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ABSTRACT

Ubiquitin E3-ligases are recruited at different steps of TNF-a-induced NF-xB activation;
however, their role in temporal regulation of the pathway remains elusive. The study
systematically identified TRIMs as potential feedback regulators of the TNF-a-induced NF-«xB
pathway. We further observed that TRIM15 is “late” response TNF-a-induced gene and inhibits
the TNF-a-induced NF-kB pathway in several human cell lines. TRIM15 pro- motes turnover of
K63-linked ubiquitin chains in a PRY/SPRY domain-dependent manner. TRIM15 interacts with
TAK1 and inhibits its K63-linked ubiquitination, thus NF-kB activity. Further, TRIM15 interacts
with TRIMS8 and inhibits cytosolic translocation to antagonize TRIM8 modualted NF-kB. TRIMS
and TRIM15 also show func- tionally inverse correlation in psoriasis condition. In conclusion,

TRIM15 is TNF-a-induced late response gene and inhibits TNF-a induced NF-kB pathway hence
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a feedback modulator to keep the proinflammatory NF-«xB pathway under control.

Keywords: TNF-o. NF-xB TRIM15 TRIM8 Ubiquitination Functional antagonism

1. Introduction

The NF-xB family of transcription factors are activated by a range of pathophysiological stimuli

including viral and bacterial factors (LPS, dsRNA), antigen receptors, DNA damage, reactive oxygen
species (ROS), and cytokines (TNF-a, IL-1), [1-3]. Activated NF-kB promotes tran- scription of a
several target genes that include growth factors, chemo- kines, cytokines, immune modulators,
regulators of apoptosis, acute response genes, cell adhesion molecules [1,3]. NF-kB pathway is
tightly regulated by post-transcriptional and post-translational regulatory mechanisms, however, its
dysregulation leads to prolonged activation of NF-kB and chronic inflammatory conditions hence
critical for organ- ismal survival and fitness [4].
Pleiotropic cytokine TNF-a is an activator of the NF-xB pathway and inflammation [1,5]. The increased
level of TNF-a and persistent acti- vation of proinflammatory NF-«B is observed in many
pathological conditions including cancer [6-9]. TNF-a activated NF-kB target genes have been
classified in ‘early’ ‘mid’ and ‘late’ response genes based on their temporal expression pattern
[10]. Some of the early response genes like NFKBIA (IkBa) and TNFIP3 (A20) act as negative feedback
regula- tors of the pathway and dynamics of gene expression by controlling NF- kB oscillations
[10-12]. The modulation of the NF-xB pathway by late responsive genes and its implication in
feedback regulation to restrict inflammation had not yet been explored.

Ubiquitination plays a critical role in the regulation of TNF-a medi- ated NF-xkB pathway.
clAP1/2 mediated Lys-63-linked poly- ubiquitination of RIP1, recruits TAK1 [5,13]. After
recruiting TAK1 to the complex, TAK1 is K(Lysine)-63-linked polyubiquitinated and acti- vated

to recruit IkB kinase (IKK) complex. Dual phosphorylation of IkBa by IKK complex leads its K48-



linked polyubiquitination by SCFPT™? ubiquitin ligase complex [5,13] which is degraded through
ubiquitin proteasome system (UPS). Removal of K63-linked ubiquitin chains by deubiquitinase
(DUB) like A20 and CYLD negatively regulates NF- kBactivation and plays a pivotal role in
modulating NF-xkB pathway [4,5,13]. TNF-a stimulation also promotes the expression of several
E3 ligases including various TRAFs, clAPs, and XIAP and most of these modifiers positively
regulate the pathway [1]. Surprisingly to date, no TNF-a-induced E3 ligase had been shown
regulating the pathway in a negative feedback mechanism.

Ubiquitin E3 ligases identify unique substrates and promote their ubiquitination and topology of the
ubiquitin chain assembled on the substrate determines their fate. Tripartite Motif containing (TRIM) pro- teins
are RING E3 ligases characterized by the signature motif composed of RING, B-Box, and Coiled-coil
domain. They are further subclassified based on the presence of the variable C-terminal domain [14,15]. The
roles of these proteins are emerging in innate immune regulation, viral restriction, and autophagy [16,17]. The
reports from our group and others had shown that TRIM8 and TRIM38 acts as positive and negative
(respectively) regulators of the TNF-a and IL1p activated NF-kB pathway [18-20]. Besides, TRIMs have also
been identified as regulators of NF-xB in response to diverse stimuli, however, TRIM mediated negative feed-
back modulation of TNF-a regulated-xB is not well understood [16,17]. In this study, we systemically
identified potential feedback regula- tors of the TNF-a-induced NF-xB pathway and further characterized the

role of TRIM15 in negative regulation of TNF-a-induced NF-kB pathway.

2. Materials & methods

2.1. Cells and reagent

HEK?293, MCF-7 and MDA-MB-231 cells were grown at 37 ‘C, 5% CO; in Dulbecco’s Modified
Eagle’s Medium (DMEM, Cyclone, GE, USA)

and Minimal Essential Media (MEM, HyClone, GE, USA) supplemented with 10% (v/v) heat-
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inactivated fetal bovine serum (Gibco, Thermo Fisher Scientific, USA) and 1% penicillin,
streptomycin, and neomycin (PSN) antibiotic mixture (Gibco, Thermo Fisher Scientific, USA).
TRIM15 in pCDNA-3 and all TRIM15-YFP constructs in pZsYellowl-N1 was provided by Dr.
Walther H. Mothes and Dr. Pradeep Uchil (Sec- tion of Microbial Pathogenesis, Yale School of
Medicine, USA) [26]. HA- TRIM8 in pCGN-HA was gifted by Dr. S. Hatakeyama (Department of
Biochemistry, Hokkaido University Graduate School of Medicine) [34]. Flag-TAK1 was provided by
Dr. Yan-Yi Wang [49]. Control and TRIM15- siRNA were purchased from Qiagen.

Primary antibodies Anti-HA-HRP, Anti-FLAG-HRP were purchased from Sigma, USA. Mouse
polyclonal against R-Actin and Ubiquitin was from SantaCruz, USA, Rabbit polyclonal against GFP
from Abclonal (Woburn, MA, United States) and p-IxBa was from Cell signaling tech- nology, USA.
TRIM15 was purchased from St John’s Laboratory (United Kingdom). HRP-conjugated secondary
antibodies; anti-rabbit and anti- mouse were purchased from Jackson ImmunoResearch, USA. Recom-
binant Human TNF-a was purchased from Milteny Biotech, Germany, and PeproTech, USA. MG132,
Bafilomycin Al, EZview™ Red Anti-HA Affinity Gel, and M2 FLAG-Affinity Gel were purchased
from Sigma- Aldrich, USA. Lipofectamine® 3000 (Invitrogen, USA) was used for siRNA transfection.

Dual Glow Luciferase Reporter Kits were purchased from Promega, USA.

2.2. Gene expression analysis of TRIM family proteins

HEK293 cells were treated with TNF-a (10 ng/ml) for 10 h and collected in RNA 1SO plus
reagent (Takara, Japan). Total RNA was iso- lated using RNAIiso Plus Reagent and was reverse
transcribed to syn- thesize cDNA using PrimeScript 1st strand cDNA Synthesis Kit (Takara, Japan)
according to the manufacturer’s protocol. The expression of TRIMs were analyzed by quantitative
Real-Time PCR using TagMan probes specific for the indicated TRIM gene (Applied Biosystems,
Inc., USA). Data were processed using DataAssist v3.01 (Applied Biosystems, Inc., USA). 18S rRNA

was used as endogenous control and fold change values (222" were plotted.
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Similarly, mRNA expression of various TRIMs was reconfirmed using Real-time PCR by SYBR Premix
Ex Tag Il (Tli RNase H Plus) (Takara, Japan) as per the manufacturer’s instruction. B-Actin and
GAPDH genes were used as multiple endogenous control and expression of indicated genes were
calculated using QuantStudio 3 and 5 system’s Design and Analysis Software v1.5.1. fold change
values (222 of a minimum of three independent biological replicates were plotted.

Specific primers for the genes are listed in Supplementary Table 1.

2.3. NF-«B luciferase reporter assay

Dual-Glo luciferase assay system was used for detecting NF-kB ac- tivity (Promega, USA) as
described previously [19]. HEK293 cells were seeded at a density of 2.5 x 10° cells per well in 12
well plates. sSiRNA
targeting specific TRIMSs or indicated vectors were co-transfected with
NF-xB firefly and Renilla luciferase reporter constructs. SIRNA and vector co-transfection was
done using Lipofectamine 3000 following the manufacturer’s protocol. Transfected cells were
treated with TNF-a for 10 h or indicated time points and Firefly/Renilla activity was measured by
following the manufacturer’s protocol using BioTek Synergy HTX multimode plate reader. The

Firefly/Renilla ratio was plotted to show the activation of the NF-«B pathway.

2.4. Fluorescence/confocal microscopy

HEK293 cells were seeded at a density of 1.5 x 10° cells on coverslips in 24 well plates. Cells were
transfected with TRIM15-YFP or TRIM15-
RFP. After 24 h of transfection, cells were treated with indicated chemicals and fixed with 4%
Paraformaldehyde (PFA). Coverslips were removed from 24 well plates and slides were prepared using

SlowFade™ Gold Antifade Mountant (Thermo, USA). Images were acquired using Nikon Eclipse
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Ti2 Inverted Microscope and processes using NIS- Elements Advanced Research software
(Nikon, Japan). Similarly, slides were prepared, and images were acquired using Nikon Confocal
Microscope A1R HD25 (Nikon, Japan).

Automated image analysis was performed using NIS-Elements Advanced Research software.
For measurement of mean fluorescent intensity (MFI) and binary area “field measurement”
feature of the “Automated image analysis” tool was used. Acquisition and measure- ment
parameters for all YFP images were kept the same for all the im- ages. Similarly, the “object
count” feature of the “Automated image analysis” tool was used for counting the YFP puncta of

TRIM15.

2.5. Nuclear-cytoplasmic fractionation

The nuclear and cytosolic fractions were prepared as described previously [19] with minor
modifications. HEK293 cells were plated at a density of 1 x 10° in a 60-mm? dish and transfected
with indicated vectors. After 24 h of transfection, the cells were treated with indicated
chemicals. Cells were washed with DPBS (Hyclone, GE, USA) and resuspended in 300 pl of buffer-
A (10 mM HEPES buffer, pH 7.9, 0.1 mM EDTA, 10 mM KCI, 0.4% (v/v) NP40, 0.5 mM
dithiothreitol (DTT), and 1x protease inhibitor cocktail (Roche, Germany) and incubated on ice
for 30 min and lysed. Lysates were centrifuged at 15,0009 for 15 min at4 °C and the supernatant
was collected as the cytosolic fraction. Pellets were washed three times with buffer-A and
resuspended in 70 pul of ice-cold buffer-B (20 mM HEPES buffer, pH 7.9, 400 mM NaCl, 1 mM EDTA,
1 mM DTT, and 1x protease inhibitor cocktail). The resuspended pellet was subjected to a high-
speed vortex twice at an interval of 30 min. The nuclear lysate was centrifuged at 150009 for 15
min at 4 “C and the supernatant was collected as the nuclear fraction. Protein concentrationwas
measured by Bradford assay (Bio-Rad Protein Assay Dye Reagent Concentrate, Bio-Rad, USA)

and an equal amount of proteins (for both cytosol and nuclear fraction) were resolved on 10.5%
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SDS-PAGE. Pro- tein expressions in nuclear and cytosolic fractions were analyzed by western

blotting using specified antibodies.

2.6. Western blotting

To detect the levels of HA/FLAG/GFP tagged proteins, p-IkBa, and ubiquitin western blotting was
performed. HEK293 and MCF-7 cell
were seeded at a density of 2.5x 10° per well in 12 well plates and indicated vectors were
transfected using the standard calcium phos- phate transfection method [50]. After 24 h of
transfection cells wertreated as indicated and harvested in ice-cold PBS. Cells were lysed in lysis
buffer (100 mM NaCl, 50 mM Tris—HCI, 1% Triton-X 100, and 1x protease inhibitor cocktail).
Protein concentration was determined byBradford assay (Bio-Rad Protein Assay Dye Reagent
Concentrate, Bio- Rad, USA) and an equal amount of proteins were resolved on 10.5% SDS-PAGE.
Proteins were electro-blotted on PVDF membrane (Immun- Blot® PVDF Membrane, Bio-Rad, USA) at
110 V for 1 h at 4 “"C. Themembrane was blocked with 5% blocking buffer (5% non-fat dried milk
and 0.1% Tween-20 in TBS) for 1 h at room temperature and incubated with primary antibody
overnight at 4 °C. After incubation membrane was washed three times with TBS-T (TBcontaining
0.1% Tween-20)and incubated with a secondary antibody at room temperature for 1 h and proteins
were detected by using Clarity Western ECL Substrates (Bio-Rad, USA) and exposing to X-ray

film or using ChemiDoc MP Im- aging System (Bio-Rad, USA).

2.7. Co-immunoprecipitation

To study the protein interaction and ubiquitin conjugation of Flag- tagged proteins, co-
immunoprecipitation experiments were performed. HEK293 cells were plated at a density of 2 x

10° per 90-mm-diameter
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dish and transfected with Flag-TAK1 or HA-TRIMS8 in combination

with indicated vectors using the calcium phosphate transfection method [50]. After 36 h of
transfection, cells were treated with specified chemicals and incubated for 10 h. After treatment,
cells were harvested, washed with ice-cold PBS (Hyclone, GE, USA), and lysed in immuno-
precipitation buffer (100 mM NaCl, 50 mM Tris—HCI, 1% Triton-X 100,

and 1x protease inhibitor cocktail). The cell lysates were incubated with

HA or FLAG-Affinity Gel (Sigma, USA) on a roller shaker overnight at 4

.C. The gel beads were washed four times with IP buffer, resuspended in 5x SDS-PAGE sample
buffers and separated on 10.5% SDS-PAGE, and analyzed by western blotting using specific

antibodies.

2.8. Gene expression analysis from GEO datasets, CCLE database, and Methylation profile of cancer cell

lines

We explored the Gene Expression Omnibus dataset (GEO) GDS3809 for TRIM15 expression
(probe set: 1451916 s _at). The microarray expression values of TRIM15 were plotted as mMRNA
expression for indicated time points [23]. Similarly, we explored the GDS4062 dataset for
expression of TRIM15 (probe set: 36742_at, 210885 at, and 210177 _at) and TRIM8 in normal,
psoriasis lesional, and non-lesional dataset. Microarray transformed counts were plotted for
MRNA expression for each probe set separately. We retrieved mRNA expression data of TRIM15 (both
microarray and RNAseq) across various cancer cell lines from the CCLE database [22]. The
expression data scatter plots were retrieved for methylation status (X-axis) vs mMRNA expression (Y-
axis). The methylation status of TRIM15 as bubble plots for breast cancer cell lines was retrieved

using the “CpG Methylation Viewer” module of the CCLE database and presented as it is.

2.9. Statistical analysis
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Data are shown as mean £ SEM for n observations. Comparisons of groups were performed
using one-way ANOVA (Newman-Keuls post-test) to determine the levels of significance for each
group. The exper- iments have been repeated a minimum of three times independently and
probability values of p < 0.05 were considered as statistically significant. The data were

normalized as the maximum value was considered

as 100% and 0 as 0% for all data set.

1. Results

1.1. Late response TNF-« induced TRIM15, inhibits TNF-a-induced NF-

kB pathway

TNF-a-induced temporal expression of NF-kB target genes are crucial for optimal inflammatory
response and resolution of inflammation. We performed a two-step screening strategy to identify
possible feedback regulators of the TNF-a-induced NF-xB pathway. Firstly, we analyzed
expression of TRIMs in TNF-a treated HEK293 at 10 h to identify late expressing genes. The
MRNA expression of several TRIMs (TRIM1, 2, 3, 8, 9, 15, 16,21, 31, 37, 38, 39, 41, 44, 46, 47 and
55) increased >2 folds
in TNF-a treated cells (Supplementary Fig. 1A). We reconfirmed the
expression of TRIM1, 2, 15, and 16 using a different set of primers in HEK293 cells

(Supplementary Fig. 1B).

The early response genes TNFAIP3 and IkBa are the only NF-kB activated genes known to
negatively regulate NF-xB [3,4]. We hypoth- esized that TRIMs transcribed during ’Late’ response

may regulate NF- kBn pathway in feedback manner. Therefore, we analyzed the role of TNF-a-
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induced TRIMs in the regulation of NF-kB pathway. In the second step, we knocked down TNF-a
upregulated TRIMs using siRNA and monitored NF-kB reporter activity in the presence/absence
of TNF-a. The knockdown of TRIM1, 2, 15, 46, 47, 48, and 55 enhanced TNF- a-induced NF-xB
activation, whereas TRIM37 knockdown reduced the activity (Supplementary Fig. 1C). These
results indicate that TNF- a-induced late response TRIMs act as negative regulators of the TNF-
a-induced NF-xB pathway.

A previous study exploring DNA methylation patterns associated with gastric cancer had
identified TRIM15 as a hyper-methylated gene [21], hence we analyzed its methylation pattern and
its correlation with expression. Firstly, we checked the expression and methylation of TRIM15 in
various cancer cell lines using Cancer Cell Line Encyclopedia (CCLE) database [22]. Interestingly, the
TRIM15 promoter region was highly methylated in most cancer cell lines except colorectal,
pancreatic, and stomach cancer cell lines (Supplementary Fig. 2A, B, C & D). In consonance,
TRIM15 mRNA expression was only observed in the colo- rectal, pancreatic, and stomach cancer cell
lines (Supplementary Fig. 2A, B & C). Therefore, we reanalyzed the expression of TRIM15 during
the “Mid” (4 h) and “Late” (10h) response using qRT-PCR in HEK293 (Fig. 1A) and MCF-7 (Fig.
1C) cells. TRIM15 mRNA transcript levels increased 6-fold after 10 h of TNF-a treatment in both
the cell lines (Fig. 1A & C). Besides, while exploring GEO datasets, we also found that cultured aortic
smooth muscle cells (SMCs) stimulated with TNF-a show increased expression of TRIM15 at 2 h, and
the highest expression was observed at 6 h (Supplementary Fig. 2E) [23]. These results suggest that
TRIM15 is primarily a late response TNF-a-induced gene.

Next, we checked protein levels of TRIM15 in TNF-a treated cells. We
observed a temporal increase in TRIM15 protein levels in HEK293 (Fig. 1B). In MCF7 cells (Fig.
1D) TNF-a induced TRIM15 at 24 h which reduced at 48 h, whereas MDA-MB-231 (Fig. 1E) cells
treated with TNF- a increased TRIM15 protein levels at both 24 and 48 h. Besides TNF-a treatment,
we observed increased TRIM15 protein levels in MCF-7 and MDA-MB-231 cells in presence of

Interferon-a (IFNa) (Fig. 1D & E).
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Further, we validated the role of TRIM15 on NF-kB activation by Dual Glow Luciferase
Reporter assay. The expression of TRIM15 decreased TNF-a-induced NF-xB activation as
compared to control (Fig. 1F), whereas its knockdown by siRNA increased TNF-a-induced NF-«xB
activation (Fig. 1G & H). We also analyzed its effect on NF-kB inhibition at different time points
and found that ectopic expression of TRIM15 inhibited TNF-a-induced NF-kB activity at both 4 h

and 24 h (Supplementary Fig. 2F).

1.2. TRIM15 form foci in the cytoplasm and nucleus and stabilizes in the presence of TNF-a

TRIMs are known to dynamically localize in different subcellular compartments [15,19,24].
Therefore, we monitored the subcellular localization of TRIM15. Western blotting showed the
presence of TRIM15 in both cytosolic and nuclear fractions Ttreated with TNF-a, MG132
(Proteasome inhibitor), and Bafilomycin-Al (Baf-Al; Autophagy inhibitor) (Fig. 2A). The level of 50 kDa
band corresponding to TRIM15 was higher in nuclear fraction compared to the untreated cells in
TNF-a treated condition. Additionally, TRIM15 levels in cyctosolic fraction increased in MG132
(Proteasome inhibitor), Baf-Al and co-treated cells (Fig. 2A). Further, we monitored subcellular
localization using YFP tagged TRIM15. Confocal microscopy showed TRIM15 is present as
discrete foci as well as large protein aggregates distributed in the cytosol (Fig. 2B). We also observed

the presence of TRIM15 foci in the nucleus (Fig. 2C, Supplementary Fig. 3B).

TRIMs are known to dynamically localize to different subcellular compartments under specific
stimuli [15,24]. Therefore, we checked the effect of TNF-a on dynamic localization of TRIM15.
Interestingly, we observed that both mean fluorescence intensity (MFI) and binary area of
TRIM15-YFP increased in TNF-a treated cells compared to control (Fig. 2D, E & F). We further
monitored the TRIM15 foci in TNF-a, MG132 and Baf-Al treated cells. Interestingly, the puncta
size of TRIM15-YFP having >10 uM increased in TNF-a, MG132 and Baf-Al treated cells

compared to untreated control (Supplementary Fig. 3C).
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We also observed a corresponding decrease in puncta size ranging up to

<2 uM in TNF-a, MG132, and Baf-Al treated cells compared to control (Supplementary Fig. 3C).
The increase in TRIM15 puncta size in pres-

ence of MG132 and Baf-Al suggests its possible turnover through pro- teasome and autophagy
pathway, whereas its increase in TNF-a treatment is possibly due to enhanced transcription of

TRIM15 or sta- bilization at protein levels and formation of higher-order structure.

1.3. TRIM15 acts downstream of TRAF2 and inhibits IxBa phosphorylation

TNF-a-induced NF-kB pathway is broadly regulated at three major levels; TRADD-TRAF2 complex
at TNF receptor, TAB-TAK complex, and IKK complex respectively [3,5]. To further investigate the
mechanism of TRIM15 mediated inhibition of NF-kB activity we analyzed the step regulated by
TRIM15. We co-transfected TRAF2 with TRIM15 in HEK293 cells and analyzed NF-«B activation in
the presence/absence of TNF-a. The expression of TRAF2 was sufficient to enhance NF-kB acti-
vation (Fig. 3A) and TRIM15 co-transfection significantly reduced the activity in untreated cells (Fig.
3A). Similar inhibition of TRAF2 induced NF-kB activation was observed in TRIM15 co-transfected
cells treated with TNF-a (Fig. 3A).

Further, we monitored the effect of TRIM15 on the TAK1 induced NF-xB pathway. TAK1
expression did not affect NF-xB activity in un- treated cells but enhanced NF-kB activity in TNF-a
treated cells compared to vector (Fig. 3B). We also observed that co-transfection of TRIM15 with
TAK1 inhibited NF-«B activity (Fig. 3B) in presence of TNF-a. The co-expression of TRIM15 with
TAKT1 reduced the levels of p- IkBa in both untreated and TNF-a treated cells compared to vector co-
transfected cells (data not shown). Many regulators of TNF-a-induced NF-«B pathway act on the NF-
kB heterodimers to regulate the activation of the pathway [3-5]. Therefore, we further checked the
effect of TRIM15 on p65 induced NF-kB activation. We observed that p65 expression increased NF-

kB activity in untreated cells and co- transfection of TRIM15 failed to inhibit NF-xB activation (Fig.
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3C). These results confirm that TRIM15 acts upstream of p65 and down- stream of the TRADD-
TRAF complex.
Phosphorylated (p) IxBa is ubiquitinated and degraded by the

Ubiquitin-Proteasome System (UPS) [2,3,5]. We argued that TRIM15 may affect IxBa
phosphorylation, therefore, we analyzed p-IxBa levels by western blotting. Cells were transfected
with indicated TRIMs and cells were treated with a combination of TNF-o and MG132. Western
blotting showed the 40 kDa band corresponding to p-IkBa was signifi- cantly reduced in TRIM15
transfected cells compared to control, sug- gesting inhibition of IxBa phosphorylation (Fig. 3D).
Similarly, we also analyzed the p-IkBa levels in MCF-7 cells transfected with control vector or
TRIM15 and treated with TNF-a, MG132, Baf-Al (Inhibitor of auto- phagy) or in combination.
Western blotting showed a significant reduction in the level of 40 kDa band corresponding to p-IxBa in
TRIM15 transfected cells compared to control, TNF-a, MG132, Baf-Al, and TNF- a-Baf-Al co-treated
cells (Fig. 3E). Interestingly, we did not observe any significant difference in p-IxBa levels between
TRIM15-YFP and control transfected cells co-treated with TNF-a and MG132. These results clearly show

that TRIM15 inhibits the NF-kB pathway by inhibiting IkBa phosphorylation.

1.4. TRIM15 enhances turnover of TNF-a-induced K63-linked ubiquitin chains

Recruitment of different ubiquitin ligases brings stringency and specificity to the pathway by
identifing specific substrates and the addition of ubiquitin in specific topologies [25]. Therefore, we
analyzed the effect of TRIM15 on various ubiquitin chain topologies to further understand its E3
ligase function. We co-transfected HEK293 cells with HA-Ub-K6, K11, K27, K29, K48, K63, and
either vector control or TRIM15 and treated them with TNF-a. Interestingly we found that
TRIM15 co-transfection significantly reduced K6, K11, K27, K29, K48, and K63 linked
polyubiquitination of proteins and reflected the most pronounced effect on K6 and K63 linked

polyubiquitination (Fig. 4A).
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Therefore, we further checked the effect of TRIM15 on cellular ubiquitination by co-transfecting
vector or TRIM15 with HA-Ub-K63 and monitored K63 linked ubiquitination. We observed
higher molec- ular weight adducts of HA-Ub-K63 linked proteins were increased in presence of
TNF-a in vector-transfected cells (Fig. 4B). TRIM15 co- transfection significantly reduced the
level of K63 linked ubiquitina- tion in TNF-a treated cells (Fig. 4B). Interestingly, we found that levels of
HA-Ub-K63 linked protein adducts increased in TRIM15 transfected cells in presence of MG132
as compared to untreated and TNF-a (Fig. 4B). Further, we monitored total cellular ubiquitination
in the same blot using a ubiquitin-specific antibody, however, no difference was observed in
ubiquitination between control or TRIM15 transfected cells in different treatment conditions (Fig.

4B).

To reconfirm, we co-transfected HA-Ub-K63 with control or TRIM15- siRNA and monitored the levels of
K63-linked ubiquitination of proteins using HA-specific antibody. We observed a significant increase
in levels of higher molecular weight K63-linked protein adducts in TRIM15- siRNA transfected
cells compared to control transfected cells both in the absence and presence of TNF-a (Fig. 4C).
We also observed an in- crease in total cellular ubiquitination in TRIM15-siRNA transfected cells both
in the absence and presence of TNF-a as compared to control (Fig. 4C). Interestingly, a similar
increase in K63-linked ubiquitination was also observed in TRIM15 knockdown cells treated with
MG132 and in combined treatment of TNF-a and MG132 (Fig. 4C), whereas we observed no
difference in total ubiquitination in these conditions, sug- gesting decreased turnover of K63 linked
proteins in absence of TRIM15. As observed earlier that TRIM15 is present in both cytosol and nu-
cleus (Fig. 2A, B & C), we monitored its effect on nuclear and cytosolic protein ubiquitination
levels. We co-transfected HA-Ub-K63 either with control or TRIM15-YFP in HEK293 cells and
treated with TNF-a or MG132. Western blotting of cytosolic and nuclear fractions showed that
TRIM15 significantly reduced K63-linked ubiquitination in the cytosol and nucleus of both
untreated and TNF-a treated cells (Fig. 4D), whereas, its effect on total ubiquitination was less

pronounced (Fig. 4D). Consistent with the previous blot (Fig. 4B) we observed increased K63-
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linked ubiquitination in TRIM15 transfected cells treated with MG132 as compared to untreated and
TNF-a treated cells (Fig. 4D). These results suggest that E3 ligase TRIM15 enhances UPS mediated
turnover of K63-

linked ubiquitination in both nucleus and cytoplasm.

1.5. PRY/SPRY domain deletion of TRIM15 rescues inhibiton of TNF-

a-induced K63-linked ubiquitination and NF-xB activity

We further analyzed the effect of TRIM15-mediated inhibition of K63-linked ubiquitination on
NF-kB activation. Different domain dele- tion constructs of TRIM15 were co-transfected with HA-Ub-
K63 and K63 linked ubiquitination and NF-kB activation was monitored. Surprisingly, transfection of
TRIM15 with RING and RING-B-Box deletion showed less rescue of K63-linked ubiquitinated adducts
as compared to full-length TRIM15 (Fig. 5A), and strongly inhibited TNF-a-induced NF-xB
activity (Fig. 5B). Interestingly, we observed that deletion of SPRY and PRY/SRPY domain of
TRIM15 rescued K63-linked ubiquitination and TNF-a-induced NF-«B activity (Fig. 5C). Additionally,
transfection of CC domain deleted TRIM15 and CC domain mutant (T15Cm) showed less rescue of
K63 linked ubiquitination compared to PRY/SPRY domain deleted TRIM15 (Fig. 5C) and NF-«xB
activity (Fig. 5D). These results suggest that the PRY/SPRY domain of TRIM15 is essential for
the turnover of K63-linked ubiquitination and TNF-a-induced NF-«B activ- ity. Interestingly, these
results also confirmed that a significant corre- lation exists between cellular TRIM15-mediated

K63-linked ubiquitination and NF-kB activity.

16. TRIM15 inhibits NF-«xB activation by turnover of K63-linked ubiquitination of TAK1

TAK1 is modified by K63-linked ubiquitin chains in presence of TNF- o and IL-1B [20] and we
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observed that TRIM15 enhances turnover of K63-linked ubiquitin adducts (Fig. 5C). Therefore, we
analyzed whether TRIM15 had any effect on the K63-linked ubiquitination of TAK1. We co-
transfected cells with Flag-TAK1 and control vector, TRIM15-YFP or tagless-TRIM15, and treated them
with MG132 and TNF-a. TAK1 was pulled down using anti-Flag affinity beads and immunoprecipitation
(IP) showed that 75 kDa band corresponding to TRIM15-YFP appeared in the Flag-TAK1 pull-down
confirming interaction of TRIM15 and TAK1 (Fig. 6A). Blotting with ubiquitin antibody showed
increased higher molecular weight adducts of polyubiquitinated proteins in Flag-TAK21 pull-down,
whereas it was reduced in TRIM15 co-transfected cells (Fig. 6A). A similar reduction of TAK1
ubiquitination was observed in Flag-TAKL1 co-transfected with tag-less TRIM15 (Fig. 6A).

TRIM15 had been identified as an E3 ligase [26] and it showed interaction with TAKI,

therefore we analyzed if TRIM15 affects the turnover of TAKL1. To address this, we co-transfected

Flag-tagged TAK1 with a control vector or TRIM15 and treated the cells with TNF-a, MG132, or

in combination. We observed that the 50 kDa band corre- sponding to TAK1 remained unchanged

in control and TRIM15 trans- fected cells (Fig. 6B) and no significant difference was observed in
the TAK1 levels in control and treated conditions (Fig. 6B).

K63-linked ubiquitination of TAK1 at Lysine 158 is required for TNF- o induced NF-xB
activation [2,20,27] and TRIM15 showed reduced levels of K63-linked ubiquitination. Therefore,
we checked whether TRIM15 modulates the K63-linked ubiquitination of TAK1. Flag-TAK1 and
HA-UDb-K63 were co-transfected with TRIM15 and treated with TNF-a and IP were performed
using anti-Flag affinity beads. Western blotting reconfirmed the interaction of TRIM15 and TAK1
and reduction of TAKL1 ubiquitination in presence of TRIM15 (Fig. 6C). Detection of K63-linked
ubiquitination using HA-specific antibody showed that TNF- o treatment promotes K63-linked
ubiquitination of TAK1 whereas TRIM15 co-transfection completely diminished K63-linked
ubiquitina- tion of TAK1 (Fig. 6C). Besides, we performed a similar IP and pulled down K63-
linked ubiquitin chains using HA-affinity beads. Increased level of ubiquitinated TAK1 was

observed in the presence of TNF-a, whereas the transfection of TRIM15 enhanced the turnover of
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K63- linked TAKL1 in presence of TNF-a (Fig. 6D). Together these results suggest that TRIM15
interacts with ubiquitinated K63-linked TAK1 and reduced its level by enhancing the turnover

through UPS.

1.1. TRIM15 interacts with TRIMS, inhibits its cytoplasmic translocation and TNF-a-induced NF-«xB

activity

The previous report from our group had shown that nucleo- cytoplasmic translocation of
TRIMS is required for TNF-a-induced NF-xB activation [19], additionally TRIM8 promotes K63-
linked poly- ubiquitination of TAK1 in cytoplasm to induce NF-xB activation [20]. TRIMs are
known to homo and heterodimerize for target identification and assembly of signalosomes
[28,29]. While exploring interaction partners of TRIM15, the literature survey showed possible
interaction between TRIM8 and TRIM15 [30] therefore, we performed co- immunoprecipitation
(Co-IP) to confirm their interaction. HA-tagged TRIM8 was transfected with either vector or
TRIM15-YFP and treated with TNF-a and MG132 or MG132 alone. TRIM8 was pulled down using
anti-HA affinity beads and western blotting showed that the 75 kDa band corresponding to
TRIM15-YFP was observed in TRIM15 and HA- TRIM8 co-transfected cells co-treated TNF-a

and MG132 (Fig. 7A).

TRIMS’s nucleo-cytoplasmic translocation in TNF-a is required for activation of NF-«B [19],
therefore we further analyzed the effect of TRIM15 on TRIM8 dynamics. We transfected HA-
tagged TRIM8 with TRIM15-YFP or vector control in HEK293 cells and treated with TNF-o and
monitored TRIM8 and TRIM15 in nucleo-cytoplasmic fractions. The level of 75 kDa band
corresponding to TRIM15-YFP was higher in nu- clear fraction as compared to the cytosol,
whereas its cytosolic levels increased in presence of TNF-a (Fig. 7B). The 62 kDa band corre-

sponding to HA-TRIMS8 was high in nuclear fraction compared to the cytosol (Fig. 7B) and
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interestingly, the level of TRIM8 was higher in the nuclear fraction of TRIM8-TRIM15 co-transfected
cells (Fig. 7B). We also observed a corresponding decrease in TRIMS8 levels in the cytoplasm in
TRIM15 co-transfected cells (Fig. 7B).

To further check the functional effect of TRIM15 on TRIMS8- enhanced TNF-a-induced NF-kB
activity we checked the effect of TRIM15 on TRIMS8-regulated TNF-a-induced NF-kB activity .
We observed ectopic expression of TRIM8 enhanced NF-xB activity compared to vector-transfected
TNF-o treated cells (Fig. 7C) as observed previously [19,20]. Interestingly, we observed that co-
expression of TRIM15 with TRIMS8 significantly reduced TRIM8-regulated NF-kB activation
(Fig. 7C). Since we observed functional antagonism between these proteins in the regulation of the
NF-xB pathway, we further explored their physiological significance in inflammatory conditions.
We analyzed the GEO databases for disease progression related to in- flammatory conditions,
specifically Psoriasis. Interestingly gene expression analysis of microarray dataset comparing
expression between normal, non-lesional, and lesional psoriasis tissue showed a marked increase in
TRIM15 mRNA expression in lesional psoriasis tissue compared to normal control and non-lesional
(psoriasis) tissue (Sup- plementary Fig. 4A, B & C). We also observed that TRIM8 expression was
decreased in lesional psoriasis tissue compared to normal control and non-lesional (Supplementary
Fig. 4D, & E). Together these results confirm functional and physiological antagonism between
TRIM8 and TRIM15 and indicate its implication in the regulation of inflammation and chronic

inflammatory condition like psoriasis.

2. Discussion

Increased levels of TNF-a; a prototypic activator of the pro- inflammatory NF-xB pathway, had
been observed in several patho- physiological conditions [6-9]. This pathway had been intensively
studied, however, the resolution TNF-a-induced inflammatory pathway is still not well understood

in pathophysiological conditions. Majority of the studies focused on early response genes however
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dysregulation of physiological equilibrium in chronic disease conditions is not well un- derstood.
The selective ubiquitination of proteins implicated in presence of TNF-a either leads to its
degradation or its recruitment to assemble signaling complexes defining the unique outcome of the
TNF-a-patho- physiological responses. In this study, we systematically identified late response
TNF-a activated E3 ligases and their role in the regulation of TNF-a-induced NF-kB activation
and further characterized TRIM15 in negative feedback regulator of TNF-a-induced NF-xB
pathway.
We and others have have previously observed that turnover of TRIMs is high and stabilized during
specific pathophysiological conditions [31,32]. Cells keep inflammatory pathways under stringent
control and hence it can be inferred that late response genes may have important regulatory
functions, hence, we systematically planned to identify late response TNF-a induced TRIMs
regulating the NF-xB pathway. In this study we performed screening and identified several TRIM
genes (TRIM1, 2, 3, 8, 9, 15, 16,21, 31, 37, 38, 39, 41, 44, 46, 47 and 55) which

are late response TNF-a activated genes. Interestingly, most of the late

response TRIMs: TRIM1, 2, 15, 46, 47, 48, and 55 inhibit TNF-a-induced NF-«B pathway, suggesting
that TRIMs may act as feedback regulator of the TNF-a-induced NF-xB pathway. These results further
warrant a more focused investigation of late response genes and their role in feedback regulation of

TNF-a induced NF-«xB pathway in different pathophysio- logical conditions.

Isolated reports from different groups including our group had shown that TRIMs, a family of
RING E3 ligases regulates cellular path- ways by identification and modification of their target
substrates [16-18,20,33,34]. Stimuli-specific expression of TRIMs brings precision and specificity to
the pathways and determines the physiological outcome [24,31,35,36]. Previously upregualtion of
TRIM15 was observed in in THP1-derived macrophages stimulated with ligands of TLR3 and
TLR4 [37] but its expression was found unaffected by type-l IFNs in various immune cells [35].
In this study, we suggest that TRIM15 is a TNF-a-induced late response gene and strongly inhibits

NF- kB activation in different cell types. TRIM15 has restricted tissue expression and data from
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cancer cell line encyclopedia (CCLE) suggest that DNA methylation of TRIM15 promoter regions
restricts its mMRNA expression. Our observation of TRIM15 gene expression in response to TNF-a
is supported by recent reports suggesting that infection [38] and TNF-a promotes [39] DNA
demethylation of genes and promote their transcription. This also suggests that hypermethylated
genes may also contribute to the regulation of cellular pathways in response to specific stimuli
[38,39]. Previous studies from our lab and others have demon- strated that TRIMs have high
turnover and stabilizes only specified pathophysiological conditions [16,24,31,32]. Interestingly,
unlike other TRIMs, TRIM15 protein is stable and turnover is not high as it had been observed to
play an essential role in focal adhesion involved in cell migration, an essential cellular process
[26]. TNF-a induced expression of highly methylated gene TRIM15 indicates existence of an
additional layer regulation of NF-xB, which is via demethylation of their regulatory genes, however, this
concept requires further validation. Ubiquitin E3 ligases are known to modify substrates by adding
spe- cific ubiquitin chains and regulate regulate their stability and degrada- tion. Several NF-«xB
target genes are E3 ligases and found to regulate the pathway positively by modifying specific
targets and regulating their turnover [3,5,40-42]. Surprisingly we observed that TRIM15 enhances
turnover of K63-linked ubiquitin chains and further characterization revealed the involvement of the
PRY/SPRY domain for turnover of K63- linked ubiquitination and inhibition of TNF-a-induced NF-
kB activity. K63-linked ubiquitination had been suggested to promote the stability of proteins and
function generally independent of UPS, however, emerging evidence suggests that some targets
modified by K63- linked ubiquitin chains are degraded by UPS [43]. Further, it had been found
that K63- linked chains act as seeds for the formation of K48/K63 branched chains and associates
with the proteasome [44]. Furthermore, assembly of K48/K63 branched ubiquitin chains assembled
on TRAF6 by E3 ligase HUWE1L protects deubiquitination of K63-linked chains of TRFA6 to
positively regulate IL-13 mediated NF-«B pathway [45]. Therefore, it will be interesting to
explore if TRIM15 mediated degradation of K63- linked ubiquitination requires the similar
deployment of K48/K63- linked branched ubiquitin chains to enhance the turnover of K63- linked

substrate to negatively regulate the NF-kB pathway.



Previous studies have shown thatactivation of the TAB-TAK complex is critical for activation of the

TNF-a-induced NF-xB pathway and K63 linked ubiquitination of TAK1 is critical for activation
[3-5,46]. Our study shows that TRIM15 interacts with TAK1 and strongly inhibits NF- xB activation
by enhancing the turonover of K63-linked ubiquitin chain [3-5,20,27]. This is one of the first
reports elucidating the role of TNF- a-induced late response genes in negative regulation of the
NF-kB pathway.
Homo/heteromeric interactions of TRIM proteins had been previ- ously observed [15,30] however
their physiological implication had not yet been studied. Cooperation between TRIMs has been
observed and reports show antgonostic effect on the same substrate or pathway. Previous reports
from our group and others have shown that TRIMS8’s nucleo-cytoplasmic trafficking is important
for NF-xB activation by promoting TAK1 ubiquitination [19,20]. Here we observed that TRIM15
mediated restriction of cytosolic translocation of TRIM8 which may further inhibit TRIMS8
mediated K63 linked cytosolic ubiquitination of TAK1 as reported previously. More interestingly the
observed functional antagonism between these proteins is also relevant in the chronic in-
flammatory condition, Psoriasis. Besides its role in regulation of TNF- a-induced NF-kB pathway
and virus-induced IFN response [47] TRIMS8 is also known to regulate different aspects of cancer
signaling including estrogen signaling [48], genotoxic stress induced cell death [32] and
chromosome stability [32]. Therefore, it will be interesting to check the relevance of TRIMS8-
TRIM15 functional antagonism in cancers.

In summary, the current study identified TRIMs as novel regulators of the TNF-a-induced NF-
kB pathway and further report TRIM15°s role in negatively regulating TNF-a-induced NF-xB
activity. Interestingly, TNF-a may induce the expression of several TRIMs which may be
selectively stabilized in different subcellular compartments hence different TRIMs may be
recruited at the different regulatory steps of TNF-a-induced NF-«xB activation. These proteins are
developing modu- lators of inflammatory pathways and chronic pathological conditions and
further study may provide a novel way of targeting specific TRIMs for therapeutic intervention in

given pathophysiological conditions. 10



Author contribution

MR designed and performed experiments, analyzed/interpreted data, and co-wrote the
manuscript. KS and AS provided reagents and provided critical revision of the manuscript. SB
and YT provided re- agents and helped with experiments. DG, HV, MM, and FC analyzed data and
provided critical revision of the manuscript. RS conceptualized and supervised the research, co-

wrote the manuscript, and acquired funding.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by the grant (BT/PR20692/BRB/10/1538/ 2016) from the Department
of Biotechnology, Govt. of India, to Prof. Rajesh Singh. The author also acknowledges the
facilities under DST- FIST program (SR/FST/LS-11/2017/87) at Department of Biochemistry, The
Maharaja Sayajirao University of Baroda. Kritarth Singh, Minal Mane, and Dhruv Gohel received
Senior Research Fellowship from University Grant Commission (UGC), Council of Scientific &
Industrial Research (CSIR), and Indian Council of Medical Research (ICMR), Govt. of India,
respectively. Fatema Currim received INSPIRE fellowship from the Department of Science and

Technology (DST), Govt. of India. This work constitutes a part of the Ph.D. thesis of Milton Roy.

References

10



m; H.L. Pahl, Activators and target genes of Rel/NF-kappaB transcription factors,
Oncogene 18 (49) (1999) 6853-6866.

z1 A. Oeckinghaus, S. Ghosh, The NF-kappaB family of transcription factors and its
regulation, Cold Spring Harb. Perspect. Biol. 1 (4) (2009), a000034.

@ T. Liu, et al.,, NF-kappaB signaling in inflammation, Signal Transduct. Target Ther. 2
(2017).

1 1.S. Afonina, et al., Limiting inflammation-the negative regulation of NF-kappaB and the
NLRP3 inflammasome, Nat. Immunol. 18 (8) (2017) 861-869.

w1 M.S. Hayden, S. Ghosh, Regulation of NF-kappaB by TNF family cytokines, Semin.
Immunol. 26 (3) (2014) 253-266.

o1 S.P. Sasi, et al., Breaking the harmony’ of TNF-alpha signaling for cancer
treatment, Oncogene 31 (37) (2012) 4117-4127.

w1 M.C. Seleme, et al., Tumor necrosis factor alpha-induced recruitment of inflammatory
mononuclear cells leads to inflammation and altered brain development in murine
cytomegalovirus-infected newborn mice, J. Virol. 91 (8) (2017).

1 Q. Leli, et al., TNIP1-mediated TNF-alpha/NF-kappaB signalling cascade sustains glioma
cell proliferation, J. Cell. Mol. Med. 24 (1) (2020) 530-538.

o1 G.D. Kalliolias, L.B. Ivashkiv, TNF biology, pathogenic mechanisms and emerging
therapeutic strategies, Nat. Rev. Rheumatol. 12 (1) (2016) 49-62.

nop B. Tian, D.E. Nowak, A.R. Brasier, A TNF-induced gene expression program under
oscillatory NF-kappaB control, BMC Genomics 6 (2005) 137.

n L. Ashall, et al., Pulsatile stimulation determines timing and specificity of NF-
kappaB-dependent transcription, Science 324 (5924) (2009) 242-246.

nz1 D.E. Nelson, et al., Oscillations in NF-kappaB signaling control the dynamics of gene
expression, Science 306 (5696) (2004) 704—708.

na LLE. Wertz, V.M. Dixit, Signaling to NF-kappaB: regulation by ubiquitination, Cold

Spring Harb. Perspect. Biol. 2 (3) (2010), a@03350.


http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030101589070
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030101589070
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102049729
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102049729
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102149100
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102149100
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102149100
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102167738
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102167738
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102167738
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102191892
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102191892
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102214849
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102214849
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102238894
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102238894
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102238894
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102238894
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102238894
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102238894
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102254070
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102254070
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102254070
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102270409
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102270409
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102290649
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102290649
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102315681
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102315681
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102339674
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102339674
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102339674
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102388395
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102388395

na G. Meroni, G. Diez-Roux, TRIM/RBCC, a novel class of ’single protein RING finger’ E3
ubiquitin ligases, Bioessays 27 (11) (2005) 1147-1157.

nst A. Reymond, et al., The tripartite motif family identifies cell compartments, EMBO
J. 20 (9) (2001) 2140-2151.

nel D. Tomar, R. Singh, TRIM family proteins: emerging class of RING E3 ligases as
regulator of NF-kappaB pathway, Biol. Cell. 107 (1) (2015) 22—40.

nn S. Hatakeyama, TRIM family proteins: roles in autophagy, immunity, and
carcinogenesis, Trends Biochem. Sci. 42 (4) (2017) 297-311.

ne M.M. Hu, et al., TRIM38 inhibits TNFalpha- and IL-1beta-triggered NF-kappaB
activation by mediating lysosome-dependent degradation of TAB2/3, Proc. Natl. Acad.
Sci. U. S. A. 111 (4) (2014) 1509-1514.

ng D. Tomar, et al., Nucleo-cytoplasmic trafficking of TRIMS8, a novel oncogene, is
involved in positive regulation of TNF induced NF-kappaB pathway, PL0oS One 7
(11) (2012), e48662.

za Q. Li, et al., Tripartite motif 8 (TRIM8) modulates TNFalpha- and IL-1beta- triggered
NF-kappaB activation by targeting TAK1 for K63-linked polyubiquitination, Proc. Natl.
Acad. Sci. U. S. A. 108 (48) (2011) 19341-19346.

1 Y. Cheng, et al., Analysis of DNA methylation patterns associated with the gastric cancer

genome, Oncol. Lett. 7 (4) (2014) 1021-1026.

21 J. Barretina, et al., The cancer cell line encyclopedia enables predictive modelling of
anticancer drug sensitivity, Nature 483 (7391) (2012) 603-607.

21 K. Lotzer, et al., Mouse aorta smooth muscle cells differentiate into lymphoid tissue
organizer-like cells on combined tumor necrosis factor receptor-1/lymphotoxin beta-
receptor NF-kappaB signaling, Arterioscler. Thromb. Vasc. Biol. 30 (3) (2010) 395-402.

za1 G.A. Versteeq, et al., The E3-ligase TRIM family of proteins regulates signaling pathways

triggered by innate immune pattern-recognition receptors, Immunity 38

10


http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102447399
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102447399
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102447399
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102481066
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102481066
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102574418
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102574418
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102599298
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030102599298
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103034562
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103034562
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103034562
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103034562
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103359593
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103359593
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103359593
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103416218
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103416218
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103416218
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103416218
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103416218
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103492884
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103492884
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103492884
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103533980
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103533980
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103533980
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103581361
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103581361
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103581361
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103581361
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030103581361
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104049604
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104049604
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104049604

(2) (2013) 384—398.

zs1 Y.T. Kwon, A. Ciechanover, The ubiquitin code in the ubiquitin-proteasome system and
autophagy, Trends Biochem. Sci. 42 (11) (2017) 873-886.

izl P.D. Uchil, et al., TRIM15 is a focal adhesion protein that regulates focal adhesion
disassembly, J. Cell Sci. 127 (Pt 18) (2014) 3928-3942.

zn Y. Fan, et al., Lysine 63-linked polyubiquitination of TAK1 at lysine 158 is required for
tumor necrosis factor alpha- and interleukin-1beta-induced IKK/NF-kappaB and JNK/AP-1
activation, J. Biol. Chem. 285 (8) (2010) 5347-5360.

rze1 M.G. Koliopoulos, et al., Functional role of TRIM E3 ligase oligomerization and
regulation of catalytic activity, EMBO J. 35 (11) (2016) 1204—-1218.

g Y. LI, et al., Structural insights into the TRIM family of ubiquitin E3 ligases, Cell Res. 24
(6) (2014) 762-765.

@a J. Woodsmith, R.C. Jenn, C.M. Sanderson, Systematic analysis of dimeric E3-RING
interactions reveals increased combinatorial complexity in human ubiquitination
networks, Mol. Cell. Proteomics 11 (7) (2012) p. M111 016162.

s D. Tomar, et al., TRIM13 regulates ER stress induced autophagy and clonogenic ability of
the cells, Biochim. Biophys. Acta 1823 (2) (2012) 316—-326.

21 M. Roy, et al., TRIMS8 regulated autophagy modulates the level of cleaved Caspase- 3
subunit to inhibit genotoxic stress induced cell death, Cell. Signal. 48 (2018) 1-12.

a1 M.M. Hu, H.B. Shu, Multifaceted roles of TRIM38 in innate immune and
inflammatory responses, Cell Mol. Immunol. 14 (4) (2017) 331-338.

sa F. Okumura, et al., TRIM8 modulates STAT3 activity through negative regulation of
PIAS3, J. Cell Sci. 123 (Pt 13) (2010) 2238-2245.

ss1 R. Rajsbaum, J.P. Stoye, A. O’Garra, Type | interferon-dependent and -independent
expression of tripartite motif proteins in immune cells, Eur. J. Immunol. 38 (3) (2008)

619-630.

10


http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104049604
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104124468
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104124468
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104124468
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104168842
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104168842
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104210568
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104210568
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104210568
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104210568
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104210568
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104280106
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104280106
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104325885
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104325885
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104325885
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100210118
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100210118
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100210118
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104446107
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104446107
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104446107
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104510862
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104510862
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104510862
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030104510862
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105021769
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105021769
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100266659
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100266659
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100266659
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105057445
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105057445
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105057445
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105057445

el W. Zhao, et al., E3 ubiquitin ligase tripartite motif 38 negatively regulates TLR- mediated
immune responses by proteasomal degradation of TNF receptor- associated factor 6 in

macrophages, J. Immunol. 188 (6) (2012) 2567—-2574.

w71 M.X. Jiang, et al., Expression profiling of TRIM protein family in THP1-derived
macrophages following TLR stimulation, Sci. Rep. 7 (2017) 42781.

a1 A. Pacis, et al., Gene activation precedes DNA demethylation in response to infection in
human dendritic cells, Proc. Natl. Acad. Sci. U. S. A. 116 (14) (2019) 6938-6943.

g Z. Zhao, et al., The proinflammatory cytokine TNFalpha induces DNA
demethylation-dependent and -independent activation of interleukin-32 expression, J.
Biol. Chem. 294 (17) (2019) 6785-6795.

o M. Lu, et al., XIAP induces NF-kappaB activation via the BIR1/TABL1 interaction and
BIR1 dimerization, Mol. Cell 26 (5) (2007) 689—702.

11 R. Schwenzer, et al., The human tumor necrosis factor (TNF) receptor-associated factor 1
gene (TRAF1) is up-regulated by cytokines of the TNF ligand family and modulates
TNF-induced activation of NF-kappaB and c-Jun N-terminal kinase,

J. Biol. Chem. 274 (27) (1999) 19368-19374.

uz1 C. Stehlik, et al., Cytokine induced expression of porcine inhibitor of apoptosis protein
(iap) family member is regulated by NF-kappa B, Biochem. Biophys. Res. Commun. 243
(3) (1998) 827-832.

u3 Y. Saeki, et al., Lysine 63-linked polyubiquitin chain may serve as a targeting signal for
the 26S proteasome, EMBO J. 28 (4) (2009) 359-371.

usg F. Ohtake, et al., K63 ubiquitylation triggers proteasomal degradation by seeding
branched ubiquitin chains, Proc. Natl. Acad. Sci. U. S. A. 115 (7) (2018)

E1401-E1408.
us) F. Ohtake, et al., The K48-K63 branched ubiquitin chain regulates NF-kappaB

signaling, Mol. Cell 64 (2) (2016) 251-266.

10


http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105120341
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105120341
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105120341
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105120341
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105120341
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105182061
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105182061
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105210207
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105210207
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105210207
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105210207
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105240045
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105240045
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105240045
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105240045
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105340686
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105340686
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105340686
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105493544
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105493544
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105493544
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105493544
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105493544
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030105493544
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106003254
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106003254
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106003254
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106003254
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106003254
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106123537
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106123537
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106123537
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106548199
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106548199
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106548199
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106597908
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030106597908

el W.W. Reiley, et al., Deubiquitinating enzyme CYLD negatively regulates the ubiquitin-
dependent kinase Takl1 and prevents abnormal T cell responses, J. Exp. Med. 204 (6)
(2007) 1475-1485,

un G. Maarifi, et al.,, TRIMS is required for virus-induced IFN response in human
plasmacytoid dendritic cells, Sci. Adv. 5 (11) (2019) p. eaax3511.

re Z. Tian, et al., TRIMS8 inhibits breast cancer proliferation by regulating estrogen
signaling, Am. J. Cancer Res. 10 (10) (2020) 3440—-3457.

g Y. Tian, et al., RBCK1 negatively regulates tumor necrosis factor- and interleukin-1-
triggered NF-kappaB activation by targeting TAB2/3 for degradation, J. Biol. Chem.
282 (23) (2007) 16776—-16782.

sa R.E. Kingston, C.A. Chen, J.K. Rose, Calcium phosphate transfection, Curr. Protoc. Mol.

Biol. 9 (9) (2003) 1.

[51]

10


http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107064127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107064127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107064127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107064127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107064127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100372127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030100372127
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107259464
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107259464
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107291550
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107291550
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107291550
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030107291550
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030101465908
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030101465908
http://refhub.elsevier.com/S0898-6568(21)00299-0/rf202112030101465908

Figure legends:

Fig. 1. TRIM15 is a late response TNF-a induced gene and inhibits TNF-a-induced NF-xB
activation. TNF-a induces expression of TRIM15. (A) HEK293 &(C) MCF-7 cells were treated
with TNF-a for indicated time and mRNA expression of TRIM15 was analyzed using qRT-PCR.
(B) HEK293, (D) MCF-7, and (E) MDA-MB-231 cells were treated as indicated and western
blotting was performed to check TRIM15 protein levels. (F) TRIM15 inhibits TNF-a-induced NF-
kB activation. HEK293 cells were co-transfected with control vector or TRIM15 and NF-«xB
reporter constructs. After 24 h of transfection, cells were treated with TNF-a for 10 h, and NF-xB
activity was measured by Dual glow luciferase reporter assay. (G) Control siRNA or TRIM15-
siRNA was co-transfected with NF-kB reporter constructs and 24 h post- transfection, cells were
treated with TNF-a for 10 h and NF-kB activity was measured. (H) Control siRNA or TRIM15-
SiRNA was transfected in HEK293 and mRNA expression of TRIM15 was analyzed using qRT-
PCR.Asterisk (*), (**), and (***) indicates fold change or NF-xB activity statistically significant
from control; p-value

<0.05, <0.01 and < 0.001(respectively), SEM of minimum three independent experiments.

Fig. 2. TRIM15 forms foci in the cytoplasm and nucleus and stabilizes in the presence of TNF-a.
(A) HEK293 cells were treated with TNF-a, MG132, and Baf-Al as indicated for 10 h. Nuclear
and cytosolic fractions were prepared and indicated specific antibodies were used to detect protein
levels. (B & C) HEK?293 cells were transfected with TRIM15-YFP and 24 h post-transfection
cells were stained with Hoechst nuclear stain and monitored under a confocal microscope. (D)
TRIM15-YFP transfected cells were grown on a coverslip and treated with TNF-a for 10 h. Cells
were fixed and stained with DAPI and monitored under a fluorescent microscope for DAPI and
YFP fluorescence. (E&F) The binary area and mean fluorescence intensity of TRIM15-YFP was
measured from the captured images using the automated measurement feature of Nikon Elements

AR software. Asterisk (**) and (***) indicates statistically significant difference in MFI and
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binary area from control; p-value

<0.01 and < 0.001 (respectively), SEM of minimum six different fields.

Fig. 3. TRIMI15 acts downstream of TRAF2 and inhibits IkBa phosphorylation. (A, B & C)
TRIM15 acts upstream of p65 and downstream of TRAF2 in the NF-xB pathway. Vector or
TRIM15 was co-transfected as indicated with TRAF2 (A), TAK1 (B), or p65 (C) in HEK293 cells
along with NF-«kB reporter constructs. 24 h post- transfection cells were treated with TNF-o for
10 h and NF-xB activity was measured. (D) TRIM15 inhibits IxkBa phosphorylation. HEK293
cells were transfected with indicated constructs and treated with TNF-o and MG132 for 10 h.
Western blotting was performed to check the levels of p-IkBa levels using a specific antibody. (E)
MCF-7 cells were transfected with control vector or TRIM15 and TNF-a, MG132, and
Baflilomycin-Al as indicated, for 10 h. Western blotting was performed to check the levels of p-
IkBa. Asterisk (*), (**) and (***) indicates NF-kB activity statistically significant from control; p-

value <0.05, <0.01 and < 0.001 (respectively), SEM of minimum three independent experiments.

Fig. 4. TRIM15 enhances turnover of TNF-a-induced K63-linked ubiquitin chains. (A) HA-
tagged Ub-K6, K11, K27, K29, K48, and K63 were co-transfected with either vector or
TRIM15-YFP. Cells were treated with TNF-a for 10 h after transfection and western blotting
was performed. (B) Vector or TRIM15-YFP constructs were co-transfected with HA-Ub-K63
in HEK293 cells. 24 h post-transfection cells were treated with TNF-a and MG132 as indicated
for 10 h. Western blotting was performed to check total ubiquitination and K63 linked
polyubiquitinated proteins using indicated antibodies. (C) HA-Ub-K63 was co-transfected
with control or TRIM15-siRNA in HEK293 cells and treated with TNF-a and MG132 as
indicated for 10 h. Western blotting was performed to check protein levels using indicated
antibodies. (D) Vector or TRIM15-YFP constructs were co-transfected with HA-Ub-K63 in

HEK?293 cells and treated as indicated. After 10 h of treatment nuclear- cytosolic fractions
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were prepared and levels of indicated proteins were detected using specific antibodies.

Fig. 5. PRY/SPRY domain deletion of TRIM15 rescues TNF-o-induced K63-linked
ubiquitination and NF-«xB activity. (A & C) HA-Ub-K63 was co-transfected with either vector or
indicated TRIM15 construct in HEK293 and treated with TNF-a for 10 h. Western blotting was
performed to check total ubiquitination and K63- linked polyubiquitinated proteins using
indicated antibodies. PRY/SPRY domain of TRIM15 is essential for inhibition of TNF-a-induced
NF-«xB activity. (B & D) Vector or indicated TRIM15 construct were co-transfected with NF-xB
reporter constructs and cells were treated with TNF-o for 10 h, later NF-kB activity was
measured using dual glow luciferase assay. Asterisk (**) and (***) indicates NF-xB activity
statistically significant from control; p-value <0.01 and < 0.001 (respectively), SEM of minimum

three independent experiments.

Fig. 6. TRIM15 inhibits NF-kB activation by turnover of K63-linked ubiquitination of TAK1. (A)
TRIMA15 interacts with TAK1 and inhibits its ubiquitination. HEK293 cells were transfected with
the control vector, TRIM15-YFP, tagless-TRIM15, and Flag-TAK1 as indicated. Cells were co-
treated with TNF-o and MG132 for 10 h and TAK1 was pulled down using Flag affinity beads.
Western blotting was performed and indicated antibodies were used to check the interaction. (B)
HEK293 cells were co-transfected with Flag-TAK1 and vector control or TRIM15-YFP and
treated as indicated. Western blotting was performed to check the levels of indicated proteins
using specific antibodies. (C & D) HA-Ub-K63 and Flag-TAK1 were co-transfected with either
control vector or TRIM15-YFP and treated with or without TNF-a for 10

h. TAK1 was pulled using Flag affinity beads (C), whereas K63-linked chains were pulled
down using HA affinity beads (D), from lysates and western blotting was performed to detect

interaction and ubiquitination using indicated antibodies.
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Fig. 7. TRIM15 interacts with TRIMS8, inhibits its cytoplasmic translocation and TNF-a-induced
NF-kB activity. (A) TRIM15 interacts with TRIMS8 in TNF-a treated cells. HA-TRIM8 was co-
transfected with a control vector or TRIM15-YFP and treated as indicated for 10 h. Cells were
collected and TRIM8 was pulled down using HA affinity gel. Western blotting was performed
and indicated antibodies were used to check the interaction. (B) TRIM15 inhibits cytosolic
translocation of TRIM8. HA-TRIMS8 was co-transfected with vector or TRIM15-YFP in HEK293
cells and treated with TNF-a and MG132 as indicated. After 10 h of treatment, nuclear-cytosolic
fractions were prepared and levels of indicated proteins were detected using specific antibodies.
(C) TRIM15 inhibits TRIM8 enhanced NF-kB activation. HEK293 cells were co-transfected
with vector, TRIM15, and TRIMS as indicated. After 24 h of transfection cells were treated with
TNF-a for 10 h and NF-«xB activity was

measured. Asterisk (***) indicates NF-xB activity statistically significant from control; p-value

<0.001, SEM of minimum three independent experiments.

Fig. 1
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