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Abstract

Objective Oxidized Low-Density Lipoprotein (0xLDL) is a well-established pro-inflammatory marker that activates the
NLRP3 inflammasome. Ubiquitination plays an important role in modulating the stability and functions of various proteins.
BRCC36 is a ubiquitin-modifying enzyme that plays a crucial role in protein stabilization and activation in the cytosol, but
its role in OxLDL-induced NLRP3 inflammasome activation is not known. Here, we have investigated the role of deubiqui-
tinating enzyme BRCC36 in regulating NLRP3 inflammasome during oxLDL stimulation.

Methods Raw 264.7 murine macrophages were stimulated with oxLLDL and effect of BRCC36 deubiquitination activity was
assessed by fluorometric assay, and protein expression was assessed by Western blotting. The level of IL-1f measured by
ELISA and LDH activity as pyroptotic cell death marker was assessed by fluorometric assay.

Results The results showed that oxLDL increased the level of NLRP3 in macrophages and also the level of active caspase-1
and IL-1p. It also modulated the expression of deubiquitinating enzymes and caused pyroptotic cell death as indicated by
LDH release. Inhibiting the proteasomal activity by MG132 and siRNA-mediated silencing of BRCC36 in macrophages
potentially suppressed oxLDL-induced NLRP3 inflammasome activation and IL-1f secretion. Furthermore, the inhibition
of proteasomal deubiquitinating activity with specific BRCC36 inhibitor G5 also reduced the inflammatory cell death.
Conclusion Taken together, our study suggests that deubiquitinating enzyme BRCC36 inhibition could potentially suppress
oxLDL-induced inflammatory process by inhibiting NLRP3 activation and resultant IL-1f secretion.
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Introduction

NLRP3 inflammasome is primarily activated by indigenous
particulate matters including uric acid and cholesterol crys-
tals. Oxidized low-density lipoproteins (OxLDL) has also
been implicated in NLRP3 inflammasome activation. Stud-
ies have shown that OxLDL-induced secretion of IL-1f in
macrophages was involved in foam cells formation, which
occurred through NLRP3 inflammasome activation [1]. Our
earlier findings have also implicated activation of NLRP3
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by oxLDL in monocyte-derived macrophages [2]. NLRP3
inflammasome has a principal role in host defense, and its
deregulation causes various inflammatory diseases, includ-
ing gout, asthma, neurodegenerative diseases, type-2 diabe-
tes, and atherosclerosis [3]. Upon detecting the stress signals,
NLRP3 proteins engage procaspase-1 through a C-terminal
caspase recruitment domain (CARD) and form a complex
proteins assembly called inflammasome [4]. Along with
being crucial pathogen remover, excessive inflammasome
activation also contributes to many allergic, autoimmune,
and inflammatory diseases. Recent studies have extensively
investigated NLRP3 inflammasome in various inflamma-
tory diseases; however, little is known about its regulatory
mechanisms in macrophages, especially the endogenous
mechanisms that stabilize and regulate the NLRP3 proteins
and increase their half-life, which is crucial for its activation
by oxLDL.
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Several researchers have indicated the independence of
NLRP3 inflammasome priming from requirement of new
protein synthesis and propose an essential role of ubiquitina-
tion in NLRP3 inflammasome activation [4—7]. Ubiquitina-
tion principally occurs at lysine residues of substrate pro-
teins, which interacts with C-terminal glycine of incoming
ubiquitin creating an isopeptide bond. Ubiquitin itself con-
sists of seven internal lysine residues at locations 6, 11, 27,
29, 33, 48, and 63 that interact with incoming monomeric
ubiquitin and form consecutive isopeptide bonds that allow
for chains of ubiquitin to be formed. [8]. The most studied
ubiquitin linkage types involve lysine 48 (K48) and lysine
63 (K63). K48 linkage targets proteins to the proteasome
that explicitly binds with inter-ubiquitin linkages formed by
K48 and subsequently degrades them. On the contrary, K63
linkages have been significantly involved in several non-
proteolytic-signaling processes [9].

BRCC36, initially reported as BRCA1/BRCA2 contain-
ing complex subunit 36, is equipped with deubiquitinating
(DUB) action for K63-linked ubiquitin polymers. DUB’s
enzyme activity of BRCC36 depends on zinc-dependent
JAMM/MPN? domain [10]. DUBs are protein-degrading
enzymes that facilitate the elimination or processing of ubig-
uitins, or ubiquitin-linked proteins by cleaving the isopeptide
bonds. Through this process, the half-life of cellular proteins
is increased, and molecular signaling is regulated.

DUBs have been lately identified as a critical regulator
of multiple cellular events including transcription, protein
stability, cell proliferation, and cell death. We hypothesized
that DUBs, such as BRCC36, upon activation by oxLDL,
a risk factor for many inflammatory diseases, may remove
the ubiquitin from target proteins, e.g., NLRP3, leading to
enhanced activation of inflammasome and subsequent pro-
motion of inflammation. We report here for the first time
that oxLDL-induced NLRP3 inflammasome stabilization
and activation occurs due to modulation by BRCC36 activ-
ity in murine macrophages.

Materials and methods
Cell culture and stimulation

Mouse macrophages (Raw264.7 cells) were procured from
National Centre for Cell Sciences (NCCS), Pune, India. The
macrophages were cultured in DMEM containing high glu-
cose medium added with 10% fetal bovine serum (FBS) and
1% antibiotics (p/s) concoction at 37 °C in a humid environ-
ment with 5% CO,. Before stimulation with oxLDL to carry
out various experiments, cells were starved with 0.5% FBS
containing medium for overnight. In some experiment, PBS
and DMSO were used as vehicle control.
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Reagents and antibody

FBS and penicillin/streptomycin antibiotic mixture procured
from Gibco Life Technologies (Grand Island, NY, USA),
BRCC36 mAb, Anti-Ubiquitin (K48 linkage-specific) and
(K63 linkage-specific) mAb and G5 Ubiquitin Isopeptidase
Inhibitor I from Abcam (Cambridge, United Kingdom),
Actin mAb from BD (Franklin Lakes, NJ, USA); NLRP3/
NALP3 mAb and Caspase-1 (p20) from AdipoGen Life Sci-
ences (Liestal, Switzerland) Recombinant Human Ubiqui-
tin AFC C-terminal Derivative from Boston Biochem, Inc.
(Cambridge, USA), N-Acetyl-L-cysteine, Lipopolysaccha-
rides (LPS), Adenosine triphosphate (ATP) and MG-132,
supplied by Sigma-Aldrich (St. Louis, MO, USA), Protein
G Plus/Protein A Agarose Suspension from Merck Milli-
pore (Burlington, MS, USA), native LDL was supplied by
Prospec—Tany Techno Gene Ltd (Israel). Additional chemi-
cals of analytical grade were purchased from Sisco Research
Laboratories (SRL) Pvt. Ltd. (Mumbai, MH, India).

LDL Oxidation

Native LDL (5 mg) was dissolved in 1 mL PBS, and subse-
quently, 1 mL PBS containing 10 pM CuSO, was added. The
mixture was transferred to a 35 mm sterile plastic culture
dish and incubate for up to 48 h at 37 °C. After completion
of incubation, the oxidized LDL was dialyzed against 12 L
of PBS for 48 h at 4 °C [11]. The level of LDL oxidation
in different batches was measured through FTIR and found
consistent. Protein concentration was also measured through
the Bradford assay.

ELISA

The media were collected from different experiments, stored
at — 80 °C until used for ELISA. The amount of IL-1p secre-
tion in the culture medium was determined using a mouse-
specific ELISA kit according to the manufacturer’s proto-
col (RayBiotech, GA, USA). Colour intensity at the end
of ELISA was measured as absorbance at 450 nm with H1
synergy multimode reader (Winooski, VT, USA).

LDH release assay

The activity of LDH in the cell-culture medium was deter-
mined by LDH cytotoxicity detection kit in accordance with
the manufacturer’s protocol (Cayman Chemical, Ann Arbor,
Michigan, USA). Briefly, media supernatant was collected
from different experiments, centrifuged, and 100 uL of
supernatant was mixed with 100 uL of LDH reaction solu-
tion and incubated at room temperature for 30 min at 37 °C.
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The amount of LDH in the medium was measured at 490 nm
by H1 synergy multimode reader. The cells lysed with 1%
Triton X-100 taken as positive control for LDH determina-
tion, and plane media were used as a blank. Optical density
of blank was subtracted from experimental samples and
positive control.

siRNA-mediated gene silencing

For siRNA transfection of Raw 264.7 macrophages manu-
facturer’s instructions (QIAGEN, Hilden, Germany) were
followed. Briefly, 6 X 10* cells/wells in 24 well plates, in 100
pL of complete media, were incubated under normal growth
conditions. Subsequently, siRNA or scrambled siRNA
(25 nM) was added to HiPerfect transfection reagent (3 pL)
in 100 pL serum-free media and dropped onto the confluent
cells while swirling. After 6 h, 400 pL culture medium was
added to the cells. Under normal growth conditions, the cells
were incubated with transfection complexes for 24 h, and
gene silencing was determined by Western blotting.

Immunoprecipitation

To study the interaction between BRCC36 and NLRP3, cell
lysate was prepared in NP-40 buffer containing protease
inhibitor cocktail. For immunoprecipitation of NLRP3 to
study its ubiquitination, cells lysis was done using RIPA
buffer. One pg of antibodies was added to 1 mL of cell
lysate containing 500 pg proteins and incubated on ice for
4 h. Afterward, 20 pL of Protein A/G beads were added to
1 mL of the antibody—antigen mixture and gently rocked
on a rocking platform for 1 h at 4 °C. The beads were col-
lected by centrifugation at 10,000xg for 15 s at 4 °C, and
the immune complexes were washed six times using wash
buffer to remove the nonspecific binding. The captured
antigens were eluted using SDS elution buffer and used for
immunoblotting.

Immunoblotting

At the end of experiment, the cells were rinsed with cold
PBS and lysed in RIPA buffer containing protease and phos-
phatase inhibitors cocktails. Protein estimation was done by
Bradford method, and 25 pg of proteins were loaded on 10%
SDS—polyacrylamide gel and electrophoresed. Proteins were
transferred onto PVDF membrane using semidry method and
incubated for 1 h in blocking buffer at RT. The membrane
was washed and incubated with specific primary antibodies
for overnight at 4 °C followed by washing and incubation
with appropriate HRP-linked secondary antibodies for 2 h at
RT. The bands were visualised by ECL detection system and
developed using X-ray film. The protein bands were scanned

using a high-resolution scanner and densitometry was done
with Alpha imager (San Jose, CA, USA).

ROS detection

Raw 264.7 cells were starved and treated with 10 pM CM-
DCFDA dye for 1 h. The cells were rinsed with Krebs-ringer
bicarbonate solution to remove any traces of fluorescent dye
and treated with the stimulants. The H1 synergy multimode
reader was used to determine the fluorescence intensity of
DCEF to quantify ROS generation at different timepoints with
excitation and emission wavelengths of 485 and 535 nm,
respectively.

Statistics

The experimental data, represented as mean + SD, were ana-
lyzed using one-way analysis of variance (nonparametric)
followed by Dunnett’s test (using graph-pad prism software
version 5). To determine the statistical significance among
different groups, student’s ¢ test was used. P value at 0.05 or
less was statistically significant.

Results

OxLDL stimulates NLRP3 inflammasome via BRCC36
activation and promotes pyroptosis

First of all, to examine the effect of oxLDL on inflammas-
ome activation, we stimulated the murine macrophages, Raw
264.7 cells, with oxLDL for 6 h. As shown in Fig. 1, oxLDL
significantly stimulated the release of IL-1p (84.44 +7.6 pg/
ml) in the media, which was 60 +2.2 pg/ml in control, an
increase of 1.4-fold, whereas the addition of ATP after
oxLDL increased IL-1f secretion to 87.04 +7.22 pg/ml.
ATP alone also increased IL-1f secretion nonsignificant to
74.81+ 1.7 pg/ml, an increase of 1.24-fold compared to con-
trol (Fig. 1a). As there was no significant difference between
oxLDL alone, and activation with ATP, for further studies,
ATP was excluded. LPS-induced Raw 264.7 cells were
used as a positive control and showed a significant increase
(88.5+7.1 pg/ml; 1.45-fold) in IL-1p level. Furthermore,
we performed LDH release assay, a pyroptotic cell death
marker and found that oxLDL increased LDH level indicat-
ing increased cell death by 31.9+0.5 (in percent) compared
to control (7.7 +0.2), which was an increase of nearly 4-fold
(Fig. 1b).

Since NLRP3 activation is an early event upon sens-
ing the danger signal and independent of transcription,
we hypothesized that it is critically regulated by deubiq-
uitinating enzymes [5, 12]. Thus, we next analyzed the
level of DUB enzyme BRCC36 and components of NLRP3
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Fig. 1 Raw 264.7 macrophages (~3x 10%) were treated with oxLDL
or LPS without or with ATP for detection of inflammatory response.
The level of IL-1p through ELISA (a) and pyroptotic cell death by
LDH release assay (b) were assessed. Bars represent average+SD

(n=3), “p<0.001 and “p <0.0001 vs. control. Relative expression

of inflammatory markers and BRCC36 was determined by immunob-
lotting are shown (¢) (n=3)

inflammasome during oxLLDL stimulation. There was 1.46-
fold increase in the expression of BRCC36 when stimu-
lated with oxLDL compared to control; similarly, NLRP3
proteins increased by 4.7-fold and cleaved caspase-1
expression also increases by 2.25-fold when treated with
oxLDL (Fig. 1c¢).
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Proteasome inhibitor MG132 modulates
oxLDL-induced inflammation

Since ubiquitin—proteasome system is essential in the
stability, activity, and functioning of proteins [13], we
next investigated whether inhibition of proteasome by
MG132, a well-known proteasomal inhibitor, could regu-
late BRCC36-mediated inflammatory marker in oxLDL-
treated macrophages. Our results show that MG 132 inhib-
ited oxLDL-stimulated IL-1p secretion and decreased it
from 84.44 +7.6 pg/ml to 65.2+2.7 pg/ml, a significant
decrease of 0.77-fold (Fig. 2a). However, pre-treatment with
MG132 alone did not cause any change compared to con-
trol. Interestingly, LDH release as indicated by cytotoxicity
was augmented by MG132 and increased from 7.97 +0.5
to 35.9+ 1.1, nearly 4.5-fold compared to control suggest-
ing its toxic effect; however, LDH level induced increased
cytotoxicity from 32.45+1 to 63.82 +4.78, a change in
1.96-fold when MG132 was given along with oxLDL com-
pared to oxLDL treated group (Fig. 2b). Furthermore, we
studied the impact of MG132 on inflammasome proteins
and BRCC36 by immunoblotting. The results show that the
pre-treatment of MG132 followed by oxLDL stimulation
decreased NLRP3 and cleaved caspase-1 to nearly 3- and
0.98-fold, which was 4.65- and 2.3-fold in oxLDL alone
induced groups, respectively. Similarly, the level of BRCC36
was also brought down to 1.3-fold by MG132 in oxLDL-
treated cells from 1.6-fold in oxLDL alone treated cells. No
significant change in BRCC36 level with MG132 alone was
observed (Fig. 2c¢).

Isopeptidase inhibitor G5 modulates oxLDL-induced
inflammation

Next, since BRCC36 deubiquitinates and removes ubig-
uitins through its isopeptidase activity, we inhibited the
isopeptidase activity of BRCC36 using a specific inhibitor
G5 and examined its effect on NLRP3 accumulation/activa-
tion. As shown in Fig. 3a, G5 significantly reduced oxLDL-
induced IL-1f secretion to 0.76-fold from 81.85 + 10.68 to
62.96 +3.394; however, G5 alone did not cause any signifi-
cant changes. G5 also caused significant decrease in oxLDL-
induced pyroptotic cell death from 32.75+1 to 15.59+0.94,
a decrease of nearly 0.47-fold; however, pre-treatment of
GS5 alone did not cause any change compared to control
(Fig. 3b). Furthermore, the effect of G5 on inflammasome
proteins and BRCC36 by immunoblotting found that G5
also reduced the expression of NLRP3 inflammasome to
1.2-fold compared to 4.5-fold in oxLDL-stimulated group.
The level of cleaved caspase-1 also decreased from 1.94-fold
in oxLDL group to 1.6-fold in G5 pre-treated cells followed
by oxLDL stimulation, decreased to nearly 0.82-fold; and
BRCC36 level decreased from 1.45-fold in oxLDL group to
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Fig.2 Raw 264.7 macrophages (~3x 10%) were treated with oxLDL
without or with 2 pM MG132 prior to treatment of oxLDL for the
detection of inflammatory response. The level of IL-1p through
ELISA (a), and pyroptotic cell death by LDH release assay (b) were
assessed. Bars represent average +SD (n=3), 'p<0.01, “p<0.001
oxLDL+MG132 vs. MG132. Relative expression of inflammatory
markers and BRCC36 determined by immunoblotting are shown (c),
(n=3)

1.2-fold in G5 pre-treated cells followed by oxLDL stimu-
lation, decreased to nearly 0.82-fold. G5 alone maintained
the levels of NLRP3, cleaved caspase-1 near to control and
decreased the BRCC36 level to 0.44-fold compared to con-
trol. (Fig. 3c¢).
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Fig.3 Raw 264.7 macrophages (~3x 10%) were treated with oxLDL
without or with 2 uM G5 prior to treatment of oxLDL for the detec-
tion of inflammatory response. The level of IL-1p through ELISA
(a), and pyroptotic cell death by LDH release assay (b) were
assessed. Bars represent average +SD (n=3), p<0.01, ““p<0.001
oxLDL+GS5 vs. G5. Relative expression of inflammatory markers
and BRCC36 determined by immunoblotting are shown (c), (n=3)

G5 inhibited in vitro deubiquitinating activity
of BRCC36

Next, we measured the effect of isopeptidase inhibitor G5
on the deubiquitinating activity of BRCC36. The cells
were induced with or without G5 for 3 h, followed by
stimulation with oxLDL for 6 h. The immunoprecipitated
BRCC36 was incubated with a substrate Ub-AFC, which
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emitted fluorescence upon cleavage of isopeptide bond
indicating deubiquitination activity of BRCC36. In the
cells treated with oxXLDL, the deubiquitinating activity
increased significantly at different timepoints (—) and
isopeptidase inhibitor G5, when given prior to oxLDL
stimulation, significantly reduced DUB activity and
brought down below control values at all timepoints (_§_).
G5 alone also decreased the overall deubiquitinating
activity of BRCC36 (Fig. 4).

Proteasomal- and deubiquitination-dependent
regulation of NLRP3 inflammasome activation

To confirm how BRCC36 affects NLRP3 activation in
Raw?264.7 macrophages, we silenced BRCC36 using
siRNA and subsequently examined the levels of inflam-
matory proteins in media and cell lysate. The siRNA
inhibition of BRCC36 inhibited oxLDL-induced IL-1f
secretion by 0.76-fold from 81.85+10.7 to 62.22+5 in
oxLDL-treated un-transfected cells, which was similar
to untreated control (Fig. 5a). BRCC36 siRNA silencing
also reduced oxLDL-induced pyroptotic cell death from
32.75+ 1 to 18.5 +£0.38 by nearly 0.56-fold (Fig. 5b). The
immunoblotting showed that BRCC36 silencing decreased
oxLDL-induced NLRP3 to 0.8-fold compared to un-
transfected cells. Cleaved caspase-1 level also reduced
to 0.4-fold in BRCC36 silenced and oxLDL-stimulated
cells compared to un-transfected normal cells (Fig. 5c).
Next, we investigated the effect of BRCC36 silencing on
proteasomal and deubiquitination activity upon oxLDL
induction. In BRCC36 silenced cells, oxLDL stimulation
had reduced proteasomal and deubiquitination activity
compared to oxLDL-induced normal cells, which in turn
reduced the NLRP3 level by 0.79-fold upon induction
with oxLDL (Fig. 5d).

OxLDL modulates the ubiquitination pattern
of NLRP3 inflammasome

BRCC36 acts in K63-linked deubiquitination, which is
linked with protein stabilization [14]. Thus, we further
investigated the ubiquitination pattern of NLRP3 protein by
subjecting immunoprecipitated NLRP3 proteins to immuno-
blotting using antibodies against K48 and K63 specific ubiq-
uitinated peptide. As shown in Fig. 6a, unstimulated cells
showed more ubiquitinated NLRP3, and oxLDL stimulation
resulted in the removal of K48 linked ubiquitin as indicated
by faint bands. Proteasome inhibitor MG132 decreased
ubiquitination-mediated protein degradation and resulted
in accumulation of NLRP3 ubiquitination moiety. BRCC36
silencing did not show any significant effect on K48 linked
ubiquitin pattern of NLRP3 (Fig. 6a). When we used K63
ubiquitination-specific antibodies, it was found that stimula-
tion with oxLDL removed K63 ubiquitination from NLRP3,
probably through BRCC36 deubiquitinating activity, leading
to its accumulation. However, BRCC36 silencing restored
K63 ubiquitination level of NLRP3 to the normal level, i.e.,
near control. BRCC36 silenced cells did not show any effect
of MG132 treatment on K63 pattern of NLRP3 (Fig. 6b).
Our findings suggest that K63-linked ubiquitination could
be important in activation of NLRP3 protein.

BRCC36 restricts NLRP3 inflammasome activation
independently of ROS pathway

To examine the effect of oxXLDL in ROS generation, Raw
264.7 macrophages were treated with 100 ug/mL of oxLDL
for 0, 3, 6, 12, and 24 h and ROS generation was meas-
ured. There was increase in ROS generation of 1.5-fold
(3 h), 2.08-fold (6 h), 2.54-fold (12 h), and 4.76-fold (24 h)
compared to 0 h untreated control cells (Fig. 7a). NAC was
used as a negative control, and H,0, was used a positive
control. Furthermore, to assess whether BRCC36 regulation

Fig.4 Raw 264.7 cells 2000

(~8%10°) in 60 mm dish were

serum-starved and pre-incu-

bated with 2 pM G5 isopepti- 1800+ W -~ (Ctrl

dase inhibitor for 3 h followed - oxLDL

by oxLDL (100 pg/mL) : m : b4 : : : : : —+ G5+0xLDL
stimulation. After completion 1600 -~ G5

of the experiment, cells were
lysed and subjected to immu-
noprecipitation using BRCC36
monoclonal antibodies. The
purified BRCC36 proteins from
different groups were used for
fluorometric assessment of

Fluorescence (AU)

1200

1400+ v ¥ v

deubiquitinating activity at dif- 1000
ferent timepoints with Ub-AFC
as substrate
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Fig.5 Raw 264.7 cells without or with siRNA silencing were treated
with oxLDL for 6 h and detection of IL-1p through ELISA (a), and
pyroptotic cell death by LDH release assay (b) were performed. The
inset image in b shows the level of BRCC36 in siRNA silenced cells
along with control and scrambled siRNA cells. “p<0.01, *p<0.001

BRCC36 siRNA +oxLDL vs. BRCC36 siRNA. Bars represent aver-
age+SD (n=3). Relative expression of the various inflammatory
markers and deubiquitinating enzyme BRCC36 was determined by
immunoblotting in siRNA silenced BRCC36 cells (c) and in BRCC36
silenced cells treated with or without MG132 (d). (n=3)
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Fig.6 Raw 264.7 cells (~2.2x 10% seeded in 100 mm dish followed
by overnight starvation and stimulated with MG132 for 3 h followed
by oxLDL for 6 h. After completion of treatment, cells were lysed
and immunoprecipitated using NLRP3 antibodies. The isolated pro-
tein was subjected to immunoblotting using K48 specific (a) and K63
specific (b) antibodies to determine the level of specific ubiquitina-
tion. (n=3)

is dependent upon ROS, we pre-treated the cells with ROS
quencher NAC and assessed IL-1p secretion. We found that
pre-treatment with NAC inhibited oxLDL-stimulated IL-1f
secretion by 0.78-fold (Fig. 7b), and it also significantly
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decreased the level of BRCC36 expression by 0.77-fold
(Fig. 7c).

BRCC36 physically interacts with NLRP3 for its DUB
activity

To perform deubiquitination on NLRP3 proteins, BRCC36 is
anticipated to have protein—protein interaction with NLRP3.
To test this possibility, we immunoprecipitated NLRP3 pro-
tein after 6 h of oxLDL stimulation and performed immu-
noblotting using BRCC36 antibodies. As shown in Fig. 8,
immunoprecipitated NLRP3 pulled down BRCC36 protein
with it, and the level of BRCC36 was more in oxLDL-
treated group suggesting an interaction between NLRP3
and BRCC36 upon oxLDL stimulation. LPS as a positive
and non-immunized mouse serum as a negative control used
in this study (Fig. 8). Unexpectedly, this experiments also
revealed NLRP3 association with BRCC36 in unstimulated
cells.

Discussion

OxLDL is known to activate inflammasome and implicated
in atherosclerosis and diabetes as this endogenous soluble
ligand is intra-lysosomally converted into insoluble crystals
[15]. It plays a crucial inflammatory role in atherosclerotic
plaque formation. OxLDL exhibits epitopes which share
similarity with phosphorylcholine residue found in Strepto-
coccus pneumoniae [16]. These danger-associated molecu-
lar patterns (DAMP) are recognized by different receptors
present on immune cells and consequently activate NLRP3
inflammasome that leads to secretion of IL-1f and results in
various inflammatory pathology [17].

NLRP3 inflammasome expression is a rate-limiting step
for inflammatory activity [18]. Thus, its expression must be
tightly controlled to sustain immune homeostasis and avoid
detrimental effects. To help with maintaining a basal level,
cells have ubiquitination-mediated degradation of proteins
which determines their half-life in the cell. Ubiquitination
of protein mainly occurs at one of the seven lysine residues
or N-terminal methionine of previous ubiquitin molecules.
The ubiquitin linkage at K48 residue marks the proteins for
the proteasomal degradation, while K63 ubiquitin linkages
have been implicated in several non-proteolytic-signaling
processes [9].

The mechanisms that control NLRP3 activation in
oxLDL-induced diseases are not well understood. The sci-
entists are working on the ubiquitin—proteasome system to
understand these molecular systems [19]. Here, we show
importance of BRCC36 deubiquitinating activity in NLRP3
activation and promotion of inflammation and cell death
mechanisms. Our results show that the inhibition of K63
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Fig.7 Raw 264.7 cells (1x10% were seeded in 96-well plate fol-
lowed by overnight serum starvation. Raw 264.7 cells were pre-
treated with of NAC (5 mM) for 3 h and induced with H,0, (1 mM)
or oxXLDL (100 pg/mL) and DCF fluorescence was measured at dif-

ferent timepoints. Bars represent average+SD (n=3), ~"p<0.0001

vs. control (a). Raw 264.7 cells (3 x 10°) were seeded in 6-well plate

deubiquitinating activity of BRCC36 enzyme could limit
NLRP3 inflammasome activity in the presence of inflamma-
tory molecules such as oxLLDL, and decrease the resultant
inflammation.

followed by overnight serum starvation. Cells were pre-treated with
of NAC (5§ mM) for 3 h and induced with oxLDL (100 pg/mL) for
6 h for the detection of IL-1p through ELISA. Bars represent aver-
age+SD (n=3), ““p<0.0001 vs. control, “*p <0.001 (b). In similar
condition, cell lysates were prepared for immunoblotting of BRCC36,
and beta-actin was used as a loading control (c)

Initially, to examine NLRP3 inflammasome activation
in our experimental model, the cells were stimulated with
oxLDL as a priming signal and ATP as an activating signal.
We found that oxLDL alone could induce IL-1f secretion,
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Fig.8 Raw 264.7 cells (8 x 10%) were plated in 60 mm dish followed
by serum starvation and stimulation with oxLDL (100pg/mL) or
1 pg/mL of LPS for 6 h. The cell lysates were subjected to immu-
noprecipitation using NLRP3 antibodies followed by immunoblotting
(a), or whole-cell lysates were subjected to immunoblotting (b). The
representative images from both experiments are shown (n=3)

and activation signal of ATP was not causing significant
difference (Fig. 1a). Furthermore, we observed that oxLDL
exposure resulted in increased cell death (Fig. 1b). The cell
death caused by oxLDL was pyroptosis in nature as indi-
cated by LDH release and accompanied by inflammation as
evident by increased inflammasome activation and secre-
tion of IL-1p. Although deubiquitinating enzymes have been
implicated in the stabilization and activation of various pro-
teins, the exact mechanism and its involvement in NLRP3
activation is not precisely clear. Thus, to understand this,
we examined a deubiquitinating enzyme BRCC36, which
is implicated in deubiquitination and activation of many
proteins.

BRCC36 is a member of the JAMM/MPN family of zinc
metalloproteases that precisely act on K63-linked polyubiq-
uitin chains and cleave it [14]. Originally, BRCC36 was dis-
covered as a part of BRCA-1A macromolecular complex,
where its activity contributes to DNA repair [20]. Its deu-
biquitinating activities are controlled by two scaffold pro-
teins localized in cytosol and nucleus [21]. Its higher order
assembly with KIAAQ157, that makes dimer and interact
with target proteins SHMT?2 and RAPS8O0, is necessary for
deubiquitinase action and biological function [22]. It is evi-
dent that K63-specific deubiquitinating activity of BRCC36
was co-fractionated with the 19S subunit of the 26S pro-
teasome, the COP9 signalosome (CSN) complex [14]. We
thus examined the role of proteasomal activity in NLRP3
inflammasome activation in oxLDL-treated macrophages.
We found that a general proteasome inhibitor MG132 inhib-
ited NLRP3 inflammasome activation and IL-1f secretion
(Fig. 2a, c). However, it also caused toxicity to cells and
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led to enhanced cell death (Fig. 2b). It is likely that it also
induces various cell death receptors via different pathways
as reported earlier [23, 24].

Since BRCC36 is a part of BRISC (BRCC36 isopepti-
dase) complex [25], next, we inhibited the isopeptidase
activity through cell-permeable synthetic compound GS5.
We found that G5 significantly inhibited oxLDL-induced
BRCC36 at protein level (Fig. 3c) and activity level (Fig. 4).
We further assessed NLRP3 inflammasome assembly
and found that G5 not only inhibited NLRP3 inflammas-
ome-induced Caspase-1 activation and IL-1f secretion,
but also prevented oxLDL inflammatory cell death, i.e.,
pyroptosis (Fig. 3).

Next, to ascertain whether the oxLDL-induced increase
in NLRP3 inflammasome activity is through the BRCC36,
we knocked down BRCC36 by siRNA transfection. BRCC36
knockdown in macrophages showed a significantly low
level of NLRP3 inflammasome, caspase-1 activation, and
IL-1p secretion (Fig. 5a, c) suggesting the role of BRCC36.
The siRNA-mediated silencing of BRCC36 also inhibited
oxLDL-induced pyroptotic cell death. These results con-
firmed that BRCC36 could be an essential player for NLRP3
inflammasome activation in the presence of stressor mol-
ecule such as oxLDL. Furthermore, the inhibition of pro-
teasome activity and deubiquitinating enzyme BRCC36
together severely inhibited the level of cleaved caspase-1,
suggesting that the BRCC36 could be an important anti-
inflammatory target.

BRCC36 contains K63-linked ubiquitin-specific deubiq-
uitinating activity [26] Therefore, we analyzed ubiquitina-
tion pattern of NLRP3 molecule and found that in unstimu-
lated cells, NLPR3 molecules were ubiquitinated with both
K48- and K63-linked ubiquitin molecules which could have
helped maintain the turnover and half-life of NLRP3 protein.
However, oxLLDL treatment could trigger BRCC36 deubiq-
uitinating activity and removed K63-linked ubiquitination.
The process helped in decreased proteasomal degradation
of NLRP3, resulting in its accumulation and activation
and subsequent release of IL-1f and pyroptosis. BRCC36-
silenced cells did not respond toward the K48 ubiquitination,
as its level remained unchanged. These findings suggested
that the inhibition of BRCC36 subsequently inhibited K63-
linked ubiquitination of NLRP3, and hence, it suppressed the
NLRP3 inflammasome activation (Fig. 6a, b).

It has been shown that oxLDL promotes ROS-induced
NLRP3 inflammasome activation and subsequently release
of IL-f in the media [1]. To test this in our system, we
induced the murine macrophages with oxLDL at different
timepoints and found that it increases the ROS generation
and secretion of IL-f in the media. ROS quencher NAC
could successfully suppress oxLDL-induced IL-f in the
media (Fig. 7a, b). Furthermore, our immunoblotting stud-
ies showed that NAC treatment also significantly decreased
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Fig.9 Schematic diagram
showing NLRP3 inflammasome
activation through BRCC36
deubiquitination activity in

the presence of oxLDL. In
normal condition (— oxLDL),
NLRP3 proteins get ubiq-
uitinated regularly and sent

for proteasomal degradation
maintaining its half-life in the
cells. However, in the presence
of oxLLDL (+ oxLDL) in cells,
the deubiquitinating enzyme
BRCC36 gets activated which
removes K63 ligated ubiquitins
from NLRP3 proteins which
starts accumulating and form
NLRP3 inflammasome assem-
bly leading to release of IL-1§
and promotes inflammation

- oxLDL

BRCC36 expression (Fig. 7¢), which indicated that BRCC36
promoted inflammasome activation and subsequently release
of IL-f in media could be via ROS-induced pathway. This,
however, requires further studies for its validation.

Our observations that BRCC36 inhibition restricted
oxLDL-induced NLRP3 inflammasome activation suggest
that BRCC36 may be directly interacting with NLRP3. We
confirmed this through immunoprecipitation of NLRP3 pro-
teins followed by immunoblotting using BRCC36 antibod-
ies, which showed that BRCC36 coprecipitated with NLRP3,
suggesting its interaction and association with NLRP3 pro-
tein (Fig. 8). Interestingly, the two proteins could also be
present in the unstimulated cells, which may suggest that
although both proteins may be present together in unstimu-
lated cells and BRCC36 remains inhibited, which upon
stimulation could get activated. The stimulus-dependent
activation of BRCC36 helps in K63 specific deubiquitination
process, which results in NLRP3 inflammasome complex
formation and activation, leading to increased inflammation.

Conclusions

In conclusion, our study reveals that oxLDL-induced K63-
linked deubiquitination of NLRP3 inflammasome protein
leads to the secretion of IL-1f and potentially enhanced
inflammation. K63-linked ubiquitination of NLRP3 inflam-
masome is regulated by deubiquitinating enzyme BRCC36,

NLRP3

lUbiquitination

Proteasomal
Degradation

O]
BRCC36

oxLDL
(Deubiquitination)
& —» K48
Proteasome
P = K63
<Inflammasome=
activation
IL-1B

which interacts with NLRP3 proteins for optimum activity
(summarized in Fig. 9). Inhibition of BRCC36 deubiquit-
inating activity suppresses NLRP3 inflammasome activa-
tion, which could be a potential approach to control exces-
sive inflammation.
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