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Abstract

The neglected zoonotic disease alveolar echinococcosis (AE) is caused by the metacestode
stage of the tapeworm parasite Echinococcus multilocularis. MicroRNAs (miRNAs) are
small non-coding RNAs with a major role in regulating gene expression in key biological pro-
cesses. We analyzed the expression profile of E. multilocularis miRNAs throughout meta-
cestode development in vitro, determined the spatial expression of miR-71 in metacestodes
cultured in vitro and predicted miRNA targets. Small cDNA libraries from different samples
of E. multilocularis were sequenced. We confirmed the expression of 37 miRNAs in E. multi-
locularis being some of them absent in the host, such as miR-71. We found a few miRNAs
highly expressed in all life cycle stages and conditions analyzed, whereas most miRNAs
showed very low expression. The most expressed miRNAs were miR-71, miR-9, let-7, miR-
10, miR-4989 and miR-1. The high expression of these miRNAs was conserved in other
tapeworms, suggesting essential roles in development, survival, or host-parasite interaction.
We found highly regulated miRNAs during the different transitions or cultured conditions
analyzed, which might suggest a role in the regulation of developmental timing, host-para-
site interaction, and/or in maintaining the unique developmental features of each develop-
mental stage or condition. We determined that miR-71 is expressed in germinative cells and
in other cell types of the germinal layer in E. multilocularis metacestodes cultured in vitro.
MiRNA target prediction of the most highly expressed miRNAs and in silico functional analy-
sis suggested conserved and essential roles for these miRNAs in parasite biology. We
found relevant targets potentially involved in development, cell growth and death, lifespan
regulation, transcription, signal transduction and cell motility. The evolutionary conservation
and expression analyses of E. multilocularis miRNAs throughout metacestode development
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Peing Alveolar echinococcosis (AE) is a zoonotic disease caused by the metacestode stage of the

helminth parasite Echinococcus multilocularis. Current treatment requires surgery and/or
prolonged drug therapy. Thus, novel strategies for the treatment of AE are needed. Micro-
RNAs (miRNAs), a class of small ~22-nucleotide (nt) non-coding RNAs with a major role
in regulating gene expression, have been suggested as potential therapeutic targets for
treatment and control of helminth parasite infections. In this work, we analyzed the
expression profile of E. multilocularis miRNAs throughout metacestode development in
vitro. We predicted functional roles for highly expressed miRNAs and found that they
could be involved in essential roles for survival and development in the host. We deter-
mined that E. multilocularis miR-71, a highly expressed miRNA that is absent in the
human host, is expressed in germinative cells and in other cell types of the germinal layer
in E. multilocularis metacestodes cultured in vitro. Germinative cells are a relevant cell
type to target for anti-echinococcosis drug development. MiRNAs that are absent in the
human host, involved in essential functions, highly expressed and/or expressed in germi-
native cells in E. multilocularis metacestodes may represent selective therapeutic targets
for treatment and control of AE.

Introduction

The small tapeworms Echinococcus multilocularis and Echinococcus granulosus are the etiologi-
cal agents of alveolar echinococcosis (AE) and cystic echinococcosis (CE), respectively. These
diseases are among the most severe parasitoses in humans and belong to a group of priority
neglected zoonotic diseases identified by the World Health Organization (WHO) (https://
www.who.int/neglected_diseases/zoonoses/infections_more/en/).

The indirect life cycle of E. multilocularis (fox tapeworm) is complex and involves several
developmental transitions. Adult worms develop in the small intestine of definitive hosts
(mainly foxes) and produce infective eggs containing the oncospheres, which are released with
the host faeces into the environment. The infective eggs ingested by the intermediate hosts
(small rodents, accidentally humans) release the oncosphere that after penetrating the intesti-
nal epithelium develops into the metacestode larval stage in host internal organs, with almost
all primary infections occurring in the liver [1]. The mature metacestode comprises an inner,
cellular germinal layer and an outer, glycan-rich and acellular laminated layer. The germinal
layer produces protoscoleces, each with an invaginated scolex within a small posterior body
that resembles the anterior region of the adult worm. After ingestion by the definitive host,
each scolex evaginates, attaches to the intestinal mucosa and develops into an adult worm [2-
4].

AE is caused by the metacestode larval stage, which develops in the liver, grows infiltratively
like a malignant tumor into the surrounding host tissue and has the ability to form metastases
in secondary organs at late stages of the disease [5-7]. The development of the E. multilocularis
metacestode and its continuous growth and proliferation potential are driven by the germina-
tive cells, the only proliferating cells which represent a unique stem cell system in E.
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multilocularis metacestodes [3]. Cestode germinative cells are a population of proliferating
undifferentiated cells equivalent to the neoblasts of free-living platyhelminths. These cestode
cells are heterogeneous at the molecular level, including their expression of classical pluripo-
tency markers [3] and probably comprise truly pluripotent stem cells and their differentiation-
committed immediate progeny with reduced pluripotency. Current treatment requires surgery
and/or prolonged drug therapy using benzimidazoles, which are parasitostatic rather than par-
asiticidal [5,6]. Thus, novel strategies for the treatment of AE are urgently needed [1,8]. The
importance of targeting germinative cells in anti-echinococcosis drug development has also
been previously suggested [1,9].

The cultivation systems for the in vitro maintenance of metacestode vesicles and for pri-
mary cells have previously been established in E. multilocularis [1,10,11]. The primary cell cul-
ture, which contains a large proportion of germinative cells [3], has been used to mimic the
transition of oncosphere-derived germinative cells into metacestode vesicles in vitro. These in
vitro systems allowed for the study of the cellular and molecular basis of host-parasite interac-
tion and developmental processes in E. multilocularis [12,13], including the role of miRNAs
[14]. Given the unique features of E. multilocularis metacestode development outlined above,
we hypothesize that regulation of gene expression at different levels is important in the control
of the underlying morphological and physiological changes.

MicroRNAs (miRNAs) are a class of small ~22-nucleotide (nt) non-coding RNAs with a
major role in regulating gene expression that complements and expands the regulation occur-
ring at other levels of the gene-expression program [15]. The importance of miRNAs in key
biological processes such as development, cell proliferation, cell differentiation and metabo-
lism has been widely documented [16]. In the canonical pathway of miRNA biogenesis in ani-
mals, miRNAs are transcribed from the genome as long primary transcripts (pri-miRNAs).
The pri-miRNAs form hairpin structures that are processed through consecutive cleavages by
two RNase III enzymes. The first cleavage generates a ~70 nt hairpin precursor miRNA (pre-
miRNA) that is further processed to generate a ~22 nt miRNA/miRNA* duplex comprising
the mature miRNA and its partially complementary strand (star miRNA). Mature miRNAs are
incorporated into an effector miRNA Induced Silencing Complex (miRISC) and bind to com-
plementary sequences of target mRNAs, typically located in the 3’ untranslated regions
(3°UTRs). This promotes the repression of protein translation and/or destabilization of the tar-
get mRNA. The targeting properties mainly depend on the seed region, an evolutionarily con-
served sequence located in the 5’ end of the mature miRNA (nucleotides 2-8) [17].

MiRNAs have been identified in many parasitic helminths of medical and veterinary
importance, showing developmental expression patterns [18]. In addition, miRNAs have been
reported to be released from these organisms. Thus, parasite-derived miRNAs have been pro-
posed as promising biomarkers for the early detection of helminth parasite infections [18-20]
and as potential functional molecules in host-parasite interaction [21-25]. In addition, parasite
miRNAs have been suggested as potential therapeutic targets for treatment and control of hel-
minth parasite infections [26-28].

In previous work, we analyzed the miRNA expression profile in E. canadensis [29,30], E.
granulosus sensu stricto (s. s.) [30], Mesocestoides vogae [31], Taenia crassiceps [32] and Hyme-
nolepis microstoma [33]. Regarding E. multilocularis, we previously described the miRNA rep-
ertoire and expression profile in E. multilocularis in vivo metacestodes [29] and E.
multilocularis primary cell cultures [14]. In this latter study, we also predicted potential targets
of miR-71 after knocking down this miRNA. However, current knowledge about miRNA
expression and their potential roles throughout E. multilocularis metacestode development is
still limited. The aims of the present study were to analyze the miRNA expression profile
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throughout metacestode development in vitro, to determine the spatial expression of miR-71
in metacestodes cultured in vitro and to predict miRNA targets in E. multilocularis.

Methods
Ethics statement

All experiments in animals were carried out in accordance with European and German regula-
tions on the protection of animals (Tierschutzgesetz, Section 6). The local ethics committee
from the government of Lower Franconia issued ethical approval of this study (permit no.
55.2-2531.01-61/13).

Parasite material

E. multilocularis isolates were propagated and continuously kept in mongolian jirds (Meriones
unguiculatus) as described previously [11]. Isolation and processing of in vivo parasite mate-
rial, in vitro cultivation of metacestode vesicles and isolation of primary cell cultures were car-
ried out according to established protocols [11].

Metacestode material was injected intraperitoneally into adult jirds and let develop for 60 days.
When established, the metacestodes were dissected from the jirds (MCvivo sample). From this in
vivo parasite material, protoscoleces were isolated according to an established protocol (naPS sam-
ple) [34]. One fraction of the isolated protoscoleces was activated in vitro by pepsin/low pH treat-
ment as described previously (aPS sample) [35]. Also, some samples of the in vivo parasite
material (MCvivo sample) were then co-cultured with RH cells (rat hepatoma cells) in aerobic
conditions and harvested when 3-6 month old as described previously (MCvitro sample) [11].
Metacestode vesicles cultured in vitro were then moved to axenic and anaerobic conditions for at
least three days (MCana sample) [11]. These samples were microscopically inspected to verify the
absence of feeder cells. Metacestode vesicles cultured in vitro (MCana sample) were used to gener-
ate primary cell cultures as previously described [11]. The primary cell cultures were harvested at
three different times. After 48 hs, the cultures formed loose mini-aggregates (PC1 sample). After 7
days, these cells divided or re-aggregated and the cultures formed fused aggregates with a moder-
ate amount of central cavities (PC2 sample). After 21 days, the cultures showed a high amount of
central cavities and released mini vesicles (PC3 sample) (Figs 1 and S1).

In order to achieve more standardized samples, the yield of the primary cell isolation pro-
cess was quantified by measuring the cell density photometrically. Using polystyrene cuvettes
of 10 x 4 mm, (Sarstedt, Nimbrecht, Germany) 12.5 pl of the initial cell suspension were
diluted with 987.5 ul 1xPBS. The optical density of this dilution was measured at a wavelength
of 600 nm employing a Hitachi U-2000 spectrophotometer (New York, USA). The quantity of
cell units per pl of cell suspension was calculated by dividing the measured value of the optical
density by 0.25. The in vitro cultivation of primary cells was carried out in 6-well plates (Nunc,
Roskilde, DK) using 600 cell units as starting material and 5.0 ml of medium Ax-cDMEM-A
[11] under nitrogen atmosphere. Every 2-3 days 3.0 ml of culture medium was renewed and
the cultures monitored using an inverted microscope. All samples were washed three times
with ice-cold 1x PBS (phosphate-buffered saline). Metacestode vesicles cultured in vitro were
pierced with a needle prior to washing, in order to remove hydatid fluid. All samples were
transferred to Trizol (Invitrogen, Germany) and stored at -80°C until RNA extraction.

Small RNA isolation, library construction and sequencing

Small RNA isolation, library construction and sequencing were carried out as previously
described [33]. Briefly, samples were mechanically homogenized in 1 ml of Trizol (Invitrogen)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009297 March 22, 2021 4/32


https://doi.org/10.1371/journal.pntd.0009297

PLOS NEGLECTED TROPICAL DISEASES Expression profiling of Echinococcus multilocularis miRNAs

& B
| Aip|
/ PC2 PC3
@ . Metacestode
& & Echinococcus  yesicles in aerobic
® mL;/fIIOCltl/adf 1S co-culture RH cells
metacestodes MCuvitro
Isolated :
isolated from
prot%sacglseces infected jirds {
\L 7\
K
ﬁ gy e
o Metacestode
£ P vesicles in axenic MCvivo
anaerobic culture t
Activated MCana
protoescoleces
aPS
g6 i
Primary cell cultures 48 h L
PC1 6 58038
98 oYy naP$
aa¥ a0 o "an

{

Primary cell cultures  Primary cell cultures
21 days 7 days
PC3 PC2

Fig 1. Echinococcus multilocularis samples analyzed in this work and their relationship with the stages of the parasite’s life cycle in vivo. MCvivo: metacestodes
extracted from experimentally infected jirds, MCvitro: metacestodes cultured in vitro in aerobic conditions, MCana: metacestodes cultured in vitro in axenic and
anaerobic conditions, PCI1: primary cells cultured in vitro for 48 hs, PC2: primary cells cultured in vitro for 7 days containing central cavities and PC3: primary cells
cultured in vitro for 21 days containing several central cavities and released mini vesicles (metacestodes), naPS: non-activated protoscoleces, aPS: in vitro activated
protoscoleces by pepsin/low pH treatment. Echinococcus multilocularis samples analyzed in this work (A). Relationship between Echinococcus multilocularis samples
analyzed in this work and the stages of Echinococcus multilocularis life cycle in vivo (B).
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aPS

for 10 s. Then, 200 pl of chloroform:isoamyl alcohol (24:1) were added and mixed thoroughly.
Phase separation was carried out by centrifugation at maximum speed at 4°C. Then, 0.5 vol-
umes of isopropanol and 4 pl of glycogen (5 mg/ml) were added to the aqueous phase and the
RNA was pelleted by centrifugation at maximum speed at 4°C for 30 min. The resulting pellet
was washed with 70% ethanol, air dried, and resuspended in nuclease-free water. The amount
and integrity of total RNA was determined using a 2100 BioAnalyzer (Agilent, USA). RNA
was concentrated by ethanol precipitation at -20°C overnight after elimination of polyadeny-
lated mRNA using oligo-dT dynabead. The resulting pellet was re-suspended in 6 pl of nucle-
ase-free water and used as the input material.

Small RNA libraries were prepared using the NEBNext Multiplex Small RNA Library Prep
Set for Illumina (NEB, USA). After adapters ligation, reverse transcription followed by PCR
enrichment of the libraries were performed. The small RNA libraries were size selected,
cleaned up through columns and quantified using the Agilent Bioanalyzer. Small RNA librar-
ies were sequenced using an Illumina sequencing platform (HiSeq 2500) for 100 cycles. For
each sample type, three libraries were constructed from three independent samples in order to
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count with biological replicates. Also, three technical replicates were sequenced for each bio-
logical replicate and then pooled for bioinformatic analysis. The small RNAseq data are avail-
able in ArrayExpress under accession code E-ERAD-236 (https://www.ebi.ac.uk/arrayexpress/
experiments/E-ERAD-236/). Data from primary cells cultured in vitro for 48 hs (PC1 samples)
recently published by our group [14] were included in the present study for comparative pur-
poses. Although previously published, PC1 samples are part of the same experiment presented
in this study and were subjected to the same experimental and bioinformatic workflow as the
other samples here included.

Source of genome assembly and annotations

The ~ 115 Mb E. multilocularis genome assembly (PRJEB122) and the gene annotations of
coding genes, tRNAs, rRNAs [36] were downloaded from the WormBase ParaSite database
version WBPS14 [37]. MiRNA sequences from all species used for comparative purposes were
obtained from miRBase v.22 [38] and from our previous works [14,32,33].

Small RNA library sequence analysis and classification

IMlumina raw sequence reads produced by deep sequencing were preprocessed before mapping
to E. multilocularis genome assembly as previously described [30]. After adapter trimming
with cutadapt [39] version 1.18 using default parameters, low quality reads and reads shorter
than 18 nt were removed using also cutadapt (—minimum-length 18 -q 33) to obtain clean
reads. Then, identical clean reads were collapsed into unique sequences with associated read
counts. To classify all small RNA sequences into RNA categories, the processed reads were
first mapped to E. multilocularis genome assembly with Bowtie [40] version 1.2.1 using default
parameters except for -v 2 that allows up to two mismatches as previously described [33]. All
mapped reads were then BLAST searched [41] version 2.7.1 using these parameters: e-value
0.01, short sequences optimization: -task blastn-short against an in-house database (S2 File).
The database included E. multilocularis rRNAs, tRNAs, snRNAs, snoRNAs retrieved from
RNAcentral database release 12 [42], E. multilocularis mRNAs retrived from WormBase Para-
Site database version WBPS13 [37] and miRNAs identified in this study. Reads that matched
to snRNAs, snoRNAs or with no match to any category were grouped into “others” category.

MiRNA identification and evolutionary conservation analyses

To identify conserved and novel miRNAs from the small RNA libraries, the miRDeep2 soft-
ware package [43] was used. The unique sequences were mapped to the E. multilocularis
genome and used as input for miRNA prediction as previously described for this species and
other cestodes [29-33]. The initial miRDeep2 output list of candidate miRNA precursors of
each library was manually curated to generate a final high confidence set of miRNAs retaining
only candidate precursors with (i) miRDeep2 score > 4; (ii) mature reads in more than one
biological sample; (iii) star reads and/or seed conservation; (iv) no match to rRNA, tRNA or
mRNA. In addition, mature miRNA sequences were compared by BLAST [41] against an in-
house database of previously reported Echinococcus miRNA sequences obtained by deep
sequencing [14,29,30,44] using the BLAST tool at IMPaM local cluster (https://bioinfo.fmed.
uba.ar/). To identify miRNA families within E. multilocularis, all-against-all pairwise sequence
alignments were computed using BLAST [41] and all sequences with the same seed region
(mature miRNA nucleotides 2-8) were considered members of the same E. multilocularis
miRNA family.

To analyze conservation of all miRNA families found in E. multilocularis, mature miRNA
sequences were compared with those previously reported in miRBase 22 [38] using SSEARCH
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(e-value 100) for selected phyla, Cnidaria, Nematoda, Arthropoda, Annelida and the subphy-
lum Vertebrata, using only a seed match criterion (identical nucleotides 2-8 in the 5’end of the
mature miRNA). To analyze conservation of E. multilocularis miRNA sequences across Platy-
helminthes, the species used for comparative analysis were selected based on the following cri-
terion: the species with the most complete miRNA complement for a given genus identified by
small RNA sequencing. Selected species were the tapeworms E. canadensis and E. granulosus s.
s. [30], H. microstoma [33], M. vogae [31], T. crassiceps [32], the trematode Schistosoma man-
soni [45-47], the monogenean Gyrodactylus salaris [48] and the free-living platyhelminth
Schmidtea mediterranea [49,50].

MiRNA genomic location and cluster analyses

The genomic coordinates (scaffold, coordinates, and strand) and location (intronic, exonic
and intergenic) of all miRNAs identified in this study were assessed by BLAST searches against
current annotations of E. multilocularis genome available in WormBase ParaSite database ver-
sion WBPS14 [37] (e-value 0.01). For intronic miRNAs, only miRNAs overlapping a coding
gene with a predicted functional annotation and in the same orientation were considered. To
identify miRNA clusters in E. multilocularis, the genomic arrangement of the miRNAs identi-
fied in this study was assessed. Precursor miRNA sequences were considered to be grouped in
clusters if they were in the same scaffold/contig, less than 10 kb apart and on the same strand
[51].

MiRNA expression profiling and differential expression analysis

Analysis of miRNA expression were performed in R version 4.0.3 (https://cran.r-project.org/).
First, normalization of miRNA raw reads in each biological replicate from each sample type
was performed using the regularized log transformation function (rlog) from DESeq2 package
version 1.30.0 [52]. A matrix of miRNA raw reads from each biological replicate was used as
input. Thus, normalization of miRNA raw reads does not take into account the total number
of mapped reads in a sample. The output matrix of normalized miRNA read counts was used
as input for principal component analysis (PCA), heatmap and correlation analysis. Then, a
PCA plot of all biological replicates was performed with DESeq2 package version 1.30.0 [52].
Also, a heatmap including all biological replicates was performed using the pheatmap package
version 1.0.12 (https://cran.r-project.org/web/packages/pheatmap/index.html) with default
parameters except for cutree_rows = 3 (this option introduces breaks to visualize row clusters).
Pearson’s correlation plots between pairs of independent biological replicates from a given
sample type were created in R. Finally, differential expression analysis of miRNAs between
samples was performed by DESeq2 using raw reads as input [53]. For each comparison, miR-
NAs expressed in both samples that showed a log2 fold change > 1 and p-adjusted <0.05 were
considered differentially expressed.

Whole mount in situ hybridization (WMISH) of miR-71 in metacestodes
cultured in vitro

The WMISH protocol for detection of miR-71 expression in E. multilocularis metacestodes
cultured in vitro (MCvitro sample) was adapted from [3]. MCvitro samples were hybridized
with a miR-71 Locked Nucleic Acid (LNA) antisense oligonucleotide (5-ATCTCACTACC
ATCGTCTTTCA-3’) (Biomers.net, Germany) or with a scrambled oligonucleotide (5-GT
GTAACACGTCTATACGCCCA-3’) as a negative control. Both oligonucleotides were labeled
with digoxigenin (DIG) at the 5’ and 3’ ends and detected with an anti-digoxigenin antibody
conjugated to horseradish peroxidase (HRP, Sigma-Aldrich) followed by development with
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tyramide- FITC. Hybridization was performed at 65°C and the final concentration of the
probes was 1 nM. The stain 4’,6-diamidino-2-phenylindole (DAPI) was used as a nuclear stain
ata concentration of 1 pg/mL. In some experiments, the thymidine analog 5-ethynyl-2'-deox-
yuridine (EdU) (Life Technologies, Darmstadt, Germany) was used as a cell proliferation
marker. In these cases, the metacestodes were cultured with 10 uM EdU for five hours before
fixation of the material as previously described [3]. For quantifying cells with miR-71 expres-
sion and co-localization with EdU, cells were manually counted using Fiji Is Just Image] (FIJI)
[54].

MiRNA target prediction and in silico functional analysis

MiRNA target prediction was performed for the most expressed miRNAs found in this work
(miR-71, miR-9, let-7, miR-1, miR-4989, miR-10) using the E. multilocularis mature miRNA
sequences. Also, a set of predicted three-prime untranslated regions (3’UTRs) was generated
for E. multilocularis based on the integration of RNAseq data with genomic data as previously
performed for E. canadensis [55]. The miRanda algorithm [56] was used to perform the predic-
tion of miRNA target sites with the following parameters: i) strict seed pairing; ii) score thresh-
old: 140; iii) energy threshold: -17 kcal/mol; iv) gap open penalty: -9; v) gap extend penalty: -4;
vi) scaling parameter: 4; as previously performed [14,32,55]. In addition, the RNAhybrid algo-
rithm [57] was used for miRNA target prediction with the following parameters: i) energy
threshold -20 kcal/mol ii) no G:U in the seed iii) helix constraint 2 to 8 iv) worm p-value.
Then, results from both algorithms were integrated and only those targets predicted by both
algorithms examined further.

Evolutionarily conservation analysis of miRNA targets was performed in E. granulosus and
Taenia solium. Briefly, genomic sequences located downstream the stop codon of orthologous
coding genes in E. granulosus and T. solium were retrieved from the WormBase ParaSite data-
base version WBPS15 [37] using the BioMart tool [58]. Then, miRNA target prediction was
performed in E. granulosus and T. solium with miRanda algorithm as described for E.
multilocularis.

In order to perform an in silico functional analysis of miRNA targets, functional annota-
tions of E. multilocularis were retrieved from the WormBase ParaSite database version
WBPS14 [37]. In addition, pathway mappings of miRNA targets were obtained from the
KEGG database [59] using the BlastKOALA tool [60,61]. In addition, a GO functional enrich-
ment analysis of predicted miRNA targets for each individual miRNA was performed using g:
Profiler [62] version e102_eg49_p15_7a9b4d6 with default parameters except for: i) organism:
Echinococcus multilocularis ii) significance threshold: 0.05 iii) statistical domain scope: custom
iv) data sources: GO MF (Molecular Function), GO CC (Cellular Component), GO BP (Bio-
logical Process). Only the set of genes used as input for miRNA target prediction was used as a
reference background.

Results and discussion
Small RNA library sequence analysis and classification

To identify the whole repertoire of miRNAs expressed in E. multilocularis and compare
miRNA expression throughout metacestode development, we sequenced small RNA libraries
from three biological replicates of different sample types of E. multilocularis: metacestodes
extracted from experimentally infected jirds (MCvivo), metacestodes cultured in vitro in aero-
bic conditions (MCvitro), metacestodes cultured in vitro in anaerobic conditions (MCana),
primary cell cultures cultured in vitro for 48 hs (PC1), primary cells cultured in vitro for 7 days
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(PC2), primary cells cultured in vitro for 21 days (PC3), non-activated protoscoleces (naPS)
and activated protoscoleces (aPS) (Figs 1 and S1).

The in vitro regeneration system of E. multilocularis primary cell culture [10] is considered
a suitable model to mimic, in vitro, the transition of oncosphere-derived stem cells into meta-
cestode vesicles [12,13,63,64]. The primary cell cultures PC1, PC2 and PC3 represent samples
at which the germinative cells extracted from metacestodes are starting to re-grow into imma-
ture metacestodes. Here we used samples PC1, PC2 and PC3 to emulate the development of
immature metacestodes from onchospheres in vitro. The MCana sample represents mature
metacestodes cultured in the same conditions as PC1, PC2 and PC3 (axenic and anaerobic
conditions). MCvivo samples represent metacestodes growing in the intermediate host. After
being extracted from experimentally infected jirds, MCvivo samples were co-cultured with rat
hepatoma cells under aerobic conditions (MCvitro) and after several months where moved
into axenic and anaerobic conditions (Mcana), which is a necessary step to establish the in
vitro regeneration system. In the intermediate host, mature metacestodes are able to develop
protoscoleces, which are dormant (non-activated). Dormant protoscoleces (naPS) become
activated in the definitive host by the action of digestive enzymes such as pepsin. We used pep-
sin/low pH to activate protoscoleces (aPS) [35] (Fig 1).

After trimming and filtering, between ~ 1.5 and 38 million reads per sample were mapped
to the high-quality E. multilocularis genome [36]. We obtained a high percentage of genome
mapping in all sample types (>90%), with the only exception of MCvivo samples (~ 57%). The
lower proportion of sequences from these samples that mapped to the E. multilocularis
genome was probably due to the presence of host-originating material since E. multilocularis
in vivo metacestodes grow by infiltrating host tissues. A similar proportion of genome map-
ping for E. multilocularis in vivo metacestodes (~ 60%) was previously reported [29]. The gen-
eral results of the Illumina deep sequencing are shown in S1 Table. To determine the
composition of the small RNA libraries, all mapped reads were classified into miRNAs,
rRNAs, tRNAs, mRNAs, snRNAs and snoRNAs. We obtained a different proportion of
miRNA reads, ranging from ~ 4% to ~60%, depending on each biological replicate and sample
type (S1 Table).

MiRNAs were the most abundant category of small RNAs in both protoscolex samples
naP$S and aPS, accounting for ~38% to ~60% of the total mapped reads. The percentages of
miRNA reads in both protoscolex samples were higher than in metacestode and primary cells
(PC1) samples (S1 Table). This finding is consistent with the fact that protoscolex stage shows
higher morphological organization, complexity and specialized cellular territories compared
to metacestode samples. In addition, a higher proportion of miRNAs in protoscolex samples
(~50%) compared to metacestode samples (30%) was described for E. canadensis G7 [30]. A
higher proportion of miRNAs in more complex developmental stages during larval organo-
genesis and morphogenesis was reported in Ascaris [65].

MiRNA identification and evolutionary conservation analyses

We confirmed the expression of the whole miRNA repertoire that has previously been identi-
fied by our group in E. multilocularis in vivo metacestodes [29]. We did not find additional
conserved or novel miRNAs expressed in E. multilocularis samples. The whole repertoire in E.
multilocularis is composed of 37 mature miRNAs (Table 1).

The whole repertoire of mature, star and precursor miRNA sequences are shown in S2
Table. For each mature miRNA sequence, we detected expression of the corresponding star
miRNA sequence. This is consistent with the miRNA biogenesis model and provides confi-
dence to the predictions obtained (S2 Table). During miRNA biogenesis, mature miRNAs are
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Table 1. The repertoire of Echinococcus multilocularis mature miRNAs identified through metacestode development in vitro, their evolutionary origin and
conservation.

miRNA Mature sequence (5’-3°)* Family Evolutionary Conservation in Conservation in selected Platyhelminthes®

. .. b
name origmn selected Phyla® Egr |[Eca | Tcr |[Mvo Hmi Sma |Gsa |Sme
emu- UGAGAUCGCGAUUACAGCUGAU Bantam P +/+1+/-1- + + + + + + + +
bantam-3p
emu-let-7-5p | UGAGGUAGUGUUUCGAAUGUCU let-7 B +/+/+]+]- + + + + + + + +
emu-miR-1- | UGGAAUGUUGUGAAGUAUGU mir-1 B +/+/+/+]-
3p
emu-miR-2a- | AAUCACAGCCCUGCUUGGAACC mir-2 P +/+/+]-1- + + + + + + + +
3p
emu-miR-2b- | UAUCACAGCCCUGCUUGGGACA + 1+ |+ + + + + +
3p
emu-miR-2¢- | __ UCACAGCCAAUAUUGAUGAA + o+ |+ + + + + +
3p
emu-miR-7a- | UGGAAGACUGGUGAUAUGUUGU mir-7 B ++]++]- + 1+ |+ 4+ + + + +
5p
emu-miR-7b- | UGGAAGACUUGUGAUUAGAUUGUU + 0+ |+ + + + + +
5p
emu-miR-8- | UAAUACUGUUCGGUUAGGACGCC mir-8 B ++]++]- + |+ |- - - + + +
3p
emu-miR-9- | UCUUUGGUUAUCUAGCUGUGUG mir-9 B ++1++]- + 1+ |+ 4+ + - + +
5p
emu-miR-10- | CACCCUGUAGACCCGAGUUUGA mir-10 E +/+/++1+ + + + + + + + +
5p
emu-miR-31- | UGGCAAGAUACUGGCGAAGCUGA mir-31 B +/ 41+ + + + + + + + +
5p
emu-miR- UCACCGGGUAGACAUUCCUUGC mir-36 P ++1+/-1- + 1+ |+ 4+ + + + +
36a-3p
emu-miR- UCACCGGGUAGUUAUUACGCCU + 0+ |+ + + + + +
36b-3p
emu-miR-61- | UGACUAGAAAGAGCACUCACAUC mir-61/ P ++/+1-1- + |+ |+ |+ + + + +
3p 279
emu-miR-71- | UGAAAGACGAUGGUAGUGAGA mir-71 B ++1+/-1- + |+ |+ |+ + + + +
5p
emu-miR-87- | GUGAGCAAAGUUUCAGGUGU mir-87 P +/+1+/-1- + + + + + - + +
3p
emu-miR-96- | AUUGGCACUUUUGGAAUUGUC mir-96 B ++]++]- + 1+ |+ 4+ + + + +
5p
emu-miR- UAAGGCACGCGGUGAAUGCCA mir-124 B +/+/+/+]- + + + + + + + +
124a-3p
emu-miR- UAAGGCACGCGGUGAAUACC + 1+ |+ + + + + +
124b-3p
emu-miR- UCCCUGAGACCCUAGAGUUGUC mir-125 B +/+/+/+]- + + + + + + + +
125-5p
emu-miR- UUGGUCCCCAUUAACCAGCCGCC mir-133 B ++]++]- + 1+ |+ 4+ + - - +
133-3p
emu-miR- UUGCAUAGUCUCAUAAGUGCCA mir-153 B +/+/+/+/- + + + + + - + +
153-3p
emu-miR- GGGACGGAAGUCUGAAAGGUUU mir-184 B +/+/++]- + |+ |+ |+ + - + +
184-3p
emu-miR- AGAUAUGUUUGGGUUACUUGGUGCU | mir-190 B +/+/+/+/- + + + + + + + +
190-5p
emu-miR- UGAUUGUCCAUUCGCAUUUCUUG mir-219 B +/-1+1+/- + + + + + + + +
219-5p

(Continued)
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Table 1. (Continued)

miRNA Mature sequence (5-3°)" Family Evolutionary Conservation in Conservation in selected Platyhelminthes®
. .. b

name origin selected Phyla® Egr |[Eca | Tcr |[Mvo Hmi Sma |Gsa |Sme

emu-miR- UAAAUGCAUUUUCUGGCCCGUA mir-277/ | P +/+/+/-1- + |+ |+ |+ + + + +

277a-3p 4989

emu-miR- UAAAUGCAAAAUAUCUGGUUAUG + 1+ |+ + + + + +

277b-3p°

emu-miR- AAAAUGCACCAACUAUCUGAGA + |+ |+ |+ + + + +

4989-3p

emu-miR- UGUCAUGGAGUUGCUCUCU mir-281 B +/+/+]+]- + + + + + + + +

281-3p

emu-miR- UCACAACCUACUUGAUUGAGGGG mir-307/ | P +/++]-1- + o+ |+ + - + +

307-3p 67

emu-miR- UGCUGCCUGGUAAGAGCUGUGA mir-745/ | B +/=1+/+/- + + + + + + - +

745-3p 22

emu-miR- UCAGCAGUUGUACCAUUGAAAU mir-1992 | L +/-1-1-1- + |+ |+ - - - + +

1992-3p

emu-miR- UAUUAUGCAACUUUUCACUCC mir-2162/ | P +/+1+/-1- + + + + + + + +

2162-3p 1993

emu-miR- UAUUGCACGUUCUUUCGCCAUC mir-3479/ | B +/+/+]+/-/ + + + + + + - +

3479a-3p 92

emu-miR- GAUUGCACUACCCAUCGCCCAC + |+ |+ |+ + + - +

3479b-3p

emu-miR- UAAUUCGAGUCAACAGGGUCGUU mir-10293 | PI —/=1-1-1- + [+ |+ - + + +

10293-3pf

* Seed sequences (nt 2-8) are shown in bold.

® P: Protostomia; B: Bilateria, E: Eumetazoa; L: Lophotrochozoa; Pl: Platyhelminthes.

¢ Annelida/Nematoda/Arthrophoda/Vertebrata/Cnidaria. (Vertebrata is a Subphylum).

d Egr: Echinococcus granulosus, Eca: Echinococcus canadensis, Tcr: Taenia crassiceps, Mvo: Mesocestoides vogae, Hmi: Hymenolepis microstoma, Sma: Schistosoma
mansoni, Gsa: Gyrodactylus salaris, Sme: Schmidtea mediterranea.

€ Previously reported as miR-new-2-3p by Cucher et al. (2015).

f Previously reported as miR-new-1-3p by Cucher et al. (2015).

https://doi.org/10.1371/journal.pntd.0009297.t1001

processed from the 5’ or from the 3’ arm of the pre-miRNA and then loaded into an effector
complex. We found that most mature miRNAs in E. multilocularis (~70%) were processed
from the 3’ arm (Table 1 and S2). This bias was previously reported for E. multilocularis [29]
and other cestodes such as E. canadensis [30], M. vogae [31], T. crassiceps [32] and H. micro-
stoma [33]. The 3’ bias was previously described in nematodes, fruit fly and plants but not in
vertebrates where the major product originates from the 5’ arm [66]. Post-transcriptional addi-
tion of non-templated uridyne(s) to the 3’ end of miRNAs can affect activity, biogenesis and
turnover of miRNAs [67]. Since 3’ terminal uridylases can modify not only the mature miRNA
but also the pre-miRNA at the 3’ position [68], cestode miRNAs that come from the 3’ arm
have more chances of being uridylated [29]. MiRNA uridylation was previously described in E.
multilocularis [29] and M. vogae [31]. However, the role of miRNA uridylation in cestodes
remains unknown.

We classified the 37 mature miRNAs expressed in E. multilocularis samples into 29 miRNA
families according to the conservation of their seed regions (mature miRNA nucleotides 2-8)
(Table 1). The seed region is the principal determinant of the interaction between miRNA and
mRNA target. Therefore, members of the same miRNA family often have at least partially
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redundant functions [15]. The phylogenetic distribution of E. multilocularis miRNA families
was based on previous classification of miRNA families [69,70] and was confirmed by homol-
ogy searches in miRBase v.22.

Regarding their evolutionary origin, we found one eumetazoan-specific miRNA family, 18
bilaterian-specific miRNA families, eight protostomian-specific miRNA families, one lopho-
trochozoan-specific miRNA familiy and one platyhelminth-specific miRNA family (family
mir-10293, seed AAUUCGA). We did not find either cestode-specific miRNA families or Echi-
nococcus-specific miRNA families (Table 1). Thus, 28 miRNA families identified in E. multilo-
cularis were conserved in different Phyla, whereas one miRNA family (mir-10293) was
conserved only across Platyhelminthes (Table 1).

The number of miRNA families identified in E. multilocularis that were found conserved in
different phyla (28 miRNA families) is similar to that found in other platyhelminths [33]. Con-
sidering that 46 evolutionarily conserved miRNAs are expected for a lophotrochozoan organ-
ism [48] the reduced number of conserved miRNA families found in E. multilocularis is
consistent with previous knowledge about the common loss of conserved miRNA families in
flatworms [48]. A reduced number of miRNA families has been correlated with a lower mor-
phological complexity [71,72]. In addition, a higher loss of conserved miRNA families in para-
sitic flatworms with respect to the free-living S. mediterranea that was found may be reflecting
their parasitic lifestyle as previously suggested [30,33,44,48]. Also, the loss of deeply conserved
miRNA families in tapeworms may be related to additional morphological and metabolic
reductions found in tapeworms, including E. multilocularis [36] as proposed for Hymenolepis
[33].

Regarding conservation of the mature miRNA repertoire, most of them were conserved
within selected platyhelminths (Table 1). The lack of conservation of miR-8 and miR-1992 in
some platyhelminths could be due to poorer quality genome assembly and/or annotation since
we also failed to find them bioinformatically in their genomes. However, we cannot rule out
that these miRNAs could be present in their genomes.

E. multilocularis miRNAs that are absent in the host or highly divergent from their host
orthologs, such as miR-71 and miR-4989, may provide selective therapeutic targets for treat-
ment and control of echinococcosis.

MiRNA genomic location and cluster analyses

We determined the genomic coordinates and location of all miRNA precursors identified in E.
multilocularis according to current genome assembly and annotations from the WormBase
ParaSite database (S2 Table). Precursor miRNAs mapped to all of the nine E. multilocularis
chromosomes [36]. Three miRNA precursors, mir-190, mir-96 and mir-3479b, were located
in introns of protein coding genes (with a predicted functional annotation and in same orien-
tation), whereas most precursor miRNAs, 92% (34/37), were located in intergenic regions dis-
tant from annotated genes (S2 Table). This bias was previously reported for E. multilocularis
[29] and was observed in other parasitic platyhelminths such as Hymenolepis [33] and Schisto-
soma japonicum [73] where 92% and 90% of the miRNA complement, respectively, was
located in intergenic regions. Recently, the three intronic miRNAs identified in E. multilocu-
laris (mir-190, mir-96 and mir-3479b) were also found to be located in introns of the same
protein coding genes in Hymenolepis and a comparative analysis of their genomic location and
the structure of their host genes were performed across selected platyhelminths with available
genomes including E. multilocularis [33].

We re-assessed the presence of E. multilocularis miRNA clusters by analyzing the genomic
arrangement of the 37 miRNAs identified in this study according to current genome assembly
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and annotations from the WormBase ParaSite database. Here we confirmed the presence of
the two miRNA clusters mir-71/2b/2c and mir-277a/4989 in E. multilocularis that have previ-
ously been identified by our group [29,74]. Each miRNA cluster comprised a genomic region
of up to 285 bp, suggesting co-expression as a single transcriptional unit [16] and were located
in intergenic regions (S3 Table). The clustering of mir-71 with members of the mir-2 family
has also been identified in nematodes [75], suggesting strong evolutionary pressure to main-
tain this organization. Here, we found a similar percentage of miRNAs in clusters in E. multilo-
cularis genome ~ 14% (5/37) as previously found in the genomes of M. vogae ~ 12% (5/42)
[31], Taenia solium ~ 18% (7/39) [32] and Hymenolepis ~ 20% (8/37) [33].

MiRNA expression profiling

To explore biological variation among replicates from different E. multilocularis samples and
to visualize clusters of samples based on their expression profiles, a principal component anal-
ysis (PCA) plot of all biological replicates was performed (Fig 2). Previously, normalization of
miRNA raw reads in each biological replicate from each sample type was performed (54
Table).

The plot showed that all biological replicates from naPS, PC2, MCvivo and PC1 samples
clustered together, whereas biological replicates from aPS, PC3, MCvitro and MCana samples
showed large variation. One biological replicate from aPS samples (aPS_1) clustered with repli-
cates from naPS sample probably due to a failure in the protoscoleces activation protocol (52
Fig). Also, one biological replicate from MCvitro samples clustered with replicates from
MCvivo samples probably due to the heterogeneity of MCvitro replicates. In addition, biologi-
cal replicates from PC2 and PC3 samples clustered together, with the exception of one replicate
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Fig 2. Principal component analysis of the miRNA expression data from different Echinococcus multilocularis
samples. PCA plot of all biological replicates from different E. multilocularis samples based on normalized miRNA
read counts. Each dot indicates one biological replicate from a given sample. MCvivo: metacestodes extracted from
experimentally infected jirds, MCvitro: metacestodes cultured in vitro in aerobic conditions, MCana: metacestodes
cultured in vitro in axenic and anaerobic conditions, naPS: non-activated protoscoleces, aPS: activated protoscoleces,
PCI: primary cell cultured in vitro for 48 hs, PC2: primary cells cultured in vitro for 7 days and PC3: primary cells
cultured in vitro for 21 days.

https://doi.org/10.1371/journal.pntd.0009297.9002
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from PC3. Although PC2 and PC3 samples were harvested at different number of days (7 and
21 days, respectively) the similarity observed between both samples types may be due to a truly
similar miRNA expression pattern since both samples represent immature metacestodes.

The plot showed that the first component clearly splits aPS and naPS samples from the
remaining samples. Also, it differentiates PC2 and PC3 samples from MCvivo, MCvitro and
MCana and PCI samples. In contrast, this component showed less differentiation among
MCyvivo, MCvitro and MCana and PC1 samples. The second component clearly splits aPS
from naP$S samples (if aPS_1 is excluded from the plot). This analysis showed that the cluster-
ing of samples was as expected based on the known morphological, developmental and physio-
logical variation between different samples (Fig 2).

To visualize the expression profiles of E. multilocularis mature miRNA repertoire across
biological replicates a heatmap was performed (Fig 3). Previously, normalization of miRNA
raw reads in each biological replicate from each sample type was performed (S4 Table).

The inclusion of all biological replicates and their hierarchical clustering in the heatmap
showed the biological variation found across replicates and samples. Consistent with the prin-
cipal component analysis plot, the heatmap also showed the incorrect clustering of aPS_1 with
naP$ samples.

Regarding the global miRNA expression profile, a few miRNAs showed very high expression
levels in all E. multilocularis sample types, whereas most miRNAs showed very low expression
(Fig 3 and $4 Table). In this study, we provide for the first time experimental evidence of
miRNA expression in E. multilocularis MCvitro, MCana, naPS, aPS, PC2 and PC3 samples. Pre-
viously, we described miRNA expression profiles in E. multilocularis in vivo metacestodes
(MCvivo) [29] and E. multilocularis primary cells (PC1) [14]. This analysis revealed a strong
bias in miRNA expression. Six miRNAs miR-71, miR-9, let-7, miR-10, miR-4989 and miR-1
were the most highly expressed miRNAs across different biological replicates from different
E. multilocularis samples analyzed (Fig 3 and 54 Table). The expression patterns of the miRNA
repertoire found in E. multilocularis samples is overall conserved in closely related species such
as E. canadensis [30], E. granulosus s. s. [30,44], M. vogae [31] and T. cracisseps [32], suggesting
evolutionary and functional importance of E. multilocularis miRNAs. Although expression pat-
terns of conserved miRNAs are overall conserved over large evolutionary distances, orthologous
miRNAs in closely related species can vary in their spatio-temporal expression patterns [72]. In
addition, the strong bias in miRNA expression observed in E. multilocularis and other cestodes
was also reported for the trematode S. japonicum. In this parasite, five miRNAs, including miR-
71 and miR-1, where highly expressed throughout life cycle stages [76].

Two of the most expressed miRNAs in all sample types were miR-71 and miR-9. Consistent
with these results, miR-71 and miR-9 were previously reported to be highly expressed in E.
multilocularis in vivo metacestodes [29] and E. canadensis metacestodes [29,30]. Recently, we
reported that the knock down of miR-71 in primary cells resulted in the inhibition of metaces-
tode vesicle formation, suggesting that miR-71 is involved in early development in E. multilo-
cularis [14]. In addition, miR-71 is known to be involved in resistance to heat and oxidative
stress, promotion of longevity [77-79] and control of stochastic L/R neuronal asymmetry [80]
in C. elegans. The other highly expressed miRNA, miR-9, is a deeply conserved miRNA across
evolution and is known to be involved in neural development [81]. The high expression of
miR-71 and miR-9 in all samples suggests that both miRNAs may be essential for E. multilocu-
laris survival, development and/or host parasite-interaction.

Other highly expressed miRNA in all sample types was let-7, a bilaterian miRNA that is
highly divergent at the nucleotide level even among platyhelminths [30]. Let-7 was one of the
first discovered miRNAs and is known to be essential for temporal development in C. elegans
[82].
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Fig 3. Expression profile of the full miRNA repertoire of Echinococcus multilocularis samples. Heatmap of all biological replicates from different E.
multilocularis samples based on normalized miRNA read counts. MiRNA expression level is displayed using a color key where red represents miRNAs with high
expression and blue indicates miRNAs with low expression. Hierarchical clustering at a sample level is shown. Three miRNA clusters are also indicated with
breaks. MCvivo: metacestodes extracted from experimentally infected jirds, MCvitro: metacestodes cultured in vitro in aerobic conditions, MCana:
metacestodes cultured in vitro in axenic and anaerobic conditions, naPS: non-activated protoscoleces, aPS: activated protoscoleces, PC1: primary cell cultured in
vitro for 48 hs, PC2: primary cells cultured in vitro for 7 days and PC3: primary cells cultured in vitro for 21 days.

https://doi.org/10.1371/journal.pntd.0009297.9g003

In addition, we found that miR-10 was among the most expressed miRNAs in MCyvitro,
MCana and PC1 samples. This ancient miRNA is known to have a role in Hox gene regulation
[83] [84]. Recently, we found that one of the neighboring genes of mir-10 was a Hox gene as in
most bilaterial species [33].
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Another highly expressed miRNA in metacestodes samples, MCvivo, MCvitro and MCana,
was miR-4989. This miRNA was also highly expressed in primary cells samples, PC1. MiR-
4989 (miR-277 family) was found to be highly expressed in E. multilocularis in vivo metaces-
todes [29], E. multilocularis primary cells PC1 [14] and E. canadensis metacestodes [30]. MiR-
4989, is a protostome-specific miRNA that is organized in a cluster with miR-277a, a miRNA
known to be involved in amino acid catabolism in Drosophila spp. [85]. In addition, it was sug-
gested to be involved in transcriptional regulation during development of juvenile worms of S.
mansoni [47].

One of the most expressed miRNAs in protoscoleces samples, naPS and PS, was miR-1.
This miRNA was found to be highly expressed in protoescoleces samples from E. canadensis
and E. granulosus s. s. [30]. MiR-1 is deeply conserved through evolution with known roles in
muscle development [86]. The high expression of this miRNA found only in protoescoleces
samples is expected due to a higher level of organization and complexity of muscular system in
this developmental stage with respect to metacestodes or primary cells samples from E. multi-
locularis [3,87] and in E. granulosus s. s. [88].

Regarding the expression profile of miRNAs arranged in clusters mir-71/2b/2c and mir-
277a/4989, we found different levels of miRNA expression between miR-71 and miR-2b/miR-
2c and between miR-4989 and miR-277a (54 Table). We found that miR-71 expression was
higher than miR-2b and miR-2c. In addition, miR-4989 expression was higher than miR-277a.
Considering that miRNAs in clusters are comprised within a genomic region of up to 285 bp
and probably co-expressed in the same cells or tissues as a single transcriptional unit, this
result suggest a post-transcriptional regulation of their processing or stability in E. multilocu-
laris. This result was previously observed in E. multilocularis in vivo metacestodes [29], M.
vogae [31] and T. crassiceps [32]. In addition, evidence for post-transcriptional regulation of
clustered microRNAs was reported for Drosophila [89].

MiRNA differential expression analysis

To evaluate the variation among biological replicates from different E. multilocularis samples,
we performed a correlation analysis of miRNA expression. Previously, normalization of
miRNA raw reads in each biological replicate from each sample type was performed (S4 Table).

We obtained high correlation coefficients (r>0.96), with the only exception of PC3_2 (S3
Fig). For differential expression analysis, biological replicates from PC2 and PC3 samples were
grouped (with the exception of PC3_2) and re-named PC2-3 due to their high level of correla-
tion between biological replicates from both sample types (r>0.97) (54 Fig). In addition, as we
previously showed, biological replicates from PC2 and PC3 samples clustered together (Figs 2
and 3).

Although the biological replicate aPS_1 showed a high level of correlation, this replicate
was excluded for differential expression analysis due to incorrect clustering (Figs 2 and 3)

To analyze E. multilocularis miRNA expression throughout metacestode development in
vitro we performed differential expression analyses of all identified miRNAs between different
sample types representing the following in vivo transitions or in vitro cultured conditions: i)
metacestode development from primary cells (PC1 to PC2-3), ii) mature metacestode develop-
ment from primary cells (PC2-3 to MCana), iii) primary cells isolated from mature metaces-
todes (PC1 vs MCana), iv) protoscolex development from metacestodes (MCvitro to naPS), v)
host-parasite interaction (MCana vs MCvivo), vi) metacestode metabolism (MCvitro to
MCana) and vii) activation of protoscoleces (naPS to aPS).

We found significant differences on miRNA expression for the following comparisons: PC1
to PC2-3, PC2-3 to MCana, MCvitro to naPS and MCana vs MCvivo (Fig 4).
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Fig 4. Differential expression analyses of all identified miRNAs between sample types representing different in vivo transitions or in vitro cultured conditions.
MiRNAs that were expressed in both stages but showed log2 fold change >1 and p-adjusted <0.05 are shown. PC1 vs PC2-3 (A). MCana vs PC2-3 (B). naPS vs
MCyitro (C). MCvivo vs MCana (D). MCvivo: metacestodes extracted from experimentally infected jirds, MCvitro: metacestodes cultured in vitro in aerobic
conditions, MCana: metacestodes cultured in vitro in axenic and anaerobic conditions, PC1: primary cell cultured in vitro for 48 hs, PC2-3: primary cells cultured in
vitro for 7-21 days (see methods section), naPS: non-activated protoscoleces and aPS: activated protoscoleces.

https://doi.org/10.1371/journal.pntd.0009297.g004

Metacestode development from primary cells (PC1 to PC2-3). We found 15 miRNAs
differentially expressed between PC1 and PC2-3 (Fig 4A), suggesting that miRNAs may be
involved in the early development of metacestode vesicles from primary cells. Ten miRNAs
were up-regulated in PC1, a developmental stage enriched in germinative cells. Among them
were miR-2a and miR-125, two miRNAs that were found to be enriched in planarian neoblasts
[90]. The most up-regulated miRNA in PC1 samples was miR-3479b, a miRNA that is located
within the last intron of the conserved mini-chromosome maintenance complex component 2
(mcm?2) protein family of DNA helicases in E. multilocularis [33]. Another member of the
same miRNA family, miR-3479a, was also up-regulated in PC1 samples. Two other miRNAs
up-regulated in PC1 samples that belong to the same miRNA family as each other and may
share a set of mRNA targets were miR-277a and miR-4989. Another up-regulated miRNA in
PC1 samples was miR-10, a highly conserved miRNA across metazoans with known roles in
development [83,84]. Five miRNAs were up-regulated in PC2-3 samples, including miR-1 that
is involved in muscle development [86]. Higher expression of miR-1 was expected in metaces-
tode formation from primary cells since a muscle system is present in E. multilocularis meta-
cestode cyst wall [3,87,91,92].
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Mature metacestode development (PC2-3 to MCana). We found ten miRNAs differen-
tially expressed between PC2-3 and MCana (Fig 4B), suggesting that miRNAs may be involved
in the maturation of metacestodes from primary cells. Three miRNAs were up-regulated in
PC2-3 samples. These three miRNAs were also up-regulated in PC2-3 samples when compared
to PC1. The most up-regulated miRNA was miR-281. This miRNA was found to be involved
in developmental transitions in Bombyx mori [93]. Another up-regulated miRNA in PC2-3
samples was miR-7b, a miRNA that was found to be enriched in planarian neoblasts [90].
Seven miRNAs were up-regulated in MCana samples. All of them were up-regulated in PC1
samples when compared to PC2-3.

Protoscolex development from metacestode (MCvitro to naPS). We found nine miR-
NAs differentially expressed between MCvitro and naPS (Fig 4C), suggesting that miRNAs
could be important for maintaining particular features of both metacestodes and protosco-
leces. Only one miRNA, miR-190, was up-regulated in MCvitro samples. Eight miRNAs were
up-regulated in naPS$ samples, a stage showing a higher morphological organization and com-
plexity. Five of them, miR-124a, miR-124b, miR-96, miR-7a and miR-7b a were also found to
be up-regulated in protoscoleces samples compared to metacestodes samples in E. canadensis
[30]. Interestingly, miR-124 is known for its roles in vertebrate neural development [94].
Although nervous system is present in both metacestode larva and protoscolex in E. multilocu-
laris, it shows further complexity and similarity to that of the adult worm in the protoscolex
stage [87].

Host-parasite interaction (MCana vs MCvivo). We found seven miRNAs differentially
expressed between MCana and MCvivo (Fig 4D). Since the MCana sample is free from host
cells or tissue these miRNAs may be involved in host-parasite interaction. Three miRNAs
were up-regulated in MCana samples. Among them was miR-71, a bilaterian miRNA absent
in vertebrates. In agreement with this finding, we recently predicted the T-cell immunomodu-
latory protein (EmTIP) as a potential target of miR-71 and validated their inverse expression
[14]. The higher level of miR-71 in MCana samples found here might result in the downregu-
lation of EmTIP, a protein coding gene associated with host-parasite interaction [64], and
therefore, expected to be up-regulated in MCvivo samples. Additional miR-71 targets related
with host-parasite interaction were predicted in the present study (see MiRNA target predic-
tion and in silico functional analysis section). Among them were a tetraspanin [95] and Mer-
lin:moesin:ezrin:radixin, also known as Em2 antigen [96]. Interestingly, miR-71 and miR-3479
were reported to be secreted in vitro from the trematode S. mansoni. Also, miR-71 was
detected in sera of S. mansoni infected mice [22]. In addition, miR-71 was found to be among
the most abundant miRNAs found in extracellular vesicles from several nematodes and trema-
todes species recently analyzed [24]. Also, miR-71 was reported to be secreted in vitro from
Taenia crassiceps [21] and very recently from E. multilocularis metacestodes [25], suggesting
that this miRNA may play a role in host-parasite interaction. Four miRNAs were up-regulated
in MCvivo samples. Among them was bantam. Recently, it was demonstrated that bantam reg-
ulates host macrophage functions facilitating parasite survival in S. japonicum [97]. Consider-
ing that the E. multilocularis metacestode lives long term in their host, it would be interesting
to determine whether bantam is also involved in modulating the host immune response. How-
ever, more experiments are needed in order to determine whether this and the other differen-
tially expressed miRNAs might play a role in host-parasite interaction.

The high proportion of differentially expressed miRNAs found between sample types repre-
senting different in vivo transitions or in vitro cultured conditions suggests that post-transcrip-
tional regulation of particular sets of mRNA targets may play an important role in the E.
multilocularis metacestode development and maintenance of specific features in each develop-
mental stage or in vitro cultured condition. This result agrees with the differential expression
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of protein coding genes found between different sample types in E. multilocularis [14,36].
However, the importance of the differentially expressed miRNAs in stage transitions and host-
parasite interaction should be confirmed by further experimental approaches. In this study, no
significant differences were found on miRNA expression between i) PC1 and MCana, ii)
MCyvitro and MCana and iii) naPS and aPS. These results suggests that miRNAs i) may not dif-
fer between primary cells and the mature metacestodes from which they were isolated ii) may
not participate in the metacestode metabolism in vitro iii) may not participate during proto-
scoleces activation. We hypothesize that other gene regulation processes, such as transcription
regulation by transcription factors, may drive these in vivo stage transitions or in vitro cultured
conditions that were compared.

Whole mount in situ hybridization (WMISH) of miR-71 in metacestodes
cultured in vitro

Detection of individual miRNAs by in situ hybridization aids in elucidating miRNA roles in
molecular and biological processes [98]. This method has previously been used for detecting
miRNA spatial expression in E. multilocularis protoscoleces [99] and in Schistosoma adult
worms [47,100]. In this work, we used whole mount in situ hybridization (WMISH) to deter-
mine the cell-specific expression of miR-71 in E. multilocularis metacestodes cultured in vitro
(MCvitro) (Fig 5). This miRNA was the most highly expressed miRNA in MCvitro samples
and in primary cell cultures (PC1), a sample type enriched in germinative cells (5S4 Table). We
hypothesized that miR-71 is expressed in germinative cells, which are proliferating undifferen-
tiated cells equivalent to the neoblasts of free-living platyhelminths and the only proliferating
cells of the germinal layer.

We detected miR-71 expression throughout the germinal layer in ~16% of total cells
(n = 1615) of E. multilocularis in vitro metacestodes (Fig 5A.3). No fluorescence signal was
observed when the metacestode vesicles were incubated with a scrambled oligonucleotide used
as a negative control (S5 Fig). Regarding the level of miR-71 expression, we found a strong sig-
nal in brood capsules in different stages of development and in developing protoscoleces (Fig
5B.2 and 5D.2). This result suggests a role of miR-71 in brood capsule and protoscolex devel-
opment in E. multilocularis metacestodes cultured in vitro.

In a previous study [3], a sample consisting of several E. multilocularis cell types present in
metacestode vesicles was incubated in vitro for a short period of time (5 hours) with the thymi-
dine analog EdU. The germinative cells were the only cells that incorporated the proliferation
marker, whereas no other morphologically differentiated cells, such as tegumental cells, glyco-
gen/lipid storage cells and calcareous corpuscle cells did. This result indicated that EdU incor-
poration is a mark of germinative cells and that these cells are the only cells able to proliferate.
Here, in order to determine whether miR-71 is expressed in germinative cells, E. multilocularis
in vitro metacestodes were incubated with EAU before performing WISH. We found that sev-
eral cells that showed EdU incorporation also showed miR-71 expression, confirming the
hypothesis that miR-71 is expressed in germinative cells of E. multilocularis in vitro metaces-
todes (Fig 5C.3 and 5D.3). This result agrees with previous work showing expression of miR-
71b in proliferating neoblasts of the free-living platyhelminth S. mediterranea [49,50,90].
Although the importance of miRNAs in stem cell pluripotency, reprogramming and differenti-
ation is well documented in mammals [101], their role in stem cell maintenance and differenti-
ation in platyhelminths remains largely unknown. Our results suggest a role of miR-71 in the
regulation of gene expression in germinative; a cell population that probably comprise truly
pluripotent stem cells and their differentiation-committed immediate progeny with reduced
pluripotency, in E. multilocularis metacestodes cultured in vitro. However, we also found cells
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Fig 5. Whole-mount in situ hybridization (WMISH) of miR-71 in Echinococcus multilocularis metacestodes cultured in vitro
(MCyvitro). Maximum intensity projection of (A) and (C) germinal layer of E. multilocularis metacestodes; (B) and (D) germinal
layer containing brood capsules (BC) and developing protoscoleces (DP). Nuclear labeling with DAPI (A.1 and B.1, blue); WMISH
signal of miR-71 (A.2, B.2, C.2 and D.2, green); detection of proliferation marker EdU (C.1, D.1, magenta); merge of nuclear labeling
with DAPI and WMISH signal of miR-71 (A.3 and B.3); and merge of detection of proliferation marker EdU and WMISH signal of
miR-71 (C.3 and D.3). Dotted lines delimit BC and DP structures. Scale bar of 10 um in A, C; 50 ym in B; 20 um in D.

https://doi.org/10.1371/journal.pntd.0009297.9005

with EdU signal that did not show miR-71 expression (S1 File). We found that the percentage
of cells expressing miR-71 (17.5%) is less than the total amount of germinative cells in metaces-
todes, which is around 25% [3], suggesting that miR-71 is expressed in several germinative
cells but not in all of them. This agrees with a previous report that showed that E. multilocularis
germinative cells are heterogeneous at the molecular level and proposed the existence of ger-
minative cell sub-populations [3]. Since targeting germinative cells has been proposed for anti-
echinococcosis drug development [9], miR-71 may be considered a potential therapeutic target
for treatment and control of echinococcosis.

In addition, we found cells that showed miR-71 expression but without EdU signal (Fig
5C.3 and 5D.3). Although some may be germinative cells that are not in S phase or progeny
cells that directly result from stem cell mitosis, this finding suggests that other cell types, not
germinative cells, express miR-71 and therefore, may indicate functional roles other than
development and regulation of stem cell pluripotency in E. multilocularis metacestodes. A
broader role of miR-71 is supported by its high expression in all samples analyzed, including
those that are not enriched in germinative cells, and by it having the highest number of pre-
dicted targets among the six miRNAs analyzed (see MiRNA target prediction and in silico
functional analysis section). Analyses of predicted functions of miR-71 targets performed in
our previous work [14] suggest the importance of this miRNA as a potential therapeutic target
for treatment and control of echinococcosis. This agrees with other works that propose target-
ing miRNAs for treatment and control of helminth parasite infections [26-28].

MiRNA target prediction and in silico functional analysis

To analyze the potential functional roles of the most highly expressed miRNAs in E. multilocu-
laris samples we performed a miRNA target prediction using miRanda algorithm (S5 Table).
We found 309 miRNA target sites between the set of six miRNAs (miR-10, miR-1, miR-9, let-
7, miR-4989 and miR-71) and the set of 6,227 E. multilocularis 3UTRs used as input for
miRNA target prediction. The number of 3’UTRs represents ~58.4% of the total number of
coding genes in Echinococcus multilocularis (6,227/10,663). Although this number represents
only more than a half of the total number of 3’'UTRs (and not the total number of coding
genes), they are a confident set of 3’UTRs annotated based on the integration of RNAseq data
and genomic data. A similar approach for miRNA target prediction using only a subset of
3’UTRs of the total number of coding genes was recently performed in E. canadensis [55] and
in S. mansoni [47]. These 309 miRNA target sites were located in 303 E. multilocularis unique
target genes, since six target genes: EmuJ_000109300, Emu]_000484900, Emu]_000778300,
EmuJ_000808600, EmuJ_000189200 and EmuJ_000935200 had two sites for the same or dif-
tferent miRNAs. We found that each miRNA had a different number of predicted target genes.
The number of unique targets per miRNA ranged from 11 to 165 depending on the miRNA.
MiR-71 was the miRNA with the highest number of targets ~55% (165/303), whereas miR-
4989 was the miRNA with the lowest number of targets ~3.6% (11/303) (S5 Table). The high
number of targets for miR-71 was previously reported in the closely related species E. canaden-
sis [55] and in the more distant S. japonicum [45].
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We also performed a miRNA target prediction using RNAhybrid algorithm. We found 420
miRNA target sites between the set of six miRNAs (miR-10, miR-1, miR-9, let-7, miR-4989
and miR-71) and the set of 6,227 E. multilocularis 3 UTRs used as input for miRNA target pre-
diction (S6 Table). Considering that 275 miRNA target sites were predicted by both miRanda
and RNAhybrid algorithms, the integration of the outputs from both algorithms showed very
consistent results giving more confidence to the miRNA target predictions obtained.

We determined the evolutionary conservation of the 275 miRNA target sites predicted in E.
multilocularis by both algorithms across the closely related species E. granulosus and T. solium.
We found that ~75% (206/275) of the miRNA target sites were conserved in at least one species
adding weight to the miRNA target predictions obtained (S7 Table). As expected, a higher per-
centage of conserved miRNA target sites was observed for E. granulosus ~ 70% (193/275) than
for T. solium ~ 32% (89/275) (S7 Table).

In order to strengthen the miRNA target prediction functional information, we performed
a GO functional enrichment analysis of predicted miRNA targets for each individual miRNA.
We did not find significant enriched GO terms for any miRNA (S8 Table). We hypothesize
that this result might be related to the low number of miRNA targets of each individual
miRNA used as input for the enrichment analysis given that many E. multilocularis coding
genes have no annotation and/or associated GO terms [102] and the stringent parameters
used for miRNA target prediction.

We also carried out a KEGG pathway analysis and assigned the predicted miRNA target
genes to KEGG pathways (S9 Table).

Finally, we selected relevant targets for each miRNA based on the following criteria: i) pre-
diction with both algorithms ii) evolutionary conservation in at least one species (E. granulosus
or T. solium) iii) assigned gene function iv) potentially related to a known function for the
same miRNA in other organisms (Tables 2 and S7).

MiR-10 is a deeply conserved miRNA known by its role in development and hox regulation.
Among the selected targets for emu-miR-10, we found a Mitogen activated protein kinase
kinase kinase from the MAPK signaling pathway. Also, the gene pangolin ] from the canonical
Wht signaling pathway had a target site for miR-10. In addition, one homeobox protein from
the Meis family may be regulated by emu-miR-10. These three targets were conserved in E.
granulosus and T. solium.

MiR-1 is a highly conserved miRNA known for its role in muscle development. Among the
selected targets for emu-miR-1 we found genes encoding cytoskeleton proteins such as light
and heavy dyneins which were conserved in E. granulosus. Also, we found the gene Ezrin-like
protein (Elp) that is involved in the regulation of actin cytoskeleton as a putative target of
emu-miR-1 conserved in T. solium. This result agrees with the high expression of emu-miR-1
in E. multilocularis protoscoleces. In addition, we found an Activin gene from the TGF-beta
signaling pathway, which was conserved in E. granulosus. Interestingly, the Activin gene is
involved in immunomodulation in E. multilocularis [101].

MiR-9 is a deeply conserved miRNA across evolution known to be involved in neural devel-
opment. Among the selected targets for emu-miR-9 we found a gene encoding a carbonic
anhydrase, which is the ortholog of C. elegans cah-1 that is expressed in different neurons and
head ganglion. Another target of emu-miR-9 was the gene Peregrin, a putative histone modifi-
cation protein. Both targets were conserved in E. granulosus.

MiR-4989 is a divergent member of the miR-277 family. This protostomian-specific family
is known to be involved in amino acid catabolism in Drosophila. Recently, miR-4989 was
shown to be involved in development of juvenile worms in S. mansoni [47]. Among the
selected targets for emu-miR-4989 we found a general transcription factor ITH subunit that
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Table 2. Selected target genes of the most expressed miRNAs in Echinococcus multilocularis.

miRNA
emu-miR-10-5p

emu-miR-1-3p

emu-miR-9-5p

emu-miR-4989-3p

emu-let-7-5p

emu-miR-71-5p

Gene ID

Gene Description * KEGG pathway Conservation
Emu]_000389600 | Mitogen activated protein kinase kinase kinase MAPK signaling pathway E. granulosus and
T. solium
Protein pangolin J Wnht signaling pathway E. granulosus and

EmuJ_000188500

EmuJ_001095100

Emu]_000485800
Emu]_001049900
Emu]_000596700
Emu]_000178100
EmuJ_000108300
Emu]_000955500
Emu]_000495100
Emu]_001177300
Emu]_000379600

EmuJ_000813900

Emu]_001053100

EmuJ_001059700
Emu]_000646000
Emu]_000456500

Emu]_000974400
Emu]_000866400

Emu]_001141100
Emu]_000468300

Emu]_000445850

Homeobox protein Meisl

Ezrin-like protein (Elp)

Dynein light chain

Dynein heavy chain

Activin; Tgf beta family

Carbonic anhydrase

Peregrin

General transcription factor ITH subunit
Basic leucine zipper bZIP transcription factor

Nuclear receptor 2DBD gamma
Homeobox protein Hox B4a
Transcription factor sum

Aurora kinase A
Mitotic checkpoint serine:threonine protein

GI1:S specific cyclin D1

Cyclin G2
Polycomb group RING finger protein 2

Regulatory associated protein of mTOR

Target of rapamycin complex 2 subunit MAPKAP1

Mitochondrial import inner membrane translocase

subunit Tim23 putative

* Gene Description according to WBPS14 (WS271).

https://doi.org/10.1371/journal.pntd.0009297.1002

Regulation of actin cytoskeleton
Cytoskeleton proteins
Cytoskeleton proteins
TGF-beta signaling pathway

Chromosome and associated proteins

Basal transcription factors

Oocyte meiosis
Cell cycle
Cell cycle

p53 signaling pathway

Signaling pathways regulating
pluripotency of stem cells

mTOR signaling pathway
mTOR signaling pathway

Longevity regulating pathway - worm

T. solium

E. granulosus and
T. solium

T. solium

E. granulosus
E. granulosus
E. granulosus
E. granulosus
E. granulosus
E. granulosus
E. granulosus

E. granulosus and
T. solium

E. granulosus and
T. solium

E. granulosus and
T. solium

T. solium
E. granulosus

E. granulosus and
T. solium

E. granulosus

E. granulosus and
T. solium

E. granulosus

E. granulosus and
T. solium

T. solium

mapped to basal transcription factors and a basic leucine zipper bZIP transcription factor that
were conserved in E. granulosus.

Let-7 is a bilaterian miRNA, highly divergent in Echinococcus, known to be essential for
temporal development in C. elegans. Among the selected targets for emu-let-7 we found a
nuclear receptor that may be potentially involved in transcription regulation and a
homeobox protein, which is the ortholog of C.elegans lin-39, a homeodomain protein involved
in cell fate specification, regulation of transcription and development. Also, we found that
transcription factor sum, the ortholog of C. elegans hlh-1, a transcription factor required dur-
ing embryogenesis for proper bodywall muscle development and function, had a miRNA tar-
get site for emu-let-7. The three selected targets were conserved in E. granulosus and T. solium.

MiR-71 is bilaterian miRNA absent in vertebrates that is known to be involved in promo-
tion of longevity and neuronal asymmetry in C. elegans. Among selected targets of emu-miR-
71, we found genes that may be involved in cell cycle in E. multilocularis such as an Aurora
kinase A, a mitotic checkpoint serine:threonine protein and cyclins D1 and G2 that mapped to
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different pathways related to cell growth and death. Interestingly, we found a potential target of
emu-miR-71, Polycomb group RING finger protein 2 that mapped to signaling pathways regu-
lating pluripotency of stem cells, conserved in both closely related species E. granulosus and T.
solium. These results are in coincidence with the expression of emu-miR-71 in germinative cells
found in this work. Other relevant targets of miR-71 that may be involved in regulation of life-
span and aging were a Regulatory associated protein of mTOR, Target of rapamycin complex 2
subunit MAPKAP1 and a Mitochondrial import inner membrane translocase subunit that
mapped to mTOR signaling pathway or longevity regulating pathway. Evolutionary conserva-
tion of E. multilocularis miR-71 targets in E. granulosus and T. solium is shown in Table 2.

We recently reported 16 targets of emu-miR-71 in E. multilocularis PC1 cells with inverse
expression between the miRNA and the target after knocking down miR-71 [14]. Here, we
broaden the repertoire of putative targets of emu-miR-71 by performing a bioinformatic
approach based on a different input set of 3’UTRs for miRNA target prediction that varied not
only in the total number of 3’UTRs, but also in their length. We determined that eight out of
16 targets of emu-miR-71 that increased their expression after knocking down this miRNA in
E. multilocularis PC1 cells from our previous study [14] overlapped with emu-miR-71 targets
predicted here (S5 Table). This set from overlapped targets, that includes genes with important
functions for parasite development and survival in the host, such as EmTip [64] and frizzled
[92], provides a shortened list of targets to be further experimentally validated and analyzed in
the future. From the eight target genes that did not overlap with the targets from this study,
five had 3” UTRs that were absent from the set of 6,227 3°UTRs used as input for miRNA target
prediction in the present study, whereas the remaining three had 3’UTRs of a different length.

Taken together, in silico functional analyses of predicted miRNA targets suggest conserved
roles for miR-10, miR-1, miR-9, miR-4989, let-7 and miR-71 the most highly expressed miR-
NAs in all E. multilocularis samples analyzed. In addition, the potential roles of predicted tar-
gets in E. multilocularis reveals that these miRNAs may be involved in essential processes for
survival and development in the host suggesting the importance of the miRNA post-transcrip-
tional regulation mechanism in the biology of the parasite. In this study, we provide some
potential miRNA-target interactions to guide future experimental functional studies in E. mul-
tilocularis that might lead to improved treatment and control of this neglected parasite, since
miRNAs that are involved in key biological processes may provide novel therapeutic targets.

In this work, we analyzed for the first time the expression profile of E. multilocularis miR-
NAs throughout metacestode development in vitro. We found that a small number of miRNAs
are highly expressed throughout the life cycle stages or in vitro conditios analyzed, whereas
most of them are weakly expressed. We predicted functional roles for highly expressed miR-
NAs and found that they could be involved in essential roles for survival and development in
the host. We also determined for the first time the expression of miR-71, a highly expressed
miRNA that is absent in the human host, in germinative cells of the germinal layer in E. multi-
locularis metacestodes cultured in vitro. Germinative cells are a relevant cell type to target for
anti-echinococcosis drug development. In this study, we provide a resource to guide future
miRNA functional analyses in E. multilocularis. MiRNAs involved in parasite essential func-
tions, highly expressed and/or expressed in germinative cells in the metacestode stage and
absent in the host, such as miR-71 and miR-4989, may represent selective therapeutic targets
for treatment and control of AE.

Supporting information

S1 Fig. Experimental and bioinformatic workflow for miRNA expression profiling and
differential expression analysis. MCvivo: metacestodes extracted from experimentally
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infected jirds, MCvitro: metacestodes cultured in vitro in aerobic conditions, MCana: meta-
cestodes cultured in vitro in axenic and anaerobic conditions, PC1: primary cells cultured

in vitro for 48 hs, PC2: primary cells cultured in vitro for 7 days containing central cavities
and PC3: primary cells cultured in vitro for 21 days containing several central cavities and
released mini vesicles (metacestodes), naPS: non-activated protoscoleces, aPS: activated proto-
scoleces.

(TIF)

S2 Fig. Principal component analysis of the miRNA expression data from different Echino-
coccus multilocularis samples. PCA plot of all biological replicates from different E. multilocu-
laris samples based on normalized miRNA read counts. Each dot indicates one biological
replicate from a given sample. The dot corresponding to the biological replicate aPS_1 is indi-
cated. MCvivo: metacestodes extracted from experimentally infected jirds, MCvitro: metaces-
todes cultured in vitro in aerobic conditions, MCana: metacestodes cultured in vitro in axenic
and anaerobic conditions, naPS: non-activated protoscoleces, aPS: activated protoscoleces,
PC1: primary cell cultured in vitro for 48 hs, PC2: primary cells cultured in vitro for 7 days and
PC3: primary cells cultured in vitro for 21 days.

(TTF)

S3 Fig. Scatter plots showing correlation of microRNA expression between pairs of biologi-
cal replicates from different Echinococcus multilocularis samples. Pearson’s correlation
coefficients are shown for each pair of biological replicates in the upper panels. MCvivo (A).
MCyvitro (B). MCana (C). PC1 (D). PC2 (E). PC3 (F). naPS (G). aPS (H).

(TIF)

S4 Fig. Scatter plot showing correlation of microRNA expression between pairs of biologi-
cal replicates from Echinococcus multilocularis PC2 and PC3 samples. Pearson’s correlation
coefficients are shown for each pair of biological replicates in the upper panels.

(TIF)

S5 Fig. Whole-mount in situ hybridization (WMISH) of miR-71 and a scrambled LNA
probes in Echinococcus multilocularis metacestodes cultured in vitro (MCvitro). Germinal
layer with a brood capsule showing nuclear labeling with DAPI (blue signal) and scrambled
LNA probe as negative control (no signal) (A). Germinal layer with a brood capsule showing
nuclear labeling with DAPI (blue signal) and miR-71 expression (green signal) (B).

(TIF)

S1 Table. General results of sequenced small RNA libraries from Echinococcus multilocu-
laris.
(DOCX)

S2 Table. Echinococcus multilocularis microRNA (miRNA) sequences identified in this
study and their genome location.
(XLSX)

$3 Table. Echinococcus multilocularis microRNA (miRNA) clusters identified in this study.
(XLSX)

$4 Table. Normalized expression profiles of the whole repertoire of the Echinococcus multi-
locularis mature microRNAs (miRNAs) identified in this study.
(XLSX)
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S5 Table. All predicted target sites of the most expressed microRNAs (miRNAs) in Echino-
coccus multilocularis using miRanda algorithm.
(XLSX)

S6 Table. All predicted target sites of the most expressed microRNAs (miRNAs) in Echino-
coccus multilocularis using RNAhybrid algorithm.
(XLSX)

S7 Table. Evolutionary conservation analysis of Echinococcus multilocularis microRNA
(miRNA) target sites predicted by both miRanda and RNAhybrid algorithms in the related
species Echinococcus granulosus and Taenia solium.

(XLSX)

S8 Table. Gene ontology (GO) enrichment analysis of microRNA (miRNA) predicted tar-
gets in Echinococcus multilocularis.
(XLSX)

S9 Table. Predicted target genes of Echinococcus multilocularis most expressed microRNAs
(miRNAs) mapping to KEGG pathways.
(XLSX)

S1 File. Video of whole-mount in situ hybridization (WMISH) of miR-71 in Echinococcus
multilocularis metacestodes cultured in vitro (MCyvitro). Germinal layer showing proliferat-

ing cells with EAU (magenta signal) with and without expression of miR-71 (green signal).
(AVI)

S2 File. Database of Echinococcus multilocularis rRNAs, tRNAs, mRNAs, snRNAs, snoR-
NAs and miRNAs. All mapped reads were BLAST searched (e-value 0.01, short sequences
optimization) against this in-house database for classification into categories.

(FA)
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