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Abstract The association between elevated circulating levels of GP73 (and fucosylated GP73 in particular) and
hepatocellular carcinoma suggests that a thorough analysis of the extent of GP73 glycosylation is warranted. Detailed
analysis of the glycosylation patterns of such low abundance proteins are hampered by technical difficulties. Using
conventional lectin affinity chromatography, we have established that three quarters of the GP73 secreted from a cell line
derived from HCC is fucosylated. Using mass spectrometry, we have established that at least two of three potential sites of
N-linked glycosylation are occupied on most molecules of GP73 secreted from cultured hepatoma cells. Furthermore, the
oligosaccharides added to recombinant GP73 resemble those present in the bulk of secreted protein, mostly bi-antennary
with core fucose, with a smaller fraction of tri- and tetra-antennary structures. The frequency of fucosylation observed on
the recombinant protein agrees well with the pattern of lectin binding of the endogenous secreted protein. Finally, we have
developed a method to interrogate the glycans added to either the near full length protein or at a particular sequon,
providing proof of concept that a small peptide embedded in a heterologous context can preserve both fucosylation and a

high level of branching of oligosaccharides added. J. Cell. Biochem. 104: 136—149, 2008.  © 2007 Wiley-Liss, Inc.
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Hepatocellular carcinoma (HCC) is the 5th
most frequent cancer in the world, with an
estimate of more than 500,000 incidences in
2000. Although HCC is less common in the US,
it is increasing in incidence, and in some “at
risk” populations (such as Pacific Asians in
California), it is among the three leading causes
of death due to cancer [El-Serag and Mason,
1999]. HCC is usually associated with a high
mortality with a 5-year survival rate of less
than 5% without therapeutic intervention [Di
Bisceglie et al., 1998]. The high mortality
may be in part because the non-capsular part
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of the liver is lacking in sensory fibers and
symptoms of HCC often occur late-making the
case for serological early detection all the more
compelling.

The major etiology of primary HCC is chronic
HBYV and HCV infection [Anzola, 2004]. Those
chronically infected with HBV have a lifetime
risk of death to HCC of between 10% and 25%
[El-Serag and Mason, 1999]. The epidemiology
and natural history of HCV is somewhat less
understood, but it appears that the lifetime
risk of HCC in those chronically infected with
HCV will be between 2% and 7% [Lok and
McMahon, 2001; Block et al., 2003]. In hepatitis
virus carriers, the onset of serious disease
usually presents after several decades of infec-
tion. The long latency between infection and
disease onset in this high-risk population
provides an opportunity for early detection
[Block et al., 2005]. Currently, disease status
is usually monitored by physical assessment,
ultra sound imaging of the liver and/or analysis
of serum for a panel of markers [Lok et al.,
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2001]. However, many of the constituents of
the serum panel, for example, alanine amino-
transferase (ALT) levels, vary throughout the
course of chronic hepatitis and others are of
limited use in early detection of HCC [Sherman,
2001]. Ultra-sound detection requires a tumor
mass of at least a 3 ¢cm, by which stage the
prognosis may be very poor [Di Bisceglie
et al., 1998]. Since early surgical and chemo-
therapeutic intervention is the best hope for
patient survival [Lok et al., 2001], accurate
detection of HCC is necessary to identify the
need for intervention.

To this end, multiple approaches have
been used to identify genetic and protein-based
biomarkers, with an emphasis on those that
will permit early detection of disease. There
is a correlation between the level of alpha-
fetoprotein (AFP) and a diagnosis of HCC
[Aoyagi et al., 1993; Aoyagi et al., 1998; Lok
and McMahon, 2001]. However, AFP as a
sole indicator of HCC is of limited value, as
it is often elevated in the absence of serious
disease [Sherman, 2001]. Nevertheless, the
limited correlation between AFP and HCC
demonstrates the potential of serum as a source
of protein biomarkers of liver disease.

A number of N- and O-linked glycosylation
changes have been associated with carcino-
genesis in general and HCC in particular
[Hakomori, 1996; Kobata, 1998]. The appea-
rance of core fucosylation on many glycopro-
teins present in the circulation correlates with
HCC [Comunale et al., 2006]. More specifically,
an increase in fucosylated oligosaccharides
associated with secreted o-fetoprotein has been
observed in HCC [Aoyagi, 1995; Aoyagi et al.,
1998; Miyoshi et al., 1999]. Alterations in the
core fucosylation of alpha-l-antitrypsin also
have been noted [Sekine et al., 1987]. Increased
fucosylation in HCC has been attributed to an
increase in both the alphal-6 fucosyltrans-
ferase (Fut8) and its substrate, GDP-fucose
[Noda et al., 2003]. Fucosylated N-glycan also
has been associated with various disease
states [Breborowicz et al., 1981; Yamashita
et al., 1989; Aoyagi, 1995; Miyoshi et al., 1999;
Callewaert et al., 2004]. Thus, it is desirable to
monitor the fucosylation status of individual
glycoproteins, possibly even individual glyco-
peptides. Other glycosylation changes besides
fucosylation also have been associated with
HCC [Fujiwara et al., 2002]. More generally,
glycosylation changes may prove diagnostic

of, and possibly serve as biomarkers for, a
number of cancers, as well as offering potential
therapeutic targets.

We have been systematically comparing the
serum proteomes from individuals chronically
infected with HBV or HCV as a function of
disease status [Steel et al., 2001; Comunale
et al., 2004; Comunale et al.,, 2006]. This
work has identified the glycoprotein GP73 as a
potential biomarker; elevated levels in the
serum correlate with HCC [Marrero et al.,
2005]. The protein had previously been reported
to be elevated within the liver as a consequence
of acute hepatitis [Kladney et al., 2000; Kladney
et al., 2002]. GP73 is normally resident in the
cis-Golgi, anchored by a single membrane
spanning domain near the short cytoplasmic
amino terminus of the protein, with the bulk of
the protein in the lumenal space [Kladney
et al., 2000]. GP73 and the related protein
GPP130 may under certain conditions also re-
distribute to the cell surface and endosomes
[Puri et al., 2002]. Although the function of
GP73 remains uncertain, and it is unclear
which cells are the source of circulating GP73
and how it arrives in the circulation in vivo,
the correlation with HCC is sufficiently high
to warrant further investigation as a potential
disease marker.

Based on the potential importance of
GP73 as a biomarker for early detection of
HCC, we have characterized the glycosylation
potential of secreted GP73 in more detail. These
studies have employed two liver tumor derived
cell lines, one of which makes and secretes
detectable GP73, and one that secretes no
detectable GP73. The status of potential sites
of N-glycosylation within the protein has been
investigated and we have begun to characterize
the nature of the glycans, including fucosy-
lation, that are added to the polypeptide.

MATERIALS AND METHODS
Cells and Reagents

HepG2.2.15 cells are a sub-line of HepG2 cells
that contain a stable HBV genome that support
continuous virus replication [Sells et al., 1987].
These cells were grown in RPMI containing
10% fetal calf serum. However, prior to harvest
of supernatant for glycan analysis, cells were
washed and then cultured for 24 h in serum free
medium. Huh7 cells are a human hepatoma
derived cell line and were normally maintained
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in DMEM plus 10% fetal bovine serum, but were
incubated overnight in serum-free medium
prior to collection of supernatants for analysis.

Lectin Extraction

These procedures were performed essentially
as described previously [Comunale et al., 2006].
Culture supernatants were dialyzed exten-
sively against low salt buffer solution and then
concentrated prior to analysis. Enzymatic treat-
ments were as indicated. For detection of
fucosylated protein, HepG2.2.15 cell superna-
tant was collected in serum free medium and
dialyzed against a lectin binding solution bring-
ing the final concentration of the sample to
20 mM Tris buffered saline (TBS), 1 mM calcium
chloride, 1 mM magnesium chloride, and 1 mM
manganese chloride (pH 7.0). The samples were
incubated for 16 h at 4°C with agarose beads
bearing the fucose binding lectin Aleuria aur-
antia (AAL, Vector Laboratories). Unbound
material was collected, then the lectin beads
were washed thoroughly with lectin binding
solution before the bound fraction was eluted by
heating the beads in electrophoresis sample
buffer. Equivalent fractions of bound and
unbound material were loaded.

Glycan Analysis

Sample preparation for glycan analysis
was performed essentially as described pre-
viously [Comunale et al., 2006]. HPLC analysis
was performed using the Waters Alliance
HPLC System, complemented with a Waters
fluorescence detector, and quantified using
the Millennium Chromatography Manager
(Waters Corporation, Milford, MA). Glycan
structures were identified by comparison to
known standards as described previously [Rudd
et al., 1999; Royle et al., 2002; Comunale et al.,
2006].

Western Blotting and Antibodies

Proteins were resolved by SDS-PAGE,
using commercially prepared gels in either
Tris-glycine (Invitrogen, Carlsbad, CA) or
Tris-HEPES buffers (Pierce). Proteins were
transferred to PVDF, and GP73 was detected
by incubation of the membrane with anti-GP73
as described previously [Marrero et al., 2005].
In some cases, proteins were detected using
either horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody and enhanced
chemiluminescence as described previously.

Alternatively, protein was detected using
IR-dye-conjugated goat anti-rabbit secondary
antibody (Licor, Lincoln, NE) and infrared
imaging on a Licor Odessey instrument.

Immunoprecipitation of GP73

GP73 was immunoprecipitated using protein
A/G (Pierce). HepG2.215 lysate or human
serum with a known high level of GP73 was
precleared by incubation with protein A/G
beads [100 pl beads (~600—700 pg IgG binding
capacity)/1.0 ml lysate or sera]. The samples
were incubated at room temperature rocking for
1 h. After incubation, beads were pelleted and
supernatants were collected. Immunoprecipita-
tion of GP73 from the supernatant was then
performed with the addition of anti-GP73 anti-
body that is conjugated to protein A/G beads.
The mixture was incubated at 4°C with rocking
over night. The supernatant was collected and
the beads were then washed with three washes
of PBS. Once washed, the antibody-antigen
complexes were released from the beads using
a 3x volume of 0.1% TFA. The resulting anti-
body-antigen solution was stored at 4°C until
further processing. The supernatant collected
after overnight binding was subjected to second
round of immunoprecipitation as described
above.

Mass Spectrometer Analysis

Immunopreciptated GP73 starting from 2 L of
HepG2.215 media was dried down to near
dryness then reconstituted in 200 pl “A” Buffer
(2% ACN + 0.1% TFA). The sample was purified
using an ABI 140B HPLC (ABI, Foster city, CA)
with a 1 mm x 250 mm PLRP-S 100 A° column
(Polymer labs, Amherst, MA) at a flowrate of
50 pl/min. “A” buffer was 2% ACN + 0.1% TFA
and “B” buffer was 90% ACN +0.1% TFA. A 1%
B/min gradient was used, and fractions
were collected every minute. Fractions 42 thru
48 were pooled as previous experiments had
shown that GP73 elutes in this area (data not
shown). The pooled fraction was evaporated to
near dryness, and then resuspended in 100 pl of
25 mM NH,CO;+ 10% ACN. Two micrograms
Glu-C or 1 pg trypsin protease (Promega,
Madison, WI) was added and the sample was
incubated at 37°C O/N. The sample was left
at RT for an additional day, after which 20 pl
of 5X PNGaseF buffer was added along with
~1 mU PNGaseF (Sigma, St. Louis, MO). The
sample was incubated at 37°C O/N. The sample
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was loaded onto a QTRAP mass spectrometer
(Applied Biosystems, Foster city, CA) which was
fitted with a microspray unit with an integrated
on-line desalting unit (Homebuilt). A 75 um
column with integrated frit (New objective,
Woburn, MA) was packed with 10 cm of Reliasil
C18 resin (Column Engineering, Ontario, Can-
ada) and upstream was a desalting precolumn
(Upchurch, Oak Harbor, WA) packed with the
same resin. An micro pro pump (Eldex, Napa,
CA) provide a flow rate of ~200 nl/min with
a 0.5% B/min gradient. “A” buffer was 2%
ACN+1% AcOH and “B” buffer was 90%
ACN + 1% AcOH. The mass spectrometer was
set to scan from 450 to 1,400 m/z and the top
2 ions from each scan were automatically
selected for sequential MS/MS scans. Data
was analyzed manually using the Analyst
software package (Applied Biosystems).

Constructs for the Expression of GP73 Species

All plasmids used are summarized in Table I.
A Dbacterial expression construct encoding
the luminal portion of GP73 (amino acids
41-400, [Kladney et al., 2000]), lacking only
the N-terminal membrane anchor region, was
obtained from Dr. C. Fimmel. A BamHI-Apol
fragment encoding most of GP73 (amino acids
41-387) was removed and ligated to two
complementary synthetic oligonucleotides
that replaced the final 13 amino acids at the
C-terminus, without the stop codon. (5'-AATT-
TACTTGATCAGCGTGAAAAGCGGAATCAT-
ACACTCA and 5'-GATCTGAGTGTATGATTC-
CGCTTTTCACGCTGATCAAGTA). This frag-
ment was inserted into a BglII site within a
mutated version of eukaryotic protein expres-
sion vector pFUSE-hFc2(IL2ss) (Invivogen,
San Diego, CA), termed pFUSE-hFc2mut. The
mutation removed the single N-glycan site
within the Fe region by converting the acceptor
asparagine residue to an alanine. (The protein
produced by construct pFUSE-hFc2mut was
expressed at levels comparable to that produced
by the parental pFUSE-hFc2(IL2ss), and was
confirmed to lack glycan based on both gel

mobility change and lack of staining for glycan;
data not shown.) The resulting fusion protein
GP73-IgFc contains GP73 in-frame with an
N-terminal signal sequence and a C-terminal
human immunoglobulin heavy chain Fc region.
To examine the modification present at a
single site of N-linked glycosylation, synthetic
oligonucleotides with the sequences that
encode the GP73 peptide encompassing aal09
were inserted into expression vector pFUSE-
hFc2(IL2ss). The inserts also carried a 6-His tag
and a Flagtag. The resulting construct, pFUSE-
GP73.106-115, has GP73 sequences fused in
frame with the signal sequence of IL2 (at the
N-terminus) and the human immunoglobulin
heavy chain Fc region (at the C-terminus).

Preparation of Recombinant Proteins
and Glycoproteins

Recombinant GP73 protein was expressed
from pQE9-GP73 in E. coli with an N-terminal
6-Histag, and purified by metal affinity chroma-
tography, essentially as described [Kladney
et al., 2000]. To prepare recombinant glyco-
proteins, Huh7 hepatoma cells were transfected
with either pFUSE-GP73.41-400 of pFUSE-
GP73.106-115 using Lipofectamine 2000 essen-
tially as described previously (Norton). Cells
were transferred to serum free DMEM 2 days
post-transfection and incubated for an addi-
tional 16 h. Secreted recombinant proteins
were affinity purified via the Fc portion on
Protein G-agarose beads (vendor) in PBS,
eluted in 100 mM glycine-HCI, pH 2.5. A portion
of material so enriched was separated by
electrophoresis on a 12% SDS—PAGE gel and
visualized by staining with Coomassie blue.

RESULTS

Glycan Content of GP73 as Determined
by Lectin and Enzymatic Sensitivity

As the presence of core fucosylation on serum
glycoproteins has been associated with liver
disease in vivo, we have begun cataloguing the
fucosylated proteome of liver-derived cell lines.

TABLE 1. Plasmids Used

Construct

Description

Source

pQE9-GP73
pFUSE-hFc2(IL2ss)
pFUSE-hFc2mut
pFUSE-GP73.41-400
pFUSE-GP73.106-115

Bacterial expression vector for His tagged GP73 amino acids 41-400
Eukaryotic expression construct with signal sequence and Ig Fc tag
Same as above, but with the N-glycosylation site in Fc region mutated
The GP73 fragment from pQE9-GP73 inserted into pFUSE-hFc2mut
GP73 amino acids 106-115 inserted into pFUSE-hFc2(IL2ss)

Kladney et al. [2000]
Invivogen
This work
This work
This work
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A number of these transformed cells in culture
preserve the phenotype associated with
HCC, including secretion of alpha-fetoprotein.
Of particular interest, HepG2.2.15 cells are
derived from HepG2 hepatoblastoma cells and
contain a stably transfected HBV genome
[Sells et al., 1987]. Little GP73 is produced by
HepG2 cells (Kladney et al. [2000] and data not
shown), but HepG2.2.15 secretes immuno-
logically detectable levels of GP73 (Kladney
et al. [2000] and Fig. 1B). Previous studies of
the hepatoma lines HepG2 and Huh-7 reported
that the most abundant oligosaccharide
present on the secreted alpha-fetoprotein is
a fucosylated biantennary structure [Ohno
et al., 1992]. Total secreted proteins concen-
trated from conditioned medium were sub-
jected to PNGaseF treatment, labeled with
2-aminobenzene and separated by neutral
phase HPLC. Identification of the released
glycans is performed by normalization to
the elution pattern of a “ladder” of glucose
oligomers. Analysis of the oligosaccharides
released from the total secreted glycoproteins
derived from HepG2.2.15 cells reveals that core
fucosylated FcA2G2 is the most abundant form
(Fig. 1A; note that terminal sialic acid residues
were enzymatically removed to simplify the

analysis), and that the glycan content is
indistinguishable from that secreted from
the parental HepG2 cells (data not shown).
Unfucosylated A2G2 was present at 90% of
the level of FcA2G2, with smaller amounts
of various larger oligosaccharide structures
(peaks migrating to the right of the FcA2G2);
these latter include tri- and tetra-antennary
structures.

We were particularly interested in character-
izing the glycan content of GP73. Heterogeneity
in the apparent molecular size of GP73 present
inthe circulation is observed when the proteinis
detected by SDS—PAGE and immunoblotting
[Marrero et al., 2005]. As previously noted,
the predicted molecular mass of GP73 based
on DNA sequence of cDNAs was 45 kDa, but the
mobility of the protein on SDS—-PAGE was
consistent with a much larger protein [Kladney
etal.,2000]. This discrepancy was due at least in
part to the presence of one or more N-linked
glycans, as a PNGaseF sensitive upshift
was observed when in vitro translation was
performed in the presence of microsomes. To
investigate the number and nature of N-linked
glycans present on secreted GP73, culture
supernatant from HepG2.2.15 was treated
with PNGase or EndoH and compared with
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Fig. 1. All GP73 produced by HepG2.2.15 cells contains
N-linked glycans, with the majority bearing core fucose. A: Total
glycan profiling of proteins secreted by HepG2.2.15 cells. The
X-axes of the HPLC traces indicates relative elution time; the
Y-axes indicate relative fluoresence intensity. Slightly more than
half of the glycans contain core fucose, FcA2G2, as indicated by
the star, with the remainder being largely A2G2. Terminology is
based on that of Royle et al. [2002]. B: Supernatant collected and
concentrated from HepG2.2.15 cells was either left untreated

(lane 1) or was treated with PNGase F (lane 2) or EndoH (lane 3).
GP73 was detected by immunoblotting. C: HepG2.2.15 cell
supernatant was incubated with immobilized Aleuria aurantia
lectin, and equal fractions of the unbound material (lane 1), two
washed in binding buffer (lanes 2 and 3) or the eluted bound
material (lane 4) were analyzed for the presence of GP73 by
immunoblotting. Note that the apparent mobility of GP73 differs
in panels B and C due to the use of different gel buffer systems.
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untreated material by immunoblotting. All
immunoreactive material was observed to
migrate more rapidly with enzymatic deglyco-
sylation (Fig. 1B, lane 2), indicating that all
GP73 molecules are modified by N-linked
glycosylation. The loss of approximately
13 kDa with deglycosylation is consistent with
the presence of multiple side chains. Glycosy-
lated GP73 was completely resistant to EndoH
digestion indicating that all side chains are
complex in structure (Fig. 1B).

The extent of fucosylation of GP73 was inves-
tigated by using lectin extraction. Supernatant
from HepG2.2.15 cells was dialyzed against
lectin binding buffer, then Aleuria lectin immo-
bilized on agarose beads was added. Following
incubation, beads were washed. Equivalent
portions of bound, washes and unbound fractions
were examined by immunoblotting for the
presence of GP73 (Fig. 1C). Quantitation
revealed that 72% of the GP73 secreted from
HepG2.2.15 cells bound to lectin, indicating that
this fraction was core fucosylated on at least
one position. Thus, the extent of fucosylation of
GP73 may be slightly higher than the bulk of the
N-linked glycan in the total secreted protein
analysis as shown in Figure 1A, with respect to
core fucosylation.

N-glycan Addition Site Utilization

Based on sequence considerations, there are
three potential sites of N-linked glycan addition
within GP73, as indicated in Figure 2. In
order to assess whether the peptides that are
potentially N-glycosylated can be detected by
mass spectrometry, recombinant GP73 was
expressed in E. coli and subjected to MS/MS
analysis. Two of the three peptides generated by
digestion with either trypsin or endopeptidase
Glu-c were detected; all the peptides detected

following the latter digestion condition are
indicated in Figure 2. The third potential
site, which lies very near the C-terminus of the
protein, was not identifiable following either
proteolytic digestion, and thus its glycosylation
status could not be investigated further.

In order to determine whether either of the
sequons within the two identified peptides
were indeed used, GP73 was purified from
HepG2.2.15 cells by immunoprecipitation with
polyclonal antibody to GP73 and analyzed by
mass spectrometry using a strategy similar
to that described [Kaji et al., 2003]. Briefly,
immunoprecipitated GP73 was digested with
endopeptidase Glu-c, then de-N-glycosylated
with PNGaseF. The enzymatic deglycosylation
procedure results in deamidation of formerly
glycosylated asparagines, and their conversion
to aspartic acid. Thus, peptides that have
undergone de-N-glycosylation will be shifted
by one mass unit relative to the corresponding
never-modified peptides, such as is obtained
from recombinant protein produced in bacteria.
The peptides produced from HepG2.2.15 cells
and in bacteria were then identified by MS/MS
analysis in parallel.

The spectra obtained (Figs. 3 and 4) compar-
ing PNGaseF treated GP73 collected from
HepG2.2.15 cells with recombinant GP73 pre-
pared from E. coli suggest that both sites 1 and
2 are glycosylated. Smaller ions that do not
extend to the N-glycan attachment site (denoted
as +0 in the lower panels and highlighted in
blue) have similar mass to the cognate ions
observed with recombinant protein. In contrast,
larger ions that do include the N-glycan attach-
ment site (denoted as +1 in the lower panel of
each figure, highlighted in red) are shifted up by
approximately one mass unit relative to the
cognate ion produced from the recombinant

MGLGNGRRSMKSPPLVLAALVACI IVLGFNYWIASSRSVDLQTRIMELEG 50
RVRRAAAERGAVELKKNEFQGELEKQREQLDKIQSSHNFQLESVNKLYQD 100
EKAVLVNNITTGERLIRVLQDQLKTLORNYGRLQQDVLQOFQKNQTNLERK 150
FSYDLSQCINQMKEVKEQCEERIEEVTKKGNEAVASRDLSENNDQRQOLO 200
ALSEPQPRLOAAGLPHTEVPQGKGNVLGNSKSQTPAPSSEVVLDSKRQVE 250
KEETNEIQVVNEEPQRDRLPQEPGREQVVEDRPVGGRGFGGAGELGQTPO 300
VQAALSVSQENPEMEGPERDQLVIPDGQEEEQEAAGEGRNQQKLRGEDDY 350
NMDENEAESETDKQAALAGNDRNIDVFNVEDQKRDTINLLDQREKRNHTL 400

Fig. 2. Sequence of GP73. The conceptual translation of human GP73 based on cDNA cloning is shown,
with potential sites for N-glycan addition indicated in green. The sequences shown in red represent peptides
that were detected by mass spectrometry analysis of recombinant GP73 produced in E. coli, which lacked the
N-terminal cytoplasmic domain and transmembrane domain (amino acids 1-40).
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Fig. 4. MS/MS analysis of GP73 amino acids 137-148. See legend to Figure 3 for description of
annotations.

GP73. Noinformation is available regarding the
glycosylation status of site 3 at this time;
peptide fragments derived from this region of
the protein have not been detected from either
native or recombinant GP73.

Analysis of N-linked Glycans Attached
to GP73 Sequons

Secreted GP73 is not an abundant protein,
making direct sequence analysis of its glycan
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content technically challenging. Repeated
attempts to isolate sufficient protein by
immunoprecipitation from HepG2.2.15 cell
supernatants to perform direct glycan analysis
were unsuccessful. Thus, a strategy to generate
recombinant protein was pursued. The luminal
domain of GP73 was subcloned into eukaryotic
expression construct pFUSE-hFc2mut so as
to be in frame with a signal sequence at the
N-terminus and an immunoglobulin Fc domain
at the C-terminus to permit protein recovery.
Note that this version of the expression vector
was modified to remove the N-glycan sequon
normally present in the immunoglobulin
domain (the asparagine residue was muta-
genized to alanine). Huh7 hepatoma cells
(which do not secrete endogenous GP73 or
immunoglobulin) were transfected with this
construct, pFUSE-GP73.41-400, and secreted
protein captured on Protein G beads. Bound
GP73-IgFc fusion protein was resolved on a 10%
polyacrylamide gel and detected by staining
with Coomassie Blue (Fig. 5A). The GP73-IgFc
protein was excised, and oligosaccharides were
released as described above. This analysis
indicated that predominant species present
were non-fucosylated A2G2, FcA2G2 (and
the bisect variant) and a large fucosylated
structure, FcA4G2 (Fig. 5B). Quantiation
revealed that when these four major species

are considered, the core fucosylated forms
represent 72% of the total, in very good agree-
ment with the fraction of secreted GP73
observed to bind Aleuria lectin. Because the
vector used lacked the N-glycan sequon site
normally present in the Fc region, the profile is
entirely based on oligosaccharides added to the
GP73 region.

Analysis of N-linked Glycans Added at a
Single GP73 Sequon

Analysis of the glycans released from the total
protein does not address the nature of the
glycans added at each individual site. To explore
this issue, a recombinant protein was generated
in which a short peptide encompassing glycan
site at amino acid 109 (LVNNITTGER) was
fused in frame to the human immunoglobulin
Fc domain in pFUSE-hFc2(IL2ss). The recom-
binant fusion protein was recovered from the
medium of Huh7 hepatoma cells that had
been transfected with pFUSE-GP73.106-115
and captured on Protein G agarose. Because
the IgFc region is itself glycosylated at a
single site, recombinant protein was isolated
from cells that were transfected with the
pFUSE-hFc2(IL2ss) empty vector (Fig. 6A).
Based on the appearance of the proteins on the
Coomassie stained gel, the majority of each
recombinant protein is present as a single
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Fig. 5. Isolation and glycan sequence analysis of secreted GP73-IgFc. A: Coomassie stained gel showing
the isolated fusion protein of expected size of ca. 90 kDa, with the contributions of the two portions
diagrammed below. B: HPLC profile of released oligosaccharides, identified based on mobility relative to a

dextrose ladder.
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showing the isolated fusion protein derived from supernatants
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lanes 1 and 2), relative to the protein produced by transfection of
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Lanes 3 and 4 were prepared from supernatant from non-
transfected Huh7 cells. C: HPLC profiles of oligosaccharides
released from protein with no insert (upper panel) or the GP73
amino acids 106-115 insert (lower panel), with identities based
on mobility relative to a dextrose standard. Note that although
only a part of the spectrum is shown, there was no peak
corresponding to unfucosylated A2G2 in either profile (not
shown).
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species, suggesting that glycan site utilization is
efficient, with no unglycosylated material.
Analysis of the glycans present on the two
proteins established that the glycan added
to the IgFc region is core fucosylated FcA2G2,
with a small amount of this oligosaccharide
with a bisect (Fig. 6B). In contrast, the glyco-
protein protein produced by the pFUSE-
GP73.106-115 construct bears the same
structures, but also contains additional tri-
and tetra-antennary fucosylated structures,
including the FcA4G2 oligosaccharide observed
when the near full length recombinant GP73
was analyzed (Fig. 5). It seems likely that the
latter oligosaccharides are added exclusively to
the GP73 peptide sequon, the only other site
present. Thus, the short peptide encompassing
the N-glycan site at 109 is core fucosylated less
than 100% of the time, as are both native
secreted and recombinant GP73; in contrast,
the IgFc site present within the same molecule
is completely fucosylated. These results provide
initial proof of concept for this analytical
strategy to identify the glycans added at
individual sequons.

DISCUSSION

Elevated circulating levels of GP73 overall
[Marrero et al., 2005], and fucosylated GP73
in particular [Drake et al., 2006], have been
associated with hepatocellular carcinoma, sug-
gesting that a more detailed analysis of GP73
glycosylation is warranted. Detailed analysis
of the glycosylation patterns of such low
abundance proteins is hampered by technical
difficulties. Using lectin affinity chromatogra-
phy, we have established that much of the
GP73 secreted from a cell line derived from HCC
is fucosylated. In addition, the results indicated
that all GP73 molecules secreted from these
cells are modified by addition of N-linked
glycan at one or more sites. However, the
PNGase treatment did not reduce the molecule
to the apparent size predicted from the
primary sequence, which would represent a
reduction of ca. 30 kDa instead of the 13 kDa
shift observed. This could reflect anomalous
migration of the protein, or the presence of
additional post-translational modifications. No
change in mobility was observed with EndoH
treatment, indicating that GP73-linked glycans
are complex, not high mannose. These results
also indicate that the GP73 secreted from the

cells has transited through the Golgi. In
addition, it has been postulated that cells of
the liver other than hepatocytes might be
the source for circulating GP73 [Iftikhar
et al., 2004]. Our results do not rule out the
latter possibility, but do demonstrate that
hepatocytic cells are capable of secreting fuco-
sylated GP73.

The mechanism by which GP73 is secreted
from these cells (or how it appears in the
circulation in vivo) is unclear. The membrane
anchored GP73 protein might be cleaved in
the Golgi and then secreted. This result would
be consistent with the possibility that hepato-
cytes in the diseased tissue are the source of
circulating GP73. However, GP73 can cycle to
the cell surface and to late endosomes, at least
under some circumstances [Puri et al., 2002],
and perhaps the protein is shed from the
surface. It is also a possibility that another
start codon, such as Met46 can be used as an
alternative site of translation initiation, pro-
ducing a protein with no membrane anchor
(Fig. 2). Although not the focus of the present
study, we recognized that the mass spectromet-
ric analysis might provide useful information
regarding the termini of the secreted form of the
GP73 protein. A peptide lying very close to the
C-terminus was identified (Fig. 2), suggesting
that this end of the protein may be intact
in the secreted version. However, as the most
N-terminal peptide detected from the recom-
binant protein begins at amino acid 79 (Fig. 2), it
is difficult to interpret the absence of peptides
from the region proximal to the transmembrane
domain from secreted GP73. Thus, the amino
terminus of secreted GP7 remains ill-defined.

Using an MS/MS approach, it was demon-
strated that GP73 is N-glycosylated on at least
two out of a possible three sites (Figs. 3 and 4).
The Glu-C peptide fragment that includes
the third site, which lies very close to the
C-terminus of the protein, was never detected
from either the native or the recombinant
protein, and thus we remain unsure of its usage.
Analysis of the primary sequence of GP73
using the NetNGlyc server (bs.dtu.dk/services/
NetNGlyc/) suggests that only the most
N-terminal sequon is favored for N-glycosyla-
tion, with a score of 0.5474 exceeding the
threshold of 0.50. The C-terminal site is the
least favorable for N-glycan addition, with a
score of 0.3603; however, the score for the
middle sequon also does not meet the threshold
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(0.4604). Thus, the failure to meet the predic-
tion threshold does not preclude use of the site.

Although we have been unable to investigate
directly the glycan side chain structures of
GP73 secreted endogenously from HepG2.2.15
cells, the glycans added to a recombinant
version of GP73 which contains all three
glycosylation sequons were analyzed directly.
This analysis suggested that the majority of
the glycans added displayed core fucosylation,
consistent with observations with the native
protein (Fig. 1). In addition, some larger species
were present, indicating some heterogeneity
of the oligosaccharide side chain matura-
tion. However, the fraction of GP73 that
includes binds to Aleuria aurantia lectin, and
thus presumably contains core fucose (72%,
Fig. 10), corresponds exactly with the fraction
of the recombinant GP73-IgFc that contains
core fucose (72%, Fig. 5).

To begin to address side chain heterogeneity,
a small GP73 peptide that includes the first
glycosylation sequon was fused to the IgFc
region and protein secreted from hepatoma
cells was analyzed for the glycans added. This
analysis demonstrated that this site is still
incompletely fucosylated, albeit to a greater
extent than near full length GP73, but that the
structures vary and include large tri- and tetra-
antennary structures. In contrast, the glycans
added at the immunoglobulin Fc¢ region site
appear to be restricted to a single glycan,
FcA2G2, which may be further modified by
addition of a bisect. Thus, we can conclude that
the single GP73 N-glycan site can accommodate
a range of oligosaccharide modifications,
and that features of the surrounding peptide
sequence might contribute the efficiency of
core fucosylation. Variation in the extent of core
fucosylation on different sites within a protein
has been reported previously [James et al.,
1995; Tajiri et al., 2005], but relatively little is
known about what regulates these differences.
The expression system described here will
allow us to investigate further how local
sequences may influence the addition of core
fucose. Further characterization of the range of
N-glycans that can be added at individual
sequons might reveal additional structures that
correlate with disease.

Changes in glycan structures have been
correlated with both developmental stage
and disease status in a number of situations
[Hakomori, 1996; Kobata, 1998]. Specifically,

glycosylation changes that have been associated
with liver disease include increased fucosyla-
tion and an increase in oligosaccharide branch-
ing [Naitoh et al., 1999; Comunale et al., 2006;
Morelle et al., 2006]. However, these changes
do not appear to be associated with a specific
underlying disease state, but instead appear
to relate to any liver dysfunction. In addition to
changes in the bulk glycan composition of
serum or plasma, modifications can be detected
on individual liver-derived proteins such as
alpha-fetoprotein or alpha-1-acid glycoprotein
[Aoyagi et al.,, 1993; Aoyagi et al., 1998,
Anderson et al., 2002; Higai et al., 2005]. These
glycoforms have been proposed as potential
markers for HCC and cirrhosis. We recently
reported that a total of 19 circulating proteins
exhibit increased fucosylation in patients with
HCC [Comunale et al., 2006]. While total serum
GP73 levels correlate well with HCC [Marrero
et al., 2005], it appears that fucosylated GP73
has both a higher sensitivity (90% vs. 65%)
and specificity (100% vs. 90%) in a recently
published smaller study [Drake et al., 2006].
Studies of larger cohorts will be needed to fully
establish the utility of fucosylated GP73 as a
biomarker for HCC.

Understanding the biological relevance of
glycosylation changes has been somewhat
more elusive. It has recently been reported that
fucosylation appears to preferentially direct
hepatocyte-derived proteins to be secreted into
the bile ducts as opposed to the circulation
[Nakagawa et al., 2006]. Derangements in
the secretory system of hepatocytes involved
in HCC might account for the appearance of
increased fucosylation seen on many proteins in
the sera of patients with HCC [Comunale et al.,
2006]. Secretory system defects might also be
responsible for the increased secretion of GP73
seen with liver disease [Marrero et al., 2005].
Whether the differentially modified species of
GP73 are in any way functionally distinct
remains unexplored.
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