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Abstract

Abstract Background and Purpose: Galbanic acid (GBA), a sesquiterpene coumarin compound isolated from Ferula species, has

noticeable anti-cancer effects. In current research, we investigated effects of GBA in combination with arsenic trioxide (ATO) on

MT-2 cells, an Adult T cell leukemia (ATL) cell line. ATL is a malignancy caused by human T cell leukemia virus type 1 (HTLV-

1). Experimental Approach: The MT-2 cells were treated with each agent alone at various concentrations. After determination

of IC50 values, MT-2 cells were treated with 20 μM GBA combined with 4 μM ATO. The viability of MT-2 cells was evaluated

by alamar blue assay and cell cycle distribution was assessed by PI staining. Furthermore, the activity of P-glycoprotein (P-gp)

in the presence of GBA was studied by mitoxantrone efflux assay. To understand the molecular mechanisms of GBA+ATO

treatment in MT-2 cells, the mRNA expression of RelA, p53, CDK4, c-MYC, c-FLIPL, and c-FLIPS was measured by real-time

PCR. Key Results: GBA+ATO synergistically inhibited proliferation of MT-2 cells and induced apoptotic cell death. GBA and

ATO also synergized to induce cell cycle arrest with an apparent sub-G1 cells accumulation. Rate of mitoxantrone accumulation

in MT-2 cells was enhanced in the presence of GBA, indicating GBA has inhibitory effects on the functionality of the P-gp

efflux pump. The real-time PCR analysis revealed that GBA+ATO combination downregulated the expression of p53, CDK4,

c-FLIPL, and c-FLIPS. Statistical analysis revealed a significant relation between p53 expression and c-FLIPS. Conclusion and

Implications: The GBA+ATO combination could be considered as a new therapeutic approach for ATL patients.

Introduction

ATL, a highly aggressive non-Hodgkin lymphoma that is usually accompanied by visceral involvement, is
a peripheral T cell neoplasm associated with Human T cell leukemia virus type 1 (HTLV-1), a type C
oncoretrovirus (Tsukasaki and Tobinai, 2012; Hermine et al., 2018). HTLV-1 oncoprotein Tax interacts
with intracellular signaling pathways and modulates transcription of cellular genes involved in cell cycle
progression, cell proliferation, and apoptosis resulting in immortalization and transformation of HTLV-1
infected cells and ATL pathogenesis (Tanaka et al., 1990; Ressler et al., 1997; Mulloy et al., 1998; Schmitt
et al., 1998; Kashanchi and Brady, 2005; Matsuoka and Jeang, 2007; Zhang et al., 2017). In HTLV-1
infected cells, NF-κB is constitutively activated through Tax-dependent or –independent mechanisms and
plays an important role in HTLV-1 oncogenesis and survival of HTLV-1 transformed T cells (Mori et al.,
1999; Hironaka et al., 2004; Horie, 2007). Tax also contributes to the immortalization of HTLV-1 infected
cells by transactivation of the c-MYC gene through the NF-κB pathway (Duyao et al., 1992). The interaction
between c-MYC and the HTLV-1 latency maintenance factor p30II enhances virus replication and oncogenesis
(Romeo et al., 2015). About 30% of patients with ATL carry p53 mutations (Portis et al., 2001). Tax inhibits
p53 transcriptional function in infected cells, thereby leading to the progression of ATL (Ariumi et al., 2000;
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Zane et al., 2012). Tax also interacts with inhibitors of CDK4 activity, leading to activation of CDK4 and
dysregulated G1/S progression of the cell cycle (Suzuki et al., 1996; Haller et al., 2000; Yoshida, 2001).
Tax expressing HTLV-1 infected T cells also express a high level of c-FLIPL and c-FLIPS which are potent
death receptor inhibitory proteins known as tumor progression factors and act as antiapoptotic proteins by
inhibiting death receptor-mediated apoptosis (Djerbi et al., 1999; Krueger et al., 2006). These alterations
may together result in the leukemogenesis of HTLV-1 infected cells and ATL development.

Although several therapeutic approaches targeting different cellular pathways involved in cell cycle progres-
sion and cell proliferation have been applied for ATL therapy, treatment of ATL continues to be a significant
challenge. Currently, no standard treatment exists for patients with ATL and long term efficacy of current
treatments is limited. ATL is still an aggressive and intractable disease that carries a poor prognosis be-
cause of chemo-resistance and immunosuppression which increases vulnerability to opportunistic infections
(Kchour et al., 2013). Multidrug resistance represents a major obstacle to the effective treatment of ATL.
Resistance to chemotherapy may be correlated with the presence of Multidrug resistance (MDR) proteins
(Yasunami et al., 2007).

Treating HTLV-1 infected cells with arsenic trioxide (ATO) revealed that ATO has therapeutic potential
for ATL treatment by inhibiting the proliferation of HTLV-1 infected T cells and inducing apoptotic cell
death (Ishitsuka et al., 1998; Mahieux et al., 2001; Ishitsuka et al., 2002). Combination therapy with ATO
for HTLV-1 infection, triggers degradation of tax oncoprotein and consequently inactivates NF-κB signaling
pathway, and induces cell death via cell cycle arrest and apoptosis induction (Bazarbachi et al., 1999; El-
Sabban et al., 2000). Recently, herbal medicines in combinations with anticancer agents have been found
to have cancer preventative and therapeutic activities (Wang et al., 2012; Arslan et al., 2013). Galbanic
acid (GBA), a sesquiterpene coumarin compound isolated from Ferula species, has been reported to have
noticeable anti-tumor and anti-viral activities and can counteract cancer through apoptosis induction, P-gp
inhibition, and anti-angiogenesis and anti-proliferative activities (Bedniak et al., 1967; Iranshahi et al., 2007;
Hanafi-Bojd et al., 2011; Iranshahy and Iranshahi, 2011; Kim et al., 2011; Kasaian et al., 2014). To date,
no studies have investigated the effects of GBA in ATL. Thus, the present study was designed to determine
whether GBA in combination with ATO would improve the therapeutic efficacy against ATL.

Materials and Methods

Isolation of GBA

GBA (C24H30O5: 2-cyclohexene-1-butanoic acid) was extracted from the herbal roots of Ferula Szowitsiana
over a previously described method (Iranshahi et al., 2007). This study did not require ethical approval.

Cell culture

The MT-2 cell line (a HTLV-1 transformed human T cell line) was cultured in RPMI 1640 (KBC, Iran)
medium supplemented with 10% fetal bovine serum (Gibco, USA), 1% penicillin/streptomycin (Capricorn,
Germany), and 0.5% L- Glutamine (Serena, Germany) at 37°C with 5% CO2 and a humidity of 96%.

Cytotoxicity assay

The cytotoxicity of GBA and ATO was determined by alamar blue assay. The MT-2 cells were seeded at the
density of 50 × 103 per well in a 96-well cell culture plate, and then treated with various concentrations of
GBA (5, 10, 20, 40, and 80 μM) and/or ATO (Sigma–Aldrich, St Louis, MO, USA) at the concentrations of 2,
4, 8, and 16 μM for 24, 48, and 72 h. The effect of GBA and/or ATO on the viability of MT-2 cells was then
assessed by alamar blue assay (Sigma, Germany). Alamar blue solution (0.15 mg/ml) was incubated until
a pink fluorescent resorufin was constituted. The optical density (O. D) was measured using a microplate
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reader (Epoch, BioTek, USA) at 600 nm and cell viability was calculated. When the IC50 values of GBA
and ATO were determined, the MT-2 cells were treated with GBA and ATO, alone or in combination, at
concentrations lower than IC50 with weak cytotoxic effects, and then the cell viability was assessed with
alamar blue assay.

Cell cycle analysis

To study the cell cycle distribution in GBA+ATO treated cells, the MT-2 cells were seeded at the density
of 40 × 104 per well in a 6-well cell culture plate and treated with 20 μM GBA and 4 μM ATO alone or in
combination at equal concentrations for 48 h. Then, the treated cells were washed and resuspended in 480
μl of PI solution (100 μg/mL PI, 0.1% Triton X-100, and 0.1% sodium citrate in PBS) (Sigma, Germany)
and incubated for 30 min at 37°C in dark. Then the flow cytometric analysis was performed with the FACS
Calibur flow cytometer (BD Biosciences, USA) using FL2 filter. Data obtained from flow cytometric analysis
of cell cycle was then analyzed in winMDI data analysis software version 2.8.

Efflux assay

To study the activity of P-gp in the presence of GBA, the MT-2 cells were seeded at the density of 40 × 104

per well in a 6-well cell culture plate and treated with 20 μM GBA for 48 h. After centrifugation, the cell
pellets were resuspended in mitoxantrone (10 μM) and incubated for 30 min at 37°C in dark (accumulation
phase). After washing twice with ice cold PBS, the cell pellets were resuspended in culture medium and
incubated for 60 min at 37°C in dark (the efflux phase). Finally, the activity of the ATP-binding cassette
(ABC) transporter ABCB1 or MDR1/P-glycoprotein (P-gp) was analyzed by FACS Calibur flow cytometer
(BD Biosciences, USA) using FL3 filter. Data obtained from flow cytometric analysis of P-gp function was
then analyzed in winMDI data analysis software version 2.8.

cDNA synthesis and real-time PCR

The MT-2 cells were treated with 20 μM GBA and 4 μM ATO alone or in combination at equal concen-
trations for 48 h. Total RNA was extracted from the treated cells using Tripure isolation reagent (Roche,
Germany) according to the manufacturer’s instruction. Complementary DNA (cDNA) was then synthesized
using reverse transcriptase and random primers according to manufacturer’s instruction (Thermo Fisher
Scientific, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were used to control the
cDNA synthesis efficacy.

Primers and probes were designed by Allele ID, version 5 after obtaining the desired sequences for genes
(RelA, p53, CDK4, c-MYC, c-FLIPL, and c-FLIPS) from the National Center for Biotechnology Information
(NCBI) GenBank. Real-time PCR was performed on Rotor gene 6000 cycler (Qiagen, Germany), using
TaqMan and SYBR Green reagents (Takara, Japan) according to the manufacturer’s instruction. The gene
expression of RelA, p53, and CDK4 was evaluated with Taq Man real-time PCR assay and SYBR Green
real-time PCR method was performed for c-MYC, c-FLIPL, and c-FLIPS. β2 microglobulin (β2M) was
considered as a cellular reference gene in both methods. Table 1 represents specific primers and probes used
for detection of desired genes.

Statistical analysis

Statistical analysis was performed using Statistical Package for Social Sciences (SPSS) software (version
16.0, SPSS, Inc, Chicago, IL, USA).Variables with normal distribution were compared between groups using
one-way ANOVA. Bonferroni post-hoc analysis was used for between-group comparisons. Additionally,
the relationship between genes was assessed using Spearman’s correlation analysis. P values <0.05 were
considered to be statistically significant. All data were expressed as means ± standard deviation (SD).
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Results

GBA exerted cytotoxicity in MT-2 cell line

We first determined the viability of MT-2 cells treated with various concentrations of GBA (5, 10, 20, 40,
and 80 μM) and/or ATO (2, 4, 8, and 16μM) for 24, 48, and 72 h by alamar blue assay. As shown in Figure
1, the growth kinetics of GBA-treated MT-2 cells differs from those of solvent treated control cells and the
proliferative activity of MT-2 cells decreased after exposure to GBA for 24, 48, and 72 h compared to the
DMSO-treated group. GBA induced the most cytotoxicity on MT-2 cells after 48 hours. These findings
indicate that GBA is cytotoxic against MT-2 cells in a dose dependent manner with an IC50 of 80 μM at 48
h (53.3% cell viability, P < 0.0001). ATO was also cytotoxic to MT-2 cells with an IC50 of 16 μM at 72h
(Data not shown).

Effects of GBA in combination with ATO against MT-2 cells

In order to study the impact of the combination of GBA and ATO, the viability of MT-2 cells treated with
GBA (5, 10, and 20 μM) and ATO (2 and 4 μM) was assessed after 24, 48, and 72 h exposure. Our results
show that the proliferative activity of MT-2 cells also decreased after 24, 48, and 72 h exposure to the
GBA+ATO combinations compared to the control groups (Data not shown).The combination of GBA and
ATO was cytotoxic against MT-2 cells in a dose dependent manner and induced the most cytotoxicity on
MT-2 cells after 48 hours (Figure 2A). As shown in figure 2B, treatment with the combination of 20 μM
GBA and 4 μM ATO at 48h significantly decreased viability of MT-2 cell (67.3% viability) compared to 20
μM GBA (90.3% viability) or 4 μM ATO (98% viability) alone (p< 0.0001).

GBA in combination with ATO induced sub-G1 phase cells accumulation in MT-
2 cell line

To identify whether the cytotoxicity of the GBA+ATO combination was mediated by induction of apoptotic
cell death, cell cycle analysis was performed. Flow cytometric cell cycle analysis by PI staining, revealed that
20 μM GBA in combination with 4 μM ATO significantly increased the sub-G1 apoptotic population. As
Figure 3 shows, the combination of 20 μM GBA and 4 μM ATO displayed a significant cell arrest in sub-G1

phase (55.56%) compared to GBA or ATO alone at equal concentrations (2.30% and 4.30%, respectively).

GBA inhibits the P-glycoprotein efflux function in MT-2 cells

The function of MDR1/P-gp or ABCB1, an ABC drug transporter, was assessed with flow cytometry using
mitoxantrone. To study the P-gp function, the MT-2 cells were treated with 20 μM GBA for 48 h. Then
P-gp-mediated mitoxantrone efflux was assessed. As shown in Figure 4, GBA significantly moved histogram
shift to right (C) compared to untreated (A) and DMSO-treated (B) controls. From the shift in fluorescence,
it is clear that GBA increased mitoxantrone accumulation in MT-2 cells compared to untreated and DMSO-
treated cells (D).

GBA regulated apoptosis related genes in MT-2 cells

To study the effects of the GBA+ATO combination treatment on the expression of genes involved in reg-
ulation of cell cycle, proliferation, and apoptosis in MT-2 cells, real-time PCR was carried out. As shown
in Figure 5, the expression of RelA, p53, CDK4, c-MYC, and c-FLIPS genes in GBA-treated MT-2 cells
was lower than the DMSO-treated cells but only RelA (0.025 ± 0.003, p< 0.0001), CDK4 (0.09 ± 0.006,
p< 0.0001), and c-MYC (0.64 ± 0.3, p< 0.001) expression reached a significant decrease in GBA-treated
cells compared with the control (0.33 ± 0.005, 0.33 ± 0.02, and 3.1 ± 1.02, respectively). Whereas the gene
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expression of RelA, p53, CDK4, c-MYC, c-FLIPL, and c-FLIPS in GBA+ATO treated cells was dramati-
cally lower than the DMSO-ATO treated cells, only the reduction in the expression of p53 (0.03 ± 0.002,
p< 0.0001), CDK4 (0.2 ± 0.01, p< 0.0001), c-FLIPL (0.22 ± 0.1, p< 0.01), and c-FLIPS (0.12 ± 0.02, p<
0.001) genes was statistically significant (0.22 ± 0.05, 0.5 ± 0.04, 1.6 ± 0.3, and 0.9 ± 0.2). In addition, there
was a significant positive correlation between the expression of c-FLIPS and p53 (p= 0.008 and r= 0.926)
(Figure 6).

Discussion

GBA is a bioactive sesquiterpene coumarin compound isolated fromFerula species (Bedniak, 1962; Iranshahi
et al., 2018).Ferula assafoetida and Ferula Szowitsiana , as rich sources of GBA, are herbaceous plants of
the genus Ferula belonging to the Umbelliferae family and are distributed throughout central Asia, eastern
Iran, and Afghanistan (Abd El-Razek et al., 2001; Iranshahi et al., 2007; Yaqoob and Nawchoo, 2016). GBA
is an herbal compound with multiple biological activities including anticancer, cancer chemopreventive,
hepatoprotective, and antiviral activities (Bedniak et al., 1967; Syrov et al., 1990; Iranshahi et al., 2008;
Iranshahy and Iranshahi, 2011; Kim et al., 2011; Kasaian et al., 2014). GBA exerts its anticancer activity in
association with apoptosis induction, P-glycoprotein (P-gp) inhibition, and anti-proliferative actions (Hanafi-
Bojd et al., 2011; Kim et al., 2011). The anti-tumor activities of GBA inspired us to investigate the effects
of GBA in MT-2 cell line to find if GBA can improve the therapeutic efficacy of ATO, as a potential agent
in combination with antivirals and IFN-α in the treatment of ATL (Kchour et al., 2009), and determine
whether the GBA+ATO combination could be an effective treatment for patients with ATL.

Results of the present study indicate that GBA is cytotoxic to MT-2 cells in a dose-dependent manner with
an IC50 value of 80 μM at 48 h. The growth inhibitory effects of GBA have been reported in several studies.
Eskandani et al. reported that GBA increases the percentage of early/late apoptotic cells and attenuates
the growth rates of OVCAR-3 human ovarian carcinoma cells in a dose- and time-dependent manner with
an IC50 of 37, 12.1, and 10 μM at 24, 48, and 72 h, respectively (Eskandani et al., 2015a). In another study,
Eskandani et al. showed that intact GBA and GBA-loaded solid lipid nanoparticles (GBA-SLNs) inhibited
the growth of A549 human lung epithelial carcinoma cells by upregulation of proapoptotic protein caspase 9
and downregulation of antiapoptotic protein Bcl-xL (Eskandani et al., 2015b). Kim et al. in 2011 reported
that GBA plays its anticancer effects against human umbilical vein epithelial cells (HUVECs) and Lewig lung
cancer (LLC) cells through anti-angiogenic and anti-proliferative activities (Kim et al., 2011). Zhang et al. in
2012 demonstrated that GBA preferentially inhibits the growth of androgen receptor (AR)+prostate cancer
cells (with an IC50 of approximately 80 μM at 72 h) compared to AR- prostate cancer cells by downregulating
the AR levels and consequent inhibition of AR signaling pathway which is a critical regulator of the G1/S
transition and important for development and progression of prostate cancer. Additionally, combination of
GBA and bicalutamide, an AR antagonist, showed a greater than additive cytotoxicity in LNCaP prostate
cancer cells (Zhang et al., 2012). In the current study, we showed that the combination of GBA and ATO was
also cytotoxic against MT-2 cells in a dose-dependent manner and induced the most cytotoxicity on MT-2
cells after 48 hours. Indeed, the combination of 20 μM GBA and 4 μM ATO at 48h significantly decreased the
proliferative activity of MT-2 cells compared to each agent alone. In accordance with our findings, Kim et
al. in 2019 reported a significant dose-dependent cytotoxicity for the combination of GBA and TNF related
apoptosis inducing ligand (TRAIL) in resistant H460/R non-small cell lung cancer cells (NSCLCs) (Kim et
al., 2019). It was also shown that GBA in combination with nanomicellar curcumin significantly inhibits
the growth of murine C26 and human Caco-2 colon carcinoma cells in a dose-dependent manner (Jafari et
al., 2019). Results obtained in our study indicate that GBA is able to inhibit MT-2 cells growth specifically
when combined with ATO. Cell cycle analysis also showed that GBA or ATO alone induced apoptotic cell
death and sub-G1 phase arrest in a low percentage of treated cells (2.30% and 4.30%, respectively), whereas
the combination of GBA and ATO at the equal concentrations significantly increased the sub-G1 apoptotic
population (55.56%). In line with the findings of our study, several reports have indicated that GBA increases
sub-G1 apoptotic population. Kim et al. demonstrated that the combination of GBA (25 or 50 μM) and
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TRAIL (25 ng/ml) in resistant H460/R NSCLCs increased distribution of apoptotic cells in sub-G1 phase
to 24.75% and 31.09%, respectively, compared with 25 μM GBA (6.50%), 50 μM GBA (12.26%), and 25
ng/ml TRAIL (11.51%) (Kim et al., 2019). Oh et al. have also shown that GBA at the concentrations of
25 and 50 μM significantly increases sub-G1 phase cells population in H460 NSCLCs to 7.71% and 7.92%,
respectively, compared with the untreated control (0.17%) (Oh et al., 2015). By contrast, Kim et al. have
detected no apparent changes in the frequency of GBA-treated LLC cells in the sub-G1 phase, indicating
that GBA could not induce apoptotic cell death in LLC cells. Nevertheless, cell cycle analysis showed that
GBA inhibited the LLC cells growth by causing an evident G2/M phase arrest (Kim et al., 2011). Contrary
to the findings of Kim et al. study, it is clear that the GBA+ATO combination treatment synergistically
induced sub-G1 apoptotic population in MT-2 cells.

Pumping therapeutic agents out of cell, mediated by multiple drug efflux transporters of the ATP-binding
cassette (ABC) family, is a serious impediment to the effective chemotherapy. Overexpression and enhanced
efflux activity of MDR1/P-gp or ABC sub-family B member 1 (ABCB1) have been reported in patients with
ATL. It has been also reported that HTLV-1 Tax protein is a potent transcriptional activator of MDR1/P-
gp gene promoter. MDR1/P-gp overexpression endows ATL cells with a drug resistance phenotype (Lau et
al., 1998). Therapeutic agents with the ability to inhibit the P-gp mediated efflux activity could be used
in combination with existing medicines to increase their potency against ATL cells. Several studies have
investigated the effects of GBA on MDR-1/P-gp. Studying the effects of GBA on P-gp efflux activity via
rhodamine 123 efflux assay in doxorubicin-resistant MCF7/Adr breast cancer cells revealed that GBA is a
potent P-gp inhibitor that is more effective in inhibiting the function of ABCB1/P-gp compared to verapamil,
a typical P-gp inhibitor (Hanafi-Bojd et al., 2011). Using GBA against six Multi-drug resistance clinical
isolates ofStaphylococcus aureus showed that GBA has efflux inhibitory effects on P-gp and its mechanism
of action is comparable to verapamil (Bazzaz et al., 2010). In another study, Kim et al. showed that GBA
in combination with TRAIL inhibits MDR1 efflux activity by repressing the MDR1 expression in resistant
H460/R NSCLCs, thereby leading to enhanced TRAIL-induced apoptosis induction in NSCLCs (Kim et al.,
2019). The present study confirms previous findings about GBA inhibitory effect on the functionality of the
P-gp efflux pump. Results obtained from efflux assay showed that the rate of MTX accumulation in MT-2
cells increased in the presence of GBA. The enhanced accumulation of MTX in GBA-treated MT-2 cells may
be attributed to efflux inhibitory properties of GBA. Therefore, GBA increased intracellular accumulation of
ATO in MT-2 cells through inhibition of P-gp efflux activity and therefore could overcome the P-gp mediated
Multi-drug resistance and induced apoptotic cell death in MT-2 cells.

The expression levels of genes involved in cell proliferation and apoptosis is altered in ATL, resulting in an
increase in cell proliferation and survival and a reduction of apoptosis (Duyao et al., 1992; Mori et al., 1999;
Ariumi et al., 2000; Haller et al., 2000; Yoshida, 2001; Sun and Yamaoka, 2005; Krueger et al., 2006). In
the present study, we found that the mRNA levels of RelA, CDK4, and c-MYC significantly decreased after
treatment with 20μM GBA. However, when combined with 4μM ATO, only the expression levels of CDK4
was downregulated, although, the reduction in CDK4 levels in treatment with GBA alone was greater than
the reduction mediated by the GBA+ATO combination. Cyclin dependent kinase 4 (CDK4) mediates G1/S
cell cycle progression (Sherr and Roberts, 1995). In HTLV-1 infected cells, Tax interacts with inhibitors of
CDK activity such as p16INK4A, leading to uncontrolled cell proliferation (Suzuki et al., 1996; Haller et al.,
2000; Yoshida, 2001). GBA-mediated downregulation of CDK4 might inhibit transition from G1phase of cell
cycle to S and therefore induces sub-G1phase cells accumulation. In addition to CDK4, we also observed
reduced expression levels of c-FLIPL and c-FLIPS in cells treated with the GBA+ATO combination, which
might associate with induced apoptotic cell death in MT-2 cells. Several studies have reported that high
expression levels of c-FLIP supports the cancer cells to elude the immunosurveillance and promotes the
tumor cells growth (Djerbi et al., 1999; Medema et al., 1999). Tax expressing HTLV-1 infected T cells
express high levels of c-FLIPL and c-FLIPS which contributes to inhibition of apoptosis in infected cells,
blocking the receptor mediated cell death, evading the host immune response and supports development of
HTLV-1 associated diseases (Krueger et al., 2006; Okamoto et al., 2006). GBA-induced downregulation of
c-FLIPL and c-FLIPS in MT-2 cells treated with the GBA+ATO combination could augment death receptor
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mediated apoptosis in MT-2 cells and make them more susceptible to apoptotic cell death.

The GBA+ATO combination unexpectedly decreased the expression levels of the tumor suppressor p53 in
MT-2 cells. p53 plays a crucial role in cancer prevention by controlling the cell cycle progression (Ozaki
and Nakagawara, 2011; Xu-Monette et al., 2012). In the current study, a significant positive correlation
was found between the expression of c-FLIPS and p53. The GBA-mediated downregulation of p53 might
be related with the involvement of p53 in c-FLIPS expression (Bartke et al., 2001). c-FLIP contributes to
apoptosis resistance. Therefore, treatment with the GBA+ATO combination resulted in downregulation of
p53 expression in MT-2 cells and consequently inhibition of the p53-induced upregulation of c-FLIPS and
therefore suppression of the c-FLIPS apoptosis inhibitory effects. On this basis, we conclude that apoptosis
induction in MT-2 cells seems to be independent of p53 activation. Taken together, GBA+ATO mediated
downregulation of p53 and c-FLIPS might lead to induction of death receptor-mediated apoptosis in MT-2
cells.

Conclusion

The results of the present study have demonstrated that GBA and ATO synergize to inhibit the proliferation
of MT-2 cells and induce cell cycle arrest and apoptotic cell death, thus the GBA+ATO combination could
be considered as a new therapeutic approach in the treatment of ATL. However, further in vitro and in vivo
studies are necessary to elucidate its molecular mechanism of action.
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Table 1. Primer and probe sequences and amplicon lengths

Name Primer Name Sequence (5’-3’) Product Length(bp)

c-myc Forward ACTCTGAGGAGGAACAAGAA 159
Reverse TGGAGACGTGGCACCTCTT

c-FLIPL Forward ATTGGCAATGAGACAGAGCTTC 126
Reverse CTCGGGCATACAGGCAAA

c-FLIPS Forward CCAGAAGTACAAGCAGTCTGTTC 122
Reverse GGGCATAGGGTGTTATCATCC

RelA Forward ACCCCTTCCAAGTTCCTATAGAAGAG 145
Reverse CGATTGTCAAAGATGGGATGAGAAAG
Probe ACTACGACCTGAATGCTGTGCGGCTCTG

p53 Forward CAGCATCTTATCCGAGTGGAAGG
Reverse GTTGTAGTGGATGGTGGTACAGTC 132
Probe CTCAGGCGGCTCATAGGGCACCAC

CDK4 Forward AAATTGGTGTCGGTGCCTATGG
Reverse CACGAACTGTGCTGATGGGAAG 135
Probe ACAAGGCCCGTGATCCCCACAGTGG

B2M Forward TTGTCTTTCAGCAAGGACTGG 127
Reverse CCACTTAACTATCTTGGGCTGTG
Probe TCACATGGTTCACACGGCAGGCAT

Figure 1. Time-based dose response analysis of MT-2 cells to GBA after 24, 48, and 72 h. The MT-2 cell
line was treated with various concentrations of GBA (5, 10, 20, 40, and 80 μM) for 24, 48, and 72 h. The
cell viability was assessed with alamar blue assay. Viability assessment was carried for at least three times
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and results are presented as mean ± SD. MT-2 cells treated with 0.5% DMSO were considered as relevant
control. Statistical significance from control;*P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001.

Figure 2. (A) Viability of MT-2 cells after treatment with various concentrations of GBA and ATO at 48
h. In each combination, cells treated with 0.5% DMSO-ATO (with similar dose) were considered as relevant
control. (B)Viability of MT-2 cells significantly decreased after treatment with 20 μM GBA in combination
with 4 μM ATO after 48 h compared to treatment with each agent alone at equal concentrations. Viability
assessment was carried for at least three times and results are presented as mean ± SD. Statistical significance
from control;*P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001.

Figure 3. Effects of GBA/ATO on apoptotic cell death in MT-2 cell line. The MT-2 cells were treated with 20
μM GBA and 4 μM ATO alone or in combination for 48 h and stained with PI. Then the sub-G1 population
was analyzed by flow cytometry. PI staining reveals distribution of cells in four major phases of cell cycle
including, sub-G1, G1, S, and G2/M. (A) Untreated, (B) 0.5% DMSO-treated, (C) 20 μM GBA-treated, (D)
4 μM ATO-treated, (E) 4 μM 0.5% DMSO-ATO-treated, and (F) 20 μM GBA-4 μM ATO-treated cells.

Figure 4. Flow cytometric analysis of Mitoxantrone uptake and efflux by MT-2 cells. P-gp function was
assayed by flow cytometry in MT-2 cells after exposure to 10 μ Mmitoxantrone. As shown by the shift in
fluorescence, GBA decreased mitoxantrone efflux in MT-2 cells (C) compared to Untreated (A) and DMSO-
treated (B) cells.

Figure 5. The mRNA expression levels of (A) RelA, (B) p53, (C) CDK4, (D) c-MYC, (E) c-FLIPL, and
(F) c-FLIPS in MT-2 cells treated with 20 μM GBA and 4 μM ATO alone and in combination. Statistical
significance from control, *P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.0001.

Figure 6. Pearson’s correlation analysis of the expression of p53 and c-FLIPS in 6 groups of MT-2 cells
treated with 20 μM GBA and/or 4 μM ATO alone and in combination.
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