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Abstract

Adhesion of embryonic stem cells (ESCs) to the extracellular matrix (ECM) may influence
differentiation potential and cell fate decisions. Here we investigated the inductive role of binding
of integrin a6p1 expressed in mouse (M)ESCs to laminin-1 (LN1) in mediating the differentiation
of ESCs to endothelial cells (ECs). We observed that a6p1 binding to LN1 was required for
differentiation to ECs. a6B1 functioned by recruiting the adaptor tetraspanin protein CD151,
which activated FAK and Akt signaling and mediated the EC lineage-specifying transcription
factor Er71. In contrast, association of the ESC-expressed a3p1, another highly expressed LN1
binding integrin, with CD151, prevented a6p1-mediated differentiation. CD151 thus functioned as
a bifurcation router to direct ESCs towards ECs when a6p1 associated with CD151, or prevented
transition to ECs when a3p1 associated with CD151. These observations were recapitulated in
mice in which a6 integrin or CD151 knockdown reduced the expression of Er71-regulated
angiogenesis genes and development of blood vessels. Thus, interaction of a6l in ESCs with
LN1 activates a6p1/CD151 signaling which programs ESCs towards the EC lineage fate.
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INTRODUCTION

Interactions of extracellular matrix (ECM) proteins with integrins and downstream
activation of signaling pathways regulate cellular processes as diverse as cell motility, cell-
cell and cell-matrix adhesion, and cell polarity [1,2]. It is known that binding of fibroblasts
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and other cell types to ECM activates “outside-in” signals depending on the specific matrix
protein on which cells are adherent [3-5]. However, the role of integrin-ECM interactions in
programming of embryonic stem cells (ESCs) to specific cell fates is not well understood
[6,7]. While ESCs have the potential to differentiate into endothelial cells (ECs) [8-11], the
contribution of specific ECM proteins and the signaling mechanisms responsible for EC
differentiation and lineage specification remain incompletely understood [12-17].

Studies have shown that ECs emerge from ESCs upon applying mesodermal differentiating
conditions [18-20]. The generated ECs are characterized by upregulation of Fetal liver
kinase-1 (FIk1) gene and EC-specific adherens junction VE-cadherin gene [21-25].
Differentiation towards the EC fate also requires activation of specific transcriptional factors
such as Er71/Etv2, which binds FIk1 and VE-cadherin promoters [21-25]. In addition,
growth factors such as BMP-4 (bone morphogenetic protein 4) and VEGF are also important
cues for the transition towards ECs [21,22].

Here we investigated the role of the ESC-expressed integrins a3p1 and a6f1 in mediating
the differentiation to ECs. Studies focused on the question whether ESCs grown on
laminin-1 (LN1) could be coaxed into transitioning into ECs, and if so, the signaling
mechanisms responsible, and whether the generated ECs were capable of forming blood
vessels. Laminins are a prominent ESC niche [26,27] in developmental vasculogenesis [28].
Since differentiation of ECs may recapitulate the vascular differentiation program [20,25],
we surmised that ESC-expressed a3p1 and a6p1 interacting with LN1 are important in
generating ECs capable of forming functional blood vessels. LN1 binding integrins, in
addition to binding ECM proteins, also associate with the adaptor protein CD151, known as
the 4-pass transmembrane protein tetraspanin-4 (TMSF4), which regulates signaling
downstream of integrin activation [29-35]. As CD151 interacting with a3p1 or a6p1 [30—
35] is capable of directing signaling towards distinct pathways [30-34], we also investigated
the role of CD151 through binding with either a3p1 or a6f1 in the mechanism of transition
of ESCs to ECs.

MATERIALS AND METHODS

Immunofluorescence Staining and Microscopy

These assays were performed as described [20,36]. Briefly, mESCs were fixed with 4%
PFA, permeabilized, and stained with rat anti-mouse a6, rabbit anti-mouse CD151, or goat
anti-mouse a3 antibodies. Frozen sections were stained with rat anti-mouse Er71. Paraffin
sections were stained for Hematoxylin/Eosin (H/E). Fluorescent images were acquired at
room temperature with a Zeiss LSM 710 META confocal laser scanning microscope using
an a-Plan-Apochromat 63x/1.46NA, (1.5x zoom factor) or a C-Apochromat 63x/1.2NA
objective, (2.6x Zoom factor). The Zeiss Zen software was used for image acquisition. Co-
localization was analyzed using ImageJ (NIH) with the Fiji plug-in coloc_2
[37].Background subtraction was performed to eliminate nonspecific staining. The
calculation of the fractions of CD151 that overlapped with integrins was performed using
thresholded Mander’s coefficient. H/E images were taken by an Olympus BX51microscope
with an Olympus 12.5MP DP71 CCD camera using a UPlanFL N dry 40X/0.75NA
objective. Super Resolution imaging was performed at Northwestern University Cell
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Imaging Facility using Delta Vision-OMX Super Resolution Fluorescent Microscope
(supported by NIH Grant S100D010777, Thomas J. Hope).

Cell Surface Integrin Internalization Assays

Internalization of a6 integrin was determined by cell surface biotinylation assay. Cell
surface biotinylation experiments have been previously described [35,36]. In brief, cells
were plated (5x10°) on 35mm dishes coated with 0.2ug/ml LN-1. The cells were washed
with cold PBS and incubated with reducible sulfo-NHS-SS-biotin (Pierce, Rockford, IL). To
strip the biotin bound to surface proteins, the cells were treated for 30min on ice with a
reducing solution containing 42mM glutathione (reduced form), 75mM NaCl, 75mM NaOH,
and 1% BSA (called quencher). Some dishes were left untreated to measure the total amount
of labeled integrin. For a6 integrin co-IP, the cells were solubilized in 1% Brij-99 and
150mM NaCl lysis buffer at 4°C. Cell surface biotinylated integrins were analyzed by
streptavidin-HRP, subjected to chemiluminescence (ECL), and signals were quantitated by
densitometric analysis. Alternatively, to determine cell surface a6 integrin, mESCs were
washed with cold PBS and then incubated with various concentrations of trypsin (1—
100U/ml in PBS) at RT. To stop digestion, 1mM phenylmethylsulfonyl fluoride (PMSF)
was added, cells washed and lysed in Brij-99+150mM NaCl lysis buffer. For
immunoblotting, anti—a6 antibody recognizing an extracellular domain of a6 (a6-ecto) or
anti—a6 antibody recognizing the cytoplasmic C-terminal (a6-cyto, clone H-87, Santa Cruz
Biotechnology, sc-10730) region of the integrin were used.

Transfection Experiments

Transfection with a6 siRNA, CD151 siRNA and a3 siRNA was performed in 24-well plates
using pooled specific mouse integrin a6 siRNA (Dharmacon, Thermo Scientific, Accell
SmartPool mouse Itga6, E-040204-00-0005, Accell SmartPool mouse cd151, E-043064-00—
0005, Accell SmartPool mouse Itga3, E-042246-00-0005) and a non-targeting control
siRNA (Dharmacon, Thermo Scientific, Accell non-targeting Control Pool,
D-001910-10-05) (25nM final concentration). The mESCs were transfected in triplicate for
24hr in the presence of serum free media, and then 500ul of complete growth media was
added per well for another 24 hr. Then, the transfection mix was replaced with fresh growth
media, and protein expression analysis was performed. Transfection with dominant-
negative-Akt (HA-Akt DN, [K179M], Addgene plasmid 16243) and with Gst-Er71 (vector
pGEX-4T1, provided by Dr. C. Park) was performed using Lipofectin Transfection Reagent
(Life Technologies™).

RESULTS

LN1 interaction with mESC-expressing a6l induces differentiation towards EC fate

Integrin subunits a6 and 1 were predominantly expressed transcripts in mESCs (Figure
S1A). Flow cytometry analysis verified high cell surface expression of a6 and 1 (Figure
1A). In contrast, B4, another a6 binding partner, was not seen (Figure 1B). mESC adhesion
to LN1, but not to control gelatin matrix, was significantly reduced using anti-a6 blocking
antibody (clone GoH3) (Figure 1C). We determined whether binding of a6p1 to LN1
regulated the differentiation of mESCs to ECs as compared to differentiation on type IV
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collagen. mESC were plated at low density on either type IV collagen or LN1 in presence of
defined EC differentiation medium containing VEGF165 [20]. Cells seeded at similar
densities (3x103 cells/cm?2) under both conditions expressed FIk1 and VE-cadherin on day#3
with levels peaking on day#6-7. Importantly, differentiation on LN1 was significantly more
efficient with 25% of cells on LN-1 becoming Flk1*VE-cadherin* compared to only 8%
double positive cells on type IV collagen (Figure 1D).

We next examined the consequences of inhibiting a6 expression on mESC differentiation
(Figure S1B). a6 knockdown was associated with significantly impaired proliferation
(Figure 1E) and increased apoptosis (Figure 1F) consistent with a prominent role of a6 in
ESC maintenance [17]. To avoid confounding effects of apoptosis in these experiments, we
used a blocking antibody against a6 (clone GoH3). In pilot experiments we employed a
range of doses of the a6 blocking antibody determining, for each particular dose, the
activation status of a6p1 as reflected by the decrease in the mean fluorescence intensity of
the activation dependent antibody against p1, clone 9EG7 [39] (i.e. % P1 inhibition, Figure
S1C). At an antibody dosage inducing a6p1 inhibition of 40%, mESCs did not undergo
apoptosis (Figure S1D); importantly, these cells failed to differentiate into ECs on LN1
substrate as determined by suppressed mRNA and protein expression of FIK1 three days
after onset of differentiation (Figure 1G) and significantly reduced number of FIk1*VE-
cadherin* ECs at day#6 (Figure 1H). Thus, a6p1 interaction with LN-1 appears to be a
crucial mechanism of differentiating mESCs into ECs.

mMESCs differentiation into ECs requires interaction of a6p1 with CD151

To address signaling mechanisms downstream of a631 mediating ESC differentiation to
ECs, we examined the role of the tetraspanin CD151, key regulator of a6p1 signaling
[32,33,35]. CD151 interacted with a6p1 on plating mESCs on LN1 but not following mESC
plating on type 1V collagen (Figure 2A). mESCs were transfected with CD151-siRNA to
address the role of CD151 in a6pl-activated signaling (Figure S2A). Control experiments
showed that CD151-knockdown alone had no effect on expression of a6 (Figure S2B) and
cell viability (Figure S2C) whereas CD151 depletion significantly reduced the emergence of
ECs with only 6% of cells becoming FIk1*VE-cadherin® by day#6 as compared to 25%
double positive cells in control experiments (Figure 2B, left and middle panels, and Figure
1D).

In other studies, mESCs were transfected with siRNA targeting CD151, and tyrosine
phosphorylation of the a6 effectors, FAK and Akt [40-42], was determined. Deletion of
CD151 reduced tyrosine phosphorylation of both FAK and Akt in contrast to controls
(Figures 2C, 2D). Further, transfection of the constitutively-active FAK mutant (CD2-FAK)
[43] in CD151-depleted mESCs restored FAK activation (Figure S2D) as well as
differentiation of mESCs into ECs (Figure 2B, right panel); thus, CD151 activation
downstream of a6p1 functioned through FAK and Akt signaling to induce mESC
differentiation to ECs.

To further address the role of CD151 in mediating the emergence of ECs, we undertook
biotinylation studies of cell surface a6p1 on day#3 of differentiation. mESCs were labeled
with reducible biotin on ice and returned to 37°C; at 5, 10, and 20 min the cells were treated
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with impermeable glutathione to strip biotin from the cell surface followed by cell lysis and
analysis by IP of internalized a6f1 retaining the biotin label. We observed that a6p1 was
internalized in ESCs differentiating to ECs and the response was significantly reduced in the
absence of CD151 (Figure 2E), suggesting the crucial role of CD151-mediated a6p1
internalization in signaling mESC differentiation into ECs.

a3p1l interaction with CD151 prevents mESCs differentiation into ECs

Besides a6, a3 and a7 are the two other LN1-binding integrins forming heterodimers with
1 [44]. As a7 was not detected during the 6-day differentiation period (Figure S3A), we
addressed whether a3p1 also has a role in signaling the emergence of ECs. a3 expression
increased on day#3 after the onset of differentiation (Figure S3A). Interestingly, treating
ESCs with anti-a3 integrin blocking antibody [45,46] beginning on day#3 and continuing
until day#6 significantly enhanced the differentiation of mESCs to ECs (Figure 3A). A
similar enhanced EC differentiation was recapitulated on transfecting ESCs with a3 siRNA
(Figure S3B and S3C). Co-IP studies using mESCs lysates obtained on day#3 showed that
a3 interacted with CD151 (Figure 3B). Interestingly, binding of a3 to CD151 was stronger
than binding of a6 to CD151 as evident by the requirement for stringent cell lysis condition
using 1% NP-40 to disrupt a3/CD151 interaction as opposed to a6/CD151 interaction.

Since CD151 competes with binding to both a6 a3 integrins [47,48], we next addressed the
possibility that CD151 binding to a3 influenced CD151 binding to a6. Day#3 cells exposed
to increasing concentrations of anti-a3 integrin blocking antibody overnight were lysed and
subjected to IP for CD151 and a6. We observed increased association between the two
proteins at the highest concentrations of a3 blocking antibody or in the presence of a3
knockdown (Figure 3C), consistent with a competition between the two integrins for binding
to CD151. This observation was confirmed by immunostaining using day #3 mESCs
differentiating on LN1 exposed to anti-a3 integrin blocking antibody and stained for CD151
and either a3 or a6. The prominent co-localization of a3 with CD151 seen at baseline, was
reduced on exposing to a3 blocking antibody; in contrast, co-localization of a6 with CD151
increased on exposing to the anti-a3 antibody (Figure 3D) further consistent with
competition of a3 and a6 for binding to CD151.

To address whether a3 regulates the internalization of a6 described above, we determined
the consequences of a3 blockade on cell surface expression of a6. On day#3 of
differentiation, cells were treated with increasing concentrations of anti-a3 integrin blocking
antibody, and subsequently with 50U trypsin to detach any cell surface-associated a6.
Immunoblotting using an antibody recognizing only the extracellular a6 domain showed
that a3 blockade decreased the susceptibility of cell surface a6 to trypsin cleavage (Figure
3E, upper panel). At the same time, the intracellular C-terminal domain of a6 was
unaffected in both a3-blocked and control cells (Figure 3E, lower panel). Thus, a3
functioned by preventing internalization of a6 and, thereby, inhibiting a6 mediated
differentiation of mESCs to ECs.

Because CD151 contains the YRSL motif recognized by Adaptor Protein-2 (AP-2) in the C-
terminal domain, the core component of the clathrin endocytic machinery [33], we
investigated whether association of a3p1 or a6p1 with CD151 regulated internalization of
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integrins via clathrin-mediated endocytosis. Co-1P of a3 and a6 with heavy chain (HC)
clathrin showed association between a3 and clathrin HC in control cells, which decreased
with increasing concentrations of anti-a3 blocking antibody and was coincident with onset
of a6 association with CD151 (Figures 3F, 3G). Depletion of CD151 prevented clathrin
binding for both a3 and a6 (Figures 3F, 3G) consistent with a role of CD151 as a
bifurcation point for a3 and a6 signaling. Immunostaining studies showed that co-
localization of a6 with clathrin was enhanced by increasing the availability of CD151 after
blocking a3, and inhibited by CD151-depletion (Figure 3H), confirming the biochemical
results. These findings show that a3 and a6 competed for association with CD151 and
association of a6 with a core clathrin component regulated endocytosis of a6 following the
interaction of a6 with CD151.

a6pl signaling activates Er71 leading to EC lineage specification

To determine the function of internalized a6 in mediating FAK activation and thereby
signaling the differentiation of ESCs to ECs, we assessed tyrosine phosphorylation of FAK.
For these experiments, we sorted day#3 cells for FIk1 expression and exposed FIk1+ cells
for various times to a3 integrin blocking antibody. Both FAK and Akt phosphorylation were
increased (Figure 4A, 4B). In addition, we observed that activation of Akt inhibited
activation of Erk1/2 in the same time frame (Figure 4C). These results demonstrate that a6
internalization plays a crucial role in signaling ESC differentiation to ECs whereas a3
represses a6 signaling to prevent differentiation of ECs.

Next, we addressed whether differentiation towards ECs required activation of the
transcription factor Er71, known to induce differentiation of stem cells into FIk1* ECs
through binding to FIk1 and VE-cadherin promoters [21-25]. We determined whether a3
blockade and resultant a6 signaling activated Er71. These studies demonstrated Er71
activation was indeed a function of a6 signaling (Figure 4D, 4E) consistent with the role of
a6 in the induction of ECs.

As activation of Akt downstream of a6 may be important in signaling EC differentiation
[49], we addressed the role of Akt in the activation of transcriptionally-competent Er71. In
mESCs transfected with dominant negative Akt (DN-AKkt) (Figures S4A, S4B) or with GST-
Er71 plasmid (Figure SAC) to upregulate Er71 expression, we observed significantly
reduced Er71 phosphorylation in the presence of dominant negative Akt in contrast to
controls (Figure 5A). Further, we observed direct association of Akt with Er71 (Figure 5B)
supporting a role of Akt in contributing to Er71 activation during ESCs differentiation.
mESCs transfection with dominant negative Akt resulted in defective ESCs differentiation
into ECs (Figure 5C, left panel) which could not be rescued by co-transfection with GST-
Er71 plasmid (Figure 5C, middle panel) whereas transfection with Er71 in the presence of
active Akt induced marked differentiation (Figure 5B, right panel) indicating upstream
activity of Akt on Er71. Transfection with Er71-empty vector had no effect on
differentiation in control experiments (Figure S4D). These observations were further
supported by determination of nuclear localization of Er71 in DN-Akt-transfected cells,
which was reduced as compared to control cells (Figure 5D), indicating that active Akt was
required for Er71 transcriptional activity.
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a6p1/CD151 pathway activates Er71 signaling and vasculogenesis in vivo

We next evaluated whether disruption of a6 integrin function modified Er71 upregulation in
vivo. We transfected mESCs with siRNA directed against integrin a6 or CD151 and
transplanted them subcutaneously in immunocompromised mice. Cell masses were excised
on day#3 and day#10. On day#3 after transplantation, using whole tissue RT-PCR (Figure
6A) and immunohistochemistry (Figure 6B), we observed down regulation of Er71 and
decreased Er71 protein expression in cells in which either a6 or CD151 were depleted, in
association with impaired Er71 nuclear localization. These results suggested impaired
activation of Er71 transcriptional activity in the absence of a6 or CD151. On day#10,
teratomas formed from mESCs bearing a6 or CD151 siRNA and control mESCs were
excised and histologically examined. All formed tumors contained all three embryonic
layers (Figure S4A). Teratomas from a6 -and CD151-depleted cells were smaller (Figure
6C) and contained fewer vessels than controls (Figure 6D). To quantify effects of disruption
of a6/CD151, we performed RT PCR for the common mesodermal marker Brachyury as
well as for genes known to be regulated by Er71, i.e., Vegfa, Tie2 and VE-cadherin (Cdh5)
[24]. Although expression of Brachyury was not significantly different compared to
scrambled controls (Figure 6E), we observed significant differences in expression of Er71
regulated genes with downregulation in a6-and CD151-depleted cells (Figure 6F). To
determine whether overexpression of Er71 rescued defect in angiogenesis, we co-transfected
mMESCs with siRNA against CD151 and with GST-Er71 (Figure S4B). Both tumor size and
vascularity were restored by overexpression of Er71 (Figures 6C, D), whereas expression
levels of Er71-controlled genes was restored to control levels (Figure 6F) supporting the role
of Er71 and upstream a6p1/CD151 pathway in mediating vascularization.

DISCUSSION

We demonstrated in the present studies the central role of mMESCs expressing integrins a3p1
and a6p1, the binding partners of the ECM protein LN1, in differentially regulating the
transition of MESCs to the EC lineage. We identified a a3p1-dependent “braking”
mechanism suppressing EC differentiation whereas a6p1 promoted EC differentiation
through activation of the transcription factor Er71. The identified opposing functions of
these integrins in differentially regulating mESCs differentiation to ECs were controlled by
CD151, which functioned by competitively associating with either a3p1 or a6p1. Signaling
activated downstream of a6 interaction with CD151 induced internalization of a6 via
clathrin-mediated endocytosis, suggesting that a6 internalization is a crucial requirement for
signaling the emergence of ECs. a6p1 internalization elicited FAK and Akt signaling, with
the latter mediating phosphorylation of Er71. We also demonstrated that mESCs lacking a6
or CD151 were defective in teratoma formation related to impaired vasculogenesis.
Moreover, this defect was rescued by over-expression of Er71 suggesting that Er71 is both
required and sufficient for a6/CD151 interaction mediated transition of mESCs to ECs and
resultant vasculogenesis. These results together demonstrate the essential role of interaction
of ESC-expressed a6p1 with LN1 in generating ECs capable of forming new vessels.

LN1 is known to bind to a6B1 [1,38,44], but the present studies are the first to document the
significance of this interaction in ESC differentiation to the EC lineage. a6p1 functioned

Sem Cells. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Toyaet al.

Page 8

secondary to activation of Akt, a pro-survival signal [50]. In addition to the role of Akt in
activating EC differentiation through phosphorylation of Er71, it is possible that Akt also
plays a role in contributing to the survival of emerging ECs. Thus, we cannot exclude the
possibility that both Akt regulated mechanisms are responsible for the observed ESC
transition to ECs.

The tetraspanin CD151 was required for a6p1 signaling mediating ESC differentiation into
ECs. This was evident from findings that LN1-dependent FAK and Akt signaling were
inhibited by CD151 depletion and both FAK activation and EC differentiation were restored
by expressing constitutively-active FAK mutant in CD151-depleted cells.

We demonstrated that, at the mesodermal progenitor phase, the ESC-expressed a331
interacted with CD151 to prevent differentiation towards EC lineage. In contrast, CD151
binding to a6 induced a6 internalization that was dependent on activation of the clathrin
endocytic machinery. This finding is consistent with the role of internalization of integrins
from the plasma membrane in several integrin regulated processes such as cell adhesion,
differentiation, spreading, migration, and invasion [51]. Although a3 and a6 can both
associate with a core clathrin component, only a6 was internalized, suggesting that
activation of endocytosis of a6 required its interaction with CD151, and hence the a6
signaling responsible for EC differentiation.

We observed that integrin a6p1 competed with a3p1 for binding to CD151. The inhibition
of a3 association with CD151 favored the interaction of CD151 with a6, and induced a6p1-
mediated FAK signaling and Er71 phosphorylation. This competitive relationship between
a3p1 and abpl suggests that CD151 acts as an integrin “toggle switch” regulating the
transition to ECs. Indeed, double knockout (a3—/-:: a6—/-) mice have developmental
defects not seen in single mutants [52], consistent with opposing signaling functions of a3p1
and a6B1. Studies in which GFP-tagged peptides corresponding to cytoplasmic domain of
a3 were injected into LN21-adherent fibroblasts expressing a6p1 integrin showed
disengagement of a6p1 integrin [53] consistent with our observations. CD151 was also
shown to function as a co-receptor for a6p1 and a3p1 based on its affinity for LN-associated
integrins [30-34]. Deletion of CD151 in ECs was accompanied by changes in molecular
organization of LN-binding integrins and marked integrin-dependent defects in cell
spreading, motility, and 3-dimensional morphology [54,55], pointing to the key role of
CD151 interaction with a3p1 or a6l in differentially regulating ESCs differentiation to
ECs.

Er71 binds to promoters of both VE-cadherin and Flk-1 contributing to the differentiation
towards EC lineage [21]. Er71 also acts in concert with the hematopoietic transcription
factor Gata2 to promote hematopoietic lineage differentiation at the embryroid body stage
[25,56]. Although we did not assess a6p1-mediated hematopoietic progenitor cell
generation, it is possible that LN1 interaction with a6p1 is also involved in hematopoiesis in
addition to EC lineage specification as demonstrated.

In summary, our results showed opposing effects of a6p1 and a3p1 through their differential
binding to CD151 in regulating the differentiation of ESCs to ECs. Applying the EC
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differentiating condition in ESCs induced CD151 binding to a6 resulting in the
internalization of a6 and differentiation towards ECs. The complex organized by a6p1/
CD151 interaction was the essential cue for activation of FAK and Akt resulting in
phosphorylation of Er71. Thus, our results support a model in which the formation of a6p1/
CD151 complex and activation of FAK and Akt mediate the transition of ESCs to ECs that
may have the potential for efficient production of ECs useful for vascular regeneration.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Integrin a6 interaction with LN-1isrequired for differentiation of mESCsinto
FIk1*VE-cadherin*ECs

(A) Cell surface expression of a6 and 1 integrin subunits in mESCs cultured on gelatin.
Plot is representative of 3 separate experiments.

(B) Cell surface expression of B1 and 34 integrin subunits as determined by flow cytometry
of mESCs cultured on gelatin. Plot is representative of 3 separate experiments.

(C) Culture of mESCs in the presence of integrin a6 blocking antibody GoH3 (50 pg/ml) did
not affect adhesion to gelatin, whereas the antibody significantly reduced adhesion to LN-1.
Error bars, mean £ S.E.M.; * P<0.05, n=3.
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(D) mESCs were induced to differentiate in the presence of VEGF165 on Col-1V or LN-1.
After 6 days, cell surface expression of EC markers FIk1 and VE-cadherin was determined
by flow cytometry. LN-1-differentiated cells were more efficient in giving rise to double
positive ECs (25% on LN-1 vs. 8% on Col-1V). Plot is representative of at least 5 separate
experiments. Bar graph shows quantitation of FIk1*/VE-cadherin® ECs grown on the two
substrates. Error bars, mean + S.E.M.; * P<0.05.

(E) Transfection of mESC with a6 siRNA led to significant impairment of cell proliferation
when compared to scrambled siRNA control as determined by BrdU incorporation. Error
bars, mean + S.E.M.; * P<0.05, n=3.

(F) Flow cytometric analysis of Annexin V was used as indicator of apoptosis in mESC
transfected with a6 siRNA and scrambled control. Knockdown of a6 resulted in
enhancement of cell death as determined by Annexin V expression 96 hours after
transfection. Plot is representative of 3 separate experiments.

(G) Impaired mesodermal differentiation of MESC treated with anti-a6 blocking antibody,
as demonstrated by quantification of FIKk1 transcript and flow cytometry for FIk1 expression
three days after onset of mesodermal differentiation compared to non-blocked controls.
Error bars, mean + S.E.M.; * P<0.05, n=3. Representative plot of Flk1 cell surface
expression is shown, (n=3).

(H) Use of anti-a6 blocking antibody resulted in reduced cell surface expression of EC
markers FIk1 and VE-cadherin after 6 days of differentiation as determined by flow
cytometry. Plot is representative of 3 separate experiments (n=3). Bar graph shows
quantitation of FIk1*/VE-cadherin® ECs differentiated from blocked mESC and non-
blocked controls. Error bars, mean £ S.E.M.; * P<0.05, n=3.
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Figure 2. CD151 interaction with a6 activates FAK signaling and mESCstransition into ECs
(A) a6 integrin binds CD151 in LN-1- and activation-dependent manner. Cell extracts

prepared from naive mESCs, plated on either Col-I1V or LN-1, were immunoprecipitated
with anti-CD151 antibody and immunoblotted for a6. mESCs were cultured under identical
conditions in presence of either integrin activator MgCl, (0.5 mM) or anti—a6-blocking
antibody (GoH3, 50ug/ml). Error bars, mean + S.E.M, * P<0.05, n=3.

(B) CD151-knockdown inhibits differentiation of mMESCs on LN-1 (middle panel). Restoring
FAK activation in CD151-depleted mESCs rescues the defect in emergence of ECs (right
panel). Percent (%) of FIk1*VE-cadherin® cells on day 6 was the same as in the control
group (left panel) and greater than the CD151-depleted group (middle panel). Bar graph
shows % Flk1*VE-cadherin® cells in the three groups on day 6 of differentiation; Error bars,
mean = S.E.M, * P<0.05, n=3.

(C, D) CD151-knockdown reduces VEGF-induced phosphorylation of FAK and Akt in
mESCs differentiation. Scrambled-siRNA or CD151-knockdown mESCs were exposed to
differentiation medium containing VEGF165 for indicated times, and cell extracts were
subjected to WB analysis with indicated antibodies.

(E) a6 internalization in differentiating mESC requires CD151. CD151-depleted mESCs and
controls underwent biotinylation assay on day#2 of differentiation. At indicated times, cells

Sem Cells. Author manuscript; available in PMC 2016 June 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Toyaet al.

Page 15

were treated with quencher, solubilized, and internalized biotinylated—a6 was subjected to
IP with anti-a6 antibody. Non-glutathione-treated day 2 mESCs blotted for a6 were used as
controls. Results of 3 individual experiments are plotted as the fraction of internalized a6
over time. Error bars, mean + S.E.M.; * P<0.05 vs. controls, n=3.
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Figure 3. a6 interaction with CD151 isrequired for differentiation of mMESCsto ECs
(A) a3 functions to restrain mESCs differentiation into ECs. Ralph 3.1 (a3 blocking

antibody) added daily to differentiating mESCs starting on day#1 increased EC
differentiation. Flow cytometry showed an average of 65% FIk1*VE-cadherin® cells on
day#6. Bar graph represents a comparison of percentages of ECs per 10° mESCs
differentiating on LN-1 under control conditions (for comparison see Figure 1D) vs. after
addition of Ralph 3.1 to differentiation medium. Error bars, mean £ S.E.M.; * P<0.05, n=3.
(B) a3 interacts with CD151 in mESCs differentiating into ECs. mESCs at day#3 of
differentiation on LN-1 were exposed to 10, 15, or 50ug/ml of Ralph 3.1, extracts were
immunoprecipitated with anti-CD151 antibody, and analyzed by immunoblotting with anti
—a3 antibody. Error bars, mean £ S.E.M., *P<0.05 comparing 3 different antibody doses vs.
control, n=3.

(C) a3 negatively regulates interaction of CD151 with a6. mESCs differentiated for 3 days
on LN-1 were either to exposed to a3 blocking antibody overnight or were transfected with
a3siRNA. Cell extracts was immunoprecipitated with anti-CD151 antibody and analyzed by
indicated antibody. Error bars, mean £ S.E.M., * P<0.05, n=3.

(D) Immunostaining of day#3 mESCs plated on LN-1 for CD151, a3, and a6 shows
enhanced association of a6 with CD151 upon blockade of a3 For these experiments, day#3
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cells were either left untreated or treated with 50 pg/ml of Ralph 3.1. Graph represents data
from 3 independent experiments demonstrating amount of CD151 overlapping with either
a3 or a6 integrins basally and after a3 blocking with Ralph 3.1. Results were calculated
using thresholded Mander’s coefficient. Error bars, mean £ S.E.M., * P<0.05, n=3. Scale
bar, 20u. Fluorescent images were acquired with a Zeiss LSM 710 META confocal laser
scanning microscope using an a-Plan-Apochromat 63x/1.46NA, (1.5x zoom factor).

(E) a3 negatively regulates a6 internalization. Day#3 mESCs differentiating on LN-1 were
treated with increasing doses of Ralph 3.1 and then exposed to 50U of trypsin for 10min at
RT. Extracts were analyzed by two different antibodies as indicated. Error bars, mean +
S.E.M.; n=3, * P<0.05, n=3.

(F) a3 association with clathrin HC is dependent on CD151. CD151-depleted mESCs
differentiated for 3 days on LN-1 and control cells were either left untreated or exposed to
25 or 50 pg/ml with Ralph 3.1 overnight, solubilized, immunoprecipitated for a3, and
analyzed by indicated antibody. Error bars, mean = S.E.M., n=3, * P<0.05.

(G) a6 association with clathrin heavy chain (HC) is negatively regulated by a3 and
enhanced by CD151. In a similar manner as described above cells were immunoprecipitated
with anti-a6 and analyzed by indicated antibodies. Error bars, mean + S.E.M., * P<0.05,
n=3.

(H) CD151 promotes a6 association with clathrin and a3 reduces a6 association with
clathrin. Control or CD151-depleted cells were treated with 50 pg/ml Ralph 3.1, fixed,
permeabilized and stained with indicated antibodies. Bar graph represents cumulative data
from 3 individual experiments demonstrating a6 overlapping with clathrin basally and on a3
blocking or CD151 silencing. Results were calculated using Mander’s coefficient. Error
bars, mean + S.E.M., *P<0.05, n=3. Scale bar, 5. Fluorescent images were acquired with a
Zeiss LSM 710 META confocal laser scanning microscope using an a-Plan-Apochromat
63x/1.2NA, ((2.6x zoom factor). The lower micrographs represent Super Resolution images
acquired using an OMX Structured Illumination Super-Resolution System (Delta Vision)
with Plan-Apochromat 63x/1.40 oil DIC objective, a 2.5x zoom factor and 3 SIM rotations.

Sem Cells. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Toyaet al.

A

Page 18
Control Anti-a3 Ab B Control Anti-a3 Ab Control Anti-a3 Ab
15" 30 60°120' 15 30° 60° 120' 30" 60" 120" 30" 60 120 15 30' 60° 120' 15" 30° 60' 120
— e = e o G @ e Fok - - - pAkt ....--
(120kDa) - (60kDa)
e & -.“..... Erk 1/2 (42kDa)
886, =auld
o (120kDa) ? g (60kDa) i ”
100 a4
i . LY .
@ 80 _:__ E 4‘: e @ﬂﬂ ” . .
3 * ° Q40- % s K
g @ . . 2o o g . B
= - = £ G0 :
T 20 + 3 + D 20- - o
“ s = “ ,m ‘ 15 30601205 36 60 120
01— WL " 30 60120 30° 60 120 :
15' 30' 60'120'15' 30’60 120 — Cantral.  (nt: a3unb
Control Anti o3 Ab Control Anti-03 Ab
Control Anti-a3 Ab Control Anti-a3 Ab
5 15 300 5 15 30 5 15 30 5 15 30
e
e b ER71 cytoplasmic
= - = == ERT71 nuclear
OO e® ;. n
- — L
— ——— TBP e
g - = - N
l‘é 3 ‘| i *z ;za
% i | B I
T (7]
© x e N
2 © . =B o
2 Q:HT “ 5 15 30 5 15 30
. - Control Anti a3 Ab

S 15" 30" S 18 30

Control  Anti-a3 Ab

Figure 4. a3 counteracts a6 signaling to suppress EC lineage specification
(A-C) a3 negatively regulates a6 signaling in mESCs differentiated on LN-1 as

demonstrated by increased phosphorylation of FAK (p-Y576-FAK) (A) and Akt (B) and
decreased activation of Erk1/2 (C) after exposure of day#3 mESCs (FACS-sorted for FIk1+)
to 50ug/ml Ralph 3.1 for various time points up to 120min. Error bars, mean + S.E.M.; *
P<0.05 for comparisons between a3 blocked cells vs. controls, n=3.

(D) Left. a3 negatively regulates Er71 translocation to nuclei of mESC differentiating to
ECs. Day#3 differentiating mESCs (FACS-sorted for FIk1+) exposed to 50ug/ml Ralph 3.1
for the indicated times or controls were collected and lysed, and cytoplasmic and nuclear
extracts prepared. Nuclear extracts were immunoblotted with anti-Er71 and anti-TATA-
Binding Protein (TBP) antibodies. Bar graph represents densitometric quantitation from 3
individual experiments; error bars, mean + S.E.M.; *P<0.05 for a3 blocked cells vs.
controls. Right. a3 promotes retention of Er71 in the cytosol. Cytoplasmic fractions were
immunoblotted with anti-Er71 and anti-B-actin. Bar graph represents densitometric
quantitation. Error bars, mean + S.E.M.; * P<0.05 for a3 blocked cells vs. controls, n=3.
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Figure5. Akt mediates Er 71 phosphorylation and induction of EC lineage transition
(A) Akt regulates Er71 phosphorylation. mESCs transfected with DN-Akt or empty vector

(EV) were exposed to mesodermal differentiation conditions. As positive controls we used
mESCs transfected with constitutively-active CD2-FAK or mESCs transfected with GST-
Er71 construct. At 15 min after exposure to VEGF165 containing media, the cells were
lysed, immunoprecipitated with anti-Er71, and analyzed by indicated antibody. Error bars,
mean + S.E.M., * P<0.05 for comparisons between experimental groups vs. controls, n=3.
(B) Activated Akt associates with Er71. mESCs transfected with DN-Akt, empty vector
(EV) or GST-Er71 were exposed to VEGF165 containing differentiation media for 30min,
cells were lysed, immunoprecipitated with anti-Akt antibody and analyzed by WB with anti-
Er71 antibody. Error bars, mean + S.E.M., * P<0.05 for comparisons between experimental
groups vs. controls, n=3.

(C) mESCs were transfected with DN-Akt alone or combined with GST-Er71 or DN-Akt
empty vector (EV) combined with GST-Er71 and were exposed to differentiation conditions

Sem Cells. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Toyaet al.

Page 20

as per our standard protocol. After 6 days, cell surface expression of FIk1 and VE-cadherin
(double positive) was examined by flow cytometry. Bar graph shows quantitation of
Flk1*/VE-cadherin* ECs under the 3 experimental conditions. Error bars, mean + S.E.M., *
P<0.05 vsindicated conditions, n=3.

(D) Akt is required for Er71 localization to nuclear compartment during mESCs
differentiation into ECs. mESCs were transfected with DN-Akt, GST-Er71 or both, and
were exposed to differentiation conditions as above. Controls were transfected with GST-
empty vector (indicated as Control 1) and DN-Akt-empty vector (indicated as Control 2). At
1hr after exposure to VEGF165 in the differentiation media, cells were solubilized and the
nuclear fraction used for WB against Er71. Error bars, mean + S.E.M., * P<0.05 for
comparisons between experimental groups vs. controls, n=3.
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Figure 6. a6/CD151 signaling induces Er 71 activation and vasculogenesisin mice
(A) mESCs transfected with indicated siRNAs as described in the Methods were

transplanted subcutaneously in immunocompromised mice. The cell aggregates were
removed 3 days later and quantification of Er71- and control GAPDH-transcripts levels was
performed. Error bars, mean + S.E.M., * P<0.05 vs. indicated conditions, n=6.

(B) Immunofluorescence staining of Er71 (green) performed on cryo-sections of day-3 cell
aggregates isolated from mice as described in A. Staining of control sections showed
presence of Er71 both in cytoplasmic and nuclear compartments, as demonstrated by co-
localization with nuclear DAPI (red) staining. In a6- or CD151-knockdown cells, however,
the Er71 staining was reduced in the cytoplasm, and Er71 failed to localize in the nucleus.
Scale bar, 10y. Fluorescent images were acquired with a Zeiss LSM 710 META confocal
laser scanning microscope using a C-Apochromat 63x/1.2NA objective, (2.6x Zoom factor).
(C) Morphology and size of tumors removed 10 days after transplantation deriving from
either control mESCs or mESCs transfected with either a6-or CD151-siRNA or doubly
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transfected with CD151-siRNA/GST-ERT71. Bar graph depicts tumor weights (in g), bars
represent mean = S.E.M., * P<0.05, compared conditions are indicated by parentheses, n=3.
(D) Teratomas were stained with H/E, and the vascular structures (pointed by arrow heads)
were measured in each 20X field using a phase contrast microscope. The bar graph
represents quantification of the tumor vascularity in the control mESC-derived tumors
compared to a6- and CD151-knockdown mESC-derived tumors as well as in tumors derived
from doubly transfected CD151-siRNA/GST-ER71 mESCs, bars represent mean £ S.E.M., *
P<0.05, compared conditions are indicated by parentheses, n=3.

(E) Quantification of Brachyury- and control GAPDH-transcripts levels in teratomas
deriving from mESCs transfected with indicated siRNAs as described in the Methods ten
days after subcutaneous transplantation in immunocompromised mice. Each tumor was
divided in 6 parts and random parts were chosen for whole tissue RT-PCR. Error bars, mean
+ S.E.M., *P<0.05 vs. indicated conditions, n=6.

(F) Quantification of Cdh5Tie2, Vegfa, and control GAPDH-transcript levels in teratomas
derived from mESCs transfected with indicated siRNAs as described in Methods 10 days
after subcutaneous transplantation in immunocompromised mice. Each tumor was divided in
6 parts and random parts were chosen for whole tissue RT-PCR. Error bars, mean + S.E.M.,
*P<0.05 vs. indicated conditions, n=6.
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