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Mammalian Notch receptors require modification by fucose
on epidermal growth factor-like (EGF) repeats of their extracel-
lular domain to respond optimally to signal induction by canon-
ical Notch ligands. Inactivation of the Golgi GDP-fucose trans-
porter Slc35cl in mouse or human does not cause marked
defects in Notch signaling during development, and shows
milder fucosylation defects than those observed in mice unable
to synthesize GDP-fucose, indicating the existence of another
mechanism for GDP-fucose transport into the secretory path-
way. We show here that fibroblasts from mice or humans lacking
Slc35cl exhibit robust Notch signaling in co-culture signaling
assays. A potential candidate for a second GDP-fucose trans-
porter is the related gene Slc35c2. Overexpression of Slc35c2
reduces expression of the fucosylated epitopes Lewis X and
sialylated Lewis X in CHO cells, indicating competition with
Slc35cl. The fucosylation of a Notch1 EGF repeat fragment that
occurs in the endoplasmic reticulum was increased in CHO
transfectants overexpressing Slc35c2. In CHO cells with low
levels of Slc35c2, both Deltal- and Jagged1-induced Notch sig-
naling were reduced, and the fucosylation of a Notch1 fragment
was also decreased. Immunofluorescence microscopy of rat
intestinal epithelial cells and HeLa cells, and analysis of rat liver
membrane fractions showed that Slc35c2 is primarily colocal-
ized with markers of the cis-Golgi network and endoplasmic
reticulum-Golgi intermediate compartment (ERGIC). The com-
bined results suggest that Slc35c¢2 is either a GDP-fucose trans-
porter that competes with Slc35c1 for GDP-fucose, or a factor
that otherwise enhances the fucosylation of Notch and is
required for optimal Notch signaling in mammalian cells.

Notch in Drosophila and Notch1-4 in mammals are single
transmembrane glycoproteins that regulate many cell fate deci-
sions (1, 2). They contain up to 36 epidermal growth factor-like
(EGF) repeats in the extracellular domain, a subset of which are
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modified with O-fucose attached to Ser or Thr by protein O-fu-
cosyltransferase-1 (Pofutl)* in mammals and OFUT1 in Dro-
sophila (3). Targeted mutation of mouse Pofutl (4, 5) or
removal of Drosophila OFUT1 (6, 7) gives rise to global Notch
signaling defects. Because loss of OFUT1 (8 —11) or Pofutl (5)
may lead to reduced Notch expression at the cell surface, a
requirement for fucose in Notch signaling has been investigated
in mutants that cannot synthesize GDP-fucose. Lec13 Chinese
hamster ovary (CHO) cells with reduced GDP-fucose (12-14),
and mice with a null mutation in the FX gene (15, 16), provide
evidence that fucose is required for optimal Notch signaling in
mammals. This requirement may merely be to serve as the sub-
strate of Fringe as proposed in Drosophila (9), but mice lacking
all three Fringe genes are born and may survive for several
months (17). Thus, it is important to determine the activities
necessary for fucosylation of Notch. One activity that remains
to be identified in mammals is the GDP-fucose transporter(s)
necessary to provide GDP-fucose to Pofutl, a resident of the
endoplasmic reticulum with a KDEL-like retrieval signal (18).
GDP-fucose, the donor substrate for all fucosyltransferases,
is synthesized in the cytoplasm through a de novo pathway from
mannose, or a salvage pathway that uses fucose from degraded
glycoproteins or glycolipids or from exogenous L-fucose (19,
20). GDP-fucose transporters are required to transport GDP-
fucose into the lumen of the secretory pathway for utilization as
donor substrate by fucosyltransferases (21, 22). Mutations of
the GDP-fucose transporter SLC35C1 in humans cause leuko-
cyte adhesion deficiency type II (LADII) or congenital disorder
of glycosylation type Ilc characterized by severe immunodefi-
ciency, mental retardation, and slow growth (23-26). Mice
lacking Slc35c1 have a similar phenotype (27, 28). Importantly,
neither mice nor humans lacking Slc35c1 have globally severe
Notch signaling defects typical of the loss of Pofut1 that leads to
embryonic lethality at mid-gestation (4, 5). Changes in T cell
development that requires Notchl signaling have not been
reported in LADII patients nor mice lacking Slc35c1. In addi-
tion, cultured fibroblasts from LADII patients exhibit no reduc-
tion in the fucosylation of Notchl ECD fragments, although

“The abbreviations used are: Pofut1, protein O-fucosyltransferase-1; PE, phy-
coerythrin; SSEA-1, stage-specific embryonic antigen-1; ERGIC, endoplas-
mic reticulum-Golgi intermediate compartment; GSI, y-secretase inhibitor;
Fut6B, a1,3-fucosyltransferse 6B; Endo H, endoglycosidase H; IEC, intesti-
nal epithelial cell; PDI, protein disulfide isomerase; Manll, a-mannosidase Il;
LADII, leukocyte adhesion deficiency type II; ER, endoplasmic reticulum;
MEF, mouse embryonic fibroblast; PNGase, peptide:N-glycosidase; PSA,
Pisum sativum agglutinin.
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their N-glycans lack fucose (29). In Drosophila, null mutants of
the Drosophila Slc35¢c1 homologue have only mild Notch sig-
naling deficiencies that are exacerbated at low temperatures
(30). The combined observations suggest the existence of a
GDP-fucose transport mechanism in addition to Slc35c1 that
accomplishes the fucosylation of Notch receptors.

Sequence comparisons revealed a gene that clusters with
SLC35C1 termed SLC35C2 in human (31), to be the most likely
candidate for an alternative GDP-fucose transporter. Slc35¢2
has about 22-23% identity and 37-38% similarity to Slc35c1
from Drosophila to human and is highly conserved between
species. We previously reported that overexpression of Slc35¢2
decreases expression of fucosylated epitopes termed Lewis X
and sialyl-Lewis X in LEC11B CHO cells (32). A possible expla-
nation is that Slc35¢2 is a GDP-fucose transporter or transport
facilitator that competes with Slc35c¢1 by directing GDP-fucose
to an earlier secretory compartment where Notch is fucosy-
lated. Pofutl and OFUT1 have a KDEL-like sequence at their C
terminus and are thought to cycle between the endoplasmic
reticulum (ER) and the cis-Golgi network (8, 18). An alternative
GDP-fucose transporter recently identified in Drosophila as
important for Notch signaling is the homologue of human
SLC35B4 (33). However, human SLC35B4 was shown to be a
UDP-xylose/UDP-GIcNAc transporter (34). Most importantly,
SLC35B4 was shown not to have GDP-fucose transport activity
in vitro (34). Therefore, we investigated the effects of overex-
pression and reduced expression of mouse and CHO Slc35c2
on the fucosylation and activation of Notch signaling in mam-
malian cells. In this article we show that overexpressed Slc35¢2
increases, whereas knockdown reduces, O-fucosylation of
Notchl EGF repeats, and that optimal Notch signaling requires
Slc35¢2 in mammalian cells.

EXPERIMENTAL PROCEDURES

Cells and Cell Culture—Parental CHO cells Pro 5 and
Gat™ 2 (35) and LEC11B (Gat  LEC11.F2 (36)) were cultured at
37 °C in a-modified minimal essential medium (Invitrogen)
supplemented with 10% fetal bovine serum (FBS; Gemini, West
Sacramento, CA) unless otherwise indicated. LADII patient
and control human fibroblasts were kindly provided by Robert
Haltiwanger (SUNY Stonybrook) (29), rat intestinal epithelial
cells (IEC) cells were kindly provided by Len Augenlicht (Albert
Einstein College of Medicine), and Slc35¢1 '~ and Slc35c1™'™*
mouse embryonic fibroblasts (MEF) prepared from mouse
embryos (27) were cultured at 37 °C in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% FBS
(Gemini), penicillin, streptomycin, and glutamine (Millipore,
Billerica, MA). L cells expressing Deltal or Jagged1 were sorted
for high ligand expression as described previously (14).

Plasmids—pCMV6-Kan/Neo-mSlc35c1 and pCMV6-Kan/
Neo-mSlc35¢2 were purchased from OriGene Technologies,
Inc. (Rockville, MD). The open reading frames (ORF) of
mSlc35¢c1 and mSle35¢2 were ligated into pCDNA3.1/Myc-His
(Invitrogen) following excision by HindIII and Xhol. A CHO
Slec35¢2 cDNA ligated into pCR3.1 (Invitrogen) was described
previously (32). Expression vectors containing CHO Fut6B or
Fut9 ¢cDNA and the Notch1 fragment EGF11-15MycHis, were
described previously (36-38). Tagged mouse Notchl with 6
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tandem Myc epitopes in place of the C-terminal PEST domain
was kindly provided by Rafael Kopan (Washington University,
St. Louis, MO) (39).

Slc35¢1 PCR Genotyping—The genotype of Slc35¢1 wild type
and mutant MEFs was confirmed using primers: GFT-F1 (5'-
GCG TTG CAA GTT CAG CCG AG-3'), GFT-R2 (5'-CCG
TCG ACG GTA TCG ATA AGC-3’), and GFT-R1 (5'-GTG
TGT TGG TCA AGA GTG TAA CCT ATG-3’) as described
(27). GFT-F1 and GFT-R1 amplify a 2.3-kb product from the
wild type allele and GFT-F1 and GFT-R2 amplify a 1.8-kb prod-
uct from the mutant allele.

Generation of Anti-mouse Slc35c2 Polyclonal Antibody—An
Slc35c2 C-terminal peptide (GEEEYFVTQGQQ) that is con-
served in human, rat, and mouse was used to generate rabbit
polyclonal antibodies at Proteintech Group Inc. (Chicago, IL)
after keyhole limpet hemocyanin conjugation to the first gly-
cine. Antisera were affinity purified using the same peptide on
cyanogen bromide-activated Sepharose 4B (Sigma). The speci-
ficity of this antibody is shown in Fig. 7A and supplemental Fig.
S2.

Fucose Metabolic Labeling—Duplicate cell cultures were
plated at 1 X 10° cells/10-cm dish and transfected the next day
using FUGENE 6 (Roche Applied Science) with 20 ug of Notch1
EGF11-15MycHis,. After 16 h of transfection, cells were met-
abolically labeled with 10 uCi/ml of L-[*H]fucose (American
Radiolabeled Chemicals, Inc.) for 30 h. Notchl EGF11-
15MycHis, was harvested by incubation with Ni** beads at
4 °C overnight with medium and cell lysate, washed, and eluted
with 100 mm EDTA as described (38). Samples were analyzed
by Western blot with anti-Myc monoclonal antibody 9E10
(1:200; Calbiochem, San Diego, CA) and autoradiography to
detect [*H]fucose. Blots were quantitated by NIH Image J and
the ratios of [*H]fucose incorporated relative to the anti-Myc
signal were determined.

Targeted Knockdown of Slc35¢2 in CHO Cells—Six different
siRNAs targeting CHO Slc35¢2 cDNA were generated using the
pSilencer® siRNA Construction Kit (Ambion, Austin, TX). Par-
ent Pro” 5 CHO cells were transiently transfected with these
siRNAs and Northern analyses were performed to determine
the most active siRNA sequence. This was 5'-AAG TGG TGG
TCT GAG TCA CCT-3’' that targets the 3' UTR of CHO
Sle35¢2. This sequence was ligated into pSilencer2.1-U6 neo
and pSilencer2.1-U6 hygro vectors and transfected either indi-
vidually or in combination into Pro™5 CHO cells using Lipo-
fectamine 2000 (Invitrogen). Stable transfectants were isolated
by selection using G418 (neomycin) at 1.5 mg/ml of active con-
centration (Gemini, West Sacramento, CA), or hygromycin
at 700 pg/ml (Calbiochem, Darmstadt, Germany), or both
together as appropriate. Total RNA from stable transfectants
was collected using TRIzol (Invitrogen) and cDNA was pre-
pared using the SuperScript™ III First-strand Synthesis Sys-
tem (Invitrogen). Semi-quantitative RT-PCR was performed to
determine Slc35c¢2 transcripts using primers 5-ACT TGG
ATC CTC CTG TTC CTG CTG GCC CAC GGA T-3' and
5'-ATC AGG ATC CTC CCA CCA AGA GTT GCC AGC
AGT G-3' and compared with GAPDH using primers PS800
5'-TGA ATT CAT TGA CCT CAA CTA CAT-3' and PS801
5'-AGA ATT CTT ACT CCT TGG AGG CCA-3’ as control.
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Transfectants Slc35¢2-KD1 and vector control have only
pSilencer2.1-U6 hygro vector, whereas Slc35¢2-KD2 contains
both vectors.

Ligand-dependent Notch Signaling Assays—Notch signaling
co-culture assays were performed as previously described (13,
14, 40). Briefly, duplicate cell cultures were plated at 2 X 10°
cells per well of a six-well dish and, after ~24 h, were cotrans-
fected using FuGENE 6 (Roche Applied Science) with 0.2 ug of
the Notch reporter plasmid TP-1 that carries eight copies of
a RBP-Jk DNA binding sequence driving a firefly luciferase
reporter gene (41), 0.05 ug of pRL-TK, or 0.01 ug of pRL-CMV
Renilla luciferase (Promega, Madison, WI), and 1.5 ug of
pPMIRB empty vector. After 16 h at 37°C, 1.5-2 X 10°
Jaggedl/L, Deltal/L, or control L cells were overlaid. At 48 h
after transfection, firefly and Renilla luciferase activities were
quantitated in cell lysates using a dual luciferase assay (Pro-
mega, Madison, WI). Ligand-dependent Notch activation is
expressed as the ratio of firefly:Renilla luciferase activity or as
fold-activation in Ligand/L versus L cells.

Ligand-dependent Notchl Activation Assay—For CHO cells,
cultures were plated at 6 X 10° cells/60-mm dish and trans-
fected the next day with 0.5 pg of pCS2-mNotchl and 3 ug of
pCS2 empty vector using FUGENE 6 (Roche Applied Science).
After 16 h of transfection, 4.5 X 10° Jagged1/L, Deltal/L, or
control L cells were overlaid. When the +y-secretase inhibitor
(GSI) L-685,458 (42) was used, CHO cells were preincubated
with 2 um L-685,458 (Sigma) or DMSO for 1 h before ligand
cells in medium containing 2 um L-685,458 or DMSO were
overlaid. After another 6 h, cells were lysed using 1X passive
lysis buffer (Promega, Madison, WI). Lysates were resolved by
SDS-PAGE, transferred to polyvinylidene difluoride (PVDEF)
membrane, and probed with anti-Notchl antibody Val'”**
(Cell Signaling Technology; 1:1000) for detection of cleaved,
activated Notchl, followed by horseradish peroxidase (HRP)-
conjugated secondary antibodies (Jackson ImmunoResearch).
Bands were visualized using the enhanced chemiluminescence
(SuperSignal kit, Pierce). Membranes were stripped and probed
with anti-Myc monoclonal antibody 9E10 for detection of
transfected full-length mNotch1-Myc. For human fibroblasts,
experiments were performed essentially the same as for CHO
cells except without transfection of mNotch1.

Western Blot Analysis—Cells in a six-well dish were washed 3
times with cold phosphate-buffered saline (PBS), pH 7.4, resus-
pended in 250 ul of 1X passive lysis buffer (Promega, Madison,
WI) supplemented with 1X Complete™ EDTA-free protease
inhibitor (Roche Applied Science), vortexed, and incubated on
ice for 10 min. Lysates were centrifuged at 6,000 X gfor 5 min at
4 °C and the supernatant was collected. Protein concentration
was determined using the Bio-Rad Dc protein assay kit (Bio-
Rad) according to the manufacturer’s instructions. Protein
(~60 ng) was separated by SDS-PAGE and transferred to a
PVDF membrane. Blocking was performed in TBST (25 mm
Tris-HCIl, 125 mm NaCl, 0.1% Tween 20, pH 7.4) containing 5%
nonfat dry milk. Primary and secondary antibodies were diluted
in TBST containing 5% nonfat dry milk and incubated with the
blot for 16 h at 4 °C and 2 h at room temperature, respectively.
Proteins were visualized using enhanced chemiluminescence
(SuperSignal kit; Pierce). Secondary antibodies were horseradish
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peroxidase (HRP)-conjugated IgG (Jackson ImmunoResearch).
Rat liver membrane fractions were kindly provided by the late
Dennis Shields (Albert Einstein College of Medicine). Mouse
anti-GM130 mAb (1:500) was purchased from BD Transduc-
tion Laboratories. Mouse anti-PDI mAb (1:1,000) was obtained
from Assay Designs (Ann Arbor, MI). Mouse anti-B-actin mAb
(1:5,000) was purchased from AbCam (Cambridge, MA).
Mouse anti-Myc mAb 9E10 was used at 1:200. Pofutl C-termi-
nal peptide antibody (Pofut1C) used at 1:1,000 was described
previously (43). Alternatively, Western blotting was performed
using the Odyssey Infrared Imaging System (LI-COR, Lincoln,
NE). Briefly, membranes were blocked for 1 h at room temper-
ature with Odyssey blocking buffer and then incubated over-
night at 4°C with primary antibodies in Odyssey blocking
buffer containing 0.1% (v/v) Tween 20. After three washes with
TBST, membranes were incubated for 1 h at room temperature
with Alexa Fluor 680-conjugated anti-mouse IgG (Invitrogen;
1:10,000) and/or IRDye800-conjugated anti-rabbit IgG (Rock-
land, Gilbertsville, PA; 1:10,000) in Odyssey blocking buffer
containing 0.1% (v/v) Tween 20 and 0.01% SDS. After washing
twice with TBST and once with TBS, membranes were ana-
lyzed using an Odyssey Infrared Imager.

Glycosidase Digestions—Digestion of ~60 ug of cell lysate
was performed in denaturing buffer as recommended by the
manufacturer containing Complete EDTA-free protease inhib-
itor (Roche Applied Science), 1 mm EDTA, and 15 uM pepsta-
tin. Samples were heated at 55 °C for 20 min in digestion buffer
before adding 1,000 units of PNGase F (New England Biolabs,
Beverley, MA) or 0.01 unit of endoglycosidase H (Endo H;
Roche Applied Science) and incubated at 37 °C for ~18 h.

Flow Cytometry Analysis—Fluorescein-labeled Pisum sati-
vum agglutinin (FITC-PSA; 5 ug/ml), fluorescein-labeled
Phaseolus vulgaris leukoagglutinin (FITC-L-PHA; 10 pg/ml),
biotinylated Aleuria aurantia lectin (AAL; 10 pug/ml), and phy-
coerythrin (PE) or fluorescein-streptavidin (PE-streptavidin or
FITC-streptavidin; 10 ug/ml) were purchased from Vector
Laboratories (Burlingame, CA). FITC-conjugated mouse anti-
stage-specific embryonic antigen-1 (anti-SSEA-1 or anti-Lewis
X; 1:100) mAb was obtained from Calbiochem. FITC- or PE-
conjugated goat anti-mouse IgM were purchased from Invitro-
gen. Mouse IgM anti-SSEA-1 mAb (1:100) was prepared in the
laboratory (36) from hybridoma cells kindly provided by Bar-
bara Knowles (44). For flow cytometry, 5 X 10° cells were pel-
leted and washed once with cold PBS. Cells were incubated with
primary antibodies for 1 h at room temperature in Hanks’ bal-
anced salt solution (Mediatech Inc., Herndon, VA) containing 1
mM CaCl,, 2% bovine serum albumin (BSA; fraction V Sigma),
and 0.05% NaN; (FACS buffer). After washing with FACS
buffer three times, cells were incubated with PE- or FITC-con-
jugated secondary antibodies in FACS buffer for 30 min at room
temperature. After three washings, cells were resuspended in
FACS buffer without BSA and 2 ul of 7-amino-actinomycin D
(BD Pharmingen) was added. Cells were subjected to flow
cytometry using a FACScan (BD Biosciences) instrument. Data
were analyzed using FlowJo software (Tree Star Inc., Ashland,
OR) and cells that took up 7-amino-actinomycin D were
excluded. Alternatively, cells were washed once with cold PBS
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FIGURE 1. Ligand-induced Notch signaling in SIc35¢1~/~ MEFs. A, PCR genotyping of S/c35¢7~/~ and
Slc35¢1t/" MEFs was performed as described under “Experimental Procedures.” B, Slc35¢c1~/~ (black line;
C1—/—)and SIc35c1*’* (gray line; C1+/+) MEFs were analyzed by flow cytometry for cell surface glycans
containing a terminal fucose using biotinylated AAL. The shaded profile is the secondary antibody alone.
C, flow cytometric analysis demonstrated equivalent binding of FITC-conjugated L-PHA to complex N-
glycansin C1+/+ and C1—/— MEFs. The shaded profile is the unstained Slc35¢1 =/~ MEFs.D, C1+/+ (white
bars) and C1—/— (black bars) MEFs were transfected with TP-1 reporter and control plasmids and co-
cultured with Deltal1/L, Jagged1/L, or L cells. Notch signaling was determined as the ratio of firefly:Renilla
luciferase activities. One representative experiment is shown. £, ligand-induced Notch signaling deter-
mined by fold-activation and normalized to 100% based on C1+/+. Error bars are S.E. (n = 3 independent
experiments); *, p < 0.05 based on a one-tailed (Deltal/L); ***, p < 0.0001 based on a two-tailed

(Jagged1/L) Student’s t test.

and then fixed with 3% paraformaldehyde in PBS for 20 min at
room temperature before adding primary antibody.

Immunofluorescence Microscopy—Cells were grown on 12-
mm glass coverslips (Fisher Scientific) treated with polylysine
and fixed with 3% paraformaldehyde in PBS. After incubation
for 20 min at room temperature with blocking solution contain-
ing 0.5% BSA, 0.2% saponin, and 1% FBS in PBS, cells were
incubated with primary antibodies in blocking solution for 1 h
at room temperature in a moist chamber. Mouse anti-GM130
mADb (1:200) was purchased from BD Transduction Laborato-
ries. Mouse anti-PDI mAb (1:400) and rabbit anti-PDI pAb
(1:200) were obtained from Assay Designs (Ann Arbor, MI).
Mouse anti-endoplasmic reticulum-Golgi intermediate com-
partment (ERGIC)-53 mAb (1:200) was purchased from
ALEXIS Biochemicals. Mouse anti-Myc mAb 9E10 (1:100) was
from Calbiochem. Rabbit anti-mannosidase II (ManlII; 1:5000)
was kindly provided by Kelly Moremen (University of Georgia)
(45), and rabbit anti-B1,4-galactosyltransferase-1 (B4GalT1;
1:100) pAb was kindly provided by Eric Berger (University of
Zurich) (46). After washing with PBS six times, Alexa Fluor 488
goat anti-rabbit (1:400) and Alexa Fluor 568 (1:400) goat anti-
mouse secondary antibodies (Invitrogen) were added and incu-
bated for 1 h at room temperature. After washing with PBS, 200
ng/ml of 4',6-diamidino-2-phenylindole (DAPI; Sigma) was
used to stain cell nuclei. Samples were mounted on slides and
imaged using Leica SP2 AOBS confocal microscope.
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were increased about 2-3-fold in
Slc35¢1~'~ compared with control
MEFs (Fig. 1, D and E), although this
might reflect a difference in endog-
enous Notch receptor levels that are
difficult to detect in fibroblasts.
Human fibroblasts with the
T308R point mutation isolated
from a LADII patient of Middle
Eastern origin (29) were also exam-
ined for ligand-induced Notch sig-
naling. First, severely reduced core and terminal fucosylation of
N-glycans was confirmed in the LADII fibroblasts by flow
cytometry using both the AAL and PSA fucose-binding lectins
(Fig. 2, A and B). By contrast, both control and LADII fibro-
blasts exhibited similar binding of L-PHA showing that their
complex N-glycan complement was similar (Fig. 2C). Because
only low levels of TP-1 firefly luciferase vector could be transfected
into human fibroblasts, endogenous Notch1 signaling was assayed
by following the ligand-induced generation of cleaved, activated
Notchl. LADII and control fibroblasts were co-cultured with
Deltal- or Jaggedl-expressing L cells or control L cells, and
activation of Notchl was detected by Western blot using an
antibody against y-secretase-cleaved Notch1 termed N1Y2174*
(47). Enhanced activation of endogenous Notchl in human
fibroblasts was detected after stimulation by either Deltal/L or
Jaggedl/L cells compared with L cells (Fig. 2D). Although,
LADII fibroblasts had more activated Notchl than control
fibroblasts when co-cultured with either of the Notch ligand-
expressing cells, the Notch1 receptor was increased in amount
by ligand stimulation of LADII cells compared with control
cells (data not shown). Nevertheless, it is clear that LADII cells
exhibited readily detectable Notch signaling that was inhibited
by the +y-secretase inhibitor (GSI) L-685,458 (42) (Fig. 2E).
The combined data suggest that in the absence of Slc35c¢l,
Notch receptors signal well following ligand stimulation.
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FIGURE 2. Notch1 activation in LADII fibroblasts. A, LADII (black line) and control (gray line) fibroblasts were
examined for binding of biotinylated-AAL by flow cytometry detected by FITC-streptavidin. The shaded profile
is FITC-streptavidin alone. B, binding of FITC-conjugated PSA. The shaded profile is unstained LADII fibroblasts.
C, binding of FITC-conjugated L-PHA. The shaded profile is unstained LADII fibroblasts. D, LADII and control
fibroblasts were co-cultured with Deltal/L, Jagged1/L cells, or control ligand cells (L). After 6 h, lysates were
analyzed by Western blot using anti-N1V2''7## antibody. Cleaved endogenous Notch1 (N1-ICD) was at 110 kDa.
The asterisk indicates nonspecific bands on the same gel. The lower panel in D served as loading control. This is
representative of 4 independent experiments. E, the experiment in D was performed for LADII fibroblasts
incubated with 2 um GSI L-685,458 or DMSO in the co-culture medium. Mouse B-actin was a loading control.

This is a representative result from 2 independent experiments.

Because O-fucosylation of Notch in T308R LADII fibroblasts
was previously shown to be unaffected by the mutation (29),
and ligand-induced Notch signaling in both LADII fibroblasts
and MEFs lacking Slc35c¢1 was robust, Slc35¢2 was investigated
as a potential GDP-fucose transport facilitator for Notch
receptors.

Overexpression of Slc35¢2 Reduces Some Fucosylation—We
initially identified Slc35c2 by expression cloning as an inhibitor
of Lewis X synthesis in LEC11B CHO cells that have a gain-of-
function mutation that causes up-regulation of al1,3-fucosyl-
transferse 6B (Fut6B) (32). To confirm this phenotype in
LEC11B cells expressing CHO Slc35c¢2 at more physiological
levels, stable Slc35c¢2/LEC11B transfectants were used (32). It
can be seen in Fig. 3A that LEC11B cells expressing Slc35¢2 had
lower amounts of the fucosylated Lewis X epitope detected by
an anti-SSEA-1 mAb. However, there was no effect of overex-
pression of Slc35c2 on the al,3-fucosyltransferase activity of
LEC11B extracts (data not shown). Moreover, when CHO cells
were transiently co-transfected with CHO fucosyltransferases
Fut6B or Fut9 together with Slc35c2, a similar result was
obtained. The degree of expression of Lewis X induced by either
Fut6B or Fut9 was reduced when Slc35c2 was also overex-
pressed (Fig. 3, B and C). CHO Slc35c2 did not change the
fucosylation of complex N-glycans as determined by PSA bind-
ing to Slc35¢2/LEC11B cells (Fig. 3D).

Slc35¢2 Enhances Fucosylation of Notchl EGF11-15 in CHO
Cells—To examine the effect of overexpressing Slc35¢2 on the
O-fucosylation of Notchl, a soluble fragment of the Notchl
extracellular domain containing EGF repeats 11-15 was used.
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tants expressing Slc35¢2 showed
increased fucose labeling compared
with cells transfected with empty
vector. Although statistical signifi-
cance was not reached, in all three
experiments the ratio of [*H]Fuc:
Myc for Slc35¢2 transfectants was
higher than control. Similar results
were obtained in LEC11B cells sta-
bly expressing CHO Slc35¢2 and
mouse Notchl EGF1-5.° Thus,
overexpression of Slc35¢2 enhanced fucosylation of the Notch1
EGF11-15 fragment. However, overexpression of Slc35c2 did
not correct the fucosylation defect in Slc35c¢1~'~ MEFs,
whereas overexpression of Slc35cl alone or Slc35cl and
Slc35¢2 together in Slc35¢1~ '~ MEFs increased AAL binding
(Fig. 4C). Neither Slc35c1 nor Slc35¢2 overexpression changed
the expression of complex N-glycans detected by FITC-conju-
gated L-PHA binding to Slc35c¢1 ™/~ MEFs (Fig. 4D).
Knockdown of Slc35c¢2 Decreases the O-Fucosylation of
Notchl—Because overexpression of Slc35¢2 enhanced O-fuco-
sylation of Notchl EGF11-15, it was important to determine
whether O-fucosylation of the Notch1 fragment would be rela-
tively lower in cells with reduced Slc35c2. RNA interference
was used to knockdown Slc35¢2 in CHO cells. Vectors contain-
ing shRNA targeted against the 3" UTR of CHO S/c35¢2 were
stably expressed and several transfectants were investigated.
Semi-quantitative RT-PCR revealed a marked reduction of
Slc35¢2 transcripts in two isolates termed Slc35¢2-KD1 and
-KD2, and identified a vector control clone that had similar
levels of Slc35¢2 transcripts to CHO cells (Fig. 54). The reduc-
tion of Sle35¢2 transcripts did not affect the general fucosyla-
tion of N-glycans on the cell surface as shown by equivalent
binding of PSA to Slc35¢2 knockdown cell lines and vector con-
trol using flow cytometric analysis (Fig. 5B). Notchl EGF11-15
was transiently expressed in Slc35¢2 knockdown and control
transfectants and cultured in [*H]fucose for 30 h. The Notch1

Y. Luo and R. S. Haltiwanger, personal communication.
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Slc35¢2 Colocalizes with the Golgi
in Rat Liver—To investigate subcel-
lular localization of Slc35c¢2, a poly-
clonal Ab was generated against the
C terminus of mouse Slc35c2
(“Experimental Procedures”). To
validate the specificity of this anti-
body, CHO cells were transiently
transfected with mouse Slc35c2
with a C-terminal Myc tag, and cell
lysates were analyzed by Western
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FIGURE 3.Slc35c2 inhibits some fucosylation. A, LEC11B cells stably expressing CHO Slc35c2 (C2; black line) or
empty vector (Vec; gray line) were assayed for binding of mouse anti-SSEA-1 antibody by flow cytometry. The
shaded profile is the secondary antibody alone. Band C, CHO cells transiently transfected with cDNAs encoding
CHO Fut6B (B) or Fut9 (C) together with CHO S/c35¢2 cDNA (C2; black line) or empty vector (Vec; gray line) were
assayed for binding of mouse anti-SSEA-1 antibody by flow cytometry. The shaded profile is the secondary
antibody alone. D, binding of FITC-conjugated PSA as in A. The shaded profile is unstained LEC11B cells.

EGF11-15 fragment was collected from lysates and medium on
Ni** beads and analyzed by Western blotting using anti-Myc
mADb and fluorography (Fig. 5C). Signals were quantitated by
NIH Image J, and the ratios of [*H]fucose:Myc were expressed
relative to vector control (Fig. 5D). It can be seen that there was
an ~30% reduction of O-fucosylation on Notchl EGF11-15 in
the Slc35¢2 knockdown line. The combined results suggest that
Sle35c¢2 plays a role in the fucosylation of Notch receptors.
Knockdown of Slc35c2 Decreases Notch Signaling—O-Fuco-
sylation has been shown to be required for optimal Notch sig-
naling in mammals (12, 14-16). To investigate whether a
reduction in Slc35¢2 in CHO cells affects Notch signaling, the
TP1-luciferase reporter assay was performed in both Slc35c¢2
targeted lines and the vector control. Deltal- and Jaggedl-in-
duced Notch signaling were both reduced by up to 50% in both
the Slc35¢2 knockdown lines (Fig. 6, A and B). To investigate
further, Notch signaling was assayed using the N1V'7** anti-
body against cleaved, activated Notch1 (47). In cells transiently
expressing a mouse Notchl cDNA with the C-terminal PEST
domain replaced with the Myc, tag (39), Deltal-induced
endogenous and exogenous Notchl activation was detected by
the Val'”** antibody. The activation of transfected exogenous
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102

PSA

T blot (Fig. 7A). Both the anti-Slc35¢2
10 10" and the anti-Myc antibodies de-
tected a band of the same size at
~36 kDa under reducing condi-
tions. Mouse Slc35c1 with a C-ter-
minal Myc tag had a slightly lower
molecular weight (Fig. 74).

Slc35c¢2 has one potential N-gly-
cosylation site, which might be used
to predict the subcellular compartments it has traversed. Cell
lysates from CHO cells expressing mouse Slc35c2-Myc were
analyzed by Western blot using anti-Slc35c2 peptide antibody
before and after treatment with Endo H or PNGase F. Endo H
removes oligomannosyl and hybrid but not complex N-glycans,
whereas PNGase F removes essentially all N-glycans. It can be
seen in Fig. 7B that the molecular weight of mouse Slc35¢2-Myc
expressed in CHO cells did not change after either Endo H or
PNGase F treatment. Evidence that both glycosidases were
active was obtained by immunoblotting for Pofutl using a
C-terminal peptide antibody (43). The Pofutl band shifted to
the same low molecular weight after treatment with both gly-
cosidases, consistent with a previous report that Pofut1 is sen-
sitive to Endo H treatment (18). The specificity of the anti-
Pofutl peptide antibody was confirmed by showing that cell
lysates from Pofutl '~ mouse ES cells (14) had no signal com-
pared with control ES cells (data not shown).

Western analysis was used to determine the localization of
Slc35c¢2 in rat liver ER and Golgi fractions (Fig. 7C). The purity
of ER and Golgi fractions were reflected by the presence of most
PDIin the ER fraction and of most GM130 in the Golgi fraction.
Pofutl colocalized with PDI in the ER fraction. Slc35c2 was
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FIGURE 4. Slc35c2 enhances O-fucosylation of a Notch1 fragment.
A, Notch1 EGF11-15 was transfected into LEC11B CHO cells stably expressing
CHO Slc35¢2 or empty vector. Cells were metabolically labeled with -[*H]fu-
cose, and Notch1 EGF11-15 harvested by Ni** beads was analyzed by West-
ern blot with anti-Myc mAb and autoradiography to detect [*H]fucose.
B, blots were quantitated by NIH Image J and the relative ratios of [*H]fucose
incorporated versus Myc signal are plotted. Error bar, S.E. (n = 3 independent
experiments). Slc35c1~/~ MEFs were transiently transfected with mouse
Slc35¢2 cDNA (C2; black line) or mouse Slc35¢1 cDNA (C1; dashed line) or both
Slc35¢1 and Slc35¢2 cDNA (C1+C2; dotted line) and analyzed for binding of
biotinylated-AAL (C) or FITC-L-PHA (D). The shaded profile is untransfected
Slc35¢1~/~ MEFs for biotinylated-AAL or unstained Slc35¢1~/~ MEFs for FITC-
conjugated L-PHA, respectively.

found mostly in the Golgi fraction, although there appeared to
be a weak band in the ER fraction. It appears that rat liver
Sle35c2 is primarily localized in the Golgi compartment.
Sle35¢2 Colocalizes with Golgi and ERGIC Markers by Immu-
nofluorescence Microscopy—To examine subcellular localiza-
tion of Slc35¢2 by immunofluorescence microscopy, rat IEC
(Fig. 8, A—F) or HeLa cells (Fig. 8, G-N) were transiently trans-
fected with untagged mouse Slc35¢2 ¢cDNA or with mouse
Sle35¢2-Myc, fixed with 3% paraformaldehyde at 48 h after
transfection and immunostained with anti-Slc35c2 peptide
antibody or anti-Myc monoclonal antibody, along with anti-
bodies against subcellular compartments, including PDI for ER,
ERGIC-53 for ERGIC, GM130 for cis-Golgi, a-mannosidase II
(Manll) for medial-Golgi, and P1,4-galactosyltransferase-I
(B4GalT1) for trans-Golgi. Although Slc35¢2 co-localized with
cis-Golgi marker GM130 both in IEC and HeLa cells and medi-
al-Golgi marker Manll in IEC (anti-ManlI Ab did not give a
signal in HeLa cells), it also co-localized with ERGIC-53 in
HelLa cells. Slc35¢2 did not co-localize with the ER marker PDI
in most transfected cells. Quantitation of Slc35¢2 subcellular
localization was performed in IEC and HeLa cells transiently
transfected with mouse Slc35¢2 with or without a Myc tag.
Among 100 transfected IEC or HeLa cells, Slc35¢2 was found in
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a punctate staining pattern primarily in a Golgi-like compart-
ment (Table 1). Although there were a small number of cells
having an ER-like staining pattern, this was probably due to
mislocalization caused by overexpression.

DISCUSSION

The O-fucose glycans of Notch are critical regulators of
Notch signaling (49, 50). Thus it is important to understand all
the factors required for their synthesis. In this article we iden-
tify Slc35¢2 as a factor required for optimal Notch signaling
in mammalian cells. We show that cells lacking the Golgi
transporter Slc35cl have robust Notch signaling, that overex-
pression of Slc35c2 increases the O-fucosylation of Notchl
EGF11-15, and that targeted knockdown of Slc35¢2 reduces
O-fucosylation of Notch and Notch signaling. Based on its
sequence similarity to Sle35c1 (31), Sle35¢2 would seem to be
an obvious candidate for a GDP-fucose transporter that might
provide GDP-fucose to Pofutl. Consistent with this are our
findings that overexpression of Slc35c2 reduces fucosylation of
N-glycans that occurs in the trans-Golgi, as shown previously
(32) and in Fig. 3. The ER localization of Pofut1 reported previ-
ously (18) and shown by rat liver cell fractionation in Fig. 7 also
suggested that there may be an ER GDP-fucose transporter. In
fact, we tried several approaches to determine whether Slc35¢2
has GDP-fucose transport activity in vitro. Both ER and Golgi
membrane fractions isolated from LEC11B CHO cells stably
expressing CHO Slc35c¢2 were assayed for GDP-fucose com-
pared with UDP-Gal transport activity under varying condi-
tions (21). However, although UDP-Gal transport was enriched
~10-fold in Golgi versus ER vesicles as expected, no consistent
evidence that Slc35¢2 affected GDP-fucose transport activity
was obtained in several independent experiments. Slc35c2 has
also been tested for GDP-fucose transport activity in yeast
microsomes, but it was toxic to yeast when highly expressed,
and there was no GDP-fucose transport activity observed with
low expression.® Whereas a murine CMP-sialic acid trans-
porter targeted to the Escherichia coli inner membrane using
the N-terminal OmpA signaling sequence expressed CMP-
sialic acid transportactivity (51), our attempts to express mouse
Sle35c2 with an N-terminal OmpA sequence in the E. coli inner
membrane were not successful. However, a Mistic (membrane-
integrating sequence for translation of integral membrane pro-
tein constructs (52, 53)) tag was able to target both Slc35¢2 and
Sle35c¢l to E. coli inner membrane. Nevertheless, GDP-fucose
transport activity was not detected in spheroplasts or mem-
brane vesicles prepared from E. coli expressing either Slc35c2
or Slc35cl. Thus it remains to be shown whether Slc35¢2 is a
GDP-fucose transporter.

We report here that Slc35¢2 facilitates the O-fucosylation of
Notch and is required for optimal Notch signaling. One possi-
bility is that Slc35c¢2 transiently mislocalizes Slc35c1 to the ER.
However, Slc35¢2 did not affect Slc35¢1 Golgi localization in
IEC when both were transiently transfected (supplemental Fig.
S3). Furthermore, Slc35c2 did not inhibit rescue by Slc35c1
when both were co-expressed in Slc35¢1~'~ MEFs (Fig. 4C).
Another possibility is that Slc35¢2 may be a chaperone or other

6 H. Bakker, personal communication.
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FIGURE 6. Knockdown of Slc35c2 reduces ligand-induced Notch signaling. A, Notch signaling in Slc35¢2 knockdown lines (KD1 and KD2) and vector control
(Control) using the TP1-luciferase and Renilla luciferase reporter assay. Activation of Notch signaling by Deltal/L or Jagged1/L was determined by the ratio of
firefly:Renilla luciferase activities. The values are the average of duplicates from one representative experiment. B, relative activation of Notch signaling in Slc35¢2-KD1
and -KD2 normalized to vector control. Error bars, S.E. (n = 4 independent experiments performed in duplicate); **, p < 0.01; ***, p < 0.001, based on the two-tailed
Student’s t test. G, mouse Notch1 with a C-terminal Myc tag (N1-Myc) was transiently transfected into Slc35¢2 knockdown lines (KDT and KD2) and vector control cells
(Control). Deltal-induced Notch1 activation was analyzed by Western blot using N1V2""7#4 antibody and anti-Myc mAb. Activated Notch 1 intracellular domains (N7 /CD)
from both endogenous and exogenous N1 were detected. Results of a representative experiment are shown. D, the experiment in C was performed in the presence
of 2 um GSI L-685,458 or DMSQ in co-culture medium with Delta1/L cells or control ligand cells (L). Both endogenous and introduced N1 ICDs were blocked by the GSI.
E, relative expression of activated Notch1. The quantitation of signals from gels similar to C was performed using NIH Image J. The ratio of activated endogenous
Notch1 to loading control (either B-actin or nonspecific band) was normalized to control; the ratio of activated exogenous Notch1 to transfected Notch1 was
normalized to control. Forendogenous N11CD, error bar represent S.E. (n = 4independent experiments), ***, p < 0.001; for exogenous N1 ICD. Error bars represent S.E.
(KD1, n = 5 independent experiments; KD2, n = 4 independent experiments); *, p < 0.05; **, p < 0.01, based on the two-tailed Student's t test.
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FIGURE 7. SIc35¢2 is primarily localized to Golgi in rat liver. A, a new
polyclonal Ab against mouse and human Slc35c2 was tested on lysates of
CHO cells expressing empty vector, mouse Slc35c1-Myc, mouse Slc35c2
with low transfection efficiency (C2(low)), or mouse Slc35c2-Myc and ana-
lyzed by Western blotting using anti-Slc35c2 C-terminal peptide antibody
or anti-Myc. B, cell lysates from CHO cells transiently transfected with
mouse Slc35c2 were treated with Endo H or PNGase F and analyzed by
Western blotting using anti-SIc35c2 pAb. The membrane was stripped
and re-probed with anti-Pofut1 C-terminal peptide pAb. Western blotting
was performed using the Odyssey Infrared Imaging System. C, rat liver ER
and Golgi fractions were assayed by immunoblotting using anti-Slc35c2
peptide or anti-PDI (ER marker) or anti-GM130 (Golgi marker) or anti-Po-
fut1 peptide antibodies. Western blotting was performed using the Odys-
sey Infrared Imaging System.

fied in Drosophila (33). Drosophila Slc35b4 rescues Notch
signaling-dependent expression of wg in the wing disc of an
Sle35cl mutant at low temperature. Homozygotes and hemizy-
gotes of Slc35b4 mutations in Drosophila are lethal, although
some of them survive until the third-instar larval stage (33). The
expression of wg was abolished in these mutant wing discs. The
mammalian homologue of this transporter, Slc35b4, has been
shown not to transport GDP-fucose in a yeast microsome assay
and to be localized to the Golgi (34). Drosophila Slc35b4 has
adi-lysine retention/retrieval motif but this motif is not con-
served in mammalian homologues. Alternatively, Slc35c2
might be induced to transport GDP-fucose by some other
molecule. Although there is no example of a transporter
chaperone to date, mammalian nucleotide sugar transport-
ers may interact in the Golgi membrane and several of them,
including Slc35b4 (34), transport more than one nucleotide
sugar (55, 56). Although there is also no example of a trans-
porter that transports both UDP- and GDP-sugars, chimeric
transporters have been constructed that transport UDP-Gal
and CMP-sialic acid (57-59). Although O-fucosylation of
mouse Notchl EGF29 -36 appears to occur in the ER (18),
we cannot rule out the possibility that Pofutl might encoun-
ter GDP-fucose in the ERGIC or cis-Golgi compartments
during recycling or that Pofutl fucosylates Notch receptors
in the ERGIC or cis-Golgi compartments rather than in the
ER. A targeted mutation of Slc35¢2 in the mouse will help to
resolve these questions.
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FIGURE 8.Slc35c2 subcellular localization in IEC and HelLa cells. Expres-
sion of Slc35c2 in fixed rat IEC (A-F) or Hela cells (G-N). Transfected
Slc35¢2 was detected in B, H, J, and L with anti-Slc35c2 pAb; Slc35c2-Myc
was detected in D, F, and N with anti-Myc mAb. Other antibodies included
anti-PDI (ER marker), anti-ERGIC-53 (ERGIC marker), anti-GM130 (cis-Golgi
marker), anti-Manll (medial-Golgi marker), and anti-B4GalT1 (trans-Golgi
marker). Images were taken using a Leica SP2 AOBS confocal microscope.
Scale bars, 10 pm.

TABLE 1

Quantitation of mouse Slc35¢2 subcellular localization after
transient transfection

IEC or HeLa cells were transiently transfected with mouse Slc35c2 cDNA with or

without a C-terminal Myc tag. 100 transfected cells were counted to determine
subcellular localization in the secretory pathway.

ER Golgi ER and Golgi
% % %
IEC + mSlc35c2-Myc 2 58 40
IEC + mSlc35c2 0 71 29
HeLa + mSlc35c2-Myc 8 33 59
HeLa + mSlc35¢c2 0 76 24
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