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Overexpression of Protein Kinase FA/GSK-3a
(A Proline-Directed Protein Kinase) Correlates With
Human Hepatoma Dedifferentiation/Progression
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Abstract Computer analysis of protein phosphorylation sites sequence revealed that transcriptional factors and
viral oncoproteins are prime targets for regulation of proline-directed protein phosphorylation, suggesting an associa-
tion of the proline-directed protein kinase (PDPK) family with neoplastic transformation and tumorigenesis. In this
report, an immunoprecipitate activity assay of protein kinase FA/glycogen synthase kinase-3a (kinase FA/GSK-3a) (a
member of PDPK family) has been optimized for human hepatoma and used to demonstrate for the first time
significantly increased (P < 0.01) activity in poorly differentiated SK-Hep-1 hepatoma (24.2 + 2.8 units/mg) and
moderately differentiated Mahlavu hepatoma (14.5 = 2.2 units/mg) when compared to well differentiated Hep 3B
hepatoma (8.0 = 2.4 units/mg). Immunoblotting analysis revealed that increased activity of kinase FA/GSK-3a is due to
overexpression of the protein. Elevated kinase FA/GSK-3a expression in human hepatoma biopsies relative to normal
liver tissue was found to be even more profound. This kinase appeared to be ~fivefold overexpressed in well
differentiated hepatoma and ~ 13-fold overexpressed in poorly differentiated hepatoma when compared to normal liver
tissue. Taken together, the results provide initial evidence that overexpression of kinase FA/GSK-3« is involved
in human hepatoma dedifferentiation/progression. Since kinase FA/GSK-3« is a PDPK, the results further support
a potential role of this kinase in human liver tumorigenesis, especially in its dedifferentiation/progres-

sion. 1996 Wiley-Liss, Inc.
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Protein kinase FA was originally identified as
an activating factor of Mg - ATP-depndent type
1 protein phosphatase [Yang et al., 1980; Van-
denheede et al., 1980], but has subsequently
been demonstrated as a protein kinase identical
to glycogen synthase kinase-3a (GSK-3a) [Embi
et al., 1980; Hemmings et al., 1981; Woodgett,
1990]. In addition to Mg - ATP-dependent pro-
tein phosphatase and glycogen synthase as its
substrates, kinase FA/GSK-3a was further iden-
tified as a multisubstrate protein kinase possi-
bly involved in the regulation of diverse cell
functions (for reviews, see Yang, 1991, 1994;

Abbreviations used: GSK-3a, glycogen synthase kinase-3q;
kinase Fa, protein phosphatase activating factor; MBP, my-
elin basic protein; SDS-PAGE, sodium dodecylsulfate poly-
acrylamide gel electrophoresis.
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Woodgett, 1991; Plyte et al., 1992). Sites phos-
phorylated by kinase FA/GSK-3a can be divided
into two classes. For some substrates, prior phos-
phorylation of the substrate to form the motif
-5-(X);-S(P)- is a requirement, whereas in other
substrates no previous phosphorylation is needed
[Roach, 1991; Wang et al., 1994]. In either case,
many of the sites have Pro residues close to the
modified Ser/Thr, demonstrating that kinase
Fa/GSK-3a is a member of the so-called proline-
directed protein kinase (PDPK) family [Hem-
mings et al., 1982; Hemmings and Cohen, 1983;
Hunter et al., 1988; Dent et al., 1989; Vulliet et
al., 1989; Fiol et al., 1990; Ramakrishna et al.,
1990; Boyle et al., 1991; Plyte et al., 1992; Man-
delkow et al., 1992; Yang et al., 1993, 1995a; Yu
and Yang, 1994c]. Based on computer-assisted
sequence analysis of transcriptional factors and
viral oncoproteins [Suzuki, 1989], as well as
analysis of site-specific protein phosphorylation
both in vitro and in vivo [Moreno and Nurse,
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1990; Pines and Hunter, 1990; Lin et al., 1991],
it appears that proline-directed protein phos-
phorylation sites represent a unique structural
motif that has been conserved and canalized as a
major regulatory theme [Hall and Vulliet, 1991;
Williams et al., 1992; Warburton et al., 1993]. It
has been proposed that overexpression, dysregu-
lation, or viral subversion of some certain
PDPKs could be associated with neoplastic trans-
formation and tumorigenesis. In consistence
with this notion, clinical studies confirmed that
overexpression of kinase FA/GSK-3« (a member
of the PDPK family) indeed appeared to be
closely correlated with the states of dedifferen-
tiation/progression of human thyroid tumor cells
[Lee et al., 1995] and human cervical carcinoma
[Yanget al., 1995b].

In this report, we extend the observations and
use human hepatoma as another testing model
to further demonstrate that the cellular activity
and protein level of kinase FA/GSK-3a are over-
expressed many-fold in well and poorly differen-
tiated hepatoma relative to normal liver tissue.
Moreover, the elevated expression of kinase FA/
GSK-3a activity was found to be significantly
correlated with the degree of human hepatoma
dedifferentiation/progression. The possible in-
volvement of this PDPK as a newly described
differentiation-blocking and/or dedifferentia-
tion-promoting agent in promoting the initia-
tion and progression of human carcinoma cells
is therefore proposed.

EXPERIMENTAL PROCEDURES
Materials and Methods

[v-*?P]ATP was purchased from Amersham
(Buckinghamshire, UK). Human hepatoma cell
lines were obtained from American Type Cul-
ture Collection (Rockville, MD). Plastic wares
for cell culture were from Falcon (Oxnard, CA).
Antibiotics, fetal bovine sera, and complete and
incomplete Freund’s adjuvants were from Gibco
(Rockville, MD). Dulbecco’s modified Eagle’s me-
dium (DMEM), bovine serum albumin, dimethyl
sulfoxide (DMSO), Tween 20, 3-[cyclohexyl-
amino]-1-propane-sulfonic acid (CAPS), sodium
pyrophosphate, sodium orthovanadate, and N-
hydroxysuccinimide biotin were from Sigma (St.
Louis, MO). Disodium 3-(4-methoxyspiro {1,2-
dioxetane-3,2'-(5'-chloro) tricyclo [3.3.1.137] de-
can}-4-yl) phenyl phosphate (CSPD) and strep-
toavidin conjugated with alkaline phosphatase
were from Boehringer Mannheim (Mannheim,
Germany). Benzamidine, NaF, aprotinin, Tri-

ton X-100, phenylmethanesulfonyl fluoride
(PMSF), and glutaraldehyde were from Merck
(Darmstadt, Germany). Polyvinylidene fluoride
(PVDF) membrane was from Millipore (Bed-
ford, MA). Protein A-Sepharose CL-6B and
CNBr-activated Sepharose 4B were from Phar-
macia (Uppsala, Sweden). X-ray film was from
Fuji (Tokyo, Japan).

Protein Purification and Analytic Methods

Protein kinase FA/GSK-3a and myelin basic
protein (MBP) were purified to homogeneity
from porcine brain following the purification
procedures as described in previous reports
[Yang, 1986; Yu and Yang, 1993, 1994c]. Pro-
tein concentrations were determined using BCA
protein assay reagent from Pierce (Rockford,
IL). Sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed ac-
cording to Laemmli [Laemmli, 1970] using 10%
gels. Molecular weight markers used were: phos-
phorylase b (94 kDa), bovine serum albumin (68
kDa), glutamate dehydrogenase (55.6 kDa), and
glyceraldehyde 3-phosphate dehydrogenase (36
kDa).

Production of Anti-Kinase FA/GSK-3a Antibody

The peptide TETQTGQDWQAPDA corre-
sponding to the carboxyl terminal regions from
amino acids 462—475 of the sequence of kinase
Fa/GSK-3a [Woodgett, 1990] was synthesized
by peptide synthesizer (model 9050, Milligen,
Bedford, MA). The cysteine residue was added
to the NH, terminus in order to facilitate cou-
pling of the peptide to bovine serum albumin
according to the procedure described by Reichlin
[Reichlin, 1980} using glutaraldehyde as the
crosslinker. The detailed procedure for produc-
tion of anti-kinase FA/GSK-3a antibody was as
described in previous reports [Yu and Yang,
1994a,b]. The antisera (20 ml) were affinity
purified by adsorption to 3.5 ml Sepharose 4B
covalently coupled with 10 mg C-terminal pep-
tide of kinase FA/GSK-3a as described above.
After adsorption, the column was washed with
50 ml solution A (10 mM Tris at pH 7.5) and
then with 50 ml solution A containing 0.5 M
NaCl. The antibody was eluted with 35 ml 100
mM glycine at pH 2.5. The eluted fractions were
collected in tubes containing 3.5 ml 1 M Tris-
HCl at pH 8.0 and mixed immediately. The
purified antibody was concentrated by dialyzing
against 30% polyethylene glycol; suspended in
20 mM Tris-HCl at pH 7.0, 50% glycerol, and
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0.02% NaNj; stored at —20°C; and used as anti-
kinase FA/GSK-3a antibody. The anti-kinase
FA/GSK-3a antibody produced here can specifi-
cally immunoblot kinase FA/GSK-3a and effi-
ciently immunoprecipitate all the kinase Fa/
GSK-3a from the cell extracts without blocking
the enzyme activity essentially as described in
previous reports [Yu and Yang, 1994a,b].

Biotinylation of Anti-Kinase FA/GSK-3a Antibody

Biotinylation of anti-kinase FA/GSK-3a anti-
body was performed according to the method
described by Harlow and Lane [1988]. Briefly, 1
ml of purified anti-kinase FA/GSK-3a antibody
as described above (83 mg/ml in 0.1 M sodium
borate buffer at pH 8.8) was mixed with 0.1 ml
of N-hydroxysuccinimide biotin (10 mg/ml in
dimethyl sulfoxide) at 25°C for 4 hr and then
incubated with 80 pl of 1 M NH,Cl at 25°C for
10 min. After extensive dialysis against phos-
phate buffer saline (PBS) to remove uncoupled
biotin, the biotinylated anti-kinase Fa/GSK-3a
antibody was concentrated by dialysis against
PBS containing 50% glycerol and stored at
—20°C.

Culture of Hepatoma Cells and Preparation
of Cell Extracts

Three human hepatoma cell lines were classi-
fied into three differentiation stages based on
analyses of the morphology and plasma protein
secretions. Group 1 (the well differentiated Hep
3B hepatoma) [Aden et al., 1979; Knowles et al.,
1980] secretes nearly all the 15 plasma proteins
and its morphology is similar to the typical
hepatocytes with polygonal shape, well defined
boundary, and pavement-like arrangement.
Group 2 (the moderately differentiated Mahlavu
hepatoma) [Alexander et al., 1976] secretes only
six plasma proteins and looks like elongated
hepatocytes but not like fibroblasts. Group 3
(the poorly differentiated SK-Hep-1 hepatoma)
[Fogh et al., 1977] does not secrete any signifi-
cant amount of plasma proteins and has a
spindle-shaped morphology not easily distin-
guished from fibroblasts. The three hepatoma
cell lines were cultured at 37°C in a 95% air/5%
CO; and water-saturated atmosphere in 75 cm?
flasks in DMEM supplemented with 10% heat-
inactivated fetal bovine serum, 25 U/ml penicil-
lin, and 25 pg/ml streptomycin. One day before
experiments, cells (~2 X 108) were plated on
100 mm culture dishes. For experiments, hepa-

toma cells were washed twice with ice-cold PBS,
lysed in 600 ul solution B (20 mM Tris-HCI at
pH 7.4, 50 mM NaCl, 2 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 1 mM PMSF, 1 mM
benzamidine, 0.5 pg/ml aprotinin, 50 mM NaF,
20 mM sodium pyrophosphate, and 1 mM so-
dium orthovanadate) on ice, and sonicated by
Sonicator (model W-380, Heat Systems-Ultra-
sonics, Farmingdale, NY) for 3 x 10 sec at 50%
power output. The cell lysates were ultracentri-
fuged at 100,000 x g at 4°C for 30 min, and the
resulting supernatants (~2 mg/ml) were used
as the hepatoma cell extracts.

Tissue Preparation

Human hepatoma tissues were obtained dur-
ing operations at the inpatient clinic of the Chang
Gung Memorial Hospital. The tissues were partly
fixed in 10% formalin and embedded in paraffin
for pathologic study, and partly quick frozen in
liquid nitrogen for biochemical and immunologi-
cal study. The cells in human hepatoma tissues
display a wide spectrum of morphologic abnor-
malities, depending on their degree of differen-
tiation. Well differentiated hepatoma with
micro- or macrotrabecular patterns yield in be-
nign-appearing hepatocytes with prominent
nucleoli. They are seen singly, in variable-sized
clusters slender or broad, surrounded by or
mixed with spindle-shaped endothelial cells.
Poorly differentiated hepatoma reveals isolated
and irregularly clustered pleomorphic tumor
cells with large nuclei and macronucleoli. The
classification of normal liver tissue, and well and
poorly differentiated hepatoma tissues was de-
fined according to Nguyen and Kline [1991].

Frozen liver tissues (~0.3 g) were homog-
enized in 3.5 volumes of solution B on ice by a 5
ml Teflon pestle-fitted glass homogenizer (Whea-
ton, Millville, NJ) with 10 up-and-down strokes,
and then sonicated by Sonicator for 3 x 10 sec at
50% power output, followed by ultracentrifuga-
tion at 100,000 x g at 4°C for 30 min. The
resulting supernatants were used as the liver
tissue extracts. All three different liver tissues
yield similar protein levels (~5 mg/ml) in the
extracts under this condition.

Immunoprecipitation and Kinase FA/GSK-3«a
Activity Assay in the Immunoprecipitate

For immunoprecipitation, 500 pl cell extracts
(~2.0 mg/ml protein) or 1 ml tissue extracts
(~5 mg/ml protein) were incubated with 2 pl



Kinase FA/GSK-3a and Human Hepatoma 241

affinity-purified kinase FA/GSK-3a antibody (20
mg/ml pure IgG) at 4°C for 1.5 hr, and then with
100 pl protein A-Sepharose CL-4B (20% v/v) for
another 1.5 hr with shaking. The immunopre-
cipitates were collected by centrifugation, washed
three times with 0.5 M NaCl, once with 1 ml
solution C (20 mM Tris-HCI at pH 7.0, 0.5 mM
dithiothreitol, 1 mM PMSF, 1 mM benzamidine,
and 0.5 pg/ml aprotinin), and resuspended in
100 pl solution C. For kinase FA/GSK-3a activ-
ity assay in the immunoprecipitate, 30 wl immu-
noprecipitate was incubated with 0.2 mM
[y-32P]ATP, 20 mM MgCl,, and 4 mg/m]l MBP at
30°C for 10 min. 32P incorporation into MBP
was measured by spotting 20 ul reaction mix-
ture onto phosphocellulose paper (1 X 2 cm),
washing three times with 75 mM H;PO,, and
counting in liquid scintillation counter as de-
scribed in a previous report [Yang, 1986]. A unit
of kinase FA/GSK-3a is that amount of enzyme
that incorporates 1 pmol of phosphate/min into
the MBP substrate.

Immunoblot

For immunoblotting analysis of kinase Fa/
GSK-3a from hepatoma cells or tissues, the
anti-kinase FA/GSK-3a immunoprecipitates
were subjected to 10% SDS-PAGE, electrotrans-
ferred to PVDF membrane, and immunoblotted
with 1 pg/ml of biotinylated anti-kinase Fa/
GSK-3a antibody at room temperature for 4 hr,
followed by incubation with streptavidin conju-
gated with alkaline phosphatase for another 1
hr. The immunoblots were developed with the
CSPD system using 0.25 mM CSPD in 0.1 M
Tris-HCI1 at pH 9.5, 0.1 M NaCl, and 50 mM
MgCl, as the alkaline phosphatase substrate at
37°C for 15 min for chemiluminescence detec-
tion [Gillespie and Hudspeth, 1991]. The lumi-
nescent light emission was recorded on X-ray
film and quantified by computing densitometer
(Molecular Dynamics, Sunnyvale, CA).

RESULTS

Figure 1 depicts the cellular activities of ki-
nase Fa/GSK-3« in the immunoprecipitates ob-
tained from the human hepatoma cell superna-
tant fluids with three different differentiation
stages, namely, the poorly differentiated SK-
Hep-1 hepatoma cells, the moderately differenti-
ated Mahlavu hepatoma cells, and the well differ-
entiated Hep 3B hepatoma cells. From this figure
it can be seen that the cellular activity of kinase

FA/GSK-3a was dramatically increased up to
~threefold in poorly differentiated SK-Hep-1
hepatoma cells (24.2 + 2.8 units/mg of cell pro-
tein} and ~ twofold in moderately differentiated
Mahlavu hepatoma cells (14.5 + 2.2 units/mg
of cell protein) when compared to well differenti-
ated Hep 3B hepatoma cells (8.0 + 2.4 units/mg
of cell protein) (Fig. 1). More interestingly, the
cellular activity of kinase Fa/GSK-3a appeared
to be proportionally increased following the hepa-
toma cell dedifferentiation (Fig. 1). This is the
first indication for an association of kinase Fa/
GSK-3a with human hepatoma cell dedifferen-
tiation. Immunoblotting analysis of the cell ex-
tracts (Fig. 2) from these three hepatoma cells
further revealed that the increased cellular activ-
ity of kinase FA/GSK-3a in poorly differentiated
SK-Hep-1 and moderately differentiated
Mahlavu hepatoma cells is due to overexpres-
sion of the protein. More importantly, the over-
expressed protein levels of kinase FA/GSK-3a,
which are in agreement with the overexpressed
cellular activities of kinase FA/GSK-3a as shown
in Figure 1, also appeared to be proportionally
correlated with the degree of dedifferentiation of
the hepatoma cells (Fig. 2). Most importantly,
the elevated kinase FA/GSK-3a expression in
human hepatoma tissues relative to normal hu-
man liver tissues was found to be even more
profound. The cellular activities (Fig. 3) and
protein levels (Fig. 4) of this kinase appeared to
be ~fivefold overexpressed in well differenti-
ated human hepatoma tissues and ~ 13-fold
overexpressed in poorly differentiated hepatoma
tissues when compared to normal liver tissues
(Figs. 3, 4), demonstrating a pathophysiologi-
cally relevant involvement of kinase FA/GSK-3a
in human liver tumorigenesis in vivo. It is impor-
tant to note that although the microscopic ap-
pearances of the well differentiated human hepa-
toma tissues are almost indistinguishable from
those of the normal liver tissues, the protein
levels and cellular activities of kinase FA/GSK-3a
in well differentiated hepatoma tissues are al-
ready more than fivefold overexpressed when
compared to normal liver tissues (Figs. 3, 4, N
and C1). The results further point out a poten-
tial involvement of this kinase in the initiation
of the human liver tumor promotion. All the
results taken together provide initial evidence to
demonstrate that overexpression of protein ki-
nase FA/GSK-3« is indeed associated with hu-
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Kinase Fa/GSK-3a Activity

Hep 3B Mahlavu SK-Hep-1

Fig. 1. Comparison of the cellular activities of kinase Fa/
GSK-3a from three different differentiation stages of human
hepatoma cells. The cellular activities of kinase FA/GSK-3a from
cell extracts (~1 mg of cell protein) of three different differen-
tiation stages of human hepatoma cells as indicated were
immunoprecipitated using 40 pg anti-kinase FA/GSK-3a anti-
body. The kinase Fa/GSK-3a activities in the immunoprecipi-
tates were measured as described in Experimental Procedures.
Data were taken from the averages of four independent experi-
ments and expressed as means = SD. Hep 3B, well differenti-
ated Hep 3B hepatoma cells; Mahlavu, moderately differenti-
ated Mahlavu hepatoma cells; and SK-Hep-7, poorly
differentiated SK-Hep-1 hepatoma cells.

man hepatocellular carcinoma dedifferentiation
and progression.

DISCUSSION

In this report, we demonstrate that protein
kinase FA/GSK-3a is overexpressed and dysregu-
lated in human hepatocellular carcinoma as com-
pared with normal controls. Based on computer-
assisted sequence analysis of transcriptional
factors and viral oncoproteins [Suzuki, 1989], as
well as analysis of site-specific protein phosphor-
ylation both in vitro and in vivo [Moreno and
Nurse, 1990; Pines and Hunter, 1990; Lin et al.,
1991], it appears that proline-directed protein
phosphorylation sites represent a unique struc-
tural motif that has been conserved and cana-
lized as a major regulatory theme [Hall and
Vulliet, 1991; Williams et al., 1992; Warburton
et al., 1993]. In comparisons with cyclin-depen-
dent cell division cycle control kinases [Vulliet et
al., 1989; Hall and Vulliet, 1991], mitogen-
activated protein kinases [Gonzalez et al., 1991,
Mukhopadhyay et al., 1992}, and stress-acti-
vated protein kinases [Kyriakis et al., 1994],
protein kinase FA/GSK-3a appeared to repre-
sent a particular member of the proline-directed
protein kinase (PDPK) family [Hemmings et al.,
1982; Hemmings and Cohen, 1983; Hunter et

A
Hep 3B Mahlavu SK-Hep-1
SIkDa- R -
B.
1
| 1
o ~ I
- =
¥ o, | 5
w O |
Q% |
4 |
:“ ‘

Hep 3B Mahlavu SK-Hep-1

Fig. 2. Immunoblotting analysis of kinase Fa/GSK-3a from
three different differentiation stages of human hepatoma cells.
Crude extracts (~ 1 mg of cell protein) of three different differ-
entiation stages of human hepatoma cells as indicated were
immunoprecipitated using 40 wg anti-kinase Fa/GSK-3a anti-
body. The immunoprecipitated proteins were subjected to 10%
SDS-PAGE and immunoblotted with 1 pg/ml of biotinylated
anti-kinase FA/GSK-3a antibody (A) followed by densitometric
quantification of the relative amount of kinase FA/GSK-3a (% of
control) on the immunoblot (B) as described in Experimental
Procedures. A is the representative results of four independent
experiments, expressed as means = SD in B. Symbols are as in
Figure 1.

al., 1988; Dent et al., 1989; Vulliet et al., 1989;
Fiol et al., 1990; Ramakrishna et al., 1990; Boyle
et al., 1991; Plyte et al., 1992; Mandelkow et al.,
1992; Yang et al., 1993, 1995a; Yu and Yang,
1994c]. It has been proposed that overexpres-
sion, dysregulation, or viral subversion of some
certain PDPKs could be associated with neoplas-
tic transformation and tumorigenesis. The re-
sults presented here, that protein kinase Fa/
GSK-3a, a member of the PDPK family, is indeed
greatly overexpressed and dysregulated in hu-
man hepatoma, strongly support this notion.
Since the protein levels and cellular activities of
kinase FA/GSK-3a appeared to be closely corre-
lated with the degree of dedifferentiation/pro-
gression of human hepatoma, the results fur-
ther support an association of kinase FA/GSK-3«
with human hepatocellular carcinoma dediffer-
entiation/progression. Since kinase FA/GSK-3«
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Fig. 3. Comparison of the elevated cellular activities of kinase
FA/GSK-3a in well and poorly differentiated human liver carci-
noma tissues relative to normal liver tissues. The cellular activi-
ties of kinase FA/GSK-3a from crude extracts (~ 5 mg of tissue
protein) of normal liver tissues, and well and poorly differenti-
ated liver carcinoma tissues were immunoprecipitated using 40
ng anti-kinase FA/GSK-3a antibody. The kinase activities in the
immunoprecipitates were measured as described in Experimen-
tal Procedures. Data were taken from the averages of four
independent experiments and expressed as means * SD. N,
from normal liver tissues; C1, from well differentiated liver
carcinoma tissues; and C2, from poorly differentiated liver
carcinoma tissues.

activity is inversely proportional to the degree of
hepatoma differentiation, this kinase may func-
tion as a negatively acting protein kinase influ-
encing hepatoma differentiation. Together with
the previous results, that kinase FA/GSK-3aisa
PDPK and its elevated expression levels are
closely correlated with the states of dedifferen-
tiation/progression of human thyroid carci-
noma [Lee et al.,, 1995] and human cervical
carcinoma [Yang et al., 1995b], we finally came
to the conclusion that kinase FA/GSK-3a repre-
sents a newly described human carcinoma differ-
entiation-blocking and/or dedifferentiation-pro-
moting agent involved in promoting the initiation
and progression of human cancers.

Previously, kinase FA/GSK-3a was assumed
to be constitutively active due to the ready detec-
tion of the kinase activity in resting cell extracts.
Based on this assumption, this kinase has been
proposed as a constitutively active, mitogen-
inactivated protein kinase [Hughes et al., 1993;
Woodgett et al., 1993; Woodgett, 1991]. How-
ever, as presented in this report, that kinase
FA/GSK-3a could be activated up to ~ 1,300% of
normal controls during human hepatoma dedif-
ferentiation/progression, kinase FA/GSK-3«
therefere may function as a mitogen-activated
protein kinase and may not function only as a
constitutively active/mitogen-inactivated pro-
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Fig. 4. Immunoblotting analysis of kinase FA/GSK-3a in well
and poorly differentiated human liver carcinoma tissues relative
to normal liver tissues. Crude extracts (~ 5 mg of tissue protein)
of normal liver tissues, and well and poorly differentiated
human liver carcinoma tissues were immunoprecipitated using
40 pg anti-kinase Fa/GSK-3a antibody. The immunoprecipi-
tated proteins were subjected to 10% SDS-PAGE and immunob-
lotted with 1 pg/ml of biotinylated anti-kinase Fa/GSK-3a
antibody (A) followed by densitometric quantification of the
relative amount of kinase FA/GSK-3a (% of control) on the
immunoblot (B) as described in Experimental Procedures. A is
the representative results from four independent experiments,
expressed as means = SD in B. Symbols are as in Figure 3.

tein kinase, as previously conceived [Hughes et
al., 1993; Woodgett et al., 1993; Woodgett, 1991].

From the clinical viewpoint, since the protein
levels and cellular activities of kinase FA/GSK-3a
are significantly and quantitatively correlated
with the degree of human hepatoma dedifferen-
tiation/progression, this kinase may possibly be
used as a marker protein for clinical diagnosis of
the status of human hepatoma during pre- and
postdiagnosis of the disease. Moreover, the well
differentiated liver carcinoma tissue is almost
indistinguishable from normal liver tissue from
the cytological appearances. However, the levels
of kinase FA/GSK-3a are already more than
fivefold overexpressed in the well differentiated
hepatoma relative to normal liver tissue (Figs. 3,
4). The results, taken together with the fact that
kinase FA/GSK-3a is a PDPK, further indicate
that this kinase may play an important role in
human liver tumorigenesis and can be a very



244 Yang et al.

sensitive marker for early diagnosis of human
hepatoma. This obviously presents an impor-
tant issue deserving further investigation. Nev-
ertheless, the present study clearly demon-
strates that protein kinase FaA/GSK-3a (a
member of the PDPK family) is activated many-
fold in human hepatoma, and the activation
state of this kinase is correlated with the state of
dedifferentiation and progression of the human
hepatocellular carcinoma.
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