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ARTICLE INFO ABSTRACT

Following viral detection and interferons (IFNs) production, several hundreds of IFN-stimulated genes (ISGs) are
subsequently induced to act as direct antiviral effectors or regulators of the IFN signaling. The guanylate-binding
protein (GBP) family belongs to IFN-inducible GTPases defending the host against a diverse group of invading
pathogens such as parasites, bacteria and viruses. The Chinese tree shrew (Tupaia belangeri chinese) has been
increasingly used as an alternative experimental animal to primates in studying viral infectious diseases.
Hitherto, the tree shrew GBP family has not been characterized. In this study, we identified five tree shrew GBP
genes (tGBP1, tGBP2, tGBP4, tGBP5 and tGBP7) and characterized their antiviral activities. All these tGBPs were
ubiquitously expressed in heart, spleen, intestines, kidney, liver, lung and brain tissues of the tree shrew. IFN-y
treatment of tree shrew primary renal cells (TSPRCs) significantly induced the mRNA expression of tGBPs.
Infections with Newcastle disease virus (NDV), encephalomyocarditis virus (EMCV) and type 1 herpes simplex
virus (HSV-1) enhanced tGBPs mRNA expression in TSPRCs, but had no effect on the localization of tGBP
proteins in the cytoplasm. tGBP1, but not the other four tGBPs, showed antiviral activity against vesicular
stomatitis virus (VSV) and HSV-1 infections. Taken together, this study provided the first-hand information of
the GBP family members in the Chinese tree shrew, which might assist the development of tree shrew animal
model for infectious diseases.
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2004). The human GBP (hGBP) genes are located within one gene
cluster on chromosome 1, whereas the mouse Gbp (mGbp) genes are

1. Introduction

The interferon (IFN)-mediated innate immune response provides a
robust first line of defense against invading pathogens (McNab et al.,
2015). After the production of IFN that was induced by the pathogen
detection via pattern recognition receptors (PRRs), it induces expres-
sion of hundreds of IFN-stimulated genes (ISGs), leading to a remark-
able antiviral state, effectively against positive-, negative-, and double-
stranded RNA viruses, DNA viruses, and intracellular bacteria and
parasites (Akira et al., 2006; Goubau et al., 2013; Schneider et al.,
2014). The guanylate-binding protein family (GBP) belongs to a su-
perfamily of the IFN-induced GTPases that includes the immunity-re-
lated GTPases (IRGs), the Myxoma proteins (Mx) and the very large
inducible GTPases (VLIGs or GVINs) (Kim et al., 2012; MacMicking,

located in two clusters on chromosomes 3 and 5 (Kim et al., 2011;
Olszewski et al., 2006). GBPs have been shown to be important med-
iators of host defense in vivo against bacterial pathogens and parasites
(Meunier and Broz, 2016; Pilla-Moffett et al., 2016). There is evidence
that GBPs are also involved in the host innate immunity to viral in-
fections (Pilla-Moffett et al., 2016). Overexpression of hGBP1 could
control vesicular stomatitis virus (VSV), encephalomyocarditis virus
(EMCV), hepatitis C virus (HCV) and Kaposi's sarcoma-associated her-
pesvirus (KSHV) replications in cell lines (Carter et al., 2005; Itsui et al.,
2009; Li et al., 2016¢; Lu et al., 2008; Zou et al., 2017). A splice variant
of hGBP3 mediated anti-influenza activity through repression of the
viral polymerase complex (Nordmann et al, 2012). mGbp4 could
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negatively regulate Sendai virus (SeV)-triggered IFN-I production by
directly targeting IRF7 and inhibiting its function (Hu et al., 2011).
hGBP5 had an antiviral activity to human immunodeficiency virus type
1 and influenza virus infections (Feng et al., 2017; Hotter et al., 2017;
Krapp et al., 2016). Recently, Biering et al. (2017) discovered that the
replication complexes of positive-sense RNA viruses were marked by
the LC3 conjugation system of autophagy and targeted by GBPs to in-
hibit viral replication. All these lines of evidence suggested that GBPs
played active roles in antiviral function.

The Chinese tree shrew is a squirrel-like animal inhabiting in the
tropical shrubs or forests of South and Southeast Asia (Fan et al., 2013;
Xu et al., 2013b; Yao, 2017; Zheng et al., 2014). This animal has a small
body size, a low-cost of maintenance, a short reproductive cycle, and a
close affinity with primates (Fan et al., 2013; Xu et al., 2013a; Yao,
2017). It has a susceptibility to a wide range of human pathogens,
making it as a promising and viable experimental animal for human
diseases, including metabolic diseases, brain aging, neurological and
psychiatric diseases, and cancer (Fan et al., 2018; Li et al., 2018; Wei
et al., 2017; Xiao et al., 2017; Yao, 2017). In the past decades, great
efforts have been made to establish infectious disease animal models
using the Chinese tree shrew (Tsukiyama-Kohara and Kohara, 2014;
Xiao et al., 2017; Yao, 2017). For example, many reports have sug-
gested that tree shrew is susceptible to hepatitis B virus (HBV) and HCV
(Guo et al., 2018; Walter et al., 1996; Wang et al., 2012; Xie et al.,
1998; Yan et al., 1996). Besides, it has been shown that tree shrew is
readily infected by many other viruses, such as HSV-1 (Li et al., 20164,
2016b), Coxsackie virus A16 (Li et al., 2014) and influenza H1N1 virus
(Yang et al., 2013). However, lack of basic knowledge regarding the
immune system genes of tree shrew has disabled our efforts to create a
stable and successful animal model for infectious disease using this
species (Yao, 2017).

In this study, we identified and characterized five tGBP genes and
examined their tissue expression pattern in adult Chinese tree shrew.
We also investigated tGBP expression pattern in tree shrew primary
renal cells (TSPRCs) in response to different virus infections and tree
shrew interferon-y (tIFNy) treatment. The cellular localization and an-
tiviral activity of these tGBPs were also examined. Our results indicated
that tGBPs have a closer relationship to hGBPs than to mGbps, and
tGBP1 has a potent antiviral activity to VSV infection.

2. Materials and methods
2.1. Experimental animals and cell culture

The Chinese tree shrews (n = 5) were purchased from the experi-
mental animal core facility of Kunming Institute of Zoology (KIZ),
Chinese Academy of Sciences (CAS). After lethally anesthetized by
pentobarbital, seven different tissues including heart, liver, spleen,
lung, kidney, small intestine and brain of each tree shrew were col-
lected. This study was approved by the Institutional Animal Care and
Use Committee of KIZ, CAS.

The preparation and culture of TSPRCs was described in our pre-
vious studies (Xu et al., 2016; Yu et al., 2014). In brief, the kidney
tissues were cut into small pieces and digested in a volume of 25 mL
solution containing 1 mg/mL DNase (Sigma, AMPD1-1 KT) and 5 mg/
mL collagenase type IV (Invitrogen, 17104019) for 45minat 37 °C.
After three washes with cold phosphate-buffered saline (PBS; biological
industries, 0021517), the TSPRCs were resuspended and cultured at a
density of 2 x 10° cells/mL in high-glucose Dulbecco's modified eagle
medium (DMEM; Gibco-BRL, 11965-092) supplemented with 10% fetal
bovine serum (FBS; Gibco-BRL, 10099-141) and 1 X penicillin/strep-
tomycin (Gibco-BRL, 10378016) at 37 °C in 5% CO, until confluent.
The TSR6 (tree shrew renal cell #6) cell line was established in our
study (Gu et al., 2019), which was immortalized from TSPRCs. The
HEK293 cells were introduced from Kunming Cell Bank, KIZ, CAS. The
TSR6 and HEK293 cells were cultured using the same condition as for
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the TSPRCs.
2.2. RNA isolation and quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using RNAsimple Total RNA Kit
(TIANGEN, DP419) according to the manufacturer's instruction.
Complementary DNA (cDNA) was synthesized by using random primer
and M-MLV reverse transcriptase (Promega, M1701). RT-qPCR was
performed using iTaq Universal SYBR Green Supermix (Bio-Rad,
1725124) supplemented with gene-specific primers (Table S1) on a CFX
Connect Real-Time System (Bio-Rad, USA), as had been described in
our previous studies (Xu et al., 2015, 2016; Yao et al., 2019; Yu et al.,
2014).

We serially diluted the PCR product of the respective amplicon and
used the 1073 - 10 !° dilutions to generate the standard curve for the
primer pair to quantify the target gene. The Ct values were measured
relative to the corresponding standard curve. The tree shrew house-
keeping gene f-actin was used as the reference gene for normalization.

2.3. Molecular clone and construction of overexpression vector

We designed the primers for cloning and amplification of tGBPs
based on the predicted tGBP sequences of the Chinese tree shrew
genome (http://www.treeshrewdb.org/) (Fan et al., 2014). In order to
get a relatively intact mRNA sequence, rapid amplification of cDNA
ends (RACE) was used to amplify the 5-UTR and 3’-UTR using the
SMARTer RACE cDNA Amplification Kit (Clontech, 634923) in ac-
cordance with the manufacture's instruction. The full-length mRNA of
tGBPs were amplified using the cDNAs prepared from total RNA of
TSPRCs that treated with tIFNy for 8 h. Purified PCR products were
cloned into the pMD 19-T simple vector (TaKaRa, 3271). We sequenced
five positive clones to get the consensus sequence for each insert.

We constructed overexpression vectors for each tGBP and tIFNy
using the gene-specific primer pairs (Table S1). The PCR product was
purified with the TIANquick Midi Purification Kit (TTANGEN, DP204)
and was cloned into Flag-tagged pCMV-3Tag-8 plasmid. All the con-
structs were confirmed by sequencing. Overexpression vectors for
tMAVS (Flag-tagged tMVAS) and tMITA (MYC-tagged tMITA) had been
described in our previous studies (Xu et al., 2015, 2016) and were used
as a positive control in this study.

2.4. Phylogenetic analysis

The protein sequences of human GBPs and mouse GBPs were re-
trieved from the GenBank (https://www.ncbi.nlm.nih.gov/): hGBP1
(NP_002044.2), hGBP2 (NP_004111.2), hGBP3 (AAI40838.1), hGBP4
(NP_443173.2), hGBP5 (NP_443174.1), hGBP6 (AAI31714.1), hGBP7
(NP_997281.2), mGbpl (NP_034389.2), mGbp2 (AAD39746.1), mGbp3
(AAH19195.1), mGbp4 (NP_032646.2), mGbp5a (AAN52282.1),
mGbp5b  (AAA37668.1), mGbp6 (XP_011247688.1), mGbp7
(NP_663520.2), mGbp8 (NP_083785.3), mGbp9 (NP_766365.1),
mGbp10 (NP_001034735.2), mGbpl1l (NP_001034736.3). The protein
sequences were aligned by using Muscle 3.8 (Edgar, 2004). The un-
rooted neighbor-joining (NJ) tree were constructed by MEGA6.0
(Tamura et al., 2013) with the Poisson model. A total of 1000 bootstrap
replications were performed to determine the confidence of tree branch
positions.

2.5. Western blot and immunofluorescence assay

Transfection was performed using X-tremeGENE HP (Roche,
06366546001) following the manufacture's instruction. Cells were
harvested and lysed on ice in RIPA lysis buffer (Beyotime, P0013),
followed by centrifugation at 12,000 g at 4 °C for 10 min to remove cell
debris. The BCA protein assay kit (Beyotime, P0012) was used to de-
termine the protein concentration. A total of 20 ug protein for each
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sample was separated by a 12% (vol/vol) SDS-polyacrylamide gel and
electrophoretically transferred onto a polyvinylidene difluoride mem-
brane (Bio-Rad, L1620177). Membranes were blocked with 5% (wt/
vol) bovine serum albumin (BSA) in Tris-buffered saline (TBS) supple-
mented with 0.1% Tween-20 (TBST) (Cell Signaling Technology,
#9997) at room temperature for 2h, then probed with antibodies
against Flag (EnoGene, E12-001-1) to detect the Flag-tagged proteins,
and against (-actin (EnoGene, E12-041-1) to detect endogenous (3-actin
overnight at 4°C, respectively. After three washes with TBST, the
membranes were incubated for 1 h with anti-mouse secondary antibody
(1:10000, KPL, USA) at room temperature. The epitope was visualized
by using an ECL western blot detection kit (Millipore, WBKLS0500).
For immunofluorescence assay, cells seeded in chamber slides
(Thermo, 154526) were washed three times with PBS and were fixed by
4% paraformaldehyde. The fixed cells were permeated with 0.2%
Triton X-100 for 15 min. After three washes (each 5 min) with PBS, cells
were incubated with the primary antibody against Flag to detect the
Flag-tagged proteins overnight at 4 °C. After another round of three
washes with PBS, cells were incubated with the fluorescence labeled
anti-mouse secondary antibody (Invitrogen, A-21207) for 1h. Nuclei
were stained by DAPI (Roche, 10236276001). Intact cells were imaged
by using an Olympus FluoView™ 1000 confocal microscope (Olympus).

2.6. Virus infections

The vesicular stomatitis virus (tagged by GFP; VSV-GFP), type 1
herpes simplex virus (HSV-1), Newcastle disease virus (NDV) and
Encephalomyocarditis virus (EMCV) had been described in our previous
study (Xu et al., 2016). Briefly, the VSV-GFP was obtained from Xinwen
Chen, Wuhan Institute of Virology, Wuhan, China, the HSV-1 was in-
troduced from Jumin Zhou's laboratory at KIZ, the NDV was obtained
from the China Institute of Veterinary Drug Control, Beijing, and the
EMCV (Zhang et al., 2007) was a kind gift from Hanchun Yang, China
Agricultural University, Beijing. For viral infections, cells were seeded
in 24-well plates (5 % 10*cells/well) or in the chamber slides
(2 x 10* cells/well), and were washed three times with PBS. Cells were
then incubated with NDV at a multiplicity of infection of 1 (MOI = 1),
HSV-1 (MOI = 1), VSV-GFP (MOI = 0.01) or EMCV (MOI = 1), re-
spectively, for 1 h in DMEM without FBS, and were rinsed and cultured
in fresh growth medium containing 1% FBS until harvest. We quantified
the copy number of HSV-1 DNA in culture supernatant using RT-qPCR
following the previously described approach (Zhang et al., 2014). The
replication of VSV within the cells was quantified by using flow cyto-
metry (Xu et al., 2016).

2.7. IFNy (tIFN-vy) treatment

The HEK293 cells were seeded in 6-well plates (1 x 10° cells/well)
and were transfected with pCMV-3tag-8 (empty vector) and pCMV-
tIFNy-3tag-8 using X-tremeGENE HP (Roche, 06366546001) following
the manufacture's instruction. After 6 h of transfection, cells were wa-
shed three times with PBS, and switched to growth medium for 48 h.
The culture supernatants containing tIFN-y were collected and filtrated
with 0.45 pm filter for use.

For tIFN-y stimulation assay, the TSPRCs were seeded in 24-well
plates (5 x 10* cells/well with 500 pL growth medium) for growth for
12h, then the culture supernatant containing tIFN-y was added to
growth medium (100 pL/well). The TSPRCs were harvested at the in-
dicated times post tIFN-y treatment.

2.8. Knockout of tGBP1

We used the CRISPR-Cas9 system to knock out the tGBP1 gene in
TSR6 cells (Ma et al., 2018; Ran et al., 2013). The sgRNAs (tGBP1-
sgRNA-F 5° CACCGATGTTCAGAGCGTCCTGAT 3’/tGBP1-sgRNA-R 5’
AAACATCAGGACGCTCTGAACATC 3’) targeting the coding region of
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the tGBP1 gene were designed by the CRISPR Design Tool (http://
bioinfogp.cnb.csic.es/tools/breakingcas/index.php) (Oliveros et al.,
2016). The sgRNA pair was annealed and cloned into the pX330-T7
vector (a kind gift from Dr. Ping Zheng, KIZ) expressing mCherry. The
TSR6 cells were transfected with the pX330-T7 vector carrying the
sgRNAs. Transfected cells expressing mCherry were sorted by flow cy-
tometry and cultured for 48 h. Single cells were manually picked with a
mouth pipette for expansion for around three weeks.

The AxyPrep Multisource Genomic DNA Miniprep Kit (Axygen,
26817KC1) was used to extract genomic DNA of the single TSR6 cells
with potential knockout of tGBPI. The gene region spanning the sgRNA
targeting sites was amplified by using primer pair (tGBP1-sgF 5’ CTC
TGATAACACGTCCATG 3’/tGBP1-sgR 5" ACTGTTCATTCCCACCTC 3").
The PCR products were sequenced using the primer tGBP1-sgF and
analyzed by the DNASTAR Lasergene 7.1 (DNAS Inc., Madison, WI,
USA) to screen for mutation(s). We were able to pick up a cell clone
with a frameshift mutation (c.74_75insA) to disrupt the translation of
tGBP1 protein. We used the human GBP1 monoclonal antibody (SANTA
CRUZ, sc-53857) to probe the tGBP1, but this antibody was un-
fortunately not workable in our assay.

2.9. Statistical analysis

Statistical analysis was determined by using the unpaired Student's
t-test with Prism software (GraphPad). Significant values were in-
dicated as *, p < 0.05 and **, p < 0.01. Values were presented as
mean =+ standard error of mean (SEM).

3. Results
3.1. Identification of five GBP genes in the Chinese tree shrew

There were 7 members (hGBP1 - hGBP7) and 11 members (mGbp1 -
mGbp11) of GBPs in human and mouse, respectively (Olszewski et al.,
2006). Based on the genome sequence of the Chinese tree shrew and the
tree shrew database (http://www.treeshrewdb.org) (Fan et al., 2013,
2014), we were able to identify five GBPs (tGBP1, tGBP2, tGBP4, tGBP5,
tGBP7; the naming of each tGBP was based on the clustering pattern of
tGBPs with hGBPs and mGBPs in the phylogenetic tree and their
chromosomal localization) in tree shrew (Table S2). The coding region
of tGBPs ranged from 1733 bp to 1884 bp, and the predicted proteins
had a molecular weight ranged from 67 kD to 72 kD (Table S2). In the
unrooted NJ tree, tGBPs had a closer relationship to hGBPs than to
mGbps (Fig. 1A). All five tGBPs were mapped to one gene cluster on one
chromosome based on the updated assembly genome of the Chinese
tree shrew (authors’ unpublished data), which resembled the human
GBPs cluster (Fig. 1B).

There were conserved motifs in the N-terminal of tGBPs, including
the GxxxxGK(S/T), DxxG and TLRD/TVRD motifs that belong to the
GTPases domain. The C-terminal of tGBPs had a relatively low sequence
identity among different members, whereas the N-terminal of different
tGBPs seemed to be more conserved. Only tGBP1, tGBP2 and tGBP5
contained a CaaX motif (Fig. 2), which was said to be responsible for its
isoprenylation (Degrandi et al., 2007; Olszewski et al., 2006).

3.2. Tissue expression of tGBP mRNAs

The mRNA expression levels of tGBPs were analyzed in seven tissues
from healthy adult tree shrews. tGBPs mRNA were ubiquitously de-
tected in all examined tissues at a very low level according to the RT-
qPCR. However, we could not obtain full-length tGBP mRNA sequences
using these cDNAs as the template for PCR, suggesting that the full-
length tGBP mRNAs were expressed at extremely low level. There was a
seemingly tissue-specific pattern for the mRNA levels of tGBPs in
healthy animals. In particular, tGBPI had a relatively higher mRNA
level in lung compared to other tissues (Fig. 3A). tGBP2 exhibited a
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Fig. 1. Phylogenetic tree and chromosomal clus-
tering of hGBPs, mGbps and tGBPs. (A) Phylogenetic
tree of the GBP protein sequences of human (h),
mouse (m) and the Chinese tree shrew (t). The un-

100, mGbp4

100 JE’“G p6 rooted tree was constructed using the neighbor-
73 mGbp10 joining (NJ) method, with 1000 bootstrap replica-
mGbp9 . .
40 hGBP& tions. The bootstrap values for respective nodes were
54 97 mGbp3 shown on the branches. The branch length, as mea-
mGbp7 sured by the scale bar, was based on the evolutionary
p
100 99 hGBP7 distances used to infer the clustering pattern. The
hGBP4 evolutionary distances were computed using the
—mLAtGBP7 Poisson correction method. Red triangle indicated
100 A tGBP4 hGBP5 tGBPs. (B) Chromosomal clustering of hGBPs, mGbps
484|—{ A{GBP5 and tGBPs. Arrows indicate the directions of tran-
mGbp5a scription. Black block, individual gene. White block,
99 mGbp1 pseudogene. Yellow block, exon shared by tGBP4 and
% mGbp2 tGBP7. Gray lines indicated regions of synteny be-
ﬁl— hGBP2 tween human chromosome 1 and murine chromo-
0.95 89 A tGBP1 A tGBP2 somes 3 and 5. (For interpretation of the references
99 96 hGBP1 to colour in this figure legend, the reader is referred
hGBP3 to the Web version of this article.)
Mouse wGhp1 GbEZ Gbe1 Gbe&’ Gbﬁ? Gbﬁ5
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higher mRNA level in heart and spleen tissues compared to other tissues
(Fig. 3B). tGBP4 was highly expressed in heart, spleen, liver and lung
tissues (Fig. 3C). tGBP5 had a higher mRNA level in spleen tissues re-
lative the other tissues (Fig. 3D), whereas tGBP7 was highly expressed
in heart and lung tissues (Fig. 3E). The different tissue expression pat-
tern of tGBPs might be relevant to the specific roles of tGBPs in the
immune system and further studies should be performed to characterize
the underpinnings of the unique expression pattern.

3.3. Upregulation of tGBPs in TSPRCs by tree shrew IFN-y (tIFN-y)

The GBP genes belong to the dynamin-like GTPases superfamily and
are prominently induced by IFN-y in human and mouse (Meunier and
Broz, 2016; Pilla-Moffett et al., 2016). We investigated whether the
tGBPs could be induced by tIFN-y. As the IFNs exerted their function in
an autocrine or paracrine manner (Borden et al., 2007), we over-
expressed the tIFN-y in HEK293T cells and collected the culture su-
pernatant to treat TSPRCs. tIFN-y treatment significantly upregulated
the mRNA expression levels of tGBPs as early as at 4h. Notably, the
most predominantly induced tGBP5 was upregulated by nearly 70 folds
at 24h after tIFN-y treatment compared to untreated cells (Fig. 4).
These results showed that the IFN-y inducible property of GBPs was
conserved in tree shrew and was similar to that of hGBPs and mGbps
(Degrandi et al., 2007; Kim et al., 2011; Olszewski et al., 2006).

3.4. Upregulation of tGBPs expression by virus infections
The GBPs have been shown to be important mediators of host de-

fense in vivo against bacteria and parasites, and are involved in antiviral
innate immunity (Pilla-Moffett et al., 2016). We examined the mRNA
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alterations of tGBPs in response to different virus infections in TSPRCs.
Either the RNA virus (NDV or EMCV) or DNA virus (HSV-1) infection
stimulated tGBPs mRNA expression (Fig. 5). NDV infection significantly
and persistently upregulated all five tGBPs as early as 9 h post infection
(hpi) (Fig. 5A). EMCYV infection significantly induced tGBPs expression
at 12 hpi, and tGBP1 and tGBP5 had an earlier upregulation at 9 hpi
(Fig. 5B). HSV-1 infection continuously enhanced the mRNA expression
of tGBPs at 6 hpi (Fig. 5C). Among these three viruses, NDV infection
had the most pronounced effect (Fig. 5). These results suggested that
tGBPs were upregulated by viral infections and might play active roles
in antiviral immunity.

3.5. Cellular location of tGBPs

The cellular location was important for GBP proteins to exert their
host defense function against pathogen infection (Biering et al., 2017;
Choi et al., 2016; Park et al., 2016; Wandel et al., 2017; Yamamoto
et al., 2012). We investigated cellular location of tGBPs in TSPRCs with
or without viral infections. The tGBPs were widely distributed in the
cytoplasm of TSPRCs, and this localization pattern was not altered by
NDV or HSV-1 infection (Fig. 6). Overexpression of tGBP7 showed
seemingly granular structures irrespective of viral infections, which
might be the aggregation of overexpressed tGBP7 protein (Fig. 6)
(Britzen-Laurent et al., 2010). We could not examine the cellular lo-
calization of endogenous tGBPs due to the lack of workable antibodies
for detecting individual tGBPs.

3.6. Overexpression of tGBP1 repressed VSV replication in TSPRCs

The GBPs of human and mouse have been shown to be involved in
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Fig. 2. Multiple protein sequence alignment of five tGBPs. Black boxes indicated identical residues, and gray boxes indicated similar residues. The three conserved
motifs within the GTP-binding site and the carboxy-terminal CaaX motif were marked in red box and blue box, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

the response against viral infection (Pilla-Moffett et al., 2016). We ex- HSV-1 infection, respectively (Fig. 7B-D). Ectopic expression of tGBP1
amined the antiviral function of tGBPs upon VSV and HSV-1 infections. significantly inhibited the replication of VSV and had a mild effect on
TSPRCs were transiently transfected with respective tGBP expression HSV-1 replication in TSPRCs (Fig. 7B-D). However, the other tGBPs had
vector. All 5 tGBPs could be successfully overexpressed in TSPRCs no apparent inhibitory effect on VSV and HSV-1 replications
(Fig. 7A). As had been reported before (Xu et al., 2015, 2016), over- (Fig. 7B-D).

expression of tMAVS or tMITA (as a positive control) inhibited VSV and
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Fig. 3. The mRNA levels of tGBPs in seven tissues of the Chinese tree shrews. The mRNA levels of (A) tGBP1, (B) tGBP2, (C) tGBP4, (D) tGBP5 and (E) tGBP7 in each
tissue from five healthy adult tree shrews were measured by quantitative real-time PCR, with normalization to -actin.

31



T. Gu, et al.

Developmental and Comparative Immunology 96 (2019) 27-36

tGBP2 Fig. 4. Upregulation of tGBP mRNA expression in
s 5 5 8 tree shrew primary renal cells (TSPRCs) with and
B 4 o 6 ” 2 E ?I/Eﬁ}_o; without tIFN-y treatment. The TSPRCs were stimu-
g ‘é’a <zt:é')’ - lated by culture supernatants of HEK293T cells
QECE 3 %E 41 == transfected with pCMV-3tag-8 (empty vector) or
cg-; 2 g; pCMV-tIFNy-3tag-8 for the indicated times. The re-
F€ 1 L2 lative mRNA levels of tGBPs were determined by
& 0 & 0 quantitative real-time PCR, with normalization to -
actin. The fold values (relative to the controls at each
time point) were presented as mean *+ SEM. The
experiments were repeated three times, with con-
s 50 B 3 50 sistent results.
& 3 B
E ’840 < © < © 40
z2 z2 z2
Zs 30 né kS % 3 30
§<!g 20 o5 2 20
££10 BE g€ 10
[} [0} [0
14 0 © x 0
DUEEC OO q/bl(‘
A_
o 15 tGBP1 » tGBP2 tGBP4 tGBP5 tGBP7
O - 80 2000 ** 150
<_E o) 40 ** o o I NC
Z S0 = 30 60 1500 100 M NDV
EG 20 40 ™ 1000
L3O 5 * - ke 50
£8 10 = 20 500 < -
§o)
x O 0 0 0
S F I IR & & & & TS F
B?J tGBP1 tGBP2 tGBP4 tGBP5 tGBP7
3.8 w10 o 40 400 ¥ a0
z ) = -_ ** *k D NC
z 26 8 30 300 30 =~ M EMcV
(14 g 6
Eoc 4 buded 20 200 20
23 4 =
£8 2 ° 10 100 10
Jo)
0 0 0 0 0
C“‘ & oF o & o & F 9 §F F g & F o
§ tGBP1 tGBPZ** tGBP4 tGBP5 tGBP7
a4 wx 15 = 10 # 400 30 "
< ) - * - "k — D NC
z 23 = 6] x 300 3 B HSV-1
¥ ® 10 - 20
€S 2 *ok 6
o - g 200 . *k
g ke 5 4 7 107 »x
£ 1 2 1001 =
©
x O 0 0 0 0
AN S & 9 S F B T & &

Fig. 5. Upregulation of mRNA levels of tGBPs in tree shrew primary renal cells (TSPRCs) in response to virus infections. The TSPRCs were infected by (A) NDV
(MOI = 1), (B) EMCV (MOI = 1) or (C) HSV-1 (MOI = 1) for the indicated time points. The mRNA level of each tGBP was determined by quantitative real-time PCR,
with normalization to $-actin. Data shown were fold changes of each tGBP relative to the respective control. The experiments were repeated three times with similar

results.

3.7. Knockout of tGBP1 promoted VSV replication in a tree shrew renal cell
line

We further confirmed the antiviral activity of tGBP1 by knocking
out this gene in the TSR6 cell line, which was immortalized from
TSPRCs in our recent study (Gu et al., 2019). Using the CRISPR/Cas9
technique, we successfully disrupted the tGBP1 coding frame by in-
troducing mutation c.74_75insA (Fig. 8A). As expected, the VSV re-
plication was significantly increased in the TSR6 cells with tGBP1
knockout relative to wild-type cells (Fig. 8B and C). Collectively, these
results based on the overexpression and knockout of tGBP1 supported
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its antiviral activity.

4. Discussion

In recent years, the Chinese tree shrew has received much attention
in the field for its usage as a small and viable experimental animal (Li
etal., 2018; Yao, 2017). The closer affinity of the tree shrew to primates
as compared to that of rodents to primates had opened a new avenue for
replacing primates by tree shrew in biomedical researches in certain
aspects (Xiao et al., 2017; Yao, 2017), especially considering the recent
breakthrough for gene editing (Ma et al., 2018) and transgenic
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Fig. 6. Cellular localization of tGBPs in tree shrew renal cells (TSPRCs) with or without viral infections. Cells were transiently transfected with the indicated Flag-
tagged tGBP expression vector for 24 h, then were infected with NDV (MOI = 1) or HSV-1 (MOI = 1) for 12h. After fixation and immunostaining, cellular locali-
zation of the respective tGBP was examined using confocal microscope. Data shown were representative of three independent experiments.

manipulation of the Chinese tree shrews (Li et al., 2017; Xu et al.,
2017). We and others have described the unique and common features
of the tree shrew immune genes in the recent years (Jiang et al., 2018;
Luo et al., 2018; Mu et al., 2014; Xu et al., 2016; Yao et al., 2019; Yu
et al.,, 2014, 2016). In this study, we characterized the GBPs in the
Chinese tree shrew, and we added another case showing the con-
servation and divergence of GBPs in tree shrew.

GBPs play important roles in host defense against bacterial, parasitic
and viral pathogens (Meunier and Broz, 2016; Pilla-Moffett et al.,
2016). However, the GBP family were only well characterized in human
and mouse (Degrandi et al., 2007; Olszewski et al., 2006). Homologs of
GBPs were not detected in any invertebrate species, indicating that
GBPs were most likely arose in the ancestor of chordates and functioned
only in vertebrate species (Olszewski et al., 2006; Pilla-Moffett et al.,
2016). Five GBPs were successfully identified in the Chinese tree shrew.
These tGBPs shared the common features with hGBPs and mGbps. The
most conserved GTP binding motif TLRD/TVRD and GxxxxGK(S/T)
(Degrandi et al., 2007; Olszewski et al., 2006; Pilla-Moffett et al., 2016)
were presented in all tGBPs. In accordance with hGBPs and mGbps,
tGBP1, tGBP2 and tGBP5 had a CaaX motif in the C-terminal parts
(Olszewski et al., 2006). Further analysis demonstrated that the GBPs in
tree shrew had a closer relationship with hGBPs than with mGbps. First,
the chromosomal location and gene organization of tGBPs were more
similar to hGBPs compared to mGbps (Kim et al., 2011; Olszewski et al.,
2006; Pilla-Moffett et al., 2016). Second, the phylogenetic clustering
pattern of tGBPs with hGBPs also supported this conclusion. These ob-
servations were in line with the opinion that the Chinese tree shrew had
a close relationship with primates (Fan et al., 2013; Xu et al., 2013a).

Hitherto, the tissue expression patterns of GBPs had not been fully
evaluated in other species except for human and mouse (Degrandi et al.,
2007; Kim et al., 2011; Olszewski et al., 2006). The expression profiles
of GBPs in human and mouse had been compared by using the data
form UniGene database (Olszewski et al., 2006), which showed that
hGBP1 and mGbp2 in the spleen and hGBP4 and mGbp3 in the bone
marrow had a similar expression pattern, respectively (Olszewski et al.,
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2006). We examined the tissue expression profiles of tGBPs in seven
tissues from healthy adult tree shrews and provided the first-hand data
for the tissue expression pattern of GBPs. The tGBPs were ubiquitously
expression in all seven tissues examined in this study, but there was a
tissue-specific pattern for different members. The overall tissue ex-
pression pattern of tGBPs resembled that of human (Olszewski et al.,
2006).

GBPs are ISGs that were induced by many cytokines and proin-
flammatory cytokines, and were mainly induced by IFN-y (Degrandi
et al., 2007; Tripal et al., 2007). Similarly to hGBPs and mGbps, tGBPs
were strongly induced by tIFN-y. In addition, mRNA levels of tGBPs
could be stimulated by virus infections, suggesting that tGBPs are in-
volved in the antiviral immune response. It has been reported that GBPs
were recruited to the pathogen-containing vacuoles (PCVs) to destruct
the integrity of PCVs, thus to expose the pathogens to host or to elim-
inate it (Choi et al., 2014; Kravets et al., 2016). Previous studies showed
that hGBP1 and hGBP5 were consistently located in cytoplasm in the
resting state or upon different virus infections (Feng et al., 2017; Itsui
et al., 2009; Zou et al., 2017). Porcine GBP1 also showed a similar
cellular location in response to classical swine fever virus infection (Li
et al., 2016c¢). Consistent with these observations, we found that tGBPs
were located in the cytoplasm and viral infections had no apparent
effect on the cellular localization of tGBPs.

Human GBP1 showed antiviral activity against various virus infec-
tions, such as VSV, EMCV, HCV, KSHV and HBV (Anderson et al., 1999;
Itsui et al., 2009; Lu et al., 2008; Zou et al., 2017). While the tGBP1 had
an inhibitory effect on VSV and HSV-1 replications, the other tGBPs had
no obvious effect on the replications of VSV and HSV-1. We speculated
that tGBP1 and hGBP1 may share the same antiviral mechanism, as
tGBP1 and hGBP1 had a closer affinity in the phylogenetic tree, and
both presented similar antiviral spectrum (Anderson et al., 1999; Carter
et al., 2005; Itsui et al., 2009). The antiviral activity of hGBP1 against
the positive-strand RNA virus and DNA virus infections had been well
depicted (Itsui et al., 2009; Zou et al., 2017). As VSV is a negative-
strand RNA virus, further functional assays should be performed to
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understand the antiviral function of tGBP1 against VSV infection. This
pursuit will benefit for the understanding of the broad antiviral spec-
trum of GBP1.

In short, we identified five tGBPs and confirmed the conservation of
GBP structure and function in the Chinese tree shrew. The updated
information about the GBPs in the Chinese tree shrew will provide more
information for the GBP family and for us to learn the innate immune
restriction factors in this species.
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Fig. 7. Overexpression of tGBP1 inhibited replication of VSV and HSV-1 in tree shrew renal cells (TSPRCs). (A) Western blot analysis of the overexpressed tGBPs in
TSPRCs. (B) Flow cytometry analysis and (C) quantification of VSV replication in TSPRCs overexpressing the indicated vector. Cells (1 x 10°) were transfected with
the indicated vector (1 pug) for 12 h before being infected with VSV-GFP (MOI = 0.01) for 12 h. Percentage of 10,000 cells expressing GFP (GFP ™ cells) was counted
by flow cytometry. Overexpression of tMAVS was used as a positive control. (D) Quantification of HSV-1 replication in TSPRCs overexpressing the indicated vectors.
TSPRCs (1 X 10°) were transfected with the indicated vectors for 24 h, followed by infection with HSV-1 (MOI = 1) for 1 h. Cells were washed three times with PBS
and switched to growth medium for 24 h. The copy number of HSV-1 DNA in the culture supernatant was analyzed by quantitative real-time PCR using the specific
primers for HSV-1 genome as reported in previous study (Zhang et al., 2014). Overexpression of tMITA was used as a positive control. The data were representative of

34

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (U1402224 to Y-GY, 31700155 to LX), Yunnan
Province (2016FB018 to LX) and CAS “Light of West China” Program
(to LX).



T. Gu, et al.

A sgRNA target site

Developmental and Comparative Immunology 96 (2019) 27-36

Fig. 8. Knockout of tGBPI promotes VSV replication
in tree shrew renal cell line TSR6. (A) Sequencing
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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Table S1. Primers used in this study

Gene Usage

Primer sequence (5’ - 3’)

tGBP1 5’ RACE

5 RACE nest

3’RACE

3> RACE nest

RT-qPCR F

RT-gPCR R

Vector construction F

Vector construction R
tGBP2 5’RACE

5> RACE nest

3’RACE

3 RACE nest

RT-qPCR F

RT-gPCR R

Vector construction F

Vector construction R
tGBP4 5’ RACE

5> RACE nest

3’RACE

3’ RACE nest

RT-gPCR F

RT-gPCR R

Vector construction F

Vector construction R
tGBP5 5’RACE

5> RACE nest

3’RACE

3’ RACE nest

RT-qPCR F

RT-qPCR R

Vector construction F

Vector construction R
tGBP7 5’ RACE

5° RACE nest

3’RACE

3’ RACE nest

RT-qPCR F

RT-gPCR R

Vector construction F

Vector construction R
tIFNy Vector construction F

Vector construction R

TTTATGTTTTTCACCAGTACCTTGC
GCTGTTATACACTAAGGTGCTGCTC
CTGTGATTGATACAATTCTACAGAC
AAAGAGCATATCTGTCATCCTTACT
TTTGATCGACCCACTCACCG
AGTGGGTAATGGCCTTCTGC
ATGCggatccATGGCCTCAGAGAACCACAT
ATGCctcgagACTTATGACACATGTCTTCTTTGGC
AGGTGTGGTTTGGCTTCTTGGGATG
CGCAATAGCCACCACCACGACA
GGAGATAGGGAAACGGATGAATGAA
ATGGGAGAGATCATGCAGGTTCTGT
TCAGCAGACTTCATGCCAGG
AATAGCCACCACCACGACAG

ATGCgatatc ATGGCCTCAGCAGACTTCAT
ATGCgtcgacGAGTATGTTACATGTTGATTTGTACA
CCTTTTCTATGTCGCCCAGGCTCT
TTCTGTCCAGCCAGGCGGTTCAT
TCATTTTGAAGTATATGCGTATTAG
CTTTTAAATCAGTGAGAAGCGAGCA
TACCTAGGCCACTGAGCACT
ACCACATCCAGATGCCCTTG

ATGCgatatc ATGATGGCCCCCATATGTCTAG
ATGCctcgagTTTCATATGTGAACTGATAAATTTC
AAATCTGGGTGTCCTTGTTGTGGTC
GCATACACCACATCCAGATTCCCT
CCAGGCTCTCACAGCGAAGGAAA
CCATCAGGAACAACTCAGACAAATAGA
CCCTACTAGATGCAAGGCGG
ACTCCTTTCTTGGGCGTCTG
ATGCggatccCTCGGAAAGGTCTCCACCCCCAAT

ATGCctcgagAATACTTCGAAGTAAGATACATGGGTCA

TGACCACATGCTCAGATGTCCTTTC
CTCCTGGGAAACTGACTGTTCTTAG
ACAGCACCTAACAGTCAAAACACAA
ATTTTGAAAAGTGGAACCAGATTAG
AGGTTGCTGTGCTAGATCCC
TCTTGGGCAGACAGGCAATG
ATGCggatccATGGCAACTGGACCCAGGAT
ATGCctcgagTCGGTTTTGTGGAATGAAGCAT
ATGCggatccATGAAGTATACAAGTTATACACTGG
ATGCctcgagTCTGGAAGCTCTCCGACCT

The nucleotides marked in italic refer to the recognition site of restricted enzymes. RT-qPCR,

quantitative real-time PCR.



Table S2. The characteristics of tree shrew GBPs

Gene 5"UTR 3" UTR CDS Full-length Mw GenBank accession
name (bp) (bp) (bp) (bp) (kD) number

tGBP] 816 196 1733 2155 67.6 MK214685

tGBP2 127 1162 1764 3052 66.9 MK214686

tGBP4 323 728 1872 2922 71.3 MK214687

tGBP5 218 134 1770 2120 67.3 MK214688

tGBP7 126 719 1884 2728 71.4 MK214689

Mw, molecular weight.



