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Abstract

Background

Praziquantel represents the frontline chemotherapy used to treat schistosomiasis, a
neglected tropical disease (NTD) caused by infection with macro-parasitic blood fluke schis-
tosomes. While this drug is safe, its inability to kill all schistosome lifecycle stages within the
human host often requires repeat treatments. This limitation, amongst others, has led to the
search for novel anti-schistosome replacement or combinatorial chemotherapies. Here, we
describe a repositioning strategy to assess the anthelmintic activity of epigenetic probes/
inhibitors obtained from the Structural Genomics Consortium.

Methodology/Principle findings

Thirty-seven epigenetic probes/inhibitors targeting histone readers, writers and erasers
were initially screened against Schistosoma mansoni schistosomula using the high-through-
put Roboworm platform. At 10 uM, 14 of these 37 compounds (38%) negatively affected
schistosomula motility and phenotype after 72 hours of continuous co-incubation. Subse-
quent dose-response titrations against schistosomula and adult worms revealed epigenetic
probes targeting one reader (NVS-CECR2-1), one writer (LLY-507 and BAY-598) and one
eraser (GSK-J4) to be particularly active. As LLY-507/BAY-598 (SMYD2 histone methyl-
transferase inhibitors) and GSK-J4 (a JMJDS3 histone demethylase inhibitor) regulate an epi-
genetic process (protein methylation) known to be critical for schistosome development,
further characterisation of these compounds/putative targets was performed. RNA interfer-
ence (RNAI) of one putative LLY-507/BAY-598 S. mansonitarget (Smp_000700) in adult
worms replicated the compound-mediated motility and egg production defects. Further-
more, H3K36me2, a known product catalysed by SMYD2 activity, was also reduced by
LLY-507 (25%), BAY-598 (23%) and siSmp_000700 (15%) treatment of adult worms.
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Oviposition and packaging of vitelline cells into in vitro laid eggs was also significantly
affected by GSK-J4 (putative cell permeable prodrug inhibitor of Smp_034000), but not by
the related structural analogue GSK-J1 (cell impermeable inhibitor).

Conclusion/Significance

Collectively, these results provide further support for the development of next-generation
drugs targeting schistosome epigenetic pathway components. In particular, the progression
of histone methylation/demethylation modulators presents a tractable strategy for anti-
schistosomal control.

Author summary

Human schistosomiasis is caused by infection with parasitic blood fluke worms. Global
control of this NTD is currently facilitated by administration of a single drug, praziquantel
(PZQ). This mono-chemotherapeutic strategy of schistosomiasis control presents chal-
lenges as PZQ is not active against all human-dwelling schistosome lifecycle stages and
the evolution of PZQ resistant parasites remains a threat. Therefore, new drugs to be used
in combination with or in replacement of PZQ are urgently needed. Here, continuing our
studies on Schistosoma mansoni epigenetic processes, we performed anthelmintic screen-
ing of 37 epigenetic probes/epigenetic inhibitors obtained from the Structural Genomics
Consortium (SGC). The results of these studies highlighted that schistosome protein
methylation/demethylation processes are acutely vulnerable. In particular, compounds
affecting schistosome SMYD (LLY-507, BAY-598) or JMJD (GSK-J4) homologues are
especially active on schistosomula and adult worms during in vitro phenotypic drug
screens. The active epigenetic probes identified here as well as their corresponding S. man-
soni protein targets offers new starting points for the development of next-generation
anti-schistosomals.

Introduction

Amongst human infectious diseases caused by macro-parasitic organisms, schistosomiasis is
the most significant in terms of its negative impact on both individual health and population-
driven socio-economic outputs [1-3]. The current cornerstone of schistosomiasis control in
endemic communities is preventative chemotherapy with praziquantel (PZQ), a pyrazinoiso-
quinoline-like compound that induces minimal side effects and demonstrates a highly-favour-
able absorption, distribution, metabolism and excretion (ADME) profile [4]. However, as PZQ
has been the primary anti-schistosomal used across the globe for the past three decades [5] and
its currently unknown mechanism of action (possibly modulating serotonin signalling; [6, 7])
is variably effective against intra-human schistosome lifecycle stages [8], the search for PZQ
replacement or combinatorial drugs is under intense investigation should drug resistant schis-
tosomes develop.

One recent approach applied to schistosome drug discovery is based on the concept of com-
pound repositioning or repurposing, where new indications for existing drugs are sought [9].
Two benefits of such a repositioning strategy for schistosomiasis include: 1) accelerating the
drug discovery pipeline due to pre-existing safety and ADME data being available for the
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repositioned compound and 2) identifying putative anti-schistosome candidate proteins due
to target-based aspects of pharmaceutical-led, drug developmental programmes [10]. Sourcing
of repositionable compounds, from industrial suppliers, for use in academic laboratories
engaged in anthelmintic research has been recently facilitated by the efforts of not—for—profit
organisations including the World Intellectual Property Organisation Re:Search—BioVentures
for Global Health consortium [11] and the Structural Genomics Consortium (SGC) [12]. Itis
expected that these academic/industry private—public—partnerships will build upon previous
repositioning successes in the identification of new leads for treating schistosomiasis [13-16].

Due to our (and other research groups) continued interest in deciphering how schistosome
epigenetic processes shape schistosome lifecycle progression [17-27] and the SGC’s ability to
supply epigenetic probes (EPs)/epigenetic inhibitors (EIs) (compounds that have been
designed to modulate human epigenetic targets) [28, 29], we herein have conducted a reposi-
tioning campaign focused on the anti-schistosomal activity (against S. mansoni) of thirty-four
SGC-supplied EPs (compounds that display in vitro potency of < 100 nM, > 30 fold selectivity
vs other subfamilies and on-target cellular activity at 1 (M) and three EIs (compounds that do
not display these specific epigenetic probe traits) [30]. Using both a high-throughput platform
for measuring schistosomula motility and phenotype as well as a low-throughput assay for
quantifying adult schistosome motility and egg production [31-33], we have determined that
compounds targeting bromodomain (BRD)-containing proteins, histone methyltransferases
(HMTs) and histone demethylases (HDMs) are amongst the most potent anti-schistosomals
within the tested SGC epigenetic probe collection. As the schistosome histone methylation
machinery has recently been shown to be critical for developmental processes including egg
production, miracidium to sporocyst transformation and adult worm motility [34-36], we spe-
cifically pursued the SGC epigenetic probes (LLY-507/BAY-598 and GSK-J4) involved in
HMT/HDM inhibition for follow-on functional investigations.

RNA interference (RNAi) and molecular modelling methods were used to functionally vali-
date the most likely S. mansoni target (Smp_000700) of the HMT inhibitors LLY-507 [37] and
BAY-598 [38]. Here, drug treatment or RNAi of smp_000700 in adult worms both led to
decreases in dimethylated (me2) H3K36 (Histone 3, Lysine 36), a known substrate of SMYD
activity. Furthermore, inhibition of the most likely S. mansoni target (Smp_034000) by cell per-
meable GSK-J4 (but not GSK-J1) [39] led to egg production deficiencies and vitellocyte pack-
aging defects when adult worm pairs were co-cultured with this compound at concentrations
as low as 390 nM. As such, these particular epigenetic probes and their corresponding molecu-
lar targets represent exciting new leads in the identification and development of next genera-
tion anthelmintics for combating a major NTD of low to middle income countries.

Materials and methods
Ethics statement

All procedures performed on mice adhered to the United Kingdom Home Office Animals
(Scientific Procedures) Act of 1986 (project license PPL 40/3700) as well as the European
Union Animals Directive 2010/63/EU and were approved by Aberystwyth University’s Animal
Welfare and Ethical Review Body.

Compound acquisition, storage and handling

All epigenetic probes, epigenetic inhibitors and chemotype matched controls (where available)
were received from the SGC and solubilised in DMSO (Fisher Scientific, Loughborough, UK)
at stock aliquot concentrations of 1.6 mM and 10 mM for schistosomula and adult worm
screening respectively. Auranofin (AUR) and praziquantel (PZQ) were purchased from
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Sigma-Aldrich and reconstituted similarly to the SGC compounds. All reconsituted com-
pounds were stored at -80°C.

Parasite material

A Puerto Rican strain (NMRI) of S. mansoni was used throughout the study and passaged
between Mus musculus (Tuck Ordinary; TO) and Biomphalaria glabrata (NMRI albino and
pigmented hybrid [40]) hosts. Cercariae were shed from both B. glabrata strains by exposure
to light in an artificially heated room (26°C) for 1 h and used to percutaneously infect M. mus-
culus (200 cercariae/mouse) [41] for generation of adult schistosomes or to mechanically
transform into schistosomula [42] for in vitro compound screening. Adult schistosomes were
obtained from M. musculus at 7 wks post-infection and used for in vitro compound screening
and RNA interference (RNAi).

Bioinformatics

The specific Homo sapiens target (histone reader, writer or eraser) of the SGC-provided epige-
netic probes/inhibitors initially was derived from the SGC website and corresponding refer-
ence literature [30]. Uniprot IDs of the representative H. sapiens epigenetic target were
obtained from Uniprot [43] and their downloaded protein sequences were used as queries for
protein BLAST (BLASTYp) searches against the predicted protein database derived from the S.
mansoni genome hosted in NCBI [44] and Wormbase-Parasite [45] using default settings. For
the BLASTp searches, both full-length and catalytic domain peptide sequences were used as
queries against the S. mansoni genome (v7.0). The most closely related S. mansoni protein (as
compared by E values) and their sequence similarity were reported. Multiple sequence align-
ments (MSAs) of the amino acid sequence of the catalytic domain amino acid sequences
within the identified SmSMYD and human SMYD proteins were performed with MUSCLE
v3.8 (Multiple Sequence Comparison by Log Expectation) using the default parameters [46]
and selecting ClustalW as the output format [47]. The alignments were then analysed in Jal-
view v2.9 [48] and visually inspected to check for ambiguities and sequences not aligning cor-
rectly. Phylogenetic trees were constructed by MEGA7 using the neighbour-joining method
based on the JTT matrix-based model with default settings [49]. A total of 1000 bootstrap repli-
cations were run to estimate the confidence of each node.

In vitro schistosomula screening

Mechanically transformed schistosomula phenotype and motility metrics were assessed at 72 h
post compound incubation as previously described [50], with minor modifications. Briefly,
384-well tissue culture plates (Perkin Elmer, cat 6007460), containing 20 pl of Basch medium
[51], were wet-stamped using a Biomek NX" liquid handling platform (Beckman Coulter, UK)
with negative (0.625% dimethyl sulfoxide, DMSO) and positive controls (AUR and PZQ at

10 uM final concentration in 0.625% DMSO) as well as 37 SGC compounds (at 10 uM final
concentration in 0.625% DMSO). Two-fold titrations of 14 SGC compounds, which were con-
sistent hits at 10 uM, were also conducted at 10 pM, 5 pM, 2.5 pM, 1.25 pM and 0.625 pM to
generate approximate ECsos using GraphPad Prism. To each pre-loaded well (single concen-
tration or titration screens), a total of 100-120 mechanically transformed schistosomula (in

60 ul) were deposited via a WellMate (Thermo Scientific, UK). Schistosomula/compound co-
cultures (80 ul in total) were then incubated at 37°C for 72 h in a humidified atmosphere con-
taining 5% CO,. At 72 h, tissue culture plates (containing schistosomula/compound co-cul-
tures) were imaged under the same conditions (37°C in a humidified atmosphere containing
5% CO,) using an ImageXpressXL high content imager (Molecular Devices, UK) with
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subsequent images processed for phenotype and motility as previously reported [50] and suc-
cessfully implemented by us at Aberystwyth University [7, 32-34, 52]. Single point schistoso-
mula screens (10 uM) were repeated two or three times whereas dose response titrations were
performed once. Z” values obtained from all schistosomula screens ranged from 0.27-0.48
(mean = 0.40) for phenotype and 0.41-0.56 (mean = 0.48) for motility.

In vitro adult schistosome screening

The anthelmintic effect that selected SGC compounds (i.e. those 14/37 compounds that dem-
onstrated anti-schistosomula activity at 10 uM) had on adult male and female schistosome
pairs as well as egg production was assessed according to the methodology described by
Edwards et al. [31]. In vitro screening was replicated three times on different dates to account
for any biological variation. Briefly three adult worm pairs/well (48-well tissue culture plate
format) were placed into DMEM (Gibco, Paisley, UK) supplemented with 10% (v/v) FCS
(Gibco, Paisley, UK), 1% (v/v) L-glutamine (Gibco, Paisley, UK) and an antibiotic mixture
(150 Units/ml penicillin and 150 ug/ml streptomycin; Gibco, UK). DMSO (0.5% negative con-
trol), AUR (10 pM concentration in 0.5% DMSO; positive control) and two-fold titrations of
SGC compounds (50 uM- 6.25 uM or 50 uM- 0.05 uM; in 0.5% DMSO max) were added, and
together, these adult worm/compound co-cultures were incubated at 37°C for 72hin a
humidified atmosphere containing 5% CO,. Following compound incubation, WHO/TDR
readouts of adult worm motility [53], abundance of H3K36me2 (LLY-507 and BAY-598
treated worms only) in histone extracts and egg counts/well were recorded at 72 h.

RNA interference (RNAI)

Following the perfusion of 7 wks infected mice, adult worms were recovered and RNAi per-
formed as previously described [20, 21]. Briefly, smp_000700 and non-specific luciferase
siRNA duplexes were purchased from Sigma (siSmp_000700 = sense: GGUAAUCGGUCAUG
UGUAU[dT][dT] and anti-sense: AUACACAUGACCGAUUACC[dT][dT]; siLuc = sense
CUUACGCUGAGUACUUCGA[dT][dT] and anti-sense UCGAAGUACUCAGCGUAAG
[dT][dT]) and used at a final concentration of 50 ng/pl. Mixed sex adult worm pairs (for
knockdown assessment by quantitative reverse transcription PCR, qRT-PCR) were cultured at
37°C in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 10% v/v HEPES (Sigma-
Aldrich, UK), 100 Units/ml penicillin and 100 pg/ml streptomycin in an atmosphere of 5%
CO, with a 70% media exchange performed every 48 h. The experiment was replicated three
times (21 worm pairs/replicate). Quantitative reverse transcription PCR (qQRT-PCR) of
smp_000700 abundance was performed at 48 h and adult worm motility [53] as well as egg
counts were quantified at 168 h. Levels of H3K36me2 detected in schistosome histone extracts
were assessed at 72 h.

Quantitative reverse transcription PCR (qRT-PCR)

Following RNAi with siSmp_000700 and siLuc, mixed-sex adult worms were incubated for a
total of 48 h before processing them for RNA isolation. Briefly, worms were homogenised
using a TissueLyser LT (Qiagen, UK) in TRIzol Reagent (Invitrogen, UK) before isolation of
total RNA using the Direct-zol RNA Kit (Zymo, UK). cDNA was then generated using the
SensiFAST cDNA synthesis kit (Bioline), QRT-PCR performed and data analysed as previously
described [54]. qRT-PCR primers for amplifying smp_000700 (Forward primer 5-GTCTTGC
ATGTATAGAGGATTGGTC-3’, Reverse 5-GCAGTCAACCGATTCAATTAAAGT-3’) and
internal standard alpha tubulin (SmAT1; Forward primer 5-CGAAGCTTGGGCGCGTCTA
GAT -3, Reverse 5-CTAATACTCTTCACCTTCCCCT -3°) were purchased from Sigma.
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Homology modelling and epi-drug docking

Homology modelling of Smp_000700 was prepared as previously described [34] with some
minor modifications. The homology model of full length Smp_000700 was constructed using
the crystal structure of the human SMYD3 (PDB ID: 5EX3 [55]) as a template containing a
substrate peptide and S-adenosyl homocysteine (SAH), the demethylated metabolite of the
cofactor S-adenosyl methionine (SAM). Although the sequence similarity between the parasite
target and the homologous human protein is not very high (32%), it’s still above the critical
level (30%) in producing homology models [56].

The FASTA amino acid sequences for the protein to be modelled was obtained from Uni-
prot [57] and then used to perform a protein BLAST (BLASTp) search in NCBI [44] to obtain
a homologous sequence of a protein to be used as a template. The crystal structure of the
selected protein (H. sapiens SMYD3, PDB ID: 5EX3) suitable as a template was downloaded
from PDB. The homology model was built using the homology modelling tool and a single
template approach with Amber99 force field in MOE2018.10 [58]. Briefly, the primary
sequence of Smp_000700 to be modelled was loaded into MOE together with the 3D structure
of HsSSMYD3, both sequences were aligned and the final 3D model of Smp_000700 was pro-
duced as a single output structure. The model was subsequently refined by energy minimiza-
tion with RMSD of 0.1. MOE-Homology (developed by Chemical Computing Group, Inc.)
combines the methods of segment-matching procedure and the approach to the modelling of
insertion/deletion regions [59]. Using default parameters, four different softwares (Ramachan-
dran plot analyses, ProSA-web, ERRAT and Verify3D) were used to validate the robustness of
the homology model [60-63].

Docking simulations of BAY-598 and LLY-507 were performed using the Glide docking
software within Maestro (Schrédinger Release 2017 [64]) as previously discussed [34]. The
model was pre-processed using the Schrodinger Protein Preparation Wizard by assigning
bond orders, adding hydrogens and performing a restrained energy minimisation of the
added hydrogens using the OPLS_2005 force field. The docking site was identified over
the substrate binding pocket of each homology model and a 12 A docking grid (inner-
box 10 A and outer-box 22 A) was prepared using, as a centroid, the substrate peptide.
Glide SP precision was used keeping the default parameters and setting 5 as number of
output poses per input ligand to include in the solution. The output poses were saved as a
mol2 file. The docking results were visually inspected for their ability to bind the active
site.

H3K36me2 detection

LLY-507 (6.25 uM), BAY-598 (25 uM) or siSmp_000700 treated male and female worms
(alongside DMSO or siLuc controls; 21 individuals per condition) were homogenized with a
TissueLyser (Qiagen) and total histones extracted using the EpiQuik™
tion Kit (Epigentek). Levels of H3K36me2 in adult histone extracts were measured using the
EpiQuikTM Global Di-Methyl Histone H3-K36 Quantification Kit (Fluorimetric, Epigentek).
Technical duplicates of three biological replicates of each treatment were analysed according
to the manufacturer’s instructions. Fluorescent readings (530gx/590gy nm) were obtained
using a POLARstar Omega (BMG Labtech, UK) microtiter plate reader. Fluorescent values of
the samples were corrected by subtracting the fluorescent readings of the blank (buffer only,
provided in the kit). The mean of the adjusted control values (DMSO for LLY-507/BAY-598
treated worms and siLuc for siSmp_000700 treated worms) was set at 100% H3K36me2 and
the standard deviation (SD) was calculated from the normalised values.

Total Histone Extrac-
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Vitellocyte and egg volume quantification

Prior to laser scanning confocal microscopy (LSCM) visualisation, the total number of eggs
produced by GSK-J4 (0.2 pM), GSK-J1 (6.25 pM) or DMSO treated adult worm pairs were
enumerated and subsequently immersed in PBS supplemented with DAPI (4’,6-diamidino-
2-phenylindole, 2 pg/ml). Fluorescent microscopic images (10 eggs per treatment) were cap-
tured on a Leica TCS SP8 super resolution laser confocal microscope fitted with a 63 X (water
immersion) objective using the Leica Application Suite X. Green (egg autofluorescence) fluo-
rescence was visualised with an argon or diode-pumped, solid state (DPSS) laser at 488 nm.
DAPI was visualised using a 405 nm blue diode laser. The number of vitellocytes (DAPI" cells)
and overall volume (mapped by the green autofluorescence) for individual eggs were calcu-
lated using IMARIS 7.3 software (Bitplane).

HepG2 cell culture and MTT assays

Human Caucasian Hepatocyte Carcinoma (HepG2) cells (Sigma Aldrich, UK) were utilized to
assess SGC epigenetic probe cell cytotoxicity in the application of the MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) assay [52]. Briefly, cells were passaged at 70-80%
confluence and seeded (20,000 cells/ 50 uL per well) in a 96-well, black-sided, clear-bottomed fal-
con plate (Fisher Scientific, UK) with the final plate column (8 wells) being treated as a blank
(media only). Following a 24 h incubation (5% CO,, 37°C, humidified), HepG2 cells were then
treated with 50 pL of pre-warmed media (37°C) containing SGC EPs/EIs at 200 uM to 0.02 uM
(final concentration 100 uM, 10 uM, 1 uM, 0.1 uM and 0.01 pM). Three positive (1% Triton
X-100) and negative (1% DMSO) control wells per plate were additionally included.

After addition of compounds, each plate was then incubated for a further 20 h before appli-
cation of MTT for assessment of overt compound cytotoxicity using the MTT assay [52, 65].
The MTT assay was read using the POLARstar Omega (BMG LabTech, UK) plate reader at an
absorbance of 570 nm. CCsys were calculated in GraphPad Prism.

Statistical analysis

All statistical analyses were performed using a Student’s t-test (two samples) or a two-way
ANOVA followed by Least Significant Difference post-hoc correction (more than two sam-
ples). A p value less than 0.05 was considered statistically significant.

Results and discussion

Compounds obtained from the Structural Genomics Consortium (SGC)
display anti-schistosomal activity

Continuing our search for novel anti-schistosomal drug targets from within the parasite’s epi-
genetic machinery has led to the acquisition of 34 EPs and 3 Els targeting histone modifying
enzyme (HME) readers, writers and erasers from the SGC (S1 Table). The difference between
EPs and Els is based on the compound’s in vitro activity (EPs display in vitro potency > 100
nM; Els do not), selectivity (EPs display > 30-fold selectivity vs other subfamilies; EIs do not)
and on-target cell activity (EPs display activity > 1 uM; EIs do not) [30]. These EPs and Els
have initially been developed for oncology research and inflammatory disorders in humans or
animal models [30]. Because of this, the human target is well characterised allowing us to iden-
tify the most likely S. mansoni target of each of these EPs and EIs by BLASTp analysis of the
parasite’s genome (Table 1).

In most cases, a clear one to one S. mansoni homolog (E values less than 1E%) could be
identified for all EP and EI targets. However, no support for a schistosome PAD-4 (Uniprot
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Q9UMO07) homolog was found in the S. mansoni genome (v7.0) and only weak support for a
SMYD2 (Uniprot QINRG4) protein lysine methyltransferase (PKMT) homolog could be
identified. In this later case, both Smp_342100 and Smp_000700 contained moderate sequence
similarity (over the full-length or main catalytic domain sequences) to HsSSMYD?2 suggesting
that this particular SMYD homolog may present unique (non-human) features useful from a
drug development standpoint. In cases where EPs or Els are unable to distinguish between
family members such as PFI-1, JQ1 and BSP antagonists targeting the BET (Bromo and Extra-
Terminal domain protein) family, IOX1 targeting the JMJD (JuMon]i C Domain-containing)
protein demethylase family or LAQ824 and CI-994 targeting the class [ HDACs (Histone DeA-
Cetylases), homologous schistosome families were the presumed targets. Therefore, a single
Smp could not be identified for these compounds. Following on from this comparative
sequence analysis, a single-point (10 uM) schistosomula screen of these 37 compounds was
implemented to assess their anthelmintic properties (Table 1 and Fig 1).

Using the Roboworm platform [52], 13 EPs and 1 EI (LAQ824) were classified as hits (14/
37; 38% hit rate) affecting both schistosomula phenotype (Fig 1A) and motility (Fig 1B) at
10 pM. These hits consisted of 5 compounds targeting epigenetic readers, 6 targeting epige-
netic writers and 3 targeting epigenetic erasers. Reassuringly, GSK343 was identified as a hit in
these screens, supporting previous anti-schistosomal investigations [66] and providing further
confidence in the results obtained for the additional EPs and Els. In one (out of three) JQ1 rep-
licate screen, the motility result was not considered a hit as the value fell above the ‘hit’ cut-off
(-0.35). However, as the other two replicates were identified as motility hits and all three repli-
cates were within the phenotype hit threshold (below -0.15), JQ1 was included as an anti-schis-
tosomal EP. Roboworm ‘hit’ cut-off boundaries are fully defined by Paveley et al [50] and have
been successfully applied in our laboratory during other anthelmintic projects [7, 32-34, 52].
Furthermore, not all EPs targeting the same protein (or family) were equally active in these
studies (Table 1 and Fig 1) [30]. For example, while JQ1 was a hit, PFI-1 and BSP were not;
these compounds are all promiscuous BET bromodomain inhibitors [67-69]. Similarly, PFI-4
was a hit, but the promiscuous EPs NI-57 and OF-1 were not; these compounds all target
human BRPF1/2/3 (BRomodomain and PHD Finger containing) members [70]. Likewise,
SGC-CBP30 demonstrated activity against schistosomula, but I-CBP112 did not; both com-
pounds were developed against the bromodomains within human CREBBP (cAMP Respon-
sive Element Binding protein Binding Protein) and EP300 transcriptional co-activators [71,
72]. Finally, the BRomoDomain-9 epigenetic probe I-BRD9 [73], but not LP99 [74] and BI-
9564 [75] was active against schistosomula. These results, and others including the pan-acting
HDAC inhibitors LAQ824 (hit) vs CI-994 (non-hit), would suggest that not all EPs designed
against the same human targets (or families) are equally effective against S. mansoni homo-
logues. Two exceptions to this interpretation exist as both GSK343 [76] and UNC1999 [77]
(EZH1/H2 EPs) as well as BAY-598 [38] and LLY-507 [37] (SMYD2 EPs) are hits against schis-
tosomula. Therefore, in these cases, the use of complementary EPs may provide stronger sup-
port for schistosome target validation and progression during further investigations.

Microscopic assessment of affected schistosomula demonstrated a range of abnormal phe-
notypes including granulation, swelling, elongation and other irregular shape modifications
(Fig 1C). Some compounds (NVS-CECR2-1, LLY-507 and GSK-J4) induced phenotypes com-
parable to auranofin. Where chemotype-matched negative (or less active) control compounds
for hits were available (A-197 for A-196, BAY-369 for BAY-598, UNC2400 for UNC1999,
GSK-J1/GSK]J5 for GSK-J4), they were also tested against schistosomula at 10 uM (S1 Fig).
None of these chemotype controls demonstrated anti-schistosomula activity suggesting that
specificity of the hits for the S. mansoni homologue is similar to that found for the original
human target. Further SAR of the chemotype-matched controls and their related hit EPs/EIs
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Table 1. The Structural Genomics Consortium (SGC) epigenetic probes (EPs) and epigenetic inhibitors (EIs) used in this study.

S. mansoni Homologue (Smp_xxxxxx) ident. by BLASTp analysis Hit on schisto-
SGC Compound H. sapiens target Uniprot Full-length based Evalue Main catalytic domain E value somula (10uM)
1D based
READERS | NI-57 BRDI (BRPF1/2/3) P55201 Smp_246920 7.20E-89 Smp_246920 1.10E-29
OF-1 095696 1.80E-88 4.50E-18
PFI-4 Q9ULD4 7.40E-87 3.00E-22 X
LP99 BRDY/7 QYH8M2/QINPI1 Smp_246920 1.20E-19 Smp_246920 2.80E-18
BI-9564 8.30E-21 2.70E-20
I-BRD9 BRD9 Q9H8M2 Smp_246920 1.20E-19 Smp_246920 2.80E-18 X
PFI-1 BET family** - - - - -
JQ1 BET family** - - - - - X
NVS-CECR2-1 | CECR2 QIBXF3 Smp_070190 4.10E-16 Smp_070190 1.40E-15 X
GSK2801 BAZ2A/2B Q9UIF9/QIUIF8 Smp_170760 4.20E-37 Smp_170760 4.50E-27
BAZ2-ICR Smp_147950 5.10E-13 Smp_147950 2.10E-14
1-CBP112 CREBBP/EP300 Q92793 (CREBBP) Smp_127010**** 1.20E-102 Smp_127010**** 1.30E-105
SGC-CBP30 X
PFI-3 SMARCA2/4 P51531/P51532 Smp_158050 0 Smp_158050 2.10E-32
1.70E-164 4.20E-35
BSP BET family** - - - - -
UNCI1215 L3MBTL3 Q96IM7 Smp_159100 1.50E-23 Smp_159100 2.10E-24
WRITERS | A-196 SUV420H1/H2 Q4FZB7/Q86Y97 Smp_062530 7.40E-30 Smp_062530 7.40E-31
X
4.50E-15 3.30E-15
MS023 PRMT type I (PRMT1, 2, 3, | Q99873/P55345/060678/ Smp_029240 (SmPRMT1 and 8) 1.1E-82 Smp_029240 2.2E-83 X
4,6and 8) Q86X55/QI6LAS/QINR22 | Smp_337860 (SmPRMT3) 59E-23 (SmPRMT1 and 8) 2.1E-23
Smp_337860
(SmPRMTS3)
MS049 PRMT4 and 6 Q86X55/Q96LA8 Smp_070340 (SmPRMT4) 1.00E-72 Smp_070340 3.90E-45
6.00E-27 (SmPRMT4) 4.80E-27
SGC707 PRMT3 060678 Smp_337860 5.90E-23 Smp_337860 2.1E-23
GSK591 PRMT5 014744 Smp_171150 2.00E-78 Smp_171150 1.70E-78
LLY-507 SMYD2 QINRG4 Smp_342100 (Smp_000700***) 0.0000098 Smp_342100 0.0000047 X
BAY-598 (0.00046"**) (Smp_000700"**) (0.00022***) X
SGC0946 DOTIL Q8TEK3 Smp_165000 2.60E-67 Smp_165000 3.40E-67
UNCO0642 G9a/GLP Q96KQ7/Q9HIB1 Smp_158310 3.70E-25 Smp_158310 5.30E-26
UNC0638
A-366 1.00E-25 1.40E-26
GSK343 EZH1/H2 Q92800/Q15910 Smp_078900 2.10E-81 Smp_078900 2.60E-83 X
UNCI1999 1.90E-79 4.90E-81 X
(R)-PFI-2 SETD7 Q8WTS6 Smp_190140 6.00E-11 Smp_190140 6.00E-11
C646* EP300 Q09472 Smp_127010%*** 5.70E-102 Smp_127010%*** 1.40E-104
ERASERS | GSK484 PAD-4 QIUMO7 No homologue identified - No homologue - X
identified
GSK-J4 JMJD3/UTX 015054/015550 Smp_034000 2.30E-128 Smp_034000 4.00E-124 X
9.70E-137 3.00E-130
GSK-LSD1 LSD1 060341 Smp_150560 2.80E-31 Smp_150560 1.10E-31
10X1 2-oxoglutarate oxygenase - - - - -
(JMJD) family**
LAQ824* class |HDAC (HDAC1, 2, - - - - - X
C1-994* 3 and 8)**

All compound structures can be found in S1 Table.

* = Not an SGC defined epigenetic probe as it does not display in vitro potency of < 100 nM, does not display >30-fold selectivity vs other subfamilies and does not

have significant on-target cell activity at 1uM. These chemicals are classified as epigenetic inhibitors (EIs).

** Broad activity against family. Therefore, specific Smp targets are not listed.

*** Lowest sequence similarity amongst BLAST analyses. Therefore, the top two Smps are indicated.

*#** Smp_127010 contains both a bromodomain (of CREBB) and a histone acetyl transferase domain (of EP300).

httpsz//doi.org/40.1371/journal.pntd.0007693.1001
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Fig 1. Epigenetic probes/inhibitors targeting histone modifying enzymes negatively modify schistosomula phenotype and motility metrics. A collection
of 37 EPs/EIs targeting histone modifying enzymes (readers, writers and erasers) as well as controls (PZQ and AUR) were screened against S. mansoni
schistosomula at 10 uM for 72 h using the Roboworm platform as described in the Materials and Methods. (A) Parasite phenotype and (B) Parasite motility
were both negatively affected by fourteen (38%) of these compounds upon repeat screening (each filled circle represents average phenotype or motility scores
derived from ~ 80-120 schistosomula; n = 2-3; horizontal bars represent average scores derived from replicates). (C) Representative images of schistosomula
phenotypes affected by the fourteen active EPs/Els, compared to controls (Media only, DMSO, Auranofin and Praziquantel). Z” values obtained from these
screens ranged from 0.27-0.48 (mean = 0.40) for phenotype and 0.41-0.56 (mean = 0.48) for motility. Table 1 (closest S. mansoni homolog) and S1 Table
(structures, SMILES, MW, etc.) provide further information related to EPs/Els screened and their putative S. mansoni targets.

https://doi.org/10.1371/journal.pntd.0007693.9001

with the schistosome target or whole organism could help provide evidence to support this
contention. Nevertheless, encouraged by these single-point schistosomula screens (and the
results of the chemotype controls), follow-on dose-response titrations of the 14 hits against
schistosomula, adult schistosome pairs and a surrogate human cell line (HepG2) were next
pursued (Table 2).

Upon dose-response titrations of these 13 EP and one EI (LAQ824) anti-schistosomula hits,
several of the results warranted further comment. Firstly, several compounds had some degree
of general cytotoxicity against HepG2 cells. While HepG2 cytotoxicity is a flag, it is not consid-
ered a no-go output in our compound triaging scheme. Nevertheless, the cytotoxicity results
are unsurprising as these EPs were primarily developed for use in humans as anti-cancer
agents [30], and, as HepG2 cells are derived from a hepatocellular carcinoma, varying sensitiv-
ity to these EPs was expected (and, as an example, confirmed for LLY-507, [37]). However,
PFI-4, SGC-CBP30, A-196, BY-598 and GSK-J4 had minimal activity on this cell line’s viability
(CCsps > 50 uM) in these studies. Secondly, low uM anti-schistosomula ECsys were generally a
good predictor for low uM adult worm ECsgs (e.g. NVS-CECR2-1, LLY-507, GSK-J4). How-
ever, this was not always the case (e.g. I-BRD9, SGC-CBP30, MS023) and indicated that stage
specific expression of the target may be an important consideration for compound progres-
sion. Thirdly, while LLY-507 may contain some off target activity in schistosomes (similar to
what has been reported for human cells [30]), the anti-schistosomal potency and selectivity of
BAY-598 were similar. These results suggested that both LLY-507 and BAY-598 (likely target-
ing a schistosome SMYD protein lysine methyltransferase homologue, Table 1) could be
exchangeable in further progression of these anti-schistosomal compounds and their predicted
target (s). Finally, these dose response titrations revealed that the best anti-schistosomal hit,
when considering schistosomulum and adult worm potencies alongside HepG2 cytotoxicity,
was GSK-J4. Because our previous investigations have independently identified crucial devel-
opmental roles for the schistosome protein methylation machinery [34, 36], we decided to fur-
ther our investigations of LLY-507/BAY-598 and GSK-J4.

Protein lysine methyltransferase (LLY-507 and BAY-598) and demethylase
(GSK-J4) modulators are amongst the most selectively-potent, anti-
schistosomal epigenetic probes within the SGC collection

To provide a mechanistic context associated with the anti-schistosomal activity of LLY-507
and BAY-598, a combination of homology modelling, in silico molecular docking and detec-
tion of H3K36 dimethylation (me2) was performed (Fig 2).

Phylogenetic analyses of the three putative S. mansoni SMYD family members (Smp_1216
10, Smp_000700 and Smp_342100 [34]) alongside the five characterised H. sapiens SMYD
(SMYD 1-5) proteins (using the SET domain only) indicated that S. mansoni does not contain
a close HsSSMYD2 homolog (supporting the findings in Table 1) (S2 Fig). However, as the
substrate competitive inhibitors of HsSSMYD2 (BAY-598 and LLY-507) are both active
against schistosomula (but BAY-369, the negative control of BAY-598, is not, S1 Fig), these
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Table 2. Dose response titrations of the 14 active SGC compounds against schistosomula and adult schistosome pairs.

SGC SCHISTO- ADULT ECs, (uM) CCs (HepG2) SELECTIVITY INDEX
COMPOUND ID SOMULA (95% Confidence (uM)
ECsp (uM) Intervals) (95% Confidence
Phenotype | Motility | Females Males Intervals) Schistosomula Schistosomula Adult Adult
Phenotype Motility Females | Males
READERS PFI-4 5.22 5.12 31.22 30.05 100" 19.18 19.52
NC NC (19.11- (12.87- 3.20 333
43.32) 47.2)
I-BRD9 1.29 4.13 24.00NC 28.50 31.43 24.44 7.61
NC NC (13.66- (31.38-31.48) 1.31 1.10
43.33)
SGC CBP30 3.19 499 3122 33.49 50** 15.69 10.03
NC NC | (19.11- (29.61- 16 1.49
43.32) 37.36)
NVS-CECR2-1 1.81 2.5 5.21 (0.86- | 2.90 (2.25- | 9.03 (6.60-11.46) 4.98 3.60 1.73 3.11
NC NC 9.55) 3.55)
JQ1 4.72 3.04 22.84 18.27 (5.34- | 16.78 (15.95- 3.56 5.53
NC NC (11.87- 31.20) 17.60) 0.73 0.92
33.81)
WRITERS A-196 1.39 4.78 15.96 2229 50** 36.00 10.45
NC NC (8.57- (12.40- NC 3.13 2.24
23.36) 32.18)
MS023 3.92 6.45 26.26 26.16 16.25 4.14 2.52
NC NC NC (5.30- (13.62-18.89) 0.62 0.62
47.01)
LLY-507 2.88 2.81 7.59 (4.79- 9.32 23.77 8.24 8.47 3.13 2.55
NC NC 10.40) (2.77- (13.9-33.7)
15.87)
BAY-598 4.81 16.54 22.35NC 50** 10.40 o 3.02 2.24
NC o NC NC
GSK343 3.17 e 25.29 25.04 29.23 9.24 e
NC (23.99- (23.76- (23.58-34.87) 1.16 1.17
26.59) 26.32)
UNC1999 4.2 2.82 16.08 13.53 31.41 7.48
NC NC (2.91- (6.69- (31.4-31.4) 11.16 1.95 232
29.25) 20.37)
ERASERS GSK484 1.18 4.94 23.11 21.84 31.43 26.75 6.36 1.36 1.44
NC NC (11.58- (13.04- (31.4-31.5)
34.63) 30.64)
GSK-J4 5.37 6.04 | 11.39 (4.11- 3.92 100"
NC NC 18.67) NC NC 18.62 16.55 8.78 25.49
LAQ824 2.22 2.45 16.46 25 15.64 7.04 6.40 0.95 0.63
NC NC NC NC (13.88-17.41)

As described in the Materials and Methods, two-fold compound titrations were performed for schistosomula (10 uM- 0.625 pM) and adult worms (50 pM- 6.25 uM or
50 uM- 0.05 uM) to calculate ECs values. Schistosomes and HepG2 cells were co-cultured with compounds at 37°C in a humidified environment containing 5% CO,
for 72 h and 20 h respectively.

Z’ values obtained from the schistosomula titrations were 0.44 for phenotype and 0.41 for motility.

* Cell cytotoxicity not observed at highest dose performed, therefore these compounds have a CCs; of > 100 uM. Selectivity index calculations for these compounds
were calculated with a CCsq value set at 100 uM.

** CCso was not obtainable due to inaccurate slopes generated due to the requirement of further titrations > 100uM. Therefore, the predicted CCsy is estimated to

be > 50 uM. All selectivity indices for these compounds were calculated with a CCs of 50 pM.

*** ECsp and selectivity indices could not be calculated due to the requirement of further compound titrations

NC—ECs4, CCsq or 95% confidence intervals could not be calculated due to limited number of titration points, or in the case of schistosomula, due to only single

replicates being performed.

https://doi.org/10.1371/journal.pntd.0007693.t002
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Fig 2. The HMT inhibitors LLY-507 and BAY-598 significantly reduce adult worm H3K36me?2 levels. Homology modeling of Smp_000700, using H. sapiens
SMYD3 (PDB 5EX3) as the template, was performed according to the Materials and Methods. (A) Domain architecture and homology model of Smp_000700 showing
the tetratricopeptide repeat (TPR, gold, AA 76-195), the SET N-terminal domain (red, AA 279-312), the myeloid, nervy and DEAF-1 domain (MYND, blue, AA 313-
370) and the SET C-terminal domain (green, AA 371-642). SAH (S-adenosyl homocysteine) and histone H3 are indicated. (B) Predicted binding of LLY-507 to
Smp_000700 substrate binding pocket. (C) Predicted binding of BAY-598 to Smp_000700 substrate binding pocket. (D) Adult schistosome pairs (21 pairs/biological
replicate; n = 3; 63 worm pairs in total) were co-cultured for 72 h in a sub-lethal concentration of LLY-507 (6.25 uM) or BAY-598 (25 uM) in 0.625% DMSO. After co-
cultivation, schistosomes were separated by sex (males and females), histones extracted and total levels of H3K36me2 quantified by ELISA according to Methods.

https://doi.org/10.1371/journal.pntd.0007693.g002

compounds are likely acting on one of these SmSMYDs (best estimate is Smp_000700 or
Smp_342100, Table 1). As smp_000700 is more consistently expressed in 0-72 h schistosomula
compared to smp_342100 [34], we, therefore, chose to specifically examine the putative bind-
ing of LLY-507/BAY-598 to a homology model of Smp_000700 (built from HsSMYD3, PDB
5EX3) (Fig 2A). Initial assessment of the homology model by Ramachandran plot analysis,
ProSA-web, ERRAT and Verify3D indicated a high-quality structure (S3 Fig) surpassing
agreeable standards defined in the literature [60-63]. Together, these tools verified that
Smp_000700 adopted a similar three-dimensional arrangement to that of the structurally-
solved human template and was suitable for predicting the binding organization of LLY-507
and BAY-598.
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Smp_000700’s SET domain contains a series of f strands, which fold into three discrete
sheets around a unique knot-like structure. In this structure, the C-terminal SET domain
threads though a loop region, which is formed by a hydrogen bond between two segments of
the protein chain [78]. The MYND domain is a putative zinc-finger motif, mainly involved in
proline-rich protein interactions, and defines a distinctive class of histone writer called the
SMYD proteins [79, 80]. The N-terminal SET domain is flanked by an additional domain
known as tetracopeptide repeat domain (TPR). Smp_000700 contains two distinct binding
sites within its SET domain: one for the substrate (histone protein, H3) and one for the
demethylated cofactor (SAH). These two pockets are located on opposite faces of the SET
domain and are connected by a deep channel running though the SET domain core. This
architecture allows the side chain of the substrate (H3K36) to be close to the cofactor, which
facilitates the transfer of a methyl group.

From the analysis of LLY-507 docking to Smp_000700, this compound adopted a similar
binding confirmation to what was previously reported for HsSSMYD2 bound to LLY-507
(deposited under the code 4WUY [37]). Specifically, LLY-507 is predicted to bind the substrate
binding pocket with the pyrrolidine group (highlighted in yellow, Fig 2B) extending into the
lysine channel (Phe184, Tyr240 and Tyr258 of HsSMYD2; His554, Tyr642 and Tyr662 of
Smp_000700; S4 Fig, panels A and B) and connecting to the cofactor (represented here as
SAM for HsSMYD?2 and the product SAH, after donating a methyl group from SAM for
Smp_000700) binding pocket. Furthermore, the nitrogen atom of LLY-507’s pyrrolidine ring
is predicted to form a hydrogen bond with Smp_000700 Ser555 (54 Fig, panel B). The benzoni-
trile group (as well as the piperazine; both highlighted in brown, Fig 2B) binds to the periphery
of the substrate binding pocket (Thr185 for HsSMYD2 and Gly643 for Smp_000700; S4 Fig,
panels A and B). This interaction putatively prevents the natural substrate (histone or other
target protein) from binding to Smp_000700 and supports LLY-507’s mechanism of action as
a substrate competitive inhibitor. Finally, this model suggests that the indole group of LLY-507
stacks into an accessory pocket of Smp_000700, just flanking the substrate binding pocket
(area in blue, Fig 2B; S4 Fig, panel B). A similar indole confirmation is also observed for
HsSMYD2/LLY-507 interactions (S4 Fig, panel A)

Regarding BAY-598, the docking simulation revealed a good occupation of Smp_000700’s
substrate binding site (Fig 2C). However, in contrast to the binding mode of this compound
with the human target (HsSMYD2) where the lysine binding channel is occupied by the 3,
4-chloro phenyl residue involved in n-stacking interactions with two aromatic residues
(Phe184 and Tyr240, S4 Fig, panel C) [38], this particular BAY-598 feature is predicted to bind
to an adjacent hydrophobic pocket of Smp_000700 (S4 Fig, panel D). Furthermore, the 3 -
(difluoromethoxy) phenyl ring of BAY-598 (in yellow, Fig 2C) is predicted to insert into the
channel interconnecting the two binding pockets (substrate and cofactor) of Smp_000700 with
the difluoromethoxy group pointing toward the cofactor (in this case the SAM demethylated
derivative, SAH). Two Smp_000700 aromatic amino acid residues (His554 and Tyr642, S4 Fig,
panel D) are likely essential for positioning BAY-598’s hydroxyacetamide substituent
(highlighted in green, Fig 2C) in the lysine binding channel with support from two hydrogen
bonds donated by Asn641 (S4 Fig, panel D). These hydrogen bonds are donated by Thr185 in
HsSMYD3 (54 Fig, panel C) as previously shown [38]. The variation in predicted binding
modes of LLY-507 and BAY-598 to Smp_000700 (i.e. LLY-507 adopting a confirmation analo-
gous to the human homolog; BAY-598 binding to an adjacent hydrophobic pocket) may
explain the difference in anti-schistosomal activity observed (LLY-507 > BAY-598). Further
SAR could be helpful in providing answers to the differential activity of these two putative
Smp_000700 interactors.
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Fig 3. Schistosome motility, egg production and H3K36me?2 are regulated by Smp_000700. RNAi of adult schistosome pairs (21 worm pairs/biological replicate;

n = 3 replicates) using siRNAs directed against smp_000700 and luc was performed as described in the Materials and Methods. (A) qRT-PCR analysis of smp_000700
RNA levels in siLuc vs siSmp_000700 treated worms at 48 h. (B) Quantification of adult schistosome worm motility at 168 h. (C) Enumeration of in vitro laid egg (IVLE)
production at 168 h. (D) Detection of H3K36me?2 in adult schistosome nuclear extracts at 168 h. Statistical significance is indicated (Student’s t test, two tailed, unequal
variance). *** represents p < 0.001.

https://doi.org/10.1371/journal.pntd.0007693.g003

The homology model and in silico docking analyses suggested that both LLY-507 and BAY-
598 could inhibit the protein lysine methyltransferase activity of Smp_000700. Therefore, as
H3K36 is a specific target of SMYD2 dimethylation (me2) [81], we specifically examined this
epitope (H3K36me2) in histone preparations derived from adult schistosome pairs incubated
with sub-lethal concentrations of LLY-507 (6.25 uM) or BAY-598 (25 uM) (Fig 2D). Here, a
significant reduction in the amount of H3K36me2 was detected in drug-treated parasites com-
pared to controls (DMSO) with LLY-507 slightly more effective than BAY-598 (25% vs 23%)
in mediating this activity. LLY-507 and BAY-598 mediated reductions in H3K36me2 were
equivalent between the sexes. Together, these data provided evidence that both SMYD2
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inhibitors affected H3K36me2 in schistosomes presumably via their inhibitory activity on
Smp_000700. To verify this contention, RNAi of Smp_000700 was subsequently performed on
adult schistosome pairs (Fig 3).

Here, short interfering RNAs (siRNAs) targeting smp_007000 (siSmp_000700) significantly
reduced mRNA abundance by 66% when compared to siLuc controls (Fig 3A). This knock-
down was also associated with a significant reduction in adult worm motility as well as egg
production defects at 7 days post-treatment (Fig 3B and 3C). When H3K36me2 was examined,
knockdown of smp_000700 led to a significant reduction in this epitope in both male and
female schistosomes when compared to the controls (Fig 3D). This functional genomics data
broadly recapitulates the drug studies using LLY-507/BAY-598 and provides supporting evi-
dence that Smp_000700 is an active SMYD protein lysine methyltransferase required for schis-
tosome motility, egg production and H3K36me2. Adult worm [34] and gonad (ovaries >
testes) [82] expression of smp_000700 further provides a spatial temporal context as to how
inhibition (chemical or functional genomics) of this gene product’s activity may negatively
affect egg-production.

Amongst the EPs/Els studied in this investigation, GSK-J4 demonstrated the most selective
activity on schistosomes (schistosomula and adults, Table 2). This EP is a cell-permeable pro-
drug (likely processed into GSK-J1 by intracellular schistosome esterases [39]) that is predicted
to target a schistosome JMJD3 homolog (Smp_034000, Table 1) responsible for Fe (II) and
2-oxoglutarate-dependent demethylase activities. As IVLE production defects were consis-
tently observed in adult worm screens (even at drug concentrations where worm motility was
unaffected), we initiated an extensive titration (50 uM—0.05 pM) of GSK-J4 on adult schisto-
some pairs (Fig 4).

A direct comparison of GSK-J4 vs GSK-J1 (the cell impermeable parent of GSK-J4 [39]) on
adult schistosome motility and egg production revealed the importance of an ethyl ester modi-
fication (found in GSK-J4, but not GSK-]1) in these in vitro phenotypic metrics (Fig 4A and
4B). For example, whereas GSK-J4 at 3.13 uM and 6.25 pM led to adult worm motility and
IVLE deficiencies, GSK-J1 at these concentrations did not substantially alter these phenotypes
when compared to DMSO controls. LSCM of IVLEs derived from schistosome cultures co-
incubated with GSK-J4 (0.2 uM) vs GSK-J1 (6.25 uM) revealed further details about these dif-
ferentially membrane permeable EPs (Fig 4C, 4D, 4E and S5 Fig). Of those phenotypically nor-
mal IVLEs found in GSK-J4 and GSK-J1 cultures at these concentrations, there was no
difference in surface autofluorescence (Fig 4C and S5 Fig) or overall egg volume (Fig 4D and
S5 Fig) measurements. However, when the number of vitellocytes was quantified, GSK-J4 sig-
nificantly inhibited the packaging of this critical cell population into IVLEs whereas GSK-]1
did not (Fig 4C, Fig 4E and S5 Fig). Together, these data provided evidence that the specific
anthelmintic activity of a JMJD3 EP is directly related to cellular (or in this case, schistosome)
permeability. Alongside the results obtained with both LLY-507 and BAY-598, these findings
additionally supported the important role of histone (protein) methylation/demethylation pro-
cesses in schistosome development (Fig 1, Table 2) and adult worm phenotypes (Table 2, Figs
3 and 4).

Conclusions

The active compounds identified here from within the SGC epigenetic probe/epigenetic inhib-
itor collection represent exciting new starting points for the pursuit of next-generation anti-

schistosomals. As many of these compounds are currently being explored for the treatment of
non-communicable diseases in humans [83], their direct repositioning as schistosomiasis con-
trol agents could be rapid (depending upon medicinal chemistry improvements in selectivity).
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Fig 4. The cell-permeable JMJD3 inhibitor GSK-J4, but not cell impermeable GSK-J1, significantly affects IVLE production and
vitellocyte packaging. Adult schistosome pairs (3 pairs/well; n = 3 or 6) were co-cultured for 72 h in GSK-J4 (50 uM- 0.05 uM), GSK-J1
(6.25 uM or 3.13 uM) or DMSO (0.625%) as described in the Materials and Methods. (A) Adult worm motility scores (red circles—males;
blue circles-females). (B) Number of IVLEs produced. (C) Representative IVLE phenotypes (autofluorescence; Ex = 488 nm, Em = 519 nm
and DAPI; Ex = 405 nm, Em = 458 nm) from schistosome pairs co-cultivated in GSK-J4 (0.2 uM), GSK-J1 (6.25 uM) or 0.625% DMSO for
72 h. (D) Quantification of egg volumes between treatment groups (n = 10 per group; GSK-J4-0.2 pM, GSK-J1-6.25 uM). (E) Number of
vitellocytes per egg (n = 10 per group) between treatment groups (GSK-J4-0.2 uM, GSK-J1-6.25 uM). *, p < 0.05; ***, p < 0.001.

https://doi.org/10.1371/journal.pntd.0007693.g004

Specifically, our collective results suggest that compounds (LLY-507, BAY-598, GSK-J4) affect-
ing protein methylation homeostasis in schistosomes are amongst some of the most potent
agents from within the tested SGC collection. Therefore, and in agreement with other studies
[17, 34, 36, 66], members of the schistosome protein methyltransferase/demethylase families
should be considered validated anthelmintic targets for progression.

Supporting information

S1 Table. Structural Genomics Consortium (SGC) epigenetic probes (EPs) and epigenetic
inhibitors (EIs) used in this study.
(XLSX)

S1 Fig. Activity of SGC chemotype-matched negative control compounds on schistosomula
phenotype and motility. Chemotype-matched control compounds of EPs UNC1999
(UNC2400), A-196 (A-197), BAY-598 (BAY-369) and GSK-J4 (GSK-J1 and GSK]J5) as well as
Auranofin were screened against S. mansoni schistosomula at 10 uM for 72 h using the Robo-
worm platform as described in the Methods. (A) Compounds were listed as a hit if they fell
within both phenotype and motility cut-off thresholds (-0.15 and -0.35, respectively) [50]. (B)
Representative images of schistosomula phenotypes induced by co-cultivation with these EPs
and chemotype matched controls, compared to schistosomula co-cultivated with media only,
DMSO (0.625%) and Auranofin.

(PDF)

S2 Fig. Phylogenetic analysis of S. mansoni and H. sapiens SMYD protein members. The
phylogeny outlined in the tree is derived from multiple sequence alignment of the SET domain
of 3 SmSMYDs (Smp_000700, Smp_121610 and Smp_342100) and 5 HsSMYDs (SMYD1-5).
The consensus tree is constructed in MEGA using the neighbor joining method. An unrooted
dendogram represents the bootstrap analysis of the HsSSMYD and SmSMYD members accom-
plished using 1000 iterations. The taxa name (sequence name) is reported at the tip of each
branch and the bootstrap value (supportive value) is indicated for each node. The branch
length is proportional to the distance calculated between the various SMYD family members
with the scale reported as reference at the bottom of the dendrogram.

(PDF)

S$3 Fig. Catalytic domain of Smp_000700 homology model evaluation. (A) Ramachandran
plot showing the dihedral Psi and Phi angles of amino acid residues within the catalytic
domain of Smp_000700 (SET domain, 413 aa in length). This analysis illustrates that 98.6% of
modelled residues satisfy stereochemical parameters. In fact, various residues lie in the general
favoured regions (black symbols in blue and orange areas on the graph) and the allowed
regions (orange symbols in blue and orange areas on the graph). Very few residues lie within
the white field, which represents disallowed regions. (B) Z-score of Smp_000700’s SET domain
provided by ProSA-web. The black dot (highlighted by the arrow) represents this Z-score
(-7.11) in relation to all protein chains in PDB determined by X-ray crystallography (light blue
area) or NMR spectroscopy (dark blue area) with respect to their length (x-axis representing
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the protein length in terms of number of residues). Our model is located within the space
occupied by protein structures solved by X-ray crystallography. (C) Smp_000700 model qual-
ity (over SET domain) assessed by the protein verification tool ERRAT. Error values are plot-
ted as a function of a sliding 9-residue window; poorly supported model residues (highest bars
on the Errat Plot) are coloured red (rejected at 99% confidence level or above) or yellow
(between 95% and 99% confidence levels). Regions of the structure not rejected are shown in
green. Overall ERRAT score of Smp_000700’s SET domain is 88.15%. (D) Evaluation of
Smp_000700 homology model (SET domain) was additionally conducted by Verify3D, which
determines the compatibility of an atomic tertiary model (3D) from its own primary amino
acid sequence (1D). As a result, 81.90% of the SET domain residues have a good score (> =
0.2) compatible with the formation of a stable 3D structure. (E) Quality structure assessment
summary of Smp_000700 homology model (SET domain) and the corresponding human tem-
plate (SMYD3, PDB ID: 5EX3). This final table summarises the results of the structural valida-
tion of both structures compared to the expected values for the four tools.

(PDF)

$4 Fig. Binding of LLY-507 and BAY-598 to HsSMYD2 and Smp_000700. Views of the co-
crystal structure of LLY-507 with HsSSMYD2 (PDB ID: 4WUY; Panel A) compared to the pre-
dicted binding of LLY-507 with the homology model of Smp_000700 (Panel B). Similar com-
parisons were made between the co-crystal structure of BAY-598 with HsSSMYD2 (PDB ID:
5ARG; Panel C) and the homology model of Smp_000700 (Panel D). SAM (S-adenosyl methi-
onine, for HSSMYD?2), SAH (S-adenosyl homocysteine, for Smp_000700) and the compound
structures are shown as ball-and-stick diagrams, coloured by atom type: grey for carbons, red
for oxygen, blue for nitrogen. The human and parasite proteins are shown as green and blue
ribbon, respectively. Residues interacting with the compounds are shown in stick mode and
the relative numeration refers to their positions on the full-length protein sequence. For clar-
ity, hydrogens, small portion of the ribbon and protein side chains and backbones (except for
the highlighted residues) are not shown.

(PDF)

S5 Fig. Representative egg phenotypes derived from adult worm cultures co-incubated
with GSK-J1 and GSK-J4. Representative IVLE phenotypes (GFP = eggshell surface autofluor-
escence; Ex = 488 nm, Em = 519 nm and DAPI = vitellocytes; Ex = 405 nm, Em = 458 nm)
from schistosome pairs co-cultivated in GSK-J4 (0.2 pM), GSK-]J1 (6.25 uM) or 0.625% DMSO
for 72 h.

(TIF)

Acknowledgments

We thank past and current members of the Hoffmann group for contributions to S. mansoni
lifecycle maintenance, Dr Jaroslaw Tomczak (Informatics Unlimited, Ltd) for assisting in
Roboworm upkeep and the SGC, the provider of compounds in this study and a registered
charity (number 1097737).

Author Contributions

Conceptualization: Karl F. Hoffmann.

Data curation: Kezia C. L. Whatley, Gilda Padalino, Helen Whiteland, Benjamin J. Hulme.
Formal analysis: Kezia C. L. Whatley, Gilda Padalino, Benjamin J. Hulme.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007693 November 15, 2019 19/24


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007693.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007693.s006
https://doi.org/10.1371/journal.pntd.0007693

@' PLOS NEGLECTED
2 ’ TROPICAL DISEASES Epidrugs against schistosomes

Funding acquisition: Andrea Brancale, Karl F. Hoffmann.
Investigation: Kezia C. L. Whatley, Gilda Padalino.
Methodology: Kezia C. L. Whatley, Benjamin J. Hulme.
Project administration: Karl F. Hoffmann.

Resources: Salvatore Ferla, Andrea Brancale, Karl F. Hoffmann.

Supervision: Helen Whiteland, Kathrin K. Geyer, Iain W. Chalmers, Josephine Forde-
Thomas, Salvatore Ferla, Andrea Brancale, Karl F. Hoffmann.

Validation: Gilda Padalino.
Visualization: Kezia C. L. Whatley, Gilda Padalino, Helen Whiteland, Benjamin J. Hulme.
Writing - original draft: Kezia C. L. Whatley, Gilda Padalino, Karl F. Hoffmann.

Writing - review & editing: Kezia C. L. Whatley, Gilda Padalino, Helen Whiteland, Kathrin
K. Geyer, Benjamin J. Hulme, Iain W. Chalmers, Josephine Forde-Thomas, Salvatore Ferla,
Andrea Brancale, Karl F. Hoffmann.

References

1. Grimes JE, Croll D, Harrison WE, Utzinger J, Freeman MC, Templeton MR. The roles of water, sanita-
tion and hygiene in reducing schistosomiasis: a review. Parasit Vectors. 2015; 8:156. https://doi.org/10.
1186/s13071-015-0766-9 PMID: 25884172; PubMed Central PMCID: PMC4377019.

2. Colley DG, Bustinduy AL, Secor WE, King CH. Human schistosomiasis. Lancet. 2014; 383
(9936):2253—-64. Epub 2014/04/05. https://doi.org/10.1016/S0140-6736(13)61949-2 PMID: 24698483.

3. McManus DP, Dunne DW, Sacko M, Utzinger J, Vennervald BJ, Zhou XN. Schistosomiasis. Nat Rev
Dis Primers. 2018; 4(1):13. https://doi.org/10.1038/s41572-018-0013-8 PMID: 30093684

4. Olliaro P, Delgado-Romero P, Keiser J. The little we know about the pharmacokinetics and pharmaco-
dynamics of praziquantel (racemate and R-enantiomer). J Antimicrob Chemother. 2014; 69(4):863—70.
https://doi.org/10.1093/jac/dkt491 PMID: 24390933.

5. Cioli D, Pica-Mattoccia L, Basso A, Guidi A. Schistosomiasis control: praziquantel forever? Molecular
and biochemical parasitology. 2014; 195(1):23-9. Epub 2014/06/24. https://doi.org/10.1016/j.
molbiopara.2014.06.002 PMID: 24955523.

6. Chan JD, Cupit PM, Gunaratne GS, McCorvy JD, Yang Y, Stoltz K, et al. The anthelmintic praziquantel
is a human serotoninergic G-protein-coupled receptor ligand. Nat Commun. 2017; 8(1):1910. https://
doi.org/10.1038/s41467-017-02084-0 PMID: 29208933; PubMed Central PMCID: PMC5716991.

7. Crusco A, Whiteland H, Baptista R, Forde-Thomas JE, Beckmann M, Mur LAJ, et al. Anti-schistosomal
properties of Sclareol and its Heck-coupled derivatives: design, synthesis, biological evaluation and
untargeted metabolomics. ACS Infect Dis. 2019. https://doi.org/10.1021/acsinfecdis.9b00034 PMID:
31083889.

8. WuW, Wang W, Huang YX. New insight into praziquantel against various developmental stages of
schistosomes. Parasitol Res. 2011; 109(6):1501-7. https://doi.org/10.1007/s00436-011-2670-3 PMID:
21984370.

9. Ramamoorthi R, Graef KM, Dent J. Repurposing pharma assets: an accelerated mechanism for
strengthening the schistosomiasis drug development pipeline. Future Med Chem. 2015; 7(6):727-35.
https://doi.org/10.4155/fmc.15.26 PMID: 25996066.

10. Novac N. Challenges and opportunities of drug repositioning. Trends Pharmacol Sci. 2013; 34(5):267—
72. https://doi.org/10.1016/j.tips.2013.03.004 PMID: 23582281.

11.  Ramamoorthi R, Graef KM, Dent J. WIPO Re:Search: Accelerating anthelmintic development through
cross-sector partnerships. Int J Parasitol Drugs Drug Resist. 2014; 4(3):220-5. https://doi.org/10.1016/
j.ijpddr.2014.09.002 PMID: 25516832; PubMed Central PMCID: PMC4266808.

12. Consortium TSG. The Structural Genomics Consortium 2016 [cited 2016]. http://www.thesgc.org/].
Available from: http://www.thesgc.org/.

13. Cowan N, Keiser J. Repurposing of anticancer drugs: in vitro and in vivo activities against Schistosoma
mansoni. Parasit Vectors. 2015; 8:417. https://doi.org/10.1186/s13071-015-1023-y PMID: 26265386;
PubMed Central PMCID: PMC4533769.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007693 November 15, 2019 20/24


https://doi.org/10.1186/s13071-015-0766-9
https://doi.org/10.1186/s13071-015-0766-9
http://www.ncbi.nlm.nih.gov/pubmed/25884172
https://doi.org/10.1016/S0140-6736(13)61949-2
http://www.ncbi.nlm.nih.gov/pubmed/24698483
https://doi.org/10.1038/s41572-018-0013-8
http://www.ncbi.nlm.nih.gov/pubmed/30093684
https://doi.org/10.1093/jac/dkt491
http://www.ncbi.nlm.nih.gov/pubmed/24390933
https://doi.org/10.1016/j.molbiopara.2014.06.002
https://doi.org/10.1016/j.molbiopara.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24955523
https://doi.org/10.1038/s41467-017-02084-0
https://doi.org/10.1038/s41467-017-02084-0
http://www.ncbi.nlm.nih.gov/pubmed/29208933
https://doi.org/10.1021/acsinfecdis.9b00034
http://www.ncbi.nlm.nih.gov/pubmed/31083889
https://doi.org/10.1007/s00436-011-2670-3
http://www.ncbi.nlm.nih.gov/pubmed/21984370
https://doi.org/10.4155/fmc.15.26
http://www.ncbi.nlm.nih.gov/pubmed/25996066
https://doi.org/10.1016/j.tips.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23582281
https://doi.org/10.1016/j.ijpddr.2014.09.002
https://doi.org/10.1016/j.ijpddr.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25516832
http://www.thesgc.org/
http://www.thesgc.org/
https://doi.org/10.1186/s13071-015-1023-y
http://www.ncbi.nlm.nih.gov/pubmed/26265386
https://doi.org/10.1371/journal.pntd.0007693

@ PLOS | RSHCAE Biseases

Epidrugs against schistosomes

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Gelmedin V, Dissous C, Grevelding CG. Re-positioning protein-kinase inhibitors against schistosomia-
sis. Future Med Chem. 2015; 7(6):737-52. https://doi.org/10.4155/fmc.15.31 PMID: 25996067 .

Lee EF, Fairlie WD. Repurposing apoptosis-inducing cancer drugs to treat schistosomiasis. Future Med
Chem. 2015; 7(6):707—11. https://doi.org/10.4155/fmc.14.164 PMID: 25996064.

Neves BJ, Braga RC, Bezerra JC, Cravo PV, Andrade CH. In silico repositioning-chemogenomics strat-
egy identifies new drugs with potential activity against multiple life stages of Schistosoma mansoni.
PLoS Negl Trop Dis. 2015; 9(1):e3435. https://doi.org/10.1371/journal.pntd.0003435 PMID: 25569258;
PubMed Central PMCID: PMC4287566.

Cosseau C, Wolkenhauer O, Padalino G, Geyer KK, Hoffmann KF, Grunau C. (Epi)genetic Inheritance
in Schistosoma mansoni: A Systems Approach. Trends Parasitol. 2016; 33(4):285-94. https://doi.org/
10.1016/j.pt.2016.12.002 PMID: 28040375.

Geyer KK, Chalmers IW, Mackintosh N, Hirst JE, Geoghegan R, Badets M, et al. Cytosine methylation
is a conserved epigenetic feature found throughout the phylum Platyhelminthes. BMC genomics. 2013;
14:462. Epub 2013/07/11. https://doi.org/10.1186/1471-2164-14-462 PMID: 23837670; PubMed Cen-
tral PMCID: PMC3710501.

Geyer KK, Hoffmann KF. Epigenetics: A key regulator of platyhelminth developmental biology? Interna-
tional journal for parasitology. 2012; 42:221—4. Epub 2012/03/01. https://doi.org/10.1016/j.ijpara.2012.
02.003 PMID: 22366548.

Geyer KK, Rodriguez Lopez CM, Chalmers IW, Munshi SE, Truscott M, Heald J, et al. Cytosine methyl-
ation regulates oviposition in the pathogenic blood fluke Schistosoma mansoni. Nat Commun. 2011;
2:424. Epub 2011/08/11. ncomms1433 [pii] https://doi.org/10.1038/ncomms 1433 PMID: 21829186.

Geyer KK, Munshi SE, Whiteland HL, Fernandez-Fuentes N, Phillips DW, Hoffmann KF. Methyl-CpG-
binding (SmMBD2/3) and chromobox (SmCBX) proteins are required for neoblast proliferation and ovi-
position in the parasitic blood fluke Schistosoma mansoni. PLoS Pathog. 2018; 14(6):e1007107. https:/
doi.org/10.1371/journal.ppat.1007107 PMID: 29953544; PubMed Central PMCID: PMC6023120.

Geyer KK, Munshi SE, Vickers M, Squance M, Wilkinson TJ, Berrar D, et al. The anti-fecundity effect of
5-azacytidine (5-AzaC) on Schistosoma mansoniis linked to dis-regulated transcription, translation and
stem cell activities. Int J Parasitol Drugs Drug Resist. 2018; 8(2):213-22. https://doi.org/10.1016/j.
ijpddr.2018.03.006 PMID: 29649665.

Cabezas-Cruz A, Lancelot J, Caby S, Oliveira G, Pierce RJ. Epigenetic control of gene function in schis-
tosomes: a source of therapeutic targets? Front Genet. 2014; 5:317. https://doi.org/10.3389/fgene.
2014.00317 PMID: 25309576; PubMed Central PMCID: PMC4159997.

Carneiro VC, de Abreu da Silva IC, Torres EJ, Caby S, Lancelot J, Vanderstraete M, et al. Epigenetic
changes modulate schistosome egg formation and are a novel target for reducing transmission of schis-
tosomiasis. PLoS Pathog. 2014; 10(5):e10041186. https://doi.org/10.1371/journal.ppat.1004116 PMID:
24809504; PubMed Central PMCID: PMC4014452.

Marek M, Kannan S, Hauser AT, Moraes Mourao M, Caby S, Cura V, et al. Structural basis for the inhi-
bition of histone deacetylase 8 (HDACS), a key epigenetic player in the blood fluke Schistosoma man-
soni. PLoS Pathog. 2013; 9(9):e1003645. https://doi.org/10.1371/journal.ppat.1003645 PMID:
24086136; PubMed Central PMCID: PMC3784479.

Pierce RJ, Dubois-Abdesselem F, Lancelot J, Andrade L, Oliveira G. Targeting schistosome histone
modifying enzymes for drug development. Current pharmaceutical design. 2012; 18(24):3567—-78.
Epub 2012/05/23. PMID: 22607147.

Collins JN, Collins JJ 3rd. Tissue Degeneration following Loss of Schistosoma mansonicbp1 Is Associ-
ated with Increased Stem Cell Proliferation and Parasite Death In Vivo. PLoS Pathog. 2016; 12(11):
e€1005963. https://doi.org/10.1371/journal.ppat.1005963 PMID: 27812220.

Brown PJ, Muller S. Open access chemical probes for epigenetic targets. Future Med Chem. 2015; 7
(14):1901-17. https://doi.org/10.4155/fmc.15.127 PMID: 26397018; PubMed Central PMCID:
PMC4673908.

Scheer S, Ackloo S, Medina TS, Schapira M, Li F, Ward JA, et al. A chemical biology toolbox to study
protein methyltransferases and epigenetic signaling. Nat Commun. 2019; 10(1):19. https://doi.org/10.
1038/s41467-018-07905-4 PMID: 30604761; PubMed Central PMCID: PMC6318333.

Ackloo S, Brown PJ, Muller S. Chemical probes targeting epigenetic proteins: Applications beyond
oncology. Epigenetics. 2017; 12(5):378—-400. https://doi.org/10.1080/15592294.2017.1279371 PMID:
28080202; PubMed Central PMCID: PMC5453191.

Edwards J, Brown M, Peak E, Bartholomew B, Nash RJ, Hoffmann KF. The Diterpenoid 7-Keto-Sem-
pervirol, Derived from Lycium chinense, Displays Anthelmintic Activity against both Schistosoma man-
soniand Fasciola hepatica. PLoS neglected tropical diseases. 2015; 9(3):e0003604. Epub 2015/03/15.
https://doi.org/10.1371/journal.pntd.0003604 PMID: 25768432.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007693 November 15, 2019 21/24


https://doi.org/10.4155/fmc.15.31
http://www.ncbi.nlm.nih.gov/pubmed/25996067
https://doi.org/10.4155/fmc.14.164
http://www.ncbi.nlm.nih.gov/pubmed/25996064
https://doi.org/10.1371/journal.pntd.0003435
http://www.ncbi.nlm.nih.gov/pubmed/25569258
https://doi.org/10.1016/j.pt.2016.12.002
https://doi.org/10.1016/j.pt.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/28040375
https://doi.org/10.1186/1471-2164-14-462
http://www.ncbi.nlm.nih.gov/pubmed/23837670
https://doi.org/10.1016/j.ijpara.2012.02.003
https://doi.org/10.1016/j.ijpara.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22366548
https://doi.org/10.1038/ncomms1433
http://www.ncbi.nlm.nih.gov/pubmed/21829186
https://doi.org/10.1371/journal.ppat.1007107
https://doi.org/10.1371/journal.ppat.1007107
http://www.ncbi.nlm.nih.gov/pubmed/29953544
https://doi.org/10.1016/j.ijpddr.2018.03.006
https://doi.org/10.1016/j.ijpddr.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29649665
https://doi.org/10.3389/fgene.2014.00317
https://doi.org/10.3389/fgene.2014.00317
http://www.ncbi.nlm.nih.gov/pubmed/25309576
https://doi.org/10.1371/journal.ppat.1004116
http://www.ncbi.nlm.nih.gov/pubmed/24809504
https://doi.org/10.1371/journal.ppat.1003645
http://www.ncbi.nlm.nih.gov/pubmed/24086136
http://www.ncbi.nlm.nih.gov/pubmed/22607147
https://doi.org/10.1371/journal.ppat.1005963
http://www.ncbi.nlm.nih.gov/pubmed/27812220
https://doi.org/10.4155/fmc.15.127
http://www.ncbi.nlm.nih.gov/pubmed/26397018
https://doi.org/10.1038/s41467-018-07905-4
https://doi.org/10.1038/s41467-018-07905-4
http://www.ncbi.nlm.nih.gov/pubmed/30604761
https://doi.org/10.1080/15592294.2017.1279371
http://www.ncbi.nlm.nih.gov/pubmed/28080202
https://doi.org/10.1371/journal.pntd.0003604
http://www.ncbi.nlm.nih.gov/pubmed/25768432
https://doi.org/10.1371/journal.pntd.0007693

@ PLOS | RSHCAE Biseases

Epidrugs against schistosomes

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,
45.

46.

47.

48.

Whiteland HL, Chakroborty A, Forde-Thomas JE, Crusco A, Cookson A, Hollinshead J, et al. An Abies
procera-derived tetracyclic triterpene containing a steroid-like nucleus core and a lactone side chain
attenuates in vitro survival of both Fasciola hepatica and Schistosoma mansoni. Int J Parasitol Drugs
Drug Resist. 2018; 8(3):465—74. https://doi.org/10.1016/j.ijpddr.2018.10.009 PMID: 30399512;
PubMed Central PMCID: PMC6216039.

Crusco A, Bordoni C, Chakroborty A, Whatley KCL, Whiteland H, Westwell AD, et al. Design, synthesis
and anthelmintic activity of 7-keto-sempervirol analogues. Eur J Med Chem. 2018; 152:87—100. https://
doi.org/10.1016/j.ejmech.2018.04.032 PMID: 29698860.

Padalino G, Ferla S, Brancale A, Chalmers IW, Hoffmann KF. Combining bioinformatics, cheminfor-
matics, functional genomics and whole organism approaches for identifying epigenetic drug targets in
Schistosoma mansoni. Int J Parasitol Drugs Drug Resist. 2018; 8(3):559-70. https://doi.org/10.1016/j.
ijpddr.2018.10.005 PMID: 30455056; PubMed Central PMCID: PMC6288008.

Pereira ASA, Amaral MS, Vasconcelos EJR, Pires DS, Asif H, daSilva LF, et al. Inhibition of histone
methyltransferase EZH2 in Schistosoma mansoniin vitro by GSK343 reduces egg laying and
decreases the expression of genes implicated in DNA replication and noncoding RNA metabolism.
PLoS Negl Trop Dis. 2018; 12(10):e0006873. https://doi.org/10.1371/journal.pntd.0006873 PMID:
30365505; PubMed Central PMCID: PMC6221359.

Roquis D, Taudt A, Geyer KK, Padalino G, Hoffmann KF, Holroyd N, et al. Histone methylation changes
are required for life cycle progression in the human parasite Schistosoma mansoni. PLoS Pathog.
2018; 14(5):e1007066. https://doi.org/10.1371/journal.ppat. 1007066 PMID: 29782530; PubMed Cen-
tral PMCID: PMC5983875.

Nguyen H, Allali-Hassani A, Antonysamy S, Chang S, Chen LH, Curtis C, et al. LLY-507, a Cell-active,
Potent, and Selective Inhibitor of Protein-lysine Methyltransferase SMYD2. J Biol Chem. 2015; 290
(22):13641-53. https://doi.org/10.1074/jbc.M114.626861 PMID: 25825497; PubMed Central PMCID:
PMC4447944.

Eggert E, Hillig RC, Koehr S, Stockigt D, Weiske J, Barak N, et al. Discovery and Characterization of a
Highly Potent and Selective Aminopyrazoline-Based in Vivo Probe (BAY-598) for the Protein Lysine
Methyltransferase SMYD2. J Med Chem. 2016; 59(10):4578-600. https://doi.org/10.1021/acs.
jmedchem.5b01890 PMID: 27075367; PubMed Central PMCID: PMC4917279.

Kruidenier L, Chung CW, Cheng Z, Liddle J, Che K, Joberty G, et al. A selective jumonji H3K27
demethylase inhibitor modulates the proinflammatory macrophage response. Nature. 2012; 488
(7411):404-8. https://doi.org/10.1038/nature11262 PMID: 22842901; PubMed Central PMCID:
PMC4691848.

Geyer KK, Niazi UH, Duval D, Cosseau C, Tomlinson C, Chalmers IW, et al. The Biomphalaria glabrata
DNA methylation machinery displays spatial tissue expression, is differentially active in distinct snail
populations and is modulated by interactions with Schistosoma mansoni. PLoS Negl Trop Dis. 2017; 11
(5):€0005246. https://doi.org/10.1371/journal.pntd.0005246 PMID: 28510608.

Smithers SR, Terry RJ. The infection of laboratory hosts with cercariae of Schistosoma mansoniand
the recovery of the adult worms. Parasitology. 1965; 55(4):695—700. https://doi.org/10.1017/
s0031182000086248 PMID: 4957633

Colley DG, Wikel SK. Schistosoma mansoni: simplified method for the production of schistosomules.
Experimental parasitology. 1974; 35(1):44-51. Epub 1974/02/01. https://doi.org/10.1016/0014-4894
(74)90005-8 PMID: 4815018.

The UniProt C. The Universal Protein Resource (UniProt) 2009. Nucleic Acids Research. 2008; 37
(suppl_1):D169-D74. https://doi.org/10.1093/nar/gkn664 PMID: 18836194

National Center for Biotechnology Information.http://www.ncbi.nlm.nih.gov/.

Howe KL, Bolt BJ, Cain S, Chan J, Chen WJ, Davis P, et al. WormBase 2016: expanding to enable hel-
minth genomic research. Nucleic acids research. 2015; 44(D1):D774-D80. https://doi.org/10.1093/nar/
gkv1217 PMID: 26578572

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
acids research. 2004; 32(5):1792—7. Epub 2004/03/23. https://doi.org/10.1093/nar/gkh340 PMID:
15034147; PubMed Central PMCID: PMC390337.

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res. 1994; 22(22):4673-80. https://doi.org/10.1093/nar/22.22.4673 PMID:
7984417; PubMed Central PMCID: PMC308517.

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ. Jalview Version 2—a multiple sequence
alignment editor and analysis workbench. Bioinformatics. 2009; 25(9):1189-91. https://doi.org/10.1093/
bioinformatics/btp033 PMID: 19151095; PubMed Central PMCID: PMC2672624.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007693 November 15, 2019 22/24


https://doi.org/10.1016/j.ijpddr.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30399512
https://doi.org/10.1016/j.ejmech.2018.04.032
https://doi.org/10.1016/j.ejmech.2018.04.032
http://www.ncbi.nlm.nih.gov/pubmed/29698860
https://doi.org/10.1016/j.ijpddr.2018.10.005
https://doi.org/10.1016/j.ijpddr.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30455056
https://doi.org/10.1371/journal.pntd.0006873
http://www.ncbi.nlm.nih.gov/pubmed/30365505
https://doi.org/10.1371/journal.ppat.1007066
http://www.ncbi.nlm.nih.gov/pubmed/29782530
https://doi.org/10.1074/jbc.M114.626861
http://www.ncbi.nlm.nih.gov/pubmed/25825497
https://doi.org/10.1021/acs.jmedchem.5b01890
https://doi.org/10.1021/acs.jmedchem.5b01890
http://www.ncbi.nlm.nih.gov/pubmed/27075367
https://doi.org/10.1038/nature11262
http://www.ncbi.nlm.nih.gov/pubmed/22842901
https://doi.org/10.1371/journal.pntd.0005246
http://www.ncbi.nlm.nih.gov/pubmed/28510608
https://doi.org/10.1017/s0031182000086248
https://doi.org/10.1017/s0031182000086248
http://www.ncbi.nlm.nih.gov/pubmed/4957633
https://doi.org/10.1016/0014-4894(74)90005-8
https://doi.org/10.1016/0014-4894(74)90005-8
http://www.ncbi.nlm.nih.gov/pubmed/4815018
https://doi.org/10.1093/nar/gkn664
http://www.ncbi.nlm.nih.gov/pubmed/18836194
http://www.ncbi.nlm.nih.gov/
https://doi.org/10.1093/nar/gkv1217
https://doi.org/10.1093/nar/gkv1217
http://www.ncbi.nlm.nih.gov/pubmed/26578572
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
https://doi.org/10.1371/journal.pntd.0007693

@ PLOS | RSHCAE Biseases

Epidrugs against schistosomes

49.

50.

51.

52,

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Mol Biol Evol. 2016; 33(7):1870—4. https://doi.org/10.1093/molbev/msw054 PMID:
27004904.

Paveley RA, Mansour NR, Hallyburton |, Bleicher LS, Benn AE, Mikic |, et al. Whole organism high-con-
tent screening by label-free, image-based Bayesian classification for parasitic diseases. PLoS
neglected tropical diseases. 2012; 6(7):e1762. Epub 2012/08/04. https://doi.org/10.1371/journal.pntd.
0001762 PMID: 22860151; PubMed Central PMCID: PMC3409125.

Basch PF. Cultivation of Schistosoma mansoni in vitro. |. Establishment of cultures from cercariae and
development until pairing. The Journal of parasitology. 1981; 67(2):179-85. Epub 1981/04/01. PMID:
7241277.

Nur EAM, Yousaf M, Ahmed S, Al-Sheddi ES, Parveen |, Fazakerley DM, et al. Neoclerodane Diterpe-
noids from Reehal Fatima, Teucrium yemense. J Nat Prod. 2017; 80(6):1900-8. https://doi.org/10.
1021/acs.jnatprod.7b00188 PMID: 28581290.

Ramirez B, Bickle Q, Yousif F, Fakorede F, Mouries MA, Nwaka S. Schistosomes: challenges in com-
pound screening. Expert Opin Drug Discov. 2007; 2(s1):S53-61. Epub 2007/10/01. https://doi.org/10.
1517/17460441.2.51.S53 PMID: 23489033.

Fitzpatrick JM, Peak E, Perally S, Chalmers IW, Barrett J, Yoshino TP, et al. Anti-schistosomal Interven-
tion Targets Identified by Lifecycle Transcriptomic Analyses. PLoS Negl Trop Dis. 2009; 3(11):e543.
Epub 2009/11/04. https://doi.org/10.1371/journal.pntd.0000543 PMID: 19885392.

FuW, Liu N, Qiao Q, Wang M, Min J, Zhu B, et al. Structural Basis for Substrate Preference of SMYD3,
a SET Domain-containing Protein Lysine Methyltransferase. J Biol Chem. 2016; 291(17):9173-80.
https://doi.org/10.1074/jbc.M115.709832 PMID: 269294 12; PubMed Central PMCID: PMC4861483.

Leach AR. Molecular Modeling: Principles and Applications: Pearson Education: 2nd edition; 2001.

UniProt. The Universal Protein Resource (UniProt) 2009. Nucleic acids research. 2009; 37(Database
issue):D169-74. Epub 2008/10/07. https://doi.org/10.1093/nar/gkn664 PMID: 18836194; PubMed Cen-
tral PMCID: PMC2686606.

Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-
ware development for computational biology and bioinformatics. Genome biology. 2004; 5(10):R80.
Epub 2004/10/06. https://doi.org/10.1186/gb-2004-5-10-r80 PMID: 15461798; PubMed Central
PMCID: PMC545600.

Dolan MA, Noah JW, Hurt D. Comparison of common homology modeling algorithms: application of
user-defined alignments. Methods Mol Biol. 2012; 857:399-414. https://doi.org/10.1007/978-1-61779-
588-6_18 PMID: 22323232.

Bowie JU, Luthy R, Eisenberg D. A method to identify protein sequences that fold into a known three-
dimensional structure. Science. 1991; 253(5016):164—70. https://doi.org/10.1126/science.1853201
PMID: 1853201.

Wiederstein M, Sippl MJ. ProSA-web: interactive web service for the recognition of errors in three-
dimensional structures of proteins. Nucleic Acids Res. 2007; 35(Web Server issue):W407-10. hitps://
doi.org/10.1093/nar/gkm290 PMID: 17517781; PubMed Central PMCID: PMC1933241.

Lovell SC, Davis IW, Arendall WB 3rd, de Bakker PI, Word JM, Prisant MG, et al. Structure validation by
Calpha geometry: phi,psi and Cbeta deviation. Proteins. 2003; 50(3):437-50. https://doi.org/10.1002/
prot.10286 PMID: 12557186.

Colovos C, Yeates TO. Verification of protein structures: patterns of nonbonded atomic interactions.
Protein Sci. 1993; 2(9):1511-9. https://doi.org/10.1002/pro.5560020916 PMID: 8401235; PubMed Cen-
tral PMCID: PMC2142462.

Maestro. Maestro : Schrodinger Release 2017—-1, LLC New York, NY2017. Available from: https://www.
schrodinger.com/glide.

Hsieh JH, Huang R, Lin JA, Sedykh A, Zhao J, Tice RR, et al. Correction: Real-time cell toxicity profiling
of Tox21 10K compounds reveals cytotoxicity dependent toxicity pathway linkage. PLoS One. 2017; 12
(7):e0181291. https://doi.org/10.1371/journal.pone.0181291 PMID: 28686730; PubMed Central
PMCID: PMC5501664.

Anderson L, Gomes MR, daSilva LF, Pereira A, Mourao MM, Romier C, et al. Histone deacetylase inhi-
bition modulates histone acetylation at gene promoter regions and affects genome-wide gene transcrip-
tion in Schistosoma mansoni. PLoS Negl Trop Dis. 2017; 11(4):e0005539. https://doi.org/10.1371/
journal.pntd.0005539 PMID: 28406899; PubMed Central PMCID: PMC5404884.

Picaud S, Da Costa D, Thanasopoulou A, Filippakopoulos P, Fish PV, Philpott M, et al. PFI-1, a highly
selective protein interaction inhibitor, targeting BET Bromodomains. Cancer Res. 2013; 73(11):3336—
46. https://doi.org/10.1158/0008-5472.CAN-12-3292 PMID: 23576556; PubMed Central PMCID:
PMC3673830.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007693 November 15, 2019 23/24


https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1371/journal.pntd.0001762
https://doi.org/10.1371/journal.pntd.0001762
http://www.ncbi.nlm.nih.gov/pubmed/22860151
http://www.ncbi.nlm.nih.gov/pubmed/7241277
https://doi.org/10.1021/acs.jnatprod.7b00188
https://doi.org/10.1021/acs.jnatprod.7b00188
http://www.ncbi.nlm.nih.gov/pubmed/28581290
https://doi.org/10.1517/17460441.2.S1.S53
https://doi.org/10.1517/17460441.2.S1.S53
http://www.ncbi.nlm.nih.gov/pubmed/23489033
https://doi.org/10.1371/journal.pntd.0000543
http://www.ncbi.nlm.nih.gov/pubmed/19885392
https://doi.org/10.1074/jbc.M115.709832
http://www.ncbi.nlm.nih.gov/pubmed/26929412
https://doi.org/10.1093/nar/gkn664
http://www.ncbi.nlm.nih.gov/pubmed/18836194
https://doi.org/10.1186/gb-2004-5-10-r80
http://www.ncbi.nlm.nih.gov/pubmed/15461798
https://doi.org/10.1007/978-1-61779-588-6_18
https://doi.org/10.1007/978-1-61779-588-6_18
http://www.ncbi.nlm.nih.gov/pubmed/22323232
https://doi.org/10.1126/science.1853201
http://www.ncbi.nlm.nih.gov/pubmed/1853201
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1093/nar/gkm290
http://www.ncbi.nlm.nih.gov/pubmed/17517781
https://doi.org/10.1002/prot.10286
https://doi.org/10.1002/prot.10286
http://www.ncbi.nlm.nih.gov/pubmed/12557186
https://doi.org/10.1002/pro.5560020916
http://www.ncbi.nlm.nih.gov/pubmed/8401235
https://www.schrodinger.com/glide
https://www.schrodinger.com/glide
https://doi.org/10.1371/journal.pone.0181291
http://www.ncbi.nlm.nih.gov/pubmed/28686730
https://doi.org/10.1371/journal.pntd.0005539
https://doi.org/10.1371/journal.pntd.0005539
http://www.ncbi.nlm.nih.gov/pubmed/28406899
https://doi.org/10.1158/0008-5472.CAN-12-3292
http://www.ncbi.nlm.nih.gov/pubmed/23576556
https://doi.org/10.1371/journal.pntd.0007693

@ PLOS | RSHCAE Biseases

Epidrugs against schistosomes

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al. Selective inhibition of BET bro-
modomains. Nature. 2010; 468(7327):1067—73. https://doi.org/10.1038/nature09504 PMID: 20871596;
PubMed Central PMCID: PMC3010259.

Picaud S, Leonards K, Lambert JP, Dovey O, Wells C, Fedorov O, et al. Promiscuous targeting of bro-
modomains by bromosporine identifies BET proteins as master regulators of primary transcription
response in leukemia. Sci Adv. 2016; 2(10):e1600760. https://doi.org/10.1126/sciadv.1600760 PMID:
27757418; PubMed Central PMCID: PMC5061470.

Meier JC, Tallant C, Fedorov O, Witwicka H, Hwang SY, van Stiphout RG, et al. Selective Targeting of
Bromodomains of the Bromodomain-PHD Fingers Family Impairs Osteoclast Differentiation. ACS
Chem Biol. 2017; 12(10):2619-30. https://doi.org/10.1021/acschembio.7b00481 PMID: 28849908;
PubMed Central PMCID: PMC5662925.

Hammitzsch A, Tallant C, Fedorov O, O’Mahony A, Brennan PE, Hay DA, et al. CBP30, a selective
CBP/p300 bromodomain inhibitor, suppresses human Th17 responses. Proc Natl Acad Sci U S A.
2015; 112(34):10768-73. https://doi.org/10.1073/pnas.1501956112 PMID: 26261308; PubMed Central
PMCID: PMC4553799.

Picaud S, Fedorov O, Thanasopoulou A, Leonards K, Jones K, Meier J, et al. Generation of a Selective
Small Molecule Inhibitor of the CBP/p300 Bromodomain for Leukemia Therapy. Cancer Res. 2015; 75
(23):5106—19. https://doi.org/10.1158/0008-5472.CAN-15-0236 PMID: 26552700; PubMed Central
PMCID: PMC4948672.

Theodoulou NH, Bamborough P, Bannister AJ, Becher |, Bit RA, Che KH, et al. Discovery of I-BRD9, a
Selective Cell Active Chemical Probe for Bromodomain Containing Protein 9 Inhibition. J Med Chem.
2016; 59(4):1425-39. https://doi.org/10.1021/acs.jmedchem.5b00256 PMID: 25856009.

Clark PG, Vieira LC, Tallant C, Fedorov O, Singleton DC, Rogers CM, et al. LP99: Discovery and Syn-
thesis of the First Selective BRD7/9 Bromodomain Inhibitor. Angew Chem Weinheim Bergstr Ger.
2015; 127(21):6315-9. https://doi.org/10.1002/ange.201501394 PMID: 27346896; PubMed Central
PMCID: PMC4871321.

Martin LJ, Koegl M, Bader G, Cockcroft XL, Fedorov O, Fiegen D, et al. Structure-Based Design of an in
vivo Active Selective BRD9 Inhibitor. J Med Chem. 2016; 59(10):4462-75. https://doi.org/10.1021/acs.
jmedchem.5b01865 PMID: 26914985; PubMed Central PMCID: PMC4885110.

Verma SK, Tian X, LaFrance LV, Duquenne C, Suarez DP, Newlander KA, et al. Identification of Potent,
Selective, Cell-Active Inhibitors of the Histone Lysine Methyltransferase EZH2. ACS Med Chem Lett.
2012; 3(12):1091-6. https://doi.org/10.1021/mI3003346 PMID: 24900432; PubMed Central PMCID:
PMC4025676.

Konze KD, Ma A, Li F, Barsyte-Lovejoy D, Parton T, Macnevin CJ, et al. An orally bioavailable chemical
probe of the Lysine Methyltransferases EZH2 and EZH1. ACS chemical biology. 2013; 8(6):1324—34.
Epub 2013/04/26. https://doi.org/10.1021/cb400133j PMID: 23614352; PubMed Central PMCID:
PMC3773059.

Dillon SC, Zhang X, Trievel RC, Cheng X. The SET-domain protein superfamily: protein lysine methyl-
transferases. Genome Biol. 2005; 6(8):227. https://doi.org/10.1186/gb-2005-6-8-227 PMID: 16086857;
PubMed Central PMCID: PMC1273623.

Leinhart K, Brown M. SET/MYND Lysine Methyltransferases Regulate Gene Transcription and Protein
Activity. Genes (Basel). 2011; 2(1):210-8. https://doi.org/10.3390/genes2010210 PMID: 24710145;
PubMed Central PMCID: PMC3924839.

Sirinupong N, Brunzelle J, Doko E, Yang Z. Structural insights into the autoinhibition and posttransla-
tional activation of histone methyltransferase SmyD3. J Mol Biol. 2011; 406(1):149-59. https://doi.org/
10.1016/j.jmb.2010.12.014 PMID: 21167177.

Brown MA, Sims RJ, 3rd, Gottlieb PD, Tucker PW. Identification and characterization of Smyd2: a split
SET/MYND domain-containing histone H3 lysine 36-specific methyltransferase that interacts with the
Sin3 histone deacetylase complex. Mol Cancer. 2006; 5:26. https://doi.org/10.1186/1476-4598-5-26
PMID: 16805913; PubMed Central PMCID: PMC1524980.

Lu Z, Sessler F, Holroyd N, Hahnel S, Quack T, Berriman M, et al. A gene expression atlas of adult
Schistosoma mansoni and their gonads. Sci Data. 2017; 4:170118. https://doi.org/10.1038/sdata.2017.
118 PMID: 28829433; PubMed Central PMCID: PMC5566097.

Hauser AT, Robaa D, Jung M. Epigenetic small molecule modulators of histone and DNA methylation.
Curr Opin Chem Biol. 2018; 45:73-85. https://doi.org/10.1016/j.cbpa.2018.03.003 PMID: 29579619.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007693 November 15, 2019 24/24


https://doi.org/10.1038/nature09504
http://www.ncbi.nlm.nih.gov/pubmed/20871596
https://doi.org/10.1126/sciadv.1600760
http://www.ncbi.nlm.nih.gov/pubmed/27757418
https://doi.org/10.1021/acschembio.7b00481
http://www.ncbi.nlm.nih.gov/pubmed/28849908
https://doi.org/10.1073/pnas.1501956112
http://www.ncbi.nlm.nih.gov/pubmed/26261308
https://doi.org/10.1158/0008-5472.CAN-15-0236
http://www.ncbi.nlm.nih.gov/pubmed/26552700
https://doi.org/10.1021/acs.jmedchem.5b00256
http://www.ncbi.nlm.nih.gov/pubmed/25856009
https://doi.org/10.1002/ange.201501394
http://www.ncbi.nlm.nih.gov/pubmed/27346896
https://doi.org/10.1021/acs.jmedchem.5b01865
https://doi.org/10.1021/acs.jmedchem.5b01865
http://www.ncbi.nlm.nih.gov/pubmed/26914985
https://doi.org/10.1021/ml3003346
http://www.ncbi.nlm.nih.gov/pubmed/24900432
https://doi.org/10.1021/cb400133j
http://www.ncbi.nlm.nih.gov/pubmed/23614352
https://doi.org/10.1186/gb-2005-6-8-227
http://www.ncbi.nlm.nih.gov/pubmed/16086857
https://doi.org/10.3390/genes2010210
http://www.ncbi.nlm.nih.gov/pubmed/24710145
https://doi.org/10.1016/j.jmb.2010.12.014
https://doi.org/10.1016/j.jmb.2010.12.014
http://www.ncbi.nlm.nih.gov/pubmed/21167177
https://doi.org/10.1186/1476-4598-5-26
http://www.ncbi.nlm.nih.gov/pubmed/16805913
https://doi.org/10.1038/sdata.2017.118
https://doi.org/10.1038/sdata.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/28829433
https://doi.org/10.1016/j.cbpa.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29579619
https://doi.org/10.1371/journal.pntd.0007693

