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Choleratoxin (CT) is the etiological agent of cholera. Here we report that
multiple classes of fucosylated glycoconjugates function in CT binding
and intoxication of intestinal epithelial cells. In Colo205 cells, knockout
(KO) of B3GNTS, which encodes an enzyme required for synthesis of lacto
and neolacto series glycosphingolipids (GSLs), reduces CT binding but
sensitizes cells to intoxication. Overexpressing B3GNTS5 to generate more
fucosylated GSLs confers protection against intoxication, indicating that
fucosylated GSLs act as decoy receptors for CT. KO of B3GALTS causes
increased production of fucosylated O-linked and N-linked glycoproteins
and leads toincreased CT binding and intoxication. KO of B3GNTSin
B3GALTS5-KO cells eliminates production of fucosylated GSLs butincreases
intoxication, identifying fucosylated glycoproteins as functional receptors
for CT. These findings provide insight into the molecular determinants
regulating CT sensitivity of host cells.

Choleraisadiarrheal disease caused by the bacterium Vibrio cholerae'.
Choleratoxin (CT)is an AB;protein toxin produced by V. choleraethat
is the major virulence factor contributing to the disease. AB; family
toxins have a single catalytic A subunit and five copies of the cell-
surface-binding B subunit (CTB). The CT holotoxin binds to the surface
of epithelial cells in the small intestine through the CTB and is subse-
quently internalized and retrograde transported through the Golgi
to the endoplasmic reticulum (ER). The catalytic A subunit can then
dissociate and translocate into the cytoplasm where it ADP-ribosylates
Gas, ultimately leading to ion dysregulation and massive release of
fluid into the intestinal lumen?. Although diarrheal symptoms can be
effectively treated with intravenous fluids or oral rehydration therapy,
many fatalities still occur because of difficulties accessing treatment.

Studiesinthe1970s identified a brain ganglioside, GM1, as a high
affinity receptor for CT*> %, The interaction between CTB and the GM1
glycanhasbeen structurally characterized”'® and the affinity depends
mainly on the terminal Gal and Neu5Ac (sialic acid) residues, which
are recognized in the canonical binding pocket". Although GM1 is an
effectivereceptor for CTin cell culture, disruption of GM1biosynthesis
in B4galnti-knockout (KO) mice does not resultinreduced CT intoxica-
tion relative to wild-type (WT) mice'?. Furthermore, GM1expressionin
human smallintestine epithelial tissue is low®". In V. choleraeinfection,
additional GM1 may be produced through the action of V. cholerae
neuraminidase®". However, B4gaint1-KO mouse intoxication occurred
in the absence of V. cholerae neuraminidase, indicating that other
receptor classes can functionin CT intoxication.
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Fig.1| CRISPR screen for factors influencing CTB binding to Colo205 cells
identifies GSL biosynthetic pathway genes. a, Schematic of genome-wide
CRISPR KO screen for mediators of CTB binding to Colo205 intestinal epithelial
cells using FACS to collect populations with low versus high CTB binding. b, Top
sgRNA gene targets (unadjusted P value =107°) enriched in the populations with
low (left) and high (right) CTB binding relative to the unsorted input population
of CRISPRKO library-expressing cells. The y axis shows unadjusted Pvalues from
aone-sided test for positive selection using the MAGeCK robust rank aggregation
algorithm. ¢, Schematic of lacto and neolacto GSL biosynthetic pathway, which
includes a top enriched sgRNA gene target of populations with both low and high
CTBbinding.d, GlycoEnzoOnto analysis results identify glycosylation pathways

Normalized enrichment score

significantly enriched (Fisher’s exact test) in the populations screened with low
(top) and high (bottom) CTB binding. Dark-blue bars indicate an unadjusted
Pvalue < 2.2 x107%, Light-blue bars indicate an unadjusted Pvalue < 0.05. The
exact Pvalues from most to least significant are as follows: 0.00235 and 0.0044
for glucosylceramide biosynthetic and nucleotide sugar transport pathwaysin
the population with low CTB binding; 0.01218 and 0.0431 for the same pathways
enriched in the population with high CTB binding; 0.04738 and 0.05 for the GSL
lysosomal degradation and glycan capping structure biosynthetic pathways
enriched in the population with high CTB binding. Created with BioRender.com.
biosynth., biosynthetic pathway.

Fucosylated glycoconjugates have also beenimplicated as possible
receptors for CT. Epidemiological studies have shown that the sever-
ity of cholera symptoms is increased in individuals with the O blood
type”°. The ABO blood types are defined by the expression of distinct,
fucosylated antigens on the surface of the intestinal epithelium in
additiontoredblood cells. CT candirectly bind ABO blood group anti-
gens and the related Lewis antigens, which are also fucosylated>* .
Structural characterization of CTB revealed a second glycan-binding
pocket distinct from the canonical GM1-binding pocket*”. Fucosylated
glycans arerecognized in this noncanonical binding pocket. Although
the affinity of CTB for fucosylated glycans is orders of magnitude lower
than for GM1 (refs. 21,25), fucosylated glycoconjugates are abundant on
the humansmallintestine epithelial cell surface?. Serendipitously, we
found that CTB can bind to fucosylated glycoproteins from intestinal
epithelial cell lines and that global reduction of fucosylation reduces
CT binding and intoxication®. Nevertheless, the molecular details
of fucosylated structures that regulate host cell intoxication remain
incompletely defined.

Here, we report that two distinct classes of fucosylated glyco-
conjugates regulate CT activity in Colo205 cells. We find that -1
,3-N-acetylglucosaminyltransferase 5 (B3GNT5)-dependent, fuco-
sylated glycosphingolipids (GSLs) act as decoy receptors for CT. Addi-
tionally, we observe that disruption of 3-1,3-galactosyltransferase
5 (B3GALTS) activity results in increased production of fucosylated
glycoproteins and promotes CT intoxication. Our data are consist-
ent withamodel in which the relative expression of fucosylated GSLs
and fucosylated glycoproteins controls the extent of CT sensitivity in
Colo205cells.

Results

GSL biosynthetic genes affect CTB binding to Colo205 cells

We executed a genome-wide clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9 KO screen to provide unbiased
insight into glycoconjugates important for CTB binding to intestinal
epithelial cells (Fig. 1a). Because our goal was to identify cell surface
receptors for CTB, it was critical to avoid protease-based methods of
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cell detachment. Therefore, we selected Colo205 cells (a colorectal
cancer cell line that we used previously in studies of CT) as most suit-
able for our screening approach because of their sensitivity to EDTA
asadissociationreagent. We used fluorescence-activated cell sorting
(FACS) to collect cells with altered CTB binding. We collected cells
with the lowest 1% of fluorescence signal and cells with the highest 1%
of fluorescence signal.

In the population with low CTB binding, three genes (B3GNTS,
SLC35C1 and TMEM165) were significantly enriched relative to the
input control (P<107) (Fig. 1b, left). All three have clear links to gly-
cosylation. This is consistent with CTB binding to cell surface glyco-
conjugates, which is well-documented®”'>?>?72°33_ §] C35Cl is a gene
thatencodes the GDP-fucose transporter**. Work from our group and
others has established that cell surface fucosylation has arole in CT
binding and intoxication and CTB has been shown to bind directly
to fucosylated glycans'>?2**272%31 Mutations in enriched gene tar-
get TMEM165 cause a human congenital disorder of glycosylation
characterized by pleiotropic glycosylation abnormalities®. B3GNTS
encodes an N-acetylglucosaminyltransferase that catalyzes addition
of N-acetylglucosamine (GIcNAc) in a B1-3 linkage to galactose (Gal).
The preferred substrate onto which B3GNT5 adds GIcNAc is the GSL
lactosylceramide (GalB1-4Glc-ceramide)®. The resulting GSL, Lc3
(GIcNAcP1-3GalB1-4Glc-ceramide) is the core structure from which
all other lacto and neolacto series GSLs are generated.

In the population with high CTB binding, 17 genes were signifi-
cantly enriched (P <107%) (Fig. 1b, right). B3GALTS, which encodes a
B1-3-galactosyltransferase that catalyzes the addition of Gal onto Glc-
NAc, wasamong the gene targets with highest enrichment in this popu-
lation®. B3GALTS is annotated to function in concert with B3GNTS in
the biosynthesis of lacto series GSLs (Fig. 1¢c)***” and is highly expressed
in Colo205 cells*’. We also analyzed the CRISPR screening results using
GlycoEnzoOnto ontology analysis for pathway identification (Fig. 1d)*.
Multiple glycosylation pathways were significantly enriched (P < 0.05),
including the nucleotide sugar transport and glucosylceramide bio-
synthesis pathways, which were enriched in both populations. The
related pathways of GSL lysosomal degradation and glycolipid core
biosynthesis were enriched in the populations with high and the low
CTBbinding, respectively.

Both the top hit from the population with high CTB binding
(B3GALTS) and the top hit from the population with low CTB bind-
ing (B3GNTS) encode enzymes that have been shown to act on GSLs.
Specifically, B3GNTS5 catalyzes the formation of Lc3, which can serve
as a substrate for B3GALTS5 to produce lactotetraosylceramide (Lc4,
GalB1-3GIcNAcPB1-3GalB1-4Glc-ceramide) (Fig. 1c). Alternately, Lc3
can be used as a substrate by B4GALTs to generate neolactotetrao-
sylceramide (nLc4, Galp1-4GIlcNAcB1-3GalB1-4Glc-ceramide). To
explore therole of GSLs, we used CRISPR-Cas9 to knock out B3GALTS
and B3GNTS individually in Colo205 cells. We obtained two distinct
monoclonal populations for each KO cell line (KO mland KO m2).

Increased CT binding and intoxicationin B3GALTS5-KO cells
Because B3GALTS5 catalyzes Lc4 biosynthesis (Fig. 1c), we stained
KO cells with antibodies specific for Lewis a (Le?; Galp1-3(Fucal-4)
GIcNAc-R), afucosylated structure that can be displayed on lacto series
GSLs. Le*was completely lost from the surface of B3GALT5-KO cells and
restored to control levels by stable overexpression (OE) of CRISPR-
Cas9-resistant B3GALTS (B3GALT5-KO + OE) (Extended Data Fig. 1a).
Conversely, B3GALT5-KO cells displayed increased expression of Lewis
x (Le*; GalpB1-4[Fucal-3]GIcNAc-R), a fucosylated structure that can
bedisplayed onneolacto series GSLs. Furthermore, B3GALTS-KO + OE
cells showed reduced expression of Le* as compared to control cells
(Extended Data Fig. 1b). These results show that B3GALTS5 controls
expression of lacto-N-biose (LNB; Gal1-3GIcNAc-R) glycans with
inverse effects on expression of N-acetyllactosamine (LacNAc; Galp1-
4GlcNAc-R) glycans, consistent with prior work®**’,

Both B3GALTS5-KO m1 and B3GALTS-KO m2 cells exhibited
increased CTB binding relative to a scramble single guide RNA
(sgRNA)-expressing population, as predicted by the CRISPR screen-
ing results (Fig. 2a). The increase in CTB binding to B3GALTS5-KO cells
was apparent atarange of CTB concentrations (Extended DataFig. 1c)
and OE of B3GALTS (B3GALTS-KO + OE) reverted CTB binding to below
that of the scramble control cells (Fig. 2a). To see whether increased
CTBbinding to B3GALT5-KO cells had animpact on toxin function, we
assayed toxin internalization in these cells. We treated cells with bio-
tin-CTB complexed with streptavidin-saporin (CTB-saporin). Saporin
is a cell-impermeable, ribosome-inactivating toxin*>*’, Therefore,
only active internalization of CTB-saporin can cause saporin-induced
toxicity. CTB-saporin treatment caused alarger decrease in cell viabil-
ity in both B3GALT5-KO m1 and B3GALT5-KO m2 cells as compared to
control cells (Extended Data Fig. 1d). Because decreased cell viability
is indicative of increased CTB-saporin internalization, this result is
consistent with increased CTB binding to functional receptors on
B3GALTS5-KO cells. Cell viability was restored to control cell levels in
B3GALTS5-KO + OE cells. Importantly, treatment of all cell lines with
unconjugated saporin resulted in minimal cell death, indicating that
B3GALTS-KO cell susceptibility to CTB-saporin is not a result of non-
specific toxin internalization (Extended DataFig. 1e).

To further assess the impact of differential CTB binding and
internalization on toxin function, we measured intoxication by CT.
Consistent with the binding and internalization results, both B3GALTS-
KO clones were more sensitive to CT, as evidenced by increased cyclic
adenosine monophosphate (CAMP) accumulation relative to control
cells (Fig. 2b). Thisincrease was partially reversed in B3GALT5-KO + OE
cells. To evaluate whether the observed cAMP accumulation was
because of CT intoxication through the canonical pathway, we pre-
treated cells with brefeldin A (BFA), an antiviral agent that disrupts
proteintransport between the ER and Golgi, and thenadded CT.Forall
celllines, CT-induced cAMP accumulation was reduced to basal levels
(Extended DataFig. If), indicating that afunctional secretory pathway is
required for CT-induced cAMP accumulation. Incubation of all cell lines
with forskolin, asmall-molecule activator of adenylyl cyclase, resulted
in similar levels of cAMP accumulation (Extended Data Fig. 1g). This
result demonstrated that the genetic KOs do not perturb cAMP signal-
ing. We conclude that the observed differencesin cAMP accumulation
arebecause of differences in CT receptor expression onthe cell surface.

Reduced binding but higher intoxication in B3GNTS5-KO cells
InB3GNT5-KO cells, we observed adecreasein CTB binding, as predicted
by the CRISPR screening results (Fig. 2¢). The decrease in CTB bind-
ing to B3GNTS-KO cells was dose-dependent (Extended Data Fig. 2a).
Stably overexpressing CRISPR-Cas9-resistant B3GNTSin B3GNTS5-KO
cells (B3GNT5-KO + OE cells) reverted CTB binding to above that of
control cells (Fig. 2c). Because B3GNT5is required for the biosynthesis
ofboth lacto and neolacto series GSLs (Fig. 1c), we hypothesized that
Le® and Le* expression would be reduced in B3GNT5-KO cells. Indeed,
Le*expression was significantly decreased inboth B3GNT5-KO cell lines
(Extended Data Fig. 2b). However, there was no significant differencein
anti-Le® staining among these cell lines (Extended Data Fig. 2c). Because
B3GNT5-KO cells should not produce lacto series GSLs, this result sug-
gested that most Le® in Colo20S5 cells is displayed on glycoconjugates
other thanlacto series GSLs.

We assayed toxin internalization by treating cells with CTB-
saporin. Although the differences were small, the effects on CTBinter-
nalization were consistent with the effects on CTB binding (Extended
DataFig.2d,e). Next, we measured intoxication by CT. Both B3GNT5-KO
cell lines were sensitized to CT relative to control cells (Fig. 2d and
Extended Data Fig. 2f,g). This result was unexpected, as binding of CTB
tothe B3GNT5-KO cells was significantly decreased relative to control
cells. Conversely, B3GNT5-KO + OE cells exhibited almost no cAMP
accumulation upon incubation with CT, even though CTB binding
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Fig. 2| KO of B3GALTS and B3GNTS5results in increased sensitivity to CT.

a,c,e, Representative histograms from the flow cytometry analyses of cell surface
binding of CTB (1 mg mI™) to control, KO, KO + OE and dKO cell lines. Bar graphs
show quantification of geometric mean fluorescence index (gMFI) from three
independent trials, normalized to the maximum APC signal in reference cells.
Error bars indicate the mean + s.d. Statistical analyses were performed by one-
way analysis of variance (ANOVA) with Tukey correction. Adjusted Pvalues are as
follows: 0.0004 and 0.0043 for comparisons of control versus B3GALT5-KO m2
and m1cells; 0.0004 and 0.0043 for B3GALTS-KO + OE cells versus B3GALT5-KO
m2and micells (a); 0.0069 and 0.0031 for control versus B3GNT5-KO m2 and m1
cells; 0.0064 for control versus B3GNTS5-KO + OE cells (c); 0.0003 and 0.0048 for
comparisons of B3GALTS + B3GNTS-dKO versus control and B3GALTS-KO m1 cells,
respectively (e). Vertical dashed linesina, cand e indicate the gMFI of the CTB-
treated scramble control population. Horizontal dashed lines ina and cindicate
the normalized gMFI of the CTB-treated wild-type cell population. Horizontal
dashedlinein eindicates the normalized gMFI of the CTB-treated scramble

[ B3GALT5-KO [l B3GNT5-KO M B3GALT5 + B3GNT5-dKO

control population. b,d,f, Control, KO, KO + OE and dKO cell lines were incubated
for 1.5 hwith cholera holotoxin. Accumulation of cAMP was measured using the
cAMP-Glo Max assay. The total number of plated cells was measured using the
Cell Titer-Glo 2.0 assay. Data shown are inverse cAMP values normalized first to
the total number of cells plated for each cell line, then to the maximum signal in
control cells. Each data point is abiological replicate consisting of three averaged
technical replicates. Error bars indicate the mean + s.d. of four biological
replicates. Statistical analyses were performed by two-way ANOVA with Tukey
correction. ***P (adjusted) < 0.0001. The remaining P values are as follows:
0.0229 for control versus B3GALTS-KO + OE cells and 0.0028 for B3GALTS-KO m2
versus B3GALTS-KO m1cells (b); 0.0019 for B3GNT5-KO m2 versus B3GNTS5-KO m1
cells (d); 0.0005 for control versus B3GALTS5-KO m1 cells (f). Horizontal dashed
linesinb, d and findicate the normalized cAMP accumulation of CT-treated
scramble control cells. Asterisks indicate significance as follows: *P < 0.05;
**P<0.01;**P<0.001.
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and internalization were increased in these cells. Thus, the extent
of intoxication by CT does not directly correlate with the amount of
CTBbinding, suggesting that not all CTB-binding molecules are func-
tional receptors.

B3GALT5-KO effects are partiallyindependent of B3GNTS
Because B3GNTS5-KO cells exhibited increased intoxication despite
decreased CTBbinding, thisimplied the existence of decoy receptors
whose expression is controlled by B3GNTS. In contrast, B3GALTS-KO
cells exhibited both increased CTB binding and intoxication, which
implied the existence of functional receptors. Thus, we hypothesized
that more than one class of CTB-binding glycoconjugates exist in
Colo205 cells. Todirectly test the role of lacto and neolacto series GSL
biosynthesisin B3GALT5-KO cells, we used CRISPR-Cas9 to knock out
B3GNT5inthe B3GALTS-KO mlcellline (B3GALTS + B3GNTS-double (d)
KO). Amonoclonal population of B3GALTS + B3GNT5-dKO cells exhib-
ited decreased CTB binding relative to the parental B3GALT5-KO m1
cell line (Fig. 2e). However, binding was still significantly higher than
in control and B3GNT5-KO ml1 cells. Furthermore, Le* expression in
B3GALTS + B3GNTS-dKO cells was not significantly decreased relative
to the parental B3GALTS5-KO ml population (Extended Data Fig. 3a).
Together, these results confirmed that increased Le* expression and
increased CTB binding of B3GALTS5-KO cells were independent of the
lacto and neolacto series GSL biosynthetic pathway.

We also assayed toxin internalization and intoxication in the
B3GALTS + B3GNTS-dKO cells. The B3GALTS + B3GNT5-dKO and
B3GALTS-KO cells were indistinguishable in the internalization analy-
sis (Extended Data Fig. 3b,c) but differences were observed in the
intoxication assay. Strikingly, B3GALTS + B3GNT5-dKO cells exhibited
increased cAMP signal upon treatment with CT, even relative to the
sensitized B3GALT5-KO ml parental cell line (Fig. 2f and Extended Data
Fig.3d,e). Although the B3GALT5-KO and B3GALTS + B3GNT5-dKO cells
did not exhibit measurable differences in the internalization assay,
these intoxication data support our proposal that B3GALT5-KO cells
produce functional receptors for CT while B3GNT5-KO cells lose pro-
duction of decoy receptors for CT.

GSLs actas decoy receptors for CT

Because loss of BABGNTS5 activity sensitized cells to CT, we considered
the possibility that B3GNT5-KO might shunt precursor GSLs to the bio-
synthesis of other GSLs such as GM1. We, therefore, assessed the GSL
composition of B3GNT5-KO, B3GALT5-KO and control cells by nanoelec-
trospray ionization tandem mass spectrometry (nESI-MS/MS) (Fig. 3a
and Extended Data Fig. 4a-c). While GM1was not detected in any of the
cell lines, control cells expressed extended, fucosylated GSLs, which
were identified by accurate mass and MS/MS fragmentation analysis
(Extended DataFig. 4d).

Because GM1 was not detected in B3GALTS-KO cells, we hypoth-
esized that these cells might display increased CTB binding because
of altered protein glycosylation. To test this, we performed lectin blot
analysis of lysates, probing with biotin—-CTB. We observed increased
CTB recognition of multiple species with high (>50 kDa) and low
(<37 kDa) apparent molecular weight (MW) in B3GALT5-KO m1 and
m2 cell lysates as compared to control cell lysates (Fig. 3b). These
bands were not observed in B3GALTS5-KO + OE rescue cell lysates or in
those of B3GNT5-KO cell lines. Only one band (-10 kDa apparent MW)
was recognized by CTB in lysates of BBGNT5-KO + OE cells. Because
these cells were significantly protected against CT intoxication while
B3GNTS5-KO cells were sensitized to intoxication, we hypothesized
that this band might consist of decoy receptors for CT synthesized by
B3GNTS5. Thelow apparent MW (~10 kDa) of the band indicated that the
putative decoy receptor might be a GSL. We therefore treated lysates
with proteinase K or endoglycoceramidase (EGCase) before lectin
blot analysis. Proteinase K is a nonspecific protease that digests all
proteins, while EGCaseis an enzyme that cleaves the glycan headgroup

from GSLs. We also included B3GALTS-KO cells in this analysis because
additional species with a low apparent MW (-20 kDa) were detected
in these lysates. Indeed, both bands with low apparent MW (10 and
20 kDa) recognized by CTB were sensitive to EGCase but not to pro-
teinase K, confirming that these are indeed GSLs (Fig. 3¢). To validate
our method, we made use of GM1, a GSL that is also a known receptor
of CTB*7”*°, Purified GM1 was readily detected by CTB lectin blot and
treatment with EGCase completely abrogated detection (Extended
DataFig.5a). Importantly, GM1 migrated at alower apparent MW than
the species detected in Colo205 cell lysates.

To assess whether GSLs function as decoy receptors for CT,
we treated cells with P4, an inhibitor of GSL biosynthesis**. We per-
formed lectin blot analysis to ensure the specific GSLs of interest were
decreased. Asexpected, cellstreated with P4 displayed reduced expres-
sion of the GSLs with low MW (-10 and ~20 kDa) (Fig. 3d and Extended
DataFig. 5b). We then measured the intoxication of P4-treated cells by
measuring cAMP accumulation. P4 treatment of B3GALT5-KO cells did
not have asignificantimpact onintoxication (Extended DataFig. 5c-e).
However, B3GNT5-KO + OE cells were no longer protected against CT,
as seen by cCAMP accumulation returning to levels similar to those of
control cells (Fig. 3e and Extended Data Fig. 5f,g). This result is con-
sistent with the hypothesis that the ~10-kDa GSL species present in
B3GNTS5-KO + OE cells is a decoy receptor.

We used MS to gain insight into the molecular identity of this
putative decoy receptor. Analysis of intact GSLs from B3GNT5-KO + OE
cells by nESI-MS/MS was not sufficiently sensitive; thus, glycans were
released with EGCase, labeled with procainamide and analyzed by MS
with hydrophilicinteraction liquid chromatography and fluorescence
(HILIC-FL) separation. This analysis identified several neutral glycans
present in B3GNTS5-KO + OE cells that were absent from B3GALT5-KO
cells (Extended Data Fig. 6a). On the basis of this result, we isolated
neutral GSLs from the B3GNT5-KO + OE cells. The neutral GSL mixture
was treated with EGCase, and then liquid chromatography (LC)-ESI-MS
was used to characterize the released oligosaccharides (Extended Data
Fig. 6b). A variety of fucosylated GSLs were detected including large
structures with up to three fucose residues (Extended Data Fig. 6¢).
To test whether these GSLs could function as decoy receptors, we
added themto B3GALTS + B3GNT5-dKO cells and measured theimpact
on CT-induced cAMP accumulation. The cells were protected from
CT-induced cAMP accumulation in a dose-dependent manner (Fig. 3f
and Extended DataFig. 6d,e), consistent with our proposal that these
GSLs are decoy receptors. To assess whether our method allowed
for GSL incorporation in the plasma membrane, we added GML1 to
the B3GALTS + B3GNT5-dKO cells and showed that the cells became
more susceptibleto CT-induced cAMP accumulation. As an additional
control, cells were treated with acommercial mixture of neutral, non-
fucosylated glycolipids, resulting in no impact on CT-induced cAMP
accumulation. Of note, the commercial neutral glycolipid mixture
included Gb3 and Gb4, whichwere detected in the MS analysis of GSLs
from B3GNT5-KO + OE cells. Thus, these results implicate fucosylated
GSLs as decoy receptors for CT.

Fucosylationis required for intoxication of B3GALT5-KO cells

Because B3GALTS + B3GNTS5-dKO cells were more sensitized to CT
thanother celllines (Fig. 2f), we hypothesized that they produce func-
tional CT receptors. Lectin blot analysis revealed that B3GALT5-KO
results inincreased production of glycoproteins that are recognized
by CTB (Fig. 3b). We therefore used MS to assess the N-linked and
O-linked glycan composition on proteins isolated in triplicate from
B3GALTS5-KO or control cells by LC-MS/MS. Both N-linked and O-linked
glycans extracted from B3GALT5-KO cells were larger than those from
control cells (Fig. 4 and Extended Data Figs. 7a and 8a). Glycans from
B3GALTS-KO cells were also more highly fucosylated. N-linked glycan
structures with multiple fucose residues were detected (Extended
Data Fig. 7b) and N-linked glycans with two or more fucose residues
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replicates. d,e, Control and B3GNT5-KO + OE cells were treated with P4 inhibitor
of GSL biosynthesis for 72 h. Treated cells were lysed and subjected to lectin blot
analysis with CTB-biotin (d) orincubated for 1.5 h with CT (1 nM; e) for analysis
of cAMP accumulation. The lectin blot shown is a single representative trial of
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with neutral GSLs extracted from B3GNT5-KO + OE cells, acommercial mixture

of neutral GSLs, or purified GM1 and then treated with CT (0.25 nM) for analysis

of cAMP accumulation. cAMP accumulation data are inverse luminescence

values normalized to the total number of cells then to the maximum signalin
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(f) averaged technical replicates. Error bars indicate the mean + s.d. of four (e) or
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were enriched in B3GALT5-KO cells (Extended Data Fig. 7c). Even more
dramatic differences were detected for O-GalNAc glycans. The monofu-
cosylated, singly extended core 2 O-glycan (GalB(1-3/4)(Fucal-2/3/4)
GIcNAcPB(1-6)(GalB(1-3))GalNAcaSer/Thr) was the only fucosylated
O-glycandetectedin control cellswhereasin B3GALT5-KO cells, an abun-
dance of large, multiply extended core 2 glycans displaying multiple
fucose residues were detected (Fig. 4a and Extended Data Fig. 8a-c).
Thus, B3GALT5-KO cells are enriched in the expression of fucosylated
glycoproteins.

We were surprised to observe the dramatic difference in O-linked
glycan structure in control versus B3GALTS5-KO cells, including the

striking observation that the control cells have high levels of the
tumor-associated Tnand T antigens. This result suggests that the high
level of B3GALTS5 in Colo205 cells* shapes the glycome in a way that
protects cells from CT. To investigate whether the catalytic activity of
B3GALTS5 was required for protection of cells from CT, we expressed
inactive B3GALTS5 in the B3GALT5-KO cells (B3GALT5-KO + mut OE).
While WT B3GALT5 rescued CTB binding and CT intoxication, expres-
sion of inactive B3GALTS5 had no effect on CTB binding as measured by
flow cytometry and no significant effect on CT-induced cAMP accumu-
lation (Fig. 4b,c and Extended Data Fig. 8d,e). These results indicate
that the catalytic activity of B3GALTS is required for its protective
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cAMP accumulation upon CT (0.5 nM) intoxication (c). Error bars indicate the
mean + s.d. Statistical analyses were performed by one-way (b) or two-way

(c) ANOVA with Tukey correction. ***P (adjusted) < 0.0001. The adjusted P value
for B3GALT5-KO m1 cells versus B3GALT5-KO + WT OE cells is 0.0002. Vertical and
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CTB-treated scramble control population, respectively. Horizontal dashed line
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cells. Asterisks indicate significance as follows: ***P < 0.001.

effects on CTB binding and CT intoxication but the exact mechanism
remains undefined.

To assess the role of fucosylation, we used CTB mutants that have
apoint substitution in either of the glycan-binding pockets (Fig. 5a)*.
The W88K point substitutionin the canonical binding pocket abrogates
CTB binding to the GM1 glycan but binding to fucosylated glycans is
unaffected. Conversely, the HI8L point substitutionin the noncanonical
binding pocket disrupts CTB binding to fucosylated glycans but binding
to GMlis unaffected. We analyzed binding of biotinylated CTB mutants
alongside WT CTBto control and B3GALT5-KO cells. In both B3GALT5-KO
and control cells, the W88K CTB mutant retained almost all binding,
whereas the H18L mutant exhibited significantly decreased binding
relative to WT CTB (Fig. 5b). CTB blot analysis confirmed that binding

tobothglycoproteins and glycolipidsis dependent on the noncanoni-
cal pocket (Fig. 5¢), whereas binding to GM1 depends on the canonical
pocket (Extended Data Fig. 9a). To check the functionalimportance, we
used the CTB-saporininternalization assay. Treatment of both control
and B3GALTS-KO cells with W88K CTB-saporinresultedinlittle change
in cell survival relative to WT CTB-saporin treatment (Fig. 5d). Treat-
ment of both control and B3GALTS-KO cells with HI8L CTB-saporin
resulted in a complete protection from saporin-induced cell death.
Together, these data demonstrate that the noncanonical binding pocket
isrequired for CTBbinding to and internalizationinboth B3GALTS5-KO
and control cells but the canonical binding pocket is not.

To further assess the functional importance of fucosylation, we
used CRISPR-Cas9 to knock out the gene encoding the GDP-fucose
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using PyMOL. The locations of the W88K point substitution in the canonical
binding pocket and the H18L point substitution in the noncanonical binding
pocket are highlighted. b, Representative flow cytometry histograms of control
and B3GALTS5-KO m1 cellsincubated with WT CTB, W88K CTB or HISL CTB

(1mg ml™). Data shown are a single representative trial from three independent
experiments. Bar graphs show the quantification of gMFI from the three
independent trials normalized to the maximum signal in control cells. Error bars
indicate the mean = s.d. Statistical analyses were performed by two-way ANOVA
with Tukey correction. ***P (adjusted) < 0.0001. The adjusted Pvalue for control

cells treated with WT versus H18L CTB is 0.0114. Vertical and horizontal dashed
linesinbindicate the gMFl and the normalized gMFI of the CTB-treated scramble
control population, respectively. Asterisks indicate significance as follows:
*P<0.05. ¢, Lysates from B3GALT5-KO mland control cells were analyzed by lectin
blot, probing with either WT or mutant CTB-biotin. Blots shown are from three
distinct membranes (separated by vertical lines) processed simultaneously. Each
blotisasingle representative trial of three independent biological replicates.

d, B3GALT5-KO m1and control cells were incubated for 72 h with increasing
concentrations of WT, W88K or H18L CTB-saporin. Cell survival was measured
using the Cell Titer-Glo 2.0 assay. Data shown are luminescence values normalized
to the maximum signal for each cell type. Each data point is the average of two
biological replicates, each consisting of three averaged technical replicates.
Horizontal dashed linesin dindicate normalized survival with no CTB-saporin.

transporter SLC35CI in WT and B3GALTS-KO cells. We confirmed
that Le* and other fucosylated glycans were absent from these cells
(Extended Data Fig. 9b-d). We observed dramatically reduced CTB
binding to both SLC35CI-KO and B3GALTS + SLC35CI-dKO cells relative

to B3GALT5-KO cells (Fig. 6a,b). To identify fucosylated proteins rec-
ognized by CTB, we conducted affinity purification fromlysates from
the highly sensitized B3GALTS + B3GNT5-dKO cells and the protected
B3GALTS + SLC35CI-dKO cells using biotinylated CTB (Extended Data
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KO m1, SLC35CI-KO and B3GALTS + SLC35C1-dKO cells. Data shown are a single
representative trial from three independent experiments. Right: quantification
of gMFIs from the three independent trials are normalized to the maximum
signalin control cells. Error barsindicate the mean * s.d. Vertical and horizontal
dashed linesin aindicate the gMFIl and the normalized gMFI of the CTB-treated
scramble control population, respectively. Asterisks indicate significance as
follows: ***P< 0.001. b, Lysates from control, B3GALTS5-KO, SLC35C1-KO and
B3GALTS + SLC35CI-dKO cells were analyzed by lectin blot, probing with CTB-
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Cell survival uponinternalization of CTB-saporin was measured. Data shown

are luminescence values normalized to the signal from the untreated condition
for each cell type. Data points are the average of n =2 biological replicates each

n Ceramide

consisting of three averaged technical replicates. d, Control, B3GALT5-KO m1,
SLC35C1-KO and B3GALTS + SLC35CI-dKO cells were incubated for 1.5 h with

CT (1nM), after which accumulation of cAMP was measured. Data shown are
inverse luminescence values normalized to the total number of cells and then

to the maximum signalin control cells. Each data point is a biological replicate
consisting of three averaged technical replicates. Error barsindicate the

mean +s.d. of four biological replicates. Statistical analyses were performed

by one-way ANOVA (a) and two-way ANOVA (d) with Tukey correction.

****p (adjusted) < 0.0001. The adjusted P values for B3GALT5-KO m1 versus control
and SLC35CI-KO cells (a) are 0.0004 and 0.0002, respectively. The adjusted
Pvalue for B3GALTS-KO m1versus control cells (d) is 0.0043. Horizontal dashed
lineind indicates the normalized cAMP accumulation of CT-treated scramble
control cells. Asterisks indicate significance as follows: **P<0.01. e, Model
depicting how B3GNTS5 and B3GALTS regulate the production of CT receptors.
Representative glycan structures presented in this model are postulated on the
basis of O-linked glycomic analysis of control and B3GALTS-KO Colo205 cells and
glycolipidomic analysis of control, B3GALT5-KO and B3GNTS5-KO Colo205 cells.

Fig.10a,b). We selected two top hits, mucin 1 (MUC1) and flotillin 1
(FLOT1), for validation. While the same amounts of MUC1 and FLOT1
were present in both cell lines, more of both MUC1 and FLOT1 were
purified from the B3GALTS + B3GNT5-dKO cells as compared to the
B3GALTS + SLC35CI-dKO cells (Extended Data Fig. 10c). These results
show that glycan structure impacts CTB interactions with plasma
membrane glycoproteins and that CTB associates with more than
one plasma membrane glycoprotein. We also observed that both
SLC35C1-KO and B3GALTS + SLC35CI-dKO cells were completely pro-
tected from CTB-saporin-induced cell death (Fig. 6¢c and Extended
Data Fig. 9e). Lastly, to test whether the loss of CTB binding in

SLC35C1-KO cells impacted intoxication, we treated cells with unla-
beled CT and measured cAMP accumulation. We found that the loss
of SLC35C1 was protective against cholera intoxication even in the
background of the sensitized B3GALT5-KO cells (Fig. 6d and Extended
DataFig. 9f,g). Together, these results show that sensitization to CT in
B3GALTS-KO cellsis dependent on fucosylation.

Discussion

Here, we report that the glycosyltransferases B3GALT5 and B3GNTS5
are regulators of CT binding and intoxication of Colo205 cells
(Fig. 6e). These enzymes control the expression of fucosylated

Nature Chemical Biology | Volume 21| April 2025 | 555-566

563


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-024-01748-5

glycoconjugates that are recognized by CTB. B3GNTS5 controls the
expression of fucosylated GSLs that act as decoy receptors. Addition
ofthese fucosylated GSLs to cells protects them from CT intoxication.
This contrasts with the sensitization to CT that occurs with the addi-
tion of GML, as seen in our control experiment and classical studies
of CT intoxication®>**¢, Genetic disruption of B3GALTS allows for the
biosynthesis of fucosylated O-linked glycoproteins that bind CTB and
promoteintoxication. Theinterplay of B3GALT5 and B3GNTS5 activity
determines which fucosylated structures are produced and whether
they are displayed on glycoproteins versus GSLs.

Pioneering CRISPR screens using CT asamodel systemalso found
activation of B3GNTS5to be protective against intoxication®. This con-
sistency is especially striking because the lymphoblast cell line used
expresses detectable GM1 (ref. 48).Indeed, the top glycosylation genes
identified inthese earlier screens were involved inganglioside biosyn-
thesis. These genes were not enriched in our screen, suggesting that
GM1 does not contribute significantly to CTB binding to Colo205 cells.
Our data, however, do not exclude a role for GM1 or other nonfuco-
sylated receptorsin CT intoxication. Forinstance, we observed intoxi-
cation of SLC35CI-KO cells albeit at low levels, suggesting that other
nonfucosylated receptors for CT might exist. GM1 was not detected
in MS analysis of GSLs from Colo205 cells, which is consistent with
minimal GM1expressioninnormal human intestinal epithelial tissue®".
Nevertheless, because of the high affinity of the interaction between
GM1and CTB, only smallamounts may be necessary. Inaddition, highly
abundant receptors such as fucosylated glycoproteins could act in
concert with low-abundance receptors such as GM1to drive intoxica-
tion?. Indeed, even in the presence of detectable GM1, fucosylated
glycoconjugates can affect CT activity>".

Our data demonstrate that fucosylated GSLs protect cells from
CT but we do not yet understand the mechanism of protection. One
possibility is that fucosylated GSLs sequester CT from fucosylated
glycoproteins that actively facilitate internalization. Such seques-
tration could occur on the cell surface or, alternately, CTB-binding
fucosylated GSLs could be shed from the cell surface. Fucosylated GSLs
could also control CT trafficking. In the case of GM1, changes to the
ceramideimpact nanodomain assembly and endocytic trafficking***;
it remains to be investigated whether similar observations hold true
for fucosylated GSLs. Regarding fucosylated glycoproteins that pro-
mote intoxication, proteomic analysis of CTB-binding glycoproteins
yielded a number of candidate receptors; future work will explore
which of these interact directly with CTB and contribute to the inter-
nalization mechanism. FLOT1 is an intriguing candidate because of
its role in clathrin-independent endocytosis, a pathway that CT uses
for cell entry®. B3GALTS-KO cells exhibit increased fucosylation of
both N-linked and O-linked glycans; our current data do not assess
therelative importance of these classes of glycans in CT intoxication.
Furthermore, KO of B3GALTS5 results in a dramatic shift in O-glycan
composition from mainly tumor-associated truncated O-glycans to
diversely complex, fucosylated core 2 O-glycans. This change is associ-
ated withincreased sensitivity to CT; however, normal human intestinal
epitheliaalso display abundant core 3 extended O-glycanstructures not
examined here***>.Indeed, one limitation of the current work is that it
was performedinacolorectal cancer cellline. A study performed using
human enteroids derived from jejunal biopsies alsoimplicated fucose
as having a dual role in contributing to both functional and decoy
receptors®. Inthe enteroid study, which relied on use of small-molecule
inhibitors of glycosylation, the apparent contributions of glycolipids
and glycoproteins were the reverse of what we propose here. Together,
these two studies firmly establish roles for fucosylated glycoconjugates
in CT intoxication and protection but additional work is required to
fully reconcile the results and define molecular features that distin-
guish functional and decoy receptors.

Intestinal epithelial fucosylation has implications in human health
and disease****. Commensal bacteriainduce fucosylation of intestinal

epithelia, supporting host-microbe symbiosis in the face of pathogenic
challenge’®*~’. Pathogens such as Campylobacter jejuni and Salmonella
Typhimuriumuse host fucose as an energy source®® %, These pathogens
and othersare abletorecognize and discriminate amongblood group
and other fucosylated glycans present in the intestine®*°, The data
presented here further highlight theimportance of understanding the
regulation and composition of fucosylated structuresin the human gut.
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Methods

EGCase expression and purification

Escherichia coliBL21(DE3) cells were transformed with a pET30 plasmid
encoding Rhodococcus triatomae EGCase I (RhtrECI)®. A1-L culture
of the transformed cells was induced with 0.1 mM IPTG at 16 °C for
18-20 hwith continuous shaking at 200 r.p.m. Cells were harvested by
centrifugation (8,980g for 30 min) and resuspended in 40 ml of lysis
buffer (50 mM Tris pH 7.5 containing 300 mM NaCl and 0.1% Triton
X-100). Cells were disrupted by sonication for 5 min (60 amplitude
with10-s pulse on and 30-s pulse off). The supernatant was cleared by
centrifugation (150,700g at 4 °C for 1 h) and then loaded onto a 2-ml
Ni-NTA column (Qiagen) pre-equilibrated with ten column volumes
of 50 mM Tris pH 7.5 containing 300 mM NacCl. EGCase | was eluted
with250 mMimidazole and dialyzed with TBS (50 mM Tris-HCI pH 7.5
containing 150 mM NacCl). The homogeneity of purified EGCase I was
analyzed by SDS-PAGE.

Cell culture

Colo205 cells (American Type Culture Collection (ATCC)) were main-
tained in RPMI-1640 medium (Gibco) supplemented with 10% FBS (v/v)
and 1% penicillin-streptomycin (Sigma). HEK293T/17 cells (ATCC) were
maintained in DMEM supplemented with 20% FBS. Both cell lines were
maintained at 37 °C, 5% CO, inawater-saturated environment and were
not used past passage number 50 or 15, respectively. The Countess
automated cell counter (Life Technologies) was used for cell counting.

Flow cytometry

Colo205 cells were seeded in a10-cm tissue culture plate at a density
of 2 x10° cells per ml and cultured before experiments for 48 h or for
72 h when seeded at a density of 1 x 10° cells per ml. For experiments
requiring the inhibition of glucosylceramide GSL biosynthesis, 1 x 10°
cells per ml were plated with the addition of P4 inhibitor at afinal con-
centration of 1 uM and cultured for 72 h. Medium containing floating
cellswascollected and 2 ml of 10 mM EDTA in DPBS was added to adher-
ent Colo205 cells before incubating for 5 min at 37 °C. Adherent cells
were then dislodged by gentle resuspension and then combined with
previously harvested floating cell population. Cells were centrifuged
at500gfor 3 minand EDTA was removed by aspiration. The cells were
resuspended in DPBS containing 0.1% (w/v) BSA in Dulbecco’s PBS
(DPBS/BSA) and 3.5 x 10° cells were added per well to a V-bottom plate
(Costar, cat.no.3897). Cells were pelleted by centrifugation at 730g for
5minat4 °Candwashedtwice by resuspensionin 200 pl of cold DPBS/
BSA. Cells wereincubated for 30 min onice with 50 pl of the indicated
concentration of unlabeled CTB for dose responses, 50 pl of 1 pg mil™
unlabeled CTB or 50 pl of the indicated lectin or antibody diltuions
(Supplementary Table1). Cells were then washed twice with 200 pl of
cold DPBS/BSA and incubated for 30 min on ice with the respective
secondary antibodies. After two washes, cells were subjected to flow
cytometric analysis using the FACSCalibur flow cytometer (BD Bio-
sciences, University of Texas (UT) Southwestern Flow Cytometry Core
facility). Flow cytometry data were analyzed using the FlowJo software
(BD Biosciences). Single cells were gated on the basis of forward versus
side scatter. Dead cells were excluded on the basis of Pl staining on
the FL3 channel and the fluorescence intensity of the live population
was determined on the FL4 emission channel. The gating strategy is
depictedin Supplementary Fig. 1.

CRISPR screen
The human Brunello genome-wide CRISPR KO pooled library® (gift
from D. Root and J. Doench; Addgene, cat. no. 73178) was ampli-
fied by electroporation into Stbl4 electrocompetent cells (Thermo
Fisher Scientific, cat. no. 11635-018) according to the manufacturer’s
instructions.

Togenerate lentivirus, 7.5 x 10° low-passage HEK293T/17 cells were
plated oneach of ten15-cm dishes in 30 ml of complete medium. After

24 h, 48 pl of TransIT-293 transfection reagent (Mirus Bio, cat. no. MIR
2704) diluted with 1,300 pl of serum-free medium (SFM) was incubated
for 5 min at room temperature and then combined with a mix of 8 ug
of purified plasmid library DNA, 8 ug of psPAX2 packaging plasmid
DNA and 1 pg of pMD2.G envelope plasmid DNA (gifts from D. Trono;
Addgene, plasmid nos. 12260 and 12259, respectively). After incubat-
ing for 30 min, the mix was evenly split and added dropwise to each
plate of HEK293T/17 cells. Viral supernatant was collected 72 h after
infection, filtered through a 0.4-um filter and then titrated in six-well
plates containing 2 x 10° Colo205 cells to determine the amount of virus
needed to infect cells at a multiplicity of infection of 0.3. Briefly, cells
were resuspended in media with 8 pg ml™ polybrene and increasing
volumes of lentivirus (0, 50, 100, 200, 500 or 1,000 pl brought up to
2 ml with complete medium). Cells were then centrifuged at 1,000g
for2hat 33 °C, and then transferred to an incubator and maintained
at37°Cin 5% CO,for16 h.Each well (containing -4 x 10° cells) was then
harvested and 2.5 x 10* cells were plated in triplicate in wells of a white
96-well plate with a clear bottom (Costar Laboratories). Then, 24 hafter
passaging, library-expressing cells were selected with 5 ug ml™ puro-
mycin. Next, 48 h after selection, cell death was measured using the
Cell Titer-Glo 2.0 (CTG) luminescent cell viability assay kit (Promega)
and the virus volume condition (100 pl) resulting in ~-30% viability was
selected for use.

Atotal of 2 x 10° Colo205 cells were spinfected in each well of eight
six-well plates (9.6 x 107 cells in total to ensure 300x coverage of the
pooled library after selection) with 100 pl of virus brought up to 2 ml
with complete medium containing 8 pg ml™ polybrene, determined
by titration as described above. Then, 24 h after infection, cells were
harvested, resuspended in fresh medium and expanded in 20 15-cm
dishes. Next, 24 hafter passaging, library-expressing cells were selected
with 5 ug mi™ puromycin. Cells were harvested at 0 and 14 days after
puromycinselection, consistently maintaining 300x library coverage.
After harvesting on day 14, cells were centrifuged at 500g for 3 min at
4 °C and washed twice in DPBS. An input control population was set
aside and the remaining cells were resuspended in DPBS containing
2% FBS (FACS buffer). Then, 7 x 10° cells were added to each of four
round-bottom polystyrene 12 x 75-mm tubes (Corning, cat.no.352008)
and then washed twice by resuspension in 4 ml of cold FACS buffer.
Cells were then incubated for 30 min on ice with 1 ml of biotin-CTB
(Supplementary Table 1). After two washes, cells were incubated with
1 ml of fluorescein (DTAF) streptavidin. After a final two washes, cells
were sorted and the top and bottom 1% fluorescent cells were collected
using the FACSAria flow cytometer (BD Biosciences, UT Southwestern
Flow Cytometry Core facility).

Immediately after sorting, both the input and the sorted cell popu-
lations were pelleted and genomic DNA (gDNA) was isolated from
each using the blood and cell culture DNA Maxi kit (Qiagen, cat. no.
13362) according to the manufacturer’sinstructions. Toamplify sgRNA
sequences for next-generation sequencing (NGS), four parallel 100-pl
PCR reactions were initially run for each condition and pooled. Each
100-ul PCR reaction contained 1-2 pg of gDNA, Ex Taq polymerase
(Takara Bio, cat. no. RRO1CM) and the PCR1 primer pair (Supplemen-
tary Table 2). Amplified DNA was then indexed and barcoded for NGS
inanother PCR reaction including 5 pl of DNA from the initial PCR, Ex
Taq polymerase and pooled P5 and barcoded P7 primers (Supplemen-
tary Table 2). DNA was then pooled and purified for sequencing using
AMPure XP beads (Agencourt). Next, 300 pl of pooled PCR product
was mixed with 150 pl of beads and incubated for 5 min to remove
gDNA. Beads bound to gDNA were pelleted on the DynaMag-2 Magnet
(Invitrogen), and the supernatant was then mixed with 540 pl of fresh
beadsandincubated for 5 mintobind the PCR products. After discard-
ing the supernatant, beads were washed twice with 1 ml of 70% ethanol
and then dried for approximately 5 min. Bound DNA was eluted from
the beads using 300 pl of sterile, nuclease-free water. Samples were
sequenced using the lllumina NextSeq 500 with the read configuration
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as single-end 75-bp reads at the UT Southwestern McDermott NGS
core. Data were analyzed with MAGeCK®. The gene set enrichment
analyses of the identified genes were performed with WebGestalt®. The
Manhattan dot plots of the screen results were drawn with R package
qgman (version 0.1.8)%.

Construction of cell lines

OE plasmids for the rescue of B3GALTS- and B3GNT5-KOs were gener-
ated by Gibson cloning using primers designed using the NEBuilder
software from New England Biolabs (NEB) to amplify the open read-
ing frame (ORF) of each gene (Origene, cat. nos. RC211183L3 and
RC206965L3, respectively) while introducing a 1-bp change to the
protospacer-adjacent motif (PAM) sequence that does not resultin a
change to amino acid sequence (Supplementary Table 2). Amplifica-
tion was performed using the Q5 high-fidelity 2X master mix (NEB, cat.
no.M0492S) according to the manufacturer’sinstructions. Amplified
ORFs were then purified using the MinElute PCR purification kit (Qia-
gen, cat. no. 28004) according to the manufacturer’s instructions.
For B3GALTS-KO + mut OE, we first identified the catalytic residues of
B3GALTS5 (D156 and D243) by aligning an AlphaFold®*® model of human
B3GALTS with the experimentally determined crystal structure of
B3GNT2 (ref. 87). AgBlock gene fragment encoding the B3GALT5 gene
was designed toinclude the point substitutions D156A and D243A and
thesame1-bp change to the PAM sequence asinthe WT rescue plasmid.
Purified PCR products of the WT B3GALTS5 gene or gBlock encoding
the mutated B3GALTS5 gene were ligated using the HiFi DNA Assembly
master mix (NEB, cat.no.E2621S) into ablasticidin resistance-encoding
lentiviral vector (Addgene, plasmid no. 52962) cut with BamHI-HF
and Afel (NEB, cat. nos. R3136S and R0652S, respectively) according
to the manufacturer’s guidelines. Plasmids were transformed into
Stbl3 competent cells according to the manufacturer’s instructions
and bacterial clones expressing the sequence-validated plasmid were
expanded for maxiprep using the ZymoPure Il maxiprep kit (Zymo
Research, cat.no.D4204). Lentivirus was prepared as described for the
CRISPR screen but scaled for production in individual 10-cm dishes.
Then, 1 ml of lentivirus was added to 1 x 10° Colo205 cells in 2 ml of
complete RPMI-1640 medium in each well of a six-well plate for trans-
duction. Polybrene was added to afinal concentration of 8 pg ml”and
cells were then spinfected at 33 °C for 2 h. Then, 16 h after infection,
cells were harvested, resuspended in fresh medium and expanded in
10-cm dishes. Next, 24 h after passaging, plasmid-expressing cells were
selected with 5 pg ml™ blasticidin. The resulting polyclonal populations
were used for experiments using B3GNT5-KO + OE, B3GALT5-KO + OE,
and B3GALTS5-KO + mut OE cells.

All-in-one CRISPRKO plasmid lentivirus for the expression of Cas9
and predesigned sgRNAs targeting B3GALTS, B3GNTS, SLC35C1 or anon-
targeting scramble control sgRNA (Sigma, cat. nos. HSPD0000061666,
HSPD0000119328, HSPD0O000095207 or NegativeControll, respec-
tively) were used to spinfect Colo205 cells as described above but using
200 plof virus and selecting for plasmid-expressing cells with 5 pg ml™
puromycin. Monoclonal populations were obtained using FACS in a
sterile environment (UT Southwestern Flow Cytometry Core) to col-
lect single, green fluorescent protein-positive cells in each well of a
96-well tissue culture plate containing 200 pl of complete medium
supplemented with extra FBS (20% v/v total). To generate dKO cell lines,
thelentiGuide-neo plasmid was cut with BsmBland dephosphorylated
before gel purification. Oligos encoding the sgRNA sequence for each
gene (Supplementary Table 2) were phosphorylated, annealed and
ligated into the lentiGuide-neo plasmid. Plasmids were then trans-
formedinto Stbl3 bacterial cellsaccording to the manufacturer’sinstruc-
tions. Lentivirus generation and delivery were performed as with the
OE plasmids, selecting plasmid-expressing cells with 400 pg mI™ G418.
Monoclonal populations of dKO cells were isolated by limiting dilution.

To sequence the CRISPR-targeted genes, gDNA was isolated
from 5 x 10° Colo205 cells using the blood and cell culture DNA Maxi

kit (Qiagen, cat.no.13362) according to the manufacturer’s instruc-
tions. The respective gene targets were amplified by PCR using Ex
Taq polymerase (Takara Bio, cat. no. RROICM) according to the
manufacturer’s instructions. The forward and reverse primers for
each sequenced gene are listed in Supplementary Table 2. The PCR
products were purified using the NucleoSpin gel and PCR clean-up
mini kit (Macherey-Nagel, cat.no.740609.50) according to the manu-
facturer’sinstructions. Purified DNA was ligated into a pGEM-T Easy
prelinearized vector (Promega, cat. no. A1360) and transformed into
DH5a competent cells. Plasmids were extracted from single colonies
and then submitted to the UT Southwestern Sanger Sequencing
Core. Sequence data are presented in Supplementary Table 3. For
all KO cell lines, except the B3GALTS + SLC35C1-dKO, two different
indels were identified, each in duplicate or triplicate. For KO of
SLC35CI in the B3GALTS-KO line, four separate clones harbored the
same SLC35CI indel. Loss of SLC35C1 activity was inferred by the
complete loss of anti-Le* and Aleuria aurantia lectin (AAL) binding
to these cells.

Measurement of CTB internalization

A total of 2.5 x 10% Colo205 cells in 90 pl of serum-free RPMI-1640
medium (SFM) were plated in each well of a white-walled, 96-well
clear-bottom plate (Costar Laboratories). Cells were cultured for 72 h
in SFM with 10 pl of CTB-saporin or saporin alone (0, 1.25, 2.5 and
12.5 pug mi* final concentrations) in triplicate at 5% CO, at 37 °C. CTB-
saporin complexes were prepared according to the manufacturer’s
instructions. Briefly, 7 pl of 1.8 mg ml™ biotinylated CTB was combined
with 4.2 pl of 1.6 mg ml™ streptavidin-saporin (Advanced Targeting
Systems, IT-27) and incubated at room temperature for 20 min. The
mixture was then diluted with SFM to a volume of 100 pl to generate
a125 pg mI™ CTB-saporin solution and serially diluted to generate 25
and 12.5 pg ml™ CTB-saporin solutions. After incubating cells with
10 pl of the respective CTB-saporin solutions or saporin alone for
72 h, cell death was measured using the CTG luminescent cell viability
assay kit (Promega).

Measurement of CAMP

A total of 2.5 x10* Colo205 cells in 20 pl of SFM were plated in each
well of awhite 96-well plate with aclear bottom (Costar Laboratories).
Triplicate wells were incubated with 10 pl of BFA (1 pg m1™) in SFM
supplemented with MgCl, (50 mM), IBMX (500 uM) and Ro-20-1764
(100 uM) (complete induction buffer). All other wells were treated with
10 pl of vehicle control. After 30 min, BFA-treated or vehicle-treated
control cells were treated with 10 pl of the indicated concentration of
CT dilutedininductionbufferin triplicate at 5% CO, at 37 °C for 90 min.
Forskolin (10 pM final concentration) was added to vehicle-treated
control wellsin triplicate and incubated at 5% CO,at 37 °C for 15 minand
then 15 min atroom temperature before measurement of CAMP accu-
mulation. Accumulated cAMP was measured using the cAMP-Glo Max
assay kit (Promega) according to the manufacturer’sinstructions with
modification to incubation times (30-min incubation with cAMP-Glo
ONE buffer and 20-min incubation with the kinase-Glo buffer). Lumi-
nescence values were inversely proportional to cAMP levels. Inverse
cAMP-Glo values were first corrected for differences in cells plated
per wellfor each cell line. The number of cells per well was measured in
vehicle control-treated wells using the CTG reagent, whichwasadded to
vehicle-treated control wellsin triplicate for each cell line 15 min after
the addition of cAMP-Glo Max Assay kit ONE buffer. CTG-corrected
cAMP values were then normalized to the maximum ignalin scramble
control cells.

Lectinblot and immunoblot analyses

Colo205 cells (4 x 10°) were lysed in 200 pl of radioimmunoprecipita-
tion (RIPA) buffer (50 mM Tris-HCI pH 8,150 mM Nacl, 0.01% (v/v)
SDS, 0.5% (v/v) sodium deoxycholate, 1% (v/v) IGEPAL CA-630 and
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1x protease inhibitor). Protein content was quantified with aBCA assay
kit (Thermo Fisher Scientific) against a BSA standard curve for nor-
malization. For protease digestions, 20 pg of lysate was incubated
with 500 pg ml™ proteinase K in RIPA buffer for 48 h at 37 °C. EGCase
digestions were performed by incubating 20 pg of lysate with 40 pg of
enzyme in 50 mM sodium acetate buffer (pH 5.2) supplemented with
0.2% Triton X-100 overnight at 37 °C. Then, 20 pg of lysate was dena-
turedin1x SDSloading dye (250 mM Tris-HCI pH 6.8, 0.08% (w/v) SDS,
0.0004% (w/v) bromophenol blue, 40% (v/v) glyceroland 10 mM DTT)
for 10 min at 95 °C for all conditions. The samples were resolved on a
4-20% stain-free gradient SDS-PAGE gel (Bio-Rad Laboratories) and
activated for 1 min using the ChemiDoc MP Imaging system (Bio-Rad
Laboratories). Activated protein was transferred to a PVDF membrane
(ED Millipore) using the Trans-Blot SD semidry transfer cell (Bio-Rad
Laboratories) according to the manufacturer’s guidelines at 15V for
45 minand total protein stain wasimaged using the ChemiDoc MP. After
blocking at room temperature for 1 h, membranes were probed over-
night at4 °C. Membranes probed with CTB and anti-Le* (Supplemen-
tary Table 1) were blocked and incubated in 5% nonfat milk prepared
in 1x TBS containing 0.05% (v/v) Tween-20 (TBS-T). The horseradish
peroxidase signal was detected using the SuperSignal West Femto
maximum-sensitivity substrate diluted in SuperSignal West Pico PLUS
chemiluminescent substrate (Thermo Fisher Scientific, cat. nos.34096
and 34580, respectively) according to the manufacturer’srecommen-
dations and the ChemiDoc MP Imaging system (Bio-Rad Laboratories).
When probing with AAL (Supplementary Table 1), membranes were
blocked and incubated with 1x Carbo-Free blocking solution (Vector
Laboratories, cat. no. SP-5040-125) prepared in water. AAL blots were
imaged after washing with 1x TBS-T using the Typhoon FLA 9500 gel
imaging scanner (GE Life Sciences).

Total GSL isolation

Preparation of glycolipids from whole cells was carried out using previ-
ously described methods®. Pellets of cells were disrupted with probe
sonicationbetween extraction of the total lipids with 4:8:3 chloroform,
methanol and water (CMW). The mixture was bath-sonicated in ice
before centrifugation to pellet the proteinaceous material to the bot-
tom. The supernatant was then removed to a clean glass tube. Fresh
aliquots of CMW were added two more times with sonication, each
time removing the supernatant. The combined supernatant, which con-
tained the crude lipid extraction, was then dried down, reconstituted
in 0.5M NaOH in methanol (methanol and water 95:5 v/v), sonicated
to redissolve the lipids and incubated at 37 °C overnight to saponify
the phosphoglycerolipids. The next day, an equal volume of 5% acetic
acid was added to the reaction to neutralize and halt saponification
and the sample was desalted on a tC18 solid-phase extraction (SPE)
cartridge (Waters), resulting in the isolated GSL material. Free fatty
acids were removed from the sample by drying the GSL material by
addition and removal of hexane. The sample was thoroughly dried
before further analysis.

For Extended Data Fig. 6a, GSLs were incubated overnight with
EGCasellin 50 mM sodium acetate buffer (pH 5.0). Then, the glycans
wereisolated by loading the mixture ona C18 SPE cartridge and elut-
ing using 5% acetic acid solution. This solution was lyophilized and
incubated overnight with procainamide in the presence of sodium
cyanoborohydride and acetic acid in DMSO. This mixture was then
analyzed using a Waters Acquity ultrahigh-performance LC (UPLC)
system equipped with a Waters Acquity UPLC amide BEH column.
The UHPLC system was coupled to a Waters Synapt XS quadrupole
time-of-flight MS instrument with an ESIsource operated in positive
ionmode. MassLynx software (version 4.2, Waters Corporation) was
used for molecular feature extraction and data processing. Identi-
ties were confirmed by matching accurate mass, retention time
and observation of the signature ion of Hex(2)-PC in MS/MS data
(m/z=562.31).

Nonacid GSL isolation

B3GNTS5-KO + OE cells (1 x 10? cells) were first extracted at 70 °C with
methanol and thereafter extracted three times with 33% methanol in
chloroform and three times with 67% methanol in chloroform®. The
extracts were combined, dried and subjected to mild alkaline metha-
nolysis, followed by dialysis. Then, the extracts were acetylated and the
acetylated lipids were separated on assilicic acid column, eluting first
with dichloromethane to remove nonpolar material. Thereafter, the
acetylated lipids were eluted with 5% and 7.5% methanol (by volume)
inchloroform. Finally, sphingomyelin was eluted with 75% methanol in
chloroform and pure methanol. The fractions eluted with 5% and 7.5%
methanolin chloroformwere combined and deacetylated using 0.2 M
KOH in methanol followed by dialysis. Thereafter, acid and nonacid
GSLswere separated ona DEAE-Sepharose column, yielding 3.2 mg of
nonacid GSLs. This material was used for the experiments presentedin
Fig.3fand the LC-ESI/MS analysis presented in Extended DataFig. 6b,c.

EGCase digestion and LC-ESI/MS of nonacid GSLs

Before MS analysis, the nonacid GSLs were digested with EGCase I (TCI
R0240) to remove the ceramide part. The GSLs (50 pg) were resus-
pended in100 pl of 0.05 M sodium acetate buffer (pH 5.0) containing
120 pg of sodium cholate and sonicated briefly. Thereafter, 1 mU of
enzyme was added and the mixture was incubated at 37 °Cfor2 h. The
reaction was stopped by the addition of CMW at a final proportion of
8:4:3 (by volume). The oligosaccharide-containing upper phase thus
obtained was separated from detergent on a Sep-Pak QMA cartridge
(Waters) and the eluant containing the oligosaccharides was dried.

The GSL-derived oligosaccharides were resuspended in 50 pl
of water and analyzed by LC-ESI/MS as described previously’. The
oligosaccharides were separated on a column (100 x 0.250 mm)
packed in-house with 5-pm porous graphite particles. An autosam-
pler, HTC-PAL (equipped with acheminert valve (0.25-mmbore) and a
2-plloop) was used for sample injection. An Agilent 1100 binary pump
delivered a flow of 250 pl min™, which was split down in an 1/16-inch
microvolume-T (0.15-mm bore) by a 50-cm (50-um inner diameter)
fused silica capillary before the injector of the autosampler, allowing
approximately 3-5 pl min™ through the column. The oligosaccharides
(3 pl) wereinjected onto the column and eluted withan acetonitrile gra-
dient (mobile phase A,10 mM ammonium bicarbonate; mobile phase
B, 10 mM ammonium bicarbonate in 80% acetonitrile). The gradient
(0-45% B) was eluted for 46 min, followed by a wash step with100% B
and equilibration of the column for 24 min. A30-cm (50-pminner diam-
eter) fusedsilica capillary was used as atransfer line to the ion source.

The oligosaccharides were analyzed in negative ion mode on an
LTQ (linear quadrupole ion trap) MS instrument from Thermo Elec-
tron. The lonMax standard ESI source on the LTQ MS instrument was
equipped with a stainless-steel needle kept at —3.5 kV. Compressed
air was used as nebulizer gas. The heated capillary was kept at 270 °C
and the capillary voltage was -50 kV. A full scan (m/z380-2,000, two
microscans, maximum of 100 ms and target value of 30,000) was
performed, followed by data-dependent MS? scans of the three most
abundantionsin each scan (two microscans, maximum of 100 ms and
target value 0f10,000). The threshold for MS? was set to 500 counts.
The normalized collision energy was 35% and an isolation window of
3 m/z,anactivationg=0.25and an activation time of 30 ms, was used.
Dataacquisition and processing were conducted with Xcalibur software
(Versions 2.0.7 and 4.4).

Manual assignment of glycan sequences was performed on the basis
of knowledge of mammalian biosynthetic pathways, with the assistance
of the Glycoworkbench tool (version 2.1) and by comparison of reten-
tion times and MS? spectra of oligosaccharides from reference GSLs’°.

CT intoxication of cells treated with nonacid GSLs
For glycolipid add-back experiments, scramble control or
B3GALTS + B3GNTS-dKO cells (1.5 x 10°in1 ml of SFM) in Teflon-capped
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glass vials were incubated with the indicated concentration of each
lipid type or 1:2 chloroform and methanol (vehicle control) for 1 h of
shaking at 4 °C. Cells were transferred to 1.5-ml Eppendorf tubes and
washed twice withice-cold dPBS. Cells were resuspended in SFM, and
then CT intoxication was assayed as described above.

N-glycan and O-glycanrelease

Cell pellets were resuspended in ammonium bicarbonate and passed
several times through a 23-gauge syringe to homogenize. Cells were
further lysed with probe sonication and the lysate was denatured by
adding10 pl of denaturing buffer (NEB PNGase F kit, P0709) and heating
at100 °C for 5 min. Salts were removed with a prewashed 10-kDa MW
cutoff (MWCO) filter and exchanged into 50 mM ammonium bicarbo-
nate. Whole proteins were removed from the top of the MWCO filter
and resuspended in 50 mM ammonium bicarbonate. N-glycans were
released with PNGase F (NEB, PO709) for 20 h at 37 °C and the released
N-glycans wereisolated by passage through a prewashed10-kDaMWCO
filter. The remaining protein including O-linked glycans remained
in the top of the filter and was removed before treatment with1M
sodium borohydride in 50 mM sodium hydroxide. O-linked glycans
werereleased with B-elimination at 45 °C overnight. The basic solution
was neutralized with a 10% acetic acid solution, desalted through a
packed Dowex column (50WX8-100, Sigma Aldrich) and then lyophi-
lized. Borates were removed from the sample with repeated additions
of 9:1methanoland aceticacid under anitrogen flow. The material was
then resolubilized and passed through a C18 SPE cartridge to further
purify the material before permethylation and analysis.

Permethylation and MS analysis
The GSL material was permethylated using previously described
methods” ", Briefly, dried samples were reconstituted in DMSO and
treated with a mixture of methyl iodide in a DMSO-NaOH slurry. After
quenchingthereactionwith the addition of water, the permethylated ana-
lyteswere extracted fromthesolution by theaddition of dichloromethane.
MS analysis was carried out by direct infusion MS or LC-MS. Per-
methylated glycans and glycolipids were reconstituted in a 50:50
methanol and water mixture containing1 mM NaOH, whichactedasa
charge carrier. The solutionwas analyzed ona Thermo Orbitrap Fusion
Tribrid MS instrument with direct infusion at a flow rate of 1-2 pl min™
and analyzed in positiveion mode. An automated method that collects
full MS spectra at 120,000 resolution followed by data-dependent
MS/MS fragmentations (collision-induced dissociation (CID)) at
60,000 resolution was used to collect data for the GSLs. Data for the
permethylated N-glycans and O-glycans were collected by LC-MSona
Thermo Orbitrap Fusion Tribrid MS instrument in line with an Ultimate
3000RSLCnano LC system. A15-cm (75-um inner diameter) commer-
cial C18 column (Thermo Fisher, cat. no.164568) filled with 3-um C18
material was used for analysis. Injections of permethylated N-linked
or O-linked glycans were carried out from low to high acetonitrile in
water with1 mM sodiumacetate. The precursorionscanwas acquired
at 120,000 resolution in the Orbitrap analyzer and precursors at3 s
were selected for MS/MS fragmentation (CID fragmentation) in the
Orbitrap at 30,000 resolution.

CTB pulldown

For pulldown assays, B3GALTS + B3GNT5-dKO or B3GALTS +
SLC35CI-dKO cells (1.5 x 10”) were lysed in 500 pl of RIPA buffer. Lysates
were diluted to 1.5 mg ml™ in DPBS supplemented with 1x protease
inhibitor. Then, 900 pl of lysates was added to a 1.5-ml LoBind micro-
centrifuge tube (Eppendorf, cat. no. 22431081) along with 2 ug mi™
CTB-biotin and the samples were mixed by end-over-end rotation
overnightat4 °C.Next, 100 plof Dynabeads M-280 streptavidin (Fisher,
cat. no. 11205D) were washed with 500 pl of DPBS using a magnetic
tube rack and then resuspended in 100 pl of DPBS with 1x protease
inhibitor. Next, 100 pl of washed beads were added to the lysate and

CTB-biotin mixture and then mixed by end-over-end rotationfor48 h
at4 °C. After 48 h, thebeads were pelleted using amagnetic tuberack,
gently washed three times with1 ml of DPBS and then eluted with 20 pl
of 2x SDS loading dye for 10 min at 95 °C. For MS analysis, the total
supernatant was collected and loaded into a single well of a 4-20%
stain-free SDS-PAGE gradient gel and run1 cminto the gel. The gel was
then stained with GelCode blue stain reagent (Thermo Scientific, cat.
no. 24590) according to the manufacturer’s instructions to visualize
the band comprising the total protein mixture. This band was then
destained, cut from the gel, diced into 1-mm? cubes and transferred to
al.5-mlLoBind microcentrifuge tube for submission to the UT South-
western MS core facility for total protein identification. Proteomics
datawere analyzed using Proteome Discoverer 3.0 and searched using
the human protein database from UniProt. For western blot validation
of the top hits identified by MS analysis, 10 pl of eluted samples were
resolved ona4-20% stain-free SDS-PAGE gradient gel, transferred to a
PVDF membrane and probed with antibodies targeting FLOT1or MUC1
(Supplementary Table1).

Statistical analysis

Statistical analyses were performed using GraphPad Prism software
(versions 9 and 10.0.1). Asterisks indicate significance as follows:
*P<0.05,*P<0.01,**P<0.001 and ***P < 0.0001. No sample was
excluded from data analysis and no blinding was used.

Biological materials

Hek293T/17 and parental Colo205 cells are available from the
ATCC (CRL-11268 and CCL-222, respectively). Colo205 KO and res-
cue cell lines (B3GALT5-KO m1, B3GALT5-KO m2, B3GALTS-KO + WT
OE, B3GALTS-KO + mut OE, B3GNT5-KO m1, B3GNTS-KO m2,
B3GNTS5-KO + OE, B3GALTS + B3GNT5-dKO, SLC35CI1-KO and
B3GALTS + SLC35C1-dKO cells) are available upon request to the cor-
responding author. The lentiGuideB3GNTS5 and lentiGuideSLC35C1
CRISPR sgRNA plasmids and the B3GNT5, B3GALTS and mutated
B3GALTS5-OE plasmids are available from Addgene (cat. nos. 220867,
220868,208380,208381and 220869).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Dataused togenerate Fig.1b,d are available from the Gene Expression
Omnibusunder accession number GSE242156. MS data used to gener-
ate Fig. 3a, Extended Data Fig. 4a-d, Fig. 4a, Extended Data Fig. 7a-c,
Extended Data Fig. 8a-c and Extended Data Fig. 6a are available from
GlycoPOST under accession number GPST000467. MS data used to
generate Extended Data Fig. 6b,c are available from GlycoPOST under
accession number GPST000465. Replicate immunoblot and lectin
blot data are available from the Texas Data Repository (https://doi.
org/10.18738/T8/NINF8B). Source data are provided with this paper.
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Extended Data Fig.1| Characterization of B3GALTS5-KO and B3GALT5-KO + OE
cells. (A, B) Representative histograms (left panel) from the flow cytometry
analyses of cell surface binding of Lewis a antibody (A) or Lewis x antibody

(B) toindicated cell lines. Bar graphs (right panel) show quantification from 3
independent trials. Error bars indicate mean + SD. (C) Quantification of gMFI
from flow cytometry analyses of cells treated with increasing concentrations of
CTB. Datashown are from 3 independent trials and normalized to the maximum
APCsignalin WT cells. Error bars indicate mean + SD. Indicated cell lines were
incubated for 72 h with increasing concentrations of CTB-Saporin (D) or
unconjugated saporin (E). Cell survival uponinternalization of CTB-saporin was
measured using the Cell Titer-Glo 2.0 assay. Data shown are luminescence values
normalized to the signal from the untreated condition for each cell type. Each
datapointisabiological replicate consisting of 3 averaged technical replicates.
Error bars indicate mean + SD of 3 biological replicates. (F) Cells pretreated

with BFA or vehicle control for 0.5 hwere incubated for 1.5 hwith CT (1nM) or

buffer alone. Accumulation of cAMP was measured. Data shown are inverse of
luminescence values normalized first to the total amount of cells plated for
each cellline, then to the signal in CT-treated control cells. Each datapoint is
abiological replicate consisting of 3 averaged technical replicates. Error bars
indicate mean + SD of 3 biological replicates. (G) Control, B3GALT5-KO m1,

m2 and KO + OE cells were treated with forskolin (10 uM) for 0.5 hand then
analyzed as in panel F. Statistical analyses for panels A and B were performed
by one-way ANOVA with Tukey correction and for panels C, F, and G by two-way
ANOVA with Tukey correction.'ns’ indicates not significant, **** indicates
adjusted P-value < 0.0001. Exact P-values are as follows: 0.0004 and 0.0412
for control versus B3GALTS-KO m2 and B3GALTS-KO + OE; 0.0041and 0.0024
for B3GALT5-KO ml versus B3GALT5-KO m2 and B3GALT5-KO + OE, respectively
(panel B); 0.0390 for control versus B3GALTS5-KO m2 treated with 0.0375 pg/mL;
0.0002 and 0.0014 for control versus B3GALT5-KO m2 or ml treated with

0.075 pg/mL, respectively (panel C).
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Extended DataFig. 2| Characterization of B3GNT5-KO and B3GNT5-KO + OE
cells. (A) Quantification of gMFI from flow cytometry analyses of cells treated
withincreasing concentrations of CTB. Data shown are from 3 independent
trials and normalized to the maximum APC signal in WT cells. Error bars indicate
mean + SD. (B, C) Representative histograms (left panel) from the flow cytometry
analyses of cell surface binding of Lewis x antibody (B) or Lewis a antibody (C)

to control, B3GNT5-KO m1, m2 and KO + OE cells. Bar graphs (right panel) show
quantification from 3 independent trials. Control, B3GNT5-KO m1and KO + OE
cellswereincubated for 72 h with increasing concentrations of CTB-Saporin (D)
orunconjugated saporin (E). Cell survival upon internalization of CTB-saporin
was measured using the Cell Titer-Glo 2.0 assay. Data shown are luminescence
values normalized to the signal from the untreated condition for each cell

type. Each datapointis a biological replicate consisting of 3 averaged technical
replicates. Error barsindicate mean + SD of 3 biological replicates. (F) Cells
pretreated with BFA or a vehicle control for 0.5 h were incubated for 1.5 h with

CT (1nM) or buffer alone. Accumulation of cAMP was measured. Data shown
areinverse of luminescence values normalized first to the total amount of cells
plated for each cell line, then to the signal in CT-treated control cells. Each
datapointis abiological replicate consisting of 3 averaged technical replicates.
Error bars indicate mean + SD of 3 biological replicates. (G) Control, BBGNT5-KO
ml, m2and KO + OE cells were treated with forskolin (10 uM) for 0.5 hand then
analyzed as in panel F. Statistical analyses for panels B and C were performed by
one-way ANOVA with Tukey correction and for panels A, D, E, F, and G by two-way
ANOVA with Tukey correction. ‘ns’ indicates not significant, ***indicates
adjusted P-value < 0.0001. Exact P-values are as follows: 0.0219 for control versus
B3GNT5-KO ml treated with 1.25 pg/mL; 0.0010 and 0.0077 for control versus
B3GNT5-KO mlor m2treated with 2.5 pg/mL, respectively (panel A); 0.0059

and 0.0036 for control versus B3GNTS5-KO + OE treated with 2.5 or 12.5 pg/mL
CTB-saporin (panel D).
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Extended Data Fig. 3| Characterization of B3GALTS +B3GNT5-dKO cells.
(A) Representative histograms (left panel) from the flow cytometry analyses

of cell surface binding of Lewis x antibody to control, B3GALTS-KO m1,
B3GNT5-KO m1, and B3GALTS + B3GNTS5-dKO cells. Bar graph (right panel)
shows quantification from 3 independent trials. (B, C) Control, B3GALTS-KO
ml, and B3GALTS + B3GNT5-dKO cells were incubated for 72 hwith increasing
concentrations of CTB-Saporin (B) or unconjugated saporin (C). Cell survival
upon internalization of CTB-saporin measured using the Cell Titer-Glo 2.0
assay. Data shown are luminescence values normalized to the signal from the
untreated condition for each cell type. Each datapoint is abiological replicate
consisting of 3 averaged technical replicates. Error barsindicate mean + SD of 3
biological replicates. (D) Cells pretreated with BFA or a vehicle control for 0.5 h
were incubated for 1.5 hwith CT (1 nM) or buffer alone. Accumulation of cAMP

was measured. Data shown are inverse of luminescence values normalized first to
the totalamount of cells plated for each cell line, then to the signal in CT-treated
control cells. Each datapoint is a biological replicate (n = 2) consisting of 3
averaged technical replicates. (E) Control, B3GALT5-KO m1, m2 and KO + OE cells
were treated with forskolin (10 pM) for 0.5 h and then analyzed as in panel D. Each
datapointis abiological replicate consisting of 3 averaged technical replicates.
Error bars indicate mean + SD of 3 biological replicates. Statistical analyses for
panel A were performed by one-way ANOVA with Tukey correction and for panels
B, C, D, and E by two-way ANOVA with Tukey correction. ***indicates adjusted
P-value < 0.0001. Exact P-values are as follows: 0.0003 and 0.0048 for B3GALTS +
B3GNT5-dKO versus control or B3GALT5-KO m1, respectively (panel A); 0.0002
and 0.0171 for control versus B3GALTS + B3GNT5-dKO treated with 2.5 pg/mL CTB
saporinor12.5 pg/mL saporin (panels Cand D, respectively).
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Extended Data Fig. 4 | Fucosylated lacto-series GSLs detected in control but not KO cell lines. MS analysis of GSLs from control (A), B3GALT5-KO m1 (B), and
B3GNT5-KO m1(C) cells. (D) Example MS/MS spectrum of a fucosylated lacto-series glycolipid detected in control cells, confirming structure.
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Extended Data Fig. 5| Validation of GSLs as decoy receptors for CT.

(A) Lectin blot with CTB-biotin of control and B3GALT5-KO m1cell lysates, and
pure GM1. Samples were treated for 16 h with endoglycoceramidase or a vehicle
control. Datashown are a single representative trial of 3 independent biological
replicates. (B-G) Control, B3GNT5-KO + OE, and B3GALTS-KO m1cells were
treated with P4 inhibitor of glycosphingolipid biosynthesis for 72 h then

lysed for lectin blot analysis (B) or treated with BFA or a vehicle control for

0.5 hprior to incubation with CT (1 nM) for analysis of cAMP accumulation
(C,D, andE). Alternately, cells were treated with forskolin (10 pM) for 0.5 h

(F and G). Accumulation of cAMP was measured. Data shown are inverse of

luminescence values normalized first to the total amount of cells plated for

each cellline, then to the signal in CT-treated control cells. Each datapointisa
biological replicate (n=2in panel E,n=3inpanels C, D, F, and G) consisting of
3averaged technical replicates. Error bars indicate mean + SD of 3 biological
replicates. Statistical analyses were performed by two-way ANOVA with Tukey
correction. Exact P-values are 0.0002 for control versus inhibitor-treated
B3GALTS5-KO mlas well as inhibitor-treated control versus untreated B3GALTS-KO
m1; for inhibitor-treated control versus inhibitor-treated B3GALT5-KO m1, the
exact P-value is 0.0052 (panel C).
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and analyzed by mass spectrometry with HILIC-FL separation. (B, C) LC-ESI/MS
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linkage positions. (C) An MS spectrum displaying a series of C type fragment ions
(C,qatm/z528, Cy, at m/z690, C,, at m/z1039, Cs, at m/z1201, C, at m/z1550, and
C,atm/z1712), whichidentified an oligosaccharide with Hex-(Fuc-)HexNAc-
Hex-(Fuc-)HexNAc-Hex-(Fuc-)HexNAc-Hex-Hex sequence. The ion at m/z

364 is obtained by double glycosidic cleavage of the 3-linked branch

(Cy/Zyy), and characteristic for an internal 4-linked GIcNAc substituted with a Fuc
at 3-position that is a terminal Le* (refs. 90,94). Taken together this indicated an

GM1: = = - = = +
GSL concentration (ug/mL): T 7 20
undecasaccharide with a terminal Le* determinant. (D, E) B3GALTS + B3GNTS-
dKO cells were incubated with GSLs extracted from B3GNT5-KO + OE cells, a
commercial mixture of neutral GSLs, or purified GML. Cells were then treated
with BFA or a vehicle control for 0.5 h prior to incubation with CT (1 nM) for
analysis of cAMP accumulation (D). Alternately, cells were treated with forskolin
(10 uM) for 0.5 h (n =2) (E). Accumulation of cAMP was measured. Data shown
areinverse of luminescence values normalized first to the total amount of cells
plated for each cell line, then to the signal in CT-treated control cells. Each
datapointis abiological replicate (n =3 for panel D, n = 2 for panel E) consisting
of2averaged technical replicates. Error bars indicate mean + SD of 3 biological
replicates (panel D). Statistical analyses were performed by two-way ANOVA with
Tukey correction. No significant differences were observed.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | B3GALTS5-KO cells exhibit increased fucosylation

on N-linked glycoproteins. (A) N-linked glycoforms detected in control and
B3GALTS-KO m1 cells by LC-MS/MS analysis. Quantification is based on triplicate
analysis. (B) Example MS/MS of acomplex, fucosylated N-linked glycan detected
in B3GALTS-KO m1 cells confirming placement of fucose. (C) Bar graphs showing
the relative enrichment of mono- vs di- vs tri-fucosylated N-linked glycans

detected by LC-MS/MS analysis of control and B3GALTS-KO m1 cells. Statistical
analysis was performed by two-tailed t-test with Holm-Sidak correction. Exact
adjusted P-value = 0.013508 for mono-fucosylated N-linked glycans detected in
control versus B3GALT5-KO m1. Exact adjusted P-value = 0.014105 for both di- and
tri-fucosylated N-linked glycans detected in B3GALTS5-KO ml versus control.
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Extended Data Fig. 8| B3GALT5-KO cells exhibit increased fucosylation

on O-linked glycoproteins. (A) O-linked glycoforms detected in control and
B3GALTS-KO m1 cells by LC-MS/MS analysis. Quantification is based on triplicate
analysis. (B) Example MS/MS of a fucosylated O-linked glycan detected in
B3GALT5-KO m1 cells. (C) Example MS/MS of core 2 O-linked glycan detected

in B3GALTS-KO m1 cells confirming structure. (D, E) B3GALTS-KO m1 cells were
rescued with either WT or catalytically dead (mut) B3GALTS-OE. Rescued cells
were treated with BFA or a vehicle control for 0.5 h prior to incubation with CT

(1nM) for analysis of cAMP accumulation (D). Alternately, cells were treated

with forskolin (10 pM) for 0.5 h (E). Accumulation of cAMP was measured. Data
shownare inverse of luminescence values normalized first to the total amount of
cells plated for each cell line, then to the signal in CT-treated control cells. Each
datapointis a biological replicate consisting of 2 averaged technical replicates.
Error barsindicate mean + SD of 3 biological replicates. Statistical analyses were
performed by two-way ANOVA with Tukey correction. No significant differences
were observed.
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Extended DataFig. 9| Validation of SLC35CI-KO cell lines. (A) GM1 was treated
with EGCase or vehicle, then detected by lectin blot using WT CTB-biotin,

W88K CTB-biotin, and HIS8L CTB-biotin. Data presented are from 3 distinct
membranes processed simultaneously (separated by vertical lines) and are a
single representative trial from 3 biological replicates. (B, C) Representative
histograms (left panel) from flow cytometry analyses of anti-Le* antibody (B)
and AAL (C) binding to surfaces of control, B3GALTS-KO m1, SLC35CI-KO, and
B3GALTS5 + SLC35C1-dKO cells. Quantification of gMFIs (right panel) from 3
biological replicates are normalized to the maximum signalin control cells.
Lysates from control, B3GALTS5-KO m1, SLC35CI-KO and B3GALTS + SLC35C1-dKO
cells were analyzed by immunoblot probing with anti-Le* antibody or lectin blot
probing with AAL (D). Datashown are a single representative trial from 3 biological
replicates. (E) Control, B3GALTS-KO m1, SLC35CI-KO and B3GALTS + SLC35C1-dKO
cellswereincubated for 72 h with unconjugated saporin (12.5 pg/mL). Survival
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datashown are luminescence values normalized to the signal from the untreated
condition for each cell type. Each datapoint indicates the mean of 2 biological
replicates, each consisting of 3 averaged technical replicates. (F) Cells pretreated
with BFA or a vehicle control for 0.5 h were incubated for 1.5 hwith CT (1 nM)
orbuffer alone. Accumulation of cAMP was measured. Data shown are inverse

of luminescence values normalized first to the total amount of cells plated for
eachcellline, thento the signal in CT-treated control cells. Each datapointis a
biological replicate (n = 2) consisting of 3 averaged technical replicates. (G) Cells
were treated with forskolin (10 pM) for 0.5 h and then analyzed as in panel F. Each
datapointis abiological replicate consisting of 3 averaged technical replicates.
Error barsindicate mean + SD of 3 biological replicates. Statistical analyses were
performed by one-way (panels B and C) or two-way (panels F and G) ANOVA with
Tukey correction. ***indicates adjusted P-value < 0.0001. Exact P-value for
control versus B3GALT5-KO m1treated with AAL is 0.0018.
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A Genes Fold Change | P.Value B GO Term External ID IAi’-(i;lajlsl:zd
TCIRGT 4.93060497 0.00431572 Apical Plasma Membrane G0:0016324 | 0
LGALS9B | 4.8689835 0.04142522 Integral Component Of Plasma Membrane G0:0005887 | 0
TRIM14 4.69438204 0.03076074 Plasma Membrane G0:0005886 | 0
NTSE 4.68890403 0.01372595 Integral Component Of Membrane G0:0016021 3.5002E-08
ABCG2 4.64203619 0.00030817 ATP Hydrolysis Coupled Proton Transport GO0:0015991 | 6.4233E-07
ATP6VOA1 | 4.52403854 0.00289422 Vacuolar Proton-Transporting V-Type Atpase, VO Domain G0:0000220 | 1.4871E-06
GPRC5A 4.48446607 0.03036069 Transferrin Transport G0:0033572 1.7246E-06
CLRN3 4.47241346 0.00079488 Vacuolar Proton-Transporting V-Type Atpase Complex G0:0016471 8.7742E-06
FLOT1 4.4043267 0.01611908 lon Transmembrane Transport G0:0034220 1.7237E-05
LGALS9 4.40235264 0.25125444 Proton-Transporting Atpase Activity, Rotational Mechanism GO0:0046961 | 2.0854E-05
ATPBVOC 4.31744057 0.00182088 Phospholipid Translocation G0:0045332 | 3.0193E-05
ATPGVOA4 | 4.08058835 0.000876 Lysosomal Membrane G0:0005765 | 6.0917E-05
MYADM 3.98437526 0.00543306 Specific Granule Membrane GO0:0035579 | 6.2556E-05
ABCC2 3.96403313 0.00690075 RNA Binding G0:0003723 9.2646E-05
AQP 3.9420867 0.03734743 Phagosome Acidification G0:0090383 | 0.00010742

Phagocytic Vesicle Membrane G0:0030670 | 0.00012979
STOM 381404742 0.00086234 Tertiary Granule Membrane G0:0070821 | 0.00014767
DPEPT 1 3.50525402 | 0.00523696 Insulin Receptor Signaling Pathway GO:0008286 | 0.00016289
SLC4A2 | 347380109 | 0.0007136 Vacuolar Acidification GO:0007035 | 0.00127049
MAL2 3.44868984 0.03315269 Vacuolar Proton-Transporting V-Type Atpase Complex Assembly | GO:0070072 | 0.00127049
ATP6VOA2 | 3.39373075 0.00423053 Potassium lon Transmembrane Transport G0:0071805 | 0.00167169
ATP6AP1 | 3.38889702 0.02707042 Drug Transmembrane Transport G0:0006855 | 0.00291416
SLC4A7 3.37231139 0.00119136 Cell Volume Homeostasis G0:0006884 | 0.00291416
EPB41L2 3.35853395 0.06796709 Cytosol G0:0005829 | 0.00296105
LMTK2 3.30078127 0.010185 Potassium lon Symporter Activity G0:0022820 0.00510755
LGALS3BP | 3.24826492 0.01499782 Potassium:Chloride Symporter Activity G0:0015379 | 0.00510755
LGALS8 3.22462499 0.03435593
PLPP2 3.21350217 0.00334389
FLOT2 3.06074302 0.01466696 C
LAMTOR1 | 3.05413787 0.0334058 M L
BTBD9 3.04632155 0.02071636 B3GALT5+SLC35C1dKO: + = + =
ATP13A3 | 3.02902495 | 0.00231612 B3GALT5+B3GNT5dKO: = + - +
TRPM4 2.96610666 0.0147995 kDa
GALNT5 2.86666185 0.01205316 MUCH1 . ~ ' -y
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TMED4 2.77459534 0.01247531
TPCN1 2.7485427 0.00841861
TMEMG63A | 2.74368581 0.0026814
ATP8B1 2.74308928 0.00442662
TNC 2.73625741 0.11865041
SLC6A6 2.71826597 0.02337299
PUSL1 2.70470513 0.14312872
EPS8L3 2.70234394 0.04098461
SLC12A9 2.63917179 0.00778633
KRT31 2.63081139 0.13983019
ANO1 2.62759478 0.00438845
KCNN4 2.61071996 0.01247144

Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig.10 | CTB-interacting glycoproteins. (A) Top 50 proteins
identified from CTB-biotin pulldown from B3GALTS + B3GNT5-dKO versus
B3GALTS + SLC35C1-dKO cell lysates. Fold-change is the abundance in the
B3GALTS + B3GNT5-dKO pulldown as compared to the B3GALTS + SLC35CI-dKO
pulldown. Unadjusted P-values are derived from two-tailed student’s t-test.

(B) Gene ontology (GO) analysis using Fisher’s exact test with Bonferroni

correction to identify pathways enriched in CTB-biotin pulldown from

B3GALTS + B3GNTS5-dKO cell lysates as compared to B3GALTS + SLC35C1-dKO cell
lysates. Top 25 pathways are shown. (C) Two hits (FLOT1and MUC1, boldface font
inpanel A) were selected for confirmation. Total lysates and material from CTB-
biotin pulldowns were analyzed by immunoblot using antibodies against FLOT1
and MUCL.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X [

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX O O OX OO0OS
X

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were collected using CellQuest Pro version 6.0. Total protein staining of blots was imaged with Imagelab software
(version 5.0) running on a ChemiDoc MP imager. Fluorescence imaging of blots was performed using control software for the Typhoon FLA
9500. Chemiluminescence imaging of blots was performed on a ChemiDoc MP imager running ImageLab Touch software version 2.3.0.07.
Gen5 software (version 3.03) running on BioTek Synergy 2 microplate reader was used to collect luminescence and colorimetric data in 96-
well plate format.

Data analysis Imagelab Touch software version 2.3.0.07 was used for gel image analysis. Flow cytometry data were analyzed using FlowJo 10.9.0. Raw
mass spectrometry data were manually interpreted with Thermo Xcalibur Qual Browser (versions 2.0.7 and 4.4) with structural assistance by
GlycoWorkBench (version 1.2.4105). Statistical analysis of flow cytometry, CTB internalization data, and cAMP data was performed using
GraphPad Prism versions 9 and 10.0.1. Proteomics data were analyzed using Proteome Discoverer 3.0. Analysis of mass spectrometry data for
procainamide-labeled glycolipid glycans was performed with MassLynx v. 4.2

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data used to generate Fig. 1B and 1D are available in the Gene Expression Omnibus database under accession number GSE242156. Mass spectrometry data used to
generate Figure 3A, Extended Data Figure 4A, 4B, 4C, 4D, Figure 4A, Extended Data Figure 7A, 7B, 7C, Extended Data Figure 8A, 8B, 8C, and Extended Data Figure 6A
are available at glycopost.glycosmos.org under accession number GPSTO00467. Mass spectrometry data used to generate Extended Data Figure 6B and 6C are
available at glycopost.glycosmos.org under accession number GPSTO00465. Replicate immunoblot and lectin blot data are available in the online Texas Data
Repository [doi.org/10.18738/T8/NINF8B]. The proteomics analysis presented in Extended Data Figure 10A and B made use of the human protein database from
UniProt available at uniprot.org.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No human research participants were involved.

Population characteristics No human research participants were involved.
Recruitment No human research participants were involved.
Ethics oversight No human research participants were involved.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. For immunoblots, triplicate or duplicate biological replicates were used. In
our experience, when concordant results are obtained from this number of biological replicates, the outcome does not change if additional
replicates are performed. Additionally, in many cases, observations made in early figure panels are further confirmed when similar samples
are included in subsequent figure panels. For quantitative analysis, sample size was determined to be sufficient when a statistical comparison
could be made to control samples (typically 3 unless prohibited by reagent availability). Sample sizes for each experiment are given in the
figure legends.

Data exclusions  No data were excluded from the analyses.

Replication For flow cytometry, blots (immunoblots and lectin blots), internalization assays, and cAMP assays, the number of replicates is indicated in the
figure legend. Most experiments were performed in biological triplicate. The CRISPR screen was a single replicate. Rather than replicating the
screen, we chose to validate the results by creating individual knockout cell lines. Glycomics analyses were performed in biological triplicate.
Glycolipidomics analyses were single replicates, however we used three different methodological approaches to conduct glycolipidomics
analysis with concordant results. All attempts at replication were successful.

Randomization  Randomization was not relevant to this study because there were no organisms or participants. All samples were treated identically.

Blinding Blinding was not relevant because group allocation was not performed.

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms

Clinical data

XX XX OO
OO000XK

Dual use research of concern

Antibodies

Antibodies used Anti-beta subunit cholera toxin (Abcam, catalog no. ab 34992), lot numbers GR3279433 and GR3383904.
Anti-human CD15 clone HI98 [anti-Lewis x] (BD Biosciences, catalog no. 555400BD), lot numbers 7124624, 1313995, and 6033506.
Mouse-anti-human blood group Lewis a clone 7LE (Abcam, catalog no. ab3967).

Donkey anti-rabbit IgG Alexa Fluor® 647 (Abcam, ab150075), lot number GR3360238-2.
Goat anti-mouse IgM Alexa Fluor® 647 (Abcam, ab150123), lot number GR3296151-1
Goat anti-mouse IgG Alexa Fluor® 633 (Invitrogen, A-21050), lot number 56745A

goat anti-human FLOT1 (Thermo Fisher, catalog no. PA5-18053)

mouse anti-human MUC1, clone 214D4 (Sigma Aldrich, catalog no. 05-652)
donkey-anti goat IgG-HRP secondary antibody (Santa Cruz, catalog no. sc2020)

goat anti-mouse IgG-HRP secondary antibody (Invitrogen, catalog no. 31430)

goal anti-mouse igM-HRP secondary antibody (Invitrogen, catalog no. 31440)

Validation The anti-beta subunit cholera toxin does not bind to the Colo205 cell lines if CTB is not included.
Anti-human CD15 clone HI98 recognition of anti-Lewis x is validated in PMC534418.
Mouse-anti-human blood group clone 7LE recognition of Lewis a is validated in PMC4223483.
Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 647): https://www.abcam.com/en-us/products/secondary-antibodies/donkey-rabbit-igg-h-
I-alexa-fluor-647-ab150075#
Goat Anti-Mouse IgM mu chain (Alexa Fluor® 647): https://www.abcam.com/en-us/products/secondary-antibodies/goat-mouse-igm-
mu-chain-alexa-fluor-647-ab150123#
Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 633: https://www.thermofisher.com/antibody/
product/Goat-anti-Mouse-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal /A-21050
Flotillin 1 Polyclonal Antibody: https://www.thermofisher.com/antibody/product/Flotillin-1-Antibody-Polyclonal/PA5-18053
mouse anti-human MUC1: PMID: 7698991
donkey-anti goat 1gG-HRP secondary antibody: https://www.scbt.com/p/donkey-anti-goat-igg-hrp?
srsltid=AfmBOopy74c60gKyhN2L5a4LbLv4UpxoyCOHBZ5g9Un2E_0YnBeOqgKh
goat anti-mouse 1gG-HRP secondary antibodies: https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-
Secondary-Antibody-Polyclonal/31430
goat anti-mouse IgM-HRP secondary antibodies: https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgM-Secondary-
Antibody-Polyclonal/31440

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Colo205 cells and HEK293T/17 are from the ATCC (CCL-222 and CRL-11268).
Authentication Authentication was not performed.
Mycoplasma contamination Cells tested negative for mycoplasma contamination.

Commonly misidentified lines  Neither cell line is a commonly misidentified cell line.
(See ICLAC register)

>
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
w
[
3
=
Q
<




Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Media containing floating cells was collected and 2 mL of 10 mM EDTA in DPBS was added to adherent Colo205 cells and
incubated for 5 min at 37 °C. Adherent cells were then dislodged by gentle resuspension and then combined with previously
harvested floating cell population. Cells were washed twice by resuspending in DPBS, centrifuged at 500 g for 3 min and EDTA
removed by aspiration. The cells were resuspended in DPBS containing 0.1 % (w/v) BSA (DPBS/BSA) and 3.5 x 1075 cells were
added per well to a V-bottom plate (Costar, catalog no. 3897). Cells were pelleted by centrifugation at 730 g for 5 min at 4 °C
and washed twice by resuspension in 200 uL cold DPBS/BSA.

BD FACSCalibur
Data were collected with CellQuest Pro version 6.0 and analyzed with FlowJo 10.9.0.
For each sample, 10,000 gated events were collected.

For all flow cytometry experiments, cells were gated based on forward scatter versus side scatter and dead cells were
excluded by propidium iodide staining.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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