Downloaded from orbit.dtu.dk on: Dec 20, 2017

Technical University of Denmark

)
ﬁ
c

i

Detection of serological biomarkers by proximity extension assay for detection of
colorectal neoplasias in symptomatic individuals

Buch Thorsen, Stine ; Lundberg, Martin ; Villablanca, Andrea ; Christensen, Sarah Louise T.; Belling,
Kirstine Gonzalez-lzarzugaza; Sander Nielsen, Birgitte ; Knowles, Mick ; Gee, Nick; Nielsen, Hans Jgrgen
; Brinner, Nils; Jarle Christensen, Ib ; Fredriksson, Simon ; Stenvang, Jan ; Assarsson, Erika

Published in:

Journal of Translational Medicine

Link to article, DOI:
10.1186/1479-5876-11-253

Publication date:
2013

Link back to DTU Orbit

Citation (APA):

Buch Thorsen, S., Lundberg, M., Villablanca, A., Christensen, S. L. T., Belling, K. C., Sander Nielsen, B., ...
Assarsson, E. (2013). Detection of serological biomarkers by proximity extension assay for detection of
colorectal neoplasias in symptomatic individuals. Journal of Translational Medicine, 11, [253]. DOI:
10.1186/1479-5876-11-253

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://dx.doi.org/10.1186/1479-5876-11-253
http://orbit.dtu.dk/en/publications/detection-of-serological-biomarkers-by-proximity-extension-assay-for-detection-of-colorectal-neoplasias-in-symptomatic-individuals(ded5537b-1d47-40f7-a75f-a0a25f1877b9).html

.lour!larl of Translational ( BioMed Central
Medicine \ The Open Access Publisher

This Provisional PDF corresponds to the article as it appeared upon acceptance. Fully formatted
PDF and full text (HTML) versions will be made available soon.

Detection of serological biomarkers by proximity extension assay for detection
of colorectal neoplasias in symptomatic individuals

Journal of Translational Medicine 2013, 11:253 doi:10.1186/1479-5876-11-253

Stine Buch Thorsen (stinebt@gmail.com)
Martin Lundberg (martin.lundberg@olink.com)
Andrea Villablanca (Andrea.Villablanca@olink.com)
Sarah Louise Christensen (sarah.louise.t.christensen@regionh.dk)
Kirstine Christensen Belling (belling@cbs.dtu.dk)
Birgitte Sander Nielsen (birgittesander@hotmail.com)
Mick Knowles (mick.knowles@innovabiosciences.com)
Nick Gee (Nick.Gee@Innovabiosciences.com)
Hans Jagrgen Nielsen (h.j.nielsen360@gmail.com)
Nils Brunner (nbr@sund.ku.dk)

Ib Jarle Christensen (ib.jarle@finsenlab.dk)
Simon Fredriksson (Simon.Fredriksson@olink.com)
Jan Stenvang (stenvang@sund.ku.dk)

Erika Assarsson (Erika.Assarsson@olink.com)

ISSN 1479-5876
Article type Research
Submission date 12 July 2013
Acceptance date 28 September 2013
Publication date 10 October 2013

Article URL http://www.translational-medicine.com/content/11/1/253

This peer-reviewed article can be downloaded, printed and distributed freely for any purposes (see
copyright notice below).

Articles in JTM are listed in PubMed and archived at PubMed Central.
For information about publishing your research in JTM or any BioMed Central journal, go to

http://www.translational-medicine.com/authors/instructions/

© 2013 Thorsen et al.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


mailto:stinebt@gmail.com
mailto:martin.lundberg@olink.com
mailto:Andrea.Villablanca@olink.com
mailto:sarah.louise.t.christensen@regionh.dk
mailto:belling@cbs.dtu.dk
mailto:birgittesander@hotmail.com
mailto:mick.knowles@innovabiosciences.com
mailto:Nick.Gee@Innovabiosciences.com
mailto:h.j.nielsen360@gmail.com
mailto:nbr@sund.ku.dk
mailto:ib.jarle@finsenlab.dk
mailto:Simon.Fredriksson@olink.com
mailto:stenvang@sund.ku.dk
mailto:Erika.Assarsson@olink.com
http://www.translational-medicine.com/content/11/1/253
http://www.translational-medicine.com/authors/instructions/
http://creativecommons.org/licenses/by/2.0

.lour!larl of Translational ( BioMed Central
Medicine The Open Access Publisher

For information about other BioMed Central publications go to

http://www.biomedcentral.com/

© 2013 Thorsen et al.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.biomedcentral.com/
http://creativecommons.org/licenses/by/2.0

Detection of serological biomarkers by proximity
extension assay for detection of colorectal neoplas
In symptomatic individuals

Stine Buch Thorsér
Email: stinebt@gmail.com

Martin Lundberg’
Email: martin.lundberg@olink.com

Andrea Villablanca
Email: Andrea.Villablanca@olink.com

Sarah Louise T Christensen
Email: sarah.louise.t.christensen@regionh.dk

Kirstine Christensen Bellirfg
Email: belling@cbs.dtu.dk

Birgitte Sander Nielsén
Email: birgittesander@hotmail.com

Mick Knowleg'
Email: mick.knowles@innovabiosciences.com

Nick Ged
Email: Nick.Gee@Innovabiosciences.com

Hans Jergen Nielsén
Email: h.j.nielsen360@gmail.com

Nils Briinnet
Email: nbr@sund.ku.dk

Ib Jarle Christensén
Email: ib.jarle@finsenlab.dk

Simon Fredrikssdn
Email: Simon.Fredriksson@olink.com

Jan Stenvarig'
Corresponding author
Email: stenvang@sund.ku.dk

Erika Assarssd
Email: Erika.Assarsson@olink.com



! Department of Veterinary Disease Biology, Faculty of Health and MEdic
Sciences, University of Copenhagen, Strandboulevarden 49, DK-2100
Copenhagen, Denmark

2 Olink Bioscience, Uppsala Science Park, Dag Hammarskjolds véag 52B, SE-
75237 Uppsala, Sweden

3 Center for Biological Sequence Analysis, Department of Systems Biology,
Technical University of Denmark DTU, DK-2800 Kgs. Lyngby, Denmark

* Innova Biosciences, Babraham Hall, Cambridge CB22 3AT, United Kingdom

> Department of Surgical Gastroenterology, Hvidovre Hospital, DK-2650
Hvidovre, Denmark

® The Finsen Laboratory, Rigshospitalet, Biotech Research and Innovation Cente
(BRIC), University of Copenhagen, DK-2200 Copenhagen, Denmark

" Equal contributors.

Abstract

Background

Although the potential of biomarkers to aid in early detection ajrectal cancer (CRC) |s
recognized and numerous biomarker candidates have been reportediterdhee, to dat
only few molecular markers have been approved for daily clinical use.

1%

Methods

In order to improve the translation of biomarkers from the bencHiricad practice we
initiated a biomarker study focusing on a novel technique, the prgxartension assay,
with multiplexing capability and the possible additive effect atadifrom biomarker panels.
We performed a screening of 74 different biomarkers in plasma ddriva a case—contrpl
sample set consisting of symptomatic individuals representing R&Ri€nts, patients with
adenoma, patients with non-neoplastic large bowel diseases and healthy individuals.

Results

After statistical evaluation we found 12 significant indicatorsC&C and the receiver
operating characteristic (ROC) curve of Carcinoembryonic ant(@dpA), Transferrir
Receptor-1 (TFRC), Macrophage migration inhibitory factor (MIRpsteopontin
(OPN/SPP1) and cancer antigen 242 (CA242) showed additive effestbibmarker pane
identified CRC patients with a sensitivity of 56% at 90% spetyfaund thus the performangce
is sufficiently high to further investigate this combination of fiw@teins as serological
biomarkers for detection of CRC. Furthermore, when applying the todsc#o identify
early-stage CRC a combination of CEA, TFRC and CA242 resultedRid@ curve with an
area under the curve of 0.861.




Conclusions

Five plasma protein biomarkers were found to be potential CR@mdisators and three ¢f
these were additionally found to be discriminators of early-stage CRC. Ttsméve dat

in symptomatic individuals demonstrates the feasibility of theipteit proximity extensio
assay for screening of potential serological protein bikerarand warrants independent
analyses in a larger sample cohort, including asymptomatic indisidodurther validate the
performances of our CRC biomarker panel.
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Introduction

Colorectal cancer (CRC) accounts for 608,700 deaths per year worldyigkich makes it
one of the most common causes of cancer related deaths. Randolimipadl tcials have
demonstrated the value of population-based screening to reduce CR@-netatality. In
part, this can be ascribed to the detection of early-stage WIRCprovision of timely
treatment [2-4]. Therefore, there is a strong interest in thetifidation and clinical
validation of new CRC biomarkers to be used for early detection of this disease.

Modalities as the Faecal Occult Blood Test (FOBT) and stooA OBDNA) tests are
presently the only approved non-invasive screening tests availablieteotion of CRC in
asymptomatic individuals. The performances of these tests haee y4-6] and there is an
immense problem with compliance [7,8]. In the results of a Danisly $t was demonstrated
that>60% compliance is a prerequisite in order to obtain successfut efféite screening
[9]. A similar compliance problem in symptomatic individuals is abserved when using
serological tests where the compliance is over 90% [10]. One pteetiological CRC
screening test is the Septin 9 (SEPT9) methylated DNAwbk&th has demonstrated good
test performance in a prospective screening study including n8@00 asymptomatic
individuals. However, the SEPT9 test still leaves about 33% of caatients undetected
while the false-positive rate is 12% [11]. Furthermore, the teahmtatform could be
improved as the SEPT9 test requires a large volume of plasma per test.

We addressed the clinical needs for a blood-based test layingta protein biomarker study
evaluating 74 different protein biomarkers in plasma samples trase—control patient
material consisting of symptomatic individuals represented by @&fients, adenoma
patients, patients with non-neoplastic large bowel diseases anlayhadividuals. Presently,
patients both with adenoma and CRC need further examination using @ogasorder to
evaluate the pathology of the neoplasm. Hence, it is not as impartdisttiminate between
these two groups if the aim is to develop a pre-colonoscopy sagetessin However, it is a
technical challenge to measure proteins in plasma due tobib&gical complexity and a
wide range in protein concentrations [12,13], a problem that is edflact the general
absence of serological CRC screening protein biomarkers beipignmanted in clinical
settings [14,15]. Furthermore, in order to increase the successf ratpotential blood-based
test, we found inspiration in a number of studies which demonstrated hibhaer
discrimination power could be obtained by combining biomarkers [16-18]. owaiming



for a panel of biomarkers for a final test requires an asshymultiplexing capability, but
without loss of technical sensitivity and specificity [19]. Morapvew sample consumption
and good assay performance in general is needed in order totadigh quality biomarker
studies. We addressed these technical issues by applying theromlity extension assay
(PEA) which is an improved version of a biomarker discovery tool vaiawa performance
superior to the related Proximity Ligation Assay (PLA) in plasma sajp8].

To investigate the reason for the additive effect of our biomarkeel we evaluated the
independence among the potential biomarkers as well as exploring biodogical
associations and interactions by performing network and pathway analysis.

In this study, we applied the novel PEA technique to identify fivelegical proteins that

could discriminate between patients with colorectal neoplasiasaritbl groups of healthy

individuals and patients with other diseases. Furthermore, by foousitige early stages of
CRC in the statistical evaluation, we identified three protéias are potential candidate
biomarkers for early detection of CRC.

Materials and methods

Subjects and study design

Blood samples were obtained prospectively and consecutively priexamination from
individuals (aged 18+ years) undergoing sigmoidoscopy or colonoscdpgr &llowing
symptoms consistent with CRC or patients attending surveillangegons due to hereditary
CRC (HNPCC and FAP). The study period was from 2003 to 2005 and sampte
collected at six different centers in Denmark [10]. The casdral study in the present
manuscript is based on 4990 eligible individuals (including individuals Wwéreditary
disposition, HNPCC or FAP) with 304 colorectal cancers (189 colocecarand 115 rectal
cancers, TNM stage | (n = 46), stage Il (n = 88), stagelk 71) and stage IV (n = 72),
remaining not staged), 10 other cancers, 923 adenomas, 1217 with non-nebptists
and 2536 with no findings [20]. According to the Helsinki Il Declaratayal and written
informed consent was obtained from each individual and the study was apfypvihe
Regional Ethical Committee of Copenhagen and Frederiksberg, Derikiar01-080/03).
Subjects previously diagnosed with CRC and subjects unable to give edfa@onsent were
excluded from the study. Based on this study population, a case—&tatiplwas designed
including 280 individuals representing four diagnostic groups of subjetiis. Study
population was selected to test the potential of a panel of sealbgpmarkers to be used to
detect CRC. First, 70 subjects with pathologically verified emltal adenocarcinomas (25%
rectal cancer and 75% colon cancer) were selected at randosulasebuently, for each of
these, a subject with histologically verified adenomatous chaagesoma patients, n = 70)
was randomly selected matching for age, gender and localizattbe phthological finding.
Then subjects with non-neoplasticlarge bowel disease (other disaas&0) were randomly
selected and matched as described for the adenomas, and lastigtsswiih no pathological
findings by endoscopy and/or self-reported diseases or intake dicatien (healthy
individuals, n = 70) were selected in the same manner. The yaallividuals were
characterized based on pre-endoscopy interview, data files fronoysevisits and results
from colonoscopy/sigmoidoscopy as well as subsequent follow-up in pevgbnsontinuing
symptoms as well. Individuals with other cancers were excluded fhe group of healthy
individuals. It appeared that three CRC patients, one adenoma patietwapatients with



other diseases had a previous diagnosis of cancer (not CRC). Ttiestspeere included in
the respective groups. The main clinical characteristics of csbiecluded in the study,
except healthy individuals, are presented in Table 1.

Table 1 Patient characteristics

Colorectal cancer patients Patients with other disease Adenoma patients
Subjects, r Subjects, r Subjects, r
(%) (%) (%)
Gender
Female 36 (51) 36 (51) 36 (51)
Male 34 (49) 34 (49) 34 (49)
Age group
40-49 3(4) 3(4) 3(4)
50-59 7 (10) 7 (10) 7 (10)
60-69 16 (23) 16 (23) 16 (23)
70-79 24 (34) 24 (34) 24 (34)
80-99 20 (29) 20 (29) 20 (29)
Adenoma 3(4)
Cancer stage Adenomateous 1 (1)
lesion
TNM AJCC Serrated 1(2)
adenoma
T1, T2-NO- I 7 (10)  Diverticular disease of 62 (89) Mucous 1(2)
MO colon NOS* membrane
T3-NO-MO0/ Il 29 (41) Diverticular disease of 3 (4) Tubulovillous 15 (21)
T4-NO-MO small intestine NOS*
T1, T2-N1- I 15 (21) Colitis NOS* 1(1) Tubular 40 (57)
MO/ T3, T4-N1-
MO
Any T-N2- v 14 (20) Internal hemorrhoids 3 (4) Villous 1(2)
MO/ Any T-Any NOS*
N-M1
Not specified NOS* 5 (7) Haemorrhoids NOS* 1(2) NOS* 8 (11)

*NOS: Not otherwise specified.

Demonstrating the distribution of the different stages of cancediffieeent types of diseases
included in the group of patients with other diseases and the diffigymed of adenomas
included in the group of adenoma patients.

Specimen characteristics

All blood samples were collected prior to large bowel endoscopy andeadinely
according to a standard operating procedure (SOP) securinghadégree of uniformity
among samples [21]. The plasma samples were prepared byicgllgictod in EDTA tubes
and placed on ice immediately after sampling. The samplestinamecentrifuged at 2508
for 10 min at 4°C. After centrifugation the plasma was aspiralégjoted to new tubes and
immediately hereafter stored at —80°C. From previous publicatiorfeunel that more than
six cycles of freeze-thaw could influence the data [22,23]. CEA #&i®P& are more readily
affected by longerm frozen storage compared with frequent freezing—thawing [24¢ whi
such information is not yet available on CA242, TRFC, MIF, and OPNreldre, the



samples used in the present study had undergone from one to foerthraezcycles before
analysis.

Methods used for the preclinical exploratory study

The putative biomarkers were carefully selected for the biomadeening by thorough
literature searches exploiting databases as e.g. PubMed®, MEBI. Google scholar®,
UniProt®, GeneCards® and The human protein atlas (proteinatlas2&jy)The primary
criteria included in the searches were proteins present in pahmwaptved in CRC, proteins
involved in inflammation and cancer, proteins found in biomarker screstudgs of CRC
tumor tissue and general cancer markers. The different &tidsabbreviations for each
protein were carefully assessed. The technical construction @fst#ays was added to the
criteria, as availability of appropriate antibodies for the pratyirprobes was needed. We
applied the proximity extension assay (PEA), since its ass&yripeance is superior to PLA
when analyzing plasma samples [19]. In the present study, PE#&soenstructed for the 74
different targets and an assay validation was performed vigttua on utilizing the PEA as a
biomarker discovery tool.

Assay methods in the assay validation study

Proximity probe preparation

The proximity probes in the 24-plex PEA setup were prepared bindirgither pairs of
matched monoclonal antibodies, or a single batch of affinity purifidgclomal antibody
split in two, to either a 'shydroxyl free or a Sphosphate free 40-mer oligonucleotide
(Additional file 1: Table S1 and Table S2). The proximity probessvwenerated by Innova
Biosciences (Cambridge, UK) using their Lightning-LinkTM technolo@onjugation
quality was analyzed by SDS-PAGE (data not shown). Tigdoxyl or 3-phosphate free
oligonucleotides both comprise a unique flanking 20-bp sequence for pringémdoiduring
PCR and gPCR as well as a universal 20-bp sequence. Extensioudkgbides contained
a 40-bp sequence complimentary to each of thiee® oligonucleotides. In addition, each
extension oligonucleotide contained a 16-bp universal sequence used wizkyboi the
corresponding '3free oligonucleotide and unite the two oligonucleotides, and to gereerate
central 26 bp binding site for a Molecular Beacon. The hybridizates performed at room
temperature for 20 min in a 4:1 oligo-to-probe ratio. The basic PEAqmiotvas performed
by mixing 1uL of PBS + 0.1% BSA = antigen spike-in (antigens listed in Additidihell:
Table S3) or human EDTA plasma with 0,84 Probe mix [50 pM of each PEA probe pair,
internal control standard spike-in mix (green fluorescent protein \@Fetor Laboratories,
USA) and extension oligonucleotide)] and 2.86 plasma dilution (Olink Bioscience,
Sweden). The mix was incubated at 4°C overnight. Afterwards, tubeaiging the 4ulL
probed samples were transferred to a thermal cycler set ataBd*C6uL pre-extension mix
(Olink Bioscience) was added, followed by incubation at 37°C forrb fmmediately after,
20 ul extension mix (Olink Bioscience) was added and the extensionomsetere then run
at 37°C for 20 min followed by a 10-min heat inactivation step at 80°C.

PEA was performed in multiplex using a 24-plex panel. All stepewerformed as above,
but using a set of the 24 unique probe oligo pairs, the 24 corresponding ifecation
primers and the 24 unique primer pairs for gPCR detection. In the gPQRiversal
Molecular Beacon (FAM-



CCCGCTCGCTTATGCTACCGTGACCTGCGAATCCCGAGCGGG-DABSYL, idBners)
was used as detection system.

Screening procedure

Pre-amplification— was performed in PCR plates. A total volume ofiRBy mixing 20ul of
the ligated product with L PCR mix [1x PCR buffer (Invitrogen, Denmark), 15 mM
MgCl, (Invitrogen), 1 mM dNTP (Invitrogen), 0.@gM of each forward and reverse pre-
amplification primer (Additional file 1: Table S2), and 7.5 units iRlah Taqg polymerase
(Invitrogen)], using the same amplification protocol as previouslyribest [25]. Prior to
gPCR, the products were diluted 5-fold in 1x Tris-EDTA buffer.

Detection by real-time quantitative PCRP+or to qPCR an incubation step was performed to
digest any leftover pre-amplification primers in the solution. diheed DNA products were
transferred to a PCR plate and mixed with 1.4x Fast Univevieater Mix (Applied
Biosystems), dbBD and 0.05 units of uracil-DNA excision mix (Epicenter) and then
incubated for 30 min at 37°C. The gPCR detection was performedhen ait ABl 9700 HT
Fast (Applied Biosystems) instrument or the BioM¥rkmicro fluidic system (Fluidigm).
Fourul of each pre-amplification product were transferred to a qPCtie atad mixed with 6

ul gPCR mix [25 mM Tris—HCI, 7.5 mM magnesium chloride, 50 mM posassthloride,
8.3 mM ammonium sulfate, 8.3% Trehalose (Acros Organics)uBB8ach) dNTP’s, 1.67
mM dithiothreitol, 833 nM of each primer (Additional file 1: Table S£)7 nM Molecular
Beacon (Biomers), 41.7 U/ml recombinant Taq polymerase (Fermemtdsl.33uM ROX
reference (ROX-TTTTTTT, Biomers)]. The thermal cycler pemgrwas two-step with initial
denaturation at 95°C for 5 min, followed by 15 s denaturation at 95°C; andnl mi
annealing/extension at 60°C for 45 cycles.

I mplementation procedure

Pre-amplification —was performed in a total volume of gbby mixing 20ul of the ligated
product with 5uL PCR mix [1x PCR buffer (Invitrogen, Denmark), 15 mM MgCl
(Invitrogen), 1 mM dNTP (Invitrogen), 04#M of each forward and reverse pre-amplification
primer (Additional file 1: Table S2), and 7.5 units Platinum Taq rpehase (Invitrogen)],
using the same amplification protocol as previously described [2B]t ® gPCR, the
products were diluted 5-fold in 1x Tris-EDTA buffer.

Detection by real-time quantitative PCRP+or to gPCR an incubation step was performed to
digest remaining pre-amplification primers in the solution. fleof the 2-fold diluted DNA
product was mixed with 10l 1.4x Fast Universal Master Mix (Applied Biosystems),0H
including 0.05 units of uracil-DNA excision mix (Epicenter) and themlrated for 30 min at
37°C. Afterwards, each sample mix was further diluted by adding 8dis-EDTA buffer.
The qPCR detection was performed on a 384-well format using ¢imeQycler 480. Foupl

of each diluted pre-amplification product were transferred toekh w the 384-plate and
mixed with 6ul gPCR mix. Again, the thermal cycler program was 95°C foiirg followed

by 15 s denaturation at 95°C; and 1 min annealing/extension at 60°C for 45 cycles.



Preparation of internal standards, standard curves, and samplesfor recovery
studies

For internal control standard we used recombinant GFP (Vector dtabes) which was
spiked in the spike-in mix (Olink Bioscience) and thereby added &ample incubations.
GFP was diluted in PBS + 0.1% BSA (Calbiochem/Merck) to a final concentration of .10 nM

When analyzing gPCR data it is important to consider the sc#he @t values. Differences
of 1 Ct is similar to a two-fold difference on a linear scalej a higher Ct value indicates
lower concentration. To convert the Ct-values to a linear scalejsed the formula®@.
These linearized data were then normalized to the internal cdai®l by dividing each
biomarker value of one sample with the value for GFP for thisipte. This first
normalization reduces the technical variation and improves thegdatidy significantly. To
compensate for shifts in the different runs, we also normalizecebateach gPCR run (total
of three chips). By assuming that such a large sample sehav#t the same expected
median, we divided each assay with the median value for afilearan that chip. The result
of this second normalization was that we reduce variability intratlbeéwveen qPCR runs.
Together with a buffer control a spike-in of recombinant protein (esch 200 pM) PBS +
0.1% BSA was added to each gPCR plate.

Correlations

In order to evaluate the PEA, data were correlated with previobsiyned ELISA data [25]
utilizing three commercially available ELISAs for quantitioa (Carcinoembryonic antigen-
related cell adhesion molecule 5 (CEA), Interleukin-8 (IL-8) and erarantigen 242

(CA242)) and an in-house validated ELISA for TIMP-1 [26]. Resultevaétained from the
sample cohort of healthy individuals and CRC patients. Furthermore, dalt# from a

previous run [25] were used to evaluate the PEA assay perform@eaeson correlation
between PLA and PEA data was calculated and the Pearson camrgkdtie (R) presented.
Logarithmic PLA values were linearized®2*" and normalized with GFP prior to
comparison to the ELISA values. Logarithmic PEA values wermalized against both the
median for each assay and GFP and lineari&&"prior to comparison to ELISA values.

Statistical analysis

Candidate markers for analysis were selected from the blaiteolecular markers choosing
those with p-values less than 0.001 (Type Ill) when comparing thenpgtieups using a
linear model with repeated measures (cases). The chosen magkershen analyzed by
logistic regression analysis adjusting for the case—contrajrd@sth CRC versus adenomas,
non-neoplasticdisease and healthy individuals. The probability of C&Cnwodeled. Each
chosen marker was entered by the actual normalized value. Utavanmealysis was
performed for each marker and a multivariate model was idehtiétaining markers which
were statistically significant. The results are presentedhb odds ratio (OR) with 95%
confidence interval (Cl). Sensitivity and specificity weedcalated for each marker and the
linear combination was used for the multivariate model. In additionC RQGrves were
generated and the area under the curve (AUC) was calculaibdetSanalyses of CRC
restricted to TNM stages | and Il as well as comparisoadehomas to non-neoplastic and
healthy subjects were performed. Cross-validation methods wergasasdess the chosen



models. P-values less than 5% were considered significant. |&lllatons were performed
using SAS (v9.2, SAS Institute, Cary, N.C., USA).

Functional analysisin silico

Independence among biomarkers has shown to increase the addints eff a panel of
biomarkers [16-18]. In order to investigate the biological assonidtetween the top hit of
our interesting biomarkers, we initiated a focused bioinformatialuation. Functional
analysis of the four proteins of interest was performed by u§lAg(Ingenuity® Systems,

www.ingenuity.com). The protein identifiers for CEA, Transferrin &xor protein 1

(TFRC), Macrophage migration inhibitory factor (MIF) and Osteopo(@PN/SPP1) were
uploaded to the application. The functional analysis identified thedialofunctions and

diseases that were most significant to the four genes imgieauity Knowledge Base. Right-
tailed Fisher's Exact Test was used to calculate a p-vaterndining the probability that
each biological function and disease assigned to that data set is due to trace a

Assay exportation, implementation and validation

We exported the PEA technology from Olink Bioscience, Uppsalagd&@wi the University
of Copenhagen, Copenhagen, Denmark and performed validation of the candidat&dsiomar
assays. Sensitivity, specificity and linearity of signalreveassessed by spike-in of
recombinant protein in PBS + 0.1% BSA buffer in a range of 0.01 — 10,000 pMaauoidust
curves. The specificity of each assay was assessed in RBB6+BSA by using different
antigen mixes with or without the specific antigen preseandaird curves for three different
specific mixes and one unspecific mix were assessed for eaely.alhe overview and
composition of the different mixes are illustrated in (Additiondaé f1: Table S4).
Contamination of the TIMP-1 PEA probe led us to exclude this assay the validation
process. No suitable commercially available CA242 and Cancegeani9-9 (CA19-9)
recombinant proteins were available and therefore linearity iretbaffd recovery could not
be assessed for these assays. Intra- and inter-assayomariaere calculated for the GFP
control by calculating the standard deviation between GFP measusemi¢hin one plate
and among plates (assays performed at University of Copenhageegrity in CRC plasma
was investigated for all assays by performing a 10-fold dilutiaihe range of undiluted to
10,000 times dilution.

Recovery studies were made in PBS + 0.1% BSA (expected) and humizal plasma
(measured) and the biological background cross-reactivity wassesk in chicken plasma
(GeneTex, Cat.no. GTX73211). Recombinant proteins were spiked in PBS +B&A%r
human control plasma in the range of 10, 100 and 500 pM. To assess theyrabevEp-
values were linearized by the formufd®2” and then assessed by calculating the background
= buffer + buffer with spike-in; the expected value = control plasmEackground giving

d i [
=222 % 100 . The recovery was evaluated for nine assays for which

recovery(%) - expected

recombinant proteins were available; the recovery was calduléde all spike-in
concentrations and a range of these were then presented as the recovery.



Results

Assay optimization from PLA to PEA

To improve the assay performance and to overcome plasma inhibitive dfase in the
PLA protocol, the linkage between the two proximity probes was @tatgyan extension
after hybridization of an extension oligonucleotide (PEA) [19]. Wemaxed how PEA
compared to previous ELISA data and, overall, the PEA data showed impaveldtion to
the ELISA data in comparison to the correlation between PLA an8Al(jberformed in a
previous study [25]). These results were calculated on the baBkISA, PLA and PEA
measurements of the level of the specific markers in plasmatfealthy individuals (n = 70)
and CRC patients (n = 70). This was performed in order to compleésseessment of the
newer techniques in comparison to the gold-standard, ELISA (Additivedl: Table S5).
Investigation of the PEA performance in comparison to the PLA was perfosp2dtatistic
for the PLA and PEA covariates from the multivariate logistigression analysis for each
biomarker. Theg2 statistic shows a larger value for the PEA in all calsgsonstrating that
the PEA covariate is the best discriminator of CRC. In ordezxtomine the relationship
between PLA and PEA we performed a Pearson correlation betwaebiemarker entering
either PLA or PEA. The Pearson correlation coefficients demaedtra substantial
association between PLA and PEA levels (Additional file 1: T&8e Univariate analysis
for each biomarker entering either the PLA or the PEA value stieavs that the PEA
covariate yields the best model fit (data not shown) for each tested biomarker.

Statistical evaluation of potential colorectal neolasm biomarkers

A total of 74 different biomarkers were analyzed in the 4 x 70 humasmgal samples
(Additional file 1: Table S1). Twelve biomarkers discriminated leetw CRC patients and
healthy individuals in a univariate analysis (P < 0.001) (TableThese 12 protein
biomarkers were included in a multivariate analysis to evalbaie $tatistical association.
This analysis demonstrated that 5 of the 12 different proteins isagtify identified CRC

from the control groups; CEA (P = 0.0003), TFRC (P = 0.0007), MIF (B.0968),
OPN/SPP1 (P = 0.0200) and CA242 (P = 0.0090) (Table 2). The AUC for thedumivi
proteins ranged from 0.658 to 0.731 and sensitivities were: CEA 46%, TFRC 34%, MIF 38%,
OPN/SPP1 38% and CA242 39% at 90% specificity (Figure 1). EstirR@g curves from

this conditional logistic regression analysis illustrated thafiteeCRC discriminators (CEA,
TFRC, MIF, OPN/SPP1 and CA242) had an additive effect, as twenbined curve
demonstrated an increase in AUC with a sensitivity of 56% at q@%ifity. Additional,

we investigated the Pearson correlation coefficients betweenl2Zhepotential CRC
biomarkers, which were selected on a basis of 0.01% discriminationjen to investigate

the association among the markers. The association intervals f(R’¢he five potential
biomarkers were; TFRC (0.05 — 0.40), MIF (0.05 — 0.81), CEA (0.19 — 0.41), CA242 (0.07 -
0.61) and OPN (0.07 — 0.50). The association among the five markens thadower range.
Markers with a strong correlation would likely not be independent inivatilite analysis
(Additional file 1: Table S7).



Table 2Uni- and multivariate statistical analyses of the 12 potential screening mers
selected on the basis of a 0.01% discrimination

Univariate analysis

Multivariate analysis

TNMI-IV (N = 70 versus 210) Adenoma (N=70 TNMI-IV *(N =70
versus 140)

TNMI-Il ®(N =36

versus 210) versus 108)

Odds Ratio P
(95% ClI)

Odds Ratio
(95% ClI)

P Odds Ratio *P
(95% ClI)

Odds Ratio P
(95% ClI)

CEA 2.2 (1.7-2.9) <0.0011.2 (0.9-1.7) 0.26001.8 (1.3-2.4) 0.00032.0 (1.3-3.0) 0.0007
TFRC 2.8 (1.9-4.2) <0.0011.0 (0.7-1.5) 0.96002.7 (1.5-4.8) 0.00072.1 (1.1-4.1) 0.0303
CA242  2.2(1.7-3.0) <0.0011.0 (0.7-1.3) 0.77001.6 (1.1-2.3) 0.00901.8 (1.1-3.0) 0.0311
OPN/ 13.4 (4.6- <0.001 1.7 (0.7-4.2) 0.220(5.5 (1.3-23.1)0.0200

SPP1 39.0)

MIF 3.0 (1.8-5.1) <0.0011.6 (1.0-2.5) 0.04002.6 (1.3-5.1) 0.0068

NSE 2.0 (1.4-2.8) 0,00011.5 (1.1-2.2) 0.0240 0.6000

CA19-9 1.5(1.2-1.8) <0.0011.1 (0.9-1.3) 0.4500 0.5900

DcR3 1.7 (1.3-2.7) 0.0005L.3 (1.0-1.8) 0.1100 0.6500

L8 2.4 (1.7-3.5) <0.0011.2 (0.9-1.7) 0.2700 0.1500

S100A8 4.9 (2.3-10.450.001 1.4 (0.7-2.7) 0.3300 0.8600

TIMP1 2.4 (1.6-3.5) <0.0011.3 (0.9-1.9) 0.1300 0.1700

TFF3  2.2(1.5-3.1) <0.0011.0 (0.7-1.3) 0.8100 0.3500

*P-value to include in final modef. Including all CRC stages (TNMI-VI) in a conditional
logistic regression model; Including only the early CRC stages (TNMI-I) in a conditional
logistic regression model.

Univariate analyses of the markers as discriminators of Tiélgfesl-IV demonstrate that all
markers can discriminate CRC (n = 70) from the three control gr@ups 210). When
including these markers in a multivariate analysis we find fhveg markers are still
discriminators of CRC (n = 70). Including only CRC TNM I-II atis in the multivariate
analysis we find that three markers are continuously discrioraf CRC. Univariate
analyses of the markers as discriminators of adenomatous diasastrate that only one
marker (NSE) is discriminator of adenoma (n = 70) and the twaaia@roups, patients with
other diseases and healthy individuals (n = 140).

Figure 1 Receiver operating characteristic (ROC) curve modeling the candidat€RC
biomarkers’ (CEA, TFRC, MIF, OPN/SPP1 and CA242) probability of colorectal

cancer detection.Data included are from colorectal cancers versus controls for individual
biomarkers (n = 140). The x axis is 1-specificity and the y axis is sétysilihe purple line
represents the combination of all five markers with maximum sensitivitypauifisity of

56% and 90%, respectively. The area under the ROC curve (AUC) signifies thecgamur
each of the individual as well as the combined biomarkers for distinguishingatalore
cancers. The AUCs ranged from 0.658-0.731. The dotted black line represents the point of
90% specificity and relationship is indicated by color.

The adenoma patients were included in the study since surgigaingxof adenomas has
previously demonstrated a decrease in the incidence of CRC amdbytheem increase in
survival of screened individuals compared to non-screened individuals pgptHor NSE

(P = 0.0240) and MIF (P = 0.040), none of the markers were able tordisate between the
control groups (healthy individuals and patients with other diseam®s$)the adenoma
patients in the univariate analysis (Table 2). Furthermore, foadeaoma group NSE was



the only marker which was not associated with the other maskelhence we could not
investigate any additive effect of potential adenoma-specific markers.

Statistical evaluation of potential early-stage CRMiomarkers

The alterations of cancer biomarkers are often correlated tease in tumor size and stage
[13,28]. Hence, we investigated the interesting markers when ingladily early-stage CRC
patients. We applied our discrimination model to early-stage CRGnly including CRC
TNM I-ll patient and biomarker data. This demonstrated thatet of the five CRC
biomarkers could identify early-stage CRC (n = 36) from the canfrot 36) in each control
set; CEA (P = 0.0007), TFRC (P = 0.0303) and CA242 (P = 0.0311) (Tablenh@y. T
combined performance was evaluated by plotting a ROC curve afutpet of these three
identifiers. The AUC is 0.69 for CA242, 0.68 for TRF and 0.80 for CEA, wketea
combined ROC curve demonstrated that the combination of the three bisradkdted in
an AUC of 0.82 (Figure 2). Combinations of the three biomarkers showed&dsitivity at
90% specificity.

Figure 2 Receiver operating characteristic (ROC) curve modeling the probabity of
colorectal cancer detection by CEA, TFRC and CA242ata from colorectal cancer stage
TNM I-1l versus matched controls were included in the statisticalitzdlon (n = 72). The x
axis is 1-specificity and the y axis is sensitivity. The red line reptesiee combination of all
three markers with maximum sensitivity and specificity of 53% and 90%, resgecthe
area under the ROC curve (AUC) signifies the accuracy of the thrd@radrbiomarkers for
distinguishing colorectal cancers (TNM I-11). The area under the auage0.861. The dotted
black line represents the point of 90% specificity.

Functional analyses in silico

Functional analyses identified the biological functions and disdas¢ the four biomarkers,
CEA, TFRC, MIF and OPN/SPP1, were most significantly assmtiith. CA242 was not
included in the analysis since it is defined as a blood-group antigeraf2Pjt was not
registered in the IPA library (Ingenuity® Systems, www.ingencdy). By performing
canonical pathways analysis we identified the pathways fronPihdibrary that were most
significant to the four biomarkers: Eumelanin Biosynthesis (MIF)IF-mediated
Glucocorticoid Regulation (MIF), MIF Regulation of Innate Immur(it§iF), Role of Oct4
in Mammalian Embryonic Stem Cell Pluripotency (OPN/SPP1) ab®MRXR Activation
(OPN/SPP1). The pathway analysis demonstrated no common pathvwagsrbany of the
four biomarkers. The functional network analysis demonstrated tHfatiabiomarkers were
found in the network “Organ Morphology, Cardiovascular Disease, @el#velopment”
which is illustrated in Figure 3.

Figure 3 Graphical representation of the molecular relationships among the candate
CRC biomarkers identified in human plasma; CEA, TFRC, MIF and OPNSPP1.The

top associated network was the Organ Morphology, Cardiovascular DisedskrCel
Development network. Molecule types have their background highlighted as describe
blue box. Edges with dashed lines show indirect interaction, while an unbroken line
represents direct interactions. Molecules in uncolored notes were integtatétei
computationally generated networks on the basis of the evidence stored in the IRé&digeow
memory indicating a relevance to this network.




Assay exportation, implementation and validation

The portability of PEA among independent laboratories was obtainedssfiglly. Linearity
of signal, sensitivity and specificity were investigated foheagssays in buffer with spike-in
recombinant protein and demonstrated linear ranges of 3—4 orders of magnisiiejtgaen

a range of 1-10 pM and high specificity for all assays, excephé s100A8 assay, which
demonstrated a high background level (Figure 4). All assays had balckground level in
chicken plasma, demonstrating that no unspecific binding as well atickomess to the
biological components of chicken plasma was present for the antilzodledigonucleotides
of the PEAs (Additional file 1: Figure S1). The CV% was caltad for GFP by linearizing
the logarithmic raw Cp values and then calculating the averagstamdard deviation. For
intra-assay variation determinations, 15 different experimeri® \werformed with eight
measurements in each. The CV% ranged from 9.0-31.5; median CV% = l6a®eande
CV% = 17.6. The inter-assay variation was calculated among thegdEsireents and the
CV% was found to be 34.3 (n = 144). Linearity in plasma was askigseeler to evaluate if
the measurement of each biomarker was within the linear rantiee afpecific assay. All
assays with proximity probes available demonstrated an aceepitadhr range in human
plasma (Additional file 1: Figure S2). However, the linear esngf s100A8 and TGFbl
show high background level and hence a lower linear range. The idsalgptlilution for the
CRC sample was shown to be a factor of 10, as this was wiithitinear range of the 11
biomarker assays tested. Unfortunately, the TIMP-1 assay exakided from these
experiments due to a contamination of the TIMP-1 probes. Recovergssassed in human
control plasma for the nine assays with antigens availabldhéoexperiment, the recovery
ranged from 58-129% between assays (Additional file 1: Table S3).

Figure 4 Dose—response and technical specificity for candidate biomarkersechnical
specificity is assessed by comparing standard curves prepared fraal dikgion of
antigen mixes with (specific) or without (unspecific) the specific antigesegot. These
different solution mixes are PBS + 0.1% BSA * antigen (Additional file 1:eT&4). The x-
axis shows the antigen concentrations in the different mixes. The y-axis Gpevedues,
which were normalized to the internal control GFP by subtracting each biormahikerfrom
the GFP-value for this sample. As indicated, each assay was testecehyiffierent specific
antigen mixes and a single unspecific antigen mix, which indicate the backgratined of
assay.

Discussion

The present study demonstrates that the novel multiplex PEA sssaitable to identify
potential plasma biomarkers for detection of CRC. Forming a biompege!| consisting of
plasma CEA, TFRC, MIF, OPN/SPP1 and CA242 could represent a biontastefor
detection of CRC in symptomatic individuals. Of particular inteieetite observation that the
plasma levels of CEA, TFRC and CA242 were identifiers of early-stagg €Rygesting that
the panel holds potential as an early detection method of CRC. Hovietteg studies
including asymptomatic individuals as well as patients with oflierases, including other
cancer types, are needed to test this hypothesis. We alsogatestplasma obtained from
adenoma patients in order to search for a precancerous biomarkemfbritinately no
adenoma-specific biomarkers with sufficient statistical signifieaoould be identified.



Among symptomatic individuals the five CRC biomarkers identifiedewshown to detect
CRC patients with a sensitivity of 56% at a specificity of 9(®igure 1). Furthermore,
functional in silico analyses showed that the four biomarker protegns\elved in different
pathways, which supports their lack of association and their individuaiitogian to the
additive effect of the panel. These four biomarkers did not have any directtiotesaget all
had interactions with TGH, indicating some common functional character. The most
significant associated diseases and disorders associatedtheitfour biomarkers were
inflammatory response (CEA, MIF, OPN/SPP1), cancer (all four), gaststinal disease (all
four), cardiovascular disease (MIF, OPN/SPP1l, TFRC) and infectigesase (MIF,
OPN/SPP1, TFRC), supporting that these biomarkers have a biblogean CRC. The
three early-stage CRC biomarkers were shown to identifg $tagd Il CRC patients with a
sensitivity of 53% at 90% specificity (Figure 2). In asymptomatic indivgjuhe sensitivities
of the FOBT range from 40-90% at specificities ranging from 85-f]%but the sensitivity
is highly affected by the low compliance for faeces te&t80]. Nevertheless, it has been
shown that CRC screening by the FOBT reduces mortality fro@ 6§R15-21% [6,31,32]
and that CRC screening in general increases the number oftpatetected with early-stage
disease [33]. Measurements of SEPT9 methylated DNA in serunaswgiptomatic
individuals have recently been shown to identify CRC patients witnsits/ity of 67% at
89% specificity [11]. The performance of our biomarker pandius tvithin the ranges of the
FOBT and almost within the ranges of the SEPT9 test, althodgle@a comparison between
asymptomatic and symptomatic individuals may be inaccurate. Fudherlike the SEPT9
test, our biomarker panel has the advantage of being a simple bldoanteshus the
compliance will most probably be high. It should be noted, however otivatesults are
obtained from analysis of symptomatic patients prior to endoscopiatilmgt a validation
study in an asymptomatic population-based cohort might result ireclsensitivity and
specificity performance as well as an altered compliance.

To obtain further information about the value of our biomarker panel asfigleot early-
stage CRC we compared the analysis of CRC TNM stagevitthl their matching control
groups (healthy individuals, other diseases and adenoma patients)ulidetiioee positive
identifiers; TFRC, CEA and CA242 with known biological roles and meviassociations to
cancer. TFRC has an important role in the inflammation processitamas also been
described as being specific for tumor cell proliferation agrdvides high iron uptake
required for cell division [34,35]. CEA is a glycoprotein and aakethwn CRC monitoring
marker [19,36] suggested to mediate cell-cell adhesion, maintaadterial environment of
the intestine and protect the colon from infectious microorgani86js Lastly, CA242 is a
blood-group antigen defined by the monoclonal antibody C242 and it $ag@viously
been described as a potential CRC biomarker [37]. The adenoma pateatscluded in
the study as it would be an advantage to include adenoma biomarkgrsten@al screening
panel. However, only NSE was a significant identifier of adendwniaif did not demonstrate
any impact in the ROC analysis. The low success rate of adebmmarkers could be a
consequence of our initial literature search from which the 74 psoteere initially chosen
as the search was focused on CRC biomarkers.

A challenge of both adenoma and early-cancer serological reaskdéine concentration of
each analyte which needs to be of a sufficient level in the bloadebéfis theoretically
possible to measure it [38]. From the literature we know that @EAcreased in tumor
tissue [39], that th#IF (Hs.407995) is up-regulated in colorectal carcinomas [40], that OPN
is significantly higher in CRC tumor tissue compared to noriesili¢ [41] and that TFRC is
higher in tumor tissue compared to normal mucosa [42]. The tumoe tisgel of CA242 is



not well established. Searching for detection markers in thg @RC stages when the tumor
is minor or in the adenomateous lesions it has been argued thabthetmn of protein
markers is not sufficient to make an imprint in the systemaulkation [42]. This could be a
potential pitfall for discovery of biomarkers, especially for #ely stage CRC and the
adenomateous lesions, as one would expect less activity from thmseveét, to take one
example, the TIMP-1 plasma level has been described byasexghors to be elevated in
CRC patients. In most of these studies it was found that stdgend Il CRC patients had
the same degree of TIMP-1 elevation as compared to non-neoplastiduath and thus the
plasma level was not related to tumor burden [43]. In the present steidvere able to
statistically point out discriminators of both CRC stage IAt all stage CRC in plasma
suggesting that it is possible to develop serological screemankers for CRC. The origin of
these markers is unknown and could be derived from the tumor microenvirammtientthan
the tumor itself. This question needs yet to be answered and it Weuldteresting to
compare the tumor tissue level with the serological levelagheof the identified CRC
biomarkers.

Conclusions

Survival after CRC is currently being improved by screenig,improvement of detection
methods for early stage CRC is needed. Such methods should be pagypitm, have high
sensitivity, high specificity and high compliance and be inexpensbince CRC is a
heterogeneous disease it could be an option, as indicated in the pgtesgntto combine
different screening tests in order to obtain a high test pesioce. Consequently,
implementation of a sensitive and specific serological screet@sigcould be of great
importance as an add-on to the FOBT or SEPT9. In that regeodld be an advantage that
the test platforms are run on the same specimen in order tofgisginple collection and
maintain high compliance. Interestingly, proximity assays m@yapplied for analysis of
stool samples [44] and saliva (unpublished observations) which could add fiortbee
usability of this assay in CRC biomarker research.

In summary, five plasma protein biomarkers were identified bynthesl multiplex PEA
assay as potential CRC discriminators and three of these adelidonally found to be
discriminators of early-stage CRC. The performance of our bieng@ddknel in symptomatic
individuals was within the range of sensitivity and specificigers for asymptomatic
individuals applying the FOBT and the performance of the SEPTORE#t.assays of the
five identified protein biomarkers have been thoroughly validated. Howawnalyses in a
new independent and larger sample cohort of asymptomatic individuals are needked ia or
further validate the performances of our CRC biomarker panel.
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