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Abstract

Orf virus (ORFV) infects sheep and goat tissues, resulting in severe proliferative lesions. To analyze cellular protein expres-
sion in ORFV-infected goat skin fibroblast (GSF) cells, we used two-dimensional liquid chromatography-tandem mass
spectrometry coupled with isobaric tags for relative and absolute quantification iTRAQ). The proteomics approach was used
along with quantitative reverse transcription polymerase chain reaction (RT-qPCR) to detect differentially expressed proteins
in ORFV-infected GSF cells and mock-infected GSF cells. A total of 282 differentially expressed proteins were identified.
It was found that 222 host proteins were upregulated and 60 were downregulated following viral infection. We confirmed
that these proteins were differentially expressed and found that heat shock 70-kDa protein 1B (HSPA1B) was differentially
expressed and localized in the cytoplasm. It was also noted that HSPA1B caused inhibition of viral proliferation, in the mid-
dle and late stages of viral infection. The differentially expressed proteins were associated with the biological processes of

viral binding, cell structure, signal transduction, cell adhesion, and cell proliferation.

Introduction

Orf, which is caused by orf virus (ORFV), is one of the
most widespread viral diseases worldwide. Although ORFV
mainly infects sheep and goats, it can also infect other rumi-
nants and other mammals [18]. Genes involved in virulence
and pathogenesis are distributed in the ITR regions of the
ORFV genome. The virus encodes involved in immunomod-
ulation, including viral-interleukin 10 (vIL-10, ORFV127),
vascular endothelial growth factor (VEGF, ORFV132), orf
virus interferon resistance protein (OVIFNR, ORFV020),
chemokine binding protein (CBP, ORFV112), granulo-
cyte—macrophage colony-stimulating factor/interleukin-2
(GM-CSF/IL-2) inhibitory protein (GIF, ORFV117), nuclear
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factor kappa B (NF-«xB) inhibitory protein (ORFV125), and
deoxyuridine 5'-triphosphate pyrophosphatase (dUTPase,
ORFVO007) [38].

Like other poxviruses, ORFV encodes a range of mol-
ecules that play vital roles in immune evasion by the pro-
duction of anti-inflammatory proteins [13]. These proteins,
which are mainly involved in the interaction with host
defense mechanisms, include OVIFNR, GIF, vIL-10, and
VEGF. A number of these proteins are orthologues of known
mammalian proteins, whereas others do not appear to have
mammalian counterparts [7, 11-13]. ORFV encodes GIF,
which is a novel secreted inhibitor of the cytokines GM-
CSF and IL-2 [7]. GIF co-localizes with ORFV in infected
epidermal cells, as detected by immunohistochemistry
(IHC) [13]. Both ORFV and ovine IL-10 (vIL-10 and ovIL-
10) inhibit production of tumor necrosis factor-o (TNF-a)
and IL-8 from macrophages and keratinocytes as well as
production of interferon gamma (IFN-y) from activated
lymphocytes [10]. The viral VEGF is important for viru-
lence [25, 34, 40]. It is mitogenic to endothelial cells and
promotes angiogenesis in the underlying dermis as well as
proliferation of epidermal cells and activation of VEGF
receptors. Aside from an array of immunomodulatory fac-
tors produced by ORFYV, poxviruses also produced a class
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of proteins, namely ankyrin (ANK) repeat proteins [28],
which can also promote viral survival. A proteomic analy-
sis of host cellular responses to viral infection may provide
new insights into the cellular mechanisms involved in viral
pathogenesis.

The isobaric tag for relative and absolute quantitation
(ITRAQ) technique allows comprehensive, comparative,
and quantitative determination of protein expression [33].
This technique has been extensively applied to proteome
analysis [3, 14, 15, 33, 39]. iTRAQ simultaneously identi-
fies and quantifies peptides by measuring peak intensities
of reporter ions using tandem mass spectroscopy (MS/MS)
and has been developed to identify biomarkers for various
viral diseases [2, 41]. This method has been widely utilized
to study the mechanisms of viral infection through the com-
parative analysis of cellular protein profiles. In the present
study, a comparative iTRAQ-based proteomic analysis was
conducted to analyze the changes in cellular proteins of goat
skin fibroblast (GSF) cells exposed to ORFV in vitro at spe-
cific time points. The experiments were performed to inves-
tigate functional changes occurring in GSF cells infected by
ORFV. This is the first study on the interactions of ORFV
with its host using a proteomics approach. The purpose of
the present study was to investigate the adaptability and
proliferation of ORFV in goat skin fibroblasts. Hence, the
iTRAQ-2D-LC-MS/MS technology was used to analyze
proteomic changes in ORFV-infected GSF cells. Quantita-
tive reverse transcription polymerase chain reaction (RT-
gPCR) and other methods were applied to identify differen-
tially expressed proteins and to further analyze and confirm
the function of the differentially expressed proteins and heat
shock 70-kDa protein 1B (HSPA1B) in ORFV-infected host
cells. These data provide a foundation for mapping of gene
regulatory networks that are affected by ORFV infection.

Materials and methods
Cell culture and virus infection

GSF cells were purchased from the Kunming Institute of
Zoology, Chinese Academy of Sciences (Kunming, China)
and cultured in complete Dulbecco’s modified Eagle’s
medium (DMEM; HyClone Laboratories Inc., Logan, UT,
USA), containing 10% fetal bovine serum (FBS; Gibco, New
York, NY, USA) in an incubator with 5% CO,. The GSF
cell line was tested for mycoplasma contamination, which
showed an appropriate microscopic morphology. ORFV
was isolated and stored in our laboratory for further experi-
ments. ORFV was passaged continuously for 15 generations
on GSFs, virus samples were selected after the 1st, Sth, 10th,
and 15th generations, and the viral genome was extracted
for B2L gene detection. A 1137-bp fragment of the genome
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corresponding to the ORFV B2L gene was sequenced, and
found to be identical to an ORFV B2L gene sequence pub-
lished in the Gene Bank database (GU320351).

Growth curve of ORFV in GSF cells

To analyze the growth of ORFV in GSF cells, the cells were
infected at an MOI of 0.1 in a 24-well plate, and uninfected
cells served as a control. Samples were collected at 2, 12, 18,
24, 36, 48, and 60 h postinfection. The ORFV copy number
was estimated using RT-qPCR.

Sample preparation

The cultured GSF cells were divided into an experimental
group and a control group. When the cells reached about
80% confluency, 500 pL of ORFV suspension (MOI, 0.1)
was added to the cells in the experimental group, and
DMEM was added to the cells in the control group. The
cells were incubated for 1 h and washed three times with
phosphate-buffered saline (PBS), and DMEM medium con-
taining 2% FBS was added. The cells were collected and pro-
tein samples were prepared after 35 h. The culture medium
was discarded, and the cells were washed three times with
cold PBS, scraped with a cell scraper, and collected in a
centrifuge tube. The cells were pelleted by centrifugation
at 2000 rpm for 3 min, resuspended and washed two times,
and the final cell pellet was stored at -80 °C for further
experiments.

Protein extraction

Five hundred pL of protein lysate was added to the sample
and lysed on ice. Phenylmethylsulfonyl fluoride (PMSF)
and dithiothreitol (DTT) with final concentrations of 1 and
10 mM, respectively, were added. After sonication in an ice
bath for 15 min, the sample was centrifuged, and the super-
natant was treated at 56 °C for 1 h to reduce disulfide bonds.
Next, iodoacetamide (IAM) was added to a final concen-
tration of 55 mM, and the sample was kept in the dark for
45 min to block cysteine alkylation. An appropriate amount
of cold acetone was added, and the sample was stored at
-20 °C for 2 h. The sample centrifuged at 14,000 rpm for
20 min, the supernatant was discarded, and 200 pl of 0.5 mM
tetracthylammonium borohydride (TEAB) was added to the
pellet, which was sonicated for 15 min, and centrifuged at
14,000 rpm for 20 min.

Protein concentration measurement

Protein quantification was done by the Bradford method,
using prepare a standard curve made from series of dilutions
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of bovine serum albumin (BSA) and measuring absorbance
at 595 nm.

Protein digestion and iTRAQ labeling

One hundred pg of protein was trypsinized for 12 h. After
enzymatic digestion, the peptide was dried using a vacuum
centrifugal pump and reconstituted with 0.5 M TEAB.
iTRAQ labeling was done according to the manufacturer’s
instructions. Labeling reagent 116 was used to label the
experimental group, and labeling reagent 119 was used
to label the control group. After incubation at room tem-
perature for 2 h, the labeled peptides of each group were
mixed and separated by liquid-phase chromatography using
a strong cation-exchange (SCX) column.

SCX chromatography

An LC-20AB high-performance liquid chromatography
(HPLC) pump system (Shimadzu, Tokyo, Japan) and a
4.6 x 250-mm separation column were used for liquid-phase
separation of the samples. The mixed peptides were labeled
were reconstituted and 4 ml of buffer A. Gradient elution
was performed at a rate of 1 ml/min. The first elution was
performed with buffer A for 10 min, which was gradually
mixed with 5-35% buffer B for 11 min, and finally mixed
with 35-80% buffer B and eluted for 1 min. The entire elu-
tion process was monitored by measuring the absorbance
at 214 nm, and 20 components were eventually selected.
Each component was desalted separately using a Strata-X
C18 column (Phenomenex, Torrance, CA, USA) and then
freeze-dried.

Capillary HPLC

The concentration of each component that was adjusted to
about 0.5 pg/ul with buffer C and centrifuged at 20,000 rpm
for 10 min to remove insoluble matter. Eight microliters of
each component (about 4 ug of protein) was separated using
a Shimadzu LC-20AD HPLC system (Shimadzu, Tokyo,
Japan). The column included a trap column and an analytical
column. The separation parameters were as follows: injec-
tion for 4 min at a flow rate of 8 nL./min, washing at a flow
rate of 300 nL/min for 40 min, washing with gradient buffer
D from 2-35% and then from 35-80%, and washing with
80% buffer D for 4 min and buffer C for 1 min.

Electrospray ionization mass spectrometry (ESI-MS)

The peptides were separated using a Q-Exactive mass spec-
trometer. The primary MS resolution was set to 70,000
full width at half maximum (FWHM). The peptides were
screened using a high-energy collision mode with a collision

energy of 27 (+12). Secondary fragments were detected in
Orbi with a resolution of 17,500 FWHM. In addition, 15
secondary spectra were plotted for primary precursor ions
with peak intensities in excess of 20,000, and primary and
secondary scanning was performed. Scanned mass-to-charge
ratios ranged from 350 to 2000 Da.

MS data analysis

The original mass spectrum file was converted to MGF for-
mat. The quantitative data were analyzed by iTRAQ Result
Multiple File Distiller, and the MGF file was used as an
original file with Mascot2.3.02 protein identification soft-
ware. A selected sheep genome annotation database (22134
sequences) and ORFYV virus from the NCBI database (150
sequences) were used for searching and combined with the
quantitative results.

Bioinformatics analysis

Functional annotation, subcellular localization, and meta-
bolic pathway analysis of the identified differentially
expressed proteins were carried out. The hypergeometric
test was used to find Gene Ontology (GO) entries that were
enriched compared with other proteins. These differentially
expressed proteins were compared with the Clusters of
Orthologous Groups of proteins (COG) database to predict
the possible functions of these proteins and perform statisti-
cal analysis on their functional classification.

RT-qPCR

Specific primers (Table 1) were designed to amplify various
target genes simultaneously according to the correspond-
ing gene sequences of MS/MS-identified proteins, and the
available genetic information was deposited in the Gen-
Bank database. The analysis was conducted using Laser-
gene sequence analysis software (DNASTAR, Inc., Madison,
WI, USA). GSF monolayers were inoculated with ORFV for
35 h and washed three times with ice-cold PBS. They were
then harvested by centrifugation at 1,000 rpm for 10 min.
Total cellular RNA was extracted using an RNeasy Mini
Kit (QIAGEN GmbH, Hilden, Germany) according to the
manufacturer’s protocol. The RNA concentration was meas-
ured using a spectrophotometer (260/280 nm). RT-qPCR
was performed using an Mx3005P Real-Time PCR System
(Agilent Technologies, Inc., Santa Clara, CA, USA). A
reverse transcription step was first performed at 42 °C for
5 min to make cDNA from total RNA. The PCR procedure
consisted of a denaturation step at 95 °C for 10 s, followed
by 40 cycles of amplification, each consisting of an extra
denaturation step at 95 °C for 5 s and a primer annealing
step at 60 °C for 34 s. Melting curves were plotted, and
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Table 1 Primers used for the goat target genes based on the corre-
sponding gene sequences of the identified proteins. Specific primers
were designed to simultaneously amplify various target genes accord-
ing to the corresponding gene sequences of identified proteins, and
the available gene information was deposited in the GenBank data-
base

Gene name Primer sequence (5’ -3")
BCLF1 F: AAGATACATTTGAACACGACCCG

R: ATCCATTTCCAACAGAACCAGAC
PARPI F: TCGGGCTCGTGGACATCGT

R: GGCATCTGCTCCAGTTTGT
CORI1B F: TTGCCCTTCTACGACCCTGAT

R: GGCTCCTTGCTGGTGAATGTA
MAP4 F: GGCTCCCAATGCTTCTGC

R: CCCGTAGGCGGTTTCTGT
6PGD F: ATGGCTTTGTGGTCTGTGC

R: CCGTCTCATGGTATCCCTGTAT
G3P F: AAGTTCCACGGCACAGTCA

R: TGGTTCACGCCCATCACAA
SC24D F: GCTATTATGCGGGTTCG

R: ATCAAGGCTCCAGTGTC
ZN207 F: TACCTGGGAGAACAGACAT

R: GCTGCGGTTGAAATGAAGT
FIS1 F: ACAGAGCCGCAGAACAACCA

R: TCCGATGAGTCCAGCCAGTC
CDV3 F: CCTCCTGCTCCAGTAGTTGTT

R: TTGTGGTGCTTTCCTTGTTGT
VMASA F: CCAACTGCTCCTTGAGTCCTA

R: AGCTTCTCCCATCTCCACGA
PSME2 F: CCCACCCAAGGATGATGAGAT

R: GAAAGCCGCACTTAGGGACTG
ACTB F: ACACGGTGCCCATCTACGA

R: TTGATGTCACGGACGATTTC
GAPDH F: AAGTTCCACGGCACAGTCA

R: TGGTTCACGCCCATCACAA
B2L F: GGGGCGGCGTATTCTTCT

R: GCTGTTCTTGGCGTTCTCG
HSPAIB F: GGGAGGACTTCGACAACAGG

R: GACAAGGTTCTCTTGGCCCG

quantitative analysis of the data was conducted using the
7500 Fast System SDS 1.3.1 software (Applied Biosystems,
Foster City, CA, USA). Mock-infected GSF cells were used
as a control. The RT-PCR products were analyzed by elec-
trophoresis in a 2% agarose gel.

Subcellular localization of HSPA1B

Cells were seeded into 6-well plates and cultured overnight
in DMEM in the presence of 10% FBS. The transfection
mixture, which contained 2.0 pg of plasmid DNA and 6
pL of transfection reagent (Invitrogen, Carlsbad, CA, USA)
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in 100 pL of serum-free DMEM, was mixed for 20 min at
room temperature and subsequently added to each well with
complete medium for 24 h. The cells were evaluated for pro-
tein expression by fluorescence microscopy at 24—48 h post-
transfection and then were fixed by conventional methods
and stained with 4',6-diamidino-2-phenylindole (DAPI). The
cellular distribution of HSPA1B was analyzed by confocal
laser scanning microscopy (CLSM).

Measurement of the effect of HSPA1B on ORFV
replication

In order to examine the influence of HSPA1B on the prolif-
eration of ORFV, GSF cells were transiently transfected with
pEFGP-HSPA1B plasmids as described previously. Subse-
quently, the cells were infected with ORFV at an MOI of 0.1.
After incubation for 1 h, the cells were washed three times
with PBS and DMEM containing 2% FBS was added. The
cultured cells were collected at 15, 24, and 36 h postinfec-
tion and the viral DNA was quantitated using RT-qPCR.

RNA interference

Small interfering RNA (siRNA) was chemically synthe-
sized by Gene Pharma (Shanghai, China). The knockdown
of endogenous HSPA1B was carried out by transfection of
GSF cells with HSPA1B siRNA (517) (5'- UUUGUAGCU
CACCUGCACCTT-3"), HSPA1B siRNA (1258) (5'- GUU
GAAGAAGUCCUGCAGCTT-3'), and HSPA1B siRNA
(1486) (5'- GUAGGUGGUGAAGAUCUGCTT-3') using
Lipofectamine 2000. Nontargeting siRNA (NC siRNA) was
used as a negative control.

Western blot

For Western blotting, target proteins were resolved by
SDS-PAGE and transferred to an Immobilon-P membrane
(Millipore). The membrane was blocked and incubated
with appropriate primary antibodies and secondary anti-
bodies. Antibody-antigen complexes were visualized using
enhanced chemiluminescence detection reagents (Thermo)
[42]. Mouse anti-HSPA1B anti-B-actin antibodies were
purchased from Abbkine. Mouse anti-B2L antibody was
obtained from the Lanzhou Veterinary Research Institute.

Results
Growth of ORFV in GSF cells
In order to assess the growth of ORFV in GSF cells, a

one-step growth curve was carried out using RT-qPCR.
ORFV was adapted to GSF infection by passaging for 15
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generations. At different time points, the supernatants and
the cells were collected, and the copy number of viral DNA
was determined by RT-qPCR to prepare a one-step growth
curve. The results indicated that the intracellular viral DNA
content increased from 2 to 36 h postinfection and reached
the highest level at 36 h. The extracellular viral DNA con-
tent gradually increased (Fig. 1A), while the intracellular
viral DNA content decreased during this time period, and
the extracellular viral DNA content increased to form an
S-shaped curve. The eclipse phase was from 0 to 12 h postin-
fection, during which the viral content remained at a low
level. The logarithmic phase was from 12 to 48 h, and the
viral DNA content increased, reaching a peak at 48 h, slow-
ing from 48 to 60 h postinfection, and gradually reaching a
plateau (Fig. 1B).
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Fig. 1 One-step growth curve of ORFV infection in GSF cells. GSF
cells were infected with ORFV at an MOI of 0.1 and cell supernatants
and infected cells were collected at 2, 12, 18, 24, 36, 48, and 60 h

Kinetics of ORFV-induced cytopathology in cultured
GSF cells

One of the key parameters for determining virus-induced
alterations is the length of time until a cytopathic effect
(CPE) is observed in the model system. GSF cells were
infected with ORFV at an MOI of approximately 0.1, and
monitored for cell viability and CPE. As shown in Fig. 2,
the cells infected with ORFV that were cultured for less than
24 h demonstrated no detectable CPE (Fig. 2A-B). At24 h
postinfection, a small number of cells began to swell and had
a round shape (Fig. 2C-D). At 60 h, the cells detached from
the plate (Fig. 2E) and were completely destroyed after 72 h
postinfection (Fig. 2F-G).
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postinfection. RT-qPCR was used to make a one-step growth curve
to measure the copy number of the intracellular virus (Fig. 1A) and
extracellular virus (Fig. 1B)

Fig. 2 Kinetics of the ORFV-induced cytopathic effect (CPE) in GSF
cells. Cells at about 80% confluency were infected with ORFV at an
MOI of 0.1 or mock infected, and DMEM was added to the cells in

the control group, and after 1 h, the cells were washed three times
with PBS, and DMEM 2% FBS was added. Morphological changes
were then examined at different time points
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Differentially expressed proteins analyzed
by iTRAQ-coupled 2D LC/MS-MS

The cellular proteins in ORFV-infected and mock-infected
GSF cells were extracted for iTRAQ analysis. In total,
10,630 peptides and 2,776 proteins were detected. Of these,
282 proteins were found to be differentially expressed in
ORFV-infected GSF cells compared with the mock-infected
GSF cells, including 222 significantly upregulated proteins
and 60 significantly downregulated proteins. The upregu-
lated proteins are listed in Table 2, and the downregulated
proteins are listed in Table 3. Three proteins that are involved
in cell killing showed altered expression levels. The levels
of CXCL6, IFNG (interferon gamma [IFNy]), and ALBU
increased after infection. In addition, 28 proteins involved
in cell proliferation exhibited differential expression. NFIP1,
IFNG, TKT, CD9, BAK, HS71B, CSK2B, NPM, HDGF,
PA2G4, CDV3, RL23A, THIO, MCM7, CXCL6, YBOX1,
RS4X, CYR61, HMOX1, APOD, TANA, RS6, and PAIl
were upregulated, while CAV1, GBG2, ZPR1, MKO1, and
LAMB2 were downregulated. CXCL6 and IFNG are associ-
ated with pathways involved in apoptosis [5, 22] and prolif-
eration [23, 29]. Changes in the levels of biological adhesion
proteins were also detected, including PAI1, APOD, CTGF,
ADAMSY, EZRI, CYR61, CD9, and TKT, which were upreg-
ulated, and TBCD, VINC, CO3A1, 2AAA, LAMB?2, and
PARVA were downregulated. The abundance of the 70-kDa
heat shock proteins (HSPs) HSPA6 and HSPA 1B increased
after infection. Moreover, several ribosomal proteins, includ-
ing RPS6, RPS17, RPS3, RPS21, RPS18, RPS3A, Rpsl16,
Rps8, RPS4X, Rps23, RPS2, RPS19, RPS12, Rps13, and
RPS20 were upregulated (Table 2). However, no ribosomal
proteins were downregulated after infection (Table 3).

Functional classification of differentially expressed
proteins

To understand the implications of the cellular responses to
ORFYV infection, these proteins were categorized into three
main types using the UniProt Knowledgebase (Swiss-Prot/
TrEMBL) and the GO databases: cellular components, meta-
bolic functions, and biological processes. Cell component
ontology refers to subcellular structures, locations, and
macromolecular complexes, such as nucleoli, telomeres,
and complexes that recognize initiation. Cellular-compo-
nent-based enrichment analysis identified differentially
expressed proteins that are well distributed in cell compo-
nents (Fig. 3A) and are mainly involved in morphogene-
sis, protein synthesis, metabolism, the stress response, the
ubiquitin—proteasome pathway, cellular processes, metabolic
processes, biological regulation, and response to stimuli.
Molecular function ontology refers to the function of an
individual gene product, such as carbohydrate binding or
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ATP hydrolase activity. Molecular-function-based enrich-
ment analysis demonstrated that binding, catalytic activ-
ity, structural molecule activity, and enzymatic regulation
were influenced by viral infection (Fig. 3B). Biological
processes ontology refers to the ordered combination of
molecular functions to achieve a wider range of biological
functions, such as mitosis or purine metabolism. Enrich-
ment analysis using biological processes indicated that viral
infection mainly affected cellular and metabolic processes
(Fig. 3C). A protein may have multiple GO annotations.
To determine which biological functions were associated
with differentially expressed proteins, a significant enrich-
ment analysis of GO functions was carried out on these
differentially expressed proteins. The results revealed that
these differentially expressed proteins were mainly local-
ized in the cytoplasm, ribosomes and the nucleus (Fig. 3D).
Molecular enrichment analysis showed that these differen-
tially expressed proteins included proteins with nucleic acid
binding activity, threonine peptidase activity, and growth
factor binding activity (Fig. 3E). Gene set enrichment analy-
sis revealed that these differentially expressed proteins were
mainly involved in the initiation and termination of tran-
scription, which are related to virus replication and signal
transduction processes (Fig. 3F). The identified differentially
expressed proteins were compared with the COG database,
and possible functions of these proteins were predicted.
COG annotation classification indicated that the differen-
tially expressed proteins were mainly involved in functions
such as post-translational modification, protein folding,
molecular chaperones, translation, ribosome structure and
biosynthesis, energy generation and conversion, and signal
transduction (Fig. 3G).

Confirmation of proteomic data by RT-qPCR

Changes in transcription of 12 genes selected from the dif-
ferentially expressed proteins were analyzed by quantify-
ing their mRNA transcripts. The “p-actin” (ACTB) gene
was used as a control. The pattern of differences in mRNA
abundance for these genes between infected and control
GSF cells was similar to the pattern observed for the cor-
responding proteins based on LC-MS/MS data. As shown
in Fig. 4, the abundance of BCLF1, MAP4, 6PGD, G3P,
ZN207, and CDV3 mRNA increased. The SC24D, FIS1,
COR1B, and PSME2 genes were downregulated, whereas
the PARP1 gene was upregulated. An inconsistency between
the RT-qPCR data and the LC-MS/MS data was observed
for VMASA, which was downregulated in the RT-qPCR
analysis and upregulated in the LC-MS/MS analysis. This
inconsistency might have been due to post-translational
modifications, such as methylation, phosphorylation, or
acetylation, or to differences in protein degradation rates
for unknown reasons. These data provide transcriptional
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Table 3 (continued)

&

COG function description

Protein description

abbreviation

Unique vorfM_116: Protein

peptide CK_119

Peptide

(95%) (95%)

Score Cov

Group Accession no

ID

Springer

Vesicle coat complex COPII,

Protein transport protein Sec24D

SEC24D

3 0.785

3

57 32

1::GOAT_ENSP00000369059

51

subunit SEC24/subunit SFB2/

subunit SFB3

Sulfotransferase 1A1

SULT1A1
CORO1B
K0913

0.784

8
3
2

8

188 27.1

1::GOAT_ENSBTAP00000011388

52
53
54

1::GOAT_ENSP00000340211

FOG: WD40 repeat

Coronin-1B

0.709
0.825

10.6
1.3

122

1::GOAT_ENSP00000395277

Uncharacterized conserved

Zinc finger SWIM domain-containing

41

protein

protein KIAA0913
Laminin subunit beta-2

LAMB2
Usp5

0.721

3
8
5
9
25

3

116 2.6

1::GOAT_ENSBTAP00000051130

55
56
57
58
59
60

1::GOAT_ENSP00000229268

Isopeptidase T

Ubiquitin carboxyl-terminal hydrolase 5

0.743

13.3

186
1622 26

1::GOAT_ENSBTAP00000031243

Serine protease inhibitor

Plasminogen activator inhibitor 2

SERPINB2
Fam129b
COL1A2
ASAHI1

0.812

8
9
25

1::GOAT_ENSBTAP00000017069

0.824 Niban-like protein 1

162 23.1
1409 279

1::GOAT_ENSBTAP00000033771

Collagen alpha-2(I) chain

0.702
0.819

1::GOAT_ENSBTAP00000014960

Acid ceramidase

3

3

45 938

Fig.3 Classification of the identified proteins based on their func-
tional annotations using Gene Ontology enrichment analysis. (A) Cel-
lular components of the identified proteins. (B) Molecular functions
of the identified proteins. (C) Biological processes of the identified
proteins. (D) Gene Ontology enrichment analysis of cellular compo-
nents of differentially expressed proteins. (E) Gene Ontology enrich-
ment analysis of molecular functions of differentially expressed pro-
teins. (F) Gene Ontology enrichment analysis of biological processes
of differentially expressed proteins. (G) COG classification of differ-
entially expressed proteins. P-values were calculated using MetaCore
in the GeneGO package (https://www.genego.com/)

information complementary to the protein expression data
obtained by proteomics analysis.

The subcellular localization of HSPA1B

GSF cells were transfected with the recombinant plasmid
pEGFP-HSPA1B for transient expression. The pEGFP-
HSPA1B protein was used to observe the subcellular locali-
zation of HSPA 1B using CLSM (Fig. 5A). Following DAPI
staining, the nuclear excitation of the blue fluorescence was
monitored (Fig. 5B) while the subcellular localization of
pEGFP-N1 was monitored (Fig. 5D and E). Compared with
pEGFP-N1 (Fig. 5F), the overlap of fluorescence in Fig. SA
and B indicated that the HSPA1B protein was mainly dis-
tributed in the cytoplasm of GSF cells (Fig. 5C).

Inhibition of ORFV proliferation by HSPA1B

GSF cells were transfected with pEGFP-HSPA1B, cultured
for 18 h, and infected with ORFV. Cell suspension sam-
ples were collected at different time points after infection
to measure virus proliferation by RT-qPCR. The results
indicated that the difference in viral proliferation at 6 and
15 h postinfection between HSPA1B overexpressing cells
and the control cells was not statistically significant. How-
ever, at 24 and 36 h postinfection, the viral genome copy
number was considerably lower in cells overexpressing
HSPAI1B, indicating that this protein inhibits proliferation
of ORFV in GSF cells (Fig. 6A). Next, we examined ORFV
replication in HSPA 1B-downregulated cells. HSPA1B was
knocked down in GSF cells using RNAi. Three HSPA1B
small interfering RNAs (siRNAs) were designed and syn-
thesized, and their silencing efficiency was evaluated using
a Western blot assay. SIRNA-517 was found to be the most
efficient for decreasing HSPA1B expression (Fig. 6B). GSF
cells were transfected with negative- control (NC) siRNA or
siRNA-517 and then infected with equal amounts of ORFV.
The siRNA knockdown efficiency was confirmed by West-
ern blotting, and the levels of viral RNA and viral proteins
in the siRNA-517 cells were compared to NC siRNA cells
at different time points after virus infection. The levels of
ORFYV replication were higher in HSPA1B siRNA cells than


https://www.genego.com/

2581

Inhibition of orf virus replication by HSPA1B

100%

A

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

pringer

A's

D
&\%Q
7
)
),
7
\QQ%%
Y
Q)
Ax%Q
)
Z,
(%
Z
0.
0 o,
oo& s,
% 7
D5 (2
o, g %
% % “,
% O,
“, %,
P )
% %
% %
%,
%
%, v&o&
%,
&
4,
@, )
%, %,
.AMN\ 53
Y, %
ooo \\\\0
7, Y,
.mr\,Q 7 .\&.ﬁ@
2
%
2
) 7,
somv \\ao
2 %
KN
2,
%
(2
)
%QmuQ
.A\.vQ T
t
.,v&o | | | %,
.o\ea 2, TN EEEE R %, T,
%, %, sz rsriRE % LLL222285528 B
T, Y, R EEEEREEE
%
K3 “
) Q



2582

J.Haoetal.

extracellular region part ==

gap junction [
flagellum [
nuclear part [
extracellular space |
nucleolus [
intracellular non-membrane-bounded organelle F—————m
non-membrane-bounded organelle ===
nuclear lumen =
macromolecular complex =
proteasome core complex, alpha-subunit complex [
proteasome core complex [T
nucleus )

cytosol

small ribosomal subunit

large ribosomal subunit

cytosolic large ribosomal subunit

cytosolic small ribosomal subunit

ribosome

ribonucleoprotein complex

ribosomal subunit

cytosolic part

cytosolic ribosome

cytoine activity [

carbohydrate derivative binding [

monosaccharide binding [===2

single-stranded DNA binding ===

serine-type exopeptidase activity [

RS domain binding ===

transferase activity, transferring aldehyde or ketonic groups ===
carbohydrate binding ===

2 4 6 8 10 12 14 16

-log(p-value)

heparin binding [
heterocyclic compound binding [=————m
organic cyclic compound binding [
ribosomal large subunitbinding [T
DNA binding ———=m
growth factor binding ===
mRNA binding [T
insulin-like growth factor binding
rRNA binding —
threonine-type peptidase activity 0o
threonine-type endopeptidase activity [,

structural molecule activity

structural constituent of ribosome

nucleic acid binding

RNA binding

Fig.3 (continued)

in control cells (Fig. 6C-E), suggesting that ORFV replica-
tion was significantly enhanced in the HSPA1B knockdown
cells. These data suggest that HSPA1B has an inhibitory
effect on ORFV replication in GSF cells.

@ Springer
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Discussion

ORFV is an epitheliotropic virus that infects damaged or
scarified skin and replicates in regenerating epidermal
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Fig.3 (continued)

keratinocytes [27]. In a previous study, healthy OFTu cells
were inoculated with a filtered viral suspension, and CPE
was observed after 7-9 days. After five blind passages of
ORFV, approximately 80% of the cells exhibited rounding,
detachment, and clustering, creating a net-like form [9]. In
the present study, the proliferation of GSF cells infected with
ORFYV was studied for the first time, using virus titration,
microscopic observations, and RT-qPCR. The data indi-
cated that GSF cells are susceptible to ORFV infection. The

n n n n n n )

0 2 4 6 8 10 12 14

-log(p-value)

A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transportand metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wail/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction, mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
Y: Nuclear structure

Z: Cytoskeleton

proliferation rate was initially slow but increased from 12
to 72 h postinfection. A one-step growth curve of ORFV in
GSF cells showed that the intracellular viral level was the
highest at 36 h postinfection. By 60 h, the cells had detached
from the cell plate and the viral titer decreased, possibly
due to the lysis of the infected cells. Since GSF cells are
derived from the primary host of ORF, they provide a good
model system for understanding the changes that occur in
these cells following infection with ORFV. In the present

@ Springer
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Fig.4 Confirmation of differential expression by RT-qPCR. RT-
qPCR was used to verify the differences in the transcription levels of
differentially expressed proteins. The results indicated that the abun-
dance of BCLF1, MAP4, 6PGD, G3P, ZN207, and CDV3 mRNA
increased, whereas the expression levels of SC24D, FIS1, COR1B,
and PSME?2 decreased. The expression level of the PARP1 gene was
upregulated, although the results were not conclusive. The mRNA
level of VMASA was upregulated following viral infection, but RT-
qPCR and LC-MS/MS assays showed a decrease in the level of
the corresponding protein. This inconsistency could be due to post-
translational modification, including methylation, phosphorylation, or
acetylation, or protein for unknown reasons

study, iTRAQ LC — MS/MS was applied for the first time to
identify differentially expressed proteins in ORFV-infected
GSF cells. The data demonstrated that 282 proteins were
differentially expressed, 222 of which were upregulated and
60 of which were downregulated. Changes in mRNA levels
measured by RT-qPCR were in agreement with the changes
observed for the corresponding proteins by iTRAQ. These
findings may be helpful for elucidating the molecular mecha-
nisms by which target cells interact with the virus.

The host cytoskeletal network participates in the transport
of viral components, particularly during the stages of entry
and exit of the virus [30]. Viral components either hijack the

Fig.5 The subcellular localiza-
tion of HSPA1B. A monolayer
of GSF cells was transfected

by conventional methods using
empty pEGFP-N1 as a control.
Expression of the fusion protein
in GSF cells was detected
18-24 h after transfection

by confocal laser scanning
microscopy. A. Green fluores-
cence showing the location of
pEGFP-HSPA1B. B. Nuclear
staining of pPEGFP-HSPAI1B. C.
Merged image of panels A and
B. D. Green fluorescence show-
ing the location of pEGFP-N1.
E. Nuclear staining of pPEGFP-
NI1. F. Merged image of panels
Dand E

pEGFP-HSPAIB

@ Springer

GFP

cytoplasmic membrane traffic or interact directly with the
cytoskeletal transport machinery [8]. In the present study,
the expression levels of two specific proteins involved in
cytoskeleton networks and cell communication were altered
following ORFYV infection. TBCD expression was down-
regulated, and SPECCIL expression was upregulated.

CD9 promotes adeno-associated virus type 2 infection
of mammary carcinoma cells with low cell surface expres-
sion of heparan sulfate proteoglycans [19]. Parseval et al. [6]
showed that the monoclonal antibody MAb vpgl5, which
targets a determinant of the feline cell surface marker CD9,
which may serve as a receptor or co-receptor for feline
immunodeficiency virus (FIV), markedly delayed infection
with that virus. In the present study, CD9 was found to be
upregulated in infected cells.

We also observed differential expression of components
of several ubiquitin-mediated protein degradation pathways
in ORFV-infected GSF cells. UBP5 is able to hydrolyze
conjugates of the ubiquitin-like protein ISG15, as demon-
strated in previous experiments in which these conjugates
were shown to bind to the suicide probe ISG15-VS, which in
turn inhibited protein degradation [36]. In the present study,
UBPS expression was downregulated, and PSMA7 expres-
sion was upregulated in ORFV-infected GSF cells. PSMA7
is a component of the 26S proteasome, participating in pro-
tein degradation and cell apoptosis. However, PMSA6 and
PSME3, which belong to the same protein family, exhibited
downregulated expression in infectious bursal disease virus
(IBDV)-infected chicken embryo fibroblast (CEF) cells, sug-
gesting that different viruses may use different pathways to
regulate protein degradation and cell apoptosis [43].

It is noteworthy that ATP synthase-coupling factor 6
(ATP5J), which is involved in ATP synthesis-coupled pro-
ton transport [37], exhibited decreased expression in ORFV-
infected cells. A total of six proteins with receptor activity
were identified in ORFV-infected GSF cells. TR150, K2C1,

DAPI

Merge

pEGFP-N1
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Fig.6 HSPA1B inhibits ORFV replication. (A) Overexpression of
HSPAIB suppresses ORFV replication. GSF cells were transfected
with pEGFP-HSPA1B and pEGFP-NI1 and infected 18 h later with
ORFV at an MOI of 0.1. Cultured cells were collected at 6, 15, 24,
and 36 h postinfection, and the viral DNA content was measured by
RT-gPCR. (B) Evaluation of the efficiency of NC or HSPA1B siRNA
in silencing HSPA1B expression. GSF cells were transfected with

SUCRI1, MPRI, O10AG, and TKT were upregulated. Tran-
sketolase (TK) catalyzes several reactions in the non-oxi-
dative branch of the pentose phosphate pathway (PPP) and
serves as a bridge between the oxidative part of the PPP and
the oxidative decarboxylation of glucose [17]. Recently, it
has been reported that TK and its cofactor thiamine have a
very high growth control coefficient. TR150 has been shown
to be involved in pre-mRNA splicing and was previously
believed to participate in transcriptional co-activation via
its association with the TRAP complex. However, studies
have not shown TR150 to be a subunit of a stable mediator

— PB-actin (42kDa)

150 nM HSPA1B siRNA or NC, and the expression of HSPA1B
mRNA or protein was detected by Western blotting. (C-E) Down-
regulation of HSPA1B promotes ORFV replication. GSF cells were
transfected with NC siRNA or HSPA1B siRNA and subsequently
infected with equal amounts of ORFV at an MOI of 0.1. The expres-
sion of HSPA1B and viral mRNA or protein was detected by RT-
qPCR or Western blotting

complex [16, 20]. K2C1 may regulate the activity of kinases,
such as PKC and SRC via binding to integrin beta-1 (ITB1)
and the receptor of activated protein kinase C (RACK1/
GNB2L1). Additionally, it can form a complex with C1QBP,
which is a high-affinity receptor for kininogen-1/HMWK.
The functions of these proteins in infected host cells are not
well understood.

HSPAI1B is a member of the HSP70 family. The expres-
sion level of HSP70 rapidly increases in response to cellu-
lar stresses (e.g., heat shock) or in response to certain viral
infections [4, 21, 24, 26]. Genetic variations in HSP70 have

@ Springer
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been found to be associated with individual susceptibility to
several diseases by alterations in protein expression and/or
function. Studies have shown that HSPs may play a signifi-
cant role in virus-host cell interactions during viral infection
in vivo and in vitro [1, 31]. HSP70 stabilizes proteins against
aggregation and mediates the folding of newly translated
polypeptides in the cytosol, as well as within organelles. It
can bind with nucleotides via an ATP-dependent process and
is involved in the response to stress as well as in cell apop-
tosis. HSP70 is associated with membrane microdomains
(lipid rafts) in response to dengue virus infection and acts
as a receptor complex in human cell lines and in monocytes/
macrophages that are susceptible to dengue virus (DENV)
infection [32]. Therefore, we hypothesize that the increased
expression level of HSP70 protein may play a substantial
role in the replication of ORFV. In the present study, the
recombinant plasmid construct pPEGFP-HSPA1B transiently
expressed in GSF cells and was found to be localized in the
cytoplasm. Interestingly, it has been reported that HSP70
and HSP90 are clustered around CD14, preventing them
from interacting with DENV, when monocytes are incubated
with “lipopolysaccharide” prior to DENV infection [32].
Our results offer an explanation for this finding. To study the
effects of ORFV on cell proliferation and HSPA1B expres-
sion, GSF cells overexpressing the HSPA1B protein were
infected with ORFV and viral proliferation was assessed.
The results suggested that HSPA1B inhibits proliferation of
ORFV in GSF cells, and this appears to occur in the middle
of the viral replication cycle. Furthermore, ORFV replica-
tion was significantly enhanced in HSPA1B knockdown
cells, again suggesting that HSPA1B plays an important
role in ORFV-infected GSF cells. Importantly, animals are
not protected against ORFV reinfections, which may be in
part due to short-lived ORFV-specific adaptive immunity.
Poxviruses encode a considerable number of gene products
that allow them to evade the host immune response [35].
These evasive strategies may play a major role in supporting
ORFYV replication and allowing ORFV reinfections to occur.
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