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Abstract

Malignant mesothelioma (MM) is a highly invasive and chemoresistant malignancy induced by 

asbestos fibers. NK4, a HGF antagonist and angiogenesis inhibitor, consists of the N-terminal 

hairpin domain and four kringle domains of the α-chain of HGF. The therapeutic potential of NK4 

has been demonstrated in a variety of tumor types. However, the mechanisms by which NK4 

inhibits tumor growth have not been well delineated. In this study, we show that the NK4 

adenovirus (Ad-NK4) potently inhibits cell viability, invasiveness, and tumorigenicity of human 

MM cells. Significantly, we demonstrate for the first time that Ad-NK4 inhibits cancer stem-like 

cell (CSC) properties as assessed by spheroid formation assay, side population analysis, and flow 

cytometric sorting of CD24 cells. In addition to inhibiting phosphorylation of Met and AKT, Ad-

NK4 markedly suppressed the active form of β-catenin, a key mediator of both Wnt and AKT 

pathways. We further demonstrate that expression of NK4 suppresses β-catenin nuclear 

localization and transcriptional activity. Intriguingly, the expression levels of Oct4 and Myc, two 

critical stem cell factors and downstream targets of β-catenin, were also diminished by Ad-NK4. 

Furthermore, the strong antitumor effect of NK4 was found to be linked to its ability to inhibit 

CSCs as revealed by immunohistochemical examination of tumor specimens from a mouse 

xenograft model of human MM. These findings suggest that NK4 acts as a CSC inhibitor by 

impeding Met/AKT/β-catenin signaling and holds promise for achieving durable therapeutic 

responses in MM by constraining the CSC component of these aggressive tumors.
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Hepatocyte growth factor (HGF), also known as scatter factor, was originally identified as a 

potent hepatocyte mitogen, but subsequent studies revealed that HGF is a multifunctional 
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growth factor that can induce various cellular responses including cell growth, invasion, 

survival, and morphogenesis. The pleiotropic activities of HGF are mediated through its 

receptor, a transmembrane tyrosine kinase encoded by the proto-oncogene c-Met. Both HGF 

and Met are expressed in numerous tissues, although their expression is restricted 

predominately to cells of mesenchymal and epithelial origin, respectively 1, 2. HGF is 

synthesized as an inactive single chain precursor molecule that is activated by proteolytic 

cleavage into disulfide-linked 69-kDa α- and 34-kDa β-chains of the mature form of HGF. 

The α-chain consists of an N-terminal domain followed by four kringle modules and 

mediates the binding of HGF to the Met receptor, while the β-chain contains a serine 

protease-like domain 3.

NK4 is a specific HGF antagonist 4 composed of the N-terminal hairpin domain and four 

kringle domains of the α-chain of HGF. NK4 exhibits high affinity binding to Met, but does 

not induce its tyrosine phosphorylation or any biological function. Instead, NK4 

competitively inhibits Met activation stimulated by HGF. Surprisingly, NK4 also inhibits 

angiogenesis induced by basic fibroblast growth factor (bFGF) and vascular endothelial cell 

growth factor (VEGF) 5, 6, and this antiangiogenic activity does not depend on binding to 

the Met receptor but rather on its interaction with perlecan, which is a major component of 

the vascular basement membrane 7. Thus, NK4 has been considered as a bifunctional 

inhibitor with both HGF antagonist and anti-angiogenesis characteristics. The therapeutic 

potential of NK4 has been demonstrated in a variety of experimental animal models. NK4 

protein administration or NK4 gene therapy inhibited tumor growth, invasion, metastasis, 

and angiogenesis in various tumor types including cancers of the breast, colon, lung, 

pancreas, mesothelium, prostate, stomac, and brain8.

Malignant mesothelioma (MM) is a highly aggressive neoplasm arising from mesothelial 

cells lining the lung, chest wall, heart and abdominal cavity. Exposure to asbestos has been 

implicated as a major contributory factor in the development of this malignancy. MM is 

resistant to conventional therapies, with the median survival post-diagnosis ranging from 4 

to 12 months 9, 10. We and others have reported that Met is strongly expressed in human 

MM cell lines 11, and autocrine production of HGF has been found in some MM specimens 

and MM cell lines 12. HGF stimulation has been shown to increase migration, invasiveness, 

proliferation, and adhesion in MM cells 13, 14.

Mounting evidence suggests that individual tumors are driven by a small subpopulation of 

undifferentiated cells dubbed cancer stem-like cells (CSCs) or tumor-initiating cells (T-

ICs) 15-17. CSCs are thought to be responsible for cancer initiation and progression and 

account for resistance to radiotherapy and chemotherapy. Moreover, the resistant CSC 

population has the potential to re-populate tumors following the killing of the bulk, sensitive 

tumor cells by standard therapies. Thus, therapeutic modalities aimed at targeting CSCs 

potentially represent promising approaches for more durable therapeutic responses. 

Interestingly, recent studies showed that HGF/Met signaling is involved in the maintenance 

of CSCs in several tumor types and a Met small molecule inhibitor reduced CSC population 

and suppressed tumor growth of pancreatic cancer18, 19.
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In this study, we investigate if the potent antitumor activity of NK4 is attributable to its 

ability to inhibit CSCs. We show that expression of NK4 via an adenoviral delivery system 

has pronounced anti-CSC activity on MM cells. NK4 not only suppressed expression levels 

of several key CSC markers, but also decreased side-population, reduced CD24 positive 

cells, and inhibited tumor spheroid formation. Furthermore, in a mouse xenograft model of 

human MM, NK4 adenovirus exhibits strong antitumor activity that was linked to its ability 

to inhibit cells expressing CSC markers. These results suggest that NK4 acts as a CSC 

inhibitor through suppressing Met/AKT/β-catenin signaling and provide a novel mechanism 

for its potent anti-tumor effect.

Materials and Methods

Cell lines

Human MM cell line Meso 10 was established from a surgically explanted primary 

epithelioid MM as described previously 20, whereas Hmeso was derived from a biphasic 

MM 21. Neither cell line expressed HGF as assessed by RT-PCR. Cell lines were grown in 

RPMI 1640 with 10% fetal bovine serum (FBS), supplemented with L-glutamine and 

penicillin/streptomycin. The adenoviral packaging cell line 293T (ATCC) was cultured in 

Dulbecco's modified Eagle's medium containing 10% FBS supplemented with 2 mM L-

glutamine, 1.0 mM sodium pyruvate, and antibiotics.

Construction of adenoviral vectors

The recombinant NK4 adenovirus was generated by homologous recombination in E. coli 

using the pAdEasy system 22. Briefly, a NK4 cDNA fragment (encoding HGF residues 

1-478) plus a Kozak initiation sequence (GCCACCATG) at its 5′ end and a stop codon 

(TAG) at its 3′ end was amplified from a plasmid harboring human HGF cDNA (kindly 

provided by George F. Vande Woude, Van Andel Research Institute, Grand Rapids, MI) and 

ligated into shuttle vector pShuttle-CMV to create a pShuttle-CMV-NK4 plasmid. After 

authenticity of the NK4 insert was verified by nucleotide sequencing, E. coli BJ5183 cells 

were co-transformed with the linearized pShuttle-CMV-NK4 plasmid and the supercoiled 

adenoviral backbone plasmid pAdEasy-1. Colonies resulting from the transformation were 

screened for proper recombination by restriction digestion analysis. Then the recombinant 

NK4 adenoviral plasmid was transfected into HEK293 cells to generate the primary virus 

stock of recombinant adenovirus AdNK4. The adenovirus was propagated in HEK293 cells 

and purified by CsCl density gradient ultracentrifugation. The control adenovirus Ad-LacZ, 

which carries the LacZ gene driven by the CMV promoter, was constructed by using the 

same protocol described above.

Cell viability assay

The effect of Ad-NK4 on MM cell viability was evaluated by using a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) reduction conversion 

assay. Logarithmically-growing Hmeso and Meso 10 cells were seeded in 96-well culture 

plates and grown in RPMI 1640 medium supplemented with 5% FBS and 10 ng/ml HGF. 

After overnight incubation, the cells were mock infected or infected with AdLacZ or 

AdNK4 at a multiplicity of infection (MOI) of 100. After 72 h, 40 μl of MTT at 5 mg/ml 
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was added to each well, and incubation was continued for 2 h. The formazan crystals 

resulting from the mitochondrial enzymatic activity on the MTT substrate were solubilized 

with 100 μl of 20% (w/v) SDS, 50% (v/v) N,N-dimethylformamide, pH 4.7 and incubated 

overnight. Absorbance was measured at 590 nm using a microplate reader. Cell survival was 

expressed as absorbance relative to that of mock-infected controls.

Cell invasion assay

Cell invasion was measured using 24-well BioCoat Matrigel invasion chambers (Becton 

Dikinson Labware) and performed essentially as previously described 23, 24. In brief, MM 

cells were plated in individual culture dishes and mock infected or infected with AdLacZ or 

AdNK4 as described above. Six hours after infection, cells were trypsinized and suspended 

in RPMI 1640 containing 1% FBS. Then, 2.5 × 104 cells/well were placed in each upper 

compartment. The lower compartment contained RPMI 1640 with 10 ng/ml HGF. After 

incubating for 24 h at 37°C, cells that degraded the Matrigel and migrated through the 8-μm 

pores of the membrane were fixed with 10% formaldehyde and stained with hematoxylin. 

The number of invading cells was counted using a microscope, and invasion was estimated 

as the average number of cells in five fields using a 10x objective.

Side population analysis and CD24 sorting

Hmeso and Meso 10 cells were mock infected or infected with AdLacZ or AdNK4 as 

described above. Subsequently, cells were suspended in DMEM/ containing 2% FBS at 

1×106 cells/ml and stained with Hoechst 33342 dye (5 μg/ml) for 90 min at 37°C with 

continuous mixing. Following incubation, cells were washed with ice-cold PBS, stained 

with propidium iodide (1 μg/ml), and maintained at 4°C for flow cytometry analyses and for 

sorting of side population (SP) fraction using a FACSAria Flow cytometer (Beckton 

Dickson). The Hoechst dye was excited with an UV laser at 351 to 364 nm, and its 

fluorescence was measured with a 515-nm side population filter (Hoechst blue) and a 608 

EFLP optical filter (Hoechst red). A 540 DSP filter was used to separate the emission 

wavelengths for flow cytometry analyses. For CD24 analysis, cells were trypsinized, 

washed, and suspended in PBS containing 2% FBS. After incubation in the dark at 4°C for 

30 min with phycoerythrin (PE)-conjugated mouse IgG2b anti human CD24 (BD 

Pharmingen), cells were washed twice with PBS, followed by FACS analysis using a 

FACSAria Flow cytometer.

Tumor spheroid formation assay

Tumor spheroid cultures were established as described previously 25. Briefly, single cells 

were plated in Ultra Low Attachment plates (Corning) in serum-free DMEM-F12 

supplemented with 10 ng/mL bFGF, 10 ng/mL EGF, and B27 (all from Invitrogen). In these 

conditions, cells grew as suspension spherical clusters.

Western blot analysis

MM cells were plated at a density of 5 × 105 cells per well in 6-well tissue culture plates and 

grown in RPMI 1640/5% FBS. Cells were mock-infected or infected with Ad-LacZ or Ad-

NK4 at a MOI of 100. After incubating for 30 h, the cells were treated with HGF (10 ng/ml) 
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for 30 min and solubilized with lysis buffer (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 10% 

glycerol, 1% Nonidet P-40, plus protease and phosphatase inhibitors). The resulting cell 

lysates were separated by gel electrophoresis, transferred to PVDF membranes, and probed 

with primary antibodies followed by peroxidase-conjugated secondary antibodies. Protein 

bands were detected by means of an ECL Western analysis system (Amersham Biosciences, 

Inc.). An anti-β-gal antibody (Molecular Probes) or anti-HGFα (Santa Cruz) was used to 

detect adenovirus-mediated expression of LacZ and NK4, respectively. Protein bands were 

detected by using primary antibodies against Met, phospho-Met, AKT, phospho-AKT, ERK, 

phosphor-ERK, Nanog, Oct4, Myc (all from Santa Cruz Biotechnology), β-catenin (Cell 

Signaling Technology), and active β-catenin (anti-ABC, Millipore).

Immunofluorescence staining

For immunofluorescence staining, cells were grown on the surface of cover slides and 

mock-infected or infected with Ad-LacZ or Ad-NK4 at a MOI of 100. After 30 h, the cells 

were treated with HGF (10 ng/ml) for 30 min and fixed with 4% paraformaldehyde. After 

rehydration in PBS, fixed cells were incubated with anti-β-catenin antibody at room 

temperature for 1 h. FITC-conjugated secondary antibodies were incubated for 30 min at 

room temperature. The nuclei were stained with DAPI. Cell images were examined and 

captured with a Nikon Eclipse 80i fluorescent microscope.

Luciferase reporter activity assay

Hmeso and Meso 10 cells were transfected with a TCF/LEF reporter (TOPFlash, Addgene 

plasmid 12456) or a vector containing mutated TCF/LEF binding sites (FOPFlash, Addgene 

plasmid 12457) along with renilla luciferase plasmids (Promega) as an internal control. The 

cells were then infected with Ad-LacZ or Ad-NK4 at a MOI of 100. After 24 hours, cells 

were lysed directly and luciferase activities were determined by a dual-luciferase reporter 

assay system (Promega).

Inhibition of tumorigenicity of MM cells by Ad-NK4

Exponentially growing Hmeso cells (5 × 106) were injected peritoneally in 6-week-old nude 

mice. Four days after implantation, the animals were randomly divided into three groups (6 

mice/group) and injected with PBS, Ad-LacZ, or Ad-NK4. For this experiment, 200 μl of 

PBS or PBS containing Ad-LacZ (1 × 109 pfu) or Ad-NK4 (1 × 109 pfu) was used. The 

treatment was performed twice a week for a total of five administrations. At the end of week 

4, mice were sacrificed by CO2 asphyxiation. The disseminated tumor nodules were 

collected and weighed. To evaluate the efficacy of Ad-NK4 treatment, the tumor weight in 

the three groups of mice was compared and analyzed statistically. For immunohistochemical 

examination, tumor samples were fixed in 10% buffered formalin, embedded in paraffin, 

and stained with antibodies indicated in the figures. This animal experiment was performed 

in accordance with a protocol approved by the Institutional Animal Care and Use Committee 

of Fox Chase Cancer Center.
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Statistical analysis

Data were expressed as means ± SD. Significant differences between groups were 

determined by analysis of variance and by Student's t test. Differences were considered 

significant when the P value was less than 0.05.

Results

NK4 suppresses MM cell viability and invasiveness in vitro

We have previously shown that immunohistochemical staining for Met is elevated in human 

MM specimens compared to that of normal mesothelial cells and that Met was strongly 

expressed in a panel of nine human MM cell lines analyzed by Western blotting 11. We and 

others also reported that HGF enhances MM cell viability 12, 26. In the present study, we 

aimed to evaluate the therapeutic potential of Ad-NK4 in MM. To this end, we first 

examined the effect of AdNK4 on in vitro cell viability in MM cell lines Hmeso and Meso 

10, both of which express high levels of Met protein (Fig. 4A). The cells were grown in the 

presence of recombinant HGF and mock infected or infected with Ad-LacZ or Ad-NK4 for 

3 d. Cell viability was measured by MTT assays. Infection with Ad-LacZ did not show any 

anti-proliferative effect. In contrast, viability was significantly inhibited by Ad-NK4 in both 

Hmeso and Meso 10 cells (Fig. 1A).

Increased cell motility and invasiveness in vitro are thought to correlate with an enhanced 

malignant and invasive phenotype in vivo 27. Given that MMs are highly invasive 

tumors 28, 29, we investigated the effects of Ad-NK4 on cell invasiveness in a Matrigel 

invasion assay. After mock-infection or infection with Ad-LacZ or Ad-NK4, Hmeso and 

Meso 10 cells were seeded in the upper compartments of the invasion chambers, with HGF 

present in the lower chambers. Compared to mock-infected cells, the number of invading 

cells was not affected by infection with Ad-LacZ. However, infection with Ad-NK4 

significantly inhibited the invasiveness of both Hmeso and Meso 10 cells (Fig. 1B and C).

NK4 represses side population and CD24 positive cells of MM

Side population (SP) cells are characterized by their high ability to efflux the fluorescent dye 

Hoechst 33342 from the cytoplasm through ATP-binding cassette transporters such as 

ABCG2 and MDR1. SP cells account for a small subpopulation of the total cells and exhibit 

CSC properties in a variety of solid tumors including MM 30. To investigate whether Ad-

NK4 could regulate SP cells in MM, Hmeso and Meso 10 cells were subjected to flow 

cytometric analysis. Untreated Hmeso and Meso 10 cells contained 1.6 % and 0.8 % of 

Hoechst 33342-dull SP cells, respectively, which were depleted by the ABC transporter 

inhibitor verapamil (5 μM) in a Hoechst dye exclusion assay. While treatment with Ad-LacZ 

did not any show obvious effect on SP cells, infection with Ad-NK4 dramatically decreased 

the percentage SP cells in both cell lines (Fig. 2A).

A recent study has identified CD24 as a helpful marker of CSCs in MM, and its expression 

has been shown to correlate with the tumorigenic potential of MM cells in animals 30. This 

finding prompted us to test the effect of Ad-NK4 on CD24 expression in MM cells. As 

shown in Fig. 2B, uninfected Hmeso and Meso 10 cells contained 2.8% and 1.9% of CD24 
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positive cells, respectively. Infection with Ad-NK4 significantly reduced the percentage of 

CD24-positive cells to 1.3-0.6% in the two MM cell lines, whereas Ad-LacZ exhibited no 

obvious effect on either cell line.

Spheroid formation of MM cells is inhbited by NK4

Unlike in conventional 2D culture system, tumor cells grown on a non-adherent surface 

form suspended 3D multi-layer spheroids, which are enriched in cancer stem-like cells and 

known to closely mimic phenotypes of in vivo tumors 25, 31. To determine if NK4 has any 

effect on tumor spheroid formation, Hmeso and Meso 10 cells were mock infected or 

infected with Ad-LacZ or Ad-NK4 and cultured in serum-free medium containing bFGF and 

EGF. After 3 weeks of cultivation, mock infected and Ad-LacZ infected cells formed 

spheroids. However, the capability of spheroid formation of Ad-NK4 infected cells was 

severely inhibited in both cell lines (Fig. 3).

NK4 represses CSC markers in MM cells

To evaluate the potential role of NK4 as an antagonist of CSCs, we first asked if NK4 

affects the expression levels of CSC markers. MM cells were mock infected or infected with 

Ad-LacZ or Ad-NK4 for 30 h. Immunoblot analyses showed that Met protein was highly 

expressed in both cell lines (Fig. 4A). While infection with either Ad-LacZ or Ad-NK4 had 

no effect on the level of total Met protein, phosphorylated Met was markedly decreased 

following infection with Ad-NK4, but not Ad-LacZ, indicating that Met activity was 

suppressed by NK4. As expected, phosphorylation of AKT, a downstream effector of 

Met 26, was also reduced after Ad-NK4 infection. However, NK4 only moderately inhibited 

phosphorylation of ERK2, without any effect on ERK1. Subsequently, we examined if NK4 

could inhibit expression of several CSC markers. β-catenin, a key mediator of the Wnt 

pathway, is essential in sustaining the CSC phenotype in several types of tumors, 32, 33, and 

its activity is also regulated by AKT/GSK3β signaling 32, 34. Using an antibody specific for 

the active form of β-catenin, dephosphorylated on Ser37 or Thr41 (anti-ABC, Millipore), we 

found that β-catenin activity was decreased by Ad-NK4, but not by Ad-LacZ, in both MM 

cell lines, while total levels of β-catenin were unchanged in Hmeso and mildly reduced in 

Meso 10 by Ad-NK4. We next examined the effect of Ad-NK4 on the expression of Oct4, 

Nanog and Myc, which are critical regulators in ES cells and CSCs. Ad-NK4 reduced the 

expression of Oct4 in both Hmeso and Meso 10, whereas Myc was suppressed only in 

Hmeso cells. In contrast, expression levels of Nanog were unchanged in both cell lines.

NK4 reduces β-catenin nuclear localization and transcriptional activity

Nuclear localization of β-catenin is a hallmark of Wnt signaling. To confirm the inhibitory 

effect of Ad-NK4 on β-catenin, we examined subcellular localization of β-catenin in 

response to Ad-NK4 infection (Fig. 5A). In untreated Hmeso cells, β-catenin was 

predominantly located at the plasma membrane, with faint staining distributed in the 

cytoplasm. When cells were treated with HGF, β-catenin was shifted to the nucleus. 

Treatment with Ad-NK4, but not Ad-LacZ, reversed HGF-induced β-catenin nuclear 

accumulation. This is consistent with the above immunoblot results showing that Ad-NK4 
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decreased the levels of dephosphorylated β-catenin, which is transcriptionally active in the 

nucleus.

To validate the effect of NK4 on β-catenin-dependent transcription, we performed TOP/FOP 

luciferase reporter assay (Fig. 5B). TOP-Flash or FOP-Flash vector that contains wild-type 

or mutated TCF/LEF binding sites, respectively, was transfected into Hmeso and Meso 10 

cells followed by infection with Ad-LacZ or Ad-NK4. As expected, luciferase activity of the 

control vector FOP-Flash was unchanged in response to expression of either Ad-LacZ or 

Ad-NK4. In contrast, luciferase activity of TOP-Flash was dramatically inhibited by Ad-

NK4 when compared with Ad-LacZ in both cell lines. These results demonstrate that NK4 

reduces the nuclear localization of β-catenin and represses its transcriptional activity.

NK4 is more effective than PHA-665752 in suppression of mesothelioma CSCs

To further explore mechanism underlying NK4's anti-CSC activity, we compared effects of 

NK4 with PHA-665752, which is a selective small molecule inhibitor of Met kinase and 

exhibits potent antitumor activity in a variety of cancers. We found that both PHA-665752 

and NK4 inhibited phosphorylation of Met and suppressed active form of β-catenin in 

mesothelioma cells. However, NK4 was more effective in suppression of mesothelioma 

spheroid formation (Fig. 6), suggesting that NK4 targets additional CSC-related molecule(s).

Ad-NK4 inhibits the tumorigenicity of MM cells

We next examined the anti-tumor efficacy of Ad-NK4 in mice with MM xenografts. The 

tumorigenic Hmeso cells were injected intraperitoneally in nude mice. Four days after 

implantation, the animals were injected with PBS, Ad-LacZ, or Ad-NK4 twice a week for a 

total of five administrations. Compared to PBS, treatment with Ad-LacZ had a mild, 

statistically insignificant (P>0.05), effect on tumor growth as evaluated based on the average 

tumor weight per mouse. Treatment with Ad-NK4, however, resulted in a highly significant 

decrease in tumor growth compared to that with PBS or Ad-LacZ (P<0.01, Fig. 7A). To 

investigate the potential mechanisms of xenograft tumor growth retardation, 

immunohistochemical analyses were performed with tumor tissues (Fig. 7B). Activation of 

Met and AKT, as evaluated by phospho-specific Met and AKT antibodies, was markedly 

reduced in tumors from mice infected with Ad-NK4 compared to that of mice uninfected or 

infected with Ad-LacZ. Furthermore, expression of β-catenin and Oct4 was abrogated in Ad-

NK4-infected tumors compared to that observed in mock-infected or Ad-LacZ-infected 

tumors.

Discussion

NK4 is known to exert its anti-tumor effect by acting as a bifunctional inhibitor, with both 

HGF antagonist and anti-angiogenesis characteristics. However, the precise mechanisms 

responsible for this potent anti-tumor effect have required further elucidation. In the present 

study, we evaluated the therapeutic efficacy of adenoviral-mediated NK4 treatment in MM. 

Our results show that expression of NK4 substantially reduces Met and AKT activity and 

inhibits viability, invasiveness, and tumorigenicity of MM cells. These results are consistent 

with previously reported effects of NK4 observed in MM 35 and other tumor types 8, 36.
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Increasing evidence indicates that CSCs initiate and sustain malignancy in a variety of 

cancers and are responsible for systemic metastases, resistance to chemo- and radiotherapy, 

and tumor relapses. Recent studies have shown that HGF/Met signaling regulates the 

invasiveness of tumor-initiating cells in a brain tumor model 37, and activation of Met in 

prostate cancer cells induced a stem-like phenotype 38. Based on these observations, we 

investigated whether Ad-NK4 acts against MM CSCs. Our results for the first time 

demonstrate that Ad-NK4 has anti-CSC activity as assessed by SP analysis, cytometric 

sorting of CD24 cells, and spheroid formation assay. We also demonstrate that Ad-NK4 

suppresses protein expression or activity of several key CSC-related molecules including β-

catenin, Oct4, and Myc. β-catenin is a key mediator of Wnt signaling and has been linked to 

the self-renewal of stem cells and CSCs 39. Other studies have revealed that β-catenin is also 

responsible for mediating the effect of PTEN/AKT signaling on CSCs 32. Phosphorylation 

of β-catenin either directly by AKT 32, or indirectly through GSK3β 34, leads to its nuclear 

translocation and activation. Oct4 and Myc are two critical transcriptional factors that 

regulate self-renewal and differentiation in embryonic stem cells and are two of the four 

factors used in reprogramming somatic cells to induced pluripotent stem (iPS) cells 40, 41. 

Furthermore, Oct4 and Myc are also involved in maintaining CSC properties in a variety of 

human cancers 42-44.

How did NK4 inhibit the CSC phenotype and molecular markers of such cells? Our previous 

studies have demonstrated that AKT is phosphorylated and activated by Met signaling and is 

a major downstream effector of Met in protecting cells from apoptosis 12, 26. Recent work by 

other investigators and us revealed that AKT is critical in sustaining CSC properties and that 

this effect is mediated by β-catenin 32, 34. In this study, we have shown that Ad-NK4 not 

only inhibits activity of Met and AKT, but also of β-catenin, as determined by western blot 

analyses. We further demonstrated that expression of NK4 markedly suppresses the nuclear 

localization and transcriptional activity of β-catenin. Intriguingly, the expression levels of 

Oct4 and Myc were also downregulated by NK4. Since the Myc gene is a transcriptional 

target of β-catenin 45, suppression of β-catenin activity by Ad-NK4 would be expected to 

lead to reduced expression of Myc. Our finding of inhibition of Oct4 by NK4 is also 

consistent with previous observations that expression of Oct4 is regulated by β-catenin. 

Studies with embryonic stem cells revealed that overexpression of β-catenin prolongs the 

retention of Oct4 protein 46, 47, whereas knockdown of β-catenin with siRNA decreased 

Oct4 expression 47. It is noteworthy that Ad-NK4 also significantly reduced the expression 

of the cell surface marker CD24 (Fig. 2B), which has been reported to be transcriptionally 

regulated by Wnt/β-catenin signaling 48. In conclusion, our results suggest that NK4 acts as 

a CSC inhibitor by suppressing Met/AKT/β-catenin signaling and provide a novel 

mechanism for its potent anti-tumor effect.

Our experiments with PHA-665752 showed that NK4 was more effective than PHA-665752 

in suppression of MM CSCs even though both exhibited similar inhibitory activity toward 

Met and β-catenin in mesothelioma cells, suggesting that NK4 targets addtional CSC-related 

molecule(s). Previously, Kuba et al. reported that NK4 inhibited bFGF-induced 

angiogenesis 5, and further study by this group found that NK4 inhibits DNA synthesis 

induced not only by HGF but also by either bFGF or VEGF 7. A recent study showed that 
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NK4 exhibited potent anti-tumor effects on MM cells 35. NK4, but not anti-HGF antibody, 

suppressed the proliferation of MM cells in collagen, suggesting that the suppression by 

NK4 can display effects independent of the HGF-Met pathway 35. Interestingly, the Kringle 

1 domain of HGF α-chain alone was able to inhibit EGFR, VEGFR and bFGFR in tumor 

cells 49, and each of the RTKs is known to be capable of driving CSC phenotypes. Thus the 

mechanism for NK4's anti-CSC activity may attribute to its ability to mediate multiple 

effector functions.

Our finding that NK4 acts as a CSC inhibitor has important therapeutic implications for 

MM. A large body of evidence indicates that MM is a highly invasive and metastatic 

neoplasm. Despite diverse therapeutic approaches including surgery, radiotherapy and 

chemotherapy, MM continues to have a very poor prognosis. Conceptually, CSCs are 

thought to possess the ability to drive cancer resistance and metastasis, and current failure of 

cancer therapy is attributable to residual CSCs spared by conventional therapies. Thus, the 

anti-CSC ability of NK4 as demonstrated in this study could make NK4 unique among 

various agents available to treat this devastating form of cancer.
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Novelty and impact

We demonstrate that NK4, a HGF antagonist and angiogenesis inhibitor, inhibits cancer 

stem-like cell (CSC) properties and growth of malignant mesothelioma. In addition to 

inhibiting phosphorylation of Met and AKT, NK4 suppressed the active form of β-

catenin, blocked its nuclear translocation, transcriptional activity, and expression of its 

targets Oct4 and Myc. These findings suggest that NK4 acts as a CSC inhibitor by 

inhibiting Met/AKT/β-catenin signaling and provide a novel mechanism for NK4's potent 

anti-tumor effect.
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Figure 1. 
Expression of NK4 inhibits MM cell viability and invasiveness. (A) Inhibition of MM cell 

viability by Ad-NK4. MM cells Hmeso and Meso 10 were plated at a density of 5 × 103 

cells per well in 96-well tissue culture plates and grown in RPMI 1640 medium 

supplemented with 5% FBS and 10 ng/ml HGF. After overnight incubation, the cells were 

mock-infected or infected with Ad-LacZ or Ad-NK4. Cells were incubated for another 72 h, 

followed by MTT assay. Results are expressed as percent cell viability relative to the 

viability of control mock-infected cells (PBS). Each bar represents the mean value of five 

replicate wells from a representative experiment (n=3). *, p < 0.01 versus control. (B) 

Inhibitory effect of Ad-NK4 on invasiveness potential of MM cells in a Matrigel invasion 

assay. Hmeso and Meso 10 cells were mock-infected (PBS) or infected with Ad-LacZ or 

Ad-NK4 for 24 h. The following day, cells were seeded in the upper compartment of a 

Matrigel chamber in serum-free medium and allowed to invade overnight toward 10 ng/ml 

HGF, used as a chemoattractant, present in the lower compartment. Representative bright-

field microscopic fields showing stained cells that invaded through the Matrigel. (C) 

Quantitative analysis of invasion assays. Ad-NK4 infection markedly decreased the average 

number of invading cells. Bars represent mean number of counted cells in five different 

microscope fields ± s.d. *, p < 0.01 compared to mock-infected cells.
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Figure 2. 
NK4 represses MM side population and CD24+ cells. (A) Hmeso and Meso 10 cells were 

mock-infected or infected with Ad-LacZ or Ad-NK4 followed by flow cytometric analysis. 

SP cells were depleted by the ABC transporter inhibitor verapamil and decreased by Ad-

NK4, but not by Ad-LacZ. (B) After infection, Hmeso and Meso 10 cells were stained with 

anti human CD24 antibody and subjected to FACS analysis. Note that infection with Ad-

NK4 resulted in a pronounced inhibition of the CD24+ cell population. Bar = mean ± s.d. *, 

p < 0.01 compared to mock-infected cells.
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Figure 3. 
Inhibition of MM spheroid formation by Ad-NK4. Cells were mock-infected, infected with 

Ad-LacZ or Ad-NK4. After 24 hours, cells were plated on Ultra Low Attachment plates and 

cultured in spheroid medium containing EGF and bFGF. Infection with Ad-NK4 potently 

reduced spheroid formation. Bar = mean ± s.d. *, p < 0.01 versus control.
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Figure 4. 
Expression of NK4 inhibits expression of CSC markers. Cells were mock-infected or 

infected with Ad-LacZ or Ad-NK4. After incubating for 30 hours, the cells were treated 

with HGF (10 ng/ml) for 30 min followed by immunoblot analysis. Expression of NK4 

protein did not have any effect on the level of total Met and AKT proteins, but P-Met and P-

AKT were markedly reduced. In contrast, it modestly reduced P-ERK2, but not P-ERK1. 

Expression of NK4 also inhibited the active form, but not the total protein, of β-catenin. In 

addition, Ad-NK4 reduced expression of Oct4 in both Hmeso and Meso 10 cells while Myc 

was suppressed only in Hmeso.
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Figure 5. 
NK4 reduces β-catenin nuclear localization and transcriptional activity. (A) 

Immunofluorescent staining demonstrating that Ad-NK4 blocks HGF-induced nuclear 

localization of β-catenin. (B) TOP/FOP luciferase reporter assays performed to determine 

transcriptional activity of β-catenin. Expression of NK4 inhibited luciferase activity of TOP-

Flash but not the negative control vector FOP-Flash in both Hmeso and Meso 10 cell lines 

(*, p < 0.05).
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Figure 6. NK4 is more effective than PHA-665752 in suppression of mesothelioma
(A) Cells were untreated, treated with PHA-665752 (1 μmol/L), or infected with Ad-NK4. 

Both PHA-665752 and NK4 inhibited phosphorylation of Met and suppressed active form of 

β-catenin. (B) NK4 was more effective than PHA-665752 in suppression of mesothelioma 

spheroid formation. Bars shown represent mean ± s.d. PHA-665752 versus Ad-LacZ (*, p < 

0.05); Ad-NK4 versus PHA-665752 (**, p < 0.05).
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Figure 7. 
Inhibition of peritoneal MM growth by AdNK4. Intraperitoneal xenografts of human Hmeso 

cells in nude mice were mock-treated (PBS) or treated with Ad-LacZ or Ad-NK4. The 

treatment was performed twice a week for a total of five administrations. (A) Weight of 

individual tumors was determined, and bars shown represent mean weight ± s.d. Ad-LacZ 

versus PBS (*, p > 0.05). Ad-NK4 versus PBS and Ad-LacZ (**, p < 0.01). Images in lower 

panel depict tumor growth in representative mice. (B) Immunohistochemical staining of 

tumor tissues. Phospho-Met, phospho-AKT, Oct4, and active β-catenin were markedly 

reduced in tumors of mice infected with Ad-NK4 compared to that observed for mice treated 

with PBS or Ad-LacZ. Photographs were taken at ×400 magnification.
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