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The CA125 assay detects circulating MUC16 and is one of the most widely used cancer bio-

markers for the follow-up of ovarian cancer. We previously demonstrated that detection of

aberrant cancer-associated glycoforms of MUC16 as well as MUC1 in circulation could

improve the yield of these serum assays. Our aim was to refine ovarian cancer biomarkers

by detection of aberrant glycoforms (Tn, STn, and T) of MUC16 and MUC1 in ovarian cancer

tissue using Proximity Ligation Assays (PLA).

We studied two series of serous ovarian tumours, a pilot series of 66 ovarian tumours (27 cys-

tadenomas, 16 borderline tumours and 23 adenocarcinomas) from Centro Hospitalar S. Jo~ao,

Porto and a validation series of 89 ovarian tumours (17 cystadenomas, 25 borderline tumours

and 47 adenocarcinomas) from the Portuguese Institute of Oncology Francisco Gentil, Lisbon.

PLA reactions for MUC16/Tn, MUC16/STn, MUC1/Tn and MUC1/STn were negative in

benign lesions but often positive in borderline and malignant lesions, in both series. An

even better yield was obtained based on positivity for any of the four glyco-mucin profiles,

further increasing sensitivity to 72% and 83% in the two series, respectively, with 100%

specificity. The strategy is designated glyco-mucin profiling and provides strong support

for development of PLA-based serum assays for early diagnosis.
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1. Introduction
 and that selective detection of the STn MUC16 glycoform us-
Worldwide, ovarian cancer is the 7th cancer with highest inci-

dence and the 8th cause of cancer death in women (Ferlay

et al., 2012). The large majority of ovarian cancers are epithe-

lial in origin and, within those, serous carcinomas constitute

nearly 70% (Seidman et al., 2004) and represent the most rele-

vant contributors to ovarian cancer mortality (Prat, 2012).

Despite the downward trends in survival (Barnholtz-Sloan

et al., 2003; De Angelis et al., 2014) and in mortality rates

(Hirabayashi and Marugame, 2009) observed in the last de-

cades in many settings, there is a large heterogeneity in the

across countries and an ample margin for improving diag-

nosis at treatable stages. This may be accomplished through

the development of new strategies or combination of existing

methods, capable to overcome limitations of those currently

available.

The CA125 assay is the most successful cancer serum

biomarker and it detects the large mucin MUC16 (Bast et al.,

1981), which is heavily decorated with N and O-glycans

(Hattrup and Gendler, 2008). The CA125 assay is approved

for monitoring ovarian cancer patients after treatment to pre-

dict recurrence but not for diagnostic purposes due to low

specificity (Goonewardene et al., 2007). More recently, at-

tempts were made to combine several tumor markers to in-

crease sensitivity and specificity of cancer detection

(Kondalsamy-Chennakesavan et al., 2013), but CA125 is still

the preferred biomarker (Cramer et al., 2011; Mai et al., 2011;

Zhu et al., 2011). Several other membrane-bound mucins,

including MUC1 and MUC4, are overexpressed in ovarian car-

cinomas, although these are more widely expressed in other

organs (Singh et al., 2008; Skates et al., 2004). Increased serum

levels of MUC16 in non-malignant gynecological conditions

and diseases, especially in those that produce ascites, are

serious limitations to the use of serum CA125 assay as a diag-

nostic tool. The CA125 assay is based on detection of MUC16

with monoclonal antibodies such as OC125 (Bast et al., 1981)

and M11 (Nustad et al., 1996) that react with similar epitopes

in the tandem repeat SEA region of protein (Bressan et al.,

2013; Marcos-Silva et al., 2014). We recently confirmed that

these antibodies bind the protein backbone, albeit a particular

conformational epitope, without substantial influence by

glycosylation (Marcos-Silva et al., 2014).

Mucins are characterized by dense decoration of O-glycans

and these O-glycans themselves may serve as biomarkers.

Thus, perhaps themost common phenotypic character of car-

cinoma cells is expression of truncated immature O-glycans

due to a variety ofmechanisms leading to incomplete O-glyco-

sylation (Gill et al., 2011). Several studies showed expression

of T (Galb1-3GalNAc-a1-O-Ser/Thr), Tn (GalNAca1-O-Ser/Thr)

and STn (Neu5Aca2-6GalNAca1-O-Ser/Thr) in carcinoma cells

in effusions (Davidson et al., 2000) and in tissue sections,

where both Tn and STn correlated with higher histological

grade and poorer survival (Ghazizadeh et al., 1997). In ovarian

carcinomas STn antigenwas detected onMUC16 using a sand-

wich ELISA on peritoneal fluid of ovarian cancer patients and

co-localizes with MUC16 on cancer tissues (Akita et al., 2012).

Furthermore, we recently demonstrated that circulating

MUC16 in ovarian cancer patients carry the STn glycosylation,
ing an antibody capture array assay improved specificity of

MUC16 compared to the CA125 assay (Chen et al., 2013). This

suggests that detection of specific glycoforms of circulating

mucins may represent a strategy towards improved

biomarker assays. However, we identified sensitivity of the

array assay as an obstacle in that the array assay performed

equal or poorer than the routine CA125 assay in terms of over-

all sensitivity. This limits its use for early diagnosis regardless

of the improved specificity.

Here, we have further studied the expression of glycoforms

of mucins in ovarian cancer and developed highly sensitive

mucin glycoform specific Proximity Ligation Assays (PLA). As

a proof of concept we demonstrate that selective detection

of Tn and STn glycoforms of MUC16 as well as MUC1 provide

high specificity and sensitivity in tissue screening of ovarian

serous neoplasia. We have previously demonstrated that

PLA (Soderberg et al., 2006) can successfully be applied in tis-

sue sections for detection of glycoforms of mucins (Conze

et al., 2010), and we identified Tn/STn glycoforms of MUC1

in a large percentage of mucinous ovarian carcinomas (Pinto

et al., 2012). We studied a total of 155 serous ovarian tumours

(44 cystadenomas, 41 borderline tumours and 70 adenocarci-

nomas), encompassing a test and a validation series, using

PLA probes for MUC1, MUC16, Tn, STn, and T antigens. Our re-

sults show that identification of MUC1 and MUC16 glycoforms

with the Tn and STn glycans constitute a very promising

biomarker signature to distinguish malignant/borderline se-

rous ovarian tumours from benign lesions. The strategy is

designated glyco-mucin profiling and the results provide

strong support for further development of PLA-based serum

assays with the potential for early diagnosis.
2. Materials and methods

2.1. Patient selection and tissue microarray construction

Pilot study: A series of 66 serous ovarian tumours, diagnosed

between 2000 and 2012, was selected from the Pathology

Department of Centro Hospitalar S. Jo~ao, Porto, Portugal

(CHSJ Porto series). The series was extracted from all ovarian

lesions surgically removed in the same period (n ¼ 1492,

including occasional findings in hysterectomy specimens,

metastasis, etc) and the 66 cases were selected on the basis

of the quality/representativity of the histological material,

clinical information and staging. Formalin-fixed paraffin-

embedded histological sections were reviewed and the diag-

nosis confirmed. Patients’ ages ranged from 25 to 88 years. Tu-

mours were characterized for histologic type and stage (FIGO

classification) (Supplementary Table S1).

From the 66 cases, 44 were arrayed in six TissueMicroarray

(TMA) blocks with at least two tissue cores (1.5 mm in diam-

eter) from each tumour sample. TMAs were built after careful

review of hematoxilin & eosin stained sections by an experi-

enced pathologist (LD) with selection of representative

tumour areas. TMA blocks were designed and constructed ac-

cording to rules previously described (Avninder et al., 2008;

Simon et al., 2004). The remaining 22 cases were whole tissue

http://dx.doi.org/10.1016/j.molonc.2014.10.005
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sections. Overall, the CHSJ Porto series comprises 35% adeno-

carcinoma, 24% borderline tumours and 41% cystadenomas.

Validation study: For validation, we tested a second series

in the same conditions. The validation series encompasses

89 serous ovarian tumours (17 cystadenomas, 25 borderline

tumours and 47 adenocarcinomas) arrayed in 5 TMA blocks

with 0.6 mm core diameter, obtained from Portuguese Insti-

tute of Oncology Francisco Gentil, Lisbon, Portugal (IPO Lisbon

series) files. In this institution 90e100 cases of ovarianmasses

undergo surgery as primary treatment every year, and we

retrieved serous tumour cases from years 2000e2013 on the

basis of the quality/representativity of the histological mate-

rial, clinical information and staging. Clinico-pathological

characteristics of IPO Lisbon series are shown in

Supplementary Table S1. A flow chart representing the sam-

ples tested and the steps of the study is represented in

Figure 1.

Both pilot and validation studies were based on retrospec-

tive assessment of samples in which informed consent could

not be obtained, but where research studies are authorized

under the Portuguese Law.

2.2. Standard or direct immunohistochemistry

Tumours were immunostained with monoclonal antibodies

for MUC16 (M11 and 5E11) (Marcos-Silva et al., unpublished

data), MUC1 (HMFG2) (Taylor-Papadimitriou et al., 1981), Tn

(5F4) (Mandel et al., 1991), STn (TKH2) (Kjeldsen et al., 1988),

and T (3C9) (Zen et al., 1998). After deparaffinization, heat-

induced (98 �C) antigen retrieval was performed with citrate

buffer (pH 6.0) (CE IVD by Thermo Scientific Lab Vision), and

slides were incubated with hydrogen peroxide 3%. Antibodies

were incubated undiluted (hybridoma culture supernatants)

for 1h at room temperature. Primary antibodies were detected

using a secondary antibody with HRP polymer (Cytomation

Envision System HRP, DAKO, Carpinteria, CA) and
Figure 1 e Flow chart of the study. The initial series (CHSJ Porto) consis

Ligation Assays (PLA) to define the glyco-mucin profiles. To validate the re

ovarian tumours from another institution (IPO Lisbon).
visualization of the reaction was performed using diamino-

benzidine according to the manufacturer’s instructions. Since

PLA assays require the use of two antibodies in a single reac-

tion, efforts were made to homogenize IHC conditions.

An additional slide with positive tissues for each antibody

were included in every set of reactions and used as positive

control. Normal ovary/cystadenomas and other human tis-

sues included in the TMAs were used as internal controls.

Immunohistochemistry was evaluated by two indepen-

dent observers (SR and LD), who independently registered

cytolocalization of staining and the percentage of tumor cells

stained (0e10%, >10e25%, >25e50%, >50e75% and >75%).

When less than 10% of the tumour cells were stained, cases

were considered negative.

2.3. Proximity Ligation Assays on tissue sections

Validation of PLA assays was tested in the MUC16 expressing

cell lines OVCAR3 wild-type, which has elongated O-glycans

(Kui Wong et al., 2003), and OVCAR3 SimpleCells (SC), that ex-

press homogenous truncated Tn and STn O-glycans due to

knock-out for the COSMC gene (Steentoft et al., 2013). This

isogenic cell system provided a unique opportunity to validate

PLA results based on MUC16 mucin (Supplementary

Figure S1).

PLAs were performed using the Duolink in situ Detection

Reagents Brightfield (Olink� Bioscience, Uppsala, Sweden) ac-

cording to the manufacturer’s instructions. Briefly, after

deparaffinization and heat-induced antigen retrieval, tissue

slides were incubated with hydrogen peroxide 3% followed

by incubation at 37 �C for 30 min with blocking solution in a

humidity chamber.

The mAbs used to Mucins are IgG isotypes and therefore

detected using an anti-IgGg specific conjugated PLA Probe

PLUS (4.8 ng/ml). Antibodies for simple mucin-type carbohy-

drate antigens T and Tn (both IgM) were detected using an
ted of 66 serous ovarian tumours in which we performed Proximity

sults, PLA to the same glycol-mucin pairs was performed in 89 serous

http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005
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anti-IgM conjugated PLA Probe MINUS (0.0048 mg/ml). Primary

antibodies were incubated in the same conditions used for

IHC. For identification of MUC1 and MUC16 with STn a direct

PLA assay was developed since our mAbs to STn is of IgG1 iso-

type similar to the mucin mAbs. mAbs to MUC1 and MUC16

were conjugated with PLA probe PLUS (concentration

0.005 mg/ml) and the mAb to STn with PLA probe MINUS (con-

centration 5 ng/ml). For direct PLA we used CA125 (Clone

M11; DAKO, Carpinteria, CA) to detect MUC16 as conjugation

of 5E11 with the PLA probe resulted in loss of activity. The

conjugation of the antibodies was performed following the in-

structions of Duolink� In situ Probemaker.

Antibodies conjugatedwith PLA probeswere hybridized for

1 h at 37 �C. Next, ligation was performed for 30 min at 37 �C
and amplification was carried out for 120 min at 37 �C to pro-

duce rolling circle products, followed by incubation with HRP

labelled probes and addition of the chromogen. Finally, sec-

tions were counterstained using hematoxilin, dehydrated,

cleared and mounted for optical microscope analysis.

PLA results were evaluated by two observers (SR and LD),

who independently registered cytolocalization of staining

and the percentage of tumor cells stained (0e10%, >10e25%,

>25e50%, >50e75% and >75%). When less than 10% of the

tumour cells were stained, cases were considered negative.

2.4. Statistical analysis

We evaluated the expression of different PLAs or combina-

tions of PLAs according to histological diagnosis and

computed the sensitivity and specificity for distinguishing be-

tweenmalignant or borderline serous tumours and benign le-

sions (STATA, version 11; STATACorp., College Station, Texas,

USA).
3. Results

3.1. Pilot study - expression of mucins and truncated O-
glycans in ovarian tumours

MUC16 and MUC1 were highly expressed in malignant and

borderline lesions (MUC16 was expressed in 100% of the cases

both with M11 and 5E11, MUC1was observed in 87% of adeno-

carcinomas and 100% of borderline tumours) and less
Table 1 e Glyco-Mucin profile obtained through PLA assays in 66 cases

% Positive

Adenocarcinoma Borderline tu

MUC16/Tn 52 19

MUC16/STn 74 31

MUC16/T 35 31

MUC1/Tn 61 0

MUC1/STn 61 25

MUC1/T 35 6

MUC16/STn OR MUC1/STn 83 44

MUC16/STn OR MUC1/STn OR

MUC16/Tn OR MUC1/Tn 91 44
frequently expressed in benign lesions (85% for MUC16; 37%

for MUC1). The Tn O-glycan antigen was only expressed in ad-

enocarcinomas (78%) and borderline lesions (13%), and not in

benign lesions (0%). STn and T antigens were more frequently

expressed in adenocarcinomas and borderline tumours. STn

was expressed in 91% adenocarcinomas and 81% in borderline

tumours, while T was expressed in 87% adenocarcinomas and

75% in borderline tumours. STn was, similarly to Tn, not

expressed in benign lesions (0%), while the T antigen was

expressed in 30% benign lesions. These results contrast with

ST expression (in fact T and ST since detection was performed

using 3C9 antibody after neuraminidase treatment of the sec-

tions that uncovers cryptic, sialylated T antigen) that was pre-

sent in 100%of all tumour sub-groups (datanot shown).Details

on the expression profile of ovarian tumours are presented in

Supplementary Figure S2 and Supplementary Table S2.

3.2. Pilot study (CHSJ Porto series) e glyco-mucin
profiling of tissue sections by PLA

In positive cases, PLA signals were observedmainly in the api-

cal membrane of tumour cells and mucus secretions,

although some cytoplasmic signals were also identified.

PLA reactions for MUC16/Tn, MUC16/STn and MUC1/STn

were negative in benign lesions but often positive in border-

line lesions (19%, 31% and 25%, respectively) and even more

frequently positive in malignant tumours (52%, 74% and 61%

respectively). Expression of MUC1/Tn occurred only in malig-

nant cases (61%). MUC16/T was expressed more frequently in

malignant and borderline than in benign lesions (35%, 31%

and 7%, respectively) and MUC1/T was more frequent in ma-

lignant (35%) than in borderline or benign lesions (6% and

4%, respectively) (Table 1). Images of brightfield PLA staining

in situ and glyco-mucin signatures of ovarian tumours are rep-

resented in Figure 2 and 3A, respectively. In a few cases we

looked at serial sections trying to clarify if a single carbohy-

drate was using the two mucins as acceptors or if different

areas/cells were building different glyco-mucin profiles, and,

as shown in Supplementary Figure S3, both events do occur.

Combinations of PLA results for different glycoforms of

mucins increase or maximize sensitivity and specificity of

the biomarkers when compared to mucins, glycans or even

single glyco-mucin pairs, to separate borderline and malig-

nant serous adenocarcinomas from benign lesions. Positivity
from CHSJ Porto series.

Adenocarcinoma/borderline vs. cystadenoma

mours Cystadenoma Sensitivity (%) Specificity (%)

0 38 100

0 56 100

7 33 93

0 36 100

0 46 100

4 23 96

0 67 100

0 72 100

http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005


Figure 2 e Glyco-mucin profile of ovarian tumours in CHSJ Porto series. Examples of brightfield PLAs in adenocarcinomas and borderline

lesions. The brown dots represent proximity signals between mucin/carbohydrate pairs, namely MUC16/Tn, MUC1/Tn, MUC16/STn and

MUC1/ST.

M O L E C U L A R O N C O L O G Y 9 ( 2 0 1 5 ) 5 0 3e5 1 2 507
for MUC16/STn or MUC1/STn increased the sensitivity to 67%

and specificity to 100%. An even better yield was obtained

based on positivity for MUC16/STn, MUC1/STn, MUC16/Tn or

MUC1/Tn, further increasing sensitivity to 72% maintaining

the maximum value for specificity (Table 1). The positive pre-

dictive value for double or quadruple PLA combinations was

100%.
3.3. Validation study (IPO Lisbon series) - glyco-mucin
profiling of tissue sections by PLA

The PLA results were similar to those obtained in the pilot

study. PLA reactions for MUC16/Tn, MUC16/STn, MUC1/Tn,

MUC1/STn and MUC1/T were negative in benign lesions but

often positive in borderline (52%, 68%, 12%, 24% and 12%,

http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005


M O L E C U L A R O N C O L O G Y 9 ( 2 0 1 5 ) 5 0 3e5 1 2508
respectively) and in malignant lesions (43%, 45%, 49%, 64%

and 28%, respectively) (Table 2). MUC16/T was expressed in

benign, borderline and malignant lesions (12%, 48% and 17%,

respectively).

Positivity for MUC16/STn or MUC1/STn increased the

sensitivity to 71% and specificity to 100%. An even better yield

was obtained based on positivity for MUC16/STn, MUC1/STn,

MUC16/Tn or MUC1/Tn, further increasing sensitivity to 83%

maintaining the maximum value for specificity (Table 2,

Figure 3B). The positive predictive value for double or

quadruple PLA combinations was 100%.
4. Discussion

Our study provides strong support for use of PLAs to detect

aberrant glycoforms of mucins and thereby improve cancer

specificity of biomarker assays. We demonstrated that serous

ovarian carcinomas selectively express the Tn and STn glyco-

forms ofMUC16 andMUC1, and these glyco-mucin profiles are

likely to serve as more cancer-specific biomarkers than the

mucins themselves. We have also observed, in serial sections,

that single tumours have areas/cells that use the two mucins

as acceptors for addition of a glycan, whereas in other areas/

tumours a preferred acceptor is used (Supplementary

Figure 3). This observation is by itself very interesting since

it adds to our previous observations showing that co-

localization does not imply generation of PLA signals (Pinto

et al., 2012). In fact, it suggests that, at the single cell level,

there might be an ambivalent usage of one or more than one

mucin carriers according to still unclarified reasons. Future

studies using triple-binder PLA reactions, optimized in cell

systems, will be amajor step to clarify if mucins can carry sin-

gle or multiple carbohydrate combinations at the single cell/

molecule level and if this is a cell or “territory” phenomenon

(Soderberg et al., 2006).

Our glyco-mucin profiles support a previous microarray

study from our group (Chen et al., 2013), where we glycopro-

filed MUC16 and MUC1 in serum using antibody capture ar-

rays and lectin profiling, but holds promise for improving
Table 2 e Glyco-Mucin profile obtained through PLA assays in 89 cases

% Positive

Adenocarcinoma Borderline
tumours

Cystade

MUC16/Tn 43 52 0

MUC16/STn 45 68 0

MUC16/T 17 48 12

MUC1/Tn 49 12 0

MUC1/STn 64 24 0

MUC1/T 28 12 0

MUC16/STn OR

MUC1/STn

70 72 0

MUC16/STn OR

MUC1/STn OR

85 80 0

MUC16/Tn OR

MUC1/Tn
the sensitivity because PLA has essentially unlimited amplifi-

cation potential if a differential signal is available.

We found that four glyco-mucin profiles, Tn and STn on

the mucins MUC16 and MUC1, have the capacity to distin-

guish borderline and malignant serous tumours from benign

lesions with a specificity of 100% and a sensitivity of 70e80%

on tissues. These values were identified in an initial series of

66 cases from Porto, and validated on a second series of 89

cases from another Institution in Portugal e IPO Lisbon. At

the tissue level a diagnostic panel based on MUC16 and

MUC1 glycoforms clearly outperforms detection of MUC16,

MUC1, or any of the glycoforms alone with respect to

specificity.

The single antigen that provided specificity close to the PLA

assays was the STn glycan structure. The STn O-glycan is

widely expressed in cancer and was originally identified as

the B72.3 colorectal cancer antigen (Kjeldsen et al., 1988),

although it was (and is still) unclear what the carrier protein

molecule(s) for the B72.3 epitope are. Our previous studies in

mucinous colorectal carcinomas suggested that at least part

of the STn antigen is found on MUC2 mucin (Conze et al.,

2010). The STn antigen was not expressed in benign cystade-

nomas, but it is found in many different adenocarcinomas

including colon cancers. TheMUC16mucin provides the organ

specificity to the combination assay of glyco-mucin profile,

since MUC16 is only found in the normal eye (Gipson, 2004)

and pancreatic cancers (Haridas et al., 2011).

Our results hold promise for development of more specific

serum biomarker assays based on CA125 and CA15-3. In fact,

previous studies have consistently concluded that MUC16,

despite its limitations, was the better cancer biomarker

(Cramer et al., 2011; Zhu et al., 2011). Most importantly, spec-

ificity in distinguishing malignant versus benign lesions is

75% for CA125 assay (Jacobs and Bast, 1989), much lower

than the 100% value obtained with the combined set of bio-

markers in both series.

Recent studies have added Human Epididymis secretory

protein (HE4) into the Risk of Ovarian Malignancy Algorithm

(ROMA) (Moore et al., 2010), reaching sensitivities around

90% in post-menopausal women, and specificities that can
from IPO Lisbon series.

Adenocarcinoma/borderline vs. cystadenoma

noma Sensitivity (%) Specificity (%)

46 100

53 100

28 88

36 100

50 100

22 100

71 100

83 100

http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005
http://dx.doi.org/10.1016/j.molonc.2014.10.005


Figure 3 e Glyco-mucin signatures obtained by PLA (Green [ Negative; Red [ Positive): (A) Representation of PLA results in the 66 ovarian

tumours of CHSJ Porto series; (B) Representation of PLA results in the 89 ovarian tumours of IPO Lisbon series. The two columns on the right

depict combinations for PLA pairs.
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go up to 97%, when coupled to CT-scan (Stiekema et al., 2014).

However, the additional value of including the HE4 in ovarian

cancer detection is still under scrutiny (Van Gorp et al., 2011).

Although it clearly is not simple to extrapolate the current

results based on tissue to assays based on serum, our current

study clearly demonstrates that ovarian cancers produce

MUC16 and MUC1 with aberrant Tn and STn glycosylation.

We are furthermore encouraged by our previous microarray

studies that confirmed circulation of the same STn glycoforms
of MUC16 and MUC1 (Akita et al., 2012). In the array study we

did not detect the Tn glycoforms, which we interpreted as be-

ing a result of clearance of non-sialylated glycoforms by lectin

receptors. Since we demonstrated here that ovarian cancers

indeed express both the Tn and STn glycoforms our present

results appear to support this conclusion. Thus, future devel-

opment of a PLA-based serum assay should focus on the STn

glycoforms of MUC16 andMUC1.While the array assay clearly

demonstrated that detection of the STn glycoforms of MU16

http://dx.doi.org/10.1016/j.molonc.2014.10.005
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and MUC1 improved specificity compared to the standard

CA125 and CA15-3 serum assays it did not improve overall

sensitivity. We believe that a PLA-based assay may enhance

sensitivity without loss of specificity of CA125 serum assay

and thus has the potential for an improved biomarker assay

with utility in early diagnosis.

The PLA approach has great prospects in the biomarker

field for detection of glycoforms of glycoproteins in general,

as we have previously demonstrated (Conze et al., 2010;

Soderberg et al., 2006). Alternative methods, like Forster reso-

nance energy transfer (FRET) have several limitations,

including autofluorescence that is usually high in paraffin-

embedded tissue sections (Weibrecht et al., 2010). Recently,

adaptations on the FRET methodology have allowed the iden-

tification of protein specific imaging of glycans on live cells,

with very interesting applications to visualize glycosylation

dynamics, but still without a conceivable application for

biomarker identification in the clinic (Lin et al., 2014). Also

recently, proteomics approaches identified combinations of

mucin peptides, irrespective of its glycosylation, in pancreatic

cyst fluid frompancreatic precursor lesionswith high discrim-

ination capacity (Jabbar et al., 2014). Glycomic approaches in

serum of ovarian cancer patients have mostly identified N-

glycan profiles as candidate biomarkers (Kim et al., 2014).

The advantages with PLA for analysis of serum levels of pro-

teins are the high sensitivity, minute sample consumption

(1e10 ml) (Fredriksson et al., 2002; Gullberg et al., 2004) and

ability for multiplexing (Darmanis et al., 2010; Fredriksson

et al., 2008). A related method, proximity extension assay

(PEA) has been used to perform parallel analysis of 96 proteins

in 96 samples using only 1 ml serum per sample (Assarsson

et al., 2014).

A very important feature of ourmethodology is that it com-

bines mucin identification with cancer-associated glycan

identification, each per se already in clinical use, but whose

combination significantly increased the yield of sensitivity

and specificity of detection of borderline and malignant se-

rous adenocarcinomas versus benign lesions. One of the

aims of ovarian cancer biomarkers is to detect by simple

methods, ideally a serum assay, women that should be

considered as candidates for a surgical approach. Particularly

relevant is the follow-up of women at high risk for ovarian

cancer, like those with BRCA germline mutations (Karlan

et al., 2014). Anothermajor objective for all ovarian cancer bio-

markers is to identify cystic lesions that should be targeted for

a therapeutic/surgical approach. At this moment both border-

line and invasive serous adenocarcinomas are mandatory

candidates for surgery and therefore their identification prior

to surgery would benefit all those that could be spared oopho-

rectomy. On the other hand, early detection of borderline/ma-

lignant lesions would contribute to a decrease in late

diagnosis, FIGO stages IIIeIV, a major determinant for poor

survival (Assarsson et al., 2014; Curry et al., 2014).

In conclusion, we have developed a series of PLA assays for

detection of glyco-mucin profiles using a novel approach for

glycopeptide identification, with the capability to detect mu-

cins shed from cancer tissues. Through PLA assay, we have

identified a panel of four glyco-mucin profiles (MUC16/Tn,

MUC16/STn, MUC1/Tn and MUC1/STn) with 100% specificity

and 100% Positive Predictive Value for detection of
borderline/malignant serous tumours of the ovary. The re-

sults show that ovarian cancer produces aberrantly glycosy-

lated MUC16 and MUC1, which provides basis and further

support for development of a PLA-based serum assay with

high specificity to improve CA125 and CA15-3 serum assays.

We propose to designate the approach glyco-mucin profiling,

and this would be applicable to other biomarkers based on

proteins with O-glycosylation. The multiple recognitions pro-

vided by PLA and PEA onmultiplexed assays can generate sig-

nals with up to five antibody recognition events as previously

shown in prostasomes detected in serum of aggressive pros-

tate cancer patients (Tavoosidana et al., 2011). A multiplexed

PLA, or PEA, assay that targets glyco-mucin profiles brings

hope to enhance specificity of biomarker assays in combina-

tion with enhanced sensitivity such that these serum

biomarker assays may serve in early diagnosis/screening

strategies.
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