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Abstract: Glioblastomas are the most aggressive tumors of the nervous system, whose treatment success is
associated with many problems, including resistance to therapy and the permeability of the blood-brain barrier
(BBB). The blood-brain barrier is equipped with ATP-binding cassette (ABC) transporters that play an
important function by excreting toxic compounds. Two transporters in particular, ABCB1 (P-glycoprotein) and
ABCG2 (BCRP), play an important role both at the BBB and in the development of drug resistance, leading to
low intracellular drug concentrations. We investigated the antiproliferative activity of fifteen hybrids
comprising harmine and quinoline-based antimalarials with triazole- and wureido-type linkers on
neuroblastoma and glioblastoma cell lines. We also investigated their inhibitory effect on the ABCB1 and
ABCG2 transporters using cell-based functional assays. We demonstrated that all hybrids showed significantly
stronger antiproliferative effect on glioblastoma cells than the parent compounds and also than the reference
drug temozolomide. In addition, a number of derivatives showed remarkable inhibitory effects on ABC
transporters, with ureido-type derivatives, harmiprime PU-9 and harmiquine MU-9 exerting the most
pronounced dual inhibitory effect on both transporters. These results indicate that hybrids of harmine and
quinoline scaffolds have potential for glioblastoma drug discovery and for the discovery of new dual
(ABCB1/ABCG?2) inhibitors.

Keywords: hybrid compounds; harmine; chloroquine; mefloquine; primaquine; ATP-binding cassette (ABC)
transporters; dual inhibitors; multi-drug resistance; antitumor; glioblastoma

1. Introduction

The concept of molecular hybridization is a rational strategy for the development of new and
efficient biological agents. It involves the synthesis of a new hybrid compound by combining two or
more different and independently acting molecules or their pharmacophores [1,2]. This strategy is a
sophisticated form of combination therapy that can be particularly valuable in the treatment of
complex and multifactorial diseases such as cancer, infectious diseases and neurological disorders,
where conventional targeted therapies often fail. One of the most important reasons for the low
clinical efficacy of therapies, especially cancer chemotherapies, is multidrug resistance (MDR).
Therefore, the use of properly designed hybrids can ensure that different features of cancer cells are
affected simultaneously to circumvent the pre-existing resistance or avoid the emergence of
resistance mechanisms [3].

These challenging conditions require further continuous efforts in the development of new
treatment strategies that are not only more efficient but also economically acceptable. The slow pace
and increasing failure rate of drug discovery has led to the exploration of complementary strategies
based on drug repurposing. This is a low-cost, low-risk and efficient approach for identifying new
uses for approved or investigational drugs that are outside the scope of the original medical
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indication [4]. Similarly, hybrid drug design by integrating different pharmacophores from known
or failed drugs and/or natural products is an alternative valuable strategy to combat cancer [5].

A number of antimalarial drugs have been developed directly or indirectly from the naturally
occurring substances quinine (e.g. mefloquine, chloroquine and primaquine) and artemisinin (e.g.
artesunate). In addition to their antiparasitic effect, these drugs have a variety of biological activities,
including antibiotic, antitumor and anti-inflammatory effects [5,6,7,8,9]. An intensive area of research
is therefore the repurposing and derivatization of antimalarials, particularly as anticancer drugs, as
several classes of antimalarials have either direct or adjuvant anticancer effects, inhibit the
development of drug resistance or have synergistic effects with known anticancer drugs. In addition,
many of them are currently being investigated in clinical trials, alone or in combination with
conventional anticancer drugs [5,8]. At the same time, a number of anticancer agents have shown
remarkable potential to fight malaria and are now being repurposed against malaria [10,2].

Our recent research has been focused on the hybridization of quinoline-based antimalarials with
harmine and related (3-carboline alkaloids. Harmine, a prominent member of the -carboline family,
exhibits diverse biological activities, including anti-inflammatory, neuroprotective, antidiabetic, and
antitumor effects, along with insecticidal, antiviral, and antibacterial properties [11,12]. It shows
antimalarial activity by selective inhibition of Plasmodium falciparum heat shock protein 90 (PfHsp90)
and enhances the effects of chloroquine and artemisinin in vitro and in a Plasmodium berghei mouse
model [13]. Additionally, harmine’s antitumor effects involve cell cycle arrest, apoptosis, and reversal
of drug resistance, making it a promising candidate for the treatment of both cancer and malaria
[12,2,14].

To this end, we prepared two related series of compounds, harmiquins (hybrids of (3 -carbolines
and chloroquine (CQ) or mefloquine (MQ)) and harmiprims (hybrids of b-carbolines and primaquine
(PQ)), by varying the position of the substitution at the (3 -carboline ring (1, 3, 6, 7 and 9) and type of
the linker between two parent moities. In both cases, urea or triazole were used as linkers due to their
advantageous features (stability, ability to form hydrogen bonds, bioisosteric and favorable
pharmacokinetic properties), resulting in urea- and triazole-type hybrids. We were able to show that
these compounds exhibit improved activity and selectivity against Plasmodium and/or cancer cells,
establishing them as valuable hits for further optimization [15,16,2].

In this study, we investigated the antiproliferative activity of fifteen ureido- and triazole-type
harmiquins and harmiprims (Figure 1) on neuroblastoma and glioblastoma cell lines. We also
evaluated their potential inhibitory effect on ATP-binding cassette transporters (ABC transporters) —
P-glycoprotein (ABCB1) and BCRP (ABCG2), as their expression hinders the penetration of
chemotherapeutics into the brain and thus impedes the successful therapy of brain tumors. We
demonstrated that all tested hybrids showed significantly stronger antiproliferative effects on
glioblastoma cells compared to the parent compounds, i.e. harmine and the antimalarials PQ or CQ,
as well as the reference drug temozolomide (TZM). In addition, a number of derivatives showed
remarkable inhibitory effects on both ABC transporters, with ureido-type harmiprime PU-9 and
harmiquine MU-9 exerting the most pronounced activity on both transporters, comparable to the
inhibitory reference compounds. These results show that hybrids of harmine and quinoline-based
antimalarials could be promising hits for further development as anti-glioblastoma agents.
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Figure 1. Chemical structures of harmine-based hybrids (harmine/ 3-carboline is marked in green,
linker (L) in grey, pharmacophore 2 (P2) in red, triazole in blue, urea in yellow, C atom of
pharmacophore directly attached to linker in violet).

2. Results

2.1. Synthesis of hybrid compounds

The title hybrids, harmiprims and harmiquins, comprising tethered (3-carboline and a quinoline
moiety derived from antimalarials (CQ, MQ, or PQ) were prepared using previously established
procedures [17,16,2]. Based on the linker type, the compounds are classified as triazole- or ureido-
type hybrids. Triazole-type harmiquins (CT-6, CT-7, and CT-9) [17] and harmiprims (PT-6, PT-7, and
PT-9)[2] were obtained by Cu(I)-catalyzed azide-alkyne cycloaddition between harmine/(3-carboline-
based alkynes and quinoline-based azides. Ureido-type harmiquins (CU-6, CU-7, CU-9, MU-6, MU-
7, and MU-9) were synthesized by the 1,1'-carbonyldiimidazole-mediated coupling of harmine/[3-
carboline-based amines with quinoline-based amines[16]. Meanwhile, ureido-type harmiprims (PU-
6, PU-7, and PU-9) were prepared through an addition—elimination reaction involving PQ-
benzotriazolide and harmine-based amines under microwave irradiation [2]. Preparation of the
amine, azide, and alkyne intermediates followed previously reported procedures [15,17,18,19,20,21].

2.2. In vitro antiproliferative activity

We previously prepared ureido-type and triazole-type harmiprims [2] as well as ureido-type
[16] and triazole-type harmiquins [17] and reported their antitumor activity on a panel of human
tumor cell lines: HepG2 (hepatocellular carcinoma), SW620 and HCT116 (colorectal
adenocarcinoma), and MCF-7 (breast adenocarcinoma), along with a non-tumor cell line Hek293T
(embryonic kidney). We also analyzed the influence of the linker between two structural motifs and
the position of the B-carboline substitution. In general, the ureido-type harmiprims were slightly
more active than their triazole-type analogs and less selective towards the Hek293T cell line.
Significant differences in the activity of the compounds prepared at different p-carboline positions
were also found.
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Based on these results, in the present study, we chose ureido- and triazole-type harmiquins and
harmiprims based on CQ or MQ scaffolds, prepared at the positions 6, 7, and 9 of the B-carboline
alkaloid harmine and tested their antiproliferative activity against glioblastoma and neuroblastoma
cell lines — U251 and SH-SY5Y. The parent compound harmine as well as CQ, PQ, and the reference
drug TMZ were used as controls. We also compared their activities to those against non-tumor cell
line Hek293T. The results obtained are shown in Table 1 and Supporting Figure S1. All compounds
tested showed remarkable antiproliferative activity in a glioma cell line, while the activity in
neuroblastoma cell line SH-SY5Y is less prominent but still significant. The ureido-type MQ
derivatives were the most active and least selective, followed by ureido-type PQ hybrids, while
ureido-type CQ derivatives were more selective. On the other hand, triazole-type hybrids were less
active and more selective, with PT-6, PT-9, CT-6, and CT-9 being the most selective in regard to non-
tumor cells. These results are in accordance with previously published results on other cell lines
[16,2].

Table 1. Antiproliferative activity in vitro of hybrids of harmine and quinolone antimalarials. Data
represent the mean + SD of three independent experiments performed in quadruplicate.
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a taken from [2]; ® taken from [16]; ¢ PQ — primaquine; d CQ — chloroquine; ¢ n.t. — not tested; HAR — harmine; 8
taken from [22]; " TMZ - temozolomide.

2.3. Effects of hybrids on ABCG2-mediated fluorescent substrate accumulation in model cells

To test the inhibitory potential of the hybrids against the ABCG2 transporter, we performed a
cell-based functional assay. For the cell-based assay, we used PLB/ABCG2 and its parental line
without significant ABC transporter expression (PLB-985) using the Hoechst 33342 (H 33342) uptake
assay (Figure 2). The assay is based on the incubation of cells with a fluorescent ABCG2 substrate
(Hoechst 33342) in the presence or absence of the tested compounds (we used a concentration of 10
puM for all compounds). The selected concentration allowed testing without toxic effects on the cells.
Ko143, a high-affinity specific inhibitor of ABCG2, was used as a reference inhibitor at a concentration
of 1 uM, resulting in complete inhibition of ABCG2 activity. In the case of a potent inhibitor, increased
fluorescence within the cell can be measured as a result of ABCG2 inhibition.

The results clearly show that at the concentration tested (10 uM) a number of hybrids reduce the
efflux of H 3342 from PLB/ABCG2 cells in a similar way or even more than the reference compound
Ko143. The most effective hybrids were MU-9 and CU-9, while triazole-type harmiquins were
inactive together with PT-9, CU-6, CU-7 and TMZ.
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Figure 2. Inhibition of ABCG2-mediated transport by hybrids, primaquine (PQ), chloroquine (CQ),
and temozolomide (TMZ). The inhibitory potential of the compounds was assessed using the Hoechst
33342 accumulation assay in the PLB/ABCG2 cell line. The mean fluorescence intensity (MFI) of
Hoechst 33342 was measured after incubation with substrates and treatment with 10 uM compounds.
Uptake of Hoechst 33342 is shown relative to 100% uptake at maximum inhibition of ABCG2 by Ko143
(1 uM). All data are expressed as mean + SD of 3 individual experiments. One-way ANOVA with
Dunnett’s post hoc test was used for statistical analysis *p < 0.05; **p < 0.01; **p < 0.001.

To test the potency of ABCG2 inhibition and to compare the strength of inhibition between the
selected compounds, we performed the Hoechst 33342 uptake assay at a range of concentrations for
each compound and calculated their ICs0 concentrations (Figure 3). Our results show that the most
potent hybrid is MU-9 (ICso = 0.6 uM), followed by PU-9 (ICs = 1.5 uM), and CU-9 (ICs0 = 5 uM). The
maximum inhibition was 100 % for all three compounds and was achieved at a concentration of 5 uM
for MU-9 and 10 pM for PU-9 and CU-9.

150+
- PU9

- MU-9
—+— CU-9

Cell Viability (%)

0.1 1 10

Compound concentration (uM)

Figure 3. The potency of the hybrid compounds PU-9, MU-9, and CU-9 to inhibit ABCG2 as measured
by the Hoechst 33342 transport assay in the PLB/ABCG2 cell line. Inhibition of transporter activity
was calculated by comparing fluorescence intensity in the presence of the tested compound with that
in the presence of Kol43 (maximal inhibition). Data were plotted in triplicate + SD from three
independent experiments. The ICs of each compound was calculated using a non-linear regression
curve three independent experiments in triplicate.
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2.4. Sensitization of ABCG2-expressing tumor cells to mitoxantrone by hybrid compounds

Based on the results obtained, we decided to test whether the hybrids could sensitize cells
resistant to mitoxantrone (MX), a known substrate of ABCG2. Therefore, we used acute myeloid
leukemia cells PLB-985, which lack significant expression of the ABC transporter, and their MX-
resistant counterpart (PLB/ABCG2), a stable cell line overexpressing the ABCG2 transporter, as a
model to study MDR in the context of ABCG2 overexpression. We treated them with non-toxic
concentrations of the most active compounds PU-9, MU-9 and CU-9 (1 uM) (Figure 4). Interestingly,
PU-9 and MU-9 lead to a pronounced sensitization of PLB/ABCG2 cells to MX, comparable to Ko143
(Table 2 and Figure 4A). On the other hand, harmiquine CU-9 at the concentration tested did not
sensitize the cells to MX, which is consistent with the efficacy of ABCG2 inhibition in the previous
experiment and shows that CU-9 was not active at the concentration used in the sensitization assay
(1 uM). We also examined the toxicity of hybrids and MX in the parental cell line (Table 2 and Figure
4B). The compounds had no significant effect on the toxicity of MX in the parental PLB-985 cell line,
which is expected since the parental cells do not express the ABCG2 transporter.

Table 2. Growth inhibition of PLB-985 and PLB/ABCG?2 cell lines by mitoxantrone (MX) alone or in
combination with tested hybrids or Ko143. ICso values were calculated from cell viability curves
plotted from the corresponding cell viability curves, from 3 independent experiments performed in
quadruplicate (mean + SD). All concentrations are given in pM (ICso - the concentration that causes
50 % of cell viability).

1Cso (M)
treatment PLB/ABCG2 PLB-985
MX 0.20+0.17 0.004+0.001
MX + Ko143 0.006+0.002 0.004+0.001
MX + PU-9 0.006+0.003 0.005+0.003
MX + MU-9 0.005+0,003 0.002+0.0004
MX + CU-9 0.1420.1 0.003+0.0001
A B
PLBIABCG2 PLB-988
2 - ! -
« £y o g e
XS 0 XL

MX+CU-9 —— MX+CU-8

Cell Viability
Cell Viability

-

0.07 T T T T T 1 0.07 T T T T 1
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Figure 4. Harmiquins sensitize resistant cells to mitoxantrone (MX). The PLB/ABCG2 (A) and PLB-
985 (B) cell lines were treated with increasing concentrations of MX alone (MX) or in combination
with Kol43 or other tested agents as indicated at a concentration of 1 uM. Cell viability was
determined after 72 hours of incubation using the MTT assay, and the percentage of viable cells was
calculated. Each bar represents a mean + SD of at least three individual experiments performed in
quadruplicate.

2.5. Effects of hybrids on P-gp-mediated fluorescent substrate accumulation in model cells

To test the ability of the hybrid derivatives to inhibit another important transporter involved in
the MDR phenotype — P-gp — we used a different cell model: the ovarian carcinoma cell line A2780
and its adriamycin (doxorubicin)-resistant counterpart A2780/Adr, which overexpress P-gp
(A2780/Adr) [23] and performed the calcein uptake assay. Calcein is a substrate for P-gp and therefore
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the presence of P-gp in the cells leads to an efflux of calcein, thereby reducing cellular fluorescence.
The assay is similar to the H 33342 accumulation assay, in which the efflux of calcein is reduced in
the presence of the inhibitory substance, as evidenced by increased fluorescence within the cells. We
used verapamil, a known P-gp inhibitor, as a reference compound. The results show that the parent
compounds primaquine and chloroquine as well as TMZ have no activity at the tested concentration
of 10 uM (Figure 5). Harmiquins, with the exception of MU-6 and MU-9, also showed no significant
inhibition of P-gp activity. On the other hand, all tested harmiprims together with MU-6 and MU-9
showed a pronounced inhibitory effect (Figure 5). In summary, these results indicate that some of the
hybrid compounds may have dual inhibitory potential, i.e. they may be able to inhibit both ABCG2
and P-gp transporters.

Calcein-AM accumulation assay in A2780/Adr cell line
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Figure 5. Inhibition of P-gp-mediated transport by hybrids, primaquine (PQ), chloroquine (CQ) and
temozolomide (TMZ). Functional activity of P-gp was evaluated by calcein-AM accumulation assay
measured in A2780/Adr cell line. The mean fluorescence intensity (MFI) of calcein was measured in
A2780/Adr cells after incubation with 0.25 uM calcein-AM (CTRL) and treatment with verapamil and
tested compounds at 10 uM concentration. Uptake of calcein-AM is shown relative to 100 % uptake
at maximum inhibition of P-gp by verapamil (10 puM). All data are shown as means + SD of 3
individual experiments. One-way ANOVA with Dunnett’s post-hoc test was used for statistical
analysis *p < 0.05; **p < 0.01; **p < 0.001.

We selected the most active hybrids in both experimental setups (ABCG2 and P-gp inhibition):
PU-9 and MU-9, and measured their inhibitory effect, i.e. we tested their inhibitory effect at a range
of concentrations (Figure 6). We also tested the harmiprime with the most pronounced activity
towards P-gp, PT-9. Our results show that all compounds tested have similar potency, with the most
potent hybrid being PU-9 (ICs0 = 0.57 uM), followed by MU-9 (ICso = 0.6 uM) and PT-9 (ICs0= 0.8 uM).
The maximum inhibition of 100 % was achieved at a concentration of 5 uM (for PU-9 and MU-9) and
10 uM (for PT-9).
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Figure 6. Potency of the hybrid compounds PU-9, MU-9, and PT-9 to inhibit P-gp as measured by the
calcein-AM transport assay in the A2780/Adr cell line. Inhibition of transporter activity was calculated
by comparing the fluorescence intensity in the presence of the tested compound with that in the
presence of verapamil (maximal inhibition). Data were plotted in triplicate + SD from three
independent experiments. The ICso of each compound was calculated using a non-linear regression
curve from three independent experiments performed in triplicate.

2.6. Sensitization of P-gp-expressing tumor cells to doxorubicine by hybrid compounds

MDR-reversing activity associated with P-gp overexpression was also investigated for hybrid
compounds that showed promising inhibitory potential against P-gp (PT-9, PU-9, MU-9). Their
ability to restore doxorubicin (DOXO) sensitivity of cells overexpressing P-gp was tested. We treated
both parental and P-gp-overexpressing cell lines with a previously determined non-toxic
concentration of 1 uM of the compounds in combination with DOXO at five serial tenfold dilutions
and assessed cell viability by MTT assay. The compounds had no significant effect on the toxicity of
DOXO in the parental A2780 cell line (Table 3, Figure 7). On the other hand, the combination
treatment of the A2780/Adr cell line with PU-9 resulted in a clear sensitization of the A2780/Adr cell
line to DOXO, followed by MU-9 and PT-9. However, none of the compounds had the same
inhibitory effect as the reference inhibitor verapamil. To summarise, the hybrid compounds PU-9 and
MU-9 exhibit dual inhibitory activity — for both the ABCG2 and P-gp transporters, while PT-9 exhibits
selective inhibition of P-gp.

Table 3. Growth inhibition of A2780/Adr and A2780 cell lines by doxorubicine (DOXO) alone or in
combination with tested hybrids or verapamil. ICs0 values were calculated from cell viability curves
plotted from the corresponding cell viability curves, from 3 independent experiments performed in
quadruplicate (mean + SD). All concentrations are given in pM (ICso — the concentration that causes
50 % of cell viability).

1Cso (M)
treatment A2780/Adr A2780
DOXO 4.57+3.0 0.01+0.003
DOXO+Ver 0.58+0.1 0.01+0.007
DOXO +PU-9 0.95+0.3 0.01+0.003
DOXO + MU-9 1.56+0.4 0.02+0.01

DOXO + PT-9 1.9+1 0.02+0.01
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Figure 7. Harmiprims PU-9 and PT-9 and harmiquine MU-9 sensitize resistant cells to doxorubicin
(DOXO). The P-gp overexpressing cells A2780/ADR (A) and the parental A2780 (B) cell lines were
treated with increasing concentrations of DOXO alone (DOXO) or in combination with verapamil or
the tested compounds as indicated. Cell viability was determined after 72 hours of incubation using
the MTT assay, and the percentage of viable cells was calculated. Each bar represents a mean + SD of
at least three individual experiments performed in quadruplicate.

3. Discussion

Glioblastomas are the most common tumors of the nervous system. Their treatment is associated
with a number of problems, including systemic toxicity, resistance to therapy, poor targeting and
problems crossing the blood-brain barrier (BBB) [24]. Glioblastoma multiforme (GBM) is one of the
most aggressive brain tumors, but treatment success is inadequate and the prognosis is still very
poor. The standard treatment of glioblastoma is very limited and is based on chemotherapy with
TMZ as the only drug with proven efficacy against high-grade gliomas [25]. The main reason for this
is the cytological heterogeneity of GBM and drug resistance. Considerable efforts have been made in
the field of drug discovery against GBM in the last decade, but success has been mainly limited to the
preclinical level [24]. Therefore, new small molecule inhibitors with the ability to penetrate the CNS
and new targets and modalities for treatment are needed.

In this study, we show that ureido- and triazole-type harmiquins and harmiprims exhibit
significant antiproliferative activity on the glioblastoma cell line U251, while their effect on
neuroblastoma cells SH-SY5Y is somewhat less potent. Most of the tested hybrids showed a
significantly stronger antiproliferative effect on glioblastoma cells than the parent compounds, i.e.
harmine and the antimalarials PQ or CQ. In addition, all compounds were significantly more effective
compared to TMZ, demonstrating their potential for glioblastoma drug development.

We opted for hybrid molecules consisting of two active parts, both of which have previously
shown potential antitumor activity against glioblastoma cells. Recently, harmine was shown to
suppress the proliferation and migration of U251-MG and U373-MG cells by inhibiting the FAK/AKT
signaling pathway, making it a promising drug for glioblastoma therapy [26]. In addition,
antimalarials have already been repurposed as potential antitumor agents, with chloroquine showing
a particularly interesting effect on glioma cell [27].

Another important obstacle to the successful treatment of tumors of the nervous system is
caused by the aforementioned BBB [28]. The BBB is the inherent biological barrier that supplies
nutrients to the central nervous system (CNS) through selective uptake of small molecules, but also
protects the CNS from harmful endogenous and xenobiotic molecules [25]. In addition to more or
less passive restrictions, the BBB is also equipped with efflux transporters, which belong to the
superfamily of ATP-binding cassette transporters (ABC transporters) and exert an important barrier
function on the endothelial cells (ECs) of the brain by effluxing toxic compounds. Consequently, they
limit the penetration of almost all classical chemotherapeutics and new targeted cancer drugs into
the brain [29,25,30].

Two transporters in particular, ABCB1 (also known as P-glycoprotein or multidrug resistance
protein 1 (MDR1)) and ABCG2 (breast cancer resistance protein (BCRP)), play an important role at
the BBB, as they are highly expressed in the ECs of the brain. In addition, their expression on tumor
cells has long been recognized as a major cause of MDR of cancer cells and cancer stem-like cells


https://doi.org/10.20944/preprints202411.2153.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 November 2024 d0i:10.20944/preprints202411.2153.v1

11

(CSCs) [31,32,33]. Consequently, the active efflux of drugs such as temozolomide leads to low
intracellular drug concentrations and thus to an insufficient antitumor effect [34].

It was previously shown that co-treatment with mefloquine and primaquine sensitizes drug-
resistant cancer cells by increasing P-gp inhibition[35]. In addition, we and colleagues have
previously investigated the influence of a hybrid molecule, sahaquine on glioblastoma cells [36].
Sahaquine consists of a hydroxamic acid and a primaquine component. Hydroxamic acid is the active
part of suberoylanilide hydroxamic acid (SAHA, vorinostat), which has been tested in clinical trials
for GBM as monotherapy and in combination with radiotherapy. The primaquine portion of
sahaquine has been shown to reduce the activity of the P-glycoprotein, which contributes to
resistance to glioblastoma multiforme.

Furthermore, harmine's 3-carboline core resembles the tetrahydro- $-carboline moiety found in
the structure of known ABCG2 inhibitors Ko143 and FTC [37] and was indeed identified as an ABCG2
reversal agent; it inhibited ABCG2-mediated drug efflux and increased the cytotoxicity of MX (1 pM),
while it did not inhibit ABCB1 (P-gp)-mediated drug efflux [14,38].

As our study focused in particular on the potential inhibitory effect of hybrids against ABCG2
and/or P-gp transporters, we hypothesized that the combination of two components with inhibitory
effects on ABC transporters could lead to even more active compounds with potential dual inhibitory
properties. Namely, several studies show that inhibition of ABCB1 and/or ABCG2 and thus
enhancement of intracellular exposure to potent chemotherapeutic agents can improve the efficacy
of TMZ therapy alone or in combination with other drugs in glioblastoma patients [28]. For example,
using genetically modified mice, de Gooijer et al. demonstrated that the combined deletion of P-gp
and ABCG2 significantly increased the brain penetration of temozolomide without altering systemic
drug exposure. Furthermore, the same increase was achieved when temozolomide was administered
in combination with the dual P-gp/BCRP inhibitor elacridar (GF120918) [25].

Our results have clearly shown that two ureido-type hybrid molecules — harmiprime PU-9 and
harmiquine MU-9 - have a strong inhibitory effect on the transporters ABCG2 and P-gp. In addition,
they successfully sensitized both cells resistant to mitoxantrone (an ABCG2 substrate) and cells
resistant to doxorubicin (a canonical P-gp substrate) at low concentration (1 uM). Although several
other hybrids also showed the ability to inhibit one or both transporters at higher concentrations (i.e.
10 uM), they were not effective at lower, non-toxic concentrations. This suggests that the substitution
at position 9 of harmine, and urea linker, are the most favorable structural features for the inhibitory
effect on the ABC transporter. These results encourage further testing in combination with
temozolomide to see if they could improve the brain penetration of temozolomide. This offers the
prospect of further improving the anti-tumor efficacy of this already active agent or new agents.
Besides, GBM tumor cells themselves can also express these transporters, further contributing to the
multidrug-resistant phenotype of GBM [30,34]. Many other tumor types, primarily cancer stem cells,
achieve MDR phenotype by expression of multiple ABC transporters. Consequently, simultaneous
inhibition of P-gp and BCRP may also increase the sensitivity of these cells to chemotherapy and may
be used to prevent cancer recurrence.

In summary, this work demonstrates that novel hybrid compounds comprising [3-carbolines and
CQ- or MQ-based 4-aminoquinoline motifs — harmiquins — and PQ-based 8-aminoquinolines —
harmiprims, with triazole-type and ureido-type linkers, exert prominent antiproliferative activity
towards glioblastoma cells. In addition, ureido-type harmiprime PU-9 and harmiquine MU-9
demonstrate strong dual inhibitory effect against ABCG2 and P-pg transporter. These results form
the basis for the discovery of novel dual (P-gp/ABCG2) inhibitors and for improving the anti-tumor
efficacy of TMZ and/or other chemotherapeutics.
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4. Materials and Methods
4.1. Materials

Hybrid compounds constituted of (3-carbolines and CQ- or MQ-based 4-aminoquinoline motifs
(harmiquins) and PQ-based 8-aminoquinolines (harmiprims) with triazole-type or ureido-type linker
(Figure 1) were prepared as described in [17,16,2].

Chemotherapeutic agents mitoxantrone (MX) and adriamycin (doxorubicine — DOXO) as well
as conventional P-gp and ABCG2 inhibitors verapamil and Ko143 were purchased from Sigma-
Aldrich. Fluorescent dye Hoechst 33342 was purchased from Sigma-Aldrich and calcein-AM from
Thermo Fisher.

4.2. Cell lines

The human glioblastoma cell line U251 (originally obtained from the National Cancer Institute)
and the neuroblastoma cell line SH-SY5Y (CRL-2266) (originally obtained from the American Type
Culture Collection, ATCC, USA) were utilized for cell proliferation assays. To investigate transporter
inhibition, the human acute myeloid leukemia cell line PLB/ABCG2, with overexpressed ABCG2
(achieved through retroviral transduction and selection using the ABCG2 substrate MX, as described
by Ujhelly et al., [39], was used along with its parental PLB-985 counterpart. These cell lines were
generously provided by Dr. Balazs Sarkadi from the Institute of Enzymology at the Centre for Natural
Sciences in Budapest, Hungary. In addition, an ovarian carcinoma cell line with P-gp transporter
overexpression A2780/Adr (ECACC cat. no. 93112520) and its parental counterpart A2780 (ECACC
cat. no. 93112519), both obtained from The European Collection of Authenticated Cell Cultures, were
included in the transporter study.

The cell lines were cultured either in suspension (PLB-985) or as monolayers (U251, SH-SY5Y,
A2780 and A2780/Adr), using RPMI-1640 or DMEM medium, respectively. Both mediums were
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100
pg/mL streptomycin. Cells were maintained at 37°C in a humidified atmosphere containing 5% COx.

4.3. Cell proliferation assay

Cell proliferation and cytotoxicity assays were carried out following the method described
previously [23,32]. Cells were plated in 96-well plates at different concentrations: 3x10* cells per well
for PLB-985 and PLB/ABCG2, and 3x10° cells per well for U251, SH-SY5Y, A2780, and A2780/Adr.
The following day, the test compounds were added in serial dilutions (ranging from 1078 to 10 M),
either alone or at a fixed concentration of 1 uM in combination with ABCG2 substrate (MX, 10-°-10-
M) or P-gp transporter substrate (DOXO, 10°-10-° M). After 72 hours of incubation, cell viability was
assessed using the MTT assay. The concentration of each compound required to inhibit 50% of cell
growth (ICso) was determined from dose-response curves using linear regression analysis.

4.4. Calcein-AM accumulation assay

The Calcein-AM accumulation assay was conducted as described by Guberovic et al. [23,32].
Cells A2780 and A2780/Adr were seeded in 96-well plates 24 hours prior to the experiment at a
concentration of 3 x 10* cells per well. On the day of the assay, the cells were washed with PBS, and
the test compounds or verapamil were added at a final concentration of 10 uM in RPMI medium
without FBS. Calcein-AM (Thermo Fisher) was then added at a final concentration of 0.25 uM, and
the cells were incubated for 60 minutes at 37 °C in the dark. After incubation, the cells were washed
with PBS, and calcein fluorescence was measured using a Tecan Genios microplate reader (Tecan,
Mannedorf, Switzerland) with excitation and emission wavelengths of 485 nm and 530 nm,
respectively.
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4.5. Hoechst 33342 uptake assay

The Hoechst 33342 uptake assay was carried out following the protocol described by Mio¢ et al.
[32]. On the day of the experiment, PLB-985 and PLB/ABCG2 suspension cells were diluted in 96-
well plates at a concentration of 3 x 10% cells per well. The cells were washed with PBS, and the test
compounds were added at final concentrations of 10 uM and 1 pM (for Ko143) in RPMI medium
without FBS. For the ABCG2 transporter inhibition assay, the test compounds were added at
concentrations of 0.1, 0.5, 5, and 10 pM. Hoechst 33342 fluorescent dye (Sigma Aldrich) was then
added at a final concentration of 0.5 puM, and the mixture was incubated for 60 minutes at 37 °C in
the dark. After incubation, the cells were washed with PBS, and Hoechst 33342 fluorescence was
measured using a Tecan Genios microplate reader (Tecan, Maéinnedorf, Switzerland) at
excitation/emission wavelengths of 360 nm/465 nm. The inhibition of transporter activity was
calculated as described by Telbisz et al. [40], by comparing the fluorescence intensity in the presence
of the test compounds with the fluorescence intensity observed with the reference inhibitor Ko143,
which induces maximal transporter inhibition.

4.6. Statistics

Data are presented as the mean + standard deviation (SD). Statistical significance was evaluated
using one-way ANOVA followed by Dunnett’s post-hoc test. All statistical analyses were performed
using GraphPad Prism 5, with significance levels indicated as follows: NS (not significant), *p < 0.05,
**p <0.01, and ***p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Antiproliferative activity of hybrids of harmine and quinoline-based
antimalarials in U251 and SH-SY5Y cell lines.
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