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ABSTRACT Vascular endothelial (VE)-cadherin undergoes constitutive internalization driven by
a unique endocytic motif that also serves as a p120-catenin (p120) binding site. p120 binding
masks the motif, stabilizing the cadherin at cell junctions. This mechanism allows constitutive
VE-cadherin endocytosis and recycling to contribute to adherens junction dynamics without
resulting in junction disassembly. Here we identify an additional motif that drives VE-cadherin
endocytosis and pathological junction disassembly associated with the endothelial-derived
tumor Kaposi sarcoma. Human herpesvirus 8, which causes Kaposi sarcoma, expresses the
MARCH family ubiquitin ligase K5. We report that K5 targets two membrane-proximal VE-
cadherin lysine residues for ubiquitination, driving endocytosis and down-regulation of the
cadherin. K5-induced VE-cadherin endocytosis does not require the constitutive endocytic
motif. However, K5-induced VE-cadherin endocytosis is associated with displacement of p120
from the cadherin, and p120 protects VE-cadherin from K5. Thus multiple context-dependent
signals drive VE-cadherin endocytosis, but p120 binding to the cadherin juxtamembrane do-
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main acts as a master regulator guarding cadherin stability.

INTRODUCTION

Proper vascular function requires a balance between stability and
plasticity of endothelial cell-cell contacts. Adhesion must be tight
enough to resist vascular leak yet also flexible enough to permit the
cellular rearrangements necessary for new vessel formation during
development and wound healing. Endothelial cell-cell adhesion is a
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dynamic and tightly regulated process, but the mechanisms control-
ling endothelial adhesion remain incompletely understood (Vincent
et al., 2004; Giannotta et al., 2013). Because disruption of endothe-
lial adhesion contributes to a wide variety of diseases, especially
through excessive inflammation and facilitation of cancer metasta-
sis, elucidating the basic cellular processes that determine the bal-
ance of endothelial adhesion is an important goal.

Endothelial cell-cell adhesion is mediated through the adherens
junction complex. Vascular endothelial (VE)-cadherin, a member of
the classical cadherin family and a principal adhesion molecule in
the endothelium, joins adjacent cells through calcium-dependent
homotypic trans interactions (Harris and Tepass, 2010; Ishiyama and
lkura, 2012; Dejana and Orsenigo, 2013). As with other classical
cadherins, the cytoplasmic domain of VE-cadherin binds to arma-
dillo family proteins called catenins, which perform important struc-
tural and regulatory functions. B-Catenin binds to the C-terminal
catenin-binding domain of VE-cadherin and, along with o-catenin
and other proteins, links the cadherin to the actin cytoskeleton,
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mechanically coupling adjacent cells (Yamada et al., 2005; Taguchi
et al., 2011; Desai et al., 2013). The juxtamembrane domain of VE-
cadherin binds to p120-catenin (p120), which stabilizes cadherins at
the adherens junction. In the absence of p120 binding, cadherins
are rapidly endocytosed and degraded (Davis et al., 2003; Xiao
et al., 2003a,b; Miyashita and Ozawa, 2007). Thus p120 binding to
cadherins can function as a regulator of adherens junction stability
(Nanes and Kowalczyk, 2012).

In the endothelium, p120 plays a particularly important role bal-
ancing the stability and flexibility of cell adhesion. The VE-cadherin
juxtamembrane domain contains a dual-function motif that alter-
nately serves as a p120-binding site or as an endocytic signal. p120
binding physically masks the endocytic signal, blocking its function
and stabilizing the cadherin (Nanes et al., 2012). Endothelial-spe-
cific deletion of p120 in mice results in hemorrhaging, vascular pat-
terning defects, and embryonic lethality, underscoring the impor-
tance of p120 for maintenance of vessel stability (Oas et al., 2010).
However, p120-modulation of VE-cadherin endocytosis allows a
level of constitutive internalization of the cadherin. Constitutive VE-
cadherin endocytosis confers plasticity to endothelial cell-cell junc-
tions, and expression of a VE-cadherin mutant resistant to constitu-
tive endocytosis inhibits collective migration of endothelial cells
(Nanes et al., 2012). Because endothelial cell migration is an im-
portant component of angiogenesis, the junctional plasticity de-
rived from constitutive VE-cadherin endocytosis likely has impor-
tant physiologic roles.

If p120-modulated constitutive endocytosis of VE-cadherin is re-
sponsible for balancing stability and flexibility of endothelial adhe-
sion, what causes the disruption of this mechanism in diseases as-
sociated with inappropriate loss of endothelial adhesion? One such
disease is Kaposi sarcoma, an endothelial-derived tumor character-
ized by aberrant angiogenesis and leaky, slit-like vessels (Kaposi,
1872; Antman and Chang, 2000; Uldrick and Whitby, 2011). Kaposi
sarcoma is caused by human herpesvirus 8 (HHV-8), which is always
found within the lesions (Chang et al., 1994). Vascular permeability
induced by HHV-8 likely occurs through multiple mechanisms, in-
cluding expression of a viral G-protein-coupled receptor that acti-
vates Rac (Dwyer et al., 2011) and entry of the viral capsid into en-
dothelial cells (Qian et al., 2008). In addition, HHV-8 encodes two
membrane-associated really interesting new gene-CH (MARCH)-
family ubiquitin ligases, K3 and K5, which were originally identified
to target host-cell mediators of immune function, such as MHC class
I, for ubiquitination, endocytosis, and down-regulation (Coscoy and
Ganem, 2000; Ishido et al., 2000). K5 also targets several other en-
dothelial cell surface proteins for ubiquitination, including PECAM-1
and VE-cadherin (Mansouri et al., 2006, 2008). Of interest, K5 ex-
pression increases permeability of endothelial monolayers (Mansouri
et al., 2008), potentially linking ubiquitination of VE-cadherin to the
aberrant angiogenesis and leaky vasculature seen in Kaposi sar-
coma lesions.

The results presented here demonstrate that K5 disrupts endo-
thelial cell-cell junctions by overriding the normal cellular regula-
tion of VE-cadherin endocytosis. K5 targets VE-cadherin for ubiqui-
tination, displaces p120 from the VE-cadherin juxtamembrane
domain, and induces VE-cadherin endocytosis. Furthermore, we
identify two membrane-proximal lysines within the p120-binding
site as the specific VE-cadherin residues targeted by K5 and dem-
onstrate that p120 binding can protect VE-cadherin from K5-in-
duced down-regulation. Of interest, a VE-cadherin mutant resistant
to constitutive endocytosis is still susceptible to down-regulation by
K5. Thus, even though different endocytic signals drive constitutive
and K5-induced VE-cadherin internalization, p120 maintains a key
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role as the guardian of VE-cadherin stability through protection of
the cadherin juxtamembrane domain.

RESULTS

K5 targets VE-cadherin for ubiquitination

and down-regulation

Previous studies showed that expression of K5 in endothelial
cells leads to VE-cadherin down-regulation (Mansouri et al.,
2008). We sought to determine whether K5 targets VE-cadherin
directly or down-regulation of VE-cadherin is secondary to K5-
induced down-regulation of other adherens junction compo-
nents. In agreement with previous reports, expression of K5
caused a sharp reduction in VE-cadherin protein levels (Figure
1A). This reduction occurred rapidly and was observed within
24 h after adenoviral transduction of endothelial cells with K5
(Supplemental Figure STA). In contrast, total protein levels of
p120 and B-catenin were either slightly decreased or unchanged
(Figure 1A). Neuronal cadherin (N-cadherin), which does not
typically assemble into endothelial cell-cell junctions, was also
decreased but not as sharply as levels of VE-cadherin, indicating
that K5 has some specificity for VE-cadherin in endothelial cells
(Figure 1A). Expression of K5 in keratinocytes failed to decrease
levels of epithelial cadherin (E-cadherin; Supplemental Figure
S1B), also indicating that K5-mediated down-regulation of VE-
cadherin is a specific process rather than the result of nonspecific
targeting of cell surface proteins. K5-mediated down-regulation
of VE-cadherin in endothelial cells was also evident by immuno-
fluorescence (Figure 1B). Furthermore, even though K5 did not
cause a significant reduction in total protein levels of B-catenin
or p120, K5 expression did displace both catenins from cell—cell
junctions (Figure 1B). We also investigated whether K5 and VE-
cadherin interact, using a ligase-dead version of K5 (Means
et al., 2007). This allowed us to capture K5-VE-cadherin protein
complexes in the absence of VE-cad down-regulation. After tran-
sient expression in COS cells, we detected coprecipitation of the
K5 mutant with VE-cadherin, indicating that these proteins form
a biochemical complex (Figure 1C). These data suggest that K5
targets VE-cadherin directly.

In addition, we found that K5-mediated down-regulation of
VE-cadherin is associated with ubiquitination of the cadherin.
Prolonged treatment of endothelial cells with MG-132 to broadly
disrupt the ubiquitin—-proteasome system blocked the ability of
K5 to remove VE-cadherin and p120 from cell-cell junctions
(Supplemental Figure S2A). Furthermore, the K5 mutant lacking
ubiquitin ligase activity failed to down-regulate VE-cadherin sta-
bly expressed in a CHO cell line (Supplemental Figure S2B). We
also used immunoprecipitation and Western blot to detect VE-
cadherin ubiquitination directly. Expression of K5 in endothelial
cells significantly increased the amount of ubiquitination de-
tected in VE-cadherin complexes captured by immunoprecipita-
tion (Figure 2A). However, standard immunoprecipitation condi-
tions with nonionic detergents isolate cadherin-binding proteins
along with the cadherin. Therefore this result has two possible
explanations. Either K5 targets VE-cadherin directly or K5-medi-
ated ubiquitination of another adherens junction component,
such as p120, leads to the subsequent down-regulation of VE-
cadherin. To determine whether K5 targets VE-cadherin for ubig-
uitination, we added ionic detergents to disrupt noncovalent in-
teractions. Increased ubiquitination of VE-cadherin was still
detected with the addition of ionic detergents (Figure 2B), and
no K5-induced ubiquitination was detected in p120 captured by
immunoprecipitation (Figure 2C), indicating that ubiquitin is
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K5 down-regulates VE-cadherin. (A) K5-FLAG was
expressed in cultures of the endothelial cell line HMEC-1 using
adenoviral transduction. Control cells were uninfected. After 48 h, cells
were harvested and the lysates analyzed by Western blot. Thick line,
median band intensity; boxes, interquartile range; whiskers, 90% range
(n=7 sample pairs per protein); p < 0.01, VE-cadherin compared with
p120; p < 0.05, VE-cadherin compared with B-catenin. (B) FLAG-
tagged K5 was expressed in primary cultures of dermal microvascular
endothelial cells. After 48 h, cells were fixed and stained for VE-
cadherin, B-catenin, or FLAG (top) or p120 and FLAG (bottom). Bars,
10 pm. (C) VE-cadherin forms a biochemical complex with K5 RING
mutant. VE-cadherin-myc and a ligase-dead RING mutant of K5-GFP
were expressed in COS-7 cells as indicated. After 24 h, total cell
lysates were immunoprecipitated with anti-VE-cadherin antibody, and
the coprecipitation of mutant K5-GFP was analyzed by Western blot.

ligated directly to VE-cadherin. Thus K5 targets VE-cadherin for
ubiquitination and down-regulation, leading to disassembly of
the endothelial adherens junction.
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K5 induces VE-cadherin endocytosis

Because K5 expression caused adherens junction disassembly in
cultured endothelial cells, we also asked whether biopsies of Kaposi
sarcoma lesions showed evidence of junctional alterations. Kaposi
sarcoma lesions are characterized by fascicles of endothelial-de-
rived spindle cells, abnormal slit-like vascular spaces, and extrava-
sated erythrocytes (Radu and Pantanowitz, 2013). We used immu-
nohistochemistry to stain biopsies of Kaposi sarcoma lesions and
assess the organization of endothelial cell-cell junctions. Consistent
with previous reports (Dwyer et al., 2011), we found lower levels of
VE-cadherin staining in endothelial cells lining the vascular spaces in
Kaposi sarcoma lesions than in similarly located cells in hemangio-
mas (Figure 3A). Of interest, we also found substantially decreased
p120 staining (Figure 3B). Because K5 expression in endothelial
cells did not induce a substantial decrease in p120 protein levels
(Figure 1A), decreased p120 staining in Kaposi sarcoma lesions may
reflect an HHV-8 pathomechanism unrelated to K5. Given their thin
profile, we were unable to determine the subcellular localization of
VE-cadherin or p120 in cells lining the vascular spaces. However, the
endothelial-derived spindle cells expressed both VE-cadherin and
p120 and were large enough to distinguish junctional from cyto-
plasmic staining patterns (Figure 3, C and D). Although limited cell
border localization was observed in some spindle cells (Figure 3, C
and D, arrowheads), both VE-cadherin and p120 stains were pre-
dominantly diffuse and cytoplasmic. The cytoplasmic staining pat-
tern of p120 in spindle cells was particularly striking compared with
the junctional localization of p120 in keratinocytes adjacent to the
lesions (Figure 3D, d).

Because VE-cadherin undergoes rapid endocytosis and degra-
dation in the absence of p120 binding (Xiao et al., 2003a), disrup-
tion of p120 in Kaposi sarcoma lesions suggests that down-regula-
tion of VE-cadherin in the lesions may result from increased
internalization of the cadherin. In fact, we found that expression of
K5 in endothelial cells significantly increased VE-cadherin endocyto-
sis (Figure 4A). Although we cannot rule out the possibility that K5
might affect VE-cadherin synthesis or trafficking in other ways, in-
creased endocytosis of the cadherin is consistent with the disruption
of endothelial cell junction proteins seen both in cell culture and in
Kaposi sarcoma lesions. Furthermore, this increased VE-cadherin
internalization was associated with an increase in endothelial cell
permeability as assessed by electrical cell-substrate impedance
sensing (ECIS), reminiscent of the increased vascular permeability in
Kaposi sarcoma lesions (Figure 4B).

Distinct endocytic motifs drive constitutive and K5-induced
VE-cadherin endocytosis

VE-cadherin undergoes constitutive endocytosis and recycling
driven by an internalization signal in the cadherin juxtamembrane
domain. This constitutive endocytic motif is anchored by three acidic
amino acids within the core p120-binding region (DEE646-648,;
Figure 5A), and mutation of these residues results in a cadherin vari-
ant that is resistant to constitutive endocytosis. We therefore asked
whether K5-induced VE-cadherin down-regulation requires the con-
stitutive endocytic signal. Surprisingly, the constitutive endocytosis—
defective VE-cadherin mutant was not resistant to down-regulation
by K5 (Figure 5B), indicating that K5-mediated ubiquitination of the
cadherin is sufficient to drive cadherin endocytosis, even in the ab-
sence of the constitutive endocytic signal. A control VE-cadherin
mutant that does not bind p120 but undergoes constitutive endocy-
tosis (GGG649-651; Nanes et al., 2012) was also susceptible to K5-
induced down-regulation (Figure 5B). Because the constitutive en-
docytic signal is not required for K5-mediated down-regulation of
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FIGURE 2: K5 targets VE-cadherin for ubiquitination. K5-FLAG was expressed in HMEC-1
cultures using adenoviral transduction. After 24 h, cells were pretreated with 10 pM MG-132 for
2 h to preserve protein ubiquitination and then lysed either in nonionic detergents to preserve
protein—protein interactions (A) or 0.1% SDS to disrupt noncovalent interactions (B, C).
VE-cadherin (A, B) or p120 (C) was isolated by immunoprecipitation and the products analyzed

by Western blot.

VE-cadherin, we reasoned that other motifs in the cadherin cytoplas-
mic tail might be important. In particular, two membrane-proximal
lysines, K626 and Ké33, are potential target residues for K5-medi-
ated ubiquitination (Figure 5A). To test whether K5 targets these
particular residues, we mutated them to arginines, which are not
suitable targets for ubiquitination. Unlike the constitutive endocyto-
sis—resistant VE-cadherin mutant, the K626R, K633R mutant was re-
sistant to down-regulation by K5 (Figures 5C and S3). The K626R,
K633R mutant also failed to undergo K5-induced internalization
(Figure 5D). Together these data suggest that distinct motifs in the
cadherin juxtamembrane domain drive constitutive and K5-induced
VE-cadherin internalization.

K5 displaces p120 from VE-cadherin

Binding of p120 to the VE-cadherin juxtamembrane domain modu-
lates cadherin endocytosis by masking the constitutive endocytic
signal. Therefore we asked whether p120 might similarly regulate
K5-induced VE-cadherin endocytosis. In particular, we tested
whether K5-induced VE-cadherin endocytosis was associated with
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' lation by K5. Expressing K5 in endothelial
cells did not measurably decrease the
amount of p120 immunoprecipitated with
VE-cadherin (Figure 2A). However, VE-cad-
herin that is not bound to p120 is rapidly
internalized and degraded, so the size of
any p120-unbound cadherin pool is likely
quite small. To overcome this challenge, we
treated endothelial cells with chloroquine,
an inhibitor of lysosomal acidification, which
causes proteins targeted for degradation in
the lysosome to instead accumulate in intra-
cellular vesicles. Chloroquine treatment of
K5-expressing endothelial cells resulted in
the loss of VE-cadherin from cell—cell junc-
tions and accumulation of the cadherin in-
tracellularly, consistent with K5-induced VE-
cadherin endocytosis (Figure 6, A and B). Of
interest, most of the VE-cadherin-contain-
ing vesicles did not contain p120, indicating
that in the process of K5-induced VE-cad-
herin endocytosis, p120 is displaced from
the cadherin (Figure 6C). Because K5-in-
duced VE-cadherin endocytosis is associ-
ated with displacement of p120 from the
cadherin, we also tested whether p120
could protect VE-cadherin from down-regu-
lation by K5. Indeed, increased expression
of p120 in endothelial cells limited the re-
duction of VE-cadherin protein levels in-
duced by K5 expression (Figure 7, A and B).
To confirm that this protection from down-
regulation involved direct binding between
p120 and VE-cadherin, we examined the
VE-cadherin DEE mutant, which fails to bind
to p120. In contrast to wild-type VE-cad-
herin, p120 failed to prevent down-regula-
tion of the DEE mutant in response to K5
expression (Figure 7C). Together these re-
sults suggest that p120 binding to VE-cad-
herin directly controls K5-induced down-regulation of VE-cadherin.
Thus, even though constitutive- and K5-induced VE-cadherin endo-
cytosis are driven by distinct internalization signals, p120 functions
as a common modulator of both mechanisms (Figure 8).

| ubiquitin

VE-cad

K5-FLAG

DISCUSSION

The aberrant angiogenesis and leaky vasculature observed in Ka-
posi sarcoma lesions indicate that normal cellular control of VE-cad-
herin stability has been overridden. We identified one potentially
responsible mechanism. The HHV-8 ubiquitin ligase K5 targets two
membrane-proximal lysine residues on VE-cadherin (Figure 5), dis-
places p120 from the cadherin (Figure 6), and induces removal of
VE-cadherin from the membrane by endocytosis (Figures 4A and
5D). Of interest, K5-induced internalization of VE-cadherin does not
depend on the same motif that drives constitutive endocytosis of
VE-cadherin required for collective migration of endothelial cells
(Figure 5B; Nanes et al., 2012). However, p120 maintains a key role
modulating VE-cadherin endocytosis by protecting against both the
constitutive and K5-mediated endocytic signals (Figure 7). The p120
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FIGURE 3: Adherens junction proteins are disrupted in Kaposi sarcoma. Formalin-fixed, paraffin-
embedded tissue sections from Kaposi sarcoma lesions and hemangiomas were stained for
VE-cadherin or p120 by immunohistochemistry. (A, B) A linear unmixing algorithm was used to
estimate diaminobenzidine absorbance, which was then quantified in the endothelial cells lining
vascular spaces in each section. Thick line, median; boxes, interquartile range; whiskers, 90%
range (n = 116 vessels from four Kaposi sarcoma lesions and 89 vessels from two hemangiomas).
(C., D) Kaposi sarcoma spindle cells stained diffusely positive for both VE-cadherin and p120,
with only occasional junctional localization (arrowheads). In epidermal keratinocytes overlying
the lesion (D, asterisk), p120 maintained junctional localization. Bars, 20 pm (A, B), 100 pm

(C, D, main images), 400 pm (insets).

binding site in the cadherin juxtamembrane domain can be divided
into a region mediating tight binding and a region mediating more
dynamic interactions (Ishiyama et al., 2010). Because the VE-cad-
herin lysines targeted by K5 lie within the dynamic p120-binding
region, our results support a model in which p120 and K5 compete
for access to the VE-cadherin juxtamembrane domain. Thus p120
protects VE-cadherin from down-regulation by K5, and K5-induced
ubiquitination of VE-cadherin displaces p120 (Figure 8). These find-
ings indicate that a variety of signals may trigger VE-cadherin endo-
cytosis both in the context of normal physiology and in disease
states, but p120 binding to the cadherin juxtamembrane domain
serves as a common control point guarding cadherin stability.
Because p120 binding to classical cadherins both in the endo-
thelium and in other tissues is an important regulator of adherens
junction dynamics, understanding other processes that may dis-
place p120 from cadherins remains an important area for research.
Many studies of VE-cadherin focused on the potential of inflamma-
tory mediators such as histamine and vascular endothelial growth
factor (VEGF) to induce phosphorylation of the cadherin (Esser
et al., 1998; Andriopoulou et al., 1999). However, there is consider-
able disagreement over which sites may be phosphorylated under
different conditions and whether p120 binding is disrupted (Wallez
etal., 2007; Hatanaka et al., 2011). Furthermore, itis unclear whether
phosphorylation alone is sufficient to drive cadherin down-regula-
tion (Adam et al., 2010). Nonetheless, VEGF signaling has been
linked to phosphorylation and B-arrestin-dependent endocytosis of
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VE-cadherin (Gavard and Gutkind, 2006;
Hebda et al., 2013). Even if the precise
mechanisms activated in different physio-
logical contexts remain unclear, VE-cadherin
phosphorylation, disruption of p120 bind-
ing, and cadherin endocytosis are emerging
hallmarks of the endothelial response to in-
flammatory signals.

Most studies of cadherin ubiquitination
have focused on epithelial (E)-cadherin
rather than VE-cadherin. The c-Cbl-like li-
gase Hakai targets E-cadherin for ubiquiti-
nation in a manner dependent on Src-medi-
ated phosphorylation of two juxtamembrane
domain tyrosine residues that are not con-
served in VE-cadherin (Fujita et al., 2002).
Hakai-mediated ubiquitination of E-cadherin
is associated with increased endocytosis
and down-regulation of the cadherin. Al-
though the specific residues ubiquitinated
by Hakai are unknown, the phosphotyro-
sines required for targeting of E-cadherin
are within the p120-binding region. This
raises the possibility that p120 binding may
compete with phosphorylation and Hakai-
mediated ubiquitination of the cadherin. Al-
though this hypothesis has not been tested,
it would, if correct, represent another in-
stance of p120 modulation of a cadherin
endocytic mechanism. One study support-
ing this possibility used mitochondria-tar-
geting assays to demonstrate that E-cad-
herin ubiquitination and p120 recruitment
were mutually exclusive (Hartsock and
Nelson, 2012). However, there is also evi-
dence that Hakai does not trigger E-cad-
herin endocytosis directly. Instead, Hakai-mediated ubiquitination
may target E-cadherin that has already entered the endocytic path-
way for lysosomal degradation rather than recycling back to the cell
surface, a mechanism dependent on Hrs and Src (Palacios et al.,
2005). Of interest, depletion of Hrs causes up-regulation of E-cad-
herin, suggesting that this mechanism may play a role in balancing
cellular cadherin levels (Toyoshima et al., 2007). The role of p120 in
this pathway is unclear. A second ubiquitin ligase, MDM2, has also
been reported to target E-cadherin, and in human breast carcino-
mas, high levels of MDM2 expression correlated with decreased
E-cadherin protein levels (Yang et al., 2006). However, as with cad-
herin down-regulation by Hakai, the relevance of p120 to E-cadherin
down-regulation by MDM2 is unknown.

In addition to the disease-associated K5-mediated ubiquitina-
tion and down-regulation of VE-cadherin reported here, VE-cad-
herin ubiquitination may also play a role in normal cellular processes.
Proteasome inhibitors can block constitutive VE-cadherin endocyto-
sis (Xiao et al., 2003b), as well as K5-induced VE-cadherin down-
regulation (Supplemental Figure S2A). Furthermore, treatment with
the inflammatory signal bradykinin induces VE-cadherin ubiquitina-
tion in vitro and in vivo and drives VE-cadherin endocytosis in vitro
(Orsenigo et al., 2012). These findings suggest that cellular ubiquitin
ligases may participate in the regulation of cadherin stability. One
intriguing possibility is that cellular homologues of K5, MARCH-
family ubiquitin ligases (Bartee et al., 2004; Nicholas et al., 1997),
might serve such a function. As with many viral pathomechanisms,
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FIGURE 4: K5 induces VE-cadherin endocytosis and increased
endothelial permeability. (A) K5-FLAG was expressed in primary
dermal microvascular endothelial cells by adenoviral transduction.
Cells were treated with 1 ug/ml doxycycline to suppress K5 expression
until 6 h before beginning the assay. At 24 h after transduction,
VE-cadherin endocytosis was measured using a fluorescence-based
internalization assay. Internalized VE-cadherin (center column) was
identified by antibody-labeling cell-surface VE-cadherin, incubating
cells for 10 min to allow endocytosis, and then washing cells with a
low-pH buffer to remove any antibody remaining on the cell surface.
A second antibody was used to label the total VE-cadherin pool for
comparison (left column). Thick line, median; boxes, interquartile
range; whiskers, 90% range (n = 55-58 cells/group); p < 0.001. Bar,

20 pm. (B) Barrier function HDMECs expressing doxycycline-inducible
K5-FLAG or control HDMECs was measured using an ECIS assay 48 h
after K5-FLAG induction. Error bars represent SD (n = 3 control
HDMEC and 21 K5-FLAG expressing HDMEC replicates); *p < 0.05 for
K5-FLAG plus doxycycline compared with K5-FLAG control

K5-induced down-regulation of VE-cadherin may result from the hi-
jacking of existing cellular machinery. Indeed, we observed that sev-
eral MARCH-family ubiquitin ligases are expressed endogenously in
vascular endothelial cells (Supplemental Figure S4A). Of interest,
both MARCH 2 and MARCH 4 disrupt VE-cadherin localization at
cell—cell junctions when expressed exogenously, whereas only
MARCH 4 disrupts both VE-cadherin and PECAM-1 distribution
(Supplemental Figure S4, B and D). These data suggest that the
MARCH family of ligases may play critical roles in regulating endo-
thelial barrier function and migration in the context of development
or inflammatory conditions characterized by vascular leak. Because
these MARCH proteins display varying abilities to target other en-
dothelial proteins in addition to VE-cadherin, individual members
may function to regulate specific subsets of endothelial proteins in
particular biological contexts. The role of endogenous MARCH pro-
teins in endothelial function will be an interesting area for future
studies.

Somewhat surprisingly, the junctional remodeling induced by K5
in cultured endothelial cells was not accompanied by the retraction of

Volume 28 January 1, 2017

1
A VE-cad (h) 623 RLR SVPETHEQLVTH D VDVSVIEN 664
VE-cad (m) 623 RIf SALETHEQLVTYD YDVS 664
E-cad (h) 732 ‘ LH 773
E-cad (m) 734 775

N-cad (h) 753 ---RQA
P-cad (h) 678 [RKKRKIKEPLLLP

791
719

p120 binding region

B WT DEE GGG C

WT  KK—RR

K§ =+ T+ T+ K5 Fold change

- + +
12
150kD
) _ 100Kd VE-cad |
50kD

===

e E Kote o i
K5-fla

D VE-cad Internalization

o
®
P

VE-cadherin ratio
(K5 / control)
o
n

-
©
s ] 1 s

1o e

Fluorescence
(arbitrary units)
1

00 01

I
I
I
T
+

P
]

wild-type  KK-RR

FIGURE 5: K5 induces VE-cadherin down-regulation through an
alternate endocytic motif. (A) Multiple sequence alignment of the
juxtamembrane domains of classical cadherins. 1, K626 and K633
mutated in C; 2, DEE646-648 mutated in B; 3, GGG649-651 mutated
in B. The p120-binding region is marked with an orange line below the
alignment: solid line, static binding region; dotted line, dynamic
binding region. (B) Wild-type or mutant VE-cadherin—red fluorescent
protein (RFP) and K5-FLAG were expressed in primary dermal
microvascular endothelial cells by adenoviral transduction. VE-
cadherin with a DEE646-648AAA mutation (DEE) does not bind p120
but is resistant to constitutive endocytosis (Nanes et al., 2012).
VE-cadherin with a GGG649-651AAA mutation (GGG) does not bind
p120 and undergoes constitutive endocytosis normally. At 48 h after
transduction, cells were harvested and the lysates analyzed by
Western blot. Empty arrowhead, endogenous VE-cadherin; filled
arrowhead, VE-cadherin-RFP. (C) Wild-type (WT) or mutant (K626R,
K633R; KK—RR) VE-cadherin-RFP was stably expressed in HMEC-1
cells using lentiviral transduction. K5-FLAG was expressed by
adenoviral transduction 48 h before cells were harvested, and the
lysates were analyzed by Western blot. Empty arrowhead,
endogenous VE-cadherin; filled arrowhead, VE-cadherin-RFP. Thick
line, median; boxes, interquartile range; whiskers, 90% range (six or
seven sample pairs/group); P < 0.05. (D) Wild-type or KK mutant
VE-cadherin-RFP was expressed in COS-7 cells by transient
transfection. K5-FLAG was expressed by adenoviral transduction 24 h
before measurement of VE-cadherin endocytosis over a 30-min period
using a fluorescence-based internalization assay. KK, VE-cadherin
K626R K633R, the K5-resistant mutant; Thick lines, median; boxes,
interquartile range; whiskers, 90% range (25-30 cells/group). WT plus
K5 compared with WT, p = 0.006.

cells to form large gaps in the monolayer (Figure 1). Such changes
sometimes accompany endothelial cell-cell junction disassembly in
response to inflammatory mediators (e.g., Chen et al.,, 2012; Gong
et al., 2014). This raises the possibility that inflammatory mediators
may induce changes in endothelial cells beyond the removal of VE-
cadherin from junctions, such as activation of myosin (Vandenbroucke
et al., 2008; Wallez and Huber, 2008). It is also likely that HHV-8 ex-
presses factors in addition to K5 that disrupt endothelial cell-cell ad-
hesion, potentially with more inflammatory-like effects. Additional
HHV-8 virulence factors could also explain why expression of K5 in

p120 blocks cadherin endocytic signals | 35



>

©
[ =1
e
c
o
o

chloroquine

K5-FLAG

vehicle control
control

K5-FLAG

B VE-cadherin 1.00
vesicle density
210

70 é
o

o

g

a
1

N
o

Vesicles
per 100um?
(arbitrary units)
2

VE-cadherin

o

I

a
1

0

© ¥

S 0.00 — 7T

\j‘f-" 0.00 0.25 0.50 0.75 1.00
p120

(arbitrary units)

K5 displaces p120 from VE-cadherin. K5-FLAG was expressed in primary dermal
microvascular endothelial cells by adenoviral transduction. Cells were treated with vehicle
(bottom) or 100 pM chloroquine (top). (A) After 24 h, cells were fixed and immunostained for
VE-cadherin, p120, and FLAG as indicated. (B) The density of VE-cadherin—-containing vesicles in
individual cells was quantified. Thick line, median; boxes, interquartile range; whiskers, 90%
range (20-22 cells/group); p < 0.001. (C) Individual vesicles were selected from K5-expressing
chloroquine-treated cells, and the amount of VE-cadherin and p120 fluorescence signals was
quantified. Most vesicles contain high levels of VE-cadherin fluorescence or high levels of p120

fluorescence but not both. Bars, 20 pm (main image), 80 um (inset).

cultured endothelial cells did not decrease p120 protein levels
(Figure 1), whereas p120 staining in Kaposi sarcoma lesion biopsies
was substantially decreased (Figure 3B). Because disruption of cell-
cell junctions can change cell morphology, and changing cell mor-
phology, such as through cytoskeletal remodeling, can disrupt cell-
cell junctions, disentangling the causal mechanisms in cases where
both phenotypes occur may be difficult. Of interest, p120 can influ-
ence both cell-cell junctions and cell morphology. In addition to
regulating cadherin stability, p120 also affects cytoskeletal dynamics
through regulation of Rho GTPases (Anastasiadis, 2007; Beckers
et al., 2010). This function is separable from p120 modulation of cad-
herin endocytosis (Chiasson et al., 2009), but recruitment of p120 to
cell borders can influence the spreading of individual cells on an ad-
hesive substrate (Oas et al., 2013). Further work is needed to fully
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understand the connections between adher-
ens junction disassembly and cytoskeletal
remodeling in inflammatory conditions and
the roles of p120 in both processes.

Our results indicate that p120 binding to
the cadherin juxtamembrane domain modu-
lates VE-cadherin endocytosis driven by two
very different signals. p120 regulates both
the constitutive endocytosis and recycling
of VE-cadherin, which establishes junctional
plasticity necessary for collective migration
of endothelial cells, and the K5-induced
ubiquitination, endocytosis, and down-reg-
ulation of VE-cadherin associated with the
endothelial-derived tumor Kaposi sarcoma.
Constitutive and K5-induced VE-cadherin
endocytosis are driven by different internal-
ization signals, but both signals are located
within the p120-binding region of the cad-
herin. Furthermore, sequence analysis and a
review of the literature suggest that a num-
ber of classical cadherins contain functional
endocytic motifs within the p120-binding
domain (Cadwell et al., 2016). Thus the cad-
herin juxtamembrane domain serves as the
integration site for multiple mechanisms
regulating cadherin stability. These studies
suggest that a variety of different endocytic
signals drive cadherin internalization and
promote junctional plasticity in different
contexts, whereas p120 functions as the
master regulator stabilizing the cadherin
and guarding junctional stability. It will be
important to better understand the hierar-
chy of this regulation. For example, p120 is
displaced from the cadherin by K5-medi-
ated ubiquitination (Figure 6), whereas over-
expression of p120 protects the cadherin
from K5-mediated down-regulation (Figure
7). These two observations suggest that
p120 and K5 compete for cadherin binding
or that p120 modulates the ligase activity of
K5, among other possibilities. Future experi-
ments are needed to address this issue and
determine whether common regulatory
mechanisms extend from the viral K5 ligase
to the mammalian MARCH proteins.

MATERIALS AND METHODS

Cell culture

Primary human dermal microvascular endothelial cells and kerati-
nocytes were isolated from neonatal foreskin. Primary endothelial
cells and HMEC-1 immortalized endothelial cells (Ades et al., 1992)
were cultured in Endothelial Growth Medium 2 Microvascular
(Lonza, Walkersville, MD) and grown on tissue culture-treated plas-
tic or glass coverslips coated with 0.1% gelatin. Keratinocytes were
cultured in Keratinocyte Growth Medium Gold (Lonza). African
green monkey kidney fibroblast-like cell line COS-7 (American Type
Culture Collection, Manassas, VA), human embryonic kidney cell
line HEK-293T (American Type Culture Collection), and, for adeno-
virus production, human embryonic kidney cell line QBI-293A (MP
Biomedicals, Santa Ana, CA) were cultured in DMEM with 4.5 g/I

Molecular Biology of the Cell



A p120-GFP

K§ - + - + - +

150kD -

100kD
50kD
37kD K5-FLAG

W

VE-cadherin 120-GFP

Control

K5-FLAG

K5 + p120-GFP

0O

150kD
50kD

Fold change

p<0.05 é
, NS

20

15

VE-cadherin ratio
(VE-cad/control)

I
!
-

xQ &x xQ xR Q/x xQ
S Ve Fe
&

p120 binding protects VE-cadherin from down-regulation
by K5. (A) K5-FLAG was expressed in primary dermal microvascular
endothelial cells by adenoviral transduction. After 24 h, cells were
additionally transduced to express varying levels of p120-GFP or
transduced with an empty adenovirus as a control. After another 24 h,
cells were lysed and analyzed by Western blot. Empty arrowheads,
endogenous p120 isoforms; filled arrowhead, exogenous p120-GFP.
(B) K5-FLAG or K5-FLAG and p120-GFP were expressed in primary
dermal microvascular endothelial cells by adenoviral transduction. After

Volume 28 January 1, 2017

glucose, L-glutamine, and sodium pyruvate (Corning, Oneonta, NY)
supplemented with 10% fetal bovine serum (Thermo Fisher Scien-
tific) and 1% antibiotic/antimycotic solution (Corning). Cells were
transfected using Lipofectamine 2000 (Life Technologies, Carlsbad,
CA). Stable lentiviral transduction of HMEC-1 cells was achieved
through selection in 20 pg/ml blasticidin (Valeant Pharmaceuticals,
Laval, Canada), followed by further enrichment for cells expressing
fluorescently tagged constructs by fluorescence-activated cell sort-
ing (FACS Aria II; BD Biosciences, Columbus, NE). After selection,
cells were maintained in 1-5 pg/ml blasticidin.

cDNA constructs

The K5-green fluorescent protein (GFP) constructs, containing
HHV-8 K5 ligated between EcoRl and BamHI in pEGFP-N1 (Clon-
tech, Mountain View, CA) in-frame with GFP, were provided by R.
Means (Yale University, New Haven, CT) and J. Jung (University of
Southern California, Los Angeles, CA). The ligase-dead K5 mutant
(C30A, C32A, H40A, C43A), described previously, was created by
site-directed mutagenesis (Means et al., 2007). The construct en-
coding human VE-cadherin, ligated between EcoRI sites in pECE,
was provided by E. Dejana (Italian Foundation for Cancer Research,
Institute of Molecular Oncology, Milan, ltaly). The pECE-VE-cad-
herin-myc construct was generated by PCR from the C-terminus of
the IL-2R-VE-cady1,-myc construct (Venkiteswaran et al., 2002). The
PCR product was then inserted into the C-terminus of pECE-VE-
cadherin using BstEll/Xbal cloning sites. The K5-resistant mutant
(K626R, K633R), constitutive endocytosis-resistant mutant (DEE646—
648AAA; Nanes et al., 2012), and p120-binding control mutant
(GGG649-65T1AAA) were created by site-directed mutagenesis
(primers described in Supplemental Table S1). For virus production,
VE-cadherin constructs were subcloned between BamHI and Agel
restriction sites in Gateway TagRFP-AS-N (Evrogen, Farmingdale,
NY), in-frame with monomeric C-terminal TagRFP, then shuttled into
pAd/Cmv/V5-DEST for transient transfection or for adenovirus pro-
duction or pLentié/V5-DEST for lentivirus production using LR Clon-
ase recombination (Life Technologies). The pSV2-neo plasmid was
used to confer neomycin/G-418 resistance (Southern and Berg,
1982). cDNA constructs encoding MARCH-family ligases were con-
structed as previously described (Bartee et al., 2004). The MARCH-2
mutant contains C64S and C67S point mutations.

Virus production

To create replication-deficient human adenovirus type 5 packaged
with a gene of interest, the gene was cloned into pAd/CMV/V5-
DEST and then digested with Pacl to expose the viral inverted termi-
nal repeats. Linearized DNA was transfected into virus-producing
QBI-293A cells, which were harvested, concentrated, and lysed after

24 h, cells were fixed and processed for immunofluorescence. Bar,

20 pm. (C) p120 fails to protect the DEE mutant from K5-mediated
down-regulation. Wild-type or DEE mutant VE-cad-RFP was
expressed with K5-GFP in COS-7 cells by transient transfection as
indicated. p120-GFP was expressed by adenoviral transduction. After
24 h, cells were lysed and analyzed by Western blot. For VE-cadherin
(top), the right sample (DEE) was exposed longer than the left one
(WT) because of decreased expression of the DEE mutant compared
with wild type in COS-7 cells. Thick line, median; boxes, interquartile
range; whiskers, 90% range (four sample pairs/group). Cadherin levels
for cells expressing K5, p120, or K5 plus p120 were normalized to
control cells expressing only WT cadherin or the DEE mutant,
respectively. WT plus K5 plus p120 vs. WT plus K5: p < 0.05. DEE
plus K5 plus p120 vs. DEE plus K5: not significant.
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autoradiography film (Denville Scientific,
Holliston, MA) were used for detection.

Immunofluorescence

Cells cultured on glass coverslips were fixed
either in methanol for 2 min at 4°C or in 4%
paraformaldehyde for 10 min, followed by
0.1% Triton X-100 for 8 min at room tempera-
ture, depending on the performance of the
primary antibodies used (Supplemental Table
S2). Secondary antibodies conjugated to
fluorescent dyes (Alexa Fluor 488, 555, or
647 nm; Life Technologies) were used to
identify target molecules. Microscopy was
performed using an epifluorescence micro-
scope (DMRXA2; Leica, Wetzlar, Germany)
equipped with 63x/1.32 numerical aperture
(NA) and 100x/1.40 NA oil immersion objec-
tives with apochromatic aberration and flat-
field corrections, narrow-bandpass filters,
and a digital camera (ORCA-ER C4742-80;
Hamamatsu Photonics, Naka-ku, Hama-
matsu, Japan). Images were captured using

48-72 h to recover adenovirus. To create replication-deficient sec-
ond-generation lentivirus packaged with a gene of interest, the gene
was cloned into plentié/V5-DEST and transfected into HEK-293T
cells using a kit combining transfection reagent with the necessary
lentiviral regulatory genes (LENTI-Smart; InvivoGen, San Diego, CA).
Lentivirus was collected from culture supernatants 48-72 h after
transfection.

Immunoprecipitation and Western blot analysis

For immunoprecipitation experiments, cells were harvested either in
0.5% Triton X-100 (Roche) to preserve noncovalent interactions or in
1% Triton X-100 with 0.1% SDS (Fisher, Hampton, NH). Both buffers
also contained protease inhibitor cocktails (Complete Mini tablets,
ethylenediaminetetraacetic acid [EDTA] free; Roche, Switzerland),
5 mg/ml N-ethylmaleimide to inhibit deubiquitinase enzymes,
10 uM MG-132 to inhibit the proteasome, 150 mM sodium chloride,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 mM
ethylene glycol tetraacetic acid, and 0.1 mM magnesium chloride.
In addition, pretreatment of cells with 10 pM MG-132 for 2 h before
harvesting was used to increase the amount of ubiquitinated protein
recovered. After a 30-min incubation at 4°C, cell lysates were centri-
fuged at 16,100 x g for 10 min, and the soluble fraction was diluted
to a final protein concentration of 1 mg/ml. Cell lysates were then
incubated with 2 pg of antibody against VE-cadherin or p120 (Sup-
plemental Table S2) conjugated to ferromagnetic beads (Dyna-
beads, Life Technologies) for 1 h at 4°C. The beads were then
washed with 0.1% Triton X-100 and eluted into Laemmli sample buf-
fer (Bio-Rad Laboratories, Hercules, CA) with 5% B-mercaptoethanol.
For other Western blot experiments, cells were harvested directly
into sample buffer. Samples were heated at 95°C for 5 min and then
separated by SDS-PAGE and analyzed by immunoblotting on nitro-
cellulose membranes (Whatman, GE Healthcare Life Sciences, Pitts-
burgh, PA). To increase detection of ubiquitin, membranes were
covered with deionized water and autoclaved for 30 min. Primary
antibodies are listed in Supplemental Table S2. Horseradish
peroxidase—conjugated secondary antibodies (Bio-Rad Laborato-
ries), a luminol-based detection system (ECL, GE Healthcare), and
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Simple PCl software (Hamamatsu Photonics).

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue blocks were cut to 5-pm
sections, affixed to glass slides, deparaffinized in Xylene, and pro-
cessed for heat-induced antigen retrieval in either 10 mM sodium
citrate, pH 6.0, for VE-cadherin staining or Tris/EDTA, pH 9.0, for
p120 staining. Primary antibodies are described in Supplemental
Table S2. Horseradish peroxidase—conjugated secondary antibodies
and diaminobenzidine substrate were used to detect antibody la-
beling. Hematoxylin was used as a counterstain. Digital images
were captured using whole-slide scanning (Nanozoomer 2.0HT,;
Hamamatsu Photonics). For quantification, each image channel was
log-transformed, and then a linear unmixing algorithm was used to
separate the resulting red, green, and blue absorbances into diami-
nobenzidine and hematoxylin absorbance components. Vascular
spaces were outlined, and, for each vessel, average diaminobenzi-
dine absorbance was calculated within 1.1 um of the border.

Internalization assay and vesicle analysis

To measure K5-induced or constitutive internalization of VE-cad-
herin, cells were incubated in antibody against the VE-cadherin
extracellular domain dissolved in culture medium for 30 min at
4°C. For K5-induced internalization, cells expressing VE-cadherin
proteins were infected with K5 virus 24 h before assay. Unbound
antibody was removed by washing with cold phosphate-buffered
saline (PBS). Cells were then incubated in culture medium for vari-
ous time periods at 37°C to allow internalization to occur. At the
end of the internalization period, cells were returned to 4°C and
washed with PBS. Any antibody remaining at the cell surface was
removed by washing cells with a low pH buffer (PBS with 100 mM
glycine, 20 mM magnesium acetate, and 50 mM potassium chlo-
ride, pH 2.2). Cells were then fixed and processed for immunofluo-
rescence, with a second antibody against VE-cadherin, distin-
guished based on isotype, used to label the total cadherin pool or
the total cadherin pool was detected by a c-terminus red fluores-
cent protein tag. Internalization was quantified as the ratio of fluo-
rescence signals corresponding to the internalized and total cad-
herin pools. For vesicle analysis experiments, cells were treated
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with 100 uM chloroquine (Sigma-Aldrich, St. Louis, MO) dissolved
in culture medium for 24 h, refreshed after 12 h, and then fixed
and processed for immunofluorescence. Vesicles were identified
by automated selection of four-connected regions of pixels above
background thresholds with areas of 2.56 x 102 to 16.0 x 1072 pm?.

Measurement of transendothelial electric resistance

Human dermal microvascular endothelial cells (HDMECs) grown in
EGM-2 MV (Lonza) were infected with K5 3XF pINDUCER20 lentivi-
rus (pINDUCER20; a generous gift of Thomas F. Westbrook, Baylor
College of Medicine, Houston, TX) and allowed to grow to conflu-
ence. Cells were then suspended and seeded along with control
HDMECs at 4.8 x 10 cells/well of an ECIS 8W10E PET plate (Applied
Biophysics, Troy, NY). After 24 h, cells were treated with 1 pg/ml
doxycycline hyclate (Enzo Life Sciences, Farmingdale, NY) in EGM-2
MV. Transendothelial resistance was then measured for the follow-
ing 48 h after treatment with doxycycline .

Image analysis and statistics

The Fiji distribution of ImageJ (Schindelin et al., 2012) with custom
plug-ins was used for all image analysis and automated quantifica-
tion (Nanes, 2015). The JAMA linear algebra library (version 1.0.3;
National Institute of Standards and Technology) was used to imple-
ment the linear unmixing algorithm. Statistical analyses were imple-
mented in R (version 2.15; R Foundation for Statistical Computing).
The Kruskal-Wallis rank sum test with Dunn’s method for muiltiple
comparisons was used to evaluate nonparametric scaled data
(Dunn, 1964). One-way analysis of variance followed by Dunnett’s
test was used to evaluate ECIS data.
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