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Effect of cytokines on glycosylation of acute phase proteins
in human hepatoma cell lines
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SUMMARY

The effects of various cytokines on synthesis and microheterogeneity ofcarbohydrate structure of a,-
proteinase inhibitor (PI) and alpha-fetoprotein (AFP) in the human hepatoma cell lines Hep 3B and
Hep G2 were studied. In both lines, crude cytokine preparations from LPS-activated human
monocytes (CM) and several cell lines led to increased PI and decreased AFP synthesis, while
recombinant interleukin 1 (IL-1), recombinant tumor necrosis factor (TNF) and hepatocyte
stimulating factor preparations (HSF) affected AFP but not PI production. Several of the crude
cytokine preparations, but not IL-1, TNF, or HSF, caused Hep 3B cells to secrete forms of PI and
AFP showing increased reactivity with Con A upon testing by affinity electrophoresis, while
decreased reactivity with Con A was seen in these proteins secreted by Hep G2 cells. Determination of
molecular size of PI inducing activity in CM showed a sharp peak at about 17 kD while AFP
inhibiting activity was present in a very broad range ofmolecular size fractions maximal at 17-30 kD.
Changes in patterns of glycosylation of these proteins were attributable to cytokines of about 30 kD
in Hep 3B and 44 kD in Hep G2 cells. These findings demonstrate the existence of a family of
glycosylation regulating cytokines, and suggest that distinct mechanisms within hepatocytes,
responsive to different cytokines, may lead to increased or decreased Con A binding of glycoproteins
and to altered gene expression.
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INTRODUCTION

Infection and tissue injury lead to changes in concentration of
some plasma proteins, the acute phase proteins (APP), resulting
from up-regulation (positive APP) and down-regulation (nega-
tive APP) of gene expression in hepatocytes (Gordon & Koj,
1985; Kushner & Mackiewicz, 1987). There is considerable
heterogeneity in the effect of cytokines on expression of APP
genes (Ganapathi et al., 1988) and a number of different
cytokines have been implicated as mediating the induction of
APP, including interleukin 1 (IL-1), tumor necrosis factor a/
cachectin (TNF) and hepatocyte stimulating factors (HSF), at
least one of which appears to be closely related or identical to
interferon /32/IL-6 (Gauldie et al., 1987; May et al., 1988).

Changes of APP levels in plasma are often accompanied by
changes in the pattern of binding of these proteins to the lectin
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Concanavalin A (Con A) reflecting alterations in structure of
heteroglycan side chains. Several studies indicate that increasing
degrees of binding to Con A are correlated with an increased
proportion of bi-antennary side chain units, as opposed to tri-
and tetra-antennary units (Vaughan, Lorier & Carrell, 1982;
Bierhuizen et al., 1988). In certain clinical states there is a
substantial relative increase in Con A binding of plasma
glycoproteins (Nicollet et al., 1981; Raynes, 1982; Mackiewicz et
al., 1987a) while in others there is a significant relative decrease
(Serbouce-Goguel Seta et al., 1986; Mackiewicz et al., 1987b).
We have recently shown that one of these two types ofchange in
APP glycosylation can be attributed to alterations occurring
within hepatocytes as a result of regulation by a monokine(s)
(Mackiewicz et al., 1987), and that mechanisms involved in
regulation of APP synthesis may differ from those responsible
for alterations in glycosylation.

The present study was carried out to define further the
mechanisms involved in regulation of changes in glycosylation
ofAPP employing two human hepatoma cell lines, Hep 3B and
Hep G2. As marker glycoproteins we used aI-proteinase



Cytokine effects on acute phase protein glycosylation

Table 1. Alpha-fetoprotein (AFP) and al-proteinase inhibitor (PI) synthesized by Hep 3B
and Hep G2 cell lines after 72 h exposure to cytokines

n* AFP(%) aPI(%)

Cytokine preparation Hep 3B Hep G2 Hep 3B Hep G2 Hep 3B Hep G2

Control 16 9 100 100 100 100
CM (10%) 16 9 22+2t 26+4t 311 +31t 234+42t
COLO 16(10%) 8 4 49+5t 55+4t 165+7t 178+16t
HUVE (10%) 2 2 101 +1 101 +3 101 +2 98+3
HUVE+LPS (10%) 4 4 24+2t 45+2t 250+llt 241+7t
U937 (10%) 2 2 99+1 100+2 99+1 99+3
U937+PMA+ LPS (I0%) 2 2 45+3t 42 + 3t 201 +5t 187 + 9t
IL-I# (12-5 ng/ml) 10 2 41+3t 45+2t 103+9 103+6
TNFa (250 ng/ml) 7 2 51 +4t 53+3t 101+11 101 +5
IL-I +TNF 2 2 32+2t 37+4t 102+2 101+3
HSF(COLO 16) (10%) 3 ND 61 +3t ND 99+3 ND
HSF(CM) (10%) 2 ND 65+2t ND 98+4 ND

Results are expressed as percentages of the control, mean + s.d.
* Number of experiments.
t P<0.01.
ND not done.

inhibitor (PI), a positive APP, and alpha-fetoprotein (AFP),
which appears to be a negative APP in the rat (Magielska-Zero
et al., 1987).

MATERIALS AND METHODS

Conditioned medium (CM) was prepared as described pre-
viously (Mackiewicz et al., 1987). For size fractionation, CM
was concentrated 65-fold using a 10,000 mol. wt. cut-off
ultrafiltration membrane (PTGC, Millipore Corporation, Bed-
ford, MA) and the pH was adjusted to 7-2-7-4. After addition to
a final concentration of 10 mm HEPES and 0-5% octyl a-D-
glucopyranoside (Calbiochem, La Jolla, CA), 0 5 ml aliquots of
the concentrated supernatant were applied to a Superose 12 high
pressure liquid chromatography gel filtration column, and
eluted with 10 mm HEPES, 0-15 M NaCl, pH 7-0 and 0 71 ml
fractions were collected. The column was calibrated using
protein molecular weight standards obtained from BioRad
(Richmond, CA).

After subculture U937 cells were washed three times by
suspending in Hank's balanced salt solution with Ca2+ and
Mg2+ and centrifuging at room temperature in a swinging
bucket rotor for 15 min at 1,800 rpm. The final cell pellet was
resuspended in 30 ml ofserum free RPMI 1640 with tobramycin
(50 pg/ml) at a density of I x 106 cells/ml (control supernatants).
Conditioned medium from differentiated induced cells was
prepared by adding 5 mm phorbol 12-myristate 13-acetate
(PMA) and 20 ,g/ml LPS. Control and induced cultures were
incubated in 75 ml Falcon tissue culture flasks for 48 h at 370C in
a humidified atmosphere (5% C02/95% air).

Both cell lines were maintained after subculture in 60 mm
plastic Falcon dishes at 37°C, in a humidified atmosphere of5%
C02/95% air in RPMI 1640 supplemented with 10% fetal calf
serum, dexamethasone (I pM), insulin (0-02 U/ml) and tobramy-
cin (50 Mg/ml) for 5 days and then for 24 h in serum-free RPMI
1640 with dexamethasone and insulin. At this point (time 0),
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Fig. 1. Microheterogeneous forms of alphafetoprotein. Affinity electro-
phoresis with Con A as a ligand of AFP synthesized by human
hepatoma cell lines: Hep 3B (left panel) and Hep G2 (right panel). (a)
Control, (b) induction with 10% CM. Variant 0-non-reactive with Con
A, variant 1-reactive with Con A. For electrophoresis in the first
dimension the anode was to the right.

Hep 3B and Hep G2 cells were exposed to a number of inducers
of APP changes: (a) CM prepared from LPS-activated human
monocytes, (b) medium prepared from PMA-transformed and
LPS-activated histiocytic line U937 cells, known to contain
HSF activity, (c) medium from human umbilical vein epithelial
cells (HUVE) cultured for 48 h in the presence and absence of
LPS (Dr M. Ziff, Dallas, TX), (d) medium from the keratocarci-
noma cell line, Colo 16, which contains HSF activity, (e) Colo 16
derived purified HSF I (Baumann, et al., 1986) (Dr H. Bauman,
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Fig. 2. Microheterogeneous forms of al-antiproteinase. Affinity electro-
phoresis with Con A as a ligand of aPI synthesized by Hep 3B cells (left
panel) and Hep G2 (right panel). (a) Control, (b) induction with 100%
CM. Variant 0-non-reactive with Con A, variant 1 weakly reactive
and variant 2-strongly reactive with Con A.

Buffalo, NY), (f) HSF partially purified from CM prepared
from LPS-activated human monocytes (HSF-CM), (Dr J.
Gauldie, Hamilton, Ontario), (g) recombinant generated
human IL-I/, (Dr C. A. Dinarello, Boston, MA) and (h)
recombinant generated human TNFox (Dr B.A. Beutler, Dallas,
TX). Cells were incubated with these preparations for an
additional 24,48 or 72 h with replacement ofmedium every 24 h.
Analyses were carried out in media collected over the final 24 h.
Each experiment was performed in duplicate or triplicate

Concentrations of PI and AFP secreted into the culture
medium by Hep 3B and Hep G2 cells over the final 24 h of
incubation were measured by electroimmunoassay (Laurell,
1972) with specific antibodies. As a standard for PI determina-
tion, a human serum calibrator kit (Atlantic Antibodies,
Scarborough, ME) was used. For estimation ofAFP concentra-
tion, serial dilutions of concentrated Hep G2 culture medium
were used as standard and results were expressed as percentages
of the control. Because we have previously shown (Ganapathi et
al., 1988) that increased accumulation of PI in Hep 3B medium
was parallel to increase of newly synthesized 35S-methionine
labelled PI and increase in its intracellular mRNA concentra-
tion, indicating regulation at a pre-translational level, the terms
accumulation and synthesis will be used interchangeably
throughout this paper.

Microheterogeneity of PI and AFP was studied by agarose
affinity-electrophoresis (AFF-EP) with free Con A as a ligand
(Mackiewicz & Mackiewicz, 1986; Mackiewicz et al., 1987).
This method has been shown to reflect findings obtained when
mixtures of proteins are passed over columns of immobilized
Con A (Bog-Hansen, 1973). The area under the precipitate was
measured by planimetry and the relative amounts of the various
microheterogeneous forms were expressed as percentages of the
total. For each sample, a reactivity coefficient (RC) was

calculated according to the formula: sum of Con A reactive
variants/Con A non-reactive variant. All statistical analyses
were carried out by the Mann-Whitney test.

RESULTS

As shown in Table 1, changes in accumulation of APP and aPI
induced by cytokine preparations were consistently parallel in
the two cell lines studied. Incubation of both lines with CM,
medium from Colo 16, HUVE plus LPS and U937 plus PMA
plus LPS caused reduction in synthesis of AFP and increased
synthesis of PI. In addition, IL-I# and TNF, separately and in
combination, caused decreased accumulation of AFP in both
cell lines but did not affect PI synthesis. Similarly, two HSF
preparations tested only in Hep 3B cells decreased AFP
accumulation, but did not affect PI synthesis. Medium from
non-stimulated HUVE cells and from non-transformed and
non-stimulated U937 cells had no effect on AFP or PI
accumulation in either cell line.

In contrast, cytokine preparations caused opposite changes
in patterns of glycosylation of AFP and PI in the two cell lines.
Two forms of AFP were found in media obtained from both
Hep 3B and Hep G2 lines: one which was non-reactive with Con
A (variant 0) and another which was reactive with Con A
(variant 1) (Fig. 1). Three microheterogeneous forms of PI
secreted into media from both lines were seen (Fig. 2): one which
was non-reactive with Con A (variant 0) and two others which
were weakly reactive (variant 1) or strongly reactive with Con A
(variant 2).

Exposure of Hep 3B cells to CM and medium from Colo 16
and HUVE plus LPS caused a relative increase in Con A-
reactive forms of AFP and PI (Figs. 1 and 2), while other
preparations tested had no effect (Table 2). In contrast,
incubation of Hep G2 cells with CM or HUVE plus LPS caused
a relative decrease of reactivity of both AFP and PI with Con A
(Figs. 1 and 2). Neither Colo 16 nor the other inducers used
affected Con A reactivity of AFP or PI in medium secreted by
this cell line (Table 2).

To determine the molecular size of the active cytokines, CM
was fractionated by gel permeation chromatography on a
Superose 12 column. AFP-inhibiting activity eluted in fractions
ranging in size from 10 to 158 kD with peak activity in fractions
between 17-30 kD (Fig. 3) in both Hep 3B and Hep G2 cells. The
molecular size range of PI inducing activity was much narrower
than for AFP, with a sharp peak at about 17 kD for both cell
lines (Fig. 4). In contrast to the wide range of AFP inhibiting
activity, the size range of AFP glycosylation regulating activity
was narrow, with a sharp peak at about 30 kD in Hep 3B cells
and at about 44 kD in Hep G2 cells (Fig. 3). Similarly, maximum
PI glycosylation regulating activity was observed in fractions of
about 30 kD for Hep 3B and 44 kD for Hep G2 cells (Fig. 4).

We evaluated the possibility that monocyte-derived PI
(Perlmutter et al., 1985) might contribute to the pattern seen in
CM-treated hepatoma cells. No PI was detected by the electro-
immunoassay employed in this study. CM concentrated 100-
fold revealed only trace amounts of PI which did not reveal the
pattern seen on affinity electrophoresis in CM-treated Hep 3B or
Hep G2 cultures.
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Table 2. Glycosylation patterns of alpha-fetoprotein (AFP) and al-proteinase inhibitor (PI)
synthesized by Hep 3B and Hep G2 cell lines after 72 h exposure to cytokines

Cytokine preparation Hep 3B Hep G2

AFP (RC)

Hep 3B Hep G2

aPI (RC)

Hep 3B Hep G2

Control
CM (10%)
COLO 16 (10%)
HUVE (10%)
HUVE+ LPS (10%)
U937 (10%)
U937+PMA+ LPS (10%)
IL-1,B (12 5 ng/ml)
TNFa (250 ng/ml)
IL-I +TNF
HSF(COLO 16) (10%)
HSF(CM) (10%)

16
16
8
2
4
2
2
10
7
2
3
2

9
9
4
2
4
2
2
2
2
2
ND
ND

21 +02
34+03t
3-0 +0-2t
2 1+0-2
42 +02t
2 0+0 1
2 1+0 1
20+0 1
2 0+0 1
2 0+0 1
2 3 +0 1
1-9+0-1

49+06
23 +03t
50+0 1
5-1 +0-1
34+03t
48+04
4 9+0 3
49+02
4 7+6-1
4 9+0 3
ND
ND

Results are expressed as reactivity coefficient (RC), mean + s.d.
* Number of experiments.
t P<0-01.
ND not done.
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Fig. 3. Fractionation of conditioned medium: effect on alpha-fetopro-
tein. Effect of fractionated CM on AFP synthesis (0) and Con A
reactivity (0) by Hep 3B cells (top) and Hep G2 cells (bottom).
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Fig. 4. Fractionation of conditioned medium: effect on a1-anti-pro-
teinase. Effect of fractionated CM on aPI synthesis (0) and Con A
reactivity (0) by Hep 3B cells (top) and Hep G2 cells (bottom).
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DISCUSSION

Carbohydrate moieties of human plasma glycoproteins of
hepatic origin are composed of N-linked glycans presenting a
range of branching structures (Hatton, Marz & Regoeczi, 1983).
Microheterogeneity of plasma glycoproteins is observed, due in
large part to structural variations in bi-, tri- and tetra-antennary
heteroglycan side-chains. AFF-EP with the lectin Concanavalin
A (Con A) as a ligand has been used widely for the detection of
different microheterogeneous forms of APP. The affinity elec-
trophoresis method employed in these studies permits estima-
tion of the relative proportions of the microheterogenous forms
of a glycoportein in solution, which differ in their degrees of
binding to Con A (Mackiewicz & Mackiewicz, 1986). This
simple and convenient method, while not providing a complete
description of the precise changes in the glycoproteins under
study, does reveal reproducible patterns of change which reflect
the patterns of glycosylation of these glycoproteins, and permits
evaluation of the effects of cytokines on this process.

The observations that glycoproteins in sera from patients
with different inflammatory diseases differ in their patterns of
binding to Con A, and that there was no correlation between
changes in AGP concentration and changes in AGP Con A
reactivity in patients with lupus erythematosus (Mackiewicz et
al., 1987a) suggest that changes in patterns of glycosylation are
regulated by mechanisms different from those regulating simple
induction of acute phase protein synthesis. Initial studies in Hep
3B cells were consistent with this view (Mackiewicz et al., 1987).
IL-1, TNFa and HSF preparations led to increased synthesis of
ceruloplasmin, but did not alter its pattern of glycosylation,
while CM did. In this study we found again that change in rate of
synthesis of proteins induced by cytokine preparations was not
always accompanied by an altered pattern of glycosylation. In
addition, we found that patterns of glycosylation induced by
CM and activated HUVE were opposite in the two lines, and
that activities were attributable to fractions of apparent differ-
ent molecular sizes.

Several studies have indicated that human hepatoma cell
lines may demonstrate abnormal postsynthetic processing of
glycoproteins (Carlson et al., 1984; Goldberger et al., 1984). In
our current study, we took advantage of this tranformation-
induced 'experiment of nature' to delineate further the mecha-
nisms by which cytokines may regulate alterations in glycosyla-
tion of acute phase proteins, reasoning that findings in different
cell lines might reveal differential intracellular effects of cytok-
ines which might not be apparent in native hepatocytes. The two
human hepatoma cell lines we studied, Hep 3B and Hep G2,
were selected because patterns ofglycosylation ofPI were found
to be similar in both lines when cultured under unstimulated
conditions, as were glycosylation patterns of AFP.

There are several possible explanations for the effects of
cytokines upon glycosylation of these glycoproteins, including
effects on one or more glycosylating enzymes or on route or
kinetics of intracellular transport. Similarly, the difference
between the two hepatoma cell lines in the alterations of
glycosylation exhibited undoubtedly reflects differences
between these transformed lines in the intracellular mechanisms
involved in transduction of extracellular signals regulating
glycosylation. Intact pathways of glycosylation regulation are
presumably expressed in liver cells of healthy subjects and may
be altered by different cytokines in different inflammatory

states, alternatively leading to increased or decreased Con A
binding.

PI possesses three N-linked heteroglycan side chains, while
AFP possesses one (Vaughan et al., 1982; Mega, Lujan &
Yoshida, 1980). The heteroglycans of human serum PI are
composed of bi- and tri-antennary oligosaccharides (Mega et
al., 1980). Con A-Sepharose chromatography studies have
indicated that the strongly reactive variant of PI is composed of
three bi-antennary structures, the weakly reactive variant oftwo
bi- and one tri-antennary unit and the non-reactive variant of
one bi- and two tri-antennary units (Vaughan et al., 1982). Thus,
the changes in reactivity of PI with Con A observed in the
present studies may reflect relative increase (Hep 3B) or decrease
(Hep G2) of bi-antennary structures. The Con A reactive form
of human AFP (Yoshima et al., 1980; Tsuchida et al., 1984) is
composed of a bi-antennary structure while the Con A non-
reactive variant contains a bi-antennary structure with bisecting
N-acetylglucosamine (GIcNAc). Thus, the changes ofAFP-Con
A reactivity shown here may represent alterations in relative
proportions of polypeptide chains whose bi-antennary units
have bisecting GlcNAc, which has been found to inhibit Con A
binding (Narasimhan, Freed & Schacter, 1986).

The observation that increased Con A binding of AFP
occurred in Hep 3B cells incubated with CM while accumulation
of this protein decreased clearly demonstrates that altered
glycosylation is not dependent on increased synthesis. The
observation that two different patterns of change in glycosyla-
tion of PI both accompanied increase in PI synthesis provides
additional evidence for this view.

The two different altered glycosylation patterns induced by
crude preparations of cytokines in Hep 3B and Hep G2 cells
resemble the two different types of change found in patients'
sera during different inflammatory states (v.s.), suggesting that
these changes in serum result from the effects of cytokines on
hepatocytes, and that the two types of glycosylation changes
may be regulated by separate intracellular mechanisms.
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