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Glycosylation is the most abundant and diverse posttran-
slational modification of proteins. While several types of
glycosylation can be predicted by the protein sequence
context, and substantial knowledge of these glycopro-
teomes is available, our knowledge of the GalNAc-type
O-glycosylation is highly limited. This type of glycosylation
is unique in being regulated by 20 polypeptide GalNAc-
transferases attaching the initiating GalNAc monosacchar-
ides to Ser and Thr (and likely some Tyr) residues.
We have developed a genetic engineering approach using
human cell lines to simplify O-glycosylation (SimpleCells)
that enables proteome-wide discovery of O-glycan sites
using ‘bottom-up’ ETD-based mass spectrometric analysis.
We implemented this on 12 human cell lines from
different organs, and present a first map of the human
O-glycoproteome with almost 3000 glycosites in over 600
O-glycoproteins as well as an improved NetOGlyc4.0 model
for prediction of O-glycosylation. The finding of unique
subsets of O-glycoproteins in each cell line provides evi-
dence that the O-glycoproteome is differentially regulated
and dynamic. The greatly expanded view of the O-glycopro-
teome should facilitate the exploration of how site-specific
O-glycosylation regulates protein function.
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Introduction

Posttranslational modifications expand the diversity of the
proteome enormously, with protein glycosylation being the
most abundant and diverse form of modification serving
different functions for protein folding, trafficking, processing,
stability, and biological activity. A number of different types
of human protein glycosylation exist, including N-linked to
Asn, several types of O-linked to Ser, Thr, hydroxylysine, and
Tyr residues, and C-mannosylation to Trp, and the glycans
attached to proteins exhibit tremendous structural variation
(Rana and Haltiwanger, 2011; Stanley, 2011). By far, the most
complex-regulated type of protein glycosylation is the
GalNAc-type, which is initiated by up to 20 distinct
polypeptide GalNAc-transferase isoenzymes (GalNAc-Ts)
with different but partially overlapping peptide specificities
(Gill et al, 2011; Bennett et al, 2012; Tran and Ten Hagen,
2013). This unique scenario allows for an incomparable level
of cell- and protein-specific regulation of where O-glycans are
attached to proteins and ultimately the nature of the
O-glycoproteome (Bennett et al, 2012). Other types of protein
O-glycosylation are initiated by one or two isoenzymes and N-
linked glycosylation by a single oligosaccharyltransferase
complex, which leaves limited room for differential
regulation of sites of glycosylation in cells.

Traditionally GalNAc-type O-glycosylation (hereafter
simply O-glycosylation) has been considered a form of pro-
tein glycosylation occurring in dense clusters on mucin
proteins and in mucin-like domains of proteins, hence its
designation mucin-type O-glycosylation (Jentoft, 1990).
However, it is becoming increasingly clear that this type of
O-glycosylation is more widely distributed in isolated sites or
regions of many different proteins not exhibiting mucin-like
features (Halim et al, 2011; Steentoft et al, 2011; Halim
et al, 2012; Schjoldager et al, 2012). Our knowledge of
the O-glycoproteome is limited and biased towards
abundant secreted proteins, which have mainly been
analysed individually after isolation from a single source
or expressed recombinantly. Substantial heterogeneity in
O-glycan structures, lack of enzymes that can release all
types of O-glycans, and constraints in analytical techniques
have long hampered progress in mapping the O-glyco-
proteome, although some limited progress has been made
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in this respect (Nilsson et al, 2009; Darula et al, 2012).
Furthermore, there are no straightforward consensus
sequence motifs to provide a basis for prediction and
identification of O-glycoproteins, and the current NetOGlyc
3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/) prediction
algorithm performs poorly on isolated O-glycosylation sites
(Julenius et al, 2005; Steentoft et al, 2011).

Site-specific O-glycosylation directed by distinct GalNAc-T
isoforms is emerging as an important regulator of protein
function, and further insight into the O-glycoproteome
and specific sites of O-glycan attachments are paramount
for progress (Schjoldager and Clausen, 2012). The true
importance of site-specific O-glycosylation was first fully
appreciated when Topaz et al (2004) discovered that
familial tumoral calcinosis was associated with deficiency
in a single GalNAc-T isoform, GALNT3. Loss of GALNT3 was
subsequently shown to result in lack of site-specific
O-glycosylation of the growth factor, fibroblast growth
factor 23 (FGF23) at Thr'’® in a proprotein convertase (PC)-
processing site RHTR'”? (Kato et al, 2006). O-glycosylation of
Thr'”® blocked inactivating furin processing of FGF23 and
rescued secretion of active FGF23 in CHO cells. PC processing
is a fundamental step in protein maturation where limited
proteolysis activates or inactivates proteins, and more than
3500 proteins are predicted to undergo PC processing
(Seidah, 2011). We have recently found another example of
site-specific O-glycosylation adjacent to a PC-processing site
that may underlie a disease condition associated with a
dysfunctional GalNAc-T isoform, GALNT2 (Schjoldager
et al, 2010). Furthermore, we predict that over 700 proteins
are potentially affected by interplay between site-specific
O-glycosylation and furin PC processing (Gram Schjoldager
et al, 2011). It is thus clear that there is a huge potential
for important undiscovered biological functions of
O-glycosylation of proteins, and our knowledge of these is
limited by lack of insight into the O-glycoproteome and where
precisely O-glycans are attached to proteins.

In order to explore the O-glycoproteome, we have therefore
developed a universal and stable genetic engineering strategy
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that simplifies O-glycosylation in cells, such that elongation
of O-glycans is blocked and only simple truncated and
homogeneous O-glycans are produced enabling efficient
lectin enrichment followed by nLC-HCD/ETD-MS2 analysis
(Steentoft et al, 2011). The strategy involves zinc finger
nuclease (ZFN) targeting of COSMC, a private chaperone
for the enzyme, C1GalT1, that controls O-glycan elongation
(Ju and Cummings, 2002). We previously applied this
strategy to a few human cell lines and demonstrated
efficient identification of O-glycoproteins and sites of
O-glycosylation. We showed that the O-glycoproteome
identified in K562 SimpleCells (SC) was essentially
identical to that found in wild-type K562 cells using a
similar strategy of analysis (Steentoft et al, 2011). We also
applied the SimpleCell strategy to pinpoint non-redundant
O-glycosylation performed by a single polypeptide GalNAc-T
using differential analysis of O-glycoproteomes produced in
an isogenic cell model with and without knockout of one
GalNAc-T isoform (Schjoldager et al, 2012). Here, we have
systematically applied the SimpleCell strategy to 12 human
cancer cell lines derived from diverse organ origin to obtain a
first-generation view of the human O-glycoproteome. The
size of the resulting data set yields an unprecedented
opportunity to improve the performance of the NetOGlyc
prediction algorithm, as well as to provide a first global
view of acceptor substrate peptide specificities of a group of
GalNAc-T isoforms.

Results

Precision mapping of O-glycosylation sites using
human SC

The SimpleCell strategy is depicted in Figure 1. The key
feature is stable gene inactivation of the first step in the
common elongation process of O-glycosylation to simplify
O-glycans to immature Tn (GalNAca1-O-Ser/Thr) and/or STn
(NeuAca2-6GalNAca1-O-Ser/Thr) structures. We target the
private chaperone, COSMC, for the core 1 f3galactosyltrans-
ferase (C1GalT1) elongation enzyme based on previous
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Figure 1 The SimpleCell O-GalNAc glycoproteomics strategy. (A) SimpleCell lines originating from different organs as illustrated were
generated by ZFN-mediated knockout of COSMC. (B) SC express homogeneous truncated O-glycans (Tn/STn), and glycopeptides from cell
lysates as well as conditioned media can be isolated by LWAC after protease digestion with trypsin or chymotrypsin. If necessary, sialic acids
are removed by neuraminidase treatment. GalNAc-glycopeptides are isolated on LWAC and separated by IEF prior to nLC-MS/MS analysis.
*Glycoproteins from conditioned media were pre-concentrated by passing the media over a short VVA column (see Extended Experimental
Procedures). (C) The SimpleCell strategy identified 629 glycoproteins (not including possible GIcNAc cases), with only 48 in common with
glycoproteins previously reported in UniProt (106 total) and O-GLYCBASE (78 total). Of the 771 glycoproteins in these three data sets, only 526
are predicted to have a signal peptide by the SignalP predictor.
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studies demonstrating that cells without a functional COSMC
chaperone lack the C1GalT1 synthase activity and O-glycan
elongation (Ju et al, 2008). We generated 12 human
SimpleCell lines from diverse organs to be able to probe
cell and organ variation in the O-glycoproteome Figure 1A.
Four of the cell lines were described previously and limited
analysis performed (Steentoft et al, 2011; Schjoldager
et al, 2012). All the SimpleCell lines were selected by
glycophenotype (Supplementary Figure S1) and confirmed
by DNA sequencing (Supplementary Table S1).

Cells producing homogeneous truncated Tn and/or STn
O-glycan structures simplify all analytical steps, from lectin-
based capture or enrichment to nLC-MS/MS protocols,
spectral interpretation, and data processing for identification
and sequencing of O-glycosites. Isolation of GalNAc
glycopeptides from protease digests by lectin weak affinity
chromatography (LWAC) with Vicia villosa agglutinin (VVA)
efficiently enriches O-glycopeptides for mass spectrometry
and overcomes difficulties with suppression of signals from
unglycosylated peptides (Steentoft et al, 2011). We further
optimized the process by including analysis of both cell
lysates and secretomes, and orthogonal fractionation by
isoelectric focusing (IEF) prior to nLC-MS analysis
(Figure 1B) (Vakhrushev et al, 2013). IEF fractions were
analysed by nLC-MS with data-dependent acquisition
protocols, including HCD-MS2 and ETD-MS2 from the same
precursors. Identified glycoproteins, glycopeptides, and
glycosites are listed in Supplementary Table S2A-E. The
data set includes over 2100 unambiguously identified
O-glycosites, having sufficient fragments defining sequence
and HexNAc position, and another 700 in O-glycopeptides
where the site could not be unambiguously determined,
where ETD spectra were either missing or insufficient to con-
firm HexNAc position (Extended Experimental Procedures).
The results present a first-generation view of the GalNAc O-
glycoproteome, and we expect that analysis of additional cell
lines, use of different proteases to enhance coverage, prior
release of, for example, N-glycans to identify glycopeptides
with both N- and O-glycosites, and use of instrumentation
with enhanced sensitivity, such as the OrbiTrap Velos Pro or
Elite, will lead to substantial increases in number of detected
O-glycoproteins and glycosites. Furthermore, it is important to
note that the SimpleCell strategy may suffer from several short-
comings: (i) elimination of the O-glycan elongation pathway in
cells may facilitate enhanced density of O-GalNAc glycosylation
due to lack of competition with the lectin-mediated functions of
GalNAc-Ts (Bennett et al, 2012), although we have found
no evidence of such, and a comparative analysis of the
O-glycoproteomes of wild type and SC of K562 showed they
were similar (Steentoft et al, 2011); (ii) densely O-glycosylated
regions may be less susceptible to proteolysis, and hence poorly
detected by the mass spectrometric approach; however, this
should be less pronounced with short GalNAc O-glycans, as
evidenced by many identified O-glycopeptides with proteolytic
cleavage in close proximity or adjacent to glycosites; and (iii)
mass spectrometry can easily identify HexNAc modifications,
but cannot distinguish between the isomeric/isobaric O-GalNAc
and O-GlcNAc residues; however, O-GIcNAc is primarily found
on cytosolic proteins without signal sequences (Hart and
Akimoto, 2009) or, as recently demonstrated, in some
EGF-like repeats on Notch and a few other glycoproteins
(Sakaidani et al, 2011; Alfaro et al, 2012).
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It is important to note that in correlating O-glycosites with
the O-glycoproteins of origin, overall peptide sequence cover-
age is not a useful parameter for establishing confidence of
identification since the major harvest consists of low num-
bers of O-glycosites distributed over a very limited set of
O-glycopeptides representing each protein (Supplementary
Figure S2). We employed Orbitrap FT-MS detection for all
three stages of acquisition, MS1, HCD-MS2, and ETD-MS2; in
this, we have chosen to trade possible increased depth of
coverage for the positive benefit of more stringent m/z
tolerance constraints that could be applied to fragment ion
matching in database searches, increasing the confidence of
O-glycoprotein and O-glycosite identifications. With respect
to peptide confidence, a false discovery rate (FDR) of 5% was
applied, but this was a less critical parameter than scoring
rank due to the process of individual validation, which serves
to further increase confidence in the data set. A small set of
sequences shared by more than one protein was identified
and excluded from statistical analysis (Supplementary
Table S2F).

Since GalNAc and GIcNAc are exact isobars, it is also
important to minimize the potential for inclusion of
O-GIcNAc sites found on cytosolic proteins without signal
peptides (Hart and Akimoto, 2009) as well as distinct
O-GIcNAc glycosylation of Notch EGF repeats (Sakaidani
et al, 2011). Glycoproteins that are not predicted to have a
signal peptide (http://www.cbs.dtu.dk/services/SignalP/)
(Petersen et al, 2011) and by manual inspection have no
other annotations to the secretory pathway, are marked
in Supplementary Table S2 and excluded from statistical
analysis.

A first-generation human GalNAc-type
O-glycoproteome

The analysis of 12 SimpleCell lines resulted in identification
of 629 O-glycoproteins, of which only 48 were previously
annotated (Figure 1C, Supplementary Table S2), although the
number of annotated glycoproteins is an underestimate of
previously identified O-glycoproteins. The distribution of
glycoprotein and glycosite identifications in different cell
lines varied substantially (Figure 2). Interestingly, almost
50% of the identified glycoproteins and glycosites were
found only in one cell line, and each cell line contributed a
number of unique glycoproteins (Figure 3A). Only 14
proteins were identified in all 12 cell lines. Thus in all cell
lines, we found a new subset of O-glycoproteins (and
O-glycosites) not found in the other cell lines. This is in
contrast to general proteomic strategies where a major frac-
tion of proteins can be identified in many cell lines (Geiger
et al, 2012). These proteomic strategies can, however, rely on
identification of multiple peptides from each protein,
increasing chances of identification. The unique feature of
O-glycosylation is that the repertoire of GalNAc-T isoforms in
cells can determine whether a glycosite is occupied or not.
The result therefore provides strong evidence for the
existence of differential O-glycoproteomes in cells,
consistent with the complex regulation of O-glycan initiation
by the 20 GalNAc-Ts. Almost 50% of the identified
glycoproteins showed only a single glycosite (Figure 3B) and
we expect that many of these single sites may be selectively
glycosylated by specific GalNAc-T isoforms, which further
suggests that a large number of proteins may only become
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O-glycoproteins when expressed in certain cell types with the
appropriate GalNAc-T repertoire. We tested the expression of
10 GalNAc-Ts in the 12 SC lines by ICC using our panel of
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Figure 2 Number of O-glycoproteins and O-glycosites identified in
individual SimpleCell lines. The distribution of glycoproteins
(A) and unambiguous O-glycosites (B) identified in secretome, in
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MAbs and demonstrated differential expression of these
isoforms (Supplementary Table S3); however, it is currently
premature to try to correlate expression of individual
GalNAc-T isoforms with the O-glycoproteome data.

Our strategy identified only 48 (37%) of the human
O-glycoproteins annotated in UniProt (106 total) and/or
O-GLYCBASE (78 total) (Figure 1). Possible explanations are
that not all proteins are expressed in sufficient amounts to be
detectable in the cells tested, or they may require specific
GalNAc-T isoforms for O-glycosylation not co-expressed. The
major part of our data set is based on trypsin digestion only,
and other proteases may be required to obtain suitable
peptide sizes for identification. In support of this, we in-
cluded analysis of chymotrypsin digests of cell lysates from
two cell lines and found additional glycoprotein identifica-
tions compared with trypsin (Supplementary Table S2).
Blatantly missing from our data set are the tandem repeat
regions of mucins with dense O-glycosylation. This may be in
large part ascribed to difficulties in digesting these regions
because of their dense glycosylation and dominance of S, T,
and P residues. While the majority of identified glycosites did
occur in sequences containing P as well as multiple S and T
residues, a total of 74 glycosites were observed that had no S,
T, or P within five amino acids N or C terminal from the site
(Supplementary Figure S3).

One recent surprise in the field has been the identification
of GalNAc O-glycosylation of Tyr residues. The first site was
identified in an intriguing position in the amyloid P protein
close to the B’-processing site of BACE-1 (Halim et al, 2011),
and we identified sites in several other proteins (Steentoft
et al, 2011; Vakhrushev et al, 2013). Here, we identified
another 17 sites in diverse proteins, to bring the total to 23
identified Tyr O-glycosites (Supplementary Table S2G). It is
unclear if these sites are glycosylated by GalNAc-Ts, but in
preliminary studies we have observed incorporation of
GalNAc on Tyr in peptide substrates by in-vitro enzyme
assays (not shown).

Cellular and functional classification of
O-glycoproteins

Cellular component gene ontology analysis (GO) (Maere et al,
2005) of the identified O-glycoproteins in SC showed a clear
overrepresentation in the extracellular region and plasma
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Figure 3 Cellular distribution of O-glycoproteins and O-glycosites. (A) Distribution of identified glycoproteins and sites by number of cell lines.
Chymotrypsin data (Capan-1 and HEK293) omitted and only unambigously assigned sites included. (B) Number of O-glycosites identified per

number of proteins (all sites included).
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Figure 4 Cellular component GO analysis. Cellular components
that are significantly over (A) or under (B) represented in the
SimpleCell data set compared to the entire human proteome using
BinGO plugin for Cytoscape (www.cytoscape.org). The individual
annotations for each protein have not been validated manually
as the analysis is merely for relative representation purposes.
EC, extracellular; ECM, extracellular matrix.

membrane, and underrepresentation in nuclear and cytosolic
regions as expected (Figure 4), even though, intriguingly,
nuclear proteins represented 14 %. However, in the majority
of cases the GO assignments to these proteins were nonex-
clusive and differed from the UniProt assignments. While O-
glycosylation of ER- and Golgi-located proteins have not been
widely found before, our SimpleCell approach has revealed
extensive O-glycosylation of resident ER and Golgi proteins.
In agreement with this, we found strong overrepresentation
in these organelles similar to what has been observed for
N-glycosylation (Zielinska et al, 2010).

Domain and structure preference of O-glycosylation

In order to enable more detailed studies of positions of
O-glycosites in proteins and predictions of potential functions
of site-specific O-glycosylation and relationship between
protein structure and glycosylation, we have developed a
graphic tool (GlycoDomainViewer) that incorporates curated
protein domain annotations, as well as both identified and
predicted sites of N- and O-glycosylation (N-glycosylation
sites based on UniProt data) (http://cbs.dtu.dk/biotools/
glycodomainviewer).

Using the GlycoDomainViewer, we determined that over
80% of the sites identified by our SimpleCell strategy were
located outside the curated set of domains. In contrast,
analysing the same protein subset for UniProt-annotated
N-glycosylation sites (only sites with experimental references
included), we found that ~78% of the N-glycan sites

The EMBO Journal VOL 32 | NO 10| 2013

were located within annotated protein domains. A number
of interesting general tendencies emerge for substructures
where O-glycosylation occurs on proteins, as exemplified in
Figure 5: (i) juxtamembrane stalk regions of transmembrane
proteins, which is in agreement with a role in protrusion of
functional domains by inducing extended conformation of
the peptide backbone as well as providing protection from
proteolysis (Jentoft, 1990); (ii) in close proximity to
C-terminal KDEL ER-retention signals, which could suggest
a role in co-regulation of retrieval and resident time of many
ER proteins; (iii) juxtamembrane stalk regions of Golgi and
ER-resident membrane proteins; (iv) linker regions between
functional domains, which could also serve to extend and
protect these; and (v) O-glycosites in the short linker regions
of class A repeats in lipoprotein receptors.

Towards sequence recognition motifs for
O-glycosylation

It is clear that a simple consensus sequence motif like the one
for N-glycosylation does not exist and this is at least partly
because of the complex regulation of O-glycosylation sites by
up to 20 GalNAc-T isoforms with different, albeit partly
overlapping, substrate recognition (Gerken et al, 2011;
Bennett et al, 2012). The neural network-trained prediction
algorithm (NetOGlyc 3.1) has been widely used in the past;
however, we found that it only predicted 21% of the O-
glycosites identified in SC (Figure 6A). NetOGlyc 3.1 was
trained on a set of known O-glycoproteins biased towards
abundant serum O-glycoproteins (Julenius et al, 2005). Here,
we used the first proteome-wide generated data set to develop
a new support vector machine-based predictor, NetOGlyc4.0
(http://www.cbs.dtu.dk/services/NetOGlyc-4.0/). The new
predictor showed high general sensitivity (over 84 %) when
tested on different sets of glycosites (Figure 6A). To better
characterize its performance, a four-fold cross-validation
(CV) analysis was performed (Supplementary Figure S4),
taking care to maintain independence between data folds. A
commonly used metric to measure predictor performance is
the Matthews Correlation Coefficient (MCC) (Matthews,
1975). Existing predictors have reported MCC values from
~0.3 to 0.8, although the numbers are not directly
comparable. We obtained an average MCC of 0.683, as well
as an average MCC of 0.708 testing each CV iteration on an
independent data set (primarily UniProt-annotated O-GalNAc
sites). This is an improvement over NetOGlyc 3.1, which
exhibited a CV MCC of 0.66 with overall lower sensitivities.
To achieve this performance, the predictor now incorporates
secondary structure predictions from Netsurfp and Disembl,
and transmembrane predictions from TMHMM, as well as
sourcing mass spectrometric data for information on non-
glycosylated sites. Applying the NetOGlyc4.0 predictor to the
SignalP proteome, more than 83% of the proteome is
predicted to be O-glycosylated, compared to over 63% with
NetOGlyc 3.1 (Figure 6B). Perhaps, more importantly, the
overlap with v3.1 predictions of O-glycoproteins is high
(90%), but extremely low with respect to glycosites (41%),
where the majority of predictions are different (Figure 6C).

Probing GalNAc-T isoform functions by in-vitro
enzyme analysis

Our knowledge of substrate specificities and functions of
individual GalNAc-Ts relies to a large extent on in-vitro

©2013 European Molecular Biology Organization
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Figure 5 Graphic depiction of glycosites in proteins by a novel GlycoDomainViewer. Representative examples of selected O-glycoproteins
depicted based on the GlycoDomainViewer. O-GalNAc sites identified in SC are listed in the upper side of each protein while sites predicted by
NetOGlyc4.0 are located on the lower half. N-glycan sites, experimentally verified as well as predicted, are obtained from UniProt. Designations
are as follows: SP, signal peptide; TNFR, tumour necrosis factor receptor; TM, transmembrane; alpha_CA, carbonic anhydrase alpha; FN3,
fibronectin type 3; HSP70, heat shock protein 70; MIR, domain in ryanodine and inositol trisphosphate receptors and protein O-
mannosyltransferases; Glyco_Hydro_47, Glycosyl hydrolase family 47; PG_binding 1, putative peptidoglycan-binding domain; ZnMc_MMP,
zinc-dependent metalloprotease; Hemop, hemopexin; FZ.; frizzled; LDLa, low-density lipoprotein receptor domain class A; EGF, calcium-
binding EGF domain; LY, low-density lipoprotein-receptor YWTD domain. The listed proteins are TNF1B (tumour necrosis factor receptor
superfamily member 1B, P20333), PTPRG (receptor-type tyrosine-protein phosphatase gamma, P23470), GRP78 (78 kDa glucose-regulated
protein, P11021), SDF2L (stromal cell-derived factor 2-like protein 1, QQHCN8), MAN1C1 (Mannosyl-oligosaccharide 1,2-alpha-mannosidase
IC, QINR34), MMP15 (matrix metalloproteinase-15, P51511), FZD2 (frizzled-2, Q14332), LDLR (low-density lipoprotein receptor, P01130), and

VLDLR (very low-density lipoprotein receptor, P98155).

enzyme assays using short synthetic peptides as acceptor
substrates (Ten Hagen et al, 2003; Gerken et al, 2011; Bennett
et al, 2012). Several studies have confirmed the validity of
this approach (Bennett et al, 1996; Nehrke et al, 1997;
DeFrees et al, 2006; Kato et al, 2006). To date, the peptide
substrates tested have been limited to a small selected set
from a few proteins (Schwientek et al, 2002). In order to get a
first snapshot of global functions of GalNAc-Ts, we tested 181
peptide substrates derived from randomly selected O-
glycoproteins with eight GalNAc-T isoforms (Figure 7 and
Supplementary Table S4). For simplicity, all enzyme reactions
were performed with equal amounts of purified recombinant
enzymes in a standard reaction mixture.

The three most widely expressed and best-characterized
GalNAc-Ts (T1, T2, and T3) glycosylated ~60% of the
peptides, and exhibited partly overlapping substrate specifi-
cities (Figure 7A), as well as apparent unique substrate
specificities (Figure 7B). Interestingly, except for five pep-
tides, the 40% of the peptide substrates not glycosylated by
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these isoforms were not significantly glycosylated by the five
other isoforms tested either. We recently proposed a classifi-
cation of the 20 GalNAc-Ts into evolutionary conserved
subfamilies (Bennett et al, 2012), and the isoforms tested
here represent members of different subfamilies as well as
three members of subfamily Ib (GalNAc-T2, T14, and T16).
We expected that distinct subfamilies would contribute
substantially to glycosylation of peptide substrates not
glycosylated by GalNAc-T1-3, but isoforms representative of
these subfamilies generally glycosylated an overlapping
subset, and only one or two unique substrates were
identified for GalNAc-T5, TI1, and TI12 (Figure 7B).
Interestingly, the three members of the closely homologous
subfamily Ib (GalNAc-T2, T14, and T16) showed very limited
overlap. This is in contrast to our previous experience with,
for example, subfamily Ic consisting of GalNAc-T3 and T6, as
well as Ia consisting of GalNAc-T1 and T13 (not shown).
We analysed the 181 peptide substrates tested by
in-vitro glycosylation (Figure 7 and Supplementary Table S4)
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Figure 7 In-vitro analysis of GalNAc-T isoform substrate specifities. (A) One hundred and eighty-one peptide substrates from the SimpleCell
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with Gerkens IsoGlyP predictor (Gerken et al, 2011).
The positively in-vitro glycosylated peptides were predicted
quite correctly in 84, 96, 82, 91, 100, and 88 % of the cases for
GalNAc-T1, T2, T3, T5, T12, and T16 isoforms, respectively.
However, the predictor predicted glycosylation of 43-55% of
the peptides that were not glycosylated in vitro by the
respective enzymes. Thus, there is relatively poor agreement
and either the in-vitro analysis underpredicts or the IsoGlyP
overpredicts glycosylation.

Discussion

The SimpleCell strategy for mapping the
O-glycoproteome

The GalNAc-type O-glycoproteome has long been an elusive
target. Introduction of the SimpleCell strategy (Figure 1) has
for the first time enabled a proteome-wide discovery of the
O-glycoproteome and determination of sites of O-glycan
attachments (Steentoft et al, 2011). The key feature of the
strategy is simplification of the O-glycan structures to a
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homogeneous glycoform that is amenable for selective
lectin enrichment, which is essential for sensitive detection of
O-glycopeptides by mass spectrometry. The SimpleCell strategy
is limited so far to use with immortalized genetically
engineered cell lines, but mapping of the glycoproteome in
these cell lines can provide a view of the finite aggregate
O-glycoproteome, which opens the field for targeted analysis
of particular O-glycoproteins in other biological settings, as
well as providing a basis for future-targeted glycoproteome-
wide strategies, ultimately without the need for simplification
of O-glycan structures. Applying the strategy to 12 human
cancer cell lines provided a first global view of the human
O-glycoproteome, with more than 600 O-glycoproteins and
almost 3000 glycosites. This represents an almost 10-fold
expansion of known O-glycosites, reaching the level of
experimentally validated N-glycosites in mammalian cells and
tissues. Furthermore, the results provide the first evidence that
the O-glycoproteome is differentially regulated in cells.

When evaluating the status of O-glycoproteomics, it is
perhaps valuable to compare the current state of N-glycopro-
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teomics. The deepest analysis so far has been achieved with
lectin capture of protease-digested N-glycopeptides via the
common N-glycan mannose core structure followed by enzy-
matic release of the N-glycan by PNGase F (Zielinska et al,
2010). An important feature is that N-glycoproteins in general
will be glycosylated if expressed in any cell, while this may
not be the case for O-glycoproteins. A number of different
strategies have been applied to identify O-glycosylation, but
few have been applicable for proteome-wide screening of
complex biological samples (for review see Zauner et al
(2012)). The most promising alternative strategy currently
is the selective capture of O-glycoproteins via sialic acid
residues (Nilsson et al, 2009; Halim et al, 2012). This
strategy can provide information on the structure as well as
site of attachment of O-glycans capped by sialic acids,
and applications to cerebrospinal fluid and urine have
led to identification of almost 100 O-glycosites. We used
12 different human SimpleCell lines to probe the
O-glycoproteome and found that almost 50% of the sites
were identified in only one cell line (Figure 2). In contrast, in
a similar analysis of the global proteome of 11 human cell
lines, it was found that almost 90% of the identified
proteins were found in all cell lines, albeit in different levels
(Geiger et al, 2012). Analysis of the O-glycoproteome is,
however, dependent not only on the expression of a
particular protein but also the expression of the GalNAc-Ts.
The study included three breast cancer cell lines, and it could
be expected that these cell lines would express a common set
of breast cancer-specific glycoproteins. We did not identify
obvious subsets of the O-glycoproteins common to these
three cell lines and this may illustrate the large variability
of the O-glycoproteome.

Characterization of the O-glycoproteome

The O-glycoproteome is vast and clearly much larger than
predicted so far. Our data suggest that we have not exhausted
discovery, and our new NetOGlyc4.0 predicts that up to 83 %
of proteins entering the ER-Golgi secretory pathway are
O-glycosylated (Figure 6). On the other hand, the data
provide evidence that the O-glycoproteome is variable in
cells, because analysis of each of the 12 cell lines incremen-
tally provided identification of a substantial fraction of new
O-glycoproteins (Figure 2). All classes of proteins appear to
be represented, and O-glycosylation is found in clusters with
and without mucin-like domains, as well as in isolated single
sites (Figures 3 and 5). Our digestion strategy (trypsin and
chymotrypsin) and use of cell lines may bias against classical
mucins and their PTS-rich tandem repeat regions, but we did
identify a few glycosites outside the tandem repeat of MUC1,
MUC4, MUC5B, MUC17, and MUC20, as well as a larger
number of glycosites in the large N-terminal PTS region of
MUCI16, which is not typical mucin-like with tandem repeats
(Supplementary Table S2). It is noteworthy that this repre-
sents the first identification of O-glycosites in human mucins
except for targeted analysis of endo-Arg-released MUCI1 tan-
dem repeats (Muller et al, 1999). We also identified several
members of the GPCR family (GPR 37, 56, 64, 107, 108, and
116), many of which are known to have long N-terminal
PTS-rich regions (Fredriksson et al, 2003). A large number of
O-glycoproteins have clustered O-glycosites in juxtamembrane
stem regions and in linker regions between known domains,
some examples of which are shown in Figure 5. These
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include cell membrane receptors, for example, the TNR1B
receptor, in which a long stretch of the stem region is densely
O-glycosylated. This is particularly interesting, since the
ectodomain, including the stem region, is part of the chimeric
glycoprotein consisting of the TNFa receptor and the Fc
region of human IgGl, which is a highly successful anti-
inflammatory recombinant glycoprotein drug (Etanercept,
Enbrel) (Peppel et al, 1991). They also include a large
number of type II transmembrane glycosyltransferases,
which are rarely found in general proteomic approaches,
presumably due to their low abundance and difficulties in
solubilization. To our knowledge, this class of proteins has
only been identified in reasonable numbers in a proteomic
analysis of fractionated ER-Golgi vesicles (Gilchrist et al,
2006). Our data also showed that O-glycosylation of Tyr
residues is widely found in proteins with or without
coexisting Ser and Thr O-glycosylation (Supplementary
Table S2G). Tyr O-glycosylation may serve special functions
and could, for example, compete with both phosphorylation
and sulphation. We presume that the biosynthesis of Tyr
O-glycosylation is controlled by GalNAc-Ts, but further stu-
dies are needed to evaluate this.

The lack of clear and searchable consensus sequence
motifs for O-glycosylation comparable to the NXS/T motif
for N-glycosylation is a strong barrier to developing a more
global view of common protein features directing topology of
O-glycans on proteins. The current O-glycoprotein data set
provides clear evidence for location of O-glycans in disor-
dered regions (>80% identified sites assigned), while ana-
lysis of identified N-glycans in the same subset of proteins
showed that these are primarily located in folded domains
(78% sites assigned). This is obviously consistent with the
well-known role of N-glycosylation in protein folding and
quality control (Parodi, 1977), and with initiation of GalNAc
O-glycosylation in the Golgi after ER folding processes
(Rottger et al, 1998). Interestingly, however, our SimpleCell
approach has identified a large number of ER-located
O-glycoproteins, including chaperones (e.g., HSPAS (GRP78),
HSPA13, and Calnexin), disulphide-isomerases (e.g., PDIA3/4),
and glycosidases (e.g., PRKCSH). Many of these proteins
are at least transiently exposed to the Golgi during ER
retrieval, but recent evidence suggesting that the GalNAc-Ts
can relocate to ER may also be part of the explanation (Gill
et al, 2011). In order to promote the use of the O-glycosite
data set, we have developed GlycoDomainViewer displaying
graphic representations of O- and N-linked glycosites on
individual proteins with sequence and domain topology
(Figure 5). The GlycoDomainViewer allows for easy visuali-
zation of the location of individual sites in a given protein
with the proviso that quality of domain representation is
dependent on available predictors.

The O-glycoproteome points to functions of site-specific
O-glycosylation

Dense O-glycosylation promotes extension of the protein
backbone, and confers local resistance to proteolysis and
overall stability to proteins (Jentoft, 1990). Apart from
these general effects, we have previously demonstrated that
site-specific O-glycosylation is a co-regulator of the important
PC processing many proteins undergo for maturation
(Kato et al, 2006; Schjoldager et al, 2010; Gram Schjoldager
et al, 2011; Schjoldager and Clausen, 2012; Schjoldager et al,

The EMBO Journal VOL 32 | NO 10| 2013 1485



The human GalNAc-type O-glycoproteome
C Steentoft et a/

2012). Here, we discovered a number of O-glycosites within
+/ — 3 residues of potential furin-type PC-processing sites,
which should be well within the distance from which
O-glycosylation can modulate PC processing. This includes,
for example, a furin-processing site in NGF that we previously
demonstrated was modulated by O-glycosylation (Gram
Schjoldager et al, 2011). The data thus clearly provide
further support for a general co-regulatory function of site-
specific O-glycosylation in PC processing, and presumably
other regulated proteolytic events (Schjoldager and Clausen,
2012).

Perhaps, the most remarkable finding was the presence of
O-glycosylation in the short linker regions in between the
EGF-like class A repeats in most of the lipoprotein receptors
(Figure 5). Classic studies have demonstrated the importance
of O-glycosylation in the stem region of LDLR (Kingsley et al,
1986), and we did identify several of these O-glycosites.
However, we also identified O-glycosites in a conserved Thr
residue immediately before the first of six Cys residues in
each ~30-40 amino-acid repeat. The lipoprotein-binding
regions of lipoprotein receptors are constituted by 7-11
class A repeats (reviewed in Jeon and Blacklow (2005)),
and the presence of O-glycans in the short linker regions
between these must have dramatic effects on the structure of
the receptor and its function. In six of the LDLR family
receptors (LDLR, VLDLR, LRP1, LRP1B, LRP2 (megalin),
LRP8 (ApoER2), and SorLA), we find from 1 up to 4
O-glycosites per class A repeat cluster and in total more
than 20 sites in between class A repeats. Although these
O-glycans have been overlooked in the past, there are early
reports that LDLR without the stem region appeared to have
O-glycosylation (Davis et al, 1986; Seguchi et al, 1991).
Further studies are clearly needed to address how and
where O-glycosylation occurs as well as the specific roles
the O-glycans play for these receptors, but this is an excellent
example of how the inability to predict and identify
O-glycosylation of proteins has obstructed discovery of
potentially very important biological functions.

A new prediction algorithm, NetOGlyc4.0

The new predictor trained on our large data set represents a
major improvement compared with the 3.1 version
(Figure 6). In particular, the general sensitivity across differ-
ent data sets is improved. In this respect it is noteworthy that
the 3.1 version, despite its lower sensitivity for our large data
set, predicts the majority of its sites orthogonal to the new
predictor (Figure 6C). Clearly, further refinement of the
predictor is required to increase the sensitivity and specificity.
To this end, there is a pressing need to better integrate
disorder information with the prediction of glycosites.
Further, there is a need to improve the negative (unglycosy-
lated) data set. The current predictor is based on a unifying
model for all GalNAc-Ts, but improved results may be
obtained by collecting sufficient isoform-specific data to
produce isoform-specific algorithms.

The O-glycoproteome is differentially regulated in cells
The repertoire of GalNAc-Ts in cells directs O-glycosylation,
with several studies demonstrating that the expression of
individual GalNAc-T isoforms differ in cells, tissues, during
cell differentiation and also malignant progression (Sutherlin
et al, 1997; Mandel et al, 1999; Young et al, 2003; Tian and
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Ten Hagen, 2006). Due to the limited number of known
O-glycoproteins, studying the contribution of individual
GalNAc-T isoforms has been difficult in the past, although
it is clear that these isoforms have both overlapping and
unique functions (Bennett et al, 2012). The availability of this
new large data set allowed us to probe the functions of
multiple isoforms on a large acceptor peptide panel, which
confirmed that the three more commonly expressed
isoforms (GalNAc-T1-3) play the major role in shaping the
O-glycoproteome, while isoforms with more restricted
expression appear to have more narrow specificities
(Figure 7). These results complement studies using random
peptide libraries to probe specificities (Gerken et al, 2011).
Moreover, the results point to unique functions of individual
enzyme isoforms that may produce phenotypes in individuals
with dysfunctional enzymes. A number of studies point to
individual GALNT genes as susceptibility genes for diseases,
but uncovering causative roles is a very complicated exercise.
However, with this broader information on substrate specificity,
it is possible to select and validate unique candidate
O-glycoproteins by targeted approaches (Schjoldager et al,
2012). Application of the SimpleCell and other strategies will
help us understand the evolutionary need for the large GalNAc-
transferase gene family.

Summary and outlook

We have presented a first-generation view of the O-glycopro-
teome using our SimpleCell-based mass spectrometry strat-
egy and an improved model for predicting O-glycosylation.
These tools are now available for the community to probe
biological functions of the O-glycoproteome. This is a first
view of the human O-glycoproteome, and we anticipate
further expansion through use of additional cell lines, differ-
ent protease digestion strategies, and more sensitive instru-
mentation. We have pointed to several interesting possible
functions of site-specific O-glycosylation, but ultimately dis-
covery of functions will have to be dealt with protein by
protein in relevant cells or organisms, keeping in mind that
the cellular capacity for O-glycosylation is variable, and
perhaps dynamic. Our SimpleCell strategy, combined with
targeted knockout of individual GALNT genes and analysis of
differential glycoproteomes, is a promising approach for such
studies as we have recently demonstrated (Schjoldager et al,
2012). We envision that the presented data set of O-glycosites
can be used to develop targeted O-glycoproteomic strategies
without the need for reducing natural O-glycan structural
complexity so that information about site and glycan
structure can be assessed simultaneously.

Materials and methods

Generation of O-GalNAc SC, sample preparation and lectin
enrichment

Human SC were generated and processed as previously described
(Steentoft et al, 2011; Schjoldager et al, 2012). Conditioned media
obtained from 2 x T175 flasks (2 x 35 ml) cultured for 48-72 h were
dialyzed, and glycoproteins were enriched by capture on a short
(300l contained in 1ml syringe) VVA agarose column. Unlike
previous studies (Schjoldager et al, 2012), glycoproteins were
eluted by heating the lectin (4 x90°C 10min) with 0.05%
RapiGest, eliminating a dialysis step (for details see Extended
Experimental Procedures). Total cell lysates (TCL) were obtained
by addition of 2 ml 0.05% RapiGest and sonication of cell pellets from
2 x cultured and scraped T175 flasks. Cell lysates and glycoprotein-
enriched media were digested with trypsin or chymotrypsin, purified
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by C18 solid phase extraction, neuraminidase treated if necessary,
and diluted in lectin-binding buffer. Lectin chromatography was
performed as previously described (Steentoft et al, 2011, 2013).
Briefly, protease-digested TCL and media were loaded on a
2.6-m-long VVA agarose column and eluted with 2x2ml 0.2M
GalNAc and 1x2ml 04M GalNAc. Eluted glycopeptides were
further fractionated into 12 samples by IEF (Vakhrushev et al,
2013), desalted by Stage Tips, and submitted for MS analysis.

Mass spectrometric analysis

Enriched glycopeptides were analysed on an EASY-nLC II interfaced
via nanoSpray Flex ion source to an LTQ-Orbitrap XL ETD spectro-
meter (Thermo Fisher Scientific). Similar to previous (Steentoft
et al, 2011; Vakhrushev et al, 2013), MSI1, HCD-MS2, and
ETD-MS2 spectra were all acquired in the Orbitrap sector; MS
data analysis was performed using Proteome Discoverer 1.2
software, assisted by manual validation (see Extended
Experimental Procedures for details on MS acquisition and data
analysis). Annotated MS/MS spectra related to this paper can
be downloaded from ProteomeCommons.org using the following
tranche hash: eI8E81E3CPNnMiHn5202Z7Wta/e9Ih8GE6b04v3
Edq9alGZ{OjS8pQ8E6 + AmY6/ictzVOtCuc7Zaavr2VYIECMFgiKsA
AAAAAAAKZw ==

NetOGlyc version 4.0

A support vector machine was used to produce a predictor of
O-GalNAc glycosylation. Positive glycosylation site data were
obtained from the SimpleCell data set, as well as mass spectrometric
data supporting non-glycosylation from a number of cell lines.
Features were generated to characterize various parameters
surrounding each site, including transmembrane prediction
(TMHMM), surface accessibility (NetSurfP), and protein disorder
(DISEMBL). Individual features were evaluated by characterizing
their learning curves. Coupled with data redundancy reduction
to ensure data independence between training and testing sets,
sensitivity as well as the more general MCC metrics were used to
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characterize the performance of the predictor (Supplementary
Figure S4A-C) (Extended Experimental Procedures).

Functional analysis of GalNAc-T isoforms

From the O-glycoprotome, 181 peptides covering 1-3 identified or
potential glycosites were synthesized (NeoBioSci) and glycosylated
with recombinant GalNAc-Ts expressed as soluble secreted trun-
cated proteins in insect cells (Extended Experimental Procedures).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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