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Abstract

Podosomes and tight junctions are subcellular compartments that both exist in endothelial cells 

and localize at cell surfaces. In contrast to the well-characterized role of tight junctions in 

maintaining cerebrovascular integrity, the specific function of endothelial podosomes remains 

unknown. Intriguingly, we discovered cross-talk between podosomes and tight junctions in human 

brain endothelial cells. Tight junction scaffold proteins ZO-1 and ZO-2 localize at podosomes in 

response to phorbol-12-myristate-13-acetate (PMA) treatment. We found that both ZO proteins are 

essential for podosome formation and function. Rather than being derived from new protein 

synthesis, podosomal ZO-1 and ZO-2 are relocated from a pre-existing pool found at the 

peripheral plasma membrane with enhanced physical interaction with cortactin, a known protein 

marker for podosomes. Sequestration of ZO proteins in podosomes weakens tight junction 

complex formation, leading to increased endothelial cell permeability. This effect can be further 

attenuated by podosome inhibitor PP2. Altogether, our data revealed a novel cellular function of 

podosomes, specifically, their ability to negatively regulate tight junction and endothelial barrier 

integrity, which have been linked to a variety of cerebrovascular diseases.
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Introduction

Vascular endothelial cells lining the inner surface of blood vessels serve as a barrier that 

separates blood fluid and surrounding tissues. It is well known that the endothelial barrier is 

semi-permeable, so that the fluids and nutrients in the blood, as well as the waste products 

generated by the tissues, can be exchanged in a selective manner (Rahimi, 2017). To 

maintain selectivity, a variety of signaling cues, such as vascular endothelial growth factor 

(VEGF), transforming growth factor β (TGF-β), and intracellular protein kinases regulate 

the function of endothelial cells (Sukriti, Tauseef, Yazbeck, & Mehta, 2014). Dysregulated 

endothelial cells often cause impairment of endothelial barrier function, which has been 

linked to cerebrovascular diseases, such as intracranial aneurysm, subarachnoid hemorrhage, 

and vascular dementia (Peeyush Kumar et al., 2019; F. Wang et al., 2018; Yamamoto et al., 

2017).

Over the past decade, it has been well documented that most of the signaling cues that 

regulate endothelial barrier function ultimately converge on three types of intercellular 

junctions: tight junctions, adherens junctions, and gap junctions (Bazzoni & Dejana, 2004). 

A tight junction (TJ) is also known as an occluding junction, which seals adjacent 

endothelial cells thus forming a continuous blood vessel. TJs become more prominent in the 

blood-brain barrier as it requires stricter control of endothelial barrier function. The blood-

brain barrier is responsible for the restriction of the exchange of fluid and solutes through 

paracellular spaces; leakage of improper substances into the brain parenchyma often has 

detrimental effects (Bauer & Traweger, 2016). TJs consist of different proteins such as 

membrane-spanning proteins from the claudin family and scaffolding proteins from the 

zonula occludens (ZO) family. In endothelial cells, the amino-terminal region of ZO-1 

physically interacts with claudin 5 while its carboxy-terminal domain binds to cortactin and 

actin, thus bridging the tight junction to intracellular cytoskeleton (Stamatovic, Johnson, 

Keep, & Andjelkovic, 2016). Although ZO proteins predominantly localize at cell-cell 

contacts, they can be redistributed to other cellular compartments such as nuclei during the 

wound-healing process (Gottardi, Arpin, Fanning, & Louvard, 1996). Interestingly, ZO-1 

proteins reportedly localized to podosomes, another cellular compartment, in a smooth 

muscle cell line (Kremerskothen et al., 2011). We recently observed localization of ZO 

proteins to podosomes in endothelial cells, suggesting a possible role for ZO proteins in the 

deregulation of smooth muscle and endothelial cells, both of which can contribute to 

vascular disease.

A podosome is a subcellular organelle that mediates the interactions between the cell and the 

extracellular matrix (ECM). Among all the adhesive structures between the cell and the 

ECM, a podosome is quite unique due to its degradative capacity by enriching ECM-lytic 

enzymes (Alonso, Spuul, Daubon, Kramer, & Genot, 2019). The formation of podosomes 

requires actin and its regulator cortactin, both of which have been widely used as markers 

for the podosome (Seano, Daubon, Genot, & Primo, 2014). Many intracellular protein 

kinases were reported to be involved in podosome formation (Foxall, Pipili, Jones, & Wells, 

2016). For instance, SRC as a non-receptor tyrosine kinase can phosphorylate cortactin at 

tyrosine 421 and in turn promote cortactin-mediated actin assembly in podosomes 

(Luxenburg, Parsons, Addadi, & Geiger, 2006; Tehrani, Tomasevic, Weed, Sakowicz, & 
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Cooper, 2007). Although both cortactin and actin are constituents of TJs and podosomes, it 

is completely unknown whether these two distinct organelles cross-talk in endothelial cells.

Our results suggested that ZO proteins including ZO-1 and ZO-2 play a critical role in the 

cross talk in endothelial cells. We found that both ZO-1 and ZO-2 localize to podosomes in 

brain endothelial cells in response to phorbol ester treatment. Podosomal ZO-1 and ZO-2 

proteins are mainly contributed by a pre-existing pool found at the peripheral plasma 

membrane instead of new protein synthesis in the cell. Interestingly, a single knockdown of 

ZO-1 or ZO-2 is sufficient to block phorbol ester-induced podosome responses, including 

podosome formation and ECM degradation, possibly due to impaired dimerization of ZO 

proteins. Moreover, the endothelial barrier function is compromised when podosome 

formation is induced, as induced podosomes sequester dimerized ZO proteins away from the 

plasma membrane.

Results

Zona occludens proteins localize to podosomes in brain endothelial cells

To reveal the potential link between tight junctions and podosomes in endothelial cells, we 

co-immunostained the corresponding markers ZO-1 and actin, respectively. We chose 

primary human brain microvascular endothelial cells (HBMECs) instead of human umbilical 

vein endothelial cells (HUVECs) as our in vitro model in order to render our study more 

physiologically relevant to cerebrovascular diseases. As shown in Figure 1a, ZO-1 

predominantly localizes at cell-cell contacts (green signals in Figure 1a2), while actin 

presents as stress fibers (red signals in Figure 1a3). Similar to other endothelial cells (Varon 

et al., 2006), HBMECs containing podosomes were infrequently detected under 

unstimulated conditions. Therefore, we further treated cells with phorbol-12-myristate-13-

acetate (PMA), a widely-used agent that induces podosome formation in a variety of cell 

types (Billottet et al., 2008; Starnes, Cortesio, & Huttenlocher, 2011). Indeed, PMA 

treatment induces the formation of podosomes in HBMECs, some of which further assemble 

into a ring-like structure called a podosome rosette (indicated by white arrows in Figure 

1a6). Our co-immunostaining results showed that ZO-1 largely co-localizes with actin in 

podosomes, as indicated by the merged yellow signals (Figure 1a4 and a7). We also found 

that ZO-1 is well co-localized with cortactin, another widely-used podosome marker, in 

response to PMA treatment (see merged yellow signals in Figure 1b4 and b7).

In addition to ZO-1, the zona occludens family has two other members, ZO-2 and ZO-3 

(Bauer & Traweger, 2016). Before examining whether ZO-2 and ZO-3 also localize to 

podosomes, we checked their expression in HBMECs. By real-time quantitative RT-PCR, 

we found that the mRNA level of ZO-2 is comparable to ZO-1 while ZO-3 is barely detected 

(Supplemental Figure 1a). Western blotting confirmed that both ZO-1 and ZO-2 but not 

ZO-3 were expressed in HBMECs (Supplemental Figure 1b–d). The specificities of 

antibodies against ZO-1 and ZO-2 were evaluated by gene-specific knockdown using small 

interfering RNAs (Supplemental Figure 1c–d). In addition, the immunofluorescence 

specificities of these antibodies were confirmed in HBMECs (Supplementary Figure 1e–f). 

These data suggest that only two members of the zona occludens family, ZO-1 and ZO-2, 

are expressed in HBMECs. Therefore, we examined the putative co-localization between 
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ZO-2 and podosome markers actin and cortactin, and found results similar to those found for 

ZO-1 (Supplemental Figure 2). In contrast, we failed to detect the podosomal localization of 

claudin 5 (Supplementary Figure 3), a membrane-spanning protein found in tight junctions, 

suggesting that podosomes partially sequester tight junction components.

ZO-1 and ZO-2 are essential for podosome function in a non-redundant manner

To figure out the functional significance of ZO-1/2 in podosomes, we examined the in situ 
degradation of the extracellular matrix using a standard assay to evaluate the unique feature 

of the podosome as a degradative organelle. In brief, HBMECs are seeded onto chamber 

slides that are pre-coated with fluorescence-labeled gelatin, which can be degraded by 

podosomes and presented as a dark area. As shown in Figure 2a, PMA treatment 

dramatically induced gelatin degradation as indicated by dark spots (comparing Figure 2a5 

to 2a1). Surprisingly, knockdown of ZO-1 or ZO-2 significantly reduces PMA-induced 

gelatin degradation (comparing Figure 2a6 and a7 to a5, quantification shown in Figure 2b), 

suggesting that both ZO-1 and ZO-2 are essential for podosome function. To reduce 

potential off-target effects, we repeated the experiments with another non-overlapping 

siRNA that targeted ZO-1 and ZO-2, respectively, producing similar results which were 

included in the quantifications (Figure 2b). To save limited space, an image with one of the 

targeted siRNAs was presented. It is worth mentioning that ZO-1 and ZO-2 are known to be 

redundant in tight junction formation (Umeda et al., 2006). In contrast, our results suggest a 

distinct mechanism for these ZO proteins in podosomes where ZO-1 and ZO-2 act in a non-

redundant manner. Consistently, simultaneous knockdown of ZO-1 and ZO-2 did not lead to 

further reduction of PMA-induced gelatin degradation (comparing Figure 2a8 to a6 and a7, 

and quantification shown in Figure 2b).

Dimerization of ZO proteins is responsible for their non-redundant roles in podosomes

To dissect the molecular mechanism of ZO-mediated podosome function, we first examined 

the role of ZO-1 and ZO-2 in podosome formation. As shown in Figure 2c, knockdown of 

ZO-1 or ZO-2 attenuates PMA-induced podosome formation in HBMECs in a non-

redundant pattern that is similar to how they behave in PMA-induced podosome function 

(Figure 2a–b). We wondered whether knockdown of one ZO member would lead to the 

destabilization of the other, since they form a protein complex through physical interaction 

(Fanning & Anderson, 2009). Interestingly, ZO-2 was stably expressed when ZO-1 was 

depleted in HBMECs and vice versa (Figure 3a), suggesting that the protein stability of 

ZO-1 and ZO-2 are not mutually dependent.

As multi-domain scaffold proteins, ZO-1 and ZO-2 form dimers mainly through the second 

PDZ domain (PDZ2) (Wu et al., 2007) (Supplemental Figure 4a). We wondered whether 

dimerization between ZO-1 and ZO-2 could contribute to their non-redundant role in 

podosome responses. To interfere with their dimerization ability in a dominant-negative 

manner, a construct that expressed the PDZ2 domain of ZO-1 was created (Supplemental 

Figure 4b). A protein binding competition assay was performed as previously described 

(David-Morrison et al., 2016). Indeed, the binding affinity between myc-tagged ZO-1 and 

FLAG-tagged ZO-2 was dramatically reduced when expression of the HA-tagged PDZ2 

construct was increased (Figure 3b–c). Importantly, overexpression of the dimer inhibitor 
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attenuates PMA-induced podosome formation and extracellular matrix degradation (Figure 

3d–e). Altogether, our results support the idea that the dimerization of ZO proteins plays an 

important role in podosome formation and function, which is consistent with their non-

redundant mode of action as previously observed (Figure 2).

Podosomal ZO-1/2 relocates from plasma membrane and binds more cortactin

Next, we sought to identify the origin of podosomal ZO-1/2. To determine whether new 

protein synthesis contributes to their podosomal localization, we carried out a real-time 

quantitative RT-PCR assay. However, the mRNA level of ZO-1 did not significantly change 

when compared to the PMA treated control (Figure 4a), and similar results were found for 

ZO-2 (Supplemental Figure 5a). Consistently, the total protein level of ZO-1 and ZO-2 

remain unaltered in response to PMA stimulation (the upper panel and quantification in 

Figure 4b and the left panel in Supplemental Figure 5b). It has been reported that ZO-2 at 

different subcellular compartments, such as the nucleus, can be relocated from a pre-existing 

pool like the peripheral plasma membrane instead of from de novo protein synthesis (Islas, 

Vega, Ponce, & Gonzalez-Mariscal, 2002). We speculated whether a similar mechanism 

exists for podosomal localization of ZO proteins in HBMECs. To test this idea, we 

performed a cell fractionation analysis. Interestingly, the protein amount of ZO-1 in the 

membrane fraction of HBMECs was reduced in response to PMA treatment (left two panels 

and the first bar graph in Figure 4c, and ZO-1 was normalized to endothelial cell membrane-

specific marker VE-cadherin). Consistently, ZO-1 protein level in the cytosolic pool was 

increased when HBMECs were treated by PMA (right two panels and the second bar graph 

in Figure 4c, and ZO-1 was normalized to cytosolic marker Hsp90). We also examined ZO-2 

and found similar results (Supplemental Figure 5b). Altogether, these results strongly 

support that the localization of ZO-1/2 to podosomes originates from a pre-existing pool in 

the plasma membrane, and not from de novo protein synthesis.

As a scaffold protein, ZO-1/2 binds to different partners in a domain-dependent manner. The 

amino-terminal of ZO-1/2 interacts with the cytoplasmic tail of claudin 5, while its 

carboxyl-terminal binds to cortactin and actin (Bazzoni & Dejana, 2004). To figure out 

whether their binding partners are involved in the relocation of ZO proteins into podosomes, 

we analyzed their physical interaction in response to PMA treatment. As shown in Figure 5a, 

in comparison to the negative controls, the co-immunoprecipitated claudin 5 is drastically 

reduced when HBMECs are stimulated by PMA (see the first row), suggesting that a 

dissociation occurs between ZO-1 and claudin 5. Interestingly, the physical interaction 

between ZO-1 and cortactin is significantly enhanced while the binding of ZO-1 to actin was 

not affected (Figure 5b–c), indicating that cortactin is involved in the redistribution of ZO-1 

at a subcellular level. Given cortactins importance in podosome assembly, we also examined 

the physical interaction between ZO-1 and phosphorylated cortactin, which can be induced 

by SRC kinase at its tyrosine 421 (Luxenburg et al., 2006). Our data showed that PMA 

treatment increases their binding affinity (Figure 5d), suggesting that ZO-1 has a higher 

affinity to a phosphorylated form of cortactin that is often induced by podosome activation 

signals. Similar results were found for the binding affinity between ZO-2 and cortactin or p-

Y421-cortactin in HBMECs (Supplemental Figure 6).

Rui et al. Page 5

J Cell Physiol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sequestration of ZO proteins in podosomes impairs endothelial barrier function

As a scaffold protein for tight junction, ZO-1/2 is swiftly recruited to podosomes in response 

to PMA treatment. Therefore, the endothelial barrier may be weakened accordingly. To 

examine this, we carried out two different assays which included assessing in vitro vascular 

endothelial permeability and endothelial gap formation. For the endothelial permeability 

assay, brain endothelial cells were implanted onto the upper membrane of the two chamber 

insert and grown to full confluence. FITC-dextran, a fluorescent-labeled large molecule that 

is normally not able to pass through the confluent monolayer of endothelial cells, is added to 

the upper chamber in order to monitor the potential leakiness induced by various 

stimulations. Different from the tracer-based leakage assay, the endothelial gap formation 

assay is another independent, image-based approach which quantifies gap areas highlighted 

by VE-cadherin in endothelial cells (Aragon-Sanabria et al., 2017; Y. Wang & Alexander, 

2011). As shown in Figure 6a–b, PMA treatment significantly increases the penetration of 

FITC-dextran and the percentage of the endothelial gap, respectively, suggesting when PMA 

induces podosome formation, endothelial barrier function is also impaired.

To demonstrate the role of podosome formation in PMA-induced endothelial barrier leakage, 

we further treated HBMECs with PP2, a well-known SRC kinase inhibitor that blocks 

podosome formation (J. Wang et al., 2009). As expected, PP2 treatment inhibits PMA-

induced SRC activation, judging by the level of the active form of SRC (p-Y416-SRC) 

(Figure 6c). Moreover, PP2 treatment attenuated PMA-induced binding affinity between 

ZO-1 and cortactin or p-Y421-cortactin (Figure 6d), possibly by reducing the amount of 

SRC-mediated phosphorylated cortactin. Importantly, PMA-induced endothelial 

permeability and gap formation in HBMECs were significantly improved by PP2 treatment 

(Figure 6e–f), suggesting that podosome formation negatively regulates endothelial barrier 

function.

Vascular endothelial growth factor (VEGF) similarly regulates podosomal ZO proteins

To investigate whether other physiological cues also regulate localization and function of ZO 

proteins in podosomes, we treated HBMECs with VEGF, a ligand existing in the blood 

circulatory system. As shown in Figure 7a–b, VEGF treatment induced both podosome 

formation and ECM degradation. Importantly, both ZO-1 and ZO-2 relocated into 

podosomes upon VEGF stimulation (Figure 7c and Supplemental Figure 7). To evaluate the 

effects of VEGF treatment and the potential role of podosomes on endothelial barrier 

function, we performed both the FITC-dextran permeability and endothelial gap formation 

assays with and without SRC inhibitor. Consistent with other reports, VEGF treatment 

disrupts endothelial barrier function (Figure 7d–e) and further PP2 treatment rescued the 

defects (Figure 7f–g), suggesting that VEGF-induced podosome activity is critically 

involved.

To summarize the aforementioned findings, we proposed a schematic model as illustrated in 

Figure 7h. On the left side, podosomes contain an actin-enriched core together with other 

regulators such as cortactin (indicated by filled circle in light green). As for the tight 

junction shown on the right side, ZO-1/2 forms dimers and interacts with membrane-

spanning proteins claudin and cortactin, thus bridging the tight junction to cytoskeleton. 
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Following podosome induction by phorbol ester or VEGF, ZO-1/2 relocates from tight 

junctions at the plasma membrane into podosomes (as indicated by the double-headed arrow 

in black), likely due to the enhanced physical interaction between ZO-1/2 and cortactin. On 

one hand, the dissociation between ZO-1/2 and claudin weakens the intercellular junction. 

On the other hand, podosomal ZO-1/2 facilitate cortactin-mediated actin assembly, which 

further recruits membrane-type metalloprotease MT1-MMP. MT1-MMP activates MMP2 

for ECM degradation. Notably, MMP9, another member of MMP detected in podosomes in 

other cell types, is not included in our model since our preliminary data excluded its 

presence in HBMECs. Our model supports the notion that podosome formation impairs 

endothelial barrier function by sequestration of ZO-1/2, a finding that may provide insight 

into many types of cerebrovascular diseases that are related to blood-brain barrier 

dysfunction.

Discussion

Podosome formation negatively regulates TJ.

It is well documented that podosomes recruit metalloproteases for efficient degradation of 

the extracellular matrix. Our data revealed a novel cellular effect elicited by podosome 

formation, i.e., negative regulation of TJs. As demonstrated in Figure 6e–f, when podosome 

formation is induced by PMA, an activator of protein kinase C, both ZO-1 and ZO-2 can be 

sequestered to podosomes, which further compromises endothelial barrier function. In 

additional to the activation of protein kinase C, we found VEGF, a physiologically existing 

ligand, regulates ZO proteins in podosomes in a similar manner (Figure 7a–g). These 

observations may suggest a unifying mechanism of cross-talk between podosomes and tight 

junctions under different stresses. It is possible that VEGF serves as the upstream signal of 

protein kinase C, which has been reported in several other cell lines (Jiang, Qin, & Han, 

2016; Lin et al., 2018).

Generally, in the absence of stimuli, including the treatment of PMA or the aforementioned 

growth factors, ZO proteins predominantly locate at cell-cell points of contact (Figure 1 and 

Supplemental Figure 2). However, they do relocate to other cellular compartments under 

stress conditions. For instance, ZO-1 is enriched in the nucleus during remodeling of cell-

cell contacts (Gottardi et al., 1996). It can bind to the transcription factor ZONAB and 

activate the expression of ErbB-2 in epithelial cells (Balda & Matter, 2000). Our study 

revealed for the first time that the podosome can act as another subcellular compartment for 

ZO proteins in endothelial cells. Importantly, both ZO-1 and ZO-2 are essential for 

podosome formation and function (Figure 2 and Figure 3a). We noticed that PMA treatment 

has a negligible effect on the intensity of ZO proteins in the nucleus (Figure 1 and 

supplemental Figure 2), suggesting that their redistribution into the podosome or nucleus can 

be mediated by distinct mechanisms in response to different stresses.

Sequestration of ZO proteins in podosomes weakens TJs and leads to defective endothelial 

barriers (Figure 6 and 7). In addition, other types of intercellular junctions, such as the 

adherens junction, also regulate endothelial barrier function (Dejana, Orsenigo, & 

Lampugnani, 2008). In endothelial cells, adherens junctions comprise membrane-spanning 

proteins including VE-cadherin, nectin, and PECAM, and their associated adaptor proteins, 
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including p120-catenin, β-catenin, and plakoglobin (Dejana & Orsenigo, 2013). It will be 

interesting to see whether podosome formation has a similar effect on adherens junctions, 

such as the sequestration of their adaptor proteins. Prior evidence has suggested such a 

possibility wherein p120-catenin was found to physically interact with cortactin 

(Boguslavsky et al., 2007). More experiments in the future are required to clarify this 

speculation.

A novel mechanism for ZO-mediated podosome formation and function

As scaffold proteins, ZO-1 and ZO-2 have multiple domains including PDZ, Guanylate 

kinase-like domain (GK), and SH3 domains (Supplemental Figure 4a) (Fanning & 

Anderson, 2009). It has been reported that ZO-1 and ZO-2 compensate each other in TJ 

assembly (Umeda et al., 2006). In contrast, our results demonstrated that their function in 

podosomes is non-redundant (Figure 2). Utilizing a dominant-negative mutant that expresses 

the second PDZ domain of ZO-1, we showed that the dimerization of ZO proteins is 

critically involved in podosome formation and function (Figure 3c–e). It is well known that 

ZO-1 and ZO-2 form heterodimers in vitro and in vivo (Odenwald et al., 2018; Wu et al., 

2007), although their homodimerization remains controversial (Fanning, Jameson, Jesaitis, 

& Anderson, 1998). Some of our evidence favors the notion that heterodimerization of ZO-1 

and ZO-2 is important for their roles in podosomes. For example, single knockdowns of 

ZO-1 or ZO-2 blocks podosome formation and function (Figure 2), suggesting that the 

remaining homodimers of ZO-1 or ZO-2, even if they exist abundantly, are insufficient or 

nonfunctional. In addition, double knockdown of ZO-1 and ZO-2 does not show any additive 

effects on podosome responses in comparison with the single knockdown (Figure 2a), likely 

due to the saturated loss of heterodimers in either condition. Moreover, overexpression of the 

PDZ2 domain dramatically reduces the binding affinity between ZO-1 and ZO-2, and 

inhibits podosome formation and ECM degradation (Figure 3d–e). It is worth mentioning 

that ZO-1 and ZO-2 knockout mice are both embryonically lethal (Katsuno et al., 2008; Xu 

et al., 2008), a fact that cannot be explained by their redundant role in TJs. Based on our 

study, it is reasonable to postulate that podosome defects may contribute to the non-

redundant role of ZO proteins in mouse development.

As for the relocation mechanism of ZO-1 and ZO-2 from the peripheral plasma membrane 

to podosomes in endothelial cells, our data suggests that cortactin plays an important role. 

For example, we observed the binding affinity between ZO-1 and a phosphorylated form of 

cortactin to be enhanced (Figure 5d). Interestingly, this phosphorylation site is mainly 

activated by SRC kinase (Luxenburg et al., 2006; Tehrani et al., 2007), which localizes at 

both tight junctions and podosomes. We speculate that SRC near tight junctions may 

promote the interaction between cortactin and ZO proteins by phosphorylating cortactin at 

Y421. Alternatively, the ZO-cortactin complex may initially shuttle into pre-podosomal sites 

before cortactin gets phosphorylated by SRC that is nearby podosomes. To distinguish these 

two possibilities, analyses on the localized SRC activity will be helpful. It is worth noting 

that in other cell types, such as smooth muscle cells, ZO-1 was also found to localize to 

podosomes with the aid of actin but not cortactin (Kremerskothen et al., 2011), implying that 

the molecular mechanism for the redistribution of ZO proteins might be cell type-specific.
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Our study ultimately revealed a novel role of podosomes in tight junction stability that is 

essential for endothelial barrier function. Mechanistically, podosome sequesters ZO-1 and 

ZO-2, which form dimers and have higher binding affinity with SRC-phosphorylated 

cortactin. Consistently, inhibiting SRC activity by PP2 treatment efficiently attenuated 

PMA-induced endothelial barrier leakiness. As such, the podosome may emerge as a novel 

therapeutic target for preventing endothelial barrier dysfunction that has been linked to 

various cerebrovascular diseases.

Materials and Methods

Cell culture, transfection and stimulation

Human brain microvascular endothelial cells (HBMECs) were purchased from Cell Systems 

(ACBRI 376) and maintained in endothelial cell medium (#1001, ScienCell Research 

Laboratories). Transfections of plasmid DNA were performed using lipofectamine 3000 

(Invitrogen) according to manufacturer’s instructions. Small interfering RNAs were 

introduced into HBMECs by standard electroporation protocol (Neon® Transfection 

System, Invitrogen). To induce podosome formation, phorbol-12-myristate-13-acetate 

(PMA) was added to HBMECs to a final concentration of 100 nM for 1 hour followed by 

different assays such as immunostainings, in situ extracellular matrix degradation, and in 
vitro endothelial cell permeability. Similarly, VEGF (50 ng/ml, 1 hour) was used to treat 

HBEMCs to induce podosome formation and function. PP2 (10 µM, 1 hour) was used to 

inhibit endogenous SRC kinase activity.

DNA cloning

Full length myc-tagged ZO-1 and FLAG-tagged ZO-2 are available from addgene (#30317 

and # 27415, respectively). The PDZ2 domain of ZO-1 (nucleotide 514–753) was sub-

cloned into pCMV5 by standard PCR protocol and verified by Sanger sequencing as we 

previously performed (Y. N. Rui et al., 2017).

SiRNA

Stealth small interfering RNAs against human ZO-1 and ZO-2 were purchased from 

Invitrogen (TJP1HSS110773 and TJP1HSS110774 for ZO-1; TJP2HSS113980 and 

TJP2HSS113982 for ZO-2). The knockdown efficiency of each siRNA was validated by 

Western blotting.

Quantitative RT-PCR

Total mRNA level of ZO-1, ZO-2 and ZO-3 were isolated from HBEMCs by TRIzol and 

quantitatively detected based on the SYBR green protocol (4309155, ThermoFisher 

Scientific). The primers used are listed as follows:

ZO-1: 5’-AGAGTGGTTCTTCGAGAAGCTGGA/5’-

CGTCTCGTGGTTCACTCTTTGCAA

ZO-2: 5’-GGAGCATTGACCAGGACTACGAG/5’-AGCCGGAGACCATACTCTTCGT
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ZO-3: 5’-AGTGGTGTTGCGAGAAGCCAG /5’-TTCAGAGGGATGGTGGCTGTG

Antibody

ZO-1 (13663), ZO-2 (2847), ZO-3 (3704), cortactin (3503), p-Y421-cortactin (4569), Hsp90 

(4877), VE-cadherin (2500), SRC (2108), p-Y416-SRC (6943) from Cell Signaling 

Technology; Claudin 5 (ab15106, Abcam); Actin (MAB1501, EMD Millipore); GAPDH 

(sc-32233) and Myc (sc-40) from Santa Cruz Technology; FLAG (MAB3118, Sigma-

Aldrich); HA (11583816001, Roche).

Western blotting

Transiently transfected HBMECs or HEK293T cells in 60-mm dishes were lysed in a Triton 

X-100 lysis buffer as previously described (Y. N. Rui et al., 2015) and sonicated briefly 

before centrifugation at 13,000 rpm for 30 min at 4 °C. Total cell lysates were added by 2X 

SDS sample buffer and then subjected to SDS-PAGE analysis. Proteins were transferred to 

nitro-cellulose membranes using Bio-Rad mini transfer apparatus followed by blocking with 

5% non-fat milk. Primary antibodies and secondary antibodies were generally used at 

1:1000 and 1:10000 dilutions respectively before using the LI-COR Odyssey system to 

detect fluorescence signals. The number value of each Western band was measured by 

Image Studio Lite associated with the Odyssey system. After being normalized to loading 

controls GAPDH, VE-cadherin, or HSP90, the fold change of the protein of interest is 

presented in a bar graph. Data were reported as mean ± s.e.m. (n=3 independent 

experiments).

Co-Immunoprecipitation/Co-IP

Transiently transfected HBMECs or HEK293T cells in 60-mm dishes were lysed in an IP-

lysis buffer as previously described (Y. Rui et al., 2004) and sonicated briefly before 

centrifugation at 13,000 rpm for 30 min at 4°C. Endogenous ZO-1 or HA-tagged ZO-1 was 

immunoprecipitated from the cell lysate with anti-ZO-1 or anti-HA antibody plus protein 

A/G Plus agarose beads (Santa Cruz Biotechnology, sc-2003). Immunoprecipitates or whole 

cell lysates (WCL) were subjected to standard Western blotting.

Immunostaining

HBMECs were re-seeded onto 8-well chamber slides and stimulated by PMA (100 nM) for 

1 hour before 4% paraformaldehyde fixation. Fixed cells were blocked in 10% normal goat 

serum at room temperature for 1 hour followed by incubation in primary antibodies at 4°C 

overnight, and then stained with Alexa-594 or Alexa-488 conjugated secondary antibodies 

(Invitrogen). Washed samples were mounted in prolong gold solution (Invitrogen). Images 

were captured by Leica TCS SP5 Confocal Microscope.

Podosome formation assay

Podosome formation in HBMECs was induced by PMA treatment (100 nM for 1 hour). 

Cells were fixed in 4% paraformaldehyde and stained with phalloidin-Alexa597 or anti-

cortactin antibody to reveal the subcellular localization of podosomes. The percentage of 
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cells showing podosomes with or without treatment was calculated from at least 6 different 

fields (×10 objective lens) per coverslip (n=3 independent experiments).

In situ extracellular matrix degradation assay

Eight-well chamber slides were sequentially treated by poly-L-lysine, glutaraldehyde, and 

Oregon-Green-488-conjugated gelatin as instructed (ECM670, Millipore). After washing 

with PBS, coverslips were disinfected by 70% ethanol. To quench residual free aldehydes, 

growth media was added to each well at room temperature for 30 min before cell seeding. 

HBMECs treated with siRNAs were grown on above pre-coated chamber slides and 

incubated for 12 hours before treated with PMA (100 nM, 1 hour). After fixation, the 

degradation of extracellular matrix was imaged by Leica DM4000 microscope. At least 9 

different fields (×10 objective lens) per coverslip were selected for quantification using 

Image J software. The degradation index is presented as the average degradation area per 

cell (µm2/cell) (n=3 independent experiments).

Membrane protein extraction

HBMECs in 60 mm dish were washed by Cell Wash Solution (provided by Mem-PER™ 

Plus Membrane Protein Extraction Kit, Catalog number 89842, ThermoFisher Scientific) 

and then lysed in Permeabilization Buffer for 10 min at 4°C with constant mixing. Lysed 

cells were centrifuged at top speed for 15 min. The supernatant contains cytosolic proteins 

while the pellet is enriched with membrane proteins, which can be further extracted by 

Solubilization Buffer. Both extracted supernatants will be treated by 2X SDS sample buffer 

before application to Western blotting analysis.

In vitro endothelial cell permeability

HBMECs were seeded onto the upper chamber of the 24-well insert (662630, Greiner bio-

one) and cultured in endothelial cell media. According to manufacturer’s instructions, 

HBEMCs were grown to full confluency and treated by podosome-inducing agent PMA 

(100 nM, 1 hour) and/or SRC inhibitor PP2 (10 µM, 1 hour). Media is then carefully 

removed and FITC-dextran (70 kd) is added and incubated for 20 min at room temperature. 

Equal volume of media is taken in each well containing FITC-dextran that crossed the 

monolayer and its amount is measured based on the absorbance of 535 nm. The fold change 

is calculated by normalizing the amount of FITC-dextran in each well to that under the 

control treatment (DMSO) (n=3 independent experiments).

Endothelial gap formation assay

HBMECs were cultured in 8-well chamber slides until full confluency. Either PMA (100 

nM, 1 hour) or VEGF (50 ng/ml, 1 hour) was added to the cells in comparison with control 

treatment (DMSO). HBMECs were fixed in 4% formaldehyde for 15 min at room 

temperature followed by 0.2% Triton X-100 permeabilization in PBS for 10 min. After 

blocking in 5% goat serum, primary antibody against VE-cadherin (ab33168, Abcam) was 

added and incubated overnight at 4 °C. Cells were then washed three times in PBS and 

incubated with a rabbit Alexa-594 secondary antibody followed by mounting. At least 9 

different fields for each sample were obtained by Leica confocal microscope. Endothelial 
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gap areas were identified and measured by Image J software (provided by NIH). The 

percentage of endothelial gap was calculated as the area not covered by HBMECs (gaps) 

divided by the total area of each image. Data were reported as the mean ± s.e.m. (n=3).

Statistics analysis

Statistical analysis was performed with Microsoft Excel or GraphPad Prism 5 and p-values 

were calculated by the Student’s t-test or one-way ANOVA where Bonferroni correction is 

used for multiple comparison test between selected pairs. Data are represented as mean ± 

s.e.m. p<0.05 is considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ZO1 localizes at podosomes in human brain endothelial cells
(a) Representative images of HBMECs double-stained for ZO-1 (green) and actin (red) were 

shown in the absence (a1-3) and presence of PMA treatment (a4-9, 100 nM for 1 hour). 

Enlarged pictures were shown for the white-dotted areas in a4-6, respectively. White arrows 

indicate the localization of podosome rosettes. Note that the merged yellow signals indicate 

the co-localization of ZO-1 and actin. (b) Co-localization of ZO-1 (green) and cortactin 

(red) was revealed by the similar immunostainings in HBMECs. More than 20 different cells 

forming podosome rosettes from at least 6 different fields (10X objective) were examined 

and all of them showed the co-localization of ZO-1 with actin or cortactin. n=3; scale bar: 10 

µm.
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Figure 2. ZO-1 and ZO-2 are essential for podosome function in a non-redundant manner.
(a) SiRNAs against ZO-1 (siZO-1, 2 nM) or ZO-2 (siZO-2, 5 nM) were introduced in 

HBMECs singly (a2-3, and a6-7) or in combination (a4 and a8), followed by in situ 
extracellular matrix degradation assay in the absence (the first row) and presence of PMA 

treatment (the second row, 100 nM for 1 hour). Dark spots are caused by the loss of 

fluorescent signals from alexa488-labeled gelatin that was pre-coated onto the chamber 

slides. (b-c) At least 9 different fields (10X objectives) were selected to calculate the 

degradation index (b) and percentage of podosome formation (c) as described in Materials 
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and Methods. n=3; scale bar: 10 µm. Data were represented as mean±s.e.m. *p<0.05, 

**p<0.01.
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Figure 3. Dimerization of ZO-1 and ZO-2 plays an important role in podosome formation
(a) Single knockdown of ZO-1 (2 nM) in HBMECs does not affect protein stability of ZO-2 

as revealed by Western blotting, and vice versa. GAPDH serves as loading control. (b) 

Different amount of CMV5-HA-ZO-1-PDZ2 construct (0, 1.5, 3 µg) was co-transfected with 

full-length FLAG-ZO-2 (1 µg) and myc-ZO-1 (1 µg) in HEK293T cells. The amount of 

FLAG-ZO-2 co-immunoprecipitated by the antibody against myc tag was reduced in a dose-

dependent manner, which was quantified in (c) n=3. (d-e) Overexpression of CMV5-HA-

ZO-1-PDZ2 (2 µg) in HBEMCs in the presence of PMA treatment (100 nM for 1 hour) 

inhibits podosome formation (d) and ECM degradation (e), n=3. HA antibody was used to 

highlight the transfected cells. Data were represented as mean±s.e.m, *p<0.05, **p<0.01.
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Figure 4. ZO-1 relocates from plasma membrane to podosomes
(a-b) Quantitative RT-PCR or Western blotting revealed the mRNA level (a) or total protein 

level (b) of ZO-1 in HBMECs in the absence (as indicated by Ctrl treatment (DMSO)) and 

presence of PMA treatment (100 nM for 1 hour). GAPDH as loading control, n=3. (c-e) 

HBMECs in the absence (Ctrl) and presence of PMA treatment were subject to membrane 

protein extraction assay. Western blotting showed the protein level of ZO-1 in either plasma 

membrane or cytosol using ZO-1 antibody, and quantifications were shown in the bar 

graphs. VE-cadherin as loading control for membrane fraction while Hsp90 for cytosol 

fraction. Data were represented as mean±s.e.m. n=3. n.s.: not significant **p<0.01.

Rui et al. Page 19

J Cell Physiol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Enhanced interaction between ZO-1 and cortactin in response to PMA treatment.
(a-d) Endogenous claudin 5 (a), cortactin (b), actin (c), and phospho-Y421-cortactin (d) in 

HBEMCs were co-immunoprecipitated by the antibody against endogenous ZO-1 protein in 

the absence (DMSO) and presence of PMA treatment (100 nM for 1 hour). Western blotting 

revealed the protein level of each binding partner by the antibodies against claudin 5, actin, 

cortactin, and phosphor-Y421-cortactin, respectively. Note that the total protein level of each 

binding partner (the third row in a-d) remained unchanged after PMA treatment. The level of 

co-immunoprecipiated proteins were normalized to immunoprecipiated ZO-1 and quantified 

in the right panel, respectively. n=3, data were represented as mean ± s.e.m. n.s.: not 

significant. **p<0.01.
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Figure 6. SRC kinase inhibition ameliorates PMA-induced endothelial barrier defect
(a-b) FITC-dextran permeability assay (a) or endothelial gap formation assay (b) were 

applied to HMBECs in the absence (DMSO) and presence of PMA treatment, as described 

in Materials and Methods. Note that PMA treatment significantly induced endothelial barrier 

leakiness. (c-d) HBMECs pre-incubated with PP2 (10 µM, 1 hour) or DMSO (Ctrl) were 

further stimulated by PMA treatment (100 nM, 1 hour). Western blotting revealed that the 

level of p-Y416-SRC (c) or cortactin and p-Y421-cortactin co-immunoprecipitated by ZO-1 

(d) was reduced, respectively. Total protein level of SRC or immunoprecipitated ZO-1 as 

loading control as indicated, and quantifications were shown in the bar graphs on the bottom 

(e-f). Inhibition of SRC kinase by PP2 treatment further attenuated PMA-induced 

endothelial barrier defects judged by the FITC-dextran permeability assay (e) and 

endothelial gap formation assay (f), respectively.
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Figure 7. VEGF treatment regulates podosomal ZO proteins and endothelial barrier function.
(a-b) VEGF (50 ng/ml) were added to HBMECs for 1 hour, followed by podosome 

formation and ECM degradation assay as described previously. At least 9 different fields 

(10X objectives) were selected to calculate the percentage of podosomes formation (a) and 

the index of ECM degradation (b) as described previously. n=3. (c) HBMECs were 

immunostained by both ZO-1 and Actin antibodies in the absence (DMSO) and presence of 

VEGF (50 ng/ml, 1 hour). Note that VEGF treatment induced the podosomal localization of 

ZO-1 judged by the merged signals in c6. At least 6 different fields were selected (10 X 

objectives) and the podosomal ZO-1 were detected in all the cells that display podosomes, 

n=3. Scale bar: 10 µm. (d-e) FITC-dextran permeability assay (d) or endothelial gap 

formation assay (e) were applied to HMBECs in the absence (DMSO) and presence of 

VEGF (50 ng/ml, 1 hour). Note that VEGF treatment significantly induced endothelial 

barrier leakiness. (f-g) HBMECs pre-incubated with PP2 (10 µM, 1 hour) or DMSO (Ctrl) 

were further stimulated by VEGF treatment. Inhibition of SRC kinase by PP2 treatment 

further attenuated VEGF-induced endothelial barrier defects as monitored by the FITC-

dextran permeability (f) and endothelial gap assay (g), respectively. n=3, *p<0.05, **p<0.01, 

***p<0.01. (h) A schematic model for the role of ZO-1/2 in the cross-talk between 

podosomes and tight junctions in endothelial cells.
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