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 aBstraCt
Background and objective: early detection of colon adenomas at high risk of 
progression and early stage colorectal cancer (CrC) is an effective approach 
to reduce CrC death rates. Current screening methods lack specificity as they 
detect many adenomas that will never progress to CrC. the authors to iden-
tify cell surface protein biomarkers with extracellular domains that could be 
targeted for molecular imaging and discriminate low-risk adenomas and normal 
colon from high-risk adenomas and CrC. 
 design: Cell surface proteins of five CrC cell lines were biotinylated, 
isolated and analysed by in-depth proteomics using gel electrophoresis and 
nanoliquid chromatography coupled to tandem mass spectrometry (nano-
lC-ms/ms). differential expression in adenomas and CrCs was based on 
mrna expression and verified by immunohistochemical staining of tissue 
microarrays.
 results: in total 2609 proteins were identified in the cell surface frac-
tions. of these, 44 proteins were selected as promising cell surface candidate 
biomarkers for adenoma-to-carcinoma progression based on the following 
criteria: protein identification in at least four out of five cell lines, a predicted 
(trans)membrane location, and increased mrna expression in CrCs compared 
to adenomas. increased protein expression in high-risk adenomas and CrCs 
compared to low-risk adenomas was confirmed by immunohistochemistry for 
the glucose transporter type 1 (GlUt1; gene symbol SLC2A1; p<0.00001) and 
prion protein (PrPC; gene symbol PRNP; p<0.005).
 Conclusion: this study revealed GlUt1, PrPC, and 42 other cell surface 
candidate biomarkers for adenoma-to-carcinoma progression that could 
potentially serve as targets for emerging molecular imaging modalities like 
optical imaging, 19f-mri and Pet.
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 introdUCtion
Colorectal cancer (CrC) is the second most common cancer in the industrial-
ised world accounting for about 1 million new cases and 0.5 million cancer-re-
lated deaths each year1. the stage at which CrC is detected determines patient 
outcome, with 5-year survival rates of more than 90% for stage i disease and 
less than 10% for stage iV disease2. therefore, early detection of CrC is a real-
istic approach to reduce the currently high CrC death rates. CrC develops in 
a multi-step manner from normal colon epithelium upon accumulation of (epi)
genetic changes that stimulate proliferation and formation of non-malignant 
precursor lesions, that is, adenomas, which may further progress into inva-
sive tumours with metastatic potential. one of the key biological features of 
adenoma-to-carcinoma progression is the introduction of genomic instability, 
occurring as chromosomal instability (Cin) in about 85% of CrC cases or as 
microsatellite instability (msi) in about 15% of CrC cases3,4. specific chromo-
somal aberrations have been associated with adenoma-to-carcinoma progres-
sion, particularly gains of chromosomal regions 20q, 13q, and 8q5,6. impor-
tantly, only approximately 5% of all adenomas will progress into carcinomas, 
a subset to which we will further refer to as ‘high-risk adenomas’7. therefore, 
biomarkers that discriminate normal colon and low-risk adenomas on the one 
hand from high-risk adenomas and early stage CrC on the other hand would 
be of particular clinical relevance.
 anatomical imaging techniques like computed tomography (Ct) and 
magnetic resonance imaging (mri) are commonly used to visualise tumour 
mass for diagnosis, prognosis, and monitoring of disease. However, tumour 
masses that are phenotypically similar may have evolved through activation 
of distinct molecular pathways, with significant consequences for disease 
prognosis and treatment selection. Visualisation of molecular information by 
molecular imaging is an emerging field of research, with already a number of 
established clinical applications and with many more under study8. Cell surface 
proteins with extracellular domains are attractive as biomarkers because they 
can be targeted by monoclonal antibodies with high specificity. such anti-
bodies can be labelled with radioactive tracers for imaging by positron emis-
sion tomography (Pet), with particles for mri, or with fluorescent labels for 
image-guided surgery9-11. in addition, some of these biomarkers may function 
as novel targets for (antibody-based) therapeutic cancer drugs12.
 large-scale identification of several thousands of proteins by in-depth 
proteomics analysis has only become feasible in recent years due to techno-
logical advancements in mass spectrometry and bioinformatics. nevertheless, 
protein identification by shotgun proteomics remains a stochastic process in 
which few high-abundant proteins can easily overshadow and hamper identi-
fication of relevant but intermediately or lowly expressed proteins13. enriching 
samples for the subproteome of interest is a powerful approach to overcome 
this problem14-16. the methodology to biotinylate and isolate the membrane 
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proteome, that is, the collection of proteins that potentially can be targeted by 
antibodies, has been developed and successfully applied to identify biomarkers 
for primary cancer and metastatic disease17-20. in the present study we aimed to 
identify cell surface protein biomarkers for colorectal adenoma-to-carcinoma 
progression that can distinguish clinically harmless low-risk adenomas from 
clinically relevant high-risk adenomas and CrC.

 materials and metHods
 Cell culture
the CrC cell lines Ht-29 and Caco-2 were obtained from the american type 
Culture Collection (lGC standards GmbH, Wesel, Germany) and the Colo 
205, HCt 116, and rko cell lines were kindly provided by dr. G.J. Peters, 
department of oncology, VU University medical Center. Ht-29, Colo 205, 
HCt 116, and rko were cultured in dulbecco’s modified eagle’s medium 
(lonza Biowhittaker, Verviers, Belgium) containing 10% fetal bovine serum 
(fBs) (Hyclone, Perbio, Uk). Caco-2 was cultured in rPmi 1640 (lonza Biow-
hittaker) containing 20% fetal bovine serum. Both cell culture media were 
supplemented with 2 mm l-glutamine, 100 iU/ml sodium-penicillin (astellas 
Pharma B.V., leiderdorp, the netherlands) and 100 µg/ml streptomycin (fisio-
pharma, Palomonta (sa), italy).

 Cell surface protein isolation
the Pierce cell surface protein isolation kit (Pierce, rockford, illinois, Usa) 
was used for the isolation of cell surface protein and intracellular protein frac-
tions, according to the manufacturer’s protocol with some modifications. Per 
cell line five 75 cm2 tissue culture flasks (Greiner Bio-one, alphen a/d rijn, the 
netherlands) at 70% to 80% confluency (approximately 14x106 cells per flask) 
were incubated with 412μm sulfo-nHs-ss-Biotin (Pierce) dissolved in PBs 
at 4°C for 30 minutes, washed with PBs, collected by gentle scraping, and 
pooled and pelleted by centrifugation (3 minutes at 500g). Cells were lysed 
in 500 μl lysis buffer (Pierce) supplemented with 1x complete protease inhib-
itor cocktail (roche, mannheim, Germany) and incubated on ice for 30 min 
with intermediate vortexing every 5 min. Cell lysates were clarified by centrif-
ugation at 4°C (10 min at 16.100g) upon which supernatants were incubated 
with neutravidin Protein beads (Pierce) at 4°C for 2 hours. the beads were 
collected by centrifugation and washed according to the protocol described 
by scheurer et al21. Beads were washed three times in PBs containing 1% w/v 
nonidet P-40, 0.1% w/v sodium dodecyl sulphate (sds) and 1x protease inhib-
itor cocktail, and again three times in PBs containing 0.1% w/v nonidet P-40, 
0.5 m naCl and 1x protease inhibitor cocktail. Proteins were eluted from the 
beads by incubation in 330 μl of PBs containing 50 mm dithiothreitol and 62.5 
mm tris-HCl at room temperature for 1 h. the eluted proteins represented the 
cell surface fractions. the remaining unbound cell lysates were also collected 
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figure 1: schematic representation of 
the cell surface protein isolation and 
sample preparation for mass-spectrom-
etry. (a) Cells were incubated with sul-
fo-nHs-ss-biotin to biotinylate extracel-
lular domains of cell surface proteins. Cell 
lysates were incubated with avidin-coated 
beads to capture biotin-labelled proteins. 
subsequently, these proteins were eluted 
from the beads and further referred to as 
the cell surface protein fractions (Cs). 
non-biotinylated proteins were also col-
lected and referred to as intracellular 
protein fractions (if). (B) detection of 
e-cadherin in cell surface and intracellular 
fractions of five CrC cell lines by West-
ern blotting. e-cadherin is enriched in cell 
surface fractions compared to the intra-
cellular fractions of four cell lines, thereby 
verifying the cell surface protein isolation 
procedure. (C) 1-d gel electrophoresis and 
Coomassie staining of five cell surface 
protein fractions and two pools of intra-
cellular protein fractions, one containing 
the Cin cell lines Colo 205, Caco-2, and 
Ht-29, and the other containing the msi 
cell lines rko and HCt 116. the gel lanes 
were cut into 10 gel bands per sample and 
further processed for nanolC-ms/ms.

and represented the intracellular fractions (figure 1a). Protein concentrations 
for the cell surface protein fractions and the intracellular protein fractions were 
0.25 µg/µl and 5 µg/µl, respectively. the cell surface protein fractions were 
concentrated with a 10 kda cut-off filter (millipore Corporation, Billerica, Usa) 
prior to gel electrophoresis.

 Western Blotting
five μg of protein samples was separated by gel electrophoresis using 8% 
sds-polyacrylamide gel electrophoresis gels and transferred to polyvinylidene 
fluoride membranes (amersham Biosciences, little Chafont, Uk). membranes 
were blocked with PBs containing 0.05% tween-20 (sigma-aldrich, st louis, 
missouri, Usa) and 3% w/v dry milk powder, incubated with a 1:1000 dilution of 
anti-e-cadherin antibody (clone HeCd-1, Zymed, Carlsbad, California, Usa) in 
blocking solution overnight at 4°C, washed with PBs containing 0.05% tween-
20, incubated with horseradish peroxidase (HrP)-conjugated secondary anti-
bodies at room temperature for 1 hour, and developed using eCl-Plus and 
hyperfilm (amersham Biosciences).

 Gel electrophoresis and sample preparation for proteomics analysis
thirty micrograms of cell surface protein fractions and two pools of intracel-
lular protein fractions were separated by gel electrophoresis using a precast 
one-dimensional (1d) 4-12% gradient sds-polyacrylamide gel (invitrogen, 
Carlsbad, Usa). the gel was fixed in 50% ethanol containing 3% phosphoric 
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acid and stained with Coomassie r-250. Gels were washed in milli-Q water 
and stored at 4°C until processing for in-gel digestion. each lane was cut in 10 
gel bands and further processed into tryptic peptides as described by Piersma 
et al22. the volume of the desalted peptide fractions was reduced to 50 µl in a 
vacuum centrifuge.

 nanoLC-MS/MS proteomics analysis
We previously demonstrated the feasibility of label free protein profiling by 
1d gel electrophoresis coupled to nanoliquid chromatography-tandem mass 
spectrometry (nanolC-ms/ms), with generally 70-80% of protein repro-
ducibly identified in three technical replicates with 17-23% CV of quantifica-
tion14,22. Peptides were separated by an Ultimate 3000 nanolC system (dionex 
lC-Packings, amsterdam, the netherlands) equipped with a 20 cm x 75 µm 
id fused silica column custom packed with 3 µm 120 Å reprosil Pur C18 aqua 
(dr maisch GmBH, ammerbuch-entringen, Germany) as described22. Briefly, 
peptides were trapped on a 5 mm x 300 µm id Pepmap C18 cartridge (dionex) 
and separated at 300 nl/min in a 60 min gradient. intact peptide mass spectra 
and fragmentation spectra (top 5) were acquired on a ltQ-ft hybrid mass 
spectrometer (thermo fisher, Bremen, Germany). dynamic exclusion was 
applied with a repeat count of 1 and an exclusion time of 30 seconds.

 Database searching
ms/ms spectra were searched against the human iPi database 3.31 (67,511 
entries) using sequest (version 27, rev 12). scaffold version 2.01 (Proteome 
software, Portland, or) was used to organise the data and to validate peptide 
identifications using the PeptideProphet (probability >95%) and Protein-
Prophet (probability of >99% with 2 peptides or more in one sample)23,24. 
Proteins were quantified by spectral counting. for each protein the number of 
assigned ms/ms spectra was summed across the 10 fractions and exported 
to excel (see supplementary table 1). normalised counts were calculated by 
dividing the counts per protein by the sum of all counts per sample and multi-
plication by the average sum across all samples22. 

 GLUT1 and PrP C immunohistochemistry on tissue microarrays
tissue microarrays (tmas) were constructed using a series of 82 colon 
adenomas and 82 CrCs that were collected retrospectively from 2001 to 2008 
at the VU University medical center, amsterdam, the netherlands. all tissues 
were used in compliance with the institutional ethical regulations for use of 
patient material. two to six cores from each paraffin block were included in the 
tmas, depending on the amount of tissue available. 
 the immunohistochemical stainings, scanning and scoring procedures 
were done employing instruments and in accordance to strategies used 
within the Human Protein atlas25. in brief, sections were deparaffinised and 
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rehydrated, endogenous peroxidases were blocked with 0.3% hydrogen 
peroxide in methanol for 30 minutes. for the GlUt1 staining, antigens were 
retrieved by autoclaving in citrate buffer solution (pH 6.0). incubation of 
GlUt1 antibody (aB1341, Chemicon/millipore Corporation) at a 1:50 dilution in 
antibody diluent (thermoscientific, Waltham, Usa) was performed for 30 min 
at room temperature. GlUt1 staining was detected by a HrP-coupled polymer 
and visualised by diaminbenzidine plus (daB Plus) (both from thermoscien-
tific). for the PrPC staining antigens were retrieved by autoclaving in 1.5 mm 
HCl. Primary anti-PrPC antibody (clone 8H4, sigma-aldrich) was incubated at 
a 1:200 dilution in PBs containing 1% Bsa and 0.1% tween-20 (sigma-aldrich) 
at 4°C overnight, and subsequently detected by a HrP-coupled anti-mouse 
polymer (Powervision plus, immunologic, duiven, the netherlands) and incu-
bation with diaminobenzidine (dako, Heverlee, Belgium). sections were 
counterstained with mayer’s haematoxylin. 
 sections stained for GlUt1 were automatically scanned with an aperio 
scanscope xt slide scanner (aperio technologies, Vista, Usa) equipped with 
a 20x objective with a numerical aperture of 0.75 (from olympus, tokyo, Japan) 
and stainings were scored using the imagescope viewer (aperio). sections 
stained for PrPC were scanned with a mirax digital slide scanner (3dHisteCH 
ltd., Budapest, Hungary) also equipped with a 20x objective with a numer-
ical aperture of 0.75 (Carl Zeiss B.V., sliedrecht, the netherlands) and stain-
ings were scored using the mirax Viewer software (3dHisteCH ltd). the 
scoring was done using a dedicated and calibrated high resolution computer 
screen, and visual analogue scales of staining patterns were used for reference 
purposes. any ambiguous patterns of staining were discussed at a multi-head 
microscope. 
 the scoring methods applied were guided by the staining patterns 
observed. for GlUt1, staining intensity (negative, weak, moderate, or strong) 
in the epithelial cells within one tissue core was scored. in addition, for GlUt1, 
distinct plasma membrane staining could be observed and this was scored as 
either present of absent. the highest score of multiple cores from each tumour 
was used for further analysis. final evaluation was performed by dichotomising 
the data into two groups. for GlUt1, samples with a strong intensity score 
of the staining had ‘high protein expression’, while all others had ‘low protein 
expression’. for technical reasons, in some cases, staining could not be eval-
uated, leaving 66 colon adenomas and 56 colon carcinomas in this study for 
GlUt1 (see supplementary table 2). for PrPC, staining intensity (negative, 
weak, moderate, or strong) and percentage of positive epithelial cells within 
one tissue core (0-80% or >80%) were scored. the highest score of multiple 
tissue cores was used and high protein expression was defined as >80% of 
epithelial cells showing moderate to strong staining. all other samples were 
considered to have low staining. for PrPC staining, 75 colon adenomas and 68 
colon carcinomas were evaluated (see supplementary table 2). 
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 Analysis of DNA copy number alterations of chromosomal 
 regions 8q, 13q and 20q 
Half of all tumour samples were analysed for dna copy number alterations by 
array comparative genomic hybridisation (aCGH)5. the r package CGHcall was 
used to define copy number gains and losses26. a gain of chromosomal region 
8q, 13q or 20q was defined by a gain of at least 14 consecutive probes within 
these regions. in the remaining samples, dna copy number status for 8q, 13q, 
and 20q was analysed by multiplex ligation-dependent probe amplification,, 
as described previously27. a gain of 8q, 13q or 20q was defined when at least 
50% of all multiplex ligation dependent probe amplification probes in a region 
showed a tumour-to-normal dna copy -number ratio of 1.3 or more. adenomas 
that were microsatellite stable (mss) and showed a gain in one or more of 
these chromosomal regions were classified as high-risk adenomas while mss 
adenomas without these gains were classified as low-risk adenomas.

 msi analysis
msi status was determined using the msi analysis system version 1.2 
(Promega Corporation, madison, Wisconsin, Usa). in brief, this system exam-
ines the profile of five mononucleotide repeat markers (Bat-25, Bat-26, nr-21, 
nr-24 and mono-27) and two pentanucleotide repeat markers (Penta C and 
Penta d). samples with instability in two or more markers were considered 
msi-High, whereas samples with instability in one marker and samples without 
instability in any of these markers were considered mss. 

 Data mining and statistical analysis 
the software program Phobius (phobius.sbc.su.se) was used for the predic-
tion of a transmembrane region and/or a signal peptide28. the ingenuity 
Pathway analysis tool (iPa 7.0, ingenuity systems, inc., redwood City, Ca, 

figure 2: the majority of cell surface pro-
teins were identified in multiple cell lines. 
the pie chart indicates the number (per-
centage) of the 2609 cell surface fraction 
proteins that were identified in just one 
of the cell lines (494 proteins, 19%) up 
to within all five cell lines (753 proteins, 
30%). the observation that 1260 proteins 
(48%) were identified in 4 or 5 cell lines 
illustrates that the far majority of cell sur-
face proteins was commonly identified in 
multiple cell lines.
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Usa) was used to collect annotations on, for example, protein function and 
expected subcellular location. the χ2 test or fisher’s exact test, whichever was 
appropriate, was applied to evaluate associations between categorical vari-
ables. t testing was applied for investigation of associations between immu-
nohistochemical staining results and patient age. all statistical analyses were 
performed using sPss (sPss V.15, sPss inc). all reported p-values are two 
sided, and p≤ 0.05 was considered significant.

 resUlts
 Identification of cell surface proteins in CRC cell lines 
the chromosomal instability CrC cell lines Ht-29, Caco-2, and Colo 205, and 
the msi CrC cell lines HCt 116 and rko were selected for identification of 
cell surface proteins. extracellular domains of membrane proteins were bioti-
nylated, cells were lysed, and the biotinylated cell surface protein fractions 
and nonbiotinylated intracellular protein fractions were collected (figure 1a). 
Western blotting for the cell adhesion molecule e-cadherin was performed to 
verify the cell surface protein isolation procedure, and confirmed the enrich-
ment of e-cadherin within cell surface fractions compared to the complemen-
tary intracellular fractions of four cell lines (figure 1B). e-cadherin was not 
detected in rko protein fractions, consistent with literature reports29.
 for cell surface proteomics, the cell surface protein fractions obtained 
from the five CrC cell lines were separated by 1d gel electrophoresis, stained 
with Coomassie Brilliant Blue (figure 1C), and further processed for protein 
identification by nano- lC-ms/ms as described in materials and methods. 
a total of 2609 proteins were identified in the cell surface fractions with an 
average of 1675 proteins per cell line, ranging from 1534 proteins for Caco-2 to 
1816 proteins for Ht-29. eighty-one per cent of all proteins (2115 out of 2609) 
were detected in more than one cell line. almost half of all proteins (1260 out 
of 2609) were identified in the cell surface fractions of at least four of the five 
cell lines, indicative for common expression of these proteins among CrC cell 
lines (figure 2). as expected, e-cadherin was detected in all cell lines except 
for rko. in addition, many other well known plasma membrane proteins were 
identified, such as the epithelial cell adhesion molecule ePCam (also known as 
taCstd1) and the integrins itGa6, itGaV, itGB1, itGB4, and itGB5; recep-
tors for signalling pathways such as the ephrin receptors ePHa1, ePHa2 and 
ePHB2, the epidermal growth factor receptor, and the tumour necrosis factor 
receptor superfamily member fas; transporter molecules including the aBC 
transporter family members aBCC1 and aBCC3, which are involved in multi-
drug resistance; and immune-response-related molecules such as Hla-a and 
five other members of the major histocompatibility complex family, and the 
immunoglobulin superfamily members iGsf3 and iGsf8. a complete over-
view of all proteins identified and their spectral counts within each of the cell 
surface fractions is provided by supplementary table 1.
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Table 1: Cell Surface candidate biomarkers for adenoma-to-carcinoma progression

Gene 
Symbol

Uniprot
Accession
Number

Protein name Mol. 
Weight        
(kDa)

Cell surface fractions (spectral counts)

Colo 205 Caco-2 HT-29 RKO HCT 116

ACSL1 P33121 Long-chain-fatty-acid--CoA ligase 1 78 1 1 3 4 0

ACSL3 Q6PIM8 ACSL3 protein 137 14 8 14 46 42

AIFM1 O95831 Apoptosis-inducing factor 1, mitochondrial 58 17 0 28 42 48

ATL2 Q8NHH9 Atlastin-2 20 1 5 2 5 4

AUP1 Q9Y679 Ancient ubiquitous protein 1 53 0 4 1 1 2

BCAM P50895 Basal cell adhesion molecule 67 48 62 46 17 6

BCAP31 P51572 B-cell receptor-associated protein 31 36 18 0 8 20 1

BST2 Q10589 Bone marrow stromal antigen 2 20 1 3 1 8 0

CNNM3 Q8NE01 Metal transporter CNNM3 76 1 3 3 5 0

COPS6 Q7L5N1 COP9 signalosome complex subunit 6 36 9 2 4 1 2

CPOX P36551 Coproporphyrinogen-III oxidase,  
mitochondrial

50 4 4 5 8 24

CYB5B O43169 Cytochrome b5 type B 17 4 3 5 2 4

DAG1 Q14118 Dystroglycan 98 14 47 22 28 64

DHCR7 Q9UBM7 7-dehydrocholesterol reductase 54 8 3 12 1 3

EPHA1 P21709 Ephrin type-A receptor 1 108 8 14 14 0 4

HM13 Q8TCT9 Minor histocompatibility antigen H13 69 8 3 6 14 9

HSD17B7 P56937 3-keto-steroid reductase 38 1 2 3 1 2

HTRA2 O43464 Serine protease HTRA2, mitochondrial 28 14 47 22 28 64

ICAM1 P05362 Intercellular adhesion molecule 1 58 3 16 3 19 3

IGSF8 Q969P0 Immunoglobulin superfamily member 8 65 8 3 6 14 9

ITFG3 Q9H0X4 Protein ITFG3 69 1 5 2 5 4

KIAA1524 Q8TCG1 Protein CIP2A 102 1 1 1 5 0

LDLR P01130 Low-density lipoprotein receptor 95 3 2 3 43 11

LRP8 Q14114 Low-density lipoprotein receptor-related 
protein 8

106 3 0 1 4 2

MTDH Q86UE4 Protein LYRIC 49 1 14 1 0 3

NSDHL Q15738 Sterol-4-alpha-carboxylate 3-dehydrogenase, 
decarboxylating

55 1 7 7 2 6

PLXNA1 Q9UIW2 Plexin-A1 211 14 8 14 46 42

PODXL O00592 Podocalyxin-like protein 1 56 0 11 1 2 7

PRNP P04156 Major prion protein 28 10 6 6 15 15

PRSS8 Q16651 Prostasin 37 1 27 5 0 1

PTGFRN Q9P2B2 Prostaglandin F2 receptor negative regulator 99 17 0 28 42 48

PTK7 Q13308 Tyrosine-protein kinase-like 7 118 18 35 32 47 81

RPN2 P04844 Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 2

57 3 16 3 19 3

RTN4 Q9NQC3 Reticulon-4 37 3 2 3 43 11

SCARB1 Q8WTV0 Scavenger receptor class B member 1 57 5 19 5 13 24

SDC4 P31431 Syndecan-4 22 0 4 2 2 8

SFXN1 Q9H9B4 Sideroflexin-1 95 48 62 46 17 6

SLC1A3 P43003 Excitatory amino acid transporter 1 60 1 14 1 0 3

SLC1A4 P43007 Neutral amino acid transporter A 56 1 0 1 5 1

SLC1A5 Q15758 Neutral amino acid transporter B(0) 57 17 25 17 27 20

SLC2A1 P11166 Solute carrier family 2, facilitated  
glucose transporter member 1

54 7 18 12 7 16

SLC4A2 P04920 Anion exchange protein 2 137 18 0 8 20 1

SLC7A11 Q9UPY5 Cystine/glutamate transporter 55 5 2 5 2 4

SURF4 O15260 Surfeit locus protein 4 17 5 19 5 13 24



GLUT1 and PrPC are CRC cell 
surface protein biomarkers 129

 Cell surface proteins associated with 
 adenoma-to-carcinoma progression
several filters were applied to identify cell surface proteins associated with 
colorectal adenoma-to-carcinoma progression. to enrich for biomarker candi-
dates that are likely to recognize a wide variety of molecularly heterogeneous 
colon tumours, proteins that were identified in at least four out of five cell lines 
were selected. next, the Phobius program was used to select for biomarker 
candidates with a predicted transmembrane domain, as these indicate a puta-
tive membrane localisation of the proteins identified28. in addition, proteins, 
whose corresponding mrna levels were previously found to be overexpressed 
in a series of 31 carcinomas compared to a series of 37 adenomas (supplemen-
tary table 1), were selected5. When combined together, these selection criteria 
resulted in a list of 44 promising candidate cell surface biomarkers for adeno-
ma-to-carcinoma progression (table 1).

 Verification of GLUT1 and PrPC as cell surface candidate 
 biomarkers for adenoma-to-CRC progression
out of the 44 cell surface proteins associated with adenoma-to-carcinoma 
progression, two proteins were selected for further validation. GlUt1 (gene 
symbol SLC2A1) was selected because of its central role in cancer cell metab-
olism30, while PrPC (gene symbol PRNP) was selected based on evidence in 
literature of its putative role in colon cancer. the presence of PrPC protein on 
the cell surface of the five CrC cell lines was verified by fluorescence activated 
cell sorting analysis (supplementary figure 1). ecadherin was taken along as a 
positive control, for which expression was found in all cell lines except rko, 
conforming to expectations. next, GlUt1 and PrPC protein expression were 
examined by immunohistochemistry using tmas containing a series of colon 
adenomas and carcinomas. Within epithelial cells of adenomas and carcinomas, 
GlUt1 staining was observed mainly in the cytoplasm and on the plasma 
membrane (figure 3). High levels of GlUt1 cytoplasmic and plasma membrane 
staining were observed significantly more in CrCs than in adenomas (p<0.001 
and p<0.00001; figure 5a,C, respectively). PrPC staining was predominantly 
observed in the cytoplasm within the epithelial cells (figure 4). in carcinomas, 
intense PrPC staining was observed at and just below the plasma membrane 
at the luminal side (figure 4e, d). PrPC protein expression levels were signifi-
cantly higher in CrCs than in adenomas (p<0.05, figure 5e). this implies that 
both GlUt1 and PrPC expression are increased during adenoma-to-carcinoma 
progression. 
 tumours were characterised for msi status, and chromosomal regions 
20q, 13q and 8q were characterised for dna copy number status (supple-
mentary table 2) because gains of these chromosomal regions are associated 
with adenoma-to-carcinoma progression5,6. therefore, mss adenomas with an 
increased copy number in at least one of the regions (8q, 13q and 20q) were 
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classified as high-risk adenomas, while adenomas without gains in these chro-
mosomal regions were classified as low-risk adenomas. there was no significant 
correlation between msi -status and GlUt1 or PrPC expression (supplementary 
table 2). Classification of mss adenomas into low-risk and high-risk adenomas 
indicated that high GlUt1 staining was detected more frequently in high-risk 
adenomas and carcinomas combined compared to the low-risk adenomas 
(p<0.00001; figure 5B). even more strikingly, plasma membrane staining was 
absent from the low-risk adenomas but present in the high-risk adenomas and 
carcinomas (p<0.00001; figure 5d). PrPC expression levels were significantly 
different between low-risk adenomas on the one hand and high-risk adenomas 
and carcinomas combined on the other hand (p<0.005; figure 5f). 

figure 3: GlUt1 immunohistochemical 
staining of colon adenomas and carcino-
mas. tmas containing a series of colon 
adenomas and carcinomas were stained 
for GlUt1 by immunohistochemistry. 
representative examples show that 
GlUt1 staining of epithelial cells in adeno-
mas (a, B) was less intense than in high-
risk adenomas (C, d) and carcinomas (e, 
f). GlUt1 staining was present in the 
cytoplasm and at the plasma membrane 
of the epithelial cells. scale bars indicate 
50 µm.
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 disCUssion
there is an evident clinical need for biomarkers that specifically distinguish 
low-risk colorectal adenomas from high-risk adenomas and CrCs. Cell surface 
protein biomarkers are of particular interest because they can be targeted by 
antibodies for molecular imaging or cancer treatment8-12. We here applied a 
shotgun proteomics analysis of the cell surface protein fraction of five CrC 
cell lines and aimed to identify proteins associated with tumour progression 
by integrating the proteomics data with transcriptomics data from a series of 
adenomas and CrCs5. Combined with additional selection criteria concerning 
predicted membrane localisation and common expression among multiple 
CrC cell lines, this study identified 44 cell surface candidate biomarkers 

figure 4: PrPC immunohistochemical 
staining of colon adenomas and carcino-
mas. tmas containing a series of colon 
adenomas and carcinomas were stained 
for PrPC by immunohistochemistry. rep-
resentative examples show that PrPC 
staining of epithelial cells in adenomas 
(a, B) was less intense than in high-risk 
adenomas (C, d) and carcinomas (e, f). 
epithelial staining was mostly cytoplas-
mic with an increased staining intensity 
towards the plasma membrane at the 
luminal side. scale bars indicate 50 µm.
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figure 5: Quantification of GlUt1 and 
PrPC immunohistochemical staining of 
tmas. (a) High levels of GlUt1 staining 
intensity were more frequently detected 
in carcinomas (53.6%) compared to ade-
nomas (19.7%). (B) When stratified for 
high-risk, high levels of GlUt1 staining 
intensity were more frequently observed 
in high-risk adenomas (50%) and CrCs 
(57.5%) than in low-risk adenomas (10%). 
(C) Plasma membrane staining of GlUt1 
was more often present in carcinomas 
(39.3%) compared to adenomas (4.5%). 
(d) strikingly, upon stratification for high-
risk lesions, plasma membrane staining of 
GlUt1 was completely absent from low-
risk adenomas and present in high-risk 
adenomas (21.4%) and CrCs (42.5%). 
(e) High levels of PrPC staining were 
more frequently observed in carcinomas 
(45.6%) than in adenomas (26.7%). (f) 
Upon stratification for high-risk lesions, 
high levels of PrPC staining were more fre-
quently observed in high-risk adenomas 
(42.9%) and CrCs (50%) than in low-risk 
adenomas (20.5%).

for adenoma-to-CrC progression (table 1). the association between colon 
tumour progression and increased protein expression was verified by immu-
nohistochemical analysis of two of the candidates, GlUt1 and PrPC (figure 5), 
thereby validating our approach.
 the group of 44 candidate biomarkers comprised multiple genes that have 
been associated with various aspects of tumour biology. GlUt1 plays a central 
role in cancer metabolism. Cancer cells switch from oxidative phosphorylation 
to glycolysis, which results in an increase in glucose requirement well known as 
the Warburg effect. to compensate for this higher demand for glucose, cancer 
cells tend to upregulate glucose transporters, among which GlUt1, resulting 
in a higher glucose influx31-33. although GlUt1 is known to be expressed at low 
levels in several normal tissues including colon33, consistent with our own find-
ings (supplementary figure 2a, B), its increased expression in cancer is used in 
clinical practice for Pet imaging with the 18fdG glucose analogue, for example, 
to visualize CrC liver metastases30. in addition to GlUt1, several others 
from the group of 44 candidate biomarkers are also associated with cancer 
metabolism. slC1a5 is a transporter protein for neutral amino acids such as 
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glutamine, a high uptake of which is required for cancer cells to keep up with 
the proliferation rate and synthesis of new macromolecules34. High levels of the 
slC1a5 protein were found to be associated with a worse survival of patients 
with CrC35. moreover, the aCsl1, aCsl3, dHCr7, Hsd17B7, ldlr, nsdHl, 
and sCarB1 candidate biomarkers are all functionally linked to lipid metabo-
lism (iPa 7.0, ingenuity systems, inc.). While PrPC is well known for its role in 
prion diseases, PrPC is expressed in multiple tissues36, including normal colon 
(supplementary figure 2C,d)34. in the present study, epithelial expression of 
PrPC in colon adenoma and carcinoma tissues was much higher than that in 
the adjacent normal colon tissue counterparts, consistent with earlier obser-
vations in gastrointestinal cancer37,38. in recent years, a biological function of 
PrPC in (colon) carcinogenesis has been postulated. treatment of HCt 116 
colon cancer cells with anti-PrPC antibodies increased apoptosis in vitro and 
reduced tumour growth in vivo39. overexpression of PrPC in mouse mammary 
gland cells modulated tumour growth factor b signalling and induced matrix 
metalloproteinase-2 activity, a protease known to degrade components of the 
extracellular matrix, thereby facilitating cancer cell invasion and metastasis40. 
moreover, high PrPC expression was associated with disease recurrence in 
patients with stage ii and stage iii CrC37.
 several other candidate cell surface biomarkers for adenoma-to-CrC 
progression affect oncogenic pathways. kiaa1524/ CiP2a stabilises myC in 
cancer cells41. aifm1 is a central mediator of the caspase-independent apop-
tosis pathway42. ephrin receptors such as ePHa1 are well-established factors 
in cancer progression and neovascularisation43. mtdH and Bst2 have been 
shown to promote metastasis of breast cancer44,45. likewise, the cellular adhe-
sion molecules BCam and iCam1 have adhesive properties that may facil-
itate cell migration and metastasis. BCam is overexpressed by a variety of 
cancers and a role in metastasis has been suggested46, while for iCam1, a role 
in metastasis has been demonstrated47. furthermore, a soluble form of iCam1 
can be detected in serum and has been proposed as a prognostic factor for 
colon cancer48. an anti-iCam1 antibody was successfully applied to reduce 
tumour growth of several cancer types in an in vivo model system49. taken 
together, these data confirm that the list of cell surface biomarkers for adeno-
ma-to-CrC progression (table 1) indeed contains many candidates that are 
likely to be associated with colon tumour progression.
 in this study, we focused on identification of cell surface biomarkers for 
adenoma-to-CrC progression. to select for the protein biomarkers of interest, 
we made use of a list of genes that exhibited increased mrna expression in a 
series of CrCs compared to adenomas. the complete list of 2609 proteins that 
were identified in the cell surface fractions (supplementary table 1), one of the 
largest CrC protein data sets obtained to date, also comprises known drug 
targets. this includes epidermal growth factor receptor eGfr against which 
the monoclonal antibodies cetuximab and panitumumab have been registered 
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for use in CrC12 as well as the cell surface proteins iGf1r, Cd40, and ePCam 
that can be targeted by cixutumumab, sGn-40, and tucotuzumab celmoleukin, 
respectively. Besides ePCam, also other putative stem cell markers were also 
identified in this study, like Cd44, alCam, aldH1 and Prom1 (also known as 
Cd133)50. 
 almost half (48%) of the cell surface proteins identified in this study were 
expressed by four or five out of the five cell lines we examined (figure 2). more-
over, the present findings are consistent with the identification of nearly 300 
cell surface proteins expressed by the non-metastatic and metastatic CrC cell 
lines km12C and km12sm, respectively, as more than 80% of these proteins 
were also detected in the present study18. these data indicate that many cell 
surface proteins are commonly expressed by a variety of CrC cell lines, despite 
their biological and molecular heterogeneity. nevertheless, biomarkers that 
specifically detect the far majority of high-risk colorectal adenomas and carci-
nomas have not been identified so far, indicating that a combination of markers 
may be needed for this purpose.
 it is of interest that GlUt1 plasma membrane staining was observed in 
only 37% of the high-risk adenoma and carcinoma tissue samples (figure 5d 
and supplementary table 2), while in clinical practice, 18fdG Pet imaging has 
a sensitivity for carcinomas of 89%51,52. sensitivity, specificity and ultimately 
predictive value of candidate biomarkers for use as imaging target depend on 
multiple variables, including expression of the target molecule in the diseased 
tissues of interest compared to background, mode of administration (oral 
vs systemic), accessibility of the molecule for the probe or tracer, analytical 
sensitivity of the assay/imaging modality and clinical and program sensitivity. 
therefore, while immunohistochemical evaluation demonstrates increased 
expression levels of GlUt1 and PrPC in high-risk colon adenomas and carci-
nomas (figure 5), studies using imaging modalities will be needed to conclu-
sively determine suitability of these markers for molecular imaging of CrC .
 in conclusion, we here present high-resolution cell surface proteomics 
data derived from five CrC cell lines. for the purpose of identification of 
biomarkers for adenoma-to-carcinoma progression, data were integrated with 
previously obtained transcriptomics information, a strategy that was validated 
by verification of GlUt1 and PrPC as cell surface candidate biomarkers for 
high-risk adenomas and CrCs. moreover, the complete set of CrC cell surface 
protein data may support a variety of translational research questions for 
which clinical applications are emerging, particularly related to current trends 
in molecular imaging and targeted (personalised) therapies.
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supplementary figure 1: CrC cell surface 
expression of e-cadherin and PrPC by flu-
orescence-activated cell sorting (faCs) 
analysis.. five CrC cell lines were ana-
lysed by faCs for cell surface expression 
of e-cadherin and PrPC. Cultured cells 
were collected upon incubation with 0.5 
mm edta in PBs and washed with faCs 
buffer (PBs containing 0.1% Bsa (roche) 
and 0.02% nan3). Cell surface prion pro-
tein expression was measured by incuba-
tion of single-cell suspensions with anti-
PrPC antibody (clone 8H4, sigma-aldrich) 

at a 1:150 dilution in faCs buffer on ice 
for 45 minutes or a mouse isotype control 
(Clone 713, sanquin reagents, amster-
dam, the netherlands) and subsequently 
with fitC-coupled rabbit-anti-mouse 
(f0232, dako, Heverlee, Belgium). 
e-cadherin expression was visualised 
using a 1:50 dilution of Pe-coupled anti-
e-cadherin antibody (faB18381P, r&d 
systems, abingdon, Uk) or a Pe-coupled 
mouse isotype control (Clone G155-178, 
Becton dickinson, Breda, the nether-
lands). at least 10,000 cells per sample 

were analysed within 1 hour using a faCs-
can (Becton dickinson). in the upper panel 
e-cadherin positive cells are depicted as 
black lines and in the lower panel PrPC 
positive cells are depicted as black lines. 
negative controls are depicted as grey 
lines. the rko cell line lacks significant 
expression of e-cadherin, conform expec-
tations. all cell lines exhibit cell surface 
expression of PrPC, thereby confirming 
that prion protein is commonly expressed 
at the cell surface of CrC cells. 

sUPPlementary fiGUre 1



GLUT1 and PrPC are CRC cell 
surface protein biomarkers 137

supplementary figure 2: GlUt1 and PrPC 
immunohistochemical staining of normal 
colon. (a, B) GlUt1 staining is weakly 
present in the cytoplasm of epithelial cells 

in normal colon mucosa. (C,d) in normal 
colon mucosa PrPC is expressed by some 
lamina propria cells and by surface epi-
thelial cells that display predominantly 

cytoplasmic staining which is absent from 
the lower half of the crypt. scale bars 
indicate 50 μm.
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