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Background: Golgi retention mechanism of the core 2 N-acetylglucosaminyltransferase 1 (C2GnT1) is not known.
Results: Golgi phosphoprotein 3 (GOLPH3) controls Golgi localization of C2GnT1 by binding to its cytoplasmic tail.
Conclusion: GOLPH3 determines cell binding properties under dynamic flow by controlling Golgi localization of C2GnT1.
Significance: Cell-cell interactions can be regulated by a protein that controls the Golgi localization of a glycosyltransferase.

Core 2 N-acetylglucosaminyltransferase 1 (C2GnT1) is a key
enzyme participating in the synthesis of core 2-associated sialyl
Lewis x (C2-O-sLex), a ligand involved in selectin-mediated leu-
kocyte trafficking and cancer metastasis. To accomplish that,
C2GnT1needs to be localized to theGolgi and this step requires
interaction of its cytoplasmic tail (CT) with a protein that has
not been identified. Employing C2GnT1 CT as the bait to per-
form a yeast two-hybrid screen, we have identified Golgi phos-
phoprotein 3 (GOLPH3) as a principal candidate protein that
interactswithC2GnT1anddemonstrated thatC2GnT1binds to
GOLPH3 via the LLRRR9 sequence in the CT. Confocal fluores-
cence microscopic analysis shows substantial Golgi co-localiza-
tion of C2GnT1 and GOLPH3. Upon GOLPH3 knockdown,
C2GnT1 is foundmainly in the endoplasmic reticulum and dec-
oratedwith complex-typeN-glycans, indicating that the enzyme
has been transported to the Golgi but is not retained. Also, we
have found that a recombinant protein consisting of C2GnT1
CT1–16-Leu17–32-Gly33–42-GFP is localized to the Golgi
although the same construct withmutatedCT (AAAAA9) is not.
The data demonstrate that the C2GnT1 CT is necessary and
sufficient for Golgi localization of C2GnT1. Furthermore,
GOLPH3 knockdown results in reduced synthesis of C2-O-sLex

associated with P-selectin glycoprotein ligand-1, reduced cell
tethering to and rolling on immobilized P- or E-selectin, and
compromised E-selectin-induced activation of spleen tyrosine
kinase and cell adhesion to intercellular adhesion molecule-1
under dynamic flow. Our results reveal that GOLPH3 can regu-
late cell-cell interaction by controlling Golgi retention of
C2GnT1.

Cell surface carbohydrates play important roles inmany bio-
logical processes, such as differentiation, immune surveillance,
pathogen clearance, and blood group antigen recognition
(1–5). Synthesis of these carbohydrates is under a strict control
to ensure that they are generated when needed, and vanished
when the intended tasks have been completed. Pathological
consequences can occur if these carbohydrates are inappropri-
ately produced or maintained (6, 7). One such example is the
synthesis of core 2-associated sialyl Lewis x (C2-O-sLex).3
Under resting conditions, circulating leukocytes express a low
level of C2-O-sLex. However, following tissue injury or infec-
tion, these cells greatly increase the production of C2-O-sLex
on their cell surface as a result of up-regulation of the core 2
N-acetylglucosaminyltransferase 1 (C2GnT1) gene (8, 9). The
C2-O-sLex is a selectin ligand involved in leukocyte trafficking
(10, 11). Binding of C2-O-sLex-containing ligands to selectins
initiates a series of signaling events culminating in firm adhe-
sion of activated leukocytes to the inflamed endothelium lead-
ing to their extravasation (12). The role of C2GnT1 in this
immune-modulating function has been confirmed in a
C2GnT1 gene-deficient mouse (13, 14). Deletion of the
C2GnT1 gene had its greatest impact on the inflammatory
response, resulting in reduction of leukocyte rolling on P-, E-,
and L-selectins and migration of these leukocytes to injured
sites. On the other hand, elevated expression of the C2GnT1
gene results in altered O-glycans (15, 16), which if persisted
would compromise humoral and cellular immunity as found in
Wiscott-Aldrich syndrome (17). A similar phenomenon has
been confirmed in a C2GnT1 transgenic mouse model (18, 19),
where T lymphocytes showed a delayed-type hypersensitivity
response, reduced proliferation rates, and weakened interac-
tion with B lymphocytes. In addition, up-regulation of the
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static tumors (20, 21). These tumors utilizemechanisms similar
to the selectin-mediated leukocyte trafficking to metastasize to
distant sites (6). Although regulation of gene expression is a key
for controlling the production of C2GnT1, the glycosylation
function of this enzyme depends on its localization to the Golgi
(22). To date, the Golgi localization mechanism of C2GnT1 is
not clear.
Golgi phosphoprotein 3 (GOLPH3/GPP34/GMX33/MIDAS)

is a Golgi-associated protein (23) conserved from yeast to human.
It was recently recognized as an oncoprotein amplified in various
types of human malignancies, including melanoma, breast,
non-small cell lung cancer, gliomas, and connective tissue
tumors (24–26). GOLPH3 exhibits diverse biological roles. It
has been linked to the modulation of mitochondrial mass and
lipid synthesis (27), the mammalian target of rapamycin signal-
ing pathway (24), budding of vesicles from the trans-Golgi (28),
and recycling transmembrane receptors fromendosomes to the
trans-Golgi network (24, 29). Depletion of the GOLPH3 yeast
homolog Vps74p in yeast cells prevents Golgi localization of
mannosyltransferases resulting in the production of hypoglyco-
sylated glycoconjugates. The consensus amino acid sequence
(F/L)(L/I/V)XX(R/K) recognized by Vps74p is present in the
cytoplasmic tails (CT) of yeast mannosyltransferases (30, 31).
This sequence is also found in the C2GnT1 CT of various spe-
cies (supplemental Fig. S1). This information prompted us to
examine whether GOLPH3 could be the protein that deter-
mined the Golgi localization of C2GnT1.
In this study, we screened by a yeast two-hybrid method for

proteins that interact with C2GnT1 CT and identified
GOLPH3 as a principal candidate. We examined the effect of
GOLPH3 depletion on Golgi localization of C2GnT1 and its
function in the generation of C2-O-sLex on P-selectin glyco-
protein ligand-1 (PSGL-1), and its role in cell tethering to and
rolling on immobilized selectins, and adhesion of E-selectin-
activated cells to immobilized intercellular adhesion mole-
cule-1 (ICAM-1) under physiologically relevant sheer force.
We have found that GOLPH3 regulates cell tethering, rolling
and adhesion by controlling Golgi localization of C2GnT1.

EXPERIMENTAL PROCEDURES

Materials, Antibodies, and siRNAs—The materials used in
this study were obtained from the following suppliers. Primary
antibodies (Abs) against GOLPH3 (mouse monoclonal and
rabbit polyclonal), GM130, Giantin, mannosidase II (ManII)
(all are rabbit polyclonal), and C1GalT1 and St3GalT1 mouse
monoclonal antibodies were purchased from Abcam (Cam-
bridge, MA); mouse monoclonal anti-C2GnT1 Ab, Novus Bio-
logicals (Littleton, CO); TGN46 (rabbit polyclonal) and �-actin
(mouse monoclonal) Abs, Sigma; mouse C2-O-sLex IgM Ab,
R&D Systems (Minneapolis, MN) (32); mouse anti-PSGL-1
(PL1 and PL2) Ab, Santa Cruz Biotechnology (Santa Cruz, CA);
rabbit anti-SYK and anti-phospho-Y323-SYK Abs, Cell Signal-
ing Technology (Danvers, MA); donkey anti-mouse and anti-
rabbit Dylight 488 and 594 secondary Abs, Jackson Immuno-
Research (West Grove, PA); GOLPH3 siGenome siRNAs and
C2GnT1 siGenome siRNAs, Dharmacon (Waltman, MA); and
K562 (CCL-243) and KG1a (CCL-246.1) cells, ATCC (Manas-
sas, VA). The lectins used in this study were purchased from

E-Y Laboratories (San Mateo, CA) and they include ConA,
Canavalia ensiformis agglutinin; PSA, Pisum sativum aggluti-
nin; DSA, Datura stramonium; PNA, Peanut agglutinin; VVA,
Vicia villosa agglutinin.
Plasmid Construction and Transient Transfection of KG1a

and K562 Cells—The coding region of the human (h) C2GnT1
gene (GenBankTM accession no. NM_001490) was cloned by
PCR using the primer set of 5�-ATCTCGAGGCCACCATGC-
TGAGGACGTTGCTGCGAAGGAG-3� and 5�-ATGGATC-
CCCTCCGTGTTTTAATGTCTCCAAAGCTTTGTGTC-
3�, and ligated intoXhoI andBamHI sites of thepEGFP-N1vector
(Clontech,MountainView, CA) to generate C2GnT1(1–428)-GFP.
cDNA coding the N-terminal region of C2GnT1, which
includes CT(1–16), transmembrane domain TMD(17–32), and a
part of the stem region(33–70), was cloned into the vector by PCR
to generate an insert of C2GnT11–70-GFP. To construct the
C2GnT1�5–9-GFP, C2GnT1(AARRR9)-GFP, C2GnT1-
(LLAAA9)-GFP, and C2GnT11–70(AAAAA9)-GFP mutant
plasmids, nucleotides of the forward primer were modified to
omit amino acids 5–9 or mutate LL6 to AA6, RRR9 to AAA9, or
LLRRR9 to AAAAA9. To construct C2GnT11–16-GFP and
C2GnT11–16(AAAAA9)-GFP, minigenes encoding C2GnT1
CT1–16, nonspecific TMD Leu17–32 and nonspecific stem
Gly33–42, and its mutant, C2GnT11–70(AAAAA9)-GFP, were
chemically synthesized (IDT Inc., Coralville, IA). The integrity
and orientation of all plasmids were confirmed by restriction
digestion and sequencing. The hematopoietic cell lines K562
and KG1a were maintained in Iscove’s modified Dulbecco’s
medium (Hyclone, Waltman, MA) supplemented with 20%
fetal bovine serum and 1% penicillin and streptomycin. Cells
were maintained at 37 °C, 5% CO2. K562 cells were nucleo-
fected with the Nucleofector system from Amaxa (Lonza Inc.,
Walkersville, MD). About 106 cells suspended in 0.1 ml of
Lonza solution Vweremixed with 8 �g of any of the constructs
above, before nucleofection using the program T-016. After
nucleofection, the cells were immediately transferred to 2ml of
pre-warmed culture medium and cultured until analysis. K562
cells were chosen for this experiment because of its high trans-
fection efficiency and lack of C2GnT1 compared with KG1a
cells. For siRNA treatment, KG1a cells (106) suspended in
Lonza solution Lweremixedwith 10�l of a solution containing
50 pmol of siRNA before nucleofection using the program
V-001. After nucleofection, the cells were immediately trans-
ferred to 2 ml of pre-warmed culture medium. After 48–72 h,
the transfected cells were analyzed by confocal immunofluores-
cence microscopy.
Cloning, Expression, and Purification of Recombinant

GOLPH3 in Escherichia coli—HumanRNA isolated fromKG1a
cells was used for PCR cloning of the cDNA of GOLPH3 (Gen-
Bank accession number NM_022130). The forward primer 5�-
TAGGATCCATGACCTCGCTGACCCAGCGCAG-3� and
the reverse primer 5�-ATGAATTCTTACTTGGTGAACGC-
CGCCACCAC-3� were used. The restriction sites BamHI and
EcoRI are underlined. The purified PCR product (897 bp) was
cloned into the 3� end of the GST cDNA flanked by a Precision
protease cleavage site in the pGEX-6P-2 vector (GEHealthcare)
at these two sites. The protease cleavage site (/) was intro-
duced into a nucleotide sequence, CTGGAAGTTCTGTTC-
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CAGGGG/CCC, that encodes Leu-Glu-Val-Leu-Phe-Gln-
Gly/Pro downstream of GST. This pGEX-6P-2 vector carrying
the 897-bp insert was transformed into high efficiency compe-
tent E. coliDH5 cells (New England Biolabs, Ipswich,MA). The
positive clones were confirmed by restriction digestion and
sequencing. The pGEX-6P-2 vector and the construct contain-
ing the 897-bp GOLPH3 cDNA was then transformed into
E. coli strain BL21(DE3) host cells (New England Biolabs). A
single clone was cultured in LB medium containing amplicillin
(100 �g/ml). The expression of the recombinant protein in the
E. coli culture at logarithmic phase (A600 �0.6) was induced
with 0.5 mM isopropyl �-D-thiogalactoside at 37 °C for 3 h. The
cell pellet was dissolved in 10ml of lysis buffer (10ml of PBS, 80
�l of 100 mM PMSF, 10 �l of 1 M DTT, and 80 �l of Nonidet
P-40) and a tablet of Roche protease inhibitor mixture mini
(Indianapolis, IN) and lysed 3 times with a French press
(Thermo Scientific). The supernatant (13,000 � g, 40 min at
4 °C) was mixed with 1 ml of glutathione resin (Genscript, Pis-
cataway, NJ) to immobilize the recombinant protein. The PBS-
washed beads were suspended in 1.5 ml of PBS followed by
addition of 40 �g of GST-tagged Precision protease (GE
Healthcare) to cleave the recombinant protein from the resin.
The tube was allowed to rock at 4 °C for 16 h. The supernatant
was recovered andmixed with 500 �l of fresh glutathione resin
and rocked for 2 h at 4 °C to remove the Precision GST-prote-
ase. The supernatant that contained GOLPH3 was recovered
and analyzed for purity of the recombinantGOLPH3protein by
SDS-10% PAGE followed by Coomassie Blue staining.
Flow Cytometry Analysis—Assessment of cell surface C2-O-

sLex and PSGL-1 was performed by flow cytometry using
mouse anti-C2-O-sLex (CHO-131) IgM and the F(ab)2 frag-
ment of goat anti-mouse IgM fluorescein isothiocyanate-con-
jugated secondary Abs and rabbit anti-PSGL-1 and F(ab)2 frag-
ment of goat anti-rabbit phycoerythrin-conjugated secondary
Abs. KG1a cells were transfectedwith eithermock (non-target-
ing) siRNA or GOLPH3 siRNAs and cultured for 48–72 h. The
cells (0.5 � 106) were then treated with 1% BSA in PBS for 30
min on ice to block nonspecific sites before exposure to primary
Abs. For primary Ab staining, cells were incubated with anti-
sLex and anti-PSGL-1 Abs (10 �g/ml in PBS washing buffer
containing 1%BSA and 0.09%NaN3) on ice for 30min and then
washed with washing buffer (3 times). Secondary Ab staining
was performed with the F(ab)2 fragment of goat anti-mouse
IgMFITC or phycoerythrin-conjugated secondary Abs at 1:200
dilution for 30 min on ice and excess Abs were washed with
washing buffer. Finally, cells were resuspended in 500�l of 0.5%
paraformaldehyde and analyzed using a FACSCalibur (BD Bio-
sciences) equipped with a 488 argon laser and a 635 diode laser
and analyzed using Cell Quest-pro software. The unstained
cells, single-stained cells, and cells incubated with only the sec-
ondary antibodies were used as controls.
Preparation of E-selectin, P-selectin, and ICAM-1-coated

Coverslips—Recombinant human E- and P-selectins/IgG Fc
chimeras were purified from aCHOcell line supernatant trans-
fected with P-/E-selectin cDNA (a gift fromDr. Ajit Varki, Uni-
versity of California, San Diego, CA) (33) by immunoaffinity
chromatography using protein A-Sepharose (GE Healthcare
Life Sciences) (34). The E-selectin, P-selectin, or the ICAM-1

(R&D Systems) dissolved in Dulbecco’s phosphate-buffered
saline containing 2 mM Ca2� and 2 mM Mg2� and used to coat
the glass coverslips as described by Ross et al. (35). Twenty�l of
E-selectin, P-selectin, or ICAM-1 solution (1 mg/ml) were
placed in the flow path (�160 mm2) on a glass coverslip (Gly-
coTech, Gaithersburg, MD), followed by incubation at 4 °C for
12 h and then rinsing with 1 ml of Dulbecco’s phosphate-buff-
ered saline to remove unbound proteins. Prior to the experi-
ment, slides were incubated with 3% BSA (in Dulbecco’s phos-
phate-buffered saline) for 1 h at room temperature.
Parallel Plate Flow Chamber Assay—Interaction of KG1a

cells with E-selectin, P-selectin, or ICAM-1 coated on cover-
slips was measured by a parallel-plate flow chamber assay as
described previously (36) and evaluated according toKrull et al.
(37). Briefly, cells were dislodged from the flasks with non-en-
zymatic cell striper (Cellstripper, Mediatech, Manassas, VA)
and washed (3 times) with binding buffer (2 mM HEPES con-
taining 2mMCaCl2, pH 7.4). A suspension of 2.5� 105 cells/ml
prepared in 4ml of the binding buffer plus 10 �g/ml of DNase I
(MP Biomedicals, Solon, OH) was perfused through the cham-
ber at a constant wall shear stress of 1.0 dyne/cm2 using a Har-
vard Syringe Pump (Harvard Apparatus, Holliston, MA). The
field of observation was chosen randomly and visualized with a
phase-contrast video microscope (Olympus 1 � 70 coupled
with camera; Q-Imaging, Surrey, BC, Canada) at �40 magnifi-
cation and videotaped using Q-pro software. Videotapes were
played back at 1/10 speed in Quick-time for analysis. The cells
at each of 20 different fields were counted for each experiment
(38). Tetheringwas determined by counting the number of cells
that adhered to slides over the first 2–3 s of continuous shear
flow to a given field of view and remained tethered for at least 3 s
while rolling was defined as five times cell diameters of forward
movement, assessed at 1.0 dynes/cm2. Tethering or rolling was
expressed as the number of tethered or rolled cells/high-power
field during a 10-min observation period (39). E-selectin-acti-
vated cells, whichwere stably adhered to ICAM-1-coated slides
for more than 30 s, were recorded as adhesion.
Yeast Two-hybrid Screen—Matchmaker Two-Hybrid System

3 (Clontech) was employed for screening a human universal
cDNA library using the human C2GnT1 CT (MLRTLLRRRLF-
SYPTKY) as the bait. The oligonucleotide coding the wild-type
C2GnT1 CT (IDT, Coralville, IA) was hybridized and cloned
into pGBKT7 to create a c-Myc-tagged fusion protein with the
Gal4(DBD). The library screenwas performedunder high strin-
gency auxotrophic conditions onminimalmedium lacking ade-
nine and amino acids His, Leu, and Trp (SD-Ade/-His/-Leu/-
Trp/X-�-Gal), and containing 125 ng/ml of aureobasidin A,
where �2.5 � 106 clones were screened. Plasmid DNA from
positive clones was isolated, propagated in E. coli, and validated
by sequencing.
Forward Yeast Two-hybrid Analysis—To investigate the

interaction between GOLPH3 and the C2GnT1 CT peptide,
oligonucleotides coding the wild-type CT and its AA6 or AAA9

mutants were synthesized (IDT), hybridized, and cloned into
pGBKT7 to create plasmids encoding GAL4(DBD)-C2GnT1
(LLRRR9), GAL4(DBD)-C2GnT1(AARRR9), or GAL4(DBD)-
C2GnT1(LLAAA9). The plasmids were cotransformed with
GAL4(AD)-GOLPH3 by the lithium acetate procedure into
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yeast strains Y2HGold (Clontech). Co-transformants were
selected on plates lacking Leu and Trp at 30 °C. Two to three
colonies were picked and suspended in water, equilibrated to
the same optical density at 600 nm, and spotted on plates lack-
ing Leu and Trp (�His) as well as plates containing 125 ng/ml
of aureobasidin A, and lackingHis (-His). The plates were incu-
bated at 30 °C for 3 days before being photographed. The
strongly interacting protein pair of Gal4(DBD)-p53 and
Gal4(AD)-SV40 large T antigen was used as the positive con-
trol, and the non-interacting pair of Gal4(DBD)-Lamin and
Gal4(AD)-SV40 large T antigen was used as a negative control.
Peptide Pulldown Assay—The biotinylated N-terminal 20-aa

peptide of C2GnT1, which includes the CT and a portion of the
transmembrane domain (YFM), was synthesized and tagged
with biotin at the C terminus (LifeTein LLC, South Plainfield,
NJ). A 21-amino acid control peptide (GHGTGSTGSGSSG-
TASSEGST) labeledwith biotin at theN terminuswas obtained
from the same company. To perform a GOLPH3 pulldown
experiment, 6 �g of C2GnT1 peptide (FW 3000) in dimethyl
sulfoxide (4 �M) was mixed with 500 �g of cell lysate (1 �g/�l).
After incubation at 4 °C for 1 h, 30 �l of Dynabeads M-280
streptavidin (Invitrogen) was added. Following gentle rotation
for 30 min, the beads with immobilized complexes were iso-
lated with amagnet. After washing 5 times with lysis buffer, the
proteins captured on Dynabeads were analyzed by SDS-10%
PAGE followed by Western blotting with GOLPH3 Abs.
Preparation of Cell Lysates—Cells were washed three times

with PBS, then lysed using CHAPS lysis buffer (50 mM Tris, pH
7.4, 110 mMNaCl, 5 mM EDTA, 1% CHAPS (w/v), and 1% (v/v)
of mammalian protease inhibitor mixture (Sigma)). Protein
concentrations were determined with the Coomassie Plus Pro-
tein Assay (Pierce Chemical Co.) using BSA as the standard.
Electrophoresis and Immunoblotting—Proteins were sepa-

rated on SDS-10%polyacrylamide gels and transferred to PVDF
membranes. The membrane was blocked at room temperature
for 1 h with PBST (PBS, pH 7.4, 5% nonfat dried milk, 0.1%
Tween 20) and incubated overnight at 4 °C in a blocking solu-
tion containing primary Abs with appropriate dilutions. After
washing with PBST, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary Abs for
1 h. Immunoreactive bandswere detected byThermo Scientific
SuperSignal West Pico Chemo- luminescent Substrate
reagents and exposed to BioExpress Blue Basic Autorad che-
moluminescence film (Kaysville, UT). Prestained Protein Lad-
der from Fermentas (Glen Burnie, MD) was used as the molec-
ular weight markers.
Immunoprecipitation, Endoglycosidase HDigestion, and Lec-

tin Blotting—Subconfluent KG1a cells cultured in T-75 flasks
were harvested and cellular proteins were extracted in buffer
containing 50 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA,
0.5% SDS, 1% Nonidet P-40 (w/w), and 1% (v/v) mammalian
protease inhibitor mixture (Sigma). Cell lysates were pre-
clearedwith non-immune rabbit IgG for 2 h at 4 °C, followed by
incubation with protein A/G-agarose (EMD) at 4 °C for 1 h.
Precleared protein extracts were immunoprecipitated over-
night at 4 °C with the monoclonal Ab against hC2GnT1
(Abcam). Glycosidase digestions were performed following the
protocol provided by the supplier. Briefly, the immunoprecipi-

tates were released from protein A/G-agarose (EMD) and anti-
bodies by boiling in 1% SDS, 200 mM dithiothreitol for 10 min.
An equal volume of 0.5 M sodium citrate buffer (pH 5.5) was
added to the immunoprecipitates followed by 500 units of
endoglycosidase H (40) (New England BioLabs) before incuba-
tion at 37 °C for 1 h. The proteins in the treated samples were
resolved by SDS-10% PAGE, then transferred onto a PVDF
membrane. The membrane was incubated overnight at 4 °C in
the blocking buffer of 1% BSA (w/v) in TBS containing 0.1%
Tween 20. Then, the blots were incubated with 10 �g/ml each
of HRP-labeled lectins C. ensiformis agglutinin (ConA) (41, 42)
and P. sativum agglutinin (PSA) (43) (E-Y Laboratories, San
Mateo, CA) for 2 h at room temperature, in the blocking buffer.
Detection of the lectin-bound bands was performed as
described above. As a control, parallel cell culture was treated
with or without 10 �M sodium orthovanadate, a dynein inhibi-
tor (44) (New England Biolabs, Ipswich, MA) for 1 h at 37 °C
and then processed after a 6-h culture.
Confocal Fluorescence Microscopy—Cells were spotted on

poly-L-lysine-coated coverslips placed in a 6-well plate, rinsed
with PBS, and immediately fixed with 4% paraformaldehyde/
PBS for 15 min at room temperature. After being incubated
with primary Abs at 37 °C for 1 h, cells were washed three times
with PBST and stained with DyLight 488- or DyLight 594-con-
jugated corresponding secondary Abs. After a final wash in
PBST, cells were mounted in ProLong Gold antifade reagent
withDAPI (Invitrogen). Stained cells were viewed under a Zeiss
710 Meta Confocal Laser Scanning Microscope performed at
the Confocal Microscopy Core Facility of the University of
Nebraska Medical Center. For some pictures confocal z-sec-
tions covering a depth of 3.5 �mwere recorded and combined
into a single image, and processed by three-dimensional ren-
dering using Zen2010 and Image J software.
Images of the Golgi stacks were collected at 0.35-�m inter-

vals from the basolateral to apical region using an emission
filter of a 505 to 550 nm band pass for green, and a 575 to 615
nm band pass for red. This approach allows us to analyze mul-
tiple focal planes and provides a complete picture of the co-dis-
tribution of targeted proteins instead of a constrained analysis
of one z-section. The overlap of two proteins on each section
was analyzed by Mander’s coefficient for green (M1) and red
(M2) separately. Colocalization of C2GnT1 and GOLPH3 was
analyzed in an average of 10 z-sections/cell in 30 different cells
from three independent experiments.
Statistical Analysis—All statistical comparisons were con-

ducted using two-sided t test procedure. SigmaPlot software
(Systat Software, San Jose, CA) was used for all the statistical
analyses and graphing. Unless otherwise indicated in the text,
data are expressed as mean � S.E. Statistical significance was
set at p � 0.05.

RESULTS

Yeast Two-hybrid Screen Identifies GOLPH3 as a C2GnT1
Interacting Protein—Golgi glycosyltransferases (GTs) are
retained in the Golgi apparatus by interacting with individual
GT-specific proteins via their CTs (31, 45–47). To identify the
Golgi-retention partner of C2GnT1, a human universal cDNA
library in a yeast two-hybrid system was screened using a CT-
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containing N-terminal peptide of C2GnT1 as the bait. We
found no evidence of self-activation of reporter expression in
cells transformed with vectors containing either C2GnT1
(1–17 aa) orGOLPH3cDNA.TheC2GnT1CT interacting pro-
teins identified are listed in supplemental data Table S1. We
chose GOLPH3 for further characterization because of the fol-
lowing reasons. First, GOLPH3 is a protein associated with the
Golgi (23). Second, GOLPH3 is a human ortholog of yeast
Vps74p, which retains yeast mannosyltransferases in the Golgi
(30). Third, the CT of C2GnT1 contains a LLRRR9 sequence,
which matches the consensus Vps74p recognition sequence
(F/L)-(L/I/V)-X-X-(R/K) (31) found in the CTs of yeast
mannosyltransferases.
GOLPH3 Interacts with C2GnT1 via the CT—We utilized a

biotinylated 21-amino acid peptide that contains the C2GnT1
CT to perform a GOLPH3 pulldown experiment. We found
that this C2GnT1 peptide pulled down GOLPH3 from the
KG1a cell lysate (Fig. 1A). To determine whether this C2GnT1
peptide directly interacted with GOLPH3, we performed a
recombinantGOLPH3protein pulldown assay using same pep-
tide. As shown in Fig. 1B, this C2GnT1 peptide pulled down
purified GOLPH3 as well as GST-GOLPH3 from the lysate of
BL21 bacteria that produce GST-GOLPH3. The control pep-
tide did not pull down purified GOLPH3. To further confirm
this interaction in mammalian cells, we performed a C2GnT1
pulldown experiment using GST-GOLPH3. As shown in Fig.
1C, GST-GOLPH3 but not GST (negative control), pulled
down C2GnT1 from the KG1a cell lysate.
Because the LLRRR9 motif is likely responsible for the inter-

action of C2GnT1 CT with GOLPH3 based on published
results (31), we proceeded tomutate LL6 or RRR9 in the peptide
toAA6orAAA9, respectively (Fig. 2A), and examined the ability
of these peptides to interact with GOLPH3 by pulldown and

yeast two-hybrid analysis. We found that neither mutated pep-
tide could pull down GOLPH3 from the KG1a cell lysate (Fig.
2B). In addition, neither of these two mutant peptides could
bind to GOLPH3, resulting in failure of the yeasts that carried
either mutant to grow in media devoid of His but containing
aureobasidin A (Fig. 2C). The essential role the interaction of
C2GnT1CTwithGOLPH3plays inGolgi retention of C2GnT1
is shown in Fig. 2D. The C2GnT1 with wild-type CT was local-
ized to the Golgi, but the C2GnT1 with a 5–9-aa deletion, or
AA6 or AAA9 mutant was not localized to the Golgi (Fig. 2D).
Furthermore, GFP fused with the N-terminal 70 aa of C2GnT1
was localized to the Golgi, but the mutant (AAAAA9) was not
(Fig. 2E), indicating that the Golgi localization signal of
C2GnT1 resides in this region, especially amino acids 5–9. To
address the question of whether the CT itself is not only neces-
sary but also sufficient to localize C2GnT1 to the Golgi, we
examined whether a fusion protein consisting of C2GnT1
CT1–16-Leu17–32-Gly33–42-GFP could be localized to the Golgi.
As shown in Fig. 2F, this fusion protein was localized to the
Golgi, whereas the same protein with mutated CT (AAAAA9)
was not.
GOLPH3 Colocalizes with C2GnT1 in the Golgi of KG1a

Cells—C2GnT1 has been detected in cis/medial Golgi (22),
while GOLPH3 was localized to cis andmedial as well as trans-
Golgi (23). Based on our results, we predicted that C2GnT1
would colocalize with GOLPH3 in the Golgi although the
extent of their colocalization remains to be determined. We
analyzed the colocalization of C2GnT1 and GOLPH3 across
the entire Golgi by confocal fluorescence microscopy (Fig. 3A).
We found that the Mander’s coefficient, which was an average
of all z-sections where Golgi staining of both proteins was pres-
ent, was 0.92 � 0.03 for C2GnT1 and 0.79 � 0.04 for GOLPH3
(Fig. 3B), whereas the degree of the Golgi overlap of these two
proteins differed at different z-sections of the Golgi (Fig. 3A).
We found that GOLPH3 overlappedmore with C2GnT1 in the
middle z-sections toward the basal end than other z-sections of
the Golgi. In addition, there was a difference in the relative
distribution of these two proteins as compared with known
markers of different sub-Golgi compartments (Figs. 4, A–C).
We found a higher degree of colocalization of a cis-Golgi pro-
teinGM130 (48)withC2GnT1 thanwithGOLPH3 (0.84� 0.04
versus 0.74 � 0.02, respectively, p � 0.01), but colocalization of
GOLPH3 and C2GnT1 with amedialGolgi enzymeManII was
not different statistically (0.78 � 0.03 versus 0.84 � 0.04,
respectively, p � 0.05). Our data also indicate partial co-local-
ization of C2GnT1 with a trans-Golgi marker TGN46, whereas
an extensive colocalization of GOLPH3 with TGN46 (0.69 �
0.03 versus 0.89 � 0.01, respectively, p � 0.001). Therefore,
GOLPH3 exhibited an increasing trend of colocalization with
these markers from the cis-Golgi marker (GM130), medial
Golgi marker (ManII) to trans-Golgi marker (TGN46). The
trend was reversed for C2GnT1 colocalization with these Golgi
markers.
GOLPH3 Retains C2GnT1 in the Golgi of KG1a and K562

Cells—To delineate the functional significance of GOLPH3-
mediated Golgi localization of C2GnT1, KG1a cells were
treated with siRNAs to knockdown GOLPH3. As depicted in
Fig. 5A, GOLPH3 depletion efficacy ranged from 80 to 90%.

FIGURE 1. Interaction of GOLPH3 with C2GnT1 CT in vitro. A, GOLPH3 West-
ern blot of the pulldown from KG1a cell lysate with biotinylated control or
C2GnT1 1–20-aa peptide. B, GOLPH3 Western blot analysis of the pulldown
from the lysate of BL21 bacteria transformed with GST-GOLPH3 cDNA
and from purified recombinant GOLPH3 using biotinylated control or
C2GnT1(1–20 aa) peptide. C, C2GnT1 Western blot analysis of the pulldown
from KG1a cell lysate using GST (control) or GOLPH3-GST immobilized on
glutathione-resin.
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Knockdown of GOLPH3 mRNA did not have an effect on the
morphological integrity of the Golgi as determined by Giantin
staining (Fig. 5B) but resulted in localization of C2GnT1 to the
ER as revealed by its colocalization with an ERmarker, protein-
disulfide isomerase (Fig. 5C). A significant decrease of fluores-
cence intensity of C2GnT1 in theGolgi relative to that in the ER
of GOLPH3-depleted versus non-depleted cells was found (Fig.
5D). To discern whether the C2GnT1 detected in the ER of the
GOLPH3-depleted cells represents the enzyme that fails to exit
the ER or the enzyme that has been transported to theGolgi but
fails to be retained at the Golgi, we proceeded to determine
whether the enzyme in the GOLPH3-depleted cells was deco-
rated with highmannose or complex-type glycans. As shown in
Fig. 5E, the N-glycans on C2GnT1 in the control or GOLPH3
siRNA-treated cells were resistant to endoglycosidase H and
detected with PSA lectin, which suggests that C2GnT1 in the
GOLPH3-depleted cells was decorated with complex-type
N-glycans terminated with GlcNAc. The result indicates that
the enzyme has been transported to theGolgi and its highman-
nose glycans have been processed to the complex-type, but it

could not be retained in the Golgi. Fig. 5F shows that there was
no apparent change in N-glycans in GOLPH3-depleted cells.
Furthermore, depletion of GOLPH3 did not affect Golgi local-
ization of C1GalT1 or ST3GALT1, or cell surface glycans
detected with DSA, PNA, Jackalin, or VVA lectins (supplemen-
tal Fig. S2), suggesting that the effect of GOLPH3 knockdown is
specific to C2GnT1.
GOLPH3Controls the Production of C2-O-sLex inKG1aCells—

Because altered Golgi localization of C2GnT1 decreases the
synthesis of branched O-glycan (22), we hypothesized that
knockdown of GOLPH3 would affect the expression of C2-O-
sLex on the surface of KG1a cells. As shown in Fig. 6A, following
treatment with GOLPH3 siRNA, there was an 81.9% decrease
in PSGL-1-associated C2-O-sLex (40.6 � 9.7 versus 7.33 �
1.37%). Similarly, following the treatment with C2GnT1
siRNA, therewas a 74.6%decrease in PSGL-1-associatedC2-O-
sLex (40.6 � 9.7 versus 10.3 � 1.10%). The decrease in C2-
O-sLex, however, was not due to reduced PSGL-1 protein
expression (Fig. 6B). Furthermore, depletion ofC2GnT1hadno
effect on themRNA expression level ofGOLPH3 and vice versa

FIGURE 2. Identification of the amino acids in the C2GnT1 CT critical for binding to GOLPH3. A, sequences of the biotinylated C2GnT1 peptides used for
the experiment; wild type (1–20) and mutants (Ala5,6 and Ala7–9). B, GOLPH3 Western blot analysis of the pulldown from KG1a lysates using biotin (control),
biotinylated C2GnT1 1–20-aa peptide, and Ala5,6 and Ala7–9 mutants shown in A. C, forward yeast two-hybrid assay between Gal4(DBD)-C2GnT1(LLRRR9),
Gal4(DBD)-C2GnT1 (AARRR9) or Gal4(DBD)-C2GnT1(LLAAA9), and Gal4(AD)-GOLPH3. Yeasts carrying the mutant plasmids did not grow (i.e. failure to interact
with GOLPH3) in media lacking His but containing aureobasidin A. SV40 large T antigen and P53 are the positive controls and SV40 large T antigen and Lam are
the negative controls. D, confocal fluorescence images of K562 cells transfected with various plasmid constructs showing differential Golgi localization of GFP:
GFP is localized to the Golgi with the C2GnT1(1– 428)-GFP construct but not the same construct with mutated CT such as deletion of amino acids 5–9, and
mutation of AA6 or AAA9. E, GFP is localized to the Golgi using C2GnT11–70-GFP construct, but not the same construct with mutated CT (AAAAA9). E, GFP was
localized to the Golgi using C2GnT1CT1–16-Leu17–32-Gly33– 42-GFP construct but not the same construct with mutated CT (AAAAA9). Bar 	 5 �m.
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(Fig. 6,C andD), which suggests that the failure of Golgi target-
ing of C2GnT1, and not decrease in the PSGL-1 protein level, is
responsible for the reduction of C2-O-sLex on PSGL-1. The
results clearly show the requirement of Golgi localization of
C2GnT1 for the synthesis of C2-O-sLex.
GOLPH3 Controls KG1a Cell Tethering and Rolling on

Immobilized Selectins—Because C2-O-sLex is a ligand involved
in selectin-mediated leukocyte trafficking (10, 11), we pro-
ceeded to examine the effect of knocking down GOLPH3 or
C2GnT1mRNA in KG1a cells on their interaction with immo-
bilized P- or E-selectin in vitro under dynamic flow conditions.
We found that knockdown of either C2GnT1 or GOLPH3 in
KG1a cells significantly reduced their tethering to and rolling
on immobilized E- and P-selectins (Fig. 7). As compared with
mock (non-targeting) siRNA-treated cells, the cells treated
with siRNAof eitherC2GnT1orGOLPH3 exhibited significant
reductions in tethering to E-selectin by 68.9 and 90.3% (Fig. 7A)
and P-selectin by 67.2 and 60.1% (Fig. 7C), and rolling on E-se-
lectin by 81.1 and 73.8% (Fig. 7B) and P-selectin by 77.1 and
72.9% (Fig. 7D), respectively. The results indicate thatGOLPH3
controls the selectin-mediated cell tethering and rolling.
GOLPH3Controls the Adhesion of E-selectin-activated KG1a

Cells to Immobilized ICAM-1—The interaction of P- or E-se-
lectin present on the surface of activated endothelial cells with
the selectin ligands on circulating leukocytes leads to phospho-
rylation of spleen tyrosine kinase (SYK) and activation of�2-in-
tegrin (49–51), and then firm adherence to ICAM-1 expressed
on activated endothelial cells (52) to facilitate extravasation of
these leukocytes. To examine if GOLPH3 was involved in this
process, wemeasured the effect of GOLPH3 knockdown on the
activation of SYK and adhesion of E-selectin-treatedKG1a cells
to immobilized ICAM-1 in a flow chamber. As shown in Fig. 8,

the depletion of either GOLPH3 or C2GnT1 prevented the
phosphorylation of SYK in KG1a cells activated with E-selectin
(Fig. 8A), and consequently, decreased the number of the E-se-
lectin-activated KG1a cells adhered to ICAM-1 under dynamic
flow conditions by 41.9 (694 � 86 versus 403 � 56 cells; p �
0.05) and 59.2% (694 � 86 versus 283 � 30 cells; p � 0.01),
respectively (Fig. 8B). The result indicates that GOLPH3 also
controls ICAM-1-mediated adhesion of cells activated by
E-selectin.

DISCUSSION

C2GnT1 is responsible for the synthesis of the mucin core 2
structure on which sLex is decorated (8). The C2-O-sLex
formed serves as an important selectin ligand to direct leuko-
cyte trafficking and cancer metastasis (21, 53). The localization
of C2GnT1 at its Golgi compartment is required for this
enzyme to carry out its glycosylation function (22). As
described in this article, we have identified GOLPH3 as the
protein that interacts with C2GnT1 via a specific sequence in
theCT to localize the enzyme to theGolgi to enable the enzyme
to perform its glycosylation function. We show that GOLPH3
colocalizes with C2GnT1 in the Golgi, and controls the forma-
tion of C2-O-sLex, cell tethering to and rolling on immobilized
selectins, and adhesion of E-selectin-activated cells to ICAM-1.
Therefore, GOLPH3 regulates cell tethering, rolling, and adhe-
sion by controlling Golgi localization of C2GnT1.
It has beenwell recognized that theGolgi retention signals of

GTs reside in the N-terminal region consisted of a short CT, a
short transmembrane domain, and a stem. Although the stem
and transmembrane domain each can contribute to the reten-
tion ofGTs, they are limited to only fewGTs (54, 55). A growing
body of evidence in the literature indicates that Golgi localiza-

FIGURE 3. Analysis of the overlap of C2GnT1 with GOLPH3 in the Golgi of KG1a cells. A, overlap images of C2GnT1 (green) and GOLPH3 (red) on each Golgi
z-section. The Mander’s coefficient for green (C2GnT1) and red (GOLPH3) at each z-section is shown. The z-sections were obtained in 0.35-�m increments along
the z axis (microscope optical axis) in a basal to apical direction. The Mander’s coefficient for each z-section across the entire Golgi obtained from one
representative cell is shown. B, average Mander’s coefficients (mean � S.E.) for C2GnT1 and GOLPH3 were analyzed for an average of 10 z-sections/cell in 30
different cells from three independent experiments. Bar 	 2 �m.
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tion of a GT is determined primarily by its CT through interac-
tion with an individual GT-specific cytoplasmic protein (31,
45–47). To date, only a few Golgi GTs have their cytoplasmic
binding partners identified. The formation of complexes
between a GT and a cytosolic protein can have several impor-
tant biological implications. First, it helps secure GTs to the
Golgi because a GT without its tail is no longer retained in the
Golgi (Fig. 2D) (56). The binding of yeast Vps74p protein with
the CTs of mannosyltransferases is such an example (31). The
current study provides another example showing thatGOLPH3
retains C2GnT1 at the Golgi by binding to its CT. Second, it
stabilizes theGolgi structure. This is represented by the binding
of �4GalT to cytoskeletal proteins such as �- and �-tubulins

(57). Third, it provides a link of the Golgi to important cellular
activities, such as signaling and gene regulation. The Src-sup-
pressed C kinase substrate, a modulator of the cyto-architec-
ture, has been shown to interact with the CT of a galactosyl-
transferase (58). Furthermore, binding of GA2/GM2/GD2
�3-galactosyltransferase with calsenilin (59) via the CT has
linked this GT to modulation of genes involved in Ca2� regu-
lation (60) and pancreatic prodynorphin expression (61). Add-
ing to this list is our current finding showing regulation of cell
binding properties via binding of GOLPH3 to the CT of
C2GnT1. Fourth, the binding of a Golgi GT with non-muscle
myosin IIA via its CT facilitates the recycling of this Golgi res-
ident protein, a mechanism responsible for Golgi remodeling

FIGURE 4. Colocalization of C2GnT1 and GOLPH3 with markers of various Golgi compartments in KG1a cells. A, the Golgi line scan graphs showing the
immunofluorescence intensity of C2GnT1 (left panel) and GOLPH3 (right panel) with cis-Golgi GM130, medial Golgi ManII, and trans-Golgi TGN46 along
randomly positioned arrowed lines spanning the Golgi. The intensity profiles shown are representatives of 30 cells from three independent experiments.
B, three-dimensional rendering of confocal fluorescence images showing the Golgi colocalization of C2GnT1 (top panel) and GOLPH3 (bottom panel) with
GM130, ManII, and TGN46. C, Pearson’s correlation coefficients for the colocalization of C2GnT1 or GOLPH3 with Golgi markers; *, p � 0.01; **, p � 0.001. Bar 	 5 �m.
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(62). Therefore, the CT of a GT can interact with cellular pro-
teins to retain the GT at the Golgi and engage in many other
cellular functions.
Many functions have been elucidated for GOLPH3 since its

identification as a Golgi-associated protein (23). They include
regulating the mitochondrial mass by controlling the biosyn-
thesis of cardiolipin, a mitochondria-specific phospholipid

(27), promoting cell survival by enhancing growth factor-in-
duced mammalian target of rapamycin signaling pathway in
human cancer cells and altering the response to anmammalian
target of rapamycin inhibitor in vivo (24, 63), inducing vesicle
budding from the Golgi by bridging phosphatidylinositol
4-phosphate in the Golgi and the nonconventional myosin
MYO18A linked to the actin cytoskeleton (28, 64), andmediat-

FIGURE 5. GOLPH3 knockdown prevents Golgi localization of C2GnT1 without affecting the Golgi morphology, and analysis of the N-glycan types on
C2GnT1 in KG1a cells treated with vanadate, water control, non-targeting or GOLPH3-specific siRNAs. A, GOLPH3 Western blot showing about 80 –90%
depletion of GOLPH3 in KG1a cells after transfection with GOLPH3 siRNAs as compared with cells transfected with non-targeting siRNAs (Mock). B and C,
confocal fluorescence images of KG1a cells showing localization of C2GnT1 to the Golgi (Giantin) but distribution of C2GnT1 to the ER (protein-disulfide
isomerase, PDI) after treatment with GOLPH3 siRNAs. D, quantification of the C2GnT1 fluorescence intensity in the ER relative to that of the Golgi in non-
targeting or GOLPH3 siRNA-treated cells (n � 25, bar 	 5 �m). *, p � 0.01. E, ConA and PSA blots of the KG1a cell lysates with and without endoglycosidase H
(Endo H) treatment. These KG1a cells have been treated with vanadate (inhibitor of ER-to-Golgi transport), water, non-targeting siRNAs (Mock), or GOLPH3
siRNAs. F, FACS analysis of KG1a cells after treated with fluorescein-labeled ConA or PSA lectin. Cells transfected with non-targeting siRNA (Mock), dotted line;
or GOLPH3 siRNA, solid line. ConA binds high mannose-type N-glycans preferentially, PSA binds bi- and triantennary complex type N-glycans terminated with
GlcNAc.
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ing retrograde transport of transmembrane receptors and other
cargo proteins back to theGolgi as it has been reported to inter-
act with Vps29-Vps35-Vps26, the selective subcomplex of ret-
romer (24, 29). The original function of its yeast ortholog
Vps74p as the protein that retains mannosyltransferases in the
Golgi by interacting with a consensus amino acid sequence,
(F/L)(L/I/V)XX(R/K) (31), present in the CTs of these enzymes
(30) has never been confirmed in mammalian cells until now.
Our current work shows that GOLPH3 binds to a similar
sequence in the CT of C2GnT1 to retain the enzyme in the
Golgi. The consensus amino acid sequence recognized by
GOLPH3 is also present in three other Golgi GTs, including
GALNT6 (MRLLRRRH) (NP_009141), ST3GAL3 (MGLL-
VFVRN) (NP_006270), and B3GNT5 (MRMLVSGRRVK-
KWQ) (NP_ 114436). The significance of this observation
remains to be established.
The reports about the sub-Golgi localization of GOLPH3 in

the literature have been inconsistent. GOLPH3 was initially
(23) shown to be present at both cis- and trans-Golgi by immu-
noelectron microscopy and to colocalize with a medial Golgi
markerMG160 (65) by confocal fluorescencemicroscopy, then
was assigned as a trans-Golgi-associated protein in subsequent
reports (24, 27, 28, 64, 66). To gain a comprehensive insight of
the sub-Golgi localization of C2GnT1 andGOLPH3,we carried
out a colocalization analysis of these two proteins with well
established Golgi subcompartment markers that selectively
reside across the entire Golgi apparatus (67). We have found
that bothGOLPH3 andC2GnT1 are distributed over the entire
Golgi with GOLPH3 having a wider distribution than C2GnT1.
However,GOLPH3 is themost abundant at the trans-Golgi and

the least abundant at the cis-Golgi. The opposite is found for
C2GnT1. The wider Golgi distribution of GOLPH3 compared
with that of C2GnT1, especially at the trans-Golgi, is consistent
with a known function of GOLPH3 at the trans-Golgi, i.e. the
interaction of highly enriched phosphatidylinositol 4-phos-
phate present at the trans-Golgi (28, 64). The preferential dis-
tribution of C2GnT1 in the cis-medial Golgi is also consistent
with its role in the formation of the core 2 structure in mucin-
type glycans. Although in theory all C2GnT1 is expected to
colocalizewithGOLPH3becauseGolgi localization ofC2GnT1
requires its binding with GOLPH3, some C2GnT1 was not
colocalized with GOLPH3. This is not unexpected because this
fraction of C2GnT1 consists of at least two other populations of
this enzyme. The first one represents those that bind to non-
muscle myosin IIA, which we have shown to colocalize with
C2GnT2 at the periphery of theGolgi and be responsible for the
recycling of this Golgi enzyme (62). Our preliminary study also
shows that C2GnT1 colocalizes with non-musclemyosin IIA at
the Golgi,4 suggesting that non-muscle myosin IIA is also
involved in the recycling of C2GnT1. The second population
represents those that have arrived at the Golgi and theirN-gly-
cans are still undergoing processing.
Leukocytes are known to produce C2-O-sLex following acti-

vation of the C2GnT1 gene by cytokines (68, 69). These leuko-
cytes are then arrested by the endothelium at the inflamed sites
via interactions of P- and E-selectins with the C2-O-sLex pres-

4 Preliminary experiments in our laboratory show an interaction between
non-muscle myosin IIA and C2GnT1 by a pulldown assay and colocaliza-
tion using confocal fluorescence microscopy.

FIGURE 6. GOLPH3 knockdown decreases PSGL-1-associated C2-O-sLex. A, KG1a cells were transfected with either mock (non-targeting) siRNA, GOLPH3
siRNAs, or C2GnT1 siRNA and cultured for 48 –72 h. Cell surface C2-O-sLex and PSGL-1 were analyzed by flow cytometry using mouse anti-C2-O-sLex (CHO-131)
IgM and F(ab)2 fragment of goat anti-mouse IgM fluorescein isothiocyanate-conjugated secondary Abs, and rabbit anti-PSGL-1 Abs and F(ab)2 fragment of
goat anti-rabbit phycoerythrin-conjugated secondary Abs. GOLPH3 or C2GnT1 siRNA treatment reduced PSGL-1-associated C2-O-sLex from 40.6 to 10.3 and
7.3%, respectively. B, GOLPH3 or C2GnT1 knockdown did not affect the PSGL-1 protein level. C and D, real-time quantitative PCR analysis of C2GnT1 and
GOLPH3 in KG1a cells transfected with C2GnT1 or GOLPH3 siRNA, respectively. Knockdown of the mRNA of either gene did not affect the expression level of the
other.
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ent on PSGL-1. Such interactions trigger phosphorylation of
SYK (51), which leads to activation of �2-integrin, enhance-
ment of leukocyte adhesion to ICAM-1 (52) (Fig. 9), and their
extravasation to the inflamed site (12). The formation of the
core 2 branch and subsequent C2-O-sLex depends on not only
the amounts of C2GnT1 protein but also its Golgi localization
as shown in our study and those of others (22). Because the CT
of C2GnT1 interacts directly with GOLPH3, depletion of
GOLPH3 prevents the Golgi localization of C2GnT1 and ren-
ders the cells unable to generate C2-O-sLex on PSGL-1. Con-
sequently, the binding of PSGL-1-associatedC2-O-sLex on leu-
kemic cells to E-selectin, which activates a signaling cascade
that culminates in increased adherence of these cells to
ICAM-1 present on the surface of endothelial cells, is compro-
mised. Therefore, we conclude that GOLPH3 regulates cell
tethering, rolling, and adhesion properties by controlling the
Golgi localization of C2GnT1. Similar results were obtained in
C2GnT1-depleted cells. These results corroborate with a pre-
vious finding in C2GnT1-depleted KM3 human leukemia cells
(70).

The current study shows that knockdown of GOLPH3, or
deletion or mutation of critical amino acids in the CT of
C2GnT1, which are recognized by GOLPH3, all results in fail-
ure of C2GnT1 to be retained in the Golgi. The detection of
complex-type N-glycans terminated with GlcNAc on C2GnT1
in these cells indicates that the C2GnT1 has been transported
to theGolgi but was not retained rather than failure of C2GnT1
to exit the ER. The results suggest that processing ofN-glycans
on the cis/medial Golgi resident protein C2GnT1 takes place
before the enzyme is retained in theGolgi byGOLPH3. It is also
of interest to note that the C2GnT1 CT is both necessary and
sufficient for localizing this enzyme to the Golgi because fusion
of this CT to a stretch of hydrophobic amino sequence serving
as a transmembrane domain followed by a stretch of glycine
serving as the stem and then GFP can localize the GFP to the
Golgi.
The results of this study have expanded our understanding of

the role of the CT of a GT in localization of this enzyme in the
Golgi. Identification of additional CT-binding proteins that are
responsible for the localization of other Golgi GTs should fur-
ther uncover the link of Golgi GTs to other biological processes
beyond their recognized enzymatic activities.

FIGURE 7. C2GnT1 or GOLPH3 knockdown reduces interaction of KG1a
cells with immobilized E- or P- selectin under dynamic flow. C2GnT1
siRNA, GOLPH3 siRNA, or non-targeting siRNA (mock) treated cells (2.5 � 105

cells/ml) were perfused through a parallel-plate flow chamber containing a
coverslip coated with E- or P-selectin at a constant wall shear stress of 1.0
dyne/cm2. Tethering or rolling was visualized with a phase-contrast micro-
scope at �40 magnification and videotaped. A, compared with mock treated
cells, C2GnT1 or GOLPH3 siRNA-treated cells that were tethered to immobi-
lized E-selectin were reduced by 68.9 (145 � 8 versus 45 � 5 cells, p � 0.001)
and 90.3% (145 � 8 versus 14 � 4 cells, p � 0.001), respectively. B, the C2GnT1
or GOLPH3 siRNA-treated cells that rolled on immobilized E-selectin were
reduced by 81.1 (180 � 12 versus 34 � 5 cells, p � 0.001) and 73.8% (180 � 12
versus 47 � 6 cells, p � 0.001), respectively. C, C2GnT1 or GOLPH3
siRNA-treated cells that were tethered to immobilized P-selectin were
reduced by 67.2 (113 � 14 versus 37 � 5 cells, p � 0.001) and 60.1% (113 � 14
versus 45 � 15 cells, p � 0.01), respectively. D, C2GnT1 or GOLPH3
siRNA-treated cells that rolled on immobilized P-selectin were reduced by
77.1 (214 � 9 versus 49 � 7 cells, p � 0.001) and 72.9% (214 � 9 versus 58 � 9
cells, p � 0.001), respectively.

FIGURE 8. GOLPH3 or C2GnT1 knockdown prevents activation of SYK and
reduces the adhesion of E-selectin-treated KG1a cells to immobilized
ICAM-1 under dynamic flow. A, EDTA, C2GnT1 siRNA, GOLPH3 siRNA, or
non-targeting siRNA (mock)-treated cells were incubated with E-selectin for
20 min. Whole cell lysates were analyzed by Western blotting for phosphoryl-
ated SYK. EDTA inhibits phosphorylation of SYK and BSA does not induce SYK
phosphorylation. B, C2GnT1 siRNA, GOLPH3 siRNA, or non-targeting siRNA
(mock)-treated cells (2.5 � 105 cells/ml) were incubated with E-selectin for 20
min before being perfused through a parallel plate flow chamber containing
a coverslip coated with ICAM-1 at a constant wall shear stress of 1.0 dyne/cm2.
Compared with mock treated cells, GOLPH3 or C2GnT1-depleted and E-selec-
tin-activated KG1a cells exhibited a decrease in their adherence to immobi-
lized ICAM-1 by 41.9 (694 � 86 versus 403 � 56, p � 0.05) and 59.2% (694 � 86
versus 283 � 30, p � 0.01), respectively.
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