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ABSTRACT: In the present study, using a combination of reconstituted systems and endothelial cells
endogenously expressing caveolins, we show that phosphorylation of caveolin-2 at serines 23 and 36 can
be differentially regulated by caveolin-1 mediated subcellular targeting to lipid raft/caveolae and in
endothelial cells synchronized in mitosis. Detergent insolubility and sucrose flotation gradient experiments
revealed that serine 23 phosphorylation of caveolin-2 preferably occurs in detergent-resistant membranes
(DRMs), while serine 36 phosphorylation takes place in non-DRMs. Furthermore, immunofluorescence
microscopy studies determined that in the presence of caveolin-1, serine 23-phosphorylated caveolin-2
mostly localizes to plasma membrane, while serine 36-phosphorylated caveolin-2 primarily resides in
intracellular compartments. To directly address the role of caveolin-1 in regulating phosphorylation of
endogenous caveolin-2, we have used the siRNA approach. The specific knockdown of caveolin-1 in
endothelial cells decreases caveolin-2 phosphorylation at serine 23 but not at serine 36. Thus, upregulation
of serine 23 phosphorylation of caveolin-2 depends on caveolin-1-driven targeting to plasma membrane
lipid rafts and caveolae. Interestingly, although serine 36 phosphorylation does not seem to be regulated
in endothelial cells by caveolin-1, it can be selectively upregulated in endothelial cells synchronized in
mitosis. The latter data suggests a possible involvement of serine 36-phosphorylated caveolin-2 in
modulating mitosis.

Caveolin proteins are key components of detergent- expression is markedly decreas&d9). Thus, it is possible
resistant membranes (DRMS),including lipid rafts and that many of the functions previously attributed to Cav-1
caveolae 1). Caveolins have many important functions. In may be due to modulation of Cav-1 function by Cav-2.

addition to being key structural proteins that organize  cCaveolins are essential for caveolar biogenesis and func-
caveolae, caveolin proteins are important in regulating tion, Depending on the cell type, Cav-1 or Cav-3 expression
endocytosis and various aspects of cell signaliy@). The is critical for the formation of caveola@{10).

caveolin family consists of three integral membrane proteins . . .
(2). Caveolin-1 and -2 (Cav-1 and Cav-2) are coexpressed. Unlike the essential role for Cav-1 in caveolae assembly

on most cell tvoes. A maiority of the research on caveolin ™ nonmuscle cells and the respective role of Cav-3 in muscle
. YPEs. Jonity . cells, the role of Cav-2 is less clear. Caveolae are still present
proteins have focused on the functions of Cav-1. Although

Cav-1 has been extensively studied, very little is known about in ultrathin sections from lung capillary endothelium and in
the function of Cav-2. Cav-2 intera,cts with Cav-1 to form a perigonadal adipose tissue of Cav-2 null mice, suggesting

) . A . that Cav-2 is not necessary for caveolae formation at least
heterooligomeric complex within lipid raftg(5). Interaction y

; . ) in the examined ti . However, it is uncertain if th
with Cav-1 is required to transport Cav-2 to the cell surface the examined tissued). However, it is uncertain if the

; "~ _absolute number of caveolae in Cav-2 null mice remains the
(6, 7). In the absence of Cav-1, Cav-2 is degraded, and its same as in wild type mice, since quantitative analysis of

caveolae number has not been performed. Also, it is unknown
T This work was supported by the Scientist Development Grant from if the function of such Cav-2-depleted caveolae remains the
National Center of the American Heart Association (0335028N to G.S.) same. Furthermore, interpretations of such knockout studies
and grants from the National Institute of Health (RO1 HL64793, RO1 ; ; _
HL 61371, ROL HL 57665, PO1 HL 70295, Contract No. No1-Hy- &r€ complicated due to the possible compensatory mecha
28186 (NHLBI-Yale Proteomics Contract) to W.C.S). nisms taking place during development. In contrast to the
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RNA. together on basolateral caveolae whereas the apical mem-
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brane, where only Cav-1 is present, lacks caveolae organelles. Cells/Cell Lines.LNCaP cells (ATCC) were cultured in
This observation suggests that Cav-1 and -2 heterooligomersRPMI medium containing penicillin (100 units/mL), strep-
but not Cav-1 homooligomers, are involved in caveolar tomycin (100ug/mL), and 10% (v/v) fetal bovine serum
biogenesis in MDCK cells. A followup study on MDCK cells  (FBS) (Life Technologies). Fischer rat thyroid (FRT) cells
revealed that expression of a caveolin mutant which pre- were cultured in Ham'’s F-12 Coon’s modified media (Sigma)
vented the formation of the large Cav-1/-2 heterooligomeric containing penicillin (100 units/mL) and streptomycin (100ug/
complexes, led to intracellular retention of Cav-2 and mL) supplemented with 5% FBS (Life Technologies, Grand
disappearance of caveolae, while overexpression of wild typelsland, NY). Human umbilical vein endothelial cells (HU-
Cav-2 resulted in an increased number of caveolae, thusVEC) were isolated by collagenase treatment and maintained
supporting the role of Cav-2 in caveolar biogenedis).( in culture in complete M199 medium (GIBCO/BRL) with
Independently, using freeze-fracture immunoelectron mi- 20% FBS, endothelial cell growth factor, 100 units/mL
croscopy, Fujimoto and colleague$4] have shown that  penicillin, and 10Qug/mL streptomycin.
coexpression of Cav-1 and Cav-2 caused more efficient Construction of Adenaral Vectors and Transduction of
formation of deep caveolae than Cav-1 alone in hepatocel- Cells with Adeneiruses.Recombinant adenoviruses contain-
lular carcinoma cell line (HepG2) lacking endogenous ing the cDNA encoding myc-tagged Cav-1 (Adcav-1-myc)
caveolins. was generated as describel’); Adenoviral, myc-tagged
Recently, using electron microscopy of fixed cells, we have Cav-2 (Adcav-2-myc) was obtained from Dr. Enrique
demonstrated that in addition to Cav-1, Cav-2 is necessaryRodriquez-Boulan and was constructed as described (
for de novo assembly of caveolae in the human prostate Replication-deficient adenoviruses expressing HA-tagged
cancer cell line LNCaP5). More importantly, the stimulatory ~ S23A and S36A Cav-2 under the control of the cytomega-
effect of Cav-2- on Cav-1-dependent caveolae assembly inlovirus (CMV) promoter were generated by subcloning PCR-
LNCaP cells involves the constitutive phosphorylation of generated cDNAs encoding appropriate HA-tagged mutants
Cav-2 at serines 23 and 36 by casein kinase 2 or a caseirof Cav-2 into pShuttle-CMV and then recombined with
kinase 2-like kinase. Mutation of these residues reduced thepAdEasy-1 by electroporation into BJ51B3cherichia coli
stimulatory effect of Cav-2 on caveolae assembly, suggesting(Stratagene, La Jolla, CA). The recombinant adenoviral
that serine phosphorylation of Cav-2 may regulate this vector DNA was transfected into human embryonic kidney
process. Nothing is known about regulation of Cav-2 293 cells with LipofectAMINE (Invitrogen), and the viruses
phosphorylation. Since caveolins may exist in other subcel- were serially amplified in 293 cells, purified on a CsCl
lular compartments, for example, ER and lipid dropléts; ( density gradient by ultracentrifugation, and titered using a
16) or golgi 6, 7), it may be important to determine if Cav-2  cytopathic effect (CPE).
phosphorylation depends on subcellular location. Further- Transduction with Adendgruses.For adenoviral transduc-
more, very little is known about possible function of Cav-2 tion of cells, 2 days after plating, cells were infected with
phosphorylation besides regulating Cav-1-dependent caveola@ppropriate adenoviruses in serum free RPMI medium for 4
assembly §). For example, the major phenotype in Cav-2 h. Adcav-1 and Adcav-2 were used at multiplicity of
KO mice is the hyperproliferation of endothelial and possibly infection (MOI) of 5 for infection of LNCaP cells. Adcav-2
other cell types in the lungl(), pointing at a possible role  was applied at 20 MOI to infect FRT cell§-Galactosidase
for Cav-2 in regulating cell proliferation or differentiation. in adenovirus (Ad3-gal) was used at corresponding MOI
In the current study using a combination of various to control for any changes in the cells caused by adenoviral
fractionation techniques, followed by immunobloting with infection itself. The viruses were removed after 4 h, and cells
phospho-specific antibodies as well as immunofluorescentwere left to recover for 48 h in complete media before all
labeling of fixed cells, we have determined that serine experiments. Preliminary experiments with cells infected with
phosphorylation of ectopically expressed Cav-2 can be either Adcav-1 or Adcav-2 showed that nearly 100% of cells
reciprocally regulated by Cav-1 and subcellular localization. were Cav-1 or 2 positive, as assessed by immunofluorescence
More recently, using the siRNA approach we have knocked labeling using Cav-1 and Cav-2 antibodies (not shown).
down Cav-1 in human endothelial cells and confirmed a Western Blot AnalysisCells were lysed in a RIPA lysis
positive role of Cav-1 in regulating serine 23 phosphorylation buffer containing: 50 mM Tris HCI, 0.1 mM EGTA, 0.1
of endogenously expressed Cav-2. Finally, we have alsomM EDTA, 100 mM leupeptin, 1 mM phenylmethylsulfonyl
determined that phosphorylation of endogenously expressediuoride, 1% (vol/vol) NP-40, 0.1% SDS, and 0.5% deoxy-
Cav-2 is upregulated at serine 36 but not 23 in endothelial cholic acid; pH 7.4, homogenized, and centrifuged for 10
cells synchronized in mitosis, suggesting a possible role of min at 14 000 rpm and at 4C. Insoluble material was
serine 36 phosphorylation of Cav-2 in regulating endothelial removed, and the supernatants were then mixed with
cell mitosis. Laemmli SDS loading buffer and boiled. An equal protein
amount was loaded on 13% SDS-PAGE, and proteins were
MATERIALS AND METHODS electroblotted onto nitrocellulose membranes. The mem-
Antibodies Rabbit anti-p-Ser 23 and anti-p-Ser 36 Cav-2 branes were washed in Tris-buffered saline with 0.1% Tween,
antibodies were generated in our laboratory as previously blocked in 5% milk, and incubated with the appropriate
described §). Mouse anti-Cav-1, anti-Cav-2, anti-Hsp-90, primary antibodies, followed by incubation with fluorescently
anti-5-actin, and anti-flotillin-1 were from BD Transduction conjugated secondary antibodies (LI-COR Biotechnology).
Labs. Mouse anti-p-Y 27 Cav-2 was from BD Pharmingen. Bands were visualized using the Odyssey Infrared Imaging
Rabbitanti-p-Y 19 Cav-2 was from ABR-Affinity BioReagents. System (LI-COR Biotechnology).
Rat anti-HA was from Covance. Rabbit anti-cyclin B1 was  Quantitation of Serine Phosphorylation of @slin-2.
from Santa Cruz Biotech. Cav-2 phosphorylation at serine 23 and 36 was quantified
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using the Odyssey Infrared Imaging System (LI-COR Bio- 2 h, washed three times, and incubated with fluorescein
technology). Unlike chemiluminescence used by the tradi- isothiocyanate- or Texas Red-labeled secondary antibodies
tional Western blot, the Odyssey system is based on(Jackson Immunoresearch Laboratories, West Grove, PA)
fluorescence signal, has at least 1 order of magnitude widerdiluted 1:500. Slides were mounted with Slowfade (Molec-
linear range of signal intensity, and thus proved to be more ular Probes, Inc., Eugene, OR), and cells were observed and
suitable for a quantitative Western blot. Unless otherwise analyzed with a Zeiss Axiovert epifluorescence microscope
stated the data is expressed as the densitometric ratio of P-SEDPENLAB software (Improvision, Lexington, MA).

23 or P-Ser 36 to total Cav-2 from one representative out of sjRNA Knockdown of Endogenous:€hin Endothelial
3—4 total experiments. Cells. Smart pool containing sSiCONTROL Non-Targeting
Triton X-100 Insolubility AssayCells were lysed with 1%  siRNA Pool #1 and Cav-1 siRNA were obtained from
Triton X-100 in MBS (pH 6.5), and lysates were incubated Dharmacon. Briefly, HUVEC were transfected with 10 nM
for 10 min on ice and centrifuged at 48 000 g &Gifor 30 of control and Cav-1 siRNA using oligofectamine according
min. The supernatant was collected and considered as thao manufacturer’s protocol. Three days later, cells were lysed
Triton X-100 soluble fraction, while the Triton X-100 using RIPA buffer and lysates processed for Western Blot.
insoluble pellet was solubilized with an equal volume of e cycle Synchronization in Mitosis for Flow Cytometry
SDS-PAGE loading buffer. Equal volumes of both samples 5nq \Western BlotHUVEC were treated with 100 nM
were loaded on SDS-PAGE gel and western blotted. nocodazole for 16 h, and mitotic cells were collected by
Sucrose Fractionation of Low-Density Triton X-100 In- - shaje-off. For flow cytometry, cells were fixed and stained
soluble Membrane Domainsow density, Triton X-100-  yith 25 ug/mL propidium iodide (PI; Molecular Probes,
insoluble membrane domains were purified from cultured gy gene; OR) and then subjected to analytic flow cytometry
cells as follows. Cells were washed with ice cold MBS using a FACSort (BD Biosciences, Mountain View, CA).
buffer, scraped, pelleted by centrifugation at 1§Ghd lysed  Fqr western Blot, mitotic cells were lysed with RIPA buffer

with 1% Triton X-100 in MBS containing proteases inhibi-  5nq analyzed using appropriate antibodies against caveolins
tors. Homogenization was carried out with 10 strokes of a anq mitotic marker protein, cyclin B1.

loosely fitting Dounce homogenizeA 1 mL amount of the . . i
homogenate was adjusted to 42.5% sucrose and 0.5% TX- Pervanadate Treatment for Detecting Tyrosine Phospho

" . ““rylation of Cav-2. HUVEC were incubated with 5QM of
100 by the addition of 1 mL of 85% sucrose prepared in : .
MBS, placed at the bottom of an ultracentrifuge tube freshly prepared pervanadate for 30 min, lysed with RIPA

overlaid with 8 mL of 35% sucrose, topped with 2 mL of buffer, and processed for Western Blot with p-Y 19 and 27

15% sucrose (in MBS without TX-100), and centrifuged at Cav-2.
35000 rpm for 20 h in an SW41 rotor (Beckman Instru- pesyLTS
ments). A light scattering band confined to the-3%%
sucrose region was observed that contained flotilin-1 but  Car-1 Upregulates Serine 23 and Downregulates Serine
excluded most other cellular proteins such as Hsp90. From36 Phosphorylation of Ga2. To determine the relative level
the top of each gradient, 1 mL gradient fractions were of Cav-2 phosphorylation in the absence or presence of Cav-
collected to yield a total of 12 fractions. An equal volume 1, we have transduced LNCaP cells with adenoviruses
from each gradient fraction was separated by a 13% SDS-encoding Cav-2 that is epitope tagged with the myc antigen
PAGE and subjected to immunoblot analysis. (Cav2-myc) (Figure 1A, lane 2) or a combination of Cav2-
Velocity Sedimentation GradientSamples were dissoci- myc and Cavl-myc (lane 3). For comparison, we have also
ated by incubation with 50@L of Mes-buffered saline, used lysates from HUVEC endogenously expressing both
containing 25 mM Mes, pH 6.5, and 150 mM NaCl (MBS) caveolins (lane 4). Coexpression of Cav-1 increased by up
plus 60 mM n-octylg-d-glucopyranoside (octyl glucoside). to 3-fold the densitometric ratio of P-Ser 23/Cav-2 (Figure
Solubilized material was then incubated in the absence of 1A, bottom graphic panel, white bars) and decreased by
presence of CIP (U/mL) for 30 min at 3T, loaded atop a  2-fold the respective ratio of P-Ser 36/Cav-2 (gray bars)
5—50% linear sucrose gradient (4.3 mL), and centrifuged at relative to LNCaP lysates negative in Cav-1. Consistent with
42 000 rpm for 16 h in a SW-50 rotor (Beckman Instruments, LNCaP coexpressing Cav-2 and -1, the P-Ser 23/Cav-2 ratio
Palo Alto, CA). After centrifugation, nine gradient fractions was ca. 7-fold higher and the respective ratio of P-Ser 36/
were collected from the top mixed with SDS-PAGE loading Cav-2 was ca. 1.5-fold lower in HUVEC (lane 4) relative to
buffer, and equal volumes were loaded, run on the 13% SDS-LNCaP cells with Cav-2 alone. To determine if the observed
PAGE, and western blotted. Molecular mass standards forreciprocal regulation of Cav-2 serine phosphorylation by
velocity gradient centrifugation were as follows: carbonic Cav-1 is a more general phenomenon, we have used FRT
anhydrase (29 kDa), bovine serum albumin (BSA; 66 kDa), cells. These cells express Cav-2 but not Cav-1 (Figure 1B,
B-amylase (200 kDa), and apoferritin (443 kDa). lane 1). Our phospho-serine specific antibodies against
Immunofluorescence Labelin@ells were processed for human Cav-2 did not detect any P-Ser 23- or 36-Cav-2-
immunofluorescence as follows: cells were fixed with 3% specific signal, most likely because of differences between
paraformaldehyde in Dulbecco’s phosphate-buffered saline,human and rat sequences or because the serine phosphory-
pH 7.4 (DPBS), for 15 min, and washed three times with lation level of Cav-2 in these cells is below the detection
DPBS. The residual aldehyde groups were quenched withlimit. In this system, Cav-1-induced upregulation of P-Ser
25 mM NH,CI in DPBS for 10 min. Cells were then 23 was very high, i.e., ca. 8- to 10-fold at all time points
incubated sequentially with 0.1% Triton X-100 (v/v) in after infection (Compare Figure 1B, lanes2vs 6-9 and
DPBS for 10 min, DPBS plus 5% goat serum for 30 min, the corresponding top graph representing P-Ser 23/Cav-2
and thereafter with appropriate antibodies in 0.2% BSA for ratio). Conversely, Cav-1-induced downregulation of P-Ser
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A LNCaP 36 gradually increased with time after infection from ca. 1.3-

AdCav-1-myc - - + fold to ca. 3-fold between the first and fourth day after

AdCav-ztye - + L= adenoviral transduction (Figure 1B, bottom graph). Thus, in
Lane#: 1 S two distinct reconstitution cell systems, Cav-1 regulates
Cav S > —— Cav-2 serine phosphorylation.

“p

P-Ser 23 i O
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P-Ser 36 | p-myc » —
“f
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The Reciprocal Regulation of @& Serine Phosphory-
lation by Ca-1 Is Proportional to the Degree of Insolubility
of Cav-2 in Triton X-100.Several authors, including our
group have shown that Cav-2 expressed alone is almost
entirely soluble in TX-100, and that coexpression of Cav-1
renders Cav-2 mostly TX-100 insoluble. To determine how
the observed effects of Cav-1 on Cav-2 serine phosphory-
lation influence Cav-2 TX-100 solubility, we coexpressed
Cav-2- and -1-myc which yielded nearly equal amounts of
total Cav-2 in TX-100 soluble and insoluble compartments
in LNCaP cells (Figure 2A, top immunoblot, lanes 5 vs 6
and 2B, white bars). Interestingly, under the latter conditions,

the ratio of P-Ser 23/Cav-2 was almost 2-fold higher in TX-
000 w2 Cav2+1 HUVEC 100 insoluble than in TX-100 soluble fraction (second top
immunoblot, lanes 5 vs 6; black bars). Conversely, P-Ser

P-Ser 23836/Cav-2

B AdCav-2-myc AdCav-18-2-myc . .
e e 36/Total Cav-2 was downregulated in TX-100 insoluble
ys) P . fraction (third immunoblot from the top, lanes 5 vs 6; gray
i bars). A comparable fold of upregulation of P-Ser 23 relative
P-Ser 23 - -

to total Cav-2 could be seen in TX-100 insoluble fractions
from HUVEC lysates (Figure 2, lanes 7 vs 8). These data
suggest that increased detergent insolubility of Cav-2 stimu-
lated by coexpression of Cav-1 contributes to upregulation
of serine phosphorylation of Cav-2.

L Targeting to DRMs but Not Direct Interaction with ¢4

Is Necessary for Reciprocal Regulation of Serine Phospho-
101 \—« rylation of Cas-2. To determine the role of targeting to light
‘:'_.——l'_|-—._.___ﬂ_‘_‘_‘_‘_-u

P-Ser 36 - —

Cav-1 —_—uy=
HEp-O0 o — ——— o ———

Lane# 1 2 24 5 B: T B S

buoyant density DRMs (containing lipid rafts and caveolae
membranes), sucrose flotation gradients of cells lysed with
TX-100 were used. Surprisingly, approximately 20% of
Time {deys) Cav-2 expressed in the absence of Cav-1 was able to reach
il DRMs (Figure 3A, top panel, lanes—#). Interestingly,
151 f\’\ DRMs-associated Cav-2 was heavily phosphorylated at serine
101 23 (ca. 40% of P-Ser 23 in DRMs) and only lightly
0.54
1 2 3 4 h: B

phosphorylated at serine 36 (ca. 10% of total P-Ser 36 in
oo
1]

0.5

P-Ser 23/Cav-2

0.0
o

P-Ser 36/Cav-2

DRMs). As expected, coexpression of Cav-1 increased the
levels of total Cav-2 and phosphorylated Cav-2 in DRMs

(Figure 3B). These data suggest that targeting of Cav-2 to
FicUrRe 1: Reciprocal regulation of serine 23 and serine 36 DRMs is a key mechanism of reciprocal regulation of Cav-2

phosphorylation of caveolin-2 by caveolin-1. A. Caveolin-1 (Cav- serine phosphorylation by Cav-1. Finally, endogenously
1) and -2 (Cav-2) negative LNCaP cells (lane 1) were infected with oy yressed Cav-2 in endothelial cells can be nearly entirely
adenoviruses encoding myc-tagged caveolins (Cav-myc), i.e., Cav- - . . P

2-myc (lane 2) or Cav-2-myc plus Cav-1-myc (lane 3). Two days (95%) found in DRMs (Figure 3C) and thus explaining why
after infection, cells were lysed and Western blotted with antibodies the overall level of Cav-2 phosphorylation at serine 23 is
against Cav-2 and Cav-1, phosphoserine-specific antibodies againstery high while at serine 36 is very low.

Cav-2 (P-Ser 23 and P-Ser 36), and actin (as a loading control). - Serine 23 Phosphorylation of @& Positively Correlates

Symbols on the left:o- and-myc stand foro- andS-isoforms of ; 1. : : )
myc-tagged Cav-1 or -2. Lane 4 are lysates of HUVEC expressing with Ca-1-Mediated Targeting of Ga2 to Plasma Mem

endogenous caveolins. Symbols on the rightand3 stand foro.- brane, While Serine 36 Phosphorylation of:€2 Is More

and s-isoforms of Cav-2 or -1. The bottom graph represents the Limited to Intracellular Compartment3.o further character-
mean+ SEM from three independent experiments of the densito- ize the level of Cav-2 phosphorylation in different subcellular
?1etr|cbratn))s_ of P'Sfr 23/Cav-2 (Wr(‘:'te bzaas) a';‘;zgssr 36/tC|av-2 compartments, immunofluorescence microscopy of FRT cells
gray bars) in samples expressing Cav-2 (lane . Parenta . Lo
FRT cells (lane 1) infected with Cav-2-myc adenovirus (AdCav- was performed with P-S_er 23 _and P-Ser_36 Cav-2 antlbo_dles.
2-myc; lanes 25) or a combination of Cav-2 and -1-myc FRT cells were adenovirally infected with HA-tagged wild
adenoviruses (AdCav-1- and -2-myc; lanes% were lysed at  type Cav-2 (Figure 4A, AWTCav-2) or the phospho-mutant
indicated time points and Western blotted as in A. The graphs where the Serine 23 was mutated to alanine (S23A-Cav-2;
represent the densitometric ratios of P-Ser 23 (upper graph) or P'Se%dSZ?;ACaV-Z). As seen in Figure 4A, the anti-P-Ser 23

36 (bottom graph) to Cav-2 plotted against time after completing - . .
the infection (days). Open squares represent samples expressingntioody labeled WT but not S23A-Cav-2, while anti-HA

Cav-2-myc alone, while filled squares indicate samples coexpressingAb labeled both, thus proving specificity of anti-P-Ser 23-
Cav-2- and -1-myc. Cav-2 antibody for immunofluorescence studies. The speci-

Time (days)
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Ficure 2: Caveolin-1-induced regulation of serine 23 and 36 0 [1 __
phosphorylation positively correlates with insolubility of caveolin-2 AdCav-2 AdCav-28-1  HUVEC
in TX-100. A. LNCaP cells infected with adenoviruses encoding LNCaP

Cav-1-myc (lanes £2), Cav-2-myc (lanes-34), Cav-2- and -1- Ficure 3: Caveolin-2 in detergent-resistant membranes (DRMs)

myc (lanes 5-6) or HUVEC expressing endogenous Cav-1 and -2
were lysed with 1% TX-100 in MBS buffer, pH 6.5, at°€ and
TX-100-soluble {) and -insoluble {) fractions were Western

exhibits reciprocal phosphorylation of serines 23 and 36. LNCaP
cells infected with adenovirus encoding Cav-2 alone (Panel A), a
combination of Cav-2 and Cav-1 (Panel B), or HUVEC expressing

blotted with indicated antibodies, i.e., Cav-1, Cav-2, Cav-2 phospho-
specific antibodies against serine 23 (P-Ser 23) and 36 (P-Ser 36)
flotillin-1 (Flo-1), and HSP-90. B. The relative distribution between
TX-100-soluble ) and -insoluble €) fractions for total Cav-2
(white bars), P-Ser 23 (black bars), and P-Ser 36 (gray bars).
Symbols on the left:o- andS-myc stand foro- andg-isoforms of
myc-tagged Cav-1 or -2. Symbols on the riglat:andj stand for

o- andg-isoforms of Cav-2 or -1. NSC indicates nonspecific bands
detected with P-Ser 36 Cav-2 antibody in TX-100-insoluble
fractions.

endogenous Cav-1 and -2 (Panel C) were lysed with 1% TX-100
in MBS buffer, pH 6.5, at £#C. Lysates were adjusted to 43.5%
sucrose, overlaid with 35% and 10% sucrose, and centrifuged at
160 000 g for 20 h, and 12 1 mL fractions were collected from
the top. All 12 fractions were Western blotted with the following
antibodies: Cav-1, Cav-2, Cav-2 phospho-specific antibodies
against serine 23 (P-Ser 23) and 36 (P-Ser 36), DRMs marker
protein, flotillin-1 (Flo-1), and a cytosolic protein, HSP-90. In panel
D, the % total Cav-2 (white bars), P-Ser 23 (black bars), and P-Ser
36 (gray bars) in DRMs from LNCaP cells expressing Cav-2 alone
or Cav-2 and -1 or for HUVEC are shown.

ficity was further supported by the fact that incubation with

10x excess of phospho-peptide used to raise and purify P-SerFurthermore, this observation was confirmed in HUVEC in
23 Ab nearly completely abolished P-Ser 23 but not total which majority P-Ser 23 signal could be found in plasma
Cav-2 staining in HUVEC (not shown). P-Ser 23 colocalized membrane (depicted by arrows in fourth panel), and there
well with HA-specific signal in the perinuclear region of FRT  were also perinuclear dots selectively stained with anti-Cav-2
cells expressing Cav-2-HA alone (depicted by arrowheads but not P-Ser 23 antibody (depicted by arrowheads in fourth
in top panel). Coexpression of Cav-1 (AdWTCavD panel). These data suggest that in cells expressing endog-
redistributed majority of Cav-2 to the plasma membrane. enous Cav-2 and -1, such as HUVEC, the phosphorylation
Under these conditions, P-Ser 23 Cav-2 could preferably beof Cav-2 at serine 23 primarily occurs in the plasma
detected in the plasma membrane (depicted by arrows in thirdmembrane.

panel) as a significant portion of Cav-2 remaining in Cav-1 is essential for caveolae formation and thus is the
perinuclear region was stained with anti-HA but not anti-P- best marker protein for caveolae localization. Therefore, to
Ser 23 antibody (depicted by arrowheads in third panel). further determine that plasma membrane staining with P-Ser
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o-P-Ser 23 o-HA

o-P-Ser 36 o-HA Merge

AdWTCav-2 m

AdS36ACav-2

AdWTCav-2

AdS23ACav-2

AdWTCav-2+1
AdWTCav-2+1

a-P-Ser23  o-Total Cav-2 Merge o-P-Ser 36 o-Total Cav-2
9 +P-Ser 36 peptide  +P-Ser 36 peptide

HUVEC
AdWTCav-2

a-P-Ser 23 o-Total Cav—

HUVEC

Ficure 4: Preferable targeting of phospho-serine 23 caveolin-2 to plasma membrane and phospho-serine 36 caveolin-2 to intracellular
compartments. A. In top three panels, FRT cells were infected with adenoviruses encoding HA-tagged WT caveolin-2 (AdWTCav-2),
S23A Cav-2 (AdS23ACav-2), or WTCav-2 and -Cav-1 (AdWTCawi2, fixed and colabeled witk-P-Ser 23-Cav-2 (red images) and

o-HA (green images) antibodies. In the fourth panel, HUVEC expressing endogenous Cav-1 and -2 were costain®ddett23-Cav-2

(red image) and:-total Cav-2 (green image). In the bottom panel, HUVEC were costainecwhttSer 23-Cav-2 and-Cav-1. Arrowheads

in first (top) panel indicate perinuclear localization. Arrowheads in the third and fourth panels depict intracellular Cav-2 staineldAvith

or a-total Cav-2 but not-P-Ser 23-Cav-2, while arrows in these panels indicate plasma membrane staining with all above-mentioned
antibodies. Arrows in the bottom panel indicate plasma membrane-associated P-Ser 23 colocalizing with Cav-1. Scalerhd: PRT

cells were infected with adenoviruses encoding HA-tagged WT caveolin-2 (AdWTCav-2), S36A Cav-2 (AdS36ACav-2), or WTCav-2 and
-Cav-1 (AdWTCav-2-1), fixed, and colabeled with-P-Ser 36-Cav-2 and-HA (top three panels) ow-P-Ser 36-Cav-2 and-total Cav-2

(bottom panel). Arrowheads in AdWTCav-2 panel point at perinuclear stainingowRRSer 36 andx-HA. Arrows in AdWTCav-2+1

panel depict plasma membrane staining withHA. Bottom panel: FRT cells infected with AdWTCav-2 were costained witR-Ser
36-Cav-2 ando-total Cav-2 in the presence of ¥Omolar excess of peptide containing P-Ser 36, which was used to raise and purify
a-P-Ser 36-Cav-2.

23 Ab is within caveolae, we performed colocalization beled WT but not S36A-Cav-2-expressing cells, while anti-
studies with Cav-1 Ab (Figure 4A, bottom panel). Mostly HA stained both, thus proving the specificity of anti-P-Ser
plasma membrane located P-Ser 23 Cav-2 colocalized very36-Cav-2 antibody for immunofluorescence studies. Fur-
well with Cav-1 in HUVEC expressing endogenous caveolins thermore, co-incubation with 10-fold molar excess of the
(Figure 4A, bottom panel, depicted by arrows). This data corresponding phospho-peptide used to raise and purify P-Ser
suggests that plasma membrane-associated serine 23 pho86-Cav-2 Ab abolished P-Ser 36- but not total Cav-2-specific
phorylation of Cav-2 is indeed localized to caveolae. Thus fluorescent signal in FRT cells expressing human HA-tagged
overall, ourimmunofluorescence data corresponds well with Cav-2 (Figure 4B, bottom panel). Interestingly, under condi-
our sucrose fractionation findings, indicating that plasma tions in which coexpression of Cav-1 in FRT cells resulted
membrane lipid raft/caveolae is the primary location for in nearly a complete redistribution of Cav-2 to plasma
Cav-2 phosphorylation at serine 23 in cells coexpressing bothmembrane (Figure 4B, third panel from the top), we were
caveolins. unable to detect P-Ser 36-specific signal. This suggests that
Next, FRT cells were adenovirally infected with HA- Cav-1-driven redistribution of Cav-2 to plasma membrane
tagged wild type Cav-2 (Figure 4B, AdWTCav-2) or the caveolae may limit phosphorylation of serine 36. Because
phospho-mutant where the serine 36 was mutated to alanineP?-Ser 36 is closer to the domain interacting with Cav-1, it is
(S36A-Cav-2; AdS36ACav-2). Anti-P-Ser 36 antibody la- possible that direct interaction of Cav-2 with Cav-1 and
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embedding it into high molecular heterooligomeric com-

A

: il - ) LNCaP HUVEC

plexes may compromise accessibility of this epitope for P-Ser P AN ASE sympomper . R,
36 Ab in fixed cells. This could be also the case in HUVEC C,‘,’;.[ AR b etscel MR TR
coexpressing endogenous caveolins in which we were unable Benaturation:{|i || =i iz x| e Ui )] =
to obtain satisfactory P-Ser 36-Cav-2 specific staining (not il il BT R
shown). In addition, the antibody appears to cross-react with Total Cav-2 SRR SRS S g o . 10"
unidentified protein(s) of nuclear origin in HUVEC (not & g
shown), precluding the use of this antibody for immunof- P-Ser 23 L aade 1 SR
luorescent labeling of HUVEC and probably other human B o= e 1o
cell types. E-Sarie '

Cav-2 Oligomerization with Ca-1 Limits Ability of Calf Cav-1 ———— o 1 e
Intestinal Phosphatase to Dephosphorylate Phospho-serine
Residues of Ga2. To determine the role of Cav-1 in i
stabilizing phospho-serines 23 and 36 of Cav-2, we tested Qs
potential resistance of phospho-Cav-2 to dephosphorylation 3
by the broad spectrum phosphatase, calf intestinal phos- @”"
phatase (CIP). Treatment of lysates from Cav-2 expressing @ 05
LNCaP cells with CIP in the absence of phosphatase i [ M
inhibitors yielded a complete loss of the phospho-specific f_f_
signal at both serine residues (Figure 5A, compare lanes 1 3
and 2 in first and second panels from the top). In contrast to C 10
cells expressing Cav-2 alone, there was only partial loss of 2
phospho-specific signal upon treatment of lysates from Cav-2 i 051
and -1 coexpressing cells with CIP (lane 3 vs 4). CIP was 4 |_| H H H
also partially effective in lysates from HUVEC coexpressing 0.0 A -
endogenous caveolins-1 and -2 (lane 7 vs 8). Moreover,
protein denaturation by boiling of the lysates in the presence
of 1% sodium dodecy! sulfate (SDS) and diluting the SDS B sk Hg::gtq:ég['
10-fold with a buffer containing 1% NP40/0.1% SDS prior  ETEE
to treatment with CIP increased the efficiency of dephos- iz (kDa’:ig i 4i3
phorylating Cav-2 at both sites (lanes 5 vs 6 for LNCaP and = PR
lanes 9 vs 10 for HUVEC lysates). L eeee@ee

Because the latter data suggested that formation of high i  e-@ee- EReE it
molecular weight heterooligomers with Cav-1 could play a
role in the observed partial protection from CIP-mediated suchiiie
dephosphorylation of Cav-2, we performed velocity sedi- L kb
mentation gradient on lysates from LNCaP coexpressing
Cav-2 and -1, preincubated in the absence (-) or presence of DB e
CIP (+) at 37°C for 30 min (Figure 5B). This molecular i ' P-Ser 36 WB
weight-based sedimentation assay revealed that CIP prefer- oeee
ably removes phosphates from monomeric and dimeric Cav-2 R
but not from Cav-2 engaged by Cav-1 in high molecular Cav-1WB

+ - .-

weight heterooligomeric complexes. Overall, this data sug-
gests that oligomerization with Cav-1 can potentially limit

serine dephosphorylation of Cav-2 by cellular phosphatases.against phosphatase-mediated serine dephosphorylation of caveolin-

Serine 23 Phosphorylation of Endogenously Expressedy”a | ysates of LNCaP cells infected with adenoviruses expressing

Ficure 5: Oligomerization of caveolin-1 with caveolin-2 protects

Cav-2 Is Downregulated by a Specific Knockdown ot€la

in Endothelial Cells.To verify if reciprocal regulation of
Cav-2 phosphorylation by Cav-1 also occurs in cells express-
ing endogenous Cav-2, we used the siRNA approach. More
specifically, acute>70% knockdown of endogenous Cav-1
in HUVEC, which did not affect expression of Cav-2 within
the 72 h time frame after transfection (Figure 6A, Cav-1 and
-2 immunoblots, lane 2 vs 1, Figure 6B, top graph), reduced

myc-tagged caveolins, i.e., Cav-2-myc alone (lane®)l coex-
pressing Cav-2-myc and -1-myc (lanes® and HUVEC express-

ing endogenous Cav-2 and -1 (lanes1D) were treated for 30
min in the absence (lanes 1, 3, 5, 7, and 9) or in the presence of
calf intestinal phosphatase CIP (lanes 2, 4, 6, 8, and 10). In addition,
lysates from LNCaP coexpressing Cav-2 and -1-myc (lanes 5 and
6) and those of HUVEC (lanes 9 and 10) were incubated in the
presence of 1% SDS at 10C for 10 min prior to treatment with
CIP. Lysates were Western blotted with indicated antibodies, i.e.,
total Cav-2, phospho-specific antibodies against Cav-2 at serine

by >50%_ the P-Ser 23 Cav-2 spe_cific signal (Figure 6A, 23 (P-Ser 23) and 36 (P-Ser 36), and Cav-1 antibody. The top graph
P-Ser 23 immunoblot, lane 2 vs 1, Figure 6B, bottom graph). represents the densitometric ratios of P-Ser 23/Cav2 and the bottom
Interestingly, Cav-1 knockdown did not affect the P-Ser 36 graph P-Ser 36/Cav2 for each lane. Arrows with associated symbols
specific signal (Figure 6A, P-Ser 36 immunoblot, lane 2 vs o-myc point ato-isoform of Cav-2-myc or Cav-1-myc while arrows
1, Figure 6B, bottom graph). Unlike serine phosphorylation, "‘;'“E,\‘I"C'”g'catea"somrm gf W"Zd type C&é"g anld -1. Bf- Lysates J

i hospho-specific antibodies against tyrosine 19 and", L -ar coexpressing Gav-2-myc and Gav-L-myc fractionate:
using phospho-sp g y NG a high-speed sedimentation gradient were treated for 30 min in
27 phosphorylated Cav-2, we were unable to detect tyrosinethe absence-) or in the presence of CIPH), and Western blotted

phosphorylation of Cav-2 in lysates from HUVEC treated as in A.
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Ficure 6: Specific knockdown of caveolin-1 with siRNA down-
regulates serine 23 but not serine 36 phosphorylation of caveolin-
2. A. Immunobilots: lanes 1 and 2: HUVEC were transfected with
control and caveolin-1 (Cav-1) siRNA using oligofectamine. Three
days after transfection, cells were lysed using RIPA buffer and
processed for Western blot with indicated antibodies against

phosphorylated Cav-2 at serine 23 (P-Ser 23) and serine 36 (P-Se

36), at tyrosine 19 (P-Y 19) and tyrosine 27 (P-Y 27), and total

r

Sowa et al.

tion, we were curious if serine or tyrossine phosphorylation
could be modulated during various phases of cell cycle. For
this reason, we have synchronized HUVEC in different
phases of cell cycle and looked at serine and tyrosine
phosphorylation of Cav-2. Neither Go/G1 synchronization
by serum starvation nor double thymidine synchronization
at G/S yielded any significant changes in serine phospho-
rylation of Cav-2, relative to asynchronous cells (not shown).
However, in HUVEC synchronized in mitosis, there was ca.
2.5-fold increase in serine 36 phosphorylation of Cav-2
relative to asynchronous cells (Figure 7). Conversely, relative
serine 23 phosphorylation of Cav-2 was only negligibly lower
in mitotic cells. Using p-Y 19 and 27-Cav-2 antibodies, we
have also examined potential changes in tyrosine phospho-
rylation on Cav-2 but failed to detect it under any of above-
described conditions (not shown).

DISCUSSION

Previously, we have shown that ectopically expressed
Cav-2 in LNCaP cells can be serine phosphorylated at the
two N-terminal serine residues 23 and 36 and thereby
regulate the ratio of plasma membrane caveolae and plasma
membrane vesicle numbers in human prostate cancer cells
LNCaP 6). In the current study, using two reconstituted
systems (LNCaP and FRT cells) and human endothelial cells
endogenously expressing both Cav-1 and -2, we demonstrate
that the serine phosphorylation of Cav-2 serine is reciprocally
regulated by Cav-1-induced translocation of Cav-2 from
detergent-soluble perinuclear compartments to detergent-
resistant plasma membrane lipid rafts and caveolae. The
stimulating effect of Cav-1 on serine 23 phosphorylation of
Cav-2 in LNCaP and FRT cells is consistent with our data
in HUVEC expressing both caveolins. Furthermore, using
SiRNA against Cav-1, we confirm the specific role of Cav-1
in upregulating serine 23 phosphorylation of endogenous
Cav-2 in endothelial cells. Finally, we also show an example
of selective upregulation of serine 36 phosphorylation in
endothelial cells synchronized in mitosis.

The reciprocal effect of Cav-1 on serine phosphorylation
of Cav-2 appears to be solely based on translocation of
detergent soluble perinuclear Cav-2 to detergent-insoluble

Cav-2, Cav-1, and HSP90. The graphs represent mean densitometri®lasma membrane caveolae and lipid rafts but not due to

ratios+ SEM from three independent experiments. Lanes 3 and 4:

conformational changes of Cav-2 resulting from its interac-

control HUVEC or treated with 50uM sodium pervanadate (Vana- tjion with Cav-1. This conclusion is supported by the

date) for 30 min, followed by lysis and Western blotting with
antibodies against Cav-2 phosphorylated at tyrosine 19 (P-Y 19)
and tyrosine 27 (P-Y 27), and total Cav-2, Cav-1, and HSP-90. B.

observation showing that a small fraction of Cav-2 expressed
in LNCaP cells is able to reach DRMs and is serine

Quantitative analysis of data from immunoblots (lanes 1 and 2): phosphorylated in a manner similar to HUVEC endogenously
Top graph shows densitometric ratio of Cav-1 (white bars) or Cav-2 expressing Cav-2 and -1., i.e., the Cav-2 associated with
(gray bars) to HSP90. Bottom graph represents densitometric ratiopRMs in both cases displays high phosphorylation at serine
of P-Ser 23- (white bars) or P-Ser 36-Cav-2 to total Cav-2. 23 and reduced phosphorylation at serine 36. Moreover, by

with control or Cav-1 siRNA (Figure 6A, P-Y 19 and 27 Microscopy, the enriched P-Ser 23 Cav-2 in plasma mem-

immunoblots, lanes 1 and 2). As a positive control, treatment
with tyrosine phosphatase inhibitor pervanadate aubD
resulted in a robust phosphorylation of tyrosine 19 and a

brane correlates with its TX-100 insolubility and the
subsequent flotation in sucrose gradient data.

In light of our findings we surmise two potential scenarios

moderate phosphorylation of tyrosine 27 (Figure 6A, PY 19 for serine phosphorylation of Cav-2 expressed in the absence

and 27 immunoblots, lane 4).

Serine 36 but Not 23 Phosphorylation of Endogenously
Expressed Ca2 is Upregulated in Endothelial Cells Syn-
chronized in Mitosis.Because of the hyperproliferative
phenotype in the lung of Cav-2 KO mic#&1), suggesting a
potential role for Cav-2 in regulating cell growth/differentia-

or in the presence of Cav-1. i. Cav-2 expressed in the absence
of Cav-1 is mostly retained in the TX-100-soluble, peri-
nuclear Golgi region of cells6] where it is primarily
phosphorylated at serine 36 and to a lesser extent on serine
23 (see Figures 2-4). ii. Coexpression with Cav-1 dramati-
cally shortens the time that Cav-2 is present in the Golgi
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V13 plasma membrane regions of FRT cells (infected with
AdCav-1 and -2) and HUVEC endogenously expressing
Cav-1 and -2. Finally, acute knockdown of endogenous
2500 “ Asynchronous Cav-1 in HUVEC results in specific downregulation of P-Ser

20004 23 but not P-Ser 36-Cav-2, proving that serine 23 phospho-
1500 rylation of endogenous Cav-2 depends on Cav-1.

1000 H Our data and conclusions using human Cav-2 are in an
500 LA excellent agreement with the work of Scheiffelle et aR)(

who observed location-dependent basal phosphorylation of
canine Cav-2. However, these authors did not examine the
1D specific phosphorylation sites and kinase. Previously, we

1500 ‘| Mitotic have provided several pieces of evidence suggesting that CK2

0 200 400 600 800 1000

or CK2-like kinase is involved in Cav-2 serine phosphory-
“ lation (5). Although CK2 is primarily located to the nucleus
|| and cytosol 18), it has also been shown to be present in the
¥ r Golgi itself (19) or to be recruited to plasma membrane via
0 200 400 600 800 1000 its pleckstrin homology domain2(). It is uncertain why
DNA content serine 36 is primarily phosphorylated in the perinuclear
region while serine 23 is primarily phosphorylated in the
B o® plasma membrane region. Most likely this differential serine
N phosphorylation of Cav-2 is the result of preferential access
S of either serine residue to cytosolic, Golgi-, and potentially
plasma membrane-associated CK2/CK2-like kinase(s). For
CaiD a. example, the structural conformation of Cav-2 within the
— Golgi membranes could favor serine 36 phosphorylation by
-— Golgi-associated CK2. This scenario could reverse once
P-Ser23 S - Cav-2 leaves the Golgi and reaches plasma membrane rafts/
caveolae where a cholesterol/lipid-rich environment may
P-Ser 36 p- prevent serine 36 from being phosphorylated by CK2. At
—_— the same time, serine 23 could be efficiently phosphorylated
Cyclin B1 |9 - by cytosolic and possibly plasma membrane-associated
CK2. Furthermore, high molecular heterooligomeric com-
Cay-1 B & plexes with Cav-1 along with the cholesterol/lipid-rich
environment of caveolae may to some degree prevent P-Ser
B-Actin [S—— 23 dephosphorylation by endogenous phosphatases and thus
further contribute to the elevated phosphorylation state of
@ serine 23 in plasma membrane caveolae compared to the
Golgi.
1.25 - It is important to reconcile our new findings showing
1.00 4 regulation of serine phosphorylation of Cav-2 with the
previously observed regulatory role of Cav-2 in determining
0.75 1 the number of plasma membrane versus subplasmalemmal
0.50 - caveolae §). Our previous data suggested that serine 36 is
0.25 4 more critical than serine 23 for caveolae assembly. Serine
biog 36 is poorly phosphoryle_lted relative to_serine 23 in cells
- ——— Mitotic endogenously coexpressing both caveolins such as HUVEC.
y Although our immunofluorescent labeling did not detect a
Ficure 7: Phosphorylation of serine 36 but not serine 23 of significant amount of P-Ser 36 Cav-2 in plasma membrane

caveolin-2 is upregulated in endothelial cells synchronized in ; ; o ;
mitosis. Control (asynchronous) and synchronized in mitosis upon of FRT cells coexpressing both caveolins, it is very likely

treatment with 100 nM nocodazole for 16 h and shake-off (mitotic) that the overall weak signal for this P-Ser 36 antibody may
HUVEC were processed for flow cytometry (A) or Western blot account for this. In addition, although the P-Ser 36 antibody
(B). A: DNA content from control/asynchronous (top) and was specific for this residue in Western blots, the same
synchronized in mitosis cells (bottom) measured in a linear scale. antibody-labeled nuclei in fixed HUVEC did not permit
gé \(/l\fgteerrggo;nea/ ?cl)ttjglt|22vagnnngo(s(§)g\?_-zs)e223 é:’;\(lplsgg %ﬁglﬁgg analysis of its subcellular location in the latter cells. However,
mitotic cyclin B1 antibodies. C: Densitometric ratio of P-Ser 23 sucrose gradient fractionation clearly demonstrated that
(blank bars) and P-Ser 36 (dotted bars) to total Cav-2 representingCav-2 present in DRMs of HUVEC is phosphorylated at
meant SEM from three experiments. serine 36, suggesting that the low level of Cav-2 phospho-
rylation at serine 36 is sufficient for its role in caveolae
and thus limits serine 36 phosphorylation, while allowing biogenesis and assembly. This conclusion is supported by
Cav-2 to reach plasma membrane caveolae where serine 28lata showing that high molecular weight heterooligomers
phosphorylation is preferred. The latter conclusion is strongly of Cav-1 and -2 (containing 1416 molecules of each
supported by the fact that P-Ser 23 is mostly located to caveolin (2, 21)) are believed to initiate caveolae assembly.

1000

500+

0

P-Ser 23&36/Cav-2
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Our data suggest at least one or more of the Cav-2 molecules
engaged in heterooligomer assembly is phosphorylated at
serine 36 and that multiple heterooligomeric structures

containing serine 36 phosphorylated Cav-2 are required to
assemble a single invaginated caveola.

Previously, we have shown that serine 23 phosphorylation
does not affect caveolae assembly per se, but it cooperates
with serine 36 during caveolae biogenesis and may affect
the ratio of caveolae to subplasmalemmal vesicles. Thus, by
reconciling the latter observations with the results showing
that serine 23 is robustly phosphorylated in plasma membrane
caveolae, one could hypothesize that serine 23 phosphory-
lation/dephosphorylation may be involved in regulating
caveolae/vesicle turnover and possibly be implicated in
caveolae-mediated transport.

Our data showing a selective increase in serine 36
phosphorylation on Cav-2 endogenously expressed in en-
dothelial cells synchronized in mitosis strongly suggest that
serine 36 phosphorylation of Cav-2 could regulate cell cycle,
in particular mitosis. Interestingly, the hyperproliferative
phenotype involving increased number of endothelial cells
in the lung of Cav-2 KO micel(l) strongly suggests that
Cav-2 may regulate cell growth. The exact mechanism of
the potential regulation of endothelial cell proliferation
remains to be established, but serine 36 phosphorylation of
Cav-2 may be involved in this process.

Considering that Cav-2 has been also reported to be
phosphorylated on tyrosines 19 and 22,(23), using the
phospho-specific antibodies to the latter sites, we have also
examined tyrosine phosphorylation of Cav-2. Although, using
immunoblotting of total cell lysates, we were able to detect
both phospho-tyrosine phosphorylated Cav-2 in endothelial
treated with general tyrosine phosphatase inhibitor, we were
unsuccessful in detecting P-Y 19 and 27-Cav-2 specific
signal in control, cell cycle synchronized, or treated with a
combination of endothelial cell specific stimuli, such as bFGF
and VEGF. Thus, our data suggest that unlike serine, tyrosine
phosphorylation level of Cav-2 is very low in endothelial
cells, although we cannot exclude the possibility of stimulat-
ing detectable tyrosine phosphorylation with other EC
specific agonists. Alternatively, the fast turnover of tyrosine
relative to serine phosphorylation may be accountable for
the observed differences in detection limits between phospho-
serine and tyrosine specific antibodies against Cav-2. Further
studies examining the role of serine and tyrosine phospho-
rylation of Cav-2 in regulating cell function, including
caveolae-mediated endocytosis or cell proliferation and
differentiation are clearly warranted.
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