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assay (PEA). A signature of 11
proteins was identified that dis-
tinguish cases and controls with
a sensitivity of 0.96 at a specific-
ity of 1.0. In a prospective repli-
cation cohort the panel achieved
a sensitivity of 0.78 and a speci-
ficity 0.56 of separating samples
collected at the time of diagno-
sis from samples collected prior
to diagnosis.
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Identification of Candidate Plasma Protein
Biomarkers for Cervical Cancer Using the
Multiplex Proximity Extension Assay*□S

Malin Berggrund‡, Stefan Enroth‡, Martin Lundberg§, Erika Assarsson§,
Karin Stålberg¶, David Lindquist�, Göran Hallmans**, Kjell Grankvist‡‡,
Matts Olovsson¶, and Ulf Gyllensten‡§§

Human papillomavirus (HPV) is recommended as the pri-
mary test in cervical cancer screening, with co-testing by
cytology for HPV-positive women to identify cervical le-
sions. Cytology has low sensitivity and there is a need to
identify biomarkers that could identify dysplasia that are
likely to progress to cancer. We searched for plasma
proteins that could identify women with cervical cancer
using the multiplex proximity extension assay (PEA). The
abundance of 100 proteins were measured in plasma col-
lected at the time of diagnosis of patients with invasive
cervical cancer and in population controls using the Olink
Multiplex panels CVD II, INF I, and ONC II. Eighty proteins
showed increased levels in cases compared with con-
trols. We identified a signature of 11 proteins (PTX3,
ITGB1BP2, AXIN1, STAMPB, SRC, SIRT2, 4E-BP1, PAPPA,
HB-EGF, NEMO and IL27) that distinguished cases and
controls with a sensitivity of 0.96 at a specificity of 1.0.
This signature was evaluated in a prospective replication
cohort with samples collected before, at or after diagno-
sis and achieved a sensitivity of 0.78 and a specificity 0.56
separating samples collected at the time of diagnosis of
invasive cancer from samples collected prior to diagno-
sis. No difference in abundance was seen between sam-
ples collected prior to diagnosis or after treatment as
compared with population controls, indicating that this
protein signature is mainly informative close to time of
diagnosis. Further studies are needed to determine the
optimal window in time prior to diagnosis for these bio-
marker candidates. Molecular & Cellular Proteomics 18:
735–743, 2019. DOI: 10.1074/mcp.RA118.001208.

Cervical cancer is the third most common cancer in women,
with 485,000 cases worldwide in 2013. In many developing
countries, cervical cancer is the most common cancer-related
cause of death in women (1). Cervical cancer is caused by

persistent infection with oncogenic forms of Human papilloma
virus (HPV)1. Among the over 150 distinct types of HPV, a set
of 12–16 are classified as high-risk types for cervical cancer,
with HPV16 being the most oncogenic HPV type (2–4). In
countries with an organized screening program, cervical cy-
tology (Pap-smear) is the most common diagnostic test. Due
to the low sensitivity of cytology (5–8), co-testing of HPV
together with cytology has been introduced in the United
States (9). The World Health Organization (WHO) has recom-
mended the use HPV test as the primary screening test and
that HPV infected women are followed up with colposcopy.
The higher sensitivity of HPV as the primary screening test has
resulted in an increase in the number of women with CIN2�

lesions identified (10). HPV testing has a higher sensitivity
than cytology, but a single HPV-test has lower specificity due
to the high prevalence of transient HPV infections. According
to the present strategy, women that are HPV-positive and
have normal cytology in the reflex-test are returned to the
screening program. Some of these women will have a persis-
tent HPV infection and consequently are at risk of developing
lesions before the next screening occasion. To increase the
specificity of screening, and distinguish between transient
and persistent HPV infections, the HPV-test can be repeated
4–6 months after the primary screening test. This has been
shown to reduce the number of HPV infections requiring
management by about 40% (11, 12). An alternative way is to
combine the HPV test with additional biomarkers indicating
the persistence of infection or identifying early signs of cervi-
cal dysplasia (2, 3). Among the biomarkers proposed for co-
testing of cytology, cyclin-dependent kinase inhibitor protein
(p16INK4a) has been shown to be expressed at high levels in
dysplastic epithelium. Dual staining of p16INK4a and KiU67
has been used to increase the diagnostic sensitivity of Pap-
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smear cytology (13). Several other markers have been sug-
gested for early detection of cervical cancer in HPV positive
women, but none of these is presently being used in clinical
routine.

To identify novel protein biomarkers, efficient protein
screening methods are needed. A variety of gel-based (2DE)
and gel-free methods (LC-MS) have been used in cervical
cancer cell culture systems and tissue samples (14, 15). In
biomarker discovery studies, large sample sizes are needed
to achieve statistical power and MS or gel-based methods
have limited throughput. An alternative is to use targeted
protein methods, such as the proximity extension assay (PEA)
(16). This method focuses on a pre-selection of proteins and
can be highly multiplexed to enable analysis of 92 proteins in
90 samples in a single experiment requiring as little as 1 �l of
plasma for 92 proteins. PEA was recently used to identify
protein biomarkers for insulin resistance and type-2 diabetes,
by examining 92 proteins in over 1300 individuals (17), and in
studies of 441 proteins in 1000 individuals from a population-
based cohort (18). The aim of the present study was to search
for plasma proteins that can be used to identify women at risk
of developing cervical cancer using PEA.

EXPERIMENTAL PROCEDURES

Samples—The discovery cohort included plasma samples from
healthy population controls (n � 50, denoted KA) from the Northern
Sweden Population Health Study (NSPHS) (19) and as cases samples
from women diagnosed with invasive cervical cancer from the Up-
psala Biobank and the Uppsala Cancer Cohort (U-CAN) (n � 90,
denoted UC) (Table 1). The replication cohort was based on samples
from the Umeå Biobank and included plasma samples from women
diagnosed with invasive cervical cancer (n � 90, denoted UM) and
samples from the prospective Västerbotten Intervention Program
(VIP) and from women participating in the mammography screening
(MA) in Västerbotten, Sweden (20). All women included from VIP/MA
developed invasive cervical cancer during the sample collection pe-
riod. A set of these women (n � 16) were part of the UM-case cohort.
Since the women were part of a prospective population-based study,
the samples were collected at different time points before and after
the date of diagnosis. In total, samples were obtained from 530
women included in VIP/MA, with between 1–12 samples from each
woman, and a mean of 2.8 samples per woman, from before the date
of diagnosis or after diagnosis (i.e. after treatment). The sample
collection period ranged from 6166 days before to 7022 days after
date of diagnosis. The plasma samples from the VIP and MA cohorts
were collected between 1988 and 2014. All plasma samples in the
two case cohorts were collected after the date of diagnosis but prior
to the initiation of treatment. All women diagnosed with invasive
cervical cancer were treated according to the standard clinical rou-
tine, including either chemotherapy or a combination of surgery and
chemotherapy. Exclusion criteria for participation were pregnancy or
self-reported previous cancer diagnosis. Plasma samples were col-
lected in ethylenediaminetetraacetic acid (EDTA), separated and fro-
zen within one hour after sampling and stored at �70 °C. In the VIP

cohort, almost all samples were collected after overnight fasting. The
sample aliquots analyzed had not previously been thawed.

Ethical Considerations—The study was approved by the Regional
Ethics Board in Uppsala, Sweden (Regionala Etikprövningsnämnden,
Uppsala, Dnr 2016/145) and the Regional Ethics Board in Umeå,
Sweden (Dnr 2013-314-32 M and 2012-229-31M).

Proximity Extension Assay—The abundance of 264 unique protein
in plasma were analyzed in the discovery cohort using the Olink
Multiplex CVD II, ONC II and INF I panels, and by the Olink Multiplex
INF I panel in the replication cohort. All samples were then quantified
by real-time PCR using the Fluidigm BioMark™ HD real-time PCR
platform as described earlier (16, 21). Briefly, for each protein a
dedicated pair of oligonucleotide-labeled antibodies bind to the tar-
geted protein and if the two oligonucleotides are in proximity, a PCR
target sequence is formed by a proximity-dependent DNA polymeri-
zation event and the resulting sequence is subsequently detected and
quantified using real-time PCR. Each proximity extension assay (PEA)
measurement has a specified lower detection limit (LOD) calculated
based on negative controls that are included in each run and meas-
urements below this limit were removed from further analysis. The
Olink Multiplex data were reported in NPX (normalized protein ex-
pression levels), which are Ct values normalized by the subtraction of
values for extension control, as well as an interplate control. The scale
is then shifted using a run-time specific correction factor (normal
background level). The final readout, NPX, is given on a log2-scale.
Assay characteristics including detection limits and measurements of
assay performance and validation for each protein are available at the
manufacturer’s webpage (http://www.olink.com). The analyses were
performed using 1 �l of plasma for each panel of 92 proteins. To avoid
batch effects, samples were randomized across plates. Each plate
included inter-plate controls that were used to adjust for any plate
differences. All samples in the discovery cohort were run at the same
time and were randomized across plates. In addition to the full PEA
panels, samples from the replication cohort were characterized using
focused PEA panels which include up to 24 assays (including incu-
bation, extension and detection controls) that are measured simulta-
neously in 192 samples as described earlier (21). The protein abun-
dance levels on the focused PEA-panels from samples from the
VIP- and MA-cohorts have been described earlier (22) and here that
data was complemented with samples collected close to the date of
diagnosis and samples from the UM-cohort. All samples in the repli-
cation cohort were run at the same time and were randomized across
plates. The discovery cohort and the replication cohort were not run
at the same time.

GWAS Lookup Analysis—All cis-SNPs (250 kbp downstream, 50
kbp upstream) of the genes encoding the 100 analyzed proteins were
extracted published GWAS data (23).

Statistical Analysis—All calculations and illustrations were carried
out in R (R core team) (24) (version 3.2.3). Here, individual protein
levels (NPX) were normalized by plate and sampling round using the
MDimNormn-package (25). Significance levels for each measured
protein between cases and controls in the discovery cohort were
calculated using the two-sided rank-based Spearman test (Wilcoxon).
In the analysis of the discovery cohort, the protein NPX-values were
normalized for the age of the individual at time of collection of
the plasma sample. Individual proteins were then normalized to have
mean equal to zero and unit variation using the observations in the
control group (KA). The parameters obtained from the control group
were then used to normalize the cases (UM) in the same way. In the
analysis of the replication cohort, the protein NPX-values were ad-
justed for storage-time and chronological age at sample collection as
described earlier (22). Samples acquired earlier than 3 years (1,095.75
days) from diagnosis in the replication control group (VIP�MA, n �
127) where normalized to have mean equal to zero and unit variation

1 The abbreviations used are: HPV, human papilloma virus; PEA,
proximity extension assay; U-CAN, Uppsala cancer cohort; VIP, vast-
erbotten intervention program; NPX, normalized protein expression
levels.
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using the observations. The remaining samples in the VIP, MA and
UM cohorts where then normalized using the same parameters. Pro-
teins with all measurements below detection limit in either the dis-
covery or replication data were excluded from further analysis. In
total, 16 such proteins were removed (IL-2, IL-22-RA1, IL-13, IL-33,
IFN-gamma, IL-2RB, IL-1-alpha, TSLP, PD-L1, IL-24, ARTN, TNF,
IL-20, IL-4, LIF, and NRTN). For the remaining proteins, samples with
measurements below the detection limit were replaced by the lowest
value present after normalization. Only proteins available from both
the discovery and replication cohort was used in the final analysis.
Two of the remaining proteins were included on multiple panels
(VEGF-A and HGF were present in both the ONC2 and INF2 panels)
and only the measurements from the INF2 panel were included in the
final data set consisting of 100 unique proteins. Power analysis was
carried out using the “pwr”-package (26) in R and for the discovery
cohort we have 0.95 power at 0.05 significant level to detect differ-
ences of 0.64 units in the normalized data. For the comparison
between the samples taken at time of diagnosis and the samples
used for normalization in the replication data, we are powered to
detect differences of 0.48 units.

Model Building—Univariate linear models associating time to diag-
nosis and protein value were built using the “glm” function in R. The
fraction of variance explained in the protein values by time to diag-
nosis was calculated using the Cox-Snell method as implemented by
the “RsqGLM”-function from the R-package modEvA (version 1.3.2)
(27). A multivariate Naïve Bayes model was built using the “caret”-
package (28) (version 6.0–80) in R using 50% of the discovery cohort
and all available proteins. The validation set was chosen to contain
the same frequency of cases and controls as the whole set. The
model was then trained using a cross-validation approach with 5 folds
on the training data only. A second model was built using the same
data for a subset of the proteins. These proteins were selected by first
running feature selection with the “rfe”-function from the “caret”
package, allowing selections of 5 to 25, 35, 45, 50 … or all proteins.
The feature selection returned 11 proteins which were then used to
build a second model using the same parameters and data as above.
The trained models were then applied to the remaining 50% of the

discovery data and to the prospective cohort. Finally, samples from
the prospective cohort were split into bins of samples based on their
diagnose-offset in days, in order to evaluate the potential of the
protein markers in screening. In the binned-analysis, the first bin
(longest time before diagnosis) was used as controls and each con-
secutive bin as cases. ROC-curves and performance measurements
for all predictions were generated using the pROC R-package (29).

RESULTS

Univariate Analysis of Protein Biomarkers—After quality
control and normalization (see Methods for details) 100
unique proteins remained and were available in both the dis-
covery and replication cohorts. Two proteins (VEGF-A and
HGF) were measured in duplicates and were found to show
strong correlations with significant correlation coefficients
(Spearman’s rho) ranging from 0.53 to 0.93 with p values
below 6.4 � 10�41.

Power-analysis in the discovery data show that our study is
powered to detect differences of at least 0.64 units in the
normalized data (see Methods for details). Univariate testing
in the discovery cohort (t test, adjusted for multiple hypothesis
testing using Bonferroni adjustment) resulted in 48 significant
differences. We reasoned that useful biomarkers should have
reliable measurements in the controls and higher values in the
cases than the controls. Consequently, we removed 20 pro-
teins that showed significantly lower levels in the cases as
compared with controls from further analysis. Out of the re-
maining 28 proteins, 13 (46.4%) also showed a significant
difference in the replication cohort between samples col-
lected at the time of diagnosis and those collected at least 3
years before diagnosis (Fig. 1A, supplemental Table S2). The
biomarker with the lowest p values in the replication data

FIG. 1. Replication of univariate
analyses. A, Distribution of days to di-
agnosis for samples in the replication
cohort. The gray dotted vertical lines in-
dicate the cut-offs used in the binned
analysis. B, Distribution of normalized
protein abundance levels in the cohorts
used for PTX3. The top and the bottom
of the box represents the 25th and 75th
percentile and the band inside the box
the median value. The whiskers are cal-
culated as 1.5� the interquartile range.
Cohorts ordered as in (A). The dotted
gray line indicates the mean of the
groups used to determine normalization
coefficients, e.g. the control samples
from the discovery cohort and the sam-
ples from the replication cohort col-
lected at least 3 years before diagnosis
(See Methods for details).
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(supplemental Table S2) was PTX3 (p � 5.97 � 10�17, Fig.
1B). Among the 28 proteins, all but one protein (CD244,
supplemental Table S2), showed a higher abundance value in
the cases than the controls both in the discovery and the
replication cohorts. Also, CD244 was found to have higher
values in the cases in the discovery cohort (�0.78 units, p �

1.4 � 10�4), but lower values in the cases in the replication
cohort (�0.59 units, p � 3.7 � 10�5).

Discovery of Multivariate Protein Biomarker Signatures—
Using all 80 protein biomarkers (supplemental Table S1) with
higher values in cases compared with controls in the discov-
ery cohort, we proceeded with creating a multivariate model
predicting cervical cancer from controls. To this end, the
discovery cohort was split into a training (50%) and a valida-
tion (50%) proportion and a Naïve Bayes classifier was devel-
oped using the training proportion only. The final model,
based on all 80 proteins, achieved close to perfect classifica-
tion in the training proportion (Fig. 2A), with a sensitivity of
0.98 (95% CI 0.93–1.0) at a specificity of 1.0 (95% CI 1.0–1.0).
The output from the model is a probability of having cancer,
and the threshold for calling cancer was set at 0.75. When the
same model and threshold was applied to the validation pro-
portion in the discovery cohort, similar results were obtained
(sensitivity � 0.96, 95% CI 0.89–1.0, specificity � 1.0, 95%
1.0–1.0, Fig. 2B). Because the underlying data was normal-
ized to have zero mean and unit variance in both cohorts, the
model was assumed to be immediately applicable to the
replication cohort.

We then proceeded to split the replication data into five bins
with samples ordered by diagnose-offset in days, starting with
the samples collected the longest time prior to diagnosis. The
samples collected at the time of diagnosis were all kept in a
separate bin and the samples collected before or after diag-
nosis were split into equal sized groups. Each bin contained
between 101 and 111 samples. The model was then applied
to all bins. The probability of having cancer was found to be
significantly higher (Wilcoxon-test, Bonferroni adjusted, q-val-
ues �1.87 � 10�15) in the group with samples collected at
diagnosis, compared with any other group (Fig. 2C, 2D). No
other nominally significant (Wilcoxon-test) higher probability
was found in any other comparison. In order to evaluate the
ability to use the protein model as a screening method, we
used the bin with samples collected the longest time before
cancer diagnosis (1328 to 6166 days) as controls and com-
pared this group with each consecutive bin as cases. In this
analysis, the bin containing the samples collected at time of
diagnosis resembles the set-up in the discovery cohort and
achieved an AUC of 0.83 (95% CI 0.77–0.88) (Fig. 1E). At the
threshold defined in the training proportion of the discovery
cohort, this corresponds to a sensitivity of 0.90 (95% CI
0.84–0.95) at a specificity of 0.49 (95% CI 0.39–0.58). For the
other groups, with samples collected 1323 to 1 days before
diagnosis, 28 to 1605 or 1629 to 7022 days after diagnosis,
the AUCs ranged from 0.51 to 0.55 (Fig. 2F).

We then proceeded with a feature-selection step in the
model generation (see Methods for details) and this generated
a signature consisting of 11 proteins (PTX3, ITGB1BP2,
AXIN1, STAMPB, SRC, SIRT2, 4E-BP1, PAPP-A, HB-EGF,
NEMO and IL-27). This signature achieved perfect classifica-
tion in the training proportion of the discovery data at a
probability threshold of 0.73. Similar performance as for the
full protein model was achieved in the validation proportion of
the discovery data (sensitivity 0.96, 95% CI 0.89–1, specificity
1.0, 95% CI 1.0–1.0) and in the replication data (Fig. 2G, 2H).
In the bin containing samples collected at diagnosis an AUC
of 0.79 (95% CI 0.73–0.85) was obtained with a sensitivity of
0.78 (95% CI 0.70–0.85) and a specificity 0.56 (95% CI 0.47–
0.65) at the threshold defined in the analysis of the discovery
data. Again, no discrimination was seen in the groups be-
tween samples collected before or after diagnosis (Fig. 2I).

The performance of the 11-protein signature in the replica-
tion cohort was found to be good (AUC � 0.79, Fig. 2I), but
not as good as in the validation part of the discovery cohort
(AUC � 1.0, Fig. 2B). We reasoned that since the PEA provide
a readout of protein abundance levels on a relative scale and
this scale is not necessarily the same between runs, the
normalization used employed might not be enough to allow
the same model with the same cut-off to be applied in a
second cohort. To investigate this, we re-trained the 11-
protein signature in the replication cohort using the samples
used to define the normalization parameters (Methods for
details) as controls and the samples collected at the time of
diagnosis as cases (Fig. 2J–2L). In the same comparisons as
above, the model then achieved an AUC of 0.91 separating
samples collected at the time of diagnosis from the samples
collected 6166 to 1328 days before diagnosis. This ap-
proach did not, however, significantly improve the perform-
ance in the other time-intervals used in the prospective
cohort, with all 95% confidence intervals including an AUC
of 0.5 (Fig. 2K, 2L).

Genetic Variability in the Genes Encoding Candidate Bio-
markers—To determine the contribution of genetic variability
in the genes encoding the proteins in the multivariate signa-
tures, we used the data from our previously published GWAS
for cervical cancer (23). Using a window of 250 kb upstream
of each gene (to include the promotor region) and 50 kb
downstream of each gene, a total of 7355 SNPs was found in
the 80 genes and 637 within the 11 genes. Of these, 916 of the
SNP in the 80 genes and 24 SNPs in the 11 genes showed a
nominally significant (p � 0.05) difference between cases and
controls in the GWAS data. Adjusting for multiple hypothesis
testing, 137 SNPs of the 916 remained significant, while none
of the 24 SNPs in the 11 genes did. All 137 SNPs were
retrieved because of their location in cis with either TNFB,
MIC-A/B or RAGE and were located within a 1.2Mb region on
chr6. This region sits within the major histocompatibility com-
plex loci (30), which is associated with a high number of
human autoimmune and infectious diseases. The lowest p
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value among these 137 SNPs was found for rs2516448 (p �

4.87 � 10�13) located 7.4kb downstream of MIC-A. This SNP
was however not among the SNPs detected in a GWAS for
protein abundance levels in MIC-A previously published (18).
The lowest p value among the 24 nominally significant SNPs
within the genes encoding the 11 proteins was found for

rs1405 (p � 0.003), located in the first intron of the gene
encoding PAPP-A. Taken together, the difference in abun-
dance levels between cases and controls does not appear to
be affected to any significant degree by genetic variability
related to cervical cancer found in the genes encoding these
proteins.

FIG. 2. Multivariate analyses. A, Aggregated ROC-curve for the test-samples in the cross-validation training of the model using the full
discovery data with 80 proteins. AUC given with 95% confidence interval. B, Performance of the trained model in the withheld discovery
validation set. The red-cross represent the performance at the cut-off determined using the training data. C, Distribution of model-output
(log(p)) when applied to the replication cohort in bins. The black line represents median value in each bin. D, Median (dot) and median absolute
deviation (lines) of probabilities (model output) in the same bins as in (C). The dotted vertical line indicates the median in the bin with samples
collected 6166 to 1328 days before diagnosis. E, AUCs for discriminations of the samples collected 6166 to 1328 days before diagnosis and
the subsequent bins. Horizontal black lines indicate 95% confidence interval. The dotted vertical line indicates and AUC � 0.5. F, ROC-curves
in the same bins as in (E). The red crosses indicate performance at the cut-off determined in the training proportion of the discovery data. The
width and breadth of the cross represent 95% confidence interval of the sensitivity and specificity. G–I, Same as (D–F) but for the 11-protein
signature. J–L, As (G–I) but for the 11-protein signature retrained as in (A–B) but with samples used for normalization in the replication cohort
as controls and the samples taken at diagnosis in the replication cohort as cases.
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Biomarker Levels Before Diagnosis and After Treatment—
The multivariate models generated above did not show any
significant predictive power before or after time of diagnosis,
as compared with the samples collected 1328 to 6166 days
before diagnosis. In order to evaluate single proteins as early
indicators of invasive cervical cancer, we estimated the vari-
ance explained in the protein values by the time-to-diagnosis.
This was done by building linear models with protein values as
response and time to diagnosis, either before or after, as
variable. Among all 80 proteins, the explained variance in the
protein abundance levels ranged from 3.76 � 10�6 to 6.27%.
Two models remained significant after multiple hypothesis
testing (p � 0.05/2/80 � 3.13 � 10�4), for CCL and FR-alpha,
both decreasing before diagnosis with coefficients ranging
from �1.87 � 10�4 to �1.69 � 10�4 (supplemental Table S3).
For the proteins in the 11-biomaker signature, the explained
variance in the protein abundance levels ranged from 1.76 �

10�4 to 2.6%. None of the models generated remained sig-
nificant after multiple hypothesis correction.

Finally, we investigated if there was any difference among
the proteins when observing the samples in the same bins as
used in the multivariate modeling, by comparing the samples
taken immediately before or after diagnosis with samples
collected the longest time before diagnosis (supplemental
Table S4). We restricted this analysis to the 28 proteins that
were found to have a significant increase in abundance level
at time of diagnosis as compared with controls in the discov-
ery cohort. Among these proteins, none had even a nominally
significant difference between samples collected 1328 to
6166 days before diagnosis and samples collected 28 to 1605
days after diagnosis. As reported above, 13 of the 28 proteins
had significantly increased abundance levels compared with the
group collected at time of diagnosis. Lastly, we compared the
samples collected 1 to 1323 days before diagnosis with
the samples collected 1328 to 6166 days before diagnosis. One
protein, FR-alpha, was found to have nominally different values
but this difference did not remain significant after adjustment for
multiple hypothesis testing.

DISCUSSION

We used PEA to study 100 unique proteins and identified a
biomarker signature with 11 proteins showing a significant
difference in plasma levels between samples collected at the
time of diagnosis of invasive cervical cancer and population
controls. The proteins identified distinguished between cervi-
cal cancer cases and population controls with a high sensi-
tivity and specificity.

Five of the 11 proteins in our biomarker signature, namely
Pentraxin-related protein (PTX3), Proto-oncogene tyrosine ki-
nase Src (SRC), Eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1), Interleukin-27 (IL-27) and SIR2-
like protein 2 (SIRT2), have previously been associated with
cervical cancer.

The Pentraxin-related protein (PTX3) plays a key role in
resistance to microbes and regulation of inflammation and
has been implicated in cancer development (31). Increased
PTX3 expression has been associated with differentiation of
cervical tumors and a PTX3-knockdown has been shown to
suppress the metastatic potential of cervical cancer cells.
Therefore, PTX3 is believed to contribute to tumorigenesis of
human cervical cancer cells and has been discussed as a
possible biomarker for cervical cancer (32). In our analysis, the
cases had 1.7� higher NPX-values as compared with the
controls, corresponding to more than twice as high protein
levels in plasma. In cervical cancer, SRC activity is deregu-
lated by HPV E6/E7 onco-proteins (33). Expression of SRC
has been shown to increase gradually from normal cervical
epithelium to cervical cancer in situ and cervical squamous
cell carcinoma, and expression levels correlate with survival of
cervical cancer patients. We found that patients with invasive
cervical cancer had on average 1.8 higher NPX-values than
the population controls. High SRC expression has also been
reported to be a negative prognostic marker for recurrence-
free survival of cervical squamous cell carcinoma, indicating
that SRC could be a valuable biomarker in the follow up phase
(34). 4E-BP1 is a translational repressor and higher levels of

TABLE I
Baseline information (age and time in freezer) for the two cohorts of women with invasive cervical cancer (Umeå Biobank, UM, Uppsala biobank,

UC), and population controls (KA) used in the analysis, and the samples from the prospective study from UM

Discovery cohort Replication cohort

Population controls (KA)** Cancer cohort (UC) Prospective Cancer cohort (UM)

Number of samples 50 90 440 90
Age at sample collection
Minimum 20 22.6 29.8 25.3
Maximum 86 86.4 73.8 96.9
Mean 58.4 46.5 52.3 60.8
Standard deviation 17.6 15.2 9.0 18.1
Sample storage time in freezer*
Minimum 12 4.2 4 7
Maximum 12 8.9 30 13.7
Mean 12 6.4 17.7 10.3
Standard deviation 0 1.3 5.5 1.9

Notes: * Sample storage time in freezer until January 1, 2001.
** All samples were collected at one time point (2016) and stored for 8 years at �80 °C.
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this protein has been associated with poorer survival after
surgical treatment of cervical cancer (35). IL-27 has been
shown to be highly expressed in cervical cancer cell lines (36).
In our discovery cohort, cases had on average 1.7 times
higher IL27 NPX values than the controls. Finally, expression
of SIRT2, both on a transcript and protein level, has been
shown to be up-regulated in cervical cancer as compared
with normal tissue (37). In our study the cases in the discovery
cohort had on average 3.7 times higher NPX values than the
population controls. The previous study (37) did not find
higher levels of SIRT2 during progression from preneoplasia
to squamous cell carcinoma, which is relevant from a screen-
ing prospective. Similarly, our 11-biomarker signature did not
perform as well as for samples collected at time of diagnosis.
In general, the direction of difference in abundance of these
proteins between our cases and controls is consistent with
earlier reports. A further set of four proteins (PAPP-A,
ITGB1BP2, AXIN1 and NEMO) have previously been associ-
ated with other types of cancer, but, as to the best of our
knowledge, this is the first study that shows a direct associ-
ation with cervical cancer. Pappalysin-1 (PAPP-A) is a metal-
loproteinase, and studies in mice identify PAPP-A as a preg-
nancy-dependent oncogene, with extended lactation being
protective against PAPP-A-mediated carcinogenesis (38).

The locus containing the gene ITGB1BP2 (also known as
Melusin), encoding the Integrin beta 1 binding protein 2 pro-
tein, has been shown to harbor genetic duplications in cervi-
cal cancers, but the expression does not appear to be up-
regulated (39). AXIN1 (Axis inhibition protein 1) has positive
and negative regulatory function in the Wnt-beta-catenin sig-
naling pathway, with a specific function in regulation of apo-
ptosis in human melanoma (40). NEMO (NF-�B essential
modulator) is a regulatory subunit of the NF-�B classical
activation pathway, which is associated with tumor promotion
and can be activated by viral infections or through signaling
by pro-inflammatory cytokines (41). Interesting, the NF-�B
pathway has been shown to be downregulated by HPV lead-
ing to persistent infections but activated again in high grade
intraepithelial neoplasia and cervical cancers (42).

Using samples from a prospective population-based study,
we examined the changes in abundance relative to the time of
diagnosis. In order to achieve groups of comparable size,
samples from 0 to 3.6 years prior to diagnosis and samples
from 0 to 4.5 years after diagnosis, were compared with
samples taken earlier than 3.6 years before diagnosis, and to
samples collected at time of diagnosis. No individual protein
differences between these groups remained statistically sig-
nificant after Bonferroni correction. In addition, although the
multivariate models showed good discrimination between
samples collected at diagnosis and the controls, the models
were not able to discriminate samples taken before or after
diagnosis from the samples used as controls. The results
indicate that the protein abundance differences seen in the
case-control comparison reflect changes that occurred closer

to diagnosis than the samples that were available from the
prospective cohort. This may imply that in order to identify
women at risk of developing cervical cancer, there is a need to
have a shorter screening interval than the 3-years presently
used in the organized screening of cervical cancer in Sweden.

Our current study is limited by the number of samples that
were available with collection dates close to the time of diag-
nosis. This low sample-rate reduces our power to detect
changes in the groups before diagnosis and this also means
that is difficult to pin-point the underlying biological processes
that drives the changes in biomarker levels. We are also
restricted in our modeling by possible intra-assay variation
between the discovery and replication cohorts. Our 11-bio-
marker model achieved and AUC of 0.79 in the replication
cohort compared with 1.0 in the discovery cohort. This could
however be increased to an AUC of 0.91 when retraining the
coefficients of the model on the values in the replication
cohort. This suggests that the 11-biomarker model can dis-
tinguish cases from controls, but that the normalization pro-
cedure employed here matching samples taken long before
diagnosis in the time-series with the controls from the discov-
ery cohort is insufficient to capture all of this variation.

In summary, we have identified several protein biomarker
candidates for invasive cervical cancer, both individually and
multivariate signatures. To determine the clinical utility of
these biomarker there is a need to examine samples from
women with different precancerous stages (CIN1, CIN2, CIN3
and Invasive cervical cancer) as well as to study series of
samples collected closer to the date of diagnosis than avail-
able in the prospective cohort we studied, to determine the
window in time when the protein panel is informative of future
cancer development.
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