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Abstract

MUCB5AC has been indicated to be a marker for mucinous ovarian cancer (OC). We investigated
the use of in situ proximity ligation assay (PLA) for blood group ABH expressing MUC5AC to
differentiate between serous and mucinous OC, to validate preceding observations that also
MUCS5AC ABH expression is increased in mucinous OC. We developed PLA for anti-A, B, and H/anti-
MUCS5AC and a PLA using a combined lectin Ulex europaeus agglutinin | (UEA 1)/anti-MUC5AC
assay. The PLAs were verified with mass spectrometry, where mucinous OC secretor positive
patients’ cysts fluids containing ABH O-linked oligosaccharides also showed positive OC tissue PLA
staining. A nonsecretor mucinous OC cyst fluid was negative for ABH and displayed negative PLA
staining of the matched tissue. Using the UEA I/MUCS5AC PLA, we screened a tissue micro array of
410 ovarian tissue samples from patients with various stages of mucinous or serous OC, 32 samples
with metastasis to the ovaries and 34 controls. The PLA allowed differentiating mucinous tumors
with a sensitivity of 84% and a specificity of 97% both against serous cancer but also compared to
tissues from controls. This sensitivity is close to the expected incidence of secretor individuals
in a population. The recorded sensitivity was also found to be higher compared to mucinous
type cancer with metastasis to the ovaries, where only 32% were positive. We conclude that UEA
1/MUCBAC PLA allows glycospecific differentiation between serous and mucinous OC in patients
with positive secretor status and will not identify secretor negative individuals with mucinous OC.
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Introduction

Ovarian cancer (OC) displays the most lethal gynecologic malignancy
(Nash and Menon 2020), and is consisting of a number of subtypes
with distinct precursor lesions, tissues of origin, molecular biology
backgrounds, clinical presentations, chemosensitivities and patient
outcomes (Lheureux et al. 2019). Pathological diagnosis of tumor
tissue is essential to correctly define each histological OC subtype:
high-grade serous, low-grade serous, clear-cell, endometrioid and
mucinous OC.

We and others have identified MUCSAC as a biomarker candidate
for mucinous OC, both in regards of mRNA expression and as mucin
apoprotein (Albarracin et al. 2000; Wang and El-Bahrawy 2014,
2015; Vitiazeva et al. 2015). No difference in expression between
the benign, borderline and malignant ovarian mucinous tumor
for immunohistochemical detection of MUCSAC has been found
(Hauptmann et al. 2017). In addition to mucinous OC, MUCSAC
has also been shown to be dysregulated in cancer in tissues, where
MUCSAC is naturally expressed, e.g., lung, cervix, gallbladder and
gastric cancer but also in tissues where the MUCSAC background
is low/absent, e.g., colorectal and pancreatic cancer (Krishn et al.
2018).

Using tissue-dependent glycosylation may provide further speci-
ficity of MUCSAC as a biomarker. Detailed glycomic analysis of
the MUCSAC O-linked glycosylation associated with cancer tissue is
scarce. The glycosylation profiles of O-linked oligosaccharides from
a mixture of MUCSAC and MUC6 found in healthy gastric tissue
adjacent to tumor (Kenny et al. 2012; Jin et al. 2017; Adamczyk
et al. 2018) are similar to oligosaccharides identified from MUCSAC
isolated from mucinous OC, mostly containing core 2 structures
with blood group ABH epitopes (Vitiazeva et al. 2015). In contrast,
gastric tumor MUCSAC glycosylation is found to be highly sialylated
with less blood group antigens (Jin et al. 2017; Adamczyk et al.
2018). Pancreatic healthy tissue (with low MUCSAC expression)
carries core 2 blood group containing structures similar to mucinous
ovarian tissue (El Jellas et al. 2018), but pancreatic cancer with
concomitant upregulation of MUCSAC appears to move towards
sialyl Le* expression (Balmafia et al. 2018). Healthy lung mucins
enriched in MUCSAC are dominated by sulfated and blood group
containing structure on core 4 backbone (Schulz et al. 2004; Hayes
et al. 2012), but in lung cancer, MUCSAC is found to express sialyl
Lewis x, sialyl Lewis a and Tn/sialyl-Tn (Pinto et al. 2012).

In the current work, we expand on previous observation that
blood group ABH expressing MUCSAC mucin is widely detected
in mucinous OC cells and less so in the serous subtype. MUCSAC
has been shown by tissue staining having a 95-100% incidence with
primary mucinous ovarian tumors (Albarracin et al. 20005 Ji et al.
2002; Sugai et al. 2008; Wang and El-Bahrawy 2015), while the
incidence of MUCSAC in the more prevalent serous OC subtype
has only been reported to be 0-20% (Sugai et al. 2008; Vitiazeva
etal. 2015). However, the difference of MUCSAC protein expression
between serous and mucinous OC is not reflected in the mRNA
expression, since it appears to be present in both types (Giuntoli
2nd et al. 1998). In contrast, in metastatic mucin type colon ade-
nocarcinomas in the ovary, MUCSAC expression was only detected
in 10-33% (Albarracin et al. 2000; Wang and El-Bahrawy 2014,
2015). To specifically monitor the existence of MUCSAC carrying
blood group ABH determinants on ovarian tumor tissue micro arrays
(TMA) we set up in situ proximity ligation assay (PLA; Blokzijl et al.
2014) (n = 427) using PLA probes against MUCSAC and blood
group antigens. With this we wanted to evaluate the benefits and
deficits monitoring an OC carcinoma associated mucin (single gene

product) in combination with its glycosylation. The glycosylation is
a consequence of multiple genes involved in its biosynthesis and is
often found to be altered during cancer progression.

Results

Blood group ABH and MUC5AC in mucinous ovarian
cancer tissue

To verify the presence of blood group ABH epitopes and MUCSAC
in mucinous ovarian tumor, we used a benign mucinous ovarian
adenoma tissue from a patient with blood group B, in which the
epithelial goblet-like cells were be stained by both blood group B
and H antibodies (Figure 1A and B). This suggested that the use
of a more generic probe against the blood group H would allow
detection of all A- B- and O(H)- individuals. This is because the
H-antigen Fuca1-2GalB1- is a precursor for the blood group A
transferase (generating Fuca1-2(GalNAca1-3)Galg1-) and blood
group B transferase (generating Fuca1-2(Gala1-3)GalB1-). Incom-
plete biosynthetic conversion of blood group H antigens into blood
group A or B, makes blood group A individuals ATH* and blood
group B individuals BTH*.

Furthermore, we found that the tissue was strongly positive for
MUCSAC (Figure 1C). Hence, epithelial goblet-like cells were found
to be positive for blood group B, H and MUCSAGC, indicating that
blood group antibodies in combination with antibody against the
MUCSAC mucin could be used together to screen for glycosylation
specific blood group ABH carrying MUCSAC in mucinous OC.

Blood group ABH antigens in mucinous ovarian tumor
tissue are associated with MUC5AC secretor Se™

Using in situ PLA and liquid chromatography-mass spectrometry
(LC-MS), we aimed to demonstrate that in patients diagnosed with
mucinous OC, the cysts fluid expression of O-linked oligosaccharides
containing ABH antigens is reflected in the same patient by a tissue
expression of ABH antigens associated with the MUCS5AC-mucin.
In three patients confirmed as secretor positive Set (Vitiazeva et al.
2015) diagnosed as benign, borderline- and malignant mucinous
ovarian tissue, respectively, we observed that the patients’ blood
group coincided with the presence of blood group ABH O-linked
oligosaccharides in the ovarian cyst fluids as well as with positive
PLA signals using pairs of anti-MUCSAC/anti-A, B or H blood
groups (Figure 2A-C). We further verified that the blood group A
and B positive individuals also contained blood group H structures
in the ovarian cyst fluids in addition to their O-linked group A or
B determinants. All three selected Se™ ovarian tissues were positive
for the MUCS5AC/blood group H antibodies used as pair of probes
in PLA, and the LC-MS analysis of the samples revealed the presence
of blood H independent of the patients’ blood group status.

In order to demonstrate that not only the ABH glyco-phenotype of
the patients was important for the glyco-specificity of the PLA detec-
tion, we also verified that the nonsecretors Se™ mucinous ovarian
borderline patient (Se™, i.e., no ABH present in secretion) identified
earlier showed no signal (Figure 2D) (Vitiazeva et al. 2015).

The heterogeneity in staining of tumor tissues was apparent in
regards of the ABH expression. This provided additional indica-
tions that the glyco-gene expression is important to consider when
detecting glyco-specific mucins. Epithelial tissue with PLA positive
MUCSAC/blood group A or B areas only partially overlapped the
MUCS5AC/blood group H positive areas (Figure 2A-C) in consecu-
tive tissue slides. This indicated that the blood group A/B transferase
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Fig. 1. Blood group ABH and MUC5AC expression in mucinous ovarian cancer. Staining of blood group B Se™ mucinous benign tissue using antibodies against
blood group B (A), blood group H (B) and MUC5AC (C). Inserted white scale bars represent 50 um.

converting blood group H to blood group A or B showed variable
expression in different areas of the tissue, whereas blood group H
was more widely distributed.

Blood group H/MUCS5AC PLA differentiates mucinous
and serous ovarian tumor tissue

In order to test if PLA targeting blood group ABH/MUCS5AC
was able to differentiate between mucinous and serous ovarian
tumors, we extended our investigation using four patients with
different blood groups diagnosed with either of the two ovarian
tumor subtypes (Figure 3). We found that epithelial layer tissues
surrounding the cysts from the mucinous subtype were positive
for blood group ABH/MUCSAC PLA following the patients’ ABH
blood group status as well as all were positive for the H/MUCSAC
PLA, although the morphology was different between the benign
and the malignant tissues. Whereas the former was observed to
have a distinct goblet type morphology with continuous epithelial
layers (Figure 3A, B, E and F), the malignant tumor had more patchy
positive epithelial areas surrounded by negative areas consisting of
tumorous epithelial cells (Figure 3C and G). Negative staining was
noted in serous tumor OC cells and stroma from a patient with blood
group A (Figure 3D and H).

In situ PLA on tumor tissue biopsies

The results from the PLA/blood group validation studies in the
previous sections inspired us to establish an in situ PLA to screen
a larger number of ovarian tumor tissues laid out in a TMA format.
This was to check the incidence of blood group expressing MUC5AC
in a larger cohort of serous and mucinous OC tissue, and to check if
other factors than the ABH and Se status influence the detection of
blood group positive MUCSAC in mucinous OC. We aspired having
a blood group independent array; hence, we aimed towards a PLA-
based blood group H/MUCSAC type test. To avoid having a bias
due to specificity of blood group H antibodies (e.g., O-linked core
type (1, 2, 3 and 4) and N-acetyllactosamine type (type 1, 2 or 3)),
we used the Ulex europaeus I lectin (UEA 1) selectively targeting the
Fuca1-2GalB1- linkage present in all the blood group ABH antigens
(Figure 4). The assay using the PLA probe pair of MUCSAC antibody
and the lectin UEA I, provided similar results as the blood group
H/MUCSAC PLA (compare Figure 3E-G with Figure 4A-C).

Using MUCSAC antibody/UEA T as PLA probes, we screened a
TMA with primary ovarian tumor tissues from 101 mucinous, 326
serous patients, 32 metastases to the ovary (mainly gastrointestinal-
tract) and 34 healthy (functional ovarian cysts). Of these, 98 muci-

nous and 312 serous tumors could be evaluated for staining with
PLA, while all the healthy cysts and metastases to the ovary could
be evaluated. Unsuccessful cases included TMA cores where no
tumor cells could be detected, or where all three cores were lost
during sample processing. Overall, we found that mucinous tis-
sues were stained more frequently (83.7% of the tissues were pos-
itive), compared to serous tumor tissues where only 2.6% were
positive and 2.9% for healthy controls. The few positive serous
tumors were displaying unspecific diffuse staining in stroma areas
or staining of undetermined structures. Only one of the two control
samples from patient diagnosed with a hemorrhagic cyst showed
positive staining of epithelial cells, while other controls (mostly
simple cysts) were negative (Figure 4E and F). The positive muci-
nous samples all showed positive staining of goblet-like cells and
adjacent “mucin pools” of secreted material. Tumor stroma showed
negative staining. As can be seen in Figure 4, the areas of the
TMA cores (1.0 mm in diameter) were only covering limited sec-
tions of tumor cells. With TMA providing a binary signal (pres-
ence/absence), and limited sampling of the tumor due to the assay
format, we restrained the evaluation of the TMA into incidence
of positive or negative TMA, not considering % area of positiv-
ity and signal intensity. We did not observe any significant differ-
ence in the incidence of positive staining between benign/borderline
and malignant stages, neither in the serous samples nor in the
mucinous samples (Figure 4G). The slightly lower but not statisti-
cally significant incidence of blood group positive MUC5AC/UEA1
PLA in malignant mucinous tumors (77.2%) versus the benign
(85.1%) and borderline tumors (86.2%) may suggest that nonblood
group MUCSAC expressing mucinous ovarian tumors could be more
aggressive (Figure 4F). However, the lower (nonsignificant) incidence
of blood group antigens in malignant mucinous tumors may also be
deferred to the low number of mucinous malignant OC patients in
the TMA (n = 22) evaluated by the PLA screen. This low number of
patients makes the measured incidence percentage less reliable. With
the low number of advanced stage mucinous samples in the TMA
(n = 4 of stage III, n = 0 of stage IV), statistically comparing inci-
dence between stages was not feasible. Of the four stage-III samples
present in the TMA, one was unsuccessful, two were positive and 1
negative.

Within the TMA, we also had 32 patients (Supplementary Table
SI), where the ovary was the secondary tumor site. This allowed us
to assess the existence of MUCSAC and/or blood group expression
from other sites. We identified 19 patients displaying a mucinous
phenotype. The primary origin of these were the gastrointestinal-tract
(n = 15), pancreas (n = 1) and uterus (7 = 2). Only six (32%) were
found positive, indicating that blood group expressing MUCSAC
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Fig. 2. Ovarian cyst fluid ABH O-linked oligosaccharides glycans matched with in situ PLA-positive ABH/MUC5AC-staining. Positive staining from secretor
individuals (Set) from benign (A), borderline (B) and malignant (C) mucinous tumor tissue using PLA matching the patient blood group and MUC5AC as
well as blood group H/MUC5AC PLA. The mass spectrometric profiles below images show the presence of oligosaccharides identified containing A, B or H
determinants from the patients’ cysts fluid (data from (Vitiazeva et al. 2015). (D) A nonsecretor (Se™) mucinous OC patients’ tissue negative for blood group
H/MUCS5AC PLA without blood group ABH determinants in the patient’s cysts fluids O-linked oligosaccharides is displayed. Inserted white scale bars represent

50 pm.

is less frequent in secondary mucinous type cancers in the ovaries
compared to primary mucinous OC.

Discussion

A human genome of only approximately 20,000 genes relies on
expansion of its biological functionality using post-translational
modifications. This puts a focus on proteoforms of expressed proteins

to be pathologically relevant. The work in this report shows the
potential in combining protein expression with post-translational
modification, hence combining two independent biological entities
to increase specificity for mucinous ovarian tumor diagnostics.
It has been demonstrated in the more studied serous variant of
ovarian tumors, that a PLA combination of CA125/MUC16 and
MUCT1 together with Tn and sialyl-Tn will increase the specificity

of differentiating malignant/borderline tissue from benign ovarian
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Fig. 3. In situ PLA-positive ABH/MUCS5AC is associated with mucinous and not
serous ovarian tumors. Blood group ABH/MUC5AC PLA screening of benign
and malignant tissue biopsies from secretor positive individuals diagnosed
with mucinous ovarian tumors. (D) Tumor tissue biopsy from a Se™ individual
diagnosed with serous OC. Tissues were probed with PLA blood group Aor B
together with MUC5AC according to the patients’ recorded blood group (A-D)
as well as with blood group H/MUC5AC PLA (E-H). Inserted white scale bars
represent 50 um.

tissue with up to 83% selectivity (Ricardo et al. 2015). Interestingly,
the glycosylation changes of CA125/MUC16 on ovarian tumor tissue
appear to be reflected in circulating CA125/MUC16. A glycospecific
assay for serum CA125/MUC16 targeting Tn/sialyl-Tn has shown an
area under curve value of 0.931, indicating that glycospecific mucin
discovery may be translated into serological screening tests (Gidwani
et al. 2020). Moreover, using microarray technique, measuring the
sialyl-Tn and sialyl-T version of CA125/MUC16 together with sialyl-
Tn form of MUCI1 in serum, appears to differentiate benign versus
severe OC (Chen et al. 2013).

Using PLA, it has been demonstrated that CA125/MUC16
and MUC1 are the main carrier of sialyl-Le* and sialyl-Le* in

malignant/borderline serous ovarian tumors but not in benign cases
(Ricardo et al. 2016). A study looking at a larger panel of mucin- and
carcinoma-associated carbohydrates has also shown that PLA can be
used as a powerful tool to identify new mucin glyco-forms associated
with different types of cancers (Pinto et al. 2012). All these studies
have relied on using PLA with two different antibodies, one against
the mucin, while the other targets the carbohydrate epitopes. With the
introduction of lectins in the PLA format (Oliveira et al. 2018), the
probing for mucin glyco-forms can be further extended. In this article,
we used the U. europaeus I lectin against the fucosylated H-antigen
to screen an OC TMA. It is plausible that the transition into blood
group ABH MUCSAC in mucinous ovarian tumors is not only a
bystander transformation, but also has a functional role in the cancer
development. The expression of blood group antigens on cancer
tissue may hold a clue to cancer tumorigenesis and metastasis, where
the ectopically expression of a MUCSAC mucus layer in the ovaries
surrounding itself with carbohydrate blood group ABH self-antigens
on MUCSAC would make the tumor area difficult to penetrate
and avoid being detected by the immune system. A knock-down of
MUCSAC of pancreatic cancer cells in a xenograft model indicated
that MUCSAC allows the cell to escape from immunosurveillance
(Hoshi et al. 2011).

In this report, the MUCSAC/UEA I PLA on the TMA demon-
strated a sensitivity of 84% and a specificity of 97% in correctly
identifying mucinous ovarian tumor from serous ovarian tumor and
healthy ovarian cyst tissue. The incidence in mucinous cancer tissue
is close to the predicted incidence of secretors (80% in European
population), indicating that most of the negative tissues is due to
the Se™ status. We confirmed the existence of Se™ mucinous cancer
patients in our cohort (Vitiazeva et al. 2015), which were all found to
be negative with the MUCSAC/UEA 1 PLA as exemplified in Figure 3.
In saliva, we have shown that the nonsecretor status is associated with
expression of sialyl-Le* also known as CA19-9. Hence, including
a probe for MUCSAC/sialyl Le* could be a next step to improve
sensitivity of the assays including also the Se™ individuals. In order
to improve the selectivity, the unspecific staining of stroma and
of the assay of some serous TMA samples, suggesting that careful
evaluation of the morphology of the staining can exclude additional
false positive staining of un-identified structures within the tissue,
since none of the false positive in the TMA showed staining of
areas identified as epithelial tissue. However, pathological assessment
of the mucinous OC is routinely and consistently performed on
hematoxylin/eosin-stained tissue. Since neither MUCSAC nor blood-
group specific MUCSAC provide additional specificity and selectivity
in relation to serous OC, MUCSAC type staining are likely only
to be used as complementary or confirmatory. For this application,
blood-group specific MUCSAC will suffer by missing out on the Se™
population. In addition, our data suggest that Se™ individuals are not
overrepresented in our malignant ovarian mucinous TMA cohort.
However, survival and aggressiveness in relation to Se status needs
to be addressed in a more targeted and larger study cohort. Also,
we can currently not address if Se status needs to be included in
order to improve stratification of patients to improve precision cancer
treatment. With glycans being a modulator of the immune system,
efficient targeted immunotherapy may have to include knowledge
about the patients’ glyco-status.

Only limited information is available for the existence of
circulating MUCSAC expressing blood group ABH oligosaccharides
for diagnosing the mucinous subtype of ovarian tumors. We found
that primary mucinous type cancer from other origin with metastasis
to the ovary had a lower incidence (32%) compared to primary
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Fig. 4. Incidence of in situ PLA-positive UEA I/MUCS5AC in ovarian tumor tissue. TMA images using the UEA I/MUC5AC PLA pair on mucinous and serous
tumor tissues showing positive staining of epithelial layers of mucinous cells from Se™ individuals (A, B, C), but negative staining of tumor tissue from a Se™
individual diagnosed with mucinous OC (D) as well as a serous tumor tissue from a Se™ individual (E). (F) and (G) shows the negative staining of ovarian tissue
from two control individuals diagnosed with benign noncancerous simple cysts. The bar graph (H) shows the incidence of positive staining of TMA from 410
patients diagnosed with mucinous (n = 98), serous ovarian (n = 312) tumors and benign noncancerous cyst tissue (34). Percentage and number of positive
of the total (in brackets) is displayed over each bar divided up into all stages and subdivided into benign, borderline type and malignant. Contingency was
calculated using Fisher’s exact test, where P > 0.05 was considered as not significant (ns). **** means P < 0.0001 significance comparing staining incidence
both between mucinous and serous cancer and mucinous cancer against controls. Hematoxylin and eosin staining of the cancer samples are available in

Supplementary Figure S1. Inserted white scale bars represent 100 um.

mucinous ovarian carcinoma tissue (84%). Since MUCSAC staining
could be used for confirmation of primary mucinous ovarian
carcinoma versus metastatic carcinoma of the ovaries (Ji et al. 2002),
glyco-specific MUCSAC staining may provide additional specificity.
The sporadic expression of MUCSAC mucins in mucinous carcinoma
originating from pancreas, pseudomyxoma peritonei (O’Connell
etal. 2002) and the gastrointestinal tract, suggest that negative signal
in the PLA in tumors originating from these sites was a combination
of absence of MUCSAC and/or blood group ABH expression.

Using glyco-specific MUCSAC probes to trace the primary origin
of circulating MUCSAC may improve serological cancer diagnosis,
compared to only measuring the circulating MUCSAC level. Other
examples where this type of detection has proven to be successful
include diagnosing pancreatic malignancy, where a combination of
the total serum CA19-9/sialyl-Le* together with measuring the serum
level of sialyl -Le* carried by MUCSAC and CA125/MUC16 have
been demonstrated to improve both sensitivity and selectivity (Yue
et al. 2011).

Based on the previous reports and our results presented herein,
it can be suggested that blood group expression of MUCSAC is
present in both late- and early-stage mucinous OC. Hence, circulating
glyco-specific MUCSAC could be an approach for cancer diagnostics
and tracing the primary origin that express MUCSAC during cancer
progression. Our data point out specifically that a glyco-oriented
serological test needs to include glyco-probes capable of detecting
MUCSAC from ovarian mucinous cancer from Se™ individuals. By

extrapolating this observation, it becomes obvious that in order
to develop an assay for organ-specific cancer using mucins and
carbohydrates, there is a requirement to identify and include multiple
glyco-probes that reflect the tissue and patient specific glycosylation
variation. Using the multitude of available lectins in combination
with protein specific antibodies is a way to increase this repertoire
for glyco-specific detection using PLA.

Materials and methods

Patient information

Ovarian cyst fluids (7 = 19) and ovarian biopsies (n = 476) were
selected from a prior collected biobank at Sahlgrenska University
Hospital, division for Gynecologic Oncology Surgery, Gothenburg,
Sweden, as previously described (Kristjansdottir et al. 2012). The
tumor biopsies comprised of samples from patients diagnosed with
benign, borderline type and malignant serous and mucinous ovarian
tumors, metastasis to the ovaries with primary origin elsewhere and
healthy ovaries with functional cysts (Table I). Gothenburg local
ethics committee approved the study (Dnr; S324-00 T079-06 and
201-15). Only women with signed written informed consent were
included.

Immunohistochemistry
Ovarian tumor tissues were processed for immunohistochemical
staining according to the manufacturer’s instructions (Vector
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Table I. Clinicopathological characteristics of ovarian tissue evaluated for staining with PLA

Malignancy 7 (%) Stage 7 (%) Grade 7 (%) Age span (mean age)
Type Total Benign Borderline Malign I-11 1I-1v Low High Benign Borderline Malign
Primary
Mucinous 98 47 (47.9) 29(29.5) 22(22.4) 47(92.1) 4(7.8) NA NA 16-88 (56.8) 16-85 (50.2) 36-86 (61.9)
Serous 312 88(28.2) 37 (11.8) 187(59.9) 71(31.6) 153 (68.3) 18 (9.6) 129 (68.9) 23-86 (65.1) 23-85 (50.1) 28-88 (62)
Metastasis 32 See separate Age 36-91

Supplementary (60.3)

Table SI
Healthy 34*  NA NA NA NA NA NA Age 16-88

(60.0)

NA: Not applicable. Simple cyst (1 = 29), follicle cyst (7 = 2), hemorrhagic cyst (7 = 2), torsio (7 = 1).

Laboratories, Burlingame, CA, Thermo Scientific). Paraformaldehyde-
fixed paraffin-embedded 4-pm sections were deparaffinized,
rehydrated and subjected to an antigen retrieval procedure using
antigen unmasking solution (Vector Laboratories). The tissue
sections were incubated with mouse monoclonal antibody: anti-
MUCSAC 1:400 (clone 45 M1; Abcam), mouse anti-blood group
anti-blood group B (HEB-29) 1:40 (GeneTex/Abcam), anti-blood
group H Antibody 1:40 (clone A70-A/A9; ThermoFisher Scientific).
After incubation with secondary antibodies, immunodetection
was performed using UltraVision Quanto Detection System HRP
(ThermoFisher Scientific).

The TMA was constructed with three cylindrical core biopsies
of 1.0-mm diameter from each whole tumor biopsy, which were
re-embedded into a new paraffin block, sectioned and mounted
onto slides as previously described (Levan et al. 2017). TMAs were
designed by study authors (KS and CM) and constructed in house.
The whole section was digitally scanned with Leica SCN400 (Leica
Microsystems, Milton Keynes, UK) and analyzed using SlidePath
Gateway Client LAN software. Diagnostic confirmation was based
on morphologic review by gynecological pathologist (CM) of original
hematoxylin and eosin slides and any accompanying IHC stains using
criteria based on the 2014 World Health Organization Classification
of Gynecologic Tumors.

In situ PLA

In situ PLA was performed with paraffin-embedded sections from
human ovarian tissues and TMAs for the detection of coexpression
in proximity of blood type antigens (ABH) and MUCSAC. Duolink
II kit (Olink Bioscience, Uppsala, Sweden) was used according to the
manufacturer’s instructions. The paraffin-embedded sections were
dewaxed and rehydrated. Heat-induced antigen retrieval was per-
formed using 10 mM Tris, pH 9.0, 1 mM EDTA and 0.05% Tween-
20. The sections were incubated with blocking solution (Olink Bio-
science, Uppsala, Sweden) for 1 h at 37°C. Primary antibodies against
blood type H, A, B (anti-blood group A (1:80; HE193; ThermoFisher
Scientific), anti-blood group B (1:40; HEB-29; GeneTex/Abcam),
anti-blood group H antibody (1:40; clone A70-A/A9; ThermoFisher
Scientific), biotinylated UEA I (1:200; B-1065; Vector Laboratories)
and anti-MUCSAC, oligomeric mucus/gel-forming (MUCSAC; N-
Term, AA 552-567; 1:100; antibodies-online GmbH)) were used and
incubated at 4°C overnight. Secondary antibodies (Olink Bioscience)
or streptavidin conjugated with oligonucleotides (Avidomics, CA,
USA) were added and incubate for 1 h at 37°C. After washing, liga-
tion and amplification were performed at 37°C for 30 and 90 min,

respectively. The cell nuclei were visualized by DAPI. Sections were
examined under a Zeiss Imager Z2 Axio fluorescence microscope
(Zeiss, Oberkochen,Germany). The proximity ligation resulted in
bright red fluorescent dots. Images were acquired using a Plan-
Apochromat 20x/0.8, a Hamamatsu C11440 Orca Flash 4.0 v2
sCMOS camera and Zen Blue 2.5 software.

Evaluation of UEA1T/MUCBAC PLA staining of TMA

PLA tissue staining of the ovarian tumor TMA was evaluated by two
independent researchers (VV and JO). Positive ovarian serous tumors
and negative ovarian mucinous tumors were further evaluated by
pathologist (CM) to verify the cell/tissue type of positive PLA staining
or presence or absence of epithelial cells in the negative mucinous
section cores in the sectioned TMA. Consistent staining of epithelial
layers and/or stroma was considered as positive if it was detected
in one of the three TMA tissue cores. The occurrence of sparse
occasional dots within the tissue was considered as background.

O-linked oligosaccharides from ovarian cancer

cysts fluid

Mucin type molecules from ovarian cyst fluids were enriched by
anion exchange chromatography as described previously (Vitiazeva
etal. 2015). Selected datasets from previous of released and analyzed

O-linked oligosaccharide were used to identify tissue samples for PLA
analysis to verify MUCSAC.

Statistical analysis
Significance of the contingency table containing ovarian tumor muci-

nous and serous positive PLA was tested using Fisher’s exact test in
Prism 8.4.2 (Graphpad Softwares Inc., San Diego, CA, USA).

Supplementary data

Supplementary data are available at Glycobiology online.
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