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ABSTRACT OF THE THESIS

Profiling the effect of the proteasome inhibitor, carfilzomib, on gene expression in Schistosoma
mansoni

by

Supacha Denprasertsuk

Master of Science in Biology

University of California San Diego, 2021

Professor Conor R. Caffrey, Chair
Professor Matthew Daugherty, Co-Chair

Schistosomiasis is a neglected topical disease caused by trematode blood flukes of the
genus Schistosoma. The disease affects impoverished communities with approximately 200
million people infected worldwide. Treatment of this disease relies on just one drug, praziquantel
(PZQ). The high rates of reinfection, and concerns regarding the emergence of PZQ-resistant
strains emphasize the need to identify new drugs and drug targets for schistosomiasis. The research

presented here is part of a larger investigation by my research group, led by Dr. Caffrey, to

Xi



characterize the proteasome as a potential drug target for treatment of schistosomiasis. Using
RNA-Seq, my thesis shows that several genes and gene families are up and downregulated in
Schistosoma mansoni after exposure to 1 uM carfilzomib (CFZ) for 24 h, conditions which cause
parasite immobility. Changes in gene expression by CFZ were compared with those generated by
another proteasome inhibitor, bortezomib, and the non-proteasome inhibitor, omaveloxolone,
which is an experimental drug for Friedreichs’s ataxia. A number of genes and gene families, e.g.,
heat shock proteins, were upregulated by all three drugs tested, whereas other genes, specifically,
the proteasome subunits and MEG-3 (micro-exon gene 3) proteins, were upregulated only after
exposure to the proteasome inhibitors. Among the most downregulated genes common to all three
drugs were those associated with the tegument (worm surface) and lipid metabolism. Changes in
the -fold expression of exemplar genes by RNA-seq were validated by gPCR and, for the top 20
upregulated genes, | employed bioinformatics to understand their expression in different
developmental stages of the parasite. The global data generated by my thesis provide a foundation
to identify gene products which could be useful pharmacological targets, either independently or

when combined with inhibition of the proteasome.
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Introduction
1.1 Schistosomiasis: distribution and life-cycle

Schistosomiasis is a chronic and morbid parasitic disease caused by a trematode of the
genus Schistosoma [1]. Approximately 200 million people are infected worldwide, and 700 million
people are at risk of infection [2]. Highest infection rates are among children and adolescents. The
disease impairs school performance which, in turn, can undermine social and economic
development [3]. The three medically important species are Schistosoma mansoni, Schistosoma
haematobium and Schistosoma japonicum. S. haematobium and S. mansoni occur in Africa and
the Middle East, S. mansoni is present in South America, mainly in Brazil, and S. japonicum is
found in Asia, especially parts of the Philippines and China [4].

Schistosomes are dioecious, meaning the parasite has separate male and female forms,
which is unusual for flatworms [1]. Each mated female worm lays hundreds of eggs per day, of
which approximately half are released in the feces (S. mansoni/ S. japonicum) or urine (S.
haematobium); the other half is retained in host tissues [5]. In freshwater, the eggs hatch and
release free-swimming miracidia (singular: miracidium) [6]. The miracidium searches for and
penetrates the snail intermediate host and will asexually divide as mother and then daughter
sporocysts. After four to six weeks, free-swimming cercariae are released into the water. Using its
tail for propulsion, each cercaria searches for and penetrates the skin of the human definitive host,
loses its tail and transform into young worms called schistosomula (singular: schistosomulum) [1;
4]. The schistosomulum migrates through the skin layers, enters the venous system and transits the
lungs to reach the hepatic portal and mesenteric venous system. There, over the course of four to

six weeks, the parasites mature and eventually mate [1; 4] (Fig. 1).



Figure 1. The developmental cycle of S. mansoni, S. haematobium and S. japonicum. The stages
are indicated: (a) paired adult worms, (b) eggs (left to right: S. haematobium, S. mansoni and S.
japonicum), (c) miracidium, (d) host snails (left to right, Oncomelania, Biomphalaria and Bulinus)
and (e) cercariae: (f) and (g) indicate penetration and migration of the parasite through the skin
and blood system, respectively, of the host. Taken from [7].
1.2 Immunopathology, clinical symptoms and co-morbidities

Schistosomiasis is associated with complex immune response mechanisms [1]. In the early
stages of infection (the first 4-6 weeks), migrating schistosomula and immature adult worms
provoke a T helper 1 (Th1) response by increasing the levels of pro-inflammatory cytokines such
as TNF-a, IL-1, IL-6 and IFN-y [8; 9]. As infection progresses, particularly with the onset of egg
laying, a Th2-type response predominates with elevated levels of IL-4, IL-5, IL-10 and IL-13
cytokines [5; 8; 10].

Most of the immunopathology associated with infection is as a result of the host’s immune

responses to parasite eggs [11]. S. mansoni eggs secrete a variety of proteins such as IPSE (IL-4-



inducing principle of S. mansoni eggs), Omega-1 and proteolytic enzymes that drives a Th2
granulomatous inflammatory response which subsequently leads to fibrosis [12]. These events
occur in both humans and mouse models of infection [13; 14]. IPSE is a glycoprotein [15] that has
been identified as an activator of basophils and triggers the release of IL-4 and IL-13 [16-18].
Additionally, a recent study [19] shows a direct interaction between IPSE and B cells. Omega-1
is also a glycoprotein [20] and has been identified as a potent inducer of the Th2 response in vitro
and in vivo [21; 22]. For example, Everts et al. [22] showed that Omega-1 initiates Th2 responses
by lowering the production of IL-12 in dendritic cells.

Chronic infection with S. mansoni and S. japonicum cause hepatosplenic and hepato-
intestinal disease [23; 24] whereby eggs trapped in the periportal spaces of the liver cause a variety
of sequelae such as hepatic carcinoma, periportal fibrosis and liver fibrosis [4; 25]. Chronic
infection associated with the deposition of S. haematobium eggs in the wall of the bladder and
ureters causes ulceration and granulomatous inflammation of the urogenital tract [26; 27]. One
major manifestation of S. haematobium infection is female genital schistosomiasis which is a
concern for the World Health Organization (WHO) due to the increased risk of HIV infection [28].
A study performed in a rural Zimbabwean community found that women with genital
schistosomiasis had a three-fold-increased risk of having HIV [29]. Infections with S.
haematobium are also positively corelated with increased incidences of bladder cancer [30] and
the International Agency for Research on Cancer has classified S. haematobium infection as
carcinogenic [31]. A case-control study conducted in Alexandria, Egypt, found a 1.72-old

increased risk of bladder cancer with S. haematobium infection [32].



1.3 Current treatment

Praziquantel (PZQ; 2 - (cyclohexylcarbonyl) -1,2,3,6,7,11b - hexahydro - 4H - pyrazino
(2,1-alpha) isoquinolin-4-one) is the only drug recommended by the WHO for treatment and
control of schistosomiasis (Fig. 2) [17]. First synthesized in the 1970s by Merck (Darmstadt,
Germany), this failed analgesic was transferred to Bayer A. G. (Leverkusen, Germany) where its
anti-trematodal activity was discovered and characterized [33]. PZQ is active against all
schistosome species, and is safe and reasonably effective, having a cure rate of 60-90% and egg
reduction rates of >90% when administered at the recommended single, 40 mg/kg oral dose [17;
18; 34]. The mechanism(s) of action of PZQ remains unclear, however, recent evidence suggests
that the drug engages transient receptor potential (TRP) channels on the surface (tegument) of the
parasite [35]. Exposure of the schistosome to sub-micromolar concentrations of PZQ causes a
rapid uptake of calcium and damage to the tegument [36; 37]. This tegumental damage is thought

to make the parasite susceptible to killing via the host’s immune system [38].
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Figure 2. Chemical structure of praziquantel (PZQ). PZQ is also known as Biltricide® (Bayer
HealthCare Pharmaceuticals Inc).

The reliance on just one drug to treat hundreds of millions of people afflicted with
schistosomiasis calls into question the long-term sustainability of disease treatment and
management, not least with the potential of drug-induced resistance [18]. There have been reports

of possible resistance to PZQ. For example, in an outbreak of schistosomiasis mansoni in Senegal
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in the late 1980s following construction of a dam, the cure rate for the standard 40 mg/kg dose 12
weeks after treatment was just 18%, i.e., much less than the anticipated 60-90% [39; 40]. Also,
resistance can be generated in laboratory mice [41]. Finally, PZQ is inactive against juvenile
schistosomes which survive treatment and go on to reestablish infection once the drug has been
removed from the body [42; 43]. Overall, therefore, there is an urgent need to identify novel drugs

and drug targets to treat schistosomiasis.

1.4 The proteasome as an anti-parasitic drug target

The proteasome (Fig. 3) is a large multi-subunit protein complex located in the cytoplasm
and nucleus of cells, and regulates protein turnover and degradation of misfolded proteins [44]. In
eukaryotes, the 26S proteasome consists of a 20S barrel-shaped proteolytic core flanked by two
19S regulatory subunits (caps) [45]. The 20S core comprises two stacked rings of seven [ subunits
sandwiched between two rings of seven a subunits [45]. Three of the B subunits, B1, B2, and B5
have N-terminal threonine residues which are crucial for catalysis [46]. The B1 subunit is
associated with caspase-like/ peptidylglutamyl-peptide hydrolyzing (PGPH) activities; f2 has a
trypsin-like activity and B5 has a chymotrypsin-like activity [46]. The S1 pocket is a large
hydrophobic binding site and is the major determinant of the specificities of the catalytic  subunits
[47]. The PGPH specificity of B1 is attributed to the basicity of its S1 pocket which has Arg45 at
its base; the trypsin-like activity of B2 is due to its S1 pocket having Glu53 at its base, and the

chymotrypsin-like activity of 5 is due to its S1 pocket having Met45 at its base [47].
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Figure 3. The ubiquitin-proteasome pathway. The target protein is ligated to a chain of ubiquitin
(Ub) molecules via the E1, E2 and E3 ligases (ATP-dependent). On reaching the 19S cap, the
target protein is unfolded and guided into the 20S core where it is degraded (ATP-dependent) to
peptides that are recycled by the cell. The ubiquitin is recycled by the cell.

In eukaryotes, the ubiquitin (Ub)-proteasome pathway plays a major role in the recycling
of cellular proteins [48] (Fig. 3). Initially, Ub-activating enzyme (E1) activates Ub at its C-
terminus using energy provided by ATP. Ub-conjugating enzyme (E2) then transfers the activated
Ub to the target protein to which it is conjugated via the Ub-ligating enzyme (E3). The target
protein tagged with Ub chain then moves to the 26S proteasome where it is broken down into
oligopeptides using energy from ATP. The Ub and peptides are recycled by the cell [48; 49].

Since the turn of the century, research has shown that the proteasome is a valuable drug
target in the treatment of certain cancers, including multiple myeloma, and orally bioavailable
proteasome inhibitors are currently used in myeloma treatment [50; 51]. One of these proteasome
inhibitors, bortezomib (BTZ; Fig. 4A), is a reversible, dipeptide boronic acid inhibitor that binds
to the nucleophilic threonine residue in the active site of the B5 subunit [52; 53]. This inhibition
results in the activation of the unfolded protein response which involves the disruption of
numerous cellular pathways, including those engaged in cell-signaling and -division, and

apoptosis, which eventually leads to cell-death [54]. BTZ has also been studied in a number of

cancer clinical trials including for non-Hodgkin’s lymphoma and ovarian cancer [55; 56].
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Figure 4. Chemical structures of BTZ, CFZ, GNF6702 and MG132. BTZ (A) is marketed as
Velcade® by Takeda Pharmaceuticals Inc. and is used to treat multiple myeloma [57]. CFZ (B) is
marketed as Kyprolis® by Onyx Pharmaceuticals Inc. and is used in multiple myeloma patients
who are treatment-refractory to BTZ and immunomodulatory agents [58]. GNF6702 (C) is an
allosteric inhibitor of the Kkinetoplastid proteasome under development for treatment of
kinetoplastid infections [59]. MG132 (D) is a reversible peptide-aldehyde proteasome inhibitor
that induces apoptosis in tumor cells [60].

Carfilzomib (CFZ; Fig. 4B) is an irreversible, epoxyketone tetrapeptide inhibitor that
primarily inhibits the B5 subunit [61]. CFZ is active against BTZ-resistant cell lines [62]. CFZ is
100-fold and 1000-fold more selective for 5 over 31 and B2, respectively, whereas BTZ inhibits
the B5 and B1 subunits with equal potency [63]. This selectivity of CFZ combined with its more
limited off-target effects [64] means that CFZ is less toxic than BTZ [65; 66].

Using small molecule inhibitors, the proteasome has been established as a valuable drug target
vs. parasitic infections caused by Plasmodium malaria and Leishmania [59; 67; 68]. For instance,
GNF6702 (Fig. 4C) reduced the liver burden of Leishmania donovani in mice by 90% and it
eradicated parasites in mice infected with Trypanosoma brucei or Trypanosoma cruzi [59].

For S. mansoni, exposure of cercariae to 50 uM of the proteasome inhibitor, MG132 (Fig.

4D), decreased by 96% the parasite’s ability to establish infection [69]. Subsequently, research by
7



the teams of my supervisor, Dr. Caffrey and his SSPPS faculty colleague, Dr. Anthony
O’Donoghue, has shown that 1 uM of BTZ and CFZ decreased the motility of S. mansoni adults
by 45% and 47% after 6 h, and by 87% and 89% after 24 h, respectively. These phenotypic effects
correlated with a >90% decrease in the catalytic activity of the parasite’s proteasome (termed
Sm20S) [63]. By 72 h, the parasites were dying and an increase in apoptosis-inducing caspase
activity, a hallmark of the interruption of proteasome activity [70], was recorded (>4.5-fold over
non-treated control worms [63]). These data suggest that Sm20S has potential as a drug target and

further investigation is warranted.

1.5 Goals of this thesis.

Proteasome inhibitors kill the schistosome. Thus, my thesis is part of a larger project by
my lab that investigates the effect of CFZ, BTZ and non-proteasome inhibitor drugs on the
transcriptomic response of S. mansoni with the aim of identifying new molecular targets for drug
development.

For my thesis | will:
1. Identify and characterize genes among the top 300 genes that are upregulated or

downregulated after in vitro exposure of adult male S. mansoni to 1 uM CFZ, BTZ or 0.5

UM of the non-proteasome inhibitor drug, omaveloxolone (OX0O). RNA-Seq was used to

generate the respective data sets (EI-Sakkary et al., 2021, manuscript in preparation). Data

for CFZ and OXO are analyzed here for the first time whereas data for BTZ had previously

been analyzed by our lab and are incorporated here for comparison [71].

2. Among the top 300 genes that are upregulated or downregulated, manually characterize

those genes that had originally been annotated as ‘uncharacterized’ or ‘unknown’ in S.



mansoni genome. This is important to provide as comprehensive a data set as possible for
interrogation and comparison

3. For a small number of genes, use gPCR to validate the CFZ-induced upregulation of
transcription as measured by RNA-Seq

4. Compare selected genes that are up and downregulated after exposure to proteasome
inhibitors and/or OXO.

5. Analyze the distribution of selected gene transcripts that are upregulated after exposure to

CTZ across different developmental stages of the parasite.

3. Materials and Methods
3.1 Maintenance of the S. mansoni life cycle

The National Medical Research Institute (NMRI) isolate of S. mansoni was cycled between
the intermediate snail host, Biomphalaria glabrata, and a definitive mammalian host, specifically,
the Golden Syrian hamster, Mesocricetus auratus (Charles River Labs, Wilmington, MA) [72].
Animals were maintained in accordance with protocols approved by UC San Diego’s Institutional
Animal Care and Use Committee (IACUC). Infections with S. mansoni were initiated by
subcutaneous injections of 4-6-week-old female hamsters with 600-800 cercariae. Six weeks post-
infection, hamsters were euthanized with a single intra-peritoneal (i.p.) injection of 100 mg/kg
Fatal-Plus (pentobarbital solution; Vortech Inc.). Adult worms were harvested by reverse perfusion
of the hepatic portal system in RPMI 1640 medium containing 700 U heparin (Thermo Fisher

Scientific Inc., MA, USA) [72].



3.2 Exposure of adult S. mansoni to proteasome inhibitors in vitro

CFZ (Ubiquitin-Proteasome Biotechnologies, UBPBio LLC., CO, USA) and OXO
(MedChemExpress LLC., NJ, USA, HY-12212) were purchased commercially. OXO is not a
proteasome inhibitor and was employed to compare its effects on the S. mansoni transcriptome
with those of CFZ and BTZ (Fig. S1). OXO is an antioxidant oleanane triterpenoid currently
undergoing clinical trials for treatment of Friedreich’s Ataxia [73]. All drugs were stored as 10
mM solutions in pure DMSO at — 80°C until use.

After perfusion, worms were washed five times in Basch medium 169 containing 1x
penicillin-streptomycin solution and 10 pg/mL amphotericin B (Thermo Fisher Scientific Inc.,
MA, USA) [74] under sterile conditions. After three further washes without amphotericin B,
parasites were manually dispensed into 24-well culture plates (Corning™ 3526; NY, USA) at
approximately five males/well in 0.5 ml medium. The volume was made up to 1 ml with the same
medium containing 4% fetal bovine serum (FBS; Thermo Fisher Scientific Inc., MA, USA) and
the parasites were incubated at 37 °C and 5% CO2 for up to 18 h to acclimate prior to addition of
drug.

CFZ or OXO was added at a final concentration of 1 or 0.5 UM, respectively, to the parasite
cultures and the final volume made up to 2 ml with Basch medium containing 4% FBS and 1x
penicillin-streptomycin. The final concentration of DMSO was 0.5%. Controls were established
under the same conditions but in the absence of drugs. Parasites were incubated at 37 °C and 5%
COzfor 24 h, washed five times in cold PBS and flash frozen in ethanol-dry ice for storage at — 80
C. After 24 h, worms exposed to CFZ are immobilized and are not attached to the well bottom via
the ventral sucker; by 72 h the worms are dying or dead. For OXO, worms display uncoordinated

movements and show signs of degeneracy (including a damaged outer surface) after 24 h; by 48

10



h, the worms are dead. CFZ experiments were derived from three separate perfusions each
performed in triplicate whereby two wells, each containing 5 males, were combined for each RNA-
Seq sample. OXO experiments were derived from one perfusion and experiments were set up as

described for CFZ.

3.3 RNA Extraction

Ten worms were combined to prepare one RNA sample with a minimum of three RNA
samples per perfusion. For RNA extraction, worms were placed into 1.5 mL tubes (Thermo Fisher
Scientific, MA, USA), washed four times in PBS, resuspended in 50 uL TRIzol (Thermo Fisher
Scientific, Inc., MA, USA), snap frozen over dry ice and stored at —80°C. Worms in 800 uL. TRIzol
were homogenized with a pestle and the homogenate was transferred to a 2 mL tube containing
zirconia-silica beads (#S6012-50, Zymo Research, CA, USA). The homogenate was vortexed in a
Fisher Scientific Analog Vortex Mixer (Cat #02215365, Model # 945404, Waltham, MA, USA)
at the maximum setting (50160 Hz = 1 phase) for 6 min, placed on ice for 2 min, and the procedure
repeated. Pure ethanol was added, and the homogenate added to the kit-provided column (Direct-
zol RNA Miniprep, #R2051, Zymo Research, CA, USA). The sample was then washed, and the

RNA isolated according to the manufacturer’s Kit instructions.

3.4 RNA-Sequencing (RNA-seq) Sample Quality Control

Using a Nanodrop (ND2000, Thermo Fisher Scientific, Inc., MA, USA), the absorbance of
samples was measured at 260 nm to calculate the RNA concentration (minimum 50 ng/ul
acceptable) and the 260 nm : 280 nm (RNA : protein) ratio was used to determine purity, whereby

a ratio >1.8 was considered acceptable. Additional quality assessment was performed at the UC
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San Diego Institute for Genomic Medicine (IGM) services center (La Jolla, CA, USA) using an
Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). The bioanalyzer separates
fluorescently-bound RNA based on size using microfluidics in microchannels to generate an
electropherogram output that indicates fluorescent units (FU). Ribosomal ()RNA is used as an
indicator of RNA quality. To evaluate the RNA quality, we compared the electropherogram 18S
peak intensity (>4000 FU) relative to the fluorescence of other RNA in the sample (<1000 FU).
This method was used as schistosomes lack 28S rRNA which is typically compared to 18S rRNA

to assess RNA quality via the generation of a RNA Integrity Number (RIN) [75].

3.5 RNA-Seq

Five cDNA libraries per RNA-Seq run were prepared for both CFZ and BTZ, and three
cDNA libraries were prepared for OXO. cDNA library constructs and adaptor-ligated gene
fragments were synthesized at the IGM using 100 ng of RNA per library. Each library was
synthesized using the TruSeq Stranded Total RNA Ribo-Zero H/M/R Gold kit (Illumina Inc., CA,
USA). Libraries were sequenced in an Illumina HiSeq 4000 sequencer using single-end reads
(SR75).

Data from each sequencing run were visualized on a Bland-Altman plot (MA) plot
generated using the ROSALIND™ software (OnRamp Biotechnologies Inc, San Diego, CA). The
MA plot visually represents genomic data across different sequencing runs. The plot displays M
(log ratio) and A (mean average) scales to determine differences between measurements taken
across sequencing runs. The fold change in expression across the sequencing runs for each of the

drugs tested displayed the same patterns although with different absolute expression values, which
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are attributable to slight environmental and handling differences. Ultimately, one sequencing run

was selected for each of the drug-treated samples for gene expression profiling.

3.6 RNA-Seq analysis

RNA-Seq data were generated in the FASTq format with each file being approximately
500 MB in size. Files were analyzed using ROSALIND™ [41] which uses a proprietary
HyperScale architecture to map reads. Each library was normalized by determining the Relative
Log Expression (RLE) using Differential Gene Expression (DESeq2) analysis based on the
negative binomial distribution [76]. DESeq2, available as a package in R (RStudio, Boston, MA),
was used to calculate relative gene expression (fold changes; >1.5 fold considered significant)
compared to DMSO controls and the associated p-Adjusted (P-Adj) values (<0.05 cutoff). DESeq2
automatically identifies outlier genes using Cooks' distance and removes these from the analysis
[77]. Upon determining the fold-expression changes and P-Adj values, Partitioning Around
Medoids (PAM) was used to partition RNA-Seq data into heat-maps. The PAM algorithm
organizes the RNA-Seq data by clustering genes into groups with similar expression profiles [78].

Enrichment analysis of pathways, gene ontology and domain structure were performed
with ROSALIND using the Hypergeometric Optimization of Motif EnRichment (HOMER) tool

[79]. HOMER is available online (http://homer.ucsd.edu/homer/) and allows RNA-Seq data to be

mapped to the S. mansoni genome (Version 7, Wellcome Trust Sanger Institute, UK) and analyzed

using thousands of built-in commands.
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3.7 Homology analysis

Gene identification is made difficult for S. mansoni by the fact that approximately 44% of
the genes in the genome are annotated as ‘hypothetical’ or ‘uncharacterized.” Focusing on the top
300 genes that were either upregulated or downregulated relative to control (P-Adj > 0.05), it was
necessary to attempt manual annotation to enrich the dataset. The Basic Local Alignment Search
Tool (BLAST) tool, a sequence similarity search program available through the National Center

for Biotechnology Information’s (NCBI) web interface (http://www.ncbi.nlm.nih.gov/BLAST)

[80], was employed. Specifically, BLAST searches for regions of local similarity between
nucleotide or amino acids and approximates alignments via the optimum maximal segment pair
(MSP) score.

Each S. mansoni ‘Smp’ gene identifier characterized as ‘hypothetical’ or ‘uncharacterized’
was interrogated using the BLASTn (nucleotide-to-nucleotide sequence search) and BLASTp
(protein-to-protein sequence search) programs. Search returns were filtered based on percent
identity (40% minimum), query coverage (40% minimum) and lowest Expect (E)-value (a measure
of the probability of observing the results by chance). BLASTn results were prioritized over those
of BLASTp because nucleotides (nts), encoding three nts to an amino acid (AA), provide more
information to compare and evaluate the evolutionary relationships between sequences of interest.
When a BLAST search did not return sequence data that met our minimum criteria, the Smp gene
identifier was searched via the Universal Protein Resource or UniProt (https://www.uniprot.org/),
a comprehensive resource of protein sequence and annotation data [81]. The Smp gene identifier
was specifically queried against the UniProt Knowledgebase (UniProtKB), one of the three
UniProt databases. Because we were interested in annotating genes based on their functional

information (i.e., amino acid sequence, protein name, protein description, taxonomic data and
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citation information), UniProtKB was used in preference to UniRef, which provides clustered sets
of sequences from UniProtKB, and UniParc, which only contains protein sequences [81]. Gene
sequences meeting the filter criteria were handled in Microsoft Excel as described in the

supplemental data (page 35).

3.8 Functional annotation of up and downregulated genes

To functionally annotate the top 300 upregulated and downregulated genes, we utilized the
Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.genome.jp/kegg) [82]. KEGG
comprises eighteen databases broadly organized into four categories: (i) systems information, (ii)
genomic information, (iii) chemical information and (iv) health information. Each of the 300
upregulated and downregulated genes was inputted into all four of the KEGG database categories.
The KEGG Orthology (KO) output was recorded and the genes were then grouped into the
following KEGG pathway categories: metabolism, genetic information processing, environmental

information processing, cellular processes, organismal systems and human diseases.

3.9 cDNA Synthesis prior to quantitative real-time PCR (QRT-PCR)

Worms were incubated with drug or DMSO, as described in Section 3.2. Total RNA was
extracted using a kit (#R2051, Zymo Research®, CA, USA) and cDNA synthesized from 1 pg
RNA using the SuperScript™ VILO cDNA Synthesis Kit (#11754050, Thermo Fisher Scientific
Inc., MA, USA) according to the manufacturer’s protocol. The cDNA concentration was
determined via Nanodrop. The 260 nm : 230 nm and 260 nm : 280 nm wavelength ratios were
measured, and respective values of 1.60-1.90 and 1.90-2.05 indicated minimal contamination by

carbohydrate, or phenol and protein, respectively [83]. Samples were frozen at —80°C.
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3.10 Design of primers for gPCR validation of selected upregulated gene transcripts

Primer efficiency ensures that cODNA amplification with a specific primer set under a set
of gPCR conditions is as close to 100% as possible such that the data arising accurately reflect
MRNA abundance [84]. As part of his recent Master’s thesis, my colleague, Ali Syed, had
previously designed forward and reverse primers for 12 genes (including two control gene
transcripts unaffected by proteasome treatment) using the NCBI primer design tool [85] (Table
1). Primers had no more than 12 consecutive nucleotides that paired with other genes in the S.
mansoni genome to minimize non-specific binding. Primers were also selected based on a GC
content >55%. As determined previously by Ali Syed, primer efficiencies ranged between 92 and
114%. These primers were used to validate the upregulation of the target genes in response to

incubation of adult S. mansoni with 1 uM CFZ for 24 h, as described in Section 3.2.
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Table 1. Gene targets for gPCR validation and their final primer efficiencies

I Fold P-Adj Primer
a
Gene ID Category Gene Description Change Value Efficiency
Smp_049250 Stress Response HSP20/a-crystallin family 29.40 7.02E-66 107%
Smp_106930 Stress Response HSP 70 kDa homolog 18.48 5.63E-55 92%
Apoptosis/Proteasome Lo
Smp_123260| * o thway Genes Ubiquitin 1 411 | 3.48E-15 | 114%
Smp_171150 Cell Regulation Shk1 kinase-binding protein 2.54 2.68E-19 112%
. Upf3 regulator of nonsense
Smp_102240 Cell Regulation transcripts-like protein 2.05 6.89E-20 107%
26s proteasome regulatory subunit
Smp_072340 Proteasome 6b 212 7 61E-09 105%
26s proteasome non-ATPase
Smp_052870 Proteasome regulatory 1.90 4.03E-15 112%
Smp_119310 Proteasome 26s protease regulatory subunit 1.73 3.51E-17 103%
Smp_067890 Proteasome Proteasome subunit a-type 2.06 7.99E-18 107%
Smp_025800 Proteasome Proteasome subunit b-type 1.57 5.83E-12 108.7%
Transmembrane 9 superfamily
Smp_165020 Control protein member 1.00 N/A 112%
Smp_044920 Control Dynamin 1.00 N/A 114%

aNine target and two control gene transcripts were used for amplification by g°PCR. By RNA-Seq,
the nine target transcripts were determined to be significantly upregulated with a fold change > 1.5
and a P-Adj value < 0.05. Data courtesy of Ali Syed.

3.11 g-PCR

RNA-Seq technology requires RNA to be fragmented to make double stranded cDNA, a
process that could result in both positional and sequence-specific bias that can affect expression
estimates [86]. Therefore, gRT-PCR was employed as a secondary method to validate the
expression levels of candidate genes measured by RNA-Seq. cDNA was generated as described
above. qPCR was performed in an Mx3005p thermocycler (Agilent Technologies, CA, USA).
Samples were prepared in a 20 pl volume containing 10 pL of PowerUp SYBR™ Green Master
Mix (Thermo Fisher Scientific Inc., MA, USA), 1.4 uL of each of the forward and reverse primers,
1uL of cDNA, and 6.2 pL of water. Two genes, Smp_165020 (transmembrane 9 superfamily
protein) and Smp_044920 (dynamin), were selected as internal controls because they were

unaffected by drug treatment.
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Relative gene expression was calculated using the comparative AACT method [87]. Briefly,
the threshold cycle (Ct) values obtained from different RNA samples are normalized using the
control genes, Smp_165020 and Smp_044920, before comparison [87]. This method compares the
number of PCR cycles needed to reach a threshold amount of amplification, calculated as relative
fluorescence units (RFU), in our case 3,000 RFU. In comparison to control genes, upregulated

genes would need a lower number of PCR cycles to reach the threshold.

4. Results
4.1 Gene expression profiling and functional annotations

Adult male S. mansoni was incubated for 24 h in the presence of 1 uM of the proteasome
inhibitors, BTZ or CFZ, or the experimental antioxidant drug, OXO. Worms were then washed
and processed for RNA-Seq. Data arising from the treatment with BTZ have been presented by
Ali Syed as part of his recent Master’s thesis [71] and are used here for comparative purposes.

Of the approximately 3,000 genes differentially expressed relative to DMSO controls, the
top 300 up and downregulated genes were further examined. At the outset, 39% (118/300 genes)
and 44% (131/300 genes) of the up and downregulated genes, respectively, had been annotated in
the S. mansoni genome (Version 7, Wellcome Trust Sanger Institute, UK) [88] as ‘hypothetical’
or ‘uncharacterized.” After employing manual BLAST homology analysis, the respective
percentages remaining in these categories were reduced to 12% (36/300 genes) and 9% (26/300
genes).

Approximately half of the top 300 upregulated genes were identified by KEGG analysis as
those involved in the category, Genetic Information Processing, with smaller proportions

associated with the other major categories, including cellular processes, organismal systems and
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environmental information processing (Fig. 5A). Within the genetic information processing
category, many of the identified sequences regulate molecular functions such as transcription

(38%), ubiquitin-mediated proteolysis (13%), heat shock (5%) and DNA repair (4%; Fig. 5B).

= Genetic Info Processing

= Cellular Processes

= Organismal Systems
Environmental Info Processing
B Metabolism

® Transcription ® Translation m Ubiquitination u Heat shock
® Ribosome biogenesis m DNA replication ® DNA repair M RNA processing
= tRNA biogenesis ® Nucleic acid binding ® Transposon M Others

Figure 5. Pie chart representations of the top 300 genes upregulated after incubation with
CFZ. Indicated are the proportions of genes associated with the (A) primary and (B) secondary
KEGG categories, the latter of which are broken out from the Genetic Info Processing portion.

Conversely, for the top 300 genes that were differentially downregulated, there was a

roughly even split among the different KEGG categories (Fig. 6).
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B Genetic Info Processing ® Cellular Processes
m Organismal Systems Environmental Info Processing
B Metabolism
Figure 6. Pie chart representation of the top 300 genes most downregulated after treatment

with CFZ. The proportion of genes associated with each primary KEGG category is shown.

Similarly, in the case of OXO-treated worms, approximately half of the top 300
upregulated genes were identified by KEGG analysis as those involved in genetic information
processing with the remainder belonging to the other primary categories, namely, cellular
processes, organismal systems and environmental information processing (Fig. 7A). Within the
genetic information processing category, many of the identified sequences regulate molecular
functions, such as transcription (28%), translation (12%), ubiquitination (11%) and DNA
replication (11%) (Fig. 7B).

For the top 300 genes that were differentially downregulated, there was once again an even

split in distribution among the different KEGG categories (Fig. 8).
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= Genetic Info Processing = Cellular Processes -

» Organismal Systems * Environmental Info Processing

= Metabolism ® Transcription m Translation » Ubiquitination Heat shock
® Ribosome biogenesis m DNA replication ® DNA repair W RNA processing
® RNA-binding m Ciliogenesis m Transport m Others

Figure 7. Pie chart representations of top 300 genes upregulated after incubation with OXO.
Pie charts showing the proportions of genes associated with the (A) primary and (B) secondary
KEGG categories, the latter of which are broken out from the genetic info processing portion.

® Genetic Info Processing m Cellular Processes
m Organismal Systems » Environmental Info Processing
m Metabolism

Figure 8. Pie chart representation of the top 300 genes downregulated after treatment with
OXO. The proportion of genes associated with each KEGG pathway is shown.

For the top 300 differentially expressed genes following treatment with BTZ and CFZ, 166

genes were commonly upregulated (the intersectional area of the Venn diagrams in Fig. 9A)
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whereas 134 were unique to either treatment. For the downregulated genes, 127 transcripts were
shared whereas 173 transcripts were unique to either treatment (Fig. 9B). Considering OXO, for
the upregulated genes, 56 transcripts were shared with BTZ and 72 shared with CFZ, with 224
OXO-specific gene transcripts (Fig. 9B). For the downregulated genes, 67 transcripts were shared
with BTZ and 80 were shared with CFZ, with 188 OXO-specific gene transcripts (Fig. 9B). For
both the upregulated and down regulated genes, the data suggest that both proteasome inhibitor

treatments have more genes in common than with the OXO treatment.

A B
BTZ CFz BTZ CFz
130 114 114 141 92 128
52 35
4 20 32 45
224 188
(0).(0] (0) (0]

Figure 9. Venn diagram analysis of differentially expressed genes following exposure to BTZ,
CFZ or OXO. (A) upregulated gene transcripts, (B) downregulated gene transcripts.

The 10 gene transcripts that were most upregulated or downregulated following treatment with the

three drugs, and their KEGG pathway associations, are listed in Tables 2 and 3, respectively.
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Table 2. The 10 most upregulated genes after treatment with CFZ, BTZ or OXO

Fold Fold Fold
Smp ID Description Change | Change | Change l\lgalr?(?tlijtla%r PI:;?V(;
CFZ BTZ | OXO Y
Smp_185680* | Major Egg Antigen 35.6 5.58 21.8 Immune 0osP
Smp_04g250 | HSP20/Alpha 20.4 115 | 111 | Heatshock GIP
Crystallin Family
Smp_138060 MEG-3 (Grail) Family 23.1 4.5 n.p.? Immune 0S
Smp_106930 | 15p70 kDa 185 13.2 109 | Heatshock GIP
Smp_049300 | \paior Egg Antigen 15.6 5.9 13.2 Immune 0s
Smp_003600* | Natterin-4 Protein 111 4.4 6.0 Toxin CP
Smp_048050 Alpha Crystallin A
chain / HSP Beta-4 105 6.0 3.1 Heat shock GIP
Smp_149750* | Vacuolar Sorting
Associated Protein 11 9.7 7.6 41.0 Transport CP
Smp_049230 | isp1g 8.6 5.6 3.3 Heat shock GIP
Smp_049240 | 1 om1: Hsp27 7.8 42 19.4 | Heatshock GIP

*These genes were manually characterized via BLASTn analysis.
an.p.: not present in the particular dataset.
bKey: Genetic Information Processing (GIP); cellular processes (CP); organismal systems (OS).
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Table 3. The 10 most downregulated genes after treatment with BTZ, CFZ or OXO

Fold Fold Fold Molecular KEGG
Smp ID Description Change | Change | Change Function Pathway
CFz BTZ OXO
Amine a Amino Acid b
Smp_017610 Oxidase -17.8 n.p. -7.8 Metabolism M
Tegumental
Antigen
Smp_195090 (SMTALS -14.7 -2.3 -2.1 Immune (OF]
gene)
Venom
Allergen-like
Smp_123550 (VAL) 8 -14.3 n.p. -9.0 Immune 0s
Protein
Membrane . .
Smp_017620 | Primary Amine -13.0 n.p. -6.2 AmlnoAC|d M
: Metabolism
Oxidase
Smp_164s50 | Hypowetical | o0 1 np | o174 Unc Unc
Protein
Smp_203440 | yPothetical | o5 | np. | 259 Unc Unc
Protein
smp_0ges30 | eQUMEN@l | g9g | np. | 34 | immune 0s
rotein
Schistosoma
Smp_141500 PSpp: -10.6 n.p. -27.2 Unc Unc
rotein
UPF0506
Malignant
Fibrous
Smp_196730 | Histiocytoma- -9.7 -3.1 -2.5 Immune 0S
amplified
Sequence 1
Smp_156930 | ypothetical | g, np. | -36 Unc Unc
Protein

*These genes were manually characterized via BLASTn analysis.
an.p.: not present in the particular dataset.
bKey: organismal systems (OS); metabolism (M); uncharacterized (Unc).

4.2 Primer efficiency and validation of RNA-Seq data

Twelve primer pairs (ten differentially expressed genes and two unmodulated control
genes), previously designed by Ali Syed of our lab, were tested by qPCR on cDNA that had been
derived from adult male S. mansoni exposed to 1 uM CFZ for 24 h. The data generated for the

fold change in the upregulation of all ten genes of interest by gPCR agreed with those measured
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by RNA-Seq (Fig. 10) and the agreement is statistically significant. Thus, the g°PCR data suggest

that the RNA-seq data are, as a whole, accurate.
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Figure 10. Comparison of fold changes in expression of selected genes by qPCR and RNA-
Seq after incubation of S. mansoni adult males with 1 uM CFZ 24 h. Experiments were
analyzed using the AACT methodology [87]. Smp_044920 and Smp_165020 were employed as
control genes, i.e., for which expression is not altered from control. The means and standard error
of the means (SEMs) are shown for two biological replicates each performed in triplicate.
Student’s two-sided t-tests were performed to measure the statistical significance between the
gPCR and the RNA-Seq data; *p=<0.05, **p=<0.005, ***p=<0.0005 and ***** p=<00000.5

4.3 Stage-specific expression of genes exposed to CFZ for 24 h

For the top 20 genes upregulated after exposure to CFZ for 24 h and the ten target genes
validated by gqPCR (Fig. 10), we used the NCBI BLASTn and BLASTYp tools to query the S.
mansoni expressed sequence tag (EST) data, and understand whether the genes of interest were

expressed in other developmental stages of the parasite (Table 4). Genes encoding heat shock
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proteins (HSPs) and proteasome subunits were widely distributed whereas other genes were less

so, although this might be due to the data being simply unavailable for the particular life-stage.

Table 4. Developmental stage expression of the top 20 upregulated genes and the ten gPCR
enes after exposure to CFZ for 24 h

" Fold . ™ M | M
Name Description Change P-Adj ME G ML | MS C A MF
Smp_185680 | Uncharacterized 3555 | 1.56E-39
protein
Smp_04g250+ | HSP20/alpha 2040 | 7.02E-66
crystallin family
Smp_ 138060 ?:n'iﬁf (Grail) 23.09 | 1.10E-28
Smp_106930* E'Osrsozgnga 1848 | 5.63E-55
Smp_049300 Major egg antigen 15.79 | 8.98E-16
Smp_003600 | Uncharacterized 1114 | 2.15E-22
protein
Smp_048050 ?h'gir:]a crystallin A 1048 | 5.06E-41
Smp_149750 ;g‘;gﬁ]racm”zed 9.69 | 8.75E-19
Smp_049230 HSP16 856 | 4.53E-52
Smp_049240 HSP beta-1 7.82 | 1.09E-08
Glutamine
Smp_133770 synthotase bacteria | 694 | L44E-2L
Smp_138070 ?:nfﬁy?’ (Grail) 6.86 | 4.14E-08
Smp_176110 :)Jrg‘t:gﬁ]ra"te“md 6.62 | 4.76E-55
Smp_188200 grgigﬁ]ra“e“ze‘j 653 | 1.11E-11
Smp_138080 :}:fiﬁf (Grail) 623 | 3.05E-07
Smp_0406g0 | CYloplasmicdynein | g 4y | 5 o5p 47
- light chain ' '
Smp_072460 iihnfsghomeva'onate 538 | 8.49E-25
Smp_180190 ;Jrgi(:‘ianra"te“zed 533 | 2.77E-95
Smp_079960 Tubulin beta chain 5.01 1.86E-08
Smp_160170 :)Jrgi(:‘i"’:]ra"te“zed 497 | 557E-18
Smp_067890+ | "roteasome subunit |5 gq | 7 g9 13
alpha type
Smp_025800* Eg‘t’i?f&me subunit |9 57 | 5.83E-12
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Table 4. Developmental stage expression of the top 20 upregulated genes and the ten gPCR

enes after exposure to CFZ for 24 h (Continued)
Smp_119310% | 285 Proteasome 173 | 351E-17
regulatory subunit

Upf3 regulator of

Smp_102240% | Nonsense - 2.05 | 6.89E-20
transcripts-like
protein
26S Proteasome

Smp_052870* non-ATPase 1.90 4.03E-15

regulatory subunit
26S Protease

Smp_072340* regulatory subunit 2.12 7.61E-09
6b
Smp_171150* ‘;’:‘Okéi'r‘]'“ase'b'“d'“g 254 | 2.68E-19

Smp_123260* Ubiquitin 1 protein 411 3.48E-15
aKey (taken from the terms used in the NCBI EST database): ME, egg; MG, germball (sporocyst);
ML, miracidium; MS, schistosomulum; MC, cercaria; MA, mixed-sex adult; MF, adult female.
Empty cells indicate that no EST sequence data were found.

* indicates the ten gqPCR-validated genes.

5. Discussion

Schistosomiasis remains one of the most prevalent neglected tropical diseases with over
200 million people infected worldwide and 700 million people at risk of infection [2]. Effective
control is challenging in the absence of vaccines. The current reliance on just one drug (PZQ) [17],
the high rates of reinfection, and concerns regarding the emergence and establishment of PZQ-
resistant strains emphasize the need to identify new drugs and drug targets for schistosomiasis
[18].

In this study, | investigated the transcriptomic changes in adult male S. mansoni after in
vitro exposure to CFZ as compared to a second proteasome inhibitor, BTZ, and the non-
proteasome inhibitor, OXO, which is an experimental drug for treatment of Friedreich’s Ataxia
[73]. My thesis research is part of a larger project to understand whether the proteasome is a useful
drug target for treatment of schistosomiasis based on the precedent that it has been validated as

such for other parasitic diseases, namely malaria and leishmaniasis [59; 67; 68], and our prior
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demonstration that proteasome inhibitors kill schistosomes [63]. Understanding the underlying
changes in gene expression after inhibition of the proteasome could also point to new targets for
drug treatment.

The genome of S. mansoni was first sequenced in 2009 [89] and its annotation was
improved in 2012 [90]. These developments heralded a new age in the systematic identification
and characterization of genes in all aspects of schistosome biology and parasitism, and in our case,
in relation to possible new drug targets. In this context, one point to note is that we found it
necessary to manually reannotate some of the top 300 genes that had been up and downregulated
after exposure to CFZ. About 39% and 44% of the top 300 up and downregulated genes,
respectively, had been originally annotated as hypothetical or uncharacterized. After manual
BLAST analysis the respective percentages were decreased to 12% and 9%.

The 10 most upregulated genes following treatment with CFZ at 24 h are listed in Table
2. At the very top is a Major Egg Antigen (Smp_185680), which, based on KEGG pathway
analysis, is involved in Genetic Information Processing and defined to have heat shock-associated
properties. A second Major Egg Antigen (Smp_049300) appears at position 5 in Table 2. These
Major Egg Antigen proteins are 99.36% identical and provoke a Th2-type immune response that
in mice and humans results from secretion of proteins by S. mansoni eggs [91-93]. Despite its
name, Major Egg Antigen is not egg-specific but is found in all developmental stages of the
parasite (Table 4 and [94]).

Apart from the two Major Egg Antigens, there were five HSPs: Smp_049250,
Smp_106930, Smp_048050, Smp_049230 and Smp_049240, that were significantly upregulated
following treatment with CFZ (Table 2; Suppl. Table 1). HSPs are upregulated in cells in response

to stress and act as chaperones that bind proteins and modulate their conformation [95]. HSPs are

28



categorized into six different families of protein chaperones based on their molecular function and
mass: the small HSP20/alpha-crystallin family, the HSP40 J-protein family, and the large HSP60,
HSP70, HSP90 and HSP100 families [96].

HSPs like HSP40, HSP60, HSP70 and HSP90 are expressed in parasites and known to
modulate the host immune response [97-99]. Recent western blot analysis revealed that HSP40
and HSP90a are overexpressed in S. japonicum eggs compared to other life stages. This finding
supports the involvement of HSPs as host immune response modulators, as is also the case for
many other proteins that are secreted from eggs [100]. HSP70 (Smp_106930) is a strong
immunogen in S. mansoni-infected baboons [101] and also has potential as a diagnostic marker of
infection in humans [102].

An elevation in the expression of HSPs after treatment with CFZ is consistent with data
reported for BTZ by our lab ([71]; El-Sakkary et al., 2021, manuscript in prep.). Our combined
data are also consistent with the cancer cell literature where it is well-established that HSP
transcription is elevated in response to proteasome inhibitor treatment. This upregulation is as part
of the cell’s response in managing the resulting increase in unfolded proteins [71; 103-105]. HSPs
are proven drug targets: an HSP90 inhibitor exhibits antitumor activity in xenograft models of
breast and prostate cancer [106; 107] and HSP70 is a putative target for tumor therapy [108; 109].

Apart from the 10 most upregulated genes expressed following treatment with CFZ, genes
associated with proteasome function were also upregulated, including ubiquitin- and
ubiquitination-associated genes which make up the 13% of those genes that are involved in Genetic
Information Processing (Fig. 5B, Suppl. Table 1). Among these genes are multiple proteasomal
subunits, including those comprising the 20S core o subunits (Smp_067890, Smp_092280,

Smp 076230, Smp 070930, Smp 032580, and Smp 170730) and B subunits (Smp_121430,
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Smp_074500, Smp_073410, and Smp_025800). Additionally, various 19S proteasome regulatory
subunits were upregulated, i.e., Smp_ 061650, Smp_ 085310, Smp_047740, Smp_052870,
Smp_175250, Smp_058650, Smp_026630 and Smp_181380. This increase in expression of
components of the proteasome as a response to its inhibition is consistent with the literature for
Drosophila [110; 111], primary mammalian cells [112] and cancer cells [113]. An increase in
proteasome expression was also reported by our lab after treatment with BTZ ([71]; EI-Sakkary et
al., 2021, manuscript in prep.). This proteasome inhibitor-mediated upregulation was not observed
after treatment with the experimental Friedreich’s ataxia drug inhibitor, OXO (Table 5),
suggesting that OXO, which is eventually lethal to the parasite, operates via pathways that do not
involve the proteasome. As a whole, the data suggest that inhibition of the proteasome results in
compensatory de novo synthesis [112]. In mammalian cells, inhibition of the proteasome leads to
apoptosis [114; 115], a phenomenon that has also been recently reported for S. mansoni by our lab

[63].
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Table 5. Selection of genes that were differentially upregulated by CFZ and BTZ but not by

OXO
Fold Fold Fold
Smp ID Description Change Change Change
CFz BTz OXO
H a
Smp_067890 Proteasome subunit alpha type 154 206 n.p.
Smp_121430 Proteasome subunit beta type 1.98 1.54 n-p-
Smp_074500 | Proteasome subL_mlt beta 2 (TO1 1.89 155 n.p.
family)
Smp_061650 26S proteasome subunit S9 2.02 1.57 n-p-
Smp_052870 Putative 19s proteasome non- 1.90 155 n.p.
ATPase regulatory subunit ) '
. 1.53 1.53
Smp_181380 Putative 19s proteasome non- n.p.
ATPase regulatory subunit
Smp_138060 MEG-3 (Grail) family 23.09 4.47 n-p.
Smp_138070 MEG-3 (Grail) family 6.86 4.55 np.
Smp_138080 MEG-3 (Grail) family 6.23 4.92 np.

an.p.: not present in the particular dataset.

Interestingly, a family of Micro-Exon Genes-3 (MEG-3; Smp_138060, Smp_138070 and
Smp_138080) was overexpressed 4 — 23-fold following treatment with CFZ and BTZ [71], but not
with OXO (Table 5). This MEG-3 family is involved in immune evasion by the parasite [116].
When used to vaccinate mice, MEG-3.2 (Smp_138060) and a related, MEG-3.4 protein
(Smp_138090), induced both humoral and cellular responses. Thus, MEG-3.2 has the potential for
serological diagnosis of schistosomiasis [116]. MEGs have also been shown to induce Th1/Th2-
type responses and vaccination with rSM10.3, a member of the related MEG-4 family, reduced

worm and egg burdens in mice challenged with S. mansoni [117]. The association between
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proteasome inhibition and induction of MEG-3 identified here is novel and the underlying
molecular pathways will be investigated.

Among the 300 genes most downregulated after treatment with CFZ are eight genes
associated with the surface tegument of the parasite (Table 3, Suppl. Table 2), namely, a series
of “tegumental antigens” (Smp_195090, Smp_169200, Smp_195190, Smp_045010,
Smp_045200; fold change: -4.85 to -14.70) and ‘“tegumental proteins” (Smp_086530,
Smp_074460; fold change: -11.42 and -4.55 respectively). The schistosome tegument is a vital
protective membrane comprising two juxtaposed lipid bilayers incorporated with various proteins
[118; 119]. The tegument undergoes continual turnover and is responsible for the uptake of
nutrients such as glucose, and evasion of the immune response, including via the direct
incorporation of host proteins [120-122]. Accordingly, downregulation of these tegumental
proteins would conceivably reduce the ability of the parasite to renew proteins on its surface, thus
increasing its susceptibility to immune attack. The pharmacologically targeting of the schistosome
tegument that allows the immune system to eliminate the parasite from the host is a proven
therapeutic approach, including for PZQ [37].

Finally, among the most downregulated genes after treatment with CFZ (as we all as BTZ
and OXO [71]; El-Sakkary et al., 2021, manuscript in prep.) are multiple genes linked to lipid
metabolism that make up part of the KEGG metabolism category (Figure 8; Suppl. Table 2).
These genes include several steroid dehydrogenases (Smp_159600, Smp_168550, Smp_084570,
Smp_178940, Smp_131430 and Smp_102190), phospholipase A (Smp_160880), lipase 1
(Smp_037780), fatty acid desaturase (Smp_132740), phosphodiesterase (Smp_153390), ATP11b
phospholipid-transporting  ATPase (Smp_175820), low-density lipoprotein  receptor

(Smp_020550), diacylglycerol O-acyltransferase 1 (Smp_158510) and dihydroceramide
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desaturase (Smp_145900). As the total lipid content makes up approximately 25% of the parasite’s
dry body weight [123], a properly orchestrated lipid regulation is key to successful parasitism by
the schistosome [124], not least in the progression of the different life-cycle stages [125], immune
evasion [126] and maintenance of the parasite’s tegument [127-129].

The downregulation of key lipid metabolism enzymes associated with the activity of S.
mansoni proteasome inhibitors is consistent with a study of the rat livers in which BTZ decreased
the synthesis of fatty acids, triglycerides and cholesterol [130]. Indirectly, the proteasome is
responsible for degrading a number of lipid droplet proteins [131], including an ortholog of the

diacylglycerol O-acyltransferase (Smp_158510) noted above [132].

Conclusion

The research presented here is part of a larger investigation by my research colleagues to
characterize the proteasome as a potential drug target for schistosomiasis treatment. Using RNA-
Seq, my thesis has shown that several genes and gene families are up and downregulated in S.
mansoni after exposure to 1 uM CFZ for 24 h. These conditions induce parasite immobility and
an increase in caspase activity [63], the latter of which is a common finding for proteasome
inhibition in mammalian cells [133; 134]. Certain genes and gene families (e.g., HSPs) were
upregulated by all three drugs tested, whereas other genes, specifically, the proteasome subunits
and MEG-3 proteins, were only upregulated following exposure to proteasome inhibitors. Among
the most downregulated genes common to all three drugs were those associated with the tegument
and lipid metabolism. The global data generated by my thesis provide a foundation to identify
gene products that could be useful pharmacological targets, either independently or when

combined with proteasome inhibition [135-137].
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Supplementary method
1. Manual GEP analysis in Excel

Using the ROSALIND™ (OnRamp Bio, CA, USA) data, significantly expressed genes for
different drugs and conditions were grouped in Excel according to Smp identifiers. Using gene
categories and subcategories, genes were subsequently counted and separated, depending on drug
treatment and incubation period.

First, gene Smp IDs that were common for different drug treatments were identified using the

“FILTER” Excel function as in the following example.

FILTER I. =FILTER(A2:A301, 1-COUNTIF(C2:C301, A2:A301[EN1] [EN2]))

FILTER II. =FILTER(C2:C301, 1-COUNTIF(A2:A301, C2:C301))

Unless indicated otherwise, gene lists in columns “A” or “C” were compared using each
of six possible pairings of the following treatments: BTZ 24 (24h), CFZ (24h), or OXO (24h).
The number of genes common between both lists in column “A” and “C” was calculated by
subtracting the result of FILTER | from FILTER Il. To automate three-way comparisons in
different comparative combinations, a Macro code was written in Visual Basic for Applications

(VBA; Version 6.0, Microsoft, WA, USA).
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2. RStudio™
Venn Diagrams were generated in RStudio™ (2020, MA, USA) using data generated in
Excel (Microsoft Excel®, 2019).

Two-way Venn Diagrams were generated as in the following example of CFZ 24 h and BTZ 24 h:

grid.newpage()draw.pairwise.venn(2467, 1590, 990, category = c("CFZ 24", "BTZ 24"), Ity =

rep("blank”,2), fill = c("red", "yellow"), alpha = rep(0.5, 2), cat.pos = ¢(0,0), cat.dist = rep(0.025,

2))

Three-way Venn Diagrams were generated as in the following example for OXO 24 h, BTZ 24 h,

and CFZ 24 h:

rm(list=Is())

library(VennDiagram)

library(readxl)

exceldata <- read_excel(file.choose(), sheet = 1)
setl <- na.omit(exceldata$ OXO 24h")

set2 <- na.omit(exceldata$'BTZ 24")

set3 <- na.omit(exceldata$ CFZ 24h")
venn.diagram( x = list(setl, set2, set3),
category.names = c("Set 1", "Set 2", "Set 3"),

filename = 'venn_diagramm.png’, output=TRUE)

An example of the code used to generate a Venn diagram with the respective colors for the drug

treatment is given here:
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> grid.newpage()

> draw.triple.venn(areal = 1590, area2 = 2467, area3 = 2946, n12 = 990, n23 = 1838, nl13 =

1223,
+ n123 =906, category = ¢("CFZ 24", "BTZ 24", "OXO 24"), Ity = "blank",
+ fill = c("red"”, "yellow", " light green™))

3. Pie Charts

Using the RNA-Seq data our lab generated using ROSALIND™, genes for different drugs
and conditions were grouped in Excel with associated Smp identifiers. The gene categories and
subcategories were then counted and grouped according to drug treatment and incubation period.
Each set of gene categories and subcategories was counted using Visual Basic™ (Version 6.0,
Microsoft, Redmond, WA). The “COUNT” function in Excel was used to determine the number
of genes in each category and the “VLOOKUP” function in Excel was used to match genes in
subcategories to their associated categories. We used the data obtained for each drug condition to
generate pie charts that display the proportions of genes associated with each primary and
secondary KEGG pathways (including those broken out from the Genetic Info Processing portion)

using Prism software (Prism version 6.04 for Windows, GraphPad Software, CA, USA).
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