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Abstract
Hepatocellular carcinoma (HCC) accounts for 80–90% of primary liver tumors and is one of the
most common and devastating malignant diseases worldwide. The MAPK signaling pathway is
activated in over 90% of HCCs, and RKIP has been identified as an inhibitor of the MAPK
pathway. It has been observed that downregulation of RKIP expression in HCC tumors contributes
to constitutive activation of the ERK/MAPK pathway and promotes proliferation and migration of
HCC cells. More important, activation of IGF-I/ERK/MAPK pathways can be blocked by
restoration of RKIP levels. The protein levels of RKIP are significantly reduced in HCC, whereas
mRNA levels only decreased in 41% of HCC samples studied, suggesting that the downregulation
of RKIP in HCC may be influenced through multiple mechanisms both at the mRNA and protein
levels. In this context, mTOR inhibitor, insulin, and proteasome inhibitors were found to modulate
RKIP expression in FOCUS HCC cells. A better understating of mechanisms by which RKIP
expression is downregulated in HCC may be critical to develop a possible target for therapeutic
intervention of HCC.
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I. INTRODUCTION
The World Health Organization reported in 2009 that liver cancer is the fourth leading cause
of cancer deaths worldwide, resulting in about 610,000 deaths per year. Primary
hepatocellular carcinomas (HCCs) account for 80–90% of these liver tumors.1
Hepatocarcinogenesis is a multistep process, in the majority of cases slowly developing with
a well-defined etiology of viral infection and chronic alcohol abuse, leading to chronic
hepatitis and cirrhosis regarded as preneoplastic stages, and finally HCC.2 During the long
preneoplastic stage, in which the liver is often the site of chronic hepatitis and/or cirrhosis,
hepatocyte cycling is accelerated by upregulation of mitogenic pathways, in part through
epigenetic mechanisms, and leads to produce aberrant and dysplastic hepatocytes.
Development of dysplastic hepatocytes in foci and nodules and emergence of hepatocellular
carcinoma are associated with the accumulation of irreversible structural alterations in genes
and chromosomes. However, there are currently no consistent genetic sequences of events
identified that lead to HCC formation, and HCCs exhibit the extensive heterogeneity of gene
alterations, suggesting that multiple molecular signaling pathways may be involved in its
development.3 A great number of growth factors, receptors, and downstream elements of
their signaling cascade are known to be involved in HCC development. In addition,
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specialized pathways associated with Wnt and Hedgehog are described as one of those
factors triggering the malignant outcomes owing to liver disorder.4–6

The MAPK signaling pathways are highly conserved and involved in cell growth,
differentiation, survival, and invasion.7 Many different growth factors, including insulin and
insulinlike growth factor (IGF), activate the ERK/MAPK pathway (Fig. 1).

The IGF/ERK/MAPK signaling pathway has a major role in regulation of fetal development,
proliferation, differentiation, cell growth, and apoptosis. Dysregulation of IGF signaling in
HCC predominantly occurs at the level of IGF-II. IGF-II gene expression is increased in
multiple malignancies, including HCC.8 IGF-II is overexpressed in 16–40% of human
HCCs, and possibly even in some premalignant lesions,9–11 HCC cell lines,11,12 and several
HCC animal models.13,14 More than 70% of IGF-II is bound to IGF-binding protein 3
(IGFBP3), the most abundant circulating binding protein for IGFs.15 Thus, downregulation
of IGFBPs may contribute to elevated IGF function in tumor tissues. Indeed, expression
levels of IGFBP-1, -3, and -4 have frequently been reduced in HCCs.16,17 Constitutive
activation of components of this pathway due to overexpression of insulin receptor substrate
1 (IRS-1) has been observed in situations of unrestrained growth, including the majority of
human HCCs.18,19 Conversely, inhibition of IGF/ERK/MAPK signaling by a dominant-
negative IRS-1 protein has reversed the malignant phenotype of human HCC cells.20 This
aberrant activation of the ERK/MAPK signaling cascade is associated with increased HCC
tumor size.21,22 In addition, overexpression and phosphorylation of MAPK (ERK1/2) was
detected in 91% and 69% of HCCs, respectively.23 Overexpression of Ras proteins is
frequently observed in HCC.24 In HCV-associated HCC, the ERK/MAPK pathway is
activated, having a positive role in HCC proliferation.25

The Raf kinase inhibitor protein (RKIP) was identified as an inhibitor of the MAPK
signaling pathway.26 Prior studies have found an inverse relationship between RKIP
expression and tumor metastasis in human breast cancer, ovarian cancer, colorectal cancer,
and prostate cancer.27–33 Little is known about the role of RKIP in human
hepatocarcinogenesis and how RKIP may be regulated in HCC cells. In this article, we
summarize our studies on RKIP expression in human and mouse HCC, and functional
consequences of RKIP expression in HCC cell lines, and discuss possible mechanisms by
which RKIP protein is downregulated in HCC.

II. DOWNREGULATION OF RKIP PROTEIN EXPRESSION IN HCC
One investigation evaluated the expression level of RKIP protein by immunohistochemical
staining in 17 pairs of human HCC tumors and corresponding adjacent peritumoral tissues.6
RKIP staining was detected in 82.3% (14 of 17) peritumal tissues, but only in 12% (2 of 17)
of HCC tumor tissues (p < 0.001) (Figs. 2A and 2B). In addition, Western blot analysis
using 8 of the 17 paired samples showed decreased RKIP protein levels in 88% (7 of 8) of
HCC tumors compared to adjacent peritumoral tissues. Consistent with these results, an
increase in ERK and MAPK phosphorylation was also found in these seven HCC tumor
samples, demonstrating that the ERK/MAPK signaling cascade was activated in the down-
regulation/loss of RKIP protein expression in human HCC. Interestingly, RKIP mRNA
levels evaluated by real-time RT-PCR were only decreased in 41% of HCC tumor samples,
increased in 47%, and revealed no change in 12% of the HCC samples. Overall, there was
no significant difference in of RKIP mRNA between HCC tumors and corresponding
peritumoral tissues (p > 0.5). Moreover, there was no correlation between expression levels
of RKIP mRNA and protein in the same HCC samples. In this regard, reduction of RKIP
protein expression in HCC may be through mainly post-transcriptional regulations including
mRNA/protein stability and/or translation.
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In corroboration with these results, RKIP protein expression was downregulated in
dysplastic hepatocytes and HCC of ATX+/IRS-1+ transgenic mice. Loss of RKIP protein
expression was found in dysplastic hepatocytes (Fig. 2C, arrows) and a small HCC (Fig. 2D,
T) derived from the liver of an ATX+/IRS-1+ double transgenic animal, while a high level
of RKIP expression was found in normal surrounding hepatocytes (Fig. 2D, pT) in the liver.

Taken together, downregulation of RKIP protein was found in both human and transgenic
murine HCC. The loss of RKIP-mediated Raf kinase inhibition may lead to aberrant
phosphorylation and activation of MEK by Raf, allowing MEK to then phosphorylate and
activate ERK. The enhanced proliferative stimulus of HCC may be due, in part, to this loss
of RKIP protein and the corresponding dysregulation of the ERK/MAPK cascade.

III. EFFECTS OF RKIP EXPRESSION ON HCC CELL PROLIFERATION AND
MIGRATION

It was determined the levels of RKIP protein and mRNA in four human HCC cell lines,
namely, FOCUS, Huh7, Hep3B, and HepG2. These cell lines have different degrees of
differentiation (FOCUS < Huh7 < Hep3B < HepG2) according to characteristics such as
morphology, growth rate, production of liver specific proteins such as albumin, α-anti-
trypsin, and transferrin, as well as an anchorage-independent growth in soft agar and tumor
formation in nude mice. Interestingly, the least differentiated FOCUS cells showed the
lowest level of RKIP mRNA and protein levels, whereas the well-differentiated HepG2 cells
expressed the highest level of RKIP protein as well as mRNA. These results suggest a
correlation between RKIP expression and HCC cellular differentiation. The expression
levels of RKIP mRNA were reasonably correlated with RKIP protein levels, with the
exception of Hep3B cells, which had similar mRNA levels, while RKIP protein was less
than 50% compared to HepG2 cells (Fig. 3A). These observations are consistent with the
findings in human HCC tumor samples and underscore that regulation of RKIP expression
in HCC may be significantly affected by post-transcriptional mechanisms.

Low RKIP levels correlated with activation of ERK/MAPK signaling. In FOCUS cells,
which express low RKIP protein levels, high MEK and ERK phosphorylation were
observed. In contrast, MEK and ERK phosphorylation were low in HepG2 cells, which
express high levels of RKIP protein. Thus, it is possible that RKIP expression influences
directly on this signaling pathway in HCC cell lines. As expected, on restoration of RKIP in
FOCUS cells, which express low RKIP expression, IGF-1–induced phosphorylation of both
MEK and ERK was diminished compared to control cells as measured by Western blot
analysis. Knockdown of RKIP using siRNA in HepG2 cells exhibited the increased IGF-1–
induced MEK and ERK phosphorylation.6 It is known that activated ERK translocates to the
nucleus and modulates gene expression through the phosphorylation of target transcriptional
factors. Therefore, the effect of RKIP on nuclear phospho-ERK accumulation was
investigated. In this regard, IGF-1 stimulation of FOCUS cells showed an increase in
nuclear phospho-ERK, which was abolished by restoration of RKIP as assessed by Western
blot analysis as well as double-label immunofluorescent staining with anti-RKIP and anti–
phospho-ERK antibodies. These results indicate that the level of RKIP is a key factor in the
modulation of IGF-1–induced ERK/MAPK signaling in HCC cells.

Finally, functional analysis was accessed since activation of the ERK/MAPK pathway in
HCC leads to cell proliferation, migration, and inhibition of apoptosis. In this regard, ectopic
RKIP expression by stable transfection did not affect the basal cell proliferation rate.
However, IGF-1–stimulated FOCUS cells showed an increased cell proliferation rate,
whereas this increase was abolished in the RKIP transfected FOCUS cells. Moreover,
overexpression of RKIP also significantly decreased IGF-1–mediated FOCUS HCC cell
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motility compared to controls as measured by the Transwell chamber cell motility assay and
further confirmed by a wound-healing assay.6 These findings are consistent with the idea
that RKIP overexpression antagonized IGF-1 activation of the ERK/MAPK signaling,
resulting in the downstream biological consequences being reduced proliferation and
migration of HCC cells.

IV. MOLECULAR MECHANISMS OF RKIP EXPRESSION IN HCC
Although studies exhibited downregulation of RKIP in human and mouse HCC,6,34 the
mechanisms responsible for downregulation of RKIP expression in HCC still remain to be
studied. Our observations indicate that downregulation of RKIP expression in tumors is
likely to be complex and involve transcriptional and/or post-transcriptional regulation.

Hypermethylation of promoter regions of DNA is an important epigenetic mechanism for
gene silencing, commonly used by cancer cells to inactivate tumor suppressor genes.
However, it has been reported that hypermethylation of promoter regions is not the cause of
RKIP downregulation in prostate cell lines and colorectal cancer.35,36 Recently, Arai et al.
investigated DNA methylation profiles in human HCC as well as noncancerous liver tissue
samples and reported at which genomic locations had hypo- or hypermethylation in HCC
compared to noncancerous liver tissue.37 According to this report, regulation of RKIP by
hypermethylation can be excluded. Snail, a mediator of the epithelial-mesenchymal
transition, inhibits RKIP transcription and negatively correlates with RKIP levels in tumors,
consistent for a role of RKIP in metastasis.35 However, there is no correlation between
levels of Snail and RKIP expression in HCC cell lines tested (unpublished data). So far,
there are no reported studies that demonstrate how RKIP expression is regulated at the
transcriptional level in human HCC, and further investigations are required.

One of post-transcriptional regulatory mechanisms explored was the examination of mRNA
stability in four different HCC cell lines. The half-life of RKIP mRNA was measured by
quantitative real-time RT-PCR with 18s rRNA as an internal control after 0, 2, 4, and 6 h
postactinomycin D treatment as shown in Fig. 3B. FOCUS cells were found to have the
shortest RKIP mRNA half-life (6.1 h). The shorter half-life of Hep3B (9.5 h) in comparison
to HepG2 (>30 h) could explain why the level of RKIP protein expression in Hep3B was
lower than that for a HepG2 although the level of RKIP mRNA was similar in both cell
lines. However, the half-life of RKIP mRNA does not correlate with the level of RKIP
protein expression in HCC cell lines in general. Based on quantitation of RKIP transcript
levels in the various metastatic cancer cell lines such as breast and prostate cancer cell lines
by qPCR, the findings demonstrated that they correlated with the levels of the protein,
suggesting that RKIP expression is downregulated at the RNA level via changes in mRNA
stability or transcription initiation. Nevertheless, it is unlikely that downregulation of RKIP
protein is related to mRNA levels in certain HCC cell lines. This suggests that mRNA
stability may only be one aspect of a complex mechanism for the downregulation of RKIP
protein.

An attempt was made to examine various reagents by which RKIP protein might be restored
in HCC cell lines. The effect of various growth factors on RKIP expression was tested at
various time points on FOCUS and Huh7 HCC cell lines (data not shown). Among these
growth factors including insulin, IGF-I, and IGF-II, it was found that insulin had the greatest
effect on RKIP protein expression in a dose-dependent manner in FOCUS cells, not in Huh7
cells. As shown in Fig. 4A, insulin treatment of FOCUS cells increased RKIP protein
expression in a dose-dependent manner, while there was no effect on RKIP expression in
Huh7 HCC cells. A comprehensive understanding of the response to insulin in FOCUS cells
will require further studies.
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To determine the role of proteosomal degradation in RKIP regulation, the proteosome
inhibitor MG132 was added to FOCUS and Huh7 cells (Fig. 4B). RKIP protein levels, as
measured by Western blotting, indicated that RKIP was stabilized in the cytoplasm of
FOCUS cells by inhibiting degradation via the ubiquitination pathway. In contrast, Huh7
cells showed no change in RKIP protein stability after MG132 treatment.

The mammalian target of rapamycin (mTOR) is a key molecule in translation and may have
an effect on RKIP expression through translational regulation. In this context, FOCUS (the
least differentiated and lower levels of RKIP expression) and Huh7 HCC cells were
examined for the effect of rapamycin on RKIP protein expression and downstream of mTOR
signaling. Rapamycin treatment did increase RKIP protein expression as measured by
Western blot as shown in Fig. 4C. Among downstream components of mTOR, there was no
apparent change in p-eIF4E or p-4EBP1, but phosphorylation of P70S6 kinase and S6 were
decreased by treatment with rapamycin. Without any upstream signal, inhibition of mTOR
by rapamycin resulted in an increased level of RKIP protein in FOCUS HCC cells,
suggesting that mTOR may be a negative regulator for RKIP expression. However, there
was no effect on RKIP protein level in Huh7 HCC cells. This indicates that the regulating
mechanisms of RKIP expression are likely different in different HCC cell lines.

V. CONCLUSION
What causes the differences in RKIP mRNA and protein expression in the HCC cell lines as
well as human HCC is not yet defined. It has been shown that downregulation of RKIP
protein expression is correlated with increased malignancy and a lack of differentiation.
However, regulation of RKIP mRNA transcription is unlikely to completely account for the
observed patterns of protein expression. This was especially apparent in some human HCC
samples, where protein expression was attenuated while mRNA expression was apparently
unaffected. This paradox seemed to indicate that RKIP regulation is most likely taking place
at the post-transcriptional level as well as the transcriptional level. To our knowledge, there
have been no studies to date to address these important regulatory phenomena. Our
observations indicate that RKIP expression is regulated by multiple mechanisms that are
dependent on mRNA stability, translational controls, and proteosomal degradation. Further
studies to define mechanisms by which RKIP expression is regulated in HCC may be critical
to develop possible targets for therapeutic intervention of HCC.
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ABBREVIATIONS

Gab1 GRB2-associated binding protein 1

Grb2 growth factor receptor-bound protein 2

HCC hepatocellular carcinoma

IGF insulinlike growth factor

IGFBP IGF binding protein

IRS-1 insulin receptor substrate 1

MEK mitogen-activated protein kinase kinase

mTOR mammalian target of rapamycin
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PI3K phosphatidylinositol 3-kinase

PIP2 phosphatidylinositol biphosphate

PKC protein kinase C

PLC phospholipase C

PTEN phosphatase and tensin homologue

RKIP Raf kinase inhibitor protein

RTK receptor tyrosine kinase

SOS son of sevenless
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FIGURE 1.
Schematic and simplified display of different growth factors and their downstream signaling
pathways that are frequently involved in the development and progression of human
hepatocellular carcinogenesis. Predominantly dysregulated signaling components are
highlighted in dark gray. Molecules not expressed by tumor cells (HGF) and distinct protein
family members dysregulated in HCCs (IRS) are presented in light gray. Gab1: GRB2-
associated binding protein 1; Grb2: growth factor receptor-bound protein 2; IGFBP: IGF
binding protein; IRS: insulin receptor substrate; MEK: mitogen-activated protein kinase
kinase; mTOR: mammalian target of rapamycin; PI3K: phosphatidylinositol 3-kinase; PIP2:
phosphatidylinositol bisphosphate; PKC: protein kinase C; PLC: phospholipase C; PTEN:
phosphatase and tensin homologue; RKIP: Raf kinase inhibitor protein; RTK: receptor
tyrosine kinase; Shc: (Src homology 2 domain containing) transforming protein; SOS: son
of sevenless.
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FIGURE 2.
Downregulation of RKIP protein expression in HCC assessed by immunohistochemical
staining. (Left panel) RKIP protein expression in human HCC tissue samples.
Representative examples of HCC and peritumoral areas were immunostained with anti-
RKIP antibody, and counterstained with hematoxylin. Magnification was 200x. (A)
Negative (−) staining of a HCC tumor. (B) Strong staining of peritumoral tissues. (Right
panel) RKIP protein expression in dysplastic hepatocyte and HCC of ATX+/IRS-1+

transgenic mice. (C) Loss of RKIP protein expression was found in dysplastic hepatocytes
(arrows). (D) A small HCC (T) shows absence of RKIP expression, while a high level of
RKIP expression in normal surrounding hepatocytes (pT) in the liver.
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FIGURE 3.
Levels of RKIP mRNA, protein, and mRNA stability of RKIP in four HCC cell lines. (A)
Comparison of RKIP mRNA and protein expression levels in different HCC cell lines. RKIP
protein levels were measured by Western blot analysis and normalized to actin. Levels of
RKIP mRNA expression were quantified by quantitative real-time RT-PCR and normalized
by copy number of 18S rRNA as an internal control. Expression levels were plotted as in
relation to the level of RKIP in HepG2. (B) RKIP mRNA stability in four HCC cell lines.
Various HCC cell lines (FOCUS, Huh7, Hep3B, HepG2) were seeded onto six-well plates
with 105 cells per well, 48 h prior to treatment with or without 10 μg/ml of actinomycin D.
Total RNA were purified using TRIzol reagent after 0, 2, 4, and 6 h of actinomycin D
treatment. The RKIP mRNA levels were quantified using quantitative real-time RT-PCR.
The results reported are the mean of four assays. The half-life (T1/2) of RKIP mRNA is also
indicated.
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FIGURE 4.
Differential modulation of RKIP protein levels by insulin, MG132, and rapamycin in
different HCC cell lines. FOCUS and Huh7 HCC cells were plated onto six-well plates with
a confluence of 60–80%. Cells were then starved with a serum-free medium of DMEM for
24 h. After 24 h of inactivation, cells were treated with different reagents as indicated for 30
min to 2 h. Cells were harvested and subjected to Western blot analysis. Actin was used as a
loading control. RKIP protein levels were modulated by insulin (A), MG132 (B), and
rapamycin (C) in a dose-dependent manner in FOCUS cells, not in Huh7 cells.
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