
Oncotarget29346www.impactjournals.com/oncotarget

www.impactjournals.com/oncotarget/ Oncotarget, Vol. 7, No. 20

GP73-regulated oncolytic adenoviruses possess potent killing 
effect on human liver cancer stem-like cells
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ABSTRACT
Cancer stem cells (CSCs), also known as tumor-initiating cells, are highly 

metastatic, chemo-resistant and tumorigenic, and are critical for cancer development, 
maintenance and recurrence. Oncolytic adenovirus could targetedly kill CSCs and 
has been acted as a promising anticancer agent. Currently, a novel GP73-regulated 
oncolytic adenovirus GD55 was constructed to specifically treat liver cancer and 
exhibited obvious cytotoxicity effect. However, there remains to be confirmed that 
whether GD55 could effectively eliminate liver CSCs. We first utilized the suspension 
culture to enrich the liver CSCs-like cells, which acquires the properties of liver CSCs 
in self-renewal, differentiation, quiescence, chemo-resistance and tumorigenicity. 
The results indicated that GD55 elicited more significant cytotoxicity and stronger 
oncolytic effect in liver CSC-like cells compared to common oncolytic virus ZD55. 
Additionally, GD55 possessed the greater efficacy in suppressing the growth of 
implanted tumors derived from liver CSC-like cells than ZD55. Furthermore, GD55 
induced remarkable apoptosis of liver CSC-like cells in vitro and in vivo, and inhibited 
the propogation of cells and angiogenesis in xenograft tumor tissues. Thus, GD55 may 
virtually represent an attractive therapeutic agent for targeting liver CSCs to achieve 
better clinical outcomes for HCC patients.

INTRODUCTION

Cancer stem cell (CSC) model has provided a novel 
cellular mechanism that contributes to phenotypic and 
functional heterogeneity in diverse tumors [1, 2]. The 
hypothesis posits that CSCs reside at the apex of a cellular 
hierarchy and generate more differentiated non-CSC 
progeny. In these cases, CSCs are thought to be responsible 
for driving tumor growth, and disease recurrence through 
therapy resistance and metastasis [3]. Therefore, CSCs are 
key determinants in the process of metastatic dissemination 

and disease relapse of some cancer therapy, and crucial 
targets for the complete elimination of numerous cancers, 
including liver cancer [4].

Liver cancer is the second most deadly and fifth most 
common cancer in men worldwide [5]. Hepatocellular 
carcinoma (HCC) and Intrahepatic cholangiocarcinoma 
(ICC) are first and second most frequent type of liver cancer, 
respectively [5]. Both of which are found to be phenotypic 
and functional heterogeneous diseases, supporting the 
existence of liver CSCs [6]. Indeed, the concept of liver 
CSCs have been further validated in many aspects of 
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features, including self-renewal capacity, tumorigenicity, 
chemotherapy and radiation resistance, responsible for liver 
cancer relapse after therapy [4]. Thus, these indicate that the 
need to specifically target the liver CSCs holds extremely 
importance for eradicating liver tumor. 

In contrast to conventional treatments that can 
eliminate the bulk of cancer cells within a tumor while 
leaving behind a small subpopulation of CSCs that 
proceed to drive tumor relapse, oncolytic virotherapy as 
an emerging treatment approach are effective in destroying 
cancer cells in both preclinical models and clinical trials 
[7]. Oncolytic viruses can effectively kill infected cancer 
cells via multiple ways, including direct oncolysis of 
cancer cells and indirect killing of uninfected cancer cells 
such as destruction of tumor blood vessels and inducement 
of antitumor immunity [8, 9]. Moreover, oncolytic viruses 
targeting CSCs are not subject to the mechanisms of drug 
resistance for traditional treatments [10]. For example, 
adenovirus, an oncolytic virus, is able to effectively infect 
both highly proliferative cells (non-CSCs) and quiescent 
cells (CSCs), and not is pumped out of infected cells by 
the ATP-binding cassette (ABC) transporters compared to 
chemotherapy drugs [11–13].

In the last few years, oncolytic adenovirus represents 
a promising agent for treatment of many cancers. In our 
previous studies, Cancer Targeting Gene-Virotherapy 
(CTGVT) strategy displayed greater antitumor effect 
in cancer therapy compared with oncolytic virotherapy 
[14, 15]. ZD55, a previously modified oncolytic adenovirus 
system, was designed based on the CTGVT strategy [16]. 
It is able to selectively replicate in cancer cells and exert 
apparently cytotoxicity effects on them, and also can carry 
multiple types of exogenous antitumor genes to strengthen 
its cancer-killing effect [16]. Currently, based on ZD55, we 
constructed a novel GP73-regulated oncolytic adenovirus 
GD55, which acquired stronger cytotoxicity effect on 
liver cancer cells than ZD55, suggesting that GD55 might 
be a valuable agent in treating liver cancer [17]. GP73, a 
Golgi membrane glycoprotein, also called GOLPH2, was 
demonstrated as an excellent marker for HCC diagnosis 
in recent years, and even it showed the higher sensitivity 
and specificity than liver cancer marker α fetoprotein (AFP) 
[18]. Here, we proceeded to verified whether GD55 could 
also effectively destroy liver CSCs rather than do that only 
for non-CSCs reported previously by us [17]. Our present 
results indicated that GD55 could significantly elicit 
cytotoxicity in liver CSC-like cells enriched in suspension 
culture in vitro and in vivo, and exhibited more obvious 
killing-effect than that of ZD55.

RESULTS

Liver cancer cells through suspention culture 
acquire the properties of CSCs 

The suspension culture in growth factor-defined 
serum-free medium can screen and enrich the cells 
associated with the traits of CSCs [12, 13, 19–21]. To 
valitate whether liver cancer cell lines could acquire 
these traits when passed through the suspension culture, 
three HCC cell lines PLC/PRF/5, Huh7 and HepG2 were 
subjected to specific serum-free medium as described in 
materials and methods. In ultra-low detachment plates, 
all these three cell lines gradually formed non-adherent 
spheroid bodies after culture for 4–6 days (Figure 1A), 
which are named as sphere cells relative to their parental 
cells cultivated adherently in a single layer. As anticipated, 
the expression of multiple liver CSCs-associated genes 
that related to self-renewal and surface antigen markers 
were increased in PLC/PRF/5 sphere cells compared 
to their parental cells (Figure 1B); while the levels of 
mRNAs encoding the mature hepatocyte markers (such 
as Albumin and G6P) were apparently decreased in PLC/
PRF/5 sphere cells (Figure 1B). PLC/PRF/5 sphere cells 
expanded in suspension culture for 3 passages were 
capable of maintaining an even higher mRNAs expression 
for Nanog and Sox2 (Figure 1C). In contrast, PLC/PRF/5 
sphere cells could gradually revert back to their parental 
counterparts after culturing adherently in serum medium in 
7th day (Figures 1D, Supplementary Figure S1A), but not 
in 4th day (Supplementary Figure S1B). We further verified 
that some of the related proteins encoded by the above 
mentioned genes functioned in liver CSCs are upregulated 
in PLC/PRF/5 sphere cells and, simultaneously, that the 
expression of anti-apoptosis proteins for XIAP, Survivin 
and Bcl-2 is increased in PLC/PRF/5 sphere cells (Figure 
1E). In principle, the elevated expression patterns for 
pleiotropic acting transcription factors (such as Nanog, 
Sox2 and OCT4) operated in CSCs should be closely 
echoed by corresponding activated signaling circuits in 
which the related signaling proteins were phosphorylated 
to transmit signals to induce the gene transcription. Indeed, 
sphere cells obtained the higher phosphorylation levels 
of STAT3 and AKT than their PLC/PRF/5 parental cells 
(Supplementary Figure  S2A). To compare the relative 
quiescence of sphere and parental cells in PLC/PRF/5, 
cell proliferation rate was measured by Colony formation 
assay. The result showed that sphere cells proliferate at 
a significantly lower rate than parental cells (Figure 1F). 
The fluorescence-activated cell sorting (FACS) analysis 
data also showed that the ratio of quiescent G0/G1 phase 
cells increase in PLC/PRF/5 sphere cells (Supplementary 
Figure S3). We also found that the mRNAs encoding the 
epithelial-mesenchymal transition (EMT)-inducing markers 
are up-regulated in the sphere cells (Supplementary Figure 
S2B), indicating the enhanced cancer metastatic capacity.
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Figure 1: PLC/PRF/5 sphere cells possess multiple properties associated with liver CSCs. (A) Hepatoma cell lines, including 
PLC/PRF/5, Huh7 and HepG2, could form sphere bodies in suspension culture with conditioned medium. Scale bar = 200 μm. (B) PLC/
PRF/5 sphere cells overexpressed many liver CSCs-associated genes (e.g., Nanog, Oct4, Sox2) and downregulated mature hepatocyte 
markers (e.g., Albumin, G6P) when compared to PLC/PRF/5 cells. qRT-PCR data were normalized to GAPDH gene and are shown as fold 
change relative to PLC/PRF/5 cells. (C) PLC/PRF/5 sphere-forming cells of the 3rd generation sustained a high mRNAs expression level 
for Nanog, Sox2. (D) The mRNA levels for SOX2, c-Myc, Albumin and G6P were measured by qRT-PCR in PLC/PRF/5 sphere cells and 
their differentied counterparts after cultured 7 days in serum adherent condition. (E) Protein level of liver CSCs-associated genes, mature 
hepatocyte marker, and anti-apoptosis genes in PLC/PRF/5 parental or sphere cells. (F) PLC/PRF/5 sphere cells formed fewer colony 
numbers (> 70 cells/clone) by crystal violet staining. All experiments were repeated three times and all data shown represented mean ± SD 
(n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Generally, CSCs are defined operationally by their 
robust ability to initiate new tumors in vivo. To evaluate 
the tumorigenicity in mice, various quantity of PLC/
PRF/5 sphere and parental cells were subcutaneously 
implanted into the left or right rear of NOD/SCID mice, 
respectively. As anticipated, PLC/PRF/5 sphere cells 
possess significantly stronger tumor-initiating ability 
and higher proliferative rate than parental cells in mice 
(Figure 2A and 2B). These above results indicated that the 
sphere cells hold the attributes of liver CSCs.

Sphere cells display an apparent resistance 
to conventional anti-tumor agents, but not to 
thioridazine and ZD55

CSCs exhibited significant resistance to traditional 
anti-tumor drugs. We used the cell stability assay to 
investigate whether the PLC/PRF/5 sphere cells acquired 
the property of chemo-resistance. The results showed 

that the PLC/PRF/5 sphere cells are significantly 
resistant to cytotoxic chemotherapy 5-FU, cis-platinum 
(DDP), doxorubincin and mitomycin compared to their 
parental cells or their sphere-differentiated counterparts 
(Figure 3A and 3B), and indeed, the related mRNA 
of drug-resistance genes were elevated in sphere cells 
(Supplementary  Figure  S2C). Thioridazine (THO), 
a recent intensely-studied drug for neoplastic cells, 
could specifically target and impair human blood CSCs 
through dopamine receptors which selectively express 
on the surface of CSCs [22]. In our experiments, THO 
displayed strong cytotoxicity to the sphere cells but weak 
to their parental cells (Figure 3C), and synchronously, we 
observed that the DR5 protein (the killer/death receptor 5, 
one of dopamine receptors) level increase in PLC/PRF/5 
sphere cells (Supplementary Figure S2D), which inferred 
the killing effect of THO to CSCs. Nevertheless, unlike 
traditional anti-tumor drugs and THO, the common 
oncolytic virus ZD55 with the characteristic of cancer-

Figure 2: Sphere-forming cells exhibited higher tumorigenicity in vivo. (A) Tumorigenicity experiments of PLC/PRF/5 sphere-
forming cells and parental cells in NOD/SCID mice, PLC/PRF/5 sphere cells exhibited significantly stronger tumor-initiating ability. 
(B) Histologicaland IHC analysis of tumors from PLC/PRF/5 cells and PLC/PRF/5 sphere cells. Hematoxylin and eosin staining of a 
subcutaneous tumor (upper) and IHC staining of the tumor with anti-Ki-67 (lower). Scale bar = 200 μm. A column drawing represent 
statistic data for mean density of 5 fields of view. Data was analyzed using IPP 6.0 image analysis software.
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Figure 3: Sphere-forming cells were resistance to conventional chemotherapeutics in vitro, but not to THO and ZD55. 
(A) PLC/PRF/5 sphere cells displayed apparent resistance to cytotoxic chemotherapy than PLC/PRF/5 cells and (B) PLC/PRF/5 sphere-
differentiated cells after treatment with 5-FU, DDP, doxorubincin and with or without mitomycin for 2 days. Cell viability was detected 
with MTT assay and repeated for three times. The relative cell viability was shown by fold change to the corresponding mock. The 
cytotoxicity effects of THO (C) and ZD55 (D) on both sphere cells and parental cells in PLC/PRF/5.Cell survival was determined by MTT 
assay. All experiments were repeated three times and all data shown represented mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.



Oncotarget29354www.impactjournals.com/oncotarget

experiments also confirmed that GP73-regulated GD55 
held an increased inhibiting ability of tumor growth in 
BALB/c nude mice xenograft with liver sphere cells, 
to some extent through apoptosis inducement, anti-

proliferative and anti-angiogenisis mechanisms within 
implanted tumors, which is consistent with some of the 
studies on other cancer-targeting oncolytic adenovirus 
types [35].

Figure 6: GD55 inhibited PLC/PRF/5 sphere xenograft tumors growth in nude mice. (A) PLC/PRF/5 sphere cells were 
subcutaneously inoculated into female BALB/c nude mice at 2 × 106 cells per mouse to tumor xenografts. When tumor volume reached 
100 mm3, the mice were divided into three groups (n = 6) randomly and infected with 6 × 108 pfu ZD55, GD55, or PBS every other day 
for repeated three times. The tumor volumes were monitored by periodic measurement. Tumor volume (V) was calculated according 
the formula: V (mm3) = length (mm) × width (mm)2/2. (B) Histological analysis of tumor sections in PBS, ZD55 and GD55 groups for 
PLC/PRF/5 sphere xenograft tumor. The upper two rows are hematoxylin and eosin staining analysis for animal liver and tumor tissues, 
indicating that hepatotoxicity or cell necrotic area in tumors. The middle row showed Ki67 and CD31 expression by IHC analysis in tumor 
tissues. The lower row is TUNEL assay for detecting apoptotic cells in tumor tissues treated by indicated treatment. GD55 induced more 
apoptosis of tumor cells. The brown color represents the apoptotic cells. Scale bar = 200 μm. A column drawing represent statistic data for 
mean density of 5 fields of view. Data was analyzed using IPP 6.0 image analysis software.


