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Abstract

The cell surface enzyme y-glutamyl transpeptidase (GGT) is expressed by human hepatocellular
carcinomas (HCC). HCCs arise from malignant transformation of hepatocytes and are the most
common form of primary liver cancer. Identification of tumor-specific, post-translational
modifications of GGT may provide novel biomarkers for HCC. The HepG2 cell line, derived from
a human HCC, has been used extensively in studies of liver cancer. However, the use of this cell
line for studies of GGT have been stymied by reports that HepG2 cells do not process the GGT
propeptide into its heterodimeric subunits. The data in this study demonstrate that HepG2 cells do,
in fact, produce the mature heterodimeric form of GGT. Immunohistochemical and
immunoaffinity analyses provide direct evidence that, in HepG2 cells, GGT is properly localized
to the bile canaliculi. Three independent, experimental approaches demonstrate that GGT in
HepG2 cells is comprised of two subunits that are more heavily N-glycosylated than GGT from
normal human liver tissue. These data directly contradict the dogma in the field. These data
support the use of HepG2 cells as a model system for analyzing tumor-specific changes in the
post-translational modifications of GGT.
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INTRODUCTION

y-glutamyl transpeptidase (GGT, EC 2.3.2.2) is a type || membrane glycoprotein. GGT
catalyzes the first enzymatic step in the metabolism of glutathione (y-GluCysGly),
glutathione-conjugates and other y-glutamyl-containing compounds. It plays a critical role in
sustaining intracellular cysteine and glutathione levels [1;2]. GGT activity is induced in
human hepatocellular carcinomas (HCC). High levels of GGT are detected in the serum of
patients with HCC and in patients with many other hepatobiliary diseases [3;4]. However,
the identification of a unique, HCC-specific GGT serum isoform in genetically distinct
populations throughout the world has garnered interest in its development as a diagnostic
marker for the early detection and monitoring of this disease [5].
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Human tumor cell lines can recapitulate molecular phenotypes associated with primary
malignancies in vivo providing important model systems for the study of potential tumor
biomarkers. HepG2 cells, derived from a human HCC, exhibit features of well-differentiated
HCCs, including secretion of a variety of tumor-associated proteins, including alpha
fetoprotein (AFP) and GP73 [6;7]. HepG2 cells have also been used as a model system for
studying tumor-specific patterns of glycosylation [7]. However, the use of HepG2 cells for
the study of GGT synthesis and post-translational modification in liver tumors has been
stymied by previous reports, which concluded that HepG2 cells express enzymatically active
GGT that is not cleaved into its two constituent subunits [8;9]. These publications have been
widely referenced in the literature, examples of more than 30 citations include
[4;10;11;12;13]. In all other cells and tissues studied, the GGT propeptide autocleaves into a
large and a small subunit, a process required for enzymatic activity [14;15]. The conclusion
that HepG2 cells do not cleave the GGT propeptide was based on the apparent molecular
mass of a protein immunoprecipitated by a GGT antibody from radiolabelled HepG2
membranes. Here, we provide direct evidence that HepG2 cells do, in fact, express fully-
matured, heterodimeric GGT.

MATERIAL AND METHODS

Cells

HepG2 cells (ATCC #HB-8065), a human cell line derived from a well-differentiated
hepatocellular carcinoma was purchased from the American Type Culture Collection
(ATCC; Manassas, VA). The cells were purchased in 2008. An additional stock of HepG2
cells, frozen in 1988, was obtained from Dr. Henry Pitot, University of Wisconsin (Madison,
WI). The experiments were repeated with cells from both stocks. There were no significant
differences in the data obtained from the two stocks. All data presented was obtained with
the HepG2 cells from ATCC. The cells were cultured in EMEM (Eagle’s minimal essential
medium containing 2mM glutamine; ATCC) supplemented with 10% fetal bovine serum
(FBS; HyClone, Logan, UT) and penicillin/streptomycin at 37°C in a 5% CO,.

GGT subcellular localization

HepG2 cells were grown on glass coverslips; 2 x 10° cells were plated per P35 dish. After 4
days in culture, the cells were fixed and stained. For histochemical staining, the cells were
fixed for 30 min in —20°C acetone, air dried then stained in: 400uL-glutamic acid y-(4-
methoxy-B-naphthylamide) (GMNA,; Sigma-Aldrich, St. Louis, MO), 30mM glycyl-glycine,
1.2mM Fast Blue, 100mM NaCl and 25mM Tris pH 7.5. The cells were rinsed in saline, the
stain fixed in 0.1M copper sulfate for 2 min, rinsed in saline and mounted with glycerol.
Negative controls included serine-borate in the reaction mixture to inhibit GGT activity. For
antibody staining, the cells were fixed and stained as previously described [16]. GGT129, an
affinity purified rabbit polyclonal antibody against a 19 amino peptide at the C-terminus of
the large subunit, was used as the primary antibody [17]. The secondary antibody was Alexa
Fluor 488-conjugated goat anti-rabbit 1gG (Invitrogen). Nuclei were visualized with 4'-6-
Diamidino-2-phenylindole (DAPI). Fluorescent images were obtained by confocal
microscopy at the OUHSC Flow and Image Cytometry Core Laboratory.

Human kidney and liver microsomal fractions

Human liver and kidney were obtained from the National Disease Research Interchange
(NDRI, Manassass, VA). Microsomes from normal human kidney cortex and liver tissue
were prepared as described previously [18]. A 0.5% Triton X-100 microsomal extract
containing GGT was used for SDS-PAGE and western blot analysis.
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GGT biochemical assay

GGT activity was assayed by the method of Tate and Galbraith [8]. A unit of activity is
defined as the amount of GGT that produces 1 nmol of p-nitroaniline/h from 1.0mM L-y-
glutamyl-p-nitroanilide (Sigma-Aldrich) in the presence of 20mM Glycyl-glycine at pH 8.0.
Quantitation of total protein was determined by BCA assay (Thermo Scientific, Rockford,
IL).

Cell lysates and western blotting

Cells were scraped off the plate in 100mM Tris, pH 7.4, 150mM NaCl, 1uM leupeptin, 1ug/
mL aprotinin, pelleted at 1,000g for 10 min at 4°C. Cells and Triton-solubilized tissue
extracts were heat-denatured in Laemmli sample buffer (2% SDS, 5% glycerol, 5% 2-
mercaptoethanol, 0.002% bromphenol blue and 62.5 mM Tris, pH 6.8) and subjected to
electrophoresis on 8 or 10% SDS-PAGE gels prior to electroblot transfer to nitrocellulose
and western blotting. Primary antibodies included: GGT129 directed against the heavy
subunit of GGT, GGT1/2 H-170 (Santa Cruz Biotech., Santa Cruz, CA; 1/1500 dilution)
directed against the light chain of GGT and F-3165 (Sigma-Aldrich; 1/2000 dilution)
directed against the FLAG epitope. HRP-conjugated secondary antibodies were visualized
by chemiluminescence (ECL Plus, GE Healthcare).

Deglycosylation of GGT

HepG2 cells, harvested as described above, and Triton-solubilized tissue extracts were
incubated at 95°C for 10 min in denaturing buffer [25mM Tris (pH 7.4), 25mM BME, 0.1%
SDS, and 0.5% Triton X-100] and then supplemented with the protease inhibitors leupeptin
(1uM) and aprotinin (1ug/ml). Samples were incubated in the presence or absence of 125
units of protein N-glycosidase F (PNGase F; New England Biolabs) for 18 h at 37°C. These
samples were then denatured and resolved on 8 or 10% SDS-PAGE gels for western
analysis.

Transfection of Flag-Tagged GGT into HepG2 cells

RESULTS

The N-terminal Flag-tagged full length human GGT (GGT-NFLAG; Flag epitope =
DYKDDDDK) was constructed. The open reading frame of human GGT was PCR
amplified from a pcDNA3.1(+) vector containing full-length, wild-type GGT cDNA [1].
The forward and reverse primers were 5'-
TTTTTTGAATTCAATGAAGAAGAAGTTAGTGGTGCTGGG-3 and 5'-
TTTTTTGATATCTCAGTAGCCGGCAGGCTCCCCGCCTTTCCTGGAGTC-3". The
amplification product was cloned into the EcoRI and EcoRYV sites of the pFLAG-CMV-4
expression vector (Sigma). HepG2 cells were transfected with 5ug of the GGT-NFLAG
plasmid and 1pg of pEYFP-C1 (Clontech) with lipofectamine (Invitrogen, Carlsbad, CA)
and Plus Reagent (Invitrogen), according to the manufacturer’s protocol. Control cells were
transfected with the pE-YFP plasmid only. Transient transfectants were cultured for three
days prior to harvesting.

All experiments and assays were performed in triplicate.

GGT is a single-pass transmembrane protein with its active site on the cell surface. In the
liver, GGT is expressed by hepatocytes and is localized to the bile canaliculi [17]. As the
cells become confluent, HepG2 cells form structures between adjacent cells that have been
identified as bile canaliculi based on immunostaining for aminopeptidase N and dipeptidyl-
peptidase 1V, both of which localize to the apical bile canalicular surface of hepatocytes in
vivo [19]. A histochemical stain for GGT activity localizes enzymatically-active GGT to
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these structures (Fig. 1A, left panel). To identify all of the GGT in the cells, the cells were
fixed and incubated with the GGT129 antibody, which is directed against a peptide within
the large subunit of GGT. The antibody also localized to the bile canalicular structures (Fig.
1A, right panel). Both the histochemical stain and immunolabeling also revealed very weak
cell surface localization of GGT on areas of the membrane outside of the bile canalicular
structures (Fig. 1A). These data confirm that all of the GGT protein co-localizes with GGT
activity expressed on the cell surface.

Western blot analysis of GGT from normal human kidney and liver (Fig. 1B, lanes 1, 2)
revealed that the GGT129 antibody recognized a broad band with apparent molecular mass
of approximately 63 kDa in both tissues, the size previously reported for the large subunit of
human GGT [8;20]. In HepG2 cells, the GGT129 antibody recognized a single broad band
with an apparent molecular mass of 75 kDa, which is larger than the immunoreactive bands
in normal human kidney and liver (Fig. 1B, lane 3). This size discrepancy could be due to a
failure to cleave the propeptide in HepG2 cells and/or a difference in the post-translational
processing of GGT in these cells.

To further investigate whether the GGT propeptide is cleaved into a large and small subunit
in HepG2 cells, we probed human kidney, liver, and HepG2 extracts with an antibody
directed against the small subunit of GGT. The small subunit of GGT in extracts from
normal human kidney or liver, had an apparent molecular mass of 22 kDa (Fig. 1C, lanes 1,
2). In HepG2 extracts, the small subunit antibody recognized a larger protein with an
apparent molecular mass of approximately 24 kDa (Fig. 1C, lane 3). However, the antibody
directed against the small subunit did not exhibit cross-reactivity with the 75 kDa species
recognized by the large subunit antibody in HepG2 extracts, as would be expected if the
cells failed to cleave the propeptide into two subunits. The detection of two, independent
immunoreactive species of distinct apparent molecular masses by antibodies against the
large and small subunits of GGT in HepG2 extracts is consistent with the maturation of the
propeptide into a heterodimer.

There are multiple reports of increased size and complexity of the covalently attached N-
glycans on both GGT and other glycoproteins expressed by human liver tumors [21;22;23].
There are six potential N-glycosylation sites (sequon: NXS/T, where X#P) on the large
subunit and one on the small subunit of human GGT, all of which are glycosylated in normal
human kidney tissue [20]. To determine whether the size discrepancy between the large
subunit of GGT expressed in HepG2 cells and GGT from normal kidney and liver is
attributable to altered glycosylation, the samples were treated with the N-glycosidase
PNGase F to enzymatically remove all N-glycans. Deglycosylation resulted in a dramatic
decrease in the apparent molecular mass of the large subunit of GGT from normal kidney
and liver tissue from 63 kDa (Fig. 2A, lanes 1, 2) to approximately 42 kDa (Fig. 2A, lanes 5,
6), consistent with the predicted mass of the large subunit without post-translational
modification. Deglycosylation of HepG2 proteins resulted in a decrease in the apparent
molecular mass of the large subunit of GGT from 75 kDa to 42 kDa (Fig. 2A, lanes 3, 7), the
same size as the deglycosylated GGT from kidney and liver (Fig, 2A, lanes 5, 6). These data
demonstrate that the discrepancy between the apparent molecular mass of the large subunit
of GGT in HepG2 cells versus the large subunit of GGT from normal kidney and liver is due
to an altered pattern of glycosylation on GGT in HepG2 cells, not due to a failure to cleave
the propeptide, preventing release of the small subunit from the large subunit. This
conclusion was further confirmed by identifying the small subunit of GGT in the PNGFase
F-treated kidney, liver, and HepG2 samples.

There is one potential N-glycosylation site on the small subunit, which is quantitatively
glycosylated in normal human kidney and liver tissue [20]. Treatment of kidney and liver
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tissue extracts with PGNase F resulted in a decrease in the apparent molecular mass of the
small subunit of GGT from 22 kDa (Fig. 2B, lanes 1, 2) to 19 kDa (Fig. 2B, lanes 5, 6).
Deglycosylation of the small subunit of GGT from HepG2 cells decreased the apparent
molecular mass from 24 kDa to 19 kDa (Fig. 2B, lanes 3, 7). After removal of the N-
glycans, the small subunit of GGT from kidney, liver and HepG2 cells all had an apparent
molecular mass of 19 kDa, which is the predicted mass of the small subunit without post-
translational modification. These data indicate that GGT is cleaved into a large and small
subunit in kidney, liver and HepG2 cells. The increased in apparent masses of the large and
small GGT subunits in HepG2 cells is due to larger N-glycans modifying the protein.

Finally, to independently confirm that the large subunit identified on western blots by the
GGT129 antibody is the dominant form of GGT in HepG2 cells, we transfected HepG2 cells
with an N-terminally Flag-tagged construct of human GGT. The mock-transfected HepG2
cells expressed 7,600+110 units of GGT activity/mg of cellular protein, similar to that
reported by Tate and Galbraith [8]. The HepG2 cells transfected with Flag-GGT expressed
21,900+450 units GGT activity/mg of cellular protein. Western blot analysis revealed that,
in both the mock-transfected and Flag-GGT transfected HepG2 cells, the GGT129 antibody
recognized a single band of apparent molecular mass of 75 kDa, as was observed for
endogenous GGT expressed in untransfected HepG2 cells (Fig. 2C, lanes 2, 3 and Fig. 1B,
lane 3). An antibody directed against the Flag epitope identified the 75 kDa band as the only
unique band in the Flag-GGT transfected cells (Fig. 2C, lane 6). A number of non-specific
bands were present as is commonly observed for human tissues probed with anti-Flag-
antibodies. The data obtained with the anti-Flag antibody confirm, with an epitope
independent of the GGT129 epitope, that HepG2 cells cleave the propeptide into two
subunits. No band corresponding to uncleaved GGT propeptide was identified by the anti-
FLAG antibody (Fig. 2C, lane 6). These data demonstrate that HepG2 cells process the GGT
propeptide into two subunits as observed in normal human tissues and other human cell
lines.

DISCUSSION

Tate and Galbraith reported that in HepG2 cells GGT persists as an uncleaved propeptide
that is enzymatically active [8]. Although this study is widely referenced there are no
publications confirming their results [4;10;11;12]. Tate and Galbraith identified a 120 kDa
band on SDS-PAGE as the only form of GGT expressed in HepG2 cells. We show here that
HepG2 cells produce enzymatically active GGT that has been cleaved into a large and small
subunit. The enzyme is predominantly localized to the bile canalicular structures in
polarized HepG2 cells. With immunoaffinity labeling of both the large and small subunits of
endogenously-expressed GGT, as well as ectopically-expressed Flag-tagged GGT, we
demonstrate that GGT expressed by HepG2 cells is composed of a 75 kDa large subunit and
a 24 kDa small subunit. Therefore, the heterodimer would be approximately 99 kDa. The
apparent molecular masses of the large and small subunits of GGT from normal human
kidney and liver are approximately 63 and 22 kDa, respectively, giving rise to a an
approximately 85 kDa heterodimeric enzyme. The size difference between GGT expressed
in HepG2 cells and GGT expressed in normal human liver and kidney is eliminated by the
removal of the N-linked glycans. These data are consistent with reports that there is an
increase in the size and complexity of N-linked glycans on GGT originating from human
liver tumors [21;24] .

Primary human liver tumors and HepG2 cells express high levels of N-
acetylglucosaminyltrasferases (GnT) IV and V relative to normal liver tissue [25;26;27].
These enzymes give rise to increased branching of the N-glycans (tri- and tetra-antennary
structures). HepG2 cells also express high levels of alpha-(1,3)-fucosyltransferase (Fut6)
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and UDP-GIcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 2 (B3GnT2), which
generate Lewis*/sialyl Lewis structures (peripheral fucosylation) and poly-N-
acetyllactosamine repeats [27;28]. The increased expression of these enzymes in HepG2
cells is consistent with our observation of the increase in size of GGT from HepG2 cells
relative to normal human liver.

There are several possible explanations for the discrepancies between our data and that of
Tate and Galbraith [8]. In their study, Tate and Galbraith immunoprecipitated radioactively-
labeled proteins from cells with a polyclonal antibody generated against intact, human
kidney GGT. The increased glycosylation of GGT in HepG2 cells may have blocked the
epitope and precluded antibody-antigen interaction, thereby limiting interaction of their
antibody with the immature propeptide that is not fully glycosylated. Alternatively, they
may have immunoprecipitated a complex of proteins, in which the approximately 120 kDa
protein that they assigned as GGT was the most strongly labeled. The protein bands were
detected by the 1125 |abel and were never independently verified by western blotting. We did
not observe a 120 kDa protein by western blotting with antibodies directed against either the
large or the small subunit of human GGT in extracts of either of our two stocks of HepG2
cells.

Tate and Galbraith demonstrated that HepG2-derived GGT mRNA translated by dog
pancreatic microsomes gave rise to a mature enzyme that was comprised of a large and
small subunit [9]. They interpreted these data as indicating that the requisite protease was
absent in HepG2 cells (but present in dog microsomes). However, evidence from both
bacterial and mammalian cells indicate that the cleavage is an autocatalytic event [29;30].
Moreover, point mutations that preserve GGT activity yet result in slow heterodimeric
processing have been used to show that the transient subpopulation of GGT that remains as
the uncleaved precursor does not possess enzymatic activity [14].

In light of its potential as a sensitive reporter for diagnosing and monitoring liver tumors,
complete characterization of the tumor-specific modifications of GGT is of great
significance. HepG2 cells exhibit high fidelity in recapitulating HCC-specific phenotypes
associated with other potential tumor markers and may also serve as an important surrogate
for studying tumor-specific changes on GGT [7;31;32].

Research Highlights
West and Hanigan Manuscript

e y-glutamyl transpeptidase (GGT) propeptide is cleaved into two subunits in
HepG2 cells

e Altered N-glycosylation in this tumor cell line increases the apparent size of the
subunits

e These data disprove the dogma that GGT persists as a propeptide in HepG2 cells

e Hepg2 Cells Provide A Model System For The Study Of Ggt Glycosylation In
Liver Tumors
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EMEM Eagle’s minimal essential medium

GGT v-glutamy!l transpeptidase

HCC hepatocellular carcinoma

PNGase F peptide: N-glycosidase F

SDS sodium dodecyl sulfate

PAGE polyacrylamide gel electrophoresis
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Figure 1.

Immunodetection of GGT in HepG2 cells. (A) Localization of GGT in HepG2 cells. GGT
activity was localized in acetone-fixed HepG2 cells with a histochemical stain that forms a
red product at the site of GGT activity (left panel). Note the bile canalicular structures that
have formed between adjacent cells and are identified by high levels of GGT activity. GGT
was immunolocalized with the GGT129 antibody in cells fixed in 4% formaldehyde (right
panel). Green fluorescence identifies GGT. Blue fluorescence identifies DAPI stained
nuclei. The GGT129 antibody also localizes to bile canalicular structures which contain high
levels of GGT activity. Scale bars are 10um. (B and C) Western analyses against the large
(B) and small (C) subunits of GGT. Extracts from normal human kidney (lanes B1, C1),
liver (lanes B2, C2) and HepG2 cells (lanes B3, C3) were resolved on 10% SDS-PAGE gels
and analyzed by western blotting with GGT129 antibody specific to the large subunit of
GGT (lanes B1-3) or GGT1/2 H-170 antibody specific to the small subunit of GGT (lanes
C1-3). For each blot, equal amounts of GGT activity were loaded per lane. Positions of
molecular weight (MW) markers are indicated. Lanes Cland C2 contain a non-specific
immunoreactive band at ~ 44kDa.
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Figure 2.

Contribution of N-glycans to apparent size of the large and small subunits of GGT. (A and
B) Extracts from normal human kidney (lanes 1, 5), liver (lanes 2, 6) and HepG2 cells (lanes
3, 7) were heat-denatured and then incubated in the absence (lanes 1-3) or presence (lanes
5-7) of the N-glycosidase, PNGaseF. The extracts were resolved on an 8% (A) or 10% (B)
SDS-PAGE gel. Western analyses were carried-out against the large (A) and small (B)
subunits of GGT. Positions of molecular weight (MW) markers are indicated. (C)
Immunodetection of the large subunit of GGT and Flag-tagged large subunit of GGT in
HepG2 cells. Extracts from human liver (lanes 1, 4), mock-transfected HepG2 cells (lanes 2,
5), and Flag-GGT transfected HepG2 cells (lanes 3, 6) were resolved on an 8% SDS-PAGE
gel. Western analysis against either the large subunit (L.S) of GGT (lanes 1-3) or the Flag
epitope (lanes 4-6) are shown. Arrowhead denotes position of Flag-tagged GGT. Positions
of molecular weight (MW) markers are indicated.
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