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Abstract

Hepatocellular carcinoma (HCC) is one of the deadliest forms of human liver cancer and does not
respond well to conventional therapies. Novel effective treatments are urgently in need. G-protein-
coupled kinase 2 (GRK?2) is unique serine/threonine kinase that involves in many signaling
pathways and regulates various essential cellular processes. Altered levels of GRK2 have been
linked with several human diseases including cancer. In this study, we investigated a novel
approach for HCC treatment by inducing overexpression of GRK2 in human HCC cells. We found
that overexpression of GRK2 through recombinant adenovirus transduction inhibits the growth of
human HCC cells. BrdU incorporation assay showed that the growth inhibition caused by elevated
GRK2 level was due to reduced cell proliferation but not apoptosis. To examine the anti-
proliferative function of increased GRK2 level, we performed cell cycle analysis using propidium
iodide staining. We found that the proliferation suppression was associated with G2/M phase cell
cycle arrest by the wild-type GRK2 but not its kinase-dead K220R mutant. Furthermore, increased
levels of wild-type GRK2 induced upregulation of phosphor-Serl® p53 and cyclin B1 in a dose-
dependent manner. Our data indicate that the anti-proliferative function of elevated GRK2 is
associated with delayed cell cycle progression and is GRK2 kinase activity-dependent. Enforced
expression of GRK2 in human HCC by molecular delivery may offer a potential therapeutic
approach for the treatment of human liver cancer.

Hepatocellular carcinomas (HCC) are a complicated human disease in terms of etiology and
molecular carcinogenic mechanisms. HCC is globally the fifth most common malignancy
and the third largest cause of cancer deaths [Bosch et al., 2004). The frequency of HCC in
Southeast Asia and sub-Saharan Africa is greater than that in North America and Western
Europe. However, recent data show that the overall frequency of HCC in developed
countries is rising [Lau and Lai, 2008]. This increase is primarily due to persistent infection
with hepatitis C and chronic alcohol abuse that causes cirrhosis [Kern et al., 2002; Bruix and
Sherman, 2005]. HCC is a potentially curable at early stage through surgical resection and
liver transplantation. Unfortunately, the majority of patients with HCC are usually in the
advanced-stage with severe background liver disease which is not suitable for such
treatments [Wang et al., 2002]. Moreover, HCC is a type of tumor highly resistant to
conventional medical treatment such as chemotherapy and radiation. There is a critical need
to develop novel strategies for effective prevention and therapy of this disease.
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G-protein-coupled receptor kinase 2 (GRK?2) is a ubiquitously expressed serine/threonine
kinase. It is the unique member of GRK family with diverse functions [Metaye et al., 2005;
Ribas et al., 2007]. The role of GRK2 was first discovered in the desensitization of G-
protein-coupled receptors (GPCR) signaling by phosphorylating agonist-activated 7-
transmembrane receptors. The phosphorylated receptor enhances the binding of B-arrestins
to form a molecular complex which prevents further coupling of the receptor from its G-
protein, leading to attenuation of the receptor-mediated signalings [Aragay et al., 1998;
Ribas et al., 2007]. Despite of its traditional function as a kinase in receptor desensitization,
a growing body of evidence has been documented that GRK?2 interacts with a variety of
other cytosolic proteins involved in signaling pathways relevant to essential cellular
processes, such as proliferation/apoptosis, migration, trafficking, cell cycle, and
development [Penela et al., Penela et al., 2008, 2010b; Guo et al., 2009; Jiang et al., 2009;
Kahsai et al., 2010]. Some of these physiological functions of GRK2 are achieved through
kinase-independent mechanisms by directly binding to other proteins [Cipolletta et al., 2009;
Jiang et al., 2009; Namkung et al., 2009; Chen et al., 2010]. Altered expression levels of
GRK2 have been reported in many human diseases including heart failure, hypertension,
rheumatoid arthritis, cystic fibrosis, and cancer [Lombardi et al., 1999; Mak et al., 2002;
Vroon et al., 2004, 2005; Metaye et al., 2005; Lymperopoulos et al., 2007].

Overexpression of GRK2 has been reported to reduce cell proliferation in smooth muscle
cells and thyroid cancer cells [Peppel et al., 2000; Metaye et al., 2008]. Interestingly, some
thyroid tumors actually have higher GRK2 level as compared with its surrounding normal
tissues. The mechanism underlying this growth inhibition is still largely unclear, given the
fact that GRK2 has a complex interactome and lies in the crossroad of many signaling
pathways. In this report, we tested the inhibitory effects of GRK2 overexpression on the
growth of human HCC cells and examined the molecular mechanism by which GRK2
overexpression causes this growth inhibition.

Materials and Methods

Cell culture

Human HCC cell lines, Mahlavu, HepG2, Hep3B, Huh7, and PLC/PRF/5 were maintained
in DMEM (Mediatech, Inc., Manassas, VA) supplemented with 10% FBS (Sigma-Aldrick,
St. Louis, MO) and 2 nmol/L L-glutamine and penicillin—streptomycin. Cells were cultured
in an incubator with humidified air at 37°C with 5% CO,.

Adenovirus transduction

Recombinant adenoviruses expressing bovine wild-type and K220R mutant GRK?2 were
obtained from the Center for translational medicine, Thomas Jefferson University.
Overexpression of GRK2 was achieved by transducing HCC cells with an MOI of 50 as
standard for the rest of experiments. Equal expression levels of wild-type and mutant GRK2
were determined by Western blot. For dose-dependent experiments, HCC cells were
transduced with corresponding adenovirus at 2x, 3x, and 4x of the amount used for
achieving standard GRK2 overexpression.

Cell viability assays

The viability of HCC cells were examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) method. Equal numbers of cells in a volume of 200 pl
were seeded in a 48-well plates (2 x 10% cells/well). The plates were incubated for 4 days.
For each measurement, 50 pl MTT (5 mg/ml) was added into each well and incubated at
37°C with 5% CO», for 2 h. The wells were then decanted and the purple formazan crystals
formed were dissolved in 200 pl DMSO. The absorbance of the plate was taken at 595 nm in
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an ELISA plate reader. All assays were done in triplicate. Hemocytometer was also used for
the viable cell counting.

Cell cycle analysis

HCC cells (2 x 10°) seeded in 6-well plates were transduced with adenoviruses expressing
WT GRK2 and K220R mutant, respectively. After 2 days of culture, cells were harvested
and propidium iodide (PI) staining was performed as standard method. Cell cycle
progression was determined using flow cytometry (FACS Calibur) and data analysis was
performed using FlowJo software.

Cell proliferation assay

Tunel assay

5-Bromo-2’-deoxy-uridine Labeling and Detection Kit | (Roche, Indianapolis, IN) was used
for the detection of cell proliferation. Briefly, cells were transduced using adenovirus and
cultured on a coverslip for 2 days. Cells were fed with BrdU (final concentration 10 1M) for
20 min at 37°C with 5% CO». The coverslip was then washed three times and fixed with
ethanol. After another washing for three times, anti-BrdU solution was added and the
coverslip was incubated for 30 min at 37°C. The secondary fluorescent antibody (Alexa
fluor 555) was used for the detection of BrdU positive cells. Coverslips were placed on
slides using a DAPI containing Vectashield mounting medium (Vector Laboratories, Inc.,
Burlingame, CA). Counting was based on randomly chosen five fields for each coverslip.

Cells (5 x 10%) were seeded on a coverslip/well in 6-well plates. After adding adenovirus,
the transduced cells were cultured for another 2 days before Tunel assay. Briefly, cells on
coverslips were fixed in room temperature 4% paraformaldehyde for 20 min followed by 30
min in PBS and 2 min in 100% ethanol. Tunel enzymatic labeling was performed using the
In situ Cell Death Detection kit (Roche).

Western blot analysis

Results

The whole cell lysate was prepared using Glo lysis buffer (Promega, Madison, WI)
containing protease inhibitor cocktail and phosphotase inhibitor. Protein concentration was
determined using Bradford assay (BioRad, Hercules, CA). Twenty-five micrograms of total
cell lysates were loaded and separated by gel electrophoresis using NuPage 4-12% Bis—Tris
precast gel (Invitrogen, Carlsbad, CA). The proteins were electrotransferred onto a PVDF
membrane. The membranes were blocked in Odyssey Licor Blocking Buffer for 1 h at room
temperature and then incubated with primary antibodies at 4°C overnight. Membranes were
washed three times for 5 min each time and probed with secondary antibodies for 1 h at
room temperature. Proteins were visualized with the Licor Odyssey scanner. All primary
antibodies were diluted 1:1,000 and all secondary antibodies were diluted 1:5,000 in
Odyssey Licor Blocking Buffer.

Expression of GRK2 in HCC cell lines

To gain a profile of basal GRK2 levels in HCC cells, we examined GRK2 expression in five
HCC cell lines by Western blot analysis (Fig. 1). As described in the introduction, GRK2 is
ubiquitously expressed serine/threonine kinase and mainly distributed in the cytosol (Fig.
1A). We detected GRK2 expression in all five cell lines tested, with the highest level in the
Huh7 cell line and the lowest level in the Mahlavu cell line (Fig. 1B). We thus selected
Huh7 and Mahlavu cell lines for further GRK2 overexpression experiments.
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GRK2 overexpression inhibits cell growth in HCC cells

We then examined the growth inhibitory effects of GRK2 overexpression on Huh7 and
Mahlavu HCC cell lines, using both hemocytometer and MTT assays. As shown in Figure
2B, overexpression of GRK2 but not the kinase dead K220R mutant inhibited the growth of
Mahlavu and Huh7 cells. This is in consistent with previously published results that
overexpression of GRK2 inhibits growth of smooth muscle cells and thyroid cancer cells
[Peppel et al., 2000; Metaye et al., 2008]. Our result further demonstrated that the inhibitory
effect of GRK2 overexpression on cell growth is GRK2 kinase activity-dependent.

GRK2 overexpression suppresses cell proliferation in HCC cells

To determine whether the inhibitory effect of GRK2 overexpression was associated with
induction of apoptosis or reduction of cell proliferation in HCC cells, we carried out TUNEL
assay and BrdU assay, respectively. We did not detect any difference of apoptosis between
wild-type GRK2 and K220R mutant overexpression (data not shown). However, we found
that there was a significant difference between wild-type GRK2 and K220R mutant
overexpression in HCC cell proliferation (Fig. 3A). For the Huh7 cell line, the BrdU positive
cells under GRK2 overexpression condition were 37.4+5.4%, while the untreated control
and K220R mutant overexpression were 54.4+4.7% and 56.8+3.3%, respectively (Fig. 3B).
As expected, there was no significant difference of proliferation between the untreated
control and K220R mutant overexpression. Since the overexpression levels of wild-type
GRK2 and K220R mutant were almost equivalent (Fig. 2A), the cell proliferation reduction
was obviously GRK2 kinase activity-dependent. Moreover, the proliferation reduction
induced by GRK2 overexpression was dose-dependent in Mahlavu, with 42.7+6.4% BrdU
positive cells in lower GRK2 overexpression and only 29.24+6.2% in higher GRK2
overexpression, as compared with untreated control 53.2+5.8% (Fig. 3C).

GRK2 overexpression induces G2/M phase cell cycle arrest

To investigate the mechanism by which GRK2 overexpression induces the HCC cell
proliferation reduction, we performed cell cycle progression analysis by fluorescence-
activated cell sorter scanning using PI staining method. In both Huh7 and Mahlavu cells,
GRK?2 overexpression caused a significant increase in the proportion of cells in G2/M phase
as compared with the untreated WT control and K220R mutant overexpression (Fig. 4).
Specifically, the G2/M phase of Huh7 cells increased from 21.5% to 41.8% and 44.3%
(higher GRK2 overexpression), while the control and K220R mutant overexpression
remained almost the same, 21.5% versus 21.4%, respectively. In Mahlavu cells, the G2/M
phase increased from 27.4% to 48.4% and 62% (higher GRK2 overexpression), while the
proportion of the untreated control and K220R mutant overexpression cells were similar,
27.4% versus 25.9%, respectively. These results indicated that overexpression of wild-type
GRK2 leads to arrest in the G2/M phase of the cell cycle in HCC cells, and this cell cycle
arrest is GRK2 kinase activity-dependent, as overexpression of the kinase dead K220R
mutant did not cause any phase change.

GRK2 overexpression upregulates phosphor-Ser1® p53 and cyclin B1

To further determine the molecular events that might be involved in the G2/M phase cell
cycle arrest, we screened several cell cycle relevant proteins for changes in expression level
and phosphorylation status. As shown in Figure 5, we detected increased levels of phosphor-
Serl® p53 and cyclin B1. These increases were dose-dependent with regarding to the
increased GRK2 levels (Fig. 5A). In contrast, we did not see the above changes with the
increased expression of the kinase dead K220R mutant (Fig. 5B). Surprisingly, the
phosphor-Ser473 Akt level was also increased with the increased level of wild-type GRK2
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but not the kinase dead K220R mutant. Again, these results indicated that all these changes
were GRK2 kinase activity-dependent.

Discussion

GRK2 has been intensively studied for more than two decades, largely related with GPCR
and other receptors. Recently, emerging evidence has demonstrated that this protein kinase
plays a critical role in many cellular processes by interacting with various cytosolic proteins
and may have much wider range of functions than thought before [Aragay et al., 1998; Ho et
al., 2005; Ribas et al., 2007; Penela et al., Penela et al., 2009, 2010a]. In this report, we have
demonstrated that overexpression of GRK2 attenuated human HCC cell proliferation
through inducing G2/M phase cell cycle arrest. Our data suggested that a possible
mechanism involving the elevated levels of p53 phosphorylation at serine 15 and cyclin B1.

GRK2 is mainly distributed in cytosol and its expression in different cell/tissue is varied. It
appears that the level of GRK2 in a specific cell/tissue adapts to the unique physiological
function of the cell/tissue, and thus the endogenous GRK2 protein level is tightly controlled.
Some reports have shown that GRK2 protein level is molecularly regulated by mechanisms
through mitogen-activated protein kinase (MAPK), Mdm2-mediated ubiquitination and
degradation, and mTOR pathway involved translation [Elorza et al., 2003; Salcedo et al.,
2006; Cobelens et al., 2007]. No matter which mechanism is involved, the GRK2 protein
level in a specific cell is also affected by different extracellular stimuli. Such cases have
been reported with GRK2 upregulation in mouse liver FL83B cells under chronic treatment
of insulin [Shahid and Hussain, 2007], vascular smooth muscle cells, and human HCC cells
under TGFp treatment [Ho et al., 2005; Guo et al., 2009], and human thyroid cells under the
treatment of thyrotropin plus insulin or insulin-like growth factor 1 [Metaye et al., 2008].
Some other cases with GRK2 downregulation have also been documented in human
mononuclear leucocytes and rat smooth muscle cells under the influence of proinflammatory
cytokines, such as interleukin 6 and interferon y [Lombardi et al., 1999; Ramos-Ruiz et al.,
2000; Vroon et al., 2005]. Despite extracellular stimuli, a recent report demonstrated that
GRK2 protein level in HeLa cells was transiently downregulated during G2 progression by a
mechanism involving CDK2-mediated phosphorylation of GRK2 at Serine 670, indicating
an intracellular stimulus during cell cycle [Penela et al., 2010b]. Taken together, alternation
of GRK2 protein levels, either through extracellular or intracellular stimuli, would
dramatically change the normal cellular processes, leading to pathophysiological disorders
and diseases [Gros et al., 1997; laccarino et al., 2005; Vroon et al., 2005; Nijboer et al.,
2008].

Enforced overexpression of GRK2 reduced cell proliferation in human smooth muscle cells
and in two poorly differentiated human thyroid cancer cells [Peppel et al., 2000; Metaye et
al., 2008]. In this study, we demonstrated that overexpression of GRK2 by adenovirus
transduction suppressed HCC cell proliferation and growth. Although we found that the
basal protein levels in our HCC cell lines were varied, enforced overexpression of GRK2
still impaired normal cell cycle progression and led to cell cycle arrest at G2/M phase in
Huh7 (endogenous GRK2 high) and Mahlavu (endogenous GRK2 low) cells. Cells that
arrest at G2/M phase could be induced by many different compounds or proteins. For
instance, gambogic acid can induce G2/M phase cell cycle arrest in human gastric
carcinoma cells [Yu et al., 2007], and the human cytomegalovirus (HCMV) IE86 protein
can cause G2/M phase arrest in p53 null cells [Song and Stinski, 2005]. In addition, it is
reported that the MAPK pathway is involved in the G2/M progression [Astuti et al., 2009;
Dumesic et al., 2009]. Our study did not detect any changes of Erk1/2 phosphorylation (data
not shown), however, we found the increased levels of phosphor-Serl® p53 and cyclin B1
were associated with G2/M phase arrest induced by GRK2 overexpression, a phenomenon
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similar to the effect of HCMV IE86 protein [Song and Stinski, 2005]. Since both Huh7 and
Mahlavu cells have loss of function mutation in p53, the mechanism by which cell cycle
arrests at G2/M phase through the overexpression of GRK2 and HCMV IE86 protein
appears to be similar. Moreover, a recent report suggested that GRK2 participates in the
control of cell cycle progression by transiently downregulated during the G2/M phase
transition [Penela et al., 2010b]. This finding implies that overexpression of GRK2 would
impair the normal G2/M phase transition which is consistent with our data. Although GRK2
kinase activity independent regulation of cell cycle in zebrafish has been reported [Jiang et
al., 2009], our data showed that the suppression of cell proliferation through G2/M phase
arrest was kinase activity dependent, since the kinase dead K220R mutant GRK2 did not
exert the inhibitory effect.

It is interesting to note that elevated levels of GRK2 have been reported in some cancer
cells, which seems to be contradictory to our result and the other published data [Metaye et
al., 2008]. For example, thyroid carcinoma, transformed mammary cells, and primary
prostate tumors actually exhibit higher GRK2 protein levels than that of the corresponding
normal tissue or cells [Salcedo et al., 2006; Prowatke et al., 2007; Metaye et al., 2008]. One
possible explanation of these observations is that there may be a threshold of GRK2 levels in
different cells. Cancer cells are usually mutated from normal cells that display uncontrolled
growth. It is possible that endogenously elevated level of GRK2 in cancer cells seems to be
a rescue result for desensitization of the cancerous transformation according to the
traditional function of GRK2. It is also possible that higher endogenous GRK2 level favors
other cellular processes relevant to tumor formation and progression such as migration and
anchorage independent growth. However, if the level of GRK2 is reached over the threshold
such as the enforced overexpression of GRK2 by transfection or transduction, cancer cells
start to die due to the impaired cell cycle progression as we indicated in this study.

Similarly, the increased phosphor-Ser473 Akt level has been observed with the increased
GRK2 level in mammary transformed cells [Salcedo et al., 2006]; the same is true in HCC
cells as we found in this study. However, one study reported that the level of GRK2 is
conversely correlated with the phosphorylation of Akt in portal hypertension [Liu et al.,
2005]. Another study reported that the rictor-mTOR complex directly phosphorylates Akt
on Ser#73 [Sarbassov et al., 2005]. It appears that the relationship between GRK2 protein
level and phosphorylation of Akt is complex. Further examination of this relationship will
be very useful for defining the role of GRK2 in cancer cells, given the fact that Akt is a key
mediator of multiple signaling pathways.

The present study showed growth inhibitory effects of GRK2 overexpression in HCC cells.
This anti-proliferative role of elevated GRK2 level is a kinase-dependent function. The
molecular mechanisms by which altered levels of GRK2 regulate and orchestrate cellular
processes deserve to be explored further for a better understanding of the role of GRK2 in
cancer cells. Overall, our results provide a possible therapeutic approach for the treatment of
human liver cancer by increasing the level of GRK2 in HCC cells.
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Fig. 1.

Basal GRK2 protein levels in HCC cell lines. A: Cytosolic distribution of GRK2. B: Basal
GRK2 protein levels in all five HCC cell lines detected by Western blotting. Cell lysates (25
ng total protein) were subjected to immunoblotting with antibodies as indicated. GRK2
levels were normalized to GAPDH. The immunoblot shown is a representative of two
independent experiments.
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Fig. 2.

Overexpression of GRK2 reduces cell viability in HCC cells. A: Western blots showing
overexpression of wild-type GRK2 and its kinase-dead K220R mutant in Mahlavu and Huh7
cells transduced with recombinant adenovirus containing WT GRK2 or GRK2 K220R
mutant. B-Actin was used as total protein loading control. B: MTT method was used to
detect cell viability with overexpression of GRK2 and K220R mutant during 4-day growth
period in 10% FBS medium. [Color figure can be seen in the online version of this article,
available at http://wileyonlinelibrary.com/journal/jcp]
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Fig. 3.

Overexpression of GRK2 suppresses cell proliferation in HCC cells. A: Immunofluorescent
staining of BrdU incorporation in Huh7 cells. DAPI was used for staining nucleus. Antibody
against BrdU was immunoblotted with a secondary antibody labeled with Tritc.
Overexpression of GRK2 and K220R mutant was achieved by adenovirus transduction as
indicated in Figure 2. B: BrdU incorporation in Huh7 cells as shown in A. C: BrdU
incorporation in Mahlavu cells. GRK2 H represents at least twofold higher of MOI of
adenovirus used for achieving GRK2 overexpression. *P < 0.01.
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Fig. 4.

Overexpression of GRK2 leads to G2/M phase arrest in HCC cells. A: Representative cell
cycle his to grams with over expression of GRK2 and K220R mutant 2 days post-adenovirus
transduction. Cells were analyzed by FACS for DNA content by PI staining. GRK2 H
represents at least twofold higher of MOI of adenovirus used for achieving GRK2
overexpression. B: Cells distributed in different phases as shown in A.
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Page 14

Overexpression of GRK2 induces upregulation of phosphor-p53, cyclin B1, and phosphor-
Akt. A. Overexpression of GRK2 in Huh7 was achieved by increasing MOI of adenovirus
for examining dose-dependent effects. Cell lysates were subjected to immunoblotting with

antibodies as indicated on the penal. In Mahlavu cells, Western blotting was compared

between overexpression of GRK2 and K220 R mutant. B: Western blotting with

overexpression of GRK2 K220R mutant in a dose-dependent manner in Huh7 and Mahlavu

cells.
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