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NANOG controls testicular germ cell tumour
stemness through regulation of MIR9-2

Ryan P Cardenas', Ahmad Zyoud', Alan McIntyre?3, Ramiro Alberio®, Nigel P Mongan ' and Cinzia Allegrucci'*"

Abstract

Background Testicular germ cell tumours (TGCTs) represent a clinical challenge; they are most prevalent in young
individuals and are triggered by molecular mechanisms that are not fully understood. The origin of TGCTs can be
traced back to primordial germ cells that fail to mature during embryonic development. These cells express high
levels of pluripotency factors, including the transcription factor NANOG which is highly expressed in TGCTs. Gain or
amplification of the NANOG locus is common in advanced tumours, suggesting a key role for this master regulator of
pluripotency in TGCT stemness and malignancy.

Methods In this study, we analysed the expression of microRNAs (miRNAs) that are regulated by NANOG in
TGCTs via integrated bioinformatic analyses of data from The Cancer Genome Atlas and NANOG chromatin
immunoprecipitation in human embryonic stem cells. Through gain-of-function experiments, MIR9-2 was further
investigated as a novel tumour suppressor regulated by NANOG. After transfection with MIR9-2 mimics, TGCT
cells were analysed for cell proliferation, invasion, sensitivity to cisplatin, and gene expression signatures by RNA
sequencing.

Results For the first time, we identified 86 miRNAs regulated by NANOG in TGCTs. Among these, 37 miRNAs were
differentially expressed in NANOG-high tumours, and they clustered TGCTs according to their subtypes. Binding
of NANOG within 2 kb upstream of the MIR9-2 locus was associated with a negative regulation. Low expression of
MIR9-2 was associated with tumour progression and MIR9-2-5p was found to play a role in the control of tumour
stemness. A gain of function of MIR9-2-5p was associated with reduced proliferation, invasion, and sensitivity to
cisplatin in both embryonal carcinoma and seminoma tumours. MIR9-2-5p expression in TGCT cells significantly
reduced the expression of genes regulating pluripotency and cell division, consistent with its functional effect on
reducing cancer stemness.

Conclusions This study provides new molecular insights into the role of NANOG as a key determinant of
pluripotency in TGCTs through the regulation of MIR9-2-5p, a novel epigenetic modulator of cancer stemness. Our
data also highlight the potential negative feedback mediated by MIR9-2-5p on NANOG expression, which could be
exploited as a therapeutic strategy for the treatment of TGCTs.
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Background

Testicular germ cell tumours (TGCTs) are the most
prevalent type of solid tumours in young individuals [1].
TGCTs are considered curable malignancies due to their
sensitivity to cisplatin-based chemotherapy, however
a significant proportion of patients with advanced and
refractory disease fail to respond [2]. The quality of life of
young patients is also significantly compromised by the
long-lasting side effects of chemotherapy [3]; therefore
the development of targeted treatments is needed.

TGCTs constitute a heterogeneous group of tumours
whose complexity can be traced back to their develop-
mental and cellular origin. Post-pubertal TGCTs derive
from primordial germ cells (PGCs) or from gonocytes
that are arrested in a stem-like state during matura-
tion. This differentiation block leads to the formation
of testicular germ cell neoplasia in situ (GCNIS), which
progresses to overt intratubular seminomas (SEM) and
invasive SEM. The origin of non-seminoma tumours
is less defined, as they appear to derive from the repro-
gramming of GCNIS or SEM to undifferentiated plu-
ripotent embryonic carcinomas (EC), which can then
differentiate into teratomas (TERA), yolk sac tumours
(YST) and choriocarcinomas (CH) [4].

However, the molecular mechanisms responsible for
the block in differentiation found in TGCTs are still
unclear. Gain or amplification of the short arm of chro-
mosome 12 (12p) is one of the most common karyo-
type abnormalities found in invasive TGCTs [5, 6], and
these alterations parallel the selective growth advantage
and resistance to differentiation acquired by embry-
onic stem cells (ESCs) with gain of 12p [7]. These find-
ings suggested that genes at this locus play a critical
role in maintaining the undifferentiated state [8]; these
genes include the pluripotency gene NANOG, which is
expressed in malignant germ cell tumours and essen-
tial for maintaining the pluripotency of PGCs [9, 10].
NANOG expression is downregulated when germ cells
mature to enter spermatogenesis [11], thus supporting
the idea that the expression of master regulators of pluri-
potency in TGCTs locks PGCs and/or gonocytes in their
undifferentiated state. In pluripotent ESCs, NANOG has
been shown to regulate microRNAs (miRNAs), which are
essential for the regulation of stem cell fate [12]. Indeed,
miRNAs regulate stem cells by targeting both pluripo-
tency factors that maintain self-renewal and transcrip-
tion factors that drive stem cell differentiation [13]. In
addition, deficiency in the miRNA biogenesis machin-
ery in ESCs results in failure to extinguish pluripotency
factors [14]; similarly, Dicer-knockout mouse germ cells
exhibit poor differentiation [15].

In this study, we demonstrate that NANOG regulates
a subset of miRNAs that are involved in TGCT patho-
genesis. Among these miRNAs, MIR9-2 was identified as
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a novel tumour suppressor involved in the regulation of
TGCT stemness.

Methods

Bioinformatics analyses

RNA sequencing data were retrieved from the TGCT
Cancer Genome Atlas Project (TGCT-TCGA; dbGaP
Study Accession phs000178, open access available from
the Genomic Data Commons repository). The datasets
were stratified based on patient clinical data (patients
n=156) and by gene expression. TGCT subtypes were
classified based on dominant histological features
(>80%), with heterogeneous samples (<80%) classified
as mixed. Differential expression was determined using
the Robina package of the edgeR statistics package [16].
NANOG normalized log2 median read counts of 12.288
were used as cut-off values for classifying tumours as
NANOG high, medium and low, respectively. Differen-
tially expressed genes with a mean log2 (normalized read
counts)>1 and an adjusted P-value<0.05 (false discov-
ery rate, FDR) were considered significant. Spearman
correlation was performed in R to produce a correla-
tion heatmap and a PCA plot. Unsupervised hierarchi-
cal clustering was performed using R (v4.2.2) with the
hclust package using the Spearman correlation and the
complete clustering method. In addition, pre-processed
microarray data from the Gene Expression Omnibus
(GEO) datasets GSE31824 and GSE18155 [17, 18] were
used to analyse the differential expression of TGCT sam-
ples compared to that of normal testes. For GSE31824,
fold changes were calculated by normalization of TGCT
expression to that of the normal testis. For GSE18155,
differential expression was measured by the provided
ratio of TGCT signal to non-malignant testis tissue.
The miRNAs from both the GSE18155 and GSE31824
cohorts were subsequently consolidated to give a uni-
fied list (Additional file 1: Table S1). The miRNA names
were converted to miRBase version 20 using miRSystem
[19] and miRNAs with a minimum 1.5-fold expression
change were considered to be differentially expressed.
IGV was used to visualize the ChIP-seq location and
enrichment in the human genome [20]. ChIP-seq data
for the transcription factors NANOG, OCT4 and SOX2
in human ESCs were retrieved from the GEO dataset
GSE61475 [21]. For each transcription factor, the ChIP-
seq BED files were intersected using Galaxy [22] to give
a consolidated BED file for peaks present in all replicates.
In addition, BED files from the UCSC browser [23], for
sequences 10 kb, 5 kb, 2 kb and 1 kb upstream from all
known miRNA sequences were also intersected. The soft-
ware Venny [24] was used to identify overlapping miRNA
candidates.
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RNA sequencing and miRNA target analysis

Total RNA (4 four biological replicates per sample)
was extracted using a miRNeasy kit (Qiagen) and RNA
sequencing (RNAseq) was performed by Novogene
Co., Ltd (Cambridge, UK). RNA integrity and quanti-
tation were assessed using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technolo-
gies, CA, USA). A total of 1 ug of RNA per sample was
used as input material for the RNA sample preparations.
Sequencing libraries were generated using the NEBNext®
UltraTM RNALibrary Prep Kit for Illumina® (NEB) fol-
lowing the manufacturer’s recommendations and index
codes were added to attribute sequences to each sample.
Clustering of the index-coded samples was performed
on a cBot Cluster Generation System using a PE Clus-
ter Kit cBot-HS (Illumina) and library preparations were
sequenced on an Illumina 6000 S4 platform and paired-
end reads (150 bp) were generated. The raw reads in
FASTQ format were first processed using fastp to obtain
clean reads by removing reads containing adapter and
poly-N sequences and reads of low quality from the raw
data. The Q20, Q30, and GC contents of the clean data
were calculated and downstream analyses were based on
high quality data (QC 93.39-98.06%; error rate=0.03%).
The reference genome (GRCh38/hg38) and gene model
annotation files were downloaded from genome website
browsers (NCBI/UCSC/Ensembl) directly. Paired-end
clean reads were aligned to the reference genome using
Spliced Transcripts Alignment to a Reference (STAR
v2.5) software (mapping rate 95.9-97.5%). FeatureCounts
was used to count the number of reads mapped to each
gene and then the RPKM of each gene was then calcu-
lated via normalisation to the length of the gene [25]. The
RNAseq data are available from the GEO database with
accession number GSE232791. Differential expression
analysis between two conditions/groups (four biological
replicates per condition) was performed with the DESeq2
R package (v2_1.6.3). P values were adjusted using Ben-
jamini and Hochberg’s approach for controlling the FDR.
Genes with an FDR<0.05 were considered to be differen-
tially expressed. Gene Ontology (GO) and pathway anal-
ysis was performed with the software Webgestalt [26].
The software package miRWalk v2.0 [27] was used to pre-
dict miRNA targets. Several computational algorithms
were used to simultaneously construct a list of predicted
miRNA targets. The algorithms used were miRDB [28],
RNA22-HAS [29], miRANDA [30], and TargetScan [31].
The software Venny [24] was used to create data overlaps.

Cell culture

The cell lines NTERA-2 clone D1-NT2/D1 (CVCL-
3407 [32]), Tera-1 (CVCL_2776 [33]), (a kind gift from
Prof. Peter Andrews, University of Sheffield, UK) and
HEK-293 cells (CVCL-0045, ECACC) were cultured in
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DMEM containing 10% foetal calf serum (FCS) and 1%
L-glutamine. TCam-2 cells (CVCL-T012 [34], kind gift
from Prof. Azim Surani, University of Cambridge) were
cultured in RPMI medium supplemented with 10% FCS
and 1% L-glutamine. The cell lines were mycoplasma
tested using PlasmoTest™ (InvivoGen) and authenticated
by genotyping according to the ANSI/ATCC standard
ASN-0002 using the Applied Biosystems™ AmpFLSTR™
Identifiler™ Plus PCR Amplification Kit system (Eurofins
Genomics). All cell culture materials were obtained from
Invitrogen (ThermoFisher) and chemicals were obtained
from Sigma Aldrich (Merk), unless otherwise specified.

Transfections

To create NANOG knockdown cells, TCam-2 cells were
transduced with NANOG shRNA or scrambled shRNA
Tet-pLKO-puro viral plasmid (Addgene 21,915, Addi-
tional file 6: Fig. S1), selected with 0.5 pug/ml puromy-
cin and treated with 1 pg/ml doxycycline. The shRNA
primers are listed in Additional file 2: Table S2. For
transient NANOG knockdown in NT2/D1 cells, the
shRNA plasmid was delivered in 3 rounds of transfec-
tions (every 3 days) using the TransIT-X2° delivery sys-
tem (Mirus). For NANOG expression in HEK293 cells,
the cells were transduced with the pSIN-EF2-NANOG
viral plasmid (Addgene 16,578, Additional file 6: Fig.
S1) and selected with 1.5 pg/ml puromycin. For pro-
moter analysis, the plasmid pGL3 basic plasmid (Pro-
mega E1751) expressing the 464 bp genomic sequence
fragment upstream of MIR9-2 and the Renilla plasmid
(Promega E2231) were co-transfected into cells and lucif-
erase activity was measured after 2 days. The NANOG
binding site deletion (MIR9-2 A) corresponded to the
MIR9-2 locus chr5:4+88,666,888—88,667,345; A (29 bp)
chr5:488,66,7031-88,667,060. For gain-of-function exper-
iments, NT2/D1 and TCam-2 cells were transfected with
25 nM MIR9-2 Mission® miRNA mimic and universal
scrambled miRNA (HMI0946 for MIR9-2-5p, HMI10949
for MIR9-2-3p and HMCO0002 for universal scrambled;
Sigma Aldrich) using the TransIT-X2° delivery system
(Mirus). Cells were collected at 3 days post-transfection
for RNAseq (4 biological replicates per sample).

Proliferation, invasion and response to cisplatin treatment
Cell proliferation was assessed by MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Briefly, cells were incubated with 5 pg/ml MTT for 3 h
at 37 °C, and the converted formazan dye was solubi-
lized with acidic isopropanol (0.04 M hydrochloric acid
in absolute isopropanol). The absorbance was measured
using a spectrophotometer at a wavelength of 570 nm
with background subtraction at 650 nm.

For cisplatin treatment, cells were seeded at 3,000/well
in a 96-well plate to first determine the half-maximal
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inhibitory concentration IC;, (50 uM and 1 pM for
TCam-2 and NT2/D1, respectively). After this, sensitiza-
tion to cisplatin was assessed 3 days after miRNA mimic
transfection and after 72 h of treatment.

To analyse cell invasion, cells were first transfected with
RNA mimics and then transferred at 3 days post-trans-
fection onto a Falcon Cell Culture Insert with 8.0 pm Pore
Transparent PET Membrane fitted into a Companion
Plate. A total of 2.5x 10° cells were seeded onto an insert
coated with 300 pug/ml Matrigel (Corning) in serum-free
RPMI medium while the same medium supplemented
with 10% FCS was placed at the bottom of the plate. Inva-
sion was assessed after 24 h incubation by removing the
cells from the top compartment of the insert, fixing the
cells with 100% methanol and staining with 0.4% crystal
violet in water containing 10% methanol. The cells were
imaged using a Nikon Eclipse TE2000-S inverted micro-
scope and images were acquired using Nikon NIS-Ele-
ments software.

Real-time PCR (qRT-PCR)

RNA was extracted using the miRNeasy Mini Kit (Qia-
gen) and reverse transcribed with the miScript II RT kit
(Qiagen). qRT-PCR was performed using the LuminoCt®
SYBR® Green qPCR ReadyMix (Sigma Aldrich). Data
were analysed using the AACT method via normalization
to the endogenous control genes SNORD75 and ACTB
for miRNA and mRNA gene expression, respectively.
Endogenous control genes were selected after expression
stability was measured across samples using the soft-
ware BestKeeper [35]. Total RNA for normal testis was
obtained from Clontech (catalogue n.636533). The prim-
ers used in the study are listed in Additional file 2: Table
S2.

Western blotting

For protein extraction, cells were incubated with RIPA
buffer (Cell Signalling Technology) supplemented with
protease inhibitor cocktails for 30 min on ice. The cells
were then centrifuged at 12,000 x g for 10 min at 4 °C
to collect the lysates. After quantification with a Qubit
Protein Assay Kit, the proteins were separated using
12% SDS-PAGE (10 pg/lane) and blotted onto a PVDF
membrane. The membranes were blocked with 5% skim
milk and then incubated overnight at 4 °C with primary
antibodies (NANOG: Preprotech 500-P236 0.1 pg/ml;
ACTB (beta ACTIN): R&D P37215 0.01 pg/ml). HRP-
conjugated secondary antibodies (NA934 and NA931,
1:10,000 dilution, Cytiva) were incubated for 1 h at room
temperature and chemiluminescence was detected using
the ECL Prime kit (Cytiva) with a LI-COR Odyssey XF
imaging system.

Page 4 of 16

Statistical analyses

The data are presented as the meantstandard deviation
(SD) of biological replicates (at least 3 biological repli-
cates in technical triplicates). One-way and Two-way
ANOVA tests were used to analyse samples from more
than two groups for comparison. A two-tailed unpaired
Student’s t-test was used to analyse samples from two
groups for comparison. Statistical analyses were per-
formed using GraphPad Prism 9 software, with P<0.05
indicating statistical significance.

Results

NANOG binds miRNAs in TGCTs

To identify miRNAs regulated by NANOG in TGCTs,
the TGCT-TCGA dataset was analysed by classifying
TGCT subtypes as seminomas (SEM), embryonic car-
cinomas (EC), teratomas (TERA), or yolk sac tumours
(YST). TERA and YST demonstrated the highest variable
expression, possibly due to their heterogenous nature.
In addition, tumour samples were stratified according
to NANOG expression according to tertiles (high (H),
medium (M), low (L)). Most of the NANOG-H samples
were SEM and EC, whereas TERA and YST mostly rep-
resented the NANOG-L samples (Fig. 1A). Unsupervised
hierarchical clustering was subsequently performed to
determine whether miRNA expression in TGCT tumours
could stratify samples into clinical subtypes. Figure 1B
shows that SEM and EC clustered together, followed by
TERA and YST (left panel). Similarly, principal compo-
nent analysis (PCA) of miRNA expression grouped the
samples into clinical subtypes (Fig. 1B, right panel). The
analysis of miRNA expression in tumour samples strati-
fied according to NANOG expression demonstrated that
most miRNAs were differentially expressed between
NANOG H/L (401 miRNAs), followed by NANOG
M/L (321 miRNAs) and by NANOG H/M (97 miRNAs)
(Fig. 1C and Additional file 3: Table S3). A great degree
of overlap was found between NANOG H/L and M/L
(308 miRNAs shared?~96%); therefore, only differen-
tially expressed miRNAs in the NANOG H/L samples
were further analysed. There were 115 miRNAs with
high expression and 227 miRNAs with low expression
in the NANOG-H tumours compared to the NANOG-L
tumours (Fig. 1C). We next identified which of these miR-
NAs were bound by NANOG upstream of their primary
transcript genomic location. To this end, we used ChIP-
seq data of NANOG binding in pluripotent cells (human
ESCs). A total of 86 miRNAs were bound by NANOG up
to 10 kb upstream of the miRNA genomic location, with
the highest number of binding sites occurring between 2
and 5 kb (Fig. 2A). Many of these miRNAs (48.84%) were
also bound by the pluripotency genes OCT4 and SOX2
(Additional file 4: Table S4). Of the 86 miRNAs bound by
NANOG, 37 miRNAs were found among the miRNAs
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Fig. 1 Analysis of NANOG and miRNA expression in TGCTs. (A) NANOG expression levels in TCGT subtypes (left) and the number of TCGT subtypes
expressing high, medium and low NANOG expression (edgeR, *FDR<0.05, SEM and EC compared to TERA or YST). (B) Spearman correlation heatmap
of miRNA gene expression across all samples using unsupervised hierarchical clustering. SEM (green, n=68), EC (red, n=30), TERA (blue, n=9), and YST
(purple, n=7) (left). Principal component analysis (PCA) of microRNA gene expression (right). (C) Overlap of miRNAs differentially expressed in NANOG
H/M/LTGCTs and volcano plot of miRNAs differentially expressed in NANOG H/L (green indicates miRNAs expressed at low levels and red indicates miRNA
expressed at high levels in NANOG H/L tumours)
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differentially expressed in the NANOG H/L tumours;
15 of these miRNAs were highly expressed and 22 were
expressed at low levels (Fig. 2B and D). In addition,
these shared NANOG-bound/NANOG H/L miRNAs
were found to cluster differently in the TCGT samples.
Clustering demonstrated high correlation among miR-
NAs in EC, SEM, TERA and YST, suggesting that the
expression of the cluster-specific miRNAs can stratify
TGCT tumour samples according to subtype. EC and
SEM tumours clustered together, with high expression of
MIR512-1, MIR512-2, MIR515-1, MIR498, and MIR520e
observed in EC, and MIR371, MIR372, MIR373, MIR182,
MIR183, MIR96, MIR607, and MIR3191 in SEM.
MicroRNAs expressed in EC and SEM had lower expres-
sion in TERA and YST. The remaining miRNAs were
highly expressed in TERA and YSK (Fig. 2C).

The expression of NANOG-bound/NANOG H/L miR-
NAs was also investigated in normal testis tissue using
available microarray datasets in the absence of matched
normal tissue expression in the TGCT dataset. Of the
37 identified miRNAs, 12 were confirmed to had the
same trend of expression (either high or low expression)
in TGCTs compared to normal testes. We identified
MIR182, MIR183, MIR371, MIR373, MIR512-1, MIR512-
2, MIR515-1, and MIR520e exhibiting high expression
and MIR216b, MIR887, MIR9-2, and MIR9-3 exhibit-
ing low expression in NANOG H/L tumours (Fig. 2D).
These findings indicated possible positive and nega-
tive NANOG-driven transcriptional regulation of these
miRNAs, respectively. We next analysed the genomic
location of the differentially expressed miRNAs and
their NANOG binding distance. These included inter-
genic miRNAs (MIR182, MIR183, MIR373, MIR512-1,
MIR512-2, MIR515-1, MIR520e, MIR9-2, and MIR9-3)
and intronic miRNAs (MIR371, MIR216b, and MIR887).
As miRNA transcription start sites are predicted to be
within —2 kb for intergenic miRNAs and approximately
—4 kb for intronic miRNAs [36], we identified MIR183,
MIR512-1, MIR512-2, MIR887, MIR9-2 and MIR371 as
candidate miRNAs whose transcription is regulated by
NANOG binding (Fig. 2E). However, only the first four
identified miRNAs were further analysed given the well-
known role of MIR371 in TGCTs [37].

The expression of NANOG-regulated miRNAs is associated
with TGCT clinical parameters

We next evaluated the expression of the selected miRNAs
in association with TGCT clinical parameters, including
the presence of GCNIS and disease stage. Among the ana-
lysed miRNAs, only MIR512 (MIR512-1 and MIR512-2
transcripts) and MIR9-2 were found to be expressed at
higher and lower levels, respectively, in tumours with
GCNIS. MIR512 expression was also greater in Stage II
than in Stage I, whereas MIR9-2 expression was lower
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in Stages II and III (Fig. 2F). This indicated their clinical
relevance due to an association with disease progression.
No other candidate miRNAs showed significant associa-
tion with clinical parameters (Additional file 7: Fig. S2).
Although the highlighted differential expression of both
MIR512 and MIR9-2 represents a novel finding, we next
focused our attention on MIR9-2 as a potential novel
tumour suppressor in TGCTs given the similarity of the
seed sequence of MIR512 with that of the pluripotency-
associated MIR371-373 cluster [38].

NANOG functionally regulates MIR9-2 in TGCTs

To confirm that NANOG binds to the MIR9-2 promoter,
we expressed NANOG in HEK293 cells (Additional file 8:
Fig. S3) and performed a luciferase assay. The data dem-
onstrated negative regulation of the MIR9-2 promoter,
which was lost after deletion of the NANOG binding
site sequence, consistent with the bioinformatics analysis
(Fig. 3A). We next investigated the function of MIR9-2
in TGCT cell lines and validated its expression using
qRT-PCR. To this end, we used TCam-2 cells, derived
from SEM tumours [34] and NT2/D1 and Tera-1 cells
derived from EC tumours [32, 33]. The expression of the
mature sequences MIR9-2-5p and MIR9-2-3p was low
in all the cell lines, whereas the expression of NANOG
was high, which was consistent with the TGCT RNASeq
data (Fig. 3B). Stable knockdown of NANOG in TCam-2
cells (Additional file 8: Fig. S3) resulted in upregulation
of both MIR9-2-5p and MIR9-2-3p, thus validating the
functional regulation of MIR9-2 by the pluripotency
transcription factor (Fig. 3C). However, stable knock-
down of NANOG could not be achieved in NT2/D1 cells
due to loss of cell viability, which was also affected when
prolonged transient knockdown was attempted (Addi-
tional file 8: Fig. S3).

MIR9-2-5p expression reduces TGCT cell proliferation and
invasion and sensitises cells to cisplatin

We next assessed the effect of MIR9-2 expression on cell
proliferation, invasion, and sensitivity to chemotherapy,
which are hallmarks of cancer stemness. The expres-
sion of MIR9-2-5p or MIR9-2-3p in NT2/D1 cells and
TCam-2 (Additional file 9: Fig. S4) showed that only
MIR9-2-5p affected cell proliferation, with a reduction
in cell viability measured over 4 days of culture (Fig. 4A).
The expression of MIR9-2-5p significantly reduced inva-
sion of both cell lines, with only a modest reduction mea-
sured when MIR9-2-3p was expressed in TCam-2 cells
(Fig. 4B). In addition, the sensitivity of cells of cisplatin
was increased by ~20% and 25% in the NT2/D1 cells
and TCam-2, respectively, after expression of MIR9-2-5p
(Fig. 4C). Therefore, these functional data demonstrate
that the main effect of MIR9-2 is elicited by the transcript
MIR9-2-5p, which regulates TGCT stemness features.
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Identification of MIR9-2-5p targets in TGCTs

RNAseq analysis of MIR9-2-5p expressing cells revealed
a change in the expression signature of both EC and
SEM. Pathway analysis revealed the involvement of com-
mon processes regulated by MIR9-2-5p in the two TGCT
subtypes (Additional file 9: Fig. S4). The pathways asso-
ciated with genes whose expression was significantly
downregulated in EC were related to cell cycle regulation,
DNA replication and splicing. These pathways were also
highly represented in SEM, confirming the negative effect

on cell proliferation observed in functional assays. Addi-
tional pathways downregulated in SEM included those
related to DNA repair and cell metabolism (Fig. 5A).
Gene set enrichment analysis (GSEA) analysis also con-
firmed the negative enrichment of cell proliferation sig-
natures in both EC and SEM data (Additional file 10:
Fig. S5). The downregulation of pluripotency gene sig-
natures was more evident in EC, with the expression of
core pluripotency genes, including NANOG, POU5F1/
OCT4, DPPA4, SOX2, KLF4, LIN28, ESRRB, DNMT3B,
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and TERT found to be significantly downregulated. On
the other hand, the gene signatures negatively enriched
exclusively in SEM were related to arachidonic acid
metabolism and inflammatory responses (Fig. 5B).

To further validate the functional relationship between
NANOG and MIR9-2 we next analysed the expression
of predicted MIR9-2-5p targets (Additional file 5: Table

S5) by overlapping genes found to be downregulated in
cells re-expressing MIR9-2-5p. Pathway analysis identi-
fied regulation of cell cycle and splicing in both EC and
SEM, further confirming that the gene expression signa-
tures associated with the expression of MIR9-2-5p are
due to functional targeting of transcripts (Additional
file 11: Fig. S6). As gene expression analyses revealed the
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downregulation of genes involved in pluripotency, we
next tested whether MIR9-2-5p targets included known
genes expressed in ESCs and PGCs, as these cell types
most closely resemble EC and SEM, respectively. We
therefore examined the degree of overlap between genes
expressed in pluripotent human ESC [39] and downregu-
lated genes in EC expressing MIR9-2-5p and its predicted
targets. This analysis revealed 211 genes in common to
EC, many of which were identified by our pathway analy-
sis (data not shown). When the analysis was performed
on a subset of 32 pluripotency critical genes, LIN28A was
identified as a prominent target. Similarly, analysis of the
overlap of genes expressed by SEM, human PGCs and
human PGC-like cells [40] revealed 38 genes as direct
targets that also included LIN28A and POU5F1B (Fig. 6A
and Additional file 12: Fig. S7).

MIR9-2-5p regulates the expression of genes on
chromosome 12p in TGCTs

In line with our hypothesis and our data showing a sig-
nificant downregulation of pluripotency genes upon
expression of MIR9-2-5p, we next examined the expres-
sion of genes highly expressed in TGCTs and located
on chromosome 12p to investigate a possible coregu-
latory effect of NANOG and MIR9-2 on the genomic
locus. By analysing genes on 12p that were differentially
expressed in TCGTs compared to normal testis [11],
we found 15 genes downregulated in EC and 18 genes
in SEM. Of these, 7 and 8 genes were direct targets of
MIR-9-5p in the respective tumours (Fig. 6B). Most of
the genes were mapped to the 12p13.31 locus, with the
pluripotency genes NANOG, DDPA3, GDF3, SLC2A3,
POUS5F1P3, and PHC1 downregulated in NT2/D1, and
POUS5F1P3, PHC1 and PHB2 downregulated in TCam-2
cells (Fig. 6C). Importantly, these data confirm the role of
MIR9-2-5p in the regulation of pluripotency and suggest
the presence of a negative feedback regulatory loop on
the chromosome 12p gene cluster containing NANOG.
Taken together, these findings point to a critical role for
NANOG and MIR9-2-5p in the proliferation and stem-
ness of TGCTs.

Discussion

Cancer of the testis is generally considered a curable
disease, but its clinical management is challenging. The
limited availability of predictive/prognostic biomark-
ers makes treatment of young patients difficult. MiR-
NAs are considered promising biomarkers for TCGTs
because their expression can be specifically detected in
tumour tissue and liquid biopsies, with the MIR-371-
373 and MIR-302 clusters highly expressed in TGCTs
[17, 18] and miR371a-3p currently representing the most
promising predictive biomarker [37]. Both the miR302-
367 and miR371-373 clusters play critical roles in mouse
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gonocyte proliferation [41]; therefore, they are consid-
ered prominent oncomiRs according to the hypothesis
that gonocytes represent the cells of origin of TGCTs
[4]. Both clusters are also expressed in human ESCs, and
their expression is regulated by pluripotency transcrip-
tion factors [42]. The expression of pluripotency factors is
characteristic of TGCTs, and all invasive TGCTs exhibit
a gain of chromosome 12p, with up to 80% of tumours
presenting one or more copies of a 12p isochromosome
and sequence amplification [6]. One of the key pluripo-
tency genes at this locus is NANOG, which is expressed
in PGCs and foetal gonocytes but not in the adult testis
[43]. Re-expression of NANOG occurs in GCNIS, SEM
and EC, but not in differentiated TGCTs [44], suggest-
ing that reacquisition of pluripotency is a key feature of
malignant tumours. In this study, we analysed NANOG-
regulated miRNAs to determine their role as prominent
epigenetic regulators of pluripotency in testicular cancer.
We identified miRNAs whose high expression was asso-
ciated with different TGCT subtypes suggesting that they
may have value in the stratification of patients. Some of
these miRNAs were identified in previous TGCT miRNA
screens and included MIR182 and MIR183, which were
found highly expressed in SEM [18], and MIR520e which
was found expressed in non-SEM [45]. Similarly, MIR512
and MIR515 were identified as highly expressed in cis-
platin-resistant EC cell lines [46]. Conversely, MIR125b
was downregulated in SEM [47]. Our data are consistent
with these findings, thus demonstrating the validity of
our miRNA discovery pipeline. When the associations
of the selected NANOG-regulated miRNAs with clini-
cal parameters were analysed, we found that low expres-
sion of MIR9-2 was associated with higher tumour stages
and presence of GCNIS, both indicating progression to
an invasive tumour phenotype. MIR9-2 is a member of
the MIR9 family (MIR9-1, MIR9-2, MIR9-3) that gener-
ates the mature MIR9-2-5p and MIR9-2-3p sequences
[48]. The role of MIR9 in cancer is complex, as it can
support or suppress tumour development and progres-
sion depending on the cancer type and molecular con-
text. For instance, in glioblastoma both MIR9-5p and
—3p act as oncoMIRs and sustain cancer stem cell self-
renewal [49]. On the other hand, MIR9 has both tumour
suppressive and oncogenic roles in breast cancer as it
can repress oestrogen signalling in oestrogen receptor-
positive tumours and induce metastasis in ER-negative
tumours [50]. In this study, we showed that the expres-
sion of MIR9-2 is lower in EC and SEM than in normal
testes and that its expression is lower in tumours express-
ing high levels of NANOG. The expression of MIR9-2 is
directly regulated by NANOG binding and we demon-
strated that NANOG expression is inversely correlated
with MIR9-2 expression in SEM cells. The measure-
ment of this inverse relationship was not possible with
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Fig. 6 Identification of MIR9-2-5p pluripotency targets. (A) Predicted pluripotency targets downregulated in EC or SEM upon MIR9-2-5p expression
(edgeR, *FDR < 0.05, compared to scrambled). (B) Genes on chromosome 12p expressed in TGCTs and regulated by MIR9-2-5p (direct target genes are
highlighted in the blue central box). (C) gRT-PCR validation of downregulated genes at the chromosome 12p13.31 locus in EC and SEM cells expressing
MIR9-2-5p (n=4; *P<0.05 compared to the scrambled control, Student’s t-test)
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EC cells due to loss of cell viability in absence of stable
NANOG expression. However, EC cells are considered
the malignant counterparts of ESCs [32] and ESCs data
have shown that NANOG binds to the proximal pro-
moter of MIR-9 to inhibit MIR-9-mediated differentia-
tion [12]. Therefore, despite the limitation of our study,
it is possible that a similar regulation may operate in EC
tumours. Although both MIR9-2-5p and MIR9-2-3p
were detected at low levels in TGCTs, our data demon-
strated that only MIR9-2-5p acts as a tumour suppres-
sor, by suppressing cell proliferation and invasion and
increasing sensitivity to cisplatin in both EC and SEM.
Increased cell division, migration and resistance to ther-
apy are well defined cancer-stem like features [51]; there-
fore our data demonstrate that expression of MIR9-2-5p
can reduce cancer stemness in TGCTs. This effect was
associated with the downregulation of genes involved in
cell cycle regulation and DNA replication in both tumour
subtypes. Another pathway associated with a reduction
in cell proliferation affected in TCam-2 cells expressing
MIR9-2-5p was the arachidonic acid metabolism, which
is highly active in SEM compared to EC [52]. Arachi-
donic acid metabolism is linked to the level of inflamma-
tion in TGCTs [53], which is associated with advanced
pathological stages and immune infiltration. Importantly,
inhibition of the pathway by COX and LOX inhibitors as
well as by PPAR-Y ligands leads to a reduction in TGCT
cell proliferation [54], suggesting that MIR9-2-5p has a
positive effect on reducing inflammation-related onco-
genic pathways in SEM. The downregulation of pluripo-
tency-associated genes was found in both EC and SEM.
The expression of LIN28A was reduced in both tumour
subtypes and it was found to be a direct target of MIR9-
2-5p in mouse ESCs [55]. The expression of the direct
target POU5SF1B, a transcribed pseudogene of the core
pluripotency transcription factor POU5F1 (OCT4), was
also downregulated. The other two direct targets SALL4
and ACVRI1C were downregulated in EC cells. SALL4
is a transcriptional activator of POU5F1 [56] and there-
fore could be involved in maintaining the expression of
the core pluripotency transcription factors. On the other
hand, ACVRI1C is a receptor for activin and nodal signal-
ling, the latter being identified as a key pathway involved
in the reprogramming and maintenance of pluripotency
in EC [57, 58]. Interestingly, other Nodal-related genes
including CRIPTO (TDGF1) and LEFTY, were found to
be downregulated upon MIR9-2-5p expression in EC.
We also found that the expression of MIR9-2-5p induced
a reduction in the expression of PRDM14; this protein
is needed to stabilize the pluripotency transcriptional
network and its downregulation is necessary for the exit
from pluripotency both in ESCs and PGCs [59, 60]. Dur-
ing development, MIR-9 is not expressed in PGCs, but its
expression increases at later stages (from E12.5) in males,
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suggesting that MIR-9 is involved in the differentiation
of the germline [15]. Interestingly, many of the pluripo-
tency genes downregulated after MIR9-2-5p expression
were located on chromosome 12p, which is gained or
amplified in TGCTs. In EC, the genes included NANOG,
KRAS, CCND2 and SINHCAE, which have been shown
to sustain the proliferation of pluripotent cells and play
a role in TGCT pathogenesis [61-63]. Other genes, such
as DDPA3, GDF3 and SLC2A3 have been linked to ESCs
pluripotency and early embryonic development [64—66].
The genes BCAT1 and DDX47 were instead downregu-
lated in SEM and demonstrated to be involved in pluri-
potency through RAS signalling and in the maintenance
of the expression of pluripotency factors, respectively
[67, 68]. Common genes in both the EC and SEM cohorts
were POUF5F1P3, PHB2 and PHC1. PHB2 and PHC1 are
involved in the proliferation and differentiation of stem
cells, as well as in the maintenance of pluripotency [69].
Interestingly, PHC1 has been demonstrated to interact
with NANOG to stabilize chromatin interactions at the
NANOG locus [70]. Importantly, our data showed that
most of the genes affected were located at locus 12p13.33,
which includes NANOG. These findings suggest that a
feedback mechanism operated by NANOG and MIR9-2
maintains the balance between stemness and differentia-
tion in TGCTs.

Conclusions

Our study demonstrates the key role of NANOG in the
regulation of TGCT pluripotency mediated by miRNAs.
Our data highlight the role of the novel tumour sup-
pressor MIR9-2-5p, which regulates the proliferation,
invasion and stemness of both EC and SEM tumours.
Importantly, we have evidence that reduced MIR9-2
expression is associated with tumour progression and
that the regulation of NANOG and MIR9-2 could be
instrumental for developing therapies for the targeted
treatment of TGCTs.
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Acknowledgements
We acknowledge the kind donation of cell lines by Professor Peter Andrews,

University of Sheffield, and by Professor Azim Surani, University of Cambridge.

The RNAseq analysis was outsourced to Novogene Co,, Ltd (Cambridge, UK).

Author contributions

This project was conceptualized by CA. Bioinformatics analyses were
performed by RC and AZ. Laboratory experiments were performed by RC
and CA. Resources were provided by CA, NM and RA. CA wrote the paper and
RC, AZ,NM, RA and AM edited the manuscript. All the authors have read and
agreed to the published version of the paper.

Page 14 of 16

Funding
This research was supported by the Biotechnology and Biological Sciences
Research Council (BBRSC-grant number BB/J014508/1).

Data availability

RNA sequencing data are available from GEO (accession number GSE232791;
https://0-www-ncbi-nIm-nih-gov.brum.beds.ac.uk/geo/query/acc.
cgi?acc=GSE232791). Supporting data are contained in the manuscript as
Supporting information. Materials are available from the corresponding author
upon reasonable request.

Declarations

Ethics approval

The study was approved by the University of Nottingham CARE committee
(Project title: Defining the role on non-coding RNAs in germ cell development
and cancer; approval number 158151022; granted on November 29th,

2015). The TCGA data are open access and available from the Genomic Data
Commons repository (project accession number pHS000178).

Competing interests
The authors declare that they have no competing interests.

Received: 18 December 2023 / Accepted: 8 April 2024
Published online: 01 May 2024

References

1.

Ghazarian AA, Kelly SP, Altekruse SF, Rosenberg PS, McGlynn KA. Future of
testicular germ cell tumor incidence in the United States: Forecast through
2026. Cancer. 2017;123(12):2320-8.

Orszaghova Z, Kalavska K, Mego M, Chovanec M. Overcoming Chemotherapy
Resistance in Germ Cell tumors. Biomedicines. 2022;10(5):972.

Fung C, Dinh P Jr, Ardeshir-Rouhani-Fard S, Schaffer K, Fossa SD, Travis LB.
Toxicities Associated with cisplatin-based chemotherapy and Radiotherapy in
Long-Term Testicular Cancer survivors. Adv Urol. 2018;2018:8671832.

Lobo J, Gillis AJM, Jeronimo C, Henrique R, Looijenga LHJ. Human germ cell
tumors are developmental cancers: impact of epigenetics on Pathobiology
and Clinic. Int J Mol Sci. 2019;20(2).

Ottesen AM, Skakkebaek NE, Lundsteen C, Leffers H, Larsen J, Rajpert-De
Meyts E. High-resolution comparative genomic hybridization detects extra
chromosome arm 12p material in most cases of carcinoma in situ adjacent
to overt germ cell tumors, but not before the invasive tumor development.
Genes Chromosomes Cancer. 2003;38(2):117-25.

Looijenga LHJ, Zafarana G, Grygalewicz B, Summersgill B, Debiec-Rychter M,
Veltman J, et al. Role of gain of 12p in germ cell tumour development. Apmis.
2003;111(1):161-70.

Ben-David U, Arad G, Weissbein U, Mandefro B, Maimon A, Golan-Lev T, et al.
Aneuploidy induces profound changes in gene expression, proliferation and
tumorigenicity of human pluripotent stem cells. Nat Commun. 2014;5:4825.
Batool A, Karimi N, Wu XN, Chen SR, Liu YX. Testicular germ cell tumor: a
comprehensive review. Cell Mol Life Sci. 2019;76(9):1713-27.

Chambers |, Silva J, Colby D, Nichols J, Nijmeijer B, Robertson M, et al. Nanog
safeguards pluripotency and mediates germline development. Nature.
2007;450(7173):1230-4.

Yamaguchi S, Kurimoto K, Yabuta Y, Sasaki H, Nakatsuji N, Saitou M, et al.
Conditional knockdown of nanog induces apoptotic cell death in mouse
migrating primordial germ cells. Development. 2009;136(23):4011-20.
Korkola JE, Houldsworth J, Chadalavada RS, Olshen AB, Dobrzynski D, Reuter
VE, et al. Down-regulation of stem cell genes, including those in a 200-kb
gene cluster at 12p13.31, is associated with in vivo differentiation of human
male germ cell tumors. Cancer Res. 2006;66(2):820-7.

Marson A, Levine SS, Cole MF, Frampton GM, Brambrink T, Johnstone S, et al.
Connecting microRNA genes to the core transcriptional regulatory circuitry
of embryonic stem cells. Cell. 2008;134(3):521-33.

Gangaraju VK, Lin H. MicroRNAs: key regulators of stem cells. Nat Rev Mol Cell
Biol. 2009;10(2):116-25.

Wang Y, Medvid R, Melton C, Jaenisch R, Blelloch R. DGCR8 is essential for
microRNA biogenesis and silencing of embryonic stem cell self-renewal. Nat
Genet. 2007;39(3):380-5.


https://0-www-ncbi-nlm-nih-gov.brum.beds.ac.uk/geo/query/acc.cgi?acc=GSE232791
https://0-www-ncbi-nlm-nih-gov.brum.beds.ac.uk/geo/query/acc.cgi?acc=GSE232791

Cardenas et al. Stem Cell Research & Therapy

22.
23.
24,
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2024) 15:128

Hayashi K, de Sousa Lopes SMC, Kaneda M, Tang F, Hajkova P, Lao K, et al.
MicroRNA biogenesis is required for mouse primordial germ cell develop-
ment and spermatogenesis. PLoS ONE. 2008;3(3):e1738-e.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for

differential expression analysis of digital gene expression data. Bioinformatics.

2010;26(1):139-40.

Novotny GW, Belling KC, Bramsen JB, Nielsen JE, Bork-Jensen J, Almstrup K,
et al. MicroRNA expression profiling of carcinoma in situ cells of the testis.
Endocrine-related Cancer. 2012;19(3):365-79.

Palmer RD, Murray MJ, Saini HK, van Dongen S, Abreu-Goodger C, Muralidhar
B, et al. Malignant germ cell tumors display common microRNA profiles
resulting in global changes in expression of messenger RNA targets. Cancer
Res. 2010;70(7):2911-23.

Lu TP, Lee CY, Tsai MH, Chiu YC, Hsiao CK, Lai LC, et al. miRSystem: an
integrated system for characterizing enriched functions and pathways of
microRNA targets. PLoS ONE. 2012;7(8):e42390.

Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz G, et
al. Integrative genomics viewer. Nat Biotechnol. 2011;29(1):24-6.

Tsankov AM, Gu H, Akopian V, Ziller MJ, Donaghey J, Amit |, et al. Transcrip-
tion factor binding dynamics during human ES cell differentiation. Nature.
2015;518(7539):344-9.

Batut B, van den Beek M, Doyle MA, Soranzo N. RNA-Seq Data Analysis in
Galaxy. Methods Mol Biol. 2021;2284:367-92.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The
human genome browser at UCSC. Genome Res. 2002;12(6):996-1006.
Oliveros JC. Venny. An Interactive Tool for Comparing Lists with Venn's Dia-
grams. https://bicinfogp.cnb.csic.es/tools/venny/index.html. (2007-2015).
Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quanti-
fying mammalian transcriptomes by RNA-Seq. Nat Methods. 2008;5(7):621-8.
Wang J, Vasaikar S, Shi Z, Greer M, Zhang B. WebGestalt 2017: a more com-
prehensive, powerful, flexible and interactive gene set enrichment analysis
toolkit. Nucleic Acids Res. 2017;45(W1):W130-7.

Sticht C, De La Torre C, Parveen A, Gretz N. miRWalk: an online resource for
prediction of microRNA binding sites. PLoS ONE. 2018;13(10):¢0206239.
ChenY,Wang X. miRDB: an online database for prediction of functional
microRNA targets. Nucleic Acids Res. 2020;48(D1):.D127-31.

Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, Thomson AM, et al. A pattern-
based method for the identification of MicroRNA binding sites and their
corresponding heteroduplexes. Cell. 2006;126(6):1203-17.

Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS. MicroRNA targets in
Drosophila. Genome Biol. 2003;5(1):R1.

Agarwal V, Bell GW, Nam J-W, Bartel DP. Predicting effective microRNA target
sites in mammalian mRNAs. eLife. 2015;4:¢05005.

Andrews PW, Damjanov |, Simon D, Banting GS, Carlin C, Dracopoli NC,

et al. Pluripotent embryonal carcinoma clones derived from the human

teratocarcinoma cell line Tera-2. Differentiation in vivo and in vitro. Lab Invest.

1984,50(2):147-62.

Fogh J. Cultivation, characterization, and identification of human tumor

cells with emphasis on kidney, testis, and bladder tumors. Natl Cancer Inst
Monogr. 1978(49):5-9.

Mizuno Y, Gotoh A, Kamidono S, Kitazawa S. [Establishment and characteriza-
tion of a new human testicular germ cell tumor cell line (TCam-2)]. Nihon
Hinyokika Gakkai Zasshi. 1993;84(7):1211-8.

Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP. Determination of stable
housekeeping genes, differentially regulated target genes and sample integ-
rity: BestKeeper-Excel-based tool using pair-wise correlations. Biotechnol
Lett. 2004,26(6):509-15.

Saini HK, Griffiths-Jones S, Enright AJ. Genomic analysis of human microRNA
transcripts. Proc Natl Acad Sci U S A. 2007;104(45):17719-24.

Murray MJ, Halsall DJ, Hook CE, Williams DM, Nicholson JC, Coleman N.
Identification of MicroRNAs from the miR-371~373 and miR-302 clusters as
potential serum biomarkers of malignant germ cell tumors. Am J Clin Pathol.
2011;135(1):119-25.

Morin RD, O'Connor MD, Griffith M, Kuchenbauer F, Delaney A, Prabhu AL, et
al. Application of massively parallel sequencing to microRNA profiling and
discovery in human embryonic stem cells. Genome Res. 2008;18(4):610-21.
Ghosh A, Som A. RNA-Seq analysis reveals pluripotency-associated genes
and their interaction networks in human embryonic stem cells. Comput Biol
Chem. 2020;85:107239.

Irie N, Weinberger L, Tang WWC, Kobayashi T, Viukov S, Manor YS, et al.

SOX17 is a critical specifier of human primordial germ cell fate. Cell.
2015;160(1):253-68.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 15 of 16

Mclver SC, Stanger SJ, Santarelli DM, Roman SD, Nixon B, McLaughlin EA. A
unique combination of male germ cell miRNAs coordinates gonocyte dif-
ferentiation. PLoS ONE. 2012;7(4):e35553.

Rosa A, Brivanlou AH. A regulatory circuitry comprised of miR-302 and the
transcription factors OCT4 and NR2F2 regulates human embryonic stem cell
differentiation. Embo j. 2011;30(2):237-48.

Nettersheim D, Biermann K, Gillis AJ, Steger K, Looijenga LH, Schorle H.
NANOG promoter methylation and expression correlation during normal and
malignant human germ cell development. Epigenetics. 2011;6(1):114-22.
Hoei-Hansen CE, Aimstrup K, Nielsen JE, Brask Sonne S, Graem N, Skakkebaek
NE, et al. Stem cell pluripotency factor NANOG is expressed in human fetal
gonocytes, testicular carcinoma in situ and germ cell tumours. Histopathol-
0gy. 2005;47(1):48-56.

Qin G, Mallik S, Mitra R, Li A, Jia P, Eischen CM, et al. MicroRNA and transcrip-
tion factor co-regulatory networks and subtype classification of seminoma
and non-seminoma in testicular germ cell tumors. Sci Rep. 2020;10(1):852.
Port M, Glaesener S, Ruf C, Riecke A, Bokemeyer C, Meineke V, et al. Micro-
RNA expression in cisplatin resistant germ cell tumor cell lines. Mol Cancer.
20171;10:52.

Batool A, Liu XM, Zhang CL, Hao CF, Chen SR, Liu YX. Recent advances in the
regulation of testicular germ cell tumors by microRNAs. Front Biosci (Land-
mark Ed). 2019;24:765-76.

Nowek K, Wiemer EAC, Jongen-Lavrencic M. The versatile nature of miR-9/9(*)
in human cancer. Oncotarget. 2018;9(29):20838-54.

Schraivogel D, Weinmann L, Beier D, Tabatabai G, Eichner A, Zhu JY, et al.
CAMTAT is a novel tumour suppressor regulated by miR-9/9* in glioblastoma
stem cells. Embo j. 2011;30(20):4309-22.

Li X, Zeng Z, Wang J, Wu Y, Chen W, Zheng L, et al. MicroRNA-9 and breast
cancer. Biomed Pharmacother. 2020;122:109687.

Batlle E, Clevers H. Cancer stem cells revisited. Nat Med. 2017;23(10):1124-34.
Batool A, Chen S-R, Liu Y-X. Distinct metabolic features of seminoma and
embryonal carcinoma revealed by combined transcriptome and metabo-
lome analyses. J Proteome Res. 2019;18(4):1819-26. https://doi.org/10.1021/
acs.jproteome.9b00007.

Matsuyam M, Yoshimura R. Arachidonic acid pathway: a molecular target

in human testicular cancer (review). Mol Med Rep. 2(4):527-31. https://doi.
0rg/10.3892/mmr_00000131.

Bleve S, Cursano MC, Casadei C, Schepisi G, Menna C, Urbini M, et al. Inflam-
matory biomarkers for outcome prediction in patients with metastatic testic-
ular cancer. Front Oncol. 2022;12. https://doi.org/10.3389/fonc.2022.910087.
Zhong X, Li N, Liang S, Huang Q, Coukos G, Zhang L. Identification of microR-
NAs regulating reprogramming factor LIN28 in embryonic stem cells and
cancer cells. J Biol Chem. 2010;285(53):41961-71.

Zhang J, Tam WL, Tong GQ, Wu Q, Chan HY, Soh BS, et al. Sall4 modulates
embryonic stem cell pluripotency and early embryonic development by the
transcriptional regulation of Pou5f1. Nat Cell Biol. 2006;8(10):1114-23.
Nettersheim D, Jostes S, Sharma R, Schneider S, Hofmann A, Ferreira HJ, et al.
BMP inhibition in seminomas initiates acquisition of pluripotency via NODAL
signaling resulting in reprogramming to an embryonal carcinoma. PLoS
Genet. 2015;11(7):1005415-e.

Spiller CM, Bowles J, Koopman P. Nodal/Cripto signaling in fetal male germ
cell development: implications for testicular germ cell tumors. Int J Dev Biol.
2013;57(2-4):211-9.

Chia NY, ChanYS, Feng B, Lu X, Orlov YL, Moreau D, et al. A genome-wide
RNAi screen reveals determinants of human embryonic stem cell identity.
Nature. 2010;468(7321):316-20.

Sybirna A, Tang WWC, Pierson Smela M, Dietmann S, Gruhn WH, Brosh R, et
al. A critical role of PRDM14 in human primordial germ cell fate revealed by
inducible degrons. Nat Commun. 2020;11(1):1282.

Goddard NC, McIntyre A, Summersgill B, Gilbert D, Kitazawa S, Shipley J. KIT
and RAS signalling pathways in testicular germ cell tumours: new data and a
review of the literature. Int J Androl. 2007;30(4):337-48. discussion 49.
Houldsworth J, Reuter V, Bosl GJ, Chaganti RS. Aberrant expression of cyclin
D2 is an early event in human male germ cell tumorigenesis. Cell Growth
Differ. 1997,8(3):293-9.

Jhuang YL, Yang CW, Tseng YF, Hsu CL, Li HY, Yuan RH, et al. SIN3-HDAC
complex-associated factor, a chromatin remodelling gene located in the

12p amplicon, is a potential germ cell tumour-specific oncogene. J Pathol.
2022;258(4):353-65.

Zhao S, Xu J, Liu S, Cui K, Li Z, Liu N. Dppa3 in pluripotency maintenance of
ES cells and early embryogenesis. J Cell Biochem. 2019;120(4):4794-9.


https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1021/acs.jproteome.9b00007
https://doi.org/10.1021/acs.jproteome.9b00007
https://doi.org/10.3892/mmr_00000131
https://doi.org/10.3892/mmr_00000131
https://doi.org/10.3389/fonc.2022.910087

Cardenas et al. Stem Cell Research & Therapy (2024) 15:128

65. Levine AJ, Brivanlou AH. GDF3, a BMP inhibitor, regulates cell fate in stem
cells and early embryos. Development. 2006;133(2):209-16.

66. Christensen DR, Calder PC, Houghton FD. GLUT3 and PKM2 regulate OCT4
expression and support the hypoxic culture of human embryonic stem cells.
Sci Rep. 2015;5:17500.

67. Chen S, Chen B, Su G, Chen J, Guo D, Yin Q, et al. Branched-chain amino
acid aminotransferase-1 regulates self-renewal and pluripotency of mouse
embryonic stem cells through Ras signaling. Stem Cell Res. 2020;49:102097.

68.  You KT, Park J, Kim VN. Role of the small subunit processome in the mainte-
nance of pluripotent stem cells. Genes Dev. 2015;29(19):2004-9.

69. Kowno M, Watanabe-Susaki K, Ishimine H, Komazaki S, Enomoto K, SekiY, et

al. Prohibitin 2 regulates the proliferation and lineage-specific differentiation

of mouse embryonic stem cells in mitochondria. PLoS ONE. 2014;9(4):e81552.

Page 16 of 16

70. ChenL,Tong Q,Chen X, Jiang P, Yu H, Zhao Q, et al. PHC1 maintains pluri-
potency by organizing genome-wide chromatin interactions of the nanog
locus. Nat Commun. 2021;12(1):2829.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿NANOG controls testicular germ cell tumour stemness through regulation of MIR9-2
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Bioinformatics analyses
	﻿RNA sequencing and miRNA target analysis
	﻿Cell culture
	﻿Transfections
	﻿Proliferation, invasion and response to cisplatin treatment
	﻿Real-time PCR (qRT-PCR)
	﻿Western blotting
	﻿Statistical analyses

	﻿Results
	﻿NANOG binds miRNAs in TGCTs
	﻿The expression of NANOG-regulated miRNAs is associated with TGCT clinical parameters
	﻿NANOG functionally regulates MIR9-2 in TGCTs
	﻿MIR9-2-5p expression reduces TGCT cell proliferation and invasion and sensitises cells to cisplatin
	﻿Identification of MIR9-2-5p targets in TGCTs
	﻿MIR9-2-5p regulates the expression of genes on chromosome 12p in TGCTs

	﻿Discussion
	﻿Conclusions
	﻿References


