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ABSTRACT: STARD3 is a cellular protein that represents an attractive
target for cancer therapy, being overexpressed in breast cancer and implied
in the development of colorectal, gastric, and prostate cancers.
Unfortunately, no STARD3 inhibitor has been identified yet. In this
work, an in silico strategy was applied to predict a reliable binding mode of
cholesterol into STARD3 and to develop a pharmacophore-based virtual
screening protocol that allowed the identification of the first STARD3
inhibitor ever reported. The identified compound VS1 binds STARD3
with micromolar affinity (ICg, = 35S uM) and shows antiproliferative
activity in breast (MCF7 and MDA- MB-231) and colon (HCT-116)
cancer cell lines in the same concentration range (ICg, = 49.7—105.5 uM).
Although VS1 has a moderate potency, we demonstrated that it
specifically targets STARD3 in the cells and induces its degradation.
Overall, the results confirm the reliability of the computational strategies

herein applied and the identification of the first hit compound for the development of novel potent STARD3 inhibitors.
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Ithough many advances in the cancer treatment have been
made, scientists are continuously looking for new
approaches in order to provide the best possible outcome for
all patients. An emerging challenge is the identification of new
genes involved in cancer development and progression in order
to develop new therapeutic molecules to be used alone or in
combination with current therapies. In the last years, some
research groups have focused their attention on a protein
initially found to be overexpressed in breast cancer: the StAR-
related lipid transfer domain containing 3 (STARD3).'
STARD3 is a member of a subfamily of lipid trafficking
proteins characterized by a C-terminal steroidogenic acute
regulatory domain, which shares a 35% of homology with the
domain of the StAR protein STARDI, a transporter of
cholesterol in mitochondria. They both belong to the StAR-
related lipid-transfer (START) domain proteins superfamily,
involved in the nonvesicular transport of lipids in membranes.”
In humans, 15 different proteins contain the START domain,
and based on their sequence homology, they are categorized
into six different subfamilies, each one sharing similar ligand
binding specificities.
Although the functions and structures of the members of this
family are not totally clarified, the importance of several

-4 ACS Publications  © 2019 American Chemical Society

475

START proteins in cancer is well reported.”* Even if its role
has not been clarified yet, STARD3 was found to be located in
the late endosomal membranes and specifically involved in
cholesterol transport, transferring such sterol from the
endoplasmic reticulum to the endosomes, or vice versa.’ It
was demonstrated that STARD3 is overexpressed in different
human cancer cell lines, particularly in HER2-overexpressing
breast cancer.’ In fact, STARD3 and HER2 are coamphﬁed
and co-overexpressed in about 25% of breast cancers.” The
molecular mechanism by which STARD3 cooperates with
HER?2 is still unclear. Furthermore, this gene is implicated in
therapy resistance of breast cancer, and patients with a high
level of STARD3 expression had metastasis, local recurrence,
and shorter overall survival.>” This feature has been supported
by STARD3 silencing in HER2 positive breast cancer cell lines,
which induces the reduction of cell viability and increases cell
death,'® reinforcing the idea that STARD3 can be implicated
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in the intratumoral steroidogenesis and cancer progression.
Recently, new evidence suggest a possible involvement of
STARD3 also in colorectal, prostate, and gastric cancers.'' ™"
High levels of STARD3 were found in tubular and papillary
adenocarcinoma cells, suggesting that STARD3 affects
cholesterol metabolism in gastric cancer tissues by increasing
cholesterol transport to mitochondria and consequently
activating steroidogenesis.13 In neoplastic prostate tissue,
STARD3 is coexpressed with CYT7, another gene involved
in androgen synthesis. Even if the link is not clear, STARD3
expression seems to be correlated with high stage, high
Gleason score and short relapse-free time in the prostate
cancer patients.

Due to its involvement in cancer, STARD3 is an attractive
candidate as a target for cancer therapy, and the identification
of selective STARD3 inhibitors is an interesting but yet
unexplored field of study. For this reason, we aimed at
developing a virtual screening (VS) study focused on the
identification of new inhibitors of the STARD3 mediated
cholesterol transport. In 2000, Tsujishita and co-workers
reported the first X-ray structure of the START domain of
STARD3 protein solved in the apo form. The crystal structure
revealed the presence of a wide hydrophobic pocket able to
accommodate only one molecule of cholesterol. Furthermore,
by performing titration experiments, they also proved that the
STARD3 domain binds cholesterol at 1:0.8 ratio.'* Recently, a
new high-resolution X-ray structure of the apo domain has
been solved by Horvarth and co-workers;'® nevertheless, no
clear data about the binding disposition of cholesterol within
STARD?3 binding site were reported in literature until now. In
this study, a computational protocol including consensus
docking, molecular dynamic simulations, and binding free
energy evaluations was employed to predict a reliable binding
mode of cholesterol into STARD3. The results allowed the
development of a receptor-based pharmacophore screening
that led to the identification of a hit compound (VSI1)
endowed with an interesting inhibitory activity. The specificity
of the inhibitor was evaluated by measuring the stability of
STARD3 and its target protein, the focal adhesion kinase
(FAK). Furthermore, the effects of VS1 were evaluated in
breast and colorectal cancer cell lines, demonstrating its
antiproliferative activity.

As a first step, we performed an in-depth docking evaluation
to predict a reliable binding mode for cholesterol into the
STARD3 binding site. A consensus docking (CD) procedure
was thus employed for this task since our previous studies
highlighted the capability of the CD approach to predict ligand
binding poses better than single docking evaluations.'®"”
Through this approach, a ligand is docked into the protein
target by multiple docking methods, and the best-ranked poses
generated by the different docking procedures are clustered
together to search for common binding modes. The docking
pose that shows the highest consensus level represents the final
predicted binding mode, as it is considered more reliable than
the other poses. Based on these considerations, 12 available
docking procedures were employed to dock cholesterol into
the STARD3 binding site, and the 12 obtained docking poses
were then clustered together using an RMSD cutoff of 2.0 A.
As shown in Figure S1 in the Supporting Information, the CD
approach identified four clusters of poses with a comparable
consensus level, each corresponding to a different hypothetical
binding mode. In this case, the CD protocol seemed not able
to identify a particularly reliable binding mode among those
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predicted by the different docking methods. This can be
probably due to the fact that the protocol was applied on the
X-ray structure of an apo protein, instead of using a receptor
extracted from a cocrystal structure as in our previous analyses
and prospective VS studies.'”"® This could affect the quality of
the CD protocol, making the identification of the most reliable
binding mode more challenging. However, it is worth noting
that the approach was still able to identify a preferential
disposition of cholesterol within STARD?3 since in three out of
the four different clusters of poses (10 out of 12 docking
poses) the ligand shared the same orientation into the protein
binding site, with the hydroxyl group pointing toward the inner
side of the cavity. Nevertheless, all predicted binding modes
were analyzed through molecular dynamic (MD) simulations.
A representative docking pose belonging to each cluster of
poses obtained by CD (poses C1—C4) was subjected to a 20
ns MD simulation with explicit water. By analyzing the RMSD
of cholesterol’s position during the simulation with respect to
the starting pose C1, we observed an average RMSD of 1.2 A,
suggesting a remarkably stable binding mode. A different
behavior was observed for the ligand in poses C2 and C3 since
it underwent a certain deviation from its initial conformation,
as shown by the RMSD plots in Figure S2 (see Supporting
Information). A detailed analysis revealed that, in both cases,
cholesterol moved from its starting position and unexpectedly
converged on pose Cl. Notably, this movement allowed the
formation of an H-bond between the hydroxyl group of the
molecule and residue S362. This specific H-bond appeared to
be important for cholesterol binding to the STARD3 domain,
as suggested by previous studies.'” The H-bond analysis of the
MD trajectories confirmed the strength of this interaction since
the hydrogen bond was kept for 89% and 72% of the whole
simulation by cholesterol in poses C2 and C3, respectively.
Considering that in C1 the same H-bond was maintained for
93% of the MD simulation, this analysis further evidenced the
fast convergence of poses C2 and C3 into C1, probably guided
by the formation of the ligand—protein interaction with S362.
On the contrary, this H-bond was not observed for the ligand
in pose C4 since the hydroxyl group of the molecule was
placed in the opposite side of the binding pocket with respect
to $362 (Figure S1D). The C1 and C4 binding modes were
thus further analyzed through the molecular mechanics and
Poisson—Boltzmann surface area (MM-PBSA) method, which
has shown to reliably estimate the ligand—protein interaction
energy.”””' This approach averages the contribution of
solvation free energy and gas phase energy for snapshots of
the ligand—protein complex and the unbound components
extracted from MD trajectories. The results of the MM-PBSA
analysis suggested pose C1 as the most favorable binding mode
since it showed an interaction energy (APBSA = —48.6 kcal/
mol) that was about 8 kcal/mol lower than that estimated for
the binding mode C4 (Table S1 in the Supporting
Information).

The results obtained from these analyses suggested the MD-
refined C1 pose as the most reliable binding disposition of
cholesterol within STARD3 binding site. As shown in Figure
1A, cholesterol is localized in the L-shaped binding pocket of
STARD3 and forms a large number of hydrophobic
interactions. In particular, the phenanthrene core of the
molecule interacts with the residues located in the central
portion of the binding site, mainly delimited by V314, N349,
F388, W404, and L406, whereas the terminal aliphatic chain
interacts with the hydrophobic residues at the top of the cavity,
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Figure 1. (A) Minimized average structure of cholesterol into the
STARD3 binding site obtained from MD simulation and (B) the
corresponding structure-based pharmacophore model used for the VS
study.

i.e, A337, F347, and L410. Finally, the ligand forms the H-
bond with S362, maintained for almost the whole MD
simulation. The obtained binding mode seemed to be in
agreement with the one proposed by Murcia and co-workers in
2006 as the most likely cholesterol orlentatlon biologically
admitted into the STARD3 binding domain."” Therefore, a VS
protocol based on the key cholesterol-STARD3 interactions
was developed. A structure-based pharmacophore model was
built taking into account the main interactions established by
cholesterol in the predicted binding mode into the STARD3
binding cavity. In particular, we considered (a) the H-bond
between the hydroxyl group and S$362, (b) the lipophilic
interactions of the phenanthrene core, and (c) the hydro-
phobic interactions of the terminal aliphatic chain (Figure 1B).
The pharmacophore model was generated by means of the
software LigandScout”” and included a double H-bond donor/
acceptor feature (1) representing the cholesterol hydroxyl
group interacting with $362, two hydrophobic features (2, 3)
describing the interactions of cholesterol phenanthrene core,
and other two hydrophobic features (4, S) representing the
terminal aliphatic chain of the molecule (Figure 2B).
Additionally, the model was refined by adding excluded
volume spheres mimicking the steric hindrance of the
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Figure 2. Minimized average structure of compound VS1 bound to
STARD3 binding site.

STARD3 binding site. The pharmacophore model was used
to filter the Enamine database, comprising 1 782 240
commercially available compounds. Only compounds match-
ing at least four out of five pharmacophore features and
respecting the imposed volume constraints were retrieved. The
double H-bond donor/acceptor feature was set as obligatory in
order to identify molecules that could form H-bonds with
§362, while the four hydrophobic features were set as optional.
Applying these filters, 5456 compounds were selected and
subjected to docking studies. Recent results suggested that CD
could be profitably applied in VS studies. In fact, this approach
not only performed as well as the best available docking
methods found in literature, but it also allowed us to
experimentally identify new active compounds.'®**

On these bases, the 5456 molecules selected through the
pharmacophore search were subjected to a CD protocol
including the 12 docking procedures already used in this study.
For each molecule, the 12 docking poses predicted by the 12
docking methods were clustered together to search for
common binding modes. As reported in Table S2, none of
the docked compounds reached a consensus level above 8; in
fact, only two compounds achieved consensus level 8, ten
compounds showed consensus 7, and 30 molecules obtained a
consensus level of 6. However, these results are in agreement
with previous CD studies reported in literature, which
highlighted the high level of selectivity of this procedure.'”
Based on the CD results, only the 42 compounds with a
minimum consensus level of 6 were considered as potential
active ligands and further analyzed. The visual analysis of the
binding mode predicted for the 42 potential STARD3
inhibitors identified by the CD procedure revealed that only
12 compounds formed the H-bond interaction with S362 in
their docking pose. Therefore, these 12 compounds were
subjected to MD simulations to verify the stability of their
predicted binding mode. The same MD protocol applied to
cholesterol was employed in this step; therefore, the 12
different ligand—protein complexes were subjected to 20 ns of
MD simulation, which were then analyzed in terms of H-bond
stability and ligand RMSD with respect to the starting
coordinates.

Only compounds showing an average RMSD value lower
than 2.0 A and maintaining the H-bond interaction with $362
for more than 70% of the whole simulation were retained. We
applied the RMSD threshold of 2.0 A because it was already
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used in previous VS studies;**~>° differently, the threshold of
70% for the H-bond with S362 was used because in the three
MD simulations in which cholesterol assumed the binding
mode corresponding to the pharmacophore model (see
above), the H-bond with SS36 was maintained for at least
70% of the simulations. Moreover, the same threshold was
recently applied for identifying new LDH inhibitors.”® By
applying these filters, eight compounds were rejected, while the
remaining four potential ligands were purchased and tested for
STARD3 inhibitory activity through a competition binding
fluorescent assay. Taking into consideration the binding of
cholesterol to STARD3 with a stoichiometry of 0.8:1 and the
concentration of protein and substrate utilized in the assay
developed by Tsujishita and Hurley,'* we carried out a binding
titration curve of STARD3 (Figures S3 and S4). Then, a
concentration of S uM of STARD3 was selected (55.9% of
completely bound state, which represented the optimal assay
conditions). The ICg, values obtained for the four tested
compounds are reported in Table 1. Among all compounds,
VS1 was the only one able to inhibit the interaction of

the small hydrophobic cavity mainly defined by A337, T408,
L410, 1419, 1423, and T426.

Interestingly, the comparison between the interaction of
VS1 and that of VS2-VS4 highlights that only VS1 forms H-
bonds with T313, R351, and S362. In fact, compound VS2
does not form any hydrogen bond with R3S51, whereas
compounds VS3 and VS4 do not show the interaction with
T313 (see Figure S11 in the Supporting Information). These
evidence suggest a possible connection between the triple H-
bond network and the inhibitory activity observed for VSI1.

To examine the potential therapeutic effects of STARD3
inhibition, VS1 was tested in cancer cells. Breast (MCF7 and
MDA-MB-231) and colon (HCT-116) cancer cell lines were
selected as models.”®'" As reported in Table 2, VS1 showed
an interesting activity, demonstrating to inhibit cell viability of
all cell lines in the micromolar range.

Table 2. Antiproliferative Activity of VS1 on Representative
Breast and Colon Cancer Cell Lines

cholesterol with an ICy, of 35.0 + 4.7 uM. G ICso (kM)
MCF7 10S.5 + 10.4
Table 1. Structure and Activity of the Tested Compounds MDA-MB-231 49.7 £ 68
HCT-116 70.7 + 4.5
ICs
ELIGHIES (uM) To determine the effectiveness of cytotoxic agents, the
o survival of a single cancer cell could be tested through a
N clonogenic assay.”’ For this purpose, MCE7, MDA-MB-231,
VS1 ©\/N | P NO 35.0+4 and HCT-116 cell lines were treated with different
H)\/\C[ 2 7 concentrations of VS1 and grown until colonies were visible.
oH Results shown in Figure 3A demonstrated that VS1 could
F
i H\/©/ A [ ] °
N VS1 [uM
O -
VS2 O /\g/ ~100 CTR 50 100 CTR shl sh2
HO I
F O Cl
Y N
VS3 HN N\_<NH >100
(@)
N p\0| Figure 3. (A) Cells were treated with different doses of VS1 or (B)
VS4 \\ >100 with two specific shRNAs for STARD3. Colony forming efficiency
H S was evaluated by visual inspection.

0
o}

Figure 2 shows the binding mode of compound VS1 into the
STARD3 binding site. The para-hydroxyl group on the styryl
moiety of the ligand forms a stable hydrogen bond with S$362,
whereas the nitro group in meta position on the same ring
shows an H-bond interaction with R351. The central bicyclic
portion of the ligand interacts with the residues delimiting the
binding cavity on the two sides, i.e., V314, W404, L406, and
F430, while the carbonyl group at C-4 forms an H-bond with
T313 side chain. Interestingly, this additional interaction was
found to be quite stable since it was maintained for almost 70%
of the whole MD simulation. Finally, the benzyl moiety of the
ligand mimics the terminal aliphatic chain of cholesterol, filling
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impair the growth of cancer cells in a dose-dependent manner.
To confirm the specificity of this result, STARD3 was knocked
down with two shRNAs. Both shRNAs inhibited the growth of
cancer cells, confirming that VS1 is a valid inhibitor of
STARD3 (Figure 3B).

It has been reported that high affinity or covalent inhibitors
induce degradation of target protein.””*’ Since NIH3T3 cell
line tolerated well the protein synthesis inhibitor cyclo-
heximide (CHX),”” VS1 was used in combination with
CHX. This assay allows to follow the kinetics of protein
degradation. Compared to control, VS1 accelerated the
degradation of STARD3 protein in CHX-treated cells starting
after 12 h (Figure 4A). Moreover, the mRNA level of STARD3
was unaffected by the treatment (Figure 4B).
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Figure 4. Compound VS1 decreases STARD3 protein stability. (A)
NIH3T3 fibroblasts were treated with 100 uM of compound VS1 for
24 h followed by 10 ug/mL of CHX for the indicated time (hours).
(B) STARD3 mRNA levels: cells were treated for 48 h at two
different concentrations of VS1. The inhibitor does not affect the
mRNA levels of target. (C) MDA-MB-231 cell line was treated with
100 M of compound VS1 for 24 and 48 h. Western blot analysis
shows that the level of FAK and pTyr397-FAK increase in treated
cells.

Finally, since FAK was demonstrated to be regulated by
STARD3 in MDA-MB-231 cells,® we evaluated the levels of
FAK and pTyr397-FAK in VS1-treated MDA-MB-231 cells.
The results confirmed that inhibition of STARD3 by VS1
increased the level of FAK and pTyr397-FAK (Figure 4C).

In conclusion, we developed a VS study aimed at the
identification of potential STARD3 inhibitors. A receptor-
based pharmacophore screening combined with CD and MD
simulations allowed us to identify four promising compounds
predicted to interact within the STARD3 binding domain
through a strong H-bond with $362. A competition binding
fluorescent assay performed for testing the inhibitory activity of
the selected compounds revealed an ICs, of 35.0 uM for
compound VS1. The biological activity of VS1 was thus
evaluated by treating two breast cancer cell lines (MCF7 and
MDA- MB-231) and a colon cancer cell line (HCT-116) with
different concentrations of the inhibitor. Results showed a
promising antitumoral activity of VS1 on all cell lines, with
ICs, values ranging from 49.7 to 105.5 uM. The reduction of
cancer cell proliferation induced by VS1 was also confirmed
through clonogenic assays. Even if further investigations are
needed to test the efficacy and the safety of this molecule,
compound VS1 represents the first available STARD3
inhibitor endowed with a relevant biological activity in cancer
cell lines. Although the ICy, of VS1 on STARD3 is in the
micromolar range, the induction of STARD3 degradation
produced by the ligand suggests a potent and specific activity
of V81 at cellular level. Pretreatment of NIH3T3 fibroblast
cells with VS1, followed by treatment with protein synthesis
inhibitor CHX, induced the reduction of STARD3 levels over
time, suggesting a potent activity of VS1 on STARDS3.
Moreover, in agreement with literature data, Western blot
analysis confirmed the implication of STARD3 in FAK
pathway, as shown by the higher levels of FAK and
pTyr397-FAK in VS1-treated MDA-MB-231 cells, with respect
to untreated cells. In this study, only one compound was
identified as a STARD3 inhibitor, and the obtained results
were not corroborated by any close analogs of this compound.
However, due to the absence of similar commercially available
compounds, to better explore the SAR of this potential class of
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inhibitors the synthesis of new derivatives is ongoing, and they
will be reported in due course.
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