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Abstract

Annexin A2 (ANXA2) is a multifunctional protein expressed in nearly all

human tissues and cell types, playing a role in various signaling pathways. It is

subjected to phosphorylation, but no specific protein phosphatase has been

identified in its posttranslational regulation yet. Using pull-down assay

followed by liquid chromatography–mass spectrometry analysis we found that

ANXA2 interacts with TIMAP (TGF-beta-inhibited membrane-associated pro-

tein) in pulmonary artery endothelial cells. TIMAP is highly expressed in

endothelial cells, where it acts as a regulatory and targeting subunit of protein

phosphatase 1 (PP1). TIMAP plays an important role in the regulation of the

endothelial barrier maintenance through the dephosphorylation of its several

substrate proteins. In the present work, phosphorylation of Ser25 side chain in

ANXA2 by protein kinase C (PKC) was shown both in vivo and in vitro. Phos-

phorylation level of ANXA2 at Ser25 increased greatly by inhibition of PP1

and by depletion of its regulatory subunit, TIMAP, implying a role of this PP1

holoenzyme in the dephosphorylation of ANXA2. Immunofluorescence

staining and subcellular fractionations revealed a diffuse subcellular localiza-

tion for the endogenous ANXA2, but phospho-Ser25 ANXA2 was mainly

detected in the membrane. ANXA2 depletion lowered the basal endothelial

barrier and inhibited cell migration, but had no significant effect on cell prolif-

eration or viability. ANXA2 depleted cells failed to respond to PMA treatment,

indicating an intimately involvement of phospho-ANXA2 in PKC signaling.

Moreover, phosphorylation of ANXA2 disrupted its interaction with S100A10

suggesting a phosphorylation dependent multiple regulatory role of ANXA2 in

endothelial cells. Our results demonstrate the pivotal role of PKC-ANXA2-PP1
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pathway in endothelial cell signaling, especially in barrier function and cell

migration.
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1 | INTRODUCTION

Annexin A2 (ANXA2) belongs to the annexin protein
family that includes 12 members present in mammals.1,2

ANXA2 is a 36-kDa protein expressed in the majority of
cells and tissues; it binds to several ligands and is
involved in multiple and diverse cellular processes.
ANXA2 has a strong impact in cancer progression as
well3,4; an increased expression of ANXA2 correlates with
invasion and metastasis in a variety of human cancers.5

ANXA2 has a core structure consisting of four highly
conserved homologous domains. The N-terminal domain
contains a nuclear export sequence and a binding site for
its main ligand, S100A10, while the C-terminal region
bears binding sites for calcium ion, phospholipids, hepa-
rin, and F-actin.6,7

ANXA2 has diverse cell type-specific subcellular
localization, it can be present in the cell membrane,
cytoplasm, or even in the nucleus.8 ANXA2 is trans-
ported to the cytoplasm from the nucleus via the inter-
action with exportin-1, but no nuclear localization
signal has been identified in its sequence and the
mechanism of cytoplasmic-nuclear translocation has
not been explored yet.9 In the nucleus, it participates
in DNA replication and protects DNA from harmful
effects and plays a role in the regulation of transcrip-
tion and translation.10–13 In cell membranes, ANXA2
participates in cell–cell interactions and cell adhe-
sion.14,15 ANXA2 is able to bind F-actin and it was
found to regulate cellular processes involving cytoskel-
etal rearrangement.16,17

Beside the monomeric form, ANXA2 exists as a
heterotetramer with S100A10 (a.k.a. p11),18,19 but inter-
actions with other members of the S100 protein family
like S100A6, S100A4, and S100A11 were also
reported.20,21 S100A10 is unique among the S100 proteins
as it does not contain an EF-hand motif.22 ANXA2 has a
strong impact on S100A10 as it protects S100A10 from
ubiquitination and proteosomal degradation,23 further-
more, knockdown of ANXA2 leads to a decrease in the
protein expression level of S100A10.24 The ratio of mono-
meric and heterotetrameric forms is cell type specific,
and diverse cellular functions are suggested for the differ-
ent forms. Monomeric ANXA2 was detected to associate
with cell membranes, and association with S100A10
increased its membrane appearance in HepG2 cells.25

Furthermore, it was also shown that monomeric ANXA2
can localize in the nucleus of LNCaP cells.26

The N-terminal region of ANXA2 is subjected to post-
translational modifications, like acetylation or phosphor-
ylation. Ser11, Ser25, and Tyr23 (counting Ser1 as the
first amino acid) are thought to be important phosphory-
lation sites.3,27–29 S100A10 binds to the first 12 amino
acids of ANXA2; therefore, Ser11 phosphorylation is con-
sidered as a regulator for the interaction, although it has
been studied in vitro only.7,24 Protein kinase A (or cAMP-
dependent protein kinase) and CAMK (calmodulin
dependent protein kinase) were shown as possible regula-
tors for Ser11 phosphorylation30 and calcineurin-
dependent dephosphorylation of the side chain was also
found.24

Protein kinase C (PKC) was reported phosphorylating
ANXA2 in vitro and Ser25 was suggested to be a potential
PKC site.31 Using a Ser25Glu ANXA2 mutant, it was
shown that Ser25 phosphorylation may mediate nuclear
entry of ANXA2; conversely, immunostaining with a
pSer25ANXA2-specific antibody proved that ANXA2
phosphorylated on Ser25 is absent from the nucleoplasm
of PC12 cells.32,33 Further results suggest that Ser25 may
induce the phosphorylation of Ser11 by a sequential
mechanism.31 The protein phosphatase which is involved
in the dephosphorylation of phospho-Ser25 in ANXA2
has not yet been identified.

Several works report that Tyr23 of ANXA2 can be
phosphorylated by pp60(src),34 or by activation of the
insulin receptor or the epidermal growth factor recep-
tor.24,35 This phosphorylation results in an alteration of
the cytoskeletal system, changes the cell shape, and
increases the plasma membrane.36,37 Tyr23 and Ser25
sites are close to each other. No double-phosphorylated
ANXA2, however, has been detected so far,38 and these
sites are considered as mutually exclusive sites.39

Protein phosphatase 1 (PP1) is one of the main Ser/-
Thr phosphatases. The catalytic subunit (PP1c) of the
holoenzyme forms complexes with different regulatory/
targeting subunits. The uniquely high expression level of
TIMAP (HGNC: 15850, PPP1R16B) an endothelial cell-
specific regulatory subunit of PP1cβ/δ (HGNC: 9282),
implies its significance in fundamental activities of this
cell type.40 Recent results proved its indispensable role in
endothelial barrier integrity, angiogenesis, and cell
migration.41 To better understand and reveal cross-talks
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of TIMAP in related signaling pathways, pull-down
assays were utilized to identify possible TIMAP-PP1c tar-
get proteins. ANXA2 was identified as an interacting pro-
tein partner of TIMAP by liquid chromatography–mass
spectrometry (LC–MS/MS) analysis. Here, we provide
evidence that the TIMAP-PP1c complex regulates
ANXA2 dephosphorylation.

2 | MATERIALS AND METHODS

2.1 | Cell cultures

Bovine pulmonary artery endothelial cells (BPAEC, cul-
ture line CCL 209, American Type Tissue Collection,
Rockville, MD) and human pulmonary artery endothelial
cells (HPAEC, Lonza Group Ltd, Switzerland catalogue
Nr: CC-2530) were maintained as described earlier.42,43

Phorbol 12-myristate 13-acetate (PMA), tautomycetin
(TM), Gö6983, and okadaic acid (OA) purchased from
Sigma-Aldrich were dissolved in DMSO, and they were
utilized in serum-free medium.

2.2 | Preparation of TIMAP and ANXA2
constructs

TIMAP (NM_015568) wild-type full-length (1-567aa), N-
terminal (1-290aa), C-terminal (291-567aa), TIMAP
1-165aa, 52-165aa, 67-165aa, and 165-290aa,
TIMAP S331A, and S331D recombinant constructs were
made as described earlier.42,44,45 Human cDNA prepared
from HeLa cells was used to amplify ANXA2 coding
sequence with the following primer pair containing
BamHI and XhoI restriction sites for cloning: 50-TAT
AGG ATC CAT GTC TAC TGT TCA CGA AAT CC-30;
50-TAT CTC GAG CTA GTC ATC TCC ACC ACA CA-30.
The amplified DNA was inserted into a pGEX-4T-2 vector
suitable for bacterial protein expression. All primers were
synthesized by Integrated DNA Technologies (Leuven,
Belgium). DNA sequences of the constructs were con-
firmed by sequencing (BIOMI Kft., Gödöll}o, Hungary).

2.3 | Sodium Dodecyl Sulfate–
PolyAcrylamide Gel Electrophoresis (SDS-
PAGE) and western blotting

Proteins in extracts (20–50 μg) were subjected of separa-
tion on 10–12% SDS polyacrylamide gels and transferred
onto nitrocellulose membranes by electroblotting. Mem-
branes were blocked in 5% w/v non-fat dry milk or 5%
w/v BSA (for phospho-specific antibodies) containing
TBST (Tris-Buffered Saline, 0.1% Tween® 20 Detergent)

solution for 1 hr. Membranes were incubated with pri-
mary antibodies overnight at 4�C. After washing steps
membranes were probed with Horseradish Peroxidase
(HRP)-conjugated immunoglobulin G (IgG) secondary
antibodies. Bands were visualized by enhanced chemilu-
minescence reaction (Western Bright™ ECL, Advansta)
and blots were imaged using Alpha Innotech
FluorChem® FC2 Imager. Blots were quantified by densi-
tometry using the ImageJ software. The primary and sec-
ondary antibodies are listed in Table 1.

2.4 | LC–MS/MS analysis

Protein samples were separated by 10–12% SDS-PAGE
and stained with Coomassie Brilliant Blue solution. Liq-
uid chromatography with tandem mass spectrometry
detection was performed by Dr. Tam�as Jan�aky and
Zolt�an Szab�o at the Department of Medical Chemistry,
Faculty of Medicine, University of Szeged, as described in
Reference 42.

2.5 | Bacterial protein expression and
GST pull-down assay

Escherichia coli BL21 (DE3) cells were transformed with
pGEX-4T-2 coding glutathione S-transferase (GST),
pGEX-4T-3 and -2 recombinant vectors containing
TIMAP or ANXA2 coding sequences, respectively.

TABLE 1 List of antibodies used for western blot

Antibody Dilution Vendor

Actin 1:1,000 Sigma Aldrich (A5060)

ANXA2 (N-term) 1:500 Abgent Inc. (AP7420a)

β-tubulin 1:2,000 Millipore (#05-661)

CD31 monoclonal
(HEC7)

1:1,000 Thermo Fisher Scientific
(MA3100)

lamin A/C (H-110) 1:2,000 Santa Cruz (sc-20681)

PP1cδ 1:1,000 Millipore (#07-270)

S100A10 1:500 Abgent Inc. (AP909c)

PKCα 1:1,000 Proteintech Group Inc.
(21991-1-AD)

Phospho-Annexin A2
(Ser26)

1:1,000 Invitrogen (#PA5-37474)

pSer PKC substrate
antibody

1:1,000 Cell Signaling (#2261)

PPP1R16B (TIMAP) 1:1,000 Abgent Inc. (AP17590c)

Anti-rabbit IgG, HRP-
linked antibody

1:5,000 Cell Signaling (#7074)

Anti-mouse IgG, HRP-
linked antibody

1:5,000 Cell Signaling (#7076)
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TIMAP protein expression was induced as described ear-
lier in References 42 and 45. ANXA2 transformed E. coli
cells were grown (37�C, 180 rpm) till OD600 = 0.5 and
recombinant protein expression was induced by 0.1 mM
Isopropyl β- D-1-thiogalactopyranoside (IPTG). Cells
were further cultured at room temperature with shaking
for 3 hr. Cells were harvested by centrifugation and pro-
tein purification followed by pull-down assay was carried
out as described in Reference 42.

2.6 | Immunoprecipitation,
immunofluorescence, and microscopy

Immunoprecipitation was made as described in Refer-
ence 42. Cells grown on glass coverslips were utilized for
immunofluorescent staining.42 Primary (1:100) and sec-
ondary (1:300) antibodies were diluted in blocking solu-
tion. Nonspecific binding of the secondary antibodies was
checked in control experiments. Actin filaments were sta-
ined using Texas Red Phalloidin and nuclei were visual-
ized by DAPI. Confocal images were acquired with a
Leica TCS SP8 confocal microscope using an HC PL APO
CS2 63� 1.40 numeric aperture oil immersion objective
on a DMI6000 CS microscope at 25�C. Images were
processed using LAS AF software.

2.7 | In vitro PKC assay

Purified recombinant GST, GST-TIMAP, and GST-
ANXA2 proteins were incubated with or without active
PKCα (Signal Chem) in kinase assay buffer offered by the
manufacturer. After 60 min incubation at 30�C, the reac-
tion was terminated by the addition of 5X SDS sample
buffer and heating the samples to 100�C for 5 min.

2.8 | siRNA silencing

TIMAP (PPP1R16B) was silenced using 50 nM siRNA
(ON-TARGET plus SMARTpool siRNA (L-004065-00-0,
Dharmacon) and ANXA2 was silenced using 10 nM
annexin A2 siRNA (Santa Cruz Biotechnology, sc-
270,151) in complex with Lipofectamine RNAiMAX
transfection reagent (Invitrogen) in serum-free medium
for 48 hr. ON-TARGETplus siCONTROL nontargeting
pool was used as a negative control.

2.9 | Subcellular fractionation

Membrane, cytoplasmic, and nuclear fractions were iso-
lated as described earlier.42,46

The efficiency of fractionation was analyzed by
immunoblotting using CD31 antibody as a membrane
marker, lamin A/C antibody as a nuclear marker, and
β-tubulin antibody as a cytoplasmic marker.

2.10 | MTT assay

Cell viability was determined with MTT (3-
[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium bro-
mide) assay. Cells in triplicates were plated on flat-
bottomed 96-well microtiter plates and treated with non-
siRNA or siANXA2 RNA. At indicated time points 10 μl
of MTT (5 mg/ml) was added to each well, and incubated
at 37�C for 2 hr. Untransformed MTT was removed by
aspiration, and the formazan product was dissolved in
DMSO. After vigorous shake of the plates, the absorbance
was measured at wavelength of 540 nm.

2.11 | ECIS measurements

Electric cell-substrate impedance sensing (ECIS) model
Zθ (Applied BioPhysics Inc.) was used to monitor endo-
thelial barrier resistance and cell migration using non-
siRNA or ANXA2-specific siRNA-treated cells as
described in Reference 46.

2.12 | Statistical analysis

All results are presented as means ± SD (n = 3). Statisti-
cal analysis was done with GraphPad Prism program
using ANOVA. Differences were considered significant
for p < .05 (*), p < .01 (**), p < .001 (***). Densitometry
of immunoblots was done by the ImageJ software.

3 | RESULTS

3.1 | TIMAP interacts with ANXA2 in
endothelial cells

Protein phosphatase 1 has over 50 potential regulatory
subunits to fulfill its function in different cell types.
TIMAP is highly expressed in endothelial cells, therefore,
to reveal new substrate/interacting partner for this PP1
holoenzyme, GST-tagged TIMAP fragments were used as
baits in pull-down assays. Bovine pulmonary endothelial
cell lysate was added to N-terminal (1-290aa) and C-
terminal (291-567aa) TIMAP fragments immobilized to
glutathione Sepharose 4B beads. Pull-down samples were
resolved by SDS-PAGE and stained with Coomassie Blue
dye solution (Supplementary Figure 1). The extra band
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present in the GST-TIMAP N-terminal pull-down sample
approximately at 36 kDa was identified by LC–MS/MS as
annexin A2 (ANXA2; UniProt: P04272). The interaction
between TIMAP and ANXA2 was confirmed by western
blot analysis of the pull-down samples (Figure 1a).
ANXA2 bound to wild type full-length TIMAP and the
N-terminal fragment that contains the PP1c binding
motif, nuclear localization signal, and five ankyrin
(ANK) repeats. The C-terminal fragment of TIMAP con-
taining a disordered region and the prenylation motif
had no interaction with ANXA2, despite the higher
amount of loaded protein as shown by Coomassie stained
SDS-PAGE gels (Figure 1a). To further specify the inter-
acting area, additional shorter N-terminal TIMAP rec-
ombinants were tested (Figure 1b). Using TIMAP 1–165
and 165–290 fragments, we found that ANK4 and ANK5
domains are not involved in the interaction. Deletion of
either the NLS (TIMAP 52–165) or the PP1c binding site

(TIMAP 67–165) had no effect on ANXA2 binding; there-
fore, it was concluded that ANK1–ANK3 repeats are the
critical regions in TIMAP–ANXA2 interaction.

ANXA2 was cloned from HeLa cDNA and pGEX-
4T-2 constructs were created. GST-ANXA2 protein
expression was optimized to produce GST-ANXA2
recombinant. The recombinant was used in pull-down
assays. The TIMAP-PP1cδ complex interacted with GST-
ANXA2, but no interaction was detected with control
GST, as expected (Figure 1c). Interaction of endogenous
proteins was proved by immunoprecipitation utilizing
TIMAP and ANXA2-specific antibodies (Figure 1d).
ANXA2 was detected in the immunoprecipitated yielded
by a TIMAP-specific antibody from endothelial cell
lysate, and vice versa. PP1cδ was present in both IP com-
plexes. To test whether ANXA2 binds PP1c directly or via
TIMAP immunoprecipitation was made with ANXA2
antibody from control and TIMAP siRNA-treated cells

FIGURE 1 ANXA2 interacts with TIMAP-PP1c complex. (a, b) Bacterially expressed glutathione S-transferase (GST) and GST-tagged

full length wild-type TIMAP, N-terminal (1-290aa) or C-terminal (291-567aa) TIMAP fragments (a) or GST, GST-TIMAP wild type, N-

terminal (1-290aa) and shorter (1-165aa, 52-165aa, 67-165aa, 165-290aa) TIMAP fragments of the N-terminal region (b) were loaded onto

glutathione Sepharose and the washed resin samples were incubated with BPAEC lysate (pull down). Western blot of the endothelial cell

lysate (CL) and the eluted fractions after the pull-down probed with ANXA2-specific antibody are shown. The pull-down complexes from

were visualized by Coomassie blue staining as loading controls (SDS-PAGE). Red arrows indicate the undegraded TIMAP proteins. (c) Pull

down of endothelial cell lysate was made using GST and GST-tagged ANXA2 as baits. Samples were tested using TIMAP and PP1cδ-specific
antibodies by western blot. The pull-down complexes were visualized by Coomassie blue staining as loading controls. (d) TIMAP or ANXA2

was immunoprecipitated from lysates of BPAEC. IP complexes were probed for TIMAP, ANXA2, and PP1cδ. Rabbit IgG was used as control.

The extra bands seen at about 25 kDa correspond to IgG. (e) ANXA2 was immunoprecipitated from nonsiRNA or siTIMAP (+) RNA-treated

BPAEC. IP complexes were probed for TIMAP, ANXA2, and PP1cδ
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(Figure 1e). No interaction was detected between ANXA2
and PP1cδ in TIMAP-depleted cells, therefore we con-
cluded that ANXA2 interacts with PP1cδ via TIMAP.

3.2 | Phosphorylation state of Ser25 in
ANXA2 is regulated by PKC and
TIMAP-PP1c

Ser25 side chain of ANXA2 is a potential PKC phos-
phorylation site.31,47 To investigate ANXA2 phosphory-
lation by PKC, in vitro PKC phosphorylation assays
were performed (Figure 2a). The amount and purity of

loaded GST, GST-ANXA2, and GST-TIMAP proteins
were confirmed by SDS-PAGE. Samples were tested in
western blot experiments using an antibody specific for
phospho-Ser side chains phosphorylated by PKC (pho-
spho-Ser PKC substrate antibody) and an anti-phospho-
Ser25 ANXA2 antibody. GST was used as negative con-
trol, and GST-TIMAP served as a positive control for
in vitro phosphorylation, as it was shown earlier to be
phosphorylated by PKC on the Ser331 sidechain.45 PKC
phosphorylated both TIMAP and ANXA2, moreover,
the phospho-Ser25 ANXA2-specific antibody verified
that indeed PKC phosphorylated the Ser25 side chain in
ANXA2 (Figure 2a). To test whether PKC

FIGURE 2 PKC phosphorylates ANXA2 on Ser25 side chain. (a) Purified recombinant GST, GST-ANXA2, and GST-TIMAP proteins

were incubated with or without active PKCα for 30 min. Amount of loaded proteins were verified by SDS-PAGE followed by Coomassie

staining. Phosphorylation of proteins was analyzed by western blot using anti-phosphoSer PKC substrate and phospho-Ser25 annexin

A2-specific antibodies. (b) Pull down of endothelial cell lysate was made using GST, GST-tagged TIMAP wild type, S331D or S331D

recombinant full-length TIMAP proteins as baits. Samples were tested for ANXA2 in western blot experiment. (c) Total cell lysates of

control, nonsilencing RNA and PKC-specific siRNA transfected HPAEC treated with PMA (1 μM for 30 min) or PMA (1 μM for 30 min) after

a pretreatment with Gö6983 (1 μM for 30 min) were analyzed by western blot using PKCα, actin, ANXA2, and phospho-Ser25

ANXA2-specific antibodies. (d) Western blot analysis of control, PMA (1 μM, 30 min), PMA (1 μM, 30 min) with Gö6983 pretreatment

(1 μM, 30 min), okadaic acid (5 nM, 30 min), tautomycetin (1 μM, 30 min), nonsiRNA, or TIMAP-specific siRNA-treated BPAEC cells are

shown. Phospho-Ser25 ANXA2 level was normalized to ANXA2 protein level. Densitometric analysis of western blots are shown as mean

± SD (n = 3). Statistical analysis was done with ANOVA and marked by asterisks; ***p < .001
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phosphorylation of TIMAP has an effect on ANXA2
binding, recombinant Ser331 phosphomutant TIMAP
proteins were used in pull-down assay (Figure 2b).
There was no difference in the amount of bounded
ANXA2 in the phosphomimic S331D or phosphonull
S331A TIMAP pull-down samples, compared to the
wild-type TIMAP. Next, to study more detailedly
ANXA2 phosphorylation at Ser25, PKCα was depleted
by specific siRNA transfection. HPAEC cells were
treated with nonspecific RNA and PKCα-specific siRNA
for 48 hr. PMA was used to activate PKC, and Gö6983
pretreatment was applied to block PKC activity. West-
ern blot analyses of the samples using specific
antibodies (Figure 2c) demonstrated in vivo phosphory-
lation of Ser25 in ANXA2 after activation of PKC
by PMA.

Next, we compared the effect of PKC activation/inhi-
bition or inhibitions of phosphatases on the phosphoryla-
tion level of ANXA2 (Figure 2d). PKC was activated by
PMA challenge, while inhibition of PKC activity was
achieved by a pretreatment with Gö6983. Protein phos-
phatase 2A (PP2A) activity was inhibited by OA (in the
applied concentration OA selectively inhibits PP2A),
while PP1 was blocked by tautomycetin. Effect of TIMAP
depletion was also tested by employing TIMAP-specific
siRNA. Normalized data show that phosphorylation level
of ANXA2 increased after PMA treatment or after block-
ing PP1c either by using tautomycetin or by depleting
TIMAP, the PP1 regulatory subunit (Figure 2d).

3.3 | Subcellular localization of ANXA2
is affected by its phosphorylation state

Localization of ANXA2 in endothelial cells was first
tested by immunofluorescent staining. HPAEC cells were
costained with ANXA2 and TIMAP-specific antibodies
(Figure 3a). Also, phospho-Ser25 ANXA2 and actin fila-
ments were visualized by specific antibody and Texas-
Red Phalloidin, respectively (Figure 3b). TIMAP was pre-
sent mainly in the membrane and nuclear area of cells as
expected. ANXA2 staining did not show any particular
accumulation of the protein at any specific location of
the cells. We detected colocalization of ANXA2 and
TIMAP predominantly in the cell membrane (white
arrows). Staining of phospho-Ser25 ANXA2 in untreated,
control cells resulted in a faint signal that considerably
increased in the cell membrane upon PMA treatment.
TIMAP was also enriched in the cell membrane after
PKC activation in agreement with our earlier findings.45

The localization changes and the increase in the phos-
phorylation level of Ser25 of ANXA2 detected in TIMAP-
depleted cells compared to nonsiRNA or control cells
were similar to the changes observed after the above
described changes evoked by PKC activation.

Next, subcellular fractions were isolated from non-
siRNA and siTIMAP RNA-treated HPAEC. Lamin A/C,
β-tubulin, and CD31-specific antibodies were used to con-
firm the purity of nuclear, cytoplasmic, and membrane
fractions, respectively. Western blot analysis of the

FIGURE 3 Phospho-Ser25 ANXA2

localizes in cell membrane.

Immunofluorescent staining of control,

PMA (1 μM for 30 min), non siRNA or

TIMAP-specific siRNA-treated HPAEC

was performed using (a) ANXA2 and

TIMAP-specific primary antibodies or

(b) phospho-Ser25 ANXA2-specific

antibody and Texas Red Phalloidin

(actin, red). Nuclei of the cells were

stained using DAPI (blue). White arrows

on merged images of control and PMA-

treated cells point colocalization of

TIMAP and ANXA2 in the membrane

region. Nonspecific binding of the

secondary antibodies was checked in

control experiments (not shown).

Representative data of at least three

independent experiments are shown
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fractions proved that ANXA2 is present in the nuclear,
cytoplasmic, and membrane fraction of HPAEC cells
(Figure 4a). Phospho-Ser25 ANXA2, however, was only
detectable in total cell lysates and the membrane fraction.
In parallel with the results of immunofluorescent
staining, TIMAP-depleted cell lysates showed increased
phosphorylation level of ANXA2. Cellular distribution of
ANXA2 was also affected by TIMAP depletion, as the
nuclear ANXA2 level decreased, while its level in the
membrane increased (Figure 4b).

3.4 | Annexin A2 is involved in
endothelial barrier maintenance and cell
migration

To reveal the physiological role of ANXA2 in endothelial
cells, siRNA mediated depletion of ANXA2 was carried

out. ANXA2 protein level decreased close to undetectable
level in specific siRNA-treated cells after 48 hr
(Figure 5a). Effect of siRNA transfection on cell prolifera-
tion and viability was analyzed by MTT assay. Neither
the nonsiRNA treated nor the depleted cells showed any
significant changes in their viability compared to control
cells (Figure 5b). The endothelial barrier of the trans-
fected cells was also monitored using ECIS. Monolayers
of endothelial cells were treated with nonsi- and
ANXA2-specific siRNA 24 hr after seeding. Our results
show that the depletion of ANXA2 decreases the resis-
tance of endothelial cells (Figure 5c). An even more pro-
nounced difference was found in the cell migration rates
measured by in vitro wound healing assays of nonsiRNA
and ANXA2-specific siRNA-treated cells (Figure 5d)
suggesting that ANXA2 might be important not just in
barrier maintenance but also in cell movement. This con-
cept was further proved by challenging the confluent
monolayer of nonsiRNA and ANXA2-specific siRNA-
treated cells with PMA to activate PKC (Figure 6a).
NonsiRNA-treated cells responded first with an increase
of resistance that fell below the initial level 2–3 hr after
the addition of PMA and then, in a second phase, gradu-
ally returned to a normal value (about 1,000 Ω).48,49 In
contrast, ANXA2-depleted cells had a significantly
smaller elevation of the resistance upon addition of PMA
and after a significant decrease detected 2–3 hr later, the
resistance of the silenced cells remained much lower
compared to the nonsilenced cells.

Interaction of ANXA2 and S100A10 plays an impor-
tant role in cell–cell interactions, actin binding, and cel-
lular motility. We tested their interaction by
immunoprecipitation. ANXA2 or S100A10 was immuno-
precipitated from control or PMA-treated endothelial cell
lysates (Figure 6b). In control cells, ANXA2–S100A10
interaction was detected from both sides, but the interac-
tion was abolished after the activation of PKC suggesting
a weaker or no interaction of the phosphorylated form of
ANXA2 with S100A10. Indeed, S100A10 only interacted
with the nonphosphorylated ANXA2, but the phospho-
Ser25 ANXA2 was not detectable in the IP complexes iso-
lated with the S100A10-specific antibody.

4 | DISCUSSION

Annexin A2 is one of the most studied members of the
annexin family. A growing number of evidence reports
that ANXA2 is involved in numerous signaling pathways.
Its importance in normal biological functions and its clin-
ical relevance as a cancer biomarker sets ANXA2 in the
spotlight. Posttranslational modifications of ANXA2 reg-
ulate its function, subcellular localization, and

FIGURE 4 TIMAP regulates cellular localization of ANXA2.

(a) Subcellular fractionation of nonsilencing RNA and TIMAP-

specific siRNA-treated HPAEC. Total cell lysates (T) and

subcellular fractions were analyzed with TIMAP, ANXA2,

phospho-Ser25 ANXA2, CD31 (membrane marker, M), β-tubulin
(cytoplasmic marker, C), and anti-lamin A/C (nuclear marker, N)

specific antibodies. (b) ANXA2 level in different cell fractions were

analyzed by densitometric analysis of western blots. ANXA2 bands

were normalized to the corresponding cell fraction marker bands
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interactions with other proteins. Although several impor-
tant phosphorylation sites were identified so far, protein
phosphatases responsible for the dephosphorylation of
these side chains have not been described yet. In the pre-
sent work, a specific interaction was detected between
ANXA2 and a type1 phospho-Ser/phospho-Thr-specific
protein phosphatase, namely, the TIMAP-PP1c complex
in pulmonary endothelial cells. TIMAP, as a regulatory
subunit of PP1c, interacts with other proteins and deter-
mines the substrate specificity of the holoenzyme.
ANXA2 binds to the ANK1–ANK3 domains in the N-
terminal part of TIMAP. Up to now, all identified sub-
strates and interacting protein partners of TIMAP inter-
acted with the N-terminal region (1-290aa) and no
protein was described to bind to the disordered C-
terminal region.41 The newly described interaction of
ANXA2 with a phosphatase raised the question, whether
phosphorylated ANXA2 can be a substrate of PP1. Sev-
eral known TIMAP-PP1c substrates, for example, endo-
thelin converting enzyme-1 or ERM proteins are
subjected to phosphorylation by PKC.44,50 In vivo and

in vitro experiments proved that ANXA2 is phosphory-
lated by PKC enzyme on the Ser25 side chain. Drug-
induced inhibition of the PP1 activity or depletion of
TIMAP, the regulatory subunit of PP1c, both maintained
the phosphorylated state of ANXA2. One can hypothesize
that depletion of TIMAP reduces the PP1 activity toward
TIMAP-PP1c substrates and that results in an increase in
the phosphorylation level of the substrates. Due to the
structural domain properties of TIMAP, it localizes in cell
membrane and nuclear area of endothelial cells.41

ANXA2 colocalizes with TIMAP in the cell membrane
region. Importantly, phospho-Ser25 ANXA2 was found
only in the membrane region of endothelial cells and
depletion of TIMAP caused an increased phosphorylation
level of ANXA2. Also, translocation of ANXA2 was
detected from the nucleus to the membrane in TIMAP
depleted cells. It was reported that ANXA2 interacts with
VE-cadherin in endothelial cells, regulating cell motility
and actin dynamics.51 Others reported the involvement
of ANXA2-S100A10 complex in E-cadherin-based adher-
ent junction formation in MDCK cells.52 In line with

FIGURE 5 ANXA2 affects endothelial barrier regulation and cell migration. (a) Lysates of control, nonsiRNA and annexin A2-specific

siRNA-treated HPAEC cells were analyzed by western blot. (b) Cell viability of control and nonsi- or siRNA-transfected HPAEC was

measured by MTT assay 24, 48, and 72 hr after transfection. Cell viability was expressed as percent of viability observed for 0 hr samples.

(c) Resistance of nonsi- and siRNA-transfected HPAEC was monitored using ECIS. Cells plated on 8W10E arrays were transfected with

nonsiRNA and ANXA2-specific siRNA at 24 hr. Resistance was followed in time. Representative curves show the means ± SD of three

independent measurements. (d) In vitro wound healing assays were performed with ECIS to measure the rate of cell migration. Results are

presented as means ± SD of four independent measurements for each sample
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these results of others, the membrane localization of
phospo-Ser25 ANXA2 emphasizes its involvement in
cell–cell interactions and endothelial barrier regulation.
Depletion of ANXA2 had no significant effect on endo-
thelial cell proliferation or viability, but lowered the basal
barrier resistance of cells and decreased their migration
rate. Importantly, ANXA2 depleted cells failed to
response to PMA challenge and they were unable to
restore normal endothelial barrier. Moreover, activating
PKC by PMA disrupted the ANXA2–S100A10 complex by
a phosphorylation dependent manner, as no interaction
was found between phospho-Ser25 ANXA2 and S100A10.
S100A10 binds to the N-terminal region of ANXA2,
therefore, phosphorylation of Ser25 can induce a confor-
mational change in that part of the protein resulting in a
dissociation of the complex. ANXA2 and S100A10 inter-
action is well studied, but there is no consistent view
about the regulation of the complex.20 It seems that
ANXA2 regulation is cell type specific that further

reflects the importance to explore its many signaling
pathways.

Altogether, our results pointed out a new interaction
of ANXA2 with TIMAP–PP1c complex and a phosphory-
lation dependent regulation that affects endothelial cell
migration, barrier, and signaling pathways.
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