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The E3 ubiquitin ligase TRIM31 plays a critical role in
hypertensive nephropathy by promoting proteasomal
degradation of MAP3K7 in the TGF-1 signaling pathway
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Renal fibrosis and inflammation are critical for the initiation and progression of hypertensive renal disease (HRD). However, the
signaling mechanisms underlying their induction are poorly understood, and the role of tripartite motif-containing protein 31
(TRIM31), an E3 ubiquitin ligase, in HRD remains unclear. This study aimed to elucidate the role of TRIM31 in the pathogenesis of
HRD, discover targets of TRIM31, and explore the underlying mechanisms. Pathological specimens of human HRD kidney were
collected and an angiotensin Il (Angll)-induced HRD mouse model was developed. We found that TRIM31 was markedly reduced in
both human and mouse HRD renal tissues. A TRIM31~/~ mice was thus constructed and showed significantly aggravated
hypertension-induced renal dysfunction, fibrosis, and inflammation, following chronic Angll infusion compared with TRIM31+/*
mice. In contrast, overexpression of TRIM31 by injecting adeno-associated virus (AAV) 9 into C57BL/6J mice markedly ameliorated
renal dysfunction, fibrotic and inflammatory response in Angll-induced HRD relative to AAV-control mice. Mechanistically, TRIM31
interacted with and catalyzed the K48-linked polyubiquitination of lysine 72 on Mitogen-activated protein kinase kinase kinase 7
(MAP3K?), followed by the proteasomal degradation of MAP3K7, which further negatively regulated TGF-31-mediated Smad and
MAPK/NF-kB signaling pathways. In conclusion, this study has demonstrated for the first time that TRIM31 serves as an important
regulator in Angll-induced HRD by promoting MAP3K7 K48-linked polyubiquitination and inhibiting the TGF-B1 signaling pathway.
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INTRODUCTION

Hypertension, a major risk factor for cardiovascular and cerebro-
vascular diseases, is closely related to the occurrence and
development of chronic kidney disease [1, 2], Angiotensin I
(Angll), the major effector of the renin-angiotensin system, is a key
mediator in the progression of hypertensive nephropathy (HRD)
[3, 4]. The kidneys are one of the prime targets of chronic
hypertension-related injury, which manifests primarily as protei-
nuria [5], renal interstitial fibrosis with excessive deposition of
extracellular matrix proteins such as collagens and fibronectin
[6, 7], chronic inflammation accompanied by increased expression
of tumor necrosis factor a (TNF-a), interleukin 6 (IL-6) and
interleukin 1 (IL-1B) [8], and vascular remodeling [9, 10]. Variety
of cells were involved in the process of chronic kidney
injury, such as tubular epithelial cells, fibroblasts, podocytes,
inflammatory cells, vascular endothelial cells, pericytes and so on
[11-16]. However, the pathogenesis of HRD has not been fully
elucidated.

Transforming growth factor-f (TGF-B)1, which could be
induced by Angll, has been reported to play a predominant
role in the process of hypertensive renal fibrosis [6]. It
accelerates progressive renal fibrosis by promoting extracellular
matrix production while inhibiting its degradation, and regulat-
ing the inflammatory response by stimulating the expression of
various cytokines [17]. It also induces de-differentiation of
epithelial and endothelial cells [18-21]. TGF-B1 mediates renal
fibrosis by regulating canonical Smad-dependent (involving
phosphorylation and activation of Smad2 and Smad3) [22] and
non-canonical Smad-independent signaling, in particular, the
TRAF6-MAP3K7-MAPK/NF-kB pathway [17]. Mitogen-activated
protein kinase kinase kinase 7 (MAP3K7), could be activated by
TGF-B1, which further act as an upstream activator of the MKK/
JNK signal transduction cascade and the p38 MAPK signal
transduction cascade through the phosphorylation and activa-
tion of several MAP kinase kinases. It is regulated by various
cytokines and functions in TGF-B1-mediated MAPK and NF-kB
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Fig. 1 TRIM31 levels were significantly reduced in human and mouse hypertensive kidneys. A Representative photographs of H&E,
Masson, and IHC staining of TRIM31 in Control, GML, and HRD human kidney specimens. B Quantitation of Masson and IHC staining of TRIM31
in Control, GML, and HRD human kidney specimens. n = 8 per group. C, D Representative IHC staining images and quantitation of TRIM31 in
the kidney after saline or Angll treatment in WT mice. n =6 per group. E Immunoblot assay of TRIM31 expression in kidneys after saline or
Angll treatment in WT mice. GAPDH was used for normalization. F Relative mRNA levels of trim31 expression in kidneys after saline (n = 8) or
Angll treatment (n=6) in WT mice. G, H Representative Western blot images of TRIM31 in HK2 cells after Angll stimulation at a concentration
of 107® M for different perlod of time, or at different concentrations for 24 h. I, J Relative trim317 mRNA levels in HK2 cells after Angll stimulation
at a concentration of 107® M for indicated periods of time, or at indicated concentrations for 24 h. n =5 per group. Data were presented as
mean = SEM and normal distributions were tested by Shapiro-Wilk method, which showed that all the data except those in B (Relative
interstitial fibrosis) were normally distributed. One-way ANOVA with Dunnett post hoc test was used for B (Relative TRIM31 expression level), |
and J. * adjusted P < 0.05, ** adjusted P < 0.01, *** adjusted P < 0.001. Kruskal-Wallis test with Dunnett post hoc tests was used for B (Relative
interstitial fibrosis). Adjusted P values were provided in case of multiple groups comparisons. Student’s t test was used for D and F. *P < 0.05,
**Pp < 0.01, ***P < 0.001. Each experiment was repeated independently for a minimum three times.

activation [23, 24]. It is involved in various pathophysiological mediate downstream signaling in response to TNF-a and IL-13
processes, including cardiac hypertrophy and fibrosis, inflam- stimulation [39]. Only one E3 ligase, ltch, targets MAP3K7 for K48-
mation, and apoptosis [25]. However, the role of MAP3K7 in linked ubiquitination to terminate inflammatory tumor necrosis

Smad-dependent pathways is controversial [26]. Further, the factor signaling, but the specific lysine modification sites were not
molecular mechanism by which TGF-B1 contributes to HRD, and indentified [38, 40]. Previous studies have also shown that Lys(K)
the roles of MAP3K7 in Smad-dependent and -independent 72 of MAP3K7 can undergo K48-linked ubiquitination by

pathways remain elusive and merit exploration. unidentified E3 ligase and this modification on doxorubicin or
The tripartite motif (TRIM) family of proteins is an evolutionarily TNFa -induced inflammatory responses [41, 42]. Until now, The E3

conserved E3 ubiquitin ligase family. TRIM proteins contain an ligase that modified MAP3K7 for K48 ubiquitination, especially in

interesting new gene (Ring) domain conferring E3 ubiquitin ligase TGF-B1 signaling pathway, has not been reported.

activity, one or two B-box motifs, and a coiled-coil (C-C) region In summary, whether TRIM31 is involved in hypertensive

[27]. Accumulating evidence indicates that dysregulation of TRIM nephropathy and the specific mechanism regulating this involve-

proteins causes several disorders, including immune diseases [28], ment have not been reported, and the mechanism of K48-linked

cancer, hepatic fibrosis, and inflammation [29], by promoting ubiquitination of MAP3K7 in TGF-B1 signaling is unclear. In this
lysine (K) 6, K11, K27, K29, K33, K48, and K63-linked covalent poly- study, we found that TRIM31 is closely related to renal fibrosis and
ubiquitination of proteins [30]. Moreover, TRIM31 exhibits auto- inflammation in Angll-induced hypertensive mice and in human
ubiquitination activity. Early studies indicated that TRIM31 plays a renal tubular epithelial cells. Surprisingly, TRIM31 could catalyze
key role in a broad range of biological events, particularly, in the K48 ubiquitination and proteasomal degradation of MAP3K7 via
innate immune response [31], NLRP3 inflammasome activation ubiquitination on K72, which in turn affected the inflammatory

[32], intestinal microbiota composition [33], and intestinal and fibrosis response in HRD model mice. Moreover, human
autophagy [34, 35]. However, whether it plays a role in HRD and kidney specimens of HRD were collected to demonstrate the
its specific mechanism remain unclear. association between TRIM31 and HRD.

Polyubiquitination of MAP3K7 is a non-canonical pathway
activated by TGF-B1 [36]. Several TRIM proteins can ubiquitinate
MAP3K7 [37, 38]. K63-linked polyubiquitination of MAP3K7 at MATERIALS AND METHODS
Lys158 is essential for its own kinase activation and its ability to A detailed method is available in the Online Supplemental Materials.
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RESULTS

TRIM31 levels were significantly reduced in human and mouse
HRD

To investigate the role of TRIM31 in hypertension-mediated
kidney injury, we collected human renal cortical tissues from the
poles of healthy kidneys of individuals (n =8, each group) who
underwent tumor nephrectomy without kidney disease (Control),
patients with glomerular minor lesion (GML), and patients with
HRD. Hematoxylin and eosin (H&E) and Masson stained sections
revealed pathological changes in the GML and HRD groups, and
TRIM31 expression was significantly reduced in HRD sections (Fig.
1A, B). We established a mouse model of HRD by Angll infusion for
42 days. IHC (Fig. 1C, D) showed that TRIM31 was expressed in
both glomeruli and renal tubules, and its expression was
significantly decreased in the condition of HRD, especially in
tubules. Western blot (Fig. 1E) and RT-PCR (Fig. 1F) also revealed a
decrease in TRIM31 expression. As the functional basis of renal
tubules, tubular epithelial cells mediate both inflammatory
response and fibrosis, and play a key role in HRD. In cultured
human proximal renal tubular epithelial cells (HK2) stimulated
with various concentrations of Angll, TRIM31 protein (Fig. 1G, H)
and mRNA levels (Fig. 1I, J) decreased in a time- and
concentration-dependent manner. These results indicated that
TRIM31 may be involved in the function of renal tubular epithelial
cells and the development of HRD.

TRIM31 deficiency aggravated Angll-induced kidney injury

To investigate the Physiological role of TRIM31 in HRD, we
generated TRIM317'~ mice using transcription activator-like
effector nuclease technology. Effective knockout was confirmed
by sequencin? analysis of tail genomic DNA from TRIM31™/"
and TRIM317'" mice (Fig. 2A) and Western blot analysis of
kidney tissues (Fig. 2B). TRIM31"" and TRIM31 ™/~ mice received
Angll infusion to induce HRD or saline as a control treatment via
osmotic minipumps [43] for 6 weeks. Radiotelemetry (Data
Sciences International) was applied to detect mouse blood
pressure changes. Both systolic and diastolic blood pressures
showed a gradual increase in mice receiving Angll infusion,
which reached the diagnostic standard of hypertension [44]
(systolic blood pressure (SBP)/diastolic blood pressure (DBP):
141.2+1.45/111 £2.8 mm Hg in TRIM31+/+ mice, and 137.8 +
1.03/105 + 2.07 mm Hg in TRIM31~/~ mice) one week after Angll
infusion, and were significantly higher than that in saline-treated
mice (SBP/DBP: 118.6 +2.75/86.01 +3.74mmHg in TRIM31*/*
mice, 121.1+1.52/88.52+2.20 mmHg in TRIM31~/~ mouse).
However, neither SBP nor DBP showed significant difference
between TRIM31™" and TRIM31™~/~ mouse groups after Angll or
saline infusion (Fig. 2C). At the end of the experiment, the
kidney-to-body-weight ratio was similar in TRIM31™" and
TRIM31~/~ mice receiving Angll or saline infusion (Supplemen-
tary Fig. S1A, B). Blood urea nitrogen (BUN), serum creatinine
(Cr), serum uric acid (UA), and 24-h urine albumin contents were
elevated after Angll infusion. BUN and serum Cr were
significantly higher in TRIM31~/~ mice than in TRIM31*/*
Angll-treated mice (Fig. 2D). Western blot and IHC showed that
the kidney levels of nephrin, a structural protein that may be
suppressed in injured podocytes, were decreased after Angll
treatment, especially in TRIM31~/~ mice (Fig. 2E, F). Meanwhile,
Kidney Injury Molecule 1 (Kim-1), as one of the functional
indicators of renal tubular injury, was significantly increased in
Western blot, PCR and IHC staining after pumping Angll, and
was more expressed in hypertensive kidneys of TRIM31™"~ mice
(Fig. 2E-H). Periodic acid Schiff (PAS) staining indicated that
kidney injury and glomerular sclerosis were more severe in
TRIM31™/" than in TRIM31%"" Angll-treated mice (Fig. 2F, G).
Severe foot process fusion, proliferation of mesangial cells and
matrix were observed in TRIM31~/~ Angll-treated mice as
indicated by transmission electron microscopy (Fig. 2I). These
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data indicated that TRIM31 deficiency promoted Angll-induced
kidney injury.

TRIM31 deficiency promoted Angll-induced hypertensive
kidney fibrosis and inflammation in vivo

As fibrosis is a salient feature of hypertension-induced chronic kidney
injury and other organs [6, 45], we quantified total collagen in
TRIM31™*" and TRIM31™~ mice kidneys by picrosirius red and
Masson’s staining. Collagen expression in saline-treated mice were
similar in TRIM31™" and TRIM31~/~ mice. After Angll infusion, the
renal collagen content was significantly higher in TRIM31~/~ than in
TRIM31"" mice. IHC for Collagen | and IV, fibronectin, and profibrotic
a-smooth muscle actin (a-SMA) revealed severe fibrosis in kidneys of
TRIM31™'~ Angll-treated mice (Fig. 3A, B). Western blot and RT-PCR
revealed similar changes in renal protein (Fig. 3C) and mRNA levels
(Fig. 3F) of four mouse groups. These findings suggested that TRIM31
contributed to fibrosis in the hypertensive kidney in vivo.

Meso Scale Discovery (MSD) examination revealed that serum
levels of TNF-q, IL-6 and IL-1p were similar between TRIM31+/* and
TRIM31~/~ saline-treated mice, and were markedly increased after
Angll infusion. However, compared to the levels in TRIM31+/*
Angll-treated mice, serum levels of IL-6, TNF-a, and IL-1B were
significantly higher in TRIM31~/~ Angll-treated mice (Fig. 3D),
which were supported by Western blot (Fig. 3C), IHC (Fig. 3A, B),
and RT-PCR (Fig. 3E) findings. IHC for CD68 indicated stronger
macrophage infiltration in TRIM31~/~ than in TRIM31™* Angll-
treated mice (Fig. 3A, B). Thus, TRIM31 deficiency promotes Angll-
induced kidney inflammation in vivo.

TRIM31 overexpression alleviated Angll-induced hypertensive
kidney injury, fibrosis and inflammation in vivo

To further verify the causal relation between TRIM31 and Angll-
induced HRD, we treated C57BL/6J mice with adeno-associated
virus (AAV) 9 carrying Flag-TRIM31 (AAV-TRIM31) and AAV-Flag
(AAV-control) as negative control by means of tail vein injection.
Western blot analysis of mouse kidney tissues confirmed that
TRIM31 expression was upregulated in AAV-TRIM31 group versus
the AAV-control group (Fig. 4A). Then, mice in the AAV9-control
and AAV-TRIM31 groups received Angll infusion or saline for
6 weeks. Neither SBP nor DBP showed a significant difference
between the two groups of mice after Angll treatment by
radiotelemetry analysis (Fig. 4B). In contrast, serum levels of
BUN, Cr and UA, 24-h urine albumin contents (Fig. 4C), glomerular
sclerosis index and renal KIM-1 expression levels were all
significantly decreased whereas nephrin expression was markedly
increased in the AAV-TRIM31 group relative to the AAV9-control
group (Fig. 4D-G). Transmission electron microscopy showed
lessened fracture and fusion of foot process in the AAV-TRIM31
mice relative to the AAV-control mice after Angll treatment
(Fig. 4H). In addition, expression levels of Collagen I, Collagen llI
and Collagen IV, Fibronectin and a-SMA in renal tissues, which
reflect the severity of renal fibrosis, were siginificaly reduced in the
AAV-TRIM31 mice in comparison with the AAV-control mice after
Angll treatment. Similarly, expression levels of TNF-q, IL-6, and IL-
1B in renal tissues, which are parameters of renal inflammation,
were remarkably attenuated in the AAV-TRIM31 mice versus the
AAV-control mice after Angll treatment (Fig. 41-K). Taken together,
these results indicated that TRIM31 overexpression relieved Angll-
induced kidney injury, fibrosis and inflammation in mice.

TRIM31 was involved in TGF-B1-mediated fibrosis and
inflammation in vitro, and Smad, non-Smad signal pathway
activation

TGF-B1 is a key profibrotic cytokine in hypertensive renal injury
and tubulointerstitial fibrosis [6]. Western blot, IHC, and RT-PCR
revealed that TGF-B1 expression in the kidneys obviously
increased after Angll infusion, however, no statistical difference
was observed between TRIM31™* and TRIM31~~ mice

Cell Death & Differentiation (2022) 29:556 — 567
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Fig. 2 TRIM31 deficiency aggravated Angll-induced kidney injury. A Generation of TRIM31”~ mice by targeting TRIM31 exon1 using
transcription activator-like effector nuclease technology and sequencing analysis of genomic DNA isolated from the tails of TRIM31"/* and
TRIM317~ mice. B Representative Western blot images of TRIM31 levels in TRIM31™* and TRIM317~ kidney tissues. C Changes in SBP and DBP
measured by radiotelemetry of TRIM31™/* and TRIM317~ mice treated with saline or Angll for 42 days. n=6 per groups. D BUN (n =8 per
group), serum Cr (n =10 per group), serum uric acid (UA) (n 2 9 per groups), and 24-h urine albumin (n = 5 per group) levels in TRIM31™* and
TRIM31~~ mice treated with saline or Angll for 42 days. E Representative Western blot images of nephrin and KIM-1 in kidneys of the four
mouse groups. F, G Representative PAS (n = 6 per group) and IHC staining of Nephrin (n > 5 per group) and KIM-1 (n = 6 per group) in kidneys
of the four mouse groups, and quantitative analysis. H Relative kim-1 mRNA levels in the four mouse groups, and quantitative analysis. n = 6 per
group. | Representative photomicrographs showing typical glomerular structural changes in kidneys of the four mouse groups. Data were
presented as mean + SEM and normal distributions were tested by Shapiro-Wilk method, which showed that all data were normally distributed.
Two-way ANOVA followed by Tukey post hoc test was used. Adjusted P values were provided in case of multiple groups comparisons.

* adjusted P < 0.05, ** adjusted P < 0.01, *** adjusted P < 0.001. Each experiment was repeated independently for a minimum three times.

(Supplementary Fig. S2A-D). That means TRIM31 did not affect
Angll-induced TGF-31 production. Next, we investigated the effect
of TGF-31 on TRIM31 expression. In HK2 cells stimulated with
hTGF-B1 for various times and at different concentrations, TRIM31
protein and mRNA levels were significantly decreased (Supple-
mentary Fig. S2E-G). And TRIM31 degradation by Angll were
prevented by blocking TGF-B1 with a neutralizing antibody
(Supplementary Fig. S2H), which indicated that TRIM31 is directly
induced by TGF-B1 and may be involved in TGF-B1-mediated
tubulointerstitial fibrosis and hypertensive kidney injury in Angll
pumping mice. Renal tubular epithelial cells are involved in the
development of HRD by mediating inflammation and fibrosis, and
the above data shown that the expression of TRIM31 decreased
obviously in renal tubular epithelial cells under the stimulation of
Angll or TGF-B1. To further explore the potential role of TRIM31 in
TGF-B1 signaling, we knocked down TRIM31 in HK2 cells using
small interfering (si)RNA. Endogenous TRIM31 mRNA and protein
levels were significantly reduced in cells transfected with TRIM31-
siRNA (si-TRIM31) compared to those in control (NC) siRNA-
transfected cells. TRIM31 knockdown significantly decreased
hTGF-B1-induced protein and mRNA expression of fibrotic factors,
including collagens |, lll, IV, fibronectin, a-SMA, matrix metallopro-
teinase (MMP) 2, and MMP9, and inflammatory factors, including
TNF-q, IL-6, and IL-1f (Fig. 5A-C).

Cell Death & Differentiation (2022) 29:556 - 567

Next, we transfected HK2 cells with plasmids for TRIM31
overexpression, a deletion mutant TRIM31-ARing (lacking the
Ring domain, which confers E3 ubiquitin ligase activity), or
mutants in which the conserved cysteine residues at positions
53 and 56 within the Ring domain were replaced with alanine
(TRIM31-C53A/C56A). TRIM31 overexpression suppressed hTGF-
B1-induced protein and mRNA expressions of fibrotic and
inflammatory factors. These effects of TRIM31 overexpression
were abolished after transfection of TRIM31-ARing or TRIM31-
C53A/56A (Fig. 5D-E, Supplementary Fig. S3). These data
suggested an essential role of Ring domain and E3 ligase
activity of TRIM31 in counteracting the profibrotic and proin-
flammatory effects of hTGF-f1.

Activation of canonical and non-canonical Smad signaling
pathways, especially the NF-kB and MAPK pathways, is crucial in
the pathogenesis of tubulointerstitial fibrosis. After Angll infusion,
Smad2 and Smad3 activations in the kidneys were significantly
upregulated, especially in TRIM31~/~ Angll-treated mice. Phos-
phorylation of P65, ERK, JNK, and P38 in the Angll-treated mice
kidneys were also increased in TRIM31~/~ compared to TRIM31™/*
(Fig. 5F). pSmad2, pSmad3, pP65, pERK, pJNK, and pP38 levels
were increased in HK2 cells treated with hTGF-31 for 0.5h or 1h
(Fig. 5G). These data indicated that TRIM31 regulated TGF-B1-
mediated Smad and non-Smad signaling activation.
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Fig. 3 TRIM31 deficiency promoted Angll-induced hypertensive kidney fibrosis and inflammation in vivo. A, B Representative images of
Sirius red, Masson and IHC staining of Collagen | and IV, Fibronectin, a-SMA, TNF-q, IL-6, and IL-1p and quantitation in TRIM31*/* and TRIM31~/~
mouse kidneys treated with saline or Angll for 42 days. n=6 per group. C Representative Western blot images of Collagen |, Ill and IV,
Fibronectin, a-SMA, TNF-a, IL-6, and IL-1f in kidneys of the four mouse groups. GAPDH was used for normalization. D MSD assay showing serum
levels of TNF-a (n = 8 per group), IL-6 (n =10 per group), IL-1p (n = 10 per group), and MCP1 (n = 10 per group) in TRIM31** and TRIM31~/~
mice treated with saline or Angll for 42 days. E Relative mRNA levels of tnf-q, il-6, and il-18 in kidneys of the four mouse groups. n =6 per group.
F Relative mRNA levels of collagen I, lll and 1V, fibronectin, and a-sma in kidneys of the four mouse groups. n = 6 per group. Data were presented
as mean + SEM and normal distributions were tested by Shapiro-Wilk method, which showed that all the data were normally distributed.
Two-way ANOVA followed by Tukey post hoc test was used. Adjusted P values were provided in case of multiple groups comparisons.
* adjusted P < 0.05, ** adjusted P < 0.01, *** adjusted P < 0.001. Each experiment was repeated independently for a minimum three times.

TRIM31 targeted MAP3K?7 for its proteasomal degradation
To identify molecules regulated by TRIM31, we transfected
HEK293T cells with various downstream targets overexpression
plasmids of TGF-B1 signaling and used the cells for co-
immunoprecipitation (Co-IP) experiments. TRIM31 was associated
with TRAF6 and MAP3K?7, but not with Smad2, Smad3, and Smad4
(Fig. 6A, B, Supplementary Fig. S4A). Endogenous Co-IP experi-
ments in HK2 cells confirmed the interactions between endogen-
ous TRIM31 and TRAF6 and MAP3K?7, and the interaction between
TRIM31 and MAP3K7 increased over time after hTGF-1 stimula-
tion (Fig. 6C). To evaluate the effect of TRIM31 on the functions of
these targets, we transfected HEK293T cells with Myc-MAP3K7 or
Myc-TRAF6 and a concentration gradient of Flag-TRIM31 plasmid.
TRIM31 markedly degraded MAP3K7 (Fig. 6D), which was
abolished by TRIM31-ARing and TRIM31-C53A/56 A transfection
(Fig. 6E), but it did not significantly affect TRAF6 levels
(Supplementary Fig. S4B). Thus, we considered MAP3K7 as a
target of TGF-31 downstream signal molecule for TRIM31.

As ubiquitin-proteasome system and autophagy-lysosome
pathway are the two most important mechanisms for the repair
or removal of abnormal proteins [32], we investigated which of
these two pathways is involved in TRIM31-induced MAP3K7
degradation by treating HEK293T cells with the proteasome
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inhibitor bortezomib or the lysosomal pathway inhibitor
chloroquine. MAP3K7 degradation was obviously abolished
after bortezomib treatment, indicating that TRIM31-induced
MAP3K7 degradation via the proteasome pathway (Fig. 6F).
Confocal microscopy revealed that TRIM31 colocalized with
MAP3K7 in HEK293T cells (Fig. 6G). To verify that TRIM31
associates with MAP3K7, we produced Flag-tagged MAP3K7 and
Myc-tagged TRIM31 recombinant proteins using an in vitro TNT
protein expression system for Co-IP assays. Myc-TRIM31 co-
immunoprecipitated with Flag-MAP3K7, indicating that TRIM31
interacted with MAP3K7 in vitro (Fig. 6H). A glutathione
S-transferase (GST) pull-down assay indicated that TRIM31
binded to MAP3K7 via a direct interaction (Supplementary
Fig. S4Q).

To explore the binding domains required for TRIM31-MAP3K7
interaction, we constructed several TRIM31 deletion mutants of
the Ring-finger domain (amino acids (aa) 16-57), B-box (aa
90-129), or C-C motif (aa 126-307) (Fig. 6l), and used them in Co-IP
experiments. TRIM31-AC-C and TRIM31-AC had lost the ability to
interact with MAP3K7. Points mutants of TRIM31 (C53A/C56A) also
interacted with MAP3K7 (Fig. 6J). Using a series of MAP3K7
deletion mutants (Fig. 6K) we found that the amino-terminal 300
aa of MAP3K?7 are required for TRIM31-MAP3K7 binding (Fig. 6L).
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These data demonstrated that TRIM31 physically interacted with
MAP3K7 and that aa 130-425 of TRIM31 and aa 1-300 of MAP3K7
were involved in the binding process. Thus, TRIM31 directly
interacted with MAP3K7 and mediated proteasomal degradation
of MAP3K7.
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TRIM31 catalyzed K48-linked polyubiquitination of MAP3K7

For the proteins proteasomal degradation was always associated
with ubiquitination modification, we next investigated whether
TRIM31 regulates the ubiquitination of MAP3K7 through its E3
ligase activity. We transfected HEK293T cells with Myc-tagged
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Fig. 4 TRIM31 overexpression alleviated Angll-induced hypertensive kidney injury, fibrosis and inflammation in vivo. A Representative
Western blot images of TRIM31 expression in AAV-control and AAV-TRIM31-Flag kidney tissues. B Temporal changes in SBP and DBP measured
by radiotelemetry in AAV-control and AAV-TRIM31 mice treated with saline or Angll for 42 days. n =5 per groups. C Serum BUN (n =6 per
group), Cr (n =6 per group), UA (n = 6 per groups), and 24-h urine albuminuria (n =5 per group) levels in AAV-control and AAV-TRIM31 mice
treated with saline or Angll for 42 days. D Representative western blot images of nephrin and KIM-1 expression in kidneys of the four mouse
groups. E, F Representative PAS staining (n =5 per group) and IHC staining of nephrin (n=5 per group) and KIM-1 (n=5 per group) in
kidneys of the four mouse groups, and corresponding quantitative analyses. G Relative kim-7 mRNA levels in the four mouse groups. n =5 per
group. H Representative photomicrographs showing typical glomerular structural changes in kidneys of the four mouse groups.
I Representative Western blot images of Collagen |, Il and IV, fibronectin, a-SMA, TNF-q, IL-6, and IL-1p in kidneys of the four mouse groups.
GAPDH was used for normalization. J, K Relative mRNA levels of collagen I, lll and IV, fibronectin, a-sma, tnf-q, il-6, and il-18 in kidneys of the four
mouse groups. n =5 per group. Data were presented as mean + SEM and normal distributions were tested by Shapiro-Wilk method, which
showed that all data were normally distributed. Two-way ANOVA followed by Tukey post hoc test was used. Adjusted P values were provided
in case of multiple groups comparisons. * adjusted P < 0.05, ** adjusted P<0.01, *** adjusted P < 0.001. Each experiment was repeated

independently for a minimum three times.

MAP3K7, HA-tagged ubiquitin, and Flag-tagged TRIM31 expres-
sion plasmids. MAP3K7, but not TRAF6, was significantly
polyubiquitinated by TRIM31 (Supplementary Fig. S5). TRIM31-
(C53A/C56A) and TRIM31-ARing lost the ability to increase
MAP3K7 polyubiquitination (Fig. 7A), indicating that MAP3K7
can be ubiquitinated by TRIM31 via its E3 ligase activity. To
investigate the type of polyubiquitination mediated by TRIM31,
we transfected cells with plasmids expressing HA-tagged
mutant ubiquitin (K48 or K63), in which all lysine residues
except K48 or K63, are substituted with arginine. Polyubiquitina-
tion of MAP3K7 was catalyzed by TRIM31 in the presence of HA-
tagged WT ubiquitin and HA-ubiquitin (K48), but not HA-
ubiquitin (K63) (Fig. 7B). Next, we measured TRIM31-induced
ubiquitination of endogenous MAP3K7 in cells transfected with
NC or si-TRIM31 after hTGF-31 stimulation. Endogenous MAP3K7
was robustly ubiquitinated, with both K48- and K63-linked
chains. The total amount of WT and K48-linked ubiquitination of
MAP3K7 was much lower in si-TRIM31 than in NC cells, whereas
K63-linked ubiquitination of MAP3K7 was not substantially
different (Fig. 7C).

Next, we identified the lysine residues responsible for TRIM31-
mediated polyubiquitination of MAP3K7. MAP3K7-K72 [41, 42] and
MAP3K7-K158 [39, 46] are reportedly associated with K48- or K63-
linked ubiquitination of MAP3K7, respectively, but the E3 ligase
was not identified. Therefore, we verified whether MAP3K7-K72
and K158 are involved in the ubiquitination of MAP3K7 by TRIM31.
K48-linked ubiquitination of MAP3K7 by TRIM31 was obviously
abolished after MAP3K7-K72R transfection (Fig. 7D). Then, we
generated the mutant MAP3K7-KR, in which all lysine residues
were replaced with arginine, and reintroduced lysine residues into
MAP3K7-KR to generate single-lysine mutant MAP3K7-K72.
Cotransfection and Co-IP analyses of HEK293T cells showed that
TRIM31-induced K48-linked polyubiquitination of MAP3K7-WT and
the MAP3K7-K72 mutant (Fig. 7E). However, MAP3K7-K72 did not
undergo K63-linked polyubiquitination in the presence of TRIM31
(Fig. 7F).

In vitro ubiquitination assays using ubiquitin, ubiquitin-
activating enzyme E1, and ubiquitin-conjugating enzyme
UbcH5a were performed to confirm that TRIM31 promotes
K48-linked polyubiquitination of MAP3K7. TRIM31 catalyzed
MAP3K7 polyubiquitination in the presence of ubiquitin (WT).
Next, we conducted in vitro ubiquitination assays using mutant
ubiquitin(K48) or (K63), which contains only one lysine, K48 or
K63, with all other lysines mutated to arginine. MAP3K7 was
ubiquitinated by TRIM31 in the presence of ubiquitin (WT) and
ubiquitin(K48), but not in the presence of ubiquitin(K63)
(Fig. 7G). When we expressed Myc-tagged MAP3K7-K72 and
Myc- MAP3K7-K72R in an in vitro TNT protein expression system,
we found that TRIM31 polyubiquitinated MAP3K7-WT and
MAP3K7-K72, but not MAP3K7-K72R (Fig. 7H). These findings
confirmed the key role of TRIM31 in K48-linked ubiquitination of
K72 residue on MAP3K7.
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TRIM31- MAP3K7-Smad/non-Smad pathways played
important roles in HRD

Next, we investigated the function of MAP3K7 in the progression
of HRD. Upon treatment of HK2 cells with the MAP3K7 inhibitor
5z-7-oxozeaenol (5z7) [47, 48], hTGF-B1-mediated phosphoryla-
tion of canonical Smad and non-Smad pathway molecules,
including NF-kB and MAPK (ERK, JNK, P38), was significantly
abolished (Fig. 8A). In addition, siRNA-mediated MAP3K7 knock-
down significantly decreased hTGF-fB1-induced phosphorylation
of NF-kB, ERK, JNK, and P38 (Fig. 8B). Similar observations were
made in mouse primary renal tubular epithelial cells (MRPTEpiC)
(Supplementary Fig. S6A, B). These results suggested that
inhibition of MAP3K7 activity in renal tubular epithelial cells
affected the activation of both Smad and non-Smad signaling
pathways.

IHC of Control, GML, and HRD kidney sections revealed
significant upregulation of TGF-f1 in HRD patients. Fibrosis-
related Collagen | and inflammation-related TNF-a were also
detected in HRD sections. The levels of pSmad3 and pP65, which
are classic pro-fibrotic and pro-inflammatory signaling proteins
stimulated by TGF-B1, were also increased in HRD sections.
MAP3K7 as a target of TRIM31, was significantly upregulated in
HRD sections (Fig. 8C, D). These results suggested that TRIM31
may play an important role in HRD via regulating MAP3K7.

DISCUSSION

As an important E3 ubiquitin ligase, TRIM31 plays key roles in
broad range of biological events, especially, in the innate immune
response [31], NLRP3 inflammasome activation [32], intestinal
microbiota composition [33], and intestinal autophagy [34, 35].
However, whether it plays a role in HRD and its underlying
mechanism remain unclear. The present study revealed a
previously unrecognized biological function of TRIM31 in the
suppression of HRD in human and mice. We generated TRIM31~/~
mice and chronically administered Angll, which is involved in the
regulation of blood pressure and electrolyte balance, to establish a
mouse model of HRD [4, 33]. We found that TRIM31 were
significantly down-regulated in Angll -treated mouse renal tissues,
especially in renal tubules. We collected tissues from patients with
HRD and found that TRIM31 was significantly down-regulated with
the progression of HRD. These results suggest that TRIM31 may
play an important role in the progression of HRD.

Glomerular proteinuria is a typical laboratory finding of chronic
kidney disease, and podocytes play a prominent role in
maintaining glomerular filter integrity [15, 49]. Herein, renal
functional impairment, fibrosis, and inflammation in mice with
Angll-induced HRD were substantially aggravated by TRIM31
ablation and alleviated by TRIM31 overexpression. Furthermore,
compared with TRIM317/* Angll-treated mice, the elevation of 24-
h urine albumin contents was more pronounced, and the
glomerular and tubular damage was more severe in TRIM31 '~
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Fig. 5 TRIM31 was involved in TGF-B1-mediated fibrosis and inflammation in vitro and in Smad and non-Smad signal pathway
activation. A Representative Collagen |, lll and IV, Fibronectin, a-SMA, MMP2, MMP9, TNF-q, IL-6, and IL-1f western blot images in HK2 cells
stimulated with TGF-p1 (10 ng/mL) for 12 h or 24 h, after normal control (NC) and si-TRIM31 transfections. B Relative tnf-q, il-6, and il-13 mRNA
levels in HK2 cells in the aforementioned six groups. n =5 per group. C Relative collagen I, lll and IV, fibronectin, mmp2, mmp9, a-sma, and trim31
MRNA levels in HK2 cells in aforementioned six groups. n =5 per group. D Representative collagen |, lll and IV, fibronectin, a-SMA, MMP2,
MMP9, and Flag Western blot images in HK2 cells stimulated with TGF-B1 for 24 h and transfected with control vector, TRIM31, TRIM31-C53A/
56A, or TRIM31-ARing expression plasmid. E Relative tnf-q, il-6, il-1, and trim31 mRNA levels in HK2 cells of eight groups. n =5 per group. F
Representative Western blot images of Smad2, Smad3, P65, ERK, JNK, and P38 phosphorylation levels in TRIM31™* and TRIM31~/~ mouse
kidneys treated with saline or Angll for 42 days. G Representative Western blot images of Smad2, Smad3, P65, ERK, JNK, and P38
phosphorylation levels in HK2 cells stimulated with TGF-B1 (10 ng/mL) for 0.5 h or 1 h after NC and si-TRIM31 transfections. GAPDH was used
for normalization. Data were presented as mean £ SEM and normal distributions were tested by Shapiro-Wilk method, which showed that all
the data were normally distributed. Two-way ANOVA followed by Sidak post hoc test was used for B and C. Two-way ANOVA followed
by Tukey post hoc test was used for E. Adjusted P values were provided in case of multiple groups comparisons. * adjusted P < 0.05,
** adjusted P < 0.01, *** adjusted P < 0.001. Each experiment was repeated independently for a minimum three times.

|

Angll-treated mice. On the contrary, the opposite phenotype
changes were found in AAV-TRIM31 Angll-treated mice, suggest-
ing that TRIM31 may play an important role in alleviating
podocyte dysfunction and tubular damage in HRD. However,
SBP and DBP were not affected by TRIM31 deletion or over-
expression, indicating that TRIM31 protects mice from HRD via
direct targeting effects rather than altering their blood pressure.
These results further prove that TRIM31 plays an important
protective role in Angll-induced HRD, which inspired us to further
investigate the targets and molecular mechanisms of TRIM31.

To study the TRIM31 function during HRD development, we
focused on TGF-fB1 as it plays essential roles in various kidney
diseases, including Angll-induced HRD [6, 18]. We observed a
significant increase of TGF-B1 in human and mouse hypertensive
kidneys, however, TGF-31 expression was not affected by TRIM31
knockout. Meanwhile, in HK2 cells [2], TGF-B1 stimulation
significantly decreased TRIM31 expression, which was consistent
with the change in TRIM31 expression in the disease model.
Further, the E3 ligase activity of TRIM31 is essential for
antagonizing hTGF-B1-induced fibrosis and inflammation. To
explore the mechanism of these beneficial effects, we focused
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on downstream factors of TGF-1 signaling. Interestingly, TRIM31
deficiency dramatically promoted the phosphorylation and
activation of canonical Smad-dependent and non-canonical
Smad-independent (NF-kB/MAPK) signaling pathways in vivo
and in vitro.

To discover targets of TRIM31, we overexpressed various TGF-f31
downstream molecules. Co-IP assays revealed that TRIM31 binded
to TRAF6 and MAP3K7 but not to Smad2/3/4. Further proteasomal
degradation, GST pull-down assay and confocal microscopy
experiments revealed that MAP3K7 is a target of TRIM31 in the
TGF-B1 signaling pathway. We also found the binding domains
responsible for the TRIM31-MAP3K?7 interaction.

Protein ubiquitination is essential for proteasomal degradation,
and MAP3K7 could be ubiquitinated through both K48 and K63
linkages. The identification of TRIM31 as a MAP3K7-associated
protein prompted us to investigate whether TRIM31-mediated
MAP3K7 ubiquitination. Ubiquitin is composed of 76 amino acids,
and each lysine residue can be coupled to the c-terminal Gly
residue of ubiquitin to form a polyubiquitin chain [30, 50]. As K48-
linked polyubiquitination usually leads to target degradation via
the 26S proteasome, and K63-linked polyubiquitination is involved
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Fig. 6 TRIM31 targeted MAP3K?7 for its proteasomal degradation. A Co-IP assay of HEK293T cells cotransfected with GFP-TRIM31 and Flag-
tagged-MAP3K7, TRAF6, Smad2, Smad3, and Smad4 to examine interactors of TRIM31. B Co-IP assay of HEK293T cells cotransfected with Flag-
TRIM31 and Myc-MAP3K7 to examine whether TRIM31 interacts with MAP3K7. C Co-IP assay of HK2 cells to examine whether endogenous
TRIM31 interacts with MAP3K7 and TRAF6. D Representative Western blot images of Myc-MAP3K7 in HEK293T cells transfected with a
concentration gradient of Flag-TRIM31. E Western blot of Myc-MAP3K7 protein in HEK293T cells transfected with Flag-TRIM31(WT) and
mutants. F Representative Western blot images of Myc-MAP3K7 in HEK293T cells transfected with Flag-TRIM31 and pretreated with
bortezomib (100 nmol/L) and chloroquine (5 pmol/L) for 4 h. G Representative confocal microscopic images of colocalization of TRIM31 and
MAP3K7 in HEK293T cells. H In vitro Co-IP analysis of TRIM31-MAP3K7 interaction, using Flag-MAP3K7 and Myc-TRIM31. I, J Schematic
representations of human TRIM31(WT) and its truncation mutants, and Co-IP analysis of the interaction of Myc-MAP3K7 with Flag-TRIM31
(WT), the TRIM31 truncation mutants, and Flag-TRIM31(C53A, C56A) in HEK293T cells. K, L MAP3K7(WT) and its truncation mutants, and Co-IP
analysis of the interaction between Flag-TRIM31 and Myc-MAP3K7 or its truncation mutants in HEK293T cells. Each experiment was repeated
independently for a minimum three times.

in signal transduction and trafficking of targeted proteins, these
two are the most common types of ubiquitination [51].
Endogenous and exogenous ubiquitination, as well as in vitro
ubiquitination assays revealed that MAP3K7 was ubiquitinated by
TRIM31 through its E3 ligase activity in the way of K48-linked
ubiquitination, which reportedly promotes protein degradation
via the 26S proteasome pathway. These results were in line with
previous reports on MAP3K7 degradation by TRIM31. K72 and
K158 of MAP3K7 are closely associated with its ubiquitination, and
are responsible for K48- and K63-linked polyubiquitination,
respectively [39, 41, 46, 52]. We, therefore, constructed K72R,
K158R, KR, and K72 mutants to verify which residues are involved
in MAP3K7 ubiquitination by TRIM31. Interestingly, TRIM31
catalyzed the K48-linked polyubiquitination of MAP3K7-WT,
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MAP3K7-K158R, and MAP3K7-K72, but not that of MAP3K7-K72R,
and MAP3K7-K72 did not mediate K63-linked polyubiquitination
in the presence of TRIM31. Together, these findings confirmed a
key role of TRIM31 in the ubiquitination of MAP3K7 at K72 for the
first time.

We further investigated the function of MAP3K7 in HRD as it
has been reported previously that MAP3K7 regulates the
activation of TGF-B-mediated non-Smad signaling, especially
NF-kB/MAPKs [29, 47]. However, the role of MAP3K7 in TGF-f1-
mediated Smad-dependent signaling is controversial. Some
studies have shown that it is not involved in regulating the
activation of Smad signaling [23], while others believe that it is.
Using HK2 and mouse primary renal tubular epithelial cells
treated with the MAP3K7 inhibitor 5z7 [25, 37] and siRNA-
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Fig.7 TRIM31 catalyzed K48-linked polyubiquitination of MAP3K7. A Co-IP analysis of MAP3K7 ubiquitination in HEK293T cells transfected
with plasmids encoding Myc-MAP3K7 and HA-ubiquitin (WT), as well as a control vector or plasmids encoding Flag-TRIM31(WT), Flag-TRIM31-
(C53A/C56A), or Flag-TRIM31-ARing. B Co-IP analysis of MAP3K7 ubiquitination in HEK293T cells transfected with plasmids expressing Myc-
MAP3K7, GFP-TRIM31(WT), HA-ubiquitin (WT), HA-ubiquitin(K48), or HA-ubiquitin(K63). € Co-IP analysis of endogenous MAP3K7
ubiquitination in HK2 cells transfected with control siRNA (NC) or TRIM31-specific siRNA (si-TRIM31) after TGF-B1 (10 ng/mL) stimulation for
24 h. D, E Co-IP analysis of the polyubiquitination of MAP3K7(WT) and its mutants in HEK293T cells transfected with plasmids encoding Myc-
tagged MAP3K7 (WT or mutant), plus GFP-TRIM31 and HA-ubiquitin(K48). F Co-IP analysis of mutant MAP3K7 ubiquitination in HEK293T cells
transfected with plasmids expressing Myc-MAP3K7-K72, Flag-TRIM31(WT), and HA-ubiquitin (WT), HA-ubiquitin(K48), or HA-ubiquitin(K63).
G In vitro MAP3K7-Ubiquitination assay with in vitro-translated Flag-TRIM31 and Myc-MAP3K?7 in the presence of E1, UbcH5a, ubiquitin (WT),
ubiquitin(K63) or ubiquitin(K48). H In vitro MAP3K7 ubiquitination assay with in vitro-translated Flag-TRIM31 and Myc-MAP3K7(WT), Myc-
MAP3K7(K72), or Myc-MAP3K7(K72R), in the presence of E1, UbcH5a, and ubiquitin (WT). Each experiment was repeated independently for a
minimum three times.

mediated MAP3K7 knockdown, we found that hTGF-B1- kidney fibrosis and inflammation by suppressing MAP3K7-
mediated phosphorylation of both the canonical Smad and pSmad2/3 and MAP3K7-NF-kB/MAPK signalings. Importantly,
non-Smad pathways were abolished. Further, MAP3K7 was decreased TRIM31 expression and MAP3K7-Smad2/3/NF-kB/MAPK
significantly upregulated in human HRD kidney tissues, along cascade activation were confirmed in human hypertensive
with TGF-1, collagen I, TNF-a, pSmad3, and pP65. These kidneys. Mechanistically, in response to TGF-f1 stimulation, the
findings suggest the critical role of MAP3K7 in HRD progression direct binding of TRIM31 to MAP3K7 is enhanced, leading to

in humans and mice. MAP3K7 K48-linked polyubiquitination at K72 and subsequently,
Based on in vitro and in vivo HRD models, we found that proteasomal degradation. MAP3K7 ubiquitination then leads to
TRIM31 acts as a negative regulator of functional and structural decreased phosphorylation and activation of the downstream
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Fig. 8 TRIM31-MAP3K7-Smad/non-Smad pathways were involved in human and mouse HRD. A Representative Western blot images of
Smad2, Smad3, P65, ERK, JNK, and P38 phosphorylation levels in HK2 cells pretreated with 5z7 (10 pmol/L) and stimulated with TGF-$1 (10 ng/

mL) for 05.h or 1 h. B Representative Western blot images of Sma
pretreated with Si-NC and Si-MAP3K7 and stimulated with TGF-p1

d2, Smad3, P65, ERK, JNK, and P38 phosphorylation levels in HK2 cells
(10 ng/mL) for 05.h or 1h. C, D Representative photomicrographs and

quantitation of IHC of TGF-f1, collagen |, pSmad3, MAP3K7, TNF-a, and pP65 in human renal cortical tissues obtained from the poles of
healthy kidneys of individuals without kidney disease who underwent tumor nephrectomies (Control), patients with GML, and patients with
HRD (n = 8 per group). E Under the condition of HRD, a reduction in TRIM31 leads to a decreased ubiquitylation of MAP3K7, thereby activating
the TGF-B1-MAP3K7-pSmad2/3 and TGF-$1-MAP3K7-NF-kB/MAPK pathways, which contributes to kidney injury associated with hypertension.
Data were presented as mean £ SEM and normal distributions were tested by Shapiro-Wilk method, which showed that MAP3K7 and pP65

were normally distributed, TGF-p1, collagen |, pSmad3 and TNF-a we
forD
values were provided in case of multiple groups comparisons. *
was repeated independently for a minimum three time.

adju

Smad2/3 and NF-kB/MAPK signaling cascades (Fig. 8). This study
demonstrated the functional role of TRIM31 in the process of HRD
and the underlying mechanism.

In summary, we found here, the E3 ligase TRIM31 can promote
the K48-linked ubiquitination at K72 and proteasomal degradation
of MAP3K7, thereby negatively regulating the TGF-31-mediated
inflammatory response and renal fibrosis, and ultimately inhibiting
the progression of HRD.
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