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The molecular role of CD24 in embryonal carcinoma

proximity to the CD24 promoter. In GCTs, CD24 expression is controlled
by epigenetic mechanisms, that is, histone acetylation, since CD24 can be
induced by the application histone deacetylase inhibitors. Vice versa, CD24
expression is downregulated upon inhibition of histone methyltransferases,
E3 ubiquitin ligases, or bromodomain (BRD) proteins. Additionally, three-
dimensional (3D) co-cultivation of EC cells with microenvironmental cells,
such as fibroblasts, and endothelial or immune cells, reduced CD24 expres-
sion, suggesting that crosstalk with the somatic microenvironment influ-
ences CD24 expression. In a CRISPR/Cas9 deficiency model, we
demonstrate that CD24 fulfills a bivalent role in differentiation via regula-
tion of homeobox, and phospho- and glycoproteins; that is, it is involved
in suppressing the germ cell/spermatogenesis program and mesodermal/en-
dodermal differentiation, while poising the cells for ectodermal differentia-
tion. Finally, blocking CD24 by a monoclonal antibody enhanced
sensitivity toward cisplatin in EC cells, including cisplatin-resistant sub-
clones, highlighting CD24 as a putative target in combination with cis-

platin.

1. Introduction

Type II germ cell tumors (GCTs) are the most com-
mon neoplasia in young men of age 1445 years. It is
generally accepted that GCTs arise from a common
precursor lesion, called germ cell neoplasia in situ
(GCNIS), eventually developing into seminomas or
non-seminomas [1]. The non-seminomatous stem cell-
like embryonal carcinomas (ECs) can further differen-
tiate into teratomas (TE), yolk-sac tumors (YSTs), or
choriocarcinomas (CC) [2,3]. Orchiectomy followed by
chemo- or radiotherapy is a widely used procedure in
the treatment of type II GCTs, leading to high cure
rates of up to 90% [3]. Nevertheless, about 10-15% of
patients with progressive disease relapse as a result of
drug resistance and are condemned for a poor progno-
sis and a short survival of only a few months [4].
Cluster of differentiation 24 (CD24) is a small, mucin-
like glycosylphosphatidylinositol (GPI)-anchored mem-
brane molecule that is discussed to function in both sig-
nal transduction and adhesion. This glycoprotein is
mainly expressed on the surface of hematopoietic, neu-
ral, muscular, and epithelial cells [5]. Moreover, CD24
has been implicated in tumor metastasis, as fucosylated
CD24 interacts with P- and E-selectin, allowing invasion
of tumor cells to distal sites [6]. High expression or
amplifications of CD24 have been described in a variety
of solid malignancies, such as non-small-cell lung carci-
noma, gliomas, breast cancer, retinoblastoma, hepato-
cellular carcinoma, renal cell carcinoma, cervical
carcinoma, prostate cancer, urothelial carcinoma, pineal
parenchymal tumors, and ovarian cancer [7-18]. An

exception is multiple myeloma, where CD24 was rather
downregulated compared with normal B-cell cell lines
[19,20]. This can be explained by the fact that CD24 is
expressed in pre-B-lymphocytes, remains expressed in
mature resting B cells, and becomes downregulated dur-
ing the maturation process to plasma cells, which are
terminally differentiated B cells [21].

Previously, we could identify high CD24 expression
in the EC cell lines NCCIT, 2102EP, and GCT27, but
only weak expression in JAR cells (CC) [22]. Similar
observations were found in a cohort of 24 GCT
patient samples, where CD24 was predominantly
upregulated in non-seminoma compared with semi-
noma [23]. However, to our knowledge, no study has
investigated the molecular role of CD24 in GCTs.
Hence, in this study, we investigated the putative func-
tion of CD24 and its interaction partners in (cisplatin-
resistant) GCT cell lines and further deciphered the
molecular consequences of a CRISPR/Cas9-mediated
CD24 deficiency in EC cell lines.

2. Materials and methods

The study methodologies conformed to the standards
set by the Declaration of Helsinki and were approved
by the local ethics committees.

2.1. Cell culture

Germ cell tumors and non-cancerous cell lines were
received from and were cultivated as described in
Table S1 and as published [24]. Short tandem repeat
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(STR) profiles of all cell lines are checked on a regular
basis and are available upon reasonable request. All
cell lines are checked for mycoplasma contamination
on a regular basis by a PCR strategy.

2.2. Three-dimensional cell co-cultivation and
cell sorting

A detailed description has been published previously
[25]. Briefly, a total amount of 3 x 10* cells per 40-pL
drop have been plated onto an inverted lid of a 15-cm
cell culture plate. Hanging drops were incubated at
37 °C in a 5% CO, incubator for 72 h. For cell sort-
ing, an initial ratio of GCT cell lines to microenviron-
mental cells of 30 :70 was used. Cell sorting into
GFP" (GCTs) and mCherry"/DeepRed” (microenvi-
ronmental) cells was performed on a MoFlo XDP
(Beckman Coulter, Krefeld, Germany).

2.3. Drug applications

See Table S1 for an overview of drugs used in this
study, their solvents, concentrations, and application
schemes (Table S1). Individual ICsy, concentrations
were determined by XTT assays in quadruplicates and
calculated by ‘GRAPHPAD PRIsM 8.0° as described previ-
ously [26,27].

2.4. Generation of GFP- and mCherry-expressing
GCT and microenvironmental cells

One day prior transfection, 293T cells were seeded into
10 cm plates. For the transfection, 6 pg pczVSV-G plas-
mid [28], 6 ug of pCD/NL-BHAI plasmid (Addgene
#41791 [29]), and 6 pg of puc2CL6EGIP [30] or pLV-
mCherry plasmid (Addgene #36084) were incubated in
supplement-free DMEM. In parallel, a 45 ug-uL™" of
polyethylenimine (PEI; Sigma-Aldrich, Taufkirchen,
Germany) was added to supplement-free DMEM. Both
mixes were combined and incubated for 20 min at room
temperature (RT) before being added to 293T cells. The
next day, 1 x 10° GCT (for GFP transduction) or
microenvironmental cells (for mCherry transduction)
were seeded onto 6 wells. 48 h post-transfection, virus-
containing supernatant was strained through a 0.45-um
filter and 500 pL of virus per well was added to each
well and incubated for 24 h. After exchanging to stan-
dard cell culture medium, cells were further incubated
for 48 h. GFP-positive GCT cells were selected by puro-
mycin (1 pg-mL~'; Sigma-Aldrich) for 10-14 days.
Additionally, the GFP+ (TCam-2, 2102EP, NCCIT,
JAR, JEG3, 1411H, GCT72) or mCherry+ (HUVEC,
JURKAT, THP-1) cell populations were sorted by flow
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cytometry to increase purity. Primary fibroblast cultures
(HVHF2) were stained by ‘CellTracker CM-Dil Dye’
for microscopy and by ‘CellTracker DeepRed Dye’ for
cell sorting according to the manufacturer’s protocol
(both from Thermo Fisher Scientific, Schwerte, Ger-
many).

2.5. Polarization of M2 macrophages

THP-1 cells (Sigma-Aldrich) were differentiated into
macrophages as described by Genin et al. [31] by 24 h
incubation with 150 nm phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich) in RPMI medium.
Polarization into M2 macrophages was acquired by
incubation with 20 ng-mL™" of IL-4 and 20 ng-mL™'
of IL-13 (both from R&D Systems, Wiesbaden, Ger-
many) for 72 h.

2.6. XTT viability assay

XTT viability assays were performed as described pre-
viously [32]. Briefly, 3 x 10° cells were used for each
replicate. Drugs were added once 24 h before first
XTT measurement. Viability was measured over 96 h
in quadruplicates.

2.7. Transwell migration assay

Before harvesting the cells, culture media were
exchanged the day before to ‘starvation medium’ con-
taining only 2% FBS and 1% penicillin/streptomycin.
Cells were incubated overnight at 37 °C. To measure
the migratory capacity, transwell culture inserts (8 um
pore size ‘ThinCerts’, Greiner Bio-One, Frickenhausen,
Germany) were used in 24-well plates (Greiner Bio-
One). In each insert, 2.5 x 10* cells were seeded in
triplicates in 200 pL ‘starvation medium’. 600 uL stan-
dard culture medium was added to the lower chamber.
After 24 h, cells were fixed in ice-cold 100% methanol
for 10 min at RT and stained with crystal violet (1 g/
100 mL) at RT for 15 min. Inserts were washed twice
with PBS, and the inside of the inserts was wiped with
cotton swabs. Fixed cells on the outside of the mem-
brane were lysed in 200 puL 10% acetic acid for
10 min at RT, of which 150 pL was transferred to a
96-well plate and the absorbance was measured at
595 nm (iMark Microplate Absorbance Reader, Bio-
Rad, Feldkirchen, Germany).

2.8. Adhesion assay

24-well plates (Greiner Bio-One) were blocked with
1.5% bovine serum albumin in PBS for 1 h at RT.
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Hereafter, supernatants were removed and cells
(2 x 10°) were seeded in triplicates and incubated for
1 h at 37 °C. Non-adherent cells were removed by
aspiration, and wells were washed twice with PBS.
Remaining cells were fixed in ice-cold 100% methanol
for 30 min at RT and stained with crystal violet (1 g/
100 mL) at RT for 15 min. Crystal violet was
removed by aspiration, and the wells were washed
gently with PBS untili no more discoloration
appeared. The stained cells were lysed in 200 pL 10%
acetic acid for 10 min at RT, of which 150 pL was
transferred to a 96-well plate and the absorbance was
measured at 595 nm (iMark Microplate Absorbance
Reader, Bio-Rad).

2.9. RNA interference

Transfection of CD24 siRNA (Santa Cruz Biotechnol-
ogy, Heidelberg, Germany) or scrambled RNA
(‘AllStars Negative Control siRNA’, Qiagen, Hilden,
Germany) has been performed as described previously
[33]. Briefly, 1.5 x 10° cells were transfected with
FuGene HD (Promega, Mannheim, Germany) (5 pL
FuGene HD: 1 pg siRNA). Formation of siRNA-
FuGene HD complexes was performed at RT for
15 min. Complexes were added slowly to the cells in
standard culture medium without antibiotics. 24 h
after transfection, cell culture medium was replaced
with fresh standard medium with antibiotics.

2.10. DNA, RNA, and protein extraction

DNA was isolated by phenol/chloroform/isoamyl alco-
hol as published previously [34]. For RNA extraction,
cells were harvested and RNA was isolated using the
RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s protocol. Concentrations and quality of isolate
DNA/RNA were measured/checked by NanoDrop
measurement (ratios 260/280 nm, 260/230 nm). Pro-
teins were isolated by RIPA buffer as published [27].
Protein concentration was assessed by the ‘BCA Pro-
tein Assay Reagent Kit’ (Thermo Fisher Scientific).

2.11. DNA methylation analysis by sodium-
bisulfite sequencing

Analyses of DNA methylation patterns by sodium
bisulfite sequencing or methylation-specific PCR were
performed as described previously [34]. 500 ng of
genomic DNA was used for sodium bisulfite conver-
sion (‘EZ DNA Methylation-Gold” Kit; Zymo
Research, Freiburg, Germany). See Table S2 for
oligonucleotides used for PCR (Table S2).

The molecular role of CD24 in embryonal carcinoma

2.12. Sanger sequencing

For Sanger sequencing, PCR-amplified DNA was
cloned into the pCR2.1 vector using the “TA cloning
kit’ (Thermo Fisher Scientific) according to the manual
(ratio insert DNA to vector, 3:1). TOP10 E. coli bacte-
ria were transformed according to the ‘TA cloning kit’
manual. Plasmid DNA was isolated from bacteria
mini-preps following an alkaline lysis protocol. An
EcoR1-HF restriction enzyme (New England Biolabs,
Frankfurt a. M., Deutschland) double digest of 1 ug
plasmid DNA for 30 min at 37 °C, followed by agar-
ose gel electrophoresis, confirmed insertion of the PCR
product into the plasmid. Plasmids were Sanger-
sequenced using M13 primers at Eurofins (Ebersberg,
Germany).

2.13. Infinium MethylationEPIC BeadChip:
sample preparation

Genomic DNA used for the Infinium Methyla-
tionEPIC BeadChip array (850 k) was isolated and
purified by two rounds of PCI precipitation including
a RNaseA treatment. DNA concentrations were mea-
sured by the ‘Qubit 4 Fluorometer’ (Thermo Fisher
Scientific). The Infinium MethylationEPIC array Bead-
Chip (Illumina, San Diego, CA, USA) was carried out
by the Epigenomic Services from Diagenode (Liege,
Belgium, Cat. nr. G02090000) following an established
in-house analysis pipeline. For each sample, 500 ng of
DNA was used for sodium bisulfite conversion using
the EZ-96 DNA Methylation Kit (Zymo Research).
Bisulfite conversion was controlled by qPCR. One
assay targeting a methylated region of DNAJCI5 and
two assays targeting the GNAS locus (one assay for
the unmethylated allele and one assay for the methy-
lated allele) were used for quality control. Deaminated
DNA derived from blood was amplified in parallel
and served as positive control. A sample passed the
quality control when the received ct-value either for
the two GNAS loci or for the DNAJCI5 locus reaches
the threshold not later than five cycles compared with
the positive control.

2.14. Infinium MethylationEPIC BeadChip: array
performance and data analysis

Data and bioinformatic analyses were carried out
using ‘GENOMESTUDIO’ software (version 2011.1; METHY-
LATION MODULE V1.9) (Illumina), and a detailed report
on quality controls and internal control measurements
provided by Diagenode is available upon request.
Beta-values were transformed into M-values according
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to Du et al. [35]. Data analyses were performed as
described previously [36-38]. Raw and processed DNA
methylation data have been uploaded to ‘Gene Expres-
sion Omnibus’ (GEO) (GSE176450). A two-group
comparison was performed using the ‘QLUCORE OMICS
EXPLORER’ software version 3.7 by means of a ¢-test to
analyze for significance.

2.15. DNA dot blots

DNA dot blots for comparison of DNA methylation
levels were performed as described and repeated
twice [39]. Briefly, for each dot, 5 pL of a 1 : 2 dilu-
tion series of DNA (ranging from 500 to 62.5 ng
diluted in H,O) was spotted onto a positively
charged nylon membrane (Carl Roth GmbH + Co
KG, Karlsruhe, Germany) and air-dried for 15 min.
Afterward, the membrane was UV-cross-linked (20 s,
1200 mJ-cm~?) and blocked in 5% milk powder in
PBST for 1 h at RT. The membrane was incubated
with SmC antibody overnight at 4 °C and secondary
antibody for 2 h at RT. Methylene blue-stained
membranes (0.04% methylene blue in 5 M sodium
acetate) served as loading control. Signals were
detected using the ChemiDoc Imaging Systems, and
dot intensity was quantified using the ‘Image Lab’
software (both from Bio-Rad). See Table S3 for anti-
body details.

2.16. CRISPR/Cas9-mediated genome editing

Genome editing via CRISPR/Cas has been performed
as published previously [24]. A PCR strategy was used
to confirm successful CRISPR/Cas9 reaction; a primer
pair was designed to amplify a DNA fragment of 160
base pairs (bp), which is case of successful deletion of
parts of exons 1 and 2 (PCR product 1). A second pri-
mer pair was designed to amplify a ‘wild-type’
sequence to screen for homo- or heterozygous CD24
deficiency (PCR product 2, 234 bp). See Table S2 for
guide RNA sequences.

2.17. Chromatin immunoprecipitation followed
by quantitative PCR (ChIP-qPCR)

ChIP-qPCR was performed as published previously
[40]. Briefly, 1 x 107 cells were fixed for 30 min at RT
using Diagenode ‘Crosslink Gold’ Kit (Diagenode).
Cells were fixed 10 min in 1% formaldehyde (Appli-
Chem, Darmstadt, Germany) and processed according
to the ‘SimpleChIP Plus Enzymatic Chromatin IP’ Kit
(Cell Signaling Technology, Leiden, The Netherlands).
ChIP was carried out using 200 pg chromatin lysate
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and 5 pg antibody. 2% input (= 2 pg chromatin) and
a ChIP using an IgG antibody served as controls. For
ChIP-gqPCR, 10 pL of IP samples was amplified using
the ‘Genome Plex Single Cell Whole Genome Amplifi-
cation Kit’ (Sigma-Aldrich) and subjected to qPCR at
1 : 40 dilution. Experiments were performed in tripli-
cates. See Table S2 for used oligonucleotides and
Table S3 for utilized antibodies.

2.18. Quantitative RT-PCR

A total amount of 1 ug of RNA was in vitro-
transcribed, and qRT-PCR was performed as
described previously [27]. Gene expression was deter-
mined on the 384-well C1000 cycler (Bio-Rad). Each
measurement was performed in triplicates. Utilized
oligonucleotides are given in Table S2. GAPDH and
ACTB were used as housekeeping genes and for data
normalization.

2.19. RNA sequencing

RNA samples used for transcriptome analyses were
quantified (Qubit RNA HS Assay, Thermo Fisher
Scientific), and quality was measured by capillary
electrophoresis using the Fragment Analyzer and the
‘Total RNA Standard Sensitivity Assay’ (Agilent
Technologies Inc., Santa Clara, CA, USA). The
library preparation was performed according to the
manufacturer’s protocol (‘"VAHTS Stranded mRNA-
Seq Library Prep Kit’). 300 ng total RNA was used
for mRNA capturing, fragmentation, synthesis of
cDNA, adapter ligation, and library amplification.
Bead purified libraries were normalized and finally
sequenced on the HiSeq 3000/4000 System (Illumina,
Inc.) with a read setup of 1 x 150 bp. The BcL2-
FASTQ tool was used to convert the bcl files to fastq
files as well for adapter trimming and demultiplexing.
Data analyses on fastq files were conducted with cLc
GENOMICS WORKBENCH (version 12.0.2; Qiagen). The
reads of all probes were adapter (Illumina TruSeq)
and quality-trimmed (using the default parameters:
Bases below Q13 were trimmed from the end of the
reads, ambiguous nucleotides max. 2). Mapping was
done against the Homo sapiens (hg38) (May 25,
2017) genome sequence. Statistical differential expres-
sion tests were determined using the ‘Differential
Expression in Two GRoups’ tool (version 1.02) (Qia-
gen). The resulting P-values were corrected for multi-
ple testing by false discovery rate (FDR) and
Bonferroni correction. A P-value < 0.05 was consid-
ered significant. RNA-seq data are freely available
via GEO (GSE168646).
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2.20. lllumina HT-12v4/Affymetrix expression
microarrays

Re-analyses of our previously published Illumina and
Affymetrix expression arrays of GCT cell lines (TCam-
2, n=75; 2102EP, n = 5; NCCIT, n =4; JAR, n=2;
FS1, n = 4; and MPAF, n = 4), SOX2-deficient TCam-
2 cells in vivo (n =5), in vivo-reprogrammed TCam-2
(n = 8), and GCT tissues (GCNIS, n = 3; seminomas,
n = 4; Ecs, n = 3; and normal testis tissue, n = 4) were
performed in the context of this study [26,36,41-44].
Data are available via GEO (GSE71239, GSE71269,
GSE79065, and GSE60698). For Affymetrix and Illu-
mina microarrays, expression intensities of < 10 and
<7 were considered as ‘not expressed’, respectively.
Thresholds were set based on the expression intensity
of SOX2 and SOX1I7 in seminoma (SOX2—, SOX17+)
and EC (SOX2+, SOX17-) tissues or cell lines.

2.21. Western blot

20 pg of whole protein lysates isolated by RIPA buffer
was used for western blotting as described previously
[36]. Beta-ACTIN or VINCULIN was used as house-
keeper and for data normalization. Utilized antibodies
are listed in Table S3.

2.22. Mass spectrometry: sample preparation

Proteins were extracted from frozen cell pellets
(NCCIT-CD24""* n=3; NCCIT-ACD24 n=75) as
described elsewhere [45]. Briefly, cells were lysed and
homogenized in urea buffer with a TissueLyser (Qia-
gen) and supernatants were collected after centrifuga-
tion for 15 min at 14 000 g and 4 °C. Protein
concentration was determined by means of Pierce
660 nm Protein Assay (Thermo Fischer Scientific), and
10 pg protein per sample was loaded on a SDS/PAGE
for in-gel digestion. The isolated gel pieces were
reduced (50 pL, 10 mm DTT), alkylated (50 pL,
50 mm iodoacetamide), and underwent afterward tryp-
tic digestion (6 puL, 200 ng trypsin in 100 mm ammo-
nium bicarbonate). The peptides were resolved in
0.1% trifluoroacetic acid and subjected to liquid chro-
matography.

2.23. Mass spectrometry: LC-MS analysis

For the LC-MS analysis, a Q Exactive Plus (Thermo
Fisher Scientific) connected with an Ultimate 3000
Rapid Separation Liquid Chromatography System
(Dionex/Thermo Fisher Scientific) equipped with an
Acclaim PepMap 100 C18 column (75 pm inner
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diameter, 25 cm length, 2 mm particle size from
Thermo Fisher Scientific) was applied. The length of
the LC gradient was 120 min. The mass spectrometer
was operating in positive mode and coupled with a
nano-electrospray ionization source. Capillary temper-
ature was set to 250 °C and source voltage to 1.5 kV.
In the Q Exactive Plus mass spectrometer for the sur-
vey scans, a mass range from 350 to 2000 m/z at a res-
olution of 140 000 was used. The automatic gain
control was set to 3,000,000, and the maximum fill
time was 80 ms. The ten most intensive peptide ions
were isolated and fragmented by high-energy collision
dissociation.

2.24. Mass spectrometry: data analysis, protein
identification, and quantification

Mass spectrometric data were processed using the MAX-
QUANT software version 1.6.17.0 (Max Planck Institute
for Biochemistry, Planegg, Germany) applying stan-
dard parameters for label-free protein identification
and quantification. Searches were carried out based on
74811 Homo sapiens protein entries downloaded from
the UniProtKB on March 27, 2020, using tryptic
cleavage specificity (behind K and R) and a maximum
of two missed cleavage sites. Carbamidomethylation at
cysteine residues was considered as fixed modification;
methionine oxidation and N-terminal acetylation were
considered as variable modifications. After an initial
search using a precursor mass tolerance of 20 ppm
and recalibration, a second search was performed with
4.5 ppm precursor mass tolerance. Tolerances for frag-
ment spectra were 20 ppm. A FDR of 1% was used
for both peptide and protein identification.

The intensity and LFQ intensity values received as
output of the MAXQUANT software were normalized,
respectively, toward zero median log,(fold change) in
sample pairwise comparisons of the LFQ intensities
over all identified proteins. The sample exhibiting the
highest LFQ intensities, leading to positive log,(fold
change) medians in pairwise comparisons to all other
samples before normalization, was used as reference
sample; the LFQ intensities of the other samples
were scaled by the respective factors, that is,
2(median log2(fold change)).

The normalized data set was filtered by importing
the protein list into the PERSEUS software version
1.6.6.0 (Max Planck Institute for Biochemistry) and
removing potential contaminants, decoy hits, and pro-
teins that were identified ‘by site’. Additionally, a mini-
mum of three valid values had to be present in at least
one group. The ‘Significance Analysis of Microarrays’
(SAM) method was applied on intensity and LFQ
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intensity values, separately [46]. LFQ intensities were
log,-transformed to reach a normal distribution like
data structure, and missing values were filled in with
random values from downshifted normal distribution
(0.3 s. d. width, 1.8 s. d. downshift). Utilizing Stu-
dent’s t-test-based SAM analysis, with a constant Sy of
0.17 (intensity values) or 0.12 (LFQ intensity values)
and a 0.2 FDR-based cut-off, protein groups showing
a significantly higher (or lower) abundance in the
NCCIT-ACD24 samples with respect to the parental
controls were referred to as up(or down)regulated pro-
teins. As this method considers both the differences
between the mean values of log, (LFQ) intensities and
the standard deviation of repeated measurements, pro-
teins were considered as up- or downregulated proteins
on the basis of abundance differences between
NCCIT-ACD24 and parental cells and low P-values.
The final list of up- or downregulated proteins was
obtained by combining the lists of the two separate
SAM analyses (based on intensities or LFQ intensities)
and filtering for the proteins that had Student’s z-test
P-value < 0.05 in both SAM analyses with the same
direction of abundance change (upregulated in both
analyses or downregulated in both analyses). The mass
spectrometry proteomics data have been deposited to
the ‘ProteomeXchange Consortium’ via the ‘PRIDE’
partner repository with the data set identifier
PXD025110 [47].

2.25. Immunofluorescent staining

For immunofluorescent staining (IF) of CD24,
3 x 10 cells per well were seeded onto 96-well plates
and incubated for 72 h. Cells were fixed by 4%
formaldehyde for 10 min. Subsequently, cells were per-
meabilized for 5 min and blocked for 1 h at RT with
0.1% Triton X-100 in PBS and 1.5% BSA in PBS,
respectively. CD24 antibody was incubated at a dilu-
tion of 1: 50 in blocking buffer overnight at 4 °C.
The secondary antibody was added for 1 h in the dark
at RT, and cells were counterstained with 0.5 pg-mL ™"
4’ 6-diamidine-2'-phenylindole dihydrochloride in PBS
(DAPI, Sigma-Aldrich) for 3 min. Antibody details
are depicted in Table S3.

2.26. Immunohistochemistry

As published previously, immunohistochemical stain-
ings were performed on 4-um formalin-fixed and
paraffin-embedded tissue sections [48]. Antigen retrie-
val as carried out at 98 °C in EDTA buffer (pH 9;
20 min). Afterward, primary antibodies were incubated
for 30 min at RT before incubation with a HRP-
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labeled secondary antibody at RT for 25 min. Visual-
ization of target antigen was performed by using
‘DAB+ Chromogen’ System (Dako, Hamburg, Ger-
many). The experiments were undertaken with the
understanding and written consent of each subject.
Utilized antibodies are listed in Table S3.

2.27. Flow cytometry

Number of CD24" cells were determined using a
‘MACSQuant’ flow cytometer with the ‘Flowlogic’
software (all from Miltenyi Biotec, Bergisch Gladbach,
Germany). Cell suspensions were incubated with
CD24-FITC antibody (1 : 100) diluted in 100 pL
FACS buffer (phosphate-buffered saline (PBS), pH
7.2, 0.5% bovine serum albumin (BSA), and 2 mm
EDTA) for 30 min in the dark at 4 °C. Afterward,
cells were washed once with FACS buffer before anal-
ysis of at least 5 x 10% cells. Utilized antibodies are
listed in Table S3. Cell cycle analysis and apoptosis
assay using PI or PI/Annexin V staining, respectively,
with subsequent flow cytometric analysis have been
performed as described previously [49].

2.28. CD24 antibodies

CD24 is a small and highly post-translationally modi-
fied membrane protein, making detection of CD24 by
antibody challenging [50]. Thus, in this study, we uti-
lized three different antibodies (SWAI11l, SN3, and
REAB832) to detect CD24 on protein level by various
methods, guaranteeing reliable results that back up
each other [7,50,51].

2.29. Xenografting of TCam-2 and 2102EP cells

Xenotransplantation of GCT cell lines has been per-
formed as published previously [52]. Briefly, 1 x 10’
cells were injected in 500 pnL. Matrigel into CDI1 nude
mice using a G27 syringe. Animal experiments were
performed under license of the ‘Landesamt fiir Natur
und Umwelt-Nordrhein-Westfalen” (LANUV-NRW;
AZ-84-02.04.2013-A430).

2.30. Online analysis tools and software

Publicly available ‘The Cancer Genome Atlas’
(TCGA) data sets were analyzed using the ‘cBioPortal
for Cancer Genomics’, the ‘UCSC Xena browser’, and
‘PINA’ [53-57]. The STRING algorithm was used to
predict protein—protein interaction by confidence [58].
The DAVID algorithm has been used to predict
molecular functions of deregulated genes/proteins
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found in RNA-seq or mass spectrometry analyses
based on ‘Gene Ontology’ (GO), ‘Kyoto Encyclopedia
of Genes and Genomes’ (KEGG), UniProt, and
INTEPRO [59]. ‘MethPrimer 2’ was used to design
‘primers’ for sodium bisulfite sequencing analyses and
to screen for CpG dinucleotide density across the
CD24 gene. ‘Phyton’ was used to generate volcano
and violin plots from DNA methylation, RNA-seq,
and MS data [60,61]. ‘ClustVis’ was used to perform
principal component analysis (PCA) of RNA-seq data
and the ‘Qlucore Omics Explorer’ to generate 3D-PCA
from DNA methylation data [62].

2.31. Statistical analyses

Differences between groups were analyzed using two-
tailed Student’s t-test after confirming equality of two
variances according to the F-test. Statistically signifi-
cant differences are highlighted by asterisk (*P < 0.05,
*P <0.05, or ***P <0.005). Non-significant differ-
ences are labeled by ‘n. s.’. Error bars are indicated by
means of standard deviations (SDs).

3. Results

In this study, we characterized the expression of the
signal transducer CD24 in GCTs and further deci-
phered its molecular and (epi)genetic features.

3.1. Expression characteristics of CD24/CD24 in
germ cell tumors

The gene coding for CD24 is located on chromosome
621 and encodes for eight transcript variants
(Fig. SIA). Non-transcribed pseudogenes have been
designated on chromosomes 1, 15, 20, and Y. The iso-
form ENST00000606017.1, which lacks exons 1, 3, and
4, is predominately found in GCTs, while the isoforms
ENST00000619133.4 (lacking parts of exon 1, and exons
2 and 4) and ENST00000619869.1 (lacking parts of
exons | and 5, and exons 2, 3, and 4) can be found very
rarely (Fig. SIA). In other CD24" cancer entities (ori-
gin: bladder, prostate, kidney, skin, lung, liver, brain,
and ovary), we found a similar expression profile with
predominant expression of ENST00000606017.1 and
very weak expression of ENST00000619133.4
(Fig. S1A).

We compared expression of CD24 is a broad range
of human malignancies by screening the ‘The Cancer
Genome Atlas’ (TCGA) database. CD24 is expressed
in the majority of analyzed cancers (Fig. S1B). Based
on CD24 expression status, GCTs appeared to be
dichotomized into CD24-high (RSEM > log,10) and
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CD24-low (RSEM < log,10) tissues, arguing for a
GCT subtype-specific expression (Fig. 1B). Thus, we
analyzed CD24 protein levels by flow cytometry in
GCT cell lines including cisplatin-resistant subclones (-
R) and normal healthy control cells (Fig. 1A). Specifi-
cally, in EC(-R) cell lines, we found > 90% positivity
for CD24. In the group of control cells, only ker-
atinocytes, M2 macrophages (both <40%), and
fibroblasts (< 20%) showed CD24 positivity, but to
level much weaker than in EC cells (Fig. 1A). We con-
firmed the flow cytometric data by analyzing CD24
expression on mRNA level by qRT-PCR (Fig. 1B).
Again, we found high expression of the CD24 isoform
ENST00000606017.1 in EC cells (2102EP, NCCIT,
and NT2/D1). Although CD24 is detected on mRNA
level in TCam-2, GCT72, and 1411H, only < 2.8% of
the cells were positive for CD24 on protein level, sug-
gesting for another layer of regulation of CD24
mRNA processing (Fig. 1A,B). Expression intensity of
the isoform ENST00000619133.4 was negligibly low in
all GCT cell lines and control cells (Fig. 1B,
Fig. S1A). Additionally, in EC cells, the CD24 band
patterning suggested different levels of post-
translational modifications, that 1is, glycosylation
(Fig. S1C). Next, we stained GCNIS (n = 46), semi-
noma (n=74), EC (n=27), YST (n=15), and CC
(n = 3) tissues for CD24 by IHC (Fig. 1C; Fig. S1D).
GCNIS was completely CD24~ (Fig. 1C; Fig. S1D).
93% of ECs were CD24", while only 15% of semi-
noma cell components in mixed GCT setting and 18%
of pure seminomas were CD24" (Fig. 1C; Fig. SID).
YST and CC tissues presented as predominantly
CD24", with focal CD24  areas. Nevertheless, CD24
stained considerably weaker in YST (FOXA2" [38])
and CC tissues compared with EC cells (OCT3/4")
(Fig. 1C; Fig. S1E). Of note, germ cells of different
developmental stages (spermatogonia to sperm) were
negative for CD24, which is in contrast to earlier
findings in mice, which found a CD24" spermatogo-
nial population (Fig. S1F) [63]. CD24 stained strongly
at the membrane and more weakly in the cytoplasm
(Fig. 1C). This finding was confirmed by fluorescent
staining of CD24 in EC cell lines 2102EP, NCCIT,
and NT2/D1, which all showed CD24 positivity at
the cell membrane and the cytoplasm (Fig. 1D). Addi-
tionally, we re-analyzed expression microarray data
and performed gqRT-PCR analyses of GCT tissues
(GCNIS, seminomas, ECs) (Fig. 1E) [42]. As controls,
normal testis tissues (NTT) were included. We corre-
lated CD24 expression to EC-specific GDF3 expres-
sion and demonstrated again that EC tissues show
very high levels of CD24 (and GDF3) expression
(Fig. 1E).
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Fig. 1. (A, B) Flow cytometry- and gRT-PCR-based analysis of CD24 protein (REA832 antibody) (A) and CD24 mRNA (B) levels in indicated
GCT cell lines and normal control cells (n = 3). As controls (gray), cells without addition of antibodies were measured. Error bars are
indicated by means of standard deviations (SD). (C) Immunohistochemical staining of CD24 (SWA11 antibody) in GCT tissues. Scale
bar = 50 um; exception lower right corner incl. inlay = 200 pm. (D) Immunofluorescent staining of CD24 (SN3 antibody) in EC cell lines
2102EP, NCCIT, and NT2/D1. As a negative control, JAR cells were included. DAPI was used to stain nuclear DNA. Scale bar = 100 pm. (E)
Expression microarray data (left) and gRT-PCR analysis (right) of CD24 and GDF3 (as EC marker gene) in GCT tissues (GCNIS, seminoma,
EC) and normal testis tissue as control. Error bars are indicated by means of standard deviations (SD).
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3.2. Mutational burden of CD24 in germ cell
tumors

Next, we screened the TCGA GCT cohort for muta-
tions in the CD24 gene locus (Fig. SIG). The vast
majority of analyzed samples was extracted from
testes, harbored the 12p gain, a high aneuploidy score,
and was in the typical GCT age of 1444 years at time
point of diagnosis (Fig. SIG). No mutations of CD24
were found in GCTs, suggesting that overexpression of
CD24 in ECs compared with the other GCT entities is
not due to an amplification.

3.3. CD24 co-detection with stem cell surface
markers

CD24 in combination with CD44 and/or CD133
(PROM1) has been highlighted as cancer stem cell
markers (in combination with NANOG, OCT3/4, and
SOX2), and a cell-type-dependent correlation of
CD24 to the chemokine receptor CD184 (CXCR4)
has been shown [64-75]. As demonstrated by flow
cytometric analysis, EC cell lines 2102EP, NCCIT,
and NT2/D1 (NANOG'/OCT3/4"/SOX2") presented
as CD24'/CD44"/CD133"/CXCR4", seminoma-like
TCam-2 (NANOG'/OCT3/4"/SOX17") as CD247/
CD44/CD133"/CXCR4", YST cell lines 1411H and
GCT72 (NANOG'/OCT3/4/SOX2") as CD24/CD44"/
CD1337/CXCR4", and the CC cell lines JAR, JEG3,
and BeWo (NANOG7/OCT3/4/SOX27) as CD247/
CD44°/CD1337/CXCR4 (Figs 1A and 2A). As a posi-
tive control, we included MPAF fibroblasts, which
were highly positive for CD44 (99.9%).

3.4. Involvement of DNA methylation in
regulation of CD24 expression

We asked whether CD24 expression might be regu-
lated by DNA methylation in GCTs. Thus, we per-
formed sodium bisulfite sequencing of a region
upstream the CD24 transcription start site containing
ten CpG dinucleotides and classified as a CpG island
in GCT cell lines and tissues (Fig. S2A). In CD24° CC
cell lines, CD24 methylation varied between 1.7%
(JEG3), 50% (BeWo), and 100% (JAR), while all
other cell lines analyzed harbored a strongly
hypomethylated CD24 CpG island (TCam-2: 10%;
2102EP: 1.7%; NCCIT: 0%; NT2/D1: 0%; 1411H:
0%; GCT72: 0%; and MPAF fibroblasts: 0%)
(Fig. 2B; Fig. S2B). Microdissected cells from semi-
noma, EC, YST, and CC tissues (n = 3) showed a
sample-dependent hypo- or hypermethylation (Fig. 2B,
Fig. S2B). We validated these data in JAR, JEG3, and
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BeWo by performing PCR using a methylation-specific
(MS) primer and found a similar DNA methylation
profile (Fig. S2C). Additionally, we analyzed CpG
methylation around the alternative promoter region of
the CD24 main isoform (Fig. 2E, gray box) by MS-
PCR (Fig. S2B). Here, we also found the same DNA
methylation profile as before, suggesting that the DNA
methylation profile is comparable across the analyzed
CpG island (Fig. S2B).

To correlate sample-specific CD24 DNA methyla-
tion to CD24 protein levels, we performed ITHC of
related GCT samples and found that DNA methyla-
tion levels did not correlate to CD24 protein levels
(Fig. 2B, Fig. S2D). Within each sample, we found the
CD24 CpG island either fully methylated or com-
pletely demethylated, mimicking an imprinting-like
DNA methylation pattern (Fig. S2B).

To test whether demethylation of the CD24 CpG
island derepresses CD24 gene expression, we treated
CD24" and CD24 CpG island hypermethylated JAR,
hemimethylated BeWo, and unmethylated JEG3 (and
TCam-2) cells over 96 h with 20 or 50 nm of the
DNA-demethylating agent 5-aza-2’-deoxycytidine (dec-
itabine) and demonstrated a dose-dependent induction
of CD24 expression only in cells harboring CD24
hemi- or hypermethylation (JAR, BeWo) (Fig. 2C). By
sodium bisulfite sequencing, we demonstrated that
upregulation of CD24 expression coincided with
demethylation of the CD24 CpG island in JAR cells
96 h after 20 (to 33%) and 50 nm (to 10%) decitabine
treatment (Fig. S2E). These data suggest that at least
in CD24 hemi- or hypermethylated CC-like cells,
CD24 expression could be influenced by demethylating
the corresponding CpG island.

3.5. Effect of interfering with the epigenetic
landscape on CD24 expression

It has been shown that CD24 expression can also be
regulated on chromatin level, that is, by histone acety-
lation [76,77]. Thus, we treated TCam-2, 2102EP,
GCT72, and JAR for 16 h with individual ICs, con-
centrations (Fig. S3A) of the histone deacetylase inhi-
bitor (HDACi) quisinostat, resulting in histone H3
hyperacetylation (Fig. S3B) and upregulation of CD24
in all cell lines showing negligible CD24 mRNA/CD24
protein levels (TCam-2, GCT27, and JAR) (Fig. 2D).
In CD24" 2102EP cells, HDAC inhibition had no
effect on CD24 expression (Fig. 2D), which we con-
firmed on protein level by western blotting (Fig. S3C).
Additionally, we confirmed upregulation of CD24
upon quisinostat treatment (16 h, 5 nm) in JAR cells
by western blotting (Fig. S3C). We extended and
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confirmed this finding by treating CD24" JEG3 and
BeWo cells with quisinostat and using another HDACi
(entinostat). Again, we found upregulation of CD24 in
JEG3, BeWo, TCam-2, GCT72, and JAR, but not in
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)

2102EP, after 16 h of treatment (Fig. S2D). How do
other epidrugs, such as inhibitors against histone
demethylases (HDMi; JIB-04), histone methyltrans-
ferases (HMTi; GSK343), E3 ubiquitin ligases (E3-
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ULi; PRT4165), and bromodomain-containing pro-
teins (BRDi, MZ-1, and LP99), affect CD24 expression
in GCT cell lines (for ICsy concentrations, see
Fig. S2E)? In 2102EP cells, a downregulation of CD24
mRNA was detected after application of GSK323,
PRT4165, MZ-1, and LP99 (but not JIB-04)
(Fig. 2D). In TCam-2 and GCT72, a considerable
reduction in CD24 expression was detected only after
MZ-1 application, while expression intensities in JAR
cells were too low to be considered biologically rele-
vant (Fig. 2D). Taken together, HDACi is able to
induce CD24 expression in CD24" GCT cells, while
application of a HMTi, E3-ULi, or BRDi strongly
reduced CD24 expression in CD24" EC cells.

3.6. The role of SOX2 in regulating CD24
expression

Next, we aimed at deciphering the transcriptional regu-
lation of CD24 in GCTs. Since CD24 expression can be
induced by SOX2 in melanoma cells, we asked whether
CD24 might be regulated by SOX2 in ECs as well [78].
Thus, we first analyzed chromatin immunoprecipitation
followed by sequencing (ChIP-seq) data of SOX2 in the
EC cell line 2102EP (SOX2"/CD24") and found four
SOX binding sites within or in close proximity to the
genomic region coding for CD24 (Fig. 2E, regions 1-4)
[40]. Only one SOX binding site (region 4, peak intensity
> 100) upstream of the CD24 transcription start site
(TSS) was bound by SOX2, suggesting that SOX2 trans-
activates CD24 expression via binding to this region
(canonical SOX2 motif: TTTTCAGATGCAAAT)
(Fig. 2E). We also checked whether SOX17, which in
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part shows redundancy to SOX2 in regulating pluripo-
tency in seminomas, binds to CD24 as well [40]. In the
SOX177/SOX2/CD24 seminoma cell line TCam-2,
only negligible binding intensities of SOX17 to CD24
could be detected (peak intensities < 15) (Fig. 2E). We
verified binding of SOX2 to region 4 of CD24 by per-
forming ChIP-qPCR analysis in 2102EP in vitro and
in vivo (xenografted into nude mice; six weeks of
growth) (Fig. 2F). Again, SOX17 did not bind to CD24
region 4 in TCam-2 cells, but upon in vivo reprogram-
ming of TCam-2 into an EC-like cell fate (xenografted
into nude mice; 6 weeks of growth; accompanied by
SOX2 up- and SOX17 downregulation [36]), binding of
SOX2 to CD24 could be detected (Fig. 2F). Taken
together, in GCTs SOX2, but not SOX17, seems to be
able to transactivate CD24 expression by binding to a
region in proximity to the TSS.

Besides SOX2, GDF3 has been shown to stimulate
CD24 expression in melanoma cells [79]. Therefore, we
treated GDF37/CD24" TCam-2 and JAR cells with
recombinant GDF3 (50, 100 nm; 48-72 h) (Fig. S3E).
In both cell lines, no significant induction of CD24
expression could be measured by qRT-PCR, suggest-
ing that GDF3 is not able to transactivate CD24
expression in GDF37/CD24" GCT cells.

3.7. CD24 expression dynamics during
differentiation of EC cells and reprogramming of
TCam-2 into an EC-like cell fate

We asked how CD24 expression is affected during dif-
ferentiation of EC cells and during reprogramming of
seminoma-like TCam-2 cells into an EC-like cell fate.

Fig. 2. (A) Flow cytometric analysis of CD44, CD133, and CD184 (CXCR4) in GCT cell lines and MPAF fibroblasts. As controls (gray), cells
without addition of antibodies were measured. (B) Sodium bisulfite sequencing analysis of the DNA methylation status of the CD24 CpG
island in GCT tissues and cell lines. Each sample has been analyzed in quintuplicates. (C) gRT-PCR analysis of CD24 expression in JAR,
BeWo, JEG3, and TCam-2 cells 72-96 h after 20 or 50 nm decitabine treatment (n = 3). Error bars are indicated by means of standard
deviations (SD). (D) gRT-PCR analysis of CD24 expression in GCT and fibroblast cells treated for 16 h with related ICsq concentrations of the
HDACI quisinostat, HDMi JIB-04, HTMi GSK343, E3-ULi PRT4165, and BRDi MZ-1 and LP99. Error bars are indicated by means of standard
deviations (SD). (E) SOX2- and SOX17-ChlP-seq in 2102EP (n = 3) and TCam-2 (n = 3), respectively. Four putative SOX binding sites (region
1-4) were found within or in close proximity to the CD24 coding sequence. The CpG island region analyzed by sodium bisulfite sequencing
is labeled in light blue. (F) SOX2- and SOX17-ChIP-gPCR analysis in 2102EP or TCam-2 cells, respectively. As control, an IgG antibody was
used. For gPCR, two primers were used: (1) amplifying CD24 region 4 (on target) and (2) amplifying a region with no SOX binding motif and
not related to the CD24 coding region (off target). Error bars are indicated by means of standard deviations (SD). (G) gRT-PCR analysis of
CD24, GDF3, CD44, and CD133 expression in EC cell lines (NCCIT and NT2/D1) treated with 20 um retinoic acid for 8 days. As controls and
for comparison, other GCT and control cells were included (n = 3). Error bars are indicated by means of standard deviations (SD). (H)
Expression microarray data of CD24 and SOX2 expression in GCT cell lines, SOX2-deficient TCam-2 grown in vivo for 6 weeks (T SOX27”
6w) and during in vivo reprogramming of TCam-2 into an EC-like cell fate over 6 weeks (T 1w, T 2w, T 4w, and T 6w). () gRT-PCR analyses
of CD24 expression in the GCT cell populations after co-cultivation of GCT cell lines with immune cells (THP-1-M2 (M2 macrophages),
JURKAT (T lymphocytes), endothelial cells (HUVEC), or fibroblasts (HVHF2)) for 72 h and flow cytometry-based cell sorting (n = 3). Error
bars are indicated by means of standard deviations (SD). Two-tailed t-tests were performed to test for significance; *P-value < 0.05, **P-
value < 0.005, and ***P-value < 0.0005.
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First, we differentiated between NT2/D1 and NCCIT
cells by all-trans retinoic acid (RA; 20 pm, 8 days [41])
and screened for expression of CD24, GDF3 (as EC
marker), CD44, and CDI33 (as EC stemness marker,
Fig. 2A) (Fig. 2G). CD24 expression decreased consid-
erably upon RA treatment and coincided with down-
regulation of GDF3, CD44, and CDI133 (Fig. 2G). We
analyzed microarray expression data of TCam-2 cells
grown over six weeks (w) in vivo and reprogrammed
into an EC-like cell fate (T 1w-6w, in duplicates) and
in vivo-grown SOX2-deficient TCam-2 cells (maintain
a seminoma cell fate) [36,41,42,44] (Fig. 2H). During
in vivo reprogramming of TCam-2 cells, CD24 (and
SOX2) became strongly upregulated over time to
expression levels comparable to EC cell lines 2102EP
and NCCIT (Fig. 2H). In contrast, CD24 (and SOX2)
expression remained low in in vivo-grown SOX2-
deficient TCam-2 cells (Fig. 2H). In summary, CD24
expression can be associated with an undifferentiated
EC cell fate and a naive pluripotency status and corre-
lates to SOX2 expression.

3.8. The influence of the somatic
microenvironment on CD24 expression

CD24 is an important factor in the crosstalk of tumor
cells with the somatic microenvironment [80-83].
Specifically, a strong correlation between the pheno-
typic plasticity of a tumor, driven, for example, by
epithelial-to-mesenchymal transition (EMT), and cues
from the tumor microenvironment, eventually leading
to cellular reprogramming, has already been postulated
[84]. In hepatocellular and ovarian carcinoma, a link
between EMT and high CD24 protein levels has been
described [11,85,86]. Thus, we asked how CD24
expression is affected in GCT cells after three-
dimensional co-cultivation with M2 macrophages (dif-
ferentiated THP-1 cells; THP-1-M2 [31]), T
lymphocyte-like cells (JURKAT), endothelial cells
(HUVECQC), and fibroblasts (HVHF2). Due to the phe-
notypic plasticity, we expected that co-culture with
microenvironmental cells could result in changes of the
pluripotency and/or differentiation status in GCT cells,
eventually resulting in a reduction in CD24 mRNA
expression. Therefore, we co-cultivated GCT cell
lines showing CD24"RNA high (NCCIT, 2102EP),
CD24mRNA 1w (TCam-2, 1411H, GCT72), and
CD24"RNA negative (JAR) cells with microenvironmental
cells as hanging drops for 72 h. To be able to sort the
different cell populations after co-cultivation by flow
cytometry, we generated GFP" GCT and mCherry'/
DeepRed" microenvironmental cells (Fig. S3F). Purity
of isolated cell populations was demonstrated by qRT-
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PCR analysis of DCN (fibroblast marker), CD36 (M2
macrophage marker), CD6 (T-lymphocyte marker),
and CD31/PECAM-1 (endothelial cell marker) expres-
sion; DCN, CD36, CD6, and CD3] expression was
only detectable in HVHF2, THP-1-M2, JURKAT, or
HUVEC cell populations, respectively (Fig. S3G).
Upon co-cultivation with THP-1-M2 or JURKAT
immune cells, CD24 expression was downregulated in
TCam-2, NCCIT, 2102EP, and 1411H, while CD24
expression was slightly upregulated in GCT72 cells
(Fig. 2I). Co-cultivation with HUVEC endothelial cells
reduced CD24 expression specifically in non-
seminomatous cell lines NCCIT, 2102EP, 1411H, and
GCT72, while co-cultivation with HVHF2 fibroblasts
reduced CD24 expression in NCCIT, 2102EP, and
1411H cells (Fig. 2I). In JAR cells, CD24 expression
remained negligibly low under all conditions (Fig. 21).
Thus, upon crosstalk of GCT cells with the somatic
microenvironment, especially immune cells (T cells,
M2 macrophages), CD24 expression might become
downregulated.

3.9. Deciphering the molecular function of CD24
in EC cells

To decipher the molecular function of CD24 in more
detail, we generated CD24-deficient NCCIT and
2102EP EC cell lines (n =5) by the CRISPR/Cas9
method (Fig. S4A,B). In CD24-deficient clones
(=ACD24), CD24/CD24 was strongly reduced com-
pared with parental cells (—CD247") as demonstrated
by qRT-PCR, flow cytometric, and western blot analy-
ses (Fig. 3A,B; Fig. S4C).

In contrast to data gathered in breast cancer cells,
the cell cycle profiles, proliferation rates, and the adhe-
sion abilities were not different between CD24-
deficient and parental cells, but the migratory capacity
trended to be increased (Fig. 3C-F) [87,88].

We performed RNA-seq of NCCIT-ACD24 (n =5)
and parental cells (n = 2) to screen for differences in the
transcriptome caused by CD24 deficiency (Table S4A).
Only RNA samples with a RNA quality value of > 9
were used (Fig. S4D). A principal component analysis
(PCA) demonstrated that NCCIT-ACD24 cells clearly
clustered apart from parental cells (Fig. 4A). On
mRNA level, we detected 287 genes upregulated (repre-
senting genes negatively regulated by CD24) and 465
genes downregulated (representing genes positively reg-
ulated by CD24) in NCCIT-ACD24 cells versus parental
cells (fold change (FC) > log,3) (Fig. 4B; Table S4B).
CD24 was among the set of genes strongly downregu-
lated in NCCIT-ACD24 cells (FC: - log,5.3) (Fig. 4B).
By the STRING and DAVID algorithm, we predicted
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Fig. 3. (A, B) gRT-PCR (A) (n =3) and flow cytometry (B) (NCCIT-CD24"* n=1; NCCIT-ACD24 n = 5) analysis of CD24 expression and
CD24 protein levels (REA832 antibody) in NCCIT- and 2102EP-ACD24 clones and parental cells. Ab = antibody. Error bars are indicated by
means of standard deviations (SD). (C, D) Flow cytometry-based measurement of cell cycle phase distribution (C) and proliferation rates (D)
in NCCIT- and 2102EP-ACD24 clones and parental cells 72 h after plating (NCCIT-CD24™*, n=2: NCCIT-ACD24, n=5). Error bars are
indicated by means of standard deviations (SD). (E, F) Measurement of adhesion ability (E) and migratory capacity by transwell assays (F)
and in NCCIT- and 2102EP-ACD24 clones and parental cells 24 h after plating (NCCIT-CD24™*, n = 3; NCCIT-ACD24, n = 5). Error bars are
indicated by means of standard deviations (SD). Two-tailed t-tests were performed to test for significance; *P-value < 0.05, **P-
value < 0.005, and ***P-value < 0.0005.

interaction and biological processes/functions of dereg- CPLX2, INSC, INA, LINC01587, NEUROG3, NRSNI)
ulated genes, respectively (Fig. 4C,D; Table S4B). The and  olfactory/eye-related  (ectodermal;, HTR2B,
genes upregulated in NCCIT-ACD24 cells are home- CCRL2, MRGPRG, ACKR2, ORIOADI, OR3A2,
obox or glycoproteins involved in the regulation of tran- OR51B5, OR52L1, OR6B2, PTGFR, RGR) differentia-
scription and protein processing, potassium transport, tion processes (via G-coupled receptors) (Fig. 4B.D).
and signaling processes controlling development/differ- We validated selected deregulations in gene expression
entiation (via MAPK pathway) (Fig. 4C,D). Regarding by qRT-PCR and confirmed upregulation of BRACHY-
differentiation, in detail genes associated with germ cell/ URY (T), CDI63, CLDNI6, GATA6, GREM?,
spermatogenesis (BRDT, GATA1/6, FSHR, HOXA10/ HOXA4/11, HANDI, RTP4, SOX17, and TGFB2, as
11, SPEMI, TDRD6/9, TGFB2), limb (mesoderm; well as downregulation of CLDNI6 and BEXI
HNFIA, HOXAI0/11, TGFB2), heart (mesoderm; (Fig. 4E). Additionally, we performed a short-time
GATAI, COL3Al, HANDI, LOX, TGFB2), uterus (me- siRNA-mediated knockdown of CD24 expression in
soderm; HOXA10/11, TGFB2), and skeletal (mesoderm,; NCCIT cells, resulting in a considerable decrease in the
COL3A41, HOXAI10/11, MYODI1, TGFB2) development CD24 protein level 48 h after transfection (Fig. S4E).
were upregulated (Table S4B). Genes/glycoproteins By qRT-PCR analysis, we validated downregulation of
downregulated in NCCIT-ACD24 cells could be associ- CGB3, CLDNI6, and LIN28, upregulation of HANDI,
ated with neuronal (ectodermal; EZFI, GPSM1, BEX], HOXAII, and GATA6, and unchanged expression of

Fig. 4. (A) PCA of RNA-seq data of NCCIT-ACD24 clones and parental cells (NCCIT-CD24™*, n = 2; NCCIT-ACD24, n = 5). (B) lllustration of
differentially expressed genes in NCCIT-ACD24 cells compared with the parental cells. (C) DAVID-based prediction of biological processes
and molecular functions in which the genes deregulated in NCCIT-ACD24 cells compared with the parental cells are involved in. (D)
STRING-based protein interaction prediction of the molecules upregulated or downregulated in NCCIT-ACD24 cells compared with the
parental cells. (E) gRT-PCR validation (n = 3) of selected deregulations in gene expression found by the RNA-seq analysis in NCCIT-DCD24
and parental cells. Error bars are indicated by means of standard deviations (SD). Two-tailed t-tests were performed to test for significance;
*P-value < 0.05, **P-value < 0.005, and ***P-value < 0.0005.
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NANOG and OCT3/4 as found by the RNA-seq analy-
sis (Fig. S4E; Table S4A). Furthermore, by using liquid
chromatography paired with mass spectrometry (LC-
MS), we took a proteome snapshot of NCCIT-ACD24
(n = 5) and parental cells (n = 3) (Table S4C). A PCA
demonstrated that NCCIT-ACD24 cells clearly clus-
tered apart from parental cells (Fig. SSA). 163 proteins
were significantly enriched in the proteome of NCCIT-
ACD24 compared with NCCIT-CD24™/* cells, and 99
were depleted (> FC 2) (Fig. S5B; Table S4D). By utiliz-
ing the STRING and DAVID algorithm again, we
demonstrated that these proteins are involved in similar
processes as found when analyzing the RNA-seq data
(Fig. S5C,D; Table S4D). Additionally, in the sets of
enriched and depleted proteins, we found proteins asso-
ciated with chromatin and protein modifications, such
as acetylation, methylation, ubiquitination, and citrulli-
nation (Fig. S5C,D, Table S4D).

3.10. Correlation of gene expression dynamics to
alterations in DNA methylation

Our previous data demonstrated a link between CD24
and the epigenetic landscape. Therefore, we analyzed
changes in DNA methylation (5SmC) in CD24-deficient
NCCIT and 2102EP cells compared with parental con-
trols by Infinium MethylationEPIC bead arrays
(Fig. 5, Table S4E). A PCA demonstrated that
NCCIT-/2102EP-ACD24 cells clearly clustered apart
from parental cells (Fig. 5A). Global DNA methyla-
tion levels increased only slightly in NCCIT/2102EP-
ACD24 cells compared with parental controls (NCCIT:
+ 2%; 2102EP: + 3%) (Fig. 5B). We confirmed this
increase in SmC levels by DNA dot blotting using a
SmC antibody (Fig. S4F). We identified 3157 differen-
tially methylated CpG dinucleotides (2227 5mC up;
930 5SmC down; AM-value: 1.5) in NCCIT (ACD24 vs.
control) and 5300 in 2102EP (3429 SmC up; 1871 5mC
down) (Fig. 5C; Table S4E). Changes in DNA methy-
lation of these differentially methylated CpGs occurred
mainly in CpG island context and around transcrip-
tion start sites (TSS220, TSS1500) (Fig. 5D). 163 CpG
dinucleotides were commonly altered in CD24-deficient
NCCIT and 2102EP cells (104 SmC up; 59 5SmC down)
(Table S4C). In NCCIT cells, we correlated changes in
SmC to changes in gene expression (GEX) found by
the RNA-seq analysis (Fig. 5E,F; Table S4F). For
subsequent analysis, we only considered genes linked
to a known ‘gene symbol’ and with significant alter-
ations in DNA methylation (difference in M-
values > 1.5) in at least three CpG dinucleotides in all
three CD24-deficient samples and with a significant
difference in gene expression of FC >log,l.5

The molecular role of CD24 in embryonal carcinoma

(Table S4F). In the CD24-deficient cells, we found 6
genes that were upregulated in expression and showed
a decrease in SmC (Group 1) and 28 genes that were
downregulated in expression and showed an increase
in SmC (Group 2) (Fig. SE,F). Additionally, we identi-
fied genes upregulated in expression and showing an
increase in DNA methylation (Group 3), but found no
gene showing downregulation in expression and a
decrease in DNA methylation (Fig. 5F, Table S4F).
Among Group 1 (5SmC down, GEX up) were differen-
tiation factors such as MYODI and HNFIA and the
zinc finger protein basonuclin-1 coding gene BCNI,
which is highly abundant in germ cells (Figs SF and
4D). Thus, we postulate that expression of these genes
might be influenced by DNA methylation. Among
Group 2 (5SmC up, GEX down) were previously identi-
fied STRING interactors such as HPS3, IDUA,
SVOPL, and TNFSFI11/12, as well as two claudins
(CLDN3/23) (Figs S5F and 4D).

3.11. The effects of CD24 deficiency on
differentiation of EC cells

Analyses of the CD24-deficient NCCIT cells pointed at
an involvement of CD24 in poising the cells for ecto-
dermal differentiation and blocking mesodermal differ-
entiation.

Thus, we asked how RA-mediated differentiation is
altered in pluripotent and RA-sensitive NCCIT-
ACD24 cells compared with the parental cells. There-
fore, cells were treated with RA (20 pum) for ten days
and we analyzed changes in gene expression by qRT-
PCR afterward (Fig. 6A). Besides changes in the mor-
phological appearance, a strong upregulation of RARB
and downregulation of the pluripotency factors
NANOG, OCT3/4, and SOX2 in NCCIT-ACD24 and
parental cells indicated a successful RA treatment
(Fig. 6A) [41]. Mesodermal (BRACHYURY (T),
EOMES, HANDI) and endodermal (AFP, GATAG,
SOX17) genes were more strongly upregulated, while
ectodermal genes (CDX2, GATA2, PAX6) were more
downregulated in NCCIT-ACD24 compared with the
NCCIT-CD24"" cells (Fig. 6A). We also included nul-
lipotent 2102EP cells, but as expected, RA application
did not induce differentiation, indicated by an
unchanged morphology and expression of genes
indicative of a successful RA treatment, that is,
RARB, PAX6, and HANDI (Fig. 6A) [41]. These find-
ings strengthen our hypothesis that CD24 plays a role
in cellular differentiation processes and is involved in
blocking mesodermal and endodermal differentiation
and poising pluripotent EC cells toward ectodermal
differentiation (Fig. 6A).
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Fig. 5. (A) PCA of 850 k DNA methylation array data in NCCIT- and 2102
ACD24, n = 3). (B) Violin plots illustrating global DNA methylation levels i

EP-ACD24 clones and parental cells (NCCIT-CD24™*, n = 1; NCCIT-
n NCCIT- and 2102EP-ACD24 clones and parental cells. Global DNA

methylation levels of the individual CD24-deficient clones are given on the right side of each bar (n. s. = not significant). (C) lllustration of

differentially methylated genes in NCCIT-/2102EP-ACD24 cells compar
performed to sort for significance. (D) Affected by DNA methylation gen

ed with the parental cells. A two-group comparison (t-test) was
e and CpG island regions in NCCIT-/2102EP-ACD24 cells compared

with the parental cells. lllustrations were taken from the ‘lllumina Infinium HumanMethylation450 BeadChip' datasheet. (E, F) Volcano plot
(E) and waterfall diagram (F) of commonly deregulated genes in NCCIT-/2102EP-ACD24 cells showing inverse correlation between DNA
methylation (5mC) and gene expression (GEX). Error bars are indicated by means of standard deviations (SDs).

3.12. Blocking CD24 as a new therapeutic option
to render EC cells that are cisplatin-sensitive

Finally, we analyzed whether blocking CD24 by the
SWAI1I1 antibody affects efficacy of cisplatin applica-
tion in EC cell lines including cisplatin-resistant sub-
clones (-R) [51]. By flow cytometry-mediated

measurement of apoptosis rates, we demonstrated that
blocking CD24 considerably increased efficacy of cis-
platin in all tested cell lines, while application of the
SWAI11 antibody alone had only minor effects
(Fig. 6B). In conclusion, targeting CD24 in combina-
tion with cisplatin might be a reasonable concept to
treat (cisplatin-resistant) CD24" GCT cells.

Fig. 6. (A) qRT-PCR analysis (n = 3) of indicated marker genes of all three germ layers ((extra-embryonic (exe))-endo-, meso-, ectoderm)
after 10 days of RA-mediated differentiation of NCCIT- and 2102EP-ACD24 and parental cells (NCCIT-CD24™", n=1; NCCIT-ACD24, n = 5).
Error bars are indicated by means of standard deviations (SD). Additionally, exemplary pictures of cell morphologies +/— RA are given. (B)

Flow cytometry-based measurement (n = 3) of apoptosis rates after appli
cisplatin-resistant subclones (-R). Error bars are indicated by means of s

cation of SWA11 and/or cisplatin in EC cell lines and corresponding
tandard deviations (SD). Two-tailed t-tests were performed to test

for significance; *P-value < 0.05, **P-value < 0.005, and ***P-value < 0.0005.
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4. Discussion

In this study, we characterized the molecular and epi-
genetic mechanisms regulating the signal transducer
and glycoprotein CD24 in GCTs.

Overexpression of CD24 has been found in various
cancers, such as lung, breast, and ovarian [9]. In
GCTs, CD24 (isoform ENST00000606017.1) is
strongly expressed in ECs and absent to very weakly
expressed in germ cells of different developmental
stages, seminomas, YSTs, and CCs (Fig. 7A). GCNIS
were completely CD24°, suggesting that induction of
CD24 occurs mainly during reprogramming of GCNIS
into an EC and is downregulated again upon differen-
tiation into non-seminomatous subentities, which is in
line with strong downregulation of CD24 in RA-
treated EC cells (Fig. 7B). Thus, in ECs, CD24 expres-
sion can be associated with an undifferentiated and
pluripotent cell fate.

A correlation of CD24 to stemness markers CD44,
CDI133 (PROM]I), and CDI84 (CXCR4) has been
demonstrated in various tumor types with breast can-
cer stem cells being CD24" and CD44", while pancre-
atic, cholangiocarcinoma, colorectal, gastric, and
multiple myeloma cancer stem cell-like cells are
CD24"/CD44" [64-71]. Hepatocellular and renal carci-
nomas are CD24" and CD133" [72,73]. Additionally, a
cell-type-dependent correlation of CD24 to the chemo-
kine receptor CD184 (CXCR4) was found; for exam-
ple, in pre-B lymphocytes, CD24 negatively regulated
CD184, while in cholangiocarcinomas, CD24 induced
CD184 expression [74,75]. In GCTs, each analyzed
entity displayed an individual marker expression pro-
file, with ECs mainly presenting as CD24°"°"¢/CD44"/
CDI133"/CD184", seminomas as CD24/CD44"/CD133"/
CDI84", YSTs as CD24"*¥/CD44/CD1337/CDI184",
and CCs as CD24%***/CD44°/CD133°/CD184" (Fig. 7A).

How is CD24 regulated in GCTs? We demonstrated
that SOX2 binds to a SOX motif in proximity to the
CD24 transcription start site and transactivates CD24
in ECs (Fig. 7A). In line, Vencken et al. [89] demon-
strated that a RNAi-mediated knockdown of SOX2 in
2102EP cells led to a 3.3-fold downregulation of CD24
expression. Additionally, SOX2 has already been
shown to induce CD24 expression in a melanoma cell
or a murine model [78,79,90,91].

So, SOX2 is a bona fide transactivator of CD24
expression in ECs. In our RNA-seq analysis and
related qRT-PCR validation, SOX17 was upregulated

M. A. Skowron et al.

3.7-fold in NCCIT-ACD24 cells compared with the
parental clones (Table S4A; Fig. S4D). Additionally,
SOX17 became strongly upregulated in RA-treated
NCCIT-ACD24 cells compared with RA-treated par-
ental cells (Fig. 6A). Thus, CD24 might be involved in
suppressing SOX17 expression in ECs.

Our results suggest an involvement of epigenetic
mechanisms in the regulation of CD24. On the one
hand, we found sample-dependent and highly variable
CD24 DNA methylation patterns, which did not corre-
late to CD24 mRNA or CD24 protein levels. On the
other hand, CD24 expression could be derepressed
upon decitabine-mediated DNA demethylation in CC
cell lines, suggesting that at least in choriocarcinomas,
DNA methylation might be involved in silencing
CD24. Transcriptional regulation of CD24 indepen-
dent of the DNA methylation status has been
described in breast cancers [77]. Thus, DNA methyla-
tion seems to play a minor role in regulation of CD24
expression in GCTs. CD24 itself influences the DNA
methylation landscape only slightly, but induces site-
specific changes in DNA methylation of factors dereg-
ulated in CD24-deficient EC cells, such as demethyla-
tion of differentiation- and germ cell-related factors
such as MYODI and BNC].

Our data point at histone acetylation as an addi-
tional regulator of CD24, since application of HDACIi
led to histone hyperacetylation, resulting in CD24
upregulation in CD24” GCT cell lines. In CD24" EC
cells, where CD24 expression remained unaffected
upon HDAC: application, CD24 expression was down-
regulated upon treatment with inhibitors of histone
methyltransferases (HMTi), E3 ubiquitin ligases (E3-
Uli), or histone-code readers (BRDi), indicating that
histone methylation or the polycomb repressive com-
plex may be required for proper CD24 expression in
ECs (Fig. 7B).

Some GCT cell lines (TCam-2, 1411H, GCT72)
show CD24 expression on mRNA level, but do not
translate CD24 protein. Here, we propose that CD24
mRNA is bound by microRNAs (miR), thereby pre-
venting initiation of translation. Regulation of CD24
by miR34a, miR-1185-1, and miRI46a has already
been proposed in colon and breast cancer cells and
oral squamous cell carcinomas [92-94].

We also found that three-dimensional interaction of
CD24" EC cells with fibroblasts, and endothelial or
immune cells is able to reduce CD24 expression.
Thus, interaction of EC cells with the somatic

Fig. 7. (A-C) Models summarizing key findings of this study. (A) CD24 expression characteristics and dynamics in different GCT entities. (B)
Molecular and (epi)genetic mechanisms regulating or influencing CD24 expression. (C) Overview of the molecular function of CD24 in ECs.
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microenvironment, for example, during metastasis,
might lead to CD24 downregulation, putatively sensi-
tizing the cells to differentiation. Our results indicate
that mainly the interaction with immune cells (T cells,
M2 macrophages) leads to CD24 downregulation.
Thus, triggering the immune system by immune-
modulating therapy might also lead to CD24 downreg-
ulation, which in turn may render the tumor cells more
sensitive toward cisplatin (Fig. 6B). In conclusion,
combining immunotherapy with CD24 blocking agents
could be a promising therapeutic approach to re-
sensitize  chemotherapy-resistant  tumors  toward
cisplatin-based therapy.

By establishing CDZ24-deficient EC cell clones, we
demonstrated that CD24 could be involved in blocking
the germ cell/spermatogenesis program and mesoder-
mal differentiation in ECs (Fig. 7C). Among the genes
upregulated in NCCIT-ACD24 cells are many home-
obox or glycoproteins involved in regulation of tran-
scription and protein processing, suggesting that CD24
interacts with homeobox and glycoproteins to fulfill its
molecular tasks (Fig. 7C). On the other side, CD24
deficiency led to a decrease in ectodermal marker genes
associated with neuronal, olfactory, and eye-related
differentiation (Fig. 7C). Furthermore, our mass spec-
trometric analysis suggested that CD24 is involved in
modifying the chromatin and/or proteins by acetyla-
tion, methylation, ubiquitination, or citrullination.
Thus, CD24 also utilizes/influences epigenetic mecha-
nisms to mediate its functions. In conclusion, CD24
has a bivalent function in regulating developmental
and differentiation processes by negatively and posi-
tively regulating glycoproteins; that is, it blocks the
germ cell program and mesodermal differentiation and
is able to poise cells for ectodermal differentiation. In
line, CD24-expressing neural precursor cells generated
from pluripotent stem cells effectively differentiated
along the neuronal lineage in vitro [95].

In our THC analysis, CD24 was absent in germ cells
of different developmental stages, GCNIS cells, and
upregulated during reprogramming to an EC, which
closely resemble pluripotent embryonal stem cells.
Seminomas, which mimic PGC/GCNIS cells, were also
CD24°. Thus, we hypothesize that in GCT entities
resembling (primordial) germ cells (GCNIS, semi-
noma), CD24 is absent, allowing for expression of
germ cell factors, while in embryonal stem cell-like
ECs, which show the least relationship to germ cells,
CD24 is involved in blocking the germ cell program.

Finally, we demonstrated that targeting CD24 might
be reasonable approach to enhance efficacy of cisplatin
to treat (cisplatin-resistant) GCT cells. So far, several
CD24 targeting strategies based on the SWAII

M. A. Skowron et al.

antibody exist, for example an antibody—drug conju-
gate (CD24-PE38) and 3"-generation CD24-CAR-NK
cells [96,97]. Furthermore, the SWAI1I antibody used
in this study has already been shown to reduce tumori-
genicity in vivo [51,88]. Thus, in future studies the suit-
ability of targeting CD24 in the treatment of
(refractory) GCTs has to be evaluated in more detail.

5. Conclusion

In summary, CD24 is involved in suppressing the germ
cell program during formation of ECs and promotes
differentiation rather into ectodermal than mesodermal
lineage upon differentiation-inducing stimuli. CD24
expression can be transactivated by the pluripotency
factor SOX2 and reactivated in CD24™ GCTs by his-
tone deacetylase inhibitors or DNA-demethylating
agents. In conclusion, this study deciphered the molec-
ular function CD24 in ECs and its (epi)genetic mecha-
nisms of regulation, setting the stage for further
analyses on the suitability of CD24 as a therapeutic
target in ECs.
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Fig. S1. (A) Illustration of CD24 isoform expression in
GCT and testis tissues as well as other cancer entities
and corresponding tissues of origin based on the
TCGA and GTEX cohorts. Location of ‘primers’ used
in this study for qRT-PCR analysis of various iso-
forms are indicated by purple arrow heads. (B) RNA
sequencing data of CD24 expression throughout vari-
ous cancer types based on data extracted from TCGA.
Data has been illustrated using ‘Firebrowse’. (C) Rep-
resentative western blot analysis (n = 3) of CD24 pro-
tein levels (SWAI1I antibody) in GCT cell lines and
fibroblasts (MPAF). (D) Summary of immunohisto-
chemistry data of indicated proteins in GCT tissues.
(E) HE and immunohistochemical staining of CD24 in
a mixed GCT composed of EC (OCT3/4") and YST
(FOXA2") cells (picture of CD24 staining is also given
in Fig. 1 C). (F) Immunohistochemical staining of
CD24 in normal testis tissue. (G) Mutational burden
of CD24 in GCT tissues based on the TCGA ‘testicu-
lar germ cell tumor’ cohort. Data has been illustrated
using ‘cBioPortal’.

Fig. S2. (A) CpG dinucleotide density and CpG island
locations around the genomic region coding for CD24.
Location of oligonucleotides used for sodium bisulfite
sequencing analysis are indicated by purple arrow
heads. Start of exon 1 is labeled by green arrow head.
(B) Sodium bisulfite sequencing results of ten CpG
dinucleotides in the CD24 CpG island in GCT cell
lines. Each cell line has been analyzed in sextuplicate.
White circle: unmethylated CpG dinucleotide; black
circle: methylated CpG dinucleotide. (C) Validation of
CpG methylation data by methylation-specific PCR of
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the region analyzed in (B) and the alternative promo-
tor of the CD24 main isoform (see Fig. 2 E, gray box).
(D) Immunohistochemical staining of GCT tissues for
CD24 (SWAI1I1 antibody). The same samples as used
for CD24 CpG island DNA methylation analyses were
stained. (E) Sodium bisulfite sequencing results (n = 6)
of the CD24 CpG island in JAR cells 96 h after appli-
cation of 20 and 50 nM Decitabine.

Fig. S3. (A) XTT assay-based analysis of viability over
96 h in GCT cells treated once with various concentra-
tions of Quisinostat, JIB-04, LP99, PRT4165 and
GSK343. Each sample has been analyzed in quadrupli-
cates. (B) Representative western blot analysis of histone
H3 pan-acetylation in Quisinostat-treated (16 h, 5 nM)
TCam-2, 2102EP and JAR cells (n = 2). (C) Representa-
tive western blot analysis (n = 3) of CD24 (SWAI11 anti-
body) in Quisinostat-treated (16 h, 5 nM) 2102EP and
JAR cells. (D) gqRT-PCR analysis of CD24 expression
(fold change to solvent control; n = 3) in 16 h Quisinos-
tat-treated JEG3 and BeWo cells (5 nM) as well as Enti-
nostat-treated TCam-2 (2.45 uM), GCT72 (1.10 uM)
and JAR (4.59 uM) cells. (E) qRT-PCR analysis of
CD24 expression in TCam-2 and JAR cells 48 - 72 h after
treatment with 50 or 100 nM recombinant GDF3 pro-
tein (n = 3). (F) Flow cytometry analysis of GFP- and
mCherry-positive GCT and control cells, respectively.
(G) qRT-PCR analysis (n = 3) of microenvironmental
component marker genes in flow cytometry-sorted GCT
and control cell populations after coculture. Two-tailed
t-tests were performed to test for significance; * = p-value
<0.05, ** = p-value <0.005, *** = p-value <0.0005.

Fig. S4. (A) CRISPR/Cas9 and genotyping strategy to
generate CD24-deficient GCT cells and validate gene
editing. In case of a successful gene editing by guide
RNAs A, B and C, a 160 bp long fragment is ampli-
fied by PCR (PCR product 1). PCR product 2

M. A. Skowron et al.

represents a 234 bp ‘wild-type” band. (B) Agarose gel
electrophoresis of wild-type and NCCIT- / 2102EP-
ACD24 clones demonstrated a successful gene editing.
(C) Western blot analysis demonstrating absence of
CD24 protein in NCCIT- / 2102EP-ACD24 cells. (D)
Quality check of RNA used for RNA sequencing uti-
lizing capillary electrophoresis (Fragment Analyzer).
RQ values were calculated from band sizes / intensi-
ties. (E) Western blot analysis of CD24 protein levels
and qRT-PCR analysis of indicated marker genes 48h
after CD24 siRNA transfection in NCCIT cells.
Scrambled RNA (scrRNA) served as negative control.
(F) Representative densitometric analysis of DNA dot
blot data (n=3) using a 5mC antibody in three
NCCIT / 2102EP-ACD24 clones and parental cells.
Data were normalized against methylene blue staining
(MB). Two-tailed t-tests were performed to test for sig-
nificance; * = p-value < 0.05, ** = p-value < 0.005,
*** = p-value < 0.0005.

Fig. S5. (A) PCA of mass spectrometry data of
NCCIT-ACD24 clones and parental cells. (B) Phyton-
based illustration of differentially regulated proteins in
NCCIT-ACD24 cells compared to the parental cells.
(C) DAVID-based prediction of biological processes
and molecular functions in which the proteins deregu-
lated in NCCIT-ACD24 cells compared to the parental
cells are involved in. (D) STRING-based protein inter-
action prediction of the proteins upregulated or down-
regulated in NCCIT-ACD24 cells compared to the
parental cells.

Table S1. Cell lines used in this study including culti-
vation conditions.

Table S2. Oligonucleotides used in this study.

Table S3. Antibodies used in this study.

Table S4. RNA seq, 850k DNA methylation array and
MSA data.
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