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Introduction
Hepatocellular carcinoma (HCC) represents the fifth most frequent cancer and the third most common cause of death from
cancer [1], [2]. Although the clinical diagnosis and management of early-stage HCC has improved significantly, HCC prognosis
is still extremely poor. Furthermore, advanced HCC is a highly aggressive tumor with a low or no response to common
therapies. Therefore, new effective and well-tolerated therapy strategies are urgently needed.
Sorafenib, a multikinase inhibitor which targets Raf kinases as well as VEGFR-2/-3, PDGFR-[beta], Flt-3 and c-Kit, recently
received FDA and EMEA approval for the treatment of patients with advanced HCC. However, the low tumor response rates
and the side effects associated with this monotherapy indicate the need to investigate other new therapeutic options for HCC.
Targeted therapies have entered the field of anti-neoplastic treatment and are used either alone or in combination with
conventional chemotherapy drugs. Molecular-targeted therapy holds promise for HCC [3]. However, as in the majority of
cancers, the use of a single molecular targeted agent would unlikely achieve a long-lasting remission or cure in HCC,
especially for late-stage disease. Combination therapy will be therefore required, and it seems reasonable to speculate that a
combination of two or more agents will ultimately increase the therapeutic gain.
HCC is usually the outcome of continuous injury and chronic inflammation. An important mediator of inflammation is the
inducible gene cyclooxygenase-2 (COX-2). It is now well-established that COX-2 is an important molecular target for anticancer therapies. COX-2 is chronically over-expressed in many cancers, including HCC [4]-[8]. In HCC, we and other
investigators have demonstrated that COX-2 inhibitors may have potential therapeutic effects [9]-[13].
The rationale for combining sorafenib with COX-2 inhibitors in HCC comes from data published by other authors [14] but also
from our own published data [12]. We demonstrated that treatment of human HCC cells with a COX-2 inhibitor is associated
with the activation of ERK1/2, and that the inhibition of the MEK/ERK signaling pathway by a MEK inhibitor potentiates the

antitumor activity of the inhibitor. Overall, our results suggest that the MEK/ERK pathway does not mediate cytotoxicity induced
by COX-2 inhibitors but may protect cells from death, which indirectly supports the role of the MEK/ERK pathway in the survival
signaling of HCC cells [12].
Therefore, based on these findings we tested the effects of a combination of the selective COX-2 inhibitor celecoxib with
sorafenib. Synergistic anti-proliferative and pro-apoptotic effects were obtained when using the combination of sorafenib with
celecoxib. In order to better understand the detailed mechanisms of the cytotoxic effects of celecoxib and sorafenib, we also
investigated and compared the global gene expression of HCC cells treated with either celecoxib or sorafenib, or the two drugs
applied in combination.
Materials and Methods
Reagents, Cell Culture, Cell Viability, Clonogenic and Proliferation Assays
Celecoxib (CLX) was a gift of Pfizer Corporation Inc. (New York, USA), sorafenib (SOR) was purchased from Alexis
Biochemical (Lausen, CH), and both drugs were dissolved in dimethyl sulfoxide (DMSO). The human hepatocellular carcinoma
cell lines HepG2 (a human hepatocarcinoma cell line; ATCC HB-8065) and Huh7 [15] (a gift from Prof. Massimo Levrero,
Sapienza University of Rome, Rome, Italy) used in this study were of a low narrow passage number and were maintained as
previously described [16]. All cells were kept at 5% CO 2 and 37°C and routinely screened against mycoplasma contamination.
Cell viability assays were performed as previously reported [17]. The coefficient of drug interaction (CDI) was used to analyze
effects of drug combinations [18]. CDI is calculated as follows: CDI = AB/(AxB). According to the absorbance of each group, AB
is the ratio of the combination groups to control group; A or B is the ratio of the single agent group to control group. Thus, CDI
values less than, equal to or greater than 1 indicate that the drugs are synergistic, additive or antagonistic, respectively. CDI
less than 0.7 indicates that the drugs are significantly synergistic. In addition, statistical analysis was performed using Student's
T test (two-tailed). The criteria for statistical significance was p <0.05.
The effect of different inhibitor concentrations on cell viability was also assessed using a clonogenic assay. For this analysis,
1.0-1.5x103 cells were plated in six-well plates in growth medium, and after overnight attachment cells were exposed either to
CLX and SOR alone or their combinations or vehicle for 48 hours. The cells were then washed with drugs-free medium and
allowed to grow for 14 days in drugs-free conditions. Colonies containing more than 50 cells were counted. Relative colony
formation was determined by the ratio of the average number of colonies in treated cells to the average number of colonies in
cells treated with solvent (DMSO). All experiments were performed in duplicate and repeated twice.
Cell proliferation was determined by estimating the amount of bromodeoxyuridine (BrdU) incorporation into DNA by a
colorimetric immunoassay (Roche Diagnostics GmbH, Mannheim, Germany). In brief, 5x103 cells were cultured in 96-well
plates in the different concentrations of CLX and SOR alone or their combinations or vehicle for 24 hours. BrdU was then
added at 10 [micro]M final concentration. The cells were further incubated for an additional 24 hours and subsequently fixed
and treated with anti-BrdU peroxidase according to the manufacturer's instructions. Color was developed by the addition of
tetramethylbenzidine substrate and measured at 490 nm. Color intensity and absorbance values directly correlated to the
amount of BrdU incorporated into DNA. Results were expressed as percentage inhibition of BrdU incorporation over the
control. Values were expressed as means ± SD of three separate experiments, each performed in triplicate.
TUNEL Assays
The cells were cultured in 8-well chamber slides overnight. After treatment for 24 hours with various concentrations of CLX and
SOR either alone or in combination, cells were washed twice with PBS and fixed in 4% paraformaldehyde solution for 25
minutes at room temperature. Apoptotic cells were detected by terminal deoxynucleotidyl transferase-mediated dUTP nick endlabeling (TUNEL) assay using the DeadEnd[TM] Colorimetric TUNEL System Kit from Promega (Madison, WI), following the
manufacturer's instructions. The number of apoptotic cells was determined by counting the percentage of brown-color positive
cells. At least 500 cells from two different cell preparations were counted for each condition. Cells were visualized with an
Axioskop microscope (Zeiss, Germany).
Western Blotting Analyses
For Western blot analysis, whole cell lysates were obtained using RIPA buffer (Cell Signaling Technologies Inc., Danvers, MA)
and Western blotting was performed as previously described [19], with primary antibodies raised against survivin and
TRIB3/TRB3 (Abcam Limited, Cambridge, UK), DDIT3/CHOP (Cell Signaling Technologies Inc., Danvers, MA), [beta]-actin,
YAP1 and DKK1 (Sigma-Aldrich Srl, Milan, Italy).
Gene Expression Profiling and Data Analyses

Gene expression analysis was carried out using Agilent 44 K Human Whole Genome Oligonucleotide Microarrays (containing
~44,000 genes), as previously described [20]-[23]. All microarray experiments were performed in duplicate, using dye-swap
during labeling. The GeneSpring software (Agilent, Palo Alto, CA) was used to generate lists of selected genes for different
statistical and visualization methods. Network and pathway analyses of the microarray data were completed using the
Ingenuity Pathway Analysis (IPA) software (http://www.Ingenuity.com). The microarray data has been deposited to GEO
database with accession number GSE45340.
Semi-quantitative RT-PCR (sqRT-PCR) Analyses
Microarray data were validated for selected differentially expressed genes by sqRT-PCR as previously described [21], [23]. The
[beta]-actin gene was used as a reference gene. The following sense and antisense primers were used, respectively, to amplify
human BIRC5 (<named-content content-type="gene" xlink:type="simple">5'-GCATGGGTGCCCCGACGTTG-3'</namedcontent> and <named-content content-type="gene" xlink:type="simple">5'-GCTCCGGCCAGAGGCCTCAA-3'</namedcontent>), DDIT3 (CHOP) (<named-content content-type="gene" xlink:type="simple">5'ATGGCAGCTGAGTCATTGCC-3'</named-content> and <named-content content-type="gene" xlink:type="simple">5'TCATGCTTGGTGCAGATTC-3'</named-content>), FABP1 (<named-content content-type="gene" xlink:type="simple">5'CTCTATTGCCACCATGAGTTTC-3'</named-content> and <named-content content-type="gene" xlink:type="simple">5'GCTGATTCTCTTGAAGACAAT-3'</named-content>), HRK (<named-content content-type="gene" xlink:type="simple">5'CTGTGTCCTTGGAGAAAGCTG-3'</named-content> and <named-content content-type="gene" xlink:type="simple">5'GTGTTTCTACGATCGCTCCAG-3'</named-content>), LARP6 (<named-content content-type="gene" xlink:type="simple">5'GGAACAAGCTGGGATATGTGA-3'</named-content> and <named-content content-type="gene" xlink:type="simple">5'GGTGGTCCTCATTCAACTCAA-3'</named-content>), MT2A (<named-content content-type="gene" xlink:type="simple">5'AAGAAAAGCTGCTGCTCCTG-3'</named-content> and <named-content content-type="gene" xlink:type="simple">5'TGGAAGTCGCGTTCTTTACAT-3'</named-content>), YAP1 (<named-content content-type="gene" xlink:type="simple">5'GGCAAAGACATCTTCTGGTCA-3'</named-content> and <named-content content-type="gene" xlink:type="simple">5'CATCATATTCTGCTGCACTGG-3'</named-content>) and [beta]-actin (<named-content content-type="gene"
xlink:type="simple">5'-CACCACACCTTCTACAATGAGC-3'</named-content> and <named-content content-type="gene"
xlink:type="simple">5'-AGTACAGCTACGAGCAGTTCTTGTT-3'</named-content>). PCR reactions were performed using the
following parameters: 95°C for 5 min, 94°C for 30 sec, 62°C for HRK, LARP6, 60°C for BIRC5, [beta]-actin, FABP1, MT2A,
YAP1, 58°C for DDIT3, and 72°C for 1 min followed by a final extension step of 72°C for 8 min. The number of cycles was
adjusted to allow detection in the linear range. Finally, PCR products were analyzed by electrophoresis on agarose gel,
photographed and quantified by densitometric scanning.
Quantitative RT-PCR (qRT-PCR) Analyses
Expression of selected genes was quantified by quantitative Real Time PCR (qPCR) using Sybr Green fluorescence (Qiagen,
Milan, Italy) on StepOnePlus (Applied Biosystem). QuantiTect Primer Assays for CCND1 (QT00495285), DDIT3 (CHOP)
(QT00082278), DKK1 (QT00009093), FGF19 (QT02452289), FNDC3B (QT01882748), KLB (QT02454977), TRIB3
(QT00088543), LARP6 (QT00221445) were purchased from QIAGEN (Milan, Italy) and amplified as recommended. Relative
expression was calculated using the comparative Ct method. Expression of the gene of interest was calculated as fold
induction compared with control (DMSO) and was corrected with the quantified expression level of [beta]-actin (QT00095431).
Results
Combination of Celecoxib with Sorafenib Synergistically Reduces Cell Viability, Cell Proliferation and Colony
Formation and Induces Apoptosis in HCC Cells
Using the MTS assay we first assessed the effects of sorafenib (SOR) and celecoxib (CLX) on the viability of two human HCC
cell lines, HepG2 and Huh7, which display different characteristics including differentiation, biological behavior and genetic
defects, COX-2 expression levels [21], as well as Raf/MEK/ERK pathway activities [23]. As shown in Figure 1, treatment with
CLX and SOR for 48 hours effectively reduced viability in both cell lines. After 72 hours of drug's exposure, the IC50 s of CLX
were 76±9.9 and 72.5±0.7 [micro]M in HepG2 and Huh7 cells, respectively; the IC50 s of SOR were 10.3±1.1 and 10.1±1.8
[micro]M in the same cells. Since COX-2 mRNA expression is undetectable in HepG2 cells [10], [21], the growth-inhibitory
activity of CLX would appear to be largely COX-2 independent in these cells [21]. In addition, the SOR-mediated growthinhibitory activity would appear to be independent of MEK/ERK pathway inactivation in HepG2 cells, since as previously
reported, the expression of phospho-MEK and phospho-ERK1/2 is barely detectable in this HCC cell line [23].
Figure 1. Effect of celecoxib (CLX) and sorafenib (SOR) individually and in combination on viability of HCC cells. Cell
vitality was assessed by the MTS assay. HepG2 and Huh7 cells were treated for 48 h with the indicated concentrations of CLX
and SOR either alone or in combination. Data are expressed as the percentage of control cells and are the means ± SD of
three separate experiments, each of which was performed in triplicate. *p <0.05; **p <0.01 versus sorafenib alone, #p<0.05;

##p<0.01 versus celecoxib alone. [see PDF for image]
We next investigated the cytotoxic effects of the SOR+CLX combination in both HCC cell lines using MTS assays (Figure 1).
The SOR+CLX combination displayed significantly increased cytotoxicity compared to the single agents. CDI was used to
determine the type of interaction between the agents (Table 1). In both cell lines strong synergy occurred when CLX was
applied in combination with SOR (Table 1).
The cytotoxic effects of combination treatment were further confirmed using a clonogenic assay (Figure 2). Cells were treated
for 2 days with or without compounds, the medium was aspirated and they were then washed with inhibitor-free medium. Cells
were allowed to grow for an additional 14 days. There was a dose-dependent decrease in colony-forming ability due to
combined SOR+CLX treatments in both cell lines. Indeed, the SOR+CLX combination at a fixed dose ratio resulted in a
significant increase in tumor cell killing as measured by colony formation assays compared to the single agents (Figure 2).
Figure 2. Effect of celecoxib (CLX) and sorafenib (SOR) individually and in combination on growth of HCC cells. Cell
growth of HepG2 and Huh7 cells was determined by clonogenic assay after treatment with CLX and SOR either alone or in
combination. Cells were plated overnight and exposed to CLX and SOR alone or in combination at the indicated concentrations
for 48 h. After treatment each well was washed and the experiment continued for 14 days in the absence of drugs. Surviving
colonies were stained (left panel) and counted (right panel). Data are expressed as a percentage of colony in control cells and
are the means ± SD of two separate experiments, each of which was performed in duplicate. *p <0.05; **p <0.01 versus each
agent alone. [see PDF for image]
Since the anti-growth effects of the individual or combined treatments could be due to increased cell death and/or decreased
cell proliferation, we examined separately the drug's effects on apoptosis induction and DNA synthesis. With regard to
apoptosis, treatment of HepG2 and Huh7 cells with up to 50 [micro]M CLX had negligible effects on apoptosis induction as
evaluated by TUNEL assay (Figure 3A). Treatment with 7.5 or 10 [micro]M SOR increased the amount of apoptotic HepG2
cells to 3.4±0.85% and 5.5±1.4%, respectively. However, the SOR+CLX combination significantly increased apoptosis in
HepG2 cells compared to treatment with either agent used alone ( p <0.05), whereas in Huh7 cells no effect was observed
(Figure 3B). The BrdU assay was used to study the effects of the combination treatment on cell proliferation. As shown on
Figure 3C, the SOR+CLX combination had a strong synergistic effect on cell proliferation in both cell lines, displaying CDI
values less than 0.5 and 0.6 in all SOR+CLX drugs combinations in HepG2 cells and Huh7 cells, respectively.
Figure 3. Effect of celecoxib (CLX) and sorafenib (SOR) individually and in combination on apoptosis and cell
proliferation. (A) Detection of apoptosis by TUNEL assay. Photomicrographs of HepG2 cells treated for 24 h with the indicated
concentrations of CLX and SOR either alone or in combination. Apoptotic cells were visualized by TUNEL staining as
described in the Materials and Methods section. (B) Quantitative analysis of TUNEL-positive HepG2 and Huh7 cells. Data are
expressed as the means ± SD of two separate experiments. *p <0.05, versus each agent alone. (C) Cell proliferation was
assessed by BrdU assay. Cells were treated for 48 h with the indicated concentrations of CLX and SOR either alone or in
combination. Data are expressed as the percentage of the control cells and are the means ± SD of three separate experiments.
*p <0.05; **p <0.01 versus each agent alone. [see PDF for image]
Transcriptomic Analysis Identifies Gene Expression changes Common to Both and Unique to HepG2 and Huh7 Cells
Following Combination Treatment
To identify new potential mechanisms of the combined action of celecoxib and sorafenib, their effects on global gene
expression in both cell lines were investigated and compared using DNA microarray technology. Agilent 44 K Human Whole
Genome Oligonucleotide Microarrays (containing ~44,000 genes) were used to identify global gene expression changes in the
HCC cell lines, following simultaneous treatment with 50 [micro]M CLX and 7.5 [micro]M SOR for 48 hours. These
concentrations were empirically estimated as the maximal drug concentrations which do not cause a considerable reduction in
cell viability (less than 20-30%) and/or changes in cell morphology during the treatment period (data not shown). All microarray
experiments were performed in duplicate applying dye-swaps to avoid labeling bias. Using this approach, a total of 1,986
differentially-expressed genes with expression levels [greater than or equal to]2 fold were identified in HepG2 cells, and 2,483
genes displayed [greater than or equal to]2 fold expression in Huh7 cells. Among these, 975 genes or 1,382 genes were upregulated and 1,011 or 1,111 genes were down-regulated in HepG2 and Huh7 cells, respectively. It should be emphasized that
in both HCC cell lines the combined SOR+CLX treatment produced a predominant reduction in genes associated with
metabolism, cell-cycle control and DNA replication and repair, as numerous genes involved in DNA replication and repair were
especially down-regulated in HepG2 cells (see Table 2A and 2C). Genes functionally related to cell death, signal transduction
and regulation of transcription were mostly up-regulated in both HepG2 and Huh7 cells (Table 2B and 2D). Genes implicated in
cell growth and proliferation and transport were proportionally up- and down-modulated in HepG2 cells, while they were mainly
induced in Huh7 cells (Table 2). Tables S1 and S2 display complete lists of the differentially-expressed genes ([greater than or
equal to]2-fold) in the SOR+CLX-treated HepG2 and Huh7 cells, respectively.
Our transcriptomic analyses strongly confirmed the observed synergistic effects of the combined treatment in HCC cells. We
previously investigated the molecular mechanisms (including gene expression profiling) of celecoxib [21] and sorafenib [23]

cytotoxicity in HepG2 and Huh7 cells. Venn diagram analysis based on the previously-published and the above gene lists were
indicative of a substantial number of differentially-expressed genes that were exclusively modulated in both HCC cell lines only
upon the combined SOR+CLX treatment (Figure 4A). Moreover, the majority of these uniquely modulated genes displayed
evident HepG2 or Huh7 cell specificity upon SOR+CLX treatment (see Figure 4B). These data are in agreement with our
previous findings about the different molecular mechanisms of cytotoxic action of celecoxib or sorafenib in HepG2 and Huh7
cells [21], [23]. The above analyses also prompted us to evaluate whether SOR+CLX-treated HepG2 and Huh7 cells could be
distinguished on the basis of their gene expression profiles. Following filtering on 2-fold signal intensity, we used a one-way
ANOVA parametric test (Welch t -test; variances not assumed equal) to select discriminatory genes. Indeed, t test with a p value cutoff of 0.005 selected 174 genes for which expression differed in HepG2 and Huh7 cells. Clustering analysis based on
the 174 genes list was performed using the standard Condition Tree algorithm provided in GeneSpring, revealing the formation
of two major cluster groups that clearly distinguish HepG2 and Huh7 cells upon treatment (Figure 4C). Ninety-nine genes from
the 174-genes list were up-regulated in HepG2-treated cells, compared to Huh7 cells. Major classifications of these genes
included cell proliferation, signal transduction, metabolism and transport. Genes up-regulated in Huh7-treated cells in
comparison to HepG2 cells (75 genes) are mainly involved in metabolism, signal transduction, regulation of transcription,
immune response and DNA replication and repair. The 174 genes list is presented in Table S3.
Figure 4. Comparison of common and distinct gene expressions across the various differentially- expressed gene
groups in HepG2 and Huh7 cells upon celecoxib and sorafenib treatment. (A) Venn diagram analyses of genes,
differentially expressed ([greater than or equal to]2-fold) in HepG2 and Huh7 cell lines upon CLX (50 [micro]M) treatment, SOR
(7.5 [micro]M) treatment, and combined SOR+CLX treatment. (B) Venn diagram comparison of common and distinct genes
uniquely modulated ([greater than or equal to]2-fold) in HepG2 and Huh7 cells only following combined SOR+CLX treatment.
(C) Hierarchical clustering based on the 174 genes list (2-fold difference in gene expression; p -value cutoff of 0.05) which
discriminates HepG2 and Huh7 cells according to their response to combined SOR+CLX treatment. Red signifies up-regulation
and green signifies down-regulation. [see PDF for image]
Pathway and network analyses generated through the use of Ingenuity Pathways Analysis (IPA) software confirmed the
common and distinct major functionally-related gene groups, which were found to be differentially expressed in SOR+CLXtreated HepG2 and Huh7 cells (Figure 5). Notably, the top functional pathways down-regulated in both cell lines were those
related to cell- cycle, DNA replication, recombination and repair, lipid metabolism and small molecule biochemistry (Figure 5B
and 5D), while pathways associated with cell development and gene expression were found to be commonly induced (Figure
5A and 5B). Pathways related to cell death and cell growth and proliferation were both induced and suppressed in the two cell
lines, although, as expected, in each HCC cell line cell death pathways were more strongly induced than suppressed (Figure
5A-5D). The two HCC cell lines also displayed some differences upon SOR+CLX treatment; thus, pathways associated with
cell assembly and organization were predominantly down-regulated in HepG2 cells (Figure 5B), while pathways functionally
related to vitamin, mineral and amino acid metabolism were mostly down-regulated in Huh7 cells (Figure 5D). Accordingly,
pathways associated with cellular movement, cell morphology, cell function and maintenance and cell cycle were more strongly
up-regulated in HepG2 cells (Figure 5A), whereas Huh7 cells displayed specific up-regulation of pathways related to
carbohydrate metabolism, molecular transport, small molecule biochemistry and DNA replication, recombination and repair
(Figure 5C).
Figure 5. IPA functional pathway analyses of genes differentially expressed ([greater than or equal to]2-fold) in HepG2
and Huh7 cell lines upon combined SOR+CLX treatment. [see PDF for image]
A network analysis identified numerous highly significant networks with a score [greater than or equal to]3 that were down- or
up-regulated in HepG2 and Huh7 cells upon combined SOR+CLX treatment. As expected, for both HCC cell lines the five topscoring up-regulated networks were mainly associated with functions linked to cell death and gene expression, while the topscoring down-regulated networks were mostly linked to cell cycle and metabolism (Table S4). Here again, each of the two HCC
cell lines displayed some specificity in network modulation: thus for HepG2 cells, the five top-scoring up-regulated networks
were mostly associated with protein biosynthesis and molecular transport (Table S4A), while for Huh7 cells, the top-scoring upregulated networks were additionally linked to cell assembly and organization, cell function and maintenance and cell cycle
(Table S4B). Functional networks coupled to DNA replication, recombination and repair were specifically suppressed in HepG2
cells (Table S4C), while Huh7 cells displayed down-regulation of networks related to cellular function and maintenance, RNA
post-transcriptional modification, cellular assembly and organization, molecular transport and immune response (Table S4D).
Common networks, generated by merging the four top-scoring networks that included both down- and up-regulated genes
([less than or equal to]2 fold), recognized some functionally-related gene nodes that were specifically modulated in the two
HCC cell lines upon SOR+CLX treatment (Figure 6 and 7). In particular, in HepG2 cells a number of gene nodes implicated in
cell cycle control and DNA replication, recombination and repair (including ERBB2, EPO, CCNE1, CDC25A, CCNB1, BIRC5,
NDC80, BUB1, PXN, KPNB1, KITLG, CDCA5, CDCA8, TCF3, CDH1, CDKN3) were down-regulated, while gene nodes linked
to cell death (including ASNS, SOX4, EPAS1, S100P, IRS2, LCN2, IGFBP1, TRIB3, PHLDA2, AURKB) were mostly induced,
with the exception of the AURKB gene node (Figure 6). Gene nodes specifically down-regulated in Huh7 cells included a
number of cell cycle and transcription regulators (CCND1, CCNE1, TCF3, FANCA, CENPF, FGFR3, ID1, ID2, ID3, MSX1 and
members of the NF-[kappa]B complex), as well as genes involved in RNA post-transcriptional modification (CDKN2A, SREK,
SRSF1), whereas up-regulated nodes (including SP1, ATF3, SRSF1, BMP4, MSX1, KLF4, JMJD6) were mostly associated
with control of cell death (Figure 7).

Figure 6. Network analysis of dynamic gene expression in HepG2 cells based on the 2-fold common gene expression
lists obtained following combined SOR+CLX treatment. The four top-scoring networks have been merged and are
displayed graphically as nodes (genes/gene products) and edges (the biological relationships between the nodes). Intensity of
the node color indicates the degree of up- (red) or down (green)-regulation. Nodes are displayed using various shapes that
represent the functional class of the gene product (square = cytokine; vertical oval = transmembrane receptor; rectangle =
nuclear receptor; diamond = enzyme; rhomboid = transporter; hexagon = translation factor; horizontal oval = transcription
factor; circle = other). Edges are displayed with various labels that describe the nature of the relationship between the nodes: binding only , [right arrow] acts on . The length of an edge reflects the evidence supporting that node-to-node relationship and
edges supported by articles from the literature are shorter. Dotted edges represent indirect interaction. [see PDF for image]
Figure 7. Network analysis of dynamic gene expression in Huh7 cells based on the 2-fold common gene expression
lists obtained following combined SOR+CLX treatment. The four top-scoring networks have been merged and are
displayed graphically as nodes (genes/gene products) and edges (the biological relationships between the nodes). Figure
legends are as described in Figure 6. [see PDF for image]
Validation of Microarray Findings with Semi-quantitative RT-PCR (sqRT-PCR) and Quantitative RT-PCR (qRT-PCR)
To validate our microarray results, we arbitrarily selected 13 differentially-expressed genes following combination treatment.
Some of these genes were previously reported to be affected by sorafenib and by celecoxib and are involved in the regulation
of apoptosis, ER stress response, DNA damage response, cell proliferation and invasion. These genes included BIRC5
(survivin), Cyclin D1 (CCND1), Harakiri (Hrk), DNA-damage-inducible transcription factor 3 (DDIT3, also known as GADD153
or CHOP), Tribbles-related protein 3 (TRIB3, also known as TRB3), metallothionein 2A (MT2A), La ribonucleoprotein domain
family member 6 (LARP6), Yes-associated protein 1 (YAP1), Fatty acid-binding protein 1 (FABP1, also known as liver-type
fatty acid-binding protein, L-FABP), and Dickkopf 1(DKK1). In addition, expression of some other genes recently reported to be
involved in hepatocarcinogenesis, such as Klotho-beta (KLB), fibroblast growth factor 19 (FGF19), fibronectin type III domaincontaining 3B (FNDC3B), was also analyzed. Gene expression was quantified by sqRT-PCR and in some cases by qRT-PCR
in control and in treated cells. sqRT-PCR and qRT-PCR analyses were performed in samples previously used for the
microarray experiments then repeated using RNA extracted from two other different experiments. Table 3 shows the gene
expression measurements of all the validated genes.
Table 3. Fold expression of validated genes after treatment for 48 h with CLX (50 [micro]M) and SOR (7.5 [micro]M)
either alone or in combination. [see PDF for image]
Validation of Microarray Findings with Western Blotting
Microarray data showed that the gene encoding for survivin (BIRC5) was significantly down-regulated in HepG2 cells upon
treatment with combination compared with the single agent. As shown in Figure 8, we validated this observation in both cell
lines at the protein level. An intriguing result observed in the microarray analysis and also validated by qPCR was that the
expression of the gene encoding a member of the Dickkopf (DKK) family proteins, DKK1, was inhibited by celecoxib and
sorafenib alone, and the combined treatment further increased this effect (Table 3), resulting in a greater inhibition of mRNA
expression levels than when either inhibitor was used alone. As shown in Figure 8, we also confirmed this observation at the
protein level by Western blotting, confirming that the combination treatment synergistically inhibited the expression of DKK1 in
HepG2 and Huh7 cells.
Figure 8. Effect of celecoxib (CLX) and sorafenib (SOR) individually and in combination on expression levels of
survivin, DKK1, YAP1, CHOP and TRB3 proteins. Cells were treated for 48 h with the indicated concentrations of CLX and
SOR and their combinations. After treatment cells were harvested and lysed and equal amounts of extracted protein were
analyzed for survivin, DKK1, YAP1, CHOP and TRB3 expression by Western blotting. The data represent two independent
experiments with comparable outcomes. [see PDF for image]
In our screening, we observed increased YAP1 gene expression in HepG2 cells upon SOR or CLX treatment which was further
potentiated following combination treatment. Similarly, the combination treatment increased YAP1 protein expression more
than each agent used alone (Figure 8).
Microarray results showed that the ER stress response genes DDIT3/CHOP and TRIB3 were significantly up-regulated upon
combination treatment in HepG2 cells, whereas in Huh7 cells, only the DDIT3/CHOP gene was synergistically up-regulated by
the combination treatment (Table 3). As shown in Figure 8, these observations were also confirmed at the protein level.
Discussion

HCC is a complex disease which needs interacting approaches for effective therapy. A multi-targeting-based approach is of
particular relevance in HCC treatment, thus combination therapy would be more appropriate and may increase therapeutic
efficacy. Given that sorafenib is the standard of care in the first-line setting for advanced HCC patients, the new agents and
new drug combinations must be compared head-to-head with sorafenib. However, to our knowledge, there are few data
examining in detail the effects of sorafenib in combination with other anti-cancer drugs in HCC. Therefore, to inhibit multiple
signaling pathways involved in HCC, in the present study we investigated whether in two human HCC cell lines, HepG2 and
Huh7, the combinations of SOR+CLX have more potent antitumor effects than sorafenib alone. In addition, we also examined
the changes in the transcriptional profiles for both HCC cell lines upon combined SOR+CLX treatment.
Our data showed that each inhibitor alone can reduce cell growth; however the SOR+CLX combination displayed a synergistic
effect in terms of cell growth inhibition and apoptosis induction. Transcriptomic analysis identified a number of genes that were
commonly differentially expressed in both the HCC cell lines, as well as alterations in gene expression patterns that were
specific for each cell line. Indeed, clustering analysis based on the selected 174 genes which were expressed differently in the
HepG2 and Huh7 cells revealed the formation of two major cluster groups that clearly distinguish HepG2 and Huh7 cells upon
SOR+CLX treatment. This is to be expected, since apart from disparities in Raf/MEK/ERK activity [23] and in COX-2
expression levels [21], the two HCC cell lines also display other significant differences, such as alterations in [beta]-catenin , KRas , p16ink , p53 , p21 , FANCD2 and other genes. These data are also in agreement with our previous findings about the
different molecular mechanisms of cytotoxic action of celecoxib or sorafenib in HepG2 and Huh7 cells [21], [23]. Some genes,
involved in the regulation of apoptosis, ER stress response, DNA damage response, cell proliferation and invasion (including
BIRC5, Hrk, DDIT3/CHOP, TRB3, CCND1, MT2A, LARP6, YAP1, FABP1, and DKK1) were previously reported to be affected
by CLX and by SOR when applied alone [21], [23]. These genes were now shown to be synergistically modulated upon
combination treatment, suggesting their possible role in the enhanced antitumor effects observed when cells were subjected to
combined SOR+CLX treatment.
In particular, HRK also known as death protein 5 (dp5), is a pro-apoptotic mitochondrial protein of the Bcl-2 family and induces
cell death through interaction with death-repressor proteins Bcl-2 and Bcl-X(L) [24]. HRK overexpression has been shown to be
linked to ER-stress response, induction of apoptosis, inhibition of cell growth in vitro and in nude mouse xenograft models [25][27]. On the contrary, inactivation of HRK expression by promoter hypermethylation contributes to the development and
progression of various human cancers [28], [29]. Our findings demonstrated that sorafenib synergized with celecoxib in
increasing HRK expression in HCC cells and this was associated with an inhibition of cell viability. However, the precise role of
HRK in HCC remains to be determined.
TRB3 has been identified as a novel target of CHOP in ER stress response, and it seems to be involved in CHOP-dependent
cell death as a second messenger [30]. Studies indicate that TRB3 is functionally implicated in different biological processes,
including insulin resistance (IR), and the regulation of cell growth and differentiation. However, its role in apoptosis is
controversial. In certain conditions endogenous TRB3 can act as a pro-apoptotic or as a pro-survival protein. Our results
demonstrated that SOR+CLX synergistically promote CHOP mRNA and protein induction in both HCC cell lines, whereas
TRB3 mRNA and protein were synergistically up-regulated by combination treatment in HepG2 cells only. The precise role of
these proteins in the antitumor effects of the combination remains to be determined.
YAP1, the downstream effector of the Hippo kinase pathway, is a key regulator of organ size and a candidate human
oncogene. The oncogenic roles of YAP have been shown in various types of human malignancies [31]-[34], including HCC
[35]. More than 50% of human HCCs show aberrant overexpression and nuclear localization of YAP [36]. In HCC, YAP has
been shown to be an independent prognostic marker for disease-free and overall survival [35]. On the other hand, antiproliferative or pro-apoptosis functions of YAP have been also demonstrated in the context of DNA damage or cell stress,
which induces binding of YAP with other transcription factors such as p73, a paralog of p53 tumor suppressor [37]-[39]. The
functional activity of YAP protein greatly depends on its localization and interaction with different proteins [40], [41]. Thereby,
YAP regulation and cell context might have a pivotal role in the choice of its partners and consequently on the final and
different outcomes, i.e. proliferation/transformation or death/tumor suppression [40], [41]. In our screening, we observed
increased YAP gene expression in HepG2 cells on treatment with a single agent and further enhancement of its expression
upon combination treatment. Therefore, additional studies are necessary to clarify the role of the YAP protein in HCC cells.
Of particular significance are our observations on DKK1 mRNA and protein expression after combination treatment. Although
the members of the DKK family normally act as secreted Wnt antagonists and therefore should suppress Wnt-induced tumor
growth, DKK1 has been shown to be overexpressed in HCC tumor tissues. Its expression has been associated with a poor
prognosis in HCC patients [42]. These observations suggest that DKK1 probably acts as HCC oncogenic factor, rather than as
a tumor suppressor, targeting the Wnt signaling pathway. It is interesting to note that the DKK1 gene was one of the major
genes inhibited in both HCC cell lines after treatment with the SOR+CLX combination. This result, although surprising, is
interesting for its clinical implications, since DKK1 may be a good molecular marker of response to sorafenib treatment, or
other targeted therapies.
Several genes previously implicated in liver cancer were discovered by our screening, including KLB, FGF19, FNDC3 and
CCND1. The FGF19-FGF receptor 4 (FGFR4) signaling axis has been implicated in the development of HCC in humans [43][47]. Of interest in the study of Miura et al. [45] are the observations that tumor FGF19 mRNA expression was an independent

prognostic factor for overall and disease-free survival, and moreover, serum FGF19 levels significantly decreased in HCC
patients after curative hepatectomy. The sensitivity of serum FGF19 thus makes it a promising tumor marker for HCC.
Therefore, our in vitro findings of sorafenib- and SOR+CLX-mediated down-regulation of FGF19 mRNA in Huh7 cells indirectly
suggest that FGF19 could be potentially used in HCC patients as a serum biomarker for monitoring the effects of sorafenib,
and possibly other treatments.
An intriguing observation is the fact that FGF19 is co-amplified and co-overexpressed with CCDN1 in HCC [46]. In our
screening, we observed that CCND1 expression was reduced by sorafenib alone and increasingly more by SOR+CLX
treatment especially in Huh7 cells, suggesting that in some HCC cell types these drugs might also act through inhibition of this
important regulator of cell proliferation.
FNDC3B is an amplified oncogene which is part of a larger amplicon encompassing several genes, and often the entire
chromosomal arm of 3q. This gene has been shown to be frequently amplified more than 30% in esophageal, lung, ovarian and
breast cancers [48]. In HCC, the FNDC3B gene was recently identified upon oncogenomic screening for amplified oncogenes,
together with CCND1 gene [46]. In addition, FNDC3B overexpression induced tumorigenicity in nonmalignant murine
hepatocytes, suggesting its important role in hepatocarcinogenesis [48].
Klotho-beta (KLB) is a 130 kDa trans-membrane protein which acts as an FGFR4 co-receptor required for FGF19 binding,
intracellular signaling, and downstream modulation of gene expression [49]. Recently, it was reported that KLB is
overexpressed in HCC tumors, and that KLB gene silencing in HCC cells decreases cell proliferation and suppresses FGFR4
downstream signaling [50]. Therefore, this study suggests that KLB may be a novel target for therapeutic intervention in HCC.
Of note, we observed that KLB was reduced using SOR and CLX alone, but also in a synergistic manner upon combination
treatment, especially in HepG2 cells, suggesting that in some HCC subtypes KLB may be a good therapeutic target.
Conclusion
In conclusion, combined SOR+CLX treatment displayed strong synergistic cytotoxic effects in both HepG2 and Huh7 cells.
Gene expression studies were confirmative for this synergism, as for each cell line, the combined treatment was associated
with the modulation of distinct sets of genes, quite different from those displaying altered expression upon individual drug's
treatment. Moreover, each cell line exhibited rather unique patterns of differential gene expression following combined
SOR+CLX treatment, which confirms our previous findings for the specific mode of cytotoxic action of both these drugs in
HepG2 and Huh7 cells. These analyses, as well as consecutive validation studies based on mRNA and protein expression
levels, identified several new gene targets of individual drugs and of the SOR+CLX combination. Further functional analyses
will determine whether these genes may serve as potential molecular targets for more effective strategies for the treatment of
HCC. Finally, our findings suggest the possible application of combined SOR+ CLX therapy in HCC patients.
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