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ARTICLE INFO ABSTRACT

Keywords: DNA damage inducible transcript 3 (DDIT3, also known as CHOP) belongs to the CCAAT/enhancer-binding
Tree shrew protein (C/EBP) family and plays an essential role in endoplasmic reticulum stress. Here, we characterized
DDIT3

the potential role of the Chinese tree shrew (Tupaia belangeri chinensis) DDIT3 (tDDIT3) in viral infections. The
tDDIT3 protein is highly conserved and has a species-specific insertion of the SQSS repeat upstream of the C-
terminal basic-leucine zipper (bZIP) domain. Phylogenetic analysis of DDIT3 protein sequences of tree shrew and
related mammals indicated a closer genetic affinity between tree shrew and primates than between tree shrew
and rodents. Three positively selected sites (PSSs: Glu83, Pro93, and Ser172) were identified in tDDIT3 based on
the branch-site model. Expression analysis of tDDIT3 showed a constitutively expressed level in different tissues
and a significantly increased level in tree shrew cells upon herpes simplex virus type 1 (HSV-1) and Newcastle
disease virus (NDV) infections. Overexpression of tDDIT3 significantly increased the production of HSV-1 and
vesicular stomatitis virus (VSV) in tree shrew primary renal cells (TSPRCs), whereas tDDIT3 knockout in tree
shrew stable cell line (TSR6 cells) had an inhibitory effect on virus production. The enhanced effect on viral
infection by tDDIT3 was not associated with the three PSSs. Mechanistically, tDDIT3 overexpression inhibited
type I IFN signaling. tDDIT3 interacted with tMAVS through CARD and PRR domains, but not with other
immune-related factors such as tMDAS5, tSTING and tTBKI1. Collectively, our results revealed tDDIT3 as a
negative regulator for virus infection.

Viral infection
Innate immune response
MAVS

1. Introduction reproductive cycle (6 weeks) and life span (8-10 years), and low
maintenance cost (Xiao et al., 2017; Yao, 2017). In recent years, tree

The Chinese tree shrew (Tupaia belangeri chinensis) was a small shrew has been used as a valid experimental model in neuroscience
mammal widely distributed in the tropical shrubs or forests of South research (Fan et al., 2018; Savier et al., 2021), cancer research (Ge et al.,
China and proximate regions of South and Southeast Asia (Peng et al., 2016; Lu et al., 2021b; Sun et al., 2021), infectious disease studies (Li
1991). There are many attempts to use this animal for biomedical re- et al., 2018; Luo et al., 2021; Xu et al., 2020c; Zhang et al., 2019), and
searches due to its unique features, such as rat-sized body weight other diseases (Che et al., 2021; Chen et al., 2020). Accumulating data
(100-150 g), high brain-to-body mass ratio, relatively short showing that tree shrew was susceptible to many human pathogens,
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including hepatitis C virus (HCV) (Amako et al., 2010; Xu et al., 2007,
2020c), hepatitis B virus (HBV) (Guo et al., 2018; Kock et al., 2001; Luo
and Zheng, 2020), influenza virus (Xu et al., 2019b; Yang et al., 2013),
HSV-1 (Li et al., 2016), and severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) (Xu et al., 2020a). Since the completion and
refinement of the Chinese tree shrew genome (Fan et al., 2013, 2019; Ye
et al., 2021), we had made great efforts to characterize the innate im-
mune system of this animal, with the aim to learn more about the genetic
basis of using tree shrew as an infectious disease model. We character-
ized the molecular characters and functions of tree shrew RIG-I-like
(RLR) receptors (Xu et al., 2016), Toll-like (TLR) receptors (Yu et al.,
2016), mitochondrial antiviral signaling protein (MAVS) (Xu et al.,
2015), guanylate-binding proteins (GBP) (Gu et al., 2019a), and 2/,
5’-oligoadenylate synthetases (OASs) (Yao et al., 2019). For better
sharing of the tree shrew resources, we also created two tree shrew cell
lines of renal tissue (Gu et al., 2019b) and hepatic tissue origins (Zhang
et al., 2020b). Moreover, a comparison of the tree shrew skin structure
(Zhang et al., 2020a) and neocortex development (Yin et al., 2020) with
other species showed a closer resemblance to primates than to rodents.
All these results from our studies of tree shrews, together with the
related ones from the field (Lu et al., 2021b; Xiao et al., 2017), un-
doubtedly suggesting for a promising and bright future for the usage of
tree shrew in basic and biomedical researches (Yao, 2017).

DNA damage inducible transcript 3 (DDIT3) is a member of the
CCAAT/enhancer-binding protein (C/EBP) family. It was also known as
growth arrest and DNA damage inducible gene 153 (GADD153) and C/
EBP homologous protein (CHOP) (Oyadomari and Mori, 2004). DDIT3
has been reported to play a pivotal role in the pathogenesis of neuro-
degenerative disorders (Baleriola et al., 2014; Li et al., 2021; Pennuto
et al., 2008) and metabolism dysfunction including type 2 diabetes and
hepatic steatosis (Yong et al., 2021) and renal dysfunction (Zhang et al.,
2015). Most of these studies linked DDIT3 as a main conduit to endo-
plasmic reticulum (ER) stress (Yang et al., 2017) or as a transcription
regulator to modulate autophagy (Rouschop et al., 2010) and apoptosis
(Medigeshi et al., 2007). It was also found that DDIT3 played a role in
viral infection (Hu et al., 2018; Wang et al., 2020). As virus was likely to
synthesize and modify the viral proteins in ER, it would cause incor-
rectly procession of proteins and triggered the unfolded protein response
(UPR), which finally induced the production of DDIT3 (Hu et al., 2018).
In our recent transcriptomic analyses for tree shrew primary hepatocytes
upon HCV infection, we found that tree shrew DDIT3 (tDDIT3) was
upregulated (authors’ unpublished data), which was consistent with the
report for an increased expression of DDIT3 upon HCV infection (Ke and
Chen, 2011). In addition, an evolutionary analysis for potential positive
selection of the tDDIT3 gene identified several positively selected sites
(PSSs) in this gene (see below), that is the reason why we began our
work on characterizing the role of tDDIT3 in viral infection. In this
study, we firstly performed an evolutionary analysis and functional
characterization of DDIT3 in the Chinese tree shrews. We found that this
gene had a tissue-specific expression pattern. Overexpression of tDDIT3
inhibited type I interferon signaling activation upon viral infection, and
enhanced virus production in tree shrew cells. We also provided sug-
gestive evidence that tDDIT3 interacted with tMAVS.

2. Materials and methods
2.1. Experimental animals and cells

This study is a part of our previous and ongoing projects that aim to
characterize the genetic features of the tree shrew immune system (Gu
et al., 2019a; Xu et al., 2015, 2016, 2020c; Yao et al., 2019, 2020; Yu
et al., 2014, 2016). We used tree shrew tissues, including heart, liver,
spleen, lung, kidney, small intestine and brain that were collected in
these previous studies. Briefly, tissues were collected from adult tree
shrews from the experimental animal core facility of the Kunming
Institute of Zoology (KIZ) after lethally anesthetized by pentobarbital,

Developmental and Comparative Immunology 127 (2022) 104307

and were immediately frozen in liquid nitrogen and were stored at
—80 °C. The experimental protocol was approved by the Institutional
Animal Care and Use Committee of KIZ. We followed the same pro-
cedure in our previous studies (Xu et al., 2016; Yu et al., 2014) to isolate
and culture tree shrew primary renal cells (TSPRCs). TSR6 (tree shrew
renal cell #6) was established in our previous study (Gu et al., 2019b),
and HEK293T cell line was introduced from the Kunming Cell Bank of
KIZ. All cells were cultured in high-glucose Dulbecco’s modified Eagles
medium (DMEM; Gibco-BRL, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco-BRL, USA) and 1% penicillin/streptomycin (Gib-
co-BRL, USA) in a humidified incubator at 37 °C in 5% CO..

2.2. Total RNA extraction and quantification

Total RNAs were extracted from tree shrew tissues and cells by using
the RNA simple Total RNA Kit (TIANGEN, Beijing) according to the
manufacturer’s instruction. We used these RNA samples with an A260/
A280 ratio of 1.8-2.0 for the subsequent quantification. Briefly, around
2 pg of total RNA was used to synthesize complementary DNA (cDNA) by
using oligo-dT18 primer, random primer and M-MLV reverse tran-
scriptase (Promega, USA). Quantitative real-time PCR (qRT-PCR) was
performed in a total volume of 20 pL reaction system, which contains 10
pL of 2 x SYBR green Premix Ex Taq IliTaq, 0.4 pM (around 1 pL) gene-
specific primer pair (Table S1), 1 pL of cDNA, and 8 pL of ddH30. The
qRT-PCR was performed on a MyIQ2 Two-Color Real-Time PCR Detec-
tion system (Bio-Rad, USA), as described in our previous studies (Gu
et al., 2019a; Xu et al., 2015; Yao et al., 2019; Yu et al., 2014) with the
following conditions: one denaturation cycle at 95 °C for 1 min, 40
amplification cycles of 95 °C for 15 s and 55 °C for 15 s. The PCR product
of respective gene was serially diluted, and the 1072 - 10710 dilutions
were used for making the standard curve for quantification of the target
gene. The Ct values were measured relative to the corresponding stan-
dard curve. Tree shrew house-keeping gene p-actin was used for the
normalization of the target gene.

2.3. Evolutionary analyses of the DDIT3 gene

We retrieved the DDIT3 protein sequences of 12 mammalian species
from the ENSEMBL (http://www.ensembl.org/index.html) (Table S2)
and aligned these sequences by the Clustal W method of MEGA7.0
(Kumar et al., 2016). The neighbor-joining (NJ) method was used to
construct a phylogenetic tree, with 1000 bootstrap replications. We
tested potentially selective pressure acting on protein-coding genes by
estimating the ratio of non-synonymous to synonymous substitutions (@
= dN/dS) between the coding parts of homologs, with @ = 1 meaning
neutral mutations and w > 1 for positive selection. We followed the same
procedure in our previous study (Fan et al., 2018) to perform a positive
selection test by the branch-site model (Yang and Nielsen, 2002; Zhang
et al., 2005), and the codeml software implemented in PAML4 (Yang,
2007) package was used. The likelihood of positive selection (tree shrew
branch as the fixed foreground branch, @2 = 1) was compared to the
likelihood under the null hypothesis (non-fixed foreground branch) by
using likelihood ratio test, to test whether a proportion of sites in the
sequence provides statistically significant support for @ > 1 in the
foreground branch. Individual codon sites putatively under positive
selection were identified using the site-specific Bayes Empirical Bayes
(BEB) method (Yang et al., 2005), with each codon site being assigned
with a corresponding posterior probability.

2.4. Plasmid construction

Based on the tDDIT3 gene information from the treeshrewDB data-
base (http://www.treeshrewdb.org/) (Fan et al., 2019), we designed
specific primer pairs (Table S1) to amplify the open reading frame of
tDDIT3 and cloned it into FLAG-tagged pCMV-3Tag-8 (Stratagene, USA)
with BamH I and Xho 1. We made three tDDIT3 mutants by using the
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multisite-directed mutagenesis (StrataGene, USA) as described in our
previous studies (Gu et al., 2021; Xu et al., 2020c), and each mutant
contains one PSS as identified in the above evolutionary analysis. These
tDDIT3 mutants p.E83D, p.S89_S92 del (the 93rd residue underwent
positive selection due to the inserted SQSS repeat, so we created this
variant by deleting the SQSS repeat), and p.S172A. Expression vector for
tTRIM25 was generated using specific primers and was cloned into
pCMV-3Tag-8 vector (Table S1). Ub-HA vector was a kind gift from
Bingyu Mao’s laboratory at KIZ. All plasmids were confirmed by
sequencing.

2.5. Virus infection

Herpes simplex virus type 1 strain 17+ (HSV-1), HSV-1 with a GFP
tag (HSV-1-GFP), vesicular stomatitis virus tagged by GFP (VSV-GFP,
Indiana strain), and Newcastle disease virus (NDV) were lentogenic
strain LaSota taken from our previous study (Gu et al., 2021; Xu et al.,
2016). HSV-1 was amplified as in our previous studies (Xu et al., 2016,
2020b). For viral infection, TSPRCs or TSR6 were seeded in 12-well
plates (1 x 10° cells per well) for growth overnight, then were washed
with serum-free DMEM twice. Cells were incubated with HSV-1 (mul-
tiplicity of infection [MOI] = 1), VSV (MOI = 0.01), NDV (MOI = 1) for
1 h in serum-free DMEM, followed by culture in fresh growth medium
containing 10% FBS until harvest at the indicated time for quantification
of mRNA or protein level of the target gene. The production of VSV-GFP
and HSV-1-GFP in infected cells was quantified by using flow cytometry
as described in our previous study (Xu et al., 2020b).

2.6. Western blotting

Different tree shrew tissues (heart, liver, spleen, lung, kidney, brain,
small intestine), were lysated by using the protein lysis buffer (Beyo-
time, Shanghai). The tree shrew cells were seeded in a 6-well plate at a
density of 4 x 10° cells per well for growth overnight, then were
transfected with the respective vectors using Lipofectamine™ 3000
(Thermo Fisher, USA). The transfected cells were harvested in RIPA lysis
buffer (Beyotime, Shanghai) on ice, and the lysate supernatant were
obtained by centrifuging at 12,000 g for 10 min at 4 °C. Around 30 pg of
proteins were separated by 12% SDS-PAGE gel and transferred into
polyvinylidene fluoride membranes (Bio-Rad, USA) using standard
procedures described in our previous studies (Xu et al., 2020b; Yao et al.,
2020). The membranes were blocked with 5% nonfat dry milk in
Tris-buffered saline containing 0.1% Tween 20 (TBST) at room tem-
perature for 2 h. Then, specific primary antibody was used to probe the
respective protein overnight at 4 °C. We used the following primary
antibodies for Western blot: mouse anti-DDIT3 (1:1000; Cat#
66741-1-Ig, Proteintech), mouse anti-FLAG (1:5000; Cat# T20008,
Abmart), mouse anti-Myc (1:5000; Cat# MA121316, Thermo), rabbit
anti-HA (1:5000; Cat# 3724S, CST), mouse anti-f-actin (1:10000; Cat#
E1C602-2, Enogene), mouse anti-GAPDH (1:10000; Cat# E12-052-4,
EnoGene), mouse anti-ubiquitin (1:1000; Cat# sc-8017, Santa Cruz).
Membranes were washed three times with 1 x TBST (each 5 min) and
were incubated with anti-mouse (Cat# 474-1806, 1:10,000, KPL, USA)
or anti-rabbit (Cat# 074-1506, 1:10,000, KPL, USA) secondary antibody
for 1 h at room temperature before being visualized by using the
enhanced chemiluminescence (ECL) reagents (Millipore). ImageJ soft-
ware was used to compare the densitometry of bands.

2.7. Generation of a tDDIT3 knockout cell line

We knocked out the tDDIT3 gene in TSR6 cell line (TSR6-DDIT3-KO
cell line) by using the CRISPR-Cas9 system (Ma et al., 2018; Ran et al.,
2013), as described in our previous studies (Gu et al., 2019a). In brief,
the sgRNAs (tDDIT3-sgRNA-F, 5'-CACCGCCAGCTGGA-
CAGTGTCCCGA-3’/tDDIT3-sgRNA-R,
5-AAACTCGGGACACTGTCCAGCTGGC-3'), targeting the open reading
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frame of tDDIT3, were designed by the CRISPR Design Tool (http://
bioinfogp.cnb.csic.es/tools/breakingcas/index.php) (Oliveros et al.,
2016). The sgRNAs were annealed and cloned into the pX330-T7 vector
expressing mCherry, then the construct was transfected into TSR6 cells.
After transfection for 48 h, transfected cells expressing mCherry were
sorted by flow cytometry for growth to achieve the stable lines. Genomic
DNA of TSR6 cells with potential tDDIT3 knockout was extract by
AxyPrep Multisource Genomic DNA Miniprep Kit (Axygen, USA), and
was genotyped by using primer pair tDDIT3-sgF, 5-TTTTAAACGG-
CAGGACAG-3'/tDDIT3-sgR, 5'-AGATTCCAGTCAGAGCTC-3'. We ob-
tained a stable cell clone with a frame shift mutation (c.33del_G) that
disrupts the open reading frame of tDDIT3.

2.8. Luciferase reporter assay

HEK293T cells were seeded in 24-well plates at a density of 5 x 10*
cells per well for an overnight culture. Cells were transfected with 100
ng of luciferase reporter vector (IFN-f-Luc [a kind gift from Bin Li,
Institute Pasteur of Shanghai, CAS], NF-xB-Luc [Cat# 631912, pNFkB-
TA-Luc; Clontech Laboratories], or ISRE-Luc [Cat# 219092, ISRE cis-
reporter; Stratagene]; all with human promoter insert), 10 ng of pRL-TK-
Renilla (Cat# E2241, Promega; as an internal control), together with a
combination of an increased amount (0 ng, 150 ng, 300 ng, and 600 ng)
of tDDIT3 expression vector (with empty vector to reach a total amount
of 600 ng; Table S1) and one of the reported expression vectors (tMDA5,
tMAVS, tSTING and tTBK1) in our previous studies (Xu et al., 2020b,
2020c; Yao et al., 2020) by using Lipofectamine™ 3000 (Thermo Fisher,
USA). Dual-Luciferase Reporter Assay System (Promega, USA) was used
for measuring luciferase activity on an infinite M1000 Pro multimode
microplate reader (Tecan, Switzerland). We also performed a luciferase
assay for the tree shrew IFN-B-Luc from our previous study (Xu et al.,
2015, 2020b) using the same procedure for human IFN-p-Luc.

2.9. Immunoprecipitation assay

The HEK293T cells were seeded in a 10-cm cell culture dish (1 x 107
cells per dish) and cultured overnight, then were transfected with
indicated expression vectors (total 10 pg) for 36 h. Cells were harvested
and lysed in RIPA lysis buffer on ice for 1 h, followed by a centrifuge at
12,000 g for 10 min at 4 °C to collect lysate supernatant. Protein G
agarose beads (Life Technologies, USA) were incubated with indicated
antibodies for 2 h at room temperature to form the antibody-bead
complex, and incubated with the cell lysate supernatant overnight at
4 °C. After four washes with the RIPA lysis buffer, the immunoprecipi-
tates were resuspended in loading sample buffer for Western blotting.

2.10. Statistical analysis

Comparisons of the relative mRNA and protein levels of tDDIT3 in
different tissues were conducted by one-way ANOVA with the Tukey’s
post-hoc test. The unpaired Student’s t-test was performed to measure
the difference between two groups by using GraphPad Software (La
Jolla, CA, USA). Data were presented as mean + SD. A P value < 0.05
was considered to be statistically significant.

3. Results
3.1. Evolutionary analysis of tDDIT3

The open reading frame of tDDIT3 is 519 bp (GenBank accession
number OK076936), which encodes a putative polypeptide of 172 res-
idues. We aligned the tDDIT3 protein sequence with those of 11
mammalian species to discern overall sequence identity and conserved
domains. The tDDIT3 has a high sequence identity with the DDIT3 from
other species, and has a species-specific insert of the Serine-Glutamine-
Serine-Serine (SQSS) repeat (Fig. S1). A conserved DNA binding domain,
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basic leucin zipper (bZIP) (Ron and Habener, 1992; Ubeda et al., 1996), expression pattern with that of mRNA expression, with the highest

was identified at the C-terminal of the tDDIT3 protein (Fig. S1). protein level in the brain tissue (Fig. 1D). The different tissue expression
To further define the evolutionary relationship of tDDIT3 with those pattern of tDDIT3 might be associated with its functional diversity in
of the other mammals, a phylogenetic tree was constructed using NJ different tissues.

method based on the DDIT3 protein sequence alignment (Fig. S1). Tree
shrew formed a clade with primates (Fig. 1A), which is consistent with
our previous report showing a close genetic affinity of tree shrew to
primates (Fan et al., 2013). We performed branch-site model (Yang and
Nielsen, 2002) to discern potential selective pressure on tDDIT3 and
identified three PSSs (Fig. 1B). The first PSS was located in the 83rd
position (the numbering refers to the aligned DDIT3 protein sequences
in Fig. S1), which is a glutamic acid (E) in tree shrew but an aspartic acid
(D) in other mammalians. Another PSS was located in the 93rd position,
which is close to the tree shrew unique SQSS insertion. Both the 83rd
and the 93rd sites were located in the N-terminal of tDDIT3, which was
said to be responsible for transcriptional activation/repression and
affected the transcriptional activity of tDDIT3 (Ubeda et al., 1996). The
third PSS was located in the 172nd position of tDDIT3, in which tree
shrew has a serine (S), but other mammals have an alanine (A). The
172nd residue was located in the C-terminal which contained a basic
region mediating sequence-specific DNA binding along with a leucine

3.3. tDDIT3 was upregulated by virus infections

We determined the alteration of tDDIT3 mRNA levels in cultured
TSPRCs upon NDV and HSV-1 infection. Along with the increased mRNA
expression level of tIFNB1 in TSPRCs in response to viral infections
(Fig. 1E, left panel), we observed a relatively late induction of tDDIT3
mRNA expression that was significantly upregulated at 12 h (Fig. 1E,
right panel) and later time points (Fig. S2). Our observation for an
upregulated tDDIT3 mRNA in virus-infected tree shrew cells was
consistent with these previous reports for an induced DDIT3 expression
in Madin-Darby bovine kidney cells with bovine viral diarrhea virus
infection (Wang et al., 2020) and in Huh 7 cells with HCV infection (Ke
and Chen, 2011). Collectively, these findings indicated that tDDIT3 may
be involved in modulating virus infections.

zipper motif for dimerization (Tsukada et al., 2011). Based on the pre- 3.4. tDDIT3 promoted virus production
dicted structure and domains of DDIT3, the three PSSs of tDDIT3 might
affect its function. To examine the potential effect of the upregulated tDDIT3 expression

during the viral infection, and to answer whether the three PSSs in

tDDIT3 would have an effect on virus production, we firstly transfected

3.2. Tissue expression pattern of tDDIT3 in healthy tree shrews the expression vectors of wild-type tDDIT3 (tDDIT3-WT) and three
mutants carrying the PSSs (p.E83D, p.S89_S92 del, and p.S172A) in

We next determined the tissue expression pattern of tDDIT3 in the TSPRCs. Transfected cells were then subjected to VSV-GFP infection for

Chinese tree shrews. Measurement of tDDIT3 mRNA levels in the heart, 12 h and HSV-1-GFP infection for 48 h, respectively. Flow cytometry

liver, spleen, lung, kidney, small intestine and brain tissues showed that results showed that overexpression of tDDIT3-WT or its mutants all

the brain has a relatively high mRNA level, followed by the lung, enhanced the production of GFP-tagged VSV and HSV-1, as indicated by

whereas the small intestine has the lowest tDDIT3 mRNA level (Fig. 1C). the increased level of GFP expression compared to that of the control

Western blot result for tDDIT3 protein revealed an overall similar cells transfected with empty vector (Fig. 2). Consistent with our previous
A 48[~ Homo sapiens (Human) B

Gorilla gorilla gorilla (Gorilla) Analysis of the positively sites (PSSs) in the tree shrew DDIT3 gene
Pan troglodytes (Chimpanzee) InLa PSSs (BEB
Macaca mulatta (Monkey) InL2 (null)  np*1 (alternative) np*2  2AInL®  p-value (

45

analysis)?
44 Tupaia belangeri chinensis (Chinese tree shrew)
100 Mus musculus (Mouse) 83 E 0.519
Rattus norvegicus (Rat) -1370.5184 14  -1370.518368 15 8.871  0.0000043 93 P 0.932
Oryctolagus cuniculus (Rabbit) 172'S 0.987*
Ochotona princeps (American Pika) 2 InL: log-likelihood value; ® np: Number of parameters
Canis lupus iliaris (Dog) ¢ 2AInL: Twice the difference of In(likelihood) values (2DInL) between the two models compared
Bos taurus (Cattle) d BEB analysis: Bayes Empirical Bayes analysis
Loxodonta Africana (African elephant)
o E 3%10° HIFNB1 . tDDIT3
' KDa 2.5X10°% yix  Mock
C D 35 Rkkk &
e tDDIT3 ® ; g;‘gz oo T 20 'l mrsva
. . 3] ren
*:::* B-actin| s s s ———— 1x103 1.5
[T S| 5x10¢ 1.0
dededk * k] 5% 105 0.5
5 0.08 ek kk  kkkk E i % < 2.5><10'(5):Lr_ = 0 III B
s Ty ) P *E z 3 6 9 12 (h) 3 6 9 12(h
3 006 x | 7 gé’»a ’mﬁ E o
<p 1 L5 0 2| 6.0x10? tIFNB1 |1 tDDIT3
Z g 004 8%, s ekk
EQ ;L 4 4 23 3| 4.0x102 [ ] e *xkk [ Mock
o " e |
> 0.02 1 K- [ i 1.5
] % ¢ K] ‘I‘ . w % 2.0%102 . NDV
E A % 0 % 1.0
£ Bt OB S & @S O @O @ 1X 104
RN PTG B Q& & &S -5 0.5
€ 06"\ \9‘{;‘6 < \é" € \>°.:Q\ \’ovl'-‘b < @e‘ 2 5?} gs I_‘
N W& & 00 0
%@‘ e@o\ 3 6 S 12(h) 3 6 9 12(h)

Fig. 1. Evolutionary analysis of tree shrew DDIT3 and expression of this gene in tree shrew tissues and cells. (A) Neighbor-joining tree based on the DDIT3 protein
sequences, with Loxodonta Africana as the outgroup. The values on the branches refer to the support of 1000 bootstrap replications. Sequence information for each
species was listed in Table S2 (B) Positive selection analysis of the tree shrew DDIT3 gene. (C) Relative mRNA levels of tDDIT3 in different tree shrew tissues (n = 5
animals). The tDDIT3 mRNA level was detected by qRT-PCR and normalized to f-actin. Values of relative mRNA level were presented as mean + SD. (D) Immunoblot
of endogenous tDDIT3 in seven tissues of the tree shrew. Densitometry analysis for the tDDIT3 protein level was performed using ImageJ software, with normali-
zation to f-actin. Values of the relative protein level were presented as mean =+ SD. Group differences in (C-D) were analyzed by one-way ANOVA with the Tukey’s
post-hoc test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E) Increased mRNA levels of tDDIT3 in tree shrew primary renal cells (TSPRCs) upon viral
infection. TPSRCs (5 x 10* cells) were grown in 24-well plates and infected with HSV-1 (MOI = 1) (upper) or with NDV (MOI = 1) (lower) at the indicated times. The
mRNA levels of tIFNB1 (left) and tDDIT3 (right) were detected by qRT-PCR and normalized to f-actin. The data in (E) were representative of three independent
experiments. Values of relative mRNA level in (E) were presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed unpaired Student’s
t-test.
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Fig. 2. Overexpression tDDIT3 increased viral infection in TSPRCs. Flow cytometry analysis and quantification of virus production in TSPRCs overexpressing the
indicated expression vectors upon GFP-tagged VSV (VSV-GFP, A and B) infection and HSV-1 (HSV-1-GFP, C and D) infections. TSPRCs were seeded in 12-well plates
and transfected with empty vector (Vector), expression vectors for wild-type tDDIT3 (WT) and the three mutants with the PSSs (p.E83D, p.S89_592 del, and p.S172A)
for 24 h, respectively, before VSV-GFP infection (MOI = 0.01) for 12 h and HSV-1-GFP infection (MOI = 1) for 48 h. Overexpression of tMAVS and tSTING was used
as a positive control for anti-RNA virus and anti-DNA virus infection, respectively. Successful overexpression of the indicated expression vector was detected by
Western blot and was listed below the bar graphs of (B) and (D). Percentages of GFP positive cells (GFP" cells) were quantified using flow cytometry. The data were
representative of three independent experiments. Values were presented as mean + SD. *P < 0.05, **P < 0.01, two-tailed unpaired Student’s t-test.

studies, overexpression of tSTING (Xu et al., 2020b) and tMAVS (Xu
et al., 2015) as positive controls, suppressed the virus production. We
did not observe any apparent differences regarding the enhancing effect
on virus production between WT tDDIT3 and each of the three tDDIT3
mutants with PSSs (Fig. 2). These results suggested that the three PSSs
might be irrelevant to tDDIT3’s role in modulating viral infection.

To further confirm the enhancing effect of tDDIT3 on viral infections,
we generated tDDIT3-deficient cells (TSR6-tDDIT3-KO cells) using the

CRISPR/Cas9 method in the TSR6 cell line (Gu et al., 2019b). We would
expect that knockout of endogenous tDDIT3 inhibits virus production.
We obtained a mutant TSR6 cell line with a deletion c.33del_G (Fig. 3A)
that eliminated the tDDIT3 protein expression (Fig. 3B). As expected, the
production of GFP-tagged VSV (Fig. 3C-D) and HSV-1 (Fig. 3E-F) were
significantly reduced in TSR6-tDDIT3-KO cells relative to WT cells, with
a comparable effect to the overexpression of tSTING and tMAVS in the
WT cells. These results indicated that endogenous tDDIT3 has an
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Fig. 3. Knockout of tDDIT3 inhibited virus produc-
tion in TSR6 cells. (A) Sequencing chromatograph
showing an introduced deletion in TSR6 cells (TSR6-
tDDIT3-KO, KO) by gene editing. The sgRNA target
site was marked in a box on the wild type (WT)
sequence. (B) Western blot showing a lack of endog-
enous tDDIT3 in TSR6-tDDIT3-KO cells relative to
TSR6 WT cell. (C-F) Reduced virus production of
GFP-tagged VSV (VSV-GFP, C and D) and HSV-1
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enhanced effect on virus production.

3.5. tDDIT3 inhibited type I IFN signaling

To determine whether tDDIT3 suppressed antiviral innate immune
response via the type I interferon (IFN) signaling, we measured the
mRNA expression levels of IFN-stimulated genes tIFNB1 and tISG54 in
TSR6-tDDIT3-KO cells infected with HSV-1 and NDV. Deficiency of
tDDIT3 could significantly increase the mRNA expression of tIFNBI
(Fig. 3G) and tISG54 (Fig. 3H) upon HSV-1 and NDV infections for 12 h,
suggesting that tDDIT3 affected type I IFN signaling.

Next, we attempted to identify the potential target of tDDIT3 to
quench the innate immune response by co-expressing these cellular
adaptor proteins, sensors or mediators of antiviral signaling (e.g.
tMDAS5, tMAVS, tSTING and tTBK1) with tDDIT3 in HEK293T. Cells
were co-transfected with expression vector for tMDAS, tMAVS, tSTING
or tTBK1, together with an increased amount of tDDIT3 expression
vector (Fig. 4A). We found that overexpression of tDDIT3 could decrease

IFN-B-Luc, NF-kB-Luc, ISRE-Luc reporter activities induced by tMDAS,
tMAVS, tSTING and tTBK1 overexpression, in a dose-dependent manner,
albeit tMDAS had a relatively lower induction effect compared with
tMAVS, tSTING or tTBK1 (Fig. 4B). We observed a similar suppression
effect of tDDIT3 on induced tree shrew IFN-f-Luc (tIFN-B-Luc) (Xu et al.,
2015) luciferase activity (Fig. S3). Consistent with the similar enhancing
effect of tDDIT3 WT and its mutants with the PSSs on virus production
(Fig. 2), the three tDDIT3 mutants had an almost equal ability to
decrease the IFN-f-Luc reporter activities induced by tMAVS (Fig. 4C).
We further examined the effect of tDDIT3 overexpression on inhib-
iting type I IFN signaling that was activated by overexpression of tMAVS,
tSTING, tMDAS or tTBK1 in TSPRCs. Co-expression of tDDIT3 and
tMAVS, tDDIT3 and tSTING, or tDDIT3 and tTBK1, but not tDDIT3 and
tMDAS, significantly reduced the transcription of tIFNB1 (Fig. 4D). This
observation was compatible with an explanation that tDDIT3 might
affect the antiviral innate immune signaling. Taken together, our results
indicated that tDDIT3 negatively regulated type I IFN signaling.
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Fig. 4. tDDIT3 suppressed the activation of type I IFN signaling stimulated by overexpression of tMDA5, tMAVS, tSTING and tTBK1. (A) Successful overexpression of
the indicated expression vectors in HEK293T cells. Cells were seed in 24-well plates (5 x 10* cells) and grew overnight, followed by transfection with empty vector,
expression vector for tMDAS5-HA, tMAVS-HA, tSTING-Myc, or tTBK1-FLAG (each 300 ng), and an increased amount (0 ng, 150 ng, 300 ng, and 600 ng) of expression
vector for tDDIT3-FLAG. After transfection for 36 h, cells were harvested for Western blot. (B) Overexpression of tDDIT3 reduced IFN-B-Luc, NF-kB-Luc, ISRE-Luc
reporter activities stimulated by overexpressed tMDAS5, tMAVS, tSTING and tTBK1 in a dose-dependent manner. HEK293T cells were transfected with the same
amount of indicated vectors as in (A), together with indicated luciferase reporter vector (IFN--Luc, NF-kB-Luc, or ISRE-Luc reporter vector; each 100 ng) and TK (10
ng, as an inner control). (C) Wild-type tDDIT3 and its mutants with the three PSSs decreased the IFN-B-Luc reporter activated by overexpressing tMAVS. HEK293T (5
x 10 cells) were transfected with empty vector (Vector, 300 ng) or tMAVS expression vector (300 ng), together with expression vector of wild-type tDDIT3 (WT) or
its mutant (p.E83D, p.S89_S92 del, or p.S172A) (each expression vector 150 ng), IFN-p-Luc reporter vector (100 ng), and TK (10 ng, as an inner control). Luciferase
assays in (B-C) were performed in cell lysates at 36 h after transfection. (D) tDDIT3 overexpression inhibited the mRNA expression of IFNB1. TSPRCs (5 x 10* cells)
were transfected with a combination of the indicated expression vector of immune sensor (tMAVS, tMDAS, tSTING, and tTBK1; each 250 ng) and tDDIT3 expression
vector (250 ng) or empty vector (250 ng). Cells with transfection or without any transfection (NC) were harvested at 36 h for quantification of IFNBI mRNA level by
using qRT-PCR. The data were representative of three independent experiments. Values were presented as mean + SD. **P < 0.01, ***P < 0.001, ****P < 0.0001,
two-tailed unpaired Student’s t-test.

3.6. tDDIT3 interacted with tMAVS via its CARD and PRR domains middle proline-rich domain (PRR), and C-terminal transmembrane
domain (TM) that were generated in our previous study (Yao et al.,

As overexpression of tDDIT3 decreased IFN--Luc, NF-kB-Luc, ISRE- 2020). Immunoprecipitation assays showed that tDDIT3 could interact

Luc reporter activities induced by overexpression of tMDAS5, tMAVS,
tSTING or tTBK1 (Fig. 4B), we performed an immunoprecipitation assay
in HEK293T cells to address whether tDDIT3 would physically interact
with tMDAS, tMAVS, tSTING or tTBK1. We found that tDDIT3 could
bind to tMAVS (Fig. 5A), but not tMDAS5 (Fig. 5B), tSTING (Fig. 5C) and
tTBK1 (Fig. 5D). To map the domains of tMAVS that mediated the
interaction between tDDIT3 and tMAVS, we used three truncated mu-
tants of tMAVS, namely N-terminal caspase recruit domain (CARD), the

with tMAVS-CARD and tMAVS-PRR, but not with tMAVS-TM (Fig. 5E).
This result suggested that the CARD and PRR domains of tMAVS might
be responsible for the interaction between tMAVS and tDDIT3.
Considering the fact that tDDIT3 overexpression inhibited the type I
IFN signaling (Fig. 4), and ubiquitin of both host and pathogen proteins
would affect the IFN signaling (Gack et al., 2007; Versteeg et al., 2013;
Zheng and Gao, 2020), we performed an assay to show whether the
binding of tDDIT3 to tMAVS would enhance the ubiquitin of tMAVS. As
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shown in Fig. 5F, we found that co-expression of tDDIT3 and tMAVS
affected the ubiquitin of tMAVS, but this effect was inferior to that of the
co-expression of tTRIM25 and tMAVS, which was included as a positive
control (Gack et al., 2007; Versteeg et al., 2013) in the assay. Collec-
tively, our results indicated that interact between tDDIT3 and tMAVS
affected the ubiquitin of tMAVS, which might account for the inhibiting
effect of DDIT3 on tMAVS-induced type I IFN signaling activation.

4. Discussion

The DDIT3 was firstly characterized as a DNA damage-inducible
transcript in mammalian cells upon ultraviolet irradiation and methyl
methane sulfonate treatment (Fornace et al., 1988). It played a regula-
tory role in cell proliferation, metabolism and differentiation (Hu et al.,
2018). The DDIT3 was also recognized as a transcription regulator to
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modulate autophagy (Ke and Chen, 2011; Rouschop et al., 2010) and
apoptosis (Medigeshi et al., 2007) mediated by endoplasmic reticulum
stress (Oyadomari and Mori, 2004). In normal physiological condition,
DDIT3 was expressed at an extremely low level, but its expression was
greatly increased in some pathological conditions or in response to mi-
crobial infections (Hu et al., 2018; Ron and Habener, 1992). There were
several reports showing that DDIT3 modulates viral replications in
different species. For instance, rabit hepatocytes had an increased
DDIT3 expression upon infection with rabbit hemorrhagic disease virus,
which contributed to apoptotic liver damage (Tunon et al., 2013).
Infection of porcine circovirus type 2 (PCV2) in PK-15 cells activated the
PERK-elF2a-ATF4-DDIT3 pathway, then deployed the UPR to enhance
its replication (Zhou et al., 2016). The upregulation of DDIT3 was also
observed in HeLa cells infected with NDV, which promoted apoptosis
and supported NDV proliferation (Li et al., 2019). Coxsackie virus B3
(CVB3)-induced acute viral myocarditis was associated with upregu-
lated DDIT3 expression in mice (Cai et al., 2015). The upregulation of
DDIT3 expression in Madin-Darby bovine kidney cells infected with
bovine viral diarrhea virus (Wang et al., 2020) and HCV-infected Huh 7
cells (Ke and Chen, 2011) was said to be involved in the regulation of
innate immunity. All these studies indicated that the induced DDIT3
upon virus infection played a role in promoting virus production.

In this study, we characterized the DDIT3 gene in the Chinese tree
shrew, a rising experimental animal for studying infectious diseases (Li
et al., 2018; Xu et al., 2020b, 2020c; Yao, 2017), with an intention to
learn more about the role of this gene in regulating innate immunity. We
paid attention to tDDIT3 because of an initial observation of positive
selection effect in the tree shrew lineage, and we were intrigued by
potential effect of the three PSSs in tDDIT3. Our previous studies for
PSSs in MDAS of tree shrew (Xu et al., 2016) and chicken (Xu et al.,
2019a) did offer some insights into the evolutionary selection effect on
immune sensors. However, we found no differences of the overexpressed
tDDIT3 mutants bearing the three PSSs on inhibiting type I IFN signaling
and enhancing virus production compared to the overexpressed tDDIT3
WT that has a stimulation effect on virus production in tree shrew cells.
These results suggested that these PSSs in tDDIT3 might be unrelated to
its biological function in viral responses. Further study should be carried
out to define the exact role of these PSSs in tDDIT3 in the future. The
tDDIT3 was highly conserved compared to those of other species under
study (Fig. S1) and contained the bZIP domain, which was said to be
actively involved in DDIT3-induced apoptotic processes (Maytin et al.,
2001) and acted as a key component of the enhancer-type transcription
factor (Tsukano et al., 2010).

Consistent with the increased expression of hDDIT3 upon CVB3
infection (Liu et al., 2012; Zhang et al., 2010), we found that the mRNA
level of tDDIT3 was also significantly increased in TSPRCs after HSV-1
and NDV infections. Similarly, consistent with the beneficial effects of
porcine DDIT3 and hDDIT3 on the replication of PCV2 (Zhou et al.,
2016) and infectious bronchitis virus (Liao et al., 2013), we found that
overexpression of tDDIT3 could enhance HSV-1 and VSV production in
TSPRCs, whereas knockout of endogenous tDDIT3 led to a comparable
antiviral effect as that of tMAVS or tSTING overexpression. We further
showed that tDDIT3 deficiency significantly potentiated the IFN
signaling as indicated by the upregulated tIFNB1 and tISG54 mRNA
expression. Concordantly, we found that overexpression of tDDIT3
constrained the ISRE-Luc, NF-xB-Luc and IFN-B-Luc reporter activities
induced by tMDAS, tMAVS, tSTING, or tTBK1 overexpression. This
observation suggested that tDDIT3 would affect the IFN signaling
pathway mediated by these immune factors, even though we found no
evidence of direct interaction between tDDIT3 and tMDAS5, between
tDDIT3 and tSTING, and between tDDIT3 and tTBK1. We speculated that
the suppression effect of tDDIT3 on luciferase activities stimulated by
overexpressing tMDAS, tSTING, or tTBK1 was mediated by an unknown
mechanism. Although the observed interaction between tDDIT3 and
tMAVS and ubiquitination of tMAVS in the presence of tDDIT3 over-
expression might be associated with the tDDIT3 suppression effect on
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IFN signaling stimulated by overexpressed tMAVS, we could not exclude
a possibility of other potential mechanism involved in this process.
Collectively, all these results indicated that the regulatory role of DDIT3
in antiviral innate immunity was conserved in different species, and
might act as a brake for balancing the upregulated antiviral innate im-
mune responses.

The negative regulation of DDIT3 on innate immune response is
important for protecting the host against excessive IFN-induced damage
(Quicke et al., 2017). Examples can be found for the binding of human
oligoadenylate synthetase-like (OASL) to DNA sensor cGAS to inhibit
IFN induction (Ghosh et al., 2019). Zebrafish TMEM33 acted as a
negative regulator of virus-triggered IFN induction (Lu et al., 2021a).
The finding of tDDIT3 as an inhibitory regulator of MAVS-mediated
signaling constituted another example in the field. More efforts should
be carried out to fully uncover the underpinning of tDDIT3’s role in
innate immunity.

One interesting observation is that tDDIT3 had a prevalent expres-
sion in the brain tissue compared to the other tissues under physiological
condition (Fig. 1C). Previous studies showed that DDIT3 played a pivotal
role in neurodegenerative diseases, as elevated expression of DDIT3 was
found in Parkinson disease (Zeng et al., 2014) and Alzheimer’s disease
(Baleriola et al., 2014). We speculated that the high expression of
tDDIT3 in the brain tissue might be associated with a need for moni-
toring potential over-activation of immune response in the brain, which
is under stringent immune surveillance (Stoessel and Majewska, 2021).
The exact regulatory role of tDDIT3 in brain needs further focused
examination.

In short, we characterized the role of tDDIT3 in response to viral
infections. We found that overexpression of tDDIT3 enhanced virus
infection by inhibiting the antiviral innate immune signaling, possibly
via the interaction with tMAVS to enhance the ubiquitination of this
important antiviral protein. A better understanding of the molecules and
mechanisms that promote viral infection in the Chinese tree shrews, as
exemplified by tDDIT3, might offer new insights into the establishment
of viral infection models using this animal.
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Table S1. Primer pairs used in this study

Primer name

Primer sequence (5’ - 3°)

Application and vector

tDDIT3-FLAG F
tDDIT3-FLAG R
tDDIT3-HA F
tDDIT3-HA R
tDDIT3-RT-qPCR F
tDDIT3-RT-qPCR R
tDDIT3-sgRNA F
tDDIT3-sgRNA R
p-E83D

p.S172A

p.S89 S92 del

tIFNB1-F
tIFNB1-R
tISG54-F
tISG54-R

tTRIM 25-FLAG F
tTRIM 25-FLAG R

CGggatccATGGCAGCTGAGTCATTGCC
CCGctcgagGCTTTGGTGCAGATTAACCA

Ggaattcgg ATGGCAGCTGAGTCATTGCC
CCGectcgagtcaGCTTTGGTGCAGATTAA
GGAAAGCAGCGCATGAAG
TTCGGTCAATCAGAGCTCGG
CACCGCCAGCTGGACAGTGTCCCGA
AAACTCGGGACACTGTCCAGCTGGC
TTGTTCTCCGGATTCCAGTCAGAGTTC
GAACTCTGACTGGAATCCGGAGAACAA
ATCTGCACCAAGCCCTCGAGGATTACA
TGTAATCCTCGAGGGCTTGGTGCAGAT
TGTTCTCCGGAATCCAGTCAGAGTTCCCCGGCTCAGGAG
CTCCTGAGCCGGGGAACTCTGACTGGATTCCGGAGAACA
ACCACTTGGAAACCATGC

TTTCCACTCGGACTATCG

CTATCTGTATTGCCGTATTGG

CTTCTGTCCTCTCCTCTG

ACgatatc ATGGCGGAGCTGGGCCACC
ATctcgagATACTTGGGGGGGCAGATG

PCR for constructing tDDIT3 expression vector (tDDIT3-FLAG)
using the pCMV-3Tag-8 vector

PCR for constructing tDDIT3 expression vector (tDDIT3-HA) using
the pCMV-HA vector

Quantitative real-time PCR (qQRT-PCR) for quantification of zDDIT3
mRNA level

Constructing the CRISPR/Cas9 vector for tDDIT3 knockout using the
pX330-T7 vector

PCR to introduce a change of glutamic acid (E) to aspartic acid (D) at
the 83" position in tDDIT3 using the tDDIT3-FLAG vector

PCR to introduce a change of serine (S) to alanine (A) at the 172"
position in tDDIT3 using the tDDIT3-FLAG vector

PCR to introduce a deletion of the Serine-Glutamine-Serine-Serine
(SQSS) repeat in tDDIT3 using the tDDIT3-FLAG vector

qRT-PCR for quantification of #/FNBI mRNA level. The primer pair
was taken from Yao et al. (2020)

qRT-PCR for quantification of #/SG54 mRNA level. The primer pair
was taken from Yao et al. (2020)

PCR for constructing tTRIM 25 expression vector (tTRIM25-FLAG)
using the pCMV-3Tag-8 vector

The nucleotides in the lowercase stand for the site of restricted enzyme. The nucleotides in italic were for introducing point mutations. For the numbering of the

residue changes in tDDIT3, please refer to the aligned DDIT3 protein sequences in Figure S1.



Table S2. Accession numbers of the DDIT3 gene from twelve mammalian species
used for the phylogenetic analysis

Species

Accession number in ESMBL ?

Homo sapiens

Pan troglodytes
Gorilla gorilla gorilla
Canis lupus familiaris
Macaca mulatta
Tupaia belangeri chinensis
Mus musculus

Rattus norvegicus

Bos taurus
Oryctolagus cuniculus
Ochotona princeps

Loxodonta africana

ENST00000551116.5
ENSPTRT00000047450.5
ENSGGOT00000001997.3
ENSCAFT00000047972.2
ENSMMUT00000107307.1
0K076936 °
ENSMUST00000026475.14
ENSRNOT00000083472.1
ENSBTAT00000044712.2
ENSOCUT00000024134.1
ENSOPRT00000006522.1
ENSLAFT00000029487.1

s ENSEMBL (http://www.ensembl.org/index.html)
b This GenBank sequence can be retrieved from www.treeshrewdb.org by accession number

TSDBT00030502.1.


http://www.ensembl.org/index.html
http://www.treeshrewdb.org/

Tupaia belangeri chinensis : : 59
Homo sapiens B : 59
Mus musculus : : 59
Rattus norvegicus : : 59
Macaca mulatta : : 59
Gorilla gorilia gorilla H : 59
Pan troglodytes H : 59
Canis lupus familiaris : : 59
Oryctolagus cuniculus : : 59
Ochotona princeps : * 59
Bos taurus : * 59
Loxodonta africana : * 59
Tupaia belangeri chinensis : s = 17
Homo sapiens H S : 114
Mus musculus : = 113
Rattus norvegicus H S = 113
Macaca mulatta : T 114
Gorilla gorilia gorilla : S : 114
Pan troglodytes : S| 114
Canis lupus familiaris : 1] 113
Oryctolagus cuniculus : S 2113
Ochotona princeps : [ T 112
Bos taurus : ) 113
Loxodonta africana : = 113

Tupaia belangeri chinensis  : RLKQEIE 3 RRALIDRMV S* @ 172
Homo sapiens : VAQLAEENERLKQEIE 3 RRALIDRMV * 1 169
Mus musculus : VAQLAEENERLKQEIE > * : 168
Rattus norvegicus : VAQLAEENERLKQEIE * : 168
Macaca mulatta : KORMKEKEQENERKVAQLAEENERLKQEIE| * 1 169
Gorilla gorilla gorilla : RMKEKEQENERKVAQLAEENERLKQEIE * : 169
Pan troglodytes : QRMKEKEQENERKVAQLAEENERLKQEIE * : 169
Canis lupus familiaris : QRMKEKEQENERKVAQLAEENERLKQEIE * : 168
Oryctolagus cuniculus : QRMKEKEQENERRVAQLAEENERLKQEIE * 168
Ochotona princeps : RMKEKEQENERKVAQLAEENBRLKQETE * 1 487
Bos taurus : RMKEKEQENERKVAQLAEENERLKQEIE * 468
Loxodonta africana : {QRVKEKEQENERKVAQLAEENBRLEQELE RRALTIDRMV] * i 168

Figure S1. Alignment of the DDIT3 protein sequences in the Chinese tree shrew
and several mammals. The accession numbers for the related species were listed in
Table S2. The three positively selected sites in tDDIT3 were marked by * in the
aligned sequences. The basic-leucine zipper (bZIP) motif was in red box.
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Figure S2. Virus infection upregulated tDDIT3 expression in a time dependent
manner. TSPRCs (5x10* cells) were seeded in 24-well plates for overnight growth,
followed by NDV infection (MOI=1) or being uninfected (NC). Cells were harvested
to quantify the relative mRNA levels of t/FNB1 (A) and tDDIT3 (B) at the indicated
times, following the same procedure as in Figure 1E. Western blot for tDDIT3 and
B-actin was shown in the below panel of (B). The TSPRCs in this assay was from a
different animal compared to those TSPRCs used in Figure 1E. Values of relative
mRNA levels of tDDIT3 were presented as mean = SD. * P< (.05, ** P<(.01, ***
P<0.001, **** p<(0.0001, two-tailed unpaired Student's #-test.
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Figure S3. Overexpression of tDDIT3 reduced the tree shrew IFN-B-Luc reporter
luciferase activity stimulated by overexpressed tMDAS, tMAVS, tSTING or
tTBK1 in a dose-dependent manner. HEK293T cells (5x10* cells) were transfected
with an increased amount (0 ng, 150 ng, 300 ng, and 600 ng) of tDDIT3 expression
vector (with empty vector to reach a total amount of 600 ng), expression vector of
immune factor (tMDAS-HA, tMAVS-HA, tSTING-Myc, or tTBK1-FLAG; each 300
ng), together with tree shrew IFN-B-Luc reporter vector (100ng) and TK (10 ng, as an
inner control).
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