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Abstract

Alternative therapeutic options targeting urologic malignancies, such as germ cell tumors,
urothelial, renal and prostate carcinoma, are still urgently needed. The membrane protein CD24
represents a promising immunotherapeutical approach. This study aimed to decipher the molecular
function of CD24 /n vitro and evaluate the cytotoxic capacity of a third-generation NK cell

CAR against CD24 in urologic tumor cell lines. Up to 20 urologic tumor cell lines and several
non-malignant control cells were included. XTT assays and Annexin V / propidium iodide flow
cytometry analyses were performed to measure cell viability and apoptosis rates, respectively. Co-
immunoprecipitation followed by mass spectrometry analyses identified direct interaction partners
of CD24. Luciferase reporter assays were used to functionally validate transactivation of CD24
expression by SOX2. A~ and O-glycosylation of CD24 were evaluated by enzymatic digestion

and mass spectrometry. This study demonstrated that SOX2 transactivates CD24 expression

in embryonal carcinoma cells. In cells of different urological origins, CD24 interacted with
proteins involved in cell adhesion, ATP binding, phosphoprotein binding, and post-translational
modifications, such as histone acetylation and ubiquitination. Treatment of urological tumor

cells with NK-CD24-CAR cells resulted in a decreased cell viability and apoptosis induction
specifically in CD24" tumor cells. Limitations include the /n vitro setting, which still has to be
confirmed /n vivo. In conclusion, here we identified CD24 as a promising novel target forimmune
therapeutic approaches targeting urologic malignancies.

Graphical abstract text
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This study demonstrated the therapeutic efficacy of using NK-CD24-CAR cells for the treatment
of CD24* urologic malignancies /n vitro. Immunoprecipitation followed by mass spectometry
analyses identified bona fide interaction partners of CD24 to be involved in posttranslational
modifications, cell adhesion, and metabolic processes. Moreover, the glycosylation pattern of
CD24 and the SOX2-dependent regulation of expression were investigated to further enlighten its
molecular function.

Keywords
CD24; immunotherapy; testicular germ cell tumor; urologic malignancies

Introduction

The signaling molecule CD24 is involved in the regulation of migration, invasion, adhesion,
and metastasis [1]. CD24 amplifications have been associated with poor prognosis in
several tumor entities, such as breast, ovarian, and lung cancer [2, 3]. In a previous

study, we investigated the molecular function of CD24 in germ cell tumors (GCT). We
noted especially embryonal carcinoma (EC) as highly positive for CD24 in comparison

to other GCT subtypes and non-malignant cells [4]. In GCT cells, we demonstrated that
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CD24 expression is not only influenced by DNA methylation and histone acetylation,

but also by the pluripotency factor SOX2, which is able to bind upstream of the CD24
promotor [4]. Hence, further mechanisms of CD24 regulation and function, as well as its
therapeutic targetability by an immune therapy have yet to be deciphered [3]. Consequently,
this study aimed at analyzing the SOX2-dependent regulation of CD24 and the direct
interaction partners of CD24 in EC cells. Additionally, this study evaluated the suitability of
a third-generation CAR against CD24 as an immunotherapeutic option for CD24* urological
malignancies, such as GCT, urothelial (UC), renal cell (RCC) and prostate carcinoma (PC).

In a previous study, we evaluated the (epi)genetic and molecular regulation of CD24and
its role in GCT biology [4]. Even though it has been shown that CD24 expression was
elevated in urologic malignancies compared to non-malignant control tissues, not much
has been reported regarding the regulation of CD24 and its direct interaction partners in a
pan-urological setting.

Expression of CD24 in urological malignancies

First, we compared the CD24 mRNA levels in tumor and normal tissues based on the

“The Cancer Genome Atlas’ (TCGA) and ‘Genotype-Tissue Expression’ (GTEX) datasets
to validate its targetability specifically in various tumor types. As such, 20 out of the 31
evaluated cohorts showed higher CD24 levels compared to the respective normal tissues
(Fig. S1 A). Then, we distinguished the CD24 expression in the various subtypes of
urological malignancies by screening the TCGA datasets (Fig. S1 B). Compared to CD24"
seminoma, elevated CD24 expression could be noted in papillary RCC (pRCC), RCC, UC,
and PC to a comparable level as in EC (highly CD24%) (Fig. S1 B) [4]. Since UC can

be stratified into several subtypes (luminal, basal, squamous and neuroendocrine-like), we
asked if CD24 expression can be linked to a specific UC subtype [5] [6]. We screened

the TCGA UC cohort and found clustering of CD24 expression with genes indicative

of the luminal-type of UC (ADIRF, AOC2CD96, CRTACI1, MYCN, OSR1, PPARGCIB,
RAPIGAP, S100A6, SPIREZ) (Fig. S1 B, green boxes) [5] [6] [7]. Of note, no mutational
events of CD24 were found in the samples of the UC cohort (Fig. S1 B). Furthermore, we
screened a cohort of 224 UC tissues for expression and membraneous localization (staining
intensity from 0 to 3+) of CD24/ CD24 by re-evaluating RNA-seq data and performing IHC
(Fig. 1 A; Data S1 A) [7] [8]. Here, in UC tissues we found that an increasing membraneous
staining intensity significantly correlated with increasing CD24 expression on RNA level
and that 3+ classified patients had a poorer survival probability than 0 to 2+ patients (Fig. 1
B, C). Further, CD24 mRNA and CD24 protein levels were evaluated in cell lines from UC
(RT-112, SW-1710, VM-CUB-1, UM-UC-3, T-24), PC (DU-145, PC-3, LnCap), and RCC
(Caki-1, 786-O, ACHN) (Fig. 1 D, E; Fig. S1 C, D). As controls, EC cell lines (2102EP,
NCCIT, NT2/D1; CD24%), choriocarcinoma (CC) cell lines (JAR, JEG-3, BeWo), yolk-sac
tumor (YST) cell lines (GCT-72, 1411H, NOY-1), a seminoma cell line (TCam-2; CD24")
and cisplatin-resistant subclones (-R) were included (Fig. 1 D, E) [4]. In UC (RT-112,
SW-1710, VM-CUB-1), three of five cell lines were CD24*, in RCC (Caki-1, 786-0) and
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PC (DU-145, PC-3), two of three cell lines were CD24* on protein level (Fig. 1 E; Fig. S1
C, D).

Transactivation of CD24 expression by SOX2

Our previous study identified a canonical SOX2 binding motif (77T7TTCAGATGCAAAT) in
proximity (3248 bp upstream) of the CD24 transcription start site in ECs [4]. Accordingly,
a positive correlation (p = 3.57 x 10733) between CD24 and SOXZ2expression could be
noted in non-seminomas in the TCGA GCT cohort (Fig. 1 F). To functionally confirm

the transactivation of CD24 by SOX2, luciferase reporter assays were performed. Plasmids
containing either the CD24 promotor alone (pGL4.20_CD24-Prom) or with an additional
SOX2 binding motif (pGL4.20_CD24-Prom-SOX2-BM) were transfected into CD24* /
SOX2* (2102EP, NCCIT, NT2/D1), CD24" / SOX2" (JAR) or CD24" / SOX17* cells
(TCam-2) (Fig. 1 G) [4, 9]. Upon normalization (empty vector (pGL4.20_empty) and
Renilla plasmid), an elevated luciferase activity was noticed in 2102EP and NT2/D1
(CD24* | SOX2*) transfected with the pGL4.20_CD24-Prom-SOX2-BM plasmid compared
to the pGL4.20_CD24-Prom plasmid (Fig. 1 H). As expected, no difference in luciferase
activity was observed in JAR (CD24/ SOX2) and TCam-2 (CD24" / SOX17%) cells (Fig. 1
H).

N- and O-Glycosylation of CD24

CD24 is a heavily glycosylated protein and our previous analyses demonstrated that
glycosylation levels differed considerably between EC cell lines, prompting us to analyze
the CD24 glycosylation in urological malignancies in more detail [4] [10, 11]. Enzymatic
digestions of proteins isolated from 2102EP, NCCIT, NT2/D1, RT-112, PC-3 and Caki-1
cells utilizing PNGase F (cleaves N-glycans) and O-glycosidase / neuraminidase (cleaves
O-glycans and sialic acid) revealed that, with the exception of PC-3, exclusively N-
glycans were cleaved (Fig. 1 I). Thus, A-glycosylation seems to be prominent in
urological malignancies, except for PC, where A- and O-glycosylation was detectable.

To comprehensively characterize the A- and O-glycosylation pattern of CD24, liquid
chromatography-mass spectrometry (LC-MS) analyses of a recombinant human CD24

Fc chimera expressed in mouse myeloma cells have been performed. CD24 carries two
N-glycosylation sequons at sites N36 and N52 [12], as well as two previously reported O-
glycosylation sites at T41 and T51 [10]. As CD24 is notoriously inaccessible to commonly
used proteases like trypsin, in this study, we used a commercial recombinant chimera

to test methods for detailed analysis and mapping of glycan microheterogeneity. Indeed,
using either ProteinaseK or Chymotrypsin digestion of the chimera, we were able to
obtain high quality intact glycopeptide spectra, giving us 11 different glycan compositions
at position N52 (exemplary glycans fitting the compositions are shown in Fig.1 1). No
glycans were identified for position N36. We did however identify O-glycosylation sites
at T51, adjacent to N52 as well at T54. Here, analysis of PNgase treated chimera

resolved in spectra with a high localization confidence. Additional, presumed O-glycan
sites, without clear localization, were observed between L19 and S27 (T22/S26/S27),
between S42 and P49 (S42/S44), again, in line with previous reports [10]. Identified
O-glycan compositions, were HexNAc(1), HexNAc(1)Hex(1), HexNAc(1)Hex(1)NeuAc(1),
and HexNAc(1)Hex(1)NeuAc(2) (Data S1 B).
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Identification of direct interaction partners of CD24

To identify the direct interaction partners of CD24 in a pan-urological setting, co-
immunoprecipitations (Co-IP) followed by LC-MS were performed (Fig. 2 A; Data S1 B

- D). As controls, CRISPR/Cas9-generated CD24-deficient EC cell lines (ACD24) were
included (Fig. 2 A; Data S1 B) [4]. A principal component analysis (PCA) demonstrated
that all CD24 Co-IPs using the SWA11 antibody clearly clustered apart from the 1gGo,
isotype controls and, in case of EC cell lines, also apart from the ACD24 cells (Fig. 2

B). We found 10 proteins (RAP2A, C6orf120, STX10, TRABD, MFSD10, GDE1, ACHE,
CNTFR, TMEM104, KRT31) commonly precipitated in EC cell lines (normalized against
1gGo4 controls and ACD24 cells), representing the direct interaction partners of CD24 with
high reliability (Fig. 2 C; Data S1 E). According to a DAVID gene ontology analysis, these
commonly precipitated factors were glycoproteins involved in GPI-anchorage (Data S1 D),
while an analysis of the putative interacting factors found in at least two of the three EC
cells demonstrated involvement of these phosphoproteins in post-translational modifications,
such as acetylation or ubiquitination, cell adhesion, and metabolic processes (Fig. 2 D, Data
S1 D) [4]. In UC, PC and RCC cell lines (abundance ratio > 10, p-value < 0.05), biological
processes involved in RNA binding and regulation of mMRNA decay were predicted for the
25 commonly precipitated proteins (Fig. 2 D; Fig. S2; Data S1 E). Additionally, N-glycan
biosynthesis (UC), translational termination, cadherin binding, ubiquitin-dependent protein
catabolic processes (PC), rRNA metabolic processes, mitochondrial translation, leukocyte
mediated immunity, and glutathione metabolism (RCC) have been noted (Fig. 2 D, Fig. S2,
Data S1 E). However, no CD24 interacting protein has been found to be precipitated in all
four urological entities (Fig. 2 C).

Targeting CD24 by natural killer cells equipped with a chimeric antigen receptor

We already identified CD24 as a putative target for an immune therapy in CD24* EC, i.

e. treatment with the CD24 antibody SWA11 resulted in an enhanced sensitization towards
cisplatin, even in cisplatin-resistant sublines [4]. Hence, to validate CD24 as a target for
immune therapy in GCT, UC, PC, and RCC, we evaluated the cytotoxicity of engineered
NK-92 natural killer cells containing a third-generation chimeric antigen receptor (CAR)
against CD24 [3]. To confirm activation of the NK-92-CD24-CAR cells in presence of
CD24, we performed IFNy ELISAs in selected CD24* cell lines (2102EP, Caki-1, PC-3)
(Fig. 3 A). Elevated IFN+y concentrations have been observed upon co-culture of CD24*
cells with NK-92-CD24-CAR cells compared to co-culture with NK-92 cells (Fig. 3 A).
Using the 3D culture hanging drop technique, a disruption of the cellular aggregate was
noted within 48 hours (h) in CD24* 2102EP, NCCIT, and NT2/D1 cells upon co-culture
with the NK-92-CD24-CAR cells (ratio 1 : 3), while this was not the case upon co-culture
with NK-92 cells (Fig. 3 B). This observation was further validated on protein level, where
the CD24™ cell population strongly diminished upon co-culture with NK-92-CD2-CAR cells
(Fig. 3 C). Next, we screened the cytotoxic effect of these NK-92-CD24-CAR cells in
comparison with normal NK-92 cells over 96 h by XTT assays in 20 cell lines of different
urological malignancies, including cisplatin-resistant sublines (-R), ACD24-EC cells, and
non-malignant fibroblasts (Fig. 3 D; Fig. S3). A high specificity of the NK-92-CD24-CAR
cells to target particularly CD24" cells could be demonstrated (Fig. 3 D). Vice versa, the
cell viability was only marginally reduced in ACD24 cells or cells with low CD24 levels
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and non-malignant fibroblasts upon co-culture with NK-92-CD24-CAR cells (Fig. 3 D). We
confirmed these observations by flow cytometry apoptosis assays using CD24 and CD56

as markers to distinguish between the tumor and immune cells, respectively (Fig. 3 E; Fig.
S4). We detected a strong increase in apoptosis rates only in CD24* cells (Fig. 3 E, F,

Fig. S4). Similarly, PARP cleavage was specifically observed in EC cells co-cultured with
NK-92-CD24-CAR cells, while this was only marginally noted upon co-culture with NK-92
cells (Fig. 3 G). Expectedly, cleaved PARP levels remained rather unchanged in ACD24
cells (Fig. 3 G).

Discussion

In this study, we evaluated the targetability of CD24 by an immune therapy-based approach
and deciphered its molecular function pan-urologically.

In EC, we functionally verified that SOX2 is an upstream regulator of CD24 expression,
further strengthening the involvement of CD24 in the pluripotency landscape and an
undifferentiated cell fate (Fig. 4) [4].

We detected considerable differences in CD24 glycosylation among the EC cell lines as
well as in UC, PC and RCC cell lines [4]. Here, we show that CD24 is predominantly
N-glycosylated in GCT, UC and RCC cells, while in PC cells both, A- and O-glycosylation
was detected. In this study, these analyses were performed on a recombinant human CD24
Fc chimera expressed from mouse myeloma cells. While a more direct immunoprecipitation
of the human CD24 in vivo would be preferable, we believe that, due to its size and
proteolysis resistance, overexpressing systems would be the best way to access this
information. In our hands, direct IP from unmodified cells yielded only minute traces

of glycosylated peptides, due to still-too-strong background signals from unspecified co-
precipitating proteins. Despite these challenges, we show here that analyses of both A~ and
O-Glycans is possible from as little as 2 ug of CD24 Fc chimera using dedicated strategies
with proteases. Unsurprisingly, A-glycan compositions reflected the non-human expression
host, while identified O-glycans were in line with previous reports. While Li et al. described
additional O-glycosites by utilizing a higher amount of input [10], we focused on developing
a method transferable to protein amounts received from IPs. Hence, less occupied sites
were less sensitively detected. In addition, the low input strategies using ProteinaseK

and Chymotrypsin did in some cases yield peptides of unfavorable composition regarding
fragmentation and analysis; These problems could be overcome, but would be outside the
scope of this study. Nevertheless, a better understanding of the CD24 glycosylation pattern
for each urologic tumor entity is still urgently needed and might enhance the clinical
relevance as a therapeutic approach. Even though others have already identified specific
CD24 glycosylation sites in other models [10, 13], its pattern in urologic malignancies has
yet to be unraveled.

Previously, we demonstrated that in GCT cells CD24 is involved in suppressing mesodermal
and endodermal differentiation via homeobox, glyco- and phosphoproteins influencing
transcription, protein processing, extracellular signaling and potassium transport [4]. In
parallel, ectodermal differentiation is promoted via glyco- and phosphoproteins that
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influence G-coupled receptors and cytokine-mediated signaling [4]. Here, we identified
the direct interaction partners of CD24 in urological malignancies. In EC, these CD24
partners could be linked to similar molecular and biological processes as deduced in our
previous study, i. e. cell adhesion, phosphoprotein binding, GPI-anchorage, ATP binding,
and post-translational modifications, like acetylationand ubiquitination (Fig. 4; Data S1 C,
D) [4, 14]. Thus, we reliably identified the factors, which orchestrate CD24’s molecular
functions in EC cells (Data S1 E). Importantly, in UC, PC and RCC cell lines, comparable
biological processes were predicted for the precipitated proteins, suggesting that CD24
fulfills a quite similar molecular function in these tumors. As such, we validated previous
observations by Smith et al., where Ral GTPases were shown to regulate CD24 in HelLa
(cervical carcinoma) and UM-UC-3 (UC) cells [15] and Wang et al., who observed NPM1
in CD24-immunoprecipitated DU-145 (PC) cells [16]. Nevertheless, in each urological
malignancy, CD24 seems to interact with a different set of proteins to mediate its molecular
function (Fig. S2; Data S1 D).

Finally, we made use of NK cell-based CAR therapy to target specifically CD24. Consisting
of an anti-CD24 scFv being fused to the CD28, 4-1BB, and CD3( domain, these NK-CD24-
CAR cells become activated through secretion of IFNy upon co-incubation with CD24*
(patient-derived) ovarian cancer cells, eventually resulting in enhanced cytotoxicity in the
tumor cells [3]. Here, we convincingly demonstrated that CD24™ (cisplatin-resistant) cells
can be targeted highly specific by NK-CD24-CAR cells, while CD24" or ACD24 EC cells
did not respond. In GCT, this treatment aims at CD24* EC, which represent the aggressive
stem cell-like population of the non-seminomas with profound abilities to develop into
chemotherapy-resistant teratomas or aggressive YST. Thus, early targeting of EC is an
important step is preventing tumor progression. Regarding PC and RCC cells, although the
majority of tumor tissues and cell lines was CD24", also CD24" samples were observed,
arguing for an early screen for CD24" during oncological care to filter out patients that
might benefit from a CD24 immune therapy. Concerning UC, here CD24* was linked to

the luminal-type and CD24 membranous staining intensity correlated to a poor survival
probability, suggesting that especially those CD24" patients might benefit from a NK-CD24-
CAR therapy. We suggest to include screening for CD24 in routine diagnostics of UC
patients to identify the patients for immunotherapy and predict overall survival probability.

This study confirmed the transactivation of CD24 by SOX2 and demonstrated the
involvement of CD24 in influencing cellular signaling and differentiation via interacting
with glyco- and phosphoproteins regulating post-translational modifications. Testing CD24-
targeting immune therapies seems a very promising approach in treating (cisplatin-resistant)
urological malignancies, which should be translated into clinical trials in the near future.

Materials and Methods

Ethics statement

The ethics committee (EC) of the Medical Faculty of the Heinrich Heine University
Dusseldorf raised no concerns on utilizing cell lines for in vitro experiments (vote 2018-178
to D. N.). Ethical approval for using the UC tissues in the present study was obtained from
the EC of the FAU Erlangen-Nurnberg (votes 329 _16B, 97_18Bc).
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Cell culture

Table S1 indicates the culture conditions of the used tumor and non-cancerous cells,
which are checked for short tandem repeats and mycoplasma contamination regularly.
Establishment of CD24-deficient EC cell lines (ACD24) via CRISPR/Cas9 technology has
been performed as published previously [4, 17, 18]. For three-dimensional cultivation in
hanging drops, similar to our previous studies [19, 20], 3 x 103 tumor cells per drop

(40 microliter (ul)) were seeded onto an inverted lid of a 15 centimeter (cm) cell culture
dish before being inverted back onto the bottom chamber filled with phosphate buffered
saline (PBS) for humidity. The next day, NK-92 or NK-92-CD24-CAR cells were added
in the same manner at a ratio of 1 : 3 in a volume of 10 pl per drop supplemented with
recombinant human IL-2 (Peprotech via Biozol, Eching, Germany, final concentration per
drop 5 nanograms / milliliter (ng / ml). Visualization of cellular aggregates by microscopy
was performed after 48 h.

Cell viability assay

XTT viability assays were performed as described previously [4]. For co-treatment of tumor
cells (3 x 103 cells / 96-well) with NK-92 and NK-92-CD24-CAR cells, cell viability was
evaluated upon addition of immune cells in various ratios (1:1, 1:3, 1:5, 1:10) 24 h after
seeding of the tumor cells. Immune cells were re-applied after 48 h and viability of tumor
cells was measured over 96 h in quadruplicates after replacing medium to remove immune
cells.

Determination of IFNy concentration

For the determination of IFNy concentration, 1 x 10° tumor cells were seeded into 6-well
plates and incubated for 24 h before being co-cultured with immune cells (ratio 1 : 5).
Supernatants were evaluated using the human ‘IFNvy Standard ABTS ELISA Development
Kit’ (Peprotech via Biozol, Eching, Germany) according to the manufacturer’s protocol.

Flow cytometry

The CD24 protein level in pan-urologic tumor cells was evaluated by an antibody staining
followed by flow cytometry as described previously [4]. To evaluate the apoptosis induction
in tumor cells upon incubation with NK-92 / NK-92-CD24-CAR cells [3] (ratio tumor

cells : NK-92 cells; 1 : 5), Annexin V / DAPI staining with subsequent flow cytometry has
been performed similarly to previously described protocols [17]. Additionally, to distinguish
between tumor and NK cell populations, samples were stained with anti-CD24-PE (1:50)
and anti-CD56-APC (1:50) (both Miltenyi Biotech, Bergisch Gladbach, Germany). Before
measurement, cells were washed once with 1 x Annexin V-binding buffer and kept on ice.
At least 5 x 10% CD24* cells were counted and analyzed using the FlowLogic Software v7
(Miltenyi Biotech, Bergisch Gladbach, Germany). See table S2 for detailed information on
the utilized antibodies (Table S2).

RNA extraction and quantitative RT-PCR

As described previously, RNA was extracted using the ‘RNeasy Mini Kit” (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol followed by /n vitro transcription of
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1 microgram (pg) using ‘RNA Oligo(dT)18 Primer’, dNTPs, ‘RiboLock RNAse inhibitor’
and ‘“Maxima H Minus Reverse Transcriptase’ (all Thermo Fisher Scientific, Schwerte,
Germany) [21]. Gene expression of CD24was determined in triplicates using SYBR-green-
based ‘Luna Universal gPCR Master Mix’ (New England Biolabs, Frankfurt am Main,
Germany) and 7.34 ng cDNA per sample on the CFX384 cycler (BioRad, Feldkirchen,
Germany). CD24 levels were normalized to expression of housekeeping genes GAPDH and
ACTB. See table S3 for oligonucleotide sequences (Table S3).

Co-immunoprecipitation

Co-IPs were performed by using ‘Dynabeads M-270 Epoxy Beads’ (Thermo Fisher
Scientific, Schwerte, Germany) according to the manufacturer’s protocol. Briefly, 3
milligram (mg) beads coupled to 6 ug SWA11 antibody or 1gGo, isotype control (Santa Cruz
Biotechnology, Heidelberg, Germany) and 1 mg of total protein (n = 3) were used (Table
S2). LC-MS to identify interaction partners has been performed as described previously [4].
Data have been deposited to the ‘ProteomeXchange Consortium’ via the ‘PRIDE’ partner
repository (PXD039063) [22].

Analysis of N- and O-glycosylation

To evaluate A- and O-glycosylation, 20 pg protein were enzymatically digested with
PNGase F (500 units (U) / 1 ul), O-Glycosidase (40,000 U / 1 ul) and / or a2-3,6,8
Neuraminidase (100 U / 2 ul) (New England Biolabs, Frankfurt am Main, Germany) for

1 h according to the manufacturer’s protocol to remove A-linked glycoproteins, core 1 and
core 3 O-glycans, and terminal sialic acid residues, respectively.

Glycoproteomics of recombinant CD24 chimera

For each digestion, 2 pg of recombinant human CD24 Fc Chimera protein (5247-CD-050,
R&D systems via Bio-Techne, Wiesbaden, Germany) expressed in mouse myeloma

cells were brought to 50 mM triethylammonium bicarbonate (TEAB) (in total 20 pl).
ProteinaseK or Chymotrypsin (both Promega, Walldorf, Germany) were added at a ratio of
approximately 1 : 200 and 1 : 50 parts protein (weight / weight), respectively. Digestion was
allowed to continue for 6 h at 37°C under constant shaking. Afterwards both samples were
heated to 96°C for 5 minutes (min), then acidified with 0.2 % trifluoroacetic acid (TFA) in
water and dried. Samples were resuspended in 0.2 % TFA and 2 % acetonitrile before being
analyzed by LC-MS.

For O-glycan mapping, 6 ug of protein were treated with PNgase F (New England Biolabs,
Frankfurt am Main, Germany) according to the supplier protocol (denaturing conditions).
After N-glycan removal, the sample was digested with ProteinaseK, as described above and
purified using C18 SPE columns before LC-MS analysis. Data was collected using either
stHCD(10-34-58) fragmentation methods (A-~glycosylation) or HCD(15)-pd-EThcD35 and
SstHCD(10-30-40)-pD-EThcD methods for O-glycans, as described before [23]. Data
processing and analysis was performed using Byonic V5.0.3 (Protein Metrics). Settings
were as follows: non-specific digest, variable modifications: Acetyl@Nterm; oxidation@M;
PhetoAsn@F; phospho@STY, one rare and common each allowed. Glycan databases were
either 309 mammalian for N-glycans or 9 common O-glycans (both Byonic internal).
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PNgaseF treated samples were also searched against N-glycan database to ensure complete
removal. Byonic results were filtered, as well as spectra visually inspected to ensure only
high quality IDs. (Byonic filters: PEP 2D<= 0.1; score>= 200). Graphical illustration

of potential glycans was drawn using DrawGlycan-SNFG (http://www.virtualglycome.org/
DrawGlycan/) [24].

Western blot analysis

For western blot analyses, cells were lysed using RIPA buffer (Cell Signaling, Frankfurt

am Main, Germany) and the protein concentrations were measured by the ‘Pierce BCA
Protein Assay-Kit’ according to the manufacturer’s protocol. 20 ug of whole protein lysates
were separated by SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF)
membrane (Merck Healthcare KGaA, Darmstadt, Germany) using the ‘Trans-Blot Turbo’
system (BioRad, Feldkirchen, Germany). After blocking, primary antibodies were incubated
overnight at 4 °C followed by an 2 h incubation with secondary horseradish peroxidase-
coupled antibodies at room temperature. Detection was performed using the ‘ChemiDoc
Imaging System’ (BioRad, Feldkirchen, Germany). See table S2 for detailed information on
the utilized antibodies (Table S2).

Luciferase assays

The pGL4.20_CD24-1896 (pGL4.20_CD24-Prom) plasmid has been kindly provided

by Prof. Dan Theodorescu (Department of Surgery (Urology), Cedars-Sinai Medical
Center, Los Angeles, USA) [25, 26]. A 374 base-pair long fragment containing the

SOX2 binding motif (BM) (Genewiz / Azenta, Leipzig, Germany) has been cloned into

the pGL4.20_CD24-1896 plasmid (pGL4.20_CD24-Prom) [9] using a Nhel and Sfil
double digestion (both New England Biolabs). The purified fragment (‘Monarch DNA

Gel Extraction Kit’, New England Biolabs) was further ligated into a plasmid, used to
transform £.coli, isolated from bacteria and sequenced as described previously to generate
the pGL4.20_CD24-Prom-SOX2-BM construct [4]. Briefly, transformation of £.coliand
plasmid extraction were performed using the ‘TA Cloning Kit with pCR2.1 vector and One
Shot TOP10 chemically competent E. coli’ (Thermo Fisher Scientific, Schwerte, Germany)
and the ‘Plasmid Maxi Kit” (Qiagen, Hilden, Germany) according to the manufacturer’s
protocols. For verification, pGL4.20_CD24-Prom and pGL4.20_CD24-Prom-SOX2-BM
plasmids were Sanger sequenced using ‘CD24promSF1’ and ‘CD24promSR1’ primer,
while ‘RV Primer 3’ and “M13 reverse’ primers were used to verify the control plasmids
pGL4.51[/uc2ZICMV/Neo] and pGL4.20[ lucZPuro] (pGL4.20) (both Promega, Walldorf,
Germany). See table S3 for detailed information on the utilized sequencing primer (Table
S3).

For the luciferase assay, transfection of 0.5 pg pGL4.20 (Promega, Walldorf, Germany),
pGL4.20_CD24-Prom or pGL4.20_CD24-Prom_SOX2-BM was performed using ‘FUGENE
HD’ transfection reagent (Promega) ina 1 : 5 (ug DNA : ul transfection reagent) ratio.
Luciferase activity was determined using ‘Dual Luciferase Reporter Assays’ (Promega)
according to the manufacturer’s protocol (n = 4) and analyzed via the Perkin Elmer

Wallac 1420 Victor2 Microplate Reader (H6lzel Diagnostika, Cologne, Germany). For
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normalization, tumor cells were co-transfected with 0.5 pg Renilla SV40 promoter reporter
plasmid (pRL-SV40P, Addgene, Teddington, United Kingdom).

Online analyses tools

“The Cancer Genome Atlas’ (TCGA) and ‘Genotype-Tissue Expression’ (GTEX)

datasets were analyzed using the ‘cBioPortal’ (https://www.chioportal.org/)

or ‘GEPIA’ (http://gepia.cancer-pku.cn/) online tools [27-29]. For interaction

prediction, the STRING algorithm was used (https://string-db.org) [30].

Molecular functions of LC-MS data were predicted using the

‘DAVID Functional Annotation Tool’ based on ‘GOTERM_BP_DIRECT,
‘GOTERM_MF_DIRECT’, ‘INTERPRO’, ‘UP_KW_MOLECULAR_FUNCTION’,
‘UP_KW_BIOLOGICAL_PROCESS’, ‘UP_KW_PTM’ and ‘KEGG_PATHWAY" (https:/
david.ncifcrf.gov) [31]. LC-MS data were visualized by “Venny’ (https://
bioinfogp.cnb.csic.es/tools/venny/) [32], ‘imageGP’ (http://www.bic.ac.cn//) [33], and PCA
(‘PCAGO’, https://pcago.bioinf.uni-jena.de) [34].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
A) Exemplary pictures of CD24 IHC staining in a UC cohort (n = 227). Scale bar = 200 um

B) Correlation of membranous CD24 grading (0: no membranous CD24, 1+: membranous
CD24 mostly absent, only scattered cells CD24* on membrane, 2+: membranous CD24*,
3+: strong membranous CD24%) to CD24 mRNA expression (as transcripts per million
(TPM) in log, scale) (n = 227). The null hypothesis that there is no difference between the
analyzed groups could be rejected by Kruskal-Wallis test (p < 0.0001). C) Probability to
survive (%) in dependence to the intensity of membranous CD24. The hazard ratio (HR) has
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been adjusted for pT-stage, pN-stage, CD24 mRNA expression, resection margin, sex, age,
L, V and Pn (Data S1 A). The null hypothesis that analyzed groups have identical hazard
functions could be rejected by Log-Rank test (p < 0.001). D) CD24 expression in GCT,

UC, RCC, and PC cell lines as evaluated by qRT-PCR (n = 3). GAPDH and ACTB served
as housekeeping genes. Error bars are indicated by means of SD. E) CD24 protein levels

in GCT, UC, RCC, and PC cell lines as measured by antibody staining with subsequent
flow cytometry indicated as relative mean fluorescence intensities (MFI) normalized to the
unstained control. Previously published data on CD24 protein levels in GCT cells have been
included in the context of this study [4]. F) Correlation of CD24to SOXZ2expression in GCT
patient samples from the TCGA cohort. G) Relative luciferase activity upon transfection
with the plasmid containing the CD24 promotor (dark grey) or the CD24 promotor plus a
SOX2 binding motif (light grey) (n = 4). Statistically significant differences were asterisked
(Two-tailed Student’s t tests, * p< 0.05). The relative light unit (RLU) was normalized
against the empty vector and the Renilla control. Error bars are indicated by means of SD.
H) Western blot analyses of CD24 in PNGase F and / or O-Gycosidase and Neuraminidase
digested protein lysates from 2102EP, NCCIT, NT2/D1, RT-112, Caki-1, and PC-3. Vinculin
served as a loading control. 1) Representative CD24 glycan structures based on identified
compositions. Other isomers are possible and can be derived from Data S1 B. Identification
evidence from Byonic search. All glycan compositions are based on rigorously filtered
results (Byonic score > 200, Pep2D < 0.1), combined from analysis of ProteinaseK or
Chymotrypsin digested proteins. Created using DrawGlycan-SNFG online.

FEBS J. Author manuscript; available in PMC 2024 October 01.



Page 19

Soéhngen et al.

RCC PC

GCT
_CD24 IP IgG2a CD24 IP

WT ACD24 ACD24 WT  WT

Input_

NCCIT

NT2/D1

CD24 (SWA11)

CD24 1P

Input lgG2a

lgG2a CD24 IP

Input

cD24 IP

Input lgG2a

55 kDa

d32012

25 kDa

55 kDa
25kDa

LIZON

Pan-urological

NT2/D1

NCCIT

2102EP

® PC-3

A 195,

L] SW:M‘I

RT-112

1814 proteins

2378 proteins

. SWAT

1620 proteins

® ACD24

o mT v
g .
m—.
m...n‘v-
. -
.
g e .
- -
.- .
b .
+ B
.
E 3 2
2 g .
LS S .
-] -
= .
2 .
F
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
-
-
-
-
.
.
L]
L
L]
L]
.
1
. .
.
.
.
.
.
.
.
.
.
.
.
.
.
. .
. .
. .
-
L ]
.
. e
.
L
. »
L I
.
.
.
.
. .
.
. .
.
. .
« o @
.
.
.
.
[ ]
.
= oo
ml‘.“ o O

fynoe asesswoe) ‘Bas sod
Bl 1 ey ‘Gas sod

J0}oEj00 Bumnbas Buipiy 10id pejelpaw suniedeys
Buipuig usiosd papio)
WOOSURA [BUPLOIO)
woupuoysolW o) Bunabie) qosd
WONEIGIPOW NI
Ayanoe sseury uisjoud-ney
sishposjoud UIBWOPODE Wajoud BUBIQWSLL
uogeuyinbign “joud ‘bas “Bau
uoijeloydsoydap
ssaooud anauuisog prdobuyds
uw_w_ovﬁ. o) gsuodsal
yodsuen SWOSOSA| 0] SWOSOPUS
uaLdaEnap wn|Bgass
pIopiwe-ejaq o) esuodsal Jejnyaa
sse20.d 2] U
sisauaboydiow supuap
uonejfuapef|od ywikw
ANANDE BEED|DNUCHLIONS- 5= F

i 10 NGNS ||ews
Ao ssealEy YNY
Aiaoe eseqjaL
UDHEMIPOL BUDISIY
SIS _3_5.%%& o] asuodsas
Aemiped Gujeubis soydaoe uymsu)
ujEyD podsuel) Uoupaa
ulEoad van%O:L: 0 asuodsal

apixoued usboupdy o) asuodsas
Aanoe eselawost sues-si Wosd-ppded
Buipesy punom

Buipuig uruajed-g1aq
ssauatiol aLosogU

Buipuig autsadeys
ssea0.d onopdode uosnau Bas ‘Gau
UOREZILEDIO UCja|aS0Ma
Buissaooud yg!
upldojarap vogoalosd uoinau
uoneyfuoydsoydoine uajoud
Buipusg |cpsoundpneydsoyd
uonejfioydsoyd supas-ppidad
SjEsLAN
Buipuig joud papjojun
Buikie
Buipjo) ‘joud
Ayiajioe aseury ‘josd
Buissanoud MZEE
Buipurg aseby “josd upnbign
ANARDE BERUNY BUILOAIYYBULES josd
Buipuig swizus
Buipuiq uol wWmsaubew
vonefoydsoyd Joud
Buipusg aseuny oud
mexza snaydode

U o 1Y
w_uwu 1182 Dj0qIw jo uoiisues g5 “Bas -sod
SISo}AI0pua Jo wonenbes
SNARNU 0] uoNEZEIC| waoud ‘B sod
ssaud jogeled joxd (ewosesosd
uoneuninbignap payuil-gpy 'joid
SISEJS0SUOY UDH WNIPOS 18|08

JuBwEly

phy puoq Jasaipoydsoud YNy

AJANRDE JOUIED US|

yodsuen uojosd pajdnos sisayuAs d 1y [BUPUCYIG)IW
81263 1199 oYW Jo UohenGos

O WINIJED 0} asUodsal

3 0 (609 ‘podsuesn pajeipsw-spisan apesbioias
wodsuen swsedoyloosanu

wawdojanap uogoalosd uounau -Bas “sod
_:___wﬁmﬂmwﬁn_ aypads-ugmbegn “dap-o)

SIS

voneunnbignap “youd

ymout (8o "Bau 'sod

s5800sd Mjoqees ‘o ‘dap-uinbign |ewoseajoud “Bau ‘Bau
yodsuey pajeipaw-soisan 1505 0] 83

snapnu oju) podun wisjoud

Aquwasse xe|dwod JE|NIS|CW0SEeL

Buifipuq “Buipuig jou

UONE(SUR) [BLPUOUDOYIU

UOUSURS PajEIDaL-BISaA

UOISBLDE |[0-(j82

ssaa0sd Moqejes josd “dep-uginbign
ssac0d 2 “joud “dap-uginbign -p ud
WOISID |83

mcn_m:g .Ea._m_s_.aug:_
UIpUIG 858 ) € ||BWS
ssaa0ud snojdode “Bas “Bau

Buipuig uusypes

wodsues waoud

SNINWNS [EJIUBLDELW "ds8y Jenjaa
SNINWAS PIDE oUILLE “dsad Jeyn)|e0
uonesued jo Bay “sod

wojefsoad|B pasu-n ueioud
SISOMAIOpUE

Buipuig YNHwW

Bulpapowal ugewoays

UORESURS) JO uone|nl

BuipLiq pe Japnu

mc.._uc_mhizm

JOY3EY AICUGILY| EsUBne) O] say Je|njas
suRIquaw ewsew vonezgeso) josd
Ajanoe eseuy

Ajiaoe uoneZuSsWIpowWoy Joid

Buipurg ursjosd [E3USPI

_..azs.uﬁu«

uisoudoydsoyd

Buipuyg 1oud

A) Western blot analyses detecting CD24 in protein lysates from EC (incl. ACD24 sublines),
UC, RCC, and PC after co-immunoprecipitation with either a CD24 antibody (SWA11) or

an 1gGo, isotype control in comparison to the input control (2 %, 20 pg). B) PCA plots
of LC-MS data after co-immunoprecipitation with either a CD24 antibody (SWA11) or an

1gGoj, isotype control in EC (2102EP, NCCIT, NT2/D1; including ACD24 sublines), UC

(RT-112), RCC (Caki-1), and PC (PC-3) (n = 3). C) Venn diagram indicating commonly
interacting proteins in EC cells after normalization to the 19gG,, control and ACD24EC

Figure 2:
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protein lysates as well as commonly interacting proteins found in RT-112, PC-3, and
Caki-1 cells. D) Enrichment plot summarizing the gene ontology analyses of potential CD24
interaction partners.
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Figure 3:

A) ELISA assays indicating elevated IFNvy levels and, therefore, activation of NK-92-CD24-
CAR cells upon co-culture with CD24* tumor cells in comparison with NK-92 cells

or mono-cultures (n = 3). Error bars are indicated by means of SD. B) Macroscopic
visualization of 3D cell aggregates of EC cells alone (2102EP, NCCIT, NT2/D1) or upon
co-culture with NK-92-CD24-CAR cells after 24 h (right panel) (n = 25). Scale bar =

100 pm. C) Flow cytometric evaluation of CD24-FITC staining in dissociated 3D cell
aggregates shown in B) compared to an unstained control (n = 25). D) Summarizing
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bar graphs of relative cell viability of 20 tumor cell lines as well as fibroblast controls
(HVHF2, MPAF) upon co-culture with NK-92 or NK-92-CD24-CAR cells (ratio 5 : 1)

for 48 h (n = 4). Error bars are indicated by means of SD. E) Representative flow

cytometric gating strategy to evaluate apoptosis induction (Annexin V / DAPI) in tumor cells
(CD24") after 24 h of co-culture with NK-92-CD24-CAR cells (CD56™). Cellular debris

and doublets were excluded by using the side-scatter signals (SSC-width and SSC-height).
F) Relative apoptosis induction in CD24* tumor cell lines (PC-3, NCCIT, Caki-1, 2102EP,
RT-112, NT2/D1) as well as CD24" cells (2102EP-ACD24, TCam-2) and non-malignant
fibroblasts (MPAF, HVHF2) upon co-culture with NK-92-CD24-CAR cells. Measurements
were normalized against co-cultures with NK-92 cells. G) Western blot analyses of PARP
cleavage and total PARP in EC cells (including ACD24 sublines) co-cultured with either
NK-92 or NK-92-CD24-CAR cells as compared to the untreated control. a-tubulin served as
a loading control.
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Figure 4:
Model summarizing the regulation and molecular function of CD24 in urological
malignancies.
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