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ABSTRACT

The antitussive agent noscapine has been shown to inhibit the
proliferation of cancer cells by disruption of tubulin dynamic.
However, the efficacy of several anticancer drugs that inhibit
tublin dynamics (vinca alkaloids and taxanes) is reduced by
the multidrug resistance phenotype. These compounds are sub-
strates for P-glycoprotein (P-gp)-mediated extrusion from cells.
Consequently, the antiproliferative activity of noscapine and a
series of derivatives was measured in drug-sensitive and drug-
resistant cells that overexpress P-gp. None of the noscapine
derivatives displayed lower potency in cells overexpressing P-gp,
thereby suggesting a lack of interaction with this pump. However,

the cellular efflux of a fluorescent substrate by P-gp was potently
inhibited by noscapine and most derivatives. Further investiga-
tion with purified, reconstituted P-gp demonstrated that inhibi-
tion of P-gp function was due to direct interaction of noscapine
derivatives with the transporter. Moreover, coadministration of
vinblastine with two of the noscapine derivatives displayed
synergistic inhibition of proliferation, even in P-gp-expressing
resistant cell lines. Therefore, noscapine derivatives offer a dual
benefit of overcoming the significant impact of P-gp in conferring
multidrug resistance and synergy with tubulin-disrupting anti-
cancer drugs.

Introduction

The alkaloid noscapine is found in the opium poppy (Papaver
somniferum) and belongs to the chemical class of phthalideisoquinolines.
Noscapine is classified as an opiate, alongside morphine, thebaine,
codeine, and papaverine. However, noscapine does not produce
respiratory depression, sedation, or analgesia, and its main therapeutic
use is as an antitussive agent (Empey et al., 1979; Dahlstrom et al.,
1982; Mahmoudian and Rahimi-Moghaddam, 2009). Noscapine has a
low-toxicity profile and is sufficiently water-soluble to be adminis-
tered orally.

Based on the chemical similarity of noscapine to colchicine and the
podophyllotoxins, the possibility of an interaction with tubulin was
investigated (Ye et al., 1998). Noscapine was demonstrated to bind to
tubulin, alter tubulin dynamics, and arrest mitosis at the G,/M phase was
investigated (Ye et al., 1998; Mahmoudian and Rahimi-Moghaddam,
2009), properties that are common to several anticancer agents,
including vinca alkaloids and taxanes. The anticancer activity of
noscapine was confirmed by its ability to inhibit the proliferation of
cancer cells and the growth of solid tumors in vivo (Ye et al., 1998).
Despite the comparatively low-toxicity profile of noscapine, its
anticancer activity lacked potency, with growth inhibitory effects on
cultured cells in the micromolar range. As a result, medicinal chemistry
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programs have generated several derivatives with the aim of generating
greater potency.

A series of analogs was generated with halo substitutions at the
9’-position of noscapine (Fig. 1) with the goal of improving the potency
of cell-cycle arrest (Aneja et al., 2006b). The 7'-position of noscapine
was also targeted with the synthesis of carbamate or urea analogs
(Anderson et al., 2005a,b) and a series of more bulky substitutions
(Mishra et al., 2011). The N-demethylation of noscapine to yield nor-
noscapine provided a template for the introduction of multiple
substitutions at the 6-position (DeBono et al., 2012). Finally, a more
recent investigation generated noscapine derivatives with multiple
substitutions at the 6’, 7', and 9" positions (Debono et al., 2014). The
series of compounds was divided into lactones (2-5) and cyclic ethers
(6-11), with carbamate and urea derivatives and halogen substitutions.
These combined medicinal chemistry efforts provided considerable
information about the structure-activity relationship for noscapine. The
new derivatives displayed improved affinity of interaction with tubulin,
greater potency to inhibit cell proliferation, and increased cell-cycle
arrest at the Go/M phase.

The ability of noscapine to interfere with tubulin dynamics raises the
possibility of synergism with anticancer drugs that also target tubulin
dynamics, for example, vinblastine and paclitaxel. It is noteworthy,
however, that the efficacy of both these drugs is markedly reduced by the
resistance modifier P-glycoprotein (P-gp) (Dumontet et al., 1996; Martin
et al., 1999). P-gp is a member of the ATP-binding cassette (ABC)
superfamily of transport proteins and mediates the active extrusion of
xenobiotics from cells. P-gp is characterized by a high promiscuity
toward substrates and is overexpressed in many cancer types.

ABBREVIATIONS: ABC, ATP binding cassette; BBB, blood-brain barrier; Cl, combination index; DMSO, dimethylsulfoxide; MTT, 3-(4,5-
dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide; NBD, nucleotide binding domain; P-gp, P-glycoprotein; rfu, relative fluorescence unit.
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Compounds R1 R7 R6’ R9’
Noscapine (1) =0 OMe Me H
2 =0 OMe C(0)OtBu H
3 =0 OMe C(O)NHEt H
4 =0 OMe C(O)NHEt Cl
5 =0 OH C(O)NHEt Cl
6 H,H OMe C(0)OPh H
7 H,H OMe C(O)NHEt H
8 H,H OMe C(O)NHEt Cl
9 H,H OMe C(O)NHEt Br
10 HH OMe C(O)NHEt I
1 H,H OMe C(O)NHEt NH:

Fig. 1. Chemical structures of noscapine derivatives. A series of derivatives were
generated using noscapine as a template. Chemical substituents were generated at
the positions marked R', R®, R’, and R”". The calculated permeability (cLogP)
values were determined using the “molinspiration” property engine v2016.10.

Overexpression in cancer cells confers a resistant phenotype, which is a
negative prognostic indicator for chemotherapy (Modok et al., 2006).
The prevalence of P-gp— mediated resistance and the breadth of drugs
involved have engendered considerable research efforts into developing
inhibitors of the pump. An astonishing number of potent inhibitors have
been developed; however, none has reached clinical use to date.
Consequently, the spectre of P-gp—mediated resistance remains a major
consideration for drug development in oncology. Moreover, the protein
is expressed in healthy tissues, particularly those involved in secretory
roles or in the formation of barriers for sanctuary sites. In fact, the Food
and Drug Adminitration and the International Transporter Consortium
have published guidelines on the methods and importance of establishing
possible interactions of new molecular entities with P-gp (Agarwal
etal., 2013).

Despite considerable efforts, the pharmacophore of interaction with
P-gp remains unknown, although substrates and inhibitors typically
contain a planar hydrophobic ring system and a cationic nitrogen group.
It is not possible to predict accurately whether a compound is likely to
interact with P-gp. Therefore, the susceptibility of noscapine and its
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derivatives to P-gp—mediated efflux from cancer cells is unknown. The
aim of this investigation was to ascertain whether the potency of a series
of multifunctionalized noscapine derivatives to inhibit proliferation is
altered in drug-resistant cancer cells. Modified drug potency may
indicate an interaction with P-gp since this protein confers a resistant
phenotype in these cells. Consequently, the interaction between
noscapine derivatives and P-gp was investigated using a series of direct
functional assays. Finally, the impact of P-gp expression on synergy
between noscapine derivatives and the tubulin disruptor vinblastine was
described.

Materials and Methods

Cell Culture. The drug-sensitive human breast adenocarcinoma cell line
MCF7 (ATCC HTB-22) was purchased from the American Type Culture
Collection (Rockville, MD). The doxorubicin-selected P-gp—expressing variant
NCI/AdrR* cell line was obtained from Dr. K. Cowan (National Cancer Institute,
Bethesda, MD) and has been verified as a derivative of the MCF7" ! line (Mehta
etal., 2002). All cell lines were grown at 37°C with 5% CO, as monolayer cultures
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum,
penicillin (10,000 U/ml), and streptomycin (10,000 mg/ml) Every third passage
of NCI/Adr®® was supplemented with doxorubicin (3 uM) to maintain selection
pressure for resistance. All cells were grown to a maximum of 20 passages of
subculture. DNA fingerprint analysis has verified that both cell lines originated
from breast cancer tissue and that the NCI/Adr®®S cells are derived from the
MCF?7 line. The NCI/AdrRES cells did, however, contain a minor contaminant of
A2780 ovarian cancer cells. Despite the supplementation of medium with
doxorubicin, there was no detectable expression of the multidrug transporters
ABCG?2 or ABCCI in the NCI/ADRR® cell line as previously reported (Rivers
et al., 2008).

Compound Synthesis. The compounds used in the study were synthesized as
described in DeBono et al. (2012).

Cell Growth Assay. Cell growth assays were done as previously described
(Muthiah and Callaghan, 2017). Noscapine derivatives, anticancer drugs, and
P-gp inhibitors were added from a 2x stock solution in medium (100 ul)
to produce a final concentration range of 107'> to 10™* M. The solvent
(dimethylsulfoxide, DMSO) concentration in the wells was kept to 0.2% (v/v).
Cell viability after drug treatment was assessed using the 3-(4,5-dimethylthiazol-
2-Y1)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann, 1983) after
6 days, at which point the control wells (i.e., DMSO-treated) had reached
confluence. The absorbance in the control wells was assigned a value of 100%,
and the potency (ICsg) of each compound to inhibit growth was derived. The
absence of selection agent (namely, doxorubicin) during the 6-day period did not
alter the expression of P-gp in the NCI/Adr®®S cells (Supplemental Fig. 1).

For combination cytotoxicity assays, cells were incubated with vinblastine as
described already herein either in the presence or absence of noscapine and its
derivatives. Drugs and cells were incubated at 37°C with 5% CO, for 6 days. The
nature of interaction between drugs coadministered in cytotoxicity assays was
evaluated using combination indices (CI) that were derived from the Lowe’s
additivity model (Chou, 2006).

Calcein-AM Transport in Whole Cells. The calcein-AM assay to measure
the transport function of ABCB1 was based on a modified version (Muthiah and
Callaghan, 2017) of a previously published method (Homolya et al., 1993).
MCF7™T and NCI/Adr®®S cells were seeded into 96-well tissue culture plates at a
density of 2 x 10? cells per well in 100 ul and allowed to adhere for 2 days at 37°C
with 5% CO,. Test compounds (100 ul) were added from a 2 x final concentration
in Hanks’ balanced salt solution from an original stock solution of 50 mM in
DMSO. Calcein-AM was added to a concentration of 1 uM, and fluorescence
was measured at 37°C using an excitation of A = 488 nm and an emission of
A =515 nm.

Purification and Reconstitution of P-gp. P-gp was expressed in Trichoplusia
ni (High-Five; Life Technologies, Mulgrave Vic) cells after infection with
recombinant baculovirus as previously described (Taylor et al., 2001). Crude
membranes were prepared from the cells using differential ultracentrifugation after
cell disruption by nitrogen cavitation. P-gp was purified using immobilized metal
affinity chromatography according to previously published methods with some
modifications (Taylor et al., 2001; Crowley et al., 2009). The primary difference was
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the solubilization of membranes in 2% (w/v) dodecyl-3-pD-maltoside supplemented
with a 0.4% (w/v) lipid mixture with a 4:1 ratio of Escherichia coli extract-to-
cholesterol. Reconstitution was achieved by detergent adsorption to SM-2 BioBeads
(BioRad, Gladesville NSW) as described (Crowley et al., 2009).

ATP Hydrolysis Activity of P-gp. The ATPase activity of P-gp was
measured in proteoliposomes based on the rate of inorganic phosphate liberation
using a modified colorimetric assay (Chifflet et al., 1988; Crowley et al., 2009). In
all cases, the activity was expressed as micromoles of P; liberated per minute per
milligram of pure protein. To determine the Michaelis-Menten parameters,
proteoliposomes (0.1-0.5 ug of protein per point) were incubated with ATP
(0-1.75 mM) either in the presence of 10 uM nicardipine (i.e., stimulated activity)
or with the solvent DMSO (i.e., basal activity). To investigate the potency of drugs
to stimulate ATP hydrolysis, activity was measured as a function of added drug
concentration (10™°-10"* M) in the presence of 2 mM ATP.

Data Analysis. Curve-fitting was done using nonlinear or linear least-squares
regression, and an F-test was used for comparison of multiple curves. The
Student’s ¢ test was used for statistical analyses of two groups and for comparison
of three or more groups, a one-way analysis of variance using the Dunnett’s post
hoc test. P values <0.05 were considered statistically significant. All curve-fitting
and statistical analyses of data were carried out using GraphPad Prism Software
v6 (GraphPad Software, San Diego, CA).

Results

Growth Inhibition of Sensitive and Resistant Cancer Cell Lines
by Noscapine Derivatives. Vinblastine produces growth arrest in cells
by disrupting microtubules, and this is the basis for its anticancer
activity. In the MCF7 breast cancer cell line, the potency of vinblastine
to produce growth arrest was ICso = 0.31 = 0.05 nM, as shown in
Fig. 2A. In the NCI/Adr®®® cells, the potency of vinblastine to reduce
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growth was significantly lower (P < 0.01) and characterized by an ICsy =
159 = 15 nM. This 512-fold reduction in potency is indicative of the
resistant phenotype produced by overexpression of P-gp and the
associated efflux of vinblastine from cells. Identical analysis was
undertaken for noscapine and the 10 chemically modified derivatives
shown in Fig. 1. Modifications were made to four positions of noscapine,
namely, the 1,7, 6, and 9'positions, as such modification have previously
been shown to have a major influence on cytotoxic activity. More
specifically, we studied compounds in which the lactone present in the
isobenzofuranone ring system was reduced to corresponding cyclic ether
(compounds 6-11), the N-methyl in the 6" position was converted to a
carbamate (2 and 6) or urea moiety (3-5, 7-11), the 7-methoxy was
demethylated to give the corresponding phenol (5), and a halogen or amino
group was installed in the 9" position (4, 5, 8-11). The calculated partition
coefficient (cLogP) values are provided for noscapine and its derivatives in
Fig. 1. Except for compound (11), all derivatives displayed higher partition
coefficients (cLogP 3.39-4.53) than the parent noscapine (cLogP 2.81).

The growth inhibitory effects of noscapine and two of the derivatives
7 and 3 on MCF7 and NCI/Adr®® cells are shown in Fig. 2, B-D.
Noscapine produced growth inhibition in both cell lines, although the
potency did not differ between the MCF7 (IC5p =45.4 = 6.5 uM) and
NCI/AdrRES cells (ICsp = 32.1 = 7.0 uM) (Table 1). In addition, the
potency of noscapine was considerably lower than the cytotoxic
anticancer drug vinblastine. Compound 7 was modified at the 1’ and
6’ positions of the noscapine core (Fig. 1), and this produced a modest
increase (P < 0.01) in potency for the derivative (Fig. 2C). Like
noscapine, however, the growth inhibition produced by 7 was similar in
the control and P-gp—expressing cell lines.
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Fig. 2. Effects of vinblastine, noscapine, and its derivatives on cell proliferation. Drug- sensitive MCF7 (empty symbols) and the drug-resistant NCI/AdrRES cells (filled
symbols) were incubated with drugs for a 6 days as described in the Materials and Methods. The percentage of live cells remaining after exposure to (A) vinblastine, (B)
noscapine, (C) compound (7), or (D) compound (3) were determined using the MTT assay. Sigmoidal dose-response curves were fitted using nonlinear regression, and the
values correspond to mean * S.E.M. obtained from at least three independent observations.
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TABLE 1

Potency of noscapine and several chemical derivatives to elicit cytotoxicity in drug-
sensitive and -resistant breast cancer cell lines

The potencies of drugs to inhibit cell proliferation (ICsy) were determined using the MTT
assay described in the Materials and Methods. Values (mean *= S.E.M.) were obtained by
nonlinear regression of the general dose-response relationship. The values in parentheses
correspond to the number of independent observations.

Cytotoxic Potency ICso (uM)

Compound

MCF7 NCUAdr®ES
Noscapine 454 * 6.5 (13) 32.1 = 7.0 (12)
2) NE (5) NE (4)
3) N.E (6) NE (4)
@) 5.3 = 0.9*% (6) 3.3 £ 041* (5)
(5) 1.6 = 0.4* (11) 6.4 = 2.4% (4)
(6) 2.5 = 0.4% (11) 3.0 = 0.6* (6)
) 14.6 = 2.5% (8) 12.6 = 2.8* (7)
®) 2.5 = 0.5% (11) 2.1 = 0.5% (6)
) 2.3 = 0.7* (15) 2.1 = 0.5% (7)
(10) 43 = 0.7% (7) 24 = 0.2% (7)
(11) 21.5 = 7.3* (6) 18.3 =28 (3)

MCF, human breast adenocarcinoma cell line; MTT, 3-(4,5-dimethylthiazol-2-Y1)-2,5-
diphenyltetrazolium bromide; NE, compound did not generate a cytotoxic response.

*Statistically significant difference (P < 0.01) compared with the value obtained for
noscapine in the specific cell line.

The derivative 3 was not able to produce growth inhibition of either
cell line at concentrations up to 100 uM (Fig. 2D). Compound 3 retained
the carbonyl group at the R' position of noscapine but contained a
6'-ethylaminocarbonyl substituent as per compound 7 (Fig. 1). Simi-
larly, compound 2 failed to elicit any growth inhibition at concentrations
up to 100 uM in either cell line (Table 1) and contained a carbonyl
substitution at position R'. This substitution did not preclude growth
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inhibition, as evidenced by the potent activity of 4 and 5 (Table 1). These two
derivatives differed from the inactive compounds 2 and 3 at the 7-position
(—OCHs; vs. —OH) and by the presence of a halide at position R”".

Table 1 provides the potency of four additional noscapine derivatives,
and all of them display significantly higher (P < 0.01) potency than the
parent compound. Another consistent feature was the lack of any
difference in potency between the sensitive and resistant cell lines, which
suggests that the expression of P-gp does not affect the growth inhibition
produced by this series of noscapine derivatives. This is desirable given
the ability of this transporter to confound conventional chemotherapy
and suggests that the compounds are not substrates for transport by P-gp.

Effects of Noscapine Derivatives on the Transport Activity of
P-gp in Whole Cells. P-gp is known to interact with more than
300 distinct compounds, but only a proportion of these are substrates for
efflux, and numerous compounds directly inhibit its transport activity.
Therefore, we investigated the ability of noscapine derivatives to inhibit
the transport of a known P-gp substrate, calcein-AM.

Once calcein-AM enters cells, it is rapidly cleaved by esterases to
yield the highly fluorescent compound calcein. Calcein appearance,
detected as an increase in fluorescence, is shown for representative
examples of both cell lines in Fig. 3A. In MCF7 cells, the rate of calcein
appearance was 102 = 2 relative fluorescence units (rfu/min), whereas
the rate in NCI/Adr®ES cells was markedly lower at 0.17 = 0.26 rfu/min.
The reduced rate of appearance in NCI/Adr®® cells reflects the resistant
phenotype attributed to overexpression of P-gp. Addition of the P-gp
inhibitor nicardipine caused a dose-dependent increase in the rate of
fluorescence in NCI/Adr®™ cells (Fig. 3B). In contrast, nicardipine did
not alter the rate of calcein accumulation in the drug-sensitive MCF7 cells
(data not shown). The accumulation rate of calcein in NCI/AdrRES cells

750

500+

(Aem

Fluorescence Intensity o
515nm)

1 I
1 2 3 4 5 6 7 8 9 10
Time (minutes)

Fig. 3. Accumulation of calcein-AM in MCF7 and NCI/Adr®®S cells. The transport of calcein-AM (1 uM) was measured using a fluorescence-based assay in 96-well
microplates over a 10-minute period. Liberation of the fluorescent calcein in cells was detected using an excitation A = 488 nm and an emission A = 515 nm. (A) A

representative fluorescence-intensity profile measured in MCF7 (@) and NCI/Adr

RES (O) cells. (B) The fluorescence intensity was measured in NCI/Adr

RES cells in the

presence of 1 (O), 3 (@) or 10 uM ([0) nicardipine. The rate of calcein accumulation was determined from the slope between 5 and 10 minutes. (C) The rate of calcein
accumulation was plotted as a function of nicardipine, and the data were fitted with a hyperbolic relationship using nonlinear regression. Values correspond to mean *+ S.E.

M. obtained from at least three independent observations
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TABLE 2

Effects of nicardipine and several noscapine derivatives on calcein-AM
accumulation in drug-sensitive and -resistant breast cancer cell lines

Accumulation of calcein in NCI/Adr™™ cells was determined from the rate of fluorescence
change and plotted as a function of added drug concentration. A secondary plot was used to
determine the potency of drugs (MPs) to alter the accumulation of calcein and the maximal rate
(Amax) for this accumulation. Parameters (mean * S.E.M.) were obtained by nonlinear
regression of a hyperbolic equation.

Compound (n) PX;;‘;ZY i);;i‘:
uM fu

Nicardipine (11 2.5 £ 0.6 110 = 19

Noscapine 9) 8.5 = 2.1 24.6 = 6.7

2) — nd nd

3 — nd nd

“) “4) 10.1 = 2.7 145 + 33*

5) 4) NE NE

(6) 6) 0.37 = 0.07* 35.1 = 4.0

7) “4) NE NE

@3 5) 1.2 £ 0.2% 137 = 30*

) ®) 6.9 £ 2.0 67.6 = 26.0

(10) (7) 38 £ 1.0 76.3 + 28.7

(11) 4) 20.9 = 5.3%* 83.5 £ 21.7

(n), Number of independent observations. NE, the compound did not alter calcein-AM
accumulation; and n.d., no values were determined; rfu, relative fluorescence units.

*Statistically significant difference (P < 0.05) compared with the value for noscapine.

##p < 0.01.

was plotted as a function of nicardipine concentration to generate the
secondary plot (displayed as Fig. 3C). Two parameters were derived from
the hyperbolic plot: the potency of nicardipine to increase the rate of
calcein accumulation (MPsg) and the maximal rate of calcein accumu-
lation in the presence of modulator (Apax). In the presence of
nicardipine, the rate of calcein accumulation increased to a maximum
value of Apjax = 110 = 19 r.f.u/min, and the potency of nicardipine to
increase the rate was MPso=2.5 £ 0.6 uM (Fig. 3A; Table 2). The Apax
value derived for nicardipine was similar to the rate of calcein appearance
in MCF7 cells and suggests complete inhibition of P-gp activity.
Noscapine was also capable of increasing the rate of calcein accumulation
specifically in NCI/Adr®®S cells, although the maximal rate observed was
significantly lower at Ayjax = 24.6 = 6.7 rfu/min (P < 0.05) (Table 2).

The chemical derivatives of noscapine were also investigated for their
ability to modulate the rate of calcein accumulation in NCI/AdrRS cells;
the MPs, and Aypax values listed in Table 2. Neither 4 nor 7 was able to
modulate the rate of calcein appearance in NCI/AAr®™S cells at
concentrations up to 30 uM. Compound 6 increased the rate of calcein
appearance and the value of Ayax = 35.1 = 4.0 r.f.u/min was not
significantly different from noscapine; however, the potency of this
derivative to inhibit P-gp activity was significantly greater (Table 2).
Compound 4 displayed potency that was indistinguishable from
noscapine, whereas it produced the greatest increase in the Apax
parameter of calcein appearance.

Compounds 9, 10, and 11 produced a marked increase in the rate of
calcein appearance, and 8 generated a significant increase (P < 0.05)
in Ayax compared with noscapine (Table 2). Compounds 9 and 10
displayed similar potencies to noscapine and contained halide substitu-
tions at the R” position (Fig. 1). Compound 8 also contained a halide at
position R, but its potency was significantly greater (P < 0.05) than
that of noscapine. In contrast, 11 produced a similar extent of increase in
Amax; however, its potency was the lowest. This compound contained
an amino substituent at the 9’ position rather than a halide but identical
moieties at the 1’, 7', and 6’ positions.

Overall, most noscapine derivatives were capable of modulating the
transport activity of P-gp. Compound 8 was optimal compound from this
series for inhibition of P-gp since it markedly increased the rate of
calcein appearance and did so with high potency.

Muthiah et al.

Do Noscapine Derivatives Interact Directly with Purified,
Reconstituted P-gp? The noscapine derivatives may affect the cellular
transport activity of P-gp by acting as specific inhibitors or through an
indirect mechanism. To discriminate between these possibilities, P-gp
was purified and reconstituted into liposomes to enable direct investi-
gation of the interaction of noscapine derivatives with the protein. P-gp
uses the energy of ATP hydrolysis to drive vectorial transport, and both
substrates and inhibitors have been demonstrated to dramatically
stimulate the rate of catalysis.

The ATPase activity of P-gp was measured as a function of varying
concentrations of ATP in the absence or presence of nicardipine (Fig. 4).
In the absence of nicardipine, the basal rate of ATP hydrolysis was
characterized by a maximal activity of Vyax =213 = 19 nmol Py/min
per milligram and an affinity constant for ATP of Ky;=1.31 = 0.14 mM.
In the presence of nicardipine the rate of ATP hydrolysis was
significantly (P < 0.01) increased (Vpax = 904 £ 66 nmol P/min
per milligram), but with no significant change in the affinity constant
(Ky = 0.71 = 0.06 mM). The data demonstrate that both the maximal
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Fig. 4. Drug stimulation of ATP hydrolysis by purified P-gp. The ATPase activity
of P-gp was measured by the appearance phosphate using a colorimetric assay.
Proteoliposomes (0.1-0.5 wg protein) were incubated with ATP and drug as
indicated to follow. (A) ATP hydrolysis by purified P-gp was measured with a
range of ATP concentrations (0-1.75 mM) in the absence (O) or presence (@) of
nicardipine (10 uM) for 30 minutes. The Michaelis-Menten equation was fitted
to the data using nonlinear regression. (B) The ATPase activity of P-gp was
measured in the presence of ATP (2 mM) and a series of noscapine concentrations
(1077-1073M) for 30 minutes. A sigmoidal dose-response curve was fitted to the
data using nonlinear regression. The rate of ATP hydrolysis was normalized for both
protein content and the assay time, and values represent mean * S.E.M. obtained
from five independent observations.
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rate of ATP hydrolysis and the degree of stimulation by nicardipine were
similar to values published by our laboratories (Taylor et al., 2001;
Mittra et al., 2017). Moreover, this confirms the integrity of the purified
P-gp preparations and enables their use to characterize interaction with
noscapine and its derivatives.

We used a modified ATPase assay to enable characterization of drug
interaction with purified P-gp. In particular, the rate of hydrolysis was
measured in the presence of a range of drug concentrations to ascertain
the potency of interaction with P-gp. Figure 4B shows the effect of
noscapine on the rate of ATP hydrolysis. The ATPase activity was
stimulated by noscapine from 163 = 71 nmol P;/min per milligram to a
value of 744 = 149 nmol P/min per milligram. The 3.4 = 0.4-fold
stimulation of ATPase activity was described by a sigmoidal relationship
with a potency of 44.6 = 9.1 uM for noscapine. Identical analysis was
undertaken for each of the noscapine derivatives and for nicardipine
(Table 3).

Although the degree of stimulation by noscapine was not different
from that of nicardipine, its potency was significantly lower (P < 0.01).
As detailed in Table 3, most noscapine derivatives were able to stimulate
ATP hydrolysis by purified P-gp, and the extent of this stimulation (1.4-
to 4.4-fold) did not differ significantly from the parent compound
noscapine or the P-gp modulator nicardipine. Only 10 and 11 were
unable to affect the ATPase activity at the concentrations tested;
however, the range of potencies was large; 3 (ECsg = 65.3 = 10.2 uM)
was the least potent and 4 (ECso = 0.95 = 0.28 uM) the most
potent.

The results demonstrate that the noscapine derivatives can interact
directly with purified P-gp, and this direct interaction with P-gp is
responsible for the inhibition of calcein-AM transport. In addition, the
equipotent growth inhibitory effects of the noscapine derivatives
between the resistant and sensitive cell lines suggest that the compounds
are not substrates for transport and thereby act as specific inhibitors of
P-gp. As such, it is conceivable that the noscapine derivatives may
potentiate the effects of cytotoxic drugs, particularly in P-gp—expressing
resistant cells.

Do Noscapine Derivatives Improve the Anticancer Activity of
Vinblastine? Noscapine was coadministered with the anticancer drug
vinblastine to ascertain the potential for potentiated inhibition of cellular

TABLE 3

Effects of nicardipine and several noscapine derivatives on the rate of ATP
hydrolysis by purified, reconstituted P-glycoprotein (P-gp)

The ATPase activity of purified P-gp was measured using a colorimetric assay and plotted as a
function of added drug concentration. The general dose-response relationship was fitted to the
data to determine the potency to stimulate hydrolysis (ECs) and the extent of stimulation. Values
correspond to mean * S.E.M.

Potency Stimulation
Compound (n)
ECsp (uM) Fold basal
Nicardipine (6) 2.9 + (0.5%* 53 +05
Noscapine 6) 44.6 = 9.1 34 +04
?2) 3) 4.1 = 1.6%* 2503
A3) 2) 65.3 = 10.2 44 =13
“@ (©) 0.95 + 0.28%* 24 + 04
5) (6) 18.7 £ 4.5%%* 3.1 £03
(6) “4) 1.0 £ 0.4%* 14 =09
(7) (6) 19.1 £ 1.4%* 2.7 0.7
3 ) 10.1 = 5.3%** 22 *+03
) A3) 22.5 = 5.8% 2.8 £ 0.6
(10) “4) NE NE
an 3) NE NE

(n), Number of independent observations; NE, compound did not alter ATP hydrolysis by
G-gp.
*Statistically significant difference compared with noscapine (P < 0.05).
#xp < 0.01.
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proliferation. The cytotoxicity profile of vinblastine in the absence or
presence of noscapine is shown in Fig. 5 for both drug-resistant and
-sensitive cells. The addition of noscapine caused a reduction in the
upper limit of the dose-response curve for vinblastine in MCF7 cells
(Fig. 5A). This reduction is presumably due to the growth inhibitory
effects of noscapine per se (Fig. 2B). In contrast, the potency of
vinblastine was not significantly altered. For example, in MCF7 cells,
the potency of vinblastine alone was ICso = 0.059 = 0.029 nM, and in
the presence of the highest concentration of noscapine (30 uM), it was
unchanged at ICs5o = 0.063 = 0.014 nM.

The dose-response profiles in P-gp—expressing NCI/AdrR®S cells
displayed a reduction in the upper limit and a shift to higher potency
(Fig. 5B). The cytotoxic potency of vinblastine alone was ICsy = 188 =
65 nM, and the addition of 10 uM noscapine caused no significant
change to the potency (ICso = 157 = 41 nM); however, the addition of
20 uM noscapine increased the apparent vinblastine potency 9.6-fold to
1C50 =19 = 7 nM. The reduction of the upper limit of the dose-response
curves was broadly similar to that observed in MCF7 cells.

Isobologram analysis was undertaken to determine whether the
alteration in the efficacy and potency of vinblastine produced by
noscapine was additive or synergistic. The drug-drug interactions were
analyzed by determination of combination indices (CI) at each
concentration of noscapine. The reduction in the upper limit of the
dose-response relationships necessitated the use of an IC5 value since
the coaddition of >10 uM noscapine resulted in cell viability falling
below 50%. The CI values (Table 4) were plotted for the combination of
vinblastine and noscapine in both cell lines (Fig. 5, C and D).

In the MCF7 cells, the CI values obtained for at each noscapine
concentration differed significantly from 1.0 (Table 4) and were located
in the sector below the line of additivity in the isobologram (Fig. 5C),
thus indicating a synergistic interaction. Similarly, in NC/Adr®®® cells,
the CI values for the two highest concentrations of noscapine were also
significantly different from 1.0 (Table 4) and were also located below the
isobole in Fig. 5D. Therefore, the synergistic relationship between
noscapine and vinblastine was retained in the P-gp—expressing
NCI/Ad®™S cells.

The CI analysis was also undertaken for two derivatives of noscapine,
namely, 6 and 8 (Table 4). These two derivatives were chosen based on
their high potency and efficacy to cause growth inhibition of the cell
lines and to modulate the transport activity of P-gp. In the case of 6, only
the highest concentration tested (3 wM) demonstrated synergy with
vinblastine in the MCF7 cells; however, there was a greater propensity of
6 to generate a synergistic effect with vinblastine in NC/Adr®®S cells.

Compound 8 produced a dramatic reduction in the upper limit of dose-
response relationships, and CI could not be determined for concentra-
tions above 0.3 uM in the MCF7 cells and above 1 uM in NC/AdrRES
cells (Table 4). There was no synergy between 8 and vinblastine in the
MCEF7 cells, albeit with a narrow range of concentrations. In contrast, a
1 uM concentration of compound 8 was able to produce a synergistic
effect on cell proliferation with vinblastine in the drug-resistant
NCI/Adr®*™ cell line.

In summary, noscapine and the two derivatives examined were able
to inhibit cell proliferation in a synergistic manner with vinblastine.
Moreover, there was a higher predisposition for a synergistic interaction
in the P-gp—expressing, drug-resistant cells.

Discussion

Noscapine and several derivatives can modulate the efflux of drugs by
P-gp in resistant cancer cells. The modulation is by a direct interaction of
the compounds with P-gp, given their ability to alter the activity of
purified protein. However, the expression of P-gp in cells did not alter
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Fig. 5. Effects of vinblastine and noscapine coadministration on cell proliferation. Cell proliferation was measured in MCF7 and NCI/Adr
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RES cells in the presence of

vinblastine and a series of noscapine concentrations. Cell viability was measured using the MTT assay after a 6-day incubation with drugs. (A) The effects of vinblastine on
the growth of MCF7 cells in the absence (@) or presence of 10 (@), 20 (@), or 30 uM (®) noscapine. A sigmoidal dose-response relationship was fitted to the data by
nonlinear regression. (B) The effects of vinblastine on the growth of NCI/AdrRES cells in the absence (MMM) or presence of 10 (HEMN), 20 (HEM), or 30 uM (HEE)
noscapine. A sigmoidal dose-response relationship was fitted to the data by nonlinear regression. (C) Isobologram for the interaction between vinblastine and noscapine in
NCI/AdrRES cells. Dose ratios are plotted for data obtained using 10, 20, and 30 1M noscapine, and the dotted line represents the isobole. (D) Isobologram for the interaction
between vinblastine and noscapine in MCF7 cells. Dose ratios are plotted for data obtained using 10, 20, and 30 M noscapine, and the dotted line represents the isobole

the potency of noscapine and its derivatives to inhibit proliferation. This
finding suggests that the compounds are not substrates for transport by
P-gp and act as inhibitors of the protein. These properties of noscapine
derivatives enabled synergy with vinblastine to inhibit the proliferation
of P-gp—expressing resistant cancer cells. The inherent antiproliferative
activity and the ability to “evade” P-gp render the noscapine derivatives
potentially innovative tools in chemotherapy regimens.

Substrates for transport by P-gp show reduced accumulation in cells
expressing the protein, and in the case of anticancer drugs, this
resulted in impaired inhibition of proliferation (Bellamy et al., 1988;
Mazzanti et al., 1992; Martin et al., 1999). Inhibition of P-gp—
mediated transport should increase the intracellular accumulation of
anticancer drugs and restore chemotherapy efficacy. This strategy has
been used to identify an arsenal of P-gp inhibitors, beginning
with verapamil, through to the most potent compounds tariquidar
(XR9576) and elacridar (GF120918) (Tsuruo et al., 1981; Hyafil
et al., 1993; Martin et al., 1999).

Unlike transported substrates of P-gp, noscapine derivatives were
equipotent between the resistant and sensitive cell lines. The
simplest explanation is that noscapine derivatives do not interact
with P-gp. However, the derivatives inhibited the calcein-AM
transport by P-gp in whole cells. Moreover, the compounds
altered the ATPase activity of purified P-gp, which demonstrates
that they modulate function by a direct interaction. Should the
noscapine derivatives therefore be classified as nontransported
inhibitors of P-gp?

The transport mechanism of P-gp requires multiple conformational
transitions and the involvement of two distinct domains (Callaghan
et al., 2006; Callaghan et al., 2012). Specifically, substrate trans-
location involves transition of the binding site from a high-affinity and
inward-facing to a low-affinity and outward-facing configuration
(Martin et al., 2001; Rosenberg et al., 2001; Al-Shawi et al., 2003;
Omote et al., 2004). Efficient transmembrane translocation requires a
sufficiently large differential between the binding affinities of a
substrate for the two configurations. Moreover, the conformational
transitions are intimately linked (i.e., coupled) to the discrete stages of
the ATP hydrolytic process in the nucleotide binding domains (NBDs).

In general, substrates for transport tend to stimulate the ATPase
activity of P-gp and display tight coupling between binding sites
and NBDs (Muller et al., 1996; Orlowski et al., 1996). Inhibitors, or
modulators, have been demonstrated to bind to P-gp and either stimulate
(nicardipine) or inhibit (tariquidar) the overall rate of ATP hydrolysis
(Martin et al., 1999; Mittra et al., 2017). Whole-cell transport assays
have demonstrated that [3H]—tan'quidar is a nontransported substrate for
P-gp. Transepithelial transport and permeability assays indicated that
nicardipine is also unlikely to be a substrate for transport by P-gp (Lentz
et al., 2000). It is therefore difficult to ascertain whether a compound is a
substrate or a “classic” inhibitor of P-gp by its effects on ATPase
activity. In fact, whether the ATPase activity of P-gp is stimulated or
inhibited by a compound is dependent on the kinetics of 1) conforma-
tional transitions or 2) dissociation from the outward facing configura-
tion (Martin et al., 2001; Al-Shawi et al., 2003).
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TABLE 4

Combination index (CI) analysis of the cytotoxicity of noscapine derivatives
coadministered with vinblastine with in drug-sensitive and -resistant breast cancer
cell lines

CI values were determined for the effects of coadministration of vinblastine and noscapine
derivatives on cell proliferation. Complete dose-response relationships were determined for
vinblastine in the absence or presence of the indicated concentrations of noscapine, (6) and (8).
All values (mean = S.E.M.) were obtained from three independent observations.

Combination Index

Conc
Compound
MCF7 NCUAdR®S
uM
Noscapine 10 0.69 = 0.02** 1.13 = 0.362
20 0.26 = 0.05%%* 0.11 = 0.02*
30 0.33 = 0.08%* 0.19 = 0.06*
6) 0.1 1.64 = 0.33 1.10 = 0.35
0.3 1.04 = 0.46 0.49 = 0.25
1 1.11 = 0.35 0.33 = 0.15*%
3 0.59 = 0.02** 0.24 = 0.04%*
(€)) 0.1 2.57 = 1.01 2.11 = 0.89
0.3 0.62 = 0.36 0.75 = 0.22
1 n.d. 0.52 = 0.27*
3 n.d. n.d.

Conc., concentration; MCF, human breast adenocarcinoma cell line; n.d., no values were
determined.

*P < 0.05; **P < 0.01 indicate a statistically significant difference from the isobole, which is
defined with CI = 1.

The effects of noscapine derivatives on the proliferation of resis-
tant cells and the activity of P-gp support their classification as
nontransported inhibitors. Further evidence has been provided by the
pharmacokinetics of noscapine in vivo (Landen et al., 2004). The oral
administration of noscapine in mice produced growth inhibition of
glioblastoma and did so after rapid passage across the blood-brain barrier
(BBB). It is well established that P-gp is expressed and active in
endothelial cells of the BBB, where it regulates the entry, or exit, of
compounds to the central nervous system (Jette et al., 1993; Agarwal
etal., 2011; Auvity et al., 2018). Substrates for P-gp are prevented from
entering the central nervous system, and the ability of noscapine to cross
the BBB indicates that it is not subject to efflux by P-gp.

It may also be possible for the noscapine derivatives to “bypass” the
actions of P-gp if their permeability is sufficiently high, resulting in rapid
and extensive intracellular accumulation. Diffusional permeability of
cells to drugs is in part dictated by their partition coefficients into the
membrane; however, the cLogP values are broadly similar to those of
vinblastine and paclitaxel, both substrates of the transporter. This
observation does not to support a model whereby noscapine and
derivatives bypass P-gp through kinetic factors. The compounds
potentially act in a similar manner to that described for tariquidar,
namely, as a nontransported P-gp modulator (Martin et al., 1999).

Synergism between anticancer drugs has long been viewed as a
promising strategy to improve inhibition of tumor growth (Merlin,
1994). Noscapine and vinblastine bind to distinct sites on tubulin and
synergy of activity is a distinct possibility. The present investigation has
demonstrated synergism between noscapine and two derivatives with
vinblastine. Another vinca alkaloid (vinorelbine) also displays synergy
with paclitaxel, another tubulin-disrupting drug that interacts at a distinct
site (Photiou et al., 1997). In addition, noscapine also synergizes with
paclitaxel (Altinoz et al., 2006) and two tubulin binding compounds with
anticancer activity in vitro, peloruside and laulimalide (Gajewski et al.,
2012). Similarly, a noscapine derivative, 9'-bromonoscapine, in com-
bination with docetaxol, produced a apoptotic response, mitotic arrest,
and inhibition of tumor growth in a synergistic manner (Pannu et al.,
2011). However, synergistic behavior of noscapine and its derivatives is
not limited to tubulin-disrupting compounds. For example, noscapine
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was also demonstrated to potentiate the activity of cisplatin (DNA
cross-linking) and the alkylating agents temozolamide and bis-
chloroethylnitrosurea (BCNU) in glioblastoma cells and in xenograft
models (Qi etal., 2013). Therefore, the noscapine derivatives provide the
potential to reduce the dose of conventional genotoxic anticancer drugs
and maintain significant tumor growth inhibition. Moreover, the
inherently low toxicity of noscapine and a reduced dose of genotoxic
drugs may diminish the limiting side effects of chemotherapy. The
synergy with approved anticancer drugs will require extensive pharma-
cokinetic investigation to fully validate this potential of noscapine in
chemotherapy.

Drug interactions with tubulin have been extensively characterized for
numerous antiproliferative agents. For example, it has been demon-
strated, using structural modeling, that colchicine and noscapine bind to
the same, or an overlapping, site on tubulin (Naik et al., 2011). In
contrast, vinblastine and colchicine are known to interact at distinct sites
on tubulin (Luduena and Roach, 1981; Wolff et al., 1991). By inference,
noscapine and vinblastine alter tubulin dynamics through interaction at
distinct sites, which may result in synergistic effects on cell proliferation.
The synergistic interaction between noscapine derivatives and vinblas-
tine raises the issue of where the two compounds interact on P-gp.
Despite the availability of several structures for P-gp (Aller et al., 2009;
Alam et al., 2018; Kim and Chen, 2018), the location of drug-binding
sites remains elusive, although biochemical approaches are beginning to
shed detailed information (Loo et al., 2009; Mittra et al., 2017). Thus, it
is not yet possible to assign the respective sites for vinblastine and
noscapine binding on P-gp, but the differing interactions with tubulin
support distinct sites.

As discussed earlier, the search for compounds to inhibit P-gp activity
and restore accumulation of anticancer drugs has been exhaustive;
however, the search has not yielded any clinically used inhibitors,
primarily because of pharmacokinetic issues. Consequently, the need for
novel strategies to overcome the actions of P-gp has been touted
(Callaghan et al., 2014). The ability of noscapine to evade P-gp—
mediated efflux and to potentiate the activity of vinblastine in drug-
resistant cells provides a major benefit. A similar property is shared with
the epothilones, which also alter microtubule dynamics and inhibit
mitosis in cancer cells, including an equipotent effect in P-gp—expressing
cells (Alberti, 2013). Furthermore, a 9'-nitro-noscapine derivative has
been shown to elicit apoptosis and mitotic arrest in ovarian and T-cell
lymphoma cell lines known to express P-gp and displaying resistance to
paclitaxel and vinblastine (Aneja et al., 2006a).

The noscapine derivatives appear to short-circuit the resistant
phenotype conferred by P-gp; namely, they can avoid efflux from cells
by the pump and yet can inhibit its activity. Moreover, the ability to
potentiate the efficacy of conventional anticancer drugs presents a
unique strategy to restore chemotherapy in drug-resistant cancer.
Noscapine has long been established to display low toxicity and is well
tolerated in its therapeutic setting as an antitussive agent (Mahmoudian
and Rahimi-Moghaddam, 2009). Furthermore, pharmacokinetic studies
in healthy volunteers indicate that low micromolar plasma concentra-
tions may be attained via both oral and intravenous administration of
noscapine (Dahlstrom et al., 1982). Moreover, noscapine displayed the
lowest potency of the derivatives tested in this study. and the latter also
displayed improved partition coefficients. The improved potencies and
high partition coefficients of the noscapine derivatives raise the
possibility of them reaching plasma levels sufficient to facilitate
restoration of chemotherapeutic success and diminish the actions of P-gp.
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Supplementary Figure 1 Expression of P-gp over a six day period

The P-gp expressing NCI/AdrRES cell line was grown under standard conditions for a period
of six days in a 6-well plate. A lysate was prepared using 1% (w/v) SDS each day and protein
concentration measured. Total cell protein (20ug) was resolved in 8% (v/v) SDS-PAGE and
transferred to a nitrocellulose membrane. The P-gp expression was revealed using a C219
mouse-monoclonal antibody and detected using an HRP conjugated secondary antibody and
chemiluminescence.
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