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We investigated the expression and activity of mito-
gen-activated protein kinase (MAPK) in human hepa-
tocellular carcinoma (HCC). MAPK expression was de-
termined in five human tumors and five normal tissues
(adjacent non-neoplastic liver) by Western blotting us-
ing specific antisera raised against four MAPK path-
way intermediates: Erk-1, Erk-2 (extracellular-signal
regulated Kinases), Mek-1 and Mek-2 (mitogen acti-
vated protein Kinase kinases). There was a significant
increase in Erk-1, Erk-2, Mek-1 and Mek-2 expression
in particulate and cytosolic fractions prepared from
tumor specimens as compared with the adjacent nor-
mal control tissues. The functional activity of both
membrane and cytosolic Erk-2, determined by phos-
phorylation of myelin basic protein (MBP), was sig-
nificantly increased in tumor specimens as compared
to normal (membrane: 321%+50%, p<0.05; and cytosol:
597%+233%, p<0.05 percent of normal tissue). These
data demonstrate for the first time a significant in-
crease in MAPK expression and functional activity in
human HCC. Because of the important role that the
MAPK pathway plays in cellular growth and differen-
tiation, overexpression of MAPK may be of critical im-
portance to the formation and maintenance of human

hepatocellular carcinoma. o 1997 Academic Press

Hepatocellular carcinoma (HCC) represents the 4th
most frequent gastrointestinal cancer in the United
States accounting for in excess of 23,000 deaths per
year and one of the most common cancers worldwide
(1,2). The design of treatment strategies for HCC has
been compromised in the past by a poor understanding
of its etiology and pathogenesis.

The regulation of cellular mitogenesis and prolifera-
tion under normal circumstances is dependent on a
number of separate, yet integrated, signaling pathways
responsible for the transmission of extracellular sig-
nals to the cell nucleus. In common with other tumori-
genic cells, HCC is characterized by the normal growth-
promoting and growth-arresting components of the sig-
nal transduction cascade becoming unbalanced, the net
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result of which leads to uncontrolled hepatocyte growth
(3-4). Mitogen activated protein kinases (MAPKS) are
activated in response to external stimuli in numerous
cell types (5-8). Activation of the MAPK cascade plays
a central role in many signal transduction pathways.
MAPK phosphorylates and regulates numerous cellu-
lar proteins including growth factor receptors, tran-
scriptional factors, cytoskeletal proteins, phospholi-
pases and other protein kinases (10). In addition they
are a convergence point essential to transmitting mito-
genic and proliferative signals (9). The MAPK cascade
is stimulated through receptor tyrosine kinases and G-
protein linked receptors through both ras-dependent
and ras-independent pathways (5-10). Activation of
MAPK requires phosphorylation of both threonine and
tyrosine residues which are catalyzed by a protein ki-
nase known as MAPK kinase or Mek. The final inter-
mediate in the cascade, Erk-2, traverses the nuclear
membrane leading to the subsequent activation of im-
mediate early genes through regulation of transcrip-
tion (10).

Alterations in the expression and activity of interme-
diates in the MAPK pathway have been recently re-
ported in human tumors (11-12). In studies performed
on colon and gastric adenocarcinoma tumors, MAPK
activity was significantly decreased (11-12). Presently,
there is no information regarding MAPK expression or
activity in human HCC. While several studies have
documented mitogen stimulated MAPK in normal he-
patocytes (13-14), the regulation of MAPK in trans-
formed hepatocytes remains unclear. The aim of our
study was to determine the activity and expression of
MAPK isoforms in normal and transformed human he-
patocytes (HCC).

METHODS

Tissue preparation. Surgically resected specimens were frozen in
liquid nitrogen after procurement and then stored at —70°C. They
were then placed in ice cold homogenization buffer containing 10
mM Tris HCl and 1 mM EDTA (pH 7.5) and homogenized. Homoge-
nates were centrifuged at 30,000 X g for 30 mins. Cytosol was col-
lected and stored at —70°C. Pellets were resuspended in 10 mM Tris
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HCI containing 1 mM EDTA (pH 7.5), and washed at 30,000xg for
30 minutes at 4°C. The pellet was resuspended in 50 mM Tris HCI
(pH 7.4) containing 1 mM EDTA, 0.3 mM PMSF, 1 mg/ml Leupeptin
and 0.2 mg/ml benzamidine and stored at —70°C. Protein was mea-
sured by the method of Bradford with bovine serum albumin (BSA)
as standard (15).

Western blot analysis. Particulate or cytosolic proteins (30 ng)
were separated on 12% SDS-polyacrylamide, as described previously
(16). Briefly, following SDS-PAGE, separated proteins are electro-
phoretically transferred to nitrocellulose membranes. Following
transfer, membranes are incubated for 1-2hrs in blocking solution,
washed, and then incubated with specific MAPK antisera (transduc-
tion laboratories) in TTBS. Following the washes, blots are incubated
with the secondary antibody solution (horseradish peroxidase conju-
gated I1gG diluted in TTBS). The blots are finally washed in TTBS,
then incubated with a mixture of ECL detection solution (Amersham,
Arlington Heights, IL) for one minute, covered in plastic wrap and
placed in a film cassette to expose to film with an intensifying screen
for 5-15 secs. Equal protein loading is confirmed by India ink-staining
of protein in each lane of the same blot. The signal intensity (integral
volume) of the bands are analyzed using a Personal Densitometer
and Imagequant software. Student's t test was used for determina-
tion of statistical significance with significant values at p<0.05.

MAPK phosphorylation assay. The membrane or cytosolic frac-
tion (100ng, prepared in MAPK buffer containing 12.5mM
MOPS,12.5 mM g-glycerophosphate, 7.5 mM MgCI2, 0.5 mM EGTA,
0.5 mM sodium vanadate, 0.3 mM PMSF, 1 mg/ml Leupeptin and
0.2 mg/ml benzamidine) were incubated with 1ug of anti-Erk2 (Santa
Cruz Labs, Santa Cruz, CA) for 1h at 4°C and then incubated with
30ul protein G-sepharose beads (Pharmacia Biotech, San Francisco,
CA) for 15 minutes on a shaker at 4°C. After centrifugation, the
beads and Erk-2 (immunocomplex) were pelleted, washed with PBS
containing 1% NP-40, 2 mM vanadate, Tris buffer (Tris 100 mM,
0.5M LiCl) and kinase reaction buffer (12.5 mM MOPS, 12.5 mM g-
glycerophosphate, 7.5 mM MgCl,, 0.5 mM EGTA, 0.5mM sodium
vanadate). They were then resuspended in 30ul kinase reaction
buffer containing 1uCi y-**P-ATP (NEN-Dupont), 20 mM cold ATP,
3.3 mM DTT, and 40 ug of MBP (Gibco/BRL). After 30 min at 30°C,
the reaction was terminated by adding 10ul of Laemmli sample
buffer. Samples were boiled for 5 minutes then run on 15% SDS-
PAGE. The phosphorylated substrate (MBP) was identified by auto-
radiography at 21 kD.

RESULTS

Liver tissue was obtained from individuals undergo-
ing surgery for primary hepatocellular carcinoma. De-
mographically, these individuals were all Caucasian
with a mean age 65+6 years. The male:female ratio
was 4:1 and only one of the individuals had a known
history of viral hepatitis. These tumors were all re-
sected by a single surgeon at Georgetown University
Medical Center.

Normal (control) and tumor tissue was obtained from
the same individual. Normal tissue was removed from
the adjacent non-neoplastic liver at least 1 cm beyond
the margin for tumor resection and the lack of tumor
infiltration was confirmed histologically. Tumor tissue
was removed at least 1 cm within the margins for resec-
tion and both tumor infiltration and lack of tissue ne-
crosis was confirmed histologically.

MAPK expression was determined in tumor and nor-
mal tissue by Western blot analysis using specific anti-
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FIG. 1. Erk-1 and Erk-2 expression in normal human liver and

hepatocellular carcinoma (HCC). Representative Western blots de-
picting the expression of Erk-1 and Erk-2 in membrane fractions
prepared from 5 human tumors and the adjacent non-neoplastic nor-
mal livers are shown. Cumulative densitometric analysis was per-
formed on each sample and the mean = SEM of 5 normals and 5
tumors are presented. (* p<0.05).

sera raised against the MAPK pathway intermediates.
Anti-Erk-1 and Erk-2 detected proteins of 44 and 42,
kDa molecular weight respectively. The analysis was
performed in the linear range (10-50 ng) for detection
of these proteins using the specific antisera (data not
shown). Differences in Erk-1 and Erk-2 protein expres-
sion were quantified by densitometry and expressed as
percentage change from normal controls. In both tumor
and normal tissue Erk-1 and Erk-2 were detected in
both particulate and cytosolic fractions. As shown in
Figure 1, there was a significant increase in the expres-
sion of Erk-1 and Erk-2 in particulate fractions pre-
pared from tumor tissues as compared to normal (Erk1,
537%+210%, p<0.05; Erk2, 656%+133%, p<0.05). In
a similar manner, cytosolic expression of Erk-1 and
Erk-2 was significantly increased in tumor tissues as
compared with control (Figure 2, Erk-1, 285%=+24%,
p<0.05 and Erk-2, 313%+107%, p<0.05).

Mitogen activated protein kinase kinase (Mek-1 and
Mek-2) expression was also examined in membrane
and cytosolic fractions. Anti-Mek-1 and Mek-2 detected
proteins of 45 and 46 kDa, respectively. The analysis
was performed in the linear range (10-50 ng) for detec-
tion of these proteins using the specific antisera (data
not shown). There was a significant increase in Mek-1
and Mek-2 expression in membrane fractions prepared
from tumor tissues (Figure 3, Mek-1, 418%=+156%,
p<0.05; and Mek-2, 356%+107%, p<0.05). In contrast,
there was only a significant increase in cytosolic Mek-
1 and Mek-2 expression in 40% of tumors examined.

The functional activity of Erk-2 was examined in par-
ticulate and cytosolic fractions following immunopre-
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FIG. 2. Erk-1 and Erk-2 expression in normal human liver and

hepatocellular carcinoma (HCC). Representative Western blots de-
picting the expression of Erk-1 and Erk-2 in cytosolic fractions pre-
pared from a representative human tumor and the adjacent non-
neoplastic normal liver are shown. Cumulative densitometric analy-
sis was performed on each sample and the mean + SEM of 5 normals
and 5 tumors are presented. (* p<0.05).

cipitation and determination of Erk-2 mediated phos-
phorylation of myelin basic protein (MBP). Phosphory-
lation was linear with respect to protein concentration
and maximal after 30 min (data not shown). There was
a significant increase in the phosphorylation of MBP in
both particulate and cytosolic fractions prepared from
tumor tissues as compared to normal (membrane:
321%+50%, p<0.05; and cytosol: 597%+233%, p<0.05,
Figure 4).
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FIG. 3. Mek-1 and Mek-2 expression in normal human liver and
hepatocellular carcinoma (HCC). Representative Western blots de-
picting the expression of Mek-1 and Mek-2 in membrane fractions
prepared from 5 human tumors and the adjacent non-neoplastic nor-
mal livers are shown. Cumulative densitometric analysis was per-
formed on each sample and the mean + SEM of 5 normals and 5
tumors are presented. (* p<0.05).
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FIG. 4. Erk-2 dependent phosphorylation of myelin basic protein
(MBP). Erk-2 immunoprecipitates were incubated with MBP before
separation on SDS-PAGE as described in Methods. Representative
autoradiograph depicting the phosphorylation of Erk-2 substrate
(MBP) in membrane and cytosolic fractions prepared from a repre-
sentative human tumor and its adjacent non-neoplastic normal liver
are shown. Cumulative densitometric analysis was performed on
each sample and the mean = SEM of 5 normals and 5 tumors are
presented. (* p<0.05).

DISCUSSION

These data demonstrate for the first time an increase
in the expression and activity of intermediates in the
MAPK pathway in human primary hepatocellular car-
cinoma (HCC).

It is now evident that control of cellular growth and
transformation is initiated by a mitogen stimulated
phosphorylation cascade that regulates gene transcrip-
tion (10). Since growth factors almost universally acti-
vate MAPK pathway in most cell types (5-10), the hy-
pothesis has been advanced that MAPK activation is
required for cell growth. In support of such a hypothe-
sis, several studies have shown that mitogen-stimu-
lated cell growth is strongly associated with mitogen-
dependent activation of MAPK (17) and translocation
of MAPK from the cytoplasm to the nucleus is evident
in response to mitogenic stimulation (18). Several
genes which are activated during carcinogenesis have
also been identified as transformed stimuli that regu-
late the intracellular MAPK cascade pathway (10, 19,
20). For example the ras proto-oncogene encoded GTP
associated protein, p21, regulates mitogenic stimula-
tion of MAPK (21). It is now thought that mutations
in the ras gene may represent one of the initial events
in colon carcinogenesis that lead to alterations within
the MAPK pathway in these tumors (22).

Studies of MAPK activity and expression in human
tumor tissues are only now being elucidated. MAPK
activity has been shown to be integral to growth factor
signaling in hepatocytes (13, 14). In normal hepato-
cytes, MAPK activity is stimulated by epidermal
growth factor (EGF) and hepatocyte growth factor
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(HGF), both potent mitogens for hepatocytes (13,14).
However, the consequences of hepatocyte transforma-
tion on MAPK signaling and subsequent alterations
in this signaling pathway in hepatocellular carcinoma
have not been investigated. Studies performed on
transformed cells from gastric carcinoma and colorectal
adenocarcinoma have shown decreased MAPK activity
in these tumors as compared to control tissues (11, 12).
The authors concluded that the reductions in MAPK
expression and activity were indicative of the loss of
normal growth control. In contrast, overexpression of
receptor tyrosine kinases that activate MAPK has been
shown in human gastric tumors (23).

In the present study, we have observed a significant
increase in Erk-1 and Erk-2 expression in HCC with a
corresponding increase in Erk-2 activity in both mem-
brane and cytosolic fractions. Membrane Mek-1 and
Mek-2 were also both significantly overexpressed in
tumor. Activation of MAPK intermediates are often fol-
lowed by their subcellular translocation, and it is the
final destination of a particular kinase that determines
its physiological effects. Translocation of MAPK from
the cytoplasm to the nuclear membrane has been
closely associated with cell proliferation (18). In the
present study all MAPK intermediates were signifi-
cantly enhanced in membrane fractions prepared from
tumor specimens supporting a role for the MAPK path-
way in the growth of primary human hepatocellular
carcinoma.

Increased MAPK activity could result from an alter-
ation in the signal transduction systems upstream that
modulate their expression and activity. Tyrosine Ki-
nases, protein kinase C and ras all contribute to MAPK
activation by hepatic mitogens in normal hepatocytes
(14, 24). Recent studies have shown that the proto-
oncogene ras (p21) is overexpressed in regenerating rat
liver, preneoplastic hepatocytes, cirrhotic livers and in
HCC (25, 26). Moreover, the c-met proto-oncogene prod-
uct which is the tyrosine kinase receptor for HGF, is
closely associated with regeneration and carcinogene-
sis of the liver (27). Tyrosine kinase activity is also
significantly enhanced following chemical induced car-
cinogenesis of rat liver (28). Taken together there is
ample evidence for enhanced expression of signal
transduction systems upstream from MAPK that could
modulate the expression and activity of this phosphory-
lation cascade system in HCC.

Alternatively, modulation of mitogen-activated
protein kinase phosphatase (MKP-1) may contribute
to the enhanced MAPK activity. In proliferating cells,
MKP-1 levels are low concomitant with abundant
MAPK expression and activity (29). SV40 small tu-
mor antigen (small t) has also been shown to induce
growth in cells by inhibiting protein phosphatases
2A activity and thereby preventing inactivation of
Erk-1 and MEK-1 (30). Interestingly a recent study
described how an alteration in the balance between
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MAPK and MKP-1 activities could contribute to the
age-related decline in the growth of hepatocytes (31).
Future experiments will concentrate on defining the
mechanisms responsible for the enhanced MAPK ex-
pression and activity in HCC.

In summary these data demonstrate for the first time
a significant alteration in MAPK expression and func-
tional activity in human HCC. Because of the im-
portant role that the MAPK pathway plays in regulat-
ing proliferation in normal hepatocytes, it is possible
that this alteration in signal transduction may contrib-
ute to the proliferative phenotype characteristic of
these tumors.
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