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Abstract

Purpose—An antitussive plant alkaloid, Noscapine HCI (Nos) displays anticancer activity and
has a safe pharmacological profile in humans. The current study was aimed to investigate the in
vitro and in vivo anti tumor activity of Nos to determine possible mechanisms of anti tumor
activity for treatment of non-small cell lung cancer (NSCLC).

Methods—In vitro cytotoxicity of Nos was studied in H460 cells treated with different doses of
Nos (10-160 pM) for 72 h and cell viability was determined using crystal violet assay. Apoptosis
in H460 cells was evaluated by TUNEL assay after treatment of cells for 72 h with 30 and 40 M
doses of Nos. For in vivo studies, female athymic Nu/nu mice were xenografted with H460 tumors
and on day 4 onwards Nos was administered orally at dose of 300, 450 and 550 mg/kg/day for 24
days. As a control, xenografted tumors were separately treated with Docetaxel (10 mg/kg i.v. bolus
on day 5, 11, 17, 23). The tumor volumes were measured every five days. Expression of PARP,
Bcly, Bax, and caspase-3 families of proteins was measured by Western Blotting (WB), while
TUNEL and Immunohistochemical methods were utilized to determine DNA fragmentation and
cleaved caspase-3 levels respectively.

Results—Nos inhibited growth of H460 cells with the 1C50 values of 34.7 £ 2.5 uM. Nos at 30
and 40 uM doses caused apoptosis as evidenced by nuclear condensation in treated H460 cells.
Nos caused 49, 65 and 86% reduction in the xenografted tumor volumes at a dose of 300 (P<
0.05), 450 (P< 0.01), 550 mg/kg/day (P < 0.01), respectively, when compared to controls. Nos-
dependent suppression of xenografted tumor growth involved up regulation of PARP, Bax,
caspase-3 and repression of Bcl, expression. An increase in Bax/Bcl, ratio suggests involvement
of a mitochondrial mediated apoptotic processes. Our studies revealed a non significant (£ > 0.05)
increase in Bax/Bcl, ratio with Nos at a dose of 300 mg/kg/day, while a significant (£ < 0.001)
increase in Bax/Bcl, ratio was observed with Nos doses of 450 and 550 mg/kg/day. Further, Nos
caused elevated apoptosis in tumor xenografts as evidenced by enhanced expression of caspase-3
and positive TUNEL staining in regressed tumor tissues, thus suggesting induction of apoptosis by
mitochondrial pathway.

Conclusion—Our studies suggest that potent antitumor activity of Nos against NSCLC cells.
Oral administration of Nos showed significant reduction in tumor volume in human non-small cell
lung tumor xenograft in nude mice in a dose dependant manner. Thus, Nos is a promising novel
chemotherapeutic agent for the treatment of human lung cancer.
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Introduction

Lung cancer is the leading cause of cancer-related death in the United States. Among lung
cancer more than 80% of patients with lung cancer have non-small cell lung cancer
(NSCLC), while the remaining 20% have small cell lung cancer [1, 2]. The treatment option
in NSCLC includes surgery, radiation therapy, chemotherapy, laser therapy, and
photodynamic therapy. In recent clinical trials, chemotherapy has been shown to decrease
the chance for cancer recurrence and improve the chance for cure in patients who have
undergone complete surgical removal of stage 1B, I1, or IIIA NSCLC [3, 4]. However,
preliminary results of CALGB 9633 demonstrated statistically significant evidence that
adjuvant chemotherapy with paclitaxel and carboplatin (PC) improved disease-free (DFS)
and overall survival (OS) in resected stage IB NSCLC, but interin analysis demonstrated a p
value for over all OS less than a prespecified stopping boundary [5]. Chemotherapy with
either gemcitabine, taxanes or vinorelbine, together with a platinum drug is the First choice
treatment in NSCLC. Even with recent advances in treatment, response and remission rates
remain unacceptably low [6]. Although, the effectiveness of microtubule-interfering agents
in cancer therapy has been validated by the use of taxanes and vinca alkaloids for the
treatment of many types of cancers [7]. The clinical success of taxanes has been limited by
the emergence of drug-resistance owing to the amplification of a membrane glycoprotein
involved in efflux of the drug and toxicities such as leucocytopenias, diarrhea, alopecia, and
peripheral neuropathies due to the blockage of axonal transport [8-10]. Furthermore,
currently available antimicrotubule drugs have to be infused intravenously (i.v.) slowly over
long periods of time in the clinic due to the use of cremophor as a vehicle in order to
minimize the risk of hypersensitivity reaction [9]. This has prompted an ongoing worldwide
search for microtubule-targeting compounds that display favorable toxicity profiles, have
better therapeutic indices and improved pharmacological efficacy in the treatment of lung
cancers.

Among the various antimicrotubule agents that perturb microtubule dynamics, noscapinoids
constitute an emerging class of compounds receiving considerable attention [11-14].
Currently, Noscapine HCI (Nos) is in phase I/11 clinical trials for the treatment of low grade
non Hodgkin’s lymphoma or chronic lymphocytic leukemia refractory to chemotherapy and
hematological malignancies. Microtubules are highly dynamic polymers that are crucial for
accurate chromosome segregation during mitosis through formation of the bipolar mitotic
spindle. To ensure faithful chromosome transmission, eukaryotic cells have evolved a
surveillance mechanism called the spindle assembly checkpoint, which halts mitotic
progression when the spindle has a defect or chromosomes are not properly attached by
spindle microtubules [15]. It is not surprising that many chemical compounds that target
microtubules can arrest cells at mitosis, this property attributed to the use of microtubule
targeting agents in cancer chemotherapy. Nos attenuates microtubule dynamics just enough
to activate the mitotic checkpoints to stop cell cycle and do not alter the steady state
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monomer/polymer ratio of tubulin [15]. Nos was found to inhibit cell proliferation in wide
variety of cancer cells including many drug-resistant variants [16, 17] while evading normal
cells. This unique property places Nos in a distinctive position over other available tubulin-
binding agents that either over polymerize (taxanes) or depolymerize (vinca alkaloids)
microtubules. Nos was found to be effective against malonoma [15], ovarian [16],
lymphoma [18], human myelogenous leukemic cells [19], brain glioblastoma [20], and
breast [21] cancers. Furthermore, Nos was also found to effectively inhibit the progression
of melanoma [15], murine lymphoma [18], and human breast tumors [21] implanted in nude
mice with little or no toxicity to the kidney, heart, liver, bone marrow, spleen, or small
intestine and did not inhibit primary humoral immune responses in mice.

In conjunction with previous studies in other types of cancer [15-21] it is reasonable to
explore the potential use of Nos for the treatment of lung cancer. Given the relatively
favorable toxicity profile of Nos and the poor clinical outcome with current treatment
options, it is important to test Nos as an anticancer agent for treatment of NSCLC.
Noscapine binds stoichiometrically to tubulin and promotes microtubule polymerization,
which causes growth arrest of tumor cells during mitosis. Moreover, Noscapine anticancer
activity involves induction of apoptosis via mitochondrial pathways was demonstrated in
various cancers [15, 18]. Therefore, the current study was aimed to investigate the in vitro
and in vivo anti tumor activity of Nos and to evaluate mechanisms and efficacy against
NSCLC cells. The H460 xenograft model was used to study in vivo antitumor activity after
oral administration of Nos. In present investigations, the regressed tumor tissue specimens
were additionally analyzed to determine density of apoptotic cells and expression of cleaved
caspase-3 to evaluate molecular mechanisms involved in Nos anti-tumor activity. Nos
induced apoptosis in H460 NSCLC cells in vitro and in vivo, in part by enhancing
expression of apoptotic proteins such as PARP, Bax, and cleaved caspase-3. Comparing the
effects of Nos on H460 cells both in culture and within in vivo xenograft tumors will result
in a better understanding of its antitumor activity against NSCLC.

Materials and methods

Cell lines

Noscapine HCI was purchased from Sigma Chemicals, St. Louis, MO, USA. Docetaxel was
a gift from Aventis (Collegeville, PA, USA). ApoTag Red In Situ Apoptosis detection kitR
was purchased from ChemiconR International, CA, USA. DeadEnd™ Colorimetric
Apoptosis Detection System was purchased from Promega (Madison, WI). Antibodies
against PARP, Bax, Bcl, and caspase-3 were purchased from Cell Signaling Technology
(Beverly, MA). All other chemicals were either reagent or tissue culture grade.

The human NSCLC cell lines H460 was obtained from American Type Culture Collection
(Rockville, MD, USA). H460 cells were grown in RPMI medium (Sigma, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS). The cell culture media contained
antibiotic antimycotic solution of penicillin (5,000 U/ml), streptomycin (0.1 mg/ml), and
neomycin (0.2 mg/ml). The cells were maintained at 37°C in the presence of 5% CO, in air.
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Female Nu/Nu mice (six weeks old form Harlan, Indianapolis, IN) were grouped and housed
(n =8 per cage) in sterile microisolator caging unit supplied with autoclaved Tek-Fresh
bedding. The animals were kept under controlled conditions of 12:12 h light: dark cycle, 22
+2°C and 50 + 15% relative humidity. The mice were fed (irradiated rodent chow Harlan
Teklad) and autoclaved water ad libitum. The animals were housed at Florida A&M
University in accordance with the standards of the Guide for the Care and Use of Laboratory
Animals and the Association for Assessment and Accreditation of Laboratory Animal Care.

In vitro cytotoxicity studies

The H460 NSCLC cell lines was plated in 96-well micro titer plates, at a density of 1x 10%
cells/well and allowed to incubate overnight and the cells were treated with various dilutions
of Nos made in RPMI medium (10-160 pM) form Nos stock solution in DMSO. The cells
were incubated for 72 h at 37 £ 0.2°C in a 5% CO»-jacketed incubator. The cell viability in
each treatment was determined by crystal violet assay. The percentage of cell survival as a
function of drug concentration was then plotted to determine the 1Cgq value (the drug
concentration needed to prevent cell proliferation by 50%) [22, 23].

Induction of apoptosis in H460 cells by Nos

To detect apoptotic cells, the ApoTag Red In Situ Apoptosis detection kitR (ChemiconR
International, CA, USA) was used. Cells were plated at a density of 1 x 10° cells/well in six-
well plates and incubated overnight and cells were treated with Nos (30, 40 uM). After 72 h,
cells were Fixed in 4% paraformaldehyde and mounted on slides using Shandon CytospinR
(GMI, Inc. Minnesota, USA). Equilibration buffer was added to slides and incubated for 10
min followed by incubation in working strength TdT enzyme at 37°C for 1 h. The slides
were incubated in stop/wash buffer for 10 min at room temperature. Working strength anti-
digoxinenin conjugate (rhodamine) was added to each slide for 30-min incubation at room
temperature. Slides were viewed using a Xuorescent microscope.

In vivo antitumor effect of Nos against H460 lung tumors

The adherent tumor cells were washed with PBS, harvested from confluent cultures by 5-
min exposure to 0.25% trypsin and 0.02% EDTA solution in an incubator. Trypsinization
was stopped with medium containing 10% FBS. The cells were centrifuged and the floating
cells in the supernatant were discarded. The cell pellet was resuspended in medium
containing 10% FBS and mixed thoroughly. Trypan blue staining was used to determine the
number of viable cells. The resuspended cells were centrifuged and cell dilutions of 3 x 10°
cells/100p1 were prepared in RPMI medium. The 100 pl of cell suspension was injected
subcutaneously into right flank area of each mouse. The protocol for in vivo experiments
with nude mice was approved by the Animal Care and Use Committee, Florida A&M
University, Tallahassee, FL. The mice were randomized into vehicle control and treatment
groups of eight animals each when xenografts were palpable with a tumor size of 50 mm3.
Four days after tumor implantation, Nos solution was prepared in phosphate buffer pH 3.5
and administrated by oral gavage at a dose of 300, 450 and 550 mg/kg daily for 28 days.
Docetaxel (10 mg/kg i.v. bolus) administered on 5, 11, 17 and 23 days of the study and was
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used as positive control [22, 23]. The tumor dimensions were measured using a linear caliper
and tumor volume was calculated using the equation V/(mm3) = ax £2/2, where ais the
largest diameter and b is the smallest diameter. The mice were fed with food and water ad
libitum.

Western Blotting of tumor tissues

Tumor tissues harvested at 28 days post tumor implantation from control, Nos and docetaxel
treated mice were cut into small pieces and homogenized in PBS. The homogenate was
centrifuged at top speed for 10 min to sediment the tissue fragments. The proteins were
extracted using RIPA buffer (50 mM Tris-HCL, pH 8.0, with 150 mM sodium chloride,
1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxychlorate, and 0.1% sodium dodecyl
sulfate) with pro-tease inhibitor (500 mM phenylmethylsulfonyl fluoride). Samples were
vortexed, incubated on ice for 30 min, centrifuged again and the supernatants were stored at
—-80°C. For WB, equal amounts of supernatant protein (50 pg) from the control and different
treatments were denatured by boiling for 5 min in SDS sample buffer, separated by 15%
SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting. The
membranes were blocked with 5% skim milk in Tris-buffered saline with Tween 20 [10 mM
Tris-HCI (pH 7.6), 150 mM NacCl, 0.5% Tween 20] and probed with PARP, Bax, Bcl,, and
cleaved caspase-3 antibodies (1:500). Bound antibodies were revealed with HRP conjugated
secondary antibodies (1:2000) using SuperSignal West pico chemiluminescent solution
(Pierce, Rockford, IL). Beta actin protein was used as a loading control.

Immunohistochemistry and TUNEL assay of xenograft tumor tissues

Sections prepared from formalin-Fixed, paraffin-embedded lung tissues were used for IHC
studies according to the protocol specified in the SignalStain™ Cleaved Caspase-3 [Asp 175]
IHC kit (Cell Signaling, Beverly, MA). The section slides were washed in xylene and
hydrated in different concentrations of alcohol. The slides were heated in sodium acetate
solution at 95°C for 10 min for antigen retrieval. The slides were washed three times in PBS
and incubated with the primary antibody against cleaved caspase-3 overnight at 4°C.
Horseradish peroxidase-conjugated secondary antibody was applied to locate the primary
antibody. The specimens were stained with Nova Red stain and counter-stained with
hematoxylin. The presence of brown staining was considered a positive identification for
activated caspase-3. The Olympus BX40 light microscope equipped with computer-
controlled digital camera and imaging software (Q capture) was used to visualize the images
on the slides.

For TUNEL assay, formalin-Fixed tumor tissues harvested 28 days after tumor implantation
were embedded in paraffin and sectioned. DeadEnd™ Colorimetric Apoptosis Detection
System (Promega, Madison, WI) was used to detect apoptosis in the tumor sections placed
on slides according to the manufacturer’s protocol. Briefly, the equilibration buffer was
added to slides and incubated for 10 min followed by 10-min incubation in 20 pg/ml
proteinase K solution. The sections were washed in PBS and incubated with TdT enzyme at
37°C for 1 h in a humidified chamber for incorporation of biotinylated nucleotides at the 3’-
OH ends of DNA. The slides were incubated in horseradish peroxidase-labeled streptavidin
to bind the biotinylated nucleotides followed by detection with stable chromagen DAB. The
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images on the slides were visualized with an Olympus BX40 light microscope equipped
with a computer-controlled digital camera (QImaging, Burnaby, BC, Canada) and Imaging
software (Q capture). Three slides per group were stained and apoptotic cells were identified
by dark brown cytoplasmic staining.

Statistical analysis

Results

One-way ANOVA followed by Tukey’s Multiple Comparison Test was performed to
determine the significance of differences among groups. Differences were considered
significant in all experiments at £< 0.05. The statistical analysis was performed using
GraphPad PRISM version 3.0 software (SanDiego, CA).

Inhibition of cell proliferation and induction of apoptosis by Nos in H460 cells

Nos inhibit proliferation of H460 cells in a dose-dependent manner (Fig. 1) with an ICgg
value of 34.7 + 2.5 uM. The ICsgq values of Nos against H460 cells are comparable to the
cytotoxic effects observed with other cancers [15, 16, 18-21]. In situ DNA Nick end
Labeling (TUNEL) was used to determine apoptosis in Nos-treated cells. Figure 2 shows
H460 cells undergoing apoptosis following treatment with Nos 30 uM and 40 uM compared
to untreated cells. The TUNEL staining was not observed with untreated cells (Fig. 2 A1,
AZ2). Positive TUNEL staining (Fig. 2B1, B2, C1, C2) was observed in H460 cells after 72 h
treatment. DAPI nuclear staining (Fig. 2A1, B1, C1) was used for identification of
chromatin condensation, which is an important morphological characteristic of apoptosis.
The cells that showed nuclear condensation also demonstrated positive TUNEL staining.
Seventy-two hours of treatments with 30 and 40 uM doses of Nos resulted in, 32 and 57 %
apoptotic cells, respectively.

H460 tumor xenograft regression in vivo

Figure 3a shows the tumor volume-time data profiles following Nos administration at a dose
of 300, 450 and 550 mg/kg/day by gastric lavage and Docetaxel 10 mg/kg i.v. bolus in mice
xenografted with H460 tumors compared to control. At 28 days post tumor implantation, the
tumor volumes were found to be 2552 + 310, 1102 + 205, 846 + 181, and 445 + 96 mm3
(expressed as mean = SEM) in control, Nos 300, 450 and 550 mg/kg/day treated mice,
respectively (Fig. 3b). Oral administration of Nos at 300 mg/kg/day showed significant (P <
0.05) reduction in tumor volume in H460 xenografts. However, Nos administered at 450 and
550 mg/kg/day showed very significant (P < 0.01) reduction in tumor volume. At the end of
the study period (28 days), there was 49, 65, 86, and 93% reduction in the tumor volume
following Nos 300, 450, 550 mg/kg/day and docetaxel treated mice, respectively compared
to control. We found that Nos treatment did not cause any apparent body weight loss in mice
(Fig. 4). In contrast, although as indicated in Fig. 3a docetaxel therapy showed enhanced
tumor regression (tumor volume of 233 + 72 mm3, expressed as mean + SEM), the mice in
this group suffered a tremendous body weight loss (Fig. 4).
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Nos treatment is associated with up regulation of PARP, Bax, Caspase-3 and down
regulation of Bcl, protein expression

To further examine the role of apoptotic pathways in cyotoxicity induced by Nos, we
assessed the activation of PARP, Bax, Caspase-3 and Bcl, protein expression by WB
analysis performed on regressed tumor tissues. Nos treatments significantly (£ < 0.001)
increased PARP, Bax, and Caspase-3 protein expression compared to control in H460 tumor
tissues (Fig. 5a—d). Further, Nos treatments caused up regulation of PARP, Bax, and
Caspase-3 protein expression that were was comparable with their levels in docetaxel treated
tumors. Western blotting studies with H460 tumors indicated that there was significant (P <
0.001) down regulation of Bcl, expression by Nos treatment compared to control (Fig. 5a,
e). The Bax/Bcl, ratio of 0.21 was observed in control tumors, while the Bax/Bcl, ratio of
0.33, 0.68, and 0.97 were observed with Nos 300, 450, and 550 mg/kg treated tumors
respectively. A nonsignificant (P> 0.05) increase in Bax/Bcl, ratio was observed with Nos
300 mg/kg/day, while a significant (< 0.001) increase in Bax/Bcl, ratio was found with
Nos 450 and 550 mg/kg/day (Fig. 5¢).

Immunohistochemistry and TUNEL assay of xenograft tumor tissues

Expression of apoptotic cleaved caspase-3 was investigated in the control and treated tumors
by Immunohistochemical analysis. Nos (300, 450, and 550 mg/kg/day) treated regressed
tumors showed widespread staining of activated caspase-3 expression compared to controls
(Fig. 6a—c), indicating that Nos induced apoptosis of H460 lung cancer cells in vivo. Nos-
dependent apoptosis was further confirmed by staining the tumor sections harvested at the
end of the study with TUNEL for detection of DNA fragmentation (Fig. 6d—f). Consistent
with our in vitro data (Fig. 2), we observed increased TUNEL-positive cells in the regressed
tumors of Nos-treated H460 xenografts (Fig. 6e, ). These results indicate that Nos causes
tumor regression in part by inducing apoptosis.

Discussion

Poor clinical outcome of the current treatment avenues has prompted the need for new
therapeutic strategies for treatment of lung cancer. In fact, among anticancer agents,
antimicrotubules constitute one of the most effective chemotherapeutic agents for treatment
of lung cancers [7]. The antimicrotubule targeting agents are divided into two categories:
microtubule-destabilizing agents such as the vinca alkaloids and colchicine, and microtubule
stabilizing agents such as the taxanes (paclitaxel and docetaxel). Although, currently used
antimicrotubule drugs are effective antitumor agents; their clinical utility is limited due to
the development of drug resistance and associated severe side effects [8-10]. Moreover,
many patients who have impressive initial response to these drugs have undergone relapse
after treatment, because of development of drug resistance.

Nos is considered as safe antimicrotubule agent that alters microtubule dynamics without
affecting the microtubule polymer mass [18]. Nos demonstrated antitumor activity both in
vitro and in vivo in cancer cells that are resistant to the conventional antimicrotubule drugs.
More importantly, Nos did not exhibit severe side effects that are commonly seen with many
chemotherapeutic agents [8-10, 18]. Currently, Nos is in clinical trials (phase I/11) for the
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treatment of lymphoma and hematological malignancies. Many of these cancers cells lack
mitotic checkpoint mechanism, which can remedied by the use of Nos without significantly
impacting the microtubule morphology of non diving cells, owing to these and other
advantages we evaluated Nos antitumor activity against NSCLC.

Based on these observations, we hypothesized that Nos is effective against NSCLC, where
the refractory tumor cells lack mitotic checkpoint proteins. To our knowledge, this is the
First study that demonstrated effectiveness of Nos against lung cancer. In this study, we
demonstrated that Nos inhibits H460 cell proliferation in vitro and shows concentration-
dependent inhibition of cell proliferation against model H460 NSCLC cell line (Fig. 1) with
an ICgq value of 34.7 £ 2.5 uM. The inhibition of cell proliferation by Nos against H460
NSCLC cells was comparable with earlier studies with various types of cancers [15-21].

The cell proliferation inhibition by Nos was observed with other cancer cell types such as rat
C6 glioma (ICgq = 250 uM), MCF-7 breast (ICsg = 42.3 uM), Renal 1983 bladder (ICsg =
39.1 pM), HelLa (IC5q = 25 pM), and thymocyte (ICsq = 10 uM) cells [20, 21]. In another
investigation, Nos effectively inhibited the proliferation of both paclitaxel-sensitive and
paclitaxel-resistant human ovarian carcinoma cells at ICgq values between 15 and 25 uM;
supporting binding of Nos to tubulin at a site different from the paclitaxel-binding site [16].
Interestingly, the melanoma B16LS9 cells (ICsg = 50 uM) showed more sensitivity to the
Nos treatment compared to primary melanocytes (ICsq = 200 uM) cells, which indicates that
Nos is selectively potent on cancer cells compared to normal cells [15]. The antiproliferative
activity of Nos varies with the type and sensitivity of cancer cells towards treatment.

To elucidate the mechanisms of cytotoxicity mediated by Nos in H460 cells, we evaluated
the efficacy of Nos to induce apoptosis, following a 72 h treatment. The TUNEL assay
results showed induction of apoptosis at 30 and 40 pM concentration of Nos compared to
untreated cells (Fig. 2B1, B2, C1, C2). Typical morphological changes in late apoptotic cells
include membrane blebbing, formation of apoptotic bodies, disruption of the cytoskeleton,
hyper-condensation and fragmentation of the chromatin. Induction of apoptosis has been
demonstrated following Nos treatment in various types of cancer cells like human ovarian
carcinoma [16], mouse thymocytes E.G7-OVA and HeLa cells [21]. The human ovarian cells
treated with 20 uM of Nos showed induction of apoptosis and the percentages of TUNEL-
positive cells were increased with the time of treatment [16]. The percentages of TUNEL-
positive cells were higher at 40 uM (57%) compared to 30 uM (32%), which demonstrates
concentration dependant induction of apoptosis in H460 cells. The antimicrotubule agents,
including Nos, are able to arrest mitosis in mammalian cells [15].

The Flow cytometric evaluation was used to study cell cycle arrest mechanism and to
determine nature of cytotoxicity of Nos in various cancer cells [15, 21]. Landen et al.
demonstrated that formation of abnormal nuclei and improperly aligned mitotic spindle in
Murine B16L.S9 melanoma cells following Nos treatment [15]. Also, Aneja et al.
demonstrated that Nos (20 pM) induced cell cycle mitotic arrest and DNA degradation, an
event reminiscent of apoptosis in HeLa cells [21]. The Nos cell cycle arrest mechanism
studies against Human NSCLC cells using Flow cytometery are in progress in our lab to
investigate the mitotic arrest mechanism.
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After establishing the efficacy of Nos on H460 NSCLC in vitro, we designed in vivo
experiments to test the efficacy of Nos against H460 NSCLC xenograft model in mice. We
evaluated Nos in vivo antitumor efficacy at a different doses levels ranging from 150 to 550
mg/kg/day against H460 xenograft model in mice administered by oral gavage. Nos at a
dose of 150 mg/kg/day showed negligible reduction in tumor volume (data not shown).
However, the earlier reports have indicated that Nos was effective at similar doses: in
regressing human breast tumors when administered 120 mg/kg/day intraperitoneally; and in
regressing lymphoma tumors upon administration by oral gavage at a dose of 120 mg/kg/day
[21]. In another investigation, oral administration of Nos at a dose of 300 mg/kg/day showed
a significant regression of melanoma tumors compared to untreated animals [15]. Our
studies indicate that the dose and route of administration is important to realize the efficacy
of Nos in vivo. Therefore, we conducted studies to investigate the effect of Nos dose on the
tumor regression. Our results demonstrated that Nos regressed the tumors in a dose
dependant fashion following sequence 300 < 450 < 550 mg/kg/day (Fig 3a, b).
Administration of Nos at 550 mg/kg (P < 0.01) through oral gavage showed higher reduction
in tumor volume in H460 xenograft model compared to doses 450 (£ < 0.01) and 300
mg/kg/day (P < 0.05) (Fig. 3a) reveals superior antitumor activity at higher doses. The dose
dependant antitumor activity of Nos in xenograft model may be attributed to: (a) short
plasma half life of Nos and its availability at the tumor site; and (b) extensive first-pass
metabolism that reduces the oral bioavailability of Nos [24-26]. Our future studies will
focus on improving the tumor targeting of Nos, so that it is effective at lower doses in vivo.
There are very few reports available in literature on evaluation of Nos pharmacokinetics and
absorption when given orally at various doses and a detailed systematic study is desirable.

The role of apoptosis was further investigated by determining expression of various
apoptotic proteins such as PARP, caspase-3, Bax and Bcl, in regressed tumors. We also
determined the effect of Nos induced cleaved caspase activation on PARP cleavage, which is
one of the downstream substrates of the caspase cascade and a reliable marker of apoptosis
[27]. The WB blot analysis found a significant (£ < 0.001) increase in expression of PARP
and caspase-3 following Nos treatment at all doses (300, 450, 550 mg/kg) levels and
suggesting the induction of apoptosis (Fig. 5a—c). Similarly, Nastaran et al showed that up
regulation of PARP and Caspase-3 against human myelogenous leukemic cancer cells
following Nos treatment [19]. It was previously reported that the induction of apoptosis by
Nos in human myelogenous leukemic [19] and human colon cancer (p53-wt) cells [28] were
mediated through mitochondria pathway and that increased Bax/Bcl, ratio plays an
important role in the induction of apoptosis. To check, if this holds true in case of H460
tumor tissues, the expression of Bcl, family proteins such as Bax and Bcly, following Nos
treatment at different doses levels were determined. WB results showed a significant (P <
0.01) increase in expression of Bax levels and also significant (P < 0.01) down-regulation of
Bcl, protein accompanied with Bcl, phosphorylation (Fig 5a, d, €) following Nos treatment
at all doses levels. The protective effect of Bcl, against apoptosis is lost by the
phosphorylation of Bcl, protein. The Nos 300, 450, 550 mg/kg treatment resulted in two,
three and fivefold increase in the Bax/Bcl, ratio compared to control demonstrating shifting
of Bax/Bcl, ratio plays an important role in Nos induced apoptosis. Furthermore, the
increase in Bax/Bcl, ratio indicates involvement of a mitochondrial mediated apoptotic
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process in H460 cells. Our findings related to the increase in Bax/Bcls ratio indicated similar
line of evidence of involvement of mitochondrial pathway in Nos induced apoptosis reported
with human myelogenous leukemic and human colon cancer cells [19, 28]. The up
regulation of Bax and concomitant down-regulation of Bcl, are pivotal in shifting the ratio
of Bax/Bcl, in the H460 cells and ultimately favor apoptosis. The WB results indicate
involvement of a mitochondrial-mediated apoptotic process in antitumor activity of Nos
against H460 NSCLC cells. The antitumor activity of Nos resulting from mitochondrial-
mediated apoptotic process was also demonstrated against other cancer cell lines such as
melanoma [15] ovarian [16], human myelogenous leukemic cells [19], brain glioblastoma
[20], and breast [21] cancers. and human colon cancer cells [28].

To investigate the possible involvement of apoptosis in the antitumor effects of Nos, we
studied caspase-3 expression and DNA fragmentation in tumor tissues obtained from control
and treated mice by immunohistochemistry and TUNEL assay, respectively. We observed
increased expression of cleaved caspase-3 (Fig. 6b, ¢) and increased number of apoptotic
cells (Fig. 6e, f) in the Nos treated tumors compared to control tumor tissues (Fig. 6a, d).
The studies conducted by Ye et al. with tumor xenograft of MCF-7 breast cell line and Renal
1983 bladder cell lines in mice following Nos treatment at 120 mg/kg/day demonstrated
increased apoptotic activity in regressed tumor tissues [21]. Our in vivo results showed
increased apoptotic activity and correlated very well with our in vitro results.

In conclusion, our data provide compelling evidence that Nos is effective against H460
NSCLC cells as well as tumor xenografts by inducing apoptosis. We demonstrated that Nos
is an effective cytotoxic agent against H460 NSCLC cells and showed antitumor activity via
mitochondrial-mediated apoptotic process. Nos was also able to significantly reduce the
tumor growth in H460 xenograft model. While, the currently available chemotherapeutic
agents are associated with drug resistance and debilitating toxic side effects, Nos provides
promise as an effective anticancer agent with significantly lower toxicity on normal cells.
The current investigation data argue strongly that Nos may be promising chemotherapeutic
agents for the treatment of human lung cancer. However, it will be necessary to continue
investigations of its antitumor activity on other lung cancer cells. The current investigation
also indicates that the delivery and targeting of Nos is critical to realizing its full
chemotherapeutic potential.
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Fig. 1.

Ingvitro cytotoxicity profiles of Nos in H460 cells. Cells were treated with Nos and
cytotoxicity was determined using the crystal violet assay as described in materials and
methods. A plot of the percentage of cell survival versus Nos concentrations used for the
determination of IC 50 values. Results are expressed as means + SD for at least three
separate determinations
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Fig. 2.
Fluorescence micrographs of H460 cells stained with rhodamine and DAPI for control cells

(A1, A2), 72-h treatment with Nos 30 uM (BZ, B2), and Nos 40 uM (C1, C2). DNA
fragmentation indicated by positive staining and nuclear condensation indicated by DAPI
nuclear staining. Micron bar 10 pm
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Fig. 3.
In vivo antitumor effect of different doses of Nos compared to untreated and Docetaxel

treated (positive control) in H460 lung tumor Xenograft model. (a) progression profile of
tumor growth kinetics and (b) tumor volume measurements on days 28 post-inoculation.
(tumor volumes, mm?3 + SEM)
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Fig. 4.
Measurement of body weight following different doses of Nos compared to untreated and

Docetaxel treated (positive control) mice

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2021 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Jackson et al.

Page 17

A

PARP

BCl,

BAX

Caspase 3

B-actin

Caspase 3

B 30000 c 75000 -
2 2 —
" ]
& 20000 & 50000 - T
3 3
] X
g 10000 £ 25000 -
E E

o
Bax Bel2
D 10000 E 7s000
2 2
2 200001 2 s0000 | i
B B 300
x x M ",
& 10000 [::- & 25000 e . -
E b E o B e I
alpex . 0::: | 3
& & & & &
of f & & ¢
Fig. 5.

Western blotting of tumor tissue lysates to determine expressions apoptosis-related proteins.
(a). The tumors were harvested 28 days post tumor implantation, lysates were prepared, and
a 50 pg of protein was loaded in each lane. Lane 1 control, Lane 2 Docetaxel 10 mg/kg i.v.
bolus, Lane 3Nos 300 mg/kg/day, Lane 4 Nos 450 mg/kg/day and Larne 5Nos 550 mg/kg/
day. The densitometric analysis of the bands to determine level of expression of PARP (b),
Caspase-3 (c), Bax (d), and Bcl, (e) in xenograft human H40 lung tumors. The
densitometric analysis of the bands was performed using the program ImageJ v1.33u. Error
bars depict standard deviations ***£ < 0.001 versus untreated control
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Fig. 6.

Ngs inhibits tumor growth by triggering apoptosis. a—c, Activated (cleaved) caspase-3 was
examined by immunohistochemical staining of paraffin-embedded tumor sections, from
untreated control (a) and Nos-treated (b and c) mice. d—f Representative TUNEL stained
micrographs of tumor sections from untreated control (d) and Nos-treated (g, f) mice
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