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ARTICLE INFO ABSTRACT

Keywords: A collection of 9050 natural products, their derivatives, and mimetics, was virtually screened against the human
Enhanced Green Fluorescent Protein (eGFP) Atg3-Atg8 (Atg - autophagy) binding scaffold. By blocking this interaction, the lipidation of Atg8 does not occur
ISOﬂ,avfme . . . and the formation of autophagosomes is inhibited. Forty-three (43) potential ligands were tested using enhanced
f;zl;)nmary Structural Activity Relationship Green Fluorescent Protein (eGFP) tagged LC3, the human ortholog of Atg8, in MCF7 breast cancer cells. Three

hits showed single digit uM ICsq values with AT110, an isoflavone derivative, being the best at 1.2 £+ 0.6 uM.
Molecular modelling against Atg8 in conjunction with structural activity relationship (SAR) strongly supports the
binding to this target. Testing in a panel of cancer cell lines showed little cytotoxic effect as compared to
chloroquine. However, same concentration of AT110 was shown to be toxic to young zebrafish embryos. This can
be explained in terms of the autophagy process being very active in the zebrafish embryos rendering them
susceptible to AT110 whereas in the cancer cells tested the autophagy is not usually active. Nevertheless, AT110
blocks autophagy flux in the zebrafish confirming that the ligand is modulating autophagy. A small molecule
non-cytotoxic autophagy inhibitor would open the door for adjunct therapies to bolster many established anti-
cancer drugs, reducing their efficacious concentration thus limiting undesirable site effects. In addition, since
many cancer types rely on the autophagy mechanism to survive a therapeutic regime, recurrence can potentially
be reduced. The discovery of AT110 is an important step in establishing such an adjunct therapy.

Molecular modelling
Zebrafish embryo
Chemical space

1. Introduction to the Atg3 polypeptide. An arginine carboxy-terminal of synthesised

Atg8 is processed to expose glycine carboxy-terminal residue by Atg4, a

Autophagy (self-eating) is a metabolic process for recycling damaged
cellular material, which is captured by autophagosomes and directed to
lysosomes for bulk degradation [1]. Autophagy dysfunction is associated
with many diseases, such as cancer, pathogen infection, inflammation,
and neurodegeneration, making the autophagy machinery a potential
therapeutic target [2,3]; in particular for pancreatic ductal adenocarci-
noma, a cancer with no effective therapeutic treatment [4]. A drug
compound inhibiting the autophagy process, which some difficult to
treat cancers rely on to survive cytotoxic regimen, can therefore be
rendered susceptible to standard therapeutic treatment.

The nucleation and elongation of autophagosomes is orchestrated by
autophagy-related proteins (Atg - autophagy). A key step in this
pathway is the complexation of the ubiquitin related Atg8 protein family
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cysteine protease [5]. The processed Atg8 is activated by Atg7 and
delivered to Atg3 and the amino group of phosphatidylethanolamine is
conjugated with the Atg8 carboxy-terminal glycine [6]. The lipidated
Atg8 is important for substrate recruitment to autophagosomes as well
as for their formation and maturation. The family of Atg8 proteins
consists of six members and their properties and roles are discussed in
detail by Johansen and Lamark [7]. Interestingly, effective small
molecule inhibitors have been discovered using virtual screening for the
human Atg4 protease [8] as well as for the Atg5-Atgl6 complexation,
also a crucial step in the formation of autophagosomes [9,10]. To the
best of our knowledge no small molecules have been reported to inhibit
the complexation between the human Atg8 homologs, the microtubule-
associated protein 1 light chain 3 (LC3) and its Atg3 counterpart.
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However, a potent pan-Atg8 inhibitory peptide has been reported [11]
and a number of drug-like Atg3-Atg8 inhibitors for the Plasmodium fal-
ciparum malaria parasite are known [12-14]; some of those ligands were
discovered using virtual screening in conjunction with biological testing
[12]. The crystal structure of the human Atg3-Atg8 complex has been
solved [15] and promising binding pockets in the Atg8 structure for
small molecular inhibitors are apparent in the positions of leucine 343
and tryptophan 340 amino acid side chains of Atg3 as shown in Fig. 1.
These pockets offer a lipophilic environment as well as a potential for
hydrogen bonding. Furthermore, these are the corresponding pockets in
the Plasmodium falciparum Atg8 structure to which active ligands are
bound [12,13]. The track record of finding potent inhibitors using vir-
tual screening for autophagy targets and the availability of a human
Atg3-Atg8 crystal structure enthused us to discover novel inhibitors for
this complexation.

In this study, the crystal structure of the human Atg3-Atg8 complex
was used as a docking scaffold for a virtual screen to find small molecule
inhibitors for autophagy; the MCF7 breast cancer cell line was used for
testing the virtual hit matter and the most promising hit was investi-
gated in a zebrafish model.

2. Results
2.1. Virtual screen

9050 molecular entities were downloaded from the natural product
InterBioScreen Ltd. collection [16]. It consists of 30 — 35% natural
products isolated from plants, microorganisms, marine creatures etc.,
~40% are their derivatives and 25 — 30% are their mimetics/analogues.
These were screened against the binding pocket of human Atg8 (LC3),
the pocket occupied by Atg3’s Leu343 (Fig. 1). The four scoring func-
tions available in the GOLD software suite GoldScore (GS) [17],
ChemScore (CS) [18,19], Piecewise Linear Potential (ChemPLP) [20]
and Astex Statistical Potential (ASP) [21] were used. Very few hydrogen
bonding interactions were predicted, which are deemed to be important
for specificity of ligands against their molecular targets [22]. Therefore,
compounds with limited predicted hydrogen bonding (HB < 1) were
eliminated. This left 1606 candidates, which were screened again with
high search efficiency. Candidates with low ChemScore (<4.1), Gold-
Score (<27.8), ChemPLP (<30.1), ASP (<12.2) and limited hydrogen
bonding (<2.0) were also eliminated, resulting in 126 candidates. Due
to the lack of known reference compounds the thresholds for the scoring
functions were set so each eliminated 250-300 candidates. Furthermore,
due to the dearth of predicted hydrogen bonding only ligands with clear
hydrogen bonding were taken forward, since interactions only based on
lipophilic contacts are often not specific. These candidates were visually
inspected for a consensus of the best-predicted configuration of the
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ligands between the scoring functions, ligands which showed non-
plausible configurations, i.e., strained, for lipophilic moieties pointing
into the water environment and finally for undesirable moieties linked
to cell toxicity and chemical reactivity [23] were eliminated. Thirty (30)
compounds were selected for experimental testing and their structures
are shown in Table S1 in the Supplementary Information (SI). A detailed
description of the virtual screen is given in the Methodology section. The
screening protocol used has been successfully applied on several
different molecular targets to identify hit matter [24-29].

2.2. Biological testing

Microtubule-associated protein light chain 3 (LC3) is the mammalian
ortholog of yeast Atg8 [30]. LC3 binds the polyubiquitin-binding protein
p62, an adapter protein that is selectively degraded via autophagy [31].
Thus, both biomolecules are excellent markers of autophagosomes, a
decrease in LC3 and increase in p62 is consistent with suppression of
autophagy.

The compounds were tested in breast cancer cell line MCF7 stably
expressing LC3 tagged to enhanced Green Fluorescent Protein (eGFP) at
its N terminus (LC3-eGFP) [10,32]. Chloroquine (CQ) is a lysosomo-
tropic agent that prevents autophagy protein degradation by inhibiting
lysosome mediated proteolysis and causes accumulation of autophago-
lysosomes [33]. Incubation of MCF7 cells with 64 uM CQ caused a sig-
nificant increase in the number of autophagolysosomes, visualized by
LC3-eGFP puncta formation as shown in Fig. 2A, whilst co-incubation
with an autophagy inhibitor 9155821 (62 from Robinson et al. [9])
considerably reduced the ability of CQ to induce autophagosome accu-
mulation (Fig. 2B). We then generated Flp-In T-REx human embryonic
kidney (HEK293) cell line (ThermoFisher Scientific) expressing p62-
eGFP. Expression of p62-eGFP was induced by the addition of 1 ug/ml
of tetracycline. The degradation of p62-eGFP displayed by the loss of
fluorescent puncta formation after removal of tetracycline, by shutting
of the promoter, when the cells were nutrient starved by incubation in
Hanks’ Balanced Salt Solution (HBSS) for 24 h. Accumulation of p62-
eGFP puncta was observed upon inhibition of lysosomal degradation
using potent autophagy inhibitor (Fig. 2D). We showed that when
autophagy is stimulated in cells, the autophagy inhibitor 9155821
reduced the accumulation of LC3-II, maintained levels of p62 and pre-
vented the accumulation of autophagic vesicles (Fig. 2).

The formation of vesicles (puncta) or the lack of it, in MCF7 breast
cancer cells was used to gauge the virtual hit matters’ activity as shown
in Fig. 2A and B. The fewer puncta formed in the preincubated samples
the more complete the inhibition of autophagy formation and putatively
of the Atg3-Atg8 complexation. CQ was used as the reference and
defined as one, the effect of the ligands was measured as the multipli-
cation in the number of puncta counted, or fold change as given on the y-

Fig. 1. The co-crystalised Atg3 polypeptide
(ball and stick) with the Atg8 protein with a
rendered surface; red depicts a negative
partial charge on the surface, blue depicts
positive partial charge and grey shows
neutral/lipophilic regions. Plausible binding
pockets for inhibitors are shown in the lo-
cations of Leu343 and Trp340. The Atg3
hydrogens are not shown for clarity. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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MCF7 eGFP-LC3
A) CQ

T-Rex eGFP-p62
C) HBSS

axis in Fig. 3. Thus, the smaller the fold change value is the more potent
inhibition of autophagy is observed since the depletion of LC3 puncta
formation is being observed.

The thirty virtual hits were screened starting with AT91 to AT119
and the results are shown in Fig. 3. Ligand AT120 caused cytotoxicity
and therefore measuring autophagy inhibition by puncta formation was
not possible. Ligands AT109 and AT110 showed the most potency
together with derivatives AT95, 96, 102, 111, 112 and 115 also
demonstrating efficacy albeit considerably less. The hit structures are
shown in Fig. 4. The hit matter can be categorised into three main
chemical families; i) phenyl ketones with AT95 and 96, ii) chromones:
AT109 and 110 (isoflavone core) and 115 (flavone core), iii) coumarins:
AT111 and 112. Interestingly, ligands AT95, 96, 109 and 110 all share
the two membered ring system 3,4-diydro-2H-benzo-1,5-benzodiox-
epine and it can therefore be concluded that this molecular scaffold is
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Fig. 2. (A and B) MCF7 cells stably expressing LC3
fused to eGFP (enhanced Green Fluorescent Protein)
were exposed to chloroquine (64 uM) or chloroquine
and 9155821 (20 uM) for 4 h, the LC3 puncta are
indicated with arrows. (C and D) T-REx cells
expressing p62-eGFP induced by adding 1 pg/ml
tetracycline (Sigma) were exposed to 9155821 HBSS
for 24 h. C) Reduced puncta formation is seen for
the p62-eGFP construct as p62 is degraded via
autophagy. D) The preincubation with 9155821
considerably increased the number of puncta (indi-
cated with arrows) observed demonstrating the in-
hibition of the autophagy process. The results are
representative of three experiments. The scale bar
represents 50 pm. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

important in disrupting the Atg3-Atg8 complexation. Finally, AT102 is a
single steroid derivative.

2.3. Preliminary structural activity relationship (SAR)

To explore the chemical space around the hit series and verify their
activity thirteen (13) close derivatives of the hit families AT95/96 and
AT109/110 were identified using similarity searching and acquired for
testing. These series were chosen since both contain the 3,4-diydro-2H-
benzo-1,5-benzodioxepine ring moiety, which appears to be important
to the activity. Six derivatives of the AT95/96 were found (AT124-129)
and seven for AT109/110 (AT130-136). The results are shown in Fig. 3,
ie., AT124 to AT136, the molecular structures are given in Table S2 in
the SI. For the AT95/96 family none of the new ligands were more
potent than the original hits. This is also the case for the AT109/110

AT113
AT114
AT115
AT116
AT117
AT118
AT119
AT124
AT125
AT126
AT127
AT128
AT129
AT130
AT131
AT132
AT133
AT134
AT135
AT136
9155821
cQ

Fig. 3. The activity of the virtual hit matter tested using the puncta formation of the LC3 protein. Compound 9155821 (62 from Robinson et al. [9]) is a known Atg5-
Atg16 inhibitor used as a reference compound. The screen was conducted at 20 pM for the ligands. Each data from two independent experiments in duplicates were

shown (error bars are standard errors of the means — SEM).
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Fig. 4. The molecular structures of the hit matter identified from the screening in MCF7 breast cancer cells. AT109 and 110 show the best response.

family, but two quite potent derivatives were found in AT130 and
AT136, their molecular structures are shown in Fig. 5.

From the hits, and their derivatives (see Figs. 4 and 5), it can be
deduced that the ester group is important for the potent activity of
AT109 and AT110 ligands since only they have it and are the most active
ligands identified. Furthermore, the n-propyl group on AT110 appears to
give enhanced efficacy as compared to AT109, which is not substituted
on that position.

Y
O

Fig. 5. The molecular structures of the most active compounds found using
similarity searching; both belong to the chromone family.

AT130 AT136

The half maximal inhibitory concentration (ICsy) of the most
promising derivatives were derived based on the LC3 (Atg8) puncta
formation (see Fig. 2A and B). Furthermore, the p62 puncta were also
observed as a comparison to their LC3 counterparts (see Fig. 2C and D);
the results are shown in Fig. 6.

Very good ICs( values were derived for the three inhibitors in the 1 to
3 uM region with AT110 having the best value at 1.2 + 0.6 pM, followed
by AT109 with 2.3 + 0.1 uM and with AT130 at 2.8 + 0.1 pM (Fig. 6A).
Considering that these are hit compounds and the assay is cell based this
is an excellent result from a virtual screen and further indicates that the
autophagy machinery can be modulated directly with small molecules.
The relative activity of the compounds and 9155821 were compared
with the CQ control as shown in Fig. 3. As can be seen, much higher
activity is obtained for the AT109, AT110 and AT130 inhibitors at 20
uM; they reduced puncta formation (to 5.4%, 8.2% and 21.8%, respec-
tively) as compared to 9155821. The detection of p62-eGFP puncta
when the T-REx cells are exposed to the AT109, AT110 and AT130 li-
gands is consistent with the compounds inhibiting autophagy.
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2.4. Modelling of hit compounds

The binding predictions of the four scoring functions used for the 43
ligands tested is given in Table S1. Interestingly, the hit compounds
AT109/110 have higher scores than the average but AT130, which was
found by similarity searching, does not have particularly high score.

When the docked poses of AT110, the most potent ligand, were
analysed it emerged that the hydrogen bonding is predicted between the
ester moiety and the guanidino group of Arg69; also, between the
carbonyl oxygen in the isoflavone system and the amine moiety of Leu53
backbone as shown in Fig. 7A. Furthermore, a T-shaped n-n stacking
again between the isoflavone and phenylaniline (Phe52) is predicted.
The AT110 ligand shows a good fit into the binding stie of Atg3 as can be
seen in Fig. 7B; the ester containing chain is anchored by hydrogen
bonding in a cleft, the propyl chain sits in the lipophilic Atg3 Leu343
pocket and finally the two membered ring system 3,4-diydro-2H-benzo-
1,5-benzodioxepine is embedded in the pocket occupied by the indole
moiety of Trp340 in the Atg3 polypeptide. All the scoring functions
predicted the same configuration with exception of ChemPLP, it flipped
the ligand around and inserted the propyl chain into the Trp340 pocket
and the 3,4-diydro-2H-benzo-1,5-benzodioxepine system into the
Leu343 pocket.

The main feature of the AT109 poses was that its 3,4-diydro-2H-
benzo-1,5-benzodioxepine system consistently occupied the Trp340
pocket but with the rest of the molecule predicted to interact with
various parts of Atg8. Interestingly, the AT95 and AT95 ligands are also
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Fig. 6. Inhibition of autophagy measured by LC3
and p62 puncta formation. (A) The ICso values for
the most promising ligands, AT109, 110 and 130
derived from the reduction of LC3 puncta formation.
Inhibition of autophagy is seen with low single digit
UM ICsq values. (B) The p62-eGFP puncta formation
upon inhibition of autophagy, measured as the fold
change of the HBSS control. The ligands were
measured at 20 uM. Each data from three indepen-
dent experiments were shown (error bars are SEM).
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predicted to have their 3,4-diydro-2H-benzo-1,5-benzodioxepine moiety
in the Trp340 pocket. Finally, the AT130 configurations were all
generally within the area of the Atg3 polypeptide but not with a clear
binding mode.

When the modelling results are compared with the SAR it can be
understood that the ester containing chain is required for its hydrogen
bonding to Arg69 and the propyl chain to occupy the Leu343 binding
pocket. These two groups need to be attached to the isoflavone scaffold,
which is held in place by one hydrogen bond, a T-shaped n-r stacking
interaction and the 3,4-diydro-2H-benzo-1,5-benzodioxepine is
embedded in the Trp340 binding pocket. Also, when the binding of
AT109 and At110 are compared the importance of the n-propyl group on
the latter is clear, the occupation of the lipophilic Atg3 Leu343 pocket is
required for stable binding. It can therefore be concluded that an
excellent correlation is seen between the modelling and the SAR data,
strengthening the argument that AT110 is indeed inhibiting the Atg3-
Atg8 complexation.

Atg4, an important protease in the autophagy machinery, contains a
cysteine residue (Cys77) in its catalytic pocket [34]. All the inhibitors
found (Fig. 4), contain a ketone moiety, albeit in a highly conjugated
form, which could potentially form covalent bonds with the cysteine
residue inhibiting the autophagy process; thus, presenting an alternative
target. Nevertheless, no reports were found in the literature on the
reactivity of the chromone scaffold with cysteine making AT110 an
unlikely suicide inhibitor.

Fig. 7. The docked pose of AT110 in the complexation site of Atg3-Atg8 as predicted by the ChemScore function. (A) The predicted configuration is shown in the
ball-and-stick format and the adjacent amino acid residues are depicted in the stick format except the Phe52 amino acid is shown in the line format for clarity.
Hydrogen bonds are shown as green lines. (B) The Atg8 protein surface is rendered; blue depicts regions with a partial positive charge on the surface; red depicts
regions with a partial negative charge and grey shows neutral areas. The co-crystalised Atg3 is depicted green in line format. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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2.5. Cell proliferation

The effect on cell proliferation of the most potent ligand AT110 and
CQ as a reference was checked in a panel of cancer cell lines. The aim
was to establish adverse effects on the cells for AT110 and the relative
thymidine incorporation assay [35] was used. Nine established human
cancer cell lines were used: the breast cancer oestrogen receptor-positive
MCF7 and T47D cell lines, and human epidermal growth factor receptor
2 (HER2) positive BT474 cell line, the triple-negative breast cancer
MDA-MB-231 and MDA-MB-453 cell lines [36]. Also, the MiaPaCa2
pancreatic carcinoma, HCT116 colon, A172 glioblastoma and finally
A549 adenocarcinoma alveolar cancer cell lines were used [37,38].
These cancer cell lines represent a broad example of biochemical path-
ways driving cancer survival and growth. The results are shown in Fig. 8
and the numerical values are given in Table S2 in the SI.

It is clear from the data presented in Fig. 8 that AT110 has much less
effect on the cancer cells than CQ, the ICs( values are up to an order of a
magnitude lower. Two cell lines, MCF7 and A549, are not affected in the
concentration range used. This means that the overall biological impact
of AT110 is modest since the cells were not induced into the autophagic
state and in principle specific autophagy inhibitors should not have any
effect on the proliferation of the cancer cells. A modest correlation of
between AT110 and CQ is observed with the Pearson’s correlation factor
at R% — 0.237 (see Figure S4 in the SI).

2.6. Zebrafish model

The objective of the zebrafish embryo experiments was to determine
whether the autophagy inhibition observed in cell culture was repro-
ducible in an in vivo system. The most potent ligand, AT110 was chosen
since it putatively blocks the Atg3-Atg8 interaction likely impeding the
transformation of LC3-I into its LC3-II lipidated counterpart, blocking
autophagy. Two observables in these experiments can shed light on the
inhibition mechanism: First, autophagy inhibition will reduce the for-
mation of autophagosomes, which can be stained by LC3 antibody, and
second it will diminish the autophagy flux as defined by the relationship
between LC3 before and after dosing of the NH4Cl salt, a potent lyso-
somal inhibitor [39-41]. In our experience, autophagy is very active
during embryonic development and autophagy flux can be assessed
using LC3 staining and western blot after exposure to NH4Cl [42,43].

To avoid the most delicate stages, embryos were exposed at 24 h post
fertilization (hpf) to 20 and 40 uM of AT110 for 2 h; zebrafish embryo
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Fig. 8. Comparison of AT110 and CQ ICs, values for the cell proliferation in-
hibition rate was measured using thymidine uptake assay in a panel of cancer
cell lines. The highest drug concentration is depicted where ICs, was not
reached; the cells were treated for three days. Each data from three independent
experiments were shown (error bars are SEM).
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assays usually use more than an order of a magnitude more concentrated
ligand than cell-based assays and therefore these high concentrations
were chosen. Then, 100 mM NH4Cl was added to half of the plates. The
experiment was purposed to last until 36 hpf, however it was stopped at
~32 hpf because the embryos were dying. At 30 hpf treated embryos
showed evidence of high levels of toxicity and necrosis/apoptosis. Brain
and yolk turned greyish indicating abundant cell death. Furthermore,
the embryos were unresponsive to touching, reflecting impairment of
brain and/or muscle development and showed pericardial oedema, the
sack surrounding the heart was inflated and full of liquid, and bending of
the tip of the tail, suggesting high levels of toxicity as shown in Fig. 9.

At 24 hpf the initial steps of development, i.e., the establishment of
the body axes and the formation of all tissue primordia have been
completed. Several structures such as eyes, otic vesicles, heart or brain
can be easily identified. 24 hpf is the beginning of the organogenesis, the
stage were all the organs differentiate. This is a slower process that takes
up to two more days. In general, earlier stages in the development are
more sensitive compared to the later stages, which are used for more
specific drugs that could affect certain organs. As can be seen in Fig. 9,
severe toxicity is observed even though the experiments were conducted
in the more robust latter stage of development.

Based on the toxicity observed, experiments using 2, 5 and 10 uM for
6 h starting at 72 hpf was run to establish the tolerable dose of AT110.
Only the lowest dose (2 pM) allowed the embryos to survive without
morphological defects compared to untreated embryos as shown in
Fig. 10 and this concentration was used in the following experiments.

To better quantify the effect on autophagy, embryos were used with
2 pM AT110 at 72 hpf. At this stage, many tissues, such as retina, brain,
heart, liver, and muscle, are differentiated and functional. Embryos are
more resistant at this stage because they have a functioning liver for
detoxification and a stronger tegument, the fish skin. Also, since the
tissues are more differentiated, autophagy can be better quantified in
regions such as cartilage, retina, and muscle. A two-hour pre-treatment
only with the ligand was used and then 100 mM NH4Cl was added for 24
h [42]. The embryos only exposed to AT110 survived but the embryos
dosed with both the ligand and NH4Cl died. It can be speculated that the
drug might have a stronger effect when also a lysosomal inhibitor is
added. Alternatively, and again, this effect could be specific of the stage
used, of NH4Cl or of the zebrafish per se.

Finally, based on the results from the previous experiments the em-
bryos were exposed to 2 pM of AT110 from 72 hpf to 74 hpf and then
100 mM NH4Cl was added for 8 more hours. Embryos were fixed and
sectioned for LC3 staining. Four different tissues were assessed: carti-
lage, retina, brain and muscle. In summary, all tissues show the same
pattern: stronger LC3 in AT110 treated embryos than in control embryos
but no flux in the first ones after exposure to NH4Cl. Muscle from the tail
shows a very robust LC3 staining, it is very bright and differences be-
tween control and AT110 treated embryos are very difficult to observe
as shown in Fig. 11. However, the accumulation of LC3 puncta after
NH4Cl is observed in control embryos but not in AT110 treated embryos.

In the other tissues, retina (Fig. 12), brain (Fig. 13) and cartilage
(Fig. 14), the result is even more obvious. Exposure to NH4Cl induced
accumulation of LC3 in the control fish but not in the embryos exposed
to AT110. Strikingly, embryos exposed to AT110 appear to have more
LC3 puncta than controls in basal conditions except in cartilage.

In general, the embryos exposed to AT110 seem to have more LC3 in
basal conditions, without exposure to NH4Cl. However, the lysosomal
inhibitor NH4Cl induced LC3 flux in control, accumulation of LC3, but
not in the embryos exposed to AT110. It can be concluded that AT110 is
toxic in fish at the doses used in cell culture; AT110 might induce for-
mation of autophagosomes and simultaneously blocks autophagy flux.

2.7. Chemical space

The calculated molecular descriptors MW (molecular weight), log P
(water-octanol partition coefficient), HD (hydrogen bond donors), HA
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Fig. 9. AT110 is toxic at 20 uM in zebrafish. Embryos exposed to the drug show evidences of toxicity such as grey yolk (orange asterisk), bent tail (red arrow) and
pericardial oedema (yellow arrow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2uM
Control S E———

Fig. 10. AT110 is not toxic at 2 uM in zebrafish. Embryos exposed to the drug
show no gross morphological defects compared to embryos treated just with 1%
DMSO (control).

(hydrogen bond acceptors), PSA (polar surface area) and RB (rotatable
bonds)) are given in Table S3 in the SI. The MW of the ligands lie in a
broad range of 290.4 and 642.4 g mol ! falling into lead-, drug-like and

DMSO

Known Drug Space (KDS) (for the definition of lead-like, drug-like and
Known Drug Space regions see ref. [44] and Table S4). Again, Log P
spans over a broad range from —2.0 to 5.6 covering the three defined
areas in Chemical Space as well as RB, and PSA has the broadest dis-
tribution from lead-like to beyond KDS. The HD are all within the lead-
and drug-like chemical space whereas HA lies withing drug-like and KDS
volumes. It can be stated that the compounds tested have a broad
property distribution in chemical space. Interestingly, the most potent
compounds AT109, 110 and 130 have all their molecular descriptor
values within lead- and drug-like space.

The Known Drug Indexes (KDIs) for the ligands were calculated to
gauge the balance of the molecular descriptors (MW, log P, HD, HA, PSA
and RB). This method is based on the analysis of drugs in clinical use; the
statistical distribution of each descriptor is fitted to a Gaussian function
and normalized to 1 resulting in a weighted index [45]. Both the sum-
mation of the indexes (KDIy,) and multiplication (KDIy) methods were
used as shown for KDIy, in Equation (1) and for KDIy, in Equation (2);
the numerical results are given in Table S3 in the Supplementary section.

KDLy = Imw + liog p + Inp + Ina + Irp + Ipsa (€]
KD, = Imw X liog p X Inp X Iya X Irp X Ipsa 2)

The KDIy, values for the ligands range from 2.91 to 5.91 with a

Control .

AT110 26M

NH,CI

Fig. 11. LC3 distribution in muscle. LC3 (green) and phalloidin (red) were assessed in the muscle of control (A, B) and AT110 treated embryos (C, D). Embryos
exposed to AT110 possibly present more LC3 (compared A to C). Nuclei are stained blue. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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AT110 20cM

Fig. 12. LC3 distribution in the retina. LC3 (green) and phalloidin (red) were assessed in the retina. Alternative layers of nuclei (blue) and projections (red) are
observed. Flux is present in control (A, B) but not in exposed embryos (C, D). Embryos exposed to AT110 might present more LC3 (compare A to C). Intense green is
the optic nerve (asterisk). Nuclei are stained blue. GCL: ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL:
outer nuclear layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

DMSO

NH,CI

3
N
=
=
<

Fig. 13. LC3 distribution in the brain. LC3 (green) and phalloidin (red) were assessed in the optic tectum, fish visual centre. Flux is observed in control (A, B) but not
in exposed embryos (C, D). Embryos exposed to AT110 might present more LC3 (compare A to C). Intense green is vessels and brain ventricles, which is not indicative
for LC3. Nuclei are stained blue. Anterior region of the embryo is to the left. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

theoretical maximum of 6 and the average of 4.08 for known drugs.
These values are surprisingly good due to the broad distribution of the
molecular descriptors. The KDIy}, values range from 0.00 to 0.92, with a
theoretical maximum of 1 and with KDS average of 0.18. The KDIy,
index is more sensitive than KDIy, to outliers since multiplication of
small numbers leads to smaller numbers enabling it to identify ligands
with poor property distribution. The most active compounds have good
KDIy, /o1 values; AT109 5.53/0.59, AT110 5.42/0.53 and AT130 5.53/
0.60.

3. Conclusion

The virtual screen and the subsequent testing in MCF7 breast cancer

cells lead to the discovery of the AT110 isoflavone derivative with an
ICs¢ value of 1.2 & 0.6 uM. It is a drug-like ligand with a good balance of
the physicochemical properties deemed to be important for biologically
active compounds. Interestingly, ipriflavone, a drug candidate also with
an isoflavone core, and structurally similar to AT110 (see molecular
structure in Figure S3) reached human clinical trials for the treatment of
postmenopausal osteoporosis; regrettably no beneficial effect was seen
and lymphocytopenia was developed by many of the women [46]. The
monitoring of the reduction of LC3 in autophagy induced cancer cells
using the eGFP technology allowed us to quantify the effect of the li-
gands on the autophagy process making it a valuable assay format for
further development of small molecular inhibitors. Furthermore, the
strong correlation between the SAR results with the binding scaffold of
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AT11020M

Fig. 14. LC3 distribution in the cartilage. LC3 (green) and phalloidin (red) were assessed in the palatoquadrate cartilage, the fish jaw (yellow arrow points to
chondrocytes). Flux is observed in control (A, B) but not in exposed embryos (C, D). Intense green is muscle surrounding cartilage. Nuclei are blue. Anterior region of
the embryo is to the left. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Atg8 strongly suggests that AT110 is modulating this target. A more
specific biochemical or biophysically based assay measuring the direct
effect of the ligands on the Atg3-Atg8 complexation would support the
findings presented here but are not available to us. Possible assay sys-
tems that could be developed are surface plasmon resonance, isothermal
titration calorimetry, fluorescence resonance energy transfer and fluo-
rescence polarisation. To establish a fully-fledged drug discovery pro-
gramme some of these assays need to be developed. Furthermore,
verifying the binding mode of AT110 to Atg8 would be very helpful.
Observations in zebrafish are different to the panel of cancer cell lines.
The cell cultures were modestly affected with no effect for two cell line
types (MCF7 and A549). Instead, three main observations can be made
from the zebra fish results: i) AT110 is toxic in fish at the doses used in
cell culture; ii) AT110 might induce the formation the autophagosome in
vivo; iii) AT110 blocks autophagy flux in vivo. Interestingly, these results
are consistent with previously published data indicating that autophagy
dysfunction limits cell viability in vivo but not in cultured cells main-
tained in nutrient-rich conditions as used in this study [47,48]. Indeed,
the zebrafish embryos rely on autophagy associated with the Atg3-Atg8
pathway for their development and denying the embryos access to it
results in severe toxicity [49]. Instead, the panel of cancer cell lines used
in this study includes various cancer types, which depend on different
biochemical pathways for survival. Having no or modest cytotoxic effect
in the cancer cell lines, which are not starved and therefore do not rely
on autophagy, suggests that unlike CQ [50], AT110 has limited off-
target cytotoxicity in vitro. Future studies will be needed to investigate
whether AT110 affects survival of cancer cells in starvation conditions
and impacts cancer progression in vivo.

4. Methodology
4.1. Modelling and screening

The compounds were screened against the crystal structure of human
Atg8 (LC3) (PDB ID: 2ZJD, resolution 1.56 f\) [15], which was obtained
from the Protein Data Bank (PDB) [51,52]. The Scigress version FJ 2.6
program [53] was used to prepare the crystal structure for docking, i.e.,
hydrogen atoms were added, the co-crystallised p62 (Atg3) polypeptide
was removed as well as crystallographic water molecules. The Scigress
software suite was also used to build the inhibitors and the MM2 [54]
force field was used to optimise the structures. The docking centre for

the Atg8 (LC3) protein was defined as the nitrogen in Leu343 (x =
18.773, y = 34.814, z = 76.804) of the Atg3 (p62) peptide with 10 A
radius. For the initial screen 30% search efficiency was used (virtual
screen) with ten runs per compound. For the second phase (re-dock)
100% efficiency was used in conjunction with fifty docking runs for each
ligand. The GoldScore (GS) [17], ChemScore(CS) [18,19], Piecewise
Linear Potential (ChemPLP) [20] and Astex Statistical Potential (ASP)
[21] scoring functions were implemented to validate the predicted
binding modes and relative energies of the ligands using the GOLD v5.2
software suite. The virtual high throughput screen was conducted with
the InterBioScreen Ltd. natural product-collection of 9050 out of 50,000
entities [16]. The natural product collection consists of natural products
(30-35%), their derivatives (~40%) and analogues (25-30%).

The QikProp v6.2 [55] software package was used to calculate the
molecular descriptors of the molecules. The reliability of it is established
for the calculated descriptors [56]. The Known Drug Indexes (KDI) were
calculated from the molecular descriptors as described by Eurtivong and
Reynisson [45].

Substructure and Tanimoto similarity search methods [57] were
used to identify the structurally related compounds using the Emole-
cules [58] web-based compound collection.

4.2. LC3-eGFP cells

As described previously in details [30], MCF7 cells were stably
transfected with pReceiver-M29 (Genecopoeia) encoding LC3
(NM_022818) fused to eGFP as described previously [10]. MCF?7 cells (3
x 10* cells per well) were seeded in 96-well plate. After 24 h incubation,
cells were exposed to chloroquine (64 pM) for 4 h in the presence or
absence of indicated compounds (20 pM) to measure autophagy. Cells
were fixed with 100% ethanol for 5 min, and nuclei were stained with
Hoechst for 15 min. Cells were imaged, and punctate LC3-eGFP was
determined quantitatively using Molecular Devices ImageXpress Micro
XLS high content screening system using the compartmental analysis
algorithm to identify the nucleus and quantitate GFP spots above a fixed
threshold. The LC3-eGFP puncta were distinguished from the back-
ground using a spot kernel radius parameter of 1-5 and a threshold set at
10,000-pixel intensity units above the background. The Hoechst stained
nucleus was distinguished from the background using a spot kernel
radius parameter of 10-20 and a threshold set at 2000-pixel intensity
units above the background. At least 3500 cells per field, 4 fields per



E. Leung et al.

well, and 2 duplicate wells per experimental point were counted.

4.3. p62-eGFP cells

Stable Flp-In T-REx cell lines expressing p62-GFP were generated
according to the Flp-In system manual (Invitrogen) with pEZ-M29
(Genecopoeia) encoding p62 (Homo sapiens sequestosome 1
(SQSTM1), transcript variant 2 (NM_001142298) fused to eGFP as
described previously [10]. Flp-In plasmids carrying the p62-GFP fusion
constructs under control of a tetracycline inducible CMV promoter were
co-transfected together with the pOG44 plasmid encoding Flp recom-
binase (Invitrogen) into the Flp-In T-REx 293 host cell line (Invitrogen)
using Lipofectamine 3000 (Invitrogen). This cell line contains a single
integrated FRT site for insertion of the selected fusion constructs and
expresses the TetR repressor enabling induction of the inserted con-
structs with tetracycline. T-REx p62-eGFP cells (4.5 x 10* cells per well)
were seeded in 96-well plate. Gene expression of p62-eGFP from the
CMV/TetO, promoter was induced by adding 1 pg/ml tetracycline
(Sigma) to the culture medium for 24 h. Culture medium was replaced
with HBSS and cells were further cultured for 24 h in the presence or
absence of indicated compounds (20 pM) to measure autophagy. Cells
were fixed with 100% ethanol for 5 min, and nuclei were stained with
Hoechst for 15 min. The p62-eGFP puncta were distinguished from the
background using a spot kernel radius parameter of 1-5 and a threshold
set at 10,000-pixel intensity units above the background. The Hoechst
stained nucleus was distinguished from the background using a spot
kernel radius parameter of 7-25 and a threshold set at 1000-pixel in-
tensity units above the background. At least 1500 cells per field, 4 fields
per well, and 2 duplicate wells per experimental point were counted.

4.4. Cell proliferation assay

As described previously [59], cell proliferation was measured by the
degree of incorporation of >H-thymidine into DNA of S-phase cells.
Briefly, 3000 cells per well were seeded in 96 well plates that were tissue
culture-treated for monolayer culture and incubated for 3 days. *H-
Thymidine (0.04 pCi per well) was added 5 h prior to harvest. The
human breast cancer cell line MCF7, T47D, BT474, MDA-MB-231, MDA-
MB-453, pancreatic cell line MiaPaCa2, colon cancer cell line HCT116,
glioblastoma cell line A172 and lung carcinoma cell line A549 were
purchased from the American Type Culture Collection (ATCC).

4.5. Zebrafish assay

Zebrafish were maintained in standard conditions conformed to
Directive 2010/63/EU of the European Parliament. Embryos were ob-
tained from natural pairwise mating, reared in in E3 embryo medium at
28.5 °C and staged accordingly [60].

Protocol is a variation of the one we have previously used to analyse
autophagy [42]. Briefly, embryos were exposed at different stages for
two hours to AT110 at different concentrations. Stages and concentra-
tions are defined in the main text. AT110 was dissolved in DMSO and the
final concentration on the fish plate was never higher than 1%. There-
fore, control embryos were also exposed to 1% DMSO. To address
autophagy flux, lysosome degradation was stopped by exposing half the
embryos (either control or treated with AT110) to NH4Cl at 100 mM in
combination with the ligand for at least 4 h [42]. Embryos were fixed in
4% paraformaldehyde and the cryosections were obtained. Standard
LC3 (1/100; ab51520, Abcam), AlexaFluor-658 Phalloidin (1/100;
A12380, Life Technologies) and DAPI (1/10,000; D9542, Sigma)
immunohistochemistry was performed. Sections were imaged in a A1R
confocal Nikon Microscope using a 40x objective at the same time and
with the same settings to minimize variations [42].
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