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ABSTRACT The ectoenzyme CD39 suppresses thrombo-
sis and inflammation by suppressing ATP and ADP to
AMP. However, mechanisms of CD39 transcriptional
and post-translational regulation are not well known.
Here we show that CD39 levels are modulated by
inhibition of phosphodiesterase 3 (PDE3). RAW mac-
rophages and human umbilical vein endothelial cells
(HUVEGCs) were treated with the PDE3 inhibitors
cilostazol and milrinone, then analyzed using qRT-
PCR, immunoprecipitation/Western blot, immunoflu-
orescent staining, radio-thin-layer chromatography, a
malachite green assay, and ELISA. HUVECs expressed
elevated CD39 protein (2-fold [P<0.05] for cilostazol
and 2.5-fold [P<0.01] for milrinone), while macro-
phage CD39 mRNA and protein were both elevated
after PDE3 inhibition. HUVEC ATPase activity in-
creased by 25% with cilostazol and milrinone treatment
(P<0.05 and P<0.01, respectively), as did ADPase
activity (47% and 61%, P<0.001). There was also a
dose-dependent elevation of soluble CD39 after treat-
ment with 8-Br-cAMP, with maximal elevation of 60%
more CD39 present compared to controls (1 mM,
P<0.001). Protein harvested after 8-Br-cAMP treatment
showed that ubiquitination of CD39 was decreased by
43% compared to controls. A DMSO or PBS vehicle
control was included for each experiment based on
solubility of cilostazol, milrinone, and 8-Br-cAMP.
These results indicate that PDE3 inhibition regulates
endothelial CD39 at a post-translational level.—Baek,
A. E., Kanthi, Y., Sutton, N. R., Liao, H., Pinsky, D. ]J.
Regulation of ecto-apyrase CD39 (ENTPDI1) expres-
sion by phosphodiesterase III (PDE3). FASEB J. 27,
4419-4428 (2013). www.fasebj.org
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THE PROCESSES OF THROMBOSIS and inflammation con-
tribute significantly to the severity and progression of
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transcription-PCR; RanBPM, Ran binding protein M; RAW
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numerous disease states, including stroke and athero-
sclerosis (1, 2). Extracellular purinergic signaling
through ATP and ADP has been shown to be a potent
trigger for inflammatory cell recruitment and throm-
bosis. Modulating this pathway is the plasmalemmal
ectonucleotidase, CD39/NTPDasel (ectonucleoside tri-
phosphate diphosphohydrolase). CD39 is expressed by
a number of cell types, including endothelial cells and
leukocytes, and hydrolyzes the terminal phosphate of
ATP and ADP in an enzymatic cascade that generates
AMP (3-5). By depleting the potent prothrombotic and
proinflammatory signals of ADP and ATP, CD39 pre-
serves homeostasis in the vascular environment.

A growing body of literature describes the involve-
ment of CD39 and its apyrase activity in limiting
thrombosis and inflammation (6), yet relatively little is
known about the regulation of CD39, at either a
transcriptional or translational level. We recently dem-
onstrated that CD39 RNA and functional protein are
up-regulated potently by cAMP in murine macrophages
(7). To more fully understand how CD39 is regulated in
cells of the vascular wall, we explored the effects of
cAMP on CD39 in human endothelium. Our objective
was to reveal additional facets underlying control of
leukocyte-endothelial interaction in thrombosis and
inflammation.

The role of cAMP in modulating vascular tone has
been well established. In cardiac myocytes, increased
cAMP leads to increased contractility and tachycardia.
In vascular smooth muscle, cAMP acts as a vasodilator,
by activating cAMP-dependent PKA, which then phos-
phorylates myosin light chain kinase and reduces its
phosphorylation of myosin light chain, thereby inhibit-
ing contractile function of the actin/myosin complex
(8-10). cAMP also has a known important role in the
endothelium, where it preserves endothelial monolayer
barrier function (11).

To investigate the effect of cAMP in human endothe-
lial cells on CD39 expression, we employed a pharma-
cologic approach to modulate intracellular levels of
cAMP. Cilostazol has been administered as a safe and
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effective drug for the treatment of claudication in
peripheral arterial disease; it inhibits phosphodiester-
ase 3 (PDE3), an enzyme that depletes intracellular
cAMP by hydrolyzing its 3'-cyclic phosphate bond, by
competitively binding to the cAMP-specific binding site
of PDE3 (12, 13). Milrinone is used clinically in
patients with heart failure to improve contractility.
Milrinone was chosen as an independent tool to
confirm the effect of PDE3 inhibition on the expres-
sion of CD39 (14). The cell membrane-permeable
cAMP analog, 8-Bromo-cAMP (8-bromo-3'-5'-cyclic
adenosine monophosphate), was also used to increase intra-
cellular cAMP.

In this work, we show that increased intracellular
cAMP (through the specific inhibition of PDE3) leads
to the up-regulation of functional CD39 protein in
human endothelial cells as well as in murine macro-
phages. Most significantly, we found that macrophages
and endothelial cells regulate CD39 through separate
pathways, with the former utilizing transcriptional up-
regulation and the latter utilizing post-translational
regulation.

MATERIALS AND METHODS

Cell culture

All chemical reagents were obtained from Invitrogen (Grand
Island, NY, USA) unless specified. Human umbilical vein
endothelial cells (HUVECs) were isolated from human um-
bilical cords based on previously described methods (15).
Fresh cords were washed. The umbilical vein was attached to
a 10 ml syringe and flushed with isotonic saline buffer. The
cord was incubated with 2% collagenase 3 (Worthington
Biochemical, Lakewood, NJ, USA) in HBSS buffered with
HEPES at 37°C. Veins were then flushed with isotonic buffer,
and the flow through was centrifuged at 4°C, 190 g, 7 min.
Pellets were plated onto 35 mm plates coated with 0.2%
gelatin. Cells were not used beyond passage 4. Endothelial
basal medium (EBM-2) and endothelial growth medium
(EGM-2) supplement bullet kits (Lonza, Allendale, NJ, USA)
were reconstituted according to the manufacturer’s instruc-
tions. RAW cells (murine macrophage-like RAW 264.7 cells)
were obtained from ATCC (Manassas, VA, USA), and cul-
tured in RPMI 1640 medium supplemented with penicillin
(50 U/ml), streptomycin (5 pg/ml), and 10% fetal bovine
serum (Invitrogen). Cells were treated with 8-Br-cAMP (Sigma, St.
Louis, MO, USA), PDE3 inhibitors (cilostazol or milrinone;
Sigma), or DMSO (Fisher, Pittsburgh, PA, USA) control for
indicated times in serum- and supplementfree EBM-2 me-
dium or serum-free RPMI 1640 medium.

Quantitative reverse transcription-PCR (qRT-PCR)

qRT-PCR was used to quantify RNA levels. HUVECs were
plated onto 0.2% gelatin-coated 6-well plates (Falcon). When
cells were confluent, they were serum-starved in EBM-2 and
then treated with a range of doses of cilostazol (30-100 M)
or DMSO (1 pl/ml) (16, 17). After treatment, cells were
washed twice in PBS, and then total RNA was isolated using
RNeasy kits (Qiagen, Valencia, CA, USA). cDNA was made
using cDNA synthesis kits (Applied Biosystems, Grand Island,
NY, USA). Real-time qPCR was carried out using the 7000
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detection system (Applied Biosystems) with 2X universal
mastermix and primers for human CD39 and human B,
microglobulin (Applied Biosystems). All data were normal-
ized to B, microglobulin.

Whole-cell protein isolation

Following treatment with PDE3 inhibitors or DMSO as a
negative control, cells were washed twice with PBS (Invitro-
gen), scraped with a rubber policeman, and suspended in
ice-cold RIPA buffer supplemented with a tablet of a com-
plete mini protease inhibitor tablet (Roche, Branchburg, NJ,
USA). Cells were homogenized by 10 strokes through a sterile
30 gauge 1 ml insulin syringe. Lysed cells were centrifuged for
10 min at 13,000 gat 4°C, and the resulting supernatants were
transferred to new tubes. The samples were flash frozen in
aliquots and stored at —80°C. Concentrations were deter-
mined via a colorimetric protein assay (Bio-Rad, Hercules,
CA, USA).

Enzyme-linked immunosorbent assay (ELISA)

HUVECGs were plated on 24-well plates (Corning, Tewksbury,
MA, USA) coated with 0.2% gelatin and grown until conflu-
ent. Cells were serum starved for 6 h before serum-free
treatment with 100, 250, 500, and 1000 wM 8-Br-cAMP for 8 h.
Medium was transferred into microcentrifuge tubes (Eppen-
dorf, Hauppauge, NJ, USA), and samples were centrifuged
(500 g 5 min, 4°C). Then 100 pl of cellfree supernatants
were loaded onto 96-well plates (Nunc-Nalgene, Lafayette,
CO, USA) that had been coated overnight at 4°C with a rat
anti-CD39 antibodies (5 pg/ml, MAB4398, R&D, Minneapo-
lis, MN, USA), and then blocked for 1 h at room temperature
with 4% BSA (Sigma) in PBS. Standard lanes were included
in each assay plate, with recombinant human CD39 (R&D)
in PBS. Wells were then washed 3 times with 0.05%
Tween-20 in PBS, and then probed with a sheep anti-CD39
antibody (5 wg/ml, 2 h, room temperature, R&D AF4398).
Wells were washed 3 times again before probing with anti-
sheep biotinylated antibody for 1 h at room temperature.
This was followed by 3 more washes, and then avidin conju-
gated to alkaline phosphatase (1:800, 1 h, room temperature,
Sigma) was added. Wells were then washed 3 times, and 5 mg
of p-nitrophenyl phosphate, disodium salt in 5 ml of dietha-
nolamine buffer (Thermo Scientific, Pierce, Rockford, IL,
USA). Color was allowed to develop for up to 30 min, stopped
with 2 N NaOH, and then absorption measured at 405 nm by
a SpectraMax M5 microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

LDH assay

Using a colorimetric LDH assay (Pierce Biotechnology, Rock-
ford, IL, USA), 15,000 cells were plated in triplicate in a
96-well format, and allowed to adhere overnight before
treatment with either vehicle control (Medium 199 (Gibco,
Grand Island, NY, USA)), or 8-Bromo-cAMP for 8 h. LDH was
then measured according to manufacturer instructions.
Briefly, cells were incubated in a reaction mixture containing
lactate, tetrazolium salt (2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-phenyl-2H-tetrazolium) and diaphorase, and a red formazan
product was allowed to develop. Absorption was then mea-
sured at 490 and 680 nm using a SpectraMax M5 microplate
reader.

Immunoprecipitation

HUVECs were plated on 24-well plates (Corning) coated with
0.2% gelatin and grown until confluent. Cells were serum-
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starved for 6 h before serum-free treatment with 250 pM
8-Br-cAMP for 18 h.

Cell supernatants were collected on ice and incubated with
gentle rocking overnight with protein-G agarose beads
(Roche), and then incubated with anti-human CD39 antibody
(Abcam, Cambridge, MA, USA) coated beads at 4°C. Beads
were washed, and purified CD39 protein was eluted and
quantified via standard Western blotting techniques.

cAMP measurement: competitive enzyme immunoassay

HUVECGs were treated with cilostazol (100 wM) or an equiv-
alent volume of DMSO, washed twice in PBS to wash away
traces of DMSO, and then intracellular cAMP levels were
measured according to manufacturer instructions of the
competitive enzyme immunoassay kit (Cayman, Ann Arbor,
MI, USA).

Immunofluorescence

HUVECGs were plated on 4-well plastic chamber slides
(LabTek), with 0.2% gelatin coating. After cells had adhered
and grown to 40% confluence, cells were treated in serum-
free conditions with the following: Lonza EBM-2 basal me-
dium with DMSO as vehicle control, cilostazol (50, 100, 400
wM), or milrinone (100, 200, 400 wM). Cells were then fixed
for 15 min with ice-cold methanol, and then incubated
overnight with a mouse anti-CD39 antibody (1:100) at 4°C
followed by biotinylated horse anti-mouse IgG (1:100; Vector
Laboratories, Burlingame, CA, USA) for 1 h at room temper-
ature. An avidin-biotin-peroxidase complex was formed for 30
min at room temperature and then added to samples. Finally,
a tetramethylrhodamine-labeled tyramide was added (PerkinEl-
mer, Waltham, MA, USA). Nuclei were stained with DAPI.
Slides were mounted with Prolong Gold (Invitrogen) and
cured for 24 h. Slides were then imaged using a Nikon Eclipse
TE2000-E microscope (Nikon, Tokyo, Japan).

Radio-thin layer chromatographic (TLC) analysis of CD39
activities

TLC was used to assess CD39 enzymatic function. Total
protein of HUVECs was mixed with 1.0 mM [8-*C]ATP (MP
Biomedicals, Santa Ana, CA, USA) and 286 pM AOPCP
(Sigma) in Medium 199 (Life Technologies) and incubated
at 37°C for 30 min. Reactions were stopped using 8M formic
acid, and the reaction mixture was then spotted onto silica gel
TLC plates (Fluka, Invitrogen). A ladder of [8-1*C]ATP,
[8-'*C]ADP, and [8-'*C]AMP (MP Biomedicals) was used.
Nucleotides were separated by thin layer chromatography
with isobutyl alcohol, isoamyl alcohol, 2-ethoxyethanol, am-
monia, and water (9:6:18:9:15) (5). Separation was allowed to
occur for 5 h before plates were dried, exposed to a phos-
phorimaging screen (Eastman Kodak Co., Rochester, NY,
USA), and then analyzed using a Typhoon Trio™ Variable
Mode Imager (GE Healthcare, Livonia, MI, USA).

Western blotting assay

Total protein was quantified and added to 4X sample buffer
(Invitrogen), boiled for 3 min at 100°C, separated by 10%
SDS-PAGE, and electrophoretically transferred onto PVDF
membranes (Invitrogen). Membranes were probed with
mouse monocolonal IgG, anti-CD39 antibodies (Abcam) and
HRP-conjugated anti-mouse antibodies (Sigma), and then
autoradiographed using enhanced chemiluminescence (ECL

PDE3 INHIBITION ELEVATES CD39

detection system; Amersham Biosciences, Piscataway, NJ,
USA).

Statistics

Statistical analysis was performed using analysis of variance to
detect differences between groups. Groups were analyzed
with a one-way ANOVA, and further post hoc analysis using the
student Newman-Keuls method was applied (Prism). Differ-
ences were considered significant if P < 0.05.

RESULTS

cAMP increases CD39 in the extracellular milieu

To analyze the potential role of cAMP in regulating
human endothelial CD39, we began by measuring
CD39 in HUVEC supernatants as a function of cAMP
levels (Fig. 14). The cell-permeant cAMP analog 8-Bromo-
cAMP was used to achieve a gradation in cAMP levels.
ELISA data showed that CD39 protein increased with
the addition of cAMP, in what appeared to be a cAMP
dose-dependent manner. These supernatant samples
were measuring CD39 as released into the surrounding
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Figure 1. (A) CD39 protein levels measured by ELISA:
Supernatants of HUVEGs treated with either PBS (control) or
8-Br-cAMP were measured for CD39 via ELISA. Treatment
with this cell permeable analogue of cAMP increases extra-
cellular CD39. P<0.001 between 1 mM ws. control and
P<0.05 between 250 pM and control. (A) LDH levels were
measured in HUVEGs treated with either vehicle control or
8-Br-cAMP. cAMP treatment did not change levels of LDH
release.

4421



5+ *kk
c C I
278 44
RN
.c&
£ 2 37
2%
e
gg‘ 2=
0 g
55 1
OC
0- T
S &
S
@)

Figure 2. Effect of PDE3 inhibition on CD39 mRNA: RAW
macrophages were treated with 30 uM cilostazol for 18 h and
then harvested for measurement of total mRNA by qRT-PCR.
P<0.001 compared to control, n = 4.

medium, thus indicating that intracellular cAMP levels
regulate CD39 levels. This suggested that either more
CD39 was being made or released, or less was being
eliminated. LDH levels were also measured (Fig. 1B), in
order to confirm that CD39 elevation after cAMP
treatment was not a result of cytotoxicity. Results
showed LDH levels in cAMP-treated samples were the
same across all conditions as LDH levels in control
samples.

PDES3 inhibition increases CD39 transcription

Having determined that extracellular CD39 elevated in
response to cAMP, we subsequently sought to establish
whether modulating intracellular cAMP would alter
membrane CD39 expression. Cilostazol was a primary
candidate to modulate cAMP because of its specific
PDES3 inhibitory activity (13) and for its safety profile in
humans. Treatment of RAW murine macrophages with
cilostazol resulted in increased CD39 mRNA as well as
protein as measured by qRT-PCR and Western blot,
respectively (Figs. 2 and 3). To confirm this finding as
a PDE3 class effect, RAW cells were also treated with
milrinone, and CD39 protein was measured. These
results were consistent with previous work, which
showed that murine peritoneal macrophage CD39 is
strongly up-regulated by treatment with 8-Bromo-cAMP
(7) and that a defined transcriptional pathway exists for
such regulation.

PDES3 inhibition increases CD39 protein expression

In human endothelial cells, there is no prior work
establishing a link between cAMP and CD39. Given the
significant role of endothelial cells in the maintenance
of vascular homeostasis, HUVECs were used to investi-
gate whether endothelium stimulated by cAMP can
result in the up-regulation of CD39. To confirm that
intracellular cAMP levels were indeed elevated after the
indicated treatment times using PDE3 inhibitors in
HUVECGs, endogenous cAMP levels were measured with
or without cilostazol (Fig. 4). Results demonstrated that
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Figure 3. Effect of PDE3 inhibition on CD39 protein: RAW
macrophages were treated with DMSO (control), 30 pM
cilostazol, or 50 wM milrinone for 21 h, harvested for total
protein, and analyzed by Western blot. RAW macrophages
treated with cilostazol expressed 44% more CD39 compared
to DMSO-treated controls (P<0.05, n=3). Macrophages
treated with milrinone had a 74% increase in CD39 com-
pared to DMSO (P<0.05, n=3).

cAMP levels were significantly elevated with cilostazol
treatments. Surprisingly, endothelial cells exhibited
markedly different responses to cAMP elevation, com-
pared with macrophages subjected to PDE3 inhibition.
There was no change in mRNA levels for CD39 (Fig. 5),
whereas CD39 protein levels measured by Western blot
elevated after treatment (Fig. 6), indicating that the
increase in CD39 protein was not at the transcriptional
level. Further evidence for the effect of PDE3 inhibition
on CD39 protein is shown in Fig. 7. HUVECs were
treated with a range of doses of either cilostazol or
milrinone and compared to control wells treated with
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Figure 4. Quantification of intracellular cAMP level: HUVECs
treated with 100 uM cilostazol show 2.97-fold increase in
cAMP levels (P<0.05, n=7). Analysis of intracellular cAMP
performed via competitive binding assay.
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Figure 5. CD39 mRNA levels by qRT-PCR: HUVECs treated
with 30 or 100 pM cilostazol showed no difference in CD39
mRNA expression compared to control (n=3).

DMSO as a vehicle control. Results from Western blots
of whole cell lysates indicate a marked rise in CD39
protein levels as a function of cilostazol or milrinone
dose. CD39 elevation peaks between 200 and 400 pwM.
Higher doses of milrinone were used in order to
account for the relatively short half-ife of milrinone
compared to cilostazol, which has been cited as ~2.3
and 11 h, respectively (18, 19).

Immunofluorescent imaging of HUVECs treated
with milrinone or cilostazol and then surface stained
for CD39 with tetramethylrhodamine (Figs. 8 and 9)
further confirmed that CD39 protein is elevated after
treatment. This also demonstrated that CD39 expres-
sion is increased after PDE3 inhibition on the plasma
membrane, where it has been shown to be active (20).

Since CD39 mRNA was not affected by treatment, we
considered the possibility that regulation of CD39 in
HUVECs may occur via post-translational modifica-
tions, possibly involving changes in the intracellular
trafficking or release of CD39. Post-translational con-
trol was supported by an immunoprecipitation assay
probing for ubiquitinated CD39 (Fig. 10). Here HUVECs
were treated with either control DMSO or 8-Br-cAMP,
followed by precipitation with beads coated with anti-
human CD39 antibody. Using Western blot, samples
were sequentially evaluated for ubiquitin and CD39
expression. The ratio of ubiquitin expression to CD39
expression was diminished after treatment with 8-Br-
cAMP (by 43%, n=3, P<0.05). The data indicated that
cAMP is likely raising CD39 levels by preventing CD39
ubiquitination in HUVEGs.

Effect of PDE3 inhibition on CD39 activity

To assess whether increases in CD39 protein, as mea-
sured by Western blots of cell lysates, resulted in
changes in ATPase and ADPase activity, an activity assay
measuring the breakdown of radioactively labeled ATP
was performed. Nucleotides were separated by TLC
(Fig. 11). Signal density indicates the relative levels of
nucleotides present in samples at the time of measure-
ment and thus serves as a measure of CD39 activity.

PDE3 INHIBITION ELEVATES CD39

Peaks 1, 2, and 3 correspond to ADP measured in
HUVEC samples treated with DMSO (control), cilosta-
zol, or milrinone, respectively. Both cilostazol and
milrinone increased CD39 activity significantly com-
pared with control DMSO-treated HUVEGs. As a con-
firmatory test of relative differences in CD39 activity
after PDE3 inhibitor treatment, a malachite green assay
was performed on HUVECs treated with varying doses
of cilostazol or milrinone (Fig. 124, B). Here the
presence of inorganic phosphates generated by the
cleavage of ATP and ADP was measured, where higher
concentrations of inorganic phosphate indicate greater
apyrase activity. These measurements indicate that both
ATP- and ADPase activity are elevated in cilostazol and
milrinone-treated samples, thus confirming the results
of the TLC assay.

DISCUSSION

CD39, a widely expressed plasmalemmal nucleotidase,
occupies a unique niche in the vascular milieu, with a
dichotomous role depending on physiological or dis-
eased conditions. Under normal conditions in the
absence of stressors such as hypoxia/ischemia, high
shear stress, and triggers for inflammation (cytokines/
chemokines), CD39 helps to maintain a homeostatic
environment (21-23), maintaining blood fluidity and
inhibiting inflammation. In the presence of these inju-
rious conditions, however, one of the most potent
signals for platelet aggregation, ADP, as well as proin-
flammatory signals such as ATP, are released into the
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Figure 6. CD39 protein expression by Western blot: CD39
expression in HUVEGs increased after 18 h of treatment with
50 wM of cilostazol or 200 uM of milrinone (2- and 2.5-fold,
respectively) compared to DMSO control (P<0.05 and
P<0.01, n=3).
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Figure 7. Effect of PDE3 inhibition on CD39 is dose dependent: HUVECs were treated with varying concentrations of cilostazol
(50-400 M) or milrinone (100-400 uM). After 18 h of treatment, cells were washed and collected for analysis via Western blot.
The results show that CD39 increases in a dose-dependent manner (n=3, P<0.05 for cilostazol for control vs. 400 wM and

P<0.01 for milrinone control vs. 200 uM).

extracellular environment. When this occurs, the extra-
cellular concentration of ADP and ATP increases mark-
edly. Low levels of ATP act as communication between
cells that no injuries are present (24), and most recep-
tors that bind ATP belonging to the class of P2X
receptors are maximally activated at these low concen-
trations. However, the P2X7 receptor is activated only
at the high levels of ATP (>100 uM) (25, 26) that
signal danger and therefore is the main ATP-driven
signaling pathway of injury. The activation of this
pathway leads to increased o, (B, integrins and in-
creased leukocyte recruitment. In short, the presence
of high local concentrations of ATP serves as an acute
sign of danger and triggers greater inflammation. CD39
acts to dissipate both ADP and ATP, limiting thrombo-
sis, coagulation, and inflammation (23). Though this
role of CD39 has largely been determined, many ques-

tions surrounding the regulation of CD39 on both
transcriptional and post-translational levels remain un-
answered.

Pleiotropy of PDE inhibition

Endothelial cells have been described to express several
of the 11 phosphodiesterase family members, including
PDE2, PDE4, PDE3, and PDE5 (27), and the last 3 of
these have been targeted for a diverse range of clinical
uses. For example, roflumilast and cilomilast are PDE4
inhibitors developed for the treatment of chronic ob-
structive pulmonary disease, and other drugs targeting
PDE4 inhibition have been researched as antidepres-
sants and have been shown to improve memory in a
rodent model (28, 29). PDE5 inhibitors are best known
for their role in facilitating vascular smooth muscle

Figure 8. Effect of PDE3 inhibition on CD39 protein visualized by immunofluorescence microscopy: HUVECs were treated for
18 h with control DMSO or milrinone (100-400 wM). Cells were then fixed in methanol and labeled CD39 with
tetramethylrhodamine and nuclei with DAPI before imaging using a X20 objective. A) DMSO (control); (B) 100 uM milrinone;

(C) 200 pM milrinone; (D) 400 wM milrinone.
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Figure 9. Effect of PDE3 inhibition on CD39 protein visualized by immunofluorescence microscopy: HUVECs were treated for
18 h with control DMSO or cilostazol (50—400 pM). Cells were then fixed in methanol and labeled CD39 with tetramethyl-
rhodamine and nuclei with DAPI before imaging using a X20 objective. A) DMSO (control); (B) 50 wM cilostazol; (C) 100 pM

cilostazol; (D) 400 wM cilostazol.

relaxation, and drugs such as sildenafil and tadalafil
have been developed for the treatment of erectile
dysfunction and for treatment of pulmonary arterial
hypertension (28, 30). PDE3 inhibitors have also been
a target of interest, particularly useful as vasodilators in
the treatment of heart failure, and two of these were
specifically used herein as a tool to modulate intracel-
lular cAMP levels. PDE3 is particularly interesting in
relation to its potential effects on CD39, as it is impor-
tant for regulating platelet aggregation by affecting
intracellular cAMP levels. It is to this class that cilostazol
and milrinone belong, the former developed as a
vasodilator and platelet inhibitor and the latter as a
regulator of cardiac contractility and vasodilator in the
treatment of heart failure.

Effects of PDE3 inhibition

Cilostazol has been used in the treatment of intermit-
tent claudication in the context of peripheral arterial
disease (31). It is an antithrombotic that acts as an
arterial vasodilator (32) and has been shown to prevent
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Figure 10. Effect of PDE3 inhibition on ubiquitination of
CD39: HUVEGs were treated for 18 h with 8-Br-cAMP or
control PBS. Cells were then washed in PBS, harvested, and
incubated with beads coated with anti-human CD39 antibody.
Beads were then washed and the protein eluted and analyzed
via Western blot. Membranes were first probed with anti-
ubiquitin (UBI) antibody, then stripped and reprobed with
anti-human CD39 antibody (n=3, P<0.05). Treatment with
8-Br-cAMP resulted in 43% less ubiquitin bound to CD39.

PDE3 INHIBITION ELEVATES CD39

platelet aggregation stimulated by collagen, ADP, epi-
nephrine, thrombin, arachidonic acid, and shear stress
(31, 33). While the mechanism of action of cilostazol
has yet to be fully elucidated, it is known that cilostazol
acts as a specific inhibitor of PDE3. This inhibition of

12]
] ?
i 40 . ﬂ
€ 351 L %1
3 A IV
§ %- Mo
> | |
= 25 : |
2 v o fod
g2 Jh o [
O 15 l f | { |
% J ll [ l | ll\
£ 10 \
e fll Ilhr'| ! lI'n |1 |
519 o A b o | "I|I\
- A A
0 50 100 150
Pixel Position
25 *% *
= — —
(7]
C
(0]
©
(0]
(7]
2
©
(0]
[®)]
g
g
<
I I
S $
& égv

Figure 11 Functional assessment of CD39 activity following
PDE3 using radio-thin-layer chromatography (TLC): Total
cell lysates of HUVECs treated with either DMSO, cilostazol
(50 wM), or milrinone (200 wM) were incubated with C-
labeled ATP. Total ADP was measured and normalized to
total protein and total radiation per lane (n=>5, *P<0.05,
#%P<0.01). Peak 1 indicates ADP measured in DMSO (con-
trol) treated samples, peak 2 indicates ADP measured in
cilostazol-treated samples, and peak 3 indicates ADP mea-
sured in milrinone-treated samples.
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Figure 12. Measurement of inorganic phosphate generation
following PDE3 inhibition using a malachite green assay:
HUVECGs were treated with either DMSO, along with varying
doses of either cilostazol (50-400 wM) or milrinone (100-
400 puM). A) inorganic phosphate levels after the addition of
ADP, thus indicating relative ADPase activity. B) inorganic
phosphate levels after the addition of ATP, thus indicating
relative levels of combined ATPase and ADPase activity (n=6,
*P<0.05, **P<0.01, ***P<0.001).

PDES3 leads to an increase in intracellular c(AMP levels,
which then potentiates other signaling pathways driven
by cAMP, and finally results in vasodilation and sup-
pression of platelet aggregation (34). It is different
from other drugs of its class such as milrinone, in that
cilostazol may also exert beneficial effects on the endo-
thelium by reducing adenosine reuptake into endothe-
lial cells, platelets, erythrocytes, and myocytes, thereby
increasing extracellular adenosine signaling through
A, and A, receptors (35, 36). Milrinone, in contrast to
cilostazol, has been used in the treatment of patients
with heart failure (37). Though its halflife is consider-
ably shorter than that of cilostazol, it has been shown to
have a greater stimulatory effect on cAMP in ventricular
myocytes compared to cilostazol, and to have a greater
effect on contractility in hearts (17). Both drugs have
been demonstrated to act specifically on PDE3 and
increase intracellular cAMP and are used herein to
demonstrate that specific PDE3 inhibition, as opposed
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to drug-specific effects, is responsible for changes to
CD39 expression.

Transcriptional regulation of human CD39

Very little is currently known about the transcriptional
mechanisms responsible for the expression of CD39.
However, it has recently been established that CD39
mRNA and protein can be increased in murine RAW
macrophages and murine peritoneal macrophages af-
ter exposing cells to 8-Br-cAMP (7). There are several
cAMP response elements (38) in the murine CD39
promoter region, of which one is proximal to the
transcriptional start site to regulate CD39 directly. The
human CD39 promoter region, in contrast, has a
handful of AP-1/cre-like sequences encoded distal to
the start site, indicating that cAMP-driven effects in
endothelial cells may indeed be different from the
direct transcriptional pathway in murine macrophages.
This is particularly evident here, where inhibition of
PDE3 led to significant increases in protein expression
and activity of endothelial CD39, but led to no differ-
ences in mRNA levels (Figs. 5-9, 11, and 12). This is in
contrast to RAW macrophages, which showed increases
in both CD39 protein and mRNA (Figs. 2 and 3).

Differential regulation of CD39 in endothelial cells:
ubiquitination

The fact that CD39 can be detected in higher levels
after an increase in intracellular cAMP despite rela-
tively unaltered mRNA levels indicates that changes
may be occurring on a post-translational level. How-
ever, extremely little is known about the degradation
and turnover of CD39. Here we raise the possibility that
CD39 may be ubiquitinated. Several lines of evidence
led us to propose this as a possibility. First, the literature
suggests that PDE inhibition and the subsequent mod-
ulation of intracellular cAMP can inhibit ubiquitination
(39). In this case, PDE4 inhibition led to the inhibition
of ubiquitin-driven protein degradation in rat skeletal
muscles. This activity seems to be dependent in part on
an increase in intracellular cAMP, in that cAMP levels
induced by a By-agonist led to the suppression of two
ubiquitin ligases (40). Taken together with data pre-
sented here showing that cAMP treatment leads to
significantly less ubiquitinated CD39, it may be indica-
tive of an endothelial mechanism by which CD39
expression is modulated posttranslationally. A second
indication that CD39 may be regulated by ubiquitina-
tion is that CD39 protein contains a Ran binding
protein M (RanBPM or RanBP9) binding site on its N
terminus (41). RanBPM is a widely expressed scaffold-
ing protein that mediates interactions between the
cytoplasmic domains of proteins and other signaling
moieties, and its various associated activities range from
promoting apoptosis (42) to microtubule reorganiza-
tion (43). Relevant to this study, others have shown that
protein binding to RanBPM can inhibit ubiquitination
(44, 45). These data suggest that CD39 association with
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RanBPM may play a role in how CD39 expression is
regulated.

In conclusion, we have shown that while the inhibi-
tion of PDE3 results in an increase in CD39 expression
in both macrophages and endothelial cells, the mech-
anisms governing this up-regulation differs between the
two. In macrophages, there is a strong basis for the
direct involvement of cAMP in the transcriptional reg-
ulation of CD39. In contrast, endothelial cells are only
affected at the protein level, and we have shown here
that PDE3 inhibition results in differential ubiquitina-
tion, with elevation of CD39 protein levels. While
further study into this mechanism is ongoing, the
demonstration of CD39 modulation by PDE3 inhibition
is unique. That this was achieved through the utiliza-
tion of available therapeutics, cilostazol and milrinone,
presents the potential of repurposing currently used
PDE3 inhibitors for the targeted control of CD39 and
extracellular nucleotide signaling.
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Association predoctoral fellowship (A.E.B.).

REFERENCES

1. Wang, Q., Tang, X. N., and Yenari, M. A. (2007) The inflam-
matory response in stroke. . Neuroimmunol. 184, 53—68

2. Elkind, M. S. (2010) Inflammatory mechanisms of stroke. Stroke
41, S3-S8

3. Kaczmarek, E., Koziak, K., Sevigny, J., Siegel, J. B., Anrather, J.,
Beaudoin, A. R., Bach, F. H., and Robson, S. C. (1996) Identi-
fication and characterization of CD39 /vascular ATP diphospho-
hydrolase. J. Biol. Chem. 271, 33116-33122

4. Koziak, K., Sevigny, J., Robson, S. C., Siegel, J. B., and Kacz-
marek, E. (1999) Analysis of CD39/ATP diphosphohydrolase
(ATPDase) expression in endothelial cells, platelets and leuko-
cytes. Thromb. Haemost. 82, 1538 -1544

5. Marcus, A. J., Broekman, M. J., Drosopoulos, J. H., Islam, N.,
Alyonycheva, T. N., Safier, L. B., Hajjar, K. A., Posnett, D. N.,
Schoenborn, M. A., Schooley, K. A., Gayle, R. B., and Malisze-
wski, C. R. (1997) The endothelial cell ecto-ADPase responsible
for inhibition of platelet function is CD39. J. Clin. Invest. 99,
1351-1360

6. Hyman, M. C,, Petrovic-Djergovic, D., Visovatti, S. H., Liao, H.,
Yanamadala, S., Bouis, D., Su, E. ]., Lawrence, D. A., Broekman,
M. J., Marcus, A. J., and Pinsky, D. J. (2009) Self-regulation of
inflammatory cell trafficking in mice by the leukocyte surface
apyrase CD39. J. Clin. Invest. 119, 1136-1149

7. Liao, H., Hyman, M. C., Baek, A. E., Fukase, K., and Pinsky, D. J.
(2010) cAMP/CREB-mediated transcriptional regulation of ec-
tonucleoside triphosphate diphosphohydrolase 1 (CD39) ex-
pression. J. Biol. Chem. 285, 14791-14805

8. Essler, M., Staddon, J. M., Weber, P. C., and Aepfelbacher, M.
(2000) Cyclic AMP blocks bacterial lipopolysaccharide-induced
myosin light chain phosphorylation in endothelial cells through
inhibition of Rho/Rho kinase signaling. J. Immunol. 164, 6543—
6549

9. Stull, J. T. (1980) Phosphorylation of contractile proteins in
relation to muscle function. Adv. Cyclic Nucleotide Res. 13, 3993

10. Adelstein, R. S., Conti, M. A., and Pato, M. D. (1980) Regulation
of myosin light chain kinase by reversible phosphorylation and
calcium-calmodulin. Ann. N. Y. Acad. Sci. 356, 142—-150

11. Koga, S., Morris, S., Ogawa, S., Liao, H., Bilezikian, J. P., Chen,
G., Thompson, W. J., Ashikaga, T., Brett, J., Stern, D. M., and

PDE3 INHIBITION ELEVATES CD39

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pinsky, D. J. (1995) TNF modulates endothelial properties by
decreasing cAMP. Am. J. Physiol. 268, C1104-C1113

Zhang, W., Ke, H., and Colman, R. W. (2002) Identification of
interaction sites of cyclic nucleotide phosphodiesterase type 3A
with milrinone and cilostazol using molecular modeling and
site-directed mutagenesis. Mol. Pharmacol. 62, 514-520

Schror, K. (2002) The pharmacology of cilostazol. Diabetes Obes.
Metab. 4(Suppl. 2), S14-S19

Yano, M., Kohno, M., Ohkusa, T., Mochizuki, M., Yamada, J.,
Hisaoka, T., Ono, K., Tanigawa, T., Kobayashi, S., and Matsu-
zaki, M. (2000) Effect of milrinone on left ventricular relaxation
and Ca(2+) uptake function of cardiac sarcoplasmic reticulum.
Am. J. Physiol. Heart Circ. Physiol. 279, H1898-H1905

Jaffe, E. A., Nachman, R. L., Becker, C. G., and Minick, C. R.
(1973) Culture of human endothelial cells derived from umbil-
ical veins: identification by morphologic and immunologic
criteria. J. Clin. Invest. 52, 2745-2756

Fujiwara, Y., Banno, H., Shinkai, Y., Yamamoto, C., Kaji, T., and
Satoh, M. (2011) Protective effect of pretreatment with cilosta-
zol on cytotoxicity of cadmium and arsenite in cultured vascular
endothelial cells. J. Toxicol. Sci. 36, 155—-161

Cone, J., Wang, S., Tandon, N., Fong, M., Sun, B., Sakurai, K.,
Yoshitake, M., Kambayashi, J., and Liu, Y. (1999) Comparison of
the effects of cilostazol and milrinone on intracellular cAMP
levels and cellular function in platelets and cardiac cells. J.
Cardiovasc. Pharmacol. 34, 497-504

Bramer, S. L., Forbes, W. P., and Mallikaarjun, S. (1999)
Cilostazol pharmacokinetics after single and multiple oral doses
in healthy males and patients with intermittent claudication
resulting from peripheral arterial disease. Clin. Pharmacokine.
37(Suppl. 2), 1-11

Gorodeski, E. Z., Chu, E. C., Reese, J. R., Shishehbor, M. H.,
Hsich, E., and Starling, R. C. (2009) Prognosis on chronic
dobutamine or milrinone infusions for stage D heart failure.
Cire. Heart Failure 2, 320-324

Zhong, X., Malhotra, R., Woodruff, R., and Guidotti, G. (2001)
Mammalian plasma membrane ecto-nucleoside triphosphate
diphosphohydrolase 1, CD39, is not active intracellularly: the
N-glycosylation state of CD39 correlates with surface activity and
localization. J. Biol. Chem. 276, 41518-41525

Eltzschig, H. K., Kohler, D., Eckle, T., Kong, T., Robson, S. C.,,
and Colgan, S. P. (2009) Central role of Spl-regulated CD39 in
hypoxia/ischemia protection. Blood 113, 224232
Reutershan, J., Vollmer, I., Stark, S., Wagner, R., Ngamsri, K. C.,
and Eltzschig, H. K. (2009) Adenosine and inflammation: CD39
and CD73 are critical mediators in LPS-induced PMN trafficking
into the lungs. FASEB J. 23, 473-482

Marcus, A. J., Broekman, M. J., Drosopoulos, J. H., Olson, K. E.,
Islam, N., Pinsky, D. J., and Levi, R. (2005) Role of CD39
(NTPDase-1) in thromboregulation, cerebroprotection, and
cardioprotection. Semin. Thromb. Hemost. 31, 234-246
Trautmann, A. (2009) Extracellular ATP in the immune system:
more than just a “danger signal.” Sci. Signal. 2, pe6

Wiley, J. S., Sluyter, R., Gu, B. J., Stokes, L., and Fuller, S. J.
(2011) The human P2X7 receptor and its role in innate
immunity. Tissue Antigens 78, 321-332

Surprenant, A., Rassendren, F., Kawashima, E., North, R. A., and
Buell, G. (1996) The cytolytic P2Z receptor for extracellular
ATP identified as a P2X receptor (P2X7). Science 272, 735-738
Netherton, S. J., and Maurice, D. H. (2005) Vascular endothelial
cell cyclic nucleotide phosphodiesterases and regulated cell
migration: implications in angiogenesis. Mol. Pharmacol. 67,
263-272

Bender, A. T., and Beavo, J. A. (2006) Cyclic nucleotide
phosphodiesterases: molecular regulation to clinical use. Phar-
macol. Rev. 58, 488-520

Bruno, O., Fedele, E., Prickaerts, J., Parker, L. A., Canepa, E.,
Brullo, C., Cavallero, A., Gardella, E., Balbi, A., Domenicotti, C.,
Bollen, E., Gijselaers, H. J., Vanmierlo, T., Erb, K., Limebeer,
C. L., Argellati, F., Marinari, U. M., Pronzato, M. A., and
Ricciarelli, R. (2011) GEBR-7b, a novel PDE4D selective inhib-
itor that improves memory in rodents at non-emetic doses. Br. J.
Pharmacol. 164, 2054-2063

Rosen, R. C., and Kostis, J. B. (2003) Overview of phosphodies-
terase 5 inhibition in erectile dysfunction. Am. J. Cardiol. 92,
9IM-18M

4427



31.

34.

35.

38.

4428

Minami, N., Suzuki, Y., Yamamoto, M., Kihira, H., Imai, E.,
Wada, H., Kimura, Y., Ikeda, Y., Shiku, H., and Nishikawa, M.
(1997) Inhibition of shear stress-induced platelet aggregation by
cilostazol, a specific inhibitor of cGMP-inhibited phosphodies-
terase, in vitro and ex vivo. Life Sci. 61, PL383-PL389

Dindyal, S., and Kyriakides, C. (2009) A review of cilostazol, a
phosphodiesterase inhibitor, and its role in preventing both
coronary and peripheral arterial restenosis following endovas-
cular therapy. Recent Pal. Cardiovasc. Drug Disc. 4, 6-14
Kimura, Y., Tani, T., Kanbe, T., and Watanabe, K. (1985) Effect
of cilostazol on platelet aggregation and experimental throm-
bosis. Arzneimittelforschung 35, 1144-1149

Dawson, D. L., Cutler, B. S., Meissner, M. H., and Strandness,
D. E,, Jr. (1998) Cilostazol has beneficial effects in treatment of
intermittent claudication: results from a multicenter, random-
ized, prospective, double-blind trial. Circulation 98, 678 -686
Liu, Y., Fong, M., Cone, J., Wang, S., Yoshitake, M., and
Kambayashi, J. (2000) Inhibition of adenosine uptake and
augmentation of ischemia-induced increase of interstitial aden-
osine by cilostazol, an agent to treat intermittent claudication. J.
Cardiovasc. Pharmacol. 36, 351-360

Liu, Y., Shakur, Y., Yoshitake, M., and Kambayashi Ji, ]J. (2001)
Cilostazol (pletal): a dual inhibitor of cyclic nucleotide phos-
phodiesterase type 3 and adenosine uptake. Cardiovasc. Drug
Rev. 19, 369-386

Anderson, J. L., Baim, D. S., Fein, S. A., Goldstein, R. A.,
LeJemtel, T. H., and Likoff, M. J. (1987) Efficacy and safety of
sustained (48 hour) intravenous infusions of milrinone in
patients with severe congestive heart failure: a multicenter
study. J. Am. Coll. Cardiol. 9, 711-722

Ansermot, N., Albayrak, O., Schlapfer, J., Crettol, S., Croquette-
Krokar, M., Bourquin, M., Deglon, ]J. J., Faouzi, M., Scherbaum,
N., and Eap, C. B. (2010) Substitution of (R,S)-methadone by
(R)-methadone: impact on QTc interval. Arch. Intern. Med. 170,
529-536

Vol. 27 November 2013

39.

40.

41.

42.

44.

45.

The FASEB Journal - www.fasebj.org

Lira, E. C., Goncalves, D. A., Parreiras, E. S. L. T., Zanon, N. M.,
Kettelhut, I. C., and Navegantes, L. C. (2011) Phosphodiester-
ase-4 inhibition reduces proteolysis and atrogenes expression in
rat skeletal muscles. Muscle Nerve 44, 371-381

Goncalves, D. A., Lira, E. C., Baviera, A. M., Cao, P., Zanon,
N. M., Arany, Z., Bedard, N., Tanksale, P., Wing, S. S., Lecker,
S. H., Kettelhut, I. C., and Navegantes, L. C. (2009) Mechanisms
involved in 3’,5'-cyclic adenosine monophosphate-mediated in-
hibition of the ubiquitin-proteasome system in skeletal muscle.
Endocrinology 150, 5395-5404

Wu, Y., Sun, X., Kaczmarek, E., Dwyer, K. M., Bianchi, E.,
Usheva, A., and Robson, S. C. (2006) RanBPM associates with
CD39 and modulates ecto-nucleotidase activity. Biochem. J. 396,
23-30

Atabakhsh, E., Bryce, D. M., Lefebvre, K. J., and Schild-Poulter,
C. (2009) RanBPM has proapoptotic activities that regulate cell
death pathways in response to DNA damage. Mol. Cancer Res. 7,
1962-1972

Nakamura, M., Masuda, H., Horii, J., Kuma, K., Yokoyama, N.,
Ohba, T., Nishitani, H., Miyata, T., Tanaka, M., and Nishimoto,
T. (1998) When overexpressed, a novel centrosomal protein,
RanBPM, causes ectopic microtubule nucleation similar to
gamma-tubulin. /. Cell Biol. 143, 1041-1052

Kramer, S., Ozaki, T., Miyazaki, K., Kato, C., Hanamoto, T., and
Nakagawara, A. (2005) Protein stability and function of p73 are
modulated by a physical interaction with RanBPM in mamma-
lian cultured cells. Oncogene 24, 938-944

Wang, L., Fu, C., Cui, Y, Xie, Y., Yuan, Y., Wang, X., Chen, H.,
and Huang, B. R. (2012) The Ran-binding protein RanBPM can
depress the NF-kappaB pathway by interacting with TRAF6. Mol.
Cell. Biochem. 359, 83-94

Received for publication May 8, 2013.
Accepted for publication July 4, 2013.

BAEK ET AL.


www.fasebj.org

