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Abstract

Pseudomyxoma peritonei (PMP) is a highly mucinous adenocarcinoma growing in the peritoneal

cavity and most commonly originating from the appendix. Glycans play an important role in

carcinogenesis, and glycosylation is altered in malignant diseases, including PMP. We have

previously demonstrated that fucosylation of N-glycans is increased in PMP, but we did not observe

modulation of overall sialylation. As sialic acids can be attached to the rest of the glycan via α2,3-

or α2,6-linkage, we have now analyzed the linkage patterns of sialic acids in tissue specimens of

normal appendices, low-grade appendiceal mucinous neoplasms (LAMN), low-grade (LG) PMP

and high-grade (HG) PMP. For the linkage analysis, the enzymatically released acidic N-glycans

were first treated with ethyl esterification or α2,3-sialidase digestion followed by MALDI-TOF mass

spectrometry. Significant increase in the relative abundance of α2,6-sialylated and decrease in

α2,3-sialylated N-glycans was observed in PMP tumors as compared to the normal appendices

(P < 0.025). More specifically, increased α2,6-sialylation (P < 0.05) and decreased α2,3-sialylation

(P < 0.01) were detected in afucosylated and monofucosylated N-glycans of PMPs, whereas the

less abundant multifucosylated glycans, containing terminal fucose, demonstrated increased α2,3-

sialylation (P < 0.01). Importantly, the increase in α2,6-sialylation was also detected between PMP

and the appendiceal precursor lesion LAMN (P < 0.01). The identified glycosylation alterations

produce ligands for sialic acid-binding immunoglobulin-like lectins (Siglecs) and sialofucosylated

glycans binding selectins, which play a role in the peritoneal dissemination and progression of the

disease.
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Introduction

Pseudomyxoma peritonei (PMP) is a relatively rare malignancy with
an incidence of 3.2 cases per million per year (Patrick-Brown et al.

2020). As PMP is a slowly progressing disease, it has been esti-
mated that around 12,000 people lived with PMP in Europe in
2018 (Patrick-Brown et al. 2020). PMP appears to be slightly more
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common in women, even though the probability to find it may
just be higher due to symptoms caused by ovarian deposits (Mittal
et al. 2017). At early stages, the disease otherwise tends to be
asymptomatic. Appendiceal mucinous neoplasms typically appear in
the sixth decade of the life, but the age range is quite wide (Misdraji
et al. 2019). PMP presents as a highly mucinous adenocarcinoma
growing in the peritoneal cavity, and it is generally originated from
a perforated low-grade appendiceal mucinous neoplasm (LAMN)
(Carr et al. 2012). The main characteristic feature of PMP is the
abundant secretion of mucinous ascites, which slowly fills the peri-
toneal cavity and leads to abdominal distension. In the terminal
phase of the disease, this causes progressive obstruction of the
bowel, finally leading to the death of the patient. The more common
low-grade (LG) subtype of PMP mostly spreads on the surfaces
of peritoneal cavity, whereas the high-grade (HG) subtype invades
surrounding tissues and organs, thereby shortening the survival time
when compared to the LG subtype (overall 5-year survival 23%
for HG and 63% for LG) (Carr et al. 2012). At present, the opti-
mal treatment of PMP consists of cytoreductive surgery, followed
by hyperthermic intraperitoneal chemotherapy (HIPEC) targeting
residual tumor cells (Sugarbaker et al. 1987). After this combinatory
therapy, the 5-year survival has been reported to be 77% for LG
and 53% for HG PMP (Järvinen et al. 2014). Targeted therapies
would be desirable to further improve the survival of especially HG
tumor bearing patients. Moreover, as PMP patients can live 20 years
with the slowly progressing LG tumor, targeted therapies merely
reducing the mucus production could improve the patients’ quality
of life. Molecular studies of this rare but lethal disease are thus
essential.

Knowledge of the genomic background of PMP has greatly
increased during the last decade. PMP tumors are microsatellite stable
(Kabbani et al. 2002; Nummela et al. 2015) and their mutation profile
presents two common mutations, KRAS and GNAS, reported in 58–
100% and 40–100% of the cases, respectively (Nummela et al. 2015;
Bignell et al. 2016; Saarinen et al. 2017). Shetty et al. have reported
prognostic value for p53 immunohistochemistry in PMP (Shetty et al.
2013), and we have shown aberrant p53 immunostaining to be more
frequent in HG than LG PMP (31.3% vs. 7.1%, respectively) and to
associate with worse outcome (Nummela et al. 2015).

In addition to cancer-related gene mutations, aberrant glycosyla-
tion can serve as a driver of malignant behavior, and glycans play
a critical role in several important cancer-related cellular functions,
such as cell signaling, adhesion and invasion (Pinho and Reis 2015;
Mereiter et al. 2019). The most common alterations in the N-glycans
of gastrointestinal cancers include changes in glycan branching, and
increase in fucosylation and sialylation (Mereiter et al. 2016). Along
with enabling cancer cells to modulate their behavior, altered glycosy-
lation products are important biomarkers for cancer diagnostics. An
excellent example is tumor marker CA19-9 (sialyl-Lewis a), which is
a sialylated and fucosylated glycan structure used in the diagnosis
and follow-up of pancreatic and gastrointestinal cancer patients,
including PMP patients. Further, aberrantly expressed cell-surface
glycans can be utilized as targets for glycan-directed antibody–drug
conjugates in antitumor therapy (Cox et al. 2019).

Sialic acids, derivatives of neuraminic acid, are widespread acidic
modifications of glycans. The most common sialic acid among human
glycans is N-acetylneuraminic acid (Neu5Ac), but altogether over
50 natural derivatives of neuraminic acid are known (Li and Ding
2019). Sialic acids typically occur in the terminal position of N- and
O-linked glycans and are linked to the rest of the glycan structure
via an α2,3- or an α2,6-linkage, depending on the specificity of the

sialyltransferase enzyme performing the attachment. At physiological
pH, sialic acids are negatively charged and these terminal negative
charges of glycans are able to affect many features of the glycoprotein
itself, including its conformation, oligomerization, as well as inter-
action with other proteins (Li and Ding 2019). Further, sialic acids
can themselves bind to specific lectins, such as sialic acid-binding
immunoglobulin-like lectins (Siglecs) and selectins (binding sialofu-
cosylated glycans) (Bhide and Colley 2017; Mereiter et al. 2019). In
contrast to sialic acid, the deoxyhexose sugar L-fucose is a neutral
glycan constituent, which may occur either in the terminal portion
of N- and O-linked glycans (terminal or complex fucosylation) or in
the core structure of N-glycans (core fucosylation) (Schneider et al.
2017; Keeley et al. 2019). The linkage type here may be an α1,6- (core
fucose), α1,2-, α1,3-, or α1,4-linkage (terminal fucoses), depending
on the specificity of the responsible fucosyltransferase. Terminal fuco-
sylation combined with sialylation (sialyl-Lewis antigens) is needed
for the binding of selectins mentioned above (Bhide and Colley 2017;
Mereiter et al. 2019).

In our previous work, we demonstrated highly increased fuco-
sylation of neutral N-glycans in PMP but were unable to detect
modulation of overall sialylation (Saarinen et al. 2018). Here, we
analyzed more specifically the linkage pattern of N-glycan sialic
acids in normal appendices, low-grade appendiceal mucinous neo-
plasms (LAMN), LG PMPs and HG PMPs. Further, we compared
the abundancies of α2,3- and α2,6-linked sialic acids in respect of
fucosylation. These linkage analyses revealed significant changes in
PMP tumors’ sialylation, which may be involved in the peritoneal
dissemination and tumor progression.

Results

Sialylation in the glycan profiles

Sialic acid can be attached to the rest of the glycan with an α2,3- or an
α2,6-linkage. We analyzed sialic acid linkage pattern by pretreating
the acidic N-glycans with ethyl esterification preceding MALDI-
TOF mass spectrometry. By this method, the acidic N-glycan profile
was separated into α2,3- and α2,6-sialylated monosaccharide com-
positions, yielding 94 acidic compositions (Supplementary Figure 1
and Supplementary Table I). The largest number of sialylated glycans
were monosialylated (75/94 structures), and di- and trisialylated
structures were less commonly detected (16/94 and 3/94, respec-
tively). When considering the relative abundancies of these structural
subtypes, the mean overall abundance value of monosialylated struc-
tures varied in the four sample groups (normal appendices, LAMN,
LG PMP and HG PMP) between 72.9 and 82.5%, that of disialy-
lated ones between 17.3 and 26.5%, and the trisialylated structures
were ≤0.8% (Supplementary Figure 2A). Due to the considerable
abundance of disialylated structures, the possible presence of α2,8-
linked sialic acids, occurring in poly-sialic acids, was inspected. Their
abundance was, however, estimated to be negligible based on mild
periodate oxidation analysis, wherein any α2,8-linked sialic acids
would have made the C7–C8 and C8–C9 bonds of the inner sialic acid
residue specifically resistant to oxidative cleavage (data not shown).
Concerning sialic acid linkages, most of the sialylated glycan signals
contained only one type of linkage, either α2,3- or α2,6-linkage
(54 and 37 glycans, respectively), and only three glycan signals
contained both linkage types (overall abundance ≤ 0.8% in all the
specimens) (Supplementary Figure 2B and Supplementary Table I).
These low abundance glycans were omitted from the subsequent
analyses.
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Comparison of structures containing α2,3- or

α2,6-sialylation

To compare the structural types showing α2,3- or α2,6-sialylation,
we fractioned the monosaccharide compositions into three groups:
structures with both α2,3- and α2,6-sialylated forms (shared
structures), and structures containing only one type of sialic acid
linkage, either α2,3- or α2,6-linkage (unique structures). The shared
structures consisted of 26 monosaccharide compositions (Figure 1).
Of these structures, S1H5N4F1 showed higher tendency for α2,3-
sialylation (except in HG tumors), whereas S1H5N4 and S2H5N4
clearly favored α2,6-linked sialic acid. Of unique structures, 28
compositions contained α2,3-linkage (Figure 2A), whereas only
11 contained α2,6-linkage (Figure 2B). All these unique structures
were, however, quite low-abundance structures, most often showing
relative abundance below 1%. The only exception was composition
S1(2.6)H3N6F2, whose mean relative abundance varied between 1.1
and 4.3%. A common theme in unique structures was, however,
the predominance of multifucosylated (F > 1) compositions in
α2,3-sialylated structures (18/28; Figure 2A). Indeed, both the
subgroups of α2,3- and α2,6-sialylated glycans altogether contained
33 afucosylated or monofucosylated structures, whereas the number
of different multifucosylated monosaccharide compositions greatly
differed between these subgroups, being 21 for α2,3-sialylated and
only four for α2,6-sialylated structures (Supplementary Table I).
Three multifucosylated structures (S1H4N4F3, S1H5N4F2 and
S1H4N5F2), however, demonstrated both linkage types (Figure 1),
and one (S1H3N6F2) was found to contain only α2,6-linked
sialic acid (Figure 2B). In unique α2,6-sialylated glycans, several
multisialylated structures (S > 1) were, in turn, detected (S2H5N2,
G1S2H4N4, S2H5N5F1, S2H6N5 and S3H6N5) (Figure 2B).
Indeed, when comparing the relative abundancies of all α2,3- and
α2,6-sialylated structures in terms of their sialylation level, α2,6-
sialylation seemed to predominate in multisialylated structures
(Supplementary Figure 2B).

Sialic acid linkage pattern is modulated in PMP

When we compared the sialic acid linkage patterns of all sialylated
N-glycans in our sample groups, normal appendices and LAMNs
showed nearly equal proportions of the two linkage types, whereas
PMP tumors showed significantly increased proportion of α2,6-
sialylated and, correspondingly, decreased proportion of α2,3-
sialylated glycans as compared to normal appendices (P-values 0.020
and 0.022, respectively). This led to significantly decreased α2,3/α2,6
linkage ratio in PMPs when compared to either control appendices
(P = 0.020) or LAMNs (P = 0.004) (Figure 3A). When the α2,3/α2,6
linkage ratios were further compared between the paired LAMN and
LG PMP specimens of the same patients, a strong correlation was
found (R2 = 0.855) (Figure 3B).

Changes in sialic acid linkage pattern in respect to

fucosylation

As increased fucosylation is a frequent glycosylation alteration in
cancer as well, also reported in our previous PMP study (Saarinen
et al. 2018), we next analyzed in more detail the co-existence of
sialylation and fucosylation in the same glycan structures. First,
majority of the sialic acids were indeed detected in afucosylated
or monofucosylated glycans, α2,3-sialylation being most abundant
in monofucosylated (Figure 4A) and α2,6-sialylation in afucosy-
lated structures (Figure 4B). When we then compared how these

structural subtypes changed between control appendices and PMPs,
we noticed that in afucosylated and monofucosylated structures α2,3-
sialylation decreased (P-values 0.001 and 0.009, respectively) and
α2,6-sialylation increased (P-values 0.043 and 0.036, respectively),
whereas in multifucosylated structures α2,3-sialylation increased
(P = 0.006) (Figure 4). Of note here is that major part of the
multifucosylated and α2,6-sialylated subtype was composed of the
monosaccharide composition S1(2.6)H3N6F2 (Figure 2B), which is
proposed to contain two LacdiNAc (GalNAcβ1,4GlcNAc) glycan
units instead of the more common LacNAc (Galβ1,4GlcNAc) unit
(see the representative structures depicted in Figure 4). This compo-
sition was significantly decreased in PMPs as compared to control
appendices (fold change 0.54; P = 0.044) and especially in HG PMPs
(fold change 0.36; P = 0.024).

The results of α2,3-sialylated structures were further validated
by digesting the extracted acidic N-glycans with α2,3-sialidase and
detecting the appearance of the digestion products in neutral N-
glycan profile (Supplementary Figure 3 and Supplementary Table II).
The increase in the relative abundance of multifucosylated and α2,3-
sialylated glycans from normal appendices to PMPs was verified
by this second method (Figure 5 and Supplementary Figure 4). The
relative abundance of this glycan class increased from normal
appendices to LAMN, to LG PMP and to HG PMP (P ≤ 0.006
in all comparisons) (Figure 5). Further, HG PMPs were found
to show significantly higher abundance of α2,3-sialylated six N-
acetylhexosamines (HexNAc) containing structures (P = 0.020),
seven HexNAcs containing structures or larger (P = 0.001), large
complex-type N-glycans (P = 0.024), fucosylated hybrid-type
structures (P = 0.001), complex fucosylation containing hybrid-
type structures (P = 0.031), and terminal HexNAc containing
structures (bisecting-size) (P = 0.017) when compared to LG PMPs
(Supplementary Figure 4).

Mutation profiles of the tumor specimens

To verify the mutation profiles of the LAMNs and PMP tumors, the
hotspot areas of 50 cancer-related genes were analyzed with targeted
next-generation sequencing (NGS). All analyzed samples were KRAS
mutated, the most common mutation being G12D (Table I). GNAS
mutation was detectable in 3/4 of LAMNs, in 2/4 of LG PMPs, and
in 3/4 of HG PMPs, altogether present in the tumors of 6/8 (75%)
of patients (Table I). All the detected GNAS mutations were either
R201C or R201H mutation. We were not able to detect one GNAS
mutation in a LG PMP, even if it existed in the LAMN of the same
patient. A possibility exists that the LG PMP tumor represented a
subclone not containing GNAS mutation or that our method was
not enough sensitive for the LG PMP specimen having lower tumor
cell content. In addition to KRAS and GNAS mutations, three of
the HG PMPs additionally contained a TP53 mutation and one of
them further contained an ATM mutation (Table I). For statistical
analysis of the sialylation patterns in GNAS and TP53 mutated cases
compared to their wild-type counterparts inside the tumor subgroups
(LG or HG), our sample number was too low. When analyzed among
the whole PMP sample set, no statistical differences were detected
(data not shown).

Discussion

We utilized here a highly linkage-specific and repeatable protocol
developed by the group of M. Wuhrer (Reiding et al. 2014) and
demonstrate a significant increase in N-glycan α2,6-sialylation in
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Fig. 1. Shared α2,3- and α2,6-sialylated structures. Relative abundance of acidic monosaccharide compositions in normal appendix controls (blue bars), in

low-grade appendiceal mucinous neoplasms (LAMNs, yellow bars) and in pseudomyxoma peritonei (PMP) samples of low-grade (LG, purple bars) and of high-

grade (HG, red bars) as analyzed by ethyl esterification combined with MALDI-TOF mass spectrometry (n = 4 in each sample group). On x-axis are shown the

proposed acidic N-glycan compositions subdivided into α2,3-sialylated (A) and α2,6-sialylated (B) forms. The results are shown as means ±SEM. H = hexose;

N = N-acetylhexosamine; F = deoxyhexose; S = sialic acid; A = acetylated. Red rectangles represent multifucosylated structures (F > 1), and green rectangles

represent multisialylated structures (S > 1).
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Fig. 2. Unique α2,3- or α2,6-sialylated structures. Relative abundance of acidic monosaccharide compositions in normal appendix controls (blue bars), in low-

grade appendiceal mucinous neoplasms (LAMNs, yellow bars) and in pseudomyxoma peritonei (PMP) samples of low-grade (LG, purple bars) and of high-grade

(HG, red bars) as analyzed by ethyl esterification combined with MALDI-TOF mass spectrometry (n = 4 in each sample group). On x-axis are shown the proposed

acidic N-glycan compositions subdivided into unique α2,3-sialylated structures (A) and unique α2,6-sialylated structures (B). The results are shown as means

±SEM. H = hexose; N = N-acetylhexosamine; F = deoxyhexose; S = sialic acid; G = glucose; A = acetylated. Red rectangles represent multifucosylated structures

(F > 1), and green rectangles represent multisialylated structures (S > 1).
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Table I. Mutation profiles of the analyzed tumor specimens

Specimen KRAS GNAS TP53 ATM

Code Type Mutation Frequency Mutation Frequency Mutation Frequency Mutation Frequency

(%) (%) (%) (%)
L2 LAMN G12D 30 R201C 18
L6 LAMN Q61H 4 R201H 7
L213 LAMN G12C 9 R201H 11
L287 LAMN G12Wb 10
mL2A LG G12D 17
mL6 LG Q61H 4 R201H 7
mL213 LG G12C 14 R201H 4
mL287 LG G12Wb 3
Hba HG G13D 25 R201C 8
H30 HG G12D 24 R201H 20 C135Y 10
H303 HG G12V 18 Y163Hfs∗4c 37
H305 HG G12D 30 R201C 25 P151R 38 G2695A 17

aMutations of the specimen Hb were from our previous study (Nummela et al. 2015). bKRAS G12W mutation was more specifically c.34_36delinsTGG. cTP53 Y163Hfs∗4 mutation
was more specifically c.486_495del. LAMN, low-grade appendiceal mucinous neoplasm; LG, low-grade pseudomyxoma peritonei; HG, high-grade pseudomyxoma peritonei.

PMP compared to normal appendices. Further, this increase was
also significant when PMPs were compared to their appendiceal
precursor lesions, i.e., LAMNs, indicating that this glycosylation
alteration might be involved in the peritoneal dissemination of the
tumors. Increased proportion of α2,6-sialylated glycans and, recip-
rocally, decreased proportion of α2,3-sialylated glycans was detected
when analyzing all sialylated N-glycans, and, more specifically, in
afucosylated and monofucosylated structures. This change is in line
with the N-glycomic profiling study of Sethi et al., where paired
colorectal cancers and non-neoplastic tissues were compared (Sethi
et al. 2015). Indeed, increased expression of α2,6-sialylated glycans
has been reported in colon cancer tissues already 30 years ago by
using lectin analyses (Sata et al. 1991; Dall’Olio and Trere 1993;
Yamashita et al. 1995). Further, increased levels of ST6GAL1, the pre-
dominant enzyme performing α2,6-sialylation of N-glycan’s terminal
galactoses, were reported in colon cancer tissues contemporarily
(Dall’Olio et al. 1989; Dall’Olio et al. 2000). In addition to colorectal
cancer, increased α2,6-sialylation and ST6GAL1 expressions have
been reported in several other cancers and have been associated
with cancer cell adhesion, migration, invasion, metastasis, therapeutic
resistance, and, in fact, all the hallmarks of cancer (Lu and Gu 2015;
Garnham et al. 2019). To our knowledge, this is the first report to
show increased α2,6-sialylation in PMP.

Interestingly, Choi et al. have recently reported that increased
α2,6-sialylation of endometrial cells may contribute to the spread of
endometriosis into the peritoneum (Choi et al. 2018). In their study,
TGF-β1-induced increase in α2,6-sialylation promoted the adhesion
of endometrial cells to the mesothelial cells, and the candidate protein
mediating this attachment was found to be the sialic acid-binding
lectin, Siglec-9, expressed on the surface of the mesothelial cells
(Choi et al. 2018). In terms of increased α2,6-sialylation in PMP, it
would be exciting to study if the same phenomenon could apply to
PMP, which is disseminated into the peritoneum after the initiating
rupture of the appendix. In this model, TGF-β originating from
the peritoneal microenvironment could upregulate α2,6-sialylation
in the tumor cells floating in the peritoneal fluid, thereby facilitating
their adhesion into the mesothelial cell layer lining the peritoneal
cavity. Increased α2,6-sialylation would thus function as a driver
of peritoneal dissemination. In the more studied endometriosis, an

increasing number of reports demonstrate a major role for TGF-β1
in its development (Young et al. 2017). In PMP tumors, we have found
highly increased expression of the TGF-β-induced protein TGFBI as
compared to the control appendices (fold change 5.6) by reanalysis
of the PMP microarray data published by Prof. Edward A. Levine
(Levine et al. 2012; Saarinen et al. 2018). Further, highly increased
plasma TGF-β has been reported in nude mice implanted with
patient-derived PMP tumor fragments, as compared to the healthy
ungrafted controls (Dohan et al. 2014). Both these findings thus
support the involvement of TGF-β in the process of PMP outgrowth.

When sialic acid linkage types were compared according to fuco-
sylation, increased α2,6-sialylation and decreased α2,3-sialylation
were found in afucosylated and monofucosylated structures of PMPs,
whereas multifucosylated structures demonstrated increased α2,3-
sialylation. The reason for the opposite behavior of multifucosylated
glycans originates from the acceptor substrate specificities of the gly-
cosyltransferases involved (Figure 6). Indeed, the C6-hydroxyl group
of terminal galactose, which is left free in α2,3-sialylation, is known
to be essential for successful terminal fucosylation by α1,3- and
α1,3/4-fucosyltransferase enzymes of both mammalian and bacterial
origin (Ma et al. 2006; Shivatare et al. 2016), and α2,6-linked sialic
acid can even be utilized as a protecting group to site-specifically
block fucosylation in enzymatic glycan assembly (Prudden et al.
2017; Ye et al. 2019). Indeed, α2,3-sialylated structures are readily
terminally fucosylated by, e.g., fucosyltransferases 6 and 3 (FUT6
and FUT3) (Kannagi 2014; Kudo and Narimatsu 2014a), which
are among the most frequently upregulated FUTs in cancer (Keeley
et al. 2019). Importantly, the selectin ligands sialyl-Lewis a (sLea)
(also known as the tumor marker CA19-9) and sialyl-Lewis x (sLex)
belong into this subclass of α2,3-sialylated and terminally fucosylated
glycan structures, which is increased in PMP. In this respect, it is
interesting to note that binding between sLea and E-selectin has
been shown to play role in peritoneal carcinomatosis of pancreatic
adenocarcinoma (Gebauer et al. 2013), and, similarly, sLex-P-selectin
interaction has been shown to mediate peritoneal metastasis of
ovarian cancer (Li et al. 2019). In addition to the abundant α2,6-
linked sialic acids and Siglecs, the less abundant selectin ligands
and selectins may thus additionally contribute to the peritoneal
dissemination of PMP. Further, selectins are known to play role in
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Fig. 3. Ratio of α2,3- and α2,6-sialylation. (A) Ratio of α2,3/α2,6-sialylation in

normal appendix controls (middle blue bar), in low-grade appendiceal muci-

nous neoplasms (LAMNs, yellow bar), in pseudomyxoma peritonei (PMP)

samples of low-grade (LG, purple bar) and of high-grade (HG, red bar), and in

all PMP samples (LG + HG, dark blue bar). The values are means ±SEM. (B)

The α2,3/α2,6-ratios of the paired LAMN and LG PMP specimens show strong

correlation (R2 = 0.855).

the progression of cancer, especially in the hematogenous metastasis,
where metastatic cancer cells, mimicking leukocytes, utilize selectin
binding for adhesion and extravasation through endothelium (Bhide
and Colley 2017). Novel anticancer therapies utilizing both siglecs
and selectins are under development (Cagnoni et al. 2016).

Even if multifucosylated and α2,3-sialylated glycans increased
from normal appendices to LAMNs, to LG PMP and to HG PMP, the
difference between LG and HG PMP was not statistically significant
in this relatively small sample set. However, several structural sub-
classes of α2,3-sialylated glycans, such as large complex-type glycans
and at least six HexNAcs containing glycans were significantly more
abundant in the more malignant HG PMP than LG PMP. These kinds
of glycans could potentially serve as prognostic markers. Interestingly,

Fig. 4. Sialylation in respect to fucosylation. Relative abundance of α2,3- (A)

and α2,6-sialylated (B) glycan structures is subgrouped into afucosylated

(F = 0), monofucosylated (F = 1) and multifucosylated (F > 1) ones. A

representative structure is shown on top of each subgroup depicted by blue

square (N-acetyl-D-glucosamine), green circle (D-mannose), yellow circle (D-

galactose), yellow square (N-acetyl-D-galactosamine), red triangle (L-fucose)

and purple diamond (sialic acid, more specifically N-acetylneuraminic acid).

Blue bars represent normal appendices, yellow bars low-grade appendiceal

mucinous neoplasms (LAMN), purple bars low-grade (LG) pseudomyxoma

peritonei (PMP) tumors and red bars high-grade (HG) PMP tumors (n = 4 in

each group). The values are means ±SEM. ∗P < 0.03, ∗∗P ≤ 0.01.

FUT6, one of the enzymes central to the formation of selectin ligands,
was one of the genes in the 139-gene cassette able to distinguish
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Fig. 5. α2,3-Sialylation combined with multifucosylation. Relative abundance

of α2,3-sialylated and multifucosylated glycan structures additionally ana-

lyzed as structures appearing in neutral N-glycan profile after α2,3-sialidase

digestion of acidic N-glycans. Blue bar represents normal appendices, yellow

bar low-grade appendiceal mucinous neoplasms (LAMN), purple bar low-

grade (LG) pseudomyxoma peritonei (PMP) tumors and red bar high-grade

(HG) PMP tumors (n = 4 in each group). The values are means ±SEM.

PMP tumors into two molecular subtypes having different prognosis,
high expression of the gene cassette genes being associated with poor
survival outcomes (Levine et al. 2016).

In respect to overall sialylation, the glycans of these appendiceal or
appendix-originating samples mostly contained only one sialic acid,
and the multisialylated structures, in turn, mostly contained only one
linkage type, either α2,3- or α2,6-linkage. At single glycan level, α2,3-
linkage was predominantly found in fucosylated structures, such as
S1H5N4F1, and, as can be expected, in multifucosylated structures
containing terminal fucose. The α2,6-linkage, in turn, was more com-
mon in afucosylated and, on the other hand, multisialylated structures
(e.g., S1H5N4 and S2H5N4). This is in line with a recent report
(Huang et al. 2020), demonstrating that the α2,6-sialylation per-
forming enzyme ST6GAL1 prefers acceptor substrates without core
fucosylation. The unique glycan structures presenting only one link-
age type were low abundance glycans, and often they differed from
the shared/unique structures of the other linkage type by just having
an extra fucose, glucose, or sialic acid, and thus, the modifications
were minor. The possibility, however, exists, that these low abundance
molecules may still have a meaningful biological role. Especially this
applies to the α2,3-sialylated and terminally fucosylated selectin lig-
ands (Bhide and Colley 2017). One unique α2,6-sialylated structure,
S1(2.6)H3N6F2, differed from the other unique structures by being
slightly more abundant and bearing multifucosylation combined with
α2,6-sialylation. Based on the composition, this structure is proposed
to contain two LacdiNAc (GalNAcβ1,4GlcNAc) glycan units, which
are known to be frequently α2,6-sialylated in vertebrates (Stanley and
Cummings 2017). The fucosyltransferase acting here could be FUT6
(Grabenhorst et al. 1998) or FUT4 (Kudo and Narimatsu 2014b),
as they do not need an α2,3-sialylated acceptor glycan. In PMPs,
this LacdiNAc-containing composition was significantly decreased as
compared to the control appendices. Previously, the LacdiNAc glycan

unit, even if being very low abundance structure in mammalian cells,
has been shown to be decreased in human breast cancer, but increased
in some other tumor types (e.g., prostate, ovarian and pancreatic
cancer) (Hirano et al. 2014).

In an attempt to find out if activated oncogenes could be linked
to the glycosylation alterations identified, the mutation profiles of
the LAMNs and the PMP tumors were analyzed by NGS. With these
analyses, we found KRAS mutation from all the tumor specimens
and GNAS mutation from 75.0% of the LAMN or PMP cases,
which is in line with the percentages we have published earlier
(Nummela et al. 2015). In addition to the common KRAS codon 12,
13, and 61 mutations, we further identified a rare c.34_36delinsTGG
mutation, leading into G12W amino acid change. This mutation
has been reported six times in the COSMIC Cataloque of Somatic
Mutations in Cancer (https://cancer.sanger.ac.uk/cosmic), and all the
reported cases have been colorectal adenocarcinomas or serrated
adenomas. To our knowledge, this is the first time when this mutation
is reported in LAMN or PMP tumor. The occurrence of all the
three detected TP53 mutations in HG tumors is in accordance with
literature (Alakus et al. 2014; Nummela et al. 2015; Noguchi et al.
2015). Previously, Seales et al. have demonstrated that oncogenic ras
is able to upregulate ST6GAL1 expression in colon epithelial cells,
leading to increased α2,6-sialylation of integrin β1, which, in turn,
alters adhesion to collagen I (Seales et al. 2003). In our study, KRAS
mutation was detected in both the LAMN and PMP samples, but
LAMNs did not show increase in α2,6-sialylation. KRAS mutation
cannot thus solely explain the sialylation patterns observed, making
the TGF-β model even more plausible.

Taken together, by sialic acid linkage analysis of PMP tissue spec-
imens, we have identified increased expression of α2,6-sialylated N-
glycans as well as N-glycans containing multifucosylation combined
with α2,3-sialylation, which both show potential to play a role in the
peritoneal dissemination and progression of PMP.

Materials and methods

Tissue specimens

For N-glycan extraction, formalin-fixed, paraffin-embedded (FFPE)
tissue blocks routinely prepared at the Department of Pathology,
HUSLAB, Helsinki University Hospital between 2007 and 2016,
were selected from four normal control appendices, four local low-
grade appendiceal mucinous neoplasms (LAMN), and four low-
grade (LG) and four high-grade (HG) PMP tumors. All the PMP
tumors were originating from the appendix, and the patients had not
received preoperative oncological treatments. More detailed infor-
mation of the specimens is provided in Supplementary Table III.
To avoid FUT3 mutation causing discrepancies, FUT3 mutations
occurring in 10% of the population (Kudo and Narimatsu 2014a),
only CA19-9 immunopositive cases were included (Nummela et al.
2016).

Grading of the tumors was reevaluated according to the
WHO 2019 classification (Misdraji et al. 2019), and the content
of neoplastic cells was estimated by AR. According to WHO
classification, LG morphology is defined by strips of cells or small
islands of relatively low cellularity with typically only low-grade
atypia, whereas HG morphology contains more complex structures
(including invasive small cell clusters, cribriform structures and/or
signet ring cell morphology), stromal reaction, and typically high-
grade atypia with high cellularity (Misdraji et al. 2019; Carr 2020).
The proportion of HG morphology in HG specimens was ≥80%.
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Fig. 6. Schematic representation of plausible sialylated and fucosylated N-glycan structures and their synthesis in PMP. Two main biosynthetic rules apply: (1)

fucosylated N-glycan antennae are not further sialylated and (2) α2,6-sialylated antennae are not further fucosylated, leading to the biosynthetic pathways as

outlined here. Bolded arrows show observed main routes to sialylated and fucosylated glycans in PMP. Only biantennary complex-type N-glycans are shown, and

core-fucosylated as well as α1,2-fucosylated structures have been omitted for clarity. Monosaccharide symbols: blue square (N-acetyl-D-glucosamine), green

circle (D-mannose), yellow circle (D-galactose), red triangle (L-fucose) and purple diamond (sialic acid, more specifically N-acetylneuraminic acid).

To increase the epithelial cell content, macrodissection was used
when cutting: areas containing the highest percentages of epithelial
cells were marked on HE slides, these areas were then trimmed into
the tissue block with a blade, and 10- or 30-μm-thick flakes were cut
from the trimmed areas. After cutting, a new HE slide was stained to
confirm the representativeness of the flakes. The study was approved
by the Ethics Committee of Helsinki University Hospital.

Extraction and purification of acidic N-glycans

Before N-glycan extraction, FFPE tissue flakes were deparaffinized
and disrupted in microcentrifuge tubes using a fitting plastic micro
pestle. N-linked glycans were then detached by N-glycosidase F
(PNGase F) digestion (Glyko; ProZyme Inc., Hayward, CA) and
purified in 96-well format as previously reported (Kaprio et al. 2015;
Saarinen et al. 2018). Briefly, the glycans were first passed in water
through C18 silica and absorbed to graphitized carbon. Next, the
carbon wells were washed with water and acidic glycans were eluted
with 0.05% (v/v) trifluoroacetic acid in 25% (v/v) acetonitrile in
water. The acidic glycans were further purified by hydrophilic inter-
action solid-phase extraction, after which they were finally passed in
water through strong cation-exchange resin.

Ethyl esterification

To analyze the sialic acid linkage pattern, a previously developed
protocol for linkage-specific sialic acid esterification was used

(Reiding et al. 2014). First, acidic N-glycans were treated with
250 mM 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide (EDAC)
and 250 mM 1-hydroxybenzotriazole (HOBt) in ethanol for 1 h
at 37◦C. This resulted in ethyl esterification of α2,6-linked sialic
acids, whereas α2,3-linked sialic acids instead formed a lactone with
the neighboring galactose residue (Reiding et al. 2014). After the
reaction, acetonitrile was added to a final concentration of 50%
(v/v), and the samples were purified by hydrophilic interaction solid-
phase extraction and analyzed by MALDI-TOF mass spectrometry
in positive ion mode.

α2,3-Sialidase digestion

To verify the α2,3-linkages of sialic acids, acidic N-glycans were
separately digested with α2,3-sialidase (Glyko) overnight at 37◦C,
after which they were adsorbed to porous graphitized carbon (Alltech
Biotechnology, Nicholasville, KY). The miniaturized carbon columns
were washed with water, and the neutral glycans were eluted with
25% acetonitrile (v/v) and the sialylated glycans with 0.05% (v/v)
trifluoroacetic acid in 25% acetonitrile in water (v/v). The glycans
emerging in neutral glycan profile were then analyzed with MALDI-
TOF in positive ion mode.

Mass spectrometry

Matrix-assisted laser desorption-ionization time-of-flight (MALDI-
TOF) mass spectrometry was performed using a Ultraflex TOF/TOF
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instrument (Bruker Daltonics Inc., Bremen, Germany) with acidic
N-glycans detected in negative ion reflector mode as [M-H]− ions
and neutral N-glycans (appearing after sialidase digestion) in positive
ion reflector mode as [M + Na]+ ions. The spectra were then
processed into the present glycan profiles as previously (Satomaa
et al. 2009b; Satomaa et al. 2009a; Saarinen et al. 2018). The relative
molar abundances of acidic and neutral glycan components were
assessed based on their relative signal intensities in the spectra when
analyzed separately as acidic and neutral fractions, and to allow
comparison between the samples, the resulting glycan signals of the
glycan profiles (acidic/neutral) were normalized to 100%. Further,
the glycan components were assigned to biosynthetic groups (gly-
can classes) based on their proposed monosaccharide compositions
(Supplementary Tables I and II) (Satomaa et al. 2009b; Satomaa et al.
2009a; Saarinen et al. 2018).

Data analysis

As most of the detected glycan components contained only one type
of sialic acid linkage, the relative abundance of glycans containing
both α2,3- and α2,6-linkage being ≤ 0.8% in all the specimens, only
the single linkage type glycans were used in the analyses. N-glycan
data was analyzed in five different study group settings: control
appendices, LAMNs, LG PMPs and HG PMPs, as well as all PMPs
(LG and HG). For statistical analyses, normal distribution of the
values was first confirmed with Shapiro–Wilk test, after which two-
tailed independent samples t-test or paired samples t-test (LAMN
vs. LG comparisons) was used (IBM SPSS Statistics 25; IBM Cor-
poration, Armonk, NY). P < 0.05 was considered as statistically
significant. For correlation analysis, square of the Pearson correlation
coefficient (R2) was used.

Mutation analysis

For mutation profiling, the tumor specimens were analyzed with
targeted next-generation sequencing (NGS). For that, genomic DNA
was extracted from 10 μm FFPE tissue flakes after deparaffinization
using a Maxwell® 16 LEV Blood DNA Kit (Promega Corporation,
Madison, WI) according to the manufacturer’s instructions. Muta-
tion hot spots areas of 50 cancer-related genes were analyzed with
Ion AmpliSeq Cancer Hotspot Panel v2 (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s instructions.

Supplementary data

Supplementary data are available at Glycobiology online.
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