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Abstract

Understanding the molecular mechanisms of pathological vascular
remodeling is important for treating cardiovascular diseases and
complications. Recent studies have highlighted a role of deubiqui-
tinases in vascular pathophysiology. Here, we investigate the role
of a deubiquitinase, OTUD1, in angiotensin Il (Ang Il)-induced vas-
cular remodeling. We detect upregulated OTUD1 in the vascular
endothelium of Ang ll-challenged mice and show that OTUD1 dele-
tion attenuates vascular remodeling, collagen deposition, and
EndMT. Conversely, OTUD1 overexpression aggravates these patho-
logical changes both in vivo and in vitro. Mechanistically, SMAD3 is
identified as a substrate of OTUD1 using co-immunoprecipitation
followed by LC-MS/MS. We find that OTUD1 stabilizes SMAD3 and
facilitates SMAD3/SMAD4 complex formation and subsequent
nuclear translocation through both K48- and K63-linked deubiqui-
tination. OTUD1-mediated SMAD3 activation regulates transcrip-
tion of genes involved in vascular EndMT and remodeling in
HUVECs. Finally, SMAD3 inhibition reverses OTUD1-promoted vas-
cular remodeling. Our findings demonstrate that endothelial
OTUD1 promotes Ang ll-induced vascular remodeling by deubiqui-
tinating SMAD3. We identify SMAD3 as a target of OTUD1 and pro-
pose OTUD1 as a potential therapeutic target for diseases related
to vascular remodeling.
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Introduction

Vascular remodeling is a major problem associated with hyperten-
sion and is considered as a precursor to the development of
microvascular and macrovascular complications, such as cardiovas-
cular and renal complications (Laurent & Boutouyrie, 2015). Hyper-
tensive vascular remodeling that occurs in response to persistently
elevated blood pressure is characterized by vascular fibrosis, extra-
cellular matrix deposition and dysfunction of smooth muscle and
endothelium, resulting in altered vascular resistance that affects both
local and systemic hemodynamics (Schiffrin & Touyz, 2004). Thus,
pathological vascular remodeling is an imperative target for cardio-
vascular therapy. Recent studies have shown that increased level of
angiotensin II (Ang II), the major effector in the renin—angiotensin
system, is capable of mediating hypertensive vascular remodeling
(Forrester et al, 2018). Ang II plays a central role in the development
of hypertension and hypertensive vascular remodeling. These activi-
ties have been reported to involve the induction of endothelial-to-
mesenchymal transition (EndMT; Zeisberg et al, 2007). However, up
till now the molecular mechanisms and clinical treatment of hyper-
tensive vascular EndMT are poorly known. Therefore, identifying
innovative regulatory molecules of Ang II-induced pathological vas-
cular remodeling and elucidating their mechanisms of action have
great scientific implications and clinical value and may provide
potential targets for treating vascular remodeling-related diseases.
Ubiquitination is a common and reversible post-transcriptional
modification that regulates numerous cellular actions, including cell
signal transduction and fate determination (Popovic et al, 2014).
Protein ubiquitination is a three-step enzymatic catalysis process
involving ubiquitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2) and ubiquitin ligases (E3). E3 regulate the specificity
of this reaction and the types of ubiquitin linkages on substrates
through the amino acid residues M1, K6, K11, K27, K29, K33, K48,
and K63, thus determining the fate of the substrates (Komander &
Rape, 2012). In contrast, deubiquitinases (DUBs) catalyze the
removal of ubiquitin from proteins. DUBs also perform multiple bio-
logical functions by modulating different substrates to precisely
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regulate protein function, localization, and degradation (Senft
et al, 2018). To date, approximately 100 DUBs have been discovered
in human and they regulate intracellular signal transduction and the
pathogenesis and development of various diseases, such as cancer,
infectious diseases, and cardiovascular diseases (Harrigan
et al, 2018).

Ovarian tumor deubiquitinase 1 (OTUD1), which belongs to
the OTU protein family, is a DUB that has been reported to par-
ticipate in the progression of some diseases. Previous studies
have reported that OTUD1 regulates innate immune response (Lu
et al, 2018; Zhang et al, 2018). Daisuke et al found that OTUD1
regulates NF-kB and KEAP1-mediated inflammation in inflamma-
tory bowel disease, acute hepatitis, and sepsis models (Oikawa
et al, 2022). Wu et al (2022) reported that OTUD1 moderates
intestinal inflammation by inhibiting RIPK1-mediated NF-kB acti-
vation. OTUD1 has also been reported as a potential target for
the treatment of neoplastic disorders(Song et al, 2021). However,
the role of OTUDI in cardiovascular diseases and vascular dys-
function remains unclear.

In the present study, we investigate the role of OTUD1 in hyper-
tensive vascular remodeling using a mouse model with Ang II infu-
sion. We showed OTUD1 expression was up-regulated in the aortic
endothelium of Ang II-induced hypertensive mice. OTUD]1 deletion
attenuated vascular remodeling and collagen deposition by inhibit-
ing endothelial-to-mesenchymal transition (EndMT), whereas
OTUD1 overexpression aggravated these changes both in vivo and
in vitro. Mechanistically, we found that OTUDI1 sustained the stabil-
ity of a transcriptional factor, mothers against decapentaplegic
homolog 3 (SMAD3) and facilitated SMAD3/SMAD4 complex forma-
tion through reversing the K48- and K63-linked ubiquitination of
SMAD3. Collectively, we identified OTUD1 as a novel regulator of
hypertensive vascular remodeling.

Results

OTUD1 is up-regulated in aortic endothelium of Ang ll-induced
mice

We have previously screened the mRNA levels of all deubiquitinase
members in OTU family in the aortas of control and Ang Il-infused
mice. Among these genes, the mRNA level of Otudl was signifi-
cantly increased in the aortas of Ang II-infused mice (Fig 1A), indi-
cating a potential relevance of OTUD1 with vascular remodeling.
We further validated the result using western blot and real-time
gPCR assay. As shown in Fig 1B-D, OTUD1 was really up-regulated
in the aortas of Ang II-induced mice at both the protein and mRNA
levels. We then examined the cell distribution of OTUD1 in mouse
aortas. Immunofluorescence staining further showed that OTUD1
colocalized with CD31, an endothelial cell marker, rather than o-
SMA, a smooth muscle cell marker (Fig 1E and F). Figure 1E and F
also showed that the expression of OTUD1 was markedly up-
regulated in aortic endothelium of Ang Il-induced mice. We also
analyzed the protein levels of OTUDI1 in cultured mouse primary
macrophages (MPM), mouse aortic vascular smooth muscle cells
(MOVAS), and HUVEC endothelial cells, respectively. As shown in
Appendix Fig S1, OTUD1 was mainly expressed and could be
induced by Ang II in endothelial cells. Then we identified that
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OTUD1 expression indeed increased in HUVECs challenged with
Ang I in a time-dependent manner (Fig 1G and H). These data indi-
cate that OTUDLI is up-regulated in aortic endothelium of Ang II-
induced mice and may be an important mediator in Ang II-induced
vascular dysfunction.

OTUD1 deletion attenuates vascular remodeling and collagen
deposition through inhibiting EndMT in Ang IlI-induced mice

To investigate the role of OTUD1 in Ang II-induced vascular injury,
global OTUD1 knockout (OTUD1 /") mice were used and implanted
with a micro-osmotic pump containing Ang II. The knockout effi-
ciency of OTUD1 ™/~ mice was verified (Appendix Fig S2A and B).
Systolic blood pressure equally rose in wild-type (WT) and
OTUD1™/~ mice with Ang II infusion (Appendix Fig S2C), indicating
that OTUDI1 deficiency did not affect systolic blood pressure. Histo-
logical analysis of aortic wall thickness (Fig 2A and B) and Mas-
son’s trichome staining for fibrosis (Fig 2C and D) revealed that
OTUD1 deletion noticeably decreased aortic wall thickness and
perivascular fibrosis. This indicated that OTUD1 deletion could miti-
gate deleterious vascular remodeling and collagen deposition in the
aortas of mice exposed to Ang II. Considering that EndMT is
involved in cardiovascular diseases including hypertension-induced
vascular dysfunction (Kovacic et al, 2019), we hypothesized that
OTUDL1 exacerbated vascular remodeling and collagen deposition
via EndMT. Furthermore, we identified that OTUD1 deficiency con-
strained EndMT in the Ang II-treated mice aortas through examining
the changes and levels of key proteins associated with EndMT,
including VE-cadherin, Vimentin, a-SMA, Twist, and Snail (Fig 2E
and F). Moreover, the mRNA level of EndMT-related genes and
fibrotic factors were consistent with the above results (Fig 2G and
H). Taken together, these data evidence that OTUDI1 deletion attenu-
ates vascular remodeling and collagen deposition through inhibiting
EndMT in Ang II-induced mice.

OTUD1 exacerbates Ang ll-induced EndMT in vitro

To validate the finding that OTUD1 modulates endothelial function,
HUVECs challenged with Ang II was utilized. We generated OTUD1
deficiency in HUVECs by siRNA transfection (Fig 3A). OTUD1 defi-
ciency reversed the changes of EndMT-related proteins and sup-
pressed EndMT in HUVECs exposed to Ang II at both the protein
and mRNA levels (Fig 3B and C, and Appendix Fig S3A). In addi-
tion, the mRNA levels of Tgfbl and Collal showed that OTUD1
deletion inhibited subsequent collagen deposition (Fig 3C). Mean-
while, OTUD1 was overexpressed in HUVECs after Flag-OTUD1
transfection (Fig 3D). OTUDI overexpression aggravated EndMT in
HUVECs challenged with Ang II at both the protein and mRNA level
(Fig 3E and F, and Appendix Fig S3B). The mRNA levels of Tgfbl
and Collal also proved that OTUD1 overexpression worsened sub-
sequent collagen deposition (Fig 3F). To confirm the role of OTUD1
in endothelial cells, we further utilized two more vascular endothe-
lial cell lines, bEnd.3 and EA.hy926. As expected, OTUD1 deficiency
also reversed the Ang II-induced changes of EndMT-related genes in
both bEnd.3 and EA.hy926 cells (Appendix Fig S4A-D). In sum-
mary, these results indicate that OTUD1 exacerbates Ang II-induced
vascular remodeling and collagen deposition via EndMT in vascular
endothelial cells.

© 2022 The Authors
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Figure 1. OTUDL1 Is up-regulated in aortic endothelium of Ang Il-induced mice.
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A mRNA levels of members of OTU family in aortas of control and Ang Il-induced mice were determined by RT-qPCR. The values were normalized to Rn18s (n =5 bio-

logical replicates).

B, C Western blot analysis (B) and densitometric quantification (C) of OTUD1 in aortas of control and Ang Il-induced mice. B-Actin was used as the loading control

(n =5 biological replicates).

D mMRNA levels of OTUD1 in aortas of control and Ang II-induced mice were determined by RT-qPCR. The values were normalized to Rn18s (n = 5 biological repli-

cates).

E Representative immunofluorescence staining of CD31 (green) and OTUDL1 (red) of aortic sections (scale bar =25 um).

F Representative immunofluorescence staining of a-SMA (green) and OTUD1 (red) of aortic sections (scale bar = 25 um).

G, H Time-course of OTUD1 induction in response to Ang Il in HUVECs. HUVECs were exposed to 1 M Ang Il for indicated time. Western blot analysis (G) and densito-
metric quantification (H) of OTUD1 were shown (n = 3 biological replicates). GAPDH was used as the loading control. Data were shown as mean + SEM; *,

P < 0.05; ns, not significant, two-tailed unpaired Student’s t-test.

Source data are available online for this figure.

OTUD1 associates with the MH2 domain of SMAD3 and reverses
the K48- and K63-linked ubiquitination of SMADS3 via cysteine
320 on OTUD1

To investigate the mechanism by which OTUD] facilitates EndMT in
HUVECs, we performed a LC-MS/MS analysis using HUVECs

© 2022 The Authors

transfected with Flag-OTUD1 (Fig 4A) and, interestingly, the mass
spectrometry data identified SMAD3 as a binding protein of OTUD1
(Fig 4B, and Appendix Tables S1 and S2). Besides, we also per-
formed a RNA-sequencing using the mouse aortas tissues from
WT + Ang II and KO + Ang II groups. The GSEA of transcriptome
sequencing showed the effect of OTUD1 was related to the TGFp-
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Figure 2. OTUDL1 deletion attenuates vascular remodeling and collagen deposition through inhibiting EndMT in Ang ll-induced mice.

A Representative images of H&E staining of aortic sections of the mice from four groups (scale bar = 25 um). E, endothelium; M, media; A, adventitia.

B The quantification of arterial wall thickness in panel (A); n =5 biological replicates.

C Representative images of Masson’s Trichrome staining of aortic sections of the mice (scale bar =50 um).

D The quantification of collagen deposition in panel (C); n =5 biological replicates.

E,F Western blot analysis (E) of VE-cadherin, Vimentin, Twist, Snail, and OTUD1 and densitometric quantification (F) of VE-cadherin, Vimentin, Twist and Snail in aortic
tissues of the mice. B-Actin was used as the loading control (n =5 biological replicates).

MRNA levels of Cdh5, Vim, Twist1, Snail (G), Tgfb1 and Collal (H) in aortic tissues of the mice were examined by real-time qPCR assay. The values were normalized

to Rn18s (n = 5 biological replicates). Data were shown as mean + SEM; *, P < 0.05; ns, not significant, two-tailed unpaired Student’s t-test.

G H

Source data are available online for this figure.
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Figure 3. OTUD1 exacerbates Ang Il-induced EndMT in HUVECs.

A

HUVECs were transfected with OTUD1 siRNA (si-OTUD1) for 24 h, while the control cells were transfected with negative control (NC) siRNA. Levels of OTUD1 protein
were measured by Western blot (n = 3 biological replicates).

HUVECs transfected with si-OTUD1 or NC were challenged with 1 uM Ang Il for 24 h. Western blot analysis of VE-cadherin, Vimentin, a-SMA, Twist, and Snail were
performed. GAPDH was used as the loading control.

HUVECs transfected with si-OTUD1 or NC were challenged with 1 uM Ang Il for 24 h. mRNA levels of Cdh5, Vim, Acta2, Twist1, Snail, Tgfb1, and Collal were deter-
mined by RT-qPCR (n = 3 biological replicates). The values were normalized to B-Actin.

HUVECs were transfected with Flag-OTUD1 plasmid for 24 h. Control cells were transfected with empty vector (EV). Levels of OTUD1 were measured by Western blot
(n = 3 biological replicates).

HUVECs transfected with Flag-OTUD1 or EV were challenged with 1 uM Ang Il for 24 h. Western blot analysis of VE-cadherin, Vimentin, a-SMA, Twist and Snail were
performed. GAPDH was used as the loading control.

HUVECs transfected with Flag-OTUD1 or EV were challenged with 1 uM Ang Il for 24 h. mRNA levels of Cdh5, Vim, Acta2, Twist1, Snail, Tgfbl, and Collal were deter-
mined via RT-qPCR (n = 3 biological replicates). The values were normalized to B-actin. Data were shown as mean + SEM; *, P < 0.05; ns, not significant, two-tailed

unpaired Student’s t-test.

Source data are available online for this figure.

SMAD signaling pathway (Appendix Fig SSA-C), wherein SMAD3 is
an essential mediator (Derynck & Zhang, 2003) and could be ubiqui-
tinatied (Zhang et al, 2014). Ang II challenge has been widely
reported to be able to activate the TGFB/SMAD3 signaling pathway
(Mezzano et al, 2001; Rosenkranz, 2004; Schluter & Wenzel, 2008)
and we also confirmed the activation of TGFB/SMAD3 signal by
Ang Il in HUVECs (Appendix Fig S6). In addition, TGFB-SMAD3 sig-
naling pathway has been reported to be a prominent EndMT inducer
(Wynn, 2008; Ma et al, 2020) and SMAD3 plays an essential role in
Ang Il-induced vascular remodeling (Sorescu, 2006). Therefore, we
may hypothesize that OTUD1 regulates vascular EndMT via deubiq-
uitinating modification of SMAD3.

Firstly, the interaction between OTUD1 and SMAD3 was deter-
mined in HUVECs using co-immunoprecipitation (Fig 4C). Interest-
ingly, we observed that OTUD1 did not bind to SMAD2, indicating a
specificity of OTUD1 towards SMAD3 (Fig 4C). The combination of
OTUD1 and SMAD3 was further verified in 293T cells transfected
with both Flag-OTUD1 and HA-SMAD3 plasmids (Fig 4D). We also

© 2022 The Authors

confirmed that endogenous OTUD1 could interact with SMAD3 in
HUVECs challenged with Ang II (Appendix Fig S7). Next, we exam-
ined the nature of the interaction between OTUD1 and SMADS3.
SMAD3 protein consists of three domains including MH1, Linker,
MH2 (Derynck & Zhang, 2003; Fig 4E). As shown in Fig 4F, OTUD1
coupled with SMAD3, SMAD32MH! and SMAD32M%r | rather than
SMAD3*MH2 | suggesting that OTUD1 bound to MH2 domain of
SMAD3. By the way, although a previous study reported that
OTUD1 deubiquitinates SMAD7 via a K33-linked manner in breast
cancer cells (Zhang et al, 2017), we did not find SMAD?7 as OTUD1-
binding protein in our LC-MS/MS analysis. We also excluded the
OTUD1-SMAD?7 interaction in HUVECs wusing the
immunoprecipitation assay (Appendix Fig S8).

We then determined that OTUD1 could deubiquitinate SMAD3 in
293T cells (Fig 4G). Cysteine at position 320 in OTUD1 has been
identified as an active site for the deubiquitinating activity (Yao
et al, 2018). We mutated cysteine 320 to serine and found that
OTUDI1 mutant (C320S) could no longer remove ubiquitin molecules

co-

EMBO reports 24:e56135]2023 5 0f 13
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from SMAD3 (Fig 4H), manifesting that the ability of OTUD1 to deu-
biquitinate SMAD3 depends on the catalytic site C320. SMAD3 has
been reported to be modified by different forms of ubiquitination
(Herhaus et al, 2013; Liu et al, 2022). The K48- and K63-linked ubig-
uitination are most classic types in ubiquitinating modification. We
further determine which type of ubiquitin chain on SMAD3 was
deubiquitinated by OTUD1. As shown in Fig 41, OTUD1 decreased
both K48- and K63-linked polyubiquitin chains of SMAD3, indicat-
ing that OTUD1 reverses both K48- and K63-linked ubiquitination of

Zhugi Huang et al

SMAD3. Although OTUD1 induces K33-linked deubiquitination of
SMAD? (Zhang et al, 2017), we found that OTUDI failed to remove
K33-linked ubiquitin chains from SMAD3 (Appendix Fig S9).

OTUD1 sustains SMADS3 stability and facilitates SMAD3/SMAD4
complex formation

The K48-linked ubiquitin chain is a prominent linkage and proteins
modified with such ubiquitin chains are often degraded by the 26 S
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Figure 4. OTUD1 associates with the MH2 domain of SMAD3 and reverses the K48- and K63-linked ubiquitination of SMAD3 via cysteine 320 on OTUD1.
A Schematic illustration of quantitative proteomic screen to identify proteins binding to OTUD1.

B MS/MS spectrum of the peptide showing TVDGFTDPSNSER from SMAD3.

C Co-immunoprecipitation of OTUD1 and SMAD2 or SMAD3 in HUVECs transfected with Flag-OTUD1. Exogenous Flag-OTUD1 was immunoprecipitated by anti-Flag

antibody. IgG, immunoglobulin G.

D Co-immunoprecipitation of OTUD1 and SMAD3 in 293T cells co-transfected with Flag-OTUD1 and HA-SMAD3. OTUD1 and SMAD3 were immunoprecipitated by anti-

Flag and anti-HA antibodies, respectively. IgG, immunoglobulin G.

E The protein structure of SMAD3 and the schematic illustration of SMAD3 domain deletion constructs.
F Identification of the OTUD1-binding domain of SMAD3. Plasmids encoding GFP-labeled SMAD3, or three GFP-labeled SMAD3 mutants (mut-SMAD?3), respectively, and
Flag-OTUD1 were transfected in 293T cells for 24 h. The interactions between OTUD1 and SMAD3 or SMAD3 mutants were determined by co-immunoprecipitation

using anti-Flag and anti-GFP antibodies.

G Immunoprecipitation of SMAD3 in 293T cells co-transfected with GFP-SMAD3, HA-Ub and Flag-OTUD1 and then challenged with 10 pM MG132 for 6 h. Ubiquitinated

SMAD3 was detected by immunoblotting using anti-HA antibody.

H Immunoprecipitation of SMAD3 in 293T cells co-transfected with GFP-SMAD3, HA-Ub, and Flag-OTUD1 or Flag-OTUD1(C320S), and then challenged with 10 uM
MG132 for 6 h. Ubiquitinated SMAD3 was detected by immunoblotting using anti-HA antibody.

| Immunoprecipitation of SMAD3 in 293T cells co-transfected with GFP-SMAD3, Flag-OTUD1, and HA-Ub, HA-Ub-K48 (K48 only), or HA-Ub-K63 (K63 only), respectively,
and then challenged with 10 pM MG132 for 6 h. Ubiquitinated SMAD3 was detected by immunoblotting using anti-HA antibody.

Source data are available online for this figure.

proteasome (Komander & Rape, 2012). Thus, we explored whether
OTUD1 could maintain SMAD3 stability and protect it from proteaso-
mal degradation. As expected, OTUD1 overexpression increased
SMAD3 protein level in a dose-dependent manner (Fig SA and B),
while the mRNA level of SMAD3 was not affected (Appendix Fig S10).
CHX pulse-chase assay was performed to reveal that OTUD1 obviously
prevented SMAD3 from proteasomal degradation (Fig 5C and D).
Moreover, we confirmed that the level of SMAD3 protein in the aortas
of OTUD1 /™ mice was significantly lower than that in the aortas of
WT mice (Fig 5E and F), which is consistent with the in vitro results.

On the other side, K63-linked chains are mainly considered as
nondegradative ubiquitin chains that modulate protein enzyme
activity, nuclear translocation, or interaction with other proteins
(Xu et al, 2009). Given that OTUDI also regulates K63-linked ubiqg-
uitination of SMAD3, we examined the potential effect of OTUD1 on
SMAD3 behaviors, including phosphorylation, translocation, and
SMAD3-SMAD4 interaction. Surprisingly, OTUD1 did not affect the
phosphorylation level of SMAD3 (Appendix Fig S11A). Activated
SMAD3 forms a complex with SMAD4 and then translocates into the
nucleus to regulate target gene expression (Derynck & Zhang, 2003).
We then examined if OTUD1 may promote SMAD3/SMAD4 com-
plex formation through removing the Ké63-linked polyubiquitin
chain of SMAD3. Indeed, we observed that either total ubiquitina-
tion or K63-linked ubiquitination of SMAD3 could inhibit the inter-
action between SMAD3 and SMAD4 (Fig 5G). Then, the co-
immunoprecipitation assay revealed that OTUD1 could promote
SMAD3/SMAD4 complex formation, through deubiquitination mod-
ification of SMAD3 (Fig SH). SMAD3-SMAD4 interaction promotes
the nuclear translocation of this complex to regulating target gene
expression. As expected, OTUDI deletion suppressed Ang II-induced
SMAD3 nuclear translocation in HUVECs (Fig 5I).

Next, we explored the role of SMAD3 in mediating the actions of
OTUD1. We transfected HUVECs with OTUD1 plasmid to express
OTUDI1 and then challenged the cells with Ang II in the presence or
absence of SMAD3 inhibitor. We used a small-molecule inhibitor
SIS3, which selectively inhibits SMAD3 (Jinnin et al, 2006). In our
experiments, SMAD3/SMAD4 complex formation and SMAD3
nuclear translocation induced by OTUD1 were significantly reversed
by SIS3 (Appendix Fig S11B and C). Also, SMAD3 knockdown
reduced mRNA levels of EndMT-related and pro-fibrotic genes in
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HUVECs upon Ang II exposure, even in the presence of OTUDI1
expression (Appendix Fig S11D and Fig 5J and K). These in vitro
studies show that OTUDI1 interacts with SMAD3 and regulates
SMAD3 stability and facilitates SMAD3/SMAD4 complex formation
to module expression of EndMT-related genes.

OTUD1 overexpression aggravates vascular remodeling and
collagen deposition through regulating SMAD3 in mice

Finally, we planned to examine if SMAD3 mediates OTUDI1-
promoted vascular remodeling in mice. To achieve this goal, we
constructed AAV9-encoding OTUD1 particles and administered
them to mice via tail vein injection. AAV9 infection was successful
and showed increased OTUDI1 expression in the aortas of mice
(Appendix Fig S12A and B). We also treated some mice with
SMAD3 inhibitor SIS3. Mice were then infused with saline or Ang II
for 2 weeks. Ang Il-increased systolic blood pressure in mice was
not affected by either OTUD1 overexpression or SMAD3 inhibitor
SIS3 (Appendix Fig S12C). Histological analysis of aortic wall thick-
ness (Fig 6A and B) and Masson’s trichome staining for fibrosis
(Fig 6C and D) revealed that OTUD1 overexpression increased aortic
wall thickness and perivascular fibrosis, while SIS3 treatment abol-
ished the deterioration of aortas caused by OTUD1 overexpression
and Ang II infusion. OTUDI1 overexpression resulted in more severe
EndMT in the aortas, as evidenced by the change profile of EndMT-
related proteins, whereas SIS3 offset the changes of OTUD1 (Fig 6E
and F). In addition, it was observed that OTUD1 overexpression by
AAV9-OTUDLI increased the protein level of SMAD3 in mouse aortas
(Fig 6E and F). Similar results were observed at the mRNA levels of
these EndMT-related genes (Fig 6G). As expected, the mRNA levels
of fibrotic factors were consistent with the above results (Fig 6H).
These data demonstrate that OTUD1 overexpression exasperated
deleterious vascular remodeling and collagen deposition in the aor-
tas through regulating SMAD3.

Discussion

In this study, we evaluated the role of OTUD1 in Ang II-induced vas-
cular remodeling both in vivo and in vitro. The three key findings
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Figure 5. OTUD1 sustains SMAD3 stability and facilitates SMAD3/SMAD4 complex formation and nuclear translocation.

A, B 2937 cells were transfected with various amount of Flag-OTUD1. Western blot analysis (A) and densitometric quantification (B) of SMAD3. GAPDH was used as the
loading control (n = 3 biological replicates).

C, D 293T cells transfected with GFP-SMAD3 and Flag-OTUD1 were treated with cycloheximide (CHX, 50 pg/ml) at the indicated time points. Western blot analysis (C)
and densitometric quantification (D) of GFP are shown. GAPDH was used as the loading control (n = 3 biological replicates).

E, F Western blot analysis (E) and densitometric quantification (F) of SMAD3 in aortic tissues of the mice from four groups. B-Actin was used as the loading control
(n =5 biological replicates).

G Co-immunoprecipitation of SMAD3 and SMAD4 in 293T cells co-transfected with GFP-SMAD3, HA-Ub, and HA-Ub-K63 (K63 only), respectively, and then challenged
with 10 pM MG132 for 6 h. Exogenous SMAD3 was immunoprecipitated by anti-GFP antibody.

H Co-immunoprecipitation of SMAD3 and SMAD4 in 293T cells co-transfected with GFP-SMAD3 and Flag-OTUD1 and then challenged with 10 pM MG132 for 6 h.
Exogenous SMAD3 was immunoprecipitated by anti-GFP antibody. IgG, immunoglobulin G.

| HUVECs transfected with OTUD1 siRNA or NC siRNA were challenged with 1 uM Ang Il for 24 h and with 10 pM MG132 6 h before harvest. Protein levels of SMAD3
in cytoplasm and nucleus were measured by Western blot assay. GAPDH was used as the loading control for cytosolic fractions. Lamin B1 was used as the loading
control for nuclear fractions.

J, K HUVECs transfected with Flag-OTUD1 (or EV) and si-SMAD3 were challenged with 1 pM Ang Il for 24 h. mRNA levels of Cdh5, Vim, Acta2, Twist1, Snail (), Tgfb1 and
Collal (K) were determined by RT-qPCR assay (n = 3 biological replicates). The values were normalized to those of B-Actin. Data were shown as mean + SEM; *,
P < 0.05; ns, not significant, two-tailed unpaired Student’s t-test.

Source data are available online for this figure.
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are the following: (i) OTUD1 promotes Ang Il-induced vascular cells. (iii) OTUD1 sustains SMAD3 stability and facilitates SMAD3/
remodeling and collagen deposition through exacerbating EndMT. SMAD4 complex formation to regulate the transcription of genes
(ii) OTUD1 associates with the MH2 domain of SMAD3 and reverses involved in vascular EndMT and remodeling. A schematic represen-
the K48- and K63-linked ubiquitination of SMAD3 in endothelial tation of the main findings is presented in the graphical abstract.

A Ang |l B
AAV9-OTUD1
AAVE-NC SIs3
J.
¥ T3
/ - H
: I SstaeE 38
e e
P > y : g E ﬁ
Y. (3]
) ’4 . g =
C D
40— ek
c 8830 , &
2 3 S
@ & 3 20—
s el
210 ns
n_ Y-
il 0—
o AAVO-NC 2 AAV9-OTUD1 v AAV9-NC+Ang Il
Ang I o AAV9-OTUD1+Ang Il o AAV9-OTUD1+SIS3+Ang Il
E AAVO-  AAVO- AAV9-OTUD1 F
NC OTUD1 kDa
VE-cadherin 5—

* K

Vimentin ’ o wwe
ST

N
|
e

29
55

—

S ik 0 B ﬂﬁ il s £ ﬁﬁﬁﬁ

B-actin ‘-.. .w45 VE-cadherin  Vimentin Twist Snail SMAD3
G H

< 8 < 8—

z Z

E 6 5 E 5 v

o . > - . % k) * % * >

€ v = € 4 v

8 4 : L o * 2 8 4 * % ‘

: * ; :

22— TS ns ns ns |© 22+ ns ns

© k]

Inms . RAN mell R &S §lmml] 4 ARl)Y
Cdh5 Vim Twist1 Snai1 Tgfb1 Colt1at

Figure 6. OTUD1 overexpression aggravates vascular remodeling and collagen deposition through regulating SMADS3 in vivo.
The methodology of this animal experiment was described in Materials and Methods.

A, B Representative images (A) of H&E staining of aortic sections (scale bar = 25 um) and quantification of arterial wall thickness (B); n =5 biological replicates. E,
endothelium; M, media; A, adventitia.

C-H Representative images (C) of Masson’s Trichrome staining of aortic sections (scale bar =25 um) and quantification of collagen deposition (D); n = 5 biological
replicates. Western blot analysis (E) and densitometric quantification (F) of VE-cadherin, Vimentin, Twist and Snail in aortic tissues. B-Actin was used as the loading
control (n =5 biological replicates). mRNA levels of Cdh5, Vim, Twist1, Snail (G), Tgfb1l and Collal (H) in aortic tissues were examined by real-time qPCR. The values
were normalized to Rn18s (n =5 biological replicates). Data were shown as mean + SEM; *, P < 0.05; ns, not significant, two-tailed unpaired Student’s t-test.

Source data are available online for this figure.

© 2022 The Authors EMBO reports  24:e56135]2023 9 of 13



EMBO reports

Vascular endothelial cells can obtain a mesenchymal phenotype
upon irritation or injury in a process termed EndMT (Chen
et al, 2015). EndMT is an intricate cellular differentiation process in
which endothelial cells lose endothelial markers such as VE-
cadherin and acquire mesenchymal features such as o-SMA,
vimentin and fibrotic markers (Bischoff, 2019). And increased
expression of EndMT transcription factors including Snail and
Twistl indicates EndMT. As EndMT evolves, cells migrate and con-
tribute to extensive vascular remodeling (Piera-Velazquez &
Jimenez, 2019). Previous studies have identified that EndMT is
involved in Ang Il-induced vascular remodeling (Li et al, 2020; Lin
et al, 2020; Qian et al, 2021). The TGFB-SMAD3 signaling pathway
is a primary EndMT inducer (Pardali et al, 2017; Bischoff, 2019; Ma
et al, 2020). Activated SMAD3 combines with SMAD4 and translo-
cates into the nucleus where the SMAD3/SMAD4 complex regulates
the transcription of EndMT-associated proteins (Derynck &
Zhang, 2003; Meng et al, 2016). Li et al (2010) reported that inhibi-
tion of SMAD3 with the inhibitor SIS3 restrained EndMT and
delayed the progression of diabetic nephropathy. SMAD3-specific
gene deletion in the liver prevented hepatocytic EndMT (Ju
et al, 2006). In our study, OTUD1 promoted Ang II-induced vascular
remodeling and collagen deposition through inhibiting EndMT.
Moreover, we demonstrated that OTUD1 bound to the MH2 domain
of SMAD3 to sustain SMAD3 stability and facilitate SMAD3/SMAD4
complex formation, thus boosting the transcriptional activity of
SMAD3 in endothelial cells.

DUBs are crucial components in pathological vascular remodel-
ing (Wang et al, 2020). Xia et al (2021) reported that USP10 par-
ticipates in vascular remodeling by promoting VSMC proliferation
and migration via stabilizing Skp2 protein expression. And Ioan-
nis et al showed that WNT5A regulated vascular redox signaling
via USP17 in obesity (Akoumianakis et al, 2019). Besides, Gao
et al (2010) demonstrated that CYLD mediates vascular endothe-
lial cell migration via Racl activation. Nevertheless, it is unclear
whether OTUD]1 is involved in vascular remodeling and other car-
diovascular diseases. This study for the first time identified
OTUD1 as an indispensable mediator in Ang Il-induced vascular
remodeling. Most importantly, we have elucidated that OTUDI1
expedited vascular remodeling by deubiquitinating SMAD3. There-
fore, OTUD]1 may be a potential target for treating hypertensive
vascular remodeling.

The SMAD3 transcription factor lies at the core of the TGFf sig-
naling pathway (Massague et al, 2005). Phosphorylated SMAD3
forms a complex with SMAD4 and translocates into the nucleus
where it regulates the transcription of target genes (Derynck &
Zhang, 2003). SMAD3 is involved in Ang II-induced vascular remod-
eling (Sorescu, 2006; Wang et al, 2006). Previous studies have
shown that SMAD3 can be ubiquitinated (Izzi & Attisano, 2004;
Inoue & Imamura, 2008). Meanwhile, some studies showed that
multiple DUBs could regulate the deubiquitination of SMAD3.
OTUBI and UCHLS stabilize SMAD3 by reversing the ubiquitination
of SMAD3 (Herhaus et al, 2013; Nan et al, 2016). Moreover, USP15
enhances SMAD3/SMAD4 complex formation by deubiquitinating
SMAD3 (Xie et al, 2014). Huang et al (2021) reported that USP7
facilitates SMAD3 expression and the DNA-binding of the SMAD3-
SMAD4 dimer at the SMAD3 locus to repress lung cancer. So far,
there is no DUBs reported to deubiquitinate SMAD3 in K63-linked
way and regulate SMAD3 phosphorylation. Here, we identified
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OTUD1 as a new DUB regulating SMAD3 by binding to the MH2
domain of SMAD3. Interestingly, we found that OTUDI1 regulates
SMAD3 through two ways. On the one hand, OTUD1 sustained
SMAD3 stability via reversing K48-linked ubiquitin chains. On the
other hand, OTUD]1 assisted SMAD3/SMAD4 complex formation by
catalyzing the deubiquitination of K63-linked SMAD3. Although the
involved lysine residues in SMAD3 are not identified, to the best of
our knowledge, this is the first study to see that SMAD3 is able to
deubiquitinated simultaneously in both K48- and K63-linked ways
by a DUB. This study provides a new post-transcriptional modifica-
tion of SMAD3 regulation.

It is undeniable that this study has some limitations. We used the
global OTUD1 knockout (OTUD1/7) mice to investigate the role of
OTUD1 in Ang Il-induced vascular remodeling. We showed that
OTUD1 expression was much less in macrophages and smooth mus-
cles cells, compared with that in endothelial cells. Our in vitro
experiments using three endothelial cell lines validate the role
OTUDI in endothelial cells. We also showed that overexpression of
OTUDL1 in blood vessels via AAV9 infection significantly enhanced
Ang IlI-induced vascular remodeling. Thus, the current data from
both in vitro and in vivo experiments should be able to support our
conclusion. However, we acknowledge that the utilization of
endothelial cell-specific OTUD1 knockout mice may strengthen this
conclusion. It is imperative for future studies to utilize endothelial
cell-specific OTUD1 knockout mice to rule out the effects of OTUD1
in other cell types. In addition, the specific lysine residues of SMAD3
involved in the ubiquitination regulation of OTUD1 were not deter-
mined. This is a major aspect that future research should clarify.
Finally, our study focuses on the OTUD1-SMAD3 axle in mediating
Ang II-induced EndMT. It is unclear how Ang II induces OTUD1
overexpression in mouse aortas and cultured HUVECs, which is an
important problem that future research.

In conclusion, the current study identified upregulated OTUD1 in
the vascular endothelium of Ang II-challenged mice and showed
that Ang II-induced vascular remodeling and fibrosis are essentially
prevented when OTUDI1 is knocked out. Conversely, increased
expression of OTUD1 enhances Ang II-induced vascular injuries in
both mice and cultured HUVECs. Mechanistically, we identified
SMAD3 as an important OTUD1 substrate. OTUD1 stabilizes SMAD3
and facilitates SMAD3/SMAD4 complex formation and subsequent
nuclear translocation through both K48- and K63-linked deubiquiti-
nation. To our knowledge, this is the first study to demonstrate that
endothelial OTUD1 promoted Ang Il-induced vascular remodeling
by deubiquitinating SMAD3. This finding extends our understanding
of the effect of DUBs on Ang Il-induced vascular remodeling and
indicates that OTUD1 is a potential therapeutic target for vascular
remodeling-related diseases.

Materials and Methods

Reagents

Angiotensin II (Ang II, Cat. No: HY-13948) was purchased from
MedChemExpress (New Jersey, USA). Small interfering RNAs were
purchased from RiboBio (Guangzhou, China). Plasmids (Flag-
OTUDI, Flag-OTUD1 (C320S), HA-SMAD3, GFP-SMAD3, GFP-mut-
SMAD3, HA-Ub, HA-Ub-K33, HA-Ub-K48 and HA-Ub-K63) and
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AAV9 (OTUDI1 and negative control) were obtained from Genechem
(Shanghai, China). Antibodies against GAPDH (#5174), B-actin
(#3700), p-SMAD3 (#9520), SMAD3 (#9523) and SMAD2 (#5339)
were purchased from Cell Signaling Technology (Danvers, MA,
USA). Antibodies against VE-cadherin (#ab33168), Vimentin
(#ab8978), a-SMA (#ab7817), Twist (#ab50887), Snail (#ab216347),
CD31 (#ab9498), SMAD7 (#ab216428), and Lamin B (#ab133741)
were purchased from Abcam (Cambridge, UK). Antibodies against
VE-cadherin (#66804-1-Ig), Twist (#25465-1-AP), Snail (#13099-1-
AP), TGF-B1 (#21898-1-AP), Flag (#20543-1-AP) and HA (#51064-2-
AP), GFP (#66002-1-Ig), and SMAD4 (#10231-1-AP) were purchased
from Proteintech (Wuhan, China).

Animal experiments

All animal care and experimental procedures were approved by the
Wenzhou Medical University Animal Policy and Welfare Committee
(Approval ID: wydw2021-0057). All animal studies followed the
Guide for the Care and Use of Laboratory Animals (National Insti-
tutes of Health, USA). Male C57BL/6 wild-type (WT) mice and male
OTUD1 knockout (OTUD1 /) mice (Song et al, 2021; Wu
et al, 2022) on a C57BL/6 background were obtained from Gem-
pharmatech (Nanjing, China). The viability and proper development
of OTUD1™/~ mice were normal during the experiments. Animals
were housed with a 12:12 h light-dark cycle at a constant room
temperature and fed a standard rodent diet. The animals were accli-
matized to the laboratory for at least 2 weeks before initiating the
studies. All animal experiments were performed and analyzed by
blinded experimenters. Treatment groups were assigned in a ran-
domized fashion.

Ang Il-induced hypertensive vascular remodeling in mice was
performed as described previously (Guo et al, 2019). In brief, 8-
week-old male mice (including WT and OTUD1 /"~ mice) were
administered with subcutaneous infusions of Ang II at a dose of
1,000 ng/kg/min or saline in osmotic minipumps (Alzet MODEL
1004, CA, USA) for 4 weeks. Systolic blood pressure was measured
weekly with a tail-cuff using a telemetric blood pressure system
(BP-2010A, Softron Biotechnology, Tokyo, Japan). All mice were
euthanized under sodium pentobarbital anesthesia and blood sam-
ples were collected. The aortas were fixed in 4% paraformaldehyde
or snap-frozen in liquid nitrogen.

To overexpress OTUD1 in aortas, we infected the mice with
adeno-associated virus serotype 9 (AAV9) that encodes OTUD1
(AAV9-OTUD1). Mice were injected with AAV9-OTUDI1 via tail vein
(3 x 10" viral particles/mouse) for 2 weeks, followed by 2 weeks
of Ang II infusion and SMAD3 inhibitor SIS3 (Jinnin et al, 2006)
treatment. The control groups received the same volume of AAV9
vehicle expressing negative control sequence (AAV9-NC). SIS3
(#S0447, Sigma, St. Louis, MO, USA) was dissolved in 0.5% DMSO
and mice were treated with 5 mg/kg/day by intraperitoneal injec-
tion, as previously reported (Yegodayev et al, 2020). The blood
pressure measurement, anesthesia, killing, and tissue collection
were performed as described above.

Histological analysis

The aorta tissues were fixed with 4% formaldehyde, dehydrated,
made transparent and embedded in paraffin. The tissues were cut
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into 6 pum-thick sections for subsequent experiments. The slices
were stained with hematoxylin and eosin (H&E, G1120, Solarbio,
Beijing, China) and Masson’s trichrome staining (G1340, Solarbio)
according to the manufacturer’s instructions.

Frozen sections were used for immunofluorescence staining.
Slides were fixed in cold methanol and permeabilized using 0.5%
Triton-X. Then, slides were blocked using 5% bovine serum albu-
min for 30 min and incubated overnight with primary antibodies.
Alexa-488 and Alexa-647 conjugated secondary antibodies (Abcam,
1:200) were used for detection. The images were captured using a
fluorescence microscope (Nikon, Tokyo, Japan).

Cell culture

Mouse primary peritoneal macrophages (MPMs) were isolated as
described previously (Huang et al, 2022). Human umbilical vein
endothelial cells (HUVECs), mouse aortic vascular smooth muscle
cells (MOVAS), endothelial cell lines bEnd.3 and EA.hy926, and
293T cells were obtained from the Shanghai Institute of Biochem-
istry and Cell Biology (Shanghai, China) and cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Eggenstein, Germany) with 10% FBS and 1% penicillin/strepto-
mycin. All cells were incubated in a humidified incubator at 37°C
and 5% CO,.

Gene knockdown and overexpression

Gene silencing and overexpression in cells were achieved by trans-
fecting specific siRNAs and plasmids. Custom siRNAs were synthe-
sized for human OTUD1 (5-GCCAAAUCUAUGGCCAUAUTT-3),
mouse OTUD1 (5-CAGAUGCUGAAUGUGAAUAUACTT-3’), and
human SMAD3 (5-GCCUGGUCAAGAAACUCAATT-3'). Plasmids
encoding Flag-OTUDI1, Flag-OTUD1 (C320S), HA-SMAD3, GFP-
SMAD3, GFP-mut-SMAD3, HA-Ub, HA-Ub-K48, and HA-Ub-K63
were constructed by Genechem. Transfection of HUVECs and 293T
cells with siRNAs and plasmids was performed using Lipofec-
tamine™ 3000 (Thermo Fisher Scientific, Carlsbad, CA, USA).

Western blotting and co-immunoprecipitation

Total protein from cells and aortic tissues was extracted using lysis
buffer (AR0103, Boster Biological Technology, Pleasanton, CA,
USA). Proteins were separated using 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride membranes. Before adding specific primary
antibodies, the membranes were blocked in Tris-buffered saline for
1.5 h at room temperature. Protein bands were detected by incuba-
tion with horseradish peroxidase-conjugated secondary antibodies
and an enhanced chemiluminescence reagent (Bio-Rad, Hercules,
CA, USA). Band densities were quantified using ImageJ software
(version 1.38 e, NIH, Bethesda, MD, USA) and normalized to load-
ing controls.

For co-immunoprecipitation assays, cell extracts prepared follow-
ing treatments were incubated with indicated antibodies at 4°C over-
night. Then the proteins were immunoprecipitated with Protein
A + G Agarose (P2012, Beyotime, Shanghai, China) at 4°C for 2 h.
Immunoprecipitation samples were immunoblotted for co-
precipitated protein detection. Total lysates were subjected to
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western blotting analysis as input controls. Protein interactions were
quantified using ImageJ software.

Real-time quantitative PCR

Total RNA was extracted from cells or aortic tissues using RNAiso
Plus (9109, Takara, Shiga, Japan). Reverse transcription was per-
formed using PrimeScript™ RT Reagent Kit with gDNA Eraser
(RR047A, Takara). Quantitative PCR was performed using TB
Green® Premix Ex Taq™ II (RR820A, Takara) in a QuantStudio™ 3
Real-Time PCR System (Thermo Fisher Scientific). Primers were
obtained from Thermo Fisher Scientific. Primer sequences used in
this study are listed in Appendix Table S3.

Transcriptome sequencing

Total RNA from aortic tissues was collected using RNAiso Plus and
subjected to genome-wide transcriptomic analysis by LC-Bio (Hang-
zhou, China). The differentially expressed genes (DEGs) were
selected with fold change >2 or fold change <0.5 and P-
value < 0.05. Gene-set enrichment analysis (GSEA, https://www.
gsea-msigdb.org/gsea/index.jsp) of the signaling pathways was per-
formed as described by LC-Bio (https://www.lc-bio.cn/).

LC-MS/MS analysis

Anti-Flag antibody was added to the lysate of HUVECs transfected
with Flag-OTUD1 for co-immunoprecipitation and IgG was used as a
negative control. LC-MS/MS analysis was carried out by PTM Bio
Co., Ltd. (Zhejiang, China). We screened out the substrate proteins
that may bind to OTUD1 according to the score and Flag/IgG ratio
of the detected proteins in the mass spectrometry data.

Statistical analysis

All experiments were randomized and blinded. Data represented at
least three independent experiments and were expressed as
mean + standard error of the mean (SEM). Statistical analyses were
performed with GraphPad Prism 8.0 software (GraphPad, San Diego,
CA, USA). Comparisons between two groups were analyzed using
Student’s t-test. One-way ANOVA followed by Dunnett’s post hoc test
was used to compare more than two data groups. Statistical signifi-
cance was set at P < 0.05. Post-tests were run only if F achieved
P < 0.05 and there was no significant variance in homogeneity.

Data availability

The datasets produced in this study are available in the following
databases:

* RNA sequencing data: Gene Expression Omnibus GSE217304
(https://www.ncbi.nlm.nih.gov/geo/).

+ LC-MS/MS data: PRIDE PXDO037926 (https://www.ebi.ac.uk/
pride/archive).

Expanded View for this article is available online.
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