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Abstract

Hepatocellular carcinoma (HCC) is among the most lethal cancers. Mounting studies
highlighted the essential role of the HGF/c-MET axis in driving HCC tumor progression.
Therefore, c-Met is a potential therapeutic target for HCC. However, several concerns remain
unresolved in c-Met targeting. First, the status of active c-Met in HCC must be screened to de-
termine patients suitable for therapy. Second, resistance and side effects have been ob-
served frequently when using conventional c-Met inhibitors. Thus, a preclinical system for
screening the status of c-Met signaling and identifying efficient and safe anti-HCC agents is
urgently required. In this study, immunohistochemical staining of phosphorylated c-Met
(Tyr1234) on tissue sections indicated that HCCs with positive c-Met signaling accounted for
approximately 46% in 26 cases. Second, many patient-derived HCC cell lines were estab-
lished and characterized according to motility and c-Met signaling status. Moreover, LZ8, a
medicinal peptide purified from the herb Lingzhi, featuring immunomodulatory and anticancer
properties, was capable of suppressing cell migration and slightly reducing the survival rate of
both c-Met positive and negative HCCs, HCC372, and HCC329, respectively. LZ8 also sup-
pressed the intrahepatic metastasis of HCC329 in SCID mice. On the molecular level, LZ8
suppressed the expression of c-Met and phosphorylation of c-Met, ERK and AKT in HCC372,
and suppressed the phosphorylation of JNK, ERK, and AKT in HCC329. According to recep-
tor array screening, the major receptor tyrosine kinase activated in HCC329 was found to be
the epidermal growth factor receptor (EGFR). Moreover, tyrosine-phosphorylated EGFR (the
active EGFR) was greatly suppressed in HCC329 by LZ8 treatment. In addition, LZ8 blocked
HGF-induced cell migration and c-Met-dependent signaling in HepG2. In summary, we de-
signed a preclinical trial using LZ8 to prevent the tumor progression of patient-derived HCCs
with c-Met-positive or -negative signaling.
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Introduction

Liver cancer is the sixth most common and third most deadly cancer worldwide [1]. Hepatocel-
lular carcinoma (HCC) is the most common type of liver cancer, accounting for 83% of all
cases [2]. Diverse pathological mechanisms, such as hepatitis B and hepatitis C viral infection
and alcohol or aflatoxin B1 exposure, trigger the development and progression of HCC [3].
Generally, patients with early-stage HCC can receive resection or locoablative therapy, whereas
those with multifocal intrahepatic tumors may benefit from transarterial chemoembolization
[4,5]. Chemotherapies targeting aberrant molecular pathways involved in HCC have been
developed for advanced HCC, which is not feasible for locoregional therapy. Over the past de-
cade, sorafenib, a multikinase inhibitor featuring antiproliferative and proapoptotic properties,
has been determined to be the most promising agent for HCC target therapy [6-8]. However,
the overall outcomes are far from satisfactory, and the improved overall survival is less than
lyear [9]. Moreover, the acquired resistance to and side effects from sorafenib have drawn
attention [10]. An explanation for these drawbacks is the genetic heterogeneity of HCC that
leads to the primary resistance to sorafenib. Moreover, because metastatic spreads are responsi-
ble for the poor prognosis of most patients with HCC [11,12], the limited response of HCC to
antiproliferative drugs such as sorafenib is expected. However, an effective therapy targeting
the molecular pathway leading to the tumor metastasis of HCC has not been firmly
established.

Tumor metastasis, one of the most complicated pathological processes is initiated by
epithelial mesenchymal transition (EMT), migration and invasion of the primary tumor, fol-
lowed by intravasation, extravasation, and colonization at the metastatic loci [13]. Within the
tumor microenvironment, the primary tumor may interact with stromal and inflammatory
cells, leading to the secretion of numerous growth factors and cytokines, including hepatocyte
growth factor (HGF) [13-16], epidermal growth factor (EGF), and transforming growth fac-
tor-B [17]. These soluble factors can induce metastatic changes of primary tumors [14], and
therefore may be collectively called metastatic factors. Blocking the molecular pathway mediat-
ing the actions of these factors is a promising strategy for inhibiting HCC progression.

Among the metastatic factors, the scatter factor HGF was highlighted to be involved in the
progression of cancer [18], including HCC. The receptor tyrosine kinase (RTK) of HGF,
c-Met, which is a prototypic member of the RTK family, is involved in diverse cellular re-
sponses such as motogenesis and morphogenesis. In HCC, c-Met may be activated in an auto-
crine fashion as evidenced by high levels of intracytoplasmic HGF [19]. Moreover, high HGF
level in serum and deregulated expression of c-Met in HCCs are closely associated with early
recurrence [20] and patients with high c-Met expressing HCCs usually have shorter 5-year
survival rate after curative surgical resection [19-22]. In addition, a group of HCCs (27%) with
a c-Met-induced transcriptional signature was characterized by a higher rate of vascular inva-
sion [23]. In vitro studies have also revealed the effects of HGF on metastatic changes of HCC,
including EMT, migration, and invasion [24-26]. Therefore, HGF-c-Met signaling is currently
the most promising therapeutic target for preventing HCC progression [2, 27-29].

The binding of HGF to c-Met induces the autophosphorylation of its cytoplasmic domain,
followed by the recruitment of upstream regulators, such as Gab, Grb2, and PI3K, that activate
downstream mitogen activated protein kinase (MAPK) and AKT signaling [30-32]. In addi-
tion, c-Met can be activated independently of HGF by interacting with the EGF receptor, cell
attachment or an alternate ligand des-y-carboxy prothrombin [2].

During the past decades, numerous small molecular c-Met inhibitors have been designed
for c-Met-based target therapy. Currently, at least 17 c-Met inhibitors, including JNJ-
38877605, GEN-203, and ARQ197, are under clinical evaluation [33]. However, several
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concerns in targeting the HGF-c-Met axis must be addressed. First, c-Met overexpression has
been observed in only 20% to 48% of human HCC cases [21]. For HCC with negative c-Met
signaling, c-Met-based target therapy may be ineffective. Secondly, early clinical trials have
revealed unexpectedly limited benefits of c-Met inhibition [27], and the side effects caused by
c-Met inhibitors, including anemia, neutropenia, and liver and bone marrow toxicity [34,35]
have been observed frequently. Thus, searching efficient and safe antagonists that can block
critical molecular pathways, either c-Met-dependent or -independent, is critical for preventing
HCC progression.

One promising anti-HCC agent is the medicinal peptide LZ8 (also known as Lingzhi or
Reishi), which is purified from the Chinese herbal drug Ganoderma lucidium [36]. In previous
studies, LZ8 was found to be an immunomodulatory adjuvant that enhanced the efficacy of
cancer DNA vaccines by activating dendritic cells [37, 38]. More recently, the prominent anti-
cancer capability of LZ8 was highlighted. LZ8 may suppress proliferation of breast cancer [39]
and lung cancer [40, 41] and retard cell migration of cervical cancer [42]. The molecular mech-
anisms for the antitumor activity of LZ8 have been intensively studied. For example, LZ8 may
stabilize p53 and increase the CDK inhibitor p21 [41], leading to cell cycle arrest of lung cancer
cell. In addition, LZ8 can repress telomerase activity [43] in lung adenocarcinoma cells. Re-
garding intracellular signaling, LZ8 may suppress the protein kinase C-dependent pathway
[44] involved in cancer progression triggered by HGF-c-Met [45]. Currently, whether LZ8 can
suppress HCC progression or influences c-Met-dependent signaling remains un-investigated
in preclinical trials.

In this study, we improved the preclinical trials for preventing HCC progression in several
aspects. First, to validate the feasibility of c-Met targeting, we screened active c-Met (phosphor-
ylated c-Met; p-c-Met) in HCC tissues. Moreover, using patient-derived HCC:s as target cells,
we noted that LZ8 can suppress HCC tumor progression, associated with inhibiting the activity
of critical signal molecules involved in c-Met- or non-c-Met-dependent pathways.

Materials and Methods
Cell lines, hepatocellular carcinoma tissue collection, and chemicals

Human hepatoma cell HepG2 was purchased from the Bioresource Collection and Research
Center (Hsinchu, Taiwan). HCC tissues were collected during surgery performed at Tzu Chi
Hospital with patient’s consents, which have been approved by the Research Ethics Committee
in Buddhist Tzu Chi General Hospital (IRB 101-62). The tissues were snap frozen at —80°C
before being harvested for Western blotting or sectioning for immunohistochemical analysis.
HGF and JNJ-38877605 were obtained from Peprotech (Rocky Hill, NJ, USA) and MedKoo
(Chapel Hilll, NC, USA), respectively. SP600125, PD98059, AG1748, and SU5416 were
acquired from Calbiochem (Darmstadt, Germany). Antibodies for c-Met, p-c-Met, phosphory-
lated JNK (p-JNK), phosphorylated ERK (p-ERK), phosphorylated AKT (p-AKT), phosphory-
lated paxillin (p-paxillin S178), GAPDH, and ERK were obtained from Santa Cruz
Biotechnology, Inc. (California, CA, USA). LZ8 was purchased from the Yeastern Company
(Taipei, Taiwan) and prepared using recombinant protein technology in a yeast system. Briefly,
DNA sequence encoding LZ8 was cloned and expressed in Saccharomyces cerevisiae. Cells ex-
pressing LZ8 were disrupted and centrifuged, and the supernatant was passed through
molecular sieves to obtain proteins between 10 kDa and 100 kDa large. The filtrate was

turther purified using Superdex 75 columns (GE Healthcare) and the purity was determined by
HPLC.
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Establishing patient-derived hepatocellular carcinoma cell lines

Clinically derived HCC cell lines were established from parts of HCC tissues obtained from
surgery with patient’s consents, which have been approved by Buddhist Tzu Chi general
hospital Research Ethic Committee (IRB 101-62). All patients signed informed consent forms
(with partially hidden names and personal information), a few of which are presented in

S1 Materials. The patient-derived cell lines were established according to standard procedures.
Briefly, HCC tissues were pretreated with collagenase and cultivated on the mitomycin C-treat-
ed NTH3TS3 feeder layer for 4 to 6 passages to select the HCC cell lines. Homogenous HCC cell
populations were obtained and the sustained proliferation ability (over 20 passages) and meta-
static potentials were tested in vitro and in vivo. The characteristics of the HCC tumor cell
lines were validated by detecting HCC tumor makers such as Glypican 3 (GCP3) [46], after
more than 40 passages.

Immunohistochemistry

Immunohistochemistry (IHC) for HGF and p-c-Met was performed according to the standard
protocols established by the Research Centre for Hepatology at Tzu Chi Hospital.

Cell proliferation assay

The cells were cultivated in 24-well plates. After appropriate treatments, the cells were
counted with hemocytometer every 24 h for 72 h. The doubling time of cells was calculated
using the following equation: Time (h)/Generation, where Time is the time from cell seeding
to cell counting and Generation is the generation of cell replication and was equal to log
N1-log N0/log2 (NO = number of cells seeded initially; N1 = number of cells counted at a
specific time point after seeding).

Cell cycle analysis

HCC cells were harvested by trypsin detachment and washed in ice-cold, phosphate-buffered
saline (PBS). After centrifugation and supernatant removal, the cells were fixed using ice-cold
70% ethanol for 24 h. The cells were then washed with PBS and incubated with RNase A
(Sigma-Aldrich; 0.5 mg/mL) and propidium iodide (Sigma-Aldrich; 1 mg/mL) at room tem-
perature for 15 min. The red (FL3) fluorescence of the stained cells was analyzed using a
Beckman Coulter Gallios flow cytometer. The percentage of cells in the G1, S, and G2/M
phases of the cell cycle was analyzed using Kaluza 1.1 software (Beckman Coulter).

Wound healing migration assay

The cells were cultivated in 24-well plates with a wound healing culture insert until confluence,
and then serum starved for 24 h, after which the culture insert was removed. After appropriate

treatments of the cells, images were obtained using phase contrast microscopy. Quantitation of
cell motility was performed by counting the cells migrating into the blanking area using Image

] software.

Transwell migration assay

Cells were seeded on a 24-well transwell migration insert (Nalge Nunc International, Roches-

ter, NY, USA) in a complete medium for 24 h. After appropriate treatments, cells that had mi-
grated to the underside of the insert membrane were stained with 0.3% crystal violet. The cells
on the topside of the insert membrane were rubbed with a cotton swab. The migrated cells on

the underside were imaged using phase contrast microscopy with 200x magnification.
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Western blot

Western blots were performed according to our previous study [45]. The band intensities on
the blots were quantified using Image] software.

Establishing hepatocellular carcinoma metastasis in SCID mice

Orthotropic transplantation was performed for tumor inoculation. Initially, approximately

1 x 107 cells were injected subcutaneously into the right flank of the mice, and the signs of
tumor development were then monitored daily. Once the subcutaneous (s.c.) tumor reached

1 to 1.5 cm in diameter, it was removed and cut into approximately 1- to 2-mm cubes and im-
planted in the left liver lobe of the mice. Two to four months after tumor implantation and ap-
propriated treatments, the mice were sacrificed for examining the primary tumor growth on
middle liver lobe and secondary tumor foci on left and right lobes. Nodules with diameters ex-
ceeding 0.1 to 0.2 cm observed on the left or right lobes were denoted as secondary tumor foci.
Intrahepatic metastasis was defined if a minimum of two secondary tumor foci can be observed
in the left and/or right liver lobes of a treated mouse. Extrahepatic metastasis was defined by
tumors appearing in organs other than the liver, such as the intestine. During animal experi-
ment, which was approved by the Institutional Animal Care and Use Committee at Tzu Chi
University (No. 102080), regulations relevant to the care and use of laboratory animals were
followed.

Receptor array analysis

A receptor array kit (Proteome Profile™ Array; R&D system, Minneapolis MN, USA) capable
of simultaneously detecting 49 essential RTKs in phosphorylated form was used for screening
the phosphorylated RTK (p-RTK) signaling in HCC329 according to the manufacturer’s
protocols. For quantitation, the average signal (pixel density) of the pair of duplicate spots rep-
resenting each p-RTK was determined using Image J. The average background (from the PBS
control spot) was then subtracted from each p-RTK signal. Detailed information of the 49
RTKs is presented in S2 Materials.

Statistical analysis

A paired Student’s f test was conducted to analyze the differences in band intensities between
samples on the Western blot and the differences in cell motility and doubling time between the
indicated HCCs. Quantitative data were expressed as mean * coefficient variation (CV), indi-
cated by the error bars in each figure. Differences in intrahepatic metastasis between various
treatments and the reproducibility of the indicated molecules exhibited on IHC tissue section
were analyzed using the Fisher Exact V2 test for categorical data.

Results
Screening HGF/c-Met signaling in hepatocellular carcinomas

The status of HGF/c-Met signaling in 26 HCC tissue samples was evaluated by examining the
amount of Tyr1234 phosphorylated c-Met (p-c-Met Tyr1234, the activated form of c-Met)
coupled with HGF in the tumor environment. S1A Fig. depicts the IHC staining of p-c-Met
and HGF on the HCC tissue sections from three HCC cases that were representative of HCCs
with positive c-Met signaling. Prominent expressions of p-c-Met and HGF were detected with-
in the tumor, but were absent in the non-tumor area of the tissue section (Fisher test, p<0.03,
N = 3). The location of the HCC tumor was verified using the IHC of the HCC marker GPC3
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Figure 1. Comparison of cell morphologies and motilities among patients derived HCCs. The patient-derived HCC cells were established according to
the description in Materials and Methods. Morphologies (A) and (B) motilities (by wound healing assay) of the indicated HCC cell lines were imaged using
phase contrast microscopy (200X). (C) Quantitation for comparing the motility of the indicated HCCs. Relative motility of the HCCs was calculated; taking

motility of HCC340 as 1.0. (**) and (*) represent statistical significance (p<0.005 and p<0.05, respectively, n = 4) for differences in motility between the
indicated HCCs and the HCC340.

doi:10.1371/journal.pone.0114495.9001

coupled with hematoxylin/Eosin staining. Thus far, the proportion of the HCCs with active
HGF/c-Met signaling was estimated to be 46% of the 26 HCC cases.

Cellular phenotypes of patient-derived hepatocellular carcinoma

To obtain more specific target cells for personalized therapy, parts of the HCC tissues from
each of the 26 HCC cases were used for establishing patient-derived cell lines by feeder layer se-
lection method. Currently, nine patient-derived HCC cell lines (HCC329, 328, 326, 340, 353,
365, 363, 372, and 374) were established and the phenotypes were characterized. HepG2,
which is an epithelial and non-motile HCC, was also included for comparison of the HCC
phenotypes. According to the morphologies demonstrated under phase contrast microscope
(Fig. 1A), most of the HCCs (HCC326 328, 329, 353, 365, 363, 374) appeared mesenchymal,
whereas only HCC340 and HepG2 appeared epithelial. The cellular size of HCC372 was larger
than that of the other HCCs and its phenotypes was difficult to ascertain. To validate the phe-
notypes of the HCCs, Western blots of E-cadherin and vimentin, the typical epithelial and mes-
enchymal markers, respectively, were performed. As demonstrated in Fig. 2A, E-cadherin
significantly expressed in HCC340 and HepG2, but not in the other HCCs. By contrast,
vimentin expressed in all of the HCCs except HCC340 and HepG2. Thus, HCC340 and HepG2
can be classified as epithelial, and the other HCCs as mesenchymal. Migratory activity (assayed
using the wound healing method for 24 h) of the patient-derived HCCs was determined

(Fig. 1B) and quantitatively compared (Fig. 1C). As expected, the motility of HCC340 was
lower than that of most mesenchymal HCCs (Fig. 1C). In addition, the motility of HCC329
and HCC372 was the highest among the nine HCCs.
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Figure 2. Comparison of various signaling molecules in HCC cell lines and suppression of cell
migration by JNK and MEK inhibitors. (A) Western blots of indicated signal molecules in the indicated HCC
cell lines using GAPDH as a loading control. Data were representative of two reproducible experiments. (B)
Cells were untreated or treated with SP (SP600125), JNK inhibitor, or PD (PD98059), and subjected to
wound healing migration analysis for 24 h. Relative migration was calculated and taking the data of untreated
HCC372 or HCC329 as 100%. (**) and (#) represent statistical significance (p<0.005 and p<0.05,
respectively, n = 3) between the indicated inhibitor-treated sample and untreated HCC329 or HCC372 control
group.

doi:10.1371/journal.pone.0114495.9002
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Analyzing the signaling status in patient-derived hepatocellular
carcinomas

The statuses of the critical signaling components, including c-Met, ERK, JNK, and AKT, in-
volved in tumor progression [47, 48] were examined in the patient-derived cell lines and
HepG2. As shown in Fig. 2A, c-Met (B subunit with molecular weight of 140 kD) was highly
expressed in HCC372, HCC 340 and HepG2, but was absent in the other cell lines. It was
known that c-Met dimerization activates the phosphorylation of tyrosine residues (Tyr1234) in
the kinase domain, leading to autophosphorylation of the carboxyl-terminal substrate-binding
site at Tyr1349 and Tyr1356 [18]. Consistent with the profile of c-Met expression, p-c-Met
(Tyr1234) was clearly detected in all c-Met positive HCCs, HCC372, HCC340, and HepG2, but
was barely detected in the c-Met-negative HCCs (Fig. 2A). In addition, the other two Tyr-phos-
phorylated-c-Met (p-c-Met Tyr1356 and Tyr1349) were not detected in all cell lines (data not
shown). In general, the status of p-c-Met in the patient-derived cell lines was the same as that
observed in the corresponding primary tissues. As depicted in S1B Fig., the IHC of p-c-Met
(Tyr1234) on the tissue section of HCC340 revealed dark staining, contrasting with the slight
background staining observed on the parallel negative control section. This staining was con-
sistent with the positive p-c-Met (Tyr1234) in the HCC340 cell line detected by Western blot
(Fig. 2A). The IHC of p-c-Met (Tyr1234) for HCC372 (the other c-Met positive HCC) was not
performed because tissue samples were lacking. The IHC of p-c-Met (Tyr1234) for other
HCCs was negative (data not shown).

Regarding the downstream signaling components, p-JNK was abundant in most of the
HCCs, and relatively low in HCC340 and HepG2 (Fig. 2A). On the other hand, the level of
both phosphorylated ERK1 and ERK2 (p-ERK1 and p-ERK2, respectively) were markedly
higher in HCC340 and relatively higher in HepG2. Also, p-ERK2 (but not p-ERK1) was abun-
dant in HCC372, whereas p-ERK1 (but not p-ERK2) was very high in HCC328 and relatively
high in HCC326 (Fig. 2A). In the other HCCs, including HCC329, HCC353, HCC363,
HCC365, and HCC374, only p-ERK1 was marginally detected. In addition, abundant p-AKT
was detected in most of the HCCs. In summary, although c-Met signaling was positive in only
some of the cell lines (including HCC340, HCC372, and HepG2) and negative in others
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(including HCC326, 329, 353, 363, 365 and 374), the downstream ERK, JNK, and AKT were
active in most of the HCCs. Thus, both c-Met dependent and independent signaling existed in
the HCCs.

It appeared that the correlation of ERK and JNK activations with the status of c-Met signal-
ing differed among the HCCs. As shown in Fig. 2A, p-ERK was higher in the c-Met-positive
HCCs (including HCC340 and HCC372) than in most c-Met-negative HCCs (HCC329, 353,
363, 365, 372, and 374); whereas p-JNK was higher in most of the c-Met-negative HCCs than
in the c-Met-positive HCCs (HCC340 and HepG2). However, some exceptions were observed.
For example, p-ERK was high in the c-Met-negative HCC326 and HCC328, whereas p-JNK
was high in the c-Met-positive HCC372. To further investigate the role of ERK and JNK in the
tumor progression of c-Met-positive and c-Met-negative HCCs, we examined the effects that
inhibitors of JNK (SP600125, SP) and MEK (the upstream kinase of ERK, PD98059, PD) ex-
erted on cell migration of the two most motile HCCs, HCC372 and HCC329 (c-Met positive
and c-Met negative HCC, respectively). As shown in Fig. 2B, SP, not PD, suppressed 35% of
the migration (assayed by wound healing method for 24 h) of HCC329. By contrast, PD, not
SP, suppressed 24% of the cell migration of HCC372. Thus we suggested that active ERK and
JNK were required for mediating cell migration of c-Met-positive HCC and c-Met-negative
HCC, respectively.

LZ8 prevented migration and decreased cell survival of hepatocellular
carcinoma

Both HCC372 and HCC329 were further used as target cells for evaluating the potential of LZ8
as an anti-HCC agent. As shown in the cell proliferation assay (Fig. 3A), LZ8 (0.5, 1.0, and

2.0 pg/mL) dose dependently increased the doubling times of HCC329 and HCC372 by

25% to 46% and 14% to 47%, respectively. To investigate the underlying mechanisms of the
antiproliferative effect of LZ8, cell cycle analysis was performed. As demonstrated in Fig. 3B,
treating HCC372 and HCC329 with LZ8 (2.0 ug/mL) for 72 h did not delay cell cycle progression,
because the percentages of the G1 and S phase of LZ8-treated cells were not significantly different
from those of the untreated cells. However, LZ8 treatment increased the sub-G1 proportions of
HCC372 and HCC329 by 5% to 10% compared with those of the untreated HCCs, suggesting
that LZ8 may decrease the cell survival of a small population of both HCCs.

Further, the effect that LZ8 exerted on the cell migration of both HCCs was examined using
the wound healing assay. As demonstrated in Fig. 3C and 3D, LZ8 treatment (2.0 ug/mL) for
24 h markedly suppressed cell migration of HCC372 by 95%. Also, the c-Met specific antago-
nists JNJ-38877605 (JNJ, at ICs(: 26.5 nM) suppressed migration of HCC372 by 50%. On the
other hand, LZ8 and JNJ suppressed cell migration of HCC329 by 80% and 10%, respectively.
Notably, the extent of inhibition by JNJ was higher in HCC372 than in HCC329, a phenome-
non that can be attributed to c-Met signaling which was active in HCC372 but not HCC329. In
addition, compared with the single LZ8 treatment, a combination of both LZ8 and JNJ didn’t
exert enhanced effects in blocking the migration of both HCCs (data not shown). Because the
cells were treated with LZ8 in serum-free media in the wound healing assay, whether serum
can influence the effect that LZ8 exerted on HCC migration needed to be examined. Thus, we
repeated the cell migration assay by using a transwell culture insert, and treated HCC329 and
HCC372 with LZ8 in complete media containing 10% serum. As depicted in S2 Fig., LZ8
(2.0 pg/mL and 5.0 pg/mL) substantially suppressed the transwell migration of HCC372 and
HCC329 in a dose-dependent manner. Thus, the preventive effects that LZ8 exerted on HCC cell
migration were unaffected by serum. In summary, LZ8 can markedly suppress the constitutive
cell migration of both c-Met-positive and c-Met-negative HCC. In addition, LZ8 (2.0 ug/mL)
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Figure 3. LZ8 prevented cell migration and reduced HCC survival. HCC329 and HCC372 cells were
untreated (control) or treated with LZ8 (2.0 pg/mL) for 72 h (A and B), and LZ8 (2.0 pg/mL) or JNJ (26.5 nM)
for 48 h (C). HepG2 cells were untreated (control), treated with 25 nM HGF with or without indicated inhibitors
for 48 h (E). Doubling time determination (A) and cell cycle analysis (B) at 72 h, and wound healing migration
analysis (C) and (E) of the HCCs were performed. In (A), relative doubling time was evaluated taking the data
of untreated HCC372 or HCC329 as 100%. In (B), the cell counts of each cell cycle phase are depicted in the
left panel (PI: propidium iodide), whereas the percentage of each phase is shown in the right panel. Data
were the average of three experiments; CV = 5.8%. (D) and (F) are quantitative figures for (C) and (E),
respectively. In (A) and (D), (**) and (*) (#) represent statistical significance (p<0.005 and p<0.05,
respectively, n = 3) between the indicated inhibitor-treated samples and the untreated HCC329 or untreated
HCC372 group. In (F), (**) represent statistical significance (p<0.005, n = 3) between the indicated HGF/
inhibitor samples and the HGF-only group.

doi:10.1371/journal.pone.0114495.9003

prevented the HGF-induced cell migration of HepG2 much more effectively than did JNJ
(26.5 nM) (Fig. 3E and 3F).

LZ8 markedly suppressed tumor progression of HCC329 in SCID mice

We further examined the effect that LZ8 exerted on HCC329 metastasis using a SCID mouse
model established previously [45]. HCC329 was orthotropically transplanted into the middle
liver lobe of SCID mice, and then DMEM (vehicle), vehicle-containing LZ8 (20 ug/g mouse),
or JNJ (2.0 nmole/g mouse) were injected intraperitoneally. Interestingly, LZ8 radically sup-
pressed HCC329 tumor progression in the SCID mice. As demonstrated in Fig. 4, primary
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Figure 4. LZ8, not JNJ, prevents tumor metastasis of HCC329. HCC329 was inoculated onto the middle
lobe of SCID mouse livers through orthotropic transplantation. Subsequently, the mice were injected
intraperitoneally twice per week with DMEM medium, JNJ-38877605 (JNJ) 26.5 nmole/g per mouse, or LZ8
(4.0-20.0 pg/g per mouse). The mice were sacrificed 2 months after injection; intrahepatic metastasis was
observed in the medium- and JNJ- but not LZ8-treated group. White arrow heads indicate the site of
secondary tumors on the left and right liver lobes. Data were representative of two reproducible experiments.

doi:10.1371/journal.pone.0114495.9004

tumor growth on the middle liver lobe and intra-metastasis toward the right and left liver lobes
in the LZ8-treated mice markedly reduced, compared with those in the DMEM- and JN]J-
treated mice (Fisher test: p<0.05, N = 3). The toxicity test for LZ8 was performed by treating
four normal SCID mice with high dose LZ8, without prior inoculation of HCC329 on the liver.
After 2 to 3 months of intraperitoneal LZ8 administration (20 pug/g mouse), no adverse effects
regarding the activity of the mice and the integrity of organs were observed (data not shown).

Effect of LZ8 on c-Met-dependent and c-Met-independent signaling in
hepatocellular carcinoma

To investigate the molecular mechanisms by which LZ8 suppresses HCC progression, we
examined the influence that LZ8 exerts on the activity of critical signal molecules in HCC329
and HCC372. As shown in Fig. 5A and 5C, the phosphorylation of JNK, ERK, and AKT, de-
creased, by 85%, 51%, and 18%, respectively, after treatment of HCC329 with LZ8 (2.0 pug/mL)
for 24 h. The effect that LZ8 exerted on the signal transduction in HCC372 differed from that
in HCC329 in several aspects. First, the suppressive effect of LZ8 was observed earlier in
HCC372 (at 3-4 h) than in HCC329 (at 24 h). Second, LZ8 altered c-Met-related signal mole-
cules in the c-Met-positive HCC372, but not in c-Met negative HCC329. As shown in Fig. 5A
and 5C, expression of c-Met was greatly suppressed by LZ8 by 90% to 95% at 4 h in HCC372,
which may sustain until 24 h (data not shown). Consistently, LZ8 significantly decreased p-c-
Met (Tyr1234) by 55% at 4 h (Fig. 5A and 5C). On the downstream level, LZ8 abolished p-ERK
and p-AKT by 80% to 95% at 4 h (Fig. 5A and 5C). However, LZ8 did not reduce p-JNK in
HCC372. In summary, LZ8 suppressed activities of critical signal molecules in both c-Met-
positive and c-Met-negative HCCs.

Screening the active RTK signaling that can be blocked by LZ8 in
HCC329

Because c-Met signaling is inactive in HCC329, the signaling pathway suppressed by LZ8 for
blocking tumor progression of this HCC remained unclear. Thus, the RTK signaling activated
in HCC329 was screened using a receptor array, which can simultaneously detect 49 essential
RTKs in phosphorylated forms. Among the phosphorylated RTKs, phosphorylated EGFR
(p-EGFR) was the most abundant in untreated HCC329 (Fig. 6). Moreover, p-c-Met
(p-HGFR) was undetectable in the same array of untreated HCC329, consistent with the
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Figure 5. LZ8 block signal transduction in c-Met positive and negative HCCs and HGF-induced
HepG2. HCC372 and HCC329 were treated with 2.0 pg/mL LZ8 for 4 h and 24 h, respectively (A), and
HepG2 was untreated (control), treated with HGF only, or treated with HGF coupled with 2.0 pg/mL of LZ8
(C). Western blotting of indicated signal molecules was performed using GAPDH (A) and ERK (C) as loading
controls. (B) and (D) are quantitative figures for (A) and (C), respectively. Relative band intensity of each
molecule was calculated; taking the data of untreated HCC372 and HCC329 as 100% (B) and untreated
HepG2 as 1.0 (D). In (B), (**) (**) and (*) (*) represent statistical significance (p<0.005 and p<0.05,
respectively, n = 3) between the indicated inhibitor-treated sample and untreated HCC329 or HCC372 control
group. In (D), (**) represent statistical significance (p<0.005, n = 3) between the indicated HGF/LZ8
cotreated and the HGF-only group.

doi:10.1371/journal.pone.0114495.9005

negative p-c-Met (Tyr1234) determined using the Western blot (Fig. 2A). Furthermore, p-
EGEFR was markedly reduced in HCC329 treated with LZ8 for 16 h, compared with that in un-
treated HCC329 (data not shown). Table 1 shows the quantitative changes of ten representative
p-RTKs, including p-EGEFR, after LZ8 treatment compared with those in the untreated
HCC329. Notably, the relative intensity of p-EGFR in LZ8-treated HCC329 vs. that in untreat-
ed HCC329 (LZ8/control) was 0.317, far below 1.0. This revealed that p-EGFR was greatly sup-
pressed in HCC329 after LZ8 treatment. In addition, the relative intensities of p-Axl and p-
RYK were significantly less than 1.0, whereas those of the other seven p-RTKs were greater
than 1.0. On the other hand, we investigated whether blocking the EFGR pathway would affect
the signal transduction and cell migration of HCC329. As depicted in S3A Fig., inhibitors of

Figure 6. Receptor array analysis for detecting RTK signaling in HCC329. Total cell lysate (300 pg/mL)
of untreated HCC329 was used for analyzing the relative amounts of 49 phosphorylated RTKs by receptor
array analysis, as described in Materials and Methods. The rectangles depicted by solid and dashed lines
indicate the duplicated positions of p-EGFR and p-c-Met, respectively. The elliptic circles indicate the position
of two positive controls.

doi:10.1371/journal.pone.0114495.g006
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Table 1. Comparison of intensities (on receptor array) of p-RTKs in LZ8-treated HCC329 vs. that in
untreated HCC329.

Receptor Intensity® Relative Intensity®
Control LZ8 LZ8/Control
EGF R 0.104 0.033 0.317
FGF R4 0.036 0.063 1.750
AxI| 0.135 0.074 0.548
PDGF Ra 0.053 0.063 1.189
c-Ret 0.070 0.091 1.300
ROR1 0.014 0.021 1.500
TrkC 0.056 0.069 1.232
EphA3 0.061 0.066 1.082
ALK 0.065 0.079 1.215
RYK 0.129 0.098 0.760

2 Intensities of the indicated phosphorylated RTKs were calculated as described in Materials and Methods.
b |Z8/control represents the ratios of intensities of the indicated p-RTK signals on the array for LZ8-treated
HCC329 versus that for the untreated group (control). Data were the averages of two reproducible
experiments. The number in bold type indicates the relative intensity (LZ8/control) of p-RTK that was less
than 1.0.

doi:10.1371/journal.pone.0114495.t001

EGFR, AG1748, and SU5416 suppressed the cell migration (using wound healing method) of
HCC329 by 80%. Moreover, treating HCC329 with AG1748 reduced the level of p-JNK by 30%
within 4 to 16 h (S3B Fig.). In summary, EGFR-JNK signaling was required for mediating cell
migration of HCC329, which can be effectively suppressed by LZ8.

Finally, we investigated whether LZ8 could block HGF-induced c-Met signaling in HepG2.
As shown in Fig. 5B, LZ8 suppressed the HGF-induced c-Met signaling [45], including p-c-
Met, p-JNK, p-ERK, and p-paxilllin (Ser 178) by 85% to 90% in HepG2 (Fig. 5D). Moreover,
LZ8 suppressed the HGF-induced cell migration of HepG2 (assayed by wound healing method
at 24 h and 96 h) more efficiently than did JNJ.

Discussion

Screening of c-Met-positive hepatocellular carcinoma for c-Met-based
target therapy

Target therapies are emerging as the most promising strategy for HCC management. Among
the growth-factor-mediated cancer signaling, the HGF/c-Met axis is intimately related to the
metastatic transformation of HCC. A prerequisite of c-Met-based target therapy is to identify
whether c-Met signaling is active in an individual HCC, an aspect that has not been clarified in
previous clinical studies. In our initial screening, p-c-Met (Tyr1234), the active form of c-Met,
was positive in 46% of the HCCs tested. Although the sample size was not large enough, this
pilot study suggests that large-scale screening of c-Met signaling in HCC is feasible before en-
rolling patients for c-Met-based target therapy.

Establishing and characterizing patient-derived hepatocellular
carcinoma

Another critical concern in the preclinical trials for anti-HCC progression is selecting
target cells for studying the efficacy of various HCC antagonists. In this study, numerous

PLOS ONE | DOI:10.1371/journal.pone.0114495 January 21,2015 12/19



@‘PLOS | ONE

LZ-8 Prevents Tumor Progression of Hepatocellular Carcinoma

patient-derived HCC cells were established and characterized (Fig. 1). After the expression and
phosphorylation of c-Met in HCC cell lines was screened, it appeared that approximately 33%
of the HCCs were positive of c-Met signaling (Fig. 2A). Moreover, the status of p-c-Met in
HCC cell line recapitulates those observed in the corresponding primary tissues, indicating
that the status of c-Met signaling in the original HCC tissue can be sustained in the cell lines.

Status of c-Met signaling and the epithelial/mesenchymal phenotype of
hepatocellular carcinoma

The status of c-Met signaling in the HCCs was essential for verifying whether patients are suit-
able for c-Met-based target therapy. This was reflected by that the suppressive effect of JNJ, the
typical c-Met inhibitor, exerted on cell migration was much more prominent for HCC372 than
for HCC329 (Fig. 3C and 3D). However, whether c-Met signaling was essential for maintaining
the mesenchymal phenotype and motility of HCC remained uncertain. According to the profile
of E-cadherin and vimentin (Fig. 2A), HCC340 and HepG2 can be classified as epithelial,
whereas the other HCCs are mesenchymal type. On other hand, c-Met and p-c-Met were ob-
served in HCC372, HCC340, and HepG2, but not in other HCCs (Fig. 2A). In summary, active
c-Met signaling was observed in two epithelial HCCs (HCC340 and HepG2) and only one
mesenchymal HCC (HCC372), but not evident in most other mesenchymal HCCs. Therefore,
positive c-Met signaling was weakly correlated with the mesenchymal phenotype of the HCCs.
This finding contradicts the notion that HGF/c-Met signaling is the essential pathway
responsible for triggering EMT and cell migration that leads to tumor metastasis (2, 27-29).

A possible explanation is that although HGF/c-Met signaling is required for triggering EMT of
HCC, c-Met signaling may be down regulated after the EMT process is completed and com-
pensated for by other RTK pathways for sustaining the mesenchymal phenotype and high mo-
tility. This notion can be supported by the fact that EGFR, but not c-Met signaling, is active in
HCC329 (Fig. 6), which is a typically mesenchymal and highly motile HCC (Figs. 1B, 1C, and
2A).

Effect of LZ8 on tumor progression of hepatocellular carcinoma

Effective and safe drugs are required for successful HCC target therapy. Although the useful-
ness of sorafenib has been demonstrated, developing second line drugs for HCC patients who
were resistant to sorafenib are essential. Currently, many potential Chinese-herb-derived anti-
cancer compounds have been explored. For example, Celastrol, extracted from the root of Trip-
terygiumwilfordii Hook, was found to have anti-prostate cancer properties [51]. Moreover,
Platycodin D (PD) [52] and TDP [53], isolated from the traditional Chinese herb, Platycodonis
radix and Garcinia oblongifolia, respectively, have anticancer potential in HCC. In this study,
we determined that LZ-8 prevents the tumor progression of patient-derived HCC in vitro (in-
cluding cell migration and cell survival) (Fig. 3) and intrahepatic metastasis of HCC329 in
SCID mice (Fig. 4). The suppressive effect of LZ8 exerted on cell migration (Fig. 3C and 3D)
was much higher than that on decreasing cell survival (Fig. 3B), possibly because the signal
pathways affected by LZ8 were primarily responsible for cell migration of HCC.

LZ8: A potent antagonist of c-Met-dependent and c-Met-independent
signaling
The effect that LZ8 exerted on HCC tumor progression can be ascribed to the suppression of

critical signaling, either c-Met dependent or c-Met independent, involved in HCC progression.
For the c-Met positive HCC372, LZ8 suppressed both the expression of c-Met and
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phosphorylation of c-Met (Tyr1234) (Fig. 5A), which accompanied the decrease of the
downstream ERK signaling (Fig. 5A) and the inhibition of cell migration (Fig. 3C and 3D).
This is consistent with previous studies demonstrating that knockdown of c-Met by antisense
RNA or RNA interference significantly inhibited the growth of HCC cells with high levels of
c-Met expression [54-56]. The underlying mechanism by which LZ8 suppresses the expression
of c-Met remains unclear. One possibility is that LZ8 may inhibit transcription of c-Met. Alter-
natively, LZ8 may promote the degradation of c-Met associated with c-Met endocytosis [45].
In addition, the suppressive effect of LZ8 exerts on HCC migration was much stronger than
that of the conventional c-Met inhibitor JNJ (Fig. 3C and 3D). This was consistent with the ob-
servation that LZ8 suppressed c-Met expression much more than JNJ (S4 Fig.).

According to receptor array screening, we determined that EGFR was the major RTK
activated in the c-Met-negative HCC329 (Fig. 6). Moreover, p-EGFR can be suppressed by
LZ8, although the underlying mechanism remained unclear. Consistently, cell migration of
HCC329 can be prevented by the EGFR inhibitor AG1748 (S3A Fig.). Taken together, LZ8
may suppress EGFR signaling, thereby suppressing tumor progression of HCC329. In the fu-
ture, the LZ8-sensitive signaling pathway in other c-Met-negative HCCs can also be identified
using the receptor screening approach.

MAPK cascade in the patient-derived hepatocellular carcinoma

We established the profile of downstream MAPK members, including p-JNK and p-ERK, in
the patient-derived HCCs. Because of their essential roles in proliferation, survival, differentia-
tion, and migration, deregulated MAPKs were frequently found to contribute to the develop-
ment of many cancers, including HCC [47]. Previously, the role of p-ERK in the growth and
survive of HCC has already been established [2]. Recently, the role of JNK in HCC progression
is also emerging. Inhibiting JNK1 expression can reduce the migration and invasion of mouse
HCC cell lines in vitro [49]. In the present study, differential degrees of JNK and ERK activa-
tion were observed in both c-Met-positive and c-Met-negative HCCs. Notably, active ERK was
required for mediating the cell migration of c-Met-positive HCC372 (in which ERK2 activation
is high), whereas active JNK was required for the cell migration of c-Met-negative HCC329 (in
which JNK activation is high) (Fig. 2B). Moreover, ERK2 phosphorylation was dramatically
high in the c-Met-positive HCC, whereas ERK1 phosphorylation was marginally detected in
most of the c-Met-negative HCCs (Fig. 2A). This is reminiscent of a previous study suggesting
that ERK2, but not ERK1, mediated the HGF-induced motility of non-small cell lung carcino-
ma cell lines [50]. Therefore ERK2 may be more essential than ERK1 for the tumor progression
of HCC triggered by HGF.

The suppressive effects of LZ8 on MAPK in both HCC329 and HCC372 also differed sub-
stantially. Although phosphorylation of ERK and JNK can be detected in HCC372 (Fig. 2A),
only p-ERK (but not p-JNK), was suppressed by LZ8 (Fig. 5A). One possible explanation is
that JNK was not activated via the c-Met-dependent pathway in HCC372, and therefore not
influenced by LZ8. On the contrary, LZ8 suppressed p-JNK much more than p-ERK in
HCC329, a phenomenon that is consistent with the suppression of p-EGFR by LZ8 (Table 1).
In addition, the phosphorylation of JNK can be markedly suppressed by the EGFR inhibitor
AG1478 (S3B Fig.). These results strongly suggested that JNK is downstream of EGFR in
HCC329, and the EGFR-JNK axis is a promising target for LZ8 to suppress the tumor progres-
sion of this HCC.

Recently, the roles of p-JNK and p-ERK as prognosis markers of HCC treated with sorafenib
have been studied. Compared with ERK activation, JNK activation is more inversely correlated
with the therapeutic response to sorafenib, suggesting that JNK activity may be used as a
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predictive biomarker for response to sorafenib treatment [57-59]. In this regard, whether
p-JNK and p-ERK can be used as prognosis markers for LZ8-treated HCC warrants further
investigation.

Conclusion

To develop an effective c-Met-based target therapy for preventing HCC progression, we
screened c-Met-dependent signaling on HCC tissues. In addition, patient-derived cell lines,
either c-Met-positive or c-Met-negative, may be used for testing the efficacy of HCC antago-
nists in vitro and in vivo. Specifically, LZ8 suppressed the tumor progression of HCC via block-
ing the c-Met-dependent or the c-Met-independent pathway. Since the safety concern of LZ8
has been certified, whether it can be used as an effective and nontoxic anti-HCC agent is wor-
thy of further investigation in clinical trials.

Supporting Information

S1 Fig. Immunohistochemistry of p-c-Met and HGF in HCC tumors. (A) IHC of the indicat-
ed molecules coupled with H & E stain was performed on tissue sections of three HCC cases.
Green arrows indicate the location of tumor as verified by HCC tumor marker GPC3. The blue
rectangle indicates the area that was magnified to 400x. The deep brown staining region re-
vealed the location of indicated molecules in contrast to the light brown negative region. Data
were representative of two reproducible experiments. (B) IHC of p-c-Met coupled with H & E
stain was performed on tissues from which the indicated HCCs cell lines were derived. Imaging
was performed through phase contrast microscopy. The image of negative controls (excluding
the primary Ab incubation) was demonstrated in parallel. The area indicated by blue rectangles
(100X magnification) was enlarged to 400X magnification. In the IHC of p-c-Met, the deep
brown staining region revealed the location of p-c-Met in contrast to the light brown negative
region. Data were representative of two reproducible experiments.

(TTF)

S2 Fig. LZ8 prevented transwell migration of HCC329 and HCC372 in complete medium.
HCC372 and HCC329 were cultivated on a migration culture insert for 24 h and treated with
LZ8 at indicated concentrations in a medium containing 10% serum for 24 h. Imaging was per-
formed through phase contrast microscopy using 200x magnification. Data were representa-
tive of three reproducible experiments.

(TIF)

$3 Fig. EGFR inhibitors prevent JNK phosphorylation and cell migration of HCC329.
HCC329 cells were untreated (control) or treated with indicated inhibitors for 48 h (A) or indi-
cated times (B). Wound healing migration analysis (A) and Western blot analysis of p-JNK (B)
were performed. In (A), relative migration time was calculated, taking the data of control
group as 100%. In (B), GAPDH was included as the loading control. The normalized intensity
calculated as p-J]NK/GAPDH is shown. Data were representative of three reproducible experi-
ments.

(TIF)

S4 Fig. LZ8 suppressed c-Met expression more effectively than JNJ. HCC372 cells were treat-
ed with JNJ (26.5 nM) or 2 pug/mL LZ8 for 4 h. Western blot of indicated signal molecules was
performed using GAPDH as a loading control. Data were representative of three reproducible
experiments.

(TTF)
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S1 Materials. Patient signed informed consent forms for HCC cell line establishment.
Signed informed consent forms (with partially hidden informations) of 4 HCC patients who
agreed to provide their surgical HCC tissues for cell lines establishment in Liver Disease center
in TZU CHI hospital Hualein, Taiwan.

(PDF)

S2 Materials. Detailed information of the 49 RTKs in receptor array. This is one of the ap-

pendixes in the manufacture’s protocol of Proteome Profile™ Array; R&D system. It provides

the detailed information regarding the positions of the antibodies of 49 phosphorylated RTKs
(p-RTKs) conjugated on the membrane for detecting the respective p-RTKs. The letters indi-

cated in the most left (1*') and 4™ column are the coordinates referring to the position of each
antibody (in duplicate) indicated in the parallel column.

(JPG)

S3 Materials. English editing certificate. The copied certificate of English editing for this
paper by a mother tongue English speaker, Dr. Jennifer Sampson in Wallace Academic Editing
Company.
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