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Multiple steps determine CD73 shedding from RPE: lipid
raft localization, ARA1 interaction, and MMP-9 up-regulation
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Abstract
Physiologically, retinal pigment epithelium (RPE) expresses high levels of CD73 in their membrane, converting AMP to immune
suppressive adenosine, mediates an anti-inflammatory effect. However, after being exposed to inflammatory factors, RPE rapidly
becomes CD73-negative cells, which render RPE’s immune suppressive function and accelerate local inflammation. Here, we
investigated the mechanism leading to the loss of membrane CD73 in RPE. We found the controversy that when membrane
CD73 was significantly diminished in inflammatory RPE, Cd73 mRNA levels were not changed at all. It was further verified
that, matrix metalloproteinase-9 (MMP-9) mediated the shedding of CD73 from the cell membrane of inflammatory RPE by
catalyzing its K547/F548 site. However, MMP-9 could not catalyze uncomplexed CD73, the interaction of CD73with adenosine
receptor A1 subtype (ARA1) is necessary for being catalyzed byMMP-9. After being treated by LPS and TNF-α, the formation
of CD73/ARA1 complex in RPE was verified by co-immunoprecipitation and FRET-based assays. It was also revealed that
CD73 need to be localized in lipid rafts to be capable of interacting with ARA1, since CD73/ARA1 interaction and CD73
shedding were completely blocked by the addition of lipid raft synthesis inhibitor. As a conclusion, multiple steps are involved in
CD73 shedding in RPE, including up-regulation of MMP-9 activity, localization of CD73 in lipid rafts, and the formation of
CD73/ARA1 complex. Lipid rafts committed CD73 with high mobility, shuttled CD73 to ARA1 to form a complex, which was
capable of being recognized and catalyzed by MMP-9.
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Introduction

Ecto-5′-nucleotidase (CD73) is a critical enzyme involved in
the modulation of purinergic signaling. Under pathological

conditions, such as hypoxia and inflammation, adenosine tri-
phosphate (ATP) was released out of cells. If existed two
membrane located enzymes, CD39 and CD73, could quickly
convert pro-inflammatory ATP to anti-inflammatory adeno-
sine. Firstly, CD39 converts ATP via ADP to AMP; then,
CD73 converts AMP to adenosine. Consequently, CD73 par-
ticipate in immune regulation by controlling adenosine pro-
duction in tissues and organs [1–4]. Physiologically, CD73 is
located on the surface of some immune regulatory cells, in-
cluding regulatory T (Treg) cells, dendritic cells, and T cell
receptor (TCR)γδ Tcells [5–7], to create an environment with
relatively high adenosine concentration for maintaining im-
mune homeostasis. Under pathological conditions, CD73-
positive cells may change to CD73-negative; and which is
considered as a pro-inflammatory transformation. It hindered
the immune suppressive effect of adenosine by decreasing its
local production.

We had previously reported that CD73 is highly expressed
on the surface of naïve retinal pigment epithelium (RPE) cells.
However, when local inflammation existed or upon the
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treatment of inflammatory factors, RPE cells lost surface
CD73, leading to significantly inhibited local adenosine pro-
duction. Decreased environmental adenosine concentration
hindered its immune suppressive effect and promoted experi-
mental autoimmune uveitis (EAU) [8]. Clarifying the mecha-
nism inducing the loss of membrane CD73 in RPE cells could
help us understanding local immune disorders as well as find-
ing novel therapeutic target. This may also benefit the study of
other fields, since in addition to its role in autoimmune dis-
eases [9–12], CD73 also has great impact in oncology as well
[13–16].

Materials and methods

Materials

Female C57BL/6 (B6) and ARA1−/− and CD73−/− mice on a
B6 background (all 12 to 14 weeks old) were purchased from
the National Resource Center for Mutant Mice of China
(NRCMM) (Nanjing, Jiangsu, China). The mice were housed
and maintained in the animal facilities of Tianjin Medical
University. Institutional approval was obtained, and institu-
tional guidelines regarding animal experimentation were
followed. Phycoerythrin (PE)-labeled anti-mouse RPE65
and fluorescein isothiocyanate (FITC)-labeled anti-mouse
CD73 were purchased from eBioscience (ThermoFisher
Scientific, Beijing, China). Phosphatidylinositol-specific
phospholipase C (PI-PLC) inhibitor U-73122 was purchased
from Medkoo Bioscience, Inc. (MedKoo, USA), protease in-
hibitor cocktail (PIC) and a Biotrak MMP-9 activity assay
system, the product of GE Healthcare (code RPN2634), were
purchased from Sigma (Sigma-Aldrich, USA). OptiPrep
Density gradient medium was purchased from STEMCELL
Technologies (Shanghai, China). Unlabeled anti-mouse CD73
(ab175396) and anti-mouse ARA1 polyclonal antibody
(ab151523) were purchased from Abcam (Shanghai, China),
and labeled with enhanced green fluorescent protein 2
(EGFP2) or red fluorescent protein (RFP) by GL Biochem
Ltd. (Shanghai, China).

RPE isolation and culture

Using a previously published method [17], primary mouse RPE
cells were isolated from naïve (either wild-type orCd73−/−) mice
with B6 genetic background and experimental autoimmune uve-
itis (EAU)-induced B6 mice. Briefly, after the anterior segment
of the eye and lens were removed, eyecups were incubated in
0.5% (w/v) trypsin containing 0.25% (w/v) ethylenediaminetet-
raacetic acid (EDTA) at 37 °C for 1 h. Cells were harvested
through centrifugation, and the supernatant was carefully aspi-
rated. For RNA isolation, the cells were directly suspended in
TRIzol reagent. For further in vitro culture, single-cell

suspensions were seeded onto culture dishes containing
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS) and 100 μg/ml
primocin. Cells were passaged at 80–90% confluence, and the
cell phenotype was confirmed by RPE65 staining [18]. EAU
induction was performed according to a previously published
method. Briefly, following an intraperitoneal (i.p.) injection of
300 ng of pertussis toxin (PTX), B6 mice were subcutaneously
injected with a 200 μl emulsion containing 200 μg IRBP1-20 in
complete Freund’s adjuvant (CFA) at six spots on the flank.

CD73 modification of Cd73−/− RPE

Firstly, Wt Cd73 cDNAwas cloned into a His-tagged expres-
sion vector of pCMV6-AN-His to obtain a recombinant vector
of pCMV-His-wtCd73. Mutation to the CD73 coding sites of
K547-F548 was introduced by site-directed mutagenesis, to
obtain another recombinant construct of pCMV-His-
mutCd73. Both pCMV-His-wtCd73 and pCMV-His-
mutCd73 were transfected into cultured Cd73−/− RPE by
Lipofectamine 2000. Transfected Cd73−/− RPE cells with sta-
bly expressed Wt- and Mut-CD73 were screened by G418
antibiotic selection [19]; the expression of His-tagged CD73
was verified bywestern blotting using an anti-CD73 polyclon-
al antibody from Abcam (ab175396).

CD73 detection in RPE cells and their culture medium

Primary cultured RPE cells were treated with lipopolysaccha-
ride (LPS; 50 ng/ml) and tumor necrosis factor (TNF)-α
(2000 ng/ml) separately or in combination, with or without
PLC or MMPs inhibitors in the presence. Cell surface
expressed CD73 was tested by flow cytometry analysis
(FACS) and western blotting. For FACS assay, cultured RPE
cells were harvested after EDTA treatment, washed twice with
phosphate-buffered saline (PBS), stained with PE-labeled an-
ti-mouse RPE65 and FITC-labeled anti-mouse CD73 antibod-
ies for 1 h at room temperature. The cells were then washed
twice, suspended in PBS, and subjected to flow cytometry
analysis in a BD FACSCalibur. For western blotting, cell
membrane protein was extracted; 100 μg total proteins were
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) separation, nitrocellulose membrane
transfer, and antibody blotting. Na+/K+ ATPase in the same
samples were blotted as well, served as reference. Cd73
mRNAwas isolated from differently treated RPE cells, detect-
ed by real-time qPCR with Gapdh as a reference. Meanwhile,
the physical existence and enzymatic activity of CD73 in the
medium of cultured RPE cells, in particular the LPS/TNF-α-
treated RPE, was detected by western blot. Medium samples
were concentrated by ultra-centrifuge firstly; an aliquot of
concentrate corresponding to 1/3 volume of the original me-
dium was subjected to SDS-PAGE and western blot.
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CD73 activity assay

The conversion of AMP to adenosinewasmeasured to assess the
enzymatic activity of CD73 in RPE cells and concentrated me-
diums. Adenosinewas detected by aHPLC-basedmethodwhich
was published by us before [8]; and all the detection was per-
formed with EHNA (50 μM), a potent adenosine deaminase
(ADA) inhibitor, in the presence to exclude possible adenosine
degradation. For cell samples, 5 × 104 cells were used to catalyze
AMP substrate at the concentration of 1 mM in 100 μl DPBS
buffer; after 1 h incubation at 37 °C, adenosine in the reaction
was detected by HPLC. CD73 activity were represented as
Bgenerated adenosine (μmol)/105 cells/per hour.^ For evaluating
the enzymatic activity of solubilized CD73, the medium samples
were concentrated by ultracentrifuge. Concentratedmedium con-
taining same amount of CD73 as normal RPE cells was subject-
ed to the activity assay. The activities of two forms of solubilized
CD73 in the medium, MMP-9 derived C-terminal truncated
CD73 phosphatidylinositol specific phospholipase C (PI-PLC)
released intact form of solubilized CD73 were compared.

mRNA expression and active form ofMMP-9 detection

Inside cell expression and out of cell activity of MMP-9 were
evaluated by real-time PCR and biotrack activity assay. Total
RNAwas extracted from 1X106 RPE cells; 1.0 μg total RNA
was reverse transcribed to cDNA and its relative amount was
determined by real-time PCR withGapdh as the reference. The
activity of secreted MMP-9 in the medium was evaluated by a
MMP-9 Biotrak activity system (GE Healthcare, RPN2634)
following manufacture’s protocol. Medium samples were two
times diluted with assay buffer and tested in triplicate. Briefly,
100 μl of sample was added to anti-MMP-9 antibody coated
96-well microplate, kept at 4 °C overnight, washed and added
100 μl of detection enzyme solution containing pro form of an
inactive detection enzyme that can be activated by the captured
active MMP-9, and incubated at 37 °C for 2 h. Then MMP-9-
activated detection enzymewasmeasured using a specific chro-
mogenic peptide substrate, and the resultant color is read at
405 nm. The concentration of active MMP-9 in each sample
was determined by interpolation from a standard curve.

Co-immunoprecipitation and identification
of CD73-associated protein

For co-immunoprecipitation, Mut-CD73-modified Cd73−/−

RPE cells were treated with LPS/TNF-α or left untreated.
Cells were harvested, and the membrane protein was extracted.
The membrane extract was washed with cold PBS, suspended
in lysis buffer (20 mM Tris HCl pH 8.0, 137 mM NaCl, 0.5%
Nonidet P-40, 2mMEDTA, and proteinase inhibitor cocktails),
and maintained constant agitation for 2 h at 4 °C. After being
centrifuged for 1 h, 100,000×g at 4 °C, the supernatant was

aspirated to a new tube. The supernatant was incubated with
anti-His antibodies at 4 °C for 6 h under gentle agitation.
Protein A/G agarose beads were added to the solution and
incubated at 4 °C for another 4 h under agitation. The mixture
was washed with PBS and centrifuged. The pellet was
suspended in SDS-PAGE loading buffer and subjected to
SDS-PAGE analysis. The gel was stained with Coomassie bril-
liant blue R250. The unknown band which was pulled down
with CD73 in LPS/TNF-α-treated RPE cells was transferred to
a polyvinylidene fluoride (PVDF) membrane and send out for
peptide sequencing. The protein was fractioned by enzyme
digestion prior to sequencing. BLAST results indicated that
the unknown protein was likely to be ARA1. Western blotting
against ARA1 was performed for additional confirmation.

Lipid raft isolation

Lipid rafts were isolated from RPE cells following published
methods [20] with or without detergent in the presence; and all
procedures were carried out on ice. RPE cells in two D150 cell
culture dishes were washed, treated with EDTA, and scraped
into preparation buffer (20 mM Tris-HCl and 250 mM sucrose,
pH 7.8 with freshly added 1mMCaCl2, and 1mMMgCl2). For
detergent free lipid rafts isolation, the cells were pelleted by
centrifugation for 2 min at 250×g and resuspended in 1 ml
preparation buffer containing proteinase inhibitors cocktail
(0.2 mM aminoethyl-benzene sulfonyl fluoride, 1 μg/ml
aprotinin, 10 μM bestatin, 10 μg/ml leupeptin, 2 μM pepstatin,
and 50 μg/ml calpain inhibitor I). The cells were then lysed by
passage through a 22 gauge needle repeatedly. For detergent
method, cell pellet was suspended in the buffer as above with
the addition of 1% Triton X-100, kept on ice for 30 min, and
then lysed by relatedly gauge passage. All the lysates were
centrifuged at 1000×g for 10 min, the supernatant was collected
to a separate tube. An equal volume of preparation buffer con-
taining 50%OptiPrep was mixed with the supernatant to obtain
a 25% final OptiPre concentration and placed in the bottom of a
12-ml centrifuge tube, and an 8 ml gradient of 0 to 20%
OptiPrep in preparation buffer was poured on top. The gradi-
ents were centrifuged for 90 min at 52,000×g in a Beckman
ultracentrifuge. After centrifugation, a diffuse band was ob-
served approximately one third of the way down the gradient,
and a distinct band was apparent at the interface of the 20% end
of the gradient and the 25% OptiPrep bottom layer. Gradients
were fractionated into 0.67-ml fractions, most lipid raft markers
and glycosylphosphatidylinositol (GPI)-anchored proteins were
expected to be enriched in fractions 2–3.

FRET detection of CD73-ARA1 interactions

The mechanism for detecting CD73 and ARA1 interactions by
FRET is illustrated in Fig. 8. RPE cells were seeded in 96-well
cell culture plates and differentially treated, and FRET test was
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kinetically performed at different times posterior to the treat-
ment. Briefly, EGFP2-labeled anti-CD73 and RFP-labeled anti-
ARA1 antibodies were added to the culture to a final concen-
tration of 10 ng/ml of each, maintained in an incubator for 3 h,
and thoroughly washed with cold PBS to remove free fluores-
cence. The intensity of red fluorescence was detected by a
fluorometer when the wells were excited at different wave-
lengths, 483, 506, and 555 nM. The cells were also stained with
4′ 6-diamidino-2-phenylindole (DAPI) to reveal the nuclei
when EGFP2, RFP, and FRETwere visualized at different ex-
citation wavelength under fluorescence microscopy.

Results

Diminished membrane localization but unchanged
mRNA expression of CD73 in treated RPE

Western blotting results in Fig. 1a showed that, when com-
pared with naïve RPE cells, EAU-RPE cells exhibited

significantly decreased amounts of CD73 in their membrane.
Figure 1b further confirmed the possibility of losing mem-
brane CD73 in RPE. Naïve RPE initially had high levels of
membrane CD73, and which changed to almost undetectable
after LPS/TNF-α treatment. However, qPCR result in Fig. 1c
revealed an unchanged Cd73mRNA expression in EAU-RPE
vs naïve-RPE or LPS/TNF-α-treated vs untreated RPE.

MMP catalyzes CD73 shedding

FACS results in Fig. 2a indicated that LPS/TNF-α induced
CD73 diminish from RPE membrane was largely inhibited
by the addition of proteinase inhibitor cocktail (PIC).
Figure 2b revealed that LPS/TNF-α treatment or the addition
of PIC din not changeCd73mRNA expression. Two potential
targets responsible for CD73 shedding were graphically
shown in Fig. 2c. One is the GPI anchor which could be
catalyzed by PI-PLC; and then released CD73. The other site
is the 547th and 548th amino acid residues in CD73 molecule,
where there is an anticipated MMP catalyzing site. Figure 2d
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Fig. 1 CD73 expression in
differently treated RPE cells. RPE
cells were isolated from naïve and
EAU-induced B6 mice. Amount
of CD73 inmembrane extract was
determined by western blotting
with Na+/K+ ATPase as reference
(a). Naïve RPE cells were cul-
tured, treated with LPS (50 ng/ml)
and TNF-α (2000 ng/ml).
Membrane CD73 was determined
by western blot (b); Cd73mRNA
was detected by qPCR (c). a, b A
representative western blotting
result (left column) and optical
density analysis (right column,
n = 6). c qPCR determined Cd73
mRNA in freshly isolated RPE
and cultured RPE (n = 6)
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indicated that the shedding of CD73 from LPS/TNF-α-treated
RPE could be completely blocked by the addition of a general
MMPs inhibitor, but not a PLC inhibitor.

MMP-9 catalyzes CD73 shedding at the K547/F548 site

The upper panel of Fig. 3a clearly showed that either selective
MMP-9 inhibitor or semi-selective MMP-2/9 was capable of
blocking the catalysis of CD73, while selective MMP-2 inhib-
itor could not. The lower panel of Fig. 3a showed that MMP-9
inhibitor blocked CD73 shedding in a dose-dependent man-
ner. Figure 3b indicated the difference of amino acid residues

inWt- and Mut-CD73; those were expressed in Cd73−/− RPE.
Western blotting results in Fig. 3c confirmed membrane local-
ization of exogenously expressed CD73 (Wt- and Mut-).
Figure 3d indicated that following LPS/TNF-α treatment
Wt-CD73 was diminished from Cd73−/− RPE; however, the
membrane localization of Mut-CD73 was completely
maintained.

Inactive truncated CD73 in the medium

To further confirm the existence of CD73 shedding, the detec-
tion of solubilized CD73 in the medium of LPS/TNF-α-
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Fig. 2 Matrix metalloproteinase catalyzes CD73. In vitro cultured RPE
cells were treated with LPS/TNF-α, with protease inhibitor cocktail (PIC)
in the presence or absence. Surface CD73 and Cd73 mRNA expression
were tested by flow cytometry analysis (a) and qPCR (b). Effects of PI-
PLC and MMP inhibitors on LPS/TNF-α-induced CD73 shedding was

compared (d). a A representative flow cytometry result (left column),
statistical analysis of the percentage of CD73+ cells (right column, n =
6). b Cd73 mRNA in isolated RPE and cultured RPE cells (n = 6). c
Potential catalyzing sites for the GPI anchored CD73. d Effects of PI-
PLC and MMP inhibitors on CD73 shedding

Purinergic Signalling (2018) 14:443–457 447



treated RPE was performed. Results from the samples of
membrane extract (Fig. 4a, upper panel) and concentrated
medium (lower panel) revealed that LPS/TNF-α treatment
significantly decreased membrane CD73, and generated de-
tectable CD73 in the medium. This was blocked by the addi-
tion of MMP-9 inhibitor. Figure 4b showed that LPS/TNF-α-
treated RPE had significantly diminished enzymatic activity
of converting 5’-AMP to adenosine; this was completely re-
stored by the addition of MMP-9 inhibitor. Although Fig. 4a
(lower panel) showed the existence of CD73 molecule in con-
centrated medium from LPS/TNF-α-treated RPE, its enzy-
matic activity remained undetectable (Fig. 4c). Our supple-
mental result indicated that different from MMP-9-derived
truncated CD73, PI-PLC-released intact form of solubilized
CD73 was verified of obviously detectable enzymatic activity.

Up-regulated MMP-9 in treated RPE

To clarify why CD73 shedding only occurred to LPS/TNF-α-
treated but not untreated RPE cells, we evaluated the

regulatory effect of LPS and TNF-α on Mmp-9 expression
and the amount of active MMP-9 in the medium. Results
shown in Fig. 5a revealed that either LPS or TNF-α could
individually up-regulate Mmp-9 expression to some extent,
and an additive effect was detected. In consistence with ele-
vated mRNA expression, LPS and TNF-α treatment signifi-
cantly increased the amount of active MMP-9 in the medium
(Fig. 5b) as well. When exogenous recombinant MMP-9 was
added to mmp-9−/− RPE, the interesting results in Fig. 5c in-
dicated that the addition of MMP-9 could only induce CD73
shedding in LPS/TNF-α-treated but not untreated mmp-9−/−

RPE cells.

The association of ARA1 and CD73 is necessary
for CD73 shedding

To determine whether a specific protein is associated with
CD73 after LPS/TNF-α treatment, we performed co-immuno-
precipitation. An anti-His antibody was used as the capture
antibody to capture His tagged Mut-CD73. The SDS-PAGE
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Fig. 3 MMP-9 catalyzes CD73 shedding at the K547-F548 site. Selective
MMP-9, MMP-2 inhibitors, and semi-selective MMP2/9 inhibitors were
added to LPS/TNF-α-treated RPE cells, their effects on regulating
membrane-expressed CD73 were analyzed by flow cytometry (a).
Mutant and wild-type CD73 (b) were expressed in Cd73−/− RPE cells
(c), their responses to LPS/TNF-α treatment were tested (d). a Effects of
selective MMP-2, MMP-9 inhibitors on protecting CD73 shedding

(upper panel), and the dose-dependent effect of selective MMP-9 inhib-
itors (lower panel). b Coding sequence and amino acid residues at 547–
548 sites in wild-type andmutant CD73. c Expression ofWt- and mutant-
CD73 in Cd73−/− RPE cells was verified by western blotting. d
Responses ofWt- andmutant-CD73 to LPS/TNF-α treatment were tested
by flow cytometry
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result in Fig. 6a clearly showed an extra bandwas pulled down
together with Mut-CD73 in LPS/TNF-α-treated RPE. Control
test, no addition of anti-His antibody, was performed in paral-
lel, and neither CD73 band nor unknown band could be visu-
alized in SDS-PAGE (data not shown). The amino acid se-
quencing blast results, shown in Fig. 6b, indicated that this
unknown CD73-associated protein was likely to be adenosine
receptor A1 subtype (ARA1). The western blotting results
(Fig. 6c) showed that the unknown protein could be detected
by anti-ARA1 antibody. Although the CD73-ARA1 associa-
tion was confirmed in LPS/TNF-α-treated RPE cells, it is still
unclear whether ARA1 plays critical role in regulating CD73
shedding. Fig. 6d showed LPS are effective on up-regulating
Ara1mRNA expression in RPE cells, and it was confirmed in
Fig. 6e that LPS/TNF-α-induced CD73 shedding was
completely abolished in Ara1−/− RPE cells.

Lipid rafts enabled CD73-ARA1 interaction

CD73 should be localized to lipid rafts as other GPI anchored
proteins; however, it needs to be clarified whether ARA1 was
also co-localized to lipid rafts when it was associated with
CD73. Lipid rafts were isolated fromRPE cells. The existence
of CD73 in lipid rafts fractions (CAV-1 positive) and non-lipid
rafts fractions (Na+/K+ ATPase positive) were detected by

western blot. Mevastatin, a lipid rafts synthesis blocker, was
used to test whether lipid rafts synthesis is necessary for the
formation of CD73-ARA1 complex and the shedding of
CD73. Figure 7a showed that in normal RPE cells (left panel),
both CD73 and ARA1 were mostly existed in non-lipid rafts
fractions. LPS/TNF-α treatment induced CD73 shedding, and
only tiny amount of CD73 could be detected in lipid rafts
fractions. Meanwhile, ARA1 changed its major location from
non-lipid rafts fractions to lipid rafts fractions (middle panel).
When CD73 shedding was blocked by the addition ofMMP-9
inhibitor, large amount of CD73 was visualized in lipid rafts
fractions together with ARA1 (right panel). As far as the ex-
istences of CD73 and ARA1 were concerned, same results
were got from the lipid rafts prepared by either detergent free
or detergent resistant methods. Figure 7b, as a representation,
showed the co-existence of CD73 and ARA1 in lipid rafts
fractions isolated from LPS/TNF-α and MMP-9 inhibitor-
treated RPE cells by the detergent resistant method.
Figure 7c showed that without the existence of CD73 (left
column) ARA1 could not be recruited to lipid rafts fractions.
With the expression of exogenous CD73 (right column),
ARA1 was located to lipid rafts fractions in response to
LPS/TNF-α treatment. Figure 7d indicated that mevastatin
largely, if not completely, blocked CD73 shedding without
any influence to MMP-9 activity and without the presence
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of MMP-9 inhibitor. Figure 7e showed when lipid rafts syn-
thesis was blocked by mevastatin, both CAV-1 and CD73
were localized to non-lipid rafts but not lipid raft fractions;
and ARA1 could not be pulled down together with CD73
although they were all existed in membrane (Fig. 7f).

FRET confirmed CD73-ARA1 interaction

As schematically illustrated in Fig. 8, the close interaction be-
tween CD73 and ARA1 might be detected by FRET. Figure 9a
provides substantial information. LPS/TNF-α treatment aug-
mented ARA1 expression in RPE membrane which was visu-
alized as red fluorescence. Meanwhile, membrane CD73 was
visualized as green fluorescence and which decreased signifi-
cantly when RPE cells were treated by LPS/TNF-α. When
CD73 shedding was blocked by the addition of MMP-9 inhib-
itor or mevastatin, same intensity of green fluorescence was
visualized in LPS/TNF-α-treated and untreated control RPE.
However, MMP-9 inhibitor and mevastatin showed significant-
ly different effects on FRET results. FRET-induced red fluores-
cence could be largely visualized in MMP-9 inhibitor-treated
cells, but hardly detected in mevastatin-treated RPE. Figure 9b
kinetically measured and compared red fluorescence in Wt- and
Cd73−/− RPE cells. When 555 nM (the maximum excitation
wavelength of RFP) and 506 nM (the emission wavelength of

EGFP2) were being used as the excitation wave length, they
induced same intensity of red fluorescence in Wt- and Cd73−/−

RPE. Following LPS/TNF-α treatment FRET generated red
fluorescence of low intensity could be detected in Wt-RPE (up-
per panel); and a peak fluorescence was observed approximately
60 h after treatment. While, in Cd73−/− RPE cells (lower panel),
FRET did not generated any fluorescence. In Figure 9c, FRET
induced red fluorescence was compared between LPS/TNF-α-
treated and untreatedWt-RPE cells, with or without the addition
of MMP-9 inhibitor or mevastatin. RPE cells received LPS/
TNF-α treatment with the addition MMP-9 inhibitor yielded
the highest intensity of red fluorescence. As shown in Fig. 9d,
FRET-induced red fluorescence was also detected in Cd73−/−

RPE cells with Wt- and Mut-CD73 modifications. Mut-CD73-
modified Cd73−/− RPE cells, received LPS/TNF-α treatment,
yield significantly higher intensity of red fluorescence.

Discussion

ATP and its metabolites have strong immune and inflammation
regulatory effects. ATP is generally regarded as a pro-
inflammatory factor, while, adenosine is verified of having
strong anti-inflammatory function. In eye diseases study, ATP
was reported of inducing photoreceptor death, aggravating
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glaucoma, and facilitating neuronal injury in the retina
[21–23], while, adenosine showed protective effect [24–26].
By controlling the conversion of AMP to adenosine, CD73
intensively participate in the regulation of immune response,
including autoimmune diseases and tumor genesis [27–30].

Not only for regulating immune response, ATP and aden-
osine also have functions of modulating the physiological and
pathological response of multiple ocular tissues. In 2014,
Sanderson reviewed the function of purines in the eye [31].
ATP and adenosine act in an autocrine or paracrine fashion to
maintain homeostasis as well as respond to insults [32].
Adenosine modulates intraocular pressure (IOP) by modify-
ing both inflow and outflow pathways of aqueous humor
through the activation of adenosine A3 receptor (ARA3) in
non-pigmented ciliary epithelial [33]. Conversion of released
ATP into adenosine by CD39 and CD73 influenced the pro-
duction of lipofuscin and lipid oxidation in RPE cells [34]. All
this findings supported the importance of adenosine and

CD73 in the maintenance of ocular function. Previously, we
reported that RPE cells physiologically express CD73 on their
surface and converts ATP to adenosine for maintaining im-
mune homeostasis of retina. When inflammation happened,
RPE cells lost their membrane-localized CD73. This inhibited
the conversion of AMP to adenosine, significantly down-
regulated adenosine’s immune suppressive function, and pro-
moted local inflammation [8].

As shown in Fig. 1, membrane-localized CD73 was signif-
icantly decreased in EAU-RPE vs naïve-RPE, or in LPS/
TNF-α-treated RPE vs untreated RPE. However, Cd73
mRNA expression remained unchanged between compari-
sons. Thus decreased membrane CD73 must be controlled
by some mechanisms other than expression regulation. It
was reported as early as in 1997 that there was the shedding
of membrane localized CD73 in lymphocyte which signifi-
cantly affected the cells’ function [35]. The latest reports also
supported the existence of membrane released solubilized
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CD73 circulating in human vitreous [36]. Thus, it needs to be
clarified whether enzyme controlled CD73 shedding
accounted for RPE’s CD73 lose; two kinds of enzymes were
investigated. PI-PLCmay catalyze GPI to release its anchored
molecules [37, 38], and proteinase may hydrolyze the K547/
F548 site inside CD73. Results in Fig. 2 confirmed that pro-
teinase inhibitors cocktail, but not PI-PLC inhibitor, complete-
ly blocked CD73 diminish in LPS/TNF-α-treated RPE cells;
and it was MMP-9 catalyzed CD73’s K547/F548 site to in-
duce CD73 shedding.

To support the idea of CD73 shedding, the physical exis-
tence of CD73 molecule and CD73’s enzymatic activity are
expected to be detected in the medium of LPS/TNF-α-treated
RPE cells. Although the existence of CD73 molecule in this
medium was successfully verified by western blot in Fig. 4a,
no CD73’s enzymatic activity could be detected (Fig. 4c).
This result was not in consistence with several published re-
ports supporting the enzymatic activity of solubilized CD73
(sCD73) [39, 40]. In their articles, the sCD73 was released
from cell surface due to PI-PLC-mediated digestion of GPI
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anchor, and those are intact form of CD73. MMP-9 catalyzed
K547/F548 sites to release a C terminal-truncated CD73. To
answer the question whether intact and truncated sCD73 are
significantly different at their enzymatic activities, we com-
pared PI-PLC- and MMP-9-released CD73 from RPE cells.
The supplemental results indicated that when same amount of
sCD73 was evaluated, PI-PLC-released sCD73 showed high
enzymatic activity, while, the activity of MMP-9-released
CD73 were still undetectable. It was likely to be concluded
that the enzymatic activity of MMP-9-released truncated
CD73 was completely abolished or at least largely decreased.
Further study need to be done to illustrate whether this

truncated CD73 has other bio functions except of ecto-5′-nu-
cleotidase activity.

As MMP-9 is critical for LPS/TNF-α-induced CD73 shed-
ding, it need to know whether LPS and TNF-α regulate
MMP-9’s expression and activity. Figure 5a, b confirmed that
LPS and TNF-α had synergistic effect on elevating Mmp-9
expression in RPE cells as well as increasing the amount of
activeMMP-9 in cell culture medium. Thus, it is reasonable to
consider that LPS and TNF-α induce CD73 shedding by en-
hancing MMP-9’s activity. However, the results in Fig. 5c
indicated that the addition of exogenous recombinant MMP-
9 only leads to CD73 shedding in LPS/TNF-α-treated but not
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470 to 600 nm, which overlaps RFP’s excitation wavelength spectrum
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expressed, and CD73 is inert without being localized to lipid rafts. These
proteins are separated in the cell membrane.When the donor fluorescence

excitation wavelength (483 nM) was applied, the emission energy from
the donor could not be utilized by the receptor due to relatively large
distance, and red fluorescence could not be visualized. Following LPS/
TNF-α treatment, ARA1 expression was significantly increased, and the
lipid rafts provided CD73 with high mobility. These facilitated the asso-
ciation of CD73 with ARA1. Once closely interacted, donor-emitted en-
ergy can be transferred to the receptor, and excited red fluorescence emis-
sion. It could be determined whether CD73 and ARA1 were closely
interacted by detecting FRET’s fluorescence intensity
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untreated Mmp-9−/− RPE. This means LPS/TNF-α treatment
must bring other necessary changes to RPE besides enhancing
MMP-9 activity. Based on two reasons, we proposed that
following LPS/TNF-α treatment, CD73 interacted with other
molecules to form a complex, and this complexed CD73 was
capable of being recognized and catalyzed by MMP-9. The
first reason: GPI-anchored proteins have high membrane mo-
bility and tend to form complexes with other molecules [41,
42]. The second reason: previously published studies already
indicated that CD73 is likely to interact with other proteins,
especially adenosine receptors, to form functional complex
[43, 44]. A pull-down assay was performed in Mut-CD73
modified Cd73−/− RPE cells to verify this proposal.
Sustained membrane localization of Mut-CD73 following
LPS/TNF-α treatment ensured the associated protein could
be effectively pulled down. Figure 6a–c identified ARA1 as
the CD73 associated protein in LPS/TNF-α-treated RPE cells.

LPS/TNF-α treatment augmented the function of MMP-9
and induced the formation of CD73-ARA1 complex. Then it
needs to be clarified how the CD73-ARA1 complex was

formed following LPS/TNF-α treatment. Figure 6d showed
that LPS had strong ability of up-regulating ARA1 expres-
sion, and it was verified in Fig. 6e that ARA1 is indispensable
for CD73 shedding. Till now, it is reasonable to conclude that
LPS/TNF-α up-regulated ARA1 expression facilitating the
formation of CD73-ARA1complex. But there is still another
question. Both Fig. 6c, d showed there was basal
ARA1expression in untreated RPE cells, why this basally
expressed ARA1 could not form complex with CD73.

Lipid rafts are involved in a number of cellular processes
and are important for membrane trafficking [45]. A variety of
proteins, include GPI-anchored proteins, are selectively
enriched in lipid rafts [46–48]; both LPS and TNF-α were
reported having function of recruiting membrane factors to
lipid rafts [49, 50]. Whether CD73 is also involved in the
synthesis of lipid rafts and by which facilitates its trafficking,
complex formation, and shedding. Lipid rafts were isolated
from RPE cells by detergent free (Fig. 7a) and detergent re-
sistant (Fig. 7b) method. The co-localization of CD73 and
ARA1 in lipid rafts fractions was confirmed in LPS/TNF-α-
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treated RPE cells, and it was CD73 that further introduced
ARA1 to the lipid rafts (Fig. 7c). When mevastatin, a lipid
rafts formation inhibitor, was added LPS/TNF-α, induced
CD73 shedding was almost completely blocked (Fig. 7d, up-
per panel). This was not due to any alternation of MMP-9
activity (Fig. 7d, lower panel), but caused by mevastatin-
blocked lipid rafts synthesis (Fig. 7e) and the formation
CD73-ARA1 complex (Fig. 7e). At last, there is a potential
contradiction needed to be clarified. One may ask if CD73 is
absolutely essential for the association of ARA1 with lipoid
rafts why the middle panel in Figure 7a showed the existence
of ARA1 in lipid rafts fractions when there is almost no de-
tectable CD73. Our concern is that CD73 is indispensable for
introducing ARA1 to lipid rafts, and the formation of CD73-
ARA1 complex in lipid rafts facilitated CD73 shedding. The
whole procedure might be simplified as three steps: (i) follow-
ing LPS/TNF-α treatment, CD73was located to lipid rafts and
gained high mobility. (2) CD73 contacted with ARA1 to form
a CD73-ARA1 complex and introduced ARA1 to lipid rafts.
(3) CD73 was catalyzed by MMP-9, while, ARA1 was
remained in lipid rafts. CD73 is necessary for introducing
ARA1 to lipid rafts; however, it is not critical for keeping
ARA1 in lipid rafts fractions. Our following study may inves-
tigate for how long ARA1 can be maintained in lipid rafts
without the existence of CD73.

To further evaluate the function of lipid rafts in mediating
CD73 shuttling, CD73-ARA1 interaction and CD73 shed-
ding, a FRET assay was adopted. The results shown in
Fig. 9a indicated that when lipid raft synthesis was disturbed
by mevastatin, FRET-induced red fluorescence was signifi-
cantly decreased although CD73 and ARA1 were still
expressed in the membrane. This evidence supported the idea
that lipid rafts synthesis is indispensable for mediating CD73-
ARA1 interaction. It needs to be aware that when
fluorochromes-labeled antibodies were used in FRET assay,
sometimes we cannot accurately estimate how close the tar-
gets are. Since FRET occurred at the ends of antibodies and
there might be still some distance between the proteins of
interest. Our immunoprecipitation result confirmed the asso-
ciation of CD73 and ARA1, which supported FRET assay
firstly. Secondly, Fig. 9c showed that if LPS/TNF-α-induced
CD73 shedding was blocked by a MMP-9 inhibitor FRET
generated intensive red fluorescence which was hugely de-
creased by additively added mevastatin.

In summary, we demonstrated that multiple steps were in-
volved in LPS/TNF-α-induced CD73 shedding, including el-
evated MMP-9 activity, induced ARA1 expression, and
CD73-ARA1 complex formation in rafts. All these steps
could potentially be targets for manipulating RPE’s immuno-
regulatory function. There are still some questions left which
need to be clarified later. Interestingly, not only adenosine but
AMP is also a functional ARA1 ligand. AMP and adenosine
activate different ARA1 signaling, and induce different

outcomes of immune response [51]. There must be a very
interesting relationship between AMP, CD73, adenosine, and
ARA1.
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