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Abstract

Our study reports the discovery and evaluation of nanoparticle aided sensitive assays

for glycovariants of MUC16 and MUC1 in a unique collection of paired ovarian cyst

fluids and serum samples obtained at or prior to surgery for ovarian carcinoma suspi-

cion. Selected glycovariants and the immunoassays for CA125, CA15-3 and HE4

were compared and validated in 347 cyst fluid and serum samples. Whereas CA125

and CA15-3 performed poorly in cyst fluid to separate carcinoma and controls, four

glycovariants including MUC16MGL, MUC16STn, MUC1STn and MUC1Tn provided

highly improved separations. In serum, the two STn glycovariants outperformed con-

ventional CA125, CA15-3 and HE4 assays in all subcategories analyzed with main

benefits obtained at high specificities and at postmenopausal and early-stage disease.

Serum MUC16STn performed best at high specificity (90%-99%), but sensitivity was

also improved by the other glycovariants and CA15-3. The highly improved specific-

ity, excellent analytical sensitivity and robustness of the nanoparticle assisted

glycovariant assays carry great promise for improved identification and early detec-

tion of ovarian carcinoma in routine differential diagnostics.

K E YWORD S

diagnosis, epithelial ovarian cancer, europium nanoparticle, mucins, STn

What's new?

While MUC16 represents a promising serum marker for epithelial ovarian cancer, its inadequate

specificity has impeded clinical applications. Our study using a novel immunoassay with

fluorescent nanoparticles coated with glycan structure-specific binders shows that cancerous

sub-forms of MUC16 and MUC1 can be quantitated while suppressing mucin signals from con-

founding benign conditions. In ovarian cyst fluids, immunoassays for MUC16 and MUC1 STn
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glycovariants were superior to conventional CA125 and CA15-3 immunoassays. In paired serum

samples, the main benefits were seen in postmenopausal and early-stage patients. The results

pave the way for improved routine differential diagnostics of epithelial ovarian cancer.

1 | INTRODUCTION

Epithelial ovarian cancer (EOC) is the most lethal gynecological malig-

nancy,1 and the seventh most common cancer worldwide.2 Since early

EOC is associated with vague and unspecific symptoms, the disease is

usually diagnosed at later stages (FIGO III or IV), with relative survival

at 5 years less than 30%.3,4 The poor outlook of EOC could be

improved to a 90% 5-year survival rate if diagnosed at an early-stage.5

The currently employed diagnostic tests and imaging techniques are

neither reliable nor accurate for early EOC detection. Immunoassays

(IA) of CA125/MUC16 was the first and to date the most well-docu-

mented serum marker for EOC differential diagnosis, progression and

for monitoring of therapy response.5,6 However, high concentrations

are also found in benign gynecological conditions (ie, endometriosis,

pregnancy, heart failure, menstruation and pelvic inflammatory dis-

ease)7,8 as well as in a wide range of other malignant carcinomas (colo-

rectal, breast, lung, liver, gastric and pancreatic).9,10 The inadequate

specificity of CA125 impedes its use for early-stage EOC diagnosis

and disease progression.11 For this reason, supplementary biomarkers

to CA125, such as HE412 or multimodal diagnostic tests and algo-

rithms (ROMA, ROCA, OVA1 and Overa) with CA125 as the key com-

ponent have been proposed.7,13,14 In the United Kingdom, a large

prospective EOC screening study (UKCTOCS) combined ultrasound

and serial CA125 measurements, with results suggesting that this

strategy could improve early detection and reduce disease mortality.15

However, the UK National Screening Committee (UKNSC) did not

recommend it for systematic population screening in its July 2017

report. Novel biomarkers such as autoantibodies and microRNAs have

also been reported as potential approaches for early detection.16

Presently no accepted screening modalities are available and a major-

ity of EOC cases continue to be detected at late stages. Both MUC16

and mucin 1 (MUC1 also known as CA15-3) are reported to be ele-

vated in patients with advanced EOC stage, approximately 90%17 and

70%,18 respectively.

Protein glycosylation is a diverse source of posttranslational mod-

ifications and alterations during this process is a common feature of

tumor cells.19,20 Mucins contain carbohydrates up to 70% to 80% of

their molecular mass.21 Changes in O-glycosylation, also known as

mucin glycosylation, can disrupt the normal maturation of O-glycans,

which can lead to the neo- and/or overexpression of Thomsen-

Friedenreich-related T, Tn and STn antigens at the cell surface.22,23

Loss of polarity in the epithelial cell membrane during ovarian tumori-

genesis causes the upregulation of both mucins and their release in

the bloodstream.24 Alterations in the MUC1 and MUC16 glycosyla-

tion patterns can be targeted for potential biomarker discovery in

EOC.25-27 Many studies have reported both Tn and STn as prognostic

markers during treatment and as sensitive markers in the detection of

disease recurrence in various cancers.22,28 We have previously

reported improved differential diagnostic and prognostic performance

of EOC-specific MUC16 GV sandwich assays using a human macro-

phage galactose-binding lectin (MUC16MGL)29 or an anti-STn antibody

(MUC16STn)30 coated on fluorescent europium nanoparticles (NP) in

combination with anti-CA125 specific mAb for capture. The central

concept using the NP for detection is to provide low/medium affinity

lectins and antibodies enhanced binding avidity on the surface of the

NP, while maintaining their innate glycan specificity.

Although serum and plasma remain preferred targets in the

search of new biomarkers,31 other accessible bodily fluids (urine,

saliva, ovarian cyst fluids, cerebrospinal fluids and ascites) are also

occasionally used.32 Tumors of the ovary are frequently benign

and commonly grow in combined solid formations and fluid filled

cavities called cysts.33,34 The fluid contained in these cysts in

close proximity to the actual tumor makes it a potential reservoir

of secreted or shed proteins, glycans and genetic material from

the tumor, reflecting its malignant or benign states.32,35 Diagnos-

tic imaging techniques are often unable to distinguish malignant

from benign tumor, which leads to unnecessary and invasive sur-

geries on ovaries later found to be benign adenomas or normal

physiologic cysts.36 Therefore, early and differential diagnosis of

EOC is needed to decrease morbidity and increase survival of the

patients.

Our present study reports for the first time the measurement of

GVs of two mucins (MUC16 and MUC1) in preoperative ovarian cyst

fluid (CF) specimens and paired serum samples from the same time-

point. GVs were compared to conventional CA125, CA15-3 and HE4

IA levels. The proximity of CF to the tumor provides an attractive

opportunity for the discovery of novel markers or glycoforms of exis-

ting EOC biomarkers. With this sample collection, divided into a dis-

covery cohort (CF and serum, n = 75) and patient validation cohort

(CF and serum, n = 272), we have aimed to validate our previous

MUC16 GV assays and to look for additional MUC16 and MUC1

based biomarkers.

2 | MATERIALS AND METHODS

2.1 | Study design

Blood samples and paired ovarian CF were collected prospectively

and consecutively at the time for diagnostic and debulking surgery

between 2001 and 2010, at the unit for gynecologic cancer surgery at

Sahlgrenska University Hospital, Gothenburg. All patients with a

suspected malignant ovarian cyst were addressed. Patients with neo-

adjuvant chemotherapy and patients not accepting or understanding
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informed and written consent were excluded. Blood samples were

taken after anesthesia but prior to surgery while CF was aspirated

directly after removal of the cyst from the abdomen. All samples were

cooled to 4�C within 15 to 30 minutes, centrifuged, aliquoted into

Eppendorf tubes and stored in �80�C until analyzed. Handling and

processing of samples were standardized for all patients. All tumors

were diagnosed, staged and graded according to existing FIGO classi-

fication, and reviewed according to FIGO 2014 by specialist in gyne-

cologic pathology. The study included a discovery cohort (n = 75) and

a validation cohort (n = 272) of paired CF and serum samples.

2.2 | Materials

The ovarian cancer cell line OVCAR-3 purified CA125, anti-CA125

mAb (Ov185) and anti-CA15-3 mAb (Ma552), which recognize protein

epitopes, and STn1242 mAb that recognizes sialylated-Tn antigen

were kindly provided by Fujirebio Diagnostics (Gothenburg, Sweden).

The anti-Tn mAb was purchased from SBH Sciences Natick, Massa-

chusetts. The human recombinant C-type lectin CLEC10A protein,

also known as macrophage galactose lectin with human IgG Fc tag

(MGL-Fc) (catalog number 10821-H01H) was obtained from Sino Bio-

logicals Inc. China. Yellow streptavidin (SA) coated low fluorescence

microtitration plates, wash buffer and the assay buffer was obtained

from Kaivogen Oy (Turku, Finland). Europium (III)-Chelate-dyed

Fluoro-Max polystyrene nanoparticles (95 nm in diameter, 30 000

chelates per particle) were purchased from Seradyn Inc. (Indianapolis,

Indiana).

2.3 | Methods

Initially five GV markers were selected for testing in the discovery

cohort. These included two GVs of MUC16 (MUC16MGL and

MUC16STn) and three of MUC1 (MUC1STn, MUC1Tn and MUC1WGA).

To validate these results, the conventional CA125, CA15-3 and HE4

(in serum only) IA and their GV assays were then tested in a validation

cohort of paired ovarian CF and serum samples (n = 272). This valida-

tion set was tested based on the findings from the discovery cohort.

Postmenopausal women are the most prone cancer group and com-

prised of most of the cancers (~80%) in our study. Combination

markers were tested for benefits and only the best combinations are

reported.

2.4 | Conventional and glycovariant assays

Fujirebio CanAg CA125 EIA, CanAg CA15-3 EIA and CanAg HE4 EIA

kits were used according to manufacturer's instructions for conven-

tional assays. The GV assays of CA125 and CA15-3 have been

described earlier.29,30,37 Briefly, biotinylated capture anti-CA125

(Ov185 Fab2) and anti-CA15-3 (Ma552 Fab2) (50 ng/30 μL/well)
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F IGURE 1 Box plots from ovarian cyst fluid discovery cohort (n = 75). Two (A, B) MUC16 and three (C, D, E) MUC1 GVs in different groups
of healthy, benign, early-stage EOC and late-stage EOC. Data information: Data is presented as U/mL concentration
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were immobilized to streptavidin-coated low-fluorescence microtiter

wells (Kaivogen Oy) in the assay buffer for 60 minutes at room tem-

perature (RT) without shaking. After washing twice, 25 μL of standard

(OVCAR-3 cell line purified CA125) or diluted CF (1:50) or serum

(1:10) sample was added in triplicates and incubated for 60 minutes at

RT with shaking. For tracer, 25 μL assay buffer containing 1 � 107

Eu+3-NPs coated with lectins MGL or WGA or anti-STn and Tn mAb

was added, (with additional 6 mM of CaCl2 for MGL) to each well and

incubated for 1.5 hours at RT with shaking. After the incubation, the

wells were washed six times with wash buffer. TRF for Eu+3 was mea-

sured (λex: 340 nm; λem: 615 nm) from dry wells using Victor 1420

Multilabel Counter (Perkin-Elmer Life Sciences, Wallac, Turku,

Finland).

CA125 from the ovarian cancer cell line (OVCAR3) was used to

make standards from 2 to 500 U/mL for MUC16 GVs. An EOC

patient's ascetic fluid having 300 U/mL of CA15-3 was used for

standards of MUC1 GVs. All standards and samples were added in

triplicate each day and CV% (coefficient of variance) was calcu-

lated. For each GV assay, two separate controls of lower and

higher concentration were also included in each plate every day.

The day-to-day control variation was observed and the result is

included in Appendix S1.

2.5 | Statistical analysis

All statistical calculations were performed using IBM SPSS Statistics,

version 25 and Origin, version 2016 for Windows. The receiver oper-

ating characteristic curve (ROC) analysis was carried out by plotting

specificity (SP) against sensitivity (SN) of the assay and measuring area

under the curve (AUC). The partial AUC (pAUC) and confidence inter-

vals (CI) were calculated with the pROC package in R.38 AUC values

and pAUC at 90% to 100% SP (0.9-1) were calculated for all at 95%

CI. The ROC curves for marker combinations were derived using logis-

tic regression in SPSS. Origin was used to make the boxplots and cal-

culate the P-values using the two-sample t-test, where P-value below

.05 was considered significant.

3 | RESULTS

3.1 | Discovery cohort—Paired ovarian cyst fluid
and serum

The mean age for the healthy, benign, borderline and malignant patients

in the discovery cohorts was between 50 and 62 years, similar to the
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F IGURE 2 Box plots from serum discovery cohort (n = 75). Three conventional immunoassays of (A) CA125, (B) CA15-3 and (C) HE4 along
with (D, E) MUC16 and (F, G, H) MUC1 GVs in different groups of healthy, benign, early-stage EOC and late-stage EOC. Data information: Data is
presented as U/mL or pmol/L concentration
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mean ages in the validation cohorts. Different GV markers of MUC16

(MUC16MGL and MUC16STn) and MUC1 (MUC1STn, MUC1Tn and

MUC1WGA) were tested in the discovery CF and serum cohorts. In the

CF cohort, all 5 GVs showed significance between the benign (n = 12)

and the early-stage EOC (n = 26) group, with the strongest difference

seen with MUC16STn (P = .001) (Figure 1). In the serum cohort, signifi-

cance was seen only with one GV, MUC16STn (P = .013) along with the

conventional CA125 IA (P = .016). HE4 IA in serum did not show signifi-

cance between the benign and early-stage groups (Figure 2). Based on

the overall performance, three GVs MUC16MGL, MUC16STn and

MUC1STn were selected to be tested in both validation cohorts. MUC1Tn

was not detected in serum (Figure 2G), and hence was included only in

the cyst fluid validation cohort.

3.2 | Validation cohort—Paired ovarian cyst fluid
and serum

In the CF validation cohort, CA125 and CA15-3 IAs provided sensitivi-

ties of 14.1% (AUC = 0.518) and 31.8% (AUC = 0.677), respectively,

at 90% SP for the combined group of EOC (n = 67) and borderline

(n = 18) cases, against healthy and benign controls (n = 187). The SN

was greatly improved to 77.6% (AUC = 0.893) by MUC1STn and to

74.1% (AUC = 0.904) by MUC1Tn. On combining the MUC1 GVs, SN

increased to 80% (AUC = 0.924). From the pAUC, the three GVs pro-

viding the best benefits at high SP were, in order, MUC1Tn, MUC1STn

and MUC16STn (Figure 3A).

In the serum validation cohort, the difference between CA125 IA

and MUC16 GVs were small in terms of AUCs ranging from 0.805 to

0.813. However, from a detection sensitivity point of view at 90% SP,

MUC16STn stands out as the best performing parameter detecting

63.5% and 74.6% respectively with and without the borderline cases,

representing 10.6% and 8.9% improvements over CA125 IA. HE4 and

CA15-3 IA are clearly inferior to CA125 IA both with and without the

borderline cases. As with MUC16STn, for MUC1STn similar improve-

ments are seen at 90% SP and in the pAUC (0.9-1) values (Figure 3B,

Table S1). Combination markers did not yield any benefits.

Calibration curves and precision profiles were drawn for GV

assays. Standards for the GVs had a detection limit below 2 U/mL. CV

% was maintained below 15% for all assays (Figure S1). The day-to-

day control variation for the GVs was observed to be within the range

of 2 SD (Figure S2).
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F IGURE 3 ROC plots for patients from cyst fluid and serum validation cohort. Conventional IA and GVs in 67 EOC + 18 borderline vs 187
nonmalignant in (A) cyst fluids and (B) serum. Data information: AUC and pAUC (0.9-1) with 95% CI and SN at 90% SP is reported [Color figure
can be viewed at wileyonlinelibrary.com]
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3.3 | Subgroup analysis

3.3.1 | Postmenopausal EOC

In postmenopausal subgroup (n = 208) of the CF validation cohort, at

90% SP, MUC1Tn (AUC = 0.927) and MUC1STn (AUC = 0.914)

detected 52 of 64 EOC cases. This was more than twice the number

detected with CA125 and CA15-3 IAs in combination (AUC = 0.732),

which detected only 25 cases (Figure 4A, Table S1). In the serum vali-

dation cohort, MUC1STn (AUC = 0.869) was the best performing GV

and detected 49 postmenopausal EOC cases. This was 17.2% and

28.2% higher than provided by CA125 and HE4 IAs (AUCs 0.810 and

0.788, respectively) (Figure 4B).

3.3.2 | Early-stage EOC

In the CF validation cohort, MUC1STn levels were found elevated in

early-stage (n = 56) malignant cancers (76.8% SN 90% SP,

AUC = 0.909) thus detecting 43 EOC cases. This was much higher

than the combination of CA125 and CA15-3 IA, which detected only

22 cases (39.3% SN, AUC = 0.711). MUC1Tn (AUC = 0.891) was the

second best, detecting 39 cases (Figure 5A, Table S1). In the serum

validation cohort, MUC16STn and MUC1STn detected 48.2%

(AUC = 0.736) and 44.6% (AUC = 0.753) early-stage cancers

(n = 56), respectively, at 90% SP (Figure 5B). The detection increased

to 60.5% (AUC = 0.82) with both GVs on excluding the 18 borderline

cases (Figure 5C). This further increased to 69% with MUC1STn

(AUC = 0.849) in postmenopausal early-stage cancers (n = 29)

(Table S2).

3.4 | Assay performances at high specificities

The ROC analyses and pAUC (90%-100% SP) for serum samples sug-

gest that the benefit from the GVs over the reference immunoassays

is preferentially to be found at higher specificities. With decreasing

SP, the difference becomes gradually smaller. Detection sensitivities

at various specificities are compiled in Table S2 for several individual

parameters. Among the three reference IAs, CA125 shows the least

detection at high SP. HE4 shows quite similar pAUC values to CA125.

Of particular note is that CA15-3 IA performs substantially better than

(A) Cyst Fluid (B) Serum

Biomarker AUC SN (%)
(90% SP)

pAUC
(0.9-1)

CA125 IA 0.491
(0.40-0.58) 15.6 NA

CA15-3 IA 0.682
(0.60-0.76) 34.4 0.600

(0.55-0.66)

MUC16 STn 0.816
(0.75-0.88) 59.4 0.698

(0.62-0.78)

MUC1 STn 0.914
(0.87-0.96) 81.3 0.764

(0.67-0.86)

MUC1 Tn 0.927
(0.88-0.97) 82.8 0.851

(0.78-0.92)

Biomarker AUC SN (%)
(90% SP)

pAUC
(0.9-1)

CA125 IA 0.810
(0.74-0.88) 59.4 0.674

(0.59-0.77)

HE4 IA 0.788
(0.72-0.86) 48.4 0.675

(0.61-0.74)

MUC16 STn 0.842
(0.77-0.91) 67.2 0.756

(0.67-0.83)

MUC1 STn 0.869
(0.81-0.93) 76.6 0.789

(0.71-0.86)

. .

.

.

.

.

.
. . . . . .

.

.

.

.

.
. . . . . .

F IGURE 4 ROC plots for postmenopausal patients from cyst fluid and serum validation cohort. Conventional IA and GVs in 54 EOC + 10
borderline vs 144 nonmalignant in (A) cyst fluids and (B) serum [Color figure can be viewed at wileyonlinelibrary.com]
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CA125 at 97% to 99% SP in all subgroups except in the

premenopausal cases. In the postmenopausal group the poor perfor-

mance of CA125 IA (14.1% SN at 98% SP; pAUC = 0.674) is improved

more than 4-fold with MUC1STn (60.9% SN, pAUC = 0.789), where

HE4 detects 34.4% cases with pAUC similar to CA125. In the

premenopausal group MUC16STn is the only GV parameter providing

a stable improvement over CA125, CA15-3 and HE4 IA. For the post-

menopausal early-stage cancer group at 99% SP, CA125 IA fails to

detect any cancers whereas CA15-3 IA shows highest detection (31%

SN). SN improvements at other SPs are mostly seen with STn GVs. In

the late-stage cancers, the CA125 IA performance at 99% SP are

improved about 6-fold with CA15-3 IA, HE4 IA, MUC16MGL and

MUC16STn. At 98% and 97% SP, CA125 IA performance is improved

about 5- and 8-fold, respectively.

4 | DISCUSSION

With access to a collection of paired ovarian cyst fluids and serum

samples from a representative selection of patients suspected of ovar-

ian malignancies, our study verifies the molecular rationale for the

improved diagnostic performance of previously reported glycovariants

of MUC16. Furthermore, noteworthy is the diagnostic discrimination

provided by two newly reported MUC1 glycovariants as seen in the

CF cohort. Whereas the immunoassay-defined mucin assays CA125

and CA15-3 perform poorly in CF to discriminate EOC from benign

and healthy controls, the STn-specific glycovariant of MUC16 and

especially the STn and Tn glycovariants of MUC1 exhibit striking

improvements over the conventional immunoassays. This provides

strong support in favor of the enhanced cancer specificity of the

(A) Cyst Fluid

(C) Serum
BL excluded

Biomarker AUC SN (%)
(90% SP)

pAUC
(0.9-1)

CA125 IA 0.482
(0.40-0.56) 8.9 NA

CA15-3 IA 0.647
(0.56-0.74) 32.1 0.596

(0.54-0.66)

MUC16 STn 0.754
(0.68-0.83) 44.6 0.631

(0.57-0.70)

MUC1 STn 0.909
(0.87-0.95) 76.8 0.721

(0.63-0.82)

MUC1 Tn 0.891
(0.84-0.94) 71.4 0.767

(0.69-0.85)

Biomarker AUC SN (%)
(90% SP)

pAUC
(0.9-1)

CA125 IA 0.723
(0.65-0.80) 33.9 0.584

(0.53-0.65)

HE4 IA 0.649
(0.56-0.74) 30.4 0.578

(0.53-0.64)

MUC16 STn 0.736
(0.65-0.82) 48.2 0.667

(0.60-0.74)

MUC1 STn 0.753
(0.67-0.83) 44.6 0.679

(0.61-0.75)

Biomarker AUC SN (%)
(90% SP)

pAUC
(0.9-1)

CA125 IA 0.761
(0.67-0.85) 47.4 0.627

(0.56-0.71)

HE4 IA 0.727
(0.63-0.83) 42.1 0.616

(0.55-0.69)

MUC16 STn 0.825
(0.74-0.91) 60.5 0.739

(0.66-0.82)

MUC1 STn 0.823
(0.74-0.90) 60.5 0.749

(0.66-0.83)

(B) Serum
. .
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F IGURE 5 ROC plots for early-stage
EOC patients from cyst fluid and serum
validation cohort. Conventional IA and
GVs in 38 EOC + 18 borderline vs 187
nonmalignant in (A) cyst fluids and (B)
serum. (C) Conventional IA and GVs in
borderline excluded early-stage EOC
serum cohort [Color figure can be viewed
at wileyonlinelibrary.com]
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glycovariants. In serum samples taken preoperatively, MUC16STn pro-

vides the best overall diagnostic performance closely followed by

MUC1STn. Although the benefits of these GVs are apparent in all the

subgroups analyzed, the most significant improvements are seen in

postmenopausal cases and at early EOC stages where the cross-

reactivity from normal and benign circulating forms of the two mucins

are highly reduced. These results carry great promise for substantially

improving on the discrimination of EOC both in routine differential

diagnostics as well as in early detection or screening efforts in special

risk groups or the general population. The diagnostic advantage of the

described glycovariants is methodologically dependent on the fluores-

cent nanoparticles used to provide highly effective recognition of the

targets carrying the cancer specific glycostructures.

In the CF cohort, the GVs of MUC1 and MUC16 showed diagnos-

tic superiority over the conventional IAs. Especially the MUC1STn and

MUC1Tn glycovariants exhibited striking discriminations of the malig-

nant and benign groups, superseding the best MUC16 GV

(MUC16STn) in all categories. This was especially seen in early-stage

EOC (n = 56) where the improvement was 67.9% with MUC1STn GV

over the 8.9% provided by CA125 IA at 90% SP. Detection rate was

more than 80% for postmenopausal cases (n = 208) by MUC1 GVs. In

the serum cohort, MUC16STn GV showed the best diagnostic perfor-

mances overall compared to CA125 and HE4 IA. The MUC16 GV was

generally somewhat superior in performance to MUC1 GV in serum.

However, in the postmenopausal group, MUC1STn was found to pro-

vide better performance than MUC16STn, while in the small

premenopausal group (n = 64), MUC1STn was not found to provide

diagnostic power. MUC1Tn GV, which was working excellently in CF,

was not detected in serum, suggesting that this glycoform does not

enter the blood circulation as such or is cleared rapidly. The GV

improvement in detection over CA125 and HE4 IA was more than

15% in the early-stage group. Improvement over CA125 IA (more than

15%) was also seen in the postmenopausal group, where the findings

are consistent with our previous studies in pelvic mass patients diag-

nosed with EOC, benign ovarian tumors or endometriosis in serum

samples.29,39 Improvement with GV over HE4 IA was even greater

(more than 25%) in the postmenopausal group. CA125 IA in terms of

overall AUCs was performing as one would expect in a patient cohort

with a large proportion of postmenopausal women.

We also undertook a more detailed scrutiny of the serum results

at higher specificities 95% to 99%, the area of interest for any early

EOC detection effort using prediagnostic samples. In summary, espe-

cially the MUC16STn and MUC1STn GVs, but also CA15-3 IA, analyzed

at the highest SP levels were superior to CA125 and HE4 IA among

the patient groups. MUC16STn in the small premenopausal group

(n = 64) was the only glycovariant assay providing solid improvement

over IAs. These results interestingly suggest that the mucin GVs and

CA15-3 IA may offer an opportunity for improvement of early EOC

detection at very low marker concentrations. CA15-3, perceived pri-

marily as a breast cancer biomarker,40 is regarded inferior to CA125 in

the diagnosis of early EOC.41 This however calls for studies of exten-

sive cohorts of early-stage EOC and high-risk patient groups (eg,

BRCA1/2) from early detection settings.

In our study, high grade serous was the most common histotype

(~50%) among the malignant cases. The other histotypes were low in

number with endometrioid being the second highest with ~23%,

followed by mucinous with ~12% of malignant cases. The size of the

present cohort does not allow a reliable analysis of how the different

mucin glycovariants detect the different EOC histotypes. We are

presently collecting a much larger cohort with preferentially early-

stage EOCs for further studies, where the advantages in combining

GVs will be explored. The paired CF and serum material in our study

still represents a clinical routine where diagnosis is delayed beyond

the early stages.

There is extensive evidence of modified glycosylation in cancer-

ous tissues and in circulation.42-44 Yet, it has been difficult to harness

that information for design of routine-friendly methods. Our approach

is based on the assumption that aberrant glycosylations of mucin bio-

markers (MUC16 and MUC1) in the circulation are a hallmark of

malignancy and are absent in benign conditions of the disease.26,45,46

This is to our knowledge the first time where several mucin GVs

together with two conventional mucin assays and HE4 are measured

from a collection of paired ovarian cyst fluids and serum. Previously

reported GV of mucin studies in EOC have either limited SN of 44%

in peritoneal fluid25 or employ less robust microarray techniques in

EOC serum samples with marginally elevated CA125.26 Ricardo et al

used proximity ligation assay for MUC16STn, MUC1Tn and MUC1STn

in tissue sections of serous ovarian tumors27 but to our knowledge

this promising technique has not been used for blood samples. Several

advantages of our GV assays over these techniques and mutational

liquid biopsy analysis of ctDNA should also be acknowledged. The

nanoparticle-assisted GV approach is technically simple and rapid,

easily and directly applied to minute volumes of biological fluids with-

out need for pretreatments of the sample. Mutational analysis of

ctDNA will undoubtedly be of significant interest in future cancer

diagnostics as has been amply shown.47-49 Suggested limitations for

early detection are the complexity of the technology, lack of sensitiv-

ity for very early cancerous lesions and lack of organ specificity as

many driver mutations are shared by several cancers. We have previ-

ously suggested that in the future, methodologies such as the one

presented here with enhanced cancer and organ type specificity com-

bined with exquisite analytical sensitivity and simplicity for detection

of early cancer lesions, could provide a much-needed link or bridge to

the mutational ctDNA analysis of more advanced cancers.50

5 | CONCLUSION

With a cohort of ovarian cyst fluids and corresponding blood samples,

our study strengthens the rationale for specific glycovariants of

mucins MUC16 and MUC1 as promising diagnostic markers for epi-

thelial ovarian cancer over three conventional, antibody defined

immunoassays CA125, HE4 and CA15-3. The performance of the

glycovariants is particularly impressive as applied to the cyst fluid

samples. In serum samples, the benefits are particularly seen in post-

menopausal women and early-stage carcinomas. This stems from the
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strong suppression of the cross-reactivity of circulating CA125 forms

in benign ovarian tumors and healthy controls. The diagnostic poten-

tial of the nanoparticle-aided glycovariant assays for improving early-

stage ovarian carcinoma detection calls for extensive future studies.
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