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SUMMARY

Tetraspanins, a superfamily of membrane proteins, mediate diverse biological processes through tetraspa-
nin-enriched microdomains in the plasma membrane. However, how their cell-surface presentation is
controlled remains unclear. To identify the regulators of tetraspanin trafficking, we conduct sequential
genome-wide loss-of-function CRISPR-Cas9 screens based on cell-surface expression of a tetraspanin
member, TSPANS8. Several genes potentially involved in endoplasmic reticulum (ER) targeting, different
biological processes in the Golgi apparatus, and protein trafficking are identified and functionally validated.
Importantly, we find that biantennary N-glycans generated by MGAT1/2, but not more complex glycan struc-
tures, are important for cell-surface tetraspanin expression. Moreover, we unravel that SPPL3, a Golgi intra-
membrane-cleaving protease reported previously to act as a sheddase of multiple glycan-modifying
enzymes, controls cell-surface tetraspanin expression through a mechanism associated with lacto-series
glycolipid biosynthesis. Our study provides critical insights into the molecular regulation of cell-surface pre-
sentation of tetraspanins with implications for strategies to manipulate their functions, including cancer cell

invasion.

INTRODUCTION

The tetraspanin superfamily consists of a large group of mem-
brane proteins containing four putative intramembrane domains
together with two extracellular loops (one small and one large), a
small inner loop, and short N- and C-terminal inner tails.” It is
important to note that many other proteins also contain four trans-
membrane domains, but they are not tetraspanin members
because they lack the characteristic amino acid sequences
of tetraspanins, including 4-8 cysteine residues in the large extra-
cellular loop, with two in a highly conserved cysteine-cysteine-
glycine (CCQG) triplet motif, and polar residues within transmem-
brane domains.'™ Moreover, the crystal structure of the full-length
human CD9 and CD81 proteins revealed a special organization of
the four transmembrane domains of tetraspanins.®® They form
two separated pairs of helices that create anintramembrane cavity
for docking of a cholesterol molecule to regulate its function.®
Although tetraspanins are conserved throughout evolution,” they
were first discovered in mammals during the search for novel
cell-surface antigens of cancer cells.® "' Since then, 33 members
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of the tetraspanin superfamily in humans have been found. While
the original names for some of them are still widely used in the
community, such as CD63, CD81, CD82, they all have been
accordingly named TSPAN1-TSPAN33. The functional impor-
tance of tetraspanins was highlighted by identification of genetic
alterations of multiple tetraspanin members in human patients
and by genetically engineered laboratory animal models. Accumu-
lating genetic studies in the past 3 decades have indicated that tet-
raspanins are involved in a multitude of biological processes,
including fertilization, parasite and viral infection, mental health,
immune response, and tumor development.’?

Emerging evidence suggests that the tetraspanin-enriched
microdomain (TEM) (also known as the tetraspanin web) in the
plasma membrane is important for diverse biological processes
under physiological and pathological conditions. In this unique
microdomain, multiple tetraspanins interact with each other as
well as other membrane proteins and lipids to form networks
with context-dependent functions.”'? Of note, a study based
on super-resolution microscopy suggests that nanoclusters are
normally formed by up to 10 molecules of a single member of
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tetraspanins instead of multiple different members.'® Clusters of
different tetraspanin members generally do not overlap, but they
may interact with each other dynamically and form a TEM in the
plasma membrane. Great efforts have also been made to
address how tetraspanins function through their physical inter-
actions with other molecular partners in TEMs. More than 60 pro-
teins have been reported to interact with different tetraspanin
members." ' For instance, interactions of tetraspanins with
integrins within the TEM indicate involvement of tetraspanins in
cellular adhesion, migration, and invasion.'® In addition, their in-
teractions with membrane receptors, such as growth factor re-
ceptors and other receptors mediating intracellular signaling
pathways, imply that certain tetraspanin members may play a
role in cell signal transduction. "

In mammalian cells, like most transmembrane proteins,
biosynthesis of tetraspanins begins with translation by ribo-
somes. After initiation of translation at the ribosome, the poly-
peptide encoded by a tetraspanin gene is believed to be targeted
to the endoplasmic reticulum (ER) for further synthesis. Howev-
er, tetraspanins lack a defined signal peptide sequence for ER
targeting. Very little is known about how tetraspanins are fed
into the ER during ribosomal translation. When tetraspanins
arrive at the Golgi apparatus from the ER, distinct and sequential
post-translational modifications may occur immediately. For
example, multiple tetraspanins have been reported to be palmi-
toylated in the Golgi.'®'® However, loss of palmitoylation sites
appeared to have little effect on trafficking of tetraspanin pro-
teins to the plasma membrane.'® Maturation of N-glycosylation
modification at the Golgi apparatus has also been suggested
to play a role in regulation of tetraspanins.”®?' N-glycosylation
of a few tetraspanin members, including CD63, TSPAN1,
and CD82, has been demonstrated in different studies.?’*
However, the molecular details and functional consequences
of palmitoylation, glycosylation, and other post-translational
modifications of tetraspanins in regulation of their trafficking to
the plasma membrane and their cell-surface expression are
poorly understood. Here, we explored the molecular regulation
of cell-surface presentation of tetraspanins and its impacts on
their role in cancer cell invasion.

RESULTS

Cell-surface tetraspanins regulate invasion of cancer
cells

Many tetraspanin proteins were originally identified as human tu-
mor-associated antigens and shown to play significant roles in
multiple stages of cancer development.'*?®> Among them,
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TSPANS8 was found to be overexpressed in different epithelial
cancers.”*** Moreover, cell-surface TSPANS was recently iden-
tified as a marker and important regulator for quiescent mam-
mary stem cells.*>*% To establish in vitro culture systems to
investigate the regulation and function of TSPANS8 in cancer
cells, we analyzed TSPANS8 expression in the RNA sequencing
(RNA-seq) dataset from the Cancer Cell Line Encyclopedia
(CCLE), where detailed genetic characterizations of more than
1,000 established human cancer cell lines have been conducted.
We found that TSPAN8 mRNA is highly expressed in a subset of
cancer cell lines derived from different tissues. For instance,
among the 24 liver cancer cell lines, half of them do not express
TSPANS. However, JHH5, SNU878, HuH1, and Li7 display high
TSPANS8 expression (Figure 1A). The relative expression of
TSPAN8 mRNA analyzed by gPCR is largely consistent with
the RNA-seq data in the CCLE (Figure 1B) and the western blot
results (Figure 1C). We then carried out fluorescence-activated
cell sorting (FACS) analysis of cell-surface TSPAN8 expression
by using a rat monoclonal antibody that recognizes the extracel-
lular domain of human TSPANS (Figure 1D). Among all liver can-
cer cell lines tested, MEC cells expressed the highest levels of
TSPANS at the mRNA and protein levels. Of note, MEC is a liver
cancer cell line derived from a patient with cholangiocarcinoma
but is not included in the CCLE.*” The expression levels of
TSPANS8 analyzed by western blotting (detecting total expres-
sion) and FACS (detecting cell-surface expression) correlate
well in the different cell lines tested, implying that the vast major-
ity of TSPANS proteins in these cell lines are likely localized on
the cell surface. Interestingly, we found that multiple tetraspanin
members are often co-expressed in the same liver cancer cell
lines. For example, mRNA expression of CD63, CD151,
TSPAN3, TSPANS8, and TSPAN13 are readily detected in
JHH5, SNU878, and HuH1 cells (Figures 1E, S1A, and S1B).
To test the role of different tetraspanins in regulation of cell inva-
sion, we generated a series of JHH5 knockout cell lines lacking
either one or two tetraspanin members by using a CRISPR-
Cas9 approach based on a doxycycline-inducible sgRNA (sin-
gle-guide RNA) expression system (Figures S2A-S2C). Notably,
all knockout cell lines used in this study were a pool of cells
generated by FACS based on expression of the corresponding
cell-surface marker(s). We found that deletion of any tested tet-
raspanin members could significantly impair the invasion activity
of JHH5 cells, with CD63 and TSPANS8 knockout displaying more
profound effects (Figures 1F and S1C). The important role of
TSPANS in promoting invasion was also confirmed in HuH1 cells
(Figures S1D-S1F). Conversely, stable expression of exogenous
TSPANS significantly promoted invasion of M213 cells, a liver

Figure 1. Cell-surface expression of tetraspanins mediates cancer cell invasion
(A) RNA-seq data from the CCLE (Cancer Cell Line Encyclopedia), showing a high TSPAN8 mRNA level in a subset of human liver cancer cell lines.

B) gPCR analysis of TSPAN8 mRNA expression in liver cancer cell lines.

C) Western blot analysis of the total TSPANS level in liver cancer cell lines. Two different monoclonal anti-TSPAN8 antibodies were used. n = 3.

E) RNA-seq data from the CCLE, showing co-expression of multiple members of tetraspanins in JHH5 cells.

(
(
(D) Representative FACS plot showing the cell-surface expression of TSPANS in the indicated liver cancer cell lines. n = 3.
(
(

F) Representative images of the Matrigel invasion assay, showing that the absence of different tetraspanins profoundly impairs invasion of JHH5 cells.

**p < 0.0005, ***p < 0.0001.

(G and H) Inhibition of cell invasion by an anti-TSPAN8 antibody. HuH1 and JHHS5 cells, which express high levels of TSPANS, were pre-incubated with TSPAN8

antibody or control immunoglobulin G (IgG), respectively. ***p < 0.0001.
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cancer cell line lacking endogenous TSPAN8 expression
(Figures S1G-S1l). Most importantly, a monoclonal anti-TSPAN8
antibody significantly impaired invasion of JHH5 and HuH1 cells
(Figures 1G and 1H), suggesting that cell-surface expression of
TSPANS is critical for promoting cancer cell invasion.

Genome-wide CRISPR-Cas9 screens to identify genes
regulating cell-surface TSPANS8 expression

To identify the potential regulators of cell-surface expression of
tetraspanins, we performed unbiased genome-scale loss-of-
function CRISPR-Cas9 screens on MEC and JHH5 cells
(Figures 1B-1D) based on detection of cell-surface TSPAN8
expression levels. A large lentivirus-based sgRNA library®® was
used to perform the screens on ~300 millions cells to achieve
good coverage (Figure 2A). To enrich cells with decreased cell-
surface TSPANS levels, we conducted multiple rounds of FACS
for 5%—10% TSPANS8" cells, with 5-7 days of culture expansion
of sorted cells for each round, until a TSPAN8"" population
clearly appeared (Figures 2B and S3A). Notably, all 10 and 6
sgRNAs targeting TSPANS in the library were enriched in the final
TSPANS'™Y population in the screens on MEC and JHH5 cells,
respectively. This strongly indicates that our screens were robust
(Figures 2C, 2D, S3B, and S3C). While the top candidate genes,
such as SPPL3, MGAT1, and MGAT2, were commonly identified
in the two independent screens on MEC and JHH5 cells, the data
derived from the screening on MEC cells appears to be more
robust. This is likely due to the higher cell-surface expression of
TSPANS in MEC cells to allow better separation of TSPAN8'*"
cells (Figures 2B and S3A). We hence mainly focused on candi-
date target genes with p < 0.01 from the screening on MEC cells
for subsequent analyses (Table S2). Gene Ontology (GO) enrich-
ment analysis showed that genes in a couple of defined path-
ways, including “protein N-linked glycosylation via asparagine”
and “catalytic activity, acting on a glycoprotein,” are involved in
regulation of cell-surface TSPANS8 expression (Figure 2E).

N-glycosylation regulates the cell-surface presentation
of TSPANS8 and other tetraspanins

MGAT1 («-1,3-mannosyl-glycoprotein 2-B-N-acetylglucosami-
nyltransferase) and MGAT2 («-1,6-mannosyl-glycoprotein 2-
B-N-acetylglucosaminyltransferase) are two essential enzymes
at the initial steps of maturation of the N-glycosylation process
at the Golgi apparatus®®*° (Figure 3A). Multiple sgRNAs target-
ing these two genes were highly enriched in the TSPANS'Y cells
in both screens on MEC and JHHS5 cells (Figures 2C, 2D, S3B,
and S3C). We validated the impact of their deletion on cell-sur-
face TSPAN8 expression by CRISPR-Cas9 (Figure S2). We
then established MGAT1 and MGAT2 knockout MEC and
JHH5 cell lines by FACS of TSPAN8"" cells (Figure 3B). The
decreased cell-surface expression of TSPAN8 in MEC MGAT1
and MGAT2 knockout (KO) cells was further confirmed by an
additional monoclonal anti-TSPAN8 antibody for FACS analysis
(Figure S3D). Notably, deficiency of MGAT1 showed more pro-
found effects on attenuating cell-surface TSPAN8 expression,
which is in line with the fact that MGAT1 is the most upstream
N-acetylglucosaminyltransferase (Figure 3A). We next per-
formed a rescue experiment to confirm that re-expression of
wild-type exogenous MGAT1, but not the enzyme-dead mutants
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(C121R/D289N and C121R/R413K),*"*? was able to completely
restore cell-surface TSPAN8 expression in MEC MGAT1 KO
cells (Figure 3C). Interestingly, the MGAT1 mutant (C121R) with
dampened enzymatic activity could partially restore cell-surface
TSPAN8 expression. We also examined whether MGAT1 and
MGAT2 regulate cell-surface expression of other tetraspanin
members. Indeed, their disruption reduced the cell-surface
expression of all tested tetraspanin members to various extents
in MEC (Figure 3D) and JHHS5 cells (Figure S3E).

To validate N-glycosylated modification of a protein in cells, a
classic approach is to subject cell lysates to enzymatic de-glyco-
sylation by peptide-N-glycosidase F (PNGase F) and analysis by
western blotting.*® The migration of TSPANS protein in SDS gels
is much faster in total cell lysates treated with PNGase F (Fig-
ure S3F). We also sought to conduct PNGase F treatment on
intact and live cells to test whether the N-glycans are attached
to the extracellular domains of TSPAN8. The glycans of
TSPANS8 could be completely removed (Figure S3G) without
any effect on detection of cell-surface TSPAN8 expression
by FACS (Figure S3H). These data not only indicated that the
potential N-glycosylation site(s) of TSPANS are at its extracellular
regions but also provided evidence suggesting that the binding
affinity of the anti-TSPAN8 antibody used for CRISPR-Cas9
screens is independent of its N-glycosylation modification. Unlike
many other tetraspanin members, CD9 is predicted to contain a
single potential N-glycosylation site in its small extracellular
loop, but this remains to be validated.** Interestingly, we did
not detect N-glycosylation modification of CD9 in the MEC and
SNUB878 cell lines (Figures S3I and S3J), while its cell-surface
expression is also regulated by MGAT1/2 (Figure 3D).

To further evaluate the MGAT1 and MGAT2 mediated
N-glycosylated status of TSPAN8 and CDG63, the total lysates
of the MEC non-target control, MGAT1 KO, and MGAT2 KO cells
were subjected to PNGase F and endoglycosidase H (Endo H)
and analyzed by western blotting.*® Of note, Endo H does not
cleave complex glycans (Figure 3A).Treatment of cell lysates
from control cells with PNGase F, but not Endo H, facilitated
migration of TSPAN8 and CD63 proteins in SDS-PAGE gels, indi-
cating that complex N-glycosylation occurs on TSPAN8 and
CDB63 proteins (Figure 3E). In line with this, the N-glycosylation
patterns of TSPAN8 and CD63 proteins were altered in MEC
MGAT1 KO and MGAT2 KO cells, and the removal of their
glycans remained resistant to Endo H in MGAT2-KO cells but
became sensitive in MGAT1 KO cells (Figure 3E). We also
confirmed that kifunensine, an inhibitor of mannosidases,
completely blocked N-glycosylation of TSPAN8 and CD63 at
2 uM (Figure 3F) and decreased the cell-surface expression level
of TSPANS (Figure S3K). Moreover, KO of MGAT1 and kifunen-
sine almost completely blocked the invasion activity of JHH5
cells, while MGAT2 KO only showed around 50% of inhibition
(Figures 3G and 3H).

We next sought to identify the N-glycosylation site(s) in
TSPANS protein by mutagenesis. Two Asn-X-Ser/Thr (X is any
amino acid except proline) consensus sequences (37NDS and
118NET) are present in human TSPANS8 protein. However, the
N118 residue was found to be the only site for N-glycosylation
of human TSPANS8 protein because mutation of N to A at the
site completely destroyed its N-glycosylation (Figures S4A and
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Figure 2. Genome-wide CRISPR-Cas9 screening to identify genes regulating the cell-surface expression of TSPAN8

(A) Schematic illustrating the workflow of genome-wide loss-of-function CRISPR-Cas9 screening. JHH5 and MEC cells stably expressing Cas9 were infected
with the lentivirus-based sgRNA library. The TSPAN8'" cell population was enriched by multiple rounds of sorting and culture. The sgRNAs enriched in the
TSPANS™" cell population were identified by next-generation sequencing (NGS).

(B) FACS plots showing multiple rounds of sorting to enrich cells with decreased TSPANS levels. The 5%-10% population of total cells with low TSPAN8
expression was sorted for each round and cultured for expansion before next sorting until a distinct TSPAN8'®" population could be readily detected.

(C) Identification of gene hits in the screen of MEC cells. The top 10 candidate genes, ranked by p values, are highlighted.

(D) Scatterplot showing enrichment of individual sgRNAs of the selected candidate genes.

(E) Gene Ontology (GO) term analysis showing that genes that are targeted by the enriched sgRNAs are involved in the protein N-linked glycosylation pathway.
Candidate genes with p < 0.01 were selected for the analysis.
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S4B). This mutation also profoundly impaired the cell-surface
expression level of TSPAN8 (Figure S4C). Of note, the
N-glycosylation site identified in the human TSPANS8 protein
is evolutionally conserved across different species (Figure S4D).
To obtain further evidence to support the critical role of
N-glycosylation at N118 for TSPAN8-mediated cell invasion,
we made stable lines expressing exogenous wild-type
TSPANS or the N118A mutant in JHH5 TSPANS8 KO cells. While
the total expression levels of the wild type and mutant were
similar, cell-surface expression of the N118A mutant was
dramatically reduced (Figures S4E and S4F). Accordingly, the
N118 mutant was not able to restore the invasion activity of
JHH5 TSPANS KO cells (Figure S4G).

More complex glycan modification and core

fucosylation are dispensable for cell-surface expression
of tetraspanins

While MGAT1 and MGAT2 were among the top hits in our
CRISPR-Cas9 screens on MEC and JHH5 cells, other MGAT
enzymes mediating more complex glycan maodification in the
N-glycosylation maturation cascade at the Golgi apparatus in
mammalian cells, such as MGAT3 and MGATS5, were not identi-
fied in our screens (Figure 3A). Moreover, FUT8, the enzyme for
core fucosylation, was not identified in our screens either. Never-
theless, we sought to test whether these genes may play a role
in regulating the cell-surface expression of tetraspanins. It
has been well characterized that these genes mediate the cell-
surface levels of their glycan species that are specifically recog-
nized by a cognate lectin. MEC MGAT3, MGAT5, and FUT8 KO
cells were generated by the CRISPR-Cas9 approach, followed
by FACS based on the cell-surface levels of their cognate
N-glycan species (Figures S5A-S5C). Interestingly, KO of these
genes indeed showed no effect on cell-surface expression of
any tested tetraspanin members in MEC cells (Figure S5D).

Validation of other identified candidate genes regulating
cell-surface tetraspanin expression

A number of other genes predicted to locate at the Golgi appa-
ratus and regulate Golgi apparatus functions and protein traf-
ficking were also identified in our CRISPR-Cas9 screens. Among
them, PI4KB (phosphatidylinositol 4-kinase beta) and GORASP2
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(Golgi reassembly stacking protein 2) have been shown to play a
role in phosphatidylinositol phosphate biosynthetic process at
the Golgi apparatus and in the stacking of Golgi apparatus
cisternae, respectively.*>*® C100rf76, also known as ARMH3
(Armadillo-like helical domain-containing protein 3), has been
reported to be involved in regulation of Golgi apparatus organi-
zation and may form a complex with PI4KB, but its function
remains largely unexplored.”” MON2 has been shown to be a
regulator of trafficking between endosomes and the Golgi appa-
ratus.“® We confirmed that KO of these genes in MEC cells signif-
icantly reduced cell-surface expression of TSPAN8 and other
tetraspanin members (Figures S6A-S6E). Tetraspanin proteins
do not contain a signal peptide sequence for membrane target-
ing. How they are targeted to the ER for further modification
remains unknown. TMEM208 (Transmembrane Protein 208) pro-
tein has recently been reported to be a key molecule for a novel
ER-targeting pathway in yeast, while its function in mammals re-
mains to be investigated.“®°° Interestingly, TEME208 was iden-
tified as a hit in our screen, and its deletion significantly reduced
the cell-surface expression level of TSPAN8. KO of TEME208
and GORASP2 (Golgi Reassembly Stacking Protein 2) in cells
with reduced TSAPN8 expression was confirmed by western
blotting (Figures S6F and S6G).

SPPL3 regulates the cell-surface expression of
tetraspanins

Signal peptide peptidase-like 3 (SPPL3)is a Golgi apparatus-local-
ized, intramembrane-cleaving aspartic protease that cleaves
type llmembrane protein substrates in or close to its luminal trans-
membrane domain boundary.’’ It was identified as a top hit in
our CRISPR-Cas9 screens on MEC and JHHS5 cells (Figures 2C,
2D, S3B, and S3C). Indeed, disruption of SPPL3 dramatically
diminished the cell-surface TSPAN8 expression levels in these
two cell lines (Figures 4A and S7A). Using a cell-surface bio-
tinylation assay, the decreased TSPANS cell-surface expression
levels were further validated in MGAT1 and SPPL3 KO cells
compared with non-target control cells, while the total TSPAN8
protein levels remained constant in these cells (Figure S7B). We
then carried out a rescue experiment by introducing wild-type
and a known enzyme-dead mutant of SPPL3°? into MEC SPPL3
KO cells. We found that only wild-type SPPL3, but not the

Figure 3. Deletion of MGAT1 and MGAT2 impairs cell-surface expression of tetraspanins

(A) Schematic showing the N-linked glycosylation process in the Golgi apparatus. N-linked glycosylation is initiated at the ER to generate a high-mannose type of
glycans, followed by subsequent modification by Golgi apparatus-localized glycosyltransferases, including MGAT1 and MGAT2 (red), to form complex glycans.
Kifunensine disrupts N-glycosylation by blocking a-mannosidase | activity. Removal of glycan in glycoproteins is resistant to Endo H after modification by
a-mannosidase |l

(B) Representative FACS plots showing that deletion of MGAT1 and MGAT2 by CRISPR-Cas9 profoundly decreases the cell-surface expression of TSPANS in
MEC and JHH5 cells. n = 3.

(C) Representative FACS plot showing that re-expression of wild-type MGAT1, but not the enzyme-dead mutants (C121R/D289N and C121R/R413K), completely
restores TSPANS cell-surface expression in MEC MGAT1 KO cells. The single mutant (C121R) with reduced enzymatic activity only partially restores TSPAN8
expression. n = 3.

(D) Representative FACS plot showing the critical role of MGAT1 and MGAT?2 in regulation of cell-surface expression of other tetraspanin members. n = 3.

(E) Western blot analysis of TSPAN8 and CD63 proteins in MEC MGAT1 and MGAT2 KO cells. The total cell lysates were subjected to enzymatic de-glycosylation
by PNGase F or Endo H before western blot analysis. n = 3.

(F) Western blot analysis showing that kifunensine blocks N-glycosylation of TSPAN8 and CD63 in MEC cells. n = 3 independent experiments.

(G) Inhibition of JHH5 cell invasion by KO of MGAT1 and MGAT2. Values represent mean + SEM of cell numbers. ***p < 0.0005, ****p < 0.0001.

(H) Inhibition of JHH5 cell invasion by kifunensine. Cells were pretreated with kifunensine for 72 h before the invasion assay was carried out. Values represent
mean + SEM of cell numbers. ****p < 0.0001.
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Figure 4. Cell-surface expression of tetraspanins is profoundly impaired in the absence of SPPL3 expression

(A) Representative FACS plots showing that SPPL3 KO greatly diminishes the cell-surface expression of TSPAN8 in MEC and JHH5 cells. n = 3.

(B) Representative FACS plot showing that wild-type SPPL3, but not the enzyme-dead mutant, restores cell-surface TSPAN8 expression in SPPL3 KO cells. n=3.
(C) Representative FACS plots showing that cell-surface expression of different tetraspanin members is impaired in SPPL3 KO MEC cells. n = 3.

(D) Alteration of N-glycosylation patterns of TSPAN8 and CD63 proteins in SPPL3 KO MEC cells. n = 3.

(E) Representative images showing impaired invasion of JHH5 cells by SPPL3 KO. Values represent mean + SEM of cell numbers. ***p < 0.0001.

enzyme-activity-dead mutant, restored cell-surface TSPANS
expression in MEC SPPL3 KO cells, suggesting that the protease
activity is necessary for SPPL3-mediated TSPANS8 expression in
the plasma membrane (Figure 4B). FACS analysis of multiple tetra-
spanin members indicated that SPPL3 is a general positive regu-
lator of cell-surface expression of different tetraspanins in
MEC, JHH5, and SNU878 cells (Figures 4C, S7C, and S7D). Inter-
estingly, cell-surface expression of the glycoproteins EGFR
(Epidermal Growth Factor Receptor) and EPCAM (Epithelial Cell
Adhesion Molecule) was not affected by KO of MGAT1 and
SPPL3in MEC and JHH5 cells (Figures S7TE and S7F). The vast ma-
jority of TSPAN8 and CD63 proteins remained modified by
N-glycosylation but showed more smearing and complex patterns
in SPPL3 KO cells (Figure 4D). Moreover, KO of SPPL3 profoundly
impaired the invasion activity of JHH5 and SNU878 cells
(Figures 4E and S7G). SPPL3 has been reported to function as
a sheddase to mediate proteolytic release and secretion of
glycan-modifying glycosidase and glycosyltransferase enzymes,
including MGAT5, STEGAL1, and B4GALT1.%>°% However, KO of
these proteins was not able to restore cell-surface TSPANS
expression in SPPL3 KO cells (data not shown).
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Genome-wide CRISPR-Cas9 screen to identify genes
whose absence restores cell-surface TSPANS
expression in SPPL3 KO cells

To uncover the underlying mechanism of reduced cell-surface
TSPANS expression in the absence of SPPL3, we designed and
conducted a sequential genome-wide CRISPR-Cas9 screen to
identify molecule(s) whose deletion restores cell-surface
TSPANS expression in SPPL3 KO cells (Figure 5A). Remarkably,
asubset of infected cells with complete restoration of cell-surface
TSPANS expression appeared after multiple rounds of FACS with
1-week culture expansion of sorted cells for each round (Fig-
ure 5B). The top 10 genes targeted by sgRNAs enriched in these
cells were highlighted (Figure 5C). Of note, 6-10 sgRNAs for
B3GNT5 (Lactosylceramide 1,3-N-acetyl-beta-D-glucosaminyl-
transferase), UGCG (UDP-glucose ceramide glucosyltransfer-
ase), SLC35A2 (Solute Carrier Family 35 Member A2), and
B4GALTS (Beta-1,4-galactosyltransferase 5) were highly en-
riched in these cells (Figure 5D). GO enrichment analysis of the
candidate target genes (Table S3) showed that genes in a couple
of defined pathways, including “glycolipid metabolic process”
and “ceramide biosynthetic process,” contributes to SPPL3
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Figure 5. Identification of downstream mediators for the impaired cell-surface expression of tetraspanins caused by SPPL3 deficiency

(A) Schematic illustrating the workflow of genome-wide CRISPR-Cas9 screening to identify key downstream effectors for the defect of cell-surface TSPAN8
expression in MEC SPPL3 KO cells.

(B) FACS plots showing multiple rounds of sorting to enrich for cells with restored surface expression of TSPAN8 after MEC SPPL3 KO cells were infected with the
sgRNA library and selected by puromycin. The 5%-10% population of total cells with high TSPAN8 expression was sorted for each round and cultured for
expansion before the next sort until a distinct TSPAN8"9" population appeared.

(C) Identification of gene candidates in the screen by comparing the read counts of all sgRNAs for each gene in the TSPAN8"" versus pool cell population. The
top 10 candidate genes, ranked by p values, are highlighted.

(D) Scatterplot showing enrichment of individual sgRNAs of the selected candidate genes.

(E) GO term analysis showing that genes that are targeted by the enriched sgRNAs are involved in the GSL synthesis and metabolic pathway. The candidate
genes with p < 0.01 were selected for the analysis.

Cell Reports 42, 112065, February 28, 2023 9



¢? CellPress

OPEN ACCESS

Cell Reports

Cytoplasm Golgi
3 N-acetylgalactosamine (GlcNAc)
Glucose ®—Cer QG—Q—.—cer ad B N-acetylglucosamine (GIcNAc)
GalCer iGb3 00 Cer [ ] G_Iur_:ose )
HK o A Gb3 @ Sialic Acid
UGT8 E Oy\/ @ Galactose
g N 83
Glucose-6-phosphate 2 o = O @ Cer--—---- >
Cor UGCG, o o BAGALTS . /B3GNTS o < Led  jacto-series
PGM Glccer BAGALT6 LacCer o Le3 B4
c > &m0 @ Cer------- >
Glucose-1-phosphate SGMS z Qy( nLc4
= S
(0]
UGP2 Sphingomyelin 3
o o Cor P er ------- » a/b/c-series
GALE Asiola GM2
UDP—@ <——> UDP—@ uDP—@ :
UDP-Glu UDP-Gal }
UDP-galactose translocator v
(SLC35A2) o-series
B M Non-target M Non-target M Non-target M Non-target
H SPPL3 sg3/Non-target M SPPL3 sg3/Non-target M SPPL3 sg3/Non-target B SPPL3 sg3/Non-target
W SPPL3 sg3/SLC35A2 sg3 DKO M SPPL3 sg3/UGCG sg 1 DKO M SPPL3 sg3/B4GALT5 sg2 DKO W SPPL3 sg3/B3GNT5 sg1 DKO
W SPPL3 sg3/SLC35A2 sg9 DKO m SPPL3 sg3/UGCG sg9 DKO H SPPL3 sg3/B4GALT5 sg6 DKO | SPPL3 sg3/B3GNT5 sg2 DKO
1009 MEC 100 N 100 1007
, A |
80 80 A 80 f 807
|
= 604 60 [ J/ \\ 60 / \ 607
8 409 40 ! 40 / 401
=
) E 1 E 1
S 20 20 20 20
0¥ e ey ‘ 0 ’ - - . 0 ’ ‘ : . 0 - - - .
10" 102 10 100 10° 107 10 10 107 10" 10 10 10° 10° 10
TSPANS
c MEC cells D m Non-target
M Non-target M SPPL3 sg3/Non-target M SPPL3 sg3/B3GNT5 sgi DKO M SPPL3 sg3/B3GNT5 sg2 DKO = SPPL3 sg1 KO/non-target
B SPPL3 sg1 KO/B3GNT5 sg1 DKO
] J 1007 ]
100 100 00 100 SNU878
80 7 \ 807 80 MM g0l cells
T 607 6071 607 I t 604
8 | 8
1 ] ] [
E 40 40 40 J/ \ nq--) 40+
20 7 7 207 20 204
0+ T T ¥ [ e s e T et T > 0
1 2 3 4 1 2 3 4 1 2 3 4 T T T
10 10 10 10 10 10 10 10 10 10 10° 10 10! 102 103 10t
CD9 CD63 CD151 TSPANS
SR F seris s SHSD) G
0.1 uM DL-PPMP ) S s9
= 1.0 uM DL-PPMP SPPL3 sg3 KO Non-target KO DKO Non-target  SPPL3 sg1 KO
= 10 yM DL-PPMP + - -+ - - + - - DMSO + - + - - DMSO
H Non-target -+ - -+ - - + - BafAt -+ - -+ - BafA1
100 ME 1 - - + - - 4+ - - + Chloroquine oLy L4 Chloroguine
80 Ccells 4 ~— FLB3GNTS5 - FLB3GNTS5
€ \ Cleaved Cleaved
8 60 \ B3GNT5 B3GNT5
g ]
& 40
q LC3 LC3
20
1 2 3
10 10 10 MEC cells SNU878 cells
TSPANS

10 Cell Reports 42, 112065, February 28, 2023

(legend on next page)



Cell Reports

KO-mediated down-regulation of cell-surface TSPAN8 expres-
sion (Figure 5E).

Disruption of genes in lacto-series glycolipid synthesis
restores cell-surface expression of tetraspanins in
SPPL3 KO cells
From the rescue CRISPR-Cas9 screen described above, we
noted that UGCG, B4GALT5, and B3GNT5 are enzymes involved
in stepwise synthesis of lactotriaosylceramide (Lc3). Interest-
ingly, another candidate gene, SLC35A2, encodes a multi-pass
membrane protein that acts as a UDP (uridine diphosphate
glucose)-galactose transporter at the Golgi (Figure 6A). More-
over, UGP2 (UDP-glucose pyrophosphorylase 2) and GALE
(UDP-galactose-4-epimerase), two enzymes critical for biosyn-
thesis of UDP-galactose in the cytoplasm, were also identified
in the rescue screen. KO of each of these six candidate genes
using two independent sgRNAs completely restored cell-surface
expression of TSPANS8 in MEC SPPL3 KO cells (Figures 6B and
S7H). We then established double KO (DKO) cell lines for UGCG/
SPPL3, B4GALT5/SPPL3, B3GNT5/SPPL3, and SLC35A2/
SPPL3 based on restoration of cell-surface TSPAN8 expression
for further analysis (Figure 6B). Remarkably, the cell-surface
expression of other tetraspanins, including CD9, CD63, and
CD151, was also completely restored in all respective DKO cell
lines (Figure 6C). Moreover, complete restoration of cell-surface
TSPANS8 expression was also observed in SNU878 SPPL3 KO
cells when B3GNT5 was concurrently disrupted, suggesting
that the mechanism by which deletion of SPPL3 decreases the
cell-surface expression of tetraspanin is likely conserved across
different cell lines (Figure 6D). We then determined whether phar-
macological inhibition of Lc3 synthesis can restore cell-surface
expression of tetraspanins. Indeed, DL-PPMP (DL-threo-1-
phenyl-2-palmitoylamino-3-morpholino-1-propanol hydrochlo-
ride), a classic inhibitor of UGCG, restored cell-surface
TSPANS expression in MEC SPPL3 KO cells at 1 pM (Figure 6E).
Because B3GNT5 is the most downstream enzyme in the
cascade for the Lc3 synthesis, we hypothesized that SPPL3
may regulate its expression level in cells. gPCR analysis sug-
gested that BSGNT5 mRNA is highly expressed in MEC cells
and is not affected by disruption of SPPL3 (Figure S7I). More-
over, we found that expression of endogenous B3GNT5 protein
was barely detectable in the lysates of tested cell lines. We next
explored whether B3GNT5 protein is secreted from cells
because SPPL3 has been reported to act as a sheddase for
several proteins at the Golgi apparatus. However, we did not
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detect any B3GNT5 protein in the conditioned medium of
cultured cells (data not shown). Remarkably, the full-length
B3GNTS5 protein was found to be highly expressed in MEC and
SNU878 SPPL3 KO cells (Figures 6F and 6G). We then examined
whether BBGNT5 may be degraded in SPPL3 wild-type cells un-
der normal physiological conditions. We treated the cells with
various inhibitors to block different protein degradation path-
ways. We found that, similar to the key autophagy-associated
protein LC3, a truncated form of B3GNT5 protein was massively
up-regulated in MEC and SNU878 non-target control cells
treated with two different lysosome inhibitors (Figures 6F and
6G). Of note, a smaller form of BSGNT5 at around 27 kDa was
also detected in MEC and SNU878 SPPL3 KO cells. It is plau-
sible that additional protease(s) may cleave some B3GNT5
when a large amount of this protein is present in SPPL3 KO cells.

Regulation of internalization of TSPANS by
N-glycosylation and lacto-series glycolipids

Internalization of transmembrane proteins on the plasma
membrane is an important step to control their net cell-surface
expression levels. We hence sought to address whether the inter-
nalization process of TSPANS is affected by disruption of MGAT1
and SPPL3. To measure internalization of cell-surface proteins,
the cell-surface antigen-bound antibodies need to be efficiently
removed by an optimized stripping buffer. We confirmed that
the APC (Allophycocyanin)-conjugated anti-TSPAN8 antibodies
bound to cell-surface TSPAN8 were completely removed by the
stripping buffer (Figure S7J). We then incubated MEC non-target,
MGAT1 KO, and SPPL3 KO cells with the anti-TSPAN8 antibody in
complete culture medium for 30 min at 37°C in a CO, incubator
and carried out the internalization assay. The total level of
TSPANS (unstripped) was higher in non-target cells compared
with MGAT1 KO and SPPL3 KO cells. However, more internalized
TSPANS antibodies (stripped) were shown in MGAT1 KO and
SPPL3 KO cells compared with non-target cells (Figures 7A and
7B). The interplay between glycolipids and galectins has been
shown to play a critical role in endocytosis of certain glycopro-
teins.®*°® We then explored whether the cell-surface expression
of distinct species of glycolipids was altered in MGAT1 KO and
SPPL3 KO cells. Remarkably, compared with non-target cells,
cell-surface expression of the lacto-series glycolipid nLc4 was
markedly up-regulated in SPPL3 KO cells but remained un-
changed in MGAT1 KO cells (Figure 7C). Of note, no change in
cell-surface expression of the other two tested glycolipid species,
GM3 and GD3, was observed in MGAT1 and SPPL3 KO cells

Figure 6. SPPL3 regulates cell-surface expression of tetraspanins by promoting lysosomal degradation of BSGNT5

(A) Schematic illustrating the cascade of GSL biosynthesis and the key enzymes. In the Golgi apparatus membrane, the enzymes UGCG, B4GALT5, and B3GNT5
act consecutively to synthesize the lacto-series GSLs by linkage of sugar residues derived from UDP-glucose, UDP-galactose, and UDP-GIcNAc (N-
Acetylglucosamine) donors to ceramide molecules. UDP-galactose is generated in the cytosol and transported into the Golgi apparatus through a trans-
locator encoded by gene SLC35A2.

(B) Representative FACS plots showing that deletion of BSGNT5, BAGALT5, UGCG, or SLC35A2 fully restores the cell-surface expression of TSPAN8 in MEC
SPPL3-deficient cells. n = 3.

(C) Representative FACS plots showing that deletion of BSBGNT5 completely restores the cell-surface expression of other tetraspanins in MEC SPPL3 KO cells.n=3.
(D) Representative FACS plots showing that deletion of BSGNTS restores the cell-surface expression of TSPAN8 in SNU878 SPPL3 KO cells. n = 3.

(E) Representative FACS plots showing that DL-PPMP, a ceramide analog and inhibitor of UGCG, restores the cell-surface expression of TSPAN8 in MEC SPPL3
KO cells. n = 3.

(F and G) Western blot analysis showing that SPPL3 mediates B3GNT5 cleavage and subsequent degradation by the lysosome. Bafilomycin A1 (BafA1) and
chloroquine were used to inhibit the lysosome. Full-length (FL) B3GNTS5 protein is readily detected in MEC and SNU878 SPPL3-deficient cells. The cleaved form
of the BSGNT5 protein is readily detected in control cells with lysosome inhibition. Accumulation of LC3 was used as indicator for lysosome inhibition. n = 3.
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(Figure 7C). Lactose is a general inhibitor of galectin proteins.®”>°

We then investigated the potential effects of lactose treatment on
cell-surface presentation of tetraspanins. Interestingly, short-term
treatment (30 min) with lactose significantly diminished cell-sur-
face TSPANS8 expression in MEC and JHHS5 cells (Figure 7D).
We next addressed whether lactose treatment could affect endo-
cytosis of TSPANS8. We incubated MEC and JHH5 cells with the
APC-conjugated anti TSPANS antibody in the presence of lactose
or sucrose at 37°C in a CO, incubator for 15 min and conducted
the internalization assay. The total amount of TSPANS antibodies
(unstripped) was lower in cells treated with lactose. However,
many more internalized TSPAN8 antibodies (stripped) were
shown in lactose-treated cells (Figure 7E). Collectively, these
data suggest that the endocytosis process mediated by
N-glycosylation and glycolipids of the plasma membrane plays
an important role in determining the cell-surface expression of
TSPANS.

DISCUSSION

Previous studies have shown that distinct tetraspanin members
play a critical role in regulating cell motility and invasion in various
cancer cell lines, likely through modulating the functions of their
various binding protein partners that are involved in cell cytoskel-
etal contraction and polarity, cell-to-cell adhesion and communi-
cation, cell-to-ECM (extracellular matrix) adhesion, and ECM
modification.’*? In this study, we first surveyed the expression
of TSPANS8 in established human liver cancer cell lines and
showed that it is highly expressed in a subset of the tested cell
lines. Interestingly, we also found that a panel of tetraspanin
membrane proteins, including CD63, CD151, TSPANS,
TSPANS, and TSPAN13, tend to be concurrently expressed in
liver cancer cell lines, while it remains to be determined whether
their transcription is activated by similar factors (Figures 1E, S1A,
and S1B). Nevertheless, we confirmed the important role of
these tetraspanins in promoting invasion of liver cancer cells
by CRISPR-Cas9 KO. Moreover, by blocking TSPAN8 with a
specific antibody, we provided evidence demonstrating that
cell-surface expression of TSPANS is critical for this function
(Figures 1G and 1H).

Togaininsights into how cell-surface expression of tetraspanins
is controlled in mammalian cells, we performed genome-wide
loss-of-function CRISPR-Cas9 screens based on cell-surface
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TSPANS8 expression. To generate robust data with less back-
ground noise, we sorted and expanded the cells for multiple
rounds for our CRISPR screens. Anumber of genes that are poten-
tially involved in ER targeting, multiple biological processes in the
Golgi apparatus, and protein trafficking were identified and func-
tionally validated. GO term analysis of the candidate genes
suggested that the N-glycosylation process could be a key mech-
anism for regulation of cell-surface expression of TSPAN8. We
hence focused on this direction for our study. N-glycosylation of
proteins can be predicted based on the presence of the
consensus Asn-X-Ser/Thr sequence, where X could be any resi-
due except for proline. Based on this, most tetraspanins in
humans are predicted to have at least one N-linked glycosylation
site at their large extracellular domains. Our results from the muta-
genesis analysis demonstrated that a single N-glycosylation site is
present in TSPANS and critical for its cell-surface presentation. In
mammalian cells, the N-glycosylation process is initiated at the
ER, but specific structural elements, such as core fucosylation
and further modification/branching of glycans for their maturation,
occurinthe Golgi apparatus. N-glycans are modified by a cascade
consisting of a series of glycosidases and glycosyliransferases
that act sequentially to modify glycans in the Golgi apparatus
and consequently dictate the glycan status of N-glycoproteins
(Figure 3A). Intriguingly, only two of the multiple glycosyltrans-
ferases, MGAT1 and MGAT2, were identified in our CRISPR
screens, while it is generally believed that the elongated and com-
plex glycans on proteins through stepwise modification of glycans
by a series of glycosyltransferases may be critical for the matura-
tion and precise presence of glycoproteins. We showed that the
biantennary glycan modification mediated by MGAT1 and
MGAT2 can promote the presence of TSPAN8 and other tetraspa-
nins at the cell surface. However, more complex glycan modifica-
tions catalyzed by MGAT3 and MGATS5 appear to be dispensable
for this process, while they have been shown to regulate the cell-
surface expression and trafficking of other glycoproteins.®%°"
FUTB8 catalyzes the transfer of core fucose to N-linked complex
glycoproteins,®® and it has been shown to play a critical role in
regulation of cell-surface expression of N-glycoproteins, such as
PD-1, PD-L2, and EGFR.%*"®® However, our results indicate that
the core fucose mediated by FUT8 does not contribute to the
cell-surface presentation of tetraspanins. Collectively, these
data suggest that the underlying mechanism for regulation of
cell-surface expression of tetraspanins could be unique compared

Figure 7. Cell-surface retention and endocytosis of TSPANS8 protein are tightly controlled by N-glycosylation and SPPL3-mediated lacto-
series glycolipid synthesis

(Aand B) Representative FACS plots showing accelerated internalization of TSPAN8 proteinin MEC MGAT1 or SPPL3 KO cells compared with the non-target control.
MEC TSPANS KO cells were used as a negative control for staining. “Unstripped” and “stripped” represent total and internalized TSPANS, respectively. n = 3.
(C) Representative FACS plots showing expression of different glycolipid species in the indicated MEC control and KO cell lines. n = 3.

(D) Representative FACS plots showing reduced cell-surface expression of TSPAN8 by treatment with lactose. Sucrose was used as a control. n = 3.

(E) Representative FACS plots showing accelerated internalization of TSPANS in the presence of lactose. “Unstripped” and “stripped” represent total and
internalized TSPANS, respectively. n = 3.

(F) Proposed model for regulation of cell-surface expression of tetraspanins. Several genes were identified to play a role in regulation of tetraspanin trafficking
from sequential genome-wide loss-of-function CRISPR-Cas9 screens. TMEM208 is localized at the ER, and the rest are resident in the Golgi apparatus. In wild-
type cells, tetraspanin proteins are modified by N-glycosylation and traffic to the cell surface. Their internalization into the cells occurs at a slow rate. In the
absence of MGAT1/2, the N-glycosylation modification of tetraspanin proteins is blocked, and their internalization is facilitated. Release from the Golgi apparatus
membrane and subsequent degradation is an important mechanism for keeping BSGNT5 at a low level in cells. In the absence of SPPL3, a large amount of FL and
functional BSGNTS5 protein is retained in the Golgi apparatus membrane, which, in turn, leads to high expression of nLc4 in the plasma membrane and accelerates
endocytosis of tetraspanin proteins.
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with other N-glycoproteins. In line with this, cell-surface presenta-
tion of the glycoproteins EGFR and EPCAM was not affected by
KO of MGAT1 in the tested cell lines.

SPPL3 was another top-ranked gene identified in our CRISPR
screens. Previous studies showed that SPPL3 mainly acts like a
sheddase to promote secretion of multiple glycosyltransferases
and glycosidases from cells, which, in turn, keeps these proteins
at a low level within the cells and plays a role in the
N-glycosylation process.***® To gain insights into the mecha-
nism by which SPPL3 regulates TSPANS trafficking to the cell
surface, we designed a genome-wide CRISPR-Cas9 screen to
identify genes whose KO is able to restore cell-surface
TSPANS expression in SPPL3 KO cells. Remarkably, the genes
encoding two biosynthesis enzymes (UGP2 and GALE) in the
cytoplasm, a UDP-galactose translocator at the Golgi apparatus
membrane (SLC35A2), and all three sequential enzymes (UGCG,
B4GALT5, and B3GNT5) for synthesis of lacto-series glycolipid
were identified as top hits from the rescue CRISPR screen. By
using gene deletion and pharmacological inhibition approaches,
we validated that dysregulation in lacto-series glycolipid synthe-
sis is the key mechanism for impaired cell-surface expression of
tetraspanins in SPPL3 KO cells. These results also highlight that
a sequential CRISPR-Cas9 screening strategy based on rescue
of a phenotype can serve as a robust unbiased methodology for
decoding the mechanism of a candidate gene identified from
the primary functional CRISPR-Cas9 screen. In our efforts to
address how SPPL3 regulates the proteins in the cascade of
lacto-series glycolipid synthesis, we found that full-length
B3GNT5, a single-pass type Il membrane protein located at
the Golgi, was barely detectable in wild-type cells but remark-
ably elevated in SPPL3 KO cells. Moreover, we further showed
that soluble B3GNT5 generated by SPPL3-mediated cleavage
in wild-type cells is rapidly degraded by lysosomes. Based on
these results, we proposed here a model where SPPL3 mediates
B3GNT5 cleavage and its subsequent lysosomal degradation
(Figure 7F). Interestingly, two recent studies reported that
SPPL3 deletion impaired detection of cell-surface expression
of MHC | (major histocompatibility complex class I) and CD59,
and this phenotype was rescued by concurrent disruption of
B3GNT5.°“%" In one of the studies, it was shown that SPPL3
acts as a sheddase to trigger secretion of B3GNT5 from tumor
cells.®® Hence, it is plausible that the mechanism by which solu-
ble B3GNT5 released from the Golgi apparatus membrane
through cleavage by SPPL3 is kept at low levels could be cell
context dependent.

Glycosphingolipids (GSLs) consist of a heterogeneous group
of membrane lipids formed by covalent conjugation of glycans
to a lipid (ceramide) core. GSLs are transported to and located
primarily in the outer leaflet of the plasma membrane after they
are synthesized in the Golgi apparatus. The composition of
GSLs is known to undergo remarkable changes during different
development stages and cellular statuses, while the underlying
mechanisms are not fully understood. GSLs in the plasma mem-
brane have been shown to be required for clustering and mem-
brane bending and further internalization of different bacterial
toxins as well as glycosylated cargo glycoproteins generated
in mammalian cells through clathrin-independent endocytosis
(CIE).>5°7:58:%9 The process has been termed the glycolipid-lec-
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tin (GL-Lect) hypothesis. However, the detailed mechanisms
involving GSLs behind these processes are still largely unknown
because it is challenging to isolate and analyze GSLs, consid-
ering the high variability in their structure and limited experi-
mental methods.”” As described above, the full-length
B3GNT5 protein was found to be massively upregulated in
SPPL3 KO cells. We confirmed that the accumulated B3GNT5
protein is functional in SPPL3 KO cells because nLc4, a
GSL derived from Lc3, was dramatically enriched on the cell sur-
face. Interestingly, functional associations of tetraspanins with
different GSLs have been reported in previous studies. For
instance, inhibition of the GSL biosynthetic pathway destabilizes
CD82-containing TEMs.”" Formation of the GM2 and CD82 com-
plex inhibits Met tyrosine kinase and its crosstalk with integ-
rins.”? Moreover, interaction of GM3 and CD9 has been shown
to play a role in oncogenic transformation and malignancy.”*"®
However, it remains unclear whether the accelerated internaliza-
tion of tetraspanins in SPPL3 KO cells is mediated through their
physical interaction with GSLs. Moreover, while it is likely that
expression of nLc4 and other lacto-series glycolipids contribute
to the accelerated endocytosis of tetraspanins, which, in turn, re-
duces their net cell-surface expression levels, it remains unclear
which lacto-series glycolipid(s) are most important and how they
facilitate internalization of tetraspanins. It is also important to
note that the expression of nLc4 was not altered in MGAT1 KO
cells, while disruption of MGAT1 was also found to significantly
accelerate the internalization process of TSPAN8. Galectins
are a subfamily of soluble proteins that specifically bind 3-galac-
toside sugars that are covalently conjugated to the proteins with
either N-linked or O-linked glycosylation. In humans, distinct
types of galectins encoded by more than 10 different LGALS
genes with functional redundancy have been identified. Multiple
galectins have been reported to organize the cell membrane
via formation of large-scale molecular networks called the galec-
tin lattice, which retains cell-surface glycoproteins at the plasma
membrane.** "8 Treatment of lactose, a wide-spectrum inhib-
itor of galectins, enhances internalization of TSPAN8 and
reduces its cell-surface expression level. Other than binding to
glycoproteins, galectins are able to bind to different GSLs,
including lacto-series GSLs, on the cell surface.”® It remains to
be further investigated whether neutralization of galectins by
massive upregulation of lacto-series GSLs contributes in part
to the accelerated endocytosis of TSPAN8 in SPPL3 KO cells.
Nevertheless, regulation of tetraspanin endocytosis could be a
good paradigm to better understand the delicate equilibrium
between cell-surface retention by the galectin lattice and inter-
nalization by glycolipid-lectin interaction.*®

In summary, using a sequential CRISPR-Cas9 screening
approach, we showed here that biantennary N-glycans and
expression of a particular GSL series in the plasma membrane
play a critical role in regulation of cell-surface expression levels
of tetraspanins. Our findings not only provide critical insights
into the molecular regulation of the dynamic trafficking process
of tetraspanins but also yield strategies, through inhibition of
N-glycosylation and synthesis of lacto-series GSLs, to module
their critical roles in diverse biological processes, including cell
invasion and cancer metastasis, although more precise molecu-
lar details remain to be deciphered in the future.
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Limitations of the study

In this study, the regulation of cell-surface presentation of
several tetraspanin members was explored in cell lines derived
from human liver cancer. Antibodies for other tetraspanins that
are also expressed in these cell lines are currently not available,
which hinders investigation of their cell-surface expression.
Many tetraspanin members are not expressed in these cell lines,
and their trafficking needs to be addressed in appropriate cell
model systems. For example, certain tetraspanin members are
highly expressed and play important roles in immune cells. It re-
mains to be addressed whether their cell-surface presentation is
controlled via mechanisms similar to those reported here.
While our data suggest that N-glycosylation and biogenesis of
lacto-series glycolipids regulate endocytosis of tetraspanins,
the underlying mechanism remains unclear. Moreover, several
other regulators located at the ER and Golgi apparatus, such
as TMEM208, PI4KB, C100RF76, and GORASP2, have also
been identified in our genome-wide CRISPR-Cas9 screens,
but how these molecules control the abundance of cell-surface
tetraspanins is even less clear and requires future research.
The critical role of MGAT1/2 and SPPLS3 in cancer cell invasion
and cancer metastasis also needs to be validated by in vivo
studies in the future.
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Cat No. ab59479; RRID:AB_940915

Cat No. 2775; RRID:AB_915950

Clone Ts29.2, IgG2b

Cat No. 130-090-856; RRID:AB_244256
Cat No. 324208; RRID:AB_756082

Cat No. 130-110-529; RRID:AB_2651600
Clone 1B2 (Young et al.?%)

Cat No. 23882-1-AP; RRID:AB_2879349
Cat No. 10598-1-AP; RRID:AB_2113473

Bacterial and virus strains

StbI3™ Chemically Competent E. coli Invitrogen Cat# C737303

pMD2.G Addgene Addgene, Plasmid No. 12259
pRSV-Rev Addgene Addgene, Plasmid No. 12253
pMDLg/pRRE Addgene Addgene, Plasmid No. 12251
Biological samples

Matrigel™ Growth Factor Reduced Corning Cat No. 354230

Basement Membrane Matrix

Fetal Bovine Serum Sigma Aldrich Cat No. 12003C

Chemicals, peptides, and recombinant proteins

Biotinylated Phaseolus Vulgaris
Erythroagglutinin (PHA-E)
Biotinylated Lens Culinaris
Agglutinin (LCA)

Biotinylated Phaseolus Vulgaris
Leucoagglutinin (PHA-L)
Kifunensine

PNGase F

Vector Laboratories,
Burlingame, USA

Vector Laboratories,
Burlingame, USA

Vector Laboratories,
Burlingame, USA

Caymanchem
Promega

Cat No. B11252

Cat No. B10455

Cat No. B1115

Cat No. 10009437
Cat No. V483A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Endo H Promega Cat No. V490A

Puromycin Dihydrochloride Goldbio CAS No. 58-58-2;
Cat No. P-600-100

4’,6-Diamidino-2-phenylindole Invitrogen CAS No. 28718-90-3;

dihydrochloride (DAPI)
Deoxyribonuclease | (DNAse I)

1gG from rat serum
Bafilomycin A1
Chloroquine

TritonTM X-100
DMEM media
penicillin/streptomycin
William’s E media
Trypsin-EDTA (1X) solution
Pfu DNA polymerase
Opti-MEM
Polyethylenimine
7-AAD

protease and phosphatase
inhibitor cocktail

Gibco™ Trypsin-EDTA

1x non-enzymatic cell
dissociation solution

Lactose

Sucrose

DL-PPMP

EZ-Link Sulfo-NHS-SS-Biotin

Worthington Biochemical Corp

Sigma Aldrich
MedChemExpress
MedChemExpress
Sigma

Hyclone, Cytiva
Hyclone, Cytiva
Pan Biotech
Thermo Fisher Scientific
Promega

Gibco™
Polysciences
Caymanchem

Roche, Mannheim, Germany

Life Technologies Corporation
Merck

Sigma-Aldrich
Sigma-Aldrich

Santa Cruz Biotechnology,
Thermo Scientific

Cat No. D9542;

CAS No. 9003-98-9;
Cat No. LS002140

Cat No. 14131

Cat No. HY-100558
Cat No. HY-17589A
Cat No. T8787

Cat No. SH30022.01
Cat No. SV30010
Cat No. P04-29510
Cat No. 25200-056
Cat No. M7745

Cat N0.31985047
Cat No. 23966-1

CAS No. 7240-37-1;
Cat No. 11397

Cat No. C762Q77

Cat No. 25200-056

MDL# MFCD00282844,
Cat No. C5914

Cat No. L3750

Cat No. S0389

Cat No. sc-205655; CAS 149022-18-4
Cat No. A44390

Critical commercial assays

Pierce™ Cell Surface Biotinylation
and Isolation Kit

GoScriptTM Reverse Transcription Kit
RNeasy Micro Kit

One-4-All Genomic DNA Miniprep Kit
SYBR™ Green PCR Master Mix

The Thermo Scientific

Promega

Qiagen

Bio Basic

Thermo Fisher Scientific

Cat No. A44390

Cat No. A5000
Cat No. 74004
Cat No. BS88504
Cat No. 4309155

Experimental models: Cell lines

KKU-M213
MEC

Hep 3B
JHH5
JHH7
SK-HEP1
SNU-387
HuH1
PLC/PRF/5
SNU878
SNU886
SNU423
HEK 293

JCRB
CCR, Tohoku University
ATCC
JCRB
JCRB
ATCC
ATCC
JCRB
ATCC
KCLB
KCLB
ATCC
ATCC

JCRB1557
TKG 0629
HB-8064
JCRB1029
JCRB1031
HTB-52
CRL-2237
JCRB0199
CRL-8024
KCLB# 00878
KCLB# 00886
CRL-2238
CRL-1573

20 Cell Reports 42, 112065, February 28, 2023

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Refer to the Table S1 for all sequences This paper N/A

of sgRNAs; Refer to the relevant method
sections for all other oligonucleotides.

Recombinant DNA

pFU_T2A_Cherry

pFU_T2A_GFP

pFU_T2A_TagBFP

A gift from Dr. Marco
Herold at WEHI

In house

In house

Addgene (Plasmid No. 70182)

It was engineered by replacing mCherry
in pFU_T2A_Cherry with eGFP.

It was engineered by replacing mCherry
in pFU_T2A_Cherry with TagBFP.

FgH1tUTG A gift from Dr. Marco Addgene (Plasmid No. 70183). It is used
Herold at WEHI for doxycycline-inducing expression of
sgRNA for CRISPR/Cas9 knockout
in this study.

FgH1tUTB In house It was engineered by replacing eGFP in
FgH1UTG with TagBFP. It is used for
doxycycline-inducing expression of
sgRNA for CRISPR/Cas9 knockout
in this study.

pFU_Cas9_T2A_mCherry In house Expression of Cas9 and mCherry
through the T2A system

pFU_MGAT1_T2A_TagBFP In house Expression of wild-type MGAT1
and BFP through the T2A system

pFU_MGAT1-C121R _T2A_TagBFP In house Expression of MGAT1 C121R mutant
& BFP through the T2A system
pFU_MGAT1-C121R/D289N_T2A_TagBFP In house Expression of MGAT1 C121R/D289N
mutant & BFP through the T2A system
pFU_MGAT1-C121R&R413K_T2A_TagBFP In house Expression of MGAT1 C121R/R413K
mutant & BFP through the T2A system
pFU_SPPL3_T2A_TagBFP In house Expression of wild-type SPPL3 & BFP
through the T2A system
pFU_SPPL3-D200,271A_T2A_TagBFP In house Expression of SPPL3 D200,271A & BFP
through the T2A system
pFU_TSPAN8_T2A_GFP In house Expression of wild-type TSPAN8 & GFP
through the T2A system
pFU_TSPAN8-N118A_T2A_GFP In house Expression of TSPAN8 N118A mutant
& GFP through the T2A system
pFU_TSPAN8-N37A_T2A_GFP In house Expression of TSPAN8 N37A mutant
& GFP through the T2A system
pFU_TSPAN8-N37,118A_T2A_GFP In house Expression of TSPAN8 N37, 118A
mutant & GFP through the T2A system

pFU_TSPAN8-N37,118,185A_T2A_GFP In house Expression of TSPAN8 N37, 118,
185A mutant & GFP through
the T2A system

Software and algorithms

ImageJ Fiji RRID: SCR_003070

Gene information NCBI ftp://ftp.ncbi.nlm.nih.gov

Cancer Cell Line Encyclopedia (CCLE) The Broad Institute of https://portals.broadinstitute.org/ccle

MIT & Harvard

Leica Application Suite X

GraphPad Prism 7
Flowjo

Leica Microsystems
GmbH

GraphPad Software
Tree Star

RRID:SCR_013673

RRID: SCR_002798
RRID: SCR_008520

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Other

24-well permeable support plate Corning Cat No. 354578
Medical X-ray Film FUJI Cat No. 4741019289

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nai Yang
Fu (naiyang.fu@duke-nus.edu.sg or fu@wehi.edu.au).

Materials availability
All reagents will be made available by the lead contact author after completion of a Materials Transfer Agreement.

Data and code availability
Data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.
Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Detailed information on all the commercially available established cell lines used in this study is listed in key resources table. The MEC
cell line was established from pleural effusion of a patient with cholagiocarcinoma.®” All cell lines were cultured at 37°C tissue culture
incubator with humidified atmosphere of 5% CO.. All cells were cultured in DMEM media (Hyclone, Cytiva) supplemented with 10%
(v/v) fetal bovine serum (FBS, Sigma-Aldrich) and 1% (v/v) penicillin/streptomycin (Hyclone, Cytiva) except for JHH5 cells, which were
cultured in William’s E media (Pan Biotech). Cultured cells were passaged once they reached 80-90% confluency. For drug treatment
experiments, cells were cultured in normal medium with the indicated drug concentration for the desired duration as described in the
figure legends for each experiment before they were harvested for downstream analysis. For inhibition of mannosidases, cultured
cells were treated with Kifunensine at different concentrations for 72 h before harvesting for western blot and FACS analysis. For in-
hibition of UGCG, cultured cells were treated with DL-PPMP at different concentrations for 72 h before harvesting for FACS analysis.
For lysosome inhibition, cultured cells were treated with Bafilomycin A1 and Chloroquine at the concentration of 0.16 uM and
25 png/mL respectively for 8 h before harvesting for western blotting.

METHOD DETAILS

Trans-well assay

Cells were cultured in the culture media with low FBS (2%) overnight prior to being added into the trans-well permeable supports
(Corning, Cat# 354578). Cell suspension prepared in serum-free culture media was incubated in cell migration or invasion chambers,
where normal complete media was placed in the lower well, for 24 h in a 37°C tissue culture incubator with humidified atmosphere of
5% COs.. After the complete removal of non-migrated or non-invaded cells from apical side of the permeable support, cells were then
fixed with 100% methanol and stained with crystal violet. Stained cells were imaged under a microscope and counted in five fields for
each of the triplicate wells. The values of the counts shown in the figures represent mean + SEM of cell numbers in five fields from
three independent experiments. For the preparation of invasion chamber, Matrigel (Matrigel Growth Factor Reduced Basement
Membrane Matrix, ref. 354,230, Corning) was diluted to a final concentration of 2 mg/mL with coating buffer (0.01 M Tris, pH 8.0,
0.7% NaCl) and added into the 24-well permeable support plate (Corning, Cat# 354578). For antibody blocking experiments, cells
were pre-incubated with the 10 ng/mL Anti-TSPANS8 (R&D Systems, Monoclonal rat anti-hTSPANS8 antibody, clone #458811, Cat#
MAB4734) or 10 pg/mL control IgG isotype (Sigma, Rat IgG, Cat# 14131) for 30 min before adding into the invasion chambers.

Overexpression plasmids

The cDNAs for wild-type human TSPAN8, MGAT1 and SPPL3 were PCR-amplified by high-fidelity Pfu DNA polymerase (Promega,
Cat# M7745) from the human MEC cell line and subsequently cloned into the pFU-T2A lentivirus vector (The plasmid was a
gift from Marco Herold, Addgene plasmid #70182). Specifically, the SPPL3 and MGAT1 genes were cloned and integrated
into the vector at EcoR I/Nhe | sites with the following primers (5'-3'): hSPPL3 Forward (GAGCGAGCAAGCAAGCAAGCA);
hSPPL3 Reverse (CGCAGGAAGAGAAGGAACCAAACA), hMGAT1 Fwd (TCCTAATCCCATAGTCCAGAGG) hMGAT1 Rvs (ATGC
ACCTAAGAGGGAAACAC). The TSPANS8 gene was cloned and integrated into the vector at EcoRIl/BamHI sites with the following
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primers (5'-3'): hTSPAN8 Forward (CTAGAGGATCTGAATTCGCCGCCACCATGGCAGGTGTGAGTGC) hTSPAN8 Reverse
(CTGCCCTCACCGGATCCTTTGTTCCCGATC). Substitution mutants of the N-glycosylation sites of TSPAN8 and the key sites for
the enzymatic activity of MGAT1 and SPPL3 were generated using standard site-directed mutagenesis. For the rescue experiments
in CRISPR knockout cells, expression plasmids of the corresponding genes with silent mutations in the sgRNA target sequence were
generated and used. The entire coding region of the target gene in all the plasmids was sequenced to ensure that no error was intro-
duced during plasmid construction.

Doxycycline inducible sgRNA lentiviral vectors

For generation of sgRNA plasmids for CRISPR/Cas9 knockout, the Doxycycline-inducible sgRNA vector system Fgh1tUT was
used.®” We used two versions of the vector the Fgh1tUTG and Fgh1tUTB. FgH1tUTG was a gift from Marco Herold (Addgene,
Plasmid #70183). Fgh1tUTB was generated in house from Fgh1tUTG by replacing the eGFP gene with a TagBFP gene from pU6-
sgRNA EF1Alpha-puro-T2A-BFP (Addgene, Plasmid #60955). To clone a target sgRNA sequence into Fgh1tUT vector, two
complementary oligos were synthesized in the form of: 5° ~-TCCCNNNNNNNNNNNNNNNNNNNN-3" and 3° -NNNNNNNNN
NNNNNNNNNNNCAAA- 5 and annealed. All “NNNNNNNNNNNNNNNNNNNN" sequences of different sgRNAs are shown in
Table S1. The vector was digested by BsmBI restriction enzyme. sgRNA sequences are designed by using Benchling (benchling.-
com/academic) or selected from the list of sgRNA sequences in the Sabatini/Lander CRISPR pooled library (Addgene, Cat #
1000000095) as stated in Table S1.

Transient transfection

10 pg of plasmid DNA was added to 200 pL of Opti-MEM (Gibco) in a 15 mL tube. 30 uL of transfection reagent (Polysciences, Poly-
ethylenimine) was diluted with 200 pL of Opti-MEM in another tube. The diluted transfection reagent was added to the DNA-contain-
ing Opti-MEM, mixed well and incubated at room temperature for at least 10 min. Medium was removed and cells was washed with
3 mL of Opti-MEM, then 5 mL of Opti-MEM was added to the complex with DNA and reagent, which was then transferred to the cells
on 6-cm dish for incubation for 6 h at 37°C in a 5% CO, incubator. The medium with transfection complex was removed and replaced
with fresh full medium. The transfected cells were harvested for analysis 24-48 h after transfection.

Production of lentivirus and infection

Lentiviral particles were made by transient transfection of 293 cells grown in 10-cm dishes at 70% confluence with 3 nug of lentivirus
plasmid DNA, 3 pug of pMDLg/pRRE, 2 pg of pMD2.G and 2 pg of pRSV-Rev. Virus containing supernatants were collected at 48 h
after transfection and passed through a 0.45 um filter. The supernatants supplemented with 2 ug/mL polybrene were added to
cultured cells, which were centrifuged at 500 g for 30 min. After 24 h of incubation, the infected cells were re-cultured in the fresh
medium.

Flow cytometry analysis and FACS sorting

The FACS antibodies and lectins are listed with the detailed information in key resources table. Cells were suspended in 0.2 ug/mL 7-AAD
(Caymanchem) prior to analysis to exclude dead cells. Flow cytometry analysis was performed with the Fortessa cell analyser (Becton
Dickinson) and cell sorting was performed on the FACS Aria (Becton Dickinson). For the biotinylated lectins staining, the secondary Anti-
Biotin-APC (Miltenyi Biotec) monoclonal antibody was applied. FACS data was analyzed by FlowdJo software (Tree Star, OR, USA).

Generation of CRISPR-Cas9 knockout (KO) and double knockout (DKO) rescue cells

To knock out genes by CRISPR-Cas9 approach, we used a lentivirus-based inducible sgRNA system, which consists of (1)
FuCas9Cherry vector (Marco Herold, WEHI, Addgene#70182) with constitutive expression of Cas9 and mCherry fluorescence
marker, and (2) FgH1tUT vector with doxycycline-inducible sgRNA expression and constitutive expression of eGFP or TagBFP
fluorescence marker as described above. To make the KO of one single gene, cells infected with pFu-Cas9-mCheery lentivirus
were sorted on FACS Aria (Becton Dickinson) to establish the stable Cas9/mCherry expressing cells. The Cas9-mCherry stable
cells were subsequently infected with lentivirus of doxycycline-inducible sgRNA (Fgh1tUTG vector) targeting protein coding exons
of the desired gene. To induce the Tet-O promoter mediated sgRNA expression, cells were incubated with 1ug/mL doxycycline at
37°C with 5% CO, and humidified conditions for 2 days. After that, cells were washed with PBS and subsequently cultured in fresh
complete medium without doxycycline for at least 5 days before sorting. Cells positive for GFP and mCherry were gated and FACS
sorted to make stable single gene KO cells. To make DKO cells, single gene KO cells were infected with lentivirus of doxycycline-
inducible sgRNA (Fgh1tUTB vector) targeting protein coding exons of the other desired gene, followed by a similar Dox-inducing
and selecting strategy to sort for cells that are positive for GFP, BFP and mCherry. The expression of appropriate cell-surface
markers was used as key readouts of gene knockout for establishing all the KO cell lines, in addition to the fluorescent protein
markers as described in Table S4.

Genome-wide CRISPR/Cas9 knockout screens

The Human Two Plasmid Activity-Optimized CRISPR Knockout Library constructed by David Sabatini/Eric Lander and colleagues
was obtained from Addgene (Cat# 1000000095).°® We prepared the lentivirus of the library by virus packaging in HEK 293 cells.
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We conducted pilot experiments to decide how much virus is required to achieve MOI = 0.3-0.5 (~70% and 50% cell death induced
by puromycin respectively) as described before.?” To carry out actual screens, cells were seeded and cultured in T150 flasks. About
300 M cells in total were incubated with medium containing lentivirus of the library and 2 ug/mL polybrene at an MOI = 0.3-0.5 for
2 days. After infection, the cells were selected with 10 pg/mL puromycin in fresh media for 5 days and then cultured in fresh medium
without puromycin for a few more days before FACS sorting. 10-20% of total infected cells were reserved as the pool control sample
and the remaining 80-90% of cells were used for FACS sorting based on cell-surface TSPAN8 expression. The genomic DNA
were extracted from both the pool control and sorted cells per manufacturer’s instructions (Bio Basic, One-4-All Genomic DNA Mini-
prep Kit). NGS libraries were prepared with specific barcode primers by PCR. sgRNA barcode PCR primers Forward: CAAGCAGAA
GACGGCATACGAGATCNNNNNnTTTCTTGGGTAGTTTGCAGTTTT Reverse: AATGATACGGCGACCACCGAGATCTACACNHhNnnnnnn
CACCGACTCGGTGCCACTTTT. “n” denotes the sample-specified barcode sequence. Multiplex NGS libraries were sequenced
on HiSeg4000 to identify the sgRNAs in each sample. Normalization, sgRNA modeling and ranking were done on the MAGeCK al-
gorithm as described previously.®® Of note, more than 75% of the sgRNAs in the library were identified in the pool control sample for
each screen. To identify enriched GO terms in the FACS sorted cells, the GOrilla tool was used to analyze the gene set with pScore
<0.01 for each screen.®*#

Western blot analysis

The primary western blot antibodies are listed in key resources table. Cells were lysed in ice-chilled cell lysis buffer (150 mM NaCl,
50 mM Tris-HCI, pH 7.3, 0.25 mM EDTA, pH 8.0, 1% sodium deoxycholate, 1% Triton X-100, 0.2% sodium fluoride and 0.1% sodium
orthovanadate) with protease and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). The lysates were resolved on 10%
SDS-PAGE and transferred onto a PVDF membrane. After blocking with 5% non-fat milk in wash buffer (TBS, 0.01% Triton X-100) at
37°C for 1 h, immunoblotting was done by incubation of the primary antibodies at 4°C overnight. Subsequently, the membrane was
washed for three times with wash buffer and incubated with HRP-conjugated secondary antibodies for 1 h at room temperature
before developing images (FUJI Medical X-ray Film, Ref: 4741019289) per manufacturer’s instruction.

Enzymatic deglycosylation of live cells

For treatment of intact cells with PNGase F, cells were seeded and cultured for 24 h prior to the experiment. The medium was
removed and the cells were detached by Trypsin (Life Technologies Corporation, Gibco Trypsin-EDTA, 0.25%, Cat# 25200-056)
for 5 min and neutralized with complete medium thereafter. The cell suspension pelleted by centrifugation and washed once by
PBS. The cells were re-suspended with serum free media and transferred to two Eppendorf tube with or without PNGase F (final con-
centration = 200 U/mL) and incubated at 37°C under 5% CO, for 2 h. Treated cells were then harvested for western blotting or FACS
analysis.

Endocytosis assay

Cells were incubated with 1:40 (v/v) APC-conjugated anti-TSPANS antibody (Miltenyi Biotec, REAfinity, Clone REA443, Cat# 130-
106-811) in culture medium for 30 min at 37°C CO, incubator in humidified atmosphere. Medium was aspirated and the cells
were rinsed with cold PBS, and detached with 1x non-enzymatic cell dissociation solution (Merck, Cat No. C5914-100ML) on ice
for 5 min. Cells from each well were resuspended and equally separated to two tubes, and washed with PBS (for the total level of
APC-anti-TSPANS8 antibodies) or stripping buffer (150 mM NaCl, 0.2 M acetic acid, 5 mM KCI, 1 mM CaCl,, 1 mM MgCl,, adjusted
to pH 2.5, for the level of internalized APC-anti-TSPANS antibodies) for 20 s respectively and repeated washing two more times. Cells
in both tubes were washed again with cold PBS and resuspended in cold FACS analysis buffer for FACS analysis. FACS analysis of
cells washed with PBS was to measure total level of stained TSPANS protein (shown as “unstripped” in figures); FACS analysis of
cells washed with stripping buffer was to measure internalized level of stained TSPANS8 protein (shown as “stripped” in figures).

Effects of lactose treatment on endocytosis of N-glycoproteins

Cells were seeded onto two dishes with the culture medium and cultured in at 37°C tissue culture incubator with humidified atmo-
sphere of 5% CO,. One dish was rinsed with prewarmed 150 mM lactose (Cat No. L3750, Sigma) solution in complete culture
medium once and treated with 150 mM lactose for 30 min (the fresh lactose solution was changed every 10mins) at 37°C CO, incu-
bator; the other dish was rinsed with prewarmed 150 mM sucrose (Sigma, Cat# S0389) solution in complete culture medium once and
treated with 150 mM sucrose for 30 min (the fresh sucrose solution was changed every 10 min) at 37°C CO, incubator. The dish of
cells treated with lactose were then incubated with 1:40 (v/v) APC-conjugated anti-TSPANS8 antibody in the 150 mM lactose solution
(prewarmed) for 15 min at 37°C CO, incubator; The cells in the other dish treated with sucrose were incubated with 1:40 (v/v) APC-
conjugated anti-TSPANS8 antibody in the 150 mM sucrose solution (prewarmed) for 15 min at 37°C CO, incubator. Cells were then
washed with ice-cold PBS and detached from dishes with 1x non-enzymatic cell dissociation solution (Merck, Cat #C5914-100ML)
on ice for 5 min and resuspended in cold FACS analysis buffer for the analysis of internalized antibody. To measure the effect of
lactose on the cell-surface expression level of TSPANS, the cultured cells were treated with 150 mM lactose or sucrose solution
for 30 min at 37°C 5% CO, incubator (The lactose or sucrose solution was replaced every 10 min) and immediately stained with
APC-conjugated anti-TSPAN8 antibody on ice for 30 min.
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Surface biotinylation assay

For surface biotinylation assay, cells were first incubated with EZ-Link Sulfo-NHS-SS-Biotin (Thermo Scientific), a thiol-cleavable
amine-reactive biotinylation reagent, for 10 min at room temperature. The biotinylated cells were subsequently lysed with detergent
and the supernatants with labeled proteins were then incubated and isolated with NeutrAvidin Agarose resin for 30 min at room tem-
perature. The bound, labeled proteins were released and eluted by reduction of the bisulfide bond with 10 mM DTT and subsequently
analyzed by western blotting.

Reverse transcription and qPCR analysis

Total RNA extraction was performed according to the manufacturer’s protocol (Qiagen, RNeasy Micro Kit). mRNA was converted to
cDNA with GoScriptTM Reverse Transcription Kit (Promega). cDNA was used for gene cloning by PCR amplification or for gPCR.
gPCR was carried out by using SYBR Green gPCR Master Mix (Thermo Fisher Scientific) with forward and reverse primers. gPCR
was performed using Bio-Rad System. Standard delta-delta Ct (2722°") method was applied to assess mRNA expression relative
to B-actin, which was used as the house-keeping control. TSPAN8 primers used for qPCR, Forward: GCAGAGACCATGC
CAAAGCTATAATG and Reverse: CGATCTGGCAATACAGGACCATAG. B3GNT5 primers used for gPCR, Forward: TGGACACC
TACTCTACGAAACACG and Reverse: CTCTTCTGCCACTAACCAACATTCTC. g-actin primers used for gPCR, Forward: TCCCTGG
AGAAGAGCTACG and Reverse: GTAGTTTCGTGGATGCCACA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data, unless specially stated, are shown as Mean + standard error of the mean (SEM) and the student’s t-test using GraphPad Prism
(GraphPad Software) was used where applicable, with p < 0.05 considered statistically significant.
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