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Introduction: In epithelial cancers, truncated O-glycans, such as the Thomson-nouveau antigen (Tn) and its sialylated form (STn), are
upregulated on the cell surface and associated with poor prognosis and immunological escape. Recent studies have shown that these
carbohydrate epitopes facilitate cancer development and can be targeted therapeutically; however, the mechanism underpinning their
expression remains unclear.
Methods: To identify genes directly influencing the expression of cancer-associated O-glycans, we conducted an unbiased, positive-
selection, whole-genome CRISPR knockout-screen using monoclonal antibodies against Tn and STn.
Results and Conclusions: We show that knockout of the Zn2+-transporter SLC39A9 (ZIP9), alongside the well-described targets
C1GALT1 (C1GalT1) and its molecular chaperone, C1GALT1C1 (COSMC), results in surface-expression of cancer-associated O-glycans.
No other gene perturbations were found to reliably induce O-glycan truncation. We furthermore show that ZIP9 knockout affects N-
linked glycosylation, resulting in upregulation of oligo-mannose, hybrid-type, and α2,6-sialylated structures as well as downregulation
of tri- and tetra-antennary structures. Finally, we demonstrate that accumulation of Zn2+ in the secretory pathway coincides with cell-
surface presentation of truncated O-glycans in cancer tissue, and that over-expression of COSMC mitigates such changes. Collectively,
the findings show that dysregulation of ZIP9 and Zn2+ induces cancer-like glycosylation on the cell surface by affecting the glycosylation
machinery.
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Introduction

The attachment of glycans to proteins, known as glycosy-
lation, is the most abundant and diverse post-translational
modification known (Varki et al. 2015), and changes in gly-
cosylation is a common feature in most cancer cells (Julien
et al. 2012; Stowell et al. 2015; Chia et al. 2016). Mucin-
type O-GalNAc-glycans (hereafter referred to as O-glycans)
are found on 85% of all secreted or surface-expressed pro-
teins (Steentoft et al. 2013; King et al. 2017). A well-known
alteration in cancers is the shortening of O-glycans, resulting
in surface-expression of the truncated O-glycan antigens Tn
(Thomsen-nouveau antigen; GalNAcα-Ser/Thr) and its sialy-
lated derivative, STn (sialyl-Tn, CD175; NeuAc2,6GalNAcα-
Ser/Thr; Rømer et al. 2021).

Tn and STn are highly expressed in a large proportion of
epithelial cancers. Tn is e.g. surface-expressed in >20% of
breast cancers and not in healthy tissue, whereas STn is found
in >80% of colorectal cancers and very rarely in healthy
tissue (Springer 1983, 1984; Cervoni et al. 2020; Rømer
et al. 2021). Expression of truncated O-glycans has been
shown to promote invasiveness, drive tumor formation, affect

immune function, and correlate with poor clinical outcome
(Coon et al. 1982; Springer 1984; Kobayashi et al. 1992;
Werther et al. 1996; Springer 1997; Desai 2000; van Vliet et al.
2006; Madsen et al. 2012; Madsen et al. 2013; Radhakrishnan
et al. 2014; Gao et al. 2016). These features make Tn
and STn attractive targets in immunotherapies and several
antibody-based treatments are currently entering clinical trials
(Pinho and Reis 2015; Posey et al. 2016; Steentoft et al.
2018; Mereiter et al. 2019). In addition to changes in O-
glycosylation, other glycan types are also affected in cancers.
For example, a global increase in sialylation of N-glycans as
well as a shift from α2,3-linked sialylation to α2,6-linked
sialylation has been identified in several types of cancer and
contribute to tumor growth and metastasis (Büll et al. 2014).
Likewise, changes in N-linked glycans—including increased
expression of both oligo-mannose and hybrid N-glycans—
are observed in tumors and associated with metastasis
(Dennis et al. 1987).

Despite the clinical relevance of truncated O-glycans, our
understanding of the mechanisms driving the expression
of Tn and STn in cancers remains incomplete, making it
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difficult to manipulate O-glycan presentation or predict
escape mechanisms in a clinical setting. The Tn-antigen is syn-
thesized as an intermediate in the secretory pathway when 1
of 20 enzymes belonging to the GalNAc-transferase (GalNAc-
T) family catalyzes the attachment of N-acetylgalactosamine
(GalNAc) to serine, threonine, or tyrosine residues (Fig. 1a;
Bennett et al. 2012; Brockhausen and Stanley 2015; Wandall
et al. 2021). The sialyltransferase ST6GALNAC1 can further
cap Tn with a sialic acid in an α2,6-linkage to form STn.
In healthy tissue, the enzyme C1GalT1 (T-Synthase/core
1 β3-galactosyltransferase, encoded by C1GALT1) instead
elongates Tn with a galactose residue, forming the T-
structure (core 1; Ju and Cummings 2014: 1). Several
mechanisms that could disrupt this delicate biosynthetic
process have been suggested to drive surface-expression of
Tn and STn. Among these, dysregulation and loss of function
mutations of the molecular chaperone to the C1GalT1 enzyme
COSMC (core 1 β3-Galactosyltransferase-Specific Molecular
Chaperone, encoded by C1GALT1C1) has been among the
most prominent (Ju and Cummings 2002; Wang et al. 2010; Ju
et al. 2014). However, although some cancers exhibit silencing
of or mutations in C1GALT1C1, not all Tn-positive cancers
show downregulation of COSMC or C1GalT1 (Schietinger
et al. 2006; Ju et al. 2008; Radhakrishnan et al. 2014; Sun et
al. 2018). An alternative theory is that pH changes (Axelsson
et al. 2001; Hassinen et al. 2011), or relocation of GalNAc-
Ts in the secretory pathway, drives Tn- and STn-expression
(Gill et al. 2010; Nguyen et al. 2017). These hypotheses are
not mutually exclusive and although they might, individually
or combined, explain Tn- and STn-expression in a subset
of cancers, a full understanding of the mechanisms driving
truncation of O-glycans in cancers is still lacking.

Advances in the CRISPR/Cas9-technology has accelerated
research in functional genomics and the use of high-
throughput forward genetics screens for diverse applications
(Zhou et al. 2014; DeNicola et al. 2015; Han et al. 2018).
Whole-genome CRISPR knockout screens enable the parallel
perturbation of all genes in the human genome and by
enriching or depleting a certain subpopulation of mutant cells,
genes essential to e.g. antigen presentation, toxin resistance,
or viral infections can be identified (Shalem et al. 2014). The
technology has been shown to outperform RNA interference
(RNAi) screens with a higher signal-to-noise ratio, fewer off-
target effects, and higher reproducibility (Evers et al. 2016;
Housden and Perrimon 2016).

In this study, we conducted an antibody-based, positive-
selection, whole-genome CRISPR knockout screen to identify
genes linked to expression of the truncated, cancer-associated
O-glycans Tn and STn. Our screen identified knockout of the
gene SLC39A9, alongside C1GALT1C1 and C1GALT1, to
induce expression of truncated O-glycans with a high signal-
to-noise ratio. No other gene targets that were significant
across multiple single guide RNAs (sgRNAs) were identified.
SLC39A9 encodes a zinc-transporter, ZIP9, residing in the
secretory pathway and we demonstrated that knockout of
ZIP9 affects O-glycosylation as well as N-glycosylation. ZIP9
knockout results in accumulation of Zn2+ in the secretory
pathway and we show that increased Zn2+-concentrations
directly induces expression of truncated O-glycans in vitro
and that zinc accumulation and expression of truncated O-
glycans coincide in tumors. Furthermore, we demonstrated
that ZIP9 knockout results in downregulation of C1GalT1,
which could be rescued by COSMC over-expression. Taken
together, these findings show that dysregulation of Zn2+

induce alterations in the global biosynthesis of glycans. Most
pronounced were the effects on protein O-glycans, exhibiting
a cancer-like glycosylation on the cell surface, but changes
in N-glycosylation were also induced, showing less extended
glycan structures and an increase in sialylation, mostly pro-
nounced α2,6 sialylation, whereas the effect on glycosphin-
golipids (GSL) was limited to a reduction of terminal fucose
residues.

Results

CRISPR screen identifies SLC39A9, C1GALT1, and
C1GALT1C1 knockout to induce Tn and STn
surface-expression

We conducted a positive-selection CRISPR/Cas9 whole-
genome screen to identify genes that, when knocked out,
induce expression of the antigens Tn and/or STn (Fig. 1b).
The screen was conducted in the HaCaT keratinocyte cell
line that we previously used to generate knockout cell lines,
including cell lines lacking C1GALT1C1 (Radhakrishnan et
al. 2014). Initially, we established a HaCaT line (1B6B) with
constitutive expression of Cas9 and blasticidin resistance
using lentiviral transduction and evaluated Cas9 function
using the IDAA (Indel Detection by Amplicon Analysis)
technology (Supplementary Fig. 1a, see online supplementary
material for a color version of this figure; Lonowski et al.
2017). We further secured that Cas9 expression did not
induce Tn-expression (Supplementary Fig. 1b, see online
supplementary material for a color version of this figure)
and demonstrated that we could isolate Tn-positive HaCaT
deficient in COSMC using fluorescence-activated cell sorting
(FACS; Supplementary Fig. 1c, see online supplementary
material for a color version of this figure). HaCaT 1B6B
cells were subsequently transduced with the Brunello library
targeting 19,114 genes with 4 guides per gene and 1,000
nontargeting guides (a total of 77,441 guides) to create a
mutant cell pool (Doench et al. 2016). Using FACS and a mix
of the well-characterized, monoclonal antibodies 5F4 (anti-
Tn) and 3F1 (anti-STn), we enriched the mutant cell pool for
both Tn- and STn-positive cells (Mandel et al. 1991; Thurnher
et al. 1993). Transduction with the genome-wide library
induced Tn- and/or STn-expression in 0.05% of the cells
as evaluated by FACS. After expanding the Tn/STn-positive
cells, we repeated FACS using either 5F4 or 3F1, enriching
for Tn- or STn-positive cells, respectively. We used high-
throughput next generation sequencing (NGS) to determine
the presence of sgRNAs in the Tn/STn-negative population
after the first FACS and in the Tn- positive and STn-positive
cell populations after the second FACS. In the negative sample,
sgRNAs were identified targeting all but 2 genes (PSMA7 and
RRM1), yielding a coverage of 99.99% of the 19,114 genes
targeted in the Brunello library with a Gini-coefficient of the
distribution of sgRNA of 0.296 (Supplementary Fig. 2).

Our screen identified 3 strong gene hits (SLC39A9,
C1GALT1, and C1GALT1C1) that were significantly
targeted with multiple sgRNAs and enriched in both the
Tn-positive and the STn-positive populations (Fig. 1c, Sup-
plementary Table III). SLC39A9 encodes a zinc-transporter,
ZIP9, thought to reside in the secretory pathway, namely in
the Golgi apparatus, with steroid receptor function (Matsuura
et al. 2009; Thomas et al. 2014, 2018: 9). C1GALT1 encodes
the enzyme C1GalT1, known to elongate the Tn-antigen,
and C1GALTC1 encodes its molecular chaperone, COSMC.
Remarkably, no other genes came out with significant gene
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Fig. 1. CRISPR-mediated whole-genome screen using antibodies against Tn and STn identifies ZIP9 knockout to induce truncated O-glycans. a)
Schematic overview of the O-GalNAc glycan biosynthetic pathway, focusing on the synthesis of Tn, core 1, core 2, core 3, and core 4 structures. Glycan
structures are represented by the SNFG, where: yellow square: N-acetylgalactosamine; blue square: N-acetylglucosamine; yellow circle: galactose; and
pink diamond: N-acetylneuraminic acid. b) Illustration of overall experimental strategy. HaCaT 1B6B cell line with constitutive Cas9-experession was
transduced with a lentiviral preparation of the Brunello library resulting in a cell population with knockout clones representing all targeted genes in the
genome. A first round of FACS using a mixture of antibodies against Tn (green) and STn (red) separated knockouts with truncated O-glycans and without.
A second round of FACS using antibodies against only Tn or STn enriched and separated clones further. c) Graphic depiction of gene ranking for Tn- (top)
and STn-positive (bottom) knockouts, based on SigmaFc score calculated using the PinAPL-Py software. Statistically significant genes (P < 0.05) are
displayed in blue, insignificant genes (P ≥ 0.05) are shown in red.

scores across multiple sgRNAs and all other identified targets
varied across replicates, suggesting that, under these experi-
mental conditions, only knockout of SLC39A9, C1GALT1,
and C1GALT1C1 resulted in truncation of O-glycans.

To perform target validation, we used CRISPR/Cas9
to knockout ZIP9 in the HaCaT cell line and the more
differentiated N/TERT-1 keratinocyte cell line. In both HaCaT
and N/TERT-1 cells, we found that knockout of ZIP9
yielded surface-expression of Tn and STn, as evaluated by
immunofluorescent microscopy on nonpermeabilized cells
using the 5F4 and 3F1 antibodies (Fig. 2a and b). Surface-
expression was verified using flow cytometry, staining with
5F4 (Fig. 2c and d). Pretreating the cells with neuraminidase
to convert STn to Tn resulted in an increased staining intensity
(Supplementary Fig. 3a and b, see online supplementary
material for a color version of this figure). Despite expression
of Tn and STn, we found no decrease in surface-localized
T-antigen when staining with PNA lectin or 3C9 antibody
(Fig. 2c and d, Supplementary Fig. 3c, see online supplemen-
tary material for a color version of this figure).

Knockout of ZIP9 affects O-, N-, and
GSL-glycosylation

We next performed mass spectrometry (MS)-based glyco-
profiling of N/TERT-1 ZIP9 knockout cells. For O-glycans,
we confirmed that the relative Tn-expression increased 7–
8-fold in ZIP9 knockout cells as compared with wildtype
cells (Fig. 3, Supplementary Table IV). Interestingly, the total

level of core 1 O-glycans was not affected by ZIP9 knockout
(Fig. 3, Supplementary Table IV), whereas we observed a slight
decrease in surface-exposed core 1 using flow cytometry with
the PNA lectin and the 3C9 antibody, both of which bind core
1 structure (Fig. 2c and d, Supplementary Fig. 3c). On the con-
trary, core 2 O-glycans were diminished in ZIP9-deficient cells
to almost nondetectable levels, while accounting for >30% of
the O-glycans in wildtype cells (Fig. 3, Supplementary Table
IV). Finally, core 3 structures accounted for <5% of the O-
glycans in N/TERT-1 wildtype cells and this level appeared
to be only slightly lower upon knockout of ZIP9. Of note,
RT-qPCR analysis of ZIP9 knockout N/TERT-1 cells revealed
no alterations in transcription of C1GALT1, C1GALT1C1,
or GNCT1, responsible for the core 1 and core 2 structures,
respectively (Supplementary Fig. 4, see online supplementary
material for a color version of this figure). The transcription of
ST6GALNAC1, responsible for formation of the STn-antigen,
was likewise not altered in ZIP9 knockout N/TERT-1 cells.

For N-glycans, the level of tri- and tetra-antennary
glycans as well as the abundance of di-antennary glycans
carrying LacDiNAc (GalNAcβ1,4-GlcNAc) was decreased
in knockout cells as compared with wildtype, of which
the first was confirmed by weaker staining with the L-
PHA lectin (Fig. 4a and d, Supplementary Fig. 3d, see online
supplementary material for a color version of this figure,
Supplementary Table IV). Furthermore, we observed an
increase in the relative abundance of hybrid-type N-glycans
in the ZIP9 knockout cells as compared with wildtype,
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Fig. 2. Validation of Tn/STn-inducing knockouts and the effect of zinc in regulation of Tn-expression. a,b) Immunostaining of HaCaT and N/TERT-1
wildtype (WT) or stable C1GALT1 (C1GalT1), C1GALT1C1 (COSMC), or 2 separate SLC39A9 (ZIP9) knockout cells for validation of their expression of Tn
and STn using the monoclonal 5F4 and 3F1 antibodies. c,d) Histograms showing flow cytometry fluorescent intensity of 10,000 viable HaCaT and
N/TERT-1 wildtype (solid black) or 2 separate ZIP9 knockout cells (blue and red) stained with the 5F4 monoclonal antibody or the PNA lectin, respectively.
Wildtype cells stained only with secondary antibodies were used as a negative control (dashed black).

Fig. 3. MS-based O-glycan profiling of N/TERT-1 ZIP9 knockout lysates. a) Representative data from the O-glycan profiling of N/TERT-1 wildtype (top) and
ZIP9 knockout (bottom) lysates, showing the extracted ion chromatograms of the 12 most abundant O-GalNAc type glycans. The annotated structures
are based on previous assignments using glycan standards and MS/MS analysis. Unannotated signals correspond to other types of O-glycans that are
isomeric to the annotated O-GalNAc glycans. b) Relative quantification of the 4 main O-GalNAc glycan cores: Tn, core 1, core 2, and core 3 in 3 technical
replicates of one N/TERT-1 wildtype and 2 ZIP9 knockout clones. Black dots represent individual measurements, whereas red dots and vertical lines
indicate the average and standard deviation of the replicates, respectively. Black asterisk: corrected P-value of t-test between knockout and
wildtype < 0.05. Glycan structures are represented by the SNFG, where: yellow square: N-acetylgalactosamine; blue square: N-acetylglucosamine;
yellow circle: galactose; pink diamond: N-acetylneuraminic acid; red triangle: fucose.

which was mainly driven by the increase of α2,6-sialylated
structures (Fig. 4a and e, Supplementary Table IV). In general,
we observed an increase in the average number of sialic
acids per N-glycan for both complex- and hybrid-type N-
glycans (Fig. 4e, Supplementary Table IV) in ZIP9-deficient
cells. For complex-type N-glycans both α2,6- and α2,3-
sialylation increased, but the increase was more pronounced
for α2,6-sialylation (Fig. 4e, Supplementary Table IV). On
the hybrid-type N-glycans, exclusively α2,6-sialylation was

affected. The increase in surface sialylation was confirmed
by increased staining with MAL-II and SNA lectins in ZIP9-
deficient cells (Supplementary Fig. 3e and f), but RT-qPCR
analysis did not detect consistent up- or downregulation
of sialyltransferases at mRNA-level (Supplementary Fig. 4,
see online supplementary material for a color version of this
figure).

Analysis of GSL-glycans revealed gangliosides and linear
neolacto-series to be the major GSL types in N/TERT-1 cells.
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Fig. 4. MS-based N-glycan and GSL-glycan profiling of N/TERT-1 ZIP9 knockout lysates. a) Schematic representation of relevant N-glycan structural
features and their nomenclature. b) Schematic representation of relevant GSL-glycan structural features and their nomenclature. Glycan structures are
represented by the SNFG, where: yellow square: N-acetylgalactosamine; blue square: N-acetylglucosamine; yellow circle: galactose; green circle:
Mannose; blue circle: glucose; pink diamond: N-acetylneuraminic acid (SA); and red triangle: Fucose. c) Relative quantification of GSL neolacto-series
N-acetylglucosamine-linked fucosylation in 3 technical replicates of one N/TERT-1 wildtype and 2 ZIP9 knockout clones. d) Relative quantification of the
structural N-glycan types and features: hybrid-type, tri-antennary complex-type, tetra-antennary complex-type, and LacdiNAc motives. e) Average
number of α2,3- or α2,6-linked SAs per glycan for hybrid-type and complex-type N-glycans. Black dots represent individual measurements, whereas red
dots and vertical lines indicate the average and standard deviation of the replicates, respectively. Black asterisk: Corrected P-value of t-test between
knockout and wildtype < 0.05.

Therefore, we observed only minor changes upon knockout
of ZIP9, the most pronounced one being the downregulation
of neolacto-series’ Lewis y or b structures (Fig. 4c).

ZIP9 knockout affects C1GalT1 expression in a
COSMC dependent manner, but not secretory
pathway morphology

As increased Tn-expression could be linked to decreased
expression of the enzyme C1GalT1, we probed its expression
in ZIP9-deficient cells. We observed a decrease in C1GalT1
expression in knockout cells but not a complete loss as eval-
uated by immunolabeling (Fig. 5a and c). This finding is in
accordance with the increase in Tn on the cell surface and the
simultaneous preservation of core 1 structures. To investigate
if the downregulation of C1GalT1 is due to dysregulation
of its chaperone COSMC, and to examine whether the zinc-
binding domain of COSMC might play a role, we overex-
pressed COSMC wildtype and an E152K mutant suggested

to be involved in Zn2+-binding (Hanes et al. 2017), in ZIP9
deficient HaCaT cells. We observed almost a complete rescue
of the C1GalT1 levels (Fig. 5e) and of the glyco-phenotype
manifested by a 3-fold decrease in Tn-expression, using both
the wildtype and mutant COSMC constructs (Fig. 5f and g).
No significant changes were detected in T-antigen levels (Sup-
plementary Fig. 5, see online supplementary material for a
color version of this figure). To determine whether the effects
seen on N-linked glycans, such as increased hybrid structures,
are caused by a similar mechanism, we evaluated the expres-
sion levels of α-mannosidase II by immunolabeling and RT-
qPCR but no significant change was detected (Fig. 5b and d,
Supplementary Fig. 4, see online supplementary material for
a color version of this figure).

Furthermore, we wanted to verify whether ZIP9 deficiency
generally affects secretory pathway morphology. Fluorescent
staining of different secretory pathway markers such as ER,
Golgi, and endo-lysosomal markers for the most part showed
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Fig. 5. Characterization of the secretory pathway of ZIP9 knockout cells. a) Immunostaining of C1GalT1. C1GalT1 (green) co-stained with Golgi marker
TGN46 (red) and nucleus (DAPI blue) in wildtype and ZIP9 knockout N/TERT-1 cells. b) Immunostaining of mannosidase II. Man-II (red) co-stained with
Golgi marker GM130 (green) and nucleus (DAPI blue) in wildtype and ZIP9 knockout N/TERT-1 cells. c) C1GalT1 expression was quantified, and mean
intensity calculated in Zen Blue (n = 20–50 cells/group). d) Man-II expression was quantified, and mean intensity was calculated in Zen Blue (n = 20–50
cells/group). e) Wildtype and ZIP9 knockout HaCaT cells were transfected with COSMC wildtype or COSMC carrying a mutation in its zinc-binding site.
C1GalT1 (green) was co-stained with nucleus (DAPI blue) in the transfected wildtype and ZIP9 knockout HaCaT cells. f) Wildtype and ZIP9 knockout
HaCaT cells were transfected with COSMC wildtype or COSMC carrying a mutation in its zinc-binding site. Tn antigen (green) was stained with
biotinylated lectin VVA. g) Tn expressions were quantified and calculated in Zen Blue (n = 20–50 cells/group). h–l) Secretory pathway markers were
co-immunostained. m) Sec23b (red) expression levels in (l) were calculated and quantified in Zen Blue (n = 20–50 cells/group).

no visible changes in expression or location (Fig. 5h–l). Of
note, the expression level of the member of the COPII com-
plex, Sec23b, was significantly increased in ZIP9 knock-
out cells (Fig. 5l and m), which suggests an upregulation of
anterograde vesicular trafficking in the knockout cells.

ZIP9 knockout increases Zn2+ in the secretory
pathway and increased Zn2+ affects Tn-expression

ZIP9 is localized to the secretory pathway, having been iden-
tified in perinuclear compartments and co-localized with the
trans Golgi network marker TGN58 (Matsuura et al. 2009;

Thomas et al. 2014, 2018). In addition, ZIP9 have been shown
to strongly co-localize with lysosomal and Golgi markers
in HaCaT cells (Qiu et al. 2020: 9). ZIP9 serves as an
efflux transporter, exporting zinc from the secretory path-
way to the cytoplasm and coordinating with zinc importers
(ZnTs) to maintain zinc homeostasis within the cell (Matsuura
et al. 2009: 39; Thomas et al. 2014, 2018: 9). Therefore,
we hypothesized that knockout of ZIP9 would lead to zinc
accumulation in the secretory pathway, which could influ-
ence the general ion homeostasis and in turn the glycosy-
lation outcome. To confirm this claim we used ZinPyr-1 as
a Zn2+ fluorogenic reporter. As expected, N/TERT-1 ZIP9
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knockout cells showed a significant increase in fluorescence
when compared with wildtype cells, indicating an accumu-
lation of zinc in the secretory pathway (Fig. 6a and b). To
test whether altered Zn2+ concentration in the extracellular
milieu affected the expression of truncated O-glycans, we
titrated Zn2+ to the extracellular milieu of N/TERT-1 cells
using ZnCl2 and found a dose–response relationship between
the number of Tn-positive cells and ZnCl2 concentrations
as evaluated by flow cytometry, accompanied by a gradual
disorganization and re-localization of C1GalT1 and TGN46
(Fig. 6c and d). At ZnCl2 concentrations of 100 μM, ∼60%
of the cells were Tn-positive, whereas 100% of the cells
were positive at 125 μM. Likewise, C1GalT1 and TGN46
appeared to be progressively spread more throughout the
cell with increasing ZnCl2 concentrations. Notably, at these
concentrations, cell viability was not affected, although higher
concentrations of zinc began to decrease viability. Increas-
ing extracellular concentrations of calcium and magnesium
did not induce Tn surface-expression, whereas manganese
induced a slight expression of Tn-antigen but also markedly
decreased cell viability (Fig. 6d). To examine if accumulated
Zn2+ coincides with the expression of truncated O-glycans
in cancer tissue, we labeled frozen sections of human oral
squamous cell carcinomas with the Zn2+ fluorogenic reporter,
ZinPyr-1, and evaluated the co-expression of truncated O-
glycans. Although it was not possible to perform a classical
co-labeling due to the soluble nature of the Zn2+ probe, the
labeling of serial sections strongly suggested that areas with
high accumulation of signal from the Zn2+ probe coincided
with the localization of Tn-expression (Fig. 6e).

Discussion

Using an unbiased, whole-genome CRISPR knockout screen
coupled with an antibody-based, positive-selection strategy,
we identified SLC39A9 (ZIP9), C1GALT1 (C1GalT1), and
C1GALT1C1 (COSMC) as the only genes that, when knocked
out individually, induce surface-expression of the cancer-
associated, truncated O-glycans Tn and STn.

Focusing on ZIP9, we showed that knockout of ZIP9
induces a cancer-like glyco-phenotype including surface-
expression of truncated O-glycans and an increase in N-
glycan sialylation. We demonstrated that ZIP9 knockout
results in accumulation of Zn2+ in the secretory pathway and
that increasing Zn2+ independent of ZIP9 knockout results
in expression of truncated O-glycans. In agreement with this,
we found that accumulation of zinc in tumor sections co-
localized with Tn-expression. In addition, ZIP9 knockout
results in downregulation of C1GalT1, which can be rescued
by over-expression of COSMC. Over-expression of COSMC
also rescues O-glycan truncation in ZIP9-deficient cells.

CRISPR screens enable identification of genes linked to
a certain phenotype at a whole-genome level in a reliable
and versatile manner. We utilized the widely used genome-
wide Brunello library and subjected cells to stringent selection
by FACS. Remarkably, there was a high signal-to-noise ratio
in the screen. The 3 genes identified to induce Tn and STn
surface-expression upon knockout (SLC39A9, C1GALT1,
and C1GALT1C1) had 6- to 8-fold higher SigmaFC scores
than the fourth and fifth most significant genes identified
in the Tn and STn screens (Supplementary Table III). The
SigmaFC gene score is calculated by addition of the fold

changes of all sgRNAs multiplied by the number of sgRNAs
that show significant enrichment. The higher SigmaFC scores
for SLC39A9, C1GALT1, and C1GALT1C1 was therefore
primarily due to multiple sgRNAs that significantly induced
Tn or STn-expression. This suggests that under the experi-
mental conditions used, loss of only the 3 identified genes,
and no other genes in the genome, led to induction of Tn
or STn surface-expression. However, it cannot be ruled out
that other genes might be involved in the regulation of trun-
cated O-glycan expression in other cell types than skin ker-
atinocytes. Furthermore, positive gene regulation might be
able to induce Tn or STn as well, which could be assayed
in a future gene activation screen (CRISPRa) or in a CRISPR
knockout screen investigating reduction of Tn/STn-expression
in Tn/STn-positive cancer cell lines. Importantly, knockout
of ZIP9 in HEK293 cells by our colleagues also induced
expression of Tn-antigen, indicating that this effect is not
exclusive to keratinocytes (unpublished data).

ZIP9 encodes a zinc-transporter possessing membrane
androgen receptor activity, and represents the only zinc-
transporter known to function as a hormone receptor
(Matsuura et al. 2009; Thomas et al. 2014, 2018: 9; Converse
and Thomas 2020). The identification of ZIP9 as a regulator
of glycosylation agrees with previous findings utilizing the
subtilase toxin and a CRISPR screen to enrich for cells
deficient in glycosylation (Yamaji et al. 2019). Interestingly,
knockout of ZIP9 induces a glyco-phenotype that to a large
extent resembles glycan structures often found in cancerous
tissue. Most obvious is the increase in surface-expression
of Tn and STn, which we confirm by both MS, lectin and
antibody staining. Tn and STn have been known to be
cancer-associated for 6 decades and are found in a range
of epithelial tumors, but not in healthy tissue or tumors of
nonepithelial origin (Springer 1983, 1984; Stowell et al. 2015;
Cervoni et al. 2020; Rømer et al. 2021). We also observe a
significant increase in global sialylation of N-glycans through
both MS and lectin staining. Both the expression of Tn,
STn, and the more general increased expression of especially
2,6 linked sialic acids on N-linked glycans are known to
induce immune-tolerance through interactions with the C-
type lectin MGL and members of the family of Siglecs (van
Vliet et al. 2006; Crocker et al. 2007; Mathiesen et al. 2018;
Chiodo et al. 2021). Accordingly, increased expression of
Tn and sialylation in tumors has been shown to induce
immune escape, metastasis, and tumor formation (Büll et al.
2014; Ju et al. 2014; Radhakrishnan et al. 2014; Bhide and
Colley 2017). Oligo- mannose and hybrid N-glycans were
also increased, which has previously been reported in e.g.
colorectal cancers (Park et al. 2020; Boyaval et al. 2021).
On the contrary, we also observed a downregulation of tri-
and tetra-anterrary N-glycans, and GSL-profiling revealed a
downregulation of Lewis b/y structures. In some cancers, such
structures are upregulated and known to facilitate metastatic
spread of tumor cells (Mehta et al. 2012; Blanas et al. 2018;
de Vroome et al. 2018; Doherty et al. 2018; Hanzawa et
al. 2022). However, although such branched and elongated
structures are indeed upregulated at certain stages of tumor
development, other structures, such as the identified Tn and
STn O-glycans and the oligo-mannose and hybrid-type N-
linked glycans, may dominate at different stages of tumor
development.

The mechanism by which ZIP9 affects glycosylation is
only explained in part by the findings in this study. The
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Fig. 6. Examination of the involvement of zinc in the expression of truncated O-glycans. a) Immunostaining of N/TERT-1 wildtype (WT) or ZIP9 knockout
cells using the ZinPyr-1 zinc-probe or ER-ID. b) ZipPyr-1 intensity was quantified and calculated in Zen Blue (n = 20–50 cells/group). c) Immunostaining of
N/TERT-1 wildtype (WT) untreated or treated with 100 μM or 125-μM ZnCl2 for CtGalT1 and TGN46. d) Graphic depiction of the percent of Tn-positive
cells, as determined by the intensity of a 5F4 staining using flow cytometry, following treatment with CaCl2, MgCl2, MnCl2, and ZnCl2 divalent cations
at various concentrations. Bars illustrate mean percentage, errorbars illustrate the standard deviation, and statistical significance (Student’s t-test) is
shown where relevant (n = 3). e) Immunostaining of oral squamous cell carcinomas using 5F4 (green) and ZinPyr-1 (magenta) on individual serial
sections. The same area of the 2 serial sections was overlaid using ImageJ.
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effects of ZIP9 on O-glycosylation is partially dependent on
C1GalT1 expression secondary to effects on its chaperone,
COSMC, most likely in a Zn2+ dependent manner (Hanes
et al. 2017). We show that ZIP9 knockout results in the
accumulation of Zn2+ in the secretory pathway. By increasing
the concentration of Zn2+ in the extracellular environment,
we observe an increased expression of Tn in a similar manner
to ZIP9 knockout. Even though increased extracellular Zn2+
might affect the zinc levels of the secretory pathway, the
experiment does not mimic ZIP9 knockout effects exactly, as
we experimentally increase extracellular zinc and not only
the zinc levels in the secretory pathway. However, as we
also observed co-localization of zinc accumulation and Tn-
expression in oral squamous cell carcinomas, there seem
to be an interplay between truncation of O-linked glycans
and Zn2+ levels. Indeed, several studies have shown that
androgen-driven cancer development is driven through ZIP9
dependent processes and that Zn2+ is often dysregulated in
cancer, suggesting that dysregulated Zn2+ homeostasis might
affect cancer progression (Münnich et al. 2016; Bulldan et al.
2018; Aguirre-Portolés et al. 2021). Simultaneous investiga-
tions of ZIP9 function and glycosylation in cancers has, to the
best of our knowledge, not been undertaken.

Our results concur with previous studies by Cummings
et al. showing that the oligomerization and activity of the
C1GalT1’s chaperone COSMC seems to be regulated by
Zinc (Hanes et al. 2017). In agreement with this, we observe
a downregulation of C1GalT1 in ZIP9 knockout cells. Of
note, this downregulation was observed on protein level, not
on mRNA-level, indicating alterations to the regulation of
C1GalT1 translation or stability. Over-expression of COSMC
in ZIP9 knockout cells rescued this phenotype and reduced
expression of the Tn-antigen, indicating that C1GalT1 down-
regulation in ZIP9 knockout cells is dependent on dysfunc-
tional COSMC. COSMC contains a discrete zinc-binding
domain (Hanes et al. 2017), and to test if the domain might
play a role, we overexpressed a COSMC variant harboring a
mutation (E152K) affecting Zn2+-binding (Hanes et al. 2017).
However, no difference between the wild type and mutant con-
structs was found, suggesting that the Zn2+ binding domain is
not at play in this setting, or over-expression overcomes any
reduced activity induced by the E152K mutation. Although
downregulation of C1GalT1 provides an explanation as to
why we see increased expression of Tn and STn on the cell
surface in ZIP9 knockout cells, it does not account for the
complete loss of core 2 structures observed in the cells. Synthe-
sis of core 2 structures is regulated by the genes GCNT1 and
GCNT4, and the expression of both genes was unaltered as
evaluated by RT-qPCR. An alternative and simple explanation
for the loss of core 2 structures would be that downregulation
of the prerequisite precursor, core 1, but to further explain
the complete loss of core 2, protein expression, and the Zn2+
dependency of the core 2 synthases should be investigated in
depth.

The observed increase in hybrid-type N-glycosylation could
be caused by an impairment of mannosidase II function, which
would prevent the hydrolysis of high-mannose structures to
facilitate further modifications of N-glycans. However, pro-
tein expression of MAN2A2 and mRNA levels of MAN2A1
and MAN2A2 were unaffected by the knockout. It is possible
that excess zinc acts on mannosidases via a different mecha-
nism, since zinc-binding sites are situated on the active site
of mannosidase II while the sites on COSMC could be on

dimerization domains (van den Elsen et al. 2001; Kuntz et
al. 2006). An alternative hypothesis is that the increase in
hybrid-type N-glycans might also be an effect of the hyper-
sialylation of these structures, potentially affecting the trim-
ming to complex-type N-glycans. Regarding the mechanism
of altered sialylation, androgen-signaling has been shown to
affect sialylation in cancer and previous studies have shown
that ZIP9 acts as an androgen receptor (Julien et al. 2011),
suggesting a potential link between steroid signaling and sialy-
lation through ZIP9. The significant increase in Sec23b could
indicate an upregulation in anterograde vesicular transport
in the ZIP9 knockout cells, which could suggest a change
in the transport of the secretory pathway that may affect
the processing of glycans and presentation of glycoproteins
or GSLs. In line with this, it has been suggested that re-
localization of initiating GALNT enzymes is involved in aber-
rant O-glycosylation in cancer (Gill et al. 2010, 2011; Bard
and Chia 2016), and it could therefore be speculated whether
the global change in glycosylation observed in our study could
be the result of re-localization of select glycosyltransferases.
However, knockout of ZIP9 does not affect the general mor-
phology, and the mechanism by which ZIP9 affect core 2 O-
glycosylation and N-glycosylation remains uncovered.

Limitations of the study included the fact that a total of
0.05% of the cells in the first FACS were positive for Tn
and/or STn, suggesting that an upwards of 10 gene knockouts
should have resulted in expression of truncated O-glycans
(of which we identify only 3). However, it has previously
been shown that cells deficient in elongated O-glycans exhibit
increased proliferation rates and these cells could therefore be
over-represented in the library-transduced cell pool prior to
FACS (Radhakrishnan et al. 2014). Furthermore, the massive
subsampling of the library and continued passaging could
potentially increase the risk of sporadic enrichment of indi-
vidual sgRNAs. However, only SLC39A9 (ZIP9), C1GALT1
(C1GalT1), and C1GALT1C1 (COSMC) were targeted by
more than one sgRNA. Considering the large differences in
SigmaFC scores between the identified targets and the next-
best targets, we do not consider the strong sampling as a
critical issue.

In conclusion, our study is the first unbiased, positive-
selection whole-genome CRISPR screen to investigate genes
specifically linked to Tn- and STn-expression. We identify
knockout of SLC39A9 (ZIP9), C1GALT1 (C1GalT1), and
C1GALT1C1 (COSMC) to selectively induce expression of
truncated O-glycans. Disruption of ZIP9 results in expression
of Tn and STn O-glycans, obliteration of core 2 O-glycans,
downregulation of C1GalT1, increased N-glycan sialylation,
and downregulation of multi-antennary N-glycans. Secretory
pathway morphology is not strongly affected, but shows
accumulation of Zn2+ in ZIP9 knockout. Furthermore, we
show that Zn2+ induces Tn-expression in vitro and that Zn2+
accumulation coincides with Tn-expression in tumor tissue.
Taken together, these findings show that dysregulation of
ZIP9 and Zn2+ induce cancer-like glycosylation on the cell
surface and suggest that the effect on O-glycans is mediated
by a downregulation of COSMC.

Materials and methods

Cell culture

HaCaT cells were grown in Dulbecco’s modified Eagle
medium (DMEM; Gibco, Thermo Fischer Scientific)
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supplemented with 10% (vol/vol) heat-inactivated FCS
(HyClone), 100-IU/mL penicillin, and 100-μg/mL strepto-
mycin (Gibco, Thermo Fischer Scientific). HEK293T cells
were grown in DMEM supplemented with 10% (vol/vol)
heat-inactivated fetal bovine serum (FBS; Sigma Aldrich).

N/TERT-1 immortalized keratinocytes (Obtained from JG
Rheinwalds lab, Harvard Institute of Medicine, Brigham &
Womens Hospital) were cultured in keratinocyte serum-free
medium (Gibco, Thermo Fischer Scientific) with 1.25-mg
bovine pituitary extract per 500-mL medium (Gibco, Thermo
Fischer Scientific), 0.2-ng/mL epidermal growth factor (EGF;
Thermo Fischer Scientific), and CaCl2 (Sigma Aldrich) to a
final Ca2+ concentration of 0.3 mmol/L.

Generation of HaCaT cell lines with constitutive
Cas9 expression

Lentiviral vectors were produced in HEK293T cells seeded
72 h prior to transfection at 1 × 105/well density in a 6
well plate and grown until 80–90% confluency. Prior to
transfection, HEK293T was grown in DMEM containing
10% FBS without antibiotics. The transfection agent
polyethylenimine (PEI; Sigma Aldrich) was prepared at
1 mg/mL as described by the manufacturer. For transfection,
200-μL OPTI-MEM (Gibco, Thermo Fischer Scientific), 8 μL
of PEI-stock-solution (1 mg/mL), 0.8-μg lenti-Cas9-Blast
(Addgene #52,962), 0.6-μg pCMV-VSV-G (Addgene #8,452),
and 0.6-μg psPAX2 (Addgene #12,260) were mixed and
incubated for 10 min at room-temperature before added to the
adherent HEK293T cells. After 24 h, the transfection medium
was replaced by DMEM containing HyClone FCS for HaCaT
transduction. Virus-containing supernatant was collected 48 h
post-transfection, i.e. when virus had accumulated for 24 h
after media change, filtered (0.45 μm) and mixed 1:1 with
HyClone FBS containing DMEM and 1:1,000 Polybrene
(Sigma Aldrich). HaCaT cells were transduced using 1:1
of medium and virus-containing media overnight. Selection
started 48–96 h after transduction, with 5-μg/mL blasticidin
S (Gibco, Thermo Fishcer Scientific) for 2 × 4 days including
biweekly cell passaging. Cells were harvested and seeded at a
concentration of 1 cell/well in 96 well plates. After doubling
to sufficient confluency cells were harvested, split 2× into
6 well plates and one well was transduced with a lentiviral
preparation of lentiGuide-puro expressing a sgRNA targeting
MS4A1 (CD20; Thomsen et al. 2020). The indel formation
at the targeted site was evaluated by IDAA, as described
previously (Lonowski et al. 2017). Several cells showed Cas9
activity, of which the cell line 1B6B was isolated by single cell
passaging and used for further experiments.

Production of lentiviral vectors for CRISPR screen

The CRISPR screen was conducted using the Brunello library,
developed by the Doench laboratory and received through
AddGene as a 2-vector system (Pooled Library #73,178)
(Doench et al. 2016).

The library was amplified in Lucigen Endura electrocompe-
tent Escherichia coli bacteria. 25 μL of bacteria was electropo-
rated with 2 μL of plasmid at voltage of 1,800 V, capacitance
of 10, resistance of 600 ohm and a cuvette gap of 0.1 cm.
Bacteria was incubated in 1 mL of SOC media and incubated
for 1 h at 37 ◦C, spun down at 2,750 RPM for 5 min,
resuspended in 800 μL of SOC media and platted on 20
ampicillin containing agar plates incubated at 37 ◦C for 14 h.

Bacteria was pooled in LB media and subsequently, plasmids
were isolated using MIDI prep (Nucleobond).

1 × 107 HEK293T cells per flask were platted in 20 T175
flasks 1 day prior to transfection. Media was changed 1-h
prior to transfection. For transfection, 48.2 mL of OPTI-
MEM (Gibco, Thermo Fischer Scientific), 1.9 mL of PEI-
stock-solution (1 mg/mL), 193.6 μg of Pooled Brunello
Library plasmids, 193.6 μg of pCMV-VSV-G (Addgene
#8,452), and 193.6 μg of psPAX2 (Addgene #12,260) were
mixed and incubated for 10 min at room-temperature and
2.42 mL of the mix was added to each HEK293T containing
T175 flask. The day after, media was changed. The following
day, media was replaced with 25-mL HyClone FBS containing
DMEM. After 24 h, the media was harvested, filtered
(0.45 μm) and frozen at −80 ◦C.

Lentiviral titer was determined by seeding 3 × 104 HaCaT
cells/well in two 6-well plates. The subsequent day, 10-mL
virus-containing DMEM media with 2 μL of polybrene was
added to HaCaT cells in duplications at dilutions of 1:10,
1:100, 1:10,00, 1:10,000, and 1:100,000 with 2 wells serving
as negative controls. The next day, media was changed and
the following day, selection with 1 μg/mL of puromycin was
initiated for 2 × 3 days. After selection, cells were fixed
with methanol and stained with crystal violet. Colonies were
counted and the titer was determined to 5.8 × 106 CFU/mL.

CRISPR whole-genome knockout screen

8 × 108 HaCaT 1B6B cells were plated in 33 T175 flasks
+2 flasks for control counting 24 h prior to transduction.
One flask was harvested, and cell numbers determined to
ensure proper multiplicity of infection (MOI). Transduction
was performed with 2-mL virus-containing media, 18-mL
DMEM +10% FBS, and 20-μL polybrene per T175 flask,
ensuring transfection at a MOI of 0.25 and a coverage of
500 cells infected per guide in the Brunello library. The
day after transfection, media was changed. The subsequent
day, selection with media containing 1 μg/mL of puromycin
was initiated. Selection was conducted for 2 × 3 days with
biweekly passaging of cells, and complete death of negative
controls was ensured before selection termination. After selec-
tion, cells were harvested by mechanical scraping. 3.6 × 107

cells were spun down and frozen for later DNA extraction
and pre-enrichment analysis. The remaining cells were taken
for sorting by FACS.

Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) protocols were first
optimized on HaCaT WT cells and HaCaT COSMC knock-
out cells, generated as previously described (Radhakrishnan
et al. 2014). HaCaT WT (Tn-negative) and HaCaT COSMC
knockout cells (Tn-positive) were cultured as described,
mechanically scraped and mixed at ratios 1:1,000, 1:10,000,
and 1:100,000 (COSMC:WT). Cells were suspended in 5F4
(HB-Tn, anti-Tn, and IgM) and 3F1 (HB-STn, anti-STn, and
IgG1) antibody-containing supernatant at a density of 107

cells/mL and incubated on a rotating stand for 1 h at 4 ◦C. 5F4
and 3F1 antibodies were produced from hybridoma cells in
our own laboratory and have been thoroughly characterized
(Clausen et al. 1988; Thurnher et al. 1993; Madsen et al.
2013). Cells were then washed 3× using PBS + 1% bovine
serum albumin (BSA). Cells were resuspended in secondary
antibody (Dako-0261) diluted in PBS + 1% BSA at 2 ug/mL
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for 1 h in darkness at 4 ◦C on a rotating stand. Cells were
then washed 3× using PBS + 1% BSA and sorted using a
488-nm filter on a SONY SH800 FACS (Sony). Thresholds
were determined as to ensure sorting in accordance with the
mixed ratio of WT vs. COSMC knockout cells and sorting
was performed in ultra-purity mode. The same experimental
setup and thresholds were used for sorting of cells after
performance of CRISPR whole-genome knockout screen as
described previously. After FACS of CRISPR whole-genome
screened cells, the positive cell population was captured in
15-mL falcon tubes and expanded to a minimum of 4 × 107

cells using cell culture techniques as described previously.
The population was split in 2 equally sized samples. These
samples underwent FACS as described previously, this time
using only the 5F4 or the 3F1 antibody. Cells were expanded
to a minimum of 4 × 107 cells prior to NGS.

NGS and bioinformatic analysis

DNA extraction and polymerase chain reaction (PCR) was
performed as described by Doench et al using primers as
listed (Supplementary Table I; Doench et al. 2016). PCR
was purified using AMPure XP according to manufacturer’s
instruction. The purified product was QC controlled on a Bio-
Analyzer according to manufacturer’s instructions. Sequenc-
ing was performed using Illumina MiSeqV2 with paired-end
sequencing at read length of 250 bp using 5% PhiX as spike-in
control. Sequencing data were analyzed using the PinAPL-Py
software (version 2020/2; Spahn et al. 2017).

Generation of knockout cell lines

Knockout cell lines of ZIP9 were created in both HaCaT and
N/TERT-1 cells using a similar methodology as described in
section “Generation of HaCaT cell line with constitutive Cas9
expression.” However, lenti-Cas9-Blast was replaced by the
LentiCRISPR-V2-puro plasmid (Addgene # 52,961), carrying
Cas9 and gene specific sgRNAs and selection was performed
using puromycin at 1 μg/mL. Guides were cloned and inserted
into the LentiCRISPR-V2 vector as described by Ran et al.
using oligos as listed (TAGC, Copenhagen; Supplementary
Table II; Ran et al. 2013). After transduction and selection,
single clones were obtained by serial dilution in 96 well
plates and KO clones identified by IDAA using ABI3010/3500
sequenator (ABI/Life Technologies) and Sanger sequencing
(GATC, Germany) using primers as listed (Supplementary
Table II) and method described previously (Lonowski et al.
2017). A minimum of 2 were selected for each gene with out-
of-frame indel formation. IDAA results were analyzed using
Peak Scanner Software V1.0 (ABI/Life Technologies).

Immunostaining and microscopy

Cells were cultured on sterile coverslips (Thermo Fischer
Scientific). Cells were fixed with acetone, acetone/methanol,
or 4% paraformaldehyde (PFA), washed and incubated with
primary antibody or PBS as control at 4 ◦C overnight,
washed and incubated with secondary, Alexa Fluor-488
or -594 conjugated antibodies (Invitrogen, Thermo Fischer
Scientific) at room-temperature for 45 min. After washing,
cells were mounted using ProLong Gold Antifade Reagent
with DAPI (Molecular Probes, Thermo Scientific, EU). For
lectin staining, a similar protocol was used—however, primary
incubation was performed for 30 min at room-temperature

at concentrations of 20 μg/mL with biotinylated lectins
(Vector labs) and secondary incubation was performed with
streptavidin-Alexa Fluor 488 conjugate diluted in PBS with
2.5% BSA to 2 μg/mL. To stain intracellular Zn2+, we
incubated live cells with 10 μM of Zinpyr-1 (SantaCruz
Biotech CAS 288574-78-7) and contrasted with ER-ID (Enzo
Life Sciences ENZ-51026-K500) for 20–30 min at 37 ◦C
in serum-free media. Frozen tissue sections were fixated
in ice-cold acetone/methanol for 5 min and stained for
10 min in a 10 μM ZinPyr-1 solution. Excess ZinPyr-1 was
removed and sections were mounted as described earlier.
Cells were then imaged using either standard fluorescence
microscope or high-resolution confocal microscope Zeiss
LSM980.

N-, O-, and GSL-profiling by MS

N/TERT-1 total cell lysate protein and lipid glycans were
released and analyzed by liquid chromatography-tandem
mass spectrometry (LC–MS/MS) as described previously
(Zhang et al. 2020; de Haan et al. 2022). Briefly, N/TERT-1
cells were grown to 80% confluency and the medium was
shifted to 1:1 vol/vol (keratinocyte serum-free medium) K-
SFM/DF-K (DMEM/F12) supplemented with 25-μg/mL BPE,
0.2-ng/mL EGF, and 2-mM l-glutamine (Thermo Scientific).
After cell culture, the cells were washed once with 5-mL
ice-cold PBS and harvested by scraping in 2× 200-μL PBS,
followed by centrifugation for 10 min at 600 × g and removal
of the supernatant. All cell pellets were stored at −80 ◦C until
resuspension in lysis buffer (∼5 × 105 cells/25 μL).

Twenty-five microliter of each sample was loaded on a
PVDF membrane in 96-well plate format and N-glycans were
released using PNGase F, eluted, and dried. Sialic acids were
derivatized by ethyl esterification (α2,6-linked sialic acids)
for 0.5 h at 37 ◦C and subsequent ammonia amidation
(α2,3-linked sialic acids) for 0.5 h at 37 ◦C as described
previously and purified by hydrophilic interaction liquid chro-
matography (HILIC) solid phase extraction (SPE; Selman
et al. 2011; Lageveen-Kammeijer et al. 2019). Fifty micro-
liter 2-AB reagent (500-mM 2-AB, 116-mM PB in 45:45:10
metanol:water:acetic acid) was added and the samples were
incubated 2.5 h at 50 ◦C, the glycans were purified by HILIC
SPE and eluted in 50-μL water. Ten microliter of the eluates
was diluted in 10-μL water for MS analysis.

O-glycans were released from the same samples using 20%
hydroxylamine and 20% 1,8-diazabicyclo(5.4.0)undec-7-ene
for 1 h at 37 ◦C, enriched by hydrazide beads, 2-AB labeled
as described previously and purified by HILIC and porous
graphitic carbon (PGC) SPE. Samples were resolved in 20 μL
water and 2 μL of each sample was injected on a nano-flow
liquid chromatography (nanoLC) analytical column packed
with Reprosil-Pure-AQ C18 phase (Dr. Maisch, 1.9-μm par-
ticle size, 15–17-cm column length) using a PicoFrit Emitter
(New Objectives, 75-μm inner diameter). The emitter was
interfaced to an Orbitrap Fusion Lumos MS (Thermo Fisher
Scientific) via a nanoSpray Flex ion source. Samples were
eluted in an 1-h method with a gradient from 3% to 32% of
solvent B in 35 min, from 32% to 100% B in the next 10 min,
and 100% B for the last 15 min at 200 nL/min (solvent A:
0.1% formic acid in water; solvent B: 0.1% formic acid in
80% ACN). A precursor MS scan (m/z 200–1,700, positive
polarity) was acquired in the Orbitrap at a nominal resolution
of 120,000, followed by Orbitrap HCD-MS/MS at a nominal
resolution of 50,000 of the 10 most abundant precursors
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in the MS spectrum (charge states 1–4). A minimum MS
signal threshold of 30,000 was used to trigger data-dependent
fragmentation events. HCD was performed with an energy
of 27% ± 5%, applying a 20-s dynamic exclusion window.
Extraction of GSL and analysis of GSL-glycan alditols were
performed in triplicate as previously described (Zhang et al.
2020, 2022). In brief, GSLs were extracted and purified from
∼1 × 106 cells. GSL-glycan was enzymatically released by
EGCase I for 36 h at 37 ◦C. The released glycans were
collected and purified by C18 SPE followed by reduction
using 20 μL of sodium borohydride (500 mM) in potassium
hydroxide (50 mM). Subsequently, GSL-glycans were desalted
by cation exchange SPE and further purified by PGC SPE. The
purified glycan alditols were resuspended in 20 μL of water
prior to PGC nano-LC–ESI–MS/MS analysis in negative-ion
mode. MS spectra were acquired within an m/z range of 340–
1,850 for GSL-glycans in enhanced mode using smart param-
eter setting (SPS) was set to m/z 900. Glycan structures were
assigned on the basis of the known MS/MS fragmentation
patterns in negative-ion mode (Anugraham et al. 2015; Zhang
et al. 2020, 2022), elution order, and general glycobiological
knowledge. Data analyses and structural annotation were
performed as described previously (de Haan et al. 2022). N-,
O-, and GSL-glycans were relatively quantified separately, by
total area normalization. Derived traits were calculated based
on specific glycosylation features, including fucosylation, sia-
lylation, glycan type, and antennarity for N-glycans, whereas
for O-GalNAc glycans the relative abundance of the different
cores was determined.

RT-qPCR

RNA was isolated from cell pellets using the RNeasy Micro
kit (QIAGEN) according to manufacturer’s instructions,
followed by reverse transcription using the Maxima First
Strand cDNA Synthesis Kit (Thermo Scientific), loading 1-μg
RNA/sample. Relevant primers, cDNA and LightCycler 480
SYBR Green I Master (Roche) was mixed and quantitative
PCR was performed using a 2-step protocol with a 60 ◦C, 1-
min annealing-elongation step and a 95 ◦C, 30-s denaturation
step in 40 cycles on a LightCycler 480 instrument (Roche). Cp
values were extracted using the Absolute quantification/2nd
derivative max method. All samples were evaluated in 2
technical replicates, and the average of these used to analyze
the data according to the ��Cp method.
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