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FIGURE 6. Co-localization of internalized CD82 and EGFR after. HB-EGF
stimulation. HB2/CD82 and HB2/CD82AC cells were incubated with HB-EGF
(25 mg/mi) and anti-CD82 mAb (TS82b) at 4 °C for 1 h. After three washes, the
cells were chased at 37 °Cfor the indicated timeintervals. The cells were fixed,
permeabilized, and co-stained with anti-EGFR mAb. Co-localization of CD82
and EGFR was assessed using isotype specific Alexa Fluor-conjugated goat
anti-mouse antibodies. A, representative confocal images of cells following
60 min of chase are presented. Scale bar, 10 um. B, quantification of co-local-
ized EGFR and CD82 after internalization was calculated in an average 40-50
cells at each time point in each cell line after collection of z-sections. The data
are presented as Pearson's coefficient. The values are means from three inde-
pendent experiments. The p values were determined by paired two-tailed t
test.

was considerably decreased with the corresponding differ-
ence being more than 33%. These data indicate that the
C-terminal region is important for a prolonged association
of CD82 with EGFR in endocytic compartments, and the
divergence in trafficking routes between the wild type pro-
tein and the mutant may, indeed, underlie the functional
deficiency of the CD82AC toward EGFR after HB-EGF
stimulation.

CD82 Regulates Serine Phosphorylation of c-Cbl in HB-EGF-
stimulated Cells: the Role of PKC—Ligand-induced ubiquityla-
tion of EGFR is dependent on the interaction of Cbl E3 ubiqui-
tin ligases with the activated receptor (17). Phosphorylation of
the receptor on Tyr'®*® and Tyr'%® leads to the direct or indi-
rect (via Grb2) recruitment of ¢c-Cbl (28). First, we studied HB-
EGF induced phosphorylation of EGER on Tyr'** and Tyr?0%®
in both HB2/CD82 and control cells (Fig. 74). Although there
were minor variations in phosphorylation at individual time
points, we observed no. consistent differences in kinetics of
Tyr'%%® phosphorylation between the cell lines. On the other
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FIGURE 7. CD82 and recruitment of ¢-Chl to HB-EGF-stimulated EGFR.
A, serum-starved HB2 and HB2/CD82 cells were incubated with HB-EGF (15
ng/ml) at 37 °C for indicated time intervals. Equal amounts of protein
(~10 ng) were loaded onto polyacrylamide gels, and kinetics of phosphor-
ylation was determined by Western blotting (WB) with the appropriate anti-
bodies. Blots were developed using HRPO-conjugated secondary antibody
from Dako. The levels of total EGFR were also tested. The data presented are
from one of three independent experiments. Quantification of this experi-
ment is shown in a graph. Densitometry was carried out using ImagelJ. B,
interaction of c-Chl with EGFR in HB-EGF-stimulated cells was studied by
immunoprecipitation (IP) with anti-c-Cbl antibody. EGFR was detected by
Western blotting with anti-EGFR polyclonal antibody as described under
“Experimental Procedures.” The same membrane was redeveloped with anti-
c-Chl goat antibody. The results of a representative experiment are shown
(three in total).

hand, presence of CD82 affected the kinetics of Tyr'**® phos-

phorylation. In the control cells, phosphorylation of Tyr!%%
peaked at 5-15 min (Fig. 7A, top panel). This correlated with
the kinetics of ubiquitylation of HB-EGF-activated receptor in
HB2 cells (see above). In contrast, phosphorylation of the
receptor on this residue in HB2/CD82 cells was minimal at the
5-min time point and then steadily increased up to 30 min (Fig.
7A). Notably, phosphorylation of Tyr'® at the 5-min time
point in HB2/CD82 cells was ~2.5 times lower when compared
with control cells (Fig. 74, compare lane 2, two top panels). We
also observed that decay of Tyr'®*® phosphorylation was faster
in CD82-expressing cells over extended time course (Fig. 74,
lanes 6 and 7, two top panels). Notably, despite these differ-
ences, the interaction between EGFR and c¢-Cbl was not
affected by either the presence of CD82 or the treatment of cells
with HB-EGF (Fig. 7B). Therefore, we concluded that CD82
dependent differences in ubiquitylation are not due to differen-
tial assembly of the EGFR-Cbl complex in the control and HB2/
CD82 cells.

The activity of c-Cblis regulated by tyrosine and serine phos-
phorylation of the protein (29, 30). Thus, we investigated
whether phosphorylation of c-Cbl upon HB-EGF stimulation is
affected in the presence of CD82. Although we observed no
qualitative or quantitative differences in phosphorylation of
c-Cbl on tyrosines 774 and 731 in HB2 and HB2/CD82 cells
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FIGURE 8. CD82 modulates PKC-dependent phosphorylation of EGFR and c-Cbl in HB-EGF-stimulated cells. A, phosphorylation of ¢c-Cbl on Tyr’”* was
studied by Western blotting (WB) with phosphospecific anti-Cbl antibody in cells (HB2 and HB2/CD82) stimulated with HB-EGF. Total c-Cbl and actin were used
as control for loading. B, serine phosphorylation of ¢-Chl in HB-EGF-stimulated cells (HB2 and HB2/CD82) was studied by immunoprecipitation (P} with
anti-c-Cbl mAb followed by Western blotting with anti-phosphoserine polyclonal antibody. The same membrane was redeveloped with anti-c-Chl polyclonal
antibody to confirm that equal amount of protein was immunoprecipitated in each sample. In parailel experiments, cells were pretreated for 1.5 h with 5 jum
(final concentration) of anti-PKC inhibitor Calphostin C (CalC) before stimulation with HB-EGF. The data presented are from one of three independent

experiments. C, phosphorylation of EGFR on Thr®%*

was studied by Western blotting with phosphospecific anti-EGFR™®5% antibody (Millipore). The blot is a

representative of three independent experiments. Quantification of three experiments is presented on the graph. The p value was determined in paired

two-tailed t test.

(Fig. 84, and data not shown), HB-EGF-induced serine phos-
phorylation of ¢-Cbl was more pronounced (by ~2-fold) in
CD82-expressing cells (Fig. 8B, lanes 2 and 5). PKCa has been
reported to phosphorylate ¢-Cbl on serine residues (30, 31).
Given that CD82 is known to recruit PKC to plasma membrane
(32), we investigated to what degree PXC is responsible for ser-
ine phosphorylation of c-Cbl in HB-EGF-stimulated cells. We
used the specific inhibitor of PKC Calphostin C for treating
control and CD82-expressing cells before and during stimula-
tion with HB-EGF. Serine phosphorylation of ¢-Cbhl was
decreased by almost 3-fold in HB2/CD82 cells compared with
1.5-fold in control cells (Fig. 8B, lanes 3 and 6). We concluded
that PKC contributes to serine phosphorylation of ¢-Cb! fol-
lowing HB-EGF phosphorylation, and this is more pronounced
in the presence of CD82.

To explore the connection between CD82, PKC and ubiqui-
tylation of EGFR further, we analyzed phosphorylation of the
receptor on Thr®®*, PKC-dependent phosphorylation of this
residue in the juxtamembrane domain of EGFR has been pre-
viously linked with suppression of EGFR ubiquitylation and
diversion of receptor trafficking toward recycling (33, 34). We
found that phosphorylation of EGFR on Thr®* was signifi-
cantly increased in CD82-expressing cells after stimulation
with HB-EGF (more than 2-fold at the 5-min time point) (Fig.
8C, lane 2, top two panels). Furthermore, Thr®** phosphoryla-
tion lasted longer in HB2/CD82 cells when compared with the
control cells (Fig. 8C, lanes 4~ 6). Taken together, these data
indicate that CD82 can regulate HB-EGF-induced ubiquityla-
tion of EGFR at multiple levels through mechanisms involving
PKC.
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DISCUSSION

The role of tetraspanin proteins in regulation of various sig-
nal transduction pathways has been well documented (3). It has
been proposed that tetraspanins function via specialized mem-
brane microdomains by modulating activities of the associated
signaling receptors (eg, integrins, ErbB proteins). Here we
describe a novel pathway that implicates tetraspanins in regu-
lation of ubiquitylation of their molecular partners. Specifically,
we demonstrate that the metastasis suppressor tetraspanin
KAI-1/CD82 controls ligand-induced ubiquitylation of EGFR.

Perhaps one of our most intriguing discoveries is a specific
effect of CD82 on ubiquitylation and trafficking of EGFR acti-
vated by growth factors with heparin-binding domains (HB-
EGF and AR). Variations in ubiquitylation of EGFR were attrib-
uted to differences in affinities of specific ligand-receptor pairs
(26, 27). Our results show for the first time that ligand-depen-
dent differential ubiquitylation of EGFR is also controlled by
CD82, a tetraspanin protein, which we previously described as a
molecular partner for the receptor (5). Furthermore, CD82-de-
pendent molecular mechanisms (discussed below) are unlikely
to rely on either differential ligand affinities or pH sensitivities
of HB-EGF/AR-EGFR complexes. Indeed, we found that HB-
EGF-induced phosphorylation of the receptor’s autophosphor-
ylation site Tyr'®® at the early time points was comparable in
both cell lines, thereby excluding the differences in ligand
binding.

It has been previously reported that different ligands dictate
the postendocytic itinerary of activated EGF receptor (26), and
this correlates with the extent of EGFR ubiquitylation upon

JOURNAL OF BIOLOGICAL CHEMISTRY 26331

60

B10°0qF avnaysdny wogy papeojumoy

F10T T AR U0 A LISYTAINN VIVSO 1t /



Regulation of Ubiquitylation of EGFR by CD82

A

Syndecan

EGFR

B . EGFR

HB-E
Syndecan

HB-EGF

FIGURE 9. CD82 links HSPG-activated PKC, ligand-bound EGFR and c-Cbl.
The model depicts the role of CD82 in early events of EGFR activation by
heparin-binding domain containing ligand (e.g., HB-EGF). A, in absence of
CD82 EGFR is not recruited to the tetraspanin-enriched microdomains. HB-
EGF binding leads to robust phosphorylation of the receptor, recruitment of
¢-Chl, and further ubiquitylation. B, when CD82 is expressed, a subset of EGFR
associated with the tetraspanin is recruited to TERM where itis placed in close
proximity to syndecans. Stimulation with HB-EGF leads to activation of PKC
recruited to TERM by syndecans and CD82. PKC attenuates EGFR signaling
by affecting c-Cbl recruitment to this subset of receptors. Additionally,
active PKC negatively regulates activity of E3 ligase by serine/threonine
phosphorylation.

ligand binding. Although more pronounced ubiquitylation is
typically linked to increased targeting of the receptor to lyso-
somes (26), it has been also reported that the level of ubiquity-
lation does not always correlate with degradation of EGFR (35).
Indeed, our results show that despite differences in EGFR ubiqg-
uitylation, total levels of the receptor in HB2 and HB2/CD82
cells remain similar and unchanged over the extended period of
exposure to HB-EGF (Fig. 7A). Thus, our data indicate that
CD82-dependent differences in HB-EGF-induced ubiquityla-
tion most likely affect trafficking pathways preceding lysosomal
targeting of EGFR. '
What could be the mechanisms underlying the regulatory
specificity of CD82 toward ligand-induced ubiquitylation of
EGFR? Our data with sAHB variant of HB-EGF strongly suggest
that CD82 acts via HSPG. Binding of many heparin-binding
growth factors including HB-EGF and AR to their receptors is
influenced by HSPG (21, 36, 37). These ligand-HSPG interac-
tions may either enhance or attenuate the activity of the recep-
tors (20, 21). Importantly, it has previously been reported that
the activity of HB-EGF (but not EGF) is dependent on synde-
cans, the most prominent family of cell-associated proteogly-
cans (38, 39). Therefore, one can envisage a scenario whereby
CD82 and its tetraspanin partners (e.g.,, CD9, which is known to
associate with syndecans (3, 5)) facilitate formation of the tri-
partite EGFR-growth factor-HSPG complex, which activates
not only receptor but also HSPG. CD82 and activated HSPG
(e.g., syndecans) could, in turn, recruit PKCax (40, 41), thereby
increasing effective concentration of the enzyme in proximity
to its targets (i.e.,, EGFR, c-Cbl). Consequently, increased phos-
phorylation of threonine 654 in EGFR on one hand and serine
phosphorylation of c-Cbl on the other would lead to changes in
both ligand-induced ubiquitylation of the receptor and altera-
tion of its postendocytic trafficking route (33) (Fig. 9). Although
the proposed model explains the regulatory specificity of CD82
toward various EGFR ligands (indeed, the activity of CD82 can
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be observed only when growth factors engage HSPG), future
work will be required to establish molecular mechanisms
underlying the CD82-dependent functional dynamics between
the complexes of HSPG-PKC on one side and EGFR-c-Cbl on
the other. ~

We found that reduction of HB-EGF-induced ubiquitylation
of EGFR also influenced its intracellular trafficking: dynamics
of receptors’ recruitment to the early/sorting endosomes and
their egress from these compartments were changed in CD82-
expressing cells. The timing of EGFR co-localization with
EEA1-containing endosomes was delayed, which could be due
to the altered ubiquitylation and subsequent endocytosis of the
receptors associated with HSPG in TERM. Syndecans are
known to mediate endocytosis of heparin-binding ligands and
proteins (e.g., FGF2 or eosinophil cationic protein) by macropi-
nocytosis (42, 43). This pathway is slow and involves formation
of uncoated vesicles that eventually fuse with sorting endo-
somes. The fate of the cargo-HSPG complex is decided accord-
ing to the ubiquitylation status of cargo or HSPG (eg, synde-
cans) interactions (44, 45) and may progress either to the
lysosomal degradation or to the recycling route (44). The role of
CD82 in this diversion could be in bringing EGFR in proximity
to HSPG and regulating ubiquitylation on one side (discussed
above) and in providing suitable lipid surroundings (e.g,, gan-
gliosides and/or cholesterol content) on the other (6).

Our report demonstrates for the first time the functional
importance of the C-terminal cytoplasmic part of CD82: dele-
tion of this region compromises the activity of this tetraspanin
toward EGFR upon stimulation with HB-EGF. Importantly,
functional deficiency of CD82AC correlates with changes in the
endocytic trafficking of this mutant. First, we found that the
C-terminal cytoplasmic region regulates internalization of
CD82. Given that this part of the protein carries a “classical”
tyrosine-based motif (YSKV), the involvement of AP-2 and,
consequently, clathrin would be anticipated. However, our
electron microscopy data clearly demonstrate that CD82 is
excluded from the clathrin-coated pits and coated vesicles,
These results further strengthen a recent observation by Xu et
al. (15), who showed that CD82 is internalized via clathrin- and
dynamin-independent pathway(s). Second, we found that
endocytosed CD82AC mutant (but not the wild type protein) is
concentrated in the polymorphic compartment close to the
plasma membrane. Although the exact identity of these struc-
tures remains unknown, these results strongly suggest that the
C-terminal region of CD82 also contributes to postendocytic
trafficking of the protein. How does the deficiency in trafficking
affect the activity of CD82AC toward EGFR? We observed that
the time of co-localization with the HB-EGF-activated receptor
is decreased for the mutant when compared with the wild type
CD82. Hence, a possible physical link between HB-EGF-bound
EGFR and HSPG (see above) may also be short-lived (or desta-
bilized) in CD82AC-expressing cells.

In summary, our results describe CD82 as a novel regulator
of ligand-induced ubiquitylation of EGF receptor. This newly
established activity of CD82 suggests a new paradigm in tetras-
panin-dependent regulation of endocytic trafficking of the
associated transmembrane cargos. Although HB-EGF is a
potent mitogen for various cell types, its binding may also lead
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to decreased proliferation in certain cellular contexts (20).
Although the underlying mechanisms of the HB-EGF opposing
activities are still unknown, it is not unfeasible that the differ-
ential expression of CD82 and its involvement in ligand-in-
duced ubiquitylation of EGFR is, in fact, a critical factor that
controls the alternative signaling pathways.
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be I,Konalawa E, Koga D,

he nematode exoskeleton,

monly called the cuticle, is a highly
structured extracellular matrix mainly
composed of collagen. Secreted colla-
gen molecules from the underlying epi-
dermal cells are cross-linked via their
tyrosyl residues. Reactive oxygen species
(ROS) are required for the cross-linking
reaction to produce tyrosyl radicals. The
conserved ROS generator enzyme in C.
elegans, BLI-3/CeDUOX1, a homolog of
dual oxidases (DUOXs), is responsible
for production of hydrogen peroxide.
The ROS generation system must be
properly controlled since ROS are highly
reactive molecules that irreversibly
inhibit the functions of cellular compo-
nents such as nucleic acids and proteins.
We recently reported that the ROS gen-
eration system directed by BLI-3 requires
the tetraspanin protein, TSP-15. Herein
we outline the process of cuticle develop-
ment with a focus on the molecular roles
of TSP-15 in the BLI-3 system. We also
propose the co-occurrence of tetraspanin
and- ROS generators by convergent
evolution. '

com-

Collagen Biosynthetic Pathway
in Cuticle Development

Nematode cuticle possesses both tough-
ness and fexibility, which protects inter-
nal tissues from adverse environments,
maintains body morphology and mechan-
ically supports locomotion via attachment
to body wall muscle. Curicle is predomi-
nantly composed of collagens encoded by
over 170 genes in the C. elegans genome.
Collagens are synthesized in underlying
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epidermal cells, the hypodermis and seam
cells, covering almost the entire body. The
collagen biosynthetic pathway is a muld-
step processes involving modification,
folding, cleavage and secretion directed
by a number of enzymes and molecular
chaperons.' The importance of the co-
and post-translational processing of col-
lagen proteins has been supported by a
comprehensive study of their mutants.?
Gain- or reduction/loss of function of the
genes relevant to collagen processing are
often associated with body morphological
defects represented as dumpy (Dpy), roller
(Rol), squar (Squ), blister (Bli) and mole-
ing defect (MIt). In the final events of pro-
cessing, collagen wriple helices are secreted
from the epidermis and are extracellularly
cross-linked. Each collagen helix is cova-
lently cross-linked via tyrosine residucs
resulting in the formation of dityrosine
and urityrosine, which are unusual non-
reducible bonds in vertebrates (see below).
In C. elegans, tyrosine cross-linking of
collagens is established by ROS-mediated
catalysis driven by the BLI-3/CeDUOX]1
system.*? BLI-3 is a homolog of vertebrate
dual oxidases that are members of the
NADPH oxidase (NOX) family compris-
ing NOX1-5 and DUOX1-2. These pro-
teins are ROS generators that deliberately
produce ROS for cellular signaling and
anti-microbial responses.®”?

Identity and Difference
of the Cross-Linking Process
in Mammalian and Nematode Skin
Both  nematode and  mammalian
skin  layers share common structural
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characteristics, but mammalian skin is a
more complex structure. It is composed
of multilayered live and dead keratino-
cytes that constitute a cornified layer that
faces the external side.”” Cross-linking of
proteins such as involucrin and loricrin in
the cornified layer is also essential for the
function of mammalian skin as an external
barrier. Transglutaminases (TGases) play
a primary role in the cross-linking process,
which catalyzes the formation of non-
reducible covalent bonds between lysine
and glutamate."” Although tyrosine cross-
Jinkages are found in other structural pro-
teins at low frequency and are known as
biomarkers of oxidative stress and aging,
little is known about their physiological
role in mammals.”? Hydroxyl lysine and
lysine between collagen helices are cross-
linked by lysyl oxidase in vertebrates.
Lysyl cross-linkages
were not found in the C. elegans cuticle,
but they do contribure to cross-linking of
type IV collagen in the basement mem-
brane.”* " Interestingly, both TGases- and
ROS-mediated cross-linking is observed
in the formation of the fertilization enve-

oxidase-mediated

i1 sea urchin coe s
lope in sea urchin egg.

Tetraspanin is a New Component
of the BLI-3/CeDUOX1-ROS-
Generating System

Historically, ROS have been considered
deleterious by-products produced by acro-
bic metabolism or by exogenous stresses
such as UV light and radiarion, which
inflict oxidative damage to organisms. The
physiological role of ROS was originally
believed to provide an “oxidative burst”
that kills invading microbes in phago-
cytes. H,0, produced by DUOXs also
has an essential role in non-phagocytic
anti-microbial defense in mucosal epithe-
lia such as the airway and gastrointestinal
tract in a wide-range of animals, includ-
ing mammals, fish and insects.'™"” The
critical role of H,0, produced by BLI-3/
CeDUOXT in C. elegans innate immu-
nity was also demonstrated.”?" Besides
host defense, ROS act as an intracellular
redox signaling molecule by modulating
target proteins via modification of their
free thiol groups.*>* In both cases, the
ROS production must be strictly regulated
so that it does not damage the host. The
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activity of the catalyric core of NOX1-3
is regulated by the recruitment of regula-
tory subunits to the plasma membrane.>*
NOX35 and DUOX1-2 contains EF-hand
motifs in the cytoplasmic region and cal-
cium (Ca*) stimulation is essential for
activation. In addition, DUOXs require
interaction with their maturation factor,
DUOXAs, for H,O, production.” Dual
oxidase maturation factors (DUOXA1/2)
dimerize with DUOXs to rarget DUOXs
to the cell surface.

We preciously reported that a tet-
raspanin protein TSP-15 is required for
cuticle development for functioning as
an external barrier.”” We recently clarified
that "TSP-15 functions in collagen cross-
linking as a component of the DUOX sys-
tem.” Similar to mammalian DUOXs, the
BLI-3 system also requires a maturation
factor and cooperates with a neighboring
heme peroxidase, which corresponds to
DOXA-1 and MLT-7 in C. elegans, respec-
tively. ™3 bli-3, doxa-1 and ml-7 murants
displayed the same cuticle deficiency as a
tsp-15 murant. Cuticle disorganization in
the rsp-15 mutant is due to impaired tyro-
sine cross-linking during cuticle devel-
opment. In addition, the #p-/5 mutant
was restored by exogenous expression of
both bli-3 and doxa-1, implying that these
three genes are parr of the same genetic
pathway. We also showed requirement
of TSP-15 for BLI-3 activity by heterolo-
gous reconstitution of BLI-3, TSP-15 and
DOXA-1 in mammalian cells. Finally, we
showed that TSP-15 forms protein com-
plexes with BLI-3 and DOXA-1 in vitro

and in vivo.

Speculation of the Molecular Role
of Tetraspanin in the BLI-3 System

Despite our contributions to the field,
the molecular role of TSP-15 in H,O,
generation by the BLI-3 system remains
elusive. By immunoblot assay, TSP-15
did not alter the protein expression level
of BLI-3 at the cell surface, leading us to
question what molecular switch occurs
within the BLI-3 system upon associa-
tion with TSP-15. The tetraspanin family
comprises a large group of integral mem-
brane proteins with common secondary
and tertiary strucrures, including four
transmembrane regions, small and large
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extracellular loops (LEL) and conserved
cysteine residues in the LEL contributing
to the formation of disulfide bonds.** It
is known that tetraspanins laterally asso-

ciate with cach other as well as numer-
ous membrane “partner” proteins such
as adhesion molecules, growth facror
receptors, membrane-bound proteases,
immunoglobulin superfamily proteins.
Tetraspanins also interact with intracel-
lular signaling/cytoskeletal proteins and
lipids, resulting in the formation of a
highly ordered lipid-protein unit referred
a tetraspanin-enriched microdo-
(FTEM/TERM) or “tetraspanin
TEM is a distinct class of mem-
microdomain and a new type of

o as
main
web.”
brane
signaling platform involved in cell-cell
communication.”**  Association
tetraspanins may properly tune func-
tions of partner proteins. However, this

with

modulation and facilitation process is not
consistent — it may differ from partner to
partner, The most likely role of TEM is
in spatial assembly and clustering of spe-
cific molecules that contribute to acccler-
ating the reaction cascade and enabling
additional interactions and linkage with
other key molecules and subserares. 1f
the partner proteins are relevant to cell
adhesion, antigen presentation or matrix
degradation, it is convincible that the
compartmentalization of these respon-
sible molecules at specialized membrane
microdomains will efficiently support
their function in adhesion strengthening,
cell-cell communication ar immune syn-
apses or ECM degradation in tumor inva-
sion. It may also facilirate accessibility to
substrates, while segregation of partner
proteins to the microdomain may prevent
non-specific reactions.”” We currently do
not have enough information to provide
mechanistic insights into the TSP-15 role
in the BLI-3 system, however, we have
several hypotheses. First, association with
TSP-15 or targeting to TEM may support
the subsequent recruitment of unknown
factors, or it may facilitate other forms of
post-translational modification on BLI-3
that is essential for BLI-3 activation. Or
more directly, as reported for other NOX
isozymes and their subunits, it might
induce a conformational change in BLI-3
to activate it. Conversely, interaction
with T'SP-15 or engagement to TEM may
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replace/exclude an inhibitory factor pre-
venting non-specific activation of BLI-3.
Further analysis will be required to define
the molecular role of T'SP-15.

Conservation of Tyrosine
Cross-Linking Machinery in Other
Developmental Processes
in Different Species

Although it is still not known whether
tetraspanin is also crucial for the mam-
malian DUOX pathway, conservation of
involvement of tetraspanin in the ROS
generation system is, at least in part, con-
firmed by genetic studies of pathogenic
fungi. During the infection process of
the rice pathogenic fungus Magnaporthe
grisea, the attached conidium differenti-
ates to appressorium, a specialized struc-
ture for infection. Then the appressorium
develops a penetration peg and perforates
the cell wall of the host tissues. It was
independently demonstrated  that  the
mutant of M. grisea tetraspanin(MePLST)
and the ROS generator (MgNOX2) was
non-pathogenic owing to impairment of
penetration peg formation.™¥ The patho-
genicity of other parasitic fungi with an
appressoria-mediated  penctration  strat-
cgy in different clades was also depen-
dent on PLSIT and NOX2.94" Boch PLS/
and NOX2 were identified in other types
of fungi with non-pathogenic lifestyles
lacking appressorium. Furthermore, the
consistency of the mutant phenotype was
also observed in different developmental
processes in these saprophytic fungi. In
Podospora anserina and Newrospora crassa,
both of their corresponding murtants of
PLSI and NOX2 showed the same defects
in the process of germination from the
ascospore.>™  Although the molecular
mechanisms of requirement of PLST and
NOX2 in these processes are still uncer-
tain, the recurrent involvement of tet-
raspanin and ROS generators in the same
cellular processes in a wide range of spe-
cies makes it possible that convergent evo-
lution is responsible for the co-occurrence
of this molecular machinery.*
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Molecular Hierarchy of Heparin-Binding EGF-like Growth
Factor-Regulated Angiogenesis in Triple-Negative Breast
Cancer

Fusanori Yotsumoto™®, Eriko Tokunaga®, Eiji Oki®, Yoshihiko Maehara®, Hiromi Yamada'"®,

Kyoko Nakajima®, Sung Ouk Nam®®, Kohei Miyata®®, Midori Koyanagi®*®, Keiko Doi®?,
Senji Shirasawa®®, Masahide Kuroki'®, and Shingo Miyamoto®®

Abstract

Heparin-binding EGF-like growth factor (HB-EGF) is one of several proangiogenic factors and represents a
possible therapeutic target for patients with triple-negative breast cancer (TNBC). However, the role of HB-
EGF in promoting tumor aggressiveness in TNBC remains unclear. To investigate specific genes and pathways
involved in TNBC tumorigenesis, we profiled gene expression changes in two TNBC cell lines under two-
dimensional culeure (2DC) and chree-dimensional culture (3DC) and in a tumor xenograft model. We
identified simultancous upregulation of HB-EGF, VEGFA, and angiopoictin-like 4 (ANGPTL4) in 3DC and
cumor xenografts, compared with 2DC. We show that MB-EGF regulates the expression of VEGFA or
ANGPTLA via transcriptional regulation of hypoxia-inducible factor-Tor and NF-kB. Furthermore, suppres-
sion of VEGFA or ANGPTL4 expression enhanced HB-EGF expression, highlighting a unique regulatory loop
underlying this angiogenesis network, Targeted knockdown of HB-EGF significantly suppressed tumor
formation in a TNBC xenografc model, compared with individual knockdown of cither VEGFA or
ANGPTLA, by reducing the expression of both VEGFA and ANGPTLA. In patients with TNBC, VEGFA
or ANGPTLA expression was also significantly correlated with HB-EGF expression. Low concentrations of
exogenously added HB-EGF strongly activated the proliferation of endothelial cells, tube formation, and
vascular permeability in blood vessels, in a similar fashion to high doses of VEGFA and ANGPTLA. Taken
together, these results suggest that FIB-EGF plays a pivotal role in the acquisition of tumor aggressiveness in
TNBC by orchestrating a molecular hicrarchy regulating tumor angiogenesis. Mol Cancer Res; 11(5); 506-17.
©2013 AACR.
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Introduction

Angiogenesis is an essential step during the initial stages of
umor development (1-3). Cancer cells acquire anchorage-
independent growth and proliferate at accelerated rates by
forming 3-dimensional (3D) structures. Simultancously,
cancer cells are capable of inducing neovascularization o
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improve the inadequate vascular supply. In normal dssue,
angiogenesis is strictly regulated by the equilibrium between
proangiogenic and antiangiogenic factors. Enhanced expres-
sion of proangiogenic genes can activate quicscent micro-
vascular endothelial cells, causing them to dissociate from the
cell-cell junction, migrate into the perivascular space, pro-
liferate extensively, and form tube structures (1, 3). Andi-
angiogenic factors inhibit angiogenesis by modulating endo-
thelial cell proliferation and motility (4, 5). On the other
hand, hypoxia predominanty induces the aberrant expres-
sion of proangiogenic factors, such as VEGFA in cancer cells.
This occurs via an increase in nonhydroxy-hypoxia-induc-
ible factor-1or (HIF-101) from hydroxy-HIF-1a (6). Con-
sequently, ncovascularization is uiggered, leading to the
formation of tumor blood vessels that are irregularly shaped,
sinuous and dilated, compared with normal peripheral
vessels. Thus, disruption of the balance between proangio-
genic and antiangiogenic molecules is associated with tumor
angiogcncsis and cancer progrcssion (1, 7).
Triple-negative breast cancer (TNBC) is defined by the
absence of estrogen and progesterone receptors and HER2
and is the most lethal and aggressive subtype of breast cancer.
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Treatment of patients with TNBC still poses a major
challenge, owing to a persisting lack of specific targets.
Recently, numerous studies have indicated that angiogen-
esis plays an important role in the pathogenesis of TNBC
(8-10), leading to the development of a number of
novel, targeted therapies. In 2008, the U.S. Food and
Drug Administration approved the use of bevacizumab
(Avastin; Genentech), a humanized monoclonal antibody,
plus paclitaxel, as first-line therapy in patients with met-
astatic breast cancer. In a recent clinical trial, bevacizumab
prolonged progression-free survival but not overall survival
in patients with TNBC (11, 12). Sunitinib (Suteng
Pfizer), an oral multitargeted tyrosine kinase inhibitor
that inhibits the VEGF and platelet-derived growth factor
(PDGEF) receptors, and sorafenib (Nexavar; Onyx Phar-
macecuticals), a small-molecular inhibitor of the VEGF
and PDGF receprors and Raf, are effective as monothera-
pies in certain cancers but cause severe adverse events
when combined with chemotherapy (13). In TNBC, the
effects of sunitinib and sorafenib on patient survival are
still under evaluation in several clinical trials. Therefore,
the identification of novel target molecules involved in
angiogenesis and tumorigenesis in TNBC, is essential for
the development of therapeutic agents targeting  this
aggressive breast cancer subtype.

Heparin-binding EGF-like growth factor (MB-EGF), a
ligand of EGF family (14), is inidally synthesized as a
ansmembrane protein, similar to other ligands of the
EGF family (15). The membrane-bound form of HB-
EGF (pro-HB-EGF) is proteolytically cleaved from the
cell surface 1o yield the soluble form of HB-EGF (sHB-
EGF). This processing step is conducted by proteases via a
mechanism known as ectodomain shedding. HB-EGF has
been focused on as a promising target for many types of
cancers, including TNBC (16~18). NF-xB, a member of
the Rel-related proteins that includes p50, p52, v-Rel,
c-Rel, RelA (p65), and RelB, is a transcription factor
involved in a diversity of cellular processes, including the
induction of hypoxia mediated by HB-EGF (19, 20).
Previous studies have shown that HB-EGF is required
for anchorage-independent cell growth ‘and subsequent
angiogenesis, thus contributing to cubic structure of
tumors (21, 22). In addition, HB-EGF mediates recipro-
cal interactions berween cancer cells and neighboring
fibroblasts, which in association with the proangiogenic
factor, PDGF, supports cancer progression (23). HB-EGF
also induces the production of VEGFA and the activation
of endothelial nitric oxide synthase (eNOS) in hypoxia
(24). Taken together, these data suggest chat HB-EGF
modulates  proangiogenic factors involved in  cancer
progression.

In this study, we identified 3 proangiogenic factors, HB-
EGF, VEGFA, and angiopoietin-like 4 (ANGPTL4), as key
molecules involved in the cubic formation of TNBC cells,
using gene expression profiling. In addition, we show that
these 3 proangiogenic factors cooperate to promote tumor-
igenesis and angiogenesis of TNBC. Importantly, however,

only inhibition of HB-EGF, but not VEGFA or ANGPTLA,

led 1o the complete suppression of rumor formation in

TNBC.

Materials and Methods

Reagents and antibodics

Antibodics used in this study included goat polyclonal
ant-HB-EGF - (sc-1413) and rabbir polyclonal . anti-
ANGPTLA (sc-66806; Santa Cruz Biotechnology); rabbit
polyclonal anti-VEGFA (ab46154; Abcam); rat anti-mouse
CD31 (BD Pharmingen); Alexa Fluor 555-conjugated goat
anti-rat immunoglobulin G (IgG; Invitrogen Corp.); fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-rabbit
1gG and FITC-conjugated rabbit and-goar IgG (Vector
Laboratories); rabbit polyclonal anti-HIF-1o0 and rabbit
monoclonal antihydroxy-HIF-1o. (Pro564; Cell Signaling
Technology Inc.); mouse monoclonal anti-B-actin (Sigma-
Aldrich); and peroxidase-conjugated anti-mouse 1gG and
peroxidase-conjugated anti-rabbit IgG (Amersham Corp.).
Recombinant human proteins included: HB-EGF (259-
HE; R&D Systems Inc.); VEGFA (H00007422-P01), and
ANGPTL4  (H00051129-P01; Abnova Corp.). Other
reagents included: 4’,6-diamidino-2-phenylindole (DAPL;
Sigma-Aldrich); N-[{(phenylmethoxy)carbonyl]-1-leucyl-N-
[(1R)-1-formyl-3-methylburyl]-L-leucinamide  (MG132),
proteasome inhibitor, and dimethyloxalyl glycine (DMOG),
hydroxylase inhibitor (Cayman Chemicals).

Cell lines and cell culture

The TNBC cell lines, MDA-MB-231 and Hs578T, were
purchased from the American Type Culture Collection
(ATCC). MDA-MB-231 cells were grown in Leibovitz's
L-15 medium (ATCC) supplemented with 10% (v/v) FBS
(ICN Biomedical), 100 U/mL penicillin, and 100 pg/mL
streptomycin (Invitrogen) in a humidified atmosphere at
37°C. Hs578T cells were grown in Dulbecco's modified
Eagle's medium (DMEM; Nacalai Tesque, Inc.) supple-
mented with 10% (v/v) FBS, 10 pg/mL insulin (Sigma-
Aldrich), 100 U/mL penicillin, and 100 ftg/mL streptomy-
cin in a humidified atmosphere 0f 5% CO, at 37°C. Human
umbilical vein endothelial cells (HUVEC) were obtained
from Clonetics Cambrex and grown in endothelial growth
media (EGM) supplemented with 2% (v/v) FBS, bovine
brain extract, recombinant human EGF, hydrocortisone,
gentamicin, and amphotericin B according to the manufac-
turer's instructions in a humidified atmosphere of 5% CO,
at 37°C. Forall experiments, HUVECs were used at passage
4 or less. For the 2-dimensional culture (2DC) experiments,
1 % 10° cells were seeded in G-well plates. For the 3D culture
(3DC), cells were cultured in 10-cm dishes (50%-60%
confluence) and incubated for 24 hours. Cells were then
detached with trypsin—~EDTA, washed 3 times with medium
containing 10% (v/v) FBS, and suspended 1o a final con-
centration of 1 % 10° cells/1.5 mL. Aliquots (1.5 mL) were
plated in G-well plates precoated with 1.5 mL Matrigel
(Biocoat Cellware; Becton Dickinson). Cells were incubated
overnight and medium was removed and replaced with fresh
medium. Cells from 3DC were retrieved from colonies using

o
BD Cell Recovery Solution (Biocoat Cellware). Cells were
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counted and RNA and protein extracts were prepared
for downstream quantitative real-time PCR (qRT-PCR),
expression array, and immunoblot analysis.

Xenograft model

Cells (5 x 10°%) were subcutaneously inoculated into 4-
weck-old nonobese diabetic/severe combined immunode-
ficient (NOD/SCID) mice (Charles River Laboratories
Japan Inc.). To obtain total RNA for gRT-PCR and expres-
sion array analysis, tumors were resected when individual
tumor volumes reached approximately 100 mm™ and were
frozen and fractured with liquid nitrogen. To assess the
effects of short hairpin RNA (shRNA)-mediated knock-
down of HB-EGF, VEGFA, or ANGPTLA on tumorigen-
esis, tumor volume was measured once a week, Measure-
ment of tumor size commenced alter the rumor volume
exceeded 100 mm?®. Each tumor volume was estimated from
2D tumor measurements as follows: tumor volume (mm?) =
length % width?/2.

Quantitative real-time PCR

RNA extraction, ¢cDNA synthesis, and RT-PCR were
conducted as previously described (17). Expression of glyc-
eraldehyde-3-phosphate  dehydrogenase (GAPDH), EGF
receptor (EGFR), VEGFA, ANGPTL4, PDGFB, HIF-1ua,
and NFacB were detected with Assays-on-Demand primer
and  probe sets Hs99999905_m1, Hs00193306_m1,
Hs00900054_m1, Hs01101127_m1, Hs00966522_mi,
Hs00936371_m1, and Hs00765730_m1, respectively
(Applied Biosystems). The procedures used for TagMan
gRT-PCR analyses and the sequences of the oligonucleotide
primer pairs, TagMan probes for HB-EGF and amphire-
gulin (AREG; ref. 17). mRNA expression levels for indi-
vidual genes are represented as relative expression units
(REU). The mRNA expression index (E.1.) was calculated
as follows: E.1. = (copy number of cach gene mRNA/copy
number of GAPDH mRNA) x 10,000. The REU was
determined using the E.1. of 2DC cells as a baseline (1.0).

Expression array analysis

Gene expression arrtays were conducted using Human
Genome U133 Plus 2.0 Array 6800 GeneChips (Affyme-
wrix) and were analyzed by GeneSpring v7.3 software (Agi-
Jent Technologies) as previously described (25).

Measurement of soluble HB-EGF, VEGFA, ANGPTLA4,
PDGFAB, and PDGFBB in cell culture

The levels of HB-EGF, VEGFA, ANGPTLA4, PDGFAB,
and PDGEFBB in the culture medium of cells were deter-
mined using a commercially available sandwich ELISA
(DuoSet Kit; R&D Systems Inc.) according to the manu-
facturer's instructions.

Immunoblot analysis

To detect hydroxy- or nonhydroxy-HIF-1o. proteins,
cells were treated with 10 pmol/L. MG132 or both 10
pmol/L MG132 and 1 mmol/L. DMOG, respectively,

for 4 hours. Cells were then rinsed with PBS containing

1 mmol/L sodium orthovanadate and lysed with 500 pL
of radioimmunoprecipitation assay (RIPA) buffer to
obtain total cellular protein. Cell lysates were centrifuged
at 15,000 x g for 15 minutes ar 4°C. The supernatant
was boiled for 5 minutes at 95°C with 250 pL of 3x
Laemmli sample buffer. All samples were subjected to
SDS-PAGE and immunoblotting analyses as described
previously (16).

siRNA transfection

Control siRNA (Stealth RNAi Negative Control) and
siRNAs for HB-EGF, VEGFA, ANGPTL4, HIF-10, and
NE-xB p65 were purchased from Invitrogen Corp. The
sequences of siRNAs used in this study are shown in
Supplementary Tables ST and §2. Cells were sceded in
10-cm dishes (50%-60% confluence) and transfecred with
individual siRNAs (50 nmol/L) using Lipofectamine RNAi-
MAX Transfection Reagent (Invitrogen Corp.) according to
the manufacturer's instructions. After 24-hour incubation,
the cells were subjected to 3DC.

NF-kB phosphorylation

The 3DC cells were cultured with control vehicle 0.1%
(v/v) dimethyl sulfoxide (DMSO) or NE-xB p65 (Ser529/
536) inhibitor peptide (Imgenex) at a final concentration of
1 pmol/L. After 48-hour incubation, cells were washed with
cold PBS and lysed in 200 pL lysis buffer (Cell Signaling
Technology)  containing  phenylmethylsulfonylfluoride
(PMSF; 1 mmol/L) and protease inhibitors (1 tab/10 mL
lysis buffer). Cell lysates were centrifuged ar 4°C and super-
natants stored at —80°C untl analysis using PathScan
Inflammation MultiTarget Sandwich ELISA Kit or PathS-
can phospho-NF-kB p65 (Ser536) Sandwich ELISA Kit
according to the manufacturer's protocol (Cell Signaling
Technology).

shRNA transduction using lentiviral particles

Mission Lentiviral Transduction Particles of nontarget
shRNA control and shRNAs for HB-EGF, VEGFA, and
ANGPTL4 were purchased from  Sigma-Aldrich. The
sequences of shRNA used in this study are shown in
Supplementary Table §2. Cells were seeded in 48-well plates
(50%—-60% confluence) and wransduced with shRNA-
expressing lentiviral particles at an multiplicity of infection
(MOD) of 10. After overnight incubation, media was
replaced and cells were incubated for a further 24 hours.
Stably infected cells were generated by selection with puro-
mycin (1 pg/mL) for 48 hours and used in xenograft models.

Histology and immunofluorescence microscopy

Frozen cryosections of subcutaneous tumors from xeno-
graft models were stained with hematoxylin and cosin
(H&E) and stained for immunologic assessment of HB-
EGF, VEGFA, or ANGPTL4 expression. For immunoflu-
orescence analysis, cryosections (10 um) were fixed in
methanol for 10 minutes at —20°C, acctone for 1 minute
at —20°C and blocked for 10 minutes with blocking
solution (Blocking One Histo; Nacalai Tesque). Sections
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were then incubated with goat anri-HB-EGF (1:50), rabbit
anti-VEGFA (1:1,600), or rabbit anti-ANGPTL4 (1:100)
antibodies at 4°C overnight, followed by incubation with
FITC-conjugated secondary antibody (1:100) for 1 hour at
room temperature. Sections were also incubated with mouse
anti-CD31 (1:50) at 4°C overnight, followed by incubation
with Alexa Fluor 555-conjugated secondary antibody
(1:6,000) for 1 hour at room temperature. Negative controls
were, stained in parallel with secondary antibody alone.
Sections were counterstained with DAPI nuclear stain and
mounted with VECTASHIELD Mounting Medium (Vee-
tor Laboratories). Section images were photographed using a
fluorescence microscope (Leica-DM 2500) and analyzed by
Image-Pro Plus 4.5 Software (Media Cybernetics, Inc.).

Tissue samples

Tissue samples were obtined from 15 patients with
TNBC following surgery at the Department of Surgery and
Sciences, Graduate School of Medical Sciences, Kyushu
University (Fukuoka, Japan), between 2003 and 2011, All
patients provided signed, informed consent. This study was
approved by the Ethics Committee and Institutional Review
Board of Kyushu University. Resected tissues were routinely
processed as previously described (18).

Capillary tube formation on Matrigel

HUVECs were plated in 6-well plates (10,000 cells/well)
precovered with growth factor-reduced Matrigel (Biocoat
Cellware; Becton Dickinson) using EGM without FBS and
recombinant human HB-EGF, VEGF; or ANGPTLA. After
24-hour incubation, cells were fixed for 10 minutes in 4%
(w/v) paraformaldehyde in PBS and photographed. Differ-
entiation of HUVECs into capillary-like tubes was assessed
by counting the number of capillary branches under x 100
magnification by 2 independent investigators.

Endothelial monolayer permeability assay

Endothelial cell monolayer permeability was assessed
using an In Vitro Vascular Permeability Assay Kit (Milli-
pore-Upstate Biotechnology). HUVECs were plated at 5 %
107 cells per insert in EGM medium and incubated for 48
hours to reach 100% confluency. Following overnight
starvation, 500 and 200 pL. of EGM medium conuining
recombinant protein at the indicated concentration was
added to the bottom and top chambers, respectively. After
incubation for 30 minutes, the medium was removed. A
total of 500 pL of EGM medium and 150 pL of EGM
medium with FITC-conjugated dextran was then added to
the bottom and top chambers, respectively. After 20-minute
incubation, 100 pL of medium was collected from the
bottom chamber. The fluorescence of each sample was
measured at 535 nm (excitation 485 nm) using a fluores-
cence plate reader. Data were analyzed as relative fluorescent
units.

Cell viability assay
Viable cells were determined by Trypan blue exclusion,
using a hemocytometer.

Staristical analysis

The statistical significance of  differences  between
values was assessed using the Mann—Whitney U test,
Bonferroni / test, and Spearman rank-order Correlation.
Values of 7 less than 0.05 were considered statistically
significant.

Results

Gene expression profiles associated with tumor
aggressiveness in TNBC
To examine changes in HB-EGF levels associated with

wmorigenesis, we used gRT-PCR ro assess the expression of

EGF family members in MDA-MB-231 and Hs578T
TNBC cells in 3DC and xenograft models. Only HB-EGF
and EGFR levels were significantly increased in both con-
ditions, compared with 2DC (Fig. 1A and Supplementary
Fig. STA and S1B). These results suggest that among the
EGEFR ligands, HB-EGF plays an important role in TNBC
tumor development. To identify specific pathways and genes
associated with TNBC tumorigenesis, we compared gene
expression changes in MDA-MB-231 and Hs578T cells in
3DC and in wmor xenografts, compared with 2DC. We
identified 7,568 and 4,375 genes commonly upregulaced
(>2-fold; < 0.05) in 3DC and tumor xenografts in MDA-
MB-231 and Hs578T cells, respectively (Supplementary
Fig. S1C). Of these, 981 genes were commonly regulated in
both MDA-MB-231 and Hs578T cell lines (Fig. 1B).
Analysis of these genes identified 3 proangiogenesis fac-
tors, VEGFA, ANGPTL4, and PGDFB (Table 1). To
validate the microarray results, we analyzed the expression
of VEGFA, ANGPTL4, and PGDFB by qRT-PCR.
Expression of VEGFA and ANGPTL4 was significantly
increased in 3DC and in tumor xenografts in MDA-MB-
231 and Hs578T cells, compared with 2DC (Fig, 1C and
Supplementary Fig. S1D). However, PDGFB expression
was not significantly changed in cither 3DC or tumor
xenografts compared with 2DC in MDA-MB-231 cells
(Fig. 1C). In contrast, PDGFB levels were significanty
elevated in tumor xenografts but not in 3DC cells in
Hs578T cells as compared with 2DC (Supplementary
Fig. S1E). 'We next examined the levels of VEGFA,
ANGPTLA4, PDGEB, and HB-EGF protein secretion into
the culture medium. PDGFB forms homodimers or het-
crodimers with PDGFA (PDGFBB or PDGFAB, respec-
tively). We observed a significant increase in secreted
VEGFA, ANGPTL4, and HB-EGF in 3DC of MDA-
MB-231 and Hs578T cells compared with 2DC, howev-
er, there were no changes in PDGFBB or PDGFAB levels
(Fig. 1D and Supplementary Fig. S1F). Expression anal-
ysis of other proangiogenic ‘factors or antiangiogenic
factors by microarray or QRT-PCR revealed no significant
differences in 3DC or the xenograft model compared with
2DC, in either MDA-MB-231 and Hs578T cells (Sup-
plementary Fig. S1D and STE and Supplementary Tables
S3 and §4). Taken together, these findings indicate that
the proangiogenic factors, HB-EGF, VEGFA, and
ANGPTLA4 may play an important role in tumor devel-
opment in TNBC.
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Figure 1. Screening of genes involved in TNBC tumorigenesis. A, expression of EGF family members in MDA-MB-231 cells in 2DC, 3DC, or in tumor xenograft
mode] (Xm). The mRNA expression levels of HB-EGF, AREG, and EGFR were analyzed by RT-PCR. The REU was calculated using 2DC expression as a
haseline. B, upregulated genes detected by the expression microarray analysis. Venn diagrams show the number of common genes in 3DC and Xm
compared with 2DC in MDA-MB-231 and Hs578T cells (~2-fold). Of these, 981 genes were shared between the 2 TNBC cell lines. The microarray data
were found in Gene Expression Omnibus (GEO) database (GEO accession numbers: GSE36953). C, calidation of mRNA expression levels of the
angiogenesis-related molecules. mRNA expression levels of VEGFA, ANGPTL4, and PDGFB were analyzed by RT-PCR. The REU was calculated using 2DC
expression as a baseline. D, validation of the levels of angiogenesis-related proteins. The expression levels of HB-EGF, VEGFA, ANGPTL4, PDGFAB, or
PDGFBB proteins per cell in culture media of MDA-MB-231 under 2DC or 3DC were measured by ELISA and compared with expression levels in

2DC. Ali values represent the mean and SD of 3 independent experiments (', P < 0.05).

Reciprocal interactions among HB-EGF, VEGFA, and
ANGPTL4 through HIF-1et and NF-xB

To investigate the association of HB-EGF, VEGFA, or
ANGPTLA expression with tumorigenesis, we analyzed the
cffect of rargeted knockdown of each of these factors by
siRNA in 3DC of MDA-MB-231 and Hs578T cells.
Knockdown of HB-EGF led to decreased expression of both
VEGFA and ANGPTLA at both mRNA and protein levels.
Conversely, the expression of HB-EGF mRNA and protein
was significantly augmented by the inhibition of VEGFA or

ANGPTL4 (Fig. 2A and B and Supplementary Fig. S2A~
S2F). However, there was no interaction of gene expression
between VEGFEA and ANGPTLA. To investigate the mech-
anism by which HB-EGF affects VEGFA or ANGPTLA
expression, we examined the relationship between the
expression of MB-EGF, VEGFA, or ANGPTL4 and the
activation of HIF-10. or NF-kB. These transcription factors
have been previously shown to play a role in the regulation of
various proangiogenic factors (26, 27). Silencing of HB-
EGF led to a decrease in HIF-Jo mRNA expression in
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MDA-MB-231 and Hs578T cells (>2-fold; P < 0.05)

Table 1. Upregulated proangiogenic factors in 3DC and xenograft model (Xm) compared with 2DC in

Fold Change

factor B polypeptide

Gene MDA-MB-231 Hs578T
Probe set ID Gene symbol Gene title 3DC/2DC Xm/2DC 3DC/2DC Xm/2DC
211527_x_at VEGFA VEGFA 9.53 3.71 2.59 14.68
223333_s_at ANGPTL4 Angiopoietin-like 4 5.14 5.24 2.52 14.35
204200_s_at PDGFB Platelet-derived growth 2.96 2.33 2.64 162.52

M DA MB- 231 1nd I 15576T cel § (Fig 7/\ and gupp emen-

pxor(m in MDA MB 231 md Hs5787T cells. Nonhydrox)ﬂ
HIF-10. levels were increased and hydroxy-HIF-Ta levels
were decreased in 3DC compared with 2DC in both cell
lines (Fig. 2C and Su pplementary Fig. S2E). Swikingly,
inhibition of HB-EGF expression prevented the accumula-
tion of nonhydroxy-l]ll* 1o protein (Fig. 2C and Supple-
mentary Fig. S2E). Silencing of HB—EGF also led o a
decrease in the levels of phosphorylated NF-xB p65 as well
as NF-xB inhibiror, although levels of NF-xB p65 mRNA
remained unchanged (Fig. 2A and D and Supplementary
Fig. S2A-S2C and S2F).

Knockdown of HIF-10. or NF-xB p65 attenuated the
expression of VEGFA and ANGPTLA and led to an increase
in HB-EGF expression (Fig. 2A and B and Supplementary
Fig. S2A-S2D). Transfection of cells with HIF-Tow siRNA
significantly diminished expression of nonhydroxy-HIF-1o
protein compared ‘with ‘control siRNA, confirming the
inactivation of HIF-1o function (Fig. 2C and Supplemen-
wry Fig. S2E). Treatment of cells with NF-xB_ inhibitor
swmﬁmmly suppressed  expression  of VEGFA  and
ANGPTLA proteins, while augmenting levels of HB-EGF
(Fig. 2E and Supplementary Fig. S2G). Conversely, knock-
down of VEGFA or ANGPT 14 led to an increase in the
expression of HIF- 1o and NF-cB p65 mRNA and levels of
nonhydroxyl HIF-Touand phosphorylated NF-xB p65 pro-
teins (Fig. 2A, C, and D and Supplementary Fig. S2A, S2C,
and S7D)

The inhibition of both extracellular signal-regulared
kinase (ERK) and AKT attenuated the expression of
HB-EGF, VEGFA, and ANGPTL4 (Supplementary Fig.
S2H). Suppression of HB-EGF led to a decrease in ERK
and AKT phosphorylation (Supplementary Fig. S21). A
significant decrease in the amount of nonhydroxy-HIF-10.
or phosphorylated NF-xB was also observed following
trearment of x cells with AKT inhibitor. The inhibition of
ERK also had a suppressive effect on nonhydroxy-HIF-1o0
accumulation, whereas NF-xB phosphorylation remained
unaffected (Supplementary Fig. S2I and S2J). According
to these data, the accumulation of nonhydroxy-HIF-10. or
NF-xB phosphorylation may therefore be attributed to
the activation of ERK and AKT, involved in HB-EGF

expression.

In summary, rgeted silencing of HB-EGF resulted in a
decrease in the active forms of HIF-1¢0 and NF-kB, medi-
ated by ERK and AKT actvation, leading to a reduction in
VEGFA and ANGPTLA4 expression. However, the silencing
of HIF-10. or NF-xB induced expression of HB-EGF.
Knockdown of VEGFA or ANGPTL4 also induced the
expression of FITF-1a, NF-xB p65, and HB-EGF. Taken
together, these data-indicate that HB-EGF is the cenural
target for suppression of an angiogenic network formed by
HB-EGF, VEGFA, and ANGPTLA. The direct inhibition

of VEGFA or ANGPTLA4 and the indirect inhibition of
VEGFA or ANGPTLA by blocking HIF-Toor NF-xB p65,
may induce unidentified transcription factors, leading to
enhanced expression of HB-EGF.

Significance of HB-EGF expression in an /n vivo model of
TNBC and in patient samples

To validate HB-EGEF as a target for TNBC therapy, we
investigated the effect of silencing HB-EGF, VEGFA, or
ANGPTLA on the formation of tumors generated by injec-
tion of MDA-MB-231 cells into NOD/SCID mice. Stable
knockdown effects of shRNA for HB-EGF (shHB-EGF),
VEGFA (shVEGFA), or ANGPTLA (shANGPTL4) in
MDA-MB-231 cells relative to a nontargeting scrambled
shRNA (shControl) were confirmed by qRT-PCR (Supple-
mentary Fig. S3A). As expected, the injection of shControl
cells into immunodeficient mice led to tumors in all 8 mice
(Fig. 3A). However, knockdown of VEGFA or ANGPTL4
led to a significant reduction (~50%) in wmor volume,
compared with shControl (Fig. 3A). Even more striking was
the effect of HB-EGF knockdown, which inhibited tumor
volume by more than 75% compared with shControl (Fig.
3A). We also examined the expression of CD31, HB-EGF,
VEGFA, and ANGPTLA in tumors by immunofluorescence
staining. Tumor sections from mice injected with MDA-
MB-231 cells infected with either shControl, shHB-EGF,
shVEGFA, or shANGPTL4 ‘were assessed at 4 weeks.
Expression of CD31, HB-EGF, VEGFA, and ANGPTL4
was markedly diminished in a tumor from shHB-EGF cells,
compared with shControl tumors (Fig. 3B and C). Knock-
down of VEGFA or ANGPTL4 was associated with weak
expression of CD31 in tumors, compared with shControl. In
contrast,  the expression. of HB-EGF in shVEGFA or
shANGPTLA tumors is almost equivalent to shControl
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Figure 2. Angiogenesis-related molecules controlled by HB-EGF in 3D proliferation of TNBC cells. Alterations in (A) mRNA expression and (B) protein levels of
HB-EGF, VEGFA, or ANGPTL4 under 3DC for 72 hours after transfection with gene-specific siRNAs into MDA-MB-231 cells. The levels of mRNA
expression were analyzed by RT-PCR. The REU was calculated using control siRNA expression as a baseline. The levels of HB-EGF, VEGFA, or ANGPTL4
proteins in culture media were measured by ELISA.

tumors (Supplementary Fig. S3B and S3C). Quantitative Fig. S3D and S3E). PDGFB expression was not significantly
analysis of HB-EGF, VEGFA, and ANGPTL4 confirmed changed in either 3DC or tumor xenografts, compared with
that expression was also significantly suppressed in xeno- 2DC in vive (Supplementary Fig. S3E). Taken together,
grafted tumors transduced with HB-EGF shRNA, com- these in wivo data suggest thar HB-EGF regulates the
pared with shControl tumors (Supplementary Fig. S31) and expression of VEGFA and ANGPTLA4, and that the sup-
S3E). Xenografted tumors derived from cells rransduced pressed function of VEGFA or ANGPTLA is compensated
with shVEGFA or shANGPTL4 exhibited decreased by HB-EGF upregulation. These results indicate thar HB-
VEGFA or ANGPTLA expression, compared with control EGF is associated with tumor formation in vive and may
twmors (Supplementary Fig. 3D and S3E). However, the therefore serve as a therapeutic target in TNBC. To validate
expression of HB-EGF was significantly upregulated in the clinical significance of HB-EGF in angiogenesis associ-
mor xenografts following knockdown of VEGFA or ated with TNBC, we examined the relationship between
ANGPTL4 compared with control tumors (Supplementary HB-EGF and VEGFA or ANGPTL4 mRNA expression in
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Figure 2. (Continued) C, immunoblot (IB) analysis of nonhydroxy-HIF-1¢.
and hydroxy-HIF-1¢. protein levels in MDA-MB-231 cells under2DC and
3DC for 72 hours after transfection of gene-specific siRNAs. The bands
corresponding to the nonhydroxy-HIF-1¢ and hydroxy-HiF-1a forms are
indicated by the arrows. M, molecular weight marker. 3-Actin was used as
internal control. Representative data of 3 independent experiments are
shown. D, the suppression of NF-xB p65 phosphorylation at Ser536 in
MDA-MB-231 cells treated with NF-xB inhibitor versus DMSO control for
72 hours. E, the expression levels of HB-EGF, VEGFA, or ANGPTL4
proteins in culture media after treatment of MDA-MB-231 cells with NF-
kB inhibitor or DMSO control for 72 hours by ELISA. All values represent
the mean and SD of 3 independent experiments (*, P < 0.05).

patients with TNBC. We identified a significant correlation
between the expression of HB-EGFand VEGFA (correlation
cocfficient = 0.625; P < 0.01) or ANGPTL4 (correlation
coefficient = 0.646; P < 0.01) in patients with TNBC (Fig.
4A and B). These findings suggest that HB-EGF may
modulate both the expression of VI*GI‘A and ANGPTLA
in padents with TNBC. No significant relationships
between  clinicopathologic  characteristics and HB-EGF

expression were identified in patients with TNBC (Supple-
mentary Fig. $4 and Supplementary Table $6). However,
future studies may require analysis of a larger patient cohort
to fully elucidate the relationship between HB-EGF expres-
sion and TNBC pathogenesis.

Angiogenic properties mediated by HB-EGF, VEGFA,
and ANGPTL4

To evaluate the-angiogenic properties mediated by HB-

EGF, VEGFA, and ANGPTL4, we examined the effect of
these factors on the proliferation and the formation of

capillary branches and vascular permeability in HUVECs.
HB-EGF (200 pg/mL) and VEGFA (4 ng/mL) similarly
induced the proliferation of endothelial cells and the
formation of capillary branches (Fig. SA-C). The effect
of ANGPTL4 (15 ng/mL) on the proliferation of endo-
thelial cells and the formation of capillary branches was
weaker compared with HB-EGF or VEGFA (Fig. 5A-C).
In contrast, ANGPTLA induced high vascular pummbll-
ity, compared with HB- EGF or VEGFA {Fig. 5D). The
level of angiogenesis induced with 200 pg/ml of HB-
EGFE, 4 ng/mL of VEGFA, or 15 ng/mL of ANGPTL4
was lC]dU\'C])’ similar, indicating that signaling through
HB-EGE is highly ‘potent. ‘Angiogenesis was not signifi-

cantly induced  using 10-fold lower concentrations of

cither HB-EGF (20 pg/mL), VEGFA (400 pg/mL), or
ANGPTLA (1.5 ng/mL) alone (Fig. 5E). When used
simultaneously -at these lower concentrations, however,
HB-EGF, VEGFA, and ANGPTL4 promoted vascular
permeability (Fig. 5E). These findings indicate that HB-
EGE enhances angiogenesis in cooperation with VEGFA
and ANGPTLA.
Discussion

In this study, we used g gene expression profiling of TNBC
cell lines in 3DC and tumor xenograft models to identify 3
proangiogenic factors, HB-EGF, VLGTA, and ANGPTL4,

involved in TNBC tumor development. Qur analysis shows

that HB-EGE lies at the top of a molecular hicrarchy of

angiogenesis in TNBC, legulatmo VEGFA and ANGPT14

through ERK-mediated activation of HIF-10. and AKT-
mediated activation of HIF-10.and NF-xB (Fig. 6). We also
show that loss of VEGFA or ANGPTLA seems to stimulate
HB-EGF expression, thus functioning as a positive feedback
loop. Am]ysn of HB-EGF, VEGFA, and ANGPTL4 mRNA
expression coincided with the expression of these proteins by
immunofluorescence in xenografted tumors. It is plausible
that HB-EGF regulates “the expression of VEGFA or
ANGPTL4 and that the suppressed function of VEGFA
or ANGPTLS is compensated by upregulation of HB-EGF.
ANGPTL4 is recognized as one of several key molecules
regulating angiogenesis, functioning as a proangiogenic
factor or as an antiangiogenic factor, depending on ‘the
cellular context (28-33). In this study, ANGPLT4 expres-
sion, which was induced by HB-EGF, was involved in tumor
development in our TNBC xenograft model. Moreover,
ANGPTL4, in cooperation with HB-EGF and VEGFA,

increased vascular permeability in HUVECs. Taken
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Figure 3. Tumorigenicity of TNBG cells is inhibited by knockdown of HB-
EGF and angiogenesis-related molecules. A, tumor growth was
measured following injection of mice with MDA-MB-231 cells infected
with shRNA against HB-EGF, VEGFA, or ANGPTL4, Data represent the
mean -+ SD of the tumors volumes in 6 mice, *, P <0.05 versus the tumor
volume in NOD/SCID mice of control-shRNA group. **, P < 0.05 versus
the tumor volume in NOD/SCID mice of VEGFA-shRNA or ANGPTLA4-
shRNA group. H&E and immunofiuorescence staining of TNBC xenograft
tumor sections from (B) control-shRNA (shControl) and (C) HB-EGF-
shRNA (shHB-EGF) mice at 4 weeks. HB-EGF, VEGFA, and ANGPTL4
waere stained with FITC (green). CD31, a marker of blood vessel
endothelial cells, was stained with Alexa fluor 594 (red). Sections were
counterstained with DAPI (blue). Scale bars represent 50 um.
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Figure 4. Correlation between expression levels of HB-EGF and
angiogenesis-related molecules in patients with TNBC. mRNA
expression levels of HB-EGF and (A) VEGFA or (B) ANGPTL4 were
analyzed by RT-PCR analysis in breast tissue from patients with TNBC
(N = 15). y, The Spearman correlation coefficient. P < 0.05 were
considered statistically significant.

together, these results suggest that ANGPTLA may play a
proangiogenic role in TNBC tumor development in the
presence of high HB-EGF expression.

Proteolytic shedding and subsequent activation of angio-

~ genic growth factors, is a process found on various cells

during angiogencsis (34). As a consequence, soluble variants
are either released into the blood or the vascular dssue. In
addition, proteolytic shedding of soluble factors results in an
increase in their gene induction. HB-EGF undergoes pro-
teolytic shedding and expression is enhanced by a diverse set
of cellular seresses including hypoxia, exposure to UV or
chemotherapeutic agents, or inflammarory conditions (35).
Transcription factors such as SP1, AP1, ¢-Fos, and ¢Jun
have also been associated with induction of HB-EGF
expression (36, 37). In this study, the inhibition of VEGFA
or ANGPTLA expression directly or indirectly induced the
expression of HB-EGF. Inhibition of VEGFA or ANGPTLA
possibly interrupts the process of neovascularization
required for cumor development of TNBC, and the resulting
secondary hypoxia may provide cancer cells with DNA
damage and mutations essential for cell survival. Such cell
stress may evoke the activation of unknown transcriptional
factors and the induction of HB-EGF expression as a soluble
factor. The enhanced expression of HB-EGF may stimulate
the expression of VEGFA and ANGPTLA4, resulting in the
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Figure 5. Effect of HB-EGF and angiogenesis-related molecules on vascular endothelial cells. A, proliferation of HUVECS in response to HB-EGF, VEGFA, or
ANGPTLA. 2DC of HUVECs were incubated for 24 hours with recombinant human HB-EGF (rHB-EGF; 200 pg/mL), VEGFA ((VEGFA; 4 ng/mL), or ANGPTL4
(rANGPTL4; 15 ng/mL). Viable cells were measured as described in Materials and Methods. Data are expressed as fold change relative to untreated HUVECs.
B, representative photographs and (C) quantitative analysis of HUVEC capillary tube formation on Matrigel after incubation with rHB-EGF (200 pg/mL), IVEGFA
(4 ng/mL), or rANGPTL4 (15 ng/mL) for 24 hours. Scale bars indicate 100 um. The numbers of capillary branches were counted in 4 fields of each of
3wells/condition. D and E, alterations in vascular permeability following stimulation with rHB-EGF {200 pg/mL, 20 pg/mL; rHB), 'WVEGFA (4 ng/mlL, 400 pg/mL,;
1V), of rANGPTL4 (15 ng/mL, 1.5 ng/mL; rA4) for 30 minutes. Vascular permeability is represented by fluorescence counts. Values represent the mean

and SD of 3 independent experiments. *, P < 0.05 versus no treatment. **,

HB-EGF. ***, P < 0.05 versus treatment with IVEGFA,

proliferation of cendothelial cells and the disruption of
vascular permeability. Thus, molecular hierarchies formed
by proangiogenic factors may play an indispensable role in
the acquisition of tumor aggressiveness in TNBC.
VEGFA contributes to tumor aggressiveness in a variety of
human cancers, and as such, is a rational targer for cancer
therapy. Contrary to expectations, however, several reports
showed that tumor aggressiveness may rebound when
VEGFA inhibition ceases, and that VEGF inhibitors also
induce tumor hypoxia that may fuel this rebound (38-41).
As recently reported in the NSABP C-08 trial, the adjuvant
bevacizumab also failed to improve the cure rate of patients
with resected colon cancer (42). In addition, there are
concerns about. the rationale behind using bevacizumab as
an adjuvant in other cancer types. Taken together, these
studies indicate that the inhibition of VEGFA may not be
sufficient to completely suppress tumor angiogenesis in all
cancer types. In this study, we show that HB-EGF stimulates

P < 0.05 versus treatment with rANGPTLA4. ***, P < 0.05 versus treatment with

the expression of VEGFA and ANGPTL4 as a part of a
feedback Joop. The expression of these proangiogenic factors
may subsequently contribute to tumor formation in TNBC.
In ovarian cancer, cross-reacting material 197 (CRM197), a
specific inhibitor for HB-EGF, significanty blocked tumor
formation and angiogenesis when used in combination with
paclitaxel, compared with the combination of bevacizumab
with paclitaxel. Accordingly, it will be necessary to develop
agents directed against the core or several targets for the
successful inhibition of tumor angiogenesis.

To this end, we have developed 2 types of specific
inhibitors for HB-EGF, including a biologic material and
a neutralizing antibody. In principle, HB-EGF is identified
as a diphtheria toxin recepror. CRM197 is a nontoxic
mutant of the diphtheria toxin that shares immunologic
properties with the native molecule. Thus, CRM197 can
bind to the uncleaved form as well as soluble form of
human HB-EGF (43). Mechanistically, CRM197 blocks
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