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Impact statement

The delivery of short snippets of RNA, such
as synthetic miRNA agents, is an essential
step for achieving RNA-mediated knock-
down, which has not been studied in suf-
ficient detail in fish. Our results indicate that
a MiR92b-3p mimic may be effectively
delivered via intraperitoneal injection to the
spleen and the liver of whitefish, and that it
likely achieves functionality without caus-
ing any apparent toxic effects in the chal-
lenged animals. We report the novel finding
that the MiR92b-3p mimic reduced the in
vivo liver mRNA expression levels of its
putative pro-apoptotic targets (p53,
cdknla, and pcna), and important meta-
bolic genes, e.g. cdo1. This shows that this
methodology of MiR92b-3p mimic trans-
fection in vivo may be a useful tool for
studies that investigate the molecular
pathways that confer pro-proliferative and
anti-apoptotic phenotypes or those that
regulate intracellular metabolism in fish and
other vertebrates.

Abstract

Here, we provide the first report of an efficient method of in vivo delivery of MiRNA92b-3p
mimic by intraperitoneal injection to whitefish, a Teleost fish. Juvenile whitefish were
exposed to synthetic MiR92b-3p suspended in Invivofectamine 3.0 transfection reagent.
After 24 and 48 h of the treatment, the blood, liver, spleen, brain, and heart of the fish were
sampled to track the uptake of the synthetic miRNA and to assess its specific and off-target
effects. RT-qPCR indicated that, within the first 24 h of treatment, MiR92b-3p levels were
higher in the blood plasma, liver, and spleen of the injected fish than in the control fish that
were administered only solvent vehicle, which was further confirmed by screening the
organs with a fluorescently labeled MiR92b-3p probe. We then found that, 48 h after the
injection, the mimic decreased the mRNA levels of its putative downstream targets (p53,
cdkn1a, and pcna) by approximately 50%, which may indicate that MiR92b-3p was func-
tional. Further profiling of mMRNA expression in the liver by RNA sequencing showed per-
turbations that did not prompt global, specific silencing but instead produced significant
differences in expression of a number of genes 48 h after transfection with the mimic.
Neither histological nor ultrastructural analyses showed any pathological changes in the
liver structure of the exposed fish, and biochemical measurements of the fishes’ blood did
not differ between the experimental groups. Together, these results indicate that the

MiR92b-3p mimic was effectively delivered to the liver of the injected fish, and that the short-term treatment did not cause any
apparent toxic effects. This methodology of miRNA mimic delivery has utility not only for the study of miRNA-dependent silencing
mechanisms in fish, but also gives reasons to anticipate significant progress in the development of both miRNA diagnostic
markers and therapeutic targets in liver injury.
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Introduction

RNA molecules with important roles in these processes.”

RNA interference is a natural cellular process that silences
gene expression by promoting the degradation of mRNA or
translational repression.! MicroRNAs (miRNAs) are small
(18 to 24 nucleotides) endogenous non-coding effector
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Dysregulation in the expression of miRNAs contributes to
the occurrence and development of a number of diseases.
Reversing pathologic alterations in miRNA expression by
delivering miRNA-based drugs is a potential therapeutic
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strategy for many malignancies. Carrying miRNA inhibi-
tors into a cell results in silencing of a specific miRNA,
whereas the goal of miRNA replacement therapy using
synthetic miRNAs (i.e. miRNA mimicking oligonucleoti-
des, mimics) is to achieve, or maintain, the same biological
functions as the endogenous miRNAs. In mammals, the
hepatic delivery of either class of synthetic nucleic acids
has proven to be an excellent strategy for curing metabolic
diseases,” virus infections,* and neuropathy.”

In fish, approaches for achieving knockdown are rare and
involve mainly small model species. Both kinds of synthetic
miRNAs, inhibitors and mimics, have been used as research
tools to study the gene functions of different cell types. For
example, Cui et al . showed that administration of a MiR8159
mimic into miiuy croaker (Miichthys miiuy) downregulated
the expression of toll-like receptor 13, TLR13, at the tran-
scription level, and confirmed the role of this miRNA in
TLR signaling pathway regulation after Vibrio anguillarum
infection. A study on zebrafish (Danio rerio) injected with
an miRNA mimic revealed MiR155 to be a potential novel
toxicological biomarker for chemical exposure and
improved our understanding of the molecular mechanism
of toxicity upon fipronil exposure.” Mennigen et al.® using a
MiR122-5p antimir, confirmed the role of MiR122-5p in reg-
ulating lipid metabolism in rainbow trout (Oncorhynchus
mykiss). Transcriptome profiling of short-lived Kkillifish
(Nothobranchius furzeri) suffering from gentamicin-induced
renal injury identified apoptosis as a process that was sig-
nificantly affected upon antiMiR-21 administration.” This
suggests that MiR-21 acts as a pro-proliferative and anti-
apoptotic factor in kidney regeneration in fish.

The successful applications of synthetic miRNAs to
resolve problems pertinent to fish biology and immunolo-
gy, as highlighted in the above studies, prompted us to use
RNA interference methods, which revealed a specific,
biphasic pattern of microcystin-induced liver injury
(MILI) in a teleost fish, whitefish (Coregonus lavaretus), as
reported previously."’ In that fish, repeated exposure to
microcystin-LR (MC-LR) results in severe liver damage,
followed by an unexpected resilience to further exposures
to the toxin, leading to regeneration of the damaged liver
structure.'® In these aberrant processes, we found expres-
sion of one microRNA, MiR92b-3p, to be substantially
reduced in the challenged group."" Further functional stud-
ies with MiR92b-3p mimics acting on liver transcriptional
pathways, conducted in vivo on whitefish, might reveal the
particular role of this miRNA in the aberrant processes.

In the present work, we first used a MiR92b-3p mimic to
replace and increase the number of the miRNA in the liver
of healthy fish to assess the in vivo efficacy of miRNA
uptake and gene silencing. Our main goal was to confirm
that the MiRN A92b-3p mimicking oligonucleotides are effi-
ciently delivered into fish by intraperitoneal injection using
Invivofectamine 3.0 transfection reagent as a carrier. Then,
we were curious about whether MiR92b-3p transfection
results in expression changes of putative target genes with-
out generating any unwanted, non-specific effects. High
on-target and low off-target activity would indicate that
this methodology is appropriate for studying miRNA-
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dependent, gene silencing mechanisms during MILIL. To
this end, we exposed fish in three experimental groups
and tracked the uptake of the synthetic miRNA in different
tissues. Then, using histopathological and ultrastructural
analyses, as well as RNA-Seq and qPCR methods, we
examined  whether non-specific or  gene-specific
effects occur.

Materials and methods

Fish and experimental design

All animal-related procedures were approved by the Local
Ethical Commission in Olsztyn, Poland (resolution No. 44/
2016 of 30th November 2016). Juvenile individuals of
whitefish (mean +standard deviation: 29.6+1.6 g, 16.9
+0.4 cm) were exposed to a synthetic MiR92b-3p mimic
(mirVana™; Thermofisher Scientific) at a dose of 1 or
0.3 mgkg ' body weight (MIM-1.0 and MIM-0.3, respec-
tively; n=2 in each group). To increase the delivery effi-
ciency, the mimic was suspended in Invivofectamine
3.0 transfection reagent (Thermofisher Scientific) and
injected into the fish intraperitoneally (Supplementary
Figure 1(a) and (b)). Fish injected with the in vivo transfection
reagent alone (IVF; n=2) or phosphate buffer saline (PBS;
n = 3) served as negative control groups. After treatment, the
fish were euthanized and their blood, liver, spleen, heart,
and brain were collected at 24 and 48 h, and fixed for further
analyses, according to the details described below.

In order to track mimic uptake in fish tissues, we further
performed a separate exposure, where additional fish were
injected with a synthetic MiR92b-3p mimic 3'-labeled with
Alexa Fluor 555 (mirVana'™; Thermofisher Scientific) at a
dose of 1 mg-kg ' body weight (MIM-AF; n=3). In this
case, fish injected only with the phosphate buffer saline
served as a negative control (PBS; n=05). After 24 h of the
treatment, the fish were euthanized and their tissues were
fixed for further analyses.

Although large numbers of fish in each group would be
ideal, the costs involved in the treatment with an IVF carrier
(fish with IVF alone, and with IVF suspended mimic), made
it impossible to have so many fish in the study.
Nevertheless, our preliminary results allowed us to esti-
mate the uptake efficiency, and add to the little that is
known about treatment of fish with synthetic miRNAs.

Measurement of MiR92b-3p levels in blood plasma

In order to track the uptake of the synthetic miRNA, blood
samples were used to measure MiR92b-3p levels in the
plasma of the exposed fish. Briefly, around 0.3 mL of blood
was taken from the caudal vein using S-Monovette K3 EDTA
(Sarstedt). After collection, the blood was mixed by gently
inverting the tube several times and immediately centrifuged
at 4000x g at room temperature for 5 min. The plasma layer
(approximately 100 pL) from the top of the tube was trans-
ferred into a fresh tube. Plasma was frozen at —24°C during
sample collection, but shipped on dry ice shortly after, and
stored at —80°C in the laboratory until RNA extraction.
Total RNA was extracted from 80 pL of plasma sample
using a mirVana isolation kit (Life Technologies) according
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to the manufacturer’s protocol with modifications. After
thawing, samples were briefly centrifuged and 10 volumes
of initial plasma volume of Lysis/Binding Buffer were
added. Samples were vortexed vigorously for 1 min.
After that, to normalize sample-to-sample variation in the
RNA isolation procedure, an exogenous spike-in control of
3 uL of synthetic 5 nM cel-MiR39-3p (Genomed; Poland)
(5'-UCACCGGGUGUAA AUCAGCUUG-3) was added
and mixed. Then, 80 pL of miRNA Homogenate Additive
was added and mixed by inverting the tube several times
before it was left on ice for 10 min. Next, 800 pL of Acid-
Phenol:Chloroform was added and the mixture was vor-
texed for 1 min. To separate the aqueous and organic
phases, the tubes were centrifuged for 5 min at maximum
speed (10,000xg) at room temperature. About 300 pL of
upper phase was then transferred into a fresh tube, avoid-
ing transfer of any interphase. Next, 1.25 volumes of 99.8%
ethanol at room temperature were added, mixed thorough-
ly by pipetting, and the entire solution (including any pre-
cipitate) was transferred into individual filter cartridges
before centrifugation for 30 s at 10000xg. The resulting
flow-through was discarded. Initial washing was con-
ducted with 700 pL of Washing Buffer 1, followed by two
washes with 500 pL of Washing Buffer 2/3. RNA was eluted
from the washed filter cartridges with 40 pL of preheated
(95°C) elution solution.

To profile MiR92b-3p expression, we designed a protocol
based on polyadenylated RNA and stem-loop reverse tran-
scription."™ miRNA polyadenylation was performed
using a polymerase tailing kit (Epicentre). Reactions were
prepared with 1 pL of 10x polyadenylate polymerase
buffer, 1 pL of adenosine triphosphate (ATP, 10 mM), 0.5
uL of Escherichia coli poly(A)polymerase (4 U), 1 pg of small
RNA-enriched RNA fraction, and RNase-free water for a
final volume of 10 pL. Reaction mixtures were incubated at
37°C for 30 min, followed by 95°C for 5 min to terminate the
adenylation, and then transferred directly to ice. Reverse
transcription (RT) was then directly carried out using
SuperScript IV Reverse Transcriptase (Thermo Scientific;
USA). The cDNA synthesis reaction contained polyadeny-
lated RNA from the previous step, 4 pL of 5x RT buffer, 1
uL of 0.1 M DTT, 1 puL of 10 mM dNTP mix, 1 pL of
Ribonuclease Inhibitor and of SuperScript IV RT enzymes,
and 1 puL of 100 uM universal stem-loop RT primer (5'-CTC
ACA GTA CGT TGG TAT CCT TGT GAT GTIT CGA TGC
CAT ATT GTA CTG TGA GTT TTT TTT TVN-3'). The reac-
tion was carried out at 23°C for 10 min, 55°C for 10 min
followed by 10 min in 80°C. Synthesized cDNA samples
were diluted (10x), stored at —80°C, and thawed only
once, just before the amplification.

Real-time PCR was used to determine the MiR92b-3p
levels in the cDNA samples. Reactions were carried out
in final volumes of 20 pL, consisting of 10 pL of Power
SYBR Green PCR Master Mix (Life Technologies, USA),
025 pM of each primer (forward and reverse;
Supplementary Table 1), 1 pL of cDNA template and 7 pL
of PCR-grade water. Amplification was performed with an
ABI 7500 Real-time PCR System thermocycler (Applied
Biosystems; USA) with the following conditions: 95°C for
10 min, then 45 cycles of 95°C for 15 s and 60°C for 1 min.

The reaction for each sample was carried out in duplicate.
No-template controls (NTCs) were included to test for
the possibility of cross-contamination. To check the quality
of each PCR product, melting curve analyses were addi-
tionally performed after each run. Data were normalized
to RNU6 as an endogenous reference (Supplementary
Table 1), relative to the control group (PBS or IVF) for the
respective time-point of the experiment.

MiR122-5p has been shown to be a robust biomarker in
early diagnosis of liver injury in fish."* Thus, we also deter-
mined the plasma level of MiR122-5p in the experimental
fish, as previously described in detail.*

RNA extraction from solid tissues

Depending on the size, fragments of fish organs (i.e. liver)
or entire organs (i.e. spleen, heart, brain) were preserved in
RNAlater solution (Sigma-Aldrich; Germany) and stored at
—20°C until extraction. RNA was extracted from fragments
of these organs (approximately 20 mg) using a mirVana
isolation kit (Life Technologies) according to the manufac-
turer’s protocol. Briefly, 200 pL of Lysis/Binding Buffer was
added. Samples were vortexed vigorously for 1 min. Then,
20 pL of miRNA Homogenate Additive was added and
mixed by inverting the tube several times before it was
left on ice for 10 min. Next, 200 pL of Acid-Phenol:
Chloroform was added and the mixture was vortexed for
1 min. To separate the aqueous and organic phases, the
tubes were centrifuged for 5 min at maximum speed
(10,000%g). About 200 puL of upper phase was then trans-
ferred into a fresh tube. Next, for the enrichment of
small RNA species, a 1/3 volume of 99.8% ethanol at
room temperature was added, and the entire solution was
transferred into individual filter cartridges before centrifu-
gation for 30 s at 10,000 x g. The filter cartridge was kept for
further isolation of RNA fraction depleted of small RNAs,
and the obtained flow-through filtrate (containing the
small-RNA-enriched fraction) was mixed with 2/3
volume of 99.8% ethanol and transferred into a new filter
cartridge and centrifuged. Next, both the filter cartridges
(containing the small-RNA-enriched or the small-RNA-
depleted fraction) were washed with 700 pL of Washing
Buffer 1, followed by two washes with 500 uL. of Washing
Buffer 2/3. The RNA fractions were eluted separately from
the washed filter cartridges with 40 pL of preheated (95°C)
elution solution. The small-RNA-enriched samples were
used to determine MiR92b-3p levels in the extracted solid
tissues according to the RT-qPCR protocol described above
for the plasma samples, whereas the small-RNA-depleted
samples extracted from the livers were used to verify the
mRNA expression of the potential MiR92b-3p targets.

In vivo verification of potential MiR92b-3p
target expression

In this study, we were particularly interested in whether the
intraperitoneally administered MiR92b-3p mimic has the
ability to silence genes that may be its targets during MC-
LR induced liver injury and regeneration. Based on our
previous studies, we chose p53 tumor suppressor, its
downstream effector, cdknla, and proliferating cell nuclear



antigen, pcna, which all had shown opposite expression
patterns to MiR92b-3p."™ To predict if MiR92b-3p
response elements (MRE) occur within 3' UTRs of the
three genes in whitefish, the respective sequences were
obtained from Phylofish database,'® and the RNAhybrid
tool'® was applied. Then, to examine the expression levels
of the genes in whitefish liver after 24 and 48 h of exposure
to the mimic, we performed an RT-qPCR study. Briefly, the
small RNA-depleted samples were used to synthesize
cDNA using a SuperScript IV Reverse Transcriptase and
Oligo(dT),g primers, according to the manufacturer’s pro-
tocol (Thermo Scientific). Real-time PCR was performed
with primers specific to the respective mRNA sequences
(Supplementary Table 1) with reaction conditions as
described above. All the expression data were normalized
to rpl19 as an endogenous reference, relative to the control
sample (PBS or IVF) at a respective time of the experiment.
The data were log-transformed and analyzed for the signif-
icance of differences between the two experimental groups
of fish (control vs. exposed) were assessed using a two-
tailed Welch’s t-test (SPSS Statistics 24; IBM).

Detection of MiR92b-3p using biotin-labeled
oligonucleotides

Dharmacon miRIDIAN Mimics (MIR92a-3p and MIR92b-
3p) or Thermo Scientific mirVana LNA Mimic (MIR92b-3p)
were mixed in increasing amounts (2.82 ng, 28.2 ng, 282 ng)
with corresponding volumes of Gel Loading Buffer II
(Ambion), and then MQ water was added for a final
volume of 30 pL. Additionally, 13 pL of gPCR products or
15 ng of small RNA-enriched RNA, from the control (IVF)
and mimic-treated samples (MIM) were prepared as
described above. All samples were further denatured at
95°C for 5 min and immediately cooled down on ice to
prevent re-annealing. Samples were then separated in a
10% TBE-Urea in 1 x TBE (200 V for 45 min), which first
was pre-run end at 250 V for 20 min. Samples were trans-
ferred to BrightStar®-Plus Positively Charged Nylon
Membrane (Thermo Scientific) in Mini Trans-Blot Cell
(Bio-Rad) at 200 mA for 1 h in 1 x TBE. Membrane was
washed in 0.5x TBE and to fix transfer into membrane
UV cross-linked for 3 min, followed by baking membranes
in an oven at 80°C for 1 h, washed again and pre-
hybridized in ULTRAhyb®-Oligo (Thermo Scientific) for
30 min at 42°C. Biotin- 5'-labeled oligonucleotides antisense
to mature miRNAs was commercially obtained from
Genomed, Poland and hybridized (600 ng) with membrane
overnight in 42°C. The Northern blot probes were: MiR92b-
3p - AGG CCG GGA CGA GTG CAA TA and U6 snRNA
(control) - TAT GTG CTG CCG AAG CGA GCA C.
Membranes were visualized the following day using
Biotin Chromogenic Detection Kit (Thermo Scientific).

RNA sequencing and de novo assembly of transcripts

To examine the gene specific effects of the treatment, RNA-
Seq methods were used to screen the liver transcriptome in
PBS, IVE, and MIM-1.0 groups. RNA integrity was evaluat-
ed on Agilent Bioanalyzer 2100 with the Agilent 6000 Nano
Kit and the samples with RIN >8 were taken for library
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preparation with the Illumina TruSeq Stranded mRNA
Library Prep protocol. The libraries were sequenced on
[Mlumina HiSeq4000 sequencer (250-300 bp insert cDNA
size, PE150, 50M reads, 15Gb).

Quality control of raw sequencing reads was performed
with FastQC version 0.11.5 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc). The reads were proc-
essed using the Trimmomatic version 0.36 to remove the
adapter sequences and low-quality bases.'” After quality
trimming, the selected reads were assembled into the ref-
erence genome by using the Trinity version 2.5.1 with
default parameters.'”® The number of detected transcripts
was 280,709 with an average length of 838 base pairs.
Raw reads were mapped to the reference genome using
Bowtie2 version 2.3.3.1. The fraction of uniquely aligned
reads was between 92% and 93% per sample. The data
from this study have been submitted to the NCBI SRA data-
base (accession #SRS3548719 through #SRS3548724). The
accession numbers for data from the individual samples,
read numbers in the six samples, and concentrations of
total RNA in the extracts are given in Supplementary
Table 2.

Transcript abundance levels were estimated using the
samtools idxstats version 1.3.1 (http://www.htslib.org).
The correlation values (Spearman’s correlation) between
the samples were computed using the raw counts. The
results were between 0.854 and 0.896. To identify the tran-
scripts differentially expressed between the experimental
groups, P-values and fold changes were computed using
the edgeR package.'” Raw counts were normalized using
the TMM normalization method. Then, the common,
trended, and tagwise dispersions were estimated. A quasi-
likelihood negative binomial generalized log-linear model
was fit to count data. Statistical tests implemented in
edgeR were conducted. To yield lists of differentially
expressed mRNAs, the expression threshold was adjusted
as P=0.05. For the construction and visualization of Venn
diagrams with the numbers of differentially abundant
miRNAs, Venn Diagrams software was used (http://bioin
formatics.psb.ugent.be/software/details/ Venn-Diagrams).

Functional and ontology patterns of predicted orthologs
were examined in the set of differentially expressed genes
(DEGs), and BLASTx algorithm with default parameters
against the SwissProt database, and the non-redundant
transcript database (nt) using the BLASTn algorithm.
General classification of the Clusters of the DEGs (COGs)
by functional panels of categories was carried out using the
KOG analysis.*® Heat maps for differentially expressed
genes based on unadjusted f-test P-values (P < 0.01) were
calculated, which provided an overall picture of the impact
of MiR92b-3p mimic injection on the liver cell transcrip-
tome. For graphical representation of the 20 most frequent
Gene Ontology terms in each of three categories, we used
TagCloud software (https:/ /www.wordclouds.com).

Hematological and biochemical measurements

in blood

In order to investigate whether the treatment with mimic or
the Invivofectamine alone caused any non-specific/ off-target
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or toxic effects, selected hematological and biochemical
markers were measured in the fishes” blood. Briefly, approx-
imately 0.3 mL of blood from the caudal vein was taken with
a Blood Gas Monovette syringe (Sarstedt; Germany) and a
0.5-30 mm needle (KDM; Germany). The collected blood sam-
ples were immediately used to perform the hematological
analysis and further to isolate blood plasma, according to
the following protocol. The blood sample was transferred
into 1.3 mL Li-heparin microtubes (Sarstedt), gently mixed,
and centrifuged for 1.5 min at 13,700x g (15,800 rpm) using a
StatSpin VT with RT12 rotor (Iris Sample Processing, Inc.;
USA). After centrifugation, approximately 100 uL of superna-
tant (the blood plasma) was transferred into sterile Eppendorf
tubes and immediately frozen at —24°C. After thawing at
room temperature, the plasma samples were analyzed with
a Catalyst Dx Chemistry Analyzer (Idexx Lab; USA) using the
dedicated test slides (custom panels). Analysis of biochemical
measurements included: glucose (GLU), creatinine (CREA),
phosphorus (PHOS), calcium (CA), total protein (TP), albu-
min (ALB) aspartate aminotransferase (AST), alanine amino-
transferase (AST), alkaline phosphatase (ALKP), ammonia
(NH3). Globulin (GLOB) was calculated by subtracting the
albumin from the total protein. Each plasma sample was
thawed only once at room temperature and all of the above
measurements were performed at once to eliminate the mul-
tiple freezing/thawing cycles.

Hematological analysis was performed according to the
standard methods described in Svobodova et al.*' in order
to determine the erythrocyte count (RBC), hemoglobin
concentration (Hb), hematocrit (Ht), mean erythrocyte
volume (MCV), mean corpuscular hemoglobin concentra-
tion (MCHC), and mean corpuscular hemoglobin con-
tent (MCH).

Histochemical staining and histological analysis

The tissue samples were fixed in 4% formaldehyde in phos-
phate buffer (pH 7.4) for 48 h, washed in water, dehydrated
in ethanol solutions and embedded in paraffin using a TP
1020 tissue processor and an EG 1050 embedding station
(Leica; Germany). The 6-um-thick sections prepared with
HM 340E microtome (Microm; Germany) were stained
with hematoxylin and eosin method (H&E) using an auto-
mated multistainer ST 5020 (Leica) and manually cover
slipped. The slides were viewed and photographed using
an Axioimager Z1 microscope equipped with an MRC5
color digital camera (Carl Zeiss; Germany).

The tissues obtained from the fish injected with the
fluorescently labeled MiR92b-3p (MIM-AF) were fixed
in 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (pH 7.4) for 48 h, rinsed several times with the
phosphate buffer, then transferred to a 30% sucrose solu-
tion for 48 h and then frozen at —25°C. The tissue blocks
were cut using Microm HM 560 cryostat (Carl Zeiss) at a
thickness of 12 um. The slides were viewed and photo-
graphed using the Axioimager microscope Z1 equipped
with Apotome and the AxioCam HRm digital camera
(Carl Zeiss).

Ultrastructural analysis of the liver

The liver samples were fixed in a mixture of 1% parafor-
maldehyde and 2.5% glutaraldehyde in 0.2 M phosphate
buffer (pH 7.4) for 2 h at 4°C, washed and post-fixed in 2%
osmium tetroxide for 2 h. After dehydration, the samples
were embedded in Epon 812. Ultrathin sections prepared
using a Ultracut III ultramicrotome (Leica) were contrasted
with uranyl acetate and lead citrate, and then examined
with a Tecnai 12 Spirit G2 BioTwin transmission electron
microscope (FEI; USA) equipped with two digital cameras:
a Veleta (Olympus; Japan) and an Eage 4k (FEI).

Results

Gross observations

During the study, there were no discernible differences
between the swimming behavior of the control fish and
those exposed to the mimic. No gross changes were
observed in the brain, heart, spleen and liver of the fish;
the liver was reddish brown and had tender structure.

MiR92b-3p mimic is detected in cellular RNA extracts
from the injected fish

When three commercially available microRNA-92 mimics
(MiR92a-3p and two MiR92b-3p) were loaded with
increasing concentration into the gel and subjected to
Northern blot analysis, we noticed a weak miRNA signal
for the MiR92a-3p with a probe against MiR92b-3p.
In contrast, strong signals of concentration dependent
band intensities were detected for the two MiR92b-3p
mimics (Supplementary Figure 2(a)). This result confirmed
both sensitivity and specificity of the MiR92b-3p probe for
detection of the MiR92b-3p mimicking oligonucleotides.
Then, we wished to verify whether the elevated levels of
MiR92b-3p could be detected in RNA extracts from tissue
samples of mimic-treated fish after the reverse transcrip-
tion procedure with and universal adapter, stem-loop RT
primer. We addressed this issue, using the Northern
blot-based method for the detection of adapter ligated
RT-transcribed MiR92b-3p, by examining the MiR92b-3p
signals in control (IVF) and treated (MIM-1.0) liver sam-
ples. Indeed, the procedure showed a sharp band in the
MIM-1.0 sample, which had an expected length of about
110 nts (63 of stem loop and about 50 nts of double stranded
mimic) (Supplementary Figure 2(b)). Together, these results
indicated that methods commonly used for detection of
changes in miRNA levels were adequate for assessing the
efficiency of mimic uptake in whitefish tissues.

MiR92b-3p mimic reaches different tissues in fish body

To track the route of mimic delivery in whitefish, we
checked if the mimic injected into the peritoneal cavity of
the fish was present in the blood circulation. Indeed, the
intraperitoneal injection of the MiR92b-3p mimic led to a
marked, ~60-fold increase of the mimic in the plasma
within the first 24 h of the treatment (Figure 1). In compar-
ison to the control group (PBS) from this period, plasma
levels of another microRNA - MiR122-5p remained similar
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Figure 1. Tissue biodistribution of MiR92b-3p in whitefish 24 h (a) or 48 h (b) after intraperitoneal injection with phosphate buffer saline (PBS), Invivofectamine 3.0 (IVF)
vehicle, or MiR92b-3p mimic at dose of 1.0 or 0.3 mg-kg~' (MIM-1.0 or MIM-0.3, respectively), or fluorescently labeled mimic at a dose of 1.0 mg-kg~" (MIM-AF).
RNUB6-normalized levels of MiR92b-3p were quantified by RT-qgPCR at 24 and 48 h after delivery relative to PBS (at 24 h) or to IVF (at 48 h) as control groups. Two
individual biological replicates were performed in each variant. Horizontal lines denote means. Please refer to “Fish and experimental design” in the Materials and
methods section for more details concerning particular experimental groups of fish and the time-points at which the samples were collected. (A color version of this

figure is available in the online journal.)

in the fish treated with MIM-1.0 (Supplementary Figure 3).
Likewise, no distinct differences were found in plasma
levels of these both miRNAs (MiR92b-3p and MiR122-5p)
between the control groups, i.e. PBS-injected fish after 24
h and IVF-injected fish after 48 h of the treatment
(Supplementary Figure 3).

Then, we screened the MiR92b-3p levels in several
whitefish tissues (Figure 1). At 24 h of treatment, the level
of the miRNA in the liver was notably higher in fish that
had been injected with the mimic (either MIM-1.0 or MIM-
AF) than in those injected with PBS, and the levels of
MiR92b-3p remained higher in this organ after 48 h. With
the exception of MiR92b-3p in the brain, levels of this
miRNA in other tissues were also markedly elevated
during 48 h of the treatment, with the highest levels in
the spleen (>700-fold). MiR92b-3p level found after 48
h in the examined organs, except the brain of fish exposed
for 48 h to the mimic at a dose of 0.3 mg-kg ' (MIM-0.3) was
noticeably lower than in these tissues of fish that had been
injected with the mimic at the higher dose (i.e. MIM-1.0).
Interestingly, the estimated level of MiR92b-3p in the heart
was lower in the MIM-0.3 fish than in control fish (IVF), but

we cannot rule out the possibility that this difference is due
to random variation between fishes. Further studies would
help to improve the precision of this estimate.

After detecting differences in the MiR92b-3p levels in
tissues after mimic treatment, we looked further at the
localization of the miRNA agent in cells by injecting fish
with a synthetic 3'-labeled (Alexa Fluor 555) MiR92b-3p
mimic. In the liver, 24 h after injection, the orange fluo-
rescence was found around the sinusoids as well as in
cytoplasm and nuclei of parenchymal cells (Figure 2(a)
to (d)). The fluorescent material formed a continuous
layer on the sinusoidal domain of hepatocytes. The
thickness of this layer and intensity of its fluorescence
differed between sinusoids, and in some sinusoids it
was lacking. In the vast majority of hepatocytes, flores-
cence was observed in a form of round, small spots,
located mainly in the cytoplasm of the bile domains of
hepatocytes. Sporadically, cells with intensively fluores-
cent, round nuclei were found. They were usually situ-
ated between hepatocytes with non-fluorescent nuclei
and polygonal or elongated in shape. Their cytoplasm
showed variable fluorescence, from the background level
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Figure 2. Localization of fluorescent material in the liver (a, b, ¢, d) and spleen () of fish 24 h after peritoneal injection of MiR92b-3p mimic 3'-labeled with Alexa Fluor
555 at a dose of 1 mg-kg™~"' body weight (MIM-AF). (a) Fluorescence around the liver sinusoids (arrows) and in hepatocyte cytoplasm (arrow heads). (b) Round,
fluorescent structures (arrow heads) located in cytoplasm of the bile domains of hepatocytes. (c, d) Cells with intensively fluorescent, round nuclei (arrows) situated
between hepatocytes with non-fluorescent nuclei. (e) Fluorescence around the large blood vessels (arrows) and in the processes of intestinal cells in the red pulp

(arrow heads).

to moderately intensive. In the spleen, the fluorescence
was much more intensive than in the liver. It was
observed around the large blood vessels located in the
red pulp and in the long, fine cell processes situated in
the splenic cords (Figure 2(e)). No fluorescence was

observed in the brain, including the cerebrum and cer-
ebellum, neither the fluorescent material was detected in
the heart muscle. Together, these results indicate that
MiR92b-3p mimic was effectively delivered into the
liver and the spleen of the injected fish.



Mimic effects

MiR92b-3p mimic may reduce mRNA expression of its
potential target genes. To check if the MiR92b-3p mimic
achieved functionality, we measured mRNA expression
levels of its putative target genes in whitefish: p53 tumor
suppressor, its downstream effector, cdknla, and prolifer-
ating cell nuclear antigen, pcna (Figure 3). After 24 h of the
treatment, no significant differences were found in mRNA
expression of the target genes between the control fish
(PBS) and those injected with MiR92b-3p mimic (MIM-1.0
and MIM-AF; P > 0.05). However, although small number
of fish hindered determination of statistically significant
differences, the mRNA expression of the target genes
was approximately 50% lower 48 h after treatment, which
suggests that MiR92b-3p may be involved in negative reg-
ulation of their expression.

MiR92b-3p mimic altered mRNA expression profile in
the liver. To investigate the possibility that applying a
transfection reagent we used to deliver MiR92b-3p mimic
into the liver —in addition to the mimic alone —might alter
a cell transcriptome of the organ, we performed a transcrip-
tomic study on six liver samples, from the control (PBS),
carrier (IVF) and the treated (MIM-1.0) whitefish. Indeed,
48 h after treatment with the mimic, a total of 2637 genes
were differentially expressed (DEGs) in the liver (P < 0.01;
Figure 4). While the three groups examined shared similar-
ities in gene expression, they also differed in the numbers
and composition of unique DEGs in pairwise comparisons,
at cutoff value of P <0.01. There were 355, 468, and 1046
unique mRNA transcripts in the IVF_MIM-1.0, IVF_PBS,
and PBS_MIM-1.0 groups, respectively (Figure 4). In each
pairwise comparison, more genes were down-regulated
than up-regulated (Figure 4). These results suggested that
following administration of the IVF as a carrier, some off-
target effects, not related to the mimic activity may
have occurred.
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Potential role of differentially expressed mRNAs.

To better characterize the individual effects of the
MiR92b-3p mimic, we further pooled control PBS and
IVF samples and re-analyzed against the MIM-1.0
group for DEG discovery. The analysis revealed that of
the 772 found differentially expressed between mimic
and pooled control samples at a P <0.01, a total of 673
genes belonged to functional panels related to: cellular
processes and signaling (312), information storage and
processing (143), and metabolism (131), whereas 87
encoded poorly characterized proteins. Unsupervised hier-
archical clustering segregated pooled control (PBS+IVF)
and mimic samples based on treatment assignment
and expression difference at P <0.001 (Supplementary
Table 3), suggesting a common transcriptional consequence
in response to MiR92b-3p transfection (Figure 5(a)). We
found that among aberrantly expressed genes were those
involved in, for example, pathways for carbohydrate
metabolism  (down-regulated phosphoglucomutase 1;

IVF vs. MIM-1.0
up = 318
down = 407

IVF vs. PBS
up =481
down =570

PBS vs. MIM-1.0

Figure 4. Venn diagram illustrating the relationship between sets of differentially
down- or up-regulated genes in the study. There were 355, 468, and 1046 unique
mRNA transcripts in the IVF vs. MIM-1.0, IVF vs. PBS, and PBS vs. MIM-1.0
comparisons, respectively. (A color version of this figure is available in the
online journal.)
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Figure 3. mRNA expression of (a) p53, (b) cdkni1a, and (c) pcna in the liver of whitefish after 24 and 48 h of exposure to the MiR92b-3p mimic at a dose of 1 mg~kg’1
body weight (MIM-1.0 and/or MIM-AF). Data were normalized to rpl19 as an endogenous reference, relative to PBS (at 24 h) or to IVF (at 48 h) as control groups. Points
indicate individual biological replicates in each variant, whereas horizontal lines denote means. Differences between the two experimental groups (PBS vs. MIM-
1.0+MIM-AF) were assessed using a two-tailed Welch’s t-test. (A color version of this figure is available in the online journal.)
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Figure 5. Differentially expressed genes in liver cells transfected with MiR92b-3p mimic at a dose of 1 mg-kg~" body weight (MIM-1.0) and a pooled control of fish
injected with phosphate saline (PBS) and fish injected with Invivofectamine vehicle (IVF). (a) Heat map of 63 differentially expressed genes based on unadjusted t-test
P-values (P < 0.001), providing an overall picture of the impact of MiR92b-3p mimic injection on the liver cell transcriptome. (b) Changes in the cdo1 gene expression
(Log fold change) assessed in liver using an RNA-Seq method (left panel) and gPCR (right panel) in pooled control (blue circles and diamonds) and mimic treated

whitefish (red squares). Horizontal lines in the panels indicate mean values of expression (n = 4, 2) in control and mimic-treated groups, respectively, and normalized by

rpl19. (A color version of this figure is available in the online journal.)

pgm1l), glycogenesis (up-regulated glycogen synthase; glga),
pentose phosphate (up-regulated aldehyde oxidoreductase;
mop), or transmembrane sugar transport (elevated sugar
transport protein; stp3, Figure 5(a)). These perturbations
did not prompt global, specific silencing but instead pro-
duced significant changes in a finite number of genes that
occurred 48 h after transfection of the mimic.

To further confirm the RNA-Seq data, we selected one
gene and designed a qPCR study that re-analyzed the level
of whitefish cysteine dioxygenase 1 mRNA, cdol (the
mRNA sequence has been annotated in GenBank under
the No. MHS818218), the expression of which was the
most significantly reduced after transfection with the
MiR92b-3p agent (P=7.11 x10"7; Supplementary Table
3). The CDO1 gene has been previously linked with the
production of sulfate and taurine and intracellular redox
regulation in mammals?? and our data, both RNA-Seq and
qPCR, confirmed significant reduction of its expression 48
h after treatment with the miRNA agent (Figure 5(b)).

To globally analyze the biological significance of the dif-
ferentially abundant mRNAs potentially involved in regu-
latory pathways, we performed an enrichment analysis. As
shown in Figure 6, after 48 h of the MiR92b-3p transfection,
the most frequent terms were “DNA-templated,”
“transcription,” “regulation” suggesting perturbations in
biological processes of transcription regulation, and
“membrane,” “cytoplasm” which may indicate main cellu-
lar components involved. The Gene Ontology analysis
revealed also that aberrant molecular functions inferred
from transcript levels in control and treated samples
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Figure 6. Graphical representation of the 20 most frequent Gene Ontology
terms in each of three categories: (a) biological process, (b) cellular component,
and (c) molecular function. This graph was generated using TagCloud software
(https://www.wordclouds.com). (A color version of this figure is available in the
online journal.)
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primarily enriched terms “binding”,
(Figure 6).

ion,” and “metal”

The treatment did not cause any distinct toxic effects in
short-term. In vivo transfection with synthetic oligonu-
cleotides may result in non-specific or even toxic
effects in the challenged animals (e.g. Straarup et al.>).
In order to monitor for these potential effects of the
treatment with MiR92b-3p mimic, we first performed
histological and ultrastructural analysis of the liver.
The liver parenchyma in control fish (PBS) was formed
by anastomosing tubules of hepatocytes, separated from
each other by sinusoids. Hepatocytes were cubic or
polygonal in shape and contained wusually single,
euchromatin-rich nucleus with prominent nucleolus
and irregularly distributed spots of heterochromatin.
The cytoplasm was unevenly stained with H&E
method and comprised both acidophilic and basophilic
areas. Vacuoles or lipid droplets were sparse. No differ-
ences were observed in histological structure of the liver
between this control group and other groups of fish
(Supplementary Figure 4).

No distinct differences were also found in the hepato-
cytes’ ultrastructure between the control groups and the
treatment groups (Supplementary Figures 5 and 6). In all
studied fish, hepatocyte nuclei were round or oval in shape
and did not form deep invaginations of the nuclear enve-
lope. The plasma membrane covering the sinusoidal
domain formed very long microvilli, filling the perivas-
cular space. The cytoplasm of the sinusoidal domain con-
tained long, parallel oriented cisterns of granular
endoplasmic reticulum and numerous glycogen particles
forming accumulations of variable size. Dense or myeloid
bodies were observed close to or inside the glycogen
accumulations. The smooth endoplasmic reticulum, dic-
tyosomes of the Golgi apparatus, lysosomes and small
accumulations of glycogen particles were located on the
bile domain. The cytoplasm around the bile canaliculi
contained many vesicles with variable size and content.
Mitochondria with electron dense matrix and prominent
cristae, frequently elongated were randomly dispersed in
hepatocyte cytoplasm. The lipid droplets were usual-
ly sparse.

Finally, to support the histological and ultrastructural
analyses, the fishes’ blood collected after 48 h of the
treatment was examined for selected hematological
and biochemical markers (Supplementary Table 4).
Except of the glucose (GLU) level, which was
decreased in the IVF, MIM-0.3 and MIM-1.0 groups in
comparison to fish injected PBS, there were no apparent
differences in the examined hematological and biochem-
ical indices.

To summarize the above results, histopathological and
ultrastructural analyses did not show any major changes
in the livers of the exposed fish, and the experimental
groups did not differ in terms of hematological and bio-
chemical measurements of the fishes” blood, confirming
that the fishes did not exhibit any discernible toxic effects
of the treatment.

Brzuzan et al. Synthetic MiR92b-3p delivery in whitefish 61

Discussion

An essential step in miRNA-mediated therapeutics is the
delivery of synthetic snippets of RNA to the right cells, to
silence or replace miRNAs. In order to reach their site of
action, the cytosol, synthetic miRNA need to overcome a
number of barriers that stand in their way.*** Here, we con-
firmed that after intraperitoneal injection, miRNA mimic
entered the blood circulation of the fish and was distributed
to the organs. In the organs, the traveling synthetic miRNA
extravasated from the blood vessels and was associated with
target cells, most likely through the process involving the
passage of the miRNA agent to the intersticium, overcoming
the endothelial barrier, followed by uptake by endocytotic
mechanisms.* It is known that the endothelial barrier deter-
mines distribution into organs,27 and our results are consis-
tent with this finding. The liver, as well as the lymphoid
tissue and hematopoietic organs, contain sinusoidal, discon-
tinuous capillaries. These capillaries lack a diaphragm over
the pore, and are therefore more permeable, allowing the
exchange of macromolecules.” Thus, miRNA delivery sys-
tems may work better with the liver and the spleen than with
the brain and heart. Our findings support the view that in
addition to intravenous injections commonly used in studies
on mammals, the injection of a synthetic mimic into the peri-
toneal cavity of fish is a good alternative method for intro-
ducing these substances to the blood stream in these animals.
The development of miRNA replacement strategies for
achieving knockdown is based upon the disease suppressive
activity of some of the known miRNAs. Some of miRNA
replacement for achieving knockdown in fish conducted so
far, have shown that delivering synthetic miRNAs is also an
attractive tool for exploring gene functions in various bio-
logical and immunological processes by elucidating the roles
of particular miRNAs in the regulation of cellular path-
ways.”” MIR92b-3p, which confers pro-proliferative and
anti-apoptotic phenotypes, by interfering with various
tumor suppressor genes in mammals,*® has become an inter-
esting object of study in fish. We recently reported expres-
sion of MIR92b-3p to be substantially reduced in the liver of
a MC-LR challenged group of whitefish," and we suggested
that this miRNA reduction is linked to a yet unknown
molecular pathway leading to regeneration of the damaged
liver structure.'” If MiR92b-3p contributed to this process, it
is possible that MiR92b-3p synthetic agent, delivered to liver
cells, could potentially result in down-regulation of genes
that control cell proliferation during regeneration of the
MC-LR-damaged liver. Here, we explored this possibility
by studying the molecular effects induced by MiR92b-3p
mimics on both individual genes and global transcriptional
pathways in the liver of healthy fish. We predicted that p53,
cdknla, and pcna expression would be reduced after the
MiR92b-3p mimic transfection, because in previous works,
transcript levels of the three genes were found up-regulated
in whitefish liver after MC-LR exposure.'**?*?° What is
more, the preliminary screening of their 3'UTRs confirmed
the presence of MiR92b-3p response elements, suggesting
their functional relationships. Indeed, reduction of gene
expression, as shown in Figure 3, may further support the
idea that they constitute miRNA/mRNA regulatory pairs.
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The role of p53 and its downstream effector cdknla in
triggering responses in cells and organs challenged by vari-
ous stress stimuli (e.g. chemotherapeutics, ultraviolet or
y-irradiation, hepatectomy) has been supported by data
obtained from several in vitro and in vivo models.>'~** Our
results add to these previous studies by suggesting that
MiR92b-3p may be involved in the regulation of the cell sig-
naling processes. In mammals and birds, the transcriptional
activation and protein stability of cdknla are tightly con-
trolled by several distinct mechanisms,** and microRNAs
play a role in these processes.”® CDKN1A/P21Cipl is an
important effector that acts by inhibiting CDK activity in
p53-mediated cell cycle arrest in response to various
agen’cs.36 For example, when genotoxic events, such as
X-rays, evoke an increase in cellular p53 levels in mammals,
the levels of P21Cip1 protein subsequently increase.”” What
is more, CDKN1A protein is able to interact with proliferat-
ing cell nuclear antigen (PCNA),*® a processivity factor of
DNA polymerase, and thus it plays a role in the control the
Gl to S phase transition. Thus, the potential ability of
MiR92b-3p mimic to reduce expression in vivo of either
p53, cdknla, and/ or pcna may have important applications
in fish functional genomics experiments. The MiR92b-3p
mimic transfection may be, for instance, a useful tool in stud-
ies attempting to analyze signal transduction pathways after
treatment with genotoxic compounds, such as MC-LR, or in
assessing the genotoxicity of drug candidates.

After finding reduced expression of the putative target
genes, we were curious about whether in vivo transfection
of liver cells with MiR92b-3p mimic modulates expression
of other genes, and which molecular processes and cellular
components are engaged. KOG and GO analyses revealed
modulation of several pathways involved in the control of
cellular processes and signaling, information storage and
processing and metabolism. One of the most affected biolog-
ical processes was transcription regulation, which is consis-
tent with previous reports demonstrating that transfection of
small RNAs globally perturbs gene regulation.*” Similarly,
indication of involvement of pathways related to membranes
after mimic transfection is not surprising since it was dem-
onstrated that, to be active, the synthetic RNAi agent needs to
overcome the cell membrane barrier, then localize into an
endosomal vesicle and finally, escape from it to achieve func-
tionality.*” What is more, these dynamic processes of cellular
uptake and intracellular trafficking of miRNA agents are
strongly influenced by delivery vehicle.

The mimic injection into peritoneal cavity of fish could
have had effects on metabolic processes in liver cells, as
seen in aberrant molecular functions revealed by transcrip-
tion and gene ontology enrichment analysis. Notably, the
(metal, ion) binding activity was perturbed in MiR92b-3p
treated fish, as some of their important metabolic genes
were aberrantly modulated. Cysteine dioxygenase (CDO) in
mammals is expressed in liver, pancreas, kidney, lung, and
white and brown adipose tissues, allowing these tissues to
metabolize excess cysteine to sulfate and taurine. Because
elevated levels of cysteine have been shown to be both cyto-
toxic and neurotoxic, being reported in human individuals
with a variety of autoimmune and neurodegenerative dis-
eases,*! the reduced levels of cdol mRNA reported here

may indicate temporal perturbation of the cysteine homeo-
stasis in the liver of fish injected with miRNA agent. At the
moment it is unclear, whether the cdo 3'UTR is a functional
target for MiR92b-3p, or the treatment with the mimic pro-
duced unwanted off-target effect, i.e. unintended down-
regulation of cdol mRNAs through a partial sequence
seed match between the miRNA and target, or the effects
observed here are distinct and involve other regulatory cir-
cuits. Further studies, both reporter and functional ones, will
be required to confirm functionality of this putative regula-
tory miRNA/mRNA pair. By proving this, the role of
MIR92b-3p would be expanded beyond conferring pro-
proliferative and anti-apoptotic phenotypes,® to include
one of intracellular metabolism regulation.

In conclusion, in this report we provide the first data on
synthetic miRNA delivery, cellular uptake, and gene knock-
down efficiency for MiR92b-3p, a microRNA potentially
involved in microcystin-LR-induced liver injury in fish.
Our results indicate that the MiR92b-3p mimic was effective-
ly delivered to the spleen and the liver of the injected fish (it
was localized in the cells as small vesicles) and likely
achieved functionality. Furthermore, we showed that the
short-term treatment with the synthetic mimic did not
cause any distinct toxic effects in the challenged fish. Thus,
the described methodology of miRNA mimic delivery has
utility for the study of miRNA-dependent silencing mecha-
nisms during MILI and for the development of both miRNA
diagnostic markers and therapeutic targets in fish liver injury.
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