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Background: The Golgi retention mechanism of core 2 N-acetylglucosaminyltransferase M (C2GnT-M) is not known.
Results: Keratin 1 retains C2GnT-M in the Golgi by interacting with its cytoplasmic tail via the rod domain.
Conclusion: Keratin 1 is the protein that helps retain C2GnT-M in the Golgi.
Significance: Keratin 1 plays a critical role in the regulation of O-glycosylation pathways.

Core 2 N-acetylglucosaminyltransferase 2/M (C2GnT-M)
synthesizes all three �6GlcNAc branch structures found in
secreted mucins. Loss of C2GnT-M leads to development of
colitis and colon cancer. Recently we have shown that C2GnT-M
targets the Golgi at the Giantin site and is recycled by binding to
non-muscle myosin IIA, a motor protein, via the cytoplasmic tail
(CT). But how this enzyme is retained in the Golgi is not known.
Proteomics analysis identifies keratin type II cytoskeletal 1
(KRT1) as a protein pulled down with anti-c-Myc antibody or
C2GnT-M CT from the lysate of Panc1 cells expressing
bC2GnT-M tagged with c-Myc. Yeast two-hybrid analysis shows
that the rod domain of KRT1 interacts directly with the WKR6

motif in the C2GnT-M CT. Knockdown of KRT1 does not affect
Golgi morphology but increases the interaction of C2GnT-M
with non-muscle myosin IIA and its transportation to the endo-
plasmic reticulum, ubiquitination, and degradation. During
Golgi recovery after brefeldin A treatment, C2GnT-M forms a
complex with Giantin before KRT1, demonstrating CT-medi-
ated sequential events of Golgi targeting and retention of
C2GnT-M. In HeLa cells transiently expressing C2GnT-M-
GFP, knockdown of KRT1 does not affect Golgi morphology but
leaves C2GnT-M outside of the Golgi, resulting in the formation
of sialyl-T antigen. Interaction of C2GnT-M and KRT1 was also
detected in the goblet cells of human colon epithelial tissue and
primary culture of colonic epithelial cells. The results indicate
that glycosylation and thus the function of glycoconjugates can
be regulated by a protein that helps retain a glycosyltransferase
in the Golgi.

Glycoconjugates play important roles in many biological
processes, such as protein folding, innate and acquired immu-
nity, and mucus defense (1, 2). Loss of function of glycoconju-

gates resulted from altered glycans can lead to many human
diseases, such as congenital deficiency in glycosylation, infec-
tion, cancer, etc. (1, 3, 4). To develop therapy for these diseased
conditions, it is critically important to understand how these
glycans are formed. Synthesis of the carbohydrates associated
with membrane-bound and secreted glycoconjugates takes
place primarily in the Golgi apparatus as catalyzed by glycosyl-
transferases (GTs)2 (5). In most cases each GT family contains
several isozymes that exhibit similar substrate specificity when
the activity is measured in vitro. But the results cannot be repro-
duced in vivo. Despite great progress made in elucidating the in
vitro synthetic scheme for most GTs, much more remains to be
learned about the in vivo biosynthetic scheme. This is the gap
the current study is intended to fill.

GTs are type II membrane proteins consisting of a short
cytoplasmic tail (CT) at the N terminus that is followed by a
transmembrane domain, a short stem, and then a large catalytic
region (5–9). The CT, the only part of the GT molecule exposed
to the cytosol, is involved in every intracellular trafficking step
of GTs, including endoplasmic reticulum (ER) exit (10), Golgi
targeting (11), Golgi retention (12–15), and recycling (16 –18).
It is also involved in the morphological changes of the Golgi
apparatus in response to stress (19, 20). The (R/K)X(R/K)
sequence in the CT has been identified as the Sar1-dependent
ER exit signal for many Golgi GTs (10). Also, the Golgi targeting
of GTs was originally proposed to be a COPII-dependent pro-
cess (21). However, a recent report showed that this process is
independent of COPII (11). This study also demonstrated that
Giantin, GM130-GRASP65, and GM130-Giantin are the Golgi
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targeting sites for GTs in a GT-specific manner. Recently, we
also show that in advanced prostate cancer cells, differential
Golgi targeting of Gal�1–3GalNAc�Ser/Thr:�2–3-sialyltrans-
ferase 1 (ST3Gal1) and core 2 N-acetylglucosaminyltrans-
ferase-L/1 (C2GnT-L) determines the susceptibility of these
cells to Galectin-1-induced apoptosis (22).

The CT-specific Golgi retention proteins have been reported
for only few GTs (12–14, 23–25). It has been generally thought
that Golgi-to-ER retrograde transport of GTs is a COPI-depen-
dent process (26, 27). However, other reports show that this
process is COPI-independent (11, 28 –30). We have shown that
this step is mediated by non-muscle myosin IIA (NMIIA) (30),
and the interaction of the C-terminal cargo binding region of
NMIIA with the CT of GTs is responsible for not only the recy-
cling of GTs and the remodeling of the Golgi under normal
physiological conditions but also Golgi fragmentation in
stressed cells (19, 20) and advanced cancer cells (22).

To date, despite only limited knowledge about the mecha-
nisms underlying the ER exit, Golgi targeting, retention, and
recycling of GTs (31), there are even disagreements among
them. To gain a comprehensive understanding of these impor-
tant biological processes and help clarify some of the mecha-
nisms, characterization of the intracellular transportation
pathways of more GTs is needed.

Mucins are high molecular weight glycoproteins that serve as
a protector of the mucus secretory tissues and a mediator of
leukocyte trafficking (2, 32). The functions of mucins reside
primarily in the conjugated glycans. Synthesis of these glycans
occurs in a template-independent, stepwise manner. Among
the many enzymatic steps, the ones that are specified by the
core enzymes play a critical regulatory role because many bio-
logically important carbohydrate epitopes are extended from
these core structures. For example, the leukocyte trafficking
and cancer metastasis are mediated by selectin ligands deco-
rated on core 2 generated by C2GnT-L (33–35). Recently, we
extended this concept by showing that cancer metastatic
potential also can be regulated by Golgi phosphoprotein 3
(GOLPH3), which is needed for the Golgi retention of C2GnT-L
(24). To expand this study, we set out to identify the protein that
helps retain in the Golgi another core 2 enzyme C2GnT-M,
which is an important GT for the functions of secreted mucins
because this enzyme is responsible for the synthesis of all three
�6GnTs, including core 2, core 4, and blood group I antigen in
secreted mucins (36 –39). C2GnT-M deficiency is accompa-
nied by impaired mucosal barrier function, thereby increasing
susceptibility to colitis (40) and growth of colon tumor (41).

In the past decade studies have shown that a number of cyto-
skeleton proteins interact with Golgi membranes and partici-
pate in the maintenance of Golgi architecture. Disruption of
microtubules or actin filaments leads to Golgi fragmentation
and substantial impairment of intracellular trafficking (42, 43).
Notably, Golgi retention of some galactosyltransferases is
determined by direct link between their CT and cytoskeleton
proteins (14, 23). Another interesting aspect is the relationship
between the Golgi and intermediate filaments (IFs). For exam-
ple, the tight association of vimentin with Golgi proteins has
been found to be critical for intracellular transport of choles-
terol (44, 45). The cytokeratins, which include type I, acidic

keratins (9 –20), and type II, neutral-basic keratins (1– 8), com-
prise the largest epithelium-specific IFs. The presence of cyto-
keratins, the most abundant members of IFs, in the Golgi has
been shown to regulate Golgi stability, specifically in coopera-
tion with F-actin (46, 47). In fibroblasts, keratin 6a is detected in
the complex with Golgi-specific protein kinase C (PKC�) in the
common assembly with NMIIA, actin, and �-COP (48).

In this study we report the identification of keratin 1 (KRT1)
as the protein that helps retain C2GnT-M in the Golgi by inter-
acting directly with the CT of this enzyme. Loss of KRT1 leads
to NMIIA-mediated redistribution of C2GnT-M from Golgi to
ER followed by proteasomal degradation. As a result, T-antigen
is replaced with sialyl-T antigen.

EXPERIMENTAL PROCEDURES

Cell Culture, Drug Treatment, and Antibodies (Abs)—Panc1
cells expressing bC2GnT-M tagged with c-Myc at the C termi-
nus (Panc1-bC2GnT-M-c-Myc) were prepared as previously
described (49). Human colon epithelial cells obtained from a
45-year old white male at passage 2 (Celprogen, Torrance, CA;
lot #1314111-016) were cultured on appropriate Human Colon
Primary Cell Culture Extracellular Matrix in the Human Colon
Complete growth medium containing 10% fetal bovine serum
according to the manufacturer’s instructions (Celprogen). Cells
were grown at 37 °C under a humidified 5% CO2 atmosphere.
These primary cells were 95% positive for the epithelial marker,
keratin 19 (Celprogen), and expanded 1:5 before being used for
the experiments at �60% confluence. Brefeldin A (EMD Chem-
icals) was added to the culture cells at a final concentration of
36 �M, which was followed by incubation at 37 °C for the time
periods given in each experiment. Cells treated with a corre-
sponding amount of DMSO served as controls. To study Golgi
recovery after brefeldin A treatment, cells were washed at least
3 times with prewarmed drug-free medium followed by incu-
bation under regular culture conditions for various durations as
described in each experiment. The primary Abs were (a) rabbit
polyclonal non-muscle myosin IIA (Sigma, M8064), c-Myc
(Santa Cruz Biotechnology; sc-789), Giantin, protein disulfide
isomerase (PDI), ubiquitin, and KRT1 (Abcam; ab24586,
ab13507, ab7780, and ab93652, respectively), (b) mouse mono-
clonal c-Myc, cytokeratin 7, 8, and 10 (Santa Cruz Biotechnol-
ogy; sc-40, sc-23876, sc-374274, and sc-53252, respectively),
�-actin (Sigma, M4821), Giantin, GFP, and core 1 �3-galacto-
syltransferase ( (C1GalT1) (Abcam; ab37266, ab1218, and
ab57492, respectively); mouse polyclonal ST3Gal1 (Abnova,
H00006482-B01P), mannosyl �-1,3-glycoprotein �-1,2-N-acetyl-
glucosaminyltransferase (MGAT1) (Abcam, ab167365), and
(c) goat polyclonal �-tubulin (Santa Cruz Biotechnology,
sc-7396), C2GnT-M (Everest, EB08257). The secondary anti-
bodies were (a) HRP-conjugated donkey anti-rabbit, donkey
anti-mouse and donkey anti-goat Abs for Western blotting
(Jackson ImmunoResearch) and (b) donkey anti-goat
DyLight594, donkey anti-mouse DyLight488, donkey anti-rab-
bit DyLight594 and DyLight594-conjugated IgG fraction
monoclonal mouse anti-biotin (Jackson ImmunoResearch) for
immunofluorescence.

Co-immunoprecipitation (Co-IP) and Transfection—For identi-
fication of proteins in the complexes pulled down by co-IP, con-
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fluent cells grown in a T75 flask were washed 3 times with 6 ml
of PBS each, harvested by trypsinization, and neutralized with
soybean trypsin inhibitor at a 2� weight of trypsin. After wash-
ing 3 times with PBS, the cells were lysed with 1.5 ml of a lysis
buffer that contained 50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM

EDTA, 0.5% Nonidet P-40 (w/w), and 1% (v/v) of a mammalian
protease inhibitor mixture (Sigma). Co-IP was performed on
cell lysate using the Pierce co-immunoprecipitation kit (Pierce)
according to the manufacturer’s instructions. Briefly, 2.5 mg of
protein were precleared by incubation with 100 �l of control
agarose resin to minimize nonspecific binding. Fifty �g of anti-
gen-specific Ab were covalently coupled onto an amine-reac-
tive resin. The precleared lysates were subsequently incubated
with antibody-coupled beads overnight at 4 °C. The immuno-
precipitates were collected by centrifugation followed by
boiling under high (5% of �-mercaptoethanol) reducing con-
ditions. Non-specific IgG antibodies were used as a nonspe-
cific control. Pools of three siRNAs targeting KRT1, -7, -8, and
10 (keratin 1, 7, 8, and 10, respectively), ST3Gal1, or scrambled
ON-TARGETplus smartpool siRNAs were obtained from
Santa Cruz Biotechnology. Cells were transfected with 75–100
nM siRNAs using Lipofectamine RNAi MAX reagent (Life
Technologies). After culturing for 2–3 days, cells were analyzed
for specific proteins by Western blotting. Proteins were sepa-
rated on SDS-PAGE on mini-gels with various % gel specified
for each experiment (Bio-Rad). Western blotting was devel-
oped using HRP-coupled antibodies and Thermo Scientific
SuperSignal West Pico Chemiluminescent Substrate reagents
and then exposed to BioExpress Blue Basic Autorad chemilu-
minescence film. The bands on the autoradiography films were
digitized by scanning with ScanJet 6200C (Hewlett Packard)
driven by Adobe Photoshop.

Proteomics Analysis of Electrophoretically Separated Proteins—
The SDS-PAGE separated and Coomassie Blue-stained
bands obtained from the immunoprecipitates were excised,
trypsinized, and treated with 60% acetonitrile containing 0.1%
trifluoroacetic acid to extract the peptides. The peptides were
analyzed by the Thermo Fisher LCQ Deca Plus system liquid
chromatograph ion trap mass spectrometry with peaks sub-
jected to MS/MS fragmentation by collision-induced dissocia-
tion. Full mass spectra of parent ions and MS/MS fragmenta-
tion data were processed using BioWorks 3.2 software based on
SEAQUEST algorithm. Proteomics analysis of these protein
bands was carried out by the Mass Spectrometry and Proteo-
mics Core Facility at the University of Nebraska Medical Center.

Plasmid Construction and Transient Transfection in HeLa
Cells—The wild-type and mutant hC2GnT-M cDNAs were
cloned by PCR and inserted into the EGFP-N1 eukaryotic expres-
sion vector (Clontech). The coding region of the hC2GnT-M gene
(GenBankTM accession number NM_004751) was PCR-ampli-
fied using the primer set of 5�-ATctcgagCGCCACCATGGTT
CAATGGAAGAGACTCTGCCAGCTGCATTACTTG-3�
and 5�-ATagatctCCTCCAAGTTCAGTCCCATAGATGGC-
CTTATAAC-3� and ligated into XhoI and BamHI sites of the
EGFP-N1 vector to generate hC2GnT-M-pEFGP-N1. The integ-
rity and orientation of the plasmids were confirmed by restriction
digestion and sequencing. Transfections of HeLa cells were carried
out using the Lipofectamine 2000 (Invitrogen) following the man-

ufacturer’s protocol and analyzed after 2–3 days culture in DMEM
(Sigma) plus 10% FBS and antibiotics.

Isolation of Golgi Membrane Fractions by Sucrose Density
Gradient Centrifugation—Preparation of Golgi membranes
was performed by the methods described previously (19).
Panc1-bC2GnT-M-c-Myc cells from 10 –12 75-cm2 culture
flasks were harvested by PBS containing 0.5� protease inhibi-
tors (1.2 ml per flask). After centrifugation for 5 min at 1000
rpm and 4 °C, the pellet was resuspended in 3 ml of homogeni-
zation buffer (0.25 M sucrose, 3 mM imidazole, 1 mM Tris-Cl, pH
7.4, 1 mM EDTA). The cells were homogenized by drawing �30
times through a 25-gauge needle until the ratio between unbro-
ken cells and free nuclei reached 20%:80%. The postnuclear
supernatant was obtained by centrifugation at 2500 rpm and
4 °C for 3 min, and then the supernatant was adjusted to 1.4 M

sucrose by the addition of ice-cold 2.3 M sucrose containing 10
mM Tris-HCl, pH 7.4. Next, 1.2 ml of 2.3 M sucrose was placed at
the bottom of tube, which was sequentially overlaid with 1.2 ml
of the adjusted supernatant, 1.2 ml of 1.2 M, and 0.5 ml of 0.8 M

sucrose (10 mM Tris-HCl, pH 7.4). The gradients were centrifuged
for 3 h at 36,000 rpm (4 °C) in a SW40 rotor (Beckman Coulter).
The turbid band at the 0.8 M/1.2 M sucrose interface, which con-
tains Golgi membranes, was harvested in �500-�l fractions by
syringe puncture. The fraction at �1.0–1.4 mg of protein/ml was
used for the experiments described under “Results.”

Confocal Immunofluorescence Microscopy—Cells were grown
overnight on coverslips placed in a 6-well plate, washed twice
with PBS, and immediately fixed with 4% paraformaldehyde,
PBS for 30 min at room temperature. After incubation with
primary Abs at 37 °C for 1 h followed by washing with PBST
three times, cells were stained with DyLight secondary Abs.
After the final wash in PBST, cells were mounted in ProLong
Gold antifade reagent with or without DAPI (Invitrogen).

For peanut agglutinin (PNA)-lectin staining using bio-
tinylated PNA, before the addition of the lectin, the cells were
incubated for 15 min at room temperature with 1.7 �M strepta-
vidin (Sigma) diluted in PBST. After washing, cells were treated
for 1 h at room temperature with 2 mM biotin (Sigma) dissolved
in PBST followed by washing and incubation for 3 h at room
temperature with 10 �g/ml of biotinylated PNA-lectins (EY
Laboratories). After washing, cells were incubated for another
hour at room temperature with DyLight594 anti-biotin Abs.

Normal human colon tissue arrays were purchased from US
Biomax (Rockville, MD). After deparaffinization, sections were
rinsed with water and then treated with 10 mM Tris, 1 mM

EDTA, 0.05% Tween 20 at pH 9 for 20 min in a microwave for
20 min to retrieve the antigen. After blocking with 1% donkey
serum for 1 h at room temperature, the sections were incubated
with anti-C2GnT-M and anti-KRT1 Abs for 1 h at room tem-
perature followed by treatment for 1 h at room temperature
with DyLight secondary Abs.

All slides were examined under a Zeiss 510 Meta Confocal
Laser Scanning Microscope performed at the Advanced
Microscopy Core Facility of the University of Nebraska Medical
Center. Fluorescence signal was detected using an emission fil-
ter of a 505–550-nm band pass for green and a 575– 615-nm
band pass for red. Images were analyzed using Zeiss 510 and
ZEN 2009 software. For some figures, image analysis was per-
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formed using Adobe Photoshop and ImageJ. The average fluo-
rescence intensity was measured as the mean � S.D. of inte-
grated fluorescence intensity (in arbitrary units (a.u.)) or total
fluorescence intensity (in pixels) measured for every cell indi-
vidually. The Golgi and ER regions were determined using the
intensity of Giantin and PDI staining, respectively.

Cloning, Expression, and Purification of Recombinant Human
KRT1 in HEK293 Cells—Human RNAs isolated from HEK293
cells were used for PCR cloning of the cDNA of KRT1 (Gen-
BankTM accession no. NM_006121). The forward primer 5�-
ATAGAATTCAGCAGCGAGAACCTGTACTTTCAGGGC-
ATGAGTCGACAGTTTAGTTCCAGG-3� and the reverse
primer 5�-ATAAAGCTTATCATCTGGTTACTCCGGAAT-
AAGTGG-3� were used. The EcoRI and HindIII restriction
sites are underlined. The purified PCR product (1982 bp)
was cloned into the 3� end of the GFP cDNA flanked by a
tobacco etch virus (TEV) protease cleavage site in the pXLGN-
term-TCMhisAviGfpTEV (a gift from the Kelley Moremen
Laboratory, Complex Carbohydrate Research Center) at these
two sites. pXLGNterm-TCMhisAviGfpTEV is a mammalian
expression vector with a CMV promoter and an N-terminal TEV-
cleavable signal sequence, His, Avi, and GFP tags. The final coding
region encompasses the N-terminal signal sequence from the
Trypanosoma cruzi lysosomal �-mannosidase, His tag, AviTag,
GFP, the recognition sequence of TEV protease, and KRT1 coding
sequences. The TEV protease cleavage site (/) was introduced into
a nucleotide sequence (italicized above), GAGAACCTG-
TACTTTCAGGGC, that encodes Glu-Asn-Leu-Tyr-Phe-Gln/
Gly downstream of GFP. This pXLG-NtermTCMHisAviGfp TEV
vector carrying the 1982-bp insert was transformed into high effi-
ciency competent Escherichia coli DH5 cells (New England Bio-
labs, Ipswich, MA). The integrity and orientation of the construct
were confirmed by restriction digestion and sequencing.

Human GFP-KRT1 was expressed as a soluble, secreted
fusion protein by transient transfection of HEK293 cells. The
HEK293 cell line was maintained in DMEM supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin.
Cells were transfected with sequence-verified vector and the
construct containing the 1982 bp KRT1 cDNA using Lipo-
fectamine 2000 (Life Technologies). Transfection was per-
formed according to the manufacturer’s protocol. Culture
medium was collected every 48 h and was clarified by centrifu-
gation at 4000 rpm for 5 min. The medium was adjusted to
contain 20 mM imidazole and loaded onto a column containing
1 ml of Ni-NTA resin (Qiagen, Valencia, CA) equilibrated with
phosphate buffer saline containing 20 mM imidazole, pH 7.4.
After the sample was loaded, the column was washed with 15 ml
of the equilibration buffer and eluted with 1 ml of equilibration
buffer containing 250 mM imidazole. About 150-�l fractions
were collected, and fractions containing high protein concen-
trations, verified by A280 and PAGE/Coomassie, were pooled. A
10-ml initial culture medium collected yielded 900 �g of puri-
fied protein at a final concentration of 2 �g/�l.

We then utilized a His-tagged TEV protease (a gift from Tahir
Tahirov’s Laboratory, University of Nebraska Medical Center) to
cleave the purified GFP-KRT1 and remove both the His-tagged
TEV protease and the TCM-Histag-AviTag-GFP domains by
absorption to the Ni-NTA resin. GFP KRT1 eluted in PBS contain-

ing 250 mM imidazole was subsequently passed through a Sepha-
dex-G50 gel filtration column (GE Healthcare) equilibrated in
PBS. For cleaving 500 �g of the purified GFP-KRT1 protein, 25 �g
of recombinant His6-TEV protease were used in 500 �l of phos-
phate buffer saline containing 2 mM 2-mercaptoethanol and 0.2
mM EDTA overnight at 4 °C followed by a second passage through
a Ni-NTA column. The fractions containing the protein were ver-
ified by PAGE/Coomassie staining and Western blotting.

Yeast Two-hybrid Analysis of the Interactions between KRT1
Head, Tail, or Rod Domain and the Cytoplasmic Peptides of
hC2GnT-M—The plasmids encoding GAL4(DBD)-C2GnT-
M(1–14) (M1VQWKRLCQLHYLW14), GAL4 (DBD)-C2GnT-
M(�2,3), GAL4(DBD)-C2GnT-M (�4 – 6), GAL4(DBD)-
C2GnT-M(�7–9), GAL4 (DBD)-C2GnT-M(�10 –12), or
GAL4(DBD)-C2GnT-M(�13,14) were co-transformed with
GAL4(AD)-KRT1(1–644; full-length), GAL4(AD)-KRT1(1–179;
head domain), GAL4(AD)-KRT1(180 – 489; rod domain), or
GAL4(AD)-KRT1(490 – 644; tail domain into yeast Y2HGold).
Interaction of GAL4(DBD) and GAL4(AD) fusion proteins
enables the cells to grow in the absence of His and in the pres-
ence of Aureobasidin A antibiotic. Cotransformants that sur-
vive Leu(�) and Try(�) conditions were spotted at 1.5 � 107

cells/10-�l concentration onto plates lacking His and contain-
ing Aureobasidin A. The plates were incubated at 30 °C for 5–7
days before being photographed. The Gal4(DBD)-p53 and
Gal4(AD)-SV40 large T antigen pair was used as a positive con-
trol, whereas Gal4(DBD)-Lamin and Gal4(AD)-SV40 large T
antigen pair was used as a negative control.

Isolation of KRT1 in Panc1-bC2GnT-M-c-Myc Cell Lysates or
Recombinant KRT1 with Biotinylated N-terminal 21- and 7-
Amino Acid (aa) Peptides of hC2GnT-M—A 21-aa peptide,
which includes the cytoplasmic tail and a portion of the trans-
membrane domain located at the N terminus of hC2GnT-M,
was tagged with a biotin at the C terminus through a lysine
(LifeTein LLC, South Plainfield, NJ). An N-terminal 7-aa pep-
tide (MVQWKRL7) was tagged with biotin at the Met
(AAPPTec LLC, Louisville, KY). A 15-aa peptide (LCQLHYL-
WALGCYMK21) was prepared by tagging with biotin at the C
terminus. Control peptide biotin-GHGTGSTGSGSMLRTLL-
RRRL was purchased from LifeTein LLC. To isolate KRT1, 20
�l of hC2GnT-M N-terminal biotinylated peptide in 25% acetic
acid (0.1 mg/ml) was mixed with 20 – 40 �l of cell lysate (1.5–
3.5 mg/ml of protein) or 100 �l of purified KRT1 (0.5 mg/ml).
After incubation at 37 °C for 1 h, 100 �l of Dynabeads M-280
streptavidin (Dynal, Oslo, Norway) was added. Following gentle
rotation for an additional 30 min, the beads with immobilized
complexes were trapped with a magnet. The captured proteins
were separated on 8% SDS-PAGE followed by Western blotting
with rabbit anti-KRT1 Ab.

Miscellaneous—Protein concentrations were determined
with the Coomassie Plus Protein Assay (Pierce) using BSA as
the standard. Data are expressed as the mean � S.D. Analysis
was performed using two-sided t test. A value of p � 0.05 was
considered statistically significant.

RESULTS

C2GnT-M Interacts with KRT1 via Its Cytoplasmic Tail—As
a classical member of IFs, the polar dimer subunits of KRT1
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form staggered antiparallel tetramers in a head-to-tail fashion
that associate longitudinally and laterally into apolar protofila-
ments. Two protofilaments form a protofibril, and three to four
protofibrils intertwine to produce an apolar intermediate fila-
ment 10 nm in diameter (50, 51). Each monomer of KRT1 was

composed of N- and C-terminal glycine-rich regions (head and
tail domains, respectively) and a central helical rod domain (Fig.
1A). By mass spectrometry analysis, we identified 14 peptide
fragments that matched to the KRT1 rod domain sequence
from a prominent protein band between 55 and 72 kDa among

FIGURE 1. KRT1 interacts with the CT of C2GnT-M through its rod domain. A, head, rod, and tail domains of KRT1 monomer. B and C, identification of KRT1
by proteomics analysis of the 55–72-kDa bands (B, left lane, indicated by the arrow) in the complexes pulled down from the lysate of Panc1-bC2GnT-M-c-Myc
cells with anti-c-Myc Abs. The immunoprecipitates were analyzed on 10% SDS-PAGE under reducing condition. Fourteen peptides (C, underlined) were
matched to the amino acid sequence of the keratin type II cytoskeletal 1 (67-kDa cytokeratin 1). The KRT1-specific band was absent in control IgG Co-IP (B, right
lane). D, the complexes pulled down with anti-KRT1 and anti-c-Myc Abs from the lysate of Panc1-bC2GnT-M-c-Myc cells were blotted with anti-c-Myc and
anti-KRT1 Abs, respectively. Cell lysate exposed to nonspecific IgG served as the negative control. W-B, Western blot. E, the c-Myc co-IP samples were reduced
with 5% or 1% �-mercaptoethanol (ME) before loading and blotted with anti-KRT1 Ab. F, Western blot of complexes pulled down from Panc1-bC2GnT-M-c-Myc
cell lysate with biotinylated control and hC2GnT-M N-terminal peptide (1–7 aa), cell lysate input, and complex of cell lysate proteins bound by magnetic beads
without peptide. The samples were run on 8% SDS-PAGE gel and blotted with KRT1 Ab. G, KRT1 Western blot of the complexes pulled down from Panc1-
bC2GnT-M-c-Myc cell lysate with biotinylated hC2GnT-M N-terminal peptide (1–21, 1–7, and 7–21 aa) after separation on 8% SDS-PAGE gel. H, KRT1 Western
blot of the recombinant KRT1 (1– 644 aa) pulled down with biotinylated hC2GnT-M (1–7 aa) peptide, and control peptide. Beads exposed to recombinant KRT1
was used as a control. I, yeast-two-hybrid analysis of the interaction of hC2GnT-M peptide (1–14 aa) and KRT1 peptides: (1– 644 aa), the N-terminal head domain
(1–179 aa), rod domain (180 – 489 aa), and C-terminal tail domain (490 – 644 aa). Yeast cell suspensions (1.5 � 107cells/10 �l) were plated on growth medium
lacking leucine, tryptophan, and histidine in the presence of 100 ng/ml Aureobasidin A. SV40-T antigen 	 p53 and SV40-T 	 Lamin are positive and negative
controls, respectively. J, yeast-two-hybrid analysis of the interaction of the rod domain of recombinant KRT1 with hC2GnT-M peptide (1–14 aa) deletion
mutants: �2,3; �4 – 6; �7–9; �10 –12.
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the proteins immunoprecipitated from the homogenates of
Panc1-C2GnT-M-c-Myc cells with c-myc antibody (Fig. 1, B
and C). The result was confirmed by a two-way co-IP (Fig. 1D).
Next, in c-Myc co-IP samples treated with low (1%) �-mercap-
toethanol, we detected many KRT1-containing bands in addi-
tion to KRT1 monomer and dimer (Fig. 1E), confirming the
essential role the disulfide bonds play in the function of KRT1
including KRT1 polymerization (52) and formation of complex
with other proteins including C2GnT-M.

KRT1 also was pulled down from the cell lysate with a
biotinylated CT peptide MVQWKRL of C2GnT-M (Fig. 1F)
but not an N-terminal peptide devoid of the CT peptide sequence
(Fig. 1G). To determine whether this interaction is specific, we
performed a C2GnT-M CT pulldown of recombinant KRT1. As
shown in Fig. 1H, the KRT1 protein was pulled down by
C2GnT-M CT but only minimally by a control peptide, indicating
that the C2GnT-M CT interacts directly with KRT1.

Next, we performed a series of yeast two-hybrid analyses to
identify the critical region of KRT1 and the amino acids in the
C2GnT-M CT that are involved in the interaction. The prey for
the first set of the experiment included (a) a full-length KRT1
molecule (1– 644 aa), (b) the N-terminal head region (1–179
aa), (c) the rod domain (180 – 489 aa), and (d) the C-terminal tail
region (490 – 644 aa). The 1–14-aa peptide of hC2GnT-M was
used as bait. A strong interaction was detected for only KRT1
(1– 644 aa) and KRT1 (180 – 489 aa) peptides, suggesting that
the C2GnT-M CT-binding site resides in the rod domain of
KRT1 (Fig. 1I). Subsequent experiments were carried out using
the KRT1 rod domain as the prey and a series of deletion
mutants of the C2GnT-M N-terminal region as bait. As shown
in Fig. 1J, the WKR6 deletion mutant, C2GnT-M�4 – 6, failed to
bind KRT1, whereas other mutants, including C2GnT-M�2,3,
C2GnT-M�7–9, or C2GnT-M�10 –12, did bind. We recently
found that the AAA6 mutant of C2GnT-M was in the ER (19).
Taken together, these results indicate that the WKR6 sequence
in the C2GnT-M CT is not only critical for KRT1 binding but
also necessary for Golgi localization of this enzyme.

Knockdown of KRT1 Enhances C2GnT-M Binding to NMIIA
and C2GnT-M Degradation by Proteasome—To determine the
biological significance of the interaction of the C2GnT-M CT
with KRT1, we monitored the intracellular distribution of
C2GnT-M after KD of KRT1. We found that in control cells the
bulk (92%) of C2GnT-M was in the Golgi (Fig. 2A) and co-lo-
calized with KRT1 at the cytoplasmic boundary of the Golgi
stacks (Fig. 2B, white arrowheads). To validate this observation,
we isolated the Golgi membranes from Panc1-bC2GnT-M-c-
Myc cells. KRT1 was pulled down from the Golgi fraction with
c-Myc Ab, suggesting that C2GnT-M and KRT1 are associated
with the Golgi membrane (Fig. 2C). In cells treated with KRT1
siRNAs for 48 h, the KRT1 protein level was reduced by 70%,
but C2GnT-M level was reduced by only 15%. However, 80% of
C2GnT-M were outside the Golgi and colocalized with an ER
marker, PDI, and NMIIA protein level was increased by 90%
(Fig. 2, A, B, D, and E). Treatment with KRT1 siRNAs for 72 h
resulted in a 90% depletion of KRT1 protein and an 85% reduc-
tion of C2GnT-M protein but a further increase of NMIIA pro-
tein level (Fig. 2, A, B, D, and E). We also found that KRT1
siRNA treatment enhanced the association of C2GnT-M with

NMIIA (Fig. 2F) and ubiquitination of C2GnT-M (Fig. 2G). It
was noted that treatment with KRT1 siRNAs for 48 h and 72 h
did not have an apparent effect on Golgi morphology (Fig. 2A).
Colocalization of C2GnT-M and KRT1 was also detected in the
goblet cells of human normal colon tissue (Fig. 2, H and I). KD
of KRT1 in the primary culture of human colonic epithelial cells
resulted in shifting of the distribution of C2GnT-M from Golgi
to ER (Fig. 2, J–L). Furthermore, formation of the C2GnT-M-
KRT1 complex in these cells was also shown by two-way co-IP
(Fig. 2M). The results suggest that C2GnT-M is localized to the
Golgi by binding to the KRT1, and without KRT1, C2GnT-M is
ER-bound as mediated by NMIIA to undergo proteasomal deg-
radation as we previously described (19, 30). To address the
question of whether KRT1 is also required for the Golgi reten-
tion of other GTs, we examined Golgi localization of three
other GTs after siRNA KD of KRT1. These enzymes include
two key O-glycosylation GTs, C1GalT1 and ST3Gal1, and
another important enzyme, MGAT1, which initiates formation
of complex-type N-linked carbohydrate. We found that after
knockdown of KRT1, all three GTs were still in the Golgi, sug-
gesting that KRT1 is dispensable for Golgi localization of
C1GalT1, ST3Gal1, and MGAT1 (Fig. 3, A–D).

Next, we examined whether other keratins are involved in
the Golgi localization of C2GnT-M because of the following
reports: (a) KRT1 forms a tight complex with KRT10 during
normal keratinocyte differentiation (53) even though the same
phenomenon was not observed in non-epidermal epithelial
cells (54), (b) KRT8 is involved in the injury of the pancreas and
pathogenesis of pancreatitis (55), and (c) KRT7 is highly
expressed in the adenocarcinoma of the pancreas (56). We
found that siRNA KD of KRT10 (Fig. 4, A, D, and G), KRT8 (Fig.
4, A, C, and F), or KRT7 (Fig. 4, A, B, and E) did not affect KRT1
level, Golgi morphology, and Golgi localization of C2GnT-M.
The results suggest that KRT1 is, and KRT7, -8, and -10 are not
required for Golgi localization of C2GnT-M. Furthermore,
none of these KRTs is involved in maintaining the compact
Golgi morphology.

Golgi Localization of C2GnT-M follows Its Giantin-depen-
dent Targeting—To further confirm that KRT1 is a retention
partner for C2GnT-M, we employed HeLa cells transiently
expressing wild-type hC2GnT-M tagged with GFP. HeLa cells
were chosen for this experiment because of their high transfec-
tion efficiency and lack of endogenous C2GnT-M. Predictably,
in control cells, C2GnT-M-WT (wild-type)-GFP was in the
Golgi and co-stained with KRT1 at the Golgi periphery (Fig. 5A,
white arrowheads). However, in cells with depleted KRT1,
C2GnT-M-WT-GFP was found predominantly in the cyto-
plasm, whereas the Golgi morphology remained unaffected
(Fig. 5, A–C). Next, we monitored the role of KRT1 in the Golgi
localization of C2GnT-M during Golgi biogenesis. For this pur-
pose we took advantage of the well established Golgi morphol-
ogy restoration property during the wash out (WO) phase of the
brefeldin A (BFA)-induced Golgi dissolution (57, 58). In cells
treated with 36 �M BFA for 30 min, both C2GnT-M-WT-GFP
and Giantin were detected mostly in the cytoplasm, but after a
45-min WO, Golgi morphology was restored, and C2GnT-M-
WT-GFP was colocalized with Giantin in the Golgi (Fig. 5, D
and E). In cells lacking KRT1, Golgi was recovered and pheno-
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typically closed to the control; however, C2GnT-M-WT-GFP
was in the cytosol (Fig. 5, D and E). These data suggest that
KRT1 is not essential for maintaining Golgi morphology but
necessary for Golgi localization of C2GnT-M.

We recently reported that C2GnT-M targeted the Golgi
using the Giantin site exclusively (11). To determine whether
Giantin and KRT1 act simultaneously or sequentially during
the Golgi relocalization process of C2GnT-M, we carried out a
series of co-IP experiments during the BFA WO phase. We
compared the amount of C2GnT-M-WT-GFP associated with
Giantin or KRT1 before and after BFA WO for 45 and 60 min.
As shown in Fig. 5, F and G, before BFA WO was initiated, a low
level of the complex was detected between C2GnT-M and
Giantin (40% of the control) or KRT1 (34% of the control). At 45
min of Golgi recovery, a huge increase in the amounts of Gian-
tin (145% of the control) but only a moderated increase in the
amount of KRT1 (52% of the control) pulled down with anti-

GFP antibody was observed. At 60 min of Golgi recovery, the
amounts of Giantin pulled down with anti-GFP antibody
returned to that in the control (96% of the control), and the
fraction of KRT1 also approached the level in the untreated
cells (97% of the control). The data indicate that Giantin-medi-
ated Golgi targeting of C2GnT-M precedes the Golgi retention
of this enzyme by KRT1.

KRT1 Regulates the Glycosylation Function of C2GnT-M—
Recently, we showed that the glycosylation function of
C2GnT-L was greatly reduced in the absence of its retention
partner, GOLPH3 (24). In this study we examined the effect of
the presence or absence of KRT1 on the appearance of T-anti-
gen as detected by PNA lectin staining. The presence of
C2GnT-M in the Golgi, which is KRT1-dependent, is expected
to prevent the masking of the T-antigen with �2–3Sia (�2,3-
linked sialic acid) by out-competing ST3Gal1 for the T-antigen
(22, 59) (Fig. 6A). Therefore, we reasoned that overexpression

FIGURE 2. Knockdown of KRT1 resulted in NMIIA-mediated ER redistribution of C2GnT-M in Panc1-bC2GnT-M-c-Myc cells. A, confocal immunofluores-
cence images of C2GnT-M and Giantin and of C2GnT-M and PDI in cells treated with scramble siRNAs or KRT1 siRNAs for 48 h and 72 h. B, confocal immuno-
fluorescence images of C2GnT-M and KRT1 in cells treated with scramble or KRT1 siRNAs for 72 h. White boxes in each panel are enlarged and shown at the right
side as green, red, and merged images. Nuclei were counterstained with DAPI (blue). All confocal images were acquired with same imaging parameters; bars, 10
�m. C, C2GnT-M and KRT1 were associated with the Golgi. Golgi membranes were isolated from control cells as described under “Experimental Procedures,”
and 30 �g of total protein of Golgi or postnuclear supernatant (PS) was immunoblotted for Giantin and KRT1. The Golgi fraction was subjected to co-IP with
c-Myc Ab. D, NMIIA, KRT1, and c-Myc Western blots of the lysates of cells treated with scramble or KRT1 siRNAs for 48 h and 72 h; �-actin was a loading control.
E, quantification of relative fluorescence intensity (in a.u.) of C2GnT-M in ER versus Golgi in cells presented in A; *, p � 0.001. F and G, NMIIA and ubiquitin
Western blot (W-B) of complexes pulled down with anti-c-Myc Ab from the lysate of cells treated with scramble or KRT1 siRNAs for 48 h. Lysates containing
equal amounts of NMIIA (F) or C2GnT-M (G), respectively, were used for co-IP. H, KRT1 and C2GnT-M distribution in the goblet cells of human normal colon
tissues. The paraffin sections were immunofluorescently stained for KRT1 (green) and C2GnT-M (red) and then analyzed by confocal fluorescence microscopy.
White boxes indicate an area enlarged in the bottom panel that represents merged channels; bar, 10 �m. I, quantification of Mander’s coefficient of KRT1 and
C2GnT-M colocalization of cells presented in H. J, colocalization of C2GnT-M with Giantin and PDI in the primary human colonic epithelial cells. White boxes in
each panel are enlarged and shown at the right side as green, red, and merged images. Nuclei were counterstained with DAPI (blue). All confocal images were
acquired with same imaging parameters; bars, 10 �m. K, KRT1 Western blot of the lysate of primary human colonic epithelial cells treated with scramble or KRT1
siRNAs for 72 h; �-actin was a loading control. L, quantification of relative fluorescence intensity (in a.u.) of C2GnT-M in ER versus Golgi in cells presented in J; *,
p � 0.001. M, the complexes pulled down with anti-KRT1 and anti-C2GnT-M Abs from the lysate of primary human colonic epithelial cells were blotted with
anti-C2GnT-M and anti-KRT1 Abs, respectively. Cell lysate exposed to nonspecific IgG served as the negative control.

FIGURE 3. KRT1 was dispensable for Golgi localization of C1GalT1, ST3Gal1, and MGAT1. Shown are confocal immunofluorescence images of C1GalT1 (A),
ST3Gal1 (B), MGAT1 (C), and KRT1 in Panc1-bC2GnT-M-c-Myc cells treated with scramble or KRT1 siRNAs for 72 h. Nuclei were counterstained with DAPI (blue).
All confocal images were acquired with same imaging parameters; bars, 10 �m. D, quantification of the fluorescence intensity of cytoplasm/Golgi for indicated
GTs in cells shown in A–C.
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of C2GnT-M in HeLa cells, which express endogenous
ST3Gal1, would result in increased production of PNA-specific
signal. As shown in Fig. 6, B–D, in cells lacking ST3Gal1 after
KD with siRNAs, the PNA reactivity was enhanced. Further-
more, PNA-specific fluorescence intensity was dramatically
increased after C2GnT-M-WT-GFP cDNA transfection, sug-
gesting that core 2 extension pathway dominates the ST3Gal1-
mediated glycosylation. Also, KD of KRT1, which prevents the
Golgi localization of C2GnT-M, reduced the PNA binding sig-
nal, indicating that the absence of C2GnT-M in the Golgi is
accompanied by loss of T-antigen (Fig. 6, E and F). To further
confirm this result, we compared the PNA-specific fluores-
cence signal associated with the proteins in the cell lysate. The
results showed that the PNA-detectable T-antigen associated
with glycoproteins in control cells and cells transfected with
C2GnT-M-WT-GFP cDNA plus KRT1 siRNAs were substan-
tially lower than that in cells transfected with only C2GnT-M-
WT-GFP cDNA or ST3Gal1 siRNAs (Fig. 6G).

DISCUSSION

In comparison to microtubules and actin filaments, IFs are
considered more stable and elastic because they do not

exhibit polarity and their monomer units are presented as a
filamentous structure and not globular as in the case of
actins or microtubules. These mechanical properties allow
them to maintain cell and tissue integrity and serve as an
ideal cytoplasmic partner for dynamic Golgi (60, 61). Here,
we observe that the CT of C2GnT-M interacts with the rod
domain of KRT1. Given that KRT1 forms a polymer struc-
ture through a head-to-tail complex (50, 51), the above-men-
tioned interaction suggests that C2GnT-M may serve as a
bridge to link Golgi with the IFs. This mutual cooperation may
play a significant role in not only the Golgi localization of
C2GnT-M but also the integrity and stability of cytokeratin fila-
ments. Our data indicate that KRT1 binds specifically to the CT of
C2GnT-M via the rod domain, and in the absence of KRT1,
C2GnT-M, contrary to the C1GalT1 and ST3Gal1, is no longer
retained in the Golgi. Thus, KRT1 indirectly regulates the forma-
tion of O-glycan because the reduced KRT1 expression is corre-
lated with enhanced ST3Gal1-mediated pathway. On the other
hand, the finding that KRT1 is dispensable for Golgi localization of
MGAT1 suggests that formation of complex-type N-glycans is not
regulated by KRT1.

FIGURE 4. Knockdown of KRT7, -8, or -10 had no effect on level of KRT1 and intra-Golgi localization of C2GnT-M. A, KRT1 Western blot (W-B) of the lysates
of cells treated with scramble, KRT1, KRT7, KRT8, or KRT10 siRNAs for 72 h; �-tubulin was a loading control. B–D, confocal immunofluorescence images of
C2GnT-M, KRT7, KRT8, and KRT10, in Panc1-bC2GnT-M-c-Myc cells treated with scramble, KRT7 (B), KRT8 (C), or KRT10 (D) siRNAs for 72 h, respectively. Nuclei
were counterstained with DAPI (blue). All confocal images were acquired with same imaging parameters; bars, 10 �m. E–G, KRT7, KRT8, and KRT10 Western
blots of the lysates of cells treated with scramble, KRT7 (E), KRT8 (F), or KRT10 (G) siRNAs for 72 h, respectively.
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Importantly, the interaction between C2GnT-M and KRT1
is not restricted to transfected cell lines because it is also
observed in the human goblet cells of colonic tissue and the
human primary colonic epithelial cells (Fig. 2, H–M), suggest-

ing that this interaction represents a process of physiological
significance. Several KRT1 gene mutations were found in
patients with epidermolytic hyperkeratosis characterized by
skin erosions and immune barrier defects (62– 65). Intrigu-

FIGURE 5. KRT1 was not required for Golgi biogenesis but was critical for Golgi localization of C2GnT-M in HeLa cells. A and B, confocal immunofluo-
rescence images of wild-type C2GnT-M (WT)-GFP colocalization with KRT1 (A) and Giantin (B) in cells treated with scramble or KRT1 siRNAs for 72 h. Arrowheads
indicate peri-Golgi colocalization of proteins in control cells. White boxes in the images indicate the area enlarged in the bottom panel that represents merged
channels. The results shown are representative of three independent experiments. All confocal images were acquired with same imaging parameters; bars, 10
�m. Nuclei were counterstained with DAPI (blue). C, quantification of relative fluorescence intensity (in a.u.) of C2GnT-M in cytoplasm versus Golgi in cells
presented in A and B; *, p � 0.001. D, colocalization of C2GnT-M-WT-GFP and Giantin in cells treated with scramble or KRT1 siRNAs. Next, cells were treated with
BFA followed by recovery for 45 min after initiation of BFA WO. E, quantification of relative fluorescence intensity of C2GnT-M in cytoplasm versus Golgi in cells
presented in D; *, p � 0.001. F and G, Giantin and KRT1 Western blot (W-B) of complexes pulled down with anti-GFP Ab from the lysates of HeLa cells expressing
C2GnT-M (WT)-GFP and treated with BFA followed by WO for 45 and 60 min.
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ingly, most of the KRT1 mutants still form filamental network;
however, the number of KRT1/KRT1 interactions is substan-
tially decreased, resulting in weaker IF architecture. Although
the majority of the reported point mutations in heterozygotes
were found in the rod domain of KRT1, it is not known which of
these mutations affect Golgi localization of C2GnT-M. This
possibility will be the subject of future investigation. Further-
more, Krt�/� mice exhibit crucial skin inflammation and suffer
from perinatal lethality (66). It would be of great interest to see
if postnatally induced Krt1�/� mouse would develop a similar

phenotypical defect, such as colitis, exhibited by mouse devoid
of C2GnT-M (40).

The Golgi residential GTs are distributed across the Golgi
stacks according to the glycosylation steps in which they par-
ticipate. The enzymes that are localized at the early Golgi cis-
ternae have a clear advantage over the enzymes located at the
later Golgi cisternae in determining the products to be gener-
ated. For example, C2GnTs are localized at cis-medial Golgi,
whereas ST3Gal1 is at medial-trans Golgi (67, 68). Under basal
conditions, leukocytes produce sialyl-T antigen because of the

FIGURE 6. Loss of C2GnT-M Golgi localization was accompanied by the production of sialyl-T antigen. A, schema of selective mucin core 1 and core
2-associated O-glycans in mammalian cells. The core 1 structure may be extended by core 2 as catalyzed by C2GnT-M or alternatively shortened by formation
of Sia�2–3Gal�1–3GalNAc (Sialyl-T) antigen as catalyzed by ST3Gal1. The PNA lectin binds non-sialylated core 1 O-glycans, Gal-(�GlcNAc)GalNAc. B, confocal
immunofluorescence images of PNA lectin-staining in HeLa cells treated with scramble or ST3Gal1 siRNAs. C, ST3Gal1 Western blot of the lysate of HeLa cells
treated with scramble or ST3Gal1 siRNAs for 72 h; �-actin was a loading control. D, quantification of PNA-specific average integrated fluorescence (in a.u.) in the
cells shown in B; *, p � 0.001. E, confocal immunofluorescence images of C2GnT-M-WT-GFP and PNA lectin-staining in HeLa cells expressing C2GnT-M-WT-GFP
and treated with scramble or KRT1 siRNAs. All confocal images were acquired with the same imaging parameters; bars, 10 �m. Nuclei were counterstained with
DAPI (blue). F, quantification of PNA-specific average integrated fluorescence (in a.u.) in the cells shown in E; *, p � 0.001. G, Coomassie Blue staining of the 8%
SDS-PAGE for separating the glycoproteins pulled down with biotinylated PNA and then streptavidin magnet beads from the lysates of HeLa cells transiently
expressing C2GnT-M-GFP and then treated with scramble or KRT1 siRNAs or wild-type HeLa cells treated with scramble or ST3Gal1 siRNAs.
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low level of C2GnT-L. After activation of these cells, the level of
C2GnT-L is increased, which shifts the glycan structure from
core 1 to core 2 on which the selectin ligands are decorated to
help direct these cells to the injured site (69). This is how leu-
kocytes take advantage of the differential Golgi localization of
these two enzymes, which compete for same substrate to
acquire their trafficking property by regulating the expression
of C2GnT-L gene. However, increased gene expression is only
one part of the equation because for these enzymes to perform
their glycosylation functions they have to be localized to the
Golgi. To accomplish that, these enzymes have to target the
Golgi and then be retained. These two steps are regulated by
different mechanisms as described next.

Recently, we have identified the Golgi targeting sites for four
different GTs, including core 1 synthase, C2GnT-M (11),
C2GnT-L, and ST3Gal1 (22). Core 1 synthase uses GM130-
GRASP65 or GM130-Giantin, and C2GnT-M and C2GnT-L
use Giantin exclusively, whereas ST3Gal1 employs Giantin and
GM130-GRASP65. Interestingly, in cells with defective Giantin
as is found in advanced prostate cancer cells, C2GnT-L is out-
side of the Golgi, which results in the production of sialyl-T
antigen because ST3Gal1 still can reach the Golgi using
GM130-GRASP65 site (22). The sialyl-T antigen disappears
after the Giantin defect is corrected by inhibition or KD of
NMIIA, and C2GnT-L is redistributed to the Golgi. Therefore,
the Golgi targeting of GTs is an important step in regulating the
synthesis of mucin O-glycans. In the current study we also show
that during Golgi biogenesis, C2GnT-M forms a complex with
Giantin before the formation of C2GnT-M-KRT1 complex,
indicating that Golgi targeting of C2GnT-M is followed by its
retention in the Golgi. Our preliminary screening shows that
CTs of both C2GnT-M and C2GnT-L interact with Giantin,3
suggesting another diversified function of the cytoplasmic
domain.

Previously, we have also shown that GOLPH3 is the protein
that helps retain C2GnT-L in the Golgi by binding to its CT
(24), confirming that C2GnT-CT can function as a Golgi local-
ization determinant (70). KD of GOLPH3 prevents this enzyme
from being retained in the Golgi and formation of core 2-asso-
ciated selectin ligand sialyl Lewis x. As a result, the metastatic
potential of these cancer cells is severely dampened. Our cur-
rent study shows that KRT1 is the protein that helps retain
C2GnT-M in the Golgi. Depletion of KRT1 leaves C2GnT-M
outside of the Golgi, which results in the synthesis of sialyl-T
antigen, one of the tumor-associated carbohydrate antigens
(71). This result resembles the mucin O-glycan phenotype of
advanced prostate cancer cells in which C2GnT-L was found to
be outside of the Golgi (22).

Our group previously reported that WKR6 in the CT of
C2GnT-M is the critical amino acid sequence for its interaction
with NMIIA and thus the Golgi-to-ER retrograde transporta-
tion of C2GnT-M (30). Strikingly, the same motif also deter-
mines the interaction of CT of this enzyme with KRT1 and
helps retains the enzyme in the Golgi.

The data described in this communication are filling the gap
between two known mechanisms, ER-to-Golgi anterograde

trafficking and Golgi-to-ER retrograde transportation of Core 2
enzymes (11, 19, 20). We favor a mechanism in which GTs are
delivered from the ER to Golgi by a COPI- and COPII-inde-
pendent process (11). Furthermore, to the best of our knowl-
edge, what we describe here represents the first evidence of a
direct interaction of IFs with a Golgi residential protein. We
show here that Golgi biogenesis is accompanied by an increase
of Giantin-C2GnT-M complex, which is replaced by the KRT1-
C2GnT-M complex after the Golgi is completely recovered.
The presence of KRT1 is critical for intra-Golgi localization of
C2GnT-M. Furthermore, in cells lacking KRT1, we have
detected an increase of C2GnT-M-NMIIA complex (Fig. 7).
Such an interaction results in ER-directed transportation of the
enzyme followed by its proteasomal degradation, a phenome-
non consistent with the function of NMIIA in the recycling of
GTs we described previously (30). Given that GTs are dynam-
ically recycled (72), they are distributed among several intracel-
lular pools, including (a) vesicles that transport the enzyme
from the ER to the Giantin site in the Golgi (11), (b) KRT1-
associated for Golgi localization, (c) COPI encapsulated for
intra-Golgi retrograde transport (73), and (d) vesicles that
transport the NMIIA-bound enzyme from Golgi to protea-
somes for degradation (30). In sum, we believe that the CTs of
GTs sequentially interact with various protein partners for (a)
ER exit, (b) Golgi targeting, (c) Golgi retention, (d) intracellular
Golgi transport, and (e) recycling (Fig. 7). One fascinating
aspect of the intracellular trafficking of GTs is the dynamic
association of GTs with their interacting partners at every3 A. Petrosyan, M. F. Ali, and P.-W. Cheng, unpublished observation.

FIGURE 7. Proposed model of the role of cytoplasmic tail of C2GnT-M in its
intracellular trafficking. After its synthesis in the ER, C2GnT-M exits the ER
mediated by a CT-dependent process (A) and is transported to the Golgi
where it interacts with Giantin via the CT (B). After completion of the process-
ing of its N-glycan, the enzyme is retained in the Golgi by binding to the rod
domain of KRT1 via its CT (C). For recycling, the enzyme presumably is trans-
ported back to the early Golgi stacks by COPI vesicles (D) and then to the
proteasomes by binding to the C-terminal portion (1682–1960 aa) of NMIIA
heavy chain (30) via the WKR6 motif of the CT (E). Loss of KRT1 results in
increased NMIIA and C2GnT-M mutual cooperation and leads to redistribu-
tion of C2GnT-M from Golgi to ER for proteasomal degradation.
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intracellular trafficking step. During shuttling between the
donor vesicles carrying the enzyme and the acceptor mem-
brane, the GT is expected to be temporally freed from interac-
tion with their retention protein. The question of how these
interacting partners position themselves in the right place at
the right time awaits further study.

The requirement of KRT1 for the Golgi retention of
C2GnT-M and the synthesis of glycans extended from core 2
clearly demonstrate that the protein that helps retain a GT in
the Golgi can modulate the glycan structure by regulating the
retention of its cognate GT in the Golgi. Finally, KRT1 could
play a critical role in the mucus function by controlling the
Golgi localization of an important enzyme involved in the pro-
duction of disease-prevention glycans in secreted mucins.
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