J Vet Sci. 2019 Sep;20(5):e54
https://doi.org/10.4142/jvs.2019.20.e54
PISSN 1229-845X-eISSN 1976-555X

Journal of Veterinary Science JV)

Original Article
Microbiology

‘ '.) Check for updates

Interaction between Brucella melitensis
16M and small ubiquitin-related
modifier 1 and E2 conjugating enzyme 9
in mouse RAW264.7 macrophages

Jihai Yi**, Yueli Wang"*, Qifeng Li', Huan Zhang', Zhiran Shao', XiaoYu Deng’,
Jinke He?, Chencheng Xiao', Zhen Wang', Yong Wang"’, Chuangfu Chen"’

'Department of Veterinary Medicine, College of Animal Science and Technology, Shihezi University, Shihezi
832000, China
’Department of Biology, School of Life Science, Shihezi University, Shihezi 832000, China

Received: Apr 16, 2019
Revised: Jul 9, 2019
Accepted: Jul 26, 2019

*Corresponding authors:

Chuangfu Chen

College of Animal Science and Technology,
Shihezi University, 280 N 4th Rd, Shihezi
832000, China.

E-mail: chuangfu_chen@163.com

Yong Wang

College of Animal Science and Technology,
Shihezi University, 280 N 4th Rd, Shihezi
832000, China.

E-mail: 577674101@qqg.com

The first two authors contributed equally to
this work.

© 2019 The Korean Society of Veterinary
Science

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

Funding

This work was supported by the National

Key Research and Development Plan
(2017YFD0500304), and the National Natural
Science Foundation of China (U1803236).

Conflict of Interest
The authors declare no conflicts of interest.

https://vetsci.org

ABSTRACT

Brucella is an intracellular pathogen that invades a host and settles in its immune cells;
however, the mechanism ofits intracellular survival is unclear. Modification of small
ubiquitin-related modifier (SUMO) occurs in many cellular activities. E2 conjugating enzyme
9 (Ubc9) is the only reported ubiquitin-conjugating enzyme that links the SUMO molecule
with a target protein. Brucella's intracellular survival mechanism has not been studied with
respect to SUMO-related proteins and Ubc9. Therefore, to investigate the relationship
between Brucella melitensis 16M and SUMO, we constructed plasmids and cells lines suitable
for overexpression and knockdown of SUMO1 and Ubc9 genes. Brucella 16M activated SUMO1/
Ubc9 expression in a time-dependent manner, and Brucella 16M intracellular survival was
inhibited by SUMO1/Ubc9 overexpression and promoted by SUMO1/Ubc9 depletion. In
macrophages, Brucella 16M-dependent apoptosis and immune factors were induced by
SUMO1/Ubc9 overexpression and restricted by SUMO1/Ubc9 depletion. We noted no effect
on the expressions of SUMO1 and Ubc9 in B. melitensis 16M lipopolysaccharide-prestimulated
mouse RAW264.7 macrophages. Additionally, intracellular survival of the 16MAVirB2
mutant was lower than that of Brucella16M (p < 0.05). VirB2 can affect expression levels of
Ubc9, thereby increasing intracellular survival of Brucella in macrophages at the late stage

of infection. Collectively, our results demonstrate that B. melitensis 16M may use the VirB IV
secretion system of Brucella to interact with SUMO-related proteins during infection of host
cells, which interferes with SUMO function and promotes pathogen survival in host cells.

Keywords: Brucella; coupling enzyme Ubc9; interaction; intracellular; SUMO

INTRODUCTION

Brucella is a gram-negative intracellular bacterial pathogen whose infection can cause
brucellosis in humans and other animals [1,2]. Brucella can invade blood and lymphatic
vessels through wounds, and bacteria that escape being killed by the host's immune system
eventually settle in macrophage cells and propagate, leading to persistent infection [3].
Brucella can also inhibit macrophage apoptosis, thereby evading the host's immune system.
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The VirB operon of Brucella, which encodes the type IV secretion system (T4SS), is required
for its intracellular survival and persistence in the host [4]. However, how Brucella escapes
the host's immune defenses, changes the intracellular environment, and invades host cells is
incompletely described.

Small ubiquitin-related modifier (SUMO) modification, or SUMOylation, is a type of
post-translational protein modification that greatly influences cellular processes [5],
including signal transduction, immune recognition, apoptosis, inflammation, and antigen
presentation [6,7]. The SUMO protein family has three isoforms, SUMO1, SUMO2, and
SUMO3 that are associated with the following 4 ligase types, E1 activating enzyme, E2
activating enzyme, E2 conjugating enzyme 9 (Ubc9), and E3 ligase, all of which have major
roles in protein modification [7,8]. SUMO1 has an important role in clearing bacteria via the
immune system [9].

Brucella infection causes autophagy, inflammation reactions, and apoptosis of the host's
macrophages, indicating that the mechanism of Brucella infection must be very complex [10].
However, whether the mechanism involves regulation of macrophages by SUMO or Ubc9 is
unknown. Herein, we constructed the following cell lines: 1) a SUMO1 overexpression (O-S)
cell line, 2) a Ubc9 overexpression (O-U) cell line, 3) a SUMO1 knockdown (K-S) cell line, and
4) a Ubc9 knockdown (K-U) cell line with which to explore the effects of SUMO1 and Ubc9
expression on inflammation, apoptosis, and the intracellular survival of Brucella melitensis 16M.
We also explored the interaction between the T4SS-encoding VirB2 operon of B. melitensis 16M
and the SUMO1/Ubc9 proteins in Brucella-infected cells. Our findings provide foundations

for future studies on bacterial invasion and immune escape, chronic Brucella infection, and
development of vaccines and drugs against persistent Brucella infection.

MATERIALS AND METHODS

Growth conditions for bacterial strains and cells lines

B. melitensis16M (Chinese Academy of Agricultural Sciences, China) and the B. melitensis
16MAVirB2 mutant strain (Key Laboratory of Zoonosis, Shihezi University, China) were grown
on tryptic soy agar (Biosciences, USA). RAW264.7 macrophage cells and HEK-293FT cells were
obtained from the Cell Resource Center, IBMS, CAMS/PUMC (China) and were cultured in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS).

Plasmids and protein

The pLEX-green fluorescent protein (GFP) lentiviral overexpression vector, and the pSPAX2
and pMD2.G packaging vectors, were purchased from the Xinjiang Key Laboratory of Animal
Epidemic Prevention and Control (China). Lentiviral RNA interference (RNAi) vector,
pLL3.7-GFP, and the packaging plasmids RSV-REV and PCMV-VSVG were purchased from
Xinjiang Key Laboratory of Animal Epidemic Prevention and Control (China). The pMD19-T
cloning vector was purchased from Takara (China). VirB2 protein was obtained from The Key
Laboratory of Zoonosis, Shihezi University (China).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays
RAW264.7 cells were cultured in 96-well culture plates (10* cells/well). The knockdown
(pLL3.7-SUMO-1 and pLL3.7-Ubc9) and overexpressing (pLEX-SUMO-1 and pLEX-Ubc9)
plasmids were transfected into RAW264.7 cells. Dimethyl sulfoxide (DMSO; 0.1%) was used
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as a control. After treatment for 12, 24, 48, or 72 h, MTT (5 mg/mL) was added and the cells
incubated for 4 h at 37°C. The supernatants were then removed and 150 pL DMSO was added
to each well and the plate incubated at 37°C for 15 min. Absorbance at ODs;, was measured for
each well.

Construction of SUMO1 and K-U and overexpression vectors

We used the GenBank SUMO1 (NM009460.2) and Ubc9 (NM_001177610) gene sequences to
design specific RNAi fragments (Table 1). The polymerase chain reaction (PCR) primers were
designed using Premier 5.0 software (Table 2). Real-time PCR (RT-PCR) primers for mouse
SUMO1 and Ubc9 genes were designed according to their GenBank sequences (Table 3). Total
RNA was isolated from RAW264.7 cells using an RNA extraction kit (CW Biotech, China) and
was reverse transcribed into complementary DNA (cDNA) using the HiFi-Script first-chain
synthesis kit (CW Biotech). SUMO1 and Ubc9 genes were PCR-amplified using cDNA as the
template. Each target gene was individually ligated into pMD19-T and, after transformation
into Escherichia coli, positive colonies were picked. The recombinant plasmids containing the
SUMOL1 or Ubc9 genes were purified. The gene fragments were then isolated by Hpal and Xhol
digestion and then individually ligated into the pLEX-MCS overexpression vector to generate
pLEX-SUMO-1 and pLEX-Ubc9. We also constructed 2 RNAi vectors, pLL3.7-SUMO-1 and
pLL3.7-Ubc9, using a similar subcloning strategy.

Generation of stable overexpression and knockdown SUMO1 and Ubc9 cell lines
HEK-293FT cells and RAW264.7 cells were transfected with the lentiviral knockdown or
overexpression vectors using Lipofectamine 2000 (Invitrogen, USA) (5 mL of plasmid was
added to 2 x 10° cells). The plasmids and cells were mixed thoroughly and placed in a 37°C
5% CO, incubator. K-S, O-S, SUMOL1 overexpression-knockdown (OS-KS), K-U, O-U, and
Ubc9 overexpression-knockdown (OU-KU) groups were generated. After incubation for 48
h, total RNA from each group was extracted using an RNA extraction kit (CW Biotech). The

Table 1. Small interfering RNA fragments

Fragment Fragment sequences
pLL3.7-SUMO1T F AACGGAGAATACATTAAACTCAAATTCAAGAGATTTGAGTTTAATGTATTCTCCTTTTTTACGCGTC

R TCGAGACGCGTAAAAAAGGAGAATACATTAAACTCAAATCTCTTGAATTTGAGTTTAATGTATTCTCCGTT
F AACCCAAAACAGAGTGGAATATGATTCAAGAGATCATATTCCACTCTGTTTTGGTTTTTT ACGCGTC
R TCGAGACGCGTAAAAAACCAAAACAGAGTGGAATATGATCTCTTGAATCATATTCCACTCTGTTTTGGGTT
SUMOT, small ubiquitin-related modifier 1; Ubc9, E2 conjugating enzyme 9.

pLL3.7-Ubc9

Table 2. Primers sequences

Gene Primers sequences (5'>3") Length (bp)

SUMO-1 F:GGATCCATGTCTGACCAGGAGGCAAA 306
R:CTCGAGCTAAACCGTCGAGTGACCCCC

Ubc9 F:GGATCCTCAGCCGCATCTICTITIG 447

R:CTCGAGGATGGCATGGACTGTGGTC

Table 3. Primers for real-time quantitative polymerase chain reaction

Gene Primers sequences (5'>3") Length (bp)

p-actin F:GTGTGATGGTGGGAATGGGT 364
R:GTCCTTCTGACCCATTCCCA

SUMO-1 F:ATGTCTGACCAGGAGGCAAAA 306
R:TTCATTGGAACTCCCTGTCTTT

Ubc-9 F:GATGAACTGGGAGTGCGCT 477

R:TTGGATGAAACAGTGGGGG

https://doi.org/10.4142/jvs.2019.20.e54 3/13


https://vetsci.org

¢

Journal of
SUMO-1/Ubc9 affects intracellular survival of Brucella Veterinary Science JV)

https://vetsci.org

cDNA was synthesized from the mRNA by using AMV reverse transcriptase (CW Biotech),
following the manufacturer's instructions. The stable cell lines were verified by quantitative
RT-PCR (qRT-PCR).

Establishing a cell model for B. melitensis 16M infection

To establish a cell model for B. melitensis 16M or Brucella 16MAVirB infection, phosphate-
buffered saline or lipopolysaccharide-pretreated cells were infected with B. melitensis 16M or
Brucella 16MAVirB at the logarithmic growth phase with a 100:1 (bacteria: cells) multiplicity
of infection. All cell groups (2 x 10° cell/well) were cultured in DMEM containing 10% FBS at
37°C under 5% CO,. After 1 h, gentamicin (30 g/mL, Sigma-Aldrich, USA) was added to the
cell medium for 30 min to kill the extracellular Brucella. The cells received different treatments
at0, 4, 8,12,24,and 48 h.

Enzyme-linked immunosorbent assay (ELISA) detection of cytokines

At 0, 4, 8,12, 24, and 48 h after B. melitensis 16M infection, cell culture supernatants from
the different treatment groups in 12-well plates were collected by centrifugation at 3,000 x
g for 20 min. Cytokine levels (interferon y [IFNy] and tumor necrosis factor o [TNFa]) in
the supernatants were measured by performing ELISA (R&D, USA) in accordance with the
manufacturer's instructions.

Brucella survival in cells subjected to different treatments

At 0, 4, 8,12, 24, and 48 h post-infection, cells were collected, lysed, and subjected to
gradient dilution, which produced concentrations of 10", 10%, 103, 104, 10°, and 10°. The
bacteria were then evenly coated with Brucella solid medium and incubated at 37°C for 72 h
followed by colony counting.

qRT-PCR

At 0, 4, and 12 h post-infection, total RNA (10 pg) was isolated from each of the different
cell groups and reverse transcribed into cDNA following the manufacturer's protocol.
B-actin was used as the housekeeping gene. qRT-PCR was performed using a Light-Cycler
480 (Roche Applied Science, Germany) with the SYBR Premix Ex Taq™ kit (Applied
Biosystems, USA). The 2724 method was used to calculate the relative expression levels of
the genes (Table 3).

Western blotting

At 0, 4, 8,12, 24, and 48 h post-infection, protein lysate samples were boiled for 10 min

in sodium dodecyl sulfate (SDS) buffer. The samples were then separated on a 12% SDS-
polyacrylamide gel electrophoresis gel and electro-transferred to a nitrocellulose membrane
(Millipore, USA) for 40 min. The membrane was blocked with 5% non-fat milk (Thermo
Scientific, USA) for 1 h, and then incubated with rabbit anti-SUMO1 or Ubc9 monoclonal
antibodies (Abcam, UK) diluted in Tris-buffered saline with Tween 20 (TBST) buffer for 1

h at 37°C. The membrane was washed with TBST buffer 3 times and incubated with HRP-
conjugated mouse anti-rabbit IgG (Bioworld, USA) overnight at 4°C. After 3 washes, the
membrane was stained using an HRP-DAB kit (Zhongshan Golden Bridge, China).

Statistical analysis

SPSS Statistics 17.0 software (IBM Corp., USA) was used for data analysis. Independent
sample t-tests were used for comparisons among the different groups. The experimental data
are expressed as mean + standard deviation values. All tests were repeated three times.
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RESULTS

SUMO1 and Ubc9 protein levels decrease following B. melitensis 16M infection
The levels of SUMO1 and Ubc9 proteins in cells infected with B. melitensis 16M for O, 4, 8, 12,
24, and 48 h were determined via western blotting. SUMO1 and Ubc9 levels were decreased
from 8 h post-infection onward (Fig. 1), indicating that infection with B. melitensis 16M
inhibited the expression of SUMO1 and Ubc9 from this time onward.

Inhibition of cell viability by knockdown and overexpression plasmids in a
time-dependent manner

We tested the effects of knockdown and overexpression plasmids on cell viability

by performing MTT assays. The knockdown (pLL3.7-SUMO-1 and pLL3.7-Ubc9) and
overexpression (pLEX-SUMO-1 and pLEX-Ubc9) plasmids produced a reduction in cell
viability from 48 h after transfection onward (Fig. 2).

SUMO1 and Ubc9 gene expression levels in differently treated cells

The relative gene expression levels of SUMO1 and Ubc9 were calculated using the 244
method (Fig. 3). Compared with the control group, SUMO1 expression in K-S cells was
significantly decreased (p < 0.01), with knockdown efficiency reaching 53%. Ubc9 expression
in K-U cells was also significantly decreased (p < 0.01), with knockdown efficiency reaching
52%. In the O-S and O-U groups, SUMO1 and Ubc9 expressions were significantly increased
after lentiviral infection. The expression levels in the OS-KS and OU-KU groups were also
significantly increased (p < 0.05). These results indicate that we successfully constructed

an experimental platform that included SUMO1 and Ubc9 knockdown, overexpression, and
rescue cell lines.

Time (h) o 4 8 12 48

o~

SUMO1

o PE

B-actin

Ubc9

-actin

Fig. 1. Western blot results of SUMOT1 and Ubc9 in B. melitensis 16M-infected normal RAW264.7 cells. Cells were
lysed at 0, 4, 8, 12, 24, and 48 h post-infection and proteins extracted. B-actin was the reference gene.
SUMOT, small ubiquitin-related modifier 1; Ubc9, E2 conjugating enzyme 9.
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Fig. 2. Cell viability is inhibited by knockdown and overexpression plasmids in a time-dependent manner.
Statistical significance is indicated as *p < 0.05 or **p < 0.01.
SUMOT1, small ubiquitin-related modifier 1; Ubc9, E2 conjugating enzyme 9; DMSO, dimethyl sulfoxide.

*k

SUMO1/Ubc9 mRNA levels
relative to B-actin

NC K-S NC 0-S NC 0S-KS NC K-U NC 0-U NC OU-KU
Different groups of cells

Fig. 3. Quantitative real-time polymerase chain reaction was performed to analyze the mRNA levels of SUMO1 and
Ubc9 in lentivirus-infected RAW264.7 macrophages. Statistical significance is indicated as *p < 0.05 or **p < 0.01.
mRNA, messenger RNA; SUMOT, small ubiquitin-related modifier 1; Ubc9, E2 conjugating enzyme 9; NC, no-
treatment cell lines; K-S group, stable SUMO1 knockdown cells; O-S group, cells stably overexpressing SUMOT;
0S-KS group, SUMOT1 overexpression-knockdown cells; K-U group, stable Ubc9 knockdown cells; O-U group, cells
stably overexpressing Ubc9; OU-KU group, Ubc9 overexpression-knockdown cells.

Cytokine production in different RAW264.7 cell treatment groups following
infection with B. melitensis 16M

Different treatment groups of RAW264.7 cells produced varying levels of IFNy and TNFa
cytokines at different times after infection with B. melitensis 16M compared with the control
group. At 4, 8,12, 24, and 48 h after Brucella 16M infection, the O-S and O-U groups secreted
significantly higher levels of both IFNy and TNFa compared with the control group (p <
0.05), peaking at 12 h post-infection. In contrast, K-S and K-U cells secreted significantly
lower levels of IFNY (Fig. 4A) and TNFa (Fig. 4B; p < 0.05) at 8, 12, 24, and 48 h post-infection
compared with the control group (p < 0.05). Additionally, the OS-KS and OU-KU groups
showed similar significant changes at 12 h post-infection (p < 0.05). Collectively, these results
indicate that after SUMO1 and Ubc9 silencing, the type 1 T helper (Th1) immune response
was decreased in Brucella-infected macrophages. Thus, expressions of SUMO1 and Ubc9
appear to benefit the release of Th1 cytokines.
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Fig. 4. Enzyme-linked immunosorbent assay detection of IFNy (A) and TNFa (B) in the supernatants of different
treatment groups of RAW264.7 cells after B. melitensis 16M infection. Brucella-infected-untreated cells acted as
the control group. Statistical significance is indicated as *p < 0.05 or **p < 0.01.

IFN, interferon; TNF, tumor necrosis factor; K-S group, stable SUMO1 knockdown cells; O-S group, cells stably
overexpressing SUMOT; 0S-KS group, SUMOT overexpression-knockdown cells; K-U group, stable Ubc9 knockdown
cells; O-U group, cells stably overexpressing Ubc9; OU-KU group, Ubc9 overexpression-knockdown cells.

Intracellular survival of B. melitensis 16M in RAW264.7 cells after different

treatments

We determined whether SUMOL1 and Ubc9 affected the intracellular survival of B. melitensis
16M in RAW264.7 cells after different treatments (Fig. 5). Brucella colony forming units (CFU)
were counted. From 8 h to 48 h, the O-S and O-U groups had lower B. melitensis 16M log

CFU values compared with the control group (no treatment) (p < 0.05), but the K-S and K-U
groups had significantly higher values (p < 0.05). The differences between groups were most
obvious at 12 h post-infection (p < 0.01). The results for the OS-KS and OU-KU groups were
essentially the same as those of the control group. These results indicate that inhibition of
SUMOI and Ubc9 proteins promotes B. melitensis 16M growth and reproduction.

Effects of the B. melitensis 16MAVirB2 mutant and B. melitensis 16M LPS on
SUMO1 and Ubc9 expression in mouse macrophages

Western blotting and qRT-PCR results showed that incubation of mouse macrophages
with Brucella16M LPS did not induce any change in SUMO1 or Ubc9 expression at any
concentration (data not shown). In B. melitensis 16MAVirB2-infected cells, however, western

https://vetsci.org
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Fig. 5. Intracellular survival of post-infection B. melitensis 16M in different RAW264.7 cell treatment groups.
RAW264.7 cells were lysed, and Brucella was coated with tryptic soy agar culture medium and cultured at 37°C for
72 h. B. melitensis 16M numbers were then counted. Brucella-infected untreated cells served as the control group.
Statistical significance is indicated as *p < 0.05 or **p < 0.01.

CFU, colony-forming unit; K-S group, stable SUMO1 knockdown cells; O-S group, cells stably overexpressing
SUMOT; 0S-KS group, SUMOT1 overexpression-knockdown cells; K-U group, stable Ubc9 knockdown cells; O-U
group, cells stably overexpressing Ubc9; OU-KU group, Ubc9 overexpression-knockdown cells.

blotting and qRT-PCR indicated that the expression levels of SUMO1 (Fig. 6B) and Ubc9 (Fig. 6A)
were significantly increased (p < 0.05) at 4 h and 12 h post-infection compared with the control
group. This result indicates that the T4SS-VirB2 can negatively regulate SUMO1 and Ubc9
expressions in macrophages, thereby promoting the intracellular survival of B. melitensis 16M.

VirB2 regulates intracellular survival of Brucella 16M by inhibiting SUMO1

and Ubc9 expression

Western blotting results showed that after incubating cells with VirB protein (from the Brucella
16M IV secretion system, T4SS-VirB), Ubc9 protein levels were decreased at 8 h post-infection
(Fig. 7A). This result was similar to that following Brucella 16M infection (Fig. 1). In addition,
we observed that intracellular survival of the 16 MAVirB2 mutant was significantly decreased
at 4 h to 48 h post-infection compared to survival in Brucella 16M infection (p < 0.05; Fig. 7B).
A significant increase in colony forming was also observed for VirB2-prestimulated Brucella
16MAVirB2-infected macrophages compared to non-prestimulated Brucella 16MAVirB2-
infected macrophages at 12 h and 24 h post-infection. These results indicate that deletion of
VirB2 can reduce the virulence of Brucella 16M. The VirB2 protein can regulate the expression
of Ubc9, thereby increasing intracellular survival of Brucella in macrophages at the late stage of
infection. Thus, T4SS-VirB2 is a key virulence protein that benefits intracellular survival and
replication of Brucella 16M.

DISCUSSION

This study aimed to investigate whether SUMOL1 and the enzyme responsible for its
conjugation to target proteins, Ubc9, regulate the host immune reaction, apoptosis, and
subsequent protection against intracellular survival of Brucella16M in macrophages. Brucella
can maintain a long-lasting interaction with host cells, depending on the secretion of
various virulence factors that modulate host cell apoptosis, immune factor production,
and antigen presentation [11,12]. The Listeria monocytogenes listeriolysin O virulence factor
can intentionally or unintentionally interfere with SUMOylation by degrading Ubc9 [13].
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Fig. 6. Effect of T4SS-VirB2 on expression of SUMO1 and Ubc9 after infection of RAW264.7 cells with B. melitensis 16M or B. melitensis 16MAVirB mutant. Western
blotting was used to detect the protein levels of SUMO1 and Ubc9 (A). Quantitative real-time polymerase chain reaction was conducted to detect the levels of
SUMOT1 and Ubc9 mRNAs (B). Statistical significance is indicated as *p < 0.05 or **p < 0.01.

NC, no-treatment cell lines; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; mRNA, messenger RNA; SUMOT, small ubiquitin-related modifier 1; Ubc9, E2
conjugating enzyme 9.
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Fig. 7. VirB2 affects intracellular survival of Brucella 16M by inhibiting Ubc9 expression. Levels of Ubc9 after pre-stimulation with VirB2 for 0, 4, 8, and 24 h
were assessed by western blotting (A). Brucella 16M and Brucella 16MAVirB2 cells pre-stimulated or non-prestimulated with VirB2. At 4, 8, 12, 24, and 48 h post
infection, the number of bacteria in cells was counted (B). Statistical significance is indicated as *p < 0.05 or *p < 0.01.

CFU, colony-forming unit; Ubc9, E2 conjugating enzyme 9.
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SUMOylation can regulate the IFNy-activated immune response [14]. Considering that
Brucella and L. monocytogenes are both intracellular bacteria, their pathogenic mechanisms may
be similar; therefore, investigation of the interaction between B. melitensis 16M and SUMO1/
Ubc9 in macrophages may help to unravel the invasion and intracellular survival of Brucella
16M. In this study, we confirmed that Brucella 16M can affect the host immune response and
host cell apoptosis by interfering with the SUMOylation system (SUMO1/Ubc9). This benefits
Brucella intracellular survival at the late stage of infection. VirB2, a key Brucella 16M virulence
factor, can decrease SUMO1/Ubc9 expression, thereby helping Brucella 16M avoid death by the
host immune system.

SUMOylation has a critical role in many cellular processes, such as immune response and
cell proliferation [15]. Cytokines mediate and direct the immune response and are important
factors in protection against brucellosis [16,17]. In this study, we found that Brucella 16M

can strongly activate SUMO1 and Ubc9 expression and can upregulate immune factors at

the early stage of infection. Knockdown and overexpression of these two genes directly
affected the classical Th1 immune response (IFNy and TNFa) in Brucella 16M-infected
RAW264.7 macrophages (Fig. 4). IFNy is a key Thl-type immune cytokine that is required

for the bactericidal activity of macrophages [18]. TNFa is one of the most important pro-
inflammatory and pro-immune cytokines involved in type-1 cell-mediated immune responses
to intracellular pathogens, and it positively controls the early production of IL12 and IFNy

in Brucella-infected mice [19]. The absence of TNFo/IFNy production must favor the early
establishment of the bacteria in host cells. Previous studies have suggested that over 90%

of Brucella internalized by macrophages are cleared by immune cells at the early stage of
infection; however, a few Brucella can survive by evading host immunity and can become
established and grow in the endoplasmic reticulum [20]. We suggest that because the host
can produce a strong immune response to kill Brucella in the early stage of infection by
activating SUMO1/Ubc9, Brucella avoids host immune killing in the late stage of infection

by inhibiting SUMO/Ubc9 expression. This reduces the release of SUMO1/Ubc9-mediated
immune cytokines and weakens the host's ability to remove Brucella. In this way, Brucella can
maintain -1,2-glucans, the type IV secretion apparatus, and sensing and regulatory systems
that allow the bacteria to reach a safe intracellular niche in the endoplasmic reticulum before
an effective immune reaction is developed [21]. Given that the humoral immune response,
in part mediated bySUMO1/Ubc9, has a pivotal role in controlling Brucella infection, we
evaluated the number of intracellular Brucella 16M. The result confirmed that the intracellular
survival of Brucella 16M is indeed closely related to the expression of SUMO1/Ubc9. Thus,
Brucella improves its intracellular viability by inhibiting the SUMO1/Ubc9-mediated release of
immune factors, which also promotes persistence in Brucella infection in vivo.

To further analyze the role of SUMO1/Ubc9 in the survival and proliferation of Brucella 16M

in monocytes, we investigated whether Brucella 16M infection affects (induces or prevents)
spontaneous or stimulated apoptosis of host cells via the SUMO-mediated release of immune
factors. We found that Brucella 16M can reduce the level of IFNy by inhibiting the expression
of SUMO1/Ubc9. Brucella infection renders macrophage-like cells resistant to Fas ligand- or
IFNy-induced apoptosis [22]. This indicates that Brucella not only inhibits the expression of
immune factors but also promotes the intracellular survival of bacteria by inhibiting IFNy-
induced apoptosis. Furthermore, previous experiments have confirmed that the release of
IFNy is regulated by SUMO1/Ubc9. By knocking down or overexpressing SUMO1/Ubc9 genes,
SUMO1/Ubc9 gradually affected (promoted/inhibited) apoptosis at 24 h after Brucella 16M
infection, as shown in Supplementary Fig. 1. Therefore, we suggest that Brucella 16M can
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reduce apoptosis by reducing SUMO expression at the late stage of infection. Other studies
have also reported that SUMO is involved in the regulation of apoptosis [23]. The ability

of Brucella to escape host immune killing and survive in cells mainly depends on secreting
various effector proteins or virulence factors that inhibit apoptosis and the release of immune
factors [11]. Thus, inhibition of apoptosis might represent a beneficial strategy for Brucella
development in infected hosts. The result presented in Fig. 4 indicates that the expression of
SUMO1/Ubc9 determines the intracellular survival of Brucella 16M, especially in the late stage
of infection. Together, our analyses indicate that this is because Brucella infection inhibits
SUMO-mediated IFNy release, thereby inhibiting IFNy-mediated apoptosis, which promotes
the intracellular survival of Brucella. This may be another important cause of chronic Brucella
infection in vivo. Previous research attention has focused on revealing the mechanism

by which host apoptotic genes are regulated under Brucella infection at proteome and
transcriptome levels [24]. However, the mechanism by which Brucella inhibits macrophage
apoptosis has not been determined. Therefore, we speculate that our conclusion may help
elucidate the relationship between Brucella infection and apoptosis.

However, what components of Brucella 16M affect the expression of SUMO1 and Ubc9? As we
know, Brucella16M is a virulent strain that expresses a complete T4SS and LPS. Brucella LPS,
along with 32 other virulence factors, are key to Brucella infection [25]. In this study, Brucella
16M LPS did not induce any changes in SUMOL1 or Ubc9 expression in mouse macrophages
at any concentration. Thus, LPS did not interact with SUMO1/Ubc9 during Brucella infection.
The T4SS complex is comprised of a family of proteins, and with its help, bacteria can secrete
effector molecules in host cells when they cross the cell membrane [26]. Brucella, unlike
other gram-negative pathogens, does not have a typical type III secretory system. Instead, it
secretes virulence factors in host cells mainly through the T4SS complex. The Brucella T4SS
complex is comprised of 12 proteins (VirB1-12) that are encoded by VirB operons [26]. VirB2
is a Brucella surface protein. When VirB2 is deleted, the ability of Brucella to survive in mice is
significantly reduced [27]. We found that virulence and intracellular viability of B. melitensis
16MAVirB2 were significantly decreased compared those of B. melitensis 16M. Interestingly,
expression levels of SUMO1 and Ubc9 were significantly increased in B. melitensis 16MAVirB2
12 h after infection (p < 0.05). We, therefore, speculate that T4SS/VirB2 directly interacts
with SUMO and Ubc9, which interferes with SUMOylation. We then incubated macrophages
with purified VirB2 protein and observed that VirB2 can activate Ubc9 similarly to that from
Brucella16M in the early stage of infection. A strong immunity can inhibit the development
of a persistent Brucella infection [28]. However, in the late stage of infection, VirB2 can
inhibit Ubc9 expression. Therefore, we analyzed whether stimulation of VirB2 can rapidly
and spontaneously induce a SUMO1/Ubc9-mediated natural immune response to remove
the bacteria. We incubated cells with VirB2 and then infected them with the B. melitensis
16MAVirB2 mutant. This improved the intracellular survival of Brucella compared with no
VirB2 stimulation. Overall, VirB2 of Brucella T4SS is a key virulence protein that promotes
survival and reproduction in host cells by inhibiting SUMO/Ubc9 modification at the late
stage of infection.

In conclusions, we report that inhibition of SUMO1/Ubc9 expression by Brucella 16M is a
strategy for its intracellular survival. Overexpression of SUMO1 or Ubc9 increases the host's
immune response and apoptosis, and it inhibits Brucella 16M survival in macrophages.
Silencing of SUMO1 or Ubc9 genes inhibits the host's immune response and apoptosis and
promotes Brucella 16M survival in macrophages. We conclude that Brucella 16M can inhibit
the release of SUMO-mediated immune factors and apoptosis by reducing the expression

https://doi.org/10.4142/jvs.2019.20.e54 11/13


https://vetsci.org

Journal of (

SUMO-1/Ubc9 affects intracellular survival of Brucella Veterinary Science V)

of SUMO1 and Ubc9 genes. This reduction promotes escape from immune killing and
intracellular survival. In addition, VirB2 may be a key virulence factor of Brucella that
inhibits the expression of SUMO1/Ubc9 at the later stage of infection. This study provides a
theoretical basis for exploring the molecular mechanism of persistent Brucella infection.

SUPPLEMENTARY MATERIAL

Supplementary Fig. 1

Evaluation of apoptosis after B. melitensis 16M infection in different groups of RAW264.7
cells. The RAW264.7 cell overexpression and knockdown model was used for infection with
B. melitensis 16M. Cells were collected at 4, 12, and 24 h post-infection, and V-FITC/PI annexin
double-staining with flow cytometry was used. The results represent the mean values from 3
experiments * standard deviation. Statistical significance is indicated as "p < 0.05 or "p < 0.01.

Click here to view

REFERENCES

1. Ahmed W, Zheng K, Liu ZF. Small non-coding RNAs: new insights in modulation of host immune
response by intracellular bacterial pathogens. Front Immunol 2016;7:431.
PUBMED | CROSSREF

2. LiZQ, GuiD, Sun ZH, Zhang JB, Zhang WZ, Zhang H, Guo F, Chen CF. Immunization of BALB/c mice
with Brucella abortus 2308 AwbkA confers protection against wild-type infection. J Vet Sci 2015;16:467-473.
PUBMED | CROSSREF

3. Wareth G, Melzer F, Bottcher D, El-Diasty M, El-Beskawy M, Rasheed N, Schmoock G, Roesler U,
Sprague LD, Neubauer H. Molecular typing of isolates obtained from aborted foetuses in Brucella-free
Holstein dairy cattle herd after immunisation with Brucella abortus RB51 vaccine in Egypt. Acta Trop
2016;164:267-271.
PUBMED | CROSSREF

4. Sun YH, Rolan HG, den Hartigh AB, Sondervan D, Tsolis RM. Brucella abortus virB12 is expressed
during infection but is not an essential component of the type IV secretion system. Infect Immun
2005;73:6048-6054.
PUBMED | CROSSREF

5. Raman N, Weir E, Miiller S. The AAA ATPase MDN1 acts as a SUMO-targeted regulator in mammalian
pre-ribosome remodeling. Mol Cell 2016;64:607-615.
PUBMED | CROSSREF

6. Despras E, Sittewelle M, Pouvelle C, Delrieu N, Cordonnier AM, Kannouche PL. Rad18-dependent
SUMOylation of human specialized DNA polymerase eta is required to prevent under-replicated DNA. Nat
Commun 2016;7:13326.
PUBMED | CROSSREF

7. Ryu HY, Wilson NR, Mehta S, Hwang SS, Hochstrasser M. Loss of the SUMO protease Ulp2 triggers a
specific multichromosome aneuploidy. Genes Dev 2016;30:1881-1894.
PUBMED | CROSSREF

8. Kunz K, Wagner K, Mendler L, Holper S, Dehne N, Miiller S. SUMO signaling by hypoxic inactivation of
SUMO-specific isopeptidases. Cell Reports 2016;16:3075-3086.
PUBMED | CROSSREF

9. Mag,LiS, HanY, LiS, Yue T, Wang B, Jiang J. Regulation of smoothened trafficking and hedgehog
signaling by the SUMO pathway. Dev Cell 2016;39:438-451.
PUBMED | CROSSREF

10. Brezden A, Mohamed MF, Nepal M, Harwood JS, Kuriakose J, Seleem MN, Chmielewski J. Dual targeting

of intracellular pathogenic bacteria with a cleavable conjugate of kanamycin and an antibacterial cell-
penetrating peptide. ] Am Chem Soc 2016;138:10945-10949.
PUBMED | CROSSREF

https://vetsci.org https://doi.org/10.4142/jvs.2019.20.e54 12/13


https://vetsci.org/DownloadSupplMaterial.php?id=10.4142/jvs.2019.20.e54&fn=jvs-20-e54-s001.ppt
http://www.ncbi.nlm.nih.gov/pubmed/27803700
https://doi.org/10.3389/fimmu.2016.00431
http://www.ncbi.nlm.nih.gov/pubmed/26040616
https://doi.org/10.4142/jvs.2015.16.4.467
http://www.ncbi.nlm.nih.gov/pubmed/27664334
https://doi.org/10.1016/j.actatropica.2016.09.019
http://www.ncbi.nlm.nih.gov/pubmed/16113325
https://doi.org/10.1128/IAI.73.9.6048-6054.2005
http://www.ncbi.nlm.nih.gov/pubmed/27814492
https://doi.org/10.1016/j.molcel.2016.09.039
http://www.ncbi.nlm.nih.gov/pubmed/27811911
https://doi.org/10.1038/ncomms13326
http://www.ncbi.nlm.nih.gov/pubmed/27585592
https://doi.org/10.1101/gad.282194.116
http://www.ncbi.nlm.nih.gov/pubmed/27626674
https://doi.org/10.1016/j.celrep.2016.08.031
http://www.ncbi.nlm.nih.gov/pubmed/27746045
https://doi.org/10.1016/j.devcel.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27494027
https://doi.org/10.1021/jacs.6b04831
https://vetsci.org

Journal of (
SUMO-1/Ubc9 affects intracellular survival of Brucella Veterinary Science JV)

https://vetsci.org

11. Vrioni G, Pappas G, Priavali E, Gartzonika C, Levidiotou S. An eternal microbe: Brucella DNA load persists
for years after clinical cure. Clin Infect Dis 2008;46:€131-e136.
PUBMED | CROSSREF

12. ZhangY, Li T, Zhang]J, Li Z, Zhang Y, Wang Z, Feng H, Wang Y, Chen C, Zhang H. The Brucella melitensis
MS5-90 phosphoglucomutase (PGM) mutant is attenuated and confers protection against wild-type
challenge in BALB/c mice. World ] Microbiol Biotechnol 2016;32:58.
PUBMED | CROSSREF

13. Ribet D, Hamon M, Gouin E, Nahori MA, Impens F, Neyret-Kahn H, Gevaert K, Vandekerckhove J, Dejean
A, Cossart P. Listeria monocytogenes impairs SUMOylation for efficient infection. Nature 2010;464:1192-1195.
PUBMED | CROSSREF

14. Alagu]J, ItahanaY, Sim F, Chao SH, Bi X, Itahana K. Tumor suppressor p14ARF enhances IFN-y-activated
immune response by inhibiting PIAS1 via SUMOylation. ] Immunol 2018;201:451-464.
PUBMED | CROSSREF

15. Zitti B, Molfetta R, Fionda C, Quatrini L, Stabile H, Lecce M, de Turris V, Ricciardi MR, Petrucci MT,
Cippitelli M, Gismondi A, Santoni A, Paolini R. Innate immune activating ligand SUMOylation affects
tumor cell recognition by NK cells. Sci Rep 2017;7:10445.
PUBMED | CROSSREF

16. Athanassakis I, Iconomidou B. Cytokine production in the serum and spleen of mice from day 6 to 14 of
gestation: cytokines/placenta/spleen/serum. Dev Immunol 1996;4:247-255.
PUBMED | CROSSREF

17. LimJJ, Kim DH, Lee JJ, Kim DG, Min W, Lee HJ, Rhee MH, Kim S. Protective effects of recombinant
Brucella abortus Omp28 against infection with a virulent strain of Brucella abortus 544 in mice. J Vet Sci
2012;13:287-292.
PUBMED | CROSSREF

18. LiuZ, Lee], Krummey S, Lu W, Cai H, Lenardo MJ. The kinase LRRK2 is a regulator of the transcription
factor NFAT that modulates the severity of inflammatory bowel disease. Nat Immunol 2011;12:1063-1070.
PUBMED | CROSSREF

19. Dornand ], Gross A, Lafont V, Liautard J, Oliaro J, Liautard JP. The innate immune response against
Brucella in humans. Vet Microbiol 2002;90:383-394.
PUBMED | CROSSREF

20. von Bargen K, Gorvel JP, Salcedo SP. Internal affairs: investigating the Brucella intracellular lifestyle. FEMS
Microbiol Rev 2012;36:533-562.
PUBMED | CROSSREF

21. Barquero-Calvo E, Chaves-Olarte E, Weiss DS, Guzman-Verri C, Chacén-Diaz C, Rucavado A, Moriyon I,
Moreno E. Brucella abortus uses a stealthy strategy to avoid activation of the innate immune system during
the onset of infection. PLoS One 2007;2:e631.
PUBMED | CROSSREF

22. Gross A, Terraza A, Ouahrani-Bettache S, Liautard JP, Dornand J. In vitro Brucella suis infection prevents the
programmed cell death of human monocytic cells. Infect Immun 2000;68:342-351.
PUBMED | CROSSREF

23. Meinecke I, Wille A, Cinski A, Neumann W, Ink B, Hay R, Gay S, Pap T. Involvement of SUMO-1 in the
regulation of apoptosis in prosthesis loosening fibroblasts. Arthritis Res Ther 2004;6 Suppl 1:67.
CROSSREF

24. Rajashekara G, Eskra L, Mathison A, Petersen E, Yu Q, Harms J, Splitter G. Brucella: functional genomics
and host-pathogen interactions. Anim Health Res Rev 2006;7:1-11.
PUBMED | CROSSREF

25. Haag AF, Myka KK, Arnold MF, Caro-Hernandez P, Ferguson GP. Importance of lipopolysaccharide and
cyclic B-1,2-glucans in Brucells-mammalian infections. Int J Microbiol 2010;2010:124509.
PUBMED | CROSSREF

26. Cascales E, Christie PJ. The versatile bacterial type IV secretion systems. Nat Rev Microbiol 2003;1:137-149.
PUBMED | CROSSREF

27. den Hartigh AB, Sun YH, Sondervan D, Heuvelmans N, Reinders MO, Ficht TA, Tsolis RM. Differential
requirements for VirB1 and VirB2 during Brucella abortus infection. Infect Immun 2004;72:5143-5149.
PUBMED | CROSSREF

28. Machelart A, Khadrawi A, Demars A, Willemart K, De Trez C, Letesson JJ, Muraille E. Chronic Brucella
infection induces selective and persistent interferon gamma-dependent alterations of marginal zone
macrophages in the spleen. Infect Immun 2017;85:e00115-e00117.
PUBMED | CROSSREF

https://doi.org/10.4142/jvs.2019.20.e54 13/13


http://www.ncbi.nlm.nih.gov/pubmed/18462106
https://doi.org/10.1086/588482
http://www.ncbi.nlm.nih.gov/pubmed/26925620
https://doi.org/10.1007/s11274-016-2015-6
http://www.ncbi.nlm.nih.gov/pubmed/20414307
https://doi.org/10.1038/nature08963
http://www.ncbi.nlm.nih.gov/pubmed/29848755
https://doi.org/10.4049/jimmunol.1800327
http://www.ncbi.nlm.nih.gov/pubmed/28874810
https://doi.org/10.1038/s41598-017-10403-0
http://www.ncbi.nlm.nih.gov/pubmed/8924760
https://doi.org/10.1155/1995/42412
http://www.ncbi.nlm.nih.gov/pubmed/23000585
https://doi.org/10.4142/jvs.2012.13.3.287
http://www.ncbi.nlm.nih.gov/pubmed/21983832
https://doi.org/10.1038/ni.2113
http://www.ncbi.nlm.nih.gov/pubmed/12414158
https://doi.org/10.1016/S0378-1135(02)00223-7
http://www.ncbi.nlm.nih.gov/pubmed/22373010
https://doi.org/10.1111/j.1574-6976.2012.00334.x
http://www.ncbi.nlm.nih.gov/pubmed/17637846
https://doi.org/10.1371/journal.pone.0000631
http://www.ncbi.nlm.nih.gov/pubmed/10603407
https://doi.org/10.1128/IAI.68.1.342-351.2000
https://doi.org/10.1186/ar1109
http://www.ncbi.nlm.nih.gov/pubmed/17389050
https://doi.org/10.1017/S146625230700117X
http://www.ncbi.nlm.nih.gov/pubmed/21151694
https://doi.org/10.1155/2010/124509
http://www.ncbi.nlm.nih.gov/pubmed/15035043
https://doi.org/10.1038/nrmicro753
http://www.ncbi.nlm.nih.gov/pubmed/15322008
https://doi.org/10.1128/IAI.72.9.5143-5149.2004
http://www.ncbi.nlm.nih.gov/pubmed/28808159
https://doi.org/10.1128/IAI.00115-17
https://vetsci.org

	Interaction between Brucella melitensis 16M and small ubiquitin-related modifier 1 and E2 conjugating enzyme 9 in mouse RAW264.7 macrophages
	INTRODUCTION
	MATERIALS AND METHODS
	Plasmids and protein
	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays
	Construction of SUMO1 and K-U and overexpression vectors
	Generation of stable overexpression and knockdown SUMO1 and Ubc9 cell lines
	Establishing a cell model for B. melitensis 16M infection
	Enzyme-linked immunosorbent assay (ELISA) detection of cytokines
	Brucella survival in cells subjected to different treatments
	qRT-PCR
	Western blotting
	Statistical analysis

	RESULTS
	Inhibition of cell viability by knockdown and overexpression plasmids in a time-dependent manner
	SUMO1 and Ubc9 gene expression levels in differently treated cells
	Cytokine production in different RAW264.7 cell treatment groups following infection with B. melitensis 16M
	Intracellular survival of B. melitensis 16M in RAW264.7 cells after different treatments
	Effects of the B. melitensis 16MΔVirB2 mutant and B. melitensis 16M LPS on SUMO1 and Ubc9 expression in mouse macrophages
	VirB2 regulates intracellular survival of Brucella 16M by inhibiting SUMO1 and Ubc9 expression

	DISCUSSION
	SUPPLEMENTARY MATERIAL
	Supplementary Fig. 1

	REFERENCES


