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Protein phosphatase 2A-mediated flotillin-1
dephosphorylation up-regulates endothelial cell migration

and angiogenesis regulation
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Endothelial cells have key functions in endothelial barrier
integrity and in responses to angiogenic signals that promote
cell proliferation, cell migration, cytoskeletal reorganization,
and formation of new blood vessels. These functions highly depend
on protein—protein interactions in cell-cell junction and cell
attachment complexes and on interactions with cytoskeletal pro-
teins. Protein phosphatase 2A (PP2A) dephosphorylates several
target proteins involved in cytoskeletal dynamics and cell adhesion.
Our goal was to find new interacting and substrate proteins of the
PP2A-B55a holoenzyme in bovine pulmonary endothelial cells.
Using LC-MS/MS analysis, we identified flotillin-1 as a protein
that binds recombinant GSH S-transferase—tagged PP2A-B55a.
Immunoprecipitation experiments, proximity ligation assays, and
immunofluorescent staining confirmed the interaction between
these two endogenous proteins in endothelial cells. Originally, flo-
tillins were described as regulatory proteins for axon regeneration,
but they appear to function in many cellular processes, such as
membrane receptor signaling, endocytosis, and cell adhesion.
Ser®'® is a known PKC-targeted site in flotillin-1. Utilizing phos-
phomutants of flotillin-1 and the NanoBiT luciferase assay, we
show here that phosphorylation/dephosphorylation of Ser®'® in
flotillin-1 significantly affects its interaction with PP2A-B55« and
that PP2A-B55a dephosphorylates phospho-Ser®'®. Spreading,
attachment, migration, and ix vitro tube formation rates of S315A
variant— overexpressing cells were faster than those of nontrans-
fected or S315D-transfected cells. These results indicate that the
PP2A-flotillin-1 interaction identified here affects major physio-
logical activities of pulmonary endothelial cells.

Protein phosphatase 2A (PP2A) is one of the main serine/
threonine phosphatases in the cell involved in the regulation of
numerous signaling pathways, and it is also known as a potent
tumor suppressor (1, 2). PP2A is a heterotrimeric holoenzyme
composed of a core dimer structure containing a scaffolding A
subunit (PP2A A) and a catalytic C subunit (PP2A C) (3). Spec-
ificity of PP2A is achieved through association of the core dimer
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with a third, variable B regulatory subunit. At least four struc-
turally different families of the regulatory subunits have been
identified: B (B55), B’ (B56), B” (PR72), and B”” (PR93) (4). The
type of the B subunit is the key to determining the substrate
specificity and subcellular localization of the holoenzyme. Our
recent data point out that the ABaC holoenzyme form of PP2A
is essential in endothelial cell (EC)? barrier integrity in micro-
and macrovascular endothelial cells. Furthermore, we detected
association of Ba (also known as B55) and adherent junction
proteins, suggesting that the activity of the ABaC holoenzyme
form of PP2A is necessary for functional adherent junctions in
ECs (5-7).

The flotillin protein family consists of two ubiquitously
expressed proteins, flotillin-1 and flotillin-2, also known as reg-
gie-2 and reggie-1, respectively. They are highly conserved, and
their protein sequences are about 50% identical (8). Flotillins
contain an N-terminal stomatin/prohibitin/flotillin/HfIK/C
or prohibitin homology domain and a C-terminal “flotillin
domain” containing alanine and glutamic acid repeats (8). Flo-
tillin-1 is expressed most abundantly in hematopoietic cells and
the brain, heart, and lungs (9, 10). Within cells, flotillin-1 has
been shown to be present in membranes, endosomes, the Golgi,
and the nucleus (11-13). Flotillins are present in cells as mono-
mers and homo- or heteromers (14). Although flotillin-1 is rec-
ognized as a lipid raft protein (15), earlier findings also indicate
its wide subcellular distribution depending on the cell type (16).
In some cell lines, flotillin-1 localizes in the plasma membrane
(HepG2 and HeLa), in contrast with its intracellular localiza-
tion found in Madin-Darby canine kidney cells (17).

Several posttranslational sites have been identified on flotil-
lins. Flotillins attach to the cytosolic side of the plasma mem-
brane via fatty acid modification (18, 19). Palmitoylation has
been shown at Cys®* of flotillin-1 (19) and Cys*, Cys'®, and
Cys®° of flotillin-2 (18, 20). This modification of Cys>* is essen-
tial in membrane localization of flotillin-1 in kidney cells (19)
but not in adipocytes (17). Fyn kinase phosphorylates flotillin-1
at Tyr'®® (21) and flotillin-2 at Tyr'®®. The Tyr'®® residue of
flotillin-2 and the flotillin domain are important in hetero- and
homo-oligomer formation of flotillin-1 and flotillin-2 (18, 22).

2 The abbreviations used are: EC, endothelial cell; BPAEC, bovine pulmonary
artery endothelial cell; cDNA, complementary DNA; PMA, phorbol 12-my-
ristate 13-acetate; PLA, proximity ligation assay; IP, immunoprecipitation;
ECIS, electric cell substrate impedance sensing; OA, okadaic acid; TBS, Tris-
buffered saline; VE, vascular endothelial.

SASBMB

© 2019 Thalwieser et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.


http://www.jbc.org/cgi/content/full/RA119.007980/DC1
mailto:boratko@med.unideb.hu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.007980&domain=pdf&date_stamp=2019-11-21

Recent results indicate that activated PKC triggers endocy-
tosis by phosphorylating flotillin-1 on Ser®'® (23). Beyond
endocytosis, flotillin-1 is considered to function in signaling
and interactions with the cytoskeleton (24). Dephosphorylation
of phospho-Ser®'® of flotillin-1 has not yet been studied, and the
phosphatase responsible for dephosphorylation of this site is
still unknown.

In this work, flotillin-1 was identified as a new interacting
partner of the Ba subunit— containing PP2A holoenzyme. We
show evidence that dephosphorylation of phospho-Ser®'® of
flotillin-1 promotes angiogenesis and cell migration of pulmo-
nary artery endothelial cells.

Results

The PP2A Ba holoenzyme interacts with flotillin-1 in
endothelial cells

Regulatory B subunits of PP2A strongly influence substrate
specificity and protein interactions of PP2A. Therefore, to
reveal new interacting partners or substrates of the Ba regula-
tory subunit—containing PP2A holoenzyme in endothelial
cells, a recombinant construct of PP2A Ba suitable for bacterial
protein expression was made. GST-PP2A Ba was successfully
expressed and purified on GSH-Sepharose 4B beads. First, a
pulldown assay was carried out to test the ability of the recom-
binant GST-PP2A Ba to bind endogenous PP2A A and C sub-
units from endothelial cell lysate (Fig. S1A). Then pulldown
samples resolved by SDS-PAGE were stained with Coomassie
Blue dye solution, and the patterns of protein bands were com-
pared (Fig. S1B). A band with the approximate size of 46 —48
kDa was present in the GST-PP2A Ba sample incubated with
bovine pulmonary artery endothelial cell (BPAEC) lysate, but it
was missing from all control samples. Flotillin-1 (FLOT-1, Uni-
Prot QO8DNB8) was identified by MS from that piece of the gel.
The interaction between PP2A Ba and flotillin-1 was con-
firmed by Western blot analysis of the GST-PP2A Ba pulldown
samples (Fig. 1A4).

Flotillin-1 and flotillin-2 are highly similar and abundant
proteins in the cell; therefore, the specificity of the flotillin-
PP2A interaction was tested. Both flotillin-1 and flotillin-2 were
cloned from endothelial cell cDNA, and pGEX-4T-2 constructs
were created to produce GST—flotillin-1 and GST—-flotillin-2
proteins. A GST pulldown assay (Fig. 1B and Fig. S1C) and
far-Western blotting (Fig. 1C) were performed with GST,
GST-flotillin-1, and GST—flotillin-2 as bait. Although GST-
flotillin-1 is more sensitive to protein degradation compared
with GST—flotillin-2, the results showed that only GST—flotil-
lin-1 was able to interact with PP2A Ba. To prove that GST—-
flotillin-1 binds to the holoenzyme form of PP2A, pulldown
samples were also tested with PP2A A subunit— and PP2A C
subunit—specific antibodies (Fig. 1D and Fig. S1D). Further,
immunoprecipitation using flotillin-1— and PP2A Ba—specific
antibodies confirmed that there is an interaction between
endogenous flotillin-1 and PP2A Ba in endothelial cells (Fig.
1E). Flotillin-1 was coimmunoprecipitated with PP2A Ba and
vice versa.

The specificity of flotillin-1 interaction with the PP2A B sub-
unit was studied further. Endothelial cells were transfected with
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Figure 1.Interaction between PP2A and flotillin-1. A, bacterially expressed
GST and GST-tagged PP2A Ba were loaded onto GSH-Sepharose. Samples
were incubated with lysis buffer or BPAEC lysate (CL). Western blotting (WB) of
the endothelial cell lysate and the eluted fractions after pulldown were
probed with a flotillin-1 (FLOT-T)-specific antibody. B, GST, GST-flotillin-1, or
GST-flotillin-2 immobilized on GSH-Sepharose was incubated with BPAEC
lysate (pulldown). Interaction with PP2A Ba protein was checked in a Western
blot experiment. C, interaction of GST, GST-flotillin-1, and GST-flotillin-2 with
PP2A Ba was analyzed by far-Western blotting. Efficiency of protein purifica-
tion was visualized by Coomassie Blue staining. D, GST and GST-flotillin-1
recombinant proteins were immobilized on GSH-Sepharose 4B and incu-
bated with BPAEC lysate. Eluted proteins were analyzed with antibodies spe-
cificfor PP2A subunits by Western blotting. £, PP2A Ba or flotillin-1 was immu-
noprecipitated from BPAEC lysate. Total cell lysate and IP complexes were
probed for PP2A Ba and flotillin-1 by Western blotting. Control IP was made
with isotype-matched mouse IgG. F, lysates of pcDNA3.1 V5-His PP2A Ba-
and pcDNA3.1 V5-His PP2A B'y-transfected BPAECs were incubated with
anti-V5-agarose affinity gel. Total cell lysates and samples eluted from the
affinity gel were tested with flotillin-1- and V5 tag-specific antibodies by
Western blotting. ctr, control.

the pcDNA V5-His PP2A Ba and pcDNA V5-His PP2A B’y
constructs, and the V5-tagged PP2A Baand PP2A B’y proteins
were purified with anti-V5 affinity gel. The efficiency of over-
expression and purification of Ba and B’y was sufficient (Fig.
1F, top). Western blot analysis demonstrated binding of flotil-
lin-1 to Be, but no interaction was detected with B’y (Fig. 1F,
bottom). Taken together, all of the above results prove that flo-
tillin-1 specifically interacts with the Ba subunit—containing
PP2A holoenzyme in endothelial cells.

Localization of flotillin-1 is affected by PP2A activity

Next we intended to examine the physiological relevance of
the interaction. Endogenous PP2A Ba showed homogenous
localization in control cells, as expected (Fig. 24, g) (5). Flotil-
lin-1 was present in the cytoplasm of endothelial cells (Fig. 24,
a), as shown by immunofluorescent staining and merging of the
confocal images, and the high value of the Pearson’s coefficient
demonstrates colocalization of the two proteins (Fig. 24, m). As
flotillin-1 is able to interact with membranes, possible colocal-
ization with cell organelles was checked (Fig. S2B), but no spe-
cific interaction was found. Flotillin-1 is subjected to phosphor-
ylation by Fyn and PKC kinases on Tyr'®® and Ser®'?,
respectively (21, 23). PP2A is a phospho-Ser/Thr—specific
phosphatase; therefore, we focused on the latter as a potential
phosphosite for PP2A-driven dephosphorylation. To test the
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Figure 2. Subcellular localization of PP2A B« and flotillin-1. A, immunofluorescence staining of control BPAECs and BPAECs treated with PMA (1 um, 30
min), G66976 (1 um, 30 min), OA (5 nm, 30 min), nonspecific SIRNA (nonsiRNA), or PP2A Ba—specific siRNA (50 nm) using anti-flotillin-1 (red) and anti-PP2A Ba
(green) primary antibodies. Nuclei of cells were stained with DAPI (blue). Scale bars = 25 um; r values (m-q) are Pearson’s cross-correlation coefficients
indicating colocalization of flotillin-1 and PP2A Ba. B, magnified region (marked by the white rectangle in A, o) of G66976-treated BPAECs. Arrows indicates
flotillin-1 in the membrane region. C, cytoplasmic and membrane fractions were isolated from control BPAECs and BPAECs treated with PMA (1 um, 30 min),
G66976 (1 um, 30 min), or OA (5 nm, 30 min). Total lysate and cell fractions were analyzed with anti-flotillin-1, anti-actin (cytoplasmic marker), and anti-CD31

(membrane marker) antibodies. WB, Western blot.

probable participation of PP2A in dephosphorylation of flotil-
lin-1, treatments affecting PP2A or PKC activities were utilized
before immunofluorescent staining of ECs (Fig. 2A and Fig.
S2A). PKC was stimulated by addition of PMA or inhibited by
G066976. PP2A was inhibited by okadaic acid. siRNA-mediated
depletion of the Ba regulatory subunit was also employed to
affect PP2A activity, as PP2A was expected to fail to bind its
substrates because of loss of the Ba-targeting subunit. Silencing
of Ba had no effect on the expression of PP2A A, PP2A C, or
PP2A By subunits (Fig. S3A). Experiments were repeated with
two individual siRNA, as indicated under “Experimental proce-
dures.” When PP2A was inhibited by okadaic acid treatment of
the cells (Fig. 24, j) or via depletion of PP2A Ba (Fig. 24, 1),
apparent accumulation of flotillin-1 was observed in the peri-
nuclear region of the cells (Fig. 24, d and f). Upon activation of
PKC by PMA, the same localization change of flotillin-1 was
detected (Fig. 24, b), and the Pearson’s coefficient value indi-
cated more pronounced colocalization. No significant change
occurred, however, in localization of PP2A B« in cells chal-
lenged with okadaic acid or PMA (Fig. 24, & and j). Interest-
ingly, inhibition of PKC activity by G66976 resulted in translo-
cation of flotillin-1 into the cell membrane (Fig. 2B and Fig.
S2A, j). Subcellular fractionation of endothelial cells also
proved the more pronounced cytoplasmic localization of flotil-
lin-1 in control and okadaic acid— or PMA -treated cells, in con-
trast to its appearance in the membrane fraction of G66976-
treated cells (Fig. 2C). We also observed a shift in the
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electrophoretic mobility of flotillin-1 in PMA-treated cells, sug-
gesting that the protein was subjected to PKC phosphorylation
(Fig. S3B). We hypothesized that the detected localization
change of flotillin-1 is related to the reversible phosphorylation
of flotillin-1.

Phosphorylation state of Ser®’” in flotillin-1 affects the
interaction with PP2A B«

To further analyze the interaction upon PKC activation, a
proximity ligation assay (PLA) was carried out on control and
PMA -treated cells (Fig. 3A). PLA is an efficient method to test
endogenous protein—protein interaction in cells, where signals
are visualized as individual fluorescent dots (25). PLA signals
were counted and expressed as signal per cell. In untreated
control cells, interaction was detected between flotillin-1 and
PP2A Ba. However, significantly more spots were present after
PMA treatment, indicating enhanced association between the
phosphorylated form of flotillin-1 and PP2A Bo.

PKC site (Ser®'®) mutants of flotillin-1 were then created.
Ser-to-Ala—encoding (phospho-null) and Ser-to-Asp—en-
coding (phosphomimic) plasmids were made by site-directed
mutagenesis, and GST-tagged proteins were produced. In vitro
PKC assays were performed using the purified GST—flotillin-1
WT, GST-flotillin-1 S315A, and GST—flotillin-1 S315D pro-
teins. Phosphorylation of the recombinants was detected by
Western blotting using a phospho-Ser PKC substrate—specific
antibody (Fig. 3B). This antibody recognizes proteins phosphor-
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Figure 3. PKC enhances the PP2A Ba-flotillin-1 interaction. A, direct interaction between PP2A Ba and flotillin-1 was confirmed by Duolink in situ PLA using
anti-PP2A Ba and anti-flotillin-1 primary antibodies on control (ctrl) and PMA-treated (1 um, 30 min) endothelial cells. As a negative control (neg. control), cells
were stained only with PP2A Ba antibody. Nuclei were stained with DAPI (blue). Scale bar = 50 um. PLA signals were counted and expressed as signal per cell.
Statistical analysis of PLA was done with a t test. B, recombinant GST-flotillin-1 WT, GSTflotillin-1 S315A, and GST-flotillin-1 S315D proteins were purified, and
in vitro PKC assays were performed. Proteins were incubated with or without active PKC for 30 min at 30 °C. Phosphorylation of flotillin-1 was analyzed in a
Western blot experiment using anti-phospho-Ser PKC substrate and flotillin-1 antibodies (AB). C, BPAECs were transfected with the pcDNA 3.1 myc-His
flotillin-1 WT and flotillin-1 S315A recombinant plasmids. Immunoprecipitation was performed using untreated and PMA-treated (1 wm, 30 min) cell lysates
using phospho-Ser PKC substrate antibody. Total cell lysates and IP complexes were tested with anti-c-myc antibody by Western blotting (WB). D, bacterially
expressed GST and GST-tagged flotillin-1 WT, phospho-null (S375A) and phosphomimic (S375D) recombinant proteins immobilized on GSH-Sepharose were
incubated with BPAEC lysate. Endothelial cell lysate and the eluted proteins were tested with PP2A Ba- and flotillin-1-specific antibodies by Western blotting.

Evaluation of data is reported as mean = S.D. Statistical analysis was done using Student’s t test. **, p < 0.01; and ***, p < 0.001.

ylated at a serine residue at the PKC consensus sequence. An
equal amount of loaded proteins was verified using a flotillin-
1-specific antibody. PKC phosphorylated WT GST—-flotillin-1,
but no phosphorylation was detected in the phospho-null or
phosphomimic flotillin-1 samples, indicating the specificity of
the antibody and that S315 is the only PKC phosphorylation site
in flotillin-1. Also, endothelial cells were transfected with
pcDNA 3.1 myc-His A flotillin-1 (WT) and pcDNA 3.1 myc-
His A—flotillin-1 S315A (phospho-null) constructs to perform
immunoprecipitation from control and PMA-treated cells
using the phospho-Ser PKC substrate—specific antibody. Total
lysates and IP complexes were analyzed with c-myc—specific
antibody by Western blotting (Fig. 3C). The overexpression
level of proteins was about the same in the total lysates. Similar
to the in vitro kinase assay results, only phosphorylated WT
flotillin-1 was detectable in the IP samples, implying that Ser®'®
is indeed the sole PKC site in flotillin-1.

In agreement with the above result of PLA studies, more
PP2A Ba binds to the phosphomimic (S315D) mutant of
flotillin-1 than to the WT or phospho-null (S315A) forms of
flotillin-1, as shown by a pulldown assay (Fig. 3D). This result
suggests that phosphorylation of flotillin-1 evokes a confor-
mational change of the protein that augments the protein—
protein interaction.

SASBMB
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NanoBiT is a luminescence-based, two-subunit system that
can be used to detect protein—protein interaction, and it can be
followed in real time in living cells (26). The LgBiT (17.6 kDa)
and SmBIT (11 amino acids) subunits are fused to two specific
proteins. When interaction occurs between the expressed pro-
teins of interest, LgBiT and SmBiT are linked and generate a
luminescent signal. Constructs suitable for the NanoBiT sys-
tem were created, and BPAECs were cotransfected with
pBiT1.1-C TK/LgBiT-PP2A Ba in pairs with pBiT2.1-C-TK/
SmBIT flotillin-1 WT, pBiT2.1-C-TK/SmBiT flotillin-1 S315A,
and pBiT2.1-C-TK/SmBIiT flotillin-1 S315D constructs. The
stable, highly luminescent signals verified the interaction
between all three forms of flotillin-1 and PP2A Bea. Similar to
the pulldown results (Fig. 3C), the strongest luminescent signal
(beside the positive control of the NanoBit system (Fig. S4)) was
produced when PP2A Ba interacted with the phosphomimic
S$315D form of flotillin-1 (Fig. 4A, blue line). In parallel experi-
ments, PKC was activated by addition of 1 um PMA at 5 min of
measurement. No apparent change was observed with the
phosphomutant forms of flotillin-1 in which Ser®'®, the PKC
site, was replaced with Ala or Asp. However, the luminescent
signal reflecting the interaction between WT flotillin-1 and
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Figure 4. Phosphorylation of Ser®' in flotillin-1 augments its interaction
with PP2A. A, a NanoBiT luciferase complementation assay was used to fol-
low the interaction between WT and phosphomutant forms of flotillin-1 and
PP2A Ba with or without treatment in real time. BPAECs were cotransfected
with LgBiT-PP2A Ba in pair with SmBiT-flotillin-1 WT, -S315A, or -S315D con-
structs. 24 h post-transfection, luminescence was recorded for 35 min. 1 um
PMA, 5 nm OA, or vehicle was added at 5 min (red arrow) to follow the effect of
PKC activation or PP2A inhibition on the interactions. B, dephosphorylation of
phospho-flotillin-1 (ctr) was tested with addition of lysis buffer, nontrans-
fected BPAEC cell lysates with or without pretreatment for 10 min with 5 nm
OA or 1 um tautomycetin (TM), and nonspecific siRNA (nonsiRNA) or PP2A
Ba-specific siRNA-transfected BPAEC cell lysates. Lysates were tested for
PP2A Ba levels by Western blotting (WB). Samples were analyzed by Western
blotting using an antibody specific for phospho-Ser PKC substrate proteins
and a flotillin-1 antibody.

PP2A Ba started to become stronger upon addition of PMA,
and after about 10 min, the signal reached its maximum (Fig.
4A, dark green line). After that, the signal decreased with time,
indicating a weakening in the interaction of the proteins. In
contrast, the WT flotillin-1 and PP2A Ba association signal
decreased when the samples were treated with okadaic acid
(Fig. 4A, yellow line). The observed reversible change in the
interaction can be associated with the consecutive phosphory-
lation and dephosphorylation of flotillin-1.

In vitro dephosphorylation of phospho-flotillin-1 was also
tested. GST—{flotillin-1 was phosphorylated in vitro by active
PKC and then incubated with lysis buffer, cell lysate, or cell
lysate pretreated with okadaic acid, tautomycetin, nonspecific
siRNA, or siPP2A Ba (Fig. 4B). The cell lysate dephosphory-
lated the recombinant. Employment of okadaic acid and deple-
tion of PP2A Ba blocked dephosphorylation of flotillin-1, but
no effect of tautomycetin, a specific inhibitor of protein phos-
phatase 1 (PP1), was found. These results together indicate that
phospho-flotillin-1 can be a substrate of PP2A Ba.

The phospho-null form of flotillin-1 shows enhanced
membrane localization and plays a role in cell migration and
angiogenesis

Next, subcellular localization of recombinant flotillin-1 pro-

teins was examined. BPAECs were transfected with flotillin-1
WT-, flotillin-1 S315A—, and flotillin-1 S315D— encoding plas-
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Figure 5. Subcellular localization of flotillin-1 phosphomutants. A,immu-
nofluorescent staining of pcDNA3.1/myc-His A-flotillin-1 WT, G66976-treated
(1 wm, 30 min) WT, and phospho-null (S375A) and phosphomimic (S375D)
flotillin-1-transfected BPAECs was performed using a tag-specific c-myc anti-
body (green). A VE-cadherin (red) antibody was used to detect cell mem-
branes, and nuclei were stained with DAPI (blue). Magnified sections (marked
by white rectangles) on merged images show membrane regions of the cells.
Scale bars = 25 um. B, the membrane fraction was isolated from control,
flotillin-1 WT and flotillin-1 S315A- and flotillin-1 S315D-transfected BPAECs.
Total lysates and membrane fractions were analyzed with anti-c-myc, anti-
actin (cytoplasmic marker), and anti-CD31 (membrane marker) antibodies.
CTR, control; WB, Western blot. C, membrane and cytoplasmic fractions
were made from untreated and G06976-treated cells transfected with
pcDNA3.1/myc-His A-flotillin-1 WT. Fractions were analyzed by Western
blotting.

mids. Immunofluorescent staining of the overexpressed pro-
teins revealed that the WT form of flotillin-1 showed a distri-
bution similar to the endogenous protein and that the
phosphomimic S315D form was enriched around the nucleus
of cells, resembling the localization of endogenous flotillin-1
after activation of PKC or inhibition of PP2A (Figs. 54 and 2A).
The phospho-null mutant spread in the entire cell, except for
the nucleus, and VE-cadherin costaining indicated its mem-
brane localization as well (Fig. 5A4). In line with this, subcellular
fractionation of transfected cells showed that only S315A flotil-
lin-1 was present in the membrane fraction, but the WT or
S$315D recombinants were not detectable (Fig. 5B). In agree-
ment with the observed localizations, WT flotillin-1 appeared
in the membrane region when cells were challenged with a PKC
inhibitor (Fig. 5, A and C).

To explore the function of dephosphorylated flotillin-1 at the
cell membrane of endothelial cells, electric cell substrate
impedance sensing (ECIS) measurements were made on
BPAECs overexpressing different forms of flotillin-1. First, cell
spreading and attachment of control and flotillin-1 WT and
flotillin-1 S315A— and flotillin-1 S315D—overexpressing cells
were investigated (Fig. 6A4). At high frequency, ECIS measures
only the cell-matrix interaction. The resistance value is directly
proportional to the number of cells attaching to the surface.
WT and flotillin-1 S315A- overexpressing cells showed faster
attachment and spreading compared with control or flotillin-1
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Figure 6. The regulatory role of flotillin-1 is phosphorylation-dependent. A, spreading and attachment of nontransfected (ctr), WT, and mutant flotillin-
1-transfected cells were followed in time using ECIS measurements. Results are presented as means * S.D. of four chambers for each sample. B, an in vitro
wound healing assay was performed with ECIS to measure the rate of cell migration as described under “Experimental procedures.” Results are presented as
means =+ S.D. of four chambers for each sample. C, statistical analysis of the in vitro wound healing assay was done with Student’s t test. Data are reported as
mean = S.D. D, representative images from the wound healing scratch assay of control, WT, and S315A flotillin-1- and S315D flotillin-1-transfected cells. The
pictures were taken 0 and 24 h after scratching. E, overexpression of different forms of flotillin-1 from the scratch assay was checked by Western blotting (WB)

using anti-c-myc- and anti-actin—-specific antibodies. ¥, p < 0.05; **, p < 0.01.

S$315D- overexpressing ones. Next, the migration rate of cells
was compared using an iz vitro wound healing assay, also mea-
sured by ECIS (Fig. 6B). At lower frequency, ECIS provides
information about cell-cell interactions. After the cells
achieved monolayer density (about 1200 —-1400 ohm), an alter-
nate current was applied for 30 s to establish wounds in the cell
layer. Neighboring healthy cells immediately migrated inward
to replace the dead cells. The impedance in each wounded well
increased gradually until it reached a maximum plateau value.
The migration rates of flotillin-1 WT and flotillin-1 S315A—
expressing cells were significantly higher than those of the con-
trol or flotillin-1 S315D—expressing ones (Fig. 6C). A scratch
assay performed on control cells and cells overexpressing dif-
ferent flotillin-1 forms showed the same results (Fig. 6D). West-
ern blot analysis of cells after the scratch assay showed the same
expression levels of different forms of flotillin-1 (Fig. 6E). The
angiogenic properties of cells in endothelial tube formation
were also compared. Cells were seeded on Matrigel, and light
microscopy and confocal microscopy pictures were taken (Fig.
7A). Capillary network formation was evaluated 5 h after seed-
ing, and the tube length and branching points of flotillin-1—
expressing cells were compared (Fig. 7B). Both the total length
of tubes and the number of branching points were significantly
higher for flotillin-1 WT and flotillin-1 S315A—expressing
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cells. These results demonstrate the regulatory role of the
dephosphorylated form of flotillin-1 in important properties of
endothelial cells related to their movement and attachment.

Discussion

PP2A is a highly ubiquitous phospho-Ser/phospho-Thr—
specific protein phosphatase. Two isoforms of the catalytic C
subunit and the structural A subunit are known. The C iso-
forms are almost identical, and the B isoform of A exclusively
binds the members of the B72 family. On the other hand, the
primary sequences of the more than 20 members of the B sub-
unit families are not even similar, except for a few conserved
amino acids that are responsible for the interaction with the A
subunit. The high variability in the multisubunit structure of
the enzyme allows wide substrate specificity. Consequently, it
was proven that PP2A is an active component in many signaling
pathways of the cell. Our previous work showed a role of PP2A
in barrier regulation of pulmonary artery endothelial cells by
influencing the phosphorylation level of cytoskeletal and cell
junction proteins (5-7). Overexpression of PP2Ac reduced the
effects of thrombin and nocodazole on the actin cytoskeleton
and the microtubule structure. Simultaneously, overexpression
attenuated the weakening of the endothelial barrier because of
administration of these agents (6). Specific inhibition of PP2A
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Figure 7. Role of flotillin-1 in angiogenesis. A, nontransfected cells (ctr) and
cells transfected with different forms of flotillin-1 were plated on Matrigel-
coated u-Slide angiogenesis plates. Tube formation of endothelial cells is
shown by pictures taken with a Leica MC 120 HD microscope (a-d) and a Leica
TCS SP8 confocal microscope (e-h) 5 h after seeding. Actin microfilaments
were stained with Texas Red phalloidin (red). Scale bars = 250 um (a-d) and
100 um (e-h). B, evaluation of in vitro angiogenesis of control, flotillin-1 WT,
and flotillin-1 S315A- and flotillin-1 S315D-transfected BPAEC samples. Data
arereported as mean = S.D. Statistical analysis was done with Student’s t test.

activity or silencing of the Ba subunit of PP2A, however, elim-
inated the reductions in the agonist-induced effects (5, 6). To
acquire more definitive data regarding the role of PP2A in this
cell type, we searched for protein partners of the most abundant
regulatory subunit of PP2A, the Ba subunit. Flotillin-1 (also
known as reggie-2), a 48-kDa protein, was identified by MS
after selecting a specific band containing the protein(s) binding
to the Ba subunit (bait) from an EC lysate in GST pulldown.
The interaction has been proven by several further experimen-
tal methods, such as direct pulldown of recombinant proteins,
immunoprecipitation, proximity ligation, and a NanoBit assay
of native proteins.

Flotillin-1 and flotillin-2 are well-conserved proteins.
Among flotillin proteins in vertebrates, there is a similarity of
about 90% (8). The exact function of flotillin-1 is not yet known;
nevertheless, several results suggest its involvement in numer-
ous processes, including cell adhesion (27, 28), cellular traffick-
ing (24, 29, 30), and signal transduction (31).

Our earlier findings regarding the essential role of the Ba
containing PP2A in functional adherent junctions and barrier
integrity of ECs (5) fit well the fact that, in several reports, flo-
tillins are connected to cadherin-mediated intercellular adhe-
sion (for a review, see Ref. 27). Further, because flotillin-1 bears
a PKC phosphorylation site at Ser®'® but there is no homo-
logous site present in flotillin-2, our working hypothesis was
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that the role of flotillin-1 related to endothelial function is prob-
ably regulated via reversible phosphorylation of Ser'”.

Although flotillins are mainly referred to as membrane-asso-
ciated proteins (24, 32), their cellular distribution may change,
and it is highly dependent on the cell type and conditions (21,
33-35). Fork et al. (31) reported flotillin-1 being colocalized
with caveloin-1 predominantly within human umbilical vein
endothelial cells. In the case of pulmonary artery ECs, we
detected flotillin-1 in the cytoplasm with no specific pattern.
Interestingly, when the cells were challenged to inhibit PP2A or
activate/inhibit PKC, the localization of flotillin-1 changed.
When PKC was activated, confocal images demonstrated a
higher degree of colocalization of flotillin-1 and Ba. Also, aug-
mented interaction of flotillin-1 and the phosphatase subunit
was detected by proximity ligation assay after PMA treatment.
Pulldown experiments revealed increased amounts of Ba bind-
ing to the phosphomutant S315D form of flotillin-1. Further-
more, comparison of the subcellular localization of the WT and
phosphomutants of flotillin-1 demonstrated that only the phos-
pho-null mutant was detectable in the membrane fraction, and
inhibition of PKC evoked membrane localization of the WT.
These findings suggest that the subcellular localization of flo-
tillin-1 is phosphorylation-dependent. Similar phosphoryla-
tion-dependent localization changes are known for other pro-
teins, including several PP2A substrates such as histone
deacetylase 5 (36) and the kinase suppressor of Ras or Raf-1
(37).

A further conclusion of the colocalization studies is that flo-
tillin-1 can be the substrate of PKC in endothelial cells. To
prove this, as shown earlier (38), phosphosite-specific mutants
of flotillin-1 and a phospho-Ser PKC-specific antibody were
employed. An in vitro PKC kinase assay and PMA challenge of
ECs overexpressing flotillin-1 resulted in phosphorylation of
WT flotillin-1 only; however, the S315A and S315D forms
of flotillin-1 could not be phosphorylated, strongly suggesting
that PKC phosphorylates exclusively Ser®!® in flotillin-1. Our
results are in line with earlier findings of Cremona et al. (23)
regarding stably transfected HEK293 cells. They reported PKC-
triggered dopamine transporter endocytosis in connection
with phosphorylation of flotillin-1 on Ser>*°.

Subcellular localization of flotillin-1 and B with and with-
out PMA challenge and reversible modification of their inter-
action upon PKC activation detected by NanoBiT assay both
imply that phospho-Ser®'® flotillin-1 is a substrate for PP2A.
Most importantly, we confirmed that PKC-phosphorylated flo-
tillin-1 is dephosphorylated by a type 2A phosphatase.

Angiogenesis, endothelial barrier formation, and mainte-
nance depends on migration, adhesion, and intercellular
junctions of endothelial cells. Overexpression of the WT and
phospho-null form of flotillin-1 significantly facilitated cell
spreading, attachment, and migration of endothelial cells and
increased tube length and number of branches during in vitro
tube formation. PKC activation has been shown by others to
cause gap formation and reduced adhesion of endothelial cells
(39). Taken together, flotillin-1 assists with endothelial barrier
formation and angiogenesis, and the phosphorylation state of
Ser®™ in flotillin-1, governed by PKC and PP2A activities, is
crucial for the function of flotillin-1 in endothelial cells.
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Another likely signaling consequence of the flotillin-PP2A
interaction may be related to the important lipid signaling sub-
stance sphingosine-1-phosphate (S1P). The PP2A catalytic
subunit has been described to deactivate sphingosine kinase 1,
which converts sphingosine into S1P, but the relevant PP2A
holoenzyme form was not identified (40). A more recent paper
claims an essential role of flotillins in recruitment of sphingo-
sine to the membrane to sustain the cellular S1P level (41). One
may hypothesize that various holoenzyme forms of PP2A may
cooperate to control the phosphorylation level of flotillin and
sphingosine kinase and, consequently, cellular S1P concentra-
tion, which is thought to regulate the physiological properties
of endothelial cells, such as vascular permeability, inflamma-
tion, and angiogenesis (42).

Conclusion

We have shown protein—protein interaction between flotil-
lin-1 and the Ba subunit of protein phosphatase 2A. Ser®'® in
flotillin-1 is phosphorylated by PKC, and phospho-Ser®'® is
dephosphorylated by PP2A. The phosphatase—{flotillin interac-
tion is important for the physiological activities of endothelial
cells. When flotillin-1 is dephosphorylated at Ser®'?, it facili-
tates endothelial barrier formation and angiogenesis.

Experimental procedures
Reagents

Materials were obtained from the following vendors: the
pGEX-4T-2 vector from Clontech Laboratories Inc. (Mountain
View, CA); the pcDNA™ 3.1/myc-His (—) A vector from Life
Technologies; anti-flotillin-1, anti-PP2A A, anti-PP2A B« (rab-
bit polyclonal antibody), anti-PP2A Ba (2G9) mouse mADb, anti-
PP2A B’, anti-PP2A C, anti-phospho-(Ser) PKC substrate, anti-
B-catenin, anti-VE-cadherin, anti-CD31 primary antibodies,
and anti-rabbit IgG HRP-linked and anti-mouse IgG HRP-
linked secondary antibodies from Cell Signaling Technology
(Beverly, MA); Go66976 (CAS 136194-77-9), PP2A-B55-a
siRNA, and anti-lamin A/C (H-110) antibody from Santa Cruz
Biotechnology (Santa Cruz, CA); anti-V5-agarose affinity gel
from Sigma; restriction enzymes, T4 DNA ligase, and Phire Hot
Start II DNA polymerase from Thermo Scientific (Vantaa, Fin-
land); Alexa 488- and Alexa 594-conjugated secondary anti-
bodies and ProLong Gold Antifade reagent with DAPI, Texas
Red—phalloidin, LysoTracker™ Deep Red, and MitoTrack-
er ™ Red CMXRos special packaging from Molecular Probes/
Invitrogen; and albumin bovine serum from VWR (Radnor,
PA). All other chemicals were obtained from Sigma.

Cell culture and treatments

BPAECs (ATCC, culture line CCL 209) were maintained as
described earlier (43). Phorbol 12-myristate 13-acetate (PMA),
tautomycetin, G66976, and okadaic acid (OA) were dissolved in
DMSO and utilized in serum-free medium.

Generation of constructs

The coding region of PP2A B was amplified for subcloning
from the previously prepared pcDNA V5-His PP2A Ba tem-
plate (5) using the following primers containing EcoRI and
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Xhol restriction sites: 5'-TTG AAT TCC CAT GGC AGG
AGC TGG-3' (forward) and 5'-CCA CTC GAG CTA ATT
CACTTT GTC TTG-3' (reverse). The coding sequences of
WT flotillin-1 and flotillin-2 were amplified from BPAEC
c¢DNA using the following primer pairs containing EcoRI-
Xholand BamHI-Xhol restriction cloning sites, respectively:
5'-TGG AAT TCC TAT GTT TTT CAC TTG TGG CCC
A-3' (forward) and 5'-ATG CTC GAG TCA GGC TGT TCT
CAA AGG C-3' (reverse); 5'-TAT GGA TCC ATG GGC
AAT TGC CAC ACG GT-3' (forward) and 5'-AAA CTC
GAG TCA CAC CTG GAC ACC AGT G-3' (reverse). Each
of these coding DNA fragments were inserted into pGEX-
4T-2 vector suitable for bacterial protein expression. Ser*'®
mutants of flotillin-1 were derived from the pGEX-4T-2 flo-
tillin-1 construct using back-to-back primer pairs with the
same reverse primer (5'-/5Phos/TGC CTC CGC CTG CAT
AAT TAG TTG GG-3’) and the following forward primers:
S315A, 5'-/5Phos/GAA GCC GCG GCT GTG CGG ATG
C-3’; S315D, 5'-/5Phos/GAA GCC GCG GAT GTG CGG
ATG C-3'. Flotillin-1 WT and phosphomutant inserts were
also subcloned into the pcDNA3.1/myc-His A (—) mamma-
lian expression vector using the 5'-TGG AAT TCC TAT
GTTTTT CACTTG TGG CCC A-3’ (forward) and 5'-ATA
TAA GCT TGG CTG TCC TCA AAG GCT TGT G-3'
(reverse) primers.

For the NanoBiT Protein:Protein Interaction System, the
coding regions of PP2A Ba and flotillin-1 were amplified by
PCR using the following primers: PP2A Be, 5'-TAG AAT TCC
ATG GCA GGA GCT GGA G-3' (forward) and 5'-ATA CTC
GAG GCA TTC ACT TTG TCT TGA AAT ATA TA-3'
(reverse); flotillin-1, 5'-GCG AAT TCC ATG TTT TTC ACT
TGT GGC CCA-3' (forward) and 5'-TAT CTC GAG ATG
GCT GTT CTC AAA GGC TTG-3' (reverse). PP2A Ba and
flotillin-1 coding sequences were subcloned into the pBiT1.1-C
TK/LgBiT and pBiT2.1-C-TK/SmBiT vectors, respectively.
The pcDNA V5-His PP2A B’y construct was prepared previ-
ously (5).

Bacterial expression, GST pulldown assay, and in vitro kinase
assay

BL21 (DE3) Escherichia coli cells were transformed with
pGEX-4T-2 containing GST and the pGEX-4T-2 PP2A
Ba, pGEX-4T-2 flotillin-1 WT, pGEX-4T-2 flotillin-1 S315A,
pGEX-4T-2 flotillin-1 S315D, and pGEX-4T-2 flotillin-2 con-
structs. Cells were grown to A4y, = 0.3, recombinant protein
expression was induced with 0.1 mm isopropyl 1-thio-B-p-ga-
lactopyranoside. 3 h post-induction, culturing at room temper-
ature, a GST pulldown assay was carried out as described earlier
(43). In each experiment, equal amounts of recombinant pro-
teins were loaded onto SDS-PAGE and checked by Coomassie
Blue staining. The in vitro PKC assay was done as described
previously (38).

SDS-PAGE and LC-MS/MS analysis

Proteins were resolved by SDS-PAGE and stained with Coo-
massie Blue. Liquid chromatography with tandem mass spec-
trometry detection was performed by Dr. Tamds Janaky and
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Zoltan Szab6 (University of Szeged, Faculty of Medicine,
Department of Medical Chemistry (43)).

Western blotting and far-Western blotting

Immunoblotting and far-Western blotting were done using
nitrocellulose membranes as described earlier (44). Antibodies
were diluted according to the manufacturer’s recommenda-
tions in Tris-buffered saline (TBS) with 0.1% Tween (TBST)
containing 1% BSA. For far-Western blotting, blotted proteins
were incubated with BPAEC lysate overnight at 4 °C, washed
with 1X TBS, and then incubated with PP2A Ba—specific pri-
mary antibody for 4 h at 4 °C and anti-rabbit IgG HRP-conju-
gated secondary antibody for 1 h at room temperature.

IP, immunofluorescence, and microscopy

Immunoprecipitation and immunostaining of desirable pro-
teins using appropriate antibodies were done as described
before (43). For LysoTracker or MitoTracker staining, cells
were incubated with 100 nm LysoTracker-containing medium
for 30 min or 50 nm MitoTracker-containing serum-free
medium for 20 min at 37 °C and then fixed with 3.7% parafor-
maldehyde for 10 min. Confocal images were acquired by a
Leica TCS SP8 confocal microscope using an HC PL APO CS2
63 X 1.40 numeric aperture oil immersion objective on a
DMI6000 CS microscope at 25 °C. Nonspecific binding of the
secondary antibodies was checked in a control experiment.
Pearson’s coefficient was evaluated using the JACoP plugin in
Image] (45).

Transfection and siRNA silencing

BPAECs were transfected with the pcDNA3.1/myc-His A
(—) flotillin-1 WT, pcDNA3.1/myc-His A (—) flotillin-1 S315A,
and pcDNA3.1/myc-His A (—) flotillin-1 S315D plasmids using
Lipofectamine 3000 transfection reagent (Invitrogen) accord-
ing to the manufacturer’s instructions.

PP2A Ba was silenced using 50 nm PP2A Ba-specific
SMARTpool siRNA (GE Healthcare Dharmacon, Inc., Lafay-
ette, CO; marked as siPP2A Ba-1) or 50 nm PP2A Ba—specific
RNA (marked as siPP2A Ba-2) (Santa Cruz Biotechnology) in
complex with Lipofectamine RNAiIMAX transfection reagent
(Invitrogen) in serum-free medium. The ON-TARGETplus
siCONTROL nontargeting pool was used as a negative control.
Cells were utilized after 48 h of further incubation.

Cell fractionation

Membrane and cytoplasmic fractions were isolated using the
ProteoJET Membrane Protein Extraction Kit (Thermo Scien-
tific, Inc.). Cells were collected by centrifugation at 300 X g for
5 min. The cell pellet was washed with cell wash solution and
centrifuged at 300 X g for 5 min. Permeabilization buffer was
added to the cell pellet and vortexed briefly. After 10 min of
incubation at 4 °C with constant mixing, the cytosolic fraction
was separated by centrifugation at 16,000 X g for 15 min. Solu-
bilization buffer was added to the pellet and resuspended. The
membrane fraction was made by incubation at 4 °C for 30 min
with constant mixing, followed by centrifugation at 16,000 X g
for 15 min at 4 °C. The efficiency of fractionation was analyzed
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by immunoblotting using CD31 antibody as a membrane
marker and actin antibody as a cytoplasmic marker.

Anti-V5-agarose affinity gel

Interaction between flotillin-1 and PP2A Ba or PP2A B’y was
examined by anti-V5-agarose affinity gel as described previ-
ously (46).

PLA

BPAECs grown on coverslips were fixed with 3.7% parafor-
maldehyde for 10 min, permeabilized with 0.5% Triton X-100
in TBS, and blocked with 2% BSA in TBS. Samples were incu-
bated with anti-flotillin-1 and anti-PP2A Ba primary antibod-
ies for 1 h. PLA was performed with the Duolink In Situ kit
(Sigma-Aldrich) according to the manufacturer’s protocol.

NanoBiT Protein:Protein Interaction System

The NanoBiT Protein:Protein Interaction System was pur-
chased from Promega (Madison, WI). BPAECs were cotrans-
fected with pBiT1.1-C TK/LgBiT-PP2A Ba (later referred as
LgBiT-PP2A Ba) and pBiT2.1-C-TK/SmBiT flotillin-1 (later
referred as SmBIT flotillin-1) WT, -S315A, and -S315D con-
structs. Positive control vectors provided by the manufacturer
were SmBit-PRKACA and LgBit-PRKAR2A, coding the cata-
lytic and regulatory subunits of PKA. As a negative control, the
NanoBiT negative control vector, which encodes HaloTag-
SmBIT, was cotransfected with LgBiT-PP2A Ba. Luminescent
signals were detected with a Tecan Spark multimode micro-
plate reader (Tecan Group).

ECIS measurements

ECIS model Z6 (Applied BioPhysics Inc., Troy, NY) was used
to monitor transendothelial electric resistance. Control and
transfected cells were seeded on type 8WI1O0E arrays, and
impedance was followed in time. For seeding and attachment
experiments, resistance values were measured at 64 kHz, and
for the wound healing assay, 4 kHz was used. The in vitro
wound healing assay was performed as described previously
(46). BPAECs transfected with various forms of flotillin-1 were
plated onto two 8W10E arrays 24 h post-transfection. When
cells achieved monolayer density (about 1000-1300 ohm
impedance), an alternate current of 5 mA at 60 kHz was applied
for 30 s to establish wounds in the cell layer, and the impedance
was measured for 10 h. The migration rate of cells was evalu-
ated by measuring the time needed for recovery of the normal
confluent monolayer impedance, and velocity was calculated by
v = r/time, where r is the radius of the electrode (125 wm).

In vitro angiogenesis

Control, pcDNA3.1/myc-His A flotillin-1 WT and
pcDNA3.1/myc-His A flotillin-1 S315A— and pcDNA3.1/
myc-His A flotillin-1 S315D-transfected BPAECs were
seeded on Matrigel-coated u-Slide plates (Ibidi). Bright-field
images were taken by a Leica MC 120 HD microscope. F-ac-
tin staining was done 5 h after seeding, and images were
captured using a Leica TCS SP8 confocal microscope using
an HC PLA APO CS2 63 X 1.40 NA oil immersion objective
on a DMI6000 CS microscope. Quantification of capillary
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formation was determined using Image]. Data are reported
as mean * S.E. Statistical analysis was done with Student’s ¢
test (paired). Asterisks mark significance compared with
control samples.

Scratch assay

Endothelial cells were transfected with pcDNA3.1/myc-His
A (—) plasmids encoding flotillin-1 WT, -S315A, or -S315D.
24 h post-transfection, cells were scratched with a 1-ml pipette
tip, and pictures were taken at from 0 —24 h with a Leica MC 120
HD microscopy. Wound closure of cells was evaluated using
Image].

Statistical analysis

Statistical evaluations were performed as indicated. Signifi-
cant differences were as follows: *, p < 0.05; **, p < 0.01; and ***,
p < 0.001. Densitometry of immunoblots was done using
Image].
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