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Septin2 mediates podosome maturation and
endothelial cell invasion associated with angiogenesis

Kerrie B. Collins@®, Hojin Kang, Jacob Matsche, Jennifer E. Klomp, Jalees Rehman®, Asrar B. Malik®, and Andrei V. Karginov®

Podosomes are compartmentalized actin-rich adhesions, defined by their ability to locally secrete proteases and remodel
extracellular matrix. Matrix remodeling by endothelial podosomes facilitates invasion and thereby vessel formation. However,
the mechanisms underlying endothelial podosome formation and function remain unclear. Here, we demonstrate that
Septin2, Septin6, and Septin7 are required for maturation of nascent endothelial podosomes into matrix-degrading organelles.
We show that podosome development occurs through initial mobilization of the scaffolding protein Tks5 and F-actin
accumulation, followed by later recruitment of Septin2. Septin2 localizes around the perimeter of podosomes in close
proximity to the basolateral plasma membrane, and phosphoinositide-binding residues of Septin2 are required for podosome
function. Combined, our results suggest that the septin cytoskeleton forms a diffusive barrier around nascent podosomes to
promote their maturation. Finally, we show that Septin2-mediated regulation of podosomes is critical for endothelial cell
invasion associated with angiogenesis. Therefore, targeting of Septin2-mediated podosome formation is a potentially

attractive anti-angiogenesis strategy.

Introduction
Angiogenesis and vessel branching depend on the “softening” of
the ECM through the directed release of proteases by endothelial
cells (ECs; Potente et al., 2011). The essential requirements for
protease release during angiogenesis are that it be orderly, po-
larized, and delivered into the subendothelial space (Spuul et al.,
2016). Studies have suggested an important role for the evanescent
organelles, termed podosomes, which can assemble and disas-
semble through as yet poorly understood mechanisms, in medi-
ating the release of proteases (Gimona et al., 2008). Podosomes are
adhesions formed within the basal membrane. They interact with
matrix proteins through integrins such as aef; and a,; and the
integrin-associated proteins talin and vinculin (Osiak et al., 2005).
Podosomes have distinct organizational features. They contain a
dense core composed of branched F-actin that is configured to
exert pressure on the underlying plasma membrane (PM) and
create invasive protrusions (van den Dries et al., 2013b). Podo-
somes can take on a variety of morphological configurations
(Destaing et al., 2013) that appear to vary across cell types
(Meddens et al., 2016). The use of such a metalloprotease “injec-
tion” system capable of localized delivery and matrix remodeling
remains largely unexplored in the context of endothelial biology.
Septin2 is a member of the septin protein family expressed in
many cell types (Hall et al., 2005). Septins organize to form a
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distinct, noncanonical cellular cytoskeleton (Zander et al., 2016).
Their polymerization in vivo results in the formation of a variety
of higher-order structures such as rings and cagelike networks,
with Septin2 specifically binding Septiné and Septin7 (Bridges
et al., 2014; Sheffield et al.,, 2003). Septin2 also binds phos-
phoinositides (PIPs) within the PM through a conserved N-
terminal stretch of basic residues referred to as the polybasic
domain (Gilden and Krummel, 2010). PIP signaling is thought to
be important for podosome formation (Oikawa et al., 2008).
Since septins at the PM can create a diffusive barrier (Barral and
Mansuy, 2007; Sharma et al., 2013a), they may function simi-
larly in ECs to isolate a system for protease delivery into the
subendothelium and thus remodel ECM.

Angiogenesis requires the invasion of endothelial protrusions
into the remodeled ECM (Seano et al., 2014). Release of proteases
by ECs induces enzymatic degradation of matrix proteins (Spuul
et al., 2016) facilitating EC invasion, migration, and thereby
vessel formation (Auerbach et al., 2003). Growth factors such as
VEGF (Wang et al., 2009) and cytokines such as TGFB (Curado
et al., 2014; Varon et al., 2006) can induce podosome formation.
The tyrosine kinase Src, activated downstream of VEGF and
TGEFB, is an essential signaling intermediate regulating podo-
some assembly (Kelley et al., 2010; Boateng and Huttenlocher,
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2012). Although podosomes are involved in angiogenesis (Spuul
et al., 2016), the sequence of events and mechanisms governing
podosome-mediated angiogenesis are not defined. Here, we
demonstrate the requisite role of Septin2 in regulating podo-
some maturation downstream of Src activation in ECs, thereby
facilitating EC invasion during angiogenesis through targeted
release of metalloproteases and degradation of matrix proteins.

Results

Src activation induces Septin2 localization to podosomes

in ECs

We first studied the effects of Src activation on VEGF-induced
podosomal matrix degradation in ECs. We observed that VEGF
induced podosome function in a Src-dependent fashion (Fig. S1 A).
Therefore, to study the mechanisms of Src-mediated podosome
formation, we focused on events downstream of Src activation.
Here, we used the allosterically regulatable rapamycin-regulated
Src (RapR-Src) construct that we developed to precisely control
Src activity in ECs (Klomp et al., 2016; Karginov et al., 2010, 2014).
RapR-Src is an engineered protein bearing a rapamycin-sensitive
allosteric switch domain. In the absence of rapamycin, RapR-Src
remains catalytically inactive. The addition of rapamycin in-
duces interaction with the coexpressed FRB protein, leading to
activation of the kinase. This allows us to achieve a strict specific
and temporal control of Src activity in living ECs (Klomp et al.,
2016, 2019). Previous studies have shown that RapR-Src func-
tions similarly to WT Src (Klomp et al., 2016; Chu et al., 2014;
Karginov et al., 2014). We observed that Src activation induced
translocation of fluorescently tagged Septin2-YFP to structures
containing RapR-Src, which morphologically resembled podo-
some rosettes (Fig. S1, B and C; and Video 1). As mature podo-
somes are defined by their ability to degrade the ECM (Murphy
and Courtneidge, 2011), we determined whether the observed
Septin2-containing structures colocalized with matrix degrada-
tion sites. ECs were seeded onto a fluorescent gelatin substrate to
form a monolayer before activating Src; functional podosomes
were defined as the areas where dense F-actin structures over-
lapped with the quenched fluorescent gelatin signal (Martin
et al.,, 2012), indicative of localized matrix degradation (Fig. 1
A). Upon Src activation in ECs, we observed that endogenous
Septin2 was localized with multiple functional podosome con-
figurations, including individual foci as well as rosettes (Fig. 1 A
and Fig. S1, D and E).

To further characterize Septin2 localization within podo-
somes, we costained endogenous Septin2 with known podosome
markers membrane-type matrix metalloprotease-1 (MT1-MMP;
El Azzouzi et al., 2016) and the scaffold protein Tks5 (Di Martino
et al., 2014). To assess their localization at a high resolution, we
used Airyscan confocal microscopy. This analysis revealed that
Septin2 localized around the core structure of endothelial podo-
somes containing MT1-MMP (Fig. 1, B and C) and Tks5 (Fig. 1, D
and E). This localization of Septin2 around the border of endo-
thelial podosomes suggests that it may be acting as a stabilizing
barrier, in a manner consistent with septin function at other
subcellular structures such as dendritic spines and primary cilia
(Barral and Mansuy, 2007; Hu et al., 2010; Ewers et al., 2014).
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Matrix metalloproteases (MMPs) are the key enzymes re-
sponsible for podosomal matrix remodeling (Cho et al., 2008;
Varon et al., 2006). To assess the role of MMPs in endothelial
podosome function, we performed a matrix degradation assay in
the presence of MMP inhibitors. Treatment with a global in-
hibitor of MMP activity (GM6001; Varon et al., 2006) dramati-
cally reduced matrix degradation by ECs (Fig. S1 F). Furthermore,
treatment with an inhibitor specific for MT1-MMP (NSC405020;
Kittaka et al., 2018) decreased podosome function to the same
extent (Fig. S1 F), indicating that MT1-MMP is the predominant
enzyme responsible for the observed Src-induced podosomal
matrix degradation. Because myosin IIA has been shown to play a
role in regulating different aspects of podosome biology, such as
patterning in osteoclasts (Meddens et al., 2016) and turnover in
macrophages (Bhuwania et al., 2012), we additionally assessed
whether inhibiting its action would impede podosome function.
Treatment with blebbistatin significantly attenuated matrix
degradation by ECs (Fig. S1 F), which is consistent with the role of
myosin observed in other cell types. These data confirm the
critical functional components of the observed matrix-degrading
organelles and further define these structures as endothelial
podosomes.

Septins polymerize to form multimeric complexes in vivo.
Septin2 binds Septiné and Septin7 to form hexamers (Sirajuddin
et al., 2007; Low and Macara, 2006), which can become oc-
tamers with the inclusion of Septin9 (Neubauer and Zieger,
2017; Soroor et al., 2019 Preprint). These polymers form non-
polar filaments that assemble into higher-order Septin cyto-
skeleton structures (Sheffield et al., 2003). We found that
Septiné, Septin7, and Septin9 also localized to Src-induced po-
dosomes characterized by the presence of the established
markers cortactin and F-actin (Fig. S2, A-C). Overall, these data
identify the septin cytoskeleton as a novel component of endo-
thelial podosomes.

Physiologically occurring podosomes are also found in den-
dritic cells (Gawden-Bone et al., 2014). Similar matrix-degrading
organelles termed invadopodia are formed in cancer cells (Wang
et al., 2016; Genna et al., 2018). Though the mechanisms of po-
dosome formation may vary across cell types, their core matrix-
remodeling function remains consistent. We found that Septin2
localized to matrix-degrading organelles spontaneously formed
in bone marrow-derived macrophages (BMDMs) as well as
MDA-MB-231 breast cancer cells (Fig. S2, D and E). These data
suggest that the septin cytoskeleton is a component of podo-
somes and invadopodia in a broad variety of cells.

Septin2 is required for podosomal matrix remodeling and

EC invasion

We next investigated whether Septin2 was required for podo-
somal matrix degradation in ECs. Depletion of Septin2 expres-
sion using RNAi significantly reduced the number of cells
exhibiting the podosome phenotype in response to Src activation
(Fig. 2, A-D). Furthermore, Septin2 expression was required for
matrix degradation stimulated by treatment with VEGF (Fig. 2
E). These data show that Septin2 mediates formation of func-
tional podosomes downstream of both physiological stimuli and
Src activation.
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Figure 1. Src activation induces Septin2 localization to podosomes in ECs. (A) Confocal images showing localization of endogenous Septin2 to Src-
induced functional endothelial podosome rosette (indicated by white boxes). HPAECs expressing RapR-Src were seeded onto an Alexa Fluor 405-conjugated
gelatin (Alexa405-gelatin). RapR-Src was activated for 1 h. Cells were fixed and stained for F-actin and endogenous Septin2. Functional podosomes are defined
as sites of dense F-actin signal colocalizing with areas where the fluorescent gelatin signal is quenched (scale bar = 10 um). (B and D) Airyscan images depicting
Septin2 colocalizing with known podosome markers MT1-MMP (B; scale bar = 5 um) and Tks5 (D; zoomed images showing areas outlined with white rec-
tangles; scale bar = 3 um). Cells were prepared as in A, seeded onto unlabeled gelatin substrate, and fixed and stained after 0.5 h of RapR-Src activation.
(C and E) Imaris image analysis software was used to create a 3D surface rendering of endogenous Septin2 colocalizing with MT1-MMP (C) and Tks5

(E) in endothelial podosomes.

Because we observed the localization of Septiné and Septin7 ~ degradation (Fig. S2, F-H), suggesting that the Septin2/Septiné/
to podosomes (Fig. S2, A and B), we sought to determine Septin7 hexamer regulates podosome function.
whether they were also important for regulation of endothelial Previous studies have demonstrated that depleting one
podosome function. Similar to Septin2, depleting Septiné and member of the septin protein family can alter the expression of
Septin7 expression also significantly decreased podosomal matrix  others (Peng et al., 2002). We therefore looked at Septin2,
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Figure 2. Septin2 expression is required for podosome-mediated matrix degradation and invasion in vitro. (A-D) Effect of Septin2 downregulation on
the ability of ECs to form functional podosomes in response to Src activation. HPAECs were treated with 35 nM siRNA targeting Septin2 (SEPT2) or NT
scramble control for 48 h before being seeded onto Alexa488-gelatin and transduced with adenoviral constructs expressing RapR-Src and FRB. After an
additional 24 h, RapR-Src was activated for 30 min, 1 h, and 2 h with rapamycin (500 nm), and cells were fixed and stained for F-actin. (A) Representative
epifluorescence images of HPAECs 30 min following Src activation. White arrows indicate functional podosomes defined as in Fig.1 A (scale bar = 50 pm).
(B) Percentage of HPAECs displaying the matrix-degrading podosome phenotype before (0 h) and after activation of Src (time points are indicated). For each
condition, a minimum of 10 fields of view were analyzed per experiment. Data show results from three independent experiments. KD, knockdown. (C) Western
blot analysis displays downregulation of endogenous Septin2 with respect to GAPDH loading control used in A. (D) Average relative Septin2 expression
normalized to scramble control (n = 3). Error bars represent standard deviation. (E) Role of Septin2 in VEGF-stimulated matrix degradation. Septin2 expression
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was downregulated as in A. Cells were deprived of VEGF for 48 h, serum starved in for 2 h, and then seeded onto Alexa405-gelatin. Total matrix degradation
was measured after 5 h of VEGF stimulation. At least 10 fields of view per condition were analyzed from three independent experiments. Individual data points
are shown around mean value + SE (whiskers). (F and G) Septin2 localizes to invading sprouts in vitro. (F) HPAECs were seeded atop a 3D collagen matrix and
stimulated using growth factor/S1P mix for 20 h. Following stimulation, cells were fixed and stained for endogenous Septin2 and MT1-MMP (confocal images,
scale bar = 10 um). (G) Representative 3D surface rendering of an invading sprout shown in F created with Imaris (indicated by white box; DAPI-stained nuclei
represented in blue). (H and 1) Effect of Septin2 downregulation on cell invasion. Septin2 expression was downregulated as in A and invasion was stimulated as
in F. Following stimulation, cells were fixed and stained with toluidine blue. (H) Representative images showing cell invasion (lateral view of invading sprouts;
scale bar = 0.15 mm). (1) Quantification of invading sprouts. Each data point represents an average of two to four fields per well imaged over three independent
experiments. Data are represented as mean + SE. Significance was determined using a two-sample t test (comparisons indicated by lines; B, E, and ).

Septiné, and Septin7 expression levels in response to treatment
with siRNA targeting their binding partners within the Septin2/
Septin6/Septin7 hexamer. Our results indicated that expression
of Septin2, Septiné, and Septin7 each significantly decreased in
response to this treatment (Fig. S2 I). However, the effect varied
between septins, and in most cases, expression did not decrease
by >50%. Thus, our results are in agreement with previously
reported observations.

The association of Septin9 with Septin2/Septiné/Septin7
hexamers can affect the stability of higher-order septin struc-
tures and cellular functions (Kim et al., 2011). We therefore in-
vestigated whether Septin9 expression was required for
podosome function. Despite the fact that Septin9 localized to
Src-induced podosome foci (Fig. S2 C), decreasing Septin9 ex-
pression using RNA interference had no significant effect on
podosomal matrix degradation (Fig. S2, J and K). Taken together,
these results indicated a role for the Septin2/Septin6/Septin7
hexamer, independent of Septin9, in regulating podosomal
matrix degradation in ECs.

As matrix degradation is required for invasion of ECs into a 3D
ECM, we assessed the effect of Septin2 downregulation on EC
invasion (Kang et al., 2008). Staining of ECs in a 3D collagen
matrix demonstrated colocalization of Septin2 and MTI-MMP in
the invading sprouts (Fig. 2, F and G). Additionally, we observed
that downregulation of Septin2 expression significantly reduced
the total number of invading endothelial sprouts (Fig. 2, H and [;
and Fig. S3 A). We next assessed whether Septin2-mediated po-
dosome function was required for EC invasion, which is associated
with angiogenesis. These studies were performed by implanting
Matrigel plugs containing Septin2-depleted ECs into athymic nude
mice (Fig. 3, A and B). We observed severely defective blood vessel
formation in plugs containing Septin2-depleted ECs compared
with control cells (Fig. 3 C). The vessels lacked characteristic or-
ganization of ECs and were not perfused by erythrocytes (Fig. 3,
C-E). Staining for human specific CD31 in Matrigel plug sections
(Fig. 3 F) demonstrated that the injected ECs were associated with
the blood-perfused vessels within the plugs. Taken together, these
results demonstrate the requirement for Septin2 in mediating the
EC invasion that accompanies the formation of perfused blood
vessels in vivo.

Invasion of ECM by ECs and the subsequent formation
of blood vessels comprises three main steps: podosomal ma-
trix degradation, migration, and network formation. Our data
demonstrated that Septin2 mediates matrix degradation (Fig. 2,
A-E). We also sought to determine if Septin2 is required for EC
migration and network formation. To eliminate the dependence
on matrix degradation, we performed these assays in a 2D
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format as described in previous publications (Auerbach et al.,
2003; Kang et al,, 2019; Guo et al., 2014). Downregulation of
Septin2 expression had no effect on EC migration in a 2D wound
healing assay (Fig. S3, B and C) or their capacity to form
branched networks in a 2D culture (Fig. S3, D and E).

Focal adhesions share many components with podosomes
(Hoshino et al., 2012; van den Dries et al., 2013a), and they also
mediate interactions with ECM, affecting cellular motility, albeit
without performing matrix degradation (Burridge and Guilluy,
2016; Block et al., 2008). We therefore next assessed whether
Septin2 is also required for focal adhesion formation. Our results
indicated that Septin2 depletion had very little impact on the
total number of focal adhesions formed (Fig. S3 F). Taken to-
gether, these results indicate that the primary role of Septin2 in
ECs is to mediate podosome function and thereby facilitate the
initial step of angiogenic invasion.

Septin2 recruitment into nascent podosomes follows the
mobilization of precursor proteins

Initial assembly of nascent podosome structures, their matura-
tion into matrix-degrading organelles, and eventual turnover
are distinctly regulated phases comprising the life cycle of these
dynamic adhesions (Boateng and Huttenlocher, 2012). Initiation
and maturation of podosomes are multistep events (Destaing
et al., 2008), mediated in large part by cytoskeletal networks.
Actin polymerizes during initial precursor assembly, drives in-
vasion of mature podosomes into the ECM, and joins individual
podosome foci into higher-order networks (Linder and Wiesner,
2016; Luxenburg et al., 2012; Destaing et al., 2013). Thus, we first
assessed whether Septin2 expression is required for the
formation of F-actin foci, which is characteristic of initial
podosome assembly (Oikawa et al., 2008). We found that Src-
mediated F-actin focus formation was not affected by the
downregulation of Septin2 expression, indicating that it does not
control nascent podosome initiation (Fig. 4 A). We next inves-
tigated the kinetics of Septin2 localization to nascent podosome
foci relative to the arrival of the known precursor proteins
F-actin and Tks5 using live cell imaging. We found that Tks5
arrived at nascent podosomes 30 s before F-actin (on average;
Fig. 4, B, C, and F), consistent with the role of Tks5 as a scaffold
protein initiating early actin-mediated podosome formation
(Boateng and Huttenlocher, 2012; Seals et al., 2005; Gimona
et al.,, 2008). However, Septin2 arrived later (around 2 min af-
ter Tks5 on average; Fig. 4, D-F), indicating its role during the
late stage of podosome maturation. Taken together, these results
suggest that Septin2 is required to mediate the transition of
nascent podosome foci into mature matrix-degrading organelles.
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Figure 3. Septin2 is required for perfused blood vessel formation in vivo. (A) Schematic of the in vivo assay. HPAECs were transduced with lentiviral
constructs expressing either control shRNA (NT) or two different shRNAs targeting Septin2 (Sep2-SH2 and Sep2-SH4). Equal numbers of cells from each
condition were mixed with Matrigel, subcutaneously injected into athymic nude mice, and harvested 7 d later for analysis of blood vessel formation.
(B) Western blot analysis displays downregulation of endogenous Septin2 with respect to GAPDH loading control at time of injection. (C-E) Analysis of
Matrigel plugs. Extracted Matrigel plugs were paraffin embedded, and sections were either labeled with hematoxylin and eosin staining to visualize vessel
morphology (C; scale bar = 30 mm) or immunostained with antibody targeting mouse erythrocytes (TER119; D; confocal microscopy; scale bar = 20 pm).
(E) Average number of red blood cells per field of view were quantified to assess the formation of functionally perfused vessels. Each data point represents the
average of four fields of view taken from each of five separate Matrigel plugs per condition and implanted in five separate mice (n = 5). Data are shown as the
mean + SE. Significance was determined using a two-sample t test. (F) Confocal images depicting the presence of HPAECs in Matrigel plug slices from each
condition. Slices were stained with DAPI (blue) and human specific anti-CD31 primary antibody (+CD31, green; scale bar = 10 um). Negative control (~-CD31)
was performed to reveal nonspecific binding of secondary antibody, and autofluorescence signal (bright green signal in NT samples) is due to autofluorescence
of erythrocytes.
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Figure 4. Septin2 is recruited into nascent podosomes following assembly of the precursor complex. (A) Src-mediated actin rearrangement in the
presence and absence of Septin2. HPAECs were treated with siRNA for Septin2 (SEPT2) or control siRNA (NT) for 72 h. Cells were transduced with adenoviral
constructs for expression of RapR-Src and FRB. Cells were fixed and stained for F-actin following 0.5 h Src activation. Epifluorescence images were analyzed
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with Tks5-GFP and fTractin-iRFP670 (F-actin marker; B) or Tks5-GFP and Septin2-tagRFP (D) were imaged live following Src activation (using total internal
reflection fluorescence microscopy; scale bar = 8 um). Representative time-lapse images (C and E) show the order of arrival of Septin2 and F-actin relative to
the known podosomal precursor Tks5 (Tks5 arrival time = 0 s). Arrival of the protein was detected using Invadopodia Tracker V3 plugin for Image) software.
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Time of arrival is marked by appearance of the red circle. Arrowheads indicate podosome foci. (F) Arrival times of F-actin and Septin2 with respect to Tks5.
Data show arrival times of each protein (n = 8 for F-actin and n = 6 for Septin2) with respect to Tks5 + SE, with each dot representing an individual focus.
Statistical significance was determined using a Student’s t test for pairwise comparison of F-actin with Septin2.

Septin2 residues, which mediate PIP binding, are critical for
regulation of endothelial podosome function

Phospholipids play an important role in podosome formation
(Hoshino et al., 2013). Src activates PI3 kinase, stimulating pro-
duction of phosphoinositide (3,4,5) trisphosphate (Klomp et al.,
2016) and the subsequent production of phosphoinositide (3,4)
bisphosphate (Oikawa et al., 2008; Symons, 2008). Synthesis of
phosphoinositide (3,4) bisphosphate induces association of the
podosome scaffolding protein Tks5 with the PM, leading to sta-
bilization of early podosomes (Hoshino et al., 2013). Septins as-
sociate with the PM and create diffusive barriers, which promote
sequestration of proteins and isolate distinct signaling platforms
(Schmidt and Nichols, 2004; Hu et al., 2010; Sharma et al.,
2013a). To assess whether Septin2 is membrane proximal in
podosomes and to further define the details of its localization
within podosomal architecture, we analyzed Septin2 distribution
relative to B; integrin, a transmembrane protein and a known
podosome marker (Chellaiah, 2006). We observed that endoge-
nous Septin2 localized to the basolateral membranes of ECs, as
evidenced by its overlap with B3 integrin in a Z axial distribution
(Fig. 5, A-C). Our results also demonstrated that Septin2 localizes
around the (; integrin in endothelial podosomes.

Septin2 binds PIPs, PtdIns, sP,, and PtdIns; 4 sP; in the PM
through the conserved N-terminal stretch of basic residues,
polybasic domain (Casamayor and Snyder, 2003; Damalio et al.,
2013; Gilden and Krummel, 2010). Thus, we next evaluated
whether Src activation induced colocalization of PIPs with
Septin2 and if this Septin2-PIP association was required for
podosome maturation. To measure PIP accumulation in living
ECs, we used a sensor composed of the PH domain of Akt fused
to Venus fluorescent protein (Klomp et al., 2016; Rowland et al.,
2012). We observed that activation of Src induced the accumu-
lation of Septin2 and PIPs at the same site (Fig. 5 D). To establish
the role of Septin2 binding to PIPs in mediating podosome
formation, we used a Lys33Ala/Lys34Ala mutant of Septin2
(K33,34A) with a diminished capacity for PIP binding (Zhang
et al., 1999). WT mouse Septin2 or its Lys33Ala/Lys34Ala mu-
tant was expressed in human ECs lacking endogenous Septin2.
We observed that exogenous expression of WT Septin2 rescued
Src-induced podosomal matrix degradation (Fig. 5 E and Fig. S4).
However, expression of the Lys33Ala/Lys34Ala mutant failed to
restore podosome function, indicating that the interaction of
Septin2 with PIPs in the PM was required for the formation of
mature matrix-degrading podosomes.

To date, the formation and maturation of matrix-degrading
organelles has been best characterized in cancer cells. Little is
known about the mechanism governing endothelial podosome
formation and its role in mediating angiogenesis. The present
study describes the regulation of endothelial podosomes by the
septin cytoskeleton as a requirement for EC invasion. Taken
together, our studies suggest a mechanism whereby Septin2
associates with PIPs at the basolateral endothelial PM to
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generate a stable barrier around Src-induced podosomes, en-
suring containment of critical components and maturation of
nascent foci into functional organelles (Fig. 5 F). These results
are consistent with the postulated role for septins in partitioning
subcellular structures. Previous studies have demonstrated the
role of Septin2 in controlling the distribution of membrane-
bound proteins and receptors (Schmidt and Nichols, 2004) and
the formation of a ringlike septin cytoskeleton structure at the
base of primary cilia in mammalian cells, which separates the
ciliary membrane from the PM (Hu et al., 2010). Septin2 has also
been shown to regulate store-operated calcium entry by forming
a diffusive barrier around STIM1/Orai channels and stabilizing
the clusters (Sharma et al., 2013a). Other cytoskeletal networks,
including microtubules and intermediate filaments, are thought
to contribute to podosome maturation via delivery of podosome
component proteins (Wiesner et al., 2010; Schoumacher et al.,
2010). Interestingly, septins interact with microtubules, F-actin,
and myosin (Spiliotis, 2018; Schmidt and Nichols, 2004; Bowen
et al,, 2011; Joo et al., 2007), and these interactions could po-
tentially mediate alternative aspects of podosome biology such
as delivery of component proteins, patterning, or turnover.

Materials and methods

Antibodies and chemical reagents

Antibodies used

Antibodies used were as follows: Anti-Septin2 (Cat# 07-1813;
Millipore for Western blot; and Cat# HPA018481; Sigma-Aldrich
for IF); additional anti-Septin2 antibody used for immunofluo-
rescence was a generous gift from Dr. Elias Spiliotis (Drexel
University, Philadelphia, PA; Spiliotis et al., 2008; Fig. 1 A), anti-
Septin9 (Cat# sc-293291; Santa Cruz), anti-Septiné (Cat#
sc-514806; Santa Cruz for Western blot), anti-SEPT7 (Cat#
ab175229; Abcam for Western blot), anti-Cortactin (Cat# 05-180;
Millipore), anti-MMP14 (MT1-MMP; Cat# MAB3328; Millipore),
anti-Tks5 (fish, G-7; Cat# sc-376211; Santa Cruz), anti-FAK (Cat#
610087; BD PharMingen), anti-GAPDH (Cat# AM4300; Ambion),
anti-mCherry (Cat# 5993-100; BioVision), FITC-conjugated Af-
finiPure Donkey anti-Rabbit IgG (H+L; Cat# 711-095-152; Jack-
son Immunoresearch), Rhodamine Red-X AffiniPure Donkey
Anti-Rabbit IgG (H+L; Cat# 711-295-152; Jackson Immuno-
research), Alexa Fluor 647 AffiniPure Donkey Anti-Rabbit IgG
(H+L; Cat# 711-605-152; Jackson Immunoresearch), Goat Anti-
Mouse IgGl Secondary Antibody (Atto 488; Cat# LS-C209452;
LSBio), Purified Rat Anti-Mouse TER-119 rat anti-mouse eryth-
rocyte (Cat# 550565; BD PharMingen), and IHCPlus PECAM-1/
CD31 Antibody Monoclonal (Cat# LS-B3446; LSBio).

Chemical reagents used

Chemical reagents used were as follows: Alexa Fluor 647 phalloidin
(Cat# A22287; Thermo Fisher), Alexa Fluor plus 405 phalloidin
(Cat# A30104; Thermo Fisher), D-erythro-sphingosine-1-phosphate
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Figure 5. Septin2 binding to PIPs mediates podosome function. (A-C) Substrate-proximal localization of Septin2 in podosomes depicted by Airyscan
confocal imaging. HPAECs expressing Septin2-rsTagRFP and B3-Dronpa, transduced with adenoviral constructs for expression of RapR-Src and FRB and fixed
following 0.5 h of Src activation. (A) Orthogonal view of Src-induced rosette (scale bar = 3 um). (B) Zoomed-in view of orthogonal slice as in A (scale bar =
2 um). (C) Depth profile of s integrin (blue) and Septin2 (green) localization in the Z axial direction from the rosette depicted in A. (D) HPAECs expressing
Septin2-mCherry (top) and a Venus-fused PIP binding probe (bottom) were imaged live using widefield illumination before and after Src activation (scale bar =
5 um). Colocalization of Septin2 (red) and PIP binding probe (green) is indicated by the white circle in the overlay panel. (E) Rescue of matrix degradation by
exogenous expression of Septin2. HPAECs were treated with siRNA for Septin2 (SEPT2) or control siRNA (NT) for 72 h. Cells were transduced with adenoviral
constructs for expression of RapR-Src and FRB and with lentiviral constructs for expression of either WT mouse Sept2-mCherry or its mutant (Lys33Ala/
Lys34Ala, K33,34A). Total matrix degradation was measured from at least 10 fields of view per condition from three to five independent experiments. Individual
data points are shown around mean value + SE (whiskers). Significance was determined using a two-sample t test (comparisons indicated by lines; FOV, field of
view). (F) Model depicting the role of Septin2 in podosome maturation. Podosome initiation (left panel): Tyrosine kinase Src is activated downstream of growth
factor signaling. Src signals through multiple intermediates including PI3K, which generates PIPs. These PIPs localize to sites of podosome adhesion and bind
scaffolding protein Tks5. Podosome maturation (right panel): Septin2 localizes to podosomes downstream of Src activation and binds PIPs via its polybasic

domain. The Septin cytoskeleton creates a confinement border around the adhesion ring, allowing for maturation and localized matrix degradation (image
created with BioRender).
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(Cat# 860492; Avanti Polar Lipids), normal donkey serum (Cat#
017-000-121; Jackson Immunoresearch), rapamycin (Cat# R5000;
LC Laboratories), puromycin dihydrochloride (Cat# P-600-100;
Gold Biotechnology), insulin (Cat# 1-1882; Sigma-Aldrich), human
holo transferrin (Cat# T-4132; Sigma-Aldrich), sodium selenite
(Cat# 5-5261; Sigma-Aldrich), FA-free BSA (Cat# A8806; Sigma-
Aldrich), oleic acid (Cat# 07501; Sigma-Aldrich), collagen I, bovine
(Cat# A10644-01; GIBCO BRL), Alexa Fluor 405 NHS Ester (succi-
nimidyl ester; Cat# A30000; Thermo Fisher), Oregon Green-
488-conjugated gelatin (Cat# G13186; Thermo Fisher), ascorbic
acid (Cat# A4034; Sigma-Aldrich), and basic fibroblast growth
factor (Cat# 234-FSE; R&D Systems), VEGF165, human (Cat#
1150-05-10; Goldbiotech), GM6001 MMP Inhibitor (Cat# CC1000;
Sigma-Aldrich), MT1-MMP inhibitor, NSC405020 (Cat# 444295;
Sigma-Aldrich), blebbistatin (Cat# 2406-1; BioVision), and sar-
acatinib (Cat# sc-45364607; Santa Cruz).

Experimental model and subject detail

Cell culture, transfection, and transduction

All human pulmonary arterial endothelial cells (HPAECs; Cat#
CC-2530; Lonza) were grown in EGM-2 BulletKit (Cat# CC-2162;
Lonza) with 10% FBS at 37°C and 5% CO,. Cells obtained from
Lonza at P3 were amplified and frozen at P5. Experiments were
performed on cells from passages 6 to 9. Plastic growth surfaces
were coated with 0.2% gelatin. Glass growth surfaces were
coated with 0.2% gelatin and 5 mg/ml fibronectin. Cytofect en-
dothelial transfection reagent (Cat# TF101K; Cell Applications)
was used for transfecting HPAECs seeded at a confluency of 75%
to 80% at time of transfection according to the manufacturer’s
protocol. Experiments were performed 16-24 h after transfec-
tion. For lentiviral infections, cells were infected for at least 72 h
preceding experiments. Cells were exposed to adenovirus for
16-24 h before experiments. All HEK293T cells (Cat# ATCC CRL-
3216) and MDA-MB-231 cells (a generous gift from Dr. Jan Ki-
tajewski, University of Illinois at Chicago, Chicago, IL) were
grown in DMEM (Cat# 15-013-CV; Mediatech) with 10% FBS at
37°C in 5% CO,. All BMDMs were extracted from male mice
(C57BL/6], 18 wk/male; The Jackson Laboratory) and grown in
RPMI1640 (11875-093)+10%FBS+P/S+ 10% 1929 cell supernatant
at 37°C in 5% CO, for 5 d to differentiate before experiments.

In vivo Matrigel plug angiogenesis assay

Assay was performed in athymic nude mice (Envigo) as previ-
ously described (Marsboom et al., 2016). Mice were males, aged
6-8 wk at the time of experiment. Two separate lentiviruses
expressing small hairpins targeting Septin2 (SH2 and SH4) were
used to downregulate Septin2 expression in HPAECs. Trans-
duction particles were purchased from Sigma-Aldrich (Cat#
SHCLNYV for SH2 Clone ID TRCN0000062156 and SH4 Clone ID
TRCN0000420619; scrambled nontargeting [NT] control, Cat#
SHCO002V). Cells were transduced with lentivirus expressing
one of two small hairpins targeting Septin2 or an NT scramble
control. Puromycin (Cat# P-600-100; Gold Biotechnology) at
1 pg/ml was used to select transduced cells. 1,000,000 cells per
plug were mixed with growth factor-depleted Matrigel (Cat#
356234; Corning), injected subcutaneously into the abdomen of
male mice (6-8 wk old), and collected 7 d later. One plug per
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condition was implanted in the abdomen of five separate mice.
Plugs were paraffin embedded, sectioned into 10-pm slices, and
stained either using hematoxylin and eosin or immunostained
using TER-119 rat anti-mouse erythrocyte targeting antibody
(Cat# 550565; BD PharMingen) to assess vessel perfusion or
human-specific CD31 primary antibody to assess whether vessel-
forming cells present in plugs were HPAECs IHCPlus PECAM-1/
CD31 Antibody Monoclonal (Cat# LS-B3446; LSBio). Hematox-
ylin and eosin-stained samples were imaged using an Olympus
BX51 microscope under transmitted light using 20x Plan N ob-
jective (NA 0.4). Samples stained for mouse red blood cells
(Fig. 3 D) and human ECs (Fig. 3 F) were imaged using a Zeiss
LSM 710 META microscope (63x oil objective, NA 1.46). Signal
was unmixed using Zen 2012 SP1 Image Analysis software in
order to resolve the signal in both cases. ImageJ cell counter
(https://imagej.nih.gov/ij/plugins/cell-counter.html; Kurt De
Vos) was then used to quantify the number of red blood cells per
field of view. Four fields of view were analyzed for each plug to
determine the average value from each mouse. Pairwise statis-
tical comparisons between Septin2 and scramble control shRNA-
treated cells were made using a Student’s t test. P values <0.05
were considered to be significant (Fig. 3, D and E). Mice were
housed in the University of Illinois Animal Care Facility under
pathogen-free conditions in accordance with institutional

guidelines.

Method details

Plasmids and viral constructs

All adenoviral constructs for expression of RapR-Src-Cerulean,
RapR-Src-as2-Cerulean were previously described and produced
in collaboration with Dr. Jody Martin at the Vector Core Facility
of the University of Illinois at Chicago (Klomp et al., 2016). Ad-
ditional amplification of RapR-Src-as2-Cerulean and GFP(Y66S)-
FRB was performed by Viraquest, Inc., in collaboration with
Ronald E. Haskell. Adenoviral constructs for expression of
mCherry-FRB and GFP(Y66S)-FRB were generated from the
previously described GFP-FRB adenoviral construct (Klomp
et al., 2016) using site-directed mutagenesis PCR as previously
described (Karginov and Hahn, 2011). The Y66S mutation ren-
ders GFP colorless. pkSeptin2-YFP plasmid was a generous gift
from Dr. Jan Macara (Vanderbilt University, Nashville, TN).
Septin6-GFP and Septin7-GFP plasmids were a generous gift
from Dr. Elias Spiliotis. Septin2-Tag-RFP, Septin2-mCherry, and
Septin2-K33,34A-mCherry were created from pkSeptin2-YFP
using modification of site-directed mutagenesis (Karginov and
Hahn, 2011). Septin2-rsTagRFP plasmid was created by ampli-
fying the rsTagRFP gene from the pcDNA3-ER-rsTagRFP con-
struct (Hertel et al., 2016; a generous gift from Dr. Gary Mo,
University of Illinois at Chicago, Chicago, IL; #87620; Addgene).
rsTagRFP was then subcloned into the previously described
Septin2-mCherry construct using a modification of site-directed
mutagenesis (Karginov and Hahn, 2011). Bs-Dronpa construct
was created by amplifying the dronpa gene from pcDNA3-
Dronpa-DEVD-TagRFPT (a generous gift from Dr. Gary Mo;
#87704; Addgene) and subcloning this gene into PBLY100-GFP
plasmid bearing B; integrin (a generous gift from Dr. Rudolph L.
Juliano, University of North Carolina, Chapel Hill, NC) using
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modified site-directed mutagenesis (Karginov and Hahn, 2011).
The PH-Akt-Venus construct was previously described (Klomp
et al., 2016). TKS5-GFP plasmid was a gift from Dr. Sara A.
Courtneidge (Oregon Health and Science University, Portland,
OR). F-tractin gene was amplified from previously described
fTractin-tdTomato construct (Schell et al., 2001) and subcloned
into iRFP670-N1 plasmid (a gift from the laboratory of Dr. Vla-
dislav Verkhusha, Albert Einstein College of Medicine, Bronx,
NY) using modification of site-directed mutagenesis (Karginov
and Hahn, 2011) to create fTractin-iRFP670. To generate lenti-
viral constructs, Septin2 and Septin2 K33,34A mutant genes
were amplified using PCR primers encoding NotI and BsiWI
restrictions sites and cloned into pLeGOiV-2 vector (plasmid
#27344; Addgene) using Notl and BsrGI restriction sites. Lenti-
virus production was performed as previously described (Gong
et al., 2017).

Downregulation of Septin expression using siRNA

Cells were transfected using either Dharmafect or GeneSilencer
transfection reagent for 72 h before experiments. Cells were
transfected using 35 nM siRNA. Septin2 was downregulated using
a pool of four individual siRNAs (knockdown experiments de-
picted in Fig. 2 and Fig. S3 A; Cat# D-010614-05, Cat# D-010614-
03, Cat# D-010614-21, Cat# D-010614-20; Dharmacon), a pool of
two individual siRNAs (experiments depicted in Fig. 4 A; Fig. 5 E;
Fig. S3, B-E; and Fig. S4; Cat# D-010614-05 and Cat# D010614-03;
Dharmacon), or two individual siRNAs (Fig. 2 E and Fig. S3 F; Cat#
D-010614-05 and Cat# D010614-03; Dharmacon). Septin 6 was
downregulated using two individual siRNA (Fig. S2, F and H;
Oligo# 3021663579-000050 and Oligo# 3021663579-000020;
Sigma-Aldrich). Septin7 was downregulated using two individual
siRNA (Fig. S2, G and H; Oligo# 3021663579-000170 and Oligo#
3021663579-000140; Sigma-Aldrich). Septin9 was downregulated
using two individual siRNA (Fig. S2, J and K; Cat# D-006373-06
and Cat# D-006373-02; Dharmacon).

Immunofluorescence

Cells were fixed for 15 min at room temperature using 4% par-
aformaldehyde and permeabilized using 0.5% Triton-X. Block-
ing was performed for 30 min at room temperature in 3% BSA
and 20% donkey serum. Samples were incubated with primary
antibody (1:100) in 10% donkey serum and 1.5% BSA for 1 h at
room temperature and in secondary antibodies (1:200) for 1 h at
room temperature. Alexa Fluor 647 phalloidin (1:200; Cat#
A22287; Thermo Fisher) and Alexa Fluor plus 405 phalloidin
(Cat# A30104; Thermo Fisher) were added to samples either
with secondary antibody or directly after blocking at room
temperature for 0.5 h in samples where only F-actin was being
labeled.

Wound healing assay

Migration was measured using a scratch wound healing assay as
previously described (Liang et al., 2007). HPAECs were seeded
on glass coverslips coated in 0.2% gelatin and fibronectin (5 mg
per liter). Coverslips were mounted in an Attofluor cell chamber
(Cat# A78-16; Invitrogen). Images were collected using Olym-
pus VivaView Incubator/Fluorescence Microscope with 40x air
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objective (equivalent to UPLSAPO40X, NA 0.95) under trans-
mitted light at 37°C in 5% CO,. MRI wound healing plugin for
Image] Image Analysis software was used to measure the dis-
tance migrated by cells. The distance was measured at 5 to 10
positions for each field of view and averaged. The distance
measured for each sample was then normalized by the average
distance for scramble control in the same experiment. Results
from three or four independent experiments were expressed as
normalized distance traveled. Statistical significance was de-
termined using a Student’s t test for pairwise comparison be-
tween conditions.

EC network formation

Assay was performed as previously described (Han et al., 2012;
Kang et al., 2019; Auerbach et al., 2003; Guo et al., 2014). Cells
were seeded in a 96-well plate atop growth factor-depleted
Matrigel for 2 h. Images were captured using Olympus BX51
fluorescence microscope under transmitted light using UPlan
FLN 4x objective (NA 0.13). Angiogenesis Analyzer module
(Carpentier, 2012) for Image] software was used to create a mask
of branched networks and quantify the number of branches,
branch length, and number of segments. For each of three in-
dependent experiments, one field of view was analyzed per well
for a total of three wells per condition (Fig. S3, D and E).

Invasion into 3D collagen matrix

Assay was performed as previously described (Kwak et al,
2012). Aptitude for invasion was compared in cells with down-
regulated Septin2 expression versus scramble control cells.
HPAECs were seeded onto a 3D collagen matrix at a density of
40,000 cells per well in a 96-well plate and allowed to invade for
24 h, fixed with 3% glutaraldehyde in PBS, and stained with 0.1%
toluidine blue in 30% methanol (Fig. 2 H and Fig. S3 A). Invading
sprouts were visualized using an Olympus BX51 inverted mi-
croscope under transmitted light using UPlan FLN 10x objective
(NA 0.3; for quantification, Fig. 2 I and Fig. S3 A) or 20x Plan N
objective (NA 0.4; for side view images of sprouts, Fig. 2 H).
Sprouts were counted in two to four fields per well and averaged
over a minimum of three wells per condition. Sprout formation
data are expressed as mean number of invading sprouts per well
+ standard error (SE) with each data point representing one
well. Data were collected from three independent experiments
(Fig. 2 I). The additional invasion assay depicted in Fig. 2, F and
G, was prepared the same way using untreated ECs. Cells were
coimmunostained after fixation with Septin2 (Cat# HPA018481;
Sigma-Aldrich) and MT1-MMP (Cat# MAB3328; Millipore) to
localize Septin2 with podosome activity in invading sprouts
(Fig. 2 F). Imaris Image Analysis software was used to create a
representative 3D surface rendering of ECs invading into 3D
collagen matrix (Fig. 2 G).

Quantification of focal adhesions

Aptitude for focal adhesion formation was compared in cells
with downregulated Septin2 expression versus scramble control
cells. Septin2 expression was downregulated using two indi-
vidual siRNA, each targeting SEPT2 applied 48 h before cells
being seeded onto glass-bottom dishes previously coated in 0.2%

Journal of Cell Biology
https://doi.org/10.1083/jcb.201903023

11


https://doi.org/10.1083/jcb.201903023

gelatin and 5 mg/ml fibronectin. Cells were fixed and stained for
focal adhesions using FAK antibody (Cat# 610087; BD Phar-
Mingen) 24 h after plating. Cells were imaged in total internal
reflection fluorescence (TIRF) using an Olympus IX-83 micro-
scope with PlanApo N 60x TIRF microscope objective (oil, NA
1.45) and a 561-nm laser line. Images were analyzed using data
collected from 10 fields of view per condition over a total of three
independent experiments. Focal adhesions were quantified us-
ing Image] analysis software. Each image was thresholded the
same way using equal background subtraction. “Find local
maxima” function was then used to quantify focal adhesions.
The total number of focal adhesions was normalized to cell
surface area using MetaMorph Image Analysis software to
manually outline cell border and subtract from total growth
area. Student’s t tests for pairwise comparison between con-
ditions were used to determine statistical significance. Data are
presented as total number of focal adhesions/cell surface area +
SE (Fig. S3 F).

Podosome formation and matrix degradation assays
Fluorescent gelatin-coated coverslips were prepared as previ-
ously described (Martin et al., 2012). To coat coverslips, Oregon
Green-488-conjugated gelatin was mixed with unlabeled 0.2%
gelatin in PBS at a ratio of 1:8, respectively. Gelatin conjugated to
Alexa Fluor 405 was mixed with unlabeled 0.2% gelatin in PBS at
aratio of 1:20, respectively. HPAECs were seeded onto coverslips
6-24 h before RapR-Src stimulation (length of stimulation is
indicated in figure legends). Cells were fixed and stained for
F-actin using Alexa Fluor 647 phalloidin. At least 10 fields of
view per condition were imaged using an Olympus IX-83 wi-
defield microscope with UPlanSAPO 40x silicon oil objective.
Only fields with confluent cells (90%-100%) expressing RapR-
Src-Cerulean-Myc and mCherry-FRB (adenoviral transduction)
were selected for analysis. At least 90 cells per condition were
counted over three independent experiments. The functional
podosomes were defined as areas where actin focus signal
overlapped with quenched fluorescent gelatin signal. The per-
centage of cells displaying the formation of functional podo-
somes (podosome phenotype) was quantified in at least 10 fields
of view per condition for each independent experiment. A cell
forming at least one functional podosome was counted as dis-
playing the podosome phenotype. A two-sample t test was used
for statistical analysis (as in Fig. 2 B). Total matrix degradation
was measured using MetaMorph Image Analysis software. A
binary mask of the quenched gelatin signal was used to measure
the degradation area in each field of view. Statistical significance
was determined using a Student’s t test for pairwise compar-
isons between conditions (as in Fig. 5 E; Fig. S1, A and F; and Fig.
S2, H and J).

To determine the total number of actin foci, images of
HPAECs stained with Alexa Fluor 647 phalloidin were analyzed
using the Invadopodia Colocalization Macro for Image] analysis
software (Fig. 4 A; Sharma et al., 2013b). At least 10 fields of view
from five independent experiments were analyzed for each
condition. Statistical significance was determined using a Stu-
dent’s t test to draw pairwise comparisons between knockdown
and scramble control conditions.
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Matrix degradation assays were also performed in Fig. 1 E
and Fig. S1 A using VEGF stimulation as indicated in the figure
legend. Total matrix degradation was quantified, and statistical
analysis was performed as described for matrix degradation
assays using RapR-Src activation as the stimulus.

Matrix degradation assays performed with MDA-MB-231
cells and BMDM were performed by seeding cells onto Oregon
Green-488-conjugated gelatin coverslips for 24 h before fixation
and staining with Alexa Fluor 647 phalloidin. Confocal images
were acquired using a Zeiss LSM880 Axio Observer with 63x
Plan Apochromat oil objective (NA 1.4; Fig. S2, D and E).

Matrix degradation assays were performed in response to Src
activation (as previously described) in the presence of specific
inhibitors. Cells were pretreated with a specific inhibitor of
MT1-MMP (NSC405020, Cat# 444295; Sigma-Aldrich) with a
final concentration of 150 uM for 48 h before Src activation.
Global MMP inhibitor GM6001 (Cat# CCl000; Sigma-Aldrich)
and blebbistatin (Cat# 2406-1; BioVision) were each added to
final concentrations of 100 uM and 50 pM, respectively, 0.5 h
preceding Src activation. Src was then activated for 0.5 h pre-
ceding fixation and staining. Total matrix degradation was
quantified as described previously using at least 10 fields of view
per condition from a total of three independent experiments.

Image acquisition

Fixed samples

Fixed samples were mounted on glass coverslips using
Fluoromount-G and imaged using a confocal, widefield, or high-
resolution Airyscan confocal microscopy as indicated in the figure
legends. Widefield images were acquired using an Olympus IX-83
microscope using UPlanSAPO 40x silicon oil (NA 1.25; Fig. 2 A and
Fig. S4 B) or PlanApo N 60x TIRF microscope objective (oil, NA
1.45; Fig. S2 C). Confocal images were acquired using a Zeiss LSM
710 confocal microscope with 63x Plan Apochromat oil objective
(NA 1.4; Fig. 1 A and Fig. S1, D and E), Zeiss LSM 710 META with
63x Alpha Plan Apochromat oil objective (NA 1.46; Fig. 3, D and F),
or Zeiss LSM880 Axio Observer with 63x Plan Apochromat oil
objective (NA 1.4; Fig. 2 F and Fig. S2, A, B, D, and E). Airyscan
confocal imaging was performed using Zeiss LSM 880 AxioOb-
server confocal microscope with Airyscan detector and 63x Plan
Apochromat oil objective (NA 1.4). Images were acquired in su-
perresolution scan mode (Fig. 1, B and E; and Fig. 5, A and B).

Live cell image acquisition

Cells were seeded on glass coverslips coated with 0.2% gelatin and
5 mg/ml fibronectin. Coverslips were mounted in an Attofluor
cell chamber (Cat# A78-16; Invitrogen). Cells were imaged at 37°C
in EGM-2 media with 10% FBS. Widefield images were acquired
using an Olympus IX-83 widefield microscope with UPlanSAPO
40X silicon oil objective (NA 1.25; Fig. 5 D; Fig. S1, B and C; and
Video 1). Ring TIRF images were acquired using DeltaVision OMX
SR superresolution microscope TIRF illumination module with
60x ApoM TIRF objective (NA 1.49; Fig. 4, B and D).

Membrane proximity of Septin2 within podosomes
HPAECs expressing RapR-Src-as2-Cerulean-Myc and GFP(Y66S)-
FRB (adenoviral transduction) and cotransfected with Septin2-
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rsTagRFP and integrin B;-Dronpa were plated onto coverslips
coated with 0.2% gelatin and fibronectin (5 mg per liter). RapR-
Src was activated for 0.5 h with rapamycin (500 nM). Cells
were then fixed and stained with Alexa Fluor 405 phalloidin to
label F-actin as a marker for Src-induced podosome formation
when colocalized with B; integrin. Cells were imaged using a
Zeiss LSM 880 AxioObserver confocal microscope with Air-
yscan detector and 63x Plan Apochromat oil objective (NA 1.4).
Images were acquired in superresolution scan mode (Fig. 5, A
and B). ImageJ analysis software was used to create Z axial
profiles of fluorescence intensity comparing Septin2 with re-
spect to B; integrin within the podosome (Fig. 5 C).

Ring TIRF order of arrival analysis

HPAECs were cotransfected pairwise (using Cytofect reagent)
with DNA constructs expressing fTractin-iRFP670 and TKS5-
GFP or Septin2-TagRFP and TKS5-GFP. All cells were also
transduced with adenoviruses expressing RapR-Src-as2-Ceru-
lean-Myc and GFP(Y66S)-FRB 18 h before imaging. Cells were
seeded on glass coverslips coated with 0.2% gelatin and fibro-
nectin (5 mg per liter) and mounted in Attofluor chambers and
imaged in EGM-2 containing 10% FBS. Live ring TIRF imaging
was performed at 5% CO, and 37°C using a DeltaVision OMX
superresolution microscope TIRF illumination module with 60x
ApoM TIRF oil objective (NA 1.49; Fig. 4, B and D). Images were
acquired every 10 s for 30 min. Rapamycin (500 nm) was added
15 min before the start of image acquisition. New foci that
formed during imaging and exhibited colocalization of Tks5/
F-actin or Tks5/Septin2 were identified and analyzed using
MetaMorph Image Analysis software. To assess arrival of each
protein at the foci, each focus was outlined as a region of in-
terest, and changes in integrated fluorescence intensity within
the region were measured over time. To determine the time
difference in arrival between podosomal proteins, individual
foci were analyzed using Invadopodia Tracker V3 plugin for Fiji
image analysis software (Sharma et al., 2013c). The arrival time
of F-actin and Septin2 at each focus was determined with re-
spect to arrival of Tks5. Statistical significance was determined
using a two-sample t test.

Statistical analysis and software

OriginPro software was used to carry out Student’s t tests for
pairwise comparisons in all experiments. Number of replicates
and type of statistical comparisons are defined in figure legends
as well as throughout the Method details section. For all t tests, P
values <0.05 were considered to be significant. Statistical data
were plotted using OriginPro (method indicated in figure leg-
ends). The model in Fig. 5 F was created with BioRender
software.

Online supplemental material

Fig. S1 demonstrates the role of Src, metalloproteases, and
myosin in the formation of endothelial podosomes and depicts
the localization of endogenous Septin2 to Src-induced podo-
somes. Fig. S2 shows the localization of septins to podosomes
and invadopodia in different cell types and demonstrates their
role in podosome formation. Fig. S3 shows the role of Septin2
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in regulating different functional steps that mediate the in-
vasion of ECs into a 3D matrix and the formation of endothelial
sprouts. Fig. S4 demonstrates the requirement for the inter-
action of Septin2 with PIPs in the regulation of endothelial
podosomes (accompanies experiment in Fig. 5 E). Video 1
shows Septin2 localization after Src activation (accompanies
Fig. S1, B and C).
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