor is AFP >10 IU/L or B-HCG >50 IU/L. In
germinomas, the levels of these tumor markers are not typically
elevated; however, the B-HCG level is increased in a small number
of germinomas because of its syncytiotrophoblast element, and still,

Abbreviations: ADC, apparent diffusion coefficient; AFP, alpha-fetoprotein;
ATRT, atypical teratoid rhabdoid tumor; AUC, area under the curve; -HCG,
B-human chorionic gonadotropin; CHC, choriocarcinoma; CCHE-57357,
Children’s Cancer Hospital Egypt 57357; CNS, central nervous system; CSF,
cerebrospinal fluid; FDR, false discovery rate; GCT, germ cell tumor; IRB,
Institutional Review Board; LGG, low-grade glioma; MAPK, mitogen-activated
protein kinase; miRNA, microRNA; mTOR, mammalian target of rapamycin;
NGGCT, non-germinomatous germ cell tumor; NPV, negative predictive value;
PCA, principal component analysis; PI3K-Akt, phosphoinositide-3-kinase/Akt;
PPV, positive predictive value; PPTIDs, pineal parenchymal tumors of
intermediate differentiation; ROC, receiver operating characteristic; YST, yolk

sac tumor.
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it does not exceed the threshold of 50 IU/L. In this setting, some
investigators would consider a slightly elevated B-HCG <50 IU/L in
the context of typical imaging for a germinoma sufficiently
characterized to avoid biopsy. Venkatasai et al. used an upper
limit for B-HCG of 100 IU/L to differentiate germinoma from
NGGCT, and interestingly, they considered that patients with -
HCG <20 IU/L are indicated for biopsy, while those with levels of
20-100 TU/L, a biopsy can be avoided (10). Mature teratomas do
not secrete B-HCG or AFP. Embryonal carcinomas secrete a trace
amount of B-HCG and AFP; however, these concentrations do not
reach the diagnostic threshold (11). Hence, the value of these
biomarkers for diagnosis and follow-up is restricted to specific
malignant GCT subtypes as the levels are mostly elevated in tumors
containing yolk sac tumor (YST) and choriocarcinoma (CHC),
which collectively represent approximately 12% of all GCT cases (7,
12). Furthermore, both AFP and B-HCG can be elevated in other
non-malignant conditions (13).

Open surgical resection and stereotactic or endoscopic biopsy
are thus needed to confirm the diagnosis of marker-negative pineal
region tumors (14). However, these procedures are associated with a
higher risk of hemorrhage due to the presence of critical vascular
structures in this area as well as potential damage to adjacent neural
structures (15). Hence, a highly specific body fluid biomarker that
offers a high degree of specificity for pure germinomas may permit a
less invasive method of diagnosis as well as a potential marker for
response assessment.

MicroRNA (miRNAs) are short non-coding RNAs that regulate
gene expression and have been shown to be well-preserved in a range
of specimen types including blood plasma and serum. miRNA
expression profiling has helped to identify miRNAs that regulate a
range of processes (16), and this has led to a considerable interest in
them as biomarkers for cancer (17). Specific cancer-derived miRNAs
that are detectable in the serum and plasma have been used as non-
invasive biomarkers in many malignant conditions (18).

Previous studies of miRNA expression in GCT identified eight
major miRNAs from the miR-371-373 and miR-302/367 clusters
that were overexpressed in malignant GCT (19). Furthermore,
certain miRNAs can help distinguish GCT from other brain
tumors using CSF and serum samples (20). Moreover, in a global
miRNA expression analysis of 12 tumor specimens from primary
pediatric GCT of the brain, pure germinoma-specific upregulation
of miR-142-5p and miR-146a-5p was reported, in contrast to
overexpression of miR-335-5p and miR-654-3p in NGGCT (4).
Yet, it is still unknown whether the detection of these miRNAs is
discriminatory in the serum/plasma of pediatric CNS germinoma
patients (21). We sought to identify plasma signatures that could
distinguish pure germinomas of the pineal region from all other
tumors in this area, thus potentially avoiding the need for surgical
intervention in this very vulnerable part of the brain.

2 Materials and methods

This study included pediatric patients with pathologically
proven pineal region tumors at the Children’s Cancer Hospital
Egypt 57357 (CCHE 57357) between June 2013 and March 2021 for
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whom a blood sample was available in the research tissue bank.
Patient charts were reviewed and relevant data were extracted.
Patient-level data were maintained in a separate database, and
linkage to the pathology and research blood samples was
maintained only until data abstraction was completed.

All blood samples were prospectively collected at the initial
presentation and before the initiation of therapy on an Institutional
Review Board (IRB)-approved tissue collection registry protocol with
parental consent that allowed for future research use of the material.

2.1 Ethical and IRB approval

All procedures performed in the study involving human
participants were in accordance with the ethical standards of the IRB
of CCHE 57357 and with the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. This study was granted a
waiver for additional consent by the IRB since all information collected
was available by retrospective review of both the chart and tissue.

2.2 Sample collection and RNA isolation

All plasma samples were retrieved from the CCHE 57357
biorepository. Total RNA, including miRNA, was extracted from 250
pl of plasma using the miRNeasy Mini Kit as per the manufacturer’s
instructions (Qiagen, Germany). RNA concentration was determined
using the Qubit RNA HS Assay Kit (Invitrogen, USA).

2.3 MiSeq library preparation
and sequencing

To generate the miRNA library, samples were adjusted to
include 250 ng of pure RNA in 10.5 pl. RNA was converted to a
DNA library using the NEXTFLEX® Small RNA-Seq Kit
(PerkinElmer Inc., MA, USA). In brief, RNA ligation was
performed using the manufacturer’s recommended 3’ and 5’
ligation solution mix. Ligated RNA was reverse-transcribed to
generate cDNA, which was then amplified using a PCR master
mix with a unique primer for each library. The band of interest was
trimmed and recovered in 300 pl of elution buffer using 10% TBE-
PAGE. Bioanalyzer DNA assay (Agilent, CA, USA) was used to
determine the size distribution of the library, and the concentration
was determined using Qubit dsDNA HS Assay (Thermo Fisher
Scientific, MA, USA). All 47 sample libraries were pooled and
sequenced on an Illumina MiSeq instrument using the MiSeq
Reagent Kit v3 (150 cycles) (Ilumina Inc., San Diego, CA, USA).

2.4 Bioinformatics data analysis

Data analysis was performed using Unix-based tools
(Supplementary Figure 1). The quality of raw reads was evaluated
using FastQC (22). Cutadapt (23) was used to trim the following
adaptor sequence “TGGAATTCTCGGGTGCCAAGG” followed by
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removing four bases from both read ends, as suggested by the
manufacturer. Processed reads were filtered in which only reads
between 15 and 28 nucleotides were retained. The quality of filtered
reads was inspected using FastQC and the output was summarized
using MultiQC (24).

Filtered reads were aligned using Bowtie 1 (25) against human
genome reference GRCh38 downloaded from the NCBI database
(accession number GCA_000001405.29) using default parameters
with no mismatch option enabled. Mapped reads were quantified
using featureCounts (26) and miRNA coordination retrieved from
the miRBase database (27). Principal component analysis (PCA)
was performed using the pca function.

Differential expression (DE) was performed on generated
counts using DESeq2 (28) package in R V4.1.2. Data were
normalized and DESeq2 was used to compare between pure
germinoma samples and other tumor subtypes. Two sets of
differentially expressed miRNAs were selected, one with a log2
fold change of 1.5 and an adjusted p-value of 0.5 and one with an
adjusted p-value of 0.05. Functional enrichment was performed on a
selected miRNA list using MIENTURNET (29).

2.5 Statistical analysis

The diagnostic potential for the differentially expressed miRNAs
was determined using receiver operating characteristics (ROC)
analysis for the regularized log transformation of raw counts, and
their discriminatory power was investigated via the area under the
curve (AUC). Predicted probabilities from binary logistic regression
were calculated for analyzing the miRNAs combined. IBM SPSS
Statistics version 20 and pROC v1.18.0 (30) were used.

3 Results
3.1 Patient characteristics

The cohort was comprised of pure germinomas (1 = 15), pineal
origin tumors [n = 19; pineoblastoma (# = 14) and low-grade pineal
parenchymal tumors of intermediate differentiation (PPTIDs)
(n = 5)], and other tumors [n = 13; low-grade glioma (LGG)
(n = 9) and atypical teratoid rhabdoid tumor (AT/RT) (n = 4)].
Pineal region NGGCTs with elevation of serum and/or CSF B-HCG
>50 IU/L or elevation of serum and/or CSF AFP >10 IU/L were
excluded from the cohort as these tumors were diagnosed without a
biopsy. B-HCG and AFP levels in the serum and CSF of patients with
pure germinoma are listed in Table 1.

The median age for the entire cohort was 11 years (range, 1-16
years), consisting of 32 (68.1%) male and 15 (31.9%) female patients.

3.2 Identification of differentially
expressed miRNA

A total of 47 plasma samples were profiled for the expression of
global miRNAs. Eight samples were excluded due to low read

frontiersin.org


https://doi.org/10.3389/fonc.2024.1219796
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Fakhry et al.

counts (<100,000 reads), and the remaining 39 samples were used
for further analysis (Figure 1).

PCA was performed to investigate the differences between
sample groups. The variation between samples was 87.9% in PC1
and 6.07% in PC2. There was no clear separation between pure
germinoma miRNA plasma profile and the other group of pineal
tumors (Supplementary Figure 2).

Among the 2,652 miRNA genes quantified, 235 genes had count
per million reads (cpm) greater than 0.25 in at least 60% of the
samples and were used for differential gene expression analysis.
When comparing the 12 pure germinoma samples and 27 other
pineal region tumors, eight of the 235 miRNAs were differentially
expressed, using an adjusted p-value <0.5 (volcano plot in Figure 2).
Of the eight differentially expressed miRNAs, seven were
downregulated and only one (miRNA-3200-5p) was upregulated.

Further analysis between the two groups was performed using a
more stringent p-value. miRNAs with adjusted p-values <0.05 were
considered statistically significant and differentially expressed. Three
of the eight miRNAs showed differential expression (miR-143-3p,
miR-320c, and miR-320d with adjusted p = 0.0058, p = 0.0478, and p
= 0.0366, respectively) (see volcano plot in Figure 2).

3.3 Pathway enrichment analysis of
downregulated miRNAs in
pure germinomas

Functional annotation of the three differentially expressed
miRNAs combined revealed 337 regulated genes by those miRNAs
in miRTarBase (31), an interaction network represented in Figure 3.

The KEGG database (32) was searched using retrieved genes
and miRNAs, and 406 different pathways were enriched. The miR-
143-3p was found to regulate a number of genes that are involved in

10.3389/fonc.2024.1219796

important pathways known to be linked to GCT including the
phosphoinositide-3-kinase/Akt (PI3K-Akt) signaling pathway,
mitogen-activated protein kinase (MAPK) signaling pathway,
mammalian target of rapamycin (mTOR) signaling pathway, and
others. The top enriched pathways are presented in Figure 4.

3.4 ROC analysis for miRNA in
pineal tumors

Using normalized counts, the diagnostic potential for the
miRNAs was analyzed using ROC curve analysis. All three
miRNAs showed good discriminatory power, as shown by their
AUC: miR-143-3p (AUC 87.3%; sensitivity 100%, specificity 66.7%,
p < 0.001), miR-320c (AUC 75.3%; sensitivity 66.7%, specificity
81.5%, p = 0.013), and miR-320d (AUC 73.9%; sensitivity 83.3%,
specificity 66.7%, p = 0.018) (Figure 5). We established a cutoff
point for the normalized counts (regularized log transformation of
the raw counts). The ROC curve coordinates for the three miRNAs
provided corresponded to the following cutoffs: miR_320c: 27.55,
miR_143_3p: 33.18, and miR_320d: 6.91.

The three miRNAs combined also showed a good discriminatory
power (AUC 90.7%, p < 0.001) with a sensitivity of 25% and a
specificity of 100% in identifying pure germinomas from other pineal
region tumors. Using the same coordinates, predictive values were
calculated showing a positive predictive value (PPV) of 100% and a
negative predictive value (NPV) of 75% (Figure 6).

4 Discussion

The most common pineal region neoplasms are GCTs, and they
are divided into pure germinomas (55%-65%) and NGGCTs (35%-

TABLE 1 B-HCG and AFP values in the serum and CSF of patients with pure germinoma.

Pure germinoma samples

Serum markers

CSF markers

B-HCG (IU/L) AFP (ng/ml) B-HCG (IU/L) AFP (ng/ml)
2 <1.2 3 3 0.17
3 <1.2 5 1.28 0.02
4 <12 1 16.00 0.05
5 49 2 11 0.13
6 <1.2 2 <1.2 0
7 <1 1 NA NA
8 <1 9 2.74 0.25
9 <1 NA <1.2 0
10 <1 1 14 0
11 <1 1 1.09 0.01
12 7.1 0.64 2 0

NA, not available.
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Total 47 Samples

8 Samples excluded

(low read count)

Total 39 Samples

| |
Pure germinomas

Pineal origin
0 Tumors

Others

_ 166
Pineoblastoma |

13

ATRT

Parenchymal | L4
[PapillaryTumor 4
Grade I I

4

FIGURE 1
Sample distribution according to initial patient diagnosis.

45%) (33). Pure germinomas, which often occur in male adolescent
patients, account for 40% of pineal region neoplasms (34).

Pure germinomas do not secrete appreciable tumor markers,
and thus, a tumor biopsy is typically required for diagnosis (3). Such
procedures carry risks of morbidity due to difficulties in surgical
access to the pineal region (20). The surgical options for biopsy are
stereotactic, endoscopic, or open microsurgical approach, while
only the latter two options enable concomitant hydrocephalus
treatment (35). The risk of lasting morbidity from open resection
is 3% to 10%, while mortality rates range from 4% to 10%.
Meanwhile, the mortality and morbidity rates for stereotactic
biopsy of the pineal region range between 1% and 1.3% (36).
Finding a blood and/or CSF biomarker for pure germinomas
would offer many benefits, and circulating microRNAs hold great
clinical promise in this area (37). It has been previously shown that
pure germinomas and NGGCTs (intra- and extracranial) are
characterized by high expression levels of all eight microRNA
members of the miR-371~373 and miR-302/367 clusters in the
serum and CSF, regardless of patient age, tumor site, or histological
subtype (19).

This biomarker study presents the results of an miRNA profile
expression analysis of pineal region tumors aiming to identify
potential biomarkers in plasma that can be used to diagnose
pineal body pure germinoma and differentiate them from other
pineal region tumors identified through imaging without the need
for a tissue biopsy.
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Volcano plot of differentially expressed miRNAs. log2 (fold change)
is plotted against —log10 (p-value), where the p-value is from the
differential miRNA expression test. The vertical dash line represents a
fold change of 1, while the horizontal dash line represents the
p-value threshold. Adjusted p-value cutoff <0.5. The red dots
denote miRNAs that meet both the FC >1 and adjusted p-value <0.5
criteria, while black dots meet FC >1 but not the adjusted p-value
<0.5 criteria. Green dots did not meet either criteria.

CSF is a suitable repository of clinical biomarkers for CNS
tumors, and an increasing number of studies have reported that
CSF-derived biomarkers are more abundant than those in the
peripheral blood and other sources (38). Qu et al. have also
shown that miR-21 level in the CSF enabled the identification of
glioma patients with higher sensitivity and specificity in comparison
with the plasma/serum miR-21 level (39). Due to the unavailability
of CSF samples at diagnosis, analysis of miRNAs in the CSF was not
included in our study.
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FIGURE 3
Network of genes associated with differentially expressed miRNAs.
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Top enriched pathways representing the number of regulated genes per miRNA.

Several studies have reported both plasma and serum as
acceptable specimens for circulating miRNA analysis (40).
Although some studies have shown no or minimal difference
between serum and plasma (41), others noted that plasma
samples provide a higher recovery of miRNA compared with
serum (42). For that reason, we chose plasma over serum for the
conduction of our analysis.

Due to the low reproducibility in the quantification of
circulating miRNAs in plasma compared with CSF (43), we used
a permissive approach in our analysis using a less stringent p-value
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FIGURE 5

Receiver operating characteristic (ROC) curve analysis of
individual miRNAs.
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(p < 0.5), where we identified eight miRNAs that were differentially
expressed when comparing the pure germinoma group with the
other group of pineal region tumors. We then applied a more
stringent p-value (p < 0.05) in order to discover a more specific
expression profile, where only three of the eight miRNAs showed
significant differential expression.

While the results presented need to be confirmed and expanded,
the finding that the three combined miRNAs demonstrated good
discriminatory power (AUC 90.7%, p < 0.001) in a subset of patients
(sensitivity of 25%) with a pineal-based pure germinoma [100%
specificity with a false discovery rate (FDR) of 0%] suggests that a
subset of patients might be able to avoid a costly and potentially
morbid surgical procedure.

In our samples, we were unable to detect the previously
documented miR-371~373 and miR-302/367 clusters (20). This is
in contrast to a recent study by Schonberger et al., where they
demonstrated the suitability of miR-371a, miR-372, miR-367, and
miR-302d in serum and CSF for the diagnosis of CNS GCT,
particularly in biomarker-negative pure germinoma (21). This
discrepancy can be attributed to the difference in methodology
between the two studies. While we opted to use unselected material
as the starting point, they preamplified RT-qPCR involving only
these specific miRNAs. This makes it difficult to discover if other
miRNAs from different clusters would have been differentially
expressed in their cohort. Moreover, they used healthy subjects as
controls, unlike our study where samples from patients with other
pineal region tumors were used for comparison. This is an
important difference as the primary goal of this work was to
investigate if miRNAs can be used to separate patients with pure
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Receiver operating characteristic (ROC) curve analysis of three
miRNAs combined.

germinomas from all of the other tumors of the pineal region in
pediatric patients as a method to avoid unnecessary intervention.

Another possible explanation for the low expression levels of
these miRNA clusters in our samples is the possibility that these
clusters were not efficiently labeled, sequenced, or amplified and
thus lost to analysis. Several studies have shown that cellular
contamination and hemolysis of samples can be a major cause of
variation in miRNA levels not related to any biological
difference (44).

A review of the miRNAs from the pure germinoma group
identified a number of functions associated with signal transduction,
cell cycle, development, and morphogenesis. miR-143-3p, for
example, is known to regulate pathways that mediate cellular
processes important in oncogenesis and malignant progression
including the MAPK, mTOR, and PI3K-Akt signaling pathways in
addition to others (32). The PI3K/AKT and MAPK pathways have
been implicated in the pathogenesis of pure germinoma as they are
both present in approximately 83% of tumor cells (45). MAPK
pathway alterations are more frequent in pure germinomas than
NGGCTs and have a tendency to correlate with a better outcome
compared with PI3K pathway mutations. Upregulation of the MAPK
pathway by somatic point mutations represents the dominant genetic
alteration in pure germinomas (64.3% of cases) (46). Further
investigation on the possible functional significance of the miR-143-
3p and the other miRNAs is needed.

Our study has a number of important limitations. The main
limitation is linked to the small number of cases, which is expected
with such a rare tumor. To address this issue, multicenter or
consortium-based studies will be needed. Since only a blood
sample is required, such a study would be feasible and is
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currently under consideration. Another limitation is the absence
of CSF samples, which may have a much better signal-to-noise
ratio, as has been identified in the detection of BRAF and H3K27M
mutations (47). In addition, given the unique focus of our research
on pineal body tumors, the validation of our findings using existing
publicly available data was not feasible due to the lack of
comparable datasets. Finally, due to the rarity of this patient
population, a long duration of sample collection was required,
which could impact the quality of the starting material from blood.

In conclusion, the results of the present study suggest that a
three-plasma miRNA signature has the potential to serve as a
diagnostic biomarker panel for pineal body pure germinomas.
While currently only of potential value to a small proportion of
pineal-based tumor cases, this approach may open up the
opportunity to expand these results and generate hypotheses for
future investigations. Prospective testing of these markers on larger
samples is warranted in the hopes that avoidance of surgical biopsy
can be achieved for patients with tumors in this critical area of the
brain. Coupling plasma/serum with CSF samples and validation
with quantitative real-time PCR (qPCR) for these miRNAs
alongside with miR-371~373 and miR-302/367 clusters are
recommended in future studies.
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