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Abstract 

Background  Polymerase delta-interacting protein 2 (Poldip2) is a novel regulator of vascular permeability 
that has been shown to be involved in aggravating blood–brain barrier (BBB) disruption following stroke; however, 
the underlying mechanisms are unknown. While endothelial tight junctions (TJ) are critical mediators of BBB per-
meability, the effect of Poldip2 on TJ function has not been elucidated yet. Here, we aim to define the mechanism 
by which Poldip2 mediates BBB disruption, specifically focusing on phosphorylation and stabilization of the TJ integral 
protein ZO-1.

Methods and Results  Cerebral ischemia was induced in endothelial-specific Poldip2 knockout mice and controls. 
Cerebral vascular permeability was assessed by Evans blue dye extravasation. Endothelial-specific Poldip2 deletion 
abolished Evans blue dye extravasation after ischemia induction. In vitro permeability assays demonstrated that Pol-
dip2 knockdown suppressed TNF-α-induced endothelial cell (EC) permeability. Immunofluorescence staining showed 
that Poldip2 depletion prevented TNF-α-induced ZO-1 disruption at interendothelial junctions. Conversely, Poldip2 
overexpression increased endothelial permeability, loss of ZO-1 localization at cell–cell junctions and enhanced 
reactive oxygen species (ROS) production. Treatment with the antioxidant N-acetyl cysteine (NAC) reduced Poldip2-
induced ZO-1 disruption at inter interendothelial junctions. Immunoprecipitation studies demonstrated Poldip2 over-
expression induced tyrosine phosphorylation of ZO-1, which was prevented by treatment with NAC or MitoTEMPO, 
a mitochondrial ROS scavenger.

Conclusions  These data reveal a novel mitochondrial ROS-driven mechanism by which Poldip2 induces ZO-1 tyros-
ine phosphorylation and promotes EC permeability following cerebral ischemia.
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Graphical Abstract

Introduction
The blood–brain barrier (BBB) is a unique structure 
formed by glial cells, pericytes, neurons and brain 
endothelial cells (ECs) [1]. Brain ECs constitute the most 
critical BBB component and form a continuous physi-
cal barrier that lines cerebral blood vessels [2, 3]. This 
physical barrier functions as a paracellular gate restrict-
ing diffusion based on size and charge [4]. Tight junctions 
(TJ) are the main regulators of paracellular permeability 
in the endothelium and primarily consist of an intricate 
combination of transmembrane proteins (occludin and 
claudins) that interact with scaffolding proteins of the 
junctional complex such as zonula occludens protein 
1 (ZO-1), ZO-2 and ZO-3. These scaffolding proteins 
anchor the junctional complex to the actin cytoskeleton 
[5–7].

The junctional protein ZO-1 is a 220 kDa peripheral 
membrane protein whose protein–protein interaction 
domains (PDZ, SH3, and GuK) facilitate its binding to 
other junctional and cytoskeletal proteins and play a cru-
cial role in maintaining the structure of TJs [8, 9]. Redox 
regulation of ZO-1 plays a central role in its stability at 
the interendothelial border. Studies performed in epi-
thelial CaCo-2 cells isolated from colon adenocarcinoma 
demonstrated that oxidative stress induces tyrosine phos-
phorylation of occludin and ZO-1 leading to dissociation 
of the occludin–ZO-1 complexes from the intercellular 
junctions via a tyrosine kinase-dependent mechanism 
[10, 11]. Similar results have been found in human umbil-
ical vein endothelial cells (HUVECs) [12]. While ZO-1 
phosphorylation plays a critical role in the disassembly 
of TJs and barrier disfunction; a detailed understanding 
of how dynamic ZO-1 phosphorylation is regulated on a 
molecular basis and how ZO-1 post-translational modi-
fications affect its distribution and stability is currently 
lacking.

Polymerase δ-interacting protein 2 (Poldip2, also 
known as PDIP38 and mitogenin 1) was originally rec-
ognized to bind DNA polymerase-δ and proliferating 
cell nuclear antigen (PCNA) [13]. Additional studies 
implicated Poldip2 in focal adhesion turnover, regula-
tion of stress fibers and mitochondrial dynamics [14–
17]. Moreover, Poldip2 regulates mitochondrial reactive 
oxygen species (ROS) production [18] and increases 
NADPH oxidase 4 (Nox4) activity, leading to genera-
tion of ROS [19], which in turn act as signaling mole-
cules via direct oxidation of proteins [20]. Our previous 
work focusing on the role of Poldip2 in stroke demon-
strated that mice with heterozygous whole-body dele-
tion of Poldip2 were protected against BBB disruption 
induced by cerebral ischemia [21]. We also showed that 
Poldip2 depletion decreased the permeability of brain 
endothelial cells (ECs) in response to lipopolysaccha-
ride (LPS) stimulation [22]. These results demonstrate 
an important role for Poldip2 in BBB function during 
stroke and sepsis and a beneficial effect of reduced Pol-
dip2, presumably in the endothelium. However, the 
mechanisms by which Poldip2 regulates EC barrier 
function and junctional complexes are still completely 
unknown.

Based on previous evidence that Poldip2 regulates 
the actin cytoskeleton and ROS production in other 
cell types and the fact that ZO-1 is redox sensitive and 
interacts with cytoskeletal proteins to maintain TJs in 
ECs, in this study we hypothesized that the mechanism 
by which Poldip2 mediates brain EC permeability is 
via ROS-dependent phosphorylation of the TJ protein 
ZO-1 to alter brain EC monolayer permeability. To 
investigate the specific role of endothelial Poldip2 in 
BBB disruption, we used our newly developed endothe-
lial-specific Poldip2 knockout mice and in  vitro stud-
ies with brain ECs. We found that endothelial-specific 
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Poldip2 knockout mice exhibited reduced BBB perme-
ability following cerebral ischemia. Our in  vitro data 
suggest that Poldip2 knockdown protects against TNF-
α-induced increase in brain EC permeability by inhibi-
tion of ZO-1 redistribution away from interendothelial 
junctions. Conversely, Poldip2 overexpression leads to 
a decrease in ZO-1 localization at the interendothelial 
junction, which is prevented in the presence of an anti-
oxidant. We further show that Poldip2 overexpression 
induces ROS-mediated tyrosine phosphorylation of 
ZO-1. Importantly, this response is abrogated following 
treatment with a mitochondrial ROS scavenger. These 
data reveal a novel mitochondrial ROS-driven mecha-
nism by which Poldip2 induces ZO-1 tyrosine phos-
phorylation and promotes increased EC permeability 
following cerebral ischemia.

Materials and methods
Animals
A new line of Poldip2 conditional knockout mice was 
generated by homologous recombination in embryonic 
stem cells and characterized in detail elsewhere [23]. 
Briefly, floxed Poldip2 mice were crossed with constitu-
tive Cdh5-Cre transgenics on the C57BL/6 background 
(The Jackson Laboratory Stock number 006137) to gen-
erate Poldip2 EC-/- mice and their littermate controls 
(Poldip2 EC +/+), which were used for experiments. Mice 
were genotyped using a conventional PCR method. Stud-
ies involving animals were carried out in compliance with 
the ARRIVE guidelines. All experimental protocols and 
animal handling procedures were approved by the Insti-
tutional Animal Care and Use Committee at Emory Uni-
versity (protocol reference number: 201700864). Ethical 
approval was received before conducting the study.

Animal model of cerebral ischemia
Cerebral ischemia was induced in 10- to 14-week-old 
male mice using a transient cerebral hypoxia model as 
previously described [24]. Male mice were selected pri-
marily because of the neuroprotective effects of gonadal 
hormones in female mice [25]. Briefly, mice were anes-
thetized with isoflurane in medical air (21% oxygen deliv-
ered at 0.5 L/min with 3% isoflurane for induction and 
1.5% for maintenance). The right common carotid artery 
(RCCA) was exposed and transiently occluded by two 
releasable knots. To induce cerebral ischemia, medical 
air in the inhalation mixture was replaced with 7.5% oxy-
gen balanced by nitrogen for 30 min. A rectal probe was 
connected to a temperature controller system with heat-
ing lamps and core body temperature was maintained 
at 37.5 ± 0.5 °C during the procedure. At the end of the 
hypoxic stimulation, the inhalation mixture was switched 

back to medical air and the RCCA knots were released. 
Sham-operated control mice underwent exposure and 
manipulation of the RCCA under anesthesia, without 
vascular occlusion or hypoxia.

BBB permeability assays
Alterations in the brain vascular permeability were deter-
mined in Poldip2 EC +/+ and Poldip2 EC-/- by the evalua-
tion of Evans blue dye extravasation into the brain tissue 
by a blinded observer. Twenty-four hours after cerebral 
ischemia induction, mice received an i.v. injection of 
2% Evans blue (Sigma-Aldrich, St Louis, MO) solution 
diluted in normal saline (4 mL/kg of body weight). The 
dye was allowed to circulate for 1 h. Mice were perfused 
with 50 mL of ice-cold phosphate-buffered saline  (PBS) 
and their brains were removed and divided into ipsilateral 
and contralateral hemispheres. Evans blue was extracted 
at 55 °C overnight with formamide and its concentration 
was quantified spectrophotometrically in the supernatant 
at 620 nm and normalized to hemisphere weight, as pre-
viously described [21, 22].

RNA extraction and RT‑qPCR
Total RNA was purified with the RNeasy Plus kit (Qiagen, 
Chatsworth, CA). Reverse transcription was performed 
using Protoscript II reverse transcriptase (New England 
Biolabs, Ipswich, MA) with random primers. cDNA was 
amplified with primers against ribosomal protein L13A 
(RPL, a housekeeping gene used for data normalization) 
(5′-ATG​ACA​AGA​AAA​AGC​GGA​TG-3′, 5′-CTT​TTC​T​G​
C​CTG​TTT​CCG​TA-3′) and TNF-α (5′-CTA​TGT​C​T​C​A​G​
C​CTC​TTC​TC-3′, 5′-CAT​TTG​GGA​ACT​TCT​C​A​T​C​C-3′) 
using Biotium 2X Forget-Me-Not EvaGreen qPCR Master 
Mix with Low ROX (Biotium, Fremont, CA). Reactions were 
carried out in 96 wells qPCR plates, using a QuantStudio 
7 Flex System (Thermo Fisher Scientific, Waltham, MA) 
Real-Time qPCR System. Data analysis was performed 
using the mak3i module of the qpcR software library 
[26, 27] in the R environment [28].

Cell culture
Primary rat brain microvascular endothelial cells (RBMECs, 
passages 4–6, Cell Biologics; Cat No. RA-6023) were cul-
tured on dishes coated with 0.1% gelatin from bovine 
skin (Sigma; Cat No. G6650). Culture medium was sup-
plemented with 2% fetal bovine serum, endothelial cell 
growth factors, and antibiotics (Cell Biologics; Cat No. 
M1266-Kit). Media were changed every 2 days. In each 
experiment, cultures exposed to recombinant rat TNF-α 
(10 ng/ml; Biotechne, Cat No. 510-RT) were compared 
with cells exposed to PBS control conditions. TNF-α 
was chosen as the stimulus because it is a classic cytokine 
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released following stroke and an important regulator of EC 
permeability [29].

Trypan blue assay
Confluent RBMECs were treated with PBS or TNF-α (10 
ng/ml) for six hours. RBMECs were gently rinsed with 
PBS, trypsinized in 0.05% Trypsin–EDTA (Gibco; Cat 
No. 25300054) and resuspended in cell growth media. 
Cells were then incubated with 10 μL of 0.4% solution of 
trypan blue dye (in PBS, pH 7.40; Gibco; Cat No. 15250–
061) for one minute at room temperature. Total cell 
counts and viability was determined using a BIO-RAD 
TC20 automated Cell Counter.

Small interfering RNA
RBMECs at 60–80% confluence were transfected with rat 
siPoldip2 (sense 5′-GUC​UAU​UGG​UGG​CGA​UAC​U[dT]
[dT]−3′ antisense 5′-AGU​AUC​GCC​ACC​AAU​AGA​
C[dT][dT]−3′; Sigma), siZO-1 (sense 5′-GAA​GCU​AUA​
UGA​ACG​GUC​U[dT][dT]−3′ antisense 5′-AGA​CCG​
UUC​AUA​UAG​CUU​C[dT][dT]−3′; Sigma)  or control 
siRNA (siControl, MISSION siRNA Universal Negative 
Control #1; Sigma; Cat No. SIC001). Cells were washed 
with Hanks’ balanced salt solution (HBSS) and incubated 
with 100 nM of siRNA and Lipofectamine RNAiMAX 
Reagent (Invitrogen; Cat No. 13778150) in Opti-MEM 
reduced serum media (Gibco; Cat No. 31985–070). 
After incubating for 6 h, Opti-MEM was replaced with 
complete culture medium for an additional 48 h until 
cells were subjected to TNF-α or PBS stimulation. Gene 
silencing was confirmed by immunoblotting.

Adenovirus transduction
The pAdTrackCMV vector [30], containing the green 
fluorescent protein (GFP) gene, was used to prepare ade-
noviruses expressing either GFP only (AdGFP, control 
for AdPoldip2) or both GFP and C-terminal myc-tagged 
human Poldip2 (AdPoldip2). In the latter virus, Poldip2 
and GFP expressions are driven by independent promot-
ers [14, 24]. RBMECs at 80–90% confluence were trans-
duced with recombinant adenovirus at 37 °C and 5% CO2 
in serum-free medium. Following incubation for 3 h, 
the same volume of serum-free medium was added and 
incubated overnight. Media were then replaced, and cells 
were allowed to recover for 48 h before the experiments. 
Transduction efficiency ranged from 80 to 90% and was 
visualized by GFP just prior to experiments. For experi-
ments in which Poldip2 was overexpressed and cells were 
treated with 20 mM N-acetyl cysteine (NAC, 2 M stock 
solution was first diluted 1:10 in ddH2O and then further 
diluted 1:10 in culture medium), confluent monolayers 
were transduced with AdPoldip2 or AdGFP and treated 
48 h later with 20 mM NAC or PBS for 24 h.

FITC‑dextran in vitro permeability assays
To assess RBMEC permeability, we utilized the HTS 
Transwell-24 well permeable support system (0.4 μm 
pore size, Corning; Cat No. 3396). RBMECs were trans-
fected with either siPoldip2 or siControl sequence and 24 
h later seeded at confluency (4 × 104 cells/well) on insert 
membranes that had been preincubated with complete 
culture medium for 2 h at 37 °C. Confluent monolayers 
were treated with 10 ng/ml TNF-α added to the upper 
chamber for 3 h at 37 °C. Following treatment, transwell 
inserts were gently rinsed with warm HBSS and placed in 
a 24-well plate containing 600 μl of HBSS per well. Next, 
200 μl of 1 mg/ml fluorescein isothiocyanate (FITC)-
dextran (molecular weight 4000; Sigma; Cat No. 46944) 
was added to the upper chamber and allowed to incubate 
at 37 °C for 15 min. FITC-dextran intensity in the lower 
chamber was spectrophotometrically evaluated in a clear 
bottom black-walled microplate at 485 nm excitation and 
520 nm emission [22].

Trans‑monolayer permeability assay
A biotinylated collagen I solution (prepared as previously 
described [31]) was added to each well of a 12-well plate 
and incubated overnight at 4 °C. After the adsorption 
step, the plate was washed twice with of HBSS (37 °C) 
and further incubated with full medium for 1 h at 37 °C. 
RBMECs were transfected with either siPoldip2 or siCon-
trol and 24 h later seeded to confluency (1 × 105 cells/
well) on biotinylated collagen-coated plates. Confluent 
monolayers of RBMECs were then treated with TNF-α 
(10 ng/ml) or PBS for 6 h and FITC-avidin solution 
(Molecular Probes; Cat No. A821) was added directly to 
the culture medium at the final concentration of 25 μg/ml 
for 4 min. For the trans-monolayer permeability assays in 
which Poldip2 was overexpressed, RBMECs were trans-
duced with viruses expressing AdPoldip2 or AdGFP as 
described above and kept in regular media for 48 h. Cells 
were then seeded to confluency on biotinylated collagen-
coated plates. After 24 h, Rhodamine Red-X conjugated 
NeutrAvidin (Molecular Probes; Cat No. A6378) was 
added directly to the culture medium at the final concen-
tration of 25 μg/ml for 4 min. Unbound fluorescence was 
washed out with 500 μl HBSS, pH 7.4, 37 °C (two cycles, 
10 s each). Next, 500 μl of a 3.7% paraformaldehyde (PFA) 
solution was added for 10 min. Cells were then washed 
with 500 μl HBSS (three cycles, 10 s each) and 500 μl of 
PBS was added in each well. An Olympus microscope 
was used to measure matrix-bound fluorescent avidin 
(excitation 488 nm and emission 535 nm for FITC-avidin; 
excitation 570 nm and emission 590 nm for Rhodamine 
red conjugated neutravidin). Gaps between cells were 
measured by imaging of fluorescent avidin binding to the 
substrate.
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Trans‑endothelial electrical resistance (TEER)
RBMECs (80% confluent) were transfected with siCon-
trol or siPoldip2 and seeded to confluency (6 × 104 cells/
well) 48 h later in the upper chamber of a transwell per-
meable support (0.4 μm pore, 12 mm diameter, Corn-
ing). Twenty-four hours later, monolayers were exposed 
to TNF-α (10 ng/mL) added to both the bottom and top 
chambers for 3 h at 37 °C. For TEER measurements with 
Poldip2 overexpression, RBMECs were transduced with 
viruses expressing AdPoldip2 or AdGFP as described 
above. Forty-eight hours after transduction, RBMECs 
were seeded in the upper chamber of the transwells 
and allowed to recover for 24 h. Resistance was meas-
ured using STX2 chopstick electrodes connected to an 
EVOM2 voltohmmeter (World Precision Instruments, 
Berlin, Germany). The TEER (Ω × cm2) was calculated 
by subtracting the resistance of a blank membrane from 
the measured resistance, and multiplying it by the mem-
brane surface area. Each individual experiment con-
sisted of 2 replicates (derived from a single preparation 
of RBMECs). Data are reported as fold change of control 
(siControl PBS treated cells).

Western blot
RBMECs were lysed in a buffer containing 50 mM 
HEPES, 50 mM NaCl, 5 mM EDTA, 10 μg/ml aprotinin, 
10 μg/ml leupeptin, 1 mM PMSF, and Halt phosphatase 
inhibitor cocktail (Thermo Fisher; Cat No.78428). Sam-
ples were placed on ice for 30 min and then sonicated 
for 10 s. Total protein concentration was assayed using 
the Bradford assay. Equal quantities of protein were ali-
quoted, and samples were brought to equal volumes in 
SDS sample buffer before boiling for 10 min at 100 °C. 
Samples were resolved in polyacrylamide gels and trans-
ferred to nitrocellulose membranes with a 0.45 μm pore 
size (Life science; Cat No. 10600003). Membranes were 
then blocked in 5% bovine serum albumin (BSA) for 1 
h before overnight incubation with primary antibodies 
diluted in Tris-buffered saline with 0.1% tween (TBST). 
Primary antibodies were: anti-Poldip2 monoclonal rab-
bit Ab (Abcam; Cat No. Ab181841; 1:2000), anti-ZO-1 
polyclonal rabbit Ab (Invitrogen; Cat No. 61–7300; 
1:1000), and anti-tubulin polyclonal rabbit Ab (Abcam; 
Cat No. Ab6046; 1:5000). Blots were washed with TBST 
for 15 min before incubation with anti-rabbit horseradish 
peroxidase-conjugated secondary antibody (Cell Signal-
ing; Cat No. 7074S) for 1 h. Bands were visualized using 
enhanced chemiluminescence (Thermo Fisher; Cat No. 
34580) and detected with Amersham Hyperfilm ECL 
(GE). Detected bands were scanned, and densitometry 
was performed using ImageJ.

Immunofluorescence
Immunocytochemistry was carried out as described pre-
viously [22]. RBMECs were plated on glass coverslips, 
transfected with siControl or siPoldip2 and after 48 h, 
stimulated with TNF-α for 3 h. Alternatively, for immu-
nofluorescence studies involving Poldip2 overexpression, 
RBMECs were plated on glass coverslips and transduced 
with AdGFP or AdPoldip2 for 72 h. For immunofluores-
cence experiments involving NAC treatment, RBMECs 
transduced with AdGFP or AdPoldip2 adenoviruses for 
48 h were treated with PBS or NAC (20 mM) for 24 h 
prior to immunofluorescence staining. Cells were then 
washed twice in HBSS and fixed in 3.7% PFA diluted in 
HBSS for 10 min at room temperature. Cells were further 
washed in PBS (3 times) and permeabilized in PBS con-
taining 0.2% Triton X-100 for 5 min, followed by three 
washes in PBS for 2 min each. Blocking was performed 
in 0.5% BSA diluted in PBS for 30 min. Anti-ZO-1 poly-
clonal rabbit Ab was diluted 1:1000 in blocking buffer 
and coverslips were incubated overnight at 4 °C with gen-
tle rocking. The following day, coverslips were rinsed in 
blocking buffer (three washes, 5 min each) before incu-
bation with anti-rabbit secondary (Alexa Fluor 633) anti-
body (1:500 dilution; Invitrogen; Cat No. A-21070) and 
DAPI (1:1000 dilution, 1 mg/mL stock solution; Thermo 
Fisher; Cat No. 62247) for 1 h. Cells were then rinsed 
three times (5 min each) in PBS. Finally, coverslips were 
mounted on glass slides using Fluoromount-G (South-
ern Biotech; Cat No. 0100–01). Negative control samples 
were incubated with secondary antibodies only.

Quantification of ZO‑1 staining using the junction analyzer 
program (JAnaP)
Images were acquired on a Zeiss LSM 800 Airyscan laser 
scanning confocal microscope and the Zen blue software. 
To quantitatively analyze immunofluorescent images of 
ZO-1 cell–cell junctions, we used the JAnaP software, 
as described previously [32]. Briefly, a threshold value 
was identified to differentiate between regions with and 
without immunofluorescently tagged ZO-1. Following 
manual tracing of the outline of individual cells, the soft-
ware quantified the proportions of continuous, punctate 
or perpendicular junctions. The junction feature was 
considered continuous if Path Length was more than the 
defined Minimum Length. Otherwise it was grouped as 
punctate or perpendicular junctions, which was catego-
rized based on the ‘‘relative aspect ratio’’ of that feature 
calculated as the tip-to-tip distance (thickness measure) 
divided by the Path Length. Additional morphological 
parameters were also calculated and analyzed, including 
cell perimeter and area.



Page 6 of 16Wang et al. Cell Communication and Signaling            (2025) 23:9 

Amplex red assay
Extracellular H2O2 levels were detected using an Amplex 
Red assay kit (Molecular Probes; Cat No. A22188) 
according to manufacturer’s instructions [33]. RBMECs 
were seeded in 60 mm dishes and transduced with 
AdPoldip2 or AdGFP. Seventy-two hours later, mon-
olayers were incubated with Amplex red (100 μM) and 
horseradish peroxidase (0.2 U/ml) for 4 h at 37 °C in 
Krebs-HEPES buffer (HBSS, in mM: NaCl 98.0, KCl 4.7, 
NaHCO3 25.0, MgSO4 1.2, KH2PO4 1.2, CaCl2 2.5, D-glu-
cose 11.1 and HEPES-Na 20.0) protected from light. 
Fluorescence was measured (excitation 530 nm, emission 
590 nm) using a Synergy H1 microplate reader (BioTek). 
Background fluorescence, determined in a control reac-
tion without sample, was subtracted from each value. 
H2O2 concentration was calculated using H2O2 stand-
ards and normalized to total protein, measured using the 
Bradford assay (Bio-Rad). Data was finally expressed as 
micromolar per milligram of protein.

Immunoprecipitation
RBMECs were transduced with AdGFP or AdPoldip2 for 
72 h and protein was extracted in 500 μL of lysis buffer 
as described above. Alternatively, for  in vitro immuno-
precipitation experiments involving antioxidants,  after 
transduction with AdGFP or AdPoldip2 adenoviruses 
for 48 h RBMECs were treated with PBS, NAC (20 mM) 
for 24 h or MitoTEMPO (1 mM) for 6 h. Protein concen-
tration was measured using the Bradford assay and the 
extracts, containing 4.0–5.0 mg protein/ml, were pre-
cleared (4 °C for 30 min) with protein-G agarose (30 μL/
mg; Santa Cruz Biotechnologies; Cat No. sc-2002). After 
centrifugation at 1,000 × g for 5 min, the supernatant was 
immunoprecipitated with mouse monoclonal anti-phos-
photyrosine (BD Transduction Laboratories; Cat No. 
610000) antibody (3 μg /mg) or normal mouse IgG (Santa 
Cruz Biotechnologies; Cat No. sc-2025) in the presence 
of protein-G agarose at 4 °C for 2.5 h. Immune complex-
bound beads were washed three times with cold PBS, 
centrifuged, and resuspended in 2 × SDS sample buffer. 
Samples were boiled for 15 min and proteins separated 
by SDS-PAGE for immunoblotting using the anti-ZO-1 
polyclonal rabbit antibody. Densitometric analysis of spe-
cific bands was performed using the ImageJ software.

Data analysis and statistics
The Shapiro–Wilk test was used to assess data distri-
bution. Data were considered non-normally distrib-
uted if the P value was less than 0.05. Data are shown as 
mean ± standard error of the mean (SEM). Significance of 
normally distributed data was determined by an unpaired 
t test for single comparisons and two-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test for 

multiple comparisons. Non-normally distributed data 
are analyzed by a nonparametric Kruskal–Wallis test 
with Dunn’s post-hoc analysis. A threshold of P < 0.05 
was considered significant. For FITC-dextran transwell 
experiments, biotin-avidin transmembrane experiments 
and TEER measurements, results are expressed as mean 
fold change relative to control. All statistics were calcu-
lated using Prism 7 (GraphPad) software.

Results
Endothelial‑specific Poldip2 deletion protects against BBB 
permeability after cerebral ischemia
Given the previously described effect of heterozygous 
whole-body deletion of Poldip2 on BBB permeability 
[22], we sought to investigate the contribution of cell 
type-specific endothelial Poldip2 to BBB disruption after 
cerebral ischemia induction in  vivo. Poldip2 EC-/- mice, 
along with their Poldip2 EC + / + littermate controls, 
were subjected to cerebral ischemia and Evans blue dye 
extravasation was used to assess changes in vascular per-
meability. We found that the large increase in Evans blue 
extravasation observed in Poldip2 EC + / + mice was signif-
icantly reduced in Poldip2 EC-/- mice (Fig. 1A).

Poldip2 depletion decreases TNF‑α‑induced brain 
endothelial cell barrier dysfunction in vitro
Before moving to an in vitro system, we wanted to con-
firm whether TNF-α levels are elevated in our cerebral 
ischemia model in  vivo. Brains from C57BL/6 mice 
were harvested for RNA purification 24 h after cerebral 
ischemia induction. TNF-α mRNA levels were indeed 
increased in the cerebral cortex, when compared to sham 
control samples (Supplemental Fig. 1).

To further investigate mechanism in vitro, we exposed 
RBMECs in culture to 10 ng/ml recombinant rat TNF-α 
for 6 h. In these conditions, endothelial cell viability was 
not affected, as demonstrated by the trypan blue assay 
(Supplemental Fig.  1). In addition, TNF-α had no effect 
on Poldip2 protein expression (Supplemental Fig. 1).

We proceeded to measure endothelial permeability 
after depletion of Poldip2 using siRNA. Poldip2 gene 
silencing was first confirmed using immunoblotting 
(Fig.  1B). Permeability was then measured using three 
different well-established in  vitro assays: FITC-dextran, 
paracellular avidin leakage, and transendothelial electri-
cal resistance (TEER) measurements. In the FITC-dex-
tran assay, the paracellular flux of fluorescent dye across 
RBMECs monolayers was significantly increased after 
treatment with TNF-α for 3 h. This effect was attenu-
ated by Poldip2 knockdown (Fig. 1C). Similarly, using the 
biotin-avidin permeability assay, we confirmed that Pol-
dip2 depletion inhibited RBMECs permeability induced 
by a 6 h TNF-α stimulation (Fig. 1D). Finally, in the TEER 
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Fig. 1  Endothelial Poldip2 depletion protects against increased EC permeability in vivo and vitro. A Endothelial-specific deletion of Poldip2 protects 
against BBB permeability after cerebral ischemia in vivo. The bar graph represents means ± SEM of 4–5 mice per group. One-way ANOVA, *P < 0.05 
vs. Poldip2 EC + / + sham mice, and #P < 0.05 vs. Poldip2 EC + /+ ischemic mice. B Down-regulation of Poldip2 after siRNA transfection was verified 
by western blotting. Bars represent mean ± SEM of 3 independent experiments. Unpaired t test, *P < 0.05. C In vitro RBMECs were transfected 
with siPoldip2 or siControl, seeded on transwell inserts, and treated with TNF-α (10 ng/mL) or PBS for 3 h before incubation with FITC-dextran. 
FITC-dextran diffusion into the lower chamber was quantified spectrophotometrically to assess changes in permeability. The graph depicts 
FITC-dextran concentration expressed as fold change relative to siControl + PBS. Bars represent mean ± SEM of 3–4 independent experiments. 
Two-way ANOVA, ***P < 0.001 vs. siControl + PBS, #P < 0.05 vs. siControl + TNF-α. D RBMECs grown in 12-well plates coated with biotinylated gelatin 
were transfected with Poldip2 or siControl and treated with TNF-α (10 ng/ml) or PBS for 6 h. FITC-avidin was added and the area of fluorescent 
gaps between cells was analyzed using ImageJ. Bars represent mean ± SEM of 4 independent experiments. Two-way ANOVA, ***P < 0.001 vs. 
siControl + PBS, ###P < 0.001 vs. siControl + TNF-α. E TEER was measured after a 3 h treatment with TNF-α. TEER measurements were reported as fold 
change relative to the siControl + PBS value. Data are presented as mean ± SEM. RBMECs initial baseline monolayers resistance was > 200 Ω × cm2. 
Experiments were carried out in duplicate wells (derived from a single preparation of RBMECs) and were repeated 5 times. Two-way ANOVA, 
***P < 0.001 vs. siControl + PBS, ##P < 0.01 vs. siControl + TNF-α
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assay, RBMEC transfected with siControl and seeded on 
transwells as monolayers, presented a sharp decrease in 
electrical resistance after treatment with TNF-α for 3 h, 
consistent with increased permeability. However, this 
response was significantly attenuated in siPoldip2-trans-
fected monolayers, thus confirming the results of the two 
previous assays (Fig. 1E).

Poldip2 deficiency inhibits TNF‑α‑induced ZO‑1 
redistribution from the interendothelial area
Because ZO-1 is one of the  major components of tight 
junctions and a known regulator of paracellular perme-
ability in endothelial cells [34, 35], we then hypothesized 
that Poldip2 depletion would affect ZO-1 expression or 

redistribution. In a first set of experiments, we observed no 
significant change in ZO-1 protein expression in RBMECs 
treated with TNF-α from 3 to 18 h (Supplemental Fig. 1). 
In a second set of experiments, RBMECs transfected with 
either siPoldip2 or siControl were stimulated with TNF-α 
for 3 h, before evaluation of ZO-1 staining by immuno-
fluorescence. Consistent with a role for Poldip2 in regulat-
ing ZO-1, our data demonstrated that Poldip2 depletion 
significantly attenuated TNF-α-induced ZO-1 disruption 
and movement away from regions of cell–cell contact, thus 
resulting in preservation of continuous junctions (Fig. 2). 
No change was observed in punctate or perpendicular 
junctions. Importantly, transfection with siPoldip2 did not 
affect cell morphology (Supplemental Fig. 2).

Fig. 2  Poldip2 knockdown inhibits TNF-α-induced ZO-1 redistribution away from the interendothelial border. RBMECs were transfected 
with siPoldip2 or siControl and treated with TNF-α (10 ng/mL) or PBS for 3 h. RBMECs were then fixed and incubated with antibodies 
against ZO-1(red) and DAPI (blue). Immunofluorescence microscopy was used to examine ZO-1 localization. To quantify ZO-1 distribution at cell 
junctions, 3 fields were randomly selected from each coverslip, and analyzed using the JAnaP software. White boxes in upper panels indicate which 
cells are analyzed in lower panels. Junction types detected by the software are either punctate (magenta), perpendicular (green), or continuous 
(blue). The stacked bar graph represents means ± SEM from 3 independent experiments (28–43 cells per experimental condition). Statistical analysis 
of continuous junctions was performed using Kruskal–Wallis test with Dunn’s post-hoc analysis, **** P < 0.0001 vs. siControl + PBS, #P < 0.05 vs. 
siControl + TNF-α
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Poldip2 overexpression induces brain EC permeability and 
reduces localization of ZO‑1 at the interendothelial area
To further explore the possibility that Poldip2 medi-
ates endothelial permeability and ZO-1 disruption, 
RBMECs were transduced with viruses expressing both 
Poldip2 and GFP or GFP alone. Successful transduc-
tion of RBMECs was evident from GFP images and Pol-
dip2 overexpression was confirmed by immunoblotting 
(Fig. 3A). The detection of a 42 kDa, in addition to the 37 
kDa band, denotes the presence of Poldip2-myc protein 
from which the N-terminus has not yet been cleaved 
[19]. Seventy-two hours post transduction, Poldip2 
overexpression significantly increased the permeability 
of RBMECs monolayers, as evaluated by the paracellular 
avidin leakage assay (Fig. 3B). We also conducted TEER 
measurements upon Poldip2 overexpression and found 
that AdPoldip2-transduced monolayers exhibited a 
decreased TEER, when compared to monolayers trans-
duced with AdGFP, indicating increased permeability 
(Fig. 3C). The effect of Poldip2 overexpression on ZO-1 
localization at interendothelial area was further evalu-
ated by immunofluorescence. Poldip2 overexpression 
significantly decreased localization of continuous ZO-1 
at interendothelial junctions (Fig. 3D) and had no effect 
on cell morphology (Supplemental Fig. 3).

Poldip2 overexpression enhances H2O2 production in brain 
endothelial cells
Because Poldip2 has been shown to promote mito-
chondrial [36] as well as overall cellular ROS pro-
duction in other cell types [17], we hypothesized 
that Poldip2 also increases ROS in RBMECs. To test 
this hypothesis, we first used the Amplex Red H2O2 
assay. As shown in Fig. 4, overexpressing Poldip2 with 
AdPoldip2 caused a significant increase in H2O2 pro-
duction, when compared to RBMECs transduced with 
control AdGFP.

Antioxidant NAC inhibits ZO‑1 redistribution induced 
by Poldip2 overexpression
To specifically evaluate the role of ROS in mediating 
ZO-1 disruption, we compared the effects of Poldip2 
overexpression on ZO-1 redistribution in the presence 
or absence of the antioxidant NAC. RBMECs were trans-
duced with AdPoldip2 or AdGFP, treated with either 
PBS or NAC for 24 h and ZO-1 disruption was evalu-
ated by immunofluorescence. ZO-1 disruption induced 
by Poldip2 overexpression was abolished in the presence 
of NAC (Fig. 5), suggesting that it requires ROS.

Poldip2 overexpression induces ROS‑mediated tyrosine 
phosphorylation of ZO‑1
Previous studies have shown that H2O2-induced disrup-
tion of junctional proteins was associated with phos-
phorylation of ZO-1 on tyrosine residues [10]. ZO-1 
phosphorylation is an important mechanism regulating 
its redistribution and subsequent increases in perme-
ability. Therefore, we investigated the effect of Poldip2 
overexpression on tyrosine phosphorylation of ZO-1. 
RBMECs were transduced with AdPoldip2 or AdGFP. 
Cell lysates were immunoprecipitated with anti-phos-
photyrosine (PY20) or control immunoglobulin G 
(IgG) antibodies, and probed for ZO-1. Poldip2 over-
expression in RBMECs significantly induced tyrosine 
phosphorylation of ZO-1 (Fig.  6A). Because ZO-1 can 
produce multiple bands, additional experiments were 
performed to confirm the identity of the 220 kDa band 
observed in Fig.  6A. Cultured RBMECs were trans-
fected with siZO-1 or siControl and treated with H2O2 
as a positive control to stimulate ZO-1 phosphorylation. 
As shown in Supplemental Fig.  4, the 220 kDa band 
detected after immunoprecipitation with phosphoty-
rosine antibodies was indeed attenuated after treatment 
with siZO-1. We further showed that the antioxidant 
NAC inhibited tyrosine phosphorylation of ZO-1 medi-
ated by Poldip2 overexpression (Fig.  6B). Efficiency 
of RBMEC transduction and Poldip2 overexpression 
is shown in Fig.  6C. Overall, our results suggest that 
Poldip2-mediated ZO-1 phosphorylation at the inter-
endothelial area is ROS-dependent.

Poldip2‑induced tyrosine phosphorylation of ZO‑1 
is mediated by mitochondrial ROS formation
NAC is widely used to decrease ROS formation, but it 
is considered a generic ROS inhibitor and does not 
provide insight into the source of ROS. Given the pre-
viously reported effects of Poldip2 on mitochondrial 
ROS formation [18], we sought to test the contribution 
of Poldip2-mediated mitochondrial ROS production to 
ZO-1 phosphorylation. RBMECs were transduced with 
AdPoldip2 or AdGFP and treated with MitoTEMPO, a 
mitochondrial ROS scavenger [18]. In response to Pol-
dip2 overexpression, RBMECs exhibited an increased 
tyrosine phosphorylation of ZO-1 as shown by increased 
PY20 immunoprecipitation; however, this response was 
attenuated in cells treated with MitoTEMPO (Fig.  7), 
indicating that mitochondrial ROS are mechanistically 
responsible for Poldip2-mediated tyrosine phosphoryla-
tion of ZO-1.
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Fig. 3  Poldip2 overexpression increases EC monolayer permeability and decreases localization of ZO-1 at cell–cell junctions. RBMECs were 
transduced with AdPoldip2 or AdGFP. A Micrographs showing expression of GFP in confluent RBMECs transduced with adenoviruses (left 
panels). Up-regulation of Poldip2 after transduction was quantified by western blotting (right panels). The bar graph represents means ± SEM of 3 
independent experiments normalized to β-tubulin. Unpaired t test, ***P < 0.001. B RBMECs were seeded on 12-well plates coated with biotinylated 
gelatin and allowed to recover for 24 h. FITC-avidin was incubated for 4 min and fluorescent areas were determined by light microscopy. Bars 
represent mean ± SEM of 4 independent experiments. Unpaired t test, *P < 0.05. C RBMECs were seeded on transwell inserts and allowed to recover 
for 24 h. TEER was measured. Data was reported as fold change of AdGFP value and bars represent mean ± SEM of 4 independent experiments. 
*P < 0.05. D Representative immunofluorescence images of ZO-1 (red) and DAPI (blue). Quantification was performed using JAnaP software 
as in Fig. 2. The stacked bar graph represents means ± SEM from 3 independent experiments (n = 28 cells analyzed for AdGFP and AdPoldip2 
respectively). Statistical analysis of continuous junctions was performed using unpaired t-test, ****P < 0.0001



Page 11 of 16Wang et al. Cell Communication and Signaling            (2025) 23:9 	

Discussion
In this study, we identified a novel role for endothelial 
Poldip2 in mediating permeability via regulation of the TJ 
protein ZO-1. In vivo endothelial-specific Poldip2 deple-
tion reduced the pathological BBB permeability increase 
induced by cerebral ischemia. Our in vitro results using 
RBMECs suggested Poldip2 knockdown prevents TNF-
α-induced barrier dysfunction and ZO-1 redistribu-
tion away from cell–cell junctions. Conversely, Poldip2 
overexpression enhanced mitochondrial-derived H2O2 
production, which by promoting ZO-1 tyrosine phos-
phorylation, contributed to ZO-1 disruption at the inter-
endothelial area. To our knowledge this is the first study 
identifying the mechanism of the profound effect of Pol-
dip2 on TJ regulation.

As the gatekeeper of the central nervous system 
(CNS), the BBB plays an important physiological role 
in the regulation of paracellular permeability, ion bal-
ance, nutrient transport, and brain hemodynamics [3, 
37]. We recently discovered that heterozygous deletion 
of Poldip2, a newly-identified protein that regulates 
important fundamental cellular processes, protects 
against BBB disruption and edema induced by stroke 
[21, 22]. The whole-body nature of the knock-out, how-
ever, did not allow us to determine the cellular con-
tributors within the BBB that were responsible for the 

observed phenotype. Since ECs are essential compo-
nents of the BBB and provide the first line of defense 
of the CNS, in this study, we focused on understanding 
how endothelial Poldip2 affects barrier function. Our 
data indicated that, similar to our previously published 
results in whole-body Poldip2 knock-out mice, BBB 
permeability was dramatically reduced in Poldip2 EC-/- 
mice when compared to littermate controls, suggesting 
that endothelial Poldip2 modulates barrier function 
and BBB integrity. Likewise, our in  vitro  investiga-
tion using RBMECs demonstrated that siRNA-medi-
ated Poldip2 knockdown prevented a TNF-α-induced 
increase in EC permeability.

Based on the observations that Poldip2 regulates 
RBMEC barrier function and regulates the actin cytoskel-
eton in other cell types [16, 17], we decided to investigate 
whether Poldip2 affects the distribution of the prototypi-
cal molecular integrator ZO-1, whose interactions with 
the actin cytoskeleton are critical to TJ stabilization and 
EC barrier function [38]. Our in vitro data indicate that 
Poldip2 deletion prevents TNF-α-induced ZO-1 redis-
tribution away from inter-endothelial junctions. ZO-1 
is a major cytoskeletal organizer in ECs, which not only 
determines the overall distribution of F-actin but also 
the recruitment of force-stimulating junctional proteins 
and force-transmitting cytoskeletal linkers to junctional 
proteins, a critical determinant of endothelial cell contact 
integrity [34, 39]. Therefore, our data indicate that Pol-
dip2 plays a crucial role in regulating junctional homeo-
stasis by regulating ZO-1 tyrosine phosphorylation and, 
thereby, ZO-1 distribution. Although other studies have 
shown that TNF-α treatment decreases ZO1 expression 
in human retinal endothelial cells [40] and in human 
brain endothelial cells [41], we only saw a small, not sta-
tistically significant decrease in ZO1 levels in RBMECs 
stimulated with TNF-α and, therefore, conclude that 
the tyrosine-phosphorylate resistribution of ZO-1 is the 
major regulatory mechanism.

One of the most interesting findings in our study is 
that Poldip2 overexpression contributes to redox reg-
ulation of ZO-1, potentially through the regulation 
of mitochondrial ROS production. Posttranslational 
modifications of junctional proteins have been shown 
influence TJ assembly and integrity [42]. All mem-
brane-associated guanylate kinase (MAGUKs) family 
members, including ZO-1, ZO-2 and ZO-3, have an 
SH3 domain, a region of homology to guanylate kinase 
and a 90 amino acid PDZ domain that is likely involved 
in interaction with actin and other signaling molecules. 
Additionally, these proteins share a conserved tyrosine 

Fig. 4  Poldip2 overexpression enhances H2O2 production. 
The Amplex Red assay was used to measure H2O2 generated 
from RBMECs that were transduced with AdGFP or AdPoldip2 72 h 
prior to the assay. H2O2 concentration was calculated using H2O2 
standards and normalized to total protein. Bars are mean ± SEM of 4 
independent experiments. Unpaired t test, *P < 0.05
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residue (position 621 in human ZO-1), followed by a 
putative SH2 domain recognition sequence [43]. ROS 
formation induces an increase in tyrosine phosphoryla-
tion of ZO-1 and in paracellular permeability, which is 
prevented by tyrosine kinase inhibitors [10, 44]. Our 
results thus provide additional mechanistic insight by 
showing that Poldip2 promotes mitochondrial ROS-
mediated tyrosine phosphorylation of ZO-1. While 
previous studies have shown that Poldip2 regulates 
mitochondrial ROS formation [18], to our knowledge, 
our report is the first to show that redox regulation of 
ZO-1 phosphorylation is mediated by mitochondrial-
specific ROS production. Although the mechanism by 
which Poldip2 regulates mitochondrial ROS requires 
further investigation, these data are critical not only in 
furthering our understanding of how Poldip2 regulates 

brain endothelial cell permeability, but also in identi-
fying potential new therapeutic targets in the Poldip2 
pathway.

Future directions for our studies include to determine 
whether Poldip2 regulates additional junctional pro-
teins, such as occludin and claudins. Moreover, in addi-
tion to tyrosine phosphorylation, ZO-1 redistribution at 
the inter-endothelial area was also reported to correlate 
with serine and threonine phosphorylation [45]. Further 
investigation will be required to determine whether Pol-
dip2 also mediates phosphorylation of ZO-1 at serine 
and threonine. Future studies should also explore which 
tyrosine kinase(s) and phosphatase(s) are responsible for 
Poldip2-mediated ZO-1 phosphorylation. Previous stud-
ies have shown that several tyrosine kinases and phos-
phatases appear to bind and use ZO-1 as a substrate 

Fig. 5  Antioxidant NAC inhibits ZO-1 redistribution induced by Poldip2 overexpression. RBMECs were transduced with AdPoldip2 or AdGFP. 
Forty-eight hours after transduction cells were treated with NAC (20 mmol/L) or PBS for 24 h. Immunofluorescence microscopy was used 
to quantify ZO-1 localization in 4 fields randomly selected from each coverslip, using JAnaP software, as described in Fig. 3. The stacked bar graph 
represents means ± SEM from 3 independent experiments (18–28 cells per experimental condition). Statistical analysis of continuous junctions 
was performed using two-way ANOVA with Tukey’s post-hoc analysis, ****P < 0.0001 vs. AdGFP + PBS. ####P < 0.0001 vs. AdPoldip2 + PBS
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[46–48], but wether any of these are involved in BBB sta-
bility remains to be confirmed. Finally, in our cell culture 
experiments, brain ECs were stimulated with TNF-α to 
mimic in vivo cerebral ischemia. However, several other 

cytokines as well as hypoxia have been shown to be 
involved in cerebral ischemia-induced BBB disruption 
and further investigation will be required to determine 
whether they also utilize Poldip2.

Fig. 6  Poldip2 mediates tyrosine phosphorylation of ZO-1 and Poldip2 mediated tyrosine phosphorylation of ZO-1 is inhibited by NAC. A RBMECs 
were transduced with AdPoldip2 or AdGFP. Seventy-two hours after transduction, cell lysates were immunoprecipitated with anti-phosphotyrosine 
(PY20) or control IgG antibodies, and bound protein was examined by immunoblotting with ZO-1 antibody. The indicated arrow identifies 
the bands of ZO-1 in immunoprecipitated proteins. The intensity of the tyrosine phosphorylated ZO-1 bands in AdGFP and AdPoldip2 were 
compared. The bar graph represents means ± SEM (n = 5). Unpaired t test, ****P < 0.0001. B After transduction with AdGFP or AdPoldip2 
adenoviruses for 48 h, RBMECs were treated with PBS or NAC (20 mM) for 24 h. Cell lysates were immunoprecipitated with PY20 or control 
IgG antibodies, and bound protein was examined by immunoblotting with ZO-1 antibody. The indicated arrow identifies the bands of ZO-1 
in immunoprecipitated proteins. The bar graph represents means ± SEM (n = 4). One-way ANOVA, *P < 0.05 vs. AdGFP, ##P < 0.01 vs. AdPoldip2. C 
Micrographs showing expression of GFP in confluent RBMECs transduced with adenoviruses (left panel). Poldip2 overexpression after transduction 
was confirmed by western blotting
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In summary, our data clearly show that increased mito-
chondrial ROS production by Poldip2 plays a crucial role 
in disrupting endothelial barrier function by promoting 
phosphorylation of the TJ protein ZO-1. These discover-
ies provide novel insight into the mechanism by which 
Poldip2 regulates junctional proteins, and identify poten-
tial new therapeutic targets to improve endothelial bar-
rier function in neurological diseases associated with 
increased BBB permeability.
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Supplemental Fig. 1. Cerebral ischemia induces TNF-α upregulation in 
the cerebral cortex and TNF-α treatment has no effect on cell viability or 
Poldip2 and ZO-1 protein expression in cultured RBMECs. A TNF-α mRNA 
levels were measured in cerebral cortex 24 h after cerebral ischemia 
induction in C57BL/6 mice. The bar graph represents means ± SEM. 
Unpaired t test, *** P < 0.001. B RBMEC viability in response to 10 ng/
ml TNF-α treatment for 6 h was determined by the trypan blue assay. 
The bar graph represents means ± SEM of 5 independent experiments. 
C Poldip2 and D ZO-1 protein levels were assessed by western blotting in 
RBMECs. Bars represent mean ± SEM of 3 independent experiments.

Supplemental Fig. 2. Effect of Poldip2 knockdown on RBMEC morphol-
ogy. A The average cell perimeter and B area were calculated using the 
JAnaP software (n=37 cells analyzed for siControl group and n=28 cells 
analyzed for siPoldip2 group). Bars represent means ± SEM.

Supplemental Fig. 3. Effect of Poldip2 overexpression on RBMEC morphol-
ogy. A The average cell perimeter and B area were calculated using the 
JAnaP software (n=28 cells analyzed for AdGFP and AdPoldip2 group 
respectively). Bars represent means ± SEM.

Supplemental Fig. 4. ZO-1 knockdown attenuated H2O2 stimulated ZO-1 
phosphorylation. RBMECs were transfected with siControl or siZO-1 and 
48 h later stimulated with H2O2 for 4 h. Cell lysates were immunopre-
cipitated with PY20 or control IgG antibodies, and probed for ZO-1. The 
indicated arrow identifies the bands of ZO-1 in immunoprecipitated 
proteins. Down-regulation of ZO-1 after siRNA knockdown was verified by 
immunoblotting. The intensity of the tyrosine phosphorylated ZO-1 bands 
in siControl + H2O2 and siZO-1 + H2O2 were compared. The bar graph 
represents means ± SEM. Unpaired t test, *** P < 0.001.

Supplementary Material 5. Uncropped gels.

Fig. 7  Poldip2-mediated tyrosine phosphorylation of ZO-1 is inhibited by the mitochondrial ROS scavenger MitoTEMPO. After transduction 
with AdGFP or AdPoldip2 adenoviruses for 48 h, RBMECs were treated with PBS or MitoTEMPO (1 mM) for 6 h. Cell lysates were immunoprecipitated 
with PY20 or control IgG antibodies, and bound protein was examined by immunoblotting with ZO-1 antibody. The indicated arrow identifies 
the bands of ZO-1 in immunoprecipitated proteins. The bar graph represents means ± SEM (n = 3). One-way ANOVA, *P < 0.05 vs. AdGFP
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