
© 2018 Zhou et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

OncoTargets and Therapy 2018:11 5121–5132

OncoTargets and Therapy Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
5121

O r i g i n a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/OTT.S167868

Synergistic antitumoral efficacy of a novel 
replicative adenovirus sg611-PDcD5 and 
daunorubicin in human leukemic cells

Ya-lan Zhou1

Qiu-Mei Yao1

Jiao Zhou1

Yan chang1

Jin-lan li1

Ya-Zhe Wang1

hong-Ping Wu2

Yu-hong chen1

Yan-rong liu1

Xiao-Jun huang1

guo-rui ruan1

1Beijing Key laboratory of 
hematopoietic stem cell 
Transplantation, Peking University 
People’s hospital and institute 
of hematology, Beijing, china; 
2laboratory of Viral and gene 
Therapy, eastern hepatobiliary 
surgical hospital, second Military 
Medical University, shanghai, china

Background: Daunorubicin is a traditional chemotherapeutic agent that plays a pivotal role 

in leukemia therapy. However, the dose-related toxicity remains a considerable challenge. The 

apoptosis-regulating gene, PDCD5, is downregulated in various tumors, including leukemias, 

and may provide a potential target for the diagnosis and treatment of leukemia. The purpose 

of this study was to construct a triple-regulated oncolytic adenovirus carrying a PDCD5 gene 

expression cassette (SG611-PDCD5) and explore the combined antitumor efficacy of SG611-

PDCD5 in combination with low dose daunorubicin on leukemic cells.

Materials and methods: A variety of leukemic cell lines, including K562, MEG-01, KG-1a, 

HL-60, SUP-B15, and BV-173, were cultured according to the providers’ instructions. The 

insertion and orientation of all recombined plasmids were confirmed by restriction enzyme 

digestion and PCR. The tumor-selective replication of the constructed conditionally replicating 

SG611-PDCD5 and its antitumor efficacy in combination with daunorubicin were characterized 

in leukemic cell lines in vitro and in a nude mouse xenograft model. Cell viability was detected 

using cell-counting kit-8. Apoptosis was detected in whole living cells using flow cytometry 

and in paraffin-embedded tumor tissues using a terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) assay.

Results: The triple-regulated CRAd carrying SG611-PDCD5 and nude mouse xenograft models 

of K562 cells were successfully constructed. In vitro treatment with SG611-PDCD5 in combina-

tion with low-dose daunorubicin elicited more potent anti-proliferative and proapoptotic effects 

in leukemic cells in a dose-dependent manner. The Chou-Talalay analysis revealed synergistic 

anti-proliferative effects in all of the above cell lines. In the nude mice xenograft model, the 

tumor size in the control, daunorubicin, SG611-PDCD5, and combined treatment groups on day 

10 were 170.1±47.8, 111.9±81.1, 60.7±12.3, and 33.2±17.5 mm3, respectively (all P,0.05). The 

results of the TUNEL assay showed significantly more apoptotic cells in the SG611-PDCD5 

plus daunorubicin group than in the SG611-PDCD5 or daunorubicin groups alone (25±0.82, 

12.5±2.27, and 7.8±2.67 apoptotic cells/field, respectively) (P,0.05).

Conclusion: The findings suggest that combined treatment with SG611-PDCD5 and dauno-

rubicin may be a promising strategy for enhancing chemosensitivity and thus lowering the 

dose-related toxicity of daunorubicin in leukemia therapy.

Keywords: PDCD5 gene, oncolytic adenovirus, leukemia, gene therapy

Introduction
Daunorubicin, a traditional chemotherapeutic agent, inhibits cancer cells by inhibiting 

their proliferation and/or inducing apoptosis, and it plays a pivotal role in leukemia ther-

apy. Unfortunately, the dose-related toxicity, especially cardiotoxicity, caused by dauno-

rubicin limits its clinical use and remains a considerable challenge for clinicians.1–3

correspondence: guo-rui ruan
Beijing Key laboratory of hematopoietic 
stem cell Transplantation, Peking 
University People’s hospital and institute 
of hematology, 11 Xi-Zhi-Men south 
street, Beijing 100044, china
Tel +86 108 832 4672
Fax +86 108 832 4672
email ruanguorui@pkuph.edu.cn 

Journal name: OncoTargets and Therapy
Article Designation: Original Research
Year: 2018
Volume: 11
Running head verso: Zhou et al
Running head recto: Synergistic antitumoral efficacy of SG611-PDCD5 and daunorubicin
DOI: 167868

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S167868
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:ruanguorui@pkuph.edu.cn


OncoTargets and Therapy 2018:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5122

Zhou et al

Apoptosis-related genes such as P53,4 P73,5 and BAX6 

have been used in cancer treatment, and studies have reported 

that the proteins encoded by these genes can induce apop-

tosis alone or synergistically, thereby enhancing the effects 

of traditional chemotherapeutics.7 The apoptosis-regulating 

gene PDCD5, also designated TF-1 cell apoptosis-related 

gene-19, has been identified in TF-1 cells by the Laboratory 

of Medical Immunology of Beijing Medical University, and 

it is downregulated in various tumors, including acute (AML) 

and chronic myeloid leukemia (CML). Moreover, a negative 

correlation has been observed between the relative level of 

PDCD5 and BCR/ABL expression in all CML patients and 

those in the advanced phase, suggesting that reduced PDCD5 

expression may play an important role in the mechanism of 

cancer pathogenesis and progression.8

Advances in genetic modification and the use of oncolytic 

viruses have formed the basis of numerous clinical trials on 

cancer therapies, some of which have shown promise. Su et al9 

previously constructed a mono-regulated conditionally rep-

licative adenovirus (CRAd) (CNHK300), a dual-regulated 

CRAd (CNHK500),10 and a triple-regulated CRAd (SG600)7 

on the basis of the two common characteristics of most can-

cers, namely, the relatively high telomerase activation and 

hypoxic environment.11,12 Since then, rapid developments 

have been achieved in the field of CRAds. Given these 

advances and the hypothesis that the PDCD5 gene plays an 

important biological role in leukemogenesis, we constructed 

a triple-regulated CRAd carrying the PDCD5 gene expres-

sion cassette, SG611-PDCD5. In this cassette, the E1a gene 

with 24 nucleotides deleted from the CR2 region is controlled 

by the human telomerase reverse transcriptase (hTERT) 

promoter, E1b gene expression is directed by the hypoxia 

response element (HRE), and the PDCD5 gene is controlled 

by the cytomegalovirus promoter. This innovative design 

makes this CRAd relatively selective with potent antitumor 

efficacy, as demonstrated with several leukemic cell lines (eg, 

K562, MEG-01, and SUP-B15), and the antitumor efficacy 

has been proved to be more potent than that of the PDCD5 

protein or the replication-defective oncolytic adenovirus 

Ad-PDCD5.13

In the present study, we investigated the combined anti-

tumoral effect of SG611-PDCD5 and daunorubicin in vitro 

and in vivo experiments. We found that the efficacy of 

SG611-PDCD5 and low-dose daunorubicin was significantly 

more potent at inhibiting the proliferation of and inducing 

apoptosis in human leukemic cell lines in vitro as well as in 

human leukemic cells xenografted in nude mice in a dose-

dependent manner. Our findings may lead to the development 

of new strategies for effective leukemia treatment and may 

reduce systemic toxicity.

Materials and methods
cell lines and culture conditions
The human chronic myelogenous leukemic cell line K562 

and human megakaryoblastic leukemic cell line MEG-01 

were kindly provided by Cell Bank Shanghai Institute of Cell 

Biology (Shanghai, China). The human acute myeloid leuke-

mic cell line KG-1a, human acute promyelocytic leukemic 

cell line HL-60, human acute lymphoblastic leukemia cell line 

BV-173, and SUP-B15 were purchased from the American 

Type Culture Collection. All these cell lines were cultured in 

RPMI1640 (Gibco, Thermo Fisher Scientific, Waltham, MA, 

USA) containing 10% FBS (Gibco), 100 U/mL penicillin, 

and 100 µg/mL streptomycin (HyClone, Logan, UT, USA). 

The human fibroblast cell line, BJ, and human hepatic cell 

line, L-02, were purchased from the American Type Culture 

Collection and cultured in DMEM (Gibco) containing 10% 

FBS and penicillin/streptomycin. All the cell lines were main-

tained in a 5% CO
2
 humidified incubator at 37°C according 

to the instructions from the sources.

Virus construction, replication, 
purification, and titer determination
The plasmid pDC316-PDCD5 was kindly provided by 

Professor Da-Long Ma (Peking University, Beijing). The 

plasmids pClon15, PENTR11-Linker, and pPE3-F11B were 

purchased from Microbix Biosystems Inc. (Toronto, ON, 

Canada). The pSG600 vector was kindly provided by the 

Laboratory of Viral and Gene Therapy, Eastern Hepatobiliary 

Surgical Hospital (Shanghai, China).

The PDCD5 gene was released from pDC316-PDCD5 

using EcoRI digestion and then sequenced for confirmation. 

Then, PDCD5 cDNA was cloned into plasmid pClon15 

in the forward orientation, and the PDCD5 fragment was 

released from pClon15 and ligated with PENTR11-Linker. 

The obtained novel adenoviral vector, named PENTR11-

PDCD5, was then ligated with pPE3-F11B to yield a novel 

plasmid, pPE3-F11B-PDCD5. This plasmid was cotrans-

fected with pSG600 into HEK293 cells using Lipofectamine 

2000 (Invitrogen™, Waltham, MA, USA). By homologous 

recombination in HEK293 cells, the novel CRAd SG611-

PDCD5 was generated. Further, the CRAd vector SG611-null 

and SG611-EGFP containing the enhanced green fluorescent 

protein were similarly constructed as a null control and 

marker control, respectively.
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For viral replication, HEK293 cells were infected with 

SG611-PDCD5, incubated at 37°C in 5% CO
2
, collected, and 

routinely purified when replicating to the adequate volume. 

Finally, the viral titer was determined and was found to be 

1.44×1010 TCID50/mL for the stock, as required.14

cell-counting kit-8 (ccK-8) proliferation 
assay
Cell viability was measured using CCK-8 (Dojindo, Japan). 

Leukemic cells were plated at a density of 1×104 per well in 

96-well plates. The cells were infected with SG611-PDCD5 at 

a multiplicity of infection (MOI) of 48 hours and then treated 

with daunorubicin for 24 hours (Cayman Chemical, Shanghai 

Local Agent, China). The concentration gradients of daunoru-

bicin and SG611-PDCD5, as well the ratios of the two agents, 

were designed in accordance with the Chou-Talalay method.15 

Next, 10 µL of CCK-8 reagent was added to each well. After 

1.5–3 hours of incubation at 37°C, the absorbance was measured 

at 450 nm on a scanning multi-well spectrophotometer (Bio-Rad, 

Hercules, CA, USA). The relative levels of cell proliferation in 

each group of cells were calculated according to the formula, 

cell survival rate (%)=(mean OD value of treated cells−mean 

OD value of untreated cells)/(mean OD value of untreated 

cells−mean OD value of culture medium)×100. The mean OD 

value of each group was measured from three wells.

annexin-V apoptosis assays
K562 and BV-173 cells were harvested in the exponential 

growth phase and plated at a density of 5×105 per well in 

24-well plates. Cells were transfected with SG611-PDCD5 

at different MOIs (40, 80, and 120 pfu/cell) for 24 hours 

and then with 0.01, 0.03, and 0.1 µg/mL daunorubicin for 

an additional 24 hours. Next, the number of apoptotic cells 

was measured using an FACSCanto II flow cytometer (BD 

Bioscience, Franklin Lakes, NJ, USA) and annexin-V-PE and 

7-amino-actinomycin D (7-AAD) staining (Annexin V-PE 

Apoptosis Detection Kit; BD Pharmingen, Franklin Lakes, 

NJ, USA) as recommended by the manufacturer. Briefly, cells 

were washed twice with ice-cold PBS and incubated with 

100 µL binding buffer, 5 µL annexin-V-PE, and 5 µL 7-AAD 

for 15 minutes at room temperature in the dark. Next, 400 µL 

of binding buffer was added and early (annexin-V-PE posi-

tive) and late (annexin-V-PE and 7-AAD positive) apoptotic 

cells were identified by flow cytometry.

animal experiments
Female BALB/c nu/nu mice (4–5 weeks of age; Experimental 

Animal Center, Peking University Health Science Center, 

Beijing, China) were used in this study. The experimental 

animals were maintained and handled with the approval 

of the Institutional Authority for Laboratory Animal Care 

of Peking University. All animal experiments also strictly 

abided by the Beijing Ethical Examination Guidelines for 

Experimental Animal Welfare and Beijing Experimental 

Animal Management Regulations for the welfare of the 

experimental animals. Mice were pretreated with intraperi-

toneal (i.p.) injections of cyclophosphamide once daily at 

a dose of 100 mg/kg for two consecutive days. Two days 

later, 1.0×107 K562 cells in a total volume of 80 µL were 

injected subcutaneously (s.c.) into the right flank of the 

mice. When the diameter of the tumor exceeded 5–7 mm, 

the mice were randomly divided into four groups as follows: 

seven mice in the control group and nine mice each in the 

daunorubicin group, SG611-PDCD5 group, and the dauno-

rubicin plus SG611-PDCD5. The latter two groups were 

administered a total of 1×109 pfu of the virus five times via 

intratumoral injections, once every other day. Then, 24 hours 

later, the mice were administered 400 µg/kg daunorubicin 

i.p. every 2 days a total of four times for the daunorubicin 

group and daunorubicin plus SG611-PDCD5 group, with 

0.9% saline as a control. Tumor sizes were monitored 

every other day. Tumor volume was calculated using the 

following formula:

 Maximal diameter×Perpendicular diameter2×0.52.

Terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUnel) assay
Apoptosis in tumor tissues was detected using the TUNEL 

assay (TUNEL kit; Intergen Co. Ltd., Burlington, MA, 

USA) according to the manufacturer’s instructions. Briefly, 

samples were digested with 200 mg/L proteinase K at 37°C 

for 20 minutes. Then, 20 µL of the kit reaction agent was 

added to each sample according to the kit manual, and par-

affin-covered slides were incubated at 37°C for 60 minutes 

in a humidified chamber. Next, 2 µL terminal deoxynucle-

otidyl transferase and 18 µL nucleotide mixture containing 

biotinylated UTP were added to the reactions. The slides 

were washed twice with phosphate buffer, and each slide 

was incubated with 50 µL SP-AP (Promega, Madison, WI, 

USA) at 37°C for 1 hour. Sections were visualized with 

BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro 

blue tetrazolium) staining using a light microscope, and 

nuclei of positive cells appeared blue–black. Images were 

acquired at 400× magnification, and three different fields 

were examined per slide.
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statistical analysis
SPSS 19.0 software (Chicago, IL, USA) was used for 

statistical analysis. Data from in vitro experiments were 

assessed using the Student’s t-test, whereas those from in 

vivo experiments were examined using independent-samples 

t-test for two groups and one-way ANOVA for more than 

two groups. Results were given as the mean±SD, and differ-

ences with P,0.05 were considered statistically significant. 

The half-maximal inhibitory concentrations (IC50) were 

calculated using GraphPad Prism Inc., (San Diego, CA, 

USA). Calcusyn 2.1 (Biosoft, San Diego, CA, USA) software 

was used to investigate the combined effects of SG611-

PDCD5 and daunorubicin. The combination index (CI) and 

dose reduction index (DRI) were used to demonstrate the 

combined effects and dose reduction when the two agents 

were combined, respectively. CI,1 suggested a synergistic 

effect, CI=1 suggested an additive effect, CI.1 suggested an 

antagonistic effect, and DRI.1 suggested that the dose could 

be reduced when the two agents were combined.15

Results
sg611-PDcD5 and daunorubicin 
synergistically inhibited proliferation
The K562, MEG-01, KG-1a, HL-60, SUP-B15, and BV-173 

cell lines were infected with SG611-PDCD5 at an MOI of 

0, 40, 80, and 120 pfu/cell for 24 hours, followed by dauno-

rubicin at different doses for another 24 hours. The CCK-8 

assay was performed 72 hours later. As shown in Figure 1, 

the cell viabilities decreased as the dose of SG611-PDCD5 

and daunorubicin increased, showing the synergistic effect of 

these agents in inhibiting the proliferation of the cell lines in 

a dose-dependent manner. The viability of K562 cells treated 

with SG611-PDCD5 at an MOI of 120 pfu/cell in combina-

tion with 0.30 µg/mL daunorubicin was 25.29%±2.90%, 

and this was significantly lower than that of cells treated 

with the same doses of SG611-PDCD5 (50.38%±4.12%) 

or daunorubicin (61.79%±5.73%) used alone. However, as 

demonstrated in Figure S1, the viability of the healthy BJ 

Figure 1 (Continued)
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cell line and human hepatic L-02 cells treated with even 

1,000 pfu/cell SG611-PDCD5 for 72 hours remained rela-

tively high (~68.17%±2.69% and 74.93%±4.78%, respec-

tively), suggesting that SG611-PDCD5 specifically targets 

tumors, and thereby implying its safety.

To investigate the combination effect of SG611-PDCD5 

and daunorubicin, we used the Chou-Talalay method, as 

previously reported.15 As shown in Figure 2A, we found 

that the CI,1 when the proliferative inhibition ratio was 

.0.50, suggesting that, when the MOI of SG611-PDCD5 

Figure 1 cytotoxic effects as determined by a ccK-8 assay in a panel of leukemia cells after treatment with sg611-PDcD5 plus daunorubicin compared to sg611-PDcD5 
or daunorubicin alone.
Notes: The results showed the effect on K562 (A), Meg-01 (B), Kg-1a (C), hl-60 (D), sUP-B15 (E) and BV-173 cells (F), respectively and that the cell viabilities decreased 
to a greater extent in the combined treatment group than in the sg611-PDcD5 or daunorubicin alone groups. *P,0.05, **P,0.01.
Abbreviations: ccK-8, cell counting Kit-8; Dnr, daunorubicin.

Figure 2 (Continued)
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was 80 pfu/cell and the concentration of daunorubicin was 

0.20 µg/mL or 0.30 µg/mL, or when the MOI of SG611-

PDCD5 was 120 pfu/cell with the concentration dauno-

rubicin at 0.10–0.30 µg/mL, these two agents exhibited 

a synergistic effect on K562 cells. We further studied 

whether the combination of the two agents could reduce 

the dose of daunorubicin. As a result, we found that the 

DRI.1 when the proliferation inhibition ratio was .0.10, 

as shown in Figure 3. This finding suggests that, when the 

two agents were combined, the dose of daunorubicin could 

be reduced in most cases. Similar results were also found 

using other cell lines, as demonstrated in Figures 2B–F and 

3. We also provided the dose curves and IC-50 of dauno-

rubicin in leukemic cell lines, including K562, MEG-01, 

KG-1a, HL-60, SUP-B15, and BV-173, as presented 

in Figure S2. These results provide a promising implica-

tion for reducing the dose-related toxicity of daunorubicin 

in a clinical setting.

sg611-PDcD5 and daunorubicin 
synergistically promote apoptosis
To measure the apoptosis induced by SG611-PDCD5 and 

daunorubicin, in combination, we studied their effect on K562 

and BV-173 cells using annexin-V and 7-AAD staining and 

flow cytometry. As shown in Figure 4, compared with the con-

trol group, K562 cells treated with 0.01 µg/mL daunorubicin 

did not show considerable apoptosis, but the extent of apop-

tosis was significantly higher in cells treated with this dose 

of daunorubicin combined with SG611-PDCD5 at an MOI of 

40 or 80 pfu/cell. SG611-PDCD5 and daunorubicin promoted 

Figure 3 The Dri of daunorubicin when combined with sg611-PDcD5 in the leukemic cell lines.
Notes: as demonstrated in the K562 cell line, the Dri of daunorubicin was .1 when the proliferation inhibition ratio was .0.1, suggesting that, when the two agents were 
combined, the dose of daunorubicin could be reduced in most cases. similar results were observed in the other cell lines as demonstrated.
Abbreviations: Dri, dose reduction index; Dnr, daunorubicin.

Figure 2 a chou-Talalay analysis demonstrated that sg611-PDcD5 and low-dose daunorubicin have a synergistically anti-proliferative effect on various leukemic cell lines.
Notes: The effects of the various treatments are demonstrated on (A) K562, (B) Meg-01, (C) Kg-1a, (D) hl-60, (E) BV-173, and (F) sUP-B15 cells, respectively. as shown in (A),  
the ci,1 when the proliferative inhibition ratio was .0.50, suggesting a synergistic effect on K562 cells under these conditions. eD50, eD75, and eD90 referred to the dose 
when the fractional effect was 0.50, 0.75, and 0.90, respectively.
Abbreviation: ci, combination index.
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Figure 4 apoptosis of K562 and BV-173 cells treated with sg611-PDcD5 followed by daunorubicin treatment.
Notes: The combination of SG611-PDCD5 and low-dose daunorubicin exhibited enhanced proapoptosis efficacy over than that of SG611-PDCD5 or daunorubicin alone. 
The percentage of apoptotic cells following treatment with sg611-PDcD5 (MOi=80 pfu/cell), in combination with Dnr (0.10 µg/ml) (72.38%±8.54%), was significantly 
higher than that of sg611-PDcD5 (43.08%±3.57%) or daunorubicin (44.01%±12.56%) alone (P=0.02627 and P=0.00652, respectively).
Abbreviations: MOi, multiplicity of infection; Dnr, daunorubicin.
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treated tumors by using the TUNEL assay. As shown in 

Figure 6, significantly more apoptotic cells were observed 

in the SG611-PDCD5 plus daunorubicin group than in 

the SG611-PDCD5 or daunorubicin groups (25.00±0.82, 

12.67±2.05, and 7.67±2.49 apoptotic cells/field, respectively; 

P,0.001). These results suggested that SG611-PDCD5 and 

daunorubicin synergistically promote apoptosis in tumor 

cells in vivo.

Discussion
PDCD5 is an apoptosis-regulating gene identified in TF-1 

cells undergoing apoptosis, and its expression has been found 

to be decreased in certain malignancies such as hepatocellular 

carcinoma,17 breast cancer,18,19 gastric cancer,20 astrocytic 

gliomas,21 suggesting that this gene plays an important role 

in cancer pathogenesis and/or disease progression. Zhang 

et al10 found that human recombinant PDCD5 protein had 

pro-apoptotic effects on the HL-60 leukemic cell line and 

enhanced the apoptosis in hepatocarcinomatous cells induced 

by hydroxycamptothecin. We previously found lower expres-

sion levels of PDCD5 in both AML and CML, respectively, 

marrow cells than those in normal donor marrow cells, and 

we also identified a negative correlation between the rela-

tive levels of PDCD5 and BCR/ABL expression in all CML 

patients.8 Additionally, we demonstrated that adenovirus-

mediated PDCD5 gene transfer could enhance the apoptosis 

in K562 cells induced by etoposide and idarubicin, both in 

vitro and in an in vivo nude mouse model.22,23

The adenovirus vector system is currently one of the 

most widely used viral vectors in gene function studies, 

gene-transfer therapies, vaccine development, and many 

other fields. The first adenovirus system, a replication defec-

tive vector, was established in 1999 by the father of the 

adenovirus vector, Frank Grahamset. CRAds are oncolytic 

adenoviruses that have selective replicative ability in tumor 

cells, and they have been proved to be more effective for 

gene therapy for some malignancies with potent antitumor 

ability.9,10,24

Benefiting from all these efforts in the field of oncolytic 

adenoviruses and our understanding of the function of 

PDCD5, we constructed a novel triple-regulated CRAd carry-

ing the PDCD5 gene expression cassette SG611-PDCD5, in 

which the E1a gene with 24 nucleotides deleted from the CR2 

region is controlled by the hTERT promoter, the E1b gene is 

controlled by the HRE promoter, and PDCD5 is controlled 

by the cytomegalovirus promoter. The innovative design 

of SG611-PDCD5 allows it to selectively target tumors. 

We previously showed that SG611-PDCD5 treatment alone 

can effectively suppress the growth of the human leukemic 

apoptosis in tumor cells synergistically in a dose-dependent 

manner, when the MOI of SG611-PDCD5 ranged from 0 to 

80 pfu/cell and the dose of daunorubicin ranged from 0.00 to 

0.10 µg/mL. Similar results were observed in BV-173 cells 

and it seemed that these lymphoblastic leukemic cells were 

more sensitive to the proapoptotic effects of SG611-PDCD5 

than the myelogenous leukemic K562 cells.

In vivo antitumor efficacy of SG611-
PDcD5 and low-dose daunorubicin
To compare the antitumor efficacy of SG611-PDCD5 in com-

bination with low-dose daunorubicin, a K562 tumor xenograft 

model was successfully established in nude mice, as discussed 

above and as reported previously.13,16 As shown in Figure 5, 

compared with the control group, the group treated with 

daunorubicin showed suppressed tumor growth on days 10 

(P=0.013) and 12 (P=0.040) after treatment. Although SG611-

PDCD5 treatment alone and in combination resulted in signifi-

cant tumor suppression on days 6, 8, 10, and 12 (P,0.01 for 

all), the combined treatment showed better antitumor efficacy 

than either agent alone on day 10 (P,0.05 for all). These 

results suggest that local systemic SG611-PDCD5 injection 

plus daunorubicin treatment could effectively suppress tumor 

growth in vivo, and tumor inhibition with the combined treat-

ment was superior to that with local SG611-PDCD5 injection 

or i.p. daunorubicin alone.

combined treatment with sg611-
PDcD5 and daunorubicin demonstrates 
proapoptotic effects in vivo
Tumors were excised on day 12 after treatment, and 

we examined the percentage of apoptotic cells in the 

Figure 5 in vivo anti-proliferative effects of systemic treatment with sg611-PDcD5 
combined with low-dose daunorubicin.
Notes: Tumors were measured on days 2–12 after treatment. The results were 
expressed as mean±sD. compared with the control group, the combined treatment 
group showed a significantly higher anti-proliferative effect on days 10 and 12.
Abbreviation: Dnr, daunorubicin.
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Figure 6 in vivo proapoptotic effect of sg611-PDcD5 combined with low-dose daunorubicin.
Notes: apoptotic cells in excised tumors after different treatments were detected by TUnel staining. cells stained blue–black were apoptotic cells. The number of 
apoptotic cells per field in the control (A), Dnr (B), sg611-PDcD5 (C), and sg611-PDcD5 plus Dnr (D) treated groups were 4.67±1.25, 7.8±2.67, 12.50±2.27, and 
25.00±0.82, respectively. A greater number of apoptotic cells per field were observed in the SG611-PDCD5 plus DNR group compared with the SG611-PDCD5 or DNR 
group (P=0.00682 and P=0.00588, respectively). Magnification ×400.
Abbreviation: Dnr, daunorubicin.

cell lines K562, MEG-01, and NB4, and the K562 xenograft 

tumor model in nude mice. More importantly, its safety and 

tumor inhibition ability were superior to those of SG611 or 

the replication-defective Ad-PDCD5.13,22,23

Daunorubicin is a classical anthracycline that plays a 

significant role in the treatment of patients with hemato-

logic malignancies and is widely recommended for both 

children and adults with leukemia. Unfortunately, the 

use of daunorubicin is limited by its dose-dependent and 

cumulative toxicity, especially cardiotoxicity, manifested 

as dilated cardiomyopathy with or without symptoms of 

heart failure. This limitation brings a considerable chal-

lenge for clinicians, especially those treating the elderly, 

pediatric leukemic patients, or patients with recalcitrant 

disease.3,25

In the present study, we evaluated the synergetic effect 

of SG611-PDCD5 and daunorubicin via in vitro and in vivo 

experiments. In a panel of leukemia cells, combined treat-

ment with SG611-PDCD5 and daunorubicin inhibited 

cell proliferation to a greater extent than treatment with 

SG611-PDCD5 or daunorubicin alone did. SG611-PDCD5 

treatment enhanced the apoptosis induced by low-dose 

daunorubicin to a higher extent than the extent in cells 

treated with SG611-PDCD5 or daunorubicin alone. In a 

nude mouse model with K562 tumor xenografts, combined 

treatment with SG611-PDCD5 and daunorubicin showed 

significantly better antitumor efficacy than daunorubicin 

or SG611-PDCD5 alone on days 8 and 10 after treatment. 

Pathologic analysis showed a higher percentage of apoptotic 

cells in the group that received the combined treatment than 

in those that received either treatment alone. Collectively, 

the findings suggested that SG611-PDCD5 enhanced 

the antitumor effects of the traditional chemotherapeutic 

daunorubicin. Combined treatment with SG611-PDCD5 and 

daunorubicin could be adapted to clinical leukemia therapy, 

ensuring more potent antitumor effects and lower associated 

systemic toxicity.

In summary, we showed that SG611-PDCD5 and dauno-

rubicin have synergistic anti-proliferative and proapoptotic 

effects, not only in vitro but also in vivo. Our findings may 

lead to the development of gene viral therapy with potent 

antitumor effects and limited adverse effects compared to 

traditional chemotherapy, thereby providing new therapeutic 

strategies for leukemia. Further investigations are required 

to further clarify the specific molecular mechanisms respon-

sible for the observed synergy between these two agents, and 

increase the efficacy, safety, and clinical feasibility of this 

combined treatment.
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Supplementary materials

Figure S1 Cytotoxic effects in the human fibroblast cell line, BJ, and human hepatic cell line, L-02, after infection with SG611-PDCD5.
Notes: The viability of the healthy BJ and l-02 cells treated with as low as 1,000 pfu/cell sg611-PDcD5 for 72 hours remained relatively high (~68.17% and 74.93%, 
respectively), suggesting the relatively selective ability of sg611-PDcD5.
Abbreviation: MOi, multiplicity of infection.

Figure S2 The dose curves and ic-50 of Dnr in leukemic cell lines, including (A) K562, (B) Meg-01, (C) Kg-1a, (D) hl-60, (E) sUP-B15, and (F) BV-173 cells.
Abbreviation: Dnr, daunorubicin.
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