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Abstract
Background

Chordomas are rare, clinically aggressive tumors with a median survival of 6-7 years and a high rate of
disease progression despite maximal surgery and radiotherapy. Given the limited options available to
prevent and treat progression and relatively poor prognosis, there remains an urgent need for the
development of novel therapies to improve clinical outcomes. Cell-surface proteins are attractive
therapeutic targets due to their accessible subcellular localization.

Methods

Here, we used a proteomics approach to identify novel chordoma-speci�c cell-surface protein markers.
Four established chordoma cell lines were analyzed by quantitative proteomics using a comprehensive
differential ultracentrifugation organellar fractionation approach. A subtractive proteomics strategy was
applied to select proteins that are plasma membrane enriched. Using commercially available antibodies,
the expression pro�les of these cell-surface proteins were validated across chordoma cell lines, patient
surgical tissue samples, and normal tissue lysates via Western blotting. The candidates were further
validated by immunohistochemical analysis in a 25-patient tissue cohort. Finally, the essentiality of these
candidates for in vitro chordoma growth was evaluated.

Results

Mass spectrometry-based proteomics identi�ed 120 high-con�dence cell-surface proteins in four
established chordoma cell line models. Systematic data integration prioritized two chordoma-speci�c cell
surface proteins for further interrogation. Immunohistochemistry in a richly annotated cohort of
chordoma tumor tissues revealed that PLA2R1 and SLC6A12 are broadly expressed in chordoma patient
samples. Higher expression of PLA2R1 correlated with poor prognosis whereas SLC6A12 expression was
signi�cantly enriched in skull-base chordomas compared to those arising in the spine. Using a siRNA-
mediated knockdown of PLA2R1, we demonstrated signi�cant inhibition of cell growth and colony-
forming ability, suggesting these proteins play an essential role in chordoma biology.

Conclusion

We have comprehensively elucidated the proteome of four established chordoma cell lines. Subtractive
proteomics and integrative data mining revealed novel cell-surface proteins required for chordoma cell
survival and associated with clinical parameters in a small chordoma tissue sample cohort.

Background
Chordoma is a rare but devastating bone cancer of the skull base and spine with an incidence of 8 cases
per ten million people per year (1). Chordoma patients experience a relatively high mortality compared to
more benign tumor types, with a 10-year survival rate of 40%. Patients also experience morbidities
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associated with chordoma progression during the course of their disease as 30–85% experience tumor
recurrence and invasion into surrounding neurological structures as well as one-third of cases
metastasize to other organs (2). There is growing interest in identifying new targeted therapy options to
treat chordomas both upfront after surgery/radiotherapy, and after later tumor recurrence, in order to
improve these outcomes. Such novel targeted therapies may be preferentially considered for patients who
underwent a subtotal surgical resection or have poorly prognostic molecular signatures, thereby leading
to further personalized clinical care (3). Previous studies using whole genome (WGS) (4), whole exome
(WES) (4, 5), and RNA sequencing (4–6) have shown a high degree of genetic heterogeneity between
chordoma tumors and no robust targetable biomarkers have been identi�ed to date. Targeted therapies
for chordoma patients are hence limited to early clinical trials (4, 5). Accordingly, novel approaches to
identifying new therapeutic targets are needed and could be transformative for patient care.

Aberrations from homeostatic protein expression, either through somatic mutations or large-scale
genomic ampli�cations/deletions, lead to rewiring of essential signalling pathways that drive cancer
initiation and progression (7). Importantly, these changes are di�cult to predict from genomic and
transcriptomic data and require direct quantitation at the proteome level, which has not been
comprehensively performed in chordoma to date. Mass spectrometry-based proteomic approaches can
inform spatial localization of proteins which other omic technologies cannot provide (8). Cell-surface
proteins carry out essential cellular functions such as cell-cell interactions, ion transport and cell
signalling transduction pathways (9). Surface proteins are attractive drug targets as they are readily
accessible through small molecules, therapeutic antibodies, or other immunotherapies (9, 10). In this
study we used a proteomics-based approach to identify novel cell-surface proteins in chordoma cell lines.
Following integrative data mining, we discovered two chordoma-enriched cell surface proteins for further
investigation. These include Secretory phospholipase A2 receptor (PLA2R1) and Sodium- and chloride-
dependent betaine transporter (SLC6A12), also known as Betaine-GABA transporter (BGT1). We
investigated the expression of these cell surface proteins in a richly annotated cohort of patient tumors
and assessed their correlation to clinical factors as potential biomarkers. Furthermore, siRNA-mediated
knockdown studies were conducted to explore the requirement of these proteins for chordoma cell growth
and survival and highlight relevance as candidates for future therapeutic intervention.

Methods

Cell Culture
The chordoma cell lines U-CH17P, U-CH17M, U-CH17S, U-CH11R, UM-Chor1 and MUG-chor1 were
generously provided by the Chordoma Foundation (www.chordomafoundation.org). The cells were grown
IMDM/RPMI 1640 (4:1; Sarstedt Inc) supplemented with 10% FBS and penicillin-streptomycin-glutamine
(PSG; 100 U/mL penicillin, 100 µg/mL streptomycin, 292 µg/mL L-glutamine) (Gibco, Ontario, Canada).
The cells were maintained in a humidi�ed 37°C incubator with 5% CO2 until con�uency.

Silica-bead based cell surface protein capture

http://www.chordomafoundation.org/
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Cell surface protein capture was performed as previous described (11, 12) with minor modi�cations. The
chordoma cell lines (U-CH17P, U-CH17M, U-CH17S and U-CH11R) were washed three times with ice-cold
MBS buffer (25 mM MES, 150 mM NaCl pH 6.5) and a monolayer of cells were overlaid with 20 mL of 1%
colloidal silica bead (LUDOX® CL colloidal silica suspension in water) with gentle shaking for 15 minutes
at 4°C. Excessive beads were removed, and the plates were washed three times with MBS buffer. 20 mL
of 0.1% Polyacrylic acid (PAA)in MBS buffer was added to the cells with gentle shaking for 15 minutes at
4°C. PAA was removed from the plates and fresh sucrose/HEPES buffer (250 mM sucrose, 25 mM HEPES
pH 7.4 and 20 mM KCL) was added. Cells were scraped from the plate and centrifuged at 300 xg for 5
minutes. The supernatant was discarded, and the pellet was added to fresh sucrose/HEPES buffer. Cells
were lysed by 3 cycles of sonication (35% amplitude, 10 seconds). A discontinuous Histodenz density
gradient in sucrose/HEPES was prepared at different concentrations (45%,50%,55% and 60%) and layered
in a 13.2 mL (Beckman) ultracentrifugation tube. The samples were diluted with Histodenz to a �nal
concentration of 20% and added on top of the Histodenz gradient. The samples were centrifuged at
100,000 xg for 2 hours in a SW 41Ti rotor (Beckman). After the centrifugation, the density gradient layers
were removed, and the resulting pellet was washed with sodium carbonate (pH 12) solution via rotation
for 15 minutes at 4°C. The beads were centrifuged at 5,000 xg for 20 minutes in a benchtop centrifuge
and the supernatant was removed. Elution buffer (400mM NaCl, 25mM HEPES, 1% Triton X- 100, pH 7.4)
was added to the beads and rotated overnight at 4°C to elute membrane proteins from the silica beads.
The eluted proteins were precipitated with ice cold acetone overnight at -20°C. The samples were pelleted
at 10,000 xg for 10 mins and the resulting pellet was solubilized with 100 µL of lysis buffer (50% (v/v)
2,2,2,-Tri�uoroethanol (TFE) and 50% PBS).

Subcellular fractionation and protein extraction
Subcellular fractionations were performed as previously described (13, 14) with minor modi�cations.
Chordoma cell lines (U-CH17P, U-CH17M, U-CH17S and U-CH11R) were pelleted and washed three times
with PBS. Cells were homogenised in lysis buffer (50 mM Tris-HCL (pH 7.4), 5mM MgCl2, 0.1% Triton X-
100 and Protease inhibitors) and kept on ice for 10 mins, and further homogenised with a loose-�tting
pestle. Sucrose was added to the lysates to a �nal concentration of 250 mM (isotonic solution). All the
subsequent steps were done at 4°C. The lysates were centrifuged at 800 xg for 15 minutes in a benchtop
centrifuge (Eppendorf 5430R) at 4°C to separate the nuclear fraction. The resulting supernatant served as
the source of cytosol, mitochondria and microsomes (i.e., mixed membranes). The nuclear pellet was
further resuspended in 2.5 mL of cushion buffer (2M sucrose, 50 mM Tris-HCl, 5 mM MgCl2, 1 mM
dithiothreitol (DTT) and Protease inhibitors – Roche) and overlaid on 2 mL of cushion buffer in ultra-clear
open top 5 mL ultracentrifugation tube (Beckman) and centrifuged at 80,000 xg for 45 minutes (Beckman
SW 55Ti rotor). The mitochondrial fraction was isolated from the crude lysate by centrifugation at 8000
xg for 15 minutes. The resulting pellet was washed with a lysis buffer and spun again to retrieve the
mitochondrial fraction. The resulting supernatant was centrifuged at 150,000 xg for 1 hour (Beckman SW
55Ti) to isolate the microsomal pellet (mixed membranes). The supernatant served as the cytosolic
fraction. Nuclear proteins were extracted from the nuclear fraction with a lysis buffer (20 mM HEPES, 400
mM NaCl, 0.2mM EDTA) and rotated for 30 mins at 4 degrees. The pellet was passed through 18-guage
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needle several times and centrifuged at 9000 xg for 10 mins to isolate the soluble nuclear fraction and
insoluble pellet. The resulting organelle pellets (mitochondria, nuclear and microsome) were lysed in 100
µL of lysis buffer (50% (v/v) 2,2,2,-Tri�uoroethanol (TFE) and 50% PBS).

Sample preparation for shotgun proteomics
The pellets obtained from the subcellular fractions were lysed by repeated freeze-thaw cycles (5 cycles,
switching between a dry ice/ethanol bath and 60°C water bath) in lysis buffer. Samples were sonicated
on a ultrasonic block sonicator for �ve 10s cycles at 10 watts per tube (Hielscher VialTweeter) followed
by extraction at 60°C for 1 hour. Disulphide bonds were reduced with 5mM DTT, followed by 30 min
incubation at 60°C. Free sulfhydryl groups were alkylated by incubating the samples with 25 mM
iodoacetamide in the dark for 30 minutes at room temperature. The samples were diluted (1:5) with 100
mM ammonium bicarbonate (pH 8.0) and 2 mM CaCl2 was added. Proteins were digested overnight with
2 µg of trypsin/Lys-C enzyme mix (Promega) at 37°C. Peptides were desalted by C18-based solid phase
extraction, then dried in a SpeedVac vacuum concentrator. Peptides were solubilized in mass
spectrometry-grade water with 0.1% formic acid. Liquid chromatography was directly coupled to an
Orbitrap Fusion Tribrid (Thermo Scienti�c) and data was acquired as previously described (15, 16). Raw
�les were searched using the MaxQuant software (version 1.5.8.3) against a Uniprot human sequence
database (number of sequences 42,041) with an FDR set to 1% for positive peptide spectral matches and
protein identi�cation using a target-decoy strategy (14). Searches were performed with maximum of two
missed cleavages, oxidation of methionine residues as a variable modi�cation, and
carbamidomethylation of cysteine residues as a �xed modi�cation. Intensity-based absolute
quanti�cation (iBAQ) and label-free quantitation (LFQ) were enabled, with match between runs function
disabled due to the differences in organellar proteomes. Subsequent analyses were performed using the
proteinGroups.txt �le. Contaminant sequences and matching decoy were removed, and proteins identi�ed
with two or more unique peptides were carried forward. iBAQ intensities were used for protein
quantitation. The data was median normalised and missing values were imputed with low values
(between 1 and 1.2 log2 values).

Western blot
Chordoma cell line pellets and frozen chordoma tissue samples were lysed in RIPA buffer (50 mmol/L
Tris pH 7.5, 150 mmol/L NaCl, 2 mmol/L EDTA pH 8.0, 0.5% (v/v) Triton X-100, and Complete protease
inhibitor cocktail - Roche, Switzerland). The cells were kept on ice for complete lysis. Cell debris was
removed by centrifugation at 16,000 xg for 10 mins at 4°C. The protein concentration was determined by
BCA assay (Thermo scienti�c). Commercially available normal tissue lysates from various organs (Brain
cortex, cerebellum, skin, stomach, esophagus and spleen) were purchased from Takarabio (USA). Gels
were loaded with 10 µg of protein lysates per lane and proteins were separated on 7, 8 or 13% SDS-PAGE
gels. The resolved proteins were wet transferred to polyvinylidene �uoride membrane (PVDF) and
membranes were incubated in 5% (w/v) milk in Tris-buffered saline Tween-20 (TBST; 10 mmol/L Tris-
Base, 150 mmol/L NaCl, 0.05% Tween-20; pH 7.4) for 1 hour. After blocking, membranes were incubated
with primary antibodies (1:1000 mouse anti-human monoclonal PLA2R1, [Sigma], 1:1000 mouse anti-
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human polyclonal SLC6A12 [ThermoFisher Scienti�c], 1:1000 rabbit anti-human monoclonal Brachyury
[Cell Signaling], 1:1000 mouse anti-human monoclonal Lamin B1 [abcam] and 1:1000 rabbit anti-human
monoclonal ß-actin [Novus biologicals]) overnight at 4°C.

Immunohistochemical analysis
A cohort of 25 chordoma patients with formalin-�xed para�n (FFPE) embedded slides and clinical follow
up data were obtained from the University Health Network Brain Tumor Biobank (REB# − 18-5820). Slides
with 5 µm FFPE tissue sections were rehydrated with serial dilutions of ethanol followed by water and pH
6 sodium citrate dihydrate buffer was used for heat-mediated antigen retrieval. A 3% hydrogen peroxide in
methanol solution was utilized to block endogenous peroxidase activity. Blocking solution (5% bovine
serum albumin in phosphate buffered saline plus 0.1% Triton X-100) was applied to slides for 1 hour at
room temperature. Subsequently, primary antibodies including anti-SLC6A12 (Invitrogen, PA5-57099,
rabbit polyclonal antibody) and anti-PLA2R (Millipore Sigma, MABC942, mouse monoclonal antibody)
were applied overnight at 4˚C diluted (1:200, 1:200, 1:250, respectively) in blocking solution. A 1 hour
incubation with secondary antibody was performed followed by processing with the DAKO polymer-HRP
system and DAB peroxidase kit, counterstaining with hematoxylin, tissue dehydration, and slide cover
slipping. Whole slide digital scanning was performed on all slides and images were analyzed using the
HALO Image Analysis Platform (Indica Labs). Each slide was annotated with multiple regions of interest
to delineate chordoma tumor tissue. Three independent reviewers assessed slides for all cases (JAZ, OS,
and an experienced neuropathologist AG) and representative images were selected. Proportions of stain
positive cells were quanti�ed using the HALO software algorithm, de�ned to identify cells with either
membranous or cytoplasmic staining as a fraction of all cells. This algorithm was applied to all
annotated tissue sections in an unbiased systematic manner. Wilcoxon's rank sum test was used to
compare values between skull base and spinal chordomas. Univariable and multivariable Cox models
were utilized to assess the prognostic utility of stain proportions together with known major prognostic
clinical factors (extent of surgical resection and radiotherapy use). For survival analyses results, the
upper tertile of PLAR2 values (samples with higher marker positivity) were compared to the lower two
tertiles of values.

siRNA knockdown and Clonogenic assay
The chordoma cell lines (U-CH17M, U-CH17S and UM-chor1) were seeded in 6-well plates at a density of
2,000 cells per well in DMEM/RPMI media and transfected with three siRNA for PLA2R1 (Cat# SR307882,
Origene), SLC6A12 (Cat# SR304423, Origene) and scrambled siRNA (negative control) (Cat# SR30004,
Origene) at a concentration of 5 nM using lipofectamine RNAiMax transfection reagent (Invitrogen). After
2 weeks colonies were stained with crystal violet staining (0.5% crystal violet, 25% methanol) and the
quanti�cation of the colonies was performed using ImageJ (version).

Statistical analysis
All the proteomics experiments were performed in triplicates. Applicable data were analyzed and
represented using the R statistical environment (v3.6.3). Differential expression analysis was performed
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using unpaired Welch's t-test for statistical analysis, and Benjamini & Hochberg adjusted p-value < 0.05
deemed as statistically signi�cant. Visualization in R was performed using the ggplot2 (3.2.1) and
Complexheatmap (v2.2.2).

Results

Subcellular fractionation and plasma membrane enrichment
To explore the surface proteome of chordoma cell lines (Fig. 1A), we utilized a subtractive proteomics
approach (17) that combined silica bead-based plasma membrane capture with organelle fractionation
using differential ultracentrifugation (Fig. 1B). Organelle fractionation resulted in the enrichment of �ve
subcellular components (plasma membrane, cytosol, mitochondria, membrane derived microsome and
two nuclear fractions). In total, 72 liquid chromatography mass spectrometry (LC-MS) runs were
performed, resulting in the detection of 7688 proteins (Figure S1A; Table S1). Principal component
analysis (PCA) of the fractions revealed high degrees of similarity between different organelle proteomes
regardless of cell line status, indicating that the subcellular and surface fractionation methods produce
distinct mass spectrometry pro�les that correspond to each isolated organelle (Figure S1B). Furthermore,
unsupervised hierarchical clustering revealed four distinct proteomic clusters separated based on each
organelle that coincided with subcellular localization annotations from publicly available databases
(Fig. 2). The cluster 1 showed nuclear protein enrichment (Figure S1C), while cluster 2 and 3 indicated
cytosolic and mixed membrane protein enrichment (Figure S1D-E), respectively. Cluster 4 was enriched in
proteins with known or predicted cell-surface localization (Figure S1F).

An integrative data mining strategy was applied to identify high-con�dence cell surface proteins for
functional evaluations. First, a subtractive proteomics approach that compared protein expression in the
silica-bead fraction (plasma membrane) against all other organelles to detect differentially abundant
proteins (FDR < 0.05, |log2FC| > 1, Mann-Whitney U-test) separately in each cell line (Figure S2A). To
further increase our con�dence in the surface localization of our candidates, we leveraged surface
prediction annotations through the use of a cell-surface protein bioinformatics tool termed SurfaceGenie
(18) (https://www.cellsurfer.net/surfacegenie), in which Genie score (GS) of ≥ 20 and Surface prediction
consensus score (SPC) of ≥ 3 was used as cut-off value (Table S1). Finally, we required surface proteins
to be upregulated in plasma membrane fraction in 2 or more chordoma cell lines (Figure S2B). Applying
these criteria resulted in prioritization of 120 highly enriched cell surface proteins (Fig. 3A).

To identify novel targets with chordoma speci�c expression, we next proceeded to evaluate these 120
high con�dence cell surface proteins using public proteomics data of 142 cancer cell lines (19–22). This
resulted in 23 cell surface proteins with limited expression in these data (≤ 5 cancer cell lines) (Fig. 3B).
As we were interested in individually interrogating select targets, we did not further consider proteins that
had poor antibody availability as determined by lack of immunohistochemistry (IHC) data or an antibody
reliability annotation of “Uncertain” in Human Protein Atlas (HPA). We next assessed the normal tissue
expression of the remaining 15 chordoma speci�c cell-surface proteins using publicly available normal
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tissue datasets (Fig. 3B). Speci�cally, we ranked the set of proteins by the proportion of normal tissue in
which they were not detected by IHC in HPA (version 20.1) (23), median protein expression in two normal
tissue MS-based proteomics datasets (24, 25), and median RNA expression in the GTEx normal tissue
RNA-seq database (26). Proteins were prioritized based on the rank sum of the four individual normal
tissue rankings (Fig. 3C). The top two cell-surface proteins, Secretory phospholipase A2 receptor
(PLA2R1) and Sodium- and chloride-dependent betaine transporter (SLC6A12) (Fig. 3C; Figure S3A-H)
were selected for further interrogation.

Validation of chordoma surface markers
After shortlisting two highly enriched surface proteins, commercial antibodies were utilized to evaluate
their expression by Western blotting in the chordoma cell lines. After evaluation of these antibodies in
chordoma cell lines, additional chordoma tissue lysates and commercially available normal tissue
lysates were tested for the expression of these target proteins through Western blotting. As Brachyury is a
diagnostic biomarker of chordoma, its expression was also con�rmed in the chordoma cell lines and
chordoma tissue samples. We were able to validate higher expression of PLA2R1 and SLC6A12 in the
chordoma cell lines and the chordoma tumor tissue samples, compared to normal tissues lysates
(Fig. 4A). An additional two chordoma cell lines (UM-Chor1 and MUG-Chor1) were also used to con�rm
expression of these two targets (Figure S4A). Consequently, evaluation of tissue expression by
immunohistochemistry and functional analysis were performed.

Immunohistochemistry indicates clinicopathologic
signi�cance of cell-surface proteins
Surgical chordoma tissue samples were evaluated by IHC using available antibodies against PLA2R1 and
SLC6A12 to validate our in vitro chordoma data and assess their utility as clinical biomarkers. PLA2R1
and SLC6A12 expression was observed in patient chordoma tumor samples and localized mainly to cell
membranes. (Fig. 4B,D). SLC6A12 positive cells were identi�ed in a majority of samples with median
(interquartile range) cellularity values being 38.6% (21.1–57.9%), respectively. Additionally, the proportion
of SLC6A12 positive cells was higher in skull base than spinal chordomas (Fig. 4B,C: 47.8 vs. 21.9%, p = 
0.032). Table 1 shows the prognostic utility of PLA2R1 staining proportion, where samples with higher
tertile cellularity values experienced a worse progression-free interval (PFI: HR = 5.2, 95% CI = 1.5–17.5, p 
= 0.0078) and overall survival (OS: HR = 6.7, 95% CI = 1.7–27.0, p = 0.0076) in univariable Cox analyses.
When combined with extent of resection and adjuvant radiotherapy receipt as known prognostic factors
in multivariable Cox analyses, PLA2R1 staining extent was independently prognostic with statistical
signi�cance for both PFI (HR = 7.8, 95% CI = 1.8–32.7, p = 0.0052) and OS (HR = 11.5, 95% CI = 1.6–80.7,
p = 0.0144). Representative tumor tissue images of differential PLA2R1 staining proportions are shown in
Fig. 4D. Kaplan Meier plots allow for the visualization of worse PFI (Fig. 4E) and OS (Figure S4B) in
patients with the upper tertile of PLA2R1 staining percentage.
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Table 1
Univariable and multivariable Cox analyses of IHC data

Variable Univariable Multivariable

HR (95% CI) p-
value

HR (95% CI) p-
value

Progression-Free Interval

PLA2R1% positivity Upper tertile vs. lower
tertiles

5.2 (1.5–
17.5)

0.0078 7.8 (1.8–
32.7)

0.0052

Extent of resection STR vs. GTR 3.1 (0.8–
11.5)

0.0894 5.6 (1.3–
25.0)

0.0228

Adjuvant
radiotherapy

No vs. Yes 1.7 (0.6–
5.1)

0.3185 3.2 (0.8–
12.6)

0.0921

Overall Survival

PLA2R1% positivity Upper tertile vs. lower
tertiles

6.7 (1.7–
27.0)

0.0076 11.5 (1.6–
80.7)

0.0144

Extent of resection STR vs. GTR 0.9 (0.2–
3.7)

0.8999 0.5 (0.1–2.4) 0.3934

Adjuvant
radiotherapy

No vs. Yes 2.6 (0.7–
9.7)

0.1590 0.4 (0.1–2.9) 0.3933

Functional validation shows essentiality of cell surface
targets in chordoma cell lines
To evaluate the functional role of these two cell surface proteins in chordoma, we used siRNA knockdown
to assess their essentiality in chordoma cell lines. The siRNA knockdowns were performed on U-CH17M
and U-CH17S and an additional independent chordoma cell line UM-Chor1. The siRNA transfections were
performed at 5 nM with 3 different siRNAs for each target, and a pool of all three siRNAs mixed at 1 nM
each for a total concentration of 3 nM. After 24 and 48 hours of siRNA transfections, Western blot
analysis was performed to assess target protein downregulation in chordoma cell lines. These results
revealed reduction of PLA2R1 expression in treated cells compared to control cells (Mock, non-treated
and scramble) in all chordoma cell lines after 24 and 48 hours (Fig. 5A). The siRNA knockdowns for
SLC6A12 did not show reduction in SLC6A12 expression compared to controls in U-CH17M and U-CH17S
chordoma cell lines (Figure S4C-D). Consequently, SLC6A12 was not included for functional evaluation.
After con�rming the knockdown of PLA2R1, colony formation assays were performed. Colony formation
of cells transfected with siRNA targeting PLA2R1 drastically decreased colony formation ability
compared to controls, suggesting a role for PLA2R1 in chordoma cell survival and proliferation.

Discussion
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Chordoma is rare bone cancer of the skull base and spine originating from notochordal remnants (1, 27,
28). Despite comprehensive surgical resection and adjuvant radiation therapy, local recurrence and
metastasis occur in chordoma patients which leads to devastating neurological morbidities and mortality
(29). Currently there are no FDA approved drugs for treating chordomas (30–32), and lack of therapeutic
interventions has led to a growing interest in understanding the proteome of chordomas to �nd potential
therapeutic targets in order to prevent or treat disease progression and improve clinical outcomes.

Cell surface proteins are attractive therapeutic targets yet are challenging to pro�le with typical proteomic
work�ows. Several cell surface protein enrichment techniques such as the cationic colloidal silica-bead
method (11), cell surface capture (CSC) (33) and N-glycopeptide capture (34, 35) have been established.
These technologies have bene�ts and shortcomings, depending on the type of biological sample and
starting material (7). In this project, we have used a cationic colloidal silica-bead method coupled with
organelle fractionation to perform deep proteomic analyses of chordoma cell lines. These comprehensive
data were mined with the goal of discovering novel chordoma cell-surface markers. We utilized
subtractive proteomics to �lter plasma membrane proteins against all the other organelle fractions. This
proteomic approach is an e�cient way to identify components/proteins of one cellular organelle from
other cofractionating organelles or fractions (17). To further increase our con�dence in the surface
localization of our candidates, we leveraged the cell-surface protein bioinformatics tool SurfaceGenie
(18). This resulted in 120 chordoma associated cell surface proteins for further evaluation.

In order select novel chordoma-enriched targets, we utilized public proteomics data of 142 cancer cell
lines (19–22). This comparison was aimed to detect cell surface proteins highly enriched in chordoma
with limited detection in other cancer cell lines. As there are no cell line models mimicking the normal
state of the notochord, it is di�cult to experimentally characterize cancer associated proteins compared
to normal state (Notochord). Instead, several publicly available normal tissue datasets were used to
prioritize chordoma enriched cell-surface proteins. Speci�cally, we used antibody staining from the
Human Protein Atlas (23), two comprehensive MS-based proteomics datasets of normal human tissues
(24, 25) and normal tissue transcriptional pro�les from the GTEx portal (26) to evaluate the expression of
chordoma cell surface proteins at the transcript and protein level in normal tissues. The goal was to
prioritize chordoma speci�c cell surface proteins, with minimal expression in normal tissues. This
systematic evaluation is important for developing targeted therapies, in order to minimize potential
toxicities in normal tissue where expression of these targets may be at high levels (36–38). This resulted
in prioritization of PLA2R1 and SLC6A12, as putative targets. The expression of these proteins was also
con�rmed in our chordoma patient cohort using IHC staining. The IHC analysis showed PLA2R1 and
SLC6A12 expression to be localised to cell membranes and present within majority of chordoma patient
tissue samples in various degrees.

Brachyury is a well-known biomarker for chordoma (39, 40) that is present in all samples and utilized for
neuropathological diagnosis. Unfortunately, brachyury has no clinical utility for patient prognostication
and there are limited prognostic indicators that exist for chordoma. In this study we found chordoma
patients with elevated PLA2R1 expression had a signi�cantly worse prognosis including overall survival
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and disease-free interval. Our �ndings suggest PLA2R1 may have prognostic value for chordoma and
could potentially be utilized clinically to identify high-risk patients that may bene�t from more aggressive
treatment. Biochemically, PLA2R1 is a type I transmembrane receptor, belonging to the mannose receptor
family that binds several secreted phospholipases A2 (sPLA2s), collagen and carbohydrates (41, 42). The
detailed role of PLA2R1 in cancer is yet to be determined, but several studies have shown that PLA2R1
has a tumor suppressive role in several other cancers (41, 43) and shown aberrant expression in prostate
cancer (44). To assess the role of PLA2R1 in chordoma, we downregulated protein expression via
PLA2R1 speci�c siRNAs. We found a signi�cant reduction in cell growth and proliferation in all three
chordoma cell lines, suggesting that PLA2R1 plays an essential role in chordoma cell growth. The related
signaling pathways and underlying mechanism of PLA2R1 in chordoma need to be explored in the future.

In addition, IHC analysis demonstrated expression of SLC6A12 in most patient samples and it may be
useful to pursue as potential chordoma therapeutic target. Notable, SLC6A12 expression was higher in
skull base chordoma compared to the spinal chordomas, suggesting that future therapeutics strategies
towards this marker may show preferential bene�t for chordomas originating from the skull base, as skull
base chordoma have variable clinical progression, with frequent recurrence largely due to incomplete
tumor resection (45). SLC6A12 is a member of the solute carrier family involved in uptake of GABA and
betaine by sodium- and chloride-dependent mechanism (46). Its precise role in cellular pathogenesis,
including in cancer, are still being investigated. Speci�cally, it has been shown that inhibition of SLC6A12
effects in vivo tumor growth and proliferation in colorectal cancer by disrupting the betaine homeostasis
(47). Accordingly, SLC6A12 may be an interesting protein to explore using existing small molecule
inhibitors (48, 49) in future studies.

Conclusion
In conclusion, we investigated the proteome of four chordoma cell lines, revealing several novel cell
surface protein candidates. The protein expression of PLA2R1 and SLC6A12 was con�rmed through IHC
staining of an in-house cohort of chordoma patient samples. Our results demonstrated that higher
PLA2R1 expression is associated with poor prognosis and SLC6A12 expression was higher in the skull
base chordomas compared to spinal chordomas. The siRNA-mediated knockdown of PLA2R1 decreased
cell growth and proliferation, therefore suggesting PLA2R1 has a therapeutic potential in chordomas,
however, mechanistic and in vivo studies are needed in the future to further elucidate the role of these
proteins in chordoma.
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Figure 1

Schematics of silica-bead based surface protein capture and organelle fractionation: A) Chordoma cell
lines, CH17P (Primary), U-CH17M (Metastatic), UCH17S (Metastatic) (derived from same patient, male,
age 34, with sacral chordoma) and U-CH11R (Recurrent) (derived from male patient, age 75, with sacral
chordoma) used for proteomics analysis. B) Schematic representation of cell-surface capture, using the
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colloidal silica-bead method and organelle fractionation using ultracentrifugation combined with MS-
based proteomics.

Figure 2
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Analysis of sub-cellular proteomes. Heatmap showing four distinct protein clusters using unsupervised
hierarchal clustering based on protein abundance (z-score) of all proteins detected. The annotations on
the righthand side (black) indicate surface localization annotation based on several public databases
and organelle localization annotation from Uniprot (blue). Other covariates (cell line, organelle type and
clusters) are shown in the annotation bars on the right. The annotation on the top indicates the cell line
and organelle type. 
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Figure 3

Mining of surface proteins. A) Heatmap of 120 enriched cell-surface proteins. B) Cell surface protein
mining strategy, where the 120 proteins were �rst �ltered for proteins with limited expression in other
cancers and antibody availability. The remaining 15 proteins were then ranked based on normal tissue
expression in by IHC (23), median protein expression (24, 25), and median RNA expression in normal
tissue datasets (26). The ranks across all four normal tissue datasets were summed and the two highest
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ranking proteins, PLA2R1 and SLC6A12, were selected for further evaluation. C) Heatmap showing the
ranking of selected cell-surface proteins in normal tissue datasets, HPA (23), two proteomics datasets
(24, 25) and GTex RNA-seq data (26). The SPC score and number of cell lines these proteins were
detected in public proteomics datasets are shown on top.

Figure 4

Selection and validation of two chordoma surface proteins. A) Testing the expression of PLA2R1 and
SLC6A12 target proteins in chordoma cell lines (U-CH17M, U-CH17S and U-CH11R), chordoma tissues
and commercially available normal tissue lysates by Western blots. B) Representative IHC images
showing a higher proportion of SLC6A12 in skull-base than spinal chordomas. C) Boxplots showing
higher SLC6A12 positive cellularity in skull base versus spinal chordomas D), The variability of PLA2R1
expression among tumor samples grouped into an upper tertile and lower two-thirds of expression for
visualization. E) Kaplan Meier plot showing poorer PFI in the top third of patients according to percent of
cells positive for PLA2R by IHC.
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Figure 5

A) Effect of siRNA knockdown on cell growth and survival. A) Expression of PLA2R1 in U-CH17M, U-
CH17S and UM-Chor1 following siRNA-mediated knockdown (24 and 48 hours). B) Digital image of
colony formation assay after siRNA knockdown.
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