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Abstract  

 

Endothelium protection is critical, because of the impact of vascular leakage and edema on 

pathological conditions such as brain ischemia. Whereas deficiency of class II phosphoinositide 

3-kinases alpha (PI3KC2α) results in an increase in vascular permeability, we uncover a crucial 

role of the beta isoform (PI3KC2β) in the loss of endothelial barrier integrity following injury. 

Here, we studied the role of PI3KC2β in endothelial permeability and endosomal trafficking in 

vitro and in vivo in ischemic stroke. Mice with inactive PI3KC2β showed protection against 

vascular permeability, edema, cerebral infarction, and deleterious inflammatory response. Loss 

of PI3KC2β in human cerebral microvascular endothelial cells stabilized homotypic cell-cell 

junctions by increasing Rab11-dependent VE-cadherin recycling. These results identify 

PI3KC2β as a potential new therapeutic target to prevent aggravating lesions following 

ischemic stroke.  
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Introduction 

After ischemia, such as in stroke, tissue injury is often exacerbated upon reperfusion 

(Esenwa & Gutierrez, 2015; Hacke et al, 2008; Yang et al, 2019). This is due to an 

inflammatory response mediated by cytokines (e.g., tumor necrosis factor α (TNF) (Lambertsen 

et al, 2019), interleukin (IL)-1β (Yang et al., 2019), and IL-6 (Lambertsen et al., 2019)), that 

can rupture the endothelial barrier. The tightness of intercellular junctions, particularly adherens 

junctions composed of vascular endothelial (VE)-cadherin-mediated homotypic cell-cell 

adhesion, is a key determinant of vascular permeability (Dejana & Vestweber, 2013; Giannotta 

et al, 2013; Wessel et al, 2014) associated with leukocyte infiltration, edema and secondary 

cerebral hemorrhage complications. Thus, controlling the levels of VE-cadherin at the adherens 

junctions is of potential therapeutic interest. 

Like many cell-surface receptors, VE-cadherin traffics through the endosomal system, 

an intracellular vesicular network controlled partly by the interconversion of phosphoinositide 

lipids. In particular, the intracellular membrane lipid messenger phosphatidylinositol 3-

phosphate (PI3P) produced by the class II phosphoinositide 3-kinase alpha (PI3KC2α), is 

known to control vesicular trafficking required for normal delivery of cell surface proteins 

(Bilanges et al, 2019; Campa et al, 2018; Gulluni et al, 2019; Posor et al, 2013; Yoshioka et al, 

2012). PI3KC2α gene deletion in mice is embryonically lethal, because of abnormal 

angiogenesis and a defect in the maintenance of vascular barrier integrity in quiescent vessels 

(Yoshioka et al., 2012). However, the deletion or invalidation of PI3KC2β enzymatic activity 

in mice expressing a catalytically-inactive form of PI3KC2β does not affect viability, nor leads 

to any particular phenotype (Harada et al, 2005). Therefore, the role of PI3KC2β remains 

largely unknown (Marat et al, 2017; Nigorikawa et al, 2014). PI3KC2β depletion has been 

shown to decrease the adhesion and migration of endothelial (Tibolla et al, 2013) and cancer 

cells (Chikh et al, 2016; Mavrommati et al, 2016). When endogenous PI3KC2β is converted 
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into a kinase-dead allele in mice, they demonstrate enhanced insulin sensitivity and protection 

against high-fat-diet-induced hepatic steatosis (Alliouachene et al, 2015). Therefore, targeting 

PI3KC2β could be beneficial in several pathological contexts.   

Here, we explored the role of PI3KC2β in the preservation of endothelial integrity in ischemic 

stroke, in vitro and in vivo and uncover a crucial and unexpected role of this isoform. Mice 

expressing an inactive PI3KC2β (PI3KC2β kinase-dead mice) show robust neuroprotection by 

preserving the blood-brain barrier (BBB) from ischemic injury in two models of stroke with 

reperfusion (transient middle cerebral artery occlusion (tMCAO) and thromboembolic stroke). 

Interestingly, we reveal here that PI3KC2β is critical in maintaining cerebral endothelial 

integrity by controlling endosomal trafficking of VE-cadherin. We show that PI3KC2β deletion 

in human cerebral microvascular endothelial cells preserves VE-cadherin stability at adherens 

junctions. Indeed, PI3KC2β loss decreases a specific pool of PI3P in the endosomal 

compartment of these cells, affecting the early endosomal maturation and favoring endosomal 

recycling. Our results demonstrate for the first time, that inactivating PI3KC2β promotes 

junction reannealing at the endothelial cell membrane in the context of thromboinflammation 

in stroke. These results indicate that the inhibition of PI3KC2β could be an interesting 

therapeutic strategy to improve the outcome of this devastating condition. 
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Results 

PI3KC2β inactivation preserves endothelial junction integrity in experimental stroke 

models  

To gain insight into the role of PI3KC2β in endothelium integrity in vivo, we used 

transgenic mice expressing a catalytically inactive form of PI3KC2β (hereafter called 

C2βD1212A/D1212A mice), mimicking the full inactivation of PI3KC2β at the organismal level. 

These mice exhibit unaltered endogenous expression of the inactive PI3KC2β protein and of 

other PI3K isoforms (Alliouachene et al., 2015).  

Cerebrovascular permeability of WT and C2βD1212A/D1212A mice was analyzed using a 

transient middle cerebral artery occlusion (tMCAO) model, with 1 hour of occlusion (Appendix 

Figure S1A) (Braeuninger et al, 2012) followed by 24 hours of reperfusion, by quantifying 

vascular leakage of Evans blue dye into the brain parenchyma. As shown in Figure 1A, vascular 

leakage was significantly lower in C2βD1212A/D1212A mice compared to WT mice (34.06 ± 7.93 

mm3 for WT vs 8.95 ± 6.59 for C2βD1212A /D1212A mice). We also found a significant reduction 

in brain edema (9.26% ± 0.85% for WT vs 6.27 ± 0.68 for C2βD1212A/D1212A; Figure 1A) 

indicating that the BBB integrity was preserved. Moreover, 2,3,5-triphenyltetrazolium chloride 

(TTC) staining of the brain sections (Figure 1B) showed a significant decrease (51%) of infarct 

volume in C2βD1212A/D1212A compared to WT mice. Notably, this phenotype was intermediate in 

heterozygous PI3KC2β kinase-dead mice (C2βWT/D1212A) (32.2%), underscoring a dose-

dependent contribution of PI3KC2β activity in this process. Consistent with these data, 

C2βD1212A/D1212A mice displayed increased survival rates (Figure 1C), improved global 

neurological function 24 hours after tMCAO (Bederson score: mean, 2.82 for WT vs 2.04 for 

C2βD1212A/D1212A), and improved motor function and coordination (Grip test: mean, 2.26 for WT 

vs 3.07 for C2βD1212A/D1212A) (Figure 1D).  
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C2βD1212A/D1212A mice were then submitted to the thromboembolic stroke model, 

consisting of an in situ induction of occlusive thrombus in the middle cerebral artery (MCA) 

via direct intra-arterial injection of recombinant α-thrombin (Appendix Figure S1B) (Orset et 

al, 2007). As observed in Appendix Figure S3, cerebral blood flow (CBF) was comparable in 

WT and C2βD1212A/D1212A mice before (baseline CBF, t=0) and up to 1 hour (t=60) after α-

thrombin injection. Infarct volume was measured 24 hours post-α-thrombin injection by 

magnetic resonance imaging (MRI). As shown in Figure 1E, PI3KC2β inactivation led to a 

significant reduction (32.67%) of ischemic lesion size. Given the fact that angiogenesis can 

protect the brain against ischemic injury (Xiong et al, 2010), we checked if the suppression of 

PI3KC2β catalytic activity would affect vessel density. As shown in Appendix Figure S2, 

isolectin B4 staining of brain sections revealed comparable vessel densities in the cortex or 

basal ganglia from WT and C2βD1212A/D1212A mice. These results show that PI3KC2β 

inactivation significantly reduced injuries in two different stroke models in mice without 

modifying vessel density.  

 

Brain inflammation is reduced in C2βD1212A/D1212A mice 

Pro-inflammatory mediators production is known to increase in patients at stroke onset, 

reinforcing the expression of cytokines and adhesion molecules driving infiltration of 

neutrophils into the ischemic tissue and BBB damage (Iadecola & Anrather, 2011; Konsman et 

al, 2007). Quantitative transcript analysis of the prototypic pro-inflammatory cytokines TNFα, 

IL-1β and IL-6 was performed 24 hours after tMCAO and revealed a marked decrease in mRNA 

levels in the ischemic (ipsilateral) cortex (TNFα: 74.8%, IL-1β: 87.8% and IL-6: 69.7%) and 

basal ganglia (TNFα: 57.3%, IL-1β: 78.1% and IL-6: 36.2%) of C2βD1212A/D1212A compared to 

WT mice brains (Figure 2A). Similar results were obtained at the protein level (Figure 2B). 

Neutrophil extravasation was also lower in the ischemic hemisphere of these mice (Figure 2C), 
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indicating that PI3KC2β inactivation efficiently reduced brain inflammation. Of note, no 

intracranial hemorrhage was observed in C2βD1212A/D1212A mice after tMCAO.  

To evaluate the degree of endothelial cell activation in vivo, we used ultrasensitive 

molecular MRI to monitor cerebrovascular inflammatory molecule expression, such as the 

adhesion molecule P-Selectin (Quenault et al, 2017). Antibody coated microsized particles of 

iron oxide (MPIOs) targeting P-Selectin were intravenously injected in mice 24 hours after 

induced acute thrombosis in the middle cerebral artery (MCA). MRI acquisition was performed 

20 min after the administration of targeted MPIOs. C2βD1212A/D1212A mice expressed 

significantly less endothelial P-Selectin compared to WT mice (2.26% vs 5.18%), providing 

evidence for reduced endovascular inflammation (Figure 2D).  

 

PI3KC2β inactivation protects against reperfusion lesions 

We thought to determine whether PI3KC2β inactivation hindered the effect of ischemia, 

or prevented reperfusion lesions, or both. For this, we quantified transcript levels of 

inflammatory markers after 1 hour of ischemia as a read-out of brain lesion which, per se, was 

not yet detectable using classical approaches. TNFα and IL-1β expression were both higher in 

WT and C2βD1212A/D1212A ischemic brain hemispheres after 1-hour ischemia and in absence of 

reperfusion, indicating a comparable degree of inflammation in both genotypes (Figure 3A, 

upper right panel). Of note, IL-6 and VCAM-1 expression were undetectable after 1-hour 

ischemia without reperfusion in WT and C2βD1212A/D1212A mice (Figure 3A, bottom right panel). 

However, 4 hours after reperfusion, their expression increased in the ischemic brain hemisphere 

of WT mice, while it remained low in C2βD1212A/D1212A mice (Figure 3A, bottom left panel). The 

differences were sustained over a course of 24 hours post-reperfusion (Figure 2A). 

Another strategy to evaluate the effect of PI3KC2β inactivation in the absence of reperfusion 

was to measure infarct volume after permanent MCAO (pMCAO) by electrocoagulation. Here, 
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PI3KC2β inactivation failed to reduce the size of the ischemic lesion (Figure 3B), suggesting 

that its neuroprotective effects were largely related to arterial recanalization, rather than a 

specific neuroprotective function against ischemia. Overall, these results indicate that PI3KC2β 

inactivation protects against reperfusion injury. 

 

Inhibition of PI3KC2β in the hematopoietic compartment is not essential for BBB 

protection in vivo 

To assess the potential contribution of hematopoietic PI3KC2β, we generated bone 

marrow (BM) chimeras by reconstitution of sublethally-irradiated WT mice with BM harvested 

from C2βD1212A/D1212A or WT mice and vice versa. Gene amplification from BM homogenates 

confirmed the expected PI3KC2β genotype in the hematopoietic cells from chimeric mice 

(Appendix Figure S4A). Platelet count was not significantly affected by the graft, suggesting 

normal hematopoiesis (Appendix Figure S4B). As shown in Figure 4A, transplantation of 

C2βD1212A/D1212A BM into WT hosts (C2βD1212A ˃WT) did not significantly affect the infarct size 

24 hours after reperfusion compared to mice receiving WT BM (WT˃WT). However, we 

observed significant protection associated with reduced brain edema when WT BM was 

transplanted into C2βD1212A/D1212A recipients (WT˃C2βD1212A). It indicates that non-

hematopoietic PI3KC2β plays a major role in the protection against ischemic stroke lesions 

(Figure 4A-B). Consistent with these results, when platelet activation was specifically assessed, 

we found that C2βD1212A/D1212A mice had normal platelet aggregation response and tail bleeding 

time, indicating that absence of PI3KC2β activity spared activation of these anucleate cells 

(Appendix Figure S4C-D). Collectively, these results indicate that the marked reduction of 

infarct volume in C2βD1212A/D1212A mice is not due to the hematopoietic tissue, suggesting the 

implication of the endothelial compartment.  
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To explore the direct implication of PI3KC2β in endothelial cell-cell junction stability, 

we knocked-down PI3KC2β in the human cerebral microvascular endothelial hCMEC/D3 cell 

line (Daniels et al, 2013; Weksler et al, 2013; Weksler et al, 2005) using short-hairpin RNAs 

(Appendix Figure S5A), and performed transendothelial electrical resistance (TEER) across a 

monolayer of endothelial cells (EC). As expected, control cells cultured on transwell inserts 

and stimulated with TNFα (Chaitanya et al, 2011) for 96 hours resulted in paracellular 

permeability (Figure 4C). In contrast, PI3KC2β depletion significantly preserved the 

endothelial barrier integrity, as revealed by a stable TEER. These results indicate that PI3KC2β 

inhibition stabilizes the EC barrier both in vivo and in vitro.  

 

PI3KC2β-knockdown causes an expansion of very early and recycling endosomes in 

human cerebral microvascular endothelial cells 

We then investigated the molecular mechanisms linking PI3KC2β inhibition and the 

regulation of cell-cell junction organization in ECs. As shown in Appendix Figure S5A and 6A, 

shRNAs induced a significant reduction in PI3KC2β protein level with unaltered expression of 

class II PI3KC2α. Of note, cell viability, proliferation, and growth factor signaling (Appendix 

Figure S5B-C and Appendix Figure S6B), were not affected by shRNA-mediated PI3KC2β-

knockdown. This indicates that this kinase is not involved in the regulation of these key 

processes. Moreover, PI3KC2β is not implicated in the mTORC pathway regulation in our 

model, as recently proposed in HELA cells submitted to serum restriction (Marat et al., 2017) 

(Appendix Figure S6C). 

We first analyzed transferrin uptake and recycling, a key processes in which PI3K 

products have been implicated. Knockdown of PI3KC2β displayed a significant decrease 

(43.6%) in transferrin endocytosis after 5 min of uptake (Fig 5A) indicating that PI3KC2β is 

involved in endocytosis in hCMEC/D3 cells. Furthermore, we observed faster transferrin 
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recycling in PI3KC2β-depleted cells supporting a model where the absence of PI3KC2β also 

promotes also the endosomal recycling route. Results show that following 20 minutes of 

transferrin uptake there is a 10% decrease of internalized transferrin in control cells versus 

45.5% decrease in PI3KC2β-depleted cells indicating a higher transferrin recycling/exocytosis 

in knockdown cells (Fig 5A). These data indicate that PI3KC2β-knockdown affects both, 

endocytosis and recycling mechanisms in hCMEC/D3.  

Furthermore, analysis of the different endosomes by confocal microscopy showed that 

PI3KC2β depletion in hCMEC/D3 cells increased the number, but not the size, of very early 

endosomes (VEEs; APPL1-positives) and of recycling endosomes (Rab11a positives), both in 

untreated and TNFα-treated cells (Figure 5B-D and Appendix Figure S7), strengthening the 

idea that in the absence of PI3KC2β, the recycling path was increased. This effect was not 

specific to the hCMEC/D3 cell line because similar results were obtained in another human 

microvascular endothelial cell line (HMEC-1) (Appendix Figure S8A, B). This increase 

correlated with a decrease in the number and size of early endosomes (EEs; EEA1-positives) 

and late endosomes/lysosomes (LAMP1), suggesting the role of PI3KC2β in the maturation of 

VEEs to EE (Figure 5C-D). Coinciding with immunofluorescence experiments, subcellular 

fractioning of endosomal compartments in cell homogenates showed APPL1- and Rab11a-

positive endosomal fraction amelioration in PI3KC2β-depleted cells, with a decrease in EEA1- 

and Rab5- positive endosome fractions, whereas the level of Rab7, a marker of late endosome, 

was unchanged (Appendix Figure S9).  

We then investigated the activity of the small GTPases Rab11, Rab7, and Rab5, a 

GTPase implicated in the APPL1/EEA1 interconversion (Zoncu et al, 2009) (Fig EV1A). We 

found that the level of GTP-loaded Rab5 and Rab7, were not affected by the absence of 

PI3KC2β. However, the GTP-bound form of Rab11 was significantly higher in PI3KC2β-

knockdown cells compared to control (Fig EV1A). This effect was not due to Rab11 



11 
 

overexpression since the expression level of Rab5, Rab7, and Rab11 proteins in the total cell 

lysate was not affected by the absence of PI3KC2β (Fig EV1B). Since we also observed an 

increase in Rab11 protein level in the endosomal compartment of PI3KC2β-knockdown cells 

(Fig 5C and Appendix Figure S9), we can reasonably suggest that Rab11 activity was increased 

in this compartment. Overall, these results suggest that the absence of PI3KC2β favors the 

recycling pathway in these cells by increasing Rab11 activity and its presence in endosomes. 

 

PI3KC2β-knockdown stabilizes cell-cell junctions by promoting the VE-cadherin 

recycling path  

To assess if disrupted endosomal trafficking impacts cell-cell junctions, we monitored 

the presence of VE-cadherin on the surface of ECs as readout of junction opening. In control 

cells, a 24-hour treatment with TNFα significantly reduced VE-cadherin at cell-cell contacts 

compared to resting cells, revealing the paracellular junction-opening property of this cytokine 

(Fig 6A). Intriguingly, PI3KC2β depleted cells exhibited much higher levels of VE-cadherin at 

adherens junctions, and VE-cadherin levels were not significantly affected by the addition of 

TNFα (Fig 6A and Appendix Figure S10A). Accordingly, high VE-cadherin levels were also 

found when cells were cultured in oxygen-glucose deprivation (OGD) conditions, mimicking 

the effects of ischemia (Fig 6B). Thus, the knockdown of PI3KC2β preserved paracellular 

integrity by promoting the accumulation and maintenance of VE-cadherin at junctions. This 

result was validated by western blot analysis, demonstrating higher total amount of VE-

cadherin present in cell lysate in the absence of PI3KC2β (+ 46.4% in resting PI3KC2β-

knockdown cells compared to control cells) (Fig 6C) while the mRNA level remain unchanged 

(Fig 6D) suggesting that the absence of PI3KC2β interferes with VE-cadherin degradation. 

We then determined the amount of PI3KC2β lipid products in these cells by imaging 

with the well characterized FYVE(HRS) PI3P probe and the PH(TAPP1) PI(3,4)P2 probe. Results 
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showed that the knockdown of PI3KC2β did not modify PI(3,4)P2 level on endomembranes but 

induced a 38% loss of PI3P compared to control cells (Figure 7A) and this difference persisted 

after TNFα stimulation (Appendix Figure S10B). The decrease in basal PI3P was further 

confirmed by a specific PI3P mass assay (Chicanne et al, 2012), allowing the total amount of 

cellular PI3P to be measured (45.36% decrease in resting sh-PI3KC2β compared to sh-Control 

cells; Fig 7B). Of note, determination of PI3P localization on endomembranes show a strong 

colocalization of PI3P with EEA1 but not with APPL1, Rab11, and LAMP1 in sh-control and 

sh-PI3KC2β cells (Appendix Figure S11A-B). Interestingly, a decrease of Manders overlap 

coefficient of PI3P on EEA1-positive endosomes was observed (0.3858 ± 0.02 for sh-Control 

cells versus 0.3191 ± 0.023 for sh-PI3KC2β cells) suggesting that PI3KC2β may produce a pool 

of PI3P on EEA1 early endosomes. 

We then evaluated the contribution of Vps34, the major PI3P synthesizing enzyme, on 

PI3P level in control and PI3KC2β-knockdown hCMEC/D3 cells, by using a specific inhibitor, 

IN1. Results show that IN1 (1µM) decreased PI3P level by about 66% in control cells whereas 

inhibition of both, Vps34 and PI3KC2β, decreased PI3P level by 81% (Appendix Fig S10D). 

Thus, Vps34 is the kinase that is mainly involved in the synthesis of PI3P in hCMEC/D3, and 

its inhibition in PI3KC2β KD cells strongly reduced PI3P. The remaining amount of PI3P was 

probably due to other PI3K isoforms such as PI3KC2α.  

To determine if the catalytic activity of PI3KC2β was involved in VE-cadherin 

accumulation at cell-cell junctions, a rescue experiment using membrane-permeant PI3P was 

performed. As shown in Appendix Figure S10C, the addition of exogenous PI3P resulted in a 

strong reduction of VE-cadherin at the plasma membrane of sh-PI3KC2β cells, whereas no 

effect could be observed with exogenously-added PI4P (used as a control) or PI(3,4)P2. Overall, 

these results suggest that VE-cadherin delivery to the adherens junctions is controlled by 

PI3KC2β-dependent PI3P production.  
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We then tracked VE-cadherin trafficking by expressing VE-cadherin fused to citrin. 

Colocalization experiments revealed an increase in VE-cadherin-citrin in APPL1 and Rab11a -

positive endosomes in PI3KC2β-depleted cells (Fig 7C). Interestingly, PI3KC2β-depleted cells 

transduced with a dominant-negative form of Rab11 (Rab11S25N) showed VE-cadherin levels 

comparable to control cells. This indicates that the absence of PI3KC2β promoted VE-cadherin 

delivery to adherens junctions via Rab11-recycling endosomes (Fig 7D). Moreover, re-

expression of PI3KC2β in hCMEC/D3 knockdown for PI3KC2β rescued the phenotype with a 

decrease in APPL1- and Rab11-positive endosomes (Fig EV2A) and of VE-cadherin at the 

plasma membrane (Fig EV2B).  

Collectively, these results indicate that loss of the PI3KC2β favors VE-cadherin 

recycling pathway, presumably together with a decrease in its endocytosis, to increase its 

presence at adherens junctions. 
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Discussion 

In this study, we identified class II PI3KC2β as a potential target for modulating 

cerebrovascular permeability during stroke. Indeed, we provide evidence that PI3KC2β 

inactivation has neuroprotective effects in vivo in two experimental stroke models. These two 

models are complementary and represent different clinical contexts with different post-

ischemic reperfusion dynamics. Mechanical occlusion reversal by withdrawing the filament 

(tMCAO) results in prompt reperfusion, followed by post-ischemic hyperemia, mimicking 

interventional thrombectomy. In contrast, spontaneous or rtPA-accelerated reversal of 

thromboembolic occlusion gradually restores the circulation, which returns to normal after a 

longer interval (Orset et al., 2007). Our results show that, in both cases, PI3KC2β inactivation 

has a remarkable protective effect on endothelial junction disruption, infarct size, and 

inflammation. 

Interestingly, following tMCAO, the inactivation of PI3KC2β strongly reduced edema, 

infarct volumes, and the expression of soluble immune mediators. Moreover, only a few 

immune cells invaded the brain of C2βD121A/D1212A mice after tMCAO. As a result, 24 hours 

after tMCAO, C2βD121A/D1212A mice exhibited a significant increase in survival, better global 

neurological function, and improved motor function and coordination. Similar results were 

obtained in the thromboembolic stroke model in which we used an ultrasensitive molecular 

MRI to show that the expression of P-selectin, a cerebrovascular inflammatory molecule 

expressed by endothelial cells, was significantly lower upon PI3KC2β inactivation. Using bone 

marrow chimera mice, we found that the inactivation of PI3KC2β in the non-hematopoietic 

compartment is a key initiator of the in vivo protective effects, excluding a key role of PI3KC2β 

in immune cells or in platelets. Moreover, data obtained on blood platelets discarded the role 

of this kinase activity in their activation, which is consistent with the absence of brain 

hemorrhagic phenotype in the knock-in animals. 
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In the tMCAO model, it is thought that brain damage largely occurs after recanalization 

due to ischemia-reperfusion injury. This is certainly less the case in the thromboembolic 

occlusion model where the recanalization process is slow and progressive. Our data show that 

in the tMCAO model, inflammatory signals are comparable after 1 hour of ischemia in WT and 

C2βD121A/D1212A mice, suggesting that PI3KC2β inactivation mainly protects against the 

thromboinflammatory cascade during reperfusion in this model. However, the important 

protection observed in the thromboembolic occlusion model suggests that PI3KC2β inhibition 

minimizes vascular injury even when the reperfusion is slow and gradual. 

Our results clearly demonstrate the role of endothelial PI3KC2β, however, one cannot 

exclude a contribution of the microglia and astrocytes in the protective effect, although a 

potential role of this lipid kinase in these cells has not been described so far. Our data show that 

class II PI3KC2β is a master regulator of the endosomal sorting machinery of VE-cadherin in 

human cerebral microvascular endothelial cells. PI3KC2β-knockdown distinctly enhanced the 

number of recycling endosomes, leading to an exacerbated VE-cadherin delivery to the plasma 

membrane, allowing junction integrity maintenance. Further, we show that PI3KC2β is 

responsible for the production of a specific pool of PI3P in the early endosomal compartment 

regulating the endosomal flux. Indeed, a defect in the production of this specific pool of PI3P 

induced an accumulation of very early endosomes (APPL1-positive vesicles) and a decrease of 

early (EEA1-positive vesicles) and late endosomes (LAMP1-positive vesicles). Our data also 

indicate an increase in the recycling pathway and, in turn, the enhanced presence of VE-

cadherin at the plasma membrane and the maintenance of adherens junction integrity. 

Other PI3Ks are known to produce PI3P in endothelial cells including PI3KC2α, the 

close homologue of PI3KC2β, and Vps34. PI3KC2α has been shown to generate a PI3P pool 

required for the removal of recycling cargo from early endosomes. This pool was proposed to 

contribute to Rab11 activation (Campa et al., 2018). However, our data suggest that PI3KC2β 
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generates a PI3P pool required for the conversion of very early endosomes (APPL1-positive) 

into early endosome (EEA1-positive), which is in line with previous reports in other cell models 

(Alliouachene et al., 2015; Zoncu et al., 2009). This mechanism has been described to be 

dependent on the small GTPase Rab5 (Zoncu et al., 2009), whose localization to the endosomal 

compartment is reduced in hCMEC/D3 cells knockdown for PI3KC2β. Thus, our results 

suggest that the pool of PI3P produced by PI3KC2β contributes to the control of APPL1/EEA1 

interconversion, possibly by interfering with Rab5 recruitment on the endosomal fraction. As a 

consequence, we observed a significant accumulation of APPL1-positive vesicles occurring at 

the expense of EEA1 positive endosomes. In addition, as PI3KC2β-knockdown cells showed 

an increase in the recycling path through Rab11 activation, a local burst of PI3KC2α activation 

cannot be excluded (Campa et al., 2018).  

Vps34 can also produce a pool of PI3P implicated in the trafficking machinery. Law et 

al. (Law et al, 2017) reported that absence of the Vps34-dependent PI3P pool causes the 

enlargement of early endosomes as a consequence of Rab5 hyperactivity. These results suggest 

that the function of the two pools of PI3P generated either by Vps34 or by PI3KC2β, have 

distinct roles. While Vps34-dependent PI3P pool downregulates Rab5 activity via the 

recruitment of TBC-2 Rab GAP (Law et al., 2017), our results suggest that the PI3KC2β-

dependent PI3P pool is rather involved in its endosomal localization, which could explain the 

opposite effect observed concerning the size of the early endosomes. 

The reversal of the phenotype induced by expression of an inactivated form of Rab11 

or by addition of exogenous cell-permeant PI3P in PI3KC2β knockdown cells, supports the 

idea that loss of PI3KC2β-dependent PI3P pool in cerebral endothelial cells increases the 

recycling pathway (Rab11a-positive endosomes) and enhances the presence of VE-cadherin at 

the plasma membrane and the maintenance of adherens junction integrity. This scenario is 

consistent with our in vivo results in mice expressing a catalytically inactive form of PI3KC2β.  
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In human lung microvascular endothelial cells, Rab11a-positive endosomes have been 

shown to promote the restoration of junctional VE-cadherin localization via recycling to the 

plasma membrane (Yan et al, 2016). In fact, depletion of Rab11a increased the colocalization 

of VE-cadherin with the LAMP1-positive lysosome, both in control and activated cells, 

resulting in persistent loss of adherent junctions and barrier integrity. Thus, Rab11a appears as 

a key regulator of VE-cadherin stabilization, by preventing its lysosomal degradation pathway. 

Altogether, our results and those from the literature strongly suggest that Rab11a-dependent 

recycling of endocytosed VE-cadherin favors vascular integrity following endothelial barrier 

dysfunction.  

Recently, a pool of PI(3,4)P2 produced by PI3KC2β on late endosomal/lysosomal 

membrane has been implicated in the repression of the mTORC1 pathway in nutrient 

deprivation conditions in HEK293T and HeLa cells (Marat et al., 2017; Wallroth et al, 2019). 

Thus, a reduced local production of PI(3,4)P2 by PI3KC2β followed by its hydrolysis by the 

inositol polyphosphate 4-phosphatases (INPP4A or INPP4B) (Li & Marshall, 2015) could also 

alter the PI3P level. Although we cannot fully exclude the involvement of these 4-phosphatases, 

our study indicates that in cerebral endothelial cells, PI3KC2β-knockdown significantly 

decreases PI3P level with no obvious effect on PI(3,4)P2. Overall, these results suggest that 

according to the cell model and physiological context, PI3KC2β can act either on PI(3,4)P2 or 

PI3P and therefore regulate specific pathways. 

This study demonstrates the remarkable ability of PI3KC2β inhibition to preserve VE-

cadherin junction and BBB integrity under the conditions of extreme stress following ischemic 

stroke in mice. The striking protective effects observed in two stroke models of mice expressing 

an inactive form of PI3KC2β, the intermediate effect seen in heterozygous mice, and the 

absence of bleeding complications strongly suggest that small molecule inhibitors of this kinase 

(currently unavailable), could efficiently complement existing recanalization therapies. 
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Materials and Methods 

Reagents and tools table 

See xls file 

 

Methods and Protocols 

Animals 

PI3KC2βD1212A/D1212A kinase-dead knock-in mice and WT littermates bred on a C57BL/6 

background were provided by B. Vanhaesebroeck (Alliouachene et al., 2015) and housed in the 

Anexplo (http://anexplo.genotoul.fr) vivarium according to institutional guidelines. Mice were 

housed in a 12 hours light/dark cycle, in a humidity and temperature (22 ± 2°C)-controlled 

environment with ad libitum access to food and water. All experiments were performed on 8-

12 week-old mice (male and female).  

 

Analysis of vessel density 

One millimeter brain sections were fixed with PFA 3,7% during 1 h at 4°C, permeabilized 30 

minutes with 0.1% triton and then incubated with isolectin-B4 2 days. Brain section were 

imaged by confocal microscopy on a LSM 780 with x20 lens. Images were then analyzed using 

ImageJ software. 

 

Ischemia model of tMCAO 

Mice were anesthetized with 3% isoflurane in a mixture of 70% NO2 and 30% O2 for cerebral 

focal I/R induction by tMCAO. After midline neck incision, the internal carotid artery was 

occluded with an 18-mm length of 4-0 nylon monofilament (Doccol, # 6023910PK10) with a 

flame-rounded tip to occlude the origin of the MCA. After 1 hour of occlusion, mice were re-

anesthetized, and the occluding filament was removed to allow for 24 hours reperfusion 

http://anexplo.genotoul.fr/
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(Braeuninger et al., 2012). Successful induction of focal ischemia was confirmed by 

contralateral hemiparesis. Exclusion criteria were excessive bleeding or death within 24 hours 

after tMCAO. 

 

Neurological assessment  

Twenty-four hours after tMCAO the modified Bederson score (Bederson et al, 1986) was used 

to determine global neurological function according to the following scoring system: 0, no 

deficit; 1, forelimb flexion; 2, decreased resistance to lateral push; 3, unidirectional circling; 4, 

longitudinal spinning; 5, no movement. Motor function and coordination were evaluated by the 

Grip test (Moran et al, 1995). For this test, the mouse was placed midway on a string between 

two supports and rated as follows: 0, falls off; 1, hangs onto string by one or both forepaws; 2, 

as for 1, and attempts to climb onto string; 3, hangs onto string by one or both forepaws plus 

one or both hindpaws; 4, hangs onto string by fore- and hindpaws plus tail wrapped around 

string; 5, escape (to the support). Mice were randomly assigned to the operators. Steps for 

blinding of the investigators were taken to minimize the subjective bias when analyzing the 

data. 

 

In vivo BBB leakage and brain edema 

A 2% solution of Evans blue in saline was injected intravenously at 4 mL/kg in anesthetized 

mice (3% isoflurane in a mixture of 70% NO2 and 30% O2). Thirty minutes later, mice were 

anesthetized again. After cutting the right atrium, mice were perfused with saline through the 

left cardiac ventricle until the infusion fluid was colorless. The brains were removed, and 2-

mm coronal sections were sliced for photography. The integrity of the BBB was assessed by 

measuring extravasation of Evans blue dye into the brain parenchyma. Planimetric 
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measurements (ImageJ software, National Institutes of Health) were performed to evaluate 

brain edema. 

 

Determination of infarct size 

The brains of euthanized mice were harvested 24 hours after tMCAO and cut into 2-mm coronal 

sections starting at 4-mm from the frontal pole using a mice brain matrix (Stoelting, Wood Dale, 

IL). The sections were stained by immersion in a 2% solution of 2,3,5-triphenyl tetrazolium 

chloride (TTC) (Sigma-Aldrich) in PBS (Sigma-Aldrich) for 10 minutes at room temperature 

(RT) to visualize the infarction. Infarct size was determined from digitized images by 

planimetric measurements (ImageJ software, National Institutes of Health) of the damaged area 

in the left (ipsilateral) hemisphere of each section normalized to the total area of the 

contralateral hemisphere. The results were corrected for brain edema as described in (Swanson 

et al, 1990). 

 

Thromboembolic stroke model and electrocoagulation 

The animals were anesthetized with isoflurane 5% and anesthesia was maintained with 2.5% 

isoflurane in a 70%/30% mixture of NO2/O2. Rectal temperature was controlled at 37+/-0.5°C 

throughout the surgical procedure using a heating system. The mice were first placed in a 

stereotaxic device, the skin between the right eye and ear was incised, and the middle cerebral 

artery (MCA) was then exposed after a small craniotomy and dura mater excision. A 

micropipette filled with purified murine alpha-thrombin (0.05 mg; Stago BNL) was introduced 

into the MCA lumen, and 1 µL of thrombin (1.5 UI) was injected to induce in situ clot 

formation. The pipette was removed 10 minutes after occlusion (time required for clot 

stabilization) (Orset et al., 2007). The cerebral blood flow (CBF) was assessed using laser 
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Doppler flowmetry system (FLPI, Oxford optronix), with an optic fibre placed above the MCA 

territory before and up to 60 min after MCA occlusion. 

 

MRI of brain lesions 

Imaging was carried out on a Pharmascan 7 T/12 cm system using surface coils. T2*-weighted 

images were acquired to visualize infarction using MSME sequences (multi-spin multi-echo): 

echo time/repetition time: 51 ms/2500 ms with a 70 μm × 70 μm × 500 μm spatial resolution. 

Lesion sizes were measured 24 hours post-surgery on T2-weighted images using ImageJ (v1.45 

r, NIH). 

 

Targeting-moiety conjugation to MPIOs and molecular imaging 

MPIOs (diameter 1.08 μm) with p-toluenesulphonyl reactive surface groups (Invitrogen) were 

used for peptide conjugation (Montagne et al, 2012). Purified polyclonal goat anti-mouse 

antibodies for P-selectin (R&D Systems, #AF737), purified monoclonal rat anti-mouse 

antibodies for P-selectin (BD Biosciences, #553742, clone RB40.34) were covalently 

conjugated to MPIOs in borate buffer with ammonium sulphate (pH 9.5), by incubation at 37°C 

for 48 hours. Forty micrograms of targeting molecule (i.e. of each antibody) were used for the 

coating of 1 mg of reactive MPIOs. MPIOs were then washed in PBS containing 0.5% bovine 

serum albumin (BSA) at 4°C and incubated for 24 hours at room temperature, to block the 

remaining active groups. MPIOs were rinsed in PBS (0.1% BSA) and stored at 4°C. 

For contrast-enhanced MRI, a caudal catheter was placed and mice received intravenous 

injection of 2.0 mg Fe/kg of conjugated MPIOs (200 µl). Imaging was begun immediately after 

and lasted 20 min after particle administration. Three dimension T2*-weighted gradient echo 

imaging with flow compensation (spatial resolution of 70 μm × 70 μm × 70 μm interpolated to 

an isotropic resolution of 70 μm) with echo time/repetition time: 13.2 ms/200 ms and a flip 
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angle of 21° was performed to visualize MPIOs (acquisition time: 20 minutes). All T2*-

weighted images presented are minimum intensity projections of five consecutive slices 

(yielding a z-resolution of 350 μm). Signal voids quantification on 3D T2*-weighted images 

using automatic triangle threshold in ImageJ software (v1.45 r) (Gauberti et al, 2013). Results 

are presented as volume of MPIOs-induced signal void divided by the volume of the structure 

of interest (in per cent). The quality of conjugated MPIOs was systematically checked in a naïve 

mouse, by stereotaxic injection of lipopolysaccharide (1 μg in 1 μl) in the striatum (0.5-mm 

anterior, 2.0-mm lateral, −3-mm ventral to the bregma). 

 

Real-time quantitative polymerase chain reaction studies 

Tissues were dissected and frozen. They were homogenized using a Precellys tissue 

homogenizer (Bertin Technology). The total RNA from tissues or hCMEC cells was prepared 

using Trizol reagent (Invitrogen, #15596026) and the GenElute Mammalian Total RNA 

Miniprep kit (Sigma-Aldrich, #RTN70-1KT). A total of 1 μg was reverse transcribed for 

10 minutes at 25°C and 2 hours at 37°C in a 20 μl final volume using the High Capacity cDNA 

reverse transcriptase kit (Applied Biosystems, #4368814). Real-time quantitative polymerase 

chain reactions were performed using SsoFast EvaGreen Supermix (Bio-Rad, #1725201) on 

the StepOne instrument (Applied Biosystems). Primers are available on Appendix table S2. 

Gene expression was quantified using the comparative threshold cycle method; TNFα, IL-1β, 

IL-6, VE-cadherin, VCAM-1, RPS29 and PGK1 as control. 

 

Enzyme-linked immunosorbent assays 

Tissues were dissected and frozen. They were homogenized using a Precellys tissue 

homogenizer (Bertin Technology). Then lysates were sonicated and centrifuged. TNFα, IL-6 
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and IL-1β cytokines present in the supernatant are quantified using ELISA kit (ThermoFischer, 

#88-7324-22, # 88-7064-22, # 88-7013-22). 

 

Immunohistochemistry  

Front and rear portions of each brain that were postfixed for 48 hours (4% formaldehyde in 

PBS, 24 hours, and then in 70% ethanol) (Platform Anexplo Genotoul, Toulouse) or longer at 

room temperature in 10% neutral buffered formalin (Sigma-Aldrich), embedded in paraffin, 

and sectioned at a thickness of 10 μm. Tissue sections were mounted on pretreated slides and 

deparaffinized in xylene. Sections were incubated for 1 hour in blocking buffer with 5% normal 

horse serum in phosphate-buffered saline (Sigma). Invading immune cells were detected by a 

rat anti-mouse Ly-6B.2 antibody (neutrophilic granulocytes; MCA771GA, 1:1000; AbD 

Serotec). Negative controls for all histological experiments included omission of primary or 

secondary antibody and produced no signals (not shown). 

 

Generation of bone marrow chimeric mice 

The recipient mice from both genotypes (WT or C2βD1212A/D1212A mice) were irradiated to the 

non-invasive exploration platform located at the Nuclear Medicine Department of the Rangueil 

Hospital (Biobeam Biological Irradiator 8000). The animals received a single dose of 9 Gray 

(Gy) for 6 minutes and their immune system rescued by bone marrow (BM) transplantation 

from either WT or C2βD1212A/D1212A donors after 24 hours in ventilated cages with drinking 

water supplemented with 10% antibiotics Baytril (Bayer). The tMCAO surgery was performed 

4 weeks later.  

 

Tail bleeding time 
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Tail bleeding was measured by 3-mm tail-tip transection in anesthetized mice. A stopwatch was 

started immediately upon transection to determine the time required for the bleeding to 3 stop. 

Blood drops were removed every 15 seconds with the use of a paper filter. If bleeding did not 

recur within 30 seconds of cessation, it was considered stopped. 

 

Preparation of washed mouse platelets and in vitro aggregation studies 

Whole blood was drawn from the inferior vena cava of anesthetized mice (100 mg/kg ketamine, 

10 mg/kg xylazine) into a syringe containing acid citrate dextrose (ACD) (1 vol anticoagulant/9 

vol blood). To obtain an optimal amount of platelet-rich plasma (PRP), blood was mixed with 

one volume of modified Hepes Tyrode’s buffer (140 mmol/L NaCl, 2 mmol/L KCl, 12 mmol/L 

NaHCO3, 0.3 mmol/L NaH2PO4, 1 mmol/L MgCl2, 5.5 mmol/L glucose, 5 mmol/L Hepes, pH 

6.7) containing 0.35% human serum albumin. After centrifugation at 150 g for 2 minutes at 

37°C, PRP was removed and a further 300 μl of modified Hepes Tyrode’s buffer were added 

to the remaining blood, which was then centrifuged at 150 g for 2 minutes at 37°C. Then, PGI2 

at a final concentration of 500 nmol/L, was added to the PRP, and platelets were pelleted by 

centrifugation at 1,000 g for 4 minutes at 37°C. Platelet pellets were finally resuspended in 

modified Hepes-Tyrode's buffer (pH 7.38) and pooled at a density of 5x108 platelets per ml in 

the presence of 0.02 unit/ml of the ADP scavenger apyrase (adenosine-5'-triphosphate 

diphosphohydrolase), and incubated for 45 minutes at 37°C before platelet stimulation. 

Aggregation was assessed using a Chrono-log dual channel aggregometer (Model 700) under 

stirring at 900 revolutions/min.  

 

Cell culture  

Immortalized human brain capillary endothelial cells line (hCMEC/D3) isolated from adult 

female (Daniels et al., 2013; Weksler et al., 2005) were purchased from TebuBio (#CLU512-
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A). hCMEC/D3 were cultured at 37°C/5% CO2 in rat tail collagen I (Cultrex rat collagen I, 

Trevigen, France) coated plates (150 µg/ml) in EndoGRO MV complete culture media kit 

(Merck Millipore, #SCME004) at 2.5x104 cells/cm2. The cells were used until passage 35 for 

all experiments. 

 

Knockdown of PI3KC2β by shRNA 

Bacterial glycerol stocks containing the PI3KC2β shRNA (TRCN0000002119 and 

TRCN0000002121) or the pLKO.1-puro non-targeting shRNA control plasmid (SHC016) were 

purchased from Sigma-Aldrich (Appendix Table S1). hCMEC/D3 were transduced with 

lentiviral particles overnight and then incubated in fresh medium. Forty-eight hours after 

transduction, the cells were selected with puromycin (2 µg/ml, Invivogen). At confluence, 

puromycin-resistant cells were FCS-starved overnight and then treated with TNFα (25 ng/ml, 

PeproTech, #300-01A), EGF (20 ng/ml; PeproTech, #315-09), exogenous membrane-permeant 

PI3P, PI4P or PI(3,4)P2 at 5 µM (Echelon: #P-3004; #P-4004; #P-3404) or Vps34-IN1 (Sigma 

Aldrich, # 532628) at 1 µM during the indicated time. 

 

hCMEC/D3 cells transduction  

pLV-CDH5-mCitrin-IRES-puro and p-EGFP-C1-Rab11DN (S25N; serine 25 to asparagine) 

plasmid were purchased from Addgene (#85143, #12678). GFP-PI3KC2β was kindly provided 

by V. Haucke (Berlin, Germany). CDH5-mCitrin, GFP-Rab11DN and GFP-PI3KC2β-

endcoding sequence were subcloned into N174-MCS (with neomycin resistance gene) lentiviral 

plasmid (Addgene, #81061) using In-Fusion HD Cloning Plus (Takara, #638909). N174-GFP-

PI3KC2β was made resistant to the shRNA 2119 by site-directed mutagenesis (1126bp-

cTCcACtGTaGAcTTgCTc to 1126bp-gTCgACaGTcGAtTTaCTc) using In-Fusion HD 

Cloning Plus (Takara, #638909). hCMEC/D3 cells were transduced overnight by incubation 
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with lentiviral particles and then incubated in fresh medium. Seventy-two hours after 

transduction, the cells were selected with G418 (250 μg/ml, Sigma). At confluence, neomycin 

resistant cells were FCS-starved overnight and then treated or not with TNFα (25 ng/ml, 

PeproTech, #300-01A). 

 

Oxygen and glucose deprivation (OGD) experiment 

At confluence, puromycin-resistant hCMEC/D3 were washed with PBS and the medium 

change for a DMEM glucose free (ThermoFischer, #11966025,) complemented with 1% 

penicillin/streptomycin and incubated at 37°C/5% CO2/1% O2 during 5 hours. For control cells, 

the medium was change for a DMEM Glutamax (Gibco, #10566016,) complemented with 20% 

SVF and 1% penicillin / streptomycin and cells incubated at 37°C/5% CO2. 

 

MitoSOX fluorescence imaging 

The production of mitochondrial superoxide was monitored by fluorescence microscopy using 

the mitochondria-directed superoxide probe MitoSOX RedTM (ThermoFisher, #M36008) 

according to the manufacturer’s protocol. Briefly, cells were seeded at 2.5 x 104 cells.cm² in 

collagen I-coated in 48 well plates. After washes in PBS with Ca2+ and Mg2+, cells were kept 

in fresh medium containing MitoSOX RedTM (5 µmol/L; 15 min at 37°C). After washes, the 

images were acquired using x10 lens on ZOETM fluorescent cell imager microscope.  

 

Trans-endothelial electrical resistance (TEER) 

TEER was performed as previously described (Chaitanya et al., 2011). Briefly, hCMEC/D3 

cells were seeded on type I collagen pre-coated transwell-clear filters (Corning). The assay 

medium was changed after 4 and 7 days and transport assays were performed when the cells 

formed monolayers (7 to 10 days after seeding). Insert culture systems were exposed to 
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treatment (25 ng/ml hrTNFα, peprotech #300-01A), and at different time points, resistance was 

measured using an epithelial volt-ohmmeter (Merck Millipore). The resistance of coated inserts 

was always subtracted from the resistance of endothelial cultures. The values obtained were 

plotted with GraphPad software (Prism) and checked for significance. 

 

Transferrin trafficking 

hCMEC/D3 cells on coverslips were preincubated overnight in serum-free medium. Cells were 

incubated with 20 µg/ml Alexa 546-labeled transferrin (Molecular Probes, #T23364) for 15 

minutes at 4°C. Cells were washed with PBS and warmed to 37°C. At the different time points, 

cells were fixed in 4% formaldehyde 20 min at RT, incubated with DAPI (5minutes) and 

mounted on glass slides with Mowiol mounted solution (Hoechst). The images were acquired 

using x63 immersion lens on a LSM 780 confocal scanning microscope. Fluorescence intensity 

of 3 fields randomly selected per condition (normalized to cell number) for each experiment 

were analyzed by the ImageJ and Zen software.  

 

Protein assay and immunoblot analysis 

hCMEC/D3 cells were scrapped into buffer (20 mmol/L Tris pH7.4; 150 mmol/L NaCl; 1 

mmol/L EDTA; 1 mmol/L EGTA; 1 mmol/L β-Glycerophosphate; 2.5 mmol/L Na-

Pyrophosphate; 1% Triton; 1% NP40; protease and phosphatase inhibitors). Then lysates were 

sonicated and centrifuged. Proteins present in the supernatant are quantified by the method of 

BC Assay (Interchim #UP40840A) with Varioskan Flash (Thermo electron corporation). After 

denaturation in Laemmli sample buffer, samples were subjected to sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose 

membranes (Life Sciences). Membranes was blocked and incubated overnight at 4°C with 

respective primary antibody (see Reagents table) and then 2 hours at room temperature with 



28 
 

secondary antibody according to the manufacturer’s instructions. Revelation was made using 

the ECL kit (Bio-Rad laboratories) by chemiluminescence. Immunoreactive bands were 

detected by the Chemidoc MP Imager (Biorad) device connected to the Image Lab software 

(version 4.0.1 build6, Bio-Rad Laboratories) allowing the densitometric analysis with ImageJ 

software. 

 

PI3P quantification by mass assay 

Cell extract for mass assay was prepared as follows. After removing the media, the cells were 

immediately scraped on ice with ice-cold 1 mol/L HCl, followed by centrifugation at 2,000 rpm 

at 4°C, and the cell pellet was snap-frozen. The samples were stored at -80°C before processing 

for PI3P mass assay as previously described (Chicanne et al., 2012). 

 

GST-mCherry-FYVEHRS and GST-EGFP-PHTapp1 probes 

The pGEX-4T1-mCherry-FYVEHRS and pGEX-4T1-EGFP-PHTapp1 plasmids were transformed 

into E. coli BL21(DE3). Single colony was used to prepare a starter culture that was expended 

and grown at 37°C until O.D. 600 nm reaches 0.6–0.8. The expression of the recombinant 

proteins was induced with 0.5 mM IPTG overnight at 18°C. After centrifugation, bacterial 

pellets were lysed in a cold buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton-

X-100, 5 mM DTT, 10% glycerol containing protease inhibitor cocktail and 0.5 mg/ml 

lysozyme. Following sonication and centrifugation, GST-mCherry-FYVEHRS and GST-EGFP-

PHTapp1 were purified with glutathione-sepharose 4B beads, eluted with 20 mM reduced 

glutathione, dialyzed, concentrated and analyzed by SDS-PAGE and Coomassie staining. 

 

Confocal imaging 
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Cells were fixed 20 minutes in 4% formaldehyde. For VE-cadherin labeling, cells were 

permeabilized with 0.1% Triton X-100. Cells were blocked and incubated 2 hours at RT with 

primary antibodies (available on Reagents table) and then 1 hour at RT with the appropriate 

fluorescent secondary antibody. 

For endosomal compartments, cells were permeabilized with 0.5% saponin and blocked with 

1% BSA and 0.05% saponin. 

For probe staining, cells were fixed 10 minutes in 4% formaldehyde and rinsed with 50 mmol/L 

solution of glycine in PIPES buffer (137 mmol/L NaCl; 2.7 mmol/L KCl; 20 mmol/L PIPES 

pH 6.8). Permeabilization was carried out with digitonin (20 µM). Lamellae were incubated 

with recombinantly expressed mCherry-FYVE(HRS) (50 µg/ml) or GFP-PH(TAPP1) (5 µg/ml) 

probes directed against PI3P and PI(3,4)P2, respectively and post-fixed in 4% formaldehyde. 

Cell nuclei (blue) were labeled with DAPI.  

Coverslips were mounted on glass slides with Mowiol mounting solution (Hoechst). The 

images were acquired using x63 immersion lens on a LSM 780 confocal scanning microscope 

and the data was analyzed by the ImageJ and Zen software. For each experiment, three to four 

randomly selected fields (plots on the histograms) per condition were quantified and normalized 

to total cell number per field according to DAPI nucleus labelling (each field contained an 

average of 20 cells). Three to 5 independent experiments were performed. 

 

OptiPrep gradient fractionation 

Cells were plated at a density of 2.5x104 cells.cm² in collagen I-coated 150-mm dishes and 

grown to confluence. After washes with PBS and SIM buffer (250 mmol/L sucrose, 3 mmol/L 

imidazole and 1 mmol/L MgCl2 pH 7.4) pellets were resuspended in SIM buffer with 1 mmol/L 

DTT and protease inhibitors and broken in ball-bearing homogenizer. Cell homogenates were 

centrifuged 20 minutes at 2,000 g at 4°C and supernatant was collected. Then supernatant was 
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adjusted to 40.6% in OptiPrep dilution buffer (235 mmol/L KCl, 12 mmol/L MgCl2, 25 

mmol/L CaCl2, 30 mmol/L EGTA, 150 mmol/L HEPES–NaOH pH 7.0) and loaded at the 

bottom of 5-20% OptiPrep gradient previously made using a Gradient Master. The loaded 

gradient was ultracentrifuged using a SW41 Ti rotor (Beckman) at 100,000 g during 20 hours 

at 4°C. Equal fractions of gradient were collected and centrifuged 45 minutes at 110,000 g. 

Fractions were denatured in Laemmli sample buffer, subjected to SDS-PAGE and transferred 

onto nitrocellulose membranes (Life Sciences). Then immunoblot protocol was used.  

 

GTP-agarose bead pull-down assay 

The GTP loading activities of Rab5, Rab7 and Rab11 GTPases were monitored by pull-down 

assay using GTP-agarose beads (Kim et al, 2017). Cells were plated at a density of 2.5x104 

cells.cm² in collagen I-coated 100-mm dishes and grown to confluence. After washes with PBS, 

cells were lysed in GTP-binding buffer (20 mM Tris-HCl pH 7.5, 5 mM MgCl2, 2 mM PMSF, 

20 µg/ml leupeptin, 10 µg/ml aprotinin, 150 mM NaCl, 1% Triton X100). Cell homogenates 

were sonicated and centrifuged 10 minutes at 13,000 g at 4°C. Supernatant was collected and 

incubated overnight with precleared GTP-agarose beads in absence or presence of GTP in 

excess (200 µM). Beads were then washed with the GTP-binding buffer and proteins were 

eluted by boiling in reducing Laemmli sample buffer. SDS-PAGE and western blot followed, 

as above. 

 

Statistics 

All data are shown as mean + S.E.M. The difference between means was calculated by one-

way, two-way ANOVA, unpaired t-test, one sample t-test or corresponding non parametric test 

(as appropriate and determined by D’Agostino & Pearson omnibus normality test) and 
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complemented with post-test when needed. Statistical significance was set at p<0.05 and 

indicated as *p<0.05, **p≤0.01, ***p≤0.001 using Prism Software (GraphPad, version 5 or 6). 

 

Study approval  

All animal procedures were performed in accordance with the guidelines of the Ethics 

Committee on Animal Experimentation and with the regulations of the French Ministry of 

Agriculture (http://anexplo.genotoul.fr). 

 

Data Availability 

This study includes no data deposited in external repositories. 
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FIGURE LEGENDS 

 

Figure 1 - Genetic inhibition of PI3KC2β reduces vascular leakage, edema, cerebral 

infarction and improves neurological outcomes in ischemia/reperfusion stroke models.  

A-D WT, heterozygous (C2βWT/D1212A) and C2βD1212A/D1212A mice were subjected to tMCAO 

(1h ischemia followed by 24h reperfusion). (A) Representative photographs of coronal brain 

sections and graph quantification of Evans blue (EB) dye leakage (dashed orange line) and 

edema volume. Data represent mean ± SEM (EB leakage: n=5-16 mice per group; Edema 

volume: n=14-30 mice per group; *p<0.05, **p<0.01 Mann-Whitney test). (B) Representative 

photographs of coronal brain section stained with TTC (dashed white line) and graph 

quantification of infarct volume measurements. Data represent mean ± SEM (n=14-27 mice per 

group; *p<0.05; ***p<0.001, unpaired t-test). (C) Mortality between day 0 and day 1 after 

tMCAO (n=30-39 mice per group; *p<0.05, Fisher’s test). (D) Neurological scores evaluated 

24 hours after reperfusion by Bederson test (left panel) and Grip test (right panel) based on a 

five point system. Data represent mean ± SEM (n=14-27 mice per group; *p<0.05, unpaired t-

test).  

E WT and C2βD1212A/D1212A mice were subjected to thromboembolic stroke model. 

Representatives T2-weighted MRI of coronal section taken 24 hours after the onset of in situ 

clot formation by α-thrombin were shown. Graph quantification of infarct volume 

measurements. Data represent mean ± SEM (n=23-25 mice per group; **p<0.01, Unpaired t-

test).  

 

Figure 2 - Genetic inhibition of PI3KC2β reduces inflammation 24 hours after stroke.  



37 
 

A-C WT and C2βD1212A/D1212A mice were subjected to tMCAO followed by 24h of reperfusion. 

(A) Gene expression of TNFα, IL-1β and IL-6 in the cortex and basal ganglia (B. ganglia). The 

mRNA levels are given as the fold change normalized to rps29 relative to the corresponding 

contralateral (healthy) hemisphere. Data represent mean ± SEM (n=8-10 mice per group; 

*p=0.05; **p<0.01, Unpaired t-test with Welch's correction). (B) Protein expression of TNFα, 

IL-1β and IL-6. Data represent mean ± SEM (n=4 mice per group; *p=0.05; Mann-Whitney 

test). (C) Representative immunohistochemistry of neutrophils (arrowheads) in ischemic 

hemisphere (scale bar 200 µm) and graph quantification. Data represent mean ± SEM (n=5-7 

mice per group; **p<0.01; Mann-Whitney test).  

D Representative T2-weighted MRI of WT and C2βD1212A/D1212A mice taken 24 hours after clot 

formation and graph quantification of area stained by P-Selectin using MPIOs in ipsilateral 

(ischemic) normalize to contralateral (healthy) cortex in percentage. Data represent mean ± 

SEM (n=10-11 mice per group; *p<0.05; Unpaired t-test with Welch’s correction).  

 

Figure 3 - In the absence of reperfusion, genetic inhibition of PI3KC2β does not affect 

inflammatory cytokine profile and infarct volume.  

A Gene expression of TNFα (n=8-10 mice for WT and n=6 mice for C2βD1212A/D1212A), IL-1β 

(n=8 mice for WT and n=10-12 mice for C2βD1212A/D1212A), IL-6 (n=8 mice for WT and n=10-

12 mice for C2βD1212A/D1212A) and VCAM-1 (n=8-10 mice for WT and n=10 mice for 

C2βD1212A/D1212A) after 1 hour of ischemia without reperfusion (right panel). Gene expression of 

IL-6 (n=10-12 mice for WT and n=8 mice for C2βD1212A/D1212A) and VCAM-1 (n=12 mice for 

WT and n=10mice for C2βD1212A/D1212A) after 1 hour of ischemia followed by 4 hours of 

reperfusion (bottom, left panel) on WT and C2βD1212A/D1212A mice. The mRNA levels are given 

as the fold increase normalized to PGK1 relative to the healthy contralateral hemisphere of WT 
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mice. Data represent mean ± SEM (***p<0.001, **p<0.01, *p<0.05, Mann-Whitney test or 

unpaired t-test, as accordance).  

B Representative photographs of T2-weighted MRI of WT and C2βD1212A/D1212A mice and graph 

quantification of ischemic lesion after 24 hours permanent MCAO (electrocoagulation model). 

Data represent mean ± SEM (n=9-10 mice per group; ns, unpaired t-test).  

 

Figure 4 - PI3KC2β inactivation in the non-hematopoietic compartment reduces cerebral 

infarction and edema in vivo and preserves endothelial barrier integrity in vitro.  

A, B Representative photographs of coronal brain sections and graph quantification of infarct 

volume (dashed white line) measurements (A) and edema volume (B) in bone marrow (BM) 

chimeric mice 24 hours after tMCAO. WT>WT: transplantation of WT BM into WT hosts; 

C2βD1212A>WT: transplantation of C2βD1212A/D1212A BM into WT hosts; C2βD1212A>C2βD1212A: 

transplantation of C2βD1212A/D1212A BM into C2βD1212A/D1212A hosts; WT> C2βD1212A 

transplantation of WT BM into kinase-dead hosts. Data represent mean ± SEM; n=13-16 mice 

per group; *p<0.05 **p<0.01; ***p<0.001 vs WT>WT, Mann-Whitney test or unpaired t-test, 

as accordance.  

C Sh-Control or sh-PI3KC2β hCMEC/D3 cells were cultured on Transwell and stimulated with 

TNFα over the time. Trans-endothelial electrical resistance (TEER) was measured with a 

voltohmeter Millicell ERS-2 at the indicated time. Data are shown in percentage of control at 

t0 ± SEM (n=4 independent experiments). ***p<0.001; **p<0.01; *p<0.05, significance 

differences from control, 2-way ANOVA with Bonferroni post-test.  

 

Figure 5 - PI3KC2β depletion disturbs endosomal trafficking with increase of VEE 

(APPL1+) and recycling (Rab11a+) endosomes.  



39 
 

A Quantification of internal transferrin in sh-Control or sh-PI3KC2β cells at different 

incubation time points (ImageJ software). Results are expressed as fold change of internalized 

Alexa Fluor®546-transferrin. Data represent mean ± SEM of cell fields randomly selected (dots 

n=13-20). Data are collected from 4 independent experiments. ***p<0.001 Mann-Whitney test.  

B Analysis of APPL1, EEA1, LAMP1 and Rab11a staining in sh-Control and sh-PI3KC2β 

hCMEC/D3 cells. White dotted lines delineate cells; Scale bar, 10µm; nuclei are shown in blue 

(DAPI). 

C, D Quantification was performed to determine number (C) and average size (D) of positive 

vesicles per cell (ImageJ software). Nuclei are shown in blue (DAPI). Data represent mean ± 

SEM of cell fields randomly selected (n=13-20 for (C) and n=11-20 for (D)). Data are collected 

from at least 3-4 independent experiments. For violin plots (D), thick lines represent median 

and thin lines interquartile; ***p<0.001; **p<0.01; *p<0.05, unpaired t-test or Mann-Whitney, 

as accordance.  

 

Figure 6 - PI3KC2β depletion increases the levels of VE-cadherin at the plasma 

membrane.  

(A) Representative VE-cadherin staining and graph quantification of fluorescence intensity 

normalized to total number of cells per field (DAPI labelling) in sh-Control and sh-PI3KC2β 

hCMEC/D3 in resting condition and after 24 hours activation with 25 ng/ml of TNFα. Control 

normalized to 100%. Scale bar, 15 µm. Data represent mean ± SEM of cell fields randomly 

selected (dots n=14-19). Data are collected from 4-5 independent experiments; ***p<0.001, 

unpaired t-test.  

(B) Graph quantification of fluorescence intensity of VE-Cadherin normalized to total cell 

number per field (DAPI labelling) in control condition and after 5 hours in oxygen-glucose 

deprivation (OGD) condition. Control normalized to 100%. Data represent mean ± SEM of cell 
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fields randomly selected (dots n=16). Data were collected from 5 independent 

experiments);***p<0.001; **p<0.01, Mann-Whitney test.  

(C) Representative western blot and graph quantification of VE-cadherin from resting or 

activated (TNFα) cells. Lanes were run on the same gel but were noncontiguous. Densitometric 

measurements (mean ± SEM) normalized to actin; control normalized to 1 (n=7-8 independent 

experiments); **p<0.01; *p<0.05, one sample t-test.  

(D) Gene expression of VE-cadherin (CDH5) from sh-Control and sh-PI3KC2β hCMEC/D3 

cells in resting condition or after 6 hours of stimulation with TNFα. The mRNA levels are given 

as fold change to resting control hCMEC/D3 cells normalized to PGK1. Data represent mean ± 

SEM of n=3 independent experiments in duplicate; for Sh-PI3KC2β+TNFα, n=3 independent 

experiments with only two experiments in duplicate. No significant changes between conditions 

were noted (Mann-Whitney test).  

 

Figure 7 - PI3KC2β-knockdown reduces VE-cadherin level in a Rab11a- dependent 

manner  

A Representative images of PI3P and PI(3,4)P
2
 labeling and quantification using mCherry-

FYVE
HRS

 and GFP-PH
(TAPP1)

 probes respectively in sh-Control or sh-PI3KC2β hCMEC/D3. 

Scale bar, 10 µm. Nuclei are shown in blue (DAPI). Staining intensity was quantified by ImageJ 

software and normalized to total number of cells (DAPI labelling) per field. Data represent 

mean ± SEM of cell fields randomly selected for PI3P (dots n=21) and for PI(3,4)P2 (dots n=14-

16). Data were collected from at least 5 independent experiments; ***p<0.001, unpaired t-test 

with Welch’s correction.  

B Quantification of total cellular PI3P levels in sh-Control or sh-PI3KC2β hCMEC/D3 cells by 

mass assay. Results are expressed as pmoles of PI3P/nmoles of total phosphore. Data represent 

mean ± SD (n=2 independent experiments in triplicate).  
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C Graph quantification of APPL1-, EEA1- and Rab11- endosomes colocalized with mCitrin-

VE-cadherin in sh-Control and sh-PI3KC2β hCMEC/D3 cells. Data are shown as percentage 

of total count endosomes per cell. Data are expressed as mean ± SEM (n=33-35 cells for APPL1 

and EEA1 endosomes and n=16-18 cells for Rab11 endosomes; 3 independent experiments); 

**p<0.001, Mann-Whitney test or unpaired t-test, as accordance.  

D Representative confocal microscopic images of VE-cadherin immunostaining in sh-Control 

cells, sh-PI3KC2β cells or sh-PI3KC2β cells transduced with Rab11S25N (Rab11-DN). Graph 

quantification of VE-cadherin; control normalized to 100%. Scale bar, 10 µm. Data represent 

mean ± SEM of cell fields randomly selected (dots n=6-9). Data are collected from at least 3 

independent experiments; **p<0.01 Mann-Whitney test.  

 

 

EXPANDED VIEW FIGURE LEGENDS 

 

Figure EV1 - PI3KC2β depletion increases Rab11a GTPase activation in hCMEC/D3 

cells.  

A Impact of PI3KC2β on Rab5, Rab7 and Rab11 activity by monitoring pull-down assay. 

Lysates extracted from sh-Control and sh-PI3KC2β were pulled down with GTP-agarose beads 

and the precipitate proteins with the beads were analysed by immunoblotting with anti-Rab5, 

anti-Rab7 and anti-Rab11 antibodies. As control, excess of GTP or dominant-negative form of 

Rab11a (Rab11-DN) were used. FT: Flow-through, IN: total extracts (input); B: Beads (activate 

form of GTPase). Results are from three independent experiments for both genotypes. A 

representative experiment is shown. Data represent mean ± SEM of n=3 independent 

experiments. ***p<0.001, **p<0.01, One-sample t-test.  
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B Protein level of Rab5, Rab7, and Rab11 in the total cell lysate (input, IN). Data represent 

mean ± SEM (n=3 independent experiments) 

 

Figure EV2 - PI3KC2β re-expression in PI3KC2β-knockdown hCMEC/D3 decrease 

APPL1- and Rab11- positives endosomes and VE-cadherin at the plasma membrane.  

A Representative APPL1- and Rab11- endosomes staining and quantification of fluorescence 

intensity normalized to total number of cells per field (DAPI labelling) in sh-Control, sh-

PI3KC2β and sh-PI3KC2β hCMEC/D3 re-expressing PI3KC2β (Sh-PI3KC2β + C2β shR). 

Control normalized to 100%. Scale bar, 10 µm. Data represent mean ± SEM cell fields 

randomly selected (dots n=11-12). Data are collected from at least 3 independent experiments); 

***p<0.001; **p<0.01, unpaired t-test.  

B Representative VE-cadherin staining and graph quantification of fluorescence intensity 

normalized to total number of cells per field (DAPI labelling) in sh-Control, sh-PI3KC2β and 

sh-PI3KC2β hCMEC/D3 re-expressing PI3KC2β (Sh-PI3KC2β + C2β shR) in resting 

condition and after 24 hours activation with 25 ng/ml of TNFα. Control normalized to 100%. 

Scale bar, 10 µm. Data represent mean ± SEM of cell fields randomly selected (dots n=12-16). 

Data are collected from at least 3 independent experiments); ***p<0.001, unpaired t-test.  

 


