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of Kiel, Kiel, Germany

Solute carriers are increasingly recognized as participating in a plethora of pathologies,
including cancer. We describe here the involvement of the orphan solute carrier Major
Facilitator Superfamily Domain-containing protein 1 (MFSD1) in the regulation of tumor cell
migration. Loss of MFSD1 enabled higher levels of metastasis in experimental and
spontaneous metastasis mouse models. We ideng&d an increased migratory potential

in MFSD1’ tumor cells which was mediated by increased focal adhesion turnover,
reduced stability of mature inactivebl integrin, and the resulting increased integrin
activation index. We show that MFSD1 promoted recycling to the cell surface of
endocytosed inactive bl integrin and thereby protectedbl integrin from proteolytic
degradation; this led to dampening of thentegrin activation index. Furthermore,
downregulation of MFSD1 expression was observed during the early steps of
tumorigenesis, and higher MFSD1 expression levels correlate with a better cancer
patient prognosis. In sum, we describe a requirement for endolysosomal MFSD1 in
ef cient bl integrin recycling to suppress tumor cell dissemination.

Keywords: solute carriers (SLC), MFSD1, tumor cell migration, integrin recycling, tumor cell metastasis, N-glycan,
transporter, endolysosomal transport

1 INTRODUCTION

Published: 08 February 2022 Solute carriers (SLCs) represent the second most numerous class of integral membrane proteins,
encoded by 456 known gené$, @nd are outnumbered only by G-protein-coupled receptors. SLCs
transport a broad spectrum of different molecules (e.g., sugars, neurotransmitters, vitamins,
nucleosides, amino acids) and are therefore essential for the maintenance of homeostasis in
mammalian cells, tissues, and organs. About 100 SLC genes are known to cause Mendelian
disorders upon mutation?], while more are expected to have roles in multigenic disegsd$é

interest in studying SLCs is increasing due to their roles in diverse diseases such as neurological
disorders, metabolic syndrome, cardiovascular diseases, and éafif.eA$ of now, only 19 SLC
proteins are targeted by drugs),(and more than 30% of SLCs remain orphans, with their
physiological substrates and functions unknowan (
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Roblek et al. MFSD1 Suppresses Tumor Cell Migration

Previously, we have described the essential function §MMPD0000065783, gRNA sequence:G&CGGTGTTCC
Minerva (Mrva), the y ortholog of the SLC Major Facilitator CGTTCATC-3) or GLMP (MMPD0000057180, gRNA sequence:
Superfamily Domain-containing protein 1 (MFSD1), for the5-ACTTGGCCAAGGAGTACGG-J in line with GFP from the
invasive migration of macrophages in the developingp04) U6-gRNA : CMV-eCas9-2a-tGFP plasmid (Sigma). One day
Drosophila melanogastembryo @). The expression of mouse later, GFP cells have been single-cell sorted into 96-well plates by a
MFSD1 in macrophages ofrva’ embryos rescued their BD Aria lll sorter (BD). Single-cell clones have been expanded and
invasive cell migration, indicating functional conservation fromevaluated for etient knockout by Western blotting. Five single-cell

y to mouse and a cell-autonomous capacity to controtlones for MFSD1 and WT, respectively, were combined for
migration by MFSD1 §). MFSD1 was initially idented as a  subsequent experiments. MC-38 Cosmcells were a gift from
lysosomal membrane proteif)(and was additionally shown to H. Clausen.
be required for normal tissue physiology), as MFSDY mice
develop splenomegaly and severe liver disease. The stability®@&combinant Proteins

MFSD1 in lysosomes depends on |ts_ interaction withrpe cloning of MFSD1-eGFP was described previowly (
Glycosylated Lysosomal Membrane Protein (GLMB)1(). G| Mp-HA was PCR ampled from pcDNA3.1-GLMP-HA
Even these few examples show that MFSD1 is crucial fQ 1) with forward primer 5-GGGGACAAGTTTG
normal phySi0|Ogy; howeverits cellular and molecular TACAAAAAAGCAGGCTTAATGTTTCGCTGTTGG-3and
functions remain unknown. reverse primer 5GGGGGACCACTTTGTACAAGAAAGCTG
_Given the capacity of MFSD1 to regulate the InvasivgsGTATTAAGCGTAGTCTGGGAC-3 The PCR product was
migration of macrophages in they embryo, we were cjoned using Gateway BP Clonase Il enzyme mix and Gateway
interested in whether MFSDL1 is involved in mammalian tumor g cionase Ii enzyme mix (Thermo Fisher Scieg)tvia donor
cell migrationDrosophilanacrophages require integrin for their \gctor pDonR211 into thenal doxycycline-inducible expression
invasive migration2). Tumor cell migration depends to ahuge \ector pinducer2040) according to the instructions of the
extent on integrins, which mediate the anchorage of the cell tg,anufacturer. QSOX1-StrepTagll was PCR aneli from
the ECM and relay mechanical force to the actin CytOSKeletOBCMV3-C-Myc-QSOX1 (Sinobiological, #MG53456-CM
(13). The deregulation of integrins by diverse mechanism@eijmg, China) with forward primer 5GGGGACAAGTT
contributes to a protumorigenic and prometastatic phenotypergTACAAAAAAGCAGGCTTAAAGCTTGGTACCATG-3
(13, by affecting expression levels, endocytosis and recycliggq reverse primer 855GGGACCACTTTGTACAAGAAAGC
dynamics {4, 19), and glycosylation status 17). _ TGGGTATTACTTTTCGAACTGCGGGTGGCTCCAA
Here, we show that MFSD1 in tumor cells restrainsgAGCCTCCACCCCC-3 The PCR product was processed
metastasis, decreases theeraf migration, and lowers the gjmilar to the GLMP-HA construct.
resistance to mechanicalress and starvation-induced A constructs were separately packed into lentiviral particles
apoptosis by reducing the activation index luff integrin  sing pdelta8.9 (Addgene, #2221 Watertown, USA) and pCMV-
through the recycling pathway. VSV-G (Addgene, #8454) packaging plamid-transfected Lenti-X
293T cells (TaKaRa, #632180 Kusatsu, Japan) using
Lipofectamine 3000 (fermo Fisher Scientc). Crude
lentiviral supernatant was used for infection of MC-38 cells.
MATERIALS AND METHODS _
Mice
Cell Culture All animal experiments were done according to the guidelines of
The murine colon carcinoma cell line MC-388, melanoma the Swiss Animal Protection Law and approved by the
cell line B16-BL61(9), and breast cancer cell line 4T1 (ATCC, Veterinary Of ce of the Kanton Ziirich. C57BL/6J and BALB/c
#CRL-2539 Manassas, USA) were cultured in DMEM (Thermanice were purchased from €hJackson Laboratory and
Fisher Scientic, 31966-021 Waltham, USA), supplemented withmaintained in individually ventilated cages at 21°C, 55%
10% FCS (Sigma, #9665) and 1x NEAA (Thermo Fishetiumidity, with a photoperiod of 12 h light and 12 h dark with
Scienti ¢, #11140-050), and cultivated in incubators set at 37°€tandard diet and water availatad libitum.
and 5% CQ.
MFSDI tumor cells were generated by MISSION lentiviral\Western Blot
transduction particles expressing short hairpin RNA (shRNA)XCells were lysed with lysis buffer (25 mM Tris, 150 mM NacCl,
from pLKO.1 vector targeting the coding sequence of MFSD1 mM EDTA, 1% Triton X-100), supplemented with Halt
(Sigma, TRC clone ID TRCN0000338002 and TRCN000033798Totease and Phosphatase Inhibitor Cocktail (Thermo Fisher
St. Louis, USA) or control ShRNA (Sigma, #SHC216V). InfecteBcienti c, #78440) for 20 min on ice and cleared by
cells were selected by puromycin (2 pg/ml) for 5 days. centrifugation for 10 min at 20,009xCell lysates (10 pug) were
MFSD1’ and cognate WT cells were generated from an MC-3&eparated on 4945% SDS-PAGE gradient gels (Bio-Rad,
single-cell clone progenitor (gift from H. Clausen lab) andHercules, USA) and blotted on Protran 0.45 nitrocellulose
transiently transfected with jdfectamine 3000 according to the membranes (GE Healthcare, Chicago, USA). Membranes were
instructions of the manufacter with gRNA targeting MFSD1 blocked with 1x Pierce Clear Milk Blocking Buffer (Thermo
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Fisher Scientic, #37587) for 1 h at room temperature (RT).was unaffected by MFSD1 and resembled an ellipsoid shape (data
Primary antibodies were diluted in 1x blocking buffer andnot shown). The area (pix®l of individual lysosomes was
incubated overnight at 4°C and included the following: anti-determined by the following formula: Arggse= (width/2) *
MFSD1 (0), anti-b tubulin (Cell Signaling Technology, #2146S(length/2) * p. The number of lysosomes was determined by
Danvers, USA), anti-GLMP1(), anti-bl integrin (Thermo manual counting of LysoTracker Red DND*9&sicles, where
Fisher Scientic, #PA5-78028), anti-GAPDH (Abcam, the border of cells was determined according to the
#ab181603 Cambridge, UK), anti-T antigen [clone 3C9, gifbright eld image.

from H. Clausen Z1)], anti-QSOX1 [gift from D. Fass2p)], Focal adhesion parameters were analyzed as follows: cells
anti-LAMP1 (clone 1D4B, iBLegend, #121601 San Diego,were stained with anti-paxillin (Abcam, #ab32084) and anti-
USA), anti-cleaved caspase 3 (Cell Signaling Technologwbbit Alexa Fluor 555 (Thermo Fisher Scien}i#A31572) and
#9661S), and streptavidin-HRP (Thermo Fisher Scienti recorded as described above. Focal adhesion siaescence
#S911). Subsequently, membranes were washed 3x with TB®fensity, and focal adhesions per image were analyzed by the
and incubated with either goat anti-mouse IgG (H+L)-HRPAnalyze Particle tool of Imaged, with the same adjustments
conjugate (Bio-Rad, #1721011) or goat anti-rabbit IgG (H+L){brightness, contrast, threshold) for each image. The number
HRP conjugate (Bio-Rad, #1706515) secondary antibody. Aftef automatically counted adhesion sites was divided by the
3x washing with TBS-T, the membrane was incubated witmumber of DAPT nuclei in each image to give focal adhesions
SuperSignal West Femto Maximum Sensitivity Substrate (Thernper cell.

Fisher Scientic, #34096) and the chemolimascence signals were

detected with the ChemiDoc MP Gel Imaging System (Bio-Rad?;—I ow Cytometry

\E)VEE sllr'::)argggrlc analysis of Western blot bands was performe‘iiwenty-four hours before staining, cells were incubated with
’ or without 10 pg/ml 9EG7 antibody (BD Biosciences, #553715

Franklin Lakes, USA) or 20 pg/ml primaquine (Sigma,
0393). Cells were stained in 100 pl FACS buffer (2% FCS/
mM EDTA in PBS) with the following antibodies and
lectins: PNA-FITC, WGA-FITC, and LPA-FITC (were from
EY Laboratories) (FITC-labeled lectin kit #2); aotiintegrin
g]c one HMb1-1, BioLegend, #102202); abii-integrin-

C (clone HMb1-1, BioLegend, #102215); anti-acbte

Immuno uorescence 416
The expression of MFSD1-eGFP was induced by 100 ng/Eé
doxycycline for 24 h prior to cellxation. Cells were seeded on
Nunc Lab-Tek Chamber Slides (Thermo Fisher Scienti
#154534) and xed with 4% FA/PBS (Thermo Fisher Scieiti
#28906) for 10 min at RT. Samples were washed 3x with PBS a
?Iocked/permeablllzed with 1% BSA/_O.l% '_I'nton _X-lQO in PB htegrin (clone 9EG7, BD iBsciences, #553715): 7-AAD
or 1 h at RT. Samples were then stained with antibodies for 2 hermo Fisher Scientt, #A1310): and AnnexinV-PE

at RT, which included anti-GFP (clone 5G4, from E. Ogris), anti-_. ’ ' .

HA-tag (clone 3F10, Sigma, #11867432001), anti-giantiéBlOLegend’. #640908). Cells were washed once with 1 m|
(BioLegend, #19243), LysaiEker Red DND-99 (Thermo uffer and, if applicable, stained again in 100 pl buffer with

Fisher Scientic, #L7528), anti-Rab5A (Cell Signalingthe anti-rat Alexa F'“OT 488 (Thermo Fisher SC|ent|.
Technologies, #46449), anti-Rab7 (Cell Signaling Technologigéo‘llooes) secondary antibody, followed by one wash with 1
' ’ I buffer. Cells were resuspended in 300 pl buffer and data

#9367), anti-Rabl1l (Cell Signaling Technologies, #558 ere acquired on a BD FACS Canto Il Analyzer (BD

anti-mTOR (Cell Signaling Technologies, #2983S), and ant%iosciences) and analyzed by FlowJo software (TreeStar Inc.,

paxillin (Abcam, #ab32084). Samples were washed 3x wi Shiand, USA).

PBS and incubated with secondary antibodies, which include
anti-mouse Alexa Fluor 488 (Thermo Fisher Scienti
#A11001), anti-rabbit Alex Fluor 555 (Thermo Fisher Wound Closing Assay
Scientic, #A31572), anti-rabbit Alexa Fluor 488 (Thermo A total of 60,000 cells were seeded per chamber on Culture-
Fisher Scientic, #A11008), anti-rabbit Alexa Fluor 633 Insert 2 Well in p-Dish 35 mm (ibidi GmbH, Grafaig,
(Thermo Fisher Scientt, #A21070), and anti-rat Alexa Fluor Germany) 24 h before treatent with the cytostatic
546 (Thermo Fisher Scient, #A11081). Samples were washednitomycin C (10 pg/ml, Sigma, #M4287) for 3.5 h in normal
and counterstained with DAPI for 10 min and subsequentlymedium, followed by removal of the insert, and one wash step
mounted in ProLong Diamond Antifade Mountant (Thermo with cell culture medium. For the start of the migration, fresh
Fisher Scientic, #P36970). Pictures were taken on a Zeissell culture medium was added with or without 10 pg/ml 9EG7
LSM880 inv. Fast Airyscan afeiss LSM800 inv. Airyscan antibody (BD Biosciences, #533]. The progress of migration
confocal microscope with a Plan-Apochromat x40/NA 1.3was recorded every minute with temperature- and,CO
OIL, or Plan-Apochromat x40/1.2 water objective, respectivelyxontrolled Leica DM IL LED microscopes with Leica HI
Colocalization (Pearst,R value with the Coloc 2 tool), PLAN | x10/0.22 air objectives. Videos were analyzed with
uorescence intensity, and particle size were analyzed Myound Healing FastTrack Al Image Analysis (ibidi GmbH), or
Imageld. In detail, lysosomes were stained with LysoTrack#re respective images at indicated time points are shown. The
Red DND-99 (Thermo Fisher Scientj #L7528) and z-stacks wound size at the start of migration was equalized to the
(0.5 um) were recorded as described above. Individual lysosormrsmallest wound size at the piartlar experiment to correct
were analyzed for their roundness (ratio of width/length), whicHor different wound sizes.
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Experimental Metastasis 72, and 96 h after seeding and normalized to the 0-h time point

Atotal of 300,000 MC-38 or 150,000 B16-BL6 cells in 100 pl HBS8tio. No change of ratio (ratio close to the value 1) indicates
(Sigma, #H9394) were injected into the tail vein of C57BL/6J micedqual proliferation.
Four or 2 weeks after intravenous injection of tumor cells, .
respectively, lungs were perfused with PBS and the number eforéading Assay
macroscopic metastatic foci was counted. The experiment was done as describedi).(Brie vy, cells were

To address the effect of the increasddintegrin activation starved of serum for 1 h prior to 2 min of incubation with
index on pulmonary metastasis initiation, MC-38 WT cells werdypsin-EDTA (Thermo Fisher Scientt, #25300-054),
preincubated with 10 pg/ml 9EG7 antibody (BD Biosciencegjuenched with serum-free medium and centrifuged for 5 min
#553715) for 24 h prior to injection into the tail vein of C57BL/6Jat 3005 Cells were resuspended in a cell density of 200,000

mice and analyzed as described above. cells/ml in serum-free medium and incubated in the conical tube
in the incubator. Meanwhile, 50 ul of serum-free medium was
Spontaneous Metastasis added to the wells of a 96-well plate, which have or have not been

We injected 20 pl of a one to one mixture of Matrigel (Sigmapreviously coated with 10 pg/mbronectin (Sigma, #F2006) for
#CLS356252) and 100,000 4T1 cells in HBSS (Sigma, #H933@)min, and equilibrated in the incubator. Then, 50 ul of the cell
into the mammary fat pad of female BALB/c mice. Two week§uspension was added and incubated for 20 and 40 min followed
after tumor cell injection, the primary tumor was resected, and ®Y direct addition of 20 ul 25% glutaraldehyde (Sigma, #G5882).
weeks later (4 weeks after the initial tumor cell injection), thécells were xed for 30 min at RT and then thexed cells were
lungs were perfused with PBS and the number of macroscopitashed and stored in PBS. Three random pictures at each
metastatic foci visible to the eye in the lungs was counteteplicate (individual 96-well) were taken by a Leica DM IL
manually. During perfusion, the lung becomes white since akED microscope with Leica HI PLAN | x10/0.22 air objective.
the red blood cells are washed out. In the metastatic foci, the régpread cells were manually counted.

blood cells are not washed out as @éntly due to the

semifunctional vasculature of metastases. The metastatic ciORA Analysis

themselves are also light brown compared with the whitérg analyze O-glycans, the procedure reported by Kudelka et al.
untran§formed lung tissue. Thus, wha}t remains visiple af'Fe(r24) was adopted, as reported recenti§, @6). In brief, the cells
perfusion are somewhat eIevateq rgdglsh-brown hemisphericgere incubated in medium containing 5% serum withr0
hubs. Each such hub was individually counted as @eracetylated O-glycan precursor §GalNAcBn) and grown

metastatic focus. for 72 h. Then, the conditioned media were collected and
. . .. centrifuged (1,000% 5 min), and the supernatants were
Hematoxylin and Eosin Staining subjected to glycan extraction procedure. Next, isolated O-

Lung tissue parah sections (2 pm) from the spontaneous giycans were permethylated and subsequently analyzed using
metastasis experiments were stained with hematoxylin/eos\jaLp|-TOF mass spectrometry.

according to established protocols and imaged with an
Olympus BX53 microscope using a UPlanSApo x4/0.16NA

(Olympus, Shinjuku, Japan) objective. N-glycan Analysis
) _ Cells from 10-cm plates were lysed using the CelLytic M reagent
Matrigel Invasion Assay (Sigma-Aldrich), and the protein concentration in obtained

A total of 100,000 MC-38 cells were seeded in 500 ul DMEM 4Jysates was adjusted to 2 mg/ml. Cellular proteins were
1% FCS atop of Corning BioCoat Matrigel Invasion Chamberprecipitated by the addition of one volume of iced 100%
with 8 um PET Membrane (Corning, #354480 Corning, USA)acetone and incubated at20°C overnight. Samples were
and chemotaxis was induced by the presence of DMEM + 10%entrifuged (14,00@x 15 min, RT) and the pellet containing
FCS in the bottom chamber. Invasive migration was stoppegrecipitated proteins was air dried. Precipitated proteins were
after 24 h and cells reaching the bottom side of the PETesuspended in 150 pl of Glycoprotein Denaturing Buffer [New
membrane were xed with methanol and stained with England Biolabs (NEB), Ipswich, USA] and incubated at 100°C
Giems&s solution. PET membranes were cut out and mountedor 10 min. Afterwards, the following PNGase F reaction mixture
in ProLong Diamond Antifade Mountant (Thermo Fisher was assembled: cellular protein sample (100 pl), 10% NP-40 (20
Scienti ¢, #P36970) on objective slides. Per membrane, threg, NEB), G7 Reaction buffer (20 pl, NEB), deionized water (60
to four pictures at a random location were taken for thepl), and PNGase F (4.5 pl, 150 U). The reaction mixture was
determination of the etiency of invasive migration with a incubated at 37°C for 4 h; afterwards, another 3 pl of PNGase F
Leica DMI 6000B Microscope with a Leica N PLAN x10/0.25vas added and incubated for a total of 24 h at 37°C. Pation

air objective. of N-glycans from the reaction mixture was done on the
) ] . ) . Supelclean’ ENVI-Carb" SPE graphitized carbon tubes
Proliferation Ratio Determination (Sigma-Aldrich). Prior to purication, the columns were

MC-38 WT-eGFP and MC-38 MFSD1-mCherry cells were treated sequentially with 1 M NaOH (3 ml),.8 (2 x 3 ml),
seeded together in six-well plates and their ratio was determine&0% acetic acid (3 ml), and.8 (2 x 3 ml). Afterwards, 3 ml of
for the O-h time point. This ratio was observed also after 24, 4&0% acetonitrile with 0.05% TFA was added, followed by 6 ml of
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3% acetonitrile with 0.05% TFA. Glycan samples wer®imerization of homovanillic acid was recorded every 30 s for

centrifuged and the supernatant was applied to the column20 min with a BioTek Synergy H1 plate reader (BioTek,

The columns were then washedt with water (3 ml), then with  Winooski, USA) spectrophotometer with an Ex = 320 nm and

3% acetonitrile and 0.05% TFA solution. Glycans were eluteem = 420 nm.

with 50% acetonitrile and 0.05% TFA solution (4 x 0.5 ml).

The obtained samples were lyophilized overnight in &RNA Isolation and gPCR

vacuum concentrator. RNA was isolated with the RNeasy Mini Kit (Qiagen, #74104
Released N-glycans weraorescently labeled on the non- Hilden, Germany) and cDNA produced with the Omniscript RT

reducing end with 2-aminobenzamide (2-AB) and separated oKit (Qiagen, #205111) with oligo dT primers. gPCR reactions

GlycoSepN column (Prozyme, Hayward, USA) connected to theere assembled according to the Takyon No ROX SYBR 2x

HPLC system, as previously describ29).( MasterMix blue dTTP (Eurogentec, #UF-NSMT-B0701 Seraing,
Belgium) gPCR kit. gPCR was performed on a LightCycler 480
MALDI-TOF Analysis of N- and O-glycans (Roche, Basel, Switzerland) and data were analyzed with the

MALDI-TOF-MS experiments were performed on an Axima-LightCycler 480 software.”2*' (compared with WT) was
Performance TOF spectrometer (Shimadzu Biotech, Kyotdlisplayed. The following primers were used: GAPDH-fw,
Japan), equipped with a nitrogen laser (337 nm). The pulssd CCAGCAAGGACACTGAGCAA; GAPDH-rev,
extraction ion source accelerated the ions to a kinetic energy §TGGGTGCAGCGAACTTTATGATG; ITGb1-fw,

20 keV. Data were obtained in a positive-ion linear mode. TR AAAGCAGGGAGAAGTTGGC; ITGbl-rev,
calibration of the linear mae analysis was done using TGATGTCGGGACCAGTAGGA.

polyethylene glycol in mass range up to 5,000 Da. The C . .

accuracy of the product ion calibration was approximately 1.smmunoprecipitation of bl Integrin

Da. The mass calibration was conducted based on the averdgcluding the Glycosidase Experiment

masses. The samples were dissolved in 20% acetonitrile in wafgk.Integrin was immunoprecipitated with artitt integrin (clone

As a matrix, 2,5-dihydroxybenzoic acid (20 mg/ml) dissolved ifiMb1-1, BioLegend, #102202) or anti-actbeintegrin (clone

20 mM sodium acetate in 20% acetonitrile in water was used. TIREG7, BD Biosciences, #553715) from cell lysates for 30 min on
sample and the matrix were combined at a 1:1 ratio. Théce, followed by pull-down with Dynabeads Protein G (Thermo
resulting solution (Im) was spotted on a 384-well MALDI- Fisher Scientic, #10003D) for 1 h on ice. Beads were washed 3x
TOF plate, followed by evaporation of the solvent at ambientith PBS and either boiled in 1x Laemmli Sample Buffer (Bio-
temperature without any assistance. Each mass spectrum waad, #1610747) or treated with EndoH (New England BioLabs,
accumulated from at least 200 laser shots and processed $§0702S) or PNGaseF (New England BiolLabs, #P0704S)

Biotech Launchpad ver. 2.9.1 program (Shimadzu). according to the instructions of the manufacturer.
Cell-surfacebl integrin was immunoprecipitated with
Detachment Experiment incubation of intact cells with the aforementioned antibodies

Cells were grown on uncoated dsronectin-coated p-Slide 8-well in FACS buffer for 30 min on ice, washed once with PBS, and
chambers (ibidi, #80826 Abingdon, UK) to 8@@% conuency, lysed with 1% Triton X-100 in PBS. The cell lysate was cleared by
washed with PBS, and detached with 10 mM EDTA in PBS, 230 prentrifugation and the protocol continued as described in the
RGDS peptide (Tocris, #3498 Abingdon, UK) in PBS, or 0.05%revious paragraph.

trypsin/EDTA (Thermo Fisher Scienti, #25300-054). Detachment . .

was observed under a microscope, and within a few minutds (2 Starvation Experiment

min) slides were rocked and the detaching solution was sucked d&ells were grown until they reached 8@&@% conuency. The

and immediately the remaining bound cells wered with 4% FA/ ~ cell culture medium was removed, and cells were washed twice
PBS for 15 min. Fixed cells were washed and stained with crystdith PBS and were incubated for 48 h in DMEM (Thermo Fisher
violet for 30 min at RT, washed again, and stored in PBS. Three &fienti ¢, 31966-021) with or without 10 pg/ml 9EG7 antibody
four pictures at random locations of each chamber were taken witBD Biosciences, #553715) or for 24 h with or without 0.16 pM
a Leica DM IL LED microscope with a Leica HI PLAN | x10/0.22ba lomycin Al (Sigma, #SML1661). Cells were lysed with lysis
air objective. Area covered by still adherent cells was determindgffer and processed for analysis by Western blotting.

with ImageJ. . . .
Mechanical Stress Resistance Experiment

QSOX1 Activity Assay Cells were grown on six-well plates until 8@@% conuency in
QSOX1-STIl was purid from the supernatant of MC-38 WT or the presence or absence of 10 pug/ml 9EG7 antibody (BD
MFSD1’ cells and 0.5 pg was used in a total reaction volume d#iosciences, #553715) for 24 h and scraped off manually with a
150 pl in 96-well plates. Thenal reaction mixture contained 1 rubber Corning Cell Lifter (Corning, #3008). Cells were stained
mM homovanillic acid (Sigma, #1252), 1.4 pM horseradishvith 7-AAD (Thermo Fisher Scientt, #A1310) and AnnexinV-
peroxidase (Sigma, #P6782), 133 uM DTT, 50 mphirO, PE (BiolLegend, #640908), and data were acquiredoly

(pH 7.5), and 1 mM EDTA. Puried QSOX1-STIl was added to cytometry with a BD FACS Canto Il Analyzer (BD
the wells just prior to the start of the measurementsBiosciences) and analyzed by FlowJo software (TreeStar Inc.).
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Cell-Surface Biotinylation Experiment unaffected by the presence of MFSDSupplementary
Cells were grown on six-well plates until 8@% conuency Figure 1B, indicating that the difference in migration and
and cell-surface proteins were biotinylated with EZ-Link NHS.metastatic foci formation is independent of an effect on
PEG4-Biotin (Thermo Fisher Scientj #21330) at 0.5 mg/ml in proliferation. Previously, GLMP has been ideed as a crucial
HBSS (Thermo Fisher Scientj #14170112) for 45 min at 4°C. interaction partner of MFSD11(); thus, we additionally
Biotin was washed off with PBS and cells were either lysed (ORfepared MC-38 GLMP cells with the CRISPR-Cas9
time point) or incubated with normal cell culture medium for method. Western blotting with respective antibodies cored

12 h and then lysed (12-h time point) with cell lysis buffer. Celthe elimination of the endogenous protein in the MFSDand
lysates were cleared by centrifugation drid integrin was GLMP ' lines, and we could conm that the stability of the two
immunoprecipitated with antbl integrin (clone HMb1-1, proteins is mutually dependenB(pplementary Figure 1
BioLegend, #102202) and Dyraltls Protein G (Thermo GLMP '’ cells also migrated and closed the wound faster than
Fisher Scientic, #10003D) for 15 min at RT. Beads werethe corresponding WT cellsSupplementary Figures 1F, \5
washed twice with PBS and then boiled in 1x Laemmli Samplehenocopying the MFSDA cells. In sum, these experiments

Buffer (Bio-Rad, #1610747). Samples were subjected to Westétgarly demonstrate that MFSD1 suppresses itheitro
blot analysis. migration of multiple tumor cell types.

Degradation of b1l Integrin
Cells were grown on six-well plates until 8@%% conuency. MFSD1 Suppresses Lung

Cells were then treated with 5 pug/ml brefeldin A (Sigma, #B765£Y|eta‘s’tases In Vivo . S
for 12 h in normal cell culture medium and then lysed. CellN€Xt, We sought to expand ol vitro tumor migration assays
lysates were analyzed by Western blot into in vivo metastasis. We detected increased number of lung

metastases in mice intravenously (i.v.) injected with ME$D1
Statistical Analysis tumor cells compared with the control for both MC-38

Statistical analysis was performed with GraphPad Prism softwafEi9ure 1P and B16-BL6 Supplementary Figure 1hi cells.
(version 9.2.0). Data are presented as mean + SEM and werd better mimic the natural process of metastatic initiation, we
analyzed depending on the number of groups by two-wa rthotopically injected 4T1 control (nt-shRNA) or 4T1

d . .
ANOVA with the Sdaks multiple comparison test or with the FSD{ cells into the mammary fat pad. Supporting a role of
Mann-Whitney test. MFSD1 during the entire metastatic cascade starting at the

primary tumor, we observed an increased number of
pulmonary metastases in mice injected with 4T1 MFED1
compared with control cellsFjgure 1G). Thus, these
experiments support the conclusion that for multiple types of

RESULTS murine cancer cell lines, MFSD1 suppresses metastasi.
MFSD1 Slows Tumor Cell Migration and _ _
Metastasis Initiation MFSD1 Localizes to the Golgi and to the

We aimed to study the effect of MFSD1 on tumor cell migrationEndolysosomal System

We prepared a murine colon carcinoma cell line MC-38T0 gain insight into the possible functions of MFSD1, we
MFSDIY stably expressing a shRNA which reduces MFSD@xamined its subcellular location in tumor cells. Previously, we
expression by 75% compared with the levels in correspondirfépd shown that it localizes predominantly to the Golgi apparatus
control cells expressing an nt-shRNRidure 1A). We achieved in tumor cell lines but is found in both the Golgi apparatus and
similar levels of shRNA knockdown of MFSD1 in two otherthe endolysosomal system iy macrophagess]. To enable a
murine tumor cell lines, 4T1 breast cancer and B16-BL&leeper analysis of its localization, we used doxycycline-inducible
melanoma Supplementary Figure 1A MC-38 MFSDY® cells ~ expression of MFSD1-eGFBupplementary Figure 24 as
migrated faster in a wound closing assay compared with Cogna@@nstitutive expression of MFSD1 was toxic to cells (data not
control cells Figures 1B, @. This increased migration was also shown). In tumor cells, the strongest MFSD1 staining co-
observed upon MFSD1 knockdown in 4T1 and B16-BL6 tumolocalized with its accessoisubunit GLMP in the Golgi

cell lines Supplementary Figure 1B supporting a role for apparatus Kigure 2A). However, a careful scrutiny of MFSD1
MFSD1 in tumor cell migration across tumor cell types. We alsgtainings revealed an additional weaker vesicle-like staining
observed increased invasive migration by MC-38 legm“S pattern. This MFSDl-eGFPpattern co-localized with acidic

in a Matrigel invasion assaB(pplementary Figure 1L To  compartments stained in live conditions by the LysoTracker
eliminate the residual MFSD1 expression seen in the Mf£sp1dye, indicating the presence of MFSD1 within the endolysosomal
condition, we generated MC-38 MFSD1cells by CRISPR- System Kigures 2A, B. To further delimit MFSD1 to spea
Cas9-mediated gene editinGupplementary Figure 1[p. endosomal vesicles, we stained cells with a panel of vesicle-
MFSD1’ cells closed the wound faster in the wound closingsPeci ¢ antibodies, including the early endosomal marker Rabs,
assays when compared with the respective WT agjsies 1D, late endosomal marker Rab7, recycling endosomal marker
E) con rming the MFSDY® data. The proliferation of cells was Rab11l, and lysosomal marker mTORBupplementary
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FIGURE 1 | Major Facilitator Superfamily Domain-containing protein 1 (MFSD1) suppresses tumor cell migrafi@hWestern blot of MC-38 cells expressing shRNA
non-target (control) or sShRNA MFSD1 (MFSHY) (left panel). Quanttation of MFSD1 protein levels by densitometry (right panai)£ 4). Arrow indicates MFSD1
band; # indicates unspecic band. (B) Wound closing assay of MC-38 control and MFSD¥ cells. Graph depicting the continuous shrinking of the wound (left panel)
with pictures at de ned time points (right panel). Data from one representative experiment are shown. Bar = 0.2 n{@) Analysis of the wound closing assay of MC-
38 control and MFSD1 cells 1 = 4). The % wound size remaining for MFSI cells when control cells have moved to shrink the wound to either 66% or 33% of
the original size is depicted(D) Wound closing assay of MC-38 WT and MFSD1 cells. Graph depicting the continuous shrinking of the wound (left panel) with
pictures at de ned time points (right panel). Data from one representative experiment are shown. Bar = 0.2 nfE).Analysis of wound closing assay of MC-38 WT
and MFSD1’ cells g = 5). The % wound size remaining for MFSDA cells when control cells have moved to shrink the wound to either 66% or 33% of the original
size is depicted.(F) Experimental metastasis with MC-38 control and MFS[¥ cells. Representative images of the lungs are shown on the right. Scale bar: 0.5 cm,
(G) Spontaneous metastases of 4T1 control and MFSEY cells. Representative images of H&E-stained lungs are shown on the right. Metastatic tissue is encircled
and highlighted with a black dashed line. Scale bar: 0.5 mm. F¢F, G), the relative number (normalized to the mean seen in the control) of macroscopic metastatic
foci per lung is shown. Each dot in the graph indicates the normalized number of foci observed upon visual inspection in the lungs from one moug€),In = 6

mice for both genotypes. In(G), control: n = 5 mice; MFSD1%: n = 7 mice. *p < 0.05; **p < 0.0001.

Figure 2B. MFSD1-eGFP co-localized most strongly with theendolysosomal system indicate two different axes through which
late endosomal marker Rab7, followed by the early endosomialcould affect biological processes, which we addressed in our
marker Rab5, the lysosomal marker mTOR, and the recyclingubsequent experiments.
endosomal marker Rab1$pplementary Figure 2B

To assess if the localization pattern of MFSD1 is conservddl FSD1 Does not In  uence Glycosylation
across different cell types, we examined MFSD1-eGFP expres§dl-surface glycans, added to proteins in the Golgi apparatus, play
in NIH-3T3 broblasts. Interestingly, here we found MFSDlimportant roles during cell migration and metastatic spre#él (
positioned exclusively in the endolysosomal compartmen?9). Previously, we have described an effect of Minerva, ythe
(Supplementary Figure 2§ localized with the late endosomal ortholog of MFSD1, on the O-glycome &f. melanogaster
marker Rab7 and lysosomal marker mTOR, followed by coembryos §). We tested the functionality of the O-glycosylation
localization with the recycling and early endosomal markersnachinery after the initial GaINAc addition in our tumor cells by
Rabll and Rab5, respectivaijgre 2C and Supplementary the Cellular O-Glycome Reporter/Amptation (CORA)
Figures 2C, D. The same additional weaker vesicle-like stainingpproach 24). This assay uses a modd GalNAca-benzyl
pattern seen with MFSD1-eGFP in MC-38 cells was alsahich cannot be covalently attached to proteins, but which is
observed for GLMP, indicating that they co-localize in thesecreted to the medium upon extension with other sugars by the
Golgi apparatus as well as in the endolysosomal compartmeattion of glycosyl-transferases. The overall secreted O-glycome of
(Figure 2A and Supplementary Figure 2E We hypothesize MC-38 WT and MFSDY cells consisted predominantly of sialyl-
that the Golgi localization of MFSD1-eGFP in tumor cells mightand disialyl-T antigen, which were present in the same amounts in
be due to tumor cell-spea retention in the Golgi apparatus. both cell types Supplementary Figure 34 indicating that the
The presence of MFSD1 in tumors in the Golgi apparatus and thenzymes required for O-glycan generation subsequent to initial
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FIGURE 2 | MFSD1-eGFP localizes to the Golgi apparatus and endolysosomal system in tumor cgll§.Immuno uorescence pictures of MC-38 MFSD1-eGFP
cells with the indicated markers. Golgi compartment was stained with an antibody against giantin and lysosomes were stained with LysoTracker Red@INDNuclei
were counterstained with DAPI and are highlighted in blue. Bar = 10 pfB) Co-localization analysis of MFSD1-eGFP and GLMP-HA with indicated subcellular
markers in MC-38 tumor cellsif 13). (C) Co-localization analysis of MFSD1-eGFP and GLMP-HA with indicated subcellular markers in NIH-33i®blasts (@ 4).

GalNAc addition are present and functional in both cell types. I'IFSD1 Has Minor Effects on

addition, we tested the presence of the O-glycan T antigen on ti]_e),sosoma| Function

enzyme QSOX1, whose level we showed previously to be affecgd continued with a basic characterization of the endolysosomal
by the MFSD1 homolog of they (8). Secreted QSOX1-StrepTagll system in MC-38 WT and MFSD1 cells stained by
from MC-38 WT, MFSDY' , and Cosmc  cells (which lack the | ysoTracker. The size of the lysosomes in MF$Dwas
functional T-synthase required for the generation of T antigen}equced by 9%, while the activity of cathepsin B, a protease
was treated by siali_dase to remove _the terminal sial_ic _acid, whiglsed to measure lysosomal functionality, was increased by 26%,
allowed the detection of the T antigen by a speantibody.  compared with WT lysosomeS(@pplementary Figure 3j The
While Cosmc’ cells did not have any T antigen, the levels of Tyotal number of lysosomes per cell and the pH in the
antigen were indistinguishable between WT and MFSDElIs  endolysosomal system were not affected by the lack of MFSD1
(Supplementary Figure 3B In addition, the enzymatic activity of (Supplementary Figure 3

QSOX1-StrepTagll pured from MC-38 WT and MFSD1 cells ) )

was indistinguishableSgpplementary Figure 3¢ By liquid MFSD1 Affects b1l Integrin and Adhesion
chromatography, we tested for differences in the N-glycan poddynamics of Tumor Cells

and found essentially identical retention pies of N-glycans In cell culture, we observed faster detachment of MC-38 MESD1
isolated from WT and MFSD1 cells Supplementary and MFSD1 compared with WT MC-38 cellStipplementary
Figure 3D). As an example, the N-glycosylation of the heavilyFigures 3l, J indicating weaker adhesion to the cell culture plates.
N-glycosylated protein LAMP1 was not altered in MFSD1 We also observed faster spreading of MF&ells on uncoated
compared with WT cells3upplementary Figure 3E We tested and bronectin-coated plates over time when compared with WT
lectin binding to the cell surface of MC-38 WT and MFSD1 MC-38 cells Figures 3A, Band Supplementary Figure 3K

cells and could detect sialic acid (LPA), GIcNAc (WGA), and Gasuggesting that MFSD1 cells have a faster turnover of binding
(PNA) sugar-containing glycans on the cell surface, with the sansites, a condition which has previously been shown to promote
abundance in both MC-38 genotypeSupplementary metastasisi()). Therefore, we analyzed focal adhesions in MC-38
Figures 3F, G@. From these experiments, we conclude that mostVT and MFSD1’ cells by immunouorescent staining of
likely neither O- nor N-glycosylation is directly affected by MFSDIpaxillin. Both paxillin uorescent intensity (FI) and the average
in tumor cells. size of paxillin-stained focal adhesions were reduced in MESD1
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FIGURE 3 | MFSD1 controls cell adhesion dynamicgA) Spreading assay of MC-38 WT and MFSD1 on uncoated and FN-coated plates. Representative images after
40 min of spreading are shown. Magnid spread cell in the top right corner of each vieweld is shown. Bar = 50 um.(B) Quanti cation of spreading assay at 40 min time
point. Experiment was performed three times in duplicate or triplicate and three vieelds were analyzed per conditionn( 21 view elds).(C) Immuno uorescence of focal
adhesions with paxillin staining in MC-38 WT and MFSD1 cells. Bar = 10 pm.(D) Analysis of paxillin immunaiorescence staining(E) Western blot of MC-38 WT and
MFSD1/ cells forbl integrin. GAPDH serves as a loading contro(F) Densitometric analysis ob1 integrin detected by Western blotsr( = 10). *p < 0.05; **p < 0.001;

compared with WT cells, while the total number of focal adhesiongVe, therefore, performed immunoprecipitation experiments on

per cell remained the samEigures 3C, D. Focal adhesions link
the actin cytoskeleton to the extracellular matria integrins.
When we performed a Western blot of MC-38 WT and MFSD1
cells, we observed a double bantbfntegrin, which changed in
its relative intensity Kigure 3B. When we quantied the bl

lysates from MC-38 WT and MFSD1 cells prepared from total
cells or just the cell surface. While the conformation-insensitive
bl integrin antibody clone HMb1-1 detected both formshaf
integrin, the active conformation-specibl integrin antibody
clone 9EG7 spedatally immunoprecipitated only the lowérd

integrin levels by densitometry, we detected that the overalhtegrin band from both samplefigure 4A). We sought to test

amount of bl integrin was decreased in MFSD1when
compared with WT cellsHigure 3B, while its mRNA levels
were not affectedSupplementary Figure 3. The level of the
immature N-glycosylated lowél integrin band was unaffected,
but the level of the mature N-glycosylated upp&iintegrin band
was decreased in MFSD1when compared with WT MC-38

if the different sizes of thél integrin bands are due to
differential N-glycan modication. Therefore, we treated lysates
from MC-38 WT and MFSD? cells from the total cell and the
intact cell surface with PNGaseF to remove all N-glycans.
Immunoprecipitation with an antibody that recognizes all
forms of bl integrin shows that PNGaseF treatment de-

cells Figure 3F. Thus, we observed that MFSD1 stabilizes focajlycosylated both bands and yields a single band of non-

adhesions and the maturely N-glycosylatédntegrin protein in
MC-38 tumor cells.

MFSD1 Enhances the Stability of Maturely
N-glycosylated, Inactive b1l Integrin

glycosylatedbl integrin at 88 kDa in all samples
(Supplementary Figure 4A Furthermore, the lowebl
integrin band was indeed sensitive to EndoH treatment, being
reduced to the size of the form lacking all glycosylation,
indicating that the lowebl integrin band corresponds to an
immaturely N-glycosylated form. This result highlights that

We wished to further characterize the activation state of thénmaturely glycosylatedl integrin makes it to the cell surface
differentbl integrin forms we had observed in Western blots.and is predominantly in its active conformation. Summarizing,
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FIGURE 4 | MFSD1 promotes recycling and stabilization of inactivl integrin. (A) Western blot ofb1 integrin immunoprecipitated by HMb1-1 or 9EG7 antibodies
from total cell lysates or intact cell surfacen (= 2). (B) Western blot of cell-surface biotinylated and immunoprecipitatedul integrin for biotinylation (streptavidin-HRP)
at 0 and 12 h time point post-treatment (biotinylation). ITGb1 blot displays the inputluf integrin 6 = 4). (C) Densitometric quantication of biotinylatedbl integrin
(n = 4). (D) Western blot ofb1 integrin upon brefeldin A treatment for 12 h (rate &fl integrin degradation experiment). GAPDH serves as a loading control. A
representative experiment is shown(E) Densitometric quantication of ITGb1 from brefeldin A-treated cells for 12 Im & 4). (F) Flow cytometric analysis of MC-38
WT and MFSD1’ cells treated with recycling inhibitor primaquine (PQ) or contral£ 7). (G) Co-immuno uorescence of MC-38 MFSD1-eGFP cells with an
antibody detecting either the total (Itgh1l)n(= 14) or the active conformation (9EG7h(= 6) of b1 integrin, respectively. The area indicated by a dashed square is
shown magni ed to the right. Arrows indicate co-localization. Bar = 10 pun(H) Co-localization analysis of MFSD1-eGFP with the indicatdd integrin antibodies 1§
10). *p < 0.05; ***p < 0.0001; ns, not signi cant.

our data show that MFSD1 stabilizes maturely N-glycosylatebalf in MC-38 MFSD1 compared with WT cellsRigures 4D,

inactivebl integrin.

MFSD1 Promotes Recycling and Thus
Stabilization of Inactive b1l Integrin

E). Thus, MFSD1 stabilizes matus& integrin.

To test if the recycling pathway is involved bd integrin
stabilization, we treated MC-38 WT and MFSDicells with
primaquine, an established recycling inhibitor, and analyzed cell-
surfacebl integrin levels by ow cytometry. Primaquine

We tested for an effect of MFSD1 on the degradatiomlof treatment reduced the cell-surface levelbbintegrin in MC-
integrin in MC-38 cells. We conducted surface biotinylation and38 WT cells to the levels seen in MFSD&Nd increased thiel

12 h later, immunoprecipitatdull integrin and analyzed the level integrin activation index (ratio of active/totdl integrin).

of biotinylatedb1 integrin that remainedia streptavidin-HRP.  Strikingly, in MFSD? cells themselves, primaquine treatment
While the input (time point 0 h) of biotinylated proteins was did not further reduce the cell-surface leveldbafintegrin or
roughly the same, 12 h later, MFSBcells had signicantly less  affect the activation indexF{gure 4F. Consistent with this
biotinylatedbl integrin left when compared with MC-38 WT nding, we observed co-localization of total but not achite
control cells Figures 4B, §. In addition, we blocked thée-novo  integrin with MFSD1 Figures 4G, H, arguing that MFSD1
feeding of proteins into the secretory pathway by treatment withprimarily localizes with the inactive form. These data support the
brefeldin A. Twelve hours after treatment, the levelb&f conclusion that MFSD1 enhances the recyclinglointegrin to
integrin, which at that time was purely in the mature N- the cell surface, particularly the mature N-glycosylated inactive
glycosylated formSupplementary Figure 4B was reduced to form, and protects it from lysosomal degradation.
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MFSD1 Decreases the bl Integrin cells with two antibodies detecting either tdialintegrin (clone
Activation Indgax, Suppressing HMb1-1) orb1 integrin in its active conformation (clone 9EG?7).
Tumor Cell Migration We observed a reduced amount of tdtalintegrin on the cell

We wished to assess integrin activity at the cell membrane to tsurface of MC-38 MFSDA. cells when compared with WT cells,

to connect the capacity of MFSD1 to increase integrirwhile the amount of activddl integrin remained the same
maturation and focal adhesion size to its role in suppressin{fFigures 5A, B. This relative change leads to an incredskd

cell migration. To spectally analyze the cell-surface fraction of integrin activation index in MFSDA tumor cells, a state which

bl integrin, we conductedow cytometry. We stained MC-38 has been associated with prometastatic features of tumor cells
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FIGURE 5 | MFSD1 decreases thebl integrin activation index, thereby suppressing tumor cell migratiop#) Representative ow cytometry analysis of MC-38 WT (black)
and MFSD1’ (red) cells stained with indicated antibodies. The grajted curve represents the isotype control stainingB) Analysis of ow cytometry staining = 7). (C) b1
Integrin activation index of cells treated with active conformation-specibl integrin antibody clone 9EG7n(= 4). (D) Representative graph of a wound closing assay with
MC-38 WT cells treated with 9EG7 antibody (dotted lines) or control (solid ling&) Analysis of wound closing assay of MC-38 WT cells treated with 9EG7 antibody (empty
bars) or control (lled bars) § = 3). The % wound size left of WT 9EG7 when WT cells have moved to shrink the wound to either 75%, 66%, or 50% of the original size is
depicted. (F) Representative images at indicated time pointsf@ne wound closing assay experiment. Bar = 200 pm(G) Western blot of cells in normal cell culture medium
and in the starvation medium for cleaved caspas3 (CC3). GAPDH serves as a loading contral € 6). (H) Western blot of cells previously starved from nutrients for 48 h,
control or treated with 9EG7 antibody, or 24 h, control or treated with béomycin A ( = 2). The numbers at the bottom of the blot neresent the densitometric analysis of
the cleaved caspase 3 band(l) Flow cytometric analysis of dead cells (Annexiti®-AAD") upon scraping (= mechanical stress) from cell culture plates. Cells have been
treated with 9EG7 antibody or left untreated (controb) ( 4). (J) Experimental metastasis of MC-38 WT cells pretreated with the integrin activating antibody 9EG7 and the
control, respectively. The relative number (normalized to the mean seerthia control) of macroscopic metastatic foci per lung is shown (contral,= 6; 9EG7 treated,n = 8).
Representative images of the lungs are shown on the right. Scale bar = 0.5 crp. ¢ 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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(14). Thus, these data support the conclusion that MFSDExperiment, we analyzed the pulmonary metastatic burden of

normally reduces thé1 integrin activation index at the cell mice injected with 9EG7-pretreated MC-38 WT cells. Indeed,

surface. Furthermore, in combination with the data from9EG7-pretreated MC-38WT cells were more potent in

Figure 4 our data support the conclusion that the stabilizationgenerating pulmonary metastases than control untreated cells

of inactive maturely N-glycosylatedfl integrin by MFSD1 (Figure 5J. This result conrms that the features supported by

contributes to the decrease in the activation indexb@f an increased activation index bfl integrin described by the

integrin, suppressing the migration of wild-type tumor cells. aforementioned experiments, namely, increased migration,

We wished to directly test the connection betwegimtegrin  mechanical stress, and starvation resistance, directly lead to an

activity and migration. We therefore incubated WT cells with theincreased metastatic burden.

active conformation-spea bl integrin antibody clone 9EG?7.

Upon 9EG7 treatment, we observed an incredskdntegrin .

activation index as measured byw cytometry Eigure 50, Reduced MFSD1 Expression Happens

without affecting the total amount of cell-surfabe integrin ~ Early During Tumorigenesis

(Supplementary Figure 5A Consistent with what we observed Since we observed that MFSD1 suppresses colon cancer cell

for MFSD1’ cells, these WT 9EG7-treated cells displayed fast@nigration, we rst searched for a linkage of MFSD1 expression

migration in the wound closing assakigures 5B-F). These levels and the prognosis of colon adenocarcinoma patients, but

data argue that suppression by MFSD1 of the relative amount &und no correlation (data not shown). Therefore, we analyzed

active bl integrin at the cell surface aids in repressing fastethe expression levels of MFSD1 during tumor formation. We

migration of tumor cells. compared publicly available gene expression data from
publications comparing gene expression in healthy normal
mucosa and colorectal adenoma tissue, or primary colorectal

Suppression by MFSD1 of the bl Integrin tumor tissue, and found that in each of the four GEO datasets
Activation Index Increases Tumor Cell examined §3-36), the expression levels of MFSD1 were reduced
Sensitivity to Nutrient Starvation and in tumor tissue when compared with healthy mucosa
Mechanical Stress (Figure 6A). Thus, early reduction in MFSD1 expression

b1 Integrin signaling positively regulates among other biologicahight be benecial for tumor cells to acquire hallmarks
pathways the survival of tumor cells under stressed conditionsf cancer.

including shear stress in vascular circulation and the adaptation

to changing metabolic demands3( 14, 31, 32). To test if the .

increase in thebl integrin activation index observed in Reéduced MFSD1 Expression Is

MFSD1’ cells affects their survival, we starved cells oAssociated With Poor Prognosis of

nutrients for 2 days and we assessed apoptotic induction tgelected Tumor Patients

detecting cleaved caspase 3 (C@i3) Western blotting. As We also screened data available on the Kapier plotter
expected, MFSD1 cells displayed less apoptotic induction page for the association of MFSD1 expression (MRNA gene chip)
compared with WT cellsRigure 5G. Interestingly, blocking and the prognosis of lung, breast, and gastric tumor patiéys (
lysosomal function by incubating cells with bamycin A Lung adenocarcinoma patients with high MFSD1 expression had
diminished the protective effect provided to the cells by the median overall survival of 150 months, compared with 72.3
loss of MFSDY (Figure 5H). The starvation-induced apoptosis months in the low expression cohort (the patient group was split
of WT cells was rescued by incubating cells with the 9EGdt the median) Figure 6B), while the prognoses of lung
antibody to increase thel integrin activation index, supporting squamous cell carcinoma patients were unaffected by MFSD1
the conclusion that the effect observed in MFSD1 is due to aexpression (data not shown). The same was true for gastric
effect onbl integrin. Tumor cells are exposed to shear stress inancer patients, where the median survival in the high MFDS1
the vasculature during metastatic spread. To mimic mechanicakpression cohort and in the low expression cohort was 70.2 and
stress, we scraped off MC-38 WT and MFSDzells with a  22.5 months, respectiveFigure 6Q. Refractory free survival of
rubber cell scraper from cell culture plates and analyzed celigple-negative breast cancer patients was sagmtly reduced in
with apoptosis markergia ow cytometry. We observed that patients with low MFSD1 expressidfigure 6D) with a survival

WT cells are more sensitive to mechanical stress-induced celi the low expression cohort of 19.81 months compared with
death (7-AAD'AnnexinV' cells) than MFSDY cells 55.2 months in the high expression cohort. These data clearly
(Figure 5I). WT cells increased their resistance to mechanicastablish that MFSD1 expression correlates with patient outcome
stress upon treatment with the 9EG7 antibody to increase thefor certain tumor types.

bl integrin activationFigure 5I). These results strongly suggest In addition, we checked for an association of GLMFobr

that the capacity of MFSD1 to decreasetthéntegrin activation integrin expression (MRNA gene chip) and the prognosis of the
index in MC-38 cells is a contributing factor to its ability to aforementioned tumor patients. We found no association for
suppress metastasis, by depressing tumor cell migration ai@lLMP (data not shown), potentially indicating that changes in
increasing the propensity of tumor cells to die upon starvation oGLMP mRNA levels do not translate directly into changed
mechanical stress. To address this hypothesis innavivo  protein levels.
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FIGURE 6 | MFSD1 expression levels are reduced in colorectal adenomas and inversely correlate with patient survival in lung, gastric, and triple-negatast br
cancer. (A) MFSD1 gene expression values were obtained from the indicated GEO datase8-D) KM plotter graph of the respective patient prognosis. Low or
high expression levels of MFSD1 are indicated by a black or red line, respectively<*0.05; **p < 0.01; ***p < 0.0001.

However, we did nd an association of thél integrin  individual focal adhesions and increased spreading when
expression level (MRNA gene chip) with the prognosis of lunglated on control and FN-precoated cell culture plates, as
breast, and gastric tumor patientd37(. Specically, when we compared with WT cells. Smaller focal adhesions support
analyzed the patient prognosis for the highest (Q1) and lowes$aster migration $8) with a biphasic dependence of cell
(Q4) expressing quartile dbl integrin Supplementary migration on focal adhesion siz€9. We also observed that
Figure 6), we found that lung adenocarcinoma patientsMFSD1’ colon carcinoma cells detached faster from cell
represented in Q4 had a mean overall survival of 76 monthsulture plates than WT cells, consistent with the higher
compared with 107 months for patients in Q1, dntlintegrin  turnover of focal adhesions. Increased focal adhesion turnover
expression levels sigeantly correlated with overall survival. and focal adhesion disassembly can lead to fasteitro 2D
For gastric cancer Q4 patients, the mean overall survival was 24figration (@0, 41) and increased incidence iof vivo metastasis
months compared with 30.4 months for patients in Q1(30 42). Furthermore, focal adhesion disassembly was shown to
(statistically not signicant). In addition, in triple-negative be increased in invasive versus non-invasive breast cancer cells
breast cancer patients, Q4 patients had a mean refractory fr€g0). Our ndings support the conclusion that MFSD1 decreases
survival of 21.9 months compared with 33.6 months for patientsumor migratory speed by increasing focal adhesion size
in Q1 (statistically not signcant). For the three cancer types and stability.
studied, this supports the conclusion that reduced levelsl of Integrin is a key component of focal adhesions. The measure
integrin support a faster progress of the disease. of the amount of activbl integrin in comparison to the totall

integrin is deemed the integrin activation index. The link

between a higher integrin activity index and tumor progression
DISCUSSION or cell migration is well establishetiy( 14, 43-48). For example,

metastatic breast cancer and melanoma have increased activated
Despite their crucial role in regulating the distribution of smallbl integrin compared with the respective primary tumé#)(
molecules across membranes, the function of about one-third &furthermore, constitutively activiel integrin L358A has an
SLCs remains unknowr) including MFSD1. Here, we identify increased activation index when compared with WT
a cell biological function regulated by MFSD1, namely, théntegrin expression and leads to increased liver metastasis of
recycling ofbl integrin from the endolysosomal system,B16F10 melanoma4{). Thus, we hypothesize that MFSD1
utilizing a murine colon carcinoma cell line. We show that thisserves as a suppressor of metastasis through its restraint of
capacity underlies the regulation by MFSD1 of migration. integrin activity. As we observed for MFSD1 colon

MFSDL1 restrained migration in the three tumor cell lines wecarcinoma cells, in HEK293 or MDA-MB-231 cells mutated
tested. MFSD1 colon carcinoma cells displayed smallerfor Shank 1 or 3, a highebl integrin activation index was
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associated with reduced adhesion area, increased cell spreadgtg;osylated integrin to the cell surface is by employing MFSD1 to
and faster migration49). Thus, we hypothesize that MFSD1 enhance the recycling of maturely glycosyl&tedntegrin back to
increases focal adhesion size and stability and reduces migratite cell surface to dilute out the activated forms.

speed by limiting the integrin activation index. MFSDL1 expression levels correlate with the survival of patients

Cell-surface integrins have a half-life 0~22 h and the with lung, breast, and gastric tumors, and downregulation of
majority of endocytosed integrin is recycled back to the ceMFSD1 expression happens during early events of colon
surface {5), with active and inactive integrins using different tumorigenesis. By employing two different tumor cell lines in an
routes and kinetics5()). Recyclingyia SNX17 has been shown to experimental metastasis, as well as a third in an orthotopic
be crucial for the protection obl integrin from lysosomal spontaneous metastasis setting, we observed that MFSD1 restrains
degradation %1, 52). Differential recycling kinetics and thus metastatic spread. Drugs capable of enhancing MFSD1 activity or its
protection from lysosomal degradation of the inactive or activexpression could thus potentially aid in inhibiting the progression of
form could lead to changes in the activation index of integrincertain tumors. However, to substantiate the role of MFSD1 during
Our data are consistent with the stabilization by MFSD1 of theumorigenesis and metastatic spread, further experiments with
inactive form ofbl integrin through stimulation of its recycling genetic tumor mouse models displaying metastatic disease are
back to the cell surface, lowering the activation index. Theequired. In addition, given the published effects of MFSD1
converse action, recycling and stabilization of actite involving endothelial cellsL(), it will be of high interest to also
integrin, can be enhanced by CLIC3 or GGARjngly, both  investigate the contribution of stromal cell MFSD1 during tumor
of these proteins stimulate the opposite phenotype for migratiordisease progression. In future studies, we also aim to unravel the
namely, efcient cell migration 3, 54). We nd MFSD1 molecular function of MFSD1, aiding the development of drugs
localized to the endolysosomal system in colon carcinoma ceftotentially useful for thapeutic intervention.
and broblasts, just as we have observed previously folyits
ortholog, Mrva, in macrophages$)( However, MFSD1 had a
different effect on cell migration in they and the mammalian
tumor cell system. This could be due to different effects ObATA AVAILABILITY STATEMENT
changes in the integrin activation on the two cell typgS (

56). We hypothesize that MFSD1 enhances the recyclifd of The raw data supporting the conclusions of this article will be
integrin and that a loss of MFSD1 leads to a changed metabolitgade available by the authors, without undue reservation.
milieu in the endolysosomal system affecting the proper function

of proteins involved in the recycling oflL integrin. Enhanced

recycling of inactivédl integrin, stimulated by MFSD1, would

savebl integrin from degradation, resulting in a reduced integrin

activation index. Supporting this hypothesis is also the fact thalt:'-ﬂ_”CS STATEMENT

MFSD1 co-localizes partially with recycling Rabéfdosomes  The animal study was reviewed and approved by the Veterinary
and total b1 integrin and fails to co-localize with active of ce of the Kanton Ziirich, Switzerland.

bl integrin.

Integrin activity is normally controlled by N-glycosylation.
Removing the N-glycan site at N343 bi integrin greatly
enhanced the bronectin binding of the mutana5b1 integrin
compared with the control, indicating that this N-glycan siteAUTHOR CONTRIBUTIONS

sterically impairs the active conformation or hinders ligandy\r and DS contributed to the conception and design of the
binding G7). Mature glycosylatedl integrin could be induced to study, analyzed and interpreted the data, and wrote the

have an active conformation in the presence of activabngnectin manuscript. MR and JB performed all but the speally

ligand (58), indicating that N-gbpsylation represses intrin$id o nvioned experiments. RS analyzed the patient data. BS and
integrin activation, but allows outside-in activation. We and otherg;o performed the CORA analysis and the N-glycan firg.

have identied that immaturely N-glycosylatedll integrin is  \g and LB performed thén vivo metastasis experiments. MD
consfitutively in its active conformatiors§). We report here the  onyipyted essential material. AG cloned the recombinant

presence of this form &l integrin on the cell surface of the murine o, yression constructs. All authors contributed to the article
colon carcinoma cell line MC-38 through the use of the active,,q approved the submitted version.

conformation-specc 9EG7 integrin antibody5@). The same

antibody was used to detect this immaturely glycosylated

integrin on the cell surface of the astrocytoma cell line A172,

functionally bound to bronectin 0. This suggests that certain FUNDING

tumor cells manage to circumvent glycosylation controlbdn

integrin by transporting the immaturely glycosylated form to theMR and DS were funded by the NO Forschungs- und
cell surface. Our work argues that one of the ways in which the c&ildungsges.m.b.H. (LS16-021) and IST core funding. MD was
suppresses tumor formation enhanced by this routing of immaturelfunded by Deutsche Forschungsgemeinschaft (DA 1785-1).
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