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Abstract

The best known ovarian cancer biomarker, CA125,
is neither adequately sensitive nor specific for screen-
ing the general population. By using a combination of
proteins for screening, it may be possible to increase
the sensitivity and specificity over CA125 alone. In
this study, we used Proseek Multiplex Oncology II
plates to simultaneously measure the expression of 92
cancer-related proteins in serum using proximity
extension assays. This technology combines the sen-
sitivity of the PCR with the specificity of antibody-
based detection methods, allowing multiplex bio-
marker detection and high-throughput quantification.
We analyzed 1 mL of sera from each of 61 women with
ovarian cancer and compared the values obtained
with those from 88 age-matched healthy women.
Principle component analysis and unsupervised hier-

archical clustering separated the ovarian cancer
patients from the healthy, with minimal misclassifi-
cation. Data from the Proseek plates for CA125 levels
exhibited a strong correlation with clinical values for
CA125. We identified 52 proteins that differed signif-
icantly (P < 0.006) between ovarian cancer and
healthy samples, several of which are novel serum
biomarkers for ovarian cancer. In total, 40 proteins
had an estimated area under the ROC curve of 0.70 or
greater, suggesting their potential to serve as biomar-
kers for ovarian cancer. CA125 alone achieved a
sensitivity of 93.4% at a specificity of 98%. By adding
the Oncology II values for five proteins to CA125 in a
multiprotein classifier, we increased the assay sensi-
tivity to 98.4% at a specificity of 98%, thereby improv-
ing the sensitivity and specificity of CA125 alone.

Introduction
Ovarian cancer is the fifth leading cause of cancer deaths

in women in the United States with over 16,000 women
succumbing to the disease annually. Although early detec-
tion has the potential to increase patient survival, a test

with sufficient sensitivity and specificity for screening the
general population has not yet been developed (1, 2).
Two ovarian cancer serum biomarkers, CA125 and HE4,

are FDA approved and used for monitoring ovarian cancer
recurrence. However, neither biomarker has adequate sen-
sitivity or specificity, whenused alone, to screen the general
population for early stage disease. The risk of ovarian
cancer algorithm has been used in screening trials to
measure increases in CA125 levels over time to trigger
transvaginal sonography in a small fraction of women
screened (3). These trials showed improvement over using
a single cutoff value for CA125 in women with an average
risk of ovarian cancer, with excellent specificity and pos-
itive predictive value (4). Early stagediseasewasdetected in
the Normal Risk Ovarian Cancer Screening Study (NROSS;
ref. 5), but only the United KingdomCollaborative Trial of
Ovarian Cancer Screening (UKCTOCS) trial was adequate-
ly powered todetect an improvement in survivalwithmore
than 200,000 participants (6). Although the trial failed to
achieve statistical significance in the overall population, a
20% reduction in mortality (P < 0.021) was observed in a
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prespecified subset of women with prevalent nonprimary
peritoneal disease. With wide confidence limits around
this estimate, additional follow-up will be required, but it
is already apparent that greater benefit might be attained
with amore sensitive initial step in screening that included
multiple biomarkers.
In the past, many groups have attempted to improve

upon the use of CA125 alone as a serum biomarker for
ovarian cancer by evaluating additional proteins individ-
ually and in combination with CA125 (1, 2). Although an
ELISA can quantify the level of an individual protein, it
loses its capacity to accurately measure more than 10
proteins at a time. The ability to screen dozens of biomar-
kers, simultaneously in onemultiplex assay, has the poten-
tial to optimize biomarker discovery and facilitates anal-
ysis of multiprotein classifiers. In addition, multiplex
screening could improve the sensitivity and specificity to
the extent that the assay could reasonably be used to screen
an asymptomatic general population for early stage cases.
Several groups have used other technologies such as Lumi-
nex bead-based assay panels to identify subsets of biomar-
kers to detect ovarian cancer (2, 7, 8).
Technology developed by OLink Bioscience permits the

simultaneous quantification of 92 cancer-related protein
biomarkers based on the proximity extension assay (PEA;
refs. 9–12). PEA is an innovative technology that combines
the specificity of antibody-based detection methods (such
as ELISA) with the sensitivity of the PCR, permitting
multiplex biomarker detection and quantification with
similar assay precision to other multiplex detection meth-
ods using only microliter quantities of patient sera.
Recently, we tested a small sample set (�20 cases each of

healthy, benign ovarian, early stage serous ovarian cancer,
and late-stage serous ovarian cancer) on the Proseek
Multiplex Oncology Iv2 panel to determine its feasibility as
a means to identify candidate biomarkers for early stage
serous ovarian cancer (13). We demonstrated that the Pro-
seek technology provides similar results to conventional
clinical assays for CA125, and can identify new candidate
biomarkers that improve the sensitivity and specificity of
CA125 alone. From the Proseek Oncology Iv2 data, we
developed a multiprotein classifier that combined 12 pro-
teins. This multiprotein classifier improved the sensitivity
(i.e., ability to detect positive cases) of CA125 alone from
93% to95%whencomparing sera fromhealthywomenwith
early stage ovarian cancer patients. This improvement was
calculated when we set the specificity, i.e., ability to correctly
identify negative cases, at 95%. The Oncology Iv2 plate has
been discontinued and is no longer commercially available.
We report herein the first use of the Proseek Oncology II

plate to identify candidate biomarkers for high-grade
serous ovarian cancer, because it is the most prevalent and
deadly subtype of ovarian cancer. In this study, a larger
cohort of serum samples from 61 women with advanced
stage serous ovarian cancer and 88 healthy, age-matched

controls were tested on the updated Oncology II panel,
which includes 92 proteins that are differentially expressed
in a variety of cancers. Our goal was to identify proteins
that could aid in the detection of ovarian cancer. Similar to
the Oncology Iv2 panel, the Oncology II panel contains
CA125 and HE4, as well as several other proteins that are
known to be associated with ovarian cancer, such as
ERBB2, ERBB3, ERBB4, VEGFR2, midkine (MK), kallikrein
11 (KLK11), folate receptor-alpha, IL6, and TGF-alpha. The
Oncology II panel also contains new assays for ovarian
cancer–associated proteins kallikrein 13 (KLK13), Nectin-
4 (NECT4 or PVRL4), and mesothelin (MSLN).

Materials and Methods
Patient and control sera
Blood samples were obtained preoperatively from 61

patients with epithelial ovarian/fallopian tube or primary
peritoneal cancer and from 88 healthy participants who
had not developed cancer in the NROSS screening trial
coordinated by the MD Anderson Ovarian SPORE (5). All
participants provided written consent for use of samples in
protocols approved by the MD Anderson's Institutional
Review Board. All samples were processed by the same
standard operating procedure, whereby immediately after
the bloodwas drawn, the collection tubes were refrigerated
at 4�C and then processed by centrifugation as soon as
possible on the day of collection. Samples were then
aliquoted and frozen at –80�C. Clinical, pathologic, and
demographic information on subjects are presented in
Supplementary Table S1. Preoperative samples from ovar-
ian cancer patients and control samples from healthy
individuals enrolled in the NROSS trial were assayed for
CA125 on a Roche platform in the clinical laboratory of
MD Anderson Cancer Center.

Olink Proseek Oncology II multiplex assay
The reagents used in theOlink ProseekMultiplex 96-well

plates are based on PEA technology in which 92 oligonu-
cleotide-labeled antibody pairs bind to their respective
protein targets in proximity to one another forming a PCR
reporter sequence by DNA base-pairing which is subse-
quently detected and quantified using real-time PCR
(9–11). This combination of antibody detection followed
by PCR quantification permits the specific and sensitive
analysis of 92 proteins in each well of a 96-well plate. The
precision, reproducibility, and scalability of the PEA assay
have been documented by the manufacturer (http://www.
olink.com) and others (9–11). The protein names, gene
names, and abbreviations for the 92 proteins that are
included on the Proseek Oncology II plate are listed in
Supplementary Table S2.

Sample processing
We randomized the patients' serum samples across four

96-well plates such that each sample was assayed once. On
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each plate, we included two "Pooled Reference" controls,
containing equal volumes of serum from each of the
samples. The Proseek platform also includes three "Inter-
plate controls" for data normalization between plates and
three "Negative controls" to establish background levels.
One microliter of serum from each of the samples was
mixed with the Oncology II reagents following the man-
ufacturer's protocol, then processed in combination with
the Fluidigm BioMark HD high-throughput PCR instru-
ment at the University of Minnesota Genomics Center as
previously described (13). Data generated from the plates
were analyzed, including normalization and linearization,
per manufacturer's protocol. The assay reports relative
quantification on a log2 scale, as Normalized Protein
eXpression (NPX) values, which are cycle threshold (Ct)
values normalized by the subtraction of values for the
extension control. All assay characteristics including detec-
tion limits and measurements of assay performance and
validation are available from the manufacturer's website
(http://www.olink.com/products/).

ELISA
Serum samples were randomly selected from the cases

and controls at the same ratio as was used for the Proseek
plates (35 ovarian cancers and 53 healthy controls). ELISAs
for HE4 (R&D Systems), EGF (Raybiotech and R&D Sys-
tems), and MSLN (R&D Systems and Biolegend) were
performed following the manufacturer's instructions.

Data analysis and statistical analysis
Linear protein values were log2-transformed and mean-

centered to produce a data matrix of 149 patients by 92
proteins. Unsupervised clustering methods were applied to
the data to identify clusters of proteins and visually evaluate
their association with disease status. Unsupervised hierar-
chical clustering (uncentered correlation using centroid
linkage) was completed using Cluster 3.0 (14) and visu-
alized using Treeview (v1.1.6r4; ref. 15). Principle compo-
nent analysis (PCA) was performed using the prcomp
function in R (16). The protein folate receptor-gamma
(FR-gamma/FOLR3) was not included in the PCA because
it was expressed at high levels in a subset of serum samples
that did not correlate with ovarian cancer status.
Theprotein values obtained from theProseekplateswere

compared with the Roche platform or ELISA values using
Pearson correlation coefficient. For consistency, all values
were analyzed on the log2 scale.
Protein expression was compared between healthy and

late-stage ovarian cancer patients using the two-sample
t test assuming unequal variances. Proteins were consid-
ered significant if the P value for the two-sample t test was
less than 0.006, which was chosen to obtain an FDR of
0.05 (17). The classification accuracy was evaluated using
the ROC curve and was summarized by the area under the
ROC curve (AUC) and the sensitivity corresponding to a

specificity of 95% [i.e., ROC(0.05)] or 98% [i.e., ROC
(0.02)]. The ROC curve and its summaries were estimated
using a nonparametric approach (18). Confidence inter-
vals (CI) for AUC, ROC(0.05) and ROC(0.02), were cal-
culated using the nonparametric bootstrap (19).
A multiprotein classifier for discriminating between

sera from women with ovarian cancer and healthy
women was developed using supervisedmachine-learning
methods. Variable selection was completed using the
LASSO. Proteins were sequentially added to the model by
manipulating the LASSO penalty parameter (20). The
classification accuracy of our predictive model was sum-
marized by the ROC curve and its summaries [AUC, ROC
(0.05), and ROC(0.02)]. Leave-one-out cross-validation
was used to correct for the bias that results from validating
our model on the same data that were used to build the
model (21), and confidence intervals were calculated using
the nonparametric bootstrap (19).

Results
Reproducibility of results on Oncology II plates
The Proseekmultiplex assay uses a PEA that is capable of

simultaneously quantifying expression levels of up to 92
proteins in a 1 mL serum sample.We used the Proseek assay
in conjunction with the Oncology II plate to measure the
levels of 92 cancer-associated proteins (Supplementary
Table S2) in serum samples taken from 61 patients with
high-grade serous ovarian cancer and 88 age-matched
healthy controls. Two "Pooled Reference" samples were
included on each of the four plates, for a total of eight
identical controls. The intraplate coefficient of variation
(CV) was 8% before and after normalization across the
four plates, with only 4 of the 92 proteins having a CV
>15%. The interplate CV was 21% before normalization
and 12% after normalization, with only 6 of the 92
proteins having a CV >20% after normalization.

Proseek values strongly correlate with CA125 and HE4
measurements
To confirm the validity of protein expression measure-

ments by Proseek using PEA, we compared the CA125 and
HE4 values obtained from the Proseek plate with the
clinical values obtained from the patients' medical records
of CA125 (Fig. 1A) and ELISA values for HE4 (Fig. 1B). The
data from the Proseek plate exhibited a strong correlation
with the protein values, with a Pearson correlation coeffi-
cient of 0.91 (95%CI, 0.88–0.94) for CA125 and a Pearson
correlation coefficient of 0.86 (95% CI, 0.80–0.91) for
HE4, indicating the PEA technology is comparable with
clinically validated testing and ELISAs.

A protein signature distinguishes ovarian cancer from
healthy patients
WeperformedPCAandplotted all 149 samples using the

first three principle components (Fig. 1C; Supplementary

Simultaneous Measurement of Ovarian Cancer Serum Biomarkers

www.aacrjournals.org Cancer Prev Res; 12(3) March 2019 173

Cancer Research. 
on December 9, 2020. © 2019 American Association forcancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 1, 2019; DOI: 10.1158/1940-6207.CAPR-18-0221 

http://www.olink.com/products/
http://cancerpreventionresearch.aacrjournals.org/


Figure 1.

Oncology II protein results correlate with clinical and ELISA values of CA125 and HE, and cluster ovarian cancer samples from healthy controls. A, Comparison of
the CA125 values obtained on the Roche platform versus the Proseek plate. Scatterplot comparison of the CA125 values for each of the serum samples from the
88 healthy women (circles) and the 61 late-stage serous ovarian cancer patients (triangles). Correlation coefficient of 0.91 (95% CI, 0.88–0.94). B, Comparison of
the HE4 values obtained by ELISA versus the Proseek plate. Scatterplot comparison of the HE4 values for each of the serum samples from the 53 healthy women
(circles) and the 35 late-stage serous ovarian cancer patients (triangles). Correlation coefficient of 0.86 (95% CI, 0.8–0.91). C, Principal component analysis of
Proseek protein expression data. Principal component analysis plots were based on expression levels of 91 proteins measured in the sera of 149 patients using the
Proseek Oncology II Multiplex plates. Gray circles represent the 88 healthy women, and red circles represent 61 late-stage high-grade serous ovarian cancer
patients. A rotating three-dimensional version of this figure is provided as Supplementary Movie S1.D, Unsupervised hierarchical clustering of Proseek protein
expression data. Unsupervised hierarchical clustering was based onmean-centered log2-transformed protein expression data of 92 Proseek Oncology II proteins
(Correlation uncentered, average linkage) measured in the sera of 149 patients. Dark red indicates high levels of the protein relative to the average value, white
indicates the average value, and dark blue indicates that the protein levels are below average (shown in the color bar on the right-hand side). Color bar at the
bottom indicates patient classification: healthy (green) and late-stage high-grade serous ovarian cancer (black).
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Movie S1). Visual analysis of the PCAplot clearly separated
almost all of the ovarian cancer cases (red) from thehealthy
samples (gray).
Similar results were obtained when we subjected the

protein expression profiles to unsupervised hierarchical
clustering (Fig. 1D). Interestingly, the first major split
between samples (left vs. right) was not based on cancer
versus healthy, but instead was based on generally high
protein expression (red) of all proteins compared with
generally low expression (blue) of all proteins. However,
eachof these twomajor groupswas split into two subgroups
that correlated almost perfectly with cancer (black bar at
bottom) versus healthy patients (green bar at bottom).
Visual inspection of the heat map identified proteins that
were elevated in the sera for the majority of women with
ovarian cancer, as depicted in red (bracketed). Importantly,
CA125 (MUC16) and HE4 (WFDC2) are present in this
region of the heat map, as well as other proteins that are
reportedly elevated in the sera of women with ovarian
cancer, such as IL6 (22), KLK13 (23), KLK11 (24), MK (25),
and NECT4 (or PVRL4; ref. 26). A second cluster in the heat
map contained proteins that were lower in the sera for the
majority of women with ovarian cancer compared with the
healthy controls, depicted in blue (bracketed). These pro-
teins included stem cell factor/KIT ligand (SCF/KTLIG),
S100 calcium binding protein A4 (S10A4 or S100A4),
fibroblast growth factor binding protein 1 (FGFBP1 or
FGFP1), X-prolyl aminopeptidase 2 (XPNPEP2 or XPP2),
MSLN, inducible T-cell costimulator ligand (ICOSL or
ICOSLG), and EGF. These results indicate it is possible to
define a protein signature that can separate ovarian cancer
samples from healthy samples.

Identification of potential novel biomarkers elevated
in ovarian cancer sera
The 92 proteins measured on the Oncology II plate

were originally selected because of their known roles

in multiple cancers, and were not selected to be ovarian
cancer specific. To identify which of the 92 proteins could
serve as potential biomarkers of ovarian cancer, we per-
formed differential expression analysis and identified
12 proteins significantly elevated in ovarian cancer
samples compared with healthy samples (P < 0.006 with
an FDR < 0.05; Table 1). As anticipated, CA125 and HE4
were present at low levels in healthy controls, whereas
higher levels were found in the late-stage serous ovarian
cancer cases (Fig. 2A). Another six proteins have previ-
ously been reported to be elevated in the sera of ovarian
cancer patients, and these were confirmed by our data.
These proteins are folate receptor-alpha (FR-alpha;
ref. 27), IL6 (22, 28), KLK13 (23), KLK11 (24), MK (25),
and NECT4 (26). The remaining four proteins
(ADAMTS.15, FCRLB, RSPO3, and TNFRSF6B) have not
been previously shown to be elevated in the sera of
ovarian cancer patients, and therefore, represent potential
novel serum biomarkers of ovarian cancer. A complete
listing of the expression values for all 92 proteins is
provided in Supplementary Table S3.
To determine if there is a correlation between gene

expression in tumor tissue compared with protein
levels in sera, we mined The Cancer Genome Atlas
(TCGA) data via cBioPortal for RNASeq expression
levels of the 12 upregulated serum biomarkers. Almost
half of TCGA ovarian cancer tissue samples (48%; 141/
295) had elevated levels of expression of at least one of
the 12 genes, indicating that in some cases, the elevated
protein expression in the sera may correlate with
increased gene expression in the tumor (Supplementary
Fig. S1).

Biomarker specificity and sensitivity
To assess the sensitivity (i.e., the probability that an

ovarian cancer serum sample will be identified correctly)
and specificity (i.e., the probability that a healthy serum

Table 1. Twelve proteins that were expressed at significantly higher levels in ovarian cancer versus healthy serum samples

Log2 value on Proseek Oncology II Platea

Proseek protein abbreviation Protein name HUGO gene symbol Healthy patients Ovarian cancer patients P valueb

MUC.16 CA-125 or Mucin-16 MUC16 2.4 (0.84) 6.48 (1.33) <0.001
WFDC2 WAP four-disulfide core

domain protein 2 (HE4)
WFDC2 6.54 (0.6) 7.82 (0.7) <0.001

MK Midkine MDK 5.38 (1.16) 6.67 (1.12) <0.001
KLK13 Kallikrein 13 KLK13 2.61 (0.66) 3.33 (0.78) <0.001
ADAM.TS.15 A disintegrin and

metalloproteinase with
thrombospondinmotifs 15

ADAMTS15 0.33 (0.59) 1.06 (0.92) <0.001

IL6 Interleukin-6 IL6 1.78 (1.01) 3.01 (1.6) <0.001
hK11 or KLK11 Kallikrein 11 KLK11 4.62 (0.65) 5.35 (0.95) <0.001
RSPO3 R-Spondin-3 RSPO3 1.17 (0.71) 1.9 (1.02) <0.001
FR-alpha Folate receptor alpha FOLR1 6.44 (0.79) 7.24 (1.16) <0.001
TNFRSF6B Tumor necrosis factor

receptor superfamily
member 6B

TNFRSF6B 3.02 (1.05) 3.73 (1.22) <0.001

FCRLB Fc-receptor-like B FCRLB 0.05 (0.52) 0.39 (0.7) 0.002
PVRL4 Nectin-4 NECTIN4 5.09 (1.07) 5.61 (1.12) 0.005
aMean log2 value with SD in parenthesis.
bFDR < 0.05.
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Figure 2.

Six Oncology II proteins expressed at elevated levels in the sera of ovarian cancer patients compared with healthy controls. A,Quantile boxplots showing
expression of the top six overexpressed proteins in ovarian cancer serum (Cancer) compared with controls (Healthy). Outliers are defined as any value higher
or lower than 1.5 multiplied by the interquartile range. A complete list of the mean values for all 92 proteins is provided in Supplementary Table S3. B, ROC
curves for six proteins that showed increased Oncology II values in ovarian cancer serum compared with healthy controls. ROC curves were graphed for the same
six proteins with the highest AUC values from A. Data for the 40 proteins with AUC values of 0.70 or greater are shown in Table 2. A complete list of the AUC
values for all 92 proteins is provided in Supplementary Table S4.
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sample will be identified correctly) of each protein, we
calculated the AUC based on ROC curves for each of
the 92 proteins. In total, 40 proteins had an estimated
AUC of at least 0.70 and were significantly associated
with cancer status (Table 2). The AUC for CA125 was
0.97 (95% CI, 0.93–1.0), and the AUC for HE4 was 0.92
(95% CI, 0.87–0.96). ROC curves are shown (Fig. 2B)
for the six proteins that had significantly elevated
levels in the serum of women with ovarian cancer
(Fig. 2A). Three additional proteins (KLK11, FR-alpha,
and RSPO3) that were elevated in the ovarian cancer
serum samples had AUC values >0.70. A list of the AUC
values for all 92 proteins is provided in Supplementary
Table S4.
The sensitivity at two levels of specificity (95% and

98%) was also calculated and is shown for the 40
proteins with AUC values >0.70 (Table 2). At 95%
specificity, CA125 had a sensitivity of 95% (95% CI,

88.0%–100.0%), whereas HE4 had a sensitivity of 70%
(95% CI, 52%–84%). At the stringent level of 98%
specificity, CA125 had the highest sensitivity with a value
of 93% (95% CI, 80%–98%), and HE4 ranked second
with a sensitivity of 54% (95% CI, 36%–79%), whereas
none of the other 90 proteins had a sensitivity above
50%. The sensitivity and specificity values for all 92
proteins are provided in Supplementary Table S4.

A multiprotein biomarker for late-stage ovarian cancer
Due to the low prevalence of ovarian cancer, a screen-

ing test must achieve a minimum specificity of 99.6%
and a sensitivity of >75% for early stage disease to avoid
an unacceptable level of false-positive results and achieve
a positive predictive value of 10% (1). At the highly
stringent level of 99.6% specificity, CA125 had a sensi-
tivity of 85% (95% CI, 77%–98%) in the Oncology II
plates. We hypothesized that combining additional

Table 2. AUC, sensitivity, and specificity of proteins when comparing sera from ovarian cancer patients versus healthy women

Protein AUC (95% CI) Rank
Sensitivity at 95%
specificity (95% CI) Rank

Sensitivity at 98%
specificity (95% CI) Rank

CA125/MUC.16 0.97 (0.93-1) 1 0.95 (0.88-1) 2 0.93 (0.8-0.98) 1
FGF.BP1 0.97 (0.93-0.99) 2 0.97 (0.13-1) 1 0.15 (0.03-0.98) 17
S100A4 0.92 (0.87-0.96) 3 0.69 (0.25-0.87) 4 0.16 (0.05-0.79) 14
HE4/WFDC2 0.92 (0.87-0.96) 4 0.7 (0.52-0.84) 3 0.54 (0.36-0.79) 2
ITGAV 0.9 (0.84-0.94) 5 0.43 (0.07-0.84) 9 0.07 (0-0.67) 24
ICOSLG 0.88 (0.81-0.94) 6 0.51 (0.34-0.77) 5 0.41 (0.2-0.61) 3
SCF 0.84 (0.77-0.9) 7 0.11 (0.02-0.56) 55 0.03 (0-0.38) 40
GPNMB 0.82 (0.74-0.89) 8 0.44 (0.07-0.67) 8 0.1 (0.03-0.56) 21
MSLN 0.81 (0.74-0.88) 9 0.38 (0.2-0.63) 11 0.26 (0.15-0.43) 4
EGF 0.81 (0.74-0.87) 10 0.48 (0.16-0.61) 6 0.18 (0.1-0.51) 13
ITGB5 0.8 (0.73-0.87) 11 0.23 (0.01-0.66) 30 0.02 (0-0.35) 52
FADD 0.8 (0.73-0.87) 12 0.33 (0-0.52) 16 0 (0-0.36) 65
CD207 0.8 (0.73-0.87) 13 0.28 (0.05-0.61) 20 0.07 (0.02-0.38) 24
MK 0.8 (0.73-0.87) 14 0.48 (0.05-0.66) 6 0.03 (0-0.52) 40
FASLG 0.78 (0.71-0.86) 15 0.23 (0.02-0.58) 30 0.03 (0-0.29) 40
CEACAM5 0.78 (0.7-0.85) 16 0 (0-0.52) 88 0 (0-0) 65
XPNPEP2 0.78 (0.7-0.85) 17 0.38 (0.18-0.51) 11 0.21 (0-0.43) 9
KLK13 0.77 (0.68-0.84) 18 0.33 (0.2-0.49) 16 0.23 (0.14-0.4) 8
IFN.gamma.R1 0.76 (0.68-0.83) 19 0.3 (0.02-0.5) 19 0.03 (0-0.34) 40
CD48 0.76 (0.68-0.84) 20 0.08 (0.02-0.51) 67 0.05 (0-0.19) 35
MIA 0.75 (0.67-0.83) 21 0.16 (0-0.43) 44 0.02 (0-0.22) 52
LY9 0.74 (0.67-0.82) 22 0.2 (0-0.52) 34 0.02 (0-0.36) 52
ADAM.TS.15 0.74 (0.67-0.83) 23 0.28 (0.15-0.51) 20 0.21 (0.03-0.36) 9
IL6 0.74 (0.65-0.83) 24 0.38 (0.15-0.51) 11 0.16 (0.05-0.44) 14
TGFR.2 0.74 (0.65-0.82) 25 0.34 (0.02-0.6) 15 0.05 (0-0.45) 35
GZMB 0.73 (0.65-0.82) 26 0.25 (0-0.57) 24 0 (0-0.36) 65
hK11 0.73 (0.65-0.82) 27 0.39 (0.21-0.57) 10 0.26 (0.05-0.44) 4
LYPD3 0.73 (0.64-0.81) 28 0.18 (0-0.54) 38 0.02 (0-0.22) 52
GPC1 0.73 (0.65-0.8) 29 0.25 (0.03-0.38) 24 0.07 (0.02-0.3) 24
TLR3 0.73 (0.65-0.81) 29 0.1 (0.03-0.34) 63 0.07 (0.02-0.13) 24
VEGFR.2 0.72 (0.64-0.8) 31 0.13 (0-0.41) 49 0.02 (0-0.18) 52
WIF.1 0.72 (0.63-0.81) 32 0.25 (0.03-0.54) 24 0.07 (0-0.3) 24
ERBB2 0.72 (0.62-0.8) 33 0.16 (0.02-0.41) 44 0.03 (0-0.25) 40
CRNN 0.72 (0.63-0.8) 34 0.08 (0.02-0.21) 67 0.05 (0-0.11) 35
CEACAM1 0.72 (0.62-0.8) 35 0.13 (0-0.54) 49 0 (0-0.2) 65
FR-alpha 0.71 (0.62-0.8) 36 0.26 (0.15-0.51) 22 0.21 (0.11-0.34) 9
CD70 0.71 (0.63-0.79) 37 0.08 (0-0.34) 67 0.02 (0-0.11) 52
RSPO3 0.71 (0.62-0.8) 38 0.38 (0.21-0.52) 11 0.25 (0.02-0.41) 6
RET 0.71 (0.62-0.79) 39 0.26 (0-0.41) 22 0 (0-0.3) 65
TNFRSF19 0.7 (0.62-0.79) 40 0.15 (0-0.43) 48 0.03 (0-0.21) 40

NOTE: The 40 proteins with AUC values of 0.7 or greater were ranked, as well as their sensitivity at 95% or 98% specificity. Values in parenthesis are the 95% CIs.
Representative ROC curves for the six proteins with the most elevated levels in the sera of ovarian cancer patients versus healthy women are shown in Fig. 2B. A
complete list of all 92 proteins is provided in Supplementary Table S4.
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proteins with CA125 may improve the sensitivity even
further.
We systematically tested all combinations of the 92

proteins using machine-learning techniques to develop a
multiprotein biomarker for discriminating between ovar-
ian cancer cases versus healthy women. A combined bio-
marker panel consisting of six proteins improved the AUC
from 0.968 (95% CI, 0.926–0.998) for CA125 alone to
0.994 (95% CI, 0.989–1; Fig. 3A), and the sensitivity
corresponding to 98% specificity increased from 93.4%
(78.7%–98.4%) to 98.4% (93.4%–100%; Fig. 3B). The six
proteins that were included in the multiprotein biomarker
were CA125, FGFBP1, S100A4, EGF, ICOSLG, and MSLN.
At the highly stringent level of 99.6% specificity, which is
required for a screening test, this six-protein multiprotein
classifier reached a sensitivity of 95.1%.

Validation of Proseek values by ELISA
Because the Proseek data indicated that the five proteins

added to CA125 in the multiprotein model were present
at lower levels in the serum of the ovarian cancer patients
compared with healthy women, we validated the results
for the two proteins (EGF and MSLN) with the most
reliable commercially available kits. There is a controversy
in the literature as to whether EGF is present at elevated or
decreased levels in the sera of ovarian cancer patients
relative to healthy women (29, 30). The Proseek Oncology
II values showed decreased levels of EGF in the serum of
ovarian cancer patients (Fig. 4A). Similarly, the 88 serum
samples thatwe tested by ELISAs fromRaybiotech (Fig. 4B)

and R&D Systems (Fig. 4C) showed that the ovarian
cancer samples had decreased concentrations of EGF com-
pared with healthy controls. Data from the Proseek plate
exhibited a strong correlation with the protein values
from both ELISA kits, with a Pearson correlation
coefficient of 0.88 (95% CI, 0.82–0.92) for the Raybiotech
kit and a Pearson correlation coefficient of 0.83 (95% CI,
0.75–0.89) for the R&D Systems Kit. Furthermore, there
was an excellent correlation between the two ELISA kits
(R ¼ 0.96, P < 0.01).
MSLN has been described in the literature as a protein

that is elevated in the serumofovarian cancer patients (31),
which is in contrast to the values thatwe observed fromour
Proseek Oncology II plate. When we tested 88 serum
samples on an R&D Systems MSLN ELISA, we noted that
MSLN levels were elevated in the ovarian cancer samples;
the Proseek and ELISA values did not correlate. When PEA
experiments were rerun specifically for MSLN using these
same 88 serum samples, elevated levels of MSLN were
observed in the cancer samples relative to the healthy
controls. These results were subsequently confirmed using
a second ELISA kit from Biolegend, further confirming
reports in the literature (31).

Discussion
Development of a blood-based assay for ovarian cancer

detection could significantly improve the survival of
patients if it identified cancers earlier. This is the first study
to use Proseek Multiplex Oncology II plates to quantify 92

Figure 3.

ROC curves for CA125 alone and the six-protein classifier. A, ROC curves were graphed for discriminating advanced stage serous ovarian cancer versus healthy
women for CA125 alone (solid line; AUC¼ 0.968) and the six-protein classifier (dashed line; AUC¼ 0.994) developed using supervised machine learning. B, ROC
(0.02) values as a function of the number of proteins in the classifier. The sensitivity values for 98% specificity were graphed with the initial sensitivity of one
protein (i.e., CA125 at 93.4%). The sensitivity increased as additional proteins were added, with a maximum plateau reached at 98.4%with six proteins total.
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cancer-related proteins simultaneously using a large cohort
of ovarian cancer serum samples. Oncology II plates were
not designed specifically for monitoring the serum of
ovarian cancer patients. The majority of the proteins on
theOncology II plate are secreted proteins that are elevated
in the tissues or sera of other types of cancer. By conducting
literature searches, we found that almost half (44/92) of
the proteins have been reported to have elevated levels of
expression in ovarian cancer; however, many of these 44
proteins were examined in ovarian cancer tissues, but not
in serum. Importantly, several of the key proteins known to
be elevated in the sera of ovarian cancer patients (e.g.,
CA125, HE4, MSLN, NECT4, MK, KLK11, KLK13, IL6,
FOLR1; refs. 1, 22–25, 27, 32) are present on theOncology
II plate. In addition, other promising serumbiomarkers for
ovarian cancer are also included on the Oncology II plates,
including proteins that are expressed in ovarian cancer
tissues, as shown by IHC, or for which gene microarray
data indicate upregulation of RNA. Relatively few of the
proteins (�10%) were reported to have decreased expres-
sion in ovarian cancer comparedwith control samples. The
other 40 proteins on the Oncology II plate have not yet
been examined for their expression in ovarian cancer
samples.
Similar to our previous analysis (13), using two different

clustering methods (PCA and unsupervised hierarchical
clustering), the healthy samples separated from the late-
stage ovarian cancer samples, reinforcing the idea that a
multiplex assay would be more effective at identifying
ovarian cancer than any one protein measurement. The
NPX data from the Oncology II plates for CA125 were
strongly correlated with previously measured clinical lab-
oratory values (correlation coefficient of 0.91, with a 95%
CI of 0.88–0.94), providing further evidence that the PEA
assay is comparable with existing technology for the anal-
ysis of serum samples.
Our analysis shows that many of the proteins on the

Oncology II plate are associated with ovarian cancer.

Overall, we detected statistically significant (P < 0.006)
differences between ovarian cancer samples and healthy
controls for 52 of the 92 proteins. Many of these proteins
have not been previously recognized as serum biomarkers
for ovarian cancer. Twelve of these 52proteinswere present
at significantly higher levels in the ovarian cancer serum
samples compared with the healthy samples.
The ovarian cancer biomarker CA125 has primarily been

used to monitor ovarian cancer recurrence and for differ-
ential diagnosis of pelvic masses, although using current
technologies, it is not adequate for ovarian cancer screen-
ing. The high AUC value that we obtained (0.97) compar-
ing sera from late-stage ovarian cancer patients with sera
from healthy women confirms CA125's role as the best
ovarian cancer biomarker to date. On the Oncology II
plate, CA125 achieved 95% sensitivity at 95% specificity,
and achieved 93% sensitivity at 98% specificity. We rec-
ognize that the 61 late-stage serum samples utilized in this
preliminary study do not allow for meaningful compari-
son with CA125, because CA125 alone offers such high
classification power in these samples. It was therefore
difficult to improve upon the sensitivity, although we did
succeed in increasing the sensitivity from 93.4% to 98.4%
at 98% specificity using 5 additional proteins.
As expected, HE4 performed very closely to CA125, with

an AUC value of 0.92. HE4 levels on theOncology II plates
were strongly correlated with ELISA values (correlation
coefficient of 0.86, with a 95% CI of 0.8–0.91), providing
further evidence that the PEA technology is comparable
with existing technologies for testing serum. HE4 achieved
70% sensitivity at 95% specificity on theOncology II plates
when comparing sera from late-stage ovarian cancer cases
with healthy women, but at 98% specificity, the sensitivity
for HE4 decreased to 54%.
In agreement with our previous study on the Oncology

Iv2 plate (13) and others (25, 28), we found high levels of
bothMKand IL6 in the sera of patientswith ovarian cancer.
FR-alpha, KLK11, and NECT4 also showed a significant

Figure 4.

Oncology II values for EGF correlate with protein values obtained by two different ELISA kits. Quantile boxplots showing expression of EGF in serum samples
from 53 controls (Healthy) compared with 35 advanced stage serous ovarian cancer cases (Cancer). Outliers are defined as any value higher or lower than 1.5
multiplied by the interquartile range. EGF values obtained on:A,Oncology II plate; B, Raybiotech ELISA kit; and C, R&D Systems ELISA kit.
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increase in their levels of expression in the sera of ovarian
cancer patients as previously reported (24, 26, 27).
ADAMTS15, RSPO3, TNFRSF6B, and FCRLB, were

among the 12 proteins that were significantly elevated in
the sera of ovarian cancer patients compared with healthy
controls (Table 1). ADAMTS15, RSPO3, and TNFRSF6B
have been associated with ovarian cancer tissues (33–35)
but have not been previously shown to be present at
elevated levels in serum. In breast cancer tissues, increased
ADAMTS15 expression is associated with prolonged
relapse-free survival (36). FCRLB has not been previously
reported to have an association with ovarian cancer.
Forty proteins on the Oncology II plate were present at

significantly lower levels in the ovarian cancer serum
samples compared with the healthy samples, as has been
reported in the literature for some. For example, when SCF
was tested on the Oncology Iv2 plate, we found that it was
present at decreased levels in sera from early and late-stage
serous ovarian cancer patients relative to healthy con-
trols (13). Lawicki and colleagues (37) also demonstrated
statistically lower SCF plasma levels in women with ovar-
ian cancer versus benign ovarian tumors.
EGF is another protein that was found on the Oncology

II plate to be present at significantly lower levels in the sera
of ovarian cancer patients compared with healthy controls.
When we tested serum samples using two different ELISA
kits, we validated these findings. Conflicting reports are
found in the literature regarding EGF levels in ovarian
cancer (29, 30). This may be attributed to the antibodies
that are used in the studies (recognizing intact protein vs.
cleaved form; polyclonal vs. monoclonal antibody; or the
various isoforms of EGF in the sample) or whether pre- or
postsurgical serum was tested (30).
Based on the literature, some of these 40 proteins have

been reported to be upregulated, not downregulated, in
ovarian cancer tissues and/or sera. For example, S100A4
was reported to be elevated in ovarian cancer tissues (38),
whereas we found it to be present at low levels in sera.
Some differences in protein levels may be attributed to the
biospecimen source that was used for the assay as well as
the technique used to quantify the protein.
One possible explanation for the conflicting results

could be due to preanalytical variables. Shen and collea-
gues (39) have shown that several proteins are affected by
delays in centrifugation of plasma samples. Delays as short
as 3 hours caused the release of EGF and 39 other proteins
from cells. Their findings are critical to studies on biomark-
er discovery and validation, and emphasize the importance
of strict adherence to protocols for processing biospeci-
mens. In our study, all samples were processed using the
same standardoperating procedure, so there is no reason to
suspect that differences observed in EGF levels were due to
preanalytical variations.
Olink's criteria for including aprotein on theOncology II

plate are based on upregulation of the RNA and/or protein

levels in some types of cancer according to the TCGA, The
Human Protein Atlas, and the literature. However, the
expression of each of these 92 proteins in the sera of
ovarian cancer patients is largely unknown. For example,
FGFBP1 is upregulated in several tumors, and it is associ-
ated with early stages of tumor formation where angio-
genesis plays a critical role (40). Yetwe found FGFBP1 tobe
present at lower levels in the sera of ovarian cancer patients
than in the healthy controls.
MSLN was in this group of downregulated serum pro-

teins even though RNA and protein levels are known to be
elevated in ovarian cancer tissues (41) and serum levels are
reported to be elevated in ovarian cancer patients (31). For
this reason, PEA experiments were repeated specifically to
study MSLN levels, and two different ELISAs were per-
formed to quantify MSLN levels. In these experiments,
MSLN levels were found to be elevated in the sera of the
ovarian cancer patients relative to the healthy controls.
Because MSLN binds to CA125 (42), it is possible that
the multiplex PEA technology could be affected by
CA125–MSLN complexes that form in ovarian cancer
patients' sera (43). Using the earlier proximity ligation
assay technology, Fredriksson and colleagues (44) found
a 29-fold increase in CA125 and a 1.3-fold increase in
MSLN between ovarian cancer and healthy plasma sam-
ples. If different antibodies are used, it may account for
differences observed between assays.
Another factor that should be taken into account in such

studies is that autoantibodies against proteins in the sera of
ovarian cancer patients may interfere with the technology.
This is a viable possibility, because neoantigens that are
present early in the progression of cancer have been shown
to elicit an immune response in patients. This has been
shown for several ovarian cancer biomarkers, including
CA125 (45), p53 (46), and MSLN (47).
Due to the lowprevalence of ovarian cancer in the general

population, a screening test must be both highly sensitive
and specific for early stage disease to avoid an unacceptable
level of false-positive results. A minimum specificity of
99.6% and a sensitivity of >75% are necessary to achieve
a positive predictive value of 10% (1). In theUKCTOCS and
NROSS studies, this has been achievedbymeasuringCA125
over time and performing transvaginal sonography only if
the CA125 values rise. In this study, we generated a multi-
protein classifier using six proteins (including CA125) that
increased the sensitivity from 93.4% to 98.4%, while hold-
ing the specificity fixed at 98%. This 5% increase in sensi-
tivity would have a significant effect on the number of
women correctly identified when screening a large popula-
tion.We acknowledge the potential limitation of ourmulti-
protein classifier for ovarian cancer screening in asymptom-
atic women because only late-stage serous ovarian carcino-
ma serum samples were used in this study.
Interestingly, all five proteins that were added to CA125

in themultiprotein classifier were present at lower levels in
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ovarian cancer sera relative to healthy controls when sam-
ples were run on theOncology II plates. These five proteins
had AUC values greater than 0.80, and their sensitivity at
95% specificity ranged from 48% to 97% when tested
individually. Our results suggest that future biomarker
discovery studies on unconventional platforms, such as
the Proseek plates, may allow for discriminating cancer
samples from healthy controls. In addition, these results
suggest that future biomarker discovery studies should not
exclusively focus on proteins that have increased levels in
ovarian cancer sera. The utility of downregulated proteins
as biomarkers will, however, depend critically on the
precision of the assay and minimizing variation. It also
remains to be determined whether significant lead time
will be obtained with biomarkers that are often down-
regulated as an indirect effect of cancer growth on other
tissues and organs in the host.
In this study, we focused on high-grade serous ovarian

cancer, because it is the most prevalent and deadly subtype
of ovarian cancer. Serum levels of CA125 are frequently
higher in women with late-stage serous ovarian cancer
compared with the other ovarian cancer subtypes, so it will
be necessary to test sera from other ovarian cancer subtypes
and most likely incorporate additional proteins into our
next generation ofmultiprotein classifier, such as CA19.9 or
REG4 which have previously been identified as biomarkers
for nonserous ovarian cancer subtypes (48, 49).
Additional studies using a larger cohort of early stage

ovarian cancer patients and asymptomatic patients (e.g.,
PLCO and UKCTOCS) in which serum samples were
obtained several years prior to the diagnosis of high-
grade serous ovarian cancer (6, 50) will allow for vali-
dation of these biomarkers. A customized plate com-
prised of ovarian cancer–specific proteins could enhance
the ability of this technology to identify ovarian cancers
at early stages. Proseek plates can be designed to detect a
limited number of proteins that will achieve a high
degree of sensitivity and specificity, and be used as a
screening tool for detection of early stage ovarian cancer
in the general population. Because the PEA technology
combines the specificity of ELISA and other antibody-
based methods with the sensitivity of the PCR, technol-
ogies that are already deployed in the clinic, it may prove
to be readily translated into a screening test by virtue of
its ability to perform multiplex biomarker detection and
high-throughput quantification.
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