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VLA-4 phosphorylation during tumor and immune cell migration
relies on its coupling to VEGFR2 and CXCR4 by syndecan-1
Oisun Jung1,2, DeannaLee M. Beauvais1, Kristin M. Adams1 and Alan C. Rapraeger1,2,*

ABSTRACT
When targeted by the tumor-promoting enzyme heparanase, cleaved
and shed syndecan-1 (Sdc1) then couples VEGFR2 (also known as
KDR) to VLA-4, activating VEGFR2 and the directed migration of
myeloma cells. But how VEGFR2 activates VLA-4-mediated motility
has remained unknown. We now report that VEGFR2 causes PKA-
mediated phosphorylation of VLA-4 on S988, an event known to
stimulate tumor metastasis while suppressing cytotoxic immune cells.
A key partner in this mechanism is the chemokine receptor CXCR4, a
well-known mediator of cell motility in response to gradients of the
chemokine SDF-1 (also known as CXCL12). The entire machinery
necessary to phosphorylate VLA-4, consisting of CXCR4, AC7 (also
known as ADCY7) and PKA, is constitutively associated with VEGFR2
and is localized to the integrin by Sdc1. VEGFR2 carries out the novel
phosphorylation of Y135 within the DRY microswitch of CXCR4,
sequentially activating Gαiβγ, AC7 and PKA, which phosphorylates
S988 on the integrin. This mechanism is blocked by a syndecan-
mimetic peptide (SSTNVEGFR2), which, by preventing VEGFR2 linkage
to VLA-4, arrests tumor cell migration that depends on VLA-4
phosphorylation and stimulates the LFA-1-mediated migration of
cytotoxic leukocytes.
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INTRODUCTION
Very late antigen-4 (VLA-4, α4β1 integrin) has key roles in
angiogenesis, immunity and tumor metastasis (Schlesinger and
Bendas, 2015). It mediates endothelial cell migration during
angiogenesis and lymphangiogenesis (Garmy-Susini et al., 2010;
Jin et al., 2006) and induces the extravasation of tumor cells and
tumor-promoting immunosuppressor cells including tumor-
associated macrophages (TAMs), regulatory T cells (Tregs), and
myeloid-derived suppressor cells (MDSCs) from the vasculature to
sites of tumor formation (Alon et al., 1995; Ding et al., 2001; Juneja
et al., 1993; Schlesinger and Bendas, 2015; Taichman et al., 1991).
VLA-4 recognizes fibronectin (FN) within the stromal matrix and
also interacts with vascular cell adhesion molecule-1 (VCAM-1) on
endothelial and stromal cells (Hemler et al., 1990). It is regulated via
an intricate signaling mechanism in which VLA-4 localized at the
cell’s leading edge undergoes cAMP-dependent protein kinase

(PKA)-mediated phosphorylation of serine 988 (S988) in the α4
integrin cytoplasmic domain. This displaces paxillin and its
associated Arf GAP from the integrin, thereby facilitating
localized RAC1 activation, lamellipodium formation and
directional cell migration (Goldfinger et al., 2003; Nishiya et al.,
2005). In contrast, VLA-4 phosphorylation suppresses the influx of
tumor-inhibiting natural killer (NK) and cytotoxic thymus-derived
(T) cells, because displacement of paxillin from VLA-4 also
displaces PYK2 and FAK kinases needed for transregulation of
lymphocyte function-associated antigen 1 (LFA-1,αLβ2 integrin) that
these cells need for their migration (Cantor et al., 2015; Feral et al.,
2006). However, despite these essential roles for VLA-4
phosphorylation during immune surveillance and cancer invasion,
the key events controlling VLA-4 phosphorylation remain
unknown.

The C-X-C chemokine receptor 4 (CXCR4) is a member of the G
protein-coupled receptor superfamily of proteins, comprising over
800 members (Fredriksson et al., 2003). It plays a key role in many
physiological and pathological processes including progenitor cell
migration during development, neovascularization, immunity and
inflammatory diseases (Balkwill, 2004). It is upregulated in
numerous human cancers, where it stimulates metastasis in
response to gradients of stromal cell-derived factor-1 (SDF-1, also
known as C-X-C chemokine ligand 12, CXCL12) (Balkwill, 2004;
Teicher and Fricker, 2010; Walenkamp et al., 2017). Like VLA-4,
CXCR4 is also thought to support tumor growth by promoting
invasion of immunosuppressive cells while impairing the influx of
cytotoxic cells to tumor sites (Fearon, 2016; Han et al., 2015).

Vascular endothelial growth factor receptor-2 (VEGFR2, also
known as KDR) is a type II transmembrane tyrosine kinase receptor
mainly expressed on endothelial cells, and is a key mediator of
endothelial tip cell migration during sprouting angiogenesis
(Blanco and Gerhardt, 2013). However, it is also expressed by
many cancer cells (Goel and Mercurio, 2013) and correlates with
increased tumor metastasis (Jach et al., 2010; Jung et al., 2016;
Kopparapu et al., 2013). Moreover, it also contributes to
immunosuppression during tumor progression (Gavalas et al.,
2012; Goel and Mercurio, 2013; Horikawa et al., 2017; Kaur et al.,
2014; Tada et al., 2018; Zhu et al., 2017; Ziogas et al., 2012).

We now report a novel finding in which these three key
regulators, CXCR4, VLA-4 and VEGFR2, are united in a common
mechanism by the cell surface proteoglycan syndecan-1 (Sdc1) to
regulate directed cell migration across a spectrum of cell types.
We have shown previously in myeloma and vascular endothelial
cells that a docking site in the Sdc1 extracellular domain, active
only when cleaved from its transmembrane domain by matrix
metallopeptidase 9 (MMP9), couples VEGFR2 to VLA-4 clustered
at the cell’s leading edge (Jung et al., 2016). This coupling activates
VEGFR2, which, via an unknown mechanism, activates VLA-4-
mediated invasion (Jung et al., 2016). In this current work, we now
demonstrate that VEGFR2 acts as a scaffold for the entire machineryReceived 8 April 2019; Accepted 20 September 2019
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necessary for phosphorylation of VLA-4 on S988. The machinery
consists of CXCR4 and its Gαiβγ heterotrimeric G-protein, a Gβγ-
dependent adenylate cyclase (AC7, also known as ADCY7) and
PKA that targets S988 on the integrin. The activation mechanism
acts only when VEGFR2 is coupled to the integrin by shed Sdc1,
which can be prevented by an inhibitory peptide mimetic of the
Sdc1 docking site (‘synstatin-VEGFR2’ or ‘SSTNVEGFR2’). A key
feature is activation of CXCR4, which occurs either in response to
SDF-1, or when the VEGFR2 kinase phosphorylates tyrosine 135
(Y135) within the CXCR4 aspartate–arginine–tyrosine (DRY)
regulatory motif (Fredriksson et al., 2003).

RESULTS
Shed Sdc1-mediated VEGFR2 activation causes
phosphorylation of the α4 integrin subunit on S988
Heparanase (HPSE)-mediated trimming of the heparan sulfate
(HS) chains on Sdc1 induces shedding of its extracellular domain
(sSdc1), allowing sSdc1 to assemble into a ternary complex with
VEGFR2 and VLA-4. This causes VEGFR2 activation by
transphosphorylation, triggering polarized cell migration (Jung
et al., 2016). Migration is blocked by (i) HPSE or MMP9 inhibitors
that prevent Sdc1 shedding, (ii) a peptide (SSTNVEGFR2) that
competes for the Sdc1 binding site on VEGFR2, or (iii) by
expressing Sdc1 lacking a functional VEGFR2 docking site
(Sdc1ΔPVD) (Jung et al., 2016). To test whether activation of
VEGFR2 when docked with Sdc1 causes phosphorylation of S988
in the cytoplasmic domain of the α4 integrin subunit of VLA-4,
endogenous human Sdc1 (hSdc1) expression was silenced in
CAGHPSE myeloma cells (a myeloma cell line expressing high
levels of HPSE), HMEC-1 microvascular endothelial cells, or M14
melanoma cells. Silencing hSdc1 largely abolishes α4-S988
phosphorylation, which is fully rescued by expression of mouse
Sdc1 (mSdc1), but not by mSdc1ΔPVD, which fails to engage
VEGFR2 (Fig. 1A). Furthermore, treatment with HPSE inhibitor
(OGT2115), SSTNVEGFR2, VEGFR2 kinase inhibitor (vandetanib),
or PKA kinase inhibitor (H-89) all abolish integrin phosphorylation,
implicating each of these targets in a common regulatory mechanism
(Fig. 1B). The importance of α4-pS988 in cell migration is confirmed
by silencing α4 integrin expression, which completely blocks
transfilter migration towards IIICS, a recombinant fragment of FN
containing the VLA-4 binding region (Massia and Hubbell, 1992),
and rescue of migration by transient re-expression of wild-type (WT)
α4 integrin subunit but not by a phosphorylation-resistant S988A
mutant (Goldfinger et al., 2003) (Fig. 1C,D). Transfilter migration is
also blocked by SSTNVEGFR2, vandetanib or H-89 (Fig. 1C,E), which
is reversed by transient expression of a phosphomimetic α4-S988D
mutant (Fig. 1C,E), indicating that integrin phosphorylation is the
ultimate target of the Sdc1-mediated mechanism.

VEGFR2 activates and links PKA to VLA-4
PKA is known to phosphorylate S988 in the α4 integrin subunit
(Goldfinger et al., 2008). Testing whether PKA activation depends
on sSdc1, we find that phosphorylation of T197 in PKA’s activation
loop is reduced by SSTNVEGFR2 (Fig. 2A). Furthermore, inhibition
of VEGFR2 kinase by vandetanib dramatically reduces VLA-4-
dependent migration, which is fully restored by 6-Bnz-cAMP, a
selective PKA activator (Fig. 2B; Fig. S1). In line with this
observation, vandetanib and H-89 (PKA inhibitor) also reduce PKA
andα4 integrin phosphorylation, mimicking SSTNVEGFR2 (Fig. 2C).
6-Bnz-cAMP rescues PKA and α4 integrin phosphorylation in the
presence of vandetanib (Fig. 2C), consistent with its rescue of cell
migration (Fig. 2B). However, despite activating PKA, it fails to

rescue either α4 integrin phosphorylation or cell migration when
VEGFR2 coupling to VLA-4 by sSdc1 is prevented by SSTNVEGFR2

(Fig. 2B,C; Fig. S1). This is explained by our finding that PKA
associates with both VEGFR2 and VLA-4 when the proteins are
precipitated individually, consistent with their assembly into a single
complex by sSdc1, but PKA precipitates only with VEGFR2 when
VLA-4 is displaced by SSTNVEGFR2 (Fig. 2D), suggesting that PKA
is localized to its target (VLA-4) by its association with VEGFR2.

AC7 is required for PKA activation
Activation of PKA within the receptor complex suggests the
involvement of an adenylate cyclase (AC) and upstream
heterotrimeric G-protein. The latter has been identified as a
Gαi-containing G-protein by treatment with pertussis toxin (PTX)
(Hofer and Lefkimmiatis, 2007; Katada, 2012), which blocks cell
migration that is fully rescued by 6-Bnz-cAMP (Fig. 3A). This is
further confirmed by the reduction in cellular levels of active Gαi
(GTP-Gαi) observed after PTX, vandetanib or SSTNVEGFR2

treatment (Fig. 3B). ADP ribosylation of the Gαi subunit by PTX
prevents interaction between the G protein and G protein-coupled
receptor (GPCR), blocking nucleotide exchange and activation of
Gαi. PTX also prevents the release of active Gβγ (Smrcka, 2008)
and stimulation of AC isoforms activated by free Gβγ, namely AC2,
AC4 (also known as ADCY2 and ADCY4) and AC7 (Sunahara and
Taussig, 2002). We find that Gβγ is involved because gallein, a
specific Gβγ inhibitor, blocks PKAT197 phosphorylation (Fig. 3C)
and inhibits VLA-4-dependent migration by all three cell types,
which is rescued by 6-Bnz-cAMP or forskolin, an adenylate
cyclase activator (Fig. 3D; Fig. S2B). Furthermore, silencing
Gβγ-dependent AC7, but not AC2 or AC4, expression blocks
VLA-4-dependent migration (Fig. 3E,F; Fig. S2C), which is
rescued by 6-Bnz-cAMP (Fig. 3G; Fig. S2D), and dramatically
reduces PKA-mediated α4 integrin phosphorylation (Fig. 3F).
These results delineate a Gαiβγ→AC7→cAMP→PKA signaling
pathway that activates VLA-4-dependent migration of myeloma,
melanoma and endothelial cells.

CXCR4 activates VLA-4-dependent cell migration in a ligand-
independent manner
The Sdc1-coupled mechanism appears to depend on CXCR4, a
Gαi-coupled receptor previously implicated in VLA-4 and/or
VEGFR2 function (Guerin et al., 2008; Ngo et al., 2008; Sanz-
Rodriguez et al., 2001), because silencing CXCR4 expression with
siRNAs abolishes VLA-4-dependent migration by myeloma,
endothelial and melanoma cells (Fig. 4A; Fig. S3A) and reduces
PKA T197 and α4 integrin S988 phosphorylation (Fig. 4B). In
contrast, silencing expression of CXCR3, another abundant
chemokine receptor expressed by these cells, does not affect their
VLA-4 mediated cell migration (Fig. S3B–D). To test whether
CXCR4 depends on SDF-1, the VLA-4-adherent cells were
stimulated with SDF-1 or, conversely, were treated with either
SDF-1-blocking antibody or AMD3100, an antagonist of SDF-1
binding to CXCR4. SDF-1 enhances cell migration by 25–50% in
all three cell types (Fig. 4C; Fig. S3E). Whereas CXCR4-blocking
antibody and AMD3100 have no effect on unstimulated cell
migration, both significantly reduce SDF-1-stimulated migration to
levels witnessed in the absence of SDF-1 (Fig. 4C; Fig. S3E). SDF-
1 rescues migration of vandetanib-treated cells (Fig. 4D; Fig. S3F),
suggesting the existence of a VEGFR2 kinase-dependent CXCR4
activation mechanism in addition to the SDF-1-dependent
mechanism. However, SDF-1-mediated activation also depends
on VEGFR2, as it cannot rescue the block to migration observed
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when VEGFR2 expression is silenced or if the coupling of
VEGFR2 to VLA-4 is blocked by SSTNVEGFR2 (Fig. 4D;
Fig. S3F). This suggests that the entire machinery necessary to
carry out VLA-4 phosphorylation on S988 either in response to
adhesion or SDF-1 stimulation may be pre-assembled with
VEGFR2. Indeed, CXCR4, AC7, PKA, Sdc1 and α4 integrin all
co-immunoprecipitate with VEGFR2 (Fig. 4E). Furthermore,
CXCR4, AC7 and PKA continue to co-immunoprecipitate with
VEGFR2 when displaced from Sdc1 and VLA-4 by SSTNVEGFR2

(Fig. 4E). Alternatively, silencing Sdc1, which prevents VEGFR2
interaction with VLA-4, does not affect its interaction with CXCR4,
AC7 and PKA (Fig. 4F). In contrast, silencing VEGFR2 expression
disrupts the co-precipitation of CXCR4, AC7 and PKA with Sdc1,

whereas VLA-4 (as detected by the α4 integrin subunit) still
precipitates with the syndecan (Fig. 4G). Further, silencing CXCR4
expression reduces Gβγ and AC7 precipitation with VEGFR2, but
PKA remains associated (Fig. 4H), suggesting that PKA and
CXCR4 associate independently with VEGFR2, whereas AC7
likely associates with CXCR4. As a specificity control, we
examined the effects of SSTNVEGFR2 on another Sdc1-organized
receptor complex expressed on these cells, namely IGF1R and the
αvβ3 or αvβ5 integrins captured by amino acids 93–120 in the
extracellular domain of Sdc1 (Beauvais et al., 2016; Beauvais and
Rapraeger, 2010). SSTNVEGFR2 does not disrupt this complex, as
shown by the continued co-precipitation of Sdc1 and αv integrin
subunit with IGF1R in the presence of the peptide (Fig. S3G), nor

Fig. 1. VLA-4 phosphorylation at S988 is dependent on shed Sdc1-mediated VEGFR2 activation. (A) CAGHPSE, HMEC-1 or M14 cells were co-transfected
with or without small interfering RNA (si) against human (h)Sdc1 and cDNA constructs for mouse (m)Sdc1 or mSdc1ΔPVD. After 72 h, the cells were plated on
100 µg/ml IIICS for 2.5 h and lysates were analyzed by immunoblotting with an anti-α4-pS988, anti-total α4 integrin, anti-hSdc1 or anti-mSdc1 antibodies.
(B) Cells were plated on 100 µg/ml IIICS in the absence or presence of 10 µM OGT2115 (HPSE inhibitor), 30 µM SSTNVEGFR2, 10 µM vandetanib (VEGFR2
inhibitor), or 10 µM H-89 (PKA inhibitor). The whole-cell lysates were analyzed by immunoblotting with anti-α4-pS988 and anti-total α4 integrin antibody.
(C–E) CAGHPSE, HMEC-1 or M14 cells were co-transfected with or without siRNA against α4 integrin and siRNA-resistant cDNA constructs for HA-tagged WT,
S988A or S988D α4 integrin for 48 h. Cells were allowed tomigrate towards 100 µg/ml IIICS in the absence or presence of 30 µMSSTNVEGFR2, 10 µM vandetanib,
or 10 µM H-89 for 16 h. (C) Cells accumulated on the bottom side of the filter were imaged at 20× magnification. Scale bars: 50 µm. (D,E) Migrated cells were
quantified from five random images for each condition and graphed as the mean±s.d. from three independent experiments. All data were compared using the
unpaired one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01 between treatments.
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does SSTNIGF1R, a specific competitor of Sdc1–IGF1R–αvβ3/αvβ5
integrin assembly, prevent co-precipitation of CXCR4, AC7, PKA,
VLA-4 and Sdc1 with VEGFR2 (Fig. S3G). Note that the Sdc1 blot
is probed with antibodies directed either at the Sdc1 extracellular
domain (ecto Sdc1) or its cytoplasmic domain (cyto Sdc1), the latter
to detect only intact Sdc1 and demonstrate that only the shed form
participates in VEGFR2 binding.

VEGFR2 activates CXCR4 by phosphorylating Y135 in its
regulatory DRY motif
CXCR4 has six cytoplasmic tyrosine residues. One of these, tyrosine
135 (Y135), is localized to the highly conserved aspartate–arginine–
tyrosine (DRY) activation motif found in the intracellular loop 2 of
class A G-protein coupled receptors (GPCRs), including CXCR4
(Rovati et al., 2007). Although controversial, it is generally suggested
that the DRY motif forms a lock, established by ionic or nonionic
interactions with residues in transmembrane domain 6 that constrain
receptor activation. Arginine 134 (R134) within this motif appears to
have the additional role of engaging Gαi and maintaining its inactive
state. SDF-1 binding to the receptor’s external N-terminus and
extracellular loop 2 activates the G-protein by altering the tilt of
transmembrane domain 3, which abolishes these interactions and
activates the G-protein (Audet and Bouvier, 2012; Rovati et al.,
2007; Salon et al., 2011; Wescott et al., 2016; Wu et al., 2010). Our
discovery that VEGFR2 can activate CXCR4 independently of
SDF-1 suggests that the kinase accomplishes the same outcome as
SDF-1 binding, possibly by phosphorylating a critical tyrosine in one
of the CXCR4 cytoplasmic loops, most likely Y135 itself within the
DRY motif. This hypothesis is supported by the detection of
tyrosine-phosphorylated CXCR4 immunoprecipitated from whole-
cell lysates, which is abolished after vandetanib or SSTNVEGFR2

treatment (Fig. 5A). To test which of the six cytoplasmic tyrosines
might be targeted, we made single Y65F, Y76F, Y135F, Y157F,
Y219F and Y302F point mutants that were ectopically expressed as
GFP-fusion proteins in cells co-transfected with siRNA to silence
their endogenous CXCR4 (Fig. 5B–F). Each of the mutants were
expressed equally at the cell surface as native proteins as assessed by
flow cytometric analysis of SDF-1 binding (Fig. 5B; Fig. S4), and all
associate with each component of the sSdc1-organized complex
indistinguishably from wild-type (WT) CXCR4 (Fig. 5C). Each
mutant was also able to rescueVEGFR2-dependent CXCR4 tyrosine
phosphorylation, except for the Y135F mutant (Fig. 5D), which also
failed to rescue VLA-4-dependent cell migration when endogenous
CXCR4 expression is silenced (Fig. 5E; Fig. S5). Nonetheless,
the Y135F mutant did rescue migration if activated by SDF-1,
confirming that it remains functional despite its failure to be activated
by VEGFR2 (Fig. 5E; Fig. S5).

Next, we find that each of the CXCR4 tyrosine mutants – except
for the Y135F mutant – generate GTP-loaded Gαi and cause its
dissociation from CXCR4 in response to VLA-4-mediated adhesion
(Fig. 5F). Furthermore, Gαi is activated in response to SDF-1 by all
of the mutants, including Y135F, even in the presence of vandetanib
(Fig. 5F). Lastly, a phosphomimetic CXCR4 mutant (Y135D) fully
rescues cell migration when endogenous CXCR4 is silenced, but
unlike wild-type CXCR4, the Y135D mutant is also able to rescue
cell migration in response to VLA-4 engagement despite the
presence of the VEGFR2 inhibitor vandetanib in all three cell types
(Fig. 6A; Fig. S6). Consistent with these results, expression of the
Y135D mutant also rescues GTP-loaded Gαi levels and α4 integrin
phosphorylation in the presence of the VEGFR2 kinase inhibitors
vandetanib and VEGFR2 II (Fig. 6B), suggesting that Y135 in the
DRY motif is likely to be the target of VEGFR2-mediated CXCR4

Fig. 2. Sdc1 activates PKA by coupling VEGFR2 to VLA-4. (A) CAGHPSE,
HMEC-1 or M14 cells were plated on 100 µg/ml IIICS with or without 30 µM
SSTNVEGFR2 for 2 h. Lysates were examined by immunoblotting with anti-
pT197 PKA and anti-total PKA antibody. (B) 16 h transfilter migration assays
towards 100 µg/ml IIICS were performed with CAGHPSE, HMEC-1 or M14 cells
in the absence or presence of 10 µM vandetanib, or 30 µMSSTNVEGFR2with or
without 100 µM 6-Bnz-cAMP. Migrated cells were quantified in five random
images for each condition and graphed as the mean±s.d. from three
independent experiments. All data were compared using the unpaired
one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01, n.s., not
significant between treatments. (C) CAGHPSE cells were plated on 100 µg/ml
IIICS in the absence or presence of 10 µM H-89, 10 µM vandetanib, or 30 µM
SSTNVEGFR2 with or without 100 µM 6-Bnz-cAMP. Whole-cell lysates were
examined by immunoblotting with anti-α4 integrin (pS988 and total) and anti-
PKA (pT197 and total) antibodies. (D) CAGHPSE, HMEC-1 or M14 cells were
plated on 100 µg/ml IIICS in the absence or presence of 30 µM SSTNVEGFR2

or 10 µM vandetanib for 2 h, then whole-cell lysates were subjected to
immunoprecipitation with an anti-PKA, anti-VEGFR2 or anti-α4 integrin
antibody. Precipitated complexes were examined by immunoblotting for PKA.
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tyrosine phosphorylation, providing an alternate means of activation
of CXCR4 and its heterotrimeric G-protein in the absence of
ligand binding.

Taken together, these findings outline a molecular mechanism
through which VEGFR2 (pre-associated with CXCR4, PKA and
the PKA activation machinery), coupled to VLA-4 by shed Sdc1,

Fig. 3. Gβγ-dependent adenylate cyclase 7 activation is required for PKA activation. (A) 16 h transfilter migration assays towards 100 µg/ml IIICS were
performed with CAGHPSE, HMEC-1 or M14 cells in the absence or presence of 10 µg/ml pertussis toxin (PTX), with or without 100 µM 6-Bnz-cAMP. Migrated cells
were quantified and graphed as themean±s.d. from three independent experiments. All data were compared using the unpaired one-tailed t-test. *P<0.01 against
untreated parental cells; **P<0.01 between treatments. (B) CAGHPSE, HMEC-1 or M14 cells were plated on 100 µg/ml IIICS with 30 µM SSTNVEGFR2, 10 µg/ml
vandetanib or 10 µg/ml PTX for 2 h. Whole-cell lysates were subjected to immunoprecipitation with an anti-GTP-Gαi antibody and immunoblotting for Gαi.
(C) CAGHPSE, HMEC-1 or M14 cells were plated on 100 µg/ml IIICS with 10 µM H-89, 10 µg/ml PTX or 20 µM gallein for 2 h. Lysates were analyzed by
immunoblotting for PKA pT197 or β-actin as a loading control. (D) 16 h transfilter migration assays towards 100 µg/ml IIICS were performed with HMEC-1 or M14
cells in the absence or presence of 20 µM gallein with or without 100 µM 6-Bnz-cAMP or 30 µM forskolin. Migrated cells were quantified and graphed as the
mean±s.d. from three independent experiments. All data were compared using the unpaired one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01
between treatments. (E,F) CAGHPSE, HMEC-1 or M14 cells were transfected with siRNA against AC2, AC4 or AC7 for 48 h, before performing migration and
immunoblotting assays. (E) 16 h transfilter migration assays towards 100 µg/ml IIICS were performed with CAGHPSE, HMEC-1 or M14 cells. Migrated cells were
quantified and graphed as the mean±s.d. from three independent experiments. All data were compared using the unpaired one-tailed t-test. *P<0.01 against
untreated parental cells; n.s., not significant between treatments. (F) Cell lysates were analyzed by immunoblotting for AC2, AC4, AC7, α4 integrin, α4-pS988 and
β-actin as a loading control. (G) CAGHPSE, HMEC-1 orM14 cells were transfected with or without AC7 siRNA for 48 h and then 16 h transfilter cell migration assays
towards 100 µg/ml IIICS were performed in the absence or presence of 100 µM 6-Bnz-cAMP. Migrated cells were quantified and graphed as the mean±s.d. from
three independent experiments. All data were compared using the unpaired one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01 between
treatments.
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leads to phosphorylation of S988 in VLA-4 and is blocked by
SSTNVEGFR2 (see model, Fig. 6C).

Coupling of VEGFR2 to VLA-4 by shed Sdc1 suppresses
LFA-1-mediated migration of T cells and NK cells
When appropriately stimulated, cytotoxic NK and T lymphocytes
rapidly extravasate across the vascular endothelium, relying on
engagement with the endothelial cell-surface receptors ICAM-1
(a ligand for LFA-1) and VCAM-1 (a ligand for VLA-4). VLA-4
adhesion to VCAM-1 recruits paxillin and its associated FAK and
PYK2 kinases to the integrin that activates LFA-1 via
‘transregulation’, leading to their ICAM-1-dependent diapedesis
across the endothelium (see model in Fig. 7G). The Ginsberg group
has elegantly shown that this is prevented by phosphorylation of
integrin α4-S988 (Rose et al., 2003) and demonstrated the

significance of this transregulation during tumor surveillance
using genetically engineered ITGA4-S988A mutant mice (Cantor
et al., 2015). When VLA-4 phosphorylation is prevented, this
greatly enhances LFA-1-dependent influx of tumor-suppressing
cytotoxic T lymphocytes and reduces growth of melanoma tumors.
This suggests a possible role for the Sdc1-mediated mechanism
(see Fig. 6C) not only in promoting the migration of tumor and
endothelial cells, but also as an inhibitor of tumor immune
surveillance. We therefore isolated primary mouse T cells and NK
cells to test whether their migration is suppressed by VLA-4
phosphorylation, and whether SSTNVEGFR2 might promote their
migration through a mixture of ICAM-1 and VCAM-1 that mimics
the endothelium during inflammation or cancer. We find that all
the elements of the Sdc1 mechanism are expressed by NK cells and
T cells (Fig. 7A), including VLA-4 phosphorylated on S988

Fig. 4. See next page for legend.
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(Fig. 7B) and that Sdc1, VLA-4, CXCR4, AC7 and PKA
co-immunoprecipitate with VEGFR2 when these cells are plated on
VCAM-1, but are displaced by SSTNVEGFR2 (Fig. 7B). No association
is observed between VEGFR2 and VLA-5 (α5β1 integrin) or LFA-1
(αLβ2 integrin) used as controls (Fig. 7B). Furthermore, pS988-VLA-4
co-localizes with VEGFR2 and Sdc1 at the surface of T cells and NK
cells plated on VCAM-1 (Fig. S7A).
Testing the relative importance ofVLA-4 and LFA-1 in these cells,

we confirm that their adhesion to VCAM-1 is blocked by VLA-4-
inhibitory antibodies (Fig. 7C). However, the cells fail to migrate on
this substratum under any conditions tested (Fig. 7D,E). The cells
adhere to ICAM-1 via LFA-1 (Fig. 7C) and their attachment is
blocked by LFA-1-inhibitory antibodies, but this requires treatment
with SDF-1, consistent with previously published reports (Peled
et al., 2000; Wu et al., 2012). Although the mechanism of LFA-1
activation by SDF-1 is unknown, it does not appear to involve its
binding to CXCR4 as AMD3100 fails to inhibit attachment (Fig. 7C;
Fig. S7B). Despite the ability of the cells to adhere to ICAM-1, they
fail to migrate through transfilters coated with ICAM-1 alone or a
mixture of ICAM-1 andVCAM-1 (Fig. 7D; Fig. S7C). However, this
is reversed by SSTNVEGFR2 treatment (Fig. 7D; Fig. S7C),
suggesting that the Sdc1-coupled phosphorylation machinery
(see Fig. 7G) constitutively suppresses their ability to migrate.
Whereas SSTNVEGFR2-stimulated NK cells migrate on ICAM-1

alone, T cells require co-stimulation with VCAM-1 (Fig. 7D),
consistent with prior reports that NK cells express a population of
constitutively active VLA-4 that transregulates LFA-1, whereas T
cells require VCAM-1 to activate VLA-4 and its transregulation of
LFA-1 (Rose et al., 2000, 2001). VCAM-1 also enhances the
SSTNVEGFR2-stimulated NK cell migration on ICAM-1, which is
reduced down to the constitutive levels of LFA-1-dependent
migration by VLA-4-blocking antibody (Fig. 7D). In order to
mimic SSTNVEGFR2-induced cell migration on mixed ICAM-1–
VCAM-1 substrata, we blocked CXCR4 phosphorylation by
VEGFR2 with vandetanib while also blocking SDF-1-mediated
activation of CXCR4 using AMD3100 (Fig. 7E). Treatment with
SSTNVEGFR2 blocks VEGFR2 autophosphorylation and α4-S988
phosphorylation in NK cells or T cells plated on either VCAM-1 or
mixed ICAM-1–VCAM-1 substrata (Fig. 7F). And under these
conditions, which promote cell migration (see Fig. 7D), LFA-1 is
observed to associate with VLA-4 in a single complex, shown by
their co-immunoprecipitation (Fig. 7F). These findings suggest that
the coupling of VEGFR2 to VLA-4 by Sdc1, and its stimulation of
VLA-4 phosphorylation, prevent the VLA-4-mediated integrin
transregulation of LFA-1 that NK cells and T cells need for their
migration (see model, Fig. 7G) (Rose et al., 2003).

DISCUSSION
The capacity of VLA-4 to regulate cell migration and invasion is
controlled by PKA-mediated phosphorylation of S988 in the
cytoplasmic domain of its α4 integrin subunit (Goldfinger et al.,
2003; Nishiya et al., 2005). Our work now demonstrates how this
phosphorylation is accomplished, revealing a novel mechanism
through which CXCR4, VEGFR2 and Sdc1 collaborate to regulate
cell migration, with potentially broad implications for the roles of
VLA-4, VEGFR2 and CXCR4 in the vascular, lymphatic and
immune systems and in cancer. The two key features of this
mechanism are (i) the VEGFR2 and VLA-4 docking site in the
extracellular domain of Sdc1 that is active only when Sdc1 is cleaved
and shed and can be inhibited by a peptide mimetic (SSTNVEGFR2)
(Jung et al., 2016), and (ii) a pre-assembled complex of CXCR4,
PKA, AC7 and VEGFR2 that is necessary for PKA-mediated
phosphorylation of VLA-4 and can be activated either by SDF-1 or
by direct phosphorylation of CXCR4 by autophosphorylated
VEGFR2, when VEGFR2 is coupled to active VLA-4 by sSdc1.

This represents one of several signaling mechanisms now
described that are organized by docking sites in syndecan
extracellular domains, including a second site in Sdc1 (amino
acids 93–120) that organizes the type 1 insulin-like growth factor
receptor (IGF1R) and the αvβ3 or αvβ5 integrins into a receptor
complex that directs invasion and suppresses apoptosis in tumor
cells and endothelial cells undergoing angiogenesis (Beauvais et al.,
2009, 2016; Beauvais and Rapraeger, 2010). Additionally, a site in
syndecan-4 (Sdc4) organizes the epidermal growth factor receptor
(EGFR) and the α3β1 and α6β4 integrins into receptor complexes that
stimulate cell migration and/or suppress stress signals (Beauvais et al.,
2018 preprint; Wang et al., 2015). Unlike the other examples,
however, the site in Sdc1 that couples VEGFR2 to VLA-4 is active
only when the syndecan is shed (Jung et al., 2016). This implies an
essential role for HPSE, which is known to activateMMP9-dependent
shedding by trimming the HS chains on the syndecan (Yang et al.,
2007), although how this activates shedding remains unknown.

The target of VEGFR2 kinase when CXCR4 is activated
directly by tyrosine phosphorylation appears to be the highly
conserved DRY motif found in the ∼700 members of the
rhodopsin-like family of GPCRs (Fredriksson et al., 2003). This

Fig. 4. CXCR4 is required for VLA-4-dependent cell migration in a
ligand-independent manner. (A) CAGHPSE, HMEC-1 or M14 cells were
transfected with two different CXCR4 siRNAs for 48 h prior to 16 h transfilter
migration assays towards 100 µg/ml IIICS. Migrated cells were quantified and
graphed as the mean±s.d. from three independent experiments. All data were
compared using the unpaired one-tailed t-test. *P<0.01 against untreated
parental cells. (B) CAGHPSE, HMEC-1 or M14 cells transfected with CXCR4
siRNA for 48 h were analyzed by immunoblotting for integrin α4-pS988, PKA
pT197, CXCR4 or β-actin. (C) 16 h transfilter migration assays towards IIICS
were performed with CAGHPSE and M14 cells treated with or without 10 µg/ml
CXCR4-blocking antibody or 10 µM AMD3100 in the absence or presence of
20 ng/ml SDF-1. Migrated cells were quantified and graphed as the mean±s.d.
from three independent experiments. All data were compared using the
unpaired one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01
between treatments. (D) CAGHPSE or M14 cells were transfected with or
without VEGFR2 siRNA for 48 h. 16 h transfilter migration assays towards
100 µg/ml IIICS were performed with or without 30 µM SSTNVEGFR2 or 10 µM
vandetanib. Migrated cells were quantified and graphed as themean±s.d. from
three independent experiments. All data were compared using the unpaired
one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01, n.s., not
significant between treatments. (E) HMEC-1 cells were plated on 100 µg/ml
IIICS with 30 µM SSTNVEGFR2 for 2.5 h. Cell lysates were subjected to
immunoprecipitation with rabbit anti-VEGFR2 antibody. The VEGFR2-
associated complexes were analyzed by immunoblotting for VEGFR2
(with mouse anti-VEGFR2), CXCR4, AC7, PKA, hSdc1 or α4 integrin.
(F) HMEC-1 or M14 cells were transfected with two different Sdc1 siRNA for
48 h and plated on 100 µg/ml IIICS for 2 h. Cell lysates were subjected to
immunoprecipitation with rabbit anti-VEGFR2. The associated complexes
were probed with mouse anti-VEGFR2, anti-CXCR4, anti-α4 integrin, anti-
AC7, anti-hSdc1 or anti-PKA antibodies. Silencing of Sdc1 expression was
confirmed by immunoprecipitation with rabbit polyclonal anti-Sdc1 and probed
with mouse anti-human Sdc1 antibody. (G) CAGHPSE or M14 cells were
transfected with VEGFR2 siRNAs for 48 h and plated on 100 µg/ml IIICS for
2 h. Cell lysates were subjected to immunoprecipitation with rabbit polyclonal
anti-Sdc1 antibody. The associated complexes were analyzed by
immunoblotting for AC7, PKA, CXCR4, Sdc1 or α4 integrin. The whole-cell
lysates were analyzed by immunoblotting for VEGFR2. (H) HMEC-1 cells were
transfected with two different CXCR4 siRNAs for 48 h and then cell lysates
were subjected to immunoprecipitation with anti-VEGFR2 antibody. The
associated complexes were analyzed by immunoblotting for AC7, PKA,
VEGFR2 or Gβγ. The whole-cell lysates were analyzed by immunoblotting
for CXCR4.
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motif is one of several microswitches in CXCR4 thought to
contribute to nucleotide exchange by Gαi, although precisely how
this occurs remains unknown owing to the lack of structural
information on active CXCR4. Residues Y219 and Y302, found
within the Y(x)5KL microswitch in the cytoplasmic face of
transmembrane domain 5 and the NPxxY motif located in
transmembrane domain 7, respectively, form a ‘bridge’ with
hydrophobic residue V242 in transmembrane domain 6. This
provides the structural support for the direct binding of the Gα C-
terminus with R134 in the DRY motif containing Y135 (Katritch
et al., 2013; Wescott et al., 2016). This binding, along with Gα

binding to Gβγ, stabilizes the association of the heterotrimeric G-
protein with the GPCR, and at the same time locks GDP in the
nucleotide-binding pocket to ‘prime’ the receptor for activation
(Smrcka, 2008; Rasmussen et al., 2011). SDF-1 binding is
postulated to re-orient these binding sites relative to Gαi and Gβγ,
altering the interactions of switch I and II in Gαi with GDP and
promoting exchange for GTP (Goncalves et al., 2010; Katritch
et al., 2013;Wescott et al., 2016). This displaces Gαi and Gβγ from
their respective binding sites on the receptor to independently
affect downstream targets, such as AC7 by Gβγ (Oldham and
Hamm, 2006; Smrcka, 2008).

Fig. 5. VEGFR2 activates CXCR4 by phosphorylating Y135 in its DRY motif. (A) CAGHPSE, HMEC-1 or M14 cells were plated on 100 µg/ml IIICS in the
absence or presence of 10 µM vandetanib or 30 µM SSTNVEGFR2 for 2.5 h. CXCR4 was immunoprecipitated with rabbit anti-CXCR4 antibody and the
CXCR4-containing complexes were analyzed by immunoblotting with anti-phosphotyrosine or rat anti-CXCR4 antibody. (B–F) CAGHPSE, HMEC-1 or M14 cells
were co-transfected with CXCR4 3′UTR siRNA and CXCR4 cDNA lacking the 3′UTR (GFP-tagged WT and Y→F mutants or GFP alone) for 48 h. The cells
were then analyzed by flow cytometry, immunoprecipitation and migration assays. (B) GFP-tagged WT or Y135F CXCR4 mutant HMEC-1 cells were
incubated with PBS alone or 200 nM SDF-1 in PBS at 4°C. After incubation with 10 µg/ml anti-SDF-1 antibody versus an isotype-matched control mouse IgG1 for
1 h, cells were fixed and blocked with 3% BSA in PBS. The bound antibody was detected with a RPE-labeled anti-mouse IgG and analyzed by flow cytometry
for SDF-1-bound CXCR4. (C) CAGHPSE cell lysates were subjected to immunoprecipitation with anti-GFP antibody and then analyzed with anti-VEGFR2,
anti-α4 integrin, anti-hSdc1, anti-AC7, anti-PKA or anti-CXCR4 antibodies. (D) M14 cell lysates were subjected to immunoprecipitation with anti-GFP antibody
and then analyzed with anti-phosphotyrosine (pY20) or anti-CXCR4 antibodies. (E) Quantification of 16 h transfilter migration of CAGHPSE cells towards 100 µg/ml
IIICS in the absence or presence of 20 nM SDF-1 is plotted as the mean±s.d. of three independent experiments. All data were compared using the unpaired
one-tailed t-test. *P<0.01 against untreated parental cells; **P<0.01, n.s., not significant between treatments. (F) CAGHPSE cells were kept in suspension or plated on
100 µg/ml IIICS in the absence or presence of 20 nM SDF-1 with or without 10 µM vandetanib for 2 h. Cell lysates were subjected to immunoprecipitation with
anti-GFP or anti-GTP-Gαi antibodies, then probedwith anti-Gαi antibody. Thewhole-cell lysates were analyzed by immunoblotting for integrin α4-pS988 and β-actin.

8

RESEARCH ARTICLE Journal of Cell Science (2019) 132, jcs232645. doi:10.1242/jcs.232645

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



The presence of tyrosines Y219, Y302 and Y135 in these
microswitches make them potential candidates for regulating
CXCR4 activation by tyrosine phosphorylation, although this has
not been previously described. Our findings using myeloma,
melanoma and endothelial cells strongly support the conclusion
that Y135 is an important phosphorylation target, as VEGFR2-
mediated activation is blocked by the Y135F mutation while
mutation of the remaining cytoplasmic tyrosines is without effect.
This mutation does not block Gαiβγ binding to CXCR4, nor does it
have any effect on G-protein activation by SDF-1 binding to
CXCR4, suggesting that phosphorylation of Y135 is specific for
promoting GDP–GTP exchange and displacement of Gαi and Gβγ
from the receptor.
Although T cells and NK cells rely largely on LFA-1 for their

influx to sites of inflammation or tumorigenesis (Chan et al., 2000;
May et al., 2000; Rose et al., 2001), VLA-4 acts through ‘integrin
transregulation’ to control this process (Alon et al., 1995; Chen et al.,
1999; Ding et al., 2001). Transregulation depends on signaling from
PYK2 and FAK kinases that are recruited to active VLA-4-bound

paxillin (Rose et al., 2003). However, phosphorylation of S988 in
the α4 integrin cytoplasmic domain displaces paxillin and prevents
this transregulation (Cantor et al., 2015; Feral et al., 2006).
Transregulation is enhanced in ITGA4-S988A mutant mice in
which VLA-4 cannot be phosphorylated; such mice display
enhanced LFA-1-dependent infiltration of cytotoxic T cells to B16
melanoma xenografts accompanied by reduced tumor growth
(Cantor et al., 2015). As shown in this work, transregulation is
also enhanced when VEGFR2 coupled to VLA-4 by shed Sdc1 is
displaced by SSTNVEGFR2, blocking the mechanism that causes
integrin phosphorylation.

Although we have described this mechanism in tumor cell lines
(melanoma and myeloma), it is well-known that HPSE (Kelly et al.,
2003; Vornicova et al., 2016), VEGFR2 (Giatromanolaki et al.,
2010; Mailankody et al., 2017; Molhoek et al., 2011), CXCR4 (Kim
et al., 2006; Scala et al., 2005), VLA-4 (Mullen et al., 2008;
Soodgupta et al., 2016) and Sdc1 (Maisnar et al., 2006; Orecchia
et al., 2013) are expressed in individuals with melanoma and
myeloma, supporting the clinical relevance of our findings.

Fig. 6. The CXCR4 Y135D phosphomimetic
mutant rescues the effects of VEGFR2 inhibition.
(A,B) CAGHPSE, HMEC-1 or M14 cells were
transfected with GFP alone, GFP–CXCR4 WT, or
GFP–CXCR4 Y135D together with siRNA targeting
3′UTR of endogenous CXCR4 for 48 h. (A) 16 h
transfilter cell migration assay towards 100 µg/ml
IIICS was performed in the absence or presence of
10 µM vandetanib. Migrated cells were quantified and
graphed as the mean±s.d. from three independent
experiments. All data were compared using the
unpaired one-tailed t-test. *P<0.01, n.s., not
significant. (B) M14 cell lysates were subjected to
immunoprecipitation with anti-GTP-Gαi and probed
for Gαi. Whole-cell lysates were analyzed by
immunoblotting for Gαi or α4 integrin (total or pS988).
(C) Model depicting how paxillin bound to VLA-4
causes inherent inhibition of Rac GTPase at this site
due to its binding of ArfGAP (Nishiya et al., 2005).
VEGFR2 forms a complex with CXCR4, AC7 and
PKA, but this complex is inactive unless Sdc1 is shed.
Trimming of the HS chains on Sdc1 by HPSE
facilitates its shedding by MMP9 (Purushothaman
et al., 2010; Yang et al., 2007). Sdc1 freed of its
membrane anchorage couples VEGFR2 and its
integrin phosphorylationmachinery to VLA-4 clusters.
VEGFR2 activated by this clustering event
phosphorylates CXCR4 at Y135, activating its
heterotrimeric G-protein. Gβγ freed of Gαi activates
AC7, generating cAMP that activates PKA. PKA
phosphorylation of the α4 integrin cytoplasmic
domain at S988 dissociates paxillin–ArfGAP from
VLA-4, allowing local lamellipodium formation and
directed cell migration.
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Prior studies describing VLA-4 phosphorylation were conducted
in human microvascular endothelial cells (Goldfinger et al., 2008),
mouse primary T cells (Cantor et al., 2015; Hyduk et al., 2004),
lymphoma cells including Jurkat (T lymphoma), Hut78 (T
lymphoma), CCRF CEM (T lymphoma) and U-937 (myeloid-
derived lymphoma), and leukemia (THP-1) cells (Han et al., 2003;
Hyduk et al., 2004). Although a role for VEGFR2 was not described
at the time, ourwork suggests that it is likely to be involved.We show
here that representative HMEC-1 endothelial cells and primary
mouse T cells rely on VEGFR2 coupled to VLA-4 by Sdc1. With

regard to lymphoma,we have examined a representative T lymphoma
cell line (Jurkat) and findVEGFR2 inhibitors or SSTNVEGFR2 blocks
α4 integrin phosphorylation in these cells as well (data not shown).
Although we have not tested the U-937 and THP-1 cells, they are
known to expressVEGFR2 (Jankowski et al., 2013;Kaur et al., 2014;
Nóbrega-Pereira et al., 2018; Wheeler et al., 2018). Furthermore,
clinical studies show that VEGFR2 is expressed in more than 90% of
individuals with Hodgkin lymphoma (Dimtsas et al., 2014), non-
Hodgkin lymphoma (Stopeck et al., 2009) and leukemia (Ferrajoli
et al., 2001).

Fig. 7. See next page for legend.
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We speculate that shed Sdc1 generated by HPSE-expressing
tumor cells, shown for malignant multiple myeloma where high
levels of shed Sdc1 accumulate in the bone marrow and plasma of
individuals with myeloma (Dhodapkar et al., 1997), acts as an
autocrine factor in the tumor microenvironment to stimulate tumor
cell migration and angiogenesis, and as a novel paracrine immune
suppression mechanism, thereby promoting the extravasation and
survival of these malignancies.

MATERIALS AND METHODS
Reagents
HPSE inhibitor OGT2115 is from TOCRIS Bioscience (Minneapolis, MN).
SSTNVEGFR2 peptide (ETSGENTAVVAVEPDRRNQSPVD) and
SSTNIGF1R (STSTLPAGEGPKEGEAVVLPEVEPGLTAR) are provided
by LifeTein (Plainfield, NJ) as HCl salts and dissolved as 100× stock in
50 mM HEPES-buffered (pH 7.4) Dulbecco’s modified Eagle’s medium.
Vandetanib (ZD6474) is from LC Laboratories (Woburn, MA). Rat [mAb
2B11, 14-9991-82; 1:1000 for immunoblotting (IB)], mouse (mAb 12G5,
555972; 1:50 to block SDF-1 binding) and rabbit [AB1846; 1:100 for
immunoprecipitation (IP)] anti-CXCR4 antibodies are from eBioscience
(San Diego, CA), BD Biosciences (San Diego, CA) and Millipore-Sigma
(Burlington, MA), respectively. Rabbit polyclonal anti-α4 integrin (PA5-
20600; 1:1000 for IB), anti-pY1054/1059 VEGFR2 (44-1047G; 1:1000 for

IB), anti-CXCR3 (PA5-28741; 1:1000 for IB) and mouse anti-LFA-1 (mAb
TS1/22,MA11A10; 1:400 for IB) are from Thermo Fisher Scientific (Grand
Island, NY). Anti-α4 integrin mouse monoclonals P1H4 (MAB16983Z;
1:1000 for IB), HP2/1 (MAB1383; 1:1000 for IB), rabbit anti-pS988 α4
integrin (AB1919; 1:2000 for IB), anti-integrin α5 (MABT201; 1:1000 for
IB), mouse anti-VEGFR2 (mAb CH-11, 05-554; 1:1000 for IB) and anti-β-
actin (mAb AC-74, A-5316; 1:2000 for IB), selective PKA activator 6-Bnz-
cAMP (116802), PKA inhibitor H-89 (371962), pertussis toxin (516561),
VEGFR2 kinase inhibitor II (676485) and forskolin (F-6886) are all from
Millipore-Sigma. Anti-PKA (4782S; 1:2000), anti-VEGFR2 (mAb 55B11;
2479S; 1:1000 for IB, 1:200 for IP), anti-cytoSdc1 (12922S; 1:1000 for IB)
and anti-Gαi (5290S; 1:1000 for IB) antibodies are from Cell Signaling
Technology (Danver, MA). Anti-pT197 PKA (mAb EP2606Y, ab75991;
1:2000 for IB) antibody and CXCR4 antagonist AMD3100 (ab120718) are
from Abcam (Cambridge, MA). Gallein inhibitor (sc-202631), anti-Gβγ
(mAb M-14, sc-261; 1:1000 for IB) and anti-human AC7 (clone H-120, sc-
25501; 1:1000 for IB) antibodies are from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-GTP-Gαi (26901; 1:1000 for IP) antibody is from NewEast
Biosciences (King of Prussia, PA). Anti-AC2 (NBP1-33659; 1: 1000 for IB)
and anti-α4 integrin (mAb 2C11, H00003676-M01; 1:1000 for IB)
antibodies are from Novus Biologicals (Centennial, CO). Anti-AC4 (LS-
C200088; 1:1000 for IB) and anti-AC7 (LS-C156070; 1:1000 for IB)
antibodies are from LifeSpan BioSciences (Seattle, WA). Anti-
phosphotyrosine (mAb pY20, P11120; 1:2000 for IB) antibody is from
BD Biosciences. Recombinant human SDF-1α (300-28A) is from
Peprotech (Rocky Hill, NJ). Anti-SDF-1 (clone 79018; 0.25 μg/million
cells) antibody was from R&D Systems (Minneapolis, MN). Anti-GFP
antibody was kindly provided by Dr Larry Delucas (The University of
Alabama at Birmingham, AL, USA). Polyclonal antibodies against human
Sdc1 (1 μg/ml) (Beauvais et al., 2004) and monoclonal anti-mSdc1 281.2
(1 μg/ml) (Jung et al., 2016) were described previously. Anti-human Sdc1
(mAb B-A38; 1:1000) antibody is from Acris Antibodies (San Diego, CA).
Alkaline phosphatase (AP)-conjugated goat anti-rat IgG (112-055-003;
1:5000), AP-conjugated goat anti-mouse IgG (115-055-146; 1:5000), and
AP-conjugated goat anti-rabbit IgG (111-055-003; 1:5000) are from
Jackson ImmunoResearch (West Grove, PA). Goat anti-mouse IgG (H+L)
cross-adsorbed RPhycoerythrin (R-PE) secondary antibody (P-892; 1 μg/ml)
and Alexa Fluor 546 phalloidin (A22283; 1:200) are from Molecular Probes
(Eugene, OR).

Complementary DNA
Mutant CXCR4 cDNA was prepared by PCR using hCXCR4 VersaClone
cDNA obtained through R&D Systems (RDC0032) as a template. One
primer (5′-TCAAGTTTTCACTCCAGCAAACCGGTAGGCGCGCCAG
TATAC-3′) was used to add an AgeI enzyme site at the 5′ end of CXCR4
and another (5′-GTATACTGGCGCGCCTACCGGTTTGCTGGAGTGA
AAACTTGA-3′) to delete a stop codon at the 3′ end of the CXCR4 gene.
The PCR fragment obtained with this primer pair was then subcloned into
the pEGFP-N1 expression vector (EGFP-CXCR4 WT) and this construct
was used as a template for the construction of tyrosine point mutants using
the following primers: Y65F (5′-CTGGTCATGGGTTTCCAGAAGAA
ACTG-3′), Y76F (5′-ATGACGGACAAGTTCAGGCTGCACCTG-3′),
Y135F (5′-AGTCTGGACCGCTTCCTGGCCATCGTC-3′), 135D (5′-A
GTCTGGACCGCGACCTGGCCATCGTC-3′), Y157F (5′-GAAAAGG
TGGTCTTTGTTGGCGTCTGG-3′), Y219F (5′-ATCCTGTCCTGC
TTTTGCATTATCATC-3′) and Y302F (5′-AACCCCATCCTCTTTGCT
TTCCTTGGA-3′). An N-terminal HA-tag was added (using PCR primer
5′-GAG ATC GAATTC CGGGCC GCT TAG TGT TGAATG TAC CCA
TAC GAC GTC CCA GAC TAC GCT ATG TTC CCC ACC GAG AGC
GCA TGG CTT GGG AAG-3′, HA sequence underlined) to α4 integrin
WT and mutants (S988A and S988D) pcDNA 3.0 expression constructs
kindly provided by Dr Mark Ginsberg (UCSD). All constructs were
confirmed by sequencing prior to use.

Transfection
The expression of Sdc1 in the pcDNA3 vector was previously described
(Jung et al., 2016). Small interfering RNAs specific for human Sdc1 (hSdc1
siRNA #2, 5′-GGAGGAATTCTATGCCTGA-3′ and hSdc1 siRNA #1,

Fig. 7. sSdc1-mediated VEGFR2 activation suppresses cytotoxic T cell
and NK cell migration by displacing VLA-4 from LFA-1. (A) Lysates from
CAGHPSE cells, NK cells and T cells were analyzed by immunoblotting for
VEGFR2, VLA-4, LFA-1, Sdc1, PKA, CXCR4, AC7 and β-actin (loading
control). (B) NK cells and T cells were plated on 10 µg/ml VCAM-1 in the
absence or presence of 30 µM SSTNVEGFR2 for 2.5 h. VEGFR2 was
immunoprecipitated and the VEGFR2-containing complexes analyzed by
immunoblotting for VEGFR2, AC7, Sdc1, PKA, CXCR4, α4 integrin [total
(VLA-4) and pS988], LFA-1 and VLA-5. (C) NK cells and T cells were plated on
either ICAM-1 or VCAM-1 in the absence or presence of SDF-1 with or
without anti-VLA-4 or anti-LFA-1 antibodies or CXCR4 inhibitor (AMD3100).
Attached NK cells and T cells in five random images for each experiment were
quantified and graphed as a percent of cells treated with SDF-1 alone (set to
100%). All data were compared using the unpaired one-tailed t-test. *P<0.01
against untreated parental cells; **P<0.01, n.s., not significant between
treatments. (D) 16 h transfilter cell migration assays towards 10 µg/ml VCAM-1
alone, 10 µg/ml ICAM-1 alone, or a mixture of 10 µg/ml ICAM-1 with 10 µg/ml
VCAM-1, analysis after treatment with 30 µM SSTNVEGFR2, 10 µg/ml anti-VLA-
4, or 10 µg/ml anti-LFA-1 in the absence or presence of SDF-1. Migrated cells
were quantified and graphed as the mean±s.d. from three independent
experiments. All data were compared using the unpaired one-tailed t-test.
*P<0.01 against untreated parental cells on each ligand; **P<0.01, n.s., not
significant between treatments. (E) 16 h transfilter cell migration assays
towards 10 µg/ml VCAM-1 alone or mixture of 10 µg/ml ICAM-1 plus 10 µg/ml
VCAM-1 was performed as in D in the absence or presence of 30 µM
SSTNVEGFR2, 1 µM vandetanib or 10 µM AMD3100. All data were compared
using the unpaired one-tailed t-test. **P<0.01, n.s., not significant. (F) NK cells
and T cells were plated on 10 µg/ml VCAM-1 alone or mixture of 10 µg/ml
ICAM-1 with 10 µg/ml VCAM-1 in the absence or presence of SSTNVEGFR2.
Cell lysates were subjected to immunoprecipitation of VLA-4 and probed for
VLA-4 or LFA-1. Whole-cell lysates were analyzed by immunoblotting for
integrin α4-pS988, VEGFR2-pY1054/1059 or β-actin. (G) Model depicting how
LFA-1 and VLA-4 on NK cells and T cells associate in an adhesion complex
in which signaling from FAK and PYK2, localized to VLA-4 by paxillin,
transregulates LFA-1 activity leading to LFA-1-dependent cell migration
(Cantor et al., 2015; Rose et al., 2003). If Sdc1 is shed by the leukocytes, or
high levels of shed Sdc1 accumulate in the tumor microenvironment from
HPSE-overexpressing tumor cells, the shed syndecan couples VEGFR2 and
its phosphorylation machinery to VLA-4. Activation of CXCR4 by SDF-1, or by
VEGFR2-mediated phosphorylation of Y135 in the CXCR4 cytoplasmic loop 2,
causes phosphorylation of S988 in the α4 integrin subunit, displacing paxillin
and suppressing LFA-1-mediated influx of cytotoxic leukocytes to the tumor.
SSTNVEGFR2, which reverses the effects of shed syndecan, relieves this
immunosuppression while at the same time blocking tumor cell migration and
metastasis (see Fig. 6C).
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5′-AAGGAGGAATTCTATGCCTGA-3′), α4 integrin siRNA (5′-CAGA
CTCAGGTTGTAGTAAAGAAA-3′), AC2 siRNA (5′-GAACCAAGTC
ACAAAAGGAA-3′), AC4 siRNA (5′-CAATTTCCACAGCCTCTAT-3′),
AC7 siRNA (5′-CGATGACTTCTACACCTTT-3′), CXCR4 siRNA
#1 (5′-CCAAGATGTGACTTTGAAA-3′), CXCR4 siRNA #2 (5′-GCC
AAGATGTGACTTTGAA-3′) and CXCR3 siRNA (5′-GGACTTGAGCC
TGAACTTCTT-3′) were designed and provided by Ambion (Austin, TX).
VEGFR2 siRNA (5′-AAGGCTAATACAACTCTTCAA-3′) was designed
and provided by Qiagen (Chatsworth, CA). For transfection, 60 pmol
siRNA or 5 µg of DNA was added to 106 cells in six-well plates using
Lipofectamine 2000 and Opti-MEM transfection medium (Invitrogen,
Carlsbad, CA) lacking serum and antibiotics, followed by 3 ml complete
growth medium after 5 h.

Cell adhesion assay
The derivation and culture of CAGHPSE myeloma and HMEC-1 have been
previously described (Beauvais et al., 2004; Jung et al., 2016). M14 cells
were kindly provided by Dr David Cheresh (University of California San
Diego, CA, USA). Cells were short tandem repeat-profiled for cell
identification and tested routinely to ensure they were free from
mycoplasma. Nitrocellulose-treated slides were coated for 2 h at 37°C
with 40 µg/ml FN (kindly provided by Dr Donna Peters, University of
Wisconsin-Madison, USA), 100 µg/ml GST-IIICS FN fragment (prepared
as described in Jung et al., 2016), 10 µg/ml of VCAM-1 or 10 µg/ml of
ICAM-1 (R&D Systems) in calcium- and magnesium-free PBS (CMF-PBS;
135 mM NaCl, 2.7 mM KCl, 10.2 mM Na2HPO4-7H20 and 1.75 mM
KH2PO4, pH 7.4), followed by blocking with RPMI 1640 containing 1%
heat-denatured BSA (plating medium). Cells in plating medium were
allowed to attach and spread for 2.5 h at 37°C, then were fixed in 4%
electron microscopy (EM)-grade paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) in CMF-PBS and labeled for 30 min in 0.13 µM
rhodamine phalloidin (Invitrogen) or 2 µM Hoechst 33342 (AdipoGen Life
Sciences, San Diego, CA). Cells were imaged with a Nikon Microphot FX
microscope using a 20× objective (Nikon; Ex 541-551, DM 580, Barrier
590), Photometric CoolSnap ES camera, and version 7.7.3.0 Metamorph
Imaging software (Molecular Devices, San Jose, CA). All images represent
results from triplicate wells and three independent experiments.

Migration assay
The bottom surface of Transwell filters (8 µm pores for CAGHPSE, HMEC-1
or M14 cells; 3 µm pores for T cells and NK cells; Corning Life Sciences,
Corning, NY) were coated with 40 µg/ml of FN, 100 µg/ml of GST-IIICS
(prepared as described in Jung et al., 2016), 10 µg/ml of VCAM-1, 10 µg/ml
of ICAM-1, or a mixture of 10 µg/ml of VCAM-1 and 10 µg/ml of ICAM-1.
CAGHPSE (5×105), HMEC-1 (5×104), M14 (5×104), T cells or NK cells
(1×107) were placed in the upper chamber with or without indicated
inhibitors and incubated for 16 h at 37°C. Cells on the bottom of the filter
were fixed with 4% paraformaldehyde diluted in CMF-PBS and stained with
0.1% Crystal Violet, and five random fields were imaged and counted.
Statistical analysis was performed using data from at least three independent
experiments.

Immunoprecipitation and immunoblotting
Cells were lysed in ice-cold buffer containing 0.5% Triton X-100, 50 mM
HEPES (pH 7.4), 50 mM NaCl 10 mM EDTA and 1:1000 protease
inhibitor cocktail III (Millipore-Sigma). Cell lysates were collected and
analyzed on western blots as described (Jung et al., 2016). Bands were
detected with AP-conjugated antibody and ECF reagent (GE Healthcare
Biosciences, Pittsburgh, PA) on a Typhoon Trio Variable Mode Imager (GE
Healthcare). For immunoprecipitation, 1 mg of protein was incubated at 4°C
overnight with 1 µg of specific antibody or non-specific mouse IgG. After
washing four times with lysis buffer, the protein complex was dissolved in
SDS Laemmli sample buffer containing 62.5 mM Tris (pH 6.8), 2.5% SDS,
0.002% Bromophenol Blue, 10% glycerol and 5% β-mercaptoethanol. For
immunoblotting, 20 μg of protein samples were loaded and analyzed on
western blots as described (Jung et al., 2016). All images represent results
from three independent experiments.

Flow cytometry
To measure the amount of GFP-tagged CXCR4 expressed on the surface of
transfected HMEC-1 cells, 1×106 cells were incubated in 30 µl PBS for 1 h
at 4°C to prevent subsequent internalization, and 30 μl of 200 nM SDF-1α
solution was then added and incubated for 20 min at 4°C after cell
centrifugation. After washing with PBS, cells were fixed in 4% EM-grade
paraformaldehyde and 30 µl anti-SDF-1 antibody at 10 μg/ml was added for
30 min, and bound antibody was revealed by addition of 50 µl of RPE
secondary immunoglobulin (Molecular Probes, P-892; 1 μg/ml). After
30 min staining, cells were washed with PBS and then were subjected to
flow cytometry to assess relative levels of bound SDF-1.

T cell and NK cell preparation
T cells and NK cells from spleens of adult C57BL/6 mice (10–12 weeks)
were isolated via negative depletion with the use of a magnetic bead
selection kit [mouse NK (130-096-892) or T cell (130-095-130) isolation
kit (Miltenyi Biotec, Bergisch Gladbach, Germany] according to the
manufacturer’s protocol. All animal use was conducted after prior approval
by the University of Wisconsin-Madison Institutional Animal Care and
Use Committee.
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