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Abstract

PIM kinases are a family of serine/threonine pgrotenases that potentiate the
progression of the cell cycle and inhibit apoptoBiscause of this, they are considered
to be proto-oncogenes, and they represent an stitegetarget for the development of
anticancer drugs. In mammals, three PIM kinasest éRIM-1, PIM-2 and PIM-3), and
different inhibitors have been developed to blobkirt activity. In addition to their
involvement in cancer, some publications have tepothat the PIM kinases have pro-
viral activity, and different mechanisms where FtMases favour viral infections have
been proposed. Zebrafish possess more than 30@iRase members in their genome,
and by using RNA-Seq analysis, we found a high remolb Pim kinase genes that were
significantly induced after infection with springraemia of carp virus (SVCV).
Moreover, analysis of the miRNAs modulated by thigction revealed that some of
them could be involved in the post-transcriptioregulation of Pim kinase abundance.
To elucidate the potential role of the 16 overegpeel Pim kinases in the infectivity of
SVCV, we used three different pan-PIM kinase irtoits (SGI-1776, INCB053914 and
AZD1208), and different experiments were condudteth in vitro andin vivo. We
observed that the PIM kinase inhibitors had a ptote effect against SVCV, indicating
that, similar to what is observed in mammals, PiNakes are beneficial for the virus in
zebrafish. Moreover, zebrafish Pim kinases seeffiadiitate viral entry into the host
cells because when ZF4 cells were pre-incubateld thi virus and then were treated
with the inhibitors, the protective effect of thehibitors was abrogated. Although more
investigation is necessary, these results showpnratPIM kinase inhibitors could serve

as a useful treatment for preventing the spreadralf diseases.

Keywords. zebrafish, SVCV, Pim kinases, pan-PIM kinase bitbrs, viral entry,

antiviral



46

47
48
49
50
51
52
53
54
55
56
57

58
59
60
61
62
63
64
65

66
67
68
69
70

71
72
73
74
75
76
77

I ntroduction

The proviral insertion site in Moloney murine leekaia virus (PIM) kinases are
a family of serine/threonine protein kinases inedlvin the regulation of different
cellular processes [1]. In mammals, three PIM lkena&mbers exist (PIM-1, PIM-2 and
PIM-3). They are considered proto-oncogenes du¢hédr ability to promote cell
survival and proliferation by inhibiting apoptosasd positively regulating cell cycle
progression, among other functions [1]. Becaus¢he$e functions, PIM kinases are
involved in tumourigenesis and represent an at#actarget for pharmacological
anticancer therapy [2]. PIM protein expressiomuuiced via the JAK/STAT signalling
pathway, which is activated by several cytokindgsrafytokine-receptor interaction [3].
Therefore, these kinases are induced after a yasfegmmune stimuli, indicating their

role in the immune response [4].

PIM kinases lack a regulatory domain [5]; therefateis thought that these
proteins are constitutively active when expressedells and, consequently, that their
activity is directly correlated with their trangation level [3]. Due to their involvement
in cancer progression, many efforts have been nadkevelop efficient PIM kinase
inhibitors. Most of them block the activity of d@liree PIM isoforms, so they serve as
pan-PIM kinase inhibitors [1]. Moreover, althoughly a few inhibitors have been
tested in human clinical trials, the inhibition af the PIM isoforms in murine models

revealed very modest side effects, maintaining ahinability and fertility [6].

PIM kinases have also been linked to the prograssiaertain viral pathogens.
A few publications reported that PIM kinase inhdmt ameliorated the resolution of a
variety of viral diseases, although this effect wasted exclusivelyn vitro, and the
mechanisms by which PIM kinases promote viral ogpion seem to be different [7-
11].

Whereas mammals possess three highly evolutionaohserved PIM kinase
isoforms, more than 300 Pim kinases have beeniiigehin zebrafish by computational
analysis [12]. The expansion of gene families exqfrent in teleost species [13, 14],
which sometimes makes the establishment of funatioequivalences between
mammalian and fish proteins difficult. Nevertheledsspite this great diversity of Pim
kinases in zebrafish, a high conservation of fuumally important residues has been

observed between human and zebrafish PIM kinaggds [1
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As a model species, the zebrafish is a very usefidnism to study a multitude
of biological processes, including infectious dsEsa[15]. Among viruses, one of the
most commonly used to challenge zebrafish is thegpiraemia of carp virus (SVCV)
[16]. SVCV is an enveloped, bullet-shaped, negasmese, single-stranded RNA virus
belonging to the Rhabdoviridae family [17]. Thigniity also includes other viruses
causing relevant economic losses in the fish aduaeuindustry [18-20]. Moreover,
humans and mammals are also affected by rhabdegirgsich as the rabies virus and
the vesicular stomatitis virus [17]. Therefore, adees in the knowledge of the antiviral
immune response in zebrafish could help to gaieteebunderstanding of the defence

mechanisms against rhabdoviruses or viruses inrgkeineother species.

High-throughput sequencing technologies have emeagea powerful tool to
thoroughly analyse the transcriptome response $pegific stimulus or condition. In
this work, we conducted RNA-Seq analysis of kideagnples from SVSV-infected and
uninfected zebrafish to evaluate the gene modulat{mRNA changes) induced after
infection. The differential expression analysiswen infected and control individuals
showed that in addition to a multitude of immunkxted genes, a broad spectrum of
Pim kinases is induced after SVSV challenge. Adddily, the microRNA (miRNA)
profile was also obtained. We found that at least dlifferent miRNAs affected by the
infection have Pim kinase mRNA as a potential tanggvealing that the level of these
kinases could be regulated by miRNAs after viradllemge. To better understand the
involvement of Pim kinases in SVCV progression, tested three different pan-Pim
kinase inhibitors botlin vivo andin vitro. Our results clearly showed that blocking Pim
kinase activity reduces SVCV entry into the celtsl a&onsequently ameliorates the

survival of infected zebrafish larvae.

Material and methods
Animals, virus and cell lines

Six-month-old wild-type zebrafish were obtained nirathe facilities at the
Instituto de Investigaciones Marinas (Vigo, Spawhere zebrafish are maintained
following established protocols [21-22]. Zebrafislere euthanized using a tricaine

methanesulfonate (MS-222) overdose (500 mg/l). Eale and challenge experiments
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were conducted according to the guidelines of tf®GCNational Committee on
Bioethics under approval number ES36057020200116A/PAT.05/tipoE/BNG.
Wild-type zebrafish larvae were also obtained mmshme facilities.

SVCV isolate 56/70 was propagated in epitheliompup@sum cyprini (EPC)
carp cells (ATCC CRL-2872) that were maintainedieM (Gibco) supplemented with
2 % FBS (Gibco) and 1 % penicillin/streptomycinwmn (Gibco), and the cells were
titrated in 96-well plates. The TCipml was calculated according to the Reed and
Muench method [23].

For in vitro assays, the zebrafish fibroblastic cell line ZBACC CRL-2050)
was maintained in DMEM (Gibco) supplemented withat@ % FBS (Gibco) and 1 %

penicillin/streptomycin solution (Gibco), and thells were kept at 27°C.
Experimental design and samples for sequencing

Twelve adult zebrafish were injected intraperitdiye@p.) with 20 pl of SVCV
(3 x 1 TCIDsy/ml), and as a control group, the same numberstif fiere inoculated
with an equivalent volume of MEM + 2 % FBS + peliiicistreptomycin. That viral
concentration was previously tested and resulteddarvival rate of 20 % [24]. Kidney
samples were collected at 24 h post-infection (lgnyl the same quantity of tissue from
4 animals was pooled, obtaining 3 biological regiks (4 fish/replicate) per condition.

Samples were stored at -80°C until RNA extraction.
High-throughput transcriptome sequencing (mMRNA and miRNA)

Total RNA from the different samples was extraasthg a Maxwell 16 LEV
simplyRNA Tissue kit (Promega) with an automatedxiell 16 Instrument in
accordance with the instructions provided by thenuf@cturer. The quantity of RNA
was measured in a NanoDrop ND-1000 (NanoDrop Tdogres, Inc.), and RNA
integrity was analysed in an Agilent 2100 BioanalyZAgilent Technologies Inc.,
Santa Clara, CA, USA) according to the manufactsingistructions. All the samples

passed the quality control tests and were usellldarnina library preparation.

For mRNA sequencing, double-stranded cDNA libraviese constructed using
the TruSeq RNA Sample Preparation Kit v2 (lllumirggan Diego, CA, USA), and
sequencing was performed using lllumina HiSeq 4@@0nology.For miRNA-Seq, a
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TruSeq small RNA Library Preparation Kit (lllumin&an Diego, CA, USA) was used,
and sequencing was conducted with HiSeq 2500 téogynoBoth types of sequencing
were conducted by Macrogen Inc. (Seoul, Republi€¢mta).

The read sequences obtained with both methodologezs deposited in the
Sequence Read Archive (SRA) (http://www.ncbi.nlin.gov/sra) under the BioProject
accession number PRINA532380.

Trimming, mapping, RNA-Seq and differential expression analysis of mMRNAs

CLC Genomics Workbench, v. 11.0.2 (CLC Bio, Aarhbsnmark) was used to
filter and trim reads, map the high-quality readaiast the last version of the zebrafish
genome (GRCz11) and perform the RNA-Seq statis@eallyses. Raw reads were
trimmed to remove adaptor sequences and low-qualggts (quality score limit 0.Gn
the Phred scale). RNA-Seq analyses were perforraegd) the zebrafish genome with
the following parameters: length fractie®.8, similarity fraction=0.8, mismatch cost
= 2, insertion cost = 3 and deletion cost = 3. Expression values were set as
transcripts per million (TPM). Finally, a differealt expression analysis test was used to
compare gene expression levels and to identifewdfitially expressed genes (DEGS).
Transcripts with absolute fold change (FC) valu&sand p-values < 0.05 were retained
for further analyses. A heat map showing hieraalhatustering of gene expression
(TPM values) was constructed using the completkatie method with Euclidean

distance.
Gene Ontology (GO) enrichment, KEGG pathways and domain analyses

For the up- and downregulated DEGs between SV@&tiad and uninfected
zebrafish, we conducted GO enrichment analysis iofofical processes, KEGG
pathway analysis and domain enrichment using DA\W&ftware [25, 26]. The
significance level was set at 0.05 £p.05) in all cases. For domain enrichment, the
Protein Information Resource (PIR) database [274 wsed. The representation of the

different categories was based on the fold-enrigtimalue.
Sequence alignment and identity/similarity matrix

Protein sequences for the Pim kinase genes medulafter infection were

obtained from the zebrafish genome via Ensembl
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(http://www.ensembl.org/Danio_rerio/Info/Index) [28he region corresponding to the
Pim kinase domain was selected, and alignment waducted using the ClustalWw
server [29]. Sequence similarity and identity ssonere calculated with the software
MatGAT [30] using the BLOSUM®62 matrix.

Analysis of the zebrafish miRNome and target prediction

mMiRNAs are small non-coding RNAs that are evoluidly conserved, and they
regulate gene expression at the post-transcrigtlesal by interacting with the 3'UTR
of MRNAs and recruiting molecular machinery thagraeles the target mRNAs [31,
32]. Therefore, miRNAs could serve as key mechasisipost-transcriptional gene

silencing.

The CLC Genomics Workbench, v. 11.0.2 (CLC Bio, lAm, Denmark) was
also used for small RNA analysis. The raw readsve¢so filtered (quality score limit
0.05 on the Phred scale) and trimmed to deletetadapquences. High-quality reads
with lengths ranging from 15 to 30 nucleotides wetained as small RNAs. RNA-Seq
analyses were conducted using the zebrafish mahiRNAs database downloaded
from the miRBase 22.1 (http://www.mirbase.org/cgidmirna_summary.pl?org=dre)
[33] as reference sequences. For the analysis,fath@ving settings were used:
mismatches 2, length fractiors 0.6, similarity fraction=0.5. The expression values
were set as transcripts per million (TPM). Finalydifferential expression analysis test
was used to compare gene expression levels. ThaRBIAs with an FC > 2 were
selected for further analyses (statistical restnictvas not applied due to the presence

of only one biological replicate per condition).

Based on the probability of interaction betweea thfferent mature miRNAs
and the 3'UTR of the zebrafish genes, the prediatibthe potential gene targets for the
differentially expressed miRNAs was conducted uslaggetScanFish v6.2 [34] and
mirMAP [35]. For the TargetScanFish, those potértaagets with a total context+
score < -0.3 were considered, and for the mirMAi®sé with a mirMAP score > 90

were considered.
Quantitative PCR (gPCR) validation of RNA-Seq and miRNA data

For DEG validation, cDNA synthesis of the samplessvperformed with an
NZY First-Strand cDNA Synthesis kit (NZYTech) usid g of total RNAA total of

7
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4 genes were used to validate the RNA-Seq resBlecific qPCR primers were
designed using Primer 3 software [36], and theipldroation efficiency was calculated
with the threshold cycle (CT) slope method [37]int&r sequences are listed in
Supplementary Table S1. Individual qPCR reactioasevearried out in a 25 pl reaction
volume that contained 12.5 pl of SYBR GREEN PCR télasMix (Applied
Biosystems), 10.5 ul of ultrapure water, 0.5 péath specific primer (10 uM) and 1 pl
of two-fold diluted cDNA template; reactions wererfprmed in MicroAmp optical 96-
well reaction plates (Applied Biosystems). Readiavere conducted using technical
triplicates in a 7300 Real-Time PCR System thermlaryApplied Biosystems). gPCR
conditions consisted of an initial denaturatiorpst@5°C, 10 min), which was followed
by 40 cycles of a denaturation step (95°C, 15 d) @re hybridization-elongation step
(60°C, 1 min). The relative expression levels o thifferent genes were normalized
following the Pfaffl method [37]18s ribosomal RNA (18s) was used as a reference
gene. Fold-change units were calculated by dividivgnormalized expression values
in SVCV-infected zebrafish by the normalized expres values of the controls.

For miRNA validation, RNA samples (0.25 pg) weesearse transcribed with a
miScript Il RT kit (Qiagen). Primers for 4 miRNAseve purchased based on the exact
sequence of the zebrafish mature miRNA depositadermirBASE [33]. We selected
the U6 snRNA (5-ATGACACGCAAATCCGTGAAG-3’) as a refence sequence for
normalization. gPCR reactions were conducted withi&cript SYBR Green PCR Kit
(Qiagen) following the manufacturer's recommendatioReactions were conducted
using technical triplicates in a 7300 Real-Time PSistem thermocycler (Applied
Biosystems). gPCR conditions consisted of an indénaturation step (95°C, 15 min),
which wasfollowed by 40 cycles of denaturation (94°C, 15a)nealing (55°C, 30 s)
and extension (70°C, 34 s). Fold-change units waakulated by dividing the
normalized expression values in SVCV-infected zigtinadby the normalized expression

values of the controls.
Pimr106 expression after SYCV or Poly |:C challenge

Adult (9 month) zebrafish were i.p. injected with dl of an SVCV suspension
(3 x 1¢ TCIDs¢gml), and the corresponding controls were injectdth the same
volume of culture medium (MEM + 2 % FBS + penicilbtreptomycin). The same

experiment was conducted using polyinosinic:polglyic acid (Poly I:C) (1 mg/ml in
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PBS; Sigma—P1530), and the corresponding contrete \wmjected with PBS. Both the
SVCV and Poly I:C concentrations were previouslgted for the induction of a
significant immune response [38,39]. To analyse ithduction of thepim proto-
oncogene, serine/threonine kinase, related 106 (pimrl06) gene by qPCR, kidney
samples were taken from anaesthetized fish at &h)d624 h post-stimulation, and 4
biological replicates (4 fish/replicate) per timeiqt were obtained. Additionally, the
expression of two pivotal genes involved in theetypnterferon response was analysed
in the Poly I:C-stimulated fish and the correspogdtontrols to confirm the activation
of the typical antiviral responsénterferon phi 1 (ifnphil) and interferon-stimulated
gene 15 (isgl5). The primers used for germenplification are listed in Supplementary
Table S1.

Pan-PIM kinase inhibitors

PIM kinase inhibitors used in this work were SI3IF6 (Calbiochem; Ref.
526528), INCB053914 (Selleckchem; Ref. S8800) ad® 2208 (Sigma-Aldrich; Ref.
SML2595). The compounds were resuspended in DMSO.

Methylthiazolyl diphenyl-tetrazolium bromide (MTT) assay in ZF4 cells

Based on the literature [40-42], we selecteddiewing concentrations of PIM
kinase inhibitors to conduct the functional ass&pM SGI-1776, 2 uM INCB053914
and 10 uM AZD1208. ZF4 cells were seeded in 96-plalles and treated for 24 h with
these concentrations of inhibitors; as a controidaion, cells were treated with the
vehicle alone (0.002 % DMSO). A total of 12 welky preatment were included. To test
cell viability, an MTT assay was conducted with gbvant MTT Cell Proliferation
Assay Kit (Life Technologies). Briefly, the cell aiem was replaced with 100 ul of
fresh medium, and then 10 pl of MTT stock solut{®@ mM) was added to each well
and incubated for 4 h. After this period, a 25 plume was removed from each well,
and 50 pL of DMSO was added. After 10 min, the diisoce was measured at 540 nm

with a spectrophotometer microplate reader (IEMgtlee MF; Labsystems).
Effect of PIM kinase inhibitors on the expression of cell cycle-related genes

ZF4 cells were seeded in 24-well plates, and enmtixt day, they were treated
for 24 h with the pan-PIM kinase inhibitors SGI-67( uM), INCB053914 (2 uM),
AZD1208 (10 uM) or vehicle alone (0.002 % DMSO).tdloRNA was isolated (3

9
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biological replicates/treatment), and gPCRs weredaoted to detect the expression of
the cell cycle-related genesdllular tumour antigen p53 (tp53), cyclin-dependent kinase
inhibitor 1a (p21) ande3 ubiquitin-protein ligase mdm2 (mdm2). Moreover, we also
analysed whether the inhibition of Pim kinase atiss compensated for by higher
gene expression of these proteins. For this, wectspimrl06 as a prototypical gene.

The primer pairs used are listed in Supplementabld S1.
Treatment of ZF4 cells with pan-PIM kinase inhibitors and infection with SYCV

ZF4 cells were seeded in 96-well plates, and enniaxt day, the media was
removed and was replaced by new media (DMEM + 2B% F P/S) containing 5 uM
SGI-1776, 2 uM INCB053914, 10 uM AzZD1208 or 0.002vé&hicle (DMSO). These
concentrations were previously reported to inhibé activity of the PIM kinases in a
variety of cell lines [40-42]. After incubationrf@4 h at 27°C, new treatments were
added that contained seven 10-fold serial dilut@inSVCV (highest concentration: 3 x
10" TCIDsy/ml) for viral titration, which was performed inigificate according to the
Reed and Muench method [23Jon-infected controls were also included. This
experiment was conducted five times. In paralléknwll plates were also seeded with
ZF4 cells and treated with the different pan-PIMdse inhibitors or the vehicle alone.
After 24 h, new treatments were also added togetign the SVCV (3 x 10
TCIDs¢/ml). At 24 h post-infection (hpi), the media wasnoved, the cells were washed
with PBS, total RNA was isolated (4 biological reptes/treatment) and gPCR was
conducted to detect the SVCV N gene (the primeesl e listed in Supplementary
Table S1).

To elucidate if the pan-PIM kinase inhibitors abudffect viral entry, ZF4
seeded onto 96-well plates were infected with seM@ifold serial dilutions of SVCV
(highest concentration: 3 x A0 CIDsy/ml) in triplicate; after 5 h, the media was
removed, the wells were washed twice with PBS dmaah tcells were treated with the
pan-PIM inhibitors or the vehicle alone at the sasnacentrations mentioned above.
The viral titer for the different conditions wastiggated based on the visualization of
cytopathic effect (CPE) according to the Reed andemth method [23]. This
experiment was replicated three times. As in thevipus experiment, 24-well plates
were also seeded with ZF4, and in this case thewg iéected with the virus (3 x 10
TCIDs¢/ml) for 5 h, washed twice with PBS and thiegated with the different pan-PIM

10
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kinases. At 24 h post-infection (hpi), the mediasswamoved, the cells were washed
with PBS, total RNA was isolated (4 biological rieptes/treatment) and qPCR was
conducted to detect the SVCV N gene.

In vivo treatment of zebrafish larvae with pan-PIM kinase inhibitors

Zebrafish larvae (2 days post-fertilization—dpf)rev@laced in 6-well plates (10
larvae per well) in a volume of 6 ml. Larvae fronwells were pre-treated with SGI-
1776 (5 uM), INCB053914 (2 uM), AZD1208 (10 uM) weehicle alone (0.002 %
DMSO). After 24 h (3 dpf larvae), half of the laevtom each treatment were infected
via the duct of Cuvier with 2 nl of an SVCV suspens(5 x 14 TCIDsyml; 10 %
phenol red), and the other half were inoculatedh Wit same volume of PBS with 10 %
phenol red, as previously described [39]. For migettions, we used glass capillaries
coupled to a micromanipulator (MN-15Narishige, Japan) and a FemtoJet 4x
microinjector (Eppendorf, Germany). Mortality wassassed through 6 dpi using three
biological replicates comprised of 10 larvae eddiis experiment was replicated three
times. In parallel, samples were also taken a#ein 23 biological replicates, 4-5 larvae

replicate) to analyse the viral replication in ictied larvae by qPCR.

Satistical analyses

For gPCR experiments, the results are represegreguhically as the mean +
standard error of the biological replicates. Sigaifit differences were determined with
the computer software package IBM SPSS StatistRS wsing Student’s t-tests.
Kaplan-Meier survival curves were analysed with og-Rank (Mantel-Cox) test.
Significant differences are displayed as *** (0.209p < 0.001), ** (0.001 < p <0.01)
or * (0.01 < p <0.05).

Results
Sequencing and mapping information of the coding RNA

A summary of the reads per sample, trimming resatls mapping information
is included in Table 1. A total of 543.596.316 ioiti reads were obtained from the

different samples of zebrafish, with an averag@@®million per sample, and over 99 %

11
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of raw reads passed the quality control. From thieigh-quality reads, 97.28 %
successfully mapped to the zebrafish genome, witlaveerage value of 97.27 % per
sample. Therefore, only 2.72 % of the reads rendaumemapped, with an average value

of 2.73 % per sample.

Differentially modulated genes, GO enrichment, KEGG pathways and domain

enrichment analysis

When we analysed the expression of the differafirafish genes in those
individuals infected with SVCV compared to the uected fish, a total of 714 DEGs
were observed (Supplementary Table S2; Figure 1)ed& map representing the TPM
values of the DEGs across the different samplesvstiavell-differentiated clusters of
genes (Figure 1A) one of the clusters corresponadkdose genes overexpressed in the
control samples and another to those overexpressetécted fish. The three biological
replicates of each condition clustered togethergufé 1A), indicating a good
consistency of the results.

Whereas 343 DEGs were significantly upregulateerafiral infection, a total
of 371 were inhibited following the viral challeng8upplementary Table S2; Figure
1B). These RNA-Seq results were validated by gPC&R genes. The gPCR results for
the tested genes exhibited the same modulatioarpattat was observed in the RNA-
Seq data (Supplementary Table S3A).

For the genes that were downregulated after SVRfgction, GO biological
process enrichment showed a variety of terms, Hatge number were related to the
synthesis of corticosteroids, muscle contractiontftion, cytoskeleton organization
and calcium transport (Figure 2A). This was alsttected in the KEGG pathways
analysis (Figure 2B). Domain enrichment analysiswstd the “Kelch-like protein,
gigaxonin type” and “ATP-gated ion channel P2X4eqor” as the domain families

enriched for the downregulated genes (Figure 2C).

As expected, GO enrichment analysis of the upetgdlgenes revealed a high
representation of biological processes relatedrtmunity, especially to the antiviral
response (Figure 3A). These significantly enriclmhune terms were “response to the
virus”, “cell chemotaxis”, “neutrophil chemotaxis®defence response to virus”,

“negative regulation of apoptotic process”, ‘“inflamatory response”, “immune

12
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response” and “innate immune response”. This edelvegpresentation in immune terms
was also reflected in the KEGG pathways, wheréhallpathways significantly enriched
for the genes induced after SVCV were related o dhtiviral response: “Cytosolic
DNA-sensing pathway”, “NOD-like receptor signallifathway*, “Toll-like receptor
signalling pathway”, “Cytokine-cytokine receptortenaction”, “Jak-STAT signalling
pathway” and “Herpes simplex infection” (Figure 3B)terestingly, when the domain
enrichment analysis was conducted, only one dorfeamly was represented for the
overexpressed genes, and it corresponded to “Pratogene serine/threonine-protein
kinase Pim-1" (Figure 3C).

A variety of Pim kinases are induced after SYCV infection

Because the “Proto-oncogene serine/threoninejordéinase Pim-1" domain
was the only domain overrepresented among the gedesed after viral challenge, we
wanted to analyse in a more detailed way this fawfilproteins identified in our RNA-
Seq results. We found a total of 16 Pim kinaseeguydated in zebrafish kidneys 24 h
after SVCV challenge (Table 2). The fold-changeugalranged from 3.94 to 89.15. The

TPM values of the different replicates are représgim Figure 4.

To further understand the potential implicatiorttod 16 Pim kinases modulated
in response to the virus, we first analysed whethey effectively correspond to the
PIM kinase family. We searched the Pim kinase domand the characteristic
adenosine triphosphate (ATP)-binding site in altiigse sequences. We conducted an
alignment of the Pim kinase domain of these 16 Kmases, although the domain was
incomplete for some partial sequences due to gersmgeencing ambiguities (Figure
5A). In general, the Pim kinase domain was relétiveell conserved across the
different zebrafish Pim kinases induced upon SVQ@¥llenge. Indeed, the similarity
percentage was always above 40 % for the diffemhparisons (Figure 5B).

Therefore, we confirmed that these proteins comeded to the Pim kinase family.

Pimr106 is induced early after SYSV infection, and its increase is not mediated by viral

nucleic acids

We selected one of the most overexpressed Pimdgaar 106 (pimr106, FC
= 60), to analyse its expression pattern after|vohallenge. We analysed its

transcription in adult zebrafish infected with SV@Y stimulated with Poly I:C for 3, 6
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and 24 h. Poly I:.C, as a synthetic analogue ofl \deRNA, was also inoculated to
determine if viral nucleic acids affected the esgien of Pim kinases. The gene
pimrl06 was already overexpressed in SVCV-infected fisB bpi, and its expression
remained higher than the uninfected control undilipi (Figure 6). Poly I:C did not

induce significant differences in the expressiopiair106 at the tested sampling points
(Figure 6), although this compound significantlycreased the expression of the
antiviral genesifnphil and isgl5 (Supplementary Figure S1Rased on this, viral

nucleic acids do not seem to induce Pim kinasegglwiral infection.
miRNAs as potential modulators of Pim kinase expression

In addition to MRNA, we wanted to test the miRNAfde after infection. Due
to the presence of only one biological replicategse results should be carefully
considered. Nevertheless, we validated 4 diffenemRNAs in three independent
biological replicates, and a very comparable exgoespattern was observed between
the RNA-Seq and gPCR results (Supplementary TaBB).S-or the control zebrafish,
more than 27 million raw reads were obtained, &hd&% passed the filter parameters
(Table 3A). For the infected fish, we obtained mtran 25 million raw reads, and
82.46 % passed the filters (Table 3A). Because meotated our results using the
mature miRNA database of zebrafish, only 597 an@ &hds from the control and
infected samples, respectively, were successfullyotated to one of the 355 mature
MiRNAs (Table 3A).

We found 47 mature miRNAs modulated (FC >2) in kdney after SVCV
infection (Figure 7; Supplementary Table S4); 24 tbem were particularly
overexpressed, whereas 23 were downregulated. Byysaing the potential 3’
untranslated region (3’'UTR) targets of these miRN#s found that 5 of the modulated
mMiRNAs could interact with Pim kinases (Table 3Bjlthough only one of the
predicted targets corresponded to a significantbduhated Pim kinase, this opens the
door to further studies of whether zebrafish Pimake expression is regulated by
mMiRNAs.

Assay to determine ZF4 cell viability after treatment with pan-PIM kinase inhibitors

To confirm the non-cytotoxic effect of the concatiins of pan-PIM kinase

inhibitors used in this work, we conducted an MTSBay in ZF4 cells treated for 24 h
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with the three inhibitors. The tested concentratiseemed not to be cytotoxic to ZF4
cells, and even a slight increase in the formazeaipitation was observed for the cells
treated with the inhibitors compared to the contells (Supplementary Figure S2).

Therefore, the inhibitors were not cytotoxic to Ztells at the tested concentrations.

PIM kinase inhibitors do not alter the expression of pimr106, but they do affect the

expression of genes related to the cell cycle

We analysed whether the use of pan-PIM kinasebitung could affect the
expression of zebrafish Pim kinases. When we aedlylse expression qiimrl106 in
ZF4 cells treated with the inhibitors for 24 h, did not observe significant differences
in the expression of this gene (Supplementary Eigi8). This could indicate that the
use of the inhibitors is not compensated for byaased transcription of the Pim kinase

genes.

Due to the involvement of PIM kinases in the pregren of the cell cycle, we
wanted to confirm the alteration of this process ggn-PIM kinase inhibitors in
zebrafish cells. To do this, we analysed the exmwasof three genes directly involved
in the cell cycle; two of them act as tumour suppoes {p53 andp21), and another one
has oncogenic activitymdm?), similar to that of the PIM kinases. Independeht
whether their impact on the cell cycle is positme negative, the three genes were
inhibited by the three pan-PIM kinase inhibitorsiglementary Figure S4).

Pim kinase inhibition reduces the SVCV titer in ZF4 cells

We wanted to study the potential effect of the repee of zebrafish Pim kinases
in SVCV infection. For this, we conducted two ditfat assays in ZF4 cells. In one of
them, we pre-treated the cells with three pan-PIMase inhibitors (SGI-1776,
INCB053914 or AZD1208). Then, after 24 h, we inétthe cells with seven 10-fold
dilutions of SVCV in the presence of the inhibitorée observed a significant reduction
in the viral titer in the presence of the threeabitbrs, especially SGI-1776 (Figure 8A).
For this compound, the reduction was 3-log comp#wdtle untreated cells, whereas for
INCB053914 and AZD1208, the viral titer was redudsd2-log or more than 2-log,
respectively (Figure 8A). When the expression effhgene from SVCV was analysed
by gPCR at 24 h post-infection, a significant redurcin the viral nucleoprotein gene

levels was also observed following treatment wiitd three drugs (Figure 8B).

15



449
450
451
452
453

454

455
456
457
458
459
460
461
462
463
464
465
466
467

468

469

470
471
472
473
474

475
476
477
478
479

Interestingly, when the cells were infected wighial dilutions of SVCV for 5 h,
washed and then treated with the inhibitors, tréfferences in the viral titer almost
disappeared; differences were less than 1-loghe@retwas no difference (Figure 8C).
This was also confirmed by gPCR at 24 h post-indec{Figure 8D). Therefore, it

seems that Pim kinases mainly mediate SVCV entry.
Pan-PIM kinase inhibitors protect zebrafish larvae from SVCV infection

To better understand the implication of the Pimakes in the death caused by
SVCV, we pre-treated 2 dpf larvae with the PIM ldgeanhibitors for 24 h, and they
were infected by microinjection into the duct of @r and returned to the water
containing the different inhibitors. Kaplan-Meiarrgival curves showed that the three
drugs increased the survival of the larvae (Fig2#@. Whereas the untreated larvae
showed a 33.3 % survival, this percentage increes&®.4 % with SGI-1776, 55.6 %
with INCB053914 and 53.6 % with AZD1208. Althoughet differences in survival
were significantly different only between the cahtand SGI-1776 groups, as assessed
by a log-Rank (Mantel-Cox) test, if we analyse shevival at the end of the experiment
with a Student’s t-test, the three inhibitors siigaintly protected larvae from SVCV.
For the uninfected larvae, a mean survival of 9w&é achieved. gPCR analysis of the
SVCV N gene at 24 h post-challenge showed a saamfi reduction in the viral
detection in the groups treated with the threebindis (Figure 9B).

Discussion

SVCV is a Rhabdovirus predominantly affecting agjat fish, and it is a cause
of death and, consequently, economic losses iadqhaculture industry [43]. Moreover,
due to the high susceptibility of the model speaebrafishto this virus, the SVCV-
zebrafish interaction could be a useful tool foudsing antiviral mechanisms or
potential treatments for Rhabdovirus infecting maatan

Some previous publications reported the transamptof zebrafish in response
to SVCV. This is the case for the microarrays caneld for kidney samples [44-46] or
an RNA-Seq analysis of the brain and spleen [4@jvéler, these transcriptome studies
were mainly focused on the typical immune respoaséd on the effect of certain

mutations or immunostimulants in the response taC®VSome publications also
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reported the modulation of non-coding RNAs afterC3V/challenge, as seen in long
non-coding RNAs (IncRNASs) [24] or the miRNA profilevhich was analysenh vitro
using the carp cell line EPC [48].

In this work, we conducted RNA-Seq analysis of kigrsamples from adult
zebrafish infected or not infected with SVCV for B4 Both the mRNA and miRNA
profiles were analysed. A total of 714 DEGs wergnsicantly modulated (343
upregulated and 371 downregulated) following thefeation. Whereas the
downregulated genes were mainly involved in thettsgis of steroid hormones and
muscle and cytoskeleton organization, the genesrerpeessed following virus
treatment were directly related to the antiviralmome response. Interestingly, GO
terms related to the negative regulation of apaptasre also enriched, and these were
mainly conformed by several Pim kinase proteins.mentioned in the introduction,
PIM kinases are inhibitors of apoptosis and areitipesregulators of cell cycle
progression [1]. Moreover, the Pim kinase domairs Wee only domain significantly
enriched in the upregulated genes. In additionr folRNAs affected by the SVCV
challenge are potential modulators of different rhem of the PIM kinase family.
Although further functional studies would help ws determine if the interaction of
these miRNAs and the 3'UTR of certain zebrafish Rimases exist, this observation

could shed some light on the mechanisms reguléti@gnRNA levels of PIM kinases.

The involvement of PIM kinases in the context afaviinfections has hardly
been studied. To the best of our knowledge, orfigvapublications have investigated
the potential role of PIM kinases in the progressmf viral diseases. The first
publication reporting the pro-viral effect of PIMnlases was published by Rainio et al.
[7], and it was based on the role that PIM kingdaged in the ability of Epstein-Barr
virus to immortalize B-cells and predispose thermtdignant growth. PIM-1 and PIM-
3 also induce reactivation of a herpes virus, Képasarcoma herpesvirus (KSHV),
from its latency due to the phosphorylation of K8HV latency-associated nuclear
antigen (LANA) on specific serine residues [8]. &fthat, another study revealed that
the inhibition of PIM-1 reduced viral replication primary bronchial epithelial cells,
and this was attributed to enhanced apoptosis up@i infection, limiting viral
replication and spread [9]. In the same year, Rarkl. [10] found that the hepatitis C
virus (HCV) nonstructural 5A proteimteracts with PIM kinases and stabilizes them,

and PIM kinases regulate HCV entry via unknown naegdms without affecting the
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other steps of the HCV life cycle. Finally, it h&agen shown that PIM kinases
phosphorylate the human immunodeficiency virus (Hpvotein Vpx, which in turn

promotes the ubiquitin-mediated proteolysis of i&enlpha motif and histidine-

aspartate domain-containing protein 1 (SAMHD1),irdmbitor of the transcription of

several lentiviruses, including HIV [11]. Therefpiahibition of the PIM kinases by
treatment with the inhibitor AZD1208 allowed incsed SAMHD1 activity and, as a
consequence, decreased lentivirus replication [11].

Although the potential mode of action for PIM kieasin favouring viral
progression varies enormously among the differemligations, all of them reported a
beneficial effect of blocking the PIM kinases taluee viral progression. For that
reason, pan-PIM kinase inhibitors are promisinggdroot only for cancer therapy but
also as new treatments against certain viral irdast Many of these inhibitors are PIM
kinase ATP-competitive inhibitors. Because the Rimases induced in zebrafish
conserved the characteristic ATP-binding site a beginning of the PIM kinase
domain, we tested its effectiveness in zebrafidls.c&his is the first time that PIM
kinase inhibitors have been used in zebrafish. fouhe existence of more than 300
Pim kinases in this species, we first confirmedt tB&I1-1776, INCB053914 and
AZD1208 were not cytotoxic to ZF4 cells at the cemications used in this work, and
we showed that they were able to downregulate xipeession of three pivotal genes
involved in the cell cyclepb3, p21 and mdm2). The MDM2/p53/p21 axis is a core
pathway controlling the cell cycle [49], and itkeown that mammalian PIM kinases
interact with this axis [50-52]. Although PIM kires do not directly affect the
expression of these genes, modulations in their mR8&vels are indicative of
alterations in the cell cycle. Therefore, we casume that pan-PIM kinase inhibitors
effectively affect the functionality of zebrafislnfPkinases.

Based on the high number of Pim kinases inducedelrafish after SVCV
infection, we wanted to evaluate whether this fgrofl proteins in this model organism
is also involved in SVCV infectivity. We first test the effect of the pan-PIM kinase
inhibitorsin vitro using a zebrafish fibroblast cell line, ZF4. Whee cells were pre-
incubated for 24 h with the inhibitors and therected with SVCV in the presence of
the inhibitors, we observed a large reduction i ¥iral titer and viral replication in
these cells. The results showed a pro-viral eftédhe PIM kinases and an antiviral

activity of the pan-PIM kinase inhibitors. Inteliegly, when the cells were pre-
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incubated with the virus for 5 h and then treateth the inhibitors, these differences
were dramatically reduced and even abrogated, wkichnsistent with an effect of the
PIM kinases in the SVCV entry and is in agreemdmatwvas observed with HCV [10].

Due to the potential use of these inhibitors inpprdaxis and/or treatment of
viral infections, we also wanted to analyse thdieat in vivo using zebrafish larvae.
Larvae were pre-treated for 24 h with SGI-1776, B0G63914 or AZD1208 diluted in
the water, and then they were microinjected withC8Vand returned to the water
containing the inhibitors. These treated larvaewstb an increase in survival after
infection compared to the untreated and infectecaka Moreover, larvae treated with
the drugs showed significantly lower SVCV detectidts observed in thén vitro
experiments, SGI-1776 was the most protective gdh#nase inhibitor. Therefore,
although larvae were microinjected into the ducCaWier, these results could indicate
that PIM kinase inhibitors penetrate into the lanaad avoid the entry of the SVCV
into the host cells for efficient replication. Hoves, due to the effects that PIM kinases
can exert on mammalian immune cells, we cannotagutethe activation of additional
antiviral mechanisms in the whole organism. Newwddss, the activity of the PIM
kinases on immune cells was mainly investigated-lgmphocytes [53-55], which are

absent in zebrafish larvae [56].

The different bioactivity of the inhibitors obsedvbothin vitro andin vivo cold
be conditioned by the concentrations used, but laystine different inhibition constant
(Ki) values. The Ki is the concentration of an imtor that gives half maximal rate of
inhibition and therefore, it is an indicative ofagotent an inhibitor is. Indeed, pan-
PIM kinase inhibitors possess different Ki valuagiast the three PIM isoforms
described in mammals [57]. In zebrafish, this cdutdmuch more complex due to the

expansion of this gene family.

In conclusion, in this work, we conducted RNA-Sexplgsis of kidneys from
adult zebrafish that were i.p. infected or not wst¥iCV for 24 h. We observed a high
induction of typical antiviral immune genes (type imterferon-related genes,
chemokines, pro-inflammatory cytokines, etc.) Hoarewne of the observations that
drawn our attention was the high representatio®iof kinases overexpressed during
SVCV infection. In vitro and in vivo assays with three different pan-PIM kinase

inhibitors allowed us to corroborate previous oleagons with mammalian viruses [7,
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9-11], showing that Pim kinase activity is beneficfor SVCV. Moreover, in the
particular case of this virus, the zebrafish Pimakies seem to facilitate the entry of the
SVCV into the cells. For that reason, PIM kinadabrtors deserve certain attention due
to their antiviral effect, and their use could h&pcontrol the spread of different viral
diseases. However, future investigations will bedssl to test the potential pernicious

collateral effects of these drugs.
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Tables

Table 1. Summary of the mRNA Illumina sequencing, trimming and genome

mapping.

mRNA
Sample Raw reads | Reads after trim | Mapped to genome (%) | Unmapped (%)
WT C1 94,617,822 93,976,916 97.21 2.79
WT C2 91,411,306 90,745,708 97.41 2.59
WT C3 89,359,334 88,664,158 97.39 2.61
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WT-SVCV 1 90,571,676 90,011,432 97.17 2.83
WT-SVCV 2 95,483,786 94,975,756 97.60 2.40
WT-SVCV 3 82,152,392 81,664,334 96.84 3.16
Average value 90,599,386 90,006,384 97.27 2.73
Total value 543,596,316 540,038,304 97.28 2.72
773
774  Table 2. Summary of the Pim kinases significantly induced in zebrafish kidney at
775 24 h after SVCV infection.

ENSEMBL ID Gene Symbol Description FC | p-value
ENSDARGO00000055056 | si:ch73-129a22.11 3 | PREDICTED: Serine/threonine-protein kinase pim-1-like |89.15| 0.01192
ENSDARG00000094651 | pimr106 Pim proto-oncogene, serine/threonine kinase, related 106 | 60.36 | 0.019852
ENSDARG00000104164 | CABZ01028711.1 PREDICTED: Serine/threonine-protein kinase pim-3-like |34.95| 0.045781
ENSDARG00000100992 | pimr101_2 Pim proto-oncogene, serine/threonine kinase, related 101 | 17.56 | 0.005791
ENSDARG00000069851 | pimr152_8 Pim proto-oncogene, serine/threonine kinase, related 152 | 15.31 | 0.012636
ENSDARGO00000037246 | pimr212 Pim proto-oncogene, serine/threonine kinase, related 212 | 13.25| 0.012636
ENSDARGO00000070015 | pimr173 Pim proto-oncogene, serine/threonine kinase, related 173 | 10.23 | 0.031065
ENSDARG00000052677 | si:ch211-13899.2 PREDICTED: Serine/threonine-protein kinase pim-3-like |10.00 | 0.002023
ENSDARGO00000100216 | pimr117 Pim proto-oncogene, serine/threonine kinase, related 117 | 7.91| 0.017364
ENSDARG00000092339 | pimr61 Pim proto-oncogene, serine/threonine kinase, related 61 6.97 | 0.012071
ENSDARGO00000095386 | pimr179 Pim proto-oncogene, serine/threonine kinase, related 179 | 6.83 | 0.009817
ENSDARG00000103910 | pimr202_2 Pim proto-oncogene, serine/threonine kinase, related 202 | 5.94 | 0.036673
ENSDARG00000057265 | pimr52 Pim proto-oncogene, serine/threonine kinase, related 52 5.40| 0.022613
ENSDARG00000102396 | pimr66 Pim proto-oncogene, serine/threonine kinase, related 66 5.00| 0.006272
ENSDARG00000093631 | pimr20 Pim proto-oncogene, serine/threonine kinase, related 20 4.72 | 0.037309
ENSDARG00000098638 | pimr65 Pim proto-oncogene, serine/threonine kinase, related 65 3.94]0.011634

776
777  Table 3. Summary of the small RNA sequencing and miRNA annotation to the
778  mature miRNAs present in miRBase (A), and the representation of those miRNASs
779  that were modulated by the infection with SVCV and have a Pim kinase as a
780  potential target (B).
781
A miRNA
Total annotated Unique annotated
Sample Raw reads Reads after trim reads reads
WT-C 27,280,984 | 16,143,997 (59.18 %) 597 551
WT-SVCV 25,817,631 | 21,289,295 (82.46 %) 546 498
TargetScanFish
B miRNA Target score mirMAP score
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dre-miR-2188 | ENSDARGO00000059001 -0.50 94.77

dre-miR-199 ENSDARG00000059001 -0.65 -

dre-miR-210-5p | ENSDARG00000055129 - 95.94

dre-miR-124 ENSDARGO00000055129 - 90.99

dre-miR-181b | ENSDARGO00000070015 -0.54 98.59
782

783  FigurelLegends

784  Figure 1. Differentially expressed genes in zebrafish kidneys after infection with

785  SVCV (FC >2, p-value < 0.05). A) Heat map representing the expression level of those
786  genes differentially expressed and hierarchicabkteling of the different samples
787  constructed based on TPM values. Two well-diffeeatl clusters are observed: one
788  for those genes inhibited after viral challenge andther for the genes overexpressed
789 after infection. B) Stacked column chart reflecting the distributionp-(uor

790 downregulated) and intensity (FC value) of regulajenes.

791  Figure 2. GO enrichment of biological processes (A), KEGG pathways (B) and
792 domain enrichment (C) analyses of the downregulated genes in SVCV-infected
793  fish.

794  Figure 3. GO enrichment of biological processes (A), KEGG pathways (B) and
795 domain enrichment (C) analyses of the upregulated genesin SVCV-infected fish.

796 Figure 4. Representation of the TPM values of the zebrafish Pim kinases
797 overexpressed in kidney after SVCV infection. Three biological replicates per

798 condition are shown.

799  Figure 5. Analysis of the PIM kinase domain of the zebrafish Pim kinases induced
800 by SVCV. A) Alignment of the PIM kinase domain of 16 Pim kinas&Vith the
801 exception of two Pim kinases where the predictechaln was incomplete in the
802 genome, all the Pim kinases contained a typical Aifding site (highlighted in pink).

803  B) Identity/similarity matrix of the zebrafish Pim kise domains.

804 Figure 6. Expression of the zebrafish pimr106 (ENSDARG00000094651) gene in
805 kidney samples at 3, 6 and 24 h post-challenge with SVCV or Poly I:C. Whereas
806 SVCV increased the expression of this gene fromfitisé few hours post-infection,
807 Poly I:C does not significantly affect the expressof pimr106.
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Figure 7. Representation of mature zebrafish miRNAs modulated (FC > 2) by
SVCV. In green colour are represented the overexpreafRNAs and in red colour the
down-regulated miRNAs.

Figure 8. Pan-PIM kinase inhibitors reduce the entry of SVCV into ZF4 cells. A)
ZF4 cells were pre-treated with the different Plhdse inhibitors and were then
infected with 1:10 serial dilutions of SVCV in tpeesence of the inhibitors. Changes in
the CPE were checked every day, and the viral wtes calculated following the Reed
and Muench method. A 3-log reduction in the viredrtwas detected for SGI-1776, 2-
log for INCB053914 and more than 2-log for AZD12@). When ZF4 cells were
infected in the presence of the inhibitors, theesa significant reduction in the gPCR
detection of the SVCV nucleoprotein (N) gefd.ZF4 cells were pre-incubated for 5 h
with 1:10 serial dilutions of SVCV, washed twicettviPBS and then treated with the
pan-PIM kinase inhibitors. Viral titer was also @#dhted according to the Reed and
Muench method. The antiviral effects mediated by ittthibitors almost disappeared
when the cells were first infected and were theated with the drugs, indicating that
Pim kinases are probably involved in the entryhaf virus into the cells. A lower titer
was obtained for SGI-1776, but the difference camgao the control was less than 1-
log. D) gPCR detection of the SVCV N gene was performeer &4 cells were pre-
incubated with the virus for 5 h and then treatéth whe inhibitors and sampled after 24
h. No significant differences were observed betwibencontrol cells and those treated
with the different PIM kinase inhibitors.

Figure 9. Pan-PIM kinase inhibitors protect zebrafish larvae against SVCV
infection. A) Kaplan-Meier survival curves are shown for zelstafarvae infected with
SVCYV in the presence of the different inhibitorsco@s of 2 dpf larvae were pre-
treated with the inhibitors or the vehicle aloneD(2 % DMSO) diluted in the water.
After 24 h, larvae were microinjected via the dotcCuvier with an SVCV suspension.
Control larvae were inoculated with the same volwhgiral medium diluted in PBS.
Then, larvae were returned to the water contaittiegPIM kinase inhibitors. Mortality
was registered during the next 6 dpi. The thregsimeduced the mortality caused by
SVCV, but statistically significant differences weonly obtained for SGI-1776. The
survival of the uninfected larvae was: 93 % (captr®7 % (SGI-1776), 97 %
(AZD1208) and 93 % (INCB053914)B) Detection of the SVCV N gene was
performed after 24 h in zebrafish larvae treatetth Wie different inhibitors or with the
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841 vehicle alone. A lower detection of the viral gemas observed in the zebrafish larvae

842 infected in the presence of the inhibitors.

843
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1. ENSDARG00000055056 43 313 529 469 527 454 331 523 382 348 237 377 486 407 482
2. ENSDARG00000094651 57.8 253 774 395 389 338 256 397 318 505 208 293 409 353 409
3. ENSDARG00000104164 50 446 328 307 288 288 317 285 279 237 488 262 294 283 209
4. ENSDARG00000100992 72 774 521 498 486 442 324 494 394 405 251 362 518 429 518
5. ENSDARG00000069851 68.8 549 49  69.6 451 506 30 463 391 352 23 379 518 382 525
6. ENSDARG00000037246 716 518 486 646 626 472 317 891 39 335 248 364 494 402 494
7. ENSDARG00000070015 624 477 50 62 651 632 328 47 392 344 226 3841 45 402 453
8. ENSDARG00000052677 56 421 514 537 506 544 548 30,7 314 305 287 31 31.9 346 319
9. ENSDARG00000100216 728 506 479 638 626 953 62 514 402 331 248 373 498 406 498
10. ENSDARG00000092339 57 484 50 603 567 588 574 552 584 315 247 74 37 815 378
11. ENSDARG00000095386 504 655 438 518 498 486 465 486 482 48 23 313 362 327 358
12. ENSDARG00000103910 445 425 633 471 451 455 415 483 455 457 433 256 249 281 257
13. ENSDARG00000057265 539 483 502 537 538 533 539 51 537 811 513 454 339 783 346
14. ENSDARG00000102396 66.4 58 522 712 678 661 624 537 673 588 525 459 553 395 98
15. ENSDARG00000093631 58.2 48 516 595 587 576 574 56 576 858 484 48 835 592 40.2
16. ENSDARG00000098638 66 58 529 72 678 66.1 62 541 673 604 525 471 557 988 60
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Highlights:

- Numerous genes encoding for Pim kinases were induced in zebrafish after
SVCV challenge

- Zebrafish Pim kinases seem to beinvolved in the SVCV entry step

- Pan-PIM kinase inhibitors reduce SVCV entry into ZF4 cells

- Pan-PIM kinase inhibitors protect zebrafish larvae from SVCV



