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ARTICLE INFO ABSTRACT

SAMHD1 is an innate immunity restriction factor that inhibits virus infection through IRF3-mediated antiviral
and apoptotic responses. Fish SAMHD1 shares some similar properties with those in mammals. In this study, a
SAMHD1 orthologue from grass carp (Ctenopharyngodon idellus) was cloned and characterized. The full-length
cDNA of CiSAMHD]1 is 2792 bp with an ORF of 1884 bp encoding a polypeptide of 627 amino acids. Multiple
alignments showed that SAMHD1 is highly conserved among different species. Phylogenetic tree analysis re-
vealed that CiSAMHD]1 shared a high degree of homology with Sinocyclocheilus rhinocerous SAMHD1. Expression
analysis indicated that CISAMHDI1 was widely expressed in all tissues tested including the brain, eyes, spleen,
gill, intestine, liver, heart and kidney. It was significantly up-regulated in spleen, liver and intestines after
treatment with poly I:C. Also, CISAMHDI can be induced following stimulation with recombinant IFN in CIK
cells. The promoter sequence of CiSAMHDI1 was identified to explore the mechanism underlying the tran-
scriptional regulation of CiSAMHDI. The promoter sequence of CiSAMHDI1 (1370 bp) consists of IRF1, IRF3,
IRF9 and p65 binding elements. Gel mobility shift assay also showed that IRF1, IRF3, IRF9 and p65 prokaryotic
proteins can separately interact with CISAMHDI promoter. Dual luciferase assay and q-PCR suggested that the
promoter of CiSAMHD]1 can be activated by the overexpression of CiIRF3 and CilRF9, but cannot be triggered by
CilRF1 and Cip65. In contrast, knockdown of CiIRF3 or CilRF9 inhibits the transcription of CiSAMHDI.
Intriguingly, CCK assay suggested that CISAMHD1 decreased cell viability. TUNEL apoptosis assay and Hoechst
33258 staining assay indicated that apoptosis is induced by the overexpression of CiSAMHDI. Crystal violet
staining, detection of two GCRV genes (vp3 and vp5) and viral titration showed that CISAMHDI1 can suppress the
proliferation of grass carp reovirus (GCRV) in CIK cells.
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1. Introduction

Host restriction factors such as APOBEC3G, TRIM5a, Tetherin and
Mx2 inhibit viral replication by blocking nucleotide duplication, viral
uncoating and the release of viral particles [1-4]. Another host re-
striction factor is sterile alpha motif (SAM) and histidine-aspartic (HD)
domain-containing protein 1 (SAMHD1). It is a nuclear protein asso-
ciated with Aicardi-Goutiéres syndrome (AGS) [5-8]. It is known that
the function of SAMHDI is entirely mediated by its HD domain [9].

Recent studies identify that SAMHDI1 plays an antiviral function. In
response to human T-lymphotropic virus type 1 (HTLV-1) infection,
SAMHDI inhibits the production of reverse transcription intermediates
(RTID) and induces IRF3-mediated apoptosis [10]. SAMHD1 is proposed
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to inhibit the replication of DNA and RNA viruses. It can restrict the
replication activity of HSV-1 (DNA virus) and HP-PRRSV (RNA virus)
[11,12]. However, the functional mechanism of SAMHD1 is not very
clear. Tetramerization of SAMHDL1 is required for its biological activity
[13]. SAMHDI may act as a deoxynucleoside triphosphate (ANTP) tri-
phosphohydrolase that depletes the intracellular pool of dNTPs, and
thereby prevents HIV-1 reverse transcription in some cell types [14].
SAMHDI also can directly bind and hydrolyze viral nucleic acids [15].

During the past decades, tremendous advances have been made in
fish antiviral response. The mechanism of innate immunity and apop-
tosis is relatively conserved in fish as compared to their mammalian
counterparts [16]. The dimer of STING and ZDHHC1 can activate IRF3,
then initiates IFN expression [17]. In response to poly I:C stimulation,
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Table 1
Sequences and applications of the primers used in this study.

Primer name Primer sequence(5'—=3") Application

SAMHD1-5'RACE1 TCAAACATCTGGACTGAGGCA 5’RACE cloning

SAMHD1-5'RACE2 GCTTCCATTTCTCACCAGGTCGA

SAMHD1-3'RACE1 CGCAAGAATCAGGTGTCCAAA 3’RACE cloning

SAMHD1-3'RACE2
Long

Short

NUP
SAMHD1-SP1
SAMHD1-SP2
SAMHD1-SP3
APP
SAMHD1-RT-F
SAMHDI1-RT-R
IRF1-RT-F
IRF1-RT-R
IRF3-RT-F
IRF3-RT-R
IRF9-RT-F
IRF9-RT-R
p65-RT-F
p65-RT-R
Bax-RT-F
Bax-RT-R
BCL2-RT-F
BCL2-RT-R
Vp3-RT-F
Vp3-RT-R
Vp5-RT-F
Vp5-RT-R
ISG15-RT-F
ISG15-RT-R
B-actin-F

B -actin-R
SAMHD1-ORF-F
SAMHD1-ORF-R
IRF1-ORF-F
IRF1-ORF-R
IRF3-ORF-F
IRF3-ORF-R
IRF9-ORF-F
IRF9-ORF-R
p65-ORF-F
p65-ORF-R
SAMHD1-pro-F
SAMHD1-pro-R

AGTACTTTGTTCAGTGGTGCATGG
CTAATACGACTCACTATAGGGCAAAGCAGTGGTATCAACGCAGAGT
CTAATACGACTCACTATAGGGC
AAGCAGTGGTATCAACGCAGAGT
TGCAAACAGACTACACAACACAC
TGTTCTGTGGCCTCTTGTATTTC
GACTGTGCCTTTAGATCACCTGTT
CGGGATCCCGGAATTCCCCCICCCCICCCCIC
GGGCTATTTGGCAGGATGTC
AAGACAGAGTTATCCAGGGGC
CGTGTGGGTCAACAAGGAG
GTTCATGGCACAGCGGAAA
TCCAGGCCAAGCATACGAA
CCATTTGCAACAGCCATCAT
GTAAAATGGAGAGAGGAAGCGA
ATTGCAAATGGGTCTCTGAGG
AACCAAGAACCAGCCATACAAG
CGCTTCAGGAATATTAAAGGGG
GCTTTGGGTTCTGCACTTCT
CGGTTGAAGAGCAGAGTCAT
GACTCCTCTCCAAACTCTGAC
TCCTTTCTATCTCGTCTCCAG
GCTCAAGTTCGATGCTACCAG
TTCATCGGTCCATTAGGGTCA
CCGACTGACGTGCAAAAATTC
TTATCCGGGCTACGATGCAT
GGTGAAAGTTGATGCCACAGTTG
TTGGAAAGGGGGGTTCGTG
CACTGTGCCCATCTACGA
CCATCTCCTGCTCGAAGTC
ACGTATTTAATGATGGATAAGCGGA
TTAGAGGTTGTTTTGTCCCTGA
CGGGATCCAAACCATGCCTGTGTCCAGAATGC
CGGAATTC CTGATGCTCTCAGAGAGGACAC
CGGAATTCATGACCCATCCAAAACCG
CGGCGGCCGCTCACTTGGTGTCACACAACTC
CGGGATCCATGGCATCTGGAAGGATTCGT
CGCTCGAGGGGCTTTAATGTCAAGAATGCAGC
CGGAATTCATGGACGGACTGTTTCAC
CGCTCGAGTTAGGTCGGGTGTCCAGACAG
ATTGAGTGATGGGTCTTTGGC
ACTCTCCATCACAAACCTGCT

RACE PCR

Promoter cloning

Q-PCR

Prokaryotic/eukaryotic expression vector construction

Construction of promoter vector

Table 2

The sequences of siRNA assay.

Sequence name

Sequence (5'—=3)

siRNA-CiIRF1-175
siRNA-CilRF1-712
siRNA-CiIRF1-2143
siRNA-CiIRF9-106
siRNA-CiIRF9-697
siRNA-CiIRF9-1065
siRNA-CiIRF3
siRNA-Cip65

Negative control (N.C)

UAUGUAGGCUCAUAAGUGCTT
AAGCAACUGCAAUAAAUGCTT
AAAGAUGAAGAGAACACGCTT
GGUGAACAGUGGGAAGUAUTT
GCUGAACUCUUUCCACAUATT
CCACCCAGCUGUUCAACAUTT
GCAGGAAAGUCCCUUACAATT
UUAACGAUACUUCGUUUGGTT
UUCUCCGAACGUGUCACGUTT

fish PKR, PKZ and PERK can activate elF2a and induce apoptosis

Danio rerio SAMHDLI is the first identified analogue in fish. Kasher
et al. (2015) indicated that it is associated with AGS [23]. However, the
biological function and transcriptional mechanism of fish SAMHD1
remain elusive. In this study, the cDNA and promoter sequences of grass
carp SAMHD1 were first cloned in Ctenopharyngodon idellus kidney cells
(CIK cells). We studied the phylogeny, expression patterns and tran-
scriptional mechanism of grass carp SAMHD], and evaluated its bio-
logical functions in inducing apoptosis and antiviral property. These
findings provided the essential perspective into the biological roles of
fish SAMHD1.

2. Materials and methods

[18-20]. IRF3-dependent and ISGF3-dependent pathways are also

conserved in fish [21,22]. These conserved proteins and pathways are
essential for the efficient antiviral responses in fish.

2.1. Fish, plasmids, cells, virus and strains

Grass carp (mean weight 20g) were obtained from Nanchang
Shenlong Fisheries Development Co., Ltd., Jiangxi, China. The fish were
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allowed to acclimatize for at least 2 weeks in aerated freshwater tanks
at room temperature prior to experiments. The pcDNA3.1, pET32a and
PEASY-T1 were purchased from TransGene Biotech (China). Taq DNA
Polymerase, LA Taq DNA polymerase and dNTP were bought from
TaKaRa (Japan). The pRL-TK, pGL3-basic, E.coli strains DH5a and BL21
were bought from Promega (USA). CIK cells (derived from
Ctenopharyngodon idellus kidney tissue) were preserved in our lab and
maintained at 28 °C in M199 medium containing 10% inactivated fetal
calf serum (FCS), 100 U/ml penicillin and 100 mg/ml streptomycin.
GCRV 097 were kindly provided by Dr. Jianguo Su (Huazhong
Agricultural University, Wuhan, China) and propagated in CIK cells.

2.2. Identification of the full length cDNA of CiSAMHDI and its promoter
sequence

The full-length ¢cDNA of CiSAMHDI1 (MF326081.1) was cloned by

Fish and Shellfish Immunology 88 (2019) 606-618

RACE-PCR method. Firstly, homologous fragment of CiSAMHDI1 was
cloned according to DrSAMHD1 (NM_001159933). Then, total RNA was
extracted from CIK cells using RNA simple Total RNA Kit (Tiangen,
China) and SMART cDNA was prepared using Super Script III reverse
polymerase (Invitrogen, USA). Specific primers SAMHDI1-3RACE],
SAMHDI1-3RACE2, SAMHDI1-5RACE1 and SAMHDI1-5RACE2 were de-
signed to obtain CiSAMHDI-3’UTR and CiSAMHDI1-5’UTR sequences.
The PCR cycling conditions were: 95 °C/3 min, 35 cycles of 95°C/30s,
56 °C/30s, 72°C/2min, and 72 °C/10 min. PCR products were ligated
into pEASY-T1 vector and sequenced as described previously. After the
cDNA sequence of CiSAMHD1 was verified, polypeptide was de-
termined by online-software ORF Finder (http://www.ncbi.nlm.nih.
Gov/gorf/gorf.html).

Genomic DNA was purified from whole blood of healthy grass carp
using a Universal Genomic DNA Extraction Kit (TaKaRa, Japan). The
promoter sequence of CiSAMHDI was cloned by a genomic walking
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Fig. 1. Amino acid sequences and phylogenetic analysis of SAMHDI.
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approach [24]. The single primer linear PCR was initially performed
with primer SAMHDI1-SP1, and then followed by adding dGTP and
terminal transferase (TdT) (TaKaRa, Japan) to the purified PCR product
to produce a Poly (G) tail. Two cycles of nested PCR were performed,
using the adapter primer AAP and two specific primers SAMHD1-SP2
and SAMHD1-SP3 in turn. The PCR product was cloned and sequenced
as described above. Transcription start sites of CiISAMHD1 were iden-
tified by using 5’-Full RACE Kit with Tap (TaKaRa, Japan). All of the
PCR products were sequenced by Sangon Biotech (Shanghai, China) to
confirm DNA sequences.

2.3. Homologous amino acid sequences alignment and phylogenetic tree
construction

The homologous protein sequences were obtained from NCBI blast
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(continued)
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server. The domain structures were predicted using SMART program
(http://smart.emblheidelberg.de/smart/save_user_preferences.pl). The
similarity analysis of amino acid sequences were displayed by Gene
doc. The phylogenetic tree was created using Neighbour-Joining algo-
rithm from MEGA X program.

2.4. Plasmids construction

Each of the open reading frames (ORF) of CiSAMHDI, CilRFI1,
CiIRF3, CiIRF9 and Cip65 were separately inserted into pcDNA3.1
vector to construct expression plasmids, and these recombinant plas-
mids were used to conduct overexpression experiments. CiIRF1, CilRFI-
nDBD, CiIRF3, CilRF3-nDBD, CilRF9, CilRF9-nDBD, Cip65, Cip65-nDBD
and CilFN were separately inserted into pET32a vector, and these
modified vectors were transformed to competent E. coli BL21 cells to
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express recombinant protein. The promoter of CiSAMHDI1 was inserted
into pGL3 and used in luciferase assays. The primers used for plasmids
construction were shown in Table 1.

2.5. Q-PCR analysis of CISAMHD1 mRNA level in grass carp tissues and
CIK cells

The healthy grass carps (mean weight 20g) were injected in-
traperitoneally (ip) with 150 pl (1 mg/ml) poly I:C (Sigma, USA). Total
RNA samples were extracted from the eyes, gill, liver, spleen, kidney,
intestine, brain and heart of three individuals at 6h, 12h, 24 h, 48h
and 72h post-stimulation by RNA simple Total RNA Kit (Tiangen,
China). CIK cells were seeded in 6-well plates to obtain 80% confluence,
then directly stimulated with 10ng recombinant IFN protein. The
Quantscript RT Kit (TaKaRa, Japan) was used to clear genomic DNA
and synthesized first strand cDNA. Quantitative real-time (q-PCR) was
used to detect the mRNA levels of SAMHDI in CFX Connect™ Real-Time
System (BIO-RAD, USA) with SYBR Green Real-Time PCR Master Mix
(TaKaRa, Japan). The expression values were normalized to S-actin. -
actin is popular used as normalizer gene [24,25]. Its stability was also
confirmed in supplementary Fig. 1. CISAMHDI mRNA was analyzed by
the comparative CT method (22T method). The primers for q-PCR
were listed in Table 1.

2.6. Gel mobility shift assays

The recombinant plasmids (pET32a-IRF1, pET32a-IRF1-nDBD,

M. mulatta (NP 001258571.1)
99 L— C. sabaeus (NP 001279009.1)

(continued)

pET32a-IRF3, pET32a-IRF3-nDBD, pET32a-IRF9, pET32a-IRF9-nDBD,
pET32a-p65, pET32a-p65-nDBD and pET32a-IFN) were separately
transformed into E. coli BL21 cells. Bacteria were cultured in incubator
shaker (ZHWY-200H). When cells were grown to an ODggo of 0.6-0.8,
they were added 1 mM IPTG for 4h. Then the cells were harvested,
centrifuged, resuspended through binding buffer (20 mM Trise HCI,
500 mM NaCl, 5mM imidazole, pH 7.9). Recombinant proteins were
purified by NI-NTA resign (Novagen, USA) and dialyzed by dialysis bag
(Biotopped, China). The purified recombinant proteins were quantified
and electrophoresed on a 12% SDS-PAGE gel.

Gel mobility shift assays were used as a method for studying the
affinity of CiSAMHDI1 promoter with PBS, CilFN (negative control),
CiIRF1, CiIRF1-nDBD, CilRF3, CilRF3-nDBD, CilRF9, CilRF9-nDBD,
Cip65 and Cip65-nDBD prokaryotic proteins. The concrete reaction
system was as follow: 20 ng of CiSAMHDI1 promoter sequence mixed
with 1 g of purified prokaryotic protein in a 10 pl reaction system, and
incubated in ice for 1h, then was analyzed by a 1% agarose gel. The
gels were stained in ethidium bromide (EtBr, 0.5mg/ml) and photo-
graphed.

2.7. Luciferase activity assays and transfection

CIK cells seeded in 24-well plates were grown to 70% confluence.
Transfection systems were as follow: 0.25pug of each eukaryotic ex-
pression vector (pcDNA3.1-IRF1, pcDNA3.1-IRF3, pcDNA3.1-IRF9 and
pcDNA3.1-p65), 0.25 ug of reporter gene vectors (pGL3-SAMHDI-pro),
0.025 ug of pRL-TK renilla luciferase vector and 2 pl of FuGENE’6 were

610
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Fig. 2. Expressional characteristic of CiSAMHDI in tissues and CIK cells. (A)
CiSAMHD1 mRNAs in grass carp tissues (Eyes, Gill, Liver, Spleen, Kidney,
Intestine, Brain and Heart) were evaluated at different time points (Oh, 6h,
12h, 24h, 48h and 72h) of poly I:C stimulation. The expression in eyes
(treatment for 0 h) was used as the calibrator. (B) CiSAMHD1 mRNAs in CIK
cells were evaluated at different time points of recombinant IFN (10 ng/well)
stimulation. Data represent mean + SD (n = 3) of three experiments were
tested for statistical significance using unpaired two-tailed t-test. *p < 0.05,
*p < 0.01.

completely mixed and incubated with medium for 15 min. The mixture
was added to three parallel wells (each with 25 ml mixture) and grown
for 24 h. The lysate was obtained using 100 ul 1 X passive lysis buffers
at room temperature for 10 min and transferred to a plate. Luciferase
activities of all samples were measured using the Luciferase Assay
System (Promega, USA) according to the manufacturer's instructions.

CIK cells were grown to 70% confluence and then transfected with
2 ug of pcDNA3.1-basic or 2 ug of pcDNA3.1-SAMHD]1.

2.8. RNA interference-mediated gene-knockdown assays

In the siRNA-mediated gene-knockdown assay, the specific small
interfering RNA (siRNA) sequences against CiIRF1, CilRF9 and the
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negative control RNA oligonucleotides (N.C) were designed and syn-
thesized by Shanghai GenePharma (Table 2). In this assay , we used the
same siRNA sequences against CiIRF3 and Cip65 as our previous studies
[26,27]. The protocol of transfection was followed in the same manner
as the previous description [19]. Cells were separately transfected with
2 ug of siRNA-IRF1, 2ug of siRNA- IRF3, 2ug of siRNA-IRF9, 2 g of
SiRNA-p65 and 2 ug of N.C. CiSAMHD1 mRNA was detected by q-PCR.

2.9. Cell viability and apoptosis assays

CiSAMHD1-induced cell viability was evaluated by cell counting kit
(CCK). Approximately 2 x 10° CIK cells were seeded and cultured in
each well of a 96-well plate at 28 °C for 12 h, and then transfected with
2 ug of pCDNA3.1-basic or 2ug of pCDNA3.1-SAMHD1. Twenty-four
hours later, 10 pl of Trans Detect’ Cell Counting Kit (CCK) (Transgene,
China) was added to each well, and then continued to incubate for 2 h.
The plates were measured spectrophotometrically on Microplate
Manager 6 (Bio-Rad) at a wavelength of 450 nm. Cell viability (%) =
(ODpepNA3.1-5AMHD1 /peDNA3.1-basic-ODM199 - / — )/(ODce-ODp199 —
~) X 100%. ODpcpNA3.1-SAMHD1/pcDNAS.1-basic: the absorbance of well
with cells, CCK solution and transfected recombinant plasmid
pCDNA3.1-SAMHD1 or pCDNA3.1-basic; ODyp99—,—: the absorbance
of well with the M199 medium and CCK solution; OD,y;: the absor-
bance of well with cells and CCK solution.

Cell apoptosis was analyzed by One Step TUNEL Apoptosis Assay Kit
and Hoechst 33258 (Beyotime, China). CIK cells were plated on mi-
croscopic petri dishes for 12h, and then transfected with 2pg of
pcDNA3.1-basic or 2 ug of pcDNA3.1-SAMHD1 for 24 h. The protocol of
kit was followed by manufacturer's instructions.

2.10. Antiviral activity test

To evaluate the antiviral activities of CiSAMHD1, CIK cells were
seeded in 35 cm? petri dishes and transfected with 2 ug of pcDNA3.1-
SAMHD]1 or 2 ug of pcDNA3.1-basic for 12h. Each well of cells were
infected with GCRV at a 1000 TCIDs, (standard of 50% tissue culture
infective dose) for 48h. The culture medium was collected as titer
samples. The viral titers of GCRV were measured by TCIDs, method,
according to the Reed-Muench method [28]. The infected cells were
washed with PBS, fixed by 30% formaldehyde for 30 min, stained by
1% (w/v) crystal violet 30 min, and observed for cytopathic effect
(CPE). The two viral genes of GCRV, vp3 (Genbank ID: JQ782741) and
vp5 (Genbank ID: JQ782742), were detected by q-PCR.

2.11. Statistical analysis

Statistical analysis and graphs of q-PCR, dual-luciferase assay and
cell viability assay were performed and produced by Microsoft excel.
Confocal images were analyzed and performed by image J. Data from g-
PCR, dual-luciferase assay, cell viability assay and viral titration were
presented as mean and + SD (n = 3). Each data from EMSA assay and
TUNEL apoptosis assay was representative of at least three independent
experiments. Significant differences were determined using a two-tailed
Student's t-test (*p < 0.05, **p < 0.01).
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ATTGAGTGATGGGTCTTTGGCAATTGTCAGCCAGTAATTAATTTAATAACTAACTTARA
TTAATATTTTATTGCTGACAATAGATATAGTATTTCTTGTGARATGTTAATGTATACAC
AATAAAATAAATGTGATACGTTAAACTGATCATAAGTGACAGTTGTTACATTAACATTC
TTTTAAAATATAGAAATGTCTATTTCTATTCAAAGAATCARAGACAAATGTATGACTGT
[TTCCACACJAAACATGGAGCAGCACAGCTGTTTTCAACATTGATAATAATCATAAATGTT
IRF1l binding domain
ACTTGAGCAGCAAATCATCATATTAGAATGATTTCTGAAGGATCATGTGACACTGAAGA
CAGCAGTAATGATGCTGARAATTCAGCTTTGATCACAGGAATATATTACATCTGAAATA
CATTAAAATATTATATTATTTTGAATTGCATTAATATTTCGACACAATATTCTCATCAA
ACAGAACGGTCTCCCGTACAGTGGGGCTGCAGAGGGAAATATAATGTTGGCAGGTAAAC
IRF3 binding domain
ATGCAGAAATAACACTGCCCCACTGCAAACCTCTTGACTTTCTGTCTTCTCAGCAAACT
CTCTATAGCCAGAAATCACCAGCATGAATGTGTGTTCATGAACCTGTACAGGGCAGCAT
CATTTCTGCAGGTGTACTGTTGTAAAATTTGTATTACCTTTGATATGCAATGGCAGGAG
GTAATAGGCAGCAGAAATTAGAATGATTTATGTACAGAAATAAACAGAAATGATTGCAC
ATGGGATTTTTATTGCATTAATAGAAATTTAAAAGCTTATGAAAATTATTTATGCACAA
TTGTTTATATAAAATATGTATTTTATARAACGTGTTGAAATAAAAAAATAAAAAACTGC
TAGAARAGTCATAAATCTAAACAAATTGCGTTCTAAATTTGAGGTTGATATCTCTAGGG
CATTTCTTTATATGAATATAAAATTTTCCAAGTAAACTAATTAGTTGTATAAGARAATA
ISGF3 binding domain

AATTGTACTTTTAGGATCAATGGTATAATTTACAAAAACAAATATAACATCATACAATT
CAATTTGTATTAATGTTCCAGACAACCTAGAAATGAAGTTAGAGATATATCCAGAATAA
TCTTGAGTATACACACTGAAAAAAAAGATGAGATTCTTTAACAACACCACAARAAGTCAC
AAGAGCTTTCCCJTATCCAATTCAAATCGTTCACAATGATCCAAGTAATGGCTGCACTGA
NF-kappaB binding domain

-131 TGTCATCACATGACGTCATGCGCGTGCAAGAAGTCGGACTTCGCCACAACACCGGAAAC

=2 CGCTGGCGCTGCGGGTCACGCGCACTCCACCCCGACAGGAGGCGCGAAAGAACAAACTC

~1'3 AGAATAGATTCTG@CACACACGCGTGAGTCCCGGCTTGTCAZ—\GTAZ—\AATTTTGTCGGGT
+1

+47 TTATATCAACGTATTTAATGATGGATAAGCGGATTAAACGGCCAAGAGAAGATGAAGAG

+107 AGTGTTGTCAATCTGAAGCAGGTTTGTGATGGAGAG

Fig. 3. Characterization of CiSAMHDI promoter. Promoter sequence was shown in small letter. Transcription start site is in box and marked + 1. IRF1, IRF3, ISGF3

and NF-kB binding elements are in box.

3. Results

value) with other fish SAMHD], especially with S. rhinocerous SAMHD1

(Fig. 1B).

3.1. Amino acid sequences and phylogenetic analysis of SAMHD]1

In this study, the full-length cDNA sequence of CiSAMHDI
(MF326081.1) was generated by RACE PCR cloning. CiSAMHD1 is 2792
bp in length and comprises 1884 bp open reading frame that translates
into 627 aa. CiSAMHD] protein contains sterile a motif (SAM) domain
and a histidine aspartic (HD) domain. To understand amino acid se-
quences similarity of SAMHD1 between grass carp and other species,
amino acid sequence multiple alignments and phylogenetic three were
constructed. The sequences of SAMHDI1 protein showed a high degree
of homology between different fish species, especially in their histidine
aspartic (HD) domain (Fig. 1A). The phylogenetic tree of SAMHD]1 in-
dicated that C. idella SAMHD]1 shares high homology (> 90% bootstrap
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3.2. Expressional characteristic of CiSAMHD]1 in tissues and CIK cells

Q-PCR was employed to analyze the transcription of CiSAMHD]1 in
different tissues using f-actin as a control gene. CiSAMHDI1 was ubi-
quitously expressed at low level in almost all tested tissues. After in-
jection with poly I:C, the mRNA levels of CISAMHDI were significantly
up-regulated in almost test tissues, especially in the brain, spleen, in-
testine and liver, but there was no increase in the eyes. In detail, the
expression of CiSAMHD1 was heavily up-regulated at 6 h post-induction
and peaked at 12h post-induction. Then the expression gradually re-
covered to the normal level at 48 h post-induction (Fig. 2A).

The expression analysis of CiISAMHDI was also performed in CIK
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cells. The cells were stimulated with 10 ng/well of grass carp re-
combinant IFN protein. Q-PCR results indicated that CiSAMHDI tran-
scription was dramatically up-regulated at 6 h post-stimulation with
tIFN (Fig. 2B).

3.3. Characterization of CISAMHDI promoter region

The promoter region of CiSAMHDI1 was obtained from grass carp
database and analyzed in ALGGEN-PROMO program (http://alggen.lsi.
upc.es/cgi-bin/promo_v3/promo/promoinit.cgi? dirDB%TF_8.3). The
IRF1, IRF3, ISGF3 and NF-kB elements were found in CiSAMHD]1 pro-
moter region (Fig. 3). The relevant transcriptional regulators were
chosen in the subsequent experiments.

3.4. Affinity of CiISAMHDI1 promoter with recombinant proteins

CilRF1 and CilRF1-nDBD, CilRF3 and CilRF3-nDBD, CilRF9 and
CilRF9-nDBD, Cip65 and Cip65-nDBD prokaryotic proteins were all
used in gel mobility shift assays. The shifting of CiISAMHD1 promoter on
agarose gel was all blocked by CilRF1, CilRF3, CiIRF9 and Cip65;
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Fig. 4. Affinity of CiSAMHDI promoter with
regulatory factors. 20 ng CiSAMHDI1 promoter
was incubated with 1ug of fusion peptides
(CiIRF1, CilRF1-nDBD, CilRF3, CilRF3-nDBD,
CilRF9, CilRF9-nDBD, Cip65, Cip65-nDBD, PBS,
CilFN, respectively) in a 10 ul reaction system,
and incubated in ice for 1 h, then analyzed by a
1% agarose gel (A). Non-proteins were per-
formed as a mock; non-DNA binding domain
(mDBD) of regulatory factors (CilRF1, CilRF3,
CiIRF9, Cip65), PBS and CilFN protein were
performed as negative controls. M: DNA mole-
cular length marker (TaKaRa, Japan). The pur-
ified recombinant proteins (CiIRF1, CilRF1-
nDBD, CilRF3, CilRF3-nDBD, CilRF9, CilRF9-
nDBD, Cip65, Cip65-nDBD, PBS, CilFN) were
analyzed by 12% SDS-PAGE (B). The sizes of
recombinant proteins CilFN, CiIRF1, CilRF1-
nDBD, CilRF3, CiIRF3-nDBD, CiIRF9, CilRF9-
nDBD, Cip65 and Cip65-nDBD were 43kDa,
55kDa, 35 kDa, 86 kDa, 50 kDa, 73 kDa, 38 kDa,
90 kDa and 55 kDa, respectively. M: Page Ruler™
Prestained Protein Ladder (Thermo, USA). These

M 1 2 experiments were representative of at least three
P — | independent experiments.
-
. — Cil
e
2
- CiP65

d CiP65-nDBD

however, non-DNA binding domain (nDBD) of CilRF1, CilRF3, CiIRF9
and Cip65 proteins had no blockage effects on CiSAMHD1 promoter
shift. Mock represented non-protein-added group. PBS and IFN per-
formed as negative controls (Fig. 4A). The prokaryotic proteins were
further analyzed by 12% SDS-PAGE (Fig. 4B). The results indicated that
CilRF1, CiIRF3, CilRF9 and Cip65 proteins can interact with CISAMHD1
promoter in vitro.

3.5. IRF3 and IRF9 regulate CISAMHDI] transcription

To understand the mechanism of transcriptional regulation of
CiSAMHD]1, dual luciferase assay and q-PCR were used to analyze the
promoter activity and mRNA level of CiSAMHDI, respectively. In dual
luciferase assay, CiIRF3 and CiIRF9 up-regulated the promoter activity
of CiSAMHD1; however, CilRF1 and Cip65 cannot induce the promoter
activity of CiSAMHDI (Fig. 5A). These results were consistent with the
results from q-PCR (Fig. 5B). The efficiency of overexpressing CilRF1,
CilIRF3, CiIRF9 and Cip65 were shown in supplementary Figure 2.

Subsequently, RNAi assay was performed to further confirm whe-
ther CiIRF3 and CilRF9 are the regulators of CiSAMHD1 or not. The
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Fig. 5. CilRF3 and CilRF9 up-regulated the transcriptional level of CiSAMHD1.
CIK cells were transfected with 2 ug of pcDNA3.1-IRF1 or 2ug of pcDNA3.1-
IRF3 or 2 ug of pcDNA3.1-IRF9 or 2 ug of pcDNA3.1-p65 respectively using 6 pl
of FUGENE" in 6-well plate. 24 h later, total RNA was extracted. Q-PCR was
used to detect the transcription of CiISAMHD1 (A). CIK cells were transfected
wih 0.25pg of pcDNA3.1-IRFI or 0.25 of pug pcDNA3.1-IRF3 or 0.25ug of
pcDNA3.1-IRF9 or 0.25 ug of pcDNA3.1-p65, or 0.25 ug of pcDNA3.1-basic se-
parately with 0.25 pg of pGL3-SAMHD1-pro and 0.025 pg of pRL-TK plasmids.
PRL-TK was used to standardize the expression level. 24 h later, cells were
harvested and luciferase activities were measured by Dual Luciferase Reporter
Assay System (B). The data obtained from mean of three replicates is shown
with = S.D (n = 3). The level of statistical significance between control group
and experiment group were determined by t-test (*p < 0.05; **p < 0.01).

efficiency of siRNA-IRF1 and siRNA-IRF9 were shown in Fig. 6A and
Fig. 6B, siRNA-IRF1-175 and siRNA-IRF9-106 were used in subsequent
experiment. Knockdown of CilRF3 and CilRF9 inhibited the activity of
CiSAMHDI1 promoter, but knockdown of CilRF1 or Cip65 had no in-
fluence on CiSAMHD]1 transcription (Fig. 6C). These data suggested that
CiSAMHDI transcription were specifically regulated by CilRF3 and
CiIRF9.

3.6. CiSAMHD]1 decreased cell viability and induced apoptosis

To further delineate the biological function of CiSAMHDI, cell
viability was examined in overexpressed CiSAMHDI1 CIK cells. In
comparison with the control, CiSAMHD1 dramatically decreased cell
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viability (~45%) (Fig. 7A).

Apoptosis were analyzed by TUNEL and Hoechst 33258 staining
assays. In the TUNEL assay, obvious green fluorescence were detected
in the cells which were transfected with pcDNA3.1-SAMHD1 plasmids
(Fig. 7B), as compared to cells transfected with pcDNA3.1-basic plas-
mids or mock group. The cells transfected with pcDNA3.1-SAMHD1
were induced apoptosis using Hoechst 33258 staining assay (Fig. 7C).
The transcripts of Bax (a gene inducing apoptosis) were up-regulated
when CIK cells were transfected with pcDNA3.1-SAMHD1. However,
the cells transfected with pcDNA3.1-SAMHD1 had less impact on the
transcription level of BCL2 (Fig. 7D). These results suggested that Ci-
SAMHDI can decrease cell viability and induces apoptosis.

3.7. CiSAMHD]1 inhibits the proliferation of GCRV and increases the
transcription of ISG15

To explore the antiviral effect of CiISAMHD1, we monitored GCRV
infection in CIK cells. CIK cells were transfected with pcDNA3.1-
SAMHD1 or pcDNA3.1-basic, followed by GCRV infection. Crystal
violet staining showed a markedly reduced number of cytopathic effects
(CPEs) in CiSAMHD1 overexpressed cells as compared with control cells
(Fig. 8A). The detection of virus titer revealed that overexpression of
CiSAMHDI inhibited viral replication (Fig. 8B). The genes of vp3 and
vp5 are part of GCRV genome [29]. Consistently, the transcription le-
vels of vp3 and vp5 were decreased in the cells overexpressed Ci-
SAMHD1 (Fig. 8C). Surprisingly, overexpression of CiSAMHDI1 up-
regulated the transcriptional level of ISG15 (Fig. 8D).

4. Discussion

Restriction factors and innate immune signaling pathways are sig-
nificant for cells to fight against pathogens invasion [30]. SAMHD1
plays a pivotal role in resisting various viruses in different ways
[14,31,32]. Up to now, some homologs of SAMHDI have been found in
fish. In this study, grass carp SAMHD] is first identified. Similarly, Ci-
SAMHDI protein also contains a sterile a motif domain (SAM) and a
histidine-aspartate domain (HD) (Fig. 1A). Phylogenetic analysis also
demonstrated that SAMHD1 is highly conserved in vertebrates, and
CiSAMHD1 shares the highest level of homology with Sinocyclocheilus
rhinocerous SAMHD1 (Fig. 1B). Therefore, it provides the structural
basis for the similar function between CiSAMHD1 and mammalian
SAMHDI1.

Human SAMHD1 is induced by IL-12/IL-18 and TNF-a in monocyte-
derived macrophages and lung fibroblasts, respectively. Its expression is
regulated by promoter methylation [33,34]. Porcine SAMHD1 can be
induced by HP-PRRSV (highly pathogenic porcine reproductive and
respiratory syndrome virus) and regulated by IRF3 [12,35]. In fish,
CiSAMHDI1 constitutively expressed in tested tissues, and was up-
regulated by poly I:C stimulation in the tissues of the brain, spleen, gill,
intestine, liver, heart and kideny. Interestingly, the expression of Ci-
SAMHD]1 in eyes had no obvious changes under poly I:C stimulation
(Fig. 2A), this pattern may suggest functional diversity of CiSAMHD1 in
different grass carp tissues. Moreover, recombinant IFN can induce the
transcription level of CiSAMHDI in CIK cells (Fig. 2B). These results
indicated that the expression of CiSAMHDI1 is regulated by poly I:C-
mediated and IFN-mediated pathway.

To investigate the regulatory mechanism of CiSAMHDI gene, the
promoter of CiSAMHDI1 is determined. ALGGEN-PROMO program
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showed that the IRF1, IRF3, IRF9 and p65 binding elements are found
in CiSAMHD1 promoter (Fig. 3). Actually, prokaryotic CilRF1, CilRF3,
CilRF9 and Cip65 proteins interact with CiISAMHDI1 promoter in vitro
(Fig. 4). As we all know, IRF1 [23], IRF3 [36], IRF9 [21] and p65 [37]
are all positive regulators of innate immunity and inflammatory re-
sponse genes in many fish. However, intracellular experiment demon-
strated that CiIRF3 and CilRF9 rather than CiIRF1 and Cip65 up-regu-
lated the promoter activity of CiSAMHDI in CIK cells (Fig. 5A and B).
On the contrary, knockdown of CiIRF3 and CilRF9 in cells inhibited
CiSAMHDI transcription (Fig. 6C). These results indicated that the
transcription of CiSAMHDI1 was specifically controlled by CilRF3 and
CilRF9. It is well-known that IRF3 and IRF9 are downstream regulator
for poly I:C-TLRs and IFN-JAK-STAT mediated pathway respectively
[20,38]. Therefore, the transcription of CiISAMHD] is regulated by TLRs
and JAK-STAT mediated pathway.

HTLV-1 (Human T cell leukemia virus type 1) infection induces
SAMHDI1-mediated apoptosis in monocytic cells. SAMHD1 promotes
HTLV-1 reverse transcription intermediates (RTI) sensed by STING and
initiates IRF3-Bax-driven apoptosis (10). In this paper, overexpression
of CiSAMHD]1 induced cell apoptosis and increased the transcription
level of Bax in CIK cells (Fig. 7).

Overexpression of porcine SAMHD1 blocks the proliferation of
HuN4 in MARC-145 cells and increases the transcription of ISG15 (12).

CiSAMHD1 inhibited the proliferation of GCRV and increased the
transcriptional levels of CiI[SG15 in the absence of external IFN stimu-
lation (Fig. 8). These results showed that grass carp SAMHDI1 shares
similar functions with those of mammals.

In summary, the full-length cDNA sequence of grass carp SAMHD1
was firstly identified and characterized in this study. CiISAMHD]I tran-
scription was up-regulated by poly I:C and recombinant IFN stimula-
tion. CiIRF3 and CilRF9 were specifical regulators for CiSAMHDI
transcription. The overexpression of CiSAMHD1 can induce apoptosis
and inhibit the proliferation of GCRV in CIK cells.
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Fig. 7. CiSAMHDI1 decreased cell viability and induced apoptosis. CIK cells were seeded on 96-well plates and separately transfected with 2 ug of pcDNA3.1-SAMHD1
and 2 pg of pcDNA3.1-basic. After 48 h of transfection, cell viability was evaluated by CCK assay (A). Cell apoptosis was analyzed by TUNEL staining (B) and Hoechst
33258 staining (C). The scale bar is 50 um. NA is 40 X /0.60. Q-PCR detected mRNA levels of Bax and BCL2 (D). The data obtained from mean of three replicates
were shown with + SD. The level of statistical significance between control group and experiment group were determined by t-test (*p < 0.05; **p < 0.01).

616



X. Xu, et al.

1.2

Fold changes

02

._.
=
& iwn

0.8
0.6
0.4

(A) ®B)

CIK/GCRV

Ln TCID,,
(=1 Y SIPF N T- BN [-LAN-}

mock

© (D)

CIK/GCRV

w

M pcDNA3.1-basic

$ L s
Sl hwin

*x

ASG15)

B SAMHD1-pcDNA3.1

Fold induction

o

vp3 vps

Appendix A. Supplementary data

Supplementary data to this chapter can be found online at https://

doi.org/10.1016/;.si.2019.03.028.

Identical (shaded in black) and similar (shaded in gray and light

gray) residues identified by the Gene doc program are indicated. Both
sterile a motif (SAM) domain and a histidine aspartic (HD) domain are
indicated with arrows (A). A neighbour-joining tree was constructed by
MEGA X. All sequences used for analysis were derived from GenBank
and their accession numbers were shown in parentheses. The bootstrap
confidence values shown at the nodes of the tree were based on 1000
bootstrap replications (B).
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