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Abstract

The development of inhibitors of key biological mechanisms involved in multidrug resistance
(MDR) burden meets an important medical need but still represents a challenging task. Major
MDR targets in both bacterial and cancer cells are multidrug efflux systems. Several aspects
should be considered in the attempt to design efficient inhibitors of these systems such as
toxicity, stability, permeability as a few examples. In order to successfully design promising
new compounds, a full understanding of the efflux mechanism is required, from both biological
and structural points of view. It is nowadays well established that the success rate in classical
drug design and biological evaluation improves when combined with in silico methodologies.
In this review, we focus on the biological evaluation and molecular mechanistic insights of
inhibitors of the drug efflux activity of the Hedgehog receptor Patchedl (Ptchl). Ptchl is known
to be over-expressed in many types of cancers, but its activity and role in the resistance to
chemotherapy of cancer cells have been highlighted only recently. Remarkably, due to its
peculiar efflux mechanism, inhibition of Ptchl was shown to be particularly relevant for
improving the efficacy of chemotherapy without concomitant toxicity for healthy cells or
potential side effects. To date, three compounds have been identified as efficient Ptchl
inhibitors, namely astemizole, methiothepin and panicein A hydroquinone. Due to the chemical
and structural differences of these molecules, the hit-to-lead drug design is not straightforward.
This review describes how the merging of in vitro, in vivo and in silico studies provides

molecular details that could contribute to the rational design of new Ptchl inhibitors.
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1. Introduction
Despite the major progresses in biomedical research and the development of novel therapeutic
strategies, cancer is still among the dominant causes of death worldwide. According to
estimates from the World Health Organization (WHO) in 2015, cancer is the first or second
leading cause of death before age 70 in 91 of 172 countries, and it ranks third or fourth in an
additional 22 countries. Worldwide, 19.3 million estimated new cancer cases occurred in 2020
with almost 10.0 million cancer deaths (Sung et al. 2021). Even though there are several
different methods of cancer treatments, including radiation therapy, surgery, immunotherapy,
endocrine therapy, and gene therapy, chemotherapy remains the most common method of
cancer healing. However, statistical data shows that over 90% mortality of cancer patients is
attributed to drug resistance responsible for the decrease of responsiveness to classical and
targeted chemotherapies. The resistance mechanism is the result of combined actions of
multiple factors and pathways such as drug efflux, increased DNA damage repair, reduced
apoptosis, modification or alteration of drug active target proteins, transformation of epithelial

cells to mesenchymal cells and hypoxia (Balzerano et al. 2021, Bukowski et al. 2020).

A key feature of cancer biology is its intratumor heterogeneity characterized by genetic and
epigenetic variability of somatic cells. The presence of genomic diversity within a single tumor
was described for the first time in 1958 (Huxley, 1958), and demonstrated later using single
cell sequencing and sub-clonal tumor-region-specific genotyping (Johnson et al. 2014). This
study showed that from 0 to over 8000 different coding mutations exist within the same primary
tumor or between primary and metastatic stages. Such heterogeneity underlies the lethal
outcome of cancer, therapeutic failure, and drug resistance. Despite initial therapeutic
responsiveness, treatment can induce a bottleneck in which the death of drug-sensitive cells is
counteracted by a massive outgrowth of resistant cells (Prieto-Vila et al. 2017, Mikubo et al.
2021).

Therefore, one of the major challenges in the clinical management of cancer is resistance to
chemotherapeutics. Multidrug resistance (MDR) has been intensively studied, and drug efflux
induced by the overexpression of ATP-binding cassette (ABC) transporters has been considered
as the most prominent underlying mechanism for MDR (Ozben 2006). Since the discovery of
the P-glycoprotein (Pgp or MDR1) over 35 years ago, some studies have linked ABC
transporter expression to poor outcome in several cancer types, leading to the development of
transporter inhibitors to overcome MDR (Wang et al. 2021). At least three generations of

MDR1 inhibitors have been tested in clinical trials (Kathawala et al. 2015). The first and second



generation included inhibitors such as verapamil, cyclosporin and valsdopar. All these
compounds failed in clinical trials due to lack of potency, off-target effects or toxicity issues.
More recently, a third generation of inhibitors have been designed, including drugs such as
elacridar, zosuquidar and tariquidar, that have proven to be ineffective.

Members of the ABC superfamily transport toxins, sugars, amino acids, nucleotides and
metabolites out of cells, and protect cells against toxic molecules, including drugs with very
different chemical structures (Cree and Charlton, 2017). Thus, ABC transporters are
particularly important for the functioning of healthy cells, and that is why, to date, no inhibitors
of ABC transporters have obtained approval from FDA due to their low efficacy or toxicity
issues (Kathawala et al. 2015, Robey et al. 2018).

Therefore, treatment able to overcome chemotherapy resistance and thus eliminate resistant
cancer cells responsible for the relapse and metastases (also called persistor cells) is still an

unmet, urgent, medical need.

2. Role of the Hedgehog receptor Ptchl in chemotherapy resistance
2.1 Hedgehog signaling in cancers
The Hedgehog (Hh) signaling pathway controls cell differentiation and proliferation. It plays a
crucial role during embryonic development, and, in adulthood, it is involved in stem cell
homeostasis and tissue regeneration. Hh signaling is also involved in cancer development,
progression, and metastasis. In the resting state, the 12-pass transmembrane receptor Patched
(Ptchl in mammals) suppresses the activity of Smoothened (Smo), a GPCR-like molecule. In
mammals, three ligands, Desert hedgehog (Dhh), Indian hedgehog (Ihh) or Sonic hedgehog
(Shh), activate the canonical Hh signaling by interacting with Ptchl and inducing its
internalization and degradation, which relieves its inhibitory effect on Smo. Each ligand
promotes tissue-specific and highly regulated activation of the Hh signaling pathway. Activated
Smo signals to the cytoplasm and causes activation of zinc-finger transcription factors Gli that
control the transcription of Hh target genes, including Fox, Myc, Ptchl, Hhip, Snail, Nanog,
Sox2 and cylin D, that are involved in cell development, differentiation, epithelial mesenchymal
transition (EMT), and stem cell maintenance. In mature adult cells, Hh signaling remains in an
inactive state. Its activation is required for tissue development and homeostasis and has a
significant role in the maintenance of pluripotent and somatic stem cell populations, and in

tissue repair (see Sigafoos et al. 2021 for a recent review).



Aberrant activation of Hh signaling has been observed in many cancers (Scale and de Sauvage
2009, Xie et al. 2019, Jeng et al. 2020). A role of the Hh pathway in chemoresistance was
reported notably in gastrointestinal cancers (Liang et al. 2021), in oral squamous cell carcinoma
(Lu et al 2020), in lung cancer (Giroux-Leprieur et al. 2018) and in Non-Small Cell Lung
Carcinoma (NSCLC) Cells (Liu et al. 2020).

2.2 Overexpression of Ptchl in cancers
The Hh receptor Ptchl, whose expression is induced upon activation of the Hh pathway, is
overexpressed in  many cancers (Ssee the Human Protein Atlas website
http://www.proteinatlas.org/ENSG00000185920-PTCH1/cancer (Fig.1), and Hasanovic and

Mus-Veteau 2018 for a review).
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Figure 1. Ptchl protein level in cancers (from the Protein Atlas web site). In order to provide an overview of
Ptchl expression patterns, images of tissues stained by immunohistochemistry have been manually annotated by
a specialist followed by verification by a second specialist. Annotation of each different cancer tissue was
performed using fixed guidelines for classification of immunohistochemical results. Basic annotation parameters
include an evaluation of staining intensity (not detectable, low, medium or high), and fraction of patients with no
detectable, low, medium or high staining intensity. For example, 11 of 11 melanoma patients show high/medium
expression of Ptchl (high: 2, medium: 9, low: 0, not detected: 0).

Ptchl has been shown to be present in primary tumor samples from all the adrenocortical
carcinoma patients of a cohort (Hasanovic et al. 2018), and in Merkel cell carcinoma
(Gambichler et al. 2021). The overexpression of Ptchl in patients with hepatocellular carcinoma
(HCC) was described, and it was suggested that expression of Ptchl mRNA in HCC tissues is
a potential biomarker to predict post resection disease recurrence (Jeng et al. 2013 and 2019).
Ptchl has been proposed to be an early marker for gastric and thyroid cancers (Saze et al. 2012,
Xu et al. 2012).


http://www.proteinatlas.org/ENSG00000185920-PTCH1/cancer

Several studies reported the overexpression of Ptchl in breast cancers as compared with
respective normal mammary tissues and a significant correlation of Ptchl upregulation with
invasiveness (lymph node metastasis), advanced cancer stages and more aggressive tumor
behavior (Im et al. 2013, Jeng et al. 2013, Riaz et al. 2018). High Ptch1l protein levels were also
observed in the metastases of all the 365 melanoma patients of a cohort from The Cancer
Genome Atlas (TCGA) and correlated with poor prognosis (Signetti et al. 2020). Moreover, the
upregulation of Ptchl in pancreatic ductal adenocarcinoma was reported to be associated with
a trend toward decreased patient survival (Mohelnikova-Duchonova et al. 2017). Likewise,
high Ptchl RNA expression was detected in 64% of high-grade endometrial stromal sarcoma
(Momeni-Boroujeni et al. 2021).

Abnormal Hh signaling activation and Ptchl upregulation were reported in cells exhibiting
resistance to chemotherapy such as cancer stem cells or tumor-initiating cells (Cochrane et al.
2015). As an example, elevated expression of Ptch1 was described in the residual gastric cancer
cells following chemotherapy treatment with cisplatin and was associated with poor survival in
the gastric cancer patients who underwent chemotherapy (Yu et al. 2017). Moreover, high Ptchl
levels were detected in 76% of biopsy specimens from esophageal squamous cell carcinoma
patients treated with chemotherapy. Interestingly, significant associations were observed
between high Ptchl and large tumor size / progression, and an incomplete response to
chemotherapy, suggesting that high expression of Ptchl may be associated with resistance to
chemotherapy in oesophageal squamous cells carcinoma (Zhu et al. 2011). Furthermore, a
recent study described that the upregulation of Ptchl may be a prognostic marker for relapse in
high-risk prostate cancer patients (Gonnissen et al. 2018).

2.3 Role of Ptchl in cholesterol and drug efflux

Human Ptchl is an integral membrane protein of 1450 amino acids with 12 transmembrane
domains and 2 large extracellular domains. Ptch1 has a sterol sensing domain (SSD) and a large
non-structured intracellular domain like the Niemann Pick C1 protein (NPC1). It belongs to the
Resistance-Nodulation-Division (RND) superfamily which also includes efflux pumps mostly
of bacterial origin (Simsir and Mus-Veteau 2020). RND transporters can extrude a wide variety
of substrates such as sterols, lipids, bile salts, fatty acids, and metal ions, as well as lipophilic
drugs, and are involved in drug resistance (Nikaido 2018).

Ptchl was shown to transport cholesterol in 2011 (Bidet et al. 2011), and this cholesterol
transport activity of Ptchl was recently confirmed by structural data (Gong et al. 2018, Qi et al.



2018, Zhang et al. 2018). This way, Ptchl decreases the intracellular cholesterol concentration
around Smo and prevents Smo stabilization at the plasma membrane. When Shh binds to Ptchl,
it induces Ptchl internalization, and the inhibition of the cholesterol efflux. The increase of the
cholesterol level allows the stabilization of Smo at the plasma membrane and the activation of
Hh signaling (Hasanovic and Mus-Veteau 2018). This explains why cholesterol was often
reported to control / regulate Hh signaling (Radhakrishnan et al. 2020, Petrov et al. 2020).

Interestingly, Bidet and colleagues showed for the first time that Ptch1 is a multidrug transporter
involved in the resistance of cancers to chemotherapy (Bidet et al. 2012). They expressed
human Ptchl in the plasma membrane of the yeast Saccharomyces cerevisiae, and they
observed that the expression of Ptchl conferred to yeast the ability to grow in the presence of
chemotherapeutic agents such as doxorubicin, methotrexate or temozolomide, and that yeasts
expressing Ptchl were able to expel more doxorubicin than control yeasts (Bidet et al. 2012).
More recent studies reported that the inhibition of endogenous Ptchl expression in
adrenocortical carcinoma (ACC) and melanoma cells using silencing RNA strongly decreased
doxorubicin efflux from these cells indicating that Ptchl contributes significantly to the
chemotherapy resistance in these cells (Hasanovic et al. 2018, Signetti et al. 2020). The role of
Ptchl in chemotherapy resistance was strengthened by the observation that ACC cells rendered

resistant to doxorubicin express more Ptchl than parental cells (Hasanovic et al. 2018).

3. Ptchl drug efflux activity is specific to cancer cells
Efflux pumps from the RND family transport substrates using as an energy source the proton-
motive force, an electrochemical gradient in which the movement of protons drives the export
of substrates. In several bacterial RND proteins such as AcrB, whose efflux mechanism has
been extensively studied (Tam et al. 2020), three or four charged residues (Asp407, Asp408
and Lys940) have been shown to be involved in the proton relay. This Proton Relay Site (PRS)
is located for one part at the highly conserved motif GXXXD from the transmembrane helix 4
(Fig. 2A&B), and for the other part on the transmembrane helix 10 (Fig. 2C) (Murakami et al.
2006). The motif GXXXD is also conserved in the fourth transmembrane helix of Patched
efflux pumps (Fig. 2A&B). Bidet and co-workers (2012) showed that mutations in this motif
inhibited the efflux of doxorubicin and the drug resistance conferred by human Ptchl
expression to yeast. They also showed that treatment with a decoupling agent inducing the

disruption of the proton motive force in yeast inhibited the efflux of doxorubicin and cholesterol



(Bidet et al. 2012). Moreover, the structure of human Ptchl revealed the presence of a PRS
formed by two aspartic acids from the transmembrane helix 4 and one glutamic acid from the
transmembrane helix 10 (Qian et al 2019, Simsir and Mus-Veteau 2020) (Fig. 3C).

Taken together, these data strongly suggest that Ptchl transports cholesterol and drugs out of
the cells using the proton motive force like its bacterial homologues. By the way, mutation of
the GXXXD motif in Ptchl leads to the Gorlin syndrome which is a hereditary dominant
autosomal disease characterized by the development of basocellular carcinoma (Aszterbaum et
al. 1998, Chidambaram et al. 1996, Hahn et al. 1996). There is evidence that this disease could
be due to a loss of cholesterol transport activity of Ptchl.
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Figure 2. Ptchl drug efflux activity is driven by proton motive force. A. Schematic representation of the
topology of the RND transporters Patched (Ptc) and the bacterial efflux pump MexB, AcrB and CzcA. The sterol
sensing domains (SSD) is represented in red and the transmembrane segment containing the highly conserved
GXXXD motif is highlighted. B. Sequence alignment of the transmembrane helix 4 containing the GXXXD motif
from Patched (Ptc) and from the bacterial efflux pump MexB, AcrB and CzcA. C. Structure of the proton relay
sites from AcrB (PDB ID: 2DR6, Murakami et al. 2006), and Ptch1 (PDB ID: 6N7H, Qian et al 2019).

Therefore, to transport cholesterol or drugs, Ptchl needs the extracellular medium to be more
acidic than the intracellular medium. Such a pH gradient does not usually occur for healthy
eukaryote cells except in highly proliferating cells, such as cells in development and cancer
cells. Indeed, the high glucose consumption of these cells causes a strong production of lactate
which is transported out of cells decreasing the extracellular pH. This aerobic glycolysis, also
termed the Warburg effect, induces a “reversed pH gradient” which is considered a hallmark of
malignant cancers (Heiden et al. 2009, Liberti and Locasale 2016, Damaghi et al. 2013).

Therefore, in adults, Ptchl functions as a drug efflux pump only in cancer cells. This makes



Ptchl an innovative and highly promising therapeutic target whose inhibition is particularly
relevant for improving the effectiveness of anti-cancer treatments without toxicity for healthy
cells. In addition, this gives Ptchl inhibitors a clear advantage over ABC transporter inhibitors
in combating resistance to chemotherapy without toxicity to healthy cells or potential side-
effects (Fig. 3).

CHEMOTHERAPY RESISTANCE CANCER CELL DEATH

Figure 3. Combination of Ptchl drug efflux inhibitor and chemotherapy is a potential new therapeutic
option to overcome drug resistance of cancer cells. Ptchl inhibitor (in green) inhibits the doxorubicin (denoted
as DXR, in red) efflux activity of Ptchl (in grey). This allows the concentrations of doxorubicin required to kill
cancer cells to be reached and sensibilizes resistant cells to chemotherapy.

4. Three inhibitors of Ptchl drug efflux activity reduce chemotherapy

resistance of cancer cells
Screening tests have been developed to identify molecules that inhibit the resistance to
doxorubicin (dxr) conferred by human Ptchl to yeast, and the efflux of dxr by Ptchl (Fiorini
and Mus-Veteau 2016). This led to the discovery of three inhibitors of Ptchl drug efflux,
namely methiothepin, astemizole, and panicein A hydroquinone, whose structure, profiling

properties and activity are summarized in Table 1.

4.1 Methiothepin
Methiothepin is a small molecule known as a non-selective 5-HT receptor antagonist with

antipsychotic activity (Monachon et al. 1972). This compound was shown to significantly



enhance the cytotoxic, pro-apoptotic, anti-proliferative and anti-clonogenic effects of dxr on
adrenocortical carcinoma (ACC) cells by inhibiting the dxr efflux activity of Ptchl. In vivo
experiments performed on mice bearing human ACC cells xenografts showed that the addition
of methiothepin to dxr treatment inhibited tumor growth more significantly than dxr alone by
enhancing dxr accumulation in tumors. Notably, these effects were achieved without obvious
undesirable side effects and specifically without increasing the amounts of dxr in heart tissues
of treated animals (Hasanovic et al. 2018). Interestingly, three chlorinated derivatives of
methiothepin (Clorotepine, Zotepine and Clotiapine) marketed for the treatment of
schizophrenia (Hrbek et al. 1985) also enhanced the dxr cytotoxicity on ACC cells but with
lower efficacy than methiothepin (Hasanovic et al. 2018).

Methiothepin was also shown to overcome the resistance of BRAFY%F melanoma cells by
enhancing the cytotoxicity of the targeted chemotherapies against kinases such as vemurafenib
(BRAF inhibitor) and trametinib (MEK inhibitor) leading to melanoma cells death. Importantly,
the addition of methiothepin to vemurafenib inhibits the migration of resistant melanoma cells
more efficiently than vemurafenib alone (Durand et al. 2021). MicroScale Thermophoresis
analyses performed on membranes prepared from yeast expressing human Ptchl confirmed that
methiothepin specifically interacts with Ptchl with a Kd of about 7 M.

Profiling data and pharmacokinetics study indicate that methiothepin possesses excellent drug-
like properties, with a particularly favorable metabolic stability (Hasanovic et al. 2018) (Table
1). However, methiothepin has a strong inhibition effect on the cardiac channel hRERG harmful

to its clinical development.

4.2 Astemizole
Astemizole is a second-generation Hi antihistamine drug approved in 1986 for the treatment of
allergic rhinitis and conjunctivitis. It has a high affinity for the histamine H1 receptor, but also
for the potassium channels Eagl and hERG inducing serious adverse cardiac reactions.
Accordingly, it was withdrawn from the market in 1999 for safety-related reasons (Garcia-
Quiroz et al. 2019). In this regard, the cryo-EM structure of hERG in complex with astemizole
has been recently solved, showing the binding of astemizole to hERG (Asai et al. 2021). Several
studies reported that when administrated in combination with a chemotherapeutic treatment,
astemizole showed a significant correlation with reduced mortality among cancer patients. As
an explanation, astemizole was suggested to sensitize cancer cells to chemotherapy and revert
multidrug resistance (Ellegaard et al. 2016). Preclinical studies also suggested that astemizole

could act synergistically in combination with chemotherapeutic agents. Indeed, astemizole was



shown to potentiate the cytotoxicity of dxr against dxr-resistant human leukemia cells (Ishikawa
et al. 2000), and of gefitinib against human lung cancer (Chavez-Lépez et al. 2017). This was
attributed to an effect of astemizole on several proteins involved in cancer progression such as
histamine receptors, ABC transporters and the potassium channels Eagl and hERG (Jehle et al.
2011). However, the recent results obtained on hPtchl expressing yeast suggest that this effect
could also be due to the inhibition of the drug efflux activity of Ptchl (Hasanovic et al. 2020).
Indeed, this study revealed that astemizole inhibited the efflux of dxr but also that of cholesterol
in hPtchl expressing yeast. It also reported an increase of the cytotoxic, pro-apoptotic, anti-
proliferative and anti-clonogenic effects of dxr on ACC cells when astemizole-dxr combo was
used in which a non-cytotoxic concentration of dxr was applied. These results suggest that
astemizole increased the sensitivity to dxr of yeast and ACC cells by inhibiting the dxr efflux

activity of Ptchl and that Ptchl is a new target of astemizole.

4.3 Panicein A hydroquinone
Panicein A hydroquinone (PAH) is a meroterpenoids member of the panicein family produced
by a marine sponge called Haliclona (Soestella) mucosa. This natural compound was shown to
inhibit dxr efflux activity of Ptchl, and to increase the efficacy of dxr and cisplatin against
melanoma cells in vitro (Fiorini et al. 2015). Due to the limited availability of natural PAH, its
chemical synthesis was performed in order to further characterize its activity in vitro and in vivo
(Signetti et al. 2020). The synthesized PAH proved to be as effective as the natural compound
in increasing the cytotoxicity of dxr and inhibiting its efflux in melanoma cells. Experiments
carried out in embryonic eggs showed that PAH was not toxic to the chicken embryos, and,
when added in combination with dxr on melanoma cells xenografted on the eggs chorioallantoic
membrane (CAM), it inhibited melanoma tumor growth more effectively than dxr alone. PAH
was also shown to strongly increase the cytotoxicity of vemurafenib, even in resistant
BRAFV®E melanoma cells. The combination vemurafenib/PAH is synergistic, like the
combinations of PAH with dxr or cisplatin. Moreover, wound-healing assays showed that
addition of PAH to vemurafenib significantly reduced the reclosure of wounds compared to
vemurafenib alone, suggesting that a PAH/vemurafenib combination could be more effective
against the migration of BRAFY5%F melanoma cells than vemurafenib alone. As shown in Table
1, the metabolic stability of PAH is very low. The hydroxyqguinone part of the PAH is rapidly
oxidized by liver microsomes to give the quinone form which was shown to be inactive (Signetti
et al. 2020). Therefore, PAH has been encapsulated in polylactic acid polymer nanoparticles to

perform studies in mice. Encapsulated PAH (iP-PAH) proved to be very stable in the presence



of liver microsomes (more than 60 min) and well tolerated over three days to high doses (40
mg/kg) in acute treatment in mice (Signetti et al. 2020). The combination of iP-PAH and
vemurafenib on melanoma xenografts in mice inhibited tumor growth more significantly than
vemurafenib alone. This was accompanied by a decrease in proliferation and an increase in
apoptosis of tumor cells, indicating that this combo is more cytotoxic against melanoma cells
also in vivo. Moreover, metabolomics analysis showed that tumors from mice treated with the
combo present higher amounts of vemurafenib in comparison with tumors from mice treated
with vemurafenib alone confirming that the efficacy increase was due to Ptchl drug efflux
inhibition. Remarkably, these effects were achieved without obvious undesirable side effects
for mice.

As for methiothepin, MicroScale Thermophoresis analyses suggested that PAH interacts
specifically with Ptchl in membranes prepared from hPtchl yeast expressing, with a Kd of
about 7 puM.
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Table 1. Profiling and activity of the Ptch1 drug efflux inhibitors methiothepin, astemizole and PAH. Profiling
data were obtained experimentally (Hasanovich et al. 2018 and 2020, Signetti et al. 2020) except for the PAH
LogD which was predicted using Stardrop (Optibrium, UK). 4 indicates the combinations performed in vitro



and in vivo. The fold increase, induced by Ptchl inhibitors, of in vitro cytotoxic effect of chemotherapeutic
agents is indicated in brackets. *Metabolic stability in rat liver microsomes

Profiling data and pharmacokinetics study indicate that methiothepin and astemizole
possesses excellent drug-like properties, with a particularly favorable metabolic stability
(Hasanovic et al. 2018 and 2020, Signetti et al. 2020) (Table 1). However, these molecules have
a strong inhibition effect on the cardiac channel hERG harmful to their clinical development.
PAH has less good drug properties but its low affinity for hERG and the opportunities for

optimization make it an interesting hit.

The large body of data reviewed above, showing the role of Ptchl in drug efflux, and
its inhibition as a promising strategy for drug resistance overcome, led naturally to further
efforts in understanding the mechanism of action and binding of the 3 hit inhibitors, in order to
develop more potent compounds. In the following Section, we briefly review the outcome of
structure- and ligand-based in silico studies on Ptch1 inhibition.

5. Structure- and ligand-based in silico studies on Ptchl inhibition

Computer-aided drug discovery is a particularly attractive alternative to expensive high
throughput screenings and other experimental methods in the early stages of ligand discovery.
With the aim of increasing the efficiency of in-silico drug design, several protocols combining
different computational techniques have been developed: docking (Forli 2015, Amaro et al.
2018), structure-prediction approaches (Jumper et al. 2021, Tunyasuvunakool et al. 2021),
molecular dynamics simulations (see e.g., the reviews by De Vivo et al. 2016, Hollingsworth
and Dror 2018, and Salo-Ahen et al. 2021, and references therein), machine/deep learning
methods (Raschka and Kaufman 2020) are few examples. These efforts aim to improve the
description of both receptors and ligands accounting for structural and dynamical features, often
barely observable in experiments, by keeping reasonable computational costs. Although
characterized by an impressive reliability, computational protocols present still several steps
relying on experimental (especially structural) data. Thus, the description of the main outcomes
coming from computational studies on Ptchl will be preceded by an overview of the available

structural data.

5.1 Structural data in support of Ptchl transport activity
Several cryo-EM structures of Ptchl, both in its monomeric and dimeric form, in

complex with or without its ligand Sonic Hedgehog (Shh) have been solved recently (Gong et



al. 2018; Qi et al. 2018; Zhang et al. 2018; Qian et al. 2019; Qi et al. 2019; Rudolf et al. 2019)
(Fig. 4). Besides unveiling the details about the Ptchl-Shh recognition and interaction, the
structural data gave mechanistic insights on the role of Ptch1l in sterol transport. Several sterol-
like densities were observed in the cryo-EM maps of Ptchl, in agreement with the hypothesis
as sterol transporter (Fig. 4B). In all structures both free and bound to the Shh C terminal
domain, sterol-like densities were found in the SSD, a V shaped cavity formed between helices
TM2, TM3 and TM4 (site 1) (and in the symmetry-related helices TM8, TM9, and TM10) and
in the extracellular domain (ECD)1 (site 2) (Fig. 4A). The SSD is located in the transmembrane
domain (TMD) (Fig. 4B site 1) which shares the same 12 helices fold as other RND homologs,
such as AcrB from Escherichia coli, HpnN from Burkholderia multivorans and the eukaryotic
transporters NPC1 and NPC1L1. For instance, in the case of NPC1, which is responsible for
lysosomal sterol trafficking, the SSD domain represents the exit point for sterols leading to their
accumulation into the lysosomes. Cholesterol binding site 2 has been found to bind both free
cholesterol and cholesterolated C-terminus of Shh (Rudolf et al. 2019) (Fig. 4B site 2), and
indeed from a structural point of view this pocket looks uniquely adapted to cholesterol and
Shh binding being lined with aromatic and aliphatic side chains. An additional sterol-like
density was observed located between ECD1, ECD2 and above the TMD, a highly dynamic
area of the receptor mainly delimited by loops (site 3) (Fig. 4C).

Unfortunately, the resolution of the cryo-EM maps (3.5 A at best) does not allow to
precisely identify the ligands and their binding mode to Ptchl. However, according to the
transport activity of the protein, a hydrophobic conduit has been proposed to extend from the
ECD to two openings, both in the TMD of the protein, namely above the SSD and the
symmetry-related segment (Fig. 4A). Direct cholesterol quantification measurements showed
that Ptchl reduces the inner plasma membrane cholesterol concentration in a manner dependent
on the integrity of this putative conduit (Zhang et al. 2018). All together these elements support
the generally accepted hypothesis that Hh signaling and Smo regulation depend on the
cholesterol distribution in the plasma membrane, which is itself regulated by Ptchl. In this
scenario, Ptchl sterol transport occurs together with a conformational switching that harnesses
energy from protons flowing down an electrochemical gradient. Like for the well-studied
prokaryotic RND transporters, a protonation-deprotonation of a charged triad, namely
Ds13Ds14E 1005 located on TM4 and TM10, drives the whole process of conformational change.
Moreover, the efflux of chemotherapeutics mediated by Ptchl and related to MDR has been
proposed to occur in cancer cells according to the same “proton motive force” mechanism and

through the cholesterol transport conduit. Unfortunately, no structure of Ptchl in complex with



a chemotherapeutic agent or efflux inhibitors is available yet. Whether the inhibitors of Ptchl
drug efflux compete themselves with the transport mechanism by being transported by Ptchl

or binding to a specific pocket located along the cholesterol conduit remains to be elucidated.

5.2 Inhibitor binding site identification and analysis

The intrinsic nature of the transporter Ptchl suggests that it adopts different
conformations during its functioning, thus making difficult to precisely identify the binding site
or the mechanism of action of its inhibitors. However, the most plausible region for the binding
of inhibitors seems to be the cavity between ECD1 and ECD?2 right above the TMD (site 3),
called central cavity hereafter. Several experimental findings support this hypothesis: (a) this
pocket is formed along the hydrophobic conduit and cholesterol is found to bind inside it (Zhang
et al. 2018); (b) being large enough and lined by chemically different residues, this cavity is
suitable to be occupied by chemically different ligands, furthermore it is constructed between
loops which suggests high flexibility and ability to adapt to compounds differing in shape and
size (Fig. 4C); (c) eight of the central cavity residues, namely L128, T499, D776, Y1013,
W1018, Q1020, V1081, F1152, are responsible for diseases when mutated (Dingerdissen et al.
2018) (Fig. 4C), and many of them are conserved among the Patched family of proteins
(Hasanovic et al. 2020) suggesting their importance in the transport activity of the protein; (d)
in the structurally related NPC1 and NPC1L1, cholesterol transport inhibitors, itraconazole and
ezetimibe respectively, bind in the related cavity (Long et al. 2020; Hu et al. 2021) (Fig. 4D-
E).
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Figure 4. Overall structure of Ptchl (PDB ID 6N7H, chain A) (cholesterol is shown in red stick representation).
A) The hydrophobic conduit proposed for cholesterol translocation is represented in blue surface: it extends from
the ECD1 to two openings in the TMD, one exit is located in the SSD (helices composing SSD are highlighted in
red) and the other in the symmetry related helices TM8, TM9 and TM10 (highlighted in red); B) The 3 binding
sites for cholesterol are highlighted: site 1 in the SSD, site 2 in the ECD1 and site 3 in the core of the transporter
in a highly dynamic region. The residues lining binding sites 1 and 2 (5A from the ligand) are shown in light
orange stick representation; C) Site 3 or central cavity: the residues lining the binding site 3 (5A from the ligand)
are shown in light orange stick representation and the residues responsible for damaged phenotype when mutated
are highlighted in purple. D) Superimposition between Ptchl (PDB ID 6N7H, chain A, represented in light orange
cartoon) and NPC1 (PDB ID 6UOX, represented in light blue cartoon) in complex with its inhibitor itraconazole.
E) Superimposition between Ptch1 (PDB ID 6N7H, monomer A, represented in light orange cartoon) and NPC1L1
(PDB ID 7DFZ, represented in light firebrick cartoon) in complex with its inhibitor ezetimibe. In panel D(E)
chemical probes identifying hot spots on Ptch1 surface are mainly located in the same region in which itraconazole
(ezetimibe) binds to NPC1 (NPC1L1).

5.3 In silico studies of Ptchl

Prediction and identification of inhibitors of multidrug efflux transporters is an active area of
research. Many in silico studies have been published over the years, addressing mechanisms of
recognition and binding of different compounds by a large variety of systems ranging from
human ABC transporters (e.g., Tangella et al. 2021) to bacterial proteins of the RND family



(e.g., Atzori et al. 2019). Concerning Ptchl, computational investigations were focused on
cholesterol transport (Rudolf et al. 2019), recognition and binding (Kovachka et al. 2021), and
mechanism of drug efflux and of inhibition (Hasanovic et al. 2020; Durand et at. 2021; Signetti
et al. 2020). Extensive molecular dynamics simulations of cholesterol molecules interacting
with the transporter complemented available structural data by demonstrating cholesterol
transport (Rudolf et al. 2019).

More recent in silico investigation supported experimental data by further highlighting the
prominent role of site 3 in Ptchl ligand binding (Kovachka et al. 2021). More specifically, a
pocket detection analysis (performed on the PDB ID 6N7H, chain A) identified the central
cavity as the largest cavity present on Ptchl. In addition, a fragment-based binding site search
campaign, conducted with the primary goal to identify protein regions able to simultaneously
bind to chemically different probes, revealed "hot spots” mainly located in the central cavity.
Interestingly, when superimposing the structure of Ptchl and NPC1 or NPC1L1 in complex
respectively with itraconazole or ezetimibe (PDB IDs of NPC1 and NPC1L1: 6UOX and 7DFZ)
with the hot spot map of Ptchl reported in (Kovachka et al. 2021), the ligand from the former
covers very well the predicted hot spots of the latter (Fig. 4C-E). However other weaker hot
spots were found along the sterol channel including the ECD1 pocket.

Regarding the inhibition mechanism, the first structural insights on the binding of astemizole,
methiothepin and PAH to Ptchl were also revealed by molecular docking studies (Hasanovic
et al. 2020; Durand et at. 2021; Signetti et al. 2020). In all the docking protocols used, only one
conformation of Ptch1 was used and flexibility was allowed only for the ligand while the protein
was kept rigid. A monomeric structure of Ptchl with three natively present binding pockets was
chosen (Qian et al. 2019). It is worth to note that due to the high protein flexibility, other cavities
might play a role in the transport mechanism. The predicted binding modes of the three
inhibitors in the central cavity of Ptchl are shown in Figure 5. The superimposition of the
docking poses reveals a remarkably similar binding mode for astemizole and methiothepin. For
instance, the lipophilic dihydrodibenzothiepine moiety of methiothepin superimposes well to
the (4-fluorobenzyl)benzimidazoyl moiety of astemizole and the two are in contact with the
same residues in the upper part of the pocket, namely 1791, F795, Y801, Y1013 (highlighted in
blue bold in Table 2) and F1017. Likewise, the piperazinyl and piperidinyl moiety of
methiothepin and astemizole respectively, both positively charged at physiological pH of 7.4
are oriented towards the same residues. On the other hand, while methiothepin’s methyl group
seems not to be involved in any specific interaction, astemizole’s lipophilic tail is buried

towards the TMD of Ptchl with the terminal phenyl ring being involved in - interactions with



the aromatic residues W129 and F434. This lipophilic tail is what astemizole and PAH share,
both from structural and binding mode point of view. PAH terminal phenyl ring and flexible
pentene link well superimpose to astemizole’s tail and piperazinyl cycle establishing the same
m-1r interactions with the aromatic residues W129 and F434 and lipophilic patches with A498,
A569 and L570. In addition to the -7 and lipophilic interactions that PAH shares with
astemizole, the hydroquinone moiety of the ligand is involved in H-bond with the backbone of
L775. Interestingly, in silico docking analyses revealed that doxorubicin and vemurafenib, two
drugs shown to be transported out of cancer cells by Ptchl, were able to bind in the central
cavity (Signetti et al. 2020). One can observe at least one hydrogen bond with nearby amino
acids for doxorubicin and vemurafenib (L775 or D776), both with the oxygen of the peptide
bond. The structural diversity between methiothepin and PAH does not allow a straight
comparison of their binding modes except for similar interactions with lipophilic residues lining
the central part of the pocket (highlighted in black bold in Table 2).

A more recent computational study reporting binding site identification and bioactive
ligand conformation assessment aimed at discriminating between good and poor binders for
Ptchl (Kovachka et al. 2021). In this work, all compounds were blindly docked to the
monomeric structure of Ptchl, and ligand flexibility was implicitly considered by employing
conformations extracted from all-atom us-long MD simulations of ligands in water solution.
This ensemble docking strategy enabled to obtain a statistical contact analysis emphasizing the
importance of prevalent protein residues, rather than focusing on specific binding modes.
Besides the identification of the central cavity (site 3) as the putative binding site of PAH, one
of the main outcomes of the study was to discover that predicted binding affinities are better
for open and elongated conformations of the ligands than for closed and spherical (compact)
conformations. Since the active compounds were mostly found in an open conformation during
the MD simulation, this led to the interesting general conclusion that when the latter is prevalent
in water solution the corresponding compound is most likely going to be a good Ptchl efflux

inhibitor.
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Figure 5. Predicted binding modes of the known inhibitors in the central cavity of Ptchl. A) Astemizole,
methiothepin and PAH bound to the central cavity (site 3) of Ptchi, residues within 5 A of the ligand are shown
in light orange sticks. Best docking poses of astemizole, methiotepin, and PAH are reported in panels B), C), and
D) respectively; E) Superimposition of the three inhibitors inside the binding site 3 (astemizole, methiothepin and
PAH in orange, blue and magenta respectively): the lipophilic dihydrodibenzothiepine moiety of methiothepin
superimposes well to the lipophilic part of astemizole, thus sharing contacts with the same residues of Ptchl. The
piperazinyl and piperidinyl moiety of methiothepin and astemizole, respectively, both positively charged at
physiological pH of 7.4, are oriented towards the same residues. The lipophilic tale of astemizole and PAH are
buried towards the TMD of Ptch1.

Ligand Residues within 5A distance from ligand

V125, L128, W129, F434, N496, A497, A569, L570, L775, D776, L777, 1780, 1791, Q794,
F795, Y801, Y1013, F1017, W1018, V1081, F1147.

V125, W129, L427, L775, D776, L777, T778, 1791, F795, Y801, Y1013, F1017, W1018,
Y1021.

Astemizole

Methiothepin

V125, 1128, W129, L431, F434, N496, A497, A498, A569, L570, G774, L775, D776, L777,
1780, F1017, W1018, V1081, F1147.

PAH

Table 2. Residues surrounding the binding poses of the three inhibitors at 5 A distance. Residues common
to all compounds are highlighted in black bold, the common residues found for astemizole and methiothepin are
highlighted in blue bold, and the common residues for astemizole and PAH are highlighted in red bold.

6 Towards the design of a next generation of inhibitors



Despite promising results demonstrating the efficacy of Ptch1 drug efflux inhibition, the
design of new more potent compounds is necessary. A comparative analysis that could help to
build a pharmacophore model useful for the design and synthesis of the next generation of
inhibitors can be valuable to this aim. Even though astemizole, methiothepin and PAH have a
very different chemical structure (for instance PAH does not have any ionizable group while
methiothepin and astemizole are both positively charged at physiological pH), one can
speculate that these compounds are all able to bind to Ptchl and inhibit its efflux activity by
means of the same mechanism of action.

Some "standard" molecular descriptors of these inhibitors are comparatively listed in Table 3.
In addition to the reported "standard™ descriptors, associated with a single, static configuration
of the molecules, it is instructive to compare their dynamical properties to learn more about the
bioactive conformation of the “ideal” inhibitor. Following the investigation on PAH and
derivatives (Kovachka et al. 2021), we here applied the same all-atom 1pus-long MD simulations
protocol for astemizole and methiothepin (see Kovachka et al. 2021 for further details). Both
molecules have been simulated with a net positive charge on the piperazinyl and piperidinyl
moiety respectively (according to pKa values and ionization state at pH 7.4). The resulting
comparison is reported in Figure 6. Given the poor degree of freedom for methiothepin, the
corresponding RMSD and RMSF graphs show a relatively low divergence from the average
structure with only two main conformations that are very similar (RMSD 1.84 A) and account
for more than 95% of the total simulation time. On the other hand, as previously reported
(Kovachka et al. 2021), PAH is the most flexible ligand and thus it assumes many different
conformations during the simulation (highest RMSD value observed for this compound). Two
main states can however be observed for this ligand, an open (cylindric) and a closed one
(spherical), where the aromatic rings are establishing intramolecular 7-7 interactions, with the
open conformation being prevalently adopted (XX vs. YY of the total simulation time).
Astemizole has an intermediate behavior, being the compound balanced between rigid and
rotatable bonds. As can be appreciated from the RMSF graph, the highest fluctuation is given
by the lipophilic tail and the fluorophenyl arm while the rest of the molecule has a relatively

stable conformation.

Astemizole Methiothepin PAH
Chemical Formula CasH31FNLJO C20H20N2S:2 C2oH2803
Molecular Weight 458.58 356.55 340.46

Atoms; Heavy atoms 65; 34 48; 24 53; 25



Rotatable Bonds 8 2 13

H bonds donors/acceptors* 1/5 0/2 2/3

LogP 5.6 4.7 6.5

Van der Waals Volume (A% 427.81 330.94 343.35
Molecular Surface Area (A?) 698.06 516.45 563.44
Polar Surface Area (A%)** 42.52 7.68 49.69

pKa 8.73; 6.24 7.8;2.01 9.53; 11.42

Table 3. Comparison between some molecular descriptors of the three known Ptchl inhibitors as computed with
the Marvin ChemAxon suite of programs (Marvin 17.21.0, ChemAxon, https://chemaxon.com). *The molecule is
considered neutral; **the major microspecies at pH 7.40 is considered.
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Figure 6. Conformational analysis of astemizole (1% line), methiothepin (2"® line) and E-PAH (3" line). The
average structures of the trajectory are represented in thick stick while the cluster representatives are represented
in lines (10 cluster representatives for astemizole and PAH, 2 cluster representatives for methiothepin). For easier
interpretation of the RMSF graph, the atom IDs of the heavy atoms for each molecule are shown in black in the
stick representation.

To go deeper into the comparison between the known inhibitors of Ptchl, we here
performed a 3D structural ligand alignment using the Flexi-LS-align module of the webserver

LS-align (Hu et al. 2018). We chose methiothepin and astemizole as the first alignment pair.



Given the rigid structure of methiothepin, we chose to use as ligand template the average
conformation taken from the MD simulation, while astemizole was allowed flexible. Fifteen
atoms out of 19 were aligned with RMSD <1A, we found significant overlap between the
dihydrodibenzothiepine and the (4-fluorobenzyl)benzimidazoyl moiety of methiothepin and
astemizole, respectively, while the piperazinyl and piperidinyl moiety were quite well aligned
(Fig. 7A). The lipophilic 4-(methoxyphenyl)ethyl tail of astemizole did not take part of the
alignment so we were not able to assess its 3D orientation. Since there are some structural
similarities between PAH and astemizole, such as the hydrophobic tail and the presence of a
linker connecting two aromatic portions, we next performed an alignment between these 2
molecules. We observed a good overlap between the methoxyphenyl portions of the 2
molecules in almost all the alignment pairs and the pentene linker or PAH overlaps with the
piperazinyl linker of astemizole (Fig. 7B). On the other hand, there was no significant overlap
between the hydroquinone and the (4-fluorobenzyl)benzimidazoyl, due to both the shorter
length of PAH linker and the chemical difference in terms of H bond donors/acceptors.

Figure 7. Structural comparison between the known inhibitors of Ptchl. A) Structural Alignment of
astemizole and methiothepin represented in orange and blue respectively. B) Structural Alignment of astemizole
and PAH represented in orange and magenta respectively.

Based on the above results, we speculate that PAH binds to Ptchl in a slightly different way
than astemizole and methiothepin, and this is possible due to the high flexibility of the central
cavity and its ability to adapt as previously described. Complementary to this ligand-based
approach, MD-based simulations would represent a natural follow-up of protein-ligand
molecular docking studies reviewed above. Evaluation of pose stability, coupled with estimates
of the energetics of binding, and quantitative assessment of the per-residue contribution to the

ligand-receptor interactions are all important information that would lead to the design of new



inhibitors. Studies adopting this protocol and successfully addressing inhibition of RND

transporters have been published over the last years (Sjuts et al. 2016, Reading et al. 2020).
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