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E3 ligase RNF99 negatively regulates TLR-mediated
inflammatory immune response via K48-linked ubiquitination
of TAB2
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Innate immunity is the first line to defend against pathogenic microorganisms, and Toll-like receptor (TLR)-mediated inflammatory
responses are an essential component of innate immunity. However, the regulatory mechanisms of TLRs in innate immunity remain
unperfected. We found that the expression of E3 ligase Ring finger protein 99 (RNF99) decreased significantly in peripheral blood
monocytes from patients infected with Gram negative bacteria (G-) and macrophages stimulated by TLRs ligands, indicating the
role of RNF99. We also demonstrated for the first time, the protective role of RNF99 against LPS-induced septic shock and dextran
sodium sulfate (DSS)-induced colitis using RNF99 knockout mice (RNF99–/–) and bone marrow-transplanted mice. In vitro
experiments revealed that RNF99 deficiency significantly promoted TLR-mediated inflammatory cytokine expression and activated
the NF-κB and MAPK pathways in macrophages. Mechanistically, in both macrophages and HEK293 cell line with TLR4 stably
transfection, RNF99 interacted with and degraded TAK1-binding protein (TAB) 2, a regulatory protein of the kinase TAK1, via the
lysine (K)48-linked ubiquitin-proteasomal pathway on lysine 611 of TAB2, which further regulated the TLR-mediated inflammatory
response. Overall, these findings indicated the physiological significance of RNF99 in macrophages in regulating TLR-mediated
inflammatory reactions. It provided new insight into TLRs signal transduction, and offered a novel approach for preventing bacterial
infections, endotoxin shock, and other inflammatory ills.
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INTRODUCTION
Activation of the innate immune system requires pattern
recognition receptors (PRPs) to recognize pathogen-associated
molecular patterns (PAMPs), and macrophages are the main
effector cells [1]. Toll-like receptors (TLRs), the earliest
discovered and most studied pattern recognition receptors,
are bacterial sensors that act as interfaces between the
external environment and cell responses [2]. Once TLRs
recognize conserved microbe-associated motifs, macrophages
secrete proinflammatory factors such as TNF-α, IL-1β, and IL-6,
which conversely contribute to further activation of inflam-
matory signaling [3, 4]. Abnormal TLRs signal transduction
can lead to abnormal inflammatory responses and many
related immune diseases, including sepsis and inflammatory
bowel disease (IBD) [5–7]. It is a pathological syndrome
characterized by persistent excessive inflammation and
immunosuppression and associated with high morbidity and
mortality. TLR agonists have shown great potential as
antimicrobial agents and vaccine adjuvants, while TLR
antagonists are being developed as reagents and drugs to
inhibit immune response. And previous studies have shown

that TLR4 can be used as a therapeutic target in sepsis [7–9].
Although the understanding of the key pathogenesis of TLR-
mediated human disease has greatly increased, there is still a
lack of a fully effective clinical treatment. Therefore, it is
important to explore the mechanism of TLRs signaling and
avoid abnormal activation of TLR signals.
When TLRs are stimulated by ligands such as lipopolysacchar-

ide (LPS) (TLR4 ligand), R848 (Resiquimod) (TLR7/8 ligand), and
lipoteichoic acid (LTA) (TLR2 ligand), they initiate a signaling
cascade by recruiting MyD88 or TRIF. MyD88 triggers the
formation and activation of TAK1-TABs complexes and leads to
the phosphorylation of the nuclear factors NF-κB and MAPKs
[4, 10, 11]. Eventually, immune and inflammatory responses,
fever, endotoxemia, and shock are initiated. Studies have shown
that TAK1 plays a critical role in tumor necrosis factor receptor
(TNFR), interleukin-1 receptor I (IL-1RI), and TLR-mediated NF-κB
and MAPKs activations [12]. TAK1 activation requires TAK1-
binding proteins (TAB1, TAB2, and TAB3), and the TAK1-TABs
complex plays an essential role in innate immune and
inflammatory responses [13–15]. Although the TAK1-TAB com-
plex has been extensively studied, the role of individual proteins
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and their molecular mechanisms of activation in different cell
types remain to be elucidated.
Intracellular signaling, through covalent attachment of differ-

ent ubiquitin-linked protein substrates, underlies many cellular
processes [16, 17]. In recent years, increasing evidence has
shown that lots of E3 ligases are involved in the regulation of
innate immunity and inflammation by modifying TLRs signaling
pathway-related proteins. For example, the E3 ligase Nrdp1 can
modify MyD88 and TBK1 through ubiquitination, thereby
negatively regulating the expression of TLR-mediated pro-
inflammatory cytokines [18, 19]. The E3 ligase TRIM38 promotes
K48-linked ubiquitination of TRIF and negatively regulates TLR3-
mediated IFN-β expression [20]. TRIM38 can also promote K48-
linked ubiquitination, degradation of NAP1, and inhibition of
IRF3 activation, thus negatively regulating the TLR/RLR-mediated
signaling pathways [21]. Ring finger protein 99 (RNF99), a new
member of the E3 ligase TRIM family, has rarely been studied.
Research have shown that RNF99 functions as a tumor
suppressor in the brain via its E3 ligase activity by stabilizing
p53 through K63-linked ubiquitination [22]. Meanwhile, studies
have shown that RNF99 could negatively regulate NF-κB-
mediated transcriptional activity and proliferation of HeLa or
NIH3T3 cells, but lack detailed mechanisms and targets for
ubiquitination modification [23]. To date, the molecular mechan-
isms and functions of RNF99 in relation to different diseases
need to be further explored.
Considerable evidence suggests the importance of post-

translational modifications (PTMs) of TAK1 and TAB in regulating
TAK1 activation. So far, aside from phosphorylation, ubiquitina-
tion is one of the most widely studied posttranslational
modifications [24]. And research have shown that the
ubiquitin-proteasome system plays a crucial role in the TAK1-
TAB complex assembly and TAK1 activation [25]. But studies on
TAB2 degradation have mainly focused on the lysosomal
pathway. It has been reported that E3 ligases TRIM38 [26],
TRIM30α [27], TRIM22 [28], and RNF4 [29] can target TAB2 and
degrade it through the lysosomal pathway. Whether the
proteasome pathway is involved in TAB2 degradation has been
unclear. Therefore, it is crucial to further explore the specific E3
ubiquitin ligase that promotes TAB2 degradation in the
proteasome pathway. It is also important to study the molecular
mechanism of its influence on TAB2 ubiquitination and related-
TAK1 kinase activity, and clarify its physiological significance in
inflammatory diseases such as endotoxemia and colitis.
In our study, it was found that E3 ubiquitin ligase RNF99, as a

feedback regulator, could negatively regulates TLRs-mediated
inflammatory immune response in macrophages, and then
involved in the progression of endotoxemia and colitis in mice.
In mechanism, we found that RNF99 could specifically bind to
TAB2 and promoted K48-linked ubiquitination at the K611 lysine
residue, thereby mediating its degradation through the proteaso-
mal pathway. Through the above studies, we found that E3 ligase
RNF99 affects the formation of protein kinase TAK1-TAB1-TAB2
complex and inflammation by regulating TAB2 degradation via
ubiquitin-proteasome pathway.

MATERIALS AND METHODS
A detailed method and original western blots with markers are available in
the Online Supplemental Materials.

RESULTS
TLRs stimulation and Gram-negative bacillus (G-) infection
decreased expression of RNF99 in macrophages
RNF99 expression and inflammatory response changes were
investigated employing various TLR ligand treatments in PMs
and BMDMs extracted from wild-type (WT) mice. Both mRNA

(Fig. 1A) and protein (Fig. 1B, C) levels of RNF99 were significantly
downregulated upon stimulation of the TLR4 ligand (LPS) in PMs
and BMDMs. Similar results were obtained in response to different
stimulations of TLR7/8 (R848) and TLR2 (LTA) ligands, respectively.
This further suggested that RNF99 may be a feedback regulator of
TLR-mediated innate immunity.
LPS, a TLR4 ligand, is a key component of the G- bacterial cell

wall [9]. We collected peripheral blood from patients with G-

infection and healthy individuals, and confirmed it through blood
culture. CD14+ monocytes were sorted using flow cytometry and
detected employing quantitative real-time PCR (RT-PCR). Com-
pared to the healthy participants, mRNA levels of TNF-α, IL-6, and
IL-1β in G- infected patients were significantly higher (Fig. 1D).
However, RNF99 levels were decreased (Fig. 1E), suggesting that
its expression in monocytes may be closely related to bacterial
infections.

RNF99 knockout effect on TLRs-mediated endotoxemia and
acute colitis
To determine the role of RNF99 in TLR-mediated innate
inflammatory responses, we constructed RNF99 knockout mice
(RNF99–/–) using CRISPR/Case9 technology (Supplementary
Fig. 1A, B). The knockout efficiency of PMs was confirmed using
western blotting (Supplementary Fig. 1C). LPS-induced endotox-
emia and lung injury in vivo model was established to study TLR-
related molecular mechanisms and potential therapies for
inflammation-related lung injury. We then constructed a mouse
endotoxemia model by intraperitoneal injection of LPS. Com-
pared with WT littermate controls (RNF99+/+), RNF99 knockout
mice significantly aggravated polymorphonuclear cell infiltration
and interstitial pneumonitis in the lungs after the LPS challenge
(Fig. 2A, B). The production of TNF-α, IL-6, and IL-1β in the sera
from RNF99–/– mice was also significantly upregulated after TLR
challenge (Fig. 2C). In response to lethal challenge with LPS,
RNF99–/– mice experienced earlier onset of death and exhibited
higher mortality (Fig. 2D). These data suggested that RNF99
negatively regulates endotoxin-mediated inflammatory diseases
in vivo.
Abnormal intestinal flora induces activation of macrophage

TLRs signaling and mediates inflammatory response, which is
an important event for the development of IBD [5, 30]. DSS-
induced colitis is a classic inflammatory model used to
investigate the mechanisms of IBD [31, 32]. Hence, we further
studied the effect of RNF99 deficiency on the DSS-mediated
inflammatory response. The results showed that, compared
with RNF99+/+ mice, the clinical manifestations of colitis in
RNF99–/– mice were significantly aggravated, mainly mani-
fested as weight loss in 6–7 days (Fig. 2E), soft stool in
5–7 days (Fig. 2F), and aggravated hematochezia in 5–7 days
(Fig. 2G), at the same time, the colon of mice was shortened
(Fig. 2H, I). Histopathological examination by H&E staining of
the colon sections revealed aggravated mucosal destruction
and increased inflammatory cell infiltration in RNF99–/– mice
(Fig. 2J, K). In addition, the expression of proinflammatory
factors in the peripheral blood of RNF99–/– mice was
significantly upregulated (Fig. 2L). Collectively, RNF99 defi-
ciency significantly aggravated the severity of TLR-mediated
endotoxemia and acute colitis.

Regulation of TLRs-mediated inflammatory diseases by RNF99
in macrophages
To further demonstrate that the RNF99 specifically in macrophages
plays a key role in TLR-mediated inflammatory diseases, we
transplanted bone marrow cells from RNF99+/+ or RNF99–/– mice
donors into irradiated RNF99+/+ mice (RNF99+/+→ RNF99+/+ or
RNF99–/–→ RNF99+/+) (Fig. 3A), or transplanted bone marrow cells
from RNF99+/+ or RNF99–/– mice into irradiated RNF99–/– mice
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(RNF99+/+→ RNF99–/– or RNF99–/–→ RNF99–/–) (Fig. 3H). The chimeric
mice were then challenged with LPS to induce endotoxemia or DSS to
induce acute colitis. Compared to RNF99+/+→ RNF99+/+ mice,
RNF99–/–→ RNF99+/+ counterparts showed severe lung injury in
H&E-stained lung sections (Fig. 3B, Supplementary Fig. 2A) and
increased proinflammatory factor production after the LPS challenge
(Fig. 3C). Consistently, RNF99–/–→ RNF99–/– mice also showed
aggravated lung inflammation (Fig. 3I) and increased proinflammatory
factor production (Fig. 3J) compared to RNF99+/+→ RNF99–/– mice
after LPS challenge. After DSS-induced colitis was established, clinical
and pathological changes in mice showed that, compared with
RNF99+/+→ RNF99+/+ mice, RNF99–/–→ RNF99+/+ mice displayed
aggravated weight loss, soft stool, hematochezia (Fig. 3D), shortened
colon (Fig. 3E), mucosal destruction, increased inflammatory cell
infiltration (Fig. 3F, Supplementary Fig. 2B) and proinflammatory factor
production (Fig. 3G). A similar phenomenon was observed in RNF99–/
–→ RNF99–/– mice compared to RNF99+/+→ RNF99–/– mice
(Fig. 3K–N, Supplementary Fig. 2C, D). These results suggested that
mice with RNF99–/– bone marrow cells were more sensitive to LPS-
induced endotoxin and DSS-induced colitis. Overall, the above results

demonstrated the crucial role of macrophage-derived RNF99 in the
protection against TLR-triggered inflammatory diseases.

RNF99 deficiency positively regulates TLR-mediated
inflammatory cytokine production in macrophages
As an important E3 ubiquitin ligase, the role of macrophage RNF99
in the TLR-mediated immune response remains unclear. To clarify
this, PMs and BMDMs were extracted from RNF99+/+ and RNF99–/–

mice, respectively, and the production of the corresponding
inflammatory factors was observed after treatment with different
TLR ligands, such as LPS, R848, and LTA. The results showed that,
compared to RNF99+/+ mice PMs, RNF99–/– mice significantly
upregulated mRNA levels of TNF-α, IL-6, and IL-1β after stimulation
by LPS (Fig. 4A, B), R848 (Fig. 4C, D), and LTA (Fig. 4E, F). Similar
results were obtained from RNF99–/– mouse BMDMs following LPS
stimulation (Supplementary Fig. 3A, B).
The production of TLR-mediated inflammatory factors such as

TNF-α, IL-6, and IL-1β mainly depends on the activation and
transduction of NF-κB and MAPKs. PMs and BMDMs from RNF99+/+

and RNF99–/– mice were treated with LPS, R848, or LTA. Western

Fig. 1 Gram negative (G-) infection and TLRs stimulation decreased expression of RNF99 in macrophages. A Relative rnf99 mRNA levels in
PMs and BMDMs stimulated by LPS (n= 5–6), R848 (n= 7), or LTA (n= 6) for different periods of time. B, C Representative western blot images
of RNF99 in PMs and BMDMs after LPS, R848, or LTA stimulation for different periods of time. D Relative mRNA levels of tnf-α, il-6, and il-1β in
peripheral blood monocytes of healthy and G- infected patients (n= 15). E Relative rnf99 mRNA levels in the peripheral blood monocytes of
healthy and G- infected patients (n= 15). Data were presented as the mean ± SEM and Gaussian distributions were evaluated by the
Shapiro–Wilk method. One-way ANOVA with Dunnett’s post hoc test was used for Fig. 1A (LPS-induced PMs and BMDMs, and R848-induced
PMs). The Kruskal–Wallis test with Dunnett’s post hoc test was used for Fig. 1A (LTA-induced PMs). The Mann–Whitney test was used for Fig.
1D, E. *P < 0.05, **P < 0.01, ***P < 0.001. Adjusted P values are provided for multiple group comparisons.
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blotting showed that compared with RNF99+/+ mouse macro-
phage, the phosphorylation of IκB-α, P65, an activation hallmark of
NF-κB, and phosphorylation of ERK, JNK, P38, hallmarks of MAPK
activation, were all significantly increased in the PMs (Fig. 4G, H) and

BMDMs (Fig. 4I, J) of RNF99 knockout mice after TLR ligand
treatment. The results confirmed that RNF99 deficiency in macro-
phages enhanced the TLR-induced activation of the NF-κB and
MAPK signaling pathways.
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RNF99 overexpression negatively regulated TLR-mediated
inflammatory cytokine production and signaling pathway
activation in macrophages
RNF99, as a member of the TRIM family, has a Ring, Coiled-
Coil, B-box, and Filamin domains, among which the Ring
domain is the key to its E3 ubiquitin ligase function. To further
clarify the role of RNF99 in TLR-mediated inflammatory
cytokine production, we constructed adenovirus-containing
plasmids expressing wild-type RNF99 (RNF99-WT), mutants
with deletion of the Ring domain (△-Ring), and a point
mutation (C94/97 A). Both △-Ring and C94/97 A mutants lost
their E3 ubiquitin ligase function (Supplementary Fig. 4). After
RNF99-WT, △-Ring, and C94/97 A were overexpressed in
mouse PMs by adenovirus infection and following LPS
treatment, it was found that overexpression of
RNF99 significantly alleviated TLR-mediated inflammatory
factor synthesis (Fig. 5A) and secretion (Fig. 5B), and activation
of NF-κB and MAPKs signaling (Fig. 5D–F). Overexpression
△-Ring and C94/97 A did not have such effects, suggesting an
essential role for the E3 ligase activity of RNF99. Consistent
with PMs, the same phenomenon was observed in HEK293-
TLR4 overexpressing cell lines (293-TLR4) following LPS
treatment (Fig. 5C, Supplementary Fig. 5). These results further
indicated that RNF99 can negatively regulate TLR-mediated
inflammatory cytokine production and that this effect is
closely related to its E3 ubiquitin ligase function.

RNF99 affects the formation of the TAK1-TAB1-TAB2 complex
by promoting TAB2 degradation
To elucidate the regulatory mechanisms of RNF99 on TLR-
induced proinflammatory cytokine production and activation of
the NF-κB and MAPK signaling pathways, we aimed to identify
the target molecules of RNF99 in TLR-mediated signaling
pathways. We co-transfected several related plasmids IKK-α,
IKK-β, IKK-γ, IRAK-1, IRAK-4, TRAF6, TAK1, TAB1, TAB2, with
RNF99 into 293-TLR4 cell lines and treated them with LPS. RNF99
overexpression significantly reduced the protein level of TAB2,
but had no effect on the expression of other junction proteins
(Fig. 6A). Similarly, after LPS stimulation of RNF99+/+ and
RNF99–/– mouse PMs, only TAB2 expression increased, while
the expression of other conjunctions did not change (Fig. 6B).
These results indicated that TAB2 may be a target for RNF99 in
the TLRs pathway. To further clarify the effect of RNF99 on the
expression of TAB2, 293-TLR4 cells were co-transfected with
TAB1 or TAB2 with a gradient overexpression of RNF99. It was
found that, as the overexpression of RNF99 increased,
TAB2 showed a corresponding gradient decrease (Fig. 6D), while
the expression of TAB1 did not change (Fig. 6C). However, when
△-Ring and C94/97 A mutants of RNF99 were co-transfected
with TAB2 in LPS-induced 293-TLR4 cells, the degradation effect
was abolished, indicating that the degradation of TAB2 by
RNF99 depended on its E3 ubiquitin ligase function (Fig. 6E). To
further investigate how RNF99 downregulates TAB2, we
employed proteasomal degradation (MG132 and bortezomib)

and lysosomal degradation (chloroquine and NH4Cl) inhibitors.
Similarly, TAB2 and RNF99 were co-transfected into LPS-induced
293-TLR4 cells. Degradation of TAB2 by RNF99 disappeared after
MG132 or bortezomib treatment. However, such degradation
did not change after chloroquine or NH4Cl treatment in LPS-
induced 293-TLR4 cells (Fig. 6F, G). These results indicated that
the degradation of TAB2 by RNF99 relies on the proteasomal
pathway.
The TAK1-TABs complex is essential for TLR-mediated signal

transduction, and TAB2 plays a crucial role in this process [13]. We
further explored the effect of RNF99 on the TAK-TABs complex
and found that followed by TAB2 increase in RNF99–/– mouse PMs,
LPS-induced phosphorylation of TAK was significantly enhanced
(Fig. 6H). Meanwhile, the binding of TAK1 and TAB1 significantly
increased after RNF99 was knocked out (Fig. 6I). These results
confirmed that RNF99 affected the formation of the TAK-TAB
complex.
To further confirm the role of TAB2 in RNF99-mediated

inflammatory responses, we applied CRISPR-Cas9 system to
generate TAB2-deficient RAWs, followed by RNF99 interfered
with si-RNA and LPS stimulation. As shown in Supplementary
Fig. 6, deficiency of RNF99 on TAB2 knockout background have
no effect on the LPS-induced hyper-inflammatory state of
macrophages, which further proved that the hyper-
inflammatory effect of RNF99–/– is solely mediated by
TAB2 stabilization.

RNF99 interacts with TAB2
As a part of the regulatory mechanism, we further confirmed the
target molecules of RNF99 in the TLR signaling pathway. First, we
co-transfected the TLR signaling pathway junction plasmids IKK-α,
IKK-β, IKK-γ, IRAK-1, IRAK-4, TRAF6, TAK1, TAB1, TAB2, with RNF99
into 293-TLR4 cells following LPS treatment. Co-
Immunoprecipitation (CO-IP) and immunoblotting results revealed
that RNF99 bound to TAB1, TAB2, TAK1, and TRAF6 (Fig. 7A). Our
results showed that RNF99 specifically mediated degradation of
TAB2, suggesting that TAB2 may be the direct target for RNF99
and that other proteins may be part of the complex involved in
signal transduction. We further confirmed the binding of RNF99
and TAB2 by CO-IP separately in 293-TLR4 cells (Fig. 7B). In
addition, RNF99 and TAB2 plasmids were constructed on
PCDNA3.1-GFP and PCDNA3.1-Flag containing T7 promoters,
respectively, and translated in vitro using Promega’s TNT in vitro
transcription and translation system. Follow-up CO-IP experiments
confirmed the direct binding of RNF99 to TAB2 (Fig. 7C).
Additionally, the interaction between RNF99 and TAB2 was
confirmed by endogenous CO-IP detection in the PMs (Fig. 7D).
After overexpression of RNF99 and TAB2 in 293-TLR4 cells, cellular
immunofluorescence staining was performed, and confocal laser
microscopy revealed that RNF99 and TAB2 had obvious co-
localization in the cells (Fig. 7E). All the preceding data indicated
intimate interaction between RNF99 and TAB2.
To establish which portions of RNF99 were responsible for

the interaction, we generated a series of truncation mutants

Fig. 2 RNF99 knockout significantly aggravated TLR-mediated endotoxemia and acute colitis. Sex- and age-matched RNF99+/+ and
RNF99–/– mice were intraperitoneally injected with lipopolysaccharide (LPS) or PBS. A H&E staining and histopathological analysis of lung
sections in RNF99+/+ and RNF99-/- mice after LPS or PBS intraperitoneal injection. Scale bar= 50 μm. B Representative CD68 staining in the
lungs of the four groups and quantitative analysis. C ELISA analysis of TNF-α, IL-6, and IL-1β in LPS-challenged RNF99+/+ and RNF99–/– mice
sera (n= 8). D Survival of RNF99+/+ and RNF99–/– mice following LPS intraperitoneal injection. Sex- and age-matched RNF99+/+ and RNF99–/–

mice were administered DSS, in drinking water for seven days, or H2O as a control (n= 8–10). E Body weight, (F) Stool softness, and (G)
bleeding changes, were measured daily. H, I Colon lengths of RNF99+/+ and RNF99–/– mice were photographed and measured on day 7.
J, K Histopathological changes were observed after H&E staining of colon tissue. Scale bar= 50 μm. L ELISA analysis of TNF-α, IL-6, and IL-1β
levels in DSS-treated mice sera (n= 8). Data were presented as the mean ± SEM and Gaussian distributions were evaluated by the
Shapiro–Wilk method. The Mann–Whitney test was used for Fig. 2A and L(IL-1β). The Student’s t test was used for Fig. 2B, C, K, and L (TNF-α
and IL-6). The log-rank (Mantel–Cox) test was used for Fig. 2D. Two-way ANOVA followed by Tukey’s post hoc test was used for Fig. 2E–G, I.
*P < 0.05, **P < 0.01, ***P < 0.001. Adjusted P values are provided for multiple group comparisons.
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according to the protein structure (Fig. 7F). Through CO-IP
experiments in 293-TLR4 cells with LPS stimulation, we
found that TAB2 could not interact with the N-terminus and
mutants without coiled-coil (△CC) (Fig. 7G). This indicated

that the Coiled-coil in RNF99 is the structural domain that
combined with TAB2. Together, our findings suggested that
TAB2 is a target molecule of RNF99 in the TLRs signaling
pathway.
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RNF99 targets K611 of TAB2 for K48-linked polyubiquitination
Protein ubiquitination is closely associated with the ubiquitin-
proteasomal degradation pathway [33, 34]. After demonstrating
that RNF99 mediates the degradation of TAB2 via proteasomal
pathway and that this degradation depends on E3 ubiquitin ligase
activity, we further explored whether RNF99 can mediate ubiquitin
modification of TAB2. HA-labeled ubiquitin, Myc-RNF99, and Flag-
TAB2 overexpression plasmids were co-transfected into the 293-
TLR4 cell line. It was found that RNF99 significantly promoted the
ubiquitination level of TAB2 (Fig. 8A, Supplementary Fig. 7A). The
HA-ubiquitin and GFP-TAB2 overexpression plasmids were co-
transfected with plasmids of Flag-RNF99-WT, △Ring, or C94/C97A
in 293-TLR4 cells with LPS treatment. The results showed that
RNF99-WT could promote the ubiquitination of TAB2, but not
RNF99-△Ring and RNF99-C94/C97A (Fig. 8B). These results
suggested that RNF99 can promote ubiquitin modification of
TAB2 and that this effect is closely related to the E3 ubiquitin
ligase function of RNF99.
The full-length ubiquitin molecule contains seven lysine sites

(K6, K11, K27, K29, K33, K48, and K63). K48- and K63-linked
ubiquitination are the two most studied types of ubiquitination,
and K48-linked ubiquitination is often reported to involve
proteasomal degradation [35, 36]. To further explore the ubiquitin
modification effects of RNF99 on TAB2, we co-transfected Myc-
RNF99 and Flag-TAB2 with various types of ubiquitin (WT, K48, and
K63) in LPS-treated 293-TLR4 cells. The results showed that RNF99
could significantly promote K48-linked ubiquitination of TAB2 but
had no effect on the K63-linked ubiquitination (Fig. 8C). Con-
sistently, co-transfection of K48-ubiquintin and TAB2 with RNF99
mutants (△Ring, C94/C97A) in LPS-treated 293-TLR4 cells
revealed that RNF99 without E3 ubiquitin ligase function did not
affect the K48-linked ubiquitination level of TAB2 (Fig. 8D). After
stimulation of PMs from RNF99+/+ and RNF99–/– mice with LPS,
tandem ubiquitin-binding entities (TUBEs) pull-down assays were
performed to purify the ubiquitinated substrates, detection
showed that endogenous K48-linked ubiquitination of TAB2 was
decreased in PMs from RNF99–/– mice upon LPS treatment
(Fig. 8E).
To further explore the mechanism of ubiquitin modification of

TAB2 by RNF99 in vitro, Promega’s TNT in vitro transcription and
translation system was used to translate GFP-RNF99 and Flag-
TAB2, GST-TRIM31 served as a negative control. The translated
protein was then added to BostonBiochem’s in vitro ubiquitin
modification system in the presence of E1, UbcH5a, ubiquitin (WT),
K63 (containing only K63 lysine)-ubiquitin, and K48-ubiquitin
(containing only K48 lysine). TAB2 was ubiquitinated by RNF99 in
the presence of WT- and K48-ubiquitin but not by K63-ubiquitin

(Fig. 8F). Taken together, these results confirmed the critical role of
RNF99 in K48-linked ubiquitination of TAB2.
Previous omics research on TAB2 ubiquitination predicted that

lysine 522, 611, 653, and 656 of TAB2 were ubiquitinated [37–39].
However, an E3 ligase that regulates ubiquitination at these sites
has not yet been identified. To clarify which lysine site on TAB2 is
responsible for ubiquitination by RNF99, we constructed over-
expression plasmids with mutations in different lysine sites of
TAB2 (K522R, K611R, K653R, K656R, and K653/656 R). After co-
transfection of the TAB2 mutants with Myc-RNF99 and ubiquitin in
293-TLR4 cells, it was found that RNF99 lost the ubiquitination
function in the K611R mutant (containing all lysine except the 611
lysine that was mutated), indicating that K611 is the site of
ubiquitination modification of TAB2 by RNF99 (Fig. 8G). In
addition, after K611 in TAB2 was mutated, the degradation effect
of RNF99 on TAB2 disappeared (Fig. 8H, Supplementary Fig. 7B).
The ubiquitination lysine site was consistent with the degradation
site of TAB2 by RNF99. Overall, these results suggested that RNF99
promotes proteasomal degradation by modifying lysine 611 of
TAB2 through ubiquitination and plays an essential role in
inhibiting NF-κB and MAPK signaling pathways and the innate
immune response.

DISCUSSION
The induction of innate immune response is the first line of
defense against pathogen invasion [1]. The TLRs signaling
excessive activation in macrophages is an important cause of
inflammatory lesions such as sepsis and colitis [2, 5, 6]. Ubiquitina-
tion plays a key role in TLR-mediated inflammatory diseases and
that many E3 ubiquitin ligases are involved. For example, the E3
ligase TRIM26 positively regulates DSS-induced colitis and LPS-
induced lung injury by modifying TAB1 via ubiquitination [40]. The
E3 ligase TRIM31 promotes DSS-induced colitis by promoting
NLRP3 ubiquitination and proteasomal degradation [41]. Previous
studies on RNF99 have mainly focused on biological processes
involved in tumor progression [22, 42]. However, the cognition of
RNF99’s role in macrophage-mediated inflammatory immune
response is still limited.
Here, we found that RNF99 expression was reduced in G-

infected peripheral blood monocytes and macrophages with
TLRs ligands treatment. These results suggested that RNF99 may
be involved in a feedback process in the TLR-mediated innate
immune response and the body’s resistance to bacterial
infection, and RNF99 may also be a promising diagnostic
biomarker. Accordingly, in vivo research revealed that RNF99
deficiency markedly increased LPS-induced endotoxemia and

Fig. 3 Regulation of TLRs-mediated inflammatory diseases by RNF99 in macrophages. Sex- and age-matched RNF99+/+ and RNF99-/-

mouse bone marrow cells were depleted by irradiating. Irradiated mice were transplanted bone marrow cells from RNF99+/+ or RNF99-/- mice
donors, respectively. Intraperitoneal injection of LPS was performed to construct an endotoxemia mouse model after bone marrow
reconstruction. A Schematic diagram of bone marrow-transplantation (RNF99+/+→ RNF99+/+ and RNF99–/–→ RNF99+/+). B H&E staining of
lung sections from LPS-induced RNF99+/+ mice treated with bone marrow cells from RNF99+/+ or RNF99-/- mice. Scale bar= 50 μm. C ELISA
analysis of TNF-α, IL-6, and IL-1β levels in LPS-treated mice sera (n= 8). DSS was used to construct a mouse model of acute colitis following
bone marrow reconstruction. D Clinical and pathological changes in DSS-induced RNF99+/+ mice transplanted with bone marrow cells from
RNF99+/+ or RNF99–/–. E Changes in colon length in DSS-induced colitis mice. F Histopathological changes in the colon of DSS-induced mice.
Scale bar= 50 μm. G ELISA analysis of TNF-α, IL-6, and IL-1β levels in DSS-treated mice sera (n= 8). H Schematic diagram of bone marrow-
transplantation (RNF99+/+→ RNF99–/– and RNF99–/–→ RNF99–/–). I H&E staining of lung sections from LPS-induced RNF99–/– mice treated with
bone marrow cells from RNF99+/+ or RNF99-/- mice. Scale bar= 50 μm. J ELISA analysis of TNF-α, IL-6, and IL-1β levels in LPS-treated mice sera
(n= 8). K Clinical and pathological changes in DSS-induced RNF99–/– mice transplanted with bone marrow cells from RNF99+/+ or RNF99–/–.
L Changes in colon length in DSS-induced colitis mice. M Histopathological changes in the colon of DSS-induced mice. Scale bar= 50 μm.
N ELISA analysis of TNF-α, IL-6, and IL-1β levels in DSS-treated mice sera (n= 8). Data were presented as the mean ± SEM and Gaussian
distributions were evaluated by the Shapiro–Wilk method. The Student’s t test was used for Fig. 3C (TNF-α and IL-1β), E, G (TNF-α and IL-6),
(J, L, N). The Mann–Whitney test was used for Fig. 3C (IL-6) and G (IL-1β). Two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc
test was used for Fig. 3D. The Student’s t test was used for Fig. 3I, J. *P < 0.05, **P < 0.01, ***P < 0.001. Adjusted P values are provided for
multiple group comparisons.
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Fig. 4 RNF99 deficiency positively regulated TLRs-mediated inflammatory cytokine production and signaling pathway activation in
macrophages. A, B RT-PCR and ELISA analysis of TNF-α, IL-6, and IL-1β in PMs, from RNF99+/+ or RNF99–/– mice or supernatants of PMs
stimulated by LPS (100 ng/ml) for indicated hours (n= 6). C, D RT-PCR and ELISA analysis of TNF-α, IL-6, and IL-1β in PMs from RNF99+/+ or
RNF99–/– mice or supernatants of PMs stimulated by R848 (10 ng/ml) for indicated hours (n= 6). E, F RT-PCR and ELISA analysis of TNF-α, IL-6,
and IL-1β in PMs from RNF99+/+ or RNF99–/– mice or supernatants of PMs stimulated by LTA (10 ng/ml) for indicated hours (n= 6).
G, H Immunoblot analysis of phosphorylation levels of IκB-α, P65, ERK, JNK, and P38 in PMs, from RNF99+/+ or RNF99–/– mice, stimulated by
LPS for indicated hours; R848 and LTA stimulation was for 30min. I, J Immunoblot analysis of phosphorylation levels of IκB-α, P65, ERK, JNK,
and P38 in BMDMs, from RNF99+/+ or RNF99–/– mice, stimulated by LPS for indicated hours; R848 and LTA stimulation was for 30min. Data
were presented as the mean ± SEM and Gaussian distributions were evaluated by the Shapiro–Wilk method. Two-way ANOVA followed by
Tukey post hoc test was used for Fig. 4A–F. *P < 0.05, **P < 0.01, ***P < 0.001. Adjusted P values are provided for multiple group comparisons.
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Fig. 5 RNF99 overexpression negatively regulates TLRs-mediated inflammatory cytokine production and signaling pathway activation in
macrophages. A, B RT-PCR and ELISA analysis of TNF-α, IL-6, and IL-1β in PMs with adenovirus (vector, RNF99-WT or RNF99-△Ring)
overexpression and LPS stimulation for 4 h (n= 5–6). C RT-PCR analysis of tnf-α, il-6, and il-1β in 293-TLR4 cells with adenovirus (vector, RNF99-
WT or RNF99-△Ring) overexpression and LPS stimulation for 4 h (n= 6). D Immunoblot analysis of phosphorylation levels of IκB-α, P65, ERK,
JNK, and P38 in PMs with adenovirus (vector, RNF99-WT, RNF99-△Ring, and RNF99-C94/97 A) overexpression and LPS stimulation for 30min.
E Immunoblot analysis of phosphorylation levels of IκB-α, P65, ERK, JNK, and P38 in PMs with adenovirus (vector, RNF99-WT or RNF99-△Ring)
overexpression and R848 stimulation for 30min. F Immunoblot analysis of phosphorylation levels of IκB-α, P65, ERK, JNK, and P38 in PMs with
adenovirus (vector, RNF99-WT or RNF99-△Ring) overexpression and LTA stimulation for 30min. Data were presented as the mean ± SEM and
Gaussian distributions were evaluated by the Shapiro–Wilk method. Two-way ANOVA followed by Tukey post hoc test was used for Fig. 5.
*P < 0.05, **P < 0.01, ***P < 0.001. Adjusted P values are provided for multiple group comparisons.
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DSS-induced colitis in mice. From bone marrow-transplant
experiments, we confirmed that RNF99 in macrophages plays
an important anti-inflammatory role in endotoxemia and colitis.
Our results also confirmed that RNF99 knockout promoted the
production of inflammatory cytokines in macrophages induced
by TLRs ligands. Herein, we report, for the first time, the
important role of E3 ligase RNF99 in macrophage function and

the innate immune inflammatory response. Our study indicated
that the decreased RNF99 expression, induced by pathogenic
microorganisms in the late stage of infection, may be responsible
for the excessive inflammatory response in the body, therefore,
the development of agonists targeting RNF99 may be an
important strategy to improve endotoxemia and refractory colitis
in the future.

Fig. 6 RNF99 affects the formation of the TAK1-TAB1-TAB2 complex via promoting TAB2 degradation. A Representative immunoblot
images of HA-tagged IKK-α, IKK-β, IKK-γ, TAB1, TAB2, TBK1, Flag-tagged IRAK-1, IRAK-4, TRAF6, and TAK1 in LPS-treated 293-TLR4 cells
transfected with vector or Myc-RNF99. B Representative Immunoblot images of TAK1, TRAF6, TAB1, TAB2, IRAK-1, and IRAK-4 in PMs, from
RNF99+/+ or RNF99–/– mice, stimulated by LPS for indicated hours. C, D Representative Immunoblot images of HA-TAB1 and Flag-TAB2 in LPS-
treated 293-TLR4 cells transfected with a concentration gradient of Myc-RNF99. E Representative immunoblot images of HA-TAB2 in LPS-
treated 293-TLR4 cells transfected with vector or Myc-RNF99 (WT, Ring, and C94/97 A). F Representative immunoblot images of HA-TAB1 and
HA-TAB2 in LPS-treated 293-TLR4 cells transfected with Myc-RNF99 and pretreated with MG132. G Representative Immunoblot images of HA-
TAB2 in LPS-treated 293-TLR4 cells transfected with Myc-RNF99 and pretreated with DMSO, MG132, Bortezomib, NH4Cl, and chloroquine.
H Representative Immunoblot images of pTAK1 in PMs, from RNF99+/+ or RNF99-/- mice, stimulated by LPS for indicated hours. I Co-IP assay of
TAB1 changes in LPS-treated RNF99+/+ or RNF99–/– mice PMs with TAK1.
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TLRs are important pattern recognition receptors on macro-
phages, which recognize surface pathogenic bacterial molecules,
such as lipopolysaccharides, and then induce signal transduction
and inflammatory cytokine production [3, 4]. The protein kinase
TAK1 phosphorylates downstream MAPKs and IKKs, it completes
the activation of signal transduction and induces the production
of TNFα, IL-6, IL-1β, and other cytokines [4]. Previous studies have
shown that TAB1 forms a complex with TAK1 and promotes
phosphokinase activation of TAK1 [13]. TAB2 is also a key
regulatory molecule for the formation of this complex. Several
studies have shown that TAB2 degradation or deficiency can
effectively inhibit TAK1 kinase activation and the related
inflammatory responses [24]. Ubiquitination is an important
mechanism to regulate protein degradation and stability [43]. It
has been reported that TRIM27 is a key regulator of hepatic I/R
injury by mediating lysosomal degradation of TAB2/3 and
suppression of downstream TAK1-JNK/p38 signaling [44]. RNF4,
TRIM38, and TRIM22 also regulate NF-κB activation through TAB2
lysosomal degradation [26, 28, 29]. To date, there are still many
questions regarding TAB2 ubiquitination modification and degra-
dation. First, TRIM family members that regulate ubiquitination
and proteasomal degradation of TAB2 have not yet been reported.
Second, the key lysine sites on TAB2 that regulate lysosomal and
proteasomal degradation remain unknown.

Using macrophages and HEK293-TLR4 cell lines as cell models,
we found that E3 ligase RNF99 can bind to TAB2 and promote its
K48 ubiquitination modification and proteasomal degradation,
which further inhibits TAK1/TABs complex formation and TAK1
kinase activation. Immunoprecipitation assays on the HEK293-
TLR4 cell line showed that RNF99 binds to TAB2, TAK1, and TAB1.
This may be because TAK1/TAB1/TAB2 form a complex in
mammalian cells and RNF99 binds to TAB2 and precipitates
TAK1 and TAB1 together. Our data further showed that the effect
of RNF99 overexpression or knockout on TAB2 protein was
specific. The direct effect of RNF99 on TAB2 binding and
ubiquitination was further elucidated using the following in vitro
experiments: protein translation system, protein immunoprecipi-
tation assay, and protein ubiquitination assay. Previous omics
studies on TAB2 ubiquitination have shown that lysine positions
K522, K611, K653, and K656 on TAB2 protein could undergo
ubiquitination, but the corresponding E3 ligase has not been
identified. We constructed overexpression plasmids with muta-
tions in different lysine sites of TAB2 and identified that K611
could be ubiquitinated by RNF99, leading to the degradation of
TAB2 via the proteasome pathway.
In summary, we demonstrated that RNF99 was a key regulator of

the TLR signaling pathway. By promoting K48-linked polyubiquitina-
tion of TAB2 at K611 and proteasomal degradation of TAB2, RNF99

Fig. 7 RNF99 interacts with TAB2. A CO-IP analysis of interactors with Myc-RNF99 in LPS-treated 293-TLR4 cells. B CO-IP analysis of the
interaction between Flag-TAB2 and GFP-RNF99 in LPS-treated 293-TLR4 cells. C In vitro CO-IP analysis of the interaction between GFP-TAB2
and Flag-RNF99 expressed in TNT transcription and translation system. D CO-IP analysis of the interaction between TAB2 and RNF99 in PMs
with LPS-treated. E Representative confocal laser microscopic images of the colocalization of GFP-TAB2 and Flag-RNF99 in LPS-treated 293-
TLR4 cells. F Schematic representations of human RNF99 (WT) and its truncated mutants. G CO-IP analysis of the interactions between RNF99
mutants with GFP-TAB2 in LPS-treated 293-TLR4 cells.

J. Zhang et al.

976

Cell Death & Differentiation (2023) 30:966 – 978



inhibited the formation of the TAK-TABs complex and the activation
of downstream NF-κB and MAPKs signaling pathways, thereby
downregulating the production of proinflammatory factors (Supple-
mentary Fig. 8). Our study demonstrated, for the first time, that
RNF99 may be a promising diagnostic biomarker and therapeutic
target for the treatment of TLR-related inflammatory diseases.
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