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Brucellosis is a globally distributed zoonotic disease that causes animal and human
diseases. Brucella pathogenesis depends on their ability of inhibiting apoptosis and
establishes a replicative niche inside host cells. SUMOylation is a major regulator
of protein function that is essential for some pathogenic bacteria during infection.
However, the relationship between Brucella and SUMOylation remains largely
unknown. In our report, we demonstrated that the Brucella melitensis 16M (16M)
infection leads to a decrease in the expression of SUMOI proteins with time-delay,
and 16M intracellular replication was inhibited by SUMO-1 overexpression and
promoted by SUMO-1 depletion, and 16M-dependent apoptosis and the secretion of
gamma interferon and interleukin-6 were induced by SUMO-1 overexpression and
restricted by SUMO-1 depletion in the RAW264.7 macrophages. Together, this
study shows that SUMO-1 plays an essential role in regulating 16M infection and

may help to unravel pathogenic mechanisms of 16M.
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INTRODUCTION

Brucella spp are facultative intracellular bacteria that
can multiply within the specialized phagosome of both
humans and animals, resulting in heavy economic losses
and human suffering (Lacerda et al., 2010; Igbal et al.,
2013). Brucella spp cause acute, transmissible infections
in animal reservoirs and abortion in pregnant animals
(Ficht, 2003; Gul et al., 2013). The human disease is also
caused by Brucella melitensis, Brucella abortus or
Brucella suis. Infected humans can have fever, arthritis,
spondylitis, dementia, and meningitis or endocarditis on
rare circumstances (Hamdy et al., 2002; Elzer et al., 2002,
Godfroid et al., 2005). Currently, there is no effective or
safe Brucella vaccine for humans and animals, and the
physiopathology of brucellosis remains poorly understood.

Small ubiquitin-related modifier (SUMO) was first
identified in the mid-1990s as a protein that covalently
linked to a target protein post-translationally (Matunis et
al., 1996; Sun et al., 2011). There are major three SUMO
isoforms, SUMO 1-3 (Feng et al., 2013). SUMO2 and
SUMO3 are 95% similar to each other, but they have only
50% identity with SUMO1 (Geiss-Friedlander and Melchior,
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2007). SUMO 1-3 is conjugated to different target
proteins and has different functions in specific organs or
tissues. SUMOylation plays an important role in the
regulation of many cell processes such as transcription
and replication (Geiss-Friedlander and Melchior, 2007).
The SUMOylation system may contribute to an intrinsic
defense mechanism against microbial challenge, but the
relationship between Brucella and SUMOylation remains
largely unknown.

In this paper, we investigated whether Brucella was
able to modify SUMO1 of RAW264.7 macrophages, and
the role of SUMOI protein overexpression and SUMO-1
depletion on the growth of RAW264.7 macrophages.
These results indicated for the first time that there was a
decrease in expression of SUMOI1 protein caused by
Brucella infection, and 16M intracellular replication was
inhibited by SUMO-1 overexpression and promoted by
SUMO-1 depletion and B. melitensis-dependent apoptosis
was induced by SUMO-1 overexpression and restricted by
SUMO-1 depletion in the RAW264.7 macrophages.

MATERIALS AND METHODS

Cell culture: Mouse macrophage RAW264.7 cells were
purchased from Type Culture Collection of the Chinese



Academy of Sciences (Shanghai, China) and were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). The
cells were cultured at 37°C in a humidified 5% CO2.

Brucella infection: Mock vector-transfected cells,
pSUMO 1 -transfected cells, or parental cells were infected
with the 16M. Briefly, 2x10° cells/well was grown in a 6-
well plate for 36 h at 37°C. RAW264.7 cells infected with
Brucella at 100 MOL. At 1 h post-infection, the cells were
washed thrice with PBS and then incubated with
gentamicin (50 pg/ml) for 40 min to kill extracellular
bacteria. Then, the culture was replaced with DMEM
containing gentamicin (25 pg/ml). At 0, 4, 8, 12, and 24 h
post-infection, the cells were lysed and viable bacteria
were enumerated on TSA plates. The levels of IFN-y and
IL-6 in the supernatants were measured with an ELISA kit
(R&D Systems). The data were obtained from three
independent experiments.

Expression vector construction and cell transfection:
The obtained SUMO1 cDNA was amplified by using
primers as follows: primer sense, 5' AGATCTCATGTCT-
GACCAGGAGGCAA 3', and primer antisense, 5'
GTCGACCTAAACCGTCGAGTGACCC 3'. The enzyme
sites for Bgl II and Sal Iam underlined. The pcDNA3.1-
SUMOI1 plasmid was generated by insertion of a 306-bp
fragment of the full-length Mus musculus SUMO1 ¢cDNA
into the Bgl 1I/Sal I sites of the pcDNA3.1 vectors. The
pcDNA3.1 mock vectors (as a blank control) and
pcDNA3.1-SUMO1 plasmid were transfected using
Lipofectamine 2000 (Invitrogen) into RAW264.7 cells.
After 48 h, the medium was replaced with DMEM
containing G418(500 pg/ml; Geneticin, Sigma).After
fourteen days, positive colonies were obtained and cells
were re-suspended in medium followed by culture, aiming
to achieve cells with stable expression of SUMOL.

RNAI experiments: To construct SUMO1 shRNA against
mouse SUMO1 mRNA, oligonucleotides 5'-gatccGACA-
GGGAGTTCCAATGAAAATTCAAGAGATTTTCATTG
GAACTCCCTGTCTTTTTTACGCGTg-----3'(top  strand)
and 5'-aattc ACGCGTAAAAAAGACAGGGAGTTCCA-
ATGAAAATCTCTTGAATTTTCATTGGAACTCCCTG
TCg-----3' (bottom strand) were annealed together to
produce a double-stranded DNA, which was then cloned
into RNAi-Ready pSIREN-RetroQ-ZsGreen Vector
(Clontech, BD Biosciences) at the BamHI and EcoRI
sites. Fluorescent, nonsilencing 21-bp double-stranded
RNA (Qiagen) was used as a control RNA (control
RNAI). Constructs of the recombinant and control RNAi
were then transfected into RAW264.7 cells using
Lipofectamine 2000 (Invitrogen). RAW264.7 cells grown
to about 70-80% confluence were incubated in six-well
plates with 2 ml/well serum-free DMEM containing
Lipofectamine 2000 (8 ul) and pSIREN-siRNA (5 pg). At
8 h post-transfection, the cells were replenished with
DMEM and incubated for an additional 48 h.

MTT assay: RAW264.7 cells were seeded in 96-well
plates (5 x 10 cells/ml) and cells were washed thrice with
PBS at 0, 12, 24 and 48 hours after transient transfection
of pcDNA3.1-SUMO1 or pcDNA3.1 mock vectors, and
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were assessed by cell viability using MTT assay (Sigma).
MTT (50 pl/well) was added and incubated at 37°C for 4
h. Then the supernatants were removed and 100 pl of
dimethyl sulfoxide (DMSO) (Sigma, USA) was added to
each well. Optical density was measured by eluting the
dye with DMSO, and OD570 was determined. The data
were obtained from three independent experiments.

Assessment of apoptosis: Apoptotic rates were evaluated
by an Annexin V-EGFP Apoptosis Detection Kit (Bestbio,
Shanghai). Annexin V/PI double-positive staining and
fluorescence intensity measurements were performed on
RAW264.7 cells. The extent of apoptosis was determined
using FASC Aria II flow cytometer (BD Biosciences).

Western blot analysis: To determine the SUMOI1
expression in RAW264.7 macrophages, cells were lysed
in ice-cold RIPA lysis buffer for 20 min and centrifuged
at 12,000 rpm for 20 min at 4°C. The protein samples
were boiled for 5 min and 10 pl samples was subjected to
12% SDS-PAGE. The protein was electro-transferred onto
nitrocellulose membrane (Bio-Rad) at 200 mA for 30 min.
Unbound sites on the membrane were blocked with 2%
BSA in borate-buffered saline for lh at 37°C. After
washing the membrane three times with TBST buffer for
30 min, then incubated overnight at 4°C with a 1/1500
dilution of rabbit anti-mouse anti-SUMO-1 pAb
polyclonal antibody (Bioworld, Minneapolis, USA). The
membrane was incubated with goat anti-rabbit IgG
(peroxidase conjugated) for 1 h at 37°C after being washed
three times. Bound conjugate was visualised with ECL
(Thermo Fisher Scientific, USA) after further washing.

Quantitative Real-Time PCR analysis: RAW264.7 cells
were infected with 16M according the above method.
Total RNA (10 pg) was extracted and amplified with
AMV reverse transcriptase (TaKaRa, Japan) following the
manufacturer's instructions. The Real-time PCR was
conducted on Light-Cycler 480 (Roche Applied Science)
with SYBR Premix Ex TaqTM reagent Kit (TaKaRa,
Japan). PCR primers for p53 were sense 5
GTACCTTATGAGCCACCCGA 3' and anti-sense 5'
GCACAAACACG-AACCTCAAAG 3'. The primer pairs
for GAPDH gene were sense 5' CTGCCCAGAACATCA-
TCCCT 3' and anti-sense 5' GACACATTGGGGGTAGG-
AAC 3'. The relative level of p53 mRNA was calculated
by 2-AACt Method.

Statistical analysis: Student’s t-test was used for
comparisons among different groups. P values of <0.05
were considered statistically significant.

RESULTS

Decrease in SUMOL1 protein: The expression of SUMO1
protein was determined by Western blot in B. melitensis-
infected macrophages at Oh, 4h, 12h, and 24h. The 16M-
infected cells displayed a trend of decreased expression of
SUMOI proteins at the observation time (Fig. 1). The
results showed that 16M inhibited the expression of
SUMOI protein in a time-dependent manner.

Effect on 16M replication: Western blot analysis was
performed to analyze the overexpression or depletion of



SUMOL1 protein. As shown in Figure 2A, the higher level
of SUMOL1 protein was detected in pSUMOI1 cells when
compared with that in parental cells (RAW264.7 macro-
phages) or control cells which were transfected with empty
vector pcDNA3.1 and the level of SUMOI protein was
markedly reduced in cells transfected with SUMO1 siRNA
compared with cells transfected with control siRNA (Fig. 2B).

We next evaluated whether the overexpression and
depletion of SUMO1 protein has any influence on 16M
intracellular growth. At 4 h post-infection, there was no
difference (P>0.05) at the levels of 16M replication in all
groups of cells (Fig 2C). At 12 h post-infection, a 1.01-log
decrease (P<0.05) in the number of 16M inside pSUMO1-
transfected cells while a 0.68-log increase (P<0.05) in that
for SUMO1 RNAi-transfected cells compared to that for
parental cells (Fig. 2C). At 24 h post-infection, the
difference was even greater at 1.65-log and 1.12-log,
respectively (P<0.01; Fig. 2C). We observed similar
levels of intracellular infection among mock vector-
transfected cells, parental cells, and control RNAi-
transfected cells. These results showed that 16M infection
was restricted by SUMO1 overexpression and promoted
by SUMO1 RNAI in the RAW264.7 macrophages.

Effect on macrophages growth: We next investigated
whether overexpression and depletion of SUMOI1 protein
affect the growth of RAW264.7 macrophages. The
viability of RAW264.7 cells transfected with pSUMO1
and SUMOI1 RNAi was analyzed by MTT assay at Oh,
12h, 24h, and 48h. There was not a loss of viability of the
pSUMO1 -transfected macrophages compared with that of
parental or mock vector-transfected macrophages (data
not shown). Relative to the control, SUMOI1 RNAi did
not lead to increased cell death (data not shown). These
results suggest that overexpression and depletion of
SUMOL1 do not affect the growth of RAW264.7 cells.

Role in apoptosis: The 16M-dependent apoptosis rates of
pSUMO1-transfected cells were analyzed by flow
cytometry at Oh, 12h and 24h compared with mock
vector-transfected cells or parental cells. Induced by 16M
infection, the apoptotic rate of pSUMO/1-transfected cells
had a rang of 18.38 to 36.83% and that of mock vector-
transfected cells or parental cells had a rang of 14.97 to
23.86% or 15.34 to 23.16% (Fig. 3A), and the apoptotic
rate of SUMO1 RNAi-transfected cells had a rang of
15.17 to 18.11% (Fig. 3A). The 16M-dependent apoptotic
rates of SUMO1 overexpression cells were significantly
higher than rates in both mock vector-transfected cells and
parental cells at all times (P<0.01) and the differences
have a trend of increase with time delay, and that of
SUMO1 RNAi-transfected cells were significantly lower
than rates in both control RNAI cells and parental cells at
12 or 24 h post-infection, while similar levels (P>0.05) of
apoptotic rates existed in mock vector-transfected cells,
parental cells, and control RNAi cells. The tumor
suppressor protein p53 involves in the cellular responses
to a variety of stress signals and plays a key role in
promoting apoptosis process, which is linked with
SUMOL1 protein. Therefore, real-time PCR was also used
to measure p53 mRNA expression in SUMOI1- over-
expressing, SUMO1 RNAi cells, and control cells.
Compared to control cells, levels of p53 gene were
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Fig. I: Decrease in SUMOI protein upon infection with B. melitensis 16
M. Western blot analysis of SUMOI protein from RAW264.7
macrophages infected for Oh, 4h, |2h, and 24h with |6M. GAPDH levels
are shown as a loading control.
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Fig. 2: (A) Western blot analysis of RAW264.7 macrophages

overexpressing SUMO| protein compared with respective control cells;
a blank plasmid (pcDNA3.1[+]) was used as control. (B) Western blot
analysis of SUMOI expression can be suppressed by RNA silencing
compared with cells transfected with control siRNA. Detection of
GAPDH served as a loading control.(C) Effect of SUMOI overex-
pression and SUMOI depletion on intracellular replication of 16M within
RAW?264.7 macrophages. Significant differences of 16M number inside
pSUMO | -transfected cells and SUMO| RNAi-transfected cells compared
to that of parental cells indicated as follows: *P<0.05; **P<0.01.

significantly higher (P<0.01) in the 16M-infected SUMO1
overexpressing cells and was significantly lower (P<0.01)
in the 16M-infected SUMO1 RNAI cells 12 or 24 h post-
infection (Fig. 3B). The Real-time PCR results showed
that SUMO1 overexpression and SUMO1 RNAI affected
the expression of apoptosis-related gene p53 in the 16M-
infected macrophages, which provided independent
confirmation of the flow cytometry analysis. These results
showed that 16M-dependent apoptosis was induced by
SUMOI1 overexpression and inhibited by SUMO1 RNAi
in the 16M-infected RAW264.7 macrophages.

Cytokine response: The levels of IFN-y (Fig. 4A) and
IL-6 (Fig. 4B) were assessed in supernatants of 16M
infected cells under the conditions of SUMOI1
overexpression or depletion. SUMO1 overexpressing cells
produced significant higher levels of [FN-y and IL-6 at 12
and 24h post-infection compared to mock vector-
transfected or parental cells (P<0.01), and SUMO1 RNAi
cells exhibited significant lower levels of IFN-y and IL-6
compared to control RNAi or parental cells (P<0.05).
These results indicated that classical Thl and Th2
responses are elicited by SUMOI overexpression and
inhibited by SUMOI1l RNAi in the 16M-infected
RAW264.7 macrophages.
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Fig. 3: (A) 16M-dependent apoptosis analysis of transfected RAW?264.7 macrophages with Annexin V/Pl double staining detected by a flow
cytometer. (B) Relative level of p53 mRNA was measured by real-time PCR. Significant differences of 16M-dependent apoptotic rates and p53 mRNA
in pSUMO | -transfected cells and SUMO| RNAi-transfected cells compared to that of parental cells indicated as follows: *P<0.05; **P<0.01.
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Fig. 4: The analysis of IFN-y (A) and IL-6 (B) secretion was measured by ELISA from the supernatant of 16M infected SUMO | -overexpressing or
SUMOI RNAi-transfected cells. Significant differences of pSUMO | -transfected cells and SUMO| RNAi-transfected cells compared with parental cells

indicated as follows: *P<0.05; **P<0.01.

DISCUSSION

More than 90% of Brucella internalised by
macrophages are killed after phagocytosis, but a few
Brucella can evade host immunity and establish an
intracellular niche permissive for growth (Bargen et al.,
2012). Pathogenic bacteria interfere with the SUMOQylation
system of host cell for achieving infection, and some
pathogens have developed several strategies to act directly
on the ubiquitination pathway through mimicking host cell
proteins (Chosed et al., 2007) or indirectly by interfering
with the ubiquitination pathway (Spallek et al., 2009).
Closely related post-translational modifications involve
covalent links to Ub-like proteins (Stulemeijer and Joosten,
2008), such as the SUMO-1 to-4 (Dupont et al., 2010),
which were activated during pathogen infection. It has been
reported that the protein SUMOylation was reduced
globally by Listeria infection, and LLO (listeriolysin O)
activity of Listeria plays an important role in the process
(Ribet et al., 2010). In addition to LLO, other bacterial
pore-forming toxins including Perfringolysin O of
Clostridium perfringens and Pneumolysin of Streptococcus
pneumoniae can trigger the degradation of Ubc9 (Ribet et
al., 2010). Moreover, viruses can also interfere with the

host cell SUMOylation (Spallek et al., 2009). The Brucella
T4SS is encoded by virB operon 12 open reading frames
(virB1 to virB12) (O'Callaghan et al., 1999), which is
essential to the virulence of all Brucella strains and plays an
important role in establishment of the Brucella replication
niche (Boschiroli et al., 2002). Our study showed that
Brucella melitensis 16M could lead to a decrease in the
level of SUMOL1 protein. After internalization, we speculate
that Brucella T4SS may involve in decrease with the level
of SUMOL1 protein. Therefore, further testing will be
needed to determine whether T4SS plays a role in
impairing the SUMOI protein by Brucella melitensis
infection.

The Thl immune responses characterized by IFN-y
production are related to the host immune response to
Brucella, which are activated by vaccines (Golding et al.,
2001). Previous studies showed that IFN-y is a critical
cytokine required for macrophage bactericidal activity
(Sathiyaseelan et al., 2006). IL-6 is a Th2 cytokine
considered as an anti-inflammatory mediator. Thus, the
mixed Th1/Th2 responses can be obtained through the
detection of IFN-y and IL-6. The number of intracellular
viable bacteria was evaluated to detect the role of
overexpression and depletion of SUMOI1 during Brucella



melitensis infection. The results showed that Brucella
melitensis 16M survival inhibited by SUMOI1 over-
expression and promoted by SUMOI1 depletion, and we
speculate that this may be associated with mixed Th1/Th2
responses.

Brucella can survive and replicate for long periods
within host cells which depend on producing various
virulence factors that change apoptosis, cytokine secretion,
phagocytosis, phagolysosome fusion, and antigen
presentation (Vrioni et al., 2008). However, the
macrophage can induce its own apoptosis to avoid the
multiplication of intracellular bacteria (Skendros et al.,
2011), virulent Brucella strains inhibit macrophage
apoptosis for favoring their survival and replication (Gross
et al., 2000; Fernandez-Prada et al., 2003). SUMO may
regulate apoptosis by modulating Hipk subcellular
localization or the activity of the tumor suppressor protein
p53 (Smith et al., 2012). SUMO needs to be present at the
site of Dmp53 action, which does not change p53 activity
through a direct effect (Mauri et al., 2008; Pardi et al.,
2011). Like mammalian p53, Dmp53 appears to be a target
of SUMOylation and plays an important role in induction
of apoptosis. The results showed that SUMOI1 protein
overexpression could induce B. melitensis-dependent
apoptosis, which confer host cells resistance to survival and
replication of B. melitensis.

Conclusion: This is the first study about the role of
SUMOI protein on B. melitensis 16M survival in the
RAW264.7 macrophages. Our results suggest that the
survival of B. melitensis 16M was inhibited by SUMOL1
overexpression and promoted by SUMO1 depletion, and B.
melitensis-dependent apoptosis was induced by SUMOL1
overexpression and inhibited by SUMO1 depletion, which
is important for discovering the novel treatment for chronic
brucellosis in livestock and humans. The molecular
mechanisms underlying the interaction between the B.
melitensis 16M and the SUMOylation of host remain to be
clarified.
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