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During sprouting angiogenesis — the growth of blood vessels from the existing vasculature -
endothelial cells adopt an elongated invasive form and exert forces at cell-cell and cell-matrix
interaction sites. These cell shape changes and cellular tractions require extensive reorganizations of
the acto-myosin network. However, the respective roles of actin and myosin for endothelial sprouting
are not fully elucidated. In this study, we further investigate these roles by treating 2D migrating and
3D sprouting endothelial cells with chemical compounds targeting either myosin or actin. These
treatments affected the endothelial cytoskeleton drastically and reduced the invasive response in a
compound-specific manner; pointing towards a tight control of the actin and myosin activity during
sprouting. Clusters in the data further illustrate that endothelial sprout morphology is sensitive to
the in vitro model mechanical micro-environment, and directs future research towards mechanical
substrate guidance as a strategy for promoting engineered tissue vascularization. In summary, our
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results add to a growing corpus of research highlighting a key role of the cytoskeleton for sprouting
angiogenesis.

Key Words: in vitro angiogenesis, endothelial cytoskeleton, cellular force generation, blebbistatin,
calyculin A, jasplakinolide, cytochalasin D

1 | Introduction

Angiogenesis, the formation of new blood vessels from the pre-existing vasculature (Betz, Lenard, Belting,
& Affolter, 2016; Carmeliet, 2003; De Smet et al., 2009; Geudens & Gerhardt, 2011), occurs in
physiological and pathological conditions and is a hallmark of a wide range of related diseases (Folkman,
2007). During sprouting angiogenesis, endothelial cells (EC) invade the extracellular matrix (ECM) by
exerting cellular traction forces at cell-cell (Carmeliet, 2003; Huveneers et al., 2012) and cell-matrix (Edgar,
Hoying, et al., 2014; Su, Mendoza, Kwak, & Bayless, 2008) interaction sites. Deciphering force generation
by invading endothelial cells — a process that is highly dependent on the cytoskeletal architecture - is at the
heart of understanding sprouting angiogenesis.

Endothelial cells have a mechanically tensed structure that preserves their shape (Goeckeler, Bridgman, &
Wysolmerski, 2008; Ingber, 2008), while they can actively reorganize their cytoskeleton to remodel their
shape and to generate traction forces (Carey, Charest, & Reinhart-King, 2010; Koestler, Auinger, Vinzenz,
Rottner, & Small, 2008; Mseka & Cramer, 2011). To initiate sprouting from the quiescent vasculature, ECs
convert from a flattened morphology to their elongated, invasive form (Hetheridge et al., 2012). ECs then
migrate outwards as a collective entity of highly elongated cells, while follower cells are assumed to
proliferate in a tension-dependent way (Haeger, Wolf, Zegers, & Friedl, 2015; Santos-Oliveira et al., 2015),
parallel to the growth direction and thus facilitating the sprout elongation (Zeng et al., 2007). Within such
a dynamic entity, traction forces generated by the leader cell are balanced by tensile forces at the cell-cell
junctions of the follower cells at the rear (Friedl & Gilmour, 2009; Haeger et al., 2015). Follower cells may
also contribute to the cellular traction forces by anchoring to the matrix with cryptic lamellipodia (Farooqui
& Fenteany, 2005; Haeger et al., 2015). Tip cell extensions protrude in areas of local myosin depletion
(which allows escaping cortical tension (Fischer, Gardel, Ma, Adelstein, & Waterman, 2009)) and probe
the surrounding extracellular matrix for biochemical and mechanical cues. Actin-based cellular protrusions
can guide 3D directional migration in response to mechano-chemical cues after adhering (Kubow, Conrad,
& Horwitz, 2013; Thievessen et al., 2015) to a more distal and sufficiently stiff ECM for establishing acto-
myosin contractility for movement in the new direction (Fischer et al., 2009). Acto-myosin contractility has
been shown indispensable for sprout initiation (Kniazeva & Putnam, 2009), branching and orientation of
invading endothelial cells (Elliott et al., 2015), capillary-like tube formation (Mabeta & Pepper, 2009), and
sprout maintenance (Kniazeva & Putnam, 2009). However, limited data is available on quantifying tractions
exerted by endothelial sprouts (Du et al., 2016; Du, Herath, Wang, Asada, & Chen, 2018; Kniazeva et al.,
2012; Vaeyens et al., 2020; Yoon et al., 2019) and discrepancies exist between studies about the impact of
cellular tractions on invasiveness (Indra et al., 2011; Koch, Munster, Bonakdar, Butler, & Fabry, 2012;
Kraning-Rush, Califano, & Reinhart-King, 2012; Munevar, Wang, & Dembo, 2001; Peschetola et al.,
2013). While tip cell pulling on stalk cells, stalk cell pushing on tip cells, or both, have previously been
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postulated as mechanical forces that underlie sprout elongation (Betz et al., 2016; De Smet et al., 2009;
Gerhardt, 2008; Geudens & Gerhardt, 2011; Santos-Oliveira et al., 2015; Sauteur et al., 2014; Schmidt et
al., 2007; Travasso, 2011), collagen deformations indicative of tip cell pulling were recently reported
(Vaeyens et al., 2020; Yoon et al., 2019).

Within the scope of this study, the respective roles of actin and myosin for sprouting angiogenesis were
examined by targeting the acto-myosin network with chemical compounds (Figure 1). Blebbistatin and
calyculin A were used to target non-muscle myosin Il. Blebbistatin - a derivative of 1-phenyl-2-
pyrrolidinone — selectively and potently blocks the myosin function by hindering a critical step of the
ATPase cycle (Bond, Tumbarello, Kendrick-Jones, & Buss, 2013; Kovacs, Téth, Hetényi, Malnasi-
Csizmadia, & Seller, 2004), while calyculin A - isolated from marine sponge Discodermia Calyx - leads to
an accumulation of hyperactivated myosins by inhibiting myosin dephosphorylation (Fabian, Troscianczuk,
& Forer, 2007). A series of studies report decreased force generation of blebbistatin treated cells (Bondzie
etal., 2016; Ghibaudo, Di Meglio, Hersen, & Ladoux, 2011; Jerrell & Parekh, 2014; Kraning-Rush, Carey,
Califano, Smith, & Reinhart-King, 2011; Lemmon, Chen, & Romer, 2009), and increased cellular traction
forces upon calyculin A treatment (Jerrell & Parekh, 2014; Lemmon et al., 2009; Stricker, Aratyn-Schaus,
Oakes, & Gardel, 2011). Antagonistic effects for blebbistatin and calyculin A have also been demonstrated
for cell-cell tugging forces (Liu et al., 2010) and cellular stiffness (Lu, Oswald, Ngu, & Yin, 2008):
increasing contractility with calyculin A increased cell-cell tugging forces and cell stiffness, while
decreasing contractility with blebbistatin decayed cell-cell tugging forces and lowered cell stiffness.

To target the actin component of the cytoskeleton, cytochalasin D and jasplakinolide were used.
Cytochalasin D - a fungal metabolite extracted from Metarrhizium anisopliae — blocks actin filament
elongation by binding the growing barbed ends of actin filaments (Scherlach, Boettger, Remme, &
Hertweck, 2010; Wakatsuki, Schwab, Thompson, & Elson, 2001), while jasplakinolide (Bubb,
Senderowicz, Sausville, Duncan, & Korn, 1994; Bubb, Spector, Beyer, & Fosen, 2000; Crews, Manes, &
Boehler, 1986; Ju et al., 2010; Visegrady, Lorinczy, Hild, Somogyi, & Nyitrai, 2004) - a cyclic peptide
extracted from marine sponge Jaspis Johnstoni — stabilizes actin filaments and potently induces actin
polymerization by reducing the threshold for globular actin to bind to filamentous (F)-actin and by initiating
nucleation cores in vitro. Cytochalasin D has been shown to decrease cellular tractions (Kraning-Rush et
al., 2011), decrease cell-cell forces (Sim et al., 2015) and is being used as relaxation agent in 3D traction
force microscopy experiments (Céndor, Steinwachs, Mark, Garcia-Aznar, & Fabry, 2017; Hall et al., 2013;
Jorge-Pefias et al., 2017; Kim, Jones, Groves, & Sun, 2016; Koch et al., 2012; Malandrino, Trepat, Kamm,
& Mak, 2019; Steinwachs et al., 2016; Vaeyens et al., 2020). While the literature seems overall consistent
on the effect of blebbistatin, calyculin A and cytochalasin D on cellular tractions for a series of cell types,
the published reports on the effect of jasplakinolide on cellular tractions appear less conclusive (Glazier et
al., 2019; Goeckeler et al., 2008; Hui, Balagopalan, Samelson, & Upadhyaya, 2015; Hyland, Mertz,
Forscher, & Dufresne, 2014; Jiang, Zhang, Yuan, & Poo, 2015). Therefore, it was experimentally validated
how acto-myosin dependent cellular traction forces of endothelial cells are affected by jasplakinolide.
Reduced tractions for jasplakinolide treated cells were expected from its mode of action, as the packing of
actin at numerous nucleation cores leaves less actin monomers available for stress fiber turnover (Bubb et
al., 2000).
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The effect of the compounds on the endothelial cytoskeleton was first visualized in 2D EC cultures (Figure
1), showing characteristic rearrangements of the cytoskeleton and drastic shape changes. Next, we
established an in vitro model of sprouting angiogenesis (Figure 2), and computational algorithms for
quantifying invasion were developed (Figure 3). Finally the invasive responses of endothelial cells, treated
with each of the compounds, were quantified (Figures 4-6). Clusters in the data further revealed that the
endothelial cytoskeleton and sprout morphology are sensitive to the mechanical micro-environment of the
in vitro setup. These observations are in agreement with the findings that cells sense and respond to micro-
environmental mechanical and structural properties (Bordeleau et al., 2017; Charras & Sahai, 2014; Edgar,
Underwood, Guilkey, Hoying, & Weiss, 2014; Fischer et al., 2009; P.-F. Lee, Bai, Smith, Bayless, & Yeh,
2013; Mason, Starchenko, Williams, Bonassar, & Reinhart-King, 2013; Miron-Mendoza, Seemann, &
Grinnell, 2010; Myers, Applegate, Danuser, Fischer, & Waterman, 2011; Pedersen & Swartz, 2005;
Shamloo & Heilshorn, 2010). Moreover, acto-myosin mediated contractility has been proposed to perform
a critical mechanosensory role in translating changes in ECM mechanics and structure into altered cellular
behaviour (Kniazeva & Putnam, 2009; Wolfenson et al., 2016). In this respect the sprout endothelial
cytoskeleton not only has a physically supporting role, but also a regulatory one for guiding endothelial cell
invasion and mediating branching dynamics. In brief, our results attribute a key role to the cytoskeleton for
sprouting angiogenesis and direct future research towards mechanical substrate guidance as a strategy for
promoting engineered tissue vascularization.

2 | Results and discussion

2.1 Targeting actin and myosin with chemical compounds

Endothelial cells treated with small molecules targeting actin and myosin as described above (and
summarized in Figure 1b), exhibited characteristic effects on the F-actin cytoskeleton and cell shape
compared to the control cells, as captured by confocal fluorescence microscopy. Concentrations were
selected initially from literature and fixed at concentrations that still resulted in a confluent to near-confluent
monolayer close to the interface with collagen after 24 hours of treatment. An overview of the chemical
compounds with their binding target, mode of action and concentration used for the invasion experiments
in this study is given in Supplementary Table 1. This table also provides references to published reports on
viability assays with HUVECs for the used compounds for similar or higher concentrations (Conte et al.,
2016; lacobazzia et al., 2015; Kniazeva & Putnam, 2009; Sawyer, Norvell, Ponik, & Pavalko, 2001). At
the concentrations used, compound-specific effects could be distinguished as visualized with brightfield
microscopy at low magnification (Supplementary Figure S1). Blocking myosin activity with blebbistatin
generated shriveled cells with reduced stress fiber density and abundant irregular membrane ruffles.
Enhancing myosin activity with calyculin A also reduced stress fiber density but provoked well spread,
compact, rounded cells (Figure 1a). Similar 2D shape changes in response to blebbistatin and calyculin A
were reported previously for a series of cell types (Bloom, George, Celedon, Sun, & Wirtz, 2008; Bondzie
et al., 2016; Kraning-Rush et al., 2011; Kubow et al., 2013). When targeting the actin polymerization, both
blocking and promoting polymerization led to a heavily disrupted actin network, disappearance of stress
fibers and overall cell shape changes (Figure 1a), as expected from literature (Braet, Spector, De Zanger,
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& Wisse, 1998; Bubb et al., 2000; Conte et al., 2016; S. Lee et al., 2010; Mammoto, Mammoto, & Ingber,
2013; Nandakumar et al., 2004; Sasse, Kunze, Gronewold, & Reichenbach, 1998; Schliwa, 1982; Shoji,
Ohashi, Sampei, Oikawa, & Mizuno, 2012; Silberberg et al., 2013; Waschke, Curry, Adamson, &
Drenckhahn, 2004). Blocking polymerization with cytochalasin D resulted shortly after adding the
compound in punctuate actin masses (not shown, as in (Kraning-Rush et al., 2011)), followed by an
accumulation of actin at the cell periphery (Figure 1a). Increasing actin polymerization with jasplakinolide
induced punctuate actin masses (similar as in (Braet et al., 1998)) followed by sites with actin excess in the
perinuclear area (Figure 1a).

One of the greatest challenges when targeting the acto-myosin network from a chemical approach, lies in
the (bio)specificity of the drugs used (Peterson & Mitchison, 2002), which is typically assessed by the
affinity or binding energy, and the structural and chemical uniqueness of the binding site (Leckband &
Israelachvili, 2001). While small molecules have proven their worth for in vitro studies, possible limitations
of the compound-specificity should be considered alongside experimental results.

From the compounds used in this study, blebbistatin is known for its isoform specificity and its binding to
myosin in an actin-detached state, this way preventing artefacts from the binding of non-functional acto-
myosin complexes (Allingham, Smith, & Rayment, 2005; Bond et al., 2013; Kovécs et al., 2004; Limouze,
Straight, Mitchison, & Sellers, 2004; Straight et al., 2003). While calyculin A is known for its specificity
for both PP1 and PP2A within the PPP family of phosphatases (as opposed to several other families of
phosphatases) (Gupton & Waterman-Storer, 2006; Ishihara, Martin, et al., 1989; Ishihara, Ozaki, et al.,
1989; Kohn, 2017), its mode of action also inhibits other members of this family (Swingle, Ni, & Honkanen,
2007) and a study from Holy et al. shows that calyculin A has at least dual pharmacological effects by
affecting calcium levels next to phosphatase activity (Holy & Brautigan, 2012). Cytochalasin D shows actin
specificity and has high affinity for capping barbed ends of actin filaments (Cooper, 1987), however, a more
recent study shows that CytoD also affects the interaction between G-actin and G-actin-binding proteins
(Shoji et al., 2012). The other actin-targeting compound used, jasplakinolide, binds F-actin with strong
affinity (Bubb et al., 1994, 2000; Visegrady et al., 2004), and has been characterized as an actin-specific
reagent that induces polymerization and stabilizes actin filaments (Holzinger, 2001). While recent structural
conformation analysis by Pospich et al. shows that jasplakinolide traps actin in a natural state, their data
also suggests jasplakinolide to interfere with the natural aging process of F-actin - which affects some of
the actin-binding protein interactions - hereby disrupting the overall balance of the complex actin
cytoskeletal system (Pospich, Merino, & Raunser, 2020).

Targeting the actin cytoskeleton and/or acto-myosin interaction, is further expected to have secondary
effects through complex downstream signaling cascades (Hohmann & Dehghani, 2019), considering that
the cytoskeleton plays a fundamental role in a wide range of cellular processes (Bogatcheva & Verin, 2008;
Fletcher & Mullins, 2010; Hohmann & Dehghani, 2019), and because the actin cytoskeleton acts as a
scaffold for many proteins. Because of this downstream signaling and also because of the close interaction
of actin and myosin in contractile stress fibers, targeting actin can indirectly affect myosin function and
vice versa (Goeckeler et al., 2008). In addition, actin and myosin are fundamental for force transmission
from the extracellular environment via adhesional complexes down to the genetic material found in the
nucleus (N. Wang, Tytell, & Ingber, 2009). The signaling cascades involved in mechanotransduction
(Provenzano & Keely, 2011), display complex crosstalk with signaling cascades regulating angiogenesis
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(Ingber, 2002; Katoh, Kano, & Ookawara, 2008). As a striking illustration of downstream effects when
targeting actin, Wang et al. demonstrated how 4h of jasplakinolide treatment caused altered transcriptional
regulation of 224 genes in HUVEC cells (Shuaijun Wang et al., 2019).

2.2 Visualizing the endothelial sprout cytoskeleton and semi-automated quantification of the invasive
response

As in vitro model of angiogenesis, we adapted the model described by Bayless in 2009 (Bayless, Kwak, &
Su, 2009; Vaeyens et al., 2020), which allows visualizing the cytoskeleton of sprouting human umbilical
vein endothelial cells (HUVEC) at higher magnification (Figure 2 and Supplementary Figure S2). Figures
2b-e illustrate the actin cytoskeleton of sprouts and sprout tips within this model with increasing level of
detail. As expected, the cytoskeletal organisation within EC sprouting into a 3D collagen differed markedly
from the cytoskeleton of 2D spread cells, which typically displayed more pronounced stress fibers (Figure
1a, Ctr).

For quantifying the sprouting response, we established computational algorithms (see Methods) for filtering
microscopy data (Figure 3a), identifying the hydrogel interface (with cell layer attached to hydrogel lateral
surface, see Supplementary Figure S2a-c), determining the maximum invasion distance (Figure 3b),
detecting the detached sprouts (Figure 3c), measuring the total projected sprout area (Figure 3d), and
counting the nuclei within the field of view or within the segmented sprout area (Figure 3e,f). Microscopy
data from the sprout samples was collected by z-scanning approximately 550 um stacks with an inverted
confocal fluorescence microscope (Supplementary Figure S2c). The upper and lower boundaries of the
samples could be detected from distinct peaks in the fluorescence signal because of HUVEC cells spreading
on the dish bottom (Supplementary Figure S2c, peak close to z = 0) and dish top cover (Supplementary
Figure S2c, peak close to z = 550 um).

Quantification of sprouts grown without pharmacological treatment revealed differences in the invasive
response depending on the height within the z stack (see Supplementary Figure S3a-c and Supplementary
Table 2), and which was subdivided into regions near the dish bottom (ROI 1), in the central part of the gel
(ROI 1), and near the dish top cover (ROI I11). Compared to sprouts in the other two regions, sprouts in
ROI I were longer (Supplementary Figure S3d), more abundant (Supplementary Figure S3e), composed of
a higher number of cells (Supplementary Figure S3f) and occasionally resembled the sheet-like invasion
described by Vickerman et al. (Vickerman, Blundo, Chung, & Kamm, 2008; Vickerman, Kim, & Kamm,
2013). High magnification imaging revealed sprouts in vicinity of the rigid dish bottom that were forming
in a 2D planar-like manner (more spread, pronounced stress fibers, Supplementary Figure S3g) resembling
2D spread planar cells (Supplementary Figure S3i), while in the bulk region of the gel sprouts were
consistently forming in a 3D spindle-like manner (thinner, spikier, Supplementary Figure S3h), resembling
typically spindle-like HUVECs embedded in collagen (Supplementary Figure S3j). Lastly, the differences
in overall invasive response between ROI | and Il (Supplementary Figure 3d-f) were also affected by
myosin activity, with blebbistatin treatment slightly reducing this difference compared to control conditions
(significantly smaller ratio ROI I/ROI |1 for sprout area in case of blebbistatin) and calyculin A treatment
slightly increasing this difference (significantly larger ratios ROl I/ROI 11 for sprout distance, area and
number of nuclei in case of calyculin A compared to blebbistatin) (Supplementary Figure 3k and
Supplementary Table 2). As several studies put forward that dimensionality sensing is myosin dependent
(Doyle, Wang, Matsumoto, & Yamada, 2009; Hung et al., 2013; Ng, Besser, Danuser, & Brugge, 2012;
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Oakes, Banerjee, Marchetti, & Gardel, 2014; Winer, Oake, & Janmey, 2009), this suggests that the regional
difference was at least partially linked to substrate dimensionality, as previously described (Cavo et al.,
2016; Doyle, Petrie, Kutys, & Yamada, 2013; Fraley et al., 2010; Martins & Kolega, 2006). ROI IlI
surprisingly lacked sprouts in many samples, and upon inspection of this region, the collagen in the chamber
device in these cases had contracted slightly from the top and side of the dish — as reported before by Sung
etal. (Sung et al., 2010), preventing consistent data collection near the dish cover. To account for the above
results, the invasive response in this study was further quantified by imaging the full stack of the samples
and the total z-projected data stacks were compared, comprising all regions for all samples. Unless specified
differently, presented invasion data is based on the quantifications of the coherent sprouts (without the
detached tip cells). For completeness, we note here that the trends of the averages of the invasion metrics
for the different conditions were similar based on the data including the detached tip cells.

2.3 Myosin-dependent sprout progression and branching

To verify that endothelial cell sprouting into collagen in our in vitro model is myosin force dependent as
previously reported for EC sprouts in fibrin (Kniazeva & Putnam, 2009; Kniazeva et al., 2012) and aortic
explants from transgenic donor mice in collagen (Elliott et al., 2015), we grew sprouts while impairing
myosin-dependent cellular tractions with the commonly used small molecule blebbistatin (Bloom et al.,
2008; Bondzie et al., 2016; Ghibaudo et al., 2011; Gjorevski, Piotrowski, Varner, & Nelson, 2015; Kniazeva
et al., 2012; Moreno-Arotzena, Borau, Movilla, Vicente-Manzanares, & Garcia-Aznar, 2015; Yoon et al.,
2019), which sequesters myosin in the non-active state (Figure 4a). The effect on sprout cytoskeleton and
morphology in our model is shown in Figure 4b-e. Blebbistatin treated sprouts typically displayed arboreal,
branched protrusions compared to the control condition (Figure 4b). This can be caused by a lowered local
cortical tension due to myosin depletion (Fischer et al., 2009; Tee, Fu, Chen, & Janmey, 2011) which allows
protrusions to form (Fischer et al., 2009). The excessive amount of protrusions in response to blebbistatin
may have led to the increased complexity of HUVEC cord formation found by Abraham et al. and the
hypersprouting found by Wang et al. (Abraham et al., 2009; Shue Wang et al., 2017). Quantification of our
data showed overall shorter sprouts (Figure 4d), with less sprout surface area (Figure 4c), but a similar
number of invading cells (Figure 4e). Inhibiting myosin-dependent contractility thus blocked sprout
progression rather than initiation. While we expected reduced cell-cell connectivity (Breslin, Zhang,
Worthylake, & Souza-Smith, 2015; Chervin-Pétinot et al., 2012) and more detaching tip cells upon
blebbistatin treatment (Yoon et al., 2019), quantifications of the ratio between sprout area and detached cell
area did not show significant differences with the control condition. Detaching tip cells did migrate less far
than the control (Supplementary Table 3), concordantly to the fact that reduced myosin activity in single
cells has been shown to perturb front-back polarity of migrating cells (Kolega, 2006), to decrease 3D cell
migration rates (Doyle, Carvajal, Jin, Matsumoto, & Yamada, 2015), to affect the nucleus shape (Versaevel,
Grevesse, & Gabriele, 2012), to slow down the nucleus rotation (Kumar, Maitra, Sumit, Ramaswamy, &
Shivashankar, 2014) and especially also to hinder the nuclear pushing in a 3D environment (Petrie, Koo, &
Yamada, 2014).

Considering that sprouts myosin-dependently pull on their substrate to progress, an increased traction force
potential could provide the cells with the means to more efficiently progress. Next, we thus investigated
whether increasing the myosin-dependent cellular traction potential with calyculin A (Jerrell & Parekh,
2014; Kraning-Rush et al., 2011; Lemmon et al., 2009; Liu et al., 2010) would positively correlate with
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invasion. However, calyculin A did not promote sprout progression, but on the contrary reduced the overall
invasion and lead to highly disrupted sprout morphology. Quantification showed that a significantly smaller
number of cells initiated invasion (Figure 5e). Sprouts were shorter (Figure 5d), showed a more compact
morphology (Figure 5b) - similar to the more rounded cellular morphology in 2D migrating cells - and
covered a smaller invasion area (Figure 5c). Sprouts did have (proportionally) less detaching sprout area,
suggesting improved sprout integrity and thus tighter cell-cell interactions, as previously quantified for
pulmonary artery EC by Liu et al. (Liu et al., 2010). Impaired sprouting of cells with an increased traction
potential can be understood by considering an optimal traction potential for optimal adhesion; sufficiently
to pull and move forward, but not too tight which would reduce dynamics. An increased traction potential
might thus have caused the EC to adhere so strongly to their substrate, that cellular dynamics were reduced
and sprouting impaired. Interestingly, a study from Mierke demonstrates how calyculin A treatment could
increase invasion of cells with lowered integrin expression, but not invasion of cells with wild type integrin
levels (Mierke, 2013). In addition, sprouts also extend filopodia for probing and guiding the sprout through
the matrix (De Smet et al., 2009) and for these filopodia to form, cortical tension needs to be lowered by
local myosin depletion (Fischer et al., 2009). Finally, sprouting cells require elongation (Sauteur et al.,
2014), while increasing the traction potential with calyculin A promotes the cells to contract into more
compact, rounded cells (Figure 1). Increasing tractions at higher concentrations has even shown to
completely round up cells and cause detachment from the substrate (Chartier et al., 1991). Taken together,
we conclude that although cellular tractions are required for endothelial invasion into collagen, increasing
cellular traction potential with calyculin A does not suffice to increase the invasive response.

2.4 Actin-dependent sprout progression and traction forces

Finally, we targeted forces originating from actin polymerization - which have been proposed to play a
pushing role in sprout elongation (Sauteur et al., 2014) - by reducing or inducing actin polymerization with
cytochalasin D and jasplakinolide respectively - as sketched in Figure 6a.

In sprouts with perturbed actin dynamics, accumulation of F-actin could be found, either at cell-cell
boundaries within CytoD treated sprouts or perinuclear within Jasp treated sprouts, similar to the ones
observed in treated spread cells (Figure 1 and Figure 6b). Disrupting the actin balance with either one small
molecule hindered overall sprout invasion; leading on average to significantly less sprout area (Figure 6c¢),
a shorter invasion distance (Figure 6d), and less invading cells initiating the sprouting (Figure 6e) compared
to the control cells of the corresponding days treated with DMSO (see significance levels in Supplementary
Table 3). The effect was more dramatically when blocking polymerization with CytoD than by inducing an
excess with Jasp.

While blocking polymerization with cytochalasin D could directly interfere with filopodia formation — for
which actin is found essential (De Smet et al., 2009), it is less straightforward how increasing
polymerization with jasplakinolide could slow down sprout progression. From the mode of action of
jasplakinolide, it has been proposed that sequestering the actin in non-functional masses, impairs the
turnover and functionality of the stress fibers (Bubb et al., 2000). We therefore hypothesized that targeting
the actin network also affected the sprouting through altered cellular traction forces. Because of
inconsistencies in literature regarding the effect of jasplakinolide on cellular forces (Glazier et al., 2019;
Goeckeler et al., 2008; Hui et al., 2015; Hyland et al., 2014; Jiang et al., 2015), Traction Force Microscopy
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experiments were conducted to verify that acto-myosin dependent cellular traction forces of endothelial
cells are indeed affected by jasplakinolide. Traction Force Microscopy experiments on PA gels coated with
collagen showed that both increasing and reducing actin polymerization resulted in significantly lower total
forces (Figure 6d, Supplementary Figure S4 and Supplementary Table 4). These results suggest that an
imbalance of available actin reduces sprouting not only through reduced polymerization forces pushing at
the membrane for filopodia formation and sprout elongation, but also by impairing the acto-myosin
dependent cellular forces required to pull the sprout forward.

In contrast to our results, Jasp has been found to promote HUVEC adhesion, migration and tube formation
by Jing et al. (Jing et al., 2013). Possibly this is due to differences in experimental model, as the experiments
by Jing et al. were performed with 2D assays. This indicates once again crosstalk between acto-myosin
contractility and the matrix mechanical micro-environment.

In summary, we investigated the respective roles of actin and myosin for sprouting angiogenesis by
targeting endothelial cells with chemical compounds within an in vitro model of angiogenesis that allows
visualization of the cytoskeleton at higher magnification. Analyzing the invasive response of cells under
treatment of actin or myosin targeting compounds - as summarized in Supplementary Figure S5 - confirmed
previously published reports that endothelial invasion is acto-myosin dependent (Elliott et al., 2015;
Kniazeva & Putnam, 2009; Mabeta & Pepper, 2009), as invasion was significantly reduced by all
compounds, in a compound-specific manner. Blebbistatin reduced sprout progression and induced more
branching, while calyculin A halted both sprout initiation and progression, and showed less detaching tip
cells. Cytochalasin D and jasplakinolide reduced sprout progression, at least partially through reduced
cellular traction forces. The invasion response of untreated cells revealed positional effects within the
model, that could be linked to substrate dimensionality. As this complements preceding research that
mechanical stimulation has been shown to improve engineered vascularized grafts (Ceccarelli, Cheng, &
Putnam, 2012), we direct future research towards matrix mechanics as an engineering approach of special
interest for promoting engineered tissue vascularization. These results contribute towards a more
fundamental understanding of the interdependence of sprouting angiogenesis, endothelial cytoskeleton
mediated cellular traction forces and reciprocal sprout-matrix interactions.
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Materials and Methods

HUVEC cell culture and fluorescence protocols

Pooled wild type human umbilical vein endothelial cells (HUVEC) were purchased at passage 1 (HUVEC,
Angio-Proteomie, Boston, US, #cAP-0001), subcultured at approximately 90% confluency and used for
invasion experiments up to passage 6. The cells were maintained in complete endothelial growth medium
(EGM™-2 BulletKit™, Lonza, Basel, Switzerland, #CC-3162), which was exchanged 3 times per week.
Approximately 70 % confluent wild type HUVEC cells were transduced with adenoviral LifeAct-GFP2 or
LifeAct-RFP (Ibidi, Grafelfing, Germany, #60121) at a multiplicity of infection (MOI) of 10 and incubated
for 16 to 24h. Alternatively, wild type samples were fixed after 24h of sprouting with 4% methanol-free
formaldehyde, stained with phalloidin (Alexa488-phalloidin, Invitrogen, Waltham, US, #A12379)
overnight and with DAPI (Invitrogen, #D1306) for 30 minutes the following day.

Rat tail collagen type | hydrogel preparation

Collagen mixtures with a total volume of 1 ml before casting hydrogels were prepared on ice in a 50 ml
conical tube by mixing collagen type | (Merck Millipore, Burlington, US, #08-115) with 150 pl sodium
bicarbonate buffer (15.6 mg/ml), 5 ul of fluorescent bead solution (2% solids, 0.2 um diameter,
carboxylated, ex/em 580/605, Invitrogen, Belgium) to allow visualisation of the hydrogel and the
appropriate variable amount of EGM2 to a final collagen concentration of 1.5 mg/ml. To initiate the
polymerization reaction, a pH switch of the acidic collagen mixture was induced by using 1 M sodium
hydroxide, after which the collagen was supplemented with pro-angiogenic factor Sphingosine-1-
Phosphate (S1P, Sigma-Aldrich, St. Louis, US, #49840) to a final concentration of 1 uM. An amount of 25
pl of the mixture was pipetted in an imaging chamber (Secure-Seal™ hybridization sealing systems,
ThermoFisher Scientific, Waltham, US, #S-24732), which was pre-mounted in a culture dish (multiwell
plate or petridish). The hydrogels were allowed to polymerize and equilibrate in an incubator with 5% CO;
at 37°C for a minimum of 30 minutes, before proceeding with the cell seeding.

In vitro angiogenesis model

The in vitro angiogenesis model (Fig. 2 and Supplementary Fig. S2) was an endothelial sprouting assay
(Bayless et al., 2009), adapted for improved diffusion (Vaeyens et. al, 2020). In brief, imaging chambers
with increased inlet opening for optimal diffusion of the chemical compounds were fixed to a culture dish
and 25 pl of collagen was pipetted into one inlet and polymerized as described above. After polymerization,
50000 cells from a 70-90 % confluent HUVEC culture in 25 pl of EGM2 were seeded through the other
inlet and the dish was incubated vertically for one hour at 37 °C, 5 % CO,, allowing the cells to sink by
gravity and to form a cell layer on the lateral side of the collagen. After one hour, the dish was placed back
horizontally, and abundant medium was added to the sample. The cells were then allowed to either initiate
sprouting before live imaging or sprout for 24h before fixing and staining.

Chemical compounds

Blebbistatin, cytochalasin D and jasplakinolide were purchased from Merck Millipore (Burlington, US,
#203390, #250255 and #420107). Calyculin A was obtained from Sigma-Aldrich (St. Louis, US, #C5552-
10UG). Compounds were added after one hour of cell settling on the collagen, and maintained in the
medium for the duration of the 24 hours sprouting experiment. Compounds were applied to the sprouting
cells at the following concentrations: 50 pM blebbistatin, 1 nM calyculin A, 50 nM cytochalasin D or 50

This article is protected by copyright. All rights reserved.



nM jasplakinolide. Test conditions were compared to the control condition from the corresponding day
(cells treated with DMSO, Sigma-Aldrich, St. Louis, US, #D12345). Traction force experiments were
conducted with 50 nM jasplakinolide and 500 nM cytochalasin D.

This article is protected by copyright. All rights reserved.



Microscopy imaging of sprouts

All invasion experiments were imaged with an inverted confocal laser scanning microscope (Olympus
FluoView™FV1000-1X81, Olympus, Japan) with motorized focusing, environmental T and CO; control
and a 20x/NA 0.4 CORR long working distance objective. For F-actin visualizations, several objectives
were used: a Leica HC FL FLUOTAR 40x/NA 0.6 CORR long working distance objective, a Leica 60x/NA
0.8 water objective and a Leica 63x/NA 1.3 glycerol immersion objective for stimulated emission depletion
microscopy (STED) on a Leica TCS SP8 STED microscope. For exciting the fluorophores from Phalloidin-
488 (Excitation max / Emission max = 495/518 nm), LifeAct-GFP2 (483 / 506 nm) and LifeAct-RFP (555 /
584 nm), the cells were excited with a 488 laser for GFP2 or a 559 nm laser for RFP. For nuclei imaging,
DAPI (Excitation max / Emission max = 358 /461 nm) was excited with a 405 laser. For high throughout
imaging of the fixed sprouts, z-stacks of 600 planes * 512 pixels * 512 pixels were taken, with a z resolution
of 0.2 pixels/um and xy resolutions of 0.4 pixels/um. For high quality imaging of selected sprouts to
visualize the cytoskeleton, images were acquired with xyz resolutions up to 3 pixels/um.

Traction force microscopy

Polyacrylamide (PA) gels with a stiffness of 1.4 kPa were prepared as before and as described in (I1zquierdo-
Alvarez et al., 2019; Tse & Engler, 2010). Carboxylate-modified red fluorescent microspheres
(FluoSpheres®, ThermoFisher Scientific, Waltham, US, #F-8810) of 200 nm were used as fiducial markers
ata 1:60 ratio. Gels were activated with sulpho-SANPAH (ThermoFisher Scientific, Waltham, US, #22589)
and functionalized with 100 pg/ml of rat tail collagen | (Corning, Corning, US, #354249). Live imaging of
the samples was performed using the Olympus Confocal Laser Scanning Microscope described above and
the Leica HC FL FLUOTAR 40x/NA 0.6 CORR long working distance objective. A 488 nm laser was used
for the excitation of cells tagged with LifeAct-GFP2, and a 559 nm laser for the beads. Stressed state images
of the cell and beads were taken before and after treatment with acto-myosin force modifiers. Stable relaxed
state images were taken after cell removal using SDS. An in-house software in MATLAB was used to
calculate the movement of the fluorescent beads in the stressed images relative to the relaxed ones based
on the cell segmentation. Displacements to retrieve tractions were calculated as previously studied using
free form deformation (FFD), Tikhonov regularization, and Fourier transform traction cytometry (FTTC)
(Jorge-Pefias et al., 2015).

Data processing & image analysis

In this work, in house image processing tools were developed in MATLAB for data analysis. For processing
of the microscopy data, first images were denoised by means of median filtering. Next, a smoothing filter
followed by a logarithmic transformation and a grey value stretching were applied to increase the image
contrast. Nuclei images were additionally filtered with a difference of Gaussian (DoG) algorithm for
enhancement of the nuclei structures. Finally, a z-projection of the image stack was computed. For image
analysis, the segmentation of the sprouts, the detached cells and the nuclei was done as described next: A
binarization of the cell and nuclei images was done based on Otsu’s thresholding. Typically, two groups
result from the binarization of the cell images: detached cells (binary components of small size) and sprouts
connected to the endothelial cell layer (a binary component of large size). After identifying the largest
binary component in the image, two binary masks were obtained: a binary mask D was defined setting to 1
the voxels corresponding to the detached cells and a second binary mask C was defined setting to 1 the
pixels corresponding to the sprouts connected to the endothelial cell layer. The segmentation of the matrix
was done in three steps: first, a binary image was generated by setting to 1 the pixels corresponding to the
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background. Second, morphological closing was used to fill the holes inside the background. Finally, the
convex hull of the resultant binary image was computed obtaining a matrix mask M. The intersection
between the binarized nuclei images and mask M was used to keep only the nuclei belonging to the invading
sprouts. The number of nuclei is given by the resultant binary connected components.
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Additionally, the following metrics were defined:

e distance = max(res - DT(M) - A)

where res is the pixel size in um, DT is the distance transform and mask A can refer to the sprouts
connected to the endothelial cell layer mask C or the detached cells mask D.

e area=res?-Yk_ G, (%)

where L is the number of pixels in the image and G, = M N A.

Statistics

The characterization experiments of untreated cells were repeated three independent times, with sprouts
growing in a total of 13 gels, which were measured at three positions, resulting in 39 data stacks. Hypothesis
tests were one-way nested ANOVA tests to take into account the day-dependent variability in the invasive
response. The invasion experiments under pharmacological treatment were repeated three independent
times to assess the variation per condition, with each time three replicates per condition and three positions
imaged within each replicate, resulting in 27 data stacks per condition. Hypothesis tests were one-way
nested ANOVA tests to take into account the day-dependent variability in the invasive response. The
traction force experiments were repeated five to six independent times with six to seven cells per gel, giving
a total number of cells per condition as indicated in Supplementary Figure S3. Hypothesis tests were one-
way ANOVA tests based on the day averages.

Normality of data and model residuals was inspected with Shapiro-Wilk tests and rejected below the p =
0.01 significance level. While data arrays and model residuals from the characterization experiments and
traction force microscopy experiments were normally distributed, the data from the invasion experiments
under treatment showed some deviations from normality. For consistency of the data analysis, all features
for all chemical conditions were assessed with the same nested ANOVA test model, by accepting the
deviations of normality for the CytoD condition (see individual datapoints and boxplots in Figures 6c-€)
and the detached cell area feature in all conditions.

All statistical computations were performed with MATLAB. In the figures, significant p-values of
hypothesis tests are indicated by * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.

Data availability

The data and code that support the findings of this study are available within the Supplementary Figures,
Supplementary Tables, cited references or from the corresponding author upon reasonable request.
Laboratory protocols are available on the website of the corresponding author:
https://www.mech.kuleuven.be/en/bme/research/mechbio, by navigating to the Software and Protocols
section.
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FIGURE 1 Targeting the acto-myosin network of endothelial cells with small molecules. (a) The F-actin
cytoskeleton of endothelial cells treated for 24 hours with DMSO (Ctr), blebbistatin (Blebb), calyculinA
(CalA), cytochalasin D (CytoD) or jasplakinolide (Jasp). Cells were transduced with adenoviral LifeAct-
RFP for visualizing the F-actin (actin, grey). (b) Sketch illustrating the antagonistic modes of action of the
compounds. NMMII = Non-Muscle Myosin 1I. MLCP = Myosin Light Chain Phosphatase.

FIGURE 2 Growing and visualizing endothelial invasion and sprouting into collagen. (a) Sketch of the
model design (see also Methods and Supplementary Figure S2). (b) Timelapse of endothelial sprouts
growing in collagen (HUVEC cells transduced with LifeAct-GFP2 for live F-actin visualization). (c-d)
Multicellular sprouts grown over 24 hours, fixed, stained (Alexa488-Phalloidin, grey, actin; DAPI, blue,
nucleus) and imaged with confocal fluorescence microscopy, with increasing level of detail. (e) Stimulated
emission depletion (STED) microscopy of a sprout tip.

FIGURE 3 Semi-automated quantification and characterization of the invasive response. (a)
Representative image of filtered microscopy data from an invasive response. (b) Distance quantification
from collagen boundary to sprout tips. (c) Detection of detached cells and quantification of detached cell
area and distance (defined by the distance at which 90 % of the detached cell area is covered). (d)
Quantification of the total segmented sprout area (total area minus detached area). (e-f) Segmentation of
the nuclei before (e) and after (f) filtering the nuclei within the sprout area. All panels are based on the
same field of view in (a).

FIGURE 4 Effect of blebbistatin on in vitro sprouting and HUVEC cytoskeleton. (a) Representative
confocal images of endothelial invasion, sprouts and 2D migrating HUVEC cells grown within an imaging
chamber and treated with DMSO (Ctr) or blebbistatin (Blebb) for 24 hours. HUVEC cells and sprouts were
stained with Alexa488-Phalloidin (grey, actin) and DAPI (bleu, nucleus). (b) Sketch of the mode of action
of blebbistatin. (c-e) Quantification of the invasion experiments showing projected area (c), invasion
distance (d) and number of nuclei (e) of sprouts grown in DMSO or blebbistatin. # nuclei = number of
nuclei; ** for p < 0.01, *** for p < 0.001.

FIGURE 5 Effect of calyculin A on HUVEC cytoskeleton, endothelial invasion and sprout morphology.
(a) Representative confocal images of endothelial invasion, sprouts and 2D migrating HUVEC cells grown
within an imaging chamber and treated with DMSO (Ctr) or calyculin A (CalA) for 24 hours. HUVEC cells
and sprouts were stained with Alexa488-Phalloidin (grey, actin) and DAPI (bleu, nucleus). (b) Sketch of
the mode of action of calyculin A. MLCK ROCK = myosin light chain kinase ROCK. (c-e) Quantification
of the invasion experiments showing projected area (c), invasion distance (d) and number of nuclei (e) of
sprouts grown in DMSO or calyculin A. # nuclei = number of nuclei; ** for p < 0.01.

FIGURE 6 Effect of cytochalasin D and jasplakinolide on endothelial invasion, sprout morphology,
HUVEC cytoskeleton and cellular tractions. (a) Sketch of the mode of action of cytochalasin D (CytoD)
and jasplakinolide (Jasp). (b) Confocal images of endothelial invasion, sprouts and 2D migrating HUVEC
cells grown within an imaging chamber and treated with cytochalasin D or jasplakinolide for 24 hours.
HUVEC cells and sprouts were stained with Alexa488-Phalloidin (grey, actin) and DAPI (blue, nucleus).
(c-e) Quantification of the invasion experiments showing projected area (c), invasion distance (d) and
number of nuclei (e) of sprouts grown in DMSO (Ctr), cytochalasin D or jasplakinolide. (f) Total traction
force magnitudes of single HUVEC cells spread on collagen-coated polyacrylamide gels before (left
datapoints) and after (right datapoints) 1h of treatment with DMSO (Ctr), CytoD or Jasp. See
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Supplementary Figure S4 and Supplementary Table 4 for statistics of the Traction Force Microscopy
experiments. # nuclei = number of nuclei; * for p < 0.05; *** for p < 0.001.
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