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Abstract

Background & Aims—The Raf kinase inhibitor protein (RKIP) has been identified as a suppressor
of the mitogen-activated protein kinase (MAPK) pathway. Loss of RKIP function promotes tumor
metastasis in prostate cancer and melanoma. The IGF-1 mediated MAPK cascade is often activated
in hepatocellular carcinoma (HCC), but the role of RKIP in the molecular pathogenesis of these
tumors is unknown. This study was performed to evaluate the role of RKIP in HCC development.

Methods—The levels of RKIP expression in HCC tumor and corresponding peritumoral tissues
were determined by immunohistochemistry and Western blot analysis. The underlying mechanisms
of RKIP were assessed with immunoblot analysis, Raf kinase activity assay, cell proliferation and
migration assays after either overexpression or knockdown of RKIP expression in HCC cell lines.

Results—RKIP expression is downregulated in human HCC compared to adjacent peritumoral
tissues. Low RKIP levels were correlated with enhanced extracellular-signal-regulated-kinase
(ERK)/MAPK pathway activation. Reconstitution experiments antagonized IGF-I mediated MAPK
pathway activation resulting in reduced nuclear accumulation of phospho-ERK. In contrast,
knockdown of RKIP expression using siRNA induced activation of the ERK/MAPK pathway.
Ectopic expression of RKIP altered HCC cell proliferation and migration.

Conclusions—Our findings indicate that downregulation of RKIP expression is a major factor in
activation of the IGF-I/ERK/MAPK pathway during human hepatocarcinogenesis.

Introduction

Hepatocellular carcinoma (HCC) accounts for 80-90% of primary liver tumors, and is one of
the most common and devastating malignant diseases worldwide. The major risk factors for
the development of HCC are chronic hepatitis B or C infection.1'2 Tumor development is
associated with the failure of coordinated responses to growth factors and cytokines, which
lead to an impaired balance of the proliferation-apoptosis process. Therefore, the deregulated
expression of growth factors and cytokines may be important contributors to this mutistep
process,3_6 of which insulin-like growth factors (IGF-1 and I1) appear to play a key role.” One
study reports altered IGF signaling in 90% of HCC, including the autocrine production of IGFs,
IGF binding proteins (IGFBPs), IGFBP proteases, and IGF receptors expression.8 The binding
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of IGF-1 to the extracellular domain of IGF-1 receptor (IGF-IR) induces a conformational
change that results in auto-phosphorylation of the receptor converting to the active form. This
event triggers the initiation of multiple downstream signaling pathways including the MAPK
and phosphatidylinositol 3’-kinase (PI3-K) signaling cascades, that result in cellular
proliferation, transformation, and inhibition of apoptosis.”~

The mitogen-activated protein kinase (MAPK) signaling pathwazls are highly conserved and
involved in cell growth, differentiation, survival, and invasion.1%:13 There are three major
MAPK pathways: the extracellular-signal-regulated kinases (ERKS); the c-Jun N-terminal
kinase (JNK or SAPK1); and p38 MAPK (SAPK2/RK). In general, ERK1/2 are the key
transducers of proliferation signals and are often activated by mitogens. In contrast, SAPK/
JNK and p38 are poorly stimulated by mitogens but strongly activated by cellular stress. Many
different growth factor receptors, including insulin receptor and IGF-IR, activate the ERK/
MAPK pathway through the small G protein Ras, which consequently binds Raf-1 kinase and
thereby recruits Raf-1 to the inner surface of the cell membrane. After this event, Raf-1
phosphorylates MEK, which in turn phosphorylates and activates ERK. Phosphorylated ERK
translocates into the nucleus and regulates gene expression via interaction with various
transcription factors such as CREB, AP-1, Ets, and c-Myc.14 It has been shown that this
pathway is activated in many malignant tumors including Hcc.15-17 Moreover, activation
of this pathway confers a chemoresistance phenotype and induces rapid tumor cell
prolifergtion. Interruption of this cascade may increase drug sensitivity and promote apoptosis.

The Raf kinase inhibitor protein (RKIP) was identified as an inhibitor of the MAPK signaling
pathway.zo‘25 The RKIP is a conserved cytosolic protein with wide tissue expression and
does not share significant homology with other kinase inhibitors.26:27 Yeung et al.24,25
showed that RKIP directly interacts with both Raf-1 and MEK, and disrupts the Raf-1/MEK
interaction, thereby preventing the activation of MEK and downstream components of the
signaling cascade. Overexpression of RKIP suppressed MAPK signaling and down-regulation
of RKIP had the opposite effect.

Aberrant RKIP expression may play a critical role in the malignant process.28_30 Down-
regulation of RKIP was observed in metastatic prostate as compared to non-metastatic cell
lines. Immunohistochemical staining showed moderate to high RKIP expression in normal
prostate and primary prostate tumors, whereas low or undetectable levels were observed in
metastatic foci. Restoration of RKIP reduced spontaneous lung metastasis.31:32 These
observations define RKIP as one of thirteen known metastasis suppressor genes.33 Schuierer
etal.22 also reported that significant down-regulation of RKIP has been found in melanoma
cell lines in comparison with normal melanocytes. Stable transfection of melanoma cells with
RKIP revealed significant inhibition of invasiveness in vitro.

Although the molecular mechanism by which RKIP inhibits the ERK/MAPK signaling
pathway has been partially delineated, little is known about the role of RKIP in human
hepatocarcinogenesis and how RKIP may be regulated in HCC cells. In the present
investigation, we demonstrate that the level of RKIP expression is a critical factor for ERK/
MAPK signaling in HCC, and defines a molecular mechanism involved in HCC growth.

Materials and Methods
HCC Tissues and Cell Lines

Seventeen discarded HCC tumor tissues were obtained at the time of surgery and were frozen
in liquid nitrogen within 30 minutes of excision Histologic confirmation of both tumor and
corresponding peritumoral tissues was performed. Human HCC cell lines FOCUS, Huh7,
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Hep3B, and HepG2 were grown in Eagle’s Minimal Essential Medium (MEM) with 10% fetal
bovine serum (FBS), L-glutamine (Life Technologies, Gaithersburg, MD), and MEM
nonessential amino acids (Sigma, St. Louis, MO).

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor and adjacent uninvolved peritumoral tissue sections
were screened for RKIP protein expression by immunohistochemistry. Sections were
deparafinized, rehydrated, and subsequently incubated with anti-RKIP antibody (Upstate
Biotechnology, Lake Placid, NY) overnight at 4°C. Biotin-labeled anti-rabbit 1gG was
incubated for 30 minutes at room temperature; detection of immunoreactivity was by the
streptavidin—biotin method using horseradish peroxidase and diaminobenzidine as the
chromogen (Histostain Kit; Zymed, San Francisco, CA). Sections were counterstained using
hematoxylin (Zymed) and examined under a light microscopy. Immunostaining intensity was
scored as negative (—), weak (+), moderate (++), or strong (+++) by 2 independent observers.

Quantitative Real-Time RT-PCR Assay

Total RNA was extracted from the 17 pairs of liver tissues or HCC cell lines using TRIzol®
Reagent (Invitrogen™, Carlsbad, CA). First-strand complementary DNA (cDNA) was
synthesized from 250 ng of total RNA using First Strand cDNA Synthesis Kit for reverse-
transcription polymerase chain reaction (RT-PCR) (AMV) (Roche Diagnostics, Indianapolis,
IN). To determine the levels of human RKIP mRNA expression, real-time RT-PCR reactions
were performed using iCycler iQ Multi-Color Real Time PCR Detection System (Bio-Rad,
Hercules, CA) with a mixture composed of SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA), 400 nM of each primer and 5 ng of cDNA (equivalent total
RNA) from unknown samples. The primer sequences were as follows: RKIP,
GACATCAGCAGTGGCACAGT and GTCACACTTTAGCGGCCTGT, 18S rRNA,
GGACACGGACAGGATTGACA and ACCCACGGAATCGAGAAAGA. PCR products
were excised and cloned into the pCR 2.1 Vector (Invitrogen™), and sequenced in both
directions. After sequence confirmation, standards for real-time RT-PCR were prepared with
10-fold dilutions of each PCR product. The copy numbers of RKIP mRNA were quantified by
determining the Ct values, followed by normalization to 18S rRNA and the standard curves
for each gene. Experiments were performed in triplicate.

RKIP Expression and Transfection Studies

For transient transfection experiments, HCC cells in 6 well plates at 60—-70% confluence were
transfected with 2 pg of CMV5-HA-RKIP plasmid25 or empty vector plasmid (control) using
LipofectAMINE 2000 Reagent (Invitrogen). To obtain FOCUS cell lines transfected stably
with either empty vector or RKIP plasmid, selection was initiated 48 hours after transfection
using 800 pg/mL of G418 (Life Technologies, Gaithersburg, MD). The selection medium was
changed every 4 days. Clones of G418-resistant cells were isolated and expanded for further
characterization.

Western Blot Analysis

Eight of the 17 paired frozen tumor and peritumoral tissues or HCC cells were lysed and
Western blot analysis was performed as previously described.34 Cells were starved with
serum-free medium for 24 hours followed by stimulation with 100 nM IGF-I for 10-30 minutes.
To examine nuclear translocation of phospho-ERK, cytosolic and nuclear extracts were
prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL).
Following primary antibodies were used: RKIP (Upstate, Waltham, MA); c-Raf, phospho-c-
Raf (Ser338), MEK1, phospho-MEK1, ERK and phospho-ERK (Cell Signaling, Beverly,
MA); actin and Histone-H1 (Santa Cruz, Santa Cruz, CA). The primary antibody was followed
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by incubation with horseradish peroxidase-conjugated secondary antibody, and the Western
Lighting System (PerkinEImer™ Life Sciences, Boston, MA). When necessary, the
membranes were stripped with Restore™ Western Blot stripping buffer (Pierce) and reprobed.
For protein quantification, bands were scanned, quantified using NIH Image 1.61 software,
and normalized to an actin control. The results are reported as the mean of triplicate assays.

Control small interfering RNA (siRNA) (siCONTROL non-targeting siRNA) and siRNA
specific for human RKIP (siGENOME SMARTpool reagent, human PBP) were purchased
from Dharmacon (Lafayette, CO) and transfected into HepG2 HCC cells at a concentration of
100 nM using the DharmaFECT 4 transfection reagent (Dharmacon). Forty-eight hours after
transfection, cells were starved with serum-free media for 24 hours and activated with or
without IGF-I for 15 minutes.

Raf Kinase Activity Assay

The Raf kinase activity was analyzed with a non-radioactive Raf kinase assay kit (Upstate)
with some modification. Briefly, 500 pg of total protein in each cell lysate was incubated with
2 pug of mouse monoclonal anti-Raf-1 antibody (Santa Cruz) overnight at 4°C, followed by
incubation with UltraLink Immobilized Protein A/G gel (Pierce Biotec). After an extensive
wash, the gels were incubated with inactive MEK-1 substrate at 30°C for 30 minutes. The
phosphorylated MEK-1 in the reaction mixture was detected by Western blot with rabbit
antiphospho-MEK-1 antibody (Upstate).

Immunofluorescent Staining

FOCUS cells were grown in a chamber slides (Nalge Nunc, Naperville, IL). Cells were fixed
in cold methanol, and blocked with 5% goat and horse sera. For double-label
immunofluorescent staining, cells were incubated with anti-RKIP and anti-phospho-ERK
antibodies in blocking solution overnight at 4°C. Cells were rinsed and FITC-conjugated anti-
mouse IgG and Texas red-conjugated anti-rabbit IgG (Vector Laboratories, Berlingame, CA)
secondary antibodies were applied for 30 minutes at room temperature. Finally, coverslips
were mounted with antifade Vectashield medium with DAPI (Vector Laboratories) to
counterstain nuclei and examined under an Olympus IX70 fluorescence microscope (DSC
Optical Services, Newton, MA).

Cell Proliferation Assay

We used the CellTiter 96 AQeous Non-Radioactive Cell Proliferation Assay (Promega,
Madison, W1). Briefly, FOCUS cells transfected stably with either CMV5-HA-RKIP or empty
plasmids were plated in 96-well plates at a density of 1000 cells/well in serum-free MEM with
or without 100 nM IGF-1. The cells were incubated for 3 days at 37°C and the media were
changed every 24 hours. Cell proliferation was measured after incubation for 2 hours with a
combined MTS/PMS solution (Promega); a colorimetric method for determination of viable
proliferating cells. Results are presented as the average absorbance of six wells in one
experiment, and reported as the mean of triplicate assays.

Cell Migration Assay

A luminescence-based assay was used to evalulate cell migration, as previously described.3%
FOCUS cells transfected stably with either CMX5-HA-RKIP or empty plasmids were used for
this cell migration assay. Briefly, 5 x 104 cells in 0.5 mL of MEM containing 1% BSA were
seeded into the upper chamber of 12-well plates separated by a polycarbonate membrane with
8-um pores (Transparent PET Membrane; BD Biosciences, San Jose, CA). The lower chamber
was filled with 0.75 mL of MEM containing 1% BSA and 100 nM IGF-I. After incubation for
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3 hours at 37°C, the cells on the upper surface of the membrane (non-migrated) were harvested
with a sterile cotton swab and placed into a well containing lysis buffer. The membrane
(migrated adherent cells) was placed into another well and the suspension of migrated non-
adherent cells in the lower chamber was placed into a third well containing lysis buffer.
ATPLite substrate (PerkinEImer™) was added and luminescent counts per second were
measured in a TopCount Microplate reader (Packard Instrument Company, Meriden, CT). The
results were expressed as a percent of migrated cells to total cells and the experiments were
performed in triplicate.

Wound Healing Assay

The empty vector transfected FOCUS cell line and stable RKIP transfected clones were plated
into six-well plates. Confluent monolayers were scraped with a sterile plastic micropipette tip.
The wound closure, as an index of migration, was observed over a 24 hours period and
photographed microscopically at 0, 6, 12 and 18 hours.

Statistical analysis

Results

Data were analyzed by the Student’s t test. A P value less than 0.05 was considered to be
statistically significant.

RKIP Protein Expression Is Downregulated in Human HCC Tumors

The expression level of RKIP protein was evaluated by immunohistochemistry in 17 paired
human HCC tumors and adjacent uninvolved peritumoral tissues (Table 1). RKIP staining was
detected in 83% (14/17) peritumoral tissues, but in only 12% (2/17) of HCC tumor tissues
(P <0.001). Figure 1 shows a representative immunohistochemical staining result. Moreover,
immunoblot analysis of 8 of the 17 paired HCC and adjacent uninvolved tissue samples showed
decreased RKIP protein levels in 7/8 HCC compared to adjacent peritumoral tissues (P <
0.0001) (Figure 2A, B). Consistent with these observations was the finding that phospho-ERK
was also elevated in 7 of 8 HCC tissues with decreased expression of RKIP (Figure 2A). We
next evaluated RKIP mRNA levels by real-time RT-PCR. Unexpectedly, RKIP mRNA levels
were decreased in only 41%, increased in 47% and showed no change in 12% of the HCC.
Overall, there was no significant difference in RKIP mRNA expression levels (P > 0.5) between
HCC tumors and corresponding peritumoral tissues (Figure 2C). These results suggest that
some of the differences observed in RKIP protein levels in HCC are probably due to post-
transcriptional mechanisms.

Expression of RKIP mRNA and Protein in HCC Cell Lines

We evaluated RKIP protein and mRNA expression levels in 4 HCC cell lines; FOCUS, Huh7,
Hep3B, and HepG2 (Table 2). These 4 HCC cell lines have been previously characterized with
respect to morphology, growth rate, production of albumin, anchorage independent growth in
soft agar, and tumor formation in nude mice.36-38 Using these criteria, the differentiation
status of these HCC cell lines was categorized as: FOCUS < Huh7 < Hep3B < HepG2
(undifferentiated < most differentiated). Interestingly, the least differentiated FOCUS cells
showed the lowest level of RKIP protein, whereas the well-differentiated HepG2 cells
expressed the highest level of RKIP. These results suggest a relationship between RKIP
expression and HCC cellular differentiation (Table 2, Figure 3A). The RKIP mRNA expression
levels were roughly correlated with its protein expression levels in HCC cells. However, the
protein expression levels were different between HepG2 and Hep3B cells with similar mMRNA
levels, which suggest regulation by complex mechanisms (Table 2).
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The Level of RKIP Expression Influenced IGF-I-induced Activation of the ERK/MAPK Pathway

RKIP binds to both Raf-1 and MEK, and interferes with their interaction and inhibits
downstream signaling.z""25 We explored signaling through this pathway in the four HCC cell
lines. In FOCUS cells, which express low RKIP protein levels, we observed high MEK and
ERK phosphorylation. In contrast, MEK and ERK phosphorylation was low in HepG2 cells,
which express high levels of RKIP protein (Figure 3A and B). These results imply that RKIP
may directly influence activation of the ERK/MAPK pathway. To further examine the effect
of RKIP on the ERK/MAPK cascade, we first restored RKIP expression in FOCUS cells. As
expected, IGF-I stimulation of FOCUS cells increased the phosphorylation of the ERK/MAPK
pathway components Raf, MEK, and ERK. Ectopic expression of RKIP inhibited IGF-I-
induced phosphorylation of MEK and ERK, but not Raf since it is upstream of RKIP (Figure
3C and D). Suppression of RKIP expression by siRNA increased phosphorylation of MEK and
ERK in HepG2 cells, which imply activation of ERK/MAPK pathway (Figure 3E and F). To
further confirm effects of RKIP on the ERK/MAPK pathway in HCC cells, we performed a
Raf kinase activity assay using MEK-1 as the substrate. In FOCUS cells, IGF-I stimulation
increased Raf kinase activity, however overexpression of RKIP reduced this activity.
Moreover, we found that inhibition of RKIP expression using siRNA in HepG2 cells induced
Raf kinase activity when stimulated with IGF-1 as compared to basal Raf kinase activity (Figure
4B). These results indicate that the level of RKIP was important for modulation of IGF-I-
induced ERK/MAPK signaling in HCC cells.

Activated-ERK translocates into the nucleus and regulates gene expression through the
phosphorylation of transcriptional factors. We therefore investigated the effect of RKIP on
nuclear phospho-ERK accumulation. IGF-1 stimulation of FOCUS cells resulted in
accumulation of phospho-ERK in the cytoplasm, which was abolished by restoration of RKIP
(Figure 5A). In addition, IGF-I stimulation resulted in increased nuclear accumulation of
phospho-ERK, which was inhibited by restoration of RKIP. The RKIP had no effect on the
total amount of ERK present in the HCC cells (Figure 5A).

These observations were further confirmed by double-label immunofluorescent staining with
anti-RKIP and anti-phospho-ERK antibodies of FOCUS cells transiently transfected with
either RKIP or empty vector plasmid as a control. Strong cytoplasmic staining of RKIP was
observed in RKIP-transfected compared to control cells (Figure 5B, top panel).
Immunostaining of phospho-ERK revealed strong signals in the cytoplasm as well as nucleus
in control cells and these levels were strikingly reduced by RKIP overexpression (Figure 5B,
second panel). Nuclear staining of phospho-ERK was observed only in control cells but not in
RKIP-transfected cells (Figure 5B, bottom panel). These observations demonstrate that
restoration of RKIP blocks IGF-I induced activation of the ERK/MAPK pathway in FOCUS
cells and leads to reduce nuclear phospho-ERK.

Restoration of RKIP Decreased HCC Cell Proliferation and Motility In Vitro

Activation of the ERK/MAPK pathway leads to cell proliferation, migration, and inhibition of
apoptosis. Our results imply that ectopic expression of RKIP inhibits this pathway in FOCUS
cells. We therefore evaluated the functional significance of RKIP expression in HCC cells.
RKIP was overexpressed by stable transfection of FOCUS cells as revealed by Western blot
analysis (Figure 6A). When control cells were stimulated with IGF-1, there was an increase in
cell proliferation. However, RKIP overexpression suppressed this enhanced cell proliferation
(Figure 6B) and no difference was found in apoptosis rates between control and RKIP
overexpressing cells (data not shown). We then evaluated whether RKIP expression influenced
HCC cell migration. Ectopic expression of RKIP significantly decreased FOCUS cell
migration rates (28%) compared to control cells (56%)(Figure 6C). To further confirm the
effect of RKIP on cell migration, control and RKIP overexpressing FOCUS cells were plated
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under confluence conditions and the monolayers were scrape-wounded. Control cells migrated
rapidly and closed wound by 18 hours. In contrast, RKIP overexpression only closed the wound
by 22% in the same time interval (Figure 7), further reinforcing the concept that RKIP is
functionally linked to migration of HCC cells. Taken together, we conclude that RKIP
overexpression antagonizes IGF-I activation of the ERK/MAPK cascade in HCC, and that the
downstream biological consequences are reduced proliferation and migration.

Discussion

The insulin/IGF-I/IRS-1/MAPK cascade plays an important role in regulating liver
regeneration following two/thirds hepatectomy, and during embryonic development.39*40 In
situations of unrestrained growth, constitutive activation of the insulin/IGF-1/IRS-1/MAPK
cascade due to enhanced IRS-1 expression has been identified in the majority of Hce.39
Indeed, IRS-1 overexpression is associated with activation of the ERK/MAPK cascade and
results in increased HCC tumor size. 4143 The IRS-1 protein is the main substrate for the
insulin/IGF-I receptor, and emits downstream signals through its interaction with SH-2 domain
containing molecules. The role of insulin/IGF-1/IRS-1 signaling in human HCC is illustrated
by studies demonstrating that overexpression of IRS-1 and/or activation of one or more of the
components of this signaling pathway occurs in over 90 percent of tumors.#4 Furthermore,
inhibition of the insulin/IGF-1/IRS-1 mediated signaling by a dominant-negative IRS-1 mutant
protein reversed the malignant phenotype of human HCC cells. 4> Therefore, it is of great
interest to determine if there are other molecular mechanisms that contribute to the activation
of this pathway in addition to overexpression of IRS-1. In this regard, it appears that loss of
RKIP function is a major event in the pathogenesis of HCC since approximately 80-90% of
tumors evaluated here had reduced RKIP protein levels. More important, phospho-ERK
expression was increased in 86% of HCC tissues that had reduced RKIP expression. In
aggregate, these studies emphasize the importance of insulin/IGF-1 signaling in the regulation
of hepatic growth, and further indicate that aberrant activation plays an oncogenic role in the
vast majority of HCC tumors.

The role of RKIP has been studied in several types of tumors including malignant melanoma
and prostate tumor. However, there is no information on RKIP function in the liver and
particularly in HCC. We hypothesize that RKIP may play a role in the molecular pathogenesis
of HCC since loss of function would contribute to the activation of the ERK/MAPK pathway.
Our experiments reveal that RKIP expression is downregulated in human HCC similar to what
had been observed in melanoma and prostate tumor.22,29 Although it is believed that RKIP
expression is important for suppression of metastasis, the cellular mechanisms of how RKIP
protein levels are regulated have not yet been determined. On the basis of bioinformatic analysis
of RKIP promoter sequences, expression may be re%ulated through several transcription factors
such as AP-1, SP-1 and Ying and Yang-1 (YYl).2 In addition, Huerta-Yepez et al. found that
treatment of prostate cancer cell lines with inhibitors for NF-«xB or the transcription repressor
YY1 led to upregulation of RKIP expression.46 In this study, although RKIP protein levels
were clearly decreased in human HCC, RKIP mRNA levels were decreased in only 41% since
the remaining tumor showed either an increased or no change. Therefore, RKIP protein
expression is likely to be regulated at the post-transcriptional level at least in some human
HCC. There are no prior reports that have characterized RKIP expression in different cell types
as a function of differentiation. Our results demonstrate that RKIP protein level was directly
correlated with the degree of HCC cell differentiation. Taken together, these observations
suggest that RKIP expression may be modulated at different levels depending on the cell type
and state of differentiation.

It has been clearly documented that the MAPK pathway was constitutively activated in several
tumors types including HCC.47-53 However, the mechanism(s) contributing to this process
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are poorly understood. We demonstrated that enhanced activity of the ERK/MAPK pathway
was correlated with lack of RKIP expression in FOCUS cells, the most malignant and poorly
differentiated of the HCC cell lines evaluated. However, restoration of RKIP blocked activation
of the IGF-I stimulated ERK/MAPK pathway through inactivation of MEK and ERK. This
observation led us to address if restoration of RKIP protein could modulate HCC cell
proliferation and migration. Indeed, the cell proliferation rate was reduced in FOCUS cells
stably transfected with RKIP compared to the empty vector transfected control cells without
any change in the rate of apoptosis. It has been previously reported that RKIP inhibited
pancreatic p-cell growth by altering the cell cycle, rather than by promoting apoptosis.?’0
Although RKIP overexpression has been reported to sensitize RC1 cells (prostatic carcinoma
cell line) and NHL cells to chemotherapeutic agents, it does not appear to increase the
spontaneous apoptosis rate.21,28 |n contrast, overexpression of RKIP triggers apoptosis in
breast tumor cell lines.28 Therefore, the apoptotic response to RKIP overexpression may be
context-dependent in the absence of chemotherapeutic agents. In addition to the effect of RKIP
on cell proliferation, our studies revealed that restoration of RKIP significantly inhibited the
migration and motility of FOCUS cells indicating that this pathway is important in hepatic
oncogenesis. A recent study showed that pamidronate suppresses phosphorylation of ERK and
reduced migration in HCC cell lines.># Another investigation also demonstrated that activation
of the ERK signaling pathway enhances cell migration in F9 parietal endodermal cells, which
was suppressed by a MEK inhibitor.2° However, little is known about the mechanisms how
ERK/MAPK pathway modulates cell migration and further studies will be required.

In summary, these observations provide evidence that down-regulation of RKIP expression in
HCC contributes to constitutive activation of the ERK/MAPK pathway and promotes
proliferation and migration of HCC cells. Furthermore, IGF-I stimulated activation of the ERK/
MAPK pathway can be blocked by restoration of RKIP levels. In addition, RKIP expression
probably contributes to HCC cell differentiation. The regulation of RKIP expression may
involve both transcriptional and/or post-transcriptional mechanisms and further studies will be
required. Finally, RKIP provides an attractive molecular target to regulate HCC proliferation
and differentiation.
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Figure 1.
RKIP protein expression in human HCC tissue samples. Representative examples of HCC and

peritumoral areas were immunostained with anti-RKIP antibody (brown color), and
counterstained with hematoxylin (blue color). Magnification was 200 x. (A) Omission of the
primary antibody served as the negative control. (B) Low (+) staining in peritumoral tissue.
Less than 50% of hepatocytes showed immunoreactivity. (C) Moderate (++) staining in
peritumoral tissue. Almost all of the hepatocytes showed homogenous moderate
immunoreactivity. (D) Strong (+++) staining of peritumoral tissues. (E) Negative (-) staining
of a HCC tumor.
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Figure 2.

Expression of RKIP protein, mRNA, and phospho-ERK in HCC tissues. (A) Western blot
analysis of the expression levels of RKIP and phospho-ERK. Cellular lysates derived from 8
pairs of HCC tumor (T) and peritumoral (pT) tissues were immunoblotted with anti-RKIP or
anti-phospho-ERK antibodies. Actin served as a loading control. Note that phospho-ERK
expression was increased in HCC tissues that had reduced expression of RKIP. (B) The bar
graph represents the ratio of RKIP protein level (T/pT) obtained by densitometric scanning.
Seven of the 8 HCC tumors had reduced RKIP expression (tumor versus peritumoral tissue:
P < 0.0001). (C) Expression levels of RKIP mRNA in human HCC tissues, measured by
quantitative real-time RT-PCR. The RKIP mRNA levels were normalized to 18S rRNA. The
bar graph shows the ratio of RKIP mRNA level (T/pT). There was no difference in RKIP
MRNA expression levels between HCC and peritumoral tissues (P > 0.5).
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Figure 3.
The role of RKIP in IGF-1-induced ERK/MAPK pathway activation in HCC. (A) Expression
levels of RKIP protein and downstream components of the ERK/MAPK pathway in HCC cell
lines. Cell lysates of FOCUS, Huh7, Hep3B and HepG2 cells containing 100 pg of total protein
were immunoblotted for RKIP, MEK1, ERK and their phosphorylated forms; actin served as
a loading control. (B) The bar charts represent the results of densitometric analysis and reveal
the ratio of RKIP and actin, phospho-MEK1 and total MEK1, and phospho-ERK and total
ERK. (C) Ectopic expression of RKIP blocked IGF-1-induced ERK/MAPK signaling pathway
in FOCUS cells. Cells were transiently transfected with either RKIP or vector plasmid. After
24 hours serum starvation, cells were treated with 100 nM of IGF-1 (+) for 15 minutes or
untreated (—). Cell lysates were prepared and immunoblotted for RKIP and downstream
signaling components of the pathway (c-Raf, MEK1, ERK and phosphorylated form); actin

IGF-

control RKIP

-+ -+

RKIP

Raf‘- — — -‘

pRaf ‘

MEK1

e om— ——

pMEKA ‘

ERK | T s s o

pERK

actin -“.‘

N
o
|

RKIP/actin
o

N
o
]

pERK/ERK pMEK/MEK pRaf/Raf
&> o
|

Gastroenterology. Author manuscript; available in PMC 2008 December 4.

A
o
L

RKIP/actin
o
[4,]

Page 14

RKIP-

C-siRNA

siRNA

_‘
S -
]

pRaf/Raf
o
(3]

A
oo
]

e
(&)}
1

o
N o

o
a
L

pERK/ERK pMEK/MEK

0

IGF-

C-siRNA

RKIP-
siRNA



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 15

served as a loading control. (D) The bar charts depict the results of densitometric analysis from
(C), and shown as the ratio of RKIP and actin, phospho-c-Raf and total c-Raf, phospho-MEK1
and total MEK1, and phospho-ERK and total ERK. The results are presented as the mean +
SE of triplicate experiments. (E) Knock-down of RKIP expression with siRNA induced the
activation of IGF-1-induced ERK/MAPK signaling in HepG2 cells. Cells were transfected with
either control si-RNA (C-siRNA) or RKIP-siRNA using the DharmaFECT 4 transfection
reagent. Cells were treated with 100 nM of IGF-I (+) for 15 minutes or untreated (—) 24 hours
after serum starvation followed by immunoblot for RKIP and downstream signaling
components of the pathway (c-Raf, MEK1, ERK and phosphorylated form); actin served as a
loading control. (F) The bar charts depict the results of densitometric analysis from (E), and
are expressed as the ratio of RKIP and actin, phospho-c-Raf and total c-Raf, phospho-MEK1
and total MEKZ1, and phospho-ERK and total ERK.
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Figure 4.

The level of RKIP expression influences Raf kinase activity. (A) Expression of RKIP protein
in HCC cell lines. In FOCUS cells, empty vector (C) or RKIP expression plasmid was
transfected. Control siRNA (C-siRNA) or RKIP-siRNA was transfected into HepG2 cells.
Cells were treated with (+) or without (—) IGF-1 for 10 minutes after 24 hours of serum-
starvation. Western blot of actin was performed as a control to normalize protein
concentrations. (B) Raf kinase activity assay. Five hundred micrograms of protein of each
sample were immunoprecipitated with mouse monoclonal anti-Raf antibody, followed by a
Raf kinase activity assay as described in Materials and Methods. The blot was stripped and
reprobed sequentially for MEK, demonstrating that equal amounts of recombinant MEK-1
substrate were added. The ‘w/o lysate’ lane represents the assay without adding cell lysate and
served as the negative control. The ‘active Raf’ lane represents the assay using
immunoprecipitate obtained from 0.1 pg active Raf protein serving as the positive control. The
phosphorylated MEK (pMEK) exhibited by immunoprecipitated Raf protein. The bar graph
represents the level of pMEK obtained by densitometric scanning (PMEK versus MEK). Note
that overexpression of RKIP reduced Raf kinase activity in FOCUS cells, while knockdown
of RKIP induced the activity in HepG2 cells.
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Restoration of RKIP levels inhibited phospho-ERK nuclear accumulation in FOCUS cells.
(A) RKIP or vector transfected FOCUS cells were stimulated with (+) or without () 100 nM
of IGF-1 for 15 minutes. Cytosolic and nuclear fractions were immunoblotted for RKIP,
phospho-ERK (pERK) and total ERK expression; actin and Histone-H1 served as cytosolic
and nuclear loading control, respectively. (B) Control and RKIP transfected FOCUS cells
(grown on chamber slides) were immunostained with RKIP (red color) and phospho-ERK
(green color), and the nucleus counterstained with the DAPI (blue color). The bottom panel
reveals the merged images of phospho-ERK and DAPI staining indicating nuclear co-
localization. The arrows indicate the nuclear pERK.
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Figure 6.

Restoration of RKIP reduced cell proliferation and migration in FOCUS cells. FOCUS cells
were transfected stably with either empty vector (control) or RKIP expression plasmid. (A)
Demonstration of RKIP protein expression by Western blot analysis. (B) RKIP expression
inhibits FOCUS cell proliferation. The cells were grown in serum-free MEM with or without
100 nM IGF-I. Cell proliferation wasdetemined using CellTiter 96 AQeous Non-Radioactive
Cell Proliferation Assay. The results are expressed as the mean + SE of triplicate assays. IGF-
I stimulation increased cell proliferation in control cells [C-IGF-1 (+) versus C-IGF-I (-)], but
there was no change of cell proliferation rates in RKIP-transfected FOCUS cells [RKIP-IGF-
I (+) versus RKIP-IGF-I (-)]. P < 0.05 (day 2 and 3) (C) RKIP expression inhibits FOCUS
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cell migration. To assess the ability of the cells to cross a polycarbonate membrane (8-pum pore
size), 5 x 104 cells in 0.5 mL of serum-free MEM containing 1% BSA was placed in the upper
chamber and the lower chamber was filled with 0.75 mL of serum-free MEM containing 1%
BSA and 100 nM IGF-1. After incubation for 3 hours at 37°C, the cells on the upper chamber
and those attached to the membrane or migrated to the lower chamber were harvested and
placed in lysis buffer, respectively. ATPLite substrate was added to each fraction and
luminescent counts per second were measured in a TopCount Microplate reader. The results
were expressed as a percentage of migrated cells to total cells and experiments were triplicated.
P < 0.001 (control versus RKIP)
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Figure 7.

RKIP inhibited FOCUS cell proliferation and motility. The control FOCUS cells and stable
RKIP transfectants were placed into six-well plates. A wound was created in confluent
monolayers with a sterile plastic micropipette tip and the percent of wound closure was revealed

via the area of the wound that remained open at each time and plotted below. Note that ectopic
RKIP expression in FOCUS cells strikingly reduced cell migration.
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Table 1
Expression Level of RKIP Protein in Human HCC Tissues.”

Sample No. pT T
1 ++ _
2 + _
3 + -
4 + -
5 —_
6 ++ _
7 ++ +
8 + _
9 + -

10 + -
11 . _
12 ++ -
13 -
14 + _
15 -
16 +++ _
17 ++ +
17 82.3% (14/17) 11.8% (2/17)

T: HCC tumor tissue, pT: adjacent uninvolved peritumoral tissues

*
Samples were immunostained with anti-RKIP antibody and detected by ABC method. Immunostaining intensity was scored as negative (—), weak (+),
moderate (++), or strong (+++) on the basis of staining intensity.
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Table 2
RKIP mRNA and Protein Expression in HCC Cell Lines
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HCC cell line mMRNA expression? (copy MRNA expression? Protein expression?
number)
FOCUS 56.4 £ 24.7 25.0 3.6
Huh7 119.0+£17.6 44.2 16.1
Hep3B 263.0+3.2 92.9 44.6
HepG2 283.0+1.6 100 100

1copy number per 107 18S rRNA accessed by gPCR

2 . .
relative to the expression level of HepG2 (%)
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