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Abstract

The multifunctional glycoprotein fibronectin influences several crucial cellular processes and
contributes to multiple pathologies. While a link exists between fibronectin-associated pathologies
and the receptor tyrosine kinase EphA2, the mechanism by which EphA2 promotes fibronectin
matrix remodeling remains unknown. We previously demonstrated that EphA2 deletion reduces
smooth muscle fibronectin deposition and blunts fibronectin deposition in atherosclerosis
without influencing fibronectin expression. We now show that EphA2 expression is required
for contractility-dependent elongation of tensin- and a5B1 integrin-rich fibrillar adhesions that
drive fibronectin fibrillogenesis. Mechanistically, EphA2 localizes to integrin adhesions where
focal adhesion kinase mediates ligand-independent Y772 phosphorylation, and mutation of this
site significantly blunts fibrillar adhesion length. EphA2 deficiency decreases smooth muscle
cell contractility by enhancing p190RhoGAP activation and reducing RhoA activity, whereas
stimulating RhoA signaling in EphA2 deficient cells rescues fibrillar adhesion elongation.
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Together, these data identify EphA2 as a novel regulator of fibrillar adhesion elongation and
provide the first data identifying a role for EphA2 signaling in integrin adhesions.
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Introduction:

Interaction between cells and the extracellular matrix (ECM) represent a critical regulator
of cell and tissue homeostasis. Multi-protein complexes, like focal adhesions and fibrillar
adhesions, mediate cell adhesion to the matrix, link the extracellular matrix to the
cytoskeleton, and facilitate cell-mediated matrix remodeling [1]. Beyond providing a
substrate for cell adhesion, the ECM influences numerous cellular functions, including

cell survival, proliferation, migration, and differentiation, through signaling proteins located
within and in close proximity to the adhesion complex [1]. During tissue remodeling,
dynamic matrix deposition changes the local microenvironment to regulate local cell
phenotype and enable the remodeling response. Of particular importance, the glycoprotein
fibronectin shows enhanced deposition during tissue remodeling and plays a critical role

in regulating cell migration and proliferation to facilitate the remodeling response [2]. In
addition, fibronectin serves as a scaffold to facilitate the deposition and organization of other
matrix proteins [3] and exacerbates fibrosis within the contexts of numerous diseases, like
cancer, atherosclerosis, arthritis, and asthma [4-6].

Rather than passive secretion, matrix deposition and assembly requires active cellular
processes. During fibronectin fibrillogenesis, fibronectin dimers are first secreted in a
globular, soluble conformation, whereupon interactions with cell integrins, primarily a5p1
integrins, mediate their assembly into insoluble fibrils [7]. The integrin complex a5p1
mediates fibronectin matrix assembly by transmitting actomyosin tensile forces to extend the
fibronectin conformation and to expose cryptic binding sites [8-12]. The a5p1-mediated
stretching of fibronectin requires a5p1 to traffic from the peripheral adhesions into
elongated fibrillar adhesion structures rich in a5B1 and the cytoplasmic adaptor protein
tensin that links the B1 integrin to the actin cytoskeleton [13, 14]. These fibrillar adhesions
align fibronectin into fibrils that serve as a scaffold for cell migration and for deposition of
other matrix proteins [15, 16].

Eph receptor tyrosine kinases, the largest mammalian subfamily of receptor tyrosine kinases,
act as guidance molecules to regulate development and tissue remodeling by affecting cell
adhesion, migration, and proliferation [17-19]. Eph receptors mediate these effects through
both ligand-dependent and ligand-independent mechanisms, with ephrinA ligands activating
EphA receptors and ephrinB ligands activating EphB receptors. While the EphA2 receptor
has garnered interest for its roles in carcinogenesis and proinflammatory diseases [20-22],
EphA2 also appears to augment fibrotic diseases, such as atherosclerosis [21], lung injury
[23, 24], and myocardial infarction [25]. Although multiple studies identify EphA2 as a
regulator of focal adhesion kinase (FAK) signaling [26, 27] and cytoskeletal remodeling
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through effects on RhoA GTPase signaling [28], the mechanisms by which EphA2 affects
fibrosis remain largely unknown. Previous work in our lab found that EphA2 deletion
reduces fibronectin levels in experimental models of atherosclerosis and is associated

with reduced plaque size and progression [21]. /n vitro, depletion of EphA2 in vascular
smooth muscle cells (VSMCs) reduces fibronectin deposition, while exogenous expression
of EphA2 enhances fibronectin deposition [21, 29]. In VSMCs, EphA2 expression does

not regulate fibronectin mMRNA transcript or protein levels, nor does it significantly alter

the expression or activity of proteases [21]. Given these observations, we hypothesize that
EphA2 regulates fibronectin deposition and assembly. Therefore, we sought to determine the
mechanisms by which EphA2 mediates fibronectin deposition.

EphA2 depletion reduces tensin localization and fibrillar adhesion length.

We previously showed that EphA2 knockout mice exhibit reduced plaque fibrosis and
EphA2-depleted vascular smooth muscle cells show blunted fibronectin deposition /n
vitro [21]. Interestingly, EphA2 depletion in human dermal fibroblasts also reduces
fibronectin deposition (Supplemental Figure 1), suggesting that the EphA2 expression
requirement for fibronectin deposition extends beyond a niche function in vascular cells.
Fibronectin interacts with cells primarily through RGD-binding integrins (avp3, a5p1)
[30]. However, EphA2 depletion does not reduce the total expression of av or 1 integrins
(Supplemental Figure lla/b). While a5 mRNA is enhanced following EphA2 depletion,
protein expression remains unchanged (Supplemental Figure Ila/b). The assembly of
fibronectin fibrils involves formation of a5p1-rich fibrillar adhesions [7], characterized

by long adhesion structures enriched in a5p1 integrin and the cytoskeletal adaptor protein
tensin [14, 31]. To assess whether EphA2 affects fibrillar adhesions, we assessed fibrillar
adhesion components by Western blotting of isolated integrin adhesion fractions and

by immunocytochemistry. This fraction does not contain components from the plasma
membrane (TFR1), nucleus (HDAC3), mitochondria (TOMMZ20), endoplasmic reticulum
(Calnexin), or cytoskeleton (B-tubulin), but contains multiple components associated with
integrin adhesions, such as various integrins, integrin-linked kinase (ILK), and cytoskeletal
adaptor proteins (Supplemental Figure Illa/b). Following EphA2 knockdown, human
VSMCs show significantly reduced tensin and a5 localization to integrin adhesions (Figure
1A-C). Similarly, EphA2 knockdown diminishes tensin staining in fibrillar adhesions
(Figure 1D). In contrast, EphA2 overexpression in human VSMCs enhances tensin
localization to the integrin adhesion fraction (Supplement 1Va/b), suggesting EphA2 is
sufficient to promote fibrillar adhesions.

Integrins exist in either an inactive (closed) or active (open) conformation, where active
integrins exhibit high affinity binding to the extracellular matrix [32]. We previously
demonstrated that fibronectin deposition in endothelial cells requires a5p1 transition to an
open, active conformation [33]. However, EphA2 depletion does not affect serum-induced
a5p1 integrin activation (Supplemental Figure V). Immunocytochemistry with antibodies
targeting ligand-inducible binding sites (LIBS) in a5 integrins (SNAKAS51) and B1 integrins
(12G10) show that EphA2 knockdown reduces the length of a5p1 adhesions in human
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VSMCs (Figure 1E-H), consistent with reduced fibrillar adhesion elongation [34, 35].
Furthermore, the association between tensin and p1 integrins, assessed by proximity ligation
assay, shows a significant reduction following EphA2 knockdown (Figure 11-J). However,
EphA2 knockdown does not affect the total number of integrin adhesions positive for a5 or
B1 (Supplemental Figure Vla/b) and does not affect the number or size of focal adhesions
containing the cytoskeletal adaptor proteins paxillin and vinculin (Supplemental Figure
Vlc-f), suggesting EphA2 most likely affects fibrillar adhesion elongation rather than focal
adhesion formation. Taken together, these results demonstrate that EphA2 expression is
required for efficient fibrillar adhesion elongation and fibronectin deposition.

Serum treatment induces ligand-independent EphA2 phosphorylation.

While our current data clearly demonstrate a requirement for EphA2 in fibrillar adhesion
elongation, the mechanisms responsible for this effect remain unknown. Interaction of
EphA2 with its ligand ephrinAl activates EphA2 kinase activity, inducing phosphorylation
at multiple tyrosine residues (e.g. Y588, Y772), yielding binding sites for downstream
signaling partners [27, 36—-38]. However, EphA2 can also signal in a ligand-independent
manner, associated with S897 phosphorylation by Akt and other serine/threonine kinases
[39-42]. Since we observe differences in VSMC fibronectin deposition plated overnight

in fetal bovine serum, we characterized the EphA2 signaling response to serum treatment.
As expected, serum stimulation robustly enhances S897 phosphorylation (Figure 2A/B)
but does not affect the ligand-dependent Y588 phosphorylation. In contrast, treatment
with ephrinAl ligand results in enhanced Y588 and Y772 phosphorylation but not S897
phosphorylation (Figure 2C). Unexpectedly, serum also induces EphA2 phosphorylation
at the ligand-dependent Y772 site (Figure 2A/B). To assess where EphA2 signaling is
occurring in serum-stimulated VSMCs, we performed immunocytochemistry for phospho-
EphA2 Y772 and phospho-EphA2 S897. While phospho-EphA2 S897 shows diffuse
staining (Figure 2D), phospho-EphA2 Y772 staining co-localizes with integrin adhesions
(Figure 2E), as visualized by staining for phospho-FAK Y397. Furthermore, examination
of the integrin adhesion protein isolates show EphA2 and phospho-EphA2 Y772 but not
phospho-EphA2 S897 (Figure 2F). This data is consistent with a recent proteomic analysis
of integrin adhesion complexes showing EphA2 localization to adhesion sites [43].

While EphA2 Y772 is canonically phosphorylated in response to ephrinAl ligand

(Figure 2C), the lack of Y588 phosphorylation, the more pronounced ligand-induced
phosphorylation site, is inconsistent with ligand-dependent EphA2 activation. In addition,
serum treatment decreases ephrinAl expression in VSMCs (Supplemental Figure Vlla).
Previous studies suggest EphAZ2 is capable of signaling by the non-ephrin ligand,
progranulin [44] and progranulin stimulates cell migration through alterations in focal
adhesion proteins [45]. However, progranulin levels in vascular smooth muscle cells are
unaffected by serum stimulation and knockdown of progranulin does not affect EphA2 Y772
phosphorylation (Supplemental Figure V1Ib/c). To assess whether Y772 phosphorylation

in the integrin adhesions occurs independent of ligand binding, we transfected mouse
EphA2 knockout VSMCs with a ligand-binding-deficient EphA2 mutant (R103E), which
lacks ephrinAl-induced EphA2 Y772 phosphorylation (Supplemental Figure VIlla—d) [46].
Consistent with ligand-independent EphA2 Y772 phosphorylation, phospho-EphA2 Y772
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co-localizes with integrin adhesions in the ligand-binding-deficient EphA2 R103E mutant,
suggesting ligand interaction is not required for localization of EphA2 to the integrin
adhesions (Figure 2G). In addition, transfecting mouse EphA2 knockout VSMCs with a
kinase-dead EphA2 mutant (K646M) shows similar Y772 phosphorylation in the focal
adhesion as observed in the wildtype and ligand-binding-deficient mutants (Figure 2G,
Supplemental Figure 1Xa), suggesting that EphA2 does not mediate its own phosphorylation
in this context. Consistent with this, treatment with an ATP-competitive inhibitor of EphA2
kinase activity (ALW-11-41-27) does not block Y772 phosphorylation (Supplemental Figure
IXb), suggesting EphA2 may undergo ligand-independent tyrosine transphosphorylation
within integrin adhesions.

Re-Expression of EphA2 R103E but not EphA2 Y772F increases fibrillar adhesion
elongation in EphA2 knockout cells.

To determine if Y772 phosphorylation is necessary for fibrillar adhesion elongation, EphA2
expression in EphA2 knockout (KO) VSMCs was transiently restored by transfection with
either wild-type (WT) EphA2 or a mutated EphA2 in which tyrosine 772 was mutated

to phenylalanine (Y772F). While re-expression of both EphA2 constructs was similar

both in protein concentration and transfection efficiency, only EphA2-WT was capable

of phosphorylation at Y772 (Supplemental Figure Xa/b). Wildtype EphA2 (EphA2-WT;
EphA2-positive cells, inset) expression enhances tensin-associated fibrillar adhesion length
compared to EphA2 KO VSMCs. However, rescue with EphA2-Y772F does not improve
fibrillar adhesion length (Figure 3A/B). Furthermore, rescue with EphA2-Y772F fails to
improve fibronectin deposition in EphA2 KO VSMCs, whereas re-expression of wildtype
EphA2 enhances fibronectin fibrillogenesis (Figure 3C/D). To verify that ligand-independent
EphAZ2 signaling drives fibrillar adhesion elongation and fibronectin deposition, EphA2
knockout cells were transfected with the ligand binding-deficient EphA2 mutant, EphA2-
R103E. Consistent with EphA2-R103E supporting Y772 phosphorylation in focal adhesions
(Figure 2G), rescuing EphA2 KO VSMCs with EphA2-R103E is sufficient to restore
fibrillar adhesion length and fibronectin deposition similar to wildtype EphA2 (Figure 3E-
H). Together these data suggest that ligand-independent phosphorylation of EphA2 at Y772
within focal adhesions promotes fibrillar adhesion elongation and fibronectin deposition.

FAK is required for EphA2 phosphorylation within the focal adhesion.

We next sought to assess the signaling mechanisms mediating EphA2 Y772 phosphorylation
within focal adhesions. FAK co-localizes with EphA2 in PC-3 cells [27], and ephrinAl
binding to EphA2 can result in either FAK activation or FAK inactivation depending upon
the experimental conditions [26, 27]. Since EphA2 appears to be transphosphorylated on
Y772 and phospho-EphA2 Y772 co-localizes with active FAK (Figure 2E-G), we sought
to determine if FAK regulates EphA2 at Y772. Depletion of FAK with siRNA in human
VSMC:s significantly reduces Y772 phosphorylation at baseline and in response to serum
treatment (Figure 4A/B). Treatment with the ATP-competitive FAK inhibitor PF-573228
similarly blunts both FAK activation and EphA2 Y772 phosphorylation (Figure 4C). Lastly,
VSMCs isolated from mice expressing wildtype FAK (FAK WT) or kinase-dead FAK
(FAK KD) [47] show significantly reduced Y772 phosphorylation in the absence of FAK
kinase activity (Figure 4D). Taken together, these data suggest that FAK activity within
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integrin adhesions is required for both basal EphA2 Y722 phosphorylation and serum-
induced EphA2 Y772 phosphorylation. However, this effect may be indirect through other
FAK-associated kinases. Compared with FAK WT VSMCs, FAK KD cells show reduced
fibrillar adhesion elongation, as assessed by tensin and a5 localization to the integrin
adhesion fraction (Supplemental Figure Xla—c) and by immunocytochemistry for fibrillar
adhesion length (Supplemental Figure Xld/e). Together these data suggest that FAK activity
is required for both focal adhesion EphA2 Y772 phosphorylation and fibrillar adhesion
elongation.

EphA2 signals through RhoA to promote fibrillar adhesion elongation and fibronectin

deposition.

The process of fibronectin fibril assembly is an active cellular process, in which tensin-
bound a5B1 integrins traffic centripetally inward towards the center of the cell [48].

This movement requires actomyosin contractility, which facilitates both trafficking of the
fibrillar adhesion complexes as well as the mechanical forces necessary for fibronectin
unfolding [7]. To measure contractility of human VSMCs, EphA2-expressing and -depleted
cells were embedded in a collagen gel generated from rat-tail collagen and permitted to
contract the gel overnight. While EphA2-expressing VSMCs contract the gel nearly 63%,
EphA2-depleted cells show a reduced ability to contract the gel, with only a 52% reduction
(Figure 5A). This effect may be due to reduced VSMC contractility; however, we cannot
rule out the possibility that altered proliferation affects cell numbers and thus the ability to
contract the collagen gel. Indeed, we and others previously demonstrated the proliferative
effects of EphA2 expression [21, 41, 49]. Therefore, we examined phosphorylation and
activation of regulatory myosin light chain (MLC)-2, which promotes myosin contractility.
Consistent with reduced collagen gel contraction, EphA2 depletion significantly reduces
MLC phosphorylation in VSMCs (Figure 5B/C). MLC phosphorylation is regulated by
calcium-dependent activation of MLC kinase or calcium-independent activation of the
RhoA-Rho kinase (ROCK) pathway, which can both phosphorylate MLC directly and
inactivate MLC phosphatase [50]. While EphA2 depletion does not affect serum-induced
calcium signaling (Figure 5D-F), EphA2 knockdown blunts serum-induced RhoA activation
(Figure 5G). To verify that EphA2 Y772 phosphorylation mediates these effects, MLC
phosphorylation was assessed in EphA2 KO cells transfected with EphA2-WT or EphA2-
Y772F constructs. While EphA2-WT rescues MLC phosphorylation in EphA2 KO VSMCs,
EphA2-Y772F expression fails to enhance MLC phosphorylation (Figure 5H/I). Consistent
with EphA2 ligand-independent signaling mediating these effects, MLC phosphorylation

is rescued similarly in cells expressing wildtype EphA2 and the ligand binding-deficient
EphA2-R103E mutant (Figure 5J/K). Taken together, these data suggest ligand-independent
EphA2 Y772 phosphorylation in the focal adhesion regulates RhoA-mediated MLC
phosphorylation to influence cell contractility.

Since RhoA activation was blunted by EphA2 depletion (Figure 5G), we next sought to
determine if altered RhoA signaling mediates the effect of EphA2 expression on fibrillar
adhesion elongation. EphA2 WT and KO mouse VSMCs were transfected with either
dominant-negative (N19) or constitutively active (Q63L) RhoA constructs (Supplemental
Figure XII) [51]. In EphA2-expressing VSMCs, blocking RhoA signaling by dominant-
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negative RhoA N19 expression is sufficient to reduce fibrillar adhesion length (Figure 6A/B)
and fibronectin deposition (Figure 6C/D), whereas expressing wildtype RhoA has no effect.
In contrast, restoring RhoA signaling in EphA2 KO VSMCs by expression of constitutively
active RhoA-Q63L rescues fibrillar adhesion length (Figure 6E/F) and fibronectin deposition
(Figure 6G/H). Taken together, these data suggest that enhanced RhoA-mediated MLC
phosphorylation associated with EphA2 Y772 phosphorylation influences cell contractility,
fibrillar adhesion elongation, and fibronectin deposition.

Deletion of EphA2 inhibits fibronectin deposition through activation of p190 RhoGAP.

In response to ephrinAl, EphA2 signaling can promote RhoA activation by activating
multiple RhoGEFs and by inhibiting p190RhoGAP [52-54]. To determine if EphA2
regulates fibrillar adhesion elongation and fibronectin deposition through p190RhoGAP
inhibition, we assessed p190RhoGAP phosphorylation on Y1087 and Y1105, associated
with p190RhoGAP activation. Activation of p190RhoGAP was enhanced in both EphA2
KO VSMCs (Figure 7A/B) and in VSMCs treated with ALW-11-41-27 (Figure 7C/D).
Furthermore, p190RhoGAP depletion in EphA2 KO cells enhances fibrillar adhesion
elongation (Figure 7E/F) and fibronectin deposition (Figure 7G). While these data are
consistent with focal adhesion EphA2 signaling regulating RhoA, this data does not
provide a direct link between EphA2 Y772 phosphorylation and p190RhoGAP inactivation,
and low transfection efficiency and the inability of phospho-p190RhoGAP to function in
immunocytochemistry limits our ability to strengthen this association.

In contrast to EphA2 signaling, FAK signaling can activate p190RhoGAP to inactivate
RhoA [55, 56], ephrinAl-bound EphA2 can inhibit FAK signaling in other systems [27].
While FAK kinase activity is required for EphA2 Y772 phosphorylation, local EphA2
signaling within the focal adhesion could provide a negative feedback regulation on FAK
activation similar to ligand-bound EphA2. Consistent with this reciprocal regulation, FAK
phosphorylation is enhanced in EphA2 KO VSMCs (Figure 7H) and in VSMCs treated
with the EphA2 kinase inhibitor ALW-11-41-27 (Figure 71). Therefore, EphA2 signaling
may induce p190RhoGAP inactivation directly or indirectly by reducing FAK-mediated
p190RhoGAP activation. Together, these data suggest that EphA2 expression reduces FAK
activation and p190RhoGAP phosphorylation to enhance actomyosin contractility-driven
fibrillar adhesion elongation and fibronectin deposition (Figure 8).

Discussion:

Previous studies showed forced overexpression of EphA2 enhances fibronectin in cancer

cell models [29], and we demonstrated EphA2 depletion reduces fibronectin deposition /n
vitro and fibroproliferative remodeling /n vivo [21]. However, EphA2 expression does not
affect matrix gene expression [21], protease expression [21], or the expression or activation
of the matrix-binding integrin receptors (Supplemental Figure 1), suggesting that EphA2
may regulate the cellular machinery for matrix deposition. In this manuscript, we elucidate

a novel reciprocal relationship between FAK and EphA2 signaling within integrin adhesions
that promotes fibrillar adhesion elongation and fibronectin deposition. We show that efficient
fibrillar adhesion elongation requires ligand-independent EphA2 phosphorylation on Y772
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within integrin adhesions, and we demonstrate that FAK inhibition ameliorates EphA2
Y772 phosphorylation (Figures 3/4). RhoA signaling critically regulates fibrillar adhesion
elongation [11, 57].

We show that maximal serum-induced RhoA activation requires EphA2 expression, and
EphA2 depletion significantly blunts MLC phosphorylation and collagen gel contraction
(Figure 5A/B). Consistent with a role for EphA2 Y772 phosphorylation, rescuing EphA2
knockout cells with wildtype EphA2 or ligand binding-deficient EphA2 restores MLC
phosphorylation, whereas rescue with EphA2 lacking Y772 phosphorylation (Y772F)
does not (Figure 5H/I). Furthermore, inhibiting RhoA blunts fibrillar adhesion elongation
and fibronectin deposition in EphA2-expressing cells, whereas activating RhoA restores
these processes in EphA2 knockout cells (Figure 6). While FAK mediates EphA2 Y772
phosphorylation in the focal adhesion, EphA2 depletion or inhibition enhances FAK
signaling, suggesting EphA2 serves as an endogenous negative feedback pathway for FAK
signaling in the focal adhesion. This enhanced FAK activity correlates with increased
phosphorylation and activation of the RhoA-inactivating p190RhoGAP, whereas depleting
p190RhoGAP promotes fibrillar adhesion elongation and fibronectin deposition in EphA2
KO VSMCs (Figure 7). These results define a novel mechanism by which EphA2 expression
in remodeling tissues enhances ECM deposition through regulation of the RhoA signaling
that drives fibrillar adhesion elongation and fibronectin deposition (Figure 8).

Interactions between Eph receptors and ephrin ligands classically regulate integrin function
and signaling through Rho family GTPases to guide cell motility during tissue patterning
and remodeling [19, 58]. Therefore, it is not surprising that multiple studies implicate
Eph-ephrin interactions in matrix deposition in a variety of pathological conditions. For
example, scleroderma-associated skin fibrosis enhances ephrinB2 expression, and reducing
ephrinB2 expression prevents fibroblast matrix deposition /n vitro as well as skin fibrosis
in scleroderma and cardiac fibrosis in heart failure [59, 60]. The receptors mediating this
effect may differ between models, as stellate cell EphB2 critically mediates hepatic fibrosis
in cirrhosis models whereas EphA4 mediates fibronectin deposition at somite boundaries
[61, 62]. Similarly, EphA2 overexpression drives fibronectin deposition, whereas antibody-
mediated EphA2 depletion reduces fibronectin [29]. EphA2 knockout mice show reduced
fibrosis associated with atherosclerotic plaques and cardiac myocardial infarction [21, 63],
and treatment with all trans-retinoic acid reduces EphA2/ephrinAl expression associated
with diminished fibrosis in bleomycin-induced lung injury [64]. However, these studies
generally assume that Eph-ephrin interactions facilitate these processes, and the subsequent
downstream signaling mediators have not been assessed. Our data provide the first evidence
that ligand-independent EphA2 signaling within the focal adhesions affects fibronectin
matrix deposition by controlling tension-driven formation of fibrillar adhesions.

While our data are the first to show an effect for EphA2 signaling within the focal

adhesion, other studies show similar EphA2 localization to integrin adhesions [27, 65].
Quantitative proteomics studies of the focal adhesome revealed EphA2 localization to
integrin adhesions [43, 66], with spatial proteomics identifying p1 integrins and kindlin2 as
proximal interacting proteins [43]. Although EphA2 tyrosine phosphorylation predominantly
involves interaction with ephrinAl and transphosphorylation by the kinase domain [36],
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focal adhesion EphA2 showed ligand-independent Y772 phosphorylation, which may
mediate the basal Y772 phosphorylation observed under unstimulated conditions (Figure
2A-C). Similarly, basal levels of Y772 phosphorylation have been reported in keratinocytes
and cancer cell lines [67-69]. Previous studies suggest EphA2 is capable of signaling by
the non-ephrin ligand, progranulin [44] and progranulin stimulates cell migration through
alterations in focal adhesion proteins [45]. However, progranulin levels in vascular smooth
muscle cells are unaffected by serum stimulation and knockdown of progranulin does not
affect EphA2 Y772 phosphorylation (Supplemental Figure V1) further suggesting these
effects occur independently of ligand binding to EphAZ2. In addition, the guidance molecules
ROBOL and Slit 2 bind with EphA2; however, whether this interaction enhances Y772
phosphorylation remains unknown [70]. We show that FAK regulates serum-dependent
Y772 phosphorylation within focal adhesions (Figure 4); however, whether EphA2 is a
direct target of FAK remains unknown. The non-receptor tyrosine kinase Src can mediate
growth factor transphosphorylation [71], and phosphoproteomic analysis of Src-expressing
cells identified enhanced phosphorylation of both FAK and EphA2 [72]. Additional

studies are necessary to determine the potential role of Src in FAK-dependent EphA2
phosphorylation.

Consistent with ligand-independent EphA2 signaling driving fibronectin deposition, a
previous report showed that ligand-independent EphA2 S897 phosphorylation on stiff
substrates was associated with fibronectin matrix deposition [73]. However, this report

did not explore Y772 phosphorylation. While the classic ligand-independent EphA2 S897
phosphorylation site does not show localization to focal adhesions, rescuing EphA2 KO
VSMCs with an EphA2 S897A mutant fails to restore fibrillar adhesion elongation and
shows a trend toward reduced fibronectin deposition, suggesting that EphA2 signaling
outside of focal adhesions also affects these processes (Supplemental Figure XI111). However,
we focused our subsequent analysis on the role of EphA2 Y772 signaling due to its
predominant localization within integrin adhesion complexes.

While we demonstrate that FAK promotes EphA2 Y772 phosphorylation, multiple lines

of evidence suggest EphAZ2 signaling may also affect local integrin signaling. Local

EphA2 activation by ephrinAl can promote contractility-dependent focal adhesion dynamics
through enhancing Src and FAK phosphorylation [26]. While EphA2 activation by ligand
binding has been ascribed both positive and negative effects on cell adhesion [27, 74], our
results failed to identify a role for EphA2 in regulating integrin expression (Supplemental
Figure 11) or serum-induced a5B1 integrin activation (Supplemental Figure V). EphA2
could mediate changes in cell adhesion through effects on FAK signaling, although reports
describing the effect of ligand-dependent EphA2 signaling on FAK are conflicting. While
some studies suggest EphA2 and other Eph receptors’ kinase activity suppress FAK and
ILK signaling [27, 75], others demonstrated enhanced FAK phosphorylation following
treatment with the EphA2 ligand ephrinAl [76]. These contradictory findings may reflect
differential spatial regulation, since isolating Eph-ephrin interactions into basally-restricted
clusters may alter cellular responses [26, 77]. Our results suggest that ligand-independent
EphA2 tyrosine phosphorylation in the focal adhesion limits FAK activity (Figure 7H/I),
presumably through recruitment of a tyrosine phosphatase or through enhanced integrin
clustering due to elevated contractility.
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Our data show a clear defect in fibrillar adhesion elongation in cells lacking EphA2
expression correlating with loss of fibronectin fibrillogenesis. Fibrillar adhesion elongation
requires contractility-driven translocation of a5p1/tensin complexes out of peripheral
integrin adhesions and into long fibrillar adhesions [78]. This localized contractility,
regulated by RhoGTPases, unravels globular fibronectin to expose cryptic binding sites

on fibronectin to facilitate assembly [10]. Activation of RhoA is required for fibrillar
adhesion elongation in a variety of cell models [11, 57, 79]. For example, fibroblasts
lacking the RhoA effectors ROCK1/2 are unable to deposit fibronectin despite similar levels
of fibronectin section and a5p1 integrin function [11]. Furthermore, von Hippel-Lindau-
negative cancer cells show reduced RhoA signaling and defective fibronectin deposition
despite normal levels of fibronectin expression [79]. Interestingly, these cells also show
elevated expression of p190RhoGAP consistent with a negative role for p190RhoGAP in
regulating fibronectin matrix deposition (Figure 7E-G). Peripheral a5p1 integrin signaling
may drive this RhoA-dependent fibrillar adhesion elongation, as a5B1 integrins support

a high level of RhoA activation following initial cell adhesion [80, 81]. Furthermore, the
association between EphA2 and B1 in spatial proteomics analysis may indicate a preferential
role for EphA2 in mediating B1-dependent RhoA signaling that drives fibrillar adhesion
elongation and fibronectin matrix deposition [43].

Ligand-independent EphA2 signaling can affect RhoA signaling through a variety of
mechanisms. Following ephrin binding, Eph receptor tyrosine phosphorylation provides
scaffolding sites to recruit SH2 domain-containing RhoGEFs [36]. Ligand-bound EphA
receptor recruits the RhoGEF ephexin, which becomes phosphorylated and shows enhanced
activity for RhoA [53, 82]. Furthermore, ligand-bound EphA2 activates RhoA through

the RhoGEF Vav2 to mediate cell-cell repulsion [54]. The other major EphA receptor

in VSMCs, EphAd4, interacts with the vascular smooth muscle-specific VSmRhoGEF to
regulate Rho-mediated MLC phosphorylation [83]. EphA2 overexpression can also enhance
RhoA activity by reducing p190RhoGAP phosphorylation through the recruitment of low
molecular weight protein tyrosine phosphatase (LMW-PTP) [28]. Consistent with this
model, deletion or inhibition of EphA2 augments p190RhoGAP phosphorylation (Figure
7A-D), whereas p190RhoGAP depletion is sufficient to rescue fibrillar adhesion elongation
and fibronectin deposition in EphA2 KO VSMCs (Figure 7E-G). EphA2 may also affect
p190RhoGAP through the regulation of FAK signaling. EphA2 expression limits FAK
phosphorylation (Figure 7H/1), and FAK can activate p190RhoGAP to decrease RhoA
activity during cell spreading and polarized cell migration [55, 56]. Therefore, the increase
in p190RhoGAP phosphorylation following EphA2 inhibition could be due to either the
enhanced FAK-dependent phosphorylation of p190RhoGAP or the reduced EphA2-mediated
p190RhoGAP dephosphorylation (Figure 8).

In conclusion, we identify a novel role for EphA2 signaling within integrin adhesion
complexes that limits local FAK activation and p190RhoGAP phosphorylation to enhance
RhoA activity, fibrillar adhesion elongation, and fibronectin deposition. These data provide
the first insight into the function of EphA2 within integrin adhesions and provide the first
mechanistic insight into how EphA2 signaling contributes to tissue fibrosis. In addition,
these data suggest that the enhanced EphA2 expression associated with a variety of fibrosis
disease models may promote matrix deposition independently of ligand-dependent receptor
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activation, thereby indicating that therapeutic mechanisms targeting ligand-bound EphA2 or
kinase activity may have limited efficacy in comparison to treatments that reduce EphA2
expression or promote EphA2 degradation.

Methods and Materials:

Cell culture:

Human coronary artery or aortic vascular smooth muscle cells (VSMCs) were purchased
from Lonza (cats #cc-2583, cc-2571) and Cell Applications (cat #350p-05a) and cultured

as described previously [21]. Briefly, cells were maintained in MCDB131 Medium
(GenDEPOT #CMO034-350) supplemented with 10% fetal bovine serum (FBS) (Genesee
#25-514), 10 U/mL penicillin/10 mg/mL streptomycin (Genesee #25-512), GlutaMAX™
(Gibco #35050061) L-Glutamine supplement, 5 ng/mL human recombinant EGF (Peprotech
AF-100-15A), 5 ng/mL human recombinant FGF-basic (Peprotech #100-18B), and 5
ug/mL human recombinant insulin (Sigma #91077C). Adult human dermal fibroblasts

were purchased from Cascade Biologics, (cat #C0135C0) and maintained in DMEM
(Genessee #25-500N) supplemented with 10% FBS (Genesee #25-514), 10U/mL penicillin/
10mg/mL streptomycin (Genessee #25-512), and GlutaMAX™ L-Glutamine supplement
(Gibco #35050061). Human VSMCs were used between passages 4-6. Cells were plated

on either Matrigel (1:50, Corning) or fibronectin (10 ug/mL). The ATP-competitive FAK
inhibitor PF-573228 (Tocris #3097) was used at 4 uM compared to DMSO vehicle for

30 minutes prior to serum stimulation. Mouse aortic vascular smooth muscle cells (mouse
VSMCs) were cultured in DMEM/F12 (Genesee #25-502) supplemented with 10% FBS
and 10 U/mL penicillin/10 mg/mL streptomycin. Cells were plated on either 10 pg/mL
human plasma fibronectin or 1:50-diluted Matrigel (Corning #354234) as indicated. For

all experiments, cells were plated overnight to establish sufficient adhesion complexes. In
addition, cells were maintained in either 1% FBS-supplemented media or serum-starved

for 4 hours prior to stimulation with 1% FBS, 1 pg/mL fc-EphrinAl (R&D Systems #602-
Al1-200), or 0.5 pM ALW-11-41-27 (a kind gift from Nathanael Grey, Harvard University) as
indicated.

EphA2 Wildtype and Knockout Mouse Aortic VSMC Isolation:

Animal protocols were approved by the LSU Health Sciences Center-Shreveport
Institutional Animal Care and Use Committee (IACUC). EphA2 wild-type or EphA2
knockout mice were euthanized with isoflurane and pneumothorax and perfused with
approximately 10mL warmed HBSS with calcium and magnesium from the apex of the
heart through the right atrium. The aorta was cleaned of surrounding fat tissue and excised
between the distal aortic arch and the diaphragm. Aortas from three mice per group were
digested in HBSS with enzymes (1 mg/mL Collagenase type 1l (Worthington Biochemical
LS004174), 1 mg/mL Soybean trypsin inhibitor (Worthington Biochemical LS003570), 180
ug/mL Elastase (Worthington Biochemical LS002279), and 50 U/mL Penicillin/50 pg/mL
Streptomycin for 10 minutes at 37°C. Aortas were dissected longitudinally with scissors
and the adventitia was removed. The intimal side was gently wiped with a sterile cotton
swab to remove endothelial cells. Medial layers were minced with scissors and further
digested in HBSS with enzymes for 1 hour at 37°C. Tissue was triturated through an 18g
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needle 5 times to create a cell suspension. Cells were pelleted and rinsed twice with 20%
FBS-supplemented DMEM/F12 containing 1 U/mL penicillin/1 mg/mL streptomycin. Cells
were re-suspended in 20% DMEM/F12 with antibiotics and plated on 0.1% gelatin-coated
tissue culture plates. Cells were weaned onto 10% FBS-supplemented media at passage

3. To deplete any remaining endothelial cells, cells were serum-starved for three days.

Cells were immortalized using a temperature-sensitive SV40-TAg, which suppresses SV40
expression when cultured at 37°C but not at 33°C.

FAK Wildtype and Kinase-Dead Mouse Aortic VSMC Isolation:

Animal experiments were approved by and performed in accordance with the guidelines

of the University of South Alabama Institutional Animal Care and Use Committee. To
obtain genetic FAK wild-type (WT) and kinase-dead (KD) VSMCs, FAK flox/flox and FAK
WT/KD mice were crossed to produce FAK flox/WT and FAK flox/KD offspring [84].
Mouse aortic SMCs were isolated as previously described with some modifications [85,

86]. Mice were anesthetized with 100 mg/kg ketamine/10m g/kg xylazine via intraperitoneal
injection. The aorta was isolated, and the surrounding tissue was excised using a surgical
microscope. A 24-gauge syringe was inserted into one end of the aorta, and the lumen

was then washed with PBS. The distal end of the aorta was ligated shut, and aorta was

filled with 2 mg/mL Collagenase Il (Worthington, #L.S004174) for 30 minutes, and detached
endothelial cells were flushed out three times with PBS. Aortas were dissected into smaller
pieces and embedded in Matrigel (Corning, #356230). VSMCs migrated out of the aorta in
20% DMEM. VSMCs were then expanded and maintained in 10% DMEM. Isolated SMCs
were checked for expression of SMC markers such as a-smooth muscle actin (a-SMA)

by immunostaining. Isolated FAK flox/WT and FAK flox/KD SMCs were treated with Cre
adenovirus (Ad-Cre) to generate FAK null/WT and FAK null/KD SMCs. Successful deletion
of FAK flox allele was confirmed via PCR and immunoblotting.

Transfections and transductions:

For siRNA treatments, cells were transfected using lipofectamine2000 (Invitrogen
#11668019) as per manufacturers’ instructions and 50 nM siRNA targeted against human
granulin (Dharmacon SMARTpool #L-009285-00-0005), EphA2 (Dharmacon SMART pool
#1.-003116-00-0005), human FAK (Dharmacon SMARTpool #L-003164-00-0005), or
mouse p190RhoGAP (Dharmacon SMARTpool #L.-042292-01-005). For DNA plasmid
treatments, cells were transfected using lipofectamine3000 (Invitrogen #L.3000015) as per
manufacturer’s instructions and 1 ug/mL DNA plasmid was used for each construct. Cells
were used 48 hours post-transfection for all experiments. The human full-length EphA2-WT
human plasmid was produced by VectorBuilder and driven by the cytomegalovirus (CMV)
promoter with a green fluorescence protein (GFP) reporter gene. The human EphA2-Y772F,
S897A, K646M, and R103E mutant plasmids were produced and sequence-validated by

the LSUHSC-Shreveport COBRE Molecular Signaling Core utilizing QuickChange 11 Site-
directed mutagenesis kit (Agilent #200523) as per manufacturer’s instructions. The human
RhoA-WT (Addgene plasmid # 12965), dominant negative RhoA-TN19 (Addgene plasmid
#12967), and constitutively active RhoA-Q63L (Addgene plasmid # 12968) were a kind gift
from Gary Bokoch. The human Tensin-C-mCherry was kind gift from Michael Davidson
(Addgene plasmid # 55143). For viral overexpression, human vascular smooth muscle cells
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were transduced with either GFP control or EphA2 adenoviral constructs (Vectorbuilder)
with 6 ug/mL Polybrene (Santa Cruz #sc-134220) for 24 hours (MOI = 3). 24 hours
post-transduction, fresh media was exchanged and incubated an additional 24 hours, after
which point human VSMCs were serum-starved for 72 hours.

Integrin Activation Assay:

Integrin activation assay was used as previously described [87, 88]. Briefly, a glutathione S-
transferase (GST)-tagged fibronectin mimetic of the 9t-11t" type 111 repeat (GST-FNIllg_11)
was used to bind active a5p1 integrin. Following serum-starvation for 4 hours, cells were
stimulated with serum for 30 minutes. GST-FNIIlg.11 (20 pg/mL) in PBS containing 1 mM
MgCl, was added to human VSMCs and incubated for 30 minutes. 0.5 mM MnCl, was used
as a positive control. Unbound GST-FNIIlg_11 was rinsed two times with fresh PBS, and
cells were lysed in 2x Laemlli buffer. Active a5p1 integrin was measured as the relative of
GST detected with Western blot and normalized to GAPDH.

Proximity Ligation Assay:

Human VSMCs were fixed in 3.7% neutral-buffered formaldehyde and permeabilized with
0.5% Triton-X100. The proximity ligation assay (Sigma #DUQ092102) was performed per
manufacturer’s instructions using mouse anti-p1 integrin (1:200, Santa Cruz #sc-374429)
and rabbit anti-tensin (1:500, Sigma #SAB420028). Nuclei were labeled with DAPI

(Life Technologies #D3571) and coverslips were mounted onto microscope slides using
FluoromountG (SouthernBiotech #0100-01). Cells were quantified for puncta per cell and
averaged from at least 5 high-powered field images for each condition.

Western Blotting and Immunoprecipitation:

Western blot was performed as described [21]. Membranes were labeled with rabbit
anti-paxillin (1:1000, CST #2542), mouse anti-vinculin (1:1000, Sigma VV9131), rabbit
anti-TFR1 (1:4000, CST #13113), mouse anti-HDAC3 (1:1000, CST #3949), rabbit anti-
TOMMZ20 (1:4000, Abcam ab186735), mouse anti-calnexin (1:1000, Abcam ab31290),
granulin (1:2000, Abcam #ab208777), rabbit anti-tensin (1:1000, Sigma SAB4200283),
rabbit anti-p5 integrin (1:1000, Abcam #ab150361; 1:4000, Santa Cruz Biotechnology
sc-10729), rabbit anti-av integrin (1:1000, Abcam #ab117611; 1:3000, CST #4711),
rabbit anti-p1 integrin (1:1000, CST #9699), rabbit anti-p3 integrin (1:1000, CST #4702),
rabbit anti-EphA2 (1:1000, CST #6997), rabbit anti-phospho-EphA2 Y588 (1:1000, CST
#12677), rabbit anti-phospho-EphA2 Y772 (1:1000, CST #8244), rabbit anti-phospho-
EphA2 S897 (1:1000, CST #6347), rabbit anti-ILK1 (1:5000, CST #3856), rabbit anti-
B-tubulin (1:5000, CST #2128), rabbit anti-GAPDH (1:5000, CST #2118), rabbit anti-
MLC2 (1:1000, CST #3672), rabbit anti-phospho-MLC T18/S19 (1:1000, CST #3674),
rabbit anti-RhoA (1:1000, CST #2117), rabbit anti-phospho-FAK Y397 (1:1000, CST
#8556), rabbit anti-FAK (1:1000, CST #3285), rabbit anti-phospho-p190RhoGAP Y1087
(1:1000, Thermo #PA540199), rabbit anti-phospho-p190RhoGAP Y1105 (1:1000, Thermo
#PA537788), rabbit anti-p190RhoGAP (1:1000, CST #2513), mouse anti-GST (1:1000,
Santa Cruz #sc-138), rabbit anti-fibronectin (1:5000, Abcam #ab2413) and rabbit anti-
ephrinAl (1:1000, Abcam #ab133598). Primary antibodies were visualized with horseradish
peroxidase AffiniPure secondary antibodies from Jackson ImmunoResearch (goat anti-
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mouse #115-035-062, goat anti-rabbit #111-035-003). Densitometry was performed using
ImageJ Software, and relative protein was normalized to ILK (for integrin adhesion
isolation) or GAPDH and beta-tubulin (for all other experiments). For immunoprecipitation,
human vascular smooth muscle cells were rinsed with ice-cold PBS and lysed in ice-cold
immunoprecipitation lysis buffer containing 20 mM TrisCl, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 0.5% Triton, 0.5% NP-40, 1X protease inhibitor cocktail (RPI Corporation
#P50900-1.0) and 1X phosphatase inhibitor cocktail (RPI Corporation #P52104-1) pH

7.5. Lysates were immunoprecipitated with mouse anti-p1 integrin (1:50, Santa Cruz
#sc-374429) for 4 hours and incubated with GammaBind G Sepharose (GE Healthcare
#17-0885-02) for 3 hours. Bound protein was rinsed with immunoprecipitation lysis buffer
three times and lysed in 2x Laemmli buffer. Sepharose beads and lysates without antibodies
were used as a negative control, with a whole cell lysate used to validate immunoblotting.

Integrin Adhesion Isolation:

Integrin adhesion isolation was performed as described previously [89]. Hydrodynamic
force with PBS was applied using a Conair Interplak water pic set at 4. Cells were

plated onto Matrigel-coated glass slides at 500,000 cells per slide and incubated in
1%FBS-supplemented media overnight. Matrigel was diluted 1:50, which creates a thin

coat rather than a soft gel. Cells were rinsed briefly with PBS and incubated with 2.5 mM
triethanolamine pH 7.0 for 3 minutes. Cell bodies were removed with two second passes of
hydrodynamic force five times, and integrin-associated proteins remaining on the slide were
lysed in 2x Laemlli buffer. Cells from 3 slides were pooled each condition. For whole cell
lysate control, cells were plated onto glass slides as described above, and lysed directly in 2x
Laemmli buffer, B-tubulin was shown as a negative control.

Collagen Gel Contraction assay:

Rat-tail collagen was isolated, and the collagen gel contraction assay was performed

as described previously [90]. Briefly, 200,000 human vascular smooth muscle cells per
condition were suspended in 500 uL 0.8% collagen and incubated at 37°C for 1 hour to
allow for collagen polymerization. Following polymerization, collagen gels were gently
released from the walls of the culture dish with a sterile spatula, and 1%FBS-supplemented
media was added overnight to allow for gel contraction. Collagen gel diameter was
measured using ImageJ Software. Two gels were measured for each condition, and an
average was obtained using ImageJ Software. Data shown as percent contraction from well
diameter.

Calcium Labeling Assay:

Human vascular smooth muscle cells were measured for calcium signaling as described
previously [91]. Briefly, VSMCs were treated with 1 pM Fluo4-AM (Invitrogen #F14201) in
phenol red-free HBSS for 45 minutes at room temperature, then exchanged with fresh HBSS
for 15 minutes at 37C. Intracellular calcium was detected following serum stimulation with
FITC excitation using a single high-powered field with a Nikon TiE microscope, while

cells were maintained at 37°C and 5% CO, on a stage-mounted environment chamber
(Bioscience Tools). Calcium signaling was captured at 15 second intervals for 15 minutes
using a Nikon monochrome cooled digital camera (DS-Qil). Calcium signaling of each
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cell over time was quantified using the ImageJ SparkMaster Plugin [92] and expressed as
intensity (amplitude, AF/F0). Cell debris was excluded from the analysis.

Rho Activation Assay:

Cells were transfected as described previously and serum-starved for 4 hours prior to FBS
stimulation for 15 minutes. Rho activation was measured using the Active RhoA Detection
Kit (Cell Signaling Technologies #8820) and performed per manufacturer’s protocol.
Briefly, cells were lysed and incubated with GST-tagged Rhotekin-RBD-conjugated agarose
beads, which bind only GTP-bound RhoA [93]. Protein-bound beads were lysed in
2xLaemlli buffer. Samples were analyzed by Western blot, and active RhoA was normalized
to total RhoA from whole cell lysates. A positive control was treated with GTP-yS (a
non-hydrolyzable GTP analogue).

Immunostaining and Microscopy:

Cells were stained for immunofluorescence as described previously [21]. Cells were plated
at 40,000 cells/cm? on glass coverslips coated with Matrigel and incubated overnight in

1% FBS-supplemented media. Cells were fixed in 3.7% neutral buffered formaldehyde,
and permeabilized in 0.5% Triton-X100. Coverslips were blocked with 10% horse serum
(Life Technologies #16050122) in 1% denatured bovine serum albumin (RPI Corporation
#A30075) with 0.5% sodium azide for at least 1 hour prior to incubation overnight with
primary antibodies at 4°C. Primary antibodies were used as follows: rabbit anti-Tensin
(1:500, Sigma SAB420028), mouse anti-12G10 (1:400, a kind gift from Martin Humphries,
University of Manchester), SNAKAS51 (1:400, a kind gift from Martin Humpbhries,
University of Manchester), rabbit anti-phospho-MLC T18/S19 (1:400, CST #3674), rat
anti-9EG7 (1:400, BD Pharmingen #550531), rabbit anti-phospho-FAK Y397 (1:200, CST
#8556), rabbit anti-phospho-EphA2 Y772 (1:200 CST #8244), rabbit anti-EphA2 (1:400,
CST #6997), mouse anti-EphA2 (1:400, CST #12927), mouse anti-vinculin (1:400, Sigma
#9131), rabbit anti-paxillin (1:100, Abcam ab32115), or Alexa488-conjugated phalloidin
(1:200, Invitrogen #12379). Coverslips were incubated for two hours with secondary
antibodies at a 1:1000 dilution with 10% horse serum in 1% denatured bovine serum
albumin with 0.5% sodium azide. Secondary antibodies were used as follows: Alexa-546
Donkey anti-Rabbit, Alexa-546 Donkey anti-mouse, Alexa-647 Donkey anti-rat, Alexa-647
Donkey anti-mouse (Invitrogen). All coverslips were nuclear counterstained with DAPI
(500ng/mL, Life Technologies #D3571). All stains were visualized with a Nikon Eclipse

Ti inverted microscope and images were captured using a Photometries CoolSNAP120
ES2 camera and NIS Elements 3.00, SP5 imaging software. At least five randomized
high-powered fields were imaged per coverslip for accurate representation of each treatment.
Fibrillar adhesion length was measured using NIS Elements BR software.

Quantitative Real-Time PCR:

mMRNA isolation, cDNA synthesis, and gRT-PCR were performed from cells as described
previously [21]. Briefly, cells were lysed in TRIzol reagent (Life Technologies #15596026)
and RNA was isolated with chloroform precipitation. cDNA was synthesized using the
iScript cDNA synthesis kit (Biorad #1708891) per manufacturer’s instructions. gRT-PCR
was performed using a CFX96-well iCycler (BioRad) and iQSYBR Green Supermix
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(BioRad #1708880). Primers were designed and validated by PrimerBank [94]. Primer
sequences are as follows: ITA5 forward primer: 5’-CAGGGTGGTGCTGTCTACCT-3’,
ITAS reverse primer: 5’-GCTCAGTGGCTCCTTCTCTG-3’, ITAV

forward primer: 5’~-GCCTGGAACAGCTCTCAAAG-3’, ITAV reverse

primer: 5’-AGATTCATCCCGCAGATACG-3’, ITB1 forward primer:
5-TTCAGTTTGCTGTGTGTTTGC-3’, ITB1 reverse primer: 5’-
TTTCTGGACAAGGTGAGCAA-3’, EphA2 forward primer: “5-
GCACAGGGAAAGGAAGTTGTT-3’, EphA2 reverse primer: 5°-
CATGTAGATAGGCATGTCGTCC-3’, Rpl13a forward primer: 5’-
GGGCAGGTTCTGGTATTGGAT-3’, Rpl13a reverse primer: 5’-
GGCTCGGAAATGGTAGGGG-3’. Results were normalized to the housekeeping gene
Rpl13a and expressed as fold change using the 2-[delta][delta]Ct calculation.

Fibronectin Fibrillogenesis:

Fibronectin deposition was analyzed by Western blot as described previously [21]. Briefly,
cells were rinsed in ice-cold PBS and lysed in a 2% deoxycholate buffer containing 2 mM
TrisCl, 2 mM PMSF, 2 mM EDTA, 2 mM iodoacetic acid, and 2 mM N-ethylmaleimide pH
8.8. DNA was sheared by passing through a 25-gauge needle 5 times, and the deoxycholate-
insoluble fraction was isolated by 16,000¢g centrifugation for 15 minutes. The supernatant
was lysed in 6xLaemmli buffer as the deoxycholate soluble fraction, and the pellet was
solubilized in a solubilization buffer containing 2% SDS, 25 mM TrisCl, 2 mM PMSF, 2
mM iodoacetic acid, and 2 mM N-ethylmaleimide, and 2 mM EDTA pH 8.0 and lysed in 6x
Laemmli buffer.

Statistical Analyses:

All experiments in main figures were performed at least 3 independent times. P-values

less than 0.05% were considered significant. All T-tests were two-tailed distribution with
two-sampled unequal variance and performed using Microsoft Excel, and GraphPad Prism
was used to perform one-way ANOVA and two-way ANOVA. Analyses utilizing one-way
ANOVA performed Bonferroni Multiple Comparison test, while analyses utilizing two-way
ANOVA performed Bonferroni posttest. For calcium signaling data, amplitude frequency
(AF/F0) was shown as a frequency distribution and 95% confidence interval of the mean
amplitude, where overlapping standard error bars suggest the amplitude means are not
significantly different. Outliers with less than 0.05 significance were calculated using
GraphPad Outlier Calculator and excluded from data sets. Mean data were represented as
bar graphs, with individual data points displayed as white dots overlaid. All data were shown
as the mean =+ S.E.M.
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Abbreviations:

VSMC Vascular smooth muscle cell

FAK Focal adhesion kinase

FN Fibronectin

WCL Whole cell lysate

EA2 EphA2

MLC Myosin light chain

WT Wild-type

KO Knockout

ILK Integrin-linked kinase

Y tyrosine

S serine

P phosphorylated

NT no treatment

GEF guanine nucleotide exchange factor
GAP guanine nucleotide activating protein
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Highlights:
. EphA2 expression is required for efficient elongation of tensin- and (a.5p1-

rich fibrillar adhesions in vascular smooth muscle cells.

. EphA2 undergoes ligand-independent Y772 phosphorylation within integrin
adhesions through focal adhesion kinase-dependent transphosphorylation.

. EphA2 Y772 phosphorylation, but not EphA2 ligand-binding, promotes
fibrillar adhesion elongation and fibronectin deposition by enhancing RhoA-
mediated contractility.

. EphA2 expression limits p190RhoGAP activation to promote contractility-
dependent fibrillar adhesion formation and fibronectin deposition.
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Figure 1: EphA2 depletion reduces tensin localization and fibrillar adhesion length.
Human vascular smooth muscle cells (VSMCs) were transfected with either mock or siRNA

targeted against EphA2 for 24 hours. A-C) Cells were plated onto Matrigel-coated glass
slides overnight in 1% serum, and integrin adhesion isolation was performed. Protein
expression was measured by immunoblot and normalized to integrin-linked kinase (ILK). B-
tubulin from the whole cell lysate (WCL) fraction was shown for integrin adhesion isolation
purity. B,C) Tensin and a5 integrin from the integrin adhesion fraction were quantified. D)
Cells were stained for tensin. E,F) Cells were stained for active p1 integrin (12G10) and
adhesion length was quantified in microns. G,H) Cells were stained for active a5 integrin
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(SNAKASL) and adhesion length was quantified in microns. (1) Proximity ligation assay
(PLA) was performed for g1 and tensin interactions, and counterstained with DAPI (pink).
Scale bar = 25um. J) PLA puncta were quantified per high powered field and normalized
to number of DAPI per high powered field. Scale bar = 25um. n=3-4. Data are expressed
as mean +SEM. Statistical comparisons were made using Student’s T-test (B,F,H,J,L). A
p-value less than 0.05 is considered significant.
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Figure 2: Serum treatment induces ligand-independent EphA2 phosphorylation.
Human VSMCs were transfected with either mock or siRNA targeted against EphA2 for

24 hours. Cells were plated onto Matrigel coated plates overnight in either serum-free

or 1% serum. Protein was isolated and analyzed via immunoblotting (A) Representative
immunoblots and (B) densitometry analysis of phospho-Y772, phospho-S897, and total
EphA2. Total EphA2 was normalized to GAPDH, pEphA2 Y772 and pEphA2 S897 were
normalized to total EphA2. Values expressed as fold change from baseline (mock 0’). C)
Human VSMCs were serum-starved for four hours, treated with 1ug/mL Fc-EphrinAl for
5 or 30 minutes, followed by immunoblotting for phosphorylated (Y588, Y772, and S897)
and total EphA2. D-E) Human VSMCs were seeded onto Matrigel-coated glass coverslips
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overnight in 1% serum-containing media and stained for (D) S897-phosphorylated EphA2
(teal), (E) Y772-phosphorylated EphAZ2 (teal), (D,E) Y397-phosphorylated FAK (red), and
DAPI (nuclei). F) Cells were plated onto Matrigel-coated glass slides overnight in 1%
serum, followed by integrin adhesion isolation and protein expression was measured via
immunoblot. G) EphA2 KO mouse aortic VSMCs cells were transfected with EphA2-WT,
K646M, or R103E, plated overnight in 1% serum, and stained for phospho-EphA2 Y772
(teal), Y397-pFAK (pink), EphA2 (white) and DAPI (nuclei). n=4. Data are expressed as
mean +SEM. Statistical comparisons were made using 2-way ANOVA with Bonferroni
post-test. A p-value less than 0.05 is considered significant.
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Figure 3: EphA2-dependent fibrillar adhesion elongation requires Y772 phosphorylation but not

EphA2-ligand interactions.

EphA2 KO mouse aortic VSMCs were transfected with either mock, EphA2-WT, (A-D)
EphA2-Y772F, or (E-H) EphA2-R103E constructs for 24 hours, then plated onto Matrigel-
coated coverslips overnight in 1% serum. Cells were stained for EphA2 (white), and EphA2-
positive cells were quantified. A-B,E-F) Cells were stained fortensin (teal) and adhesion
length was measured in microns. C-D,G-H) Cells were stained for fibronectin (teal) and
quantified as fibronectin-positive area in microns. Scale bar = 25um. n=4-5. Data are
expressed as mean £SEM. Statistical comparisons were made using One-way ANOVA with
Bonferroni post-test. A p-value less than 0.05 is considered significant.
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Figure 4: FAK is required for EphA2 phosphorylation within the focal adhesion.
Human VSMCs cells were transfected with either mock or siRNA targeting FAK for 24

hours. Cells were then plated onto Matrigel overnight, serum starved for 4 hours, and
treated with 1% serum at the indicated timepoints. A) Phospho-EphA2 was analyzed by
immunoblot and normalized to total EphA2 or (B) stained for Y772-phospho EphA2 (teal)
and DAPI (nuclei). C) Cells were treated with PF-573228 (PF, 4uM) for 30 minutes,

then treated with 1% serum at the indicated timepoints. Phospho-EphA2 was analyzed by
immunoblot and normalized to total EphA2. D) FAK WT or FAK KD cells were serum-
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starved for 4 hours, then treated with 1% serum at the indicated timepoints. Phospho-EphA2
was measured by immunoblot and normalized to total EphA2. Fold changes are relative to
mock/NT/WT 0’ timepoint. n=4. Data are expressed as mean +SEM. Statistical comparisons
were made using 2way ANOVA with Bonferroni post-test. #p-values compare between
conditions for each treatment (mock vs. siFAK). *p-values compare baseline (0’ 1%FBS)
between conditions using Student’s T-test. A p-value less than 0.05 is considered significant.
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Figure 5: EphA2 promotes VSM cell contractility independent of calcium signaling.
Human VSMCs were transfected with either mock or siRNA targeted against EphA2 for

24 hours. A) Cells were embedded in 0.8% collagen isolated from rat tail and allowed to
polymerize at 37°C. The cells and collagen gels were incubated in 1% serum overnight,
and collagen gel diameter was measured and expressed as a percent contraction from
the diameter of the well. B,C) Cells were plated onto Matrigel overnight in 1% serum
and phospho-MLC was measured by B) Western blot and normalized to total MLC or
C) staining (pink) with DAPI (nuclei). D-F) Cells were labeled with 1uM Fluo4-AM 45
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minutes prior to treatment with 1% serum. Fluo4-AM fluorescence was visualized by
microscopy every 15 seconds over a duration of 15 minutes. D) Fluorescence intensity
(amplitude, AF/F0) per each cell was represented as a histogram. E) Mean amplitude of
fluorescence intensity shown as 95% confidence interval, with dashed lines representing
overlapping SEM. F) Representative image of Fluo4-AM-labeled cells. G) Cells were plated
onto Matrigel overnight in 1% serum and RhoA activity was measured by Rho activation
assay. Active RhoA was measured by Western blot and normalized to total RhoA. Non-
hydrolyzable GTP-yS was utilized as a positive control ((+) cont). N=6 (H-K) EphA2 KO
mouse VSMCs transiently expressing EphA2-WT, EphA2-Y772F, and EphA2-R103E were
seeded overnight on Matrigel in 1% serum, then (H,J) stained: phospho-MLC (pink), EphA2
(white), and DAPI (nuclei), and (I,K) quantified as mean fluorescence intensity (MFI). Scale
bar = 25um. n=4-7. Data are expressed as mean +SEM. Statistical comparisons were made
using Student’s T-test (A,B,G) or Two-way ANOVA with Bonferroni post-test (1,K). A
p-value less than 0.05 is considered significant.
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Figure 6: EphA2 signals through RhoA to promote fibrillar adhesion elongation and fibronectin
deposition.

A-D) EphA2 WT mouse VSMCs were transfected with either mock, RhoA-WT, or
dominant-negative RhoA (RhoA-N19) for 24 hours. (E-H) EphA2 KO mouse VSMCs
were transfected with mock, RhoA-WT, or constitutively active RhoA (RhoA-Q63L) for 24
hours. Cells were plated onto Matrigel overnight post-transfection, and GFP-positive cells
(white) were quantified. A/B,E/F) Cells were stained for tensin (teal), active B1 integrin
(9eg7, pink), and DAPI (purple) and fibrillar adhesion length was measured in microns.
C/D,G/H) Cells were stained for fibronectin (teal) and DAPI (purple) and fibronectin area
was measured in microns. Scale bar = 25um. n=4. Data are expressed as mean £SEM.
Statistical comparisons were made using One-way ANOVA with Bonferroni post-test A
p-value less than 0.05 is considered significant.
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Figure 7: Deletion of EphA2 enhances p190Rho-GAP phosphorylation to inhibit fibronectin
fibrillogenesis.

A/B) EphA2 WT or EphA2 KO mouse VSMCs were plated onto Matrigel overnight in 1%
serum, and phospho-p190RhoGAP was quantified by Western blot and normalized to total
p190RhoGAP. C/D) EphA2 WT mouse VSMCs were plated onto Matrigel overnight in 1%
serum, then treated with ALW-I11-41-27 (0.5uM) for 30 minutes. Phospho-p190RhoGAP was
quantified by Western blot and normalized to total p190RhoGAP. E-G) EphA2 KO mouse
VSMCs were transfected with either mock or siRNA against p190Rho-GAP for 24 hours,
then plated onto Matrigel overnight. G,H) Cells were stained for tensin (teal), active p1
integrin (9eg7, pink), and DAPI (purple), and fibrillar adhesion length was measured in
microns. Scale bar = 25um. n=4-5. G) Cells were analyzed for fibronectin deposition with
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deoxycholate extraction. Deoxycholate-insoluble (deposited) fibronectin was normalized
to deoxycholate-soluble GAPDH. H/I) EphA2 WT or EphA2 KO mouse VSMCs were
plated onto Matrigel overnight in 1% serum, and phospho-FAK Y397 was quantified by
Western blot and normalized to total FAK. Data are expressed as mean £SEM. Statistical
comparisons were made using Student’s T-test. A p-value less than 0.05 is considered
significant.
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Figure 8: Schematic diagram of proposed signaling pathway:
Schematic summary of the proposed mechanism of EphA2-regulated fibronectin deposition.

1) EphA2 within the focal adhesion undergoes ligand-independent phosphorylation on Y772
by focal adhesion kinase (FAK). EphA2 expression limits FAK activity, suggesting a novel
reciprocal relationship between FAK and EphA2 signaling in the focal adhesion. 2) Elevated
EphAZ2 signaling and reduced FAK signaling are associated with reduced phosphorylation
and activation of p190RhoGAP. 3) Elevated RhoA activity due to inactive p190RhoGAP
mediates myosin light chain phosphorylation and cellular contractility. 4) RhoA-driven
contractility supports the recruitment of a581 integrins into tensin-rich fibrillar adhesions
that drive 5) fibronectin deposition.
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