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Abstract

Purpose Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and ranked top in terms of incidence
and mortality in men and women. Recently, improvements in treatment approaches for NSCLC have reported, but still, there
is a need to devise innovative treatment strategies, especially to manage the advanced and metastatic stage of NSCLC. Alop-
erine (ALO), an herbal alkaloid, has exerted anti-cancer effects in many cancers. However, the use of any chemotherapeutic
agents is dose limited due to possible adverse effects and drug-resistance issues. Therefore, a combination of chemotherapy
with viral-based targeted gene therapy may provide a novel treatment strategy for NSCLC.

Methods/results In this study, the results of the MTT and flow cytometry-based assays showed that Aloperine—Adbic
(adenoviral vector expressing p/4**F/p53) combined treatment on NSCLC cells synergistically produced anti-proliferative
effects, induced apoptosis, and arrested cell cycle at the G1 phase. Furthermore, the expression analysis suggested that the
p53/p21 pathway might contribute to achieving aforesaid cytotoxic effects. The ALO—Adbic combined treatment prolonged
the percent survival of NSCLC xenograft models.

Conclusion In conclusion, ALO-Adbic combination can produce synergistic anti-cancer effects at low doses, and may offer

a more effective and less toxic new treatment strategy for NSCLC.

Keywords NSCLC - Aloperine - Adenoviral vectors - p53 - Synergy

Introduction

Lung cancer is recognized as the most common cancer, with
a high incidence and mortality rate in the world (Torre et al.
2016). It nearly perpetually has a poor prognosis, and it is
the most consistent reason for lung cancer-related deaths
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(1.6 million annually) (Torre et al. 2015). In Northern Amer-
ica, Northern Europe, and Australia, interestingly, the female
percentage of lung cancer patients is on the rise (Ferlay et al.
2012; Jemal et al. 2018). Lung cancer has two primary types,
including non-small-cell lung cancer (NSCLC) and small
cell lung cancer (SCLC); among these, NSCLC is the most
prevalent type of lung cancer (Molina et al. 2008). NSCLC
accounts for 90% of all lung cancers (Thomas et al. 2015).
Lung adenocarcinoma (LUAD) and lung squamous cell
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carcinoma (LUSC) are two histological variants of NSCLC
(Herbst et al. 2018). In both men and women, it is the most
prevalent cancer, with an occurrence rate higher than the
combined occurrence of colorectal, breast, and cervical
cancers (Mabher et al. 2012; Spiro and Porter 2002). At the
time of diagnosis, about two-thirds of all NSCLC patients,
diagnosed with advanced cancer stage (stage IIIB or IV)
(Miller et al. 2016), which left these patients with treatment
options of using palliative chemotherapy if targeted anti-
cancer agents are of no benefit. Although chemotherapy is
nonetheless the most common choice of treatment for opera-
ble and inoperable lung cancer patients; however, in patients
with advanced NSCLC, the medical advantages of presently
used chemotherapeutic agents are modest. At the same time,
chemotherapy associated with the drug-resistance issues and
the severe side effects like nephrotoxicity and myelosuppres-
sion (Andrews and Howell 1990; Gately and Howell 1993;
Kelland 2007; Ramalingam and Belani 2008). Therefore, it
is urgently needed to devise new treatment strategies using
less toxic and more effective anti-cancer agents to substi-
tute the conventional chemotherapeutic agents for a better
NSCLC treatment.

Aloperine (ALO) is an alkaloid, extracted from Sophora
alopecuroides L., reported having a strong anti-allergic and
anti-inflammatory activities (Yuan et al. 2010; Zhou et al.
1989). Quinolizidine alkaloids have recognized as the bio-
active components of ALO. Literature states that ALO con-
tains more than 20 types of quinolizidine alkaloids (Wang
et al. 2012); of these, sophoridine, matrine, and oxymatrine
exhibited anti-tumor activities (Liang et al. 2012; Zhang
et al. 1998, 2001, 2012). Multiple studies reported the anti-
tumor activities of ALO in many cancers, including multiple
myeloma, hepatocellular carcinoma, osteosarcoma, breast,
colon, thyroid, and prostate cancers. ALO mainly induces
apoptosis and arrests cell cycle advancement to inhibit the
growth of tumors (Chen et al. 2018; Lee et al. 2018; Wang
et al. 2015; Xu et al. 2017; Zhang et al. 2014). Underlying
mechanisms responsible for ALO-induced anti-tumor activi-
ties include blocking of Ras signalling pathway in breast
cancer, G2/M cell cycle arrest in hepatocellular carcinoma
and colon cancer, G1/S cell cycle arrest in prostate cancer,
Caspase-Dependent Apoptosis in osteosarcoma, and thyroid
cancer (Chen et al. 2018; Lee et al. 2018; Ling et al. 2018;
Liu et al. 2019; Tian et al. 2018; Zhang et al. 2014). There-
fore, ALO exerted diverse anti-tumor effects on various
cancers. However, underlying mechanisms for ALO-induced
anti-tumor effects on lung cancer are not well known.

The P53 gene is considered a potent tumor suppressor
gene due to its role in cell cycle arrest and triggering of
apoptotic pathways. The p53 lead tumor suppression activi-
ties initiated in response to various cellular abnormalities
associated with cancer, like DNA damage and oncogene
expression. Cascade of tumor suppression events started
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with the p53 protein stabilization, which in turn triggered the
expression of its downstream genes responsible for tumor
growth suppression (Wu et al. 1993). Literature states that
50-60% of all cancers have either deficiency or mutation in
the p53 gene. Lack of p53 protein or its mutated state cannot
initiate the p53 pathway, which might be a key factor in the
development of cancers (Greenblatt et al. 1994; Hollstein
et al. 1991). Several oncogenes (E2F-1, beta-catenin, myc,
ras, and adenovirus E1A.) activate p53 through a series of
positive feedback events, which also facilitate the transcrip-
tion activation of p/4ARF (Bates et al. 1998; de Stanchina
et al. 1998; Palmero et al. 1998). p/4ARF then plays its role
in stabilizing and maintained the enhanced expression of
the p53 by inhibiting the activity of HDM-2 ubiquitin ligase
(Honda and Yasuda 1999). The loss of p53 and p/4ARF has
reciprocally reported in many cancers (Kannan et al. 2000;
Pinyol et al. 2000). Mutated p53 and p/4ARF tumor sup-
pressor genes most commonly found in NSCLC. It is found
that inactivated p53 and p/4ARF genes are present in 90%
and 70% of NSCLC, respectively (Herbst et al. 2018).

Viral-based gene therapies in humans primarily carried
out using adenoviral vectors. These were considered a suit-
able choice due to exhibiting attractive advantages for gene
therapy like improved transduction efficiency, relatively low
toxicity, and cost-effective construction of vectors at a large
scale (Kallel and Kamen 2015).

In this study for the first time, we have used replication-
defective therapeutic adenoviral vectors expressing pl4*RF/
pS53 tumor suppressor genes (Adbic) in combination with
ALO chemotherapeutic drug against NSCLC, in vitro,
and in vivo. To achieve maximum anti--tumor effects and
to make this therapeutic approach a targeted approach, we
have administered replication-defective therapeutic adeno-
viral vectors through E1s’ modified mesenchymal stem cell
(MSC-E1s) vehicle system. These MSC-Els contain type
C adenovirus E1A/E1B genes responsible for viral repli-
cation. This delivery system supports the propagation and
targeted delivery of vectors to tumor site (Muhammad et al.
2019). We have assessed the synergistic anti-cancer effects
of combined therapy with ALO and Adbic against NSCLC,
in vitro, and in vivo. This combined therapy might provide a
synergistic, more effective, and less toxic treatment alterna-
tives for NSCLC.

Materials and methods

Cell lines

Non-small cell lung cancer cells NCI-H1944 (ATCC, CRL-
5907) and NCI-H1869 (ATCC, CRL-5900) purchased

from ATCC. These were grown and maintained accord-
ing to the instruction provided by the manufacturer. E1A/
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E1B-modified mesenchymal stem cell were prepared and
cultured as previously described (Muhammad et al. 2019).

Adenoviral vectors and drug

Replication-defective therapeutic adenoviral vectors express-
ing p14**¥/p53 tumor suppressor gene and replication-defec-
tive adenovirus containing GFP (AdGFP), constructed by
Huang et al., were kindly provided by Dr. Yinghui Hunag
(Huang et al. 2003). Aloperine (98% HPLC-grade pure) pro-
cured from Selleck (Houston, TX, USA). ALO was reconsti-
tuted in DMSO for experimental usage and kept at—20 °C
for storage.

Xenograft models

Six-to-eight-week old BALB/C nude mice, purchased from
the Chinese academy of sciences, were administered 0.1 ml
of NCI-H1944 and NCI-H1869 NSCLC cells (3 x 10° cells/
ml) subcutaneously into the hind flank. Fifteen days fol-
lowing injection of NSCLC cells, tumors (Vol ~50 mm?)
appeared in all mice. Tumor mice models randomized into
treatment groups, and these treated with PBS, Aloperine,
Adbic, or combination of Aloperine and Adbic. Treated
mice models kept under surveillance for 90 days. Percent
survival of treatment groups was measured and compared
using Originpro 9 software. Dead mice in control and treat-
ment groups euthanized, tumors removed, and their volume
measured and compared. Tumor volume measured by the
formula: tumor volume=1/2 L X w2. in vivo experimenta-
tions on mice models were conducted by strictly obeying the
NIH guidelines for the Care and Use of Laboratory Animals.

Preliminary dose-response experiments performed to
assess the suitable treatment dose of Aloperine for the study.
Experiment models in these experiments were given injec-
tions of 50, 40, 30, 20, and 10 mg/kg Aloperine intraperi-
toneally. Finally, we observed the 30 mg/kg dose suitable
for this study (Supplementary Fig. 2B). Adbic dose (5x 10
MSC-Els loaded with Adbic 3 x 107 pfu/mouse) for xeno-
graft models was observed efficient in our previous study
(Muhammad et al. 2019). We also use the same dose in this
study.

Cell viability assay

Non-small cell lung cancer cells NCI-H1944 and NCI-
H1869 were cultured in 24-well plates. Cytotoxicity of Alo-
perine and Adbic, at different concentrations, was assessed
against NSCLC cells in DMEM containing 2% FBS for 4 h
(37 °C, 5%CO0,), and then, treated cells were transferred to
96-well plates containing complete medium (3 wells/ treated
and control cells) with 3 x 10? cells/ well. Cells were incu-
bated for 48 h (37 °C, 5%CO,), and then, 20 pl of MTT

(5 mg/ml) reagent were added. After 4 h culture medium
in wells replaced with 200 pl of DMSO and 96-well plates
were left for 10 min at room temperature, and then, cell
viability was measured by taking OD of each well 490 nm
using microplate reader and expressed as a percentage of
control cell viability.

Combination studies

NSCLC cells NCI-H1944 and NCI-H1869 were subjected
to different concentrations of Aloperine (0.05, 0.1, 0.25, 0.5,
0.75, and 1.0 mM) and a fixed concentration of Adbic (25
MOI). The Cl-isobologram method was applied on obtained
data to assess the possible synergistic anti-cancer effects of
ALO-Adbic combined therapy using CompuSyn 2.0 pro-
gram created by Chou and Martin (Chou and Martin 2005).
The three outcomes CI< 1, CI=1, and CI> 1 considered
for synergy, additive effect, and antagonism, respectively
(Chou 1991).

Apoptosis analysis

NSCLC cells NCI-H1944 and NCI-H1869 were cultured
in 6-well plates. After 24 h, cells were given the treatment
with ALO, Adbic, or combination of ALO and Adbic. After
48 h, culture media removed, and the monolayer of adherent
cells washed with PBS. 1 pg/mL of DAPI stain was applied.
Cells left at room temperature for 10 min. After incubation,
washing is done. The apoptotic nuclei were detected under
200X magnification using a fluorescent microscope with
a 340/400 nm excitation filter and scored according to the
percentage of apoptotic nuclei found in samples containing
200-300 cells.

NSCLC cells NCI-H1944 and NCI-H1869 were cultured
in 6-well plates, tumor cells (1 x 10° cells/well) treated with
ALO, Adbic, or combination of ALO and Adbic. After
24 h and 48 h, cells were collected and double-stained with
V-FITC/propidium iodide (Invitrogen, Carlsbad, CA, USA)
following the procedure provided by the manufacturer.
Stained cells were subjected to flow cytometry for apopto-
sis. Apoptosis was measured using FACScalibur™ Becton
Dickinson) flow cytometer.

Cell cycle analysis

The cells were treated with ALO, Adbic, or combination
of ALO and Adbic for 48 h. After incubation, treated cells
were collected, mixed with ice-cold 70% ethanol for fixation.
Cells were kept at — 20 °C for 48 h. Then, 500 ul of PBS
used to wash the cells, and washing repeated three times.
Cells were stained with 50 pg/mL of Propidium lodide
(PI) and 25 pg/mL of RNase A (Invitrogen, Carlsbad, CA,
USA) and kept in the dark at room temperature for 15 min.
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These stained cells were subjected to cell cycle analysis
using FACScalibur™ (Becton Dickinson) flow cytometer.
FlowJo_V10 software used to analyze the data.

Western blotting analysis

NSCLC cells were cultured and subjected to treatment with
ALO, Adbic, or combination of ALO and Adbic for 48 h.
Then, cells collected and cell lysate obtained by treating
the cells with RIPA lysis buffer on ice for 30 min. 30 ug
of total protein was subjected to electrophoresis on 15%
polyacrylamide gel and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). Membranes were then
subjected to treatment with primary antibodies against p53
(1:500), p21 (1:500), Cyclin E (1:500), CDK2 (1:500), pRb
(1:500), E2F1(1:500), Bax (1:500), Bcl 2 (1:500), Caspase
3 (1:500), and Caspase 9 and p-actin (BIOSS Antibodies,
Boston, USA). After overnight incubation at 4 °C, three
times washing of membranes was carried out (15 min each)
with TBS. Then, the membranes were subjected to second-
ary antibodies treatment for 2 h at room temperature. Then,
after washing of membranes with TBS, protein bands were
quantified using Kodak digital camera and analysis soft-
ware (Kodak, Rochester, NY, USA). The data normalized
to B-actin for analyses and plotting.

Statistical analysis

The data sets from three independent experiments were sub-
jected to statistical analysis (Mean =+ Standard deviation, Stu-
dent’s T Test) to evaluate the significance of experimental
results. For statistical analysis, Originpro 9 software was
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Fig.1 Effects of Aloperine, Adbic alone, or Aloperine and Adbic
combined treatment on NSCLC cells. a NCI-H1944 and b NCI
H-1869 cells treated with Aloperine, Adbic, or Aloperine—Adbic
combination for 48 h. The cytotoxic effects of the anti-cancer agents
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used. Results showed that P value < 0.05 were considered
significant.

Results

Tumor suppression by Aloperine, Adbic,
or combination of Aloperine and Adbic, Invitro

The invitro tumor suppression activity of Aloperine, Adbic,
or combination of Aloperine and Adbic against NSCLC cells
evaluated. NCI H-1944 and NCI H-1869 cells were treated
with Adbic (5.10, 25, 50, 100 MOI) and Aloperine (0.05,
0.1,0.25, 0.5, 0.75, 1.0 mM) for 48 h, and then, MTT assay
was performed to measure the cell viability. Both anti-can-
cer agents suppressed the tumor cell growth effectively in a
dose-dependent manner (Fig. 1a, b). Half, maximal inhibi-
tory concentration (IC50) values of Aloperine and Adbic,
were observed 0.25 mM and 50 MOI, respectively.

We evaluated the maximum tumor suppression activity of
these anti-cancer agents in combination treatment. Adbic at
25 MOI (< IC50 Value) concentration combined with vari-
ous Aloperine concentrations 0.05, 0.1, 0.25 mM (<IC50
Value). Combined treatment with Adbic and Aloperine at
concentrations described above remarkably suppressed the
tumor cell growth as compared to Adbic or Aloperine alone
treatment. Combined treatment significantly reduced the
IC50 value compared to Adbic or Aloperine alone treatment
(Adbic 25 vs. 50 MOI, Aloperine 0.05 vs. 0.25 mM). The
IC50 value of Adbic and Aloperine reduced 50% and 80%,
respectively, in combined treatment (Fig. 1). Experimen-
tal data showed that anti-tumor cell proliferation activity of
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centrations. Results shown as the mean + standard deviation of tripli-
cate samples
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combined treatment was significantly (P <0.05) higher than
the alone treatment.

To evaluate the possible synergistic effects of com-
bined therapy, experimental data were subjected to synergy
analysis. Combined treatment with Adbic 25 MOI (Fixed
concentration) and Aloperine 0.05, 0.1, 0.25 mM (variable
concentrations) against NCI H-1944 cells revealed fraction-
affected (Fa) values 0.3, 0.18, 0.08 and combination index
(CI) values 0.5, 0.3, 0.2. Similar combined treatment against
NCI H-1869 cells revealed Fa values 0.38, 0.25, 0.12, and
CI values 0.6, 0.37, 0.25 (Fig. 2a). Data indicate that tumor
suppression effects of combined treatment against both cell
lines are highly synergistic (CI < 1). The most synergistic
effects were observed in combined treatment with Adbic 25
MOI and Aloperine 0.25 mM concentration (Fig. 2b).

Treatment with Adbic, Aloperine, or combination
of Adbic and Aloperine-induced apoptosis in NSCLC
cells

Rate of apoptosis in NCI H-1944 and NCI H-1869 cells
resulted from treatment with Adbic (25 MOI), Aloperine
(0.25 mM), or combination of Adbic (25 MOI) and Aloper-
ine (0.25 mM) for 48 h by DAPI staining. The data showed
that the nuclei of the control group cells showed no changes,
but the condensation of nuclei was observed in ALO, Adbic
alone treatment groups, and these changes are more promi-
nent in ALO-Adbic combined treatment groups (Fig. 3a).

Further rate of apoptosis was assessed in treated cells
after 24 h and 48 h, by flow cytometry using Annexin-V/Pro-
pidium Iodide (PI) staining. Both anti-cancer agents, alone
or in combination, caused apoptosis in NSCLC cells com-
pared to control cells after 24 h (Supplementary Fig. 1A)
and 48 h (Fig. 3b). Data showed that frequency of apop-
tosis was significantly (P <0.05) higher in cells received
combined treatment for 2 h h with Adbic and Aloperine
(NCI-H 1944 =57%, NCI-H 1869 =61%) compared to cells
received alone treatment with Adbic (NCI H-1944=26%,
NCI H-1869=23%) or Aloperine (NCI H-1944 =23%, NCI
H-1869 =20%) (Supplementary Fig. 1B). Results exhibit
that rate of apoptosis was significantly (P <0.05) higher in
cells received combined treatment for 48 h with Adbic and
Aloperine (NCI H-1944 =83%, NCI H-1869=78%) com-
pared to cells received alone treatment with Adbic (NCI
H-1944 =38%, NCI H-1869 =33%) or Aloperine (NCI
H-1944=30%, NCI H-1869 =28%) (Fig. 3c).

We also evaluated the expression of pro-apoptotic genes
Bax, Caspase 9, Caspase 3, and anti-apoptotic gene Bcl2.
Upon expression analysis, the level of Bax, Caspase 9, and
Caspase 3 proteins found out to be raised, while the expres-
sion of Bcl2 protein found out to be reduced in NSCLC
cells received treatments compared to control cells. This

expression pattern indicates the induction of apoptosis in
treated cancer cells (Fig. 3d).

Effects of Adbic, Aloperine alone, or combined
treatment on NSCLC cell cycle

NCI H-1944 and NCI H-1869 cells treated with Adbic (25
MOI), Aloperine (0.25 mM), or combination of Adbic (25
MOI) and Aloperine (0.25 mM) for 48 h. The treated cells
subjected to cell cycle analysis by flow cytometry using PI
staining. Cell cycle analysis revealed that the distribution of
treated cells was more in the Sub-G1/G1 phase compared
to control cells. Results indicate that treatments with anti-
cancer agents either alone or combined arrested the G1-S
phase transition of the cell cycle, but the distribution of cells
received combined treatment was significantly (P <0.05)
higher in the Sub-G1/G1 phase compared to cells received
alone treatment with Adbic or Aloperine (Fig. 4).

Adbic, Aloperine alone, or in combination
treatments arrest cell cycle at G1 phase and induce
apoptosis through p53/p21 pathway activation.

We evaluated the molecular alterations that lead to cell cycle
arrest at the G1 phase and responsible for apoptosis induc-
tion. We performed protein expression analysis Adbic, Alo-
perine alone, and in combination. We assessed the expres-
sion of genes involved in p53/p21-triggered cell cycle arrest
and apoptosis. NSCLC cells treated with anti-cancer agents
alone or in combination revealed elevated expression of p53
and p21 proteins, while the expression of Cyclin E, CDK2,
pRb, and E2F1 found to be decreased in both cell lines
compared to control cells (Fig. 5). Combination treatment
resulted in much higher expression of p53 and p2/ and lower
expression of Cyclin E, CDK2, Rb, and E2F1 proteins com-
pared to alone treatment, which provides a proof of rationale
that combination treatment can efficiently halt cell cycle at
G1 phase and lead to tumor cell death.

The Aloperine-Adbic combined treatment
prolonged the survival rate in NSCLC xenograft
models

To confirm the efficiency of combined treatment, in vivo
experimentations performed on male nude mice-bearing
NSCLC cell tumors. Twenty-eight NSCLC xenograft mod-
els randomized into four groups, each containing 7 mice.
The control group received only PBS. Three treatment
groups subjected to treatment with anti-cancer agents. Two
treatment groups received alone treatment with Aloperine
(30 mg/kg) intraperitoneally on days 1 and 9 of treatment
and 5x 10° E1A/B containing mesenchymal stem cells
(MSC-Els) loaded with Adbic 3 x 107 pfu/mouse on days

@ Springer
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using the Cl-isobologram method. CI<1 represents the synergistic
effects. b Cytotoxic effects of Aloperine (0.25 mM), Adbic (25 MOI),
or the combination of Aloperine and Adbic on NSCLC cells growth
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Fig.3 Apoptosis induction
analysis. a NSCLC cells were
treated with ALO, Adbic alone,
or ALO-Adbic combination
for 48 h, and cells stained with
DAPI. Apoptotic cells visual-
ized under the fluorescence
microscope. The data presented
as the mean of triplicate experi-
ments. b Apoptosis induced by
Aloperine, Adbic, or Aloperine
and Adbic combined treatment
in NSCLC cells after 48 h
assessed. NSCLC cells were
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Fig.4 Effects of Aloperine, Adbic, or Aloperine and Adbic combined
treatment on NSCLC cell cycle. a NCI H-1944 and NCI H-1869 cells
subjected to cell cycle analysis after 48 h treatment with both anti-
cancer agents. The distribution of treated cells in different phases of

1, 5, and 9 of treatment via the tail vein. Adbic adenovi-
ral vectors were delivered through MSC-Els, because this
delivery system supports propagation of adenoviral vectors
and delivers adenoviral vectors specifically to the tumor site.
Prior systemic delivery of MSC-E1s loaded Adbic maxi-
mum transfection was achieved. For this purpose, 5 x 10°
MSC-E1s transfected with replication-defective adenovi-
rus containing GFP (AdGFP) at the same concentration
as Adbic used in this study. MSC-Els observed under a
fluorescent microscope for green fluorescene at different
time intervals. A maximum green fluorescene indicative
of maximum transfection was observed after 24 h (Supple-
mentary Fig. 3). Before systemic administration, Adbic were
allowed to transfect MSC-El1s for 24 h to achieve maximum
transfection. The third treatment group received combined
therapy with Aloperine 30 mg/kg (days 1 and 9 of treatment)
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and 5% 10° MSC-Els loaded with Adbic 3 x 107 pfu/mouse
(days 1, 5, and 9 of treatment). After treatment, control and
treatment groups were observed for 90 days, and their sur-
vival rate was noted, and survival function data were plot-
ted using originpro 9.0. Results revealed remarkable differ-
ences in the survival rate of treated mice models compared
to the control group. On day 43 of treatment, 100% of mice
models received PBS (control group) died. Percent survival
of treatment groups received Aloperine, Adbic, or Aloper-
ine—Adbic combined treatment was 86%, 86%, and 100%,
respectively, by day 43 of treatment. On day 90 of the treat-
ment, the percent survival of treatment group received the
Aloperine—Adbic combined treatment was extraordinarily
high (72%) compared to Aloperine and Adbic alone treat-
ment groups exhibited the percent survival 42% and 42%,
respectively (Fig. 6a). Similarly, mice in treatment groups
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showed a reduction in tumor volume compared to the control
group (Supplementary Fig. 2A). The combined treatment
group showed a significant (P <0.05) reduction in tumor
volume (Fig. 6b). The reduction in tumor size and prolonged
percent survival of the Aloperine—Adbic combined treatment
group might be resulted due to the synergistic therapeutic
effects of combined treatment. In vivo experimental results
are per the in vitro experimental results.

Discussion

NSCLC is the most common type (85%) of lung cancers and
ranked top in terms of incidence and cancer-related mortal-
ity (1.6 million annually) in both men and women. During
the past decade, the management of NSCLC has evolved
enormously. Despite such improvements, there is a need
to devise innovative therapeutic approaches especially to
improve survival rates in patients with advanced NSCLC.
Compounds of natural origin have proven to be an attrac-
tive option for cancer therapy due to their tumor-suppressive
activity, safety, and inexpensiveness. One such natural agent
is Aloperine, a natural alkaloid constituent isolated from the
herb S. alopecuroides, which has been reported to exhibit
anti-proliferative activity against, which has attracted much
attention for its anti-cancer effects in many cancers.

Gene therapies based on targeted delivery of therapeutic
adenoviral vectors expressing tumor suppressor genes have
exerted potent anti-tumor effects in many cancers (Muham-
mad et al. 2019; Muthana et al. 2011).

In this study, we have demonstrated the anti-NSCLC
therapeutic effects of newly devised treatment approach by
combining chemotherapy (ALO) and targeted gene therapy
(Adbic). The resulted synergistic effects of the combination
of low toxicity anti-cancer agents like Adbic with chemo-
therapeutic agents might overcome drug-resistance and high
toxicity issues.

Aloperine has investigated in many studies for its growth
inhibition activities against many tumor cell types. The
results of such studies proved the anti-tumor-proliferative
tendency of Aloperine (Chen et al. 2018; Ling et al. 2018;
Liu et al. 2019; Tian et al. 2018; Zhang et al. 2014). Adeno-
viral vectors also successfully exerted anti-tumor effects
against different cancers and contributed in the growth
inhibition of tumor cells (Muhammad et al. 2019; Sakhawat
et al. 2017). Observations of our study also supported the
aforesaid findings that Aloperine and Adbic are potent anti-
tumor cell proliferative agents as both have inhibited the
growth of NSCLC cells in dose-dependent manner. Com-
bination of both not only reduced the IC50 value of anti-
cancer agents, but also exhibited synergistic NSCLC tumor
inhibition effects.

Aloperine and Adbic halted the growth of tumor cells
by inducing apoptosis and arresting cell cycle progression.
Apoptosis induction and cell cycle arrest are considered hall-
mark cytotoxic effects for many anti-cancer agents (Huang
et al. 2017; Kim et al. 2014; Song et al. 2017). Aloperine
and adenoviral vectors are associated with inducing apopto-
sis in many tumor cells (Wang et al. 2015; Xu et al. 2017).
In our study, the apoptosis induction ability of both anti-
cancer agents was assessed by flow cytometry. The results
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«Fig.6 Effects of Aloperine, Adbic, or combination of Aloperine
and Adbic on NSCLC mice models. a Kaplan—-Meier survival curve
for nude mice-bearing NSCLC subcutaneous tumors shows that
all control animals (PBS) died by day 43 when 86% of the Aloper-
ine treated, 86% of the Adbic-treated, and 100% of the Aloperine
and Adbic combination-treated mice were still alive (*P<0.05). On
day 90, the survival rate of mice models received Aloperine—Adbic
combination treatment, Aloperine, and Adbic alone treatment noted
72%, 42%, and 42%, respectively. Combined treatment significantly
(P<0.05) prolonged the survival rate in mice models compared to
alone treatments. b Aloperine, Adbic, or ALO-Adbic combined treat-
ments reduced the tumor volume. Tumor volume reduction was sig-
nificant in ALO-Adbic co-treatment compared to the control group
(P<0.05)

revealed that Aloperine, Adbic alone, or combined treatment
produced effective and synergistic apoptotic effects, respec-
tively, in NSCLC cells.

Previous studies demonstrated that ALO halted the cell
cycle progression at the G2/M phase in different cancers
(Liu et al. 2019; Zhang et al. 2014). ALO also found out
to be associated with the G1 cell cycle arrest in prostate
cancer (Ling et al. 2018). We conducted cell cycle analysis
through flow cytometry, which revealed that the majority of
ALO and Adbic alone treated NSCLC tumor cells popula-
tion accumulated in the G1 phase. Combined treatment of
both anti-cancer agents significantly (P <0.05) increased the
proportion of NSCLC tumor cells in the G1 phase compared
to alone treatment.

The mechanism of ALO-induced anti-tumor activities
like apoptosis and the G1 phase arrest in NSCLC tumor
cells is unclear. Adbic-induced anti-tumor activities could
result due to the raised expression of the p53 gene, which in
turn triggered the p53 regulated downstream events respon-
sible for cell cycle arrest and apoptosis (Huang et al. 2003;
Muhammad et al. 2019). Cell cycle progression is regulated
by the cyclins and cyclin-dependent kinases (CDKs), which
belong to the serine/threonine kinases family (Williams and
Stoeber 2012). Cyclin D-CDK4, cyclin D-CDKG6, and cyclin
E-CDK2 complexes play a vital role in G1 phase progression
through the checkpoints and let the cells follow the cell cycle
till its completion (Planas-Silva and Weinberg 1997). The
p53 has arole in the upregulation of the p21 tumor suppres-
sion gene. The p21 gene has the inhibitory effect on cyclin
E-cdk2. This inhibition prevents cyclin E-cdk2 complex to
act upon Rb protein. It results in suppression of the E2F1
activity, which is responsible for the expression of genes
involved in the progression of the G1-S phase of the cell
cycle (Duli¢ et al. 1994). In our study, we investigated the
expression of genes involved in the p53/p21 pathway which
leads G1 cell cycle arrest and apoptosis. Western blot analy-
sis on ALO, Adbic, or ALO-Adbic-treated NSCLC cells
revealed the upregulation of p53 and p2/ genes and down-
regulation pattern in Cyclin E, CDK?2, Rb, and E2F1 genes
(Fig. 7a). This upregulations and downregulations of genes

mentioned above were much significant in ALO-Adbic com-
bined treated cells. This finding confirmed that both anti-
cancer agents employed cell cycle arrest and apoptosis by
activating p53/p21-triggered G1 arrest pathway. In combina-
tion treatment, anti-cancer activities of ALO and Adbic were
augmented, thus produced synergistic effects.

In our study, the results of in vivo experiments on NSCLC
mice models second the in vitro findings. The mice models
received ALO, Adbic alone treatment survived for a long
time and showed reduction in tumor volume compared to
the control (PBS) group. Synergistic effects of ALO-Adbic
combined treatment contributed to a much-prolonged sur-
vival rate in mice models. The activation of the p53/p21
pathway, cell cycle arrest, and apoptosis might be the rea-
sons for the high survival rate in treated mice models.

In this study, we used E1A/E1B-modified MSCs (MSCs-
Els) for the targeted delivery of Adbic to the tumor site.
MSCs are easy to acquire, and these can selectively and
precisely target the tumor cells due to their tumor tropism
ability 46, 47. Recently, a study reported that unmodified
MSCs might not be good candidates for cancer therapy in
humans due to the imperfect detection of MSCs from the
tumor site. The authors of this study confirmed the safety
of the systemic delivery of MSCs as none of the partici-
pants produced any adverse effect after therapy (Schweizer
et al. 2019). Several factors might be responsible for these
findings like the insensitivity of techniques used to detect
MSC:s at the tumor site, lack of sufficient inflammatory sig-
nals, required to drive MSCs to the tumor site, and use of
genetically unmodified MSCs (Serakinci and Cagsin 2019a,
2019b). However, it is evident that MSCs have systemically
delivered therapeutic agents to tumor site, yielded higher
concentrations of anti-cancer agents at tumor site with
minimal adverse effects to normal tissues in animal models
(Brennen et al. 2013, 2017; Myers et al. 2010; Sarkar et al.
2010). In our previous study, we investigated the ability of
MSC-Els as packaging, propagating, and targeted delivery
vehicles for Adbic, and we found that MSC-E1s were suc-
cessfully propagated and delivered the Adbic specifically to
the tumor site and reduced the tumor volume in mice models
(Muhammad et al. 2019). In this study, we also found out
that MSC-E1-mediated delivery of Adbic reduced the tumor
volume in mice models.

Conclusion

In our study, the therapeutic effects of ALO, Adbic, or syn-
ergistic therapeutic effects of ALO-Adbic against NSCLC
investigated. ALO, Adbic, or ALO-Adbic combination
produced promising and synergistic anti-tumor effects.
Cytotoxic effects of ALO-Adbic combined treatment much
enhanced at low doses. This decrease in dosage might
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contribute to minimizing the side effects of anti-
agents. In the current study, the synergistic cytotoxic effects
of ALO-Adbic combined treatment suppressed the growth
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cancer

of NSCLC cells in both in vitro and in vivo experimenta-
tions. The underlying mechanism that resulted in enhanced
cytotoxic effects may be the activation of p53/p21-triggered
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G1 phase cell cycle arrest and increased apoptosis. There-
fore, ALO-Adbic combined treatment has the potential to
be used as an alternative therapeutic approach for NSCLC
treatment as it offers higher cytotoxic effects at low doses
of drugs. However, further investigations need to be done to
explore and verify the molecular mechanisms that contrib-
ute to producing synergistic anti-tumor effects. The efficacy
of this treatment approach needs to be tested in orthotopic
immunocompetent models before conducting clinical trials.
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