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Abstract

Background The Chinese tree shrew (Tupaia belangeri chinesis) is a rising experimental animal and has been used for studying a
variety of human diseases, such as metabolic and viral infectious diseases.

Methods In this study, we established an immortalized tree shrew hepatic cell line, ITH6.1, by introducing the simian virus 40
large T antigen gene into primary tree shrew hepatocytes (PTHs).

Results The ITH6.1 cell line had a stable cell morphology and proliferation activity. This cell line could be infected by entero-
virus 71 (EV71), but not hepatitis C virus (HCV), although the known HCV entry factors, including CD81, SR-BI, CLDN1 and
OCLN, were all expressed in the PTHs and ITH6.1 of different passages. Comparison of the transcriptomic features of the PTHs
and different passages of the ITH6.1 cells revealed the dynamic gene expression profiles during the transformation. We found
that the DNA replication- and cell cycle-related genes were upregulated, whereas the metabolic pathway-related genes were
downregulated in early passages of immortalized hepatocytes compared to the PTHs. Furthermore, expression of hepatocytes
function-related genes were repressed in ITH6.1 compared to that of PTHs.

Conclusion We believe these cellular expression alterations might cause the resistance of the ITH6.1 cell to HCV infection. This
tree shrew liver cell line may be a good resource for the field.

Key points

* A tree shrew hepatic cell line (ITH6.1) was established.

* ITH6.1 cells could be infected by EV71, but not HCV.

* ITH6.1 had an altered expression profiling compared to the primary hepatocytes.

Keywords Immortalized hepatic cell line - Tree shrew - RNA-sequencing - Dynamic expression profile

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-020-10855-x) contains supplementary
material, which is available to authorized users.

P4 Dandan Yu 2 Key Laboratory of Animal Models and Human Disease Mechanisms
yudandan @mail kiz.ac.cn of the Chinese Academy of Sciences and Yunnan Province, and
KIZ-CUHK Joint Laboratory of Bioresources and Molecular
= (Slil;zbzi};?l?cgagsr;im n Research in Common Diseases, Kunming Institute of Zoology,
’ ’ Chinese Academy of Sciences, Kunming 650223, Yunnan, China

Kunming College of Life Science, University of Chinese Academy

' Yunnan Key Laboratory of Vaccine Research and Development on of Sciences, Kunming 650204, Yunnan, China
Severe Infectious Diseases, Institute of Medical Biology, Chinese “ ) . .
Academy of Medical Sciences & Peking Union Medical College, National Resource Center for Non-Human Primates, Kunming

Kunming 650118, Yunnan, China Primate Research Cc?nter, and.National Rese.arch Fac%lity for B
Phenotypic & Genetic Analysis of Model Animals (Primate Facility),
Kunming Institute of Zoology, Chinese Academy of Sciences,
Kunming 650107, Yunnan, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-020-10855-x&domain=pdf
https://doi.org/10.1007/s00253-020-10855-x
mailto:yudandan@mail.kiz.ac.cn
mailto:dsz@imbcams.com.cn

8814

Appl Microbiol Biotechnol (2020) 104:8813-8823

Introduction

The Chinese tree shrew is a small squirrel-like mammal.
Recent whole-genome sequencing data have shown that tree
shrews and primates are more closely related than that of tree
shrews and rodents (Fan et al. 2013; Fan et al. 2019; Yao
2017). Given its small body size, easy breeding, rapid repro-
duction, and low cost, the tree shrew has the potential to be-
come a widely used animal model (Cao et al. 2003; Xiao et al.
2017; Yao 2017). In recent years, tree shrews have already
been used as experimental animal models for studying human
bacterial and viral infections (Li et al. 2018; Xu et al. 2020a),
metabolic disorders (Xiao et al. 2017), eye diseases (Gawne
et al. 2017), brain diseases (Fan et al. 2018; Fuchs and Fliigge
2002), as well as aging (Fan et al. 2018; Wei et al. 2017) and
social behaviors (Ni et al. 2020). Comparison of the skin mor-
phology and structure showed that the Chinese tree shrew had
a high similarity to the human, especially for the epidermal
appendages (Zhang et al. 2020). There were abundant self-
amplifying intermediate progenitor cells in the subventricular
zone of the Chinese tree shrew neocortex, which provided
direct evidence for a key role of intermediate progenitor cells
in brain expansion (Yin et al. 2020).

Since the first report that tree shrew could be infected by
hepatitis B virus (HBV) in 1986 (Su et al. 1986), this animal
has received much attention for the hepatitis virus infection
researches (Li et al. 2018). Analysis of the primary tree shrew
hepatocytes (PTHs) and infection of this animal have provid-
ed helpful information regarding the pathogenesis of hepato-
cellular carcinoma caused by viral infections (Guo et al. 2018;
Kock et al. 2001; Walter et al. 1996; Yan et al. 1996).
Moreover, tree shrew has been used to create animal models
for the study of hepatitis C virus (HCV) (Amako et al. 2010;
Feng et al. 2017; Xie et al. 1998). Primary tree shrew hepato-
cytes can be infected with HCV (Barth et al. 2005; Guitart
et al. 2005; Yu et al. 2016; Zhao et al. 2002), and the tree
shrew mitochondrial antiviral-signaling protein acts as a dual
target for HCV innate immune evasion and viral replication
(Xu et al. 2020c). However, it is not easy to establish a stable
cellular model for PTHs so far, simply because the complexity
of primary hepatocyte isolation and purification processes
would result in heterogeneity of the harvested primary hepa-
tocytes. It is thus very important to establish a stable and
immortalized tree shrew hepatic cell line (Ramboer et al.
2014).

In this study, we used the simian virus 40 large T anti-
gen (SV40LT) (Ahuja et al. 2005; Foddis et al. 2002)
encoded by lentiviral vector to establish an immortalized
tree shrew hepatic cell line ITH6.1. We also performed
whole transcriptome profiling by using RNA sequencing
(RNA-seq) to analyze and classify the differentially
expressed genes between the PTHs and different passages
of immortalized ITH6.1 cells.
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Materials and methods
Experimental animals and PTHs isolation

Three male adult tree shrews (~ 1 year old, with a body weight
about 130-150 g) were used in this study. One tree shrew was
obtained from the Center of Tree Shrew Germplasm
Resources, Institute of Medical Biology (IMB), Chinese
Academy of Medical Science (CAMS) and Peking Union
Medical College, and two tree shrews were introduced from
the experimental animal core facility of Kunming Institute of
Zoology (KIZ), Chinese Academy of Sciences (CAS). All ex-
periments were approved and performed according to the
guidelines approved by the Animal Care and Welfare
Committees of the IMB, CAMS (License No. SCXK
(Yunnan) K2013-0001), and KIZ, CAS (Approval No:
SYDW20110315001). The PTHs were isolated from healthy
adult tree shrew as previously described (Salmon et al. 2000;
Yu et al. 2016; Zamule et al. 2008).

Lentiviral transduction

The HEK293T cells were introduced from the Kunming Cell
Bank, KIZ, CAS. Cells were seeded into 6-well plates at a
density of 4 x 10° cells/well. Lentiviral vectors containing
0.4 ug pMD2.G (Addgene, 12259), 0.8 ug psPAX2
(Addgene, 12260), and 1.3 png M365 plox-Ttag-iresTK-puro
(Addgene, 12246) were co-transfected into HEK293T cells
using lipofectamine 3000 reagent (Invitrogen, L3000015).
The cell culture supernatant was collected after having been
filtered with 0.45 um filters at 48h post-transfection and used
for lentiviral infection.

For lentiviral infection, the PTHs were seeded into 6-well
plates at a density of 4 x 10° cells/well. After 12 h, the culture
medium was replaced by the infection mixture (500 uL cul-
ture medium with 1 pg polybrene and 500 pL cell culture
supernatant that was collected from transfected HEK293T
cells). At 48h post-infection, puromycin (1 pg/mL) was added
to the culture medium, and the puromycin-resistant cells were
pooled and expanded. We picked up single-cell colonies from
the culture, and finally established the immortalized tree
shrew hepatocyte line ITH6.1.

Growth curve of ITH6.1

The ITH6.1 cells were seeded into 12-well plates with an
initial density of 5.0 x 10* cells/well. The cells were harvested
by trypsinization, and cell number was calculated once a day
for five consecutive days using trypan blue exclusion tests, as
described in our recent study (Gu et al. 2019). Three wells
were included for each count.
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DNA transfection

The ITHG.1 cells were seeded in 24-well plates at a density of
2% 10* cells/well. After 12 h, cells were washed twice with
phosphate-buffered saline (PBS), and new culture medium
was added. Transfection was performed according to the man-
ufacturer’s instructions. In brief, 3uL transfection reagent
(Lipofectamine 3000 [Invitrogen, Carlsbad, CA, USA] or
Mlrus [Mirus Bio, Madison, WI, USA]) and 3ug plasmid
DNA were diluted in 50puL. Opti-MEM and mixed to form
the transfection reagent-plasmid-DNA complex. The mixture
was incubated for 15 min at room temperature and then added
to cells in a dropwise manner.

Cell line culture and virus infection

The ITH6.1 cells were seeded in 6-well plates at a density of
1 x 10° cells/well for growth for 12 h, and then were infected
by enterovirus 71 (EV71, isolated from an HFMD patient
whose guardians agreed and signed an informed consent form
in Fuyang, China, in 2008, and preserved in CAMS & Peking
Union Medical College, Kunming, China) at a multiplicity of
infection (MOI) of 1. The cells were harvested at 12-, 24-, 48-,
72-, and 96-h post-infection, respectively.

The Huh7.5.1 cells were introduced from Kunming Cell
Bank, KIZ, CAS, and were grown in DMEM (Gibco-BRL,
11965-092) supplemented with 10% (vol/vol) FBS (Gibco-
BRL, 10099-141) and 1 x penicillin/streptomycin (Gibco-
BRL, 10378016) at 37 °C in 5% CO,. For HCV JFH-1 strain
(Japan fulminant hepatitis-1, a kind gift from Dr. Xinwen
Chen, Wuhan Institute of Virology, CAS, Wuhan, China)
infection, Huh7.5.1 and ITH6.1 cells were infected at different
MOI (2, 8, and 32) for 6 h (Yu et al. 2016), respectively, and
then were switched to fresh medium after two washes with
PBS. The cells were collected at 120 h post-infection. The
Huh7.5.1 cells were used as a positive control for robust cel-
lular model of HCV infection in which infectious HCV can be
produced and serially passaged to naive cells (Zhong et al.
2005).

Immunoblotting

Cells were scraped and lysed with RIPA buffer (Thermo
Fisher Scientific, Rockford, IL, USA) supplemented with the
Halt Protease Inhibitor Cocktail (#78430, Thermo Fisher
Scientific, Rockford, IL, USA). Total protein was obtained
by centrifugation at 12000g for 10 min, and was quantified
with the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific Rockford, USA). Proteins (40 pg per well) were
resolved by SDS-PAGE under reducing conditions and
electro-transferred onto a polyvinylidene difluoride

membrane (Immobilon/Millipore, Bedford, MA, USA).
Membranes were blocked with 5% BSA in 1x Tris-buffered
saline (TBS) and incubated with the following antibodies (di-
luted in 1x TBS with 5% BSA or 0.5% nonfat dry milk [w/v]):
mouse anti-EV71 VP1 monoclonal antibody (Millipore,
Burlington, MA, USA), mouse monoclonal anti-HCV NS3
(Abcam, ab13830), mouse monoclonal anti-HCV core
(Thermo Scientific, MA1-080), and horseradish peroxidase-
conjugated anti-rabbit IgG antibodies (Cell Signaling
Technology, Danvers, MA, USA). Protein bands on the mem-
brane were visualized using the ChemiDocTM MP imaging
system (BioRad, Hercules, CA, USA).

Library preparation and RNA sequencing

Total RNA was extracted from the PTHs and immortalized
cell line at different passages by using TRIzol Reagent (Life;
15596-026) according to the manufacturer’s instructions.
RNA purity was checked by using the kaiaoK5500 spectro-
photometer (Kaiao, Beijing, China). RNA integrity and con-
centration were assessed by using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA). Only the RNA samples with an A260/A280 ratio
between 1.8 and 2.0 and an RNA integrity number > 9 were
used for RNA sequencing. For each sample of PTHs or the
immortalized cells at different passages, three biological rep-
licates were used for the transcriptomic analysis.

A total of 2 ug RNA per sample was used as input material
for the RNA sample preparations. Sequencing libraries were
generated using the NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® (#E7530L; New England Biolabs [NEB],
Ipswich, MA, USA) following the manufacturer’s recommen-
dations, and index codes were given to each sample. Briefly,
mRNA was purified from total RNA using poly-T oligo-at-
tached magnetic beads. Fragmentation was conducted using
divalent cations under elevated temperature in NEB Next First
Strand Synthesis Reaction Buffer (5x). First-strand cDNA
was synthesized using random hexamer primer and RNase
H. Second-strand cDNA synthesis was subsequently per-
formed using buffer, AINTPs, DNA polymerase I, and RNase
H. The library fragments were purified by using QiaQuick
PCR Kits (ID28104; QIAGEN, Germany) and eluted with
EB buffer, and then terminal repair, A-tailing, and adapter
addition were implemented. The products were retrieved and
amplified, and the libraries were completed. The libraries were
sequenced on an Illumina platform, and 150 base-pair paired-
end reads were generated. The raw data of transcriptomic
sequencing have been deposited in genome sequence archive
(accession No. CRA002541, http://gsa.big.ac.cn/gsa/) (Wang
et al. 2017) and the tree shrew database (www.treeshrewdb.
org) (Fan et al. 2019).
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Processing of RNA-seq data

The raw sequencing reads were first processed by
Trimmomatic (version 0.36) software to trim the adapter se-
quence and low-quality sequence using the default parameters
(Bolger et al. 2014). After reads filtering, the clean reads were
aligned to the high-quality genome of the Chinese tree shrew
(Fan et al. 2019) using HISAT2 (version 2.1.0) (Kim et al.
2015). Next, the aligned bam files produced by HISAT2 were
used with the featureCounts function of the Subread package
(version 1.5.1) (Yang et al. 2013) to assign and count the
uniquely mapped fragments to genes using the Chinese tree
shrew annotation table file (Fan et al. 2019). Reads counts were
normalized to library size by package DESeq2 (version 1.20.2)
(Love et al. 2014) in R, and normalized reads were used for
calculating the fragments per kilobase of transcript per million
fragments mapped (FPKM). These values were transformed to
logo,(FPKM + 1) in order to determine the gene expression lev-
el. Principle component analysis (PCA) and differential expres-
sion analysis were performed using the DESeq2 R package
(Love et al. 2014) based on the count table. Genes were iden-
tified as differentially expressed between different cell passages
if [logFoldChange| > 1 and P,4; < 0.05. Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed using DAVID
(https://david.ncifcrf.gov/) (Huang et al. 2009); the differential-
ly expressed genes were used as input. We used the Bayesian
information criterion super k-means (BICSKmeans) package to
determine the number of clusters (Zhang et al. 2013). To bal-
ance the tightness and number of clusters, we assigned the
parameter “Reg Factor” from 1 to 20, and selected k when
the number of clusters was insensitive to the increase of “Reg
Factor.” We selected 16 as our “Reg Factor,” and clustered our
data into 11 groups by using BICSKmeans. The output from
BICSKmeans was imported into “Jave Treeview” (Saldanha
2004) for visualization.

Statistical analysis

The quantitative values are presented as the mean + standard
deviation (SD). All data analyses were performed by using
SPSS15.0 IBM SPSS Inc., Chicago, IL, USA). Student’s ¢ test
was performed to analyze different significances in the mean
values. A P value < 0.05 was considered statistically significant.
Results

Establishment of the ITH6.1 cell line

The SV40LT (GenBank accession number NP_043127.1) is

frequently used to aid cellular immortalization via multiple
mechanisms (Ahuja et al. 2005; Foddis et al. 2002). We thus
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isolated and infected the primary hepatocytes of healthy tree
shrews with lentiviral stock solution containing the SV40LT
gene. After having screened with puromycin and selection of
single-cell colonies, we were able to establish the immortal-
ized tree shrew hepatocyte line ITH6.1, which could be con-
tinuously subcultured. The immortalized cells exhibited an
epithelial-like morphology and showed a similarity to the
Huh 7 cells (a human hepatocellular carcinoma derived cell
line) (Yoo et al. 1995) (Fig. 1a). Analysis of the growth curve
of ITH6.1 showed that this cell line entered a rapid growth
period at 48 h post the attachment to the culture dish, and
subsequently entered a plateau phase of cell proliferation
within 3 days (Fig. 1b). This cell line has been deposited in
the China Center for Type Culture Collection (CCTCC No:
C201740).

Transfection of ITH6.1 using DNA transfection
reagents

We determined whether ITH6.1 could be transfected by ac-
cessible commercial DNA transfection reagents. We
transfected the pEGFP-N2 plasmid (Clontech, #6081-1),
which expressing enhanced green fluorescent protein
(EGFP), into ITH6.1 using two different transfection reagents
(Lipofectamine 3000 and Mlrus). By fluorescence microsco-
py, we found that all transfected ITH6.1 expressed a high level
of GFP (Fig. 2), suggesting that ITH6.1 could be transfected
by DNA transfection reagents.

ITH6.1 could be infected by EV71, but not HCV

Viral infection in cultured cells triggers a series of immune
responses. Thus, cells that are sensitive to viruses are powerful
tools for studying the immune response of tree shrew after
viral infection (Gu et al. 2019). To determine whether
ITH6.1 can be infected by viruses, EV71 and HCV were used
to infect the ITH6.1 cells. Though no obvious cytopathic ef-
fects were observed in the ITH6.1 cells post-infection,
Western blot analysis showed that viral protein 1 (VP1) of
EV71 was detected at 12-h post-infection. This result indicat-
ed that ITH6.1 can by infected by EV71 (Fig. 3a). However,
the VP1 disappeared in the ITH6.1 cells after infection for
72 h or more. We speculated that this was caused by elimina-
tion of EV71 proteins due to the incapability of establishing a
persistent infection. More focused study will be needed to
characterize the mechanism regarding the replication and
clearance of EV71 in this cell line.

Hepatocyte receptor for HCV had been reported in tree
shrew PTHSs (Jia et al. 2008; Tian et al. 2009), and tree shrew
PTHs were susceptible to HCV infection (Barth et al. 2005;
Guitart et al. 2005; Xu et al. 2020c; Zhao et al. 2002).
Challenging ITH6.1 cells at passage 17 (P17) and passage 47
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Fig. 1 Cellular morphology and growth curve of immortalized tree shrew
hepatic cell line ITH6.1. a Morphology of the ITH6.1 cells at different
passages (x 100 magnification). PO, isolated PTHs from tree shrew liver
tissue; P17, cells at passage 17; P24, cells at passage 24; and P47, cells at

(P47) with HCV showed no successful infection, as we found
no production of HCV core and NS3 proteins after HCV in-
fection for 5 days. Increase of the HCV MOI from 2 to 32 still
did not result in a successful infection (Fig. 4b). Conversely,
the expression levels of HCV CORE and NS3 proteins were
elevated in Huh7.5.1, a robust cell culture model of HCV in-
fection (Zhong et al. 2005), along with the increased MOI

Fig. 2 Transfection of ITH6.1
using different transfection
reagents. The ITH6.1 cells were
transfected with the pEGFP-N2
by using Lipofectamine 3000
(Lipo3000) or Mlrus transfection
reagent. The expression of GFP
was observed by fluorescence
microscopy at 24 h after the
transfection (x 100
magnification)

Light phase

GFP

Cells Number (x10%)

Lipo3000

150+

100+

o
<

o

N v > | ) ©
days

passage 47. b The ITH6.1 cells have a good proliferation capability. The
ITH 6.1 cells were seeded in 24-well plates at a density of 5 x 10* cells/
well. Cells were harvested by trypsinization and counted once per day.
Three wells were included for each cell count. Bar, mean + SD

o

(Fig. 3b). These results suggested ITH6.1 could be used for
testing other viral infections, but not be suitable for HCV in-
fection and replication. Note that a more sensitive detection
method, such as quantitative real-time PCR detection of
HCV genome, should be performed to offer confirmatory in-
formation regarding the susceptibility of PTHs and ITH6.1
cells to HCV.
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Fig. 3 The ITH6.1 cells can be
infected by EV71, butnot HCV. a

a EvV71 MOl=1

12 24 48 72 96 (h)

Successful infection of ITH6.1 by
EV71. Cells were infected with or
without EV71 (MOI = 1) and
were harvested at the indicated
times post infection. Cell lysates
were immunoblotted using anti-

VP1 zn -

EV71 VPI antibody. b HCV in-
fection of the ITH6.1 cells at dif-
ferent passages (P17 and P47) and
the Huh7.5.1 cells. Cells were in-
fected with or without (—) differ-

b HCV

Huh7.5.1

MOl (-)
NS3

ent titers of HCV for 5 days be-
fore the harvest. Cell lysates were
immunoblotted using the anti-
HCYV core antibody and anti-
HCV NS3 antibody, respectively.
The ACTB (f3-actin) was used as
the loading control

Transcriptomic profiling revealed by RNA-Seq

To understand why the PTHs lost the capability to sustain the
HCV infection and replication during the transformation, we
analyzed the gene expression changes between the PTHs and the
immortalized cells at different passages. Two PTH samples
(PTH-I and PTH-II) and different passages of the ITH6.1 cells
(passage 9, ITH6.1-P9; passage 17, ITH6.1-P17; passage 24,
ITH6.1-P24; passage 33, ITH6.1-P33; passage 47, ITH6.1-
P47) were selected for total RNA extraction and transcriptome
analysis. We used the principal component (PC) analysis to show
the overall clustering pattern of the samples. The PTHs, early

a b

8% Cluster 0

%
Cluster 1
30- Cluster 2
3 Passage
E ® ITH6.1-P9
'E ® ITH6.1-P17 Cluster 3
> ® ITH6.1-P24
g o ITHe.1-pas Cluster4
=] i
o0 ITHg.1-pay  Clusters
§ ® © PTHI Cluster 6
® PTHI
% Cluster 7
o,
Cluster 8
_30-
Cluster 9
L
-50 100 Cluster 10

0 50
PC1: 71% variance
Fig. 4 RNA-seq analysis of the tree shrew hepatocytes (PTHs) and dif-
ferent passages of the ITH6.1 cells. a Principal component analysis of
PTHs from two tree shrews (PTH-I and PTH-II) and different passages of
the ITH6.1 cells. Each sample has three biological replicates. b Heat map
of gene expression pattern in the PTHs and different passages of the
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passage of immortalized cells (early passage cells: ITH6.1-P9,
ITH6.1-P17 and 1TH6.1-P24), and long passage immortalized
cells (immortalized cells: ITH6.1-P33 and ITH6.1-P47) were
clearly separated from each other in the PC map (Fig. 4a). We
further determined the differentially expressed genes (DEGs)
among the three main groups of cells. Between the PTHs and
early passage cells, a total of 3618 genes were downregulated
and 2532 genes were upregulated. When the early passage cells
were compared with the immortalized cells, a total of 1995 genes
were downregulated and 1615 genes were upregulated. The top
20 genes showing the most significant expression changes be-
tween the PTHs and early passage cells (Table S1) were not

TH6.1-P47

Cluster0 KEGG enrichment
Fatty acid metabolism

©

Lysosome

o

Peroxisome
-3 Complement and coagulation cascades
Metabolic pathways

0 4
-logso(P)

Cluster2 KEGG enrichment
Fanconi anemia pathway
RNA degradation
Cell cycle

(1+W3id4)"Bo] 21005z moy IININENEN

DNA replication

Spliceosome

5 10
-log1o(P)

Cluster8 KEGG enrichment
Focal adhesion
Pathways in cancer
Neurotrophin signaling pathway
Thyroid hormone signaling pathway
cGMP-PKG signaling pathway

0 4 5

-1ogi(P)

ITH6.1 cells and pathway enrichments. Differentially expressed genes
(DGEs) between different samples were defined if |log,FoldChange| > 1
and P,4 < 0.05. GO and KEGG enrichment analyses were analyzed using
DAVID (https://david.ncifcrf.gov/), with the DEGs as the input
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overlapped with those between the early passage cells and the
immortalized cells (Table S2).

We constructed the clusters based on gene expression pat-
terns among these samples. A total of 11 clusters could be
observed for cells during the transformation (Fig. 4b). We
found that genes in Cluster 2 were upregulated in the
ITHG.1 cells at different passages compared with PTHs, and
mainly contained genes involved in DNA replication, RNA
degradation, and cell cycle (Fig. 4b). This pattern was consis-
tent with the characteristics of the primary hepatocyte immor-
talization (Ramboer et al. 2014). In addition, the genes in
Cluster 0 were downregulated in ITH6.1 compared with
PTHs, and genes in this cluster were involved in cellular met-
abolic pathways and fatty acid metabolism (Fig. 4b). Cluster 8
was composed of genes involved in the neurotrophy signal
transduction pathway, thyroid signaling, and cGMP-PKG sig-
naling, and genes in this cluster were increased in early pas-
sage cells relative to those of the PTHs, and then decreased in
the immortalized cells (Fig. 4b).

Changes of liver cell markers and related genes

The process of HCV entry into target cells represented the first
step in the viral life cycle (Moradpour et al. 2007). We first
assessed the mRNA levels of the known HCV entry factors,
including CD81, SR-BI, CLDN1, and OCLN, in PTHs and
ITH6.1 of different passages. Compared with PTHs, there
were differences of the mRNA levels for the four HCV entry
factors in cells at different passages, and the four HCV entry
factors were all expressed in ITH6.1 (Fig. 5a). Moreover, the
four HCV entry factors of the Chinese tree shrew had a con-
siderably high protein sequence identity with those of human
(CD81, 96%; SR-BI, 87%; CLDN1, 93%; OCLN, 88%) ac-
cording to the previous study (Tong et al. 2011) and the up-
dated genome information (Fan et al. 2019). Based on these
results and the above HCV infection assay (Fig. 3b), we spec-
ulated that the ITH6.1 cells might not have a problem for HCV
entry process, but did not support HCV replication. A direct
transfection of the HCV RNA genome into the ITH6.1 cells
would help to confirm this speculation.

We analyzed the mRNA levels of hepatocyte marker genes
in PTHs and ITH6.1 cells. The mRNA level of -actin was
stable (Fig. 5b), whereas that of the albumin (ALB) (Wang
etal. 2003) was downregulated in the ITH6.1 cells at different
passages. There was no remarkable change of the mRNA
levels of cytokeratinl8 (CK18) (Zatloukal et al. 2000) and
apolipoprotein E (ApoE) (Hamilton et al. 1990) at different
time points of immortalization (Fig. 5b). The PTHs have
played a major role in drug metabolism, which is closely re-
lated to cytochrome P450 (CYP450) enzyme family (van der
Weide and Steijns 1999). We found that the mRNA levels of
the CYP450 family key members, CYP2E] and CYPIA2,
were reduced in later passage of the ITH6.1 cells, whereas

the mRNA levels of CYP2UI and CYP3A4 did not show a
dramatic decreasing pattern as those of CYP2E] and CYPIA2
(Fig. 5¢) (van der Weide and Steijns 1999).

We further analyzed the mRNA levels of hepatocyte nu-
clear factors (HNF), which are a group of transcriptional fac-
tors mainly expressed in hepatocytes and are essential for the
development, maturation, and differentiation of hepatocytes,
glycogen transport, and metabolism (Cheng et al. 2019; Wiwi
and Waxman 2004). The mRNA levels of the ANF family
members did not show a consistent pattern (Fig. 5d).
Analyses for mRNA levels of several innate immune recep-
tors, such as TLRs (Yu et al. 2016), STING (Xu et al. 2020b)
and MDAS (Xu et al. 2016), showed that these genes were
decreased in different passages of ITH6.1 compared with the
PTHs (Fig. Se).

Taken together, our analysis of the related genes that are
involved in liver function and innate immune response did
identify several genes showing a passage-dependent change
during the immortalization, but others did not provide any
useful information to characterize the cellular alterations that
account for the resistance of HCV infection in the immortal-
ized cell lines.

Discussion

Tree shrew is an experimental animal which has been exten-
sively used in biomedical researches (Li et al. 2018; Xiao et al.
2017; Yao 2017). Many recent studies have reported the im-
mune responses and pathological and physiological changes
of the tree shrew after viral infections (Li et al. 2018; Xiao
etal. 2017; Xu et al. 2020a; Xu et al. 2019; Yao 2017; Zhang
et al. 2019). We performed a genome sequencing of the
Chinese tree shrew (Fan et al. 2019; Fan et al. 2014) and
characterized the genetic features of the innate immunity-
related genes of this species (Xu et al. 2016; Xu et al.
2020b; Xu et al. 2020c¢; Yao 2017; Yu et al. 2016).
Although lots of efforts have been made to create animal
models using tree shrews, there are only few tree shrew im-
mortalized cell lines available (Gu etal. 2019; Yin et al. 2019),
and none could meet the needs for studying HBV and HCV
in vitro. In this study, we aimed to establish a tree shrew
immortalized hepatocyte cell line by introducing the
SVA40LT (Ahuja et al. 2005; Foddis et al. 2002) into tree shrew
PTHs via lentiviral infection. We were able to get an immor-
talized liver cell line, which showed a reasonably good prolif-
eration capacity and could be transfected by using commercial
transfection reagents. However, this cell line could not be
infected by HCV, although it could be infected by EV71
and other viruses (author’s unpublished data). Therefore, this
cell line might be a resource for characterize viral response of
other viruses instead of HCV.
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<« Fig. 5 Transcriptional changes of liver function-related genes during the
immortalization of the tree shrew liver cells. The mRNA levels of the
major HCV entry receptors a, molecular markers of hepatocytes b,
CYP450 enzyme ¢, HNFs d, and innate immune genes e in tree shrew
PTHs and immortalized liver cells at different passages. The [-actin gene
was used as the reference gene

To explore the underlying reason why HCV could not in-
fect the immortalized ITH6.1 cells, we performed the RNA-
sequencing to learn the overall change of gene expression
between the PTHs and different passages of ITH6.1. We could
clearly discern different clusters of genes that had a dramatic
change during the transformation and immortalization. In par-
ticular, genes related to RNA degradation, cell cycle, DNA
replication, and cleavage were among the list of top genes, and
the change of these genes might enhance the proliferation
abilities after immortalization (Maqgsood et al. 2013;
Ramboer et al. 2014). The major HCV entry receptors were
all expressed in different passages of ITH6.1 (Fig. 5a), which
indicated that the entry of HCV to this cell line might not be
hampered. We also found that genes related to multiple sig-
naling pathways, such as neural signaling, thyroxine signal-
ing, cGMP-protein kinase G signaling, and immune re-
sponses, were altered during the immortalization, which might
be compatible with the change of cellular phenotypes of the
ITH6.1 cells. Of note, the mRNA levels of albumin (ALB)
and some members of CYP450 and HNF families were also
changed during the immortalization (Fig. 5c and d), which
might account for the reason why ITH6.1 was resistant to
HCYV infection (Cheng et al. 2019; Hamilton et al. 1990; van
der Weide and Steijns 1999). However, it would be hard to
draw a clear picture regarding the trajectory of the liver cell
immortalization in this study.

In summary, we established an immortalized cell line from
the Chinese tree shrew primary hepatocytes, which maintained
a high proliferation rate. This cell line could be transfected by
commercial transfection reagents and infected by EV71, but
not HCV. Analysis of the entire transcriptomic profiling of
PTHs and ITH6.1 cells at different passages during the immor-
talization identified a variety of DEGs among the PTHs, early
passage cells ITH6.1-P9, ITH6.1-P17, and ITH6.1-P24) and
immortalized cells (ITH6.1-P33 and ITH6.1-P47), which con-
stitute the genetic basis for recognition of the cell source and
alteration of cellular phenotypes. We believe that this cell line
may be of some usage for studying the cell signaling in re-
sponse to viral infections and drug treatment.
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Table S1: The top 20 genes with altered expression between the PTHs (PTH-I and PTH-I1) and early passages cells (ITH6.1-P9, ITH6.1-

P17 and ITH6.1-P24)

Gene name Log, fold change  Description Functional annotation Pagj
Upregulated genes
DLK1 12.03 delta-like 1 homolog calcium ion binding 1.64E-35
GJD2 11.14 gap junction protein connexon complex; cellular component 1.18E-24
SSTR4 10.22 somatostatin receptor 4 somatostatin receptor activity; molecular function 4.22E-22
FBN2 9.81 fibrillin 2 binding; molecular function 7.77E-180
HOXC10 8.94 homeobox C10 sequence-specific DNA binding transcription factor activity; 3.42E-21
molecular function
DRG1 8.42 developmentally regulated GTP binding protein 1 \ 1.73E-18
PLEKHG4 8.33 pleckstrin homology domain containing, Rho guanyl-nucleotide exchange factor activity; Molecular 8.66E-20
Function
RERG 8.21 RAS-like, estrogen-regulated, growth inhibitor GTPase activity; molecular function 5.57E-19
TBX18 8.15 T-box 18 sequence-specific DNA binding transcription factor activity; 1.13E-34
molecular function
IGF2 7.96 insulin-like growth factor 2 hormone activity; molecular function 1.70E-64
Downregulated genes
SCGB2A2 -15.40 secretoglobin \ 1.56E-134
ORM1 -14.28 orosomucoid 1 regulation of immune system process 2.47E-86
APOC3 -13.92 apolipoprotein C-111 extracellular region; cellular component 1.96E-48
APOB -13.76 apolipoprotein B lipid transporter activity; molecular function 8.32E-63
MMP7 -13.68 matrix metallopeptidase 7 (matrilysin, uterine) etalloendopeptidase activity; molecular function 5.90E-40
SERPINA5S -13.53 serpin peptidase inhibitor serine-type endopeptidase inhibitor activity; molecular function 9.30E-34
C1QB -13.33 complement component 1 protein binding; molecular function 1.44E-82
TLR4 -13.07 toll-like receptor transmembrane receptor activity; molecular function 6.96E-40
SFTPD -13.02 surfactant protein D binding; molecular function 1.37E-170
PROX1 -12.28 prospero homeobox 1 DNA binding; molecular function 4.54E-69




Table S2: The top 20 genes with altered expression between the early passages cells (ITH6.1-P9, ITH6.1-P17 and ITH6.1-P24) and the

immortalized cells (ITH6.1-P33 and ITH6.1-P47)

Gene name Log, fold change Description Functional annotation P
Upregulated genes
ZFX 11.42 zinc finger protein, X-linked \ 2.18E-60
CADPS 11.36 Ca++-dependent secretion activator protein binding; molecular function 5.23E-42
OLFM4 10.37 olfactomedin 4 protein binding; molecular function 9.83E-08
USP9X 10.31 ubiquitin specific peptidase 9 \ 2.95E-166
PAX8 9.27 paired box 8 DNA binding; molecular function 5.35E-68
KDM6A 8.15 lysine (K)-specific demethylase 6A protein binding; molecular function 2.87E-28
KLHL14 7.99 kelch-like 14 protein binding; molecular function, kelch repeat type 1 9.24E-38
MARCH11 7.86 membrane-associated ring finger (C3HC4) 11 \ 5.51E-18
CD300E 7.31 CD300e molecule protein binding; molecular function, immunoglobulin subtype 2.90E-20
EREG 7.28 epiregulin protein binding; molecular function, ErbB signaling pathway 2.85E-36
Downregulated genes
KCNB2 -8.53 potassium voltage-gated channel, Shab-related ion channel activity; Molecular Function 2 03E17
subfamily, member 2
CD34 -8.01 CD34 molecule cell adhesion; Biological Process 7.70E-11
TMPRSS3 -7.94 transmembrane protease, serine 3 catalytic activity; molecular function 3.37E-17
ARSH -7.83 arylsulfatase family, member H catalytic activity; molecular function 7.65E-15
SMOC2 -7.52 SPARC related modular calcium binding 2 calcium ion binding; molecular function 1.49E-45
PLCL1 -7.19 phospholipase C-like 1 phosphoinositide phospholipase c activity; molecular function ~ 1.96E-22
KCNB2 -7.05 potassium voltage-gated channel, Shab-related ion channel activity; molecular function 6.75E-12
subfamily, member 2
RL6 -6.94 ADP-ribosylation factor-like 6 interacting protein 1 endoplasmic reticulum; cellular component 2.62E-32
FAT4 -6.89 FAT tumor suppressor homolog 4 (Drosophila) calcium ion binding; molecular function 2.95E-13
LMO7 -6.86 LIM domain 7 protein binding; molecular function 2.29E-14




