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Abstract:

Background: Dual-targeting in cancer treatment by a single drug is an unconventional approach
in relation to drug combinations. The rationale for the development of dual-targeting agents is to
overcome incomplete efficacy and drug resistance frequently present when applying individual
targeting agents. Consequently, -a more favorable outcome of cancer treatment is expected with
dual-targeting strategies. Methods: We reviewed the literature, concentrating on the association
between clinically relevant and/or novel dual inhibitors with potential to modulate multidrug
resistant phenotype of cancer cells, particularly the activity of P-glycoprotein. The balanced
analysis of content was performed to emphasize the most important findings and optimize the
structure of this review. Results: Two-hundred and forty five papers were included in the
review. The introductory part was interpreted by 9 papers. Tyrosine kinase inhibitors’ role in the
inhibition of P-glycoprotein and chemosensitization was illustrated by 87 papers. The
contribution of natural-based compounds in overcoming multidrug resistance was reviewed
using 92 papers, while specific dual inhibitors acting against microtubule assembling and/or
topoisomerases were described with 55 papers. Eleven papers gave an insight into a novel and
less explored approach with hybrid drugs. Their influence on P-glycoprotein and multidrug
resistance was also evaluated. Conclusion: These findings bring into focus rational anticancer
strategies with dual-targeting agents. Most evaluated synthetic and natural drugs showed a great
potential in chemosensitization. Further steps in this direction are needed for the optimization of
anticancer treatment.
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1. INTRODUCTION

New drug design in anticancer research is guided by the increasing knowledge of druggable

targets. The main idea behind this approach is that modulation of a particular cancer biomarker
will achieve a therapeutic benefit. Selective drugs against cancer cells should eradicate tumors
more specifically, reducing side effects in normal cells. However, the inhibition of a single target
often shows transient efficacy due to the development of drug resistance. Knowing that cancers
are heterogeneous entities, the simultaneous intervention on multiple targets is necessary to
obtain the optimal effect.
One way to achieve the simultaneous blockage of two or multiple targets is combination
chemotherapy. However, two or more drugs often possess different pharmacokinetic profiles and
metabolic stabilities. In addition, combination chemotherapy may produce adverse drug-drug
interactions. An alternative strategy to overcome these problems is to suppress two or multiple
targets with a single drug. This approach could even simplify patients’ treatment. However, the
risk of off-target activity is present with dual/multi-targeting agents. Therefore, integrated
approaches in designing multi-targeting compounds are necessary to enable blockage of the
desired oncogenic pathways [1, 2]. However, newly designed drug with a potential to inhibit
several targets should be tested against cancer multidrug resistance (MDR) because the
development of MDR is one of the main issues that can arise during the course of any anticancer
therapeutic strategy [3]. While MDR includes a large variety of factors and processes, the key
trigger is usually the overexpression of adenosine triphosphate (ATP)-binding cassette (ABC)
transporters in the cell membrane. P-glycoprotein (P-gp) is an MDR efflux pump that transports
a wide range of xenobiotic compounds out of the cell implying inhibition of P-gp transport as an
attractive therapeutic strategy for overcoming MDR. Numerous newly discovered P-gp inhibitors
exhibited significant side-effects and haven’t successfully passed clinical trials [3, 4].

P-gp shows high promiscuity with more than 300 compounds identified as its substrates. P-
gp functioning depends on ATP hydrolysis. On the other side, its ATPase activity is stimulated
by substrates. Although, P-gp possesses two active ATPase sites, only one ATP is hydrolyzed at
a time. Recent study showed that substrate release occurs prior to ATP hydrolysis [5].

Highly flexible drug-binding pocket is perceived as an important characteristic of P-gp that
enables different compounds to bind P-gp at the same time [6]. In addition, the same compound
could bind several distinct sites on P-gp [7].

P-gp inhibition occurs when the transporter is overloaded by its substrate and the hydrolysis
of ATP is highly stimulated, as well as when ATP-binding or ATP-hydrolysis is suppressed.
Alternatively, P-gp activity could be decreased due to the inhibition of its expression [8].

Herein, we review current studies on small molecule inhibitors that act against several targets
and at the same time interact with resistant phenotype in a preferable way by inhibiting P-gp
activity/expression in MDR cancer cells. In addition, we discuss the challenges and the potential
of dual inhibitors in cancer treatment.

The first group of dual-targeting agents in focus of this review is comprised of tyrosine kinase
inhibitors (TKIs). TKIs interfere with the binding of ATP, causing direct inhibition of tyrosine
kinases’ catalytic activity [9] and may also inhibit the activity of ABC transporters by binding at
their nucleotide binding domains.

Compounds of natural origin are the second group of evaluated dual-targeting agents. Many
of them exerted significant anti-P-gp activity. This feature qualified natural-based compounds as
promising drug candidates for MDR treatment.

Two important targets in anticancer research are microtubules and topoisomerases.
Compounds designed to target microtubules and other targets within cancer cell, compounds that



target both topoisomerases | and I, and dual inhibitors of microtubules and topoisomerases were
also evaluated in this review.
In addition, special attention is given to the hybrid compounds comprised of different
scaffolds and moieties with stronger anticancer and anti-P-gp potential than parental compounds.
Although, this is not a final list of compounds that act against dual/multi-targets, the aim of
this review is to introduce some major classes of synthetic, natural and hybrid compounds with
such properties in the context of MDR, particularly P-gp inhibition.

2. TYROSINE KINASE INHIBITORS

Tyrosine kinase inhibitors (TKIs) are small hydrophobic molecules that easily penetrate into
cells and target both membrane bound and cytoplasmatic kinases. Most TKIs are multikinase
inhibitors that simultaneously target several kinases, therefore affecting multiple cellular
processes deregulated in cancers. Even though they are very potent anticancer drugs beneficial in
the treatment of a substantial number of cancer patients, the development of acquired resistance
significantly limits the efficiency of TKI therapies. One of the mechanisms that contribute to the
resistance to TKIs is overexpression ABC transporters, particularly P-gp (coded by
ABCB1/MDR1 gene) [10]. Most TKIs are substrates for ABC transporters which by pumping
inhibitors out of the cells limit their oral bioavailability, brain penetration, and finally,
intracellular level [11]. However, depending on the applied concentrations of TKIs, their
interaction with ABC pumps can be rather complex. Since TKIs interfere with the ATP-binding,
it is reasonable to expect that TKIs may also inhibit the activity of ABC transporters. For most
TKIs such inhibitory function against ABC transporters is reported at higher concentrations [12].
Unlike other ABC transporters substrates, that at higher concentration could also inhibit these
pumps, inhibitory TKI concentrations are still clinically achievable and at the same time
tolerable. This is of particular significance for TKI application in combined treatments with ABC
transporters substrates in order to re-sensitize resistant tumor cells to therapy [11, 13].
Importantly, it was demonstrated that some TKIs act solely as ABC transporters inhibitors either
suppressing their activity or expression [12]. To elucidate whether TKIs (as well as other
anticancer agents) inhibit P-gp merely by overloading the transporter or as true P-gp inhibitors,
MDR models comprised of pairs of sensitive/resistant cell lines have to be employed [14]. No
significant discrepancy between 1Cs, values obtained in sensitive and corresponding resistant
cells with P-gp overexpression indicate that particular anticancer agent is not a substrate for P-
gp. If such compound is able to inhibit P-gp activity, it should be considered as a true P-gp
inhibitor.

In this review, we discuss the main aspects of the inhibitory interaction of clinically relevant
TKIs with P-gp, as the most important representative of ABC transporters, and their modulatory
effect on drug resistance. The information regarding TKIs targets and anti-P-gp functions is
summarized in Table 1.

Table 1. Tyrosine kinase inhibitors with multi-targeting and anti-P-gp potential

TKI Alternate T_arget Effect on P-gp Chemosensitization
name(s) kinases
Downregulation
Functional of expression In vitro In vivo
inhibition (mRNA (cancer cell types) (cancer types)
and/or protein)
Bcr-Abl inhibitors
STI-571, Bcr-Abl, myelogenous leukemia
Imatinib Gleevec®, PDGFR, c- + + (K562/A02)[17], n/a

Glivec® KIT embryonic kidney cells (HEK-




osteosarcoma MG63/DOX

epidermoid carcinoma (KB-C2,

KB-V1)[26,29], synovial xenografts in athymic
sarcoma (SW982) BALB/c-nude mice[28];
Ber-Abl, leiomyosarcoma (SK-UT-1)[25], . . .
Nilotinib AM_N107, PDGFR. c- . + leukemia (CD34+CD38— stem), epidermoid carcinoma KB-
Tasigna® KIT epidermoid carcinoma C2,NSCLC H469/MX-20,
(KBv200), colorectal embryonic kidney
adenocarcinoma (S1-M1- HEK/MRP?7 xenografts in
80)[27], osteosarcoma athymic N(;R (nu/nu) nude
(MG63/DOX)[28] mice[29]

SKI-606, Ber-Abl,

Bosulif® c-Sre, * - n/a n/a

Bosutinib

EGFR Inhibitors

epidermoid carcinoma (KB-
C2)[41], myelogenous leukemia
(KG-1)[42], myelogenous
leukemia (K562/MDR)[43]

OSI-774,

Erlotinib Tarceva®

EGFR, Jak + + n/a

epidermoid carcinoma
KBVv200 xenografts in
athymic (BALB/c-nu/nu)
nude mice[49]

i} R epidermoid carcinoma
;l-'e':ll ﬁ;gm I-élélié + - (KBV200), breast carcinoma
Y (MCF-7/ADR)[49]

Neratinib

VEGFR Inhibitors

hepatocellular carcinoma

BAY 43- VEGFR, (SMMC7721/ADM, gastric carcinoma
Sorafenib 9006, PDGFR, + + BEL7402/ADM, HuH-7)[59] SGC7901/DDP xenografts
Nexavar® RAF gastric carcinoma in BALB/C nude mice[60]
(SGC7901/DDP)[60]

breast carcinoma (MCF-
. 7/ADR), epidermoid carcinoma n/a
- (KBV200)[70], ovarian

carcinoma (IGROV1-DXR)[71]

ZD6474, VEGFR,
Caprelsa® EGFR, RET

Vandetanib




Cabometyx®,  AXL, RET, (HepG2/ADR), breast carcinoma BALB/C nude mice[72]

Cometrig® c-KIT, FLT- (MCF-7/ADR), embryonic
3, TIE-2, kidney cells (HEK-293
TRKB ABCB1), NSCLC (NCI-
H460/MX20)[72]
VEGFR,

colorectal adenocarcinoma

BAY 73- TIE2 RET, (SW620/ADR), embryonic

colorectal adenocarcinoma

Regorafenib « 4506, o Pcl:-)léll;ré + - Kidney cells (HEK-293 iIV(\:/gzl\(IJL/JAI\BIR xgnog_raft?3 ;n
tivarga oo , ABCB1)[37] -M nude mice[37]
VEGFR, breast carcinoma (MCF-
FGFR, 7/ADR), colorectal
Nintedanib \B,L?galtigg PDGFR, " _ adenocarcinqma (Sl—Ml-SO), n/a
Ofev® Src, Lck, promyelocytic leukemia (HL-
Lyn, and 60/ADR), hepatocellular
FLT-3 carcinoma (HepG2/ADR)[74]
ALK Inhibitors
breast carcinoma (MCF-
ALK, c- 7IADR), epidermoid carcinoma
PF-02341066 MEII' (KBv200), promyelocytic epidermoid carcinoma
Crizotinib Xalkori® ' HGFR; + = leukemia (HL-60/ADR), KBv200 xenografts in
ROSly colorectal adenocarcinoma (S1- BALB/C nude mice[75]

M1-80), embryonic kidney cells
(HEK-293 ABCB1)[75]

2.1. Ber/Abl Tyrosine Kinase Inhibitors

Imatinib (STI-571, Gleevec®, Glivec®) is a specific, first generation, inhibitor of Ber-Abl
tyrosine kinase activity that also targets platelet-derived growth factor receptor (PDGFR) and
mast/stem-cell growth factor receptor (c-KIT). As a first FDA (Food and Drug Administration)
approved TKI, clinically used since 2001 [15], it was extensively studied regarding its
interactions with ABC transporters. Although it was proven to be the high affinity substrate for
P-gp [16], it was discovered that imatinib may also act as P-gp inhibitor, which is of high
importance for its clinical application. This TKI was shown to completely or partially reverse
resistance to various P-gp substrates, such as daunorubicin [17], romidepsin [18], vincristine,
paclitaxel (PTX), etoposide, and actinomycin D [19]. However, the influence of imatinib on the
reversal of resistance to doxorubicin (DOX), the most common P-gp substrate, is unclear. Mukai
and collaborators reported no effect of imatinib on modulation of DOX resistance, while Sims
and colleagues observed reversal of intrinsic and prevention of acquired resistance to DOX [19,
20]. Generally, the effect of imatinib on MDR reversal is attributed to its potential to modulate
P-gp activity and expression. Imatinib downregulates its gene and protein expression [17, 20]
and directly interacts with P-gp, causing inhibition of substrates efflux and their increased
intracellular retention, therefore exerting similar effects as classical P-gp inhibitor verapamil [18,
20]. However, this P-gp modulatory effect is achieved only at higher doses [18, 21]. Other
authors have shown that imatinib could modulate P-gp mediated resistance independently of P-
gp overexpression mainly by the induction of apoptosis [22, 23]. Although; imatinib is mainly
used for treatment of chronic myeloid leukemia (CML), its MDR reversal effects were also
studied in other types of cancer, such as melanoma and breast carcinoma [20]. Moreover, in
colon cancer anti-P-gp potential of imatinib was tested using novel platform for its delivery
based on hyaluronan coated liposomes [24].

Since CML patients often develop resistance to imatinib, novel, second-generation, inhibitor
of Bcr-Abl, PDGFR and c-KIT, Nilotinib (AMN107, Tasigna®); was developed and approved
for clinical practice in 2007. Nilotinib is more potent than imatinib in inhibiting Bcr-Abl tyrosine
kinase activity and P-gp transporter function [13, 18, 21, 25]. It potentiates cytotoxicity and
reverses resistance to common P-gp substrates, DOX, PTX, vincristine and colchicine, by
blocking their efflux and enhancing intracellular accumulation [25-28]. This effect of nilotinib in



modulating resistance to DOX and PTX was also shown in vivo on different MDR cancer models
[28, 29]. It is interesting to note that, in the study of Villar and colleagues, nilotinib showed
synergistic antitumor effect with DOX, on the level of growth inhibition and apoptosis induction,
in co-treatment and pretreatment and even had prolonged effect after drug withdrawal [25]. They
observed that nilotinib downregulated basal cellular P-gp expression and DOX-induced
upregulation of P-gp by blocking p38MAPK phosphorylation. However, in another study
nilotinib was not shown to affect P-gp protein expression [26].

Dasatinib (BMS-354825, Sprycel®) is another second-generation multi-Kinase inhibitor that
is used to treat imatinib resistant or intolerant patients with Philadelphia chromosome—positive
(Ph+) chronic myeloid leukemia (CML). It is most potently active against Bcr—Abl kinase and
Src family kinases, including c-Src, Lck, Fyn, and Yes. Its role as P-gp inhibitor was also
proven, although it is less potent than nilotinib and imatinib [13, 18]. Nevertheless, in vitro study
on breast carcinoma cells overexpressing P-gp, have shown that dasatinib potentiated sensitivity
of those cells to DOX, inhibited DOX efflux by P-gp, increased intracellular DOX accumulation
and enhanced DOX-induced apoptosis [30]. This effect was mediated by downregulation of P-gp
MRNA and protein level, which was associated with the block of ERK phosphorylation. Recent
studies have shown that dasatinib could also enhance PTX cytotoxicity and its intracellular
accumulation in resistant breast carcinoma cell line (MCF-7/Adr) using novel, reduction-
sensitive micelles based, co-delivery system to load PTX and dasatinib [31]. Tsubaki and
colleagues suggested that dasatinib exerts its inhibitory effect on P-gp protein and enhancement
of drug sensitivity by suppressing Src activation in multiple myeloma cell lines [32].

Bosutinib (SKI-606, Bosulif®) is another dual Src/Abl TKI approved for use in imatinib
resistant/intolerant CML. However, there are little data regarding its interaction with P-gp. It was
reported in a single study that bosutinib could inhibit P-gp mediated fluorescent dye efflux but
with less potency than nilotinib and dasatinib [13].

In order to overcome resistance or intolerance to imatinib and related TKIs, a third-
generation inhibitor, Ponatinib (AP24534, Iclusig®), was developed and approved for the
treatment of CML and Ph+ acute lymphoblastic leukemia, particularly those with severe
resistance-related, BCR-ABLT315] mutation. Besides Bcr/Abl, ponatinib inhibits several other
kinases, such as fms-like tyrosine kinase 3 (FLT3), fibroblast growth factor receptors (FGFRS),
vascular endothelial growth factor receptors (VEGFRs) and angiopoietin (Tie2). Sen and
associates have shown that ponatinib also has inhibitory effect on P-gp [33]. According to their
study, ponatinib enhances uptake of P-gp substrates in P-gp overexpressing leukemic cells. It
also decreases P-gp expression. Overall, it produced synergistic cytotoxic effect with
daunorubicin and enhanced daunorubicin induced apoptosis, without effect on cell cycle.

2.2. EGFR Tyrosine Kinase Inhibitors

Gefitinib (ZD1839, Iressa®) is the first EGFR tyrosine kinase inhibitor approved for cancer
treatment, specifically advanced non—small cell lung cancer (NSCLC). Although it was initially
used as a monotherapy, it was shown that gefitinib has potential to reverse resistance when
combined with various P-gp substrates, DOX, PTX, docetaxel, vincristine and cisplatin [34-37].
Its MDR reversing effect considerably depends on the applied concentrations, ranging from no
or partial effect when applied in low doses [34, 38] to moderate or pronounced effect when used
in clinically relevant or high doses [34, 35]. Similar to other TKIs, it directly interacts with P-gp
and inhibits its function. It was shown that gefitinib increased intracellular accumulation of
different fluorescent P-gp substrates (DOX, rhodamine 123, calcein-AM) in various cell lines
overexpressing P-gp, such as canine or pig kidney epithelial cells and human lung and breast
carcinoma cells [35, 36, 39]. Its P-gp modulating effect was also shown in vivo. Namely,



gefitinib increased topotecan oral bioavailability and reduced its clearance in ABCBL1 deficient
mice [36]. It also reduced the tumor burden and weight, and also decreased ABCB1 mRNA
level, when combined with cisplatinin-resistant human bladder carcinoma xenografted mice [40].

Erlotinib (OSI-774, Tarceva®) is another orally administered inhibitor of the EGFR tyrosine
kinase used to treat NSCLC, pancreatic cancer and several other cancer types. Similar to
gefitinib, it potentiates cytotoxicity of various P-gp substrates, colchicine, PTX and vinblastine
in P-gp-overexpressing human epidermoid carcinoma cell line [41], as well as DOX and
etoposide in acute myelogenous leukemia cells [42]. However, in another in vitro model of acute
myeloid leukemia, it was shown that erlotinib inhibitory effect towards P-gp is dependent on
substrate type. Namely, it reversed resistance to vincristine and PTX but did not affect P-gp
mediated resistance to DOX and even enhanced P-gp mediated resistance to mitoxantrone [43].
Generally, it was demonstrated that MDR reversing effect of erlotinib is mediated by direct
interaction with P-gp and inhibition of its function, without effecting P-gp protein level [42, 43].
However, Lainey and colleagues observed that erlotinib reduced the amount of surface-exposed
P-gp.

Development of resistance to gefitinib and erlotinib led to the design of second-generation
EGFR inhibitors, such as afitinib and neratinib. Afatinib (BIBW 2992, Gilotrif®, Giotrif®) is an
irreversible inhibitor of both the epidermal growth factor receptor (EGFR) and human epidermal
receptor 2 (HER2) tyrosine kinases used as the first-line treatment of NSCLC patients with
EGFR- mutations. Initial study on the afatinib interaction with ABC transporters showed that it
did not interact with P-gp and didn’t enhance the cytotoxicity of DOX in several DOX-resistant
cell lines [44]. On the contrary, later reports revealed that afatinib had potential to reverse P-gp-
mediated resistance in P-gp overexpressing ovarian and lung cancer cells [45, 46]. Most
importantly, docking simulation study of Wang et al. showed that afatinib directly binds to ATP
binding domain of P-gp and therefore inhibits its efflux function. Such in silico analysis is the
most rational initial approach, prior to in vitro and in vivo studies, for prediction of interaction
between TKI and ABC transporters and evaluation of molecular mechanism of pump inhibition
[47, 48]. In addition, to interact with P-gp, afatinib reduces ABCB1 mRNA and protein level via
down regulation of PI3K/Akt and by blocking mTOR phosphorylation, as well as through
MAPK/p38 mediated inhibition of NF-xB [45, 46]. Reversal effect of afatinib was also proven in
vivo. The combination of PTX and afatinib significantly delayed growth and induced regressions
of P-gp overexpressing ovarian cell xenografts [45].

Neratinib (HKI-272, NerlynxTM) is another irreversible, small-molecule, tyrosine kinase
inhibitor of both EGFR and Her-2 that also interacts with P-gp but with the opposite mechanism
of action compared to afatinib [49]. Unlike afatinib, neratinib binds at large cavity of the
transmembrane region of P-gp. Also, contrary to afatinib, it does not affect P-gp mRNA and
protein level and does not alter Akt phosphorylation. Still, Zhao and colleagues demonstrated
that neratinib improved sensitivity of P-gp overexpressing cell lines and primary leukemia blasts
to main P-gp substrate anticancer drugs and reversed P-gp-dependent resistance in the nude
mouse xenograft model.

Among all EGFR inhibitors, second-generation inhibitor lapatinib is the most extensively
studied regarding its interactions with P-gp transporter. Lapatinib (INN, GW572016, Tyverb®,
Tykerb®) 1s a multikinase inhibitor that reversibly blocks phosphorylation of EGFR
andHER2/Neu as the main targets. As a P-gp inhibitor it is the most effective compared to the
first-generation inhibitors, gefitinib and erlotinib [50]. Several studies have shown that lapatinib
can restore chemosensitivity to many P-gp substrates (DOX, docetaxel, epirubicin, PTX,
vinblastine, etoposide) in various resistant cells [50-53]. It is efficient in clinically relevant
concentrations and may even have prolonged effect upon drug withdrawal [52]. As many other



inhibitors, lapatinib directly interacts with P-gp but without effect neither on ABCBL1
transcription nor on Akt and MAPK phosphorylation [51, 52]. Although Dai and co-authors did
not report change in P-gp protein level upon lapatinib treatment, Dunne and colleagues
suggested that lapatinib exerts its effect on P-gp protein synthesis [51, 52]. According to a study
on resistant small cell lung carcinoma cells, lapatinib might also indirectly reduce P-gp function
through HER2 dephosphorylation, causing Src activation, subsequently leading to caveolin-1
phosphorylation and its relocation that inhibits P-gp activity [53]. MDR modulating effect of
lapatinib observed in vitro was also verified in vivo showing its potential to suppress growth of
drug resistant xenografts in mice [51, 53]. In addition, it was shown that a combination of
lapatinib and PTX could be successfully delivered by lipopolymer micelles to prostate cancer
cells in vitro and in vivo in order to overcome drug resistance [54]. However, Dai and
collaborators reported that cotreatment with lapatinib and PTX could increase hepatotoxicity due
to increased drug accumulation in hepatocytes as the consequence of P-gp inhibition by lapatinib
[55].

Recently, a novel selective, irreversible third-generation EGFR TKI, osimertinib (AZD9291,
Tagrisso®) was approved by FDA for the treatment of patients with metastatic EGFR T790M
mutation-positive NSCLC. Osimertinib has theability to sensitize various P-gp-overexpressing
cells to colchicine, vincristine, PTX and DOX, with similar effect to classical P-gp inhibitors
[56-58]. According to docking simulations, osimertinib directly interacts with P-gp
transmembrane domain [58] and, as expected, impairs its function without influence on neither
P-gp expression nor localization [56, 57]. P-gp modulating effects of osimertinib were also
evidenced ex vivo on P-gp-overexpressing primary leukemia cells and in vivo as well [57].

2.3. VEGFR Tyrosine Kinase Inhibitors

Sorafenib (BAY 43-9006, Nexavar®) is a multikinase inhibitor for vascular endothelial
growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR) and rapidly
accelerated fibrosarcoma (RAF) kinases, therefore interfering with both angiogenesis and growth
signaling. In addition, sorafenib restored chemosensitivity to conventional chemotherapeutics in
drug-resistant hepatocellular carcinoma in vitro and gastric carcinoma in vitro and in vivo [59,
60]. This effect is achieved through the inhibition of ERK/MAPK and Akt signaling and
decrease of ABCBL1 gene and protein expression [59-61]. Moreover, sorafenib blocks function of
P-gp as observed through the increase in rhodamine 123 uptake and intracellular retention and
inhibition of calcein-AM efflux [62, 63]. However, according to the report of Wei et al. sorafenib
did not influence MDR mediated by P-gp in leukemia P-gp-overexpressing cells, since it did not
interfere with P-gp activity nor its expression [64].

Sunitinib (SU011248, Sutent®) is another multikinase inhibitor that intervenes with cellular
proliferation and angiogenesis by targeting VEGFR, PDGFR, c-KIT, and FLT3. First studies on
its interaction with P-gp showed no significant reversing effect on P-gp mediated drug resistance
[65, 66]. However, reports on drug resistant gastric and lung cancer cells, as well as on ovarian
adenocarcinoma tumor endothelial cells, showed sunitinib’s potential to sensitize cells to classic
chemotherapeutics [67-69]. These studies suggested that sunitinib interferes with P-gp function
resulting in increased intracellular level of rhodamine 123 and cytotoxic drugs. According to Hu
and colleagues, sunitinib is even more potent in inhibiting P-gp function than sorafenib [63].
However, the data regarding its effect on P-gp expression are inconsistent, showing no influence
on mMRNA and protein level or their significant downregulation [67, 68]. Sunitinib’s effect on P-
gp is accompanied by the arrest in cell cycle and increase in apoptosis level, with the
downregulation and inhibition of anti-apoptotic cellular components, as well as reduced
phosphorylation of Scr, Akt, and ERK [67, 68].



Several other small-molecule compounds were developed as efficient VEGFR and other
kinases inhibitors. Those include vandetanib (ZD6474, Caprelsa®), cabozanitinib (XL184,
BMS907351, Cabometyx®, Cometriq®), regorafenib (BAY 73-4506, Stivarga®) and
nintedanib (BIBF1120, Vargatef®, Ofev®). All these TKIs were shown to inhibit P-gp activity
and successfully reverse resistance to standard chemotherapeutic drugs in various human P-gp
overexpressing cancer cell lines [37, 70-74]. Specifically, they directly interacted with P-gp and
increased intracellular accumulation of fluorescent P-gp substrates, but did not alter the
expression or localization of the pump. In addition, regorafenib and nintedanib were reported to
inhibit ATP-ase activity of P-gp [37, 74], while docking study showed that cabozanitinib share
binding site on P-gp with classical P-gp inhibitor verapamil [72]. In vivo studies were conducted
for cabozanitinib and regorafenib showing their potential to enhance antitumor effect of DOX
and PTX in resistant P-gp overexpressing xenografts of hepatocellular and colorectal carcinoma,
respectively, in nude mice [37, 72].

2.4. ALK Tyrosine Kinase Inhibitors

Anaplastic lymphoma kinase (ALK) is one of the kinases also recognized as a good candidate
for targeting by small-molecule inhibitors in order to fight cancer. Several ALK tyrosine kinase
inhibitors, including crizotinib (PF-02341066, Xalkori®), ceritinib (LDK378, Zykadia®) and
alectinib (Alecensa®), have been developed and approved for clinical practice. All three
inhibitors were shown to block P-gp activity and enhance cytotoxicity of standard
chemotherapeutics in several human cancer cell lines with P-gp mediated drug resistance [75-
77]. They directly interfere with P-gp function, therefore increasing the intracellular level of
fluorescent P-gp substrates and inhibiting their efflux, but without effect on P-gp expression nor
phosphorylation of c-Met, Akt, ERK1/2.

2.5. Cyclin-dependent Kinases 4 and 6 (CDK4/6) Inhibitors

Palbociclib (PD-0332991, Ibrance®) and abemaciclib (LY2835219, VerzenioTM) are two
clinically used CDKA4/6 inhibitors that were recently reported to suppress P-gp function [78, 79].
Their anti-P-gp role in human cancers was tested in vitro and leads to increased sensitivity to
common cytotoxic therapies in drug resistant cells with overexpressed P-gp. In case of
abemaciclib, chemosensitizing effect was also proven in vivo showing synergistic effect with
PTX in inhibiting growth of drug resistant xenografts without toxic side effects. As most-TKIs,
palbociclib and abemaciclib block P-gp efflux function, thusincreasing intracellular retention of
its substrates, without varying its expression on mRNA and protein level. Interestingly, their
MDR modulating effect is completely independent from the inhibition of CDKA4/6 and
retinoblastoma pathway.

2.6. Other Tyrosine Kinase Inhibitors

There are several other clinically approved TKIs that were shown to interact with P-gp and
reverse P-gp related drug resistance, such as B-RAF inhibitor, vemurafenib (PLX4032,
Zelboraf®), MEK inhibitor, trametinib (GSK1120212, Mekinist®) and BTK inhibitor,
ibrutinib (Imbruvica®). However, there are only individual studies for these inhibitors
demonstrating their antagonizing effect on P-gp function in vitro and in vivo [80-82] and they are
summarized in Table 1.

Moreover, there is a large number of TKIs that are in different phases of preclinical or clinical
trials and that have potential to overcome MDR and modulate P-gp activity [83-86]. List of such
TKIs is constantly growing, emphasizing thesignificance of their multifunctionality in anticancer
treatment.



3. NATURAL-BASED COMPOUNDS

Several plant-based compounds and extracts, as well as compounds found in other natural
sources, have been shown to inhibit P-gp and modulate MDR [87, 88]. In addition to P-gp
inhibitory activity, some of these compounds act as inhibitors of other targets that are, directly or
indirectly, responsible for the occurrence of MDR phenotype in cancer cells. Herein, we address
the origin, function, and mechanism of action of dual target natural compounds with MDR
reversal potential. The information about anti-P-gp activity and chemosensitization potential of
most important compounds is summarized in Table 2.

Table 2. Natural and natural-based compounds with multi-targeting and anti-P-gp potential

Effect on P-gp

Chemosensitization

Compound Targets Functional  Downregulation In vitro In vivo
inhibition of expression (cancer cell types) (cancer types)
(MRNA
and/or protein)
ERK/p38 breast carcinoma drug-resistant (MCF-

Silymarin MAPK - 7/ADR, MDAA435/LCC6MDR1)[99] n/a

pathway

Quercetin ngiA; ! + gastric carcinoma (EPG85-257RDB)[101] n/a
CYP3A, Akt . .

— ] breast carcinoma drug-resistant (MCF-

Myricetin AP-lI,Dtiyclm 7/ADR)[105] n/a

Wogonin CDK9, Mcl-1 = promyelocytic leukemia (HL-60)[107] n/a
NOS, PKC,

EGFR tyrosine epidermoid carcinoma (KB-V1)[117],
kinase, GST-, gastric carcinoma (SGC7901/VCR)[118],

Curcumin Topo-Il, NF- + ileocecal colorectal adenocarcinoma HCT-8/VVCR xenografts in
kB, c-jun, c- (HCT-8/VCR)[121], NSCLC (NCI- BALB/C nude mice[121]
fos, MAPKSs, H460/R)[123], mouse lymphocytic
ERK, PI3K, leukemia (L1210/Adr)[122]

Akt, CDKs
PARP, Bax,
. Caspase 9, Bcl- breast carcinoma drug-resistant (MCF-
Galbanic acid 2, Bel-x(L), = 7IADR)[128] n/a
Mcl-1
Cytochrome c,
Bergaptol Bax, Caspase- _ colorectal adenocarcinoma n/a
3, Caspase-9, (Caco-2)[131]
Bcl-2
JINK, p38,
MAPK, ERK,
Ophiobolin O Bcl-2, Akt, + breast carcinoma (MCF-7/ADR)[138] n/a
GSK3B, cyclin
D1
TNFR1,
TRAIL
R1/DR4,
Paris saponin V11 TRAIL + breast carcinoma drug-resistant (MCF- n/a
R2/DRS, 7/ADR)[141]
FADD, PARP,
caspase-8,
caspase-3
epidermoid carcinoma (KBV20C)[142], . .
Ginsenoside Rg3 NF-kB, VEGF = colorectal adenocarcinoma (SW620, x?nuo"r:zflélﬁegéap?ni?cﬁ%]
HCT116)[143] 9

Gracillin Bcl-2, SOD - myelogeno(LislggI/(s;r;ﬁg;l]Jg-resustant n/a
Bcl-2, MMP,

Ivohvlli Iﬁax, c myelogenous leukemia drug-resistant /
et g0 ) o Tee - (K562/R7, K562/A02)[147,149] L
aspase-3, p-

JNK




MMP-9, NF- breast carcinoma drug-resistant (MCF-

Glaucine B + - 7/ADR)[152] nla
PI3K/Akt
pathway, Bax,
Bcl-2 Caspase-
Cepharanthine 3, PARP, Bcl- + + myelogenous leukemia (K562)[156] n/a
XL c-Myc,
cyclin D1,
Hsp90a
colorectal adenocarcinoma (HCT-15,
Tetrandrine Akt, ERK + - Caco-2)[161,162], T lymphoblastic n/a
leukemia (CEM/ADR5000)[162]
PI3K, Akt, colorectal adenocarcinoma (HCT-15,
Fangchinoline Bax, Bcl-2, + = Caco-2)[161,162], T lymphablastic n/a
FAK leukemia (CEM/ADR5000)[162]
. Bax, Bcl-2, myelogenous leukemia drug-resistant
Indole-3-carbinol NE-«B - + (K562/R10)[167] n/a
Akt, mTOR,
Cannabidiol é:e{(i::]nlgr%& + + colorectal adenocarcinoma (Caco-2)[172] n/a
Bcl-2

3.1. Polyphenols

Multiple plant derived polyphenolic compounds, such as flavonoids and stilbenes or their
synthetic derivatives, have been reported to modulate P-gp activity [89].

(-)-Epigallocatechin-3-gallate (EGCG), the most abundant polyphenolic catechin in green
tea, has been shown to downregulate P-gp in a tamoxifen resistant MCF-7 cell line [90]. In
addition, EGCG has been reported to inhibit Hsp90 function by impairing Hsp90 association
with co-chaperones in pancreatic cancer cell line Mia Paca-2 [91].

8-Prenylnaringenin, a potent phytoestrogen isolated from hops (Humulus lupulus), was
shown to strongly inhibit P-gp activity in human erythrocytes as well as human adenocarcinoma
cell line [92]. This prenylflavonoid is also a strong inhibitor of human estrogen receptor ERa and
ERSB [93].

Icaritin, first isolated from the Chinese herb Herba epimedii, demonstrated anticancer
activity against HepG2 liver cancer cell line. This flavonoid significantly increased the
intracellular accumulation of DOX and decreased the expression of the MDR1 gene in a multiple
drug-resistant HepG2 HepG2/ADR cell line compared with drug-sensitive HepG2 cells and also
significantly downregulated the expression of P-gp [94]. In addition, Wu et al. found that icaritin
exerted anti-melanoma activities partially due to inhibition of fatty acid synthase signaling [95].

Baicalein, a flavonoid isolated from Scutellariae radix, caused inhibition of the P-gp
transporter in the small intestine [96]. In addition to its ability to act as the efflux pump inhibitor,
baicalein has also been reported to inhibit Src tyrosine kinase [97].

Silymarin has been reported to inhibit P-gp mediated efflux in colon cancer Caco-2 cell line
[98], potentiate the cytotoxicity of DOX in P-gp expressing cells through modulation of P-gp
ATPase activity [99], as well as ERK/p38 MAPK pathway in human bronchial epithelial cells
[100].

Another flavonoid, quercetin, was reported to chemosensitize P-gp-expressing gastric
carcinoma EPG85-257RDB cell line by downregulating P-gp expression and inhibiting drug
efflux [101]. Quercetin was also reported to significantly inhibit the CYP3A4 activity both in
vitro [102] and in vivo [103] and increase the bioavailability of DOX. In addition, quercetin
exhibited potent COX-2 inhibitory activity and induced apoptosis and cell cycle block in vitro in
human oesophageal adenocarcinoma OE33 cell line [104].

Myricetin significantly increased rhodamine 123 accumulation in P-gp-overexpressing MCF-
7/ADR cells. It also increased DOX absorption in the gastro-intestinal tract via P-gp inhibition
and reduced DOX metabolism due to CYP3A inhibition in the small intestine and liver [105].



Another study showed that myricetin inhibited the phosphorylation and kinase activity of Akt via
binding to the ATP-binding site. Myricetin also inhibited Akt-mediated activator protein-1 (AP-
1) transactivation, cyclin D1 expression and cell transformation [106].

Wogonin (5,7-dihydroxy-8-methoxyflavone), a flavone originating from roots of Scutellaria
baicalensis Georgi, impaired the function of P-gp and triggered etoposide-induced apoptosis in
human promyelocytic leukemia cells HL-60 [107]. Polier et al. demonstrated that wogonin is
also an inhibitor of cyclin-dependent kinase 9 (CDK9) and blocks phosphorylation of the
carboxy-terminal domain of RNA polymerase Il at Ser2 which leads to reduced RNA synthesis
and subsequently rapid downregulation of myeloid cell leukemia 1 (Mcl-1) protein resulting in
apoptosis induction in cancer cells [108]. Pull-down and in silico docking studies demonstrated
that wogonin directly binds to CDK9. Moreover, wogonin preferentially inhibited CDK9 in
leukemic cell lines compared to normal lymphocytes.

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) enhanced the cytotoxicity of docetaxel and
DOX in solid tumors by inhibiting the P-gp efflux and downregulating the MDR1 gene [109]. In
addition, it was reported that resveratrol directly binds to cyclooxygenase-2 (COX-2) and thus
prevents the formation of human colon adenocarcinoma HT-29 colonies in soft agar [110].

A study has demonstrated that polyphenolic compounds caffeic acid phenetyl ester,
licochalcone A, and anacardic acid, have dual inhibitory effects on the P-gp drug efflux
transporter and NF-kB activation in human MDR1 gene-transfected KB/MDR1 cells [111].

Coniferyl ferulate, isolated from the root of Angelica sinensis, decreased expression of P-gp
MRNA in the MDR positive B-MD-C1 (ADR+/+) cell line and also exhibited a strong inhibition
of key MDR enzyme glutathione S-transferase in human placenta in a concentration-dependent
manner [112].

Methylhirsutanonol, a diarylheptanoid extracted from the bark of Alnus glutinosa,
suppressed P-gp functioning in P-gp overexpressing human NSCLC NCI-H460/R cell line [113].
Another study showed that methylhirsutanonol isolated from the leaves of Alnus japonica Steud
inhibited NO production and expression of iNOS protein and mMRNA in a dose—response manner
and attenuated NF-«xB activation [114].

Curcumin, a polyphenol obtained from the dried rhizomes of Curcuma longa, has been
shown to interact with several molecular targets implicated in carcinogenesis and MDR. More
specifically, curcumin has been described as an inhibitor of the P-gp function in numerous in
vitro and in vivo models [115-119]. In addition, curcumin has been reported to inhibit the
expression of P-gp at both protein and mRNA level [117, 118, 120-123].

Curcumin was shown to inhibit numerous other targets responsible for the incidence of MDR
in cancer cells including inducible nitric oxide synthase, protein kinase C and EGF-receptor
tyrosine kinase [124]. The expression of MDR-related genes, gst-n and topo Ila, was shown to
be altered by curcumin treatment [123]. Curcumin was also reported to inhibit the NF-xB
activation and the expressions of oncogenes such as c-jun, c-fos, MAPKs, ERK, PI3K, Akt and
CDKs and might suppress tumor promotion through blocking signal transduction pathways in
the target cells [125].

3.2. Coumarins

Various coumarins were studied for their ability to inhibit P-gp and reverse multidrug
resistance.

GUT-70 is a tricyclic coumarin isolated from the stem bark of Calophyllum brasiliense. A
study showed that GUT-70 strongly inhibited drug efflux in the P-gp overexpressing human
leukemic cell line K562/D1-9 in a concentration and time-dependent manner [126]. GUT-70



was also shown to have pronounced antiproliferative effects in mantle cell lymphoma cell lines
through Hsp90 inhibition [127].

Galbanic acid and farnesiferol A, sesquiterpene coumarins from Ferula szowitsiana and
Ferula persica roots, respectively, significantly inhibited P-gp activity in DOX resistant
MCF7/ADR cells [128]. Farnesiferol A was shown to inhibit the P-gp transporter more
efficiently than verapamil. A study revealed that galbanic acid also cleaved poly (ADP-ribose)
polymerase (PARP), activated Bax and caspase 9, attenuated the expression of Bcl-2, Bcl-x(L),
and Myeloid cell leukemia 1 (Mcl-1) in H460 cells which suggests that galbanic acid induces
apoptosis via caspase activation and Mcl-1 inhibition [129]. Farnesiferol A was reported to
exhibit weak inhibitory effects on matrix metalloproteinases expression [130]. FC726, a
furanocoumarin from grapefruit juice, strongly inhibited uptake of vinblastine by Caco-2 cells
due to P-gp inhibition as well as the activity of cytochrome P450 3A4 [131].

Bergaptol found in grapefruit juice inhibited the P-gp transporter and increased the steady-
state uptake of [*H]-vinblastine by Caco-2 cells [131]. It was also reported that bergaptol
treatment increased the cytosolic cytochrome c, Bax, cleaved caspase-3 and cleaved caspase-9
expressions and decreased in Bcl-2 expression in human breast cancer MCF-7 cells [132].

3.3. Terpenoids

Terpenoids have been shown to possess significant P-gp inhibitory effect as well as other
anticancer mechanisms. Based on their structure they are classified into monoterpenoids,
sesquiterpenoids, diterpenoids and triterpenoids.

Artemisinin, a sesquiterpene lactone from the sweet wormwood plant Artemisia annua, and
its bioactive derivatives were shown to possess strong anticancer effects in numerous human
cancer cell models [133]. Artemisinin has also been observed to decrease MDR in cancer
patients, partly through inhibiting glutathione S-transferase activity [134]. Two of its derivatives,
SM616 and GHP-AJM-3/23 were reported to inhibit P-gp activity in P-gp overexpressing
CEM/ADR5000 leukemia cells, sensitive CCRF-CEM leukemia cells, and porcine brain
capillary endothelial PBCEC cells [135].

Euphodendrophane A and euphodendrophane B, two jatrophanes isolated from the
Euphorbia dendroides L., exerted a strong reversal potential resulting from the inhibition of P-gp
transport in MDR NCI-H460/R cells [136]. Treatment with these compounds caused
significantly higher accumulation of rhodamine 123 in the NCI-H460/R cell line, compared to
the effect of the standard P-gp inhibitor, verapamil. Euphodendrophane A also stimulated
purified tubulin assembly in vitro and microtubule-interacting activity was achieved with
euphodendrophane A concentrations that effectively inhibit cell growth [137].

Ophiobolin O, a sesterterpene isolated from Aspergillus ustus, was found to reverse MCF-
7/ADR resistance to DOX by inhibiting the activity of the MDR1 gene promoter [138].
Ophiobolin O was also reported to initiate apoptosis in human MCF-7 breast cancer cells [139].
This compound triggered the activation of JNK, p38 MAPK and ERK, and the degradation of
Bcl-2 phosphorylation. It was also shown to decrease the phosphorylation level of Akt and
GSK3pB and downregulation of cyclin D1 [140].

3.4. Saponins

Saponins are a class of chemicals found in certain plant families and they can be classified
into steroidal and triterpenoidal. Various saponins have been found to exibit P-gp reversal
potential.

Paris saponin VII, derived from Trillium tschonoskii Maxim, inhibited cell viability,
activated apoptosis and modulated drug resistance of MCF-7/ADR cells in a dose dependent



manner. Treatment of MCF-7/ADR cells with this steroid saponin increased TNFR1, TRAIL
R1/DR4, TRAIL R2/DR5, FADD expression, and activated PARP, caspase-8, and caspase-3. P-
gp expression and activity were also reduced [141].

Steroidal saponin ginsenoside Rg3, isolated from Panax ginseng, stimulated rhodamine 123
accumulation in drug-resistant KBV20C cells, inhibited [3H]vinblastine efflux and reversed
MDR to DOX, colchicine, vincristine and VP-16 [142]. Rg3 also competed with [3H]azidopine
for binding to P-gp. Additionally, Rg3 caused significant inhibition of NF-kB activity and
enhanced the susceptibility of colon cancer cells to docetaxel [143] and inhibited their migration
[144]. Ginsenoside Rg3 also acts as VEGF inhibitor in the treatment of NSCLC [145] and
inhibits autophagy in hepatocellular carcinoma cells sensitizing them to DOX [146].

Saponins gracillin and polyphyllin D, isolated from the root of Paris polyphylla (Trilliaceae),
exhibited the ability to inhibit P-gp-mediated drug efflux in K562/R7 cells [147]. Gracillin also
induced apoptosis in HL60 human leukemic cell line via oxidative stress and cell cycle arrest,
dramatically decreased mRNA level of Bcl-2 and superoxide dismutase activity [148].
Polyphyllin D induced apoptosis via the mitochondrial apoptotic pathway in K562/A02 human
leukemia drug-resistant cells as evidenced by decreased Bcl-2 expression levels, disruption of
MMP and increased Bax, cytochrome C and cleaved-caspase-3 levels [149]. Polyphyllin D was
also reported to trigger apoptosis, significantly upregulate the expression of Bax, caspase-3, and
p-JNK, and downregulate Bcl-2 expression in U87 human glioma cells [150].

3.5. Alkaloids

Alkaloids represent a group of natural compounds that contains one or more basic nitrogen
atoms. Numerous alkaloids have been shown to interact with and inhibit P-gp mediated drug
efflux.

Glaucine was originally isolated from the stems of Corydalis yanhusuo. This isoquinoline
alkaloid was shown to inhibit P-gp mediated efflux and activate ATPase activities of transporters
[151]. Glaucine also suppressed migration and invasion in breast cancer cells MCF-7 and MDA-
MB-231 by inhibiting MMP-9 gene expression through the suppression of NF-kB activation
[152].

Cepharanthine, a bisbenzylisoquinoline alkaloid, was extracted from Stephania cepharantha
Hayata. Cepharanthine reversed MDR directly interacting with P-gp and possibly disturbing the
plasma membrane function by binding to phosphatidylserine in the membrane [153-155]. A
study showed that cepharanthine effectively reversed resistance in human chronic myelogenous
leukemia cell line K562 and enhanced their sensitivity and apoptosis induced by DOX and
vincristine [156]. Cepharanthine hydrochloride reversed P-gp-mediated MDR in human ovarian
carcinoma A2780/Taxol cells via inhibition of the PI3K/Akt signaling pathway [157].
Cepharanthine also induced apoptosis in human NSCLC H1299 and A549 cells through reactive
oxygen species and mitochondrial dysfunction. Cepharanthine triggered apoptosis via the
upregulation of Bax, downregulation of Bcl-2 and significant activation of caspase-3 and PARP
[158]. In Sa0S2 cells, cepharanthine triggered cell cycle arrest and apoptosis significantly
inhibited the expression of target genes of STATS3, including the anti-apoptotic gene Bcl-xL and
the cell cycle regulators c-Myc and cyclin D1 [159]. It was also demonstrated that cepharanthine
interacts with and inhibits heat shock protein 90a (Hsp90a) [160].

Tetrandrine and fangchinoline are bis-benzylisoquinoline alkaloids from the root of
Stephania tetranda. A study found that both compounds sensitized P-gp overexpressing
colorectal cancer HCT-15 cells to PTX and enhanced rhodaminel23 accumulation [161].
Another report showed that tetrandrine and fangchinoline increased intracellular accumulation of
rhodaminel23 and inhibited its efflux in Caco-2 and CEM/ADR5000 cancer cells and exhibited



a strong synergistic cytotoxic effect with DOX [162]. Tetrandrine treatment also resulted in a
downregulation of Akt and ERK phosphorylation in time- and concentration-dependent manner
in A549 human lung carcinoma cells, suggesting that tetrandrine selectively inhibits cell
proliferation by blocking Akt activation and increases apoptosis by inhibiting ERK [163].
Fangchinoline effectively suppressed proliferation and invasion of SGC7901 cell line by
inhibiting the expression of PI3K and its downstream pathway [164]. Furthermore, fangchinoline
inhibited breast cancer cell proliferation by inducing apoptosis via the mitochondrial apoptotic
pathway and decreasing phosphorylated Akt [165]. Fangchinoline increased the expression of
the proapoptotic protein Bax and decreased the expression of the antiapoptotic Bcl-2. In human
lung cancer A549 cells, fangchinoline targeted FAK and suppressed FAK-mediated signaling
pathway [166].

Indole-3-carbinol is a glucosinolate found in high concentrations in vegetables of the
Brassica family. A study showed that treatment with indole-3-carbinol downregulated P-gp
levels in vinblastine-resistant human leukemia (K562/R10) cells suggesting it could be used as a
novel modulator of P-gp [167]. In another study, indole-3-carbinol was also found to upregulate
Bax, downregulate Bcl-2 and NF-xB in PC-3 cells [168].

3.6. Other Natural-Based Compounds

Gambogic acid is a xanthonoid derived from the resin of Garcinia hanburyi. It was shown to
increase the cytotoxicity of docetaxel and DOX in MCF-7/ADR cells by inhibiting the P-gp
protein via degradation by proteasome pathway [169]. Gambogic acid was also reported to
inhibit Hsp90 in MCF-7 and Sk-Br3 cells [170] and induced apoptosis in human breast cancer
cells MCF-7 by reducing bcl-2 expression via p53 [171].

Cannabinol and cannabidiol, phytocannabinoids derived from Cannabis sativa, have been
reported to inhibit P-gp mRNA expression in MCF-7/P-gp cells and enhance the intracellular
accumulation rhodamine 123 and DOX in Caco-2 and LLC-PK1/MDR1 cells [172, 173].
Cannabidiol induced programmed cell death in breast cancer cells by coordinating the cross-talk
between apoptosis and autophagy [174]. Cannabidiol inhibited AKT and mTOR signaling by
decreasing the levels of phosphorylated mTOR and cyclin D1. It also inhibited the association
between beclinl and Bcl-2 in MDA-MB-231 breast cancer cells.

Sulfinosine, a purine nucleoside analog, was shown to inhibit both P-gp expression and
activity in MDR cancer cells [123, 175-177]. Sulfinosine also induced caspase-dependent
apoptotic cell death and autophagy in NCI-H460/R and U87-TxR glioblastoma cells. This
compound also decreased the expression of mMRNA and protein levels of VEGF and modulated
its secretion.

Antimicrobial cationic peptide NK-2, an internal fragment of porcine NK-lysin, was reported
to discriminate and preferentially eliminate P-gp overexpressing NSCLC NCI-H460/R and
colorectal carcinoma DLD1-TxR cells [178]. NK-2 co-localized with P-gp on the MDR cancer
cell membrane and decreased P-gp transport activity. Positively charged NK-2 also induced lysis
of negatively charged cancer cell plasma membrane in a “carpet-like” manner.

4. MICROTUBULE INTERACTING AGENTS AS DUAL INHIBITORS

Microtubule targeting agents (MTAS) that disrupt microtubule/tubulin dynamics are widely
used in cancer therapy. Microtubules, a major type of cytoskeletal filament in cells, are formed
from tubulin subunits, a, B-heterodimer that forms the core of the microtubule [179]. Since
microtubules play crucial roles in the regulation of the mitotic apparatus, disruption of
microtubules lead to cell cycle arrest in G2/M phase, the formation of abnormal mitotic spindles,
and consequently to apoptosis of cancer cells [180]. Clinically important MTAs can be



subdivided into two broad groups according to their effect on microtubules: microtubule
stabilizing agents, such as taxanes, epothilones, discodermolide, laulimalide, and eleutherobins,
and microtubule destabilizing agents such as Vinca alkaloids, colchicine, cryptophycins, and
combretastatins [181, 182]. In spite of the initial clinical success of MTASs in cancer treatment,
the efficacy of these agents has been compromised by the development of drug resistance.
Increased expression of P-gp and changes in B-tubulin isoforms’ expression are the most
common mechanisms involved in MTAs’ resistance [183, 184]. Therefore, identification of new
anticancer drugs that are able to overcome the problem of resistance to clinically approved
MTASs is emerging.

The synthetic compound CDBT (Figure 1) is a novel microtubule and heat shock protein 90
(HSP90) dual inhibitor [185]. It was shown that CDBT inhibited tubulin polymerization, which
caused disruption of microtubule network, cell cycle arrest at the G2/M phase and apoptosis in
non-small cell lung carcinoma (NSCLC) cells. CDBT selectively binds to tubulin at the
colchicine binding site and thus inhibits tubulin polymerization in a similar manner as
colchicine. CDBT also binds and inhibits HSP90, a highly abundant and ubiquitous molecular
chaperone which plays an essential role in folding, translocation, and proteolytic turnover of
proteins involved in cell growth, cell differentiation, and cell survival. In the last ten years, it has
become a major therapeutic target for cancer treatment [186]. By inhibiting HSP90 chaperone
activity, CDBT induces degradation of HSP90 target proteins CRAF-1, ERBB2 and
phosphorylated Akt. However, CDBT’s affinities towards microtubules and HSP90 are moderate
compared to known MTA colchicine and HSP90 inhibitor 17-DMAG. CDBT also displayed less
growth inhibitory effect in normal cells compared to NSCLC cells in vitro and in vivo [185].
Further study by Zhang et al. [187] demonstrated that CDBT was not a P-gp substrate, which
allowed it to evade P-gp—mediated efflux. This is a very important feature of CDBT considering
that many anticancer drugs, including MTAs and HSP90 inhibitors are substrates for P-gp-
Significantly, CDBT showed similar growth inhibitory effect between P-gp overexpressing
cancer cells and their parental cells (human NSCLC and breast adenocarcinoma cells). CDBT
also inhibited tumor growth in human resistant NSCLC xenograft model with the same efficacy
as in parental NSCLC xenograft model, showing no- toxicity in normal tissues [187]. Low
toxicity is another important feature of CDBT. Therefore, these studies suggested CDBT as a
promising anticancer agent beneficial for the treatment of drug-resistant tumors.
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Figure 1. Microtubule and topoisomerase dual inhibitors active against P-gp

CC-5079 (Figure 1) is a novel, synthetic antimitotic and anti-TNF-a compound with a
diarylalkene structure [188]. It was shown that CC-5079 binds directly to tubulin thereby
preventing polymerization of purified tubulin in vitro. This compound also inhibited microtubule
polymerization in cancer cells, which caused cell cycle arrest in G2/M phase, and induced
apoptosis. Competitive binding studies showed that CC-5079 binds to tubulin at colchicine
binding site [188]. Moreover, CC-5079 increased phosphorylation of Cdc25C phosphatase, an
important mitotic regulatory protein, and induced accumulation of cyclin B [188]. The changes
in Cdc25C and cyclin B were followed with the appearance of phosphorylated polypeptides
found only in mitotic cells [188]. CC-5079 also increased phosphorylation of anti-apoptotic
protein bcl-2 and expression of p53 and p21 [188]. However, unlike other MTAs, CC-5079
remained active against P-gp overexpressing cancer cells. Cytotoxicity test and cell cycle
analysis revealed that CC-5079 had the same efficiency in MDR cancer cells and their sensitive
counterparts [188]. Therefore, CC-5079 may circumvent P-gp-mediated drug resistance.
Furthermore, CC-5079 inhibited TNF-a secretion from human peripheral blood mononuclear
cells [188]. TNF-a is a cytokine that may contribute to the pathogenesis of cancers by promoting
growth of cancer cells, inhibiting their apoptosis and allowing cancer cells to escape immune
surveillance [189, 190]. Inhibitory effect of CC-5079 on TNF-a production is related to its
inhibition of phosphodiesterase type 4 enzymatic activity, an essential cAMP-metabolizing
enzyme in immune and inflammatory cells [191]. In a view of these dual inhibitory effects, CC-
5079 represents a novel anticancer drug that might be effective for the treatment of malignant
diseases independent of their MDR status.



KX-01 (clinical-reference, KX2-391, Figure 1) is a novel peptidomimetic compound that
exhibits dual action as c-Src and microtubule inhibitor. c-Src is a non-receptor tyrosine kinase
that has been associated with cancer cell proliferation, motility, migration/invasion, angiogenesis
and metastasis [192, 193]. KX-01 was developed to bind and inhibit the activity of c-Src kinase
and its downstream target, focal adhesion kinase (FAK) [194, 195]. KX-01 currently completed
phase 11 trial for prostate cancer as well as phase Ib trial for acute myeloid leukemia [196, 197].

Furthermore, study by Anbalagan et al., showed that KX-01 could be effective in the
treatment of ER/PR/HER2-negative breast cancer [198]. Namely, KX-01 inhibited activity of c-
Src and its downstream mediator FAK in tumor xenografts that was followed by reduced
proliferation and angiogenesis and increased apoptosis. In addition to c-Src inhibition, the study
by Anbalagan et al. also showed that KX-01 inhibited microtubule polymerization in human
ER/PR/HER2-negative breast cancer cells both in vitro and in vivo. This dual activity of KX-01
may present an additional value for treatment of ER/PR/HER2-negative breast cancer subtype
that is intrinsically more resistant than other breast cancer subtypes [199].

5. TOPOISOMERASE | AND Il DUAL INHIBITORS

DNA topoisomerases are essential enzymes that regulate the topological state of DNA during
cellular processes such as replication, transcription, recombination, and chromatin remodeling
[200-203]. Topoisomerase | relaxes DNA supercoiling through cycles of cleavage and
relegation. Topoisomerase | introduces transient single strand DNA breaks by forming reversible
topoisomerase I/DNA covalent complex [204, 205]. Topoisomerase Il catalytically cleaves both
strands of the DNA duplex and mediates the passage of another double strand DNA through the
transiently broken duplex. This process generates transient topoisomerase II/DNA covalent
complexes and DNA double strand breaks that are rapidly repaired [206, 207].

Topoisomerase inhibitors are widely used in cancer treatment. Inhibitors of topoisomerase |
stabilize topoisomerase I/DNA cleavage complexes, prevent the relegation of DNA and convert
DNA single strand breaks into irreversible and lethal double strand breaks [208]. Camptothecin
was the first discovered topoisomerase | inhibitor, but its severe side effects prevented any
clinical utility [209]. Two camptothecin derivatives, topotecan and irinotecan have been
approved for the treatment of ovarian and lung cancers, and colorectal cancer, respectively [210].

Topoisomerase Il inhibitors enhance the level of DNA double strand breaks, thereby
activating DNA damage response, and subsequently leading to cell cycle arrest and apoptosis
[211]. The most important subclasses of topoisomerase Il inhibitors in the clinics are
epipodophyllotoxins (etoposide and teniposide) and anthracyclines (daunorubicin, doxorubicin,
epirubicin and idarubicin) [212].

Although topoisomerase inhibitors are among the most commonly used anticancer drugs,
development of drug resistance often inhibits their clinical efficacy [204, 213]. One of the most
common mechanisms of resistance to topoisomerase inhibitors is a decreased expression of their
specific target [214]. Furthermore, the resistance to topoisomerase | inhibitors is often
compensated by increase in the level of topoisomerase Il expression and vice versa. Therefore, it
has been suggested that such resistance may be overcome by the ability of drugs to target both
topoisomerase | and Il simultaneously. However, simultaneous or sequential exposure of cancer
cells to etoposide and to topotecan or irinotecan demonstrated an antagonistic rather than
synergistic effect [215, 216]. In this regard, a single compound able to inhibit both
topoisomerase | and Il may present an advantage and reduce toxic side effects.

Tafluposide (F11782) is a novel dual catalytic inhibitor of topoisomerases | and Il [217].
This epipodophyllotoxin derivative has shown broad anticancer activity against human cancer
cell lines and tumor xenografts derived either from haematological or solid tumors [218, 219].



Tafluposide was also identified as a potent inhibitor of nucleotide excision repair [220]. More
recently, study by Kluza et al. showed that tafluposide could be a potent pro-apoptotic agent
[221]. Tafluposide, induced DNA strand breaks causing mitochondrial perturbations and leading
to the activation of the pro-apoptotic cascades in HL-60 human promyelocytic leukemic cells.

Batracylin (NSC3208468) was synthesized as a structural analogue of ellipticine, a known
inhibitor of topoisomerase Il [222]. Initial studies in the NCI-60 human cancer cell lines screen
suggested that the activity of batracylin was closely related to other topoisomerase Il inhibitors
[223]. However, study by Rao et al. showed that batracylin exhibited both topoisomerase I- and
II-mediated DNA cleavage in vitro and in vivo [224]. The persistence of the topoisomerase/DNA
covalent complexes induced by batracylin was significantly longer than by conventional
topoisomerase targeting drugs, etoposide or camptothecin. Moreover, the activity of batracylin
only partially diminished in topoisomerase I-deficient cells or etoposide-resistant cells
confirming that both topoisomerases are targets of this compound [225].

The novel phenazine derivative XR11576 (Figure 1) was developed and described as an
inhibitor of both topoisomerases | and Il [226]. Further study by Jobson et al. confirmed with
several in vitro assays that XR11576 mediated both topoisomerase I- and Il-associated covalent
complexes [227]. This study also showed that XR11576 was more potent in growth inhibition of
human chronic myeloid leukemia cell line K562 than etoposide and camptothecin. Moreover,
XR11576 exhibited activity against human colon and small cell lung cancer xenografts and
MDR cancer cells that overexpress P-gp and MRP as well as in cells with lower expression of
topoisomerase 11 [228].

6. MICROTUBULE AND TOPOISOMERASE DUAL INHIBITORS

MTAs and topoisomerase inhibitors are frequently used in combination for cancer therapy
[229]. However, some combinations have antagonistic effects or enhance toxicities [230].
Moreover, the use of MTAs or topoisomerase inhibitors frequently leads to development of drug
resistance. Changes in drug binding sites on microtubules or topoisomerases could confer drug
resistance by reducing the effective drug binding. Therefore, finding a single agent that inhibits
both targets could be beneficial in overcoming drug resistance and enable simpler and easier
drug administration.

YCH337 is novel a-carboline derivative that targets both microtubule and topoisomerase Il
[229]. YCH337 inhibits microtubule polymerization by binding to the colchicine binding site,
thus disrupting spindle assembly and subsequently leading to mitotic arrest. It also inhibits
topoisomerase Il and causes DNA double strand breaks. YCH337 induced non-selective growth
inhibition in different cancer cell lines originated from 10 different tissues [229]. It also
significantly suppressed the growth of human colorectal carcinoma xenografts in mice [229].
YCH337 showed the same efficiency in drug resistant cancer cells, established with either MTAs
or topoisomerase Il inhibitors, and their sensitive counterparts [229]. This indicates that the
existence of resistance mechanisms could not alter YCH337’s efficiency. Thus, YCH337 can be
considered a novel microtubule and topoisomerase Il inhibitor with broad anticancer activity and
with potential to overcome drug resistance.

We have also reported a novel dual microtubule and topoisomerase Il inhibitor DTA0100
(Figure 1) [231]. Molecular docking study showed that DTAQ100 binds at the binding pocket of
the topoisomerase Il o subunit and act as topoisomerase Il catalytic inhibitor [232]. This
propargylic enol ether derivative inhibited tubulin polymerization in vitro in the same manner as
colchicine. Molecular docking study verified that DTA0100 binds to microtubule at colchicine
binding site [231]. DTA0100 efficacy was not significantly changed in MDR cancer cells with
the overexpression of P-gp in contrast to other MTAs such as PTX, vinblastine and colchicine. In



these cells, DTA0100 induced microtubule depolymerization, leading to disturbance of cell cycle
kinetics and subsequent apoptosis. Importantly, DTA0100 was able to suppress P-gp activity in
MDR cancer cell lines without inducing P-gp expression [231]. Therefore, DTA0100 acting as
dual inhibitor of topoisomerase Il and microtubule formation could be considered as a new
anticancer agent able to overcome problems that emerge in the therapeutic approaches with
either topoisomerase Il inhibitors or MTAs.

BPROYO007 (Figure 1) is a new anticancer agent that inhibits both topoisomerase | and
microtubule polymerization [233]. This compound induced topoisomerase I-mediated single
strand DNA breaks in a similar manner as camptothecin, but with less potency. BPROY007
displaced Hoechst 33342 dye, suggesting that BPROY007 binds to DNA at the Hoechst 33342
binding site [233]. Unlike camptothecin, which accumulates cells in S phase of the cell cycle,
BPROYO007 induces cell cycle arrest in G2/M phase [233]. BPROY007 also prevented tubulin
polymerization in vivo and in vitro in a similar manner as colchicine and vincristine thus
resulting as a microtubule depolymerizing agent [233]. The efficacy of BPROY007 was not
changed in camptothecin-resistant cancer cells with decreased topoisomerase | expression as
well as in vincristine-resistant cancer cells with P-gp overexpression [233]. Moreover,
BPROYO007 efficacy was not altered in etoposide-resistant cancer cells with MRP overexpression
and decreased topoisomerase 1l level [233]. Therefore, BPROY007 could be considered as a hnew
anticancer agent with the potential to evade and/or overcome drug resistance.

7. HYBRID COMPOUNDS AS DUAL INHIBITORS

Great potential of dual and multiple targeting with a single drug in cancer treatment led to the
rational development of dual inhibitors designed as hybrid compounds [234].

This approach involves either the merging of structural features of different drugs in a new
molecular structure, or the conjugation of two or more potential anticancer pharmacophores
through cleavable/non-cleavable linkers, based on the ability of moieties to retain their affinity
and activity for biological targets in the newly synthesized molecule. The interest toward
multivalent ligand design is rapidly increasing, due to the potential advantages of such
bifunctional molecules. Additionally, multivalent molecules are expected to provide
pharmacokinetic and pharmacodynamic advantages over the separate administration of the two
drug components [235].

However, it should be stressed that the development of successful multifunctional drugs is a
very challenging task. A critical aspect for the design of dual molecules is related to the potency
of the single components. The most promising and rational design of novel molecules should be
the chemical combination of agents that exhibit biological/biochemical activity in a comparable
range of concentrations, to avoid that the biological activity of the dual molecule reflects the
predominant mechanism of the most potent moiety. Furthermore, a rational design should take
into account specific structural features, to allow the chemical flexibility required to retain
activity against each putative target. In addition, the potential ‘‘druggability’’ (appropriate
molecular size and physicochemical properties) of the dual agents plays a key role for the
success of multitarget approaches [235].

Herein, we described highly promising examples of hybrids that showed potential for
overcoming drug resistance.

Based on the hypothesis that bifendate scaffold hybridized with chalcone moiety might
enhance the P-gp inhibitory effect of bifendate, a series of bifendate—chalcone hybrids were
synthesized [236]. The inhibitory effect on P-gp was evaluated using the classical P-gp inhibitor
verapamil (VRP) as a positive control. Since an ideal P-gp inhibitor should reverse MDR at non-
toxic concentrations, the intrinsic cytotoxicity of the target compounds against parental sensitive



K562 cells and K562/A02 cells overexpressing P-gp was determined by MTS assay. The most
active compound (Figure 2) showed low intrinsic cytotoxicity (ICso > 200 uM), while increasing
rhodamine 123 accumulation in K562/A02 cells more potently than bifendate and VRP.
Consequently, the compound displayed high chemosensitizing effect that persisted longer (>24
h) than that observed with VRP (<6 h). In addition, opposite from VRP, this bifendate—chalcone
hybrid showed no stimulation on the P-gp ATPase activity, thus indicating that it is not a P-gp
substrate. The results suggested that the bifendate—chalcone hybrids might reverse P-gp-
mediated MDR by inhibiting P-gp efflux function without influencing P-gp expression.
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Figure 2. General structure of bifendate-chalcone hybrids and structure of the most active compound against P-gp
function.

Hybrid compounds containing a thioxanthone scaffold, known for its anticancer potential,
and an amine, considered as an important pharmacophoric feature for P-gp inhibition, were
synthesized by Palmeira et al [237]. Docking studies were performed using a dataset of
approximately 1000 virtually designed new aminated thioxanthones and two P-gp models
constructed using the homologous Sav1866 from Staphylococcus aureus. The molecules with the
best docking scores (23 compounds) were then synthesized to perform biological assays. A flow
cytometry of rhodamine 123 accumulation assay was performed in order to select the
thioxanthones which are able to suppress the efflux of rhodamine 123 by P-gp. Sixteen out of the
synthesized compounds induced a significant accumulation of rhodamine 123 after 1 h of
incubation in K562 or K562Dox cell lines showing high potential for P-gp inhibition. The study
of the cell growth inhibitory effect of twenty seven thioxanthone in a chronic myelogenous
leukemia cell line K562 showed that six of them have Gls, values below 10 M. The best P-gp
inhibitor (Figure 3) caused an accumulation rate of rhodaminel123 in the K562Dox resistant cell
line similar to that caused by VRP. It also induced a decrease in ATP consumption by P-gp. At a
concentration of 10 uM, this compound caused a decrease of 12.5-fold in the Glsy value for DOX
in the K562Dox cell line, being 2-fold more potent than VRP.
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Figure 3. General structure of aminated-thioxantones and structure of the most active compound against P-gp
function.

A new series of curcumin-BTP (benzo[b]thiophene 1, 1-dioxide) hybrids were synthesized
as STAT3 inhibitors with a potential to produce reactive oxygen species (ROS). The study was
performed by Zhang et al. who hypothesized that a combination of STAT3 inhibition and
“oxidation therapy” may be a promising strategy to address the MDR issue, due to the important
roles of these mechanisms in the cancer cells’ survival and development of drug resistance [238].
The most potent compound (Figure 4) exerted potent and selective anticancer activity against
MCF-7 and MCF-7/DOX cells (ICso = 0.52 uM and 0.40 uM, respectively), with a weak effect
on normal MCF-10A breast epithelial cells. Docking studies suggested that this compound might
be a STAT3-SH2 domain inhibitor.

Further biological evaluation showed that it inhibited persistent and IL-6-induced STAT3
phosphorylation, nuclear translocation, and DNA binding activity in breast cancer cells.

The compound regulated the expression of the STAT3 downstream genes, Bcl-2, Bax and
Cyclin D1, while demonstrated insignificant effect on p-Src or p-Erk.

Interestingly, it also inhibited STAT3-mediated P-gp expression in MCF-7/DOX cells and
promoted intracellular ROS production and accumulation. Additionally, it induced cancer cell
cycle arrest and apoptosis. Furthermore, this compound significantly reduced the volume of
human implanted breast cancer in vivo at a dose of 10 mg/kg showing low toxicity.
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Figure 4. General structure of monocarbonyl curcumin-BTP hybrids and the most active compound against P-gp
expression.

Xu et al. designed a series of novel oridonin-coupled nitrogen mustard conjugates [239].

The hybrids were screened for their in vitro antiproliferative activities against four human
cancer cell lines (K562, MCF-7, Bel-7402, and MGC-803) The ICs, values revealed that all the
conjugates were more potent than positive control drugs chlorambucil and melphalan. Among
them, the most potent hybrid showed ICs, values 0.68 + 0.02 and 0.50 + 0.01 uM against MCF-7
and Bel-7402 cells, respectively (Figure 5). Interestingly, the compound also exhibited potent
antiproliferative activity against MDR cell lines and their sensitive counterparts (SW620,
SW620/AD300, NCI-H460, and NCI-H460/MX20 cell lines: ICso values 1.96 £+ 0.11, 1.86 +
0.06,2.35+0.14, and 2.91 + 0.12 puM, respectively) [239].

Furthermore, it was found that this compound had an approximately 8-fold higher selectivity
for cancer cells than normal cells, which was higher than selectivity observed with parental
compound oridonin and clinically used nitrogen mustard drugs.
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Figure 5. Structure of oridonin-coupled nitrogen mustard conjugate.

Singh and Paul developed nine hybrid molecules having the structural features of 5-
fluorouracil and the MDR modulator propafenone [240]. The compounds were studied for their
interactions with P-gp and evaluated in terms of the change in the basal activity of P-gp (Figure
6). Two compounds exhibited appreciable interactions with P-gp at sub-micromolar
concentrations.

The P-gp interacting behavior of these compounds was correlated with some of their physico-
chemical properties (e.g logP and total polar surface area).
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Figure 6. General structure of 5-fluorouracil-propafenone hybrids.

Huang and co-workers hypothesized that conjugates of cytotoxic DNA damaging platinum-
based drugs with MTAs could improve the anticancer activity of platinum drugs and overcome
their adverse side effects.

Based on the evidence that Pt(IVV) complexes, showing kinetic inertness compared with their
Pt(1l) counterparts, can be effectively reduced to Pt(ll) equivalents once inside the cells, the
authors designed and synthesized three Pt(IV) prodrugs derived cisplatin, oxaliplatin and
DACHPt, containing a phenstatin, an inhibitor of tubulin polymerization [241].



All resulting Pt(IV) complexes exhibited better antitumor activities than their Pt(Il)
counterparts on a panel of human cancer cell lines including HepG-2, Bel-7404, NCI-H460 and
MGC-803. In particular, the Pt(IV) derivative of cisplatin (Figure 7) exerted better effects
against all tested cancer cell lines than cisplatin and synchronously displayed lower cytotoxicity
toward NCM460 (human normal colon mucosal epithelial cell line) and HL-7702 (human
normal liver cell line).

In addition, hybrid compounds showed significant anticancer activity against cisplatin
resistant cell lines. The most potent complex (Figure 7) displayed activity against SK-OV-3 and
A549 cancer cell lines showing lower resistance index than cisplatin. Further mechanistic
evaluation of this compound revealed that it can effectively enter cells, strongly inhibit tubulin
polymerization, arrest the cell cycle at G2/M phases, and markedly enhance the apoptosis. The
apoptotic cell death in human NCLC cell line NCI-H460 was induced through the mitochondrial
mediated pathway. In vivo studies showed that this hybrid has a potent inhibitory effect on tumor
growth in the NCI-H460 xenograft mouse model.

Phenstatin

)

Valproic acid <=
OCHj

HsCO
070
(. 15
FCO Platinum IV O‘ :P’\i
complex < o
9 u

OCHj;

ZT

@]
o}

(&)

Valproic acid <
Platinum IV —

complex

Figure 7. Structures of Platinum(IVV) complexes - phenstatin and platinum(lVV) complexes - VPA conjugates

Novohradsky et al. prepared Pt(IV) derived prodrugs containing oxaliplatin conjugated with
valproic acid (VPA), a well-known drug having histone deacetylase inhibitory activity (Figure
7). The conjugates displayed activity in both cisplatin sensitive and resistant tumor cells,
concurrently targeting histone deacetylase and genomic DNA [242].

Other examples of Pt(IV)based hybrid compounds can be found in a recent review [243].

The widely used combinations of camptothecin (CPT) with platinum compounds exhibit
synergism in terms of both efficacy and toxicity. To exploit this synergy in a single compound,
Cincinelli and co-workers developed hybrid agents formed by 7-oxyiminomethylcamptothecin
derivatives and diaminedichloro-platinum (I1) complex. Molecular modelling studies guided
the design of the compounds [244].

The derivatives showed growth inhibitory activity against a panel of human cancer cell lines,
with potency similar/superior to Topotecan (TPT) and in general superior to cisplatin (cDDP).

The potential advantage of the conjugates was also supported by the reduced resistance
indexes observed for CPT-Pt derivatives with respect to cDDP and TPT in several human cancer
cell lines (A431/Pt, U20S/Pt, IGROV-1/Pt, IGROV-1/OHP and A2780/CP). Significantly, the
most active derivative (Figure 8) was able to overcome cisplatin resistance in the osteosarcoma
U20S/pPt cell line.



Drug uptake was evaluated in H460 cells exposed for 1 h to equitoxic or equimolar
concentrations of compounds. At equitoxic concentrations a marked cellular uptake of hybrid
compounds was observed. Interestingly, the uptake of tested hybrid was comparable to that of
cDDP, in spite of its 55-fold lower concentration. After exposure to equimolar drug
concentration, a significantly higher cellular Pt accumulation was evidenced for hybrid
compounds with respect to cDDP.

Platinum-containing camptothecins produced platinum-DNA adducts and topoisomerase |-
mediated DNA damage with cleavage pattern and persistence similar to SN38, the active
principle of irinotecan. Thus, CPT-Pt hybrids exhibited activity both as Topo | poisons and as
DNA-alkylating molecules, indicating that the conjunction of these two components in a single
hybrid molecule did not negatively impact on their properties as single drugs.

Results obtained in a cell-free system and in experiments involving yeast cells documented
that DNA damage produced by the CPT-Pt molecules was increased in the presence of Topo I,
and that the presence of Topo I, but not BSA, produced a dose-dependent accumulation of DNA.

The most active compound (Figure 8) exhibited an appreciable activity in vivo against human
H460 tumor xenograft, comparable to that of irinotecan at lower well-tolerated dose levels and
superior to cisplatin.
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Figure 8. Structure of CPT-cisplatin conjugate

Recent studies have demonstrated enhanced anticancer effects of combination therapy
consisting of camptothecin derivatives and HDAC inhibitors. Based on these results, Cincinelli
and co-workers have designed dual-acting molecules simultaneously targeting topoisomerase |
and HDAC [245].

In particular, substituted (E)-7-oxyminomethyl CPTs were selected for conjugation to a
psammaplin A active fragment through an amide bond. The ability of the compounds to act as
both HDAC and Topoisomerase-I ligands was studied by molecular modeling and the choice of
the spacer length was based on preliminary virtual screening studies.

The most active compound (Figure 9) showed significant antiproliferative activity in a
nanomolar range on a series of human solid cancer cell lines, hematologic cancer cell lines and
human ex-vivo luciferase-transfected mesothelioma cell lines. The effects were stronger than
that obtained with the reference compounds SAHA and irinotecan.



Interestingly, the efficacy of tested hybrid seemed to be poorly affected by the presence of P-
gp, as showed by comparing the ICsy against A2780 with respect to resistant A2780-Dox cell
lines.

In terms of HDACSs inhibition, the compound showed a significant activity against four
purified HDAC isoforms, representative of class | (HDAC 1, 2) and Class Ilb (HDAC 6, 10)
HDACS, displaying optimal activity against HDAC10.

The exposure of MM473 cells induced hyperacetylation of nuclear histone H4 protein, the
substrate of HDAC1/2, but without hyperacetylation of cytoplasmatic a tubulin, a substrate of
HDACSG. This result suggested a preferential nuclear localization that could be relevant for the
exploitation of the dual HDAC/Topl mechanism.

The compound was also tested on MM473 and MM487 cell lines to assess the effect on cell
cycle progression and induction of apoptosis. FACS analysis revealed a steady block of treated-
cellsin S or S-G2M phase. Moreover, an effective induction of apoptosis (sub-G0/1 population)
was triggered in both cancer cell lines, with more prominient effect on biphasic MM487
mesotelioma cell line.

In an in vivo human mesothelioma tumor model this hybrid showed a significant antitumor
activity and promising tolerability [245].
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Figure 9. General structure of CPT-psammaplin A hybrids and the most potent compound

CONCLUSION

Dual-targeting inhibitors evaluated in this review represent several highly promising groups of
anticancer agents: TKIs, natural-based compounds, MTAs, topoisomerase inhibitors, and hybrid
compounds with the ability to interact with P-gp and suppress its activity. The activity of P-gp, as a
transporter with high promiscuity, is intriguing for both normal and pathological conditions. While it
has a protective role in normal tissues and organs, its functioning in cancer cells reduces the efficacy
of many anticancer drugs. Therefore, recognizing the potential of anticancer compounds to inhibit P-
gp function/expression is an important task in the search for more efficient treatment strategies. Some
of these agents i.e. TKIs are already in clinical practice, while some of the described compounds are
novel and less explored. By giving a comprehensive overview of their anticancer activities, we
underlined their key features: inhibition of two or more targets within a cancer cell and capability to
evade/overcome MDR, mainly by inhibition of the P-gp function. Other benefits of drugs with
multiple targets include better efficacy, enhanced selectivity and tolerability. We believe that



further development and investigation of abovementioned dual-inhibitors will lead to the necessary
optimization of cancer treatment.
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