JOURNAL OF CELL BIOLOGY
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RhoGTPases control endothelial cell (EC) migration, adhesion, and barrier formation. Whereas the relevance of RhoA
for endothelial barrier function is widely accepted, the role of the RhoA homologue RhoB is poorly defined. RhoB and
RhoA are 85% identical, but RhoB’s subcellular localization and half-life are uniquely different. Here, we studied the role
of ubiquitination for the function and stability of RhoB in primary human ECs. We show that the K63 polyubiquitination
at lysine 162 and 181 of RhoB targets the protein to lysosomes. Moreover, we identified the RING E3 ligase complex
Cullin-3-Rbx1-KCTD10 as key modulator of endothelial barrier integrity via its regulation of the ubiquitination, local-
ization, and activity of RhoB. In conclusion, our data show that ubiquitination controls the subcellular localization and
lysosomal degradation of RhoB and thereby regulates the stability of the endothelial barrier through control of RhoB-

mediated EC contraction.

Introduction

Endothelial cells (ECs) are tightly connected cells that line
the luminal side of blood and lymphatic vessels. Loss of en-
dothelial barrier integrity is a hallmark of chronic inflamma-
tory diseases and will lead to edema, tissue damage, and loss
of organ function. Adherens junctions (AJs) are key structures
in the regulation of endothelial barrier function (Dejana et al.,
1999). AJ-associated protein complexes form contacts between
two neighboring ECs through Ca**-dependent, homotypic in-
teraction of vascular endothelial (VE)—cadherin molecules.
The interaction of the VE—cadherin complex with the actin cy-
toskeleton limits its endocytosis and stabilizes AJs (Hirano et
al., 1992). Conversely, altered actin dynamics can induce junc-
tional rearrangement and contractility-driven disassembly of
Als (Hordijk et al., 1999).

Morphology and dynamics of the actin cytoskeleton are
regulated at the level of actin (de)polymerization as well as
bundling and the interaction of polymerized actin with the cell
adhesion machinery, processes regulated by Rho GTPases. For
example, activation of Racl or Cdc42 induces actin polymer-
ization and formation of membrane protrusions, which promote
cell migration (Nobes and Hall, 1995). In contrast, activation
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of RhoA induces myosin activation, F-actin stress fiber forma-
tion, and cell contraction. In ECs, the latter pathway promotes
force-induced disassembly of AJs and loss of endothelial in-
tegrity (Essler et al., 2000; van Nieuw Amerongen et al., 2000;
Verin et al., 2001; Vouret-Craviari et al., 2002).

Given the pathophysiological relevance of endothelial
integrity, it is crucial to uncover the molecular details of the
mechanisms that drive RhoGTPase (in)activation. After initial
studies (Ridley et al., 1992; Ridley and Hall, 1992), analysis
of regulation of Rho GTPases has led to the discovery of gua-
nine nucleotide exchange factors, GTPase-activating proteins,
and guanine nucleotide dissociation inhibitors that govern the
activation, inactivation, and the stability of Rho GTPases, re-
spectively (Cherfils and Zeghouf, 2013).

Posttranslational modifications such as ubiquitination
were also found to control the localization, activity, and sta-
bility of Rho GTPases, including RhoA and Racl (Chen et al.,
2009, 2011; Nethe et al., 2010; Torrino et al., 2011; Schaefer
et al., 2014). Ubiquitination involves covalent attachment of an
ubiquitin moiety to a lysine residue in the substrate (de Bie and
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Ciechanover, 2011). Several inhibitors of the ubiquitination ma-
chinery are currently tested in clinical trials for treatment of solid
tumors and leukemia (e.g., MLLN4924; Zhang and Sidhu, 2014).

Currently, the molecular mechanism that links ubiquiti-
nation to GTPase-regulated endothelial integrity is unknown.
We therefore tested whether inhibition of ubiquitination using
a targeted shRNA-mediated knockdown approach would affect
endothelial barrier stability. Based on published information
(Wang et al., 2006; Chen et al., 2009; Oberoi et al., 2012; Yang
et al., 2013b; Zhao et al., 2013), we selected ubiquitination-reg-
ulating enzymes and associated proteins that might target Rho
GTPases for degradation in ECs. We found that depletion of
members of Cullin—RING ligase (CRL) family of proteins, spe-
cifically Cullin-3, strongly impairs endothelial barrier function.
Furthermore, we found that loss of Cullin-3 selectively impairs
RhoB degradation and that CRL inhibition by MLN4924 in-
creases RhoB levels and activation. In addition, we found that
RhoB is primarily K63 polyubiquitinated and subsequently de-
graded in lysosomes. Using a focused siRNA screen, we iden-
tified the BTB protein KCTD10 as substrate receptor for RhoB
in the Cullin-3-Rbx1 ligase complex. Finally, we identified at
least two lysine residues of RhoB, K162 and K181, as acceptor
residues for KCTD10-mediated ubiquitination.

Our results show that continuous, Cullin-3-Rbx1—
KCTD10-mediated RhoB ubiquitination and degradation pre-
serves endothelial barrier function, supporting the concept that
controlled protein turnover in ECs is instrumental for the main-
tenance of blood vessel integrity.

Results

Ubiquitination regulates the actin
cytoskeleton and AJs in ECs

Activity of RhoGTPases is crucial for actin dynamics and en-
dothelial barrier function (van Nieuw Amerongen et al., 2007,
Timmerman et al., 2015). Therefore, we hypothesized that in-
terfering with ubiquitination of Rho GTPases would impact
F-actin distribution and endothelial integrity. To test this, we
used lentiviral shRNA-mediated knockdown of 22 genes (Fig.
S1, A and B) comprising E3 ubiquitin ligases, CRL substrate
recognition receptors, ubiquitin proteases, and other proteins
and analyzed the consequences for the actin cytoskeleton and
AJ morphology (Fig. S1, B and C).

In line with published data, we found an increase of actin
stress fibers when we depleted XIAP, BIRC2 (Rac1 ubiquitin li-
gases), or SMURF]1 (a RhoA ubiquitin ligase; Fig. S1 B; Wang
et al., 2006; Oberoi et al., 2012). Interestingly, depletion of
CRL complex proteins (Cullin-3, FBXW7, and FBXL19; Fig.
S1 B) strongly affected the actin cytoskeleton and VE—cadherin
distribution (see following paragraph). Based on these initial
and published observations (Chen et al., 2009), we focused
on the role of Cullin-3 in cytoskeletal organization and endo-
thelial barrier function.

Cullin-3 is crucial for maintenance of
endothelial barrier integrity

Depletion of Cullin-3 led to increased formation of F-ac-
tin stress fibers in primary human umbilical vein endothelial
cells (HUVECs; Figs. 1 A and S1 D) and an ~20% decrease
in transendothelial electrical resistance (Fig. 1, B and C).
Using multifrequency scanning and modeling software, we
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found that Cullin-3 knockdown decreased Rb (barrier resis-
tance) ~10-fold (Fig. 1 D).

Thrombin-induced disruption of the endothelial barrier
is used to define the role of GTPases, kinases, and phospha-
tases in vascular integrity (Beckers et al., 2010; Reinhard et al.,
2016). The modulation of endothelial integrity by Thrombin,
histamine, or sphingosine-1-phoshate (S1P), occurs through
G-protein—coupled receptors (Coughlin, 1999; Ozaki et al.,
2003). This ensures rapid, but also transient responses, in con-
trast to the barrier loss induced by inflammatory cytokines such
as TNFa or growth factors such as VEGF (Amado-Azevedo et
al., 2014; Clark et al., 2015). The Thrombin-induced loss of
endothelial resistance (Fig. 1 E) was not altered by Cullin-3
depletion (Fig. 1, E and F). However, the subsequent recov-
ery of endothelial barrier function was significantly impaired
(Fig. 1 G), suggesting that Cullin-3 protects against Throm-
bin-induced, prolonged loss of integrity in ECs.

To test whether barrier-promoting signaling was affected
in Cullin-3 knockdown cells, we treated ECs with S1P (Fig. 1 E).
We did not observe any significant change in the barrier-pro-
tecting response to S1P upon loss of Cullin-3 measured at 4,000
Hz (Fig. 1 H). However, depletion of Cullin-3 caused a three-
to fourfold increase in resistance when measured at 32,000 Hz
(Fig. 1 I). These data suggest that loss of Cullin-3 promotes
barrier function through increased cell-matrix interactions.

Cullin-3 depletion impairs FA

dynamics in ECs

Adhesion of ECs to the extracellular matrix is mediated by in-
tegrins. We found that a5 integrin— and activated-f1-integrin—
positive adhesions were increased in size in S1P-stimulated,
Cullin-3 knockdown cells (Fig. 2 A). Based on the immuno-
fluorescence (Figs. 1 A and 2 A) and electrical cell-impedance
sensing (ECIS) data (Fig. 1, B-D), we concluded that the in-
creased adhesion and integrin activation in Cullin-3 knockdown
cells was caused by increased contractility. In line with this,
we found that depletion of Cullin-3 increased the phosphoryla-
tion status of Erk1/2 5.2-fold (Fig. 2, B and C) and of myosin
light chain (MLC) 6.5-fold (Fig. 2, B and D), but not that of
PAK1/2/3 (Fig. 2 B). As shown in Fig. 1 A, Cullin-3 deple-
tion induces formation of actin stress fibers, anchored at focal
adhesions (FAs). Staining for phospho Paxillin (pPaxillin) and
vinculin, well-established FA markers, showed a shift in distri-
bution of FA from the cell periphery in control cells to a more
central distribution in Cullin-3 knockdown cells (Fig. S2 A).
Subsequent live-cell microscopy (Fig. 2 E and Videos 1 and 2)
showed that depletion of Cullin-3 leads to an increased assem-
bly rate of FAs (Fig. 2 F), whereas FA disassembly was not
affected (Fig. 2 G). Thus, Cullin-3 attenuates both MLC phos-
phorylation and FA assembly rate in ECs.

Chemical inhibition of CRLs by MLN4924
causes loss of endothelial barrier integrity
and induces FA formation

CRLs are activated by covalent attachment of the ubiquitin-like
protein Nedd8 to the Cullin subunit. MLLN4924 (Pevonedistat)
inhibits the Nedd8-activating enzyme, blocking CRL activation
(Soucy et al., 2009). In line with the findings described in the
previous paragraph, we found that MLLN4924 increased forma-
tion of FAs threefold (Fig. 2, H and I) with only a modest in-
crease in FA size (Fig. 2, H and J). Additionally, we found that
MLN4924 increased formation of stress fibers and cortical actin
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bundles (Fig. 3 A), accompanied by contraction and formation
of intercellular gaps.

Disruption of endothelial integrity by MLN4924 was
further confirmed by ECIS analysis (Fig. 3 B). The gradual
loss of endothelial resistance induced by MLLN4924 surpassed
the effect induced by the inflammatory cytokine TNF-o
(Fig. 3 B), with no additive effect of combining TNF-a with
MILN4924. MLN4924 also induced a loss of junctional VE—
cadherin staining (Fig. S2 B). These data show that CRL ac-
tivity, specifically Cullin-3, is important for the maintenance

Figure 1. Knockdown of Cullin-3 impairs cell signaling
involved in endothelial barrier maintenance. (A) HUVECs
were transduced with the control shRNA or Cullin-3~target-
ing shRNA and stained for VE-cadherin and F-actin at 72 h
after infection. Dashed boxes correspond to zoomed images.
Bars, 15 pm. (B) ECIS measurement of HUVECs prepared as
in A. 10° cells were seeded per well in an eightwell ECIS
slide at 72 h after infection, and electrical resistance was
measured at 4,000 Hz (n = 5). (C) Resistance values at 4,000
Hz were compared by analysis of 10 measurement points
16-17 h after seeding for the cells prepared as in A (n = 5).
(D) Quantification of the Rb parameter was analyzed as in
C. (E) HUVECs were prepared as in A, and the resistance of
the endothelial monolayer was measured at 4,000 Hz using
ECIS. Cells were stimulated with 1 U/ml thrombin and, after
recovery, with 500 nM S1P, and electrical wounding was
performed at 100 kHZ, 6,500 pA for 120 s. (F) Maximum re-
sponse to thrombin response was calculated using GraphPad
Prism (n = 5). (G) Recovery upon thrombin stimulation was
measured at 1.5 h upon thrombin addition and normalized
to the resistance values before thrombin addition (n = 5). (H
and 1) Analysis of STP response in cells prepared as in A
(n = 5). Areas under the curve of S1P response were calcu-
lated using GraphPad Prism. Error bars represent SD. **, P =
0.01-0.001; ****, P < 0.0001.

*kkk

of the endothelial barrier through the regulation of AJ sta-
bility and FA formation.

It was previously reported that MLLN4924 inhibits degradation
of RhoB in liver cancer and ECs (Xu et al., 2015). Therefore,
we tested whether the MLLN4924-induced contraction and loss
of barrier integrity (Fig. 3, A and B) was caused by its effects on
RhoB. RhoB, but not Racl or RhoC, levels in HUVECs were
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Figure 2.  Cullin-3 knockdown and MLN4924 treatment impair FA dynamics in ECs. (A) Immunofluorescence staining of HUVECs transduced with the control-
or Cullin-3 shRNA and stimulated with 500 nM SP1 for 15 min. Upon stimulation, cells were fixed and stained for a5- and activated p1-integrin. Bars, 10 pm.
Higher magnifications of marked regions are in the right panels. (B) Inmunoblots (IB) of duplicate lysates prepared from HUVECs transduced with the control
shRNA or Cullin-3 shRNA. Membranes were probed with pErk Tyr204, pMLC Thr18/Ser19, and pPAK 1/2/3 Ser141 antibodies. Erk1/2 and vinculin were
used as loading control. (C and D) Densitometric analysis of the pErk1/2 Tyr204 (C) and pMLC Thr18/Ser19 (D) immunoblots (n = 5). (E) Still images of movies
(Videos 1 and 2) of control and CUL3 shRNA-ransduced HUVECsS, cotransfected with GFP-vinculin. Bars, 15 pm. On the right side of the respective image,
an overlay of all adhesions is shown. Blue, FAs at the earliest time points; red, FAs at the latest time points. (F and G) Assembly rate (F) and disassembly rate
(G) were obtained from analysis of single adhesions via the FA analysis server (http://faas.bme.unc.edu/). (H) Confocal immunofluorescence of HUVECs
treated with 500 nM MLN4924 for 4 h. After stimulation, cells were fixed and stained for pPaxillin and vinculin. Bars, 20 pm. (I and J) The number of FAs per
cell (I) and the mean size of FAs (J) were analyzed using Image) software and the particle analysis function. All adhesions in the range of 1-10 ym2 from 10
cells per condition were included in the analysis. Error bars represent SD. n.s., P > 0.05; *, P = 0.01-0.05; **, P = 0.01-0.001; ***, P = 0.001-0.0001.
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Figure 3. MLN4924 treatment increases expression, and activation of RhoB and disrupts the endothelial barrier. (A) The F-actin network in HUVECs treated
with 500 nM MLN4924 for 4 and 20 h. Bars, 20 pm. (B) ECIS measurement of a HUVEC monolayer treated with 500 nM MLN4924, 10 ng/ml human
TNF-o, or both. Resistance at 4,000 Hz was measured, and the graph shows a representative experiment with triplicate measurements per condition.
(C) Immunoblot analysis of Rho GTPases in HUVECs treated with 500 nM MLN4924, 10 ng/ml human TNF-a, or both for 4 h. lysates were probed with
Rac1, RhoA, RhoB, and RhoC antibodies; Erk1/2 was included as loading control. Erk1/2 loading control is identical for Rac1 and RhoA immunoblots.
(D) Densitometric analysis of Rac1, RhoA, RhoB, and RhoC immunoblots. Rac1, RhoA, RhoB, and RhoC expression was normalized to the loading control
and in MLIN4924-treated samples normalized to the corresponding untreated controls (n = 3-7). (E) Effect of MLN4924 on RhoB protein stability. HUVECs
were pretreated with 500 nM MLN4924 or DMSO control for 48 h followed by addition of 25 pg/ml cycloheximide for the indicated time points. Cells
were lysed, and 20 pg of total proteins was analyzed by immunoblot with anti-RhoB antibody. (F) Densitometric analysis of E was performed using Image)
software (n = 3). (G) RT-PCR analysis of RhoB mRNA expression in HUVECs treated with 500 nM MLN4924, 10 ng/ml human TNF-a, or both for indicated
times. mRNA was isolated upon treatment and analyzed for RhoB transcripts using RT-PCR (n = 3). (H) HUVECs were transfected with siRNA targeting
RhoA, RhoB, RhoC, or control siRNA. 72 h after transfection, cells were starved for 24 h and treated with 500 nM MIN4924, after which resistance was
measured at 4,000 Hz and normalized to values before the addition of MLN4924. (I) Quantification of H at 5 h after addition of MLN4924 (n = 7).
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increased 20-fold upon 4 h of MLN4924 treatment (Fig. 3 C
and D). RhoA showed a modest, MLLN4924-induced increase
in expression (3.5-fold; Fig. 3, C and D). In cyclohexim-
ide-chase experiments, we found that the effects of MLN4924
on RhoB and RhoA were caused by increased protein stability
(Fig. 3, E and F; and Fig. S2 C) and not increased de novo pro-
tein synthesis (Fig. 3 G).

TNF-a increased expression of RhoB as well (Kroon et
al., 2013; Fig. 3 C). Quantitative PCR analysis showed that
TNF-a efficiently induced transcription of RhoB mRNA after
2 h (Fig. 3 G). In line with this, inhibition of protein synthe-
sis with cycloheximide completely abrogated TNF-a—induced
RhoB expression (Fig. S2 D). We next depleted RhoA/B/C
proteins individually or in combination (Fig. S4 A). We found
that transendothelial resistance in control cells, treated with
MLN4924, dropped to 60% after 5 h and that depletion of RhoB,
but not RhoA or RhoC, rescued this loss of resistance (Fig. 3,
H and I). The combined knockdown of RhoA and RhoB and of
RhoA/B/C was very efficient in rescuing the effect induced by
MLN4924 (Fig. S3, B and C). This was further confirmed using
the cell-permeable C3 transferase, which inactivates all three
Rho GTPases (Figs. 3 J and S3 D). Finally, inhibition of the
Rho-effector kinases ROCK1/2 (Amado-Azevedo et al., 2014)
with Y27632 before MLLN4924 treatment prevented the loss of
endothelial monolayer resistance (Figs. 3 J and S3 D). These re-
sults show that protection of endothelial monolayer integrity by
CRL is largely mediated via ubiquitination and degradation of
RhoB, which signals through ROCK to induce EC contraction.

Next, we tested whether the increased expression of RhoB
in MLN4924- or TNF-a-treated HUVECs was accompanied
by increased RhoB activity. Using a Rhotekin-RBD pull-down
assay, we could show that MLLN4924 caused a strong activation
of RhoB and, to a lesser extent, RhoA (Fig. 3 K), but not Racl
(Fig. S4 E), whereas a 4-h TNF-a stimulation induced only
minor activation of RhoB.

In contrast to inhibition of CRL, the deubiquitination in-
hibitor PR619 did not alter RhoB activation and induced only a
minor increase in RhoB expression (Fig. 3 K). However, PR619
decreased the levels and activity of Racl, in line with published
data (Lerm et al., 2002).

Ubiquitination targets RhoB to

lysosomes in ECs

We next tested whether RhoB ubiquitination regulates its lo-
calization. TNF-o—induced RhoB is primarily localized in the
endosomal compartment (Fig. 4, A and B), in particular in lyso-
somes (Fig. 4, C and D). In marked contrast, MLN4924-induced
RhoB was primarily localized at the cell membrane (Fig. 4, A
and B). If MLN4924 was added together with TNF-a, we ob-
served the same increase in RhoB expression as with TNF-a,
but this pool of RhoB failed to localize to the endosomal com-
partment (Fig. 4, A-D).

Because of its localization in lysosomes, we hypothe-
sized that RhoB is degraded via the lysosomal and proteasomal
pathways. We found that inhibitors of lysosomal acidification
(chloroquine and NH,CI) or an inhibitor of lysosomal proteases

(leupeptin) increased RhoB expression, similar to the protea-
some inhibitors bortezomib or MG132 and MLLN4924 (Fig. 4,
D and E; and Fig. S3 F). In addition, inhibition of the protea-
some or, even more efficiently, lysosomal inhibition both led to
accumulation of RhoB in lysosomes, specifically in LAMP-1-
positive lysosomal membranes (Fig. 4, F and G). Although some
of these inhibitors, such as chloroquine and NH,Cl, have lim-
ited specificity, these data suggest that RhoB ubiquitination pro-
motes its localization to lysosomes and that RhoB degradation
occurs through a lysosomal as well as a proteasomal pathway.

RhoB is polyubiquitinated via K63 linkage
at lysines 162 and 181

Immunoprecipitation of endogenous RhoB from HUVECs con-
firmed that RhoB is polyubiquitinated under normal conditions
and that this was completely prevented by MLN4924-mediated
inhibition of CRLs (Fig. 5 A). Conversely, inhibition of deubiq-
uitination by PR619 increased the levels of polyubiquitinated
RhoB (Fig. 5 A). TNF-a did not reduce ubiquitination of en-
dogenous (Fig. 5 A) or transfected RhoB (Fig. S4 A). Immu-
nofluorescence analysis showed that RhoB colocalized with
K63-polyubiquitin chains in endosomes in a CRL-dependent
fashion (Fig. 5 B). These data suggest that RhoB might be K63
ubiquitinated followed by translocation to, and degradation in,
lysosomes. Using an in vivo ubiquitination assay, we found
that RhoB T19N is predominantly polyubiquitinated by K63-
linked ubiquitin chains and that this was inhibited by MLN4924
(Fig. 5 C). Based on published data, we hypothesized that the
lysine acceptor site for RhoB ubiquitination is close to the C ter-
minus (Lebowitz et al., 1995; Michaelson et al., 2001). There-
fore, we mutated lysines, the side chains of which are exposed
on the surface of the RhoB structure (Fig. 5 D). Although muta-
tion of lysine 135 did not interfere with K63 polyubiquitination
of RhoB, mutation of either lysine 162 or 181 almost completely
abolished K63 polyubiquitination of RhoB (Fig. 5 E). In the
next experiment, we transfected wild-type or the K162/181R
double mutant of RhoB in ECs and analyzed the effects on cell
size as a measure for contraction. Wild-type RhoB decreased
cell size by 50%, whereas the K161/181R double mutant of
RhoB induced even stronger contraction and a 60% reduction
in cell size (Fig. 5 F). Moreover, ECIS measurements showed
that the K162/181R mutant of RhoB significantly decreased
endothelial monolayer resistance (Fig. 5 G). Finally, we found
that lysosomal inhibition increased wild-type, transfected RhoB
by 40%, whereas expression of the K162/181R mutant was not
increased (Fig. 5, H and I). Thus, we conclude that CRL-medi-
ated polyubiquitination of RhoB is primarily K63 linked and
occurs at two lysine residues (K162 and K181), which allows
lysosomal degradation.

Cullin-3 is required for RhoB

degradation in ECs

Knockdown of Cullin-3 in ECs induced robust expression of
RhoB (Fig. 6, A and B). To test for a specific role of Cullin-3 in
the degradation of RhoB, we knocked down Cullin-1, Cullin-2,
and Cullin-3 in HUVECSs and analyzed RhoB expression. As a

{J) Quantification of the MLN4924 effect on the barrier function of HUVECs pretreated with Y-27632 or C3-transferase. Graph represents normalized resis-
tance at 15 h after MLN4924 addition (n = 3-8). (K) Rhotekin pull-downs were performed using lysates of HUVECs treated or not with 500 nM MLN4924
or 10 ng/ml human TNF-« for 4 h or with 2.5 pM PR619 for 2 h. Input is equal to 2.5% of the lysate used for the pull-down. Vinculin was used as loading
control (n = 3). Error bars represent SD. n.s., P > 0.05; *, P = 0.01-0.05; **, P = 0.01-0.001; ***, P = 0.001-0.0001; **** P < 0.0001.
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Figure 4. CRL-mediated ubiquitination targets RhoB for lysosomal degradation in ECs. (A) HUVECs were treated overnight with 300 nM MLN4924,
10 ng/ml human TNF-a, or a combination of both. Cells were fixed and stained for RhoB and VE-cadherin, F-actin, and nuclei. Bars, 20 pm. (B) Line scans
of fluorescence intensity of RhoB and VE—cadherin were performed on images shown in A and analyzed using Image). Yellow dashed lines in A mark the
scanned area. (C) Colocalization of RhoB with Lysotracker in TNF-a~treated HUVECs. Cells were treated and stained as in A. Before fixation, cells were
incubated with Lysotracker for 30 min. Bars, 5 pm. (D) Quantification of Mander’s coefficient of colocalization of RhoB colocalization with Lysotracker was
performed using Image) and JACoP plugin (Bolte and Cordeligres, 2006; n = 17-19). (E) Immunoblot (IB) analysis of the RhoA and RhoB expression in
HUVEC:s treated for 4 h with 500 nM MLN4924, 20 nM bortezomib, 5 pM MG132, 100 pM chloroquine, 30 mM NH,CI, or 50 pM leupeptin. Vinculin
was included as loading control. (F) Immunofluorescence staining of HUVECs treated overnight with 5 pM MG132 or 10 mM NHA4CI. After treatment,
cells were fixed and stained with RhoB and LAMP-1 antibodies and phalloidin. Bars, 20 pM. (G) Samples for confocal microscopy were prepared as in
F with MG132 treatment. Images were captured using a Leica TCS SP8 X (Leica Microsystems) microscope using a 100x 1.4 NA oil objective. Images
were acquired at Nyquist rate using Nyquist Calculator (Scientific Volume Imaging) and subsequently deconvolved using Huygens Professional (Scientific
Volume Imaging). Dashed box represents an enlarged lysosome, which is depicted in upper left corner of each panel. Bar, 5 pm. Error bars represent SD.

n.s., P >0.05; *** P =0.001-0.0001.
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Figure 5. RhoB is K63 polyubiquitinated by CRLs on lysines 162 and 181. (A) RhoB was immunoprecipitated (IP) from lysates of HUVECs treated with
MLN4924, TNF-a, or PR619. Input is equal to 2.5% of the lysate used for immunoprecipitation. Ubiquitinated proteins were detected using ubiquitin (Ub;
FK-2) antibody. Polyubiquitinated RhoB is indicated on the right. (B) Confocal immunofluorescence staining of RhoB in HUVECs treated overnight with
10 ng/ml TNF-a or 10 ng/ml TNF-o in combination with 300 nM MLN4924. Cells were stained for RhoB, polyubiquitin K63, and VE-cadherin. Zoomed
areas (white boxes) are shown at the bottom. Bars, 10 pm. (C) Denaturing coimmunoprecipitation of ubiquitin and RhoB. HEK293T cells were cotransfected
with HA-ubiquitin K48 only or HA-ubiquitin K63 only and mCherry-RhoB-T19N. Samples were analyzed by immunoblotting for presence of RhoB using
RhoB antibody. Vinculin immunoblot was used as a control. (D) 3D structure of RhoB and indication of lysines 162 and 181. Ribbon structure of RhoB (aa
4-187) was obtained from the Protein Data Bank (2FV8). The figure was prepared using Pymol molecular visualization system (Schrédinger). Lysine resi-
dues 162 and 181 are shown in red. (E) Denaturing coimmunoprecipitation of ubiquitinated TT9N RhoB with introduced lysine mutations. The experiment
was performed as in C with the indicated mutants of RhoB. Cells transfected with mCherry and HA-ubiquitin K63 only were used as negative control.
(F) Quantification of the cell size of HUVECs microporated with mCherry, mCherry-wiRhoB, or mCherry-K162/181R RhoB. Transfected cells were imaged
live with an Etaluma 720 lumascope microscope using a 10x dry objective, and cell size was measured cells using Image) software (n = 100). (G) HUVECs
were microporated with the same constructs as in F. Quantification of endothelial resistance measured at 4,000 Hz and normalized to mCherry-transfected
cells is shown. Values were obtained in two independent experiments (n = 5 per experiment]. (H) Immunoblot analysis of the expression of microporated
RhoB in HUVECs prepared as in F and treated with NHA4CI for 6 h. Vinculin was used as a loading control. (I) Densitometric analysis of RhoB immunoblots
from H. Quantification was done using Image) software (n = 3). Error bars represent SD. n.s., P > 0.05; *** P = 0.001-0.0001; **** P < 0.0001.
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Figure 6. Cullin-3 is required for degradation of RhoB in ECs. (A) HUVECs were transduced with control, Cullin-1, Cullin-2, Cullin-3, or RBX1 shRNA, and
cells were fixed and stained at 72 h for RhoB (magenta) and F-actin (red). Bars, 15 pm. (B) Cells were treated as in A, and lysates were analyzed for RhoB,
Cullin1, Cullin-2, Cullin-3, and Racl. (C) HUVECs were treated as in A and seeded in ECIS eight-well arrays at 72 h after infection, and resistance was
measured at 4,000 Hz. (n = 3). (D) Quantification of the measured resistance from C at 20 h after seeding is shown. (E) RhoB was immunoprecipitated
from lysates of HUVECs, and rabbit IgG antibody was used as a negative control. Input equals 2.5% of the lysate. Samples were analyzed for Cullin-3 and
RhoB. (F) HEK293T cells were cotransfected with HAtagged Cullin-3 and mCherry (control) or mCherry-wiRhoB, -T19N RhoB, or -G14V RhoB. 24 h after
transfection, HA-Cullin-3 was immunoprecipitated using anti-HA agarose. Input equals 5% of the lysate. Samples were analyzed for RhoB and HA and

GAPDH was used as loading control. Error bars represent SD.

positive control, we used Rbx1, a CRL adaptor protein, previ-
ously linked to degradation of RhoB in liver cancer cells (Xu et
al., 2015). We found that only knockdown of Rbx1 and of Cul-
lin-3, but not Cullin-1 or Cullin-2, significantly increased RhoB
expression (Fig. 6, A and B). Moreover, in Cullin-3 knockdown
cells, RhoB is not in endosomes (Fig. 6 A) but rather at the
plasma membrane, as in cells treated with MLN4924 (Fig. 4,

A-C). In addition, Cullin-3 and Rbx1, but not Cullin-1 or Cul-
lin-2, knockdown ECs displayed increased F-actin stress fiber
formation and contractility (Fig. 6 A).

Subsequently, we found that only knockdown of Cullin-3,
but not Cullin-1 or Cullin-2, impaired basal monolayer resis-
tance (Fig. 6, C and D). Finally, in coimmunoprecipitation ex-
periments, we detected Cullin-3 in complex with endogenous
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RhoB (Fig. 6 E). To confirm these results, we cotransfected
HEK293T cells with mCherry-wtRhoB, dominant-negative
mCherry-T19NRhoB (Neel et al., 2007), and constitutively
active mCherry-G14VRhoB (Neel et al., 2007), together with
Cullin-3. We only found the dominant-negative TI9N mutant of
RhoB in complex with Cullin-3 (Fig. 6 F), in line with the pub-
lished interaction of inactive RhoA with Cullin-3 in epithelial
cells (Chen et al., 2009).

KCTD10 is the substrate receptor for RhoB
degradation via Cullin-3 complex in ECs

The role of members of the Bacurd family of proteins KCTD13
and TNFAIP1 in the degradation of RhoA was noted previously
(Chen et al., 2009). Therefore, we tested whether knockdown
of KCTD13, TNFAIP1, and KCTD10 would influence contrac-
tility and RhoB expression in ECs. Loss of KCTD10, but not
KCTD13 of TNFAIP1, induced strong actin polymerization and
contraction, similar to Cullin-3 knockdown (Fig. 7 A). Cullin-3
and KCTD10 depletion had only a mild effect on RhoA levels,
but it induced a sixfold increase in expression of RhoB (Fig. 7,
B and C). Knockdown of KCTD13 had no effect, and TNF
AIP1 knockdown showed only a slight increase in RhoB ex-
pression level (Fig. 7, B and C). Although depletion of Cullin-3
or KCTD10 increased RhoA mRNA levels, it had the opposite
effect on RhoB mRNA expression (Fig. S4 B).

Subsequent ECIS analysis showed that KCTDI10-
depleted ECs displayed a major loss of endothelial bar-
rier function (Figs. 7 D and S4 C). This effect was transient
and correlated with the expression levels of RhoB (Fig. 7,
B and C). Quantification of endothelial barrier resistance at
72 h after transfection showed that knockdown of KCTDI10
induced a 50% loss of resistance when compared with con-
trol or knockdown of other Bacurd family members (Figs. 7
E and S4 C). Under these conditions, TNF-a did not reduce
barrier function any further (Fig. S5 A). More detailed analy-
sis showed that cell—cell interaction in KCTD10-depleted ECs
was strongly decreased (Fig. 7 F). Furthermore, TNFAIP1
knockdown caused a small decrease in Rb parameter values
in accordance with the slightly increased RhoB expression in
these cells (Fig. 7, B, C, and F).

Furthermore, we tested whether ubiquitination of en-
dogenous RhoB is affected by KCTD10 knockdown. Whereas
loss of KCTD10 strongly induced expression of RhoB, its
ubiquitination was reduced (Fig. 8 A). To analyze whether
RhoB interacts with KCTD10, we transfected HEK293T cells
with mCherry-tagged wild-type RhoB, RhoB T19N, or RhoB
G14V in combination with HA-tagged Cullin-3 and KCTD10.
We detected Cullin-3 and KCTD10 in all samples where RhoB
was present (Fig. 8 B). This confirms that RhoB interacts
with both Cullin-3 and KCTD10 in vivo. Subsequent rescue
experiments showed that overexpression of a siRNA-resis-
tant KCTD10 construct in KCTD10-depleted cells restored
RhoB expression to basal levels (Fig. 8 C). In addition, cell
contraction and F-actin accumulation induced by KCTDI10
depletion were reverted by the siRNA-resistant KCTD10 con-
struct (Fig. 8 D). Moreover, we found that cotransfection of
the RhoB targeting siRNA in combination with Cullin-3 or
KCTD10 siRNA completely abolished the barrier disruptive
effects induced by loss of Cullin-3 or KCTD10 (Fig. 8 E). Fi-
nally, we conclude that a Cullin-3-KCTD10 complex medi-
ates degradation of RhoB and is required for the maintenance
of endothelial barrier function.

JCB » VOLUME 217 « NUMBER 3 » 2018

Discussion

Previously, the RhoGTPase RhoA was identified as a key neg-
ative regulator of endothelial barrier function via its stimula-
tion of actomyosin contractility through ROCK1/2 activation
and subsequent MLC phosphorylation (van Nieuw Amerongen
et al., 2000; Birukova et al., 2004). In contrast to RhoA, the
function and regulation of RhoB in EC has not been studied
extensively. Recently, it was shown that hypoxia induces RhoA
and RhoB expression and activity in human microvascular lung
ECs (Wojciak-Stothard et al., 2012). RhoB is a short-lived pro-
tein with a half-life of 1-2 h (Lebowitz et al., 1995; Engel et
al., 1998), in marked contrast to the 24-h half-life of RhoA.
Stability of RhoA in HeLa cells is regulated by CRL-mediated
ubiquitination and proteasomal degradation of inactive RhoA
(Chen et al., 2009). In comparison, hypoxia, TNF-a, or TGF-$
stimulation, application of genotoxic agents or inhibitors of iso-
prenylation all increase the expression of RhoB (Prendergast,
2001; Kroon et al., 2013; Marcos-Ramiro et al., 2016).

Based on these published data, we set out to identify the
molecular components of the RhoB degradation machinery in
ECs and to define their role in endothelial barrier maintenance
(Fig. 9 [working model]). We found that depletion of Cullin-3
significantly reduced basal endothelial resistance and impaired
both thrombin- and S1P signaling toward loss or gain, respec-
tively, of endothelial integrity. Cells lacking Cullin-3 showed
increased actin stress fiber formation accompanied by increased
MLC phosphorylation. Phosphorylated MLC induces actomy-
osin contractility and formation of actin stress fibers that are
structurally and functionally connected to FA complexes (Ama-
do-Azevedo et al., 2014). Our data suggest that Cullin-3 deple-
tion enhances cell contractility and signaling pathways related to
FA formation and turnover. In accordance with this, knockdown
of Cullin-3 or inhibition of CRLs by MLLN4924 induces actin
stress fiber formation and increased FA numbers, most probably
via increased FA assembly. Simultaneously, AJs are disrupted
and endothelial integrity is gradually impaired. We recently
found that long-term treatment of HUVECs with MLN4924
decreased protein expression of VE—cadherin, resulting in in-
creased permeability (Sakaue et al., 2017a). In this study, we
show that short term-treatment with the drug increased expres-
sion of RhoB, resulting in the same phenotype. Thus, the molec-
ular basis underlying increased endothelial permeability induced
by MLN4924 depends on the time of exposure to the drug.

The effect of CRL inhibition on the endothelial barrier
was dependent on Rho signaling via ROCK1/2. We show that
RhoB plays a major role in this pathway, in conjunction with
RhoA. Recently, Cullin-2 was identified as a key regulator of
RhoB degradation (Xu et al., 2015). In accordance with this, we
confirmed the role of another CRL component, Rbx1, but not of
Cullin-2, in RhoB degradation in primary HUVECs. Cullin-3
appears the most important regulator of RhoB turnover and sig-
naling output in ECs. These findings indicate that Cullins have
specific functions, dependent on tissue-specific expression of
Cullin isoforms and substrate receptors.

Cullin-3 interacted most efficiently with inactive RhoB,
similar to what was previously described for RhoA (Chen et al.,
2009). CUL3-based ubiquitin E3 ligases ubiquitinate their sub-
strates through the formation of a complex with BTB domain—
containing proteins (Pintard et al., 2004). Chen et al. (2009)
identified BACURD proteins (KCTD13 and TNFAIP1) as sub-
strate receptors for RhoA degradation. However, KCTD13 and
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Figure 7. KCTD10 is a substrate receptor for RhoB in a Cullin-3 complex in ECs. (A) HUVECs transfected with CUL-3, KCTD13, TNFAIP1, and KCTD10

siRNA were stained for F-actin and nuclei and imaged at 24, 48, and 72 h

after transfection. Bars, 20 pm. (B) HUVECs were transfected as in A. 15 pg

protein was loaded and the membrane was probed for RhoA, RhoB, and GAPDH as loading control. (C) Quantification of the RhoA and RhoB immunoblots
from B. n = 3. (D) ECIS measurement (4,000 Hz) of HUVECs transfected with siRNAs as in A. (E) Quantification of resistance at 72 h after transfection of
HUVECs prepared as in A. (F) Analysis of the Rb parameter was performed as in F. Error bars represent SD. n.s., P > 0.05; *, P = 0.01-0.05; ***, P =

0.001-0.0001; ****, P < 0.0001.
TNFAIP1 did not mediate degradation of RhoB in ECs. We
found KCTD10 to be most relevant as substrate receptor for the
ubiquitination and degradation of RhoB. KCTD10 contains a
BTB/POZ domain and regulates cardiovascular development in
zebrafish and mouse (Hu et al., 2014; Ren et al., 2014; Tong et
al., 2014). Although different substrates were proposed to me-
diate the effects of loss of KCTD10 in these animal models,
RhoGTPases were suggested as potential targets of KCTD10
in regulation of cardiovascular development. Our current find-
ings corroborate this suggestion by underscoring the role of
KCTD10 in regulating RhoB.

Deletion of RhoB in mice did not have detrimental ef-
fects on development and fertility, possibly because of a

compensatory role of other RhoGTPase family members (Liu
et al., 2000; Pronk et al., 2017). However, these mice do display
defects in vascular sprouting in the retina, impaired morphol-
ogy of neurons, and thymus atrophy (Adini et al., 2003; Mc-
Nair et al., 2010; Bravo-Nuevo et al., 2011). In contrast to these
relatively mild effects, recent publications show that increased
expression of RhoB correlates with human pathologies and can
even cause fatal disease, such as capillary leak syndrome (Yang
et al., 2013a; Marcos-Ramiro et al., 2016; Mandik-Nayak et al.,
2017, Pierce et al., 2017).

RhoB expression is increased not only by CRL-mediated
inhibition of RhoB degradation but also by TNF-a—induced
transcription and translation (Fig. S5 B). The subcellular local-
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Degradation of RhoB via Cullin-3-KCTD10 complex is required for maintenance of endothelial barrier function. (A) Cells were transfected with

KCTD13, TNFAIP1, KCTD10, or control siRNA. 72 h after transfection, cells were treated with 5 yM MG132 for 4 h, followed by 2.5 yM PR619 for
2 h. RhoB was immunoprecipitated, and samples were analyzed for ubiquitination with ubiquitin FK-2 antibody. (B) HEK293T cells were cotransfected
with HA-tagged Cullin-3, KCTD10, and mCherry-wiRhoB, mCherry-RhoB-T19N, and mCherry-RhoB-G14V. 24 h after transfection, RhoB was immunopre-
cipitated using polyclonal RhoB antibody. Input equals 5% of the lysate used for immunoprecipitation. Samples were analyzed using RhoB, Cullin-3, and
KCTD10 antibodies. (C) Immunoblot (IB) analysis of the RhoB expression in the KCTD 10-rescue experiment. KCTD 10 constructs corresponding to LV-KCTD10
or empty vector were expressed in HUVECs using the Lentivirus gene expression system. Control siRNA or siRNA targeting the 3’ UTR of KCTD10 was trans-
fected into the cells. GAPDH immunoblot is shown as loading control. (D) Cells were prepared as in C. After 72 h, cells were fixed and stained for F-actin
(red) and nuclei (blue). Bars, 20 pm. (E) HUVECs were transfected with single siRNA or combinations of siRNAs as shown in the graph, and endothelial
monolayer resistance was measured using ECIS at 72 h after transfection. Error bars represent SD. n.s., P > 0.05; **** P < 0.0001.

ization of RhoB under these conditions is different. Although
in unstimulated cells, RhoB is in lysosomes, as it is in TNF-o—
stimulated cells, inhibition of CRL-mediated RhoB degrada-
tion in resting cells induced its translocation to the cytoplasm
and the plasma membrane. In our experiments, lysosomal lo-
calization of RhoB was almost completely abolished by the
inhibition of CRLs, suggesting that the CRL-dependent ubiq-
uitination of RhoB controls, in addition to proteasomal degra-
dation, its lysosomal targeting and degradation. Furthermore,
we could show that TNF-« induces colocalization of RhoB with
K63-polyubiquitination—positive endosomes, which was lost
upon CRL inhibition. Importantly, TNF-a does not act by inhib-
iting CRL-mediated ubiquitination of RhoB. In contrast, TNF-a
increases the level of RhoB mRNA and thus RhoB protein.
In agreement with this, we found that RhoB is preferentially
polyubiquitinated by K63-specific linkage, independent of
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TNF-a, which was largely inhibited by MLLN4924. K63-linked
polyubiquitination was described to target proteins toward the
lysosomal degradation pathway via their interaction with the
ESCRT machinery (Nathan et al., 2013). Although the CRLs
are traditionally referred to as K48-linkage—specific E3 ligases,
different type of linkages mediated by this set of enzymes
were described previously (Jin et al., 2009; Yuan et al., 2014).
To our knowledge, our study is the first one to describe CRL-
dependent K63 polyubiquitination of RhoGTPases in ECs.
Differential localization (endosomal vs. plasma mem-
brane) of RhoB and differential functionality depending on its
cellular locale was postulated previously (Lebowitz et al., 1997,
Du and Prendergast, 1999; Wherlock et al., 2004). We found
that the increased expression and membrane association of
RhoB caused by inhibition of CRLs indeed leads to a significant
increase in its activity. These findings suggest that in resting
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Figure 9. Model for CUL3/KCTD10-mediated ubiquitination of RhoB and its subsequent lysosomal degradation in maintenance of endothelial barrier func-
tion. RhoB is expressed at very low levels in quiescent endothelium (left side of the model) and is efficiently degraded via the proteasome and lysosomes
because of CUL3/KCTD10-dependent K63 ubiquitination. As a result, the endothelial barrier remains intact. Inflammatory cytokines (e.g., TNF-a) enhance
the expression of RhoB in ECs (right side of the model), and a fraction of RhoB escapes ubiquitination by CUL3/KCTD10 and subsequent lysosomal deg-
radation. This remaining, active RhoB is associated with the plasma membrane and promotes formation of F-actin stress fibers, which results in disruption
of endothelial barrier. Ribbon structure of RhoB (aa 4-187) was obtained from the Protein Data Bank (2FV8). GEF, guanine nucleotide exchange factor.

ECs, RhoB is expressed at low levels and is localized, in nonu-
biquitinated form, outside of lysosomes, in part at the plasma
membrane, where it exerts its activity (Fig. 9). Low levels of
RhoB are maintained via constant CRL-dependent ubiquitina-
tion, subsequent targeting to lysosomes and degradation. This is
supported by the increased formation of stress fibers upon CRL
inhibition. CRL inhibition leads to RhoB up-regulation and ac-
tivation, inducing contraction and impaired endothelial barrier
stability. In contrast, TNF-a induces de novo synthesis of RhoB
accompanied by limited RhoB activation (Figs. 9 and S5 B).
In line with this, the negative effects of TNF-a on endothelial
barrier function are also more limited than those induced by
inhibition of CRL-mediated RhoB degradation.

The C terminus of RhoB encodes the signal that deter-
mines its localization and degradation (Lebowitz et al., 1995;
Michaelson et al., 2001). This fact and the apparent role of
ubiquitination in the regulation of RhoB localization and deg-
radation led us to hypothesize that the lysine acceptor site for
RhoB ubiquitination is located at the C terminus. Furthermore,
the increased turnover of RhoB could be caused by additional
ubiquitin acceptor sites specific for RhoB. Because Lys181 is
only present in RhoB and not in RhoA or RhoC, we decided
to mutate Lys181 and other lysines in the C-terminal half of
RhoB, the side chains of which are exposed at the surface of
the molecule (Lys135 and Lys162). We found that mutation
of only Lys162 or Lys181 significantly impairs the efficiency
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of RhoB K63-specific polyubiquitination, suggesting that the
short half-life of RhoB protein is caused by efficient ubig-
uitination of RhoB at multiple lysine acceptor sites followed
by lysosomal degradation.

Ubiquitination-dependent regulation of RhoGTPases was
previously studied only in the context of proteasomal degrada-
tion (Wang et al., 2006; Chen et al., 2009; Oberoi et al., 2012).
We and others showed that ubiquitination might target Racl to
an endosomal compartment (Nethe and Hordijk, 2010; Baker et
al., 2013). To our knowledge this study is the first to report the
K63-linkage—specific polyubiquitination and subsequent lyso-
somal degradation of a RhoGTPase. Novel, specific inhibitors
targeting components of the ubiquitination machinery may pro-
vide new options for treatment of various human pathologies. A
crucial goal in these efforts should be to identify determinants
of specificity, especially in terms of substrate-binding receptors
in ubiquitin ligase complexes such as CRLs. Here, we show that
the specificity of the substrate recognition can be very strict,
even among a highly conserved group of proteins such as the
RhoA, RhoB, and RhoC GTPases.

Materials and methods

Cell culture

HUVECs were purchased from Lonza and cultured on fibronec-
tin-coated dishes at 37°C in 5% CO, atmosphere. EGM2 medium sup-
plemented with SingleQuots (Lonza) was used for culturing HUVECs.
Cells were used for experiments until passage 5. HEK293T cells were
purchased from ATCC and cultured in Iscove’s modified Dulbecco’s
medium (Lonza) supplemented with 10% FCS and L-glutamine. Cells
were used until passage 35 for production of lentiviral particles, native
coimmunoprecipitation and immunoprecipitation of ubiquitinated pro-
teins under denaturing conditions.

Antibodies

The following primary antibodies were used in this study: mouse
aVE—cadherin/CD144-Alexa Fluor 647 (BD), rabbit aErk1/2 (Santa
Cruz), mouse apErk1/2 (Santa Cruz), rabbit apMyosin LC2 Thr18/
Ser19 (Cell Signaling), rabbit apPAK1/2/3 Ser141 (Invitrogen), rab-
bit avinculin (Sigma), rabbit xGAPDH (Cell Signaling), mouse aHA
(Sigma), rabbit aLAMP1 (Cell Signaling), rabbit aKCTD10 (Sigma),
rabbit aPaxillin Tyr31 (Sigma), mouse aRacl (BD), rabbit aRhoC
(Cell Signaling), rabbit aRhoA (Cell Signaling), rabbit aRhoB (Santa
Cruz), mouse aRhoB (Santa Cruz), mouse aUbiquitin (FK-2; Boston
Biochem), rabbit aUbiquitin, Lys63-specific (Apu3; Millipore), rabbit
aCullin-3 (Cell Signaling), mouse aCullin-2 (BD), mouse aCullin-1
(Santa Cruz), rabbit aKCTD10 (Sigma), rat amouseCD29 (9eg7; BD),
rabbit alntegrin a-5 (Abcam), and rabbit p-NF-kB p65 (Ser536; Cell
Signaling). Mouse anti—-HA agarose was purchased from Sigma.

Lentiviral shRNA constructs

Lentiviral shRNA constructs were obtained from the TRC/Sigma Mis-
sion library (Sigma). All the constructs were cloned into pLKO. 1 vector.
The following clones were used in this study: BIRC2 TRCN00003780
and TRCN0000320867, XIAP TRCN00003785 and TRCN0000231578,
FBXW7TRCN0000355641, TRCN0000355643 and TRCN0000355644,
CUL1 TRCNO0000318414 and TRCN0000318416, Cullin-3 TRCN-
0000288625 and TRCNO0000307983, BTRC TRCN00006543 and
TRCNO00006545, USP8 TRCN0000284767 and TRCN0000284769,
CYLD TRCN0000230278, TRCN0000230279, TRCN0000230280 and
TRCN0000230281, TRIP12 TRCN0000273210 and TRCN0000273135,
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TNFAIP3 TRCN000050961, OTULIN TRCN0000275410 and
TRCN0000275411, FBXL19 TRCN000062336 and TRCN0000359134,
SMURF2 TRCN00003478 and TRCN0000272880, HACE1 TRCN-
00003415, TRCN0000415313 and TRCN0000427070, RABGEF1
TRCN000047237, TRCN0000419718 and TRCN0000422664, SMURF1
TRCN00003471 and TRCN00003473, USP17L2 TRCN0000376547,
CBL TRCN0000288695, KIA0317 TRCN0000280035, NEDD4L
TRCN0000904, NEDD4 TRCNO0000905 and TRCN00007550, and
CAV1 TRCN00008002 and TRCNO0OOO11218. As a negative control,
nontargeting ShRNA TRCNOOOOSHCO002 was used.

Lentivirus production

Lentiviral particles were produced by transfecting HEK293T cells with
the third-generation HIV-1 packaging plasmids (Addgene) using Trans
IT (Mirus). Cell culture medium containing virus particles was collected
at 48 and 72 h after transfection, centrifuged, and filtered through 0.45-
um polyvinylidene fluoride filter (Millipore). Supernatant containing
lentivirus was used to infect subconfluent HUVECs. Infected HUVECs
were used for experiments at 72 h after infection. All shRNA clones
that were used in the study were verified by sequencing (45 clones tar-
geting 22 proteins) and are shown in Fig. S1 B . The identity of 7 clones
used in the screen could not be validated by sequencing and is therefore
omitted from Fig. S1 B and the phenotype analysis. The efficiency of
the knockdown in several cases was assessed by immunoblotting.

For KCTDI10 lentiviral overexpression, KCTD10 cDNA was
cloned into a CSII-CMV-MCS-IRES2-Bsd vector and packed into lenti-
virus particles as described previously (Sakaue et al., 2017b). Lentiviral
expression and packaging vectors were kindly provided by H. Miyoshi
(RIKEN BioResource Center, Wako, Japan). Template cDNA (product
ID FHCO07641) was purchased from Kazusa DNA Research Institute.

Immunoblotting

Cell lysates for immunoblotting were collected by lysing cells in sample
buffer (125 mM Tris, pH 6.8, 20% glycerol, 4% Pmercapto-EtOH, and
0.001% bromophenol blue). Lysates were separated using SDS-PAGE
on 7% or 12% polyacrylamide gels and transferred to the nitrocellu-
lose membrane. Membranes were blocked in 5% BSA in TBST-T for
1 h and probed with primary antibodies diluted in the blocking buffer
overnight at 4°C. Proteins were visualized using secondary anti—rabbit
or anti-mouse antibodies coupled to the HRP and x-ray films. Densi-
tometric analysis of the band intensities was performed using ImageJ.

Endothelial barrier integrity measurement

Measurement of the integrity of endothelial barrier was performed
using ECIS. For this assay, 100,000 HUVECs were seeded in fibronec-
tin-coated eight-well ECIS slides (Applied Biophysics). Slides were
mounted into the ECIS Z0 (theta) instrument, and the resistance of the
electrodes was monitored at multiple frequencies at 37°C during next
48 h. At 1618 h, upon seeding, cells formed a stable monolayer, and
resistance at 4,000 Hz was used to compare the barrier integrity among
different samples. For thrombin stimulation, cells were treated with 1
U/ml thrombin (Sigma). S1P response was assessed by adding 500 nM
SIP to the cells. As the last parameter, wounding recovery was mea-
sured. In this assay, the HUVEC monolayer was wounded electrically
at 100,000 Hz and 6,500 pA for 2 min, and the recovery of the wounded
area was monitored over the next 6 h. The Rb values were obtained
by modeling from the multiple frequency scans using ECIS software
from Applied Biophysics.

siRNA transfection and chemical inhibition of Rho signaling
For these experiments, HUVECs were freshly isolated from um-
bilical cords as previously described (Draijer et al., 1995) and used
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for experiments at passage 2. siRNA SMART pools targeting RhoA
(L-008555-00-0005), RhoB (L-008395-00-0005), and RhoC (L-
003860-00-0005) and ON-TARGETplus Non-targeting Pool control
siRNA (D-001810-10-05) were purchased from Dharmacon. siR-
NAs targeting CUL3, KCTD13 (SASI_Hs01_00120957), TNFAIP1
(SASI_Hs01_00131786), KCTD10 (custom-made, sense sequence:
5'-GUAACAACAAAUACUCAUATT-3’), siRNA sequence target-
ing the 3" UTR of KCTDIO (sense sequence: 5'-GAAUGAGCG
UCUAAAUCGUTT-3"), and control siRNA (SIC-001) were all pur-
chased from Sigma. Additional siRNAs targeting KCTD10 (siRNA 1,
HSS130450; siRNA 2, IHSS130452; and siRNA 3, HSS188856) and
control siRNA L (12935-200) and siRNA M (12935-300) were all
purchased from Invitrogen.

HUVECSs were seeded on gelatin-coated eight-well ECIS slides
(Applied Biophysics) at 60-70% confluency and transfected with final
concentration of 25 nM siRNA using DharmaFECT (Dharmacon).
ECIS measurement and MLLN4924 treatment was performed 72 h after
transfection. Because of the high concentration of serum (20%) in the
medium, cells were starved in serum-free medium containing 1% human
serum albumin for 24 h before the addition of 500 nM MLN4924.

For chemical inhibition of ROCK1/2 or RhoGTPases with
10 uM Y-27632 or 1 pg/ml C3-transferase, respectively, HUVECs were
seeded on gelatin-coated eight-well ECIS slides (Applied Biophysics)
and grown to confluency. Before the addition of inhibitors, cells were
starved for 1.5 h and then treated with Y-27632 or C3-transferase for 30
min, followed by addition of 500 nM MLN4924.

Immunofluorescence

For immunofluorescence analysis, HUVECs were seeded on fibronec-
tin-coated 12-mm glass coverslips. Cells were treated with 300 nM
MLN4924, 10 ng/ml TNF, or combination of both for 4 or 18 h For
activated pl-integrin staining, cells were stimulated with 500 nM S1P
for 15 min. Cells were briefly washed in PBS containing 1 mM CaCl,
and 0.5 mM MgCl, and fixed for 15 min with 4% PFA. Upon fixation,
cells were permeabilized with 0.2% Triton X-100 in PBS for 3 min and
unspecific staining was blocked by incubation with 1% BSA in PBS
for 30 min. Primary antibody incubation was done in blocking buffer
for 1 h, followed by extensive washing and incubation with secondary
antibody for 30 min. Secondary antibodies used in this study were goat
anti-mouse Alexa Fluor 488, goat anti—rabbit Alexa Fluor 568, and goat
anti-rabbit Alexa Fluor 488 (all from Invitrogen). Hoechst was used to
stain nuclei and phalloidin Alexa Fluor 415 (Promokine) or phalloidin
Texas red (Invitrogen) to stain F-actin. Lysotracker Red DND-99 (Mo-
lecular Probes) was used to mark acidic/late endosomes. After washing
in 0.1% BSA in PBS, coverslips were mounted in MOWIOL supple-
mented with DABCO and analyzed by confocal microscope Leica SP8
using 63x/1.4 or 100x/1.4 oil-immersion objective or Nikon AIR using
63 x 1.4 oil-immersion objective. Image analysis was done in Image].

Live fluorescence microscopy of FA dynamics

HUVECSs were infected with nontargeting control or CUL-3 shRNA.
Cells were seeded on fibronectin coated eight-well Lab Tek chambers
(Thermo Fisher Scientific) and at 72 h after infection transfected with
pEGFP-C3 vinculin construct (E. Danen, University of Leiden, Leiden,
Netherlands) using TransIT (Mirus). The next day, cells were imaged
for 20 min at intervals of 20 s using an Observer Z1 microscope (Zeiss)
equipped with 40x oil-immersion objective. Still images were uploaded
on the FA analysis server (http://faas.bme.unc.edu/), and analysis of FA
turnover was performed as previously described (Berginski et al., 2011;
Berginski and Gomez, 2013). In brief, FAs were identified based on
EGFP-vinculin positivity within thresholded images of single cells. To
distinguish single cells, masks were created from the overexposed signal

of EGFP-vinculin. Dynamic properties (assembly and disassembly
rate) of FAs were obtained by the tracking of changes in intensity of the
fluorescence from single adhesions through subsequent image frames.
Four cells per condition were imaged and analyzed.

Microporation of ECs

Microporation of HUVECs was performed using Amaxa 4D nucleofec-
tor and P5 Primary-Cell Nucleofector X-kit (Lonza). A 20-cm? area of
subconfluent HUVECs was trypsinized and microporated with 1.5 pg
mCherry, mCherry-wtRhoB or mCherry-K162/181R RhoB. The cells
were immediately seeded either on fibronectin-coated ECIS slides for
measurement of the barrier resistance or on 24-well plate containing
fibronectin-coated glass slides for immunofluorescence imaging.

Real-time PCR analysis

HUVECs were treated with DMSO or MLLN4924 (0.3 and 0.6 pM),
control siRNA, CUL3 siRNA, and KCTD10 siRNA for 72 h. Total
RNAs were purified from the HUVECs using ISOGEN II (Nippon
Gene) as described previously (Sakaue et al., 2017b). In brief, 1 pg
RNA was used for first-strand cDNA synthesis using the High Capacity
RNA-to-cDNA Master Mix (Applied Biosystems). Real-time quanti-
tative PCR was performed (FastStart Universal SYBR Green Master
ROX; Roche Diagnostics) with the ABI 7300/7500 system (Applied
Biosystems). The following primers were used for amplification: 5'-
GAGGTGGATGGAAAGCAGGTAGAGTTG-3' (RhoA-F), 5'-TTT
CACCGGCTCCTGCTTCATCTTGG-3’ for (RhoA-R) for RhoA and
5'-AGACGTGCCTGCTGATCGTGTTCAG-3" (RhoB-F) and 5'-CAC
ATTGGGACAGAAGTGCTTCACC-3’ (RhoB-R) for RhoB, and 5'-
TGCACCACCAACTGCTTAGC-3" (GAPDH-F) and 5'-GGCATG
GACTGTGGTCATGAG-3' (GAPDH-R) for GAPDH.

Immunoprecipitation

Immunoprecipitation of endogenous RhoB was performed with rabbit
aRhoB antibody (Santa Cruz) from confluent 60-cm? dishes. Before
lysis, cells were stimulated with either 10 ng/ml TNF-a (Peprotech)
or 300 nm MLN4924 for 4 h or 2.5 uM PR619 for 2 h. Proteasomal
degradation was inhibited by adding 5 uM MG132 at 2 h before lysis.
Upon stimulation, cells were washed in PBS containing 1 mM CaCl,
and 0.5 mM MgCl, and lysed in lysis buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM EDTA, and 1% NP-40), cOmplete Protease In-
hibitor Cocktail Tablets (Roche), and phosphatase inhibitors (I mM
Na;VO, and 25 mM NaF). Lysates were cleared by centrifugation and
incubated with 1 pg RhoB antibody for 2 h at 4°C. RhoB containing
complexes were pulled out by incubation with Dynabeads protein G
(Thermo Fisher Scientific) for 1 h at 4°C. Finally, beads were washed
four times with lysis buffer, and immunoprecipitated proteins were
eluted with sample buffer and analyzed with SDS-PAGE.

Mutagenesis

Single mutants of RhoB K135R, K162R, and K181R were generated
using the site-directed mutagenesis. Mutations were introduced into
the pmCherryC1-T19N RhoB vector in a PCR reaction using site-spe-
cific primers (Invitrogen) and high-fidelity Phusion DNA polymerase
(NEB). Template DNA was digested by Dpnl (NEB), and PCR prod-
uct was transformed into competent DHS5a Escherichia coli (NEB).
Bacterial colonies were screened for presence of the desired mu-
tation by DNA sequencing.

HA-tag native immunoprecipitation

For HA-tag immunoprecipitation, pmCherryC1-RhoB, pmCherryC1-
RhoB-T19N, or pmCherryC1-RhoB-G14V (gift of N. Reinhard,
Swammerdam Institute for Life Sciences, Amsterdam, Netherlands)
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was cotransfected with NTAP-HA-CUL3 (gift of H. Genau, Goethe
University Medical School, Frankfurt am Main, Germany). For native
coimmunoprecipitation, transfected cells were lysed in lysis buffer
(150 mM NaCl, 50 mM Tris, pH 7.4, 1 mM EDTA, 5% glycerol, and
1% 1IGEPAL) supplemented with protease inhibitor complex (Roche).
Lysates were cleared by centrifugation and incubated with mouse an-
ti-HA agarose beads (Sigma) for 3 h at 4°C. Upon incubation, beads
were washed four times with the lysis buffer and boiled in 50 pl sample
buffer, and samples were analyzed by immunoblotting.

In vivo ubiquitination assay

For this assay pcDNA3-HA-K48only-ubiquitin or pcDNA3-
HA-K63o0nly ubiquitin (gift of K. Husnjak, Goethe Univer-
sity Medical School, Frankfurt am Main, Germany) were
cotransfected with pmCherryC-1, pmCherryC1-RhoB-T19N, pm-
CherryC1-RhoB-T19N;K135R, pmCherryC1-RhoB-T19N;K162R, or
pmCherryC1-RhoB-T19N;K181R into HEK293T cells using TransIT
(Mirus) according to the manufacturer’s protocol. Before lysis, cells
were treated with 10 uM MG132 in combination with or without 500
nM MLN4924 for 6 h For analysis of ubiquitination of RhoB and mu-
tants thereof, denaturing HA-immunoprecipitation was performed at
24 h after transfection as previously described (Genau et al., 2015).

RhoGTPase and Rac activation assays

For the RhoGTPase activation assay, cells were stimulated with 10 ng/
ml TNF-a (Peprotech) or 300 nm MLN4924 for 4 h or 2.5 uM PR619
for 2 h and lysed in cold lysis buffer (25 mM Tris-HCI, pH 7.2, 150 mM
NaCl, 10 mM MgCl,, 1% NP-40, and 5% glycerol) supplemented with
cOmplete Protease Inhibitor Cocktail Tablets (Roche).

To analyze Rac activity, HUVECs were treated the same as
for the RhoGTPase activation assay and levels of Racl-GTP were
measured by PAK1-CRIB pull-down assay as previously described
(de Kreuk et al., 2013).

Statistical analysis

All graphs in the figures represent means = SD. Statistical analysis
was performed using GraphPad Prism software. For comparison of
only two groups of samples, the two-tailed Student’s ¢ test was ap-
plied. One-way ANOVA with Tukey’s post-tests was applied when
more than two groups were compared (n.s., P > 0.05; *, P =0.01-0.05;
** P =0.01-0.001; *** P =0.001-0.0001; **** P < (0.0001).

Online supplemental material

Fig. S1 shows the workflow of targeted shRNA screen for EC mor-
phology regulators, the table with used constructs, an example of
positive hit and additional shRNA clone targeting CUL3. Fig. S2
shows FA staining in CUL3 KD cells, VE—cadherin staining, and
RhoA protein stability analysis upon MLN4924 treatment and RhoB
immunoblot upon cycloheximide and TNF-a treatment. Fig. S3
shows knockdowns of RhoA, RhoB, and RhoC using siRNA, the ef-
fect of combined double (RhoA/B, RhoA/C, and RhoB/C) and triple
(RhoA/B/C) knockdowns on MLN4924-induced endothelial barrier
loss, the effect of Y27 and C3 on MLLN4924-induced loss of endothe-
lial barrier, analysis of Racl activity upon MLN4924 treatment, and
quantification of immunoblots from Fig. 4 E. Fig. S4 shows RhoB
ubiquitination assay with TNF-a stimulation and effects of additional
KCTDI10 siRNAs on the endothelial barrier. Fig. S5 shows ECIS
measurement on KCTD10 knockdown cells treated with TNF-a
and a model for TNF-a’s role in the regulation of RhoB expression.
Videos 1 and 2 show FA dynamics in control and CUL3 knock-
down cells, respectively.
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