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Coordinated linear and rotational movements

of endothelial cells compartmentalized
by VE-cadherin drive angiogenic sprouting
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Kei Sugahara,’ Yukiko Kurihara,! Yuri Kominami,® Toshiyuki Ushijima,’ Naoko Takubo,’?? Xiaoxiao Liu,’

Hideto Tozawa,'® Yoshimitsu Kanai,'" Tetsuji Tokihiro,?3'? and Hiroki Kurihara®213*

SUMMARY

Angiogenesis is a sequential process to extend new blood vessels from preexist-
ing ones by sprouting and branching. During angiogenesis, endothelial cells (ECs)
exhibit inhomogeneous multicellular behaviors referred to as “cell mixing,” in
which ECs repetitively exchange their relative positions, but the underlying
mechanism remains elusive. Here we identified the coordinated linear and
rotational movements potentiated by cell-cell contact as drivers of sprouting
angiogenesis using in vitro and in silico approaches. VE-cadherin confers the
coordinated linear motility that facilitated forward sprout elongation, although
it is dispensable for rotational movement, which was synchronous without VE-
cadherin. Mathematical modeling recapitulated the EC motility in the two-cell
state and angiogenic morphogenesis with the effects of VE-cadherin-knockout.
Finally, we found that VE-cadherin-dependent EC compartmentalization potenti-
ated branch elongations, and confirmed this by mathematical simulation. Collec-
tively, we propose a way to understand angiogenesis, based on unique EC behav-
ioral properties that are partially dependent on VE-cadherin function.

INTRODUCTION

In an organism, different morphological patterns are generated through sequences of cell alignment and
realignment, which are often driven by collective cell migration."* Among them, the branching patterns
represented by blood vessel networks are characteristic and often observed in different living systems.
In the case of blood vessel morphogenesis in vertebrates, mesoderm-derived angioblasts first differentiate
into vascular endothelial cells (ECs) to form the primitive vascular plexus. Then, the new blood vessels
extend into surrounding avascular areas via sprouting, elongation, and branching. These two sequential
processes of blood vessel formation are termed vasculogenesis and angiogenesis, respectively.’ ™

In addition to embryonic development, angiogenesis occurs in various physiological and pathological
situations such as tissue ischemia, wound healing, and tumor growth in response to tissue hypoxia and
oxygen demand.’® When the oxygen supply is decreased or the oxygen demand is increased, the intra-
cellular hypoxia-sensing mechanism is activated; consequently, vascular endothelial growth factor
(VEGF), the most important angiogenic factor, is produced to promote angiogenesis.” In this process, a
population of ECs is activated by VEGF and lead the angiogenic sprouting as tip cells, followed by stalk
cells, which support branch elongation through DIl4/Notch signaling.® Although tip and stalk cells were
formerly assumed to be distinct populations, the body of research now indicates that these cells are inter-
changeable with complex collective cell migration referred to as “cell mixing,” in which cells migrate
forward and backward, passing each other even at the tip position.”'® This cell mixing phenomenon has
been verified in in vivo angiogenesis such as in mouse retinal angiogenesis.”

To explore the elaborate mechanism of how such inhomogeneous cell behaviors give rise to branching
structures, stochastic and deterministic mathematical models have been proposed. The cell mixing phe-
nomenon was partially recapitulated by stochastic models,'""'? although deterministic Newtonian models
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aspects of collective cell migration during angiogenesis,'*'* indicating the existence of critical cell-cell in-

teractions driving angiogenic morphogenesis. The assumption of two-body interactions was validated by
experimental data with an indication of the anisotropic nature of cell-cell interactions, which better ex-
plained EC movement during branch elongation.”® Nevertheless, the intrinsic properties of individual
cell movements that drive angiogenic morphogenesis are not fully understood.

In this study, we aimed to clarify the characteristic elements of EC motility as fundamental modules to drive
angiogenesis. Through experiments on cultured ECs and mathematical modeling, we identified the
enhancement of cell motility by cell-cell contact with coordinated linear and rotational movements as
potential driving forces for angiogenesis. Further, we found that vascular endothelial-cadherin (VE-cad-
herin)'®?" was required for the coordinated linear movement, although the rotational movement was
independent of VE-cadherin. The mixture of VE-cadherin-positive and -negative ECs facilitated branch
elongation with regional compartmentalization. These findings provide a mechanistic insight into angio-
genic morphogenesis and the role of cadherin molecules.””?*

RESULTS

MS-1 murine microvascular ECs display cell mixing behaviors that drive angiogenic
morphogenesis

To characterize the motility of ECs underlying angiogenic morphogenesis, we searched for appropriate cell
lines that showed branch elongation with cell mixing behaviors as observed in aortic explant culture exper-
iments.”"” In the Matrigel assay (see Figure STA and STAR Methods), epithelial cells displayed sheet-form-
ing extension retaining cell-cell contact (MDCK and COS-7 cells; Figures 1A, and S1B; Video S1), whereas
mesenchymal cells tended to migrate away from each other (NIH3T3 and 10T1/2 cells; Figures 1B and S1C;
Video S1), as is generally known.”* In contrast, ECs behaved differently under the same culture conditions.
In particular, MS-1 cells, an immortalized EC line derived from murine pancreatic islet microvessels,””
exhibited typical sprouting and branch elongation without any mechanical cues such as shear stress and
hydrostatic pressure (Figure 1C; Video S1). Indeed, the angiogenic potential of MS-1 cells was previously
reported when co-inoculated with tumor cells into nude mice.?® Bovine aortic ECs displayed sheet forma-
tion with fine protrusions at the front (Figure S1D). Human umbilical vein ECs (HUVECs) formed character-
istic tube-like network structures instead of branching (Figures S1E and S1F). Notably, Vero cells, although
not ECs, also showed fine branch formation, suggesting that these cells may also possess some behavioral
properties common to ECs (Figure S1G). These observations led us to focus on the motility of MS-1 cells in
comparison to other ECs and non-endothelial cells.

Time-lapse imaging demonstrated that MS-1 cells moved forward and backward with repetitive cellular
overtaking and frequent replacement of tip cells during branch elongation (Figures 1D-1F; Video S2),
similar to cell mixing behaviors in the mouse aortic explant assay.”'” In our previous study, we found aniso-
tropic interaction between forward- and backward-moving cells, which resulted in accelerated cell move-
ment when the cells passed each other.'> Consistently, cell speed was increased when cells were passing in
the branch elongation of MS-1 cells (Figures 1G and 1H) as well as in the aortic explant assay (Figures STH
and S11) at both the stalk and tip positions. These results provide validation that the cell motility analysis of
MS-1 cells is appropriate for the present purpose.

MS-1 cells display contact-dependent enhancement of motility in a two-cell state

To investigate the fundamental processes underlying angiogenesis, we analyzed the interactive behaviors
of ECs and non-ECs in a two-cell state after cell division. In general, cells tend to cease motility or move
away from each other upon collision, a process that is known as contact inhibition of locomotion
(CIL).*?" As expected, mesenchymal cells such as NIH3T3cells and 10T1/2 cells moved apart from each
other and migrated randomly with increased migration speed after cell division (Figures 2A and S2A; Video
S3), whereas epithelial cells, such as Madin-Darby canine kidney (MDCK) cells and Vero cells attenuated
their movement maintaining contact with each other (Figure 2B and S2B; Video S3). In contrast, MS-1 cells
displayed enhanced motility with rotational movement and directional motion maintaining contact after
cell division (Figure 2C; Video S4). Such enhancement of cell motility in paired daughter cells after division
was also observed in HUVECs, although they tended to detach from each other more frequently than MS-1
cells (Figures S2D and S2E; Video S5). COS7 cells, non-endothelial cells that form sheets in Matrigel, also
upregulate cell motility upon cell-cell contact (Figures S2C; Video Sé), although they did not display a
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Figure 1. MS-1 cells exhibit angiogenic sprouting with cell mixing

(A-C) Phase-contrast images of MDCK (A), NIH3T3 (B), and MS-1 (C) cells migrating into Matrigel at the indicated times
after seeding. Scale bars represent 1000 um. See also Video S1.

(D) Time-lapse sequences of migrating MS-1 cells in Matrigel. Cell nuclei were visualized by SYTO16 staining. Each
colored arrowhead tracks the movement of an individual cell located at the tip position. Scale bar represents 50 um. See
also Video S2.

(E and F) Time evolution of individual cell positions in (D). Each line with different color (F) represents the trajectory of an
individual EC along the axis of elongation (white arrow in E).

(G) Comparison of the mean (left) and distribution (right) of migration speed between cells at the state of “Passing” or “Not
passing”, as defined in STAR Methods. Data were extracted from 36-h trajectories of all analyzed cells in 10 elongating
branches (also in H). Data are represented as scatterplots with bars indicating means. ****p < 0.0001, paired t test.

(H) Changes in the mean instantaneous speed of stalk and tip cells around the time of “Passing”. Data are represented as
mean £ SEM for each time point.
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Figure 2. Analysis of the directional motility of ECs and non-ECs at a two-cell state

(A-C) Boxplots of mean speeds (upper) and histograms of their distribution (lower) in NIH3T3 (1-cell, n = 39; 2-cell, n = 22) (A), MDCK (1-cell, n = 12; 2-cell, n =
18) (B), and MS-1 (1-cell, n = 18; 2-cell, n = 20) (C) cells in one- and two-cell states. Mean speed at a two-cell state was calculated as an average speed of each
cell pair. Data are represented as box-whisker plots. *p < 0.05, **p < 0.01, ***p < 0.001, Welch's t-test.

(D-G) Averaged MSD (3(1)%) (upper) and MSD divided by time interval 7 (lower) plotted on log-log and linear scales, respectively, in MS-1 (1-cell, n = 18;
2-cell, n = 40) (D), MDCK (1-cell, n = 12; 2-cell, n = 36) (E), Vero (1-cell, n = 32; 2-cell, n = 82) (F), and COS7 (1-cell, n = 24; 2-cell, n = 60) (G) cells. Blue and red
lines represent 1-cell and 2-cell states, respectively.

(H) Persistence time estimated from the averaged MSD data.

(1) Directionality ratio over elapsed time t (min).

(J) Order parameter measured in the indicated time interval. Trajectories obtained from time-lapse images for 10 h from 2 h after the onset of anaphase were
analyzed here. Data in (D-J) are represented as mean + SEM.

branching pattern (Figure S1B), leading us to speculate that there are further distinctive features necessary
for branching morphology.

Coordinated linear and rotational movements characterize EC behaviors

As MS-1 cells appear to migrate more directionally in a two-cell state after cell division (Video S4), we inves-
tigated the directional persistence and the straightness of cell movement to characterize EC behaviors. To
assess the impact of cell-cell contact, we compared MS-1 cells with non-EC cells, which keep their contacts
in a two-cell state after cell division. We used three measures derived from cell trajectories to evaluate
directional motility: mean square displacement (MSD), directionality ratio (DR), and order parameter
(OP)?%Y (see STAR Methods). For each cell type, MSDs were averaged to obtain an ensemble-averaged
MSD ((3(7)?)), which is shown as plots of (8(r)?) and (3(r)?)/1 versus time (1) in Figures 2D-2G. The term
(3(7)%)/7 is constant for a random walk behavior, whereas the slope of (3(7)%)/7 vs. 1 is 1 for cells in ballistic
movement.®'* The directional persistence time, calculated from the data as the crossover time from
ballistic to a random-walk behavior, was higher in MS-1 cells than in other cell types, and was much
increased in a two-cell state, suggesting that MS-1 cells tend to move with a higher persistence through
cell-cell contact (Figure 2H). The enhanced directional persistence of MS-1 cells in a two-cell state was
also supported by a higher DR (Figure 2I) and OP (Figure 2J). Collectively, MS-1 cells characteristically
display coordinated linear movement upon cell-cell contact, which may drive directional branch
elongation.

In addition to the coordinated linear movement, we identified unique rotational movement around the cell-
cell interface in paired MS-1 cells after cell division (Figures 3A and 3B; see also Video S4). This pattern of
movement may correspond to passing and exchanging cell behaviors at the tip and stalk positions in
angiogenesis. Such rotational movement was also observed in other ECs such as primary cultured mouse
brain microvascular ECs (Video S7). Vero cells, which are not ECs but form fine branches (Figure S1G), also
exhibited rotational movement in a two-cell state (Video S7), suggesting a relationship between rotational
movement and branch formation. During the rotational movement, MS-1 cells tended to move faster as
they became closer to each other (Figure 3C), forming a relative velocity angle mostly within 120°-180° (Fig-
ure 3C). When the rotational movement was defined as the movement keeping the relative velocity angle
within 120°~180° for more than an hour, the ratio of rotational time to total time was exceptionally high in
MS-1 cells compared with other cells examined (Figure 3D). The higher cell speed during the rotational
movement of MS-1 cells was statistically verified under this definition (Figures 3E and 3F). Because rotating
cells move antiparallel to each other in direction, this phenomenon likely corresponds to the accelerated
cell movement that occurs when passing each other during angiogenic sprouting.'” Indeed, similar accel-
eration in passing cells was also observed in MS-1 cells at both the tip and stalk positions during branch
elongation in Matrigel (Figures 1G and 1H, STH and S1I).

Collectively, coordinated linear and rotational movements, dependent on cell-cell contact, can charac-
terize EC movements. Coordinated linear movement may contribute to the alignment of movement,
whereas the accelerated antiparallel movement represented by paired cell rotation may provide a driving
force for branch elongation, as evidenced by previous mathematical simulations.'”

VE-cadherin is required for coordinated linear movement and branching morphogenesis

Directional linear movement and fast rotational movement upon cell-cell contact are likely mediated
by cell adhesion molecules. Because molecules of the cadherin family regulate coordinated cell migration
including CIL and the epithelial-mesenchymal transition (EMT) emerging through cell-cell
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Figure 3. ECs exhibit fast rotational movement in a two-cell state

(A) A representative trajectory of paired ECs showing rotational movement.

(B) Tracking of rotational movements of ECs. Arrows indicate the direction of cellular rotation with blue lines connecting
cell pairs at the same time.

(C) Time evolution of instantaneous speed (top), angle between the velocities (middle), and internuclear distance
(bottom) of the representative rotating cell pair (the same as in A and B) for 10 h.

(D) Comparison of rotational time ratio between MS-1 ECs (n = 22) and other adherent cells (MDCK, n = 19; Vero, n = 46,
COS7, n = 30). Total trajectories obtained from time-lapse images within 48 h were analyzed. Data are represented as
violin plots. **p < 0.01, ***p < 0.001, ****p < 0.0001, Kruskal-Wallis test and Dunn’s test.

(E and F) Comparison of mean speeds (E) and their distribution (F) between cells in the “Rotational” or “Not rotational”
state. Data are represented as scatterplots with bars indicating means = SEM. **p < 0.01, Welch's t-test.

interaction,’*3% 3¢ we focused on VE-cadherin to elucidate the molecular mechanism underlying the

behavioral properties unique to ECs. VE-cadherin distribute with comb-shaped and dot-like patterns at
the interface between MS-1 cells (Figure 4A and S3A) as seen in primary ECs and HUVECs.**® We gener-
ated VE-cadherin-knockout (KO) MS-1 cells using CRISPR-Cas? technology. The successful deletion of the
VE-cadherin protein was confirmed by immunocytochemistry and Western blotting analysis with anti-VE-
cadherin antibody (Figures 4A, and S3B). VE-cadherin-KO MS-1 cells appear to lose cell polarity and
become round in shape, whereas wild-type MS-1 cells were coordinately aligned (Figure S3C). Within
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Figure 4. VE-cadherin is required for the coordinated linear movement that facilitates forward sprout elongation
(A) Triple staining of wild-type and VE-cadherin-KO MS-1 cells with anti-VE-cadherin antibody (green), F-actin-binding
fluorescent phalloidin (red), and DAPI (blue). Scale bar represents 50 um.

(B) Trajectories of wild-type and VE-cadherin-KO MS-1 cells within high-density monolayers (ECM-free region) from 48 to
60 h after seeding. Scale bar represents 50 pm.

(C and D) Directionality ratio (C) and mean speed (D) of wild-type and VE-cadherin-KO MS-1 cells migrating within
monolayers from 24 to 72 h after seeded. Mean values were obtained from three independent experiments. Data are
represented as mean + SEM for each time point (C) or scatterplots with bars indicating means + SEM (D). *p < 0.05,
Welch's t-test.

(E-K) Angiogenic sprouting of wild-type and VE-cadherin-KO MS-1 cells in the Matrigel assay. (E) Trajectories of
individual ECs from 48 to 72 h after seeding. Scale bars represent 50 um. (F) Phase-contrast images of migrating cells at
the indicated days after seeding. Scale bar represents 500 pm. (G) Time evolution of individual EC positions along the axis
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Figure 4. Continued

of elongation from 24 to 72 h after seeding. (H-K) Comparison of cell motility parameters (defined in STAR Methods).
Data were obtained from five branches for each group. Data are represented as scatter plots with bars indicating
means + SEM. *p < 0.05, Welch's t-test.

high-density monolayers, wild-type MS-1 cells show streams of widely coordinated cell movement (Fig-
ure 4B), as reported previously.38 In contrast, in VE-cadherin-KO, migration directionality decreased but
cell speed was enhanced (Figures 4B-4D). In angiogenic sprouting, VE-cadherin-KO in MS-1 cells deteri-
orated proper branch elongation, resulting in collapsed branch structure (Figures 4E, 4F, S3D, and S3E;
Video S8), although typical cell mixing phenomena including tip cell exchanging were still observed (Fig-
ure 4G) with increased frequency of cell passing (Figure 4H). When tip cell behaviors were evaluated using
tip cell parameters that we previously defined,” “tip duration” (the time spent per tip cell) was significantly
decreased in VE-cadherin-KO cells, indicating increased frequency of tip cell exchanging (Figure 4l),
whereas "vessel elongation” was decreased (Figure 4J). As a consequence, “elongation drive” (displace-
ment per tip cell) was significantly attenuated (Figure 4K).

Altogether, these findings indicate that VE-cadherin is required for coordinated linear movements that
facilitate forward sprout elongation, although it may negatively regulate the passing of ECs upon cell-
cell contact and the to-and-fro movement in branch elongation.

VE-cadherin-knockout enhances synchronized rotational movements

Subsequently, we aimed to determine how VE-cadherin-KO affected the behaviors of MS-1 cells in a paired
cell state after cell division. The characteristic linear and rotational movement of MS-1 cells was accompa-
nied by lamellipodial formation at the cell-cell interface as well as outward lamellipodial protrusion, as
observed by actin dynamics visualized with LifeAct-RFP*? (Figures 5A and 5A"). The rotational movement
was predominant in VE-cadherin-KO MS-1 cells with enhanced lamellipodial formation involving the
cell-cell interface at the expense of aligned linear movement (Figures 5B, 5B’, and 5C; Video S9). During
paired cell movement, cell-cell adhesion was maintained in the absence of VE-cadherin, possibly by other
cell adhesion molecules such as platelet endothelial cell adhesion molecule 1 (PECAM1)*C (Figure S4A).
The enhancement of the rotational movement in a two-cell state is consistent with increased cellular
passing in angiogenesis (Figures 4H and 4l), which is likely driven by adhesion molecules other than VE-
cadherin.

Further, we observed that the rotational movement of paired VE-cadherin-KO MS-1 cells was characterized
by phase synchronization (Figure 5D; Video S10), which was quantitatively ascertained by Pearson’s
correlation coefficient between the time series velocity fluctuations of paired two-cells (Figure 5E). Such
synchronization was not observed in wild-type MS-1 cells, which instead showed occasional anti-phased
movement, especially when either of the two cells moved fast, as indicated by arrows in Figure 5D. The
property of anti-phased motion in wild-type two-cells was reflected by the asymmetric distribution of integ-
rin-mediated focal adhesions (FAs) stained with vinculin,*'~** which were associated with well-aligned actin
fibers in the cell periphery. By contrast, FAs were localized throughout the cell body in a symmetric fashion
in paired VE-cadherin-KO cells (Figures S4B-S4D).

To confirm the role of VE-cadherin in endothelial motility, we transfected VE-cadherin-KO MS-1 cells with
VE-cadherin-EGFP. Decreased directionality of VE-cadherin-KO MS-1 cell movement was rescued by VE-
cadherin-EGFP (Figure 5F; Video S10). Enhanced cell speed and rotational movement in VE-cadherin-
KO cells were also decreased to levels comparable with wild-type cells (Figures 5G and 5H). By contrast,
endocytosis-defective VE-cadherin mutant (VE-cadherin-DEEmut-EGFP)** did not rescue the VE-
cadherin-KO phenotype (Figures 5F-5G; Video S10), consistent with previous report that VE-cadherin
endocytosis is required for collective cell movement during angiogenesis.®’*® Notably, transfection of
wild-type MS-1 cells with VE-cadherin-EGFP hindered cell movement (Video S11), indicating that optimal
VE-cadherin levels are essential for directional linear movement.

Collectively, these results indicate that directional linear and rotational movements are conferred by VE-

cadherin-dependent and -independent mechanisms, respectively. In addition, VE-cadherin may negatively
regulate rotational movement and its synchronicity.
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Figure 5. Synchronized rotational movement was enhanced by VE-cadherin KO

(A-B') Phase-contrast images (A and B) and F-actin labeling by LifeAct-RFP (A’ and B') of wild-type (A and A’) and VE-
cadherin-KO MS-1 cells (B and B). Scale bar represents 50 pm.

(C) Representative trajectories of wild-type and VE-cadherin-KO MS-1 cells on 2-cell interplay for 25 h. See also Video S10.
(D) Time evolution of instantaneous speed, angle of velocity, and spatial distance between a representative cell pair.
Paired cells are represented by blue and red plots.
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Figure 5. Continued

(E) Violin plot showing Pearson’s correlation coefficient between the instantaneous speeds in wild-type (n = 22) and VE-
cadherin-KO (n = 22) pairs.

(F=H) Comparison of directionality ratio over elapsed time t (min) (F), rotational time ratio (rotational time per total time)
(G), and mean speeds (H) among wild-type cells (n = 22), VE-cadherin-KO cells (n = 22), and VE-cadherin-KO cells
transfected with VE-cadherin-EGFP (n = 9) or VE-cadherin-DEEmut-EGFP (n = 9) in two-cell states. n indicates a number of
paired cells. Mean speed at a two-cell state was calculated as an average speed of each cell pair. Data are represented as
violin plots (G) or box-whisker plots (H). ***p < 0.001, ****p < 0.0001, one-way ANOVA and Dunnett’s test.

Mathematical modeling based on cell behaviors recapitulates angiogenic morphogenesis and
the effects of VE-cadherin-knockout

To substantiate the characteristic EC behaviors that we identified as processes fundamental to angiogen-
esis, we developed a mathematical model of angiogenesis incorporating the cohesive and phasic nature
of rotational movement into a two-dimensional elliptic particle model based on previous models, in
which distance-dependent attractive and repulsive two-body interaction reproduced sprouting and elon-
gation with cell-mixing phenomenon.'*** Specifically, we introduced additional variables, such as the
self-driving force D! and the internal variable ¢! representing the anti-phase synchronization in paired
ECs, which was assumed to be zero in single ECs and VE-cadherin-KO ECs. The present model also
differed from the previous model as the rotation variable y! was set to align the long axis to the direction
of movement (Figures SSA-S5H). As a parameter to determine !, two magnitudes of rotational forces
were employed as y; = 0.02 (moderate) and 0.05 (strong) in VE-cadherin-KO cells. The movement
of paired wild-type cells is constituted by the typical anti-phasic translational movement, and that of
VE-cadherin-KO cells follows the rotational movement with both magnitudes of rotational forces (Fig-
ure 6A; Video S12). Our numerical simulation of two-cell behaviors shows that pairs of wild-type cells
display more directional movement than those of VE-cadherin-KO cells (Figure 6B), whereas VE-
cadherin-KO cells had a higher speed than that of the experiments (Figure S5I), as observed in
in vitro experiments.

Next, we performed numerical simulations of the dynamics of sheet-forming EC layers. The time evolution
under the conditions mimicking wild-type ECs revealed multiple branch formation toward a cell-free area,
whereas the condition mimicking VE-cadherin-KO cells resulted in twisted and fused branches with
moderate rotation although migration speed was increased (Figures 6C, and S5J; Video S13). These fea-
tures of branch structures recapitulated experimental observations (Figure 4F). Under the conditions for
strong rotation, branch formation was mostly abrogated (Figure 6C; Video S13). Furthermore, our simula-
tion successfully reproduced the “cell mixing” phenomenon, with cells passing each other and overtaking
at the tip and stalk positions (Figure 6D; Video S13), with the migration speed of passing cells enhanced as
in experimental observations (Figures 6E and S5K). The cell mixing was also reproduced in the simulation of
VE-cadherin-KO cells (Figures 6F, 6G, and S5K) with increased cell passing and decreased tip duration as in
experimental results (Figures 6H and 6l).

Then, we examined how cell shape influenced the branch structure in our mathematical model, because
VE-cadherin-KO cells were round in shape compared with wild-type cells, in addition to their changed
motility (Figure S5L). Simultaneously, we examined the impacts of motion phase and rotational force in
this test shown as the catalogs of numerically simulated branch structures (Figures S5M and S5N). In terms
of the nature of cell motilities, the motion phase impacted the directionality of branch elongation; phased
motion increased branch elongations, but twisted them (Figure S5N), whereas more linear branches were
formed with anti-phased motion (Figure SSM). Rotational force affected branch structures; as the rotational
force v4 increased over 0.02, the branch structures broke down in both anti-phased and phased motion
(Figures S5M and S5N). With regard to cell shape, decreases in oblateness (x) dampened forward collective
migration with sprouting and branching (Figures S5M and S5N) in both wild-type and VE-cadherin-KO ECs.
Although the elliptic particle in the present model does not simply reflect cell morphology, this result
suggests that cell shape, including a kind of force field, may be a determinant of the branching patterns
generated by collective cell migration involving “cell mixing.”

Thus, our mathematical model incorporating the properties of the rotational movement and motion phase
successfully reproduced angiogenic sprouting through the directional migration and dynamic cell mixing
phenomenon, indicating that the characteristic behaviors identified in the paired cell experiments are
fundamental modules of angiogenesis.
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(A) Representative numerical simulation of the dynamics of wild-type and VE-cadherin- KO (y; = 0.02 and 0.05) cell pairs.
Wild-type cells alternately move and stop, while VE-cadherin-KO cells rotate synchronously. See also Video S12.

(B) Directionality ratio of wild-type and VE-cadherin-KO cell pairs.
(C) Representative snapshots of collective cell migration in the numerical simulation with the parameters used in (A). Cells

were supplied from the bottom area at different time steps indicated by color. See also Video S13.
(D-G) Trajectory analysis of simulation results in (C). Individual cell positions in circled branches were projected onto the

elongation axis (D and F) and the mean speeds were compared between cells at the state of “Passing” or “Not passing” (E
and G) in wild-type (D and E) and VE-cadherin-KO (F and G) cells.
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Figure 6. Continued

(H and ) Comparison of the number of passing (H) and tip duration (). STEPs in (I) is 5 steps. The plots in (E-I) are averaged
over 10 simulations. Details of the mathematical modeling are described in STAR Methods. Data are represented as
scatterplots with bars indicating means (E and G) or means £+ SEM (H, I). ****p < 0.0001, paired t-test (E and G), *p < 0.05),
**p < 0.01, Mann-Whitney U test (H and |).

VE-cadherin-dependent compartmentalization of angiogenic ECs

The expression and distribution of VE-cadherin are heterogeneous among ECs and change dynamically
during sprouting angiogenesis,’® which may be related to different behavioral modules. Indeed, MS-1
ECs forming angiogenic branches in Matrigel had heterogeneous VE-cadherin expression, whereby
ECs with high VE-cadherin expression were located in the center of branches (Figures 7A and S6A).
To test how the heterogeneity of VE-cadherin expression affected angiogenic sprouting and branching,
we admixed wild-type and VE-cadherin-KO ECs at different ratios and evaluated the time evolution of
sprouting and branching. Consequently, sprouting and branch elongation were promoted by admixing
wild-type and VE-cadherin-KO ECs in a 4:1 ratio (Figures 7B-7E, and S6B), whereas the number of
sprouts was ultimately not affected (Figure 7F). The mixture of wild-type and VE-cadherin-KO ECs in a
1:1 ratio also increased the area of sprouts, but the increase in the length of sprouts was not significant
(Figures 7B-7E and S6B). Immunostaining for VE-cadherin revealed that wild-type (VE-cadherin-positive)
cells were compartmentalized at inner regions, whereas VE-cadherin-KO (VE-cadherin-negative) cells
were located at the outer and tip regions in the branches composed of 4:1 and 1:1 cell mixtures, consis-
tent with the VE-cadherin expression pattern in wild-type ECs (Figures 7A and S6A). These results
suggest that the heterogeneity of VE-cadherin expression in ECs promotes branch elongation with
compartmentalization in angiogenesis.

To determine whether the effect of the heterogeneity of VE-cadherin expression on branch formation could
be explained by the different parameters of the mathematical model, we performed numerical simulations
for the dynamics of sheet-forming cell layers composed of a mixture of wild-type and VE-cadherin KO ECs.
This admixing of wild-type and VE-cadherin-KO cells reproductively facilitated branch elongation
(Figures 7G-71; Video S14) while decreasing the linearity of branches (Figure 7J). The number of sprouts
was not affected by cellular heterogeneity (Figure 7K). Interestingly, wild-type and VE-cadherin-KO cells
were also compartmentalized in the mathematical model when homophilic binding affinity was not
included. In this numerical simulation, wild-type cells segregated at the inner region of branches and
VE-cadherin-KO cells tended to occupy tip cells (Figure 7G; Video S14) similar to experimental results.
Similar results were obtained using round-shaped cells (x = 0.6) mimicking VE-cadherin-KO ECs
(Figures S6C-S6G).

Collectively, the heterogeneity of ECs with different behavioral properties can prompt branch elongation
with compartmentalization, which is not necessarily dependent on the differences in homophilic binding
mediated by cadherin molecules.

DISCUSSION

In this study, we identified the coordinated linear and rotational movements potentiated upon cell-cell con-
tact as fundamental behavioral modules of angiogenesis. Further, we found that VE-cadherin was required
for the coordinated linear motility but dispensable for the characteristic rotational movement of ECs. VE-
cadherin-KO rather enhanced the rotational movement, in which ECs exhibited synchronized motion, indi-
cating that VE-cadherin may regulate rotatory and synchronous motility to rectify linear branch elongation,
as suggested by mathematical simulations. Finally, a mixture of VE-cadherin-positive and -negative ECs
was found to facilitate branch elongation with regional compartmentalization.

Contact-dependent enhancement of motility in ECs

In contrast to CIL, contact-dependent enhancement of motility has been reported as a unique mode of cell
movement in various cell types, such as human astrocytoma cells*” and spreading colonies of Dictyostelium
discoideum cells.”® Astrocytoma cells, upon OL-protocadherin overexpression or N-cadherin knockdown,
accelerate their movement when they contact with neighbor cells, separating from one another soon there-
after.”’ D. discoideum cells enhance ameboid motility without cell adhesion.*® In contrast, ECs showed a
different mode of motility enhancement, in which ECs maintain cell-cell contact as if crawling along one
another. ECs form lamellipodial protrusions at the cell-cell interface, as well as outwards in a two-cell state,
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Figure 7. VE-cadherin-dependent compartmentalization of angiogenic ECs

(A) Staining with anti-VE-cadherin antibody (green) and DAPI (blue) for angiogenic branches containing wild-type and VE-
cadherin-KO MS-1 cells at indicated ratios. Samples were fixed 96 h after assays were started. Arrowheads indicate VE-
cadherin- KO cells. Scale bar represents 50 um.

(B) Phase-contrast images of angiogenic sprouting of MS-1 cells in Matrigel at the indicated times after seeding. Wild-
type and VE-cadherin-KO MS-1 cells were mixed at indicated ratios. Scale bar represents 500 um.

(C-F) Quantification of angiogenic parameters in sprouts 48 h after seeding (n = 6 for each group). Data are represented
as scatterplots with bars indicating means + SEM. *p < 0.05, **p < 0.01, Kruskal-Wallis test and Dunn’s test.

(G) Simulation of branching morphogenesis with the mathematical model, in which wild-type (black) and VE-cadherin-KO
(turquoise) cells were mixed at indicated ratios.

(H-K) Quantification of angiogenic parameters in simulated angiogenic sprouts (n = 5 for each group). Data are
represented as scatterplots with bars indicating means + SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001, one-way ANOVA
and Dunnett's test.
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whereas cells undergoing CIL and astrocytoma cells form lamellipodial protrusions in directions opposite
to the contact site. Considering that the inactivation of Rac1 abrogates lamellipodial formation at the con-
tact site in the process of CIL,*”°° the present results indicate that Rac1 may be activated at the contact site
in ECs, which could antagonize the CIL machinery, if present.

Coordinated linear and rotational movement of ECs

We also identified VE-cadherin-dependent coordinated linear and VE-cadherin-independent rotational
movements as characteristic elements of EC motility. The rotational movement in VE-cadherin-KO MS-1
cells was accompanied by enhanced lamellipodial formation including at the contact site, indicating that
lamellipodial formation along each other drives rotational movement and VE-cadherin may suppress it
to enhance linear movement in the parallel direction to each other. In addition, the rotational movement
of VE-cadherin-KO MS-1 cells was different from that of wild-type cells in terms of the synchronicity. VE-
cadherin likely confers paired cells with asymmetric distribution of FAs, in which one cell may act as a scaf-
fold for the other. Numerical simulation in the present mathematical model supported the idea that these
behavioral characteristics constitute angiogenic modules in which VE-cadherin facilitates efficient forward
elongation by ensuring linearity and asynchrony.

VE-cadherin has been proven essential for vascular development and morphogenesis,”' > whereas a mod-
erate decrease in VE-cadherin expression induces hypersprouting due to failure to suppress VEGFR2/Rac1-
dependent sprout formation.”*>° Conversely, excessive VE-cadherin expression suppresses cell move-
ment as shown in this study. These findings suggest that the modulation of VE-cadherin expression on
the cell surface is critical for appropriate angiogenesis. Furthermore, we also found that heterogeneity
in VE-cadherin function may optimize angiogenic branch elongation by using an admixing culture of
wild-type and VE-cadherin-KO cells and numerical simulation. Thus, VE-cadherin may regulate the interac-
tive cell migration of ECs between linear and rotational movements with different synchronicity, leading to
fine-tuned branch elongation.

VE-cadherin undergoes clathrin-dependent endocytosis, which controls the directional migration of ECs
essential for angiogenesis, as well as vascular integrity.>’**® Engulfed cadherin fingers and VE-cadherin
plaques are reported to drive coordinated directional migration of ECs via actin polymerization.”®’ In
addition, the clathrin-independent transcellular endocytosis of VE-cadherin has been found as a form
of cell-cell communication.”® The present result that VE-cadherin endocytosis is required for linear direc-
tional movement is consistent with these previous findings. Further investigation of how these VE-cad-
herin dynamics link to the modulation of angiogenic processes through the different modes of EC
motility is required.

VE-cadherin-dependent compartmentalization of ECs in angiogenesis

We found that ECs were compartmentalized according to different expressions of VE-cadherin. Interest-
ingly, our mathematical model incorporating the properties of cell movements, but not homophilic binding
affinity recapitulated this compartmentalization, suggesting that differential properties of motility can
contribute to compartmentalization in concert with the differential adhesion dynamics of VE-cadherin
caused by turnover to generate long-range position changes of ECs.”® The present results also indicate
that compartmentalized ECs with higher VE-cadherin expression may serve as a scaffold in the axial
direction, whereas ECs with lower VE-cadherin expression promote branch elongation through cellular
exchange, including tip cell overtaking, with their higher motility. Thus, our study has shed light on the
contribution of VE-cadherin to angiogenesis in terms of its effect on cell motility as well as cell adhesion
dynamics.

Limitations of the study

This study identified the VE-cadherin-dependent linear and -independent rotational movements as mod-
ules of angiogenetic EC behaviors using in vitro and in silico 2D approaches. However, the validity of this
study in in vivo 3D angiogenesis could not be tested, although the cell mixing phenomenon has previously
been proved in mouse retinal angiogenesis.” Moreover, the molecular mechanisms underlying VE-cad-
herin-dependent asynchrony with asymmetric FA distribution and synchronous rotation in the absence
of VE-cadherin remain unsolved.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-VE Cadherin antibody - Intercellular Junction Marker Abcam Cat# ab33168; RRID: AB_870662
Anti-VE Cadherin antibody [EPR18229] Abcam Cat# ab205336; RRID: AB_2891001

Purified Rat Anti-Mouse CD144
Purified Rat Anti-Mouse CD31

BD Pharmingen
BD Pharmingen

Cat# 555289; RRID: AB_395707
Cat# 553370; RRID: AB_394816

Anti-Vinculin antibody [EPR8185] Abcam Cat# ab129002; RRID: AB_11144129
Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 488) Abcam Cat# ab150073; RRID: AB_2636877
Donkey Anti-Rat IgG H&L (Alexa Fluor® 488) preadsorbed Abcam Cat# ab150153; RRID: AB_2737355
Donkey Anti-Rat IgG H&L (Alexa Fluor® 555) preadsorbed Abcam Cat# ab150154; RRID: AB_2813834
Polyclonal Swine Anti-Rabbit Immunoglobulins/HRP Dako Cat# P0399; RRID: AB_2617141
Chemicals, peptides, and recombinant proteins
Cellmatrix Type I-A Nitta Gelatin N/A
SYTO16 Invitrogen S7578
Hoechst 33342 Dojindo Laboratories H342
EGM™.-2 Endothelial Cell Growth Medium-2 Bullet Kit™ Lonza CC-3162
Dextran 60,000 FUJIFILM Wako Pure Chemical 047-30522
Corporation
Collagenase/disperse Roche Diagnostics 10269638001
DNasel Sigma-Aldrich 11284932001
Tosyl-L-lysyl-chloromethane hydrochloride FUJIFILM Wako Pure Chemical 200-20141
Corporation
Puromycine FUJIFILM Wako Pure Chemical 160-23151
Corporation
Endothelial Cell Basal Medium 2 Takara Bio inc. C-22011
Cellmatrix Type I-C Nitta Gelatin N/A
Endothelial cell growth supplement from bovine neural tissue Sigma-Aldrich E2759
Protease Inhibitor Cocktail Sigma-Aldrich P8340
Ponceau S stain solution Muto pure chemicals N/A
4',6-Diamidino-2-phenylindole Dihydrochloride Sigma-Aldrich D9542
Acti-stain™ 555 phalloidin Cytoskeleton PHDH1
Lipofectamine™ 3000 Transfection Reagent Thermo Fisher Scientific 3000008
Trypsin-EDTA Nacalai Tesque 32777-15
M-MLV-Reverse Transcriptase NIPPON GENE CO., LTD. 28025013
Ex taq Version 2.0 Takara Bio inc. RROO3A
Sacll restriction endonuclease NIPPON GENE CO., LTD. 319-00922
Xmal restriction endonuclease New England Biolabs. RO180S
Pfx50™ DNA Polymerase Invitrogen 12355-012
Critical commercial assays
Endothelial Tube Formation Assay Cell Biolabs CBA-200
DC™ Protein Assay Kit | BioRad #5000111
Amersham ECL Select Western Blotting Detection Reagent Amersham Bioscience RPN2235
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REAGENT or RESOURCE SOURCE IDENTIFIER

Takara DNA Ligation Kit Takara Bio inc. 6023

Deposited data

Source data This study https://doi.org/10.6084/
m9.figshare.21952793

Raw data (coordinates of the cells) This study https://doi.org/10.6084/
m9.figshare.21952727

Customized scripts and usage instructions This study https://github.com/RoastedGreenTeaaa/
scripts-angiogenesis

Experimental models: Cell lines

MS-1 ATCC CRL-2279

NIH3T3 ATCC CRL-1658

10T 1/2 ATCC CCL-226

MDCK.2 ATCC CRL-2936

Vero ATCC CCL-81

COos7 ATCC CRL-1651

BAEC (Bovine Aortic Endothelial Cells) Cell Applications B304-05

HUVEC (C2519) Lonza C2519A

HUVEC (03331) Lifeline Cell Technology FC-0003

Primary Mouse Brain Endothelial Cells This study N/A

VE-cadherin knockout MS-1 cells This study N/A

Experimental models: Organisms/strains

C57BL/6J mice

CLEA Japan Inc.

https://www.clea-japan.com/en/

Oligonucleotides

CRISPR/Cas9 targeting sequence: the VE-cadherin #1: This study N/A
5-AGCATTCTGGCGGTTCACGT-3"

CRISPR/Cas?9 targeting sequence: the VE-cadherin #2: This study N/A
5'-TGAATCGCTGCCCCACTATG-3'

Primer sequence: VE-cadherin open reading frame #1: This study N/A
5'-AAACCGCGGGAAGGATGCAGAGGCTCACA-3"

Primer sequence: VE-cadherin open reading frame #2: This study N/A
5'-TTTCCCGGGATGATGAGTTCCTCCTGGGG-3'

Primer sequence: VE-cadherin-DEEmut #1: This study N/A
5'-GGTCACTTACGCTGCGGCGGGCGGTGGTGAG-3'

Primer sequence: VE-cadherin-DEEmut #2: This study N/A
5'-CTCACCACCGCCCGCCGCAGCGTAAGTGACC-3"

Recombinant DNA

Plasmid: Plasmid pCMVLifeAct-TagRFP ibidi GmbH 60102
pX330 CRISPR/Cas? plasmid Addgene #42230
pTAC2-pgk-Puro1 plasmid This study N/A
pTAC-2 vector Biodynamics Laboratory DS126
pTAKN-2 vector Biodynamics Laboratory DS130
PEGFP-N3 vector Clontech 6080-1
VE-cadherin-EGFP vector This study N/A
VE-cadherin-DEEmut-EGFP vector This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

Image-Pro Premier 3D Version 9.2 software

Image J software (ImageJ 1.52a)

Media Cybernetics

National Institutes of Health

https://www.mediacy.com/

https://imagej.nih.gov/ij/download.html

Microsoft excel software Microsoft N/A
GraphPad Prism9 GraphPad Software N/A

The CRISPR design web site Feng Zhang Lab http://crispr.mit.edu/
Fortran 90 N/A
Mathematica 13.1 Wolfram Research, Inc. N/A

Other

3.5 cm glass-bottomed dish Matsunami Glass D11130H
3.5 cm collagen-coated glass-bottom dish Matsunami Glass D11134H
All-in-One Fluorescence Microscope BZ-X710 Keyence N/A
FV-10i confocal laser scanning microscope Olympus N/A
Immobilon-P PVDF membrane Millipore IPVHO0010

ImageQuant LAS 4000 mini GE Healthcare Japan N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to, and will be fulfilled, by
the lead contacts, Hiroki Kurihara (kuri-tky@umin.net).

Materials availability

Cell lines generated in this study will be made available upon request to the lead contact.

Data and code availability

® All source data (original western blot images) and raw data (coordinates of the cells) that support the
findings of this study are available in Figshare. DOIs are listed in the key resources table. Customized
scripts and usage instructions are available from Github: https://github.com/RoastedGreenTeaaa/
scripts-angiogenesis.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS
Mice
C57BL/6J mice were purchased from CLEA Japan Inc. (Tokyo, Japan). Two to five individuals were housed

per cage in SPF conditions in an environmentally controlled room at 23°C+2°C, with a relative humidity of
50%-60% and under a 12-hour light/dark cycle.

Cell culture

MS-1 cells (mouse pancreatic islet-derived endothelial, transformed by SV40 large T antigen), NIH3T3 cells
and 10T 1/2 cells (mouse embryonic fibroblasts), MDCK cells (canine, kidney, epithelial), Vero cells (African
green monkey, kidney, epithelial), COS7 cells (African green monkey, kidney, epithelial, transformed), and
BAECs (bovine aortic endothelial) were cultured in high-glucose DMEM (FUJIFILM Wako Pure Chemical
Corporation, Japan) containing 10% fetal bovine serum (Sigma) and antibiotics (penicillin and strepto-
mycin, Nacalai Tesque, Japan). HUVECs (Human umbilical vein endothelial cells) were cultured in
EGM™L.2 Endothelial Cell Growth Medium-2 Bullet Kit™ (Lonza). All cells were cultivated at 37°C in a hu-
midified atmosphere containing 5% CO; and passaged before cells reached 80% confluence. All cells were
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washed with phosphate-buffered saline (PBS) and dissociated with Trypsin-EDTA (Nacalai Tesque, Japan).
All cell lines had been tested for mycoplasma contamination.

Isolation and culture of primary mouse brain endothelial cells (BECs)

The primary culture of BECs was performed in accordance with a previously described method””*° with
some modifications. Brains were aseptically collected from 4-8-week-old C57BL/6J mice (5 males and 5
females) and disrupted in Hanks’ Balanced Salt Solution (HBSS; FUJIFILM Wako Pure Chemical Corpora-
tion, Japan) using a Dounce homogenizer. The homogenates were suspended in 18% dextran (FUJIFILM
Wako Pure Chemical Corporation, Japan) in MEM-HAF (MEM with 25 mM HEPES/AA/2% FBS, FUJIFILM
Wako Pure Chemical Corporation, Japan) and centrifuged at 4,000rpm for 20 min. Packed myelin and
the upper phase over the microvessels (MVs) layer were removed. The MVs layer was collected with
10 mL MEM-HAF and centrifuged at 100 g for 10 min. The pellet was digested in collagenase/disperse
(2 mg/mL; Roche Diagnostics) in MEM-HAF (FCS-free) supplemented with 10 pg/mL DNase | (Sigma)
and 0.294 pg/mL tosyl-L-lysyl-chloromethane hydrochloride (FUJIFILM Wako Pure Chemical Corporation,
Japan) for 30 min at 37°C in a shaking water bath. The digested microvessels were washed and collected
with F12 (Sigma) containing 10% FCS and centrifuged twice at 300 g for 5 minutes. Isolated BECs were
seeded with endothelial cell growth medium (ECGM) composed of Endothelial Cell Basal Medium 2
(Takara Bio inc., Japan) and Endothelial cell growth supplement from bovine neural tissue (Sigma) in a
3.5 cm glass-bottomed dish (Matsunami Glass, Japan, D11130H) coated with collagen type I-C (Nitta
Gelatin, Osaka, Japan) and cultured with 4 pg/mL puromycin in ECGM. The isolation of BECs was checked
using PECAM1 protein expression.

Ethical considerations

Animal experiments were performed in accordance with the guidelines of the University of Tokyo Animal
Care and Use Committee with approval from the institutional review board (approval number; M-P19-050).
All experiments conform to relevant regulatory standards.

METHOD DETAILS

Matrigel assay

To prepare Matrigel, 10 uL of extracellular matrix (ECM) solution packaged in the Endothelial Tube Forma-
tion Assay Kit (Cell Biolabs) was solidified on a 1.4 cm glass bottom in a 3.5 cm glass-bottomed dish (Mat-
sunami Glass, Japan, D11130H) by 30min incubation at 37°C. Cells were resuspended in DMEM containing
10% FCS after dissociation with trypsin-EDTA (Nacalai Tesque, Japan) and 6.0x10% cells were seeded
around the solidified Matrigel on the glass-bottomed area of the dish. When cells were attached to the
dish bottom (6-8 hours after seeding), complete DMEM was supplied to fill the 3.5 cm dish. Cells were
viewed using a fluorescence microscope (BZ-X710; Keyence, Japan) and time-lapse images were recorded
with a confocal laser scanning microscope (FV-10i confocal laser scanning microscope; Olympus) at
5-minute intervals. See also Figure S1 and “Time-lapse live-cell imaging”.

Analysis of single-cell behaviors

Before the cells to be analyzed were seeded, the same cells were seeded at a high density (2.5 x 10° cells or
3.0 x 10 cells/cm?) on the plastic space around the glass bottom region to supply cell-secreted growth
factors. The plastic space was pre-coated with collagen (Cellmatrix Type I-A; Nitta Gelatin, Osaka, Japan)
to allow cells to attach. For the analysis of single-cell behaviors, analyzed cells were seeded at a low density
(1.0-5.0 x 103 cells or 1.0-5.0 x 102 cells/cm?) on the 3.5 cm collagen-coated glass-bottom dish (Matsu-
nami Glass, Japan, D11134H) to keep sufficient distance between the cells so that one- and two-cells
were captured in a field. After incubation at 37°C overnight, time-lapse live-cell imaging was performed
following cell tracking. See "Time-lapse live-cell imaging” and "“Cell tracking”.

Time-lapse live-cell imaging

Time-lapse fluorescence and phase-contrast images were acquired every 5-minutes using a confocal laser
scanning microscope (FV-10i confocal laser scanning microscope; Olympus) with a 10 x 0.4 NA air objec-
tive lens for the single-cell analysis and Matrigel assay. LifeAct-RFP images were captured at 2-minute
intervals with a 60 x 1.2 NA water-immersion objective lens. Laser wavelengths of 405 nm, 473 nm and
559 nm were used for the acquisition of the images for SYTO16, Hoechst 33342, and RFP signals,
respectively. The microscope was equipped with an on-stage incubation chamber that maintained the
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temperature at 37°C and the CO; concentration at 5%. Cell nuclei were labeled with SYTO16 (100 nM, In-
vitrogen) for EC lines and Hoechst 33342 (200 ng/mL, Dojindo Laboratories, Japan) for other cell lines.
Before experiments were performed, unattached cells and floating cells were removed by extensive
washing with complete medium and the attached cells’ nuclei were stained in complete medium contain-
ing SYTO16 or Hoechst 33342. Hoechst 33342 was washed from the culture medium after incubation for 1
hour at 37°C.

Cell tracking

Individual cell paths were automatically or manually tracked from fluorescence images of cell nuclei stained
by SYTO16 or Hoechst 33342 staining and converted to xy coordinates using Image-Pro Premier 3D Version
9.2 software (Media Cybernetics). Signals for the nuclei were sharpened and segmented with 2D filters
available in Image-Pro Premier software. The coordinates of the nuclei were defined as the center of
mass of the refined nuclei signals. For cell tracking in the Matrigel assay, all cells were tracked manually
by visual inspection. In the single-cell analysis, we used the automatic cell tracking function of Image-
Pro Premier; however, we performed manual tracking when the nuclei signals were indistinguishable using
automatic tracking.

Analysis of cell trajectories

For the analysis of cell motility at a single-cell level, cell trajectories were recorded consecutively for the
1-cell and 2-cell states, respectively. In all cell trajectories, the periods 2 hours before and after the onset
of anaphase were excluded from the analysis to avoid the influence of cell division on cell motility. For the
2-cell analysis, the trajectories of paired 2-cells derived from 1 cell after cell divisions were analyzed from 2
hours after the onset of anaphase.

Individual cell trajectories were smoothened using a simple moving average (SMA; SMA =
n = the total number of frames of a selected range) filter. The filtering of cell trajectories with 5-frame
SMA was used in the analysis of cell migrations. One frame corresponds to 5 minutes in the time-lapse
images of MS-1 cells and 3 minutes in the mouse aortic explant assay, respectively. Note that non-
smoothened trajectories were used in the calculation of instantaneous speed and spatial distance in
Figures 1H, and S11.

To quantify the differences in migration behaviors, smoothened trajectories of individual cells were
analyzed in terms of migration speed, mean square displacement (MSD), directionality ratio (DR), and order
parameter (OP). The MSD was calculated as the average squared displacement in a migration trajectory
over increasing time intervals.”” The MSD is a value for the surface area explored by the cell over time con-
taining information about the persistence of cell migration. The slope of these log-log plots is a useful in-
dex for directional persistence: it is equal to 1 for randomly moving cells and to 2 for cells that move in a
perfectly straight manner. The DR is a parameter that quantifies the trajectory straightness; it is also known
as the confinement ratio, persistence ratio, meandering index, or straightness index. The DR was obtained
by dividing the displacement by the trajectory length at time t*. The DR is equal to 1 for a fully straight
trajectory and equal to O for a fully curved trajectory. The OP is used for the analysis of direction autocor-
relation. Displacement vectors describing migration trajectory are normalized to the same length, and
vector angles are compared pairwise over time. When the velocities of all observed cells were aligned,
OP is equal to 1, and when the alignment of velocities was lost, it became smaller. Data analysis was
executed in Mathematica 13.1 (Wolfram Research, Inc., Champaign, US).

Definitions

The term "tip cells” refers to “cells at the tip of a certain time point.” The other cells are termed “stalk cells”.
"Passing” refers to “cells passing each other within a 20 pm distance changing the sign of relative position
along the direction of elongation.” In the comparative analysis of cell speed, “Passing” cells include cells
undergoing “passing each other” within 25 minutes (angiogenic sprouting of MS-1 cells), 30 minutes
(mouse aortic explant assay), or 25 steps (mathematical model). The others are referred to as “Not pass-
ing.” In the analysis of instantaneous speed at the time of “Passing,” “Total,” “Forward,” and “Backward”
indicates the direction of cell movement. “Distance” indicates the distance between the center of the
nuclei of two cells passing each other. Time O is considered the moment when the two cells pass each other.
The trajectory analysis of ECs in angiogenic sprouting was performed by projecting nuclear positions
orthogonally onto the axis of branch elongation.”'® The axis of elongation was set by drawing a line
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connecting the start and end points of the tip position. For tip cell parameters, “elongation drive” (elon-
gation of a branch)/(number of tip cells during the total observed time) and “tip duration” (overall time)/
(number of tip cells during the total observed time) were introduced as described previously.” For the
2-cell analysis, “rotational movement” was defined as the movement keeping the relative velocity angle
within 120°-180° for more than 1 hour.

Generation of VE-cadherin knockout MS-1 cells with the CRISPR/Cas9 method

Guide RNA sequences for CRISPR/Cas? were designed using the CRISPR design web site (http://crispr.mit.
edu/) provided by the Feng Zhang Lab.®" Two sets of single-guide RNAs were generated to target the cod-
ing region of the mouse VE-cadherin gene Cdh5 as follows: #1: 5'-AGCATTCTGGCGGTTCACGT-3"/
5-ACGTGAACCGCCAGAATGCT-3', #2: 5-TGAATCGCTGCCCCACTATG-3'/5'-CATAGTGGGGCAGC
GATTCA-3". The complementary oligonucleotides for guide RNAs (gRNAs) were annealed and cloned
into pX330 CRISPR/Cas? plasmid (Addgene). MS-1 cells were co-transfected with either pX330/sgRNA#1
or pX330/sgRNA#2, and pTAC2-pgk-Puro1 plasmid, which contains the puromycin resistance gene down-
stream to the PGK-promoter in the pTAC-2 vector (Biodynamics Laboratory), using Lipofectamine 3000
(Life Technologies). On the second day after transfection, the cells were treated with 2-4 pg/mL of
puromycin (FUJIFILM Wako Pure Chemical Corporation, Japan) for 3 days. After 2 weeks, the colonies
were isolated with the cloning cylinders. VE-cadherin knockout was confirmed by DNA sequencing and
western blotting analysis.

Western blotting

To prepare protein lysates, the cells were solubilized in PBS containing 1% Triton X-100, 0.1% sodium
deoxycholate, 0.02% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride, 0.5 mM vanadate,
and protease inhibitor cocktail (Sigma). After three 10-second periods of sonication, the samples were sub-
jected to protein analysis. The protein concentration was determined using a DC™ Protein Assay Kit |
(BioRad), and samples containing equal amounts of protein were separated by 7.5% SDS-
polyacrylamide gel electrophoresis (PAGE) and then electrotransferred to a polyvinylidene difluoride
(PVDF) membrane (Immobilon-P; Millipore). The membrane was stained with Ponceau S stain solution
(Muto pure chemicals, Japan) to assess transfer quality and estimate the total protein content, and then
washed for 5 minutes in TBST (0.1% Tween 20 in Tris-buffered saline, pH 7.6) to remove Ponceau staining.
After non-specific binding was blocked by incubation in blocking solution (5% skim milk in TBST) for 1 hour
atroom temperature (RT), the blot was probed with primary antibody diluted in blocking solution overnight
at 4°C. The membrane was then washed three times for 5 minutes with TBST at RT, incubated with second-
ary antibody (polyclonal swine anti-rabbit immunoglobulins/HRP, Dako) in blocking solution for 1-2 hours
at RT, and washed four times for 10 minutes with TBST at RT. The signals were detected using the ECL
chemiluminescence detection system (Amersham Bioscience) and imaged with ImageQuant LAS
4000 mini (GE Healthcare Japan).

Immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde in PBS for 10 minutes at RT, permeabilized with 0.2% Triton
X-100 in PBS, and washed three times for 5 minutes with PBS at RT. After non-specific binding was blocked
by incubation with blocking solution (10% goat serum or 3% bovine serum albumin in PBS), the cells were
incubated with the primary antibodies diluted in blocking solution overnight at 4°C. Then, the cells were
washed and stained with the secondary antibodies (donkey anti-rabbit or anti-rat IgG H&L Alexa Fluor®
488 or donkey anti-rat IgG H&L Alexa Fluor® 555, Abcam) in blocking solution for 1-2 hours at RT. For
cell nuclei and actin staining, Acti-stain™ 555 fluorescent phalloidin (cytoskeleton, PHDH1) and DAPI
(4',6-diamidino-2-phenylindole dihydrochloride; Sigma) were added to the reaction buffer containing
the secondary antibody. After three washes for 10 minutes in PBS at RT, the cells were viewed using a fluo-
rescence microscope (BZ-X710; Keyence, Japan). Signal intensities were analyzed using ImageJ software
(ImageJ 1.52a, National Institutes of Health).

Primary antibodies used for western blotting and immunostaining

The primary antibody used for western blotting was rabbit monoclonal anti-VE-cadherin antibody (Abcam,
ab33168), 2.0 ng/mL. The primary antibodies used for immunostaining were rabbit monoclonal anti-VE-
cadherin antibody (Abcam, ab205336), 2.38 ug/mL; purified rat anti-mouse CD144 (BD Pharmingen,
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555289), 5.0 ng/mL; purified rat anti-mouse CD31 [PECAM1] (BD Pharmingen, 553370), 5.0 pg/mL; and
rabbit monoclonal anti-vinculin antibody [EPR8185] (Abcam, ab129002), 10.8 png/mL.

Visualization of F-actin localization and dynamics with live ECs

We visualized F-actin organization and dynamics with LifeAct-RFP. Plasmid p“™VLifeAct-TagRFP (ibidi
GmbH) was transfected into wild-type and VE-cadherin-KO MS-1 cells with Lipofectamine 3000 (Life Tech-
nologies) in accordance with the manufacturer’s protocol. At 24-48 hours after transfection, the transfected
cells were dissociated with trypsin-EDTA (Nacalai Tesque, Japan) and seeded onto the collagen-coated
glass coverslip bottom dish (Matsunami Glass, Japan, D11134H) to keep sufficient distance between cells
so that interactive behaviors in a two-cell state after cell division were captured. After incubation at 37°C
overnight, time-lapse live-cell imaging was performed at 3-minute intervals.

Construction and transfection of plasmids

For the expression of VE-cadherin-enhanced green fluorescent protein (EGFP) fusion protein, the VE-cad-
herin open reading frame was amplified by reverse transcription (RT)-PCR from MS-1 cell cDNA samples
using M-MLV-Reverse Transcriptase (NIPPON GENE CO., LTD., Japan) and Ex taq Version 2.0 (Takara
Bio inc., Japan), and then subcloned in frame into the pEGFP-N3 vector (GenBank Accession#: U57609;
Addgene) with Takara DNA Ligation Kit (Takara DNA Ligation Kit) using the Sacll and Xmal restriction
enzyme sites. For the construction of the endocytosis-defective VE-cadherin mutant (VE-cadherin-
DEEmut-EGFP), PCR-based site-directed mutagenesis was used to mutate the region of 646-648
amino acid sequence (DEE— AAA). VE-cadherin-DEEmut sequence was amplified by RT-PCR from VE-
cadherin-EGFP vector using Pfx50™ DNA Polymerase (Invitrogen) with complementary nucleotide primer
pairs specifically converting 5'-gatgaggag-3’ into 5’-gctgcggeg-3'. Nucleotide sequences used for vector
construction were listed in the key resource table. All constructs were verified by sequencing and trans-
fected with Lipofectamine 3000 reagent (Life Technologies) according to the manufacturer’s protocol.
Cells transfected with plasmids encoding EGFP derivatives were observed by fluorescence microscopy
24 hours after transfection.

Graphing and statistical analysis

Microsoft Excel software or GraphPad Prism 9 (GraphPad Software) were used for graph construction. All
statistical analysis was performed using GraphPad Prism 9 or Microsoft Excel software. All errors presented
in the text are the SEM for quantitative values or error margin for percentages. Comparisons of two groups
of paired data were performed using a paired t-test. The comparison of two groups of independent data
were performed using Welch's t-tests or the Mann-Whitney U test. Pairwise multiple comparisons were
performed using one-way ANOVA and Dunn’s test or Dunnett’s test, or Kruskal-Wallis test and Dunn's
test. The Shapiro-Wilk test was used to check for normal distribution. Statistical significance was denoted
by *P <0.05, **P <0.01, ***P <0.001, and **** P <0.0001. ns, not significant. Sample number of each plot can
be found in the figure legends.

Mathematical model

Our previous elliptic particle model based on Newtonian dynamics”® was adopted with some modifica-
tions. In this model, the cells were approximated as elliptic particles with a and b for the semi-major and
semi-minor axes, respectively. A parametric equation of the i-th endothelial cell (hereafter called "EC-i") is

x(@0)\ _  , (cos¥; —siny;\(fa 0 cosf _
<Y(0)) =ri+ ( siny;  cosy; ) (0 b) ( sin @ ) (Equation 1)

where f ¢ [0,2x) is a parameter, r;e R? is the center of an ellipse, and ;€ [ — /2, 7/2) is the orientation
angle (Figure S5A). For Se Z.o and 6, : = 2wk/S, we set S sampling points on the ellipse boundary as
(x(0k),y(0k)) (k = 0,1,...,S — 1). In the present study, each cell is represented as two concentric ellipses,
in which the outer ellipse (a = a1,b = by) denotes the region of the attractive force, whereas the inner one
(a = az,b = by) denotes the region of the repulsive force (Figures SS5A-S5C). We regard that EC-i and EC-j
are in contact with each other when any of sampling points on the ellipse of EC-i are located inside the el-
lipse of EC-j. Here, we adopted S = 16 through numerical simulations using several values of S; this did not
significantly affect our results. The state of EC-iat time t is characterized by its position r;e R?, velocity v,
R?, and the direction of the long axis ;€ [ — /2, 7/2) (Figures S5A-S5H). In this study, we include the
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phase ¢;e€ [ — m, ) as a parameter to reflect the different synchronicity of wild-type and VE-cadherin-KO
cells (Figure S5F and S5G). We consider the following discrete equations for the dynamics of ECs.

R oty (Equation 2a)
vt = vt — 7(¢;t)M(¢ft)71v;t+ ’V’(‘f)fty1 (ZF,:/t + Dit> (Equation 2b)
j#Ei
B =0 = (20— q(u'™) (mod ) (Equaton 3
¢ =9 — vasin g+ Ay (usin(¢ — ¢7) + wo + &) (mod 2m) (Equation 4)

i
Equations 2a and 2b are the discretized Newtonian equations of motion. Here, M(¢,") is the mass of an EC
and v(¢;") is a damping parameter, and we assumed that M(¢;") and v(¢;') depend on the phase ¢;*. Using
a step function U(x): = 1(x >0),0 (x <0), we set M(¢;1)"" = U(sin ¢;' +¢&) and (¢ )M(¢;)) " = 7o+
(1 = vo)(1 — U(sin ¢;' +¢)), where e and 7y are positive constants. For the interaction, F;;* denotes the
two-body interaction between ECs and Zj»; denotes the summation over all the ECs connected with the
EC-iin the region of attraction. For the force on the EC-i, we adopt the following (Figures S5B and S5C):

(@) If there is no overlap between the two ECs, then F,-J‘=O

(b) If there is overlap between the two attractive ellipses, but no overlap between the two repulsive el-
lipses, then Fij' = — foe;t

(c) If there is overlap between the two repulsive ellipses, then F,',jt = fej)

Here, e;j': = (' — rjt)/Hr,-t - rth and f,, f, are the positive constants for the strengths of interaction. Note
that the collision of two ellipses is determined from whether sampling points on the ellipse is included in
the other ellipse, as described above. The final term D;*, denotes the self-driving force, which reflects the
potentiation of locomotion caused by cell-to-cell contact (Figure S5D). If the EC-i comes into contact with
other ECs, then D' = dv;!/||vi{||, where the parameter d is a positive constant. If there is no interaction
between the two ECs or ||vif|| = 0, then Di' = 0.

Equation 3 means that an EC rotates with its long axis oriented in the moving direction; v, is a positive con-
stant and g(v) denotes the angle between the velocity v and the horizontal axis (Figure S5E) . Note that if
the EC-i stops (||v,vt+1 H = 0), then ;1 = yt.

Equation 4 is the internal variable that represents the anti-phase synchronization when paired ECs come
into contact with each other, in which we assume that phases of isolated ECs or VE-cadherin-KO cells
are zero. For the parameters in Equation 4, v, is a positive constant, u is a coupling constant, wp is an
angular velocity, £; is a noise term, A;;" € {0, 1} is a parameter that indicates whether EC-i and EC-j interact
with each other through VE-cadherin; A;;* = 1if the two ECs have VE-cadherin and there is the overlap in
the attraction regions between two ellipses, otherwise A;f = 0.

We explain the relationship between the equation of motion (2b) and the phase Equation 4. Let us consider
interacting ECs because an EC without cell-cell interaction with others stops in our model. For two ECs with
VE-cadherin (wild-type ECs), they mutually migrate or stop (Figure S5F). As U(sin ¢;* +¢) = 1 whensin ¢;' +
e >0, we have:

M(g")” = U(sing' +¢€) = 1

Y(3IM($) " = 7o+ (1 = 7o) (1 = U(sin ¢ + €)) = 7o

Hence, Equation 2b gives:

vttt = vt — 7(¢ft)M(¢;t)71V;t+ I\/I(q),-t)71 (ZF;Jt + Dit)

j#Ei
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=v' — yovi! +ZFi.jt+ D/ (Equation 5)

jFEI

Similarly, as U(sin ¢;* +¢&) = 0 when sin ¢;' + £ <0, we have

M(¢)"" = U(sing +¢) = 0,

Y($OIMB) " = v+ (1 —vo)(1 — U(sin gt +¢)) = 1

Hence, Equation 2b gives

vt = vt — (g )M(g) vt + M(ey!) (Zﬁf + Df) =v'—v'+0=0
i
Therefore, the two ECs reciprocally switch between locomotion and pause. For VE-cadherin-KO cells, their
phases become zero and their motion follows Equation 5 (Figure S5G). Since A,-f = 0 for VE-cadherin-KO
cells, Equation 4 gives:

¢it+1 =¢' — vy sin ¢ft+ZAi.jt(,u sin (¢r’t - d’jt) + wo + 5‘) = ¢;" — v, sin ¢;".
=i
The phase ¢;' approaches zero because v, is a positive constant. If ¢;* = 0, U(sin ¢;* +¢) = U(e) = 1.
Thus, VE-cadherin-KO cells move according to Equation 5.

Simulation settings

The common parameters for the simulation of wild-type and VE-cadherin-KO MS-1 ECs are a1 = 30, by =
20,a, = 20, b, = 5,1, = 0.005, f, = 0.075,yq = 0.05,d = 0.005,& = 0.15,and v, = 0.01. Here the unit
of length is supposed to microns. For the parameters v, u and wp, we used y; = 0.005, 4 = 0.3,and wp =
0.01 for wild-type cells and y; = 0.02and 0.05, u = 0.0, wo = 0.0 for VE-cadherin- KO cells. The parameters
for the ellipticity (a1, b1, a2, b2) were estimated from the shape analysis of ECs and the distance between
ECs. Then, x was the flattening of an ellipse defined by

x = 1 — b/a, where aand b are the semi-major and semi-minor axes, respectively. We extracted the con-
tours of 28 ECs from the transmission image and obtained the flattening of each cell with ImageJ (NIH). In
our simulation, we adopted x = 0.75, which was the median of the dataset shown in Figure S5I. We deter-
mined (a1, b1, az, by) from the flattening x = 0.75 and the typical result of cell-to-cell distance. The minor
axis 2by was assumed to be 10 because the minimum distance between two ECs was approximately
10 um. From x =1 — by/a;, we obtained a; = 20. Usually, two ECs come into contact with each other
while maintaining the orientation of their long axes (Figure S5H). We assumed that the distance along
the minor axes of two ECs was the average distance (~40 um), and set by = 20. Considering the maximum
distance (~60 um), we set a; = 30. We used the strengths of attraction and repulsion, f, and f;, respectively,
as estimated previously.'® We set the parameters for the phase equation (v,, u, wo, €) from observations of
the presumptive cycle, in which a pair of wild-type cells seem to switch between locomotion and pause
(200-300 minutes). The parameters v, d and v, were determined by observing the movies of time-lapse
imaging datasets. This observation suggests that a pair of wild-type cells tends to maintain the orientation
of its long axis. In contrast, a pair of VE-cadherin-KO cells tend to change their direction quickly.

In simulations of the dynamics of a pair of ECs, we assume that the long axis between the two cells is nearly
parallel, and that their positions are sufficiently close at the initial time because we observe the dynamics
two ECs after cell division. The initial position r,° and orientation angle ¥,° (i = 1,2) are randomly selected
in accordance with a uniform distribution n®e [— 1.0,1.0] X [— 7.5,12.5], n,’ e [~ 1.0,1.0] x [7.5,12.5], ¢ €
[— 0.05m,0.057], respectively. As the two cells migrate in opposite directions after cell division, we set
opposite initial velocities v% = vio(cos ¥2, sin w,-o), where vig and v, follow the uniform distributions
[0.3, 0.5] and [-0.5, -0.3], respectively.

In simulations of the dynamics of multiple ECs, 1000 ECs are distributed at random within a box region
[0,2500]%[0,200] at t = 0 and one EC is supplied every ten steps within this region. The number of ECs
attime tis N; = 1000+t /10], where | x| is the largest integer which does not exceeds x. As for the bound-
ary condition, we assume that ECs cannot pass through the box region’s lower edge, and its right and left
ends are connected (a periodic boundary condition). The initial velocity and orientation angle of each EC
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are randomly selected according to uniform distribution [—0.01,0.01]%[-0.01,0.01] and [ — @/ 2,7/ 2),
respectively. In the simulation of mixing wild-type and KO cells, the initial 1000 cells are separated into
Wild-type and KO cells according to the mixing ratio. Then, Wild-type or KO cells were supplied every
ten steps with a probability dependent on the mixing ratio. For example, when the mixing ratio is Wild-
type:KO = 4:1, wild-type cells appear with a probability of 0.8 and KO cells with a probability of 0.2. Numer-
ical simulation and data analysis were executed in Fortran 90 and Mathematica 13.1 (Wolfram Research,
Inc., Champaign, US).
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